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The MicroBooNE Detector

* The Micro Booster Neutrino Experiment is a short baseline neutrino
experiment at Fermilab (IL, USA)

MicroBooNE
470 m from BNB target
~680 m from NuMI target
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e Operated from 2015 - 2021

e Large, well-understood dataset of neutrino-argon interactions




One detector, two beams

NuMI Beamline Top View

g

* MicroBooNE receives neutrinos from two beams:

(BIE)

e target 470 m from MicroBooNE,
* 8 GeV protons, Be target <f>\
« < Evu > =~ 800 MeV
. ,99.5% v, and v,
* Neutrinos at the Main Injector (NuMI)
target ~ 680 m from MicroBooNE, off axis (8°)

120 GeV protons, C target BNB
< Evu > ~ 500 MeV

2.5% Ve and v, , 97.5% v, and v,

Absorber




NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

MicroBooNE’s physics goals

* Advancing LArTPC technology

o o ~

* Investigating MiniBooNE’s ‘low energy excess’

* LArTPC has capability to address anomaly ) | I
| ’ | .E?E (GeV) -
* Beyond Standard Model searches
Vo £~ Vp VAl
wt W~
¢ Neutrino-argon cross-section measurements



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.052002

Sense Wire Planes
0 ] 2 Plane 1 wire waveforms
/ /

Liquid Argon TPC

LA rTPCS DUNE will use this technology!

/

Cathode
Plane
* Liquid Argon Time Projection Chambers =
* Charge drifted and collected to precisely &ﬁ
reconstruct track positions and calorimetry &/
* Light used to identify times and reject non- e
beam background S T

Plane 2 wire waveforms f

Operational principle of the MicroBooNE LArTPC
R. Acciarri et al 2017 JINST 12 P02017

e MicroBooNE has...

e 35 tonne active volume

* 3 planes of wires (vertical, +60°, -60°), 3
mm spacing, for charge collection

e 32 PMTs to detect scintillation photons

A schematic drawing of the MicroBooNE LArTPC as
installed inside the cryostat
P. Abratenko et al 2020 Physical Review D 102



https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/1612.05824
https://arxiv.org/abs/2010.02390
https://arxiv.org/abs/2010.02390
https://arxiv.org/abs/2010.02390
https://arxiv.org/abs/2010.02390

C. Adams et al 2019 JINST 14 P0O4004

mme-level spatial resolution (3 mm)
* 3D interaction images

Fully active tracking calorimeter: precise
energy resolution

Phys. Rev. D105, 112004 (2022)

ely separation

* Excellent particle identification 60- . MicroBooNE 6,86 x107" POT
* Including distinguishing electrons from photons 50- S ¥ ENBDaa

v with n°

I
o

Cosmic Ray Tagger (CRT) installed around cryostat
to improve cosmic background rejection
Automated reconstruction

Entries / 0.25 MeV/cm
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shower dE/dx [MeV/cm]



https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/pdf
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https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04004/pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004

Cross-sections at
MicroBooNE




Why v-Ar cross sections ?

* Furthers understanding of how neutrinos interact with @
matter Z V 1 O

* Crucial for next generation experiments, such as DUNE
* Cross sections probe of nuclear effects

* Reducing uncertainty on neutrino-nucleus
interactions is crucial

* Allows testing and improvement of nuclear and FSI
modelling
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v cross section / E, (1 0% cm?/ GeV)

* Important for oscillation analyses
* Measuring expected number of events

10" 10 102
good overlap with DUNE!




Cross sections at MicroBooNE

vor/ Y
* MicroBooNE possesses a large, well- ‘4\/3 ‘4(0

understood neutrino-argon interaction = x . ) = x

dataset after 5 years of data taking 5 —Aét‘ A
e Accurate energy reconstruction for kinematics gm%(' ’ ‘%'
* State-of-the-art modelling . |

Leptoni
P .
v, \Pm Some examples of MicroBooNE cross
section measurements, from
A. Papadopoulou, Neutrino 24

Hadronic
Argon X\ part

e over 20 v-Ar cross sections published
* First measurements of many v-Ar interactions



https://agenda.infn.it/event/37867/contributions/234017/attachments/122160/178379/Papadopoulou_MicroBooNE_Milan_Neutrino2024.pdf
https://agenda.infn.it/event/37867/contributions/234017/attachments/122160/178379/Papadopoulou_MicroBooNE_Milan_Neutrino2024.pdf
https://agenda.infn.it/event/37867/contributions/234017/attachments/122160/178379/Papadopoulou_MicroBooNE_Milan_Neutrino2024.pdf

Our published cross section papers...

CCOr
CC inclusive e 1D v. CCNpOm @ BNB, PRD 106, L051102
e 1D v, CCinclusive @ BNB, PRL 123, 131801 e 1D & 2D v, CC1pOn TKI @ BNB, PRL 131, 101802, PRD 108, 053002
« 1Dv, CCE, @ BNB, PRL 128, 151801 « 1D & 2D v, CC1pOn GKI @ BNB, PRD 109, 092007
« 3D CCE, @ BNB, arXiv:2307.06413 e 1D v, CClpOrn @ BNB, PRL 125, 201803

e« 1D v, CC Inclusive @ Nu\I, PRD 104 052002, PRD 105 L051102  * 1D v, CC2p @ BNB, arXiv:2211.03734

e 2D v, CCOpNp inclusive @ BNB, arXiv:2402.19216, arXiv:2402.19281 1D v, CCNpOn @ BNB, Phys. Rev. D 102, 112013
- 2D v, CCNpOm @ BNB, arXiv:2403.19574

1D & 2D v, CCOm @ BNB, arXiv:2507.00921
Pion production

Rare channels & novel techniques

e 1 production @ BNB, PRL 132, 151801

e A production @ .MV, PRL 130, 231802
« K+ production @ BNB, arXiv:2503.00291 * v, NCr’ @ BNB, PRD 107, 012004

¢ Neutron identification, arXiv:2406.10583 e 2Dy, NCr® @ BNB, arXiv:2404.10948

e v, CCn’ @ BNB, arXiv:2404.09949

...with several more in progress, plus many technical papers!




Motivation

* Understanding nuclear interactions is a big
challenge .

* Pions and kinematic imbalances are of

interest to the community as they are typicaily u
poorly described by models

* Modelling backgrounds is essential as they may obscure new physics

—> MicroBooNE’s recent results provide insights into these issues




In-depth kinematic
studies

Important for model discrimination

Atmospheric neutrinos




MicroBooNE 1.3 x 102! POT

35:_ ——t—— Data
sof- g1, @ m=e=e- NEUT 5.4.0: */ndf = 9.5/14 p-val = 80%
‘ - l4Ll, 0 eee--- GiBUU 2025: y2/ndf = 9.9/14 p-val = 77%
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. — b £ Normalization uncertainty
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* Signal dominated by QE-like interactions 5

* Good data-generator agreement for
single-differential measurements

02 04 06 038 1 12 14 16

Ratio to puBooNE
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* Few generators are able to adequately _ 048 GeVie <p, <0.7 GeVie

. . . . 2t MicroBooNE 1.3 x 10?! POT
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https://arxiv.org/pdf/2507.00921
https://arxiv.org/pdf/2507.00921

CClp cross sections using kinematic imbalance

* first flux-integrated single and double-differential cross section measurements in
these variables using v,-Ar CC1pOrmt interactions

. . . . 135° < 0y, < 180°
generalised kinematic imbalance variables (GKI) 0.18 : —_
MicroBooNE Data [——— MicroBooNE Data --NuWro (32.8/6)
0.161 6.79¢+20 POT < 02+ 6.79e+20 POT ---GiBUU (8.9/6)
+ Stat @ Shape %) + Stat @ Shape
="' 0.14 gy Norm i i S 1 Norm Unc —GI18T (26.6/6)
~E< --NuWro (49.0/8) & = TUET &l
5| g0 0.12F ... GiBUU (4.7/8) : ol
:ﬁ 0.1F —GIST (31.3/8) s . &
S o008 0 e T 2
2 0.06/- i =
b D0 e, L E I_::
°§0.04— _____________ b,g;
0.02 g
0 . .1..[.. _ ko]
* powerful, sensitive tool for separating nuclear 0 20 40 60 80 100 120 140 160 180
effects (Fermi motion, FSI, nucleon-nucleon O [deg]
correlation), while minimizing the correlation to
the neutrino energy flux-integrated single-differential cross section, clear model

discrimination; double-differential also presented
Single-Transverse Variables (STV) and Transverse Kinematic

Imbalance (TKI) also investigated

Phys. Rev. D 109, 092007



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092007
https://arxiv.org/pdf/2403.19574
https://arxiv.org/pdf/2403.19574
https://arxiv.org/pdf/2403.19574
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.053002
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.053002

AKI for atmospheric neutrinos

)’ Py

* Angular Kinematic Imbalance

. py
e Validation for a method to infer the neutrino

direction, for 1pulp atmospheric detection

e Used to inform sub-GeV atmospheric oscillation
studies for DUNE

e Differential cross sections sensitive to FSI and
hadron reinteractions

Number of events / bin

B cE 85.0%) [l MEC (10.5%) | RES 3.9%) [ DIS (0.6%)

DUNE Atmospheric
507 Reweighted Projection
40l p'=12.50°, m =17.50°

w=23.18, G = 20.46°

20 40 60 80 100 120 140 160 180
0,; [deg]

arXiv:2504.17758 (2025)
all events

MicroBooNE Data
1.31 x 10*' POT
# Stat @ Shape
[/ Norm (x*/ndf)
— AR23 (10.3/15)
— GI8T (7.7/15)

oLl

— | Lan. | | 4
0 20 40 60 80 100 120 140 160 180
0, [deg]



https://arxiv.org/pdf/2504.17758

Pion production

Poorly modelled
Relevant for DUNE energy reconstruction
Background source




Pions at MicroBooNE
Y
e mlare an important background in v, 0 ,\N\’

searches
* A ¥ interaction produces 2 showers, but

if 1is missed, it can look like a v,

Y | Run: 5643, Subrun: 54, Event: 2712

Interaction
Near Detector flux Far Detector flux
DIS (32%)) DIS (28%)
RES (37% RES (36%
MEC (8%

(7%

QE (22%) QE (26%)

* Resonant pion production historically

underconstrained
* Model improvement needed in QE-SIS-

DIS region

do :
dE, [Arb Units]




First CCtY/NCt° differential cross sections on Ar
CCn® NCnr©

. . . . Pro [GeV/c]
neutrino-muon scattering angle, and muon-pion opening angle : : o
& angle, P PEning ang * Double-differential cross section in cos(6,,0), P,o also

published
* Good data-generator agreement except for forward muon angles «  FSI models favoured by data; useful study as NCr® often

and medium momentum ranges underestimated by generators
Phys. Rev. D110, 092014 (2024) Phys. Rev. Letters 134, 161802 (2025)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.134.161802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.092014

First v, and v, CCtt* flux-averaged cross section on Ar

* First ever differential v, + v, 1Tt* cross section on argon
* electron energy, electron and pion angles o n n
V', +Ar > et +1nT +0n° + X

e Total cross section (0.93 + NUWro 21.09.2

—

0.13 (stat.) + 0.27 (syst.)) x MicroBooNE NuMiData | —— =044 5o
10732 cm?/nucleon 08 (a) — 2=026/5 bins

GiBUU 2025
x2 = 0.55/5 bins

GENIE 3.4.2 AR23
~ ¥2=1.30/5 bins

GENIE 3.0.6 G18uB

x? = 0.85/5 bins

o
o

* Meanv, and v, =730 MeV

* Good model agreement seen

* Full dataset v, CC 1™ coming
soon

[+

o ¢
N
T T TT

do/dE, [10%° cm? / GeV / nucleon]

o



https://arxiv.org/pdf/2503.23384

Neutrinos and
antineutrinos

Nuclear effects

Important for future oscillation experiments




'E‘ 8 C MicroBooNE NuMI Data: 2.0x10%° POT
% 7 ;_ i Z::Ifasz?ofss(ﬁs) tune) /N, = 2.4/7
— . L B
Vo[V, Cross sections
N
e 4
. . . .g|%“’ H
* Due to being off-axis, NuMI provides i
MicroBooNE a higher flux of v, and v, : —
. . . E, [GeV]
Neutrino cross SeCtIOI:]S p.rObe nucl_ear EffECtS, Unfolded inclusive v, and v, charged current differential
needed for DUNE oscillation experiments cross section

Phys. Rev. D 105, L051102 (2022)

* Antineutrinos historically less studied

* BNB has smaller v, content, but exclusive
measurements are possible!

1eNpOn MicroBooNE 6.86 x 10%° POT
—+— BNBData

s GENIE v3 uB tune (p-value=0.145)|
— — GENIE v3 (p-value=0.600)
------- GENIE v2 (p-value=0.172)

s NuWro (p-value=0.367)

----- NEUT (p-value=0.058)

IS
I

do/dE, [10°*° cm?GeV/nucleon]

* Inclusive measurements of v, + v, performed,;
exclusive v, and v, measurements in progress

* Machine learning techniques

E. [GeV]
Unfolded differential exclusive v, cross section (1eNpOrr)
Phys. Rev. D 106, L051102 (2022)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102

Rare production
channels

First measurements on argon

Backgrounds for DUNE nucleon decay searches




MicroBooNE ®-integrated XSEC

Rare channels e Ly aweo
A NuMio®
510—39. ! | ’ !
5 ¢
NE 10—40. | | | ! ’ | T
Plot of MicroBooNE’s total cross £ ’
sections across orders of magnitude O
wl 10-41
n
>
10—42.
OO & & &N v
¢’ C o) &
» w2 & & ¢

Q¥ W W from D. Caratelli



https://microboone-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=40861&filename=Rare%20Processes%20in%20MicroBooNE.pdf&version=5

Kaon production
v,+Ar — T+ KT+ X

* First measurement of v,-induced K™ production

Entries

on Ar
* 10 candidate events selected using BDT

* Crucial for background mitigation for DUNE
nucleon decay searches

cross section (10~ **cm?/nucleon)

Generator
GENIE v2.12.10 8.67
GENIE v3.00.06 8.42
NEUT 5.4.0.1 9.71
NuWro 19.02.1 10.87 08 06 04 02 0 02 04 06 08
MicroBooNE Data|7.93 + 3.27 (stat.) + 2.92 (syst.) BDT
arXiv:2503.00291 (2025)



https://arxiv.org/pdf/2503.00291

Rare channels

Important for constraining backgrounds for nucleon decay searches and investigating high order resonances

1 meson production

M 2 x By x By x ( cosf 53! c?
pBooNE 701 MicroBooNE 6.79 x102° POT
= - other mmm 2n°
60 EEm out of FV n-=yy
8 v other / / Cosmics
2 S L 4 BNB Data
E, = 238 MeV A g 501
Al /
~129. 8 40
: —
~
n 301
2
b=
c 20+
i
10 4
0
BNB data: Run 8661 Event 603 300 400 500 600 700

M,, [MeV/c?]

3.22 + 0.84(stat) + 0.86(syst) x 1041 cm?2/nucleon
* powerful probe of higher order resonances
* novel calibration technique for EM showers in

accelerator experiments PhysRevlett.132.151801

Events

0.5

]-8 Cm MicroBooNE Data Run 5616 Subrun 14 Event 704

[T Direct A
MERES A
DIS A

A baryon production
Vy+Ar—>pu" +A+X

[ Direct Hyp [ Neutron [l Dirt
[CJRES Hyp [C]Otherv  [@ Cosmic
[DIS Hyp V Events

\\IIIlIIIIIIIIIIIlIIIIIIIIIIIII

MicroBooNE Runs 1 + 3
NuMI FHC, 2.2 x 10 POT
NuMI RHC, 4.9 x 10%° POT

Z
A

0
1.09 1.095 1.1 1.105 1.11 1.115 112 1.125 1.13 1.135 1.14
Reconstructed Invariant Mass (GeV)

2.0t22 _; . x 10740 cm?2/Ar
first measurement of this Cabibbo-suppressed process on Ar

PhysRevLett.130.231802



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.151801
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.231802

Low-energy regime

High reconstruction resolution
Pushing the limits of LArTPC technology




Neutron identification
Eur. Phys. J. C 84, 1052 (2024)

Low-energy regime

8 14F .
§ C MicroBooNE 4.13 x 10" POT MicroBooNE Data Run 14909, Subrun 162, Event 8114
. ) .. 5 12 B sional (47.6%)
Improving future physics sensitivity (e.g. DUNE supernova | § f B W Proon (ronsina) (12.6%)
. (@] . Primary Particle (7.1%)
n e U t rl n O S ) “6 1 0: Proton Inelastic Proton (8.5%) .
g 8 - I Other Particle (2.8%) Proton Candidate
1 [S C I oirt (1.4%)
MeV-scale reconstruction S o B i i 1125
z - BNB Beam-Off Data (8.6%)
PhysRevD111032005 af BNB Beam-On Data
, , 2F
Proton-like blip 1" Electron-like blip -
UBOQ(: — MBOS,)@_,.:- o F
=15
L I [u ALLETTRRRRRRRS
dx Q05

20 40 60 80 100 120 140 160 180 200 220

Epiip: 7.36 MeV,, Candidate Distance to Reco v Vertex (cm)

Epip: 718 MeV,, | !

dw

1 MicroBooNE Simulation
Wires >

e Off-Beam Data
lm Run 26972 Subrun 32 Event 1643

Time

* Neutrons found using secondary protons separated from
neutrino vertex

* Applicable to other LArTPCs

e Measures neutron production from neutrinos; could provide
statistical separation between neutrinos and antineutrinos

* Using ‘blips’: MeV-scale energy depositions

* Verifies electron energy calibration to few
percent

* Prospects for efficiency improvements



https://link.springer.com/article/10.1140/epjc/s10052-024-13423-z
https://link.springer.com/article/10.1140/epjc/s10052-024-13423-z
https://link.springer.com/article/10.1140/epjc/s10052-024-13423-z
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.032005

CC inclusive
e vu CC inclusive @ MNulVl

Future analyses © /o ratos BB,

' o 3D Ey, Ey, Enada @ NuMI & BNB
e anti-ve @ UM

» Several cross section measurements in EPion production

progress... - * vu CClwt @ BNB & Nul
e v, CCNm @ "uivi
X/) « 1D v, CCn® @BNB
» 2D v, CC/NC 0 @ BNB

* New/extended results expected using whole c ?\["CWBNW@BNB
dataset, or NuMI + BNB CC/NC O

- 2D v, CClpOr GKI @ BNB
o 2D v, CCNpOr @ BNB
e 1D ve CCOntNp @ iV
e 1D v, NClpOr @ BNB

ERare channels & novel techniques

* Implementing updated NuMI flux

* More accurate with better geometric and physics ' . Mev-scale physics
models . o Low-energy neutrons @ BNB




Summary

e MicroBooNE is a LArTPC neutrino detector based at Fermilab

e Large, well-understood v-Ar interaction dataset, several first measurements
of v-Ar interactions

e Recent results in pion production, detailed kinematics, rare channels,
and MeV-scale regime

* background constraints and model studies critical for the broader LArTPC
neutrino physics program

e Still more to come!

* Further analyses aim to utilise the full dataset, incorporate NuMI and BNB
data together, and implement updated NuMI flux




Thank you!

Search for an Anomalous Production of Charged-Currer

isible Pions Across Multiple Kinematic Observables in MicroBooNE

2022 F=5E

2021

2017 80 papers and counting!







BNB flux at MicroBooNE
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NuMI flux at MicroBooNE

FHC (E, > 60 MeV) RHC (E > 60 MeV)
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