)

N O~

Exploring Neutrino Interactions

in the

NOVA Near Detector

A Selection of Forthcoming v, CC Inclusive Results
with Implications for Multinucleon Physics

NuFact 2024

by J. L. Barrow
The University of Minnesota

with a Special Thanks to L. Aliaga Soplin & T. Olson
e - On Behalf of the NOvA Collaboration
" Fermllab September 18th, 2024



mailto:jbarrow@umn.edu

The NOvVA Experiment

Fermilab

NuMI Off-Axis v,
Appearance Expenment

 8310km baseline

e ~2GeV neutrinos

 Near first
Vv, appearance maximum

Scientific mission includes...
« Mass ordering, CP-violation
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Neutrino
from
Fermilab

The NOVA Detectors

Detectors functionally identical

* Tracking calorimeters
« Utilizes XY segmented/pixelated readout

 Scintillating oil, extruded plastic
+ ~66% C,16% Cl,11% H,3% 0,2% Ti — ~60% active
* ~4cm X 6.5cm X O(m) PVC cells - ~4cm vtX. res.

« Avalanche photodiodes
« ND: ~5-10ns timing resolution
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Detectors functionally identical

‘,’;' ~290T, ~4 X 4 x 16m ND w/u catcher
¢ ~1km from NuMI, 100m underground

e 14KkT,~16 X 16 X 60m FD
« 810km from NuMI, on surface

« Good tracking for HE FG particles
o « Suffers at high transverse angles

Fermilab
To 1 APD pixel « LE hadron reconstruction difficult
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Some Recent Milestones

N O~

Near Detector |
Refurbishment
~400/600 APDs

from NuMI
We've got
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The NOvVA ND at NuMI

Neutrino CC cross sections
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ngh intensity NuMI running

» Typical recent runs at 900kW
* v+v: 240x10%° POT on tape
* ~6.5Mv,, 2 1.5Mvy, ND candidates

in Nu24 oscillation results
« Empowers XSec measurements!

Muon Catcher
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Near Detector
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Why Cross Sections Matter

v-beam

Lepton Reconstruction
Neutron Uncertainty
Detector Response
Beam Flux

Detector Calibration

Neutrino Cross Sections
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v oscillations are NOvA's focus
* Facilitate precision measurements of
PMNS parameters

Precision is difficult...
* Must understand and mitigate all
sources of uncertainties

vs are excellent probes of nuclear
physics...

» But such physics is always murky...

Nuclear modeling a leading

systematic uncertainty
« Some v scattering processes are not

well understood
« 2p2h interactions an important
component of current NOVA analyses

Goals include:
« Improve NOVA’s own precision
+ Empower future multiGeV exps. via

inputs to future vA & eA tuning efforts
« DUNE needs everything it can get!
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NOVA Cross Section Analyses

Some Past, Recent & Future Results

NOVA Preliminary
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Measurement of Triple-Differential v,,

: Charged-Current Inclusive Cross Section
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 W&C—Publication in preparation

Measurement of v,, charged-current
inclusive 79 production in the NOVA near

detector

* Phys. Rev. D 107, 112008
Measurement of the double-differential

muon-neutrino charged-current inclusive

cross section in the NOvVA near detector

* Phys. Rev. D 107, 052011
Measurement of the v_.-Nucleus Charged-
Current Double-Differential Cross Section

at (E,) = 2.4GeV Using NOVA
* Phys. Rev. Lett. 130, 051802
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2p2h-Focused
Cross Section Studies
Using Inclusive
v, CC Interacitons

Publications in Preparation
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2p2h-Focused

Cross Section Studies
Using Inclusive

v, CC Interactions
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FIG. 1. Total 2p2h cross section for muon-neutrino and anti-
neutrino interactions on carbon for the empirical model available
in GENIE, the SuSAv2 2p2h model discussed in this manuscript
and the Valencia model as implemented in GENIE [5,44].
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2p2h-Focused
Cross Section Studies
Using Inclusive

NOVA ND regime 1

4

v, CC Interacti

E, (GeV)

FIG. 1. Total 2p2h cross section for muon-neutrino and anti-
neutrino interactions on carbon for the empirical model available
in GENIE, the SuSAv2 2p2h model discussed in this manuscript
and the Valencia model as implemented in GENIE [5,44].
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Two analyses



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003

2p2h-Focused
Cross Section Studies
Using Inclusive
v, CC Interactions

_ ¢
0 Two analyses
NOVA ND regime
~ Enhance v, CC
5 ; A inclusive selection
= with 2p2h events
o N;
2 3
E, (GeV)
FIG. 1. Total 2p2h cross section for muon-neutrino and anti-

neutrino interactions on carbon for the empirical model available
in GENIE, the SuSAv2 2p2h model discussed in this manuscript
and the Valencia model as implemented in GENIE [5,44].
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2p2h-Focused
Cross Section Studies
Using Inclusive
v, CC Interactions

- e Two analyses
NOVA ND regime

Enhance v, CC

5 ] A inclusive selection
= ) with 2p2h events
o N;

-

2 3
E, (GeV)
Estimate 2p2h
FIG. 1. Total 2p2h cross section for muon-neutrino and anti- Cross section
neutrino interactions on carbon for the empirical model available directly in gq & g3 N
in GENIE, the SuSAv2 2p2h model discussed in this manuscript via subtraction %

: : i E [5,44]. . ;
and the Valencia model as implemented in GENIE [5,44] given VHCC selection
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Q v, CC Inclusive ND Data Set & Modeling Q

Near Detector
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10° Events / (8.09x10%° POT)

NOVA Simulation

gg ] 2p2h Res v,-CC selection
F [ ae pis 7] Others
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6|_'|'| N

5

Track: NOvA-specific term

from Kalman filter
Focuses on u reconstruction

only 1 only 2 only 3 >3

Slide adapted from Exploring 2p2h signatures in muon-neutrino charged-current measurements at NOvA—FNAL W&C—L. Aliaga Soplin, T. Olson
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G F 2p2h Res v,-CC selection

2 p 2 h e —
Enhanced
Selection

- [EEEH QE DIS Others

10° Events / (8.09x10%° POT)
o

R R R I N A R I T R

only 1 only 2 only 3 >3
Tracks

» Incl. v, CC preselection w/full containment
« Slices w/tracks, use fully active fiducial volume

 u ID w/BDT (uses mainly dE/dx vars.)

* 97% purity, ~98% efficiency wrt. preselection
» v, CC w/single track, T, < 250MeV, T, < 175MeV

Expect statistics to grow by ~3X in future!
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G V., -CC selection

2 p 2 h e DIS Others
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10° Events / (8.09x10%° POT)
o

R R R R

only 1 only 2 only 3 >3
Tracks

» Incl. v, CC preselection w/full containment
« Slices w/tracks, use fully active fiducial volume

 u ID w/BDT (uses mainly dE/dx vars.)

* 97% purity, ~98% efficiency wrt. preselection
» v, CC w/single track, T, < 250MeV, T, < 175MeV

Expect statistics to grow by ~3X in future!
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NOvVA Simulation

current measurements at NOvA—FNAL W&C—L. Aliaga Soplin, T. Olson

Slide adapted from Exploring 2p2h signatures in muon-neutrino charged-
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NOvVA Simulation

Slide adapted from Exploring 2p2h signatures in muon-neutrino charged-
current measurements at NOvA—FNAL W&C—L. Aliaga Soplin, T. Olson
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NOvVA Simulation
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NOVA Prellmlnary

| 0.68<cos6, <074 | 0.74<cosd <0.80 | 0.80<coso, <0.85

Rl o | Ko | g0

 0.85 < cos(—)M <088 | 0.88< cos(—)u < 0.91 i 0.91 < cos(—) <0.94 i 0.94 < coseu < 0.96

(cm?/GeV/nucleon x 10%)

40 a T 104—————————— T —————
i e ; 9 "t 2p2h Uhcertainties — MINERUAn
30 1 _/( | from spread NOvA-tun
™ EEEEEN EEnSEnm T W veemsssfasslas T 100k ___ _SuSA-v2
[ | NOvA-tune
20 ¥ el e ]
10F ]
- [
Ol =anl 0.96<cosH, <0.98 0.98 < cosf, <0.99 0.99 <cosf, <1.00
@ -u, 4 .
o R P T B ) +Dt Stat.+Syst.)
© 2p2h uncertainties — MNeRviune il ata (Stat.+Syst.
8 o from Spread SN:AAz IIIIMII HT L - =nnnn s T . 1
-8 vA-tune ] = -iii 1 __‘ The ]
H Tf =il — GENIE 2.12.2-NOvVA Tune
- i = I—

- - - GENIE 2.12.2-Untuned

1 2
T, (GeV) T, (GeV)



https://indico.fnal.gov/event/62061/
https://indico.fnal.gov/event/62061/

NOVA Preliminary

0.74 < cos,l?)M <080} 0.80 < cosE)M <0.85

0.50 < cos0, <0.68 'L 0.68 < cos0, <0.74

0.85< cosE)M <0.88 | 0.88 < coseM <091 [

/ Measurement
- O
N
! |

=1.2
I_
©
O] = 1
A (==
Olw
O
8 0.8 .
15 0.98 < cost, <0.99 .99 < cosf, <1.00 1 T, (GeV) 2
A Measurement
w / NOvA-tune
1 :__% . . - : w / Empirical MEC
w / MINERvA-tune
w / Valencia
[ w / SuSA-v2 MEC
No model GiBUU 2021
reproduces

NOVA data!


https://indico.fnal.gov/event/62061/
https://indico.fnal.gov/event/62061/

Q NOVA Preliminary _ NOvVA Preliminary
[T T | T T T T { T T T T { T T T T T T] - T T T T T T T T

(@) ‘ T T T -
I | ‘b 1ol —}— Data (Stat.+Syst.) -
6 _ X i — GENIE 2.12.2 NOvA-tune |
& c -
] 1) - 1 GENIE 2.12.2 Untuned _
o | ! 7 5 10 1
erived - o |
C ......... E 8 i
- Q4 | & 1
Variables [ &4 5 :
~ et + Data (Stat.+Syst.) | % - .
NE ol — GENIE 2.12.2 NOvA-tune | O 4 —
S i . == = ]
B + 0 GENIE 2.12.2 Untuned 1 9 [ i
£
- 1 &2 : ]
I A ch i —
_ _ _ ob—t v e 1] B0 —
Project this measurement in 1D — t L Messtrement vt
. . easuremen —— w/ Valenci —— w/ Valencia
+ Kinematics of energy, Q* = —¢? 145 o NOVAtune W/ SUSAND MEC 1.4 1y /NOvA-tune W/ SUSA2 MEC
- Computed via reconstructed E, and - — w/Empirical MEC ~ — w/ GIiBUU 2021 - — w/Empirical MEC ~ — w/GiBUU 2021
. . - —w /MINERVA-tune L = w / MINERVA-tune
calorimetric energy e
c | i
S 1.2F S 1.2
S £ _
Excellent for comparisons to 2 :Q 2
various modeling assumptions 3 [ ——— " — I R e
« NOVA tune: performs well O\NO
- MINERVA tune: slight underestimates e U‘c ﬂh\_
« GiBUU: slight overestimates - —
st i \_\—\_,—'4_'
7| ol e e b e e | A A A | | ! | | | | | !

1 1.5 2 2.5 0 0.2 0.4
Tensions: SuSAv2/Valencia 2p2h models  Neutrino energy (GeV) Q? (GeV?/c?)

30


https://indico.fnal.gov/event/62061/
https://indico.fnal.gov/event/62061/

) Theoretical 2p2h {q,,|q|~q; }-Space

2000
1800
1600

1400

= 1200

< 1000

S 800
600
400
200

q, (MeV/c)

x107*

= I I | I I | —

;— —; 3.5
il Pure 2p2h 5

- GENIE SuSAv2 . S0
E_ Cross Section _E 55
= I 2.0
= B 1.5
= El BK
3 o5
- PO NN TR SN Y TN ST AN SN TN TN NN TN TN SN AT TN SO T AN SN TN TN AN TN TN SO Y TN SO W N .: OO
0O 200 400 600 800 1000 1200 1400 1600 1800 2000

31


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://indico.fnal.gov/event/62061/

q (MeV)

2000
1800
1600
1400
1200
1000
800
600
400
200

00 200 400 600 800 1000 1200 1400 1600 1800 2000

Theoretical 2p2h {q,, |q9|~qg; }-Space

IHIIII|IIT|III|III|III|IIT|III|ITI|III

L

T

T

| AL

Pure 2p2h

GENIE Empirical
Cross Section

—_—

q, (MeV/c)

2000
1800
1600
1400
1200
1000
o° 800

600

400

200

(MeV)

o

x107*

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

IIII|III

" Pure 2p2h
- GENIE SuSAv2

Cross Section

—_—

|

_IllllllllllIIII|IIIII|I|IIIIIIIIIII|II

o TTT[TTT[TTT[TTT[TTT[TTT[TTT
SRR RN ERRR R L) RN R

q, (MeV/c)

200 400 600 800 1000 1200 1400 1600 1800 2000

x107%2

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

(MeV)

o

q

2000
1800
1600
1400
1200
1000
800
600
400
200
0

" Pure 2p2h -
GENIE Valencia
Cross Section

AL A L N e
[RLRLARALY LARY LS RARY LALA LAY ALY

— — — _n ol e WV PRV VU U [N ST SN NPV ST U

0 200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c)

0.0

32


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://indico.fnal.gov/event/62061/

q (MeV)

2000
1800
1600
1400
1200
1000

600
400
200

00 200 400 600 800 1000 1200 1400 1600 1800 2000

x107%

—_—

IHIIII|IITIIII|IlI|III|IlT|III|ITl|III

3.5
3.0
2.5
2.0
1.5
1.0
0.5

q, (MeV/c)

2000
1800
1600
1400
1200
1000
5 800

600

400

200

(MeV)

o

o_III|III|III|III|III|III|III|III|III|III

0.0

_IllllllllllIIII|IIIII|I|IIIII1IIIIIIII

| STV S St Yl A T T N T T N T T N ST S S S N W SO |

200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c)

x107%2

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

q (MeV)

2000
1800
1600
1400
1200
1000
800
600
400
200
0

Theoretical 2p2h {q,, |q9|~qg; }-Space

x107%2

3.5
3.0
2.5
2.0
1.5
1.0

0.5

AL A L N e
[RLRLARALY LARY LS RARY LALA LAY ALY

as . — — —n ol eSS YN PO U U U TSNS SN VRO

0 200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c)

0.0

33


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://indico.fnal.gov/event/62061/

q (MeV)

2000
1800
1600
1400
1200
1000
800
600
400
200

00 200 400 600 800 100012001400160018002000

x107%

-

IHIIII|IITIIII|IlI|III|IlT|III|ITl|III

3.5
3.0
2.5
2.0
1.5
1.0
0.5

q, (MeV/c)

2000
1800
1600
1400
1200
1000
5 800

600

400

200

(MeV)

o

o_III|III|III|III|III|III|III|III|III|III

0.0

-

ot o o by s by s b by by e b 1y

_IllllllllllIIII|IIIII|I|IIIII1IIIIIIII

200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c)

x107%2

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

q (MeV)

2000
1800
1600
1400
1200
1000
800
600
400
200
0

Theoretical 2p2h {q,, |q9|~qg; }-Space

x107%2

AL A L N e
I [ERAT LRSS RALYRAL]) LARHRAR] LALY

T L o e P B Y L ) TR

3.5
3.0
2.5
2.0
1.5
1.0
0.5

Laa il g 353 G g

0.0

0 200 400 600 800 1000 1200 1400 1600 1800 2000

q, (MeV/c)

34


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://indico.fnal.gov/event/62061/

q (MeV)

42
2000 £ T T T T T <10
1800 £ < 35
1600 £ S/ 3.0
1400 E P
1200 |- =
1000 - <. 20
800 £ P 1.5
600 on = 1.0
400 £ ' =
oo ol o5
OE.,|,..[...I...I...I...I...I...I...I...:| 00
0 200 400 600 800 1000 1200 1400 1600 1800 2000
q. (MeV/c) 42
3 2000: T T L X10
1800 |- 35
1600 | 3.0
1400 £ -
3 1200 £ '
2 1000 |- 2.0
- =
© 800 1.5
600 £ — 1
400 [ -' =
200/ & =705
0|:| L L .||.||||.|.|,||.|:‘ 00
0 200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c)
=
()
<
o

Theoretical 2p2h {q,, |q9|~qg; }-Space

2000 e I x107*
1800 35
1600 3.0
1400

1200 .
1000 2.0
800 15
600

1.0
1 0.5

200
B NI v N My S VN O e S Wl LAl

0 200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c)

0.0

35


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://indico.fnal.gov/event/62061/

q (MeV)

—42
2000 £ T T T T T <10
1800 £ — 3.5
1600 - E EL
1400 = o
1200 |- =
1000 - < 20
800 £ P 1.5
600 fou I 1.0
400 —
S | o5
OE.,|...|...I...I...I.‘.I..‘I...I...I...:| 00
0 200 400 600 800 1000 1200 1400 1600 1800 2000
q. (MeV/c) 42
3 2000 g | T T x10
1800 - 3.5
1600 [ 3.0
1400 £ -
3 1200 £ '
2 1000 |- 2.0
- -
© 800 1.5
600 £ —— 1
400 £ E
C _— ]
200 = .‘ ] 0.5
O|:...I...I...I...I...I...I...I...I..‘I‘..:‘ 00
0 200 400 600 80O 1000 1200 1400 1600 1800 2000
q3(MeV/c)
S
()
3
o

Theoretical 2p2h {q,, |q9|~qg; }-Space

2000 1T A

1800

1600

1400

1200

1000

800

600 et

400

i B
0 200 400 600 800 1000 1200 1400 1600 1800 2000

qa(MeV/c)

36


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://indico.fnal.gov/event/62061/

Phys. Rev. D 101, 033003 (2020)

- No single track required, no hadron KE maxima e
« Estimate relevant variables for this parameter space via..is0
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© Cross Section Measurement
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& 2p2h Cross Section Estimation

N
o

—_
()]

_(cm?/GeV/(GeV/c)/nucleon x 10%)
S

avail
[6) ]
T 1 1 | T 1 1

o

d?/d[|dE
o

|

NOvA Preliminary

| Tt T [
0.50 < Igl < 1.00 GeV/c

—I— Data

+

0.6
Available energy (GeV)

0.8 1

Develop templates for subtraction

Utilize NOVA tune w/GENIEv2.12.2

QE+RES+DIS = 1p1h totals

Excess taken as 2p2h estimate
170,759 events remain

« MC predictions for RES+DIS in
control subsample fit to data

Resulting normalization assigned to
inclusive RES & DIS templates

— QE+RES+DIS

Available energy (GeV) Available energy (GeV)

Available energy (GeV)

iy

0.5

0.5

oy

0.5

NOvVA Simulation

O
m

-
m |
0

0.5 1 1.5
Three-momentum transfer (GeV/c)

1.5

0.5

Events x 10

Events x 10°

________ NOvA Preliminary
[ n7Data _ pyBked
Nog Nyp

Remaining events

80

Number of events (x10°)

0.5 1 1.5
Three-momentum transfer (GeV/c)

—

, (cm?/GeV/(GeVic)/nucleon x 10%)

0.5

dordfIdE,

05 1 1.5
Three-momentum transfer (GeV/c)

44


https://indico.fnal.gov/event/62061/

Q

Excess Cross Section
1 1 I 1 T 1 1 I

D

w

N

—_—

o
1

do/d[q| (cm?/(GeV/c)/nucleon x 10%°

N

do/dE_,., (cm*/GeV/nucleon x 10°°)

0.5 1 1.5
Three-momentum transfer (GeV/c)

Tensions again observed wrt.
to SUSAv2 & Valencia

Particularly true at low hadronic energy and
medium momentum transfer

Speaks to needs for improved
QE & 2p2h modeling

2p2h
Cross Section
Estimation

Single differential cross sections
projected onto |g| and E,yaj

Excess Cross Section

—
—— Data 7
——— NOVA tune GENIE 2.12 |
a \ --------- GENIE 2.12 Empirical -
B /H --------- MINERVA tune 2p2h-MEC
m s SuSAv2 model 2p2h-MEC |

T — — Valencia model 2p2h-MEC |

05 15 2
Available energy (GeV)


https://indico.fnal.gov/event/62061/

S

Summary & Conclusion o

NOVA Preliminary NOVA Prellmlnary\
a[ T T . T T T T T T T T ] e T T .
0.50 <cosf, <0.68 0.68 < cosH, <0.74 0.74 <cosH, < 0.80 0.80 <cosH, <0.85 ooo g 0.00 < |q| <0.50 GeV/c 0.50 < |-CT| < 0.65 GeV/c
6 ] 1 1 ] ~ 30~ ——+—— Data E TN B
........... 0 __9 R 4 W 0 /{ e X F NOVA tune GENIE 212 f ///~ ]
4 ] 1 ] ] c 20f5, =00 eeeeeee-- GENIE 2.12 Empirical [ 3
> (@) FIN e eeeas MINERVA tune 2p2h - ]
S ) _ - @ oF e SuSAV2 model 2p2h | -
X g u —— —— . Valéncia model 2p2h [ ]
§ ' + t t t t ; ; < F t f
T | 085<cos0, <088 | 0.88<cos, <091 0.91 <cos6, <0.94 0.94 < cos0, < 0.96 o F . 0.80 < [§] < 1.00 GeV/c ]
) i ] 1 1 ' ] - . .
[« S Y - 1 7YY - TR N « RS PTTTT A. > [~ - —
S ot ./(9 ...... /(9 1 ... /(9 1 : O .
> O Lf :
JORP ] 1 S ¢t ]
e (0] C E
S 1o O F ]
= - u
5 ; ; ; ; E ———t—— Pt t—t—t
ol =0l O 06 < coso, < 0.98 0.98 < cos6, < 0.99 0.99 < cosf, < 1.00 O 1.20 < |9] < 2.00 GeV/c
i T ( =30 -]
‘\.‘O 8 ______ T 9 o — 9 - - e + Data (Stat.+Syst.) % E
S 40} : Ll 20F ]
— GENIE 2.12.2-NOVA Tune © i ]
€ o : :
- - - GENIE 2.12.2-Untuned \b ‘__,,_,4_—#—,%__";’_'_
0 . : ' : o . g ' 05 1
1 2 1 2 1 2 © ;
T, (GeV) T, (GeV) T, (GeV) Available Energy (GeV)

* NOVA offers excellent opportunities for high statistics cross section
measurements to empower future experiments

* Inclusive v, CC selections an excellent playground for semi-inclusive
studies useful in understanding multinucleon scattering physics

* More to come with improved reconstruction and statistics!
* Novel ideas in current development!

* These double differential measurements’ publications being finalized!



Thank-you for your attention!
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Adjusting neutrino interaction models and evaluating uncertainties using NOvA near detector data-EPJC (2020)

ZM/QE/2p2h-like
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utrino Bean —+ NOVAND Data

_: —— QE Weights —

RFG Empirical £ 1003' —— RES & DIS Weights -

o 805 —— Add Tuned MEC 7

NOVA ND and external data are used to tune the model JEJ; 605_ =
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