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* Overview of Liquid Argon Time Projection
Chambers (LArTPC's)

* The MicroBooNE Experiment

- Overview of the experiment
- Physics motivation
- Current status
 The ArgoNeuT Experiment
- Overview of the experiment
- Physics analysis
- Neutral Current 1 studies
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LAFIPGE'S

Liquid Argon is an excellent choice for neutrino detectors:

[—Ie \le [\\/\ l/\"‘ / e Watf: = gg‘;:izre dense than water

b 27.1 87.3 120.0 165.0 37z  — Abundant
1% of the atmosphere

— lonizes easily
55,000 electrons / cm

— High electron lifetime
Scintillation [y /MeV] 19,000 30,000 40,000 25,000 42,000 Greek hame means “/azy”

Scintillation A [nm] 80 78 128 150 175 —> PI’Oduces Copious

Note: This table was first produced by my boss Mitch Soderberg and if he had patented it i i i i
he would have 10's of dollars because it shows up in every LAr talk I've ever seen! SCIn tl I Iatl on I I q ht

Density [g/em’] 0.125 1.2 1.4 R 3.0 I

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8

Transparent to ﬁght produced

Time Projection Chamber

ic Fi ic Fi Electric Field
< Electric Field & Electric Field - ;

< Electric Field - Electric Field - Electric Field

-~
o ——
-““
o

Neutrino interaction in LAr produces Drift the ionization charge in a Read out charge and light produced
ionization and scintillation light uniform electric field using precision wires and PMT's
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Examples ot CArIIPC'S

ICARUS @ CNGS ArgoNeuT @ NuMI MicroBooNE @ BNB
First LArTPC in the U.S. _First Large LArTPC i in the U.S.

Readout W|res Readout wires

First Large LArTPC

V|

cathode 2 .‘ : cathode I

476 tons (active mass) 0.26 Tons (actlve mass) 80 tons (active mass)
1.5 meter drift 0.47 meter drift 2.5 meter drift
53,000 wires (3mm pitch) , 480 wires (4mm pitch), 8256 W|res (3mm pltch)

MlcroBooNE MC =

i Collection (top vigw)f““m“‘

E E B E E E

IIIIIIIIIII[IIIIIIII | |

Drift coordinate
(time ticks)

T ; ;| | LW Prellmlnary \

JAsaadi The MicroBooNE S ArgoNeul Ex eriments




MicroBooNE: OVverview,

MicroBooNE is a 170 ton (total Cr;";g;;f:;;”jvay
volume) LArTPC %

« TPC Dimensions:

- 10.3 m long x 2.3 m tall x 2.5 m wide y
(drift distance)

- 80 ton active mass
« 8256 wire channels

— 3456 Collection channels

- Wires oriented w.r.t. the vertical [ e 8 /'\“fw_ w

w R |
- 4800 Induction channels ‘ dwMWWB{_"_

 Wires oriented +/- 60°

32 8” cryogenic PMT's ' - _ UV Laser

— Provides event t0 as well as cosmic ray
removal

UV Laser Calibration System
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MicroBooNE: Overview

 MicroBooNE will be located
| at Fermilab's Liquid Argon
Test Facility (LArTF)

- Will see the Booster Neutrino
Beam (BNB) and off-axis
Neutrinos from the Main Injector
(NuMI) beam

- Two beams provide both a low
energy and high energy source
of neutrinos

» Booster beam is created from 8
GeV protons on a beryllium target

- Mean neutrino energy — < 1 GeV

 NuMI beam created from 120
GeV protons on a carbon target

- Mean neutrino energy — ~ # GeV
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K Liquid Scintillator Neutrino Detector § 175| Phys. Rev. Do# 112007 (2001)
W - B=g  pv,—~v,.e')n
4 (LSND) observes an excess of events = o
(3.80 above background) in v oV, ’ ’212 —_

------
j pt -
Ly

I appearance search 75f
ey — Much disputed result ||
— Could be evidence for new physics? -
— Experimental setup defined LIE L. . T

Phys Rev Lett. 110, 16180 (2013)

Antineutrino

Mini-Booster Neutrino Experiment " ot
L] - - - 10 [ vefromy
. (MiniBooNE) runs at a similar L/E and =ik
|:|:‘-'tn“ id

Events/MeV
o
[+2]

sees a slightly different excess in i

{-]
—— Constr. Syst. Error

and v —V_ appearance search

— Effect dominates at low energy
- Between 0.2 — 0.5 GeV
— Insidious backgrounds dominate

— Tough to distinguish f— yy ,
from e- Signature 0'[(]).2 0.4 0.6 0.8 1.0 1.2 14 1.5 3.0

%5 (GeV)

Liquid Argon TPC's offer the ability to distinguish background (r’—yy)
from signal (v_appearance) and address both of these anomalies

Neutrino

Events/MeV
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MicroBooNE MC "V View/ View 1/ Plane 1

MicroBooNE MC "' View/ View 1/ Plane 1

1%510 E} " o N
tee0L 5 - \)e—>e+p — VH —)T[v+dp 3 -;}
- 1000
1400 ;
1200 _ il g o) £ 8 1900+ Photon
. : - conversions P "
1000-  Proton 8001 geparated from L o Y
soo-| High dE/dx 700} Primary vertex/,}"\_}' . O
X ) - & [ _l' " m : f‘;" l- .
(600 [ . f- ""'h'-.-‘ z F‘._- —_——
[ 400 e, . i -
) . ] 1500 = fe . —
1200 — - - i! k - | s ’
4004 T N
1000 - High proton multiplicity at the
600 650 700 750 800 850 mterac“_?r_' vertex o=
Wire Wire
= ellowest_cut
4501— Entries 3152
4003_ Mean 2.051
< Rus oess2)  Flectron-like signal o Photon-like signal
300 5_ 0.45 Stacked backgrounds: \S}Eacked backgrounds:
3 04 v§ Vi
250— : Ve ”
E _ > 0
200 i = et+e 2 E A Ny
= @ A— Ny E other
180 :_ 5 other 5 Low-E excess
= E Low-E excess ﬁ
100;—
50;—
D:' Ll 11 ) abhieenl 1. | | |
0 1 2 3 a 5 5 7 ) ) 10 500 1000 1500 2000 2500 3000 1000 1500 2000 2500
ES (MeV) E®E (MeV)

dE/dx (MeV/cm)

3000

MicroBooNE can do more than just oscillation physics!
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—h

b

v cross section / E, (10 * cm2/ GeV)

 Cross-section physics

[I[II[HIIl[IIII‘IIIIIII]IiII

Rev. Mod. Phys. 84, 1307 (2012) -

ma,
®
®
S

13 MeV Electron

—

l
w
(2]
3
Lo bbbl
o

Low energy electron

"U" View / View 2 / Plane 0

E

| Proton Decay Background ‘

1100 1150 1200 1250 1300 1350
Wire

Understanding low energy cross-sections
crucial to many oscillation searches

» MicroBooNE will provide powerful insight

» E.g. nuclear models of final state interactions
(See ArgoNeuT analysis later in this talk)
Well understood cross-sections also a must for
next generation long-baseline experiments

See Tia Miceli talk about prospects of low Q°

Neutral Current cross-section measurements
with MicroBooNE

&D physics

MicroBooNE will also provide a testing ground
for many physics R&D subjects

e Supernova

- Low energy electron reconstruction
* Proton decay backgrounds

- Study Kaon decays as background to “golden”
channel p—K* v,

IlheMicroBooNE & ArgoNeulr Experiments



MicroBooNE: Current Status
TPC & Cryostat

\\\\\\\\\ HFIHNMIIII W/’W& e T ~..,A ‘ TPC & cryostat during test fit

\\‘ !mw LW Ny & =0 | Ry
s Kl . R
WVl W | 3% eSS Q g RS G, G
*\\&\\\\\\\\\W ‘ I //////‘ P "- | .W(:f‘ : < \ \ ' - 7 / . ? ﬂ

\\\\\\\\\\\\\\\\\\\\\\\\\
....

Set of
“mock”
wires
present in

= f == Major construction AL i ! Pt
o ///I\ \\ of the MicroBooNE = -
BLELREECTE TPC completed

view of the TPC early = 201 3

A‘IL"". ‘vthn ”
e

i *- S Fa

R g g
. "'“\"'ﬁ l‘.l_.h— --—T'J«-— - , g

PMT mounted in cryostat

With the arrival of the cryostat we
performed a test fit of the TPC
with test wires and PMT's present

MicroBooNE cryostat arrlvmg at Fermllab
J. Asaadi The MicroBooNE & ArgoNeuT Experiments 10




MicroBooNE: Current Status
Wire & Electronlcs installation

Following a TN, 7 /4 Y 1
successful test fit, & TR Qiew =
installation of the e,  aF § wires
TPC wires and cold o ogle )\ ks
electronics was able s =

to go forward

Able to test one complete

(s feedthrough at a time

unimh - | ,,‘ By

9’
\
\ o e

\
.

) a4 , :
/ ) ,gn g \\
i‘,». ‘ g ¢ . ~.~’Q\j

,J\ | 3 it
’- Motherboards installed | Read pulses in and out Iooklng at
8256 wires installed! on the TPC cross-talk and gain resulits

Preliminary tests are able to exercise the data acquisition

system and verify the successful installation of all TPC wires
J. Asaadi IlheMicroBooNE & ArgoNeul Experiments 11
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MicroBooNE: Current Status
PMiinstallation

)

_&/f A g N Yl : Va! A '
PMTs being prepared PMT cables b PMT being installed
for installation soldered on mounting rack

All 32 PMTs installed inside the cryostat
the MicroBooNE cryostat First rack installed (covered with dark bags for protection)

First complete subsystem installed in the cryostat!
J. Asaadi Ihe MicroBooNE & ArgoNeull Experments 12




MicroBooNE: Current Status
Cryogenicsiand ICARIE

Looking inside -L_RrTF

.~ | Installation of Cryogenic installation

i -+-f|1l";.- cryogenic piping and .
' E =1 ) % vent lines leading into proceedlng at LArTF

experiment cavern

Physics already being
done at LArTF!

Taking cosmic ray data

to measure the rate at |

LArTF Dewars at LArTF

J. Asaadi The MicroBooNE 8 ArgoNeull Experiments 13




ArgoNeuT A r g O N e u T ArgoNeuT
| ,dl Argoen Neulrne: Iesisiana, | d& |

° Wh||e we are constructing MINOS TDR: NUMI-L-337, FERMILAB-DESIGN-1998-02
MicroBooNE we are able to [/ =i
gain experience analyzing ‘
neutrino data thanks to (-
ArgoNeuT!

 ArgoNeuT was the first

Liquid Argon TPC in a AR - oonet
neutrino beam in the U.S. NuMI Tunnel Project

- Located in the NuMI beam

— Utilized the MINOS near

detector as a muon 1
spectrometer (sign & =l

momentum determination)

- 90 cmlong x40 cm tall x 47
cm wide (drift distance)

J. Asaadi lheMicroBooNE & ArgoNeull Experiments 14




ArgoNeulsOvenview

| ArgoNeuT POT delivered and accumulated |

—

"I v-mode| v-mode |

0.6

Up;tlme: 85';'624’9-0

0.8 e

Failure and replacement of
off-the-shelf cryocooler.

: . POT Acquired
L s T S b -
02| AN S F— — -

—i L / i 1 1 L i 1 1 1 i 1 L L i L 1 L i 1 1 1 i 1
8o/02— 10/02 A 1101 1201 12/31 __ 01/30 __ 03/01

program

All of these efforts inform
MicroBooNE's physics

(Not able to talk about all these
analysis...just highlight a few)

_» ArgoNeuT took data from

09/2009 — 02/2010

- 2 weeks in Neutrino mode
(0.085 x10%° POT)

- 4 months in Antineutrino mode
(1.2 x 10%° POT)

» Collected neutrino data in the
p range of 0.1—-20 GeV

- Measure v-Ar cross-sections

- Study calibration of LAr detectors
- Study nuclear effects

* Final state interactions (FSI)
* Nucleon/Nucleon Correlation

\. - Develop automated reconstruction
techniques

The MicroBooNE S ArgoNeull Experiments



Inclusive v Charged Current Differential Cross-section

30

25

-38
do/dP,, [x10™*°cm?(GeV/c)/Ar]

20 F

GENIE expectation

+Measured data (w/ stat. and total F..rror}

Done with 2 weeks of
Neutrino data

PRL 108, 161802 (2016.’)

First neutrino < 13}

3 14}

g,_:
e OSreE O %

m’

ANL, PRD 19, 2521 (1979) ¥ IHEP-ITEP, SINP 30, 527 (1979)

ArgoNeuT, PAL 108, 161802(2012) y  ep_yiNR, ZP C70, 39 (1996)

FESO R S R ® MINOS, PRD 81, 072002 (2010)
BNL, PRD 25, 617 (1962)

CCFR (1997 Seligman Thesis) A O RBRIR IR
CDHS, ZP C35, 443 (1987) & NuTeV, PRD 74, 012008 (2006)
X SciBooNE, PRD 83, 012005 (2011)

GGM-SPS, PL 104B, 235 (1981)

Study the electron -ion recomblnatlon effects using
contained proton/deuteron samples found in ArgoNeuT

15 F cross_section So 1:_ GGM-PS, PL 848 (1979) % SKAT, PL 81B, 255 (1979)
measured on < osf | L X
5 Argon! T S . %mw
0 |5IIIII1I(‘.IIIII15IIII2O 25 804- R
P, (GeVic) Sl | eemnmasoe "'* WW—@:—%—
Look for an interaction vertex in the fiducial volume 02f v N—u' X
Reconstruct a track which is matched to the MINOS ND ot S 1'001;0 e
. Use MINOS for sign determination (choose W) E (GeV)
A study of electron recomblnatlon using highly ionizing particles in the ArgoNeuT
~ " Liquid Argon TPC § s H
JINST 8, PO8005 (2013) gfs " protons ox i f'iﬁ/
£ ﬁmso" ’ SOD; ,é/"’%%“'
| i | s
| - i T
=t S
I B o T e g

Results are consistent with those from
ICARUS and extend the dE/dX range
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Inclusive \_)u Charged Current Differential Cross-section

u

Paper in preparation..s 2
Measurement using Antineutrino Data e

©0.35 |
- Similar measurement to what was done using % oal
the neutrino data Lo.25|
- 8 times that data in Antineutrino mode £ 02
- Beam composition allows for v, & v, “-1i- s
measurement n_:.; i
- Use MINQOS for sign determination 0

(distinguish p* & W) B, (@evid)

Study of Nuclear Final State Interactions (FSI)
Paper in preparation....

ArgoNeuT v-mode v-flux, 0n-CC, Prehmmary

+ ArgoNeuT Data

| GiBUU Prediction: | |
[ Qe
B Deita
[ ] highRES
I 1-pi bgr
[ pis
[0 2p2h-NN

0.7
0.6
0.5

0.4
0.3

Nuclear effects play a ~ t;z;

interesting role in .

- i 0 1 2 3 4 5 6
v-Nucleus scattering Number of outgolng protons

LAr is excellently suited to study proton multiplicity in
quasi-elastic events and compare to various FSI models

Fraction of events

Initial State Final State

The MicroBooNE S ArgoNeull Experiments



Neutral Currentii analysis

An interesting, and particularly important,
channel for both oscillation searches and
cross-section measurements comes from

neutral current ° production.

— Particularly insidious background for v_

Y appearance searches
— Notoriously difficult topology to reconstruct

The ArgoNeuT detector is too small to
contain the majority of photon showers
produced from i’'s

= — However, it may still be possible to utilize the

this data and look for NC T production

— Select a sample of events likely to be neutral
current
— Require no track matched to MINOS ND

— Require at least to clusters of energy found
In each view

— Require a reconstructed vertex in the detector

The MicroBooNE S ArgoNeull Experiments



1400

1200

1000

800

# of tracks

100

‘..
LS ) 3 S ~~~
S ~M.\:
S ~
' Ny o
...

-i"""\-__

Neut

ArgoNeuT Data

80

60

40

20

AL

1T T 7 | 1T T T T 1 1 | LI
Single Particle MC

-
&

3 - - = ..-.,. = 2 — —
7 dE/dX

150 200 Break the clusters into

smaller “track-like”
segments and reconstruct
the shower's “track-
segments” and analyze the
_| dE/dX profile of the track

d~ .. | | seaments

- v Data

dE/dX of these
“track- I
segments” in
MC and data
show early
promise of
potential event
discrimination

Looking at the 120:— [ ArgoNeuT Data

80

# of tracks

60|

400

0 5
N dE/dX

Candidate Neutral Current TC events should have two highly ionizing “track-
segments” pointed back to a common point (the event vertex)

Studies continue to reconstruct these events...
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Conclusions

* Liquid Argon Time Projection Chambers continue
to provide insight into neutrino interactions with
“bubble chamber-like” quality

 MicroBooNE is the next of the LAr experiments to
come online in 2014

- Installation of all the MicroBooNE subsystems continues to
make progress

- The first complete subsystem was just installed into the
cryostat

» Data collected by the ArgoNeuT experiment
provide a proving ground for the physics that can
be done with LArTPC's

- Many analysis published and more coming in the months
ahead.

lhe MicroBooNE & ArgoNeulrExperiments
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NuMI and BNB Flux

NuMI Flux at MicroBooNE
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Test pulses and cross-talk tests
done on wires

Y channel
Inital check; Pulges fram Haordzomal Feadibrough Group 3, FEM 4, charng! 56
bhaaiPides mated cal SR

L Entrias 4700

- Mean -5.374
UDD— RMS 61.58
800 -
600 —
400_
2ﬂ€l_— I

D-E-————\_'—'——— e L_:——\_ ", -—--_,_-'_H_I ].——._ ——
200 — \IFJJ
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Events

Events

NUMI spectrum in ArgoNeuT

v-mode (2 weeks): 0.085e20 POT

BN L A [ S S e e B e

45 \ v, Spectrum
Neutrino mode 7, Spectrum

Horns focus 77, K©

Anti-neutrino Modu v, Specirum
% Horns focus 1, K WP
;3_” enhancing the ¥ flux 3
25
a0k v 39.9%
5 Vi o S81%
10 | L v +V o 2.0%
R e — ;
LS T R




do/de, (x10"*°cm?/degree/Ar)

o

-...l

a:",ﬂ_l.]&J RN RLLEN LLELN LLLR LLLL) LA

o

Inclusive v, Charged Current Differential Cross-section
PRL 108, 161802 (2012)

+Measured data (w/ stat. and total error)
GENIE expectation

1
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Calorimetric ParticlelD

| Contained proton ¢ Measurement of:
' stopping point :

o dE/dx vs. residual  Slide
range along the from
track ngju(g,

. Yang
® klnell('lf eneI:gy VS.  NuFact
: .. track lengt 2013
dE/dx vs. residual range
(contained protons) Kinetic Energy vs. track length
g 400
§ :
3 °f Preliminary =3 Preliminary "
= o GEANT MC predictions 300 -
g [ proton :_
© #f pion 25(!? &
muoan mi -
: *
150:; : ¥
2 PID E ¥
A ” mg « proton NIST predictions
s SO o * data
SN I AR W 102![! 30 4:150“?0 80
20 25 30 Track Length (cm)
residual ranae (cm)

I —
T— T nuract 13T vang - proton threshold T >21 MeV



A study of electron recombination using highly ionizing particles in the ArgoNeuT

Liquid Argon TPC
JINST 8, PO8005 (2013)
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Inclusive \7u Charged Current Differential Cross-section
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Study of Nuclear Final State Interactions (FSI)

v.. — antineutrino mode run

p n | v, — antineutrino mode run
gl F + Sl E,
5 pof- L O
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Kinematics Reconstruction (u*+Np)

'\l" — antineutrino mode run | Muon Momentum for mu*+Np events (after calo) | ::;.; L—"-;
C Intcgral 1
0.3sF- _l- Proton KE 0.25 Muon Momentum Mean ';_m
C RMS 3.151
0.3;— 02 Integral 1
o2sE- Data <KE>=60 MeV ' Dat
E GENIE <KE>=66 MeV 015 GE I\?IE Slide
J: from
oI8E" Preliminary 01 . Tinaiun
n.1:—-l- Preliminary gJ
Mﬁf_ 0.05 Yang @
n: o ~ NuFact
' % 100 150 2mlw'l.'.lnetlnt: Ezrls;eprg]r tlﬂegm 10 1ilunn1:1ome1nﬁtum litgevm]m 2 013
0.3 —
N eut ri n 0 E n e rgy E,V= E +ZT E —a— ArgoMeuT Data (muon+p kinematic)
M p 0.25 — GENIE (muon+p kinematic)
. . . ﬂ 25_ GENIE (truth)
No just muon information, B}
model independent 015 Neutrino Energy
0.1
] ; . - Prelimi
Other kinematic quantity oosE- reliminary
reconstruction (Q? etc.) in :
Op 30 12 14 16 18 20

progress

MuFact

13 T. Yang
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