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NOvA physics goals

NOVA Far Detecto Ash'River, MN)

¥ J MINOS Far Detex

Uy — Ve

» Measure 013 via v, appearance

2 Milwaukee

A long-baseline neutrino
oscillation experiment, z
situated 14 mrad off Chicagor
the NuMI beam-axis :

Fermilab
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NOvA physics goals

NOv;l-Y Far Detecto (AshiRiver, MN)

vy, — Ve and Uy, — Ve
» Measure 013 via v, appearance

» Determine the 6,3 octant

v, — vy, and U, — Uy,
» Precision measurements of
|Am?2,.,,| and 03

2 Milwaukee

» Could exclude maximal mixing

A long-baseline neutrino
oscillation experiment, z
situated 14 mrad off Chicagor
the NuMI beam-axis :
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NOvA physics goals

Uy — Ve and Uy — e NOvK Far Detecto Ash Rlver MN)

= §

v

Measure 613 via v, appearance
» Determine the 6,3 octant
» Determine the mass hierarchy

Search for dcp # 0
v, — vy, and Uy, — Uy,
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NOvA physics goals

NOVA Far Detecto Ash'River, MN)
3 MINOS Far Detes n, M

vy, — Ve and Uy, — Ve

v

Measure 613 via v, appearance
» Determine the 6,3 octant

» Determine the mass hierarchy
Search for dcp # 0

v, — vy, and Uy, — Uy,

v

» Precision measurements of
2
|Am3,,| and 623

2 Milwaukee

» Could exclude maximal mixing

And... A long-baseline neutrino g

oscillation experiment, Ffrmllab
situated 14 mrad off Chicagor

» Steriles, supernovae, exotica the NuMI beam axis :

» Cross-sections from the ND

C. Backhouse (Caltech) NOVA results 2/24
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40 institutions, 7 countries, over 200 collaborators

Argonne, Athens, Banaras Hindu, Caltech, CUSAT, Czech Academy of Sciences, Charles, Cincinnati, Colorado State, Czech

Technical University, Delhi, Dubna, Fermilab, Goias, |IT-Guwahati, Harvard, |IT-Hyderabad, Hyderabad, Indiana, lowa State,

Jammu, Lebedev Physical Institute, UCL, Michigan State, Minnesota-Twin Cities, Minnesota-Duluth, INR Moscow, Panjab,
SDMT, South Carolina, SMU, Stanford, Sussex, Tennessee, Texas-Austin, Tufts, Virginia, Wichita State, William and Mary,

Winona State.
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Accelerator and NuMI upgrades

» l4mrad off-axis location gives Medium Energy Tune
sharply-peaked 2GeV v, beam ol comaxs i

. . . —— 7 mrad off-axis

with ~ 1% v, contamination b — 14 mrad off axis

[ — 21 mrad off-axis

(o)

(=}
T T
I

» NuMI beam routinely operated
at 400kW with 85% uptime.

> Peak intensity 520kW

N
(=}
——
I

[353

(=]
—
I

» Using data from Feb 16 2014 to
May 15 2015 with detector still
under construction

» Total of 3.45 x 102 POT

> Equivalent of 2.74 x 1020 POT 14mrad off-axis beam peaks sharply at 2GeV
with full 14kt detector

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

4 6 8 10
E, (GeV)

C. Backhouse (Caltech) NOVA results 4/ 24



Detector technology o To 1 APD pixe

Extruded PVC cells filled with
10:2M liters of scintillator
instrumented with
wavelength-shifting fibre and
APDs

%2,

v

Fine-grained low-Z, highly active, tracking calorimeter

v

64% liquid scintillator by mass

WLS fibres looped in 4x6cm cells of PVC extrusion
Each to one of 32 pixels of Hamamatsu APD

~85% quantum eff. Gain ~100x. Cooled to —15°C

C. Backhouse (Caltech) NOvA results 5/24
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Detector technology

Extruded PVC cells filled with
10:2M liters of scintillator
instrumented with
wavelength-shifting fibre and
APDs

Far Detector
» 14 kton
> 344,000 channels
» On the surface

C. Backhouse (Caltech)

Near Detector
» 0.3 kton
» 18,000 channels

NOVA results

To 1 APD pixel

5 /24



Event topologies

Shoy, o

‘.. proton U+p
MUGH™ "=
LR Michel e- -
i e+p
ENgtRas 2,

m+p

(simulated events with 2 GeV visible)

» Very good granularity, especially considering scale

» Xo = 38cm (6 cell depths, 10 cell widths)

C. Backhouse (Caltech)

NOVA results

w
, . ‘“_
\
X
N/—{
S
Ve~
X+n0
N 2
v,
Vi .
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ND neutrinos
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ND neutrinos
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FD neutrino search

NOvA - FNAL E929 "
Run: 18620 /13 E P E{&
Event: 178402/ - 10 105
! L
00

UTG FriJan s, 2015 5 o0 30 00 00 5 0 10° 0
00:13:53.087341608 € (usec) q (ADC)




FD neutrino search
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FD neutrino search
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Calibration and energy scale

» Channel-to-channel and
attenuation calibration with

cosmic muons FD cosmic data - plane 84 (horizontal), cell 12
F —T T T T T T T T B
» Absolute energy scale uses 5= NOVA Preliminary .
stopping muons as a standard b E
candle s E
w 15— -
o 3
c - = |
. . . 8 10— ]
» Multiple calibration cross-checks ="f 1
oy 7
Cosmic muon dE/dx | ]

Beam muon dE/dX = Distancefror% center (cm) .

Michel energy spectrum

79 mass peak

Hadronic energy/hit

vV Yy vy VvVYyy

C. Backhouse (Caltech) NOVA results 9 /24



NOvA Prellmlnary

- T .
Calibration and energy scale ! +Daa ]
300~ — MC 1€ signal 7]
o — MC bkg R
» Channel-to-channel and £ 200 pata i 1342 5?”63{
. . . . > i ata o eV |
attenuation calibration with W MC i 1363 +0.6
. r .0+£07
cosmic muons 100
» Absolute energy scale uses ]
. 0 | \
stopping muons as a standard 100 2°° ., (M)’ 400 500
candle ¢ ND. 1.66x10% POT NOVA Preliminary
60— —— Simulated v, CC N
B —— Simulated Background
» Multiple calibration cross-checks I —— Data |
Y ]
. 5] i
» Cosmic muon dE/dx @ ]
» Beam muon dE/dx .
» Michel energy spectrum ]
» 79 mass peak ‘ ]
. . % 0.01 0.02 0.03
» Hadronic energy/hlt Average Hadronic Energy Per Hit (GeV)

C. Backhouse (Caltech) NOVA results 9 /24



Selecting muon neutrinos

o NP 1.66x10%° POT NOVA Preliminary
[ T T T .
0.25 —— Simulated v, CC 7
r —— Simulated Background ]
r —4$— Data ]
0.20[— . —
» Basic containment cuts o F 1
“ . « . CO.lST -
requiring no activity close to g 1
detector walls s E
» kNN-based v, classifier using 4 005~ g
inputs 000 e 0 :
> Track Iength dE/dx Log-likelihood
ND, 1.66x10%° POT NOVA Preliminary
> dE/dX 108 E T T T T
. E —— Simulated v, CC
> Scatterlng 107 ; —— Simulated Background
» Fraction of planes that have —+— Data
track-only o OF
2 F
. .. CD B
» Selection 70% efficient for v, @ 10
signal, 2% for NC background w0l
10°
0.2 0‘4 0.‘6 0.8 1

Muon ID
C. Backhouse (Caltech) NOVA results 10 / 24



Cosmic rejection for v, analysis

Good spills ; i j i ) i
Data qually » Cosmic background rate
Cosmic e}, i measured from data adjacent in
Contanment — ] time to the beam spill window
NG reection [ oo eson s i > 10us spill window at ~ 1Hz
E<sGev ] gives 10° rejection
T ey » Additional factor 107 from event

Number of events in the spill window

NOvA Preliminary topology plus boosted decision

60}— ' ‘NOvA2.74x102“D‘30T—eqmv. — tl’ee based on
g [ J{ﬂ outottme e ] » Track direction
e[ . ] .
2 o + <ees Cutvalue - » Track start and end points
._g i + + Al cuts except BDT applied ] > Track |ength
g 1 ﬂ . - » Energy
N f f i
= b 4 : » Number of hits
it ‘ T ‘ ]
3

o

06

ol

05
Cosmic Rejection BDT

C. Backhouse (Caltech) NOVA results 11/ 24



Muon neutrino energy reconstruction

ND, 1.66x10%° POT NOVA Preliminary
T T T T
—— Simulated v, CC
—— Simulated Background
—4— Data

x10°

[

0.15

0.05

0.005 . = 5 y
Hadronic Energy (GeV)

» Good data/MC agreement for muon neutrino selected events
» But, 21% more energy in MC hadronic system compared to data
> Recalibrate to make neutrino energy peak match

» Take the entire shift as a systematic — 6% neutrino energy scale
uncertainty

C. Backhouse (Caltech) NOVA results 12 / 24



Muon neutrino energy reconstruction
NOVA Preliminary

ND, 1.66x10%° POT

NOVA Preliminary

20
X

o ND,‘1.66 10 F"OT ‘ ‘ g

[ —— Simulated v, CC ] 012f

o —— Simulated Background B +
045 == —4— Data ] 0.10-

B ] 008
010[~ b § F

r 1 T 008
o.0s- 1 0.04f~

- 1 0.02]-

L L L 1 L
0.00 + 0.00

2 3
Hadronic Energy (GeV)

R

T T
—— Simulated v, CC
—— Simulated Background
Data
—+— Shifted Data

1 2 3 4
Reconstructed Neutrino Energy (GeV)

» Good data/MC agreement for muon neutrino selected events

» But, 21% more energy in MC hadronic system compared to data
> Recalibrate to make neutrino energy peak match
» Take the entire shift as a systematic — 6% neutrino energy scale

uncertainty

» Use ND data to predict FD neutrino spectrum

C. Backhouse (Caltech)

NOVA results
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v, disappearance results
NOVA Preliminary

50 :7 NOVA 2.74x10° POT-equiv. B
L —4— Data ]
> ExpeCt 201 events W/O 3 “F Best fit prediction B
[)) - 4
oscillations 3 S B S Unosclaed precicion
o | ]
> We observe 33 events P 1
[=4 [ —
g | ]
10~ .
E Lo
cU

1 2 3 4
Reconstructed Neutrino Energy (GeV)
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v, disappearance results
NOVA Preliminary

NOVA2.74x10" POT-equ.

4 ou

Best it prediction

» Expect 201 events w/o
oscillations

15

» We observe 33 events

0.5

» Oscillation fit matches spectrum
well

Ratio with unoscillated (bkg subtracted)
.

1 2 3 4
Reconstructed Neutrino Energy (GeV)
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disappearance results

Expect 201 events w/o
oscillations

We observe 33 events

Oscillation fit matches spectrum

well

Am3, = +2.377318 or
+0.14
— 240753

sin® 63 = 0.51 £ 0.10

C. Backhouse (Caltech)

15

3.5

2,(10° ev?)
N
» "

Am

N

o

NOVA results

0.5

Ratio with unoscillated (bkg subtracted)

NOVA Preliminary

NOVA2.74x10" POT-equ.

1 2 3 4
Reconstructed Neutrino Energy (GeV)

NOVA Preliminary

T T
NOVA 2.74x10%° POT-equiv.
Normal Hierarchy
—— 9o%CL

=-=-=-=- 68%CL

I L L L L L R



disappearance results

Expect 201 events w/o
oscillations

We observe 33 events

Oscillation fit matches spectrum

well

Am3, = +2.377318 or
+0.14
— 240753

sin® 63 = 0.51 £ 0.10

Very competitive with ~ 8% of
nominal exposure

C. Backhouse (Caltech)

Ratio with unoscillated (bkg subtracted)

(10° ev?)

2

31
N
o

Am

15

0.5

3.5

© .
T

N

o

NOVA results

NOVA Preliminary

NOVA2.74x10" POT-equ.

1 2 3 4
Reconstructed Neutrino Energy (GeV)
NOVA Preliminary

Normal Hierarchy

T T
Normal Hierarchy, 90% CL

NOVA 2015

------- T2K 2014

- - MINOS 2014

I L L L L L R

ol |14
3
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Principle of the v, measurement

» To first order, NOrvA
measures P(v, — ve)
and P(7, — Ue)
evaluated at 2GeV

» These depend differently
on sign(Am?) and §cp

C. Backhouse (Caltech)

0.07

0.06

0.05

0.04

0.03

0.02

0.01

P(¥,) vs. P(v,) for sin®(26,,) = 1

[ NOvA

|am,,2| = 2.32 10° eV?

- sin?(20,,) = 0.095
I sin’(26,;) = 1.00

i
LoooE
Am? < OK‘Q‘ )
Am®>0
°c§=0
e 5=m/2
0d=m
= §=3m/2
ol I 1 1
0.02 0.04 0.06 0.08
P(v,)
14 / 24
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Principle of the v, measurement

» To first order, NOrvA
measures P(v, — ve)
and P(7, — Ue)
evaluated at 2GeV

» These depend differently
on sign(Am?) and §cp

» Ultimately constrain to
some region of this space

C. Backhouse (Caltech)

—
@

>
=~

o

1 and 2 ¢ Contours for Starred Point

0.09
NOvA
[ Contours 3 yr v and 3 yr v
0.08 |- |am,,2| = 2.32 10° eV?
r sin’(26,,) = 0.095
007 | sin’(26,;) = 1.00
0.06 | o
: A |
005 |
Am?< 0 Q
0.04 ke
0.03 |
002 F0§=0
e 5=n/2
0d=m
001 a5z 3m2
" . "
¢ o 0.02

NOVA results




Selecting electron neutrinos

» Two v, classifiers developed based on very different techniques

» LID Uses PDFs of leading
shower longitudinal and
transverse profiles

» LEM Finds best matches in a
Monte Carlo library based on
entire event topology

C. Backhouse (Caltech) NOVA results 15 / 24



Selecting electron neutrinos

» Two v, classifiers developed based on very different techniques

NOVA Preliminary

e
9
IS
]

o
3
S

(Gevicm)

LEM Finds best matches in a
Monte Carlo library based on
entire event topology

S
2
5

v

x
2
u
=]

[}

=4
kg
oo

0.005
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Selecting electron neutrinos

(Gevicm)

x
2
u
=]
Q
=4
kg
oo

0.005

» Two v, classifiers developed based on very different techniques

=4
o
2
o

C. Backhouse (Caltech)

NOVA Preliminary

Cell

cell

NOVA results

Trial potential

Best library match
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Selecting electron neutrinos

» Two v, classifiers developed based on very different techniques

NOvA Prellmlnary NOvA Prellmlnary
+ ND Data ‘ — MC Beam v é E C o + l\‘lD bala o — MC Beam Ve :
'6 (Tlglfjaxl ’l’lgtat. uncert.) ——MCNC E '6 10° L (TFO\LaxI ylgiat. uncert.) — MCNC -
T —Mcv,cc 5 g —MCv,CC ]
% 1 % ! :
* B X 10 E
© E © E E
Q E © F ]
,\@ % ?Q 10°E E
5] E & f re- 3
> — > » n
w = w L J
é 107 i
0.‘0 0.‘5 1.‘0 N 70.0 — 0.‘2 — 0.‘4 — 0.‘6 — 0.‘8 — 17.0
LID LEM
» Good separation of signal from background, including cosmic
backgrounds

Identical performance. 35% signal efficiency, 0.7% NC events remain.
62% expected overlap between samples

C. Backhouse (Caltech) NOVA results 15 / 24



Selecting electron neutrinos

» Two v, classifiers developed based on very different techniques

NOvVA Preliminary NOVA Preliminary

F 4-ND bata. F " 4N Data v eamv, 1
10 E __ TotalMC _ i __ Total MC MG NG 1
6 L (Flux + stat. uncert) 5 10°E (Flux + stat. uncert.) e
g O 5 g —MCv,CC ]
% 10 & 1
x el x 10 E
© E © E E
© F © r ]
Y 102? - L i
e o 10°F .
s F 5 F o
> F > » 4
w 15 w L i
‘5 B 10°E i
10°E I I I E e =
0.0 0.5 1.0 0.0 0.2 0.4 0.6 0.8 1.0
LID LEM
» Good separation of signal from background, including cosmic
backgrounds

» ldentical performance. 35% signal efficiency, 0.7% NC events remain.
62% expected overlap between samples
» Before unblinding FD data, decided to show both results and

use LID as the primary selector
C. Backhouse (Caltech) NOVA results 15 / 24



Selecting electron neutrinos

NOVA FD, Background, LID NOVA Simulation
T T T T |

0.25F - mv,CCQE
r 1 Mv,CCRes
v,CC DIS
®v,CC Coh
mv,CC QE
Hv.CC Res
v,CCDIS
] v,CC Coh
4 NC QE
1 MWNCRes
1 MNCDIS
] HNC Coh

Events/3.52x10%° POT
o
&
T

R I

15 2 25
Calorimetric Energy (GeV)

» Selected FD background
dominated by NC DIS and
intrinsic beam v, contamination

C. Backhouse (Caltech) NOvA results
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Selecting electron neutrinos

NOVA FD, Background, LID NOVA Simulation NOVA FD, Background, LID NOvVA Simulation
F T T T T 3 T T T
0251 - mv,CCQE v,CC QE
5 1 EvGCGRes | WVv,CC Res
& F v,CcCDIS & v,CC DIS
0.2 4
g n Wv,CCCoh g Hv,CC Coh
°c mv,CC QE =] mv,CC QE
Wv.CC Res MWv.CC Res
15— 4
ﬁ_o 9 v.CC DIS ﬁ v.CC DIS
© 1 pvCCCoh @ v.CC Coh
£ oif 2 LINCQE 2 NC QE
) 1 MNCRes ) BINC Res
i ] ENCDIS i mNC DIS
0.05]- —~  ENCCoh BNC Coh
— Il |
%

1 2
Pi0 Energy (GeV)

15 2 25
Calorimetric Energy (GeV)

» Selected FD background
dominated by NC DIS and

intrinsic beam v, contamination
» ~ 1.5GeV 70 in most NCs
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Selecting electron neutrinos

NOvA FD, Background, LID NOvVA Simulation NOvA FD, Background, LID NOvVA Simulation
T T T T ] T T T
025 ] v,0C QE v,0C QE
s F 7 mv,CCRes = Hv,CC Res
@ viceols VACC DIS
& ozl 7 mvcccon g HV,CC Coh
© WV.CCQE  © v.CC QE
r 71 mv.CCR Wv.CC R
Eﬁ_"'“‘ vice o é ee oS
o 1 viCCCoh v.CC Coh
£ ot 2 LINCQE g NS oE
) 1 MNCRes ) BINC Res
i ] ENCDIS i mNC DIS
0.051~ < HENC Coh BNC Coh
f—y ‘ | 0
15 2 25 0 1 2
Calorimetric Energy (GeV) Pi0 Energy (GeV)
NOVA FD, Signal, LID NOvVA Simulation
T T T T
» Selected FD background i
. 1.5 EE -
dominated by NC DIS and 5 1 |
intrinsic beam v, contamination & | ] IS‘ .
c 1 4 igv Res
» ~ 1.5GeV 70 in most NCs o
S I Sigv.DIS
» Signal dominated by QE and & osf- 1
. . . w i ISingCoh
RES, minimal impact i
dependence on hadronic system o 3

15 2 25
Calorimetric Energy (GeV)
C. Backhouse (Caltech) NOVA results 16 / 24



NOVA Preliminary

FD prediction

500~ LD .
r —4— ND Data ]
» Good data/MC agreement for 5 + . Toanc 1
o 400j (Flux + stat. uncert) |
ND energy spectrum s —— voseans, ]
0 ; 300 — MCNC ]
» Extrapolate 5% ND data g I — woy, oo ]
background excess bin-by-bin to = 200} .
FD using Far/Near ratio s F ]
o 100 7
of o H .
. . 0 1 ) 2 . 3 4
» FD signal expectation uses the Calorimetric Energy (GeV)
same procedure and ND v, Calibration | P
spectrum as the disappearance ¥ Interaction  [ummm—
anaIySiS Scint. Saturation —I
Normalization Jgg
VX
> Most systematics assessed by ND BG composition |
modifying the Near and Far MC Oher N
and calculating the variation in Total Uncertainty : o
0% 5% 10%

the prediction

C. Backhouse (Caltech) NOVA results 17 / 24



Cosmic rejection for v, analysis

Good spill &
veto

Data &
reco quality

Containment

Cosmic rej.

Preselection

PID

v

v

v

v

v

C. Backhouse (Caltech)

NOVA Preliminary

I osc-v.
- Cosmic Background

it L Tl Tl
100 100  10'  10°

Events / 2.74 x 10° POT equiv.

L
3 10° 107

Events / 2.74 x 10°° POT equiv.

Achieve 108 removal of cosmic rays

NOVA Preliminary

0.8]

0.6}

0.4]

0.2

Aftr-.Lr loose L‘ID cut

—— Osc. v,

—— Beam background
—— Cosmic background

D —

T 1

NOVA results

Containment and topological cuts (e.g. pr/p)
Classifiers themselves provide remaining rejection

Measure rate using out-of-time spill data as for v, analysis
Cosmic background expectation 0.06 events

] |
0.2 0.4 u.és 0.8
Reconstructe! pT/p
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Signal and background predictions

» Background prediction for both selectors is ~ 1 event £10% (syst)
» Few percent dependence on oscillation parameters
» Dominated by beam v, and NC

» Cosmic background comparable to smallest beam backgrounds

PID ‘ Total bkg v, CC NC v, CC v, CC cosmic
LID | 0.944+0.09 046 035 0.05 0.02 0.06
LEM | 1.00£0.11 046 0.40 0.06 0.02 0.06

» Range of signal predictions

» NH, dcp =37/2 - 6+0.7

» IH, 6cp=7/2—>2+£0.3
(for LID, LEM similar)

C. Backhouse (Caltech) NOVA results 19 / 24



Example selected event

4400 4500

4600 4700

4800 4900 5000

4400 4500

NOVA - FNAL E929

4600 2700

4800 4900 5000
z (cm)

Run: 19165 /62 ZI0CF
Event: 920415/ - 10
1

UTC Mon Mar 23, 2015

11:43:54.311669120 218 220 353

224 226 238
t(usec)

" o 197 g apc)



Selected events
NOVA Preliminary

0.8 | 2.74x10 P‘OT»equlv. ]
: — FD data :
+ — Best-fit prediction B
0.6 _
L — Background i
» LID selects 6 events and LEM g0 1
selects 11 @ E
» Significance 3.30 (LID) or 5.50 o2f- .
(LEM) i = ]
8,8 0.85 0. 0.95 1 - 1.05
LID

NOVA Preliminary

» All 6 LID events are also . ——— \
[- 2.74x10°" POT-equiv. — FD data B
selected by LEM L — Bestfit preciction
. 2 o — Backgroun ]
» p-value for 11=6/5/0 is 9.2% 8 1 peckgend

wn
. N r 1
» NB, low-end energy cut trained S o4 N
differently for LID and LEM 5 [ ]
W g2t —
0.

15 2 25
Calorimetric energy (GeV)
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Ve appearance results

LID (N=6)

» Compatible with reactor
constraints

» Slightly better for NH

C. Backhouse (Caltech)

LID 2.74x10%° POT equiv. sin0,, = 0.50
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Ve appearance results
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Ve appearance results

LID 2.74x10%° POT equiv.

sin?8,, = 0.50

» Include reactor 013 measurement

» Plot compatibility as a function
of hierarchy and d¢cp
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Ve appearance results

LID 2.74x10%° POT equiv. sin%8,; = 0.50

» Include reactor 013 measurement : ‘ '—Normalhierarchy~ {Z

I . - — Inverted hierarchy ] ;

» Plot compatibility as a function f 1o

. 3 Jo

of hierarchy and dcp N 15

GOOUYT - m Qs 15

» Deviations from gaussian T f 3

. . . . 2] R AU — 4

statistics, discontinuous shape al:
due to discrete set of possible -

outcomes of — = = z

» Disfavour IH for 0 < dcp < 0.67
at 90% with primary selector
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Ve appearance results

LID 2.74x10%° POT equiv. sin%8,; = 0.50
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" "Normal hierarchy

» Include reactor 013 measurement E
— Inverted hierarchy 3

» Plot compatibility as a function
of hierarchy and d¢cp
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Conclusion

» NOVA has observed muon neutrino disappearance and electron
neutrino appearance

» 6.5% measurement of atmospheric mass splitting, #3 consistent with
maximal mixing

> Ve appearance signal at 3.30
» Consistent with hints for 7 < dcp < 27 and NH

» Only ~ 8% of nominal exposure, much more to come

» Stay tuned for next summer!

i o

Find us on twitter/facebook/youtube/instagram www-nova.fnal.gov
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Thank you!

Questions?
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