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Neutrino

Neutrinos are elementary particles with little mass and no charge

Postulated by Pauli in 1930 to reconcile beta decay with energy conservation, first

observed in 1950s by Cowan and Reines

Very abundant, many sources can generate neutrinos

But very elusive = need gigantic detectors to find them
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Neutrino

* Neutrinos are elementary particles with little mass and no charge

* Postulated by Pauli in 1930 to reconcile beta decay with energy conservation, first

observed in 1950s by Cowan and Reines
* Very abundant, many sources can generate neutrinos

* But very elusive = need gigantic detectors to find them
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Neutrino Oscillation

* There are 3 flavors of neutrinos: v,, v, V¢, their antiparticles: v,, v, and v;

* Neutrino oscillation: neutrinos produced in a specific lepton flavor can change to a
different flavor during their travel (2015 Nobel Prize)

» The rate of change depends on the neutrino energy E and travel distance (baseline) L

Source Detector €




Neutrino Oscillation

* The neutrino flavor eigenstates (v,, v, v;) are not mass eigenstates
(V15 Vo, V3):

Ve Uel Ue2 Ue3 vl ] f .

U, : an element of the
Vi |7 Uul Uuz Uu?) v, PMNS mixing matrix
Vr Url U‘L’2 Ur3 I V3 |

* As neutrinos propagate, the phases of the three mass states |v;_; , ;> advance at
different rates. Therefore the flavor eigenstates oscillate:

v, (L)) =U, e ™" |y (0))+ U e Z2"E v, (0)) + U, e 22" v, (0))

P, = v = O =[S

\v,>, a=e, por t- flavor eigenstates
|\v>, i =1,2,3 - mass eigenstates with a definite mass m,




Neutrino Oscillation

* Oscillation probability depends on squared mass differences
Am?;=m?-m*;and PMNS mixing matrix U

P(v,—v;)=0,,- 42 Re(U,U,U, U, )sin’(Am L/ 4AE) For anti-neutrinos,

i~ aj

> P(v, > Vy) =PV, >V, U")

+2 3 I, U U, U, )sin(Am; L/ 2F)

i>]

(Assuming CPT invariance)

* In the case of CP violation P(v, —v,)=P, »v,U)#P(v,—>v,U) ,
need a non-zero phase ocp 1n the mixing matrix U



Neutrino Oscillation

* For the three-flavor case the PMNS matrix is most commonly parameterized by three
real mixing angles ¢,,, 0,; and 6,; and a single phase o

5
.
.
.

1 0 0 cosf, 0 sinB e’ cos@, sinf, O
U=| 0 cosf, sinb,, 0 1 0 —sinf,, cosf, O
0 —sin@,, cos0,, —sin@.e”" 0  cos@,, 0 0 1

Including two independent squared mass differences Am?,,=m?,-m?, and Am?;,=m?;-m?,,
there are 6 free parameters that determine the neutrino oscillation.



Neutrino Oscillation Parameters

From previous experiments:

* sin?20,,, sin?20,; and sin?20,; have been measured

e Am?,; and |Am?;,| have been measured, we know that m,; and m, are very close,
but difference in m; and m, , 1s much larger

e 2Xm<0.3 eV (total mass of the 3 generations of neutrino)
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Remaining Fundamental Questions

* (P phase o.p: whether neutrinos and antineutrinos behave the same way in
oscillation? Implications for matter-antimatter asymmetry in the universe




Remaining Fundamental Questions

 Mass ordering (hierarchy): sign of Am?;; 5 =m?;-m?;,,, my>m, , or m; ,>m;?
Implications for absolute neutrino masses, grand unified theories and neutrino-less
double beta decay searches

Am?,; and |Am?3,| have been measured, we know
that my; and m, are very close, but difference in
m3 and my , is much larger

Normal Mass Ordering Inverted Mass Ordering

de s De

/5\ u-e ce te
V|—eieV,eV; ce Le Te
E . z & = y o
< < < < < <
e
> Octant of 0,5 : Is 0,5 exactly 45°? Is v;

Va L more strongly coupled to v, or v,,?

Long baseline accelerator neutrino experiments are designed to solve
these questions 10



Long-Baseline Accelerator Neutrino

Oscillation Experiments

Use man-made neutrino beam with known flavor to measure oscillation probability as
function of neutrino energy

Near Detector to
monitor neutrinos
before oscillation

Multi-kiloton Far Detector
to measure neutrinos after oscillation

High energy protons
from accelerator




Accelerator Neutrino Beams at Fermilab Near Chicago
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Accelerator Neutrino Beams at Fermilab Near Chicago
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Long-Baseline Neutrino Oscillation

v, disappearance:
P(v, » v,) = 1 — sin? 26,3 sin?

* Measure v, (anti-v,) survival probability with
v, and anti-v,, neutrino beam
* Provide high precision |[Am?;,| and sin®20,,

Am3,L
4F

s —4 Y Re(U,U,U, Uy )sin*(Am;L/ AE) For anti-neutrinos,

i aj
& P(v, >V =P, —>Vv,U")
" ZEIm(UmUﬂ .)sin(Am. L/ 2E)

i>]

laj

(Assuming CPT invariance)

1 0 0 cos@,, 0 sinB e cosf,, sinf, O

0 cosf, sinb, 0 1 0 —sinf, cos6,, O
0 -—sinf,; cos0O,, —sin@.e’" 0 cos0,, 0 0 1




Long-Baseline Neutrino Oscillation

v, disappearance:

P(v, » v,) = 1 —sin? 26,5 sin

* Measure v, (anti-v,) survival probability with
v, and anti-v,, neutrino beam
* Provide high precision |[Am?;,| and sin®20,,

v-beam NOVA Preliminary v-beam NOVA Preliminary
SRR L DL B 1.4 [T T 1 T T L L R I R B B B B R
- - - — 2020 Best-fit E
150 |- — No oscillation _| 12— .
B C : :
& — 2020 Best-fit S L :
= 308 B
S 100 | ? 0.8
P Background o F [ :
= o 0.6F s
gt o |
50— - 5 o4 5 N
B 0.2} N
i L R R S TS S W s ot e s 5 : | ‘ |
0

1 2 3 4 5 0o 1 2 _3H"4'H'51;
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV) -



V., appearance

sin”(A-DA

e 2 e 2
P(v,—=v,) = sin"26,;sin" 6, A1)

sin AA sin(A-1)A

+ 2asinf; coso,, sin20,, sin20,, 1 (A-D) cosA
- 2asinf;sin o, sin26,, sin206,, s AA sn(4 - DA sinA
A (A-1)
2 2 .
o = 2y L A=+G,N, )
Am’, AE J_ 2A

* Measure v, (anti-v,.) appearance probability with v,
and anti-v,, neutrino beam

* Determine mass hierarchy, 0p and octant of 6,,

Jianming Bian - UCI 16



V., appearance

P(v, —v,) =(sin’26,,sin" 6,

u e

+ |2asinf,,

- |2asin6,,

Am?
o = 21

2
Am;,

Depends on 03

sin”(A-1)A
(A-1)°

coS O, sin26,,81n20,,

sin o, sin26,, sin20,,

Am; L
4E

A=

sin AA sin(A-1)A

Gy=Fermi constant

COSA
A (A-1)
sin AA sin(A-1)A Gin A
A (A-1)
A=+G N,

\/_A

N, =electron density



V., appearance

sin”(A-DA

e 2 e 2
P(v,—=v,) = sin"26,;sin" 6, A1)

+ 2asinf,coso,p/sin20,, sin20,, S AA sn(4 - DA cosA
A (A-1)
- 2asinf,,/sin o, 51n206,, sin20,, s AA sn(4 - DA sinA
A (A-1)
2 2 .
o = 2y L A=+G,N, )
Am’, AE J_ 2A
Depends on 0,

Depends on O¢p



V., appearance

sin”(A-DA
(A-1)°

a2 . 2
P(v,—v,) = sin"26,;sin" 6,

sin AA sin(A-1)A

+ 2asinf; coso,, sin20,, sin20,,

A (A=)
- 2asinf;sin o, sin26,, sin206,, s AA sn(4 - DA sinA
A (A=)
2 2 .
o = 2y L A=+G,N, )
Am’, AE J_ 2A
Depends on 0,

Depends on O¢p
Depends on octant of 0,;



V., appearance

)
P(v, —v,) = sin>20,,sin’ 6,, Sm(ﬁ 1)1 A
+ 2asinf; coso,, sin20,, sin20,, S AA sin(A -1 é cos@
A (A-1)
- 2asinf;sin o, sin26,, sin206,, s AA pin(4 - A sinA
A (A-1)
2 2 .
o= Ay p=Amal A=+G N, = | Ghem comsant
Am?, 4E J2A

Matter effect is the correction to neutrino
effective masses, when they travel through
matter and scatter on electrons

Depends on Am?;;

The difference between normal hierarchy (A>0) and inverted
hierarchy (A<0) 1s enlarged by matter effect (A)

Matter effect increases with travel distance L



V., appearance

sin”(A-DA
(A-1)°

o, o, e 2 e 2
P(v,—=v,) = sin"26,;sin" 6,

+ 2asinf; cos(-0.,)sin20,,sin20,, s AA sn(4 - DA cosA
A (A-1)
- 2asinf,;sin(-0,, )sin20,, sin20,, s AA sin(4 - DA sinA
A (A-1)
A : A : L L =Fermi constan
a= m221 A= T Aziﬂ; fN e T T ]iﬁ =Electr0n detnsity
Am?, AE J2A

For anti-neutrinos, flip signs on o-p and matter effect A



V., appearance

sin”(A-DA

e 2 e 2
P(v,—=v,) = sin"26,;sin" 6, A1)

sin AA sin(A-1)A

+ 2asinf; coso,, sin20,, sin20,, 1 (A-D) cosA
- 2asinf;sin o, sin26,, sin206,, s AA sn(4 - DA sinA
A (A-1)
2 2 .
o = 2y L A=+G,N, )
Am’, AE J_ 2A

Measure v, (anti-v,) appearance probability with v, and anti-v,,
neutrino beam

Determine mass ordering, 0cp and octant of 85,

* sin? 20;3measured by reactor experiments

* |4m35| and sin220,; constraint by v, disappearance
* P(v, — v,) difference between 4m3,>0 and Am3,<0 enlarged by matter effect (ocL)

Matter effect is the correction to neutrino effective masses, when they travel through
matter and scatter on electrons

0
Ll



vV, appearance - v, vs anti-v, events

T T .t T 7 — 7T | 9 % [ f._6 % ]

1 ) |nverted hlera rchy gIVES g B 1 No mattereffectsli — 2 No matter effects —
. . . | d 1T |
slight suppression in both. [ i ol | A <. A
2. CPviolation causes opposite - 1r P\§ 1
effects in neutrinos and ~ S I 1
antineutrinos. N e == = A

glE T e e i R EEEREEEREEEE.
3. Matter effects also produce B 3, [ 4 ]
. _ ] A Matter effects |} 6. octant -
opposite effects in neutrinos [ 1 % 23 _

|

and antineutrinos. ’ R% I ng

4. The octant of 923 causes - I
either a suppression or [ e e s v a D a s S | S Bo csfoas ]
enhancement.




vV, appearance - v, vs anti-v, events
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Neutrino Detection (~MeV)

Inverse beta decay (IBD) — Cowan-Reines Experiment (first observation of
neutrinos), DayaBay (0,5), JUNO (mass hierarchy), etc

Neutrino capture on radioactive nuclei (Davis experiment in South Dakota 1970-
1994, first to detect and count solar neutrinos, discrepancy in results created the
solar neutrino problem = neutrino oscillation)

Coherent scattering (recently developed, high cross-section, low energy signal)

Detector (inverse beta decay)

Source (beta decay)
n-pt+e +7v,

DayaBay: liquid scintillator,
~8x20 tons, first measured
913 n 2012 l

Nuclear Reactors

CdCl, target + liquid scintillator
1995 Cd capture neutrons, ~10 tons JUNO ~ 20kt

Jianming Bian - UCI
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Neutrino Detection (~GeV)

Charged-Current interactions are the “signal” events that allow the neutrino flavor to
be 1dentified, via identification of the charged lepton flavor

Due to the small v, 2 v, probability (~5%), background processes can greatly
confuse v, appearance measurements

For example, Neutral Current (NC n°) events where a n° is produced can fake CC v,

. Ve CC Event ~ NC Event

n D n,p n,p

“appearance” signal “appearance” background



Charged-Current Signal - Interaction Modes

Giant
resonance

Elastic l NUCLEUS

Quasielastic

DEEP INELASTIC
“ EMC ¥

1 —
Energy transfer L)

1
2 s
2 & 300 MeV
2A 2m
Quasi elastic Resonance Deep Inelastic

!/

N

hadrons

2 particle-2 hole (2p-2h) effect: dominated
by Meson Exchange Current (MEC),
Interactions with more than one nucleon
contribute 27



Charged-Current Signal- Cross Sections

* Accelerator neutrino oscillation experiments §1 '4;_
in the 0.1-10GeV transition region B2
* Multiple types of interactions with 5
complicated final states and topology f}o.si—
* Requirements: 30.65—
 High performance detector S04k
* Excellent Event reconstruction 3 0_23_

*  Well understood neutrino flux and S oE' y

interaction models 10"
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Cherenkov Detectors

* Particles traversing medium faster than light (v>c¢/n) emit Cherenkov light at a
characteristic angle.
* Cherenkov light collected and produces signals on PhotoMultiplier Tubes (PMTs)

— Muons: straight trajectories lead to crisp rings
— Electrons: showering and multiple scattering produce fuzzy rings

— 7%: decay into two gammas, which each appear as electron-like rings
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Scintillator Tracking Detectors

sunp

[ run: 1107/7
| gate: 101 slice: 2

40 20 30 40 50 60

Use scintillator distributed throughout detector that produces light when particles
pass through

Collect scintillator light via fiber optic readout that connects to a APD
Reconstruct event in 3D by merging information from alternate coordinate views

Low-Z and low-density, good for e vs ¥ separation

-~ MINERVA
’ NOvVA
T 14kt
X-view X-view
M _{:,:.fs £, =53 ,

run: 1107/7
gate: 198 slice: 3

"'10 20 30 40 50 60

module module




Neutrino Interaction in scintillator detector (NOvA)

NOvVA Monte Carlo

quhérgéd Current

Proton

--.
-Es‘.-.i. ;-
Electron

ve Charged Current

frotan. - V4+ X4 X

i NC (background)

nO (—)W)---ﬁll_. if ¥

Neutral Current

The muon is a long minimum 1onizing particle, the ionizes in the
first few planes then starts to shower and the photon is a shower with a gap

in the first few planes. 31



Liquid Argon Time Projection Chamber (LArTPC)

Liquid Argon Time Projection Chamber (LArTPC) ProtoDUNE-SP
1s promising for the next generation of neutrino S bR
experiments

— Image quality of a bubble-chamber, improving
sensitivity by better background rejection and
resolution

ProtoDUNE-SP Run 5387 Event 89663 @2018-10-17 20:58:57 UTC

Scalable to multi-kiloton detectors

1 GeV Proton

\Iz:l

Not infinitely expensive
Fast electronic readout

Ticks (0.5 s)
Charge (ke)

ProtoDUNE-SP ~1kt

|

: WA
\
\
DUNE-~50kt
,"‘\.n'v\' \
LG

\
!

Y
1 G‘e}f Pion Interaction
. (Absorption — 2p)
1

.
-
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NuMI Oft-Axis v, Appearance Experiment (NOvA)
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Muon neutrino beam at Fermilab near Chicago

Longest baseline in operation (810 km), large matter effect, sensitive to mass
ordering

Chi

Far/Near detector sited 14 mrad off-axis, narrow-band beam around oscillation
maximum



NuMI Off-Axis Beam

Charge select pions to get 96% (83%) pure muon-neutrino, (anti-muon-neutrino) beam.

Decay Pipe

Target Focusing Horns

Focusing Horns




NuMI Off-Axis Beam [EENEERSEEEEN
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Beam direction

e NOVA detectors are sited 14 mrad off
the NuMI beam axis

* Beam v are produced by m and K
decays. Neutrino energy depends on the
decay angle and /K energy

* The off-axis angle provides a narrow
2-GeV v energy spectrum around the
v, 2V, oscillation maximum

* Reduces beam NC and v,CC
backgrounds while maintaining high v,
flux at 2 GeV for the oscillation signal
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Neutrino Beam Performance

v, event rates at FD in neutrino beam anti-v, event rates at FD in antineutrino beam
Newtrino Beam [L. T NOvA o Dotoror ] [ AntineutrinoBeam  NOVA Far Defector |
6 Flux 1-5 GeV — 61— Flux 1-5 GeV —
i 96.3% v, ] - 15.2% v, 1
I 2.5%7, ] : 83.5% v, |
4= 1.1% V:+ve - 1.3% ve+V, %

Vv, cross section N
much lower than v, 8
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Neutrino beam data: 13.6x102?° Protons on Target (POT), (+54% over 2019)
Antineutrino data: 12.5 x 10 POT

Weekly neutrino beam
Weekly antineutrino beam
—— Accumulated beam 2020 analysis dataset
Accumulated neutrino beam
—— Accumulated antineutrino beam 2019 analysis dataset ,,
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NOVA Detectors

Far Detector (FD):

0.3-kton functionally identical Near Detector (ND), ~20k cells

14-kton, fine-grained
344k detector cells

-
-
-

To APD Readoug

Scintillation Lith
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< <L P Waveshifting
“t}.{\ ane of vertical cells Fibek L
' "\ i Plane of horizontal cells

3m cm
Detectors are comii‘osed of PVC modules extruded to form long tube-like cells

Each cell: filled with liquid scintillator, has wavelength-shifting fiber (WLS) routed
to Avalanche Photodiode (APD)

Cells arranged in planes, assembled in alternating vertical and horizontal directions

—> 3-D information of neutrino interactions 37



NOVA Detectors

Far Detector (FD):

e 14-kton, fine-grained

* 344k detector cells

0.3-kton functionally identical Near Detector (ND), ~20k cells
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Oscillation Analysis Process

Measure neutrino flavor change vs. energy over a long travel distance
to determine oscillation parameters:

* Identify v, and v, charge current events from cosmic rays and beam
backgrounds (PID)

* Reconstruct neutrino energy and other kinematic variables

* Observe differences between data and MC simulation at Near
Detector (ND), extrapolate them to Far Detector (FD) to correct FD
MC

* Infer oscillation parameters by fitting oscillation-weighted FD MC
to FD data

+ Tune interaction models based on ND data and external data,
mitigating uncertainties on neutrino flux, cross sections, and
detector response



Neutrino Interaction Tuning

« Upgrade to GENIE 3.0.6 in 2020 (more models) 1. Lootonic model @ )
 Chose the most “theory-driven” available set of models Vi oo s b
along with GENIE’s re-tune of some parameters
* Custom tuning for both central values and systematics: P
* Final State Interactions: external n-scattering data | D |
* Meson Exchange Current (MEC, Multi-nucleon 2. Hadonic model y -
interaction, 2p2h): amount tuned in 2D space to match \ N FLIE]

NOvVA ND data (qO =E, _Ew |q|:|pv _ppD

T. Katori, AIP Conf. Proc. 1663, 030001 (2015)]

Process Model Reference

Valencia plus Z-

Quasielastic expansion form factor A. Meyer, M. Betancourt, R. Gran, R. Hill, Phys. Rev. D 93 (2016)

MEC Valencia w/ custom tune  R.Gran, ]. Nieves, F. Sanchez, M. Vicente Vacas, Phys. Rev. D88 (2013)
Resonance Berger-Sehgal Ch. Berger, L. M. Sehgal, Phys. Rev. D76 (2007)

DIS Bodek-Yang A. Bodek and U. K. Yang, NUINTO2, Irvine, CA (2003)

Final State

. hN w/ custom tune S. Dytman, Acta Physica Polonica B 40 (2009)
Interactions
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10* Events

Neutrino Interaction Tuning

Upgrade to GENIE 3.0.6 in 2020 (more models)

Chose the most “theory-driven” available set of models
along with GENIE’s re-tune of some parameters

Custom tuning for both central values and systematics: N A k |

* Final State Interactions: external n-scattering data ‘ ) 0

¢ Meson Exchange Current (MEC, Multi-nucleon 2. Hadronic model \7 ( Wl
interaction, 2p2h): amount tuned in 2D space to match k / ‘ 3. FSI model
NOvA ND data (qO :Ev _Ew |q|:|pv _pp_D T. Katori, AIP Conf. Proc. 1663, 030001 (2015)]

NOVA Preliminary

NOVA Preliminary

ried [ERE ! O W

= | I T | e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6
Visible E,, (GeV) Visible E, _, (GeV)

T T | T T 1 T I T T T T I T T l T I

25 N 'Nlol AW I n . INI - B i _ Al Default GENIE Neutrino Beam 7
o vA T - eUtﬁno eam i [ ——nNova2020Tune v, +V, CC Selection ]
B v, + V, CC Selection i o]
- k NI; b =) 20 ¢ ND Data _

201~ ¢ ata - - [JMEC g
N [CJMEC | @ B QE i
o %o QE 3 = g : i
I ] & 15 [ RES -

15— - [ Res — > i
E - [Jois 1 L Jois §
D N < [ s . Bl Other N
B Il Other ] o :

10~ - ~ 10 S

0=
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Event clustering

( 1000 2000 3000 4000 5000 6000
o1 330 us-exposure of the Far Detector-. X-view |1
| e e AR ey g s )
g | lese . :
S or : ]
=l !
=500 ; ....... ——
500 | % YVZ@W il
L i . B
. L i = : 1
= - [ .
S of i
I ' N
- : l‘ I 4
500 |- il ) i
[ iy ]

0 1 000 2000 3000 4000 5000 6000

NOVA - FNAL E929

Run: 18620/ 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608

cosmic hits.

0 us trigger window

200 300 400

500

* Because NOvVA i1s on surface, hits in a trigger window are a combination of cosmic and beam events.
 First step in reconstruction is to cluster hits by space-time coincidence to separate neutrino hits and



Event clustering

( 1000 2000 3000 4000 5000 6000

so - Time-zoom on 10 us interval during NuMI beam pulse X view
§ of i
-500 — """"""" —:
500 |- Y view |1

§ of :
=500 _— __

=
ja

1000 2000 3000 4000 5000 6000
z (cm)

NOvVA - FNAL E929

Run: 18620/ 13
Event: 178402 / --

UTC Fri Jan 9, 2015
00:13:53.087341608

Event clusters that contain neutrino interactions can be correctly selected in the neutrino spill

timing window



Cell Number

NOvVA Event Topologies

X-View only

Pixel size: ~4 cm x 6 cm Vv, charge current (CC) (v,, disappearance signal):

Plane Number
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Deep-Learning based neutrino classifier (PID)

* CVN: a convolutional neural network (CNN), based on modern image recognition
technology

» Extract features directly from pixel maps
Statistical power equivalent to 30% more exposure than previous neutrino

classifiers CVN output in the far detector MC
Outputs of convolutional filters (features) I" — Appeared v,
| — Survived v,

: — NC background

10~ —— Beam v, background

60| - 1 i = =
S0Ls ' T : % 0.2 o 0.8 1
3 a0, ] > - : b Ve lassifier Output
;"'“-;_ | - : :

A. Aurisano et. al, JINST 11, P09001 (2016)

Events / 18x10%° POT

DDDDD

av,CCevent Selectv, (v,) CC and v, (V,) CC candidates from neutrino (antineutrino)

beam with CVN in Near Detector (ND) and Far Detector (FD) 46



Event Reconstruction

E; .. from calorimetry, ]
[ o . y v, Events _
200 - ~309% resolution -

y (cm)

M

-300 — -

E, from length, ~4% resolution

2200 2400 2600 2800 3000 3200
z{cm)

=100

Ery from calorimetry,

Vv, Events
~10% resolution

=200

(cm)

Y

2300

I

—400 =

I

1800 2000 2200 2400 2600 2800 3000
z (cm)

Vertexing: Find lines of energy depositions with Hough transform. Then determine the
vertex that all lines converge to

Shower Clustering: Based on the vertex and the lines, showers are reconstructed by
angular clustering

Tracking: Trace particle trajectories with Kalman filter tracker 47



NOvA Events

2200 2400 2600 2800 3000 3200 REI00)

-500

X (Icm)
L :
S
[e)
LI I LI L I LI L] I LI L

-100

-400

2200 2400 2600 2800 3000 3200 3400
7 (cm)

NOVA - FNAL E929

70} =
Run: 14828/38 E10° 1 — ) .
3 L

()

Ty

hiis
()

Ju—
e

Event: 192569 / -- 10

;TZT;‘;* 4A2p2r82426’021061 . 218 250 222 234 236 238 m ol o
41:51. t (usec) q (ADC)




Reconstruction

2200 2400 2600 2800 3000 3200 3400
_300 .
g [ Interaction ]
%400 - Vertex . .
. ssssssssssssssssssssssssssssss > +\’— p - 1 -6 Gev i
: Vu - 2.8 GeV ]
-500 |- -
i y - 1.0 GeV i
-100 -]
200 | y-1.0 GeV ]
COE: Interaction - 1
i I Vertex ]
300 -
M reeessssnesmnnn » o= J
i M-1.6 GeV ]
[ vy - 2.8 GeV p-0.2 GeV ]
-400 |- —
2200 2400 2600 2800 3000 3200 3400
Z (cm)
NOVA - FNAL E929 = "
Run: 14828/38 E10° 1 — — 1 210

Event: 192569 / -- 10 L 10y

UTC Tue Apr 22, 2014
21:41:51.422846016

_.
=
Ty
E

218 220 222 224 226 228

t (usec) q (ADC)




108 Events / 11x10%° POT

Energy Reconstruction and Extrapolation
_ Ev =f(E/,u Ehad) _

200} hadronic
2300 — H e |

y (cm)

—————— muon
Neutrino 2 2400 2600 2800 3000 3200 L em reliminary
25 T T T T T T T T T T T T T T T + T I:,) t, T T — [ 1 T T T T T T T T T T T T T T T T T T T T T T ]
K ata . B 4 i
B ND Data/MC — Total Simulation - FD MC pred|Ct|On .
- 1 150 — ]
2= Total Background — i —No oscillation -
i I Wrong Sign i > - .
- . 8 : |-r — Oscillated .
15 — — B .
[ _&'100* 1-0 syst. range
_ ] w T |
1= ] = | l l Background 1
B o
i ] Z | |
B — 50— —
0.5 . I 1
—— P A~ 0 . T T @
0 5 0

1 2 3 4 1 2 i B 4
Reconstructed v, Energy [GeV] Reconstructed neutrino energy (GeV)

* Signal neutrino energy is the sum of muon/electron and hadronic energy.

* Observe data-MC differences in neutrino energy spectrum at the ND, extrapolate them
to modify the FD MC prediction (significantly reduce systematics)

* Systematic uncertainties determined in ND also extrapolated to FD
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Energy reconstruction and Extrapolation

Near Det.

Far Det.

Fraction of Events

v Beam NOvVA Prellmlnary
0_20 T T T T T T T | T T

i —+— ND Data v, + V, CCSeI

i —— NDMC v, +V, CC Sel. :
0.15 |- —— FDMC v, + v, CC Sel.
0.10 i y
0.05 [ .

-
(&)}

* “Functionally identical” is not “identical”

—the ND and FD are very different sizes.

* Containment limits the range of lepton

angles more in the ND than in the FD.

— An avenue for cross-section mismodeling to

not cancel between detectors.

* Can be mitigated by extrapolating in bins
of transverse momentum, p,

— Component of the lepton’s momentum

transverse to the v-beam direction.

— Split the ND sample into 3 bins of p,,
extrapolate each separately to the FD.
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10° ND Events/1 GeV

True Energy (GeV)

Energy reconstruction and Extrapolation

— ND data
Base Simulation "

Data-Driven Prediction 2

7B

ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,—v,) FD Events FD Reco Energy (GelV

I

w

o

1. ND Data Reco E, 2. ND Reco-to-True E, Weighting 3. ND True E, 4. Far / Near
Ratio 5. Oscillations Probability 6. FD True Ev 7. FD True-to-Reco E, Weighting 8.
Predicted FD Reco E,

* The extrapolation for v, disappearance is divided into 4 bins in hadronic energy

fraction called quartiles, each bin
* For v, appearance the ND v, CC data and intrinsic beam v, background are
extrapolated separately

FD Events/1 GeV

True Energy (GeV)



Energy reconstruction and Extrapolation

NOVA Preliminary NOVA Preliminary
]

Detector Calibration

R |
Neutron Uncertainty _ . " ‘pt‘ Fep.

‘St | Extrap.

Neutrino Cross Sections _
Near-Far Uncor. -
Detector Response -
Lepton Reconstruction _

Beam Flux i

Total Syst. Unc. ——

Statistical Uncertainty

-0.04 0.00 0.04 -0.06 0.00 0.06
Uncertainty in sin0,, Uncertainty in A m2, ( x10° eV?)

* Signal neutrino energy is the sum of muon/electron and hadronic energy.

* Observe data-MC differences in neutrino energy spectrum at the ND, extrapolate them
to modify the FD MC prediction (significantly reduce systematics)

* Systematic uncertainties determined in ND also extrapolated to FD



v, and VMData at Far Detector

« FD selection:

— Additional Boosted Decision Tree (BDT) to reduce cosmic backgrounds

v-beam NOVA Preliminary S NOVA Preliminary
: : ! L ) . J I ! I I : I | ! I : l | I : ! ! : 0 I | | I I | I I I | I I | I | I I | I | | I |
o | v, -+ FD data ] " g ﬂ 4 FD data i
= — 2020 Best-fit ] >0 — 2020 Best-fit :
915 ! 1- syst. range ) S g s . -0 syst. range
o [ Facdielug ] o | * Background
@ | : 2 6 g
10 .l. i & |
mof : o 4r g
5L ] i -
= : 2 i ) l —]
0 *+| [ IR R R R - J T B R B
S 1; 1 1 1 | 1 1 1 T 1 1 1 | 1 T 1 | LI B _é E 15 T T T | L B | L B | L ] T 1 E
o 085 = S ogf I:t:_
£ - i =T S o8 ===
_5 0.4;— E _5 0.4; —;
502 rl' | | = = 0.2F | + | | =
0 | l | | 13 | | | | | | | l | | | | o 0 | | | | | | | | | | | | | | | |
0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
Neutrino beam: Anti-Neutrino beam:
* Observe 211 events e Observe 105 events

 Total bkg prediction: 9.3 events « Total bkg prediction: 2.8 events



v, and v, Data at Far Detector

v-beam NOVA Prellmmary 1 NOVA Prellmmary
lllllll 1} T L} 1 T T T 1| T T T T T T T | ] T T T T T 1|
- E Low PID E High PID N B Low PID E High PID .
S5 25 — E (V4 - i E \7 ]
o B ¢ FD Data ! e ] = B ¢ FDData E I wrong Sign Bkg e 1
N e ] © [ —o20c0BestFit | [ Total Beam Bk n
lC_) sol- 1-c Syst Range | 5 ] CE]_ = est Fi otal Beam Bkg B 4
o " [ Wrong Sign Bkg ! S % ] 5 i 1-c Syst Range "] cosmic Bkg g % ]
S ~  [[] Total Beam Bkg ad b . = B . ols i
© 15— [ Cosmic Bkg - — S 10 ; = _
x B : ] 9 B : i
o B : ] qV :
© _ : ] = i : 7
| i ] ~ - [ —
= E ] 2 | E ]
s B ! 7] = - ! -
12 - : ] o 5C i i
S 5 ] w B . 4
> » | | | E | | : _
lu B ———— . — i -
- q% : . E L L
0= =g 1 T2 3 4
Reconstructed Neutnno Energy GeV) Reconstructed Neutrino Energy (GeV)

* ND data split into low and high PID ranges and extrapolate to FD

* FD selection: Add a region close to detector top with tighter cosmic ray cuts to count more

signal events Anti-Neutrino beam:

Neutrino beam: * Observe 33 v, like events
* Observe 82 v, like events * Total bkg prediction: 14.0: 2.3 wrong
» Total bkg prediction: 26.8:1.0 wrong sign, sign, 10.2 beam bkg, 1.6 cosmic

22.7 beam bkg, 3.1 cosmic >4 ¢ V, appearance
e

Extract oscillation parameters by fitting oscillation-weighted FD MC to FD data..



Oscillation parameter fit

% a

32» sin 923» Ocp

veI:> -.

Octant, Hierarchy,
CP-violation

 All results come from a joint fit to neutrinos + antineutrinos, v, + v, reactor-
constrained sin?26,; = 0.085+0.003.

* We perform a frequentist analysis and use the Feldman-Cousins method to
ensure proper coverage in all contours and intervals.

« We perform blind analyses, finalizing all analysis elements before looking at the
FD data.
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(107%eV?)

2
32

Am

Joint Appearance and Disappearance

NOVA Preliminary

NOVA Prellmlnary

' Norma Mass Hlerarchy

2.6 =
2.4 =
2.2 5
- .<10 |:|<20 |:|<30 + Best Fit i
0.3 0 4 0 5 0.6 0.7
sin 923

Use frequentist analysis Feldman-Cousins

method to infer oscillation parameters

sin?0;3 = 0.085+-0.005 from PDG avg. of

reactor data

Best fit:
— Normal Mass Hierarchy
— 8in?0,; = 0.57+0.03-0.04 (UO)
— Am?;;, = (2.41+0.07-0.07)*1073 eV?

Disfavor maximal mixing (6,;=45°) at 1.1 ©

Disfavor lower octant (0,;<45°) at 1.2 &

-2 2—————

- Inverted Mass Hierarchy ]
2.3 =
—2.4F =
—2.5F =
—2.6 =
—2.7:— -

|:|<10 |:]_20 |:|<3(5 i
! ! L L | L L —
283704 05 0.6 0.7
sin 923
NOVA FD  13.6x10%° POT equiv v + 12.5x10%° POT ¥
E7 &) ¢ 201 5% 27 1 GF ¢ ¢ T2
: 10

’b\ 2.5:— =B

B E 19

9 15F ==

B 10

= - 15

g B 1<

g) 1:—_Normal E

o - hierarchy .

N 0.5 Inverted -

- hierarchy
0 ! | ! ! L ) | ! N . ) L . 1 |
0.4 0..52 0.6 0.7
sin“6,,
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Joint Appearance and Disappearance

NOVA Prellmlnary NOVA Prellmlnary
07F Norma Mass Hierarchy 07F Inverted Mass Hierarchy
0.6
: %
T 05 &
= =

0.4M

NH-

l<1o D_zo D<3(5 + Best Fit

0.3F = o ~ NH
0 T T 3 2n
Ocp H
* Best fit:
— Normal Mass Hierarchy (m;>m, ;)
S 0.8 1 s NOVAFD  13.6x10%° POT equw v + 12.5x10%° POT v
- cp Y- N S NH Lower octant ] Z
— sin?%0,; = 0.57+0.03-0.04 (UO) = 43_ — NH Upper octant 1 %
—  Am?%; = (2.4140.07-0.07)¥1073 eV? o | B
O of — IH Upper octant - %
C .
© C 15
* Exclude 6cp=n/2 in IH at > 3o E of 12
C L H
* Disfavor (NH, 6op=37/2) at ~26 = L e ]
e Consistent with all dcp values in Norma Mass ]
. 0 P B f PR R
< 0 T T 3n 2
Ordering at<1.lc 5 50 = .

e Disfavor Inverted Mass Ordering at 1.0c .



Joint Appearance and Disappearance

. VA Dreliminany NOVAFD _18.6x10% POT equiv v + 125<10° POT ¥
60_NOVA FD ] 5 B T T T T T T T ] Z

= | 13.60x10%° POT-equiv (v) i i - NH Lower octant 10

B 20 — | n i
3 | 1SS0 ROT 1 —~.,F A — NH Upper octant - <
o] 50 (\9\ ] b 4 __ '¢ \\ __ >
o | & 1 ~ L % -==|H Loweroctant ] —g
= - N E = ¢ ‘\ 4 ==
s | & %, 1 8 [ ' — IH Upper octant  { @
?:) i & i %6 | (- 3 Py s -
= 401 & 3 Qé,)f 7 S F % F 3
= 2T 1 O L g 12
o | " A!Q ° 1 &=k <
g 30~ oq’@, \*p\ — c [ X\ ]
3 | Q= — - :
= e A0 1~0
5.0 WOt 1 i
= 20?3 dop=0 © dp= mf2 B <]

FO § .= m S . =32 * 2020 best fit N ] ] ] ] | ] ] ] !

C | \Cpl Jlr | ?PI ‘nl T R |eS| || | 1 37‘c 27‘c

20 40 60 80 100 120
Total events - neutrino beam 6

CP
* We see no strong asymmetry between the appearance of v, and v..

 Strongly disfavor “extreme” combinations, but can be consistent with any 6,
hierarchy, or octant if probed individually.

Prefer.
Exclude IH 6 = /2 at >30 Normal Hierarchy at 1.00
Disfavor NH § = 3m/2 at ~20 SPpET/CEmtan ey
Non-maximal Mixingat 1.1c




Compare with Other Experiments

NOvA’s allowed 90% C.L. regions are compatible to other experiments

NOVA Preliminary
————

—_
- Normal Hierarchy 90% CL ]
- —— NOvA 2020 — — MINOS+ 2020 .
3.0~ ---- T2K Nature 580 - IceCube 2018 N
| 2l SK 2018 i
(\I> = '—.‘.’ \1 4|
w | .“/..— ‘ _
(?O B SRl cmmmsislas e ‘ i
‘g 250 ( %= \'\",r .......... . s -_r 5 b
NEm B \ ‘ 5 / N
S // _
T e = .‘ ..‘4}!
20| ® NOvAbestfit =TT i
' R S S ST S S S S
0.4 0.5 06
Sin“6,,

Agreement across many precision
measurements about values of
“atmospheric” parameters

. 2
sin 623

NOVA Preliminary

| |

0.7 Normal Hierarchy

0.6
Kl e QN
0.4 =
[ T2K, Nature 580: ® BF — <90% CL --- <68%CL -
0.3 NOvA: + BF [ ] <90%cL [ <68%CL ]
- - L 1 ' L l 1 L (] 1 l 1 1 1 1 l 1 1 L —
0 g T 3n 2n
2
8CP

Apparent tension in allowed values of dcp
NOvVA & T2K are working on a fully self-
consistent joint fit (including systs)
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NOvVA Results Summary

Mass Ordering Significance vs. Year
$in?0,,=0.45-0.60, Am3,=+2.40x10°eV?, sin®20,,=0.085

. T 1 T | T 1 T 1
- Hierarchy resolution
— 2020 analysis techniques

L 31.5x10%° POT(v)+31.5x10%° POT(v) by 2025

(¢,

NOVA new results

— Precisely measured sin?0,; =
0.57+0.03-0.04 and Amy;% =

(2.41+0.07-0.07)*1073 e V2

— Exclude 6cp=n/2 in IH at > 30
— Disfavor (NH, 6cp=37/2) at ~2c6

Significance ( o=\ Ay® )
N W £

[—

IIII|IIII|IIIItIIII|III

I 1

T T T T ]

NH 85p=37/2-

|IIIIIIIII

NH 8 gp= /2

2022

2025

NOVA is running through 2025, test beam program and potential accelerator

improvement to enhance ultimate reach

Optimistically, if 0.p=31/2, 4-5 ¢ sensitivity to Mass Ordering by 2025

>=3¢c sensitivity to Mass Ordering for 30-50% of dp values (depends on 6,5 and

true ordering)



Artificial Neural Network (ANN)

Artificial Neural Network (ANN) provides a general framework for estimating non-linear
functional mapping between a set of input variables x(X; X, ... Xy) and a set of output
variables without requiring a prior mathematical description of how the output formally
depends on the inputs.

All layers in a traditional ANN are fully connected, meaning that the inputs of the
activation function in each node are the weighted sums of the outputs of all nodes in the
previous layers.

The weights and biases are determined by training ANN with large simulated data
samples in which true outputs values are known (supervised learning).

Hidden

ko k M1, k k—1
Input (I;J - A(w()] —I— Zf[/:]_ w'l] ) :L”L )

* Traditional ANNs can not use raw data (e.g.,
the pixels of a image) directly as inputs
because of the computational complexity
and over fitting problems, encountered when
the number of layers increases.



Convolutional Neural Network

e (NNs are convenient for taking images as inputs, as they use translationally invariant
filters to look for features

® (NNs can be utilized in 2 ways:
1. Classification (Particle ID, Event ID): Output layer will have a sigmoid activation function,

which outputs a number between 0 and 1, or softmax, it’s generalization to an arbitrary
number of classes
2. Regression (Particle Momentum/Energy, Event Energy, Vertex): Output layer has a linear

activation function

Fully Connected Layer Locally Connected Layer

Example: 200x200 image

40K hidd it ;
RO el CNNs take raw pixel
inputs, using all detector
kit information with
Filter size: 10x10 .
M parameters acceptable computing
cost
- Spatial correlation is local Note: This parameterization is good
- Waste of resources + we have not enough . when input image is registered (e.g., ie
training samples anyway.. Ranz;lon face recognition). Ranzatold
Traditional artificial neural Convolutional neural network

network
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Convolutlonal Neural Network

1. Design neural network
architecture

2. Provide many bird and non-
bird examples to train CNN

All Animals magaz. Animals at Drusilas Zoolog

3. Parameters in neural
network trained to give a
score for birds

pb«'rd
O
= sunset [»
=
4 %
[+
° o — pdog
o o]
(] [+]
° ° - p
o o cat
e . o o]
convolution + max pooling o P t
nonlinearity | °

l |

convolution + pooling layers fully connected layers  Nx binary classification
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Convolutional Neural Network

1. Design neural network
architecture

2. Provide many simulated
neutrino examples to train
neural network

electron neutrino data from NOVA E... electron neutrino data from NO... antineutrino oscillation

3. Parameters in neural network trained to
give event identification, neutrino energy,
interaction position etc.

Event identification

Final state particle
identification

Neutrino Energy

Final state particle
energy

convolution + max pooling vec
nonlinearity

0 000000O0O0CO0

Idooooo((&&&ggs
1

Interaction location

—

convolution + pooling layers fully connected layers



Input Images - NOvA

NOVA detector cells arranged in planes,

assembled in alternating X and Y directions
Produce a pair of pixel maps (Cell Number
vs. Plane Number) for the X and Y view of

each interaction
Input images are 151 cells by 141 planes
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CNN based Event Classifier (CVN

Top

Classify neutrino events using two
tower network, Convolutional Visual

- e Network, based on googlenet.

m— o Each view of the event is examined
separately for most of feature
extraction.

— mmm POOLING
NOVA was the first experiment to

— — apply CNNs to a HEP result in its

== |NCEPTION OUTPUT 2016 analysis.

Yielded an effective 30% increase

_— in exposure.
ssmm  FULLY CONNECTED

Aurisano et al., “A Convolutional Neural Network
Neutrino Event Classifier”, JINST 11, PO9001 (2016).
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CNN based Event Classifier (CVN

Color is Efficiency NOVA Prel | m | nary

Cosmic 0.00044 0.00064 0.0013

5 - NC

: ©
i D
il @ 0.017
|:!:l: anm TTTeaE D
(dp
1] Ve

Vi Ve Vo NC Cosmic



Example Data Check: MRE

Data Numu

NOVA - FNAL E929

Run: 12238/4
Event: 79983 / --

UTC Sat May 27, 2017
12:35:28.816091584

NOVA - FNAL E929

Run: 12238/4
Event: 79983 / --

UTC Sat May 27, 2017
12:35:28.816091584

80| .
Muon Removed - Electron Added:
| —¢— Data
o ] Select a muon neutrino interaction.
o ] Remove the muon hits and replace
with a simulated electron.
20 —
sotssense oseessesseeses®”
% 1'21‘_ : Pre Selection Full Selection Efficiency
s I | “Data Events 486083 316009 0.6501
5 57074 0% 08 — MC Events G 1287 341119 0.6672

CVN v, Classifier



Particle Classification

Cluster 3
-.I
Single particles are currently
erastion ‘-' Cluster 2 . t d ) tr
riscion @fageranay — ., separated using geometric
g ", reconstruction methods.
Cluster 1 3 :- Cluster 1 - :-
TOP ' TOP SIDE SIDE
o | - = - O
Classify particles using both — - — -
views of the particle and both o — — —
views of the entire event. e R - o
This shows the network 1 1 K
contextual information = = = =
about single particles. —
LOCAL NORMALIZATION
POOLING LAYER
INCEPTION OUTPUT
FULLY CONNECTED LAYER

Phys.Rev.D 100 (2019) 7, 073005




Particle Classification

Proton

Pion
©
o
©
D Muon
[
dp)
Gamma

Electron 0.9

Electron Gamma Muon Pion Proton

True



Example Data Check: n0 Mass Peak

2000 1 U U T I U U T T 1 1 T T I 1 1 1 I | T 1 1 T
- 8.04x10% POT .
NOVA - FNAL E929 i —4— Near Det Data ]
Run: 10540 /2 i + i
Event: 263858 / -- 15001 + N
UTC Sat Nov 8, 2014 i > B 4 + B vC Background |
01:37:41.669337152 g B 4 _
o - 4 ]
~— . ”
21000} - Data u: 135.1+ 0.6 MeV |
i) B & Data o: 32.1+ 1.0 MeV N
= B & -
! . —
L B .
500|— o “ —
| '." i
i = _
= ..0'. '-o-. .
0o, ]
0 .—’L m’."m
0 100 200 300 400 500
MYY (MeV)

n® mass reconstructed using
invariant mass of pairs of
photons identified using the
single particle classifier.

Shows a 60% reduction in
backgrounds over previous
techniques.



Regression CNNs for Energy Estimation

* Feed the two 80x100 image images of the event, one for each
view, to the 2 inputs of the CNN which estimate event energy
Electron Neutrino « The CNN architecture used is an adapted ResNet
E?.ef?y « Weighting scheme so the loss function sees a flat distribution

P 4 « Use mean absolute percentage error instead of square of errors to
decrease the effects of outliers

L(W, {x,, y;}" ')_HZVW(X)_V

l:

x10~ -
/ 50— -
C — Unweighted Energy i
Top View side ——— L2 o — Weighted Energy -
E Hadronic o B 3
>

o B 1
_ o _ 8 30— -]
3 e 3 N C ]
' © B ]
£ 20 _
o B ]
2 N ]
” Pla:10e " - * ’ ” ® v PIar:Oe - 10_— —_

Phys. Rev. D 99, no. 1, 012011 (2019) E,e (GEV)

doi:10.1103/PhysRevD.99.012011



v, Energy Performance

>

Energy regression results for v_ CC results are shown here N O~V
Calorimetric method is based on adding up calorimetric

energy per cell and applying an overall factor

The kinematic method is based on a fit using electromagnetic

and hadronic clustering:

E(v)=AE., +BE ., +CEg°+DE ’

hadron

NOVA Simulation

2 3
Neutrino Energy (GeV)

NOVA Simulation

Also trained for electron energy, hadronic energy, v, Energy, etc

10 A ™ ] 1= — T T =]
B — Cal. Energy _ B — Cal. Energy N
= —Ki tic E B - = [0) ) . B
5 sl _ Clrr\]:m;:rg;ergy_ '6 10 — RMS o 89 /0 — Kinematic Energy—_
L e TueEnegy ] E F RMS=10.1% |f —CNNEnergy
[aV) 8V B . ]
o B — o 8 : —
o= - T RMS =10.2% || .
X 8 i = : |
St . S sl 5 -
[ce] B B (e} - d -
4 B < F : ]
[ B ] L2 A= ]
s [ i S r : .
& 2 - s F g i
= — 21— . —_

B B . - B . i, | ] 5
% 1 2 5 23 = 0 0.5 1

(RecoE-TrueE)/TrueE
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v, Energy Performance @

N O~

e The CNN resolution keeps the edge over calorimetric and
kinematic based energy estimators from 1 GeV and up

NOVA Simulation NOVA Simulation

(Reco. E - True E)/True E

0.2_ I T T I T ! ! ] w0-25_ I I T ! !
B e CNN Energy . E - e CNN Energy i
i o Kinematic Energy ] Q oo o Kinematic Energy ]
B A Calorimetric Energy | I L. A Calorimetric Energy |
] ] m e ' ] =
i ] I - ' : : ]
. . 0.15{— : : ' —
P 5 0 - Mo b oag oAy s ]
&) - % = H e i~ e p Ehocmdgmmmmeenee - N : ) By 1 B i
B o o ° & P ° ° : o
B A A A A i 0.1~ . -
B . B o
~0.1f— — L .
= . 0.05— —
0-1GeV 1-2GeV 2-3GeV 34GeV 45GeV EM™ 0-1GeV 1-2GeV 2-3GeV 3-4GeV 4-5GeV E*®

7
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v_ Energy Performance ®

N O~

e CNN based method shows good stability over different interaction types
e This shows robustness a CNN model can provide with a large degrees of

freedom
NOVA Simulation
T T T = [ T T L L N AL TR L P T I TR . SR R T R B
L 1 . L [ ] J i 1 H
4 F 1 v, CCQE - 5F ' v,CCRes - oL v v _CCDIS
= | . 1 = | - ] = “}
o i 1 (®) 1 (@) B
o - — Cal. 1 o {1 & [
g af 1 5 % 1 5 | It
© °I— Kinematic 1 = | 1 215F E
I | ] X gL ] X
o ER— o L 4 o
® ol GINN 1 = | 1 © 4L ki
s | : | 2ef 13 |
= i 1 1 [ L 4 (o) i 1
2 JE ' ] 8 1 Sosl '
w i ! 4 1] 1 - _-. o 0.5 -_ x -
: £ : ; ' : :
L 1 J [ ] L ]
0 1 i 1 0 . 1 O § "
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
(RecoE-TrueE)/TrueE (RecoE-TrueE)/TrueE (RecoE-TrueE)/TrueE
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v, Systematics @

N~
e To quantify systematic

uncertainties arising from S BOURSImAIRER
simulation, we vary cross section '
uncertainties

e CNN event energy estimator is
also very robust to cross section
systematics, as well as the better
performance

— Cal. Energy

15~ []1 6 shape-only GENIE

— Kinematic Energy
— CNN Energy

10

Events / 18.0 x 10°° POT

|
—_
©
(6]
i

~ (RecoE-TrueE)/TrueE
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Full Event Reconstruction

Cluster and classify
objects simultaneously
using instance aware
semantic segmentation.

Use machine learning to
reconstruct an event hit
by hit.

Three outputs:

1. Bounds

2. 1D Score

3. Clusters

Using an implementation of Mask R-CNN:
K. He, G. Gkioxari, P. Dollar, and R. Girshick. Mask R-CNN.
arXiv:1703.06870, 2017.




Full Event Reconstruction

Bounds - Look for individual particles within the event and construct
bounding boxes containing each.




Full Event Reconstruction

ID Score - Use a softmax function to classify the particle contained within
each box.

iMuon 0,992

~Electron 0.572



Full Event Reconstruction

Clusters - Group together hits within each box to make clusters for each
particle.

\Muon 0.992

&Electron 0.572

1




Full Event Reconstruction

? |
& Electron 0.572




Transformer

* Recently developed for Natural Language Processing in CS

* Deals with variable number of inputs to combine particle level information

* Ideal to combine kinematics/ID of final state particles, make each step in
ML/AI based reconstruction checkable and explainable

Prong All Prong
Classifiers
mimimim share their
=11zl 1] 1= weights
Prong sl Ls oof
Image SIEIETLEN L2
SMM=EEINE =
el | Gl | el | G g Prong Prong Particle
— g g— g— g ) o) ) Classifier Prediction
5 = 5 = [Sa] g g g
HIHIHIHBE S S S
HaEHEiEm E = = =
23] 23] = 23] Ll ik o 5,
&} &} © &} a P I3 I3) o
sl el |
1%2] %] %]
= = =
& £ = P Prong Particl
Prong e e = rong rong | a.rtlc e
Classifier Prediction
—— i
=
Prong Prong Prong Particle
Classifier Prediction
e
| n
| |
Event &
Event “Prong” Classifier |1 Event Prediction
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True Positive Rate

1.0

0.8

0.6

0.4

0.2

0.0

Comparing Networks

Event ROC Curve for v,

// —— Transformer AUC = 0.9879
CVN AUC = 0.9872

True Positive Rate

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

1.0

0.8

0.6

0.4

0.2

0.0

Event ROC Curve for v,

4
/.f
//
L,/ —— Transformer AUC = 0.9826
CVN AUC = 0.9826
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

A receiver operating characteristic (ROC) curve shows the network
performance for one event class vs all others. The transformer’s ROC
curves for event predictions are nearly identical to those of NOvA’s CNN.




Oscillation parameter fit:

Confidence Interval

* Typically, using Likelihood Ratio Test (LRT) to estimate confidence
interval

L(6)
arg max, L(0)

Ay* = —2log

» In asymptotic case (large sample, etc), test statistic Ay? following a
distribution (Wilks Theorem), so confidence interval can be directly

calculated from Ay?

Table 38.2: Values of Ax2 or 2AIn L corresponding to a coverage probability

f(x; 1,0)
1 — « in the large data sample limit, for joint estimation of rn parameters.
(1-a) (%) m=1 m=2 m=3
1o 6827 1.00 230 353
90. 271 4.61 6.25
1-o 95. 3.84 5.99 7.82
20 9545 4.00 6.18 8.03
99. 6.63 9.21 11.34
o/2 3 99.73 9.00 11.83 14.16
I |
0 ; 1 2 3
(x—w)/o . .
From the PDG Review on Statistics

Figure 40.4: Illustration of a symmetric 90% confidence interval (unshaded) for a Gaussian-
distributed measurement of a single quantity. Integrated probabilities, defined by o = 0.1, are

as shown.



Feldman-Cousins (FC) Method

* Due to the small sample size in neutrino data and physical boundaries on
the oscillation parameters, the asymptotic distribution 1s unreliable

* Explicitly simulate distribution using lots of pseudo-experiments
* Find p-value associated with for each point in parameter space

* In practice, FC conducts a grid-search over the entire parameter space with
many toy Monte-Carlo (MC)

68% Confidence Contour Threshold

R T VSRR VIR, WRp——

LRT Statistic
—
o
[

— Actual

=== Asymptotic

0 T 2m



Gaussian Process to Enhance Oscillation Parameter Inference

e The Feldman-Cousins (FC) approach is a frequentist method widely used by
neutrino experiments for oscillation parameter inference.

e FC search a grid over the entire parameter space with many toy simulated events to
integrate and obtain p-values = very time- and computing resource-consuming.

e A Gaussian Process (GP) is a special case of Bayesian learning that can use
existing data points to predict the values for unseen points with posterior mean and
posterior standard deviation.

e Use GP to approximate the FC P-value surface non-parametrically based on a small
fraction of grid points and toy simulated events

Gaussian Process Given Sampled Points

1.0 1 = OGP
————————————————— Truth
Sampled Points




Gaussian Process to Enhance Oscillation Parameter Inference

; . 2
Confidence Contours 200 Contours for dcp vs sin” a3

0.7 1.000 A e ——
e s ——— — 0.975 - |
0.6 - [— ‘\;)
m s y ... 0.950 - —
< ~--~‘~ /I S
~ o054  TTTTTT== = 0.925 - _
G e 90% FC . S ~10 times faster!
P A 0.900 A
~ == 68% FC ( N )
i N\ 4
04 90% GP DS N 0.875 - HY
68% GP N IH
0.3 +— r . . l 0.850 . . . . .
0 0.57 T 1.57 2T 2% 4% 6% 8% 10%
dcp L. Li, N. Nayak, J. Bian and P. Baldi, Computation

Phys. Rev. D 101, 012001 (2020)

* Oscillation contours produced by GP 10 times faster than the standard FC algorithm
while keeping the accuracy at 99%.

* @GP algorithm implemented in NOvA's software framework, working on parallelize the
algorithm to fit NOvA oscillation parameters at DOE’s National Energy Research
Scientific Computing Center (NERSC)



Machine Learning to Boost

Neutrino Oscillation Measurements

Measure neutrino flavor change vs. energy in over a long travel
distance to determine oscillation parameters:

* Identify v, and v, charge current events from cosmic rays and
beam backgrounds (PID)

* Reconstruct neutrino energy and other kinematic variables

* Observe differences between data and MC simulation at Near
Detector (ND), extrapolate them to Far Detector (FD) to correct
FD MC

* Infer oscillation parameters by fitting oscillation-weighted FD
MC to FD data

BLUE: Apply machine learning

Jianming Bian - UCI 89






Neutrino Oscillation

* Neutrino oscillate because their flavor (interaction) eigenstates (ve, Vv, Vv,) are not
mass eigenstates (v4, vy, V3)

* As neutrinos propagate, the phases of the three mass states |v; , ;> advance at
different rates. Therefore the flavor eigenstates oscillate.

3-flavor standard
model neutrinos

1
U=| O
0

Including two squared mass differences Am?,,=m?,-m?, and Am?’;,=m?;-m?,, there are

Uul UM2 Uy3
Url U1:2 U173
PMNS matrix

Uel Ue 2 Ue 3 -

Parameterized by mixing angles 6,,, ¢,; and 0,; and phase J-p

0
cos0,,

—sin6,,

0
sin@,,

cos0,,

cos0,,
0

—sinf, ;e

i6cp

0

1
0

1 —idcp
sinf, ;e

0

cos0,,

cosf,, sinf,,

—sinf,, cosfO,,
0 0

6 free parameters that determine neutrino oscillation probabilities.

0
0
1




Fermi Constant G, - v

Fermi's interaction showing the 4-point
fermion vector current, coupled under
Fermi's Coupling Constant Gg. Fermi's
Theory was the first theoretical effort in
describing nuclear decay rates for 8
decay.

The most precise experimental determination of the Fermi constant comes trom
measurements of the muon lifetime, which is inversely proportional to the square
of G (when neglecting the muon mass against the mass of the W boson).l2! In modern
terms:[3120]
GY = Gr _V2 9 _ 1.1663787(6) x 10™° GeV 2 ~ 4.5437957 x 10 J~2 .
(he)3 8 MZc

Here g is the coupling constant of the weak interaction, and My is the mass of the W boson, which mediates the decay in question.

In the Standard Model, the Fermi constant is related to the Higgs vacuum expectation value

v=(v2GY) ™V ~ 246.22 GeV 21l

More directly, approximately (iree level for the standard model),
TQ

V2 ME(1- M2 /ME)

G

This can be further simplified in terms of the Weinberg angle using the relation between the W and Z Bosons with My = , SO that

cos Ow

™

0 ~
GF - 9 2 v *
V2 M2 cos? Oy sin? 0w



https://en.wikipedia.org/wiki/Exponential_decay
https://en.wikipedia.org/wiki/Fermi%27s_interaction
https://en.wikipedia.org/wiki/Fermi%27s_interaction
https://en.wikipedia.org/wiki/Fermi%27s_interaction

Accelerator Neutrino Beams at Fermilab Near Chicago

Long Baseline Neutrino NuMI-MINOS

Facility ,,..’ Booster Neutrino Beam (120 GeV)
(60-120 GeV) °, Beam (8 GeV)

Main Injector
(120 GeV) 4 Switchyard

PIP-llinac & (120GeV)
Recycler (0.8 GeV) \52
(8 GeV) \
/ \
J [
[ i
i ]
\ !
Tevatron (1 TeV) P
k defunct since 2011
/
\\ ,/
\ \ =2 , 093



Neutrino Oscillation

* There are 3 flavors of neutrinos: v,, v, V¢, their antiparticles: v,, v, and v;

* Neutrino oscillation: a neutrino created with a certain flavor has a probability of
being detected later with a different flavor during their travel

Source Detector €

o
®

Oscillation Probability
o
>

©
~

02

Starting with v,

2000  |/E (km/GeV)
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Neutrino Energy

* Second task: Reconstruct Neutrino Energy

NOVA: L=810 km

v, = V. oscillations
are sub-dominant

(a few %)

lYNIIIIIIIII'lNII|IIYII
Still start from the B
unoscillated v,
i o .o el
prediction L
60[- based on ND %"
% i measurements. =t
(D ﬂn-
s i / i
\
n = ]
o
[
GJ -
>
w |
20}
@
B { o
O | | | | '*_LJ | | | | | | q.>)
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Reconstructed Neutrino Energy (GeV)

NOVA Simulatio
e
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Need ND

signal and

measurements to
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background.

ve Energy
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v, Near Detector (ND) Spectrum

Reco v, (v,) energy, all Quartiles

* Select v, (V) CC in ND from neutrino (antineutrino) NOVA Preliminary

3 LN
beam with CVN © ol =
o Wrong Sign: v, CC
l: B Total Background
(@) 1505 Area Normalised ]
* E, = E,+ E,,q, data split in 4 equal energy quartiles Y | :
based on E,,4/E,, resolution varies from 5.8% (5.5%) to & | ’
. . . £ sof- .
11.7% (10.8%) for neutrino (antineutrino) beam. gt
S S I S
. . . . . Reconstructed Neutrino Energy (GeV)
* Normalize ND simulation to data in each E, bin, then NOVA Prelim
> _ NOVA Prefiminary
extrapolate the 4 quantiles to FD S wf- e -
S Tou Backgolnd
1_. —— 8 30— Area Normalised ]
[ —Neutrinos 89 r E
— --Antineutrinog é 20; B
oo 2 o -
% | g | ]
Bl e 5 b o 1

1 2 3 4
Reconstructed Neutrino Energy (GeV)

N - Area-normalized, shape-only systematics

- -

Data/MC normalization difference:
1.3% and 0.5% for Vy and Vy

3 4
Reconstructed Neutrino Energy (GeV)
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Joint Appearance and Disappearance

Ve/V. appearance event counts and best fit from v, /v, + v, /v, combined analysis

NQyA Preliminary

I 1 I 1 ‘ 1 1 1 I 1 I 1 I 1

{
60[-NOVA FD

2 . . . . .

i sin?20..-0.085 | * Disfavor m ximal mixing (0,.=45°) at 1.1 ¢
[ 13.60- 102° POT-equiv (v) 18 | stavor ma g (023=45°)

- 12.50. 1020 POT (v) 1 * Disfavor lower octant (6,3<45°) at 1.2 o

(O)
o

—{ * Consistent with all dcp valuesin NH at<1.1oc
e Exclude 8cp=n/2 in TH at > 30

1 * Disfavor (NH, 6cp=37/2) at ~2c

1 * Disfavor inverted mass ordering at 1.0c

I
o
l

W
o

Total events - antineutrino beam

[0 8p=0 ® dgp= /2 J 2020 best fit
:D‘ dcp= | " Op= (‘37[/2 | | | 1

20 40 60 80 100 120
Total events - neutrino beam

N
o
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NOVA Detectors

» Segmented liquid scintillator detectors.
— Allows both 3D tracking and calorimetry

* Good time resolution (few ns) and spatial resolution (few cm)

Pile-up during a 10 us
ND beam spill

— Allows clear separation of individual interactions




Selection: Cosmic Rejection

=
-
)

6O
Z(cm)

« Cosmic rejection is critical at the Far Detector.

— 11 billion cosmic rays/day in the Far Detector on the surface.

* We require:
— Vertices in the fiducial volume, events contained in the detector.

— Pass a BDT tuned to reject cosmics.

 For the v, sample, we add a second “peripheral” sample which contains
high-confidence v, events close to the detector walls.



t-SNE

t-Distributed Stochastic Neighbor Embedding

v, NC

{v_CC

T

[

v, CC

https://indico.io/blog/visualizing-with-t-sne/
https://www.nature.com/articles/s41586-018-0361-2




t-SNE

Example Event Topologies

v, NC

{v_CC

T

[

v, CC




Events / 18.0 x 10%° POT

Events / 18.0 x 10%° POT

v, CC Electron

NOVA Simulation
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An electron energy
estimator was also
developed

The input images for this
estimator are only hits
from the electron part of v_
CC events

The CNN based estimator
sees an improvement over
the traditional method
based on summing up
calibrated hit energy
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v, CC Events

e \We can also apply regression CNNs to
" CC events

e Muon tracks are long, so the v_ pixelmap
size would not contain the full event

e \We can specialize to estimating the
hadronic part of energy, then use:
E(vu) - Eu = Ehadronic
Then we combine our CNN hadronic
energy estimator with the traditional,
length based muon energy estimator to
estimate v, event energy

t (sec) 19 q(ADC)

Here is a simulated v CC event,
. u
with a long muon track and

hadronic shower
1S

103



Hadronic Energy

Here we show the resolution of the
hadronic energy

We apply a weighting to the hadronic
energy spectrum

The traditional method is found by
adding up visible calorimetric energy
from the hadron, then applying a
calibration factor

Normalized events

X.I Ol_3 T T T

>

N O~ o\
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NOVA Simulation
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0 0.
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5
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v, Energy ®

N O~

We estimate the v event energy with: NOVA Simulation

E(vﬂ) - Eﬂ 4 Ehadronic s e | | _

Traditional method of muon energy is - —CNN -

based on length of muon prong 2 —SUEEHONE. 5

We do this using both the traditional 8 o B
] . = ..

and CNN reconstructed hadron energy & [ CNN: dfaditionaks

S [ 4=-0.045 u=-0.048 ]

<Z3 0.05f- o =9.9% o=13% —

O_ " — | | ]

= .

|
—_
—_

-0.5 0 0.
(RecoE - TrueE) / TrueE
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v, Energy

NOvVA Simulation
T
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Here we look at Mean and RMS of v,
energy resolution over ranges of true v,
energy

The CNN has a smaller bias at lower
energies

The CNN’s RMS does about as well or
better everywhere

17/
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Systematics
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N O~
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Energy bars here are systematic uncertainties
CNN is more robust to cross section systematics from 1 GeV onward
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