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Liquid argon time projection chambers

» Technology proposed by Carlo
Rubbia in 1970s

» Bubble-chamber like images but
with modern digitized charge
readout

3mm resolution ¢

100 keV hit
thresholds Colour « charge
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LArTPC operation principle
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LArTPC operation principle

Multiple planes of readout sense wires

V wire plane waveforms

Liquid Argon TPC
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Charge vs time
information on the
wires allows 3D
reconstruction

X wire plane waveforms
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Particle identification

» Excellent spatial and charge resolution allows for PID
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MicroBooNE

 Construction completed in 2014, and in operation since 2015

8000 readout wires
. 32 photomultiplier tubes g
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Cryostat

Detector moving into
position, June 2014
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MlcroBooNE and the Fermllab neutrlno beamhnes
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Cosmic Ray Tagger

A cosmic ray tagger was installed after two years

— Plastic scintillator paddles surrounding the detector, to tag incoming
muons with high-resolution timing

— Can greatly reduce cosmic backgrounds
Timing of hits in CRT
Can see neutrino interaction excess
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Data collected to date

Cosmic Ray Tagger
was installed
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Primary goal

» The experiment was originally proposed to investigate the electron-
like excesses observed in short-baseline muon neutrino beams
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Measurement of electron neutrino interactions

» MicroBooNE will be unblinding these searches soon!
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Recent results
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« However, these results are not what I have come to you to talk
about

* MicroBooNE can also do a host of other interesting new
physics searches ...
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» The Higgs Portal to the dark sector
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Dark matter

 Evidence for dark matter:

150 B T T ] T I T | FRec] | T [ L poa T T

- NGC 6503 4

Ly halo |

: Cosmic microwave background
{ == disk .
/ o ] temperature fluctuations
O 230
Radius (kpc)
Galaxy rotation curves Bullet cluster R
Dark Matter
. 68.3%
Could there be a dark sector of particles beyond the Standard Model? DarkEn=rgy

How does our ordinary matter communicate with them?
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Portals to the dark sector

v (neutrinos)

Standard
Model

A, (photons)

H (Higgs
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Portals to the dark sector

“Heavy neutral leptons"

Neutrino portal
mixing of v-N

N?

Dark

Sector?
X, ?

n

v (neutrinos)

Standard
Model

A, (photons)

S?
H (Higgs
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Portals to the dark sector

Neutrino portal
mixing of v-N

N?

Dark
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X, ?
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v (neutrinos)

Standard
Model

A, (photons)

Vector portal
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e Dark photons
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Portals to the dark sector

Neutrino portal
mixing of v-N

v (neutrinos) N?
..?
Standard Vector portal ! Dark
Model mixing A,-X,, Sector?
A, (photons) X,? S?
H (Higgs

Higgs portal

mixing H-S
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Higgs Portal

Lagrangian
— LD (AS+\S*H'H

Extension to the Standard Model

After electroweak symmetry breaking:

1 . 2m2 ’m,2 mM ¢ —
ED—§m§S2+sm95 UWW:W“++7ZZpZ”—ZTfff

\ f \
mixing angle coupling to SM fermions
scalar mass
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 Light scalars can be produced in kaon decays, via a top quark
in a penguin decay
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Aside: the KOTO anomaly

(or scalar)

collimator +
sweeping magnet

N
Au target -_-

vv (undetectable)

Kaon 201

g talk

Csl calorimeter
(reconstruct 7° from 2y)

/ -
30 GeV/c -
proton

pencil beam
(KLi n, Y)

no}i ﬁ

\l" Hermetic veto detectors

KOTO experiment at J-PARC is
searching for rare neutral kaon decays

Observe 3 events

Branching ratio ~2 orders of magnitude
larger than SM Ko—movv

This anomalous excess has weakened recently
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https://indico.cern.ch/event/769729/contributions/3510939/attachments/1904988/3145907/KAON2019_shinohara_upload.pdf

107

Aside: the KOTO anomaly

Adapted from: Egana-Ugrinovic,
Homiller, Meade, PRL 124, 191801 (2020)

=== KOTO +1c allowed region (2019)

— = CHARM limit = ALP search reinterpretation
: == E949 limit

- K* decay measurements

- = NAG62 limit

100 110 120 130 140 150 160 170 180 190 200
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Scalar mass (MeV/c?)

You can explain this anomaly with a Higgs-portal scalar

Only a narrow window of allowed parameter range
remains, in the 100-200 MeV window

This is why we focused on this mass range for this first search

Pawel Guzowski - Birmingham Seminar 13 January 2021



Scalar decays

 Light scalars decay to electron-positron pairs, or di-muon or
di-pion pairs if heavy enough
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https://arxiv.org/abs/1909.11670

Current & Future experimental searches
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e New limits from MicroBooNE
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Production of the scalar in our experiment

For this first result, we are interested in scalars produced in the
beam dump (hadron absorber) of the NuMI beam

NuMI Beamline Top View

Kaons will decay at rest, producing monoenergetic scalars — a

unique signature in the detector Absorber

paoa
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. “ e L
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e | »
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Example decay

nuBooNE

SIMULATION 150 MeV/c? scalar decay

Simulation of a 150 MeV
scalar decaying to e*e- inside
MicroBooNE

standard neutrino direction
> 107 MeV e+

143 MeV e-

beam dump
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Selection philosophy

nuBooNE

I 200 Mev
175 Mev

SIMULATION 150 MeV/c? scalar decay ’: — ::ghMﬂev
- ev

I 100 Mev

107 MeV e+t

80 100 120 140 160 18
Opening angle (degrees)

143 MeV e-

Opening angle strongly
depends on mass
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Pandora reconstruction

Top-down
view

Pandora* is a toolkit to
reconstruct LArTPC events,

using particle flow
algorithms based on ALICE

Showers

(y candidates) 3 experience

In our case, it produces
“tracks” and “showers”

BNB DATA : RUN 5536 EVENT 1612. MARCH 22, 2016
*https://github.com/PandoraPFA

MANCHESTER Pawel Guzowski - Birmingham Seminar 13 January 2021 31

The University of Manchester


https://github.com/PandoraPFA

Signal preselection

» Pandora groups reconstructed
objects together — “slice”

— matching to PMT signals, for
event timing

— Cosmic ray tagger veto in Run 3

- Take all pairs of objects in
the grouping
— Require distance between object
ends less than 5 cm

— Reconstructed vertex inside TPC can have
active volume other

objects in
 Consider all possible passing grouping ¢ |
pairs of objects at this stage 5 4 distance < sem

— Boosted Decision Tree to filter  reco vertex
out backgrounds...

||||||||||||||||

1= [ ]

§ 100~ — Hypo flash : - >
| — Reco flash A\ ] %@
w | I/ | @)

o 9

. "y TPC charge
measured light - ’

.

predicted light .Q%

preselection
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Boosted decision tree inputs

» BDT training variables:

— Opening angle, transverse opening angle, angles of the two objects
with respect to assumed incoming direction

— Larger object’s number of hits, length, pandora track/shower score
— Number of tracks in the pandora slice

— Maximum y-coordinate (height) and minimum z-coordinate
(upstream) of any other object vertices in event, relative to candidate
vertex

— Number of hits in any other objects (not the electron-positron
candidate) in the pandora slice

» BDTs are trained with a single “uniform mass” signal model (to
be approximately mass agnostic)
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BDT selection

« Trained BDTs against two types of background
— Against pure cosmics, and against neutrinos
— Final cuts are two-dimensional

« Performance of simulation verified using 600ns ‘prompt’ control region
— Scalars from the beam dump arrive later in detector compared to neutrinos

Reconstructed angle of
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BDT Results
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Systematic uncertainties

 For the preliminary result, several sources of uncertainty:
— Flux

* For signal, use the MiniBooNE estimated rate uncertainty, through a
measurement of neutrinos from the beam dump

 For neutrino background, use framework developed by the Minerva
collaboration

— Cross section

 Use the neutrino generator framework for estimating these, through
reweighting for different physics parameters in cross section models

» Detector uncertainties will be in the publication coming soon
 However, limit is statistics-dominated
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* BDT cuts chosen to maximise sensitivity

« After unblinding, we observe 6 events

— 1isrejected as an obvious cosmic <1072

«  PMT timing is before the beam spill window 0.8

«  We have looked at these 5 events, and they are all
consistent with background

95% CL observed upper limit

- 95% CL median +1o sensitivity

CLs sensitivity & upper
limit as a single-binned

* 5 events, with background expectation of 2.0+0.8 ‘

counting experiment
D>0.5
Uncertainty Background Signal ; —
Flux (hadron production)  34.0% 30.0% 0.4
Cross-section model 3.2% - -
Off-beam statistics 67.4% — 0.3 MicroBooNE Preliminary
Simulated statistics 24.3% < 2.2% " NuMI 1.9x10%° POT
0206110 126" 130140 150 160 170" 180 196 200

Systematic uncertainties Scalar mass (MeV/c?)
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Preliminary limit & KOTO parameter space

mmm \icroBooNE Preliminary 95% CL limit
== KOTO +1o allowed region

= CHARM limit

= E949 limit

= NAB2 limit

100 110 120 130 140 150 160 170 180 190 200
Scalar mass (MeV/c?)

Pawel Guzowski - Birmingham Seminar

This is with
~10% of our
NuMI dataset

Further details in our public note:
MICROBOONE-NOTE-1092-PUB

Publication coming soon
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Projected sensitivity (by phenomenologists)

1 0_25»: '

Batell, Berger, Ismail

MicroBooNE, PRD 100, 115039 (2019)

using Booster
Neutrino Beam

1073, 8

~_ Current limit
(crudely drawn)

W 4 -4
o 1077
- (future Fermilab
" SBN experiments)

107> i
: SN 1987a j\ Di-muon, di-pion
’ decay channels
5 events
10—6 - , — 100% efficiency, O background
1072 10~ 10°
mg, GeV
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e Other new physics models
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Heavy Neutral Leptons

 Very similar phenomenology to the Higgs Portal scalar
— Kaon decays to HNL; HNL decays to muon+pion

* Further strategies coming soon

MicroBooNE limit
HNL mass 104
0 105 140 21124 38 493 S L J
S 1076 ~—
o
o N
§ N
o~ lower mas$es
£l (compared to
=) colliders)
10—10 . ¢ c c ?
0.0 0.1 0.2 0.3 0.4
HNL mass [GeV]
SIN —— NA62 —— NuTeV
Only considered one PIENU —— PS191 ---- MicroBooNE [Dir.]
production chanel and one —— KEK —— T2K === MicroBooNE [Maj.]
decay channel so far —— FE949
Phys. Rev.D 101, 052001 (2020)
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Neutron-antineutron oscillation

« Baryon number violation
« Neutrons oscillate into antineutrons and annihilate
« MicroBooNE will not have competitive sensitivity, but can be used for R&D for future, e.g.

DUNE
Developed convolutional neural networks to identify these
nn 9 :TI:+ | 5 33'[0 h Background rejection rate vs. Signal efficiency
| — onn
BDT
0.8 4 —— Combined

MicroBooNE Simulation, Preliminary

o
(o))
1

Background rejection rate
o
=N

o
N

MICROBOONE-NOTE-1093-PUB

0-0 T I T I
0.0 0.2 0.4 0.6 0.8 1.0

n-nbar selection efficiency
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Dark Tridents

« Dark matter could be produced in the beams, from neutral pion or eta decays
— Via photon — dark photon mixing
« DM can scatter inside MicroBooNE, either elastically off electrons and nuclei, or
inelastically to produce “trident” electron-positron signatures

- . — N o ap = 0.1, M,/My = 0.6 ap = 0.1, M,/My =2
/
/
‘ BaBar BaBar
10-¢
1077
‘ \ J \ \ N(U 1078 p
\,\ /" \\\ / /.I*'
V V o -—= 102 POT
proen X, G .
________ —_—] - —_——
target detector 1010 E="BeanmEDump ‘/‘/ o 10~10 E= BeanmsDump SBND
/./ —— MicroBooNE
e —— ICARUS
10-11 ol L1 1 uiilg-n Lol S B W
1072 1071 1 1072 1071 1
MA/ [GGV] MA/ [GGV]

De Gouvea, Fox, Harnik, Kelly
JHEP 2019, 1 (2019)

MANCHESTER Pawel Guzowski - Birmingham Seminar 13 January 2021

The University of Manchester



Millicharged Particles

* A measurement performed by ArgoNeuT (another LArTPC
experiment); student is now a PDRA on MicroBooNE

IITI 1 T ll]lfl]

MCPs produced in neutral pion decays

10-" MiliQ@SLAC | MiniBooNE LHC ="~ "
Signal N
R ArgoNeuT N
. Target ... .. ,
__—§‘ ---------------------------- 10_ :_ —::
E Decay Pipe Dirt I L SN 'ﬁ( w E 5
= - 675 m > lg 240m . -

1033 m (2)

! MicroBooNE

=3 . —
10 | should be able to =
Search for collinear “blips” of charge deposit, e push limits dOWIlM'"':r;ar?;zﬁe: Cr)cTh :
. . . . o Ox -
in line with the production target - ]
J= LSND | | ArgoNeuT
10 10’ 10° 10° 10*

m, (MeV)
ArgoNeuT, Phys. Rev. Lett. 124, 131801 (2020)
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Heavy/dark neutrino decay

» Similar models to HNLs, however, produced in upscattering of
standard neutrinos

 Can decay to dark photons — e*e” pairs Better fit for MiniBooN:
e Could eXplain MiniBooNE excess Sensitivity in MicroBooNE still

to be evaluated

ha
o
o

MiniBooNE excess data

i 12.84e20 POT Neutrino-Mode

= This Model
- M,= 1.25 GeV, MN = 0.140 GeV
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Ballett, Pascoli, Ross-Lonergan
Phys. Rev. D 99, 071701 (2019)
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Further models

» There are also other interesting ideas we could investigate in
the future

— Although we haven’t yet performed studies to see if there is sensitivity

- Example searches:
— Magnetic monopoles
— Micro black holes
— Axion-like particles
— Dark photons

« Many exciting physics models to explore in our five years of
data!
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SUMMARY
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» MicroBooNE has been running for five years

— many results on neutrino cross sections, detector physics and R&
— on the way to examining the reported MiniBooNE low energy excess

» We can also search for many new physics models beyond the
original goals of the experiment

* Have recently announced competitive limits on the Higgs-
Portal scalar model in the ~100 MeV mass range

— Can exclude the parameters required to explain the KOTO anomaly in
this model

» Many more New Physics searches to come!
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