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v/ Vu/VNu CC INCLUSIVE ANALYSIS

v/ “TOPOLOGICAL" ANALYSIS APPROACH
v/ IMPACT OF NUCLEAR EFFECTS. HINTS FROM ARGONEUT DATA
v/ NEUTRINO ENERGY RECONSTRUCTION
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v/ ELECTRON-Y SEPARATION
v NEUTRAL CURRENT 7t°
v/ CCOE HYPERON PRODUCTION
v/ ELECTRON RECOMBINATION




TODAY'S OUTLINE

—xample: exclusive measurement of events
with
1 e.m. shower+protons and neutrons

RECONSTRUCTION

- Vertex reconstruction+clustering

- Calorimetric reconstruction
Electronic Calibration factor
Recombination effect

- Neutrino energy reconstruction

- Neutron reconstruction
MC based correction for n->p

- DATA-MC comparison

Focus on problems more than on results!
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v, CC EVENT TOPOLOGY

A leading muon (m/,o ) track and one (or more) short heavily /on/Z/ng track(s) at the
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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

(ex. all muon+Np events in other neutrino detectors are
v, CCQE like” events)
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DATA ANALYSIS

“ Analysis steps:
v/ automated reconstruction (muon angle and momentum)
v wvisual scanning }proton(s) angle and momentum
V' calorimetric reconstruction J reconstruction

% Background estimate included

+  GENIE MC:

V' estimate efficiency of the automated reconstruction,
detector acceptance and proton containment (for Pld)
v estimate backgrounds

»  NC background
» WS background

»  m¥ with both v not converting



ARGONEUT ANALYSIS TOOLS

LArSoft reconstruction

[3D + calorimetric]
_I_

X2 based PID for contained track

(new tool, recently added to LArSoft)
_I_

Visual scanning (for exclusive topologies analyses)
_I_

Semi-automatic reconstruction of selected events
_I_

EVD analysis tool

Data-MC comparison (different neutrino event generators
- Including FSI but not yet including multinucleon)



ArgoNeuT 0 pion analysis

e Raw waveform treatment

e Hit identification
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e 2-dimensional, more refined clustering of short vertex tracks
e J-dimensional track reconstruction
e Calorimetric reconstruction

e Matching 3-dimensional tracks with MINOS Near Detector
LArSOFT structure

o LArSOFT is a software package developed for LArTPCs
@ Detector agnostic

@ Constructed from separate modules - highly configurable

Reconstruction Chain for TPC Data Track3DReco
Track3DKalman HarnsVertexfmder
BezierTrackFinder 2DVertexFinder
SpacePoints PrimaryVertexFinder
DBCLuster
EETHitFind FuzzyCluster 3D Vertex
rinder HoughLineFinder . — - .
GausHitFinder Lﬁ‘leMerger TraCklng Flndlng
Wire Hit Hit

Calibration| | Finding | |Clustering|\

3D Shower|— -

Finding

EndPoint
Finding




VERTEX RECONSTRUCTION

ClusterFinder2D to reconstruct vertex and displaying LineMerger clusters

= " L L L | L L L L | L L L L | L L L L | n L L " | L L L L | L L L L | L —
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

TI|I|II||\||||‘||I|‘|||I‘III‘
g

\
ll|I|IIII’IIII’IIII‘IIII’III

4II|III|III|III‘III‘I—

.......................
........................

H|||||I|||||||||I|||II||||||IIII|IIII\II|I|IIIW+I | ’ [T] ’ [T] | [T] ‘ [T] ‘ H

lll|IIII|IIII|IIII|IIII|IIII|IIII|IIII’IIII|IIII




1800

1700

1600

1300

1650

1600

700

550

ECONS

180

RUCTION

et " T

11

|

 ——

II‘III‘|I||||I‘I|I‘I|I|II|‘III‘III‘|||||||ﬂ|‘|II|‘I|||‘II|I||I|I I,

-II‘III‘III|III‘III‘III|III‘III‘III‘III|IIH I ‘ LI ‘ LI ‘ L1 | LLLL

g

120

180

700 ' ' ' 720

180 200 220

-
-—— —
o
-
— ——
“  —
—

III|I|II|II|I|III||III|‘IIII‘I -II|IIII‘I||I|IIII|IIII‘|II||I

|
160 180 200

10



VERTEX RECONSTRUCTION
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CLUSTERING
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Figure 6.6: The DBSCAN clustering algorithm ran on a neutrino event. The display shows - —
hits on the induction and collection plane, each color corresponds to 3 unique duster forme Sresedvon o | navod [ e L A |
2008 - E
e | S0 - .
acC L —
e " ~ '5
e - - _:
a 8 - .
“e » 1 I ) ) _—:
e -
20 — o E
.. o \{-‘j -
Cotlecton Mane Wire - E
Figure 6.7: The DBSCAN clustering algorithm ran on a neutrino event. The display shows - ' “;
hits on the collection plane, each color corresponds to a unmique duster formed. The red hits re : o _ ‘ ) ;
nowe as decided by DBSCAN and are not passed to other algorithms. ‘e » . o ]

Figure 6.13: The event display showing LineMerger (top) and KingaCluster (bottom) ran on the
same data event. In this case LineMerger merges two tradks as one on top plane while KingaCluster
reconstructs them as separate clusters.
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3D RECONSTRUCTION
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Figure 6.9: 2. dunensional clustering with Hough Transform on a ArgoNeuT neutrino event. The
reconstructed hits are visible i gray, while the two colors represent the clustered lines corresponding
to 2-dunensional tracks.
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Figure 6.15: Different views of a reconstructed neutnino event in three dimensions. The longest
track 1s seen to be exiting the TPC volume through the cathode plane.



Calorimetric reconstruction (I)

After the 3D geometric reconstruction, determination of the energy release in
LAr is performed by the further steps:
1. account for the charge loss due to electro-negative impurities

2. charge to energy conversion with correction for the quenching effect

d The hit amplitude dQ (in units of ADC counts) is normalized for the track pitch
length (i.e. the effective length of the portion of track exposed to a single wire,

depending on the orientation of the track with respect to the direction of the
wires in the plane) dQ/dx [ADC/cm]

track

-\\\ drifi coordinate

coll. wire

coll. wire ..
(coll. wire) pitch direction
coll. wire
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T =754 ADC/fC (for ArgoNeuT)
is applied to convert from ADC count to charge expressed in number of electrons

dQ/dx [e/cm]

To account for the charge loss along the drift due to electro-negative

impurities the charge dQ/dx [e/cm] is multiplied by e(*19/T where (t-t,) is the
hit drift time and T is the measured electron lifetime (measured run by run,
~750 us for ArgoNeuT @ NuMI —v mode).

The full calorimetric reconstruction is performed accounting for the
guenching effect on the ionization charge, using Birks model, to convert

dQ/dx [e/cm] to energy released per unit length dE/dx [MeV/cm]. From the
parameterization of the recombination formula in ICARUS, NIM 523 (2004),
275: dQ

dE dx Ay, = 0.80040.003,

dx A K 1 dQ kv = 00486400006 kY /cm “J\:n\l'
- = e
0% 3
ion EField P dx epends on the ionization density (dQ/dx)
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A study of electron
recombination using
highly ionizing particles
in ArgoNeuT

Angular Dependence
Protons

+9=80°
+0=60° l
;

+¢=50°
4 ¢ = 40°

120:‘I|III|III|[II|III|Il||||||||||III|lII

6 8 0 12 14 16 18 2 22
(dE/dx?hyp (MeV/cm)
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STOPPING TRACKS - CALORIMETRIC R

dE/dx vs. residual range
(contained protons)

—~ 40[
c -
o -
> 35¢
> % . data
g -
< 30 GEANT MC predictions
S Eroton
25 aon
© pion
muon
0:I | | | | | | | | | | | | | | | | | | | | | | | | | | |
5 10 15 20 25 30
residual ranage (cm)
L — ———————

and P

~CONSTRUCTION

D ArgoNeuT

Kinetic Energy vs. track length

|
70 80
Track Length (cm)

ﬁ

Measurement of:
* dE/dx vs. residual range
along the track
* kinetic energy vs. track length
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45 Proton Chi2 =217.9
Kaon Chi2 = 78.6

res. range of

contained :‘; Uonreiz 143 :
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flat dE/dx vs. g ol not contained track :E
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Kinetic energy vs range in LAr

S 40
) = e proton (GEANT)
Z 35— e protons (NIST) o 5ion (GEANT] , ,
% b pion (GEANT) ) wire pliche
I.%) 25? ------------------------------------------------------------------ . ;
g E wire prtch guze ;
() 20_ '
k= - :
- 15—
o e i m e ommomomomom m , B At =
10:_ ' - amgosp St S e sy b :
J= : :
0 1 P P . - N N B B
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

wire pitch of 0.4 cm corresponds to ~ [9

wire prtch of 0.8 cm corresponds to ~ 27/

Total'Range (cm)

VeV for protons and
eV for pions

VeV for protons and
~ |2 MeV for pions

~ 8V
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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 .

0

KE=22+3 MeV e

10
| AT

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

ArgoNeuT proton reconstruction threshold 1s
21 MeV of Kinetic Energy

'[-l.]. 'y"|""|""|'"'|""|""|""

|
e
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FVD ANALYSIS TOOL

Time vs Wire, Charge View Y &) X

File Edit Window Job Help

| <= Previous| Next ~—->| | Reload | ) fonentlsf L G| rint]
%Ll 40 45 50 55 60 65 70 75 80
|: - 1200 ;j' rrrrrrrreprrre e T ’—LE
M’ IlOOé— —é
The user selects a line with the 2 w= o =
™ HakeSeeds 00 = - —
MOuUse. Gleuate talesi] | g0 = = =
b poite, | SWE- " =1
The EVD selects nearest | we o~ 3
along the line. 3D7and Calorimetric e T e S
reconstruction of the selected hits - 3
s performed. 3 E
add/remove hits with mouse w- e
Calorimetry/PID display B T B e o
R [26Gevi)
LArSoft il'b l ' ' ‘ ' ' ' ' l '
o’ 13 L A .

ADC Thresholdl 5 ﬂdir‘e 120 ﬂ“laneﬁi’(‘ Rau(® Reconstructed Both[V Grayscale M HC Truth

each candidate proton track is reconstructed by manually

picking out hits belonging to it and passing them as input clusters to the three-dimensional
tracking algorithm, calorimetric reconstruction and PId. It is a very lengthy

process, requiring great care of selecting each hit, that is especially important for events
having very short tracks.
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dE/dx shower separation

. Getting ready to
measure with data. =F

MC simulation

« Resolving direction e J Charge deposited in the first 2 cm
is more difficult 3 ot
with uncontained == | Y (eve-)
showers. ol

o In the process of =
selecting data o | J i
sample. of

0 2 4 6 8 10 12 14

dE/dx (MeV/cm)
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# of hits

50C

500

400

30C

20C

10C

Shower energy reconstruction

de/dX for electrons

_ Landel
- electrons Eniries 10738
- Mean 2472
3 | RMS 1.262
- /\ v? | ndf 293.5/ 168
_ ; o ] Weight  0.1247 + 0.0029
| 1 et/e pairs | upv 1.865 + 0.004
- | | Area 632.6 + 6.3
. i / \ sigma 0.1524 + 0.0056
_ |\
- \ | \
- L {1& MPV:
; [ \ | ‘r'r \ 10‘-
= | ] ,f J L\ 4.47013e+00

S U Y
- ' r'; : U
- P b 1.86489e+00
- .‘. Pk ‘,J \\ r.t“h
- Tod «\\:n_%
= e .-.r':} ol B i .= VS SR s oo - = WV
L .

2 Rl & & 10 12

defdXx [IMeVviem)

A result of applying the Birks recombination effect.
The tracks in argon are calculated separately and
so the correction gets applied to each separately.
But when they are read out the e-/e+ pair is read
out together — larger ionization — larger correction
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MC simulation MicroBooNE calorimetric

16 GeV Muons - tracks parallel to the W|re plane - Raw Data
<= Previous| Next —->| >| Reload| | RunEvent=[1 [T Go|Pri

[
= - reconstruction
UnZoom Interest A0 T T T L e B L T "g
¥ AutoZoom 3‘“’";_ —é l
Eind XYZ 1900 =— =
1800 E— —g
o ] Coll: LArSoft tracking meeting
Iilesar:::::kers 1500 %: :% ~ 80 ADC May 2 2012
1300 E— =
- = Ornella
]qm):'— """""""""""""" “‘I{m T T T ‘
1850 =—
1*.50%—
1700 %—
o
155 é—
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180( f'—
1700 %—
- %.«
; 1 L L L L L .: 1 L 1 L L L L 1 L L 1 L L L 1 L L L
800 1000 1200 1400 1600 1800 2000 2200
LArSoft ;
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. dEdx Coll (MeV/cm dEdx_Coll
E:Zn;hl Jan 1, 197¢ | ( ) | Entries 41334
00:00:0.005000000 5 7 : t Iticks] - g;asn fg;g
aDC Threshold] 5 =jwire] 1500 Spiane] 2 2}¢ Raw( Reconstructed Both ™ Grayscale [ MC Truth 350 — -
300—
250(—
f _=43.008 ADC/C :
. 200—
(as in LArsoft, -
DetectorProperties in 150—
Utilities) -
100 —
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- o J PR Y
00 n 8 9 10

30



2) 185 MeV protons — Raw Data:

- o MicroBooNE calorimetric

|

T reconstruction

UnZoom Interest|
Coll:

Vv autoZoom '--‘“-E— _E . .
Find xvz| = 3 | ~140 ADC beginning LArSoft tracking meeting
3 . 3| ~500ADC end May 2 2012
= E Ornella
Clear Points| - — l : ~
vV Showharkers 2_ —g
3 E Data-MC comparison:
3 E f., @ bit too large
3 3 or not good 3D reco?
3 3 To be investigated...
= s 1 1 1 s L 1 1 __;‘ / \
.0 %250_
T C s [ * Kinetic energy vs track length (data)
o _F *Data = T —r
> - 00— * NIST predictions .
= . GEANT4 mc - fare,
X 301 predictions = ¢
W 25" p 150 .
T ! -
1L W B Py
20 - T reconsfructed protons
AR 100— .
1510\ .. - .*
I B .-'
10H [
- .. 50— o*
5:_ .‘:_;; . _’o
0: oo b b b b by | | | | | L1 | | | | | | | | | | | | | | |
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residual range (cm) Total range (cm)

31



ArgoNeuT

A

DATA-MC COMPARISON

* GENIE- Generates Events for Neutrino Interaction Experiments*

FS

|: Intranuclear Cascade mode (INC) GEN|E 280

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 Olga Lalakulich and Ulrich Mosel for providing

the GiBUU predictions and for many useful discussions
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u*Np events PROTON MU

Events

Fraction of events

Vu - anti-neutrino mode run
- | |
\M
- GENIE Total
500= DATA
L | v, CCQE
400(— |
K v, CCDIS
300
S - ArgoneuT data
2001 GENIE
100
- 'ﬁ#_;-—-—_g
% 1 2 3 4 5 86 7 8 9 10
Protons
ArgoNeuT v-mode v-flux, Ox-CC, Preliminary
0.7 3 —¢— ArgoNeuT Data
0.6 1" GiBUU Prediction:| -
0.5 — . QE _
' - B Delta ]
0.4 F | | highRES ]
0.3 _ B 1-pi bgr _
; . |DIs ]
0.2 ¢ I 2p2h-NN ;

Number of outgoing protons

————————

ArgoNeuT

I,

pLLLLLLLLLLLLLL

| TIPLICITY

V. - anti-neutrino mode run’
1 p

v

ArgoneuT data
GENIE

8 9 10
Proton Multiplicity

oO

» Ratios among rates of different
proton multiplicities in DATA don’t
agree with MC, in particular for v,

»~30% contribution from not CCQE
events (FSI)

eUncertainties on the neutrino flux not yet included. Improved flux tuning
to be used

Efficiency 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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ArgoNeu' 'V - anti-neutrino mode run
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Preliminary _ ArgoNeuT v-mode v-flux, 0n-CC, Preliminary
£ 220 c 03] —¢— ArgoNeuT Data
e “F + Data 2 i
W 200~ — Genie © 995 GiBUU Prediction:
180~ -l- E O I GE
160
3 + 2 0.2 Bl Dcita
120 + N ugi | highRES
100F- 0.15 ¢ B 1-pi bgr
80~ "l’ 0.1 3 .| DIS
323_ : I 2p2h-NN
20E- iLF! 0.05
= A P B L Brrr e I
0 2 4 6 8 10 12 14 ) 16 18 20 0 = @B @ : -
Neutrino Energy [GeV] 0 2 4 6 8 10 12 14 16
Neutrino energy (GeV)
2
2M N E 1L m™m L

E, =
2(My — E,, + p,, cosf,,)

* Data energy reconstructed with the QE formula.

* Improved energy reconstruction including proton
kinematics in progress(see later)

34



w fu{() events PROTON KINEMATICS

(Event-by-event proton reconstruction) J&
V. - anti-neutrino mode run JV“ - anti-neutrino mode run
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0.8 <L>=5.7 cm GENIE o <L>=7.7 cm GENIE
0_6'_ 0'5;_
- 0.4
0.4l 0.35—
! 0.2F
0.2 — . -
i A
N s R £ |
IS PP e s s oo BPEPETETE AV ETETIR e e e e o S S [ L | e =Sy S T Y -
00 5 10 15 20 25 30 35 tragg Ien;t?‘ (cmt_;o 0 5 10 15 20 25 30 35 traglc() Ien;t?\ (cm5)0
0.4 -
s 0.25
0.35:— [
03f- 02l | - <KE>=72 MeV DATA
0.255- <KE>=57 MeV DATA - <KE>=93 MeV GENIE
: <KE>=72 MeV GENIE 015k
0.2— —
015F- 1 01E- |
0.1F I“I_L - _]_ l e
- 0.05 L=
0.05F e B - LT
of .+.++|—l—-—l——'._‘—'_'—.-l-— - Ilmfll-lmli_!jjjjl.l
0 S0 100 150 2°?Gnetic Ezrf:rgy (Me\:,";"’ % 50 100 150 200 250 300
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RECONSTRUCTION OF

comparison inside the detector = PROTON KINEMATICS
IN ALL CC O PION EVENTS
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Neutrino Energy Reconstruction

2MNE,u, — mi

E, =
2(Mny — E,, + p,, cosb,,)

; \/(E,, — pucost,)? + pisin?t,
(Ev

— pMCOSHM)/ph

1 kinematics

automatic reconstruction

assumes QE events!
and interaction on a

nucleon AT REST

\@:icted proton angle
nd momentum

E,=p,cosb,+pycost,
NOMAD

1 + p kinematics
(pp and 6,,)

semi-automatic reconstruction

3)
E,=E, +T, Energy conservation

1 + p kinematics

(pp and 6,)

semi-automatic reconstruction
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Energy reconstruction: (Enu_truth-Enu_reco)/Enu_truth

| neutrino Energy muon only vs truth |
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RECONSTRUCTED KINEMATICAL VARIABLES
(FROM MUON AND PROTON KINEMATICS)

| S + Tp=measured proton
Neutrino Energy E, = E, + Ehada'\Ehad_sz K kinetic energy
DR 'E — *;\
\/=EV—EM inelasticity, y = -,";f';’; Yy = l;ad,
2 2
squared four-momentum transfer, Q* = —¢q - g QQ° = 2E,(E, — pucost,) — m,
; Q2
: : ' _ T = :
the Bjorken sciahng variable, x = B My Eno

e E———
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NEUTRINO ENERGY RECONSTRUCTION

(FROM MUON AND PROTON KINEMATICS)

Vy - anti-neutrino mode run
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Including hadronic vertex reconstruction
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VERTEX ACTIVITY

Analysis in progress

'easurement of y activity around the vertex and
utro ot8mcan also help to tune MC generators

short heavily ionizing track(s)
(ie. mainly proton track emitted from n interaction on Ar nuclei)
detached from the vertex

t (ticks)

0 00 120 140 160 180 200 220
Induction Plane Wire

* *
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Reconstruction of proton
- = - - - : from neutron conversion

* *
.......... » proton at the vertex:

trk_length=2.91 cm, KE=39.5 MeV

1600 | vV interaction vertex

e Lttt et e Lt

proton
kaon

Few events with n->p in 'E_ pion
ArgoNeuT
(too small volume)

DMV




Including neutrons...

neutrino Energy Emu+Tnucleons (proton+neutrons) vs truth | MC_Enu_EmuTf_truth
Entries 52379

| neutrino Energy Emu+Tp vs truth | MC_Enu_EmuTp_truth
Entries 52379

wE il N il
103:_ EV:E“+Z Tp 0
Tp>21 MeV = Tp>2l MeV Ev=Eu+> Tp*> Th
- 10°no thr. on neutrons
102 =
a 102
105—
s 10
1 [
T TR P T T e e
(Enu_truth-Enu)/Enu_truth -1 -08 -06 -04 -02 O0 02 04 06 08 1
(Enu_truth-Enu)/Enu_truth
GENIE
- Truth
3000 R 3 wtNp
: eco 3) final state events
25001~ anti-nu mode
2000 E— EV=EH+Z Th
1500 Tp>21 MeV
1000F- Important to reconstruct also
500F- neutrons, in particular at low
N energy (MicroBooNE)!

0 II2III4III6III8III10III12I 14 16 18 20
Neutrino Energy (GeV)
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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 nuic'ei as targets
1. Nucleons are Fermi-moving
2. Final state interactions may hinder correct event

identification

\”
Nuclear Physics based generators needed
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SUMMARY

Progressing with the development of more and more accurate
reconstruction tools for data analysis, in combination with /arger mass
LAr-TPC detectors (MicroBooNE) is an important step for accurate

topological analysis of neutrino events, o the line pioneered by

ArgoNeuwT.

44



Backup



JINST 7 P10019 (2012)

| . L =il “The ArgoNeuT detector in the NuMI
ArgoNeu'T LR Al"gONeuT low- energy beamline at Fermilab”

sy iy NUMILE beam 1751 active volume
& - B iy v-mode (2 weeks):
am/\rgoNe ]

|

il

8.5x10'8 POT
V-mode (6 months): ~7000 CC events

| 20x1020 POT collected

. v, Spectrum
Neutrino mode spectrum

Horns focus 17, K©

v,, Spectrum
v, Spectrum

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

Q1.7%
7.0%
¢ 1.3%

25 30
E... (GeV)




s resl

+Measured data (w/ stat. and total error)

ANL, PRD 19, 2521 (1979) GENIE expectation

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)

IHEP-ITEP, SUNP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (20086)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 818, 255 (1979)

BEE OS> O 0%

X X & » @ 4 «

g
2
g
&
5
%
J
%1
3

occ/E, (1 0 cm?/ GeV)
© o o
L D ® -

°
[X)

+Measured data (w/ stat. and total error)
GENIE expectation

150 200 250 300 350
E (GeV)

Muon momentum

do/dP,, [x10°**cm¥(GeV/cy/Ar]

20 25
P, (GeV/c)
|

47



-y
=)
s
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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

Evidence of FSI!

09

v, CC events: pu~ 0p



DATA:
EXCLUSIVE TOPOLOGIES

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

vV interaction vertex

T =

e e et

> z s

2 tracks: 1 7 1 p
Evidence of FSI!

v, CC events: u™p
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DATA EXCLUSIVE TOPOLOGIE

Multi-p accompanying
the leading muon
+~y activity in the volume
around the vertex

[ — T

100 150 200

v, /v, CC events: pu~/Tmulti-proton
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Reconstruction of 1ulp events

Low charge High charge

T Tl
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u- escaping ArgoNeuT (and reaching MINOS-ND downstream)

o o o
=== =
/// o
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Full neutrino event reconstruction W|th 3D ArgoNeuT-MINOS ND tr—ac_k_;atching

W+ p kinematics
At kinematics

Reconstructed Neutrino Energy= 3.1 GeV

Reconstructed Neutrino Energy= 3.0 GeV

Neutrino event reconstructed in 3D space
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Proton (ArgoNeuT reconstruction): track

length=10.88 cm,
T=118 MeV, p=0.485 GeV/c
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u+ /MO events
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- anti-neutrino mode run
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PID Efficiencies

Generated
0.97 0.15 0.05 0

12
5 Kaon 0.03 0.60 0.09 0.01
=
=
& Pion 0 0.06 0.25 0.28

Muon 0 0.20 0.61 0.71

ArgoNeuT
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Energy spectrum in anti-neutrino mode
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Lowcharge " ] High charge
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Energy reconstructlon (Enu truth Enu)/Enu truth
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uw-p final state events

anti-nu mode

Effect of FSI

Difference in momentum
between
the proton in the nucleus
and
the final state proton
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uw-p events

anti-nu mode

Difference between reconstructed
and predlcted” proton kinematics

| perc diff reco-theo/theo p momentum 1p |
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Particle Identification

Muon sign determination

0 50 100 150 200

u- capture 1~540 ns

Timing and pattern recognition

n+ — u+ — e+ decay 1~2200 ns




Calorimetry on Through-going Muons

@ Calorimetry tested on through going
muons.

@ The final sample contains 14322 .~
and 2607 ™.

@ C.Anderson et al.,
arxiv.org:1205.6702, accepted by
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