report number is: FERMILAB-SLIDES-23-153

)

Neutrino Cross Sections using the NOvVA Experiment

‘e_,_é_s’ Queen Mary

University of London

Prabhjot Singh, on behalf of the NOVA Collaboration

Users Meeting 2023, Fermilab

30 June 2023



NOVA - Physics Program

Neutrino 22  NoyA Preliminary

NOVA has a broad neutrino physics
program

e 3-flavor neutrino oscillations

buniapiO [eWwION

» Searches beyond standard model
- Sterile Neutrinos
- Non-standard Interactions

e EXxotic searches
- Supernova neutrinos

6uuebb PBIBAU|

- Magnetic Monopoles
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NOVA Physics Program

program

e 3-flavor neutrino oscillations

e Searches beyond standard model
Sterile Neutrinos
- Non-standard Interactions

e EXotic searches
Supernova neutrinos

- Magnetic Monopoles

0.3+ BayesianCred. Int.. —16---206--30 s
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e Neutrino cross section measurements
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NOVA Experiment

* NOVA is a long-baseline two-detector neutrino
oscillation experiment

 Both detectors filled with liquid scintillator and
composed of 77% CH2, 16% chlorine, 6% TiO2 by

Mass

» ! 1
Croahilt i & 7 S o
g P T T S8
“: ook Gl S e I B

——f—i== Ash River, MN, 810 km
from neutrino source

* Functionally identical
detectors to reduce
systematic uncertainties

1 km from neutrino
source
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NOVA Experiment

* NOVA is a long-baseline two-detector neutrino
oscillation experiment

* Both detectors filled with liquid scintillator and XA A
composed of 77% CHa, 16% chlorine, 6% TiO2 by g p i e UL L

Minneapolis ® ‘ | — | Ash River, MN, 810 km
Mass > from neutrino source

1% v,+ 1,

systematic uncertainties

Neutrino beam NOVA Simulation

 Functionally identical : NOvAFarDetector ¥, -
10° 9%6% Y, . =

detectors to reduce 3% D, v -

e 14.6 mrad off-axis

Neutrinos / m?/ GeV /5 x 10"° POT

detectors
. T Ne;trilnolehcgréyl(Glev) 5 I
 Neutrino beam peaks at |
_ _ 1 km from neutrino
2 GeV High purity v, beam source
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Beam Exposure

30 Weekly neutrino beam —— Accumulated beam

Weekly antineutrino beam Neutrino POT: 26.4 €20 —— Accumulated neutrino beam _
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1MW, here we come! - Thanks to the hard
work of many people in front and behind
the scenes

* Total protons on target recorded so far 39e20

* New power record 950+ kW in FY23
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Event Topelogles
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Long, straight track "
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Event lopologies

Long, straight track

Short, wider,
fuzzy shower
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Event lopologies

vy CC

Long, straight track

Short, wider,
fuzzy shower
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Event Display - Far Detector
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Event Display - Far Detector
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Event Display - Far Detector
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Event Display - Near Detector
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Neutrino Interactions in NOvVA

lepton
_ ]V //J P

| ) — Quasi-Elastic
X ) (QE)
Nucleon’ Nucleon”
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Neutrino Interactions in NOvVA
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Neutrino Interactions in NOvVA

) lepton

| ) —_ Quasi-Elastic
, ’ (QE)
Nucleon Nucleon”

AN

//

. lepton
// P

v =
g Resonant
J = (RES)
Nucleon’ N
J Nucleon”

J lepton

Deep
J — —3 pions Inelastic

Nucleon’ Scattering

J Nucleon” (D|S)

ey CuceTiiig Prabhjot Singh Users Meeting 2023



Neutrino Interactions in NOvVA
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Neutrino Interact[ons IN NOVA
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Rev. Mod. Phys. 84, 1307
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Vv cross section/
© © ©°
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e NOVA sits in the transition region of all
iInteraction types

e Need better understanding of neutrino
Interactions to reduce systematic uncertainties
on oscillation measurements
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Why Cross sections are Important?

R(x)=q@(E) Xo(k ,x)Xelx) X Py, — Vp)

Event rate / \

(Measured in detector)  Neutrino flux Detector response

Neutrino-nucleus interaction ~ Oscillation probability
cross section (This is what we want to know)

To get oscillation probabilities from the event rate, we need to know neutrino-nucleus
cross section well, along with neutrino flux, and detector response efficiencies
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Two New v, CC Cross-section Analyses

e Double differential cross-section measurements

- Muon :> Energy
System Ve
v, 0, angle
- J T
Iq]
> _ 3-momentum
= 5 . Hadronic — transfer ||
A = System VS
Epad = Eavail energy
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Two New v, CC Cross-section Analyses

e Double differential cross-section measurements

 Both focus on 2p2h interactions

- Muon — Energy
System Ve
v, 0, angle
——— e e Yy T
q]
> — i 3-momentum
— - ) Hadronic = transfer ||
A — System VS
Ehad = EAvail energy

Both built on previous v, CC inclusive measurement Phys. Rev. D 107, 052011 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011

Muon System

e Double differential measurement in
Energy

VA

5 Tﬂ - outgoing muon K.E.

angle

+ COs 0, - outgoing muon scattering
angle wrt to neutrino beam

Hadronic 3-momentum
transfer |g
:> 9]

System Vs
energy
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Muon System

Signal defnition

Only one reconstructed track (muon
NOVA Preliminary _ . candidate)

~0.5M events . U, C'(C interaction within detector’s fiducial

volume

;" =200 MeV, and T, = 175 MeV

SJUBAS PB109|8S
o

(
I|III|III|III|IIIOrIII|III|III|III|I

0.8
0.6

J|L.lI|J.JI|.lIIJ
|
N

0.5 055 0.6 0.65 0.7 0.75 0.8 085 0.9 095 1
W

Reco Cos6
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Muon System

Signal defnition

* Only one reconstructed track (muon
NOVA Preliminary _ - candidate)

rr11 ] 1T 1T 1T ] rTrTrTrJlrrrrJjrrrrrrrr ||||||||||||||||||l|
— n —i

 Boosts 2p2h, reduces DIS and RES
2 interactions

2.4— —
225 ~0.5M events 10 . L. (CC(C interaction within detector’s fiducial
= 2p2h events H
< F concentrated here g P volume
o '-Ob D
@) C . @)
~ 1.6 D
= F 6 % o Tl’,"“x = 200 MeV,and """ = 175 MeV
O "'
S 1.2 4 g
:_ (0))

J|L.l||lJIl.lII J

0.5 055 0.6 0.65 0.7 075 0.8 0.85 0.9 095 1
Reco Cosf,

39.7% 33.7% 23.0% | 2.5% | 1.1%
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Muon System

cross section results are
compared to various theory
models

Theory models are
underestimating cross
sections in 2p2h region
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Muon System

Both tuned and untuned 2p2h Model ¥2 (115 d.o.f)

models under predicts the

cross sections in 2p2h GENIE v2-12.2 NOVA Tune 200

regions

J Empirical MEC 190 Tuned

Valencia w/ MINERVA Tune 340 models

Pure theory models have .

larger discrepancy Valencia 030 Theoretical
SUSA - v2 620 models
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Hadronic System

NOVA’s first double differential
measurement In

+ | g | - magnitude of three momentum
transferred from the leptonic to
hadronic system

- available energy

3-momentum
transfer |g]|

avail

VS
energy

- expected visible hadronic energy
(excluding neutrons)
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Hadronic System

Signal defnition
. U, C(C interaction with vertex within

NOVA Preliminary detector’s fiducial volume

~1M events 80000

e whole interaction contained in the Near

Detector
60000

, -

0.5

40000

Illlllllll'llll

20000

: — 2
4l (GeVi/c)
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Hadronic System

Signal defnition
. U, C(C interaction with vertex within

NOVA Preliminary detector’s fiducial volume

"« whole interaction contained in the Near

Detector

< 2 l —
3 E ~1M events

S 151

R

D 60000
- 2p2h events

|- concentrated
[ here

e muon kinematics to enhance selection
R efficiency and sample purity

Illllllllllllll

0.5

- -
—
—

20000 4 0.5< Tﬂ <25 GeV

" @ (GeVic) . cos6, > 0.5

2p2h concentrated at low values

o 27% selection efficiency, 92% sample purity
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Hadronic System

Inclusive cross section

a— 2
s
Selected signal is unfolded using ET;
D’Agostini iterative unfolding LGB
algorithm i
s
Unfolded data is converted into 05
cross section measurement -
00—

I | I I | | I I I I I | I | I
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Conclusions and Outlook

o 2p2h models have discrepancies and are under predicting neutrino-nucleus interaction
Cross sections

 Papers to be submitted soon for these two presented cross section analyses

* [wo anti neutrino analyses are in advanced stages

» U, CCinclusive analysis - triple differential in 7, cos 6, and £,

» U, CC inclusive analysis - double differential in E,, cos 0,

* Anti neutrino to neutrino cross section ratios also in the pipeline

Y Lee Prabhjot Sing Users Meeting 2023 18
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Brief Introduction to Neutrinos

®* The most abundant particles in the Universe after
photon

e Postulated in 1930 by W. Pauli to explain the
continuous spectrum of beta decay

e Charge-less, spin 1/2, weakly interacting and
massless in the Standard Model (SM)

e Three generations: v, , 1/, and v/, (and anti-neutrinos)

Y Lee Prabhjot Singh Users Meeting 2023 20
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Neutrino Energy (eV)
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Oscillation Phenomenology
AY 3
Ui V) = U*|v;)

e Neutrinos oscillate between different flavors

¢ Oscillation implies non-zero masses of
neutrinos

o
-
vV,
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Neutrino Oscillations

+ e Neutrino flavor states (v, , v, and v/;) are
superposition states of mass states (v ,
N
N V> and 13)

e Neutrinos oscillate between different
flavors

¢ Oscillations imply non-zero masses of
neutrinos

U
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e Ordering of neutrino
masses: sign of

2
| Ams, | ?

\a,_@’ Queen Mary

University of London

Open Questions

31 I

p)
Am32

A /
2 I s
iAm%

'

NORMAL

Prabhjot Singh
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Open Questions

e Ordering of neutrino
masses: sign of

2
e Maximal or non- - ®
_ = , sin® 6, )
maximal U,u — I/T Vg; m; 31 & 2 IAz‘ m,
mixing? % > el 2
I
o
= m22 > Am321
o:)s IAm
Z 2 21 \ 4 2
my ' e 31 ] ms;
NORMAL INVERTED
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e Ordering of neutrino
masses: sign of

2
| Ams, | ?

e Maximal or non-
maximalv, — v,

I
mixing?

e Any CP violation by
neutrinos?

‘e:Q_s’ Queen Mary

University of London

Open Questions
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Open Questions

e Ordering of neutrino

masses: sign of W
2 9
| Ams, | v, o,
....... -
e Maximal or non- 9]

maximal v, — v —
mixing? gy —
. | A \ -
e Any CP violation by Ehad = Eavail

neutrinos?
e Nuclear effects on

the neutrino-nucleus
Interactions
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v, = U, Disappearance Oscillations

g e 1.27 Am3, (eV?) L (km)
_ ) - ) ) 32
I — Without matter effects PU,,t—>V,,, = I=sm 2923 >IN ( E (G@V) )
| Am322

"\31.01 : —

> i

(I ) . .

= | Survival probability gives direct

i 5-_ ) measurement of sin2(2923) and
_ \Amgzl

0.9 l > 3 4 5

1
Neutrino Energy (GeV)
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v, = U, Appearance Oscillations

0.20 | D B | N | I B | | I B | | I | [ 0.1 5 I B I B I I | I B | I I
I L =810 km ] - L =810 km
p=284¢g cm® i - p=2.84¢g cm’®
sin°0,,, = 0.50 - . sinZe23 =0.50
0.15 sin’6,, = 0.30 — i sinze12 =0.30
— sin°0,, = 0.02 - — 0.10l sin°0,, = 0.02 Bl
o - : -
K o (0 =120 | bp () <120
/l\ Am3, =7.53x10° eV2 A m221 =753 x 10_3 eV2
0.10f A M2l =2.44 x 10° eV? ! IA M3l =2.44 x 10~ eV
=3 _ = i
5_3 = | — A2, >0
2
E — AM;,>0 | O .05 Am32<0 _
5 —— Without matter effects
0.05 — Am;, <0 —
) — Without matter effects 7
O-OO I I I I I I I I I I I I I I I I I I I I I ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0 1 2 3 4 5 0.00
E (GeV 0 1 2 3 4 5
(GeV) E (GeV)

¢ Matter has the opposite effect on neutrino and anti-neutrino oscillation

e Matter effect determine the CP-violating phase and the sign of the | Am%2 |
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Neutrino Beam at Fermilab
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v, = v, Disappearance and v, — v, Appearance data

H
v-beam Phys Rev. D 106, 032004 v-beam Phys. Rev. D 106, 032004
251 +FDIData I —;Best fltl Pred.: “lLow CNNG‘” Hléh CNNI _3 ° Observe
B _ Best-fit : .
e osyst | w) TFDData —Bect | 82wy, candidates (27 bkg)
| : WS bkg. | 1-o8yst. |z 3 — :
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5 | -: | | e There is a large significance of v,
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Neutrino 22

Bayesian [reatment

NOVA Preliminary

I I ) Ll Ll Ll

 Markov Chain MC bayesian analysis

* Alternative method of analyzing same
dataset

pbunapiO |‘eluluoN

 Same conclusions as the frequentist

0.3}

approach

o Slight preference to upper octant and normal
ordering of neutrino masses

PbuLispiO pPalIdAL|

Bayesian Cred. Int.; —16--26--30 -  Exclude inverted ordering, 0., = /2 at > 30
0 g 5% %n on cp

CP

\c:Q_s’ Queen Mary

University of London
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Neutrino 22

NOvA-only 6,, and 6,, Results

Both Ordermgs NOvA Prelummary

» Larger 0, prefers lower octant for 6,5, and
vice verse

» Normally we use reactor 0,5 constraint in
oscillation fit from PDG

Posterior Probability

| @Reactor mWLO. FU.O. |
el | + Here 0,5 is measured by NOVA using
| bayesian analysis
& i .
k%) ’ .. .‘: R R Py Sln2 29 1 3 — O . O 8 5 _1_8 8%2
0.05 - -
' Bayesian Cred. Int.: —16 -- 26 .- Bayesian Cred. Int.; _ _
i, [OReactor o, @ 0« | ¢ Gonsistent results with reactor
0.4 0.45 0.5 0.55 0.6 0.005 0.01 0 015 measu rements
Sin‘0,, Posterior Probability
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https://zenodo.org/record/6683827

O,Qs’ Queen Mary

rsity of Lon

Cross-section Formula

Observed events

Unfolding mx l /

l €iN
L Itqb\

Neutrino beam flux

Number of target
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GENIE 2.12.2

* Global Fermi Gas with high momentum single nucleon tail from short-range
correlations

e QE: Llewellyn Smith

» MEC: Emperical MEC reweighted to ND data
 RES: Rein-Sehgal

* DIS: Bodek-Yang

 FSI: hA (effective model for FSI)
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U, CC Inclusive Cross section

https://arxiv.org/abs/2109.12220

100[ 0.50<cos 6, <0.56 1 0.56<cos 6, <0.62 T 0.62<c0s6,<0.68 | 0.68<c0s6, =074 T 0.74<c0s0, 0.80 e More than 1M y,u CC
" events in the analysis

50

 (Good agreement between
GENIE and Data

0.85 < cos Bu <0.88 0.88 < cos E)u < 0.91

100}F 0.80 <cos 6,=0.85

0.91 <cos eu <094 1 0.94 <cos E)pl < 0.96

(cm?/ GeV / nucleon x 10%)

e Uncertainties ~12% In each
bin

=100} 0.96 < cos 0, =<0.98 0.98 <cos 6, <0.99 0.99<cos 6, <1.00 A

d2
dcosO dT

| —t— Data (Stat. + Syst.)
§. ] —— GENIE v2.12.2 - NOVA Tune
1 GENIE v2.12.2 - Untuned

1 2 1 2 1 2
T, (GeV) T, (GeV) T, (GeV)
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v, CC Inclusive Cross section

https //arxiv. org/abs/2206 10585

0.85 < cosd, <0.90 : ¢ Data (Stat. + Syst.)
« GENIE v2 - NOvA-tune
== (GENIE v3*
< " FHeel 1 L GiBUU
X NEUT
§ == NuWro hitps://arxiv.org/abs/2206.10585
>
)
o
B awf  O0%=cosh<0s7 ] 097 =008, <100 1« Around 10k v, CC events in the analysis

& o
dcosd_ dE,_
3

H
o

« Measurment in good agreement with
prediction generators

20 f'°

e Uncertainties ~15-20% in each bin
E. (GeV) E. (GeV)
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