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The NOVA experiment

* NOVA is a long-baseline neutrino experiment:

* 2 detectors, 14 mrad off-axis, 809 km apart.

* Designed to measure for vy — Ve oscillations:
detectors provide excellent imaging of both v, and
Ve CC events.

e NOVA can run in neutrino-mode or antineutrino-mode.
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The NOVA experiment

* NOVA is a long-baseline neutrino experiment:

* 2 detectors, 14 mrad off-axis, 809 km apart.

* Designed to measure for vy — Ve oscillations:
detectors provide excellent imaging of both v, and
ve CC events.

e NOVA can run in neutrino-mode or antineutrino-mode.
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* High neutrino flux at Near Detector:

e used as control for the oscillation analyses,
e provides a rich data set for measuring cross
sections.

 ND located 1km from the NuMI| beam target.

* 96% pure vy beam, 1% ve and Ve
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OvA Near Detector

Alternating planes allow
for 3D reconstruction

B Wavelength shifting
fibres read out by a
single pixel on
Avalanche Photodiode

e
\5.=Q_5/ Queen Mary L. Cremonesi

University of London

300t tracking calorimeter

=xtruded plastic cells, filled with liquid

scintillator

0.17 Xo per layer

/7% hydrocarbon, 16% chlorine, 6% TiO>
by mass

Muon catcher (steel + NOVA cells) at

dow
Muo

nstream end to range out ~2GeV
NS.
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Neutrino CC interactions at NOvVA

G. Zeller
Rev. Mod. Phys. 84, 1307
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 NOVA flux peaks between 1 and 5 GeV: it sits in
the transition region between different neutrino
interaction processes.
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Neutrino CC interactions at NOvVA

G. Zeller — // J Iepton
%‘1 2 Rev. Mod. Phys. 84, 1307 - ’ — Quasi-Elastic
o , X (QE)
t1.2 ]‘t. Nucleon Nucleon”
coo :.:‘!A 5
© 1 ¢l v //J lepton
'50'8 t = ’ > =@ pion Resonant
50.6 - (RES)
S Nucleon’ N )
§0.4 Nucleon”
% J lepton
50-2 -9 74 Deep
= i ST . L — ] .
0 10 . 10 102 \ ) - :—3 pions Inelast_lc
E, (GeV) Nucleon’ N\ Scattering
) (DIS)
ey Nucleon”
 NOVA flux peaks between 1 and 5 GeV: it sits in

the transition region between different neutrino
interaction processes.
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Neutrino CC interactions at NOVA

Jlepton
= 74 . .
Charge Exchange o ’ — Quasi-Elastic
° Elastic § ’ (QE)
Scattering NUCleon Nucleon”
. . //J lepton
- — ) pion Resonant
™ BN (RES)
Nucleon’ N ’
Nucleon”
J lepton
., E Deep
Absorption \ ) = —:} pions Inelastic
‘ E Nucleon’ Scattering
A "e e ) (DIS)
..." N I 39
Pion Production by T. Golan Heieon
* These neutrino interactions happen inside the _ 2-particle
nuclear media. 2-hole

N ) Nucleons” (2p2h)

Nucleons’
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Neutrino cross-section measurements at NOvA

Long, straight track

Short, wider,
fuzzy shower

Energy range . NC
Unigue environment = ..
Detector technology for cross section : :
- measurements ||
Statistics | :
: im : | | | | _: :
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Neutrino cross-section measurements at NOvA

o Long, straight track
This talk
Short, wider,
fuzzy shower
Energy range
Unique environment |
o measurements -
Statistics ElL

- - . X . X
| | | |
1m _
10 10°

10°  ; ADC)
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» 0.85 < cosf, <0.90 1 0.90 <cos8, <094 1 First ve CC inclusive double-
S <9 1 ¥ .. .0 1 differential measurement
&~ 30 g e "
= ] : ¢ Data (Stat. + Syst.)
¢ 20 [k vl ey . -=+= GENIE v2 - NOvA-tune
8 ._I!.m, """" - ; —— GENIE v3*
g 10 ST I o im‘ N TRRRRNY GiBUU
> f I_Lm """"" b ; NEUT
(\D ~ - == NuWro https://arxiv.org/abs/2206.10585
E oL 0.94 <cosf,<0.97 |
=t 8
“j o - Out of the box generator
| 5760 comparison.
O
O
© 1 * Measurement in good agreement
with generator predictions.
*N18_10j_02_11a: combination of
G18_10j_00_000 and G18_10b_02_11a

o
\5.:@_5’ Queen Mary L. Cremonesi “Cross-section measurements in the NOvA ND”

University of London






vy CC inclusive
double-differential
measurement

100F 0.50 <cos 6, < 0.56

0.56 < cos BM < 0.62 0.62 < cos 6pt < 0.68 0.68 < cos GM <0.74 0.74 < cos eu < 0.80

o)
o

https://arxiv.org/abs/2109.12220

!

- e (Cross section
0.91 < cos GM <0.94 0.94 < cos BM < 0.96 Calculated at 1 72
Kinematic points

100F 0.80 <cos 6, =0.85 0.85<cos 6, <0.88 0.88 < cos 6, = 0.91

o)
o

 Good agreement
between tuned/
untuned GENIE
versions in high
angle slices.

| o “_.__ ..

=100F 0.96 <cos GM < 0.9 0.98 < cos 6M < 0.99 0.99 < cos 6pL < 1.00

— (cm?/ GeV / nucleon x 10)
uw

O

2

d
d cos 6

—4+— Data (Stat. + Syst.)
— GENIE v2.12.2 - NOVA Tune * At forward angle,

where QE and MEC
events dominate,
the untuned GENIE
2 overshoots data.

-------- GENIE v2.12.2 - Untuned

T, (GeV)
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vy CC inclusive

15F 039 <cos® <056 +056<cos0 <062 + 0.62<cos6 <068 +068dcoso =074 + 0.74 <&ds 6 = 0.80 i i
co “ : “ : “ AT double-differential
| i HHIL H1] it measurement

1 $ {f’--‘ - i 11

% | 11¢ 11 https://arxiv.org/abs/2109.12220
- 05 |
§ .
O 1.5F 0.80<cos 0, < 0.85 0.85 < cos 6;.5 0.88 0.88 <cos 6, < 0.91 0.91<cos 6, <0.94 0.94 <cos 6, <0.96
— S { ._ } H | | H } it ¢ Out of the box
T .. HITHELLL 4 Lt 1 (UL Hi ) | generator
© : comparisons.

— 0.5
® © 1.5}F 0.96 0 <098 T 0.98 0.99 T 0.99 1 1 2 1 2 > Al generators

o ?)1 : 96 <cos B, <0. 98 <cos 0, <0. 99 <cos 6, =<1.00 TM TM reproduce well the
o :
_<C-; } —4+— Data (Stat. + Syst.) Shape of our data
1 | 5 - L 00.06" |
H 4 11 .. | LI giEBNdﬁ ‘;210: o6  We notice an overall
- - - Bt NEUT v5.4.0 normalisation
0.5 NuWro 2019 difference in GIBUU.
1 2 1 2 1 2
*N18 10j 02 11a: bi i f
Tu (GeV) TM (GeV) Tu (GeV) G18__10jj__00__003 a?m?:lncia1lgf;u:€_82_11a
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Two new v, double-differential results

Ener Exclusive
Muon — vsgy Select only events
System with low hadronic
angle energy
- 3-momentum Inclusive
Hadronic transfer |q| CSalort all

Sy stem Ve Select all

: v, CC
energy events
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MUOI‘I SyStem NOVA Preliminary

— p—

8 0.50 <cos8, <0.68 [ 0.68 <cos8, <0.74
vy CC interactions: 6F : : - IR
e [, <250 MeV
2 I - -
e T,=<175MeV *‘] | |

0.74 < cosep < 0.80 0.80 < cosep < 0.85

= 0.85 < cost, < 0.88 0.88 < cosf,_ < 0.91 0.94 < cosf, < 0.96
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 Events must have exactly one
reconstructed track (low Ehad)

(cm?GeV/nucleon x 10™)

o

e Boosts 2p2h, reduces DIS and

RES - 0.96 <cosB, <0.98 | 0.98 <cosb, <0.99

—I— Data (Stal.+Syst.)
—— GENIE 2.12.2-NOvA Tune

---- w/{ Empirical MEC
— w/ MINERVA Tune

o
“.‘o
e Cross section reported at 115

Kinematic points

dcos 9» dTp
S 3

N
o

-=--- w/ Valencia
- - w/i{SuSA-v2 MEC

e 12-15% uncertainty typically
(dominated by flux systematic)

o
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Hadronic System

vy CC Interactions:
e |g]=2 GeV/c

e Eavail <2 GeV

e Same selection as v, CC inclusive analysis

e NOVA's first measurement in || and Eavai

e 2p2h concentrated at low values
e Cross section reported at 67 kinematic points

e ~12% uncertainty typically (dominated by flux
systematic)
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NOVA Preliminary

30

 (cm?/GeV/GeV/c/nucleon) x 107
N

avail

Ly

d°c / di§|dE
8 S =
T 'I T T T T

(cm*/GeV/GeVicinucleon) x 10°°

_avai
<
1 1) | 1 I

d’c / dfIdE

1 1 l

—I— Data (Stal.+Syst.)

— GENIE 2.12.2-NOVA Tune |

--=-- w/{ Empirical MEC
— w/{ MINERVA Tune

---- w/ Valencia
—--wiSuSA-v2 MEC

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

0.50 < |q| < 0.65 GeVic

I 1 1 1

0.65 < | Q] < 0.80 GeVic

I 1 1 I | I I 1 |

1 1 | L L 1 1 1
J 1 | | | | 1 | |

0.80 < [q] < 1.00 GeV/c

1.00 < |q] < 1.20 GeVic

1.20 <|q| < 2.00 GeVic

1 1 1 L 1 | | I L 1 1 |

=
I T T

0.5 1
Available Energy (GeV)
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Comparison of 2p-2h models to data

2p2h Model Muon System y2 | Hadron System x2
(115 d.o.f.) (67 d.o.f.)
-arge y° values seen for all 2pzh GENIE v2.12.2 - NOVA Tune 200 320
models/tunes Empirical MEC 190 160
Tuned models match data better Valencia w/ MINERVA Tune 340 420
than Valencia/SuSA-v2 Valencia 630 910
SuSA - v2 620 590

e 2 calculated for data vs. simulation with the various 2p2h models using full covariance matrix

e Correlations between bins are dominant contribution to y2

e Data release for these high-statistics analyses coming soon

e Can explore many aspects of generator models beyond 2p2h with this data

o
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Summary

Ve CC inclusive

 First double differential
measurement.

e Around 10k events.

e Uncertainties ~15-20% In
each bin.

vy CC inclusive

* More than 1M events.

e 172 bins in muon kinematics.

e Uncertainties ~12% in each
bin.
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Summary

Ve CC inclusive Muon system analysis

e First double differential * ~0.5M events.

measurement. * Enhanced low hadronic energy

e Around 10k events. selection.

e Uncertainties ~15-20% in * Uncertainties ~12% in each

each bin. bin.
vy CC inclusive Hadronic system analysis
e More than 1M events. e NOVA's first measurement in |q7] and

Eavail (2p2h concentrated at low values)

e 172 bins in muon kinematics.
e Cross section reported at 67 kinematic

e Uncertainties ~12% in each points

bin.

e ~ Uncertainties ~12% in each bin.

o
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Summary

Ve CC inclusive Muon system analysis

e First double differential * ~0.5M events.

measurement. « Enhanced low hadronic energy Future
selection.
* Around 10k events. » Active programme includes:
. e L 4E_DNO/ * Uncertainties ~12% in each
ggfheg?r:nt'es 15-20% in bin. * Antineutrino version of
' these analyses and ratios
vy CC inclusive Hadronic system analysis . aqgditional studies of semi-
exclusive channels.
e More than 1M events. e NOVA's first measurement in |g] and
Eavail (2p2h concentrated at low values)  Data-driven techniques to

e 172 bins In muon kinematics. reduce uncertainties.

e Cross section reported at 67 kinematic
e Uncertainties ~12% in each points
bin.

e ~ Uncertainties ~12% in each bin.

o
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BACK UP

o
\5.=Q_5/ Queen Mary L. Cremonesi “Cross-section measurements in the NOvA ND”

University of London




NOVA simulation

/ Hadron production model constrained with \

external measurements on thin target.

Beamline and Flux: G4NuMI Resulting uncertainty ~10% in normalisation.

l Detector Technique by MINERVA [Phys.Rev.D94, 092005]

: response:
v-A modelling: GENIE
9 GEANT4 NOVA Simulation NOVA Simulation
s — "%%F " NuMI Beam at NOvA ND *°E" NuMI Beam at NOVA ND
14 90( 0.45F-
E12 IH Rev. Mod. Phvs. 84. 1307 e 80F- Corrected Flux e 0.4F- Corrected Flux
1 oo = =5
%0'6 + (A ,:g'/ E 50%— Eo.zs%—
50.4 N‘\E 40 N'\E 0.2
§0'z -/ :;/ 302— ;?{o.wi—
10" kj m zoi— T ode
"o o = 0.05F-
S 15E weightedumweighted S 150 weighted/mmeighted e
C e 8
é 0.8? § 0.8
. i 0.6 i 0.6F
Readout electronics & DAQ: - 0 05 1 15 2 25 3 35 4 45 5 - 0 05 1 15 2 25 3 35 4 45 5
. . : GeV GeV
Custom simulation routines v energy (GeV) v energy (GeV)
YaY,
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Cross section measurements
Nevents P

- 160 . —
o N (:D 140 J\Ieutrlno Beam — NOVA ND Data =
t € = — Default GENIE =
120 —— QE Weights —
Cross . » 2100 — RES & DIS Weights -
Section Events Purity  Targets Flux Efficiency qu 80 —— Add Tuned MEC
o

(@)
o

* Measurements of neutrino cross sections depend on the efficiency

40
and purity which are estimated from our simulation. 20
* \We use NOVA and external data to tune interaction model (GENIE © E =
. = 1.15 =
2.12.2): 8 1E> =
Z 0.9 =
o> Q.8E =
e Suppress QE and RES, = 8%: E
* Increase DIS, 0 01 02 03 04 05 O
e Add MEC. Visible E,_, (GeV)

* Same tune that was used in the NOVA 2018 analysis
Eur. Phys. J. C 80, 1119 (2020)
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160 ———"m—"™@™—M™m™8M8Mm8Mm™m™m—————r——————————————

- Neutrino B —+ NOVA ND Data
2018 NOVA tune op Neutrno Beam = e G
— —— QE Weights

— RES & DIS Weights -
— Add Tuned MEC

—h
N
o

—h
)
o

 We use NOVA and external data to tune interaction model

10° Events
=S

multinucleon knockout (2p2h). Tuning is done in bins of
momentum transfer using the visible hadronic energy

40
» Correct quasielastic (QE) component to account for low Q2 20
suppression using model of Valencia group via work of R. I S —
Gran (MINERVA) [https://arxiv.org/abs/1705.02932] O 8'§ —
Q07
= 0.6 . . . . .
» Apply low Q2 suppression to resonant (RES) baryon ° 0T Vkble Bl @evy 0 f
production. NOVA Preliminary
" Neutrino Beam ¢ NOvANDdata
. . . . . . 1501 —— 2018 NOVA v + 7 tune _
* Nonresonant inelastic scattering (DIS) at high invariant mass - NOVA - MEC shape -1 -
(W>1.7 GeV/c?) weighted up 10% based on NOVA data. 2 el e, NOVA - MEC shape +1o -
© 100=re : % —
o g % Non-MEC -
» "Empirical MEC” based on NOvA ND data to account for = E

50—

. . . ©
distribution. @
O
" = 0.8F
0 0.1 0.2 0.3 0.4 0.5 0.6
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NuMu CC inclusive

Covariance matrix

Muon Kinematic Total Covariance Matrix  WWe use a covariance matrix to calculate
A 5 ' our final systematic uncertainties

x 10778

150

 We generate 100k+ universes
corresponding to different
combinations of our systematic
uncertainty samples to populate a
covariance matrix

100

50

* One of the key deliverable of the
analysis as it will allow users to access
0 50 100 150 full treatment of our systematics
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Particle ID

NOVA Simulation

3
x10
300 100 NOVA Simulation
—~ ~ 00— — ]
- - .
Q Q s00f .
< 5 Bl True Signal I
- ™ 400
IC_) : . B True NC I
o 1 2300} —
e ; 3 = True v, + v, I
& 3 200
o - =
Al 5 S 100 I
O 200 I
+~—
%3 2 1 o 1 0
X dE/dx Log-likelihood I
NOVA Simulation
» o [ —] s I
- & g | 1
. o Q | — Non-muon I
o o
O X %1000 —
~ 2 18, |
") s >0
@ 100 3 g [ I
C Ic_é _ lf_gsoo— —
O 3 3 ﬂ ]
> * H
LIJ T 20 30 % T R —T I
Average dE/dx in last 10 cm Average dE/dx in last 40 cm I
O R ——— e ——————— I

~1 -0.5 0

‘a,Q_z’ Queen Mary
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Preselection: events
fully contained and
with vertex in
fiducial volume.

Muon ID calculated
with a Boosted
Decision Tree.

Cut value
corresponds to
minimum
uncertainties on
Cross section
measurement.

Resulting sample
has 86% purity and
~90% efficiency
with respect to
preselection.
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Measurement strategy

( o ) =) 225 Ui (N> (c08 6,1, Ty, Bavain) ;P (008 0, Thi, Bavait) )

dcos0,dl,

Flux-averaged double differential cross section in 172
bins (white outline).

Selection purity and efficiency corrections applied in
3D space ( T, cosBy, Eavail).

Eavail (@vailable energy): total energy of all observable
final state hadrons.

This reduces potential model dependence of the
efficiency and purity corrections on the final-state
hadronic system.

Unfolded 3D result is then integrated over Eaail.

e
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Ny®e(cos b, T, Eayvail )ik A cos b, AT,

NOVA Simulation

2.9

N

—
ol

I IIIIIII| L LI

Reconstructed T, (GeV)

O
=3
&)

0.6 0.7 0.8 0.9
Reconstructed Cosf,
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Fractional Uncertainties NOVA Preliminary

 Weighted average
uncertainties to extracted
Cross SeCt|On Value Calibration and Detector Response

Flux

v-A modeling

e Flux is a normalisation
Uncertalnty ~9% Muon Energy Scale

« Statistical uncertainties at Muon Angle - Alignment
level of a few %.

Neutron modeling

* |nteraction modeling Statistical

uncertainties are sub-
dominant. Total

Total w/o Flux

 Measurements has typical

T T T N TR TR T N T TN A NN TR T W NN TN SN TN NN TR S NN N T
total uncertainties around 0O 0.02 0.04 0.06 0.08 0.1 0.12

1294 in each bin. Average Fractional Uncertainties
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AnaIySIS Strategy 10> | | N(I)\/A .5“.“,“'&“9”, I N(I)vA 'Sirlmljlati(l)n'
}é - —; LC:) 50007 - .
* High efficiency low purity s F — = S
selection and background 2 "] — ¥ 1 8™
constrained with template fit 2 | —L. g 200
on ElectronID s | 1 & woof
e _ I P
» Boosted Decision tree based - NonEMCVN ~ Shower Width (om)
on several inputs to distinguish g NOvASimulaton
electrons from other particles: ¢  Hv. cC -
(C\JI 100 -V CC —
_ O - v, CC _
« Deep convolution network % ol ¥, CC -
: (@)) | _
PIDs based on single S | :
particle (CVN). 2 o -
§ 40: _:
 Event level information. N -
20f
* ElectronlD not as strongly OO:I o
' Tagl ' -0.6 -0.4 -0.2 0 0.2 0.4 0.6
discriminating as MuonlD. 2 oD
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First ve CC double differential measurement

dcosb.dlb, ) . N - Ni®e(cosb., Ee)ixAcosb. AF,,
* Flux-averaged double differential cross section as a 2 T «-—1
function of the electron kinematics. X = (xz o Mi) Vz ‘ (373' o ,uj)

. . _ _ o | =(Ee, cos Be, ElectronID )
 Background estimate in each electron kinematic bin is NOVA Preliminary

done via a template fit of the ElectronlD distribution. e | |

300 —
- - 0.94=<c0s0,<0.97, 2.50<E,<3.00
* Uncertainties in templates shape are accounted for ' —
using a covariance matrix. o | ' Da j
VA S mulation = ata == |
P - 'N(ljx.;f : S ]TLU?J L%)ZOO_— — Post-Fit MC | —_
8 ] 8 | — SignaI-Lil.<e — : il
i s Ve CC - Like : T
B q) — R . —
> ° D100} Ne . f_t_'_ _
o) 7o Rte RS Pre-Fit MC SCH |
Wi 4 : _— :
2- u . '—'_— _
; 1 Ly ya—- 0 0.2 0.4 0.6
0 0.2 0.4 cos 6. 0.6 0.8 1 EIectronID
o
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Fractional Uncertainties

* Average uncertainty is a
weighted average to extracted
Ccross section value.

NOVA Preliminary

Signal Fit Normalization™

e *Uncertainty output of the Flux
template fit.

Calibration and Detector Response

 Main uncertainties are related to
calibration and detector
response as Electron energy is v-A modeling
calculated from calorimetry.

Statistical

* Interaction modeling
uncertainties play a substantial
role as analysis has a large
fraction of background.

Total

Total w/o Flux

 Measurements have typical e L L 1
total uncertainties between 0 0.0 01 0.15
15% and 20% in each bin. Average Fractional Uncertainties
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