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Overview

Part 1. Constraining the nucleon structure in argon.

Part 2. Constraining the “pion absorption”.

Part 3. On the modeling. 
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PART 1: 

Constraining the nucleon structure 
in 40Ar 
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(e,e’p) experiments

Scattering plane

Reaction plane
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https://doi.org/10.1103/PhysRevC.32.1787 

Nuclear Physics A480 (1988) 547-572

https://doi.org/10.1103/PhysRevC.32.1787
https://doi.org/10.1016/0375-9474(88)90463-0
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10.1103/PhysRevC.70.034606

https://doi.org/10.1103/PhysRevC.70.034606
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https://arxiv.org/abs/2504.09972 

https://arxiv.org/abs/2504.09972
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That was for the protons, but what 
about the neutrons? 
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That was for the protons, but what 
about the neutrons? 

One could do
 

40Ar(e,e’n)

but... there are some issues with 
detecting neutrons 
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Determination of the neutron structure of Argon 40
Needed for the neutrino programe: MicroBooNE, DUNE, SBND, others.

Slide from Ankowski talk, 
Workshop@ECT* 2024

https://indico.ectstar.eu/event/216/contributions/5223/
https://indico.ectstar.eu/event/216/contributions/5223/
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PHYSICAL REVIEW D 107, 012005 (2023)
Determination of the titanium spectral function 
from (e,e’p) data

Determination of the neutron structure of Argon 40
Needed for the neutrino programe: MicroBooNE, DUNE, SBND, others.

https://doi.org/10.1103/PhysRevD.107.012005
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CAN WE DO SOMETHING ELSE? 

(Remember, they didn’t measure 
neutrons in argon 40 but protons in 
titanium 48.)



raugj@us.es MITP Workshop, May 2025 16

CAN WE DO SOMETHING ELSE? 

YES!

TRIPLE COINCIDENCE EXPERIMENT @ MAMI
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ADVANTAGES

1. One probes neutrons of 
argon directly 
(instead of using a proxy 
nucleus like 48Ti)

2. There is no need to detect 
neutrons

DIS-ADVANTAGES

1. Modeling pion production is 
more difficult than quasielastic

2. This is a triple-coincidence 
experiment: statistics
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ADVANTAGES

1. One probes neutrons of 
argon directly 
(instead of using a proxy 
nucleus like 48Ti)

2. There is no need to detect 
neutrons

DIS-ADVANTAGES

CHALLENGES and 
OPPORTUNITIES

1. Modeling pion production is 
more difficult than quasielastic

2. This is a triple-coincidence 
experiment: statistics
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[12] K. Blomqvist et al., 
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spec
trometers, Detectors and Associated Equipment 403, 263 (1998).

http://dx.doi.org/https://doi.org/10.1016/S0168-9002(97)01133-9
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(97)01133-9
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K. Blomqvist et al., 
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spec
trometers, Detectors and Associated Equipment 403, 263 (1998).

http://dx.doi.org/https://doi.org/10.1016/S0168-9002(97)01133-9
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(97)01133-9


raugj@us.es MITP Workshop, May 2025 21



raugj@us.es MITP Workshop, May 2025 22

1. Choose a particular lepton kinematic

+ We want large single-pion production cross section

+ We want small contribution from other reaction channels
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Inclusive 12C(e,e’) data
compared with some model 
predictions for single-pion production

Kin 1: just above 1pi “threshold”
+ little contribution from delta  (so ChPT 
describes the process)
+ so NO medium modification of resonances
+ but Large contribution from other reaction 
channels

Kin 2: delta peak
+ below 2pi “threshold”
+ SPP cross section is maximum

1. Choose a particular lepton kinematic

+ We want large single-pion production cross section

+ We want small contribution from other reaction channels
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2. Where do we put the hadron detectors? 
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+ We want large cross section

+ We want small backgrounds

Sources of backgrounds:

+ Inelastic final-state interactions: we can minimize them by placing the 
detectors where the nucleon and pion transparency are maximal

+ Other reaction channels leading to the same signal in the detectors
   ++ production of p0 followed by charge exchange
   ++ pion production on a two nucleon pair
   ++ two-pion production
   ++ others

Making cuts in missing energy (E
m
) and missing momentum (p

m
) helps 

eliminate backgrounds a lot.

2. Where do we put the hadron detectors? 
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2. Where do we put the hadron detectors? 
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3. Then, what? 
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3. Then, what? 

We (try to) identify the peaks.
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TRIPLE COINCIDENCE EXPERIMENT @ CLAS
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Electron-beam energy reconstruction for
neutrino oscillation measurements
Nature | Vol 599 | 25 November 2021 | 565

CLAS detector

https://doi.org/10.1038/s41586-021-04046-5
https://doi.org/10.1038/s41586-021-04046-5


raugj@us.es MITP Workshop, May 2025 33



raugj@us.es MITP Workshop, May 2025 34



raugj@us.es MITP Workshop, May 2025 35

PART 2: 

Constraining the “pion absorption”
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“Other”: 
pion absorption contribution 

evaluated using GENIE

Franco-Patino et al. (2022), https://doi.org/10.1103/PhysRevD.106.113005 

 (GENIE)

MINERνA no-pion ν
μ
-12C cross section

https://doi.org/10.1103/PhysRevD.106.113005
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“Other”: 
pion absorption contribution 

evaluated using GENIE

Franco-Patino et al. (2022), https://doi.org/10.1103/PhysRevD.106.113005 

 (GENIE)

MINERνA no-pion ν
μ
-12C cross section

Large contribution to the 
QE-like signal 

for MINERvA flux !!! 

https://doi.org/10.1103/PhysRevD.106.113005
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What does it really mean 
“pion absorption” ?

In reality, there never was a real pion.
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Can experiments constrain this 
important (model-dependent) 

contribution to the zero pion signal ?
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12C(e,e’) 
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12C(e,e’) 
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12C(e,e’) 
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The green 
curve is the 

exp. data we 
want.

The other 
lines are 
model 

predictions.

The 
difference 

between the 
red and the 

green curves 
is “pion 

absorption”, 
within this 
particular 

model.

12C(e,e’) 
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The green 
curve is the 

exp. data we 
want.

The other 
lines are 
model 

predictions.

The 
difference 

between the 
red and the 

green curves 
is “pion 

absorption”, 
within this 
particular 

model.

12C(e,e’) 

A different model, ie. a different combination of 
reaction channels giving the same inclusive 
cross section, will have a different need for 
“pion absorption”.
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+ Delta propagator in the MEC 
2p2h: Full vs real ??

+ In medium modifications of the 
delta in the SPP contribution

+ In medium modifications of the 
delta in the MEC 2p2h contribution
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The green 
curve is the 

exp. data we 
want.

The other 
lines are your 

theory.

The 
difference 

between the 
red and the 

green curves 
is “pion 

absorption”, 
within this 
particular 

model.

The two-pion 
production

channel 
contributes 
significantly
in this region
(i.e. problems)

12C(e,e’) 
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Incoming energy and  
scattering angle fixed

for many 
different Dw

We prefer cross sections 
but if that is too difficult, 

ratios of
“at least one pion” to 

inclusive signal
are also fine.
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Incoming energy and  
scattering angle fixed

for many 
different Dw

Can CLAS do 
this?

We prefer cross sections 
but if that is too difficult, 

ratios of
“at least one pion” to 

inclusive signal
are also fine.
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Incoming energy and  
scattering angle fixed

for many 
different Dw

Can CLAS do 
this?

Adi’s talk 
yesterday! 

We prefer cross sections 
but if that is too difficult, 

ratios of
“at least one pion” to 

inclusive signal
are also fine.
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If we keep dreaming...



raugj@us.es MITP Workshop, May 2025 51

Single-pion 
production data 

separated in 
different channels 

would be even 
more useful to 

constrain models

If we keep dreaming...
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Part 3: 

On the modeling
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Single-Pion Production
(in the Impulse Approximation)
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Single-Pion Production
(in the Impulse Approximation)
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Single-Pion Production
(in the Impulse Approximation)
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Single-Pion Production
(in the Impulse Approximation)
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Single-Pion Production
(in the Impulse Approximation)
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Single-Pion Production
(in the Impulse Approximation)
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What is the best seed for a cascade?



raugj@us.es MITP Workshop, May 2025 60

What is the best seed for a cascade?

We believe a model based on the distorted wave approach is the best seed 
(currently in the market) for a cascade model:

 + it gives a fair description of the inclusive cross section

 + it provides information about the final nucleon 

What about, Double counting the FSI? 

I don’t think so… 

https://doi.org/10.1103/PhysRevC.105.054603
https://doi.org/10.1103/PhysRevC.110.054611 
https://arxiv.org/abs/2502.10629

https://doi.org/10.1103/PhysRevC.105.054603
https://doi.org/10.1103/PhysRevC.110.054611
https://arxiv.org/abs/2502.10629
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The momentum of the nucleons inside the nucleus 
is given by the wave functions (PDFs).

In other words: the nucleons do not have a 
momentum, but many. The nucleons do not have a 
wave length, but many. (That’s why we average over 
them.)
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momentum, but many. The nucleons do not have a 
wave length, but many. (That’s why we average over 
them.)

Analogously in coordinate space: the nucleons are 
not in a particular point but in many at the same time, 
actually, in the whole nucleus. (That’s why we 
average over the whole nuclear volume.)
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The momentum of the nucleons inside the nucleus 
is given by the wave functions (PDFs).

In other words: the nucleons do not have a 
momentum, but many. The nucleons do not have a 
wave length, but many. (That’s why we average over 
them.)

Analogously in coordinate space: the nucleons are 
not in a particular point but in many at the same time, 
actually, in the whole nucleus. (That’s why we 
average over the whole nuclear volume.)

For the final nucleon, we know that its asymptotic 
momentum is p

N
. This is the momentum that one can 

measure in a detector if and only if nothing else 
happens after the primary interaction.
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This happens first.

To describe this ALL 
INGREDIENTS discussed 
earlier are needed.

We use a RDWIA approach 
with only real potentials.

Some time goes by...

Then, re-scattering(s) can happen.

Hopefully, a cascade model is able to 
handle this.

Whatever happens here, the inclusive 
cross section remains the same. 

(Elastic interactions should be avoided in 
the cascade, they were already included 
in the modeling of the primary 
interaction.)

some time goes...
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The ROP model uses a complex Relativistic Optical Potential (ROP).
The EDRMF model uses a real potential.

ROP predicts the cross section for the case in which the struck nucleon suffers only elastic final-
state interactions (*):  so the final state consists in “the lepton + only one nucleon”, the 
“Golden Channel” in neutrino experiments.

(*)In a MC generator, it corresponds to the case in which the nucleon propagates through the nucleus (using the intranuclear 
cascade model) without interacting at all.  Useful to benchmark cascade models. https://arxiv.org/abs/2406.09244,
https://doi.org/10.1103/PhysRevC.105.054603

Only a fraction of the strength corresponds to the “only one nucleon” case.

So… why the EDRMF approach works well for the inclusive?
 

https://arxiv.org/abs/2406.09244
https://doi.org/10.1103/PhysRevC.105.054603
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Fictitious experiment 
16O(e,e’p)15N, integrated over the whole 
solid angle of the nucleon.
(And let’s imagine that the only process 
that exists is QE scattering, so there is no 
MEC 2p-2h or SRC inducing 2p2h.)

What do we expect to see?
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channels have been opened: ROP starts to 
underestimate data. EDRMF is getting closer.

3. Around the 2N knockout threshold and beyond 
both models underestimate the data: inelastic 
interactions populate the high E

m
 region. 
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Fictitious experiment 
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 region.
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m
, (aka inclusive xs), the 

EDRMF value matches the data value.
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Fictitious experiment 
16O(e,e’p)15N, integrated over the whole 
solid angle of the nucleon.
(And let’s imagine that the only process 
that exists is QE scattering, so there is no 
MEC 2p-2h or SRC inducing 2p2h.)

What do we expect to see?
1. Around 1p1h threshold: ROP matches the data. 
EDRMF overestimates them. 

2. A bit beyond 1p1h threshold some inelastic 
channels have been opened: ROP starts to 
underestimate data. EDRMF is getting closer.

3. Around the 2N knockout threshold and beyond 
both models underestimate the data: inelastic 
interactions populate the high E

m
 region.

4. If we integrate over E
m
, (aka inclusive xs), the 

EDRMF value matches the data value.

5. EDRMF+cascade (hopefully) matches the data nicely.
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SUMMARY 

+ MAMI could make a triple coincidence experiment, 40Ar(e,e’pp-), to help 
constrain the neutron structure in argon, and other nuclei.

     ++ CLAS could do it as well, but backgrounds are expected to be larger

+ CLAS could help constrain the amount of the, so called, “pion absorption” in 
argon, and other nuclei.

+ In both cases, a good model for single-pion production, and related nuclear 
effects, is needed. These proposed experiments would feed, or trigger, theoretical 
developments.

+ On the modeling of nuclear effects: 

     ++ A distorted wave approach to describe the initial interaction (both the pion 
          and final nucleon are distorted waves, solution of the wave equation with 
          real potentials).

     ++ An intranuclear cascade to handle inelastic FSI.
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