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Why Liquid Argon™?

Do | really need to explain in
the home of liquid argon
technology?

Bubble chamber quality of

data with added full '- e
calorimetry. : fThe Neutrino Event

Mow. 13, 193"0 — World's first -

: observation.of a neutrino in a {;-.
t. 1 .. . hydrogen bukble chamber. = | . . . Charged T[
: : . i e -

Can produce physics results - o ==

with a “table-top” size
experiment:

- Benchmark - “standard
candle” results.
- Physics enabled by LAr A

capabilities.
- Development towards
future large detectors. 5 Charged m
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US based LAr R&D program

ArgoNeuT MicroBooNE | SBN @ FNAL LBNE

Location: Yale University Location: Fermilab Location: Eermilab I:ocation Fermiilab | ocation:  Fermilab Location: Homestake
Active volume: 0,002 ton  Active volume: 0,02 ton |Active volume:0.3 ton Active volume: 0.1 kton fctive volume:0.05 + 0.6 kton Active volume: 35 kton
operational: 2007 operational 2008 operational: 2008 Operational: 2014 Construction start: 2017 Construction start 202?
First neutrinos:june 2009
This talk

~ LBNE 35 Ton

L

LukeLApDLAHAT ST

T

Location:Fermilab Location:Fermilab Location:Fermilab Location: LANL Location: Fermilab
Purpose:materials test st Purpose:LAr purity demo  Purpose:LArTPC calibration  Purpose: LArTPC calibration Purpose: pur‘l?tglgemo
Operationalisince 2008  Operational: 2011 Operational:2014 {phase 1)  Operational:2014 Operational:
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Short Basellne program at FNAL

 \_ _ARO0Om

540m el Exciting, precision physics
e MInIEoONE LS E P ot short baselines.
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k
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Mic;obooNE

100-150m
LAr1-ND

<E>=0.8 GeV
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LArTPC Operation

Anode wire planes:
U v Y

Liquid Argon TPC
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ArgoNeuT in the NuMI beam line

* First LArTPC in alow (1-10 GeV) energy
neutrino beam.

+ Acquired 1.35 x 10% POT, mainly in v
mode.

 Designed as a test experiment.

« But obtaining physics results!

ArgoNeuT tech-paper:
JINST 7 (2012) P10019

Trrrry
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v, Spectrum 4 E ' v, Spectrum
: ; ] = Antisneutrino Mode ™ .
Neutrino mode 7, Spectrum : 7, Spectrum 3

o i)y : .
Horns focus 77, K 1 & Homs focus 7, K i
i, 305_ enhancing the 7 flux E gl
<E>=4.3GeV] ¢ '<E>=3.6(9.6) GeV { 1
i 0%l V0% ;
Vi 7.0% 1 Vi 581% .
VA 1.3% 3 VAT : 20% ER

(=) ]

D af

155
10 ]
5;— ] o 3 e —
: ] - bt |y T 3 ArgoNeuT reconstruction MINOS reconstruction
Bﬂ. B 10 15 P 95 10 5 10 5 20 25 30 [hits, clusters, (merged-)lines, 3D space-points, 3D tracks]
E,, (GeV) Pl E,. (GeY)
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ArgoNeuT

9, v Charged Current Inclusive

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

GENIE expectation Neutrino mOde:

: : weeks of data taking
- vV, CC-inclusive dQ/dx vs dE/dx (<¢> = 80°)

cross-section E
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do/de, (x10"*cm?/degree/Ar)
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' '2|5' = = 35
0, (degrees)

oO

° ArgoNeuT, PRL 108, 161802 (2012)

1.6 L 10 15 20 25

14f dE/dx [MeV/cm]
12] Charge recombination
1F with stopping protons

08| [ alglert R. Acciarri et al. ,2013 JINST 8 P08005
06! o arXiv:1306.1712

0.4 oo m o Calorimetry with

0.2 i g through-going muons

:|||||||| [ T ||||||1||l||l||l|||||lIIIIIIllIIllII
0 10 100 150 200 250 300 350 C.Anderson et al., 2012 JINST 7 P10020;

C. Anderson et al., PRL 108, 2012 E, (GeV) arxiv.org:1205.6702
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CC Inclusive in v mode
| K

0.25X10™ 30x10* The composition of
E . —— ArgoNeuT Data (v,) E —— ArgoNeuT Data (v,)f  the beam allows
E 0.2F —— GENIE Expectation E 25;_ —— GENIE Expectation “Measu ring both the
;T 0 155 -------- NUWRO Expectation :u; 20F 2T 1Yy e NUWRO Expectatio VH and Vu
2 T components. Charge
S of 5 ol from MINOS.
S 006 g
5 'E Py }

B 510 15 20 55 50 35 o510 15 20 25 30 35
B, (degrees) 0, (degrees)
36 36
0.4X10 0.12X10
035 —— ArgoNeuT Data (v,) —— ArgoNeuT Data (v, W

— GENIE Expectation — GENIE Expectation

-------- NUWRO Expectation =+ NUWRO Expectation

0.08F
0.06F

m=/{GeV/c)/Ar]
=
ECS.

do/dp L [cmEI(GEWc}fAr]

0.15 S 04l Anti Neutrino mode:
~ 0.1 g 5 months of data taking
0.05 ¥ 0021
© [
UOI 5 10 15 20 25 DD 5 10 15 20 25 ArXiv:1404.4809
p, (GeVic) p, (GeVic) Phys. Rev. D 89,
)0 )14
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CC Inclusive Iin v, mode

Now\waf

hysics
®  ArgoNeuT (2014) Sl

_ ® ArgoNeuT, PRL 108, 161802 (2012) (Sg:ng)d

—

6./ E, (10°° cm? / GeV)

\E

do/de, (cm®/degree/Ar)

g
Q
-
© N
S
o V] +
First “—* / Vu — U
Measurgment tinl Lol s v b b b b b _n
for v, 1 10 100 150 200 250 300 350 9
©/ in argon!
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D0 )14
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ArgoNeuT

A

Uyt Ags i+ A
vy + Ag.s. —7 #Jr +71 + Ag.s.

Most pions are not
contained so not possible to
use Q% ort as
discrimination.

Event Counts

MC used to build a binned
background and signal
expectation for a BDT
response (based on
kinematic variables).

This is then fit to the data.

Also, recent results
from Minerva and T2K.

O A

data

25
ArgoNeut Preliminary vp
—|— Data
20
% Signal
% Background
15
10
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- | =
oE sam s .
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BDT Classification

Ceecon = L107°% cm? per Argon Nuclei)

ew physics
result!

C —¢— ArgoNeuf v ) (fofaT error]
4= =g ArgoNeut v (syst. error
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35 =t ArgoNeuT 7 (syst. error)
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C 1 CHARMIY
25 O . TK \4"l " ’
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05F
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ArgoNeuT

9, JDSE J Proto 0 =

physics
result!

R e vmode v 0nCO Py
g 045} —4— ArgoNeuT Data
: '“tera‘:t'\i“ verex S 04} GIBUU Prediction:
S % 0.35 | I Qe ;
500 ; mu 0.3 o - Delta
W s highRES
1500 I h-é 0.2 - 1 .pl bgr {A
>30.15 DIS . Qfo_
o NN\
I T EXTURS
3 I 0.05 Q@,
0 ) ]

L — ———— Number of outgoing protons



Back-to-Back Protons

0 50 (4 1 m 4 back-to-back 2-proton events
l observed in Lab frame.

1000

Cos(y)<-0.95
(Y) Possible mechanism is

CC RES pionless
reactions involving pre-
existing SRC np pairs.

4 back-to-back protons
in CM frame as well!

b ||

n. of events

We can see
New,
ArTPC enabled nuclear
physics effects!
result!

T — NN Wt B n

ArXiv:1405.4261

Phys. Rev. D 90, 012008 (2014)
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Electron/gamma separation

EM Showers

 An EM shower that starts after a gap
from the vertex is always background
(especially if you can see two of them).

* Even if the gap is very small all is not
lost.

- We can reconstruct the charge at the start
of the shower - “dE/dx discrimination”.

rgoNeuT\Prelimipary
T T T T T | T T T

Single Particle elvs y M
— electrons

—— gammas

Reconstructed
Single Shower

y — et+e’

Arg

IIII|IIII|IIII|II§IIII|IIII|IIII|IIII|IQI|_

8

Average dE/dx

u—y
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ArgoNeuT
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Data-Based dE/dx plot

ArTPC enablec
physics
analysis!

— Gammas defined as EM
showers detached from visible
vertex.

Electron/single gamma separation

New,

ArgoNeuT Preliminary

| | | | | | | | | | | |
| dE/dx elfrs y Data
— electrons
—— gammas
—— YS TeCo

—— elecs reco?g:l

(area
normalized)

Topology cut
not folded in.

. = L I R
— Electrons defined as EM 0ak -
. . . A—
showers with visible vertex -
activity and no gap. 035
— Electron events require no 035_
track matched to MINOS muon. '
ArgoNeuT Preliminar : T
Candidate Electron Showers i ' 0.25 -
0.3 _
B 2_ =
N ??:l 0 _
0.25 @Q - T
5 £ DATA 3
g 02f ?@ - 1
o B — Electron 01—
S C — Gamma Z
5015~ —— Combined Fit B
8 L | — Data 0.05—
e Topology cut s
- 2 4
005 only 0
0_ O 2 T e

6 8 10
average dE/dx

__Landau-like distribution of electron

Single Hit dE/dx [MeV/cm]
9/13/14

A. M. Szelc, NOW 2014, Conca Specchiulla

¢ 2z 4 & 8 10 2 14 16 1820 ayent single hit charge depositions.

vl e i b b b bra L /

12

15




ArgoNeuT

)/

New

NC 1 Study

Physics ArgoNeuT Preliminary
. ||||||||||||||||||||||||||||||||||||||||||||||
AnaIYSIS! v-mode Data
10 —+— Data

I ~° Signal Fit

> 8 Mis-Reconstruction Background
[*}]
v, v = %2 /ndf = 18.04 22
\/ N6 Norm  8.33 +2.92
| 2 Mean 135 £5.0
% L%’ 4 ©° RMS  15.05 +3.73
|

DIllr\:,lll||||||II|III|II

I

;

ArgoNeuT is too small to
contain the majority of
photon showers from

'S,

An MC based set of
energy corrections
based on event topology
is needed.

0 50 100 150 200 250 300 350 400 450
M., (MeV)

0.4

0.35

=
P =
o )

i IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

Area Normalized
2 o
o (%]

0.1

Work continuing to refine the energy corrections and
analyze the full data set §
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MicroBooNE
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MicroBooNE wiill 2} Antineutrino

+ Data (stat err.)

topological cut not folded in

ro
o
(]

Events/MeV

determine the nature o} O etromi,
of the MiniBooNE low B from
energy excess by | .
running on the same *“ | — Goner. Syst. Err
beam.

MicroBooNE, 6.6e20 POT W7
Signal: (Am* = 0.430\/2,sinQQF)PEi =0.013) Bi-
=iy,
B er
=, (C

Events / 280 MeV

The granularity and Neutrino
dE/dx separation will
allow differentiating
between photons and
electrons.

Events/MeV

— Signal

PRELIMINARY
SIMULATION

0.

H

#

T
1)

0.0
0.2 04 0.6 0.8 1.0 1.2 14 1.5

E%F (GeV)
NC 1P
background!

Phys. Rev. Lett. 110, 161801 (2013)
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cross section / E. (10 cm?/ Ge
e S s BT T
O N D O D o N B

Cross — section and physics R&D

G, Zeller

-

neutrino

e (~1GeV) Energy range very
interesting in terms of cross-
sections.

Cross-section physics

*Future LAr detectors can be competitive in proton decay studies and
complementary in SN detection.

t [ticks)

9/13/14

100 120 140
Ingduction Plane Wire

200 220
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*MicroBooNE will be able to quantify
potential backgrounds and test
reconstruction methods for nucleon
decay and see SN neutrinos.

Physics R&D
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Collaction view, Event 99

Collzction view, Event 83

After

UV Laser

60 70 80 90
Time-Ticks [2MHz Sampling]

« These components are

essential for the future

multi-kTon LArTPC
detectors!

Argon

A-Ereditato-et-al-ArXiv:-1304:6961- Non evacu
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TPC push-in, Dec 2013

Cryostat welding,
May 2014
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The Move — 23 June, 2014

. k J 4 Micro'ﬁﬁ:;. : >
Since then:
* Insulation completed.
« Cabling completed.
« Starting electronics test.
« Cool down to start next
o month.
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Conclusions

e There is a vibrant LAr

neutrino program at
FNAL.

» Exciting results from
ArgoNeuT and more will
come from MicroBooNE
soon.

 We are laying the
foundation of the long
term vision of multi-kTon
LAr neutrino detectors.
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MicroBooNE has already started to contribute physics
papers on the LArTPC detector technology

Related Publications by MicroBooNE Collaborators:
< L.F. Bagby et al., "Breakdown Voltage of Metal Oxide Resistors in Liquid Argon”, arXiv:1408.4013 [physics.ins-det]

< R. Acciarri et al., "Liquid Argon Dielectric Breakdown Studies with the MicroBooNE Purification System”, arXiv: 1408.0264 [physics.ins-det]

< A. Ereditato et al., "First Working Prototype of a Steerable UV Laser System for LAr TPC Calibrations”, arXiv:1406.6400 [physics.ins-det]

< 1. Asaadi ef al., "Testing of High Voltage Surge Protection Devices for Use in Liquid Argon TPC Detectors”, arXiv:1406.5216 [physics.ins-det]

< M. Auger et al., "A Method to Suppress Dielectric Breakdowns in Liquid Argon Ionization Detectors for Cathode to Ground Distances of Several Millimeters”, arXiv:1406.3939 [physics-ins.det], JINST
9, PO7023 (2014)

< A. Blatter ef al., "Experimental Study of Electric Breakdown in Liquid Argon at Centimeter Scale”, arXiv:1401.6693 [physics.ins-det]

< T. Briese et al., "Testing of Cryogenic Photomultiplier Tubes for the MicroBooNE Experiment”, JINST 8, TO7005 (2013)

< B.J.P. Jones et al., "Photodegradation Mechanisms of Tetrapheny| Butadiene Coatings for Liquid Argon Detectors”, JINST 8 P0O1013 (2013)

< B.J.P. Jones et al., "A Measurement of the Absorption of Liquid Argon Scintillation Light by Dissolved Nitrogen at the Part-Per-Million Level”, JINST 8 PO7011 (2013)

< C.S. Chiu et al., "Evironmental Effects on TPB Wavelength-Shifting Coatings", JINST 7, PO7007 {2012}
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The building is
ready.

After final tests of all
subsystems the
Cryostat will move to
the detector hall
(week of june 23rd).

Need to apply

insulating foam and

test all subsystems.

1-2 months for gas

purge and cooling. =11
- will start in the Falll &
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Fluxes

» ArgoNeuT took data
0.085620 POT over 5 months during
TR e 2009-2010.
Neuvirine mode , Spectrum
Harms focus 77, K7

Previous Inclusive

Charged-Current (CC)

cross section results
based on x-u’s in the

| neutrino beam: PRL 108
sl (2012) 161802.

E..,, (Gov)

1.2e20 POT

Antineutrinos Meuirinos

o

s B B EERESE

New results are based on
<E>= 9.6 GeV vu’s and ?u’s in the anti-
neutrino beam

<E== 3.6 GeV

) F'ar')cla@.:ﬁa'.l’.nf.-'lﬂ“l"g]

We use so-called SKZP MINOS flux: NuMI flux simulation plus FLUKA,
tuned from NA49 data and Minos ND data
and a +/- 11% flat systematic error.

9/13/14 A. M. Szelc, NOW 2014, Conca Specchiulla



Event Classification

Multivariate method: Boosted Decision Tree! (BDT)
Inputs:

« 0.: the angle of the 7 track.
0,.: the angle of the u track.
Af: the opening angle between the two tracks.

K. : the Kkinetic energy of the m based on calorimetry.
<‘;.'—f>ﬂ: the average stopping power of the first third of the . track.

P,: the . momentum.

ArgoNeu'l Nulnt14, London

9/18




Reconstruction Chain

Calorimetry

(a very simplified version) and PID

2D Hits 2D Hit Clusters 3D Space points ‘
(Calibrated group of hits related Clusters matched b/n b

TPC wire data) in time and space) multiple wire views) . 3D EM

Showers
Image finding
techniques

Calibrated Construct Match to in-time Event
PMT data Optical flashes beam interactions reconstruction
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Procoss 0. Events
v, Events (By Final State Topology)
CC Inclusive A8, N98
CCOx N 2> pu+Np 56,580
- w.N =+ pu+0p 12,680
-, N —= p+1p 31,670
- v, N+ p+2p B,803
-y, N = pt+ = 3p 63,427
CC1at v, N = p + nueleons + 17% 71,887
CC >2 wuN = g+ mucleons + = 20 1,953
CC 2140 v, N — nueleons + > 1= 0,678

NC Inelusive 33.000
NCOx v, N — nueleons 21,509
NC 17+ v, N — mueleons + 1+ 1.880
NC >=2a~ v, N = micleons + > 2n~ B35
NC =10 v N = mieleons + = 1a" 5,657

ve Fuends
CC Inclusive 567
NC Inclusive 207
Total 1, and 1. Events 121,099

1, Events {By Physical Process |
CC QE v — pp
CC RES N = =N
CC DIS N =+p X
CC Coherent w, Ar = pAr +7
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ArgoNeuT becomes LArIAT

LArIAT by running in an
instrumented charged particle
beam line will allow us to tag
electrons, providing a clean
sample of events (and higher
statistics).

Lead Thickness

Electrons are found in tertiary beam.
Photons generated via
brehmsstrahlung in

1X, pre-shower disk.

Do not need shower containment

e
(This is only a small part of the
Physics we will measure with LArIA
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LAr1-ND (100m) LI
- +
signal: (A m =1.2 eV’ sin20 =0.003) |7 K -V,
we —— K v
e
= NC no
—v CC
u
---- Signal

MicroBooNE (470m) -l oV

signal: (Am2 =1.2eV’, sin’20 = 0.003) =K v
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» A near detector, LAr1-ND sited in the existing SciBooNE hall can determine whether the
MiniBooNE excess in neutrino mode is due to oscillation.

» Due to its proximity to the target hall, it is sufficient for it to run for one year to amass
statistics much bigger than MicroBooNE

» To explain the excess in the anti-neutrino mode an additional far detector is necessary.
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UV Laser

Collection view, Event 99

100 laser events

UV Laser being installed
to use for calibration.

Allows mapping potential |
field distortions with a '
“track” guaranteed to be
straight - muons can
undergo multiple
scattering.

Laser goes in via optical
feedthrough. after correction
Internal mirror allows

remote change of angle.
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Detector:

Neutrinos:

Location:
Size:
Wires:

Electronics:

Light Readout:

Timeline:

ArgoNeuT

LArTPC

SBN: NuMI
<E >=4.3 GeV

FNAL

40x45x90cm
0.23 tons Active

2 planes
- 4 mm pitch
Warm

None

Finished

MicroBooNE
LArTPC

SBN: Booster
<E>=0.8 GeV

FNAL

230x256x1034cm
87 tons Active

3 planes
- 3mm pitch

Cold

32 8" PMTs

About to take
data

A. M. Szelc, NOW 2014, Conca Specchiulla




Cold electronics are the
same as those to be
used in LBNE.

Lower noise, and allows
driving the signal longer
distances (important for
future large detectors).

Motherboards installed
on the wire carrier
boards.

All channels tested, one
feed-through at a time.

o F
3200
33000
02800
<2600 F
2400 F
2200 F
2000
1800 F
1600 F
1400 F

0

10 20 30 40 50 60 70 80 90
Time-Ticks [2MHz Sampling]




Photomultipliers

 Liquid argon produces
scintillation light (40k
photons/MeV).

It is in the VUV range,
so need a wavelength
shifter to see it in PMTs.

Using acrylic plates
coated with TPB.
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