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Why study neutrino oscillations?
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* Second most abundant particle in the
Universe and yet the worst understood

* Dark Matter aside, the only measured

confirmation of Physics beyond the
Standard Model

» ~20 000 neutrino papers since the
discovery of neutrino oscillations

* Nobel prize 2015 and Breakthrough
orize 2016

* Many open questions: CP violation
(matter-antimatter asymmetry), mass
ordering and mass scale, Dirac or
Majorana...

* Osclllation parameters are, to our best
knowledge, fundamental constants of
Nature
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Neutrino oscillations overview
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Neutrino oscillations overview
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Importance of reactor result

c13  Olsjze sin? @13 = 0.0219 + 0.0012

X (0 | 0)
—s13¢7 %10 3
C'P violation <= 013 # 0

O3 from unknown to
best measured 9|3 = 0 Lo

p— -

A new door to probing CP violation, the mass ordering and the octant of 03
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Importance of reactor result

c13  Olsjze sin? 013 = 0.0219 =& 0.0012

X (0 | 0)
—s13¢7 %10 3
C'P violation <= 013 # 0

O3 from unknown to
best measured 9|3 = 0 Lo

p— o

A new door to probing CP violation, the mass ordering and the octant of 03

023 octant
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SUMMARY

The NOVA Muon neutrino
experiment disappearance

Electron neutrino Future
appearance sensitivities




New collaborators and institutions welcome!




The NOVA experiment
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The NOVA experiment

* NuMI Off-Axis Ve Appearance, the e

leading neutrino oscillation experiment Aoh River
in the NuMI beam

Fermilab 110 km Ash River
810 km
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The NOVA experiment

* NuMI Off-Axis Ve Appearance, the
leading neutrino oscillation experiment

N the NuMI| beam

* Two highly active scintillator detectors: ~
-6,
- Far Detector: 14 kT, on surface : i
- Near Detector: 300 T, |05 m -

underground
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The NOVA experiment

* NuMI Off-Axis Ve Appearance, the

leading neutrino oscillation experiment
in the NuMI beam

* fTwo highly active scintillator detectors:

- Far Detector: 14 kT, on surface

- Near Detector: 300 T, 105 m
underground

* |4 mrad off-axis narrowly peaked muon
neutrino flux at 2 GeV, L/E ~ 405 km/
GeV

* v, disappearance channel: 023, Am?s;

* Ve appearance channel: mass hierarchy,
Ocp, 013, 823 and octant degeneracy
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* During the construction era, we began collecting Physics data with each far

detector “diblock” (64 detector planes) as soon as it was fully commissioned
and Physics-ready

Far detector dataset

* Thus, the FD size 1s not static throughout our data set

Protons-on-target in data set: 3.45x10%Y POT
Fraction of detector operational: 79.4% (POT-weighted average)

Full-detector-equivalent exposure: 2.74x10%° POT-equiv

Partial Far Detector Full Far Detector
during construction (14 diblocks)
(6 diblock example)
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The NOVA experiment
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NOvVA - FNAL E929

Run: 10407 /1
Event: 27950/ --

UTC Thu Sep 4, 2014
05:28:44.034495968
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Far detector event display
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6000

Top view

Side view
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3000 oo
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- Side view deposited charge

NOvA - FNAL E929

Run: 15392/55
Event. 125664 / NuM|

UTC Wed May 28, 2014
04:55:46.939251776
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4 Muonneutrino LA
disappearance

Disappearance analysis In a nutshell. ..

Infer on the
osclllation
mechanism from

|dentity contained
Vv, CC events In

Measure both
energy spectra

differences
- between near and
far energy spectra

both detectors
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4 Muonneutrino LA
disappearance

Disappearance analysis In a nutshell. ..

Infer on the
oscillation

dentify contained -
ST/ CORtalne Measure both mechanism from

Vv, CC events In
both detectors

energy spectra differences
between near and
far energy spectra

» Containment * Extrapolation

- PID » Calibration * Far / near ratio

» NC rejection * Energy scale * Best fit

e Cosmic * Hadronic energy  Contours
rejection » Systematics

— —
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disappearance

Signal selection: v, CC

- — Simulated v, CC .

i i —— Simulated Background i

. , , . 10 E_ —¢— Data _E

* First: basic containment cuts: require a - ND, 1.66 x 10°° POT > 1
ouffer of no activity around the event 2 4oL |
o — -

- > [ ]

* Muon |D: 4-variable k-nearest ITR i

neighbours algorithm to identify muons "%

- Track length ]
- dE/dx along track 10° U
. 1 YT T S S AR S T RN S i el —"
- Scattering along track 0 0.2 0.4 0.6 0.8 1
Muon ID

- Track-only plane fraction

* Keep events with muon-ID > 0.75

lls B. Zamorano - First oscillation results from the NOVA experiment 24



disappearance

Good spills
Cosmic rejection pata quaity |
* From beam timing: a factor 10° .- ]
' _ 5 osmic backgroun
reduction S Cosmic background _
NC rejection | E CC v prediction (max. mixing)
oF sssolesy 07 - @l _
rom event topology:
E<5GeV g ’ ’

* For the remaining, a boosted decision

1 10 102 10°  10* _105 10_6 _107
tree Is trained on data without beam Number of events in the spill window
- Direction o - lNévAl2.74Il><1I02° Ilz’OTl-equJiv.l _
- Position and length i HJ( —— Out of time data ]
- Energy and number of hits in event - v COME -

- -=-- Cutvalue —

All cuts except BDT applied

* Keep events with BDT > 0.535

* Final rate 1s measured directly using out- [y :
of-time data - Tt 5 1

0.5 0.7
Cosmic Rejection BDT

# Events in Final Sample
|o I I I o|
_*_
_*_
_*_
_*_
_*_
_*_
—+—
| | | |
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disappearance

Energy estimation

* Muon track: length = E,

* Hadronic system:
2 Total visible E = Epad

» Reconstructed neutrino energy Is the
sum of them: Ey = E, + Ehad

* Energy resolution at beam peak: ~/%

o
-t
(4]

hadronic system

NOvA Preliminary

0.10

0.05

Fractional energy resolution

| ' |
—=— FD

—e— ND

— — Neutrino spectrum

0.00
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Muon neutrino

disappearance

>_<1(I)6 I I I I I I I I I I I | I I I I | I I I I —]
012l —— Simulated v, CC |
B —— Simulated Background i
0.10— —4— Data ]
n ND, 1.66 x 10?° POT -
0.08|— . _
| 2 T This ND -
Kinematic variables in the ND after all cuts 2 o0ef- N distribution is used-]
. ° - to create the -
(Sample purity in ND = 98%) 0.04]- FD prediction ]
0.02|— -
- | o -
0-005 2 E 4 5
Reconstructed Neutrino Energy (GeV)
— I I I I I I | I I I | I I I I I I —] X1O3
: . : 40_ I I I I I I I I | I I I I 1
10 —— Simulated v, CC = - —— Simulated v, CC .
- —— Simulated Background . i —— Simulated Background i
S 20 - 30— —
e F - o i
C 10 = T B 7]
: 1 & a .
L 10° = E L i !
102 - _ i i
= = 10— ]
10 = = u i
1; 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ?_ B , , , , | , ]
0 0.2 0.4 0.6 0.8 1 % 0 >

5
Muon Track cos(9,) Length of Primary Track (m)
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disappearance

~ar detector prediction

* Estimate the underlying true energy distribution of selected ND events
* Multiply by expected Far/Near ratio and v, = Vv, oscillation probability
* Convert FD true energy distribution into predicted FD reconstructed energy distribution

* Systematic uncertainties assessed by varying all MC-based steps

e
-
[s]

v, — ND Data 2.74x10%° FD POT-equiv. "
3 — Base Simulation 1.66x10%° ND POT &
Ll — Data-Driven Prediction L
(] (]
pd LL

0

57 \ \ \ P I 1T ]

L ] / 110 1L . By
3 | il I 13
Q ;b | 1 / 1 E - 52
> L 4 F - 4 >
S | 11 ] | ©
| ini 1 | 2
L | | 1 L | L | _|s LU
= | | 1T D

e | 1L \\> | | 1

07\ | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | \X1067 i )‘10-37 i | ‘ | | | ‘ | | | ‘ | | | ‘ | | \:50

0 1

1 2 3 4 50 ‘ 040 20 0 _ | | 00 1 -2 3 4
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,—>v,) FD Events/GeV FD Estimated Energy (GeV)



Muon neutrino

disappearance

X1.03...........|....|....|
I —— Simulated v, CC i
100— —— Simulated Background .
, . : B —#— Uncalibrated Data ]
have relatively little influence on - —+— Data -
the result a0 IR ND, 1.66 x 10*° POT _
2 [ Tune hadronic energy in ND
: o 60" - - - |
Hadronic energy systematic is one RS simulation tf,acg'evedbsﬁe'”
. . | agreement In an had
with a noticeable effect wb : ’
: = Take the full size of this tuning
(although the impact is reduced by 20f- ) as a systematic uncertainty
B —
ND-to-FD prediction procedure) ! Ty
O0 0.5 1 1.5 2 2.5 3

(Hadronic energy (217, equiv. to 6% in neutrino\
energy)

* Neutrino flux (NA49 + beam transportation
model)

» Absolute, relative normalisation (1%, 2%)

Qeutrino interactions (GENIE / Intranuke model)J
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Hadronic Energy (GeV)

2

* NC and tau neutrinos (1 00% each)

* Multiple calibration and light level systs. (Hit
energy, fibre attenuation, threshold effects)

* Osclllation parameter uncertainties (current world
knowledge)

e
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wnole detector

NOvA - FNAL E929
Run: 18756 /37
Event: 597960 / -

UTC Sun Jan 25, 2015
13:29:18.710709824

hit:
=
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—
fe)
amd i s 3

228
t (usec)
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NOVA - FNAL E929
Run: 18791/48
Event: 765587 / --

UTC Fri Jan 30, 2015
07:19:18.516289184

3200

NOvA - FNAL E929

228
t (usec)

B. Zamorano - First oscillation

Run: 19084 /62
Event: 908450 / -

UTC Thu Mar 12, 2015
04:16:51.818581248

results from the NOVA experiment
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Muonneutrino A .~

disappearance

50__ ----- —<4— Data __
In the absence of oscillation, the expectation Is i e Unoscillated pred. 7
200 events (2 beam bkg,, |.4 cosmic bkg.) - .~ Bestfitpred. (systs) -
40_— i —— Backgrounds Bl
33 selected events in the FD > f | —— Bestfit pred. (no systs) -
8 i 1-0 syst. range i
—_ T 8 30__ Normal Hierarchy B
B NOVA 2.74x10%° POT-equiv. | C\D - 2.74x10%° POT-equiv. -
ge i -1+ i o | . Best fit y2=12.1/16 dof ]|
S 15 —4— ot N =S : i
=3 T - © 20— —
g g : Best fit prediction : Lﬁ B _
SE [ ) 2 |
co ol ] i N
S o
<2 | ) - -
29 T i 100 ]
.g 2 05 u B -L i
m [ ] — —]
oc B . 1
i ] i Le gu3 ¥ 55 S _
|- _— O |
OO -—n==|=-=5 O 1 2 5

Reconstructed Neutrino Energy (GeV)

Clear observation of vV, disappearance
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Muon neutrino
disappearance

3.5 __ Normal Hierarchy, 90% CL __
B Normal Hierarchy NOVA 2015 |
. o pona 1 NormalRicraren/ms
NG>) 3__ === MINOS 2014 - | Am32 — 35+% %g X 10_3 eV2
e | ] sin B3 = 0.513 + 0.106
Ql B 7 T oy e ——
< _
i ] Inverted h|erarchy
| _ | |
0.3 04 0. 5 0.6 0.7 +0.103 f
Sin%0, % Sin 923 = 50 0106 )

NOVA measurement already compelling with less than 8% of nominal exposure!
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A 4 Cflectronneutino £/
appearance

Appearance analysis In a nutshell. ..

Interpret any FD
excess over
predicted

Use ND candidates

|dentify contained to predict beam

Ve CC events In
both detectors

backgrounds in the
FD -

backgrounds as Ve
appearance
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A 4 CFflectronneutrino &/
appearance

Appearance analysis In a nutshell. ..

Interpret any FD
excess over
predicted

Use ND candidates
to predict beam

|dentify contained

i backgrounds in the

both detectors

backgrounds as Ve
appearance

 Containment

« PID * Extrapolation |
| * Exclusions
» NC rejection * Far / near ratio -
| * Significance
e Cosmic * Systematics
rejection

- - —y -

lls B. Zamorano - First oscillation results from the NOvVA experiment S



A ectron neutino &
appearance

Signal pre-selection: Ve CC

NOVA Preliminar

o
|
y

Before preselection and PID cuts

* First: basic containment cuts: require
sufficient distance from the largest
reconstructed shower to the edges

Osc. Ve

Beam background

Cosmic background (x0.1)

* [hen, cuts applied to
- Shower length
- Number of hits In event
- Calorimetric energy

* All three related to the "'size” of the 0 |

0 | 50 - 100 150
event (we know well the range of Number of hits

energles any appearing Ve might have)

Events / 2.74 x 10°° POT equiv.
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Cosmic rejection

* Cut events with large transverse
momentum (Rejects downward-going
cosmic showers)

* The Ve selectors themselves are very

efficient at rejecting cosmic background

* Achieve a | in 108 rejection

* Expected cosmic background; 0.06
events, measured directly using out-of-
time data

appearance

NOvVA Preliminary

Good spill

Data quality

Containment

CosRej

Preselection

B osc.v.

PID . - Cosmic Background
10" 1 10 10° 10° 10* 10° 10° 10

Events / 2.74x10%° POT equiv.
I I i I I I I I I l I

IAftér loose LiD cut .
- —— Osc. v, :

Beam background -
| —— Cosmic background - _L

—
N

—
T

..

0.8

0.6

0.4

0.2

Events / 2.74 x 10°° POT equiv.

0.8

0.4 0.6
Reconstructed pT/ P
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BInY2Yl 2l aYala
dPPECAl a

Ve CC event identification

Two independent selection algorithms with very different designs

Color: p.d.t. for dE/dx in each plane (e~ assumption)
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LEM: Library event matching

Spatial pattern of energy depositions is

compared to that of 10® simulated events
(“library™)

Key properties of the best matched library
event (e.g, fraction that are signal events) are
input into a decision tree to form discriminant

* |[dentical performance as measured

with efficiency, S/+/B and sensitivity to
osclllation parameters

| —

Cell

Cell

-10

-20

20

Electron neutrino

appearance

Left panels: candidate event, both views
Right panels: best-matched library event, both views

Middle panels: an intermediate step in calculating the match quality

" Trial event Trial potential Best library match
|
I ||
|
[
— m m -
[
n__ | S_m
| N | . -
B = . : - I [ | I
[ [
|
= "]
= - ——l : : 1
~Trial event - Trial potential Best library match B ]
| N |
" 10:
™ ol
[ m " ] I
| ||
|
|
L N
i
[ -
[ N -
||

Plane

Prior to unblinding, decided to show both results and use LID as primary
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A 4 Cflectronneutino £/

appearance

NOVA Preliminary

LID and [LEM distributions for ND data

E | | | I—.—INDEI)t —IVIClB ]
and simulation — 105?_ P Stat, uncert) — MCNC E
8 10°F —Mcv,cC
L o E
« Good t over ful 5 F L
OO0d agreement over TUll range < 102;_ !ﬁl _;
Lﬁ 1: | ]
Total v.-CC . Zﬁ E
N@ - - Cosmic ; ;
BKG  (beam) bl = e W - G o,
0.0 0.5 1.0
LID
+OO 09 0.46 QL35 0.05 0.02 0.06 i | "'ﬁ'ﬁaﬁ’m — WG Beamy, -
e + few % depending on osc. param. 5 10 T (Flux+Stat uncert) OO
o - —I\J’IC\/u CcC -
Q N ﬁ_ -
o B - -
X 10 E
: - © - ]
Range of signal predictions © F ]
2 10 E
© NH, 8cp = 3T1/2, 023 = T1/4 = 56 + 0.7 : | . -
o[ i‘*—l__u__,, :
c IHOcp =T11/2,03=11/4 = 2.2 £ 03 102 _ -
50 oz o4 s 05 1o
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Electron neutrino

appearance

Far detector prediction

*ND data are translated to FD o Calibration | — Efjégllil;;ound
background expectation in each J Interaction (LID selection)
energy bin, using far/near ratios from Scint Saturation |
simulation Normalization

* FD signal expectation is pinned to the v Flux
ND-selected vy - CC spectrum ND BG composition

Other

* Most systematics are assessed via
variations in the far/near ratios

- —

Total Uncertainty

Signal efficiency relative to containment cuts: 35%

After all selection, 0.7% of NC

Expected overlap in LID/LEM samples of 629% | |
events remalin, relative to those

(Expected differences in which events each Sfter containment

technique selects)
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Electron neutrino

appearance

Far detector selected events

LID NOvVA Preliminary
0.8—2I.74;<10I20PIOTI-equJiv.I S
| aan — FD data
. > 06 —— Best-fit prediction—
LID: 6 Ve candidates A — sckgrouns
Lo
Q |
3.30 significance for Ve appearance S o4 ‘
g |
W o2 _
I L
BT S e
01 — 1.5 ——— 2 — 2.]5 I — 3

Calorimetric energy (GeV)

. LEM NOvVA Preliminary
LEM: 'l Ve candidates e roremm
' ! : L — FD data i
0.00 significance for Ve appearance > o8| — Bestftpreciction—

8 : — Background

o
(All 6 LID events present S 0al- -
in LEM set) g2 !
@ g, -
| zl;LTﬂl;IULﬂL

01 — 1.5I I 2 I -215V- —— 3

Calorimetric energy (Ger
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Result using LID selector

For allowed regions of dcp and 03

* Feldman & Cousins procedure applied
* Solar osclllation parameters varied
* Am~?3; varied by new NOVA result

*sin20,3 = 0.5
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Electron neutrino

appearance

LID 2.74x10% POT equiv.

sin0,, = 0.50

21 | | .,'1| e T | T | L L ] zZ
: Normal hierarchy |9
: 1>
3r S Best fit 1%
2 ' o
' ----68% C.L. 15
— 90% C.L. 13
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o A A A
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y A Electron neutrino

appearance

Result using LID selector

Applying global reactor constraint of LID 2.74x10% POT equiv.
9 OFT T T T T T T Normalhierarchy - Z
sin” 013 = 0.0219 £ 0.0012 = — Inverted hierarchy 5,
B _ ;U
R ettt 12
: Agam, apply Feldman-Cousins to o s 12
interpret -2AInL = 5

S

» Converted into significance (steps
due to discrete nature of counting
experiment)

a
III|IIIIlIIII

T N T I S R L N N T T
0 /2 T 3n/2 21
* Using v, constraint for sin?0,3

Inverted hierarchy for 0cp €[0, 0.9TT] is mildly disfavoured (>10)
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Result using LEM selector

LEM 2.74x10%° POT equiv.
Sor—————— 1 ]

Significance

—— Normal hiérérchy -

[l [l [l [l | [l [l [l [l
0 7t/2 T

*Inverted hierarchy is disfavoured at 2.20

for all dcp

| | | | |
3mn/2 21

* NH for 0cp €[0,11] is mildly disfavoured

(>10)

-

Areuiwid VAON
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Electron neutrino

appearance
LEM 2.74x10% POT equiv. sin%0,, = 0.50
2TC_| [ |"I | I:'I | ILII | I L I_
) N Normal hierarchy |
[ Lo T Best fit
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Electron neutrino

appearance

63
Q

'—NHLID - NH LEM
—IHLID --IHLEM

I
Q

LID/LEM consistency

Both prefer normal hierarchy

oY)
Q

Both prefer dcp near 311/2

Significance
O
o N
2 q

Gliven the expected correlations, the
observed event counts yield a reasonable
mutual p-Value of 10%

The specific point IH, dcp = TT/2 is disfavoured at |.60 (LID), 3.20 (LEM) for
sin20,3 €[0.4, 0.6]
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Future sensitivities

3 I I I I | I I I I | I I I I |
' . . . : NOvA 18><1020 FHC PoT + 18 ><1O20 RHC PoT oo MINOS result
* Potential to exclude maximal mixing, B sima g in ‘0,209 T2K latestv resut
28 eeeennnn Non-maximal mixing (sin 623= 0.4) uw

depending on Nature's choice

* Leading measurement in both Am?3;

plllllllllllllllllll

and sin’023 for nominal sensitivity o B4
a0
* Measurements in the anti-neutrino 221~
channel: CPT tests ! | L |
8.3 0.4 05 0.6 7
sin 0
23
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COMBINING MUON AND ELECTRON NEUTRINO ANALYSES

P(v,)
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Future sensitivities

Example NOvA contours

36x10%° POT

. 2 . 2
sin“26,,=0.095, sin"20,,=0.95, Normal, 6,.>n/4, o CP=3“/2

Best case scenario: NOvVA simultaneously measures the mass ordering, CP

violation and octant information!

lB B. Zamorano - First oscillation results from the NOVA experiment

50



Future sensitivities

COMBINING MUON AND ELECTRON NEUTRINO ANALYSES

—~ 0.09 20
= | Contours 3yrv asnd ?5 yrv NOvA Example NOvA contours 36x10°" POT
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Degenerate case: mass ordering and CP violation are coupled, but the octant

information 1s not
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Future sensitivities

MASS HIERARCHY AND CP-VIOLATION

NOvA hierarchy resolution NOvA CPV determination
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3+3 years (V, tanti-vy): 2 sigma in

about 30% of the dcp range Only 1.5 sigma in 10% of the range
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Future sensitivities

COMBINATIONWITH T2K

NOvA+T2K hierarchy resolution 36x10%° POT NOvA NOvA+T2K CPV determination 36x10%° POT NOvA
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Combining with T2K: At least | sigma

for the whole dcp range With T2K: .5 sigma in 25%
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Future sensitivities

* Far and near detector completed In
August 2014

* The NuMI beam intensity Is steadily
Increasing, setting new records on a
weekly basis

* First analysis dataset included /7.8% of
full exposure (40% of a standard
running year)

» Other NOVA physics: programme
underway
- Neutrino cross-sections
- Sterile neutrinos, non-standard
interactions, CPT tests
- Supernova neutrinos
- Dark matter and monopole searches
- And more...
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Future sensitivities

With 2.74 x 10?° POT exposure...

* Unambiguous V,, disappearance signature

* 6.5% measurement of atmospheric mass
splitting

» Consistent with maximal mixing

* Ve appearance signal at 3.30 for primary
selector; 5.50 for secondary selector

* At max mixing, disfavour IH for dcp €

[0,0.611] at 90% with primary selector.
Further preference for NH with secondary
selector

Much more to come!
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SUMMARY

Both NOVA detectors are operational and taking high quality data in the

NuMI beam




SUMMARY

Compelling measurement of muon neutrino disappearance with 8% of

nominal exposure




SUMMARY

NOVA will use both appearance and disappearance channels to provide
constraints on Ocp, and leading measurements on the mass ordering and the

0,3 octant




SUMMARY

Full FD with higher beam power: at least 2 x data next summer
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