At Fermilab

Two Beams, One Detector
MicroBooNE’s Search for

eV-scale Sterile Neutrinos
Based on Nature 648, 64—69 (2025)
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sin?(f3) = 0.539 + 0.022 (S =1.1) (Inverted order)

sin(63) = 0.546 + 0.021  (Normal order)
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Neutrino Oscillation Experiments
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* > 50 years
* > 30 experiments

* Phase space over tens of orders of magnitude

Si1x Parameters for the Osc.

012 923 913

y) y)
Ams3; Amg3,

5CP




Standard Three Neutrino Paradigm?

Additional neutrinos beyond three, they
Experiment just don’t participate in weak interactions

Anomalie (1.e., sterile neutrino)?
Z-boson decay measurements

N, =2.9840 + 0.0082

ALEPH
DELPHI
L3
OPAL

average measurements,
error bars increased
by factor 10
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Short-Baseline Neutrino Anomalies

LSND anomaly
MiniBooNE anomaly

GALLEX/SAGE, BEST
(radioactive source),
Gallium anomaly

Neutrino-4 reactor expt.

Anomalies:

[
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Neutrino appearance expts:

excess than expectation
Neutrino disappearance expts:

deficit than expectation

Beam Excess

Phys. Rev. D64 (2001) 112007

" Phys. Rev. Lett. 77, 3082 (1996)
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MiniBooNE
4.8 sigma
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Am®*=7.2 eV?, sin’(20) = 0.36, resolution 250 keV, bin 125 keV
O Observed, 24p, average (125, 250, 500 keV). First obs. + second cycle

Neutrino '4 ¥/DoF  20.61/17 (1.21)
- /DoF  31.90/19 (1.68)
3 sigma

t

GoF  0.24
GoF 0.03

Phys. Rev. D104 (2021) 032003
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Short-Baseline Neutrino Anomalies

Experiment Channel 3(active)+1(sterile) Neutrino Oscillation
LSND anomaly

MiniBooNE anomaly

GALLEX/SAGE, BEST
(radioactive source),
Gallium anomaly

Neutrino-4 reactor expt.

Anomalies: 1

Neutrino appearance expts:

excess than expectation All these experiments = ~1
E

Neutrino disappearance expts:

deficit than expectation

Hints of eV-scale sterile neutrino




Short-Baseline Neutrino Anomalies

LSND anomaly v Sterile Neutrinos Allowed Regions

MiniBooNE anomaly LSND
o . Gallium+SAGE+BEST 20 (allowed)
MIHIBOONE Il Neutrino-4 20(-'a-llowed)

GALLEX/SAGE, BEST
(radiOaCtive SOUI'CC), 4 14 Gallium Anomaly 95% C.L.
Gallium anomaly

) Ve 2V
Neutrino-4 reactor expt. € €

Anomalies: ] Gallium Anomaly

LSND 99% CL (allowed)

MiniBooNE 95% CL (allowed) Neutr1n0'4
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* Neutrino appearance expts:

excess than expectation
Neutrino disappearance expts: P = 8o + (=1) ¥in220, ﬁsinz Ay,

Vo=Vl
deficit than expectation

2 T- J'fl 0 X -2 10-1
sin® 20, sin” 260,
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MicroBooNE Scientific Goals

Edrift

Liquid Argon TPC

Investigate MiniB

ow Energy Excess

v cross section / E, (1078 cm? / GeV)
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PRL 108, 161802 (2012)
Phys. Rev. D 89, 112003 (2014)
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Two Beams

85-ton active liquid Argon

1N ,%\ T

1

Absorber

Two Neutrino Beams

On-axis beam: BNB

Off-axis (8°) beam: NuMI

8 GeV protons

120 GeV protons

470-meter baseline

~680-meter baseline

0.8 GeV mean neutrino E

1.5 GeV mean neutrino E

Collected ~0.5M neutrino events

~0.3M neutrino events
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BNB Flux at MicroBooNE
— Vy+tV,
— V. +V,

BNB
~0.5% v,

2 25 3 35 4 45 5
True E, (GeV)

NuMI Flux at MicroBooNE
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3+1 Sterile Neutrino Results
Limited by the Cancellation of v, Appearance and Disappearance

* Observed v, events are a combination result
of v, appearance and disappearance

Ny

e

Nintrinsic Ve P Ve—Ve

+

Nintrinsic Vy P‘vu—’ve

= Nintrinsic Ve 1+

(Ry, /v, -Sin“B24 — 1)

\

. Sin22914 : Sin2A41 ]

* Degeneracy when sin? 8,, approaches Ry, /v,

(the ratio of beam intrinsic v, and v, flux)

At MicroBooNE

Ry, /v, Average

BNB beam

~0.005

Event count / 100 MeV

40

30

20

10

~ MicroBooNE simulation BNB
v. CCFC

=== No oscillations
Oscillations with:
Am2 =1.2eV?
sin228ue =0.003
=== sin’0,, = 0.018

=== sin’g,, = 0.0045
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One Detector with Two Beams
Breaking the Cancellation of v, App. and Disapp.

Nv,, =|Nintrinsic Ve © Pvp—-wl"‘lNimrinsic Vi Pv;‘—w.al 40 :— MicroBooNE simulation BNB P
— —. » " v CCEC == No oscillations
= Nintrinsic ve * [1 +|(Rv, /v, - sin“0z4 — 1)} sin“264 'SlndrﬁruJ r Y Oscillations with:
\ 30l AmZ, = 1.2 eV?
Absorber i sinzze“ = 0.003
* Degeneracy when sin? 6,, approaches Ry, v, i == sin’@,, = 0.018
(the ratio of beam intrinsic v, and v, flux) 201~ T SIn0,, = 00045
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EE> . 8 t
i At MicroBooNE | Ry, Average 3
- A I B B
€100
BNB beam ~0.005 §120; MicroBooNE simulation NuMI
£ 100[-v, CCFC
NuMI beam ~0.04 2
80
Significant difference in the v, /v, sor
flux ratio in BNB and NuMI 40
BNB NuMI - !
Target Target —> mitigate the degeneracy 20|~
NottoScalel 0:.I.I....I....Il..ll....
0 500 1000 1500 2000 2500

Reconstructed E (MeV)
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Detector: Liquid Argon Time Projection Chamber
_(LArTPC)

/

] Event Display
PMTs to 2
™ Scig‘z‘ﬁ::ion E RUN 8617 SUBRUN 46 EVENT 2328
Drift velocity 1.1 mm/us e ¥ wire plane wave fortis i photons wires ——
Full-Active Tracking Calorimeter Excellent Particle Identification

* mm-level position resolution * Final states topological and calorimetric
 MeV-level detection energy threshold * Track and shower identification

* ns-scale neutrino interaction time resolution

Electron and photon shower separation
* 3D reconstruction of position * Distinguish muons, protons, pions
https://microboone.fnal.gov/documents-publications/ 15



https://microboone.fnal.gov/documents-publications/
https://microboone.fnal.gov/documents-publications/
https://microboone.fnal.gov/documents-publications/

Electron and Photon shower Separation

Gap between shower start point and v vertex Electron 1-MIP vs. photon 2-MIPs
uBOONE 100 - MicroBooNE,‘i/.;llsipi?)g?t}ig:
> 7 ve CC = Total predicted
80 - 7 vother 77 Uncertainty

vNCn® <4 Data
B Cosmics

60 -

£%, candidates

Events

Proton
Candidate

Protoﬁ
Candidate

NC z° + 1 proton candidate data event CC v, +1 proton candidate data event

T 1 T 1 T
Run 15318 Subrun 159 Event 7958 Run 8617 Subrun 46 Event 2328 1 2 3 4 5

Shower dE/dx [MeV/cm]

Full-Active Tracking Calorimeter Excellent Particle Identification

* mm-level position resolution * Final states topological and calorimetric

 MeV-level detection energy threshold Track and shower identification

* ns-scale neutrino interaction time resolution Electron and photon shower separation

* 3D reconstruction of position * Distinguish muons, protons, pions
https://microboone.fnal.gov/documents-publications/ 16



https://microboone.fnal.gov/documents-publications/
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All Selection Channels: BNB (7) + NuMI (7) = 14 Channels




Constraint Power for Total Systematics

Before
constraints

After
constraints

Systematics of v,CC channels

BNBFC BNBPC NuMIFC NuMIPC

Systematic uncertainties on CC v, signal samples

Neutrino flux prediction 5.9% 6.1% 19.6% 19.7%
Neutrino interaction uncertainties 14.7% 14.0% 17.5% 15.1%
Detector uncertainties 3.3% 3.2% 2.0% 3.9%
Monte Carlo statistics 1.57% 1.95% 116% 1.67%
Total unconstrained uncertainty  16.3% 15.8% 26.4% 25.2%
Total constrained uncertainty 4.5% 5.5% 5.8% 5.9%

Systematics are reduced by
3~4 factor

18



Two Beams: v, Disappearance Result

MicroBooNE data at 95% CL

* Excludes most of the
Gallium allowed region

* Excludes part of the
Neutrino-4 allowed region

Am3, L
P, vy, = 1 —sin®(26,,) sin® ( A )

AE,

sin? 26,, = sin? 20,

Am: (eV?)
| | 11 III|

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

MicroBooNE

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

Excluded

=
o
AN
I
N

=
o

10
sin’26_
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Two Beams: v, Appearance Result

102
MicroBooNE data at 95% CL - MicroBooNE
i BNB 6.369 x 102° POT
10 & 21
= NuMI 1.054 x 10%* POT
0 —
e Excludes LSND 99% _ - — Data, profiled, 95% CL_
allowed region > F
i 1F
. . = = Excluded
 Excludes vast majority of q4
MiniBooNE 95% allowed 101
region § LSND 99% CL (allowed)
= MiniBooNE 95% CL (allowed)
. . AmzL 10—2 | IIIIIII| | IIIIIII| | IIIIIII| | L 1T 1111l
Py, v, = sin? (29”3) sin? ( 4E4j ) 10-4 103 10-2 10 1

sin“26
.2 2 - 2
sin“ 26, = sin” 26,4 sin“ 6,, 20



10°

Summary |
BNB 6.369 x 10*° POT
10 NuMI 1.054 x 10% POT
Nature 6489 64_69 (2025) . E — Data, profiled, 95% CL_
i -
w3 1F
° ° ° . E -
* In the first analysis of its kind, MicroBooNE 9 | )
has tested the 3+1 sterile neutrino model 10 LSND 99% CL (allowed]
- M MiniBooNE 95% CL (allowed)
10—2 1 llIIlIlI 1 lIllIII| 1 IlIIlIlI | 1 1 1 1ill
. . 10 107 10 101 1
* Neutrino appearance and disappearance sin?26,,
In one experiment g
: GALLEX+SAGE+BEST 20 (allowed)
B Neutrino-4 20 (allowed)
. . . 10
* MicroBooNE sees no sign of 3+1 sterile- N
. . . . . > T
neutrino-induced oscillations that would explain =
E S
the MiniBooNE and LSND anomalies, < 1E MicroBooNE 7
T BNB6.369 x 10*° POT
. NuMI 1.054 x 10** POT
- — Data, profiled, 95% CL_
10—1 | 1 1 | I | l| 1 | | 11 1 11
10 1071 1

sin’20_



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.

IsoDAR Baksan Experiment (BEST)

Ml /. Novel [sotope Decay-at-Rest Experiment

22
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3+1 Sterile Neutrino Search at MicroBooNE

* Full “3+1” analysis — all detectable oscillation effects

V, —}. Appearance —

. —) . Disappearance

Three main
— oscillation
effects

V. =& V. Disappearance —

@®- v -

® - OO

Negligible channels
in data

(small number of v, and
neutral current events)

®(E ) (v/POT/GeV/cm?)

._.
(=}
b

[a—y
1

—

o

[y
|

—_

—_

—
I

—

(8]

BNB Flux at MicroBooNE
— v, + V"
— V. +V,

BNB v flux
~0.5% v,

True E, (GeV)
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3+1 Sterile Neutrino Search at MicroBooNE

* Full “3+1” analysis — all detectable oscillation effects

* We only have one detector

. * Because of v, intrinsic contamination from beam:
—) Disappearance )
— | * Cancellation effect between v, - v, and v, = v,

V. = YV, Disappearance

Amz,L
Pyysvy = Oap + (—1)%a# sin?(26,,4) sin? ( 4E41 )
%

V. appearance (V, = V,): sin® 26, = sin® 26, sin® 6,,

v, disappearance (v, = V,): sin?20,, = sin? 2604,

v, disappearance (v, = v,,): sin® 26, = 4 cos® 014 sin* 0, (1 — cos® 0, sin® O,,)




MicroBooNE Data Taking

On-axis BNB 6.37 X10%Y POT Off-axis NuMI 1.05X10%! POT

3.0E18 45E18
—— BNB Delivered POT —— BNB POT on tape —— NuMI Delivered POT  —— NuMI POT on tape

Run 1-3 3:5513 Run 1-3
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* Current Analysis uses ~half of full MicroBooNE data cross two beams
* BNB dataset same as previous published (2023 PRL), NuMI dataset added

BNB [almost pure V| NuMI [much larger V, content]

very sensitive to V, appearance! more sensitive to V, disappearance!




3+1 Sterile Neutrino Oscillations

Results by using BNB data

2
- ; MicroBooNE 6.369x10%” POT
95% CL,
10 & { == Data, profiling
= ) = === Sensitivity, profiling
s - l/ — — Sensitivity, v, App. only
(]
> i N
— 1F
ol <t
= C
<
107 E
F [ LSND 90% CL (allowed)
LSND 99% CL (allowed)
10—2 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1 1111
107 107 107 107! 1
. 2
sin26,,,

Phys. Rev. Lett. 130, 011801 (2023)

B GALLEX+SAGE+BEST
i 2o (allowed)
10 B Neutrino-4 26 (allowed)
<O b
> I
2
oS B
= 20
< 1 = MicroBooNE 6.369x10™ POT
F 95% CL,
- == Data, profiling
| = === Sensitivity, profiling
| — = Sensitivity, v, Disapp. only
— 1 1 1 1 1 L1 1 I 1
107"
107 107 1

-2
sin“20,,
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Event Reconstruction via Wire-Cell Package

JINST 12 P08003 (2017)
JINST 13 PO7006 (2018)
JINST 13 P07007 (2018)

Noise Filtering

Signal Processing

After Noise Filtering 1-D Deconvolution 2-D Deconvolution

750 (@)

e ST, g : i, &
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80

| (b) (c) Mig¢roBooNE

|
N4

K

A A

A\ . \

Wire [3 mm spacing]

JINST 13 P05032 (2018)
JINST 16 P06043 (2021)

3D imaging

Clustering

Charge-Light matching

V wires

Phys. Rev. Applied 15 064071 (2021)

3D trajectory
&

dQ/dx fitting

Cosmic muon tagger

MicroBooNE
L
. ,ﬁ,
H
%10° MicroBooNE Simulation

g 140F
S 120k —— Reconstructed
5100 - Truth

0 5 10 15 20 25 30
Residual range (cm)

JINST 17 P01037 (2022)

Particle identification

Multi track fitting

3D vertexing

1/3 MIP

~2 MIP
4 MIP




Event Energy Resolution

* Reconstruction built upon Wire-cell, enabling superb performance
* Full inclusive v, CC (charged-current) and v, CC selections

v, CC: resolution 10~15%, bias ~7% v, CC: resolution 15~20%, bias ~10%

=) o 10°

10

D05 T 15 2 253 Y05 1T 15 2 25 3 "

Ey" (GeV) E' (GeV) 32



Target Channels: v,CC

* Reconstruction built upon Wire-cell, enabling superb performance
* Full inclusive v, CC (charged-current) and v, CC selections

* v,CC channels ~85% purity, 50~60% efficiency
* v, CC channels ~90% purity, 60~70% efficiency

Event counts / 100 MeV
w o a8 o 8 b5

S

=3 200 [—

— . Pred. uncertainty : Pred. uncertainty

= B V.+V. CC, 3109 N v +V%CC, 9.9 > | B v+, CC, 1107.8 vp+V1{ CC, 4.1

— mm CC 10, 117 mmm NC 7°, 15.7 0 s CC 7, 13.8 s NC 7,237

— 7 Other, 18.1 2 B ~=7 Other, 26.4

= . e =150

: BNB = L NuMI

3 i __ v,CC channels | £, v CC channels
= L g B

[— e o B

R = —

— o B

:— ........ @ 50 __

= e e it o T 5 () s T s s meme S e N e T S —

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

Reconstructed Neutrino Energy [MeV] Reconstructed Neutrino Energy [MeV]



Constraint Power: Cross-Section Systematics

Leverage correlations to
constrain the cross section

model and its uncertainty

Data / Prediction

—_
o POt

1.05

0.95
0.9
0.85
0.8

Constraint with BNB VD

Conditional expectation & covariance

_ (Mx _ Zxx Ixy
Hxy = (” )- Iyy = (ZYX zw)

BNB ve pyix = My + ZyxZxx (X — px)

Only Cross Section Syst. Zyix = Zyy — EvxExiZav
PRD 105, 112005 (2022)

. ‘ | . MicroBooNE

500 1000 1500 2000 2500
Reconstructed Neutrino Energy (MeV)
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v, CC Channels with Constraints

by All Non- v, Channels

(Exx zxy)
Zyx Zyy

zX,]"

Hx
Hy

Conditional expectation & covariance

Hxy

NuMI

BNB
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PRD 105, 112005 (2022)
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