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- Long-baseline neutrino oscillation measurements:
- vuto Ve appearance & v, disappearance

- Mass hierarchy, 023 octant, d¢p
- NC disappearance sterile neutrino search
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NOVA Cross-Section Measurements Overview

NOvA s in 1-3 GeV energy region:
Covers the DUNE 1st oscillation maximum.
Overlaps with MiniBooNE, MINERVA, T2K.

Both neutrino and anti-neutrino modes.
A very active neutrino cross-section program:
Neutral current coherent n’ (H. Duyang)

Charged current semi-inclusive i’ (D. Pershey)
A lot of other measurements in progress:
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Cross-sections are rich in themselves.
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Cross-sections are rich in themselves.

nV production is one of the most important to ve
appearance oscillation analysis.

About half of 8 background events are n%s in NOVA 2016 analysis.

NOVA ° Measurements 5 H. Duyang & D. Pershey



Motivation of Measuring m

Cross-sections are rich in themselves.

nV production is one of the most important to ve
appearance oscillation analysis.

- About half of 8 background events are ni’s in NOvA 2016 analysis.

Oscillations are measured as function of neutrino energy:
need to reconstruct E, correctly.

. . Charge Exchange ®
. (fermi motion, ©  Elastic
nucleon correlation, final-state Scattering
interaction...) are important. .
o
- Pion kinematics are sensitive to e
nuclear effects and provide
handles to constrain models.
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The NOVA Near Detector

NOvA Far Detector (Ash Rlver MN)
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The NOVA Near Detector

NOVA Far Detector (AshiRiver, MN)
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+ 1 km from source, underground at Fermilab.
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The NOvVA Near Detector

NOvA Far Detector (Ash River, MN)

L : Mwoﬂ%udan MN)

+ 1 km from source, underground at Fermilab.
- PVC cells filled with liquid scintillator.
- Alternating planes of orthogonal view.
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The NOvVA Near Detector

NOvA Far Detector (Ash Rlver MN)

1 km from source, underground at Fermilab.

PVC cells filled with liguid scintillator.

Alternating planes of orthogonal view.
193 ton fully active mass.
97 ton downstream muon catcher.
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The NOVA Near Detector

NOle Far Detector (Ash River, MN)
. ‘ M wor{%udan MN)

1 km from source, underground at Fermilab.
PVC cells filled with liguid scintillator.
Alternating planes of orthogonal view.

193 ton fully active mass.

97 ton downstream muon catcher.
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- Low-Z, fine-grained
1 plane ~0.15Xo (38 cm).

Optimized for EM shower
measurement, including n‘s.
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v Interactions in The NOVA ND
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v Interactions in The NOVA ND
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v Interactions in The NOVA ND

; ‘V;U"::‘:: Vi al E

.............. > _:'-

i Vu —cee e W )

i I'l _________ i -

: > - :
Z

n

n p
| | Ve c
W ]
-l.'|:E=' - :

p

. NCa V v
s i i
L eeereman > ,'m:_.;./...-'..fj . ]
[ Vv ] FEE - 1
: T :
EM showers from n’ decay can mimic v.-CC signall\I X -

Tm TS

10 10 10’ 4 (ADC)

NOVA ni° Measurements 7 H. Duyang & D. Pershey

1m




Reconstruction
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Reconstruction
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Reconstruction
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Reconstruction
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The Neutrino Flux
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The Neutrino Flux
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- Narrow band neutrino beam 1-3GeV peak at ~2GeV, dominated by v, (94%), with v, (1%).
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The Neutrino Flux
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- Narrow band neutrino beam 1-3GeV peak at ~2GeV, dominated by v, (94%), with v, (1%).
- Neutrino flux uncertainty comes from hadron production and beam focusing.
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The Neutrino Flux
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- Narrow band neutrino beam 1-3GeV peak at ~2GeV, dominated by v,, (94%), with v, (1%).
+ Neutrino flux uncertainty comes from hadron production and beam focusing.

- Hadron production uncertainty constraint by external hadron production data:
luX, Phys. Rev. D 93, 112007 (2016).

, Package to Predict the
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Outline

- Neutral current coherent n (H. Duyang)
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Introduction to NC Coherent Pion Production

T~

)

NOVA n° Measurements 11 H. Duyang & D. Pershey



Introduction to NC Coherent Pion Production

Neutrino coherently scatters off target nucleus
via neutral current exchange

—

)

NOVA n° Measurements 11 H. Duyang & D. Pershey



Introduction to NC Coherent Pion Production

Neutrino coherently scatters off target nucleus
via neutral current exchange

—

0
Very small momentum transfer %Z
No quantum number (charge, >

spin, isospin) exchange o
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Introduction to NC Coherent Pion Production

Neutrino coherently scatters off target nucleus
via neutral current exchange
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Very small momentum transfer %Z
No quantum number (charge, 2 >
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Target nucleus stays in ground state; No vertex activity.

NOVA n° Measurements 11 H. Duyang & D. Pershey



Introduction to NC Coherent Pion Production

Neutrino coherently scatters off target nucleus
via neutral current exchange
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20 Single forward-
Very small momentum transfer going pion
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Target nucleus stays in ground state; No vertex activity.
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Introduction to NC Coherent Pion Production

Neutrino coherently scatters off target nucleus
via neutral current exchange

—

20 Single forward-
Very small momentum transfer going pion
No quantum number (charge, > In the final state;

spin, isospin) exchange $ ! no other pions or

Target nucleus stays in ground state; No vertex activity.

Partially Conserved Axial Current (PCAC) models: relate coherent cross-
section to pion-nucleus elastic scattering at Q4=0 limit.

model used in GENIE and other neutrino generators.
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Introduction to NC Coherent Pion Production

Neutrino coherently scatters off target nucleus
via neutral current exchange

—

20 Single forward-
Very small momentum transfer going pion
No quantum number (charge, > In the final state;

spin, isospin) exchange 0 no other pions or

Target nucleus stays in ground state; No vertex activity.

Partially Conserved Axial Current (PCAC) models: relate coherent cross-
section to'pion-nucleus elastic scattering'at Q=0 limit.

model used in GENIE and other neutrino generators.

Microscopic models: start from particle production models on nucleons and
perform a coherent sum over all nucleonic currents.
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Analysis Challenge

Coherent cross-section is relatively small compared to other n°
production modes:

Relatively small number of signal == statistical uncertainty
Large number of background == systematic uncertainty
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Analysis Challenge

Coherent cross-section is relatively small compared to other n°
production modes:

Relatively small number of signal == statistical uncertainty
Large number of background == systematic uncertainty

ZO

Small contribution from and

Important to constrain the background uncertainty using a data-driven
method.
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Analysis Strategy
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Analysis Strategy

NC = sample

no muon track, two photon showers, no other particles
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Analysis Strategy

NC = sample

no muon track, two photon showers, no other particles

Control sample

dominated by non-coherent ns,
for background normalization.
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Analysis Strategy

NC = sample

no muon track, two photon showers, no other particles

F Bkg Norm
Control sample Signhal sample

dominated by non-coherentn®, =~ includes most of the coherent signal
for background normalization.
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Analysis Strategy

NC = sample
no muon track, two photon showers, no other particles
e Bkg Norm L

Control sample

dominated by non-coherent ns,
for background normalization.

Siénal sample

" lincludes most of the coherent signal

Flux-averaged cross-section measurement
from data excess over background prediction in the coherent region
In the pion kinematic phase space.
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Analysis Strategy

NC = sample

no muon track, , no other particles

N
N

Y o
Control sample

dominated by non-coherent ns,
for background normalization.

Bkg Norm _

Siénal sample

" lincludes most of the coherent signal

Flux-averaged cross-section measurement
from data excess over background prediction in the coherent region
In the pion kinematic phase space.
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Photon Shower Identlflcatlon

NOvVA Simulation NOvA Simulation
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- |dentify photons by likelihoods build upon shower longitudinal and
transverse dE/dx information.
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Constraining Photon Simulation
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Muons from interactions outside the detector can induce EM showers in the
detector via bremsstrahlung radiation.
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Constraining Photon Simulation

1000 1400 1600
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Muons from interactions outside the detector can induce EM showers in the
detector via bremsstrahlung radiation.

A muon-removal (MR) technigue is developed to isolate those EM showers .

Provide a data-driven method to constrain photon simulation.
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Constraining Photon Simulation

NOVA Preliminary

NOVA Preliminary
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Very good agreement between data and MC.

1% difference in selection efficiency taken into systematic uncertainty.
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NC n® Sample
NOVA Preliminary
1000 T 4 T T T
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The identified NC ® sample:

- No muon.

- Two showers identified as photons by dE/dx-based likelihoods.
- Vertex in fiducial volume and showers contained.

Background dominated by RES and DIS n%s.

Cut on invariant mass further reduces background.

Also serve as a check of photon reconstruction and energy scale.
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Signal Sample and Control Sample
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Signal Sample and Control Sample

NOvVA Preliminary
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Divide the NC n¥ into two sub-samples:

- Signal sample: events with most
of their energy in the 2 photon-
showers and low vertex energy: it
has >90% of the signal.

- Control sample: the events with
extra energy other than the photons
or in the vertex region, dominated
by non-coherent ni°s (RES and
DIS).
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The control sample is used to
fit background to data in n°
energy vs angle 2D space.
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Background Fit

RES in Control SampleNOvA Simulation DIS in Control Sample NOvA Simulation
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S~ E g 07
B i 20 B
0.6 - 0.6~
0.5 - 0.5(
0 0.5 i 15 2 O 0

E_, (GeV) | E_, (GeV)
- Fit the backgrounds to control sample data in n® energy vs angle 2D space.
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Background Fit

RES in Control SampleNOvA Simulation DIS |n Control Sample NOvA Simulation
N . 60 :
0.9 — 0.9 —{F20
0.8 — —40 0.8 —H 5
=) N ) ) n .
2] = B ) - 4l
: 1F =120 : )
0.6 - 0.6 -
i . i 1| B
0.5 - 0.5 -
0 0.5 5 2 0 0 0.5 i 15 2
» (GeV) E,. (GeV)
- Fit the backgrounds to control sample data in ®* energy vs angle 2D space.
RES in Signal Sample NOvA Simulation DIS in Signal Sample NOvA Simulation
- 160 'F -
0.9 - 0.oF {515
. OO 1 40 0.8 R
e f ] F f [] ] 10
] = 8 o7 =
- —] 20 - -]
0.6 g 0.6 Jb5
0.5( - 05E E
3 >0 i T A
0 0.5 1 1.5 2

E_. (GeV)

Apply the background tuning to the signal sample. (")
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Events/3.7x10°°POT/10MeV

Events/3.7x10%° POT/0.1 GeV

Signal Sample

NOvVA Preliminary
|l 1 1 1 I 1 1 1 L

ool +oa 1 * Background fit result are applied

: =" 1  tothe backgrounds in the signal
400 —fivd sample.

= mm CC : .
S00F morer 1 - Coherent signal measurement by
200 : subtracting normalized
oof ] background from data in the

;. ] coherent region of the energy and

% o o4 =55 angle 2D space.
Invariant Mass (GeV)
NOvVA Preliminary NOvVA Preliminary

B 4 Data @ 000 B + —- Data N
600 B COH = o Bl COH n°

i Il OFR o i Bl DOFR

B Bl RES 0 B B RES

- 5 400
400 I CC o u Bl CC

= Bl Other & B B Other

- Il Non ° % i Il Non =°
200 i G 200 i

= i ﬂ al

- i QC) i

B i I_I>_I i

% 15 = s % 20 40 60 80 100

E.. (GeV) 21 0., (Degree)



Events/3.7x10°°POT/10MeV

Events/3.7x10%° POT/0.1 GeV

Signal Sample

NOvVA Preliminary
|l 1 1 1 I 1 1 1 L

ool +oa 1 * Background fit result are applied

: =" 1  tothe backgrounds in the signal
400 —fivd sample.

= mm CC : .
S00F morer 1 - Coherent signal measurement by
200 : subtracting normalized
oof ] background from data in the

;. ] coherent region of the energy and

% o o4 =55 angle 2D space.
Invariant Mass (GeV)
NOvVA Preliminal VA Preliminary

B 4 Data @ ol B + —- Data N
600 B COH = o Bl COH n°

i Il OFR o i Bl DOFR

B Bl RES 0 ) B RES

- 5 400
400 I CC o u Bl CC

= Bl Other & B B Other

- Il Non ° % i Il Non =°
200 i G 200 i

= i ﬂ al

- i QC) i

B i I_I>_I i

% 15 = s % 20 40 60 80 100

E.. (GeV) 21 0., (Degree)



Cross-Section Measurement and Uncertainties

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

Flux

Number of target nucleus
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Cross-Section Measurement and Uncertainties

6.7% statistical uncertainty
with 3.7E20PQOT data

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

Flux

Number of target nucleus
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Cross-Section Measurement and Uncertainties

10.4% systematic uncertainty
6.7% statistical uncertainty from background modeling,
with 3.7E20POT data constrained by control sample data

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

Flux

Number of target nucleus
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Cross-Section Measurement and Uncertainties

10.4% systematic uncertainty
6.7% statistical uncertainty from background modeling,
with 3.7E20POT data constrained by control sample data

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

3.7% Uncertainty from Flux

signal modeling and
1% from EM shower
modeling

Number of target nucleus
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Cross-Section Measurement and Uncertainties

10.4% systematic uncertainty
6.7% statistical uncertainty from background modeling,
with 3.7E20POT data constrained by control sample data

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

3.7% Uncertainty from Flux

signal modeling and
1% from EM shower
modeling

Number of target nucleus

<1% uncertainty from
detector simulation
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Cross-Section Measurement and Uncertainties

10.4% systematic uncertainty
6.7% statistical uncertainty from background modeling,
with 3.7E20POT data constrained by control sample data

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

3.7% Uncertainty from Flux

signal modeling and
1% from EM shower
modeling

9.4% uncertainty
Constrained by
external hadron
production data

Number of target nucleus

<1% uncertainty from
detector simulation
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Cross-Section Measurement and Uncertainties

10.4% systematic uncertainty
6.7% statistical uncertainty from background modeling,
with 3.7E20POT data constrained by control sample data

Selected data Normalized Background

N /

NData,selected — NBkg,norm
€ X NTafrget X ¢

/

Signal efficiency

0O —

3.7% Uncertainty from Flux

signal modeling and
1% from EM shower
modeling

9.4% uncertainty
Constrained by
external hadron
production data

Number of target nucleus

<1% uncertainty from
detector simulation

16.7% total uncertainty (stat + syst): systematic uncertainty dominates.
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Cross Section Result
NOVA Preliminary

. N ) Source §(%)
@ 801 L SS':LE;;&?S?”'Sehga') - Calorimetric Energy Scale | 3.4
% i % NOMAD | 1 Background Modeling 10.0
2 60_ : gaa‘:;::{;f;dm’a T : Control Sample Selection | 2.9
o . ¢ CHARM o EM Shower Modeling 1.1
o(E’ I i 3’;”; //: Coherent Modeling 3.7
<r,o u g Rock Event 2.4
- 40— . = Alignment 2.0
= % I Flux 9.4
> : / . Total Systematics 15.3
% 20__ P B Signal Sample Statistics 5.3
o i 12 23 Control Sample Statistics | 4.1
o) v N!ealSlljre'mlen'tS s?aled to Clby AP . Total Uncertainty 16.7
% 10 20 30

Neutrino Energy (GeV)

- Measured flux-averaged cross-section:
o = 14.0 £ 0.9(stat.) £ 2.1(syst.)*x10-*°cm?/nucleus

- One of the best measurements in the few-GeV region.
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Cross Section Result
NOVA Preliminary

. e ) Source §(%)
W - in- . .
= 80_— + S(E)'j/'fpzr;&?ngjn Sehgal) . Calorimetric Energy Scale | 3.4
S B * NOMAD I i Background Modeling 10.0
= B i T : Control Sample Selection | 2.9
< 60 - EM Shower Model 1.1
X . ¢ CHARM g ower Modeling .
(E, ) i ol ﬁf//: Coherent Modeling 3.7
g | Sl | Rock Event 2.4
, B &= : ock Even .
g 40— . e = Alignment 2.0
; : / . Total Systematics 15.3
e 20_} & 1 Bl Signal Sample Statistics 5.3
O (A i Control Sample Statistics | 4.1
= i M remen | 12 AZ3 7 '
O “_/ . eaSlIJ ements S(l:a ed to Clby . Total Uncertainty 16.7
% 10 20 30

Neutrino Energy (GeV)

- Measured flux-averaged cross-section:
o = 14.0 £ 0.9(stat.) £ 2.1(syst.)*x10-*°cm?/nucleus

- One of the best measurements in the few-GeV region.
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Cross Section Result

NOVA Preliminary
Wwe—————————————————————

I 1 1 | l 1 | | l 1 1 | l

- i ! ) Source d(%)
n : :
> ) . : Calorimetric Energy Scale | 3.4
5 GENIE 2.10.2 (Rein-Sehgal »
% ) (Reln-Sehga) sl Background Modeling 10.0
2 301 —+— NOVA N Control Sample Selection | 2.9
o u il EM Shower Modeling 1.1
(E, B i Coherent Modeling 3.7
o B -
¥ 20— - Rock Event 2.4
o
- i i Alignment 2.0
P B il Flux 9.4
; ; O_— N Total Systematics 15.3
O - - Signal Sample Statistics 5.3
O B i Control Sample Statistics | 4.1
—_— = 12 213 -
5 I Measurement scaled to '“C by A ! Total Uncertainty 67

0 2 4 6 8
Neutrino Energy (GeV)

—
o

- Measured flux-averaged cross-section:
o = 14.0 £ 0.9(stat.) £ 2.1(syst.)*x10-*°cm?/nucleus

- Quite good agreement with GENIE’s Rein-Sehgal model prediction.
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Cross Section Result

NOVA Preliminary
4———— T

I 1 1 | l 1 | | l 1 1 | l

— : | ) Source 6(%)
n : :
- ) . i Calorimetric Energy Scale | 3.4
B GENIE 2.10.2 (Rein-Sehgal -
% . (Reln-Sehgal) 5 Background Modeling 10.0
2 30: —+— NOVA . Control Sample Selection | 2.9
o u il EM Shower Modeling 1.1
QE) B 1 Coherent Modeling 3.7
I 20— e - Rock Event 24
() P
- i e 3y Alignment 2.0
O/\ B 1 FIUX 94
; 10— q Total Systematics 15.3
O - - Signal Sample Statistics 5.3
O i i Control Sample Statistics | 4.1
—_— = 12 2/]3
5 I / Measurement scaled to '“C by A i Total Uncertainty T
0 1 1 1

o
—
o

2 4 6 8
Neutrino Energy (GeV)

- Measured flux-averaged cross-section:
o = 14.0 £ 0.9(stat.) £ 2.1(syst.)*x10-*°cm?/nucleus

- Quite good agreement with GENIE’s Rein-Sehgal model prediction.
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Outline

- Charged current semi-inclusive n? (D. Pershey)
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v, CC+1t° Semi-Inclusive Analysis
* 1% natural byproduct of neutrino scattering
* v, ,CC+n? semi-inclusive (CCPi0)

Determined after intra-nuclear scattering

Mimics v, v, background for few GeV experiments

Resonant interactions DIS interactions
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v, CC+1t° Semi-Inclusive Analysis

* Deliver flux-averaged cross sections differential in:
Pr / cosOy / p, / cosB,: direct observables

Q2 = —q2: four-momentum transfer to hadronic system

W = \/(n + g)?: invariant mass of the hadronic system,
useful for separating DIS and Res events

\/ QZ _ _qZ — _(H_Vu)z
| q 7r° = 2E,(E, — p,cos®,) —m2
W+
| W =.,(n+q)?
+
A =\/’m2+2‘mEhd—Q2
n p n n a
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Simulated quC+rt° Event

900 1000 1100 1200 1300
X - I 1 i
150 .
- L 1 m ]
- - -
i - i
~ 100 [ B
E [ - ]
- i - - i
" - ] - - [ - -— : .
50 v - .
- -—— — - ]
150 - i
- — - ]
100 — Y = N
L - - 4
. proton _._= -
5 - - - e i
= S50 e v =
- -~ = 2 ’
- - - - —
0 u [ b
900 1000 1100 1200 1300
Z (cm)
NOVA - FNAL E929
, 210° F 1 £ E
Run: .10653/ 13 = 10 ;_ 3 = F
Event: 161/ -- : 3 3 3
UTC Thu Jan 1, 2015 218 220 222 221 226 228 0 10° 10°
04:55:39.600000000 t (Usec) q (ADC)



Signal Composition

Analysis signal has large contribution from both Res and DIS
interactions

There is a large multi-t component in VHCC+T[0 events which is
included in the analysis signal

"~,. N\ » ,f'tl o . - » -
NOVA Simulatiot
T T T T T

- T T I T T T I T T T | —
> v+A->u+n%+X -
o [ -
(\D - -
S - _
© 6 _
TJ | -
2 i —— Total Cross Section -
o - —— Res Single-n 7
E 4 . —
O i — Res Multi-nt i
"?o i —— DIS Single-nt _
o - —— DIS Multi-nt —~
= 2 ]
-o - -—

~
b - -
go) i _
0] 15 25 3
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Example Simulated Event

200 _0 200 400 600 800 1000 1200 1400 160C
100 —
- [ h AR PEELL L i
5 of S E
= i i
_100 — —
_’5()() : T :
100 |- __
o DL R R IR I T IR LN T E ol R L, - -
= i ¥ i
5 ofF ¢ r . ]
> i ]
A 2m )
-100 = —
—200 .. . . ) , -
0 200 400 600 800 1000 1200 1400 1600
z (cm)
NOVA - FNAL E929
Run: 10907 /4 '_El()' r 1 = 10 3
Event: 97 / -- 10 ' -
Ik i
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08:01:43.565048448 t (usec) q (ADC)



Basic Reconstruction

200 _() 200 400 600 800 1000 1200 1400 l()(i
wl| Selection goal: :
- | Selectv,CC events with s I -
S o B ameemeem —
= reconstructed muon and —
] Ensure event has two 3D ;
-or photon — require two prongs .
reconstructed prongs :
38 = - - - -
100 = _ _:
2 m
—100 _
=200 -— —-
0 200 400 600 800 1000 1200 1400 1600

Z (cm)
NOvVA - FNAL E929

22 E ] -
Run: 10907 /4 =1 1 = 10fF
Event: 97 / -- 10 ‘ F
| I 3 |

UTC Sat Apr 25, 2015 . . . .

218 220 222 224 226 228 10 102 10°
08:01:43.565048448 t (usec) g (ADC)

-|
J..IJ
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Selection: Fiducial Volume

200 =2 200 400 600 800 1000 1200 1400 1600
-t Require vertex within U SR S :
] 0 mmp=e N
S 35 ton volume :
oo [ .
-3 = =
100 __
_ : --;;-------l------'------l-------.----. - = :
§ of ¢ i . N
> i 2 i
i m )
o b ]
~200 . X : . , , —
0 200 400 600 800 1000 1200 1400 16())0
Z (cm
NOVA - FNAL E929 B '
Run: 10907 /4 = = 10
Event: 97 / -- F

UTC Sat Apr 25, 2015
08:01:43.565048448

";"’q
Jl‘.il
hits

ey

218 220 222 224 226 228
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32

T

10°

q (ADC)



200

100

™
=
(3] 0
S
>\

=100

Muon lIdentification

200 400 600 800 1000 1200 1400 160C

- 'Muon prong determined

- \with k-NN algorithm using: [N -,
| dE/dx Track length — :
“|Scattering Track-only plane fraction -

Momentum estimated with

muon track length (6m)

1 I“l L1 1

........................................ ]
L T
i i
- -
2m
200 400 600 800 1000 1200 1400 1600
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Run: 10907/ 4 210° | { = 0f g
Ik E I
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e |
J.:'
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218 220 222 224 226 228

== 10 10° 10°
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Selection: Muon Containment

0 200 400 600 800 1000 1200 1400 160C

- | Require the muon candidate :

| end more than 4 cm from the _ :
| back of the detector ' :

200

100 _ .

y (cm)
T
—
\V/
D
(@)
|

=100 -

~200 . X . , -
) 200 400 600 800 1000 1200 1400 1600
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NOvVA - FNAL E929

22 = - .
Run: 10907/ 4 =1 1 = 10f
Event: 97 / -- 10 I ] 3
- o -
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218 220 222 224 226 228 10 102 10°
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200

100

~200 =,

Selection: Prong Containment

200 400 600 800 1000

1200

1400

160C

Require photon endpoint .
more than 15 cm fromedge .1 e 1
of detector and out of the Muon :
muon catcher Catcher E
2 m _

200 EN) 660 800 1000 1260 1460 , (clr](;b)—o

NOvVA - FNAL E929

Run: 10907 /4
Event: 97 / --

UTC Sat Apr 25, 2015
08:01:43.565048448

10

1
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L AL B
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Signal Kinematic Range

* Preselection has been defined, but now need to focus on
selecting analysis signal

 Detector and beam energy limit the kinematic range where a
measurement is reliable

* Add further selection criteria on kinematics to restrict analysis
to this phase space

Rationale Reco Selection Analogous Truth Restriction
fl t
Reduce flux and acceptance 1 < Reco B, < 5 GeV 1 < True E, < 5 GeV
modeling dependence
Maxi track lengtl
AXTIMUII Tuon Lract (ehgia Reco p, < 4 GeV/c True p, < 4 GeV/c

given detector size

Upper bound predicted |
by simulation Reco pr < 3 GeV/c True p, < 3 GeV/c

\

Y

Passes cut but fails truth restriction:

treat as background
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Neutral Current Rejection

* Analysis has a large neutral current (NC) background

* Reject NC’s with a Convolutional Neural Network PID (CVN)

80

ol Simulated v, CC event | » = |

HiNnE

60

50

Cell

30b M. . ~

AL

20} &

101

0 20 40 60 80 100
Plane

 Make a pixel map using event topology

Track
feature

Vertex
feature

Shower
feature

* Produces a feature map using image detection algorithms

e Feed extracted features into a neural net

NOVA 1° Measurements 37
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80

70

60}

50}

30}

20}

10

0

8 40r- o~

Neutral Current Rejection

* Analysis has a large neutral current background

* Reject NC’s with a Convolutional Neural Network PID (CVN)

i Simulated NC event

0 20 40 60 80
Plane

 Make a pixel map using event topology

100

u

Track
feature

Vertex
feature

Shower
feature

* Produces a feature map using image detection algorithms

e Feed extracted features into a neural net

NOVA n° Measurements
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Sd

Neutral Current Rejection

* CVN effectively rejects neutral current background from

mple

1.7% of sample after CVNm cut

200

150

10° Events / 3.72x10%°
3

(%)
o

NOVA

NOvVA Simulation
i L I L EL L L
:_ Bv, CC
- [CJNC Background
- [J Other Background

~

0.8 1

0.2 0.4 0.6
CVN v,CC Identifier (CVNm)

719 Measurements 39

CVN trained to select
v,CC events but this
analysis needs events
with a final state m°
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Signal Enhancement

NOVA Simulation NOVA Simulation
530:' "'I""I""I""_ '6 rrrrrrrrTrrTTT T T T T T T T T T T T
i . ] Q- 400F _ ]
& 251 [ signal : 80 - [ signal
g [[]Background ] X [[]Background
N~ 20 . N 300 -
(sp] - ) L
L 15 . L |
>0 Rejected: > 200 Selected: §
O .r I . e 1
< 1o CVN classified 2 CVN classified 1
- i ..@ B T
§ s as QE or Coh §1°°? as Res or DIS 1
wof T ]
% 0 oo e v % O | L
0 1 15 2 25 3 0 0.5 1 1.5 2 5 3

p_[GeVic] p, [GeVic]

CVN also trained to classify events by GENIE interaction mode

« QE: v, ,n—=>up scatters of nucleon, no pion production
* Coh: v A-um*A  scatters off entire nucleus, no n® production
* Res: . .
Contribute to signal
 DIS:

Total Efficiency:
Select only events CVN classifies as RES or DIS 23.0%

Reject background events classified as QE or Coh
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Photon Identification

T l T T T T I T T T T I T T T T T T T l T T T I T T T l T T T ] T T T ]
i 20— —
= — Proton Prongs

— Proton Prongs

-
(6)}
LI

— n* Prongs

— n* Prongs
— Muon Prongs 15 B — Muon Prongs _

— Photon Prongs — Photon Prongs

—_
o
LI I B

— Other Prongs — Other Prongs

10—

10° Prongs / 3.72 x10%° POT
|

10° Prongs / 3.72 x10%° POT

% 2 3
Bragg Peak Identifier

* Developed four-variable photon score
A simple ALL selector

 Two variables describe dE/dx

Bragg Peak Identifier: dE/dx at end of prong relative to bulk

Energy per Hit: direct measure of average dE/dx
 Two variables describe “gappiness”

b [ I— -
4 5 00 0.02 0.04 0.06 0.08 0.1

Energy per Hit [GeV]
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Photon Identification

T I T T T T | T T T I T T T l T T T | T T T

= 102k Proton Prongs — Proton Prongs

g_) F ] — n* Prongs 8 102 — n* Prongs -
o B o x ]
%S — — Muon Prongs L — Muon Prongs

i% — — Photon Prongs x — Photon Prongs

N 10:— (V]

N~ E | [ — Other Prongs N~ — Other Prongs E
™ ™

~ =~

() » 10 I =
(o)) (o C ]
c c B ]
S i S | q ]
(A C a
™ i ™ .
o o i 1 e

10—1 Lol Il To— el L L Il 1 L L | I I — L L L
0 50 100 150 200 b 2 4 6 8 10
Reconstructed Gap [cm] Missing Planes Along Prong

* Developed four-variable photon score
A simple ALL selector
 Two variables describe dE/dx

 Two variables describe “gappiness”

Skipped planes

Distance from vertex ~X, —

—_—-_ - _'—

\_'._— -

Skipped planes along prong Distance to vertex
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1° Identification

NOVA Simulation
——————r——

[ Signal
[Jv, CC Background

[l Outside Kinematic Region
B Nonv, CC

40

30

20

Illlll[lllllllllll

10

10° Events / 3.72x10%° POT

Illlllllll[]llllllllll

4 -2 2 4

CoRID
CCnID: defined as highest photon score in event

Rely on photon candidate prong for nt® reconstruction
Momentum estimate: function of prong calorimetric energy
Direction estimate: reconstructed prong direction
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Background Composition

NOvA S|mu|at|on 2 7%
40 — —
- ] Proton anmary y j »\8 Other
B [ ]Secondary ©° ]
o P [l Other .

uol0id

10° Events / 3.72 x10%°

0

CC%WD
* Qualify our v ,CC background — only large analysis background

Non-Electromagnetic Background:

Electromagnetic Background:

Protons Secondary r® (e.g. m*—n°)
1% Photons (small, 2.7%)
"

Lies under signal — understand

Peaks at low CCr°ID: data driven modeling’s effect on analysis

procedure to constrain
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Constraining Simulation: Template Fitting

* Apply a data-driven constraint  Example kinematic bin:
to simulation: a template fit 0.5<p,<0.6 GeV/c \oua simuatior
* Procedure assumes the - | |
simulated CCr°ID shape but

allows signal and background
normalization to float

——
-¢- Fake-Data +
T Sl Before Fit
@v, CC Background R
.dlutside Kinematic Region
@ Non v, CC

* Measurement is differential:
must perform template fit in
every kinematic bin separately B 2 p G ‘

10° Events / 3.72x10%° POT

* Test the accuracy of this procedure with systematic fake-data
study

* Use nominal simulation to fit systematically shifted fake-data
Artificially increase number of resonant events 40%
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Constraining Simulation: Template Fitting

* Apply a data-driven constraint  Example kinematic bin:
to simulation: a template fit 0.5< Pr <0.6 GeV/c NO

* Procedure assumes the ol ;Eﬁgg?ga Before F|t
simulated CCr°ID shape but

[ Fit Vi CC Background
@ Outside Kinematic Region
allows signal and background
normalization to float

mNon v, CC "

* Measurement is differential:
must perform template fit in i
every kinematic bin separately conoID

10°% Events / 3.72x10%° POT

* Test the accuracy of this procedure with systematic fake-data
study

* Use nominal simulation to fit systematically shifted fake-data
Artificially increase number of resonant events 40%
* After the fit, total adjusted simulation agrees with fake-data
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Measuring a Differential Cross Section
(dc) 1 U(S,x;)

dx). ~ Ax,e(x;)Nyye | @(E)dE

 Must apply a data-driven constraint to estimate signal
* Begins with observing data compared to simulated prediction

0.7 <p,<0.8GeV/c NOVA Preliminary

-+ Data
[ Signal ]
[@v, CC Background -
B Outside Kinematic Region ]
@Nonv, CC

10° Events / 3.72 x10%°

)
= ]
; | ——————— _.._.........—?‘::
S o8k —4—— T —
4 ) 0 2 4
cCcnID
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Measuring a Differential Cross Section
doy 1 U(.?,xi)
dx ).~ Ax;e(x;)Nyye [ P(E)E

l

* Fit MC templates to observed data
* Adjusted MC determines signal estimate in analysis

O7<pn<OSGeV/c

NOvA Prellmlnary NOVA Prellmunary

s [ +Daa Pre-fit g [ +Daa Post-fit ;
o B [ Signal ] o C @ Fit Signal ]

% 3 m@v, CC Background — % 3 mFitv, CC Background —

N C B Outside Kinematic Region ] N\ B B Outside Kinematic Region ]
o [ @Nonv,CC o [ M@Nonv,CC .
(2} — w o .

< - < - .
© - © - -

> - > - -

w1 w1 -]
S f et .
= 1.2E & B ]

; 1 ..._._ ......... P . PR e = e aai PSSt o PRI S ;- =

S ogfp| 4 y - a -

4 = 0 2 4 > 0 4
CCn°ID CCn°ID
NOVA n° Measurements 48

H. Duyang & D. Pershey



Measuring a Differential Cross Section
doy 1 U(f,xi)
dx ).~ Ax;e(x;)Nyye [ P(E)E

l

* Estimated signal shape critical for differential analysis
* Perform template fit in every bin of reconstructed x

0.3< pn <0.4 GeV/c

NOvA Prellmlnary NOvA Prellmmary
1 0 — T T — 10T T
3 : +Data Pre f|t ] Q [ «Data POSt flt
o - I Signal . o - @ Fit Signal
< 8r @v, CC Background - < 8  mFit v, CC Background _.
N - [ Outside Kinematic Region . o - @ Outside Kinematic Region .
o 6F mNonv,CC - «s 6 @Nonv,CC —
a I ] a [ :
s 4 - s 4 -
> - - > - -
w o F ] w [ ’
5> °F - 5 2r -
Q12 =
E 1 . ‘\g ......
8 o8k a
4 = 0 2 4 4 ) 0 4
CCn°ID CCn°ID

I
(e)
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Measuring a Differential Cross Section
doy 1 U(.?,xi)
dx ).~ Ax;e(x;)Nyye [ P(E)E

l

* Split same sample into bins for every measured variable
* Perform same procedure for each bin

125<QZ<1SGeV2

NOvA Preliminary NOvA Prellmlnary
3T —— —————— A
o | +Daa Pre-fit { g °| <+Daa Post-fit
o - [ Signal . (=} L @ Fit Signal 4
% [ m@v, CC Background 1 % [Fitv, CC Background .
N ol [ Outside Kinematic Region | N, " W Outside Kinematic Region N
o B @Nonv, CC J s 0 m@Nonv, CC i
a F - a [ i
€ I . s i
S 1 . S 1 .
w s : w ot .
o [ : o [ .
Q 1.2:— = 1.2r
= - — o 7 & C ——
E 1: I 'u;nv'.“‘“‘._. % 1:.. ....:.+.. ........ ' .... — assgpasareeteererzany o= .
a 08F —4— E Q 08F
4 2 0 2 4 4 2 0 2 4
CCn°ID CCn°ID

U
o
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Measuring a Differential Cross Section

U(f,xi)

doy 1
<E>l - Axi E':(xi)NnuC f (D(E)dE

 Unfold: D’Agostini method with two iterations

Nucl. Instrum. Methd. A362 487-498 (1995)

* Calculate migration matrices using simulation

3 =1

n
&

N

True P [GeV/c]

—

o
&

0

0 3

0.5 1 1.5 2 25
Reconstructed p _ [GeV/c]
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0.4

—_

0.2

00 1 2 3 4

Reconstructed Q ? [GeV?]
H. Duyang & D. Pershey

0



Measuring a Differential Cross Section
(dc) 1 U(S,x;)

dx). ~ Ax,e(x;)Nyye | @(E)dE

e C(Calculate efficiency in each kinematic bin

NOVA Simulation NOvVA Simulation
Ty ———— T

400

Signal Signal
— Simulated

L i — Simulated
300[ — Selected 7

— Selected

10°% Events / GeV/c / 3.72 x10%° POT
10° Events / GeV 2/ 3.72x10%° POT

.....

o
w

TTT ToTT
1

> > 0.

3 > 03

c c

QD g2 D g2

O O

= =

L o1 W o0.1F i
% 05 25 3 0 3 4

1 15 2 2
p_[GeVic] Q® [GeV?
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Measuring a Differential Cross Section
(dc) 1 U(S,x;)

dx). ~ Ax,e(x;)Nyye | @(E)dE

 Detector is composite material
 Count number of nucleons within fiducial region

Element | Total Mass (kg) NN ue Mass Fraction
H 3815 2.28 x 10%° 0.108
C 23651 1.41 x 1031 0.667
O 1053 6.30 x 102 0.030
Cl 5685 3.40 x 10%° 0.160
Ti 1139 6.81 x 10%° 0.032
Other 95.4 5.71 x 1028 0.003
Total 35438 2.11 x 103!
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Measuring a Differential Cross Section
(dc) 1 U(S,x;)

dx). ~ Ax,e(x;)Nyye | @(E)dE

Flux estimate from PPFX framework developed by MINERVA
Phys Rev. D 95, 039903 (2017)

Restrict to v, flux from 1-5 GeV

NOvVA Simulation
T 1 T T 1 T T T T

NuMI Flux

v/cm?/10"° POT
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Systematic Uncertainties

e Evaluate each systematic source by modifying simulation and
comparing the extracted cross section to the central value

e Systematic effects not included in fit, but the shape of the
total error is quoted with measurement

e Largest sources are flux and light level
Will go into more detail on Light Level and t*—mnt® CX

NOVA Preliminary

Flux

Light Level

Neutrino Interaction
nt—n° Charge Exchange
Calibration

Normalization

Total syst. error
Stat. error
L L L L 1 L L L 1 1 1 1 1 "

0 5 _ 10 15
Total Cross Section Uncertainty (%)
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Fractional Uncertainty

0.5

0.4

0.3

0.2

0.1

NOVA Preliminary

E — Total Error
— — v-Interaction

L — 1t 5710 CX

T T T T

— Light Level
— Calibration

— Flux

2
Q? [GeV?
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Systematic: Light Level I\/Iodellng

ND proton sample shows
dE/dx in data lower than
simulation predicts

Incorporate Birks-Chou
model for light yield:

LY = —

1+ de— + kc(gi)z

Fraction of Events

0.04+
0.03
0.02|—

0.01—

L ] T T 1 T

T T
—— Tuned MC

—— No suppression

+ Data

N | —

0

5 — A

005 0.1
dE x cos(0,) (GeV)

~0.15

Direct measurements of k; for organic scintillator cluster

around 0.1-0.2 g/cm?/MeV

Tuned Birks-Chou parameters using ND protons:

ke = 0.4 g/cm?/MeV

ke = -0.0005 cm?/MeV?

Re-simulate using k; = 0.1 g/cm?/MeV and k. = 0 and take the
difference in extracted cross sections as a systematic

NOVA n° Measurements
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Systematic: m* —»n® Charge Exchange

Background with a m* —>n° look
very signal-like: test effect of
cross section uncertainty on
analysis

Covariance fit of simulation
to DUET 2017 results

Weight 0% to 1.061+0.146
of nominal value
Phys. Rev. C 95, 045203 (2017)

Noticeably skews CCrt°ID
distribution for background

4% impact on total cross
section
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o CEx [mb]

10° Events / 3.72x10%°

100—
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80—
60—
40—

20—

T I T
+ Ashery 1981

4 DUET 2017

NOVA Sim

T T T T T T T T T T T T T
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0 L L 1A
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l L
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1 1 l L 1 1 1 l L 1 1 1 I 1
200 300 400
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25
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0
CCr°ID
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Systematic Error Cross-Check

a
\ 4

NOVA Preliminary

l T T 1 1 1 1 T 1 I T

—+-Data

— MC = signal
— MC bkgd

Data p: 133.9 + 1.2 MeV
Data 6: 37.7 + 1.4 MeV
MC p: 136.7 £ 0.4 MeV
MCo 36.8+0.5MeV

III|IIII|IIII|IIII|IIII|III

N

o 100 200 300 400 500

M., (MeV)

photon sample

Test of photon CCrt°ID shape

e Data lies within detector

response error band
NOVA n° Measurements

NCr® sample gives high purity

Disjoint from analysis sample

58

Fraction of Events

Data/MC

e
W
T T T T I T T T T I T T T T l T T T

o
N

o
—

NOVA Preliminary

T | I |

l 1 1 1 1 l 1 L L 1 l 1 1 1

I e SO
=iy ==
—— = 3 e

0
7°ID
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Fitting Data in Kinematic Bins

* Again rely on template fit to constrain signal estimate

* Compare data and simulated prediction for CCri°ID in every
kinematic bin

e Use observed data to adjust the simulated prediction
* Repeat process for each kinematic slice

0.8< pﬁ< 1.0 GeV/c

NOVA Preliminary OvA Preliminary

Q -+-Data LA Q -+ Data L
o [ mSigna BeforeFit] o [ mpFiSignal After Fit :
% 3 m@v, CC Background — X 3  [@Fitv, CC Background —
X B B Outside Kinematic Region o B I Outside Kinematic Region

e - [@Nonv,CC o [ @Nonv,CC

) - 7)) L

g2t g F

(0] I~ Q -

> = > L

w1 w -
> [ > F

O - = — - e
E 1.2 ) X e Li 1.2E X . ‘ X E
g ¥ T i UE e e s o i o
S 08f —4——— - o 08F =
4 =2 0 4 4 - 0 4
CCn°ID CCn°ID
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Estimating Signal
NOVA Preliminary
* Each CCnlID template fit

represents a slice in
kinematic space

 Evident deficit at low PID
and high p,,

N
&)

N

1.5

p_[GeV/c] (Reconstructed)

bl

-4 -2 0 2 4
CCnolD 0.8<p,.<1.0GeV/c
NOVA Preliminary Nova Preliminary
Q B -+-Data . ] Q - -+ Data A ]
o [ mSigna Before Fit ] © [ mpFitSignal After Fit :
x 3 m@v, CC Background — x 3 [m@Fitv, CC Background —
X B B Outside Kinematic Region ] N B B Outside Kinematic Region ]
e - m@Non v, CC ] ph C m@mNon v, CC
12} — - 7)) -
< - . < -
o - . o -
> — . > -
w o q - w1
> [ ] > F
O 12F = = 12F 3
E 1.2 F ) S Li 1.2 2 X . . X ]
s F —— M E o L e == ¢ —
S 08f 4 ' E Q o08f =
4 =2 0 4 4 = 0 4
CCn°ID CCn°ID
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Estimatin

NOVA Preliminary

o
0]
h—
L= —
= —0.1 O
7] Q
c o
8 .
) <
—0
= S
— ~
[3)
S <
D -010
S,
Q_R
-0.2
¢ -4 -2 2 4

0
CCn°ID

Collect results of template
fit in each kinematic bin

Applying normalization
constraints from these fits
gives the fitted simulation
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g Signal

NOvA Prellmmary
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A400_— =]
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> C [ Simulated Signal ]
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E - -4-Data .
c 200 ]
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> B .
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“o 100~ —
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8 C — T | .
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— 400 -
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L ]
“o 100 -]
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do/dQ*

NOVA Preliminary
Vp+A - p+m0+ X
3.72x10%° POT

— GENIE 2.10.2
—+ Data

IIIIIIIII

1—

do/dQ? [10*°cm2/Nucleon/GeV?]

lllllllllllllllllllllll

-
=

1 1 1 1 I 1 1 1
00 1

w
H

e
Q? [GeV?]
 Measured cross section 7% higher than GENIE prediction

Reminder: Q% = —q? = 2E,(E, — p, cos6,) —m2
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do/dQ*
- 'l\'loYAF’re'Iimlina'ry
V,+A-pu+m0+ X
3.72x10% POT

14

1.2

LI lllllllllll

Shape Only
08 — GENIE 2.10.2
0.6 —4— Data

1.2
1.1

bbb b b b b b b

.
©

Data/ GENIE  do/dQ 2 [Arbitrary Units]

o
o

A mrm|

o
e

2
Q% [GeV ?

» Data suggests a slightly harder Q? shape than predicted by
GENIE
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do/dQ?

g
Y

-
o
" el

o
o

- 0
NOVA Preliminary vy+CH-opu +m" + X
14F= —— 77T G _
" - 0 > POT Normalized
oE Yut A— L+ T+ X 3 4 Data (3.33e20 POT)
F 20 = T — GENIE
£ 3.72¢10° POT : — o
= Shape Only S uwro
08 — GENIE 2.10.2 £ o0k
06H —4— Data (\g
o
v
=
o
@]
O
O
©

1.2 ! | I N
0.5 1.0 1.5 2.0

choedlbv s b Lo bna s b e |

Data/ GENIE  do/dQ 2 [Arbitrary Units]

0.0
1.11 3 Q? (Gevz)
] MINERVA,
0s} I a— 4 Phys. Rev. D 96, 072003 (2017)

* Recent MINERVA data also tends to harder Q? than GENIE
e Significant differences between two analyses
MINERVA beam peaks at roughly twice the NOVA beam peak

MINERVA specifically targeted single-meson final states
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do/dp,

NOVA Preliminary
V,+A-uw+n+ X
3.72x10%° POT

Shape Only

—— GENIE 2.10.2
—+4— Data

[Arbitrary Units]
T IIIITIIIIIIIIIII

P4
-—h

05H-

do/dp

llllllllllllllIlllllllllll

Data / GENIE

25 3

p_ deviel
* GENIE shape prediction lightly overpredicts around 0.3 GeV/c

* A general move towards to slightly harder p_ spectrum
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[Arbitrary Units]

pLd

do/dp

Data / GENIE

n
0

N

-
m

do/dp,

NOVA Prellmlnary NOVA Prellmlnary

= . I L R B I .
2 V+A—>u+7t°+X E I V+A+u+n°+X ]
= 3.72x10%° POT 4 g 3 72x10% POT -
= Shape Only . @ : :
= — GENE2102  H E | | + 2 Non-intsracting [ <-ose i
- _ 3 4— v _
- —4— Data E o |  Elastic - ]
’ _E %-K 2:+ ’+'+ n° Inelastic Nucleon—n° N

] © "++ —4— Data .

E % 05 T B -

3 p. [GeV/c]

P, [GeV/c]

* Result consistent with GENIE FSI modeling
e Data confirms dip at mp—A resonance
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Other Results

NOVA Preliminary
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Summary

* Measurement of NCrt® coherent total cross section
14.0+ 0.9+2.1%X10*%m?2/Nucleus, consistent with GENIE

* Differential cross sections for v, CC+rt° semi-inclusive
See a 7% increase in total cross section relative to GENIE
Generally consistent with GENIE interaction and FSI models
Evidence for slightly harder Q% and p,, distributions

* Both analyses working towards publication

NOVA Preliminary

__ T T -I OI 1 —_
*E Vi +A—->p+10+ X -
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) W r 20 ]
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Y 20— a [ 3
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I 10 7] W e B =
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&) i o 4 +J—J
° B i G 1#d ‘++++ } t i = o
old _— ‘© 09E | =
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Neutrino Energy (GeV) ° 0° P [G1'<§V/c] 2 ’
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05<pn<O6GeV/c

10°% Events / 3.72x10%° POT

Validating Simulation Constraint:

Example kinematic bin:

NOvA S|mulat|on

-9 Fake Data
B Signal

(o]
T I T

.Non v, CC

[@v, CC Background
dlUtSIde Kinematic Region

Before F|t -

0
CCr°lID

NOvA Slmulanon

—
8' -o- Fake-Data
@ Fit Signal

ENon v, CC

10° Events / 3.72x10%° POT

EFit v, CC Background
@ Outside Kinematic Region

After F|t -

0
CCr°ID

 Template fit adjusts simulation in response to the fake-data
» After the fit, total adjusted simulation agrees with fake-data

NOVA n° Measurements
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10% Events / 3.72x10%° POT

Validating Simulation Constraint:
NOVA Simulation NOVA Simulation
U DL L L AL L L L B e e
4 — Signal: Nominal _] 4 - —Bkg: Nominal ]
i —Signal: Shifted 5 C — Bkg: Shifted ]
- -4-Signal: Estimate g' - —*=  +4-Bkg: Estimate ]
3 — 9 31— |
N ] é E R E
o _ L B . .
o F i
- s I = ]
L N @ = ]
! —— [ = 1
ok ' '=_,ﬁ . I | | 0: . | M B | 1=.-£
4 -2 0 2 4 -4 -2 0 2 4
CCn°ID CCn%D

* Use fake-data to adjust the simulation according to a template

fit, yielding an estimate for signal background close to true
fake-data simulation

* This fake-data study confirms the template method faithfully
determines the correct signal (right) and background (left)
normalizations
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Reconstructing s in Multi-it Events

 Combinatorics of non-photon prongs degrade multi-mt reco
Makes reconstructed nt® mass less meaningful
Biases sample to single-mt events

e (Can still select a single photon from these events

Single n Candidates Multi = Candidates

Illl llllllllllllllll llll]lill[lllllllllllll
6001 7 6001 — Total MC 7
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1 e - . E
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-4- Data
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s

n
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&
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1 L I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 L 1 1 1 1 L 1 4 1 '}
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FSI Comparison: do/d cos 0

NOVA Preliminary
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. Shape Only
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- 4+ NOVA 2017
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Ll lllllllllll

05 05

NOVA n° Measurements
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p [GeV/c] (Reconstructed)
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Estimating Signal
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cos6, (Reconstructed)

NOVA Preliminary

Estimating Signal
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Estimating Signal

NOVA Preliminary _NOvA Preliminary
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Estimating Signal

NOVA Preliminary NOvA Preliminary
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Estimating Signal

NOVA Preliminary
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Estimating Signal

NOVA Preliminary —

NOVA Preliminary
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Coherent ° in The NOvVA ND

Beam

600 300 900 1000

= 10
E 3

10 10° 10°

NOvVA - FNAL E929

) "
Run: 10964 /13 Z10°
Event: 2349395 / - 10

UTC Sun May 31, 2015
04:02:45.422731488

700
1
210 211 212 213 214 215 216 217 218 219 22
t (usec) q (ADC)

* Single forward going pi0 decay into 2 photons.

- 1%s can be measured by reconstructing one or both photons from n® decay.
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Events

MC Tuning

NOVA Preliminary NOVA Preliminary

I 1 1 1 I 1 1 1 I 1 1
2.85 x 10 P.O.T.

20
2.85 x 107 P.O.T. _+_ NOVA ND Data —
Tuned 2p2h [ mec

and nonres. [ cE

— NOVA ND Data

| | | I | | | | | |

0.4 0.6

0.4 0.6 : :
Visible E,__ (GeV) Visible E,__ (GeV)

Re-weight GENIE’s empirical Meson Exchange Current (MEC) model to
match the observed event excess.

Reduce non-resonance pion production by 50%.
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Coherent 1° Candidate in the NOVvA ND

1000 1200 1400

1000 1200 1400

NOvA - FNAL E929

Run: 10941 /12
Event: 2237534 / --

UTC Thu May 21, 2015
09:35:48.219552064

100 200 300 400 500
t (usec)

A coherent ¥ candidate events with 2 photons from n® decay.
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Reconstruction: Slicing

1000 1200 1400 1600

S o

P
-'=al:"‘d-";
e

0 1000 1200 1400 1600

z (cm)
NOvA - FNAL E929
Run: 10941 /12
Event: 2237534 / --

UTC Thu May 21, 2015

100 200 300 400 500
09:35:48.219552064

t (usec)

Group hits together in time and space for each neutrino interaction event.
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Reconstruction: Vertexing

1000 1400 1600

=200
0

1400 1600
z (cm)

NOvA - FNAL E929

Run: 10941 /12
Event: 2237534 / --

UTC Thu May 21, 2015
09:35:48.219552064

100 200 300 400 500
t (usec)

Find lines of energy depositions with Hough transform,
and use the intersection to form vertex
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Reconstruction: Clustering

1000 1200 1400 1600

0

1000 1200 1400 1600
z (cm)

NOvA - FNAL E929

Run: 10941 /12
Event: 2237534 / --

UTC Thu May 21, 2015

100 200 300 400 500
09:35:48.219552064

t (usec)

Group hits from each shower together using clustering algorithm.
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Background Fit (Ratio Plot)

RES in Control SampleNOvA Simulation DIS in Control Sample NOvA Simulation
Un B N

1
!60 -

Ccoso
7 >seno

COS

E. (GeV) |
« Apply the background tuning to the signal sample.
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Events/3.7x10%° POT/0.1 GeV

Events/3.7x10%° POT/0.1 GeV
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NOvVA Preliminary
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Events/3.7x10%° POT/0.1 GeV

Events/3.7x10%° POT/0.1 GeV

Background Fit (After)

NOvVA Preliminary

1 1 1 1 I 1 T 1 1 I 1 1 1 1 I 1 1 1 1 I 1 T 1 1

- - Data .
500 B COH® -
B B OFR i
: B RES -
400 .
n Bl OIS .
u ll CC )
300[— Il Other .
B Il Non =° :
200[ =
100 =
0= -l 3

0 0.5 1 1.5 2 2.5

E, (GeV)

600

400

200

0 0.5 1

NOvVA Preliminary

— | I I I I I I 1 I I I I I I I I I I I I I I 1 I

—+— Data
Bl COH °
BB DFR
I RES
g CC

B Other
Il Non =°

15 o
E_, (GeV)

NOVA ¥ Measurements

19

Events/3.7x10%° POT/5 degree
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Events/3.7x10%° POT/0.1 GeV

Events/3.7x10%° POT/0.1 GeV

Background Fit (After)

NOvVA Preliminary
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cos0_,

Background Substraction in 2D

11—

0.6

0.9 0.9
0.8 0.8
L Og |
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Substract normalized background from data in the coherent-rich region in the
pion kinematic space (E, cos0)
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The NOvVA detectors

e 64% active detector

* Each plane just 0.15 X,

Great for e vs t°

To 1 APD pixel

Far Detector

14 kton

60mx 15.6 mx 15.6 m

928 layers L

344 064 cells v
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