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v, — Vv, oscillation probability



The NOVA Experiment

« NOvVA s along-baseline accelerator neutrino
oscillation experiment Far Detector (FD)

— Using the NuMI muon neutrino (or anti-neutrino)
beam from Fermilab.

e |t consists of two detectors (Near, Far)
— ldentical technology

— Different size and location

ar Detector

\m
810 (ND)

* |ts primary goal is to constrain neutrino
oscillation parameters by measuring

—
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Long-baseline
neutrino oscillations




3-flavor neutrino oscillations

« 3-flavor neutrino oscillations are transitions in-flight between the flavor neutrinos

» Caused by non-zero neutrino masses and neutrino mixing.

V |
! ) Z v ‘ o

\,e v Mixing v P(VOé _>VB) — ZU* - 2E Uﬁz

matrix

Flavor states Mass sta”tes
(interaction) (propagation)

* The oscillation probabilities depend on:
* Neutrino energy (E,)
« Distance between the source and the detector (“baseline” L)
» Mass squared differences (Am5,, Am3,)
« Parameters of the mixing matrix: 3 angles and 1 phase (0,5, 013, 023, 6¢p)

—

—

* See: David Caratelli, “Introduction to neutrinos at Fermilab”

__  Experimental “settings”

- What we want to

measure
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Oscillation experiments

* Neutrino energy + baseline 2 which parameters can be measured in an experiment

Reactor ~10-3
Reactor ve ~1 1OO ~10->
Accelerator Vi Vy ~103 1 ~1
Accelerator v,V ~103 1000 ~10-3
Atmospheric v, ., v, ~103 104 ~104
Solar Ve ~1 1.5x108 ~10-11

e Our current knowledge:

A,

in? = 0. : $
s.m2 (012) = 0.307 £ 0.013 sin? (623) = 0.546 %+ 0.021 é:'?:i: 3
S11 2(013) = 0.0220 £+ 000075 ; Amgz _ (2453 4 0033) % 10_3eV2 Ac:elerator WVl
Am21 = (753 + 018) X 107 °eV Atmospheric

Source: PDG, 2021 update
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https://pdg.lbl.gov/2021/tables/contents_tables.html

NOVA physics goals
« Atmospheric sector oscillations: Am?5,, sin%9,3, 6¢p

« Key open questions in oscillations:

* |Is the neutrino mass hierarchy normal or inverted?/

s '
4
B

* |sCP violated in the neutrino sector?

* Charge-Parity symmetry v, — v, poLey Uy, — Ve

* |s&,3 mixing maximal?
* v,-v.symmetry

* |f not, what is the octant of §,5? | L (km) 810
I

* Disentangle by measuring...
» disappearance P(v,—v,) and
* in neutrinos and antineutrinos

 over a810 km baseline
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oscillations

V, >V

H H

* v,—v,and v, — v, disappearance can constrain
sin?20,; and |[Am?,, |

« Strategy:
 |dentify muon neutrinos
* Reconstruct their energy

 Compare the data with the unoscillated
prediction

» “Dip” location — |Am?;,]
« Amplitude — sin?20,;

Erika Catano-Mur (William & Mary, NOvA)
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v, — Vv, oscillations

H

* v,—V,and v, — v, appearance depend on
S|n21923, Am232 and 6cp

« Strategy:
 |dentify electron neutrinos

* Analyze neutrino and antineutrino beam
data simultaneously

e Use the relative (a)symmetries between
v, and v, appearance rates to set
constraints

Erika Catano-Mur (William & Mary, NOvVA)
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The NuMI muon neutrino beam

Hadrons ﬂ Fﬁ:ﬂﬂiﬂmﬁﬁﬁﬁ
Protons

- 1 eremeEEREREREEE R mm——— »
- ‘ V ~m—— | |

~——
Neutrinos! — e

80 -
. : ° i > | o .°,
NuMI: Neutrinos from the Main « The NOVA detectors are 3 . .
1 o N i ® ~
Injector located off-axis. ;eo ' .-
 Part of the Fermilab ' )
 Ata 14.6 mrad offset, the flux = o
Accelerator Complex* . A — Onaxis
. . . Is narrower and peaked Sf —7mrad T
 Two running configurations: around 2 GeV. : - 14 mrad
° o ! 21 mrad
’ . B * Small contamination: wrong g2 | '
* Antineutrino beam (v),) sign, v, = :
See: Jason St. John, “Introduction to Fermilab’s W~ B
Accelerators and Beams” (link). ?10'10 —
David Caratelli, “Introduction to neutrinos at Fermilab” & 0.05 =
0.00

*E, (Gev)°
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https://indico.fnal.gov/event/49544/contributions/220160/attachments/145765/185699/Introduction%20to%20Fermilab%27s%20Accelerators%20and%20Beams%20%28present%20and%20future%29.pdf

The NOVA detectors

NOVA Cell

t

To APD
Readout

p—

15.6 m

Scintil[ation

Light‘;
% 4

““““ ('3" :leutrino
""" Fermilab
» Detectors are fine-grained, low-Z, highly-actively tracking Particle
calorimeters Trajectory
* Cells are PVC, filled with liquid scintillator
Waveshiftin
. epy e . Fiber L
« Read out via wavelength shifting fiber to APD e &
o =
» Orthogonal layers of cells 2 top and side view for each event 3;;1&“‘ U
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Collecting neutrinos

Near detector Far detector

20193 channels. 1 km from beam source 344064 channels. 810 km from source
~5 contained neutrino events per beam pulse (every 1.33 sec) <1 neutrino event per day
Negligible cosmic background (underground) 130 kHz cosmic ray background
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Identifying neutrino events

) v,+Nn-op+p * Neutrino interaction candidates are
’ ,_ Long, straight muon.track identified using a convolutional neural
v, CC TF ﬁ network (CNN)
: i kel  Adeep-learning technique from
v, Charged Current "mEa._ G Computer vision
DN Short, wide, electron Ve+n-e+p * New, faster network for 2020.
"temug, i shower
ve CC Electron :
 |n addition to the event CNN selection:
Ve G0RRIEHLCLITROL » Events are contained in the detector
Proton e : V+Xov4X * In-time with the beam
NC TR P « CCy,require awell-reconstructed u
(=yy) "t=..,,.  (nomuon, no electron) track

* Reject cosmicrayswith BDTs

Neutral Current
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Estimating the neutrino energy

E,.q from calorimetry,

00 ~30% resolution v, events h
-300 '~— _—
[ E, from length, ~4% resolution :
2200 2400 ﬁ 2600 2800 3000 3200
z (cm)
—100 F ]
: Een from calorlmetry, V, events
~200 - ~10% resolution s
5 |
~2300 - —
—400 - .
1800 2000 2200 2400 2600 2800 3000
z (cm)
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3-flavor neutrino oscillation
analysis



The NuMI beam dataset

- Daily neutrino beam
° Daily antineutrino beam L SEE EEE SEE MEE EET S e . S . . - E— mEm " mam = '30"\
__4{ —— Accumulated beam 2020 analysis datase § 13.6x1020 POT neutrino +
I_ — H [ ] [ ]
8 AccumUIated neultran .beam [Sep—— NI N M DI NN D e . . S . 258 12.5x1020 POT antlneutrlno
© —— Accumulated antineutrino beam S
53 = beam mode
- . 3{ %4 20 5
. %] : 2 (2014-2020)
)] ..'. oo e _o ° ? '. ;E. %
3 2®° 0, of | ° H ‘.I 15 Q
Q2] (o ot o %0 1 Ul
X % & o e o . )
(O] o P °© o @ olle .I 2
> ® e ® o0 U ]
> | S, ] A7l 0@
8, - = S| 2
1 i It L0l S
H | | 1 e | 5 O
5 4 e . ::-, 1 : See: Jason St. John, “Introduction to
0 20'16 ;0'18 - BT = 2 ;—0.20—-— 0 Fermilab’s Accelerators and Beams” (link).
Date
Tuesday 2021-06-15 13:11:37 -14:11:37 FY21 Integrated Beam to NuMI
: (- : .. P 7
8205 ,,__\&{=== k_\‘/j g 250 RN : = = 5 ﬂ.
MI Beam Power Hour Average - 4E20 POT delivered in 2021! NuMI Target System Upgraded
record: 843 kW on June 15,2021! " w0 ? for Megawatt Beam Operation!

700
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C 1 1 L 1 L Lx10°
1623.7721623.7741623.7761623.7781623.781623.782

o

Nov-2020 Jan-2021 Mar-2021 May-2021 Jul-2021

= Fiscal Year 21 Integrated Beam to NuMI — Design — Basel
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Analysis strategy

1. Simulated 2. Data-driven 3. Comparisons 4. Constraints on

.. : : oscillation
predictions improvements with FD data parameters

1. Simulated
predictions

/ Neutrino flux V\leutrino interactions \»ﬁ)etector response \
on detector materials ¢ to charged particles and
_.a%h \n/ light propagation L
w1l g

-
»Tri» s charged »*
particle
N path

GEANTA4-based simulations of particle Simulated with GENIE 3.0.6*. Propagation of final state particles
production and transport. simulated with GEANT4*. s
Use a custom configuration, tuned to Light readout and front-end

Reweighted to incorporate external external data and NOVA ND Data. electronics use a custom simulation.

Qeasurements (“PPFX”) / \ / \ /

* Updated for this analysis

Erika Catano-Mur (William & Mary, NOvVA) 54th Fermilab Users Meeting. August 4,2021



Constraints using ND data

Neutrino Mode

NOVA Preliminary

Neutrino Mode

2. Data-driven
improvements

NOVA Preliminary

2.5 — L 1 1 l T L 1 Ll I T T L 1 I 1 T L 1 I 1 ] L]

- + Data - 5 8 —_ I I I I I I | I I I I I I -+-ND data
= —— Total Simulation - al i Low PID High PID — Total MC
- - o

_ 2l— | Total Background — ) 61 - - Uncorr. MC
— . . A = ——

8 - B Wrong Sign : X i

o A B --

) 15 B ] ~ 4 ——

x TF | i) i -t e

- - . GC) | - -

P - 7 S 2 e [

-E — 7 LLl B -~ — =

s T B I G = B P = =

L - - — -

% 5 ool

0.5 — = 4

- - S 1: 5 -
i i A 0-8f | Uncorr. MC -¢- Decom -
- - [ . p MC |:
— I . | - 0'6 3 1 1 1 1 1 1 1 1 | L 1 1 1 1 1 1 1 1 1

ml

1 2 3 4 1 2 3 4

1 2 3 4 :
Reconstructed v, Energy [GeV] Reconstructed Neutrino Energy (GeV)

samples are used to correct the FD
v, background predictions

samples are used to correct the
FDv, - v, andv, - v, signal predictions
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Constraints using ND data mprovements

* Choice of binning / subsamples - additional power to
control systematic uncertainties v-beam NOVA Preliminary

uonos|es °a

. . . - Not Ex{rabolétéd |
* pybinning (lepton transverse momentum) Lepton Reconstruction| e o - iated ﬁ |
« “Rebalance” ND/FD kinematics Neutron Uncertainty ﬁ
00 Il_%e]anj - NIO\‘/AlPrIeIi‘milna]ry Detector Response ‘
i —— ND Data v, + v, CC Sel. | Near Det B N
i ——— NDMC v, +7, CC Sel. - ' Beam Flux
@015 —— FDMC v, + ¥, CC Sel. U i, L N
S I et - Detector Calibration
s | 1 | _|
z L i
5 o0l B FarDet. | Neutrino Cross Sections
5 : ‘ Pr B N
5 [ o e Near-Far Uncor.
© - i
L 0.05 1~ N Systematic Uncertainty
: : 20 10 0 10 20
0.00 B L. e Signal Uncertainty (%)
0.0 0.5 1.0 1.5

R 3 Vv . . —
eco || (GeV) ND constraints reduce systematic uncertainties
* v, binning optimized to see the “dip” in the energy spectrum in the FD prediction from >15% to 4-5%

* v, binning optimized to separate signal/background
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v, and Vﬂ data at the Far Det.

3. Comparisons -
with FD data 20

v-beam NOVA Preliminary J-beam NOVA Preliminary
B | | | | | | | | | | | | | T T T T | T T T ] i | | | | | | | | | | | | | | | | | | | | | | | ]
I 4 FD data ] 10 ! +- FD data .
%20 - — 2020 Best-it > — 2020 Best-fit 1
C 1-c syst. range O gl + 1-c syst. range |
—15 = = | ]
o Tt Background o 1 . Background
Sl [ Backg Observed  211v, 105V, < | ]
21 ) o °f
510 Best fit pred. 222.3 105.4 S o
> i > 4 _|
TR, . TRl
| Signal 21411155 103.4%71 :
i +1.9 +0.7 2r -
: Background 8.2717 21757
ok _ _ —_
§ r——m—————————— — — — = L — —
008 — - 0.8f =
2 0.6F + LT E £ 0.6f
o 04F ' E 2 0.4
o = E =
= 0.2F J, 3 = 0.2F
o 0' L1 1 | lé L1 1 | | L1 1 | | L1 1 | - o 0' L1
0 1 2 3 4 5 0 3 4 5
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
1 2.02GeV candidate ] [ 2.31 GeV candidate ]
I ; S
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v, and v, data at the Far Det.

_ v-bean NOVA Preliminary -beam NOVA Preliminary
— 1 T T T T T ! T T T I I I ! ! ! T — T T T T T T T T T T T T T T T T T
z | LowPID :  HighPID ]/e y " LowPID | HighPID V B
S | ¢ FDdaa _ | = [ ; e’
— —— 2020 best-fit | © 8_) o ¢ FD data . I Wrong signbkg | '® -
o | 1-osystrange | 4 o2 | o B — 2020 bestfit | Total beam bkg @ | & "
OD' 20 __ I Wrong sign bkg Ul 8 o __ ‘o B ] . 5 CO ° .ezrkn ? o 'g. }
g S Total beam bkg = v i -G syst range 5 osmicbkg O -q:) ]
kv [ Cosmic bkg o ] 3 B ' o N
S N - . 10
© | _ ™t .
™ -~ ]
: 10 —] %) = -
i = L i
(72] | |
= - > °r -
o) ] T
o i i
o | i i
" 2 3 4 1 2 3 4 | | 0 2 3 4 ' 1 2 3 4
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
700 2. ‘ : .. 200 1.9 GeV candidate
- 2.1 GeV candidate Best fit prediction 85.8 33.2 ;
3 . : 0.6 3
’§600_— =__:-. ) S|gna| 590t%g 192t07 ’é“300__ T
N’ L L] - - 15 i l=..._-=.
= = - ~ - :ll= -
SN " . Background 26.8716 140193 * | '
S00 1= ' ' 400 |-
400 £ . . . 500 -
2800 3000 3200
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4. Constraints on
OSC. parameters

v./ v, appearance + asymmetry

82 candidates (27 bkgd.) > v, appearance v/
33 candidates (14 bkgd.) > v, appearance v/
NOVA Preliminary

|
—NOvVA FD

O 8= T B 8g=3m2 k2020 best fit

20 40 60 80 100 120
Total events - neutrino beam

Erika Catano-Mur (William & Mary, NOvVA)

Reconstructed neutrino

|

| | | |

3
energy (GeV)

60 .
[ 20 : ]
% | 12'28:1820 Eg:guw ) | NOVAFD  13.6 x 10?° POT equiv. v + 12.5 x 10?° POT v
D N ) i = "ttt — Z
- ¥ NOvAdata .
o 501 7 We don'’t see a strong N —— NOVA Best Fit (3¢ = 0.82r) | O
c I i asymmetry between N —— T2KBestFit(s,,=1.37n) ;
S | i > 05 ~— (Neutrino 2020) ]
o I 1 Ve andv.appearancerates £ | N = TT———__ |3
= 400 ] c | N 1=
g | | >Exclude IH6=m/2at >30 > 0 ———————= 13
1 = - © 13
2.0 1 —>Disfavor NH&=3m/2at~20 * 18
@ 39 | > 0.5 <
>
20 | I — — 8p = /2, Normal Ordering
..‘E u i - 3cp = /2, Inverted Ordering
(@) 1= | | ! ! | | ! ! | | ! | I ! | I 1
=205 5..=0 ~ 1 2 4

1

2

3

4

5

Energy / Distance (10° GeV/km)
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4. Constraints on
OSC. parameters

NOVA Preliminary

Constraints on Am?;, and sin?9,,

* Bestfit: | Normal Hierarchy 90% CL -
Normal hierarchy - __NOVA  — - MINOS+ 2020 =/ -
Am?3, = (2.41+0.07)x103 eV?2 3.0~ ---- T2K 2020 - IceCube 2018 —
5in29,, = 0.57+0.04 .. —~ [ SK 2020 O -
5cp=0.821 5: I pmesphene

o | |

« Precision measurements of g 251 N

Am?2;, (3%) and sin23,5 (6%) g : :
2.0f— —
— s o -
sin°0,,
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Future 3-flavor measurements

« Upcoming 3-flavor analyses:

&

WORK IN PROGRESS

 NOVA is expected to take data through 2026, for a
projected total of 60-70 x102° POT

We're half way there!

» Expectincreasingly precise measurements of
AmZ2;, and sin29,;.

We can reach 3o hierarchy sensitivity for 30-
50% of 6 values, and ~5a¢ in the most favorable
case.

We can also reach a ~2o0 determination of CP
violation.

Erika Catano-Mur (William & Mary, NOvVA)

Additional beam data (FY 2021-2022)
* Improvements to the simulation, reconstruction, and analysis techniques

AME,= +2.40 (-2.44) x10”eV?, sin®20,,=0.085

100 I d' I | I I I I | I I I I | I I I I -l I I I I I I. I I
- Hierarchy resolution
—~ [ —— NH sin°0,,=0.60
\0 ) . 2
e 80— v N, i e NH sin“0,,=0.45 —
- |\‘ . 2 —]
D i ) —— IH sin"0,,=0.60 |
% - N e IH sin°0,,=0.45 -
T 60| —
At i
O | _
(o | —]
S 40} ]
C | —]
9 B .
Fr u i
© 20— —
L - 2020 analysis techniques ™ N
[ 31.5x10%° POT(v)+31.5x10° POT(V) by 2025 i}
O | | | | | | | | | | | | | | | | | | | ‘ |“ | | | | | | | |

0 1 2 3 5
Significance ( o=\ Ay? )
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NOVA: arich physics program!

NOVA + T2K joint analysis

NOvA: L=810 km, E=2.0 GeV

T2K: L=295 km, E=0.65 GeV

—_—

8 sin’20,,=0.082 -
IAMZ,1=2.5x10%eV? |
sin®,,=0.4,0.5,0.6 1

—————
sin’20,,=0.082 |
IAMZ,|=2.5x103%eV? |
sin°0,,=0.4,0.5,0.6

2, _
0520 5=n/2
[0%=n m8=8n2 ~ ANOVAN e L |
Y 2 4 & 80 2 6 8
P(v,—ve) % P(v,—Ve) %

Cosmic ray physics and exotics

°s 1 Supernova neutrinos-.

SN candidates "
density
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Distance from sun, kpc

Run: 22887/26
Event: 333191

UTC Sun May 1, 2016
00:06:44.308589600

Sterile neutrino searches

Neutrino Energy (GeV)

Neutrino Energy (GeV)

—Amj, = 0.05 eV

10? 10 1 10? 1
1.2_ IMARRRLEN T [JALRRE LA L LA
- ND :
1 .
0.8 :
0.6~ —3-Flavor Prob. :

1-Plv, = vy)

—Amg, = 0.5 eV?

IIIIIIIlIIIIIIIIIII

:IIlIIII?III

0.4 614=0°
—Amfzh = 5 eV2 : 9224= 100
0.2 :934=35°
: 0 =0°
| | Lol MR TR
1072 107

1 10
L/E (km/GeV)

Cross-section measurements
v,CCinc.

Learn more: NOvVA publications. Snowmass LOI: NOvA+T2K, Steriles , Exotics, Cross-sections

Erika Catano-Mur (William & Mary, NOvA)
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https://novaexperiment.fnal.gov/publications/
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF1_NF0_Ryan_Patterson-093.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF2_NF3_Gavin_Davies-117.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF4_NF3_Matthew_Strait-090.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF6_NF8_Jonathan_Paley-068.pdf

NOVA Test Beam

* A scaled- down 30-ton NOvVA detector

* Deployed at the Fermilab Test Beam
Facility

* Analyzes tagged charged particles from a
tertiary beamline (protons, pions, muons,
electrons and kaons) inthe 0.2 — 2.0 GeV/c
momentum range

* Results could address some of the largest
systematic uncertainties in NOVA

* See: Vallary Bhopatkar,
“Fermilab Test Beam Facility” (link)

Erika Catano-Mur (William & Mary, NOvA)

NOvVA TB @ MCenter

54th Fermilab Users Meeting. August 4,2021


https://indico.fnal.gov/event/49544/contributions/220161/attachments/145764/185698/54_Fermilab_User_Meeting_FTBF.pdf

Summary

* NOvVA'’s primary goal is the study of 3-flavor neutrino
oscillations, via measurements of muon (anti)neutrino
disappearance and electron (anti)neutrino appearance

* The most recent oscillation analysis results:

* Precision measurements of Am2;, (3%) and sin29,
(6%)

* No strong asymmetry between v, and v,
appearance rates

* The data analyzed so far corresponds to ~half of the total
expected. There’s still alot to do!

* NOVA can explore more physics: sterile neutrino
searches, cross-section measurements, exotic and

cosmic-ray studies...

» Alot of opportunities for young scientists

Erika Catano-Mur (William & Mary, NOvA)



NOVA continued recording and analyzing data
throughout 2020 and 2021.
This was made possible by the extraordinary

dedication of the Fermilab community at large.
THANK YOU!! See you next year! &
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https://news.fnal.gov/2021/07/the-end-of-the-road-a-pot-of-gold/

