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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)

New data from current and future precision experiments
will shed light on this
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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 MeV/c? =1.275 GeV/c? =173.07 GeV/c?

o

=126 GeV/c?

I @ | ; . ©H Fundamental particles in
oo & || a ! ° the Standard Model
up charm top ~ gluon ' gléggrs]
b s b 0 ‘ Interact via weak force
down strange bottom - photon J
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? | 91.2 GeV/c? “Palred’, Wlth Charged
e L p LT @ leptons

electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?

0 0 0 +1
12 w 12 w 1/2 y 1

electron muon tau W bo
neutrino neutrino neutrino

GAUGE BOSONS

LEPTONS
S
=
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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

Y 0R
a7/ "as ar\O)
& 7
= mﬂ o
P2,
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Neutrinos

TWQO SETS OF EIGENSTATES

Ve Uel

V'u — U,ul

Vr U’Tl
flavour

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



Neutrinos

Distance: L
< >
Source Vv v. Detector

™ Neutrino energy: E

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

P(I/,UJ — V,u) ~ 1 — 4COS2 9138iﬂ2 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 Vv v. Detector
\ , e
Neutrino energy: E

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

Neutrino oscillation
— Neutrinos have mass

— Physics beyond the
Standard Model!
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Neutrinos

~ How many How do
neutrinos are neutrinos interact
there? in the nuclear Which neutrino is
medium? heaviest! Which is
lightest?
Why is
) | neutrino
| Is neutrino mixing SO How much do
oscillation different large? ' neutrinos weigh?
for neutrinos and

antineutrinos!?

Why are neutrino
.~ masses so much

~ What else can smaller than all other
'neutrinos teach us? particles?

Are neutrinos their
- own antiparticles!?
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— —  Which neutrino

is heaviest? Which

;_ZJ% is lightest?
SO DUl

| — S
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Neutrinos

THE MASS HIERARCHY

Am?. L
sin? i

2 _ 2 2

Oscillation is only sensitive to
the size of Am2, not the
sigh
— We know the sign of

Am?2, from solar neutrino
measurements

— We do not know the
sigh of |Am?2;3,|

Kirsty Duffy |
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H v
(Am®),,.,
ks (A,
H v
E——— ()’
(A[nz)sol
Eeeeeesis == (m1)2 (m3)2*
normal hierarchy inverted hierarchy




Neutrinos

MEASURING THE MASS
HIERARCHY: MAT TER EFFECTS

Long-baseline experiments Vv Y

are sensitive to the \/

mass hierarchy via
matter effects L 70

Additional charged-current /\
e,p,N e,p,n

interactions in matter for Ve,
not available to vy, V<

— “extra potential” for \/

Ve breaks mass-hierarchy
symmetry (depending on W
which mass state contains '

the most Ve) . /\ 5
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Neutrinos

MEASURING THE MASS
HIERARCHY: JUNO

Prog.Part.Nucl.Phys. 123 (2022) 103927

. 10°
Reactor neutrino - .
experiment: Ve disappearance 120 2000 days of agta taking | — No osclllations
. Ve -
. —== 0nly solar term
at baseline ~50 km _ —— Normal ordering
1001 —— Inverted ordering
Sensitive to both oscillations > |
. 80 -
according to Am?2;; and = °Ff
Am23; — interplay of g ol
both gives sensitivity to 2
mass hierarchy > ok
Extrem.ely precise energy 20 :
resolution = determine 3 Ams,
mass hierarchy at 30 in b1 e
6 o 1 2 3 4 5 6 71 8 9
years Es, (MeV)
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https://www.sciencedirect.com/science/article/pii/S0146641021000880
https://doi.org/10.1016/S0370-2693(02)01591-5

Neutrinos

How much do
neutrinos
weigh!?
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Neutrinos

MEASURING THE
NEUTRINO MASS

Am?. L
sin? e

2 _ 2 2
Am;; =m; —m;

count rate (arb. units)

Neutrino oscillation tells
us that neutrinos have

mass it
S8}

Sl

But not the absolute g |
) =47

mass (only the Am S |
. Q i
differences) ©
3
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Neutrinos

MEASURING THE
NEUTRINO MASS

o coon ] - New KATRIN result: Nature
Tokyo (1581 | = . = Physics volume 18, pages| 60—
Zirich (1992) b e i
i (1980) - e 166, 14th February 2022
Beijing (1993) — C o !

Livermore (1995) - ——— .

Trtek 1965) . World’s best constraint
| A N on heutrino mass
Mainz (2005) | : *— ®
Troitsk (2011) — b *— [
KATRIN (2019) - — - Best fit: my = 0.26£0.34 eV2c+
KATRIN (2021) 14 [
KATRIN (combined) HOH °
ST Upper limit of my < 0.8 eVc-2

-200 -100 0

Bestft m? () at 90% confidence level
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https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1

Neutrinos

A 2K

N O~

— W
— S

Is neutrino oscillation
different for
neutrinos and
antineutrinos’

r\l B AN
=X

—
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Neutrinos

Distance: L

Source Vv Detector
H v Ve
Neutrino energy: E

Muon neutrino disappearance
B

Electron neutrino appearance

ﬂ

o Am3,L
4F
(+)— [ sin 2(91QSiII 29238in 2913 COS 913

Am2,L Am? N

+ (CP-even, solar, matter effect terms)

) ) . 2 . 2 .
P(v, — ve) o~ sin” O33sin” 203 sin

AT O
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

CP violation in neutrinos could L
provide insight into a mechanism that
could provide matter-antimatter
asymmetry

— could neutrinos explain why we
exist!

>

Electron neutrino apg

=) =)

P(v, — ve) sin? O53sin? 20,3 sin?

32
1F

(‘l‘)— [ sin 2(91QSiIl 20238in 2913 COS 913

Am32, L Am?2
X sin Z%l sin? T§2 sindcp

+ (CP-even, solar, matter effect terms)
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Neutrinos

(TRYING TO) MEASURE CP

VIOLATION

T2K
(Tokai to Kamioka)

; NIIGATAv‘ ‘_"",.f J-PARC,TOl(ai
TOCHIGI ND?280

Nagano
: ! 55 295 km IBARAKI |NGR|D
NAGANO ‘
X SAITAMA /
- _'To:yo

fi;{--

7 ¥ TovAMA
i ISHIKAWA

iR gl P [fe-
Sl |\ g il

5 KANAGAWA®
. CHIBA

SHIZUOKA ¥
/
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NOVA
(NuMI Off-axis Ve Appearance)

NOvVA
Ash River

MN

Minneapolis ®

Fermilab %

IL

Fermilab .10 - Ash River
810 km

G UNIVERSITY OF

=’ OXFORD



Neutrinos

(TRYING TO) MEASURE CP
VIOLATION

NOVA FD 13.6x10%° POT equiv v + 12.5x10*° POT ¥

N
()}

- A - I -'--NH'Léwérdctént':CZD
. —— Normal - T2K + reactor _ i
- —_ - — NH Upper octant 4 <
20 — — Inverted - T2K + reactor b 4 - >
_ . N N ---|H Lower octant ] g
- FC 30 conf. region 8 - — IH Upper octant i
% i 5 F 13
a [ : 8 : 13
- E
C N 2 :
ok n 1 :
0 - 00 | EI n 31t| én
-3 ) 1 0 1 2 3 2 5 >
d.p (Radians) CP
T2K NOVA
Favours Ocp=-TU/2 in both Favours Ocp=-TU/2 in inverted
normal and inverted hierarchy hierarchy; 0cp=TU2 in normal

é UNIVERSITY OF

Kirsty Duffy 21

%« OXFORD



Neutrinos

Sanford Underground
Research Facility

Fermilab

____________
-
\\\\\\\\

YPER

J-PARC
Near Detector 280 m

Hyper-Kamiokande

e i 1000m ‘ .
Neutrino Beam

295 km

Gasd, UNIVERSITY OF
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Neutrinos

)

N O~

| — S

T2/K\

How do
neutrinos
interact in the
nuclear medium?

S 785 S
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Neutrinos

NEUTRINO INTERACTIONS

.)~sin2(/Ev)

Run 3469 Event 53223, October 21°, 2015
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Neutrinos

NEUTRINO INTERACTIONS

.)~sin2(/Ev)

Run 3469 Event 53223, October 21°, 2015
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Neutrinos

NEUTRINO INTERACTIONS

required
to interpret
measurements
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Neutrinos

Are neutrinos
their own
el antiparticles?
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Neutrinos

ARE NEUTRINOS THEIR
OWN ANTIPARTICLES?

Uniquely in the Standard

Model, neutrinos could be (U u
their own particles : g EI' P

— Majorana fermions

Could explain small Ve
: Ve
neutrino mass W- < N
. d — o — U]
Most promising way to n 1 d dip
search: neutrinoless double 8 u
beta decay

Kirsty Duffy 28



Neutrinos

ARE NEUTRINOS THEIR
OWN ANTIPARTICLES?

Uniquely in the Standard

Model, neutrinos could be (U u)
their own particles : g EI' P
— Majorana fermions — J
W- s -

Could explain small Ve
neutrino mass W- .. .

. d — B — u)
Most promising way to nd dip
search: neutrinoless double u u.
beta decay
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Neutrinos - r
| / \\A E =

ARE NEUTRINOS THEIR s
OWN ANTIPARTICLES?  sn@ nExe

— 2vfip
—— OvBB (B.R. = 10
HPGe resolution

0.9

0.8

0.7

0.6

0.5

0.4

Arbitrary Units

0.3

0.2

| llllllllllllllIllllll”llllll|llll|llll|llll

0.1

0.8 1
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Neutrinos

NEUTRINO OBSERVATORY

;,;.~ IIBEBUBE

FASEA What else can
"’f—% neutrinos teach

7 OBSERVATORY
US/¢

;{8} P-ONE ® KM3NeT

Gwsdy UNIVERSITY OF
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Neutrinos

Extra-Galactic

Galactic

Accelerator

Atmospheric
SuperNova

Cross-Section (mb)
2 2 3 3 3

=L

=|
-h
n

=L
Q
©

©c © o 9
& ) N )
-t 2] (S ) N

10° 1072 1 10° 10° 10° 10° 10° 102 10" 10" 10"
Neutrino Energy (eV)
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Neutrinos

COSMIC NEUTRINO
BACKGROUND

Big-Bang Relic Cosmic Microwave
Neutrinos: Background:

| second old ~300,000 years old

Inflation
Quark Soup
Parting Company

_ First Galaxies

-«— Radius of the Visible Universe —»

1032 Sec. 1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

Gwsdy UNIVERSITY OF
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Neutrinos

SOLAR NEUTRINOS

1
HJ \/V 1011 T T T T TTT] T T T T TTT]
/ 120 ™ xi /ﬂ 'Be
13\ _ 109 Be ]
7 pep
/l@ 3 107 /“/ \ N
+ A /
2 150) 13C :’ 150 ec’3N 8
A 14| ) ? (\:“” 10% - /:,L/—/"r— N
3 e = L1711
<« > L
~ /S 2 i3l L — ! 1ec!50+17F
v 1HJ § 10 / 11 —
10" |- ///l/l/,
JProton | | 1]1%( 1!!1 L1 11111
o Neutron Gamma ray Y 102 103 104
Positron Neutrino V Neutrino energy (keV)

Nature volume 587, pages 577-582 (2020)
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https://www.nature.com/articles/s41586-020-2934-0.epdf?sharing_token=YBzjQ5IVT-jFdY2PrZOpe9RgN0jAjWel9jnR3ZoTv0PqrW3gChFlnmnQVORYcUr53pP3-8Xr2yoh8TYAf4B7Ke_4F1nKyf4Xe8PfFKnESoPtK-FIP9udXHPBhPwN2IZKjBwmK4BXh1cdrKqDBioXLialpKiC5VnoXZjFN3sBUKE=

Neutrinos

SUPERNOVA NEU TRINOS
.Q'
‘ uper-Kamiokande: 12

iMB: 8
Baksan: 5

Neutrino @
1)

Energy (MeV)

Background level
” .. -

Relative time

Supernova 1987a

Fasd UNIVERSITY OF
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Neutrinos

5 | CECUBE

NEUTRINO OBSERVATORY

GALACTIC NEUTRINOS

A3 Nwien
2 Photon *

Lol Y NeGtnino

Basd UNIVERSITY OF
> 1A )5
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Neutrinos

GALACTIC NEUTRINOS ~ $'ssRues

—

m— GW (90% CL)
X neutrino (IC)
° X neutrino (A)
30
15°
0°
15 X

GW151226
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Neutrinos

How many
neutrinos are
there!?

JE€
L. 3
&’
Program

.
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(A SMALL SELECTION OF)
NEUTRINO
ANOMALIES




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
BN PAR Ve appearance
________________ MiniBooNE ~ SBLaccel. ~ Veappearance
________________ MiniBooNE ~ SBLaccel. ~~ Veappearance
(GALLEX/SAGEBEST  Source - e capture Ve disappearance
Ve rate

Reactors Beta decay @ S
________________________________________________________________________________________________________________________________________ Veshape R

ANITA High energy High-energy events .o Q

(06( ’ \\5
. C\%\ 6\16
O\S \\@QS
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

£ 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

Detector

— TT", U+ decay at rest
— well-understood fluxes
Bl %
‘ L. ev,yv,
— — Phys. Rev. D 64, 112007

Kirsty Duffy 42


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

MiniBooNE Anomaly

ANOMALIES: LSND \ =

(7))
% i
8 17.5 ‘ ® Beam Excess —
3 ; o Observed excess of Ve at
s 15 | R p(v,—v,e)n
§ 12.5 | o 3.80
| other
101 Expectation If interpreted as two-flavour
25| ' for oscillations : o
5| neutrino oscillation,

requires Am2~0.2-10eV2

Not consistent with
any known 3-flavour

04 06 08 1 12 14 S
L/E, (meters/MeV) osciiiation

Phys. Rev. D 64, 112007

‘@ UNIVERSITY OF
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

MiniBooNE Anomaly

ANOMALIES: MINIBOONE

)

oscillations?

-

J

sy i . ve Il
=7 e K- '
FNAL booster  target and horn py ,
ecay region
(8 GeV protons) SIS N (5»:) 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
Kirst), Duff), 44 @-@> UNIVERSITY OF
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Recently released updated

_______

Consistent with LSND results:
combined significance of 6.0

:_%_ AL R I 'D'ata('sta't/e',,_) INLE results (2021) with x2 more data
- 1 v, from u*" - -
7F = v from K = than original anomaly (2009)
= v, from K° .

6 [ — 28 misid -
> + — - 4.80 excess of measured V. and
s "B i e Syet. Error E Ve over prediction, focused at
A i — Best Fit = I
c 4 oW energy
0>J _
L _

Best fit for neutrino oscillation
0.2 04 0.6 0.8 1 1.2 1.4 3.0 h)’POtheSiS: Amz — 004 eV2

Phys. Rev. D 103,052002

Gaed UNIVERSITY OF
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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

.
Par ©® &
_ 25" o
e g "t
I
V.e ........... » =7 $‘tﬁ
However, produce

identical Cherenkov rings

QXQ/
A
A\ —

Kirsty Duffy 46



MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Events/MeV

Kirsty Duffy

47

I I I I 1 | I 1 I
Data (stat err.)

1 v, fromp*"
O v, from K™
= v, from K°
I ~° misid
CCOA->Ny
BN dirt
[ other

Constr. Syst. Error
Best Fit

llllllllllllllllllIllllllll[IlIllIllll

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!

Gaed UNIVERSITY OF
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Is the excess photons?

—————— Several sources of photon backgrounds:

> ]
Q - e Data (staterr.) -
2 | -
—+ 1 v, fromp*" - .
% = [ v, from ll;”' ] NCII-Ilo mIS-ID
2 N I v, from K° -
. e ° misid — . .
F - == - — measured in-situ
' . it .
5 . . . . .
= = gtgjm,\;-> Dirt (neutrino interactions outside the
4 T Best Fit - detector)
= — beam timing
3.0
EV" (GeV)
ﬁ@) UNIVERSITY OF
Kirsty Duffy 48 %’ OXFORD




MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

I I 1 I 1 I I I I I I | I I | I I I I | 1 | I | I I I Several Source

e Data (stat err.)

] v, fromp*" .

= v, from K" NCm° mis-I
= v, from K°

I ° misid

+ ] A— Ny — measur
' N dirt —

S [ other \’ : .
; ——— Constr. Syst. Erros D"’t (neUtrln

Events/MeV
\‘
+

(2]
If11||l||

lllllllllllllll

4 T Best Fit ~ detector)
l N
3 = — beam t
2 3
: = . . .
| . — not constrained directly - predicted from
Y I S Y T ; —— 30 NCT0 rate and theoretical branching fraction

Need to explain excess

Gasd UNIVERSITY OF
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

s E T oabmen)
: = i omk” 4 Or neither?
i N & v, fromK .
T H- ==l E
o - it E Rich phenomenology
: Constr. Syst. Error . .
=T sestFi E developed in recent years
[ N
3 l + —: 9 .
oy g I'll come back to this!
2 1 —]
1 \ 4 For now, it’s clear that we need
8.2 0.4 0.6 0.8 1 1.2 ‘ 14 3—.0 more informationo o

Ges UNIVERSITY OF
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MicroBooNE Results

MICROBOONE

Basd UNIVERSITY OF
> IE8E )5
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MicroBooNE Results

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

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

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

(analyses shown here use subsets, not full POT)

e

i ey . Grateful to Fermilab
8 Accelerator Division,
Cryogenics team,
#8 Operations team, and
el cienti |.c. .omputlng
Division!

L0
Grarind)
5 )
> 1A )5
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MicroBooNE Results

53
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MicroBooNE Results

:-;II .

N UNIVERSITY OF
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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

Fasd UNIVERSITY OF
(1B )5

Kirsty Duffy 55
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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

Gwsdy UNIVERSITY OF
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-

secondary particles produce
ionization electrons

Fasd UNIVERSITY OF
(1B )5
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-
()

these electrons drift

towards the anode

Fasd UNIVERSITY OF
(1B )5
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LIQUID ARGON TPC

(Anne Schukraft)

lonization e-
Cathode

Kirsty Duffy 59

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
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MicroBooNE Results

LIQUID ARGON TPC

(Anne Schukraft)

wire planes

Cathode

” get a 3D picture
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MicroBooNE Results

>

Time (drift direction)

>
Wire number (beam direction)

L0
672 0)
> 1A )5
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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

Phys. Rev. D 104, 052002 (2021)

Electrons and photons émo__ MicroBooNE NuMI Data 2.4x10%° POT giir:f%rr\y IZ:tt:t(Stat-)
B T eam- ala
produce showers in woof ] peamOff Da
80_ uon
LArTPCs : —
- [ Pion
60 __ [ Photon
. . . . | [ Proton
Distinguish using dE/dx at start i [ Efectron
) - MC+Beam-(?ff
of shower and start point 40— Stat. Uncertainty
i 0°< 6 <60°
20
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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

Booster Neutrino (0 e
Beam (BNB) '

e =

T

MiniBooNE
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

| Booster Neutr'mo —\\.‘\—Q
Beam (BNB)

I’J m ‘ \_

-~

MicroBooNE

MiniBooNE

Signal

500m 470m
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

| Booster Neutrino [
Beam (BNB)

[M‘f __ﬁ'ﬂ T

ICARUS MiniBooNE | MicroBooNE SBND

Signal
[_

Region Veto
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MicroBooNE Results

INVES TIGATING THE MINIBOONE
L OW-ENERGY EXCESS

Kirsty Duffy

| will give only a brief overview of the headline results from
MicroBooNE

For more details and information, please see the
following talk by N. Foppiani

68




MicroBooNE Results

MICROBOONE SELECTIONS

Photon search

Target A—Ny:
|yOp and lylp

arXiv:2110.00409 [hep-ex]

Kirsty Duffy 69


https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

arXiv:2110.00409 [hep-ex]

1y1p
NC A — Ny [INC1r° Resonant A(1232)

LEE Model (x _=3.18)  |[lINC°DIS

=[] ANl Other Backgrounds |l NC1z° Higher Resonances
60 44 Total Unconstrained
“ Background & Error MicroBooNE ty1p Data

80

Events

70
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man \ Total Constrained
0 &‘ Background & Error
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https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

arXiv:2110.00409 [hep-ex]

1y1p 1y0p

w [—
o - n
S 80 NCA - Ny [CINC1r® Resonant A(1232) £ 400 NC A — Ny [ NC1n° Resonant A(1232)
L o F — LEE Model (x,,=3-18)  [EINC1° DIS D g, LEE Model (x _=3.18)  ([INC1x° DIS
=[] ANl Other Backgrounds |l NC1z° Higher Resonances Il cc vV, on° I \NC1x° Higher Resonances
8024, Total Unconstrained 300~ CC v, /9, (>0)n° Il \C1x° Coherent
- “7 Background & Error MicroBooNE ty1p Data v Total“Ur:lconstrained
50~ - 6.80x10%° POT) 05075 Background & Eror [_]All Other Backgrounds
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" ,%/ R‘ Background & Error S 2
30 z/ 150 \
20 - \ 100 . MicroBooNE #/0p Data
(6.80x10%° POT)
10 50 % Total Constrained
\\ Background & Error
0 - _ 0
Unconstrained Constrained Unconstrained Constrained

No evidence of an excess in either sample
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https://arxiv.org/abs/2110.00409

MicroBooNE Results

OUR SELECTIONS

Photon search Electron searches
arXiv:2110.14080 [hep-ex]
Target A—Ny: ~ CCQE-like: p\
|yOp and lylp lelp e
arXiv:2110.14065 [hep-ex] p
y CCOrt: 1e0p P\
and leNp e e
I
p\ arXiv:2110.13978 [hep-ex] X
___________ Y Inclusive: \V
| eX e
arXiv:2110.00409 [hep-ex]
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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]

Gead UNIVERSITY OF

Kirsty Duffy 73 % OXFORD



https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080

arXiv:2110.14080 [hep-ex]
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MicroBooNE Results

1e0pO0m v, selection arXiv:2110.14065 [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
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Events Observed / Predicted (no eLEE)

75

MicroBooNE Results

2.5 A

2.0

1.5 A

1.0 -

0.5

® MicroBooNE Observed
Non-v. background
Intrinsic ve
&« Total, no eLEE (x=0.0)
-= Total, w/ eLEE (x=1.0)

0.0

lelp CCQE leNpOmn 1eOpOmn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

More details: N. Foppiani talk

arXiv:2110.14054 [hep-ex]

Sasd UNIVERSITY OF
> 1A )5

=’ OXFORD


https://arxiv.org/abs/2110.14054

MicroBooNE Results

WHAI DOES THIS MEAN!

e Decay of O(keV) Sterile Neutrinos to active neutrinos ) Caution: not

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

o [14] de Gouvéa, Peres, Prakash, Stenico JHEP 07 (2020) 141 N

[14] (2020) Produces an exhaustive
e New resonance matter effects >
. True Electrons o

o  [5] Asaadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018) I Ist'

. . . . . o
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 Produces

o [4] Gninenko, Phys.Rev.D83:015015,2011 >' I

o  [12] Alvarez-Ruso, Saul-Sala, Phys. Rev. D 101, 075045 (2020) True Photons be re P resc ntatlve

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

o  [11] Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 (2020) J )'
e Decay of upscattered heavy sterile neutrinos or new scalars ~N

mediated by Z’ or more complex higgs sectors

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

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

o  [3] Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019) > ete pairs

o [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

o [8] Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021) J
e 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 |

w0 UNIVERSITY OF
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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!

X
/(,,ﬁﬂ”"ﬂ P el P & N/«%M
e e- e e-
4 . 4 X
\%ﬁ S \m / s N ..... y
T p T i S S
' +o- ' +e- Highly asymmetric e+e- Highly asymmetric ete-

Overlapping ete Overlapping ete ghly yﬂw e
Y e ey /{“’ e ,:«s"‘“"‘ -

R 5 YRR " 3\ N

Sas UNIVERSITY OF
=\ iBA )3

Kirsty Duffy 77

=’ OXFORD



MicroBooNE Results

WHAI DOES THIS MEAN?

MicroBooNE’s first LEE results

e x N
e e P e e
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y Y N
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Overlapping e+e- Overlapping e+e- Higwiﬁ? ete- Hi's.;.hly wﬁe
"‘WM p """ WM \,\\\V p\ \,\\\y
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MicroBooNE Results

WHAI DOES THIS MEAN?

X
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e = sl Future
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Neutrinos

How many
neutrinos are
there!?

JE€
L. 3
&’
Program

.
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

T2 T (}’ ® KM3NeT JECISNG
OW dO 1
How many L 2R &) @iocues
l neutrinos are ~Sv~ neutrinos interact | O _ |
. | there? I in the nuclear Which neutrino is @.)
SBN — M@ ~ medium? heaviest? Which isi .
S — — i nBooNE lishtest?
D W TUE
TI2R &2 e Why is SR,
T ' npeutrino \ﬁij
2 Is neutrino . T
- —_— . mixing so How much do__="_
— oscillation different large? neutrinos weigh?
for neutrinos and : -
tineutrinos? pos
vt ANTINEUTrINOS¢ @S]D g
H SO\

—— : Why are neutrino
§\cecues Are neutrinos tﬁe|r| | Y

2 [ - . own antiparticles? masses so much
wax | VWhat else can e - smaller than all other
““Fneutrinos teach us?| | #*7 SNQG nEX® particles?

» -_—

‘g UNIVERSITY OF
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Neutrinos MiniBooNE Anomaly MicroBooNE Results

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)

New data from current and future precision experiments
will shed light on this

Thank you for listening!
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MicroBooNE Results

A NOTE ON NEUTRINO ENERGY

Each analysis selects

Each analysis uses a different
reconstruction paradigm uBooNE

MicroBooNE Data

Electron-search results presented as a
function of reconstructed neutrino energy

Remember we have to estimate
neutrino energy from the particles we — CUN 8617 SUBRUN 46 EVENT 2308

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

— reconstructed neutrino energy !=
true neutrino energy

— AND reco—true mapping is
different between analyses

Sasd UNIVERSITY OF
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Neutrinos

Am?Zy; = 7.5x10-> eV2

V
[Am2ys| = 2.5x10-3 eV2
>
R

| | I |
i
\v 4(

| |

-L/E (km/GeV)

10000 20000 30000

Figure from https://arxiv.org/abs/0905.1793

Gwsd UNIVERSITY OF

Kirsty Duffy 85 2/ OXFORD


https://arxiv.org/abs/0905.1793

Neutrinos

Am2y| = 7.5x10-5 eV2

|Am2y3| = 2.5x10-3 eV2

0000000000

Am?. L
sin? .
1K
2 2 2
Am;; =m; —m;

Experimental data from PDG review of neutrino mixing

Kirsty Duffy 86

Solar neutrino experiments:
L=101"m
E=1MeV
— Am2 = |0-10 V2

Atmospheric neutrino experiments:
L= 104107 m
E = 102-105 MeV
— Am2 = |0-1-10-4 eV2

Accelerator neutrino experiments
(long-baseline):
L=10>-10¢m
E=103-104 MeV
— Am2 = 10-2-10-3 eV2

Reactor neutrino experiments
(medium-baseline):
L=10410°m
E=1 MeV
— Am?2 = | 0-4-10-5 V2

Gaed UNIVERSITY OF
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https://arxiv.org/abs/0905.1793
https://pdg.lbl.gov/2021/reviews/rpp2021-rev-neutrino-mixing.pdf

Neutrinos

Heights of oscillation
peaks/dips determined by
mixing angles

Solar neutrino experiments:
O12, 013

0.8

Atmospheric neutrino
experiments:
023

0.4

: ' | l ‘ ‘ /) Reactor neutrino experiments
. | \ | (medium-baseline):

'\ A 4( 'n‘,‘ 0
| )

Accelerator neutrino
L experiments (long-baseline):
10000 20000 623’ e|3

Figure from https://arxiv.org/abs/0905.1793
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Neutrinos

THE PMNS MATRIX

Cij = COSeij
sij = sinB;
Ve 1 0 0 C13 0 3136—i5CP C192 S12 0 1241
V’u = 0 C23 5923 0 1 0 —S12 (C192 0 1%
Vr 0 —S93 (€23 —81367:5013 0 C13 0 0 1 V3
flavour i mass
Interaction Propagation

Each mixing angle describes mixing

Four free parameters:
P between two mass states (3c2 = 3)

Three mixing angles 02, 023, 03

I'll come back to what this
parameter does...

One phase Ocp

Ges UNIVERSITY OF
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Neutrinos

THE PMNS MATRIX

cij = cos0;

sij = sin0;

Ve 1 0 0 C13 0 size”"or ¢z s12 O (1

vyl =10  co3  So3 0 1 0 —s12 a2 0 | v

U, 0 —S93 Coa _5136735013 0 C13 0 0 1 V3
Atmospheric Solar

Gwsdy UNIVERSITY OF
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Neutrinos

MEASURING THE MASS
HIERARCHY: NOVA

Long-baseline experiments
are sensitive to the
mass hierarchy via
matter effects

NOVA Preliminary

| | | | | | I | I | | | | | | | I | | | I |
60-NOVA FD o 0,085
. N =V. -

| 13.60- 102° POT-equiv (v) SIN <51 ]

- 12.50- 10%° POT (v)

........

o)
o

— “extra potential” for
Ve breaks mass-hierarchy

symmetry (depending on -© Ocp=0
. . o Bgpm B 8= 32
which mass state contains A

20 40 60 80 100 120
the most Ve) Total events - neutrino beam

NH

. KO R
Additional charged-current - :
interactions in matter for Ve, o Iy
not available to vy, Vvt i
30

IR ¢/ %

Total events - antineutrino beam

N

o
o
>

o 5op= 2 K 2020 best fit
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Neutrinos

THE MASS HIERARCHY

Some interesting motivation:
If the hierarchy turns out to be inverted — Am’)
neutrinoless double beta decay experiments may have sensitivity to
rule infout Majorana neutrinos in the next few years

sol

Oscillation is only sensitive to
the size of Am2, not the i
sign =1

Excluded by KamLAND-Zen,
GERDA, EXO-200, CUORE

_’ We know the Sign Of E ensi l\ oon nan /
Am?;; from solar neutrino | B
measurements NORMAL
— We do not know the | =
Sign Of IAm232| I 0.00001 — II;)I.(I)OOI — l“(;.l()Ol OI.OI - 6.1 = lml

Gead UNIVERSITY OF
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Neutrinos

YPER

One |90kt fiducial volume

water Cherenkov detector
8 x Super-K FV

/87 Dreamliner:
56.7m

I R
4 x |0kt fiducial

volume liquid argon
TPC detectors

|y
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Neutrinos

VPER

One |90kt fiducial volume

water Cherenkov detector
8 x Super-K FV

/87 Dreamliner: , o
56.7/m

\

4 x |0kt fiducial

volume liquid argon
TPC detectors

ARy
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Neutrinos

YPER

One |90kt fiducial volume

water Cherenkov detector
8 x Super-K FV

787 Dreamliner:
56.7m

| U

|y

4 x |0kt fiducial

volume liquid argon
TPC detectors

UNIVERSITY OF
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MicroBooNE Results

Phys. Rev. Lett. 125,201803 (2020)

_AFTPC S | %_\IGTH OW Phys. Rev. D 102, 112013 (2020)

JINST 15, P03022 (2020)

DETECTION THRES I—_O DS 01257 P

arXiv:2110.14080 [hep-ex]

— access to
new information about nuclear
effects, neutrino interactions

Example: proton detection

thresholds
Phys. Rev. D 98,032003 (2018)
MicroBooNE: T2K: 500 MeV/c
ArgoNeuT: MINERvVA: 450 MeV/c
Phys. Rev. D 90, 012008 (2014) Phys. Rev. D 99,012004 (2019)
BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016
;Eéj UNIVERSITY OF
Kirsty Duffy 95 %’ OXFORD



https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://doi.org/10.1103/PhysRevD.90.012008
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/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080

MicroBooNE Results

LARTPC STRENG TH: ELECTRONS
AND PHOTONS

Electrons and photons \
produce showers in 100
LArTPCs

Phys. Rev. D 104, 052002 (2021)

=== A= 276%=0.1cm
-== A=292+19cm
[ n° signal

¢ data - MC background

80 -

Distinguish using dE/dx at start

, 60 -
of shower and start point

MicroBooNE

y candidates / 5.3 cm

40 -
/ o -
e- ® 44 ‘\ 20 1
\
_ 0
/ - , . 1 . |
. é T 0 20 40 60 80 100
¥ \\ y conversion distance [cm]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002

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
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https://inspirehep.net/literature/1725472
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