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YES

This 1s the usual neutrino seminar

AND YES

Our liquid argon detector is in a test beam, we don't see
any neutrinos

SO WHY LARIAT?

'Cause life isn't easy. Neutrino physics neither.



Neutrino physics in a simple world

From theorists... ... to experimentalists

O\\ i
vu J| / I J

v Shoot a neutrino beam
into your detector

v Detect the particle
produced in the
interaction

&
‘ v Reconstruct the
v

v neutrino information

B and make cool plots

@ Credit: J. Asaadi
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Neutrino physics in a more real-like world

v

Outgoing Lepton

) - CC: charged lepton
Incoming v

- NC: neutral lepton
- Energy unknown

- Energy to be measured
- Flavor unknown

_ o Outgoing Mesons

N
g VR :
7/W: & . @ Final State Interactions

. N il ]
) 1 @ .
@ @ - Identity?
Also NN correlations @ @%
A °
and MEC happening Outgoing Nucleons
inside the nucleus W - Visible?

’ - Energy?

Credit: M. Kordosky

)
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vecommunity as a mirror of the v physics

More than just neutrino
detectors!

Synergy between all the
fields

Accelerator

We are in the “precision
era” of neutrino physics: a
complete characterization

of detection techniques and
-¥- , secondary particle

........ interactions is

Ty i fundamental

Test Beam
Facility
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Why a liguid argon detector in a test beam?

> Dense 40% more than water
» Abundant 1% of the atmosphere
Liguid argon TPC technology
is excellent for neutrino
detectors!

> lonizes easily 55k e /cm
> High electron lifetime

> High scintillation light yield 40k y/MeV
(null E field), transparent to light produced

Time Projection Chamber

- UEUAT LA
< Electric Field < Electric Field

Credit: J. Asaadi

Neutrino interaction in LAr produces  Drift the ionization charge in a uniform  Read out charge and light produced
ionization and scintillation light electric field using precision wires and PMT's
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Why a ligquid argon detector in a test beam?

ia

Drift
Time

LArIAT Data

r-:---.,,\.H,-"

K* - pn* — e* Candidate
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Wire Number
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Induction Collection
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Why a ligquid argon detector in a test beam?

Drift _
%@§ ® Time

Induction Collection
Plane Plane

3 LArIAT Data | | LArIAT Data
&~ &~

K* - n* — et Candidate K* - u* - e* Candidate

o o
Wire Number Wire Number
v 3D imaging with mm v Calorimetry
g p ; v PID capabilities
space resolution information o
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Events / bin / 3.0x10%' POT (34 kt LArTPC)

Why a liquid argon detector in a test beam?

A LArTPC in the Fermilab Test Beam Facility is well suited to study charged

particles in the energy range relevant to both the short-baseline (uBooNE,
SBND, ICARUS) and Long-Baseline (DUNE) experiments

DUNE SIMULATION for v, CC analysis Tertiary beam particles momentum
3 i 64GeV -100A
x10 0L 1
~  FTBF Low . -
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: —— =
4 :—_I_l_
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The LArIAT Mission

Executing a comprehensive
program designed to characterize
LArTPC performance and
charged particles interaction in
argon in the energy range relevant
to the forthcoming neutrino

experiments

LArIAT: You need us... and you know it!
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The LArIAT goal bullet-pointed

170 It (0.24 ton) LArTPC designed to calibrate detector response in a charged particle beam

Physics Goals
» Hadron — Ar interaction cross sections and nuclear
effects
» e/y shower identification

» Particle sign determination in the absence of
magnetic field, using topology

» Geant 4 validation

R&D Goals

» Improvement of the energy resolution through the
combination of scintillation light and ionization
charge signals

» Optimization of particle ID techniques N ' f

» Study of LArTPC event reconstruction and ¥ R ——'

calorimetry systematics 'TPC in the cryostat
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Hadron - Ar interaction cross sections: - Ar

Tune hadron — nucleus LArIAT Data
interaction and nuclear Candidate 7* — a° charge exchange
structure models through :
inclusive and exclusive cross
section measurements

320

Neutrino interactions in the
few GeVs energy range
produce many pions:
7t — Ar cross sections will
play an important in the
systematics of neutrino

=2 measurements

LArIAT Data

Candidate n* absorption with ejected protons
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Hadron - Ar interaction cross sections: w - Ar

D. Ashery et al. Phys. Rev. C23, 2173 (1981)

= 1 T rarTg ! P T T TTTT] T T T TrTrT - 1 E
] » No existing measurement before
o |t @ 165 MeV LArIAT!
2f Expected pion xs in Ar /// . . . .
» Prediction come from interpolation
> '055— E between lighter and heavier nuclei
[mb] St i
- » LArIAT measurements:
2_
0" e > total 7t — Ar cross section
5 ]
i » Exclusive 7t — Ar interaction channels
2+ ]
TN I BT B v Absorption
2 5 10 20 ,,50 K0 200 N

A =40
v charge exchange
Otot = Oel T Oreac

- v elastic and inelastic
Oreac = Tinel T Oabs T Ochex T Orxprod
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Hadron - Ar interaction cross sections: w - Ar

't scattering data on °C

arxXiv:1405.3973 [nucl-ex]

) F T T L L L R
. C R dF3I =
v In the energy range of 100-500 MeV pion Y, VU — Remctvo (OGFS) | 3
o . . 400 o+ 12C Quasi-elastic -
interactions are dominated by A resonances N 6 —— Assompion E
— ——— Single -
F n Production 3]
. . . . 300 —
v Cross section is boosted in this energy range, - -
i 250
the same range where most of the pions T e E
produced by few GeV v interactions lie 1505 E
100F .
50 f ______ ‘-:_'—"T‘“—.:—*;
#mx before FSI, MC true v CCOn 0 200 400 600 800 1000 3200 1400 1600
g x10” Ll ©* Initial Momentum (MeV/c)
£ 500 — N+
: — i v A non-negligible fraction of pion produced in
3 400
—n"0 v CC interaction don't exit the Ar nucleus,

300

thus modifying the kinematic distribution of
final state particles

200

Pion interaction represents an
important systematic in the

B T e I R T R neutrino cross section!

number of pions before FSI, true CC with no pions in the final state

100

(=]
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Hadron - Ar interaction cross sections: K - Ar

S0 100

I L)

500

500

—IIIT|TIII|III||IIII—=

I L]

\
i\

I I 1 I L) I ] 1

ArIAT MC Simulation

LArIAT Data

Candidate K - a° event

1
' L]

/

K* - ma*n’ event

09/29/2016

» Tune hadron — nucleus interaction models

> Relevant to proton decay searches in DUNE (p—K* v)

Not only cross-section!

» Study of K* reconstruction in LArTPC

» Understand K/x and K/p discrimination

R. Acciarri - FNAL Neutrino Seminar Series
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e/y discrimination

» First few cm are used to separate
electron-initiated from photon-
initiated showers (single vs. double
ionization)

» Direct experimental measurement
of the (MC-estimated) separation

efficiencies and purities LArIAT Data E
[-s0

» Enable development of reliable
separation criteria/algorithms in
the LArSoft offline reconstruction

code

Important for oscillation experiments!

To support measurement of the low-energy e-like excess from MiniBooNE (primary goal of
MicroBooNE), and for DUNE separation of v, CC signal from NC n® background
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Sign determination without magnetic field

» 1 undergo both capture on nuclei (76%)
and decay (24%)

u* decay candidate event

» u* undergo decay (100%)

» Topological differences can allow for
sign determination in absence of

magnetic field on a statistical basis LArIAT Cosmic Data

Important for future v w capture candidate event
experiments!

To develop techniques for \/M/VM

discrimination in non-magnetized
LArTPC LArIAT Cosmic Data
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From goals declaration....

...to goals realization:
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Sweet home FTBF
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Bird's eye view of LArIAT beamline

Secondary
Target (Cu)

(Q0N)
|BjuET) olin) uosap

Primary
Target (Cu)

II'. S0
I|I D.lfUO

=

Tertidry Beamline
- & LArIAT TPC

pazueiod W

Tunable 8-64 GeV
secondary beam

15E3W

(aaw)
Buipjing Jojpajaq) uosapy
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Zoom-in on the tertiary beamline

Multi-wire
’ proportional
JUS chambers
(8-64 GeV) (MWPCs) I Halo veto I Muon

Dipole

i Magnets Aerogel
Collimators I\ Cerenkov
i Counters Muon

. : ' : : Punchthrough
_ o = m — Time of Flight Veto
ALl (TOF)
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Multi-Wire Proportional Chambers (MWPCs)

L %___——-——"""‘ | E—— -

al

o
l
| [T e

-

™

i -
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Multi-Wire Proportional Chambers

MWPCs + bending magnets allow to reconstruct particles momentum before entering the LArTPC

Tertiary beam particles momentum

v WC pairs used to define particle tracks - Wt 64GeV -100A
before and after the magnets 10 —+ Data
= B ©
N 13
v The angle o between the two tracks s r
determines the momentum reconstruction % T
L
v Momentum reconstruction possible even if 5 |
information from one of the two inner WC Sio =
1S missing °or
. 107 =
200‘1400 MeV/c Charged partICIe beam 0_ IIEDli.'JI Is‘-1-00 600 800 1000 1200 1400 1600 1800
moment r e Reconstructed P, (MeV)
Ma
—gia. wulr=nl Muon Range
et S 8 Stack
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Time Of Flight (TOF)

Credit: E. Gramellini
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Time Of Flight (TOF)

v 2 scintillator counters with 1 ns sampling

provides TOF

v In conjunction with momentum derived by
MWPCs, discrimination of n&p&e/K/p is

possible

TOF vs reconstructed momentum

= 70 =
s r — Deuteron
5 — Proton
= T —K
5 60— aon
o = — Fion
E — Muon
B —— Electron
50—
40—
30—
20— T TEETTHECE R gk et SR ] o
- R R Ke
i N NI Y TR TR TN NN AN N SN AN NN NN N AT N N N N SO
200 400 600 800 1000 1200 1400
Reconstructed z-momentum (MeV/c)
09/29/2016

2

—_
=

Events per 250.0 ps x 5.0 MeV/c

Entries / ns

1200

1000

800

600

400

200

TOF distribution

LArIAT Preliminary

A; = 1174.73 entries/ns
T, = 27.40 ns
o; = 0.99 ns
A; 0y = 1157.29 entries

A, = 120.84 entries/ns
Ty = 41.41 ns

0y = 5.40 ns

A, 0, = 652.54 entries

Aoy /Ayoy = 17T

n&p&e

40
At [ns]

60

Particle ID and momentum

known before it enters the
LarTPC!
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Time of flight [ns]

Improving TOF and particle ID

Last April W&C plot Today plot
= 10 T -
90 ) 40 s L — Deuteron
" LAFIAT 'Eh = — Proton
80 " ' Preliminary 35 = 60| — Kaon
Y ° g - — Pion
. ' ] 130 % = — Muon
70 > - F — Electron
S 50—
{252 -
60 X B
20 2 -
50 ; 40 —
158 B
40 £ o
20— '"'”'E_‘A'J_Tr_l:c_ﬁfar_r.:::-_«-;v%rr_r.--_.- mﬁ‘ﬂﬂ*rfﬂpm C
20 O [ 1 | I I- 1 I-l =1 -I-I.-l:-.l 1 1 | 1 1 1 I 1 ] 1
200 400 600 800 1000 1200 1400 1600 200 200 600 800 1000 1200 1400
Reconstructed z-momentum [MeV/c] Reconstructed z-momentum (MeV/c)
v DAQ samples scintillating counters waveform at 1 ns, not enough for our purposes
v Work done on hit time determination and hit matching between the two scintillators
allowed us to improve the TOF resolution to less than one ns
v The development of a new pulse fitting algorithm is currently underway, to bring our
resolution down to the order of few hundreds of ps
09/29/2016 R. Acciarri - FNAL Neutrino Seminar Series
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Inside the cryostat: TPC and light collection

Light
Collection
System port

Pulse shaping
and amplifying 3 : Se "B-60035 w/p
cold ASICs _ WirePlanes SiPM: ; 28-3344) 4X4 array (Run )
o / i . Hmm, VUV-sensitive (Run II)!
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Light Collection System

Reflector Foils

TPB

Reflector
Field Cage

Wall

Credit: W. Foreman

v Wavelength shifting (evaporated) reflected foils on the four field cage walls to shift
scintillation light into visible spectrum

v Technique borrowed from dark matter experiments
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X [m]

Conversion-on-PMT's onl

Light Collection System

01 02 03 04 05 06 07 0B 0

Z(m]

Beam direction

LArIAT solution

LArMAT

Phalon MC

LY =141 pa'MsV

Side view

i i L i

1 I i

01 02 03 04 05 08 07 OB 09
Z[m]

Beam direction

10*

Beam direction

PMTs

v Provides higher (~ 40 pe/MeV at zero field) and more uniform light yield respect to
standard conversion-on-PMTs-only light collection systems for neutrino

experiments

v R&D for future neutrino experiments (like SBND) as a way to improve calorimetry

09/29/2016

and triggering
R. Acciarri - FNAL Neutrino Seminar Series
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Measurements with light: N, contamination

Scintillation Light Pulse

» N, contamination in LAr suppresses
T, = 1180 ns

slow

(N,< 0.1ppm)

scintillation light already for [N,] as

b |
Whidhat

low as few ppm

» N, affects mostly the “slow”

component of LAr scintillation light
(t=1500 ns), leaving unaffected the 0
“fast” component (t=7 ns)

L)
L L ‘ L 1 1 \14' ‘
4000 6000 8000 10000 12000

=0 » From a fit of the scintillation

Nitrogen contamination LArlIAT Run 1

- —I I i 1 I

ol '\ 2015 analysis light pulse the “slow” light
ol 7‘\ Theorotical mode] ° 2016anayss time component can be
o Ay e i
LATIAT Data 2010 JINS;glélggéieOOi’ 200 eXtraCted and the [Nz]
determined

LArIAT Preliminary

» Results agree with trend

L 20
100 10 1 0.1 0.01 0.001 0.0001 0.00001 from model
Nitrogen contamination from gas analyzers [ppm]
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Measurements with light: Michel electrons

» Michel electrons can be used for energy
calibration, PID of stopping u*

> Real-time triggering on Michel e's from stopping

cosmic u's using light signals

g LArIAT Preliminary Entries 68421
3 L ¥2 I ndf 107.5/134
~ Prob 0.9554
2 Constant BG 77.87 +3.23
S C,, 1345 +32.2
O 10tk C. 953.1+48.8
O i u* lifetime [ns] (fixed) 2197 +0.0

K w lifetime [ns] 650.2+51.8

i Data

B — Overall fit

B ------ Background

e 1t (free)
i ------ | (Muonic Ar)
10° — i
C 11 11 I 11 Il.“l I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I I.;.‘hl I 11
0 1000 2000 3000 4000 5000 6000 7000

At [ns]

Induction plane

Time tick (128 ns/pixel)

; l/tu-§= gl/‘cfreei +§ l/tcapture E

T, .= 2197 ns (fixed)

fr

T =918 + 109 ns

capture

Early results agree w/ recent
measurement! (854 £ 13 ns) and
theory prediction? (851ns)

(Klinskih et al., 2008)
2(Suzuki & Measday, 1987)
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Measurements with light: Michel electrons

» Michel-candidate signals integrated to

Counts / 10 pe

300
" LAFIAT Preliminary MC Prediction get PhotoElectron spectrum from ETL
- 1835 entries G, =19%, € =79.9% 2" PMT
250~ ETL (2in) PMT —e— Data
i > PE spectrum compared to toy light
PE, . > 20, At>2us . ] .
- ns s propagation MC (point-like events)
200} + MC smearing: 6 = 2
I | Npe/100 » Smearing resolution o, and PMT
ol S collection efficiency factor ¢ tuned to
. _‘I{:gdcpeor:?;rw'thm 15em of match data via ¥2 minimization
1001~ v Data and MC in approximate
[ agreement
50} : :
- v Gives confidence in MC
I predicted Light Yield (2.4
D- NS NS NN Llaladal 1a1ll pe/Mer0r2”PMTinRun 1)
0 50 100 150 200 250 300 350

Total light [pe] v Working to adopt a more

realistic simulation
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Measurements with light: Michel electrons

Next step: from light (y) to energy (MeV)

Raw PE spectrum

Counts / 10 pe

w
(=]
(=]

ny
(*1)
o

100}

200~ +

150}

s0f-

. LArIAT Preliminary
- 1835 entries
— ETL (2in) PMT

+

0 50 100 150

Toy MC prediction
6,=19%, € =79.9%
—*— Data

PE,oone = 20, At > 2us
G,

MC smearing: 6 = ———
Npe/‘l 00

200 250 300 350
Total light [pe]

MC photon visibility
and Light Yield

Run |

09/29/2016

R. Acciarri - FNAL Neutrino Seminar Series

| ;
D 01 02 03 04 05 06 07 OB 09
Z[m]

Reconstructed e* position

([i1] 50 i 1]

20 f -

::::::

i

u* endpoint -

WORK IN PROGRESS

3D track/shower
reconstruction actively under
development
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LArTPC

> Refurbished ArgoNeuT TPC

v 2 Readout planes
v 240 wires/plane, +60° respect to beam, 4 mm pitch

v 500 V/em nominal drift field

» Cold Electronics: MicroBooNE preamplifying
ASICs on custom motherboards

v Signal to Noise ratio (MIP pulse height compared
to pedestal RMS)

> Run 1 ~50:1 (ArgoNeuT warm electronics ~15:1)
> Run 2 ~70:1

—-—

Fq
Cathode Plane ul ) e ww
> Wire/Anode'Plane | S )
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. April 30", 2015: LArIAT is on!

i“\Cosmic Ray Paddles
April 30*, 2015

» LArIAT cryostat is purged, cooled down and filled.
Cathode HV is ramped up and we start data taking
in that same day

EEEEEEEEEEEn®

» The first event was recorded a few minutes after
turning on the system with a set of scintillating
paddles (Cosmic Ray Paddles) triggering on cosmic
muons crossing the TPC along its diagonal

'--.--------

>**
.
“---.---

e
.
®

B

'ﬂ
Time Tick
@ B B £
El E & B

g EEEE NN NS EEEEEEEEEEE
EEEEmEmm?
i o
oS
o L=} =] (=]
=
: 2
b - : AT
u
-
=
g
Ly o
g z
8 9
= i g
E £
b H
o

200 -
Wire Number

Time Tick

L
EEEEEEEEEEEEEEEN

'ﬂ

=10

Cosmic Ray Paddles ™
Wire Number
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LArIAT runs

Run 1
~9 weeks of beam data

» ~5.5 weeks at high energy tune (both
positive and negative polarity)

> ~3.5 weeks at low energy energy tune (both
positive and negative polarity)

Run 2
» ~24 weeks of beam data

» ~11 weeks at high energy energy tune (both
positive and negative polarity)

> ~8 weeks at low energy tune (both positive
and negative polarity)

> ~3 weeks at very low energy tune (negative
polarity, e collection)

» ~2 weeks rest (a.k.a filter regeneration)

09/29/2016
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On the path to physics analyses:

Purity measurement

> Electronegative contaminants in the liquid 2 { g Crossing p -
argon (O, H,0) quench the charge = :_
produced by interacting particles ool
» Amount of charge per unit length (dQ/dx) jz
collected at wire planes depends on sof-

distance it drifted o \ | |
» For a given charge deposited in the LAr, R \ \ \mft Time (us)
the amount of charge collected at the wire
planes will exhibit an exponential decay ¢
trend as a function of drift time _ . .

dQ/dx 0-33us  dQ/dx 66-99us dQ/dx 132-165us

Cosmic muons triggered by the Cosmic Rays Paddles are mip particles and cross the
entire drift field: they can be used to determine the decay constant of the exponential
trend — the electron lifetime
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On the path to physics analyses:

Purity measurement

197<Drift Time<229 us

¥ ndl

1400[

1200

]

Hymbergf hits
] =
o (=]
| TTT | TTT | T

A P
0 500 1

000

Prob
Morm2G
Width
MPY
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GSigma

236.7 /44

3.245e-28

1.0442+05 1 1.024e+04
2355+ 189

FAR3 L35

5.871e+05 L 6.627e+03
1685+ 24

L1 = T T
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(m]
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O

G900
1800

1700

|IIII|IIII|IIII[IIIIIIIII]]III|IIII|IIII

1600

¥2 / naf
Prob
Constant

Slope

0.1419/8

1

7.8+ 0.007785
-0.00132 * 3.862e-05

ST

50 100 150 200
Drift time (us)

250

300

v Each bin in right histogram comes from result of a fit like that on left
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v Exponential fit to right plot gives electron lifetime
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Run 1 Lifetime

Electron Lifetime

g
=

Lifetime (us)

[
n
=
=

2000 =

1500

1000

500
05/07/2015 0517/2015  05/26/2015 06/05/2015 06/14/2015 06/24/2015  07/04/2015
16:38 05:53 19:07 08:22 21:36 10:51 00:06

Purity achieved without LAr recirculation
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Run 2 Lifetime

Electron Lifetime LArIAT preliminary
- 2500 | |
% O, concentration
2
%0-16 ppb 3
|
: batcé‘hes

1 delivered
0.22 ppb '
1500

0.32 ppb
1000

0.65 ppb
500

1.08 ppb|_

3.23 ppb

0
03/03/2016 03/27/2016 04/20/2016 05/14/2016 06/07/2016 07/01/2016 07/25/2016

07:06 08:09 08:13 08:17 08:20 08:24 08:28

Daily measurement of LAr purity as monitoring tool
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Wire response to collected charge

dQ/dx MPV Relative Variation

1.2

0.9

0.8

Wire Charge MPV/Average Chage MPV Ratio

0.7

Collection Plane

{ Run 2data
|||||||||||||||||||||||||||||||| +Hun1data

=

20 40 60 80 100 120 140 160 180 200 220 240
Wire Number

» Same cosmic muon data sample can

be used to measure the response of
each wire to the charge per unit
length (dQ/dx) reaching the wire

» >20% variation in the collected charge
from wire to wire in Run 1 (red line)

» Performed an extensive set of tests to
determine the reason of such
variation

» The M.P.O. (Most Probable Offender)
has been identified in a 200 MHz
noise generated by feedback
capacitors of the warm amplifier
channels

v The hardware work aimed at noise reduction performed between Run 1 and 2
allowed to lower the variation in wire response to collected charge to a few % level

v Such variations are corrected for in the charge reconstruction independently for

09/29/2016

Run 1 and 2
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On the path to physics analyses:
Wire Chambers — TPC tracks matching

Which track is associated with the beamline particle?

Easy case Not-so-easy case
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On the path to physics analyses:
Wire Chambers — TPC tracks matching

Reconstructed TPC Track TPC Front Face
"""""""" ‘ -g----------l--------....
AY | .
dﬁiy;ﬁ --------------- s gl o - - - - - - =<8
1 "—’:
‘41:%0 AX
.

» WC - TPC track matching is essential to associate the right reconstructed track inside the
TPC to the particle identified by the beamline detectors

» Both beamline particle trajectory - as determined be the last two MWPCs - and the
reconstructed TPC tracks are projected to the TPC front plane

» Matching based on AX, AY and o
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LAFIAT Preliminary LAFIAT Preliminary
2000 rL T T T | 1T T T | T T T 71 | 1T T 1 I T T T 1 | T T T 1 | 1T T T T T T Jt 1 500 _I T T T | 1T T T | T
T e e
- - Norm x . — — | RM: Norm 1123+ 184
= —e— Data - -
1600— RAM:Mean 1.732+0.019 . t - — | RM:Mean —0.01731+ 0.02559
~ RM:RMS 1.35+0.02 X Right Match ] 1200— | RM: RMS 1.624 + 0.026
1400 — mm hNnorm 244 +32 === Wrong Match 3 = | ww:Norm 343147
E__F ‘Mean  2.551+0.128 . T | wmm 0.2602 = 0.0813
o200 WM:RMS  14.65 +0.14 p sample 3 Eooo_ WM H,:Zn 10.41+ 007
s [ . s L - B
#0001 — 5800/
c — — = [
S 800— = g
W = 600 —
800 — o
- . - 400|—
400 — -
- \\\ = -
200 g v\t \ . - 2001
0 = eI \ \ ! - 0 L1101 1
=40 -30 -20 -10 0 10 20 30 40 ~40 -30 -20 -10

On the path to physics analyses:

Wire Chambers — TPC tracks matching

AX between WC/TPC Track (cm)

AY

Run-1 Data

—e— Data

=== Right Match
=== Wrong Match

w sample

0

10 20 = 30

AY between WC/TPC Track {cm)

» A successful matching requires only one reconstructed TPC track in the first 2 cm of the TPC
length and only one WC — TPC track pair with low AX, AY and o values

» Asymmetry in AX probably due to an accidental displacement of MPWC 4 after position

09/29/2016

survey
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First total n- — Ar Cross Section measurement

slides

It's 106 hbl( § to Chicago. We got a full

SXpe
“ e s, half apaekofcigarettes,

cup of coffee



7w — Ar cross section: signal topologies

+ O,

C5Tot — Oelastic 1nelastic+ Cjabs +

Ocharge X'C+ Orr—prod
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7w — Ar cross section: background topologies

» Background topologies are currently i S = ,.[ Décéy Caﬁdidaie = :
included in the analysis e

» Currently working on estimating

l#” AT ¥ Al BT TR
il

these processes and removing them‘. o
I

from the data sample ‘I.-r

e

DA

LArIAT Data
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Event selection: beamline

Existence of TOF hits and WC track to ensure PID and initial momentum
determination

%2 / ndf = 305.1 / 11
Constant 5949 +61.2
Mean 23.37 £ 0.01
Sigma 1.077 £ 0.007

LArIAT Run-1 Data

LArIAT preliminary

LArIAT preliminary Negative Polarity Runs

Negative Polarity Runs

w 2
= =
— =}
w uy
<&
(=
@
=
w

Events

40 50
TOF (ns)

1000 1500
WC-Track Momentum (MeV)

T
o W
F ©
1 W -
C | 1~ T
3 ERI A= U v
4 F
09/29/2016
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Event selection: PID and pile up

Separation of i/u/y from proton and
late bunches through the TOF vs
momentum measurement

1000 1500
WC Track P, (MeV)

Rejection of events with more than 4
tracks in the upstream portion of the

TPC
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FEvent selection: WC - TPC match

track matching

Rejected: more than 2 cm from

= TPC front face

()

Rejected: multiple WC — TPC
track matching

d: rer-like event
09/29/2016
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Event selection: Reduction table

Event Sample

Number of Events

7~ Data Candidate Sample

32,064

m/i/e 1D

15,448

Requiring an upstream TPC Track within z < 2cm

14,330

< 4 tracks in the first z < 14cm

9,281

Wire Chamber / TPC Track Matching

2,864

Shower Rejection Filter

2,290

K~

Beam Composition Before Cuts
Selection Efficiency

0.035%
70.6%
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Thin-sliced TPC method

Given a thin slab of argon, the probability
of a m interacting is P =1-P

Interacting ~ survival

with

O cross section per nucleon
N

Survived

Onz density

P —e

Survival
; N
-4 Slab tthkneSS Incident

=

Thin Target

The probability of interacting can be'measured as the ratio of the number of interacting «
to the number-of incident ones

N interacting __ P
N

1 _ —1 __,—Onz
Interacting ~— 1-P Survival — l—-e

Incident
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Thin-sliced TPC method

Given the thickness of the slices, we can Taylor expand and solve for the pion cross
section:

= 1-e™ = 1-(1-onz+0(6X?))

Interacting

1 N.

interacting
Interacting
nz N, .
Incident

LAr thin slice (set by wire pitch)
f’ff.- ’L
’ 1ty of the

LArTPC we can treat thewwire-to-

wire spacing as a series of ¢ M-

slab” targets, if we can measure the S

energy of the pion incident to each
slice... and we can!

B
1

2%
Beam Direction 9‘
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Initial pion Kinetic energy

w Q=
- Q=

The momentum m%sured by the Wire Chambers is used to calculated the n-
- - ndidate's initial energy in the TPC:
_ -
KEi_ p +-m15 my EFlat

=

e

Where E,,, is the energy loss due to material upstream e TPC (argon, steel,

beamline detectors)
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Energy, N, .. ., N calculation

Interacting

We start follow the TPC track (matched to the Wire Chamber track) in slices:
> the slice represent the distance between each 3D point in the track
» for each slice we ask: “is this the end of the track?”

NO: calculate the kinetic energy at this point and put that in the incident histogram

Interacting

The kinetic energy at the slice n is calculated by subtracting the
track deposited energy in the first n slices from the kinetic
energy at the TPC front face

nSpts

Interaction = KEi_ Z dE/XmX PitChi

i=0

KE

Kinetic Energy (MeV)

Incident

Kinetic Energy (MeV)
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Energy, N. calculation

incident’ Interacting

We start follow the TPC track (matched to the Wire Chamber track) in slices:
> the slice represent the distance between each 3D point in the track

» for each slice we ask: “is this the end of the track?”

NO: calculate the kinetic energy at this point and put that in the incident histogram

a T R
Interacting

P
The kinetic energy at the slice n is calculated by subtracting the
track deposited energy in the ﬁr#'t" n slices from the kinetic

energy at the TPC front face
II

1 nSpts

KB e GE — " dE/dX X Pitch,
L~

Kinetic Energy (MeV)

Incident

- e e s m me-.
2 ) =

----__
-
=
- O ESE . - ..
-

vl =

2

-l N I N . - = . )

Kinetic Energy (MeV)
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Energy, N. calculation

incident’ Interacting

We start follow the TPC track (matched to the Wire Chamber track) in slices:
> the slice represent the distance between each 3D point in the track

» for each slice we ask: “is this the end of the track?”

YES: calculate the kinetic energy at this point and put that both in the interacting and

incident histogram o
a
Interacting

P
The kinetic energy at the slice n is calculated by subtracting the
track deposited energy in the ﬁr#'t" n slices from the kinetic

energy at the TPC front face
II

1 nSpts

KB GE — " dE/dX X Pitch,
L~

Kinetic Energy (MeV)

Incident

|
Kinetic Energy (MeV)

- e e s m me-.
2 ) =

----__
-
=
- O ESE . - ..
-
vl =
2
-l N I N . - = . )
|l I . =N = = = = .
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calculation

ing

Interact

inct

Z
=
Z
&
'y
QO
=
=

m

—e— Run-1 Daia

it «° MC

Interacting histogra

bl -
1800 2000

1400 1600

(

1200

Reconstructed Kinetic Energy

600 800 1000

400

LArIAT Preliminary

ASIN 0G / SlusAg

Interacting

» The process is repeated for each event in the data
sample
» Only WC to TPC matched tracks are considered. Any
other activity is disregarded

MeV)

it = MC

—e— Run-1 Data

m

Incident histogra

1800 2000

1400 1600

1200

800 1000
Reconstructed Kinetic Energy (MeV)

600

. :"L

400

LArIAT Preliminary

|

it

Kinetic Energy (MeV)

25000 —

Incident

____
o
S
S
<]
&
A

8Nl 0G / SIUBAT

Kinetic Energy (MeV)
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Total n — Ar cross section

Finally, we take the ratio of the two histograms and calculate the cross section

LArIAT Preliminar

i Mt = MC

"l —— Run-1 Data

|
Interacting histogram e .
. S Reminder:
g [ ) [ ) [ ]
, 4 Cross section still contains capture and
i R
,§ decay processes.
o
=NZ 3
— 4 We are currently utilizing the data and MC
é to estimate the relative fraction of
—— Run-1 Data

abs/decay and employing methods to
Incident histogram remove this from our sample

Kinetic Energy (MeV)

1600 1800 2000
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Total n — Ar cross section

L
L

LArIAT Preliminary

. MC syst + stat err

MC stat err only

(barns)
LaZ

TOT
IIII|IIIII III|IIII

+ Hun-1 data, stat err

First ®# — Ar cross section measurement!

5
:..
RS,
[=]
]
|
]
)
=]
—
wd
b=
I
—
o
|_

3l

=2
IIII|IIII|IIII

g0 1000 1200
Reconstructed Kinetic Energy (MeV)

=

Systematics Considered Here

dE/dX Calibration: 5%

Energy Loss Prior to entering the TPC: 3.5%
Through Going Muon Contamination: 3%
Wire Chamber Momentum Uncertainty: 3%

09/29/2016 R. Acciarri - FNAL Neutrino Seminar Series 60



W — Ar cross section sum up

First LArIAT analysis

» Total pion cross section never measured on argon before

» Fully automated reconstruction

'y

X,
=
L

s

Next steps ,

> 'I;I‘_e_fl’gl_r}gn.f-nf-p-ien—é@ture and decay processes

» Improvement of the ener.g‘fy\::\dﬁmgtions by taking into account the dependence
on the incident angle .

» Investigate Aerogel and Muon Range Stack fbii'bhi:gggl_l;going muon removal
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Towards a K* — Ar cross section measurement

» Like for Pion, Kaon cross section never
measured on argon before, and scarcely
measured in general

» This study concentrate on K* cross section,
given its relevance to proton decay searches
in DUNE - p -> v K* Golden channel for

K Reaction cross  ° proton decay in LAr
section ratio

alexp.)/og(calc.)

Momentum (MeV/c)
E. Friedman et al. Phys. Rev., C55:1304-1311, 1997
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K* - Ar cross section: event topologies

Slgnal topOIOgleS: GTot = GElastic+ GReaction

<
.
Background topol 5: Kaon decay K+-> p+v, ; K+-> m+no
-
. .
. .

-
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K* — Ar cross section: event selection

The first set of cuts is similar to the pion cross section analysis

> A single beamline particle fully reconstructed (TOF+ WC track)
» Less than 5 tracks in the first 14 cm of the TPC length

> At least one track in the first 2 cm of the TPC length

» A unique-WEC-TPC:matching

» TOF > 24.3 ns

800 1000 1200
Reconstructed Pz (MeV/c)
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FEvent selection: PIDA cut

R. Acciarri et al. (ArgoNeuT Collaboration), JINST 8 (2013) P08005

» Particle IDentification Algorithm (PIDA) is a LArTPC based technique developed by ArgoNeuT

» It parameterizes the Bethe-Block energy deposition curve for stopping particles in terms of

the residual range R and a parameter A, unique for each particle (the PIDA parameter)

» For each given track, A is calculated by averaging the value of dE/dx and R for each
reconstructed point i of the track

dE __ A p—0.42
% ~ AR

o
=

LArIAT Data
Preliminary -

o
W
o

Muon

- Pion MC

- :f::;n simulation

Q

[
n
=

Number Entries

e
A
5]

Arbitrary units

=y
=

Protons

=
[

>
S

L
=

\

IIII|IIIIIIIIIIIIIIIII[IlI
k

0.15

20
0.1

=

0.05

y e s by v ey 1o MLy
12 14 16 18 20

PIDA (MeV/cm'4?)
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Event selection: Mass cut

Using the TOF and Wire Chamber information, a cut on the particle's invariant mass
is performed

l length between TOF
paddles (6.7 m)

Mumber of Entries

I
o

O = -
0IIII|.IIII|IIII|I

s ]
o

R

{ i

1000
Mass (MeW ie? ]

"o
o

_'-.
. J!‘?-J_TE:I:.—:_!'!.-I_:;::—Q:V%H:F".___. ?‘ﬁﬂ_‘lﬂl':l-llr'-':ﬁ_"r =

] | ] I"l ] ] | 1 |

| |
600 800 1000 1200
Reconstructed Pz (MeV/c)
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Event selection: reduction table

Event Sample Number of Events

Single beamline particle fully reconstructed 187463
# tracks > 0 in first 2 cm TPC && < 5 in first 14 cm 117710
Unique WC — TPC track matching 70801
TOF cut 28303
PIDA cut 8231
Invariant Mass Cut 882
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Events from the selected sample

LArIAT Data Preliminary K* Candidate

Beam Direction

LArIAT Data Preliminary K* Candidate

Beam Direction

-

09/29/2016

LArIAT Data Preliminary Reconstruction

Beam Direction

_a

. =_y-Shower

o=

@-_—"_"——'-——G—-—-——'__"_—; b
K+ v ﬂ-

/ o &
scatter ~y-shower

T

LArIAT Data Preliminary Reconstruction

Beam Direction >

-

y—skoiver

.

R. Acciarri - FNAL Neutrino Seminar Series 68



K* — Ar cross section study sum up

So far

» Demonstrated the capability to identify Kaon hadronic interactions in LArIAT

» Demonstrated the capability to tag.and remove Kaon decay from the sample

-
e

» Demonstrated the ability to a‘fcomatically reconstruct Kaon events

y
Next steps......"ip

» Refine cuts to possibly improve sample statistics and/or purity

» Measure the total cross section!
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In conclusion

Run 1 and 2 collected a wonderful dataset

v Special thank you to the Accelerator Division (beautiful beam), FTBF (for hosting and
support), Scientific Computing (support for our DAQ and offline software) and support from
PPD and ND (material, engineering, scientific and technical support)!!!

That's just the beginning! More analyses to come...

v Cross section analyses
»Kaons are on the way (total, and possibly exclusive channels as well)
»Exclusive n-Ar absorption and charge exchange channels as well as elastic, inelastic
are all underway
> All of the above for nt*'s as well
»proton, etc...

v ely, muon sign determination, scintillation light studies

Good things come always in threes!

v LArIAT Run 3 will start early next year

v Mainly R&D studies: 3 mm vs 5 mm wireplane pitch, new light collection ‘detectors, etc...
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Thank YOU from the LArIAT collaboration
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Hadron - Ar interaction cross sections: w - Ar

n* scattering data on °C

arXiv:1405.3973 [nucl-ex

[—

7 Production

E 1 I I I I ) I I I I I 1 T I 1 1 1 L] 1 .l I I I | I I L

React dFSli _

v In the energy range of 100-500 g 40 o T hooctv Odre)
: L ; o : . :

MeV pion interactions are 400 AR Quasi-elasfic E

; Absorption -
dominated by A resonances 350 Single CX =

v Cross section is boosted in this 250
energy range  aoh. i Getril N cemmemeeemeememeenes

j

v Pion interaction becomes an
important systematic in the
neutrino cross section

) I 1= o "t Imi=r=-F==5==
200 400 600 800 1000 1200 1400 1600
m* Initial Momentum (MeV/c)
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Aerogel counters

200-300
MeV/c

e 88 @

v Allows to perform 7/u separation over a range of
momentum

v Currently under investigation
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Muon Range Stack

v Four layers of XY planes sandwiched
between (pink) steel slabs

v Each plane is composed by 4 scintillating
bars connected to a PMT

v Allows to discriminate m/u exiting the o o
cryostat - i

v Currently under investigation m

N N B GEN
\4

BEAM DIRECTION
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On the path to physics analyses:

Wire response to collected charge

» Same cosmic muon data sample can be
used to measure the response of each wire

to the charge per unit length (dQ/dx) \\

Wire n+2

§ 200
3 J g F
reaching the wire dQus 5 [N
Wire n+1 E 150;
» Hit charge is corrected for the measured —
electron lifetime, to remove any e ok Crossing i
dependency from the drift distance w0
Wire n /50‘:_
Collection Plane - Wire 83 o
hitcharge_col 83 0 50 100 150 200 250 300
50— Entries 19266 >
[ | o i Drin Time ()
- ' %/ ndf 483.7 / 304
350 — Prob 2.302e-10
- Norm2G  3.128e+04 + 4.908e+03
B00 — Width 1434+36
- MPV 2244 + 4.3
P50 — rea 4.841e+05 + 3.811e+03 . . .
- GSqma 201246 » Fit of each histogram provides the
boo —
. Most Probable Value (MPV) of dQ/dx
[oof for a given wire
507

L T PR LR T |

[ B T il -
3000 4000 5000 6000 7000 8000

dQ/dx (ADC-ns-cm™)
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Reconstructeeil TPC Track

> ¢ a

Prajected WC Track
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Total n — Ar cross section

W
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I | I I I | I I
LArIAT F’reliminary

MC central value
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+ Run-1 data, stat err
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400 SDD
Reconstructed Kinetic Energy (MeV)

=

First n — Ar cross section measurement!

09/29/2016 R. Acciarri - FNAL Neutrino Seminar Series 79



Background contamination

B ©ion MC sample » Approximately 9% n-capture
B Pion MC - only Pi Decay and 2% n-decay in the
Pion MC - only Pi Capture interacting sample

Interacting histogram >
(Numerator)

34% crossing particles (7/u) and
66% interacting particles in the
TPC

» ~10% muon contamination
uniformly distributed
800 1000 1200 1400 (not shown here)
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A look at some variables
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LArAT Preliminary

v2 / ndf 2213/178
Prob 0
Width 0.1581+ 0.0010
MPV 1.717 = 0.001
Area 7238 £ 19.3
GSigma  0.2418 £ 0.0017
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Energy Corrections

KE;= p2+mi_mn_EFlat

I Halo veto I

[Wﬂ |-

"'I_I‘I;F‘I_F‘ /\

(TOF) Punchthrough

Veto L
40 60 80 100
Energy Loss Prior to Entering the TPC (MeV)

Events / MeV
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

‘ Time of Flight M uon

Adding up all the energy which a pion loses in-theregion before it enters the
TPC ( , , , Argon) gives us the “energy loss” by the pion in
the upstream region
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