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[ viT3STESTPR Outstanding Questions & This Talk >

% What is the mass ordering of neutrinos? % Is there CP-Violation in the Lepton sector?

https://physics.aps.org/articles/v15/120
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https://neutrinos.fnal.gov/mysteries/mass/
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NOVA - FNAL E929
Run: 14828/38
Event: 192569 / -
UTC Tue Apr 22,2014
21:41:51.422846016

Muon neutrinos produce a characteristic long track
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NOVA - FNAL E929
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Run: 35287/45
Event: 118/ --

UTC Sat Jan 11, 2020

14:56:30.101473856

Electron neutrinos have shorter fuzzier tracks

By identifying the charged lepton, we infer the incoming neutrino flavor (CC)
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https://www.particlezoo.net/
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PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978 i
Neutrino oscillations in matter - .
L. Wolfenstein - .
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977) OO
The effect of coherent forward scattering must be taken into account when considering the oscillations of Energy (GeV)
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can ‘occur in matter if the neutral current has an off-diagonal piece 10
ting different neutrino ‘types. Applications discussed 1 tri d d iment 1 ! i
il i af st o 00 b of ke 2 pepod peimen Important for our experiment's long baseline!
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e NSI are a BSM extension of the standard matter effect

e Neutrinos might coherently scatter in ways that we don’t know of yet

F|aV0r Changing At the Hamiltonian level, add an interaction term
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@ /HNSIij:\/iGFNe Cpue Eup  Epur

Ere Eru Er1

Va B V b € can be seen as the strength of NSI

PHYSICAL REVIEW D VOLUME 17, NUMBER 9 1 MAY 1978

Neutrino oscillations in matter

L. Wolfenstein
Carnegie- -M llon Unive rsity, Pittsburgh, P sylvania 15213
: Fevis :

fved 5 Decembe 1977)

no oscil cu al as a
ecting differe; t neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
l ing transmission of neutrinos through 1000 km of rock.

NSI predlcted by the same landmark paper 1
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\57_8 E " 67‘7‘) Not looking fo_r final states or
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% Sensitive to off-diagonal terms - Instead measure the effective ¢'s

If non-zero — NSI

% focus on channels affecting Ve neutrinos

..including effects of new phases

12



Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvVA Experiment BSM 2023 - Hurghada, Egypt 11/09/2023

ﬁ%é‘i%‘sfi?{fﬁl Non-Standard Interactions (NSI) )

ANANO v

Transition Probability v, — v,

0.1 ' ' ' T ' ' : | : ' ' T ' ' 1 el 1
= - |
- _3m  eeeees Standard Oscillation | I L 0. a
: %= NS 1 i€ap = |Eap| €7
0.08— S, =m - e e e -
B e |€e:| =0.25 9., €[0,2n) - ]
- 3., =0 - Expect strong impact from
2 0.06— 5 =X . _] new CP-Violating Phases
e et 9 ]
t s 0 E o i -
= - 2 2 =
0_3' 0.04{— —
0.02— _]
% 2 4 6

Today's talk is an extension of a recent NOvA Standard Oscillation Analysis: Phys. Rev. D 106, 032004 13
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Results

https://www.pixelsquid.com/pna/open-chest-20594220807634347 11
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Results: NSl space
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Loss of sensitivity for points where Standard Oscillation prediction equals the NSI prediction;
leads to a degeneracy for large NSI
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() NiT3ST4STPR  Results: impact of NSI on PMNS parameters «©
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% NSI consistent with Standard Oscillations within uncertainty
o However, must constrain NSl in order to study 6CP

% Degeneracy for large NSl in the €T sector
o plan to perform studies to enhance sensitivity

%  Constrain most of: \ N

o |Ser| <~04

Watch particles
LIVE at NOvVA!

Thank you!

S0

hitp://novaexperiment.fnal.gov
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Neutrinos or Antineutrinos
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»
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T 4

NOvA Simulation
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0 B 2
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3

4 5 ]

10® CC Events / Kton/ GeV /5 x 10" POT

Slide courtesy of Jeffrey Kleykamp

| Antineutrino Beam

NOvA Far Detector

Flux 1-5 GeV
15.2% vy ]
83.5% V, i

1.3% v 47,

2 3 4 5 6

Neutrino energy (GeV)
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i il 0.02— 7]
0O 00
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Matter affects neutrinos and antineutrinos differently
24
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Off-axis configuration

NO Transition Probability v, — v,

0.06—

T T T T T T T

L =810 km

p=274 g/cm3
sin’(0,,) = 0.304
sin°(6,,) = 0.0218
sin’(6,,) = 0.56

Am2, =7.54 x 10° eV?
AmZ, =2.41x 10° eV?
dcp = 0.82n

E (GeV)

Vi CC evenis / kt / 1E21 POT / 0.2 Ge¥

=3
=

8

&

(]
=

14 mrad off-axis:

Ev around 2 GeV

Medium Energy Tune

e

* ON-axis

| — 7 mrad off-axis .
— 14 mrad off-axis -* .
— 21 mrad off-axis . .

BSM 2023 - Hurghada, Egypt 11/09/2023

ANO -~

25



Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvVA Experiment BSM 2023 - Hurghada, Egypt 11/09/2023

A Neutrino Camera
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Snapshot of Neutrino Interaction

¢ 4 To APD \/
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ggrnr:qilab ..... :

- = e The neutrino is invisible
Particle
Trajectory
e Measure the outgoing charged particles
Waveshifting
| o Infer the neutrino energy and other
Soom 6 properties
NOVA Cell

Slide courtesy of Jeffrey Kleykamp 20
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0.7
Normal Ordering

e Published August 1st, 2022

o Phys. Rev. D 106, 032004 &
o Improved measurement of neutrino oscillation K
parameters by the NOVA experiment 4r o T2 wBF — <00% CL -~ <68%CL ]
e Slight tension with other experiments 0_3;_ NOvA: +BF | <00% CL ...S.Gsf’".CL.—:
o 4.pexcluded ~ 37/2 at 90% C.L. T mvert'ec', cl)r;e'ri;g' DR
-
c_\g 05 - (b)
041 T2k, 90 p
e Today’s results are an NSI extension 035_ ”";282 ZZth S
of the previous measurement o T ‘8&‘ - % - .
CP

Slide courtesy of Jeffrey Kleykamp



Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvVA Experiment BSM 2023 - Hurghada, Egypt 11/09/2023

msUNTVERSITY of . @
MississiPPl  Recent Results from NOvVA (Bayesian) 4
: _ NOvVA Preliminary
* Disfavor ordering-6 NOREERRRRE
combinations which generate 56 13
large asymmetries. ' 5
— NO,8=3m/2 at ~20 0.55 Q
Qo
- 10,6=mn/2at>30 05 =
— Consistent with or without ' a
reactor 6,3 constraint. 0.45
* Adding the reactor constraint
gives ~1o preferences:
- - With reactor -
— Upper Octant . q:g | constrainton 8,5 [ 1=
— Normal Ordering N — fé
w X ‘5 6
Both Orderings NOVA Preliminary e 2 Q
T Ry T T T e 10
o | C1PDGLive  — Daya 2018A] [ 13
8 | RENG20% Chowsom| OS5 o[
Z 100} [ ] 1=
5 0.45 12
8 B
‘,‘6' 50 | {1 04F -
s N Bayesian Cred. Int.: . —16 --26 3G
g ; 0 T . 3n 2n
0.05 0.1 0.15 2 S 2 59
sin’(28,,) CcP o9

Slide courtesy of Alex Himmel



TEUNIVERSITY
MISSISSIPPI (2

ANO -~

NSI Model
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NSI Model

Transition Probability v-Beam
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Kola
e Compare CRUST model to real data l\ » 1 Model
e Kola bore — deepest bore ’ V \ n -
e \Wyoming oil bore — geologically similar ] N M/\ /\/
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ANANO v

(@) NiTSS TSR Degeneracy & large NSI )
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The joint neutrino-antineutrino fit breaks most of the degeneracies (Dashed blue curve of interest) 3
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ﬁ%é‘i%‘sfi?fﬁl Degeneracy & large NSI
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Loss of sensitivity for points where Standard Oscillation prediction equals the
NSI prediction; leads to a degeneracy for large NSI
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NSI Results )

Parameter

Best Fit Value

Normal Ordering Inverted Oredering
|€epl 0.0659 0.0707
Oey (1) 1.8288 0.0082
Am2, (eV?) 2.4201 —2.4523
dop () 1.0242 1.4890
e 173.2472 173.6535
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NSI Results

Best Fit Value

F BTRTIElAr Normal Ordering Inverted Oredering
|Eer| 1.6208 0.5908
Oer () 1.0185 0.5580
Am3, (eV?) 2.4480 —2.4503
bcp () 0.4522 0.5173
% 172.9054 172.8716
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(@) NiTSS TSR NSI Results >
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NOVA Prellmlnary NOVA Prellmlnary
1.4 ! ! 1 ! | T ! 1 T | ! ! ] T .
N 13 6x10%° POT -equiv. v- beam ]

12.5x10%° POT v-beam

13 6x10%° POT -equiv. v- beam i
12.5x10%° POT v-beam

0.8

| €en |
| €en |

0.6

04

II|III|III|III|III|
llIlllIllI'IIIIIIII

0.2 .
e nnnaannn®” i
[ L 1 1 1 I 1 i 1 L I 1 L 1 1 I 1 1 1 1 i
00 g T 3n 2n
GCP + éeu 2

44



BSM 2023 - Hurghada, Egypt 11/09/2023

Luiz R. Prais - Search for CP-violating Neutrino Non-Standard Interactions with the NOvVA Experiment

meUNTVERSITY o

MISSISSIPPI

NSI Results
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Results: comparison to MINOS
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Complementary to previous measurements from the MINOS Experiment
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Addition of statistics is not
enough to resolve the
degeneracy.

Exploring improvements for the
next NSI analysis!
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