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Not to scale!
Goals of the experiment:
Investigate the MiniBooNE anomalous excess Cross-section measurements
Mark Ross-Lonergan — Tue sterile parallel ) Marina Reggiani Guzzo - Fri cross-section flash
Hanyu Wei — Tue sterile parallel - Wengiang Gu — Fri cross-section flash
) Andrew Mogan — Fri sterile flash - Krishan Mistry — Fri cross-section parallel
Diverse variety of other topics in astroparticle and exotic physics, that MicroBooNE is capable of (this talk)
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Liquid argon time projection chamber capabilities

For more details on the detector principles: please see talks by Krishan Mistry and Maya Wospakrik

Liquid Argon Time Projection‘Chamber

“digital bubble chamber” uBOM%

arXiv:2101.04228 RSN

MicroBooNE NuMI Data 2.4x10?° POT ~ —*— Beam-On Data (Stat.) .
(22 OutotCrosta - / Four protons
| Beam-Off Data N "4
[ Neutron 1 1 d
B Muon o resoive
I Kaon ™
I Pion % .
I Photon \
[ Proton e
[ Electron . Y
MC + Beam-Off
Stat. Uncertainty

100 keV hit
thresholds

<>
3mm spatial resolution

(Data - MC) /MC
,

75 cm

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016

Excellent spatial and charge resolution allows for unprecedented PID, and
interesting new physics searches via anomalous final state topologies
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Astroparticle and exotic physics with MicroBooNE

Results released in 2020
» Informing and developing for
future experiments

— Supernova neutrino R&D
— Cosmic rate measurement
— Baryon number violation

» Pushing reconstruction capabilitie
— MeV-scale physics
» Searches for new physics

— Heavy neutral leptons
‘Higgs Portal’ dark scalars

» Some prospects for future results

Pawel Guzowski - NeuTel 2021
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The continuous readout stream of the MicroBooNE liquid argon time
projection chamber for detection of supernova burst neutrinos
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Progress Toward the First Search for Bound Neutron
Oscillation into Antineutron in a Liquid Argon TPC

MICROBOONE-NOTE-1093-PUB
The MicroBooNE Collaboration
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Measurement of the Atmospheric Muon Rate with the
MicroBooNE Liquid Argon TPC

P. Abratenko// M. Alrashed” R. An" J. Anthony” J. Asaadi'’ A. Ashkenazi'
S. Balasubramanian™" B. Baller* C. Barnes' G. Barr* V. Basque’ M. Bass L. Bathe-Peters”

MeV-scale Physics in MicroBooNE

MICROBOONE-NOTE 1076-PUB

The MicroBooNE Collaboration

Abstract: The scope of this public note is to present preliminary measurements of MeV energy

signatures and relevant backgrounds for beam neutrino inferactions using a dedicated reconstruction

Search for heavy neutral leptons decaying into muon-pion
pairs in the MicroBooNE detector
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Search for a Higgs Portal scalar decaying to electron-positron pairs in MicroBooNE
MICROBOONE-NOTE-1092-PUB

The MicroBooNE Collabe
July 2020

ation®

We present a scarch for the decays of a neutral sealar boson praduced by kaons decaying at rest, in
the Gomvent <t the Higgs Portal model, using the MicroBooNE detector. We analyz
in time with the Fermilab NubI neutrino beam spill, with an exposure of 193 x
target. We look for monoenergetic scalars coming from the direction of the NuMI hadron absorber
100 m away from the detector, and decaying to clectron-positron pairs. We observe

events, with a Standard Model background prediction of 2.0 & 0.8. We set an upper limit on the
scalarHiggs mixing angle 0 < 5.8) x 10~ at the 95% confidence level, for sealar masses in the
range (100 200) MeV/c?. We exclude at the 95% confidence level the remaining model parameters
required to explain the central value of the KOTO anomalous excess of K —» 0+ invisible decays
using this model

5 candidate

I INTRODUCTION

The Higas Portal model [1] is an extension to the Standard Model, where an electrically-neutral real singlet scalar
boson (S) mixes with the Higgs boson with mixing angle f. Through this mixing, it acquires a coupling to Standard
Model fermions via their Yukawa conplings with the Higgs boson, and proportional to sinf. For the scalar mass in

the range (100 — 200) MeV/c2, and assuming that there are no new dark sector particles lighter than half its mass,

S will decay to clectron-positron pairs with partial width [2

mZmg am?
N :

1 1
e < i ) 8
where m is the scalar mass, m, the electron mass, and v the Higgs field vacuum expectation value. For these masses,

S can be produced from kaon two-body decays in association with pions, with the dominant production process being
a pengnin diagram with a top quark running in the loop. The partial width of the production process s [2

Vo () mk m2
vn(5525)
where my is the kaon mass, my the pion mass, m; the top quark mass, Vi and V. the cloments of the CKM matrix,
and A the Killen Lambda function
Recently, the KOTO collaboration his reported [3] the anomalous excoss of K — isible decays, two orders
of magnitude more frequent than the bn\mbnd Modd prediction for K9~ ap decays. The Higgs Portal model
could explain the high rate of these de the required model parameter # value ~ (5 — 7) x 10~ over the
nge (100 —200) MeV /e to agree Vith KOTO centrsl salue branching ratio [1]. There are experimental
limits that exclude this central value for ms < 118 MeV/c? by the E919 experiment [5] and ms > 160 MeV/e? by
the NAG2 experiment [6]. Data from the CHARM [7] experiment is also sensitive to this model, however this requires
reinterpretation of the experiment’s search for axion-like particles decaying to electron positron pairs, and different
phenomenology groups [4, 8, 9] have different estimates of the kaon fluxes and scalar acceptances observed by CHARM.
Taking the most sensitive of these estimates [1], the KOTO central value can be excluded for ms > 150 MeV/c*
This note presents the first search for Beyond the Standard Model clectron-positron pair production in a liquid
argon time projection chamber, using the MicroBooNE detector. We can use this scarch to exclude at 95% confidence
the remaining parameter space of the Higas Portal model required to explain the central value of the KOTO excess.

I

P P [BViVimEmd
Tommy | 32070

scalar mas

IL. EXPERIMENTAL SETUP

The MicroBooNE experiment is primarily designed for neutrino scattering measurements in Fermilab's Booster
Neutrino Beam (BNB). The detector sits just below surface, and comprises an 85 ton liquid argon time projection

* email: MICROBOONE_INFOMfual gov
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R&D for supernova neutrino detection

A lot of data is produced by
MicroBooNE — 33 GB/s

— Orders of magnitude more expected
in DUNE

To observe supernova neutrino
burst, would need continuous
readout

Pioneered a system to zero-suppress
and compress the TPC data

— Reduction of rates by over 80x

— Prototype for DUNE
Performance evaluated by
reconstruction of Michel electrons

— Comparable to full datastream

MANCHESTER p]}@ _ Pawel Guzowski - NeuTel 2021
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Cosmic ray rates

) Used Our data tO measure rate Of 15000 A CORSIKA, simulated space charge '[;ratcljidz ZB%LC;CLB::NE
cosmic rays on surface at Fermilab

—— CORSIKA, data-driven space charge

£ 12500 CORSIKA, without space charge
= 10000 4 4+ Cosmic Data
— First such measurement with a liquid gl e e

argon TPC

¢ AllOWS tuning the COsmiC SimUIatiOn _s Good angular agreement between data and simulation
— Measurement agrees with ‘out-of-the-

O

= b

T10f ————— e — et
-

©

(m]

box’ CORSIKA simulation ot
— Incompatible with ‘constant mass S ____
composition’ extension* of the
simulation e * + *
e Useful input to simulations of future | y AT Xivi2012.14324
experiments at Fermilab, including # T conon
SBN program and DUNE ol T S o
110 81 DI Stanca et al 2013 J. Phys.: Conf. Ser. 409 012136

* Alternative spectral composition of light and heavy ion cosmic rays impacting atmosphere Flevation [mi
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Neutron-antineutron oscillation

Background rejection rate vs. Signal efficiency

GENIE simulation Sl [
BDT
0.8 4 —— Combined

MicroBooNE Simulation, Preliminary

o
(o))
1

MICROBOONE-NOTE-1093-PUB

Trained a convolutional neural network to

Background rejection rate

0.4 1 . . . . .
identify signal over cosmic-induced
background
0.2 N
Outperforms a traditional BDT approach
0.0 T 1 I T
0.0 0.2 0.4 0.6 0.8 1.0

n-nbar selection efficiency

Baryon number violating process
Multi-pion “star” event topology

48 om

MicroBooNE is pioneering techniques to be used in DUNE
» Convolutional neural network based search
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MeV-scale reconstruction

« Standard reconstruction algorithms
designed for O(100 MeV) interaction MICROBOONE-NOTE-1076-PUB

« ‘Blips’ of ionization produced by low-energy
gammas or neutrons

v vertex - 3D SpacePoint Distance

° We are pushing dOWIl the thresholds fOI' MC (Genie v3.0.4)(Does not simulate photons from de-excitation)
o this inf - 1600 s OFF.geam +
reconstructing this information d one bob
-Deam
1400 ON-Beam POT: 479E19  XCess of MeV-scale
P blips close to neutrino § 4
MicroBooNE Preliminary . .
1200+ Interaction vertex '
\ t
g 1000 i bty
£ p t b
S 800 0y s GENIE simulation
(no de-excitation
o ) N 600 ¢ photons simualted)
Single-hit ‘blips’ N '
O(1 MeV) energy, 400
but as low as ) 200
O(100 keV) " ' Cosmic data
0 |
Wem 0 20 40 60 80 100 120

Distance from blip to neutrino vertex (cm)
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MeV-scale applications

Muon-pion separation, allowing e.g. distinguishing BSM
di-muon signals from SM muon-pion backgrounds

. Supernova neutrino 4000 Castiglioni et al, PRD 102, 092010 (2020)
'.IBOONE 3500 f_ — Pion
- - <¢:f’ - — Muon
3000
Marley Simulation CC Supermova ve Event n i
52500( ——
° 1 w -
Bet.ter en(.ergy r.econstructlon S 2000)- |
5 F
by 1gclu41ng blips 2 5ok _ |
 Distinguish CCQE from v-e 270k —— — -
elastic scattering 1000F- = _l |
500
- __
0" 0 I 1 I 2 3 I 4 I 5 6 I 7

Electron Track

Neutrons emitted by capture on argon

De-excitation Photons

Energy (True) = 11.37 MeV | Energy (True) = 4.38 MeV
Energy (Reco)= 10.85 MeV Energy (Reco)= 3.81 MeV
‘ Signal ArgoNeuT, PRL
124, 131801 (2020)
Decay Pipe Dit | e
” 675 m > | 240 m -
1033 m (2)

Searches for millicharged particles
(blips along a straight line, pointing back to target)

Es i-
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Heavy neutral leptons

* O(100 MeV) mass neutral  Keondecayin

e’ e . BNB X
leptons; mixing with SM decayvorume Y
neutrmos gt 7
. (0(\ P4
» Produced in the same way W% < x
as standard neutrinos U e
. (Extended PMINS ~ .
We used kaOI} depays as the matrix element) oo HNL decay inside MicroBooNE
source, for this first search —
¢ Decay Via Weak interaCtiOIl Phys.ReV.D 101, 052001 (2020)
— Muon-+pion In our case 9 | MicroBooNE Simulation |  Late
(44 ® 2 b 8 0.06 - : : w@ndow
» “Late window” trigger : : | g
developed for this analysis Sooa{ ! | Fs
« o . o SM neutrino elave
— Ne hglble neutrino *§ 0.02 i interactions  detved
backgrounds 5 |

2.5 3 3.5 4 4.5 5 5.5 6
Event time [us]
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Heavy neutral leptons

- BDT based analysis
with 10 HNL mass
points (245-388 MeV)

 No excess observed

» Competitive limits,
with only small
fraction of our dataset

* We will be using more
production and decay
modes, full trigger

window, and NuMI
data, in the near future

— Stay tuned

MANCHESTER MB@L

Phys.Rev.D 101, 052001 (2020)
® 150 MicroBooNzE0 104
Q POT: 2.0x10 g
) .
"Cg HNL Signal x10 < \
= 125 H — (365 MeV) S 1076/
% Off-beam data 3 . .
© 100 { On-beam data =
= E 100
T 751 5
G =]
o 10—10 H H H H
g 901 0.0 0.1 0.2 0.3 0.4
.ié HNL mass [GeV]
S 251 SIN —— NA62 —— NuTeV
Z PIENU PS191 +-++ MicroBooNE [Dir.]
0 . e .. LB —— KEK —— T2K === MicroBooNE [Maj.]
0 0.25 0.5 0.75 1 —— E949
BDT score
0 105 140 211245 388 493
(HNL mass) I | | I _
MY Only searched for this
production mode
N — eev
N — pe
N — ez
— Only searched for this
NS decay mode
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Higgs Portal scalars

- “Portal” to the dark sector, via a dark scalar mixing with the
Higgs (mixing angle 0)
— Couples to SM fermions via Yukawa couplings « 62m?
* Very similar phenomenology as HNLs

Neutrino portal
mixing of v-N

N?

v (neutrinos)

. . . Standard Vector portal Dark
— Kaons decaying to scalars in beamline Model g ALX, Sector?
A, (photons) X,?

S?

— Scalar decays to fermions in detector

* Our first search uses kaons decaying at rest in the NuMI
beam dump

H (Higgs)

Higgs portal

Main Injcctgr . o

Decay in MicroBooNE /
120 GeV o 9%’ T

Beam
0,
Production in beamline § .
x02 .
S > —> > d
- q ¢ q

Not to Scale
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Higgs Portal scalars

: : S sonof- e oBoons ey Angular variable (one of the
» Searching for e*e- pairs from the decay of a R Fun 1, Null FHC 0.92:107POT s (
8 Lo ] Off-beam data [[] Dirt v simulation most important for BDT);
<200 MeV Scalar - [ Cosmic [] Cryo. v simulation . J .
. : soook- —— On-beam data Simulation is well modelled
» Using a BDT-based analysis g - with respect to the data
1500 ) 7 p
7777727/ : ' :
Q look for the kink decay WAL Ve i prm— Neutrln'o 51mulat1f)n (GENIE)
l,lBOON _ topology, pointing 500:— — =7 Data-driven cosmic background
= ‘backwards’, of a pair - ¢
SIMULATION 150 MeV/c? scalar decay > :...I...I...I...I...I...I...I...I...I...
of reconstructed S 0s 0e 04 0z o o0z o4 o6 0e i | MICROBOONE-NOTE-1092-PUB
ObjeCtS’ with 1arge o S MicroBooNE Preliminary
. 3 o T e ] s 10F
9 c 9 9 opening ang]e g oz | s E Run 3, NuMI RHC 1.01x10%° POT
typlcal neutrino direction 9«'{‘:8-3 E.__._+++_.__._—o—_.__;_+—o—"’"+—"-'—3—+—0——¢_——3— c 0FE [ ] Off-beam data [[_] Dirt v simulation
_107MeVe* $-03 \\‘\\\‘\\\’VV\,VV‘,VVV""Y“““““‘x 105é_ -Cosmic DCryo.vsimuIation
jof  —t On-beam data — 150 MeV/c* signal
103;— -
BDT distribution,
143 MV - well modelled by *“f
background-only 1:
expectation =SS T e
vaé Biaaa"ney Eans
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Higgs Portal scalars

* We observe 5 events in signal region, with 2.0+0.8 expected
« Can exclude central value model parameters required to explain KOTO anomaly*
e This was with 10% of our NuMI dataset; further search results to come!

1072 —| Batell et al, PRD 100, 115039 (2019)
o MICROBOONE-NOTE-1092-PUB Chiar
% - L HCb
e A Current lim
-3 1077 :
a0 /VB\S B 7 (crudely drgﬁiL
20 e Ny o
E 104 ) i rches of
D Treli W
— : t e~ Wy and nin

) Improvements in 1 g
= e mode to come
= e*e" mode to come
SD e == MicroBooNE Preliminary 95% CL limit 1 0‘5;
(- 10 B == KOTO +1c allowed region SN 1987a
B - — CHARM limit I
o p=—{ =

L — E949 limit
2 5 events

L — NA62 limit ] 0_5 ‘ 100% efficiency, O background

1111 | | | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 1 0_2 1 0_1 1 OO

100 110 120 130 140 150 160 170 180 190 200 ms, GeV
. , ’ . . L[]
Scalar mass (MeV/c? Theorist’s expected sensitivity

*In 2019, KOTO reported anomalous excess of K°—n°+invisible decays, although significance has decreased in recent reporting
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https://inspirehep.net/literature/1801601

Dark prospects

 Further BSM models
being explored with e*e
final states

» Dark neutrino portal,
with dark 7’ decay

: Target T 08 06 04 02 0 02 04 06 08 1
- CO}ll.(l eXplaln. || Bertuzzo et al, PRL 121, 241801 (2018) | Reconstructed Shower Angle [Cosine 6]
MiniBooNE: if ete

Ballett et al, PRD 99, 071701 (2019)

MiniBooNE excess data
12.84e20 POT Neutrino-Mode

r—e—

This Model
M,=1.25 GeV, MN =0.140 GeV

_ Sterile Neutrino Oscillation
sin®20 = 0.894, A m? = 0.04 eV?

Better fit to MiniBooNE

7 Smez=

resolved as single shower I S—— r:iw  —
e Dark matter produced o S ~e Q A
in beamline; inelastic I e AR g
scattering off argon y ~ o
— MicroBooNE has . JGRERALEELEEEL R - \
excellent sensitivity e
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* MicroBooNE is not only excellent for

MicroBooNE

investigating MiniBooNE or measuring Cross _ ¢ Trigger stream + 28 Fermiah 226 MicroBooNE Data
sections, but can also perform a diverse variety 2% =8 \
of astrophysical or exotic measurements 80 Ay {
o o . .E L0 + L E
*  We have produced some exciting results in the &, g ' :
paSt year 0.6 z_ :+ s % B i -}0 B CORSIKA 127.7+0.2(stat.)
— Supernova continuous readout (JINST 16, 02, 0.4 | M 20 ( i O
P02008 (2021)) °-2F - i
— MeV-scale physics (MICROBOONE-NOTE- 0 10 20 30 40 50 60 70 80 ; B W o wo
1076_PUB) Energy (MeV) Elevation [m]
— Cosmic ray rate measurement
(arXiv:2012.14324) Lot |
— Neutron-antineutron oscillation analysis 5 \
development (MICROBOONE-NOTE-1093- S 107 .
PUB)
— Searches for heavy neutral leptons (Phys.Rev.D £ 10 )
101, 052001 (2020)), and dark sector scalars 5 == MicroBooNE Preliminary 95% CL limit
(MICROBOONE-NOTE-1092-PUB) 10104 o o o ” — KOTO o allowed region
«  We do have a lot more results to come in the S s e T
IN — NA! —— NuTeV
near fUture PIENU PS191 =+++ MicroBooNE [Dir.] o Tohae2dm
. —— KEK —— T2K === MicroBooNE [Maj.] 100 110 120 130 140 150 160 170 180 190 200
- WatCh thlS Space! —— E949 J Scalar mass (MeV/c?)
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