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Neutrinos: what? where from? and where to?
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DUNE Conclusion
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Neutrino flavour oscillations

Flavour eigenstates  3x3 unitary matrix ~ Mass eigenstates
Ve, Vy, V PMNS matnx V1, V2, V3

St

Z Uazuz

Source Target 2015

Nobel Prize in Physics
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PMNS Parametrisation - 3 flavours

1 0 0 C13 0 spe™) (¢, s OY(1 O O
U=|0 ¢3 53 0 1 0 —S1, ¢p 0110 e O
O =533 c3) | =512t 0 3 0 0 1J\0 0 e?
s;; = sin 0, ¢;; = cos b, S : CP-violating phase
«91-]- : the mixing angles a, [ : Majorana phases
Atmospheric “Reactor/LBL” Solar
923 = 450 613 e 850 912 ~/ 330
Ami, ~ £2.5x 107%eV? Scp??? Am?, ~ 7.5 x 107eV?
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Big questions

How much do
neutrinos mix?

Jargon alert: is 6,5, maximal? Upper/Lower octant?
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Big questions

How much do
neutrinos mix?

Jargon alert: is 6,5, maximal? Upper/Lower octant?

Do neutrinos and

antineutrinos oscillate in the

same way”

Jargon alert: is 0-p # 0?
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Big questions

Which is the lightest
neutrino?

neutrinos mix? - Ty

L&
8 >
1 ‘ 3

Normal Ordering Inverted Ordering

Jargon alert: is 6,5, maximal? Upper/Lower octant? Jargon alert: is Am322 s 07

How much do

Do neutrinos and
antineutrinos oscillate in the
same way”

|s there a light sterile
neutrino”?

Jargon alert: is O.p # 07 Jargon alert: v, ? v, ?
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Sandbox Studio, Chicago
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The NOVA experiment

* NOVA is a long-baseline neutrino experiment: « High neutrino flux at Near Detector:

* 2 detectors, 14.6 mrad off-axis, 809 km apart.

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

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

» NOVA can run in neutrino-mode or antineutrino-mode. * ND located 1km trom the NuMI beam target.
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The NOVA experiment

* NOVA is a long-baseline neutrino experiment:

* 2 detectors, 14.6 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.

* High neutrino flux at Near Detector:

* 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.
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NuMi
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NOVA exposure to NuMI beam

5-

Daily exposure (108 POT)

-

B

w

N

Daily neutrino beam

Current analysis dataset

Daily antineutrino beam

ated beam

ated neutrino beam

ated antineutrino beam

IS
o

o
o
Cumulative exposure (10%° POT)

2016 2017

2018 2019 | 2020

Date

* NuMI running at ~750kW since 2019. NuMI power record of 893 kW.

* Jotal protons-on-target: 37 x 1020
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OvA Detectors

UK HEP Forum 2022

Alternating planes allow
for 3D reconstruction

| fibres read out by a
single pixel on

,’#f' | Wavelength shifting
| Avalanche Photodiode

11

Muon
Catcher

racking calorimeter

=xtruded plastic cells, filled with liquid
scintillator

0.17 Xo per layer
Near detector:
e 300 tons, 1km from the target

. Huge statistics: >1M v, CC selected
events
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Detailed event images

Long, straight track

Short, wider,
fuzzy shower

_ NC
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Detailed event image_s
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vy CC

Long, straight track

Short, wider,
fuzzy shower
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Neutrino CC interactions at NOvVA

G. Zeller - // J Iepton
%‘1 2 Rev. Mod. Phys. 84, 1307 ’ — Quasi-Elastic
" , N (QE)
t1.2 ]‘tﬁ Nucleon Nucleon”
o BALT
m's_’ L [# . //J lepton
IiJ>o.8 R = ’ > =@ pion Resonant
50.6 Q (Res)
2 Nucleon’ N
§0_4 Nucleon”
% J lepton
50-2 =5 4 Deep
s 31 . . ! — . .
0 10 . 10 102 \ ) - :-:} pions Inelast_lc
E, (GeV) Nucleon’ N\ Scattering
: (DIS)
cr 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 NOvVA

lepton
//J

Charge Exchange 0

— Quasi-Elastic

n(l

Elastic X (Q E)
ScaEterlng Nucleon’ J Nucleon”

L

y yZ « lepton a t
’ - . esonan
=P _\) pion (ReS)

Nucleon’ \\
Nucleon”

-
i

E 2 lepton
Absorption - Y V4 i Deep
- g J - E:} pions Inelastic
. ® S |
Nucleon’ cattering
Pion Production by T. Golan Heeen N (DIS)
) Nucleon”
* Nuclear effects are significant 9 lepton
* Contribution of axial part of weak interaction can only be \ 24 2-particle
studied w/ neutrinos N -> =J 2-hole
* Better understanding important for reducing systematics J N Nucleons” (2p2h)
on oscillation measurements Nucleons’

4
%Qd Queen Mary UK HEP Forum 2022

University of London



Deep learning

* Pioneering use of deep learning for image clarification in HEP

Convolutional Neural Network used as a multi-classifier, assigning an ID: Uy Ves NC, cosmic for each interaction

* Trained for neutrino and antineutrino beam separately.

* Cosmic data included in training.
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‘A Convolutional Neural Network Neutrino Event Classifier”
A Aurisano, A. Radovic. and D. Rocco et al
Journal of Instrumentation, Volume 11, September 2016
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NOVA cross-section programme

NEUTRINO

* Neutrino CC inclusive analyses presented at

Neutrino2020 N Cross-section measurements in
Wy the NOvA Near Detector

° I/,u CC iﬂClUSive v':-*_ \ Dr Linda Cremonesi on behalf of the NOVA Collaboration
arXiv: 2109.12220 (in PRD review)

» v, CC inclusive
arXiv: 2206.10585 (accepted by PRL)

* Antineutrino inclusive analyses to be released
early next year

_ _ Muon Energy
* Two more analyses released at Neutrino 2022 W —
trying to better understand 2p2h System e
Vi 0, angle
 Muon system analysis: 115 muon =Sl
Kinematics points 1]
e Hadron system analysis: 67 hadron —- = , 3-momentum
kinematics points eSSt =—a= 3 ~ Hadronic = transfer |G|
o | A = System Vs
e Uncertainties ~ 12% dominated by flux
Epad = Eavail energy

 Comparisons with various 2p2h models
finds better agreement to tuned models.
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https://arxiv.org/abs/2109.12220
https://arxiv.org/abs/2206.10585
https://zenodo.org/record/4155399#.Y3TLXezP060

NOVA neutrino oscillation analysis

ND Extrapolation FD

2 a2 '
Amj,, SIN“ 0,3, Ocp

* Containment limits the range of lepton

» Binned by hadronic angles more in the Near Detector than in
energy fraction the Far.
(sensitivity of Near Det. , Hierarchy, Octant, g
disappearance /] D CP-violation P A\

measurement comes from

resolution) Far Det.
/( e Simultaneous fit of all samples

_ e Two analysis:
 Binned by PID

(sensitivity of appearance A frequentist analysis with
measurement driven by * Extrapolation in 3 bins of pT (lepton Feldman-Cousins method
purity) transverse momentum) for each energy bin

, _ * A Markov Chain MC Baysian
 Re-sum pT bins before fit analysis
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Neutrino oscillation results ™

U T 0.6
- Normal Ordering 90% CL - |
- —— NOVA — - MINOS+ 2020 ] Q
3.0~ ---- T2K Nature 580 .- lceCube 2018 — -
.} - sk2018 ] o~ 0.5
< LT i "D
O e : B
39 - - 7 _— —
= - 0.4—
25 — ~ T2K, NEUTRINO 2020: m BF — <90% CL --- = 68% CL
& - — L —
< — - I . % = % ;
_ _ 0'3__ . NOVA: +B|=I = 90% CL . 68% CL
= —t————t—t———t—t—t———— =
i | ; - 0.7 . B
2.0 ¢ Bestit | | - _ Inverted Ordering _
0.4 0.5 0.6 [ ]
sin’e,, 0.6 S
. . ™ | _
» 05, consistent with 45° S L i
o 0.5 -
c oL .
« Exclude IO, 6,p = /2 at>3 0 @ i
S e g . 0.4 —
* Significant progress on joint fit with T2K (coming soon) - T2K, NEUTRINO 2020: —<90%CL -+ <68% CL -
* Frequentist results: 10.1103/PhysRevD.106.032004 0.3 NOVA: < 90% CL I:lsea% CL -
(Editors Choice and Featured in Physics article) ' 0_ . . J.IE . S 3| s 2_n
L T |
5 ol
6CP e
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NOvA-only ¢,; and 0,, results

Both Orderings NOvVA Preliminary

" Bayesian Cred. Int: [ @26 30 -
‘:  Baysian analysis (co-led by Artur Sztuc,
-. UCL)

i v ot ! R
- Bayesian Cred. Int.:

.:
o
d

0.008 |

: » Larger ;5 would favour lower octant for
: 6,5 and vice versa

Posterior Probability
=
N

:lllllllllllllllllll
4 [ Reactor BLO. mu.o. .

» Normally use reactor ;5 constraint in fit

0.15

» Here 0, is measured by NOVA

% " > sin“(26)3) = 0.085% 77
ol _ » Consistent with reactor experiments
| Bayesian Cred. Int.: —102030 Bayesian Cred. Int.: _ _ _ _
et ..y, CReacor ] @k @2 080  Publication in preparation
0.4 0.45 0.5 0.55 0.6 0.005 0.01 0.015
Sin‘e,, Posterior Probability
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Sterile neutrino search

o Search for 4th, sterile,
neutrino

* Analysis uses 3+1 fit
sterile neutrino model to ~
samples:

—V

=.

e neutral current

- P(v

U, CC

e Oscillations allowed In
both detector
simultaneously

\a,,_Qs’ Queen Mary

UK HEP Forum 2022

University of London

Neutrino Energy (GeV)

Neutrino Energy (GeV)

10° 10 1 10° 10 1

1-2'_ AR IR AL [rrrer T "R I"""'_
- ND | FD -
1_ ‘ B
0.8 : ~
0.6_— Neutrino Mode | B
_ —3-Flavor Prob. : i
0.4 —Am3, = 0.05 eV -
- —Am§1=0.5 e\/? | ]
0.2~ —Am;,=5eV? : —
O_.....I ool R : il .M Ll i

1072 10~ 1 10 10° 10°

L/E (km/GeV)

Phys.Rev.Lett. 127 (2021) 20, 201801
Phys.Rev.D 96 (2017) 7, 072006

o o
o) o
Events (Arbitrary Scale)

o
N

O
N



Sterile neutrino search results

e Data shows no evidence for sterile neutrinos

Areuiwigld YAON

v

: : i 10°F ~] 10°E
» Best fit at small 8,, and 0,, with low significance o L atoned = CZ) E
5 ) | —— IceCube P < i
- Competitive limits on 6,, for Am;, ~ 10eV — < > :
10F N Y 0p
e Analysis systematics limited at large Am124 (Near - > b % -
i < i
det.) but less so for small Am124 (Far det.) - 2 =: -
& 1= Q S 1=
- y s \jg S
 New constraints on 65, (@ measure of mixing . Q
: s | | oS [
between v_ and a sterile 1) e T £
<U4g-'  90% CL excluded <o
- = NOVA -
» Historically studied via v_ appearance searches at - — MINOS+ -
: ] CDHS | 90% CL excluded
short baselines as 0, | —com e
10 é_ T2K (NH) 107 E_— Super-Kamiokande
* NOVA’s sensitivity comes from neutral current events C  TeK(H) S - — IceCube-DeepCore
~ —— SciBooNE & MiniBooNE - —— MINOS+
_ | —— Super-Kamiokande B ToK
. enhanced by constraints on 0,, from v, charged porol—nnl vl il ) 103 il
current events 10 ot 1 107 1 10° 107
SiN 624 Sin2 @34

« Long-baseline providing sensitivity at small Amfl
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Looking at the future

A
» |
: Sy R

- MC
'M g -
‘—%;‘z‘

T Ve ':f

» Many NOvVA analyses are limited by calibration
and detector response uncertainties.

i

* The NOVA Test Beam experiment just finished f

taking data. Our aim is to reduce the calibration ’
and detector response uncertainties.

* The flux uncertainties for neutrino interaction
analyses will be reduced with a neutrino-electron
cross section measurement currently under
development.
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NOVA Future

* Increasing sensitivity to mass ordering to come R Year

\b/ 2021 2022 2023 2024 2025 2026
« Will more than double data set in both beams 2 vos 0 T
| » 8 T NOs = B
« —>30 mass ordering sensitivity for 30-40% of S | NO, b, = 7 -
5-values B 6 NO oG =3n/2 -
S | ]
* By run end, statistical errors still significantly £ 4 -
larger than current systematics on v, § et _
appearance T o =
* Watch this space for: ; I _

o) 0O N R TN T WA NN SR TR T NN NN S S SR S N T S, S

+ NOVA-T2K joint fit CHE P POT (10?) "

* Further tests of alternative models (e.g. NSI)

e Antineutrino beam cross section measurements
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DUNE: Physics Goals

Sanford Underground
Research Facility

Fermilab

————————
-'—— ‘\

Discovery sensitivity to High-precision Sensitivity to MeV-scale  Low backgrounds for
CP violation, mass measurements of neutrinos, such as sensitivity to BSM
ordering, and 0,3 Am322, Ocp, Or3, 015 in a from a galactic including baryon

octant. single experiment. supernova burst. number violation.
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DUNE Design: Wideband Beam

 The LBNF neutrino beam will provide neutrinos and antineutrinos with
energies from 0-5+ GeV

e Simulated neutrino fluxes at the far detector are shown below.

—

o
—
]

—A
o
—_
o
—i
o
A
o

—
(-
w

v flux/m?/GeV/1.1x10?'POT at FD
v flux/m?/GeV/1.1x10?'POT at FD

5 10°
107 o~ 107 d
0 1 2 3 4 6 6 7 8 9 1 o 1 2 3 4 5 6 7 8 9 10
Energy (GeV) Energy (GeV)
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DUNE Design: 1300km Baseline

 The long baseline + wideband beam provide opportunity to unambiguously
determine Mass ordering, 0p, 0,5 octant from oscillation probability.

DUNE has a unigue ability to measure ve appearance as a function of L/E, over more
than a full oscillation period

0.14 Neutrinos .5cp = -7t/2 0-14:— Antineutrinos . Ocp = ~T/2
1285 km — - 1285 km -
l = i | =
0.12F  Normal Ordering 80" 0 0.12 Normal Ordering E %cp =0
—‘SCP - 7[12 - 80P = /2

5x10" 1 2 3 4 5678 2 3 4 5678
Neutrino Energy (GeV) Neutrino Energy (GeV)
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DUNE Design: Precision Reco

* The far detector must be able to identify flavour and reconstruct neutrino energy over
the broad range over energies and interaction topologies provided by the beam.

LAr TPC technologies fulfil both and scales to very large detector mass.

DUNE will use a combination of horizontal drift and vertical drift modules.

FD1-HD

DUNE FD1-HD simulation
25GeV, v, +Ar —» e+ p + n’

o

! Queen Mary UK HEP Forum 2C 28
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DUNE Design: Systematics Control

e DUNE Near Detector will measure the neutrino flux, neutrino interaction cross sections on Ar,
and measure of LAr TPC response at few percent level.

 ND LAr is design similarly to FD with added modularity and pixelization to handle intense near
source rate and sized to contain hadronic activity.

 Downstream systems measure muon momentum (TMS), flux (SAND) and provide additional
interaction constraints.

4r

£
S
X

o | o | :

N w
(4]
Energy deposit (MeV)

2_
. a“%"l-g,-.* | =2

1_ .
1

B 11
_2'_

) ND-LAr TMS

" —0.5
g | teeeeeeeeeeeeee
_4: 1 I 1 1 1 | L)y

4 6 8 10 12 14 16 18
z (m)
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DUNE Design: PRISM

ND-LAr + Spectrometer can be moved off-axis to enhance flux at lower
energies.

 [These samples allow one to build a linear combination to match FD oscillated
specta and build analysis with minimal interaction modelling.

48 KT-MW-Years Exposure, A m2, = 2.52 x 10” eV?, sin’(8,,) = 0.5

e DUNE-PRISM v, Disappearance

! ) I 1000 —e— FD v, Data
S0 [ s v-mode 1 T ND Data Linear Gomb.
= i P ND Linear Comb. Error

? v-mode _" 800 (\'t + W CC

B (v, + V) CC
NC

[y FDv, CC Corr.

v-mode 33m Off-axis

600

Pred. Event Rate per 1 GeV

L)

=

G e —:
00 05 10 15 20 25 30 35 40 45 50
Energy v, (GeV)

400

®(v ) at 574m/GeV/cm?/POT

200

*llllllllllllllllllll

0

_llllllllllllllllllllllllllllllllll|1111Illll|llll

0 1 2 3 4 5 6 7 8 9 10
Reco E,. (GeV)
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DUNE Plans and Installation

 DUNE construction is phased to provide continuous progress toward physics goals beginning
this decade.

Phase |
Ramp to 1.2 MW beam intensity

Two 17kt (10kt fid.) LAr TPC FD modules. One HD
on VD.

Near detector. ND-LAr + TMS (steel/scint. range
stack) + SAND

Moveable to enable PRISM

Phase | ND . lee

.
g R i
i 2, SN
\; - .
: BN
g .
e 35 ¢ o
- o . .,
> S5 g
A L R )
P
a
» ook
g F
- %" "
t " "
A .
| y .
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DUNE Plans and Installation

 DUNE construction is phased to provide continuous progress toward physics goals beginning
this decade.

Phase | Phase Il Upgrades
Ramp to 1.2 MW beam intensity

Two 17kt (10kt fid.) LAr TPC FD modules. One HD

Proton beam increase to 2.4 MW

on VD. Four FD modules (3 LAr TPCs + 1 new tech)
Near detector: ND-LAr + TMS (steel/scint. range TMS Upgraded to ND-GAr to provide
stack) + SAND enhanced ND interaction physics
Moveable to enable PRISM capabilities.

Phase |l FD
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DUNE Physics: Mass ordering

 DUNE has unprecedented and unrivaled ability to definitively resolve the mass ordering
independent of other experiments.

e 4 years of running with 2 FD modules in most conservative beam ramp to 1.2 MW provides
clear discovery potential

RHC v, FHC v, 4 years with 20kt
= 40 DpuNeFDv, e NO § ., = -1/2 >
@ e . DUNEFDY. = eeeee -
O Stat errors only ——NO SCP =0 8 90F stat errors ;:| NO 80P n/2 8 90 [ DUNE result ® 5,=0
o) 35 sin%6_ = 0.5 cP _ y — NO Scp =0 = —— Normal Ordering B = en2
P 2 ----NO BCP = /2 n 80 8|n29a= 0.5 w=sND acp = 11/2 o) 80 —_— Invzerted Ordering O §_=x
=- ot S in*0,, = 0.5 . ool
g o 10 d¢p = -n/2 = E e 10 8, = -n/2 = s L oGpmn2
< a 10 s 8 70 15 <RecoE, <35

| 25 < ] L @
d * |  ° \
> o O

20 ~ 50 I

© 50
15 40
- 30 40
. 20 30 -
10
0 | | A 4L 1 '_1 LA L. L l | m-hhhh- 20 A l ' l L L s l A L 1 1 l 1 L 1
0 1 2 3 4 5 6 0 4 5 6 50 100 150 200 250

Reconstructed E, (GeV)

‘a,Q_z’ Queen Mary

University of London

Reconstructed E, (GeV)

UK HEP Forum 2022
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DUNE Physics: CP violation

» 50 discovery potential for CP violation over >50% of 0,p values

e 7-16° resolution to o,p, with external input for only solar parameters.

45
DUNE Sensitivlty 1 ::2 z':a'yeafs . DUNE Sensitivity 336 kt-MW-years
All Systematics -mv-years 12 Al i , 624 kt-MW-year
40 NOl'mv8| Ordering FIOS SERTv-yoare 5 Ngriy;teor:‘da;::: — Median of :hero:ls
) = Nominal Analysis " g e fariad ;
sin’20,,=0.088+0.003 8,, unconstrained _ Sin22913 = 0.088 + 0.003 o: Variations o
—_ 35 Sin2923 = 0.580 unconstrained 1 0_0. 4 < sin2923 < 0.6 statistics, systematics,
[7)) L and oscillation parameters
o
S 30F I
& F 8-
S ,af ~,
3 2 f
= E -
S 20¢ o Of
§ : | [. .................................................................
: ' T
w A Uy’ 4 A N\ G D W AN W AT W
1067/ \ ) L
- " 2
o p
o:lIIIIIIIIllllIlllllllllIIIIIIIIIIIIIIII. 0l|lI_]llll]lllllL]llllllL]lllllllllllll
1 08-06-04-02 0 02 04 06 08 1 -1 -0.8-06-04-02 0 0.2 04 06 038 1
Ocp/T Sce/m
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Additional Neutrino Physics

. DUNE will provide world leading precision on Ams, and 6, allowing direct 107

. . . E_I"I'I"ITTT'I| T T T T T T | lnnll_l"rl"m'g‘
testing of PMNS unitarity. = =
 MeV-scale Physics 10 i i}
» Galactic SNB will produce 1000s of events E =
« Sensitivity to solar neutrinos in study. 1L DUNE _
- - B - Simulation :
» Searches for NS| and sterile neutrinos. > B i
) 2 T

— DUNE ND+FD 90% C.L. .
R TIUT T ~ 41| R, —
8 DUNE Preliminary T 107 E — DUNE FD-Only 90% C.L. E

10 JELEL L L L I LI A DL LT DAL N DL L —

Bsv.cc - =~ Bl Kopp et al. (2013) N
. 107 Whep v, CC < 10_2 - 1 iGariazzo et al. (2016) N
@ 10° B Neutron Capture = [JLSND 90% C.L.  —~ =
‘f>’, 5 2020 = — MiniBooNE 90% C.L. ‘\, -
s " B Ar . —NOMAD 90% C.L. _
< 10 107 | ---KARMEN2 90% C.L. =
o = ==
g 103 - —MINOS and Daya Bay/Bugey-3 90% C.L. 3
o ~ —SBND + MicroBooNE + T600 90% C.L. 7]
2 102 ) 1

GCJ -i 10—4 8| ol 7| Lol 6| L 5| ||||||||—41 Ll 31 Lol A i 1
o 10 10~ 10" 10~ 10~ 10™ 10" 10° 10 1

. |2 2
1 —
I | sin“20,, = 4{U,[|U 4
0y 5 10 15 A

20
Reconstructed E, (MeV)
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260 scientists and engineers from 48 institutions in eight countries
3 UK institutions: QMUL, UCL, Sussex ==
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UK leadership in NOVA

* UK leadership:
 1+1 Analysis coordinator
e 2 Analysis group conveners
e 2 Technical group conveners
* 3 Run Coordinators

* UK groups have made strong leading contributions to:
» 3-flavour oscillations
 ND analyses
e Test beam programme
 Computing groups
* Detector calibration

 Operations
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DUNE Collaboration

 DUNE Is an international collaboration of >1300 scientists and engineers from 37 countries +
CERN (and counting)

b
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UK leadership in LBNF

* Daresbury and RAL are world
centres of accelerator expertise

* Producing RF cavities for the
PIP-1l upgrade for the LBNF 1.2
MW beam

 And eventual 2.4 MW goal

* Delivering the LBNF proton
target

4
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UK leadership in DUNE

UK is building the majority of
readout planes (APAs) for the
first 10 kt module

* Major construction factory at
Daresbury

UK is providing the DAQ for the
first two 10 kt modules

* And contributing to ND DAQ

UK Is delivering Pandora
reconstruction

L X [em] interaction vtx
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How to measure neutrino oscillations
N~ ®(E,) ok, k') ®e® P(rg — v3)

Oscillated Neutrino Neutrino Detector Oscillation
Neutrinos flux Interactions response probabillity

HOW TO MAKE

[ =

& ¢ - <
€ Cc ©¢ C ¢ C@a Cq

¢ ©¢ ©¢c € ¢ ¢c¢ ¢

A NEUTRINO BEAM
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Reconstruction and pre-selection

500 1000 1500

~
-’

200

Muon

Top Catcher

View

IIII|IIII|III||]]II|

Muon

Catcher
500 1000 1500

T
- —
-_--
- —
L 1 1

)
-’

Z \CIl

» Hits associated in time and space are used to form a candidate interaction. Tracks and showers are reconstructed
from these hits.

 The start of the reconstructed muon track is defined as the vertex of the interaction.

+
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Reconstruction and pre-selection

- Y
S

1000

1500

200

”lllll]lll]llll‘llll‘

= :

I[[IIIllll\llll|llll\\llllIllll\llll\llll\

Catehér

o)
S

1000

 Fiducial volume is the solid blue box, and excludes the muon catcher.

* The containment volume (blue dashed line) is defined by projected distance to the closest edge of the detector.
Events with hadronic activity in or near the muon catcher are excluded.

‘aQ_s’ Queen Mary

University of London
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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.

4
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Reconstructed T, (GeV)

O
=3

University of London

A
I

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

NOVA Simulation

I IIIIIII| L LI

5 0.6 0.7 0.8 0.9
Reconstructed Cosf,

— — —
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Events/(8.09E+20 POT)
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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
iIn PRD review

- 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)

4
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https://arxiv.org/abs/2109.12220

vy CC inclusive

1.5} 050 <cos 6 <056 t056<cos6, <062 T 0.62<cos6, <0.68 T 0.68<cosd <074 + 0.74<§ds6, <0.80 . -
co : .. “ o R double-differential
| i HHIL H1] it measurement

1 L i ik : T4 =

Q i [T H - https://arxiv.org/abs/2109.12220
IE 1 in PRD review
<§ 0.5
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
O : .
i { ._ } It it Out of the box
< ; HITHEEL i Lt Hi [P Hi ] 1| generator
© : comparisons.

— 0.5
12 1 5 ; > ; > * All generators

o ?)1 O 0.96 <cos 6, < 0.98 0.98 <cos 6, <0.99 0.99<cos 6, <1.00 TM TM reproduce well the
O h f our data.
_<C-; } } —4+— Data (Stat. + Syst.) shape ot ou data
® a L * i
1 H 4 ) .. | LI giEBNdﬁ ‘;%10:.06  We notice an overall
- =" e NEUT v5.4.0 normalisation
0.5 NuWro 2019 difference in GiBUU.
1 2 1 2 1 2
*N18 _10j 02 _11a: binati f
Tu (GeV) TM (GeV) Tu (GeV) G18__10jj__00__003 a?m?:lncia1lgf:g>€_82_11a
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ldentifying electrons

» Single particle identification is done by a Deep Convolutional Network
* The network Is trained using single particle simulated within the detector
* Network “sees” two 2D views of the deposited energy by the single particle

Each reconstructed
B particle Is
classified as:

-'. Cluster 2 * Electron
interaction @' wy = . S .  Muon

Vertex J .ll..

'“'..- "I - e Pion

Cluster 1 = Cluster 1 i - ¢ PhOton
* Proton

Cluster 3

Single particles are
separated using geometric
reconstruction methods

4
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ldentifying particles

* The task of classification can be aided by providing context
* Analysis uses a Boosted Decision tree to distinguish electrons from other

particles using:

* The output of the deep convolutional network

 Reconstructed shower width
» Gap to reconstructed vertex

No Context

:Particle only‘

10 10 10 q (ADC)

\a,_@’ Queen Mary

) -Full Interaction

| With Context |

UK HEP Forum 2022

University of London
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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 9 T «,—1
function of the electron kinematics. X = (xz o Mi) V;, ‘ (ij 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 —
o - 0.94=cosH,<0.97, 250 =E,<3.00
* Uncertainties in templates shape are accounted for ' -
using a covariance matrix. o | ' Dat
WA Simulation I B ata = =
10_ — T T T 'N('J \.;I kl >'| ”}u']t'vf L%)ZOO_ — Post-Fit MC | |
8 8 . — SignaI-Lilfe —
i s Ve CC - Like :
i ()] — S :
> ° D100} Ne . f_t_'_ _
) 0 e Pre-Fit MC 2
Wi 4 : E—
o} } : —
o 1 —%.6 —O|.4 -0.2 0) 0.2 0.4 0.6
0 0.2 0.4 0.6 0.8 1 EIeCtron I D

cos 9,

4
%Qd Queen Mary UK HEP Forum 2022

University of London



40 |

L
-

20

(cm?/ GeV / nucleon x 10°)
S

2

d cosO, d E,_
(o).
o

N
o

10

..... ~X.0

0.94 < cosO, <0.97

‘a,Q_z’ Queen Mary

University of London

0.85 = cosf, < 0.90

..... 5.0

UK HEP Forum 2022

L L L L
0.90 < cosf, <0.94 -

First ve CC inclusive double-
differential measurement

¢ Data (Stat. + Syst.)
«=xx GENIE v2 - NOVA-tune
= GENIE v3*
s GIBUU
NEUT

=1 =1 NUWro https://arxiv.org/abs/2206.10585
Accepted by PRL

* Out of the box generator
comparison.

* Measurement in good agreement
with generator predictions.

*N18_10j_02_11a: combination of
G18_10j_00 000 and G18_10b 02 11a


https://arxiv.org/abs/2206.10585

—#
> = AN BT Y A . S T -
- U ._°‘-".“

===

—

Ejad = Eavail

L 4

A

‘c;_@_s’ Queen Mary

UK HEP Forum 2022

Two new v, double-differential results

Muon Energy
System — Vs
angle
) 3-momentum
Hadronic transfer ||
System Vs

energy

University of London

Exclusive
Select only events
with low hadronic

energy

Inclusive
Select all
v, CC
events



MUOI‘I SyStem NOVA Preliminary

—

8 0.50 <cos8, <0.68 [ 0.68 <cos8, <0.74 0.74 < cost, < 0.80 0.80 < cos, < 0.85

vy CC interactions: 6 \ \ - IR
e Tp <250 MeV
2- -
e T,=<175MeV *‘] E

_ 0.85 < cosf, < 0.88 0.88 < cosB, < 0.91 0.91 < cosb, < 0.94 0.94 < cosB, < 0.96

(cm?GeV/nucleon x 10™)

40 |
30 :
e Events must have exactly one 20 £
reconstructed track (low Enad) ok H}ﬁ R

e Boosts 2p2h, reduces DIS and

RES 0.98 < cosé, < 0.99

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

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

e Cross section reported at 115
Kinematic points

d° o
dcos 9» dTp
S 3

N
o

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

e 12-15% uncertainty typically .
(dominated by flux systematic) ok
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NOVA Preliminary

m
G 7T T Tt ...[ L} 1 1 T | U 1 1 I 1 1 1 1 | ] 1 1 1 | ] 1 I I ] 1 1 1 ] 1 1 1 | ] 1 1 I
0.00 < |q| < 0.50 GeV/c + 0.50 < |q| < 0.65 GeVic 1 0.65 < | Q] < 0.80 GeVic I

i —I— Data (Stal.+Syst.)
gol-  — GENIE 2.12.2-NOVA Tune _

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

---- w/ Valencia
~ - w/SuSA-v2 MEC

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

e Eavail <2 GeV

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

avail

Ly

d°c / di§|dE

1 1 | |
J 1 | | | | 1 | |

£
=

0.80 < [q] < 1.00 GeV/c T 1.00 < |q] < 1.20 GeVic T 1.20 <|q| < 2.00 GeVic

e Same selection as v, CC inclusive analysis

w
o
T 'I T T T T
|
|
|
|
|

e NOVA’s first measurement in |g| and Eavai

N
[~

e 2p2h concentrated at low values

(cm*/GeV/GeVicinucleon) x 10°°

e Cross section reported at 67 kinematic points

avai

.
o
T T T T !

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

d’c / dfIdE

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

0.5 1 05 1

=
T T T

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

M t 2| H Syst 2
202h Model uon System y adron System y
(115 d.o.f.) (67 d.o.f.)
Large y2 values seen for all 2p2h
GENIE v2.12.2 - NOVA Tune 200 320
models/tunes —
Empirical MEC 190 460
Tuned models match data better Valencia w/ MINERVA Tune 340 420
than Valencia/SUSA-v2 Valencia 830 910
SuSA - v2 620 590

e y2 calculated for data vs. simulation with the various 2p2h models using full covariance matrix

e Correlations between bins are dominant contribution to 2

e Data release for these high-statistics analyses coming soon

e Can explore many aspects of generator models beyond 2p2h with this data
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v, energy resolution quartiles

x103
400

| | | | | | | |
— Neutrino beam
--- Antineutrino beam

 The data is split in four equal
populations (quartiles) of
hadronic energy fraction as

0.8

300

Illllllllll

a function of reconstructed
neutrino energy. up 06
@ 1 S —1200
» Done separately for neutrino  uf = — v
versus antineutrinos. eSS S
= g seceaoocce LR LLLCL 100
* Energy resolution varies 02 | o=
from 5.8% (5.5%)t0 11.7% = === T R T
(10.8%) for neutrino or )
(antineutrino) beam. Reconstructed Neutrino Energy (GeV)

https://doi.org/10.1103/PhysRevD.106.032004
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Energy reconstruction

- E}jqq from calorimetry, -
] ~30% resolution v, Events ]
200 — —
| ]
= ) = J
. | = - |
300 — —
. | E, from length, ~4% resolution ]
2200 ‘ 2400 ‘ 600 2800 3000 ‘ 3200 o)
z (cm
~100 - -
- Eg)y from calorimetry, .
i ~10% resolution Ve Events ]
=200 +— -
= | :
o — -
v — p—
2300 —
400 —
1800 2000 2200 2400 2600 2800 3000 ‘
Z (cm)
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10° ND Events/1 GeV

True Energy (GeV)

Extrapolation

2 3 4 50

1
ND Reco Energy (GeV)

Translate ND data/
MC observation to
true energy

— ND data

Il

10° ND Events 10° F/N Ratio

Oscillate ratio
to the FD

Smear back into
reconstructed
energy

Base Simulation

Data-Driven Prediction

P(v,—v,)

FD Events

00

1
FD Rec

2 3 4

o Energy (GeV)

- Since NOVA has functionally similar Near and Far Detectors the flux combined with the cross
sections uncertainties largely cancel.

\c:,_é_s’ Queen Mary

University of London

UK HEP Forum 2022

5

1

FD Events/1 GeV

True Energy (GeV)



yoesm
= +ND Data
200} ol MC -  Band around the MC shows the large
| {osyst | impact of flux and cross-section
i range uncertainties in only a single detector.
100 .Wrong-sign

« We use this sample to predict both U, and

U, signal spectra at the Far Detector.

(&)
o
r ———

o

—
NN
O _

- v-beam

—h
N
Q

« Appearing v,’s are still vﬂ’s at the ND

10° Events / 0.1 GeV

60}

40}

20}

Reco. v, / v, energy (GeV)
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Near detector v ~like spectra

NOvA Prehmmar?

4:_ -+ ND data -
i * Total MC : .
s [ — J¢” 1« The ND v,-like spectrum contains the
& - —e- Lo C . . y
2 I 5“ CC : background to the appearing v,’s at the FD.
% - Largest component is the irreducible v, /v,
M | —o-
A flux component.
: - : e 50% in neutrino-mode
15[ e —+—+ —
O i Bl ] [ [ [
L | = s i * 71% in antineutrino mode
% I 4~
Q- —
: + “—'—En (n" * \We use this sample to predict the
L e =N = background to v, appearance.
Nl i — |
)

2
Reconstructed v, Energy [GeV]
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Enhancing sensitivity to oscillations

o T R —
; - Quartile 1 l Quartile2 | +4NDData | 2 . F Low PID = High PID -
4 - { _ . > — ]
60 O = 6% [ %e=8% | _ioamc - 8 | [Isignalv,CC -
P 1-osyst. | — - BV, WS © N
> 40 rangey ' - 8 20 :_ E ﬁ%am Ve OC g _ch _:
8 I .Wrong-sign | & - Edv, CC @) % ]
20 S 15f Ve OO o -
— =t ~ [ Cosmic o -
o ‘ o - ]
S~ i © = _
£ Of - i - ™ qo —
¢ | Quartile 3 i | Quartile 4 T T .
LU 60 N O = 10% | O+ 12% a 12 B - i
I=Rad S S -
= | > [ -
: 0 i —
L 1 1 2 3 4 1 2 3 4
20 |- ) Reconstructed neutrino energy (GeV)
o 1 2 3 4 0 1 2 4 5 e
Reconstructed v, / ¥, energy (GgV) o _ _ _ _
» Sensitivity depends primarily on separating signal from
v, sample background.
» Sensitivity depends primarily on the shape * Peripheral sample:
of the energy spectrum. * Captures high-PID events which might not be contained
. . . . close to detector edges.
* Bin by energy resolution — bin by hadronic J
energy fraction « No energy binning.
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Extrapolating from near to far detector

v-beam NOVA Preliminary

Neutrino Mode NOVA Preliminary e L e L
2.5 T T T T T T T — T T T ] T T T ] T T | |

B ¢ Data - B |

- —— Total Simulation - 150 — - o _

. 2| 'F?I' Total Background — - i No oscillation )
g T - B Wrong Sign - S T — Oscillated -
T‘;’ s mgmo 1-0 syst. range _
T Extrapolation ~2 '} ]
g I "‘/ - w =i Background -
s 1 = S | _
o [ — 5 > L 1
e r - 5o _
0.5__ zl,l*lqﬂ—-_— _ —

= o e s ——— | | - L .

O 1 2 3 4 5 O ! ! | | I I ﬁ—l-#—————
Reconstructed v, Energy [GeV] 0 1 2 3 4 5

Reconstructed neutrino energy (GeV)

* Observe data-MC differences at the ND, use them to modify the FD MC.
* Extrapolation performed in the analysis binning of energy + (resolution or PID).
» Significantly reduces the impact of uncertainties correlated between detectors

* Especially effective at rate effects like the flux (7% — 0.3%).
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Extrapolating kinematics e vowpeimiay

| v 1
—+— ND Data v, + v, CC Sel. |
—— ND MC v, + ¥, CC Sel.

Near Det. 0.15 |- —— FDMC v, + v, CC Sel. -

Far Det.

Fraction of Events
<D
o

0.00 1 ! | :
0.0 0.5 1.0 1.5

Reco | 5{ | (GeV)

. .  Mitigate by extrapolating in bins of lepton transverse momentum, pt
e Containment limits the range of lepton J y P J P P

angles more in the Near Detector than in « Split the ND sample into 3 bins of pt, extrapolate each separately to
the Far. the FD.
* The ND is 1/5 the size of the FD. « Effectively “rebalances” the kinematics to better match between

the detectors.

 Re-sum the pt bins before fitting.
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Systematics uncertainties with pt extrapolation

NOVA Preliminary NOvVA Preliminary
Detector Calibration — —

’ >
Neutron Uncertainty i — B —
B - . 1 \p‘ Extrap.
.
!

Neutrino Cross Sections

Near-Far Uncor. :
Detector Response -
Lepton Reconstruction i i -
Beam Flux i B '
Total Syst. Unc. i — i _
Statstcal Uncerainty | [ I
-0.04 0.00 | 0.04 -0.06 0.00 0.06
Uncertainty in sin,, Uncertainty in A m2, ( x10° eV?)

* |ncreased robustness also leads to a 30% reduction in cross section uncertainties.
» Slightly increase the sensitivity to well-understood systematics on lepton reconstruction.
* Overall systematic reduction is 5-10%,

* The largest systematics come from the detector energy scale.
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Oscillations fit

2 Qinl

Hierarchy, Octant,
CP-violation

* Simultaneous fit of all samples

* We perform two analysis:

. A frequentist analysis with Feldman-Cousins method (reactor-constrained sin”20,, = 0.085 =+ 0.003)

* A Markov Chain MC Baysian analysis
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I/ﬂ/ Ijﬂ data at the far detector

v-beam NOVA Preliminary S-beam NOVA Preliminary

4 FD data : I ~4- FD data i
] 1ok -

— 2020 Best-fit — 2020 Best-fit

N
o
| | | | | |
|

1-0 syst. range

. Background

g . 1-o0 syst. range  _

. Background

—
)

|

4
-+

=S
¢
t

Events / 0.1 GeV
= —
I
Events / 0.1 GeV
(@))
I

_mﬂ____h* 2‘ —+

o

S L L L N N Y I A
§O.gé_ i go.g; I_ W -{_ :
< 0.6F - < 0.6F =
2 0.4E 204F _l E
= 0.2F : 2 0.2F + E
oC O‘ - oC O | | | | | | | | | | | | | | | | | | |-
0 1 2 3 4 S 0 1 2 3 4 5
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
211 events, 8.2 background 105 events, 2.1 background
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v,/U, data at the far detector «.. o migron,

+ FD Data - __Best- flt

40r ~ pred.
:. WS bkg. 1-0 syst. E
30 range g | o
| Beam 8 =
. - bkg. e 5
82 v, candidates, 27 background *[' Cosmic +l+ Q
- bkg. i

Events

10

Core
Peripheral

33 U, candidates, 14 background H

1 2 3 4 1 2 3 4

Reco. v,/ v, energy (GeV)

4
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Appearance

NOvVAFD  13.6 x 10°° POT equiv. v + 12.5 x 10?° POT ¥
1_! | I I | I | I | | | | I | | | | I I [
- ¥ NOvAdata - CZ)
- ~ ——— NOVA Best Fit (6,5 = 0.821) - S
NOVA |0 BF: sin® 6,, = 0.56, Am;, = -2.45 x 10” eV? i ~ — — T2K Best Fit (6,p = 1.371) >
NOvA NO BF: sin® 0,,, = 0.57, Am3, = 2.41x 107 eV? > 0.5 ™S (Neutrino 2020) -
LA N I B E S B R S B B I B I Z "5 - = -U
0.1 - - 1=
_ °%p=0 10O & i 1@
I ¢ Jp=m2 1< ; ol §
B 0 8p=T  _ > <2 - 1=-
0.08 cpP 1 © i 135
- i E =1.5 GeV - Ocp = 3m/2 7 FD 1> i _ g
> ot | | 1= - 0.5 1<
0 0.06- 13 : -
- i 15 I — — 3,p = ®/2, Normal Ordering
= : 190 - d-p = /2, Inverted Ordering -
0.04+ — =y = | .
al : =< 1 2 3 4
: : Reconstructed neutrino energy (GeV)
a ; P(v,) — P(7,)
: —— Normal Ordering _ Appearance asymmetry: —— -
- - Inverted Ordering _ P(Ve) + P(Ije)
O." | ] ] | ] | | l | | | | | ] | | 1 1 | |
0 002 004 0.06 0.8 0.1  Asymmetry consistent with zero to 25% precision
P (v, = Ve)

» Disfavours mass ordering-o.-p combinations with large
asymmetry
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3-flavour fit results

. — _ NOVA Preliminary
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Posterior Probability Density
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BayesianCred.Int.: | W1 W2c [@bO30c

AmZ, (107 eV)

Posterior

Probability

e Weak preference for upper octant of 6,;

Normal
Ordering

Inverted
Ordering

Sum

and Normal Mass Ordering.
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Normal O[oermg NOVA Prellmlnary Eolh Orderings NOVA Prehmmary

——— Without Reactor Gonst. —— With Reactor Const -%25:— | .NOVA —T2K 2020 [ Reaclor:
S |
D20t
S5t
) 0 E
- |
' Q10
O S
0.4 ' Bayesnan Cred Int.: —16 20 % g _
0 | 0.5 1 1.5 0? oL
. .
sin“(29,,)
e No tension between T2K and e Both Orderings NOVA Preliminary
2 - mmNova
NOVA for 913- 2 ;5PD<\§Live — Daya 2018A.
. < RENO2078 — Choos 050
* No tension between accelerator 3 | ' i
and reactor neutrino experiments. s
Q
. . O
* Long-distance v, — v. agree with  a _
short-distance 7. — 7.. = |
%
e Higher preference for the Upper < I L
. . 0.05 0.1 0.15
Octant with the Reactor Constraint Si?(29..)
Jeff Hartnell, Neutrino 2022 NOvVA : 56
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Spectra used in sterile v search

2500__ 20 220 20
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Pre-fit MC distributions (data-driven 2p2h tune not included in this analysis)
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Spectra used in sterile v search
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3-Flavour hypothesis with systematic pulls included here
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Spectra used in sterile v search
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Full best-fit for sterile neutrinos included here
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Sterile neutrino search results

Data shows no evidence for sterile
neutrinos

» Best fit at small 6,, and 65, with low
significance

Competitive limits on 6,, for
Amg, ~ 10eV?

Goodness of fit:

. y2/d.0.f. = 56.4/66

Analysis systematics limited at large Am124

(Near det.) but less so for small Amlz4 (Far
det.)
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DUNE Design: High Statistics

DUNE’s long-term goal is four 17 kt LAr TPC FD modules in beam from 2.4

MW Fermilab proton beam providing few percent level statistical

uncertainties.

Power of high stats with wide band LBL shown in bi-event plots.

700 kt-MW-yrs, Flux Peak
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DUNE Physics: Mass ordering

Statistics from 6 years of full DUNE with 2.4 MW (800 kt-MWyrs total exposure) exploits
enormous NO vs |O differences.

DUNE maintains ability to definitively resolve the mass ordering regardless of the values of
other parameters
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Liguid argon TPC

Anode wire planes:

/ Liquid Argon TPC /!

neutrino interactions

* Relatively inexpensive

m.Lp. ionization: (/17 : ]

. 6000 e/mm ”: il

* Argon is a noble element -> small / /A
electronegativity i

o | Cathode T

* Ligquid argon ~ 1000 times more dense Plane ,;,; WV
than gas Argon -> increase likelihood of AL
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Animation by Bo You (BNL)

4
%Qd Queen Mary UK HEP Forum 2022

University of London



