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One of the main uncertainties in the next generation long baseline oscillation
experiments is given by the neutrino-nucleus interaction cross sections in the
“few-GeV region”.

o Charged— Current Quasi-Elastic Scattering
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* MiniBooNE/SciBooNE in agreement, but tension with higher energy
NOMAD results. All three on carbon. This is not understood.

* Single point, first and so far uniqgue measurement with Ar target, 5oz,
in agreement with NOMAD data s,
(same, high energy v beam - WANF) :
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A possible explanation of this puzzle

Inclusion of the multinucleon
emission channel (np-nh)
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The LArTPC concept
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Collection wires. (128 wires: 32 cm.) Induction wires. (128 wires: 32 cm.)

ICARUS 50 L in WANF neutrino beam

Time (1300 samples: 47 cm,

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




\/ArgoNeuT is a 175 liter (active) Liquid Argon Time Projection Chamber (LArTPC)

jointly funded by DOE/NSF
v Designed and assembled in 2007-08, first commissioned (on surface) at FNAL in Summer 2008
v’ Moved underground in the NuMI beam at FNAL, in front of MINOS Near Detector, early 2009
v Exposed to V/ V beam (LE beam opt:on) June'09 @ Sept’09-Feb. 10
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Fermilab. NuMI beam line 5 MINOS Hall: ArgoNeuT just upstream of the MINOS ND
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Cryocooler

2 read-out planes: Induction and Collection
each channel: 2048 samples in 400 microseconds

NuMI beamline




) Composition of NuMI beam Fluxes - Low Energy (LE) mode
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:‘ Composition of NuMI beam Fluxes - Low Energy (LE) mode
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ArgoNeuT

v event’s topologies A

1. Through-going u from y-int. in the rock upstream ArgoNeuT (large sample)
2. yinteraction fully contained in LAr (few events)
3

v interaction not fully contained in LAr [track(s) escaping ArgoNeuT]

2. And 3.: good neutrino events to be selected

ArgoNeuT is a modest size LAr-TPC: MINOS ND spectrometer used for
complete v event reconstruction



Preliminary

|. Hit identification
2. Hit reconstruction

3. Cluster/Vertex

reconstruction _ :
4. 3D track Hit finding + density-based clustering.

Preliminary

reconstruction

Weak vertex
Strong vertex
Strongest vertex

5. Calorimetric reconstruction
6. Particle Identification

7. Full energy reconstruction and sign determination of muons escaping ArgoNeuT
by the MINOS ND




v Data Analysis v-mode: 0.1x 1020 PoT (14 days),

v-mode: |.25x10%° PoT (185 days)

v’ Reconstruction of neutrino-induced through-going muons

v Investigate nuclear FSI in Ar

v Measurement of CC inclusive cross section

* Measurement of CCQE cross section (and investigate nuclear FSI)

* Measurement of 7 ° production and backgrounds to electron neutrino
interactions

* Measurement of electron-neutrino content of the NuMI beam

* All of the above for anti-neutrino interactions (w/~10 times greater statistics).




Reconstruction of through-going muons

ArgoNeuT

o

(produced by v interactions in the rock upstream ArgoNeuT)

60 80 100 140 160 180 200 220 240

120
Induction Plane Wire

60 80 100 120 140 160 180 200 220 240
Collection Plane Wire

dEdx Coll (MeV/cm)

" (many) crossing u’s superimposed in 3D view

40000

# of hits

35000

30000

25000

20000

15000

10000

5000

=

>
9 cm M . . .
- - uon angular distribution \
Muon ca%rlmetrlc recons:c;xlcjo"ctlon EEER 9 VeridaiAngie
Entries 766435 80
3 ur -
= 1 Indt 1985184 ne
il Weight 0.07164 £ 0.00038 -
= WPV 1939+ 0,001 60 —
— Area 3.08e+04 + 4.57e+01 =
- sigma 0.2838 £ 0.0006 50 —
3
=3 <dE/dx>=2.2 MeV/cm 0E
= dE/dx, ,=1.9 MeV/cm 20E
= (Landau-Gauss fit) 10E
= . L 05 : , . s 2 P T 1 I
0 1 2 3 4 5 6 8 9 1 =30 -20 -10 0 10 20 30
dE/dx Collection{MeVicm)

vertical angle (degree)



Matching Muons from ArgoNeuT to MINOS

* ArgoNeuT employs the MINOS near detector in order to fully reconstruct
escaping muons: ArgoNeuT reconstructed track needs to be matched with a

reconstructed muon in MINOS.
ArgoNeuT /

(

MINOS

* All ArgoNeuT tracks that leave the TPC are projected onto MINOS and
considered when attempting a match.

* MINOS tracks with a vertex in the upstream-most 20 cm of the detector are
considered.

* The matching requirements are based on the angle between the ArgoNeuT
track and the MINOS track (0) and the difference between the
projected-onto-MINOS ArgoNeuT track’s radial position and the MINOS track
(Ar).

* The definition of “best match” for events featuring multiple candidate matches is based on
Ar/cos 6 between the projected ArgoNeuT track and the MINOS track/vertex.



Matching Muons from ArgoNeuT to MINOS

(through-going muons data sample - anti-neutrino mode)

MINOS: measurement of the energy of the muons escaping ArgoNeuT
Muon momentum
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muon or pion

Track lenght=52 cm

Kinetic Energy=160 MeV
(in agreement with expectations
GEANT)

Energy reconstruction and particle
ID of tracks

stopping in LAr volume

entering track
%  (produced by upstream vV interaction)
stopping in LAr

Evolution of the ionization along the track

Preliminary
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Understanding vertex activity (nuclear FSI)

“Final State (re)-Interactions”- the main source of uncertainty:

even the “easiest” topology (CC-QE) is not so simple

P (reaction on free nucleon)

Vi tn—=w

» Spallation ™~ 7 n°(—> 1Y)
AND/ OR\
Nucleur
Evaporation Fisslon
p
&
s Y

.~ Fission Fragments
P +

These products are usually
neglected because not
detectable,
unless...

... a high quality imaging
detector is in use !!
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ArgoNeuT

Al

VM + A(n) — 0 + P + (A"D* (nucleon bound in the nuclear target )

- proton Spallation (intranuclear interactions
with p and n emission ...but also s, n°)
- Nuclear evaporation (lower kin.en. p and n)

- (and/or) Fission (nuclear fragments, o’s,..)

| - Nuclear de-excitation with y emission



Understanding vertex activity (nuclear FSI)

“Final State (re)-Interactions”- the main source of uncertainty:

even the “easiest” topology (CC-QE) is not so simple

Vu +tn—=>u+ P (reaction on free nucleon)

- n°(—> Y)

FSI

S 2 ’
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Nudear
Evaporation Fission
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- Y

p Fission Fragments
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Evaporation

These products are usually
neglected because not
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ArgoNeuT

ol

VM + A(n) — 0 + P + (A"D* (nucleon bound in the nuclear target )

r

- proton Spallation (intranuclear interactions
with p and n emission ...but also s, n°)
- Nuclear evaporation (lower kin.en. p and n)

- (and/or) Fission (nuclear fragments, o’s,..)

detectable,
unless...
... a high quality imaging
detector is in use !!

| - Nuclear de-excitation with Y emission
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A zoomed view of a neutrino event with evidence of vertex activity



ArgoNeuT

ArgoNeuT MonteCarlo Simulation 5,

Accurate and extremely detailed MonteCarlo generators
are needed for the
comparison with LArTPC data.

FSI in MC codes represent the most difficult present
challenge in MC development.

GENIE FLURA

collaboration with G. Battistonl

Data from LArTPC extremely useful for FSI understanding



MonteCarlo Simulation CC QE sample - LE v, on “Ar

40000

35000
40000
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15000 20000
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A
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Also y and a are frequently produced
and give detectable signals
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VM CC QE on 4OAI‘ (NuMI LE-v mode)
[FLUKAT

From the bare CC QE interaction
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v, CC QE candidate (2 tracks: I u, Ip)

Low charge High charge
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ArgoNeuT

multi-p v, CC QE candidate .

Example of event
with multi-p
accompanying
the leading muon
+
v-Activity in the volume
around

Vinduction Plane Wirs the vertex

Induction Plane Wire

t (ticks)

t (ticks)

100 120 140
Collection Plane Wire



v,, CC differential cross sections

* CC v, interaction (v, 2w X) described in terms of the outgoing muon
parameters (angle and momentum)

* The CC-inclusive analysis requires only a negatively charged outgoing muon,
(and no exclusive final states™).

* Results based on automatic LAr event reconstruction, v mode data sample.

* Measurement of the flux-integrated CC-inclusive v differential cross
sections on Argon and isoscalar targets in terms of the outgoing muon
momentum (p,) and angle with respect to the incoming neutrino direction

(6“) do . do
dv,’ dp,

*The present measurement does not utilize the full capabilities of a LArTPC to describe a
neutrino event as it does not employ dE/dx for particle identification.



ArgoNeuT

Why is this measurement interesting and relevant? 2%y

* The CC-inclusive set of channels provides a “standard candle” for determining
the composition of a neutrino beam as it is minimally sensitive to the
complicating effects of final state interactions (FSI) and exclusive channel
definitions.

* Subsequent ArgoNeuT exclusive cross section measurements can also be
compared to the inclusive one to perhaps disentangle the effects of FSI and

nuclear modeling from the actual neutrino-nucleus interaction. [As an example,
SciBooNE has measured the CC coherent pion production and neutral-current pion production
cross sections using a normalization based on their CC-inclusive measurement]

Ideally, the double differential cross section L would be reported.

dﬁudpu
However, this requires very high statistics in order to populate the two dimensional bins in (6,p)
space (low statistics v mode, to be done for the v mode run).



Matching Muons from ArgoNeuT to MINOS &K

Matching requirements

* ArgoNeuT employs the MINOS near detector in order to fully reconstruct CC
v -induced muons. For this to be accomplished succesfully, an ArgoNeuT
reconstructed track needs to be matched with a reconstructed u in MINOS.

* The matching requirements have been set based on the Monte Carlo expectation for

the radial/angular differences between the projected ArgoNeuT track and the
candidate MINOS matched track.

3 3 Particles that reach this point are passed to the
I I I l u a IO n l MINOS reconstruction chain

(All detector volumes simulated, including the first MINOS plane)
5 )
N -

- b
>

Q

-
<

ArgoNeuT simulation MINOS reconstruction

(GENIE+GEANT4,drift,wire) \ /

The simulation event record



CC v, MINOS vertex for matched muone (simulation) I

[ CC v, MINOS vertex for matched muons (data)
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v, CC-inclusive Rates vs 6, and p,,

* After fiducial volume cuts, matching requirements, corrections for reconstruction
efficiency (MINOS reconstruction ¢, ArgoNeuT+matching reconstruction ¢) and
background subtraction (from through-going u and NC events, few % contribution)

CC v, muon cos(s,) (sfter cuts, reco-probability/background corrected)

(=]
(2]

v, Muon momentum (after cuts, reco-probabilityDackgrownd corrected)

events (corrected)

- +Data 1 B 200— +Data
B MC expectation 8 B MC expsectation
200 I =t
- 8 [
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- g 150 N
150 — ® : g
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50— - E 50— + '—'l:
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cos(e) 20 P, (GeVIc2)5
Statistical and systematic errors included
Using the integrated NuMI neutrino flux and proton on target exposure along with the

number of target in the ArgoNeuT fiducial volume flux-integrated v, CC differential

cross sections 27 7 are calculated (Josh Spitz PhD thesis — Yale University

Aug, 4t 201§ P




FSI studies: “Single u” events from v CC interactions

* Easiest topology (for complete reconstruction) ,,,,,,LY,JM
* 1 track i.e. “Single muon” (u* or w), originating in LAr from v or

(u’) from v, CC interaction
- -CC QE [pabsorbed (FSI) or not detected]
- CC RES [p, z absorbed (FSI) or not detected]

(u*) from ¥, contamination (7%) in y beam

- CC QE (n undetected)
-RES [z absorbed (FSI) or not detected)]

* v-mode data Analysis:
23 “single u” candidates found

* Comparison with MC expectations [NUANCE + FLUKA(FSI)]
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charged

FLUKA MC: CC “%Ar NuMI LE

vy, CC events

[ number of particles before FSI |
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npart

charged 1 (7% contamination) CC events
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ArgoNeuT

Pl

“Single u” events

Expected rates in the v-mode run:

Nuance MC |
662 v, CC and SR TN N 10.6 single u” events and
58 ¥, CC expected 26.8 % (single u), 15 5 single u*events expected
TOT = 26 “single u” events
expected

Number of identified “1-track” events:

* very preliminary: consistent with expectations
(statistics is low in the short v run, substantially larger in anti-v run)

Interesting output (including muon sign reconstruction from MINOS
- in progress)

. EV—‘ ratio
N,. Useful for FSI studies: indication of nucleon charge
exchange in Ar nuclei



ArgoNeuT

v, CC QE event reconstruction "y,

(waiting for finalization of automatic reconstruction procedure)

u+p (vM CC QE event)
+

uncorrelated tracks from
upstream neutrino interaction
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........

t

o T ‘ Heavy ionizing ptcl.
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Su mma ry ArgoNeu'T

ArgoNeuT is a fully operational LArTPC:
during the (first) v-run, large samples of 213111333333213

neutrino/antineutrino events have been collected
for the 1st time ever in a low-Energy beam.

ArgoNeuT data analysis is in progress: first CC-inclusive analysis just completed.

Extensive “real data/experience” is invaluable in improving LArTPC technique.
Analysis software is being developed as general purpose tool for future LArTPCs.
Highly sophisticated/detailed MonteCarlo codes are needed,
and are currently under test/optimization.
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