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•  ArgoNeuT:	
  a	
  175	
  l	
  liquid	
  argon	
  TPC	
  

•  Placed	
  in	
  the	
  NUMI	
  neutrino	
  beam	
  at	
  

Fermilab	
  in	
  front	
  of	
  the	
  MINOS	
  near	
  

detector	
  (acSng	
  as	
  a	
  muon	
  idenSfier)	
  

•  3	
  wire	
  planes	
  oriented	
  at	
  60°	
  relaSve	
  to	
  

each	
  other	
  

•  Each	
  plane:	
  240	
  wires	
  with	
  4	
  mm	
  pitch	
  

•  Electric	
  field	
  of	
  500	
  V/cm	
  

•  2048	
  samples	
  in	
  400	
  µs	
  

•  More	
  details	
  on	
  the	
  detector:	
  

JINST	
  7	
  (2012)	
  P10019	
  

JINST	
  7	
  (2012)	
  P10020	
  	
  

JINST	
  8	
  (2013)	
  P08005	
  

A.Ereditato	
  -­‐NUFACT14	
  



4	
  

<E> = 4.3 GeV <E> = 3.6 (9.6) GeV 

The	
  neutrino	
  beam	
  (Fermilab	
  to	
  Soudan	
  Mine)	
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ArgoNeuT Data Event
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ArgoNeuT	
  detector	
  at	
  Fermilab	
  (first	
  LAr	
  TPC	
  in	
  USA)	
  

The	
  largest	
  set	
  of	
  low-­‐energy	
  neutrino	
  interacSons	
  (0.1-­‐10	
  GeV)	
  collected	
  and	
  

analyzed	
  in	
  a	
  LAr	
  TPC:	
  1.35x1020	
  pot,	
  7000	
  CC	
  events	
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CollecSon	
  of	
  physics	
  results	
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νµ	
  CC	
  inclusive	
  cross	
  secSon	
  

C. Anderson et al., PRL 108, 161802 (2012)  

Neutrino mode running: 

- 2 weeks of data taking 
- Fully automated reconstruction 

CC Inclusive event

10
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νµ	
  vs	
  νµ CC	
  inclusive	
  cross	
  secSon	
  

R. Acciarri et al., Phys. Rev. D 89, 112003 (2014) 
Antineutrino mode running: 
5 months of data taking 

differential cross-sections on 
Argon
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First measurement in argon 

Total Cross-Sections

25

-3 (+3) % correction for iso-scalar nucleus

neutrino anti-neutrino

0.66+/-0.03+/-0.08 0.28+/-0.01+/-0.03

9.6+/-6.5 3.6+/-1.5
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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)
T2K, PRD 87, 092003 (2013)

ArgoNeuT (2014)
ArgoNeuT, PRL 108, 161802 (2012)
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CC	
  coherent	
  pion	
  producSon	
  (1)	
  
Introduction: CC Coherent fi Production

Theoretical background

Small energy transfer to the nucleus:
æ forward going µ and fi,
æ nucleus stays in the ground state.

A A

π−

µ+ν̄µ
W−

Q2

|t|

PCAC Models (Rein-Seghal, Berger-Sehgal, Schalla-Paschos)
• relate ‡(‹ + A æ µ + fi + A) with the ‡(fi + A æ fi + A)
• valid for high neutrino energies, used in all neutrino generator

codes.

Microscopic Models (Alvarez-Ruso, Hernandez, Nieves, Nakamura)
• excitation of the � resonance, full quantum mechanical treatment.

,[2pt],

NuInt14, London
2/28

Event Selection

Recall the event topology:

‹µ + A æ µ≠ + fi+ + A (1)

‹̄µ + A æ µ+ + fi≠ + A (2)

where the µ and fi are forward going.

The neutrino interactions are reconstructed using the LARSOFT software.
We look for:

• Two-track events:
– µ track matched to MINOS;
– fi candidate track might not be contained;

I < dE/dx > cut: must correspond to ≥ 1 MIP;
I If contained, calorimetry based PID is used.

• No activity around the vertex

,[2pt],

NuInt14, London
7/28

Small momentum transfer to the nucleus: 

! Forward going muon and pion 
! The Ar nucleus stays ~ in the ground state 

candidate event! 

Introduction: The ArgoNeuT Detector

(see Eric’s talk for more details)

At the NuMI beam, the antineutrino-enhanced run
is rich in both ‹̄µ and ‹µ.

For the results shown today: 6-month run, total of 1.2e20 POT

ÈEÍ, GeV Integrated Flux, cm≠2

‹̄µ 3.6 ± 1.5 2.94 ◊ 1012

‹µ 9.3 ± 6.5 6.56 ◊ 1011

,[2pt],

NuInt14, London
5/28
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Boosted Decision Tree (BST) method! 

antineutrino                           neutrino: 

3

Applying the event selection described on
data yields 30 antineutrino and 24 neutrino
candidate events. This event sample contains
a background fraction, predominantly reso-
nant and deep inelastic interactions, that ide-
ally would be reduced by selecting events with
low |t| =

��(q � p⇡)2
��, where q represents the

momentum transfer from the neutrino and p⇡

is the momentum carried by the pion. This ap-
proach is not feasible because most pions are
not contained in the ArgoNeuT TPC so their
momentum can’t be estimated. Instead, we
achieve signal from background separation by
applying a multivariate method which exploits
the topological information reconstructed in
each event. The ROOT Toolkit for Multi-
variate Analysis [21] was used to create a
Boosted Decision Tree (BDT). The classifica-
tion is based on the angles of the pion and
muon tracks, the visible energy loss of the pion
from the TPC’s calorimetry, the reconstructed
muon momentum from MINOS and the mean
stopping power of the first third of the muon
track. The last of these parameters was added
to help distinguish events where the start of
the muon and pion tracks is overlapping. The
angular parameters have the highest discrimi-
nation power and the dependance of the BDT
classification on the Monte Carlo simulation is
minimised by smearing the training data. An
example of a neutrino interaction classified as
signal by the BDT is show in Figure 1.

To estimate the rate of signal events, the
BDT distribution in data is fitted to a lin-
ear combination of templates for signal and
background obtained from simulation. The fit
preserves the shape of the signal and back-
ground BDT distributions and finds the scale
of these which best agrees with the data by
minimising the e↵ective �

2 = �2 lnL, where
L represents the likelihood assuming Poisson-
distributed counts in each bin. The statistical
error is found by evaluating the 1� interval,
determined by ��

2 = �

2 � �

2
min = 1. Fig-

ure 2 shows the data and the best-fit signal
and background distributions. The antineu-
trino signal is estimated to be 10.8+3.9

�3.1 events

and the neutrino signal is 7.6+3.2
�2.5 events. The

purity of the antineutrino and neutrino sam-
ples are 36% and 32%, respectively.

The systematic uncertainties a↵ecting the
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FIG. 1: An example of CC Coherent pion produc-
tion from a neutrino in ArgoNeuT. The neutrino’s
incoming direction is along the horizontal coordi-
nate; the muon track corresponds to the most for-
ward going one, making an angle of 1.2� with the
incoming neutrino direction. The opening angle
between the muon and the pion track is 10.6�.
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FIG. 2: Best-fit of the signal and background
templates to the data. A BDT classification value
of �1 means background-like and 1 is signal-like.
The background and signal shapes are scaled to
minimize an e↵ective �2 function from which the
statistical error is also extracted.

measurement are listed in Table I. These are
dominated by the flux-scale uncertainty (10�
12%). Reconstruction e↵ects have their im-
pact estimated by adjusting the reconstructed
values by ±1�, where � is the uncertainty on
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measurement are listed in Table I. These are
dominated by the flux-scale uncertainty (10�
12%). Reconstruction e↵ects have their im-
pact estimated by adjusting the reconstructed
values by ±1�, where � is the uncertainty on
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CC	
  coherent	
  pion	
  producSon	
  (3)	
  

4

TABLE I: Contributions to the total systematic
uncertainty on the flux-averaged cross sections.
The dominant backgrounds in this analysis are the
CC quasi-elastic (QE), resonant (RES), and deep
inelastic scattering (DIS) interactions.

Cross Section Uncertainty [%]

Systematic E↵ect ⌫̄µ ⌫µ

Flux normalization +10.0
�12.0

+10.0
�12.0

MINOS momentum res. ±3.1 +3.2
�3.9

ArgoNeuT angle res. ±1.4 ±2.3

CC QE background +0.2
�0.3 ±0.2

CC RES background +2.2
�2.8 ±0.5

CC DIS background ±0.7 +1.0
�1.2

Nuclear E↵ects +1.3
�1.5 ±0.4

POT +1.0
�1.0

+1.0
�1.0

Total systematics +11.2
�13.2

+11.5
�13.5

the reconstructed parameter. The absolute
muon momentum estimated from the track
curvature in the MINOS detector has a 4%
systematic uncertainty [22] and the angular
uncertainty assigned to tracks reconstructed
in ArgoNeuT is 1� [23]. The contribution of
background uncertainties is found by adjust-
ing the total cross section of the background
processes by±20% [24]. The rate at which the
charge of the muon is mis-identified is also esti-
mated and treated like the other backgrounds,
though its contribution was found to be negli-
gible. Finally, the e↵ect of nuclear interactions
a↵ecting the production of background events
is also considered. This is done by evaluating
the fraction of background events added by
final state interactions and re-weighting this
sample by a conservative factor (±20%).

The flux-averaged cross section is found by
dividing the number of signal events by the
e�ciency of the selection, the number of tar-
get nuclei in the fiducial volume and the inte-
grated (anti)neutrino flux. The measurements
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FIG. 3: ArgoNeuT’s CC coherent pion cross sec-
tion measurements (� and •) compared to Rein-
Seghal’s model as implemented in genie [4] and
NuWro [5]. The statistical error is dominant (the
systematic uncertainty is shown alone for compar-
ison). Data from other experiments in the same
energy range is also shown. These consist in mea-
surements made by SKAT (⌅,⇤) and CHARM II
(H) (⌃) [25, 26]. These measurements are scaled
to Argon assuming the A1/3 dependance from the
Rein-Seghal model.

we report are

⌦
�⌫̄µ

↵
= 6.8+2.5

�2.0(stat)
+0.8
�0.9(syst)⇥ 10�39cm2

(3)
⌦
�⌫µ

↵
= 2.7+1.2

�0.9(stat)
+0.3
�0.4(syst)⇥ 10�38cm2

(4)

per argon nuclei. A comparison between these
measurements, existing data, and the Rein-
Sehgal model are shown in Figure 3. The an-
tineutrino measurement agrees well with the
Rein-Sehgal model while the neutrino one de-
viates by ⇠ 1.2�.

In this Letter, we have presented the first
cross section measurement of CC coherent
pion production on argon. This is also the first
time that machine learning techniques have
been applied to LArTPC data analysis. The
large uncertainties on the final cross section
values are dominated by the statistical errors.
Using the precise calorimetry and the high res-
olution of the interaction vertex which are fun-
damental for this analysis, future LArTPC ex-
periments will be able to provide decisive mea-
surements for the understanding of neutrino
induced coherent pion production.

Other	
  measurements	
  scaled	
  to	
  argon	
  
assuming	
  the	
  A1/3	
  dependence	
  from	
  
Rein-­‐Seghal	
  model	
  (GENIE	
  and	
  NuWro)	
  

R. Acciarri et al., ArXiv:1408.0598 
Submitted to PRL 
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νµ	
  CC	
  0-­‐pion	
  proton	
  mulSplicity	
  

Low-­‐kineSc	
  energy	
  proton	
  threshold:	
  21	
  MeV	
  

1	
  p	
  0	
  p	
  

2	
  p	
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νµ	
  CC	
  0-­‐pion	
  cross	
  secSon	
  vs	
  proton	
  mulSplicity	
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ArgoNeuT (!) CC 0 pion

Preliminary

 from lepton AND proton reconstructed kinematics: Eν = (Eµ+∑Tpi+ TX+ Emiss)
 TX=recoil energy of the residual nuclear system [estimated from missing transverse momentum], !
Emiss=missing energy [nucleon separation energy from Ar nucleus + excitation energy of residual nucleus (estimated       !
          by fixed average value)]

- anti-νµ  CC 0 pion cross section!
as a function of the reconstructed* neutrino energy

Ar - isoscalar target
21 MeV proton threshold 

 from	
  lepton	
  AND	
  proton	
  reconstructed	
  kinema@cs:	
  Eν = (Eµ+∑Tpi+ TX+ Emiss)	



νµ	
  CC	
  0-­‐pion	
  cross	
  secSon	
  vs	
  reconstructed	
  Eν	
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back-­‐to-­‐back	
  proton	
  pair	
  events	
  (hammer	
  events)	



p 

p 

p 

p 

pp1,pp2≥kF	
  	
  and	
  pp1≃-­‐pp2	
  

Possible mechanism:  
CC RES 0-π reactions involving 
pre-existing Short Range 
Correlation (SRC) np pairs. 

4 events detected, back-to-back in the lab frame 

R. Acciarri et al., PRD 90, 012008 (2014) 
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e/γ	
  separaSon	
  (1)	



2	
  π0	



Reconstruct	
  charge	
  at	
  
the	
  start	
  of	
  the	
  shower:	
  
dE/dx	
  discriminaSon.	
  	
  	
  

From	
  MC	
  to	
  real	
  data	
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e/γ	
  separaSon	
  (2)	
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NC	
  π0	
  producSon	
  in	
  NC	
  events	



Work	
  in	
  progress:	
  

Energy	
  correcSons	
  required	
  
for	
  the	
  limited	
  detector	
  size	
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Conclusions	



‣ ArgoNeuT:	
  the	
  first	
  LAr	
  TPC	
  operaSng	
  in	
  a	
  low	
  energy	
  neutrino	
  and	
  
anSneutrino	
  beam	
  and	
  the	
  first	
  in	
  the	
  USA.	
  	
  

‣ Powerful	
  detecSon	
  technology:	
  ArgoNeuT	
  was	
  conceived	
  as	
  a	
  
technology	
  demonstrator,	
  but	
  despite	
  the	
  small	
  LAr	
  mass	
  (~1/4	
  ton)	
  
and	
  a	
  short	
  neutrino	
  exposure	
  (~5	
  months),	
  it	
  performed	
  very	
  
relevant	
  physics	
  measurements.	
  

‣  Several	
  analyses	
  conducted	
  and	
  the	
  results	
  published:	
  7	
  papers	
  in	
  
the	
  last	
  2	
  years.	
  

‣  In	
  addiSon,	
  interest	
  for	
  current	
  short-­‐baseline	
  and	
  future	
  long-­‐
baseline	
  experiments	
  employing	
  the	
  LAr	
  TPC	
  technology	
  
(MicroBooNE,	
  LAr1-­‐ND,	
  LBNF).	
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Thank	
  you	
  for	
  your	
  aLen@on!	
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