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V questions

Do v, /v, mix equally into the
vV mass states?

e u T
|s our picture of
Are there light neutrino scattering
sterile neutrinos? sufficient?

Which way are the 0’0
neutrino states i 0
a‘. gt
H= UHDUT + Hnatter
.+ Hnsr??

ordered?
AP, ocsinocp Do we fully understand
Do neutrinos exhibit neutrino propagation

CP violation? in matter?
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https://www.symmetrymagazine.org/article/how-heavy-is-a-neutrino
https://www.particlezoo.net/
https://www.symmetrymagazine.org/article/how-do-neutrinos-get-their-mass

V questions: meta

Do, /v, mix equally into the
v mass states?
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What can we learn by
constraining 3-flavor
oscillation parameters?
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V questions: meta

Dov, /v, mix equally into the Are there light
sterile neutrinos?

v mass states?

Which way are the Aij X sin 5CP

neutrino states Do neutrinos exhibit
ordered? CP violation?

H = U'-EID[]T + Hmatter

What can we learn b
y . +Hpygs??
Do we fully understand

constraining 3-flavor
. . neutrino propagation
oscillation parameters? o ttor?

3 s the 3-flavor oscillation
model complete?
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V questions: meta

Do v, /v, mix equally into the
v mass states?

Which way are the APyp X S111 (SCP
neutrino states Do neutrinos exhibit
ordered? CP violation?

What can we learn by
constraining 3-flavor
oscillation parameters?

Are there light
sterile neutrinos?

H = U'-EID[]T + Hmatte'r

. +Hpys??

Do we fully understand

neutrino propagation
in matter?

® s the 3-flavor oscillation
model complete?

€)

|s our picture of
neutrino scattering

sufficien

Are interesting

being hidden (or
exposed!) by our

“heavy” nucle

t?

physics

ar media?
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V questions:

Do v, /v, mix equally into the
v mass states?

Are there light
sterile neutrinos?
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—" New-in-2022 measurements
Which way
e by NOVA ureof
wi engage all of these nt?
@ Constraining 3-flavor Do we fully understand
oscillation parameters? neutrino propagation
Are interesting physics
5 s the 3-flavor oscillation © being hidden (or
model complete? exposed!) by our

“heavy” nuclear media?

@
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V questions: meta

Do v, /v, mix equally ‘i?nto the Are there light
v moss states’ sterile neutrinos?

Which way are the AP‘_U[/ x sin 50}3
neutrino states Do neutrinos exhibit

ordered? CP violation? IS Ol.Jr piCtU e qf TWO VH C.C
— neutrlno. s.cotterlng cross section
What can we learn by | #=UHU I;;;‘f,; sufficient? measurements
constraining 3-flavor Do we fully understand
X X tri ti
oscillation parameters? N matter? _ _ _
Are interesting physics
5 s the 3-flavor oscilftion being hidden (or
model complete? exposed!) by our
“heavy” nuclear media?
Bayesian Search for
look at 3- nonstandard  geoqrch for
flavor model interactions sterile
constraints neutrinos @
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NOVA: neutrinos

ONTARIO

MINNESOTA
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. Fermilab
== \uon neutrinos
=== [ QU neutrinos
ms= Flectron neutrinos ILLINOIS
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K. ENGMAN/SCIENCE 345, 6204

10® CC Events / Kton / GeV / 5 x 10'* POT

1.1% v +v,

NOvA Simulation NOvA Simulation
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Neutrino Beam NOVA Far Detector | Antineutrino Beam NOvVA Far Detector |
Flux 1-5 GeV — s Flux 1-5 GeV —
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2.5%V, 83.5% V,

1.3% v, +v,

2 3 4
Neutrino energy (GeV)

%

-

2 3 4
Neutrino energy (GeV)

23.2x1020 + 12./7x10%° PQOT recorded so far

(neutrino
mode)

(antineutrino
mode)
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https://doi.org/10.1126/science.345.6204.1555

NOVA: neutrinos
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MINNESOTA
23.2x102° + 12.7x10%° POT recorded so far
(neutrino (antineutrino
mode) mode)
IOWA
| Fermilab
m== Muon neutrinos
== | au neutrinos
=== Electron neutrinos ILLINOIS
L MW-capable target MW-capable horn
K. ENGMAN/SCIENCE 345, 6204 (installed 2019) (installed 2020)

2021-2022: @
Record year for peak intensity & total exposure
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https://doi.org/10.1126/science.345.6204.1555
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typical
chtrgen == | data event from FD
particle
path
A —ad
lf/ v Neutrino

from
Fermilab

q (ADC)

Two hydrocarbon-based tracking calorimeters

" Extruded plastic cells, ~4xé6cm

" Fill: mineral oil doped with pseudocumene scintillator
— each cell ~1/6 X, deep

* Alternating stereoscopic planes (90° rotation)



NOVA: detectors

=

o O O < :
S N B OO e N M

v cross section / %(10”“ cm? / GeV)

* 300 ton Near Detector at Fermilab
* ~Tkm from neutrino production point

« Millions of v, CC and tens of thousands of v_ CC interactions
in “crossover” energy region
— Study all interaction types & 2C nuclear effects with hug@

statistics
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NOVA: detectors

Block Zero installed
Sept. 2012

* 14,000 ton Far Detector in Ash River
= Highly sensitive to v, CC, v, CC,NC

NuFact 2022 / Aua. 1. 2022 J. Wolcott / Tufts University



Are there light
sterile neutrinos?
e AP,
Is our picture of
neutrino scattering <
sufficient?
o Are interesting physics
being hidden (or
exposed!) by our
“heavy” nuclear media?
Bayesian Search for
look at 3-  nonstandard  geqrch for
flavor model Interactions sterile
constraints neutrinos
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Two v, CC

cross section
measurements

(use Near
Detector
exclusively)




v INnteractions measurements

Examine v, CC interactions from different 'directions".

e

v

>~ hadrons
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v INnteractions measurements

Examine v, CC interactions from different 'directions".

u E 1. Fate of the outgoing muon

/ ep measure energy, angle

”””””””””””””””””””””””””””””””””””””””””””””” (good resolution)

e

v

A . ~ hadrons
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v INnteractions measurements

Examine v, CC interactions from different 'directions".

u E 1. Fate of the outgoing muon

/O ep measure energy, angle

”””””””””””””””””””””””””””””””””””””””””””””” (good resolution)

e

v

Exclusive measurement:
low hadronic energy
(ho hadronic tracks)

‘ >~ no trackable
hadrons

/ (KE, <200 MeV;
KE, <175 MeV)
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v, CC: muon
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v, CC: muon
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Forward, energetic muon
— enhanced elastic, 2p2h

\ NOVA Simulatio

| — QEevents 0.98 < Cose < o 99
[ Resonance events
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Quasielastic
(1 nucleon)

2p2h
(2 nucleons)

Very sensitive to
nuclear initial state
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v, CC: muon

v //0 0, Analyze in terms of 2p2h model:
% NOVA Preliminary
B 0.80 < cost, < 0.85
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v, CC: muon

GENIE 2.12.2

+ NOVA tune 200

. Tuned

Empirical MEC 190 "
Valéncia

+ MINERVA tune 340 -
Valencia 630 . Pure
SUSA V2 620 | theory

« Tuned 2p2h “models" describe data better than pure theory

* No 2p2h model yields good agreement
« Valencia QE model (local Fermi gas) is used in all preds.
* Interplay with QE model is important!

NuFact 2022 / Auo. 1. 2022

Analyze in terms of 2p2h model:

NOVA Preliminary

0.80 < cosb, < 0.85

—+ Data (Stat.+Syst.)

— GENIE 2.12.2-NOVA Tune
=+== w/Empirical MEC

— w/MINERVA Tune
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d o
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v, CC:hadron system

Examine v, CC interactions from two directions".

u 1. Fate of the outgoing muon
v R - measure energy, angle
Four-momentum (9good resolution)
l transfer
(ay al) Exclusive measurement:

low hadronic energy
-

- e
2. Hodron system response

® hadrons measure
“visible" hadronic energy,
three-momentum xfer

Inclusive measurement
(within phase space)

2
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CC: hadron system

NOVA Preliminary

< L T T o | ]
8 i - 0000
3 15 -
“ b (IM events) :
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R

‘ ® hadrons @
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v, CC:hadron system

S
Low energy & momentum xfer  §
— enhanced elastic, 2p2h. =

(Inelastic stuff higher) m;:

/ NOVA Preliminary
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NOvVA Preliminary
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v, CC:hadron system

NOVA Preliminan
0.30 < [q| < 0.40 GeV/c

Data
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NOvVA Preliminary
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v, CC:hadron system

NOvVA Preliminary

0.30 < [q| < 0.40 GeV/c
Data
GENIE 2.12.2-NOvA Tune

£ i GENIE 2.12.2

s + NOVA tune 2l

] P11 Empirical MEC 910 > Tuned
3 "0.50 < 3l < 0.65 GeTI/-_f Valéncia S0

] i + MINERVA tune i

: : Valéncia 1900 _ Pure

' Py SUSA v2 1000 | theory
g "0:60 < ] < 1,00 GoVic -

« Significant discrepancies from inelastic (RES, DIS) processes
in this inclusive sample
* Inelastic processes at higher energy, momentum xfers
« Base agreement is poor (see backup)

« Wide variation across 2p2h models
« QE/2p2h interplay significant here too

05
Available

1 :  X’s above include conservative detector response uncertainties
Energy (GeV) « NOVA Test Beam program expected to help mitigate in future;
see M. Wallbank in WGT on Friday @
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https://indico.fnal.gov/event/53004/contributions/244492/

v, CC:takeaways

* Significant data-theory discrepancies for v-"?C at 2 GeV
— Elastic region: cannot be resolved by theory 2p2h models alone

- Rich pion production region remains underexplored, poorly
predicted

- NOVA oscillation measurements require robust uncertainties (see
Kirk Bays' talk in WG1+2 on Tuesday)

* High-stats measurements from NOVA probe both lepton &
hadron systems in v, CC interactions

- Data releases in progress

* v, & v, inclusive, and numerous exclusive-channel
measurements, just around the corner!

- See, e.g., F. Gao's talk in WG2 on Friday

NuFact 2022 / Auo J. Wolcott / Tufts University


https://indico.fnal.gov/event/53004/contributions/243624/

Are there light
sterile neutrinos?

Two v, CC

cross section
measurements

<

Do we fully undersgnd
neutrino propagafio
in matter?

® Is the 3-flavor oscilftion
model complete?

Bayesian Search for 7.

look ot 3- nonstandard  geqrch for X A
douor mode Interactions sterile e S
constraints neutrinos (use both Near & Far Detectors) @

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University
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Far Detector data
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—
-{- FD data

— 2020 Best-fit
. 1-o0 syst. range |
. Background

LA L L L L I I

Events / 12.50x10%° POT

Core only
# FDdata
—— 2020 best-fit
[ 1o systrange
I Wrong sign bkg
[0 Total beam bkg
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Reconstructed neutrino energy (GeV)
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Events / 1 GeV

350 FD NC, 14.2 x 102° POT

300

250

200

150

100

F

50

%%

1 10
Reconstructed Neutrino Energy (GeV)

469 NC cand.

(plus ~4M v + v,
SO0K v_+ v,
100K NC
in the Near Detector)

... the 3-flavor model

describes them all pretty well ...
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Sterile neutrinos”?

Adding one more neutrino
makes phenomenology much richer:

v, CC disappearance

Py, —v,) ~

3-flavor-only

1 — SiIl2 2923 SiIl2 A31

+ 2 sin? 2053 sin? o sin? A3y

— SiIl2 2924 SiIl2 A41.

NC disappearance
1— Py, = v,) &

1 — cos® 014 cos? 054 sin? 20,4 sin? A4y

— SiIl2 934 SiIl2 2923 SiIl2 Agl

1

+ —sin 524 sin 924 sin 2923 sin Agl .

2
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Sterile neutrinos”?

Adding one more neutrino
makes phenomenology much richer:

v, CC disappearance At NOVA, additional mixing
. . driven by two angles
P(Vu — I/M) ~1— SlIl2 2923 SlIl2 Agl and one phase

+ 2 sin? 2093 sin? B4 sin? A3y

— SiIl2 2924 SiIl2 A41.

NC disappearance
1 — P(Vu — I/S) ~ 1 — COS4 914 COS2 934 SiIl2 2924 SiIl2 A41

— SiIl2 934 SiIl2 2923 SiIl2 Agl

1
-+ 5 sin (524 sin 924 sin 2923 sin ASl .

[Note: approximations for illustration only. Actual analysis uses full oscillation probabilities.]

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University



Sterile neutrinos”?

* Search for sterile v: Us U Us Ul , =
.. :’li — Uul Uu,Z Up,3 Uu4 xz 13 | ee—
- Search for one additional  |s| |V Ue U Udff¥a) ol—n
neutrino (3+1 model) Ua U U U "0
- Include NC & v, CC interactions
Neutrino Energy (GeV) Neutrino Energy (GeV)

10? 10 1 107 10 1
T LR L L L LLLLR L T T

- Probe wide Am?;, range: e -

1

* Fit ND+FD spectra simultaneously ..

—r

o
™

i ]
M . f :_ Neutrino Mode 08 E
* Use covariance matrix to capture  : °% Zriares 2
ND-FD correlations B :
. . 0.2~ —Am3, =5eV? 0.2
* Dedicated systematics to reduce b o ML 18

gl N
1 10" 1 1
o o LE (km:‘GeQ/}

dependence on (possibly
oscillated) neutrino data

Previous work from NOVA:
PRL 127, 201801 (2021)
PRD 96, 072006 (2017)
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https://doi.org/10.1103/PhysRevLett.127.201801
https://doi.org/10.1103/PhysRevD.96.072006
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Sterile neutrinos?: data

Neutrino Beam

2500 ND CC v,, 11.0 x 10% POT
2000
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250 ND NC, 10.9 x 10®° POT

.
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1001 ] Beam background
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s NN

1 10
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NOVA Preliminary

ZQ‘E FD CC v,, 14.2 x 10% POT
00F
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o
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300;* ézy/fgiz
250,
200—% - - ﬂl'/
150
1005*/? __+_
M=
. B el SN o |

1 10
Reconstructed Neutrino Energy (GeV)

3-flavor (null sterile oscillations) and 3+1 best fits are ~identical

NuFact 2022 / Auo. 1. 2022

J. Wolcott / Tufts University



Sterile neutrinos?: results

Neutrino Beam Neutrino Beam
102 - - 102
- . £ - [Not displayed: Z
£ 90%Cl allowed O - constraints from @)
-~ lceCube < - appearance searches <
B > - thatmeasure 8] >
10 U 10 o
- - - -
- @ C @
i 3, I 3.
8 H > 8
— 1= — 1= —»
B = = RN = =
I JI= I H> <
o | o |
= E —
<l4g-1-  90% CL excluded <o
- — NOvA c
o MINOS+ B
| — CDHS L 90% CL excluded
|~ CCFR | ——NovA
107 1ok (NH) 107 Super-Kamiokande
E — T2K (IH) E — lceCube-DeepCore <
- —— SciBooNE & MiniBooNE - —— MINOS+
| —— Super-Kamiokande I ——T2K
10—3 | II\II\I‘ | IHHH' | \IIIHI‘ Alll 10—3 | | L1 1 \\I| | || L1
107 107° 1072 107" 1 102 107 1
... sinf e, . sin® 8,
Competitive limits on 6,, :
New constraints on
t Am?, ~10 eV? 34
Q m e e . .
4 (sensitivity mainly via NC channel)
(need both dets., both CC&NC
for sensitivity across all Am?,)
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Sterile neutrinos: takeaways

* No evidence for sterile neutrinos in
NOVA data

 New constraints on 3+1 models:
- In interesting region of 6,, space

- Across broad swath of 65,

* See V Hewes's talk iIn WG 1 tomorrow
for more details

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University


https://indico.fnal.gov/event/53004/contributions/246898/

Nonstandard interactions?

* Search for nonstandara
interactions (NSI): H = UHU + Hongrrer + Husi

- Consider extra terms in Hamiltonian
analogous to MSW effect

- Exploit long (810km) NOVA baseline
& associated strong matter effects

- Use v, v, disappearance and v,, V.
appearance spectra

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University



Nonstandard interactions?

Adding additional terms to matter potential
analogous to MSW effect
results in many parameters in the Hamiltonian:

1 i 0 1\+ €ee Ceu et ]
2 *
H = Upmns| A 2 Ul vt al n & &
[\ Amgz,  Eer &ur Err) ]

S-ﬂOVO r-on ly a= ZX/EGFNEE [Wolfenstein matter potential)

cap = leaple®?

NuFact 2022 / Auo J. Wolcott / Tufts University



Nonstandard interactions?

Adding additional terms to matter potential
analogous to MSW effect
results in many parameters in the Hamiltonian:

O 0 1+ &ee &y
H=or|Upuns|  AM21 Upuns +a| Eeu  Eun &
_ Am3, Eor £ Er

a= ZX/EGFNEE [Wolfenstein matter potential)

Two categories of parameters: iaaﬁ

cap = |€aple
On-diagonal: “NSI effective Am?s" (real-valued)

» neglected in this analysis (limited sensitivity)

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University



Nonstandard interactions?

Adding additional terms to matter potential
analogous to MSW effect
results in many parameters in the Hamiltonian:

1 0 1 'l‘fi'fi‘?éé**\“geu Eer |
H=—|U Am3 Ul o+ e, &,y €
- F PMNS 21 , pMNs T 4 ey R
* ko
i Am31 et Eut - &t/

a= ZX/EGFNEE [Wolfenstein matter potential)

Two categories of parameters: iaaﬁ

cap = |€aple
On-diagonal: “NSI effective Am?s" (real-valued)

(limited sensitivity)
Off-diagonal: “NSI effective mixing angles” (may be complex)

» fit these individually (but always simultaneous w/ std. osc)

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University



NSI?: data

v-beam £e, NO v-beam
T Tz ‘ 12
25| +FD Data —BestfitPred. |5 ol 7D Data I
12 -
13 __NSIBF |3
20_lBkg. " 3F BF pred. 12 pred. E!
12 _.3F BF E
] 40  pred. i
15
10
S 20
(%
G 5
S 0
@ | v-beam 201 ¥-beam
5 i
>
L ] 15}
] 10}
5_
~ 2 5 0 1 T2 3 4
Reco. v, / v, energy (GeV) Reco. v,/ V, energy (GeV)
€., €., similar]
3-flavor (all € ,=0) and NSI best fits are ~identical
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. results

NOVA Preliminary NOVA Preliminary

1_4 T T T T T T T T T T T T T T T T
T T T T I T I 1 T T 1 I T 1 T T B | I I ]
~ NOvA 90% CL 13.6x10%° POT-equiv. v-beam - NOvA 90% CL 13.6x10% POT-equiv. v-beam -
Mo o 12.5x10% POT v-beam - 2o o 12.5x10%° POT v-beam .
- ® Bestfit NO - 1@ BestfitNO —
| ® Bestfit1O ] - W BestfitlO .
— o — — 08 —
8 & F ’
w w B ]
- — 0.6 —
0.4 _
0.2 -
0 I L I OF 1 1 | ] | | o 7]
0 x m 3n 2n 0 z T 3 2n

S, 2 ey 2

Data is consistent with many values of NSI parameters.

Rule out some [e |, but phases are unconstrained
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NSI: collateral impacts

|€er | 3 Oor NOvA Prellmlnary
T I T T T T | T T T T I T I

- NOvA 90% CL 13 6x102° POT equw v- beam .
28/~ ng) 3 Std. Osc. 12.5x10%° POT ¥-beam -
i i...:(arXiv:2108.08219) -
I - @ Bestfit NSI 7
% - ¥ Best fit Std. Osc. .
o 2.6 —
o B _
E - ]
< 24 -

2 2 L I L L L 1 | 1 L L L 1 1 | L L L L I 1 1 1

<04 0.45 o 52 0.55 0.6
sin*(8,,)

If we admit the possibility of
NSI, however,

v_ appearance conclusions
(esp. mass hierarchy and &_,)
are significantly weakened

NuFact 2022 / Auo. 1. 2022

|€efc| efc

NOVA Preliminary

08 _NOvA 90% CL.

0-7_—0 Best fit NSI
- Y Best fit Std. Osc.

D NSIE i £~°*% Std. Osc.
teaaa (arXivi2108.08219)

13.6x10%° POT-equiv. v-beam _]
12.5x10%° POT v-beam

0.4F

: T T T | T T T :
0.8[_NOVA 90% CL

N ‘:’ Nsi {7} Std. Osc.
Z ...: (arXiv:2108.08219)

T T T T I T T T T
13.6x10%° POT-equiv. v-beam _]
12.5x10%° POT v-beam

;.g 0-6; = //
’ o.5f— /
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NSI: takeaways

* Addition of NSI does not improve description of NOVA
data

* “Large” NSI parameter values excluded at 90% CL:
~le.l =0.6
-1.0<lel<1.2and |e.l =2.0
- All values of phases compatible with current data

* Allowing the possibility of NSI affects “standard
oscillation” parameter inferences

- Minor weakening of atmospheric parameter measurements
- Mass hierarchy and & sensitivity effectively wiped out

* Again VV Hewes's talk in WG1 will also discuss

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University


https://indico.fnal.gov/event/53004/contributions/246898/

Do v, /v, mix equally into the
v mass states?

| Two v CC
Whicl’t\ »_voy;retthe APV;-, O( sin 6C_P H .
net.(l):g::_edg es Do r&epu‘t,ircl,rsgg::;ublt C rO SS SeCt l O n
> measurements

What can we learn by
constraining 3-flavor
oscillation parameters?

i
Bayesian Search for SN
lookat 8- Nonstonderd seoch o BN T} Ll T
flavor model Interactions sterile & 1 am .
constraints neutrinos (use both Near & Far Detectors)
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PMNS measurements

Most
probable
region

NOVA Preliminary

T T T T

BuliepiO [BWION

03|  Bayesian Cred. Int.. —10--20-30 1

'6lulu' epluncl) Ipéliel/'\w

0 T T

2 o
Excluded

CP

New Bayesian analysis
has similar top-line conclusions as previous:

Weak preferences for
Normal Ordering, Upper 6,, Octant

Rule out (> 30) combination (1O, &_,=11/2)

.. but it also allows us to drill deeper...

NuFact 2022 / Auo. 1. 2022
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Posterior Probability

sin2291 3

0.05

PMNS measurements

Both Orderings ____ NOVA Preliminary LBL expts cant measure 6,, octant alone:

0.15

0.1

Bayesian Cred. Int- @@ [2c (130 1

P (v, = V) = sinflsin 203 sin Agy + ...

correloted at first order!

-  Bayesian analysis enables first
| @fescr @O BES 1 NOvA-only measurement of 8.

. Strong correlations with 6,,
(as expected)

« Very good agreement with
reactor valuel

‘h
G-
-------
...
-
.....
--------

[ e —— . (weak) 6,, octant preference

e e, " | mn B G | driven by reactor constraint
0.4 0.45 0.5 0.55 0.6 0.005 0.01 0.015

SN0, Posterior Probability Sinz ( 2 613 ) — 00854_-%%21% .@
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PMNS measurements

Normal Ordering

* NOVA, T2K data

preferences broadly - =
compatible £ ..
- Most probable regions .y — e -
(in NO) distinct, but A
significant 10 contour gjj ———
Overlap ' - Inverted Ordering ]
- 10 surfaces very similar R
« Official joint fit results e |
eXpeCted |ater In 2022 0.4;_T2K,NEUTF{IN02020: —=<90%CL ---568%CL_;
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PMNS: tokeaways

« \Weak indications for upper 8,5 octant, normal
hierarchy

* PMINS model is holding up well to deeper scrutiny
- First NOvA-only 8,5 result is consistent w/ reactors

- NOVA & T2K have broadly compatible PMNS results

- Bayesian result enables other new inferences too!
(e.g.: Jarlskog invariant—see backups)

* See R. Sharma's talk in WG1 on Friday for more

NuFact 2022 / Auo. 1. 2022 J. Wolcott / Tufts University


https://indico.fnal.gov/event/53004/contributions/246394/

Summary

* Significant NOVA data-theory discrepancies in scattering
measurements

* PMNS oscillation model holding up to increased scrutiny
- No sign of sterile neutrino
- NSI do not improve description of data
- Good agreement with other PMNS measurements (T2K; reactors)

* Plethora of new NOVA results around the corner!
- About 50% of expected data collection still to come

NuFact 2022 / Auo. 1. 2022



Overflow
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NOvVA Preliminary

[ 0.50 < cosh, < 0.68

[ 0.68 < cosh, < 0.74

[ 0.74 < cosh, < 0.80

[ 0.80 < cosh, < 0.85

0.88 < costl, < 0.91

F 0.91 < cosf, < 0.94
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—I- Data Stat.+Syst.)

—— GEMNIE 2Z.12.2-NOwWA Tune
- -- - w{ Empirical MEC

— w{ MINERvA Tune

1 ---- w | Valencia

—-- Wi SuSA-v2 MEC
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v, CC:hadron system

NOVA Preliminary
T T T T -.l T T T T 1 T T T T T 1 T 1 T 1 T T T T 1 T T T T T T T T 1 T 1 T 1 T 1 T 1

2 0.00 < [§| < 0.50 GeV/c 1 0.50 < |§| < 0.65 GeVic 4 065 < |81 < 0.80 GeVic
o | 4 1

o - —
E i — NOvA taned GEMIE 212
® 30 -
8 e GENIE 2.12 Emginical
“3 — AN R e 2P0 NEC
>

m — BuBav2 model 2p2h MEC
o

= s Vakeca moda Zpih MES -

> 20
g =
l‘t -
3 -

E L
w10l d
=]
E L
© o

b L
o L

40 e B —
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8
S - R —
L
T
1
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T g T T T
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Available Energy (GeV)
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Other sterile
neutrino searches

« Citations:

— SK: K. Abe et al. (Super-
Kamiokande), Phys. Rev. D 91, 052019
(2015)

— CDHS:  F. Dydak et al. (CDHSW),
Phys. Lett. B 134, 281 (1984)

— CCFR: I.E. Stockdale et al. (CCFR),
Phys. Rev. Lett. 52, 1384 (1984)

— SciBooNE: K. B. M. Mahn et al.
(SciBooNE, MiniBooNE), Phys. Rev. D
85, 032007 (2012)

— MINOS+: P. Adamson et al.
(MINOS+) Phys. Rev. Lett. 122,
091803 (2019)

—T2K: K. Abe et al. (T2K) Phys. Rev. D
99, 071103(R) (2019)

— lceCube: M. G. Aartsen et al.
(IceCube), Phys. Rev. Lett. 125,
141801 (2020)

10?
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my; (eV?)

<10

1072

90% CL allowed
— |ceCube

90% CL excluded

m— NOVA
—— MINOS+

CDHS

CCFR
—— T2K (NH)
—— T2K (IH)
—— SciBooNE & MiniBooNE
—— Super-Kamiokande

Areuiwiald YAON

1073
1074

10°3 18'2
sin” 6,,

107! 1




Other NSI spectra: g,

v-beam £, NO v-beam g, NO
L B B L R EL L R AL B AL ':Z T T %
25| 1 FD Data — Best-fit Pred. % sl +FD Data Hws bkg. I
18 — NSIBF Beam 1
a0k lBkg. “3F BF pred. ] =S pred. bkg. E!
15 ....3F BF Cosmic 18
] 40  pred. bkg. .
15 |
10f
> 20}
o)
S 5
-
=)
~ 0 0
@ 201 v-beam ]
S 1o 1
i
8t ] 15} ]
6r 1 10} 1
4 L -
- 5} ]
2 e e — ' ......
% T2 3 4 5 0 1 5 3 4

Reco. v,/ v, energy (GeV) Reco. v,/ V, energy (GeV)
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Other NSI limits: e

v-beam £, NO v-beam g, NO
L B B L R EL L R AL B AL ':Z T T %
25| 1 FD Data — Best-fit Pred. % sl +FD Data Hws bkg. I
18 — NSIBF Beam 1
a0k lBkg. “3F BF pred. ] =S pred. bkg. E!
15 ....3F BF Cosmic 18
] 40  pred. bkg. .
15 |
10f
> 20}
o)
S 5
-
=)
~ 0 0
@ 201 v-beam ]
S 1o 1
i
8t ] 15} ]
6r 1 10} 1
4 L -
- 5} ]
2 e e — ' ......
% T2 3 4 5 0 1 5 3 4

Reco. v,/ v, energy (GeV) Reco. v,/ V, energy (GeV)
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About that “upper band'...

NOVA Preliminary NOVA Preliminary

B I\IIO\IIA I90‘I’/o (IEL | I 1I3.6>I<1OI2° I;OTl-eq;Jiv.lv-blearln 7 i I\IIO\IIA '90;/0 CI:L S 11’3..6>I<10I2° PIOTl-eq;Jiv.lv-blearln i

s Ino (o 12.5x10% POT v-beam — 3-[Ino i o 12.5x10%° POT v-beam -

o BestiitNO o BestftNO ]

| m Bestfitl0 i | m BestfitlO i

} 2; ............................ —— ———T-""'_: } 2_————-._____4 .............................. ___.-—-——'_'__t

3n 3|JT
Or 2 ) o
The oscillation probability has terms proportioﬁol to
| Ee r| COS ( 5CP+ 5e r)
This term dominates in the intermediate |e_ | region,
but (8., + &_)=nn/2 makes the cosine term vanish,

which makes prob reduce to ~3-flavor.

When we profile over one of the two 3s, the best-fit for the other & always forces their sum to nn/2,
in order to be compatible with the data (which is compatible with 3-flavor-only).

At lower and higher [e_|, other terms in the probability dominate
(and are not reducible to the 3-flavor-only case even ot (O, + d_)=n11/2).
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PMNS measurements

Energy / Distance (10 GeV/km) NOVA Preliminary
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NOvVA-only 6.,

Normal Ordering NOVA Preliminary

B\'ayesian (I)red. Int.': .Ib .26' O3c
E 0.01f B
E 0.008 |-
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> T T I T 1 T T I T T 1 T I T T T Ll I T T T T I T T T T "% :
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c i B1ic [b20 [J3c Without Reactor Constraint e
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Jarlskog invariant

Both Orderlngs NOVA Preliminary
'E 0.012 Flatln sm(ﬁ ) I | | _
S 0.01F Bayesian Cred. Int. Bic 126 3o E
0O 0.008 | = .
= C
£ 0.006 |
S 0004 [
L0 N
S 0.002
T o}
i) [
|5 _
3 -0.02
o | Flatind,, 5 | |

-0.04 -0.02 0 0.02 0.04

J=cos0,,cos0, ,cosb,sinb,sinb  sinb,, sind_,

Jarlskog invariant: measures of CP-violation independent of parametrization

Unlike other NOVA measurements (except d,), J depends on prior:

Flat in sin &CP (upper half of plot) & data preference
Flat in 8CP (lower half of plot) & bias away from minimal CPV (theory motivated)
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https://arxiv.org/abs/1204.1249

Future

* Only ~halfway done data taking

- Stat. unc. ~ syst unc. for Am?;,, sin0,;
by end of run

- Mass ordering resolution possible
depending on true value

* Test beam program in full swing
(see M. Wallbank in WG1 on Friday)

* Many improvements to oscillation
analyses, new cross section

measurements & exotic searches in

progress!

| Burwn |l

.

e

THERE'S MORE. )

(Stats. only, but systs. ~inconsequential at full exposure.
Assumes NOVA 2020 best fit for atmo. params)

NOVA Preliminar

...................

Normal Hierarchy i
- —median []68%exp [[]J95%exp —Asimov

- MH resolution

|||||||||||||||||||

| Normal Hierarchy ]
[ —median [[]68%exp [J95% exp —Asimov _]

g_CP violation
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