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What are the main goals of the NOVA experiment?

 NOVA is a long baseline neutrino oscillation experiment.
Aims to address the following open questions:
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What are the main goals of the NOVA experiment?

 NOVA is a long baseline neutrino oscillation experiment.
Aims to address the following open questions:

o What is the value of 0,37 0,3< 45° 0r 03> 45°? v - v, symmetry?

o What is the value of Am%,? Normal or Inverted Hierarchy?
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What are the main goals of the NOVA experiment?

A 6,5 octant
 NOVA is a long baseline neutrino oscillation experiment.
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What are the main goals of the NOVA experiment?

 NOVA is a long baseline neutrino oscillation experiment.
Aims to address the following open questions:

o What is the value of 0,37 0,3< 45° 0r 03> 45°? v - v, symmetry?
o What is the value of Am3,? Normal or Inverted Hierarchy?

o Is there CP violation in the lepton sector?

 NOVA has a rich physics program:
— Neutrino cross-section measurements. See Steven G.’s talk.
— Search for sterile neutrinos. See Gianluca'’s talk.
— Investigate astrophysical and exotics phenomena.
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How can NOVA measure neutrino oscillation parameters?

 NOVA measures the rate, energy and flavor of neutrinos detected both near its
source and in its detector far away.

- Perform a joint disappearance v, — v, and appearance v, — v, analysis.

Detector

Source

) vud'\sappearance . 11‘“ ‘
e 6‘@ € ks
AN €8 @

Oscillations depend ‘ “

on 0,,, Am3, and d.p
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How can NOVA measure neutrino oscillation parameters?

- Measure v, — v, and v, — v, disappearance to constrain sin20,; and |[Am?;,|

Unoscillated
v, spectrum

S

* v, survival probability:

2]
o
T T T

P(v, = v,) ~ 1 — ( cos*(013) sin?(2023) + sin?(2613) sin®(Ha3) ) sin’
[0 1

Am2L
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How can NOVA measure neutrino oscillation parameters?

- Measure v, — v, and v, — v, disappearance to constrain sin20,; and |[Am?;,|

Unoscillated

* v, survival probability: v, spectrum

2 L _

Py, —»v,)~1-— (0084(913) sin?(20,3) + sin2(2913) sin2(923)) sin? (Am L) 60_ / |
AE -
(4]

(D -

. . ?‘:40* |

* Location of dip — |Am?;,| 2 | ,
c

S | sin220,, Measured |

w oscillated |

- Amplitude of dip — sin?*20,; 20~ v, Spectrum-
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81 ]
P(Vﬂ — V) A ‘ Patme_i(A32+60P) + v/ Psol i \O 6-
Vv v 2 gh i
~ Patm + Psol +2 Patmpsol (COS A32 COs 5C’P + sin A32 sin 5CP) —_— B
/ o
in(Aar — al, = |
\ Patm = Sil’l(@gg) Sin(2913)81né3131_ CLZ )Agl 4__ _|
> |
a2 |
2_ |
I . | PR | |
Y T2 4 6 s
(o]
P(v —=ve) %

11 8/13/2020 Steven Calvez | 53 Fermilab Users Meeting @ @

ANO -~



How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81
P (v = ve) = | e srvien) 1 /P o |
o~ 6
%Patm+Psol+2 Patmpsol (COSA32 COS(SC’P:FSinA?Q Sin(sCP) —_— B
/ ° I
e in(As; — al e 1 5=0
Patm = Sil’l(@gg) Sin(2913)81né3131_ CLZ )Agl 1\1 4__ @]
1> |
a |
2_
» In a vacuum and with no CP-violation, v and v
oscillation probabilities are equal. o
0 2 4 6 8
P(v —=ve) %
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 8[
P (v = ve) = | e srvien) 1 /P o |
o~ 6
~ Patm + Psol +2 Patmpsol (COS A32 COs 5C’P + sin A32 sin 5CP) —_— B

/ )]
in(Aar — al, = |
\ Patm = Sil’l(@gg) Sin(2913)81né3131_ CLZ )Agl Tj- 4

>

o

» CP-violation generates opposite effects
iIn v and v oscillation probabilities. oL——

o=mn/2

'\ 5=0

13 8/13/2020 Steven Calvez | 53 Fermilab Users Meeting

D F

ANO -~



How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81
P(Vuﬁye)%‘ Patme_i(ASﬁ_éCP)‘i‘ Pyl i \0 6_
\ v 2 gL
%Patm+Psol+2 Patmpsol (COSA32 COS(SC’P:FSinA?Q Sin5cp) — | 6=3-[/2
/ © I
in(Aar — al > L 6=0
\ Patm = Sil’l(@gg) Sin(2013)81né3131_ CLZ )Agl 1\1 4__ $
|> i O=n
a2 |
2_
» Other CP-conserving phase yields slightly
different oscillation probabilities. o)
0 2 4 6 8
(o)
P(v —=ve) %
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81 )
P(VM — V) A ‘ v Patme_i(Asﬁ_éCP) + vV Psol i \O i
o~ 6 N
R Patm + Psol + 2/ Pagm Psol (COS A32 COs 5C’P F sin A32 sin 5CP) ~— | S=mt/2
/ ()
/ . . Sil’l(Ag,l — CLL) |> - 0=0
Patm = Sll’l(@gg) Sln(2(913) A31 oL Agl 1\1 4— _]
|> i O=n
\n__”' - d=3n/2
2 _
» Other maximum violating CP phase
enhances v, appearance. o Is cyclical. oL | L1 | ]
0 2 4 6 8
o
P(v—=ve) %
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 8 ]
P, = ve) ~ ‘ P iAmtice) 4 /P ’ -0 6_ Inverted Hierarchy 1
v 2 gl |
~ Patm + Pool + 2/ Patm Peol (COSA32 cosdcp F sin Az Sin(sCP) —_ | 7
/ ® I
in(Axr — al, |> i
v Patm = Sil’l(@gg) Sin(2913)81né3131_ CLZ )Agl Ti 4__ ]
>
a |
2 | -
i - Normal Hierarchy -
» Matter effects also generate opposite L 05=0 ®5=n/2 ]
effects in v-v oscillations depending on the ol mose ]
Mass Hierarchy. 0 2 4 6 8
P(v,—Ve) %
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

P(VM — Ve) ~ ‘ v Patme_i(Asﬁ_éCP) + vV Pl

* v, appearance probability:

2

~ Patm + Psol + 21/ Pagm Psol (cos Azp cos dcp F sin Aga sindcop)

/

in(As; —al
v Patm:Sil’l(@gg)sin(2013)Sln( 31 a )

A
Agl —alL 31

» 0,5 can increase or decrease v
and v oscillations probabilities.
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What is the NOVA experiment?

B NuMI beam
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How are neutrinos produced?

* NuMI beam can produce both v, and v, .
« World most powerful neutrino beam: ’ g e /”
. — 1 i v/ Vy
typical power of 670kW (peaks >750kW). — =
= at H
« +50% neutrino mode exposure last year.
30 Weekly neutrino beam
. . Weekly antineutrino beam . 30 =
« Ongoing improvements to reach 900kW. g,; — Acumubtedbeam - n 2
2?- —— Accumulated antineutrino beam 2019 analysis dataset 253‘3
220 e 20 ©
ng J 15 ;l,
%‘10 l 1 10%
5 5 O
0 2014 .202[5 2016 2017 2018 : 2019 2020 0
< Date
MW-éapabIe horn
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How are neutrinos detected?

 The NOVA Near Detector and Far Detector
are both segmented liquid scintillator
detectors providing 3D tracking and
calorimetry.

 Near Detector:
— 290 tons.
— 350 ft underground at Fermilab.

* Far Detector:
— 14 ktons.
— 810km away on the surface in Minnesota.

, 60 m
15.5 m
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How are neutrinos detected?

» Alternating horizontal/vertical planes
composed of extruded PVC cells
filled with mineral oil doped with

scintillating material.

2o « An Avalance PhotoDiode
collects and amplifies the

» Charged particles ionize the medium light signal.

and produce scintillation light. The light is
picked up by wavelength shifting fibers.
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What do neutrino events look like in NOvA?

Use Machine Learning
techniques to select and identify
neutrino interactions.

Data processing, simulations,
event reconstruction, network
training: performed thanks to
Fermilab computing resources.

v, Charged Current:

Signal for disapp. analysis,
v, Cross-section meas., etc. 1

v,Charged Current: ]

Signal for app. analysis,
v, Cross-section meas., etc.

Neutral Current:
Background for 3-flavor osc.
analysis, signal for sterile
search, etc.

10 10° 10

" q(ADC)
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How does NOVA measure neutrino oscillation parameters?

o 810km R
h - NOVA Simulation
llllllllllll\‘\lll‘\\\
i v Expected
N — L M, T spectrum |
» Measurev, /v, andv, /v, ]
energy spectrain FD. |
o |
c 10~ _
(]
i
5,
G_ ||I\II||II\‘\|II‘\\\\
0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)
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How does NOVA measure neutrino oscillation parameters?

V;u a
Vv,
e
o 810km R
h - NOVA Simulation
; vEpd
_ . — spectrum |
» Measurev, /v, andv, /v, | ! wl s |
energy spectrain FD. | '
> Large flux and cross- & .
section uncertainties.
5— ]
07 Illllll\\\\‘\llllllll
0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)
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How does NOVA measure neutrino oscillation parameters?

- 810km N
h : NOVA Simulation
6 o NOvASimuiaion Y e |
N A | » Measurev, /v andv, /v, | M T wiweand |
F;’ s V Flux 10-5 GeV u u e e 15 xsec systs |
2 M o energy spectrain FD. | wi extrap. |
§ 4 1.1%\/:+Ve I |
5l :
- 1 Neutrino e§ergy (GgV) ° ° I
Measure v, /v, in the ND and extrapolate to greatly L
cancel the flux and cross-section uncertaintiesS.  Reconstructed Neutrine Energy (Gev)
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10° Events / 11x10%° POT

How does

Neutrino Mode

NOVA measure neutrino oscillation parameters?

810km

Y

NOVA Preliminary

g
5}

=

———
¢ Data

14

Antineutrino Mode
e

NOvA Preliminary

¢ Data

AT ettt BRE S oo 4 Large statistics.
E I Wrong Sign ] g&’ 1: I Wrong Sign
1 1 i 1 * Systematic bands come
T 1 e - from flux and cross-
ot EI E section uncertainties
° 1Reconstruzc:ted Vu En?arlg; [ée\/? ° 1Reconstruzcted Yy En:zargy [Ger
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How does NOVA measure neutrino oscillation parameters?

. 810km /

v-beam NOVA Preliminary Y-beam NOVA Preliminary

L e e e B LI B B B e L A L L R

N
(=]
T

-
o
L L

* Survivingv, /v, spectra 'V, +Fodata K +FD data
 Without oscillations, +

— 211 v, candidates : | _
— 105 v, candidates | 1 + :
would expect >1000 v, : Jﬂd T | H} ﬁ -H

and ~500 7, candidates. | ﬂhH +—+— l |

Events /0.1 GeV
o
|
—*_.
R ——
_}_
l
Events / 0.1 GeV
(2]
|

.p.
T 1 T

(8]
T

2
0 L t L 0 _}_' |
0 3 5 0 1
Reconstructed neutrino energy (GeV) Reconstructed neutrlno energy (GeV)
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How does NOVA measure neutrino oscillation

* Appearing v, / v, spectra
— 82 v, candidates
— 33 v, candidates

parameters?

B 810km

v-beam NOVA Prellmlnary v-beam NOVA Preliminary
z . L Ay i
S- 30 ve Core only — — L v Core only -
L = ¢ FDdata R O 15— e ¢ FDdata —
= 8 & t .
2 | 15 ]
8 a0l 1 = I ]
2 - 4 8 10— —
2 I ] o[ ]
) ] > r 1
AT — L ]
2 { & -
R nRURUEE B | |
i i N i

0 _ 0 | | . | l

2 4
Reconstructed neutrino energy (GeV)

2
Reconstructed neutrino energy (GeV)
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10° Events / 11x10%° POT

10° Events / 11.8x10%° POT

What are NOvA'’s latest 3-flavor oscillation results?

810km

' NOvVA Prelimina _—
Neutrino Mode NOvA Preliminary Y bear T T T ry_ v-beam NOVA Preliminary
2.5F T T T = r 1 [
u + Data 1 r FD dat 12 7 1
o v — Total Simulation | 20— v + ata - E', 30— v Core only —
2 ” [ Total Background | I ” ] '1, I e + D ]
n I Wrong Sign ] % <~> o]
n O 45 - :— 4
15 = S e o ]
E 2 1ol ’ + + 18 [ ]
'y - e e or 1
- | + Z ol -
@ b 4
| hich set of # v (R —+ ‘
5 . 18 [ 1
“Which set o | R SHE B IR B
Reconstrusted v Enaergy [GeVi‘ OSCI | | ation param eters ®  Reconstructed neutrinoaenergy (ée\c') 5 Reconstructed neutrino energy (GeV)
Antineutring Made NOVA Preliminary generate predICtlonS -beam N NIOIV{\‘P‘rtIaIIimi‘ngry T-beam NOVA Preliminary
1.4F T L L R L L 1
IV, e ion closest to data? o VY o gas "V Gy
1.2f- - I = ore only
o [ Total Background | [ O 15— e 4 FDdata —
is ” I Wrong Sign = > ” 3‘ r 7
- ] 2 8- s 1
B E © T 1% ]
o8 E E £ 15 ]
0.6 - 2 + 19
- E e 4 418 [ i
r - w 1 € - -
f r b4 120 + ]
02| . 2 i _{_—{—’ [ _l_ _l_
A —— gl amecna by o’
Reconstructed v, Energy [GeV] Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
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10° Events / 11x10%° POT

10° Events / 11.8x10%° POT

What are NOvA'’s latest 3-flavor oscillation results?

810km

e

3

A

NOvVA Preliminary

Neutrino Modo NOVA Preliminary vbeam -7 v-beam NOVA Preliminary
2.5 T T T = r 1 r b
C + Data h I 1 = ]
E v — Total Simulation E 201 v TFD data ) . ug; 30— v Core only N
+ VU I Tota Background ] o H —20208estft 1 ¢ [ € 4 oo
g Menagen 8 tosystrange | & [ e
C ] s
150 — s | ¥ Background 1% — P
- . .I: d - . £ 10| 18 ¢ ]
i3 E Best fit prediction 8" S ;
: ] u 1e 1 i
05~ 7 °t e I 1
N i L S w L i
: | ] Am?,,=2.41 X 103 eV/2 | = =S
1 2 3 4 0 ! 2 L3 & Reconstructed neutrino energy (GeV
Reconstructed v, Energy [GeV] si n20 :O 57 Reconstructed neutrino energy ((.3&\1:) 9y ( )
Antineutring Mode NOVA Preliminary 23 ' Tbeam_ | NOIVA Prelllmlnary Sbeam NOVA Preliminary
1.4F L L L R L L I 1 T T T T T T T T T
= 4 Data 1 = F 1 o B
12 :—v — Tolal Simultion 6CP 0 ' 82“ 10l v +FD data 4 [ v Cora only i
s M I Total Background - i I’lf 2020 Bestfit ] 8 " e * :gzgan‘a t-fit B
- 1 L — esti 1
1= I Wrong Sign — 2 sl Jd g L — 1-g sysl range 8
o b 0] - 1-0 syst. range | ii‘g I I \Wrong sign bkg i
o8 E S ol M Background 1 2 10l | Eéﬁ':"f:‘;fg“g N
- ] @ | 1o [ i 1
0.6 - s 1T [ :
- 1 > af- 4 &2 ]
04f- i wor 1§ o -
s 1 r 1w [ ]
“ E I ; _u_
L ] [, oL ]
1 2 3 4 5 C'n 1 2 3 4 1 2 . 3 4
Reconstructed v, Energy [GeV] Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
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How confident are we in the results?

« The measurement is sensitive to statistical fluctuations.

T 1 T I 1 L T
L |llustration -

AmZ, (10° eV?)

2.0— ® NOvVA best fit _|

! ] L I L L ] ! L 1 L | !
0.4 0.5 0.6

-2
sin“6,,
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How confident are we in the results?

« The measurement is sensitive to statistical fluctuations.

T 1 T I 1 L T
L |llustration -

3.0 —

AmZ, (10° eV?)

2.0— ® NOvVA best fit _|

! ] L I L L ] ! L 1 L | !
0.4 0.5 0.6

- With a few more events in the

v, oscillation dip.

: 2
sin“6,,
32 8/13/2020 Steven Calvez | 53 Fermilab Users Meeting

D F

ANO -~



How confident are we in the results?

« The measurement is sensitive to statistical fluctuations.

— ]
L |llustration -

a0l | . With a few more events in the
—~ . v, oscillation dip.
> L ]
] i _
S | 1
@0 . B . With a few less events in the
< i : v, oscillation dip.

2.0} *® NOvVA best fit ]

' 7 S ¥ Y
sin’6,,
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How confident are we in the results?

« The measurement is sensitive to statistical fluctuations
— Need to report confidence intervals.

T T T I T T T I T T T T I
L |llustration -

AmZ, (10° eV?)

3.0 —
| 3¢ |
20,
2.5 10, —]
2.0— ® NOvA best fit —
1 L I L L 1 1 I L 1 L L I 1
0.4 0.5 0.6

-2
sin“B,,
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How confident are we in the results?

« The measurement is sensitive to statistical fluctuations

— Need to report confidence intervals.

2.0

T T T I
L |llustration

— ® NOVA best fit

TR !
0.4

05
-2
sin“B,,

0.6

“True” values are “more likely than not”
in the 1o interval.
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How confident are we in the results?

« The measurement is sensitive to statistical fluctuations

— Need to report confidence intervals.

2.0

T T T I
L llustration

— ® NOVA best fit

TR !
0.4

05 06
sin’6.

23

outside the 3o interval.

~_“True” values are “very unlikely” to be

“True” values are “more likely than not”

in the 1o interval.
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How confident are we in the results?

« The measurement is sensitive to statistical fluctuations

— Need to report confidence intervals.

2.0

T T T I
L llustration

® NOVA best fit
! |

~_“True” values are “very unlikely” to be

0.4

05
sin’6.

23

0.6

outside the 3o interval.

“True” values are “more likely than not”
in the 1o interval.

* Because of the low statistics and the
presence of physical boundaries,
building statistically accurate confidence
Intervals is very challenging.
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How are confidence intervals built?

k, . .
018 - . With a regular die,

016 “IeJ- distribution of
0.12 outcomes is flat.
0.10
0.08
0.05
0.04
0.02
0.00

123456 k
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How are confidence intervals built?

n=1
k .

4 _— | The sum of many dice follows a

g}j Wi - normal distribution.

o . 65 /648 The square of the sum is

008 0.8 y?-distributed — can

0.04 0.04 mathematically predict the

oo 002 probability to throw 225.

123456 k 5 17,18 30 k
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How are confidence intervals built?

n=1

4 _— The sum of many dice follows a
016 e normal distribution.
o . 65 /648 The square of the sum is
0.08 0.08 y?-distributed — can
0.05 0.05 . -
0.04 0.04 mathematically predict the
0.02 0.02 ili
000 006 probability to throw 225.

123456 k 5 17,18 30 k

p(k)
0.18
0.16
0.14
0.12
0.10
0.08
0.05
0.04
0.02
0.00

The sum of two dice is not
normal distributed or
‘gaussian’.
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How are confidence intervals built?

The sum of many dice follows a
normal distribution.

The square of the sum is

y?-distributed — can
mathematically predict the
probability to throw =25.

n=1
p(k)
01875 WS :
0.16 oY )
0.14 . .
0.12 0.12
0.10 > 0.10 651648
0.08 0.08
0.05 0.05
0.04 0.04
0.02 0.02
000723456 k 0.00 5 1718 30 k

p(k)
0.18

0.16
0.14

0.12

0.10
0.08
0.05
0.04
0.02
0.00

2

In addition, if the two dice are
loaded, the only way to predict the
distribution of outcomes is to throw
the dice many times, i.e. throw
pseudoexperiments.
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How are confidence intervals built?

« Generate and fit millions of pseudoexperiments to build empirical y?-distributions:
Feldman-Cousins approach.

« Extremely computationally expensive.
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How are confidence intervals built?

« Generate and fit millions of pseudoexperiments to build empirical y?-distributions:
Feldman-Cousins approach.

« Extremely computationally expensive.

* Implemented a massive parallel framework
on High Performance Computing platforms
like NERSC, in collaboration with the SciDAC-4
HEP Data Analytics program.

» Time to results brought from 6 months on
FermiGrid and OpenScience grid down to a
few days/weeks on NERSC machines.
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What is NOvA’s constraint on 6, ?

« Observed v, - v, appearance rates fall in a degenerate region of the param. space.

NOVA Preliminary
NOVA FD ' | ' s
| 13.60x10%° POT-equiv (v)

- 12.50x10% POT (¥)
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What is NOvA’s constraint on 6, ?

« Observed v, - v, appearance rates fall in a degenerate region of the param. space.
* No significant v, - v, asymmetry observed.

D
o

NOVA FD
| 13.60x10?° POT-equiv (v)
- 12.50x10% POT (v)
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What is NOvA’s constraint on o.p ?

« Observed v, - v, appearance rates fall in a degenerate region of the param. space.
* No significant v, - v, asymmetry observed.
* Disfavor IH d.p=n/2 at >30 and NH d8.,=3n/2 at 20.
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What is NOVA’s constraint on sin?0,; and Am?;, ?

NOVA Preliminary
———

| Normal Hierarchy 90% CL | + Best fit in Normal Hierarchy and
- —— NOVA 2020 — — MINOS+ 2020 2 Upper Octant (6,;> 45°).
3.0~ ---- T2K Nature 580 - IceCube 2018 —
—~ [ - SK2018 -
> T 1 * Precision measurements:
o | : ] — Am?,,=2.41+0.07 X 103 eV2 (£ 3%)
Tu25 — — 8iN26,,=0.57150% (£7%)

- Lo T T T T T T 1 « Preference for:
2oL o NOWA begtfi ™= N — Normal Hierarchy at 1.00
| L | 1 1 1 Il | 1 L 1 1 —
0.4 5E os Upper O§tant gt .1.20
sin’6,, — Non-maximal mixing at 1.10
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What is NOvA'’s future sensitivity?

* Run until 2025, accumulating more than 3x102! POT in both v and v modes.
« Could reach 50 sensitivity to Mass Hierarchy for most favorable parameters.
* Probe the majority of 6., values at 2o-level.

sin’6,,=0.45-0.60, Am2,=+2.40- 107eV?, sin’26,,=0.085 AmZ,=+2.40- 107%eV?, sin?26,,=0.085
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. T . I [ [ [ | | I
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i NH 6.,=31/2 1< ~ | NH sin’8,,=0.60 1%
o NH 8gp=mt 1= S 80— , P
g I NH 6,,=0 ] C_D % i NH 5|n2923—0.50 § (_f)
NH 6...= /2 3 S5 L NH sin“6,,=0.45 1=
Ty cP e o cC
) = = 60—//// — =
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B 4= & [ =
< T 1o o F 19
% - G 40 —///// -
S [ | S I i
Y
€ 2~ - 2 1
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177} © 20— .
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What is coming in the next few years?

* High Performance Computing enables great
speed ups and previously computationally
prohibitive analysis techniques to be explored.

0
0
x
(]
z
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What is coming in the next few years?

* High Performance Computing enables great
speed ups and previously computationally
prohibitive analysis techniques to be explored.

* Development of Machine Learning tools to
address some of the biggest reconstruction
challenges, like pion energy estimation, etc.

Input Image

PPPPP

Q
0
x
(]
z

Arzonn. 4

* [ENERGY

256 Feature Maps

Learned variations on the

original image

5 ] Ve
‘ v
=g Ve
= NC
- Cosmic

50 8/13/2020 Steven Calvez | 53 Fermilab Users Meeting

D F

ANO -~



What is coming in the next few years?

Q
0
x
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 High Performance Computing enables great T —
speed ups and previously computationally e

* [ENERGY

prohibitive analysis techniques to be explored. 5 & o—

* Development of Machine Learning tools to 756 Fenture M
) . eature Vlaps
address Some Of the blggest reCOHStrUCtlon Input Image Learned variations on the

original image

challenges, like pion energy estimation, etc. - EEEE:

siel 18
NS

 NOVA Test Beam program is ongoing at x b SR e
Fermilab Test Beam Facility: reduce our largest p I, e
systematics.
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What is coming in the next few years?

Q
0
x
(]
z

 High Performance Computing enables great T —
speed ups and previously computationally e

* [ENERGY

prohibitive analysis techniques to be explored. 5 & o—

* Development of Machine Learning tools to

256 Feature Maps

address some of the biggest reconstruction Input Image Lesmed vriatons onthe
challenges, like pion energy estimation, etc. - ] e
« NOVA Test Beam program is ongoing at Bl SR %N’C
. S w0 Cosmic
Fermilab Test Beam Facility: reduce our largest N :

PPPPP

systematics.

« Expect more neutrino cross-section
measurements from NOvVA: see past two weeks
JTEP seminars on the v, and v, charged
current inclusive measurements.
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Conclusions

* New results with 50% more neutrino mode exposure and updated analysis.

Preference for Normal Hierarchy (1.00) and Upper Octant (1.20).

Achieved some of the most precise measurement of:
— Am?,,=2.41+0.07 x 103 eV?2
— 8in20,,=0.5715-0%

Exclude IH 6-p,=n/2 at >30 and NH d,,=3n/2 at 20.

Fermilab played a critical role in NOvA’s latest results! Grateful for continued
support.
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Questions?
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Backup
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GENIE Tune

» Used GENIE 3.0.6 in NOvA 2020 analysis: choose the most theory-driven models
and retune some parameters to better match ND data.

1. Leptonic model ¢ ) Process Model

M w Quasielastic Valencia 1p1h

Form Factor Z-expansion

P\ Multi-nucleon  Valencia 2p2h

D Resonance Berger-Sehgal

( DIS Bodek-Yang
/ 3. FSI mo

del
) Final State Int. hN semi-classical cascade

2. Hadronic model ’\‘
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GENIE Tune

» Largest tunes:
» Meson Exchange Current (MEC
or 2p2h): tune to ND data
» Final State Interactions (FSI):
use external 7t-scattering data

10* Events

25

20

15

10[51

minary

I U T 1 |

¢ ND Data

[ ]MEC
I QE
[ RES
[_]bis
Bl Other

NOVA Preli

..... Default GENIE Neutrino Beam
—— NOVA 2020 Tune vV, +V, CC Selection

52 04 06
Visible E,_, (GeV)

0.8
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Joint NOVA-T2K analysis

* Data-driven techniques lead to small adjustments to the v, CC, v, CC and NC
rates.

Neutrino Mode NOVA Prellmlnary — Antineutrino Mode NOVA Prellml%
5 ol T T T T T T T T \ T T T T T T T "+-NDdata O i T T T T T T T T . T T T T T T T ‘-+-NDdata
i | Low PID HighPID | _ 1o & Low PID HighPID | tommc
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>N = == w
- 14 - mC> 1.4 ot I —
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FD numu

v-beam NOVA Preliminary v-beam NOVA Preliminary
] ' ' T T T T ] R L L BN B ]
i +FD data i - 4+ FD data ]
20 - o ~
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= 5 - > i ]
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Total background 8.2 Total background 2.1
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FD nue

v-beam NOVA Preliminary
30 — T T T T T 1 T T T T T T T T T —
> - Low PID i High PID .
= B 5
g ¢ FDdata _ ]
= | —2020bestdit G ]
g_) 20l 1-o syst range o E |
o B Wrong sign bkg ! 8 =
S [ [ Total beam bkg o ]
b [~ [[] Cosmic bkg o b
S - ]
s | ]
o
— 10— ]
=~ | | ]
2
= - ]
G) B 5
>
Ll | ]
0 1 2 3 4 1 2 3 4

Reconstructed neutrino energy (GeV)

Obs. ve candidates 82

Best fit prediction 85.8
Total background 26.8
Beam bkg 22.7
Cosmic bkg 3.1
Wrong sign 1.0

Events / 12.50x10%° POT

20

1

—— 2020 best-fit

1- systrange |

- Total beam bkg @
|:| Cosmic bkg 8

Peripheral

V-beam NOVA Preliminary
Low PID High PID
¢ FD data I - Wrong sign bkg

2 3 4 1 2 3 4
Reconstructed neutrino energy (GeV)

Obs. ve candidates 33
Best fit prediction 33.2
Total background 14.0
Beam bkg 10.2
Cosmic bkg 1.6
Wrong sign 2.3

60

8/13/2020 Steven Calvez | 53 Fermilab Users Meeting

(1S X)



Joint NOVA-T2K analysis

« T2K results are statistically compatible with ours.
» Ongoing effort towards a joint NOVA-T2K fit.
NOVA Preliminary

T T T T I T T ! !
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p; extrapolation Near Det.

* ND/FD containment difference.

« Split ND samples into 3 bins of transverse
momentum and extrapolate separately.

Far Det.

* Reduce cross-section uncertainty by 30%. Overall
systematics reduction is 10%.
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Systematics

» Detector calibration: will be improved by the ongoing test beam program at

FNAL

» Neutron uncertainty: cover discrepancies observed in low-energy v data.
Ongoing work to improve our simulation and understanding of neutrons in the

detectors.

» Neutrino cross-sections: use own tuning but still noticeable nuclear effects
(RPA, MECQ).

Detector Calibration

Neutron Uncertainty

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

Beam Flux

Systematic Uncertainty
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Systematics

» Without the ND to FD extrapolation technique, cross-section and flux
uncertainties would be dominant, especially for the appearance analysis which is
extremely rate sensitive.

v-beam NOVA Preliminary v-beam NOvVA Preliminary
Lepton Reconstruction ; Eg:r::ir;‘f:;ated 'I\/ 7‘; Lepton Reconstruction ; E:raE:::f;',a‘Ed * v “‘%
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- i qZ = i _|

Beam Flux I 9 Beam Flux —

Detector Calibration [ _ b % Detector Calibration i J N

Neutrino Cross Sections B ' 1 Neutrino Cross Sections i * N

Near-Far Uncor. B - N Near-Far Uncor. i . N

Systematic Uncertainty _ Systematic Uncertainty *
10 5 0 5 10 20 0 0 90 20

Total Prediction Uncertainty (%) Total Prediction Uncertainty (%)
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