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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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QZ ArgoNeuT in the NuMI beam Line

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

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

MINOS ND as muon spectrometer
for ArgoNeuT events™

(momentum reconstruction and
charge identification of exiting muons)

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




The “new wave” L
Neubrino Eventk Recownstrucktion

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,

——

0 PION EVENT TOPOLOGY leading muon accompanied by any

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

6



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)

Analysis fully exploiting LAr TPC’s capabilities
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*

*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)

Analysis fully exploiting LAr TPC’s capabilities
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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)

Analysis fully exploiting LAr TPC’s capabilities
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ArgoNeuT v, CC 0 pion &opotogical av\atﬁsis

Topological characterization of the events: Count (Pld) and
reconstruct protons at the neutrino interaction vertex

(low proton energy threshold)
Analysis fully exploiting LAr TPC’s capabilities

0 50 100 150 200

2000

1500 V interaction vertex

—

1000

Note: Due to bubble-chamber like quality of
LArTPC, visual scanning presents a very powerful
tool that allows to learn about features of
neutrino interactions that have not been possible
to explore with other technologies and existing

experiments.
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(vu+Np) events: Primary measurements

Rates of different exclusive topologies (proton multiplicities) with
broton threshold of 21 MeV Kinetic energy

Vi events: ~50% N# |

Y events: ~329% Nz0

Muon and proton kinematics In events with different proton
multiplicrty

Most precise reconstruction of the incoming neutrino energy from
lepton AND proton reconstructed kinematics

TODAY:

\/ Features of neutrino interactions and associated Nuclear Effects from
identification/reconstruction of specific classes of neutrino events



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
12



(Wt2p) data sample

Data sample: N=2 protons in final state, i.e. (u+2p ) triple coincidence
topology events
30 (19 collected in the anti-neutrino mode run and 11 in the neutrino mode run)
fully reconstructed events, where
the leading muon is accompanied by a pair of protons at the interaction vertex

Both proton tracks are required to be fully contained inside the fiducial volume (FV)
of the TPC and above energy threshold.

From detector simulation, acceptance for the (W +2p) sample Is estimated to be
around 35% (dominated by the containment requirement in FV).
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(w+2p) daka sample

* muon momentum resolution 5-10% from MINOS-ND

proton angular resolution: 1-1.5°, depending on track length
proton energy resolution: ~6% for protons above Fermi momentum

|4



(w+2p) daka sample - Hints for NN SRC

he specific final state topology which we have focused on Is a pair of
energetic protons at the interaction vertex accompanying the leading

Mmuon.

This topology may provide hints for NN SRC in the target nucleus when
the protons of the pair appear with high-momentum (exceeding the
Fermi momentum) and in strong angular correlation.

In particular; in analogy with findings from electron- and hadron-scattering

experiments,
a CCOE interaction on a neutron in a SRC pair Is expected to
produce back-to-back protons in the CM frame of the interaction,
whereas a CC pionless RES reactions involving a SRC pair may
produce back-to-back protons in the Lab frame

|5



(w+2p) daka sample
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(W+2p) data sampi.é. - back-to-b protons in the Lab

cos(y) vs momentum of the least energetic proton pp2in the pair
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Four of the 19 2p-events are found with
the pair in a back-to-back configuration b
in the Lab frame cos(y)<-0.95 f.. \
p Y

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

=9 o
Ppl,Pp2=Kr and ppi=-Pp2




(w+2p) data sample - 4 “Hammer Events”

Visually the signature of these events gives the appearance of a hammer,
with the muon forming the handle and the back-to-back protons forming the head.

1500

1000

500

1500

1000

500

- all 100 150 200

cos(y)<-0.95

2y
I :,8_./'7




(w+2p) data sample - 4 “Hammer Events”

Visually the signature of these events gives the appearance of a hammer,
with the muon forming the handle and the back-to-back protons forming the head.
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(w+2p) data sample - 4 “Hammer Events”

Visually the signature of these events gives the appearance of a hammer,
with the muon forming the handle and the back-to-back protons forming the head.
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(w+2p) data sample - 4 “Hammer Events”

Visually the signature of these events gives the appearance of a hammer,
with the muon forming the handle and the back-to-back protons forming the head.
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2-p knock-out CC reactions involving SRC pairs(I)

|) CC RES pionless mechanisms involving a pre-existing np pair in the nucleus.

Pictorial diagrams of
examples of two-proton
knock-out CC reactions
involving np SRC pairs

* nucleons in the target nucleus are ii
denoted by open-full dots (n-p)
» wide represent /.'.?

nucleonic states
* (purple) lines indicate

—

from RES formation inside a

via nucleon RES excitation and SRC pair (hit nucleon in the pair)
subsequent two-body absorption and de-excitation through multi-
of the decay " by a SRC pair body collision within the A-2

nuclear system

22



Back-to-back pp pairs in the Lab frame can be seen as “snapshots’ of
the inrtial pair configuration in the case of RES processes

with no or low momentum transfer to the pairr.
R

" ‘-"-—-»-—---‘-«.—»-‘—-'...,.-.‘-—._ S il
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.




2-p knock=-out CC reactions involving SRC Pai;rs(ll)

2) CC QE one-body neutrino reactions, through virtual charged weak
boson exchange on the neutron of a SRC np palr

Pictorial diagrams of -
examples of two-proton q
knock-out CC reactions P,
involving np SRC pairs el

o= —
: O—
* nucleons in the target nucleus are —
denoted by open-full dots (n-p) sz
» wide represent /
nucleonic states /

indicate

The high relative momentum will cause the correlated proton to recoil and be
ejected.
Within impulse approximation,

- the struck nucleon pl being the higher iIn momentum and

- the lower p2 identified as the recoll spectator nucleon from within the
SRC

24



(W+2p) = Inikial momentum reconstruction

With an approach similar to the electron scattering triple coincidence analysis, the inrtial
momentum of the struck neutron j ¢ is determined by transfer momentum vector

n

subtraction to the higher proton momentum [lower momentum p2 identified as recoil spectator
nucleon from within SRC|

—

ﬁni:ﬁpl_q A —

a' is calculated from the reconstructed E, and the measured muon kinematics

This procedure I1s applied to the remaining sub-sample of fifteen ArgoNeuT events
(w+ 2p) with both protons above Fermi momentum, after excluding the four hammer
events, already ascribed to other types of reactions.

1000

v beam




(W+2p) = Inikial momentum reconstruction

In most cases the reconstructed initial momentum Is found opposite to the direction
of the recoil proton (cos(yi) < 0)
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A fraction of
the events exhibit a strong angular
correlation peaking at large,
back-to-back initial momenta
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cos(y))

Back-to-bacle proton pairs in the initial state

1fe 5
s cos(y') vs cos(y)
05} 2 ) |
- o v'=opening angle between the reconstructed
B o * | struck nucleon and the recoil proton in the np
°’r . initial pair
05 . vy=angle in space between the two detected
- ’ proton tracks in the Lab reference frame
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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(Yyi)<-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

27 cos(Yi)




cos(y))

Back-to-back proton pairs in the initial state
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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¢
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The measured transverse
component of the missing
momentum in these events is

small (250 MeV/c).



Back-to-bacle proton pairs in the initial state

%‘ | These events appear compatible as originating from SRC pairs
| through CC QE reactions
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Four events (those horizontally aligned in the lowest
cos(Yi) bin, rather separated from the others)
have reconstructed initial momenta >Kr and
are reconstructed with
the pair in a back-to-back configuration The measured transverse

in the CM frame, cos(y;)<-0.9 component of the missing
momentum in these events is

small (250 MeV/c).
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What about the other (w+2p) events?
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There Is no iImmediate interpretation for
the apparent correlation
of the remaining | | events.

Two-step process such as:
MEC or

Isobar Currents (IC) involving NN
long-range correlated pair in the nucleus
are obviously active in two-proton knock-
out production

Other mechanisms like interference between the amplitudes involving one-and two-
nucleon currents, subject to current theoretical modeling®, can also potentially

contribute

In all cases, protons can undergo FSI inside the residual nuclear system before
emerging and propagating in the LAr active detector volume.
In general, however, the emission of energetic, angular correlated proton pairs from FSI

appears disfavored

*QO. Benhar et al,, arXiv:1312.1210 [nucl-th] (2013)30



The event statistics from ArgoNeuT is very limited
(~ 5 months run on the NuMI beam with a 240 Kg active volume LArTPC)

Future LArI PC experiments: MicroBoolNE, LAr[-ND...

MicroBooNE estimated LAr[-ND estimated
events rates (GENIE) events rates (GENIE)

6.6 102 POT exposure of MicroBooNE will 2.2 10%° POT exposure of LAr1-ND will
provide an event sample of provide an event sample 6-7x larger than

~57000 CC 0-pion events will be available in MicroBooNE

31



Effects of correlations on the analysis of neutrino
scattering data (I)

Nuclear effects in (heavy) nuclear targets
[Inrtial state short-range nucleon-nucleon
correlations (NN SRC), meson-exchange
currents (MEC and IC) and final state
interactions (FSI) - and interference between
the amplitudes of these mechanisms] play a
big role In scattering processes

e-scattering experiments accumulated decades of

in-depth experience and detailed knowledge:
to be transmitted to the v-scattering sector

32



Effects of correlations on the analysis of neuktrino
scattering data (11)

Direct experimental investigations on the nature of nuclear effects and their
impact on the predicted rates, final states, and kinematics of neutrino interactions

are very compelling®

The realization of consistent models including all these nuclear effect is now
being actively pursued as well as their implementation in v MonteCarlo
generators

The Time Projection Chamber (LArTPC) technique opens new perspectives for
detalled reconstruction of final state event topologies from neutrino-nucleus

interactions.

*In neutrino scattering experiments one main limitation comes from the intrinsic uncertainty on
the 4-momentum transfer, due to the not fixed (broadly distributed in the beam spectrum)
incident neutrino energy. An estimate can be inferred with satisfactory accuracy when

all final state particles kinematics is precisely measured.
33




Summary: SRC mining in LAr TPC
neubrine data

Topological CC O pion sample analysis in ArgoNeuT:

(w+2p) analysis w=» back-to-back proton events:

suggests that mechanisms directly involving NIN SRC pairs in the
nucleus are active and can be efficiently explored in v-argon
interactions with the LAr TPC technology

accurate and detailled MC neutrino generators are deemed
necessary for comparisons with LAr data (with the inclusion of a
realistic and exhaustive treatment of SRC in the one- and two-body

component of the nuclear current). We hope the ArgoNeuT data
will encourage more studies in this area.

“Detection of back-to-back proton pairs in Charged-Current neutrino interactions with the
ArgoNeuT detector in the NuMI low energy beam line”

PHYSICAL REVIEW D 90, 012008 (2014)

e
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THE LAR TPC CONC

Anode wire planes:
U vy
Liquid Argon TPC | Charged particle tracks
1///, ionize argon atoms;
1114 Ionization charge drifts

W rrilii8s to finely segmented
v charge collection

VA planes over ~1-few ms.

P |

Cathode
Plane

Low charge High charge

— i ,‘vjjf 1/
Eqrift ~ 500V/cm /

0 20 100 120 140 200 220 240
Induction Plane Wire

Drift timg & §

Wire pulses in time give the drift
coordinate of the track

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




ArgoNeuT Detector

“The ArgoNeuT Detector in the NuMI Low-Energy beam line at Fermilab” JINST 7 (2012) P10019

* Self contained system

* Recirculate argon through
a copper-based filter

* Cryocooler used to
recondense boil-off gass



MUON reconstruction

ArgoNeUT o Minos ND

Jrzgipztestiemeent datibanunn e ToTY

—————————
“Analysis of a Large Sample of Neutrino-

Induced Muons with the ArgoNeuT Detector”
JINST 7 P10020 (2012)

Muon kinematic reconstruction:

ArgoNeuT +MINOS ND measurement (momentum and sign)

Muon momentum resolution: 5-10%
38



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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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
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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




Proton Multiplicity (u+Np events)

vV, - anti-neutrino mode run V. - anti-neutrino mode run

Events
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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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44 Number of outgoing protons




w /u ) events . PROTON KIN

Vu - anti-neutrino mode run

-MATICS

V.. - anti-neutrino mode run
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NEUTRINO

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.)

-NERGY R

~CONSTRUCTION

Mean 3.441

RMS 2.429
= Integral 1
N DATA |
0.25- Mc Mean  3.891
N RMS  3.151
_ Integral 1
0.2_—
+ 0.15F Muon Momentum
0.1
0.05
% a4 6 8 10 12 14 16 18 20
Muon Momentum [GeV/c]
ﬂ ——
0.3
- ——&—— ArgoNeuT Data (muon+p kinematic)
0.25 o GENIE (muon+p kinematic)
n GENIE (truth)
0.2_—
s Neutrino Energy
0.1
0.05
% 4 6 8 10 12 14 16 18 20
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PROTON KIN

BACKWAR

D GOING P

-MATICS:

ROTONS (Bp)

Backward going protons are detected and reconstructed

in ArgoNeul DATA

v Interaction with
one backward going p

DATA backward=25%
GENIE backward=26%

utlp
DATA backward=25%
GENIE backward=27%

DETAILED STUDY OF Bp
IN PROGRESS 47

u-2p /
DATA backward=21% \
GENIE backward=30%

u+2p

DATA backward=13%
GENIE backward=36% i
ER——— -

v interaction with
two backward going p



NUCLEON-NUCLEON CORRELATIONS

Two-nucleon knockout from high energy scattering processes is the most appropriate venue to probe
NN correlations in nuclei.

Two nucleons can be naturally ejected by:
Two-body mechanisms:

MEC - two steps interactions probing two nucleons correlated by meson exchange
currents, and

“Isobar Currents" (IC) - intermediate state A excitation of a nucleon in a pair with
decay pion reabsorbed by the other nucleon.

The NN-pairs in these two-body processes may or may not be SRC pairs.

One-body interactions: two-nucleon ejection only if the struck nucleon is in a SRC pair, the
high relative momentum in the pair would cause the correlated nucleon to recoil and be

ejected as well. - We know (now) that about 20%
Nucleons in Nuclei are in SRC (np) pairs

- Long range correlations (MEC) are very

B_ ‘; ‘; >_ relevant and may change significantly
g — ) XSECT measurements

SRC NEC A FS1 - Pion absorption (two-body) is relevant

NN pairs in two-body processes may or may not be SRC pairs. , . .
P P 4 / P - FSI's are always a big pain!

T —— e - All these effects are combined and

interfere w/ each other - (e.g. MEC can

“ involve SRC pairs )



BACK-TO-BACK PROTON PAIR
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BACK-TO-BACK PROTON PAIR EVENT ArgoNeuT

MUON TRACK MATCHING IN MINOS ND g Eg

& VA oie
F ) » y )
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Red (blue): positive (negative) charge tracks determined by MINOS.
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exploring possible mechanisms in analogy with
neutrino Hammer events

Note: The QE mechanism(on single nucleon in a pair) is undetectable
: because (np) + W= = (nn)
51




