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Introduction

The LArTPC

Noble liquids for v detection

@ Abundant ionization electrons and scintillation light can both be used for detection.
@ Noble liquids are dense, so they make a good target for neutrinos.
@ Argon is relatively cheap and easy to obtain (1% of atmosphere).

@ Drawbacks?...no free protons...nuclear effects.
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Introduction

The LArTPC

LArTPC Concept

Pioneered by the ICARUS collaboration

Energy deposition in argon results in ionization and scintillation

Electrons are drifted in the Electric field towards the anode.

Signal is induced and then collected on subsequent wire planes (2D location).
Drift time provides 3rd coordinate — 3D reconstruction.

Quantity of charge provides calorimetric reconstruction.

Collection Wire

Pixel size:

Wire planes 4mm x 0.3mm

Drift Coordinate —

ionization

Color is proportional to
amount of charge collected

Liquid argon

& e 1 ionization

Drift Coordinate —

YE 1

Induction Wire

ArgoNeuT Data Event
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Introduction

The LArTPC

LArTPC Program in the US

ArgoNeuT MicroBooNE ~ LArl

Location: Yale University Location: Fermilab

Active volume: 0,002 ton  Active volume: 0.02 ton
operational: 2007

Location: Fermilab
Active volume:0,3 ton
operational 2008 operational: 2008

First neutrinos:june 2009

Location Fermilab Location:Fermilab
Active volume: 0.1 kton
Construction start: 2011

Location:Homestake
Active volume:1 kton  Active volume:10 kton
Construction start: 20167 Construction start 2020

Location:Fermilab

Location:Fermilab
Purpose:materials test st Purpose:LAr purity demo
Operationalisince 2008 Operational: 2011

Location:Fermilab
Purpose:LArTPC calibration
Operational:2013 {phase 1)
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Introduction

The LArTPC

ArgoNeuT Goals

@ First TPC in a beam in the US LAr R&D program

@ Measure CC cross-sections on argon in the 1-5 GeV range.

@ Examine effects of FSI using the TPC's great Granularity

e Examine dE/dx particle ID, especially e/~ separation, crucial
for future v experiments.

@ Develop automated reconstruction techniques.
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The ArgoNeuT Detector
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The ArgoNeuT Detector

The ArgoNeuT TPC

THE ARGONEUT TPC
ChBLE TRAY.

TPC Box
STRUCTURE (G10),

ELecTRODES &

_CATHODE PLANE

INDueTION
PLANE WIRES 000/

| Shiecmon  VBeam
Cryostat Volume 500 Liters
TPC Volume 175 Liters
# Electronic Channels 480
Wire Pitch 4 mm

Electronics Style (Temperature) JFET (293 K)
Max. Drift Length (Time) 0.5m (330ps)
Tight Collection None

Andrzej Szelc for the ArgoNeuT Collaboration

@ Two wire planes instrumented (3
present)

@ E-field between planes optimized
to maximize transparency

@ Wire spacing at 4mm.
MicroBooNE will use 3mm.
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The ArgoNeuT Detector

ArgoNeuT Electronics

@ “"Warm" JFET
Preamplifiers

@ Shaped signal registered by

ADF-2 ADCs
@ Currrent trend is to go with PreAmp stage - FET Voltage Gain 0.5 mV/fC
H Digitizer Module (ADF-2)
lower noise, cold CMOS ADC range 10 bit
electronics (MicroBooNE, /ADC Gain 0.1881 ADC/mV
Sampling Time (FPGA) 6t=198 ns ( 0.03cm)
LBN E) Electronics Charge Sensitivity 7.49 ADC/fC
Tot. Capacitance (Det. and Cables) 230 pF
Response to mip (Coll. wires) S/N > 15
7w T T T T
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¢
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The ArgoNeuT Detector

Cryogenics + Recirculation System

@ Cooling with 330W CryoCooler

@ Electronegative impurities, like O»
and H,O attach drifting electrons
weakening the signal on the wires.

@ Their quantity in argon can be
diminished by pushing the argon
through filters

@ Used regenerated filters developed at
Fermilab —
Nucl.Instrum. Meth. A605:306-311,2009

@ Obtained sufficient purity (~700 us)

LAr volume (mass) 550 liters (0.77 t) using gas recirculation. Liquid is
Insulation Vacuum Jacket (10~ % mbar)
with Superlnsulation faster.
Total Heat Load ~ 120 W
Cooling CryoCooler (330 W cool. capacity)
Ar Recondensation LAr Flow Rate: = 3 It/hr
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ArgoNeuT@NuMI
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ArgoNeuT@NuMI

NuMI| Beam

! , Spectrum
Neutrino mode specqum

Horns focus 77, K*

Anti-neutrino Mode V Spectrum

Horns focus ', K*
enhancing the v flux

91.7%
7.0%
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ArgoNeuT@NuMI

ArgoNeuT in the MINQOS hall

@ Remote,shiftless operation for 5 months.
@ Acquired 1.35 x 1020 POT, mainly in 7y, mode.

Reaction | #events in AV (~1.35E20 POT)
v, CC ~6600
7, CC ~4900

["ArgoNeuT POT delivered and

& B
% ““H v-mode|fr-mode
T
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ArgoNeuT@NuMI

Purity and Electron Lifetime

@ Electron lifetime calculated
using passing muons.

0, Concentration(ppb)

. ‘ @ Converts to O,
e concentration

~

e m @ Recirculation in gas.

xn0
Elapsed Time (min)

@ G10 in gas causes problems

gLt m arsoseae due to water outgassing

% “F To==1/P2 =764 us o

L @ Lesson learned: purity is

o S, . A

= R N important — Material Test
.F Stand and LAPD
0 L L L Il L L L
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The LArSOFT Software package
Physics Results and Analyses On-Go ys
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@ The LArSOFT Software package
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The LArSOFT Software package
Physics Results and Analyses On-Go

LArSOFT structure

@ LArSOFT is a software package developed for LArTPCs
@ Detector agnostic

@ Constructed from separate modules - highly configurable

Reconstruction Chain for TPC Data Track3DReco ) )
Track3DKalman HarrisVertexFinder
BezierTrackFinder 2DVertexFinder
SpacePoints PrimaryVertexFinder
DBCLuster
FFTHitFind FuzzyCluster 3D
Itrinder HoughLineFinder :
GausHitFinder Li?'\eMerger TraCkIng
Wire Hit Hie |/

Calibration Finding Clustering |\

BD Shower— -

Finding

EndPoint
Finding
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The LArSOFT Software package
Physics Results and Analyses

ArgoNeuT Events (1)

charge

N

100 120 140
Induction plane wire
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The LArSOFT Software package
Physics Results and Analyses

ArgoNeuT Events (2)

100
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The LArSOFT Software package
Physics Results and Analyses On-Going an

MINOS ND

The presence of the MINOS ND allows for energy reconstruction and
charge identification (q) of muons.

MINOS

ArgoNeuT reconstruction MINOS reconstruction
/ [hits,clusters, (merged-)lines, 3D space-points, 3D tracks]

We gratefully acknowledge the help of the MINOS collaboration in these
analyses.
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Physics Results and Analyses

The LArSOFT Software package
On-Going analyses

Measurement of the v, CC inclusive Cross-section

16 2012PDG o v HEP.TER, SINP 30,527 (1970 < FMeasured data (w!stat. and total error)
s O e, AL 108, 61802 G012y i, 20 070,50 (1998 8 pect
® 1af o sese.zrca e am) o winos, e 1,020 ot ]
e 12 O CoMS. 2P C35, 443 (1087) & NuTev, PRO 74, 012008 (2006) E
£ et i s ey X ScBookE, PAD 63,012005 2011) kS
° it m GGM.PS.PLe4B (1979) X SKAT. PL 818, 255 (1979) 5}
&3 X
=] - =
T o0s8f 1 M N—w X g
> 1 1 I B
Wb Riius Shean s pE S =
Yoo
8
o 04F TR, Ty i
. ﬁym s s = I L L L L L |
. 5 10 15 20 25 30 35
b -
0.2 v, N=u' X 6, (degrees)
° ! " 1 1 I 1 1 1
1 10 100 150 200 250 300 350
4Measured data (w/ stat. and total error)
E (GeV) GENIE expectation

@ Used data acquired in neutrino mode (8.5x10'8POT)
@ C. Aderson et al., PRL 108, 2012

doldP,, [x10*%cm?/(GeVic)/Ar]

@ Simple cuts applied:

@ vix in fiducial volume
@ track matched to muon in MINOS ND | h
@ MINOS g < 0

@ first CC-inclusive cross-section measurements in argon
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The LArSOFT Software package
Physics Results and Analyses On-Going analyses

Calorimetry on Through-going Muons

@ Calorimetry tested on through going
muons.

@ The final sample contains 14322 p~
and 2607 ut.

@ C.Anderson et al.,
arxiv.org:1205.6702, accepted by

C Negative Tracks
2500(— Entries 14322
C Mean 0.6089
[ [RMS____ 10.52 |
2000~ | Positive Tracks __|
C Entries 2607 £ 30000 B Mean 2294
L Mean 1.324 5 E RMS _0.7849
- 70000
£ 1500 RMS 10.43 = /\ 1
g 1e0or - 60000 \
s s0000 i
* L —— Negative Tracks
1000(— 40000 4
E —— Positive Tracks 30000
L 20000
500? 10000
L o L L L L n
C o 1 2 3 4 5 6 8 9 10
L L 1 | L dEfdx (MeVicm)

40 20 0 20 a0
ArgoNeuT Track Horizontal Angle (Degrees)
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The LArSOFT Software package
Physics Results and Analyses On-Going analyses

1 + N protons analysis

See talk by K. Partyka on Friday.
@ Muon (ArgoNeut+MINOS reconstruction): p=2.85 GeV/c

@ Proton (ArgoNeuT reconstruction): track length= 10.88 cm, T=118 MeV,
p=0.485 GeV/c

@ Reconstructed Neutrino Energy ~ 3.1 GeV
E, = pucosf,, + ppcosby

GEANT4-MC predictions.
n

see event on slide 17

T (Mev)

<

L.
14 16 18 20
Total range (cm)
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Physics Results and Analyses -Going analyses

Nuclear Effects in ArgoNeu

@ (See talk by O. Palamara on Friday)

@ Due to the LArTPC's excellent granularity ArgoNeuT is able to shed some light
on vertex activity and multiple proton events

@ Residual Range (distance from end of track) allows for Particle ID

[ 50 100 150 200

1000

dE/dx curves from simulation...test beam data

s
o E

> 350

)

s 5 GEANT4 MC predictions

5_ P 2000
o 25

1:

1500

1000

|
5 10 15 20 25 3
residual range (cm)

o 50 100 150 200
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The LArSOFT Softv
Physics Results and Analyses On-Going analyses

CC - inclusive analysis of 7, data

@ Sample size 8 times larger.

@ CC inclusive measurements can be made on 7, but also on v, due to
beam composition.

@ Sample shown here is v, !

ArgoNeuT Preliminary, POT = 1//\ gzos ArgoNeuT Preliminary, POT = 1. gzos
~

B T
AR
] L&A

5% 0 s E 0% A5 20 25 30 % 40, 45
P, (GeVic) 8, (degrees)
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Physics Results and Analyses

Energy resolution

The LArSOFT Soft
On-Going analyses

0<True dE/dx<5 (MeViem)
o ERE
ta 008651
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F Mean 002325 £ 000183
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5<True dE/dx<10 (MeV/cm)

PETS TRz

o0 = Prot 8.482e-07

Comstant 8743 £ 125

ol Mean  0.62068 + 000062

Sigma 0.0475% + 0.00064
b
a0l
-
100 [

R TR

ISR TR T
fracn_dEnius_CE Gy dEdx

Energy resolution ~5% for Minimum
lonizing Particles

§YE — 0.042 + 1.78 x 10-44E
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The LArSOFT
Physics Results and Analyses On-Going analyses

Stopping Protons

@ Electrons resulting from an energy deposition has a chance to reattach to the
positive ions

@ This effect depends on dE/dx and is nonlinear.

@ Measurements in LAr are not very precise, especially at high dE/dx.

@ ArgoNeuT observes many stopping proton events, mainly from background
interactions.

dQdx vs dEdx

X
2

K_1dQ

ion  Efield P dx
5 100

50

@
3

0.0486 200006 kV /e
(00486 £0.0005 kv /fem S5

L, R B PR TR PR P
20 25 3 40 45 5
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The LArSOFT Software packag
Physics Results and Analyses On-Going analyses

dE/dx e/~ ID

@ Separating electrons from ~s is important in precision v measurements

@ e.g. understanding whether the MiniBooNE anomaly is an effect of oscillation or
background

@ LongBaseline measurements e.g. CP violation etc.

@ the dE/dx of a shower can be a powerful discrimination tool: an electron is a
Minimum lonizing Particle, a v pair converts, so the ionization should be double.

Corrected De/Dx first 2.4 cm

L T L

6

8 10 12
corrected De/Dx over 2.4cm [A.U.]
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The LArSOFT S
Physics Results and Analyses n-Going analyses

dE/dx e/v ID (1)

@ 3D axis Showers calculated based on the angles ofthe 2D projections.

@ Correction for Birk's recombination factor f(dE/dx) and lifetime applied

PRELIMINARY

Loy

T
T

T
Ll

.

I R EVAVEN IV AN A PR A A
0 2 4 6 8 10 12 14
Range (cm)

o0 50 100

ve CC candidate.
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The LArSOFT Software pack
Physics Results and Analyses Going analyses

dE/dx e/~ ID (2)

PRELIMINARY

3

S

dT/dx (MeV/em)

93

12 14

PRSI B SR AN U VRIS NSRS
2 4

Range (cm)

ve CC candidate
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The LArSOFT So
Physics Results and Analyses On-Going analyses

dE/dx e/v ID (3)

v, CC + 70 candidate

=
2
=2
g

10— —

Loy

L e i v
il b b

ol b Lo Lo Lo L 1y
K 2 4 12 14
Range (cm)
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The LArSOFT Software pa
Physics Results and Analyses On-Going analyses

Other Ongoing Analyses

e NC 79 ¢s

@ Hyperon Production

0 3 10 150 0

@ 4 + nprotons + npions
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The Future

Outline

© The Future

Andrzej Szelc for the ArgoNeuT Collaboration The ArgoNeuT Experiment



The Future

Future LAr Experiments in the US

See talk by G. Karagiorgi (Friday)

LArAT (in construction) - LAr at a TestBeam
MicroBooNE (in construction) - Short Baseline
LArl - 1kT detector (LOI) - Short Baseline
LBNE - Long Baseline
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The Future

LArIAT phase 1

@ The ArgoNeuT detector will be resurrected as LArIAT (Liquid
Argon in a Testbeam) phase 1.

@ The objective calibration of single tracks and collective topologies

@ Characterization of response at a range of energies relevant for
future experiments (MicroBooNE, LBNE, etc.)

@ Known input particle type and energy — calibrated output response

@ Done at Fermilab Test Beam Facility
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The Future

LArIAT phase 1

@ Use Tertiary (low momentum) Beam developed by MINERVA
collaboration.

@ Provides protons, pions, electrons and muons.

@ Modifications to the ArgoNeuT detector include a light readout system,
recircuclation in liquid and front flange.

@ Planned start of data taking - spring 2013.

@ A larger TPC, geared towards hadronic shower containment is planned to
follow as LArIAT phase 2.

Y

“ _MlNERvAand T977
preliminary

magnet selects
positive charges

S

Fit momentum (GeV/c)
5

=
@ .

0.6

15 20 25 30 55

35 40 45 0
Time of flight (nanoseconds)
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Conclusions
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Conclusions

Conclusions

First LArTPC in a v beam in the US

Provided important know-how which is used by subsequent
LArTPC experiments

First v data collected in the GeV region in Liquid Argon

First results already published.
Data analysis is ongoing and more results should come soon.

The Detector itself will be reused as to calibrate the response
of LArTPC to charged particles.
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Conclusions

Conclusions

Muito Obrigado
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Conclusions

Back Up Slides
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Conclusions

Measurement of electron drift speed

@ Measurement of electron drift velocity confirms understanding
of detector.

Difference of maximum and minimum hit drift gives time.

Distance is size of detector

Corrected for different field strengths between planes.

Induction plane

Jmin :
% ' e p /

B
8
T

LANRARNRARNRANN RARS|

|
T
100 150 200 250 300 I e (90 K,
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