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* \Why use liquid argon to investigate this anomaly”

Cerenkov detector
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 Why use liquid argon to investigate this anomaly?

e Liquid argon detectors have high spatial resolution and calorimetric information.

Cerenkov detector
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 Why use liquid argon to investigate this anomaly?
e Liquid argon detectors have high spatial resolution and calorimetric information.

» Using dE/dx liquid argon detectors can separate electrons and photons.

Cerenkov detector
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 Argoneut - 0.3 tons LAr.

Colton Hill - University of Manchester 8




 Argoneut - 0.3 tons LAr.  MicroBooNE - 170 tons LAr.
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 Fleld cage cathode is held at -70 kV.

e Time Projection Chamber (TPC) composed of

3 wire planes (8256 total wires) to collect
lonisation charge.

* LAr Scintillation light collected on PMT array.
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» Detector volume, composed of argon atoms is held at high voltage.

Colton Hill - University of Manchester 13




‘‘‘‘‘‘‘‘‘‘‘‘‘

— -
-----
-
.....
e
S

- S

e

e,
-

& Field Cage

=-Field =3

» Detector volume, composed of argon atoms is held at high voltage.

 Charged particles passing through volume ionise the atoms.

Colton Hill - University of Manchester 14




........
-

& Field Cage

=-Field =3

» Detector volume, composed of argon atoms is held at high voltage.

 Charged particles passing through volume ionise the atoms.

* (Groups of electrons and Ar ions drift to edges of the field cage.
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» Detector volume, composed of argon atoms is held at high voltage.
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 Charged particles passing through volume ionise the atoms.

* (Groups of electrons and Ar ions drift to edges of the field cage.

* Electrons are read-out by the wire-planes.
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 MicroBooNE has been collecting data since October 2015.
 We have a rich and varied physics program:

* Neutrino-argon interactions and cross sections.

o LArTPC R&D.

o Short-baseline neutrino oscillation searches.

» Astro-particle / exotics searches.

* These results are extremely useful for future LArTPCs (SBN, DUNE).

Colton Hill - University of Manchester 26




H150_I]IIII[IIII]IIII[IIII|I LI I I
T .- MicroBooNE Preliminary -
H N‘ - . ' .-..'.. ..................... b I
ENFORLE S R 4k £ e A R Toiwy S o . g ate e -
> ‘| 00 e R R L el PR s
' e SR A "'.,'.\“.Z“\z.'o\: .(-0.",'.'...',.' . " . :
. P -
- e
.
. . -

| Space-Charge
h -ffect

—-100

ST e e BN i Am T g s -« ki - e Ui ‘ . . .

. e . ' 3N o .2 a ? . v )
. ST RO AT PR o Ml . . . . P
sesh e e NIV INVETRETIT Y A e W s s dannnse R R T R N R L ]

—150_11111111111]1111[1111|1 s

'.......'...........'..........'l....'...........‘

-
lllllllllllllllllllllllll]lll

=
o
—
—
o
B
—
P—
1

O 50 100 150 200 250
[3] X [em]

Colton Hill - University of Manchester 27




E150.TI]IIIIIIIII]IIIIIIIII|l IIIII

O - .- MicroBooNE Preliminary

- > a2 N . -y . g .
..H - 3 s
N v v L
. « » i< \‘

100¢ R e See Talk:
~JChris Barnes

0 Space-Charge

—ffect

_100/- |

=
o
—
-
=
o
e
-

1

—150E1. .

v v v v v b e s 1y
O 50 100 150 200 250
[3] X [em]

Colton Hill - University of Manchester 28




€150_l I | l | ] | L | l | L L I | | I |
3. E » MicroBooNE Preliminary E2.2:— B
>100 i See Talk E |- p,=130cms T
[~ . " b - .
[ ce lalk. 18 |7 D, = 6.36 cm“/s P
50/ : Chris Barnes 160 o ,
- 12 4
OF Space-Charge : | ,_
. . 1 e
[ — : 7 e
50} —ffect st .
—_100F : - 0.4 /"
00 ¢ ] ok E = 273 V/em
i | CE ]
1501 .l e e e T 0 50 100 150 200 250
0 50 100 150 200 250 Drift distance (cm)

3 xleml (4]

Colton Hill - University of Manchester 2%




'_'150—' L L L LR L L L L
E. - ~ . MicroBooNE Preliminary See Poster: - -
A — “ /s P ~
10002 See Talk: Anarew 14
50 §Chris Barnes Mogan = f
: ' ——— 1.4] e
OF Space-Charge 12 7
. — 1= /
500 —ffect o8t
= 1| e
—100:— B °°4;j,/ E =273 V/cm
_ : 0.2
15011, o 0 B0 100 150 200 250

I T e
0 50 100 150 200 250 Drift distance (cm)
3] X [om] [4]

Colton Hill - University of Manchester 30




'§'150_—' I Selected, Well Reconstructed Tracks from »,CC Data
O - ~ - MicroBooNE Preliminary See POSter B > 5.0 ? ! ! 55 ¢
> [ ‘ /s - - !
100+ 27 See Talk Andrew % = 2
s ] /// < | ' ' 20.(
501 I Chris Barnes Mogan - g 1o .
: — m—— 14 P 2 (
OF Space-Charge} | = .~ 2 1, tiple [,
_ — 1 ()
_501 —ffect 0sh 4 CE) Iomb )
- 5 0.6 / i o5l .. EeemSele™ S Scatterlng 5
~100F . 0.4/ / 9 L e 5.0
o : ok E=273Viem | = MicroBooNE Data .
150 Lo bl L 0 B0 100 150 200 zs0 | 04% 05 o IS J, o
O 50 100 150 200 250 Drift distance (cm) Range-Based Momentum [GeV/c]

3] xleml J[4] O]

Colton Hill - University of Manchester 31




'§'150_—' I _ Selected, Well Reconstructed Tracks from »,CC Data
O - ~ - MicroBooNE Preliminary See POSter B > 5.0 : 55 ¢
97 ] See Takk: /i\/lndrew A s | See Talk: :)(
50 ~ JChris Barnes Ogan R g} Polina 5 5 .
— e s 1.4: -,/'/ E enko ' . .
OF Space-Chargef | & . = tiple [
_ — 1 y, ()
_501 —ffect 0082_ ) = |Omb _(
3 = e - Scattering |
—100F ¢ ] 0.4] / 3 . f .
005 a : 0ol E=273Viem | = MicroBooNE Data 2(5)
150 Lo bl L 0 B0 100 150 200 zs0 | 04% 05 o IS J, o
O 50 100 150 200 250 Drift distance (cm) Range-Based Momentum [GeV/c]

3] xleml J[4] O]

Colton Hill - University of Manchester 32




Selected, Well Reconstructed Tracks from »,CC Data

See Poster: 2.0
Andrew /s -
Mogan L

|€150_|]rllllllllllllllllllllIIIII

- . MicroBooNE Preliminary

See Talk:
Polina

'enko 5 , 1
tiple

lomb
Scattering s

) See Talk:
- JChris Barnes

1.4 P
1.2 d

|s
0.8 /
06 /
0.4 /.

Space-Charge
—ffect

AT - -
0.2k MicroBooNE Data
E | | . i i

150 e s 0 50 100 150 200 250 0.8% 0E5 110 115 2.0
O 50 100 150 200 250 Drift distance (cm) Range-Based Momentum [GeV/c]

3] xleml J[4] O]

Collection Plane
2500 IIITIIIIIIIIIx]]l]l]lwll]lf'

\
MCS Momentum [GeV/c]

_100:_ E=273V/cm

TN A

P

-t

=
w

IIITIIIIIIIIIIIIIIIII
: : ; ' ] Uncalibrated dQ/dx  _
: Calibrated dQ/dx
2000 : : ? i ;

1500

Illllllllllll

lllllllllll

1000

llll

Miclé'anoT\fTE Preliminary

—nergy Calibration

S00

llll‘lllll

400 i 500 600 700 800 900 1000
dQ/dx (ADC/cm)

N N NN N N T T e
A A A A A A A A A A A LS
T L L L e T OO o o
Yo b 1 < ‘ < N T S WS T R T N Y N S X
E A A W XA AT A .
A o -

o

Colton Hill - University of Manchester 33




Selected, Well Reconstructed Tracks from »,CC Data

E150_l]lllllllll]lllllllllllIIIII

- - MicroBooNE Preliminary

See Poster: 2.0

—_ - f?ff ;; ~ P - : |
~1008 1 Y See Talk: Andrew 3 See Talk: :)(
501 ~ JChris Barnes Mogan e _. Polina .

1.4 P
1.2/ | 4

1
0.8 Y,

enko 5 , .
tiple

lomb
Scattering s

MicroBooNE Data

: L I R R . s . |
150 e e 0 50 100 150 200 250 0.95 05 1.0 15 2.0
O 50 100 150 200 250 Drift distance (cm) Range-Based Momentum [GeV/c]

3] xleml J[4] O]

Collection Plane

Tl‘ll]|]lllx]]l]]]lwll]lTI

Space-Charge
—ffect

AN
MCS Momentum [GeV/c]

—100:— E = 273 V/icm

TN A

<10°

2500 LI | IIITIIIIIIIIIIIIIII
: : f . ] Uncalibrated dQ/dx
: Calibrated dQ/dx

l I |

2000

Varuna Meddage

1500

IlllllllIIWII

1000 ' | |
. MicroBooNE Preliminary

—nergy Calibration

S00

llll‘lllll

{ Y s % =
400 500 600 700 800 900 1000
dQ/dx (ADC/cm)

N N NN N N T T ot
A A A A A A AL AT L
s
Yo ¢ A D NN NN NNV
e T AL oY
XA WX A AT A .
o o .

o

Colton Hill - University of Manchester 34




'§'150_—' I A L Selected, Well Reconstructed Tracks from v,CC Data
O : . MicroBooNE Preliminary See POSter 2.0

: o “ / 7
10001 ) See Talk Andrew j o
~|{Chris Mogan

See Talk: 5 5
PO lna | 17.5

Barnes

: — — 14] P 'enko ' I
Of | Space-Charge 12t , ‘ :
o i3 /

—ffect

08~ ,
0.6 / .
0.4 - /'.""

MCS Momentum [GeV/c]

_100/- |

. St et --.___.-::\.-.-«-;., QRS g . * o
e me'snwdelWERVY ‘ 2 XTI ‘GessRsmsdebisvbtssnsnusnsnsnnnt

E =273 V/icm

—
e
—

—

.._'
-
.
—

—

A RPN P AR BRI I 0 50 100
O &0 100 150 200 250 Drift distance (cm) Range-Based Momentum [GeV/c]

3] xleml 4] O]

MicroBooNE Data

[ N Lo | PN . ;
150 200 250 0.5 05 10 15 2.0

—-150=1 ..

Collection Plane

LI | I L B | [ L B | I L B | l LI B | ] L B | ] LI |
% f . ] Uncalibrated dQ/dx
] Calibrated dQ/dx

~

-

=
w

7]

2500

-4
. —
-4
A

6000 3 E | | "B MicroBooNE Preliminary

|Illl

Time Tick
>
=

See Poster:
~ Varuna Meddage 3000%

1500

1[)0() N N ) : ) : :
B . MicroBooNE Preliminary 1000

! \, = ne rg y C a| | b r at oN 0 500 1000 1500 2000 2500 | :.3000
’ } SN ? ? . . | | Collection Wire Number

0 % )\\];\' 35y ":\f\\i\‘\\[\ “y Sy

[é] ST ek ancem) Ar39 Contaminants

of Manchester 35

S00

llllllllllllllllllllllll

Colton Hill - Universit




'E'150_—' I A L Selected, Well Reconstructed Tracks from v,CC Data
O : . MicroBooNE Preliminary See POSter 2.0

=100k T / 7
1001 ) See Talk: Andrew j s
~|{Chris Mogan

See Talk: 5 5
PO lna | 17.5

Barnes

E : : : ST S 1.4_ / | - T :enkO I (
- - e E
O | Space-Charge f | 2 r

1=
o8-,
06 / .
0.4 /"

—ffect

MCS Momentum [GeV/c]

_100/- |

& - s St et "...-'.'=\-'~~'“:.r QAR ador et -
e me'snwdelWERVY ‘ 2 XTI ‘GessRsmsdebisvbtssnsnusnsnsnnnt

E =273 V/icm

—
e
—

—

..—
-
B
—

—

1 1 [ 1 1 1 1 l P 1 1 1 l | I I N | 1 | | l L1 0 l | | l50 l"OOl |
0) 50 100 150 200 250 Drift distance (cm) Range-Based Momentum [GeV/c]

3] xleml 4] O]

MicroBooNE Data

[ N Lo | PN . ;
150 200 250 0.5 05 10 15 2.0

-150= L.

Collection Plane

LI | I L B | [ L B | I L B | l LI B | ] L B | I T 11
% f . ] Uncalibrated dQ/dx
-] Calibrated dQ/dx

P

-

=
w

7]

2500

-4
. —
-4
A

6000 S = | 1 "B MicroBooNE Preliminary

|Illl

Time Tick
>
=

See Poster:
b Varuna Meddage o

1500

llm N N ) : ) : :
oy . MicroBooNE Preliminary 1000

8y . _ o El ik - S | I
\ ~ |Energy Calibration 0 500 1000 1500 2000 2500 3000

S00

llllllllllllllllllllllll

Collection Wire Number

% 14;0 2(])oi 3} 4(.1'0 " 51;0 600 700 800 900 1000 See POS’[eI’: .
[6] dQ/dx (ADC/cm) Alexander Flesher _Ar39 Contaminants

of Manchester 30

Colton Hill - Universit




5%x10" POT MicroBooNE

okl R il . B e e~

0.8 —+— Data -

0.7 ~4= GENIE Default -

c ocEE — - GENIE+MEC -

o . A ---- GENIE+TEM :

o 055 (includes muons) —

L o4 | =

= = ‘ -

2 03F +"l =

1 02E Area normalized
0.1 Charged-Particle

0:1;1.112_111;..' : Multiplicity

[8] Observed Charged Particle Multiplicity

Colton Hill - University of Manchester 37




5%10'° POT MicroBooNE | .
0 8:’_ L L 'D'aia' RIS _‘_—_ _ MicroBooNE Preliminary
E E %} 1.5 ——— GENIE Default + Emp. MEC (Stat. Unc.)
0.7? + l GENIE Default —: Q i =—— GENIE Alternative (Stat. Unc.)
- . 6:___ — — GENIE+MEC _: % : rﬁ ¢  Measured (Stat. ® Syst. Unc.)
S O p— ---- GENIE+TEM : :
o O0.5F (includes muons) — e T ﬁﬁl
- = = . 1 B
0.4] - S _ [ -
£ F |ossaas . : e | Inclusive v, CC
0.3F ﬁ = = o8l -
= Nl - . : 0.5 Cross-Section
' 02E t Area NormallZed s %% ;
0.1E- L Charged-Particle +
= 3 TR - L L Ce—— : ———
ob—1t ..., e |\/|u|t|p||C|ty % 0.15 ; 1.5 > 2 2.5
1 2 3 / 5 preco [GeV
[8] Observed Charged Particle Multiplicity 9] “

Colton Hill - University of Manchester 38




0.8
0.7
0.6
0.5
0.4
0.3
0.2

Event Fraction

8]

MicroBooNE Preliminary

5x107 POT_

MicroBooNE
e

Observed Charged Particle Multiplicity

1.62e20 POT

N
v

N
o
1

o(E,) (1073% cm?/Ar)
= =

GENIE Default + Emp. MEC
1 —— GENIE Alternative

Flux (Arbitrary Scale) /,/ —
<
i R
pZ :
S o
s =
ya S
)

3.5

3.0 A

[10]

500 1000 1500 2000 2500 3000

Neutrino energy (MeV)

One Shower
Selection

Colton Hill - Universit

of Manchester

- T ™ MicroBooNE Preliminary
= —¢— Data - >
= : > 151 === GENIE Default + Emp. MEC (Stat. Unc.)
— + —+— GENIE Default — Q i === GENIE Alternative (Stat. Unc.)
T — — GENIE+MEC 3 e | T IE'E t  Measured (Stat. ® Syst. Unc.)
SEEEEE ---- GENIE+TEM - 3 [
— (includes muons) — e T EFI |
: - e o
S Teeee. . g 2 | Inclusive v, CC
= | - E 8 os|- Cross-Section
3 t Area NormallZed - ;
E L Charged-Particle %:
= T L e, Multiplicity o005 V- S—
1 2 3 4 5 P [GeV]



5x107 POT_

MicroBooNE
D e

— B T At = MicroBooNE Preliminary
i 3 e 3 % 1.9~ GENIE Default + Emp. MEC (Stat. Unc.)
- - ' _— efault + Emp. at. Unc.
0.7F +— == GENIE Default - O r === GENIE Alternative (Stat. Unc.)
g T — — GENIE+MEC ] % T 1 ¢ Measured (Stat. ® Syst. Unc.)
2 :E """ ---- GENIE+TEM . @
g 0.51 (includes muons) - LR = |
L - - o L |1 ==
0.4} . S . -
= 04 L , : 2 | Inclusive v, CC
) = = I :
g F s I - : 5 os|- Cross-Section
0.2F Area normalized. o ] i
0.5 L Charged-Particle %
- . . . ] | 1 . 1 1 1 U N 1
00— ; S S ermrm. ar |\/|U|tlp|IC|ty % 0.5 1 15 2 2.5
1 2 3 / 5 P [GeV]
[8] Observed Charged Particle Multiplicity [9] ’
MicroBooNE Preliminary 1.62e20 POT
MicroBooNE Preliminary 1.62e20 POT 60— . ) '
3.5 o Simulation Normalized to Data
GENIE Default + Emp. MEC [‘] O] [‘] ‘] ] o r —+— (Data-Backgrounds)
251 —— GENIE Alternative 3.0 1 {,:, 50— =N T
= Flux (Arbitrary Scale) e - - W r / \ M
< 20- Pl < 2.51 ¥ ol A — — DUNE CDR (arXiv:1512.06148):
o~ ‘6 5 &
wLE) //,/ Lg) - % g E /Jl]— = -\ Energy Resolution : 2%@17—5;9
T 15 - // % “3, 30— \ Angular Resolution: 1%
= 11 | g 7{_ \\
< y S 5 F [ \ 0 Mass Peak
= L
5 - 8 10_—/ +\
e ——\
| : 1 | | - —
0 500 1000 1500 2000 2500 3000 “One Shower 0 50 100 150 200 250 300 350 400 450 500
Neutrino energy (MeV) Selection Corrected Diphoton Invariant Mass [MeV/c?] 34

Colton Hill - Universit

of Manchester




| MicroBooNE Preliminary |
Deep-Learning

Track-Shower ID

O CIn

Colton Hill - University of Manchester 41




See Posters:
L auren Yates
& Jarrett Moon

| MicroBooNE Preliminary | g T
20 om Deep-Learning [y
Track-Shower |ID
[12]

Colton Hill - University of Manchester 42




uBO&E{

SIMULATION 1 GeV Sterile Neutrino Decay
(Mass 400 MeV/c?)

See Posters: Heavy Steri
Lauren Yates Neutrino Sea
& Jarrett Moon (13

I MicroBooNE Preliminary | g T
20 om Deep-Learning [y
Track-Shower |ID
[12]

Colton Hill - University of Manchester 43




pBOO/NE e

SIMULATION 1 GeV Sterile Neutrino Decay
(Mass 400 MeV/c?)

See Posters: Heavy Steri
Lauren Yates Neutrino Sea
& Jarrett Moon (13

I MicroBooNE Preliminary ©
20 om Deep-Learning [y
Track-Shower ID
12
MicroBooNE Simulation Preliminary [1 4]
—&— Most probable values —— E;.., =0.78 E° - 0.02 GeV

—XCcess Search

b 01 02 03 04 05 06 07 08 09 1
E° [GeV]

Colton Hill - University of Manchester A4




Track-Shower |
12

MicroBooNE Simulation Preliminary

—&— Most probable values —— E;.., =0.78 E° - 0.02 GeV

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

[GeV]

e
reco

E

04 07 08 0.9

See Posters:
L auren Yates
& Jarrett Moon

[14]

—XCcess Search

1

E° [GeV]

Colton Hill - Universit

[13]

SIMULATION 1 GeV Sterile Neutrino Decay
(Mass 400 MeV/c?)

Heavy Steri
Neutrino Sea

MicroBooNE Preliminary 4.4e+19 POT

v, CCOn-Np: 1.2 events v, CC: 0.5 events
Beam Intrinsic v, : 10.7 events [ Beam Intrinsic NC: 17.6 events
2 Outside fid. vol.: 0.9 events [ Cosmic contaminated: 2.6 events
2 Cosmic: 0.7 events 1 Cosmic in-time: 3.8 events
—e&— Data BNB: 34 events

[19]

> : | | T | T rrr [ rrrrrr oo 3
@ 5 _‘
0] - x2Indf. =071 -
S Data/ (MC + EXT) = 0.90 -
d 4 — —9— __
» . ]
Q 5[ B
| . — —
E - i : Hw i 3
> o[ 1 - Photon Side-
1 :_ e —
0 02 04 06 08 1 12 14 15 3
Edeposited [GeV]

of Manchester

45



 MicroBooNE Is working very hard to produce excellent results including:
* Fully understanding complexities of LArTPC operations.
o Characterising neutrino interactions and nuclear effects.
o Carefully assessing the results seen from LSND/MiniBooNE.

* |nvestigating exotic and astrophysical interactions, like Supernova
neutrinos and heavy sterile neutrinos.

* Public Notes and Publications: http://microboone.tnal.gov/documents-
publications/
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New Perspectives Talks: Users Meeting Posters:

* Study of Reconstructed Ar-39 Beta Decays
in the MicroBooNE LArTPC - Alex Flesher

Cold Electronics and Signal
Processing in the MicroBooN
LArTPC - Brian Kirby

M

* Detector Calibration using through going
and stopping muons in the MicroBooNE
LArTPC - Varuna Meddage

» Evaluating the Performance of
Multiple Coulomb Scattering Based

Momentum Reconstruction with

MicroBooNE Data - Polina Abratenko

e Jowarads a Measurement of Longitudinal
Electron Diffusion in the MicroBooNE
LArTPC - Andrew Mogan

lesting a Neutrino Event Generator
against Electron Scattering Data -
Afroditi Papadopoulou

e Systematic Uncertainties for MicroBooNE's
Deep-Learning-based Low-Energy Excess
Analysis - Lauren Yates

o Studying Track Distortions From the
Space Charge Effect at MicroBooNE
- Chris Barnes

* Hunting Muon Neutrinos in MicroBooNE with |
Deep Learning lechniques - Jarrett Moon
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