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We present a phenomenological study of nuclear effects, especially of final-state interactions (FSIs),10

in neutrino charged-current interactions. Transverse kinematic imbalance in an exclusive measure-11

ment is a direct probe of nuclear effects. Novel observables with minimal dependence on the neutrino12

energy are proposed to constrain nuclear effects in the neutrino quasielastic scattering, and especially13

in the resonant production.14

PACS numbers: 13.15.+g, 14.20.Gk, 14.60.Lm15

Introduction — The study of neutrino interactions has16

its unique challenge. Unlike for its electroweak counter-17

part – the charged lepton – neutrino energy is generally18

difficult to measure. Existing accelerator technology is19

able to provide neutrino beams with well defined direc-20

tions, and yet the beam energy spectra have to be deter-21

mined, which is of critical importance in neutrino oscil-22

lation analysis [1, 2]. With a nuclear target where neu-23

trinos interact with bound nucleons, uncertainties from24

various nuclear effects arise. Compared to an accelera-25

tor neutrino energy in the GeV regime, the momentum26

of a bound nucleon caused by the Fermi motion up to27

about 200 MeV/c, needs to be considered; the energy re-28

quired to remove a nucleon from the nucleus (binding en-29

ergy) leads to further fluctuations in the initial kinemat-30

ics. Moreover, multinucleon correlations have recently31

been conjectured to contribute significantly to the mea-32

sured cross sections in this energy regime, evoking a reex-33

amination of the long-used impulse approximation [3–8].34

Because the hadronic final states from the neutrino inter-35

action are produced inside a nuclear medium — the nu-36

cleus with Fermi moving nucleons, they experience final-37

state interactions (FSIs) before exiting and therefore can38

change both kinematics and identity. In response, the39

nucleus can be excited or break up, emitting nucleons,40

pions and photons — hence nuclear emission. These ef-41

fects further modify the final states of the elementary42

neutrino-nucleon interaction, which could already be bi-43

ased by multinucleon correlations, and place ambiguity44

in both measurements and calculations for a given in-45

teraction channel. The highly convoluted nature of the46

complexity is manifest by the fact that these nuclear ef-47

fects are all present in different channels for all nuclei48

except hydrogen [9].49

Experimental efforts to understand charged-current50

(CC) neutrino-nucleus interactions, on which spectrum51

measurements of accelerator neutrinos are based, have52

been focused on inclusive and semi-inclusive observables,53

such as total cross sections and lepton kinematics which54

depend strongly on the neutrino energy and cannot be55

directly compared among experiments. For interpreta-56

tion, theories of the elementary interactions and nuclear57

effects have to be folded with approximate neutrino en-58

ergy spectra. Accessing the nuclear effects precisely on59

the one hand is therefore difficult. On the other, under-60

standing the nuclear effects help determine the neutrino61

beam spectra. For example, Ref. [9] shows that, with62

moderate FSIs, the calorimetric approach of neutrino en-63

ergy reconstruction outperforms the kinematic one; yet64

models of FSIs have not been extensively tested because65

of the lack of measurements of the final-state hadrons.66

In this work, we propose to measure the transverse67

kinematic imbalance between the charged lepton and the68

final-state hadron(s) in an exclusive channel, such as the69

quasielastic scattering (QE) and the resonant production70

(RES). Our discussion starts with the impulse approxi-71

mation. We will first describe the nuclear medium re-72

sponse to FSIs in neutrino interactions, demonstrating73

the principle of minimal dependence on the neutrino en-74

ergy in the final-state hadronic system. Then we illus-75

trate how the corresponding nuclear/hadronic variables76

are affected by Fermi motion and FSIs. Subsequently77

the issue with multinucleon correlations and an exten-78

sion of the technique to electron-nucleus scattering will79

be shortly addressed.80

Nuclear medium response —Consider a CC interaction
on a nucleus. At the elementary level the neutrino ν
interacts with a bound nucleon N which then transits to
another hadronic state N′,

ν +N → l′ +N′, (1)

where l′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the



Why Nuclear Effects are a Problem
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• Want to understand: 
➡ Event-by-event neutrino 

energy 
➡ Initial state effects 
➡ Final state interactions (FSI) 

• What is measured in detectors is 
not the elementary interaction.

Orthogonal effects exist
in all channels, on all targets

This Talk — A NuWro truth study into:
➡ Factorising FSI from neutrino energy. 
➡ Transverse imbalance in QE and RES interactions. 
➡ Transverse imbalance in anti neutrino RES 

interactions.

Unknown E⌫

Nuclear E↵ect-Independent

Reconstruction of Energy

Spectra of Neutrino Beams

—X. Lu 2015-11-20
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Minimal Energy dependence in the Elementary Interaction
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• For QE and RES interactions, the Q2 phase space is bounded[1]. 
• Available hadronic four momentum becomes saturated at higher 

neutrino energy. 
➡ pNʹ is less neutrino energy dependent than pμ. 

• FSIs are determined by pNʹ.
[1] C.H. Llewellyn Smith Phys.Rept. 3 (1972) 261-379

[2] Binding energy neglected.
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Our discussion starts with the impulse approximation,
and multinucleon correlations will be addressed subse-
quently. Consider a CC interaction on a nucleus. At the
elementary level the neutrino ν interacts with a bound
nucleon N which then transits to another hadronic state
N′,

ν +N → l′ +N′, (1)

where l′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
virtuality Q2 ≡ q2 − ω2 and the invariant mass W of N′

are used. Following energy-momentum conservation (the
binding energy is neglected compared to the initial nu-
cleon energy), the energy transfer reads (after averaging
out the direction of p⃗N)

ω ∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (2)

where mN is the mass of the initial nucleon. Below the
deeply inelastic scattering (DIS) region, especially in QE
and RES, W is confined and Q2 is suppressed beyond
the nucleon mass scale. The hadron momentum in these
channels, as indicated by Eq. 2, “saturates” if the neu-
trino energy is above the scale Q2/2mN ∼ O(0.5 GeV)
beyond which the charged lepton retains most of the in-
crease of the neutrino energy .

Once the final state hadron N′ is produced, it starts
to propagate through the nuclear medium [12]. Under
the assumption that the elementary interaction (Eq. 1)
and the in-medium propagation are uncorrelated (hence
factorization), the momentum of N′, which depends
weakly on the neutrino energy, completely determines
the medium response, including the in-medium interac-
tion probability τf [13] and energy-momentum transfer
(∆E,∆p⃗) to the medium (if N′ decays inside the nucleus,
total effects by all decay products are considered). It is
the latter that leads to nuclear excitation [14] or break-
up and consequently nuclear emission. The probability
of nuclear emission [15] to happen, P (∆E), determines
how much of the final-state energy can be recovered. The
advantage of such a probabilistic observable is its unique
connection to the average intrinsic (assuming in a per-
fect detector) invisible energy per event which would be
otherwise detectable if carried away by nuclear emission:

⟨Einv⟩ = τf

∫

xη (x) [1− P (x)] dx, (3)

where η(∆E) is the probability density function of ∆E
in the case of FSIs.

The factorization assumption suggests that P (∆E) is
independent of the neutrino energy Eν , which is sup-
ported by a NuWro [16] simulation shown in Fig. 1. One
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FIG. 1. Nuclear emission probability as a function of the in-
medium energy transfer, simulated by NuWro [16] for νµ CC
QE on carbon (nucleus state modeled as relativistic Fermi gas
— RFG) at neutrino energy of 0.6, 1, 3 and 6 GeV. Multinu-
cleon correlations are ignored. The total in-medium interac-
tion probabilities τf are shown in the legend.

notes that different properties of P are modeled in gener-
ators. For example, in GENIE [18] the onset of P is quali-
tatively similar to the NuWro case, while in Neut [19]∆E
always leads to nuclear emission. For a precise neutrino
energy determination in future experiments P (∆E) still
awaits experimental constraints.

For a measurement of nuclear effects independent of
the neutrino energy, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable which
is however not experimentally accessible due to the un-
known initial nucleon momentum besides the yet to be
determined neutrino energy in the first place. Instead,
∆p⃗ can be directly inferred from the following single-
transverse kinematic imbalance (Fig. 2):

δφT ≡ arccos
−p⃗ l′

T · p⃗ N′

T
∣

∣p⃗ l′
T · p⃗ N′

T

∣

∣

, (4)

δp⃗T ≡ p⃗ l′

T + p⃗ N′

T , (5)

δαT ≡ arccos
−p⃗ l′

T · δp⃗T
∣

∣p⃗ l′
T · δp⃗T

∣

∣

, (6)

where p⃗ l′

T and p⃗ N′

T are the projection of the extra-nucleus
final-state momenta transverse to the neutrino direction.
If the initial-state nucleon were static and free, δφT and
δpT would be zero — this is unique compared to other
experimentally accessible variables such as the final-state
momenta. If FSIs could be switched off, δp⃗T and δαT

would be the transverse projection of p⃗N and of the an-
gle between p⃗N and q⃗, respectively. Accordingly, in the
first order, the distribution of δp⃗T would be independent
of the neutrino energy, and that of δαT would be flat
due to the isotropy of Fermi motion. But the varying
W ∗-N cross section with the center-of-mass energy in-
troduces an energy dependence, and a forward-backward

Energy transfer after
averaging over pN direction[2]

W±

N

⌫µ

N 0

µ�

Elementary Interaction



Definition: Singly Transverse Variables
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• δpT: The magnitude of the overall observable transverse momentum imbalance. 
• δαT: Characterises a processes as causing an apparent ‘acceleration’ (δαT > 90o) 

or ‘deceleration’ (δαT < 90o) on the proton along an axis defined by the lepton. 
• δφT: The angular difference from the lepton and proton being ‘back-to-back’ in 

the transverse plane.

Some previous uses of transverse 
variables in neutrino physics: 

• MINERνA (Phys. Rev. D 91, 071301 (2015))  
• T2K INGRID (Phys. Rev. D. 91, 112002 (2015)) 
• NOMAD (Eur.Phys.J.C63:355-381,2009)
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• Low δpT characterised by 
weak or no FSI—reflects 
Fermi motion distribution. 

• Peak position and width 
largely insensitive to the 
effects of FSI models 
because of low event-by-
event FSI probability[1]. 

• High δpT determined by 
the FSI model.

Initial State effect in δpT Distribution

[1] Average FSI probability: NuWro RFG QE: 0.25

Initial State

Final State:
After FSI
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• Isotropy of Fermi motion boost causes flat-ish δαT. 

• FSI processes generally result in momentum transfer to the medium. 
➡ FSI results in characteristic peak at the ‘decelerating’ end of 

distribution.

δαT: Accelerating or Decelerating

δαT characterises apparent 
proton acceleration.
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• At low pµT Pauli blocking suppresses QE events with low three 
momentum transfer, q, when q is not aligned with the initial nucleon 
momentum. 
➡ High δαT region is suppressed for low qT.

δαT: Pauli Blocking
~p ⌫pN,Fermi
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• δpT, and δαT determined by the nucleon momentum distribution and FSIs. 
➡ Largely factorisable from neutrino energy. 

• δΦT includes more dependence on interaction kinematics. 
➡ Energy evolution below Q2 saturation is pronounced. 

• δΦT evolution for higher energy is opposite to evolution with stronger FSIs. 
➡ Still highly convoluted. 

• Event-by-event high δΦT: Low pµ
T / Strong FSI ⇒ Examine in pµ

T slices.
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L. Pickering2015-11-20 δΦT: Extra Energy Dependence

For given momentum loss (δpT), δΦT 
scales inversely with  muon pT
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Defintion: Imbalance in Δ Production
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• Take imbalances in μ–p system to the next logical step. 
•  Examine μ–(p+π±) system: 

• Expect the μ–Δ, RES, system to be balanced similarly to μ–p, QE. 
• Constructible in a neutrino-mode CC1p1π+ selection and compare to neutrino-

mode CCQE-like.  
• However, we can also build these in an anti-neutrino CC1p1π- selection. 
➡ FSI probe in an anti-neutrino beam!
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• Pauli blocking affects Δ decay: Δ → N + x. 
• Naively doesn’t affect Δ ‘production’ phase space if production/decay are 

decoupled. 
• Will a measurement at low three-momentum transfer agree with these 

predictions?

δαT: Pauli Blocking in RES
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Investigating FSIs in Δ Resonance Production
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• Comparisons between QE 
and Δ++ and Δ0 highlight 
differences in proton, π+, 
and π- FSI. 

• Measuring these 
distributions would allow a 
probe of FSI effects within 
neutrino-nuclear 
scattering. 

• Often nucleon-nucleus, π-
nucleus data is used. 
Intra- and extra-nuclear 
forces may be different.

Minor predicted differences,
what would data show?
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1 GeV Generator Comparisons
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• Through a NuWro MC truth study we have shown that single 
transverse imbalance is a powerful way to isolate a number of 
nuclear effects. 

➡ Can be measured in neutrino-nucleus scattering—a 
complementary approach to hadron beams on thin-target. 

➡ Can probe nuclear effects in an anti-neutrino beam. 

• In future: Compare to more generators and models to show 
that transverse imbalance is a powerful way to discriminate 
between models. 

• Which experiment is going to provide the first measurement of 
transverse imbalance in (anti)neutrino Δ production‽
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Introduction — The study of neutrino interactions has16

its unique challenge. Unlike for its electroweak counter-17

part – the charged lepton – neutrino energy is generally18

difficult to measure. Existing accelerator technology is19

able to provide neutrino beams with well defined direc-20

tions, and yet the beam energy spectra have to be deter-21

mined, which is of critical importance in neutrino oscil-22

lation analysis [1, 2]. With a nuclear target where neu-23

trinos interact with bound nucleons, uncertainties from24

various nuclear effects arise. Compared to an accelera-25

tor neutrino energy in the GeV regime, the momentum26

of a bound nucleon caused by the Fermi motion up to27

about 200 MeV/c, needs to be considered; the energy re-28

quired to remove a nucleon from the nucleus (binding en-29

ergy) leads to further fluctuations in the initial kinemat-30

ics. Moreover, multinucleon correlations have recently31

been conjectured to contribute significantly to the mea-32

sured cross sections in this energy regime, evoking a reex-33

amination of the long-used impulse approximation [3–8].34

Because the hadronic final states from the neutrino inter-35

action are produced inside a nuclear medium — the nu-36

cleus with Fermi moving nucleons, they experience final-37

state interactions (FSIs) before exiting and therefore can38

change both kinematics and identity. In response, the39

nucleus can be excited or break up, emitting nucleons,40

pions and photons — hence nuclear emission. These ef-41

fects further modify the final states of the elementary42

neutrino-nucleon interaction, which could already be bi-43

ased by multinucleon correlations, and place ambiguity44

in both measurements and calculations for a given in-45

teraction channel. The highly convoluted nature of the46

complexity is manifest by the fact that these nuclear ef-47

fects are all present in different channels for all nuclei48

except hydrogen [9].49

Experimental efforts to understand charged-current50

(CC) neutrino-nucleus interactions, on which spectrum51

measurements of accelerator neutrinos are based, have52

been focused on inclusive and semi-inclusive observables,53

such as total cross sections and lepton kinematics which54

depend strongly on the neutrino energy and cannot be55

directly compared among experiments. For interpreta-56

tion, theories of the elementary interactions and nuclear57

effects have to be folded with approximate neutrino en-58

ergy spectra. Accessing the nuclear effects precisely on59

the one hand is therefore difficult. On the other, under-60

standing the nuclear effects help determine the neutrino61

beam spectra. For example, Ref. [9] shows that, with62

moderate FSIs, the calorimetric approach of neutrino en-63

ergy reconstruction outperforms the kinematic one; yet64

models of FSIs have not been extensively tested because65

of the lack of measurements of the final-state hadrons.66

In this work, we propose to measure the transverse67

kinematic imbalance between the charged lepton and the68

final-state hadron(s) in an exclusive channel, such as the69

quasielastic scattering (QE) and the resonant production70

(RES). Our discussion starts with the impulse approxi-71

mation. We will first describe the nuclear medium re-72

sponse to FSIs in neutrino interactions, demonstrating73

the principle of minimal dependence on the neutrino en-74

ergy in the final-state hadronic system. Then we illus-75

trate how the corresponding nuclear/hadronic variables76

are affected by Fermi motion and FSIs. Subsequently77

the issue with multinucleon correlations and an exten-78

sion of the technique to electron-nucleus scattering will79

be shortly addressed.80

Nuclear medium response —Consider a CC interaction
on a nucleus. At the elementary level the neutrino ν
interacts with a bound nucleon N which then transits to
another hadronic state N′,

ν +N → l′ +N′, (1)

where l′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
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Previous Uses: Singly Transverse Variables
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Previous use of transverse 
variables in neutrino physics: 
•MINERνA (Phys. Rev. D 91, 
071301 (2015))  

➡Measured: 𝜑 = 180 - δΦT in 
CC0Pi. 

•T2K INGRID (Phys. Rev. D. 91, 112002 
(2015)) 

➡Use: (180 - δΦT)  for selection purity in 
CCQE. 

•NOMAD (Eur.Phys.J.C63:355-381,2009) 
➡Use: (α = 180 - δΦT), δpT as selection 
likelihood inputs in CCQE.
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Energy Transfer Saturation
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2-Nov-2015 X.-G. Lu, Oxford 6

Minimal energy dependence with final-state hadronic kinematics

NuWro T2K flux
N: nucleon
N': nucleon' or resonance
4-momentum transfer from lepton: 
Virtuality: Q2

Invariant mass of N': W
Ignoring binding energy, so that 

Fermi motion isotropic, ~ 0 on average

For QE and RES, Q2<<m
N

2 (interaction length)

W is nucleon or resonance mass. 

ω “saturates” when E
ν
 > ω(Q2=m

N

2) ~ m
N
/2

Hadronic kinematics much less E
ν
-dependent than leptonic ones

effect

µ

p π
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RES Q2, Δ++ Saturation.
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NuWro 1 GeV C-Target 

NuWro 6 GeV 
C-Target 
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NuWro 1 GeV C-Target 

NuWro 6 GeV 
C-Target 



Singly Transverse Imbalances: Math
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2

Our discussion starts with the impulse approximation,
and multinucleon correlations will be addressed subse-
quently. Consider a CC interaction on a nucleus. At the
elementary level the neutrino ν interacts with a bound
nucleon N which then transits to another hadronic state
N′,

ν +N → l′ +N′, (1)

where l′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
virtuality Q2 ≡ q2 − ω2 and the invariant mass W of N′

are used. Following energy-momentum conservation (the
binding energy is neglected compared to the initial nu-
cleon energy), the energy transfer reads (after averaging
out the direction of p⃗N)

ω ∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (2)

where mN is the mass of the initial nucleon. Below the
deeply inelastic scattering (DIS) region, especially in QE
and RES, W is confined and Q2 is suppressed beyond
the nucleon mass scale. The hadron momentum in these
channels, as indicated by Eq. 2, “saturates” if the neu-
trino energy is above the scale Q2/2mN ∼ O(0.5 GeV)
beyond which the charged lepton retains most of the in-
crease of the neutrino energy .

Once the final state hadron N′ is produced, it starts
to propagate through the nuclear medium [12]. Under
the assumption that the elementary interaction (Eq. 1)
and the in-medium propagation are uncorrelated (hence
factorization), the momentum of N′, which depends
weakly on the neutrino energy, completely determines
the medium response, including the in-medium interac-
tion probability τf [13] and energy-momentum transfer
(∆E,∆p⃗) to the medium (if N′ decays inside the nucleus,
total effects by all decay products are considered). It is
the latter that leads to nuclear excitation [14] or break-
up and consequently nuclear emission. The probability
of nuclear emission [15] to happen, P (∆E), determines
how much of the final-state energy can be recovered. The
advantage of such a probabilistic observable is its unique
connection to the average intrinsic (assuming in a per-
fect detector) invisible energy per event which would be
otherwise detectable if carried away by nuclear emission:

⟨Einv⟩ = τf

∫

xη (x) [1− P (x)] dx, (3)

where η(∆E) is the probability density function of ∆E
in the case of FSIs.

The factorization assumption suggests that P (∆E) is
independent of the neutrino energy Eν , which is sup-
ported by a NuWro [16] simulation shown in Fig. 1. One

 (MeV)E∆
0 10 20 30 40 50 60 70
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0.4
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0.8

1

C(RFG), QEµνNuWro, 

=0.22fτ=0.6 GeV, νE

=0.25fτ=1 GeV, νE

=0.28fτ=3 GeV, νE

=0.28fτ=6 GeV, νE

FIG. 1. Nuclear emission probability as a function of the in-
medium energy transfer, simulated by NuWro [16] for νµ CC
QE on carbon (nucleus state modeled as relativistic Fermi gas
— RFG) at neutrino energy of 0.6, 1, 3 and 6 GeV. Multinu-
cleon correlations are ignored. The total in-medium interac-
tion probabilities τf are shown in the legend.

notes that different properties of P are modeled in gener-
ators. For example, in GENIE [18] the onset of P is quali-
tatively similar to the NuWro case, while in Neut [19]∆E
always leads to nuclear emission. For a precise neutrino
energy determination in future experiments P (∆E) still
awaits experimental constraints.

For a measurement of nuclear effects independent of
the neutrino energy, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable which
is however not experimentally accessible due to the un-
known initial nucleon momentum besides the yet to be
determined neutrino energy in the first place. Instead,
∆p⃗ can be directly inferred from the following single-
transverse kinematic imbalance (Fig. 2):

δφT ≡ arccos
−p⃗ l′

T · p⃗ N′

T
∣

∣p⃗ l′
T · p⃗ N′

T

∣

∣

, (4)

δp⃗T ≡ p⃗ l′

T + p⃗ N′

T , (5)

δαT ≡ arccos
−p⃗ l′

T · δp⃗T
∣

∣p⃗ l′
T · δp⃗T

∣

∣

, (6)

where p⃗ l′

T and p⃗ N′

T are the projection of the extra-nucleus
final-state momenta transverse to the neutrino direction.
If the initial-state nucleon were static and free, δφT and
δpT would be zero — this is unique compared to other
experimentally accessible variables such as the final-state
momenta. If FSIs could be switched off, δp⃗T and δαT

would be the transverse projection of p⃗N and of the an-
gle between p⃗N and q⃗, respectively. Accordingly, in the
first order, the distribution of δp⃗T would be independent
of the neutrino energy, and that of δαT would be flat
due to the isotropy of Fermi motion. But the varying
W ∗-N cross section with the center-of-mass energy in-
troduces an energy dependence, and a forward-backward
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T2K Internal: http://www.t2k.org/asg/xsec/meetings/2015/niwg-022015-premeeting/xluTAB/view

(Multi-nucleon 
correlations)

http://www.t2k.org/asg/xsec/meetings/2015/niwg-022015-premeeting/xluTAB/view
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• New distributions are a good test 
of generator predictions—
untuned. 

• GENIE hA appears to cause an 
excess of accelerating FSI to 
bring proton and muon more 
back-to-back. 

• Removing events with elastic FSIs 
removes this effect.

Accelerating FSI in GENIE hA Prediction

Y Slice Normalised.

GENIE hA Nominal

GENIE hA
Elastic FSI
Removed
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NuWro: Energy effects
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Single Transverse Imbalance in Δ Production
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• δΦT becomes challenging 
to use in direct QE–RES 
comparisons due to larger 
dependence on the 
interaction kinematics. 

• Can examine in pµT slices.
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1 GeV Generator Comparisons
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Imbalance as a Selection Variable

26

L. Pickering2015-11-20

• Apply ‘tracking’ thresholds: 

• Use CCnp0Pi and CCnp1Pi+ to select QE and RES Δ events. 
• Data measurements of distributions including hadronic kinematics are important.

➡ p, π±: KETrack > 100 MeV. 
➡ neutrals undetected. 

➡ lepton± required.



Imbalance as a Selection Variable
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29

L. Pickering2015-11-20



numu_flux
Entries  189
Mean   0.7654
RMS    0.6354

 (GeV)ν E
1 2 3 4 5

Fl
ux

 (A
.U

.)

0

0.02

0.04

0.06

0.08

0.1

numu_flux
Entries  189
Mean   0.7654
RMS    0.6354T2K Off Axis

numu_flux
Entries  99
Mean    3.271
RMS     1.622Fluxes Used.

30

L. Pickering2015-11-20

• Fluxes from NuWro input: https://github.com/cjusz/nuwro/tree/master/data/
beam

T2K Off Axis
MiniBooNE

NuMI On Axis

https://github.com/cjusz/nuwro/tree/master/data/beam
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NEUT and NuWro show different Nuclear breakup 
probabilities as a function of energy transfer to the nucleus.
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• Different FSI models predict very different nuclear emission probabilities 
as a function of momentum transfer to the nucleus. 

• Nuclear emission directly responsible for mis-reconstructed neutrino 
energy—interaction mode ambiguity, neutral emission. 

• Parameterise the probability of an FSI by

Nuclear emission changes
FS topology and carries energy 

from interacting particles
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• Below the Fermi momenta, δpT is 
mostly generated by Fermi motion. 

• This region is dominated by events 
with no nuclear emission. 

• The probability of nuclear emission in 
this region should be suppressed by 
(1-𝜏f). 

• P measurable in topology-based 
selections (CC1p0Pi, CC1p1Pi+) with 
vertex energy and extra protons.
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Content and Structure

Direct constraint on in-medium interaction 
probability – tau

Difficulty: challenging control on non-exclusive 
background
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• Developed code to translate the native outputs of NEUT and 
GiBUU to a RooTracker-like format. 
• NEUT: https://github.com/luketpickering/NeutToRooTracker 
• GiBUU: https://github.com/luketpickering/GiBUU-t2k-dev 

• Transverse-focussed analysis framework which takes RooTracker 
input, with modular customisations available for different flavours of 
RooTracker input (e.g. different generators will have subtle 
differences/extra information). 
• NuTRAPAnalysis: https://github.com/luketpickering/NuTRAPAnalysis 

• All questions/comments/issues welcome 
lp208[at]ic[dot]ac[dot]uk or GitHub issue tracker! 

• Caveat: You need a C++11 enabled compiler!



Generator Versions
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• NEUT: 5.3.3 
• GENIE: 2.8.6 
• GiBUU: release 1.6 
• NuWro: 11q



Can we see π-
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• Non-exhaustive previous measurements: 
• MINERvA CC π± production: arXiv:1406.6415 -- FERMILAB-PUB-14-193-E. 
• MINERvA CCCoh π±: arXiv:1409.3835 -- Phys. Rev. Lett. 113, 261802 (2014). 
• The Zeller/Formaggio review arXiv:1305.75131 -- Rev. Mod. Phys. 84, 1307 (2012) 

which contain some results on D2 and CF3Br targets. 

• From an FSI/SI standpoint: 
• TAPS: Solid BaF2 calorimeter. 
• GENIE 2.10 User and Physics Manual 

• Figure 2.17 -- contains comparisons of π± thin target data with INC calculations. 
• The GENIE FSI hA model assumes that π+ FSI ≃π− FSI. 

•  —This is the default FSI model in GENIE v2.4.0 [sic], the public version as of 
now. It uses identical cross section for π+ and π− and for p and n.— 

• GiBUU 
• Various, but bits towards the end such as Fig. B.53. show that I wouldn't expect 
π− to disappear more much more frequently, in flight, than a π+.


