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Little Neutrinos, Big Science

Neutrinos challenge and inspire physics. They provide a unique window for probing
0lg questions such as..

Extension of the Standard Model of ' Why does maty’:?wwver
Elementary Particles? anti-matter in.the uni

/ == ‘ \
,"ﬂ/’luno v b V ~ 7»77\

o

How does a supernova explode and SR 2 A ‘dark sector’ of the universe?.

how Is a black hole formed? . -
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Introduction:
Sterile Neutrino & Oscillation Parameter Degeneracy
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Neutrinos In the Standard Model

- Elementary fermions/matter particles The Sandard Mode

of Elementary Particles

- Three generations/flavors
Forces

- Second-most abundant in the universe

- neutral, and expected to be massless

Leptons

- Only weak interactions
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Neutrinos beyond the Standard Model
Neutrinos OSCILLATE from one flavor into another as they travel --- they have MASS!

Two neutrino approximation
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Neutrinos beyond the Standard Model
Neutrinos OSCILLATE from one flavor into another as they travel --- they have MASS!

Neutrino mixing
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Neutrinos beyond the Standard Model
Neutrinos OSCILLATE from one flavor into another as they travel --- they have MASS!

Vv, @ Neutrino Source Neutrino mixing

U Two neutrino approximation
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Neutrinos beyond the Standard Model
Neutrinos OSCILLATE from one flavor into another as they travel --- they have MASS!

Two neutrino approximation
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Neutrinos beyond the Standard Model
Neutrinos OSCILLATE from one flavor into another as they travel --- they have MASS!
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Three-flavor neutrino oscillations

| 0 0
Upmng = |V (€080 sinfay ?
O E_ Sln923 COSHQB/E
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MXING - Atmospheric,
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Combination of three pairs
of two-flavor mixings

3X3

UPMNS

10



Three-flavor neutrino oscillations

| 0 0 cosf; 0 sinfze |( cosh,, sinf;, O
UPMNS= 0 cosbf; sinbdy; 0 1 0 —sinf,, cosé,, 0
0 —sinby; cosbys || —sind,e® 0 cosb, 0 0 1
Atmospheric, Reactor Solar, KamLAND, JUNO
Accelerator 0,,~9° 0,,~34°
923""480

[Am3, | ~2.5x107%eV?  |Amg, | ~2.5x107eV? Ams, ~ 7 X 107eV?

Combination of three pairs
of two-flavor mixings

Ve 3 X 3 4
Vli — V9
U, UPMNS V3
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Three-flavor neutrino oscillations

i0
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Experimental Anomalies

Majority of the experimental results align with the “standard” three-active-flavor scenario, but
several “anomalies’ do exist at much smaller L/ E than expected
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LSND and MiniBooNE v, appearance anomalies

LSND

Phys. Rev. D 64, 112007
: decay at rest source
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- LSND observed a significant excess of 20-50 MeV v, from a v,/v,,-dominated
1™ DAR source
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L SND and MiniBooNE v, appearance anomalies

LSND
Phys. Rev. D 64, 112007
(’) "
't | - decay at rest source
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. LSND observed a significant excess of 20-60 MeV , from a v,/V,,-dominated u™ DAR source
-+ The excess can be interpreted as a v, to v, oscillation

- The excess covers L/ E from 0.4-1.4 m/MeV
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LSND and MiniIBooNE v, appearance anomalies

decay in flight source - by paa(staterr) ~0
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- MiniBooNE, motivated by the LSND anomaly, observed a significant excess of 200-600 MeV
neutrinos from a typical accelerator neutrino beam

+ The excess covers L/ E from 0.2-2 m/MeV (or km/GeV), similar to the LSND anomaly
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

LSND and MiniIBooNE v, appearance anomalies
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- MiniBooNE, motivated by the LSND anomaly, observed a significant excess of 200-600 MeV

neutrinos from a typical accelerator neutrino beam

.+ The excess covers L/ E from 0.2-2 m/MeV (or km/GeV), similar to the LSND anomaly

- This excess can be interpreted as a beam v, to v, oscillation
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LSND and MiniIBooNE v, appearance anomalies

Two neutrino approximation
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v, Appearance Allowed Regions
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Galllum and Reactor v, disappearance anomalies

©

Gallium Anomaly  radioactive source Neutrino-4
PRC 105 (2022) 065502 discrete sub-MeV v, ~40c PRD 104 032003 (2021)
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Radiochemical gallium detectors observed a deficit in the integrated event rate

The deficit can be interpreted as a disappearance oscillation effect, with discrete L/ E values
ranging from 0.5-2.5 m/MeV

The Neutrino-4 experiment also observed a possible oscillation pattern in a similar L/ E range
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Experimental Anomalies Allowed Regions
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Experimental Anomalies Allowed Regions

102 - fﬁ L | | | | | T | | | | P
: V Ve // V % V
17U 5 g e e
] ) 1 O - —
101 — :- Neutrino-4 95% C.L. _
] — | Gallium Anomaly 95% C.L. .
00 —

LLSND allowed
at 99% C.L

llllllll
Illlllll

f—
S

Lo
A
]
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I ,
I
I
I
I
I
I
I
I
I
I

|
|

M
-2 10\*;1111| | | L g a 1 | 111111:
10 - | ||||||||_4 | ||||||||_3 | ||||||||_2 | ||||||||_1 T T TTTTI i > P
10 10 10 | 229 10 10 10 10 10 1
sin -
He sin“(20..)

The appearance and disappearance anomalies point to a similar Am? scale, and the oscillation
hypothesis provides a plausible explanation for all of them.
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Experimental Anomalies

- Magjority of the experimental results align with the "standard’ three-active-flavor scenario, but several

‘anomalies” do exist at a much smaller L/ E — an oscillation at high Am?, inconsistent with the two
known mass splittings

A

? “Am*
Vs
Vr
U,
L Ve
—~6(1) km/GeV
E
RS
v
L e
Am,|~1073 eV?
v
B ke
« Am2~1075 eV?
.
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Experimental Anomalies

- Majority of the experimental results align with the “standard” three-active-flavor scenario, but several
‘anomalies” do exist at a much smaller L/ E — an oscillation at high Am?, inconsistent with the two

known mass splittings

?2 "Am* = Amj~1eV?

Imply existence of a sterile neutrino

L y + an extra heavier flavor/mass eigenstate
S

Vr
v,

Nno standard model interactions

L -ve - This talk focuses on eV-scale “light”
E"'@(l) km/GeV sterile neutrinos
NS - If found, a BSM particle; profound impact
! on particle /astro-particle physics and
. A cosmology

Am,|~1073 eV?

AmZ,~1073 eV*
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MicroBooNE 2023 Sterile Neutrino Search

Micro

searching for sterile-neutrino-induced oscillations.
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BoONE has contributed to the sterile neutrino interpretation of the anomalies by

Observed no evidence

of oscillations —

an exclusion curve
(region), any stronger
‘'signhal” would have
stood out clearly In data



Constraints on Experimental Anomalies
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+  The 3+1 sterile neutrino model is still an open possibility
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Constraints on Experimental Anomalies
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+  The 3+1 sterile neutrino model is still an open possibility
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Constraints on Experimental Anomalies
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+  The 3+1 sterile neutrino model is still an open possibility

-+ An interesting situation in the v, disappearance channel with most recent PROSPECT and

KATRIN results
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Constraints on Experimental Anomalies
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+  The 3+1 sterile neutrino model is still an open possibility

-+ An interesting situation in the v, disappearance channel with most recent PROSPECT and
KATRIN results
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MicroBooNE at Fermilab's Booster Neutrino Beam

14 — % ——
- CTgée to MiniBooNE alongthe a‘me beamline
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Light sterile neutrino search at MicroBooNE

Full “3+1" analysis - all detectable oscillation effects

. — ‘ appearance
Three main
‘ —) ‘ disappearance oscillation

effects
‘ —b‘ disappearance
‘ —)‘ ” Negligible
channels In data
V-0 0

(small number of v, and
— neutral current events)
(&) Brookhaven Jay Hyun Jo




Light sterile neutrino search at MicroBooNE

- Full “3+1" analysis - all detectable oscillation effects

v - @

appearance Simultaneous fit on all
‘ - ‘ disappearance .availab.le v, and v,
interaction channels
(reduce shared systematic
'vp — 'vp disappearance uncertainties as well)

~~ Brookhaven
k’ National Laboratory Jay Hyun Jo
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Light sterile neutrino search at MicroBooNE

sterile
neutrino

tau
nevutrino

electron
neutrino

10

- Full “3+1" analysis - all detectable oscillation effects

d
o 1
N <
£
<

: LoV
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- .
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‘ — ‘ disappearance : _ 10 1oe 10 10
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to a degeneracy In oscillation parameters 0}
sin’26__
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Challenge: parameter degeneracy

No oscillation; N

>

observed NV

BNB v, spectrum

~~ Brookhaven
k’ National Laboratory Jay Hyun Jo
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Challenge: parameter degeneracy

No oscillation: N
Disapp effect: N X P,,

>

observed NV

BNB v, spectrum

~~ Brookhaven
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Challenge: parameter degeneracy

No oscillation: N
Disapp effect: N x P,,
App effect: N X P, + N

>

observed NV

BNB v, spectrum

~~ Brookhaven
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Challenge: parameter degeneracy

No oscillation: N
Disapp effect: N' X P,,
App effect: N X P, + N
Net oscillated N

>

Cancellation of

observed NV

BNB v, spectrum

~~ Brookhaven
L' National Laboratory Jay Hyun Jo
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Challenge: parameter degeneracy

No oscillation: N
Disapp effect: N' X P,,
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Challenge: parameter degeneracy
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Challenge: parameter degeneracy

No oscillation: N
Disapp effect: N' X P,,
App effect N X P, + N ——
Net oscillated N
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Cancellation of

observed NV
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BNB v, spectrum
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MicroBooNE at Fermilab's Booster Neutrino Beam

Booster Neutrino Beam (BNB)
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Degeneracy Breaking using Two Beams
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They have quite different degeneracy points!
So we have two "handles’ to lift the appearance-disappearance degeneracy.
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams

1.3
F We have a 2D grid to tell us

s . the values of the two mixing

T osf angles

% 0.82—

2’ 0.72—

3 ock X and Y axes tell us the NuM|
05 and BNB excess/deficit with
04 oscillations
03— ———— IZ:. 2 3 4

v, 4v/3v prediction (BNB)
X- and Y-axes are BNB and NuM|
NgeSC/N‘I;ZeOI’l—OSC
(¢) Brookhaven Jay Hyun Jo



Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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Degeneracy Breaking using Two Beams
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One detector, two beams

- New result (Nature 648. 64-69 (2025)) uses the first three years of BNB and NuMI
data

- Combining the two beam datasets unlocks their full power to test the 3+1 model
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Method and Result
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Event
Selection

Statistical Analysis
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Data used for the analysis
BNB NuMI
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L ArTPC: an enabling technology

A low-energy-threshold fully active liquid-argon calorimeter + high energy and
position resolution TPC

L? Brookhaven

aaaaaaaaaaaaaaa

Jay Hyun Jo



L ArTPC: an enabling technology

A low-energy-threshold fully active liquid-argon calorimeter + high energy and
position resolution TPC
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PRD 104.052002 (2021)
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L ArTPC: an enabling technology
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L ArTPC: an enabling technology

Enable a high-performance v, selection out

of overwhelming v, charged-current and
neutral-current events
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Reconstruction for the analysis Is performed via Wire-Cell package:
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Reconstruction for the analysis Is performed via Wire-Cell package:
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Reconstruction for the analysis Is performed via Wire-Cell package:

3D trajectory
&
dQ/dx fitting

Noise Filtering 3D imaging
Clustering

Signal Processing Charge-Light matching

Cosmic muon tagger
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Reconstruction pipeline
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Reconstruction for the analysis Is performed via Wire-Cell package:
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All Selection Channels
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All Selection Channels
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All Selection Channels
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Sideband channels v,
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Sideband channels v,
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Sideband channels : NC z°
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JINST 15 P07010

Detector systematics treatment

JINST 15 P12037
Eur. Phys. J. C 82, 454 (2022)

Reconstructed entry and exit
points of cosmic Muons

- Utilize a range of tools [cosmic muons,
protons, laser| to characterize the
detector =
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Detector systematics treatment

JINST 15 P12037
Eur. Phys. J. C 82, 454 (2022)

Reconstructed entry and exit
points of cosmic Muons

- Utilize a range of tools [cosmic muons,
protons, laser| to characterize the
detector =

]
2

O ~-. . MicroBooNE
- Evaluate a range of systematic =100 e, '
uncertainties covering light yield,
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waveform simulation.
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Detector systematics treatment

- Utilize a range of tools [cosmic muons,

protons, laser| to characterize the
detector

- Evaluate a range of systematic
uncertainties covering light yield,
space charge, recombination, wire
waveform simulation.

- Compare data to Monte Carlo to
assess uncertainty magnitude from
each effect

- Use modified Monte Carlo samples to

assess the impacts of these
uncertainties on the analysis.
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Cross Section Model

Phys. Rev. D 105, 072001

"MicroBooNE
15 0.85<co0s(06,)<0.90
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Base Cross section model: e -meeee Allernative Fit
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001

Cross section systematics

Phys. Rev. D 105, 072001

A CC inclusive total cross section

- Vary a set of cross-section z °F —
parameters around the =~ f 1o uncertainty o
tuned model ;E, 40— | - EE::E VZ.:).262618_10a_02_11a ,._""r'; :
- QE axial mass, 2p2h = F N
normalization/shape, RPA w”
strength, pion production, o
etc. [57 totall -
- Propagate the same of-
parameter variations to '
event rates to build oL
covariance matrix °
(&) Brookhaven Jay Hyun Jo
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Cross section systematics
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Constrain Cross Section model and its uncertainty

L everage correlations to

constrain the cross section
model and its uncertainty
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Constrain Cross Section model and its uncertainty
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Updating NuMI Flux Model
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kaon production carefully
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Updating NuMI Flux Model

- Hadron production models

(especially for K" at 120 GeV) fg_ 0+C — K*+X (120 GeV)
disagree significantly o
- Not much data that exists to g 14 ~+- NA49 (xF scaled)
constrain K* production in the = 12F — Geant 4.10.4
NuMI beam 3 10F — Geant 4.11.1
5 8k — Geant 4.9.2
- We use base modelthat agrees @ ¢f
best (G4.10.4) where data exists = N, PrT 0.3 GeV
- Apply conservative e | '___%______%w
uncertainties (>40%) where there 0 0.2 0.4 06 08
is no coverage, based on model Feynman -

spread
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Nati
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Updated NuMI Flux Model

 Flux simulation upgrades:
- Beam line geometry

- Updated to a modern
G4 version (4.10) for a
better base model

- Constraints from NA49

and others similar to
NOVA, MINERVA

- Conservative treatment
of uncertainties outside
data coverage
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Flux systematics

« We treat NUMI and BNB fluxes as
uncorrelated :

- Different hadronic processes, beam
energies

« For NuMl, correlation Is stronger:

- Higher fraction of K™ parents for v,

- Also, dominant decay for v,

- Higher number of re-interactions (off-
axis)
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Model Validation BNB and NUMI

1. Correlated in detector and cross section syst
2. Flux systematics is uncorrelated

] -
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MOdeL Vatidation Constrain NuMil VM with BNB VM

1. Detector and Cross Section syst. largely canceled out Imostly flux leftl

2. Update NuMI prediction based on BNB data
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Model Validation

- Good data-MC agreement

- Updated prediction agrees well
with the data

- Uncertainty is dominated by the
flux
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Event
Selection

MicroBooNE 3+1 Result

MicroBooNE 95% CLs - MicroBooNE 95% CLs

New Result Sensitivity New Result Sensitivity
-=-= 2023 Result, BNB only | --= 2023 Result, BNB only

,
2SS,

" GALLEX+SAGE+BEST 20 (allowed)
H Neutrino-4 20 (allowed)

LSND 99% CL (allowed)
M MiniBooNE 95% CL (allowed)
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Parameter Space Overview

Oscillation probability at a short baseline
Amj L

P = 8,5+ (— 1)%sin?26,5sin*(1.267 )

I/a—ﬂ/ﬂ

=Y Brookhaven
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Parameter Space Overview

Oscillation probability at a short baseline

Amj L
P, )

Ve Appearance : Sin“26,,, = sin“26,,sin“6,,

V. Disappearance :sin?20,, = sin?260,,

Vu Disappearance:
sin“26),, = 4c0s°0,45in“0,4(1 — c0s%60145in°0;,)

=Y Brookhaven
Lf National Laboratory Jay HyUﬂ JO 101



Parameter Space Overview

Oscillation probabiuty at a short baseline ;

Am2 L
P, ., = 5.+ (= 1)rsin29 sin(1.267—21= Ayl

I/a—ﬂ/ﬂ

Explore 3D parameter
space
(Amzl, Sin2914, Sin2024)

/

Ve Appearance : Sin“26,,, = sinZ
V, Disappearance :sin‘20,,

Vu Disappearance :
sin“26),, = 4c0s°0,45in“0,4(1 — c0s%60145in°0;,)

=Y Brookhaven
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Parameter Space Overview

Oscillation probabiuty at a short baseline ;
Amj L

P, ., =08+ (- 1)%#29 ﬁsm2(1 267 ——1)

I/a—ﬂ/ﬂ

Explore 3D parameter

Space
(Amzl, Sin2914, Sin2924)

2D Result
profiled over sin46,,4

(Am%,, Sin“260,e(ee))

Vu Disappearance :
sinZZOW = 4c05%0145in%0,,(1 — c0s%0445in%0,,)

< Brookhaven
k' National Laboratory Jay HyUﬂ Jo 103



Fitter pipeline

Prediction: (Am%,, sin%0,,, sin%0,,)

Full Covariance Matrix
Measurement

Xz = (M — P)T(Covsyst. T COVSIZg%TS(m _1(M — P)

L? Brookhaven

National Laboratory
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Fitter pipeline
Simultaneous Fit Prediction: (Am2,, sin26 4, sin28.,,)
of 14 channels

‘ Full Covariance Matrix
Measurement

’Xz = (M — P)T(COVsyst. T COVSIZg%:rson _1(M — P)

L? Brookhaven
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Fitter pipeline
Simultaneous Fit Prediction: (Am2,, sin26 4, sin28.,,)
of 14 channels

Full Covariance Matrix
‘ —-Measurement ——
Notation

’Xz = (M — P)T(COVsyst. T COVSIZg%?‘son _1(M — P)
3+1=4v

The best-fit values
for the osc.

parameters in the
4v hypothesis
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Fitter pipeline
Simultaneous Fit Prediction: (Am2,, sin26 4, sin28.,,)
of 14 channels

‘ Full Covariance Matrix
Measurement
Notation

’Xz = (M — P)T(COVsyst. T COVSIZE%Tson _1(M — P)
3+1=4v

The best-fit values Data consistency

for the osc. test against 3v Setting limits via
parameters in the nypothesis Frequentist CLs'
| method
4V hypothesis [Feldman-Cousins]

< Brookhaven
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kﬂ Brookhaven

# National Laboratory

Event
Selection

Statistical Analysis

MicroBooNE 95% CLs - MicroBooNE 95% CLs
New Result Sensitivity i New Result Sensitivity
=== 2023 Result, BNB only === 2023 Result, BNB only

LELLLLL

,
2SS,

‘.

" GALLEX+SAGE+BEST 20 (allowed)
M Neutrino-4 20 (allowed)

LSND 99% CL (allowed)
M MiniBooNE 95% CL (allowed)
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PRL 130 (2023) 1, 01180

BNB v, Spectra
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801

BNB v, Spectra PRL 130 (2023) 1, 01180

V,CC v,CC
2 — 14.95/25 x> =9.32/25

45 :— LDATA/L(MC+EXT)=0.921+0.05(data err)=0.15(pred err) LDATA/LIMCH+EXT)=1.1020.01{data err)*0. 16(pred err)
— BNB POT: 6.369e+20 ¥ Indf=14.95/25 . BNB POT: 6,369e+20 ¥ ndf=9.32/25
40 Small deficit |
= - —e— BNB data, 338.0 (11t Pred. uncertainty —g— BNB data, 41290.0 Pred. uncertainty
o = e v+, CC, 3109 | v,+v, CC,9.9 e v.+V, CC, 247 v +V, CC, 32628.2
2 35 |  CCn",11.7 mm NC 7, 15.7 o CCn", 17649 mm NC ', 1943
() o — her, 18.1 o E Other, 2801 .4
S 30F- Ty = 6000 F e
» 25F % 5000 F o
cn | — u = u
A= MicroBooNE cE MicroBooNE
3 20 04000 |
(&) — -
_— .._J p-——
§ 15 - £3000
— > -
o 10 L1 2000 =
5 ; 1000 ;—
0 oE
2 2
-d r Pred total uncertainty —.— -d | Pred total uncernty
O 1.51 + + ® 1.5
i ST . petep g4l D0
SosF + S 0.5
gost T 5 ©
00 500 1000 1500 2000 2500 0O 500 1000 1500 2000 2500
Reconstructed Neutrino Energy [MeV] Reconstructed Neutrino Energy [MeV]

~N
u» Brookhaven Jay Hyun Jo 110

National Laboratory


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801

BNB v, Spectra PRL 130 (2023) 1, 01180
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PRL 130 (2023) 1, 01180

BNB v, Spectra
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NuMI v, Spectra
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NuMI v, Spectra
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Constrained v, channels
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Constrained v, channels
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Constrained v, channels

+ Systematics
imited analysis

» Dominant syst.
Flux and Cross

Relative systematic error

Section 0.2 | e
- Need to reduce R B

uncertainties for :

better result o) NI T T B ¥ T P B

k? Brookhaven
National Laboratory

v,CC
Fractional Uncertainty

W/0o
- | Constraint
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Constrained v, channels

Cor

significar

straint
tly reduces

the fractional

v,CC

Fractional Uncertainty

W/0o
| | Constraint

With systematics
constraint

(Sensitivity)

systematic
uncertainty

Relative systematic error
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Constrained v, channels

v,CC
Fractional Uncertainty

W/0o
1 | Constraint

With systematics
constraint

(Sensitivity)

Syst. + Prediction
Oll | | | I E | NN EEEEE

O 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Reconstructed Neutrino Energy (MeV)

Pulled prediction

reduces It even
more

Relative systematic error
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The best-fit values
for the osc.

Data consistency

test against 3v
hypothesis

[Feldman-Cousins]

Setting limits via
‘Frequentist CLs’
method

parameters in the
4v hypothesis

=Y Brookhaven
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The best-fit values
for the osc.

parameters in the
4v hypothesis

Best fit values:

Amg, = 1.30 X 107%eV?
sin*(26,,) = 0.999
sin“(26,,) = 0.999

sin“(6,4) = 1

Constrained Constrained

+ Data &

150

BNB v,CC NuMI v,CC

100

|||||‘||II|||||
o
Q
D
@
o]
C
-
o

o)
o

o
L | s e i e

500 1000 1500 2000 2500 500 1000 1500 2000 2500
k? Brookhaven Reconstructed Neutrino Energy (MeV) Reconstructed Neutrino Energy (MeV)
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The best-fit values
for the osc.

parameters in the
4v hypothesis

Low Amfl leads to negligible
oscillation effect

Best fit values:

Am;, = 1.30 X 1072 V?

- Constrained Constrained
sm2(26’ ) = 0.999 200
,ue 40 + Data £ + Data
. A BNBV,CC . B NuMiv,CC .
— - e Ol E -
10 (296 € ) T O ) 9 9 9 30— MicroBooNE L . . d
- o i E ackgroun
. 2 S E S : ...
sin“(0,,) = 1 e o  Uncerainy
E o "1 g S mm 4y Best Fit
o 50:—
0_ 500 1000 1500 2000 2500 O_ 500 1000 1500 2000 2500

L? Brookhaven Reconstructed Neutrino Energy (MeV) Reconstructed Neutrino Energy (MeV)
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The best-fit values
for the osc.

parameters in the
4v hypothesis

Data consistency

test against 3v
hypothesis

[Feldman-Cousins]

i, MicroBooNE

350 :
Best fit values: SOOJ‘LL

Toy MC [9459]

Am;, = 1.30 X 10~ V*
sin*(26,,) = 0.999
sin?(26,.) = 0.999 ok

Number of Entries
N
S
I

0 5 10 2 » o 15 20 25
A x = xnull-xbest fit

< Brookhaven
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Data consistency

The best-fit values

for the osc. test against 3v
parameters in the hypothesis
4v hypothesis [Feldman-Cousins]
5; === MicroBooNE
3501 ]ﬂ_, Toy MC [9459]
Best fit values: 300ft* ——— Data
0 I
2 2 2| €esof- W
sin*(26,,) = 0.999 : . p-value = 0.96
. i
sin“(26,,) = 0.999 oo
. s0[1-
Sln(924):1 01. | ol |
0 5 10 15 20 25

2 _ 2 w2
Ax - xnull xbest fit
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The best-fit values Data consistency

sin“(26,,) = 0.999 1o

for the osc. test against 3v
parameters in the hypothesis
4v hypothesis [Feldman-Cousins]
:’L: === MicroBooNE
3501 ]jb Toy MC [9459]
Best fit values: 300ft* ——— Data
0 I
2 2 2| €esof- W
sin*(26,,) = 0.999 £ I p-value - 0.96
i
:
1
i

sin“(6,4) = 1

0 5 10, 15 20 25
Ax = xnull-xbest fit

M| data Is consistent
n 3v hypothesis

~N
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Data consistency
test against 3v

The best-fit values
for the osc.

Setting limits via

sin“(26,,) = 0.999 1o

parameters in the hypothesis Freqrﬁi?;gétjCLs
4v hypothesis [Feldman-Cousins]
.;g alng MicroBooNE
3501 ]jl, Toy MC [9459]
Best fit values: 300 e Data
9 I
2 g p) L 250/i- 1
Sinz(ZHﬂe) = (.999 € I p-value = 0.96
i
:
T
;.

sin“(6,4) = 1

0 5 10, 15 20 25
Ax = xnull-xbest fit

M| data Is consistent
n 3v hypothesis

~N
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Two Beam v, Disappearance Sensitivity

MicroBooNE 95% ClLs
New Result Sensitivity
10 |- ==~ 2023 Result, BNB only

~ GALLEX+SAGE+BEST 20 (allowed)
B Neutrino-4 20 (allowed)

Sensitivity improves w.r.t.
to BNB-only case:

Degeneracy mitigation

2, (eV?)

Am
=

NuM| Vv, contribution

107!
1072 107

sin’26_,

(&) Brookhaven Jay Hyun Jo
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Two Beam v, Disappearance Data Exclusion

GALLEX+SAGE+BEST 20 (allowed)

Disappearance (sin226ee) B Neutrino-4 20 (allowed)
10 |
MicroBooNE data at 95% CL . I N.:
T f
. N S B
+ Excludes most of Gallium  [E-SE I —
allowed region - MicroBooNE Excluded
+ Excludes part of Neutrino-4 - BNB6.369x 107 POT
1 P d reqi _ NuMI 1.054 x 102 POT
avowed region - — Data, profiled, 95% CL
10—1 I I I I | 1 1 1 I I I I | 1 1 1 I
1072 10 1
sin’20_
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Two Beam v, Disappearance Data Exclusion

- ~ 10
o [
Data exclusion is s | woroBooNE
mostly weaker than | F BNB 6.36910% FOT
median Sensitivity 1 E_ NuMI 1.054x10%' POT
B Data, Current Result

------ Median Sensitivity
\ / | +1cexpected
.~ +2cexpected

10—1 | | | | | | | ] I | | ] | | ] | |
1072 107" 1

=2
sin“20,_,
Jay Hyun Jo 131
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Two Beam v, Disappearance Data Exclusion

Disappearance
channel influenced

more by NuMI|
(4x more v, than BNB)

< Brookhaven
L' National Laboratory Jay HyUﬂ Jo 132



Two Beam v, Disappearance Data Exclusion

Disappearance 40 MicroBooNE
channelinfluenced R
S “E #%%%% Pred wiconstraint
more by NuM| g 00F- ¥3/ndf: 41.62/50
(4x more v, than BNB) BeEgs
- u
> 60—
O _
© AGer
NuMl v, data E
matches YO ®
orediction well T

after constraint

ﬁ*ﬁ%ﬁ ’

L1 I | I I I | I | I I L1 L1 1 | I . | 1 1 1 L1 1 1 | I I I |
500 1000 1 500 2000 2500 500 1000 1500 2000 2500

Reconstructed Neutrino Energy (MeV)
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Two Beam v, Disappearance Data Exclusion

Disappearance 40
channelinfluenced RIS
g - w2222 Pred wi constraint
more by NuM| S 00F- ¥2/ndf: 41.62/50
(4x more v, than BNB) BE=
S 60
O _
&
NuMl v, data -
LI —

matches

MicroBooNE

prediction well

after constraint 5
2 o] e i
BNB data deficit - Mﬁﬁ% f’%ﬂ . W%J A
weakens the v, & TT 44 1 + {’
disappearance | | | | - | | |
limits 0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
N Reconstructed Neutrino Energy (MeV)
(&) Brookhaver Jay Hyun Jo
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Two Beam v, Appearance Sensitivity

10°
10
Sensitivity Improves <
with respect to BNB- £
only case due to
degeneracy mitigation 10
10° 10
(¢) Brookhaven Jay Hyun Jo

10°°

MicroBooNE 95% CLs

--= 2023 Result, BNB only

New Result Sensitivity

LSND 99% CL (allowed)
| MiniBooNE 95% CL (allowed)

1072
sin“20

10
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Two Beam v, Appearance Data Exclusion

10?
Appearance (Sin226,e)
10
MicroBooNE data at 9576 CL : <
)
1
- Excludes LSND 9973 e
allowed region <
e 10"
» Excludes vast majority of
MinIBooNE 957 allowed
region 10-2

k? Brookhaven
National Laboratory

LSND 99% CL (allowed)
! MiniBooNE 95% CL (allowed)

MicroBooNE

BNB 6.369 x 10%° POT
NuMI 1.054 x 10%* POT
— Data, profiled, 95% CL_

Excluded

1074

Jay Hyun Jo
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1072
sin226ue

10~

1
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Two Beam v, Appearance Data Exclusion

102

MicroBooNE
Profiled, 95% CL_
BNB 6.369x10%° POT
NuMI 1.054x10%' POT

Data, Current Result

------ Median Sensitivity

- +1 ¢ expected

- + 2 ¢ expected

Data exclusion Is

stronger than
median sensitivity

10—2 | | IIIIII| | | IIIIII| | | IIIIII| | | N (R [ [ P |
107 10°° 1072 10 1
sin®260
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Two Beam v, Appearance Data Exclusion

Appearance channel 40

. 3 +— Data

-~ F
Influenced more by 3 2F 4 Pred wi constraint
BNB (4xless v, and [Ejs ¥?/ndf: 41.62/50

2x more v, than NuM|) el

S 60

Q u

O u

5§ F

> e

L —

MicroBooNE

7

BNB v, data has :
deficit — boosts the
v, appearance limits | ’%/ 7 g ‘f
0o 7
(smaller appearance | < f‘% f} Gapacs et Z //i
T :
angle 0,,,) a + 5
| | | I | | | | I | | | | I | | | | I | | | | | | | I | | | | I | | | | I | | | | I | | | |
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
- Reconstructed Neutrino Energy (MeV)
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BNB-only v, Appearance Data Exclusion

10°

BNB-only
"Full 3+1" result (2023).

V. —b‘ appearance

‘ —}‘ disappearance

....-.. .'-I

MicroBooNE
BNB 6.369 x 10°° POT
— Data, 2023 Result
.. -- Sensitivity, 2023 Result
LSND 99% CL (allowed)

= MiniBooNE 95% CL (allowed)

V., =V, disappearance
107" =F
Result slightly stronger than i
sensitivity — BNB deficit " :
19:

k? Brookhaven

National Laboratory

1072 107"

sin?20

107°

e
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BNB-only v, Appearance Data Exclusion

Unphysical 10°
BNB-only
"App. only” result (2023).

V. —b‘ appearance e

disappearance

MicroBooNE
BNB 6.369 x 10%° POT

— Data, 2023 Result

— App. only Data
2023 Result

Am2. (eV%/c?)

V., disappeagance

107" =
Full BNB-only result weaker = LSND 99% CL (allowed)
= = g
than App. onty — i ! MiniBooNE 95% CL (allowed)
degeneracy Of OSCiLLatiOn IO—2 ] ] L1 1 III| . | ] |1 IIII| ] ] | [ | III| ] | 1 1 111
arameters o 5 - e 1
P sin®20
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Two Beam v, Appearance Data Exclusion

10°

MicroBooNE

BNB 6.369 x 10%° POT
NuMI 1.054 x 10?' POT
— Data, Current Result

— App. only Data
2023 Result

BNB+NuMI "Full 3+1”
VS
BNB-only App. only

Similar = NuMI provides
maximum degeneracy
mitigation to BNB-dominant
appearance channel

LSND 99% CL (allowed)
MiniBooNE 95% CL (allowed)

10—2 l ] IIIIII| ] ] IIIIII| l l IIIIII| ] ] | B ) R IR B

1074 10°° 1072 10~ 1
sin%20

ue
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Summary of this result

- No evidence observed for the 3+1 sterile
neutrino model

- Exclude, at 957% CL, the 3+1 explanation of
LSND and MiniBooNE anomalies

- Exclude most regions allowed by the Gallium
and Neutrino-4 anomalies using a distinct
decay-in-flight source

- Closed the window for the 3+1 model as an
explanation to the long-standing
LSND/MiniIBooNE anomalies.

k? Brookhaven

National Laboratory

Jay Hyun Jo

10

10 &

a1 (eV7)

Am

10" £

1072

10

2 (eV7)

Am
|_\

107

10~

- LSND 99% CL (allowed)
. MiniBooNE 95% CL (allowed)

MicroBooNE

BNB 6.369 x 10%° POT
NuMI 1.054 x 10%t POT
— Data, profiled, 95% CL_

Excluded

-4

Ll
1073

|
1072

sin°26

10|

-  MicroBooNE
- BNB 6.369 x 10° POT

_ NuMI 1.054 x 10* POT
~— Data, profiled, 95% CL_

GALLEX+SAGE+BEST 20 (allowed)
B Neutrino-4 20 (allowed)

Excluded

|
107

sin’20__
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Outlook
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Although the 3+1 framework no longer provides a viable explanation, the LSND and MiniBooNE
anomalies themselves haven't gone away.

The reactor and gallium anomalies also remain unresolved.

k? Brookhaven
National Laboratory
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Although the 3+1 framework no longer provides a viable explanation, the LSND and MiniBooNE
anomalies themselves haven't gone away.

The reactor and gallium anomalies also remain unresolved.

These anomalies continue to drive a global program of current and
next-generation experiments aimed at resolving the remaining
possibilities.

PRRSPECT.

allation Neutro ¥ce

&
(VE (CET S

r Baksan Experiment
A Novel Isotope Decay-at-Rest Experiment (BEST)

k? Brookhaven

National Laboratory
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30 cm

v, CC candidate

v, appearance

2 SBN Preliminary  SBND (6.6¢20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 POT)
Alo - I 1 IIIIIII ‘l 1 I IIIIIII | 1 IIII[II I VT T
N = D) =
> = " ]
) N N . Injected Point, N
N’ - Vo o, -
— i Le® + sin"26,, = 0.003,
™~ % 2 = = 2 1
S 10 N Am;, =132 eV”
—_ \“ -
3 - Vit .
5 LIS £ e MiniBooNE (v) 99% CL ]
— - - ::‘ |
ROEw~< & - - - KARMEN 99% CL
= ' He e R =
| ‘ B — TP\ = LSND w/ DiF 99% CL
10_1 = — T d_: —
[~ ——— 50 SBN Stat+Syst Tels. — -
- - - - 99% SBN Stat+Syst BREN .
- === 99% SBN, Increased POT Projection: IR N .
SBND (9¢20) ICARUS (14¢20) Only *3
10—2 | 1 lllllll 1 | lIllllI | 1 lIlIlII 1 L1 1 111l
107 107 1072 107" 1

sin°20,,,

k? Brookhaven

National Laboratory

107

1072

Short-Baseline Neutrino Program at Fermilab

Target

NuMI
v,CC candidate

I\HGING

vy disappearance

SBN Preliminary SBND (6.6¢20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 POT)
:I 1 1 llllll 1 I I IIIIII I 1 IIII'(I I I_)IIIVIF'_I_-:
o Injected Point, / £ .
[+ 520,007, VZ I ]
= Am}, =132 ¢V? S8 o .
| s i

----- 90% MINOS/MINOS+ -~

— o 90% MiniBooNE/SciBooNE. -~ 3 R
- - - = 90% IceCube : ( A
- - == 99% IceCube St ]
- AN -
= N =
[ § ]
" [ 5o SBN Stat+Syst =+ -0 g )

- e v
L _ _, 50 SBN Stat-Only '-1‘_ ~

- v = —
= SR = 7
- = 50 SBN Stat+Syst DA =
[ —— - 90% SBN Stat+Syst TS 1
[~ = = 90% SBN, Increased POT Projcclion:‘:‘ a S 7
SBND (9¢20) ICARUS (14¢20) Only ~ "*+--_ S

1 | Illllll 1 | Illlll | I";IIIIII 1 | lI\IT'I-I

-3 -2 —1
10 10 10 5 1
sin“20
MU

The current Short-Baseline Neutrino (SBN) Program
at Fermilab extends MicroBooNE with two additional
near and far LAfTPC detectors, expected to provide a
more comprehensive and sensitive exploration of
light sterile neutrinos and other BSM physics.
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Outlook: other possible explanations
to account for LSND/MiniIBooNE anomalies and ease tensions across datasets

- Expanded sterile neutrino models

< 3 active p'.US 2 or more sterile flavors Phys. Rev. D84 (2011) 073008
ol J+1+ Phys. Rev. D 99 (2019) 015016
o 3J+1+ Decay Phys. Rev. D 97 (2018) 055017
“ 3+1+Decoherence Phys. Rev. D 107 (2029) 036004
* 3 +1 + Resonance Matter Effects JHEP 08 (2022) 034
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Outlook: other possible explanations
to account for LSND/MiniIBooNE anomalies and ease tensions across datasets

- Expanded sterile neutrino models

- Non-oscillation physics
- photon final state

MiniIBooNE
mineral oil

liquid scintillator

L? Brookhaven

National Laboratory

Electromagnetic

sighature In the
excess events

Jay Hyun Jo
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Outlook: other possible explanations
to account for LSND/MiniIBooNE anomalies and ease tensions across datasets

- Expanded sterile neutrino models

» Non-oscillation physics MicroBooNE's inclusive photon search
- photon final state é :Zgé * —3— Data
o . u=.| — Prediction no constraint
- NC A radiative single photon e indf: 9.18/7
120 — * Prediction with constraint
. 100 x3ndf: 14.40/7
MO €XCESS 80— ‘ MicroBooNE
. | 60—
NC coherent single photon a0 | — g
00 et single-photon ;
* NO EeXCeSS of. . Zero-protonevents TR
+ Model-agnostic inclusive single photon & 2 | {
, 3 15C *
~2¢ EXCESS IN zero-proton events & [ { " o s _— —
8 0.5_—
m m B 0 [ ] S S Y S Y U S S S B S
Motivates further investigations e

In MicroBooNE and SBN

~
u» Brookhaven Jay Hyun Jo
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Outlook: other possible explanations
to account for LSND/MiniIBooNE anomalies and ease tensions across datasets

- Expanded sterile neutrino models
* Non-oscillation physics

<% Neutrino-induced upscatterin
- photon final state (SM or model-agnostic) P J

. eTe” or photon final state from * vA — NAwhere N — veTe™ orvy(y)

broader “dark sector” models “ Heavy v decay
* N-o>vw, N—- XX —ete oryy

‘ e'e” opening angle 5.6° _ .
MB@ e'e” energy 617 MeV * Dark matter particle-induced
upscattering

® y—>yore'e

*
% .

Dark Sector ete- Simulation

k? Brookhaven
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Outlook: other possible explanations
to account for LSND/MiniIBooNE anomalies and ease tensions across datasets

- Expanded sterile neutrino models
* Non-oscillation physics
- photon final state (SM or model-agnostic)

e e~ or photon final state from
broader "dark sector’ models

e'e” opening angle 5.6°
e‘e"energy 617 MeV

uBooNP

Dark Sector ete- Simulation

World's first direct search for a dark sectore e
signal as a test of the MiniIBooNE anomaly
60-( ) MicroBooNE Dat
2 ] S — A1CTOD00 ata
I | @~ 5.87x102 POT
_ 40F : : ) Co(rils[tjrainctd .Btackgrounds
+ L . ! )
5 i’ // { ///_ - &I.l ncertainty | |
> T Single Dark Neutrino Signal
= ol A ——— gy 30 MeV. my : 106 MeV.
- {. . e OO Upa]? :2x 1071 €: 8 x 1074
7 Gkl D riaiizys Sraveraes
OO 200 400 800 1000 1200 1400 1600
Total Reconstructed Visible Energy [MeV]
60F
b)
i .’ : nBooNP _
' |
L ! —
5 40 3 ete” Search
D b e o ———— g
a
20+ }
s DI, W
% 5 10 15 20 25

Reconstructed Primary Shower Angle w.r.t Neutrino Beam [Deg]

More dark-sector scenarios remain compelling targets for MicroBooNE and SBN

k? Brookhaven

National Laboratory
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Search for Light Sterile Neutrinos with Two Neutrino Beams at MicroBooNE

©

10°

10

(eV?)

2
41

Am

10

MicroBooNE
BNB 6.369 x 10?° POT

NuMI 1.054 x 10 POT
— Data, profiled, 95% CL_

Excluded

LSND 99% CL (allowed)
MiniBooNE 95% CL (allowed)

102
10~

10 1

1072
sin229ue

107

neutrino-inducec

the anomalies. With thi

OSCI

latior

s In the relevant L/

S cha

| 1 GALLEX+SAGE+BEST 20 (allowed)
B Neutrino-4 26 (allowed)
10 —
@ i
N G B
5
1= MicroBooNE
u Excluded
~ BNB6.369 x 10° POT
~ NuMI 1.054 x 102 POT
- — Data, profiled, 95% CL_
10—1 | | | | L1 11 | | | | | I I |
1072 107
sin’20_
— Sees N

UJsing the first two-beam, one-detector search of its kind, MicroBooN

= regime, closing the 3+1 winc
oter settled, the path is open for new ideas and d

theoretical and experimental efforts. Stay tuned!

Brookhaven

National Laboratory

Jay Hyun Jo

O sign of sterile-
OW assoclated with

scoveries In future
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Final remark: Overcoming challenges

©

Brookhaven

National Laboratory

Congratulations everyone!

A typical criticism of MicroBooNE is that it's small

compared to MiniBooNE
and not easy to reject all phase space of
MiniBooNE+LSND.

But you did it! | am impressed.

| do believe a little possibility MiniBooNE excess
IS an unknown photon production process,
(either BSM or exciting nuclear physics)

hopeflly, SBND can say something for that!

Best,
Teppel

Jay Hyun Jo

2. (eV?)

Am

2. (eV?)
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102

10

10™

1072

10°

10

10

107

L LAL

| llllllll | llllllll

LI Illllll

MicroBooNE 95% CLs
=" | --- 2023 Result, BNB only |

\ LSND 99% CL (allowed)
Seo MiniBooNE 95% CL (allowed)

| lllllllI | llllllll | llllllll | I 1 11111

10™*

1073 102
sin226ue

101 ! ! 1
MicroBooNE

BNB 6.369 x 10%° POT
NuMI 1.054 x 10%* POT
— Data, profiled, 95% CL_

Excluded

LSND 99% CL (allowed)
MiniBooNE 95% CL (allowed)

10~

10~ 10~ 107 1
sin°28

153



C
D
>
(O
i
X
-
O
r
an

©

=
| -
(]
)
(G
r
-
)
©
—l
4]
C
o
+—
(G
Z




Backup

k? Brookhaven

National Laboratory
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Neutrino Energy Reconstruction

rec __
Erec =

Neutrino Energy

k? Brookhaven
National Laboratory

D (KI*+m; + B)

Jay Hyun Jo
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Neutrino Energy Reconstruction

reconstructed kinetic
energy

Neutrino Energy

~N
k’ NBaI;?nDallf_Db?r\a/teorr\-/l Jay Hyun Jo 157



Neutrino Energy Reconstruction

reconstructed kinetic
energy

National Laboratory

Jay Hyun Jo

rest mass value from the PDG

ladded for each 4 = et ]
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Neutrino Energy Reconstruction

reconstructed kinetic
energy

National Laboratory
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rest mass value from the PDG

ladded for each 4 = et ]

average binding energy
(8.6 MeV) per nucleon
[added for each protonl
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Performance
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Systematics breakdown

100

80

60

40

Syst. percentage

20

0 50 100 150 200 250 300 350
Bin index

~N
Lf Brookhaven Jay Hyun Jo 1601

National Laboratory



Detector systematics breakdown
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Full 14 channels
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NuMI-only result

102
10 10
J J
ng 1 s
5 5
MicroBooNE 1E MicroBooNE
10 Profiled, 95% CL Profiled, 95% CL
BNB 6.369 x 10*° POT BNB 6.369 x 10?*° POT
NuMI 1.054 x 10* POT NuMI 1.054 x 10> POT
= -1
- 10 15 1072 107 " 1072 10 1
sin“26 sin’20_,
--= Data, 2023 Result ~ *1 oexpected --= Data, 2023 Result %1 oexpected
—— Data, Current Result . * 2 oexpected —— Data, Current Result . * 2 oexpected
------ Median Sensitivity = NuMI-only Data === Median Sensitivity —— NuMI-only Data

¢ | Brookhaven Jay Hyun Jo

National Laboratory

164



Setting limits with Frequentist CLs method

One-sided p-values o
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2= Low-energy excess v, template search

* No observation of v,
excess

 Disfavor a pure v, source
for the MiniBooNE

anomaly at ~3¢0 level

 Solid foundation to the
sterile neutrino search

* arigorous unblinding
procedure and mock
data study

 a high-performance v,
reconstruction and
selection
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