Improving MicroBooNE's sterile =1
neutrino sensitivity with PROfit *=

! : ) ey
- FOAN
{ A \
§ .

June Zey
7/30/26

NEVIS LABORATORIES
COLUMBIA UNIVERSITY




Neutrinos

* What are they?



Neutrinos

* What are they?

: 1. :
* Neutrinos are 5 Spin fundamental particles.
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Neutrinos

* What are they?

: 1. :
* Neutrinos are 5 Spin fundamental particles.
* Notoriously difficult to detect.
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Neutrinos

* What are they?

: 1. :
* Neutrinos are 5 Spin fundamental particles.

* Notoriously difficult to detect.
* Hypothesized to have zero mass and charge.
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Neutrinos

* What are they?

: 1. :
* Neutrinos are 5 Spin fundamental particles.

’ NOtOI’IOUSly difficult to detect. Standard Model of Elementary Particles
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Neutrinos

* What are they?

: 1. :
* Neutrinos are 5 Spin fundamental particles.
* Notoriously difficult to detect.

[ HypotheSized to have Zero maSS and Charge. three generations of matter
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* What are they?

: 1. :
* Neutrinos are 5 Spin fundamental particles.

’ NOtOI’IOUSly difficult to detect. Standard Model of Elementary Particles

* Hypothesized to have zero mass and charge.
* Existin mass quantity. I H ;m-sflelew ;
-y » s G o N
[ Why dO We Ca re? up charm top gluon higgs
- Explicitly break Standard model assumptions - " @ |'s " b || &
(Have non-zero maSSGS) down strange bottom photon
* Potential portal to beyond standard model ‘®llolfe | e
phyS|CS. electron muon tau ZM

electron muon tau
neutrino neutrino neutrino W boson 9



Neutrinos

* What are they?
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* Neutrinos are 5 Spin fundamental particles.
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Neutrino oscillations

* Neutrinos Oscillate between flavors as they traverse space

11



Neutrino oscillations

* Neutrinos Oscillate between flavors as they traverse space
* Mass eigenstates are transformed into flavor states by the PMNS matrix.
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Neutrino oscillations

* Neutrinos Oscillate between flavors as they traverse space

* Mass eigenstates are transformed into flavor states by the PMNS matrix.

* Probabilities are given by constant values experimentally acquired
(Am%l, 013,023)
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Neutrino oscillations

* Neutrinos Oscillate between flavors as they traverse space
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Neutrino experiments

* Experiments occupy different neutrino energy ranges, based on
sources

15



Neutrino experiments
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Neutrino experiments \

-
<

g 10 P Extra-Galactic
.§ 107 ® ‘ Galactic
* Solar: Super-K, SNO+, BOREXINO 8 o B e
7] 3 tmospheric
+ many others. S uperNova

102
10%

Big Bang

1 0-28

1041

ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll ll lll

10*  10% 1 10? 10 10° 10° 10 10% 10" 10" 10"
Neutrino Energy (eV)




Neutrino experiments

-h
Q

Extra-Galactic

—
9

 Accelerator: DUNE, MiNoS+, NovA, T2K
miniBooNE + many others.

Galactic

107

10—10

Accelerator

Cross-Section (mb)

Atmospheric
SuperNova

Big Bang

L l s l L l 1 l L l L l 1 l L l L l s l L l s l 1 l L I L l L l L l 1 l 1L l s I 1 l 1 l L
10  10? 1 102 10* 10° 10®° 10 10 10" 10" 10"
Neutrino Energy (eV)

NEUTRINO

18



Neutrino experiments
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MiniBooNE

* MiniBooNE is a Cherenkov detector experiment at Fermilab
designed to observe neutrino oscillations

* BooNE, stands for Booster Neutrino Experiment

20



MiniBooNE

* MiniBooNE is a Cherenkov detector experiment at Fermilab
designed to observe neutrino oscillations

MiniBooNE detector

Signal region

Veto region
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MiniBooNE
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MiniBooNE

* MiniBooNE is a Cherenkov detector experiment at Fermilab
designed to observe neutrino oscillations

* MiniBooNE saw an excess in low energy events.
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MiniBooNE

* MiniBooNE is a Cherenkov detector experiment at Fermilab
designed to observe neutrino oscillations
* MiniBooNE saw an excess in low energy events.
* MiniBooNE did not have the capability to explain why.
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MintBoone MicroBooNE

* MicroBooNE is a large 170-ton liquid-argon time projection
chamber (LArTPC) neutrino experiment located on the Booster
neutrino beamline at Fermilab.
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MintBoone MicroBooNE

* MicroBooNE is a large 170-ton liquid-argon time projection
chamber (LArTPC) neutrino experiment located on the Booster
neutrino beamline at Fermilab.
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MintBoone MicroBooNE

* MicroBooNE is a large 170-ton liquid-argon time projection
chamber (LArTPC) neutrino experiment located on the Booster
neutrino beamline at Fermilab.

* One of MicroBooNE’s goals was to investigate the low energy event
excess in MiniBooNE. .
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MintBoone MicroBooNE

* MicroBooNE is a large 170-ton liquid-argon time projection
chamber (LArTPC) neutrino experiment located on the Booster
neutrino beamline at Fermilab.

* One of MicroBooNE’s goals was to investigate the low energy event
excess in MiniBooNE.

* A possible explanation is the existence of a fourth neutrino mass state
that doesn’t interact weakly. This is referred to as a sterile neutrino.
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Sterile Neutrinos

* Neutrinos Oscillation changes when a fourth flavor is introduced.
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Sterile Neutrinos

* Neutrinos Oscillation changes when a fourth flavor is introduced.

3+1 flavor oscillation model
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Sterile Neutrinos

* Neutrinos Oscillation changes when a fourth flavor is introduced.

* MicroBooNE operates at% ~ 0.5 (km/GeV)
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Sterile Neutrinos

* Neutrinos Oscillation changes when a fourth flavor is introduced.
* Any Nue appearance beyond background is evidence for steriles!
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PROfit

* PROfit is a framework for fits of
short-baseline neutrino oscillation
and Beyond Standard model
physics models.

* Developed by Mark Ross-Lonergan
and co.

* https://github.com/markrosslonergan/Elephant_Vanishes.git
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Events/GeV

PROfit

* Takes in processed data and looks at the systematic uncertainty
of our Monte-Carlo prediction.
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PROfit

* How to fit a given physics model so we can understand what the
data tells us about the model (within our systematic uncertainty!)

PROfit
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Exclusion plots

* Exclusion plots tell us the available parameter space for steriles.
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Exclusion plots

* Exclusion plots tell us the available parameter space for steriles.
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Exclusion plots

* Exclusion plots tell us the available parameter space for steriles.
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Exclusion plots

* Exclusion plots tell us the available parameter space for steriles.
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e Each point assumes that the truth value is
given.

* Points to the right of the curve are excluded
given MicroBooNE/fitting data(to a certain

level).

e Points to the left are allowed (to a certain
level)
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Numu disappearance

* Half of my work was in studying numu disappearance (related to
u — e, s, 7). The goal being to improve over the WireCell selection
with BAGELS.
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Numu disappearance

* Half of my work was in studying numu disappearance (related to
u — e, s, 7). The goal being to improve over the WireCell selection
with BAGELS.
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Numu disappearance

* Wire-Cellis a 3D event reconstruction package for liquid argon
time projection chambers.

Anode wire planes:
u vy

Liquid Argon TPC

m.l.p. ionization:
6000 e/mm

Cathode
Plane
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Ed[ifl ~ 500V/cm
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Numu disappearance

* Wire-Cellis a 3D event reconstruction package for liquid argon
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Numu disappearance

* BAGELS (Broad Analysis of General ELectromagnetic Showers)
developed BDT(Boosted decision trees) event selections, with
iInputs from Wirecell and other reconstruction frameworks.
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Am3, [eV?]

The goal

* The Wire Cell selections are the standard for further studies.
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AmZ, [eV?]

The goal

* | started by looking at Numu disappearance

- @ ®©-O I

WC FullOsc, multicurve plot, 1e21 PoT

102: WC FullOsc, multicurve plot, 1e21 PoT 102 WC FullOsc, multicurve plot, 1e21 PoT 102
104
10| 10!
. — N
> >
) )
=, 100 e
N; | N<t
5 S
<
109 100
10_1j
—— 95% Wilks' Theorem: WireCell 7 channels —— 95% Wilks' Theorem: WireCell 7 channels Lo-1 —— 95% Wilks® Theorem: WireCell 7 channels
-1 ‘ -2 10-2 -1 0
1010_2 101 10° 1010—4 103 102 10°1 100 10 . 10 10
sin?26,,

sin? 26,

SinZ 20



Studies of PROfit channels

* There is a tree structure to the channels that we are looking at.
NumuCC events

Muon NeutrinoCharged Current

Xp Xpi0

0 or N proton event 0 or N pi0 event
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Studies of PROfit channels

* There is a tree structure to the channels that we are looking at.

NumuCC events

Muon Neutrino Charged Current

Xpi0

0 or N piO event

Xp

O or N proton event
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Studies of PROfit channels

* There is a tree structure to the channels that we are looking at.

NumuCC events

Muon Neutrino Charged Current
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0 or N piO event

Xp

O or N proton event
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Studies of PROfit channels

* There is a tree structure to the channels that we are looking at.

NumuCC events
Muon Neutrino Charged Current
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0 or N piO event

Xp

O or N proton event
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Studies of PROfit channels

* Numu Disappearance
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Studies of PROfit channels

* Numu Disappearance

Adding the Xn® sample to Xp, 20 bins, 1e21 PoT
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— — Xp + Xm°® (separate channels) (24.5% excl.)
Xp/ Xn® (merged channel) (24.0% excl.)
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Studies of PROf

* Numu Disappearance

It channels

Adding the Xn® sample to Np, 20 bins, 1e21 PoT

90% Wilks (Ax? =1.6
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Np/Xn° (merged channel) (23.9% excl.)
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Studies of PROfit channels

e Additional constraints:

Xpi0

O or N pi0 event

Xp

0 or N proton event Partially

Fully
Contained Contained

Neutrino Event.
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Studies of PROfit channels

* Numu Disappearance

Effect of splitting each channel into FC and PC, 20 bins, 1e21 PoT

102 90% Wilks (Ax? =1.6)
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Studies of PROfit channels

* Numu Disappearance

Reco-energy binning scan on the best configuration: Xp + Xpi0, FC/PC, 1e21 PoT

102 90% Wilks (1’_\)(2 =1.6), 200-2000 MeV
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~
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<
10°
reco-energy bins (excluded area)
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—— 30 bins (27.1% excl.)
—— 50 bins (27.6% excl.)
—— 100 bins (28.6% excl.)
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10°
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Studies of PROfit channels

* Numu Disappearance

All BAGELS configurations tested: channels, FC/PC split and reco binning, 1e21 PoT

102

90% Wilks (Ax? = 1.6)

101_

Am3, [eV?]

10,

1071

VA NS AW A

selection (excluded area)
- WireCell: Xp + Xr®, FC/PC, 20 bins (26.5% excl.)

m— Xp + Xn° FC/PC, 100 bins (28.6% excl.) « best
other BAGELS configurations tested (15)
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Am3, [eV?]

The goal

* We need to investigate this behavior for the other 2 modes.

. ) = <D — Y

WC FullOsc, multicurve plot, 1e21 PoT

102 WC FullOsc, multicurve plot, 1e21 PoT 102 WC FullOsc, multicurve plot, 1e21 PoT 102
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N 5
> >
(0] v
=, 100 e
NG‘ N
5 5
<
10° 10°
107!
95% Wilks' Theorem: WireCell 7 channels — 95% Wilks' Theorem: WireCell 7 channels 10 . —— 95% Wilks' Theorem: WireCell 7 channels
-1 -2 10-2 -1 0
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Am3, [eV?]

The goal

* We need to investigate this behavior for the other 2 modes.

U ®©-O I

WC FullOsc, multicurve plot, 1e21 PoT

102 WC FullOsc, multicurve plot, 1e21 PoT 102 WC FullOsc, multicurve plot, 1e21 PoT 102
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N QN
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=, 10° =
~NT Nt
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95% Wilks' Theorem: WireCell 7 channels — 95% Wilks' Theorem: WireCell 7 channels . —— 95% Wilks' Theorem: WireCell 7 channels
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The Goal

* However to do a 3+1 model search, we need a simulated fully
oscillated numu to nue sample.
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The Goal

* However to do a 3+1 model search, we need a simulated fully

oscillated numu to nue sample.
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The Goal

* However to do a 3+1 model search, we need a simulated fully
oscillated numu to nue sample.

* These take computational power, time, and resources to do.
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The Goal

* However to do a 3+1 model search, we need a simulated fully
oscillated numu to nue sample.

* These take computational power, time, and resources to do.

* What if there was a way to approximate this full osc sample?
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HheGoatThe Task

* Generate a nue appearance sample from preexisting numu
samples.
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HheGoatThe Task

* Generate a nue appearance sample from preexisting numu
samples

1st

Nue Samples
Ve Ve V,

v, Yu
U Vv

Numu Samples

Vu



HheGoatThe Task

* As the beam started out in numu, we have to keep the flux
systematics from numu.

1st 2nd
Systematics: Detector, cross section
Nue Samples Nue Samples
Ex.1.100, 1.1064, 1.23 :Gev
ve Ve Ve Ve Ve 1/e

This is a one-to-one

matching
v v V
Vv Vv K H K
Ve By, H Ex. 1.105, 1.1082, 1.109 : Gev
Numu Samples Numu Samples

Systematics: Flux



HheGoatThe Task

* Generate a nue appearance sample from preexisting numu
samples

1st 2nd 3rd

Systematics: Detector, cross section

Nue Samples Nue Samples Nue Samples
v v Ex. 1.100, 1.1064, 1.23 :Gev
€ € € Ve Ve 1/e
This is a one-to-one Ful[y oscillated
matching T X Numu to nue samples
(fullosc)
Ve Ve
Y 14 v Ve
Vv v H s U
Ve By, H Ex. 1.105, 1.1082, 1.109 : Gev
Numu Samples Numu Samples Numu Samples

Systematics: Flux

67



HheGoatThe Task

* Generate a nue appearance sample from preexisting numu
samples

4th

First look at Fully oscillated
Sample.
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Events

Data/MC

the GoatThe Task

* Generate a nue appearance sample from preexisting numu
samples
P 4th

First look at Fully oscillated

Sample.
nu uBooNE nue nu uBooNE numu
10° PROfit v2.3.0 q0% PROfit v2.3.0
160 £ 160 L
B v.—v. __Rg & | Ka? ==+ CV Prediction: 10
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Events

Data/MC

160

140

the GoatThe Task

* Generate a nue appearance sample from preexisting numu
samples
P 4th

First look at Fully oscillated
Sample.

nu uBooNE nue nu uBooNE numu
10° PROYit v2.3.0 . 10° PROit v2.3.0
B v. v, - ‘ g | Ka? =-==: CV Prediction+ o
+ CV Prediction+ 10 —e— Data: 1.00
—8— Data: 1.00x10*' POT X2/ndf = 90.75/19

¥ —
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> S
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cmememanan. Bt R

25 3 2 25 3
True Neutrino Energy [GeV] True Neutrino Energy [GeV]
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Fractional Uncertainty

HheGoatThe Task

* Generate a nue appearance sample from preexisting numu
samples
P 4th

First look at Fully oscillated

Fullosc sample Numu sample Nue sample
. Summary: nu uBooNE True 1%41% Enefgy. ., 5, Summary: nu uBooNE True T%ze Engigy., ;,
Summary: nu uBooNE True Neutrino EI[‘Q%I- = = I | T = B = T |
30 £ 1_2[__ COH — FS| — FIUX £ 1.2f]— COH — FSI — Flux
£ —— Hadr. — MEC — NC £ —— Hadr. — MEC — NC
e Non-RES-antinu ~ —— Non-RES-nu  — QE = Non-RES-antinu = Non-RES-nu = QE
Non-RES-antinu —— Non-RES-nu  — QE % 1l — RES — Reint SCC = Il — RES - Reint SCC
— RES — Reint SCC 5 — Struct. — norm — piprod s —— Struct. — norm — piprod
+H — Struct. — norm — piprad E o o] = Sum E - SUM
0
0.
0.
2 25 3 % 05 1 15 2 25 3 15 2 25 3

True Neutrino Energy True T441% Energy True I¥2e Energy



Fractional Uncertainty

HheGoatThe Task

* Generate a nue appearance sample from preexisting numu
samples

Fullosc sample

Summary: nu uBooNE True Neutrino E';h%r a0

2f] = Non-RES-antinu

— RES
1H — Struct.
— SUM

e NON-RES-nu
— Reint
— Norm

4th

First look at Fully oscillated

Sample.

Numu sample

Summary: nu uBooNE True 1%41% Enefgy. ., 5,

2

Nue sample

Summary: nu uBooNE True {%ze Energy. 5,

E 1 == COH — S| — - |UX g 1.2f] = COH - FSI — Flux
dr. - MEC — NC s - Hadr. — MEC - NC
) n-RES-antinu — Non-RES-nu — QE % = Non-RES-antinu e Non-RES-nu — QE
s — Reint sce = MW-—REs — Reint scc
uct. —— norm —— piprod 5 — Struct. — norm — piprod
m E 0.of —Sum
L
0.
0.
%& 0'
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3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.
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Amj, [eV?]

102

10!

10°

3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.

U

WC FullOsc, multicurve plot, 1e21 PoT

—— 95% Wilks' Theorem: WireCell 7 channels
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-2 10—1
SiN2 20ee
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—— 95% Wilks' Theorem: WireCell 7 channels
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3+1 model studies.

* The Wire cell selection has a 7-channel section of

nueCCFC,

nueCCPC \

numuCCOpiOPC

numuCCOpiOFC 10cm  BNB Run: 16341 Subrun: 27 Event: 1359

numuCCpiOPC
numuCCpiOFC

NCpiOFCPC
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AmZ; [eV?]

3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.

@~ ©-0 @-@

WC FullOsc, multicurve plot, 1e21 PoT
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AmZ; [eV?]

3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.

@~ ©-0 @-@

WC FullOsc, multicurve plot, 1e21 PoT
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AmZ; [eV?]

102

10!

109

10
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3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.

@-

BAGELS vs WC 7-channel, 3+1A, 1e21 PoT

7

95% Wilks:
95% Wilks:
95% Wilks:
95% Wilks:
95% Wilks:
95% Wilks:
95% Wilks:

WC 7ch FC/PC

BAGELS 7ch (Xp, pi0 split)
BAGELS 5ch (numu incl.)

BAGELS 9ch (nue Np/Op split)
BAGELS 11ch (numu Np/Op split)
BAGELS 14ch (full Np/Op split)
BAGELS 4ch FC/PC (50-2000 MeV)

10~2

101!
Sin? 20ee

10°

Amj, [eV?]

l’"’"\‘ U,‘ ‘

102 BAGELS vs WC 7-channel, 3+1C, 1e21 PoT
10!
109
~F —— 95% Wilks: WC 7ch FC/PC
101 Ik h
—— 95% Wilks: BAGELS 7ch (Xp, pi0 split)
—— 95% Wilks: BAGELS 5ch (numu incl.)
---- 95% Wilks: BAGELS 9ch (nue Np/Op split)
---- 95% Wilks: BAGELS 11ch (numu Np/Op split)
---- 95% Wilks: BAGELS 14ch (full Np/0p split)
2 -~ 95% Wilks: BAGELS 4ch FC/PC (50-2000 MeV)
1074= - - -
1074 103 1072 107!
sin2 26,6

10°

102 BAGELS vs WC 7-channel, 3+1B, 1e21 PoT
i/
i
10!
—
™~
>
Q
el
—
Nt
<
10°
—— 95% Wilks: WC 7ch FC/PC
—— 95% Wilks: BAGELS 7ch (Xp, pi0 split) .
—— 95% Wilks: BAGELS 5ch (numu incl.)
---- 95% Wilks: BAGELS 9ch (nue Np/Op split)
---- 95% Wilks: BAGELS 11ch (numu Np/Op split)
---- 95% Wilks: BAGELS 14ch (full Np/Op split)
95% Wilks: BAGELS 4ch FC/PC (50-2000 MeV)
1075 -1
10 10
in2
sin® 26,y

‘.‘.\: V ﬂ IIE q '/\\ v ﬂ ::;/,

10°



3+1 model studies.

* Bagels differ fundamentally from wireCell in the way channels
are constructed.
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3+1 model studies.

* Bagels differ fundamentally from wireCell in the way channels
are constructed.

nhueCC Probability

numuCC Proability
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AmZ; [eV?]

3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.

Best BAGELS config vs WC / BAGELS 7ch, 3+1B, 1e21 PoT

Best BAGELS config vs WC / BAGELS 7ch, 3+1A, 1e21 PoT Best BAGELS config vs WC / BAGELS 7ch, 3+1C, 1e21 PoT
102 8 ) 102 . 102
101
101 101
— —
o o
5 5
Rd O Rd
~ 10 —
Nt Nt
< <
10° 10°
1071
—— 95% Wilks: WC 7ch —— 95% Wilks: WC 7ch —— 95% Wilks: WC 7ch
—— 95% Wilks: BAGELS 7ch —— 95% Wilks: BAGELS 7ch —— 95% Wilks: BAGELS 7ch
—— 95% Wilks: BAGELS 14ch, 50 bins, nue > 0.4 (best) —— 95% Wilks: BAGELS 14ch, 50 bins, nue > 0.2 (best) —— 95% Wilks: BAGELS 14ch, 50 bins, nue > 0.2 (best)
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Future plans

* Fully Validate the Full Osc sample(compare with completed
dedicated simulation).

* Include numu to nue cross section ratio weighting (already
completed, need to implement).

* Include NuMI (higher energy neutrino source), to the full osc sample.

* Expanding to different oscillation models, such as 3+2.
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Conclusion.

10!

AmZ; [eV?]
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3+1 model studies.
* Plot Mania
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3+1 model studies.

* First glimpse of a 3+1 model with a generated full osc sample.
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