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Neutrinos are one of the least-well-understood particles
in the Standard Model

Neutrino oscillation is beyond the Standard Model, and
opens the door to exciting new possibilites

However, a lot remains that we don’t understand (both
within the 3-flavour oscillation picture and outside it)

| present new data from the MicroBooNE experiment that
sheds light on one of the existing anomalies
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

MY PERSONAL BIAS

Overview of (experimental)
neutrino physics

MiniBooNE anomaly

MicroBooNE recent results
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Neutrinos

NEUTRINOS: WHAT WE KNOW

mass = =2 3 Me\'/c a1275 GeVic? ='73.07 SeVc? =126 Gavic ° °
N .. g “ . Fundamental particles in
w-le & | & the Standard Model
up | cham | gluon nggs
n g - || Interact via weak force
12 m 112 a 12 1 .
down . strange bottom | .n photon
0.511 MeVie? E 108.7 NeV/c? - 1.777 GeVie? — 9.2 G/ “Palred’, Wlth Charged
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Neutrinos

NEUTRINO OSCILLATION

Distance: L
E < >

Source Vy v. Detector
\ , e
Neutrino energy: E

Muon neutrino disappearance
B

Electron neutrino appearance

ﬁ
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Neutrinos

TWQO SETS OF EIGENSTATES

Ve U el
1% 0 — U 1l
b ) Vr U’T 1
'
Lflavour
Interaction

/

PMNS matrix

named after Pontecorvo, Maki,
Nakagawa, and Sakata

Kirsty Duffy 6

UeQ UeS V1

U, Up,s %
U7'2 U’T3 V3
mass

Propagation

Four free parameters:
Three mixing angles 02, 023, 03

One phase Ocp
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Neutrinos

Distance: L

< >
U
Source  Vj v. Detector

™ Neutrino energy: E

Probability to detect a
neutrino of a given flavour
oscillates as:

P(I/,UJ — V,u) ~ 1 — 4COS2 9138in2 923

Am?. L Am2. [
sin? ( 45 > x [1 — cos? 0,3sin” 03] sin? 4E32
+ (solar, matter effect terms)
Amfj — mf — m?
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Neutrinos

Distance: L

<

.
Source Vy

™ Neutrino energy: E

Probability to detect a
neutrino of a given flavour
oscillates as:

Kirsty Duffy 8

v. Detector

Reason #1 why neutrinos
are exciting:
Neutrino oscillation
— Neutrinos have mass

— Physics beyond the Standard
Model!
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

Distance: L
< >
Source Vv v. Detector

™ Neutrino energy: E

Muon neutrino disappearance
B

Electron neutrino appearance

ﬁ

Vv Vv
> IINY. . \ . o<
P(vp—>ve) ~ something (#/=)something else x@
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

L

Reason #2 why neutrinos are
exciting:

CP violation in neutrinos might explain the
matter-antimatter asymmetry we see in
the universe
— neutrinos could explain why we exist! [

>

Muohn neutrino disapg

Electron neutrino appearance

ﬁ

vV Vv
> IINY. . \ . o<
P(vp—>ve) ~ something (#/=)something else x@

Kirsty Duffy 10 pB@ .




Neutrinos

Reason #3 why neutrinos are exciting:
There is a lot we don’t know!

Why is
| How do )'. . —
, , neutrino Which neutrino is
‘neutrinos interact . " L
- ehe nuclear mixing so heaviest! Which is
. large? lishtest!?
medium? E 8
| Is neutrino How many HOVY much f:l°7
oscillation different " neutrinos are neutrinos weigh!
for neutrinos and there?
antineutrinos?
- Why are neutrino
Are neutrinos their masses so much
What else can own antiparticles? smaller than all other
neutrinos teach us!? | particles?
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Neutrinos

How do
neutrinos
interact in the
nuclear medium?
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Neutrinos

NEUTRINO INTERACTIONS

.)~sin2(/Ev)

Run 3469 Event 53223, October 21°, 2015

,{% é,w, UNIVERSITY OF
Kirsty Duffy 13 ‘&’ OXFORD



Neutrinos

NEUTRINO INTERACTIONS

.)~sin2(/Ev)

Run 3469 Event 53223, October 21°, 2015
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Neutrinos

NEUTRINO INTERACTIONS

.)~sin2(/Ev)

required
to interpret
measurements

Run 3469 Event 53223, October 21°, 2015
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Neutrinos

Measurement of the Flux-Averaged Inclusive Charged-Curront Eloctron Neutrino and FHYSICAL REVIEW LEVIERS 123, 2018038 (Z12)
Antineutrino Cross Section on Argon using the NuMI Beam and the MicroBooNE
Detector PHYSCAL REVIEW D 102, 12013 2020)
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https://microboone.fnal.gov/documents-publications/

Neutrinos

Kirsty Duffy
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How many
neutrinos are
there!?
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MiniBooNE Anomaly

There have been a number of anomalies observed in the past 20-

odd years that don’t quite fit with the three-neutrino picture we
know and love

Experiment Type Anomaly
LSND DAR Ve appearance
MiniBooNE SBL accel. Ve appearance
MiniBooNE SBL accel. Ve appearance
GALLEX/SAGE/BEST  Source - e capture Ve disappearance
Ve rate
Reactors Beta decay @ S
Ve shape Q
------------------------------------------------------------------------------ D
ANITA High energy High-energy events R\ Q
NS
. cC O
(PR
\S, e
See also: 2
R. Guennette, “Short-Baseline Neutrinos”, APS-DPF 2019 link
G. Karagiorgi, “Short-baseline neutrino experiments and phenomenology”, INSS 2019 link
K. N.Abazajian et. al., Light Sterile Neutrinos: A White Paper, arXiv:1204.5379 [hep-ph] (2012) link
G559 UNIVERSITY OF
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https://indico.cern.ch/event/782953/contributions/3414291/attachments/1888417/3113667/DPF_SBL_Guenette.pdf
https://indico.fnal.gov/event/19346/contribution/59/material/slides/0.pdf
https://arxiv.org/pdf/1204.5379.pdf

MiniBooNE Anomaly

There have been a number of anomalies observed in the past 20-

odd years that don’t quite fit with the three-neutrino picture we
know and love

Experiment f Tvne ___Anomaly
o DAR

ANITA High energy High-energy events O

\
See also: e*

R. Guennette, “Short-Baseline Neutrinos”, APS-DPF 2019 link

G. Karagiorgi, “Short-baseline neutrino experiments and phenomenology”, INSS 2019 link
K. N.Abazajian et. al., Light Sterile Neutrinos: A White Paper, arXiv:1204.5379 [hep-ph] (2012) link
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https://indico.cern.ch/event/782953/contributions/3414291/attachments/1888417/3113667/DPF_SBL_Guenette.pdf
https://indico.fnal.gov/event/19346/contribution/59/material/slides/0.pdf
https://arxiv.org/pdf/1204.5379.pdf

MiniBooNE Anomaly

ANOMALIES: LSND

Liquid Scintillator Neutrino Detector: U* decay at rest

experiment at Los Alamos National Lab .
Vi, Vi,

Ve, (Ve)

Proton beam

Copper beam stop
— TT, - mostly absorbed

— TT", U+ decay at rest Detector
— well-understood fluxes
Ay,
L —evy,
— — Phys. Rev. D 64, 112007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

MiniBooNE Anomaly

ANOMALIES:LSND | "o

w
1p]
L 175 ® Beam Excess
o ! —
& ; + Observed excess of V. at
£ 15 sl pe,ov,e)n
S 0 p(e..e')n 380
@ 125]| N
i 8ot er
0] - Expectation If interpreted as two-flavour
for oscillations

neutrino oscillation,
requires Am2~0.2-10eV2

Not consistent with
SPENNIE b any known 3-flavour
04 06 08 1 1.2 1.4 illati

L/E, (meters/MeV) osciiiation

Phys. Rev. D 64, 112007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

MiniBooNE Anomaly

ntuv,
ANOMALIES: LSND e
v,
10°E I LSND 90% CL (allowed)
- 10 LSND 99% CL (allowed)
_ 10F .
S F If interpreted as two-flavour
“;‘:* : neutrino oscillation,
< L requires Am2~0.2-10eV2
i Not consistent with
rort el ol any known 3-flavour

-3 - - o )
107 10 10 107 ! oscillation
sin“20,,,

Phys. Rev. D 64, 112007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

MiniBooNE Anomaly

ANOMALIES: MINIBOONE

oscillations?
1/

/1 —
N = w‘ ¥ * ” a \ﬂ 1,
i R, .
» /)

N LA ve ||,
=, T w‘
FNAL booster  target and horn r !
ecay region
(8 GeV protons) (174 KA) (syo mg) dirt detector

(~500 m)

Similar L/E as LSND: if an oscillation really exists, should see it
here too

Different energy, detector, beam, event signatures, backgrounds

5 ‘ UNIVERSITY OF
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Recently released updated
results (2021) with x2 more data
than original anomaly (2009)

1 I 1 | | I ] ] | I 1
e Data (staterr)
] v, from p*”
v, from K™
s v, from K°
E  misid

23 (P
' B dirt
[ other
——— Constr. Syst. Emror

T

4 80 excess of measured V. and
Ve over prediction, focused at
low energy

0
H.ITT’IIIII

Events/MeV

Consistent with LSND results:
combined significance of 6.0

lllllllllllll 1111 L1 11 Illlllllllllll

Best fit for neutrino oscillation
>0 hypothesis: Am2 = 0.04 eV2

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

MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

10°

B LSND 90% CL (allowed)
.~ LSND 99% CL (allowed)

— MiniBooNE 90% CL (allowed)
—— MiniBooNE 95% CL (allowed)
— MiniBooNE 99% CL (allowed)

10

AME, (eV?)

Consistent with LSND results:
combined significance of 6.0

) Best fit for neutrino oscillation
101()*1 107 10°2 0! 1 hypothesis: Am2 = 0.04 eV2
sin“29,,

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

MiniBooNE Anomaly

M ‘ N ‘ BOON E 800-ton mineral oil (CH>)

Cherenkov detector

Detect Cherenkov ring from

electrons produced in Ve
CC scattering interactions

28
_ 2 %
e & "
Vv T3 05
e > — ®.%
However, produce

identical Cherenkov rings

Sasd UNIVERSITY OF
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Events/MaV
-~
+

.l1| 1 ll

Kirsty Duffy

27

l 1 ] ] 'l | l L | )
e Data(staterr.)

1 v, fromu™
0 v, from K~
D v, from K°

s = misid

L A< Ny

. dirt

[ other

—— Constr. Syst. Emrer
------- Best Fit

lllll | ll | Illllllllll | II | llllll

30
EF (GeV)

Is the excess electrons?

Sterile neutrino oscillations — difficult to
explain MiniBooNE excess and all other
global data

Best-fit 2-neutrino sterile oscillation
appearance spectrum does not predict
data well at very low energies
More complex models can help
Mixed oscillations and decay
Resonance matter effects
Additional sterile neutrinos
Non-unitary mixing

...and many more!
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Is the excess photons?

M ——— Several sources of photon backgrounds:

- 1 1 1 ] ] L | l
- l e Data(staterr.)

1 v, from u*" .
- E\"fmml("' NC'I'IO mIS-ID
_ D v, from K°
8 | S = misid

- L A—Ny — measured in-situ

- dit
Rre == Zﬁ”m Dirt (neutrino interactions outside the

------- Best Fit detecto I")

Events/MaV/
-~

— beam timing

lllll | II l‘IlllIIllll

B2 . . . g . 3.0
EXF (GeV)
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Is the excess

Several source

]
-
-
-4
-

L] l ) 1 Ll l l L] ) 1 l

1 Ll l ) 1
e Data(staterr.)

1 v, fromu* .
= v, fromK " NCm mis-I
[ v, from K°

e - misid

- L Ao Ny — measur
' I it m—

i B other el D) .
- Constr. Syst. Emrc, Dirt (neutrln

Events/MaV/
L I 1 1 I'_If_j
I L1l

. str .
4 T Sest Pt — detector)
3 i = — beam t
I ; 7 N
2 i .__*__, —
1 ‘h—’_g'ﬁ — , , :
——— - — not constrained directly - predicted from
85 0.4 0.6 0.8 3 5 14 3.0 NCTP rate and theoretical branching fraction

E% (GeV)
Need x3.18 increase to explain excess

— to be investigated...
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY

EXCESS (LEF)

—

- 1 1 ] 1 1 1 L L 1 1 l 1 I ] 'l 1 l L] ) I
- e Data(staterr)
:‘+— 1 v, fromu*"
- [ v, from K"
_ D v, from K°
= s = misid
[~ + L A< Ny
' [ dirt
5 [ other
* ——— Constr, Syst. Emrer
- Best Fit

Events/MaV
-~

‘lllll | II | lllllllllll | II | llllll

30
EF (GeV)

Kirsty Duffy 30

Or neither?

Rich phenomenology

developed in recent years

I’ll come back to this!

For now, it’s clear that we need

more information...
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MicroBooNE Results

MICROBOONE
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MicroBooNE Results

'MicroBooNE: 170 ton Liquid
Argon Time Projection Chamber
(LArTPC)

Stable detector operation 2015-2021:
longest-running LArTPC to date

>95% DAQ uptime
| .52x 102! POT collected in total

(analyses shown here use subsets, not full POT)

SR Grateful to Fermilab
Accelerator Division,
Cryogenics team,
Operations team, and
Scientific Computing
Division!

.......
VR i S
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MicroBooNE Results
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MicroBooNE Results
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Neutrinos MicroBooNE Cross section results What’s next?
e

Image: G. Zeller
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Neutrinos MicroBooNE Cross section results What’s next?

Booster Neutrino Beam
(BNB): 463m

>99% Vvu/Vvy at peak
<Ey> = 850 MeV

NuMIl Neutrino Beam
(NuMli): ~680m

8° off axis = 4% V.

Image: G. Zeller
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

Cathode

neutrino interacts with the argon

inside the TPC volume and
produces secondary particles

Sasd UNIVERSITY OF
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

Flash of scintillation
light at time of

Cathode ) . .
neutrino interaction

Detected by PMTs behind
Anode plane to get t0
— time of interaction

“ Bﬁ" UNIVERSITY OF
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-

secondary particles produce
ionization electrons

Sasd UNIVERSITY OF
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-
()

these electrons drift

towards the anode

Sasd UNIVERSITY OF
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LIQUID ARGON TPC

(Anne Schukraft)

lonization e-
Cathode
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MicroBooNE Results

electrons arrive at anode
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

wire planes

Cathode

the pattern is recorded on a
set of closely spaced wires

Sas UNIVERSITY OF
o\ o )

Kirsty Duffy 42



MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

wire planes

Cathode

” get a 3D picture

Sas UNIVERSITY OF
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MicroBooNE Results

>

Time (drift direction)

>
Wire number (beam direction)
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>

Time (drift direction)

>
Wire number (beam direction)

Kirsty Duffy

MicroBooNE Results

— enable incredible precision
measurements at scale

— Transformative physics in
oscillations, BSM, and cross-
section measurements




MicroBooNE Results

LARTPC STRENG TH: ELECTRONS
AND PHOTONS

Electrons and photons
produce showers in
LArTPCs %

Phys. Rev. D 104, 052002 (2021)

100}— MicroBooNE NuMi Data 2.4x10* POT ~ —+— Beam-On Data {Stat.)
7777 Out-of-Cryostat
[ ] Beam-Off Datza

[ Neutron
B Vuon
Bl Kaon
B Pion
I Photen
1 Proton

Electron
MC + Beam Off

Stat. Uncartainty

Distinguish using dE/dx at start
of shower and start point 40
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002

Neutrinos MiniBooNE Anomaly MicroBooNE Results

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

V= i

e ——

46 UNIVERSITY OF
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

R

-

St L
T ——

TS A at S Tt i
/ —_—— <

| Booster Neutrino '
Beam (BNB)  SBN Far Detect
T

———

" MiniBooNE .
MicroBooNE

500m 470m
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

i Booster Neutrino b=
Beam (BNB)

MiniBOONE SBND

Sqnal
Ty oen

UNIVERSITY OF
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INVES TIGATING THE MINIBOONE
LOW-ENERGY EXCESS

Photon search

Target A—Ny:
|yOp and lylp

'(E EJ‘, UNIVERSITY OF
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https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

arXiv:2110.00409 [hep-ex]

1y1p
80 NC A — Ny [ NC1x° Resonant A(1232)

7of-— LEE Model (x _ =3.18)  |[lINC1x° DIS

|_] All Other Backgrounds Il NC1x° Higher Resonances

2. Total Unconstrained
“ Background & Error - MicroBooNE ty1p Data
(6.80x10%° POT)

% Total Constrained
“\ Background & Error

Events

Unconstrained Constrained

e UNIVERSITY OF
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https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

arXiv:2110.00409 [hep-ex]

1y1p 1y0p

2 %)
S 80 NC A — Ny B NC1r® Resonant A(1232) € 400 NC A — Ny [ NC17° Resonant A(1232)
@ 20 LEE Model (x  =3.18) . NC1x° DIS T 250 LEE Model (x, =3.18) B NC1° DIS
[_] Al Other Backgrounds  |JlINC1x° Higher Resonances Bcc v/, on° I NC1=° Higher Resonances
44. Total Unconstrained 300 CC v, /¥, (>0 NC1r° Coherent
" Background & Error et P Bein ; T°ta'uu'$°(°"s):2i"ed E All Other Backgrounds
(6.80x10%° POT) - Background & Error 9
\ Total Constrained
. & Background & Error 200 p
150 A
N \ 100 - MicroBooNE tyOp Data
(6.80x10* POT)
10 50 % Total Constrained
\\ Background & Error
0 . . 0 . .
Unconstrained Constrained Unconstrained Constrained

No evidence of an excess in either sample

& UNIVERSITY OF

Kirsty Duffy 52 =7 OXFORD


https://arxiv.org/abs/2110.00409

MicroBooNE Results

INVES TIGATING THE MINIBOONE
L OW-ENERGY EXCESS

Photon search

Target A—Ny:
|yOp and lylp

arXiv:2110.00409 [hep-ex]

Electron searches

arXiv:2110.14080 [hep-ex]

CCQE-like: p\
lelp e-
arXiv:2110.14065 [hep-ex] b
CCOrt: 1e0p p\/
and leNp e e

arXiv:2110.13978 [hep-ex]
Inclusive: \V

| eX e
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https://arxiv.org/abs/2110.00409
https://arxiv.org/abs/2110.14080
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.13978

MicroBooNE Results

arXiv:2110.14080 [hep-ex] arXiv:2110.14065 [hep-ex]

arXiv:2110.14065 [hep-ex] arXiv:2110.13978 [hep-ex]
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https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080

MicroBooNE Results
arXiv:2110.14080 [hep-ex]

0.0 1e0p0mr v, selection arXiv:2110.14065 [hep-ex]
- Data (25 . -
2.0 MicroBooNE 6.67 X].O‘w POT : (_2 :‘,({2;_8) | MicroBooNE 6.86 xlo.‘o POT
' Fitrad 17.51 — constrained prediction o vwithn: 8.6
17.5 Background (3.2) | - = glLEE model (x=1): 33 v, CC: 12.8
' I I _____ elCC(x=1) > 1501 -4 BN Outsico TPC: 0.5 4+ BNB Data: 34
>15.0 e p zoci'_(f.l-':' () vothor 2 6 Uncertainty
s S U(r;'c.:rt:‘lln'ges 5 12.5 - m Cosmics: 5.7
2125 <
= ~10.0 I eOp
»10.0 b4
e c 75
Z 15 g
W 50
2.5
: 0.0 '
0%00 400 200 800 1000 1200 500 1000 1500 2000
Reconstructed £, (MeV) Reconstructed E, (MeV)
1eNpOn v, selection , " 45 MicroBooNE 6,269 x 10™ POT
MicroBooNE 6.86 x 1020 POT —a— BNB data, 338 Pred. uncertainty
20.0+ —— constrainad prediction v other: .5 40 " Others, 10.0 NC, 225
I e N p —— elFE model (x=1):93 ve CC: 75.4 v, CC, 19.3 o v, CC, 333.1
17.5 mm Outside 1FC: 0.0 4 SNE Lats: 69 > 35 - - - ¢LIE Model (x=1), 37.0
E e Cosmics: 0.8 Jncerminty W '
= 15.0- |"'—!___ vwtha® 51 ‘__n"‘ . x
S 125- i 230 Frn.r le
- < 25 e B AT
~ : === =
g 1% Z220F g _{, T4
a ?-5 . O :' - -
it 2 I3 L Spa
5.0 i 10 .
2.5 sE_: poi 2 :- "bpe e
l [ dhae A sieisi
0.0- T ' m—— - — U oy L 1 1
500 1000 1500 2000 0 : e
v < eV .
arXiv:2110.14065 [hep-ex] Reconstructed E, (MeV) arXiv:2110.13978 [hep-ex]
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https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080

Neutrinos MiniBooNE Anomaly MicroBooNE Results
_—_—

p— ® MicroBooNE Observed
w Non-v. background
L e
o W Intrinsic ve
= 2.0 1 —  Total, w/ eLEE (x = 1.0)
<,
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o
o
w 1-5 = 1
—
o
\ 1
o)
v
& 1.0 -
V
N
o)
O
v
= 0.5 1
@
>
1L
0.0 .

lelp CCQE leNpOn 1e0pO0mn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

arXiv:2110.14054 [hep-ex]
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https://arxiv.org/abs/2110.14054

MicroBooNE Results

oNC

EXCLUSION CONTOURS  wei,«®

\)

MICROBOONE-NOTE-1116-PUB

B LSND 90% CL (allowed)

What does this 107 1 LSND 99% CL (allowed)
mean for the sterile n

. : ) - - MicroBooNE 95% CL, (BNE data)
neutrino hypothesis! 10

‘e . D
profiling over sin“g,,

We haven’t seen
evidence of an

excess — place

_v leX analysis

amg, (eV?)

constraints on 107
oscillation phase -
space for a new 1072 el il il
neutrino flavour 10 10 siul‘fozeue 10 1

S UNIVERSITY OF
G 8 )
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

MicroBooNE Results
oN© \

OSCILLATION PARAMETER  ou %
DEGENERACY e

MICROBOONE-NOTE-1116-PUB

Ve disappearance Ve appearance

Events

MicroBooNE Preliminary
70
C nueCC No oscillation \
- . : 2 _ 2
60: Os;:nllatlon with Ami, = 7.3 eV N ve — 4Vintrinsic ve P, Ve—Ve + N intrinsic v, P, Vy— Ve
':_ BNB sin“26,, = 0.36, Sir'lzeu =0
SO sin°20,, = 0.36, sin°6,, = 0.010
- . . 2
40E- sin28,, = 0.36, sin’e,, = 0.005 N L on . 9 . o Ami L
: [ ------ sin20,, = 0.72, sin%6,, = 0.005 mtrinsic ve (1 + (B, v, Sin” O = 1) in” 2614 sin” = 7]
30:— peeny, b\,—i
20;-— ° ° ° —
: Cancellation if sin2024 = Rye/v
s = M
F = (ratio of Ve to vy in beam)
— L 1 L l 1 ' L 1 l 1 L 1 1 l 1 A 1 ) l L :...:..'l...l °
0 500 1000 1500 2000 2500 — about 0.005 in BNB
Reconstructed neutrino energy (MeV) —) about 004 in NUMl
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

MicroBooNE Results

oN© \

FUTURE PROSPECTS: oA
BNB-+NUMI o

MICROBOONE-NOTE-1116-PUB

. 2 _ Bl LSND 90% CL (allowed)
BNB RVE/VIJ- 0.005 10 - " LSND 99% CL (allowed)
NUMI RVe/V}J.- 004 - - MicroBooNE 95% CL (BNB data)
i :: profiling over sin®g,,
o 10 :
Comblnlng bOth data (‘;\ - -+== MicroBooNE 85% CL, (BNB+NuMI sens)
sets — significantly e Sin’6,,, = 0.005
improved sensitivity E T
1
— Upcoming BNB + f
NuMI analysis will be ‘ .
o o 10—1 Lol L 1 vl IR SR
allowed regions sin“20,,

’(E ﬁ’p‘ UNIVERSITY OF
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

MicroBooNE Results

AN 4 TN )  § EEE—

INTERPRETATIONS

These slides heavily inspired by
P. Machado, Fermilab PAC, November 202 |

S W B - e —— T e B R
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https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

MicroBooNE Results

WHAI DOES THIS MEAN?

e Decay of O(keV) Sterile Neutrinos to active neutrinos N CaUtion° nOt
O [13] Dentler, Esteban, Kopp, Machado Phys. Rev. D 101, 115013 (2020) ¢
[14] de Gouvéa, Peres, Prakash, Stenico JHEP 07 (2020) 141 -
Produces
e New resonance matter effects >'T loct an exhaustive
{5] Asoadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018) rue ciectrons list!
. N . - B [ J
e Mixed O(1eV) sterile oscillations and O(100 MeV) sterile decay ™
o [7]Vergani, Kamp, Diaz, Arguelles, Conrad, Shaevitz, Uchida, arXiv:2105.06470 | _J Th |S |S meant to
e Decay of heavy sterile neutrinos produced in beam Produices
a  [4] Gninenko, Phys.Rev.D83:015015,2011 >- 1
5 [12] Alvarez-Ruso, Saul-Sala, Phys. Rev. D 101, 075045 (2020) True Photons be re presc ntative
o [15] Magill, Plestid, Pospelov, Tsai Phys. Rev. D 98, 115015 (2018) I
o [11] Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 (2020) y O n )’

e Decay of upscattered heavy sterile neutrinos or new scalars ~

mediated by Z’ or more complex higgs sectors
o [1] Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121, 241801 (2018)
[2] Abdullahi, Hostert, Poscoli, Phys.Lett.B 820 (2021) 136531 Produces
o [3] Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019) >. ete pairs
[10] Dutta, Ghosh, Li, PRD 102, 055017 (2020)
o [6] Abdallah, Gandhi, Roy,Phys. Rev. D 104, 055028 (2021)
e Decay of axion-like particles
[8] Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021) J
¢ A model-independent approach to any new particle
o [9] Brdar, Fischer, Smirnov, PRD 103, 075008 (2021) More information: see

P. Machado, Fermilab PAC, November 202 |
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https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

MicroBooNE Results

WHAI DOES THIS MEAN?

V B 4
i s SN R S X N ..... 4
P . i - S
Overlapping e*e- Overlapping e+e- Highly asymmetric e+e- Highly asymmetric e‘e-
) . e R o
._,?,‘-_‘ :z: ST —?R‘W:': “:\J ‘. .‘\
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MicroBooNE Results

WHAI DOES THIS MEAN?

MicroBooNE’s first LEE results

4 " ~
e { = xp/ i N/ i
e i s
- y
A 4
v Ly y
y b | XY
M p ‘ pe M%Q_‘,I
- ) A
Overlapping e+e- Overlapping e+e- Highly asymmetric e+e- Highly asymmetric ete-
" L ,/(“’*MM, ........ J{—'ﬁﬁ‘p
—— :f: ....... wk ;: ~ \ - .‘\\
p\ ' g P ~

o UNIVERSITY OF

LB )
N s e
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MicroBooNE Results

EXPLORATION OF THE
MINIBOONE EXCESS

First series of results (1/2 the MicroBooNE data set)

Reco
opology, 1€0P | 1€1p | 1eNp TeX | e*e e'’eX |1y0p |1ylp | 1yX

Models + nothing

eV Sterile v Osc V V V V
MixedOsc+Steriiev | ¢/ (¢, &, |V V.
Sterile v Decay %A,ﬂ %141 V[ﬂ,_n] Vm,.m] [1.11,12,15]

’ %*
Dal‘k SeCtOI' & Z /[2,'!] %'3] Vlz.ﬂ V[l,?.}] 11,2,3] %2,3]
More complex higgs * %n, [10] [6,10) %,101 Ms.mj

Axion-like particle * Vl“l

Res matter effects “[-,1 V[s | % V[S]
SM y production V V V

*Requires heavy sterile/other new particles also

[—

AN
AN
AN

AN

LN
A\AN
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MicroBooNE Results

Ballett, Pascoli, Ross-Lonergan PRD 2019

Ballett, Hostert, Pascoli PRD 2020
Bertuzzo, Jana, Machado, Zukanovich PRL 2018
. . . Bertuzzo, Jana, Machado, Zukanovich PLB 2019
These slides heavily inspired by J

P. Machado, Fermilab PAC, November 2021 Arguelles, Hostert, Tsai PRL 2019

Light Zp

e-l'
e"

incoming neutrinos from the
beam scatter/up-scatter
inside the detector

Motivation: Heavy Zp
Origin of neutrino masses

Dark sector portal

Fit to MiniBooNE energy and
angular spectrum
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241801
https://www.sciencedirect.com/science/article/pii/S0370269319301194?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.261801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115025
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701
https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

MicroBooNE Results

HIGGS PORTAL SCALARS

These slides heavily inspired by Batell, Berger, Ismail PRD 2019

P. Machado, Fermilab PAC, November 202 | Patt,Wilczek 2006
_n,-* Experimental signature:
~
v e No hadronic activity
— <
T ~ Yo ete- or WHU-
o\ 6,/, | IJ' IJ'
S L Invariant mass
6,/&

Motivation:
Portal to dark sector

Connection to Higgs sector

Experimental synergy with
HNL search
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https://arxiv.org/abs/hep-ph/0605188
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115039
https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

MicroBooNE Results

MICROBOONE'S HIGGS PORTAL
SCALARS SEARCH

Search for ete- decays from
scalars coming from
NuMI hadron absorber

Side view eta- !
| event observed — 95% :
. Mi BooNE".
C.L. excludes new regions of \% TN

Phys. Rev. Lett. 127, 151803 (2021)

N
o
NuMI target -
phase space and horgs T %
)
Additional pJ-u* search coming e
Hadron %
soon (not to scale) absorber

L —— T

e*e- techniques applied to LEE
search: in progress
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803

MicroBooNE Results

MICROBOONE'S HIGGS PORTAL
SCALARS SEARCH

Search for ete- decays from

Phys. Rev. Lett. 127, 151803 (2021)

scalars coming from 107 — :
] reinterpretation
NuMIl hadron absorber A central value
| event observed — 95%
C.L. excludes new regions of  oqg° o .
hase space AR ~
PHERE P o KOTOTS =
. , - _E949 LSND"
Additional J-J* search coming NAG2
Soon 10—4 M | | | ] | | |

PR BTSSR BTSN SR SRR N | .
0 20 40 60 80 100 120 140 160 180 200
. _ Scalar mass m, (MeV/c?)

e*e- techniques applied to LEE — S

search: in progress

Kirsty Duffy 68 l’lB _é(@ -


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803

MicroBooNE Results

Too many papers to list, but see

Ballett, Pascoli, Ross-

HEAVY NEUTRAL LEPTONS &l

These slides heavily inspired by
P. Machado, Fermilab PAC, November 2021

HNL produced in beam
decay pipe, propagates to
detector, and decays

€ _- (‘{Z

N

Motivation: WLLS 6

Possibly related to neutrino mass

Dirac vs Majorana nature of
HNLs can be probed, if
discovered

Kirsty Duffy 69

Lonergan JHEP 2017

Kelly, Machado PRD 2021

Experimental sighature:

Several possibilities Less likely/
harder to

Delayed timing w.r.t.A/ explain mB

beam neutrinos anomaly

Reconstruct invariant mass?



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.055015
https://link.springer.com/article/10.1007/JHEP04(2017)102
https://link.springer.com/article/10.1007/JHEP04(2017)102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701
https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

MICROBOONE'S
HNL SEARCH

Phys.Rev.D 101,052001 (2020)

Search for HNLs decaying to Tt
pairs

Dedicated trigger configuration
to detect HNL decays that occur
after the neutrino beam spill

nBooNE

SIMULATION 700 MaV HNL Decay

[Mass 370 MeV)

Kirsty Duffy 70

MicroBooNE Results

&
c
G

Fraction of events
= =]
o o
Is‘.) 129

MicroBooNE Simulation :

3.5

W -

0
2.5

4

4.5 5 5.5 6

Fvent time [us]

=== BN B neutrinos
s HNL (365 MeV)

- == BNB Trigger window

HNL Trigger window


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001

MicroBooNE Results

MICROBOONE'S HNL SEARCH

Phys.Rev.D 101,052001 (2020)

Set upper limits on extended PMNS matrix element |Up 4|2 @ most constraining
experimental limits at higher masses. Updated measurement coming soon!

106
L'—l) Majorana
S F
S
>
©
o 107 : _
g ~ | =™ Observed N
o | N == Expected
I | MicroBooNE | Expected 10
= POT: 2.0x10%° Expected 20
108 . . . .
300 350 300 350
Mass [MeV] Mass [MeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001

MicroBooNE Results

FUTURE INVES TIGATIONS

BNB Data collection: Protons on Target (POT)

2.0E19 2.0E21
1.5E19 1.5E21 ~
O
Q.
S 2
Q  1.0E19 1.0E21 =
i B
S
5.0E18 |H l| | M‘ 50820 O
0.0E0O I 0.0EQD
D WO N e A oV o o
QS) fLQ Q’Q qp ’LQ Qp qp 'L qp 0 0 q_()

Analysed ~7x1020 POT Approximately the same
) again still to come!
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MicroBooNE Results

FUTURE INVESTIGATIONS

, , X
T e Xt
Investigations

4 ) )
----- e NY

J AN
4 )

Overlapping e+e- Overlapping e+e- Highly asymmetric e+e- Highly asymmetric ete-
g T
_ - '/(mw ........ _"{—--—.ﬁ
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

it
Neutrinos are one of the least-well- :
° . = MicroBooNE 95% CL, (BNB data)
understood particles in the Standard - proing oversirs,
10
M o CI (S I O -+-- MicroBooNE 95% CL, (BNB+NuMI sens)
L - sin’e,, = 0.005
ool
. . . . =<
Neutrino oscillation is beyond the 13
Standard Model, and opens the door ;
to exciting new possibilites P RN .
14 1078 102 10" 1
. 1y1
However, a lot remains that we don’t i i pre—
) ) § 80 NC A — Ny [ NC1z° Resonant A(1232)
understand (both within the 3-flavour el — e
er baci g(oun S Igher Resonances
oscillation picture and outside it) T R trer MicoBooNE 41p Daa
% " (6.80x10% POT)
ok > X Background & Eror
30pz 4
| present(ed) new data from the . !

N

MicroBooNE experiment that sheds o

0

light on one of the existing anomalies Uneonsirained Constained Eeicted no eLEE (- =0.0)
P— T iced wieict 0210

More data (x2 data statistics), :

more analyses, and more = 9 L _*_ —

experiments (SBN) will soon add 2 Lo

to this picture S . i { *
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OSCILLATION PARAMETER
DEGENERACY

2
10 E B LSND 90% CL (allowed)
: . | LSND 99% CL (allowed)
10 - MicroBooNE 95% CL, (BNB data)

profiling over sin°g,,
in the 3+1 oscillation scenario

- MicroBooNE 95% CL, (BNB data)
V. appearance-only

Am;, (eV?)

10 - MicroBooNE 95% CL. (BNB+NuMI sens)
- sin“d,, = 0.005
- in the 3+1 oscillation scenario
10—2 1 L1 lllllI | |- | llllll | L1 llllll | L1 11111
107 107 1072 1071 1

Sin“26,,

Saed, UNIVERSITY OF
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OSCILLATION PARAMETER
DEGENERACY

MicroBooNE Preliminary
10° : B MiniBooNE 95% CL (allowed)
N * | MiniBooNE 99% CL (allowed)
- MicroBooNE 95% CL, (BNB data)
0,‘; 10 E_ profiling over sin°6,,
@ _
S : -- MicroBooNE 95% CL, (BNB data)
<El V. appearance-only
TF
— | | | IIIIII ] | llllllI | 1 1 | 1 1111l
107
107* 107 1072 10 1

Sin“26,,

Saed, UNIVERSITY OF
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MicroBooNE Results

A NOTE ON NEUTRINO ENERGY

Each analysis selects

Each analysis uses a different
reconstruction paradigm uBooNE

w— M icroBooNE Data

Electron-search results presented as a ST G T B

function of reconstructed neutrino energy
Remember we have to estimate uBooNE
neutrino energy from the particles we — U1 S617 SOSRUN 45 EVENT 2028

measure BNB Data, Run 5924 Subrun 2 Event 109
Reconslrucled chower energy. 2.8 GeV

— reconstructed neutrino energy !=
true neutrino energy

— AND reco—true mapping is
different between analyses

UNIVERSITY OF
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MicroBooNE Results

SINGLE PHOTON SEARCH

arXiv:2110.00409 [hep-ex]

Simple hypothesis test: use
combined Neyman-
Pearson X2 as test statistic

Nucl. Inst. Meth.A 961 (2020) 163677

0.2

o LEE Model (x = =3.18
0.18 X g ) a‘

~ Nominal Prediction

\ .

0.16

’

—— Data 1.9¢ (94.8%) CL

o
e

III llli]]llII]IIIIIIIIIITIII lll ]ll I

Probability Distributions

e
N

Data consistent with
0.1

. M M Median S
nominal A= NY prediction  } ™™™ A
0.06 j\
Data rejects LEE 0.04 4 /;
model hypothesis in e SRR * //ﬁ -

=
| 1
8 E
1
’
-
-
g

”
15 10 -5 0,2 ., 5 10,
X -xtEE!\bcel(xw-B.lap-chmnal

favour of nominal
prediction at 94.8% CL

%wd, UNIVERSITY OF

f’W X
(= i )
N8 A4
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https://inspirehep.net/literature/1725472
https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

~12
>
§ oL la Bzest Fit: x. = 0.0
v b s 80% XS 5.53 (15 dof)
T [ e 95%
8— .
i |
sl :
B 1
o I
4_
j ! LEE Model
i ' !
L i (x,,5=3-18)
Best Fit: I |
X, =0 ¥ T T T P B
A R B T m—

5 6 7
/ | X, (Scaling of NC A—Ny)

[ Nominal GENIE NC A>N}-'J x. < 2.3 at the go% CL J
A . o

rate (xA = 1) within 16

Slide credit: Mark R-L
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eLEE Signal Strength (x)

82

MicroBooNE Results

—@— MicroBooNE Observed (1, 20)
1| ==== Expected, no eLEE (20)

T
10‘5 ———— MiniBooNE approx. (£10) I
I T
&
I
i |
| |
1.5 - . I
: |
|
% %
1.0 T 2 77
i & '
I | I
| | ! |
T I I |
| ! ! | |
| : : :
0.0 ; I 1 I 1
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p-value (Ho) | H1: 0.957

p-value (H‘) | Ho: 0.061

1111{111111111

10

83

20 30 40
A =77(H) - ¥(H)

MicroBooNE Results
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MicroBooNE Results

A SIMPLE MODEL OF THE
MINIBOONE EXCESS

s "+ Dat (stat orr)
5+ ) v, from !
: o v, fom K
: = v, om K
= . . < risid
- ANy

: E_— it
[ other
— Cumists, Syst, Enror
...... Bes! Fit

llllllll

llllllllll

llllll

3.0

8 1
Er” (GeV)

Take
reported in
MiniBooNFE’s
2018 results

Phys. Rev. Lett. 121, 221801
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Events/MeV

Ratio Unfolded/MC Truth

-
N

Unfold to true energy,
assuming excess Iis
entirely electron

neutrino

Unfoced Resull in MiniBcoNE, Elecion-like Model

MicroBooNE Preliminary - Linfo cod 14 niloollE spactra

IllllllllT
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True E, [MaV]

Event counts / 100 MeV

MicroBooNE Simulation

Scaled to 6.4x10°° POT
oK o & e MC prediction without L.EE
' «=«« LEE {x=1) prediction
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1000 20'0%;12(20(1'“&(;00
Apply to
MicroBooNE to
find expected
excess

Allow normalisation
(x) to float
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801

MicroBooNE Results

A SIMPLE MODEL OF THE
MINIBOONE EXCESs ANy

1y1p
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801

MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino
interaction model
to external data

41 Elastic
Sca;tering

..
™ o
n
S Absﬁrption
v
¢ \
L L
A "e e
Pian Production
Kirsty Duffy 86

Run 3469 Event 53223, October 21°%%, 2015
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MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino
interaction model
to external data

predict mapping of reconstructed to true
neutrino energy

c1s provide correlations between data samples
| (see next step of analysis)

/ | Accurate estimation of uncertainties
»{ can be more important than central-
Cre W value model prediction

Pian Production

Kirsty Duffy 87 MB (@' "



- Tune neutrino
interaction model
to external data

vy CCQE-like

100
2 Data/> Pred = 1.23 £ 0.13 BN BNB v, CCQE (2008.04)

600 L. 20 Neutrino Background (632.16)
. MicroBooNE 6.67 x 10" POT mmm BNB OffVix (287 65)
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= t v Systematic Error
o 400 } Doata(4848)
n
S
w 300
-
c
£ 200
w

1001

oo 600 800 1000 1200
o 2
E - e . ¢
% 1 A AT At Py f-/—f-)-fﬂ/f-//}‘/—ﬁf}%//////;
g
8 900 400 600 800 1000 1200
E, [MeV]
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MicroBooNE Results

DOING ITHE MEASUREMENT

GENIE v3 (untuned) x?=115.3/67 bins
MicroBooNE Tune X2=63.8/67 bins
T2K Data

0.98<cos(8,)<1.00




MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino
interaction model
to external data

00

700
ZData/ZPred = 1.23 £ 0.13 BN BNE v, CCQE (2908.04) 2 Data/2 Pred = 1.08 = 0.13 BN BNB v, CCQE (3369.27)
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MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino Sideband data sample
interaction model [—| — data-driven signal
to external data prediction

“Sideband” — independent (i.e.
non-sighal) data sample

Use to:
= validate analysis strategy and modelling
= constrain backgrounds in signal sample

= further constrain models to provide
data-driven prediction for signal region

Kirsty Duffy 90 HB@ -



Interpretations

Anomalies MiniBooNE Anomaly MicroBooNE Results

DOING THE MEASUREMENT

. . Ve Selection
Tune neutrino Sideband data sample “
interaction model (=% — data-driven signal sidebands: i
to external data prediction and v
n° selection
1eNp0nr v, selection 175 MicroBooNE 6.86 x10% POT
MicroBooNE 6.86 x10%° POT W Lirt (Qutside 1PC)  mow u CC
= consrzined pred ction  mem v wican® 1501 . Cosmics lIncertainty
20+ - = elEE mbdelz.--l:' v athe N& H N 7 other ¥ BB Data
- m Dirs (Outside TPC) — ve O % 125 - e v with w®
8 mm Cosmes 0 Uncertarty =
15 o 100 .
> / = Area normalized
2 v 75
@ 10- -g
2 & 50
“ s 25
0 o 100 200 300 400 500
0.5 1.0 1.5 2.0

2
Reconstructed E, [GeV] My, [MeV/c?]
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Anomalies MiniBooNE Anomaly

MicroBooNE Results Interpretations

DOING THE MEASUREMENT

Ve Selection

Tune neutrino
interaction model
to external data

Sideband data sample
— data-driven signal
prediction

sidebands:

and v

lncertainty

1eNpDr v, selection

Entries / 10 MeV/c?

- e e e

[T - -

o w o w (=] “v o w
el
L

@
[
— o

2

Area normalized
MicroBuoNE 6.86 x10%° pOT v selection
— constrained pred ction  mem v wivan® 3000 £
20- = ELEE modal (y=1) i MicraBeoNE 2.13 x10”° POT
- m Dir: (Outside TPC) — |vc cr B Dirl (Qulside TPC) 0w CC
8 e Cosmcs Uncertarty 2500 mm NCv Uncertainty
< 15 > mm Cosmics 4+ EN3Dats
i v, CC
= & 2000- "
5 10- ; —— &
'S -~
c W
w a
5- B
C
L
0 |
0.5 1.0 1.5 2.0
Recaonstructed £, [GeV]

0
) o o 0.2 0.4 0.6 0.8 1.0 1.2 14
vy measurement constrains ve prediction Reconstructed Neutrino Energy [GeV]
and reduces uncertainty
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MicroBooNE Results

DOING THE MEASUREMENT

- Tune neutrino
interaction model

Sideband data sample
- — data-driven signal

A—NYy
sideband: NCm°

PRI PTIIID

0 1 ; (¢

to external data prediction
2 Emm3m NCa-Ny C— NC 1x° Coherent
S 180l NC 11° Non-Coherent @ CCv, 1rn°
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MicroBooNE Results

DOING THE MEASUREMENT

to external data

~ Tune neutrino Sideband data sample
interaction model [—| — data-driven signal |[—

~ Staged
unblinding

prediction

Blind analysis strategy:
Limited open data sample
Analysis of sideband data sets
Blind analysis of fake data sets

Progressive Ve unblinding

Kirsty Duffy 94
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MicroBooNE Results

DOING THE MEASUREMENT

~ Tune neutrino Sideband data sample -
. . , , Staged Statistical
interaction model [—| — data-driven signal |[— AT

| o unblinding tests
to external data prediction

1) Simple hypothesis test
Does the data prefer the LEE model over the non-LEE model?
2) Signal strength measurement

Use Feldman-Cousins procedure to measure best-fit signal
strength (x) assuming a linear scaling of the LEE model

Kirsty Duffy 95 MB@ s



Neutrinos

THE MASS HIERARCHY

Am?2. L I — (1)’ (n,)” E——
Sin2 ( 1 g ) (Amz)sol
(ml)z*
Amfj — m? o mj2
" v
. . . o e 2
Oscillation is only sensitive to (Am )iy _
the size of Am2, not the k. (Am"),,
sigh m v
— We know the sign of
Am2,; from solar neutrino e e— ()
2
measurements (Am?)_,
s (M )’ () e —
— We do not know the ' <
normal hierarchy inverted hierarchy

sigh of |Am?2;3,|

%wd, UNIVERSITY OF
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O\ 281 S
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Neutrinos

(TRYING TO) MEASURE CP
VIOLATION

NOVA
(NuMI Off-axis Ve Appearance)

T2K
(Tokai to Kamioka)

Super-

Kamiokande 8 J-PARC, Tokai

ND280
INGRID

-------

Farmilsb '.0 an Ash River
810 km

’(é ﬁ’p‘ UNIVERSITY OF
Kirsty Duffy 97 & OXFORD




Neutrinos

(TRYING TO) MEASURE CP

VIOLATION

Ll ' L) L) L L] l T L] L Ll l Al L) L) \J

[
w

—— Normal - T2K + reactor
—— Inverted - T2K + reactor

FC 30 conf. region

lllT[lYTl

0., (Radians)

T2K
Favours Ocp=-T12 in both

normal and inverted hierarchy
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Significance (o)

NOVA FD  13.6x10%° POT equiv v + 12.5x10°° POT v
5 —————T—————T—————————— >
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- — 1<
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N ---|H Loweroctant 10
[~ - ™
- - |H Upper octant 4 @
3L 135
r_ il e
- 13
2 -Q
1+ :
.'.'". N , 5
% s Tt 3 2n
2

8CP

NOVA

Favours Ocp=-TV/2 in inverted
hierarchy; Ocp=TV2 in normal
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