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Outline
• GENIE's pion production model(s)
• "Nuclear" models for the ground state.
• See earlier 1p1h talk...
• Free nucleon model:
• Form factors
• Differential cross section algorithms
• Resonant production
• Coherent production

• Note: again we will largely ignore the remnant 
nucleus and FSI in this presentation.
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Documentation
• Physics and Users Manual contains some detail (non-exhaustive example 

below):
- https://arxiv.org/abs/1510.05494
- Please feel empowered to contribute. (Classic OSS "first contribution" is documentation.)
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2.3. CROSS SECTION MODEL 19

Baryon Resonance Production: The production of baryon resonances in neutral and charged
current channels is included with the Rein-Sehgal model [36]. This model employs the Feynman-Kislinger-
Ravndal [37] model of baryon resonances, which gives wavefunctions for the resonances as excited states
of a 3-quark system in a relativistic harmonic oscillator potential with spin-flavor symmetry. In the
Rein-Sehgal paper the helicity amplitudes for the FKR model are computed and used to construct the
cross sections for neutrino-production of the baryon resonances. From the 18 resonances of the original
paper we include the 16 that are listed as unambiguous at the latest PDG baryon tables and all resonance
parameters have been updated. In our implementation of the Rein-Sehgal model interference between
neighboring resonances has been ignored. Lepton mass terms are not included in the calculation of the
differential cross section, but the effect of the lepton mass on the phase space boundaries is taken into
account. For tau neutrino charged current interactions an overall correction factor to the total cross
section is applied to account for neglected elements (pseudoscalar form factors and lepton mass terms)
in the original model. The default value for the resonance axial vector mass mA is 1.12 GeV/c2, as
determined in the global fits carried out in Reference [38].

Coherent Neutrino-Nucleus Scattering: Coherent scattering results in the production of forward
going pions in both charged current (νµ+A → µ−+π++A) and neutral current (νµ+A → νµ+π0+A)
channels. Coherent neutrino-nucleus interactions are modeled according to the Rein-Sehgal model [39].
Since the coherence condition requires a small momentum transfer to the target nucleus, it is a low-Q2

process which is related via PCAC to the pion field. The Rein-Sehgal model begins from the PCAC form
at Q2=0, assumes a dipole dependence for non-zero Q2, with mA = 1.00 GeV/c2, and then calculates
the relevant pion-nucleus cross section from measured data on total and inelastic pion scattering from
protons and deuterium [40]. The GENIE implementation is using the modified PCAC formula described
in a recent revision of the Rein-Sehgal model [41] that includes lepton mass terms.

Non-Resonance Inelastic Scattering: Deep (and not-so-deep) inelastic scattering (DIS) is calcu-
lated in an effective leading order model using the modifications suggested by Bodek and Yang [28] to
describe scattering at low Q2. In this model higher twist and target mass corrections are accounted for
through the use of a new scaling variable and modifications to the low Q2 parton distributions. The cross
sections are computed at a fully partonic level (the νq→lq′ cross sections are computed for all relevant
sea and valence quarks). The longitudinal structure function is taken into account using the Whitlow
R (R = FL/2xF1) parameterization [42]. The default parameter values are those given in [28], which
are determined based on the GRV98 LO parton distributions [43]. An overall scale factor of 1.032 is
applied to the predictions of the Bodek-Yang model to achieve agreement with the measured value of the
neutrino cross section at high energy (100 GeV). This factor is necessary since the Bodek-Yang model
treats axial and vector form modifications identically and would therefore not be expected to reproduce
neutrino data perfectly. This overall DIS scale factor needs to be recalculated when elements of the cross
section model are changed.

The same model can be extended to low energies; it is the model used for the nonresonant processes
that compete with resonances in the few-GeV region.

Quasi-Elastic Charm Production: QEL charm production is modeled according to the Kovalenko
local duality inspired model [44] tuned by the GENIE authors to recent NOMAD data [45].

Deep-Inelastic Charm Production: DIS charm production is modeled according to the Aivazis,
Olness and Tung model [46]. Charm-production fractions for neutrino interactions are taken from [47], and
utilize both Peterson [48] and Collins-Spiller [49] fragmentation functions, with Peterson fragmentation
functions being the default. The charm mass is adjustable and is set to 1.43 GeV/c2 by default.

Inclusive Inverse Muon Decay: Inclusive Inverse Muon Decay cross section is computed using
an implementation of the Bardin and Dokuchaeva model [50] taking into account all 1-loop radiative
corrections.

Neutrino-Electron Elastic Scattering: The cross sections for all νe− scattering channels other
than Inverse Muon Decay is computed according to [51]. Inverse Tau decay is neglected.

https://arxiv.org/abs/1510.05494
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Resonant production
• Multiple models
- Rein-Sehgal
- Berger-Sehgal
- Berger-Sehgal-Kuzmin-Lyubushkin-Naumov (!)
- Kuzmin-Lyubushkin-Naumov
- (P33) Paschos-Lalakulich    [actually, not fully sure if this is complete/runs]
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D.Rein and L.M.Sehgal, Neutrino Excitation of Baryon Resonances and Single Pion Production, Ann.Phys.133, 79 (1981)

Kuzmin, Lyubushkin, Naumov Mod. Phys. Lett. A19 (2004) 2815

KLN Modifications based on a MiniBooNE tune courtesy of J. Nowak and S. Dytman.
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Rein Sehgal (the model we all love to hate)
• Model employs the Feyman-Kislinger-Ravndal model of baryon resonances.
• RS computes helicity amplitudes for the FKR model and uses them to 

construct cross sections for neutrino production of baryon resonances.
• Original paper had 18 resonances - we include the 16 listed as unambiguous 

in the PDG (as of... 2008?). Interference between neighboring resonances is 
ignored.
• Lepton mass terms are not included in the original RS, but the effects of 

lepton mass on phase space boundaries is included.
• Resonance M_A is 1.12 GeV/c^2.
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Berger-Rein-Sehgal Resonant Pion

• The Berger-Sehgal and Kuzmin-Lyubushkin-Naumov models for $N^*$ resonances are very 
similar to the default Rein-Sehgal model, but include the effects due to the muon mass.  

• BS includes an extra diagram that is not found in KLN.
• Much of the original code for the resonance couplings is untouched.
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Figure 8: Comparison of new model (Berger-Sehgal with new form factors) with default model.

Figure 9: Comparison of new total cross sections for fi+C for new hA2014 model with default
model hA.

needed. For higher energy pions (Ashery highest energy is 315 MeV), the Mashnik CEM03 Monte137

Carlo calculations for Fe [43, 44] are still used. Other nuclei are simulated assuming A
2
3 scaling138

which is a good approximation when there is no data to use directly. At low energies, 0 and 50139

MeV, the required values can be constructed from existing data [37, 45, 46]. Here, the fi≠ total140

cross sections should be larger than those for fi+. Splines are built with almost all available data.141

Some data values cause sharp features in the splines. In those cases, individual data points were142

shifted within the estimated error to produce a smooth result. Total inelastic cross section data143

from Ashery at 85 MeV is incompatible with the newer Aniol [40] data and was therefore not used.144

Total absorption cross section data from Nakai [47] is not compatible with Ashery [36] and was145

not used. New results for fi+C are shown in Figure 9 for the total absorption and inelastic cross146

sections.147

2.6 Single kaon production148

This release includes the model of neutrino-production of single kaons from Athar et al. [48],149

generating events in the channels ‹l+p æ l≠+K++p, ‹l+n æ l≠+K0+p, and ‹l+n æ l≠+K++n.150
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• Work in MiniBooNE also improved the 
form factors which have remained 
unchanged in the Rein-Sehgal resonance 
model.

• These are also included with parameters 
(`minibooneGV` and `minibooneGA` for 
new vector and axial form factors) in 
UserPhysicsOptions.xml.

• Figure shows the effect of adding the 
components of the model one at a time.  
(This uses the same code as in the GENIE 
validations.)

• S. Dytman, J. Nowak (Lancaster), I. 
Kakorin (JINR)
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Figure 7: Comparison of new model with MiniBooNE data (J.Nowak).

2.4 Berger-Sehgal resonant pion113

The Berger-Sehgal (BS) [32] and Kuzmin, Lyubushkin, Naumov (KLM) [33] models for Nú res-114

onances are very similar to the default Rein-Sehgal [34] model, but now includes the e�ects115

due to the muon mass. Berger-Sehgal includes an extra diagram that is not found in KLM.116

Much of the original code for the resonance couplings is untouched. The new model is en-117

abled by changing the resonance (RES) model in UserPhysicsOptions.xml from Rein-Sehgal118

(genie::ReinSehgalRESPXSec/Default) to Berger-Sehgal (genie::BergerSehgalRESPXSec2014/Default).119

Boolean parameters in UserPhysicsOptions.xml are set to true to enable either BS (is BRS) or120

KLM (is KLM) models.121

Work in MiniBooNE collaboration also improved the form factors which have remained un-122

changed in the Rein-Sehgal resonance model [35]. These are also included with parameters (minibooneGV123

and minibooneGA for new vector and axial form factors) in UserPhysicsOptions.xml.124

Figure 7 shows the e�ect of adding the components of the model one at a time. This uses125

the same code as in the GENIE validations shown in Figure 8 for 1 GeV ‹µC CC interactions.126

Distributions for true Q2 and fi+ kinetic energy are supplied.127

2.5 Updated hA pion interaction fates128

The default code for choice of final state channel uses data and model results, e.g. charge exchange129

vs. absorption, for a Fe target for all probes. These results are then unchanged for other nuclei which130

produces ≥ 20% deviations from pion interaction data, which is much more available than for pro-131

tons or neutrons. The new alternate hA2014 model includes a wide range of data for other nuclei for132

fi± so that much less extrapolation is needed. To enable it, set the parameter HadronTransp-Model133

to genie::hAIntranuke2014/Default where the default value is genie::hAIntranuke/Default.134

The new data is mostly from Ashery (Li, C, Al, Fe, Nb, Bi) [36] but includes other sources [37–41].135

To calculate the fractions for hAIntranuke, total cross sections [42] and additional inputs are also136
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"Recent" resonance model updates
• The angular distribution of pions from the decay of resonance states 

was changed in 2.10.0 from isotropic to non-isotropic.
• The cross section for Δ → Nγ was improved: corrected the lower limit in 

W and fixed the ratio of the widths Δ → Nγ to Δ → Nπ (previously fixed 
at 0.006).
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• 3> Only the angular distributions of pions from � resonance states are changed. We did not change the angular
distributions of pions from other resonance states.
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TABLE I. Table of �

�

/�
⇡

as a function of W.

bin W(GeV) �

�

/�
⇡

0 1.11 0.0202

1 1.13 0.0127

2 1.15 0.0114

3 1.17 0.0079

4 1.19 0.0072

5 1.21 0.0069

6 1.23 0.0060
7 1.25 0.0053

8 1.27 0.0059

9 1.29 0.0044
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Compare GENIE to theoretical expectation.

(L. Jiang)
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Transition region
• The total inelastic differential cross section is

• The RES term represents the contribution from all low multiplicity inelastic 
channels that proceed through resonance production:

• k runs over resonances, Wcut is model parameter.
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20 CHAPTER 2. NEUTRINO INTERACTION PHYSICS MODELING

Modeling the transition region

As discussed, for example, by Kuzmin, Lyubushkin and Naumov [52] one typically considers the total
νN CC scattering cross section as

σtot = σQEL ⊕ σ1π ⊕ σ2π ⊕ ...⊕ σ1K ⊕ ...⊕ σDIS

In the absence of a model for exclusive inelastic multi-particle neutrinoproduction, the above is usually
being approximated as

σtot = σQEL ⊕ σRES ⊕ σDIS

assuming that all exclusive low multiplicity inelastic reactions proceed primarily through resonance
neutrinoproduction. For the sake of simplicity, small contributions to the total cross section in the few
GeV energy range, such as coherent and elastic νe− scattering, were omitted from the expression above.
In this picture, one should be careful in avoiding double counting the low multiplicity inelastic reaction
cross sections.

In GENIE release the total cross sections is constructed along the same lines, adopting the proce-
dure developed in NeuGEN [6] to avoid double counting. The total inelastic differential cross section is
computed as

d2σinel

dQ2dW
= d2σRES

dQ2dW
+ d2σDIS

dQ2dW

The term d2σRES/dQ2dW represents the contribution from all low multiplicity inelastic channels
proceeding via resonance production. This term is computed as

d2σRES

dQ2dW
=

∑
k

( d2σR/S

dQ2dW

)
k
·Θ(Wcut−W )

where the index k runs over all baryon resonances taken into account, Wcut is a configurable parameter
and (d2σRS

νN /dQ2dW )k is the Rein-Seghal model prediction for the kth resonance cross section.
The DIS term of the inelastic differential cross section is expressed in terms of the differential cross

section predicted by the Bodek-Yang model appropriately modulated in the “resonance-dominance" region
W < Wcut so that the RES/DIS mixture in this region agrees with inclusive cross section data [53, 54,
55, 56, 57, 58, 59, 60, 61, 62] and exclusive 1-pion [63, 64, 65, 66, 67, 68, 69, 70, 71, 60, 72] and 2-pion
[73, 67] cross section data:

d2σDIS

dQ2dW
=

d2σDIS,BY

dQ2dW
·Θ(W −Wcut) +

+
d2σDIS,BY

dQ2dW
·Θ(Wcut−W ) ·

∑

m

fm

In the above expression, m refers to the multiplicity of the hadronic system and, therefore, the factor
fm relates the total calculated DIS cross section to the DIS contribution to this particular multiplicity
channel. These factors are computed as fm = Rm·P had

m where Rm is a tunable parameter and P had
m is the

probability, taken from the hadronization model, that the DIS final state hadronic system multiplicity
would be equal to m. The approach described above couples the GENIE cross section and hadronic
multiparticle production model [74].
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• The DIS term of the inelastic cross section uses Bodek-Yang scaled to get 
agreement in the total cross section.

• m refers to multiplicity, so f_m relates the total DIS xsec to its paired 
multiplicity channel. f_m = R_m x p_had_m, where R_m is a tunable 
parameter, and p_had_m is the probability (from hadronization model) that 
DIS final state multiplicity is m.
- This couples the DIS xsec and the hadronization model. 
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Transition region

20 CHAPTER 2. NEUTRINO INTERACTION PHYSICS MODELING

Modeling the transition region

As discussed, for example, by Kuzmin, Lyubushkin and Naumov [52] one typically considers the total
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m is the

probability, taken from the hadronization model, that the DIS final state hadronic system multiplicity
would be equal to m. The approach described above couples the GENIE cross section and hadronic
multiparticle production model [74].
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Coherent pion production
• Multiple models
- Rein-Sehgal (updated with letpon mass terms)
- Berger-Sehgal
- Rein model (diffractive)

�11

(We'll fill up the blank 
part of the slide with the 
national Mammal of the 
United States.)
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Berger-Sehgal Coherent Pion
• Actually two new models - one version as presented in PRD 79 053003 

(2009) and another with custom modifications to relax the "infinite target 
mass" assumptions.
- Very little difference in the cross sections, largely validating the original assumption.
- "Finite mass" model is a triple-differential integral (can integrate out the t-dependence in 

the cross section as presented in Berger and Sehgal's paper), so it is a bit slower.
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Berger-Sehgal Coherent Pion Model

D. Cherdack1, H. Gallagher2, and G. N. Perdue3

1Colorado State University, Department of Physics, Fort Collins, Colorado,
U.S.A.

2Physics Department, Tufts University, Medford, Massachusetts 02155, USA
3Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

May 13, 2016

1 Introduction

We describe two (but very closely related) new coherent pion production models. Both are
based on Berger-Sehgal, PRD 79 053003 (2009):

• BergerSehgalCOHPiPXSec2015

• BergerSehgalFMCOHPiPXSec2015

Both models may be found in $GENIE/src/BergerSehgal. The first model attempts to
implement the model exactly as presented in the paper. To this end we received code from
Ch. Berger implementing the pion-nucleus cross section presented in their paper. The
second implementation reworks the kinematics slightly with the assumption of an infinite-
mass target nucleus removed. The behaviors of the two implementations are quite similar
when using a Carbon target (justifying the original assumption).

The models may be activated by setting either

<param type="alg" name="XSecModel@genie::EventGenerator/COH-CC">
genie::BergerSehgalCOHPiPXSec2015/Default </param>

<param type="alg" name="XSecModel@genie::EventGenerator/COH-NC">
genie::BergerSehgalCOHPiPXSec2015/Default </param>

or

<param type="alg" name="XSecModel@genie::EventGenerator/COH-CC">
genie::BergerSehgalFMCOHPiPXSec2015/Default </param>

<param type="alg" name="XSecModel@genie::EventGenerator/COH-NC">
genie::BergerSehgalFMCOHPiPXSec2015/Default </param>

1
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Figure 1: A cartoon of the coherent pion production reaction.
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the elastic strong interaction cross section d!el=dt for pion
carbon scattering in a straightforward manner.

The phase shifts accurately reproduce even tiny effects
like secondary peaks in the angular distribution. We have
checked that except for the lowest two kinetic energies of
30 and 50 MeV it suffices to parametrize the cross section
by the simple ansatz

d!el

dt
¼ A1e

"b1t (16)

with energy dependent coefficients A1, b1 which are listed
in Table I. For energies between the measured data points
these coefficients are linearly interpolated which is the
reason for the zigzag structure of the solid line in Fig. 2.
It is obvious that !el from pion carbon data is much below
the RS model in the resonance region. At the same time
one observes that as jp"j approaches 1 GeV, the two curves
become very similar with !el # 80 mb. This finally justi-
fies the ansatz (9). It also suggests that the RS hadronic

model fails in the region of the ! resonance, but may be a
valid description at higher energies.

V. RESULTS

We are now ready to integrate the cross section (6) for
the two different models of pion carbon scattering dis-
cussed in the last section. The results are plotted versus
the neutrino energy in Fig. 3(a) for "0 production and in
Fig. 3(b) for "þ production. In obtaining the lower curves
the empirical pion carbon cross sections were calculated by
assuming the coefficients in the last line of Table I to be
valid up to T" ¼ 1:7 GeV. An error of 30% in this as-
sumption results in a cross section error of 6% at E ¼
2 GeV.
The curve using carbon data is a factor of 3 to 2 below

the curve obtained by applying the RS hadronic model.
Cross sections for NC and CC coherent single pion pro-
duction on carbon have also been calculated using an
ansatz based mainly on the microscopic process #p !
$"!þþ and its modification in the nuclear environment
[18–21]. (For an early reference to this subject see [22].)
Remarkably our calculations agree well with the corre-
sponding results given in [20,21] based on a very different
approach to coherent neutrino scattering. The predicted
cross sections of [16] depend sensitively on a cut parameter
%. Referring to footnote 41 of [16] with % ¼ 1 the results
are close to the ones obtained in this paper. The differential
cross sections d!=dQ2 or d!=d cos&l are more sensitive to
details of the theoretical models. We give in Fig. 4 our
prediction for d!=dQ2 at a neutrino energy of 1 GeV. For
the CC reaction a pronounced dip in forward direction is
seen which is mainly due to the Adler screening factor
contained in the rectangular brackets of (7).
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FIG. 3. Cross section per nucleus of coherent " production by neutrinos off carbon nuclei, (a) NC reaction #$ þ 12C ! #$ þ
12Cþ "%, and (b) CC reaction #$ þ 12C ! $" þ 12Cþ "þ. The results in units of 10"40 cm2 are plotted versus the neutrino energy

in GeV. The upper curve is calculated using the hadronic RS model, the lower curve using our parametrization of pion carbon
scattering data.

TABLE I. Coefficients A1, b1 of Eq. (16).

T" (GeV) A1 (mb=GeV2) b1 (1=GeV2)

0.076 11 600 116.0
0.080 14 700 109.0
0.100 18 300 89.8
0.148 21 300 91.0
0.162 22 400 89.2
0.226 16 400 80.8
0.486 5730 54.6
0.584 4610 55.2
0.662 4570 58.4
0.776 4930 60.5
0.870 5140 62.2
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cussed in the last section. The results are plotted versus
the neutrino energy in Fig. 3(a) for "0 production and in
Fig. 3(b) for "þ production. In obtaining the lower curves
the empirical pion carbon cross sections were calculated by
assuming the coefficients in the last line of Table I to be
valid up to T" ¼ 1:7 GeV. An error of 30% in this as-
sumption results in a cross section error of 6% at E ¼
2 GeV.
The curve using carbon data is a factor of 3 to 2 below

the curve obtained by applying the RS hadronic model.
Cross sections for NC and CC coherent single pion pro-
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ansatz based mainly on the microscopic process #p !
$"!þþ and its modification in the nuclear environment
[18–21]. (For an early reference to this subject see [22].)
Remarkably our calculations agree well with the corre-
sponding results given in [20,21] based on a very different
approach to coherent neutrino scattering. The predicted
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%. Referring to footnote 41 of [16] with % ¼ 1 the results
are close to the ones obtained in this paper. The differential
cross sections d!=dQ2 or d!=d cos&l are more sensitive to
details of the theoretical models. We give in Fig. 4 our
prediction for d!=dQ2 at a neutrino energy of 1 GeV. For
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Outlook and conclusions
• M. Kabirnezhad is working on implementing her non-resonant pion production 

model in GENIE from Oxford.
• MIT group's comparisons to electrons is shining a harsh light on this model 

and motivating efforts to improve the situation.
• Careful re-tuning of RS will extend the life of the model into v3, but we are 

actively seeking alternatives.

�19
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Back up!

Thanks!

now...
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