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The Big Experimental Picture of Neutrino

Oscillations

Recent Credit: Hitoshi Murayama

Oscillation T ke m Over 50 years of experiments and >

30 experiments using solar neutrinos,
atmospheric neutrinos, cosmogenic
neutrinos, neutrinos from
accelerators, reactors and
radioactive sources.

Results from
MicroBooNE..
and more

m Experimental techniques vary - from
few MeV solar to UHE neutrinos,
Water/ICE Cherenkov detetors,
scintillator detectors, tracking
detectors ...

m Searches for both anamolous
appearance and disappearance

Short baseline osc. anomalies: Ex-
cess of v.-like signals from LSND, Mini-
1012 ‘ ‘ ‘ BooNE; deficit of v. from radioactive
107 1072 10° 102 source expts: GALLEX, BEST, SAGE;
5/31/22 tan’0 reactor 7. modulation in Neutrino-4

All limits are at 0%CL. =~ 1
unless otherwise noted

2/35



Recent
Oscillation
Results from
MicroBooNE..
and more

VET,
(f
MicroBo

S The MicroBooNE

The

Heop Experiment
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MicroBooNE at Fermilab

Recent The Micro Booster Neutrino Experiment is located at Fermilab and
Oscillation . N . . . . 0 _
Resnliis o studies v, — v oscillations using high purity (> 99%) v, /U, beams:
MicroBooNE..

and more Beamline Proton beam Beam timing Peak v
(Distance from target) energy energy
BNB 8 GeV ~ 5 Hz, 1.6 pus pulse ~ 800 MeV
(470m on-axis)
NuMI 120 GeV ~ 0.5 Hz, 10 ps pulse see next
(680 m 8° off-axis)

The E0 e
MicroBooNE @ \ -
Experiment




Neutrino Beams in MicroBooNE

Recent Neutrinos from the BNB Neutrinos from NuMI

Oscillation

Results from MicroBooNE Simulation, Preliminary MicroBooNE Simulation, Preliminary
MicroBooNE.. 107 10°F
and more BNB ) NuMI
o — numu + anti 1% — numu + anti
— nue + anti — nue + anti

au
<

3
107

The 107
MicroBooNE
Experiment

URALLL wemmnti b e n

1 1 1 1 1 I 1 1 1 10° 1 1 1 1 1 1 L L
250F 100f}
2007 Rate ratio ~180 80f
E] 2 B
< c H
3 1501{'7 S 60f
£ E f
2 F 2 4o -
100f- o Rate ratio ~25
F H o
r H s
sof- wff T
| 1 1 ! n f 1 L | bt 1 1 I ! L
05 1 15 2 25 3 35 4 45 0 05 1 _15 25 3 35 4 45
True Neutrino Energy (GeV) True Neutrino Energy (GeV)
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The Liquid Argon Time Projection Chamber

Recent
Oscillation
Results from
. Sense Wires.
MicroBooNE.. Uy
and more /

Vwire plane waveforms
Liquid Argon TPC
Mary Bishai

(f

Collaboration) Charged Partices

/

The Cathode
MicroBooNE Rs
Experiment

—
Edrift

—
Y wire plane waveforms ‘

lonization v = 1.6m/ms (Egug = 500V /cm), Ar scintillation light 6ns (fast)/1.6 ps (slow)

Video: Neutrino detection in a Liquid Argon Time-Projection-Chamber
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https://www.youtube.com/watch?v=R5G1_hW0ZUA&t=5s

The MicroBooNE Detector and Collaboration

Recent
Oscillation
Results from
MicroBooNE..
and more

The
MicroBooNE
Experiment
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The MicroBooNE Detector and Collaboration

Recent
Oscillation
Results from
MicroBooNE..
and more

36 institutions

MicroBooNE ¥ ¢ f .
Experiment = - L3 - 5 countries
o b 3 4 " g 8 ). ]

E‘IV
za m

+ many more!
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Finding Neutrinos in
MicroBooNE
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kBoo

Recent
Oscillation
Results from
MicroBooNE..
and more

Mary Bishai
(for the

MicroBooNE
Collaboration)

Finding vs

Imaging Neutrino Interactions in MicroBooNE

pBooNE

1/ Photon

7, [ / . candidates

Distinct Gaps, /
P! ~

Proton
Candidate

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

pBooNE

Proton
Candidate

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

* Event topology to separate EM showers (e/y) from tracks (proton, muon)

* Separation of e and y : Gap Identification




(LU0 Imaging Neutrino Interactions in MicroBooNE

Recent
Oscillation
Results from
MicroBooNE..
and more

Mary Bishai
(for the

MicroBooNE v
Collaboration) Photon

Candidates

Finding vs _ ?@46;- e/v

A pair producing photon quite literally has
twice the number of minimally ionizing

pBooNE

Proton
Candidate

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

electrons, so has twice the charge deposited
electrons, so has twice the charge deposited ) £\ 412 (proton, muon)

* Event topology td attne start of the shower (E/c)
* Separation of e and y : Gap Identification

+ dE/dx

* Unique capability to identify v, charge-current (CC) interactions in LArTPC




Recent

Oscillation A NC event ?

Results from

MicroBooNE..
and more

Mary Bishai
(for the

MicroBooNE
Collaboration)

Delta-ray
v

/4

Vertex of
neutrino
Finding vs interaction

Imaging Neutrino Interactions in MicroBooNE

nBooNE
ONE _

Two EM showers
n’ > yy




Recent
Oscillation
Results from
MicroBooNE..
and more

Finding vs

rejection:

\
PMT flashes MicroBooNE

PE

10

oincident with

log

4
Time (ms)

Video: Wire-Cell 3-D neutrino imaging and selection in MicroBooNE

3-D v. data candidate after imaging, reconstruction and cosmic

JINST 16 P06043 (2021)


https://youtu.be/orWWx761GNs?t=31
https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06043

Generic Neutrino identifcation (BNB)

Recent
Oscillation >
Results from MicroBooNE
MicroBooNE..
and more

—e— Beam-on data, 17305

tat. error (beam-off data + MC)
N ,osmic (beam-off data), 1987
EZ# cosmic (beam-on MC), 589

Mar E = ;*;
(for t = e v, CCin FV,11379
MicroBooNE v, NCin FV,1629
Collaboration) S B v, outside FV incryo, 964
4= I 7,7, in cryo, 257
= B -« in dirt, 460
—
‘_“&—

" 0 et
Finding vs =] C

S IF

k31 C

& 08F

d: o

= 0.6 - - o~ Purity of v interactions in FV

S E --e-- Impurity of cosmic rays

[E 0.4 pre- —e— Efficiency of v, CC interactions in FV

0.2 :_ ey - . i
L Bl @ P e e :
oL L DA I i WO 1 4 ST ~d()
0 200 400 600 800 1000 1200 1400
E,, [MeV]

arXiv:2012.07928
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https://arxiv.org/abs/2012.07928
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Search for an excess of
low energy v, events

(LEE) in MicroBooNE

15/35



The MiniBooNE Excess in MicroBooNE

Recent
Oscillation

Results from Empirical eLEE model derived from MiniBooNE
MicroBooNE..

and more 200 MicroBooNE sil
5 %) 1771 eLEE model
: + O sten] 0175 1eXpNm (N >0, X =0)
i — o E ~ = 1eNpOn (N >0)
5 =;xm><" S 150 - 1e0pOn
[
iy 1£0.08 (stat) & -
MiniBooNE x = (k) Q15 | - LEEx =1
12021 (ful) & ! L, ELEEX =
N S 1001 | I
= ]
X i N
©o 751 |
=3 |
2 509 |
§4] 1
30 § 25
LEE Search EX(GeV) . @
Unfolding detector response, s
acceptance, efficiency True Neutrino Energy [GeV]

Assumption about excess: an energy-dependent
enhancement of intrinsic v, events at low energy.

MicroBooNE public note 1043
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signatures in MicroBooNE

Recent
Oscillation
Results from
MicroBooNE..
and more

BNB Run: 11001 Subrun: 42 Event: 2145

1e0p0m v, selection

20.0
CCQE-like v, scattering MicroBooNE 6.86 x1020 POT
. . . 17.5 —— constrained prediction v with n°: 8.6
with no visible proton and ——. eLEE model (x=1): 3.3 Ve CC: 128
. . e 15.0 = Outside TPC: 0.5 4 BNBData: 34
LEE Search no pions- MiniBooNE event bother: 2.6 Uncertainty

mmm Cosmics: 5.7

-
N
e}

topology. Uses 2-D image
reconstruction in each of 3
TPC views then combines
(Pandora technique)

N
o}

1e0p

Events / 140 MeV
-
o
o

u
=}

Phys. Rev. D 105, 112004

N
5}

e
=}

500 1000 1500 2000
Reconstructed E, (MeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004

v, signatures in MicroBooNE

Run 6046 3
Recent Subrun 72 =
Oscillation Event 3633 Shower

Enu=1060 MeV
Results from Y-plane
MicroBooNE.. Track

and more

1elp

p S a—
\_, e

e_ roBooNE Da

MicroBooNE 6.67 x102° POT ¥ Data (25)
. . 20.0 . CC v (25.8)
CC quasi-elastic ve Fitted
Background (3.2)

scattering which dominates = 7° 1e1p ,,,,, eLEE(x=1)
Model (11.6)
at low energy. ., Constrained
R “/ Uncertainties
Deep-learning based event
selection.

LEE Search

Phys. Rev. D 105, 112003 (

600 8
Reconstructed E,

1000

00
(MeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003

v, signatures in MicroBooNE

Recent pBooNE
Oscillation

Results from
MicroBooNE..
and more

p 1eNp s

p ,/,——.»&5' ?
,»""% e- BNB Run: 16341 Subrun: 27 Event: 1359
1eNpOm v, selection
HH H MicroBooNE 6.86 x102° POT
CC semi-inclusive Ve 20.0 1 eN p —— constrained prediction vother: 5.5
H — = eLEE model (x=1): 9.3 Ve CC: 75.4
scattering to electrons and s == Outside T5C: 0.0 + BB Data: 64
LEE Search protons. No pions in final 2150 - = Cosmice 08 Uncertainty
state. Uses Pandora-based <,
. —
reconstruction ~ 100
C
Phys. Rev. D 105, 112004 2 7%
5.0 + :F
2.5
0.0

500 1000 1500 2000
Reconstructed E, (MeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004

v, signatures in MicroBooNE

Recent
Oscillation
Results from
MicroBooNE..

and more
ry Bishai
b X 1eX o
/""
—%  e-
CC inclusive v. scattering 45E e e s b oty
with high efficiency and no 40t e e
model dependence. 3-D > 35E " == 6LEE Model (x=1), 37.0
LEE Search Wire-Cell reconstruction = 30F
enhanced with S 25t leX
Deep-learning. & 20F
9 15E -
Phys. Rev. D 1015, 112005 & 8
GE ; L 1 ’{-I
0 500 1000 1500 2000 2500

Reconstructed E, (MeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005

MicroBooNE v, excess analysis:

Oscillation @ MicroBooNE Observed
2.51
Results from

Non-v, background
MicroBooNE.. Intrinsic ve
and more &, Total, no eLEE (x =0.0)
2.0 1 1 Total, w/ eLEE (x=1.0)
1.54

e

lelp CCQE leNpOn 1leOpOn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

Events Observed / Predicted (no eLEE)

LEE Search

The 3 analysis with highest purity for v. signal reject v. interactions
as sole source of MiniBooNE exess at > 97% C.L.

Phys. Rev. Lett 128, 241801 (2022)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801

|1B So What is the MiniBooNE Excess?

Recent
Oscillation
Results from
MicroBooNE..
and more

LEE Search

Theoretical Models of the MiniBooNE LEE

.
®
04
o
XY
Additional analyses underway to Y
address other models of the 250
MiniBooNE LEE with photon $ X
— Bt
s

and e+/e- final states \ X

Overlapping e e Overlapping ¢*e

s

;
N i \

Highly Asymmetric e*e Highly Asymmetric ¢ e
2 2

&, 3

i % gF

w --- wt
: A N
N A
Credit: Mark R-L
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Searching for NC A — N~

Recent Enhancing the NC A — N+ signal by X 3.18 could be an explaination
o for the MiniBooNE LEE. MicroBooNE search for NC A:

Results from ; . . o
MicroBooNE.. Two NC ANy rich {b Two high-statistics NC z° rich

single-photon selections two-photon selections

/ 1yip 1yop \ / 2y1p 2y0p \

and more

BN

MicroBooNE Simulation MicroBooNE Simulation MicroBooNE Simulation MicroBooNE Simulation
LEE Search
1y1p 1y0p
Unconstr. bkgd.  27.0 &+ 8.1 16 Unconstr. bkgd.
Constr. bkgd. 20.5 + 3.6 Constr. bkgd.
NCAS N, .iss | DataEvents Data Events

Observed

+6
LEE (zmp = 3.18) +20.1

Phys. Rev. Lett 128, 111801 (2022)

+15.5 Observed

No LEE observed in NC A — N~. BR < 1.38% at 90% C.L. limit
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

eeeee

Fit to a 341 Scenario
using Booster Beam

Data

3+1 fit: BNB
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The 3+1 Oscillation Model

Recent Using a 3+1 framework with 4x4 unitary PMNS matrix and assuming
R(e):fl:'t':tf'f(;; (m4 >> ms, m2, my), the short-baseline oscillation probability from
MicroBooNE.. flavor o to flavor 3 can be expressed as

and more

Mary Bishai Am2 L
~ Pracsus = g + (—1)% - Sin 20 - s’ Aer, Ay = 270

where d.3 = 0(ax # 3), 1(a = 3) and O, is the effective mixing
angle

In the 341 oscillation analysis in MicroBooNE both v. appearance
and v. /v, disappearance are considered. The v. disappearance can
cancel the appearance of v. events:

3+1 fit: BNB

Nue =S Nintrinsic Ve ° Pue—)ue aF Nintrinsic vy © Pu”—n/e

= Nintrinsic ve * [1 4 (Ruﬂ/ue : Sin2 024 - 1) * 5in2 2914 : Sin2 A41j|

In MicroBooNE degeneracies occur when sin? 0y, ~ /Ry, jve ~
0.005 (BNB) ~ 0.04 (NuMl)
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MicroBooNE v, appearance from BNB using 3+1

Recent
Oscillation MicroBooNE Simulation, Preliminary

MicroBooNE 6.369x 10 POT, Preliminary

Results from F nuecc Fo channel No oscillati 40p
MicroBooNE.. 60 E nue channel OD °|T°"_ a '°"‘h At 73V 355 nueCC FC
: e = O s
E sin’ =0.36, sin’ = E = Prediction of 3v
50F " “ 30F ~ prec
o 40 3 o 255—
8 E 72, sin%6,, = 0.005 § 20E-
w30 fir] =
£ degenerate solns 15
20F E
E 10
10F s +
E L L L | oF I 1 L I
500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Reconstructed neutrino energy (MeV) Reconstructed neutrino energy (MeV)

MicroBooNE data from BNB rules out v. as the excess observed in
MiniBooNE at > 97% C.L. but on its own does not completely rule
out a 341 scenario. Appearance and disappearance effects compete
and there are degeneracies in the parameters.

3+1 fit: BNB

MicroBooNE public note 1116
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https://microboone.fnal.gov/document/microboone-note-1116-pub/

MicroBooNE v, appearance from BNB using 3+1

Recent v, — V. (appearance)
Oscillation

ve — V. (disappearance)

, i 20 iminary
Results from e MicroBooNE 6.369x 102 POT, Preliminary 1% MicroBooNE 6.369x 10" POT, Preliminary
MicroBooNE.. E F I .
and more [ 3+1 oscillation scenario F 3+1 oscillation scenario
10 — 10
< F < F
3 3 f
& [ g [
< <
1 95%CL 1 95%CL
E-oe ityity (with sin’,, = 0.005) F---- Frequentist CL : sensitivity (with sin’6,, = 0.005)
F Fom 1o
[ i 26
[ — Frequentist CLS: data (profiling,over sinzsy) — Frequentist CLS: data (profiling over sinzeu)
107" L L L 10" 1
10 10° 10 107" 1 10°° 107" 1
sin26,, sin’28,,

3+1 fit: BNB

MicroBooNE data is highly consistent with the 3v model. Micro-
BooNE data rules out a significant portion of the 341 oscillation
scenario in the appearance channels. There is also exclusion of a
smaller fraction of the parameter space in v, disappaerance

MicroBooNE public note 1116
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https://microboone.fnal.gov/document/microboone-note-1116-pub/

eeeee

Future prospects for the
3+1 fit in MicroBooNE

uuuuu
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Searching for oscillations with NuMI+BNB

Recent Booster Beam v NuMI Beam v

Oscillation
Results from MicroBooNE Simulation, Preliminary MicroBooNE Simulation, Preliminary
MicroBooNE.. E nueGG FG channel  —— No oscillation E nueGG FG channel  —— No oscillation
and more Oscillation with AmZ, = 7.3 eV? 60 Oscillation with Am?, = 7.3 V2
in’29,, = 0.36, sin’6,, = F in’29,, = 0.36, sin’6,, =
Yo [ BNB Sin20,, = 036, st -0 ob  NuMI Sin20,, = 0.36,sir'e, - 0
ary sin’20,, = 0.36, sin0,, = 0.010 E sin20,, = 0.36, sin0,, = 0.010
(for the w —— sin20,, = 0.36, sin%6,, = 0.005 w do0b —— sin20,, = 0.36, sin’6,, = 0.005
MicroBooNE 5 sin'20,, = 0.72, sin0,, = 0.005 5 F sin'20,, = 0.72, sirf8,, = 0.005
w w iy
Collaboration) “E
20F
10F-
o 500 7000 1500 2000 2500 o 500 7000 1500 2000 2500
Reconstructed neutrino energy (MeV) Reconstructed neuttino energy (VeV)
MicroBooNE Simulation, Preliminary MicroBooNE Simulation, Preliminary
F nuecc FG channel Oscillation with Am3, = 7.3 eV? F nuecc FG channel Oscillation with Am, = 7.3 eV?
25 5in28,, = 0.36, sin6,, = 0 25 5in’28,, = 0.36, sin8,, = 0
BNB —— sin’20,, = 0.36, sin’6,, = 0.010 3 E NuMI —— sin’20,, = 0.36, sin’6,, = 0.010
. sin’28,, = 0.36, sin6,, = 0.005 2 E sin’28,, = 0.36, sin’8,, = 0.005
3+1 fit: F §in’29,, = 0.72, sin6,, = 0.005 = F §in’20,, = 0.72, sir’g,, = 0.005
Future g
E]
prospects 3 2 £
S s F
El E} :
3 3
& &
H 8
& &
N N R T
0 500 7000 1500 2000 2500 500 7000 1500 2000 2500
Reconstructed neutrino energy (MeV) Reconstructed neuttino energy (MeV)
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341 Sensitivites with NuMI+-BNB

Recent
Oscillation
Results from
MicroBooNE..

and more 107 MicroBooNE Preliminary

[ LSND 90% CL (allowed)
[0 LSND 99% CL (allowed)

T T

= MicroBooNE 95% CL, (BNB data)
profiling over sin®e,,
in the 3+1 oscillation scenario

Ty

-+ MicroBooNE 95% CL (BNB data)
v, appearance-only

A3, (eV?)

Ty

10 == MicroBooNE 95% CL, (BNB+NuMI sens)
E sin’,, = 0.005
F in the 3+1 oscillation scenario
_ qoelb——d il vl i
3+1 fit: 107 10° 10 107 1
Future Sin229ue

prospects

MicroBooNE public note 1116
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https://microboone.fnal.gov/document/microboone-note-1116-pub/

341 Sensitivites with NuMI+BNB

Recent
Oscillation
Results from
MicroBooNE..
and more

MicroBooNE Preliminary
E ]
3

[ GALLEX+SAGE+BEST 20 (allowed)

[ ‘\7‘; : r Neutrino-4 26 (allowed)
MicroBooNE
Collaboration) 10

—— MicroBooNE 95% CL (BNB data)
profiling over sin®g,,,
in the 3+1 oscillation scenario

T

T

e - ---- MicroBooNE 95% CL, (BNB data)
e T v, disappearance-only

Amg, (eV?)

T T
]
i

== MicroBooNE 95% CL (BNB+NuMI sens)
sin’@,, = 0.005
in the 3+1 oscillation scenario

T

341 fit:
Future
prospects

107 = * —

107"

sin’28,,

MicroBooNE public note 1116

31/35
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Recent
Oscillation
Results from
MicroBooNE..
and more

Mary Bishai
(f

Collaboration)

New Physics
Searches in
MicroBooNE

New Physics Searches
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Examples of Exotic Physics Searches
MicroBooNE

Recent
Oscillation
Results from Neutron-Antineutron search
MicroBooNE..

= ;/uoB?DNE Simulation
and more H eNE {3.0
+ [Beaml Heavy neutral lepton search Phys H /
" “';1 br’““ Rev. D 101, 052001 (update coming soon) ! / luBook3
(for the . . $ 7
: [[?etelctor materiall Béryon numbgr . > 2 (Boam direction) 70-80% efﬂclency ina surface LAFTPC
violating neutron-antineutron oscillation
SeaI’Ch Neutrino 2022 poster Yeon-jae Jwa, poster Il-b DT15-770, “A first search for argon- ~
. K . bound neutron-antineutron oscillation using the MicroBooNE LArTPC
+ [Beaml] Millicharged particle search in s
10°
progress * reinterpretation

A central value

Higgs Portal $Scalarsearch

+ [Beaml Higgs portal scalar limit Phys. Rev. L, TR0
Lett 127, 151803 (update coming soon) @10? 2
» [Beaml Dark trident search in progress KOTO™N / iy
r_E949 LSND*

Pioneered e*e™ searches for more exploration of
MiniBooNE excess

NA62

10 L L L L L
20 40 60 80 100 120 140 160 180 200

Scalar mass mg (MeV/c?)

New Physics
Searches in
MicroBooNE

X. Qian
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and more
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Summary and
Conclusions
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Recent
Oscillation
Results from
MicroBooNE..
and more

shai

“ollaboration)

The MicroBooNE experiment has launched the short baseline
oscillation program at Fermilab with spectacular success.

MicroBooNE is the first v experiment to fully realize and
exploit the power of Liquid-Argon Time Projection Chambers.

MicroBooNE has excluded an excess of v. as a source of the
MiniBooNE anomaly.

A full 341 oscillation fit to the MicroBooNE booster beam
data has been carried out taking into account both
appearance and disappearance effects. The fit demonstrates
that MicroBooNE data are consistent with the 3v hypotheses and
provides no evidence for a sterile neutrino

The MicroBooNE exclusion limit in 3+1 fit covers a large
fraction of sterile neutrinos parameter space allowed by
results from other experiments.

Combining the Booster beam and NuMI beam data in
MicroBooNE will enable the experiment to further expand
the senstivity to 341 oscillations
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