Recent Result from MicroBooNE:
Hunting for new piece of Neutrino
Puzzle with LArTPCs

Maya Wospakrik
Fermilab Neutrino Seminar
3"d February 2022




Neutrino: the “missing energy” puzzle
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From “Desperate Remedy” to Standard Model
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Liebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mldvollst
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su rettens Mimlich die MSglichkeit, [es kbnnten elektrisch neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen existieren,
Melohe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
sheh von Lichtquanten wusserdem noch dadurch unterscheiden, dass sie

=it Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orcesenordmng wie die Elektronenmasse sein und
&nn- nicht grosser als 0,00 Protonenmasse.- Das kontimiierliche

Spektrum wire denn verstandlich unter der Amnahme, dass beim

. beta~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und rlektron
konstant ist.
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They Solved the Neutrino Puzzle

Takaaki Kajita and Arthur B. McDonald solved the neutrino puzzle and
opened a new realm in particle physics. They were key scientists of two large
research groups, Super-Kamiokande and Sudbury Neutrino Observatory,
which discovered the neutrinos mid-flight metamorphosis.

Solar neutrino puzzles

To discovery of

Neutrino Oscillation
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2 Neutrino Oscillation

Mass states
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Two neutrino model:

P(ve - v,) = sin?(20) sin? (1.27

Image credit: "Celebrating Neutrinos", Los Alamos Science, 25 (1997)
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3 Flavor Neutrino Oscillation
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What we know so far

PMINS mixing matrix: a unitary matrix with three mixing angles (643, 815, 653) and CP

violating phase (6.p).
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Not the full picture?

Series of short baseline neutrino oscillation
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Series of short baseline neutrino oscillation
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Beam Events

Short Baseline Anomalies: LSND and MiniBooNE

anomaly for E <

475 MeV that
doesn’t fit the

e ey 3+1 hypothesis
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* Unmodeled background?
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Events/MeV

/ooming in on MiniBooNE Low Energy Excess

Phys. Rev. D 103, 052002 (2021)
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MiniBooNE is a mineral oil

MiniBooNE cannot distinguish electrons from y

Cherenkov Detector
PID from the Cherenkov

Muon
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Experiment to test the MiniBooNE LEE
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#1. MicroBooNE sees the same neutrino flux

Booster v beam AT
MicroBooNE, SBN program 3§ Q Booster
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#1. MicroBooNE sees the same neutrino flux
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Magnetic horn focusses positive pions 50m absorber stops leftover hadrons and muons
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Beryllium target, creating 7+ 50m decay pipe: z7 = ut +v, v, neutrino beam
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1. MicroBooNE sees the same neutrino flux
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(a) MicroBooNE Simulation

; -0
Magnetic horn focusses positive pions 50m absorber stops leftover hadrons and muons 10 E —Vig 93.65%
- —V,: 5.79%
ao -
E 10_]0 _Ve: 051%
-------------- 3] —
= o V.. 0.05%
(5 =
(] I8
B 0l
50m decay pipe: z7 = ut +v, v, neutrino beam & E
< B
> 12
w107
N’
)

DUNE v beam



1. MicroBooNE sees the same neutrino flux
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Experiment to test the MiniBooNE LEE
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Key facts

Start taking data Fall 2015

Surface-based, 85 tonne active volume
liquid argon

One drift chamber. Field cage cathode
held at -70 kV

UV laser calibration system

Cosmic Ray tagger system

NOVA

|E"tfan°en i

| iniBooNE
40ff

Vault




beamline
A Ll =
2.0E21 ‘ "
=~ Delivered POT -~ POT on tape z
Key facts Run1 Run2 Run 3| Rung4 Run 5
» Surface-based, 85 ton active volume liquid Lol
argon .
- Onedrift chamber. Field cage cathode > 1.0E21 %
held at -70 kv | i <
UV laser calibration system i R §
- *  Cosmic Ray tagger system ’H “ ' e
1 \LL
Start taking data Fall 2015 “”””"”HH IHHWH !
2015, 2016 | 2017 | 2018 | 2019 2020 |
Data used in this analysis
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- |
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Division!
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Experiment to test the MiniBooNE LEE
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Same beam/flux
Similar baseline (L)

Superior e/q separation




LArTPC

(Liquid Argon Time Projection Chamber)

cathode
plane
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LArTPC

(Liquid Argon Time Projection Chamber)

Cathode
plane

\

AN

7,

\\\\\\\\\\\\\\\\\\

e Neutrino enters the large
volume of liquid argon.

e Neutrino interacts with
argon and produces
charged particles
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LArTPC

(Liquid Argon Time Projection Chamber)

Cathode
plane

e Charged particle can ionize/excite
the argons.
e Excited argons produce
scintillation light and arrays of
7 PMTs behind the wire planes
v recorded the lights.
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LArTPC

(Liquid Argon Time Projection Chamber)

Cathode
plane

e Electric field set up between the
cathode and the anode drift the
ionized electron to the wire

| chamber planes on the anode

-’ side of the detector.
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LArTPC

(Liquid Argon Time Projection Chamber)

Cathode
plane

drift

Time (us)
U Induction
U (small, blpolar)
' Vy :
2 V Induction
L (\_ (small, bipolar)
N
1

Y
Current Collection
Out of Wire (large, unipolar)|

e Signals from the event are
induced by the first two wire
planes and electrons are
collected by the last plane
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LArTPC

S . . . High resolution photographic-like image of neutrino
(Liquid Argon Time Projection Chamber) interaction

Scales to large masses!
Run 3493 Event 41075, October 237, 2015
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Superior e/y separation power: topology

detached photon
attached electron shower

shower
S
Q
>
©
[2)

vertex

p any number of any number of
rec,{,s hadron tracks % hadron tracks

electron
shower

gap between J
showers and vertex

Neutrino

—_— K
Neutrino
track track

13em 10cm

!
BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016. BNB DATA : RUN“5904 EVENT 2038. APRIL 13, 2016.

Wire




Superior e/y separation power: dE/dx

100|— MicroBooNE NuMI Data 2.4x10” POT ~ —+— Beam-On Data (Stat)

2 MIPs

detached photon

1 MIP

Start of vertex attached electron
shower
&
<\°$ -/

o=

. any number of
"t ™\, hadron tracks

electron
shower

*

ﬁ

Neutrino

13em

BNB DATA :

llllllllllllllllllll

=2

track

RUN 5360 EVENT 45.

1 3 4 5 6 7 8 9 10
Leading Shower dE/dx (Collection\Plane) [MeV/cm]

MARCH 8,

[ ] Out-of-Cryostat
[: Beam-Off Data

[_] Neutron
I Muon
I Kaon
I Pion
[ Photon
Proton

[ Electron
MC + Beam-Off

Stat. Uncertainty
0°< 6<60°

Phys. Rev. D 104, 052002 (2021)

gap between
showers and
vertex

ﬁ

Neutrino

10cm

Ny
BNB DATA : RUN 5904 EVENT 2038. APRIL 13,

Start of vertex

vertex

any number of

) hadron tracks
O,f.s
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photon
shower

track
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Wire
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Low protons kinematics threshold

2
u B OO\N‘J<¢Z proton can%) gg peak

# proton candidate 2

KE proton candidate 1= 154.6 MeV  Neytrino : "'*-.;_ 1

KE proton candidate 2= 88.9 MeV N ~ proton candidate 3

KE proton candidate 3= 123.4 MeV

KE proton candidate 4= 172.9 MeV )
proton candidate 4

muon candidate

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

Low proton kinematic thresholds
(300 MeV) - access to new
information about nuclear effects,
neutrino interactions.

Protons identified by Bragg peak in
last 30 cm of track
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Experiment to test the MiniBooNE LEE
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Same beam/flux
Similar baseline (L/E)

Superior e/g separation




Neutrino Interaction in Argon

A. Schukraft, G. Zeller

PRL 108, 161802 (2012)
Phys. Rev. D 89, 112003 (2014)

MicroBooNE

1.4 Energy Range

1.2
y
0.8
0.6 [
0.4
0.2

v cross section / E, (102 cm? / GeV)

Theory-driven models
* Fitto 2016 T2K v, CCOm data taken at
similar energies
* More than 50 parameters are varied
to assess interaction uncertainties

Initial State Nuclear Effect

Y

(
Short, medium, and long range nucleon-

nucleon correlations on the initial condition,
e.g. “2p2h” effect , “RPA” effect

LY

Signal > Background Migration

Final State Nuclear Effect —

Charge Exchange ©

Elastic
Scattering

Figure:
T. Golan

Absérption

pion Production

¢ Particles created have to work their
way out of the nucleus, e.g.
absorption

New Theory-driven GENIE
Tune for MicroBooNe
arXiv:2110.14028

30 -
- 0.76<cos(6,)<0.86
T e GENIE v3.0.6 G18_10a_02_11a
20— ———— MicroBooNE Tune
- ——+— MicroBooNE Data
10F
_— - . .
0 TR S R R R T | . .
0 0.5 | 1.5 2

P, (GeVlc)

2.5
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arxiv:2110.14028

Cross Section Measurements

PRD 104, 052002 (2021)

(0)o (10738 cm?2 / Ar)

T 12 [ gomacarrons Developed high statistics v-Ar cross-section
PRL123,131801 (2019) 3 11; | commne measurements targeting various interaction
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D% pegey e 3 et * v, CClnclusive, Phys.Rev.Lett 123 (2019) 13, 131801
. 0
PRD 99, 091102 (2019) v, CC m° Phys.Rev.D 99 (2019) 9, 091102
* e  PRL125,201803(2020) PRD 102, 112013 (2020) * v, CC Inclusive Phys.Rev.D 104 (2021) 5, 052002
35] = Nawro el e SRR o S — | e v, CCarXiv:2109.06832 (2021)
| — _ Simulation v - W Wit 3 : .
"B s spms = i R i » v, CCInclusive arXiv:2110.14023 (2021)
=2 9 NuWro !2'92" it % | MicroBooNE i
il } i o G0 { c 4 ++ « Many more to come...
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arxiv:2109.06832
arxiv:2109.06832

As electron drifts...

electron cloud is smeared in
longitudinal & transverse directions

Slow moving ions creates
distortion to the Efield

Underestimation of
particle energy loss

attenuation of the signal
on the TPC wires

cathode

Correlated detector effects

varying the reconstructed charge

signal (dQ/dx) and needs to be
disentangled and calibrated

Cathode
plane
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As electron drifts...

Slow moving ions creates
distortion to the Efield

cathode

Correlated detector effects
varying the reconstructed charge
signal (dQ/dx) and needs to be
disentangled and calibrated
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Detector Response Modeling and Calibration

Time deconvolution Time & wire deconvolution
After Noise Filteri 1-DD luti 2-DD luti
er Noise Filtering econvolution econvolution JINST 13 P07006 (2018)

750! (@) (b) (c) MigroBooNE JINST 13 P07007 (2018)

AU.

40000
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10000

S
v
o
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2 B

0

Time [3 pus]

300 —10000

—20000

150 —30000

—40000

X

o

Y 8" N
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80
Wire [3 mm spacing]

MicroBooNE Laser Data
vz vy [%] @ Z =518 cm
] []

050 100 150 200 250 2
X [cm] X [cm]

Pioneered novel techniques for noise filtering
and signal processing JINST 13 P07006 (2018),
JINST 13 P07007 (2018)

Leverage a strong program of low-level
detector modeling:

e data-driven E-field map calibration JINST
15 P07010 (2020), space charge effects,
JINST 15 P12037 (2020)

* Calorimetric and EM shower calibrations,
JINST 15 P03022 (2020)

Measurement of the Longitudinal Diffusion of
lonization Electrons in the MicroBooNE
Detector, JINST 16 P09025 (2021)

Good understanding of detector response and
precise measurement of particle kinematics.
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Data Driven Detector Systematics

e Data-driven detector simulation: simulated
neutrino interaction is “overlaid” on top of
cosmic only data

*Eliminate modeling related to TPC/PMT for
cosmic simulation and reduce systematics

*Evaluate data-driven systematics of space
charge, recombination, optical model, GEANT4
uncertainties

*Pioneered a novel method to capture waveform-
level data/MC differences as a function of
positions and angular orientation of particle’s
trajectory as a correction and residual detector
modeling systematic
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Energy Excess



Events/MeV

/ooming in on MiniBooNE Low Energy Excess

Phys. Rev. D 103, 052002 (2021)
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ve CCQE Signal

MiniBooNE’s goal is to
investigate the excess seen by
LSND
e Testif the excess is due to
V, appearance from
sterile neutrino ~ 1eV?
MicroBooNE’s goal is to see if
we see an excess of electron
with respect to the intrinsic
neutrino beam or not

MiniBooNE, Phys. Rev. D 103, 052002 (2021)
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Events/MeV

/ooming in on MiniBooNE Low Energy Excess

Electromagnetic A
Sho:ver
N | | | I I I | I | I I | | I I | 1 | I I I | ] .
- | "o Data (stat err.) . 4 :. ..o.
- % ' 1 v, from p* - 4 [
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® -vsfromK0 B 0.:. .':
6f—--- I «° misid — > o® ©
3 + ANy ] 10 Background (NC resonance)
=i I dirt ] .
s 1 Other\ r® MisID constrained from in situ
—— s B . measurement of NC mCrate
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Events/MeV

/ooming in on MiniBooNE Low Energy Excess
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How to solve a puzzle like MiniBooNE Low Energy Excess

Excess in
A - Ny
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How to solve a puzzle like MiniBooNE Low Energy Excess

Excess in Excess in
e A - Ny
(" Ve 1eOpOn\ (" v, lelp h (" )
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How to solve a puzzle like MiniBooNE Low Energy Excess

Excess in
A — Ny

Excess in
e

1yOp candidate data event
Y

nBooNE

MicroBooNE Data
15 (m Run S187 Subrun 188 Event 9430

BNB Data, Run 5924 Subrun 2 Event 109
Reconstructed shower energy: 2.8 GeV

1y1p candidate data event

- 1eX candidate data event =
RUN 8617 SUBRUN 46 EVENT | B

MicroBooNE Data, Run 5462 Subrun 14 Event 732




Modeling the Low Energy Excess

Q Excess in
A - Ny




Modeling the Low Energy Excess

Many literatures for models to
Excess in explain MiniBooNE excess Excess in

e First test: use empirical LEE A —> Ny
model in MicroBooNE



Modeling the Lovv Energy Excess

Excess in

e

>
()

=

Excess Events/

1.0

0.8

© o © o
o N H »
T T

|
©
(M)

————— 1°° v, 6.46X10°° POT
«— 2" vy, 6.38x10°° POT

Take background
subtracted excess of data
events in MiniBooNE

Excess in
A— Ny
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Modeling the Low Energy Excess

Excess in

e

MicroBooNE simulation

— |

- --e--1° vy, 6.46x10°° POT ]

100 —— 2™ vy, 6.38x10%° POT 4

% B . ]
E 0.8__' _é_l __:
?_‘5 B ]
S 0.6__—'#-1 ]
D . F . ]
n 0.4__1 ‘_%4 '__'
(2] - —— -
ot T e -
S 02 o L] o
uJ B [ 5 - ;
| 1 l ke + -?—-L--é:--. '; _

0.0 - R —— et .

— -4 - 1 -
VA S BT | | ] [

™! eLEE model
leXpNm (N >0, X =0)
B 1eNpOm (N >0)
1leOpOmn

Assume excess is
intrinsic v,
Unfold to true energy
Apply to MicroBooNE to
benchmark the analysis
wrt excess
(Scaling is allowed to
float)

1 2
True Neutrino Energy [GeV]

o i

Assume excess is

Unfold to true energy
Apply to MicroBooNE
to benchmark the
analysis wrt excess

(Scaling ~3.18)

Excess in
A— Ny

80 NC A — Ny I NC1r° Resonant A(1232)

LEE Model (x =3.18)  [IlINCt® DIS

[ A Other Backgrounds  |[lNC1° Higher Resonances
2/, Total Unconstrained
Background & Error
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Analysis Method for MicroBooNE Low
Energy Excess Analyses




The single photon LEE search

Pandora reconstruction

* A — Ny search utilizes 1y1p and 1y0p which are fit simultaneously to maximize
signal statistics

 Major challenge is understanding and rejecting NC ¥ backgrounds

* In situ measurement used to constrain the background
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The electron channel LEE search

Three complementary analyses using 3 fully automated reconstruction probing different final states

Run 6046
Subrun 72
Event 3633
Enu=1060 MeV

e1p candidate data event
Y-plane E

didate data event

B Run: 11001 Subrun: 42 Event: 2145

Wirecell reconstruction
JINST 16, P06043 (2021)

Pandora reconstruction
Eur.Phys.J.C 78 (2018) 1, 82

Deep Learning
JINST 12, P03011 (2017)
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The electron channel LEE search

Three complementary analyses using 3 fully automated reconstruction probing different final states

Run 6046
Subrun 72
Event 3633
Enu=1060 MeV
Y-plane

Deep Learning.

Use Convolutional Neural Net to
label tracks and showers from
input pixel image

Aim for high purity of CCQE signal
selection (oscillation signal)
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The electron channel LEE search

Three complimentary analyses using 3 fully automated reconstruction probing different final states

1e1p candidate data event

v, 1e0p0n MB' Ve 1eNpOm

didate data event p
B Run: 11001 Subrun: 42 Event: 2145 o) RUN 8617 SUE
p

Pandora reconstruction

Use patterns recognition in 2D to build 3D
reconstruction of interaction

Semi-inclusive pion-less final states

1eNp: more sensitive to empirical model of
MiniBooNE result

1eOp: Mitigate uncertainties related to proton
multiplicity, kinematics, and reconstruction
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The electron channel LEE search

Three complementary analyses using 3 fully automated reconstruction probing different final states

Wirecell reconstruction

Use tomographic image to turn

2D charge information to 3D

charge.

* Fully inclusive selection

* Least sensitive to the cross-
section models
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Common Strategy

MicroBooNE is a surface detector:

* 97% of triggered events have only cosmic activity

e Events with a neutrino typically contain 20 cosmic muons

* Matching with PMT flashes is used to identify the true
beam neutrinos

Measured
Our PMT's Light Pattern
\ MicroBooNE Data
Y (vertical) ) / ' e ‘ "—..
" 3 o . @ “ .
3 ® @ o0 .. ®
——Z (beam)
@ O
- 00 .
00 Qo
Predicted
Light Pattern

JINST 16 P06043 (2021)

Cosmic rejection > 99.7%
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MicroBooNE 4.05x10'° POT

<4 DATA: Beam ON - Beam OFF

Common Strategy = LTy
p ;’ 800 1 wmm pion +
o mo P

“ o

+

)
it *#*ﬁﬁﬂ;fﬁf‘»‘

-1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
Three-plane P

p, U, m°

0.5

Observed/Predicfed

tagging

J. High Energ. Phys. 153
(2021)

e/y separation

60 MicroBooNE 6.86 x102° POT
E Dirt (Outside TPC) ve CC

e v other Uncertainty
o 504 = Cosmics 4 BNB Data
~ R 0
> v with it
)]
= 40
a8
S 30 y —e-+e
~
)
‘= 20+
—
c
w

10

0

2 3 4 5
shower dE/dx [MeV/cm]
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CO m m O n St rate gy Convolutional neural network for multiple particle

identification in the MicroBooNE liquid argon time
projection chamber
Phys.Rev.D 103, 092003 (2021)

512x512x1

.

AvgPooling, 2x2

AvgPooling, 2x2

AvgPooling, 2x2
AvgPooling, 2x2
AvgPooling, 2x2

Fully Connected Layer, 12,288 nodes

Fully Connected Layer, 1,536 nodes

.

|
.

MicroBooNE Simulation

p e vy p 7

MPID Score 0.89 0.95 0.85 0.06 0.17
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Common Strategy: BDTs

— Boosted decision tree (BDT): common tool
@ used to separate signal from background.
p

2 BDTs, 16 variables

1eNpOm loose selection

Cosmic Rejection

lelp

MicroBooNE 6.86 x102° POT
EEE Dirt (Outside TPC) W v with n°

=i = . cc * 19 kinematic variables

v other

p, 1, m°

tagging (e.g., QE consistency)

* 4 jonization variables
(e.g., shower labeled
pixel fraction)

Entries /0.1

Event Selection
Final and sidebands selection

0 : 0.4 0.6 0.8 “ '
BDT Score 1y1p i E l
L 46% efficiency, 82% purity 5

1y1p e
5 boosted decision

(==}
D

0.6

&E 1veCC N trees to reject
efficiency \ baCkgroundS from

. . 0.2
------ finalized v,CC BDT cut value 1V 1 p to po I Ogy
Gl —10 -5 0 5 10 G
p v,CC BDT cut value 60

purity

&
'S




Common Strategy

Cosmic Rejection

p, u, m°

tagging

Event Selection
Final and sidebands selection

v, 1e0p0m v, 1eNpOm

* Reconstructed n® mass within 5%
of 135 MeV/c2
 Used to calibrate the shower

n® selection
175 - MicroBooNE 6.86 x102° POT
I Dirt (Outside TPC) Em v. CC
150 B Cosmics Uncertainty
N& [ v other 4 BNB Data
- v with n°
% 125 v with
>
© 100
—
~~
.6 7o
fror
& 50
L
251

o

100 200 300 400 500
M,, [MeV/c?]
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Common Strategy

Cosmic Rejection

High statistic inclusive contained v, selection
to constrain v, systematics
* Flux: both ve and vu come from the same

p, u, T° :
tagging beamlme,.and hadrc?ns |
* Cross section: Both interact in argon
v, selection
: 3000
Event Selection MicroBooNE 2.13 x102° F(’:CC)T
. . . Di utside TP Ve
Final and sidebands selection 2500 - = i S Uncertaiity
> I Cosmics 4 BNB Data
& 2000 RESHSE
2 v, purity: 77%
Z 1500+
k)
£ 1000-
wl
500

02 04 06 08 1.0 12 1.4
Reconstructed Neutrino Energy [GeV]
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Common Strategy R — e o oA
& “00-"Tmmm NC 17° Non-Coherent B CCv, 17° 1 §®
w 3502_[:] BNB Other @ CC vJT Intrinsic = $
= @I Dirt (Outside TPC) E==3 Cosmic Data
300 F-%%%%% Total Background and Error &
= —e— BNB Data, Total: 634 ~ < shower2
: : : MicroBooNE
Cosmic Rejection Runs 13 (5.84x10% POT) )
%y 2y1p Selection
NC z° purity: 63.5%
0] c
P, T 5., » ;;
tagglng g :_”'”’a’{’ll"‘i’/”llll/'l/(l/ 74{/1'/;; ’-A,/AAV
E 0.5 : : 3 ) 41 /
i .5 i E oA
Q o 10 20 30 40 50 60 70 80 90 100
! Reconstructed Shower Conversion Distance [cm]
Event Selection
Final and sidebands selection : fEmvweam — ey ~\
% 100—F—— BNB Other =3 CC v,/¥; Intrinsic &
— @ Dirt (Outside TPC) E==3 Cosmic Data 5
gol$%%%% Total Background and Error &
— —e— BNB Data, Total: 496 -
i 1cti 0 ; : - 7/ MicroBooNE *‘N shower 2
* High statistics n° interactions cof y Runs 1-3 (5.89x10 POT)
. 0 . H 2y0p Selection \_ Y,
e Used to constrain the t® backgrounds in the o 7 NC z° purity: 59.6%
A->Ny signal samples 2L
* validate shower reconstruction and § . ] kN
5 E 7 / / Ak //
energy measurement § N PR 99099Y);
20 S T O il 4 1 i
S % 0.05 01 015 02 025 03 035 04

Reconstructed n° Invariant Mass [GeV/c?] 63




Common Strategy

Cosmic Rejection

p, u, m°

tagging

Event Selection
Final and sidebands selection

v 1leNpOm .
. St selsction arXiv:2110.14065
MicroBooNE 6.86 x102° POT
—— constrained prediction === v with n°
p 201 — = eLEE model (u=1) mmm v other
> Bl Dirt (Outside TPC) v, CC
() B Cosmics © Uncertainty
O 15 7 -
g Ve purity: 80%
= Ve efficiency: 15%
010
.E
C
L
5 p
0 .

0.5 1.0 1.5 2.0
Reconstructed E, [GeV]

Reject over 99.7% of background events
from cosmic muons or 7°

Select v, with high purity despite large
backgrounds
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https://arxiv.org/abs/2110.14065

Common Strategy

1eNpOm v, selection

60
Cosmic Rejection MicroBooNE Simulation
50/ — flux
— - ——— (Cross section
RN 401 — —— detector + simulation statistics
P, U, 0 o) &0 —— total uncertainty
tagging L I g
20 [ -
Event Selection 107 — [
Final and sidebands selection '
0
: : 50
Systematic Constraint

Unconstrained
Constrained

| Error [%]
(@)

Ul
o

0.5 1.0 1.5
Reconstructed v Energy [GeV]
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Blind analysis STAGED

UNBLINDING analysis strategy and modeling.

Cosmic Rejection

p, u, T°
tagging

Event Selection
Final and sidebands selection

FROZEN

Goodness of fit test relative to

Entries / 0.14 GeV

N
o

)
w

[
o

w

constrained prediction motivated
the unblinding

* Data in non-signal region used to validate

* Selection is frozen before looking at
sideband data.

* The energy threshold is lowered gradually
towards full unblinding.

near far sideband
1eNpOm v, selection

A 4

MicroBooNE 6.86 x10%° POT
—— constrained prediction = v other
= = eLEE model (u=1) v, CC
BN Dirt (Outside TPC) 4 BNB Data
B Cosmics © Uncertainty
s v with n°
| Goodness of fit
= p-value: 0.277
LI
0.5 1.0 15 2.0

Reconstructed E, [GeV]



BNB Beam Ve 1e0p0m v, 1eNpOm

Blmd Analysis \ A\

__________________________________ ‘ Siman l. ' W ity
NuMI Beam '--.f"

ENmn,
v,
L N, selection

I
I
Cosmic RejeCtion : 141 MicroBooNE 2.00 x10%0 POT
l B Dirt (Outside TPC) . v, CC
- e, e
I E 10 e o - 0, CC 4 NuMiData
| _
o, u, ° : S e 54 observed
I o e
Event Selecti ' ?
: IR SIC U NuMI data for validation o - e
Final and sidebands selectio 0.5 1.0 15 2.0
Used for all v,-argon cross Reconstructed E, [ GeV ]
section measurements to date. e ssetton N
* High intrinsic v, relative to . o e e
"""""" BNB (5% vs 0.5%) 3 - + Nowionta
. 4.
* Selections not tuned on NuMI 3 12 gbser(;{e? ;
. ~ 31 .
data: applied after frozen, P pleciie
before unblinding BNB data £
1-
0-

0.5 1.0 1.5 | 2.0
Reconstructed E, [GeV]



Results
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Photon Results

Cy1p ™
P~

1y1p

NC A — Ny [INC1r° Resonant A(1232)

LEE Model (x,,=3.18)  |[EINC DIS

[_] Al Other Backgrounds ([l NC1x° Higher Resonances

¢« Total Unconstrained
- Background & Error MicroBooNE ty1p Data

(6.80x10% POT)

% Total Constrained
\' Background & Error

80

70

NN,

Unconstrained Constrained

1y1p
Unconstr. bkgd. 27.0 &+ 8.1 16
Constr. bkgd. 20.5 + 3.6
NC A — Ny +4.88 Data Events
LEE (zmB = 3.18) +15.5 Observed
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Photon Results

1y1p

[%2]
S ® NC A — Ny [INC1r° Resonant A(1232)
>
T LEE Model (x,,=3.18)  |[EINC DIS
[_] Al Other Backgrounds ([l NC1x° Higher Resonances
£« Total Unconstrained
- Background & Error MicroBooNE ty1p Data
(6.80x10% POT)
% Total Constrained
\\' Background & Error
4 )
1ylp SRRRUCURRRRRRNAY

Unconstrained

1y1p

Constrained

Unconstr. bkgd. 27.0 &+ 8.1
Constr. bkgd. 20.5 + 3.6
NC A —» Nv +4.88

LEE (zmB = 3.18) +15.5

16
Data Events
Observed

Events

1y0p

400 NC A - Ny I NC1r° Resonant A(1232)
- LEE Model (x, =3.18) P NC1iz° DIS

B ccv,/v,on° Bl NC1r° Higher Resonances
SO cC vV, (>0)m° Il NC1r° Coherent

%‘ Total Unconstrained

250 Background & Error

200

[_]All Other Backgrounds

150

100

= \\i\ %

MicroBooNE 1yOp Data

(6.80x10%° POT)

% Total Constrained
\\ Background & Error

Unconstrained

1yop

Constrained

-
1yOp

P

Unconstr. bkgd. 165.4 + 31.7 153
Constr. bkgd. 145.1 £+ 13.8 Data Events
NC A — Ny +6.55

LEE (zup = 3.18)  +20.1 Observed
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Electron Results
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Electron Results
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Electron Results
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Electron Results
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Interpretation



Common Strategy

Cosmic Rejection

p, u, °
tagging

Event Selection
Final and sidebands selection

Systematic Constraint

l

Statistical Interpretation
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Common Strategy

Cosmic Rejection

p, u, °
tagging

Event Selection
Final and sidebands selection

Systematic Constraint

l

Statistical Interpretation

Simple hypothesis
test
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Interpretation: Simple Hypothesis Test

Probability of the data
rejecting one hypothesis
assuming the other is true,
using a Ay? formalism.

Observed data is consistent with the
nominal NC A->¥N prediction well within

expected 1o of experiments.

The data rejects the LEE model hypothesis
in favor of the nominal prediction at
94.8% CL

Probability Distributions
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Simple Hypothesis Test

. o \ Simple Hypothesis Test [1eNpOn]
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Common Strategy

Cosmic Rejection
p, u, m°

tagging

Event Selection
Final and sidebands selection

Systematic Constraint

l

Statistical Interpretation

Simple hypothesis Signal strength
test measurement
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Interpretation: Signal Strength Comparisons

12

No evidence for an enhanced rate of
single photons from NC A—->Ny decay

above nominal GENIE expectations
x3.18 scaling disfavoured at 94.8%

C.L.

One-sided bound on the normalisation of
NC A->Ny events of X,< 2.3 (90% C.L.)

> 50 times better than the world’s
previous limit

)

<

A %% (data , x

|

Best Fit:

10

X =0

Best Fit: x,=0.0

2
X2 =5.53 (15 dof)

LEE Model
(x,,,=3-18)

| lll]llllLlllllLlllJ
5 6 {

[ Nominal GENIE NC A—Ny

rate (xA = 1) within 1¢

4
X, (Scaling of NC A—Ny)

X, <23 at the 90% CL



Interpretation: Signal Strength Comparisons

MicroBaoNE) 6:67 %1072 [POT Signal Strength Measurement [ 1eNpOr ]
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Events Observed / Predicted (no eLEE)

Summary of Electron and Single Photon Results

2.5 4

2.0

1.5:1

1.0

0.5 A

® MicroBooNE Observed
== Predicted, no eLEE (x=0.0)
=— Predicted, w/ eLEE (x=1.0)

0.0

lelp ICCQE 1eAipOn 1e0b0n

[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV]

leX
[0 MeV,600 MeV]

Events

1y1p

£

NC A — Ny

LEE Model (xMB=3.18)

[ ] All Other Backgrounds
Total Unconstrained

“Background & Error

I NC1r° Resonant A(1232)
BNCir® DIS

MicroBooNE ty1p Data

(6.80x10%° POT)
\ Total Constrained
\ Background & Error

N

Bl NC 1 Higher Resonances

b

Unconstrained

Constrained

Events

1yop

NC A — Ny
LEE Model (x__=3.18)
MB
W cc v,/v, on°
M cc /v, (>0n°

4 Total Unconstrained
- Background & Error

I NC 1 Resonant A(1232)
I NC1x° DIS

[l NC1r° Higher Resonances
[l NC 10 Coherent

[] Al Other Backgrounds

&

N

MicroBooNE tyOp Data

(6.80x10%° POT)
Total Constrained
Background & Error

Unconstrained

v,orNC4 —» Ny

* Investigated two hypotheses to see if the MiniBooNE excess originate from of

* No evidence for excesses relative to prediction in both selection: 95% CL to 30

Constrained
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Summary of Electron and Single Photon Results

Publication References

* electron neutrino:

* MicroBooNE collaboration, “Search for an Excess of Electron Neutrino Interactions in MicroBooNE
Using Multiple Final State Topologies®, arXiv:2110.14054, submitted to PRL

* MicroBooNE collaboration, “Search for an Anomalous Excess of Inclusive Charged Current Electron
Neutrino Interactions in the MicroBooNE Experiment Using Wire-Cell
Reconstruction”, arXiv:2110.13978, submitted to PRD

* MicroBooNE collaboration, “Search for an Anomalous Excess of Charged Current Electron Neutrino
Interactions Without Pions in the Final State with the MicroBooNE
Experiment”, arXiv:2110.14065, submitted to PRD

* MicroBooNE collaboration, “Search for an Anomalous Excess of Charged Current Quasi-
Elastic Electron Neutrino Interactions with the MicroBooNE Experiment Using Deep-Learning-
Based Reconstruction”, arXiv:2110.14080, submitted to PRD

* single photon:

* MicroBooNE collaboration, “Search for Neutrino-Induced Neutral Current Delta Radiative Decay in
MicroBooNE and a First Test of the MiniBooNE Low Energy Excess Under a Single Photon
Hypothesis”, arXiv:2110.00409, submitted to PRL
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More Statistics

Data used for
this analysis

2.0E21
= Delivered POT -~ POT on tape
Runi Run2 Run 3| Rung4 Run 5
1.5E21
1.0E21
.f/
."/“
n ’H m 5.0E20
2016 | 2017 =\, 2018 | 2019 2020

2015 |

A

Cumulative POT

Analyses are stats-
limited. Full
datasets will give
fuller pictures

More statistics to come.
Increasing the statistics by
2-folds
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Evolving Theory Landscape

Already started probing with first LEE results

Reco

Models opology

1e1p

1eNp

1eX

ete"

+ nothing

efeX

1yOp

1ylp

1yX

eV Sterile v Osc

v

v

Mixed Osc + Sterile v

v,

v,

v

—_—

v,

Sterile v Decay

V..

[13,14]

AN

[4,11,12,15]

Dark Sector & Z’ *

ANAN

[1,2,3]

More complex higgs *

(VA

Axion-like particle *

Res matter effects

SM y production

<

v

*Requires heavy sterile/other new particles also

Already
in the
works
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Evolving Theory Landscape

Decay of O(keV) Sterile Neutrinos to active neutrinos

— [13] Dentler, Esteban, Kopp, Machado Phys. Rev. D 101, 115013 (2020)

— [14] de Gouvéa, Peres, Prakash, Stenico JHEP 07 (2020) 141
New resonance matter effects

— [5] Asaadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018)
Mixed O(1eV) sterile oscillations and O(100 MeV) sterile decay

— [7] Vergani, Kamp, Diaz, Arguelles, Conrad, Shaevitz, Uchida, arXiv:2105.06470
Decay of heavy sterile neutrinos produced in beam

— [4] Gninenko, Phys.Rev.D83:015015,2011

— [12] Alvarez-Ruso, Saul-Sala, Phys. Rev. D 101, 075045 (2020)

— [15] Magill, Plestid, Pospelov, Tsai Phys. Rev. D 98, 115015 (2018)

— [11] Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 (2020)
Decay of upscattered heavy sterile neutrinos or new scalars mediated by Z’ or
more complex higgs sectors

— [1] Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121, 241801 (2018)

— [2] Abdullahi, Hostert, Pascoli, Phys.Lett.B 820 (2021) 136531

— [3] Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019)

— [10] Dutta, Ghosh, Li, PRD 102, 055017 (2020)

— [6] Abdallah, Gandhi, Roy, Phys. Rev. D 104, 055028 (2021)

Decay of axion-like particles

— [8] Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021)
A model-independent approach to any new particle

— [9] Brdar, Fischer, Smirnov, PRD 103, 075008 (2021)

~
Produces true
electrons
- e
-
Produces

> true photons

A
6><6
A

Produces
et*e- pairs

-

Overlapping eTe™

Leverage the power of
LArTPC technology to
distinguish between
models based on exclusive
final state topologies!
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MicroBooNE Higgs Portal Scalar Search

Side view ot Q

Hadron “%._

(not to scale) absorber

.....

e Search for e+e- decays from
scalars coming from NuMI
hadron absorber

1 event observed - 95% C.L.
excludes KOTO central value

1072
* reinterpretation
A central value

@ %
103
10—4 1 I 111 I 1 1.1 I 111 I 1 11 I 111 I 111 I 1 11 I I

0 20 40 60 80 100 120 140 160 180 200
Scalar mass mg (MeV/c?)

PhysRevlLett.127.151803

Search for a Higgs Portal Scalar Decaying to Electron-
Positron Pairs in the MicroBooNE Detector
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SBN Program: Definitive Test of Short-Baseline Oscillations

(relocated)

MiniBooNE

MicroBooNE
(operating)
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SBN Program: Definitive Test of Short-Baseline Oscillations

(relocated)

MiniBooNE

MicroBooNE
(operating)

Com Iete s Under |
P ] reconstruction
data taking 7
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SBN Program: Definitive Test of Short-Baseline Oscillations

(relocated)

MiniBooNE

MicroBooNE
(operating)
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Onwards to DUNE

Sanford Underground
Research Facility

Fermilab

-:"35'”500 m“es ’TJST/’ g --- TSN
<4300 kilome'® 2=
(7 I

S el | By )
Y= - e\ -
"7. v " ‘77 Vi:|’—"7v

 MicroBooNE demonstrated the power of LArTPC technology for precision neutrino analyses and rare
signal searches
* Performed end-to-end excess searches, cross-section measurements, BSM searches
* Lay out the foundation for precision oscillation measurements and other searches at DUNE through
physics measurements and detector R&D.
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Conclusion

* MicroBooNE has concluded its first search into the long-standing MiniBooNE LEE
puzzle by searching for excesses in electron-neutrino interactions and A->Ny single
photon production.

 MicroBooNE’s investigation of the MiniBooNE anomaly shows no evidence for anomaly
in electron or A—> Ny single photon samples

 MicroBooNE has demonstrated the excellent power of LArTPCs as the tool for
precision measurement

* Pioneering high statistics v-Ar cross-sections measurements, and BSM searches

* Published detailed detector performance results to be used by new and upcoming
LArTPCs, such as DUNE and SBN program

* More statistics to come and more analyses planned for probing into different channels
and more BSM searches
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