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ArgoNeuT

5.,  ArgoNeuT in the NuMI beam Lline

First LArTPC in a low (1-10 GeV)

energy neutrino beam
Acquired 1.35 x 10%° POT, mainly in v, mode

Desighed as a test experiment.
But obtaining physics results!
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m;im ArgoNeuT in the NuMI beam Lline

240 Kg active volume
47%40%90 cm?, wire spacing 4 mm

LAr TPC

~7000 CC events

collected
Largest data sample of [low energy]
neutrino interactions in LArTPC

ArgoNeuT tech-paper

C. Anderson et al., JINST 7 (2012) P10019

MINOS ND as muon spectrometer
for ArgoNeuT events™

(momentum reconstruction and
charge identification (q) of exiting muons)

*ArgoNeuT Coll. is grateful to MINOS Coll. for providing the
muon reconstruction 5
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ArgoNeuT

A

Previous ArgoNeuT resulks

Neutrino mode:
2 weeks of data taking

+Measured data (w’ stal. and total error)
GENIE expectation
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dQ/dx vs dE/dx (<¢> = 80°)
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Charge recombination
with stopping protons
R. Acciarri et al. ,2013 JINST 8 P08005

Calorimetry with

through-going muons

C.Anderson et al., 2012 JINST 7 P10020
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ArgoNeuT

Inclusive cross—-section in v, mode
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5 months of data taking
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5, CC Inclusive cross-section in v, mode
R. Acciarri et al. ,Phys. Rev. D 89, 112003
S ® ArgoNeuT (2014)
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ArgoNeuT

5, CC Inclusive cross-section in v, mode

R. Acciarri et al. ,Phys. Rev. D 89, 112003
@ ArgoNeuT (2014)

®  ArgoNeuT, PRL 108, 161802 (2012)
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ArgoNeuT

WE Coherent ckarge.d Pion Production

Vu t Ag.s. — M_ + T + Ag.s.
D+ Ags =+ +Ags

Most pions are not contained, so it i1s not
possible to use Q¢ or t as discrimination.

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.

Event Counts

BDT Classification

Ccc.con » (10°°% cm? per Argon Nuclei)

—— ArgoNeut Vp (fofal error)

4 :_ e ArgoNeut v, (syst. error)
~  ArgoNeuT Preliminary —4+— ArgoNeuT v, (total error)
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ArgoNeuT

WE Coherent charged Pion Production

Vu t Ag.s. — M_ + T + Ag.s.
D+ Ags =+ +Ags

Most pions are not contained, so it i1s not
possible to use Q¢ or t as discrimination.

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.

Event Counts

BDT Classification

Ccc.con » (10°°% cm? per Argon Nuclei)
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Obsm‘vi’.v\g) Pro&avx mu&&ytic‘&j

LArTPC detectors, providing full 3D imaging, precise calorimetric energy
reconstruction and efficient particle identification allow for MC independent
measurements, Exclusive Topology recognition and Nuclear Effects exploration

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

CC NEUTRINO EVENTS IN LAr CAN BE CLASSIFIED IN
TERMS OF FINAL STATE TOPOLOGY BASED ON PARTICLE
MULTIPLICITY:

|::> O pion (WtNp, where N=0,1,2...). | pion (u+Np+Imx) events,

—

FVENT TO PO LOGY leading muon accompanied by any

number (N=0, |, 2, 3,4) of protons final state

12



ArgoNeuT v, CC 0 pion topological analysis

Topological characterization of the events: Count (Pld) anc
reconstruct protons at the neutrino interaction vertex”
(low proton energy threshold - 21 MeV Kin. En.)
Analysis fully exploiting LAr TPC’s capabilities
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7

13

*

*The muon+Np sample can also contain
neutrons. The presence of neutrons in the
events cannot be measured, since
ArgoNeuT volume is too small to have
signicant chances for n to convert into
protons in the LAr volume before escaping.



ArgoNeuT v, CC 0 pion l:opotogi.cat av\ad.jsi.s

Topological characterization of the events: Count (Pld) and
reconstruct protons at the neutrino interaction vertex
(low proton energy threshold - 21 MeV Kin. En.)
Analysis fully exploiting LAr TPC’s capabilities

120 140 160 180 200

80 220 240
2D views from the two wire planes
R — h

| 4



ArgoNeuT v, CC 0 pion l:opotogi.cat av\ad.jsi.s

Topological characterization of the events: Count (Pld) and
reconstruct protons at the neutrino interaction vertex
(low proton energy threshold - 21 MeV Kin. En.)
Analysis fully exploiting LAr TPC’s capabilities
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WZ Vu CC 0 pion cross sections as a
— function of proton mulkiplicity

ArgoNeuT v-mode v-flux, Ox-CC, Preliminary
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ArgoNeuT

A

ArgoNeuT v-mode v-flux, Ox-CC, Preliminary

reconstructed kinematics:

vu CC 0 pion cross sections as a
function of proton mulkiplicity

New,
LArTPC enabled,
physics
result!
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Two-nucleon knock-ocuk evenks in ArgoNeuT

NN SRC have been extensively probed through two-nucleon knock-out
reactions In both pion and electron scattering experiments

——

ArgoNeuT: detection of two-nucleon nock-out events from neutrino
interactions

Discuss topological features as possibly involving NN SRC content in the
target argon nuclel

Neutrino scattering experiments, to our knowledge, have never attempted to

directly explore SRC through detection of two nucleon knock-out
|18



ArgoNeuT

574 Detection of back-to-back proton pairs

Ar oNeuT event
g events observed in Lab frame.

,

' 4 back-to-back proton pairs

1500

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

1000

cos(y)<-0.95
Pel.Pp2=kr  Ppi=Pp2

1500

4 back-to-back protons in

1000

CM frame as well! Possible
y g 5 mechanism is
§4, CC QE regction on
0 o the neutrof of a np
0 30 100 150 20 ::, : SRC pairs.

We can see nuclear effects!




ArgoNeuT

}574 Detection of back-to-back proton pairs

100 150 200

Ar oNeuT event
g events observed in Lab frame.

,

' 4 back-to-back proton pairs

1500

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

1000

cos(y)<-0.95
Pel.Pp2=kr  Ppi=Pp2

1500

4 back-to-back protons in

1000

CM frame as well! Possible
y g 5 mechanism is
§4, CC QE regction on
0 o the neutrof of a np
0 100 150 20 23, SRC pairs.

We can see nuclear effects!

New,
LArTPC enabled, R. Acciarri et al.,
physics ArXiv:1405.4261

result! Submitted to PRD




Electron/gamma separation

EM Showers
» An EM shower that starts after a gap from
the vertex is always background (especially ‘ ,,,,,,,,, ;
if one can see two of them). Single electron

» Even if the gap is very small

- in LAr can reconstruct the charge at the :
start of the shower - “dE/dx ‘/e\ pair producing gamma
discrimination”.

electron vs gamma MC
Prelimipary
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ArgoNeuT

A

EM shower events
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A

Fraction of Events

J,  Data-based deE/dx plot

» Gammas defined as EM showers detached from visible vertex.

» Electrons defined as EM showers with visible vertex activity and no gap.

» Electron events require no track matched to MINOS muon.

Landau-like distribution of electron event.

Single hit charge depositions.

ArgoNeuT Preliminary
Candidate Electron Showers
. N
0.3 <
\\‘\\‘\P
0.25 ?@6\’
Iy DATA
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— Gamma
0.15 } — Combined Fit
+ -| — Data
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b

0 2 4 6 8 10 122 14 16
Single Hit dE/dx [MeV/cm]

18
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23

Electron/single gamma separation

electron vs gamma Reco

ArgoNeuT Prelimina
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035 $ ?
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0.15)- =
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: not folded in -
0.05 —

0 - ! -~
0 2 4 6 8 10 12

average dE/dx



Fraction of Events

ArgoNeuT

A

Data-based AE/dx plot

» Gammas defined as EM showers detached from visible vertex.

» Electrons defined as EM showers with visible vertex activity and no gap.

» Electron events require no track matched to MINOS muon.

Landau-like distribution of electron event.
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i New,
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Single Hit dE/dx [MeV/cm] result!

Single hit charge depositions.
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Electron/single gamma separation

electron vs gamma Reco
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NC 0 Study

ArgoNeuT Preliminary

v-mode Data
- Data

B ~° Signal Fit
Mis-Reconstruction Background
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Work in progress to refine energy corrections -
and analyze the full data set 25 i

» ArgoNeuT is too small to
contain the majority of

photon showers from 10’s.
» A MC based set of energy

corrections based on event

topology is needed.

1>

rqoNeuT Preliminary

v-mode Data
—— Data

— GENIE NC =° MC

Angle between photons

l l 1 1 1 I 1 1 1 | l U 1 1 U l 1 T 1 1

- llllllllllllllllllIIllllllllllllllllllllu

) I_Tﬁ | :_:Hn il N R Y -: r“.: 1
-1 0.5 0 0.5 1
cos(6..)

(&) ]



NC 0 Study

ArgoNeuT Preliminary

v-mode Data
- Data

B ~° Signal Fit
Mis-Reconstruction Background

10

o

¥? / ndf = 18.04 / 22
Norm 8.33 £2.92
n®Mean 135 +5.0
7 RMS 15.05 +3.73

S

Events / 20 MeV
D

New

physics 2}* + .I.
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Work in progress to refine energy corrections -
and analyze the full data set 26 i

» ArgoNeuT is too small to
contain the majority of

photon showers from 10’s.
» A MC based set of energy

corrections based on event

topology is needed.
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» Despite the ArgoNeul . modest active,LAr mass, (=1/43F)‘and’its short (=5
months) exposure to neutrino beams, the'experience and the results obtained
are highly relevant.

» ArgoNeul was the first LALTPC operating in'a_low energy.
neutrino&antineutrino beam, the region of interest for current short-baseline
and future long-baseline experiments.

» Its primary goal was to_serve as.technology. demonstrator; but indeed made
much more than that:ArgoNeuT has provided a wealth of physics results on
neutrino interaction mechanisms yet not fully resolved; andis still yielding new
Intriguing outputs from the on-going studies.
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STOPPING TRACKS - CALORIMETRIC RECONSTRUCTION and PID

Measurement of:
* dE/dx vs. residual range
along the track
* kinetic energy vs. track length

v2 based method is used for PID

w0 dE/dx vs. residual range Kinetic Energy vs. track length
E (contained protons) S 400r .
S = E .+ proton NIST tables
> . data Ss0— P . ¥
= . " - *daa
%¢ GEANT MC predictions 300— .
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O pion 250 .
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Example of Low energy proton reconstruction

* Kinetic energy vs track length (data)

* NIST predictions

The short track behaves like proton

Length=0.5 cm )
KE=22+3 MeV e

20

10
| AT

|
e

TTTTTTTI II|IIII|IIII|IIII|IIII|IIII|IIII
[ 2 /

[ 2

[ 2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
total range (cm)

ArgoNeuT proton threshold: 21 MeV of Kinetic Energy



T T To——- p/m* 1dentification
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PID Efficiencies

Generated
Proton
vy
g Kaon 0.03 0.60 0.09 0.01
=
=
5 Pion 0 0.06 0.25 0.28
Muon 0 0.20 0.61 0.71

ArgoNeuT

2113911999909 L — R




Proton Multiplicity (u+Np events)

vV, - anti-neutrino mode run V. - anti-neutrino mode run
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The systematic error band on the MC represent the NuMI flux uncertainty
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CC 0 pion events: MC PREDICTIONS by Physical Process

vy - anti-neutrino mode run V- anti-neutrino mode run
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VM — antineutrino mode run
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Neutrino Energy from muon-+proton
reconstructed kinematics:

EV:EM+ZTpi+T><+ Emiss

miss— energy expended to remove the
nucleon(s) from the nucleus
Tx=recoll energy of the residual nuclear
system (estimated from missing
transverse momentum)

No just muon information

Reconstruction of other kinematic
quantity (g, Q? p'mis etc.)
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Reconstruction of proton
2000 . - - = : from neutron conversion

.......... » proton at the vertex:
trk_length=2.91 cm, KE=39.5 MeV

1600 | vV interaction vertex

e Lttt let e it

00—
lE[‘OiODI
Few events with n—p in 'E. pion

ArgoNeuT
(small LAr volume)

DMV
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.0 c-2 oo - - back-to-b protons in the Lab

cos(y) vs momentum of the least energetic proton pp2in the pair

......... S | N PSSR
8 o [ o 33
7 z %9 o s
4
6 0.5:" o ® s
5 - ° 1
e () ‘_0
4 OT """"""""""""" 0"'. """""""""""""""""""
- _— — i of ...
3 - e
5 ° °
2 Mo H 0.5[ .. o
"""" g » [®
1 e HiHE o - En. Thr, . .
0 P e 4 A -~ - &‘A """" '1 sy ? | l.l 1. | T T , PR R TR R T
1 0 0.5 1 100 200 300 400 500 600
cos(y) p_, (Mevrc)

Four of the 19 2p-events are found with

the pair in a back-to-back configuration
in the Lab frame cos(y)<-0.95

In all four events one proton is almost exactly balanced by
the other

=9 o
Ppl,Pp2=Kr and ppi=-Pp2
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Sdck=to=back proton®pairstinttnerLabrframe

Back-to-back pp pairs in the Lab frame can be seen as “snapshots’ of
the initial pair configuration in the case of RES processes
with no or low momentum transfer to the pair.

- P - . - - -

In all four “Hammer” events, both protons have:
- momentum significantly above the Fermi momentum,
- with.one almost exactly balanced by the other
- all events show a rather large missing transverse momentum,

These features look compatible with the hypothesis of
CC RES pionless reactions involving pre-existing SRC np pairs.
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These events appear compatible as originating from
SRC pairs through CC QE reactions

cos(y))

n. of events
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| . : cos(Yi) vs cos(y)
L osch .
A . yi=opening angle between the reconstructed
i struck nucleon and the recoil proton in the np
o . ° initial pair
! yY=angle in space between the two detected
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Four events (those horizontally aligned in the lowest
cos(Yi) bin, rather separated from the others)
are reconstructed with
the pair in a back-to-back configuration

in the CM frame, cos(Y;)<-0.9

and have reconstructed initial momenta >K¢

The bin size includes the effect of the
uncertainty in the transfer momentum
reconstruction on the measurement of

39 cos(Yi)




