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o Proton multiplicity is directly shaped by FSI — sensitive probe of 
nuclear models

o Proton counting helps disentangle MEC from single-nucleon 
processes

o Proton mis-modeling biases neutrino energy reconstruction in 
oscillation experiments

Why proton multiplicity?
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𝝂𝝁CC0π program @ MicroBooNE

Measurement setup

Results — opening angle vs multiplicity

Results — multiplicity vs proton momenta

Conclusions

o First double-differential cross section as a function of proton 
multiplicity and leading and subleading proton kinematics 

o Global 𝜒! accounts for correlations across all 183 bins using 
range-projected test statistic [6]

o GiBUU provides best description for most blocks and globally
o No generator achieves acceptable agreement with full dataset
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𝑁! = 1 : 55740

𝑁! = 2 : 14087

𝑁! = 3 : 2732 𝑁! ≥ 4 : 499

Proton multiplicity
selected events

o Signal definition:
• Single muon with

𝑝" ≥ 0.10	GeV/𝑐
• At least one proton with 
0.25 ≤ 𝑝#! < 1.00	GeV/𝑐

• No mesons

o Full MicroBooNE dataset: 1.30×10!$	POT

o Multiplicity combined with proton momenta, 
muon-proton opening angles, and available 
energy  
• 183 bins across 11 2D distributions

o Backward-angle 𝑁# = 1 deficit challenges all generators
• GiBUU w/ in-medium corrections [5] partially recovers data

o Subleading proton angular isotropy well reproduced by all 
predictions

o Four GENIE AR23 FSI models compared: hA (empirical), hN, 
INCL, and G4BC (intranuclear cascade)

This work: first measurement correlating cross sections across 
proton multiplicities
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Generator MicroBooNE 
Tune

GiBUU 
InMed [5]

NuWro 
v25.11* [7]

GENIE AR23 
hA

GENIE AR23 
hN

Global 
𝜒"/ndof 570 / 145 429 / 145 585 / 145 488 / 145 1200 / 145

o Significant tension for subleading proton 
kinematics
• Underprediction at low momentum

CC0π1p
o Transverse [1] and generalized [2] 

kinematic imbalance variable 
measurements

o Sensitive to nuclear effects

CC0π2p
o First 2p cross section 

measurements on Ar [3]
o Probes two-nucleon knockout 

through p-p correlations

CC0πNp
o Double-differential cross sections 

probing muon-proton correlations
o Comprehensive measurement 

with 359 kinematic bins

o FSI variants span wide 𝜒! range
• Strong cascade model sensitivity 

Fixed proton 
multiplicity

Single proton 
momentum
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