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MicroBooNE being
lowered into LArTF

BooNE
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Booster Neutrino Beam (BNB)
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Neutrino Fl.UX at MiCI’OBOONE MicroBooNE Simulation Preliminary

BNB @ MicroBooNE
Mean Neutrino Energy 0.8 GeV

Over 99% ",/ v,

~ 0.5% v, contamination!

.0 35 4.0 45 50
Energy (GeV)

468.5m Downstream
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf
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MicroBooNE being
lowered into LArTF

Signal region

Veto region
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Since turning on in 2015, MicroBooNE has amassed the largest
sample of neutrino interactions on argon in the world

I 2.0E21
—— Delivered POT POT on tape
Runi Run2 Run 3; Run4 Runs
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In today's talk | will be presenting results based on Analyzing remaining ¥z of our data from Runs

6.80x10%° protons-on-target (POT) from Runs 1-3 | 4-5 is well underway!
|
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Since turning on in 2015, MicroBooNE has amassed the largest
sample of neutrino interactions on argon in the world

I 2.0E21
—— Delivered POT POT on tape
Runi Run2 Run 3; Run4 Runs
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l
This was a blind analysis, so all development and ,
validation took place first using a small unblinded :
0.4x10%° POT from Run 1 sample (~1/17""the size) :
and 0.1x102%° POT from Run 3 sample
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Since turning on in 2015, MicroBooNE has amassed the largest
sample of neutrino interactions on argon in the world
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This was a blind analysis, so all development and
validation took place first using a small unblinded
0.4x10%° POT from Run 1 sample (~1/17""the size)

|
|
l
l
|
and 0.1x102%° POT from Run 3 sample :
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The MicroBooNE Detector

At MicroBooNE's core is an 85 metric ton /\ [3 Wire plane s]
Liquid Argon Time Projection Chamber (LAFTPC) 8192 wires

" MicroBooNE's
TPC during assembly

2 M \
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The MicroBooNE Detector

At MicroBooNE's core is an 85 metric ton /_\ [3 Wire planes]
Liquid Argon Time Projection Chamber (LAFTPC) 8192 wires

TPC being moved
inside cryostat

_—
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The MicroBooNE Detector

In addition we have a Light Detection

System consisting of 32 8-inch PMT's /‘\
.

&%

OO OO

Liquid Argon @ 89 K
y
xal
i - cryo®
MicroBooNE's

8" Photomultiplier Tubes
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Charged
particles!
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Scintillation light

Liquid Argon @ 89 K
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Scintillation light lonization Charge

(3 3 Wire planes
8192 wires

Liquid Argon @ 89 K Liquid Argon @ 89 K
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Scintillation light

Liquid Argon @ 89 K

lonization Charge

3 Wire planes
8192 wires
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Liquid Argon @ 89 K
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Scintillation light

Liquid Argon @ 89 K
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Scintillation light lonization Charge

/\ 3 Wire planes
8192 wires

(1 TPC
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Liquid Argon @ 89 K Liquid Argon @ 89 K
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Scintillation light lonization Charge

/\ /\

3 Wire planes
8192 wires

Electric Field
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[ Cathode

Liquid Argon @ 89 K

Liquid Argon @ 89 K
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Scintillation light

Liquid Argon @ 89 K

lonization Charge

3 Wire planes
8192 wires
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Liquid Argon @ 89 K
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Images like a digital bubble chamber, but
with added calorimetry: The color scale shows
the amount of deposited charge

Neutrino

COS S
mlc
Ria )

Run 5390, Event 1100
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Images like a digital bubble chamber, but Distinguish between exclusive final-state particle
with added calorimetry: The color scale shows multiplicities.

Ability to study precise final states to probe nuclear

the amount of deposited charge models and test event generators like never before

uBooNE _ UBOONE _  cCs,4protonevent
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LArTPC's can separate photons from electrons
due to fine spatial resolution and calorimetry

uBooNE

Photon
Candidates

Proton
“._ Candidate

Proton =~

Candidate

NC #° + 1 proton candidate data event
Run 15318 Subrun 159 Event 7958

—

Pt
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CC v, +1 proton candidate data event
Run 8617 Subrun 46 Event 2328




nBooNE

-

Distinct Gaps \ r /7

N

LArTPC's can separate photons from electrons
due to fine spatial resolution and calorimetry

Photon
Candidates

=

At

T —

Proton
Candidate

NC #° + 1 proton candidate data event
Run 15318 Subrun 159 Event 7958

uBooNE

No Gaps

Proton
“.._ Candidate

—
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CC v, +1 proton candidate data event
Run 8617 Subrun 46 Event 2328




LArTPC's can separate photons from electrons
due to fine spatial resolution and calorimetry

uBooNE

Photon
Candidates

< Proton
*»,_  Candidate

CC v, +1 proton candidate data event
Run 8617 Subrun 46 Event 2328
A pair producing photon quite literally has
twice the number of minimally ionizing
electrons, so has twice the charge deposited
at the start of the shower (dE/dx)
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Largest sample of
neutrino interactions
on argon in the

world /

Photon/
Electron
separation

Calorimetric : / \
Muon/Proton = .

separation

| Distinguish between
_exclusive final-state
jparticle multiplicities

What can we do when we
put all of these together?!

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 2021,



e Neutrino-Argon Cross-Sections

CcC v, 1p (vﬂ+Ar—> u+p) CCNp (vﬂ+Ar—> u +any protons, no x's)
Phys. Rev. Lett. 125, 201803 (2020) Phys. Rev. D 102, 112013 (2020)
18 o 3 T T T T | T T T T I T T T T I T T T T | T T T T ]
®  MicroBooNE Data 4.59x10' POT & C —e— B ]
(5 m MC 2 == § 2.5:_ --- GENIE v3; xz/dof=19.0/6_:
Simulation f— i - » NuWro, X“/d0f=29.5/6
—_ . G) r - NEUT, x¥dof=42.1/6
Ng |E 12+ GENIE Nominal ... % 2f S0, AT,
g; GENIE v3.0.6 S - ]
S o9t NuWro 19.02.1 & 1.5 ]
Bt g [ ]
— NEUT v5.4.0 5} C ]
g% & GiBUU 2019 { ‘:2 na g
§ _— 2 05 _
a0 © L ]
o =g ¥ | g N
-0.7 —04 0.0 0.4 0.8 1.0 0 1.5 2 2.5
cos(6,) pee° (GeV/c)

Plus many more!
Flux-Averaged Inclusive CC v_ Cross-Section using NuMI (Phys. Rev. D 104, 052002 (2021))

Inclusive CC v, Differential Cross Sections (Phys. Rev. Lett. 123, 131801 (2020))
vﬂ—Ar multiplicity comparisons to GENIE model predictions (Eur. Phys. J. C 79, 248 (2019))
First measurement of CC vpn° production on argon (Phys. Rev. D 99, 091102(R) (2019))

y
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.104.052002&v=6412d656
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3#citeas
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102

e Beyond Standard Model Physics

Search for a Higgs portal scalar decaying to Search for he_avy n_eutlral leptqns decaying
electron-positron pairs in the MicroBooNE into muon-pion pairs in the MicroBooNE
detector detector

1072

* reinterpretation 10-6
A central value F

5 Majorana ¥
N
(@]
%, 3
. ©
107 » = é F
: § [ [ == (Observed
[ KOTO** / e o [ [ == Expected
- LSND* £l | MicroBooNE I Expected 1o
=3 POT: 2.0x102° Expected 20
[ 10-8 : : . ,
I . 300 350 300 350
10 6505000 30 ed ee 500 Mass [MeV] Mass [MeV]
Scalar mass mg (MeV/c?)
https:.//arxiv.org/abs/2106.00568 (Accepted to PRL) Phys. Rev. D 101, 052001 (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
https://arxiv.org/abs/2106.00568

e Search for the origin of the MiniBooNE Low-Energy Excess!

Mark Ross-Lonergan - HiDDeN Webinar -  Oct 19" 20214 :



MiniBoOOoNE was an 800 metric ton mineral oil (CH)

Cherenkov detector built to look for v appearance in the
primarily v, Booster Neutrino Beam

-

It detected v_by the electrons —

......

NYLC S . b produced in charged current (CC) “5@ i
: X interactions. v, X A
_________________ . -
\_
i o "
. X € -~
However, photons, that pair P ¢ &
Electron Cherenkov ri t in MiniBooNE - %
ectron erenkov ring event in Miniboo prOduce eXtr?mely Cplllmated f\\ 3%
electron/positron pairs produced -
an identical Cherenkov ring

\
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Phys. Rev. D 103, 052002 (2021)
:H_L Neutrino mode only
2
1
1

hd
L

MiniBooNE Predicted Backgrounds % F LI — LI — LI — LI I N B ) L B B B I B T E
s r [ v, from 3
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- I dirt .

5 I I other 7

——— Constr. Syst. Error E
4 =
3 MiniBooNE Collaboration _:

8.2 0.4 0.6

neutrino energies true
electrons from the
intrinsic v_ in the beam
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——
ﬁ ESE (GeV)
At higher reconstructed Y s
e
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

MiniBooNE Predicted Backgrounds

-~ 3
X € ;g&
il
A

L2

At lower reconstructed neutrino energies
photons become the dominant
backgrounds. These come primarily from

e Neutral Current (NC) z°
Mis-identification

e Dirt (events scattering in from
outside detector)

e NCA—-Ny

:> 3 MiniBooNE Collaboration
Phys. Rev. D 103, 052002 (2021)

1 v,from u r
1 v, from K "
& v, from K

I ° misid

O A— Ny

I dirt

[ other

Constr. Syst. Error

Events/MeV

IIIIIIIIIIIII

Neutrino mode only

2 H

ESN
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

1 L =
8.2 0.4 0.6 1.4 3.0
ESE (GeV)

At higher reconstructed ﬁ »8
neutrino energies true Sﬁf‘j~ 3
electrons from the e Qé 0{
intrinsic v_in the beam %’ i
dominate i .‘."
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

I e Data (stat err.)I
] v, fromp*”
O v, fromK""
= v, fromK°
I ° misid
CCA-Ny
I dirt
[ other

——— Constr. Syst. Error
+__ - Best Fit

MiniBooNE Low Energy Excess (LEE)

a

vents/MeV

J
E
»
TTT{TTTT]
+

An excess of events!

After several updates, with data collected
2002-2019, its significance is now 4.8¢ 3
(systematics limited) when combining all neutrino
and antineutrino beam data

MiniBooNE Collaboration
Phys. Rev. D 103, 052002 (2021)
Neutrino mode only

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

8. . 6 ] ; . 3.0

ES® (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

Electrons? ¢ £

= ®%
If the excess is indeed truly electron in origin, they need to come from VI.I
somewhere.

e The BNB beam is ~0.5% v, (>00% vu/vu) ,‘ VT

e Neutrino v, =7, oscillations?




Electrons? ¢~ = %
,y S

If the excess is indeed truly electron in origin, they need to come from V[.l
somewhere.

e The BNBbeamis ~05%v_ (>99%v /7 ) \/"e VT

e Neutrinov, — v_oscillations? ED:I

e Oscillations at this energy and distance requires the existence of v ?

an 4 (sterile) neutrino S "

e

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19™ 20218



Electrons? ¢ %
> <y
If the excess is indeed truly electron in origin, they need to come from Vu
somewhere.
e The BNBbeamis ~05%v_ (>99% vu/ﬁﬂ) \’e VT

e Oscillations at this energy and distance requires the existence of

e Neutrinov, — v_oscillations? lfl:llj
an 4t (sterile) neutrino vs

e Justa 4™ neutrino? Difficult to explain both MiniBooNE excess and
all other global data.

If truly electrons one generally
needs to invoke new physics
associated with the neutrino
sector. Profound ramifications
for all particle physics,
astrophysics, and cosmology.

e More complex models can help alleviate the tension:
Mixed oscillations and decay

Resonance matter effects
Additional sterile neutrinos

Non-unitary mixing
.. + Many more!

O
O
O
O
@)
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Electrons? ¢~ = %
g s

4 )

Both the wider evidence, and wider search, for short-baseline
oscillations extends globally beyond MiniBooNE and
MicroBooNE!

LSND, Reactor & Gallium anomalies all provide hints and
many future experiments aim to probe this exciting direction

e ™~ ——— —
\»\ S

=

ICARUS &

=
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If truly electrons one generally
needs to invoke new physics
associated with the neutrino
sector. Profound ramifications
for all particle physics,
astrophysics, and cosmology.




I e Data (stat err.)I
] v, fromp*”
O v, fromK""
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: I dirt
[ other

——— Constr. Syst. Error
+__ - Best Fit

Or Photons?

a

Events/MeV

IF11IIII|

Several sources of photons in MiniBooNE 6
backgrounds:

MiniBooNE Collaboration
Phys. Rev. D 103, 052002 (2021)
Neutrino mode only

e NC z°Mis-identification 3

e Dirt (events scattering in from outside 1
detector)

3.0

ES® (GeV)

e NCA—-Ny

B Y
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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i E [ v8 frqm K° E

Several sources of photons in MiniBooNE °F Y- — E

. - | I dirt -
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4 + ------- Best Fit ]

® 3 + MiniBooNE Collaboration =

I Phys. Rev. D 103, 052002 (2021) 1

:I:\:F' Neutrino mode only ]

2 === -]

° 1 -
8.2 0.4 0.6 0.8 1 1.2 1.4 3.0

e NC A—Ny (Neutral Current A radiative decay)

NC A—Ny is a source of photons not constrained directly by the
MiniBooNE experiment; rather, the rate was predicted by using the
measured NC z° and assuming a theoretical branching fraction for
the radiative decay.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

....0r Neither?

Rich phenomenology developing in recent
years around the possibility of the MiniBooNE
excess being due to e'e” pairs from decays of
new exotic particles.

e Decays of new dark gauge bosons (Z)
o E. Bertuzzo, S. Jana, P. AN. Machado, R.Zukanovich Funchal
Phys.Rev.l ett. 121 24, 241801(2018)
o P. Ballett, S. Pascoli, M. RL Phys. Rev. D 99, 071701 (2019)
o A. Abdullahi, M, Hostert, S.Pascoli Phys.Lett.B 820 136531(2021)

e General Extended higgs sectors + Decay
o B. Dutta, S. Ghosh, T. Li Phys. Rev. D 102, 055017 (2020)
o W.Abdallah, R. Gandhi, S. Roy Phys. Rev. D 104, 055028 (2021)

e Decays of leptophilic axion-like particles
o C.V.Chang, C, Chen, S. Ho, S. Tseng Phys. Rev. D 104, 015030 (2021)

e +many more

Mark Ross-Lonergan - HiDDeN Webinar -  Oct 19" 20214
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241801
https://doi.org/10.1103/PhysRevD.99.071701
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2021.136531&v=b101b453
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.104.055028&v=abea7e1b
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.104.015030&v=065be753

....0r Neither?

Rich phenomenology developing in recent

. _I_ _
years around the possibility of the MiniBooNE Overlapping f e
excess being due to e'e” pairs from decays of ,»\
new exotic particles. %; -
Sabe,

(L

everage our LArTPC technology! Not all models are the same

Distinguish between models based on exclusive final state topologies

Hadronic

Displaced vertex
No activity at shower P ,ée‘\'"
hadronic start & S
activity <
‘O

et

)
,f,\‘°
ée

Displaced
vertex +
not-pointing

- HiDDeN Webinar -  Oct 19" 20214 P

Mark Ross-Lonergan




cLrons Pho to
Od’

95

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 2021



cLrons Pho to
2

NC A—N
3+1 Oscillations Y

Coherent photon

Oscillations+Decay production

Heavy Neutral Leptons Extended higgs sectors

leptophilic axion-like Dark gauge bosons (Z')

Mark Ross-Lonergan - HiDDeN Webinar -



First Series of MicroBooNE Results

Three complementary
electron LEE analysis
targeting a variety of
topologies, inclusive and
exclusive, with different
reconstruction paradigms
(More on this later:))

3+1 Oscillations

Oscillations+*Decay

Heavy Neutral Leptons

leptophilic axion-like

Mark Ross-Lonergan - HiDDeN Webinar -

Pho o,

Oct 19" 20214

What I'm talking

about today,
MicroBooNE first LEE
photon search, targeting
single-photons from
neutral current A—>Ny
decays

NC A—Ny

Coherent photon
production

Extended higgs sectors

Dark gauge bosons (Z')



NC A—Ny in MicroBooNE

Mark Ross-Lonergan - HiDDeN Webinar -

Oct 19" 2021 488
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NC A—Ny in MicroBooNE

Neutral Current scattering, producing a
photon which travels some distance
before pair producing an e'e” pair

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 20215 "




NC A—Ny in MicroBooNE

Neutral Current scattering, producing a
photon which travels some distance
before pair producing an e'e” pair

51



NC A—Ny in MicroBooNE

)

L T —

MicroBooNE Simulation
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NC A—Ny in MicroBooNE

1y1p topology, primarily targeting A—py

Short proton candidate
with Bragg peak

Single EM shower
== pointing back to track

MicroBooNE Simulation

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 20215 . i




NC A—Ny in MicroBooNE

MicroBooNE Simulation

\@ < l 54
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NC A—Ny in MicroBooNE

1y0p topology, primarily targeting A—ny

Single EM shower

No proton-like activity
behind EM shower
(Neutrons
non-ionizing)

MicroBooNE Simulation

Mark Ross-Lonergan - HiDDeN Webinar -  Oct 19" 2021 £




Current Experimental Limits on NC A—Ny

6 (10°*cm?/nucleon)

This radiative NC A—Ny decay has never been directly observed in neutrino scattering

The Particle Data Group™ branching fraction for A(1232)—Ny is is 0.6% but many of these resonance
decays themselves have not been measured directly, but are inferred from baryon-photon
interaction amplitudes that are measured in pion- and photon-nucleon scattering experiments.
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Current best experimental limits in O(1 GeV)
range we are interested in are from T2K on
carbon, but the 90% CL is over 100x that the
of predicted rate'? of single-photon
production.

[1(E. Wang, L. Alvarez-Ruso, J. Nieves 10.1103/PhysRevC.89.015503)

p——
e

[2] Particle Data group PTEP 2020 (2020) 8, 083C01


https://iopscience.iop.org/article/10.1088/1361-6471/ab227d
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.015503
https://academic.oup.com/ptep/article/2020/8/083C01/5891211

MiniBooNE Collaboration Phys. Rev. D 103, 052002 (2021)

How much NC A—Ny would we need?
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We use this to define a benchmark directly testable LEE model, gm
to test whether or not our measurement is consistent with the g " e
MiniBooNE excess being entirely due to this process or not! ;1:Z++ ++
A multiplicative factor of x,,; = 3.18 enhancement to the o ‘
nominal predicted NC A—Ny rate in MicroBooNE 2 1 L
oF MiniBooNE Collaboration ! +

F Phys. Rev. D 103, 052002 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

NC A—Ny in MicroBooNE Simulations

Ig
MicroBooNE uses a custom tune of .
the GENIE v3.0.6 event generator &
3 9 F T —— Distribution of W in NC A—Ny(arb. units)
(Nucl.Instrum.Meth.A 614 (2010) 87-104) for T o2
simulating all neutrino interactions 4 r
UNIVERSAL NEUTRINO GENERATOR _ o F —— GENIE v3.0.6 W dependence
In our detector 15—
At BNB energies, dominant single-photon production 1 o= Maan GENIE B,
is expected to be resonant A(1232) radiative decay C ‘
05— .
All resonances in GENIE v3 are modeled with the B

Berger-Sehgal (Phys. Rev. D 76,113004) model N ¥ v S ¥ RN - S ¥R ¥
W, Invariant Mass of Resonance (GeV/c?)

Once a A(1232) resonance has been simulated GENIE
will then decay it to various final states based on the
assumed branching fractions of A—Ny and A—Nx°

P
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.113004
http://v

NC A—Ny in MicroBooNE Simulations

Neutrino-induced NC A—Ny cross-section on argon
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Resulting GENIE cross sections for producing NC A—Ny on
argon agree well with recent NC single photon production
theoretical predictions for argon (E. Wang, L. Alvarez-Ruso, J. Nieves

10.1103/PhysRevC.89.015503)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.015503

NC A—Ny in MicroBooNE Simulations

Neutrino-induced NC A—Ny cross-section on argon
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° This is a very rare and elusive neutrino process.
20

In the first 3 years of MicroBooNE data that | am
showing you today, at truth level this is only:
124.1 NC A—Ny events
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Resulting GENIE cross sections for producing NC A—Ny on
argon agree well with recent NC single photon production
theoretical predictions for argon (E. Wang, L. Alvarez-Ruso, J. Nieves
10.1103/PhysRevC.89.015503)

y
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The analysis in a nutshell

The analysis proceeds with the simultaneous side-by-side fit of four topologically distinct samples:

Two NC A—Nyrich
single-photon selections

¢ 1y1p 1y0p \

4 N )

~ Showe,
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The analysis in a nutshell
The analysis proceeds with the simultaneous side-by-side fit of four topologically distinct samples:
Two high-statistics NC z° rich

Two NC A— Ny rich EEj
single-photon selections two-photon selections
/ 1y1p 1y0p \ / 2y1p 2y0p \
4 N N N[ )
& § 5
& 3 5
& o\ﬂex"' & o‘*‘e&
= Shower r /I _- /I _-
/ ,” / ,”




The analysis in a nutshell

The analysis proceeds with the simultaneous side-by-side fit of four topologically distinct samples:

Two NC A—Ny rich EBj Two high-statistics NC z° rich
single-photon selections two-photon selections

/ 1y1p 1y0p \ / 2y1p 2y0p \

MicroBooNE Simulation MicroBooNE Simulation MicroBooNE Simulation
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The analysis in a nutshell

The analysis proceeds with the simultaneous side-by-side fit of four topologically distinct samples:

Two NC A—Ny rich EBj Two high-statistics NC z° rich
single-photon selections two-photon selections
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Data Pandora Flash Topological . Pre-Selection BDT Final
Reco matching Selection Cuts Selection Selections

All four samples
begin the same way

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 2021



ED DD,

All samples start with data, but first need to make sure we
understand it!

Leverage MicroBooNE's extensive suite of calibrations and
low-level detector modeling.

Signal Processing:
From raw signals on wires to 2D
reconstructed “hits’

Raw After Noise Filtering After 2-D Deconvolution Al.
Electric field calibration 750 (2 o & 40000
with both lasers and Calorimetry calibration MicroBooNE. . /| Rroo
; with crossing muons
cosmic muons ! 9 w00 [ 71 B
_ (E,-E)/E [%] @Z=518cm _ Eyilgﬂ[%] @Z=518cm s and Jt samples - . e ’\, \. /
3 g e B axey N : f AN 10000
50F £ 2500 T T T T T T T T T 7] @ 450 / = -
2 [ : Uncalibrated dQ/dx 7 = 5 A S
i Sl i | : Calibrated dQ/dx ] F ‘ 1 1 1 | 1o
_s0F 5 * i N . i i i i —] £ /
10 o i = f
. ! g —100F 300 —-10000
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cm om :~.. -
¥\v ~20000
(E,-E)/E, 1% @Z=518cm E,/E,[%] @Z=518cm s \
3 : ] 150
:MicroBooNE Data ] \ -30000
—40000
i 0 N iy 3
PR T R Y 0 20 40 60 80 0 Wzo 340 60 80 0 20 40 60 80
0 50 100 150 200 250 o 0 - 50 100 150 200 250 dQ/dX (ADC/cm) Ire{ mm Spacmg]

X [cm] X [em]

JINST 13, PO7006 (2018) JINST 12 P08003 (2017)

JINST 15 (2020) 07. P07010 JINST 15 (2020) 03, P03022,JINST 15 (2020) 02, P02007
JINST 15 (2020) P12037
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https://doi.org/10.1088/1748-0221/13/07/P07007
https://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08003
https://doi.org/10.1088/1748-0221/15/07/P07010
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12037
https://doi.org/10.1088/1748-0221/15/03/P03022
https://doi.org/10.1088/1748-0221/15/02/P02007

X, D S

The Pandora reconstruction framework (Eur.
Phys. J. C 78, 82 (2018)) clusters and matches
these 2D hits across planes and reconstructs
3D objects.

NC z° candidate in BNB data
].2 cm Run 15318 Subrun 159 Eyent 7958

- =
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https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6
https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6

Pandora
Reco

The Pandora reconstruction framework (Eur.
Phys. J. C 78, 82 (2018)) clusters and matches
these 2D hits across planes and reconstructs
3D objects.

Objects are grouped into slices, and classified
as tracks or showers based on a multivariate
classifier score.

The slices are also scored on how much they
look like neutrino interactions or cosmic ray in
origin.

NC z° candidate in BNB data
Run 15318 Subrun 159 Event 7958

> Piary b
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https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6
https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6

About 97% of triggered events have

cosmic only data

Of the remaining 3% that contain a
neutrino event, they also contain ~20

cosmic rays!

WBooNP _

Run 1463 Event 23. August 15t 2015 10:37
Eur. Phys.J.C 79 (2019) 8, 673
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Flash
atching

About 97% of triggered events have
cosmic only data

Of the remaining 3% that contain a
neutrino event, they also contain ~20
cosmic rays!

So in addition to the pandora neutrino
slice selection, we also compare the
flashes observed by the PMTs to
remove events where the slice is clearly
inconsistent with the beam related flash

Final
Selections

Measured
Our PMT's Light Pattern
\ MicroBooNE Data
/ "
Y (vertical) ‘ “’*..
@ &) “ B
(X ) ...
— > Z (beam)
@ O
T %
o0 Qo
Predicted
Light Pattern

JINST 16 P06043 (2021)

Mark Ross-Lonergan

- HiDDeN Webinar - Oct 19" 2021 48


https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06043

Topological
Selection

~— ——

All four samples ;},’;E
begin the same way SPLIT! 2y1p
2y0p

<

Today, focus on the primary

. ~ Shower
signal channel 1y1p w

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 2021§



Flash Topological §, Pre-Selection BDT Final

matching Selection Cuts Selection Selections
§ 60000 - Ne A o Ny [ NC 110 Coherent | |
Ju ~ [ NC 17 Non-Coherent B ccv, 1o First select all events with exactly 1 shower, and any
SO0 BNB Other [ ¢C vv: Intrinsic number of tracks.
- [ Dirt (Outside TPC) EZ Cosmic Data
40000—
- #4597 Total Background and Error HioroBooNE Combined Pandora + Flash-matching efficiency on
C %
SR / Simulation (6.80x10%° POT) NC A—Ny of 41.4%.
- 1y Selection
20000—
- e 51.4NCA—-Nyevents
10000}~
e ~110,000 Background events
| | |

0.3 0.35 0.4 0.45 0.5
Reconstructed Shower Energy [GeV]
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Topological

Selection
2 3500F 3 NC A > Ny [ NC 10 Coherent
o — @ NC 1x° Non-Coherent Em CCv, 170 20
w = 1 BNB Other 1 CC v//V, Intrinsic i
3000 Bt (Outeide TPC) —— AT Restrict ourselves to the smaller 0.41x10%° POT
[ 44444 Total Background and Error
2500~ "o BNB Data 6953 sample
= MicroBooNE
= Run 1 (0.41x10% POT) :
1500E- u 1y Selection Only lexpect 3f1 NC A—Ny events, hence why it was
= A considered blind
1000~ (252
500 T * g
= 2
i) H
_*Q‘ 15 ‘
ge) =8 v
o 1E '
o 2/ /
3 05F
S o i E é 3 i E ; a :
aQ 00 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Reconstructed Shower Energy [GeV]
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Topological

Selection

2 3500F 3 NC A > Ny C— NC 1n0 Coherent
o — @@= NC 1x° Non-Coherent @ CCv, 1n°
W 2000 = 1 BNB Other [ CC v/, Intrinsic
— I Dirt (Outside TPC) Cosmic Data
[ 44444+ Total Background and Error | NC A—Ny (x2500) |
2500—""o" " BNB Data 6953
2000E— MicroBooNE "
- ?‘ Run 1 (0.41x10°” POT)
1500 —¢#4, 1y Selection
1000
500 v
c
Xe]
k3
e}
o
o
8 05F
s . i
= 00 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Reconstructed Shower Energy [GeV]

Restrict ourselves to the smaller 0.41x10%° POT
sample

Only expect 3.1 NC A—Ny events, hence why it was
considered blind

\ Scale the NC A—Ny rate up by x2500 in order

to start to see it above the backgrounds!

e
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DR P

Events

Data/Prediction

120

100

-
&)l

o
o U

1 NCA->Ny 1 NC 1=° Coherent
I NC 17 Non-Coherent Em CCv, 170
1 BNB Other 1 CC v,/¥; Intrinsic
I Dirt (Outside TPC) Cosmic Data
44444, Total Background and Error NC A—Ny (x333)
—e— BNB Data, Total: 283

MicroBooNE

Run 1 (0.41x10%° POT)

1y1p Selection

0.4
Reconstructed Shower Energy [GeV]

Pre-Selection
Cuts

For 1y1p require there is a track candidate, as well
as applying a set of simple pre-selection cuts we
can greatly improve the situation, but still a way to

go

Shower start and vertex in fiducial volume

Remove bulk of

Minimum shower energy cut (>0.04 GeV) } Michel electron showers

Track containment in fiducial volume

. Aim to remove more
Maximum track length (<116cm) obvious muons tracks
Minimum Track dE/dx (> 2MeV/cm)

Remove extremely collinear track & shower
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£ 120 NC A - Ny [ NC 17 Coherent
o NC 17° Non-Coherent I CCv, 170
w 4qo BNB Other [/ CC v/ Intrinsic
I Dirt (Outside TPC) E==3 Cosmic Data
44444 Total Background and Error NC A—Ny (x333)
80——e— BNB Data, Total: 283
MicroBooNE
60— & Run 1 (0.41x10% POT)
1y1p Selection
40
20
s F ;
B 15 + 2 e
3 1__1_;—5- Lo il Zea ] 2y, e Z
x E . ’_f_‘ / Y Y
5 05F ‘ 4&** i
© = H H
e o0 01 0.2 03 04 05 0.6

Reconstructed Shower Energy [GeV]

From here we developed five tailored
boosted decision trees (BDT)'s to target the key
backgrounds that remain to the NC A—Ny signal
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Pre-Selection BDT Final
Cuts Selection Selections

icroBooNE Cosrric Dat £ 120 NC A - Ny 1 NC 17° Coherent
1ENoR00 Osmici-ata ] 3 NC 17° Non-Coherent I CCv, 170
Run: 16122 Subrun: 514 Event: 25729 o 100 BNE Other O &G V:/V_e Atfifisic
I Dirt (Outside TPC) E==3 Cosmic Data
44444 Total Background and Error NC A—Ny (x333)
80——e— BNB Data, Total: 283
MicroBooNE
60— Run 1 (0.41x10% POT)
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40
20
5
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g A7 7770955 5%
B 05 — 4
©
e o0 01 0.2 03 04 05 0.6

Reconstructed Shower Energy [GeV]




Pre-Selection BDT Final
Cuts Selection Selections

icroBooNE Cosrric Dat £ 120 NC A - Ny [ NC 17 Coherent
Icroboo osmic Data 0 * 0
Run: 16122 Subrun: 514 Event: 25729 2 =3 NC 17° Non-Coherent . CCv, 10
w 4qo BNB Othgr [ CcC ve{V—GIntrln3|c —*
I Dirt (Outside TPC) E==3 Cosmic Data
44444 Total Background and Error NC A—Ny (x333)
80——e— BNB Data, Total: 283
MicroBooNE
60— Run 1 (0.41x10% POT)
1y1p Selection
40
20
5
g 3 M 7 2%,
3 Y W 27 0 2002 2 AN
£ A7 2% 2
B 05 - 4
©
o o 01 0.2 03 04 05 0.6 18cm MicroBooNE Simulation

Reconstructed Shower Energy [GeV]
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Pre-Selection BDT Final
Cuts Selection Selections

icroBooNE Cosrric Dat £ 120 NC A - Ny [ NC 17 Coherent
Icroboo osmic Data 0 * 0
Run: 16122 Subrun: 514 Event: 25729 2 =3 NC 17° Non-Coherent . CCv, 10
w 4qo BNB Other [/ CC v/ Intrinsic —*
I Dirt (Outside TPC) E==3 Cosmic Data
44444 Total Background and Error NC A—Ny (x333)
80——e— BNB Data, Total: 283
MicroBooNE
60— Run 1 (0.41x10% POT)
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40
20
5
‘5 1 . 7 . e
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18cm

MicroBooNE Cosmic Data
Run: 16122 Subrun: 514 Event: 25729

BooNE

2Uem

uBooNE

CC v, focused BDT

MicroBooNE Simulatio

DatatPrediction
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[ NC 17° Coherent
s CCyv, 1 n0
[/ CC v/ Intrinsic
3} Cosmic Data
NC A—Ny (x333)

] NC 1 7% Non-Coherent
BNB Other
I Dirt (Outside TPC)
44444 Total Background and Error
BNB Data, Total: 283
MicroBooNE
Run 1 (0.41x10% POT)
1y1p Selection

iil 1

0.4 g 0.6
Reconstructed Shower Energy§GeV

MicroBooNE Simulation
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BDT
Selection

nuBooNE

18cem MicroBooNE Simulation
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. . . . *2 1 NCA—>Ny 1 NC 1= Coherent
o 3 NC 17° Non-Coherent s CCv, 1
Intrinsic ve Rejectlon BDT i 1 BNB Other =1 CC v/ Intrinsic
. [ Dirt (Outside TPC) E==3 Cosmic Data
Importa nt BDT variables: 120 44444, Total Background and Error NC A—Ny (x323)
—e— BNB Data, Total: 283
: MicroBooNE
e | ooking fora non-zero gap b.etween shower and Run 1 (0.41x10%° POT)
vertex (photon conversion distance) 1y1p Selection
e  Shower calorimetry (dE/dx)
2 gF I NCA Ny 1 NC 1n° Coherent
o E @ NC 17° Non-Coherent E CCv, 17° c
1 80— BNB Other [ CC vV, Intrinsic =
2o Dirt (Outside TPC) E==3 Cosmic Data © =
E 44%%% Total Background and Error NC A—Ny (x324) 2 g
60 ——e— BNB Data, Total: 283 N F¥
E  MicroBooNE 8 05
05" Run 1 (0.41x10% POT) B E ; ; : ; ; ; ; ; ;
40F- 0 01 02 03 04 05 06 07 08 09 1
30 = Intrinsic v, BDT Classifier Score
10E- Cut is placed at 0.747
5 F
S 15E i
8 NC A—Ny Efficiency: 71.4%
[n . . . -
E ; : 5 : : Intrinsic v_ Rejection: 96.8%
a 05 0 05 i 15 2 25 3

Log, , ( Reconstructed Shower Conversion Distance [cm] )
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e Invariant mass of the reconstructed photon-proton 60— g Pun (0.41x10% POT)
. 1p Selection
pair should peak at the A(1232) baryon mass wkE I—K
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events

Data/Prediction

Cosmic Rejection BDT

CC v, focused BDT

BDT
Selection

Second Shower Veto BDT

200 £ E NC A — Ny 1 NC 17° Coherent
E] NCA—> Ny [ NC 17 Coherent £ I NCA->Ny [ NC 17° Coherent e gop 4
250" NC 17° Non-Coherent @ CCv, 170 © 180[E==3 NC 17° Non-Coherent @ CCv, 17° ¢ %E NC 17 Non-Coherent B CCv, 1n®
[ 1 BNB Other I CC v/¥; Intrinsic it} [ BNB Other 1 CC v /¥, Intrinsic W 797 BNB Other =3 CC v/, Intrinsic
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- —e— BNB Data, Total: 283 —e— BNB Data, Total: 283 E—eo— BNB Data, Total: 283
150 — MicroBooNE 120 MicroBooNE 50— MicroBooNE
- Run 1 (0.41x10% POT) 10028 Run 1 (0.41x10*° POT) | w0E- Run 1 (0.41x10%° POT)
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60R33 = —>
50 40 20 = I

0.6 07 0.8 0.9 1
Cosmic BDT Classifier Score

Cut is placed at 0.953
NC A—Ny Efficiency: 83.6%

Cosmic Ray Rejection: 96.1%

Data/Prediction

e

05 06 07 08 08 1
CC v, focused BDT Classifier Score

0.4

Cut is placed at 0.985

NC A—Ny Efficiency: 49.0%
CC 1 z° Rejection: 96.0%
BNB Other Rejection: 98.9%
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Data/Prediction

1. i i
0.6 0.7 0.8 0.9 1

Second Shower Veto Score

Cut is placed at 0.709
NC A—Ny Efficiency: 57.7%

78.0%
86.5%

NC 17° Rejection:
CC 17° Rejection:
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Pre-Selection BDT Final
Cuts Selection Selections

All BDTs are trained explicitly to select well-reconstructed
NC A—Ny events.

While model-dependent, this leverages the kinematics
and correlations between the track and shower associated
with a A(1232) resonance decay for improved background
rejection




Pre-Selection Final
Cuts Selections

1y1p
§ [ dncasny [ ] NC 170 Coherent
. 25:—- NC 17° Non-Coherent B cc v, 17° Process Iy1p
- ] BNBOther [ cC vyv; Intrinsic (NC 17TU Non-Coherent 24.0]
20 Dirt (Outside TPC) EZZ cosmic Data NC 1z C(;)herent 0.0
r % Total Background and Error LEE Model (xMB =3.18) CC Vi Iz _ 0.5
15— MicroBooNE CC ve and e 0.4
C Simulation (6.80x10% POT) BNB Other 2.1
C . Dirt (outside TPC) 0.0
10— 1y1p Selection :
- Cosmic Ray Data 0.0
NN/ Total Background 27.0
°E NC A — N~ 4.88
C T L L, LEE (xMB = 3.18) 15.5

0.3 0.4 0.5 0.6
Reconstructed Shower Energy [GeV]

1y1p backgrounds are dominated by NC z°(89%), with negligible

Overall 1y1p NC A—Ny efficiency 3.9%
contributions from cosmics, dirt, intrinsic v, and CCnP's.

Rejected 99.98% backgrounds,
Thisisa 97.2% pure photon Sample with electron re_jection at relative to all Sing[e reconstructed

99.8% relative to all 1 track 1 shower events. shower events
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Pre-Selection Final
Cuts Selections
o 80F lLop
8 FL _InNca-ny [ ] NC 170 Coherent
" 70 NC 170 Non-Coherent B ccv, 17 Process 1~0p
eoE— BNB Other [ cc v Intrinsic NC 1772 Non-Coherent 68.1
- Dirt (Outside TPC) EZ=5 cosmic Data NC 1 Cooherent 7.6
50 ;‘% Total Background and Error LEE Model (x,  =3.18) CC Vi 1w _ 14.0
3 25397 MicroBooNE CC ve and e 11.1
= Z Simulation (6.80x10%° POT) ggtB(gi?s?:ie TPC) :1),2411
E— ‘ Op Selection Cosmic Ray Data 10.0
— Total Background 165.4
_________ NC A — Ny 6.55
e LEE (zyp = 3.18) 20.1

0.4 0.5

! 0.6 0.7
Reconstructed Shower Energy [GeV]

Without the proton to help tag the vertex, the 1y0p selection has
a lower NC A—Ny purity and a more diverse category of
backgrounds (Still very much NC z° dominant).

Overall 1y0p NC A—Ny efficiency 5.2%

Rejected 99.8% backgrounds, relative
to all single reconstructed shower

Despite this is is still a 83.2% pure photon sample with electron events

rejection is at 87.6%

Mark Ross-Lonergan - HiDDeN Webinar - Oct 19" 2021,
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Pre-Selection Final
Cuts Selections

. Yop
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70~ NC 17° Non-Coherent B cc v, 170
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Dirt (Outside TPC) EZZ3 cosmic Data
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Final predicted distributions for 6.80x10%° POT (first 3 years data).
We are first and foremost interested in the total rate of NC A—Ny.
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Events

1y1p

10077 NC A Ny [ ] NC 1n0 Coherent
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- MicroBooNE
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== ‘ry1)) Selection
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One Bin Countlng Experiment (Reconstructed Shower Energy [GeV])

Pre-Selection Final
Cuts Selections
L 1y0p
g I NcasNy [ ] NC 1x° Coherent
500 —{ NC 1 7° Non-Coherent B cc v, 170
T[] BNBOther [ ] cC vyv; Intrinsic
400|- Dirt (Outside TPC) EZZ3 Cosmic Data
C % Total Background and Error LEE Model (x, , =3.18)
300— MicroBooNE
» Simulation (6.80x10%° POT)
2,

0.6 Q3 0.2 0.4 0.5 0.6 0.7
One Bin Countlng Experiment (Reconstructed Shower Energy [GeV])

Final predicted distributions for 6.80x10%° POT (first 3 years data).
We are first and foremost interested in the total rate of NC A—Ny.

The final fits are performed with one-bin counting experiments for
both 1y1p and 1yop for all showers within the 0-0.6 GeV and
0.1-0.7 GeV ranges respectively.
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NC A— Ny efficiencies relative to all true NC A—Ny in the active TPC (124.1 events).

n
a

= C < 25
< [ Total Efficiency: = [ Total Efficiency:
§ " __\_\:\.«.}.\;\% 1,Y1 p: 4.0% é 20:_ ?\Q\;{'(% 1’Y1 p: 4.0%
5 % yop:5.3% E r %4 1y0p: 5.3%
Z [ — 1y(0+1)p: 9.3% z I — 1y(0+1)p: 9.3%
T 15— T 15—
< - -
o T < [
> L /. V. o -
L % z L
10— 2 10—
- i ' 2
3 A 5 =
: !! - "\
0: = Nl e b L L L 2 ol L L L F
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
True NC A — Ny Photon Energy [GeV] True Leading Proton Kinetic Energy [GeV]
The existence of the proton track in the 1y1p samples The threshold for proton kinetic energy where
allows for successful reconstruction and background events start to migrate from 1y0p to 1y1p selections
rejection of lower energy showers. is ~60 MeV.

Note: These efficiencies are over whole energy range, not restricted to final selection binning.

Mark Ross-Lonergan - HiDDeN Webinar -  Oct 19" 2021



Pre-Selection Final
Cuts Selections

Final 2y - Selections

2 EECNCasNy T NC 17 Coherent 2 [CaNCA-Ny = NC 17° Goherent
@ 180y NC 17° Non-Coherent @ CCv, 1n° S | ool N NC 17° Non-Coherent [ CCv, 1n°
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= @ Dirt (Outside TPC) E==3 Cosmic Data — B Dirt (Outside TPC) EZ==3 Cosmic Data
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2 120 MicroBooNE - MicroBooNE 5
2 (VA 100 Runs 1-3 (5.84x10% POT) 60— Runs 1-3 (5.89x10%° POT) 3
7] %80 = 2y1p Selection » 2y0p Selection ('§
;< 60— NC #° purity: 63.5% “E NC #° purity: 59.6% o
/ - = C
R :ZE 20— / :,‘(\o
& . P a b 7
3 s : : 114 & & 7 X
5 15F : LN B sk Z
8 1;%1// //////////M//% ;/}7/ b 1512 2%
T osf © PRI iz /:; 5 osf A
s F H ] : E A - = V2R, g
e 0 0.05 01 0.15 02 0.25 03 035 04 O 0j 01 o.’15 03 055 03 085 04
Reconstructed n° Invariant Mass [GeV/c?| Reconstructed 7° Invariant Mass [GeV/c?]
e Negligible contributions from NC A—N . .
gig Y Designed to be blind to both
e High statistics (1130 candidate NC z° data events) electron and photon LEE
. . hypothesis, so this is the full
e Help validate energy reconstruction and general dataset shown here

photon shower reconstruction
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Pre-Selection Final
Cuts Selections

Final 2y - Selections
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e Negligible contributions from NC A—Ny
e High statistics (1130 candidate NC #z° data events)

e Help validate energy reconstruction and general
photon shower reconstruction
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Final
Selections

Final 2y - Selections
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e Negligible contributions from NC A—Ny
e High statistics (1130 candidate NC #z° data events)

e Help validate energy reconstruction and general
photon shower reconstruction
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Uncertainty Estimates

A complete list of systematic uncertainties: Type of Uncertainty 1v1p 1~0p
Flux model 7.4% 6.6%
e Flux uncertainties GENIE cross-section model 24.8% 16.3%
e GENIE cross-section modelling GEANT4 re-interactions 1.1% 1.3%
e Geant4 hadron-reinteraction Detector effects 12.2% 6.4%
e Detector response & modelling Finite background statistics 8.3% 4.0%
e Effects of finite background statistics Total Uncertainty 29.8% 19.2%
g - Total Systematics Intrinsic MC Stats & f Total Systematics —— Intrinsic MC Stats
& 60: — Detector Systematics —— Flux Systematics S 601~ Detector Systematics —— Flux Systematics
% [ — GENIE Systematics Geant4 Systematics % I —— GENIE Systematics Geant4 Systematics
é 50— Data Sized Stats é 50} Data Sized Stats
g [ 2y1p g 2y0p I
40} 40—
30; |_| 3of
2°§‘: : — . T
10 7{ ! — 10 ——{ [
;,‘; L
7—,_.—'——, :’_‘:\_‘,’I——[
%501 02 03 04 08 06 07 08 0s % 0102 05 04 08 06 07 08 09
Reconstructed n° Momentum [GeV] Reconstructed n° Momentum [GeV]
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Uncertainty Estimates

A complete list of systematic uncertainties:

Flux uncertainties

GENIE cross-section modelling
Geant4 hadron-reinteraction
Detector response & modelling
Effects of finite background statistics

o o o/ o]eo

Type of Uncertainty

1ylp 1~0p

Flux model

7.4% 6.6%

GENIE cross-section model

24.8% 16.3%

GEANT4 re-interactions
Detector effects
Finite background statistics

L.17%  1.5%
12.2% 6.4%
8.3% 4.0%

Total Uncertainty

% 60l Total Systematics Intrinsic MC Stats = ; Total Systematics —— Intrinsic MC Stats
|n al_l cases the dom|nant Systemat|c 2 | — Detector Systematics —— Flux Systematics s 80" Detector Systematics —— Flux Systematics
. . . ‘u_: [ — GENIE Systematics Geant4 Systematics L:"_“ I —— GENIE Systematics Geant4 Systematics
uncertainty is the GENIE cross-section and 5 S0F— — Data Sized Sits £ 5ol Data Sized Stats
interaction (over 50 internal parameters & b 2y1p s oF 2yop

varied) uncertainty, followed by detector

effects. a0 20
20f= 201~

29.8% 19.2%

%)

Total systematic uncertainty 20-30% A Y e gz —
in majority of bins — ————— -
5 3 0 he 06 67 0 e % 0T 0 03 0d 05 08 07 05 ps

Reconstructed 7° Momentum [GeV]

Oct 19" 202148

Reconstructed n° Momentum [GeV]
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Although the NC #°

backgrounds in the 1y samples
have large uncertainties, they
are extremely correlated to
the high statistics 2y samples

1y1p

Systematic Correlation Matrix
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Systematic Correlation Matrix

Although the NC =° - oe§ In the joint fit the high statistics 2y
backgrounds in the 1y samples “%  samples will constrain the

have large uncertainties, they 1 background prediction and

are extremely correlated to oo o2 systematics in the one-bin 1

the high statistics 2y samples G

samples

= -0.6

-0.8

o 5

t1p - |
6 8 10 12 14
/ T ‘wn Numbe\

1y1p 1y0p 2y1p 2y0p
4 N\ ) )

~N

~

~

" ©
” 2 L2 1 NCA—> Ny [ NC 1x° Coherent L 2507 NC o> NC 170 Coherent
£ oI oo [ NG 1 Goherent H [ neasny [ ne 170 Coherent 3 **°F B NG 1 Non-Coherent B CCy, 17 3 F B NG 1% Non Goherent G, 1%
NG 170 Non-Coherent v, 110 NC 17° Non-Coherent B ccv, 1 [ BNB Other 3 CC v,/¥; Intrinsic o [———J BNB Other = CC vy¥; Intrinsic
(0 " 0 300 e
o = Dirt (Outside TPC) B2 Cosmic Data 12 200 Dirt (Outside TPC) E==3 Cosmic Data
0[] BNB Other [ cC vyv; Intrinsic [ eNB Other [ cc vyv; Intrinsic S peof 777 Total Background and Error S 44554 Total Background and Error
) ) ; g 7"¢”” BNB Data, Total: 634 s )
I oirt Outside TPC) =3 cosmicData Dirt (Outside TPC) EZ3 cosmicData P 212, Total 63 MicroBooNE B s T DR T roBOONE
= 2 z
sl 4% Total Background and Error LEE Model (x,,; =3.18) 454 Total Background and Error LEE Model (x,,, =3.18) g 2 Runs 1-3 (5.84x10% POT) 5 2 Runs 1-3 (5.89x10%° POT)
MicroBooNE MicroBooNE w 2y1p Selection o 2y0p Selection
Simulation (6.80x10®° POT) Simulation (6.80x10*° POT)

1y1p Selection

£ E
0.1 0.2 03 0.4 0.5 0.6 0.2 0.3 0.4 05 0.6 0.7 i i
One Bin Counting Experiment (Reconstructed Shower Energy [GeV]) One Bin Counting Experiment (Reconstructed Shower Energy [GeV]) % 3
] 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 S 0 0.1 02 03 0.4 05 06 0.7 08
o Reconstructed 7° Momentum [GeV/c] Reconstructed ©® Momentum [GeVi/c]
. . , . o
One-bin, Shower Energy One-bin, Shower Energy 7-bins, 7° Momentum 7-bins, 7° Momentum

\ from 0-0.6 GeV / \from 0.1-0.7 GeV / \ from 0-0.9 GeV/c / \ from 0-0.9 GeV/c /




1y1p BKG prediction - 27.0

Events

Effect of the constraint

60

stats 2y to highlight how the central value and 40

We conditionally constrain the 1y samples by the high 50;—
uncertainties change: _

30

20

lllI{lllIlIII

0 1 1 1 1 ‘ L 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.1 0.2 0.3 0.4 B 0.6
One Bin Counting Experiment (Shower Energy [GeV])

1yop

o

400 1yop BKG prediction - 165.3

Events

350

300

250

200

IIIIIIII|IIII|IIII|IHI|I

150

100

50

1 1 1 1 l 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7
One Bin Counting Experiment (Shower Energy [GeV])

- IIII|IIII|IIII|I

Mark Ross-Lonergan - HiDDeN Webinar -  Oct 19'" 202148



1y1p BKG prediction - 27.0
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Effect of the constraint Pol  1pylp
C 1y1p Constrained pred - 20.5
We conditionally constrain the 1y samples by the high B~
stats 2y to highlight how the central value and a0l
uncertainties change: N
e Overall drop in expected backgrounds by 24.1% I R
and 12.3%, for 1y1p and 1y0p o
0_||..\|..|l...|I..||I.|||I.1|.
e Overall reduction in systematic uncertainty of ’ > * One Bin Gounting Experiment (Shower Energy [GeV)
backgrounds by 40% and 50% for 1y1p and 1y0op = 10p BKG prediction - 165.3
- 350:— 1yop .
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Type of Uncertainty 1v1p 1~40p 300;_
Flux model 7.4% 6.6% 2501~
GENIE cross-section model 24.8% 16.3% 200F-
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Detector effects 12.2% 6.4% ! s
Finite background statistics 8.3% 4.0% 1001~
Total Uncertainty (Unconstr.) 29.8% 19.2% sof-
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Nearing signal box opening

Validation on
Analysis Development signal-blind
data

e The small unblinded 0.5 x 10%°
POT dataset

e The high stat NC ° rich 2y
samples.

Mark Ross-Lonergan - HiDDeN Webinar -

Oct 19" 20
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Box!




Nearing signal box opening Signal-blind validation samples

?2 2
Validation on .
Analysis Development signal-blind Far Sideband Signal |4
data Box!

e The Far Sidebands
o Allevents that fail NC z° BDT OR CC v, BDT

o  Aim: validate BDT's on high purity single-shower
proton and photon samples (~90% true photons
protons in simulation)
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Nearing signal box opening

Analysis Development

Validation on
signal-blind
data

The Far Sidebands

o Allevents that fail NC z° BDT OR CC v, BDT

o  Aim: validate BDT's on high purity single-shower
proton and photon samples (~90% true photons
protons in simulation)
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Signal-blind validation samples

Far Sideband

-~

Near Sideband

Signal
Box!

e The Near Sidebands
o Designed to validate the Second Shower Veto.

o  Select events that look NC A—Ny like, but have
evidence of a second shower that missed 3D reco

N Webinar -

Events

Data/Prediction
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Analysis Development, » Validation on
Systematics and ) signal-blind Far Sideband 4 Near Sideband

sensitivity evaluation




Live (ertual) Unblinding
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before box
opening
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Two example 1y1p events from our signal search unblinded data!

uBO(@

17 m Run: 9524 Subrun: 127 Event: 6375

uBO(@

15 m Run: 11742 Subrun: 213 Event: 10657

Shower energy 0.215 GeV

Track length : 35.0 cm

Proton kinetic energy: 0.238 GeV
Shower conversion distance : 13.4 cm

Shower Energy 0.469 GeV

Track length: 6.7 cm

Proton kinetic energy: 0.091 GeV
Shower conversion distance : 55.4 cm




Expectation

Events

1y1p

80 NC A —» Ny

LEE Model (XMB=3.1 8)

I:I All Other Backgrounds

</ Total Unconstrained
“Background & Error

70
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N

[TINC12° Resonant A(1232)
B NCi® DIS
Bl NC1x° Higher Resonances

§ Total Constrained
§ Background & Error

Unconstrained

1y1ip

Constrained

Unconstr. bkgd. 27.0 £ 8.1

Constr. bkgd.

20.5 £ 3.6

NC A — Ny +4.88
LEE (zump = 3.18) +15.5
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Expectation

Events

1y1p

80 NC A —» Ny
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B NCi® DIS
Bl NC1x° Higher Resonances

§ Total Constrained
§ Background & Error

Unconstrained

1y1p

Constrained

Unconstr. bkgd. 27.0 £ 8.1
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Unblinded Results

1y1p

Events
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Testing the NC A—yN LEE Hypothesis

In order to test the compatibility of the observed
data with our LEE model we construct a simple
two-hypothesis test between:

e Nominal GENIE prediction for NC A—Ny
rate

e LEE Model (x,, = 3.18) enhancement of NC
A—Ny rate

We use the combined Neyman-Pearson® 2 as our
metric

2 2 2
Ax® = x"|LEE Model(zmp=3.18) — X |Nominal A—N~

T X Ji et al, Nucl Instr. and Meth. A 961, 163677 (2020).
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Testing the NC A—yN LEE Hypothesis

In order to test the compatibility of the observed
data with our LEE model we construct a simple
two-hypothesis test between:

g 02/
e Nominal GENIE prediction for NC A—Ny g F o L 5 z
3 0.8 <~ LEE Model (x, = 3.18) a g a
rate T OF N\ g
D 016, 3
e LEE Model (x,, = 3.18) enhancement of NC z F % o Bredifion
@ 0.14— 74
A—Ny rate 3 F
& 012
We use the combined Neyman-Pearson® y? as our o R\
. [— Median Sensitivity N
metric 0,08 15° ANE
— 2 0.06] N
AX =X |LEE Model(xpmp=3.18) — X ’Nominal A— N~y 004:_
0_02:_ \/?
0: R Ty O I ANDPER 9.9.4 | XK y A
-15 -10 -5 0 5 10

—20
2 _ m2 _ 2
A X = X’LEE Model (xMB=3.18) XNominaI

T X Ji et al, Nucl Instr. and Meth. A 961, 163677 (2020).
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Testing the NC A—yN LEE Hypothesis

g 0.2

E 0.18

Observed data is consistent with the nominal §O.1e
NC A—pN prediction well within expected 1o :‘é g
of experiments. Tila
0.

The data rejects the LEE model hypothesis in 008
favour of the nominal prediction at 94.8% CL oo
0.04

0.02

0
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A fit to NC A—yN Normalization

Elevate this normalization scaling
to a continuous parameter, x,,
and perform a fit to extract the
best fit and classical confidence
intervals, via the Feldman-Cousins
proceduret

Best Fit:
XA =0

12

10

A %% (data , x)

OO

Best Fit: x,= 0.0
90% X2 =5.53 (15 dof)
B Min
[ = 95%
-IIIEIIIIIIIIIIllllllllllllllllllll
1 2 3

Nominal GENIE NC A—)Ny]

[ rate (xA = 1) within 16

+G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873

(1998).

/
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4 5 6 7
X, (Scaling of NC A—Ny)

X, <23 at the 90% CL
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A fit to NC A—yN Normalization

—~_12
Elevate this normalization scaling ; ,,,,,,, 1o Best Fit: x < 0.0
to a continuous parameter, x,, ‘“i 101~ 90% X%, =553 ?15 dof)
and perform a fit to extract the < — 95
best fit and classical confidence 8:—
intervals, via the Feldman-Cousins i :
proceduret N :
I |
T ' LEE Model
! (Xy5=3-18)
Best Fit: 4 :
X,=0 ) 1 Byl oo lysos Loy anly

4 5 6 7
X, (Scaling of NC A—Ny)

[ Nominal GENIE NC A—)Ny] X <2.3 at the 90% CL
A . (o]

rate (xA = 1) within 16

+G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873 (1998).
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Effective Branching Fraction of A—>Ny

Can reinterpret this bound on x, to a bound

on the effective branching fraction of the _ 25
A—Ny: S —— Distribution of W in NC A—Nyarb. units)
% > — GENIE v3.0.6 W dependence
Beg(A — Nv) < 1.38% < ~—— Mean GENIE B,
md)

MiniBooNE LEE model (xMB=3.18)

at 90% CL. With the nominal GENIE effectve  \ | L | MicroBooNE 90% CL sensitivity

branching fraction corresponding to 0.6%, 1

llllllllllllllllllllllll

K¢ —7~ MicroBooNE 90% CL exclusion
Expected sensitivity: < 1.5% 90% CL 0.5 %
This represents a greater than 50-fold O
improvement over the world's best limit W, Invariant Mass of Resonance (GeV/c?)

on such neutrino-induced NC A—Ny
production at the O(1 GeV) scale

P
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Reconstructed Energy Spectra
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Reconstructed Shower Energy [GeV] Reconstructed Shower Energy [GeV]

We see good agreement between data and
background prediction when one takes into account
the overall deficit observed in the 2y NC z° samples.

This is highlighted by the data agreement with the
constrained prediction on the bottom panels.

_
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Reconstructed Energy Spectra
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We see good agreement between data and
background prediction when one takes into account
the overall deficit observed in the 2y NC z° samples.

From Monte-Carlo studies, the probability of any one bin
across all sixteen 1y energy bins giving rise to a worse
constrained y? is 4.74%.

This is highlighted by the data agreement with the
constrained prediction on the bottom panels.

B Y
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Summary =
| have presented today MicroBooNE first analyses that investigates :
the origin of the low-energy excess under a single-photon
hypothesis
e \Xe see no evidence for an enhanced rate of single-photons
from NC A—Ny decay, above nominal GENIE expectations
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Summary

hypothesis
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| have presented today MicroBooNE first analyses that investigates s
the origin of the low-energy excess under a single-photon ¥
e \Xe see no evidence for an enhanced rate of single-photons
from NC A—Ny decay, above nominal GENIE expectations
e The data places a one-sided bound on the normalization of
NC A—Ny events of x,< 2.3, corresponding to
Bet(A — N7v) < 1.38% g

at 90% CL. This is the w
neutrino sector to date!

orld's best limit on this process in
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Summary

Events

| have presented today MicroBooNE first analyses that investigates

the origin of the low-energy excess under a single-photon
hypothesis

e \Xe see no evidence for an enhanced rate of single-photons
from NC A—Ny decay, above nominal GENIE expectations

e The data places a one-sided bound on the normalization of

NC A—Ny events of x,< 2.3, corresponding to

Be(A — N7v) < 1.38%

Events

at 90% CL. This is the world's best limit on this process in

neutrino sector to date!

e Under a two-hypothesis test, the data disfavours the

interpretation of the MiniBooNE anomalous excess as a factor
of 3.18 enhancement to the rate NC A—Ny, in favor of the

nominal prediction at 94.8% CL
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Stay tuned for more photon results!

The results | showed today featured a record number of

single photon events in argon and while the data disfavours
NC A—Ny as the sole source of the MiniBooNE low-energy
excess, this is still a process we want to measure regardless!

Lots to look forward to for photon-fanatics:

e More Statistics

Run: 9524 Subrun: 127 Event: 6375

o Today's results were for ¥2 the MicroBooNE
dataset, processing of remainder well underway.

e More Channels

o This sample may be sensitive to a wide variety of
other photon and BSM photon-like models,
ongoing work to quantify explicitly

Run: 11742 Subrun: 213 Event: 10657

, ; Pt 4
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Stay tuned for upcoming electron results!

Whole other world of possibilities exist in the
MicroBooNE electron analysis!

|
| If you enjoyed this, stay tuned on October 27"

I'\when MicroBooNE will present our first electron

: low-energy excess results from three complementary
I analyses, targeting multiple electron topologies, both
: inclusive and exclusive, and using three different

; Paradigms of reconstruction!

CCw_ +1 proton candidate data event
Run 8617 Subrun 46 Event 2328

Connection details will be posted:
https.//theorv.fnal.gov/events/event/first-search-for-an-excess-of-electron-neutrinos-in-microboone-with-m
ultiple-final-state-topoloqies/



https://theory.fnal.gov/events/event/first-search-for-an-excess-of-electron-neutrinos-in-microboone-with-multiple-final-state-topologies/
https://theory.fnal.gov/events/event/first-search-for-an-excess-of-electron-neutrinos-in-microboone-with-multiple-final-state-topologies/

Results presented here have been submitted to PRL, and can be
found at



https://arxiv.org/abs/2110.00409
https://microboone.fnal.gov/single_photon_analysis_2021/

