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Rein Sehgal and Berger Sehgal in GENIE

Immediate motivation
MINERVA & NOVA to understand features in Berger Sehgal
can those features be used to interpret older results that used RS?
Can we reconcile Nowak’s form factors and MiniBooNE CH2 data

to parameters tuned to deuterium and hydrogen data

Long term motivation...



Rein Sehgal and Berger Sehgal in GENIE

... Long term motivation
Compare to other Delta and resonance production models
understand the role of removal energy and hadron kinematics
revisit old considerations of in-medium effects on the Delta
and the apparently shifted Delta peak seen in (e,e’) data

and form factors and the energy dependence (Ishmam'’s thesis++)
try to connect MINERVA/NOVA or DUNE osc max+min+max



Configurations and methodology

free nucleon nu_mu + proton — muon + A++ (genie resid == 0)
NOvVA energy 2 GeV comparisons
(MINERVA 3 GeV, 5 GeV, and 15 GeV have been made too)

GENIE 2.12.10 standard Rein Sehgal configuration
Used by MINERVA and MINOS who thrice report hadron data need
very-low Q2 suppression or shifted A peak or lower hadron energy

GENIE 3.0.6 G18_10b standard Berger Sehgal configuration
includes Jarek Nowak’s MiniBoone GA and GV “tune”
Modify ModelConfiguration.xml and BergerSehgalRESPXSec2014.xml
and run without the tune (make new spline, new sample, new XS)
and also Genie3 Rein Sehgal (make new spline, new sample, new XS)



Caution about colors on t

Which model is red and whic

ne plots

N 1S blue

changes with each plot
we're pairwise comparing 6+ configurations

Usually blue in one plot becomes red in the next
and the new stage in the model evolution is the new blue

But not In two cases

Maybe best to not fixate on colors for consistency.
instead allow a moment to track which pair is being shown



Start simple: GENIE RS is 5% different. Why?
This bug (?) fix
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Simple RS to BS

With same parameters
should show only
the BS author changes
not GENIE default/Nowak’s

Only effects are below 0.2

lepton mass effects
Kuzmin et al.
small or negligible at 2 GeV
and the pion-pole diagram
are entering into this.

G3.0.6 BS noGVGA
G3.0.6 RS
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square 4-momentum transfer Q2 (GeV2)

Is what the BS paper leads us
to expect from the calculation
(with GVGA on next slide)



Two Form Factor change pain effect is low-Q2 suppression

Changes the form factors similar to MINOS and MINERVA
using a mapping of reports. more on next slide
GV, GA <=> C3V C4V, C5V,
by Graczyk and Sobczyk

the Q2 dependence and z'; 22
strength is different £ 07

% 06

The switch to the the & 0=

Rarita-Schwinger form factors o
also enables the use of o
modern Lalakulich et al. 0.1

vector form factors %01 02 03 04 05 06 07 08 09 1

SO aISO different than RS square 4-momentum transfer Q2 (GeV2)

G3.0.6 BS default
G3.0.6 BS noGVGA




GENIE 2.12 (MINERVA) to 3.0.6 (NOVA, others)

Everything from one default configuration to the next
Use to compare MINERVA, MINOS to NOVA, DUNE
Or use this as a weight for MINERVA

Like the MINOS
Ishmam’s lowQ2 suppression

Comparison but smaller

Adamson:2014pgc
PRD 91 012005
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or the MINERVA

02 G3.0.6 BS default Stowell et al.
G2.12RS suppressions
%0102 03 04 05 06 07 08 09 1 Stowell:2019zsh

square 4-momentum transfer Q2 (GeV2) PRD 100 072005



Comparisons to Lalakulich, Paschos

The BS paper provides a fit to bubble chamber data
and finds a lower MA, Lalakulich and collaborators also did fits.

Total Cross Section 5GeV for Berger, Sehgal PIOt from IShmam,S theSiS

Total Cross Section 5GeV for Lalakulich, Pascos

® Red line is GENIE3 default
Blue line is (we think) LP

with parameters suited to
ANL bubble chamber data

dv/dQ® (10™ em /GeV?)

Ratio: B-S model/ Lalakulich Model

Conclusion? red line might not
describe bubble chamber data

O o1 02 03 04 05 06 07 0B 08 1
Q* (GeVH)



Comparisons to Bubble Chamber Data

This is not a very good summary. Ideas for a next step.
Wilkinson and Rodrigues refit GENIE 2 to bubble chamber data
they find a low MA combined with a scale factor

IS a good description of combined ANL + BNL
after the QE-constrained adjustment.

Many prior resonance analyses predate this observation

Not sure whats in the GENIE “bubble chamber” tune 02_11a
or what steps to suggest. Seems like something useful here.



Resonance conclusions part one

We understand the steps taken to get to GENIE Berger Sehgal
At MINERVA energies the change in form factors is the bigger one

The GENIE 3.0.6 BS model (only A here) would need
much less low-Q2 suppression to describe data on nuclei
but suspect it doesn’t describe deuterium Q2 data out of the box.

MINERVA and (I think) T2K and others are exploring
an alternate mechanism where the Delta kinematics
are shifted to lower g0 or W instead of a low-Q2 suppression
Two versions in MINERVA, Bodek/Cai and Ascensio/Gran



Need for a low Q2 suppression?
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Practially everywhere in MINERVA data, MC overestimates data
MINERVA (Stowell et al) and MINOS created a low Q2 suppression
Nowak’s use of form factors and Berger Sehgal effectively same.
But is it the only solution ?



ldeas about shifting the A instead of suppressing it

The apparent need for a low Q2 suppression in neutrino data
compared to RS and BS can be done at the form factor level
maybe with some Pauli-blocking added.

But the way experiments reconstruct kinematics
It can also be done by moving the A peak
(possibly preserving the cross section, no suppression)

Moving it lower in W, or just energy transfer
or even just removing a little (reco) hadron energy
moves the population away from Q2 = 0.



Fig. 6 from 2020 40k to carbon (e,e’) and the A peak

Ankowski & _ ,
Friedland GENIE energy transfer is ~50 MeV too high
arXiv:2006.11944 P LI

PRD 102, 053001 m

GENIE 2.12 e-mode™ |

Data from 2019 20
JLAB Hall A 105_
Murphy et al. :
PRC 100, 054606 0l AT -
2.222 GeV 00 04 08 12 16 20

15.94 degrees Energy Transfer



MINERVA hadron energy distribution

Fig. 4 from 2021 F 0.40 < q3/GeV<0.60 _

Ascecio, Andrade,
Mahbub [MINERVA]

arXiv:2110.13372
PRD in review

GENIE 2.12 MnvTune

Simple 25 MeV shift
moves events out of lowQ2 .
and into the dip region 0.0 0.2 :
Reconstructed hadron energy




Full conclusions

GENIE 3 modified resonances in numerous ways
and the Berger Sehgal changes are subdominant
at MINERVA energies.

The net change looks like the low Q2 suppression
used by MINOS, MINERVA, needed by MiniBooNE

Might not describe Deuterium data
The low Q2 resonance region can also be adjusted

by shifting A events into the dip region by about 25 MeV
(instead of suppression, or mix and match)



Backup slides



Narrative from discussion with J. Nowak, A. Mislivec

There are multiple differences between GENIE3 Berger-Sehgal (BS) default and GENIE2 Rein-Sehgal (RS) default. The
BS update [cite] to RS [cite] includes lepton mass effects [Kuzmin et al. KLN cite] including multiple polarizations as well
as a pion-pole term [BS]. At MINERVA energies, these effects are subdominant and limited to <10% at very low Q2.

A second change, the GENIE3 implementation switches to vector and axial form factors based on the Rarita-Schwinger
formalism (where GA and GV have subterms like C5A, C5V, etc...) commonly used in electron and much neutrino
scattering theoretical work. This substitution in the GENIE code is possible because of the work of Graczyk and
Sobczkyk [cite] to map between the formalisms and J. Nowak [cite] to implement them in GENIE. The shape and the
normalization of the form factors are intrinsically different.

A third change is enabled by the switch in formalisms but separate from it. The vector form factors can now be taken from
the latest and best analysis of resonance production in (e,e’) data by Lalakulich et al. [cite] which is itself a significant
improvement over what was available to the original RS model.

Even though in total the GENIE3 model is called the Berger-Sehgal model, it is actually the second and third changes that
account for most of the difference at MINERVA energies, not the first BS change. All these changes also happen to go in
the direction that will better describe data available MiniBooNE to MINOS to MINERVA, compared to the original RS
model.

Remaining discrepancies would indicate the lack of nuclear medium effects in GENIE and separately a need to reextract
the free-nucleon axial form factor parameters from ANL and BNL data after the Wilkinson-Rodrigues resolution of these
data sets. With access to those, one could then even imagine fitting neutrino data on nuclei to constrain the resonance
processes further.



Shorter LaTeX drafted for a MINERVA paper

The first modification we consider to the Rein-Sehgal model in \genie 2.12 combines weighting
in $Q"2$ to approximate the Berger-Sehgal model in \genie version 3 and a Pauli-blocking
effect. To produce the $Q"2% weighting, we use the ratio of the Berger-Sehgal model in \genie
3.0 to the Rein-Sehgal model in the \genie 2.12 simulation on which MnvTune 1.2 is based.
The Berger-Sehgal model \cite{Berger:2007rq} accounts for the lepton mass
\cite{Kuzmin:2003;ji} and a pion pole term which reproduce the expected Adler-screening effect
at low $Q”2%. The implementation \cite{Nowak2009FourMT Nulnt Proceedings} and default
choice in \genie v3 includes different vector and axial form factor expressions
\cite{Graczyk:2007xk} and improved vector form factor parameters determined from the world's
(e,e') data \cite{Lalakulich:2006sw}; these combined are the more significant change and also
result in a reduced cross section at low $Q”*2%. The weight we have extracted as a function of
$Q”2% from the comparisons of the two versions of \genie yields a maximum low-$Q*2%
suppression of 20\% at 5 GeV. We add Pauli-blocking, which makes the suppression yet
stronger. The overall effect (green line in Fig.~\ref{fig:lowRecoilRESstudy}) is less than half as
strong as the empirical suppression (violet line), due to both the depth and the width of the
suppression.



More from discussion with J. Nowak, A. Mislivec

There is a MiniBooNE technical note th260 from 25 August 2008
W. Metcalf and J. Nowak
(when he was at Louisiana State)

And a set of slides by J. Nowak from a meeting with GENIE folks
can be found with this title GenieMeeting09122012.pdf
describing the formalism and the GENIE implementation



Some comments from recent MINERVA experience

Bodek and Cai and also T2K and MINERVA
instead of a low-Q2 suppression like Stowell or MINOS
what if the Delta peak is shifted but event rate is preserved?
Shift could be in hadron energy (energy transfer, or W, or removal energy)
or muon energy and angle or both muon and hadron observables.

This is (I think) the thing was coded in DIRT1 but didn’t work ?

We tried this on MINERVA and | know T2K tried it
and it does work.
Our analysis is not sophsticated enough to tell which one
(suppression or shift or a mix) is right.



GENIE 2.12 (MINERVA) to Berger Sehgal no GVGA

This just completes the set of comparisons.
Puts in Rein Sehgal style dipole GA, GV, therefore
Reproduces only what is implied by the Berger Sehgal paper
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Has a shift in strength
but very mild shape change
at 2 GeV
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