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Neutrino Interaction Model
Investigations at MicroBooNE

largest neutrino-argon dataset allows MicroBooNE to
target specific aspects of neutrino interaction
models

previous talks focused on v,-Ar and v -Ar inclusive and
v,~-Ar pion-less measurements

Measurement of v-Ar 7 topologies

« key background to v, appearance

« probes RES production

First measurements of rare production
- key component to exotic searches and future

sensitivity studies

Nature 599, 565 (2021)
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¥ Production Measurements

1_4‘) NCx’+1 proton
MBOONA-A candidate data event

EYA - significant role in v,

7 Photon appearance searches
Candidates

. 7V is dominant background in

Run15318Subrunﬁ')uvemwssl Slngle phOton and e+e_BSM
HB@ Dark sector e*e” simulation sea rCheS
. Flectron * Analyses that probe both
Abiaes neutral and charge current
production
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CC Y Event Selection

eV FtAr - p+ 70+ 072+ X

* reconstructed muon
candidate (track, y-like
PID)

* two shower candidates
* reject charged pions

* no requirement on nucleons
13cm

BNB DATA : RUN 5370 EVENT 7;:227. MARCH 10, 2016.

I k? Brookhaven
National Laboratory 5



cCC

Event Yield

VUCC1mP Selection

VUCC1mP Selection
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« Wiener-SVD unfolding technique to extract cross section

 simulation - GENIE v3 MicroBooNE Tune using T2K
data

- 1’ & U mom and angle, opening angle between 7’

—
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Differential Cross Section CC 7"

VUCC1mP Selection

MicroBooNE 6.86 x 102° POT
=25 | GENIE v3 uB tune (x2/ndf = 15.27/8)
_____ 2 = . .
@ NuWro (x*/ndf = 20.73/8) « production dominated by A(1232) resonance
g NEUT (x?/ndf = 14.96/8)
g£20  _|o . -—- GENIE v2 (x?/ndf = 30.04/8) _ _ 0 _
2 | GIBUU (x2/ndf = 20.54/8) * mis-modeling at low 7~ momentum region
Ng 1.5 Ir*“i + BNB Data
5 . - challenges from modeling low momentum
o o= :
o 10 transfer interactions, consistent with
— !
X : .
Teo 5__’—___4 observations on other targets
s -
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m°® Momentum [GeV]
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Differential Cross Section CC 7"

VUCC1me Selection
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NC ~° Event Selection

> NC 7° + 1 proton » WireCell" 3D pattern reconstruction
HBOONAJ candidate data event followed by SparseConvNet™*
__ Selection
Y; | 0

« 1° reconstructed from leading two
photon candidates

« candidate events separated into Op
and Np topologies

 protons reconstructed with
threshold of 35 MeV KE

Photon
Candidates

Run 15318 Subrun 159 Event 7958

*J. Instrum. 17 (01), PO1037.
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NC =" Differential Cross Section
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cross section extracted using
Wiener-SVD method

separate single-differential
measurements for Op and Np
samples

clear over prediction without
effects of FSI
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NC =" Differential Cross Section

E MicroBooNE 6.4 x 102° POT
£08 NCmn® Xp: 0.5 < cos 6,,050.85%
E 0.7 NuWro
2 NuWro FF1
E 0.6 M, =1.05
Q NuWro FF1 . . . .
i Ma=osa « first double-differential cross section
% 03 R ¥ ooma measurement in 70 kinematics
= 0.2 4{7 TSN . cgr .
g o.1] Ty  additional sensitivity to regions of
“O’%.o 0.2 0.4 0.6 0.8 1.0 1.2 phase Space
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% 14 S ———————— « demonstrates sensitivity to form factor
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E 1.2 NuWro g
3 1.0 Ma= 105 h :
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Rare Production Measurements

MicroBooNE ®-integrated XSEC

107" 1 4 } $ BNBO
A NuMi o  orders of magnitude lower than
T 107 . previous cross section
K, ¢ measurements
O
NE Y| ¢ * provide unique opportunities as test of
£ ‘ reconstruction and identification
0 10-41 - validation of models of rare processes
3, that are backgrounds for searchs
10742 \ J
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K

Event Selection

g M., = 1/2 x E; x Ey x (1 —cosf,,) = 538 MeV /c?
uBooNE

= -

~~ By = 406 MeV
E; =238 MeV A =----.

-

AN V4 N —
& ~ L - . —

\ H’Y’Y

BNB data: Run 8661 Event 603

Brookhaven

National Laboratory

* Neutrino candidate event
based on TPC and photon
detector signals

* require two photon showers

* reject events with 7!
(250 MeV/c? < m,, <750 MeV/c?)
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1 Production

MicroBooNE 6.79 x102° POT ° provides nove| tOOl fOr

= = 110 selection MC

01 = = otter calibration of GeV scale EM
Za0] L \ = vaer showers
e I . 20 .
. L » probes resonate production of
© 301 | | Cosmics .
s [ ¢ oo higher mass states
2201 —+— - A(1232) vs n(1535)

10- * opens the door to proton
N decay channels
1.0 1.2 1.4 1.6 1.8 2.0 2.2

+ +
Reconstructed W [GeV] (p — € 77 &p — /’t 7] )

Phys. Rev. Lett. 132, 151801
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A\ production

K

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

Brookhaven
National Laborator Y

* important input to
hyperon interaction
modeling and
propagation in nuclear
matter

« extremely rare process
due to Cabibbo
Suppression

* Event selection presented
at ICHEP 2022
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A\ production

[]Direct A [ Direct Hyp Neutron [ Dirt
Bl RES A [ JRES Hyp [ ]Otherv [ ] Cosmic

[]DIS A [ DIS Hyp V Events

wn N
= - MicroBooNE Runs 1 + 3
4 3.5 50
T - NuMI FHC, 2.2 x 10°° POT
3 NuMI RHC, 4.9 x 10®° POT
- Z
25—
) E_ /////////////
15F |
: ~
= Z
0SE____“

i ATTIUA A\ A A S0

11 1 | I 11 1 1 11 11 11 1 11 1 1 11 1 1
‘P.OQ 1.095 11 1105 111 1115 112 1125 1.13 1.135 1.14
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Phys. Rev. Lett. 130, 231802 (2023)
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First measurement with a
LArTPC detector

c =202 x 107 cm?/Ar

—1.7
Event distribution

matches well with A
expectation

probes momentum
resolution of protons
and charged pions
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Neutron ldentification in Neutrino
Interactions

* very challenging
reconstruction task since
TPC designed around
charged particle identification

 take advantage of secondary
Interactions generating
protons

* mitigate uncertainty in energy
reconstruction from "missing
energy”

¢ Brookhaven
National Laboratory 17
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Neutron ldentification in Neutrino
Interactions

o 14F , 19 . .

A MicroBooNE 4.13 x 107 POT  very challenging reconstruction

g | task since TPC designed around

2 10F charged particle identification

g 8-  take advantage of secondary

Z 6 Interactions generating protons
4L * mitigate uncertainty in energy
2 reconstruction from “missing

o F energy

S 1.5

L s Sk = EREERERES ERL B CORERRTRREREED
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Candidate Distance to Reco v Vertex (Cm) Primary Particle (7.1%) - Dirt (1.4%) BNB Beam-On Data

arXiv:2406.10583
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cc 7’ production GENIE v3 after signal
selection - MicroBooNE Simulation

VUCC1mn® Selection - Signal only VUCC1n® Selection - Signal only
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VUCC1mP Selection

O MicroBooNE 6.86 x102° POT
u u 1000 - mm . CCrn% 1.1 v, no % 95.3
; z I n e m a I ‘ s v, CC 1rn® + Nm*: 5.5 v, CC 1n® + Nm*: 143.0
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NuWro 0.0079 0.748 0.0007 0.701 0.908 400
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NC 71'0 cross sections
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di-photon invariant mass in 77 sample
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FIG. 2. Distribution of M, for selected 1 candidates show-
ing data (data points with statistical uncertainties denoted
by the error bar) and the predicted event rate (stacked his-
togram). Different colors denote different topologies, as de-
scribed in the legend. The gray error band denotes the sys-
tematic uncertainty on the predicted event rate.
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A\ cross section posterior
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— Posterior Dist. - 68% CR — - MicroBooNE GENIE Tune
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Neutron identification via inelastic proton production efficiency

TABLE II: Number of times final state neutrons — Preselection — Scores and Vertex Separation — Proximity and Direction

inelastically scatter.

2 0.4F MicroBooNE Simulation z 08f MicroBooNE Simulation
© 0350 § 07F
i S & S g
Number of Inelastic Scatters S oaf +‘+‘ ++ S o6 —H*_*_
0 scatters 25.48% 0.25)- ++ 0.5F e l ]
1 scatter 30.28% 0.2 RES 0.4f
F —8— E ——
2 scatters 26.51% 0.15¢ - 4 0.3t RS
I - 0.2 . —a —4—
3 scatters 11.87% 0?)515 - e, bty ol —— .. T i
.05 —.— e S w i UL P G . e ———e— —— ——
4+Scatters 587% ET_A_F’:ill_Fi_HI 0:_:_.'1_._._.|\|
®"01 02 03 04 05 06 0 005 01 015 02  0.25
True Neutron Kinetic Energy (GeV) True Secondary Proton Kinetic Energy (GeV)
TABLE III: Final state particles of neutron-argon (a) (b)
inelastic scatters.
g 07k MicroBooNE Simulation 2 osf MicroBooNE Simulation
[} e [} =
Final State of Scatter g o6f g 078 ——
= i ++++ +++ + = 0.6? .
(1) Ar* 54.13% o5 + osk e
(2) Ar* +Nn 30.86% 04 4 0.4
(3) Cl4 Nn + 1p 6.60% IS L . 03 .,
(4) S+ Nn+2p 1.37% I s Saan et 8Pl Se e Y S alanan ot
= —— —— S R = —— ¢ e
(5) S+ Nn+a 2.14% O o605 0405 0s 0 sy
(6) Other proton final state 0.88% True Neutron KE (>'50 MeV Protoﬁ) (GeV). True Neutron 8 (> 50 MeV Proton)h(radians)
(7) Other 4.03% (o) (@)

FIG. 10: (a) Neutron detection efficiency as a function of true neutron kinetic energy. (b) Secondary proton
detection efficiency. (c) Neutron detection efficiency as a function of true neutron energy for neutrons that produce
protons with kinetic energy 50 MeV or more. (d) Neutron detection efficiency as a function of neutron polar
Brookh: scattering angle for neutrons that produce protons with kinetic energy 50 MeV or more.
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