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~8 GeV

MicroBooNE is a

e 85 metric tonne Liquid Argon Time Projection
Chamber (LAFTPC) neutrino detector

e Sitting 470m downstream in the Booster
Neutrino Beam (BNB) at Fermilab
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of MicroBooNE

First demonstration of O(1ns)
timing resolution in the
MicroBooNE liquid argon time
projection chamber
arXiv:2304.02076 [hep-ex] (2023)

Demonstration of new
MeV-scale capabilities in
large neutrino LArTPCs
using ambient radiogenic
and cosmogenic activity in

LArTPC 111 032008 G029y
DeteCto r Imr.)rovi.ng neutrino energy
R &D estimation of

charged-current interaction
events with recurrent neural
networks in MicroBooNE
arXiv.2406.10123 [hep-ex]
(2024)
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https://arxiv.org/abs/2304.02076
https://arxiv.org/abs/2406.10123

of MicroBooNE

Over 26 published : :
First demonstration of O(1ns)
results, and many more timing resolution in the
MicroBooNE liquid argon time
Pnder development projection chamber
internally. arXiv:2304.02076 lhep-exl (2023)
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Demonstration of new
MeV-scale capabilities in
large neutrino LArTPCs
using ambient radiogenic

NQUtI’i nO arfd cosmogenic activity in

n LAFTPC! el
Argon Detector
Interactions R&D

Improving neutrino energy
estimation of
charged-current interaction
events with recurrent neural
networks in MicroBooNE
arXiv.2406.10123 [hep-ex]
(2024)
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@of MicroBooNE

New Physics
Beyond the
Standard
Model

Neutrino
™ LArTPC

Argon Detector
Interactions R&D
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1l =X el =18 50f MicroBooNE

New Physics:
“'Beyond the
Standard
glodele'

Broad Goals

Aims to probe as many forms of
‘Beyond the Standard Model" (BSM)
new physics it is sensitive to.
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March 1712026
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Broad Goals

New Physics:
“'Beyond the
Standard
glodele

Aims to probe as many forms of
“Beyond the Standard Model" (BSM)

new physics it is sensitive to.

W —

Short-Baseline
Anomalies

oooooooooo

Specific Goals

Probe “1eV Scale Sterile
Neutrinos” as motivated
by Short baseline
Anomalies



Baseline Anomalies

LSND
Anomaly

&

' MiniBooNE
Anomaly
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Anomalies®
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Anomalies®
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NilelnEIE individually consistent with ~eV? oscillations
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Baseline Oscillations driven by eV? scale sterile neutrino

Need a 4" “sterile”
neutrino

Am? ~ 1eV?

3
@ 3 Neutrino Paradigm

>Am§1 = 2.5 x 107 3eV?

}Am%l — 7.4 x 107 %eV?
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Baseline Oscillations driven by eV? scale sterile neutrino

Need a 4" “sterile”
neutrino 107
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MicroBooNE

Protons
>

2% Fermilab

Booster
Accelerator
~8 GeV
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=\ 12]Neighbours

Protons
>

2% Fermilab

Booster
Accelerator
~8 GeV
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NuMI Neutrino Beam
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NuMI Neutrino Beam
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2% Fermilab

Booster
Accelerator
~8 GeV
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T - World's first
- == |Dual Beam Search

P for
o Sterile Neutrino

- EEE o Oscillations




Beam Oscillation Search

BNB
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BNB

NuMI

Mark Ross-Lonerg
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Systematic Correlation Matrix

MicroBooNE

20k

2 Bin Index [100 MeV/bin]
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NuM|

100

NuMI and BNB fluxes
modelled as independent.

Significant updates to our
NuMI flux modelling to
including

e Updated beam line
geometry

e Move to Geant4 v4.10.4
for better agreement
with Kaon production
external datasets
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Section/Interaction Systematic Correlation Matrix
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Extremely strong
correlations between
v.and v, due to
universality of CC
interactions.
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Event counts / 100 MeV

Data / Prediction
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Constraint
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-Constraint
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Event count/100 MeV
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Contours
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=]\1:3Only Exclusion Contours
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=]\1:3Only Exclusion Contours
BNB CC v.
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-Only Exclusion Contours
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=]\ [=+*NuMI, Dual Beam Exclusion Contours
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Parameter Degeneracy
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Parameter Degeneracy
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Parameter Degeneracy
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Breaks Degeneracy
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Breaks Degeneracy

Addition of NuMI data

Breaks the degeneracy

Constrains the amount of v_
disappearance allowed

Unlocks full potential of the BNB
to constrain v_ appearance
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Dual Beam Sterile Neutrino Constraints MicroBooNE: Nature volume 648, 64-69 (2025)
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e Excludes LSND 997% allowed region

e Excludes vast majority of MiniBooNE
95% allowed region



Dual Beam Sterile Neutrino Constraints MicroBooNE: Nature volume 648, 64-69 (2025)
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Data exclusion is stronger than median sensitivity.

Lies around the 26 expected experiment
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of Result Driven by BNB Ve

- BNB CC Ve
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Driven by ~2.1¢ deficit observed in
BNBCCv,
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of Result Driven by BNB Ve
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of Result Driven by BNB Ve

BNB CC V. NuMI CC Ve
0Ty, ccFC MicroBooNE BNB 6.369 x 10% POT 150 VeCCFC  MicroBooNE NuMi 1.054 x 10%! POT
é [ E or -+- Data
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e [nteraction Modelling? Same Model
e Detector Modelling ? Same Detector/treatment
e Reconstruction Effect ? Same Reco Framework
e Flux Modelling ? Different Fluxes/Beams Investigations

e Statistical Continue
~Double the Data
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Sterile Neutrinos, then what are we seeing in Short-Baseline Anomalies?
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Sterile Neutrinos, then what are we seeing in Short-Baseline Anomalies?
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will provide a direct probe of
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Recent interest in revisiting the
theoretical calculation of the
neutrino capture cross-section

M. Cadeddu et al Phys. Rev. D 113,

033006 (2026)

M. Cadeddu et al arXiv:i2512.20560



https://arxiv.org/pdf/2602.06274
https://journals.aps.org/prd/abstract/10.1103/pz8g-zz1b
https://journals.aps.org/prd/abstract/10.1103/pz8g-zz1b
https://arxiv.org/pdf/2512.20560

Sterile Neutrinos, then what are we seeing in Short-Baseline Anomalies?
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Recent interest in revisiting the
theoretical calculation of the
neutrino capture cross-section

M. Cadeddu et al Phys. Rev. D 113,
033006 (2026)

M. Cadeddu et al arXiv:2512.20560
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111 [=3MiniBooNE Detector

MiniBooNE couldn't separate pair-production

+ -
electrons from photons, or @ —e e
e+e- pairs

Electron Cherenkov
ring event

M. Ross-Lonergan
March 172026 56




Electrons or Photons?

M. Ross-Lonergan
March 172026 57

Smoking gun

Strong
Electron — photon
separation

R Proton
\\ Track



ﬂmong Approach at MicroBooNE
Anomalous

Electron and
Sterile Neutrino
Sea_rches

Anomalous @
) Single-Photon
ele@tron-posi Searches
Searches 4

r .
p.
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ﬂmong Approach at MicroBooNE

S

ele@tron-posj
Searches
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Single-Photon
Se_axr,ci:hes

/4/" -

P
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Anomalous
Photon and

P =
G -

N e+e- searches
B < in MicroBooNE




of ¥ and e’e” pairs

. Standard Model

e NC A—Npy radiative decay
e Coherent Single-Photon Production

e Higher-Order Resonance Decay (e.g
N1520)

e QED Radiative Corrections

Mark Ross-Lonergan - Mar 17" - Moriond EW
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of ¥ and e’e” pairs

Standard MOdel. [ ° Enhanced Search for Neutral Current A Rad \
@ L

Single-Photon Production in MicroBooNE
o  Phys Rev. D 112 [ 091101 (2025)

P NC A—>N‘j) radiative decay e  MicroBooNE PhysRev.lett. 128 (2022) 11, 111801
30
e Coherent Single-Photon Production o NCTOBOONE N | D o
201 \\
i Pand 141
° H|ghe;—Order Resonance Decay (e.g B AR andora 1y1p
N1520 & R J
5 10 \w\\ - \\
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e QED Radiative Corrections = NI Sl |
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z 601 WC 1~40p
40 }:
20 3 R
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0 200 400 600 0 200 400 600
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No anomalous excess observed

- J
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of ¥ and e’e” pairs

. Standard Model

e NC A—Npy radiative decay
e Coherent Single-Photon Production

e Higher-Order Resonance Decay (e.g
N1520)

e QED Radiative Corrections

Mark Ross-Lonergan - Mar 17" - Moriond EW

. New Physics/BSM
HNL Decays

Dark Neutrino Upscattering

Dark particle/Neutrino induced inverse
Primakof scattering

O +many more (See White Paper J. Phys. G: Nucl.
Part. Phys. 51 120501 (2024)) for in depth review
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of ¥ and e’e” pairs

. Standard Model : - . New Physics/ BSM

e HNL Decays

e NC A—Npy radiative decay v,
e | Dark Neutrino Upscattering

e Coherent Single-Photon Production

e Dark particle/Neutrino induced inverse

Higher-O R D .
° igher-Order Resonance Decay (e.g Primakof scattering

N1520)

e QED Radiative Corrections

First Search for Dark Sector e+e- Explanations of the MiniBooNE

Anomaly at MicroBooNE (PRL accepted) arXiv.2502.10900 [hep-ex] 60 () PERDeS I MicroBooNE Data
I | ®— .87x10® POT
] | 4 5
L | ..., Constrained Backgrounds
£ 40 : g ; | p 8 77 and Uncertainty
L K —— -}V : Single Dark Neutrino Signal
/= ook / N A — == myz 30 MeV, my : 106 MeV,
- __i_,__ 7 ! |U)?:2 %1071 €:8 x 107
i, . Uil™D P2rerererdery. Zrtressss:
0(] 200 400 600 800 1000 1200 1400 1600

Total Reconstructed Visible Energy [MeV]

The world’s first direct limits on these dark sector models and
excludes the majority of the parameter space viable as a
solution to the MiniBooNE anomaly
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@Of Y and e'e” pairs
. Standard Model { @ . New Physics/ BSM

e HNL Decg
c“es Upscattering

particle/Neutrino induced inverse
Primakof scattering

e NC A—Npy radiative decay

e Coherent Single-Photon Production

N1520)

O +many more (See White Paper J. Phys. G: Nucl.
Part. Phys. 51 120501 (2024)) for in depth review

Inclusive Search for Anomalous Single-Photon
Production in MicroBooNE
o arXiv.2502.06064 [hep-ex] (2025)
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[« BS1\YE] Single-Photon Search at MicroBooNE arxiv2502.06064 [hep-exi (2025)

Broadly speaking, two categories of Single-Photon events

Single-Photon + Proton Activity Isolated Single-Photon
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Single-Photon Search at MicroBooNE /- xiv.2502.0606. [hep-ex] (2025)

Single-Photon + Proton Activity Isolated Single-Photon
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Single-Photon Search at MicroBooNE /- xiv.2502.0606. [hep-ex] (2025)

Single-Photon + Proton Activity
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Isolated Single-Photon

g 180 T MicroBooNE
= — Data
E 160 [
1401 | — Prediction with constraint
120— 1
100 ; x%/ndf: 14.40/7
801
60— i
a0 ' ; :
20==* et
% 200 400 600
Reconstructed Shower Energy (MeV)
e Mild 2.2¢ excess of photons contained below 600
MeV.
o Excess of 93 * 22(stat) + 35 (syst.) data events
e Kinematically consistent with MiniBooNE excess
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Single-Photon Search at MicroBooNE /- xiv.2502.0606. [hep-ex] (2025)

2.20 is not statistically significant, but the
single-photon with no-proton channel is one
of the last places the MiniBooNE excess
could be hiding

Improved search ongoing with

e Almost double the data analyzed
o 6.3x10%° POT — 11.1x10%° POT

e Improved reconstruction efficiency

e MeV scale blip reconstruction to
identify low energy proton/neutron
activity
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Entries

Isolated Single-Photon
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Mild 2.2 excess of photons contained below 600
MeV.

o Excess of 93 * 22(stat) + 35 (syst.) data events
Kinematically consistent with MiniBooNE excess
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usions |

v,u — Ve
L MicroBooNE
i BNB 6.369 x 102 POT
106 NuMI 1.054 x 10%* POT
. 8 — Data, profiled, 95% CL_
?‘.” -
- 1 =3
o < E
g Excluded
10t
E LSND 99% CL (allowed)
L MiniBooNE 95% CL (allowed)
10—2 1 IIIlII[I 1 IIIIIIII 1 IIIIIlIl 1 L1 11111
10 103 102 10t 1

H ]
sin zeue

e World's first two beam sterile neutrino search
e Data consistent with no sterile neutrinos
e Excludes LSND 997% allowed region

e Excludes vast majority of MiniBooNE 95% allowed
region

MicroBooNE: Nature volume 648, 64-69 (2025)
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usions Il

v,u — Ve
L MicroBooNE
i BNB 6.369 x 102 POT
106 NuMI 1.054 x 10%* POT
. C — Data, profiled, 95% CL_
?.o’ -
- 1 =3
o < E
g Excluded
10t
E LSND 99% CL (allowed)
L MiniBooNE 95% CL (allowed)
10—2 1 1 II[IIII 1 1 IIIIIII 1 1 IIIIlIl 1 L1 11111
10 103 102 10t 1

H ]
sin 29ue

e World's first two beam sterile neutrino search
e Data consistent with no sterile neutrinos
e Excludes LSND 997% allowed region

e Excludes vast majority of MiniBooNE 95% allowed
region

MicroBooNE: Nature volume 648, 64-69 (2025)

While the 3+1 sterile neutrino interpretation is
strongly disfavoured, the anomalies themselves
remain unexplained!

Searches for single-photon and e+e- signatures
continue, with a particular focus on events with no
associated hadronic activity, one of the last
remaining places that the MiniBooNE anomaly could
be hiding

o = .
@ 180L MicroBooNE
£ 160 + Data
ul = l
b - I — Prediction with constraint
120— )
100 = x%/ndf: 14.40/7
80—
60 L
= T —+—
40 3
20=* T
0— I R R o W T ) (A I T i I |
0 200 400 600

Reconstructed Shower Energy (MeV)

arXiv.2502.06064 [hep-exi (2025) 73


https://arxiv.org/abs/2502.06064

| & Backup
{1 | Slides




Event counts

IJ{LIII[IIIII]III]I

Data/Prediction

Event counts

250

200

150

onstraints for inclusive Single- Photon

IDATA/ZPRED=1.25+0.07(data err)£0.26(pred err)
Data POT: 6.343e+20 —e— BNB data, 463.0
~ Pred. uncertainty Cosmic Data, 46.7
- | Dirt/out FV, 82.4 I NC nin FV, 68.0
[ CC n’inFV, 16,9 [ OtherinFV,11.3

B v, CCinFV,4.2 . 1y, 139.1
" LEE, 33.1
MicroBooNE
unconstrained

2
15 s Pred t rtainty —e—
C 1
1 3 ?
05— f
0 200 400 600 800 1000 1200
Reconstructed Shower Energy (MeV)
3000 YDATA/LPRED=0.91+0.01(data err)+0.19(pred err)
Data POT: 6.343e+20—e— BNB data, 4145.0
2500 . Pred.uncertainty [/ Cosmic Data, 418.7
| Dirt/out FV,517.4 [ NC 7°in FV, 2564.0
2000 [ CC "inFV,553.3 [ OtherinFV, 102.2

Data/Prediction

B v.CCinFV,61.6 [ 1y, 316.0

MicroBooNE
C |:| Pred total uncertainty ——i —e—
C 1 i ._l_.
S

200 400 600 800 1000 1200 1400

Reconstructed Shower Energy (MeV)

Reco Shower Energy [MeV]

MicroBooNE Simulation
Ty

over
1400
1200
1000
800
600
400
200
over
1400
1200
1000
800
600
400
200
over
1400
1200
1000
800
600
400
200

Reco S

NCn®

hower Energy [MeV]

75



Modelling

» We treat NUMI and BNB fluxes as
uncorrelated :

* Different hadronic processes, beam
energies

' For NuMlI, correlation is stronger:

* Higher fraction of Kt parents for Vu

* Also, dominant decay for v,

* Higher number of re-interactions
(off-axis)

Mark Ross-Lonergan - Mar 17" - Moriond EW

Bin Index [100 MeV/bin]

MicroBooNE

(0]
o

80

0 40 60 100
Bin Index [100 MeV/bin]
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Single-Photon Search at MicroBooNE /- xiv.2502.0606. [hep-ex] (2025)

Photon + Protons Photon + No Protons

No idea where vertex
is. No “gap”, no idea if
it scattered in from
outside..etc

You see the
conversion
distance “Gap

”

\ RS,

g
You can “tag” _—" *

scattering vertex so
you know where in
TPC/how close to
boundaries..etc

22.(m
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# Fractional uncertainties

BNB

Final systematics for BNB o Ve Vu Ve  Vu
and NuMl | T — ot
0.35 — Flux
* Cross section and flux o3 Im e
are dominant £ 025 : 1| M stat
uncertainties g 02 Pl —
EJ 0.15 I
* NuMlhas muchlarge o4 M/ﬁj
flux systematic 0.05f- :
uncertainty O — g s sgy 550,
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Reconstructed Neutrino Energy (MeV)
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[

Flux Modelling

e BNB:;

O

Same flux model and uncertainties as
MiniBooNE Phys. Rev. D 79, 07200

e NuMI

©]
©]

Updated beam line geometry
Updated to Geant4 v4.10.4 for better

agreement with Kaon production external
datasets

20
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10

do / dx_ (mb)

o N M O

MicroBooNE Preliminary

p+C — K" +X (120 GeV)

— Geant 4.10.4
— Geant 4.11.1
— Geant 4.9.2
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[ Interaction Modelling l

e use a MicroBooNE custom tune of GENIE,
built off the GENIE v3.0.6 G18_10_a02_11a
model set for both BNB and NuMl.

This base model set is then tuned to external
T2K CC v, oz data

I~ MicroBooNE

15 0.85<cos(8,,)<0.90

.............. GENIE v3.0.6 G18_10a_02_11a
——— MicroBooNE Tune

.............. Alternative Fit

—«— T2K 2016 Data

10

LI L N B B B B N B O
A LI o

dzc/dpudcos(eu) (10°%%*cm?nucleon/GeV/c)

2

2 4
P, (GeV/c)

MicroBooNE: PhysRevD.105.072001
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Kinematic Agreement
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Avenues of Exploration

>

e Full-Dataset 3+1 analysis

. Vu—V
o Almost double data in both BNB & NuMI! w0 Amdd
o Addition of External Datasets (e.g B Wbt
PROspect/KATRIN/ICARUS) 1o DI
o Thorough investigation of 3D 3+1 S | ) 7
2 1k
NEQ §
e Additional Models Beyond Vanilla 3+1 < f e
o 3*1*decay (Invisible and Visible) 07E LsND 9% CL (allowed)
] ] . s MiniBooNE 95% CL (allowed)
o 3+2(includes CP violation) R T T
N 10 1073 107 101 1
sin’26

e Expanding framework to allow for full Feldman-Cousins
analysis and pull-term/nuisance systematics

Mark Ross-Lonergan - Mar 17" - Moriond EW 82



Modelling

MicroBooNE MicroBooNE E, > 60 MeV
r— - .
§ 10 — Total . _ v# Channel —— Total Flux _’
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E @ M, e KD (0.1%) L, — x (0%) .
g s ] ]
=10 5 2 1075 [ E
----- other (7.6%) E A1, — K (0%) 3
_. oy u* (3.52%) 1
9L —
- v, Channel 5 10°E — w(0%)
107 i E = — K (0.621%) ]
E No . -
- -~ 10 H =
= X =
© =
107! ' - 107 E
R Eien b Wi i 15 i VN g il i
I i LR e 0 05 1 15 2 25 3 B35 4 45 5
Y Neutrino Energy (GeV)

e At 8° off-axis for NuMI, flux is quite different to traditional on-axis

e Many more neutrinos coming from kaon decays - model must account
for kaon production carefully
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Neutrino Beams, One Detector

MicroBooNE .
5'°F — Total On AxIs
: Kt 01%) Baseline ~470 m
'5 ----- K .1°/o) ~
BNB Nv,
1011 E ~ ZOO
Nv.
"SR TUOTT. OO, ORI 2.6% of neutrinos from Kaons
Energy v, (GeV)
MicroBooNE E, > 60 MeV
: o)
- Yy Channel —— Total Flux Off-Axis 8
10" + o E '
50 i - | Baseline ~680 m
& ,HI 1 o 7
N MI % ER — K (0%) a
uMi ¢ S B B \

82 F — K (0.621%) E Nve 4
& ! | 21.1% of neutrinos from Kaons

0;”0.5"”1HH1.5’ 2‘“'2,5” ‘3l 53.5 4 4.5 ;
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Electrons or Photons?

— Strong
‘ .~ | Electron <

Roctiof ) s separation

V- t‘
.
o
ve CC mm Cosmics 72z Uncertainty ?‘(\ d»le‘
v other — Total predicted + Data \(\O
v NC n® S

e/y separation
MicroBooNE, 1.11 x 102! PO

60

Photons deposit twice as
2 much energy per unit

21 e Rl length at shower start
0= el (Shower dE/dx)

1
Shower dE/dx [MeV/cm]

40
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Disappearance Results

Addition of NuMI data

Gallium+SAGE+BEST 20 (allowed)

e Breaksthe degeneracy BN Neutrino-4 20 (allowed)

e Constrains the amount of v_ 1044
disappearance allowed

Am2; (eV?)

100_

1071
1072
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10~
sin?20..

10°
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Disappearance Results

Addition of NuMI data

Gallium+SAGE+BEST 20 (allowed)

S

e Breaks the degeneracy BN Neutrino-4 20 (allowed)
e Constrains the amount of v_ 107}
disappearance allowed
3
::H, MicroBooNE
s BNB 6.369 x 102 POT  ___
100_
All at 95% CL,
—— BNB-Only (2023)
1071

1072
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Disappearance Results

Addition of NuMI data

Gallium+SAGE+BEST 20 (allowed)

e Breaksthe degeneracy BN Neutrino-4 20 (allowed)

e Constrains the amount of v_ 1044
disappearance allowed

Am2; (eV?)

100_

MicroBooNE
BNB 6.369 x 102° POT
NuMI 1.054 x 102! POT

All at 95% CL,
—— BNB-Only (2023)

—— NuMI-Only (2025)

1071
1072
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10~
sin?20..
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Disappearance Results

Addition of NuMI data

e Breaks the degeneracy

e Constrains the amount of v,

disappearance allowed

Mark Ross-Lonergan - Mar 17" - Moriond EW

Am2; (eV?)

Gallium+SAGE+BEST 20 (allowed)
Il Neutrino-4 20 (allowed)

101_

MicroBooNE
BNB 6.369 x 102° POT
10°+ NuMI 1.054 x 102! POT

All at 95% CL,
—— BNB-Only (2023)

—— NuMI-Only (2025)
—— BNB+NuMI (2025)

1071

1072 10~
sin?20..

MicroBooNE: Nature volume 648, 64-69 (2025)
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Mle [l (=Ye| Sensitivities

Am32; (eV?)

Data exclusion is stronger than median sensitivity.

Vu—=> Ve
102 T
! MicroBooNE
)y BNB 6.369 x 1020 POT
! NuMI 1.054 x 102! POT
]
\
) All at 95% CL,
1014 &
S —— BNB+NuMI (2025)
g ---- Median Sensitivity
’
\ I +1o Expected
\\ +20 Expected
100_
10715
10_2 T T T
10~4 1073 1072 1071
sinZ26,.

Lies around the 20 expected experiment

EW

10°

Am2; (eV?)

Ve > Ve

101_

100_

MicroBooNE
BNB 6.369 x 102° POT

All at 95% CL
—— BNB+NuMI (2025)

---- Median Sensitivity
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+20 Expected

Sevmn =N o=

e L,

i
=
~
~o
~
~
~
~
=~

1071
1072

10-1

sin?20..

10°

Data exclusion is slightly weaker than median
sensitivity.
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Dataset Analysis using Pandora Reconstruction

Runs 1-3, BNB data
Wire-Cell Reconstruction

I v,CCFC MicroBooNE BNB 6.369 x 10%° POT

Event count/100 MeV

0 500 1,000 1,500 2,000 2,500
Reconstructed E, (MeV)
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Dataset Analysis using Pandora Reconstruction

Runs 1-3, BNB data
Wire-Cell Reconstruction

40 -
0 I v,CCFC MicroBooNE BNB 6.369 x 10%° POT

Event count/100 MeV

0 500 1,000 1,500 2,000 2,500
Reconstructed E, (MeV)
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Runs 1-3, BNB data
Pandora Reconstruction

Ve CC: 61 === Cosmics: 0 727 Uncertainty
v other: 4 Total predicted, 4 Data: 54
vNCno:7  uncoms traine d = = MiniBooNE LEE: 8.0

Total predicted,
constrained

17.54 x?=8.1, p=61.8% Runs 1-3, 1eNpOn BDT sel.
MicroBooNE preliminary, 6.43 x 1020 POT

5

Reconstructed Energy (GeV)

Not independent sample
~70% of events also selected
in Wire-Cell

MicroBooNE Phys.Rev.lett. 135 (2025) 8, 081802
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Dataset Analysis using Pandora Reconstruction

Runs 1-3, BNB data
Wire-Cell Reconstruction

4 [
OF \,ccFc

MicroBooNE BNB 6.369 x 10%° POT

Event count/100 MeV

0 500 1,000 1,500 2,000 2,500
Reconstructed E, (MeV)
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Runs 1-3, BNB data
Pandora Reconstruction

Ve CC: 61 mmm Cosmics: 0 7777, Uncertainty
v other: 4 ___ Total pre ed cted 4 Data: 54
vNCRmO:7 ~ unconstraine == = MiniBooNE LEE: 8.0

nnnnnnnnn

17.54 x?=8.1, p=61.8% Runs 1-3, 1eNpOn BDT sel.

MicroBooNE preliminary, 6.43 x 1020 POT

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Reconstructed Energy (GeV)

Not independent sample
~70% of events also selected
in Wire-Cell

MicroBooNE Phys.Rev.lett. 135 (2025) 8, 081802

Runs 4-5, BNB data
Pandora Reconstruction

ve CC: 39 772 Uncertainty
v other: 2 + Data: 46
vNC R 5 = = MiniBooNE LEE: 4.7

141 2 =75, p=68.0% Runs 4-5, 1eNpOn BDT sel.
MicroBooNE preliminary, 4.23 x 102 POT
124
104
2 84
[
>
& g4
ad
2
0

Ratio w. rt MC

% BN

1 O 1.2 1 4
Reconstructed Energy (GeV)

Independent
data sample
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Dataset Analysis using Pandora Reconstruction

Runs 1-3, BNB data Runs 1-3, BNB data Runs 4-5, BNB data
Wire-Cell Reconstruction Pandora Reconstruction Pandora Reconstruction

a a0 L Ve CC: 61 = Cosmics: 0 222 Uncertainty ve CC: 39 222 Uncertainty
I v,CCFC MicroBooNE BNB 6.369 x 10%° POT v other: 4 + Dataisd v other: 2 : + Datdc
[ e VNC 10 7 = = MiniBooNE LEE: 8.0 VNC O 5 — = MiniBooNE LEE: 4.7
> i o0 i
3 -
= 30
=] 77 e 17.54 x*=8.1, p=61.8% Runs 1-3, 1eNpOn BDT sel. 144 42275, p=68.0% Runs 4-5, 1eNpOn BDT sel.
S MicroBooNE preliminary, 6.43 x 102° POT MicroBooNE preliminary, 4.23 x 102° POT
77 12
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g 7 . i c - &
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i} @ 4
+ ] |
a4
0 500 1,000 1,500 W
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01— . . . . . .
Q
=
=
H { 4 % L J
o
£ —— —4—

0.2 0.4 0.6 0.8 1.0 12 1.4

Reconstructed Energy (GeV) Reconstructed Energy (GeV)

Not independent Independent
~70% of events also selected
in Wire-Cell
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Constraints

BEST &
Gallium
20 allowed

10!

STEREO
95% CL

Am2; [eV?]

10°

107t T T T T T T T T Tl
1073 102 1071 10°

sin2 20

Add external reactor constraints?

e NEOS+RENO, Phys. Rev. D 105, 1111101 (2022)
STEREO Nature 613, 257-261 (2023)
e PROSPECT Phys. Rev. Lett. 134, 151802 (2024)
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Am2; (eV?)

101_

100_

Gallium+SAGE+BEST 20 (allowed)

Il Neutrino-4 20 (allowed)

MicroBooNE
BNB 6.369 x 102° POT
NuMI 1.054 x 102! POT

All at 95% CL,
—— BNB-Only (2023)

—— NuMI-Only (2025)
—— BNB+NuMI (2025)

1071
1072

10~
sin?20..

10°

99


https://doi.org/10.1038/s41586-022-05568-2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151802

Constraints

] KATRIN
4 95% CL BESY &
4 (2025) ium

o allowed - Gallium+SAGE+BEST 20 (allowed)
= BN Neutrino-4 20 (allowed)

10!

STEREO

95% CL. et 10

Am2; [eV?]

100
MicroBooNE

BNB 6.369 x 102° POT
10°+ NuMI 1.054 x 10°! POT

Am?, (eV?)

= All at 95% CL
10t T T T T T _BNB-Only(2023)

10 =i 0= e —— NuMI-Only (2025)

sinZ226
. ee —— BNB+NuMI (2025)
Add external constraints?
10_;0‘2 lll)l‘1 10°
NEOS+RENO, Phys. Rev. D 105, 1111101 (2022) sin’20..

STEREO Nature 613, 257-261 (2023)
PROSPECT Phys. Rev. Lett. 134, 151802 (2024)

KATRIN Nature 648 (2025) 8092, 70-75 (2025)
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https://doi.org/10.1038/s41586-022-05568-2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151802
https://doi.org/10.1038/s41586-025-09739-9

Constraints

] Profiling {|Ues|?, |U,4|?} — sin®(26,,.)
1 KATRIN - -
] 95% CL BESY &
1 (2025) ium
] o allowed —
| == 101
101 T = -
S STEREO ' - — s
=] 95% CL 2 Pheno
~ Ie g reinterpretation
T 51 10° of our BNB only
g 95% CL exclusion result
100_: ----- 1B sens e
. = 1B data )
. 10-1 4= uB + PROS-I sens ~
] -_ nB + PROS-I data ) ‘
l . - 10— 10-3 102 ' ‘
101 T — T T T T L \‘ Sln2(29ue) Pheno
o R o o . interpretation
Sin? 20ee “Toward a Robust Confirmation or reinterp
Add external constraints? Refutation of the Sterile-Neutrino of our BNB only
Explanation of Short-Baseline Anomalies” TeSult *
PROSPECT
e NEOS+RENO, Phys. Rev. D 105, 1111101 (2022) 0.B Rodrigues, M. Hostert, KKelly, Reactor data
e STEREO Nature 613, 257-261 (2023) B.Littlejohn, PA.N. Machado, I. Safa, T.
e PROSPECT_Phys. Rev. Lett 134, 151802 (2024) Zhou Phys. Rev. Lett. 125, 081801
° KATRIN Nature 648 (2025) 8092, 70-75 (2025)
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https://doi.org/10.1038/s41586-022-05568-2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151802
https://doi.org/10.1038/s41586-025-09739-9
https://journals.aps.org/prl/abstract/10.1103/4fn7-svnh
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About ViDisappearance?

Vu—> Ve Ve = Ve V=V,
2 E .. 2
sin” 20, sin? 26,, sin® 20,,,,
.2 .2
a2 .2 .2
sin® 26014 sin” 6oy sin” 26,4 4 cos? 014 sin” O (1 — cos? 014 sin” Oay)
10°E 3 10°E
c MicroBooNE | ™ GALLEX+SAGE+BEST 20 (allowed) u
r BNB 6.369 x 10° POT B Neutrino-4 20 (allowed) i
106 NuMI 1.054 x 10%* POT 10 10
_F — Data, profiled, 95% CL _F _ F
s | 3 | z |
~ 1 = L ~ 1
N < = ~ o~ =
g F Excluded 5 - 5 c o =
L 1 MicroBooNE L
E Excluded

10 - BNB 6.369 x 102 POT 101
E  LSND 99% CL (allowed) [ NuMI 1.054 x 10% POT E
F MiniBooNE 95% CL (allowed) I — Data, profiled, 95% CL, -

-2 1 lllIlllI 1 1 lllllll 1 1 IIIIII[ 1 L1 1111l -1 1 1 1 1 1 IIII 1 1 1 1 1111 -2 1 lllllllI 1 1 lllllll 1 1 lllllll 1 L1111l

1070+ 107 107 10" 1 02 10° 1 1070 107 107 10+ 1

sin229pe sin?20,, sin229MI
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About ViDisappearance?

Global V, Status

102

CCFR 90% CL

e Our single detector MicroBooNE result o
relies on powerful CC v, constraints to 4 NOVA  S¢iBooNE 90%
- 90% CL
enable our v _ appearance S————
measurements 3
e The systematic uncertainty on the | ICECUBE

95% CL Allowed 1
CDHS

O~ 90% CL

—_

o
o
|

absolute CC v, rate and shape, needed
for a powerful v, disappearance
measurement, are large and

unconstrained
101
e As such, our sensitivity is not

H- : MINOS/M NOS+H
bounds and we focused on v,
102

competitive in terms of the global

appearance 10-2 107! 100
sin? 26,

Am3, [eV?]

1 I

el
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21N[2] Only V«Disappearance

MicroBooNE BNB-Only

MicroBooNE 6.369 104 POT, Preliminary MicroBooNE and the ve Interpretation of the

10— 1 MiniBooNE Low-Energy Excess”
F Vu disappearance-on C.A. Arguelles et al, Phys.Rev.lett 128
(2022) 24, 241802
__ 10
S F
®
€ Phenomenologists interpretation of our
1 95% CL H i
E ... Froquentist CL,: sensitiy BNB-Only 2v -disappearance using our data
F .o release Ay® maps
2c
1_ — Frequentist CL : dala|1 \-/
10° E— _ .
1072 107" 1 Wilks theorem does not accurately model the

) . .
i, exclusions for the v“—dlsappearance results.

The same is true for our latest BNB+NuMI data

MicroBooNE Public Note release
MICROBOONE-NOTE-1116-PUB
Mark Ross-Lonergan - Mar 17" - Moriond EW
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf
https://doi.org/10.1103/PhysRevLett.128.241802
https://doi.org/10.1103/PhysRevLett.128.241802

N =EOnly Results (Not Apples-to-Apples!)

102

4 —— uB0ONE 95% CLs (Preliminary)
] —— ICARUS Pandora 90% CL (FC)
1 == ICARUS SPINE 90% CL (FC)

101

Am?, [eV?]

109—

N\\
\~\~
ICECUBE e
95% CL Allowed TS~

1071

T I T T T T T T T
10! 10°
in2
sin® 26,

Overlaid contours from previous slide
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Broadly consistent picture emerging from
multiple experiments on the BNB but we need to
begin to understand differences

e Thisis the first oscillation comparison that
can be made from modern LArTPC's in the
BNB

e [sthe first time, but won't be the last, we see
some differences as SBN ramps up results

e \Xe note that there is zero overlap in
run-periods of the BNB between this
ICARUS & uBooNE work

o Exciting possibilities of joint-fits to
improve our understanding in the
future!
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# Data used for the analysis

3.0E18 BNB 45E18 NuMI
—— BNB Delivered POT BNB POT on tape 20 = NuMI Delivered POT NuMI POT on tape 2 1
6.369%x102°POT acete 1.054x10%POT
25618
3.5E18 Run 1-3
© ©
] 2.0E18 - 8 3.0E18
g o g
= Q =
2 ~ 3 25E18
Q > Q
e 1.5E18 g 5
e ] < 2.0E18
Q 3
& 1.0E18 ° 3 15618
4
e 1.0E18
5.0E17
2.0E20 5.0E17
0.0E00 0.0E00 0.0E00 0.0E00
19208000 0@ o o ol poT (o® o’\g 202010 ® a0 € 8ol got ot ot 20
o \’\'” \’\"'\ \\'IA \‘\“ﬂ R Q\‘\Qﬂ' e \"\ 0\'1'0\‘9(2'\\"\1 bﬁ\ 5“ A 0\0‘ \«'lﬂ'\\'ﬂ \\’13 \\‘\ i\ 1\\’\‘7' oo, “‘1\\0‘10\9‘1 '\\‘b"L h\‘!"l"\\‘b‘q'g\%\'L ﬂ‘q' Kl
Date Date

Current Analysis uses ~half of available MicroBooNE data across two beams




Conditional Constraint

<ZXX ZXY

S¥X ZY")’ n: measurement, u: prediction

- . ' . ”X,const. — ”X + ZXY P (EYY)—I 5 (n)’ _”Y)

® Using covariance matrix formalism, we

can use Bayes’ theorem to update our
prediction in one channel given the

ZXX,const. - ZXX _ EXY . (ZYY)—I . ZYX

observation in a different channel [
/ ________________ - -
® We call this the “conditional constraint” / """"
------------ After
Before Constraint
Constraint \. |

Lee Hagaman on behalf of the MicroBooNE Collaboration 139 Phys. Rev. D 105, 112005 (2022)



2% Detector systematics treatment

>
o
2
<
0"
o)
(3]
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O
g
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=
[
w
'8

Bin index

Bin index
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nueCCFC
N 3 -
> E IJ"
02.5-
8. | 10?
af 2f
150
f 10
ke
0.5 §
E'V 1 1 1 1 .\ 1
b 05 115 2 25 3
E" (GeV)
N nueCCPC
~ Jr .
> ; 10?
0250
g [
af 2F
f 10
1.5:*
1-
E o £ 1
0.5F : |
:544" 1 ; .‘ (% g2 wl) .'F
(‘b 05 1 15 2 25 3

E™ (GeV)

2% BNB selection performance

A numuCCFC
S - 10°
(] [
2.5
w2 i
1.5-
1~ 10
05
05 1 15 2 25 3 '
E™ (GeV)
numuCCPC
= y T -
025
E’-}> 2; 10?
15"
1- 10
0.5
% 05 1 15 2 25 3

(GeV)

(ol’e(‘O
—
(9))]
T T T

n

v

1 15 2

w= Ei}nit. - E{’inal (Gev)
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2% NuMl selection performance

numuCCFC

w

nueCCFC

Reco E, [GeV]
Reco E, [GeV]

LI L L L B L B LB

L

245I — 3
True E, [GeV]

Reco E, [GeV]

I

%

25 3
True E, [GeV]
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9 Breakdown

100
o 80 - Detector
8 - MC stat
c Di
8 60 irt
@
o
® 40
>
w

20
OO 50 100 150 200 250 300 350

Bin index
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2% Full Covariance 350 B - “"“. a *,* '/_

NuMiv,CCFC Tl w0 wy |

NuMiv,CCFC

Full 364x364
channel T ey ' ' ‘ it
covariance matrix *‘f; IPC N A N 0.4

BNBv,CCFC ' i g 0.6
BNBv,CCFC

100 150 200 250 300 350
Bin index

b 50
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Differences
QE/MEC tune

Nuclear model

CCQE form factors
MEC model

de-excitation photons

Mark Ross-Lonergan - Mar 17" - Moriond EW

MicroBooNE Tune built off
GENIE G18_10a_02_11a

G18T
Tuned to T2K data

local Fermi gas

dipole
Nieves

no de-excitation photons

GENIE AR23 AR23_20i_00_000
(Shared with DUNE/SBND)

AR23
No tune

local Fermi gas with
correlated tail

Z-expansion
SuSAv2

emission of de-excitation
photons

Slide from Afro Papadopoulou
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ICARUS Simulation Preliminary

0.40_1 L | LI [ T I.I T I LB | T T | -1 T 1T | T T I 1T 1T 1]
[ —— Total uncertainty —— Cross-section —— GEANT4
[ === Syst Flux —— Detector ]
0'35:_ ----- Stat. B
> L Signal selection ]
EO'SO‘_Sgaseeco e
© N ]
= r ]
o 0.251~ -
(&) E ]
= I ]
2 o020F
o] N
c I
O 0.15F
= N
Q r
s |
C 0.10
0.05
:I L1 1 | | S | [ | - | | | X 1 | | . . | I | T Y | | S | I I | I_

0.0
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos6,,p

G4.10.4

Fix for missing uncertainties for hadron
interactions with negative xF.

Blocks
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ities

Relative error

0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.05

IIIIlIPIIll"H‘f‘h 'J_Au_l_|_|_|_|_Lr|_|_|_|_|_|_|_|_l_|_
T —T

=

T [— Total

— Flux

— Xs
— Detector
— MC stat

Dirt

= -

oO

75 7

g4.10.4

s A ety b Foom—L D,
600 000 <600 000 ¢000 000 000

Reconstructed Neutrino Energy (MeV)
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Table 10: Summary of event comparison between PeLEE and Wire-Cell.

The ”shared”

Runs 1-3, BNB data
Wire-Cell Reconstruction

Sh g T E " I E ” I or v, CCFC MicroBooNE BNB 6.369 x 10%° POT
ared events vents only vents only 3 0
Category | oo WpC md PELEE | im W it PeLEE POT :
45 N 17 N
BNB 52 p 552 45 £ 6.35620 :
7 Op 28 Op id
46.2 N 101 N ; : , ,
Overlay v, 54.1 B 407.1 I A i 6.35e20 (scaled) i i 51(5;2\/) o o
7.9 Op 2.6 Op
0.9 N 122 N
Overlay v (BQ) 2.4 {1 ; Op 97.9 25.8 {13 : Op 6.35¢20 (scaled) | Runs 1-3, BNB data
5 Op 6 Op .
g N T Pandora Reconstruction
EXT (BG) 0.4 P 6.1 5740 TP | 6.35¢20 (scaled) N e
04 Op 49 Op v NC % 7 : ;:;‘:’;::i‘:;‘ — = MiniBooNE LEE: 8.0
DIR’T (BG) 0 O ]‘0 [Op] 635e2o (Sca‘led) 17.54 x?=8.1, p=61.8% Runs 1-3, 1eNpOr BDT sel.

MicroBooNE preliminary, 6.43 x 102 POT

events are the events that are selected by both analyses. The "only” events are the events
that are selected by one analysis, but not the other analysis. One can obtain the original
selection if combining events from these two categories. For MC, no event weight is applied.
The separation of [Op] and [Np] is based on PeLEE’s 1e0p and 1e Np channels, respectively.
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Modelling

Updated Many components of
beam simulation:

Updated beam line geometry

Updated to Geant4 version
(4.10.4) for better agreement
with Kaon production external
datasets

Constraints from NA49 and
others similar to NOVA,
MINERVA

Conservative treatment of
uncertainties outside data
coverage
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v/ POT / em? / 100MeV

—_
|

—_
|

Old Flux / New Flux

10-'“1\1

—
o

—

o
T

More details in MICROBOONE-NOTE-1129

—— Old Flux (Geant 4.9.2)

—— New Flux (Geant 4.10.4) |

MicroBooNE Simulation
Preliminary

Old Flux (Geant 4.9.2) 1o Uncertainty

1 2 3 i
Neutrino Energy (GeV)

v/ POT / em? / 100MeV

1()—1(1_

10711_

10712_

1()—13_

10—11_

—— Old Flux (Geant 4.9.2)
—— New Flux (Geant 4.10.4)

MicroBooNE Simulation

Preliminary

Old Flux (Geant 4.9.2) 16 Uncertainty

2 3 i
Neutrino Energy (GeV)

o
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1129-PUB.pdf

action Modelling

\We use a MicroBooNE custom tune of GENIE, MicroBooNE. PhysRevD.105.072001

built off the GENIE v3.0.6 G18_10_a02_11a model & | microBoohE

set for both BNB and NuMI, 3 s 0.85<cos(6,)<0.90

This base model set is then tuned to externalL§ EENAE A DA B8 1 2 s
I S R GENIE 30,6 618100 02

T2KCC v, 0m data E 10 + -------------- Seenative Kt

57 internal cross-section parameters are then

varied based on their prior uncertainty including
e QE axial mass

2p2h normalization/shape

RPA strength

pion production p (GeV/c)

.etc ’

T LI T I T T T I T T T T I T

dzc/dpudcos(eu) (10%%*¢
W

S2
l\)_
.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001

action Modelling

Leverage correlations to
constrain th(_a Cross sec_:tlon
model and its uncertainty

Constraint with BNB VM

BNB V,
Only Cross Section Syst.

MicroBooNE

T

1 1 1

Data / Prediction
o
o

=
o
(%))

1 1 1 1

1 l 1 1 l 1 1 l 1
1000 1500 2000
Reconstructed Neutrino Energy (MeV)

|
500
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=11 {e]g Modelling

. =i{5QF T
Detector modelling the same as E 1 . MicroBooNE
prior BNB-only results >100F | ' :
e Space-Charge effect 50;— ceis T E S
e |onization Charge o:— Effect of the space charge

Recombination

e Scintillation light yield and
Attenuation

100} |

e Simulation of waveforms on :
| — _150_lllllllllllIllllllllllllllll
wire-readout O 50 100 150 200 250

X [cm]

esdsssssiesshassdiaionbasanansannnnanl

Lo bbby v v v by |

1

For more details see Phys.Rev. D 105 (2022) 11, 112005 , Eur. Phys. J. C 82, 454 (2022)
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https://doi.org/10.1103/PhysRevD.105.112005
https://doi.org/10.1140/epjc/s10052-022-10270-8

=1\121O0nly Degeneracy Visualization

Vv_appearance

- 2
v.” _> ve O< NV,LL >< Sln zelue 1 )s MicroBooNE
¥ BNB 6.369 x 102° POT
® g All at 95% CL,
f —— BNB-Only (2023)
1] ( === BNB-Only v, app-only
Ve Ve 0 N
//I
S <
Manually turn off v_disappearance, = 10 .
g
< Excluded
Aka "v_ appearance-Only” Unphysical!
v, app y" Unphy
LSND 99% CL (allowed)
MiniBooNE 95% CL (allowed)
107 10-3 102 1071 109

sin?26,.
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Breaks Degeneracy

Addition of NuMlI data 2
10 MicroBooNE .
e Breaks the degeneracy RGN 1054 & 102 pOT
H All at 95% CL,
o Clonstralns the amount of v_ 104 A oo (2623)
disappearance allowed , === BNB-Only ve app-only
- 4 —— BNB+NuMI (2025)
e Unlocks full potential of the BNB - .
to constrain v, appearance § Excluded
107
LSND 99% CL (allowed)
MiniBooNE 95% CL (allowed)
107 10-3 10-2 10-1 10°

sin?20,,.
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WUng, Systematics and Constraints

Flux Detector
Modelling Modelling

Detector modelling the same as prior MicroBooNE results

* Space-Charge effect For more details see Phys.Rev. D 105

e |onization Charge (2022) 11, 112005, Eur. Phys. J. C 82, 454
Recombination (2022)

e Scintillation light yield and
Attenuation

e Simulation of waveforms on
wire-readout
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Contours with Frequentist CLs

For each point in sterile neutrino parameter
space we simulate 100,000's pseudo-universes
10° P Data Av - 9.52 under both

—aviays o ala, Ay = 9. e 3v(No-osc) hypothesis
10° — 3v toys CLs value = 0.0006 e 4v (sterile) hypothesis
and find the subsequent expected distributions

of Ay? = X24v —)(23v

Entries
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—doesn't fit well
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