Validation of MK model for GENIE neutrino generator

Igor Kakorin, Konstantin Kuzmin, Vadim Naumov, Dmitry Shkirmanov

JINR, Dubna, Russia

May 2023

JINR MK model validation May 2023 1/141



]
Table of Contents

© Introduction

© Comparison with MK “as is” code in linear bin representation
© Classification of mistakes in MK

@ Total cross-sections

© W-distributions

@ Q?-distributions

@ cosd-distributions

© o¢-distributions

© Distribution of pion momentum

@ Conclusions

JINR MK model validation May 2023 2/141



Next topic

© Introduction

JINR MK model validation May 2023 3/141



The genealogy of MK-model

improvements
& tunes

improvements

& tunes

partial wave decomposition




Current status of MK-model

The MK-model is implemented in GENIE according to the last version of code
provided by the author. There are some differences between results presented in
Ref. [1] and in this document due to differences in the original and current
versions of the code:

@ The phases between resonance and non-resonant contributions are eliminated.

@ Vector and axial form factors for resonance contribution are taken according
to Ref. [2], while in the previous code a modification of them were used.

© The adjustable multipliers for vector and axial form factors are depending on

resonance are eliminated.
@ The form factor for axial non-resonant part is the same as for vector one.
© Several mistakes in formulas are fixed.
© Some problems with signs in the multipole amplitudes are fixed.

However, we suppose that other mistakes are still remain in the model, which
requires a more careful study.
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x2/ndf

To roughly quantify the comparison between the predicted and measured event
number distributions, we calculated x? as follows:

1

1 i(ﬂ—af
ndf_N—lizl Exes’

where T; (E;) is the number of predicted (measured) events in ith bin and N is
the number of bins with T; > 0.5 and E; > 0.5.

e Ak T, — E)?
o For bins with E; = 0 and T; > 0.5 we substitute 07 = i) — 7 = i) }
o For the W distributions, the normalization is performed to the region
bounded by the condition W < 2 GeV (formal applicability range of all
RS-based models). Also the corresponding x? includes only bins with
W < 2 GeV. However, we extrapolate the MC model beyond the 2 GeV

region to see where it makes sense.

JINR MK model validation May 2023 6/141



Next topic

© Comparison with MK “as is” code in linear bin representation

JINR MK model validation May 2023 7/141



Comparison with MK “as is” code in linear bin representation

Below we give a straightforward comparison of the MK code with its
implementation in GENIE using the same set of input parameters.

o Not a single mistake has been corrected in the MK code, except for a few
very obvious and trivial programming bugs (which usually have no noticeable
effect on the result).

o We use the linear bin representation of the fourfold differential cross sections,
in which the full phase space is devided into

N=12x12x12 x 12 x 8 = 165888 ~ 1.6 x 10°
bins for, respectively,
E, € [Threshold, 250 GeV], W = Wy,, Q% cosb,, ¢x

(in the Adler frame for 6, and ¢, ) with equidistant separation on a
logarithmic scale for the (anti)neutrino energy and linear for the other
Px|. 0., invariant

variables. Other measurable kinematic variables (e.g.,
masses of any pair of secondaries) are functions of the selected ones.
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Comparison with MK is" code in linear bin representation

Comparison in linear bin representation
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Comparison in linear bin representation
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Comparison in linear bin representation

CONCLUSIONS:

o The original MK code and its implementation are consistent.

o Slight residual variatios (< 5 x 107°) are due to unrecoverable differences in
the numbers (like v/2 and so on) appearing in the MK and GENIE codes.!

o Maximum fluctuations occur near kinematic boundaries and special points,
such as cos, » = 1.

1By the way, several years ago we recommended that this issue be unified, but it was not
done. This is a minor point, which, however can lead to unnecessary pseudo-problems just in the
testing process. Although this will not affect the actual calculations, in the final version of
GENIE we would like to correct this matter (if there are no objections).
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Classification of mistakes in MK

@ Contradictions with the results of the works of Rein-Sehgal, Rein, Kuzmin et
al., and Berger-Sehgal.
Example: the v — T transition rules.

@ Obvious bugs, contradictions between the author and himself (in the Ph.D.
thesis, the article, the code).
Example: Phase factors (signs at ¢ in exp(+i®)).

© All kinds of checks (such as going beyond the kinematic boundaries and
positivity of radicands), which are absent in the source code.
o For a complete list of mistakes and detailed formula output, see Genie
Document 181-v12 and related materials.?

o All of these mistakes have been fixed, but we can leave them as an option if
necessary for some reasons.

o The main mistakes affect the only type of observables: distributions in ¢, .

2URL: https://genie-docdb.pp.rl.ac.uk/cgi-bin/private/ShowDocument?docid=181.
Corrections that have been agreed upon with the author are noted there.
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Classification of mistakes in MK

o In the comparisons below, for total cross sections, only predictions are shown
calculated in the corrected version of GENIE, since the corrections do not
affect the total and even the ¢-integrated 3-fold cross sections.

o For the differential cross sections and distributions, we usually present four
variants of calculations as explained in the (not too inventive) notation:

@ All fixed: Phase factors in the GENIE code are corrected taking into account
the formulas from MK thesis and her paper.® Transition rules are corrected
according to Kuzmin et al. and Berger and Sehgal.

@ Fixed: Same as above, but without the Fi7(1970) resonance* omitted in the
MK code; just to show the (minor) role of the 2* high-mass resonance.

@ All unfixed: Phase factors and transition rules remain intact.

@ Unfixed: Same as above, but without F17(1970).

o Gray open symbols are for obsolete data.

3Recall that the phase factors in the MK code are different for CC and NC channels. The
phases for the NC channel are the same as in the thesis and article.
4According to RPP-2022 it is N(1990) 7/2%, status: ** [ “I* states are a dream, 2* states
are a fantasy” (S.Dytman)], Mgw &~ 2020 MeV, gy ~ 300 MeV, I'(N7)/Ttor = 2 — 6%.
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W-distributions
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W-distributions
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W-distributions
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W-distributions
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F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [6]. Neutrino

spectrum is taken from [34].
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W-distributions

vun > p~pn®
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All Unfixed, x?/ndf = 4.43
+ Data
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W (GeV)
W distribution with no Wcy:. Neutrino spectrum is restricted by E, < 1.5 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [6]. Neutrino
spectrum is taken from [34].
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Ratio of do/dW with no Weyt. Neutrino spectrum is restricted by E, < 1.5 GeV. Data are taken

from Ref. [6]. Neutrino spectrum is taken from [34].
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vun - u-nmt
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W distribution with no Wcy:. Neutrino spectrum is restricted by E, < 1.5 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [6]. Neutrino
spectrum is taken from [34].
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vun = u-nmt
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Ratio of do/dW with no Weyt. Neutrino spectrum is restricted by E, < 1.5 GeV. Data are taken
from Ref. [6]. Neutrino spectrum is taken from [34].
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W distribution with no Wcy. Neutrino spectrum is restricted by 0.5 < E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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W-distributions

vup = u-pr*
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W distribution with no Wcy. Neutrino spectrum is restricted by 0.5 < E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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W distribution with no Wcy. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino
spectrum is taken from [36].
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W distribution with no Wcy. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino
spectrum is taken from [36].
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Ratio of do/dW with no Wc,t. Neutrino spectrum is restricted by 4.97 < E,, < 201 GeV. Data

are taken from Ref. [24]. Neutrino spectrum is taken from [36].
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W distribution with no Wcy. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino
spectrum is taken from [36].
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vun - pu~pn®
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W distribution with no Wcy. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino
spectrum is taken from [36].
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Ratio of do/dW with no Wc,t. Neutrino spectrum is restricted by 4.97 < E,, < 201 GeV. Data

are taken from Ref. [24]. Neutrino spectrum is taken from [36].
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&0 ——— All Fixed, x?/ndf=2.22
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35 ——— Unfixed, x?/ndf=2.22
All Unfixed, x2/ndf=2.13
Data

Number of events per 0.04 GeV
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W distribution with no Wcy. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino
spectrum is taken from [36].
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Ratio of do/dW with no Wc,t. Neutrino spectrum is restricted by 4.97 < E,, < 201 GeV. Data
are taken from Ref. [24]. Neutrino spectrum is taken from [36].
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W-distributions
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W distribution with no Wcy:. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [10]. Only

W < 1.98 GeV used for area renormalization calculation. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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Ratio of do/dW with no Wcut. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Data
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W-distributions

vup = u=pr*

——— All Fixed, x?/ndf =1.59
------ Fixed, x?/ndf=1.58
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M All Unfixed, x%/ndf = 1.57
-+ Data
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2524 2.4 2.6 2.8
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W distribution with no Wcy:. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [10]. Only

W < 1.98 GeV used for area renormalization calculation. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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W distribution with no Wcy:. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [14]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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W distribution with no Wcy:. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [14]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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Vup - utpn
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Fixed, x?/ndf =2.41
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W distribution with no Wcy. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [19]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [36].

JINR

MK model validation

May 2023 74/141



W-distributions

Vup - utpn

0.99

0.98

Ratio

\

-~ Ratio of Fixed to All Fixed /
——— Ratio of Unfixed to All Fixed \
Ratio of All Unfixed to All Fixed

\
\
\
| =
—~
\ —~
\
\
\
\
0.96 \
\
\

0.95

\\_/
1.25 1.50 1.75 2.00 2.25 2.50
W (GeV)

2.75 3.00
Ratio of do/dW with no Wc,t. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Data
are taken from Ref. [19]. Neutrino spectrum is taken from [36].
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W distribution with no Wcy. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [19]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [36].
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All Fixed, x?/ndf =10.65
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All Unfixed, x?/ndf = 10.62
Data
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W distribution with no Wcy. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [19]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [36].
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Q2-distributions

Vun = v,pr~
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Q? distribution with no Wey:. Neutrino spectrum is restricted by 0.3 < E, < 1.5 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance

F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [31]. Neutrino
spectrum is taken from [34].
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Q2-distributions

vup = u-pr*
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Data
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Q2 (GeV?)
Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 0.5 < E, < 6.0 GeV.

Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed
bugs are shown. Data are taken from Ref. [6]. Neutrino spectrum is taken from [34].
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vup = u-pr*
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Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [6]. Neutrino
spectrum is taken from [34].
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Q% (Gev?)
Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by E, < 1.5 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [6]. Neutrino
spectrum is taken from [34].
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Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by E, < 1.5 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [6]. Neutrino
spectrum is taken from [34].
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Q2-distributions

Vup = u=pr*
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Q2% (GeV?)
Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 0.5 < E, < 6.0 GeV.
Model predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Q2 (GeV?)
Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 0.5 < E, < 6.0 GeV.
Model predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Q2 distribution with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Q7 (GeV?)
Q2 distribution with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Q2 distribution with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Ratio of dcr/dC)2 with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Data are

taken from Ref. [11]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q7 (GeV?)
Q2 distribution with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Q2-distributions

vun - pu-n*
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Q2 distribution with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].

JINR MK model validation May 2023 91/141
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Ratio of dcr/dC)2 with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Data are

taken from Ref. [11]. Neutrino spectrum is taken from [35].
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Q2-distributions

vun - u~nnt

1024 AF ——— All Fixed, x?/ndf =3.08
------ Fixed, y?/ndf = 3.03
Unfixed, x?/ndf =2.94
All Unfixed, x?/ndf =3.06
+ Data
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S

107t

Q7 (GeV?)
Q2 distribution with no Weyt. Neutrino spectrum is restricted by E, < 6.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [11]. Neutrino
spectrum is taken from [35].
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Q2-distributions
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Q? (Gev?)
Q? distribution with 1.1 < W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and
unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q% (Gev?)
Q? distribution with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and
unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q? distribution with 1.1 < W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0

GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and

unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q? distribution with 1.1 < W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0

GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and

unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q? distribution with 1.1 < W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and
unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions

do/dQ?
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Q? distribution with 1.1 < W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and
unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q? distribution with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0

GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and

unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q% (Gev?)

Q? distribution with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0

GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and

unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Ratio of da/dQ2 with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions
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Q? distribution with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and
unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Ratio of da/dQ2 with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions

Vup = ptpn”
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Q? distribution with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Predictions with all resonances (All)/without resonance F17(1970) and with fixed and
unfixed bugs are shown. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Vup = ptpn
1.0000
0.9995
0.9990
P e g . T L e ey Ratio of Fixed to All Fixed
2 0.9985 ———- Ratio of Unfixed to All Fixed
L5 Ratio of All Unfixed to All Fixed
7
~
0.99801 / S
/ \\\
/ ~<
| N
0.9975 Sy
~ S
Sl A
0.9970 ey
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Q2 (GeV?)

Ratio of da/dQ2 with 1.4 < W < 2.0 GeV. Neutrino spectrum is restricted by 5.0 < E,, < 200.0
GeV. Data are taken from Ref. [24]. Neutrino spectrum is taken from [35].
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Q2-distributions

Vup - utpn

141 All Fixed, x?/ndf=0.88

[ Fixed, x2/ndf = 0.88
Unfixed, x?/ndf = 0.88
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Data
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Q% (Gev?)
Q2 distribution with 1.4 < W < 1.9 GeV. Neutrino spectrum is restricted by 5.0 < E, < 155.0
GeV. Model predictions are area-normalized. Predictions with all resonances (All)/without
resonance F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [10].
Neutrino spectrum is taken from [17] (Stefanski-White spectrum model).
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Ratio of do/d@? with 1.4 < W < 1.9 GeV. Neutrino spectrum is restricted by 5.0 < E, < 155.0

GeV. Data are taken from Ref. [10]. Neutrino spectrum is taken from [17] (Stefanski-White

spectrum model).
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Q2-distributions
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Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV.

Model predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [14]. Neutrino
spectrum is taken from [17] (Stefanski-White spectrum model).
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Q2-distributions

vup = u-pr*

——— Al Fixed, x?/ndf = 1.43
------ Fixed, x?/ndf = 1.43
———- Unfixed, y?/ndf = 1.43
All Unfixed, x?/ndf =1.42
+ Data

Number of events per 0.1 GeV?

Q? (GeV?)
Q2 distribution with no Weyt. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [14]. Neutrino
spectrum is taken from [17] (Stefanski-White spectrum model).
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Q2-distributions

vup = u-pr*

——— All Fixed, x?/ndf = 1.43
------ Fixed, x?/ndf=1.43
———- Unfixed, y?/ndf = 1.43
All Unfixed, x?/ndf =1.42
+ Data
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Q7 (GeV?)
Q2 distribution with no Weyt. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [14]. Neutrino
spectrum is taken from [17] (Stefanski-White spectrum model).
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Q2-distributions

vup = u-pr*
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Q2 distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV

Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed

bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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Q2-distributions

Vup = ptpn
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Q? distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV.
Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed
bugs are shown. Data are taken from Ref. [38]. Neutrino spectrum is taken from [36].
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Q2-distributions

vup = u-pn*

—— All Fixed

------ Fixed
1.0 ——— Unfixed
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) J_ -+ Data
084/ |

0.6

Number of events per 0.05 GeV?

0.2
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Q? distribution with W < 1.4 GeV. Neutrino spectrum is restricted by 4.97 < E, < 201 GeV.
Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed
bugs are shown. Data are taken from Ref. [38]. Neutrino spectrum is taken from [36].
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cos O-distributions

vup - - pr*

70 ——— All Fixed, x?/ndf=0.95
------ Fixed, x?/ndf=0.98
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All Unfixed, x?/ndf = 0.94
+ Data
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cos(6)

Distribution of cosine of pion zenith angle in Adler frame with W < 1.4 GeV. Neutrino spectrum

is restricted by E, < 6.0 GeV. Model predictions are area-normalized. Predictions with all

resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown. Data
are taken from Ref. [6]. Neutrino spectrum is taken from [34].
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cos O-distributions
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cos(0)

Distribution of cosine of pion zenith angle in Adler frame with no Wc,:. Neutrino spectrum is
restricted by 0.3 < E, < 1.5 GeV. Model predictions are area-normalized. Predictions with all
resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown. Data
are taken from Ref. [31]. Neutrino spectrum is taken from [34].
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cos O-distributions

vup - - pr*

All Fixed, x?/ndf=1.7
Fixed, x?/ndf =1.77
——— Unfixed, x?/ndf=1.74
All Unfixed, x?/ndf = 1.66
Data
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cos(6)
Distribution of cosine of pion zenith angle in Adler frame with W < 1.4 GeV. Neutrino spectrum
is restricted by 0.5 < E,, < 6.0 GeV. Model predictions are area-normalized. Predictions with all

resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown. Data
are taken from Ref. [11]. Neutrino spectrum is taken from [35].
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cos O-distributions

vup - - pr*
35 All Fixed, /ndf = 2.79
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cos(6)

Distribution of cosine of pion zenith angle in Adler frame with W < 1.4 GeV. Neutrino spectrum
is restricted by 5.0 < E,, < 155.0 GeV. Model predictions are area-normalized. Predictions with
all resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown.
Data are taken from Ref. [37]. Neutrino spectrum is taken from [17] (Stefanski-White spectrum
model).
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cos O-distributions

vup - - pr*
——— All Fixed, x?/ndf=2.35
------ Fixed, x?/ndf=2.38
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cos(6)

Distribution of cosine of pion zenith angle in Adler frame with W < 1.4 GeV, Q2 < 1.0 GeV.
Neutrino spectrum is restricted by 5.0 < E,, < 155.0 GeV. Model predictions are
area-normalized. Predictions with all resonances (All)/without resonance F17(1970) and with
fixed and unfixed bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken
from [17] (Stefanski-White spectrum model).
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cos O-distributions
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15 —— All Fixed, x?/ndf = 1.59

ffffff Fixed, x?/ndf =1.59

——— Unfixed, x2/ndf = 1.6
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cos(8)
Distribution of cosine of pion zenith angle in Jackson frame with W < 1.4 GeV. Neutrino
spectrum is restricted by 5.0 < E,, < 200.0 GeV. Model predictions are area-normalized.
Predictions with all resonances (All)/without resonance F17(1970) with fixed phase factor and
with fixed neutrino to antineutrino transition rules. Data are taken from Ref. [19]. Neutrino
spectrum is taken from [36].
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¢-distributions

vup = u-pr*
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—— All Fixed, x?/ndf=1.19

------ Fixed, x?/ndf=1.21

10{ ——— Unfixed, x?/ndf=1.92
All Unfixed, x?/ndf =1.92

+ Data
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¢ (deg)
Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV. Neutrino spectrum is
restricted by E, < 6.0 GeV. Model predictions are area-normalized. Predictions with all
resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown. Data
are taken from Ref. [6]. Neutrino spectrum is taken from [34].
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¢-distributions

vup = u-pr*
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Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV. Neutrino spectrum is
restricted by 0.5 < E, < 6.0 GeV. Model predictions are area-normalized. Predictions with all
resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown. Data
are taken from Ref. [11]. Neutrino spectrum is taken from [35].
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¢-distributions

vup = u-pr*

All Fixed, x?/ndf =1.49
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All Unfixed, x2/ndf = 1.42
+ Data

.7—2;“ astrTe=—

Number of events per 45°

50 100 150 200 250 300 350
¢ (deg)

Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV, Q2 < 1.0 GeV. Neutrino
spectrum is restricted by 5.0 < E,, < 155.0 GeV. Model predictions are area-normalized.
Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed
bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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¢-distributions

vup = u-pr*
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Number of events per 45°

All Fixed, x?/ndf =1.17
------ Fixed, x?/ndf=1.17
———- Unfixed, x2/ndf = 1.42
All Unfixed, x?/ndf = 1.42
+ Data

50 100 150 200 250 300 350
¢ (deg)
Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV. Neutrino spectrum is
restricted by 5.0 < E,, < 155.0 GeV. Model predictions are area-normalized. Predictions with all
resonances (All)/without resonance F17(1970) and with fixed and unfixed bugs are shown. Data
are taken from Ref. [37]. Neutrino spectrum is taken from [17] (Stefanski-White spectrum
model).
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¢-distributions

vup = u-pr*

16
——— All Fixed, x?/ndf =1.55

------ Fixed, x?/ndf = 1.57
——— Unfixed, x*/ndf=1.21

All Unfixed, x?/ndf=1.2
12 + Data

14

10

Number of events per 45°
=<

50 100 150 200 250 300 350
¢ (deg)
Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV, Q2% < 1.0 GeV,
0.0 < cos(6). Neutrino spectrum is restricted by 5.0 < E, < 155.0 GeV. Model predictions are
area-normalized. Predictions with all resonances (All)/without resonance F17(1970) and with
fixed and unfixed bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken
from [17] (Stefanski-White spectrum model).
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¢-distributions

vup = u-pr*
——— All Fixed, x?/ndf =0.78
X4 | PR Fixed, x2/ndf = 0.79
———- Unfixed, y?/ndf=0.7

14 All Unfixed, y2/ndf = 0.68
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¢ (deg)
Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV, 0.0 < cos(6). Neutrino
spectrum is restricted by 5.0 < E,, < 155.0 GeV. Model predictions are area-normalized.
Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed
bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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¢-distributions

vup = u-pr*

——— All Fixed, x?/ndf=1.6
------ Fixed, x?/ndf = 1.59
——— Unfixed, x?/ndf=1.83

12 All Unfixed, x?/ndf =1.83
+ Data

-
o

Number of events per 45°
©

50 100 150 200 250 300 350
¢ (deg)
Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV, Q2% < 1.0 GeV,
cos(f) < 0.0. Neutrino spectrum is restricted by 5.0 < E,, < 155.0 GeV. Model predictions are
area-normalized. Predictions with all resonances (All)/without resonance F17(1970) and with
fixed and unfixed bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken
from [17] (Stefanski-White spectrum model).
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¢-distributions

vup = u-pr*
17.5] — All Fixed, x?/ndf=1.95
------ Fixed, x?/ndf =1.95
——— Unfixed, x?/ndf=2.45

15.0 All Unfixed, y2/ndf = 2.45
. + Data
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Distribution of pion azimuthal angle in Adler frame with W < 1.4 GeV, cos(f) < 0.0. Neutrino
spectrum is restricted by 5.0 < E,, < 155.0 GeV. Model predictions are area-normalized.
Predictions with all resonances (All)/without resonance F17(1970) and with fixed and unfixed
bugs are shown. Data are taken from Ref. [37]. Neutrino spectrum is taken from [17]
(Stefanski-White spectrum model).
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stributions

Vun-ptnn

——— Al Fixed, x/ndf = 3.53
ffffff Fixed, x?/ndf=3.53
——— Unfixed, x?/ndf =5.28
All Unfixed, x?/ndf =5.28
- Fixed phase factors, x?/ndf=5.1
All Fixed phase factors, x?/ndf=5.16
40 Fixed trans. rules, x?/ndf =3.62
- —— All Fixed trans. rules, x?/ndf = 3.58
+ Data

Number of events per 0.2

1 2 3 4 5 6
¢ (rad)

Distribution of pion azimuthal angle in Jackson frame with W < 1.4 GeV. Neutrino spectrum is
restricted by 5.0 < E,, < 200.0 GeV. Model predictions are area-normalized. Predictions with all
resonances (All)/without resonance F17(1970) with fixed phase factor and with fixed neutrino to
antineutrino transition rules. Data are taken from Ref. [19]. Neutrino spectrum is taken
from [36].
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Distribution of pion momentum

vup = u=pr*
——— All Fixed, x2/ndf=0.91
------ Fixed, x?/ndf = 0.92
100 N —.—— Unfixed, x?/ndf=0.91
All Unfixed, x2/ndf = 0.91
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Distribution of pion momentum with W < 1.4 GeV. Neutrino spectrum is restricted by E, < 1.5

GeV. Model predictions are area-normalized. Predictions with all resonances (All)/without

resonance F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [39].

Neutrino spectrum is taken from [34].
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Distribution of pion momentum
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Distribution of pion momentum with W < 1.4 GeV. Neutrino spectrum is restricted by E, < 1.5
GeV. Model predictions are area-normalized. Predictions with all resonances (All)/without
resonance F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [39].
Neutrino spectrum is taken from [34].
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Distribution of pion momentum
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Distribution of pion momentum with no Wcy. Neutrino spectrum is restricted by E, < 6.0 GeV.
Model predictions are area-normalized. Predictions with all resonances (All)/without resonance

F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [39]. Neutrino
spectrum is taken from [34].
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Conclusions

o The original MK code and its implementation are consistent.

o Difference between All Fixed and All Unfixed versions (as well as between
Fixed and Unfixed) are important only for distributions over ¢. Although
the relevant data are very uncertain, we can conclude that (on average) they
support the corrected (All fixed) version.
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Figures from [1]
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prediction of the model with fitted parameters is shown with a solid red curve. The shaded area
accounts for the variation of the results when My, changes within its error interval.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut

W <2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut
W < 2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut
W < 2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross

sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut

W <2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut
W < 2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross

sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut

W <2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut
W <2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut
W <2 GeV.
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Total cross-section with invariant mass cut W < 2 GeV, curves are predicted cross
sections by the model (solid black) and NEUT 5.3.6 (dashed green), with an invariant mass cut

W <2 GeV.
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Figures from [1]

Vyp - upTl

—— ANL
‘\‘ — Model x2=14.02

F---] NEUT5.3.6 x2=33.11

Number of events
=
o
o

80

60

40

20

Ll Ll Ll
100 200 300 400 500 600 700
p, (MeV)

Pion momentum distribution from ANL [39]. Model (solid red) and RS model (dashed
blue) predictions of flux-averaged pr-differential cross sections (with W < 2 GeV cut) are
normalized to data.
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Pion momentum distribution from ANL [39]. Model (solid red) and RS model (dashed
blue) predictions of flux-averaged pr-differential cross sections (with W < 2 GeV cut) are
normalized to data.

JINR MK model validation May 2023 155/141



Figures from [1]

Vp - W p T

200
180F _+_BEBC90
160
140F- Model
W20 EYaRT
> F Model w/o BKG
@00
< F
S f
c8of-
s [
Q. L
260~
= L
o [
D40
S r
*201—

h,

0 76 18

W distribution from Ref. [24]. Curves are the model predictions with (solid red) and

without (dashed blue) background.
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W distribution from Ref. [24]. Curves are the model predictions with (solid red) and
without (dashed blue) background.

JINR MK model validation May 2023 157/141



Figures from [1]

vn - yun

N
O

r 0.04 GeV/c?
.
o

el
pw
(&)

W
[=]

# of Events
N
(S}

2
W(GeV/c?)

W distribution from Ref. [24]. Curves are the model predictions with (solid red) and
without (dashed blue) background.
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W distribution from Ref. [24]. Curves are the model predictions with (solid red) and
without (dashed blue) background.
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W distribution from Ref. [6]. Curves are the model predictions with (solid red) and
without (dashed blue) background.
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W distribution from Ref. [6]. Curves are the model predictions with (solid red) and
without (dashed blue) background.
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Event distribution in the pion polar angle for ANL with invariant mass cut,

W < 1.4 GeV, from Refs. [6]. Curves are flux-averaged, area-normalized prediction of the model
(solid red) and the model without background (dashed blue).

JINR MK model validation

May 2023

163/141



Figures from [1]
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Event distribution in the pion polar angle for BNL with invariant mass cut,
W < 1.4 GeV, from Refs. [11]. Curves are flux-averaged, area-normalized prediction of the
model (solid red) and the model without background (dashed blue).
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Figures from [1]
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W < 1.4 GeV for the u~prt final state. Curves are flux-averaged, area-normalized prediction of

the model for do/d¢.
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Figures from [1]
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BNL distribution of events in the pion azimuthal angle in the wN rest frame with

W < 1.4GeV GeV for the u~prt final state. Curves are flux-averaged, area-normalized
prediction of the model for do/d¢.
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Figures from [1]
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W-distributions

Vup - utpn

——— All Fixed, x?/ndf=2.34
------ Fixed, x?/ndf =2.41
—-—— Unfixed, x*/ndf=2.4
All Unfixed, x2/ndf = 2.35

——— KLN-BS calculated
----- MK nobkg
——= KLN-BS nobkg

+ Data

Number of events per 0.05 GeV

W (GeV)

W distribution with no Wcy. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [19]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [36].
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W-distributions

Vup - utpn
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Ratio of All Unfixed to All Fixed
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\
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—~
\ —~
\
\
\
\
0.96 \
\
\

0.95

\\_/
1.25 1.50 1.75 2.00 2.25 2.50
W (GeV)

2.75 3.00
Ratio of do/dW with no Wc,. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Data
are taken from Ref. [19]. Neutrino spectrum is taken from [36].
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W-distributions

Vun-ptnn

——— All Fixed, x?/ndf =10.65
------ Fixed, x?/ndf =10.65
——— Unfixed, x?/ndf =10.62
All Unfixed, x?/ndf = 10.62
KLN-BS calculated

- Hist corrected

Data

Number of events per 0.05 GeV

3.00

W (GeV)

W distribution with no Wcy. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [19]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [36].
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W-distributions

Vun-ptnn
140 " — Al Fixed, x/ndf = 4.44
N Fixed, x?/ndf = 4.44
120 M] ———- Unfixed, x/ndf = 4.42
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W distribution with no Wcy. Neutrino spectrum is restricted by 5.0 < E, < 200.0 GeV. Model
predictions are area-normalized. Predictions with all resonances (All)/without resonance
F17(1970) and with fixed and unfixed bugs are shown. Data are taken from Ref. [19]. Only

W < 2.0 GeV used for area renormalization calculation. Neutrino spectrum is taken from [36].
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Not averaged over neutrino spectrum curves

Vup > utnm®

07 —— All Fixed
: ------ All Unfixed

do/dw

1.0 1.2 1.4 1.6 1.8 2.0
w
do/dW with no Weut. Neutrino energy is 2.0 GeV.
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Not averaged over neutrino spectrum curves

Vup > utnm®

—— All Fixed
------ All Unfixed

do/dw

1.0 1.2 1.4 1.6 1.8 2.0
w
do/dW with no Weut. Neutrino energy is 5.0 GeV.
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Not averaged over neutrino spectrum curves

Vup > utnm®

—— All Fixed
------ All Unfixed

do/dw

1.0 1.2 1.4 1.6 1.8 2.0
w
do/dW with no Weyt. Neutrino energy is 10.0 GeV.
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Not averaged over neutrino spectrum curves

Vup > ptnm®

—— All Fixed
------ All Unfixed

do/dQ?

0.00 0.25 0.50 0.75

1.00 1.25
OZ
da/d02 with no Wqyut. Neutrino energy is 2.0 GeV.

1.50 1.75 2.00
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Not averaged over neutrino spectrum curves

Vup > ptnm®
0.40

—— All Fixed
------ All Unfixed

do/dQ?

0.00 0.25 0.50 0.75

1.00 1.25
OZ
da/d02 with no Wqyut. Neutrino energy is 5.0 GeV.

1.50 1.75 2.00
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Not averaged over neutrino spectrum curves

Vup > ptnm

do/dQ?

—— All Fixed

---= All Unfixed

0.0
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
OZ
da/dQ2 with no Weyt. Neutrino energy is 10.0 GeV.
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Not averaged over neutrino spectrum curves

Vup - utnm®
0.0850

—— All Fixed
All Unfixed

0.0825

0.0800

0.0775

0.0750

do/dcos

0.0725

0.0700

0.0675

0.0650
—1.00 -0.75 —-0.50 -0.25 0.00 0.25 0.50 0.75 1.00

cosf

Cosine of pion zenith angle in Adler frame with no Wcyt. Neutrino energy is 2.0 GeV.
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Not averaged over neutrino spectrum curves

Vup - utnm®

—— All Fixed
0194 -- All Unfixed

do/dcos

-1.00 -0.75 —-0.50 -0.25 0.00 0.25 0.50 0.75 1.00

cosf

Cosine of pion zenith angle in Adler frame with no Wcyt. Neutrino energy is 5.0 GeV.
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Not averaged over neutrino spectrum curves

Vup - utnm®

— All Fixed
0264 = All Unfixed

do/dcos

-1.00 -0.75 —-0.50 -0.25 0.00 0.25 0.50 0.75 1.00

cosf

Cosine of pion zenith angle in Adler frame with no Wc,t. Neutrino energy is 10.0 GeV.
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Not averaged over neutrino spectrum curves

0.030

0.028

0.026

0.024

do/de

0.022

0.020

0.018

0.016

0.014
0

Pion azimuthal angle in Adler frame with no W¢,:. Neutrino energy is 2.0 GeV.

JINR
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Not averaged over neutrino spectrum curves

Tup = utnm®
——— All Fixed
0.0551 ====-= All Unfixed
0.050
0.045
s
3
S
T 0.040
0.035
0.030
0 1 2 3 2 5 6

Pion azimuthal angle in Adler frame with no W¢,:. Neutrino energy is 5.0 GeV.
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Not averaged over neutrino spectrum curves

Tup = utnm®

—— Allfixed e
All Unfixed
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Pion azimuthal angle in Adler frame with no W¢,:. Neutrino energy is 10.0 GeV.
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