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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

Goals of the ND in Long-Baseline Neutrino Facility

• Constrain the systematic uncertainties in the oscillation
measurements/searches
• Neutrino source : content and spectra of all 4 species, νµ, ν̄µ, νe , ν̄e
• Precise prediction of FD/ND CC spectra for all 4 species and of NC
• Energy scale of neutrino and antineutrino
• Background : π0,± in NC and CC; e/µ/proton/π/K ID

⇒ Measure the 4-momenta of particles in neutrino interactions
providing an “Event-Generator Measurement” for the FD

• A generational advance in the precision neutrino physics
• Cross sections: QE, Resonance, Coherent and DIS
• Neutrino-nucleus interactions and nucleon structure
• Electroweak and isospin physics

• Search for New Physics at short-baseline
• Short-baseline oscillations, include constraining of the background for

FD signal
• Light Dark Matter, Universality, and right-handed currents, etc.
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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

Quantify the Neutrino Source Using ND

• Precision measurement of all 4 neutrino species

•
(−)
ν µ → µ± as a function of Eν – FD/ND (Eν)

•
(−)
ν e → e± as a function of Eν – FD/ND (Eν) 1

• These considerations imply the following requirements
• Magnetized tracker to ID positive from negative particle – B ∼ 0.4 T
• Low density medium to track e± – ρ ∼ 0.1 g/cm3

• Momentum vectors of hadrons: π±,0, K±,0 and proton

• Large statistics – ∼ 108 neutrino interactions

The proposed FGT builds upon the NOMAD experience

1 νe
νe+ν̄e

∼ 1 in neutrino mode .vs. ν̄e
νe+ν̄e

∼ 0.5 in antineutrino mode
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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

High Resolution Fine-Grain Tracker
(Proposed by the Indian & US Groups)
• ∼ 3.5 m × 3.5 m × 7 m STT

(ρ ' 0.1 g/cm3)

• 4π ECAL in a dipole magnetic
field (B = 0.4 T)

• 4π MuID (RPC) in dipole and
up/downstream

• Pressurized Ar target ' ×10 FD
statistics

• Trasition Radiation : e±

• dE/dx : π±, K± and proton

• Magnet : + .vs. -

• MuID : µ
⇒ Absolute flux measurement
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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

A νµ CC candidate in NOMAD

HiResMν: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group

A �µ CC candidate in NOMAD

Observation ➾  
!
(1) Hadrons are tracks, enabling the momentum vector measurement 
!
(2) μ is kinematically separated from Hardon-vector ⇒ Miss-PT Measurement

FGT	
  will	
  have	
  ~x10	
  higher	
  granularityFGT will have ∼ × 10 higher granularity

µ−

• Observations
• Hadrons are tracks, enabling the momentum vector measurement
• µ is kinematically separated from hadron-vector ⇒ miss pT

measurement
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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

A ν̄e CC candidate in NOMAD

HiResMν: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group

A �̄e CC candidate in NOMAD

e-/e+ ID using TRD, ECAL

Conclusion ➾  
!
(1) μ from  νμ	
    and   e from  νe	
   are  Tracks: Determined with very high precision	



(2) Universality equivalence:   μ-νμ	
    ↔ e -νe	
   

➾ Most difficult to measure among the 4 ν-species 
Most difficult to measure among the 4 neutrino species

e+

• Conclusions
• µ from νµ and e from νe interactions are tracks : determined with very

high precision
• Universality equivalence : µ↔ νµ ⇔ e ↔ νe
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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

Kinematics in High Resolution FGT

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

HiResMν: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group

Pt-Vector Measurement
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Figure 5: Diagram illustrating various kinematic measureables in the proposed detector.

5.1 The Traditional Neutrino Physics

The proposed experiment will measure the relative abundance, the energy spectrum, and the

detailed topologies for νµ/νµ/νe/νe induced interactions including the momentum vectors of

negative, positive, and neutral (π0 and K0
s /Λ/Λ) particles composing the hadronic jet. (We are

exploring the possibility of measuring the neutron yield using charge-exchange process.) The

experiment will provide topologies, on an event-by-event basis, of various interactions that will

serve as ‘generators’ for the LBLν experiments. A glance at νµ CC and ν̄e CC event candidates

in NOMAD, shown in Figure 6 and Figure 7, gives an idea of the precision with which the

10

Out of plane

Reconstruction of kinematics

The reconstruction of the detailed event kinematics from individual tracks 

and neutral clusters is a powerful tool to identify ��������� topologies• e± : transition radiation

• “h” : vector sum of hadronic tracks

The reconstruction of the detailed event kinematics from individual tracks
and neutral clusters is a powerful tool to identify NC and CC topologies.
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A High-Resolution Fine Grained Tracker as a ND for LBNE(F)

FGT Performance
Radiator (Target) Mass 7 tons
Other Nuclear Target Mass 1–2 tons
Vertex Resolution 0.1 mm
Angular Resolution 2 mrad

Ee Resolution
6%/
√
E

( 4% at 3 GeV)
Eµ Resolution 3.5%
νµ/ν̄µ ID Yes
νe/ν̄e ID Yes

π− .vs. π+ ID Yes

π+ .vs. proton .vs. K+ Yes

NCπ0/CCe Rejection 0.1%
NCγ/CCe Rejection 0.2%
CCµ/CCe Rejection 0.01%

µ/pµ pδ
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σµ ∼ 3.3% σe ∼ 5%
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Physics Sensitivity Studies Measure Absolute and Relative Flux using ND

Absolute Flux: Neutrino electron NC/CC scattering 2

• Cross section is extremely small, but well known

• Assuming 1.2 MW beam power, 5 tons ND fiducial mass, 5 years
neutrino running

• 10 k νe− → νe− events, 78 k νµe, 1.7 k ν̄µ, 1 k
(−)
ν ee

• 5.4 k σ(νµe
− → µ−νe) events

• Clean determination of neutrino flux at low energy (NC) and high
energy (IMD)

2W. Marciano and Z. Parsa, arXiV: hep-ph/0403168
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Physics Sensitivity Studies Measure Absolute and Relative Flux using ND

Absolute Flux: ν-e NC Scattering

• Signal
• Single, forward e−

• Efficiency ∼ 73%

• Background
• νe CCQE & NC

(charge-symmetric)
• Benign, constrained by “e+”

analysis

• Total neutrino energy
• High resolution tracker allows

the reconstruction of Eν from
(Ee , θe)

• Absolute flux : ∼ 2% precision
in 0.5≤ Eν ≤ 10 GeV range.
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Physics Sensitivity Studies Measure Absolute and Relative Flux using ND

Absolute Flux: ν-e CC Scattering (IMD)

• Signal
• Single, forward µ−

• Efficiency ∼ 91%

• Background
• ∼ 20%, dominated by CCQE

1-track
• Constrained by 2-track νµ-CC

analysis after removing the
“proton”

• Total neutrino energy
• High resolution tracker allows

the reconstruction of Eν from
(Eµ, θµ)

• Absolute flux : ∼ 2.5% precision
in 15≤ Eν ≤ 50 GeV range.
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Physics Sensitivity Studies Measure Absolute and Relative Flux using ND

Absolute Flux: ν̄µ Proton QE Scattering

ν̄µ + p → µ+ + n

• Signal
• Single µ+ obtained after subtraction: (C3H6)n [Radiator] - C [Graphite]
• Collect (1.0± 0.0045)× 106 (subtracted) ν̄-H events (∼ 25% QE)
• Collect (3.3± 0.0090)× 106 (subtracted) ν-H events (∼ 0% QE)

• Background
• Dominated by ν̄µ-CC

• Systematic Handle (ancillary, in situ measurement of the background)

• Conduct the analysis on multi-track
(−)
νµ -CC to check the target location

• Estimate a ∼ 3% precision in 0.5≤ Eν ≤ 20 GeV
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Physics Sensitivity Studies Measure Absolute and Relative Flux using ND

Relative Flux: Low-ν0 method 3

• Relative νµ, ν̄µ flux .vs. energy from low-ν0 method

N(Eν ,EHad < ν0) = kΦ(Eν)f (
ν0

Eν
) (1)

• The correction factor f ( ν0
Eν

)→ 1 for ν0 → 0

f (
ν0

Eν
) = 1 + (

ν0

Eν
)
B
A + (

ν0

Eν
)2 C

2A + ...... (2)

• Study relative νµ, ν̄µ fluxes in LBNF with EHad < ν0 =0.5 GeV
• Use standalone sim. with LBNF spectra and parameterized detector smearing
• Perform empirical fits to modified νµ & ν̄µ spectra in ND (fake data)
• Extract modified fluxes and extrapolate to FD

• Overall uncertainty on FD/ND flux ratio ∼1-2%

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC
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precision better than ⇠ 5% on the relative flux. The angular resolution of the LAr detector for electrons ⇠ 8� does
not allow a precise measurement of the spectrum due to multiple scattering and shower development.

A third independent method to determine the relative flux as a function of energy is using the quasi-elastic inter-
actions on a deuterium target in the limit of Q2 ! 0. The precision achievable with this technique is the same as the
corresponding absolute flux measurement discussed in the previous Section.

μν

FIG. 74. Ratio FD/ND as determined in the ND with the low-⌫0 method for the ⌫µ flux and a ND located at a distance of
500 m.

c. Flavor Content of the Beam: ⌫µ, ⌫̄µ, ⌫e, ⌫̄e As discussed in the previous Section, the low-⌫0 method allows
the prediction of both the relative ⌫µ and ⌫̄µ at the FD location from the measure of the ⇡+/K+/µ+(⇡�/K�/µ�)
content of the beam at ND. In addition, with a ND capable of identifying ⌫̄e CC interactions we can directly extract
the elusive K0

L content of the beam. Therefore, an accurate measurement of ⌫µ, ⌫̄µ and ⌫̄e CC interactions provides
an absolute prediction of the ⌫e content of the beam, which is an irreducible background for the ⌫e appearance search
in the FD:

⌫e ⌘ µ+(⇡+ ! ⌫µ) � K+(! ⌫µ) � K0
L (11)

⌫̄e ⌘ µ�(⇡� ! ⌫̄µ) � K�(! ⌫̄µ) � K0
L (12)

The µ component is well constrained from ⌫µ(⌫̄µ) CC data at low energy, while the K± component is only partially
constrained by the ⌫µ(⌫̄µ) CC data at high energy and requires external hadro-production measurements of K±/⇡±

ratios at low energy from MIPP. Finally, the K0
L component can be constrained by the ⌫̄e CC data and by external

dedicated measurements at MIPP. The relative contributions to the ⌫e spectrum are 87% (54%) for the µ+, 10%
(33%) for the K+ and 3% (15%) for the K0

L in the energy range 1(5)  E⌫  5(15) GeV. Based on the NOMAD
experience, we expect to achieve a precision of  0.1% on the flux ratio ⌫e/⌫µ. Taking into account the projected
precision of the ⌫µ flux discussed in the previous Section, this translates into an absolute prediction for the ⌫e flux
at the level of 2%. It should be pointed out that while the scintillator based ND option will be able to measure
the ⌫µ, ⌫̄µ, ⌫e + ⌫̄e flavor content of the beam it will not be able to distinguish between ⌫e and ⌫̄e. The non-prompt
backgrounds in the ⌫e + ⌫̄e and in the ⌫̄µ would also be larger.

Finally, the fine-grained ND can directly identify ⌫e CC interactions from the LBNE beam. The relevance of this
measurement is twofold: a) it provides an independent validation for the flux predictions obtained from the low-⌫0

method and b) it can further constrain the uncertainty on the knowledge of the absolute ⌫e flux.
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H. Duyang (USC)

APPLICATION TO LBNE ND

✦ Study relative νµ, ν̄µ, νe fluxes in LBNE with EHad < ν0 = 0.5 GeV :

● Use standalone simulation with LBNE spectra and parameterized detector smearing;

● Perform empirical fits to modified νµ and ν̄µ CC spectra in the ND (fake data);

● Extract modified fluxes and extrapolate to the FD.

=⇒ Focus on the predictions for the FD/ND ratio of fluxes

✦ Considered several systematic uncertainties:

● Cross-sections QE, RES, DIS;

● Variations in ν0 correction;

● Muon and hadronic energy scales δEµ, δEHad.

=⇒ Overall uncertainty on FD/ND flux ratio ∼ 2%

Roberto Petti USC

3S. R. Mishra, World Sci., 84 (1990), Ed. D. Geesman.
Xinchun Tian (USC, Columbia) LBNE ND@NuFact 2014 082514 14 / 31



Physics Sensitivity Studies Measure Absolute and Relative Flux using ND

Absolute and Relative Flux in LBNF using ND – Summary

• Absolute flux
• Leptonic channel

• Neutrino electron NC scattering : expect a ∼ 2% precision in
0.5≤ Eν ≤ 10 GeV

• Neutrino electron CC scattering : expect a ∼ 2.5% precision in Eν ≥
11 GeV

• 2nd channel
• ν̄µ + p → µ+ + n : estimate a ∼ 3% precision in 0.5≤ Eν ≤ 20 GeV

• Coherent channel (νµ +A → νµ +A+ ρ0)

• Relative flux
• Low ν0 method

• (−)
νµ + N → µ± + X : expect a FD/NC ratio at ∼1-2% precision in
0.5≤ Eν ≤50 GeV

• Coherent π/ρ channel

• (−)
ν µA → µ±π∓(ρ∓)A : estimate a high precision in the ν̄µ/νµ ratio in

0.5≤ Eν ≤50 GeV
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Physics Sensitivity Studies QE and Resonance Processes

QE Candidates in NOMAD
FGT will have ∼ × 10 higher granularity

HiResM� for LBNE 12

HiResM�: A High Resolution

Near Detector for the LBNE

R. Petti

University of South Carolina, USA

LBNE Collaboration meeting

Deadwood SD, October 5, 2009

Roberto Petti South Carolina Group

Quasi-elastic �µ CC candidate in NOMAD

Proton 0.178 GeV/c

Muon 6.702 GeV/c

Figure 14: A �µ-QE candidate in NOMAD
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Physics Sensitivity Studies QE and Resonance Processes

Resonance Candidates in NOMAD (See H. Y. Duyang’s
talk on Friday)

FGT will have ∼ × 10 higher granularity

∆++  Candidate Event
Pμ-   = 3.29 GeV
P’pr’ = 0.659 GeV    
P’π+’= 0.263 GeV 
M++ = 1.261 GeV

 μ-

`π+’

`pr’

Resonance	
  	
  Candidate	
  	
  in	
  	
  NOMAD
FGT	
  will	
  have	
  ~x10	
  higher	
  granularity

Resonance  ⇒ μ- , !+, p (See	
  	
  H.Duyang’s	
  	
  Talk	
  	
  at	
  NuFact’14	
  (Friday)

19
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Physics Sensitivity Studies QE and Resonance Processes

Efficiency as a function of Evis

• CCQE 2-track: average signal eff. is 48% with 19% background

• CCQE 1-track: average signal eff. is 23% with 6% background

• CCRes 3-track: average signal eff. is 33% with 23% background
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Figure: CCQE 2-track
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Figure: CCRes 3-track
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Physics Sensitivity Studies QE and Resonance Processes
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Physics Sensitivity Studies Constrain Nuclear Effects

Constraining Nuclear Effects using QE and Resonance
Processes

• Energy scale using 2-track QE

• Energy scale using 3-track Resonance

• FSI using 2- .vs. 1-track QE cross section

• Backward-going π/proton momentum in Resonance
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Physics Sensitivity Studies Constrain Nuclear Effects

Compare Evis − E calc
ν using CCQE 2-track

• Nuclear effects: initial state pair wise correlations & final state interactions

Evis = Eµ + Ehad, (3)

E calc
ν =

2(Mn − EB)Eµ − (E 2
B − 2MnEB + m2

µ + δM2)

2[(Mn − EB)− Eµ + pµ cos θµ]
, (4)

δM2 = M2
n −M2

p . (5)
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QE ⇒ 2-Track  Topology
        (Xinchun Tian at this Workshop)
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Physics Sensitivity Studies Constrain Nuclear Effects

Compare Evis − E calc
ν using CCQE 2-track with different

Nuclear Models
• GENIE 2.8.0: RFG (Bodek-Ritchie); Q2 selection is not affected by the initial nucleons’s

kinematics
• GENIE 2.8.0 + SF (νT): Realistic Nuclear Spectral Functions; Q2 selection takes into

account the dependence of the initial interaction vertex on both energy and momentum of
the struck nucleon
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Physics Sensitivity Studies Constrain Nuclear Effects

Compare Evis − E calc
ν using CCRes 3-track 4

Evis = Eµ + Ehad, (6)

Eν =
m2
µ + m2

π − 2mN(Eµ + Eπ) + 2pµ · pπ
2(Eµ + Eπ − |Pµ| cos θµ − |Pπ| cos θπ −mN)

(7)
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4See Duyang’s talk for details
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Physics Sensitivity Studies Constrain Nuclear Effects

Compare CCQE 1- .vs. 2-track x-sections - NOMAD Data
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Physics Sensitivity Studies Constrain Nuclear Effects

Backward going particle in CCRes 3-track 5

What we are looking for.

∆++  Candidate Event
Pμ-   = 5.789 GeV
P’pr’ = 0.393 GeV    
P’π+’= 0.157 GeV 
M++ = 1.231 GeV

`π+’

`pr’

 μ-

What we are looking for.

∆++  Candidate Event
Pμ-   = 3.92 GeV
P’pr’ = 0.423 GeV    
P’π+’= 0.113 GeV 
M++ = 1.200 GeV

 μ-

`pr’

`π+’

5See Duyang’s talk for details
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Physics Sensitivity Studies Constrain Nuclear Effects

pPr in Res 3-track: top: GENIE & bottom: NOMAD Data
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GENIE: 97.4% of the Proton is forward going

All pzProton > 0 pzProton < 0

NOMAD

All pzProton > 0 pzProton < 0
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Physics Sensitivity Studies Constrain Nuclear Effects

pπ in Res 3-track: top: GENIE & bottom: NOMAD Data
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GENIE: 67.3% of the π is forward going

All pzπ > 0 pzπ < 0

NOMAD

All pzπ > 0 pzπ < 0
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Physics Sensitivity Studies Constrain Nuclear Effects

pπ in Res 3-track: top: GENIE & bottom: NOMAD Data
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Backward-going particles are an excellent probe to constrain nuclear effects, both
Fermi-motion (2-particle correlation) and FSI
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Physics Sensitivity Studies Constrain Nuclear Effects

Neutrino-Nuclear Interactions

• Main target polypropylene (C3H6)n foils in radiators

• Multiple nuclear targets in STT: (C3H6)n radiators, Ar gas (×10 statistics of
FD), H2O, D2O, Ca, Fe, Pb

• Excellent vertex resolution (∼ 100 µm) and angular resolution ∼ 1 mrad
allow clean separation of different nuclear targets
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An Example of Precision Measurements Electroweak Contant

sin θ2
W measurement

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

E=120 GeV, FV 5 tons, 1.2 MW 5y+5y

LBNE ν-N DIS
ν-e elastic

RELEVANCE OF THE LBNF sin2 θW MEASUREMENT

✦ Default 1.2 MW beam with 5y ν (5y ν̄) data taking is sufficient to achieve
competitive electroweak measurements with LBNF ND:

● The measurement of sin2 θW with ν-N DIS can reach a precision ∼ 0.35%

● The measurement of sin2 θW with ν-e elastic scattering can reach a precision ∼ 1%

✦ Additional channels can provide further constraints and checks:
● νp → νp elastic scattering via the NC/CC ratio (νp → νp)/(νn → µ−p)

● Coherent ρ0 production via the NC/CC ratio ρ0/ρ+

=⇒ Combined electroweak analysis of several independent channels like LEP

Roberto Petti USC

• Default 1.2 MW beam with 5 year ν + 5 year ν̄ data taking is sufficienct to
achieve competitive electroweak measurements with LBNF ND
• The measurement of sin θ2

W with ν-N DIS can reach a precision of ∼0.35%
• The measurement of sin θ2

W with ν-e elastic scattering can reach a precision
of ∼1%
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Outlook

Conclusion

The ND complex, with a high resolution FGT, will:

• Determination of the relative abundance and of the energy spectrum
of the four neutrino species in LBNF beam: νµ, ν̄µ, νe , ν̄e
• Extrapolation to FD and predictions of FD/ND(Eν) fluxes to ∼ 1%

• Determination of the absolute νµ and ν̄µ fluxes to ∼ 2% for
oscillation measurements

• Measure cross sections and exclusive topologies of NC and CC
interactions

• Calibration of the absolute neutrino energy scale in ν-Ar and ν̄-Ar
interactions

• Quantify asymmetries between ν and ν̄ (energy scale, flux,
interactions) for δCP

A generational advance in precision measurement and searches will
produce over 120 topics providing a rich program

Xinchun Tian (USC, Columbia) LBNE ND@NuFact 2014 082514 31 / 31



Backups
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Straw Tube Tracker (Panjab Univ.)
Geant4 schematic of STT with Radiator

• Straw inner diameter: 9.530 ± 0.005 mm

• Operate with 70%/30% Xe/CO2 gas mixture

• Raidator/target thickness ∼ 20 mm with 75 (C3H6)n foils (40 µm) for transition radiation
and tulle spacers

• Straws arranged in double layers glued together inserted with C-fiber/Al composite frames

• 166 modules arranged by alternating vertical and horizontal orientation with total length
of 7 m

• Mass of the active target dominated by the radiators (82.6% of the total mass) can be
tuned to achieve desired events and momentum resolution
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Electromagnetic Calorimeter (IIT, Guwahati & Delhi Univ.)

“Y”#scin(llator#slats#

“X”#scin(llator#slats#

Lead#Sheet#3.5mm#thick#

X


Y


• Leadscintillator based on the T2K-ECAL,
embedded inside the 0.4 T dipole magnet

• 58 layers of alternating horizontal/vertical
scintillator strips per 1.75 mm Pb along
the z-direction

• Plastic Scintillator bars: 4 m × 2.5 cm ×
1.0 cm, 160 bars/layer, 9,280 bars in total

• Two sided readout
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Magnet (Bhabha Atomic Research Center)

• 4.5 m × 4.5 m × 8 m inner
dimensions

• 2.4 MW, 60 cm thick steel

• 0.4 T magnetic field

• <2% magnetic field variation
over inner volumne

FIG. 5: Schematic drawing of the MuID (blue modules) interspersed in the magnet steel.

summarizes the number of electronics channels for each of the three detector systems.

Readout Electronics for the STT

To minimize ambiguity in assigning hits to a track, the straw tubes will be readout at

both ends. The readout electronics will be similar to the ATLAS TRT electronics. Front-end

(FE) boards, mounted on the STT frame, will provide amplification, shaping, and baseline

restoration. The FE will be an 8-channel analogue ASIC. A subsequent 16-channel ASIC will

perform the drift-time measurement (∼ 3 ns binning). The TR and dE/dx measurements

will be performed with an ADC connected to the FE-ASIC. In summary, the STT readout

will digitize the time, total charge, and transition-radiation associated with a hit.

12

Schematic	
  of	
  1/2	
  the	
  Dipole-­‐Magnet
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MuID - RPC (Variable Energy Cyclotron Center)

• Muon Range Detector - identify muons at low momenta exiting the sides of
the detetor

• 32 RPC planes interspersed between 20 cm thick layers of steel

• External Muon Identifier - identify high energy forward muons
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Z position Radiography – NOMAD Tracker
Resolution of FGT will be much better

Figure 4: A neutrino radiograph of the NOMAD drift chambers shows the internal structure

of the tracking volume. It illustrates the high resolution of the z-postion of the vertex.

deep corresponding to about 5 m. With the above parameters multiple scattering contributes

0.05 to the ∆p/p for tracks 1 m long. Given the proposed granularity, the corresponding

systematic measurement error would be 0.006, for a p = 1 GeV, 1 m long tracks (N ∼ 50

spacepoints).

The proposed detector will measure track position, dE/dx, and Transition Radiation (with

Xe filling) over the entire instrumented volume of 3.5 × 3.5 × 6.4m3. The unconverted photon

energy will be measured in the forward and side calorimeters with a target energy resolution

of ∼ 10%/
√

E. The expected capabilities of HiResMν include:

• Full reconstruction of charged particles and γ’s;

7

Z-­‐Position	
  Radiography:	
  NOMAD	
  Tracker
(Resolution of  FGT  will be much better)	
  	
  

40

Figure: A neutrino radiograph of the NOMAD drift chambers shows the internal
structure of the tracking volume. It illustrates the high resolution of the z-postion
of the vertex.
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Energy Scale of Neutrino and Antineutrino

• Problem: simplest of interactions, e.g. QE, Resonance, are obfuscated
by nuclear effects (2-particle correlation, FSI). Furthermore, these
effects could affect the antineutrino differently from neutrino.

• The key is: the measurement of the hadron-vector
• ν-QE: 2-track events

•
(−)
ν -Resonance : 2/3-track events

• Coherent π±

• With missing pt < 300 MeV (
√
t < 5 MeV)

• Identical topology in νµ .vs. ν̄µ (to the first order little nuclear-effect)
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Coherent π/ρ Production – Constraining Absolute Flux

νµ +A → µ−A+ π+(ρ+) (CC ) (8)

νµ +A → νµA+ π0(ρ0) (NC ) (9)

• Measure coherent ρ with ∼ 2% precision

• Tie the neutrino measurement to photo-production and extract flux –
to determine the absolute flux ∼ 5% precision
• Dominated by systematics in relating neutrino to electron (CVC)

• Critical measureables
• π0,± momentum vectors
• Veto additional particles : secondary tracks in STT and calorimeter
• MuID : RPC
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QE FSI Effects : C .vs. Ca .vs. Ar using GENIE & GiBUU
HRI with Carolina Group

3

I. RESULTS FOR Q2, XBJ AND YBJ

A. QEL-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (QEL-CC)
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
0.21294 - 0.293594 10000 9933 1.00675 10024 10107 0.991788
0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.

4

2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (QEL-CC)
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
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TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.
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0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
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0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
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0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.
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0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
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0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373
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TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (QEL-CC)
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
0.21294 - 0.293594 10000 9933 1.00675 10024 10107 0.991788
0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
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TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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I. RESULTS FOR Q2, XBJ AND YBJ

A. QEL-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (QEL-CC)
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.
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Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI
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Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
0.21294 - 0.293594 10000 9933 1.00675 10024 10107 0.991788
0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (QEL-CC)
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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I. RESULTS FOR Q2, XBJ AND YBJ

A. QEL-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (QEL-CC)
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
0.21294 - 0.293594 10000 9933 1.00675 10024 10107 0.991788
0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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I. RESULTS FOR Q2, XBJ AND YBJ

A. QEL-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (QEL-CC)
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
0.21294 - 0.293594 10000 9933 1.00675 10024 10107 0.991788
0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (QEL-CC)
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (QEL-CC)
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FIG. 2: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 9999 10101 0.989902 9399.09 9462.73 0.993275
0.0805183 - 0.143297 10000 9820 1.01833 8641.82 8545.45 1.01128
0.143297 - 0.21294 10000 10096 0.990491 9050 8935.45 1.01282
0.21294 - 0.293594 10000 9933 1.00675 9147.27 9080 1.00741
0.293594 - 0.393414 10000 10178 0.982511 9240.91 9316.36 0.991901
0.393414 - 0.518361 10000 9945 1.00553 8990.91 9000.91 0.998889
0.518361 - 0.68837 10000 9938 1.00624 9230 9251.82 0.997642
0.68837 - 0.939473 10000 10007 0.9993 9147.27 9220 0.992112
0.939473 - 1.39793 10000 10067 0.993345 9176.36 9222.73 0.994973

1.39793 - 18 10000 9914 1.00867 8884.55 8872.73 1.00133

TABLE III: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE IV: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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I. RESULTS FOR Q2, XBJ AND YBJ

A. QEL-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (QEL-CC)
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FIG. 1: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 9999 10101 0.989902 9512 9315 1.02115
0.0805183 - 0.143297 10000 9820 1.01833 9499 9389 1.01172
0.143297 - 0.21294 10000 10096 0.990491 10058 10056 1.0002
0.21294 - 0.293594 10000 9933 1.00675 10024 10107 0.991788
0.293594 - 0.393414 10000 10178 0.982511 10384 10267 1.0114
0.393414 - 0.518361 10000 9945 1.00553 9823 10156 0.967212
0.518361 - 0.68837 10000 9938 1.00624 10319 10086 1.0231
0.68837 - 0.939473 10000 10007 0.9993 10099 10271 0.983254
0.939473 - 1.39793 10000 10067 0.993345 10228 10317 0.991373

1.39793 - 18 10000 9914 1.00867 10053 10035 1.00179

TABLE I: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0805183 8795 8836 0.99536 8953 8660 1.03383
0.0805183 - 0.143297 7053 7083 0.995765 6955 7099 0.979715
0.143297 - 0.21294 6992 6996 0.999428 7056 7015 1.00584
0.21294 - 0.293594 7168 7133 1.00491 7388 7259 1.01777
0.293594 - 0.393414 8205 8046 1.01976 8169 8050 1.01478
0.393414 - 0.518361 8848 8764 1.00958 8969 8898 1.00798
0.518361 - 0.68837 10015 10150 0.9867 9985 10094 0.989202
0.68837 - 0.939473 10754 10890 0.987511 10789 10879 0.991727
0.939473 - 1.39793 12416 12242 1.01421 12213 12326 0.990832

1.39793 - 18 19742 19843 0.99491 19507 19704 0.990002

TABLE II: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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Xinchun Tian (USC, Columbia) LBNE ND@NuFact 2014 082514 39 / 31



Res FSI Effects : C .vs. Ca .vs. Ar using GENIE & GiBUU
HRI with Carolina Group

Res	
  FSI-­‐Effects:	
  	
  C	
  	
  .vs.	
  	
  Ca	
  	
  .vs.	
  	
  Ar	
  	
  using	
  	
  GENIE	
  	
  &	
  	
  GIBUU	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  HRI	
  	
  with	
  	
  Carolina	
  	
  Gr

7

B. RES-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (RES-CC)
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 9998 10032 0.996611 10052 10145 0.990833
0.0906484 - 0.173777 10000 9930 1.00705 9798 10002 0.979604
0.173777 - 0.261911 10000 9846 1.01564 9879 9898 0.99808
0.261911 - 0.3639 10000 10030 0.997009 10085 10104 0.99812
0.3639 - 0.483063 10000 10008 0.999201 10101 10132 0.99694

0.483063 - 0.631444 10000 9999 1.0001 10277 10159 1.01162
0.631444 - 0.827929 10000 10110 0.98912 10151 10015 1.01358
0.827929 - 1.1147 10000 10001 0.9999 10045 9858 1.01897
1.1147 - 1.63423 10000 9945 1.00553 9846 9815 1.00316

1.63423 - 18 10001 10098 0.990394 9765 9871 0.989261

TABLE VII: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 6324 6419 0.9852 6385 6381 1.00063
0.0906484 - 0.173777 6374 6225 1.02394 6415 6200 1.03468
0.173777 - 0.261911 6269 6108 1.02636 6296 6006 1.04829
0.261911 - 0.3639 6620 6545 1.01146 6568 6575 0.998935
0.3639 - 0.483063 6901 7086 0.973892 7051 7001 1.00714

0.483063 - 0.631444 7571 7506 1.00866 7667 7670 0.999609
0.631444 - 0.827929 8588 8795 0.976464 8636 8544 1.01077
0.827929 - 1.1147 10226 10171 1.00541 10155 10125 1.00296
1.1147 - 1.63423 13257 13247 1.00075 13281 13380 0.992601

1.63423 - 18 27723 27743 0.999279 27388 27954 0.979752

TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon
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0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.
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0.827929 - 1.1147 10226 10171 1.00541 10149 10209 0.994123
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1.63423 - 18 27723 27743 0.999279 27791 27830 0.998599

TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.
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TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.
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TABLE VII: Table for events numbers vs. Q2 bins. Events generated using GENIE.
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TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 9998 10032 0.996611 9972.2 10044.7 0.992782
0.0906484 - 0.173777 10000 9930 1.00705 9826.3 10000.8 0.982551
0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.
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TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.
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0.261911 - 0.3639 6620 6545 1.01146 6568 6575 0.998935
0.3639 - 0.483063 6901 7086 0.973892 7051 7001 1.00714

0.483063 - 0.631444 7571 7506 1.00866 7667 7670 0.999609
0.631444 - 0.827929 8588 8795 0.976464 8636 8544 1.01077
0.827929 - 1.1147 10226 10171 1.00541 10155 10125 1.00296
1.1147 - 1.63423 13257 13247 1.00075 13281 13380 0.992601

1.63423 - 18 27723 27743 0.999279 27388 27954 0.979752

TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 9998 10032 0.996611 9972.2 10044.7 0.992782
0.0906484 - 0.173777 10000 9930 1.00705 9826.3 10000.8 0.982551
0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 6324 6419 0.9852 6320 6270 1.00797
0.0906484 - 0.173777 6374 6225 1.02394 6328 6303 1.00397
0.173777 - 0.261911 6269 6108 1.02636 6130 6275 0.976892
0.261911 - 0.3639 6620 6545 1.01146 6668 6468 1.03092
0.3639 - 0.483063 6901 7086 0.973892 6972 7110 0.980591

0.483063 - 0.631444 7571 7506 1.00866 7580 7495 1.01134
0.631444 - 0.827929 8588 8795 0.976464 8498 8507 0.998942
0.827929 - 1.1147 10226 10171 1.00541 10149 10209 0.994123
1.1147 - 1.63423 13257 13247 1.00075 13423 13378 1.00336

1.63423 - 18 27723 27743 0.999279 27791 27830 0.998599

TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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B. RES-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (RES-CC)
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 9998 10032 0.996611 10052 10145 0.990833
0.0906484 - 0.173777 10000 9930 1.00705 9798 10002 0.979604
0.173777 - 0.261911 10000 9846 1.01564 9879 9898 0.99808
0.261911 - 0.3639 10000 10030 0.997009 10085 10104 0.99812
0.3639 - 0.483063 10000 10008 0.999201 10101 10132 0.99694

0.483063 - 0.631444 10000 9999 1.0001 10277 10159 1.01162
0.631444 - 0.827929 10000 10110 0.98912 10151 10015 1.01358
0.827929 - 1.1147 10000 10001 0.9999 10045 9858 1.01897
1.1147 - 1.63423 10000 9945 1.00553 9846 9815 1.00316

1.63423 - 18 10001 10098 0.990394 9765 9871 0.989261

TABLE VII: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 6324 6419 0.9852 6385 6381 1.00063
0.0906484 - 0.173777 6374 6225 1.02394 6415 6200 1.03468
0.173777 - 0.261911 6269 6108 1.02636 6296 6006 1.04829
0.261911 - 0.3639 6620 6545 1.01146 6568 6575 0.998935
0.3639 - 0.483063 6901 7086 0.973892 7051 7001 1.00714

0.483063 - 0.631444 7571 7506 1.00866 7667 7670 0.999609
0.631444 - 0.827929 8588 8795 0.976464 8636 8544 1.01077
0.827929 - 1.1147 10226 10171 1.00541 10155 10125 1.00296
1.1147 - 1.63423 13257 13247 1.00075 13281 13380 0.992601

1.63423 - 18 27723 27743 0.999279 27388 27954 0.979752

TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (RES-CC)
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 9998 10032 0.996611 9972.2 10044.7 0.992782
0.0906484 - 0.173777 10000 9930 1.00705 9826.3 10000.8 0.982551
0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 6324 6419 0.9852 6320 6270 1.00797
0.0906484 - 0.173777 6374 6225 1.02394 6328 6303 1.00397
0.173777 - 0.261911 6269 6108 1.02636 6130 6275 0.976892
0.261911 - 0.3639 6620 6545 1.01146 6668 6468 1.03092
0.3639 - 0.483063 6901 7086 0.973892 6972 7110 0.980591

0.483063 - 0.631444 7571 7506 1.00866 7580 7495 1.01134
0.631444 - 0.827929 8588 8795 0.976464 8498 8507 0.998942
0.827929 - 1.1147 10226 10171 1.00541 10149 10209 0.994123
1.1147 - 1.63423 13257 13247 1.00075 13423 13378 1.00336

1.63423 - 18 27723 27743 0.999279 27791 27830 0.998599

TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (RES-CC)
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 9998 10032 0.996611 10052 10145 0.990833
0.0906484 - 0.173777 10000 9930 1.00705 9798 10002 0.979604
0.173777 - 0.261911 10000 9846 1.01564 9879 9898 0.99808
0.261911 - 0.3639 10000 10030 0.997009 10085 10104 0.99812
0.3639 - 0.483063 10000 10008 0.999201 10101 10132 0.99694

0.483063 - 0.631444 10000 9999 1.0001 10277 10159 1.01162
0.631444 - 0.827929 10000 10110 0.98912 10151 10015 1.01358
0.827929 - 1.1147 10000 10001 0.9999 10045 9858 1.01897
1.1147 - 1.63423 10000 9945 1.00553 9846 9815 1.00316

1.63423 - 18 10001 10098 0.990394 9765 9871 0.989261

TABLE VII: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 6324 6419 0.9852 6385 6381 1.00063
0.0906484 - 0.173777 6374 6225 1.02394 6415 6200 1.03468
0.173777 - 0.261911 6269 6108 1.02636 6296 6006 1.04829
0.261911 - 0.3639 6620 6545 1.01146 6568 6575 0.998935
0.3639 - 0.483063 6901 7086 0.973892 7051 7001 1.00714

0.483063 - 0.631444 7571 7506 1.00866 7667 7670 0.999609
0.631444 - 0.827929 8588 8795 0.976464 8636 8544 1.01077
0.827929 - 1.1147 10226 10171 1.00541 10155 10125 1.00296
1.1147 - 1.63423 13257 13247 1.00075 13281 13380 0.992601

1.63423 - 18 27723 27743 0.999279 27388 27954 0.979752

TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (RES-CC)
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 9998 10032 0.996611 9972.2 10044.7 0.992782
0.0906484 - 0.173777 10000 9930 1.00705 9826.3 10000.8 0.982551
0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 6324 6419 0.9852 6320 6270 1.00797
0.0906484 - 0.173777 6374 6225 1.02394 6328 6303 1.00397
0.173777 - 0.261911 6269 6108 1.02636 6130 6275 0.976892
0.261911 - 0.3639 6620 6545 1.01146 6668 6468 1.03092
0.3639 - 0.483063 6901 7086 0.973892 6972 7110 0.980591

0.483063 - 0.631444 7571 7506 1.00866 7580 7495 1.01134
0.631444 - 0.827929 8588 8795 0.976464 8498 8507 0.998942
0.827929 - 1.1147 10226 10171 1.00541 10149 10209 0.994123
1.1147 - 1.63423 13257 13247 1.00075 13423 13378 1.00336

1.63423 - 18 27723 27743 0.999279 27791 27830 0.998599

TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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B. RES-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (RES-CC)
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 9998 10032 0.996611 10052 10145 0.990833
0.0906484 - 0.173777 10000 9930 1.00705 9798 10002 0.979604
0.173777 - 0.261911 10000 9846 1.01564 9879 9898 0.99808
0.261911 - 0.3639 10000 10030 0.997009 10085 10104 0.99812
0.3639 - 0.483063 10000 10008 0.999201 10101 10132 0.99694

0.483063 - 0.631444 10000 9999 1.0001 10277 10159 1.01162
0.631444 - 0.827929 10000 10110 0.98912 10151 10015 1.01358
0.827929 - 1.1147 10000 10001 0.9999 10045 9858 1.01897
1.1147 - 1.63423 10000 9945 1.00553 9846 9815 1.00316

1.63423 - 18 10001 10098 0.990394 9765 9871 0.989261

TABLE VII: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 6324 6419 0.9852 6385 6381 1.00063
0.0906484 - 0.173777 6374 6225 1.02394 6415 6200 1.03468
0.173777 - 0.261911 6269 6108 1.02636 6296 6006 1.04829
0.261911 - 0.3639 6620 6545 1.01146 6568 6575 0.998935
0.3639 - 0.483063 6901 7086 0.973892 7051 7001 1.00714

0.483063 - 0.631444 7571 7506 1.00866 7667 7670 0.999609
0.631444 - 0.827929 8588 8795 0.976464 8636 8544 1.01077
0.827929 - 1.1147 10226 10171 1.00541 10155 10125 1.00296
1.1147 - 1.63423 13257 13247 1.00075 13281 13380 0.992601

1.63423 - 18 27723 27743 0.999279 27388 27954 0.979752

TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (RES-CC)
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 9998 10032 0.996611 9972.2 10044.7 0.992782
0.0906484 - 0.173777 10000 9930 1.00705 9826.3 10000.8 0.982551
0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 6324 6419 0.9852 6320 6270 1.00797
0.0906484 - 0.173777 6374 6225 1.02394 6328 6303 1.00397
0.173777 - 0.261911 6269 6108 1.02636 6130 6275 0.976892
0.261911 - 0.3639 6620 6545 1.01146 6668 6468 1.03092
0.3639 - 0.483063 6901 7086 0.973892 6972 7110 0.980591

0.483063 - 0.631444 7571 7506 1.00866 7580 7495 1.01134
0.631444 - 0.827929 8588 8795 0.976464 8498 8507 0.998942
0.827929 - 1.1147 10226 10171 1.00541 10149 10209 0.994123
1.1147 - 1.63423 13257 13247 1.00075 13423 13378 1.00336

1.63423 - 18 27723 27743 0.999279 27791 27830 0.998599

TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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B. RES-CC

1. NwFSI/NwoFSI vs. Q2: Carbon vs. Calcium (RES-CC)
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FIG. 4: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Calcium. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 9998 10032 0.996611 10052 10145 0.990833
0.0906484 - 0.173777 10000 9930 1.00705 9798 10002 0.979604
0.173777 - 0.261911 10000 9846 1.01564 9879 9898 0.99808
0.261911 - 0.3639 10000 10030 0.997009 10085 10104 0.99812
0.3639 - 0.483063 10000 10008 0.999201 10101 10132 0.99694

0.483063 - 0.631444 10000 9999 1.0001 10277 10159 1.01162
0.631444 - 0.827929 10000 10110 0.98912 10151 10015 1.01358
0.827929 - 1.1147 10000 10001 0.9999 10045 9858 1.01897
1.1147 - 1.63423 10000 9945 1.00553 9846 9815 1.00316

1.63423 - 18 10001 10098 0.990394 9765 9871 0.989261

TABLE VII: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Calcium NwoFSI

Calcium NwFSI
Calcium/NwoFSI

Calcium

0 - 0.0906484 6324 6419 0.9852 6385 6381 1.00063
0.0906484 - 0.173777 6374 6225 1.02394 6415 6200 1.03468
0.173777 - 0.261911 6269 6108 1.02636 6296 6006 1.04829
0.261911 - 0.3639 6620 6545 1.01146 6568 6575 0.998935
0.3639 - 0.483063 6901 7086 0.973892 7051 7001 1.00714

0.483063 - 0.631444 7571 7506 1.00866 7667 7670 0.999609
0.631444 - 0.827929 8588 8795 0.976464 8636 8544 1.01077
0.827929 - 1.1147 10226 10171 1.00541 10155 10125 1.00296
1.1147 - 1.63423 13257 13247 1.00075 13281 13380 0.992601

1.63423 - 18 27723 27743 0.999279 27388 27954 0.979752

TABLE VIII: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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2. NwFSI/NwoFSI vs. Q2: Carbon vs. Argon (RES-CC)
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FIG. 5: Plots showing NwFSI/NwoFSI vs. Q2 for Carbon and Argon. The left panel is for GENIE and the right panel is for
GiBUU.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 9998 10032 0.996611 9972.2 10044.7 0.992782
0.0906484 - 0.173777 10000 9930 1.00705 9826.3 10000.8 0.982551
0.173777 - 0.261911 10000 9846 1.01564 9690.9 9697.3 0.99934
0.261911 - 0.3639 10000 10030 0.997009 10181.5 10131.5 1.00494
0.3639 - 0.483063 10000 10008 0.999201 10035.7 9874.4 1.01634

0.483063 - 0.631444 10000 9999 1.0001 10188.8 10186.1 1.00027
0.631444 - 0.827929 10000 10110 0.98912 9882 9987.2 0.989467
0.827929 - 1.1147 10000 10001 0.9999 9939.1 9946.2 0.999286
1.1147 - 1.63423 10000 9945 1.00553 9869.7 9880.5 0.998907

1.63423 - 18 10001 10098 0.990394 10023.4 9886.8 1.01382

TABLE IX: Table for events numbers vs. Q2 bins. Events generated using GENIE.

binning NwFSI
Carbon NwoFSI

Carbon NwFSI
Carbon/NwoFSI

Carbon NwFSI
Argon NwoFSI

Argon NwFSI
Argon/NwoFSI

Argon

0 - 0.0906484 6324 6419 0.9852 6320 6270 1.00797
0.0906484 - 0.173777 6374 6225 1.02394 6328 6303 1.00397
0.173777 - 0.261911 6269 6108 1.02636 6130 6275 0.976892
0.261911 - 0.3639 6620 6545 1.01146 6668 6468 1.03092
0.3639 - 0.483063 6901 7086 0.973892 6972 7110 0.980591

0.483063 - 0.631444 7571 7506 1.00866 7580 7495 1.01134
0.631444 - 0.827929 8588 8795 0.976464 8498 8507 0.998942
0.827929 - 1.1147 10226 10171 1.00541 10149 10209 0.994123
1.1147 - 1.63423 13257 13247 1.00075 13423 13378 1.00336

1.63423 - 18 27723 27743 0.999279 27791 27830 0.998599

TABLE X: Table for events numbers vs. Q2 bins. Events generated using GiBUU.
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  vs	
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  in	
  Ca/C	
  &	
  Ar/C
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• FSI effects at ± ∼ 10%

• Different in GENIE .vs. GiBUU

• Similar in Ca/C & Ar/C
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Relative Flux: Low-ν0 method

• Relative νµ, ν̄µ flux .vs. energy from low-ν0 method

N(Eν ,EHad < ν0) = kΦ(Eν)f (
ν0

Eν
) (10)

• The correction factor f ( ν0

Eν
)→ 1 for ν0 → 0

f (
ν0

Eν
) = 1 + (

ν0

Eν
)
B
A + (

ν0

Eν
)2 C

2A + ...... (11)

• In practice use MC to calculate the correction factor normalized at high
Eν

f (Eν) =
σ(Eν ,EHad < ν0)

σ(Eν →∞,EHad < ν0)
(12)

• Need precise muon energy scale and good resolution at low ν values
• Main systematic uncertainties

• Muon (Hadronic) energy scale
• Detector smearing and effects of ν0 cut
• Cross sections (anti)neutrino-nucleus (QE, Res, DIS) and FSI
• Backgrounds and selection cuts
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