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Neutrino oscillations
anda
what we can learn from them
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Neutrino oscillations

Source Detector €

Create neutrinos in one lepton flavor state,
observe in another (possibly different) state
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Neutrino oscillations

e

Detector

Source

Create neutrinos in one lepton flavor state,
observe in another (possibly different) state

Oscﬂlatlon probablhtles for an initial muon neutrino
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Neutrino oscillations: mixing angles
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“Atmospheric” sector:
best measured in
experiments where
v, disappearance
dominates: vs from cosmic
ray muon decays;
accelerators
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“Reactor” sector:
0, best measured in

experiments where
v_disappearance dominates

over short distances: vs from
nuclear reactors (more on o
in @ moment)
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“Solar” sector:
best measured in
experiments where
v_disappearance dominates

over long distances: vs from
solar nuclear fusion

BNL / March 8, 2018




Neutrino oscillations: mixing angles

¢ 3
1 0 0 cos9, 0 ainB, cosB, sinB, 0
U=| 0 cosB,, sin@, 0 1 0 —sin®, cosB, 0
0 -sin@,, cosB,, \ —sinﬁ,@ 0 cos@, ) 0 0 1
Big question: “Reactor” sector:
Is d nonzero? 0 accessible
(If it is, neutrinos—and thus via v_ appearance

leptons—violate CP symmetry!

. In accelerator expts.
... leptogenesis??) P
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Neutrino oscillations: mixing angles
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Big question:
i o Is ther mm verning the v /v
Atmospheric” sector: S there a sy (:dtry Jove g the v /v,
best measured in mixing into the“ 2 gnd 3 mass states?
experiments where (Is 6, “maximal” = 45°7?)

v, disappearance

; . = ?
dominates: vs from cosmic v,

ray muon decays; Vv v V
accelerators e H i
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Neutrino oscillations: mass splittings

v, I
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Normal Hierarchy 2 & . i )
(most electron-like “Inverted Hierarchy” Am,

state lightest)
\Y
2 2
v, = A m3, v,

Big question:
Which way around are the mass states ordered?
(If “inverted,” we might be able to conclusively find/rule out
Majorana neutrinos soon.)
v_ appearance from accelerator vs, also possibly reactor disappearance
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Measuring neutrino oscillation parameters

and

NOVA
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Long-baseline neutrino experiments

Imagine for a moment you're only oscillating between two flavors. Then:

How far away from the source
L you build your detector
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Long-baseline neutrino experiments

v, disappearance:
Py, = v,) = 1- Sin“2095 SiﬂQ(Am%QL/ 4F)

... 1o leading order
1..,"—' ..............................................................................................
Because v /v_is nearly 50/50 in all the mass states, ., - \ 2
goT c - Am°L _ T
2 o8- 4E |2
v~ . : 2
Vv v v o 98 sin” 26
e H T c =
(e L
o o 0.4p
this is nearly exactly what you get = [
when you start with v  of a few GeV T ool
at distances of a few hundred km i
from the source. R T N L Rr
mmmmm) An experiment we can build. Neutrino Energy (GeV)
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Long-baseline neutrino experiments

V, appe€arance is quite a bit harder because 6, is small...

i sin*26,, in v, disappearance...
.2
— — T T 1 A—1A
P((V),L — (V)e) ~ sin? 2913511129238m(14(1 — 12))
note sign flip (+) sin AA sin(A — 1)A
for — > sin 013 sm‘ sin 26075 sin 2053 sin A
antineutrinos @ A A—1
in AA sin(4A — 1)A
+ 2asin 013 cos I p sin 2645 sin 2053 S sin ) cos A
A A-1
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+ G Ny———
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.. but if you can measure it well (for v and v),
you gain access to both 6 and the mass ordering.
LO 6,, dependence suggests combining with v, disappearance
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Long-baseline neutrino experiments

V, appe€arance is quite a bit harder because 6, is small...
CP conserved

NOVA: L=810 km NOVA: L=810 km
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... but if you can measure it well (for v and v),
you gain access to both 6 and the mass ordering.
LO 6,, dependence suggests combining with v, disappearance
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Long-baseline neutrino experiments

V, appe€arance is quite a bit harder because 6, is small...
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... but if you can measure it well (for v and v),
you gain access to both 6 and the mass ordering.
LO 6,, dependence suggests combining with v, disappearance
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The NOvVA experiment

NuMI Off-axis v, Appearance
Experiment

Minnesota

NuMI = Neutrinos at the Main Injector

« Long-baseline (anti-)neutrino o ne S LR iitan
oscillation experiment , Wisconsin | |

« Two functionally identical detectors,
optimized for v, identification

Illinois Indian:
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The NuMI beam

NOVA Simulation
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— « >97% v, in peak region
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The NOVA detectors

- Detectors differ
mainly in size

(otherwise functionally identical)

* Near Detector: 300 ton, 1 km from source
* 100m underground, 20,000 channels

* Far Detector: 14 kton, 810 km from source
* On the surface, 3m concrete+barite overburden; 344,000 channels
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The NOVA detectors

1 Channel

APD XZ-view
32 Channels

typical -
charged
particle

path

yZ-view

s

(~20K
4cm x 6¢m)

 Good energy resolution for muons,
electromagnetic & hadron showers:

« Mostly (65%) active detector

« Radiation length ~ 40 cm = 6 samples per
radiation length
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Strategy

Main idea:

Compare

predicted spectrum at FD

observed spectrum at FD

to

Events

to extract oscillation parameters

-

.

then details of prediction

\
Discuss in two steps:

building the spectrum,

J

v, disappearance example
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¢ Toy data (6,,=45°)
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Spectrum construction

(1) Event selection
(2) Reconstruction & observables
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Spectrum construction: identifying neutrino events

Q: How do you identify av orv,? V) ”

A: Look for charged-current reactions

' +
(charged leptons differ & backgrounds , T, ..
have no primary charged lepton) N

Selections
share many

e P ] ingredients; will
W ) discuss in
] parallel
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Spectrum construction: identifying neutrino events

Learned variations on the

Input Image original image
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* Use convolutional neural network (CNN) called Convolutional Visual Network, CVN:
- Treat events like images (but use calibrated energy deposits in cells rather than colors)

— The CNN learns features (smaller groupings of patterns)
— Successive layers in network refine and abstract previous layers' features
- Last layer in network is “conventional feed-forward NN” which maps onto desired output classes

* Trained on simulation (details later) and FD cosmic data
[A. Aurisano and A. Radovic and D. Rocco et. al, JINST 11 P09001 (2016)]
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Spectrum construction: Identifying neutrino events

(0] 1000 2000 3000 4000 5000 600

One 550 us
readout window.
~All cosmics.

0 1000 3000 5000

NOvVA - FNAL E929

Run: 22357/1
Event: 16934 / --

UTC Sun Feb 28, 2016
14:44:25.490674976

0 100 200 300 400 500
t (Usec)

One more problem:
FD sits on the surface » ~150 KHz cosmics!

10 10?
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Spectrum construction: Identifying neutrino events

NOVA Preliminary Basic cuts NOVA Preliminary
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Pulsed beam + good timing resolution
and basic event quality/containment requirements
help a lot, but still dominated by cosmics...
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Spectrum construction: Identifying neutrino events

NOVA Preliminary Full Preselection, Core  NOVA Preliminary
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CVN particle ID & dedicated v_ cosmic cuts

reduce cosmic background to manageable level,
but we can still do better
(CVN v, new in 2017)
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Spectrum construction: Identifying neutrino events

Events

Number of events

NOVA Preliminary
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Spectrum construction: Identifying neutrino events

v, New in 2017

NOVA Preliminary

07 1 BDT cut, Peripheral NOVA Preliminary
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CVN CVN classifier
Vv, cosmic cuts are harsh.

Recover events near edges
but high PID (so lots of signal)
w/ dedicated multivariate classifier

Retain these events

- “Peripheral” sample
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Spectrum construction: Identifying neutrino events

v }

Basic Quality cuts Basic Quality cuts
106 cosMmics ¢ ¢ 106 cosmics
no
( Preselection cuts ) (__Presclection cuts )
104 cosmics i l l
no

OB NING CAROIRAIEN — | Peripheral Preselection
PID Cut -

, A ' 106 cosmics
~30 cosmics l llo COSMICS l
. (__CVNPIDcur | ( CVN and BDT cut |
(Cosmlc Rejection cuts) , :
2.6 cosmics 2.3 cosmics

5.8 cosmics
(c.f.. ~130 v, CC signal, 3.5 beam bknd)**
| ** These predictions will be discussed in more detail later |
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Spectrum construction: Identifying neutrino events

1 : : : : NOvVA Simulation
L B L L L
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« New CVNm selector — Better efficiency at low energy in v,
- ~11% effective increase in exposure relative to 2016

* New peripheral sample — Better efficiency in v,
- ~17% effective increase in exposure relative to 2016
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Spectrum construction: Reconstructing neutrino energy

Oscillation is a function of

neutrino energy.

v, disappearance

Ratio to no oscillations

Ll M
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90
£ e Corrected Flux
% 70E- | Vu
T e0F- d
> F U
[ 50—
g~k 2
NE 40—
S E
e
=] E
w 20

10

A L b b b by Lya s Ly T
£ 12 weighted/unweighted
€ B
x 0.8F
3 Y
I 0.6F

0O 05 1 15 2 25 3 35 4 45 5
v energy (GeV)

... but neutrino beam isn't

completely
monochromatic (despite
being off-axis) ...

... SO we need to
reconstruct
neutrino energy
from reaction
byproducts event
by event
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Spectrum construction: Reconstructing neutrino energy

Strategy: divide and conquer

vV lepton

Nucleus Hadrons

Evaluate the
lepton (muon or electron) —
and > EV — f(E|ep , E
hadronic system
energies separately
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Spectrum construction: Reconstructing neutrino energy

Strategy: divide and conquer

NOvA Preliminary
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Spectrum construction: Reconstructing neutrino energy

Strategy: divide and conquer

~

Data/MC 10° Events / 8.09x10%° POT

>
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Spectrum construction: Reconstructing neutrino energy

NOVA Simulation NOVA Simulation
[ ! | T T T T ] [ ! ! ! | ! ! ! ! | ! ! ! | ! ! ! ]
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(True - Reco)/True ( v Reconstructed Energy - True Energy ) / True Energy
We reconstruct neutrino energy with
about 9% resolution for Vs
and about 11% resolution for v s.
34




Events/0.1 GeV

Spectrum construction: v, hadronic energy fraction binning

The power of the v  disappearance
analysis is from shape discrimination:

NOVA Preliminary

N
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3 different 7]
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2f- \ E
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Reconstructed Neutrino Energy (GeV)

Better resolution — less smearing in “dip”
- better shape discrimination
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Spectrum construction: v hadronic energy fraction binning

NOvVA Preliminary

_ Simdlated Selectet‘:l Events
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—— Data
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Resolution for EU IS

much better than E, .

>

had. /

L 0.4

New in 2017
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Dividing into four equal quartiles of
hadronic energy fraction = E,_ /E

roughly separates best from worst resolved populations
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Spectrum construction: v hadronic energy fraction binning

NOVA Preliminary

NOVA Preliminary

————————————————— : 6—————T———— T :
~ NOvVA Normal Hierarchy ) . [ NOvVA Normal Hierarchy . .
[ 8.85x10% POT-equiv. — Previous best fit ]| [ 8.85x10% POT-equiv — Previous best fit
A [J1-o syst. range 5 ' []1- syst. range —
N e Max. mix. pred. | e Max. mix. pred.
> [ Quantlet Background > [ [ Background
@ L best resolution i © 4~ Quantile 2 -
G s ] S T ]
s [ i S 3 =
2 . 2 F ]
c 2 — e - i
<)) - . [0} - ]
> L ] > 2 
Wt 1w % ]
o < : e ]
1_ 4 ] 1'___ o ennn __
. PO OPO S SO BESUR SRS BRSO U b T
0 1 2 3 4 5 0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
NOVA Preliminary NOVA Preliminary
—T—T —T—T — —T— ——T 6T —T—T —T—T —T— —T—

F T | T T E | T | T ]
I NOvA Normal Hierarchy ) - [ NOvA Normal Hierarchy ] ]
41 8.85x10%° POT-equiv — Previous best fit_| - 8.85x10%° POT-equiv. — Previous best flt:
- ' [J1-osyst. range 5 [C]1-o syst. range —
P Max. mix. pred. - L e Max. mix. pred.
> - Background > [ Quantle4 Background 1
© 3~ Quantile 3 N Q4 worst resolution .
6 r ] S r ]
o [ ] o 3F .
2 2k — 2 r i
c L i c [ ]
o | i o _r y
> > 2 —]
wor ] w r ]
1 - C -
i | = B
L I (RSS! BUTSS TSRO BOPEST SO = A IR s = OO U OO
0 1 2 5 0 1 2 5

3 4
Reconstructed Neutrino Energy (GeV)

3 4
Reconstructed Neutrino Energy (GeV)

» Best shape

discrimination in
best resolution
guartile (quartile 1)

Most backgrounds
also in worst
resolution quatrtile
(quartile 4) — both
beam bknds and
COSMIcS
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Spectrum construction: v_ binning

NOVA Preliminary

| LowPID @ Mid.PID | HighPID |
15— o | TR
| [ signal v, CC ol| © |
| [ beam v, CC ols |
| &l NCCC | Oo|ls » Try to separate best-
. v o i i
L @ cosmic i understood signal (high
101~ — PID) from backgrounds

* Mild spectrum

il difference between

— appeared (signal) v_vs.
intrinsic beam v_ bknd

I - (signal ~lower E)

Events / 8.85 x 10?°° POT-equiv

1234:12_34:1234
Reconstructed Neutrino Energy (GeV)

>

More ve-like
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v, disappearance
NOVA Preliminary i

NOvVA Preliminary
L B B

v, appearance

S b H H
I NOvA N | Hi h 1 E i
A 8'8;”0;’0":8_'__;":: ’ — Previous best fit | |- gl(;;/:‘gzoorr;gl.rl:l;eruairvchy — Previous best fit NOVA Prellmlnary
s [CJ1-osyst.range | 5 :— ' quiv: []1-o syst. range —:
H L Max. mix.pred. 4 | e Max. mix. pred. i i
> [ Quantilet Background ] . ----- Background > — Low PID H Mid. PID ngh PID 1
8 | best resolution 1 4 Quantile 2 .5 15 ol
3 1 °F — . : = —
S S E o | [ signal v, CC o8 |
2 0 : P | [ beam v, CC sls |
g 2k . = [ NC Ol 5
3 z Fi ] © [ mmv.cCC e
- IS . o ~ [[] cosmic 1
i S ) — S 10— —
0 1 2 3 4 0 1 2 3 4 5 | -
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) -
- - X B .
NOVA Preliminary NOVA Preliminary 0 | 1
: VN&)VIA ‘l\lolrmaI‘Hi‘er;rzl:hy B I Previ;us best fiL: U: VNbVIA NirmaI‘Hi‘er‘arc‘hy - F;revitl)u; l;es; fi;: w
4 * POT-equi - [ 8.85x10% POT-equiv. - ] N B N
|- 885107 POT-equiv. [J1-osyst.range | 5/— " equiv []1-0 syst. range (¢0) | ]
r e Max. mix. pred. | | Quaniles 7 Max. mix. pred. | ~ 3
o [ Quantile 1 | i
% 3l Quantie 3 Background 1 4 worst resolution Background -.(B
S [ [ | i
s [ - = o
2 o q1° > - ]
s | L u 4
o
L 0
i 1 2 3 4 1 2 3 4 1 2 3 4
: i Reconstructed Neutrino Energy (GeV)
0 5 0 5

1 2 3 4
Reconstructed Neutrino Energy (GeV)

We fit these distributions to the FD data.
Before looking at the data, though,
let's examine the predictions in a bit more detail...
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1 2 3 4
Reconstructed Neutrino Energy (GeV)




Predictions:

Simulation & constraints
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Predictions: simulation chain

. @ GENIE 7 { D custom
- - s 2.12.2 ~AOva  readout
NuMI > software
PPFX f f
) Neutrino reactions 3
: on detector materials Detector
Neutrino flux _ response to
| ‘ charged L
o é e - particles and . ==
light i’
propagation

N/
o\

(with systematic uncertainties from each step)
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Predictions: simulation chain

Custom
readout
software

Ne

=

particles and ..

light =&~
propagation

N/
A\

(with systematic uncertainties from each step)
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Predictions: flux

New in 2017
100 NuMI Medium Energy Beam
90 Thin target data correction NOvVA Simulation
1 2 J T J T T T T T T T T T

80 NOVA flu Flux Uncertaint

99 FBX bt —— 2016 Analysis
70 NOVA ppfx
60 — 2017 AnalySIS

Vp 1.1

llllllll

HI|HII‘IIH'IHI'HII'HH|IHI|HII

Flux(v/ m? /GeV / 10°POT)
g

Fractional Shifts

S 145 ppfx / flugg

llllllll

| L L . L ]

‘ - - : - - 0.8
0'60 1 2 3 4 5 6

5 10
v energy (GeV) Neutrino Energy (GeV)

-
(%))

» Package to Predict the FluX (PPFX) from MINERVA
— Extensive survey of thin target hadron production data (esp. NA49, MIPP)

+ ~10% normalization change

« Significantly reduced systematic uncertainties
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Predictions: cross sections

Treating low-momentum-transfer effects
not in GENIE 2.12 default

» Shorter-range effects: multi-nucleon ejection

- Meson Exchange Currents thought to be most
significant part of this for neutrino expts.

- Enable Empirical MEC model*; tune rate to ND
data

- Construct custom Uncertainty treatment

« Longer-range effects: nuclear charge screening —
“RPA” model

- Use calculation from the Valencia group adapted
for GENIE (with uncertainties from F. Sanchez)
via R. Grant

“Meson Exchange Current (MEC) Models in Neutrino Interaction
Generators”, Teppei Katori, Nulnt12 Proceedings, arXiv:1304.6014

T “Model uncertainties for Valencia RPA effect for MINERVA”,
Richard Gran, FERMILAB-FN-1030-ND, arXiv:1705.02932
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Predictions: cross sections

V I
’ \'/ E.g.: shape of energy transfer () response
W S .

NOvVA Simulation
I | 1 I 1 ‘ 1 1 I | _
— Empirical MEC i

— Emp. MEC q, QE q,

— Emp. MEC q, RES q,

Arbitrary units

Pl

e I

0.2 0.

| | | | | | | | I I | | 1 1
|

3 06 0.8 - 12
True q, (GeV)

o

Based on observations from electron
scattering, MEC ought to lie between
guasielastic and resonant A production.

We use those as uncertainty bounds.
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Predictions: cross sections

V, I

_ | | NQVA Simulatiorj
\/ B Near Detector ]
T AIMES unceriainties ]

W l ? 6000— _ EﬁeCt Of the MEC

| i b E uncertainties we

LTI B 1 construct is ~20-30%
s E on MEC...
N o -
=5 i 2 3 .
VS True E, (GeV)

NOVA Simulation

- 103
\)l l All'v, CC candidates | Near Detector ]
—— True MEC only All MEC uncertainties
150
)

... and about 5% on the 3@
total selected rate

Events / 9x10%® P.O.T

[4)]
o

2
1T1E

 — — m— = Ao - - ITTItnrrororzmarzmmerzemeroentI e TTITIUTTL D

Ratio

09E
0.8

Reco E, (GeV)
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Predictions: light model

Absorbed and re-emitted Cherenkov
light affects low-energy protons in
hadronic showers.

2017 light model systs ~order of
magnitude smaller than previous

— Previously accounted for Ckv with
second order terms in our
scintillator model

— Those terms were unusual, so we
took conservative systematics

Expected energy resolution for v, CC
events increased from 7% to 9% when
adding Ckv to model

Photons/cm

Shift Relative to Linear Model

10?

I\I}

Light Models: Normalized to Minimum lonization
—— 2016 Birks-Chou Model

—— 2017 Birks Model + Cherenkov Light

NOvVA Simulation

Proton KE
= 390 MeV

10 ”1|02 ..1‘03
Py

NOvVA Simulation
B AL I AL B R AL

Normalized at Minimum |

/ lonization Point i

Ratio to No Suppresion
== 2016 Birks-Chou

Illttlllt{llllt

10 102 3
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Predictions: systemat

Abs. Calibration
Rel. Calibration

Cross Sections
Value of &,

Normalization
Abs. E, Scale

Scintillation Model

Neutrino Flux
Rel. E, Scale

Total syst. error

Statistical error

v Cross Sections
Normalization
Calibration

Beam

Detector Response
Total syst. error

Statistical error

I |

—_ V,_, |

—— |

EEn |

e i

Ea |

IIII _
I

0.05_

Uncertainty on Am32 (x10° eV2)

v, |

Abs. Calibration
Cross Sections

Normalization
Abs. E, Scale

Rel. Calibration

Neutrino Flux
Rel. E, Scale

Scintillation Model
Value of 5.,

Total syst. error

Statistical error

v Cross Sections
Normalization
Calibration

Beam

Detector Response
Total syst. error

Statistical error

50 0 _ 50
Uncertainty on sin®@,, (x107°)

u , v, H

T BT R T a— ~ 20 30 30
Signal Uncertalnty (%)

20 10 0 10 20 30
Background Uncertainty (%)
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Events /0.1 GeV

Events /0.1 GeV

Constraining the prediction: ND

act e
| —— Simulated Selected Events | 50— —— Simulated Selected Events 7
60 Quartile 1 —— Simulated Background - Quartile 2 —— Simulated Background -
B . —+¢— Data [~ —+— Data i
- best resolution | [ Full 1-o syst. range 7] 40 n [ Full 1-o syst. range T
B e, NDPOT norm., 8.09 x 10° POT = ND POT norm., 8.09 x 10 POT -
ol e :
I | 20F =
20— -] " 1
- 1 10 -
0 1 2 i 3 4 0 1 2 ) 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
NOvVA Preliminary NOvVA Preliminary
. O T
i —— Simulated Selected Events | 60— —— Simulated Selected Events —
40-_ Quart”e 3 —— Simulated Background B B Quart”e 4 —— Simulated Background |
- ¢— Data 1 F worst resolution ¢— Data
- [ Full 1-o syst. range E [ Full 1-o syst. range
B ND POT norm., 8.09 x 10 POT | [ ND POT norm., 8.09 x 102 POT
30— — 40— —
B yee. i B |
20| ] i 1
[ ] 20— —
10__ __ B 7
e R T B B — _ .
0 5 0 5

NOvVA Preliminary

extrapolation

NOvVA Preliminary

1 2 3 4
Reconstructed Neutrino Energy (GeV)

1 2 3 4
Reconstructed Neutrino Energy (GeV)

BNL / March 8, 2018

Though prediction
agrees with ND data
within our uncertainty

budget, we can use

(unoscillated) ND

data to correct
prediction for FD

“extrapolation”




Constraining the prediction: ND extrapolation

The NOvVA strategy: “Far/Near ratio”

/4 L\ ----- © Neutrinobeam .. .
Near detector /

Far detector

N(E:,ec>::q)(Eilrue)]><POSC true XE; Etrue A>><R(Etrue) G()]
NND<E:/ec)::(D(EtVrue> (Etrue A>><R(Etrue> E()]

Source

: Correct the true event rate (Pxox...)
Identical detectors share

Concept: , : using the ND
P all the ingredients | and propagate that
except the oscilliations

(F/N captures geometrical
differences between detectors)
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Constraining the prediction: ND extrapolation

The NOvA strategy: “Far/Near ratio”

0.1
s — ND Data 2.74x10%° FD POT-equiv.
& — Base Simulation 1.66x10”” ND POT
g | — Data-Driven Prediction
=
a 1
2 |
Q 3L il
-
2 [
2 |
s |
F
3 i
'% : |

1 ' 1 .l 2 L L L 3 1 L 1 4 1 5 0 A A 0.4
ND Estimated Energy (GeV) ND Events/GeV

1. Using the predicted 'unsmearing' matrix, correct the underlying
unoscillated (true) E  distribution based on the ND data.
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Constraining the prediction: ND extrapolation

The NOvA strategy: “Far/Near ratio”

0.1

a — ND Data 2.74x10”” FD POT-equiv.
§ — Base Simulation 1.66x10° ND POT
g | — Data-Driven Prediction
=

0 ~

] TanTI T T T T

A 1
2 I
Q 3L 4l
B [
,f=j [
s ‘T ]
= |

) i

A x10°

Al I T e 0.4 0 el e oy
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,—v,) FD Events/GeV

2. Multiply this corrected “true” spectrum by the geometric and oscillation
functions to get the “extrapolated” true E  prediction at the FD.
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Constraining the prediction: ND extrapolation

The NOvA strategy: “Far/Near ratio”

0.1
s — ND Data 2.74x10%° FD POT-equiv. .
& — Base Simulation 1.66x10” ND POT &
(1] T NIy i . = 4= B L
- \ Data-Driven Prediction / N
= TH

E ay /‘ N ‘ o

i T 3 ' T T 1 ‘ T T TRHT 1 2

4_— o = = —_4
Sl 1} | s
8.0 i i 18 L8
> b 4 k- - >
2 [ 11 |l 2
(] (]
i L i I 18 AT
s [ f I
| 1 F

1 i m r -t

g l x10° I i LIIr A P

T R T - - 040 i F o 1 40 ([0~ 1S Lo Tte T CEIIE 3 7
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,—v,) FD Events/GeV FD Estimated Energy (GeV)

3. Using the predicted mapping at the FD, convert back to
reconstructed energy to compare to the observed FD spectrum.

E BNL / March 8, 2018




Constraining the prediction: ND extrapolation

Systematically
shifted prediction

0 - 8
a —ND Data 2.74x10%° FD POT-equiv. .
§ —B ion 1.66x10°° ND POT §
w IR i N T 1T}
- Data-Driven Prediction N
=z TR

a y i
3 | 3
O of 1L i S
> L >
e b 2
@ @
i L s i ]
= I
1 - I = -
I L | IR NS R | L . X1OB [ l %10‘3‘ I L L L L [ IR | 1 | IR B 1 |
1 . 2 3 4 50 040 X 20 1 40 00 1 |2 3 4 50
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,—v,) FD Events/GeV FD Estimated Energy (GeV)

F/N constrains systematics too
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Constrained v, FD prediction vs. data

Events/0.1 GeV

Events/0.1 GeV

NOvVA Preliminary

NOVA Preliminary

5--—r—T¥F7F 6[+—T—"—T 1T T
~ NOvA Normal Hierarchy 7 [ NOvA Normal Hierarchy ]
B 20 P —+-Data 1 F 20 . —+-Data §
[ 8:85x10 POT-equiv. — Prediction 1 sE 8.85x107 POT-equiv. — Prediction ]
4__ [J1-o syst. range | B [11-0 syst. range |
- Quantilet | | - Beam bkg. 4 | Beam bkg. .
| best resolution Cosmicbkg. ] 4 Quantile 2 Cosmic bkg. ]
3_ —] - .
B 1 3 * .
2 1 5
3 1 -
[} O N0 Y P R BRI (R e |_J._ L
0 1 2 3 4 5 0 i 2 3 4 5

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

NOVA Preliminary NOVA Preliminary

——T ——T ——T ——T ——T [ e — —— —T —T —T
r | T T T ] T N T T ]
- NOvA Normal Hierarchy i [ NOvA Normal Hierarchy ]
) Data - 20 . —4-Data .
4 2 pOT. -+ - [ 8.85x10% POT-equjy. 1
[ 8.85x107 POT-equiv. — Prediction 1 s * ean — Prediction ]
B [J1-osyst.range | r [11-0 syst. range ]
- Beam bkg. . r Quantile4 .|| = - Beam bkg. i
3 Quantile 3 Cosmicbkg. | 4[~ worst resolution Cosmic bkg. ]
: —— —— : B ]
L 4 3 7
2 — L 4
: 5 | o 1
1 - 4 ]
i 1 7]

. W) 6 S § O e T H.—._ - S W T 3 (i - TR
0 1 2 3 4 5 0 4 5

Reconstructed Neutrino Energy (GeV)

3
Reconstructed Neutrino Energy (GeV)

Total Observed

Cosmic Bkgd.
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Constraining the prediction: v_ extrapolation

5 Low PID Mid. PID High PID -
4 ND Dtz v_ extrapolation
‘ SVNCCC requires more care:

. Beam v,

o

* No signal at ND
- Beam v_oscillate very little

over this L/E
« VvV, almost entirely disappear

 NC doesn't change due to
oscillations (Tsume no

10° Events / 8.09x10%°

T2 3 4 1 2 3 4 1 2 3 4 steriles)
Reconstructed Neutrino Energy (GeV)

Least v_-like » Most v_-like Need to disentangle
(“decompose”) before
applying Far/Near makes
any sense.

E BNL / March 8, 2018

(Divided into bins of event classifier)




Constraining the prediction: v_ extrapolation

[ : N : I ] K Vv
5l Low PID : Mid. PID : High PID ] P Target L»/p/> TO
B —4- ND Data 1 ”\A Ve ND
& B |:’ NC n v, contained in ND e
(@) 41— — L B B B
~ - _ C L —$— ND Dat ]
X | e DV CC - |9 1o [ v.cc from = b
% — " -~ 1 & | B v,cc from K
. B ] - [ [ v.cc from other |
X "
0 3 . Beam Ve —] g 100~ [ Brgd. —
~ B ] 3 i ]
(%)) B - 1 e [ v, uncontained in ND
= B N 0:’ 50— 800 T T
o — - o = —4— ND Data
g 2 - — ":C_> i 8 i (] v,CC from ©
LL n ] oL o 600 B B v,cc from k 7]
— - 0 1 2 S
3] | ] Reconstructed neutri| x [ v.cc fom otner
o | ] 3 [ BKga. h
0
AR — P
B 7] 5]
| — — |.|>J —]
L | o |
0 % 5 10 15
1 2 3 4 1 2 3 4 1 2 3 4 Reconstructed neutrino energy (GeV)

Reconstructed Neutrino Energy (GeV)

@ Constraining the parent
particle production via ND v,

interactions tells us about the
CC components...
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Constraining the prediction: v_ extrapolation

e
Vu 2 Vu
5 - Low PID Mid. PID High PID ] \
B : : | hadrons

- —4- ND Data 1

o | : ]
(\Io 4 e D NC ] 25 B ]
~— — : — — —
X B : CC . = * i
s 0" [ o 1 < ~ ND Data :
o 3 -~ [lBeamy, 7 S 20 NG =
~ B - & [Jv,CC ]
— : b — o ]
_g B 7] S 15 [ Beamyv, ]
o o B ]
> 20 1 ] 2 .
LLl B 7] 0 -
S § - .
0 ¢ 0.5 1 15 2 2.5 3

1 2 3 4 1 2 3 4 1 2 3 4 Number of Michel Electrons

Reconstructed Neutrino Energy (GeV)

@ ... while examining the
Michel electron spectrum in
candidate events tells us about
the v, fraction.

Least ve-like p Most ve-like
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10° Events / 8.09x10%°

Constraining the prediction: v_ extrapolation

The “beam” and “Michel”

Low PID

2
Reconstructed Neutrino Energy (GeV)

Least ve-like

constraints together tell us how

Mid. PID High PID
4 ND Data g to use the ND information to
CIne ND correct each component the
[Jv.cc FD spectrum.
. Beam v,

3 4 1 2

---- Uncorrected MC

| Low PID Mid. PID High PID i
2 ’ —
- . —Beamv,/MC ]
o . —v,CC/MC -
[ - z ; .
S 1s - ~ —Ne/MC ]
c [ ~H_r ﬁ )
0 | 5 |
2 e 1] ~EI;|:‘|§|—|I ___________ ]
Q. | _
S i :
(o] | i
[&]
3 i ]
O 05 —
3 4 1 2 3 4 i ]
. == 3 3 1T 2 3 4 1 2 3 4
» Mostv -like Reconstructed Neutrino Energy (GeV)
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Constrained v_ FD prediction vs. data

NOvVA Preliminary

S  LowPID  Mid.PID  HighPID s -

S 20 | f ol o —

g - —4— FD data ocls A

o - —— Best Fit prediction | Ols

@) - [E0 Total Background T =R Total Observed m
O 15— [ Cosmic Background ]- —
| :_-
— B " 7 Cosmic Bkgd.

9 i i

o 1OF b - _-
O _ i

0 B i

~ | _

TS —

c _ _

) i il

>

LI i I |

0 1 2 3 4 1 2 3 4 1 2 3 4

Reconstructed Neutrino Energy (GeV)
@




Extracting oscillation parameters
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Fitting the spectra

NOVA Preliminary NOVA Preliminary
°[ 'NovA Normal Hierarchy " o 1 [ 'Nova Normal Hierarchy o ]
20 N - B
4» 8.85x10% POT-equiv. = preiction 140 8.85x10%° POT-equiv. —_ Prediction L.
[ [11-0 syst. range | F []1-0syst. range ]
= [ Quantle 1 oo | o oy vange NOVA Preliminary
© [ pest resolution Cosmicbkg. ] 4|~ Quantile 2 Cosmicbkg. : : :
f-:’ 31 F ] - - LowPID Mid. PID High PID T ]
s = i 5 ]
2 [ > 20— : ol © —
T o g - —+— FDdata ols -
o - - —— Best Fit prediction o S ]
1 @) . [ Total Background o i
r 0. 15— [ Cosmic Background —
Fo 1 o - .
0 D 3 1 DA 3 4 NO - 1
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) — - B
NOvVA Preliminary NOvVA Preliminary X 10‘_ ]
[ 'NOVA Normal Hierarchy ' +Data ! ] u: NOVA Ngormal Hlerarchy ' - Data ' ] '53 B i
- 20 . — 1
4[ 8.85x10% POT-equiv. — Prediction 1 s 8:85x107POT-eqyy. — Prediction . © B 7]
[ [J1-o syst. range | r []1-0 syst. range ] - B ]
s | -----Beam bkg. i [ Quantile 4 ---- Beam bkg. - N
8 3|~ Quantile 3 Cosmicbkg. | 4~ worst resolution Cosmic bkg. ﬂ 5 1
[ 1t ] = - R
s 3 CI>J L i
j2} [ - -
2 2 i w
g | 2k ok _
i o 12 3 4 1 2 3 4 1 2 3 4
; 1 Reconstructed Neutrino Energy (GeV)
L. > £ - . .
0 T2 3 4 0 1 2 3 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

« Apply external constraint for 6,
(PDG 2017, sin226,; = 0.082)

» Perform joint analysis
since 6., affects both (includes correlated

Py, — up) 1 Sin2 sin?(Am3,L/4E) systematics)

* Mass hierarchy and 6 sensitivity will grow with

P((;)“ — ( ~ sin Q@m @sm —19) DA 2018 v sample

(+)
@sm 013 sn—‘sm 2014 sin 26043 smjA sm(j 1 1A sinA 4+ .
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Oscillation results: atmospheric

NOVA Preliminary

T T T l T T T T
Normal Hierarchy 90% C.L.

3.2
—— NOVA 8.85x10% POT-equiv.
Blg questlon: s e T2K 2016
----- MINOS 2014

Is there a symmetry governing the v“/vT
mixing into the 2" and 3™ mass states?

.OIII|III|III|III|III|III|I

“ H ” 2.6
(Is 8,, “maximal” = 45°7?) o .
< 24 K
V.= ?
3 22
Ve Vp VT 2 l L L
0.4 0.5 0.6 7
sin’0,,
P—

- NOv .
— - 8.85%x 3
O z
. . o 2 =
Quite possibly. e ]
8 1.5 =
Consistent with 6., = 45° = ~ Normal -
at 0.8G (/Q; : hierarchy 1
e 0.5F Inverted
- _hierarchy:

0 L | L L L ) | L ) ! | ) ! L L
0.4 0.5 0.6 0.7

63] sine,,




Oscillation results: since last year

NOVA Preliminary

* 3.2 - INO\I/A Normal Il-lierarchy, 90% C.Il_.
New simulation & calibration: ~1.80

— Joint Analysis, 8.85x10%° POT-equiv.

*  Expected small shift due to change in < [ = Analysts, PRLIT8.18T802 ..~ ]
energy resolution and scale. O 28 . . —
« Had larger than expected event migration = 2_6:_ ¢ ® -
out of the dip region. (3 vs. 0.5) NE% - ]
< 24f -
New selection & analysis: ~0.50 22 -
* Large changes possible due to new P T RS R B ]
cosmic rejection — we have a totally new 04 ain2e 06 07
set of background events. 2
* Saw changes this size or larger in 5% of
seudo-experiments. :
P P ‘ Final result: 0.8 o
Includes FC
New data: ~0.40 =———————— corrections
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Oscillation results: reactor sector

0 B T 3n — 2n . .
2 Scp 2 Big question:
e Which way around are the mass states
B ] ordered?
0.6 :
20 55 : Even without antineutrino data
c 2 (expect new results later this year),
@ o4 ]
F ] preference for NH at 95.7% CL
0'3;.1 c [J2¢ [J3o TIE
0 - i ————,_  Entire IH excluded at 95.7% CL
. 8CP 2
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Oscillation results: reactor sector

NOvVA Preliminary

———— ——

" NOVA FD Normal - 2

,[:8:85x10% POT equiv. "~ hierarchy - V&V

E Inverted 7 . .

N ~ hierarchy : Big question:

3c - Is CP symmetry violated by
leptons?

(Is d nonzero?)

Significance (o)

2 -
13_ E Mild preference for
F = nonzero 0
% i T 3z on Antineutrino data will
2 Ocp 2 improve sensitivity.
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Looking ahead

Normal §,=3n/2, sin°0,,=0.500
Am5,=2.45x10eV?, sin°20, =0.082

NOVA Simulation

. ! | | | ! | | | ! | | | | | | | ! :

- NOVA joint ve+v, - | s0/50 v/antivmix | | -
0 [ A | from 2018 forward. |7
“< [ +---- Hierarchy g .
< F o | é é .
T S R s S BT B
o | —— CPV. .- .
T R e -
c [ L LemmT i -
= 2:— """""""""" ',v"‘ """"""""""""""""" """""""""" ”--"”—_—:
SF - - :
CEI S S — RN S -
- // . All projected beam intensity ]

- l""'_ | and analysils improvemer\ts Ik

O | | | | | | | | | | | |

2016 2018 2020 2022 2024
Year

Very compelling
milestones
potentially not too
far around the
corner!
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Summary

« Significant improvements since previous analysis
» Substantially reduced flux & detector uncertainties

« Analysis technigue improvements - ~15% effective exposure
Increase

* Indications of oscillation parameter values emerging:
e Consistent with maximal 6,; at 0.8c
* Favor normal hierarchy with 95.7% confidence
* Mild preference for CP non-conservation
 Data continues to stream in
 Expect first v + v analysis later this year

* Looking forward to major milestones in oscillation physics
in not-too-distant future!
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Fixing the energy scale

* Near Detector
— cosmic p dE/dx [~vertical]
— beam p dE/dx [~horizontal]
— Michel e spectrum
— m°mass
— hadronic shower E-per-hit

* Far Detector
— cosmic u dE/dx [~vertical]
— beam p dE/dx [~horizontal]
— Michel e spectrum

* All agree to 5%

Events

300

100

NOvVA Preliminary

ENC 70
-events t

] 1
—-Data
—MC x° signal
—MC bkgd

Data u: 134.2 £ 2.9 MeV |
Datao: 50.9+2.1 MeV

MC u: 136.3 + 0.6 MeV A
+ 4 MCo: 47.0+0.7 MeV ]

‘4

o 100 =200 300 400 500
M, (MeV)
o0 D, 1.66x10%" POT NOVA Preliminary
! ! ' ! | ' ! ! ! | ! ! ' ' | ' ' ! !
60— —— Simulated v, CC ]
- CC VIJ Simulated Background
| events * Data

=10 20 30
Average Hadronic Energy Per Hit (GeV)

BNL / March 8, 2018




What did CVN learn?

NOvVA Simulation NOvVA Simulation
80 T 80 T T T T
True NC True ve CC
70 70 . .
|
60 60L .
- Lk
A
50 /é{" -
- | - - .l
8 40 o,
5x5 block of cells e " - 5x5 block of cells
removed to make each 1 301 e removed to make each
alternative PID output _- alternative PID output
for the occlusion test. ] 20l . for the occlusion test.
é | 10 _ | | é
0 I I I ! 0 1 1 | 1
0 20 40 60 80 100 0 20 40 60 80 100
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“Occlusion” test:
Systematically mask out different regions of event
and see how CVN's inferred event type changes
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What did CVN learn?

NOVA Simulation NOVA Simulation
80 : . 80 : : . : .
True NC = True ve CC =
70} o 70} : o
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“Occlusion” test:
Systematically mask out different regions of event
and see how CVN's inferred event type changes
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v, disappearance: comparison to previous results

NOVA Preliminary
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NOvVA Preliminary
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v. Efficiency Checks ol Data E
» Test hadronic showers: 800 E
— Muon removed, simulated electron 20 =
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+ Cosmics Data

— Muon removed from
bremsstrahlung in FD cosmic ray
events

— Good data-MC agreement in both
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Effect of extrapolation

«  +cin MEC q0 shape in FD 0-9
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~10-20% uncertainties become
~5% residual uncertainties
after extrapolation
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