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Outline

❖ Introduction 
❖ Exclusive MEC model (what do I mean by exclusive?) 
❖ NuWro implementation of the exclusive MEC model 
❖ Data comparison 
❖ Summary
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Motivation
Precision era of -oscillation experimentsν

4

Uncertainties 
Source (T2K)

 and FSI 3.8%
Total Syst. 5.2%

σνN

Uncertainties 
Source(NOvA)

 and FSI 7.7%

Total Syst. 9.2%

σνN

• Statistics (NOvA) :  
• 126 (66) events for  disappearance (appearance) 

• Expect 1000-2000 for DUNE/HK

νμ(νe)

M. A. Acero et al. Phys Rev. D 98 (2018) 032012

K. Abe et al. Phys Rev. D 103 (2021) 112008
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νμ(νe)

M. A. Acero et al. Phys Rev. D 98 (2018) 032012
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Systematic uncertainty must be reduced for future experiments 
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Motivation

• Accelerated  -beams have broad 
spectra of energy. 

• Different mechanism emerges on 
different energy scales. 

• Quasi Elastic (QE) dominates at sub-
GeV energies. 

• Significant contributions from meson 
exchange currents (MEC) at sub-GeV 
level.

ν

Neutrino-nucleus interactions
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Motivation

• Nuclear removal energy and Fermi momentum 
• Nucleons are moving targets 
• Nucleons are bound inside the nucleus, so some amount of energy is needed to 

free them 
• Most models predict that removal energy and Fermi motion should be correlated 

• Multi-nucleon interactions 
• Nucleons interact with each other inside the nucleus (short-range correlations, or 

meson exchange currents) 
• Multi-nucleon “np-nh” final states 

• Final state interactions (FSI) 
• Hadrons don’t exit the nucleus cleanly 
• They can re-interact inside the nucleus 
• Distorts kinematics and changes the final state topology 
• Full calculation also changes inclusive cross section

Nuclear effects

6

L. Jiang et al., Phys. Rev. D 105 (2022) 112002,   

Phys. Rev. D 107 (2023) 012005 (2023)
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Motivation

• Nuclear effects significantly alter the cross section 
with respect to the nucleon case 

• FSI distort the interaction channel 

• I will focus on the “np-nh” interaction mode, 
which occurs via MEC.

Consequences of nuclear effects

7
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Motivation
Meson exchange currents

8

• Motivated by electron-nucleus scattering data. 
• A multi-nucleon knockout process. 
• Energy exchange between nucleons is through in-

medium meson production. 
• Significant contribution around ~ 1 GeV. An 

important interaction mode for all upcoming 
neutrino experiments. 

• Dominated by two body current interactions 
(2p2h). Small contribution coming from three body 
current interactions as well (3p3h) before FSI !! 

• Highly model dependent (will be shown in the 
upcoming slides !). Various models are present in 
the market. Must be implemented in Monte Carlo 
generators as well.
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NuWro Monte Carlo generator
Schematics
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MEC 

1. Inclusive part 
computation of lepton kinematics and double 
differential cross section in . 

2. Exclusive part 
a. Deciding the isospins of outgoing nucleons. 
b. Simulation of momenta of outgoing nucleons.

(q, ω)

Credit: Kajetan Niewczas
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MEC models in NuWro

10

• Four MEC models are featured in NuWro : 
• Nieves et al. model (also referred as Valencia 

2012 model). 
• Marteau et al. model. 
• SuSAv2 model. 
• Transverse enhancement (TE) model.
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• Their implementation and coverage differs. 
• TE model is implemented with analytic formulas. 
• Implementation of Valencia 2012 and SuSav2 models are done using tabularization of the five response functions 

.  
• Marteau model is implemented in a hybrid way. 

• The exclusive parts of different MEC models are modelled identically, referred to as the “old hadronic model”.

Wμν(q, ω)

• Four MEC models are featured in NuWro : 
• Nieves et al. model (also referred as Valencia 

2012 model). 
• Marteau et al. model. 
• SuSAv2 model. 
• Transverse enhancement (TE) model.
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Implementation of MEC models
Within the context of Nieves et al. (Valencia 2012) model

11

Theoretical MEC models only predicts :  

<latexit sha1_base64="z+iQreFY/fjTgibBIYyGBOROiN0="></latexit>

d2ω

dE→
ld!(k̂)

So it is then necessary to develop tools to produce complete events for given values 
for specific energy-momentum transfer by assigning outgoing nucleons ispospin 
and momentum.

What we need is : 

<latexit sha1_base64="nnMchDZr7EAu7hV+D9WtFa8DrXQ="></latexit>

d8ω

dE→
ld!(k̂)dp1dp2
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Implementation of MEC models
Within the context of Nieves et al. (Valencia 2012) model
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Input: Generate valid kinematics

1.Energy-momentum transfer.
2. Lepton kinematics.

Produce double 
differential cross-section

Input:

Generate outgoing nucleons

Compute event weight

Store the event

Grids corresponding 
to 2p2h only

Differential cross section  
Corresponding to 2p2h.

d2σ
dqdω

H. Prasad et al. arXiv:2501.11470v1

{Wi}5
i=1

<latexit sha1_base64="D9UAAMx/jLEhdJvzdhU3Xk5zjN4="></latexit>

d2ω

dE→
l d cos εl

=
2G2

F cos2 εcE→
l |k→|

ϑ

{
2W1 sin

2 εl
2
+W2 cos

2 εl
2
±W3(E + E→

l) sin
2 εl
2

+
m2

l

(E→
l + |k→|)E→

l

·
[
W1 cos εl →

W2

2
cos εl ±

W3

2
(E→

l(1→ cos εl) + |k→|→ E cos εl)

+
W4

2
(m2

l cos εl + 2E→
l(E
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l + |k→|) sin2 εl)→

W5
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(E→
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Implementation of MEC models
Within the context of Nieves et al. (Valencia 2012) model
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2020 Valencia model
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2020 Valencia model
Theoretical model

15

Figure from J.E. Sobczyk et. al. Phys. Rev. C. 102 
(2020) 024601

NN contribution

-resonanceΔ(1232)
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2020 Valencia model

• Separation of 2p2h and 3p3h contribution from the total MEC cross section.

J. E. Sobczyk et al. Phys. Rev. C. 102 (2020) 024601

16

Figure from J.E. Sobczyk et. al. Phys. 
Rev. C. 102 (2020) 024601
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2020 Valencia model
J. E. Sobczyk et al. Phys. Rev. C. 102 (2020) 024601
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Figure from code provided by J.E. Sobczyk
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2020 Valencia model
J. E. Sobczyk et al. Phys. Rev. C. 102 (2020) 024601
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2020 Valencia model
J. E. Sobczyk et al. Phys. Rev. C. 102 (2020) 024601
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2020 Valencia Model

• Predictions on momenta of outgoing nucleons.

J. E. Sobczyk et al. Phys. Rev. C. 102 (2020) 024601
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Significant difference in the momentum 
between leading and subleading proton 

momentum
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Nucleon pair np and pn must be treated 
differently.  

In np pair mostly neutron is more energetic. 
In pn pair mostly proton is more energetic.
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Outgoing nucleons (lab frame) 

Higher momentum

Lower momentum
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Lorentz boost

Outgoing nucleons (lab frame) 

Higher momentum

Lower momentum
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Lorentz boost
Tilted !

Center-of-mass frame

<latexit sha1_base64="0X4Yx+doDzrOH9hyKX5eJL/l0Jo=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoMgHsKuSPQY9OIxgnlgsobZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzaHOIxnpVsAMSKGgjgIltGINLAwkNIPRzdRvPoE2IlL3OI7BD9lAib7gDK300MEhIHtMzybdYsktuzPQZeJlpEQy1LrFr04v4kkICrlkxrQ9N0Y/ZRoFlzApdBIDMeMjNoC2pYqFYPx0dvGEnlilR/uRtqWQztTfEykLjRmHge0MGQ7NojcV//PaCfav/FSoOEFQfL6on0iKEZ2+T3tCA0c5toRxLeytlA+ZZhxtSAUbgrf48jJpnJe9Srlyd1GqXmdx5MkROSanxCOXpEpuSY3UCSeKPJNX8uYY58V5dz7mrTknmzkkf+B8/gCNfJDb</latexit>

ω→

Outgoing nucleons (lab frame) 

Higher momentum

Lower momentum
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Lorentz boost

One must add one parameter to tilt the nucleon pair in CM frame 
Also one more parameter to oppose Pauli blocking !!

Tilted !

Center-of-mass frame

<latexit sha1_base64="0X4Yx+doDzrOH9hyKX5eJL/l0Jo=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoMgHsKuSPQY9OIxgnlgsobZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzaHOIxnpVsAMSKGgjgIltGINLAwkNIPRzdRvPoE2IlL3OI7BD9lAib7gDK300MEhIHtMzybdYsktuzPQZeJlpEQy1LrFr04v4kkICrlkxrQ9N0Y/ZRoFlzApdBIDMeMjNoC2pYqFYPx0dvGEnlilR/uRtqWQztTfEykLjRmHge0MGQ7NojcV//PaCfav/FSoOEFQfL6on0iKEZ2+T3tCA0c5toRxLeytlA+ZZhxtSAUbgrf48jJpnJe9Srlyd1GqXmdx5MkROSanxCOXpEpuSY3UCSeKPJNX8uYY58V5dz7mrTknmzkkf+B8/gCNfJDb</latexit>

ω→

Outgoing nucleons (lab frame) 

Higher momentum

Lower momentum
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Outgoing nucleons (lab frame)
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Lorentz boost

Outgoing nucleons (lab frame)
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Lorentz boost

Outgoing nucleons (lab frame)
Center-of-mass frame

<latexit sha1_base64="DYwSdv2B81vfVlLI6r4eqXEK1Ww=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgLmpSpLoRim5cVrAPaGKZTCft0MmDmRuxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPV4suALL+jYKK6tr6xvFzdLW9s7unrlfbqsokZS1aCQi2fWIYoKHrAUcBOvGkpHAE6zjjW+mfueRScWj8B4mMXMDMgy5zykBLfXNsgMjBuQhPc3wFXZiflbrmxWras2Al4mdkwrK0eybX84goknAQqCCKNWzrRjclEjgVLCs5CSKxYSOyZD1NA1JwJSbzm7P8LFWBtiPpK4Q8Ez9PZGSQKlJ4OnOgMBILXpT8T+vl4B/6aY8jBNgIZ0v8hOBIcLTIPCAS0ZBTDQhVHJ9K6YjIgkFHVdJh2AvvrxM2rWqXa/W784rjes8jiI6REfoBNnoAjXQLWqiFqLoCT2jV/RmZMaL8W58zFsLRj5zgP7A+PwBeMyTbw==</latexit>

ω→ = ε/2
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NuWro implementation of  
the 2020 Valencia model
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Input: Generate valid kinematics

1.Energy-momentum transfer.
2. Lepton kinematics.

Input:

Generate outgoing nucleons

Compute event weight

Store the event

Produce double 
differential cross-sections

Four-sets of 
hadronic tables

Eν
Grids corresponding 
to pp, np, pn, and 3p3h

Weight 2p2h + weight 3p3h

H. Prasad et al. arXiv:2501.11470v1

{Wi}5
i=1

<latexit sha1_base64="D9UAAMx/jLEhdJvzdhU3Xk5zjN4="></latexit>

d2ω

dE→
l d cos εl

=
2G2

F cos2 εcE→
l |k→|

ϑ

{
2W1 sin

2 εl
2
+W2 cos

2 εl
2
±W3(E + E→

l) sin
2 εl
2

+
m2

l

(E→
l + |k→|)E→

l

·
[
W1 cos εl →

W2

2
cos εl ±

W3

2
(E→

l(1→ cos εl) + |k→|→ E cos εl)

+
W4

2
(m2

l cos εl + 2E→
l(E

→
l + |k→|) sin2 εl)→

W5

5
(E→

l + |k→|)
]}
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H. Prasad et al. Phys. Rev. D 111 (2025) 036032

<latexit sha1_base64="4V9zS/CvWmeBXgPxTo8qPdweXDA=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzJTpLosFMRlBfuAzjhk0kwbmmSGJCOUYdz4K25cKOLWv3Dn35i2s9DWA4HDOfdyc06YMKq043xbK6tr6xubpa3y9s7u3r59cNhRcSoxaeOYxbIXIkUYFaStqWakl0iCeMhINxw3p373gUhFY3GnJwnxORoKGlGMtJEC+9gTaZB5PM2hp2PYDLJ6fp+5tTywK07VmQEuE7cgFVCgFdhf3iDGKSdCY4aU6rtOov0MSU0xI3nZSxVJEB6jIekbKhAnys9mCXJ4ZpQBjGJpntBwpv7eyBBXasJDM8mRHqlFbyr+5/VTHV35GRVJqonA80NRyqDJOq0DDqgkWLOJIQhLav4K8QhJhLUprWxKcBcjL5NOrerWq/Xbi0rjuqijBE7AKTgHLrgEDXADWqANMHgEz+AVvFlP1ov1bn3MR1esYucI/IH1+QPYyZaG</latexit>

ωµ → C12
6
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Input:

Isospin model
1. Determine the isospin of out-
 going nucleon pair using simple 
combinatorics

Event topology
1. Determine the event topology
 either 2p2h or 3p3h

If 3p3h

Use phase space model for  
three-body interaction

(Z′￼

3)
(Z′￼

2) (A − Z′￼

1 )
(Z′￼

1) (A − Z′￼

2 )

H. Prasad et al. arXiv:2501.11470v1

ppp

ppn

pnn

Theory gives no hints so we choose combinatorics 

 for isospin and phase space for momenta !!

<latexit sha1_base64="3ugSZr3zWyYVndDkbLnzCveTohk=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ6Krsi1YtQEMRjBftBu0vJptk2NNkNSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkIbJOGJaodYU85i2jDMcNqWimIRctoKR7dTv/VElWZJ/GjGkgYCD2IWMYKNlfzOGbpBHeRLgbxeqexW3BnQMvFyUoYc9V7py+8nJBU0NoRjrbueK02QYWUY4XRS9FNNJSYjPKBdS2MsqA6y2c0TdGqVPooSZSs2aKb+nsiw0HosQtspsBnqRW8q/ud1UxNdBxmLZWpoTOaLopQjk6BpAKjPFCWGjy3BRDF7KyJDrDAxNqaiDcFbfHmZNC8qXrVSfbgs1+7yOApwDCdwDh5cQQ3uoQ4NICDhGV7hzUmdF+fd+Zi3rjj5zBH8gfP5A2p9kAM=</latexit>

Z → = Z ± 1
Depending on (anti) neutrino - nucleus interaction
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Modelling Correlations Between Nucleons

Assumption 

There exists a universal nucleon sampling function with finite parameters which contains 
information about the direction of outgoing nucleon pair in centre-of-mass frame which can 

replicate the correlations between outgoing nucleons in the lab frame

Nucleons Sampling Function (for 2p2h only)

27
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<latexit sha1_base64="3jJlJGZBVnmkO/XtF/BoPubWnCc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahgpRdkSp4KXjxWMF+YLuUbJptQ5PskmTFsvRfePGgiFf/jTf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQz9VuPVGkWyXszjqkv8ECykBFsrPQQlp+uUf0M8dNeseRW3BnQMvEyUoIM9V7xq9uPSCKoNIRjrTueGxs/xcowwumk0E00jTEZ4QHtWCqxoNpPZxdP0IlV+iiMlC1p0Ez9PZFiofVYBLZTYDPUi95U/M/rJCa88lMm48RQSeaLwoQjE6Hp+6jPFCWGjy3BRDF7KyJDrDAxNqSCDcFbfHmZNM8rXrVSvbso1ZpZHHk4gmMogweXUINbqEMDCEh4hld4c7Tz4rw7H/PWnJPNHMIfOJ8/eF6Pjw==</latexit>

f(x;P, l) <latexit sha1_base64="jf5Mbay1Eo0UntDXmyj71cn5eqM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eGG9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5tfOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2dtkIDRnKCeWUKaFvZWwEdWUoQ2nZEPwll9eJa2Lqler1u4vK/VWHkcRTuAUzsGDK6jDHTSgCQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gDsBI0K</latexit>=

<latexit sha1_base64="/zsjKxAhWWD2CxRkScGT1AnK/ow=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ac0oWy223TpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5hGSowEo2ilrh+KKPLzQbXm1t0FyDrxClKDAq1B9csfJiyLuUImqTF9z00xyKlGwSSfVfzM8JSyCY1431JFY26CfHHujFxYZUhGibalkCzU3xM5jY2ZxqHtjCmOzao3F//z+hmOboNcqDRDrthy0SiTBBMy/50MheYM5dQSyrSwtxI2ppoytAlVbAje6svrpHNV9xr1xsN1rSmKOMpwBudwCR7cQBPuoQVtYDCBZ3iFNyd1Xpx352PZWnKKmVP4A+fzB2Ksj74=</latexit>{<latexit sha1_base64="gPxL9Cb2tLO6Qi2R9Adrto1rdCo="></latexit>

N(ω)

(
1→ P + P

∣∣∣∣
x

ω

∣∣∣∣
l
)

<latexit sha1_base64="4pgsyf3us4z9ZdOJOAviD/z3czc="></latexit>

N →(ω)

(
1 + P

∣∣∣∣
x

ω

∣∣∣∣
l
)

<latexit sha1_base64="HDYoU5AZJRffKbBQowI6IWTvGQI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosePEYwX5IGspmu2mX7m7C7kYoob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1E49uZ33miSrNEPphJSkOBh5LFjGBjpUe/x2TgXnhhv1pz6+4caJV4BalBAb9f/eoNEpIJKg3hWOvAc1MT5lgZRjidVnqZpikmYzykgaUSC6rDfH7wFJ1ZZYDiRNmSBs3V3xM5FlpPRGQ7BTYjvezNxP+8IDPxTZgzmWaGSrJYFGccmQTNvkcDpigxfGIJJorZWxEZYYWJsRlVbAje8surpH1Z9xr1xv1Vrdku4ijDCZzCOXhwDU24Ax9aQEDAM7zCm6OcF+fd+Vi0lpxi5hj+wPn8AaTXj7s=</latexit>

P → [0, 1]

<latexit sha1_base64="ufgYOqDUS/EYVpaCaEBMYRZkuFc=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ40JKIVI8FLx4r2A9MQ9lsJ+3SzSbsboRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6QaBZfYMNwIbKcKaRwKbIXD26nfekKleSIfzCjFIKZ9ySPOqLHSY73DpX/hnbtBt1R2K+4MZJl4OSlDjnq39NXpJSyLURomqNa+56YmGFNlOBM4KXYyjSllQ9pH31JJY9TBeHbxhJxapUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP8zMT3QRjLtPMoGTzRVEmiEnI9H3S4wqZESNLKFPc3krYgCrKjA2paEPwFl9eJs3LiletVO+vyrVmHkcBjuEEzsCDa6jBHdShAQwkPMMrvDnaeXHenY9564qTzxzBHzifPxCij/I=</latexit>

P → [↑1, 0]

<latexit sha1_base64="sY6tDQiXyoFxDf+fDyxBxoaaGk0=">AAAB+nicbVBNT8JAEJ3iF+JX0aOXjcTEA2laNOiRxItHTARMaEO2ywIbtttmd6shlZ/ixYPGePWXePPfuEAPCr5kkpf3ZjIzL0w4U9p1v63C2vrG5lZxu7Szu7d/YJcP2ypOJaEtEvNY3odYUc4EbWmmOb1PJMVRyGknHF/P/M4DlYrF4k5PEhpEeCjYgBGsjdSzy9xnws+8aq16XnUcx5/27IrruHOgVeLlpAI5mj37y+/HJI2o0IRjpbqem+ggw1Izwum05KeKJpiM8ZB2DRU4oirI5qdP0alR+mgQS1NCo7n6eyLDkVKTKDSdEdYjtezNxP+8bqoHV0HGRJJqKshi0SDlSMdolgPqM0mJ5hNDMJHM3IrICEtMtEmrZELwll9eJe2a49Wd+u1FpdHO4yjCMZzAGXhwCQ24gSa0gMAjPMMrvFlP1ov1bn0sWgtWPnMEf2B9/gCtR5Jn</latexit>

l → {1, 2, 3, ...}

<latexit sha1_base64="sY6tDQiXyoFxDf+fDyxBxoaaGk0=">AAAB+nicbVBNT8JAEJ3iF+JX0aOXjcTEA2laNOiRxItHTARMaEO2ywIbtttmd6shlZ/ixYPGePWXePPfuEAPCr5kkpf3ZjIzL0w4U9p1v63C2vrG5lZxu7Szu7d/YJcP2ypOJaEtEvNY3odYUc4EbWmmOb1PJMVRyGknHF/P/M4DlYrF4k5PEhpEeCjYgBGsjdSzy9xnws+8aq16XnUcx5/27IrruHOgVeLlpAI5mj37y+/HJI2o0IRjpbqem+ggw1Izwum05KeKJpiM8ZB2DRU4oirI5qdP0alR+mgQS1NCo7n6eyLDkVKTKDSdEdYjtezNxP+8bqoHV0HGRJJqKshi0SDlSMdolgPqM0mJ5hNDMJHM3IrICEtMtEmrZELwll9eJe2a49Wd+u1FpdHO4yjCMZzAGXhwCQ24gSa0gMAjPMMrvFlP1ov1bn0sWgtWPnMEf2B9/gCtR5Jn</latexit>

l → {1, 2, 3, ...}

Normalisation 

<latexit sha1_base64="aGi50HCvzi41ipmg9J4MFPEWJKE="></latexit>

= min

[
1,

ωE→
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]
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H. Prasad et al. Phys. Rev. D 111 (2025) 036032
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 = 1 GeVνE <latexit sha1_base64="l+56ILT5Rr/8dHfu9T8VsxnoqAw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqhehIIjHivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFySCa+O6X05hZXVtfaO4Wdra3tndK+8ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp757UdUmsfywUwS9CM6lDzkjBor3Teu3H654lbdOchf4uWkAjka/fJnbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyYpUBCWNlSxoyV39OZDTSehIFtjOiZqSXvZn4n9dNTXjpZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2//Je0zqperVq7O6/Ub/I4inAEx3AKHlxAHW6hAU1gMIQneIFXRzjPzpvzvmgtOPnMIfyC8/ENnkmNZA==</latexit>

P = 0
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2.2hadronic modelnew 

 = 1 GeVνE <latexit sha1_base64="Cq+hFwtyfZHxqWIoP9L99cKIoD4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hUqhehIIjHCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xm2bg1YfDDzem2FmXpRypo3nfTmlldW19Y3yZmVre2d3r7p/0NJJpggNSMIT1YmwppxJGhhmOO2kimIRcdqOxjczv/1IlWaJfDCTlIYCDyWLGcHGSkHz2nPP+9Wa53pzoL/EL0gNCjT71c/eICGZoNIQjrXu+l5qwhwrwwin00ov0zTFZIyHtGupxILqMJ8fO0UnVhmgOFG2pEFz9edEjoXWExHZToHNSC97M/E/r5uZ+CrMmUwzQyVZLIozjkyCZp+jAVOUGD6xBBPF7K2IjLDCxNh8KjYEf/nlv6R15vp1t35/UWvcFnGU4QiO4RR8uIQG3EETAiDA4Ale4NWRzrPz5rwvWktOMXMIv+B8fAN81o3Z</latexit>

P = 0.3
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<latexit sha1_base64="dyjcRgwvytqf0Iktfe/kxHj/ciU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqxehIIjHCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xm2bg1YfDDzem2FmXpRypo3nfTmlldW19Y3yZmVre2d3r7p/0NJJpggNSMIT1YmwppxJGhhmOO2kimIRcdqOxjczv/1IlWaJfDCTlIYCDyWLGcHGSkHz2nMv+tWa53pzoL/EL0gNCjT71c/eICGZoNIQjrXu+l5qwhwrwwin00ov0zTFZIyHtGupxILqMJ8fO0UnVhmgOFG2pEFz9edEjoXWExHZToHNSC97M/E/r5uZ+CrMmUwzQyVZLIozjkyCZp+jAVOUGD6xBBPF7K2IjLDCxNh8KjYEf/nlv6R15vp1t35/XmvcFnGU4QiO4RR8uIQG3EETAiDA4Ale4NWRzrPz5rwvWktOMXMIv+B8fAN/3o3b</latexit>
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<latexit sha1_base64="2W1mDNCaOLA41uhSikAiWpWR/XM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEWi9CQRCPFYwttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvCjlTBvP+3ZKa+sbm1vl7crO7t7+QfXw6FEnmSI0IAlPVCfCmnImaWCY4bSTKopFxGk7Gt/M/PYTVZol8sFMUhoKPJQsZgQbKwWta89t9Ks1z/XmQKvEL0gNCrT61a/eICGZoNIQjrXu+l5qwhwrwwin00ov0zTFZIyHtGupxILqMJ8fO0VnVhmgOFG2pEFz9fdEjoXWExHZToHNSC97M/E/r5uZ+CrMmUwzQyVZLIozjkyCZp+jAVOUGD6xBBPF7K2IjLDCxNh8KjYEf/nlVfJ44fp1t35/WWveFnGU4QRO4Rx8aEAT7qAFARBg8Ayv8OZI58V5dz4WrSWnmDmGP3A+fwCC5o3d</latexit>

P = 0.7
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 = 1 GeVνE



Hemant PrasadUniversity of Wrocław 15th September 2025MTTD 2025

Nucleon sampling function
Caught in action

29

<latexit sha1_base64="PxuKroiujgfla7ihFUzyBFPdgNY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqh6EgiAeK5i20Iay2W7apbubsLsRSuhv8OJBEa/+IG/+G7dtDlp9MPB4b4aZeVHKmTae9+WUVlbX1jfKm5Wt7Z3dver+QUsnmSI0IAlPVCfCmnImaWCY4bSTKopFxGk7Gt/M/PYjVZol8sFMUhoKPJQsZgQbKwXNa8+96ldrnuvNgf4SvyA1KNDsVz97g4RkgkpDONa663upCXOsDCOcTiu9TNMUkzEe0q6lEguqw3x+7BSdWGWA4kTZkgbN1Z8TORZaT0RkOwU2I73szcT/vG5m4sswZzLNDJVksSjOODIJmn2OBkxRYvjEEkwUs7ciMsIKE2PzqdgQ/OWX/5LWmevX3fr9ea1xW8RRhiM4hlPw4QIacAdNCIAAgyd4gVdHOs/Om/O+aC05xcwh/ILz8Q2F7o3f</latexit>

P = 0.9
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 = 1 GeVνE
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<latexit sha1_base64="PxuKroiujgfla7ihFUzyBFPdgNY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqh6EgiAeK5i20Iay2W7apbubsLsRSuhv8OJBEa/+IG/+G7dtDlp9MPB4b4aZeVHKmTae9+WUVlbX1jfKm5Wt7Z3dver+QUsnmSI0IAlPVCfCmnImaWCY4bSTKopFxGk7Gt/M/PYjVZol8sFMUhoKPJQsZgQbKwXNa8+96ldrnuvNgf4SvyA1KNDsVz97g4RkgkpDONa663upCXOsDCOcTiu9TNMUkzEe0q6lEguqw3x+7BSdWGWA4kTZkgbN1Z8TORZaT0RkOwU2I73szcT/vG5m4sswZzLNDJVksSjOODIJmn2OBkxRYvjEEkwUs7ciMsIKE2PzqdgQ/OWX/5LWmevX3fr9ea1xW8RRhiM4hlPw4QIacAdNCIAAgyd4gVdHOs/Om/O+aC05xcwh/ILz8Q2F7o3f</latexit>

P = 0.9
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 = 1 GeVνE



Hemant PrasadUniversity of Wrocław 15th September 2025MTTD 2025

Nucleon sampling function
Caught in action

29

<latexit sha1_base64="PxuKroiujgfla7ihFUzyBFPdgNY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqh6EgiAeK5i20Iay2W7apbubsLsRSuhv8OJBEa/+IG/+G7dtDlp9MPB4b4aZeVHKmTae9+WUVlbX1jfKm5Wt7Z3dver+QUsnmSI0IAlPVCfCmnImaWCY4bSTKopFxGk7Gt/M/PYjVZol8sFMUhoKPJQsZgQbKwXNa8+96ldrnuvNgf4SvyA1KNDsVz97g4RkgkpDONa663upCXOsDCOcTiu9TNMUkzEe0q6lEguqw3x+7BSdWGWA4kTZkgbN1Z8TORZaT0RkOwU2I73szcT/vG5m4sswZzLNDJVksSjOODIJmn2OBkxRYvjEEkwUs7ciMsIKE2PzqdgQ/OWX/5LWmevX3fr9ea1xW8RRhiM4hlPw4QIacAdNCIAAgyd4gVdHOs/Om/O+aC05xcwh/ILz8Q2F7o3f</latexit>

P = 0.9
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 = 1 GeVνE <latexit sha1_base64="xk3+UdU/WI32OIHVnzIlHKmL61Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqhehIIjHivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFyRSGHTdL6ewsrq2vlHcLG1t7+zulfcPWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8fXMbz9ybUSsHnCScD+iQyVCwSha6V5eef1yxa26c5C/xMtJBXI0+uXP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWts6pXq9buziv1mzyOIhzBMZyCBxdQh1toQBMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDynWNgQ==</latexit>

l = 1
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<latexit sha1_base64="0WyaJbWkflIhzt+Retg6Ndkjn2A=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiV6EgCAeI5oHJEuYncwmQ2Znl5leIYR8ghcPinj1i7z5N06SPWhiQUNR1U13V5BIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjczv/XEtRGxesRxwv2IDpQIBaNopQd5XekVS27ZnYOsEi8jJchQ7xW/uv2YpRFXyCQ1puO5CfoTqlEwyaeFbmp4QtmIDnjHUkUjbvzJ/NQpObNKn4SxtqWQzNXfExMaGTOOAtsZURyaZW8m/ud1Ugyv/IlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCN7yy6ukWSl71XL1/qJUu83iyMMJnMI5eHAJNbiDOjSAwQCe4RXeHOm8OO/Ox6I152Qzx/AHzucPy/mNgg==</latexit>

l = 2
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 = 1 GeVνE
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<latexit sha1_base64="x/BHBUDghVNFCov/dqhXx++m8VY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKiF6EgCAeI5oHJEuYncwmQ2Znl5leIYR8ghcPinj1i7z5N06SPWhiQUNR1U13V5BIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjczv/XEtRGxesRxwv2IDpQIBaNopQd5XekVS27ZnYOsEi8jJchQ7xW/uv2YpRFXyCQ1puO5CfoTqlEwyaeFbmp4QtmIDnjHUkUjbvzJ/NQpObNKn4SxtqWQzNXfExMaGTOOAtsZURyaZW8m/ud1Ugyv/IlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCN7yy6ukeVH2quXqfaVUu83iyMMJnMI5eHAJNbiDOjSAwQCe4RXeHOm8OO/Ox6I152Qzx/AHzucPzwGNhA==</latexit>

l = 4
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 = 1 GeVνE
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Hadronic tables

• Available for 

• Results I show is for carbon.

Grids available in NuWro 25.01
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<latexit sha1_base64="zrHm2uVl/6xTSlTrthxXoCxlD+4=">AAACBXicbVDLSsNAFJ34rPUV69LNYBFclaRIdVkoiMsK9gFpKJPpbR06mQkzE7GEgjv/wq1u3Ilbv0PwY0zaLGzrgQuHc+69c+cEEWfaOM63tba+sbm1Xdgp7u7tHxzaR6W2lrGi0KKSS9UNiAbOBLQMMxy6kQISBhw6wbiR+Z0HUJpJcWcmEfghGQk2ZJSYVOrbpR7T0sgIPLfqezU/aUz7dtmpODPgVeLmpIxyNPv2T28gaRyCMJQTrT3XiYyfEGUY5TAt9mINEaFjMgIvpYKEoP1kdvsUn6XKAA+lSksYPFP/TiQk1HoSBmlnSMy9XvYy8T/Pi83wyk+YiGIDgs4fGsYcG4mzIPCAKaCGT1JCqGLprXhhd55LFoe7/PlV0q5W3FqldntRrl8/zYMpoBN0is6Riy5RHd2gJmohih7RC3pFb9az9W59WJ/z1jUrD/MYLcD6+gXwg5kd</latexit>

12
6C
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Impact of FSI
A distribution of momentum of the maximal proton

34
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H. Prasad et al. Phys. Rev. D 111 (2025) 036032

We claim that the difference is smaller than uncertainty 
of FSI !!
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Transverse kinematic imbalance
Impact of nuclear effects

35

For a static and free electron
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Transverse kinematic imbalance
Impact of nuclear effects

36

?

With nuclear effects !
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Transverse kinematic imbalance
Impact of nuclear effects

37

    X.-G. Lu et al.  

Phys. Rev. C 94 (2016), 015503
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Transverse kinematic imbalance
Impact of nuclear effects

37

    X.-G. Lu et al.  

Phys. Rev. C 94 (2016), 015503

In the absence of other nuclear effects except Fermi motion 
which is isotropic, 𝛿𝑝𝑇 is transverse projection of 

Fermi motion. 
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Transverse kinematic imbalance
Impact of nuclear effects
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Fermi motion. 
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�↵T ! A uniform distribution!!
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Transverse kinematic imbalance
Impact of FSI

38

Deceleration of proton  
from FSI !!

Large 
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Transverse kinematic imbalance
Impact of FSI

38

Deceleration of proton  
from FSI !!

Large 
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�↵T

One must expect a deviation from uniform distribution of , to a distribution favouring higher  

 angles !

δαT

δαT
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MINER A CC1p0  data*ν π
Comparison : old vs new MEC model
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MINER A CC1p0  data*ν π
Comparison : old vs new MEC model
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MINER A CC1p0  data*ν π
 comparison : old vs new MEC modelχ2/d.o.f
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Summary

• Studying nuclear effects is crucial for understanding neutrino-nucleus interactions, which are 
essential for the next generation of oscillation experiments. 

• Probes of these effects can only come from measurements of lepton and hadron kinematics in exclusive processes 

• Neutrino experiments have made interesting measurements with clear sensitivity to these effects, but 
no models have yet described such data effectively. 

• New fully-exclusive MEC models and CCQE models (Rwik Banerjee’s talk on 18th, Sept 2025) are being added to neutrino interaction 
generators, but this is just the start of what is necessary. 

• Development of a generalised hadronic model in NuWro Monte Carlo generator 
• The addition of new adjustable parameters to approximate correlations between the momenta of outgoing nucleons. 

• Any future MEC model, including the upcoming Valencia 2024 model, can also be incorporated into NuWro using the same hadronic model.

42
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Fitting adjustable parameters

• We first assume the following: 
• In np (pn) configuration neutron (proton) is a forward nucleon.

Optimal parameters obtained after fit

45

H. Prasad et al. Phys. Rev. D 111 (2025) 036032

Direction of boost Direction of boost

Forward nucleon -> neutron
Forward nucleon -> proton
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Fitting adjustable parameters

• Each outgoing nucleon pair is provided with a separate parameter set . 

• The momentum distributions of the outgoing nucleons,  and , are fit separately. 
•  has 2 parameters to fit. 
•  has 4 parameters to fit. 

• Optimal values   are found after minimisation procedure. 

• These optimal values work sufficiently good for all neutrino energies. Hence they are called 
“global fit values”

( ̂P, ̂l){pp,np,pn}

Optimal parameters obtained after fit

46

H. Prasad et al. Phys. Rev. D 111 (2025) 036032
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Minimisation procedure

• Specify parameter space  

• Choose neutrino energy values GeV 
• For any given (P,n), produce outgoing nucleon distribution 
• Choose only those bins in 2020 Valencia model where   
• Compare the differences between two distributions using 

•  Find the minimum  within the parameter space 

• Find the global minimum 

χ̃2

Optimising the nucleon phase space

47

χ̃2 =
1

2Nbins

Nbins
∑
i,j

(NNuWro
ij − NValencia

ij )2

(NNuWro
ij + NValencia

ij )

̂̃χ2
pp = min

χ̃2 ∑
Eν

χ̃2
pp(P, l)pp

P ∈ [−1,1] n ∈ {1,2,..,10}
ΔP = 0.01 Δn = 1
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Fitting adjustable parameters
Optimal parameters obtained after fit

48
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Implementation of MEC models
Within the context of Nieves et al. (Valencia 2012) model

49

Input:

Select interaction point  
using nuclear density  

profile

Check

Select initial nucleons
1. Choose momenta values from 
quradratic probability density function.
2. Direction is chosen uniformly within unit-
 sphere such that nucleons are back-to-back.

Isospin model
1. Set the isospin of initial nucleon pair.
2. Determine the isospin of out-
 going nucleon pair in the Monte 
Carlo fashion.

Compute event weightForm a hadronic system

Move to center-of-mass frame

Distribute the total energy 
equally between the two 

nucleons

Calculate Fermi momentum at 
the interaction point

Set the direction of outgoing 
nucleon pair

Boost back both nucleons to 
lab frame

Check

n

y

n

y

85% of outgoing nucleon pair  
are set as pp (proton-proton)

Both the angles  
are chosen uniformly

θ*, ϕ*
p2sys ≥ (m3 + m4)2

Ek > EF

cos θ* ∈ [−1,1]
ϕ* ∈ [0, 2π]

H. Prasad et al. arXiv:2501.11470v1
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New implementation of MEC models

50

Input:

Select interaction point  
using nuclear density  

profile

Select initial nucleons
1. Choose momenta values from 
quradratic probability density function.
2. Direction is chosen uniformly within the 
unit-sphere (not necessarily back-to-back).

Isospin model
1. Determine the isospin of out-
 going nucleon pair using the diff. cross-
 section information (in the MC fashion).

Compute event weightForm a hadronic system

Move to center-of-mass frame

Distribute the total energy 
between the two nucleons

Set the direction of outgoing 
nucleon pair

Boost back both nucleons to 
lab frame

Check

y

n

Calculate Fermi momentum at 
the interaction point

Event topology
1. Determine the event topology
 either 2p2h or 3p3h

If 2p2h
Else 3p3h

Calculate the allowed range of
scattering angle for the 

backward nucleon
(Pauli blocking)

sampled according to

sampled uniformly.

p2sys ≥ (m3 + m4)2

cos θ* f(cos θ*)

ϕ* ∈ [0,2π]

Discussed later

H. Prasad et al. arXiv:2501.11470v1
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Pauli blocking in center-of-mass frame
Schematics
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= min

[
1,

ωE→
b →mb → EF

εωp→b

]


