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Introduction

* I've implemented new systematic knobs for GENIE nucleon
FSI modeling

 They comprise two main categories:
— Variations to FSI channel, driven by model spread

— Variations to scattering kinematics, driven by data + model
spread

« | also found a bug in the GENIE pion FSI generation

* ['ll introduce the uncertainties, and show their impact on
SBND MC
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Context: An SBN Neutrino Model

3

We are developing a neutrino model for SBN analyses

The idea is to take the Ar23 baseline model (DocDB 29776),
and provide a sufficient set of systematics for analyses

— These are inspired from the T2K systematic model
(https://indico.fnal.gov/event/67695/)

As a first step, we are building out systematics to support the
GUMP analysis (DocDB 39386). Things we care about:

— Modeling of the hadronic and leptonic final states in quasi-
elastic neutrino scattering

« Can we model épr and E.;;, — Etrye?

— Modeling rates of other channels contributing to 1l1p states
(resonant scattering, MEC, pion absorption, etc.)
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https://indico.fnal.gov/event/67695/

Ongoing Efforts towards GUMP Neutrino Modeling

« Nate Rowe: estimation of axial form factor systematic
uncertainty (DocDB 39751)

* Moon Jung: integration of CRPA corrections + argon form
factor (DUNE NuWG)

« Gray Putnam: (this presentation) overhaul of nucleon FSI
systematics

* Upcoming work:
— Matt King: pion absorption FSI
— Karim Hassinin: MEC

* Please reach out if you would like to get involved!
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https://indico.cern.ch/event/1512865/contributions/6367412/attachments/3012135/5311091/DUNE%20NUIWG%20LFG%20to%20CRPA%20Reweight-3.pdf

FSI Modeling in GENIE Ar23

* We use the GENIE “"hA2018" model

 References:
— DocDB 39778
— https://doi.org/10.1103/PhysRevD.104.053006

— The code

« Hadrons (nucleons and pions) are transported through the
nucleus by calculating the probability of a single scatter

— The relative channels (charge-exchange, inelastic, pion
production, absorption/knockout) are computed from nucleus

scattering models

— The kinematics of the interaction are taken from nucleon
scattering models
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https://doi.org/10.1103/PhysRevD.104.053006
https://github.com/GENIE-MC/Generator/blob/master/src/Physics/HadronTransport/HAIntranuke2018.cxx

What Systematics Can We Assess on hA?

 Three categories:
1. Kinematics of hadron-nucleon scattering
2. Relative rates of different interaction channels

3. Overall probability of FSI interaction (mean-free-path)

* ['ll go through my assessment of these uncertainties for
nucleon (neutron and proton) FSI
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Nucleon FSI Kinematics — Inelastic and Charge
Exchange

 FSI| where a nucleon scatters off another nucleon and
exchanges charge (CEx), or doesn’t (Inelas)

* Cross section depends on incident kinetic energy (T), and
scattering angle (cos 8.y,)

* Modeling is taken from the SAID database / model
* Lots of data available!
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https://gwdac.phys.gwu.edu/analysis/nn_analysis.html

How Well does SAID Modeling Perform?

129 - pp Interaction 444 ° pp Interaction
Tp = 650 MeV T, =300 MeV
101 _4.3
E : E 4.2
5 ° 5 4.1
i § 40 :
n 6 v .
§ "8“3.9 . ) .
O 4 SEYS /\
. 3.71 ’ .
2 > .
. . . . 3.6 . . . .
20 40 60 80 20 40 60 80
Bem Each color is a different dataset  fem
« Sometimes good, sometimes not great
« Sometimes different datasets disagree
 We can evaluate this rigorously with bootstrapping!
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Bootstrapping Offsets to SAID (aiso done for n-p scattering)
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Splines sampled across (T, cosB.,,) space

« Bootstrapping allows us to assess uncertainties without using
experimental errors

— Sample N times from N data points, with replacement

« We fit a spline to the difference between the SAID model and
the bootstrapped data
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https://en.wikipedia.org/wiki/Bootstrapping_(statistics)

What to Do With Model Offsets?

 There are often offsets between the model and the data. How
do we deal with this?

— Can we trust the data? Oftentimes the datasets are ~old (mostly
70s and 80s)

— Is it worthwhile to change the central value?

* My strategy: re-scale the splines so that the mean is always
0, and the standard deviation is:

\/ (model spread)? + (model disagreement)?

* This represents a “maximally distrustful” systematic
uncertainty, where we test the data and model against each
other
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Bootstrapping Offsets to SAID (Also done for n-p scattering)
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« This provides a robust, data-driven uncertainty on the
Kinematics of n-p and p-p scattering

It could also be an input to other FSI models (INCL, e.g.)
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Implementation in GENIE Reweight

* Implemented as a new calculator
(GReWeightINukeKinematics) in GENIE reweight (PR
pending)

— Available through nusystematics + sbnnusyst (after PR)

« Each spline is one systematic universe — implemented
iInherently as a "Multisim” systematic
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Pion Production Kinematics

 GENIE samples the kinematicsinn,; +n, » n; +n, +m

scattering uniformly in phase space

- Except it does this wrong: it samples m,,;, 65", 946“4”

 The correct thing is to sample m,,;, cos 85, cos HfM‘*”,
weighted by p$™ x p "

Pions from Pion Production FSI (E, = 1 GeV on Ar)
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https://pdg.lbl.gov/2021/reviews/rpp2021-rev-kinematics.pdf

Systematics on Pion Production FSI Kinematics

* How sure are we that the kinematics are uniform?

« INCL weights the kinematics by exp Bt, where t = (p; — p3)?
is the momentum transfer from the incident nucleon to the
outgoing target + pion pair

— B=6GeV~*
— (Thank you to Liang and Steven for pointing this out to mel)

« We can use this as a systematic: B = +6 Gel/ ~*

« This is implemented in the new GReWeightINukeKinematics
class
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https://www.sciencedirect.com/science/article/pii/S0375947411005483?via%3Dihub

Model Spread in FSI Channels

« We can evaluate systematic uncertainties on the FSI channel
from the model spread between (hA, INCL, G4 Bertini
Cascade)

— There is not data available on this comparison

* | ran these three codes (using gevgen hadron) to generate
p — Ar scattering events

 Channel definitions

— Charge exchange: two nucleons in final state, charge
exchanged between probe and target

— Inelastic: two nucleons in final state, charge not exchanged
— Knockout: more than two nucleons in final state

— Pion production: pion in final state

« These match closely onto how hA defines final states
2& Fermilab
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Model Spread in FSI Channels: Results
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Thresholded Model Spread in FSI Channels: Results
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Model Spread Takeway

« There is much less charge exchange in G4+INCL than
GENIE hA

— The difference is not covered by the uncertainty
« We can use the model difference as a systematic

 New knobs: make the FSI channel distribution G4-like, or
INCL-like

— Keeps correlations across channels (CEx — Inelas tradeoff)
— Binned in proton KE: (0, 150, 300, 600+) MeV

» Allows realistic shape distortions
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Mean Free Path Systematic

* The total reaction cross section and nuclear density are both
well-known, but there are modeling differences in translating
that into a transparency / mean-free-path . Different scattering cross

Whether to include section definitions
nucleon-nucleon
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t —— MF Gauss El ==+ MF Gauss Tot 1 Different shapes to
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« Differences in transparency from one code with different
model choices & Fermilab
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Mean Free Path Systematic

* The total reaction cross section and nuclear density are both
well-known, but there are modeling differences in translating
that into a transparency / mean-free-path
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FIG. 16. Comparison of generator predictions of transparency
for proton-carbon.

» Differences in transparency between different event
generators
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Mean Free Path Systematic

* The existing systematic in GENIE is a 20% variation in the
mean free path

— This looks about right to me in terms of magnitude

* New development: bin this systematic in proton KE (same as
FSI binning)

— This will allow better shape freedom

« This should be understood as an effective variation meant to
cover modeling choices (Gaussian or cylinder sampling
volume, e.g.) and unmodeled effects (nucleon-nucleon
correlations, e.g.)
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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« Example universe from n-p cross section variation

« Small impact, mostly in the shape
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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« Example universe from p-p cross section variation

« Small impact, mostly in the shape
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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 Variation from hA-like to G4-like FSI
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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Impacts on SBND Monte Carlo Simulation

True 1ulp events

G4 FSI (300 < KE < 600 MeV) G4 FSI (300 < KE < 600 MeV) (Only Weighted Events)
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 Variation from hA-like to G4-like FSI
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Impacts on SBND Monte Carlo Simulation

27

True 1ulp events
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30%4 FSI (600 MeV < KE) (Only Weighted Events)
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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« Comparison to existing GENIE systematics (Inelastic)
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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* Mean free path systematic, binned by proton KE
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Impacts on SBND Monte Carlo Simulation

True 1ulp events
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* Mean free path systematic, binned by proton KE
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Impacts on SBND Monte Carlo Simulation
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True 1ulp events

FSI MFP (300 < KE < 600 MeV)
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Mean free path systematic, binned by proton KE
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Impacts on SBND Monte Carlo Simulation
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True 1ulp events

FSI MFP (600 MeV < KE)
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Impacts on SBND Monte Carlo Simulation

True 1ulp events

FSI MFP FSI MFP (Only Weighted Events)
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« Compared to existing mean free path
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Recommended Systematic Menu

* Mean free path, binned by proton KE

« G4 + INCL-like variation, binned by proton KE
PP, NP cross section systematic uncertainties
* Pion production kinematics variation (t-bias)

* Also — apply the pion production fix weight!
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Conclusion

* I've implemented new systematics for GENIE hA FSI

« Upgrades:
— Fully informed by model spread and data

— Realistic shape effects in important variables (transverse
momentum)

« The goal of these systematics is to enable modeling of the
hadronic final state in exclusive (1ulp, e.g.) selections
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