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MicroBooNE . . G ,

e Located at Fermilab

* Sureface-level LArTPC detectory S8 _ _

* 85 ton active liquid Argon mass, 2 S el e
e Took data: 2015-2021 R —— \& f SUPZEE{ )C t_'irj_%.._
e Decommissioned now o o Wl el

Two Neutrino Beams

Main; Inecto

On-axis beam: BNB Off-axis (8°) beam: NuMI _»m?-gev)
8 GeV protons 120 GeV protons A\
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




Liquid Argon Time Projection Chamber
(LArTPC)

Event Display

detect
scintillation
photons

HiMe-tiCKS -

RUN 8617 SUBRUN 46 EVENT 2328

Full-Active Tracking Calorimeter Excellent Particle Identification
* mm-level position resolution * Final states topological and calorimetric
 MeV-level detection energy threshold e Track and shower identification
* ns-scale neutrino interaction time resolution ¢ Flectron and photon shower separation
* 3D reconstruction of position  Distinguish muons, protons, pions

https://microboone.fnal.gov/documents-publications/ 6
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Electron and Photon shower Separation

Gap between shower start point and v vertex

nBooNE

?1 Photon
“% Candidates

Proton
™~ Candidate

Proton
Candidate

NC z° + 1 proton candidate data event | e—
Run 15318 Subrun 159 Event 7958

No Gap e
glec . :

CCv,_ +1 proton candidate data event
Run 8617 Subrun 46 Event 2328

Electron 1-MIP vs. photon 2-MIPs

e/y separation

100 A MicroBooNE, 1.11 x 102! POT
7 Ve CC = Total predicted
% y -
80 vother 7 Uncertainty
vNCn® 4 Data
60 - Emm Cosmics

Events

1 2 3 4 5
Shower dE/dx [MeV/cm]

Full-Active Tracking Calorimeter

mm-level position resolution

MeV-level detection energy threshold
ns-scale neutrino interaction time resolution
3D reconstruction of position

Excellent Particle Identification

Final states topological and calorimetric
Track and shower 1dentification
Electron and photon shower separation
Distinguish muons, protons, pions

https://microboone.fnal.gov/documents-publications/ 7
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Beam Excess

AmM’=7.2 eV’, sin®(20) = 0.36, resolution 250 keV, bin 125 keV
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hort-Baseline Neutrino Anomalies
-- Hints of eV-Scale Neutrinos



MiniBooNE Anomaly: Low Energy Excess (LEE)
eLEE or glLEE

Events/MeV

E I i 1 [ 1 T 1 I 1 I i I I 1 T ] .I 1 DIata (Istalt elrr)l 1 T 1 l i E ( \
7 L — from uj’\ J“‘}a.
- E Vo from ¥, ———— | It detected v_by the electrons — % "‘
6 [— + E 70 misid — produced in charged current (CC) e ?‘% 3
s I A->Ny ] : : =
C | E dirt . interactions. v, & @
5 [ other — . T - il )
; i Constr. Syst. Error ]
E s Best Fit
4 ’ . 4 R
' 4 Phys.Rev.D 103 (2021), 052002 1 X 6/ K
3 . = However, photons. that pair ¢ o5
5 : : B produce extremely collimated r\\ - P e
. electron/positron pairs produced (Y
1 — an identical Cherenkov ring
] - /
0 .
0.2 0.4 0.6 0.8 1 1.2 1.4 3.0 ..
E (GeV) MiniBooNE Cherenkov detector unable to
v

distinguish photons and electrons, and
unable to detect hadronic final-state
particles below Cherenkov threshold.

9

MiniBooNE (2002-2019) observed the LEE of
electromagnetic events with 4.8¢ significance.



MicroBooNE: eLEE Investigation

First round results, data taken between 2016.2 —2018.6  Phys. Rev. Lett. 128, 241801 (2022)
v, CC final states analysed: (1) 1elp, (2) 1eNpO=n and 1e0pOn, (3) inclusive 1eX

(1)(2)(3) with different reconstruction techniques

* Latest results, full five-year operation dataset 2016 — 2020 Phys. Rev. Lett. 135, 081802 (2025)

v, CC final states analysed: 1eNpOn and 1e0pOn
Multiple LEE models tested: neutrino energy, shower kinematics

08/21/2025
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MicroBooNE: eLEE Investigation

Phys. Rev. Lett. 135, 081802 (2025)

Investigated v,CC with no
pions in the MicroBooNE
full BNB dataset

: 3
See no sign of &
MiniBooNE-like excess
1lem BNB Data Run 20248 Subrun 210 Event10515
Exclude MiniBooNE LEE
as v, at > 99% CL P
3
it

Confirmed our previous
c¢LEE search results

ve CC B Cosmics 2222 Uncertainty
v other Total predicted, <4 Data
v with 1© unconstrained LEE signal
_ Total predicted, = model 1
constrained
301 x?=15.0, p-value: 19% 1eNpOm selection
—— MicroBooNE, 1.11 x 1021 POT
1 1eNpO
Iyé// CINPUTT
10 7 - -
0 J: -
254 X°= 9.8, p-value: 57% 1e0pOm selection
MicroBooNE, 1.11 x 102! POT
20 -
154 ¢ 1e0pOn
10 A
T T I *
0.5 1.0

0
Reconstructed neutrino energy (Ge\.])i
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3(active)+1(sterile) Neutrino Oscillation Framework

Look at 3+1 model BNB bean.l @ MicroBooNE
Mean Neutrino Energy 0.8 GeV
0 5
Ve Uer1 Uez Uez Ues\ /vq 909.;64‘7/0 Vu//_vu
. V./V
— 107 —V,:93.65%
Vv “ 10 — v, 051%
Vs Usl USZ USS Us4 4 ;E: 10 ; 0.05%
AmZ, L s o
m 5 107"
é . : 41 O 3
Pva—wﬁ = Ogp + (—1)%a8 51n2(20aﬁ) sin? < iE ) S :
v é> 10—12
. [l - e‘ B
v, disappearance (v, = V,): sin?20,, = sin® 20, oL
V. appearance (V, = V,): sin® 26, = sin® 26, sin® 0,, 0 05 1 s 2 By P s

v, disappearance (v, = v,): sin? 26,, = 4 cos? 01, sin® 0, (1 — cos? 014 sin” 0,,)

L(m)

~0(1) oscillation feature, and search for eV-scale sterile neutrinos.
E,,(MeV)
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Quantitatively probes



3+1 Sterile Neutrino Oscillations

Results by using BNB data

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

2D profiled result, full 3+1 analysis at each
point in the parameter space.
Oscillation effects considered:

vV, oV,

Ve 2V,

Vu = Vy

2
10 : !
E ! MicroBooNE 6.369x10%° POT
- 95% CL
10 & { == Data, profiling
= ) - = = = Sensitivity, profiling
o B l/ — = Sensitivity, v, App. only
> | N
S -
= =
< i
107! =
= [ LSND 90% CL (allowed)
- LSND 99% CL (allowed)
10_2 1 | IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 11111
107 107 107 107! 1
« 2
sin"20

Ve appearance-only, more stringent limit
However, it is physically not allowed in the
3+1 framework. (non-zero v, appearance
requires both v, and v, disappearance )

Oscillation effects considered:

vV, Ve
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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—rve

= Nintrinsic Ve 1+

(Ry, /v, -Sin“B24 — 1)

\

. Sin22914 : Sin2A41 ]

* Degeneracy when sin? ,, 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
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~ MicroBooNE simulation BNB

=== No oscillations
Oscillations with:
Am2 =1.2eV?
sin229ue =0.003
=== sin’0,, = 0.018

=== sin’B,, = 0.0045

500

1000 1500 2000
Reconstructed E_  (MeV)
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One Detector with Two Beams
Breaking the Cancellation of v, App. and Disapp.

MicroBooNE Preliminary

Ny, =|Nintrins;ic Ve * Pv,,—-v,,l"‘lNimrinsic v, * Py —-v,l 40 :—MicrOBOONE simulation BNB
— - == No oscillations
= Nintrinsic ve - |1+ (Rvpfv(, : sinzﬂz,; -1) Siﬂ22914 -Sinz.&“} B % CCFC Oscillations with:
\ 30l Am?2, =1.2 eV?
Absorber . Sinzze”e =0.003
* Degeneracy when sin? 6,, approaches Ry v, - = sin’e,, = 0.018
(the ratio of beam intrinsic v, and v, flux) 20 SN0, = 00045
> L
E> . 8
i At MicroBooNE | Ry, Average 3L
= IS R S
€ 1200
BNB beam NOOOS § 120 . MicroBooNE simulation NuMI
= 100 v, CCFC
NuMI beam ~0.04 S
80 [
Significant difference in the v /v, sor
flux ratio in BNB and NuMI %0
BNB NuMI o B
Target Target —> mitigate the degeneracy 20
NottoScalel 0:...I....I....[....I....
0 500 1000 1500 2000 2500

Reconstructed E  (MeV)
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3+1 Sterile Neutrino Oscillations
BNB+NuMI

Adding second beam (NuMI) largely improves the sensitivities
for both v, — v, and v, — V,, channels. Great coverage

Plys.Rev.D 104 (2021) . 032003
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Data Results Out Soon!
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Portals to the Dark Sector

¥ ’ ) .Q ) \ L ]
. .”  Axion Portal ~

- e ‘

Portal

Vector

The \
Standard
Model

Scalar

Portal

Neutrino Portal

0 Neutrino Portal @ Scalar Portal 0 Vector Portal

LD —y*L, HN+hc LD AS+/\52)HT LD eF,,B"
‘. Light 3+1 sterile T e Light Dark Matter e HoavyQCD
Neutrino — :
Scalars e Millicharged Axions
e Heavy Neutral Particles
Leptons MCombined and Non-Minimal Portals é Credlt Mark ROSS_Lonergan

Results Ongoing work 18




A Source for BSM Particles

* Collisions with the target produce amounts of mesons

* Some models have mechanisms by which charged and neutral
Absorber mesons can decay into BSM particles

* Decay at rest in the target region

* Decay in flight in the decay region

oo * Decay at rest in the absorber region

~g° * These BSM particles may survive long enough to reach
MicroBooNE detector

o @ *

Horns

Protons
- B K K —.
BNB NuMI = 7 v
Target Target Target Decay Pipe Absorber

Not to Scale
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Heavy Neutral Leptons (HNL)

Phys. Rev. Lett. 132, 041801 (2024)

* HNLs produced from N-ovete  Nowvm
K* — u*™N at NuMI absorber
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Higgs-Portal Scalar Bosons

arXiv:2501.08052

Neutral scale singlet S, mixing angle 6 with Higgs boson

Production from charged kaon decay . Zf
Signature: S— ete” t

Set strongest limits on @ to date for Kl s d 'W
m, at (125,150) MeV g < q

NuMI Beamline Elevation View — )

Main Injector

— ~30 ‘ 7 7
120 Gev =~ = ‘%HPBOQ
Beam |
S
S
’%r
-
......... eqqyﬁﬁoe
.......... o '
675 T o
~ Absory e

Not to Scale

detector axis

detector axis

decays to ete- _.

MBOL)@{

MicroBooNE Simulation

uBooNE _
==

= \\_ decays to e*e

e —

MicroBooNE Simulation

This work
MicroBooNE eTe™ 2021

— E949
LHCb

—— MicroBooNE p*tu~ 2022  —— NAG2
10-5] — ICARUS p*u~ 2024 CHARM
— Belle || Ps191
50 100 150 200 250 300

Scalar mass [MeV]

350
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Summary

== ‘:ﬁ_*_‘**\

MicroBooNE completed data taking 2015-2021 N BSM
BNB and NuMI neutrino beams [ L].EE . studies
\ Investigation \ S —
= | Your new
_ idea!
Extensive inclusive physics programs / [ .
p y p g / Your new | MICYOBOONE
| idea! N
Many new full dataset analyses upcoming! _A
4 FRE P . LArTPC (T
\ Interaction

R&D

92
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MicroBooNE Data Taking

On-axis BNB: On-axis BNB:
full dataset, 1.1 X 102! POT full dataset, 2.37 X 10?2 POT

3.0E18 1.6E21 4.5E18 2.5E21
—— BNB Delivered POT BNB POT on tape —— NuMI Delivered POT  —— NuMI POT on tape
: 1.4E21 4.0E18
2.5E18 s
5E1 .
1.2E21 L
3 2.0E18 3 3.0E18
e - o b
g 1.0E21 E g 1.5E21 E
2 P 8 2.5E18 s
ke 1.5E18 8.0E20 ;- ~ ;]
g 3 g 2.0E18 2
@ 6.0E20 S E 1.0E21 g€
4 i (&} S 6]
& 1.0E18 S 1.5E18
4.0E20
THER 5.0E20
5.0E17
2.0E20 5.0E17
0. OEOO 0.0E00 0.0E00 0.0E00
L a900s N © O o g 2 o
X '5“\ St swl"' \ﬂﬁfu?f” P e,\‘a‘““ VL 13‘3""5\%‘%\%“’ R x\“‘n” m\“l \\‘% N % \'5“"’5\?5” Ao 7“ 5\6“%\‘3"” \‘-’""'u‘:‘(”a\%"" P «\%\"’q,\%‘ \\*”’ N \*‘”’q}“‘q’
Date Date

MicroBooNE collected data between 2015 and 2021 split into five runs.
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Challenging v, Selection

Cosmic-ray muon (5.5 kHz)
(@ MicroBooNE operating
near-surface

BNB neutrino flux
over 99% v, / Vu
~0.5% v,/ v,

10°F N e A sensitive v, selection (CC
/ - —V,: 5.79% . . .
< . {_\,j: 0.51% interactions) requires
> ; V.. 0.05%
S F ..
S 10E =99.999% rejection of
(=W = .
z cosmic-ray muons and
o 1077
1
et =99.9% rejection of other v
0 05 1 15 2 25 3 35 4 45 5 1
| i background for nue analysis
BNB beam spill triggers a
4.8 ms TPC window Developed advanced cosmic rejection techniques, event

* ~600 beam spills = 1 nu
interaction

reconstruction and PID algorithms to exploit
LArTPC capability to select v, events 26




BNB and NuMI Neutrino Flux (@ MicroBooNE

) (V/POT/GeV/em?)

v

P(E

BNB NuMI
Phys. Rev. D105, 112005 (2022) Phys. Rev. D104, 052002 (2021)
L L B L L B L R
_Q_ -
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3+1 Sterile Neutrino Oscillations
Results by using BNB data

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

10°

2 t
E ; MicroBooNE 6.369x10%° POT
- { 95% CL,
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107 E
F [ LSND 90% CL (allowed)
i LSND 99% CL (allowed)
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= = = = Sensitivity, profiling
— = Sensitivity, v, Disapp. only

107 1
sin“20,,
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