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Overview

• How do we simulate neutrino experiments?
• What is GENIE?
• Data comparisons with MINERvA
- Of course, many other fine data sets are available!
• What are our biggest needs?
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Neutrino Simulations: A Three-Part Software Stack
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Beamline (FLUKA/Geant)
+ Produces a flux prediction
+ Hadron production, focusing, etc.

Event Generator (GENIE)
+ Interaction Physics
+ Nuclear medium

Detector (Geant)
+ Final state radiation traversing matter
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The Basic Problem

4

A neutrino comes in (unobserved).

A lepton comes out...

...along with some 
hadrons (maybe).

What was the neutrino's energy?
We really want flavor too...

This (flux) is a major problem which we will not consider much here....

We have an unknown incoming energy and “missing” energy in the final state 
(neutral current reactions, neutrons in the final state, nuclear rescattering, 
etc.). We must infer the energy from incomplete final state information.
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The Basic Problem: The Best We Can Do
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E1, P1

E2, P2

E3, P3

Observed E, particles, 
kinematics

E ~ E1P1 + E2P2 + E3P3 + …

Use Monte Carlo 
methods to integrate 
over initial states…

(and so on - many 
possibilities…)
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Neutrino MC Event Generators

• The generator must simulate all the types and 
momenta of every particle that appears in the final 
state.

• Some generators (MadGraph, Pythia, etc.) are 
computation aids for theorists, but GENIE is not.

• GENIE is maintained and built by experimentalists. 
It is a computation aid for experimentalists.

• Of course, many important contributions from 
theorists… but why is GENIE run by 
experimenters? How did the inmates get control of 
the asylum?
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Neutrino MC Event Generators

• An ideal input theory would be internally consistent 
and provide fully-differential cross sections in the 
kinematics of every final state particle over all 
reaction mechanisms, energies, and targets.
• Modern theory typically provides final state 

kinematics for the lepton only, and only over limited 
ranges in energy or momentum transfer, and usually 
for exclusive or semi-inclusive channels only.
- But the experiments must go on! So we must stitch 

together an ensemble that is consistent with all the 
data.
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Ingredients: How to “Bake” a Generator…

• Good theoretical understanding of scattering from free nucleons.
• Large selection of well-grounded models based on effective 

degrees of freedom.
• Charged hadron scattering data (useful for understanding final 

state interactions).
• Charged lepton scattering data (provides very tight constraints on 

vector form factors and some guidance on nuclear effects).
• Neutrino scattering data
- No "silver bullets” though: inferred quantities (neutrino energy, Q2) 

must be computed using a model and energy-dependent observables 
are difficult to interpret (no comparison between experiments without 
a generator is possible).
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GENIE

• https://genie.hepforge.org
• The software:
- Created to be a “universal event generator”. 
• Additionally run in electron and hadron scattering modes.

- Many tools for studying systematics, comparison to data, etc.
- Event handling is decoupled from physics routines, easy to create arbitrary 

algorithm stacks.
• The collaboration:
- International collaboration with about a half-dozen collaborators (essentially 

all experimentalists) and many more contributors.
• Collaborators do service work (validation, distribution, user support, 

developer support, etc.)
• Contributors (many theorists) offer individual models or pieces of validation 

software, sometimes consulting, etc.
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GENIE at FNAL

• GENIE is the primary event generator for:
- ArgoNeuT
- SBND
- DUNE
- MicroBooNE
- MINERvA
- NOvA
• GENIE is being considered for special studies by MINOS and 

MiniBooNE (they use previous generation software for their 
main generators).
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Challenges for GENIE

• Two broad classes:
- We need better theory.
• We strongly support the efforts of our theory colleagues to improve our 

understanding of the nuclear model, transport, etc.
• We need theory that operates over many regimes of kinematic phase 

space, and we need full predictions of the final state (hadronic side too!)
- We need time / resources for model development, integration, and tuning.
• All GENIE authors are experimentalists first - our day job is not to work on 

the generator and so it only improves when we have time. (Worse, really 
only when more than one of us has time at the same time.)

• Difficult to dedicate large fractions of postdocs to GENIE - it isn't usually in 
their best interests, career wise, but small fractions (10-25%) leave people 
without domain expertise to develop code that passes internal review. We 
really need people who can comfortably dedicate 50% of their time over 
the course of a couple of years.

• How to handle tensions between different datasets?

11
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"Same" Channel, Same Detector, Same Flux - Prefer Different Models!

• Not quite apples to apples, but “close”…
• Note that MINERvA used NuWro (not GENIE) for these comparisons 

(GENIE does not yet have some of these models implemented).
• Because the proton has different sensitivity to FSI, it isn't shocking that 

we get different results between the two analyses with respect to 
preferred nuclear models.
- It is a bit surprising to see "worst to first."

• One consistent FSI model is applied across the results - an obvious 
next consideration is to vary both the nuclear and FSI models.
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Muon Arm: RFG RFG RFG SF
NuWro Model +TEM
MA (GeV/c2) 0.99 0.99 1.35 0.99
Rate ‰2/d.o.f. 3.5 2.4 3.7 2.8

Shape ‰2/d.o.f. 4.1 1.7 2.1 3.8

Proton Arm: RFG RFG RFG RFG
NuWro Model +RPA +RAP+Nieves +TEM
Rate ‰2/d.o.f. 1.7 1.9 3.7 3.9

Shape ‰2/d.o.f. 3.3 3.6 4.8 5.8

Table 3: Comparisons between the measured d‡/dQ2
QE (rate and shape) using the final state muon

in the table on the left [28], and the final state proton in the table on the right [40], and di�erent
models implemented using the NuWro neutrino event generator [32, 30], expressed as ‰2 per degree
of freedom (d.o.f.). The ‰2 computation in the table accounts for significant correlations between
the data points caused by systematic uncertainties. For the muon arm measurement, there are
eight (seven) degrees of freedom, and for the proton arm, there are seven (six) degrees of freedom.
The muon arm model comparisons use several values of the axial mass parameter of the Llewellyn
Smith model [34] of quasielastic scattering. The proton arm we uses only MA = 0.99 GeV/c2.

rates and fast, electronic readout. But, while the heavy nucleus provides a high neutrino interaction
rate, it also creates a high interaction rate for daughter particles. This leads to “messy” events
that challenge automated algorithms, forcing parts of the analysis to be done via hand-scans.

Fortunately, we are at the threshold of a milestone in image recognition: computers are now
scoring within percentage points of humans in recognizing objects in photographs [37]. This due
to algorithmic improvements, but also to faster hardware and especially to very large, high quality
image sets for training. As these techniques are refined and hardware continues to improve these
methods will become increasingly useful for event reconstruction.

However, machine learning algorithms require high quality input. Improving event generators
to get the level of the cross section correct is only part of the challenge. If we accurately model event
topology, then we may confidently simulate very large training samples for these algorithms, and
deploy them expecting improvements in reconstruction e�ciency and better background separation.

Also, most design studies for a new long baseline neutrino experiment are only considering
normalization uncertainties from cross sections. In, for example [18], the study does not consider
how event topology impacts energy estimation. This is due to the special challenge posed by
neutrino energy reconstruction. But, the estimation is nevertheless optimistic. Eventually we will
need the best possible energy estimators, and these will rely on not only modeling the level of the
cross section, or constraining the level with data, but will exploit the specific final state topology.
If we are able to predict the number, type, momenta, and correlations between final state particles,
developing good energy estimators is possible with machine learning methods. Even “traditional”
methods benefit a great deal from accurately modeling the final state because it increases our
confidence in our e�ciency and bias estimates, and helps to improve our resolution.

5 Project description and details
5.1 Overview of the program of work
This project is a multi-experiment data analysis that will inform model selection and parameter
choices for the collection of exclusive and semi-inclusive neutrino interaction channels that comprise
GENIE’s global physics tune. There are three main components to this work:

• The core is the multi-experiment joint analysis and tuning e�ort. We will partner with
experiments at Fermilab to make them more e�ective users of GENIE and to incorporate

9
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FIG. 2: The double-di↵erential cross section d2�/dEavaildq3
in six regions of q3 is compared to the GENIE 2.8.4 model with
reduced pion production (small dot line), the same with RPA
suppression (long-dashed), and then combined with a QE-
like 2p2h component (solid). The 2p2h component is shown
separately as a shaded region. genie predicts events with
zero available energy (all neutrons in the final state), which
are summed into the first bin in each q3 range.

cial volume, the e�ciency of the MINOS muon match,
and the subtraction of small (3%) neutral-current and µ+

backgrounds. Dividing by the flux and 3.17 ⇥ 1030 nu-
cleon targets results in the double-di↵erential cross sec-
tion d2�/dEavaildq3, shown1 in Fig. 2 for six ranges of
q3.

Both the q3 and the Eavail estimators have mild depen-
dence on the interaction model. The results in this Let-
ter, especially the migration matrix used for the unfold-
ing, are produced using the fully-modified model rather
than the default model. Since the fully-modified model
does not provide a complete description of the data, we
also extract the cross section using the default model,
and take the di↵erence as a systematic uncertainty. This
is the largest contributor (10%) to the systematic uncer-
tainty for q3 below 0.4 GeV. The flux uncertainty (6%) is
the next largest, followed by hadronic and muon energy
scales. The total uncertainty ranges from 10% at high q3
and high Eavail, growing to 20% at the lowest Eavail and
q3.

The discrepancy seen in the unfolded data in Fig. 2 is
much smaller with these model additions. The RPA sup-
pression has a significant e↵ect on the lowest Eavail bins,
and produces very good agreement. The RPA model is
theoretically motivated and the lowest Q2 behavior is
tuned to external data, neutron decay for the axial form
factor FA(Q2 = 0), and muon capture on nuclei [26] for
the long-range correlation e↵ect. The �2 from compar-

1
Tables of this cross section and the estimated flux are available

in the supplementary material.

ing the simulation to reconstructed data, with the full
covariance matrix and six bins of q3, decreases from 896
(for 61 degrees of freedom) for the default simulation to
540 when the RPA e↵ects are added. The simulated QE-
like 2p2h contribution spans the horizontal axis and mit-
igates some of the discrepancy in the region between the
QE and �. The resulting �2 is improved further to 498,
but this prediction still does not fully describe the data.
The unmodeled shape di↵erences between the data and

models shown in Fig. 1 are the same (within statisti-
cal uncertainties) as samples from a higher energy range
6 < E⌫ < 20 GeV selected from the same run period.
Di↵erences in the normalization of high and low energy
samples are consistent with the energy-dependent uncer-
tainties of the flux. An extreme case of zero 2p2h compo-
nent above 5 GeV is disfavored by more than three stan-
dard deviations, with the muon energy scale being the
largest systematic uncertainty. This favors the hypothe-
sis that the apparent tension between MiniBooNE [5] and
NOMAD [3] arises from di↵erences in selection, and not
from a strong dependence of nuclear e↵ects on neutrino
energy. The lack of energy dependence is also confirma-
tion that the low-⌫ method [50–53] may be e↵ective in
constraining the relative E⌫ dependence of the neutrino
flux, even with unmodeled nuclear e↵ects.
There is an independent marker for a multi-nucleon

component; the 2p2h process transfers energy and mo-
mentum to two nucleons, which will be ejected from the
nucleus. This is in contrast to the QE, �, and coherent
pion interactions which produce a single recoiling nu-
cleon, nucleon and pion, and only a pion, respectively,
before final state interactions (FSI). The Nieves model
predicts [28] that proton plus neutron initial states are
50 to 80% of the total. The presence of additional pro-
tons was inferred from the energy spectrum of hadronic
activity near the neutrino interaction point of QE events
in an earlier MINERvA result [6]. Another observation
of proton pairs is reported by ArgoNeuT [54]. Using a
technique to e↵ectively count protons, we find the data
have more events with two or more observable protons in
the final state, compared to the default model.
This analysis identifies protons in MINERvA directly

using the Bragg peak at the end of their range in scin-
tillator: protons are likely to deposit 20 MeV or more
in the scintillator strip where they stop (which may be
the strip where the interaction occurred). We define
a search region around the neutrino interaction point
±170 mm in the beam direction and ±83 mm in the
transverse direction. Pions and neutrons are likely to
exit the search region or leave only low energy deposits.
Simulated QE and � production events with a pion from
the 0.4 < q3 < 0.8 sample produce an average of 1.0
strips with activity more than 20 MeV in the interac-
tion region. Two-nucleon events from the 2p2h process
or � interactions that lose their pion to FSI produce an
average of 1.6 and 1.5 strips with 20 MeV, respectively.
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FIG. 3: Fraction of events with zero, one, two, and three or
more strips with at least 20 MeV of activity near the interac-
tion point, The samples are from the region between QE and
� for two ranges of reconstructed three momentum transfer.
The model with RPA and 2p2h is shown with the solid line
and systematic uncertainty band; the data are shown with
statistical uncertainties. The ratios are taken with respect to
the default model, shown as a dotted line. RPA suppression
negligibly modifies the default model for this quantity and is
not shown.

The simulation has fewer protons than the data, and
the 2p2h model simulated for this analysis is essential
to obtain agreement. Figure 3 shows the multiplicity
of deposits above 20 MeV observed in data and varia-
tions of the model, for the region between the QE and
� processes, specifically from 0.08 to 0.16 GeV (0.14 to
0.26 GeV) in the left (right) q3 distributions from Fig. 1.
The addition of the 2p2h component makes the most dra-
matic change. The combined �2 improves 15.1 to 7.5
for six degrees of freedom. More multi-nucleon events
would further improve agreement. The model with RPA
and GENIE 2.8.4 model without reduced pion production
(neither are shown) yields a �2 of 15.2 and 19.6, respec-
tively.

The region at higher Eavail, dominated by resonances
and with unsimulated 2p2h1⇡ interactions, shows all the
same trends. In the QE region at lower Eavail, the agree-
ment is most improved with the addition of the RPA sup-
pression; sensitivity to multiple protons is reduced due to
the QE background and the protons’ lower energy.

The most significant systematic uncertainty for the
proton counting study is from the value [39] for Birks’
parameter used in the detector simulation. Uncertainties
from the FSI model, especially pion absorption, change
the multi-nucleon content and are also significant, but the
1� uncertainty produces e↵ects that are a factor of three
smaller than this model for 2p2h reactions. The shape
of the pion energy spectrum reported in [8] is especially
sensitive to the FSI model and is adequately described
with genie and its FSI uncertainties.

The significantly improved agreement, even using a

single 2p2h model with a simplified hadronic system, is
additional evidence that a multi-nucleon component is
present in the data. Refinements to this 2p2h model, or
other models [24, 55] not currently available for full sim-
ulation, may predict more multi-proton events or events
with di↵erent kinematics, and further improve the de-
scription of the observed event rate and proton content of
these samples. Augmented treatment of the 1p1h, short-
range correlation component, with constraints from the
superscaling method [55, 56] or a simulated final state
that includes the spectator nucleon [57], may also con-
tribute to a better simulation.

The data make clear two distinct multi-nucleon e↵ects
that are essential for complete modeling of neutrino in-
teractions at low momentum transfer. The 2p2h model
tested in this analysis improves the description of the
event rate in the region between QE and� peaks, and the
rate for multi-proton events, but does not go far enough
to fully describe the data. Oscillation experiments sen-
sitive to energy reconstruction e↵ects from these events
must account for this event rate. The cross section pre-
sented here will lead to models with significantly im-
proved accuracy.
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Even the "state of the art" leaves many questions.

Proxy for low-E protons at the vtx.
RPA helps, but 2p2h models are still 
missing components.
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Plan of action

• This Spring we are undertaking a big "sprint" to incorporate 
new models (most of which were partially developed by 
members of the community).
• This Summer we have a large-scale tuning exercise planned.
- Kicked off by a Workshop at Liverpool right after Neutrino, July 

11-15.
• Also plan this Summer to introduce features to make it easier 

for experiments to change the default physics tune or create 
their own.
- Theorists rightly cringe at this, but in GENIE we are trying to tune 

across a very wide collection of energies and targets. Any given 
experiment may not want to be sensitive to our choices for 
resolving tensions.
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Back-up
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Free Nucleon: 
Parameterize  

w/ Form Factors.

Nucleus:  
What is the initial state?  

What escapes the nucleus?

ν lepton

d u

W±

f f

ν ν

Z0
Charged Current Neutral Current

ν lepton

?

Bare fermions: Homework problem



Gabriel N. Perdue | "Grassroots" Neutrino-Nucleus Scattering Issues March 15, 2016

Embedded Assumptions
• There are a few facts that are often “hidden in plain sight” when discussing neutrino-nucleus 

interactions:
- Your knowledge of the flux is typically only good to 10-20% and you have no information event-by-

event.
- Kinematic distributions are always integrated over a specific (barely known) flux.
- Measurements are always convolutions of flux, cross section, nuclear effects, and detector 

efficiencies. 

21

J.A. Formaggio and G.P. Zeller, "From eV to EeV: Neutrino 
Cross Sections Across Energy Scales", Rev. Mod. Phys. 84, 1307-1341, 2012

Neutrino

Anti-
Neutrino

"Oscillation Zone"
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The Basic Problem: The Best We Can Do

• The best we can do is build a map, weighted by probability, that 
provides all the possible initial states for an observed final state.
• With this map and a sample of events, we may infer a neutrino 

energy distribution (or some other kinematic distribution).
• How do we make any progress without an initial energy to begin 

with?
• For measurements, we use the generator to predict backgrounds 

and the efficiency.
- We may constrain the backgrounds with data (at the price of a 

systematic uncertainty).
- We must impose systematic uncertainties on our efficiency based on 

model estimates.
• The more measurements we have, the better we may constrain 

these uncertainties and the better is our probability map.

22
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Perspectives*

• Theorists: The model doesn't need to match the data, it 
just needs to be correct.
• Experimentalist: The model doesn't need to be correct, 

it just needs to match the data.
- (Both camps are quite pleased with their positions.)
• Other generators:
- NuWro (theorists)
- GiBUU (theorists)
- NEUT (mostly experimentalists)
- NUANCE (mostly experimentalists, not actively 

supported)

23

*Attributed to U. Mosel
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GENIE Physics Models

• GENIE 2.0 used identical physics models as NEUGEN, a 
Fortran generator that was developed over a number of years 
by a succession of physicists, and used by MINOS. GENIE 
has evolved with each subsequent release.
• There are currently over 20 different physics models.
• The default nuclear model is the relativistic Fermi gas with 

Bodek and Ritchie high-momentum tails. GENIE also has an 
Effective Spectral Function and an internally developed MEC 
model.
• The quasielastic process is Llewellyn-Smith.
• Excitation of nucleon resonances (decaying by meson 

emission) and coherent pion production are both described by 
models Rein and Sehgal.
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GENIE Physics Models

• Bodek and Yang (2003) is used for nonresonant inelastic 
scattering.
• The custom "AGKY" hadronization model, developed 

internally, covers the transition between PYTHIA at high (W > 
3GeV/c2) invariant masses and an empirical model based on 
KNO-scaling at lower invariant masses.
• GENIE has two internally developed models for final-state 

interactions; one is a cascade model and the other (the 
default) parameterizes the cascade a single effective 
interaction for easy re-weighting.
• GENIE uses the SKAT parametrization of formation zones (the 

effective distance over which a quark hadronizes).
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Why do we need the energy?
• 3 x 3 Unitary Matrix 
- 3 “Euler Angles”, 1 Complex Phase*

• 3 Masses
- 2 Independent Splittings

S

U
‹e

‹µ

‹·

T

V =

Q

a
Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
U·1 U·2 U·3

R

b

S

U
‹1
‹2
‹3

T

V

26

mc

ma

mb

θ12,θ23,θ13,δCP

νi = Mass 
Eigenstates

να = Flavor 
Eigenstates

PMNS matrix...

*Plus two Majorana phases - Insanely important! (But, ignored here...)
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• Flavor eigenstates interact. Flavor states are superpositions of mass 
states. 
- Different masses ⇒ Different propagators.

• ⇒ Flavor composition evolves with time.

P (⌫↵ ! ⌫�) = |h⌫� |⌫ (L)i|2 =

������

X

j

U⇤
↵je

�im2
j

L
2E U�j

������

2

Prop (⌫j) ⇠ e(�imj⌧j)
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B. Kayser, arXiv 
0804.1121

m1 6= m2 6= m3
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How do we measure PMNS?

• We beat these probabilities against each other.
• δ → -δ for antineutrinos.
• Compare neutrinos to antineutrinos to measure CP violation and the 

mass hierarchy.

28



Gabriel N. Perdue | "Grassroots" Neutrino-Nucleus Scattering Issues March 15, 2016

P
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Probabilities

• The probabilities are a function of the matrix parameters, the 
mass splittings, and the neutrino energy!
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In MATTER:

�ij = 1.27�m2
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How do we measure these probabilities?
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http://www-numi.fnal.gov/PublicInfo/forscientists.html

Measure "Near"/Far
Fit Ratio

Extract Physics!
⇠ �m2

32

⇠ sin2 2✓32

http://www-numi.fnal.gov/PublicInfo/forscientists.html
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And remember, we need to do it all over again for antineutrinos!
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Review

• We need neutrino energy to high precision in our far detector.
• We need neutrino energy in our near detector.
- These may feature different detector technologies. They definitely 

see different neutrino fluxes.
• We need to understand neutrinos and antineutrinos.
• We're looking for a tiny effect, so "large" systematic uncertainties will 

destroy the measurement.
• "Cross section uncertainties" are not simply level uncertainties. We 

need to know how to appropriately map an observed final state to a 
properly weighted distribution of possible initial states.
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Testing FSI with Pion Production: Charged Pions

• Allow only one charged pion, 
however it is produced and any 
number of nucleons at W < 1.4 
GeV (near the resonance 
region).
- Max of two hadron tracks.

• Pions identified by dE/dX and a 
Michel electron tag.
- Selection is tailored to avoid 

charge exchange, absorption, 
and hadronic showers in the 
detector for better energy 
resolution.
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1.6 Shape Measurement arXiv 1406.6465

GENIE χ2 : 21 for 7 d.o.f.

GENIE χ2 : 7.4 for 6 d.o.f.

• 3,474 charged-pion event 
candidates.

• 77% purity. The largest 
background is events with a 
true W of more than 1.4 GeV 
(~17% of total).

• Shape-only measurement is 
statistics limited in most bins.

• Dominant systematics are on 
flux, the pion energy 
response model in the 
detector, and on FSI (enters 
through the efficiency 
correction) 
• Dominant error changes as 

a function of energy.
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• GENIE and NuWro use an isotropic angular distribution for the 
Δ decay while NEUT uses the anisotropic model proposed by 
Rein and Sehgal. 
• However, the FSI model dominates the (GENIE) response.

36

Pion Angle wrt Beam (deg)
0 20 40 60 80 100 120 140 160 180

/d
eg

re
e/

nu
cl

eo
n)

2
  (

cm
πθ

/d
σd 0

10

20

30

40

50

60

70

80
-4210×

Data
GENIE 2.6.2 hA FSI
GENIE 2.6.2 No FSI
NEUT 5.3.1 (CH)
NuWro
ACS (CH)

POT Normalized 

Pion Angle wrt Beam (deg)
0 20 40 60 80 100 120 140 160 180

  (
A

rb
itr

ar
y 

Sc
al

e)
πθ

/d
σd

0
5
10
15
20
25
30
35
40
45
50

-4210×
Data
GENIE 2.6.2 hA FSI
GENIE 2.6.2 No FSI
NEUT 5.3.1 (CH)
NuWro
ACS (CH)

  Shape Measurement

arXiv 1406.6465

ACS = Athar, Chaukin, and Singh, 
EPJ A 43 (2010) 209-227
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Shape agreement would improve if the inelastic scattering contribution were 
increased within the total error in the pion inelastic cross section data (40%).
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arXiv 1406.6465

MiniBooNE Data: 
PRD 83.052007

• Because neutrino differential 
cross sections are flux 
integrated, they may only be 
compared through a 
generator model (like 
GENIE).

• Within the context of the 
GENIE model, there is 
tension in these results:
• Inconsistent peaks
• Different normalization 

shifts
• "Agreement" also puzzling: 

MINERvA should see larger 
cross section since the pion 
production cross section 
rises with energy.
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AGKY Hadronization

39

2 Eur. Phys. J. C (2009) 63: 1–10

2 The AGKY model

2.1 Overview

The AGKY model, which is now the default hadroniza-
tion model in the neutrino Monte Carlo generators NEU-
GEN [9] and GENIE-2.0.0 [10], includes a phenomenolog-
ical description of the low invariant mass region based on
Koba–Nielsen–Olesen (KNO) scaling [11], while at higher
masses it gradually switches over to the PYTHIA/JETSET
model. The transition from the KNO-based model to the
PYTHIA/JETSET model takes place gradually, at an in-
termediate invariant mass region, ensuring the continuity
of all simulated observables as a function of the invariant
mass. This is accomplished by using a transition window
[W tr

min,W
tr
max] over which we linearly increase the fraction

of neutrino events for which the hadronization is performed
by the PYTHIA/JETSET model from 0% at W tr

min to 100%
at W tr

max. The default values used in the AGKY model are

W tr
min = 2.3 GeV/c2, W tr

max = 3.0 GeV/c2. (1)

The kinematic region probed by any particular experi-
ment depends on the neutrino flux, and for the 1–10 GeV
range of importance to oscillation experiments, the KNO-
based phenomenological description plays a particularly
crucial role. The higher invariant mass region where
PYTHIA/JETSET is used is not accessed until a neutrino
energy of approximately 3 GeV is reached, at which point
44.6% of charged-current interactions are non-resonant in-
elastic and are hadronized using the KNO-based part of the
model. For 1 GeV neutrinos this component is 8.3%, indi-
cating that this model plays a significant role even at rel-
atively low neutrino energies. At 9 GeV, the contributions
from the KNO-based and PYTHIA/JETSET components
of the model are approximately equal, with each handling
around 40% of generated CC interactions. The main thrust
of this work was to improve the modeling of hadronic show-
ers in this low invariant mass/energy regime, which is of
importance to oscillation experiments.

The description of AGKY’s KNO model, used at low in-
variant masses, can be split into two independent parts:

– generation of the hadron shower particle content;
– generation of hadron 4-momenta.

These two will be described in detail in the following sec-
tions.

The neutrino interactions are often described by the fol-
lowing kinematic variables:

Q2 = 2Eν

(
Eµ − pL

µ

)
− m2,

ν = Eν − Eµ,

W 2 = M2 + 2Mν − Q2,

x = Q2/2Mν,

y = ν/Eν

(2)

where Q2 is the invariant 4-momentum transfer squared, ν

is the neutrino energy transfer, W is the effective mass of
all secondary hadrons (invariant hadronic mass), x is the
Bjorken scaling variable, y is the relative energy transfer,
Eν is the incident neutrino energy, Eµ and pL

µ are the energy
and longitudinal momentum of the muon, M is the nucleon
mass and m is the muon mass.

For each hadron in the hadronic system, we define the
variables z = Eh/ν, xF = 2p∗

L/W and pT where Eh is the
energy in the laboratory frame, p∗

L is the longitudinal mo-
mentum in the hadronic c.m.s., and pT is the transverse mo-
mentum.

2.2 Low-W model: particle content

At low invariant masses the AGKY model generates had-
ronic systems that typically consist of exactly one baryon
(p or n) and any number of π and K mesons that are kine-
matically possible and consistent with charge conservation.

For a fixed hadronic invariant mass and initial state (neu-
trino and struck nucleon), the method for generating the
hadron shower particles generally proceeds in four steps.

Determine ⟨nch⟩: Compute the average charged-hadron
multiplicity using the empirical expression:

⟨nch⟩ = ach + bch lnW 2. (3)

The coefficients ach, bch, which depend on the initial state,
have been determined by bubble chamber experiments.

Determine ⟨n⟩: Compute the average hadron multiplicity
as ⟨ntot⟩ = 1.5⟨nch⟩ [12].

Deterimine n: Generate the actual hadron multiplicity
taking into account that the multiplicity dispersion is de-
scribed by the KNO scaling law [11]:

⟨n⟩ × P(n) = f
(
n/⟨n⟩

)
(4)

where P(n) is the probability of generating n hadrons and f

is the universal scaling function, which can be parameterized
by the Levy function1 (z = n/⟨n⟩) with an input parameter
c that depends on the initial state. Figure 1 shows the KNO
scaling distributions for νp (left) and νn (right) CC interac-

1The Levy function: Levy(z; c) = 2e−cccz+1/#(cz + 1).
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Fig. 1 KNO scaling
distributions for νp (left) and νn
interactions. The curve
represents a fit to the Levy
function. Data points are taken
from [7]

tions. We fit the data points to the Levy function and the best
fit parameters are cch = 7.93 ± 0.34 for the νp interactions
and cch = 5.22 ± 0.15 for the νn interactions.

Select particle types: Select hadrons up to the generated
hadron multiplicity taking into account charge conservation
and kinematic constraints. The hadronic system contains any
number of mesons and exactly one baryon which is gener-
ated based on simple quark model arguments. Protons and
neutrons are produced in the ratio 2:1 for νp interactions,
1:1 for νn and ν̄p, and 1:2 for ν̄n interactions. Charged
mesons are then created in order to balance charge, and the
remaining mesons are generated in neutral pairs. The prob-
abilities for each are 31.33% (π0,π0), 62.66% (π+,π−),
and 6% production of strange meson pairs. The probability
of producing a strange baryon via associated production is
determined from a fit to # production data:

Phyperon = ahyperon + bhyperon lnW 2. (5)

Table 1 shows the default average hadron multiplicity and
dispersion parameters used in the AGKY model.

2.3 Low-W model: hadron system decay

Once an acceptable particle content has been generated, the
available invariant mass needs to be partitioned amongst
the generated hadrons. The most pronounced kinematic fea-

Table 1 Default AGKY average hadron multiplicity and dispersion
parameters (see text for details)

νp νn ν̄p ν̄n

ach 0.40 [7] −0.20 [7] 0.02 [13] 0.80 [13]

bch 1.42 [7] 1.42 [7] 1.28 [13] 0.95 [13]

cch 7.93 [7] 5.22 [7] 5.22 7.93

ahyperon 0.022 0.022 0.022 0.022

bhyperon 0.042 0.042 0.042 0.042

tures in the low-W region result from the fact that the pro-
duced baryon is much heavier than the mesons and exhibits a
strong directional anticorrelation with the current direction.

Our strategy is to first attempt to reproduce the experi-
mentally measured final-state nucleon momentum distribu-
tions. We then perform a phase space decay on the remnant
system employing, in addition, a pT -based rejection scheme
designed to reproduce the expected meson transverse mo-
mentum distribution. The hadronization model performs its
calculation in the hadronic c.m.s., where the z-axis is in the
direction of the momentum transfer. Once the hadronization
is completed, the hadronic system will be boosted and ro-
tated to the LAB frame. The boost and rotation maintains
the pT generated in the hadronic c.m.s.

In more detail, the algorithm for decaying a system of N

hadrons is the following.
Generate baryon: Generate the baryon 4-momentum

P ∗
N = (E∗

N,p∗
N) using the nucleon p2

T and xF PDFs which
are parameterized based on experimental data [14, 15]. The
xF distribution used is shown in Fig. 2. We do not take into

Fig. 2 Nucleon xF distribution data from Cooper et al. [15] and the
AGKY parametrization (solid line)
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where Dπ (x,Q2, z) is the pion fragmentation function. Ex-
perimentally Dπ is determined as

Dπ
(
x,Q2, z

)
=

[
Nev

(
x,Q2)]−1

dN/dz. (8)

In the framework of the Quark Parton Model (QPM) the
dominant mechanism for reactions (6) is the interaction of
the exchanged W boson with a d-quark to give a u-quark
which fragments into hadrons in neutrino interactions, leav-
ing a di-quark spectator system which produces target frag-
ments. In this picture the fragmentation function is indepen-
dent of x and the scaling hypothesis excludes a Q2 depen-
dence; therefore the fragmentation function should depend
only on z. There is no reliable way to separate the current
fragmentation region from the target fragmentation region if
the effective mass of the hadronic system (W ) is not suffi-
ciently high. Most experiments required W > W0 where W0

is between 3 and 4 GeV/c2 when studying the fragmentation
characteristics. This caused difficulties in the tuning of our
model because we are mostly interested in the interactions
at low hadronic invariant masses.

We determined the parameters in our model by fitting ex-
perimental data with simulated CC neutrino free nucleon in-
teractions uniformly distributed in the energy range from
1 to 61 GeV. The events were analyzed to determine the
hadronic system characteristics and compared with pub-
lished experimental data from the BEBC, Fermilab 15-foot,
and SKAT bubble chamber experiments. We reweight our
MC to the energy spectrum measured by the experiment if
that information is available. This step is not strictly neces-
sary for the following two reasons: many observables (mean
multiplicity, dispersion, etc.) are measured as a function of
the hadronic invariant mass W , in which case the energy de-
pendency is removed; secondly the scaling variables (xF , z,
etc.) are rather independent of energy according to the scal-
ing hypothesis.

Some experiments required Q2 > 1 GeV2 to reduce the
quasi-elastic contribution, y < 0.9 to reduce the neutral cur-
rents, and x > 0.1 to reduce the sea-quark contribution.

They often applied a cut on the muon momentum to se-
lect clean CC events. We apply the same kinematic cuts as
explicitly stated in the papers to our simulated events. The
hadronization model described here is used only for con-
tinuum production of hadrons, resonance-mediated produc-
tion is described as part of the resonance model [21]. Com-
bining resonance and non-resonant inelastic contributions
to the inclusive cross section requires care to avoid double
counting [22], and the underlying model used here includes
a resonant contribution which dominates the cross section at
threshold, but whose contribution gradually diminishes up to
a cutoff value of W = 1.7 GeV/c2, above which only non-
resonant processes contribute [23]. All of the comparisons
shown in this paper between models and data include the
resonant contribution to the models unless it is explicitly ex-
cluded by experimental cuts.

Figure 3 shows the average charged-hadron multiplicity
⟨nch⟩ (the number of charged hadrons in the final state, i.e.
excluding the muon) as a function of W 2. ⟨nch⟩ rises linearly
with ln(W 2) for W > 2 GeV/c2. At the lowest W values
the dominant interaction channels are single pion production
from baryon resonances:

ν + p → µ− + p + π+, (9)

ν + n → µ− + p + π0, (10)

ν + n → µ− + n + π+. (11)

Therefore ⟨nch⟩ becomes 2(1) for νp(νn) interactions as
W approaches the pion production threshold. For νp inter-
actions there is a disagreement between the two measure-
ments especially at high invariant masses, which is proba-
bly due to differences in scattering from hydrogen and deu-
terium targets. Our parameterization of low-W model was
based on the Fermilab 15-foot chamber data. Historically the
PYTHIA/JETSET program was tuned on the BEBC data.
The AGKY model uses the KNO-based empirical model at
low invariant masses and it uses the PYTHIA/JETSET pro-
gram to simulation high invariance mass interactions. There-
fore the MC prediction agrees better with the Fermilab data

Fig. 3 Average charged-hadron
multiplicity ⟨nch⟩ as a function
of W 2. (a) νp events. (b) νn
events. Data points are taken
from [7, 20]


