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The LArTPC SW=R&D at FNAL

Detector ("HW') R&D has been carried out by several groups
worldwide over the past two decades (last ~decade in U5S).

All HW aspects have been studied, developed and optimized
(cryogenics, LAr purification, ionization charge R/O, scintillation light
R/O, low-noise Electronics, fast DAQ, ..)

Some HW aspects are already at their 2nd or even 3rd generation
of development.

SW development for the full exploitation of the information
provided by the LArTPC Is instead still at a rather early stage:

long term/high statistics data taking on neutrino beams only started
in 2009/10 (with ArgoNeuT).

An “aggressive’ SW=R&D program on both Off-Line event
reconstruction and MC event simulation was initiated at FNAL In
201 | and is currently strongly pursued (this talk)
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LArTPC: detection of Neutrino Interactions
in the O(1GeV) energy range

“hthe GeV energy range the most important neutrino-nucleus interaction channel s

the CC quasi elastic (QE) scattering, historically referring to the emission of
a charged lepton and a single nucleon.

For this reason, a lot of effort has been devoted to measurements of neutrino- and
antineutrino-nucleus "QE like" cross-sections in a broad kinematical domain.

* Nuclear effects, however, play a key role in neutrino-nucleus interactions in nuclear
targets. Due to intra-nuclear re-scattering (FSI)

Initial State Final State

and possible effects of correlation between target nucleons, a genuine QE interaction
can often be accompanied by the ejection of additional nucleons, emission of many de-

excitation y's and sometimes by soft pions in the Final State (after hadronization).
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P FrFEC TS OF

an example: FLUKA simulation* - CCQE v, events in LAr

NuMI beam LE spectrum - neutrino mode

Vertex activity (multiple p at vtx, Y (=€) from nuclear

. Multiplicity of charged particles Sae g
E. de-excitation, neutrons)
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offering a full simulation of nuclear effects

but not multi-nucleon correlations
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|
m» Neutrino interaction channel-definitions are therefore largely

ill-defined and the measurements of specific channels largely rely on
MC simulation.

In fact, these products are usually neglectea

because not detectable,

unless a high quality, low energy threshold imaging detector is in use.
= R ——

LAr=TPC detectors provide indeed
ent

® HD-imaging (2D and 3D)

® excellent particle ID & background rejection.

ArgoNeuT

Z ®precise calorimetry

80 100 120 140 160

Collection Pum_Win

E zoomed-in view of a neutrino eveng

with evidence of vertex activity
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= “NEW WAVE™ IN

~CONSTRUCTION

INSTEAD OF MC BASED CLASSIFICATION OF THE EVENTS IN
THE INTERACTION CHANNELS (UL, RES, DIS eto),

@@ EUTRINO EVENTS IN LAr CAN BE CLASSIFIED [N IERIES
OF FINAL STATE TOPOLOGY
BASED ON PARTICLE MULTIPLICITY:

@ pion (i.e. u+Np, where N=0,1,2...),

EllE

1 pion (i.e. u+Np+1n),

same with e <= u
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In imaging LAr~TPC detectors:
- exclusive topologies can be fully reconstructed (need high PID capability)

- determination of proton multiplicity at the neutrino interaction vertex can be
performed (need ultra-low proton energy threshold)

- reconstruction of proton(s) kinematics can ultimately allow for most precise
reconstruction of the incoming neutrino energy (need excellent Energy and Spacial
resolutions).

SNEEdlcalearcliort siheededi ioveVEIRE NS
development of Off-line SW and MC simulation to reach the
(outstanding) levels of detector performance needed to
accomplish with these goals.
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"Oft-Line SW R&D”

—
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Wednesday, 20March , 2013 8



Low energy proton reconstruction

“Off-Line SW R&D”

*

100 150 200

proton threshold
1s 21 MeV of

Kinetic Energy 5
(ArgoNeuT) " |

—*

* Kinetic energy vs track length (data)

The short track behaves like proton * NIST predictions

! \

The eventis (CCQE) 1p—-1 u-

ArgoNeuT

|
e

. 'y"|""|""|'"'|""|""|""

20

KE=22+3 MeV v~
Length=0.5 cm

total range (cm)
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"Off-Line SW R&D"

I— —
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EXCLUSIVE EVENT TOPOLOGY

ArgoNeuT
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* Accurate and extremely detailed MonteCarlo generators are needed for
comparison with LAr data, in particular for nuclear effects
understanding

All modern experiments contain nuclei as targets
1. Nucleons are Fermi-moving
2. Final state interactions may hinder correct event U MOSG'

identification

\)
Nuclear Physics based generators needed

=

Data from LAr extremely helpful and :
( can provide important hints to optimize/tune MC generators
and discriminate among models.
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ArgoNeu'T

2| MCRD":  DATA-MC COMPARISON

+ GENIE- Generates Events for Neutrino Interaction Experiments*

FSI: IntraNuclear Cascade model (INC)
[Meson exchange (MEC) channel in the future]

+ GIBUU - The Giessen Boltzmann-Uehling-Uhlenbeck Project**

FSI: Transport model
2p2h-NN channel included

2-particle-2-hole interaction with 2 nucleons produced

*ArgoNeuT Coll. is grateful to GENIE authors, in particular S. Dytman and
H.Gallagher, for many useful discussions

**ArgoNeuT Coll. is grateful to O. Lalakulich and U. Mosel for providing
the GIBUU predictions and for many useful discussions
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ArgoNeuT
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First Physics Results

Preliminary
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* Data energy reconstructed with the QE formula.

* Improved energy reconstruction including proton
kinematics in progress.

Wednesday, 20March , 2013



PROTON MU
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Vi - anti-neutrino mode run! LYJ
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» Ratios among rates of different proton
multiplicities in DATA don't agree with
MC, in particular for vy, 1

) ~307% contribution fromfhe @GS
SEES (sl

eUncertainties on the neutrino flux not yet included
eEfficiency for the selection of high multiplicity events not (yet) optimized
«Studies of background effects are ongoing and will be finalized soon
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ArgoNeuT
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u events PRO

ArgoNeuT

ON KINEMATICS

(Event-by event protons reconstruction) 55&
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SW R&D:WHAT NEXT ¢ NUCLEAR EFFECTS

® The reconstruction of the proton(s) angle w.rt. the neutrino direction provides important hints to
study nuclear effects '

v beam E
= ' M
backward : forward

going protons (Bp): going protons (Fp)

® The production of Bp is kinematically forbidden in an interaction on a free and stationary nucleon.

Their production in the high energy reactions off nuclei is a well established experimental fact and
indicates the existence of nuclear effects in the scattering process

® Possible explanations are:

e Reinteractions (intranuclear cascade) inside the target nucleus

®  Bp can be produced in multiple scattering and interactions of slow hadrons, produced in the primary
vV—nucleus collision, with the other nucleons during their propagation out of the nucleus.

e  Short Range Correlations

®  (Collisions off clusters composed of nucleons/quarks. The clusters are formed under the action of the short
range part of the nuclear force. The nucleons in these structures can acquire high momenta and
the fast backward going particles can be seen as a direct manifestation of the high
momentum tail of the Fermi distribution. The spectrum of the fast backward going particles reflects

Production in the backward hemisphere can have contributions from both mechanisms
18
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BACKWAR

w*/u I p:
2/ % of the events have a
backward going proton

Vv Interaction with

a backward going p

Wednesday, 20March , 2013

D GOING PROTONS (Bp)

E2ie;

ArgoNeu'T

|6 9% of the events have a
backward going proton

two backward going p’s




NUCLEAR EFFECTS: BACK-TO-BACK PROTON PAIRS

If nucleon in a correlated pair is knocked out of a nucleus, the "paired” nucleon is also
emitted. Detecting both nucleons can address many important questions.

Measurement of back-to-back pair emission: the "paired” nucleon is emitted in the opposite
direction of the initial momentum of the knocked out nucleon:
“Fingerprints of nucleon-nucleon correlations”

L. Frankfurt, M. Sargsian, M. Strikman

v beam P
e CTTTEEEEEEEEPEPE >
() () _
< /e = P*ﬁ""-._: Do, back-to-back protons
RN ~EAN P (angle between 2 p ~ 1809)

Figure 5: Interéction of virtual phot.ci)mn with three
nucleon system in configurations in which two of

L LR Search of back-back protons in the
ArgoNeuT muon+2p event sample

20
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BACK-TO-BACK PROTON PAIR (1) ArgoNeuT
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BACK-TO-BACK PROTON PAIR () ArgoReul

50 100 150 200

interaction vertex

[

_— ___:___,.._—-:-f» - M_ _

back-to-back protons
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*bi: 8151269 i

L1=1.8 cm, p1=289+17 MeV/c
*b2: B2=550
Lo=4.5 cm, p2=381+23 MeV/c

Angle between two

protons y=1819
[ — T

neutrino interactio
producing a
back-to-back
proton pair

—
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BACK-TO-BACK PROTON PAIR (Il ALl
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200

*b: 01=53¢ &

L1=7.5 cm, p1=443+26 MeV/c
*py: 021280
L>=8.9 cm, p2=466+28 MeV/c

Angle between two
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anti-Neutrino interaction
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BACK-TO-BACK PROTON PAIR EVENT ArgoNeaT
MUON TRACK MATCHING INMINOSND | <Y,

Vi

A/ A DETAILED STUDY OF
a4 /o BACK-TO-BACK PROTONS
' IS IN PROGRESS

0 50 100 150 200

2000
1500
1000

500

n
2000

1500

1000

500

Red (blue): positive (negative) charge tracks determined by MINOS.

0

0 50 100 150 200
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SUMMARY

LAr TPC have the capabllity to identify and reconstruct exclusive topologies
with very low proton threshold

Lot of information from LAr TPC..
VWe are learning how to deal with each class of event/topology.

Off-Line SW R&D in progress

Proton multiplicity at the neutrino interaction vertex with presence of
secondary particles in LArl1PC events and reconstruction of the proton(s)

kinematics provide indications about the presence and the size of
nuclear effects in LAr

The MC generators predict vastly varying amounts of proton emission.
LAr data can provide an important discriminator among models.

MC R&D in progress

Progressing with the development of more and more accurate reconstruction
tools for data analysis, in combination with larger mass LAr-TPC detectors is

an important step for accurate topological analysis of neutrino events,

onthe line pioneered by ArgoNewT.

MAteriad showwnw here based o (and thanks to):
[1] O. Palamara (for the ArgoNeuT Coll.), "Hints for nuclear effects from ArgoNeuT data"[Nulnt| 2]

[2] K. Partyka (for the ArgoNeuT Coll.), "Exclusive O pion topologies in ArgoNeuT" [Nulnt| 2]
[3] T.Yang (or the ArgoNeuT Coll.), “Neutrino Interactions on Liquid Argon — New Results from ArgoNeuT” [Aspen| 3]
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Backup slides
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The LAr TPC SW=Rd&D at FNAL

v/ LArTPC TECHNIQUE

v/ LARTPC ANALYSIS APPROACH
v/ IMPACT OF NUCLEAR EFFECTS

v/ HINTS FROM ARGONEUT DATA
v/ PERSPECTIVES FOR FUTURE EXPERIMENTS

OUTLINE



Cathode
Plane

TH

= AR TPC COTes

Anode wire planes:
U VvVy

Liquid Argon TPC

Charged particle tracks
ionize argon atoms;
Ionization charge drifts
to finely segmented
charge collection
planes over ~1-few ms.

Low charge

High charge

ArgoNeuT event

100 120 140
Induction Plane Wire

rift time

Wire pulses in time give the drift
coordinate of the track

120
Collection Plane Wire

induction plane + collection plane + time = 3D image of event (w/ calorimetric info)

S —

Wednesday, 20March , 2013

28



ArgoNeuT

Wednesday, 20March , 2013

~ “The ArgoNeuT detector in the NuMI
A rg O N e u T low- energy beamline at Fermilab™

JINST 7 P10019 (2012)

NUuMI'LE beam 1751 active volume

v—mode (2 weeks):

v-mode (6 months):

. v, Spectrum
Neutrino mode ¥, Spectrum

Horns focus 77, K*

91.7%
7.0%
¢ 1.3%

18
B5xI0POT 3000 CC events

| 20x1020 POT collected

v,, Spectrum
v, Spectrum

Anti-neutrino Mode
Horns focus 7, K
enhancing the 7, flux

25 30
E... (GeV)




ArgoNeuT

ArgoNeuT Design

2 read-out planes: Induction and Collectio
each channel: 2048 samples in 400 microsecond

500 Liters
175 Liters * Self contained system.
4480 » Recirculate argon through
mm .
TET 093 K a copper-based filter.
0.5m (330us) e Cryocooler used to
500 V/cm recondense boil-off gas.

30
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Reconstruction of 1ulp events

Low charge High charge

T Tl

time 2500
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1800
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% 2 a© 60 ] 100 120 140 160 180 200 220 240
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100 120 140
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u- escaping ArgoNeuT (and reaching MINOS-ND downstream)

/’//
o
o

Full neutrino event reconstruction W|th 3D ArgoNeuT-MINOS ND track ;‘niatching

W+ p kinematics

ft kinematics
Wednesday, 20March , 2013

Reconstructed Neutrino Energy= 3.1 GeV

Reconstructed Neutrino Energy= 3.0 GeV

Neutrino event reconstructed in 3D space

/ | \‘L SN
J \

f
/ =
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\
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X | \\
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Proton (ArgoNeuT reconstruction):
length=10.88 cm,
T=118 MeV, p=0.485 GeV/c

track
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VERTEX ACTIVITY

Measurement of ¥ activity around the vertex and
(feutron —protdtycan also help to tune MC generators

t (ticks)

0 00 120 140 160 180 200 220
Induction Plane Wire

T —————= EE—

32
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LAr TPC ANALYSIS APPROACH

Count (Pld) and reconstruct protons at the neutrino

Interaction vertex: analysis fully exploiting LAr TPC's capabilities (in Cherenkov
detectors all these classes of events are 1 track “CCQE like” events)

Particle Identification with LArTPC

* 3D and calorimetric reconstruction for efficient Particle Identification
* Excellent resolution for final state

* Capability of “seeing” recoil proton(s)

* Good p/m* identification capability

33
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0 PION Vu CC EVENTS: TOPOLOGICAL ANALYSIS
AND HINTS FOR NUCLEAR EFFECTS

® Afirst Topological analysis is currently developed and explorted by the ArgoNeu T
experiment with a proton threshold of 21 MeV Kinetic energy.

® Preliminary results from the analysis of O pion CC events
few GeV energy region (both neutrino and anti-neutrino — S
mode runs, DATA-GENIE MC comparisons), have been recently presented at the

NUINT 2012 workshop [ ], [2] and Aspen 2013 conference [3]:

—  Multi-p accompanying the leading muon and the presence of vertex activity
are clearly visible (and measured) in the ArgoNeuT events.

- Ratios among rates of different exclusive topologies provide indications of the
size of nuclear effects.

New: hints on nuclear effects from

reconstruction of proton kinematics

[1] K. Partyka (for the ArgoNeuT Coll.), "Exclusive O pion topologies in ArgoNeuT". ArgoNeuT
[2] O. Palamara (for the ArgoNeuT Coll.), "Hints for nuclear effects from ArgoNeuT data".
[3] T-Yang (or the ArgoNeuT Coll.), “Neutrino Interactions on Liquid Argon — New Results from ArgoNeuT” [Aspen 3] S 2
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V interaction vertex

N

W

agencCe o

v, CC events: 1~ 0Op

r

ArgoNeu T events: Single w- event (Left), Multi-proton event (Right)
& -
—— — JD
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ArgoNeuT

s

Activity around the vertex
e's from nuclear de-excitation y conversion

50 100 150 200

50 100 150 200

*
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DATA:
EXCLUSIVE
TOPOLOGIES

Activity around the vertex
e's from nuclear de-excitation y conversion

1 track: pu—

W track only, no p at the vertex

&idence of FSI! -«

09

v, CC events: pu~ 0p

36 o)
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TR DATA:
| EXCLUSIVE TOPOLOGIES

Activity around the vertex
e's from nuclear de-excitation Y conversion

vV interaction vertex

T =

e e et

> z s

2 tracks: 1 7 1 p
Evidence of FSI!

v, CC events: u™p

37
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-XCLUSIV

the leading muon
+7Y activity in the volume
around the vertex
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200

v/ CC events: p
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r

/Fmulti-proton

*
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ArgoNeuT v, CC inclusive

Previous results in v mode (8.5e¢18 POT)

o —
@ (2]

0cc/E, (10% cm’/ GeV)

o
B

o
N

—
R~

—
-
N
T .71 T T

o
o

3
L 1 lllllll

B O » OO0 %

1 - llllll

ANL, PRD 19, 2521 (1979)
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)

¥ X & » @ 4 «

PRL 108 (2012) 161802

IHEP-ITEP, SJNP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)

11111111|lllllllllllllllllllllllllll

o

1

10 100 150

200

250 300 350

E (GeV)

e |Interaction vertex in fiducial volume.

e Track matched to muon in MINOS
ND.

* Negatively charged muon in MINOS.
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- NUMI neutrino mode run|

Multiplicity

Genie

Genie % of

Total

DATA

DATA % of

Total

DATA/MC

ratio

Op+1mu

28+4

16%

1543

14%

0.53

Ip+1mu

80+7

47%

51+10

48%

0.63

2p+1mu

23+4

13.4%

28+6

26%

1.22

3p+1Imu

14+3

8.3%

1343

12%

0.93

4p+1mu

8+2

4.5%

0

0

TOTAL
(including >4p

172+10

107+12

0.62

U T DATA-MC COMPARISON

Lots of infos

1ot yetl processed, e. 9.

j

(0p/1p)paTa=0.29
(0p/1p)cenie mc=0.35
(0p/1p) FLuka =0.32

DATA-MC quite in agreement on % of total

v u

- NuMI neutrino mode run

v, statistics is very low In
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neutrino-mode run

28

(1p/0p) FLuka =0.35




_UT

Genie % of

DATA % of

DATA-MC COMPARISON (1)

Lots of infos
1ot yetl processed, e.

u-/u*(DATA =-O.36
uw-/u*(MC)=0.36
(1p/0p)paTA=0.63
(1p/0p)mc=0.29

Op events:
(wt/n-)paTa=7
(u+/w)mc=12

(0p/1p)paTa=0.39
(0p/1p)mc=0.28

S

T—

events

Multiplicity Genie DATA DATA/MC
Total Total RATIO
Op+1mu 553+11 60% 422+42 58% 0.76
Ip+1mu 160+6 17% 266+53 37% 1.66
2p+1mu 68+4 7% 3046 4%, 0.44
3p+1mu 5043 5% 341 0.4% 0.06
4p+1mu 3043 4% 341 0.4% 0.09
TOTAL 925+15 ; 727468 ; 0.79
glncludmg >4D
Vy. - anti- neutrlno mode run (u 1
L' u11p101ty Genie ‘Genie % of | T DATA % of | DATA/MC
Total Total RATIO
Op+1mu 46+3 14% 60+12 23% 1.3
Ip+1mu 163+6 48% 154+31 59% 0.94
2p+1mu 4643 13.6% 3347 13% 0.71
3p+Imu 2342 7% 0+2 3.5% 0.39
4p+1mu 1642 5% 4+1 1.5% 0.25
 TOTAL 33749 - 260434 - 0.77
(including >4D
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’ ratio OP

Useful for FSI studies: indication of nucleon charge
exchange in Ar nuclei, less dependent (at 1st order)
on multinucleon production
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