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We present the first global tuning, using genie, of four transverse kinematic imbalance measure-
ments of neutrino-hydrocarbon scattering, both with and without pion final states, from the T2K
and MINERvA experiments. As a proof of concept, we have simultaneously tuned the initial state
and final-state interaction models (SF-LFG and hA, respectively), producing a new effective theory
that more accurately describes the data.

I. INTRODUCTION

Neutrinos play a central role in advancing our un-
derstanding of physics and addressing fundamental in-
quiries in contemporary science. The Hyper-Kamiokande
experiment [1] aims to conduct precise measurements
of charge parity violation within the neutrino sector,
a phenomenon believed to be closely linked to the ob-
served matter-antimatter asymmetry in the universe.
Similarly, the Deep Underground Neutrino Experiment
(DUNE) [2–5] promises to elucidate the neutrino mass
ordering. Owing to their substantial scale, these forth-
coming experiments are ideally suited for exploring novel
physics phenomena, such as neutrino-less double beta de-
cay. Whether seeking to ascertain Standard Model pa-
rameters or probing for exotic phenomena, significant en-
hancements in both theoretical frameworks and compu-
tational simulations of neutrino-nucleus interactions are
imperative. As neutrinos interact with nucleons inside
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the nucleus, the interaction is subject to nuclear effects,
namely the nucleon initial state and final-state interac-
tions (FSIs). These effects are not fully understood yet
and can alter the final event topology by emission or ab-
sorption of pions. Notably, the neutrino flux at DUNE
yields a comparable proportion of events with and with-
out pions in the final state, highlighting the pressing
need for a generator capable of accurately describing both
event topologies.
The large data samples and superb imaging capabili-

ties of modern neutrino experiments offer us a detailed
new look at neutrino interaction physics. Recently, the
GENIE [6] Collaboration has made substantial progress
towards a global tuning using neutrino, charged lepton
and hadron scattering data, in an attempt to integrate
new experimental constraints with state-of-the-art theo-
ries and construct robust and comprehensive simulations
of neutrino interactions with matter. Cross-experiment
and cross-topology analyses are challenging tasks as each
measurement features its unique selection criteria and
various other aspects, such as the neutrino flux. GE-
NIE has built an advanced tuning framework that en-
ables the validation and tuning of comprehensive interac-
tion models using an extensive curated database of mea-
surements of neutrino, charged lepton and hadron scat-
tering off nucleus and nuclei. So far, the non-resonant
backgrounds [7], hadronization [8] and the quasielastic
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(QE) and 2-particle-2-hole (2p2h) components [9] of the
neutrino-nucleus interaction have been tuned with νµ and
ν̄µ charged-current (CC) pionless (0π) data from Mini-
BooNE, T2K and MINERvA. A partial tune was per-
formed for each experiment, highlighting the neutrino
energy dependence on the QE and 2p2h tuned cross sec-
tions. Even though post-tune predictions enhanced the
data description for each experiment, the added degrees
of freedom were not sufficient to fully describe all CC0π
data and exhibited tensions with some proton observ-
ables [9]. More exclusive measurements result in addi-
tional model constraints. In addition, observables that
are sensitive to targeted aspects of the complex dynam-
ics of neutrino interactions are invaluable for model tun-
ing. The transverse kinematic imbalance (TKI) [10, 11],
a final-state correlation between the CC lepton and the
handronic system, is a good example since it is sensi-
tive to the initial-state nuclear environment and hadronic
FSI. Our next step is to incorporate TKI data from ex-
periments where various exclusive topologies at different
energies are considered. This marks the first combined
tuning on TKI data with and without pions in the final
states and serves as the starting point of a more compre-
hensive tuning effort in the energy region most relevant
for future accelerator-based neutrino experiments.
This paper is structured as follows: In Sec. II, we

review the TKI measurements and genie models. In
Sec. III, we detail the tuning considerations and pro-
cedures. Results are summarized in Sec. IV, highlight-
ing how the data-MC discrepancy in the MINERvA-π0

TKI measurement [12] is resolved while maintaining good
data-MC agreement elsewhere. We conclude in Sec. V.

II. TKI MEASUREMENTS AND GENIE

MODELS

TKI is a methodology focused on the conservation of
momentum in neutrino interactions. In essence, it in-
volves examining the imbalance between the observed
transverse momentum of the final-state particles and
the expected transverse momentum from neutrino in-
teractions with free nucleons [10, 11]. This “kinematic
mismatch,” together with its longitudinal and three-
dimensional variations [13, 14], and the resulting asym-
metry [15], has been a crucial set of observables, estab-
lishing a pathway to extract valuable information about
the participating particles and the underlying nuclear
processes. Recent experimental results from neutrino ex-
periments such as T2K [16, 17], MINERvA [12, 18, 19],
and MicroBooNE [20–24], as well as electron scattering
experiments such as CLAS [25], highlight the efficacy of
TKI.
In neutrino scattering off a free nucleon, the sum of the

transverse components of the final products is expected
to be zero, visualized through a back-to-back configura-
tion between the final-state lepton and hadronic system
in the plane transverse to the neutrino direction. Hence,

in a neutrino interaction with a nucleus, the transverse
momentum imbalance, δpT [11], results from intranu-
clear dynamics, including Fermi motion and FSIs. The
deviation from being back-to-back is quantified by the
coplanarity angle δφT, and the transverse boosting an-
gle, δαT [11], indicates the direction of δpT within the
transverse plane. Furthermore, analyzing the energy and
longitudinal momentum budget [13, 14] enables the con-
version of δpT to the emulated nucleon momentum, pN,
providing insight into the Fermi motion; this conversion
amounts to a correction on the order of O(20%) [26]. In
the absence of FSIs, δαT remains uniform (except for
second-order effects, such as variations in the center-of-
mass energy), given the isotropic nature of the initial
nucleon motion. However, as the final products propa-
gate through the nuclear medium, they experience FSIs,
thereby disturbing the isotropy and the Fermi motion
peak of the δαT and pN (δpT) distributions, respectively.
Hence, δpT and pN elucidate the Fermi motion details,
while δαT characterizes the FSI strength—crucial for elu-
cidating medium effects in neutrino interactions. More-
over, a notable advantage of these observables is their
minimal dependence on neutrino energy [11]. The dou-
ble TKI variable, δpTT [10], is the projection of δ~pT along
the axis perpendicular to the lepton scattering plane
(hence “double”). In addition to its use for extracting
neutrino-hydrogen interactions [10, 27], it has also been
applied to study nuclear effects in neutrino pion produc-
tions [12, 17]. Its equivalent in pionless production, δpTx,
has been proposed and studied together with its orthog-
onal companion, δpTy, in MINERvA [19].

This work surveyed four TKI data sets: T2K 0π [16],
T2K π+ [17], MINERvA 0π [18, 19], and MINERvA
π0 [12] measurements. All four measurements require
the presence of one CC muon and at least one proton in
the final state. While the T2K-π+ measurement requires
exactly one π+, and MINERvA-π0 requires at least one
π0, the other two datasets require the absence of any pi-
ons. The definitions of the phase spaces for these signals
are shown in Table I.

Variables Cut Values (p in GeV/c)
T2K-0π [16]

~pµ cut 0.25 < pµ, cos θµ > −0.6
~pp cut 0.45 < pp < 1.0 , cos θp > 0.4

T2K-π+ [17]
~pµ cut 0.25 < pµ < 7 , θµ < 70◦

~pp cut 0.45 < pp < 1.2 , θp < 70◦

~pπ cut 0.15 < pπ < 1.2, θπ < 70◦

MINERvA-0π [18, 19]
~pµ cut 1.5 < pµ < 10 , θµ < 20◦

~pp cut 0.45 < pp < 1.2 , θp < 70◦

MINERvA-π0 [12]
~pµ cut 1.5 < pµ < 20 , θµ < 25◦

~pp cut 0.45 < pp

TABLE I: Phase space cuts for the signals of the TKI
measurements.
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FIG. 1: δαT measurements decomposed in interaction types, compared to the nominal tune, G24-0.

0 0.5 1
)c (GeV/

T
pδ

/n
u

c
le

o
n

)
c

/G
e

V
/

2
c
m

3
9

 (
1

0
T

pδ
/dσ

d

0

5

10
π(a) T2K0

data CCQE (72%)

CCRES (7%) 2p2h (21%)

: 7.0/8
bin

/N2χG240 

)c (GeV/
N

p

0

0.2

0.4

0.6

/n
u

c
le

o
n

)
c

/G
e

V
/

2
c
m

3
9

 (
1

0
N

p
/dσ

d

0 0.5 1 1.5

+π(b) T2K

data CCQE (1%)

CCRES (90%) CCDIS (9%)

: 2.3/4
bin

/N2χG240 

0 0.2 0.4 0.6 0.8
)c (GeV/

N
p

0

2

4

6/n
u

c
le

o
n

)
c

/G
e

V
/

2
c
m

3
9

 (
1

0
N

p
/dσ

d

π(c) MINERvA0

data CCQE (46%)

CCRES (19%) CCDIS (1%)

2p2h (34%) : 55.8/24
bin

/N2χG240 

)c (GeV/
N

p

0

1

2

3

4

/n
u

c
le

o
n

)
c

/G
e

V
/

2
c
m

3
9

 (
1

0
N

p
/dσ

d

0 0.2 0.4 0.6 0.8

0π(d) MINERvA

data CCRES (51%)

CCDIS (48%) : 70.7/12
bin

/N2χG240 

FIG. 2: Similar to Fig. 1 but for the pN (δpT for T2K-0π) measurements.
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Given the significant physics potential of TKI mea-
surements, a wealth of literature has emerged on the
combined analysis of T2K and MINERvA CC0π TKI
data [9, 28–34]. However, model studies incorporating
pion production TKI data have been notably absent.
Comparing the genie predictions by G24 20i 00 000

(G24-0)—the tune from Refs. [7, 8]—shows that the
model fails to accurately describe the MINERvA π0 [12]
TKI measurement (Figs. 1 and 2).
The genie models and tunes are detailed in the Com-

prehensive Model Configurations. Both the aforemen-
tioned G24-0 and the widely-used G18 10a 02 11b tunes
derive from the same tuning process [7, 8], yet G24-0 dis-
tinguishes itself by three aspects: 1) incorporating a new
initial state, the correlated and spectral-function-like lo-
cal Fermi gas (SF-LFG) [35–37]; 2) using z-expansion
axial-vector form factor [38] rather than the dipole form
factor of the Valencia model in QE processes [39] and
3) replacing the Valencia model [40] in 2p2h processes
with the SuSAv2 Model [41]. The other model compo-
nents are given in Table II. Given its simplicity and
interpretability, the INTRANUKE hA FSI model (hA
for short) emerges as a strong candidate for an effective
model. Since the TKI measurements are sensitive to the
initial state and FSI, this work investigates a partial tune
of these two processes based on G24-0, in an effort to de-
rive an effective model describing neutrino-nuclear pion
production, while maintaining the efficacy with the pio-
nless production.

Simulation domain Model
Nuclear State SF-LFG [35–37]
QE Valencia [39]
2p2h SuSAv2 [41]
QE ∆S = 1 Pais [42]
QE ∆C = 1 Kovalenko [43]
Resonance (RES) Berger-Sehgal [44]
Shallow/Deep inelastic
scattering (SIS/DIS)

Bodek-Yang [45]

DIS ∆C = 1 Aivazis-Tung-Olness [46]
Coherent π production Berger-Sehgal [47]
Hadronization AGKY [48]
FSI INTRANUKE hA [49]

TABLE II: Model components of the nominal G24-0
tune. Processes with non-trivial ∆S and ∆C are those
with strangeness and charm production, respectively.

III. TUNING INITIAL-STATE AND FSI

MODELS ON TKI DATA

This study adopts the tuning procedure outlined in
Ref. [9], utilizing Npar input model parameters. The
objective is to identify the extremal point—that is, the
optimal set of parameter values—within the parameter
space that minimizes the χ2 between model predictions

and data. Given the high dimensionality of the parame-
ter space, conducting a brute-force, point-by-point scan
on a grid is infeasible. Therefore, a sufficient number of
points is randomly sampled. Each point is used to run
a full simulation. The simulation output for each data
observable bin is then parameterized by Professor [50]
with a polynomial of the model parameters of a chosen
order, Nord. The minimal number of parameter sets (Ns)
required for tuning Npar parameters with an order Nord

polynomial is determined by the combination formula,

Ns =

(

Npar +Nord

Nord

)

. (1)

Given that Ns increases factorially, caution is essen-
tial when augmenting the number of parameters or the
polynomial degree. Given that our tuning incorporates
all 2 SF-LFG and 12 hA parameters parameters (see
Sec. III B), a degree-4 parameterization necessitates over
6,000 generations. Hence, only up to order 4 polynomi-
als are explored, and it has shown to reproduce the MC
predictions well as shown in Fig. 3.
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FIG. 3: Fractional difference for the bin-by-bin cross
sections between MC truth and the parameterized

approximation with order-4 polynomials, both in the
Norm-Shape (NS) [51, 52] space with AllPar. See later
text for the definition of AllPar. The residual has a
mean of 0.003 and a standard deviation of 0.016.

Furthermore, to circumvent Peelle’s Pertinent Puz-
zle [53], the Norm-Shape (NS) transformation prescrip-
tion [51, 52] is applied. The extremal point is then found
from a minimization of χ2 between this NS-transformed
polynomial approximation and NS-transformed data. In
the minimization, priors, usually based on systematic un-
certainty, can be imposed on each parameter to penalize
it from getting too far from its default value. The follow-
ing subsections elaborate on the specific choice of mea-
surement observables and model parameters in this work.



5

A. Data Observables

The observables for the reported differential cross sec-
tions across the four TKI measurements—T2K-0π, T2K-
π+, MINERvA-0π, and MINERvA-π0—are detailed in
Table III. To identify the most sensitive variables, vari-
ous combinations were evaluated for tuning purposes. A
total of 26 combinations were assessed, with the super-
set comprising δαT, δpT, δφT, pN, and δpTT (see Ta-
ble VI in Appendix 1 for all combinations). Each combi-
nation was evaluated such that non-selected variables—
including proton momentum and angle (pp and θp) [18],
as well as δpTx and δpTy [19] in MINERvA-0π—were
used solely for validation; the model is expected to ac-
curately predict these variables post-tuning. When con-
structing the combinations, it was observed that δφT is
strongly dependent on neutrino beam energy [11], which
suppresses its sensitivity to nuclear effects. Additionally,
correlations exist between various observables, notably
between δpT and pN. Therefore, determining the optimal
combination is not straightforward; this study employs a
criterion based on the χ2 with the complete (tuned plus
validation) observable set (Fig. 4).

Observables No. of
bins

Combi-

Superset

Combi-

Best-

AllPar

Combi-

Best-

RedPar

T2K-0π
δαT 8 X X

δpT 8 X X X

δφT 8 X

T2K-π+

δαT 3 X X

pN 4 X X X

δpTT 5 X X

MINERvA-0π
δαT 12 X X

pN 24 X X X

δpT 24 X X

δφT 23 X

pp 25
θp 26

δpTx 32
δpTy 33

MINERvA-π0

δαT 9 X X

pN 12 X X X

δpTT 13 X X

TABLE III: Observables of the TKI measurements and
their binning. Those with “X”’s are used for tuning,
while those without are for the respective validation.

See later text for the definitions of Combi-Best-RedPar
and Combi-Best-AllPar.
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FIG. 4: Change of χ2 calculated for the full (i.e., tuned
plus validation) observable set as a function of the

tuned combination (cf. Table VI in Appendix 1). The
two model parameter sets (AllPar and RedPar, see later
text for definitions) are compared and it can be seen

that the respective minima happen at Combi-15 and 26.

B. Model Parameters

As outlined in Sec. II, we focus exclusively on the cur-
rently tunable parameters within the SF-LFG and hA
models. Therefore, 14 parameters (collectively referred
to as the AllPar set) are utilized for tuning, as detailed
in Table IV. Nominal values and associated uncertainties
for the hA model are taken from Table 17.3 in Ref. [49].
In our analysis of the SF-LFG model, the two most

relevant parameters are RSRC, representing the fraction
of the high-momentum tail from short-range correlations
(SRC), notably above the Fermi surface, and EC

RM, mark-
ing the commencement of the nuclear removal energy dis-
tribution for carbon. A larger RSRC indicates the pres-
ence of more energetic initial nucleons, while an increased
EC

RM implies that greater energy is necessary to liberate a
nucleon from the carbon nucleus, so the product particles
will possess lower energy. Given the novelty and limited
constraints of the spectral-function-like implementation,
this study employs relatively relaxed priors for RSRC and
EC

RM, at 0.12±0.12 and 0.01±0.005 GeV, respectively.
genie employs the hA model [49] for the majority of

neutrino analysis, owing to its straightforward reweight-
ing capability. Unlike cascade models such as the hN
model [49], this model determines the FSI type for each
hadron exactly once, without considering further prop-
agation of rescattered hadrons within the nucleus. Its
model parameters are explained as follows.

1. The model evaluates a mean free path (MFP), λ,
which varies with the hadron’s energy, E, and its
radial distance, r, from the nucleus center, as fol-
lows:

λ(E, r) =
1

σhN,tot(E)ρ(r)
, (2)
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Parameter Nominal
(G24-0)

Range In
Tuning

AllPar

(G24-t)
RedPar

(G24-c)
SF-LFG

RSRC 0.12 (0.0, 0.5) X X

EC
RM 0.01 (0.0, 0.2) X

hA

Sπ±

λ 1.0± 0.2 (0.0, 3.0) X

Sπ0

λ 1.0± 0.2 (0.0, 3.0) X X

SN
λ 1.0± 0.2 (0.0, 3.0) X

Sπ
CEX 1.0± 0.5 (0.0, 3.0) X X

SN
CEX 1.0± 0.5 (0.0, 3.0) X X

Sπ
INEL 1.0± 0.4 (0.0, 3.0) X

SN
INEL 1.0± 0.4 (0.0, 3.0) X

Sπ±

ABS 1.0± 0.2 (0.0, 3.0) X

Sπ0

ABS 1.0± 0.2 (0.0, 3.0) X

SN
ABS 1.0± 0.2 (0.0, 3.0) X X

Sπ
PIPD 1.0± 0.2 (0.0, 3.0) X

SN
PIPD 1.0± 0.2 (0.0, 3.0) X X

TABLE IV: Tuneable parameters and their ranges in
the SF-LFG (uppermost group) and hA (lower groups,
uncertainties from Ref. [49]) models. As the SF-LFG
model has not been tuned, no official uncertainties are
available. Parameters to be tuned in the two sets are
marked with “X”’s. See later text for definitions of

G24-t and G24-c.

where σhN,tot is the total hadron-nucleon cross sec-
tion and ρ is the number density of the nucleons
inside the nucleus. Once a hadron is generated in-
side the nucleus, it travels a distance λ before a
probabilistic determination of rescattering occurs,
inversely related to λ. If no rescattering happens,
the hadron will be propagated for another λ and
the dice will be thrown again. The cycle repeats
until a rescattering happens or the hadron is prop-
agated far enough to escape the nucleus without
any interactions. If a rescattering happens, a dice is
thrown again to determine the type of rescattering.
The relative probabilities of each type are extracted
from stored hadron scattering data [54–60]. After
a specific rescattering type is chosen, the rescat-
tered product will be generated. These rescattered
products will not undergo further rescattering and
will be transported out of the nucleus as final par-
ticles. The MFP values for pions and nucleons can

be modified using scaling factors (Sπ±

λ , Sπ0

λ , and
SN
λ ) detailed in Table IV. Both changed pions, π+

and π−, are scaled by the same factor, Sπ±

λ , due to
isospin symmetry. The λ for π0 is calculated from
those of charged pions based on isospin symmetry

as well and can be adjusted separately by Sπ0

λ . If
the factor is larger than 1, λ will increase and hence
the total number of steps required for the hadron
to escape the nucleus reduces, thereby reducing the
average probability of rescattering. Given the high

precision with which total hadron-nucleus cross sec-
tions are determined [54–58], strict Gaussian pri-
ors (error—σ, not to be confused with the various
cross sections—of 0.2, same as the systematic un-
certainties shown in Table IV) are applied to the

MFP scaling factors. Varying Sπ0

λ by ±2.5 σ sig-
nificantly affects the MINERvA-π0 dσ/dpN, as de-
picted in Fig. 5. Decreasing MFP naturally leads
to increased rescattering. Hence, fewer π0s can es-
cape the nucleus and fewer events will have π0 in
the final states, thereby reducing the cross section.
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FIG. 5: Effect of varying Sπ0

λ by ±2.5 σ compared to
the MINERvA-π0 measurement. Each band’s width

indicates the genie prediction’s statistical uncertainty
from 105 events.

2. The relative probability of each rescattering type
can be adjusted by a scale factor. There are
four rescattering types for both nucleons and pi-
ons available for tuning. They are charge ex-
change (CEX), inelastic scattering (INEL), absorp-
tion (ABS), and pion production (PIPD). The
default energy-dependent probability distributions
come from hadron data tuning [54–58] and can be
adjusted by respective scaling factors, like Sπ

CEX

for CEX of all pions, listed in Table IV. The rela-
tive probabilities of all four rescattering type will
be normalized such that they sum up to one. Scal-
ing factors directly multiply the probability of each
type, with new relative probabilities subsequently
renormalized. More specifically, suppose the initial
fraction of absorption, fABS, is 0.5, which means
that the sum of the other fractions is fother =
fINEL + fCEX + fPIPD = 1 − 0.5 = 0.5. If fABS

is scaled up with SABS = 2, the new absorption
fraction is

f ′
ABS =

fABS ∗ SABS

fABS ∗ SABS + foth
= 2/3, (3)

which is not equal to simply multiplying fABS by
SABS due to the presence of the other rescatter-
ing types. Hence, it is unavoidable that a change
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of the scaling factor for one type would affect oth-
ers. Nonetheless, when the cross section is plotted
with a breakdown according to rescattering type,
interpretation will be clear regarding the increase
or decrease of a particular FSI type. This corre-
lation implies that the scaling parameters’ effec-
tive impact on FSI fate is often less pronounced
than what the raw numbers suggest. As illustrated
in the above example, fABS is only scaled up by
f ′
ABS/fABS = 4/3 = 1.3 instead of SABS = 2.
Hence, a relatively more relaxed Gaussian prior,
with a σ of 0.5, is placed on the FSI fate scales,
slightly larger than the systematic uncertainties
shown in Table IV.

Understanding each rescattering type is crucial for
interpreting tuning results. A detailed elaboration
of the four tunable FSI types is given as follows.

(a) CEX involves changing the charge of the par-
ticipating particles; for example,

π+ + n → π0 + p, (4)

or vice versa. This rescattering type is crucial
for event topologies requiring the presence of
a pion; depending on the signal pion charge,
CEX could migrate events between signal and
background.

(b) INEL is the case where the nucleus is left in an
excited state after the rescattering. This cate-
gory only contains the situation where a single
additional nucleon is emitted/knocked-out af-
ter rescattering. Since it does not affect the
number of pions produced, it will not convert
an event from a pion-less topology to a pion-
production topology. The effects on nucleons
are two-fold. Firstly, it can alter the num-
ber of signal events within each event topol-
ogy. If the inelastic rescattering leads to two
low-momentum protons below the detection
threshold as opposed to a high-momentum
proton, this signal event will be discarded as
no protons are observed. Secondly, INEL in-
variably changes the kinematics of the rescat-
tering particle. Be it the leading proton or
the leading pion, based on which the TKI ob-
servables are calculated, the TKI distribution
shape will be affected. Hence, while SN

INEL

would affect all four data sets, Sπ
INEL would

only affect T2K-π+ and MINERvA-π0.

(c) ABS refers to the case where the particle un-
dergoes an interaction so that it does not
emerge as a final particle. For example,
π+ can interact with two or more nucle-
ons, initially forming a baryon resonance that
subsequently interacts with other nucleons,
emitting multiple nucleons rather than pions.
Hence, the π+ would not emerge from the nu-
cleus anymore.

(d) PIPD happens for energetic particles where an
extra pion emerges as a result of the rescatter-
ing, such as

p + p → p + n + π+. (5)

Such an interaction significantly alters the
event topology.

IV. THE FIRST TKI-DRIVEN GENIE TUNES

Given the intricate correlations among model param-
eters, determining which ones are most sensitive to the
data proves challenging. Considerable correlation and
anti-correlation are observed between different FSI fates
for the same particle, e.g. Sπ±

ABS and Sπ
CEX, as shown

in Figs. 6 and 7. Our tuning began with the AllPar

parameter set, achieving the best result with Combi-15,
which is denoted as Combi-Best-AllPar in Table III (cf.
Fig. 4 for the χ2 distribution of all combinations). Ob-
servations showed that for most combinations, certain
parameters remained close to their default values, within
1 σ of the imposed priors, such as Sπ

PIPD since none of
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FIG. 6: Correlation coefficient for AllPar on Combi-26.
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FIG. 7: Similar to Fig. 6 but for RedPar.
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FIG. 8: Similar to Fig. 1 but with G24-c. The nominal tune, G24-0, is also plotted for comparison.
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FIG. 9: Similar to Fig. 8 but for the pN (δpT for T2K-0π) measurements.
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the data sets has a significant contribution from PIPD
of pions—Removing these parameters from the tuning
process does not significantly affect the outcome. There-
fore, we then constructed a reduced set comprising only

RSRC, S
π0

λ , Sπ
CEX, S

N
CEX, S

N
ABS, and SN

PIPD (denoted as
RedPar in Table IV) and ran the tuning on the 26 com-
binations with it. Note that the parameters most corre-

lated with Sπ
CEX and Sπ0

λ are not present in RedPar. The
RedPar tuning proved more stable, with nearly all com-
binations showing a more negative χ2 change than the
AllPar tuning as shown in Fig. 4. Moreover, the single-
observable (Combi-1 to 5), single-measurement (Combi-6
to 9), single-experiment (Combi-10 and 11), and single-
topology (Combi-12 and 13) combinations all system-
atically yielded no or very limited overall (tuned plus
validation) improvement post-tuning. The best tun-
ing then occurred with Combi-26 (Combi-Best-RedPar
in Table III), that is, all TKI variables excluding δφT

and δpT (unless no pN is available)—δαT, pN (or δpT if
pN is unavailable), and δpTT—from pionless and pion-
production measurements in both T2K and MINERvA.
Table V summarizes the primary results of our tuning

process. The tuned RedPar, G24 20i 06 22c (G24-c),
is derived from the observable set Combi-Best-RedPar,
and the tuned AllPar, G24 20i fullpara alt (G24-t),
is from Combi-Best-AllPar. The upper part of Ta-
ble V contains the parameter values. For the G24-c

tune, changes to the SF-LFG model were moderately
sized (RSRC increases from 0.12 to 0.15), while in the hA

model, Sπ0

λ and Sπ
CEX are highly suppressed and the nu-

cleon FSI has larger CEX and PIPD and lower ABS. The
tune G24-t differs most significantly from G24-c in RSRC

and Sπ
CEX. The table’s lower section illustrates χ2 im-

provements for selected observables and their correspond-
ing validation sets. Crucially, tuning should also enhance
the accuracy of validation set descriptions. Overall, both
tunes have substantial reduction in the total χ2. In the
following, we will discuss the two tunes.

A. Reduced Tune: G24-c

To assess the tune’s quality, we plot predictions using
G24-c for δαT and pN in Figs. 8 and 9, respectively. For
T2K-0π, T2K-π+ and MINERvA-0π, the new χ2 values
are comparable to those obtained with G24-0, changing
less than the number of bins. For MINERvA-π0, G24-c
is distinctly better than G24-0, thereby demonstrating
the possibility of simultaneous good descriptions of both
pion-less and pion production samples with constrained
parameters from cross-topology TKI tuning.
Examining individual datasets closely helps to under-

stand the origin of the improvement. The decomposition
of the cross section for δαT according to the FSI fates
of the π0 is presented in Fig. 10. The hA model rescat-
ters primary interaction products only once, and records
this event with a rescattering code for these particles.
The rescattered products, which are the final outputs, are

Parameter Nominal
(G24-0)

RedPar

(G24-c)
AllPar

(G24-t)
SF-LFG

RSRC 0.12 0.15 ± 0.08 0.30 ± 0.05
EC

RM 0.01 0.01 0.011 ± 0.003
hA

Sπ±

λ 1.0±0.2 1.0 1.11 ± 0.16

Sπ0

λ 1.0±0.2 0.22 ± 0.07 0.17 ± 0.06
SN
λ 1.0±0.2 1.0 1.20 ± 0.12

Sπ
CEX 1.0±0.5 0.26 ± 0.12 1.53 ± 0.37

SN
CEX 1.0±0.4 1.43 ± 0.34 1.41 ± 0.38

Sπ
INEL 1.0±0.4 1.0 0.67 ± 0.30

SN
INEL 1.0±0.4 1.0 1.26 ± 0.48

Sπ±

ABS 1.0±0.2 1.0 1.59 ± 0.31

Sπ0

ABS 1.0±0.2 1.0 0.90 ± 0.28
SN
ABS 1.0±0.2 0.25 ± 0.28 0.28 ± 0.27

Sπ
PIPD 1.0±0.2 1.0 1.12 ± 0.30

SN
PIPD 1.0±0.2 2.05 ± 0.48 1.27 ± 0.48

combi

untuned 231.75 161.26
tuned 174.84 122.53
diff -56.91 -38.73

vald

untuned 229.5 299.99
tuned 214.7 263.41
diff -14.8 -36.58

combi+vald

untuned 461.25 461.25
tuned 389.54 385.94
diff -71.71 -75.31

TABLE V: Parameters in G24-0, G24-c, and G24-t.
Those without errors are not tuned. Lower section:
combi indicates that the following χ2 sums are
calculated for the tuned measurements (i.e.

Combi-Best-RedPar and Combi-Best-AllPar for G24-c
and G24-t, respectively), while vald indicates that the
respective validation sets are used; untuned means that

the χ2 calculation uses the nominal values of the
parameters, while tuned denotes the tuned ones. diff
displays the improvement achieved by the respective

tuning.

stored as daughters of the primary interaction products.
Hence, the FSI fate that produces the final products can
be checked by the rescattering code of their first parent.
More specifically, we loop through all final-state particles
to look for the leading π0 and check the rescattering code
of its first parent.

In MINERvA-π0, the number of π0s undergoing no FSI
(“No Interaction” as shown in the figures) is adjustable

via the Sπ0

λ parameter. A decrease in Sπ0

λ reduces the size
of the “No Interaction” events, as is shown in Fig. 10b
when compared to Fig. 10a. Meanwhile, an increase in
π0 rescattering only manifests in pion-less measurements
through ABS. There is indeed an increase of ABS for π0

in T2K-0π and MINERvA-0π, but the fraction is small
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FIG. 10: MINERvA-π0 δαT measurement compared to
genie predictions decomposed in π0 FSI fates with (a)

G24-0 and (b) G24-c.

to begin with, so the impact is small. The increase of π0

rescattering can increase T2K-π+ via CEX as discussed
below. However, due to the significant suppression of
CEX, its impact on T2K-π+ is also minimal (for detailed
breakdown, see Figs. 13-16 in Appendix 2).

As shown in Fig. 10a, the MINERvA-π0 prediction
from the nominal tune has considerable contributions
from CEX controlled by Sπ

CEX. It does not impact T2K-
0π and MINERvA-0π as CEX only changes the pion type
without removing them. Hence, events with pions in the
final state would be rejected in these two data sets re-
gardless of the pion charge. In principle, CEX will also
migrate events between the signal and background defini-
tions for T2K-π+ when a π0 is converted to a π+ and vice
verse. However, T2K-π+ does not have a considerable
CEX fraction to begin with, so changing CEX will have
a minimal impact on its prediction. Hence, this is one
of the most effective paths to decrease the MINERvA-
π0 cross section prediction without affecting other mea-
surements, and indeed the Sπ

CEX is heavily suppressed as
shown in Table V and illustrated in Fig. 10b compared
to Fig. 10a. However, due to the intricate correlation be-
tween the FSI fates in the hA implementation discussed
in Sec. III B, although Sπ

INEL and Sπ
PIPD are not modi-

fied explicitly, a considerable increase is observed in both
INEL and PIPD for MINERvA-π0.
Suppressing both “No Interaction” and CEX for π0

adjusts the MINERvA-π0 prediction to the appropriate
magnitude with small impacts on other data sets. The ef-
fects of the other parameter changes are more transparent
in the comparison of the pN distribution of MINERvA-
π0 between Figs. 11a and 11b. A relatively large increase
in SN

CEX and SN
PIPD moves events away from the Fermi

motion peak at pN ≤ 0.25 GeV/c; the same effect can be
achieved by an increased RSRC.

)c (GeV/
N

p

0

1

2

3

4

/n
u

c
le

o
n

)
c

/G
e

V
/

2
c
m

3
9

 (
1

0
N

p
/dσ

d
0 0.2 0.4 0.6 0.8

  p FSI0π(a) MINERvA

data No interaction (72%)

Charge Ex (8%) Inelastic (3%)

Absorption (4%)  Prod (4%)π

Others (9%) : 70.7/12
bin

/N2χG240 

)c (GeV/
N

p

0

1

2

3

4

/n
u

c
le

o
n

)
c

/G
e

V
/

2
c
m

3
9

 (
1

0
N

p
/dσ

d

0 0.2 0.4 0.6 0.8

  p FSI0π(b) MINERvA

data No interaction (72%)

Charge Ex (7%) Inelastic (4%)

Absorption (5%)  Prod (7%)π
Others (5%) : 70.7/12

bin
/N2χG240 

: 36.2/12
bin

/N2χG24c 

FIG. 11: Similar to Fig. 10 but for pN with proton FSI
fate decomposition. Note that the “Absorption” of the
proton is referring to the absorption of the π+ from the
decay of ∆++, which could lead to emission of nucleons

as discussed in Sec. III B.

B. Alternative Tune: G24-t

A similar improvement is achieved by the intermedi-
ate tune, G24-t, illustrated in Fig. 12. Instead of signif-
icantly increasing proton PIPD to elevate the pN tail,
this tune notably enhances RSRC—less-energetic final
states are present and therefore an increased RES/DIS
(Fig. 12a) ratio. Rather than suppressing Sπ

CEX (cf.
Fig. 16d in Appendix 2), this tune significantly increases
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it (Fig. 12b) to offset the further reduction of “No Inter-

action” π0 events (smaller Sπ0

λ in AllPar, cf. Table V).
Overall, this leads to a reduction of 75.31 in χ2 (Table V),
similar to G24-c, as well as a good data-MC agreement
across all data sets.
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FIG. 12: MINERvA-π0 pN measurement compared to
genie predictions decomposed in (a) ν-N interaction,
(b) π0 FSI, and (c) proton FSI for the alternative tune,

G24-t.

V. SUMMARY AND OUTLOOK

This work represents the first global tuning effort on
TKI data. Our partial tune of the SF-LFG and hA mod-
els, G24 20i 06 22c (G24-c), provides an effective the-
ory to better describe both the neutrino-hydrocarbon pi-
onless and pion production. The largest change in the
model is demanded by the MINERvA-π0 TKI measure-
ment [12] that was significantly overestimated in ge-

nie. The improvement is crucial for future accelerator-
based neutrino experiments. This tuning configuration
has been integrated into the master branch of genie

and is slated for inclusion in the upcoming release.

To develop an effective theory, we focused on the most

sensitive parameters, RSRC, S
π0

λ , Sπ
CEX, S

N
CEX, S

N
ABS, and

SN
PIPD, of the SF-LFG and hA models, reducing the total

number of parameters from 14 to 6. The correspond-
ing best combination of observables is δαT, pN (or δpT
if no pN is available), and δpTT, from pionless and pion-
production measurements in both T2K and MINERvA.
In doing so, the pion production model is held fixed such

that the tuned values of Sπ0

λ , Sπ
CEX, S

N
ABS, and SN

PIPD de-
part from the established constraints from hadron mea-
surements. A different pion production model might
compensate part of these model tuning effects. We also
chose the hA FSI model for practical reasons. Its sequen-
tial treatment of MFP and rescattering should be consid-
ered as a numerical advantage (as was also pointed out
in Ref. [9]). Other more sophisticated models could be
considered in future tunes. With the existing four TKI
measurements from T2K and MINERvA, we have also
derived other effective tunes like G24 20i fullpara alt

(G24-t). The degeneracy can be resolved with additional
data, particularly from argon-based measurements [20–
24, 61].

ACKNOWLEDGMENT

We would like to thank the CC-IN2P3 Computing
Center providing computing resources and for their sup-
port. X.L. is supported by the STFC (UK) Grant No.
ST/S003533/2. J.T.-V. acknowledges the support of the
Raymond and Beverly Sackler scholarship.

[1] K. Abe et al. (Hyper-Kamiokande), (2018),
arXiv:1805.04163 [physics.ins-det].

[2] R. Acciarri et al. (DUNE), (2016),
arXiv:1601.05471 [physics.ins-det].

http://arxiv.org/abs/1805.04163
http://arxiv.org/abs/1601.05471


12

[3] R. Acciarri et al. (DUNE), (2015),
arXiv:1512.06148 [physics.ins-det].

[4] J. Strait et al. (DUNE), (2016),
arXiv:1601.05823 [physics.ins-det].

[5] R. Acciarri et al. (DUNE), (2016),
arXiv:1601.02984 [physics.ins-det].

[6] C. Andreopoulos et al.,
Nucl. Instrum. Meth. A 614, 87 (2010),
arXiv:0905.2517 [hep-ph].

[7] J. Tena-Vidal et al. (GENIE),
Phys. Rev. D 104, 072009 (2021),
arXiv:2104.09179 [hep-ph].

[8] J. Tena-Vidal et al. (GENIE),
Phys. Rev. D 105, 012009 (2022),
arXiv:2106.05884 [hep-ph].

[9] J. Tena-Vidal et al. (GENIE),
Phys. Rev. D 106, 112001 (2022),
arXiv:2206.11050 [hep-ph].

[10] X.-G. Lu, D. Coplowe, R. Shah, G. Barr, D. Wark,
and A. Weber, Phys. Rev. D 92, 051302 (2015),
arXiv:1507.00967 [hep-ex].

[11] X.-G. Lu, L. Pickering, S. Dolan, G. Barr, D. Coplowe,
Y. Uchida, D. Wark, M. O. Wascko, A. We-
ber, and T. Yuan, Phys. Rev. C94, 015503 (2016),
arXiv:1512.05748 [nucl-th].

[12] D. Coplowe et al. (MINERvA),
Phys. Rev. D 102, 072007 (2020),
arXiv:2002.05812 [hep-ex].

[13] A. P. Furmanski and J. T.
Sobczyk, Phys. Rev. C 95, 065501 (2017),
arXiv:1609.03530 [hep-ex].

[14] X.-G. Lu and J. T. Sobczyk,
Phys. Rev. C 99, 055504 (2019),
arXiv:1901.06411 [hep-ph].

[15] T. Cai, X.-G. Lu, and D. Ruter-
bories, Phys. Rev. D 100, 073010 (2019),
arXiv:1907.11212 [hep-ex].

[16] K. Abe et al. (T2K), Phys. Rev. D 98, 032003 (2018),
arXiv:1802.05078 [hep-ex].

[17] K. Abe et al. (T2K), Phys. Rev. D 103, 112009 (2021),
arXiv:2102.03346 [hep-ex].

[18] X.-G. Lu et al. (MINERvA),
Phys. Rev. Lett. 121, 022504 (2018),
arXiv:1805.05486 [hep-ex].

[19] T. Cai et al. (MINERvA),
Phys. Rev. D 101, 092001 (2020),
arXiv:1910.08658 [hep-ex].

[20] P. Abratenko et al. (MicroBooNE), (2022),
arXiv:2211.03734 [hep-ex].

[21] P. Abratenko et al. (MicroBooNE),
Phys. Rev. D 108, 053002 (2023),
arXiv:2301.03700 [hep-ex].

[22] P. Abratenko et al. (MicroBooNE),
Phys. Rev. Lett. 131, 101802 (2023),
arXiv:2301.03706 [hep-ex].

[23] P. Abratenko et al. (MicroBooNE), (2023),
arXiv:2310.06082 [nucl-ex].

[24] P. Abratenko et al. (MicroBooNE), (2024),
arXiv:2403.19574 [hep-ex].

[25] M. Khachatryan et al. (CLAS, e4v),
Nature 599, 565 (2021).

[26] K. Yang, Measurement of the pion charge exchange dif-
ferential cross section on Argon with the ProtoDUNE-
SP detector, Ph.D. thesis, Oxford University, Oxford U.

FERMILAB-THESIS-2023-19. (2023).
[27] P. Hamacher-Baumann, X.-G. Lu, and

J. Mart́ın-Albo, Phys. Rev. D 102, 033005 (2020),
arXiv:2005.05252 [physics.ins-det].

[28] S. Dolan, (2018), arXiv:1810.06043 [hep-ex].
[29] B. Bourguille, J. Nieves, and F. Sánchez,

JHEP 04, 004 (2021), arXiv:2012.12653 [hep-ph].
[30] J. M. Franco-Patino, M. B. Barbaro, J. A. Caballero,

and G. D. Megias, Phys. Rev. D 104, 073008 (2021),
arXiv:2106.02311 [nucl-th].

[31] A. Ershova et al., Phys. Rev. D 106, 032009 (2022),
arXiv:2202.10402 [hep-ph].

[32] J. M. Franco-Patino, R. González-Jiménez, S. Dolan,
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APPENDIX

1. Combinations of Observables

Table VI displays the tested combinations of observ-
ables:

• Combi-1 through 5 are cross-experiment selections
of a single observable. For example, Combi-3 uses
only δαT from all four data sets. If a chosen ob-
servable is absent from a dataset, that dataset is
excluded from the specific combination. For ex-
ample, T2K-0π is not used in Combi-1 due to the
absence of pN.

• Combi-6 through 9 incorporate all variables from
a single measurement. For example, Combi-9 uses
MINERvA-π0 only.

• Combi-10 to 13 uses two out of four measurements
according to the experiment or topology. For ex-
ample, Combi-10 uses only the two data sets from
T2K, and Combi-13 only with pion production.

• Combi-14 to 17 combine two separate combina-
tions:

Combi-14 = Combi-3∪ Combi-5,

Combi-15 = Combi-1∪ Combi-2,

Combi-16 = Combi-1∪ Combi-3,

Combi-17 = Combi-2∪ Combi-3.

• Combi-18 through 22 result from merging three

combinations:

Combi-18 = Combi-1∪ Combi-3∪ Combi-5,

Combi-19 = Combi-2∪ Combi-3∪ Combi-5,

Combi-20 = Combi-3∪ Combi-4∪ Combi-5,

Combi-21 = Combi-1∪ Combi-2∪ Combi-3,

Combi-22 = Combi-1∪ Combi-2∪ Combi-4.

• Combi-23 merges four different combinations:

Combi-23 = Combi-1∪ Combi-2∪

Combi-3∪ Combi-5.

• Combi-24 encompasses all variables, acting as the
superset.

• Combi-25 and 26 are the same as Combi-21 and 23,
respectively, except that δpT in MINERvA-0π is
removed to avoid correlation with pN in the same
data set.

Figure 4 shows the change in χ2 for the complete ob-
servable set (tuned plus validation) as a function of the
tuning combination, where the two model parameter sets,
AllPar and RedPar, are compared and it can be seen that
the respective minima happen at Combi-15 and 26.

2. π0 FSI Fate Decomposition for G24-0 and G24-c

Figures 13-16 display comparisons of G24-0 and G24-c

predictions to data, detailing the composition by π0 FSI
fate.
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Combi- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
(Best-
AllPar)

16 17 18 19 20 21 22 23 24
(Super-
set)

25 26
(Best-
RedPar)

T2K-0π
δαT X X X X X X X X X X X X X X X

δpT X X X X X X X X X X X X X

δφT X X X X X X X

T2K-π+

δαT X X X X X X X X X X X X X X X

pN X X X X X X X X X X X X X

δpTT X X X X X X X X X X X

MINERvA-0π
δαT X X X X X X X X X X X X X X X

pN X X X X X X X X X X X X X

δpT X X X X X X X X X X X

δφT X X X X X X X

MINERvA-π0

δαT X X X X X X X X X X X X X X X

pN X X X X X X X X X X X X X

δpTT X X X X X X X X X X X

TABLE VI: Specifications of observable combinations within the tuning superset in Table III.
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FIG. 13: Extension of Fig. 10a to all four δαT measurements.
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FIG. 14: Extension of Fig. 10a but to all four pN measurements.
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FIG. 15: Extension of Fig. 10b to all four δαT measurements.
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FIG. 16: Extension of Fig. 10b but to all four pN measurements.


