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LAr TPC ANALYSIS APPROACH

+ Event Classification /Categorization in terms of Final State Particle

Multiplicity l 1 See Zalk Ay K. Par Z‘V Ka

+ Inclusive Cross Sections

+ Final State Interactions (FSI)

y

+ Exclusive Cross Sections

LArTPC when fully exploited allows for FSI exploration and Exclusive
Topology recognition with extraordinary sensitivity

Particle Identification with LArTPC

* 3D and calorimetric reconstruction for efficient Particle Identification
* Excellent resolution for final state

* Capability of “seeing” recoil proton(s)

* Good p/m* identification capability
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STOPPING PARTICLE CALORIMETRIC RECONSTRUCTION
and PID

Kinetic Energy vs. track length
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DATA:

-XC

USIV

- CC TOPO

OGl

:S%l%

1 u /=) 0p/1p/2p/... @eve@

(and any # of neutrons/gammas)

VWe measure muon and proton(s) kinematics

and proton multiplicity at the neutrino

iNteraction vertex in LAr **

for events with identified proton(s)

with kinetic energy >21 MeV

Preliminary data analysis and data-MC

comparison (analysis still in progress)
See also talk by K.Pardyka

I ——

* analysis fully exploiting LAr TPC's capabllities (in Cherenkov detectors all these classes of
events are 1 track “CCQE like” events)

**muon momentum and sign from MINOS-ND
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IMPACT OF NUCLEAR EFFECTS

Multinucleon
FS|
-Gﬁ-

production
(or other effects)

4 Genuine CCQE )

Initial State Final State U N Y,
T/wo particles-two holes (2p-2h
Y N N
we == ¥ o
v ' ' ' \Y
Additional difficulty Is the separation of the (- warbeaty a pb of cieons

effects of FS| from inrtial state correlations. s
Can we disentangle them in LAr
(from the distribution of specific kinematical variables

in events with =2p and comparing data with
MC including MEC production)?
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MC: EFFECTS OF FSI

an example: FLUKA simulation* - CCQE v, events in LAr
NuMI beam LE spectrum - neutrino mode

Vertex activity (multiple p at vtx., Y (—e) from nuclear
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11p events

offering a full simulation of nuclear effects
but not MEC 8



DATA EFFECTS OF FS

ent

80 100 120 140 160
Collection Plane Wire

A zoomed-in view of a neutrino event with evidence of vertex activity

These products gre usually
TR0 ey 3 Data from LAr extremely helpful
detectable, .

unless... for FSI understanding
.... a high quality imaging

detector is in use !!
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MC: EXCLUSIVE TOPOLOGIES

VALIDATION OF FSI MODELS FROM COMPARISON WITH SPECIALIZED MC GENERATORS

Accurate and extremely detailed MonteCarlo generators are needed for
comparison with LAr data

MonteCarlo Generators: FSI models for Ar need to be cross-checked by
comparison of different MC generators

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

Available versions of MC include FSI but not (yet) MEC



2D display: DATA

time evolution
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DATA:
EXCLUSIVE
TOPOLOGIE

1 track: p™

v, CC events: un(0p) .,



DATA:

- XCLUSIV

- [OPOLOG!

u+/~ Np events
showing evidence of FS
and/or
multi-nucleon production (or other effects)

Count and reconstruct protons
at the neutrino Interaction vertex
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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

&idence of FSI! -«

09

v, CC events: pu~ 0p

| 4 o)



0 50 100 150 200

2 tracks: 1 7 1 p
Evidence of FSI!

v, CC events: u™p

EXCLUSIV

DATA:

- [OPOLOGIES

vV interaction vertex

T =

P

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

e e et
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DATA EXCLUSIVE TOPOLOGIE
Mei/Z/ - accompanying

the leading muon
+7Y activity in the volume
around the vertex

[ — T

100 150 200

v, /v, CC events: 4 /+multi-proton
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DATA:
EXCLUSIVE TOPOLOGIES

LR

interaction vertex
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DATA MC COMPAR\SON

-7 NuMI LE neutrlno mode run ( 5><|O'8POT) ‘f.

455 . v, Spectrum
B Neutrino mode

40F . .\ Spectrum
Reference MC: GENIE s | L Homs focus 7°, K
_|_ i

comparison with
FLUKA

eEfficiency for the selection of high multiplicity events not (yet) optimized
eStudies of background effects are ongoing and will be finalized soon
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GENIE - NuMI nu mode
Proton multiplicity in u-Np events in LAr

40000

: 2010 (GENIE) Op 2%
35000 /
- 1 P 69%
30000~ Al P’°‘°“5/ 2p 1%
25000;_ Visible protons (KinE>20MeV) 3 p 2 8 %
200002—
150002—
NuMI beam LE spectrum
soooﬂ ............................. - neutrino mode -
0 1 2 3 & 5 6 7

Number of protons

Events

Mean 3.959 M 3.437
Ch = ANS 4718 £350 RMS  4.585
Integral 171.5 :>: E Integral 1135
70 300
5 (2012) v3665 seob
better treatment of hadronization -
b 200 v3665
40 -
150—
30 .up to 19 (Zar+1) low energy ..up to 22 neutrons
20 tons (see next slide) sob
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Genie - NuMI nu mode
Proton momentum/Kinetic energy
u- Np events in LAr

NuMI beam LE spectrum
- neutrino mode -

100 Proton momentum  °F Proton kinetic energy
30: 5005'
ol 0oy GENIE v3665
. GENIE v3665 n
| 300H
aoff- -
. 200H:
20— n
i 100f
004080 1 12 14 el of T T
momentum [GeV/c] 0 A 50 100 150 200 250 300 350 400 450 500
T KE [MeV]

|
ArgoNeuT proton threshold (21 MeV)
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W~ GENIE v3665 (including FSI but not MEC

u- Np even

Multiplicity % of Total % not CCQ]:Z
Imu+0p 3.1 0
Imu+Ip 48.2 4.85
Imu+2p 14.2 40.76
Imu+3p 4.8 50.11
Imu+4p 2.1 53.7
Imu+5p 2.5 40.0
Imu+6p 2.0 32.9
Imu+7p 3.1 32
Imu+8p 1.4 69.3
Imu+9p 1.3 75.3

Imu+10p 1.7 100

s - MC predictions (1)
_ GENIE-FLUKA comparisor

e. g. Resonant production followed by pion

absorption in the nucleus

W~ FLUKA (including FSI but not MEC)*

Multiplicity % of Total % not CCQE
1 mu+O0p 4.28 0.1
Imu+Ip 45.8 0.8
Imu+2p 15.74 22.2
Imu+3p 14.2 73.5
Imu+4p 9.95 90.3
Imu+5p 6.25 93.4
Imu+6p 2.4 94.7
Imu+7p 0.96 95.9
Imu+8p 0.27 97.1
Imu+9p 0.09 98.4

Imu+10p 0.03 100

MC agreement on% of total, but very different % of not CCQE

*kindly from G. Battistoni (priv. comm.)
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u- Np events - MC predictions (II)
GENIE-FLUKA comparison
as previous slide, but with 2|1 MeV proton threshold

W~ GENIE v3665 W~ FLUKA*

Multiplicity % of Total % not CCQE Multiplicity % of Total % not CCQE
Imu+0p 16.3 0 Imu+0p 16.5 2.7
Imu+1p 47 7.8 Imu+1p 51.2 10
Imu+2p 13.4 57 Ilmu+2p 16.4 73
Imu+3p 8.3 80 Imu+3p 10.8 93
Imu+4p 4.5 85 Imu+4p 3.6 95
Imu+5p 3 65 Imu+5p 1.1 97
Imu+6p 0.6 100 Imu+6p 0.28 97
Imu+7p 1 100 Imu+7p 0.08 99
Imu+8p 2.5 100 Imu+8p 0.02 100
Imu+9p 1 70 Imu+9p 0.008 97
Imu+10p 0.3 100 1mu+10p 0.003 100

Imu+Np 33

MC agreement on % of total, but very different % of not CCQE
(could be as large as ~30%, according to MC)

*kindly from G. Battistoni (priv. comm.)



u+ Np events -

VC predictions

1

Multiplicity % of Total % not CCQE
Imu-+op 60 4
Imut+ip 21 43
Imu+2p 12 83
Imu+3p 7 93
Imu+4p 3 95
Imu+5p 1 96
Imu-+6p 0.3 97
Imu+7p 0.08 100
Imu+Np 32

*kindly from G. Battistoni (priv.comm.)
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u" FLUKA* 21 MeV proton threshold

Comparison with GENIE
not yet available



Vi

- NUMI neutrino mode run|

Multiplicity

Genie

Genie % of

Total

DATA

DATA % of

Total

DATA/MC

ratio

Op+1mu

28+4

16%

1543

14%

0.53

Ip+1mu

80+7

47%

51+10

48%

0.63

2p+1mu

23+4

13.4%

28+6

26%

1.22

3p+1Imu

14+3

8.3%

1343

12%

0.93

4p+1mu

8+2

4.5%

0

0

TOTAL
(including >4p

172+10

107+12

0.62

U T DATA-MC COMPARISON

Lots of infos

1ot yetl processed, e. 9.

j

(0p/1p)paTa=0.29
(0p/1p)cenie mc=0.35
(0p/1p) FLuka =0.32

DATA-MC quite in agreement on % of total

Vi

- NuMI neutrino mode run

v, statistics is very low In

neutrino-mode run
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(1p/0p) FLuka =0.35




B eutrino mode run (oo )

- LI B LU (R S S S S S B B N S S B R S
45t Anti-neutrino Mode Y SPectrum

a0k Vv, Spectrum
- Horns focus 7, K°

SO ) o =

20k enhancing the V', flux

25F- =

20

Reference MC: GENIE 15

10}

+ St

comparison with S e
NUANCE

Events

eUncertainties on the neutrino flux not yet included
Efficiency for the selection of high multiplicity events not (yet) optimized
eStudies of background effects are ongoing and will be finalized soon
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Np events - MC predictions (l)
LUKA compamson

u* GENIE 21 MeV proton threshold W ¢ eV proton threshold
Multiplicity % of Total % not CCQE Multiplicity % of Total % not CCQE

Imu+0p 60 10.5 Imu+0p 14% 2.5%
Imu+lp 17 39 Imu+lp 48% 5.5%
Imu+2p 7 74 Imu+2p 13.6% 60.3%
Imu+3p 54 82 Imu+3p 7% 76%
Imu+4p 3.5 89 Imu+4p 5% 83%
Imu+5p 2 88 Imu+5p 4% 86%
Imu+6p 1.7 95.5 Imu+6p 2.5% 86%
Imu+7p 1 95.5 Imu+7p 2% 97%
Imu+8p 0.8 97 Imu+8p 1% 79%
Imu+9p 0.4 100 Imu+9p 1% 94%
Imu+10p 0.2 100 1mu+10p 1% 100%
Imu+Np 33 Imu+Np 32

Comparison with FLUKA not yet available
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_UT

Genie % of

DATA % of

DATA/MC

DATA-MC COMPARISON (1)

Lots of infos
1ot yetl processed, e.

u-/u*(DATA =.O.36
uw-/u*(MC)=0.36
(1p/0p)paTA=0.63
(1p/0p)mc=0.29

Op events:
(wt/n-)paTa=7
(u+/w)mc=12

(0p/1p)paTa=0.39
(0p/1p)mc=0.28

S

T—

events

Multiplicity Genie DATA
Total Total RATIO
Op+1mu 553+11 60% 422+42 58% 0.76
Ip+1mu 160+6 17% 266+53 37% 1.66
2p+1mu 68+4 7% 3046 4%, 0.44
3p+1mu 5043 5% 341 0.4% 0.06
4p+1mu 3043 4% 341 0.4% 0.09
TOTAL 925+15 ; 727468 ; 0.79
glncludmg >4D
V- anti- neutrlno mode run (u 1
L' u11p101ty Genie ‘Genie % of | T DATA % of | DATA/MC
Total Total RATIO
Op+1mu 46+3 14% 60+12 23% 1.3
Ip+1mu 163+6 48% 154+31 59% 0.94
2p+1mu 4643 13.6% 3347 13% 0.71
3p+Imu 2342 7% 0+2 3.5% 0.39
4p+1mu 1642 5% 4+1 1.5% 0.25
 TOTAL 33749 - 260434 - 0.77
(including >4D

’ ratio OP

Useful for FSI studies: indication of nucleon charge
exchange in Ar nuclei, less dependent (at 1st order)
on multinucleon production



ARGONEUT DATA-MC COMPARISON (I1)

V.. - anti-neutrino mode run vV, - anti-neutrino mode run
- -
u o up
‘g%i §1so' ¢

500 160

400 |

300 100
- 80

200 F |

1005— 4°;_ —
ST erces FO00Y === - =3 ] |
ArgoneuT data 727:68 ‘ArgoneuT data 26034
Genie 925+15 Genie 3379
Genie: 626 CCQE events Genie: 230 CCQE events
(+ 33% contribution from not CCQE) (+ 32% contribution from not CCQE)
NUANCE: 636 CCQE events NUANCE: 230 CCQE events

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

*MC agreement on total number of CCQE events
eLarge (~30%) contribution from not CCQE events (FSI)
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VERTEX ACTIVITY

Measurement of ¥ activity around the vertex and
(feutron —protdtycan also help to tune MC generators

t (ticks)

0 00 120 140 160 180 200 220
Induction Plane Wire

R — T —————
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ARGONEUT w+Np EVENTS
ANALYSIS OUTCOMES

Capabllity to identify and reconstruct exclusive topologies
Low proton threshold: 21 MeV Kinetic Energy

Many infos from LAr TPC..

We are learning how to deal with each class of event/topology
(e.g. reconstruction of multi-proton events)

Proton multiplicity at the neutrino interaction vertex with presence of
secondary particles in ArgoNeuT events and ratios among rates of different
exclusive topologies provide indications on the size of nuclear effects in LA,

ike FSI (and multinucleon production) in the few GeV energy region.

The generators predict vastly varying amounts of proton emission.
The ArgoNeuT data can provide an important discriminator among models.

This is the first time we've had this type of data available to help guide us.
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BACKUP
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c = ¥? I ndf 0.4794 /4
0180 Prob 0.9755
g - p0 iﬁ){.)ogzm +0.002179
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