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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

Source Detector €

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

Flavor states are not energy since masses are different
(mass) eigenstates
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Neutrino oscillations

Not predicted by the
Standard Model!

Neutrino oscillations can potentially ask

and answer BSM questions... \

nonzero transition probabilities
since masses are different
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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

: - “'l‘m Ml‘H’”“’

arXiv:1212.6374
e

0.0- M
L/E (arb. units)

Flavor states are not energy
(mass) eigentstates




Neutrino oscillations: mixing parameters

P(v, > Vvy)=

1 0 0 cos(6 0 sin(@ e || cos(6,) sin(E.) O

U = |0 cos (|9_23 sin ({6, 0o 1 0 —sin([g,]) cos(g) 0

0 —sin(|6,) cos([6.) —sin(|g ) e’ 0  cos(l6,, 0 0 1
“Atmospheric” sector: “Reactor” sector: “Solar” sector:

best measured in experiments 0., best measured in experiments best measured in experiments

where VIJ disappearance where ve disappearance dominates where Ve disappearance
dominates: vs from cosmic ray over short distances: vs from nuclear  dominates over long distances:
muon decays; accelerators reactors (more on & shortly) vs from solar nuclear fusion
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Neutrino oscillations: mixing parameters

P(v, > vy)=

1
U = |0 cos(6,;) sin(

0 —sin(6,,) cos(

Ors)

0,

3

in!

“Reactor” sector:

d accessible
viav_appearance
e

in accelerator expts.

| cos (6,) sin(6,,)

0
—sin(6,,) cos(6,,) 0
0 0 1
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Neutrino oscillations: mixing parameters

cos(6;) 0 sin(6) ol
0 1 0
—sin(6,,) o cos (6,)

T

Big question:

Is & nonzero? “Reactor” sector:
(If it is, neutrinos—and thus O accessible
leptons—violate CP symmetry! via Vv, appearance

is?7? :
... leptogenesis??) in accelerator expts.
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Neutrino oscillations: mixing parameters

1 0 0

0 cos (|t9_23 sin (

0 —sin(|6,,) cos(

/4

“Atmospheric” sector:
best measured in
experiments where
v, disappearance

dominates: vs from cosmic
ray muon decays;
accelerators

Big question:
Is there a symmetry governing the v /v,

mixing into the 2" and 3" mass states?
(Is 0,, “maximal” = 45°7)

V
Ve Vu t
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Neutrino oscillations: mass splittings

P(v, > v,)= ZU;fe .2

aj

v, I
5> v E—1 "
1

2
“ . ” - A m
Normal Hierarchy 2 & . i )
(most electron-like “Inverted Hierarchy” [ 2 ™M

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

Big question:
Which way around are the mass states ordered?

v_ appearance from accelerator vs, also possibly reactor disappearance
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Measuring neutrino oscillation parameters

with

NOVA

12| Imperial / May 29, 2019




Long-baseline neutrino experiments

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

How far away from the source
7 L you build your detector

. 2 . 2
P, ;. ~sin"20sin"|Am 1F

E Energy spectrum of your
neutrino beam
_ """ Unoscillated 1L'—' ..............................................................................................
= —— Oscillated 2 i \ AM’L|
= 5 i =t
0 rC = 4E 2
= = 0.8
= ¢ T 08f
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g - o 8 sin“26
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Long-baseline neutrino experiments

v, disappearance:
Plv, —v,) = 1- sin%209s SiﬂQ(Am%QL/ 4F)

... to leading order
Because v /v is nearly 50/50 in all the mass states, o -
= o8
v~ . :
0.6
Ve Vu VT 8 -
o L
. o 0.4
this is nearly exactly what you get 5 [
when you start with v, of a few GeV T ool
at distances of a few hundred km i
from the source. e o
‘ Paradigm for modern “long-baseline” expts. Neutrino Energy (GeV)
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Long-baseline neutrino experiments

V, appearance is quite a bit harder because 6, is small...

- : :
sin®26,, in v, disappearance...

——————————————————————— (A—12)
note sign flip (+) ‘ sin AA sin(A4 — 1)A
for » : : . . )
antineutrinos in 013 sin SlIl 2612 sin 2023 A A—-1 sin A
in AAsin(A — 1)A
+ 2 sin 613 cos O p sin 26049 sin 26053 smA sm(A 1 ) cos A

2 (-
Ay A:Amglé A=Yan,

Where: [a =
f A

2
Amgz,

.. but if you can measure it well (for v and v),
you gain access to both 6 and the mass hierarchy.
(Hierarchy dependence enters through matter effects...)
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Long-baseline neutrino experiments

V, appearance is quite a bit harder because 6, is small...

NOVA: L=810 km CP conserved |

NOVA: L=810 km

L L
No matte
Sin°20,,= 6 = ]T/2

1AM, |=2.

| T T T T | T T T T
No matter effects —
sin’20,,=0.085 -
IAmZ,1=2.44x10°eV?]

sin“0,,=0 6 = 3]7/ 2 sin°0,,=0.5

> [

T ap

3 n
L

o 2:_

5 %" 1 2 3 4 5
Neutrino energy (GeV) Neutrino energy (GeV)

... but if you can measure it well (for v and v),

you gain access to both 6 and the mass hierarchy.
(Hierarchy dependence enters through matter effects...)
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Long-baseline neutrino experiments

V, appearance is quite a bit harder because 0, is small...

nova:L=stokm | Normal Hierarchy | nova:L=810km

L R T L— T

8| Vacuum C T sit20,=0085 -
I . IAm2,1=2.44x107eV?_
8 af Inverted Hierarchy sin0,,=0.5
i i
4 a4
__:i i = [
o o of
D_-1 ............----_ D_.., ....I....I....I...u_
0 1 2 3 4 5 0 1 2 3 4 5
Neutrino energy (GeV) Neutrino energy (GeV)

... but if you can measure it well (for v and v),
you gain access to both 6 and the mass hierarchy.
(Hierarchy dependence enters through matter effects...)
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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 it
oscillation experiment :

* Two functionally identical detectors,
optimized for v, identification

Indian:

llinois

18 ——imperial / May 29, 2019



The NuMI beam

NOVA Simulation

L
NOVA Far Detector

Focusing Horns Decay Pipe v, Spectrum

v, Spectrum

“Neutrino mode’

Magnetic “horns” focus mesons from
proton beam-**C target interactions

Y
T I T | I T T | T I 1 I I T T
1 | 1 | | 1 [l “I 1 | 1 I | 1 L

10° Neutrinos / m? / GeV / 5 x 10" POT

] ) ’ 1 Nezutrino er?ergy {GgV) ’ °
Detectors are 14mrad off main beam axis: NOVA Simulation
 Results in narrow energy spectrum around 2 GeV T T T OVA Far Detector

v, Spectrum

@D
[T T T

 Reduces “wrong-sign” (v in v beam and vice versa)

component - 3% (5%) contamination for v (V) v, Spectrum

e Jreineore pecavipe = : “Antineutrino
’ — T ——————— % . % I3 mode”
p

10° Neutrinos / m? / GeV / 5 x 10" POT
'S

OO
(=]

2 3 4
Neutrino energy (GeV)

Imperial / May 29, 2019




The NOVA detectors

Far Detector
14-kton
596 planes

A4 064 channe |

......

Detectors differ
mainly in size

(otherwise functionally identical)

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

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

1 Channel APD . View from the top Particle 1
Xz-view =~ )
32 Channels HEHHEHH 2 H A H
Intgraction g 2 é - é é g ;
HHHEBAHHHEHHAR g
=\ I Zaficlcl=N=R=N=l=l= — | Particle 2
-------- - = == - - =
Neutrino - N - = - =2 0 0 -
L from = = iJgLi = iE — o == | Particle3
Fermilab = = =N=N=Q=N= = iﬁtz =h=
v - Lo = afilslislclslslsls alil=l=l
typical - PVC cell filled with
charged e liquid scintillator
particle
path
. View from the side Particle 2
yz-view e
sn= = = s
E E E E E E Particle 1
e Interaction | - m e
Point 0 0 - - H B
o sV HEH -
------- > [ 1 - O O
(~20K Neutrino O 2 - 0 0 O
from -na -, - - -
4cm x 6¢m) Feanilsb HH HH HHHE
l 1 meter
Particle 3

 Good energy resolution for muons,
electromagnetic & hadron showers: :
Detectors differ

* Mostly (65%) active detector i . -
mainly in size

« Radiation Iength ~40cm -6 samples per (otherwise functionally identical)
radiation length
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Strategy

Main idea:

Compare
predicted spectrum at FD
to £
observed spectrum at FD ;
to extract oscillation parameters

/

.

then details of prediction

\
Discuss in two steps:

building the spectrum,

J

v, disappearance example

35;
302
25/
20f

15F

IRTI I | ..I...I.||I||||+I+||||+I||||I|+|||

— 923=45°
— 0,,=41°
¢ Toy data (6,,=45°)

h

1 15 2 25 3 35 4 45 5
Reconstructed Neutrino Energy (GeV)
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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 a V,0rv.? D, ”

. |
A: Look for charged-current reactions W

(charged leptons differ & backgrounds , 1T, ..
have no primary charged lepton) N

W ] Selections share
| many ingredients; will

discuss in parallel.

; lllustrate using

] neutrino mode
>\A‘i~< | (antineutrinos shown

: where different)
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Spectrum construction: identifying neutrino events

Learned variations on the
Input Image original image

30 T T T T e — j
70+ o - - G — — Ve
= = I;__."' -

60}

50 : D”
T - et et e . _—
B A0 NS '3 | —- - i ( o

30 l""'-. - | - = C Y

i —fw- e -]
20t 4 % J
10} - u ’
ho— 1 el |
0 1 L 1 1 P - o - L=
0 20 40 60 80 100

Plane

* 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: ldentifying neutrino events

1000 2000 4000 5000 6000

One 550 us
readout window.
~All cosmics.

0 1000 2000 3000 4000 5000

NOvVA - FNAL E929

Run: 22357 /1
Event: 16934 / --

UTC Sun Feb 28, 2016
14:44:25.490674976

0 100 200 300 400 500

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

construction: ldentifying neutrino events

NOVA Preliminary

NOvVA Preliminary
L L

— Total Predicted

T T — T T
B — Total Predicted
10; —+— Cosmic Background _
> E -I)u - Beam Background E
] 8
(0] N
S
%] C
T N
Q 4
w B
2~
- ——
L —— .
0 ! ! —— o | n VI | n n n n
0 1 . 4 5
Reconstructe% NeutrlnosEnergy (GeV)
10F T
8-
= °f
. 8 -
cosmic S o
s F
kNN 2
[ L
>
wor
2r
%

—4— Cosmic Background |
- Beam Background

1 4
Reconstructe% NeutrinoSEnergy (GeV)

5

Events / 8.85 x 10°° POT-equiv

Neutrino mode - Presel

NOvVA

Preliminary

a0

(975

 —— FDdata

—— 2018 Best Fit prediction
[ Wrong Sign Background

- [P Total Beam Background

" Cosmic Background

0.85
CVN class

-e

Events / 8.85 x 10® POT

0.9
ifier

| [ Wrong Sign Background
L [ Total Beam Background

N}
S
I

-
(=]
LI L

| R

0.85

E 2D cuton
(v, p/Ipl)

NOVA Preliminary
T T T T T T T T ]
1

—— ¢zu15 pest ri prediction

" Cosmic Background

0.9 0.95 1
CVN classifier

Pulsed beam + good timing resolution
and containment + CVN requirements help a lot,
but still need further cosmics rejection
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Spectrum construction: Ildentifying neutrino events

Vertex is near detector edge

NOVA Preliminary

0.7

0.6

0.5

0.4

LN T R O O O O A I |

» o 00 0/0 000D ¢«

v 0 000000008

» 000000000 o

» 0 0000 000OD0

vo 00000000 0
02000000000 0
« o 0 00 0|0

Cosmic Rejection BDT

0.3

IllTIWII[Illllllllll

1 1 1 1 L L 1 1 1 1 1
0.9 0.82 0.94 0.96 0.98

CVN

sy

v, cosmic cuts are harsh.

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

- “Peripheral” sample
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Spectrum construction: Identifying neutrino events

v .

Basic Quality cuts Basic Quality cuts
106 cosmics ¢ ¢ 10 cosmics
no
( Preselection cuts ) ( Preselection cuts )
104 cosmics l l i
no

Cosmic Rejection cuts [ g Peripheral Preselection

: i104 cosmics ile6 cosmics
~30 cosmics
: T ( CVN PID cut ) ( CVN and BDT cut J
( Cosmic Rejection cuts | _ .
1.0 cosmics 0.9 cosmics

2.1 cosmics
(c.f.. ~120 v, CC signal, 2 beam bknd)**
| ** These predictions will be discussed in more detail later |

E Imperial / May 29, 2019
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Spectrum construction: Reconstructing neutrino energy

Oscillation is a function of
neutrino energy.

v, disappearance

g NOvVA Simulation
= 1:3; NuMI Beam at NOVA ND
8 = 80_— Corrected Flux
2 £ o
s Su "
- T ... S0 we need to
T I o i P ST PP I I I u‘é.zo— - . reconstruct
8.5 1 156 2 25 3 35 4 45 5 10E o .
Neutrino Energy (GeV) .g1gf_.-nl.--..I----[-.---I..--I...-I--.-I ...... nfeu'trlno erl.ergy
I S rom reaction
NOVA: L=810 km < o8t
8 V., appearance ;322%2‘35_322“5 | = 0'60_ 056 1 15 2 25 3 35 4 gy4(.g V)s byprgdUCtS ?tvent
i IAM2,1=2.44x10°eV?] v energy (Ge
2 6; sin’0,,=0.5 7 . . ' y even
> f ... but neutrino beam isn't
e completely
=0 monochromatic (despite
27

being off-axis) ...

Neutrino energy (GeV)
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Spectrum construction: Reconstructing neutrino energy

Strategy: divide and conquer

vV lepton

Nucleus Hadrons

Evaluate the
lepton (muon or electron) —
and - E = fE,,. E
hadronic system
energies separately

31 Imperial / May 29, 2019
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Spectrum construction: Reconstructing neutrino energy

Strategy: divide and conquer

NOVA Preliminary

O rETTTTT e ] )
L —— Predicted Events i
: o 5 aoo]- E Vononeee
Neutrino beam NOVA Preliminary ot lep = Towbsdgnd
> T T L} 1 T T T T T T T L} T T T L} T T T T 80 i Area NormaIiSEd ]
8 | I I —e Data [ _ S Neutrino beam ]
2001 —— Simulation ] 8 200/~ i
- - D 1-c syst. range ] ® [ ]
o B H g Wrong Sign: v, CC | o | o~ 3% i
= F m Total Background ] 5. F )
100f— —
Q 1501~ Area Normalised ] o I )
= - 7] " i -
o - -
= B ] o 1 2 3 e
&g 100 _ — Reconstructed Muon Energy (GeV)
3 n -
. L - |
© B i
‘;; = i Neutrino beam NOVA Preliminary
£ o 7 oo T e
[} B ] = N E — 1855" ls”;stéopange n
= L -1 @] N s Wrong Sign: v, CC B
ul ~ 1 0. 400 had ) Total Background 1
mo L - - | NP R e ] 8‘9 B Area Normalised ]
-~ 0 1 2 3 4 5 & 300k =
Reconstructed Neutrino Energy (GeV) < [ ]
v lepton % zc:oj o ~ 30% .
- > - i
E, resolution: ~9% \o - )
0-__46.'5 ! ‘II = _\ I1.|5‘ ‘ 2 2.‘5 - _J
Nucleus Hadrons Hadronic Energy (GeV)
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Spectrum construction: Reconstructing neutrino energy

Strategy: divide and conquer

NOVA Preliminary

Neutrino Mode
/ i | ‘—TolaIMC ‘+NDdala 1 \
.. 5 o v, CC 7, cC |
Neutrino Mode NOVA Prel'm”]ary ;— - v.CC 7, CC 1
— T T — T o [ NC ]
- —TotalMC ~ 4-NDdata - & T ]
5 | D v,CC v, CC | © E
o 15 veCC ¥, CC™ g L EM
] - + ¢ € - 2 o5l =
- * NC wor 1
= " - :
m " 7] E |
| — % 1 2 3 4
© - — Total CalE of EM showers (GeV)
-g | i — Neutrino Mode NOVA Preliminary
e I : s e 4npdea
Lﬁ 0.5 — |C_) i v, CC 7, cC ]
> | 1 2 o 5o ]
= B — ﬁo NCT
% 1 —2z 3 5 @ E .
> |
E..., (GeV) g had]
>
\'/ lepton w .
e
E, resolution: ~11% —

-

05 1 52 1.8 3
Total CalE of hadronic showers (GeV)

Nucleus Hadrons
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Spectrum construction: v, hadronic energy fraction binning

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

NOVA Preliminary

Reconstructed Neutrino Energy (GeV)

NOVA Preliminary

5 T T T T T T T T T T T 6 T T T T T T T T T T T
- NOvA Nolrmal HierarcI:hy | _I ] "~ NOvA Nolrmal HierarcI:hy | .I ]
L 8.85x10%° POT-equiv. — Previous best fit | - 8.85x10%° POT-equiv. — Previous best fit -
A []1-o syst. range - 51 []1-0 syst. range —
I Max. mix. pred. S S Max. mix. pred. -
> i iR Background ] = - P Background 8
o [ ~6% resolution g ] o 4+ ~12% resolution ¢ -
-t 1 vs <} |
o | different o ... i S S8p  different B
2 _rvalues of 8 Pt 1 2 f ]
c 2k 23 : _ c [ valuesoff, ™ :: ]
() L i ] ) L . |
> B | > 2= —
w \‘ 1 W r \‘ 1
i B 1= =
L ol : : O S S D U SN T T T T PN S R A L ! “; TR R .-i---ll--l-"'r"-l---l T ST ST ST S
0 1 2 3 4 5 0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)

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

10° Events / 8.03x10%° POT

500[-

10° Events / 8.03x10%° POT

w
o
(=]

L B

200—

100—

NOVA Preliminary

—Q—I Data ‘

—— Predicted Events
1-c syst. range

fm Wrong Sign v, CC

[ Total Background

Area Normalised

Neutrino beam

o~ 3%

lgu 1 4

1)

NOVA Simulation
—TT" T " " T

— Neutrino beam
0.8

Quartile 4

1 2 3 4
Reconstructed Muon Energy (GeV)

NOvA

Preliminary
e

5

—— Simulation

1-¢ syst. range
m Wrong Sign: v, CC
[ Total Background

Area Normalised

o~ 30%

[ — P R

L gL

0.2

Quartile 1

3 4

1 2
Reconstructed Neutrino

P i
1.5

2 2.5
Energy (GeV)

1
Hadronic

Resolution for EH IS
much better than E,__

Energy (GeV)

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
e | .
i E = ] NOVA Simulation

o Wrong Sign v, CC 7 3
[ Total Eackgro'hnd — 1 X1 0

Area Normalised
Antineutrino beam

T
D
o

— Neutrino beam
--- Antineutrino beam

S
[=]
L L

0.8

10° Events / 3.10x10%° POT
S
‘ T 1

o~3%

-
1 2 3 FAS (11|
Reconstructed Muon Energy (GeV) -
NOVA Preliminary E
—_—

Quartile 4

1201~ —— D'ata
N —— Predicted Events
- 1-¢ syst. range
100 h m Wrong Sign v, CC
B a [ Total Background

Area Normalised
Antineutrino beam — 0 2

80

o~ 30% - __uaifzi -

1 2 3 4
Reconstructed Neutrino Energy (GeV)

10° Events / 3.10x10%° POT

0 0.5 1 1.5 3
Hadronic Energy (GeV)

... antineutrinos typically have lower E_ /E

Though the component than neutrinos, so the boundaries are different

resolutions don't change much ...
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Spectrum construction: v hadronic energy fraction binning

NOVA Preliminary
L L I 6

NOVA Preliminary

- NOvA Normal Hierarchy ] - NOVA Normal Hierarchy ]
[ 8.85x10%° POT-equiv. — Previous best fit [ 8.85x10% POT-equiv — Previous best fit -
A [J1-0 syst. range - ' []1-0 syst. range
- I L Max. mix. pred. - e Max. mix. pred. -
> B Quantilet Background ] > - P Background 8
8 | best resolution ] 8 41— Quantile 2 -
3_ — - -
S | 1 S 1 * Bestshape
c o - c [ 1 . .. . .
L%’ i i :>J’ 2 _‘ discrimination in
i 1 —F i .
L - : : ] best resolution
i ] 1= B - . .
F e, by ] S 1 quartile (quartile 1)
e o o vt oo o oo S
econstructed Neutrino Energy (Ge econstructed Neutrino Energy (Ge
o o * Most backgrounds
NOVA Preliminary NOVA Preliminary i
—T—T —T—T —— —T— —— 6 —T—T —T—T —T— —T—T
- NOvA Nolrmal Hierartlzhy | Previ<|>us best fit: P NOvA N;);rmal Hierarc':hy | Previcl)us best fit: aISO n WorSt
4 2 pOT-equi — — [ 8.85x10%° POT-equiv. - ] i I
i 8.85107 POT-equiv. [C]1-0 syst. range | 5 * e []1-o syst. range — l'eSO|UtIOn quart"e
L e Max. mix. pred. | r S L EL Y Max. mix. pred. - 1 _
> sk quanties Background | > 4__Quantlle 4 Background 1 (quartlle 4) both
1) I | 1) Ewors'(res,olu'ﬂon E beam bkndS and
o [ ] o 3 . i
St {1 g4 | cosmics
c | 4 c [ ]
o | ] o | ]
> > 2 —
w o r i wr ]
1= - C ]
- ] = 7
0 1 2 E 4 5 0 1 2 E 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
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Spectrum construction: v_ binning

NOVA Preliminary

Neutrino beam

- - lowPID ~ 7 7 HighPID ]

= [ App. v, CC | i

l"_-’ 150 = gpp- Ve CC cc = _| * Try to separate best-

mwv./v _ . .

O [mmne " 0|0 - understood signal (high
B [ mmvs,cc S|e ] PID) from backgrounds
(\(!D B v./v. CC [0} i

-— 10 [ Cosmic bkg. o — .

X . i e Mild spectrum

9 - - difference between

o0 i i appeared (signal) v_ vs.
P - intrinsic beam v_ bknd
92; . 1 (signal ~lower E)

Ll I ]

0

1 2 3 4 1 2 3 4

Reconstructed Neutrino Energy (GeV)
>
More v _-like
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v, disappearance

Neutrino beam

NOVA Preliminary

v_ appearance

NSNS Neutrino beam NOVA Prellmmary
TR e ] awrtez > " LowPID "7 1T HignPiD T |
Y= Total bkg. T - = L
[ [ Cosmic bkg. T | —— Prediction
sb £ 3 C?J- 15—-:p:VZCC © .
E i 3 We Vary the 5 - [0 Beam v/v, CC —L ol
3 F : - - o [ mmnc 3|&
8 i JL L oscillation g [ Emonece S|5
P DE o £ ! , ‘ ) - 9 10|~ 7] Cosmic bkg. o |
e N parameters in these Xt
g °F Quartile 3 wo::‘ir':sglution E i
@ 4+4+3+3=17 < [
] T PO §
predictions 2
simultaneouslyto & |
T T e e R I find the best fit with Illecf)nsfrucfed Ne1utri§o Eaneray (GeV)
Antineutrino beam NOvVA Preliminary
:—2D1TBelenPred ‘ ' ' ' the FD data. Antineutrino beam NOVA Pre“mlnary
15 L virong S E‘:::'r‘é':a.‘m i Quartlez S LowPID ~ " HighPID i
St 5 Before looking at the g ‘f e ;
s T ] @ [ App. v, CC =
. data, though, o fHEEemwsce 1 el
@ . - - or [N =
- let's examine the R B 3
£ — predictions ina bit £ 2 g
more detail... S
20
=2 3

GeV)

4 1 2 3 4
Reconstructed Neutrino Energy (
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Predictions:

Simulation & constraints
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Predictions: simulation chain

s %é‘? GENIE ’< ® Custom
- m—p - 2122 readout
NuMI 2 O~ goftware
PPFX | |
) Neutrino reactions 3
1 on detector materials Detector
Neutrino flux . ~ response to

Vl l ‘
\'/ charged L
Ry . . particles and . .
é h Wl light parie
1 p,IT', ... propagation
N

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

Neutrino flux

——t

(with systematic uncertainties from each step)
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Predictions: flux

NuMI Medium Energy Beam
100

% Thin target data correction NOvVA Simulation
a0 FLUKA " FuxUncertailty | NA49 &
70 NOVA ppfx FD model spread

v — PPFX

—_
—L

il

llllllll

HIlHII‘IIH|IHI|HI||HH|IHI|HII

Flux(v/ m? /GeV / 10°POT)
2

Fractional Shifts

[=))
=
©

= 1 ppfx / flugg

O 14
1.2
e
T 08 | | | | | J | | | | |
B A R B 08 5 10 15
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 from pure FLUKA prediction (“flugg”)

 Significantly reduced systematic uncertainties
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Predictions: simulation chain

%% GENIE
~ 2.12.2

/

Neutrino reactions
on detector materials

1\/
w |
p, IT*, ...
N

(with systematic uncertainties from each step)
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Predictions: neutrino scattering model

Nuclear effects not in GENIE 2.12.2
are important

\'/ 1
W
,IT ..
N A * Elastic-like (no pions produced):

* Multi-nucleon knockout (short range):
VS tuned empirical model

* Nuclear charge screening (long range):

D I
l\/ theory-based correctionst
* Pion production:

w : * Empirical correction inspired by observed
suppression in data

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

1

NOVA Preliminary 8 NOVA Preliminary
Valencia MEC Neutrino Beam g Neutrino Beam
Vy+ 9, CC Selection 16:_ Vu+V, CC Selection
—+— ND Data 14 —+— ND Data
- 12f
£ .. B QE - B QE
S @ RES @ RES
o CJDIs [JDIS
= I Other ‘ Bl Other
0 01020304 0506070809 1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Visible E, ,, (GeV) Visible E, ,, (GeV)
u2 2h" Fully empirical prescription for 2p2h
p derived from fitting data excess in ND
Knock out two nucleons with an (w/ tunes from alternate base MC as uncertainties)
TaN I 1 1 NOVA Preliminary 80 ‘ ' NOVA Preliminary
eIaStIC Ilke InteraCtlon : Neutrlino Bearln ¢ NOVANDdata ] I Antineutrino Beam ¢ NOvA ND data b
150|— ——— 2018 NOVA v + ¥ tune —| C —— 2018 NOVA v + V tune _|
C ——— MINERVA MEC ] 60> —— MINERVA MEC —
H i) BV i, ~ MR EEEEEE NOVA - MEC shape -1c §2] = NOVA - MEC shape -1c |
Models are a work in progress...  § .= ovowvesden 5 Lo N e opape ™
. . » ] F Non-MEC i L 40
resort to fits based on empirical < 1w
7] T . T s — - C
model*” in meantime g :
[N. Jachowicz] C N C
e S 8 12F ' ' ' ' S S 14F =
; — | A % 1.:1'%—:.' ‘...ﬁ ":.-: ........... _% % 121§t_
VAR Q 09E T = O o0s8t” 3
= o8 U = = 06F =
* “Meson Exchange Current (MEC) Models in Neutrino Interaction 0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4
Generators”, Teppei Katori, NuInt12 Proceedings, arXiv:1304.6014 Visible E, 4 (GeV) Visible E,, (GeV)
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Predictions: neutrino scattering model

Pion production

Apparent suppression at low
momentum transfer relative

to model...

No theory to guide here.
“Adapt” elastic long-range
correlation model (“RPA”)

NOVA Preliminary

Quantile 3 Neutrino Beam

No RES RPA v, + V, CC Selection
—+— ND Data

[ MEC
[ QE
I RES
[Dbis

Il Other V

10* Events

v

0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 1
Reco Q7 (GeV?)
NOVA Preliminary

Quantile 3 Antineutrino Beam
No RES RPA v, + v, CC Selection
—— ND Data

@ MEC
I QE
B RES
Cbis
[l Other

10* Events

00 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1

Reco Q? (GeV?)

NOVA Preliminary

Apply Q2-based 2_5;— Quantile 3
Valencia RPA 4

weight from QE
to resonant
production as a
stand-in for
whatever
nuclear effect
we see at low Q?

10* Events

0

0 0102 0304 0506 07 0809 1

Neutrino Beam

v, + V, CC Selection
—+— ND Data

[ MEC
[ QE
[ RES
CJbis
I Other

Reco Q? (GeV?)

NOVA Preliminary

(w/ unmodified
version as
uncertainty
variation)

-

10* Events

Quantile 3 Antineutrino Beam

N
0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

v, + ¥, CC Selection
—+— ND Data

@3 MEC
I QE
B RES
Cbis
Il Other

v

Reco Q? (GeV?)

[PRD 83, 052007]

Error Bands

® MiniBooNE Measurement
[ Total uncertainty
— MC Prediction

MiniBooNE

J5
P (cm’c“/MeV?)

ol b b b b e

1 1
1000 1200 1400
Q? (MeV2/c*)

[PRD 91, 012005]

T
Transition Sample
(Area Normalized)

—e— Data

—— True QE

— True RES

—— True DIS + Other

MINOS

(Events/0.04 GeV?) x 10
[}

o I I ‘ | i
0.0 05 1.0 15 20 25 |
Reconstructed Q° (GeV?)

do/dQ@? (10*° cme/nucleon/GeV?)

[PRD 94, 052005]

I P T e

POT Normalized —+— Data (3.04620 POT)
—— GENIE w/ FSI
------ GENIE w/o FSI
=== NuWro

SMIN ERVA

120)
100f,
801
60ff.- -
40| ‘é

20]

00 02 04 06 08 1.0 12 14 16 18 20
Q (GeV?)



Predictions: simulation chain

® Custom
readout

NO A goftware

Detector
response to

charged
particles and ..

charged

light =&

path

propagation

=

-

N/
<\

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

Neutron response is

NOVA Preliminary
— . T T T

— NOVA ND Data .
I:l Charged pion =
- Muon

. Neutron .
[ Photon g
- Proton :

0.1 0.2 03
Reconstructed prong energy (GeV)

Search for v QE-like events
(u + no other tracks)
with compact displaced energy deposits

~

important in v mode: wl

Events

Ratio to nom.

neutrons dominate in

/ antineutrino reactions

NOVA Preliminary

3000 —
2500f

2000F

1000

— 1 | .
—}— NOVAND Data ]

Nominal simulation

— --------- Shifted neutron response —

0.1 0.2 0.3
Reconstructed prong energy (GeV)

Design uncertainty to bound
data-simulation difference in
observed energy
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Predictions: simulation chain

D; I o
neutrons dominate in

Neutron response is / antineutrino reactions
important in v mode: wl A
N/‘
Antineutrino Beam NOvVA Simulation
——
= FDMC i Fortunately, syst has a ~1%
8T -  effect shift in mean energy,
g NeutronSyst (+1o) 1 negligible change to resolution
S 1 (+ negligible change to selection
§ | — Nominal - efficiency)
< [ i
D L _
< —— NeutronSyst (-1o) i
I 0.

—05 0
(Reco - True)/True
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Predictions: simulation chain

® Custom
readout
NO AN goftware

\\/
Detector
response to
charged
particles and .
light ==
propagation

\

-

———
o\ .

(with systematic uncertainties from each step)
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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

102

IIII

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

—— 2017 Birks Model + Cherenkov Light

NOvVA Simulation

Proton KE
=390 MeV

3

10% 10

NOVA S|mulat|on

Normallzed at Mlnlmum 7]

/ lonization Point B

Ratio to No Suppresion

== 2016 Birks-Chou

I|llt||\l{tl\|l

10 102 3
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Constraining the prediction: ND extrapolation

NOVA Preliminary

NOVA Preliminary

=
1 T T T = 1 1 T T T E
S T —+—Data 1 50 —+—Data -
60— . —— Predicted Events _| B . —— Predicted Events 5
- Quartile 1 o 1-6 syst. range - Quartile 2 o 1-G syst. range ]
o " pest resolution pm Wrong Sign v, CC 1 B m Wrong Sign v, CC 2
=~ B [ Total Background | 40 [ Total Background —]
'5 POT Normalised - POT Normalised ]
a B Neutrino beam 7] B Neutrino beam |
o 40 Quartile 1 | - Quartile 2 .
o 30— ]
o | ] - -
bt - —
X _ ]
8 — I | —
o [ 1 2 .
~ 20 — — = -
2 B 4 E ]
o 10 =
Q B 4
L B 4 E ]
o) L -
o |
-0 1 2 3 4 0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
NOVA Preliminary NOVA Preliminary
=
Tt L L L L T T L L L DL
& | * Peesrvens | sof mal::- IOTVE
B . —— Predic vents 1 50~ . —— Predic vents -
~ | Quartile 3 o 1-G syst. range 4 %°F  Quartile 4 [ 1-0 syst. range ]
o B m Wrong Sign v, CC 1 " worst resolution m Wrong Sign v, CC ]
=~ 30 [ Total Background — B [ Total Background ]
'5 B POT Normalised 1 40~ POT Normalised -]
a B Neutrino beam N N Neutrino beam ]
o B Quartile 3 N - Quartile 4 .
o~ — - o -
S 201 — 30 -
X - . = _
e} L i
o - T L -
© I 12°F =
= B 41 € ]
® 10 - F ]
& [ 1 10 A
2 B ]
TR 1 .
Ly B 1 L .
o | | PR I W . PR Lo T
- 0 5 0 3 4 5

1 2 3 4
Reconstructed Neutrino Energy (GeV)

1 2
Reconstructed Neutrino Energy (GeV)
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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\ ~~~~~ “7" Neutrino beam .. .o
Near detector /

Far detector

N(ES)=@(Ey“ )X P, ()Xo (Ev", A)XR(ES")xe(...)]
N (E*) =@ (E7)x o (E™, A)X R(ET™)xe(...)|

Source

Correct the true event rate (Pxgx...)

Identical detectors share

ncept: : : using the ND
Concep 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
8 — ND Data 2.74x10%° FD POT-equiv.
§ — Base Simulation 1.66x10%° ND POT
g | — Data-Driven Prediction
=
5 T | T T T T T
4 u
2 |
O ;8 &
B |
5 |
s ]
S
3 i
00' : il

NI T e LT
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.
g — Base Simulation 1.66x10” ND POT
g | — Data-Driven Prediction
=
0 ~
J | T T T T T
4; -
2 |
Q ;- il
B [
5 [
s b ]
= |
3 il
L x10° HRE i

A | L2 I LB LI [ (o 0.4 0 MRmIEL 1 SO [ NILIC TIe
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(Vu_wu) 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”

e
o

ND Events

— ND Data 2.74x10%° FD POT-equiv.
— Base Simulation 1.66x10°° ND POT

True Energy (GeV)

[*] w B w
LI D R B B B B B B B B B

-
] T

| \ — Data-Driven Prediction / |
— R %

x10° I 08

| | I [

: w —— B — W
True Energy (GeV)

L Ll
%]

L L
-

T L 040 T 1 20 ([T 0 DIEES LIk
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio P(v,—v,) FD Events/GeV

3. Using the predicted mapping at the FD, convert back to

ANE 3 4
FD Estimated Energy (GeV)

reconstructed energy to compare to the observed FD spectrum.

Imperial / May 29, 2019
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o
-

ND Events

True Energy (GeV)

Constraining the prediction: ND extrapolation

Systematically
shifted prediction

T 8
— ND Data / 2.74x10%° FD POT-equiv. :
—B ion 1.66x10°° ND POT 5
— Data-Driven Prediction g
[V
4; - .
i >
3 1 . e
o >
i =l
- £
2,_ I ] o
=
; i ~
1 - F - -
0.51 el e S S R x10°] [ _x10°] IR P I

al | L2 3 4 50 04 0 T2 b ' 4 SO | [N TI0 o 1 LIz 3 4
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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Constraining the prediction: ND extrapolation

Beam Flux

Neutrino Cross Sections
Detector Calibration
Detector Response
Near-Far Differences
Normalization

Neutron Uncertainty
Muon Energy Scale

Systematic Uncertainty

v Beam

NOVA Preliminary

[ ot Extrapolated —

[ extrapolated l

" 1*; .

-20

=Ty 0 30
Signal Uncertainty (%)

20

Beam Flux

Neutrino Cross Sections
Detector Calibration
Detector Response
Near-Far Differences
Normalization

Neutron Uncertainty
Muon Energy Scale

Systematic Uncertainty

v Beam

NOVA Preliminary

I ot Extrapolated -
Weowons il

w
by
e
|

PR S T ._, PR IR S T S!

-20

=T 0 — 10
Background Uncertainty (%)

20

(these for v, event count, but effect on v  similar)

F/N constrains systematics too
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Events /0.1 GeV

Constrained v, FD prediction vs. data

Neutrino beam

NOVA Prellmlnary

4+ FDData |

: —— Prediction

5 " 10 syst. range

[ 777 Wrong Signv,,CC
4 £ Total bkg.

[ [ Cosmic bkg.

Quartile1 I
best resolution

Quartile 2

Quartile3 T

Quartile 4
worst resolution

3 4 0 1 2
Reconstructed Energy (GeV)

Events /0.1 GeV

Antineutrino beam

NOVA Prellmlnary

—+FDData . Tt
—— Prediction .
Quartile 1 -
4 ,_= :ﬁ\r‘*rjo?;s‘éi;arnnvgelcc best resolution I~ Quartile 2 7
[ wm Total bkg. ] :
3 [ Cosmic bkg. I ]
2 _ | I & 7
D:'::., — . I ﬁ
. L Quartile 4 ]

Quartile3 -

3 4 0 1 2

Reconstructed Energy (GeV)

worst resolution

Data antineutrino candidates

l, cosmic bkgd.

L, cosmic bkgd.

0.5
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Constraining the prediction: v_ extrapolation

Neutrino Mode NOVA Preliminary

: ND ] :
s LowPID T HighPID e v_ extrapolation
E.’ - . — Total MC reguires maore care.
o I —NC
% 3 -~
S I =.J7 | —vuCC - No signal at ND (use v,...)
2 L[ = o 22 « Beam v_oscillate very little
2T e T i over this L/E
=) 13_ M — - v, almost entirely disappear

s EEEE 1+ NC doesn't change due to

i g — ] oscillations (assume no

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

Least v_-like » Mostv_-like Need to disentangle
(Divided into bins of event classifier) ( de_C()mpose ) before
applying Far/Near makes
any sense.
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Constraining the prediction: v_ extrapolation

I 1 L] T T I I 1 T T T 1 I 1 T T L] I V
B 7] p LK>/”/>
— ND . - — > Targ et o TO
- LowPID - High PID . W e v ND
al— : -4~ ND data
= N NOVA Preliminary  |€
'E-) | — Total MC o T T T T LT Contained 1
S = —— 5 | —“+v, ?ata .
- J— NC g_ B —V from E
g 3 * e — fom Otrer |
- H —_— X N —— Background
3 f . L, LR :
f— B —— —v,CC 2 NOVA Preliminary
2 o g o AR rcsaned ]
c H — T r - v, dal
g T - WCC ol 5 — e
" —¥,CC ———l =iz
% B : e e Reconstructed neutrin %
— 1 [ N 3 ]
3 E : :
B —8— : i §
| it ]
— =Hl=_ I L A ] " . - - ;0
1 3 4 1 2 3 4 Reconstructed neutrino energy (GeV)

2
Reconstructed Neutrino Energy (GeV) o
@ Constraining the parent

particle production via ND v,

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

V
Neutrino Mode NOVA Preliminary v M v,
T L L T T T T 1 L L T 1 I 1 T L Ll T l‘l
i - \ @
. LowPID  ND  High PID i hadrons
4l -4-ND data

o [ — Total MC . ' ' ' i
g | —— 15— ]
o 3—_ o —NC i - ND data
& | —v, CC I —Ne
g : .."'B - _VDCC
- —o— : —v_CC c 10— =
%) B : e g_) n —v,CC ]
& —1_ —v.cc 2t 1
> | o F .
lg - - —V, CC_ - o B
T jf:ﬁ E ' : '

s : - - .

- ] B ’ i ]

= | e : ] T N 25 3

1 3 4 1 2 3 4 Number of Michel Electrons

2
Reconstructed Neutrino Energy (GeV) _ o
@ ... while examining the

Michel electron spectrum in
candidate events tells us about
the v, fraction.
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Constraining the prediction: v_ extrapolation

Neutrino Mode NOVA Preliminary
' LowpD ND  hHighPD 3
B -+4-ND data
'{é A ' — Total MC
i e |
S _:‘ e The “beam” and “Michel”
2 3 ) *L v ce constraints together tell us how
> _ —v.cc to use the ND information to
g 2| T | — e correct each component the
= [ T - -Uncorr. MC FD spectrum.
— 1—_ b= 77 _ *I__.: e B
S I bt ]
__- — '_-'__ s ——— [ L _
1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV)
Least v_-like » Mostv -like
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10° Events / 3.1x10%° POT

Constraining the prediction: v_ extrapolation

Antineutrino Mode NOVA Prellmlnary

: ND :
o5 Low PID High PID 1

B — Total MC

i —NC
04'_ _I_ | —v, CC

al -- —v,CC

i — —v, CC

i " —v,CC
0.21— - -Uncorr. MC

i - M .

i ——1=: gy —

3

Least v_-like

2 P
Reconstructed Neutrino Energy (GeV)

1

2 3 4

p Most ve-like

For antineutrinos, addition of
a significant “wrong-sign”
component (neutrinos) means
more deg of freedom than
constraints

Component-wise constraint a
work in progress — correcting
according to MC proportions

in each bin for now
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Constrained v_ FD prediction vs. data

- LlowPID |  HighPD | - LowPD |  HighPD |

2 [ 7 ° 1 =2 o ° Z
- | L _ S - i
g 20 —4 FD data — 8 - —+ FDdata i
- [ —— 2018 BestFit © 1 K 10— 2018 BestFit © -
o " [ wrong Sign Bkg. A ele 1 © - [ Wrong Sign Bkg. ele .
o O | a (al - O |l a i
?ED 15[~ [ Total Beam Bkg. a Cl5 1 o 8{— I Total Beam Bkg. Ol5 —
-— i | Cosmic BKg. : o ] cé - || Cosmic Bkg — ]
X = ] X 6 ]
10 — - .

g 0_ a 0). — —p— -
0 - 1 © [ _]
-~ B ] —~ 4— N
%) - 1 2 - ’
c 1 © b -
(] o 2 —
= i 1 > - i
L i _ 1 W - _ i

0 4 =2 3 4 1 2 3

Neutrino beam

NOVA Preliminary

1 2 3

1

2 3

4

Antineutrino beam

NOvVA Prellmlnary

4

Reconstructed Neutrino Energy (GeV)
Data neutrino candidates

Reconstructed Neutrino Energy (GeV)

Data antineutrino candidates

L, cosmic bkgd.

L, cosmic bkgd.
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Constrained v_ FD prediction vs. data

4.20 observation:

first significant observation of Ge

appearance

\

Antineutrino beam

NOvVA Prellmmary

- LowPID

= 12

3 —

8 - —+ FDdata

— 10~ — 2018 BestFit
&) B - Wrong Sign BKg.
o 8{— I Total Beam Bkg.
cé i || Cosmic Bkg

X 6

-— 5

c). -

. 5

- 4

(7] .

e

C L

o 2

> -

L .

High PID

Core
Peripheral

Data antineutrino candidates

L, cosmic bkgd.
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Extracting oscillation parameters
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Fitting the spectra

Neutrino beam NOVA Preliminary NOVA Preliminary
o it Pred. B ' ' ' ' Neutrino beam
5 —-fﬂllﬁf:;;: ‘ Quartlle1 =+ Quartile 2 E [ " LowPID " HighPID ]
[ Wrong Sign¥,CC best resolution I > — 9 —
* [ & cosmoi. 1 E 3 [ — Predicton ]
sE + 3 ® 15-—-App- v, CC © .
2r E 5 - [ Beam v /v, CC —|_ O g 4
: ’_,\L - o~ (.6) _5- i
g E 8 [ [ Other CC @ ]
S 0 £ ! ) h . We Vary the ‘é 10}~ 7] Cosmic bkg. - |
:,; EE T T T T - - % | -
g qwrtes & avates oscillation o | ]
@oLE k3 E - o | I
: i parameters in these 2 _
3f + E - L .
T — c
o i 4+4+3+3=17 o T ]
. .. w i i
i3 predictions 0

17 2 3 4 1 2

S T S T— u T s TS SimU|taneOUS|y to Reconstructed Neutrino Eeheray(GeV)

Antineutrino beam NOVA Preliminary

[ 2017 Best Fit Pred. ' [ find the best fit With Antineutrino beam NOVA Pre“mmary

[ 10 16 syst range Quartile1 = T Quartile 2 F T T LowPID | T igh PID R
5 Fmmw Signv..CC best resolution ] B ow PID ngh PID ]
1ol o S : the FD data. z L ]
[ 79 Cosmic bkg. [ o — —— Prediction —
o I b [ . .
1 ] [ [ App. v, CC ® ]
5 _ [ Beamv,/v,CC — ] E) R
3 o 3 BN 3le 7]
o c% [ [ Other CC o ]
o - - [ Cosmic bkg. = E
o X 2 -_ __
§ Quartile 3 worst resolution > i ]
w C.Q B T
~ | .
e -
c L .
o [ ]
>

o - ]

[ =="2 3 4 1 2 3 4

0 1 2 3 4 0 1 2 3 a4 5 Reconstructed Neutrino Energy (GeV)

Reconstructed Energy (GeV)
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Fitting the spectra

P(v, — yu) ~ 1-sin’Yf) sinQ(Am§2L/4E)
[ A=1)A
P(ly}“ — y .} 7 sin” 'sm Oml (l— )
(+) B
N 5111 () :1115111 2015 sin 2655 L’l“:& “ﬁlll(_]L 1)A sin A+ o...

» Apply external constraint for 6,
(PDG 2017, sin226,; = 0.082)
* Perform joint analysis
since 0,, affects both (includes correlated systematics)

« Mass hierarchy and & sensitivity will grow with additional v exposure
(more momentarily)
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Oscillation results: atmospheric sector

NOvVA Preliminary

- Nlorrlnall Hileralrcr;y 90% ClL | | .
- —— NOvA — — MINOS+ 2018 h
. . 3.0 ---- T2K2018 - IceCube 2017 —
Big question: ~ | - SK2017 T ]
- > | ]
s there a symmetry governing the v /v, s | I
mixing into the 2" and 3" mass states? = ol 1
(Is 6,, “maximal” = 45°7?) T il ]
? | .
V 2.0 ® Best fit _

Ve Vi k —— 05 o5
3 NOVAFD  8.85x10%° POT equiv v + 6.9x10° POT ¥
U L LA I IR Y LR I
B E
8 2 =
cC - f
: 1 7 8 15F E
Leaning towards “no”, S b Nomal :
} g’ 1=~ hierarchy —
at about 1.80 confidence S F et z
0-5:_ ~ hierarchy B
0: L | T T T T L L ! l . ] .
0.4 05, 0.6 0.7

sin“0
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Oscillation results: since the last time

Previous result (v only):

_consistent with maximal mixing (0.80)§ . No Feldman-Cousins NOvA Preliminary
B ' NOVA Normal Hierarchy -
‘ " ——vyonly —v,+v, |
...................................................................................................... L’;} —Vponly 2017,
Updated analysis (v only): g
cC
(L]
favors maximal mixing =
....................................................................................................... S
+
New v data
~strongly favors nonmaximal mixing Joint v, + v, fit prefers

Asymmetry in maximal the rest from v a
disappearance forv vsv dueto ( 7777777777777777777777777777777777777777777 e pp) 77777777777

matter effects ~ NH implies UO




Oscillation results: reactor sector

NOVA Prellmlnary

o7 - L e—

Big question:
Which way around

are the mass states ordered?

in2
sin“0,,
o

Preference for NH (IH excluded at 1.80)

s 025 130 IH |
L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 -
0 I T 3n 2n

2
Ocp
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Oscillation results: reactor sector

NOVA FD  8.85x10%° POT equiv v + 6.9x10%*° POT ¥

Sr | —r -1 T 1 T T 12>
N --- NH Lower octant  _ O ? —
| S — NH Upper octant ]S VeV
- [ .7 . ---IH Loweroctant ] g Bia question:
q’ -J' v —_— IH : a —gﬂ—'
Q  3fF Upper octant 5 Is CP symmetry
T y o 15 violated by leptons?
= oF et N _g (Is  nonzero?)
c  E- -]
-09; 1 - Consistent with CP
N ] conservation.
B N . L L
% T T 30 on (5=311/2 excluded at >10)
? 8CF' 2

Imperial / May 29, 2019




Looking ahead

sin’6,,=0.4-0.6, |Am3,|=2.5x107eV?, sin’26,,=0.082

B Hlierar'chy Iresc:llulic::h I ' ] Z
- NH 3¢p=3m/2 -~ this analysis | Q}
—gl NH 3.,=r —
B N 12 For current favored parameters,
T [ NH 3 =m2 ’ .
R Rt 1= reach 3o on mass hierarchy
gt 15 by end of run in 2024
® 21— _
Ay - :
& 1 —
- ' 2018 analysis techniques and ] AMZ,=2.5x107%eV?, sin’20,,=0.082.  36x10°° POT(v)+ 36x10°° POT(V)
- projected beam exposure improvements_ = T CP violation 1=
O ——mw mm = 0% -~ [ — NHsiPe,=06 ]2
Year | NH sin’6,,=0.4 —| =
@ T —— IHsif0,=06 |
o _ _ 2 o N IH sin2023f0.4 _—g
20 sensitivity to CP violation 7 't N 4+ this analysis 12
[Ze) B RN 10
for ~30-40% of parameter space s «f P
by 2024 '{‘% 20:_ ‘e'\. i
T “F o

Significance (c=\/rxz)




Looking ahead

sin’6,,=0.4-0.6, |Am3,|=2.5x107eV?, sin’26,,=0.082

5- Hlierar'chy Iresc:llulic::h I | 1 4Z
: NH 34p=31/2 -~ this analysis - Q}
—al— NH 3.,=r —
HE s — 2019 update |~ For current favored parameters,
e B 1= reach 30 on mass hierarchy
8 13 by end of run in 2024
@ 21— ]
£ et |
& 1 ’ —
B 2(18 analysis techniques and
o: _— lp*:jectt?d blearrl1 exlposFre implrovemelntsi

2018 2020 2022 2024
Year

2019 update coming (hopefully)
at Fermilab Users Meeting in June!
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Summary

« NOVA has a robust 3-flavor neutrino oscillation analysis

- v, disappearance and v, appearance selections efficient and well
characterized

« Systematics well constrained by careful analysis & extrapolation technique
* Neutrino oscillation takeaways shaping up:

e Reject maximal 6,; at 1.80 (indications of no y-t symmetry in mixing)

* Favor normal hierarchy at 1.8c (potential symmetry to charged lepton ordering)

* Consistent with CP conservation

« 4.20 observation of v, appearance (standard framework applies to v)
 Data continues to stream in

* Update with ~80% more antineutrino data right around the corner
» Looking forward to major milestones in particle physics in not-too-distant future!
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Overflow
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Analysis flow

ND v, Resotﬁon Near to Fj)
Spectrum Bins Far Pred

PID 1 PID

Co

© %

Q 0Q

& 3

8 —

-}

o
ND v-like { | Decompose: | FD
Spectrum v, /v, /NC Prediction
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Neutrino interaction model adjustments

EJ\leutrino Beam

—— NOVA ND Data
— Default GENIE
— QE Weights

— RES & DIS Weight

@ E
£ 100 S
o = — Add Tuned MEC 4
L 80: =
S 60 —
40 —
20 =
© E_ I | 1 1 I ;
<= 1.1k 5
© N T
a4 de
) §§_
= 0.6E : - - - -
0 0.1 0.2 0.3 04 . Q‘;Q_....._Q.B
" Neutrino Beam ¢ NOVANDdata |
150— ——— 2018 NOVA v + vV tune —
N ——— MINERVA MEC 7
i) DU ot v o, ~~ BIREEEEELE NOvVA - MEC shape -1c
> 100"' ------- NOVA - MEC shape +1o __|
I.I>J = [] Non-MEC .
k=) B ]
T 50— —
-g 1 ;_ Il Il Il 1 _;
5 e E
O 09E N
= 0.8F =
0.

0.2 0.3 0.4 05

Visible E, _, (GeV)

MC / Data 10° Events
()]

10° Events

MC / data

N W A~ O O N
o O O O O O

l||'|||"||"||"|'IIII|IIII|IIII|IIII III|II Iill

—_
(=]

— —h
[o2Y o JHN LY N

80

60

40

20

oo Y
XN

Antineutrino Beam

—— NOVA ND Data
—— Default GENIE
—— QE Weights

—— Add Tuned MEC

T
m
n
Qo0
o
»
=
@
«Q
=
4

0 005 0.1 015 02 025 03 035

‘.O IIIII|III|
~

re-

Antlneutnno Beam 4 NOvA ND data
—— 2018 NOVA v + V tune
—— MINERvA MEC

NOVA - MEC shape -1o

[] Non-MEC

NOvVA - MEC shape +1c _|

o

0.2 0.3

Visible E, _, (GeV)

.o IIIIIIIIIlIII I\III




v_appearance: constraining beam v_ bknd

0 K Vi To ND
P | Target :
"
v
NOvVA Preliminary . . . . .
o R T Conned 1 Assign discrepancies in ND NOvVA Simulation
5 | i:ﬁﬁzﬁn : v, co.ntalned and ool LowPI T HgnP v
g b wiomk 3 uncontained samples to : | ]
S — v, from Other . . B —— v, fromz= Corr. |
ot —dgand | Flux; derive corrections 200l romm oo
ﬁ 1ol ] according to parent N v, from K Corr.
2 | 1 mesons (which also result 2 150 + om Ot o
o sk N in beamv,) S ¢ ]
L i >
5 C ] T B == - v, Uncorr. ]
T ] 100[— .
1 2 3 4 5 B ]
Reconstructed neutrino energy (GeV) N 1
NOVA Preliminary S0 ~
: . T T Uncontained T B ]
| —4— v, data | - i
e T e =572 5 2 1 2 3 4
L F — v, fomOther Reconstructed Neutrino Energy (GeV)
=Y . ~—— Background
X - i
g [ }
2 T B
§ I ) Pion-ancestor neutrinos are corrected
1] - ] . .
5 i in bins of parent (p,, p,). Average ~ +2%
20 Kaon-ancestor neutrinos get a single weight: -6.3%

5 10 — 15
Reconstructed neutrino energy (GeV)
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v_appearance: constraining v, CC/NC ratio

NOvVA Preliminary

-
P

Neutrino Mode NOvA Preliminary .- 5000 n
i z STt - + Data 1
- Low PID : High PID =eof” 5 ]
af- o “ND data 8 — [ImMcv,cc ]
2 | T R [JmMc NG
8 B H . — Total MC ‘0_1 0000}— |
2 o N é i [ IMCBeamv, |
8 L I*Y,}FC s n ]
9] - Taa ~ - i
= —vg CC™~s @
2 of £ 5000[— _
s 2 ~—¥,CC S i 1
> | =
o —5,cC TR 1
2 i B .
2 L i :
- -9 ! -
C o
(o Number of Michels

.y

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

Examine distribution of Michel electrons in each bin
of ND v, selected sample after beam v, constraint

Neutrino Mode NOVA Preliminary (prev slide)

°F Low PID High PID +Nnd;a Fit these 18 distributions to determine
5 rotal MG v, CC/ NC corrections in each bin
s —NC
g B —v, CC
g 3¢ —v, CC 4\/
3 F —v,cC
g 2 —v,GC
‘tou B - -Uncorr. MC
S -

Z_ ol i

3 4 T 2 3 4

2
E Reconstructed Neutrino Energy (GeV) Imperial / May 29, 2019




Systematics

NOvVA Prellmmary

Uncertainties dominated by statistics, Neutron Uncertainty | el _
but Detector Calibration | - _ |
. . Neutrino Cross Sections [
detector calibration y - - .
. g . uon Energy Scale [

growing Iin importance Detector Response | - 0] B

Near-Far Differences .

NOVA Preliminary Beam Flux ]

) . A Systematic Uncertainty —
Detector Calibration [ =0 0 C
— ! — Uncertalnty in sin“6, (x10 )
Neutrino Cross Sections [ -
Detector Response £ Detector Calibration | [} }
Normalization — i — Neutrino Cross Sections | - _ |
- . — Muon Energy Scale -

Muon Energy Scale | } | Neutron Uncertainty -

Beam Flux| ' B Detector Response [ |

Neutron Uncertainty | Normalization H
Systematlc Uncertalnty _ Near-Far Differences | - B

Statistical Uncertainty _ Beam Flux '

—— 05 0 — Systematic Uncertainty | - ]
Uncertainty in Bcpln Statistical Uncertainty —
—0.05 0.05

Uncertainty in Amg2 x10” eV?)
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Fixing the energy scale

NOvA Prellmlnary

* Near Detector wfoventsi] iﬁ‘gaﬁo s
— cosmic p dE/dx [~vertical] o — MG bkgd
— beam p dE/dx [~horizontal] 87 Data b 500451 MoV |
— Michel e spectrum mgf_
— 7° mass g
— hadronic shower E-per-hit LA APV
* Far Detector ap NP1eodoTro TOWA Trelmneny
— cosmic p dE/dx [~vertical] cCv, f%ﬁ:ﬁiﬂé‘ﬁémnd
beam p dE/dx [~horizontal] ol
— Michel e spectrum E
* All agree to 5%

10 20 30
Average Hadronic Energy Per Hit (GeV)
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NOVA Preliminary
. L e e e S S S e B N LA E——
—Data Neutrino Beam

—MC MRE

0.8

v. Efficiency Checks

Test hadronic showers:

— Muon removed, simulated electron
added to v, CC in ND events

— Data & MC efficiencies agree within
2%

Efficiency

0.2

L | L L L | 1 L L | 1 L L 1

1 2 — 3 4
Calorimetric energy (GeV)

Test electromagnetic ey NOYA Prelminary

S h Owe rS : : I Cosmics Data

06— osmics ]
— Muon removed from [ oo vocoresample ]

bremsstrahlung in FD cosmic ray
events

— Good data-MC agreement in both
core and peripheral samples

=

Efficiency

Data
MC

E 06 1 2 3
Shower Energy (GeV)



Effect of extrapolation

NOVA S|mulat|on

Neutrino beam
1.2 —————T—T——T

— % 10 extrap ND sh|ft

(S) :_ E + 10 FD Shlﬁ
Neutrino beam NOVA SImU|at|0ﬂ ‘_g E |
15 L) T T L) | T T L} T I T T T T | T L) T T I T T L) 'E -
i MEES | S 1
i Nominal with FDND | *g i
< | e +10in ND ® nal
> i o +16inFD i @ o T ]
o e - 1o in ND N :MRES / ]
- ® . n LA 4
- [ -1oin FD ogbe v A1 ] ! L
o - 0 1 2 3 4 5
 } Reconstructed neutrino energy (GeV)
w -
5 5 B Neutrino beam NOVA SImU|at|Oﬂ
= - L s e L
Il i i
- = +1 o shift in FD minus ND ]
i BE ! ——— 1o shiftin FD minus ND 1
i o 5
0= e
Q
Reconstructed neutrino energy (GeV) kS .
£
g
- - o
~10-15% uncertainties become @
~2-3% residual uncertainties «
after extrapolation ) SN

4
Reconstructed neutrino energy (GeV)
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30 — Nominal (8,, = 45°)
o RES +15%
L RES +30%
25 R RES -15%
r I iy C— RES -30%
20 :_Bln #8
%) r AL
= ¢ L
2 10V, oBin
- Jh #16 [ o
C Le [ BN
s IV #2300 TR
C ||||#28|||
85 1 15 2 25 3 35 4 45 5

Reconstructed Neutrino Energy (GeV)

Parameterizing
systematic effects

1. Construct predictions for 10,

+20 variations in each uncertainty

for the target distribution
(for given (Am?_,,8..))...

1.5
Bin = - RES +15%
14 gansr 0 e RES +30%
i3 Bin 1 e RES -15%
............ RES -30%

1.2

=
<
E 1_1 B
T U
S
_Q o
o 09F
8§ F
C o8f
0.7
0.6 Bin Bin
0 E|||||||||||||||#2|$||#|2|8|||||||||||||||||||
B85 1 15 2 25 3 35 4 45 5

Reconstructed Neutrino Energy (GeV)

2. Examine the
ratio of each of
these to the
nominal
prediction...

1.25¢
c —¢— Bin#8
1.2 —&— Bin#16
1156 —¢— Bin #23
c  E —e— Bin#28
S 11
21,05
o E
o 1=
g
2 0.95F (These are cubic
é)J 0.9 splines, but the linear
E term is sufficient to
0'855_ describe the trend in
0.8 this case)
0.755IIIIIIIIIIllII|IIIIIIIIlIIIIIlIIlIIIIII|IIIIIIIII

-2 -15 -1 05 0 05 1

Shift (o)

1.5 2

3. Construct parameterized
functions describing the
variation in each bin of the
target distribution
(enables us to quickly get
arbitrary size shifts for each
systematic)

September 29, 2017




Parameterizing systematic effects F9 — a5y e s
-(6,,=45) :
c —e— Bin#16
= —¢— Bin#23 =
I= E —e— Bin#28 @)
35¢ 5 35 =
- (9 — 450) -------- Energy scale -20% * 2 3E - o
30 23 —— Nominal *§ 2,50 =
R Energy scale +20%* ~ o 2F @
251~ [)fo\ S 151 o
C 2 n = @D
— 1_ —
0 C QP g S
= 20: \ 0.5 o
o C c Q.
> L gl oo b b | >
w15 & —¢— Bin#8 H+
- 4.5 (92 = —e— Bin#16 IC;
10~ 4F 410) — B?" #23 —_
- ’ c E —e— Bin #28 o
el I ® 5 350 @
- B QD S aE =
55 ---------------- Ty 8, 2_ “ )
_-:-.I 1 | 11 1 1 | 1111 | 1111 | 111 1 | 1111 | 1111 | 111 1 | 1111 ch_U) - E 6.
8.5 1 15 2 25 3 35 4 45 5 o 2F >
. S 150 Qo
Reconstructed Neutrino Energy (GeV) 2 '15 S
(*reminder: 20% is for illustration only. 0'52_
n i I S A N

~5% is current actual uncertainty, R I B | SR R I S
Shift (o)
Systematics that shift events between bins ot the prediction can be probiematic

(this bin-by-bin ratio adjument isn't handling them 'correctly’)

but harder to see the effect)
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Wrong-sign

1500

1000

500

Fake experiments

cross-checks

NOVA Preliminary

- Neutron Capture Rate

1
0.0% Ve + 7

99.7% vy t V,
0.3% NC

Flux and cross- 1
section systematic —
fake experiments |

il I L
0.05 0.1 0.15
Wrong-sign fraction in v, selection

Fake experiments

800

600

200

NOVA Preliminary

T 1
91% v, + V.
4OAJVu+v|1
5% NC

Flux and cross-
section systematic
fake experiments

e

Wrong-sign BDT
Prong CVN Proton ID

Event CVN Proton ID

1 L L il L L

p'.1 _ 0.2 0.3
Wrong-sign fraction, high CVN v, selection

~10% systematic uncertainty on wrong-sign from flux and cross section

— Both in v,-like and v,-like events.

— Does not include uncertainties from detector effects.

Confirm using data-driven cross-checks of the wrong-sign contamination
— 11% wrong-sign in the v, sample checked using neutron captures.

— 22% wrong-sign in beam v, checked using identified protons and event kinematics.
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Calculation of mass hierarchy significance

NOVA Preliminary « Throw

T T . | .
I Pseudoexperiments Ezzrﬁfﬁ,xﬁj”ments at

—— Gaussian y? distribution .
— Run fitting procedure for each

—— Ay? from data _
— Compute X2 between best fit for
this pseudoexpt and global best

o
[$)

o
~

Fraction of Pseudoexperiments

0.3 ‘\\ pileup at 0 from “boundary” fit (NH,UO)
(insisting we get an NH best fit) . if best fitis in IH, set Axz =
0.2 0
— creates distribution at left
0.1 :
* Integrate to the right from
0 . | observed Ax2 in data
0 2 4 6 :
sz « Use this p-val to look up

Gaussian significance
Want to know:
“how often could the true IH solution fluctuate
to NH and give us a Ax? at least as poor as we observe?”
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v_-v_ dependence on parameters

NOVA Preliminary

- NOVA FD _ -
B 20 $|n2291 3=0082 ]
251-9.48x10°" POT (v) —
" 6.91%x10°° POT (v) ]
20 —
uo 1
L0 sin’e,,,=0.59
15" sin?e,,=0.46

IH
AM2,=—-2.55x107eV?2

—
o

NH
AmZ,=+2.50x10%eV?

Total events - antineutrino beam

| © CP= QO e SCP= /2
[0 8= ®8.,,=3n2 %k 2018 best fit

20 30 40 50 60 70 80
Total events - neutrino beam
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