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NOvVA - NuMI Off-Axis v, Appearance Experiment
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NOvVA Physics Goals
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NOVA Detectors

Tracking calorimeters for electron ID:
Segmented (Alternating X/Y)
Low Z 65% Active Volume

ND: 1 km from NuMI
105 m underground

FD: Surface Detector
Overburden >10 radiation lengths
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NOVA Detector Technology

Extruded PVC cells of liquid scintillator
instrumented with WLS fiber

APD converts photons to charge

25 PE for MIP crossing FD far end
Signal digitized by on module front end
electronics (FEBs)
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ND Single Hit Timing Resolution: ~5 ns
ND Calorimetric Energy uncertainty: ~3%

== | \WICHITA STATE

ulsu : UNIVERSITY




NuMI Beam

650 kW Standard Beam Power
NOvVA Preliminary
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NOVA Near Detector

ND Spill Activity
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NOVA Near Detector

ow_____ : L300 Typical ND Event
- Display

Events colored by
time

Events are
separated by slicing
algorithm which
accounts for spatial
and temporal hit
correlations.
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NOVA Event
Topologies

Sample of
2 GeV Events




Spectrum and Interaction

I

TOTAL

=}
1

o O O < i
S N B O 0O o NS

Bl CCDIS
Bl v, CCQE

Bl CC MEC
Bl v, CC Coh

v cross section / Eé(10'38 cm?/ GeV)
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E, (GeV)
Quasi-elastic (nominally 26%),
resonant (39%), pion-continuum/DIS
(34%), and coherent (1%) channels.
A neutral current sample of one third
the size will also be collected.
Electron neutrino content is about 0.6%

e of the total flux

1 2 3 4

Reconstructed Neutrino Energy(GeV)
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Normalization

Picking the Cross Sections

v Cross Sections

Calibration

Beam

Detector Response

Focusing on measurements which will
provide an internal XS constraint useful i
to the osc. analyses Statstcalenor) FERIERIIRR
-20 -10 0 10 20
Signal uncertainty (%)

Total syst. error

Trying to pick well defined signals which
can reduce model dependency. Rel. Epyscale [ T

Rel. E, scale

Looking to provided differential cross Beam bkgd. norm.
Cross-sections & FSI

section as a function of useful Vot
Kinematics where possible. Abs. E, scale

Normalization

Impactful measurements useful to the Neutrino flux

Abs. E, , scale

COmmunlty In general Scintillation model

Total syst. error

NuMu disappearance

Statistical error | |
100 o
Uncertainty on A m2, (x 10° eV?)




Active NOVA Cross Section Analysis

| 25-30 JUNE, 2017
charged Sunent NUINT 2017 fT T e
v,and v, Inclusive nl ,
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v, "/
Inclusive numu and nue CC measurements at NOvA

V 2p2h Session: Shallow Inelastic, Deep Inelastic and Inclusive Scattering

Jon PALEY on 26 Jun 2017 at

vone

NOvVA: Impact of Cross sectlon uncertamtles in the osollatnon analysns
Session: Systematic Uncertainties and Impact on Oscillation Measurements

VU OT[ resented by Jeremy WOLCOTT on 25 Jun 2017 at

P|on productlon measurements at NOvA

Neutral Current Seasion: Neu

Coherent m° (Results) + Posters

ted by Hongyue DUYANG on 27 Jun 2017 at
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Cross Section Measurement in NOvA

Unfolding «—

» Backgrounds

— Efficiency

Flux

The following slide will touch on how we're handling these
components. == | \WICHITA STATE
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Selection

Excellent set of reconstruction _ 2
tools: Space-time Slicing,
tracking, prongs (single
particles)

Vertex in fiducial volume.

Energy deposition contained in
volume away from detector
edges.

2200 2 3000

Numu CC selection from : 2 (em)

oscillation group (4 variable et £ e
kNN: TraCk Iength, dE/dX 21;41:;1.4;2846015 73345 235 2355 236 2265 227 221 segz 100 200 300 400 500 600 700 800 qt):)RDg)x)o
along track, scattering along @3 | WiCHITA STATE
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Efficiency and Purity

Efficiency, calculated by comparing MC
truth to reconstructed events for numu
CC selected events.

Use external data constraints where
possible to verify or determine
correction.

numu inclusive measurement has
studied a data driven efficiency which
reweights MC true hadronic energy and
muon energy to match data, and then
re-computing the efficiency.

Efficiency

| | |
3
True Neutrino Energy (GeV)
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Resolution of muon from v, CC selected evetns
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Binning in kinematic variables

Resolution and statistics
are considered to develop a
reasonable set of bins for
reporting differential cross
section.

The figure to the right show
the statistical uncertainty in
a set of possible bins after

selection. 5 _ - x

Reco Cos8,

Statistical Uncertainty
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Signal Selection with CVN

Image representations of
our events colored by
calibrated hit info are
input to Convolutional
Visual Network (CVN)

True nu_mu CC

Kernels, Filters or

Convolutional Layers
extract features of :
varying levels of | FEATURE MAPS
complexity.

Output — Event

cpe s A. Aurisano et al., arXiv:1604.01444
Classification score
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Signal Selection with CVN

Image representations of
our events colored by
calibrated hit info are
input to Convolutional
Visual Network (CVN)

True nu_e CC

Kernels, Filters or
Convolutional Layers
extract features of . _ __
varying levels of / FEATURE MAPS
complexity.

Output — Event

cpe s A. Aurisano et al., arXiv:1604.01444
Classification score
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Signal Selection with CVN

T
— Signal Efficiency

—— Background Efficiency

—— Signal Purity
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CVN
nu_e CC inclusive: DQ, fid., containment and
ReMID cuts are applied

Ongoing effort:

* Prong Based ID

« Reconstruction
Vertexing
Energy Estimator
Add timing info
Train on TB Data

Confusion Matrix (prong purity > 0.90)

0.00 0.00 0.00 0.00

0.00

0.20

kGamma kOtherPDG

True ID




For many analyses additional classifiers are being built

Signal Selection on top of CVN.

From NC Pi0O

Input variable: Prong1 Length P A -
S Cut efficiencies and optimal cut value
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Signal efficiency Signal efficiency*purity

S/\S+B
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0.001
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U/0-flow (S,B): (0.0, 0.01% / (0.0, 0.0)%
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N
(4
Signﬁican

Prongl (Leading Prong) Length CVN_numu Number of Missing Planes in Prong1:
Planes with missing hits

Efficiency (Purity)

Input variable: Prong eplOLLL

(1/N) dN/ 0.263 GeV
T

(1/N) dN / 0.0847

(1/N) dN / 0.0523
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Cut value applied on BDTG output

U/0-flow (S,B): (0.0, 0.0)%/ (0.2, 0.1)%
U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%
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-08-06-04-02 0 02 04 06 08 1
Prong1 epiOLLL

" L L 3
6 8 10 1 0.5 1.5
Prong1 Energy [GeV] Prong1 epilLLL

Prongl Energy: Prongl epiLLL: Prongl epi0LLL:
Sum of calorimetric Energy Electron-pi for longitudinal shower Electron-pi0 for longitudinal shower
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Rock muon removed Brems

1000 1400

100 }

0 200 400 600 800 1000 1200 1400 1600

z (cm)

NOVA - FNAL E929
Run: 10499/0
Event: 30596 / --

UTC Sun Oct 26, 2014
00:55:15.104290216

Z10°
<10
1

t (usec)

Bremsstrahlung showers induced by rock
muons are used to benchmark the EM shower
modeling

Muons are removed to get pure EM shower
samples from data and MC.

Overall very good data and MC agreement is
seen.

Efficiency diff 1.1% 1s taken as sys uncertainty
on shower modeling.

NOVA Preliminary
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Muon Removed Electrons

1000 1400 1600

Similarly, we removed the
muon from a sample of clean
CC events and replace it with
a kinematically matched
simulated electron to study
reconstruction and PID
efficiency in both data and
MC.

200 400 600 800 1400 1600
Z (cm)
NOvVA - FNAL E929

oL - Y
Run: 10605/ 21 =10 :
Event: 2402079 / -- Y ¥
1 ol 1o nume bk ol o (oot e 1 oo o i 1 ¥l x
UTC Sat Dec 6, 2014 2 0.3 04 0.5

0 0.1 0
23:01:41.288327488

t (usec)
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Muon Removed Electrons

1000 1400 1600

Similarly, we removed the
muon from a sample of clean
CC events and replace it with
a kinematically matched
simulated electron to study
reconstruction and PID
efficiency in both data and
MC.

1000 1200 1400 1600
z (cm)

NOvVA - FNAL E929

. £10° ~  E
Run: 10605 /21 2 10 E 10
Event: 2402079 / -- |
10 10° 10°

1 X
UTC Sat Dec 6, 2014 G 0.1 0.2 0.3 0.4 0.5
23:01:41.288327488 t (usec) q (ADC)
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Muon Removed Electrons

1400

Preselection PID Efficiency | Efficiency diff %
262884 188809 | 0.718222
MC 277320 199895 | 0.720809

-0.36%

NOVA Preliminary
——

L
- 2017 Analysis
I -
v, Preselected MRE Events
—4— Data
—— MC Total
—— MCQE

MC Res

MC DIS

MC MEC

1000 1200 1400 1600
z (cm)

NOvVA - FNAL E929

‘ Z10° 2
Run: 10605/ 21 =R =10
Event: 2402079 / - | 1
by, T+ ] x
L N S SR UTC Sat Dec 6, 2014 0 0.1 0.2 0.3 0.4 0.5

) - 10 10 10° i
23:01:41.288327488 t (usec) q (ADC)
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Backgrounds
Coh Pi0

For many analyses we
identify an independent Bin of pion and muon kinematics
background dominated = .

. . . otv,
cpntrol s_,ldeban_d WhICh IS Bl cConor
‘ ] kinematically similar to [ v, CC - Secondary °
RES hackeround MC bkgd in signal region. I ccrio
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1.5 2 0
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0

Perform background fitting
in SB to constrain in signal

I60 region.

For CC piO the entire
signal and background are
fit to template in each
analysis bin independently.

Events / 3.71e20
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—40

Signal sample
RES background MC
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The Rest — Common Analysis Framework

NOVA has developed a standard code-set
(NDAnNa) to assure uniform treatment of
standard analysis components e.g.:

Flux: PPFX (Package to Predict the FluX)
Target

Using a 3D random-poll algorithm.

Return a fiducial mass and elemental composition.

Unfolding: Multiple techniques available for
analyses to assess.
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Systematics

Est. From CCPI0
Many of our initial XS analyses
will be systematics limited.
In many cases the beam flux
uncertainties dominate.
Detector response and xs
modeling are also important.
Of course this isn’t the full story Callbration
as the primary result will often be Normalization
differential in FS kinematics. Total syst. eror
Also for future xs ratio Stat. error 1
m_easurement flux uncertainties Total Cross Sectﬂc?n Uncert;?nty (%) ?
will be greatly reduced. WICHITA STATE
We’re working hard to improve... WSU  UniversiTy

Flux
Scintillator Response
nt—n’ Charge Exchange

Neutrino Interaction




Expected Flux Systematics

NOvVA Preliminary

Hadron Production Uncertainties v,

meson inc. target att. absorption

PPFX (Package to Predict the FluX)

— pC — X nC - X nucleon-A

pC — nucleonX others

Pion, kaon and nucleon productions
based mainly on NA49 data (thin
target by default).

Corrects HP mis-modeling.

Uses multi-universe technique for
the uncertainty propagation.

New Hadron Production data?

- total HP

CTTTTTTITTTIT T IITITTETT I I T TTTTTTTTYT
RN RN RN R TR AN D RN L

The NuMI Flux Prediction

NUINT 2017  session:




Modeling Systematics - Multiverse

Create an ensemble of universes, each with a different set of relevant GENIE parameters.
Allows bin-to-bin correlation calculation.
Easily expandable to include additional systematics.

T T T 1T

all universes

—— nominal

—— nominal nominal + 34%

68% universes

Numu CC incl.
1000 Univ.

Number of universes

LN B N B B B B B B I
R N T N N N N A T I R

I L L L B B
L1 I L1 1 I L1 1 | L1 1l | L1 | | L1

5

L I L 1 1 1 l I 1 T 4 L 1 | 1 L Il 1 | 1 L 1 1
2 3 4 150 200 250

Reco neutrino energy (GeV) Events in the energy bin centered at 2.55 GeV
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Conclusion and Future Work

NOvVA's cross section program is very active
(~14 active analyses).

First results will be shown at NUuINT with
more to follow later this year.

Working on incorporating additional generators
into NOVA framework (NEUT, GiBUU).

Looking forward to analyzing RHC (3e20 POT
available now).

Improving tools to better reconstruct single
particles (p, n, pi, etc).
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nova.fhal.gov
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