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• Use the latest MINERvA flux and run GENIE using the detector coordinates

• GENIE needs specific a window to generate the flux 

First Step
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GENIE events at ICARUS from NuMI off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT

• NuMI produces about 5.5 e20 POT per year 

3

6− 4− 2− 0 2 4 6
x(m)

6−

4−

2−

0

2

4

6

y(
m
)

0

1

2

3

4

5

6

7

8

15− 10− 5− 0 5 10 15
z(m)

6−

4−

2−

0

2

4

6

y(
m
)

0

1

2

3

4

5

6

7

8

15− 10− 5− 0 5 10 15
z(m)

6−

4−

2−

0

2

4

6

x(
m
)

0

1

2

3

4

5

6

7

8

9

GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
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• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
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• Applying fiducial cuts ~ 20 cm cut from the edge of the detector 
Neutrino Interactions at Fiducial Volumen
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
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• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
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GENIE events at ICARUS from NuMi off axis
• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Numi produces about 5.5 e20 POT per year 
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• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
• Applying fiducial cuts ~ 20 cm cut from the edge of the detector 

6

QE 5201 MEC 1931 
 RES 3130 DIS 1888

QE 189 MEC 61  
RES 156 DIS 60

νμ+νμ bar νe+νe bar

Neutrino Interactions at Fiducial Volumen

0 1 2 3 4 5 6
 Energy (eV)

0

200

400

600

800

1000

1200

1400 E
nt

rie
s QE

MEC
RES
DIS

Scattering Plots

0 1 2 3 4 5 6
 Energy (eV)

0

5

10

15

20

25

30

35

40

 E
nt

rie
s QE

MEC
RES
DIS

Scattering Plots

• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
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• Ran 50000 events (nue, nuebar, numu and numubar): 5.8e18 POT
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• Muon neutrino and muon antineutrino 
Neutrinos and Antineutrinos
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94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

● (pre2015) hA: effective model, include “elastic component” in intranuclear scattering, used in 
GENIE MINERvA Tune (v1)

● hA2015: removed “elastic component”, replacing hA in MnvGENIE-v1-hA2015

Xianguo Lu, Oxford

QE peak not distorted, but much narrower

• MINERvA experiment measured quasi-elastic interactions with 2 
tracks

• Differential cross section in initial struck neutron momentum pn

Quasi Elastic Scattering Measurements  

8Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p

Phys.Rev.Lett. 121 (2018) no.2, 022504 

• One muon, no pions and at least 
one proton with
momentum > 450 MeV/c
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• One muon, no pions and at least on proton with momentum>300 
MeV/c

Prediction for ICARUS

9
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Next

10

• We need to generate a good sample of neutrino interactions and reconstruct 
the events to start some analysis

• Include the flux constraints from the MINERvA experiment, MINERvA had 
used external data to constraint the NuMI flux 
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Back Slides 

11



Minerba Betancourt

• Differential cross section in transverse boosting angle δαT

- The transverse boosting angle δαT represents the direction of the 
transverse momentum imbalance

94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

● (pre2015) hA: effective model, include “elastic component” in intranuclear scattering, used in 
GENIE MINERvA Tune (v1)

● hA2015: removed “elastic component”, replacing hA in MnvGENIE-v1-hA2015

Xianguo Lu, Oxford

QE peak not distorted, but much narrower

Transverse Kinematic Imbalances (CCQE-like sample)

12

3

FIG. 2. Schematic illustration of the single-transverse kine-
matic imbalance—δφT, δp⃗T and δαT—defined in the plane
transverse to the neutrino direction.

transverse projection. The combined effect determines
the evolution of the δαT distribution with pℓ

′

T. An exam-
ple predicted by NuWro is shown in Fig. 3. At pℓ

′

T ! pF,
the cross section for δαT at 180 degrees is suppressed
in QE interactions due to Pauli blocking, which leads to
a forward peak in the distribution of δαT at small pℓ

′

T.
As pℓ

′

T → Eν , the cross section for δαT at 0 degrees is
suppressed by the conservation of the longitudinal mo-
mentum. Even though the fractions of events in both
extremes of the pℓ

′

T spectrum change with the neutrino
energy, they are insignificant for the few GeV neutrino
interactions. As a result, the δpT and δαT distributions
are largely independent of Eν , as is shown in Fig. 4, where
the evolution of the distributions with the neutrino en-
ergy is dominated by variations in the strength of the
FSIs.
The transverse momentum imbalance δpT has been

used by the NOMAD experiment to enhance the purity of
the selected QE [15], while the “transverse boosting an-
gle” δαT is proposed here for the first time. Experimen-
tal data on δαT will reveal the accelerating/decelerating
nature of FSIs. Its dependence on pℓ

′

T, measured in a
detector that has a low momentum threshold, will addi-
tionally provide constraints on Pauli blocking.
Besides the transverse momentum imbalance and

boosting angle, another single-transverse variable can be
defined (Fig. 2):

δφT ≡ arccos
−p⃗ ℓ

′

T · p⃗N′

T

pℓ
′

Tp
N′

T

, (6)

which measures the deflection of N′ with respect to q⃗
in the transverse plane. If the initial-state nucleon were
static and free, δφT would be zero; with nuclear effects,
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FIG. 3. Conditional probability density function of δαT as
a function of the muon pT without FSIs (each slice of pµT is
normalized in such a way that the maximum is 1; the renor-
malized density is shown on the z-axis), predicted by NuWro
for νµ CC QE on carbon (RFG) at neutrino energy of 1 GeV
with FSIs switched off.

the deflection caused by ∆p⃗ adds in a smearing to the
initial distribution of δφT that is determined by p⃗N. Ex-
periments have measured the δφT distribution in QE-like
events [16] and used it to enhance the QE purity [15, 17].
However, the trigonometric relation illustrated by Fig. 2
shows that δφT scales with δpT/pℓ

′

T and therefore depends
on the lepton kinematics which are sensitive to the neu-
trino energy. The energy dependence of pℓ

′

T counteracts
the FSI deflection and the uncertainties from the nuclear
effects and neutrino flux become convolved. The distri-
bution of δφT by NuWro is shown in Fig. 5 for different
neutrino energies. In contrast to the expected evolution
with the FSI strength, the distribution becomes narrower
at higher energy because of the increase of pℓ

′

T. This
serves as an example of how the neutrino energy depen-
dence can bias a measurement of nuclear effects. Because
of the pℓ

′

T dependence, the single-transverse variables all
suffer to some extent from a dependence on the neutrino
energy even after kinematic saturation is reached. Nev-
ertheless, the study of nuclear effects can be performed
by restricting pℓ

′

T.

IV. MODEL PREDICTIONS

In the previous discussion, an equivalence is estab-
lished between the nuclear effects in neutrino-nucleus in-
teractions and the transverse kinematic imbalance. Ini-
tial and final-state effects can be directly observed via
δp⃗T, as can be seen by rewriting Eq. 4 into

δp⃗T = p⃗N
T −∆p⃗T, (7)

where p⃗N is the momentum of the initial nucleon. In this
section we present the latest predictions of the single-
transverse variables. Interactions of neutrinos from the

2

II. NUCLEAR MEDIUM RESPONSE

Consider a CC interaction on a nucleus. At the basic
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
nucleon energy [6]), the energy transfer reads

ω =
Q2 +W 2 −m2

N + 2q⃗ · p⃗N

2
√

m2
N + p2N

, (2)

∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (3)

where mN is the mass of N, and the last line follows from
averaging out the direction of p⃗N in Eq. 2, which is a first
order approximation because the polarization term ∼

q⃗·p⃗N with opposite orientations of p⃗N for a give q⃗ does not
exactly cancel as the W ∗-N cross section is slightly dif-
ferent with the varying center-of-mass energy [7]. Below
the deeply inelastic scattering (DIS) region—especially
in QE and RES where W equals the nucleon and dom-
inantly the ∆(1232) resonance mass, respectively—the
cross section is suppressed when Q is larger than the nu-
cleon mass. The hadron momentum in these channels,
as indicated by Eq. 3, “saturates” if the neutrino energy
is above the scale Q2/2mN ∼ O(0.5 GeV) beyond which
the charged lepton retains most of the increase of the
neutrino energy.
Once the final state hadron N′ is produced, it starts

to propagate through the nuclear medium [8]. Under the
assumption that the basic interaction (Eq. 1) and the
in-medium propagation are uncorrelated (i.e., are factor-
ized), the momentum of N′, which depends weakly on
the neutrino energy, completely determines the medium
response, including the in-medium interaction probabil-
ity τf [9] and the energy-momentum transfer (∆E,∆p⃗)
to the medium (if N′ decays inside the nucleus, the to-
tal effect of all decay products is considered). It is the
latter that leads to nuclear excitation [10] or break-up
and consequently nuclear emission. The nuclear emission
probability, P (∆E,∆p⃗), correlates the medium response
to the in-medium energy-momentum transfer [11]. The
factorization assumption suggests that P (∆E,∆p⃗) is in-
dependent of the neutrino energy Eν , which is consistent
with the implementation in the NuWro [12, 13] simula-
tion shown in Fig. 1. In addition, as the neutrino energy
increases, the predicted FSI strength saturates, as is in-
dicated by τf in the figure.
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FIG. 1. Nuclear emission probability as a function of the
in-medium momentum transfer, simulated by NuWro [12] for
νµ CC QE on carbon—nuclear state modeled as relativistic
Fermi gas (RFG) [14]—at neutrino energy of 0.6, 1, 3 and
6 GeV. Multinucleon correlations are ignored. The in-medium
interaction probability τf (extracted from the simulation out-
put throughout this work) is shown in the legend.

III. SINGLE-TRANSVERSE KINEMATIC

IMBALANCE

To make a neutrino energy-independent measurement
of nuclear effects, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable; this
however is not experimentally accessible because of the
unknown initial nucleon momentum and the initially un-
known neutrino energy. Instead, ∆p⃗ can be directly in-
ferred from the following single-transverse kinematic im-
balance (Fig. 2):

δp⃗T ≡ p⃗ ℓ
′

T + p⃗N′

T , (4)

δαT ≡ arccos
−p⃗ ℓ

′

T · δp⃗T
pℓ

′

TδpT
, (5)

where p⃗ ℓ
′

T and p⃗N′

T are the projections of the extra-nucleus
final-state momenta transverse to the neutrino direction.
In particular, −p⃗ ℓ

′

T = q⃗T, the transverse component of q⃗.
If the initial-state nucleon were static and free, δpT

would be zero—a feature that is not possessed by 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, to first
approximation, the distribution of δp⃗T would be inde-
pendent of the neutrino energy, and that of δαT would
be flat due to the isotropy of Fermi motion. The FSI
acceleration (deceleration) of the propagating N′ adds in
a smearing to δpT and pushes δp⃗T forward (backward)
to (−)q⃗T, making δαT → 0 (180) degrees.
Second order effects that lead to the dependence on

the neutrino energy include the previously discussed po-
larization (see text after Eq. 2), Pauli blocking, and the
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FIG. 2. Schematic illustration of the single-transverse kine-
matic imbalance—δφT, δp⃗T and δαT—defined in the plane
transverse to the neutrino direction.

transverse projection. The combined effect determines
the evolution of the δαT distribution with pℓ

′

T. An exam-
ple predicted by NuWro is shown in Fig. 3. At pℓ

′

T ! pF,
the cross section for δαT at 180 degrees is suppressed
in QE interactions due to Pauli blocking, which leads to
a forward peak in the distribution of δαT at small pℓ

′

T.
As pℓ

′

T → Eν , the cross section for δαT at 0 degrees is
suppressed by the conservation of the longitudinal mo-
mentum. Even though the fractions of events in both
extremes of the pℓ

′

T spectrum change with the neutrino
energy, they are insignificant for the few GeV neutrino
interactions. As a result, the δpT and δαT distributions
are largely independent of Eν , as is shown in Fig. 4, where
the evolution of the distributions with the neutrino en-
ergy is dominated by variations in the strength of the
FSIs.
The transverse momentum imbalance δpT has been

used by the NOMAD experiment to enhance the purity of
the selected QE [15], while the “transverse boosting an-
gle” δαT is proposed here for the first time. Experimen-
tal data on δαT will reveal the accelerating/decelerating
nature of FSIs. Its dependence on pℓ

′

T, measured in a
detector that has a low momentum threshold, will addi-
tionally provide constraints on Pauli blocking.
Besides the transverse momentum imbalance and

boosting angle, another single-transverse variable can be
defined (Fig. 2):

δφT ≡ arccos
−p⃗ ℓ

′

T · p⃗N′

T

pℓ
′

Tp
N′

T

, (6)

which measures the deflection of N′ with respect to q⃗
in the transverse plane. If the initial-state nucleon were
static and free, δφT would be zero; with nuclear effects,
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FIG. 3. Conditional probability density function of δαT as
a function of the muon pT without FSIs (each slice of pµT is
normalized in such a way that the maximum is 1; the renor-
malized density is shown on the z-axis), predicted by NuWro
for νµ CC QE on carbon (RFG) at neutrino energy of 1 GeV
with FSIs switched off.

the deflection caused by ∆p⃗ adds in a smearing to the
initial distribution of δφT that is determined by p⃗N. Ex-
periments have measured the δφT distribution in QE-like
events [16] and used it to enhance the QE purity [15, 17].
However, the trigonometric relation illustrated by Fig. 2
shows that δφT scales with δpT/pℓ

′

T and therefore depends
on the lepton kinematics which are sensitive to the neu-
trino energy. The energy dependence of pℓ

′

T counteracts
the FSI deflection and the uncertainties from the nuclear
effects and neutrino flux become convolved. The distri-
bution of δφT by NuWro is shown in Fig. 5 for different
neutrino energies. In contrast to the expected evolution
with the FSI strength, the distribution becomes narrower
at higher energy because of the increase of pℓ

′

T. This
serves as an example of how the neutrino energy depen-
dence can bias a measurement of nuclear effects. Because
of the pℓ

′

T dependence, the single-transverse variables all
suffer to some extent from a dependence on the neutrino
energy even after kinematic saturation is reached. Nev-
ertheless, the study of nuclear effects can be performed
by restricting pℓ

′

T.

IV. MODEL PREDICTIONS

In the previous discussion, an equivalence is estab-
lished between the nuclear effects in neutrino-nucleus in-
teractions and the transverse kinematic imbalance. Ini-
tial and final-state effects can be directly observed via
δp⃗T, as can be seen by rewriting Eq. 4 into

δp⃗T = p⃗N
T −∆p⃗T, (7)

where p⃗N is the momentum of the initial nucleon. In this
section we present the latest predictions of the single-
transverse variables. Interactions of neutrinos from the

2

II. NUCLEAR MEDIUM RESPONSE

Consider a CC interaction on a nucleus. At the basic
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
nucleon energy [6]), the energy transfer reads

ω =
Q2 +W 2 −m2

N + 2q⃗ · p⃗N

2
√

m2
N + p2N

, (2)

∼
Q2 +W 2 −m2

N
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√
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N + p2N

, (3)

where mN is the mass of N, and the last line follows from
averaging out the direction of p⃗N in Eq. 2, which is a first
order approximation because the polarization term ∼

q⃗·p⃗N with opposite orientations of p⃗N for a give q⃗ does not
exactly cancel as the W ∗-N cross section is slightly dif-
ferent with the varying center-of-mass energy [7]. Below
the deeply inelastic scattering (DIS) region—especially
in QE and RES where W equals the nucleon and dom-
inantly the ∆(1232) resonance mass, respectively—the
cross section is suppressed when Q is larger than the nu-
cleon mass. The hadron momentum in these channels,
as indicated by Eq. 3, “saturates” if the neutrino energy
is above the scale Q2/2mN ∼ O(0.5 GeV) beyond which
the charged lepton retains most of the increase of the
neutrino energy.
Once the final state hadron N′ is produced, it starts

to propagate through the nuclear medium [8]. Under the
assumption that the basic interaction (Eq. 1) and the
in-medium propagation are uncorrelated (i.e., are factor-
ized), the momentum of N′, which depends weakly on
the neutrino energy, completely determines the medium
response, including the in-medium interaction probabil-
ity τf [9] and the energy-momentum transfer (∆E,∆p⃗)
to the medium (if N′ decays inside the nucleus, the to-
tal effect of all decay products is considered). It is the
latter that leads to nuclear excitation [10] or break-up
and consequently nuclear emission. The nuclear emission
probability, P (∆E,∆p⃗), correlates the medium response
to the in-medium energy-momentum transfer [11]. The
factorization assumption suggests that P (∆E,∆p⃗) is in-
dependent of the neutrino energy Eν , which is consistent
with the implementation in the NuWro [12, 13] simula-
tion shown in Fig. 1. In addition, as the neutrino energy
increases, the predicted FSI strength saturates, as is in-
dicated by τf in the figure.
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FIG. 1. Nuclear emission probability as a function of the
in-medium momentum transfer, simulated by NuWro [12] for
νµ CC QE on carbon—nuclear state modeled as relativistic
Fermi gas (RFG) [14]—at neutrino energy of 0.6, 1, 3 and
6 GeV. Multinucleon correlations are ignored. The in-medium
interaction probability τf (extracted from the simulation out-
put throughout this work) is shown in the legend.
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To make a neutrino energy-independent measurement
of nuclear effects, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable; this
however is not experimentally accessible because of the
unknown initial nucleon momentum and the initially un-
known neutrino energy. Instead, ∆p⃗ can be directly in-
ferred from the following single-transverse kinematic im-
balance (Fig. 2):

δp⃗T ≡ p⃗ ℓ
′

T + p⃗N′

T , (4)

δαT ≡ arccos
−p⃗ ℓ

′

T · δp⃗T
pℓ
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TδpT
, (5)

where p⃗ ℓ
′

T and p⃗N′

T are the projections of the extra-nucleus
final-state momenta transverse to the neutrino direction.
In particular, −p⃗ ℓ

′

T = q⃗T, the transverse component of q⃗.
If the initial-state nucleon were static and free, δpT

would be zero—a feature that is not possessed by 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, to first
approximation, the distribution of δp⃗T would be inde-
pendent of the neutrino energy, and that of δαT would
be flat due to the isotropy of Fermi motion. The FSI
acceleration (deceleration) of the propagating N′ adds in
a smearing to δpT and pushes δp⃗T forward (backward)
to (−)q⃗T, making δαT → 0 (180) degrees.
Second order effects that lead to the dependence on

the neutrino energy include the previously discussed po-
larization (see text after Eq. 2), Pauli blocking, and the
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