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Interaction mechanisms

FIG. K. Niewczas
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Interaction mechanisms

We see the QE and ∆ peaks in 12C(e, e′) data... even for ESSnuSB energies !
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SPP threshold @ ESSnuSB flux

From energy conservation

Ei − Ef = ω = Em + TN + Eπ ⇒ Ei = Em + Ef + TN + Eπ

For νµ/ν̄µ and 12C (where all shells contribute)

min(Ei) = Em +mµ +mπ ≈ 290 MeV

For the p-shell: min(Ei) ≈ 260 MeV
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How do we model SPP on nuclei?

All the nuclear information is enclosed in the nuclear current Jµ

Ki PA

Kf Kπ

PN

PB
MANY
BODY
???

Jµ = ⟨Nπ,A− 1|Oµ
many−body|A⟩
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A
PA PB

B

P

Q

Ki

Kf

Oµ
1π

Kπ

PN

The lepton only interacts with one nucleon inside the nucleus

Jµ = ⟨N,A− 1|Oµ
many−body|A⟩ IA−−−−−−−−−→ Jµ ∝

∫
Ψ̄F ϕ∗

π Oµ
one−body ΨB

Oµ
1π from lepton-(free) nucleon interaction

Ψ̄F , ϕ
∗
π, and ΨB are single-particle wave functions

Exchanged boson: Q = (ω,q)
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Impulse approximation and nuclear model

Most general: both pion and nucleon are distorted waves
They account for the interaction with the residual nucleus

Jµ ∝
∫

dp

∫
dp′

N Ψ̄F (p
′
N ,pN )ϕ∗

π(p+ q− p′
N ,kπ)Oµ

1π(Q,P ′
N , P )ΨB(p)

A
PA PB

B

P

Q

Ki

Kf

Oµ
1π

K ′
π

Kπ

P ′
N

PN

FSI
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Impulse approximation and nuclear model

Asymptotic (or local) approximation: Oµ
1π is evaluated only once

Jµ ∝
∫

dp
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dp′
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Impulse approximation and nuclear model

The pion is a plane wave, the nucleon is still a distorted wave

Jµ ∝ 1√
2Eπ

∫
dp Ψ̄F (q+ p− kπ,pN ) Oµ

1π(Q,PN , P )ΨB(p)

A
PA PB

B

P

Q

Ki

Kf

Oµ
1π

Kπ

P ′
N

PN

FSI
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Impulse approximation and nuclear model

Both pion and nucleon are plane waves

Jµ ∝
√

MN

2EπEN
ūF (pN , sN ) Oµ

1π(Q,PN , P )ΨB(pN + kπ − q)

A
PA PB

B

P

Q

Ki

Kf

Oµ
1π

Kπ

PN
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To sum up...

Jµ ∝
∫
dp

∫
dp′

N Ψ̄F (p
′
N ,pN )ϕ∗

π(p+ q− p′
N ,kπ)Oµ

1π(Q,P ′
N , P )ΨB(p)

Bound nucleon ΨB(p) → Dirac + RMF potentials

Final nucleon Ψ̄F (p
′
N ,pN ) → Dirac in the continuum + ED-RMF potentials

ΨB(p) and Ψ̄F (p
′
N ,pN ) are orthogonal → Pauli Blocking implemented !

Pion ϕ∗
π(k

′
π,kπ) → Klein-Gordon in the continuum + suitable optical

potential [Work in progress]

Operator Oµ
1π(Q,P ′

N , P )

Fully relativistic and quantum mechanical framework
Realistic bound and final states
Can take into account nuclear effects consistently
Pion production model extended to high energies
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P I O N P R O D U C T I O N

O F F T H E N U C L E ON
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π production model: quick overview

Resonances + ChPT Nπ-Lagrangian

Resonances: P33(1232) (∆-baryon), D13(1520), S11(1535), P11(1440)
Works up to

√
s = W < 1.4 GeV → Extended via Regge Theory

PRD 76, 033005 (2007)
PRD 95, 113007 (2017)

M. Hooft (UGent) is working on the unitarization... Stay tuned !
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Distortion of the final nucleon
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The final nucleon interacts with the residual nucleus

Pauli blocking naturally implemented

Shift to lower energies

Reduction of the strength

Distortion of the final hadrons is important at low and intermediate energies
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Distortion of the final nucleon
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Big effect at low-TN

Reduction at medium-TN

At high TN (low-Tπ) one expects pion distortion to play a role
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Beyond the asymptotic approximation
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Beyond the asymptotic approximation: neutrinos
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The effect of the nucleon distortion is even greater at energies below ∼ 1 GeV

PRC 109, 024608 (2024)
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P I O N S A T

V E R Y L O W E N E R G Y
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Very low energy... Hyperons !

PRD 74, 053009 (2006)
PRD 110, 030001 (2024)

The pion is produced after hyperon
(Y ) excitation.

In the low-energy region ∆S = 0 and
∆S = 1 processes are comparable

Only antineutrino reactions in the
∆S = 1 sector are allowed:

ν̄l + p → l+ + Λ

ν̄l + p → l+ +Σ0

ν̄l + n → l+ +Σ−

Λ and Σ− decay into Nπ. Σ0 decays
into Λγ.

Probabilities of around 100%.
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Final remarks

Pion production may constitute an important background at ESSnuSB

Nuclear effects are important when modeling neutrino-nucleus interactions

Final state interactions via nucleon and pion distortions are paramount at
low incoming energies (< 1 GeV)

Only within a relativistic quantum mechanical framework a consistent
address of these effects can be achieved

At very low energy, pion production coming from hyperons (Y ) may
compete with pion production from the ∆
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T H A N K Y O U S O M U C H

F O R Y O U R A T T E N T I O N !
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B A C K U P

S L I D E S
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RDWIA at low-energies in the QE-regime

QE on 12C(e, e′)

Phys. Rev. C 100 045501 (2019)
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QE+SPP results on 12C(e, e′)

Phys. Rev. C 100 045501 (2019)
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Relativistic Mean Field

L = Ψ̄ (iγµ∂
µ −M)Ψ +

1

2

(
∂µσ∂

µσ −m2
σσ

2)− U(σ)

− 1

4
ΩµνΩ

µν +
1

2
m2

ωωµω
µ − 1

4
RµνR

µν +
1

2
m2

ρρµρ
µ − 1

4
FµνF

µν

− gσΨ̄σΨ− gωΨ̄γµω
µΨ− gρΨ̄γµτρ

µΨ− ge
1 + τ3

2
Ψ̄γµA

µΨ.

[
− iα ·∇+ V (r) + β(M + S(r))

]
Ψi(r) = EiΨi(r)
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Regge Theory

For increasing energies → higher order contributions

RTh: Infinite summation over all partial waves in the t−channel amplitude (→
contour integral in complex angular momentum space)

A Regge pole corresponds to a pole in that complex space

Regge pole ≡ whole family of t−channel contributions

Regge propagator (with Regge trajectory) replaces the previous one

Pπ(t, s) = −α′
πφπ(t)Γ[−απ(t)](α

′
πs)

απ(t)

απ(t) = α′
π(t−m2

π) , Γ[−απ(t)] =
−π

sin[παπ(t)]Γ[−απ(t) + 1]

Nucl. Phys. A 627, 645 (1997)
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In medium modification of the ∆

Delta propagator:

S∆,αβ =
−( /K∆ +M∆)

K2
R −M∆

2 + iM∆Γwidth
× fαβ(M∆,K∆)

Γfree
width −→ Γin-medium

width = ΓPauli − 2 I(Σ∆)
M free

∆ −→ M in-medium
∆ = M free

∆ +R(Σ∆)

ΓPauli is the free width corrected by
Pauli blocking of the final nucleon

Fixed ρ/ρ0 = 0.75

Free ∆πN -decay constant may be
modified: f∆πN −→ f in-medium

∆πN

∆Γ = Γin-medium − Γfree, W =
√
s

Chen&Lee: Σ∆ = −40− i30

FIG. C. Praet, PhD Thesis, UGent (2009)

−I(Σ∆) = CQE(ρ/ρ0)
α + CA2(ρ/ρ0)

β + CA3(ρ/ρ0)
γ , R(Σ∆) = 53 (ρ/ρ0) MeV

J. Garćıa-Marcos (UGent & UCM) ESSnuSB+ 2nd Annual Meeting September 24th, 2024 33 / 37



In medium modification of the ∆

Delta propagator: S∆,αβ = −( /K∆+M∆)

K2
R
−M∆

2+iM∆Γwidth
× fαβ(M∆,K∆)

Γfree
width → Γin-medium

width = ΓPauli − 2 I(Σ∆) , M free
∆ → M in-medium

∆ = M free
∆ +R(Σ∆)

	0

	0.5

	1

	1.5

	2

	2.5

	3

	3.5

	4

	200 	250 	300 	350 	400

Eν=519	MeV,	θμ=60	deg
RPWIAdσ

/d
Ω μ

dω
	[1

0-
42

	c
m

2 /(
M

eV
	sr

)]

ω	[MeV]

CC	νμ-induced	1π+	production	on	12C

No	MM
CL

OS,	Total
OS,	Imag.

	0

	1

	2

	3

	4

	5

	6

	7

	8

	9

	10

	200 	250 	300 	350 	400 	450 	500

Eν=620	MeV,	θμ=36	deg
RPWIAdσ

/d
Ω μ

dω
	[1

0-
42

	c
m

2 /(
M

eV
	sr

)]

ω	[MeV]

CC	νμ-induced	1π+	production	on	12C

No	MM
CL

OS,	Total
OS,	Imag.

CL (Chen & Lee) → constant values for Σ∆
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Reduction of the strength, shift to lower energies when R(Σ∆) is included
NPA 468, 631 (1987)
NPA 554, 509 (1993)
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Independent variables and cross section

Lepton-induced SPP on nuclei: l +A −→ l′ +B +N + π

Counting independent variables

4×6 particles +24
four-mom. conservation −4
5×on-shell (E2 = p2 +m2) −5
Target at rest −3
Fixed projectile direction −2
Fixed incoming energy −1

d 9σ

dEfdΩf dENdΩN dEπdΩπ
∝ LµνH

µν

Ki PA

Kf Kπ

PN

PB
REACTION

Four-momenta of every actor

l → Ki A → PA l′ → Kf B → PB N → PN π → Kπ

(Ei,ki) (mA,0) (Ef ,kf ) (EB ,pB) (EN ,pN ) (Eπ,kπ)

PoS(NuFACT2018)086
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Kinematics of SPP on nuclei

Nothing depends on ϕl Is the residual system excited?

ẑ

ŷ

x̂

ki

kf

q

kπ

pN

θl

ϕπ

ϕN

θπ

θN

d 9σ

dEfd cos θf dENdΩN dEπdΩπ dEm
∝ ρ(Em)LµνH

µν

Ki PA

Kf Kπ

PN

PB

MB?
REACTION

Energy conservation: ω +mA = EB + EN + Eπ

Mom. conservation: q = pB + pN + kπ

Mass of the residual system: mB = Em +mA −M

Nucleon binding energy: Eκ = Em
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Independent particle shell model

Let’s take 12C:

In a pure shell model
ρ(Em) = δ(Em − Eκ)

Ns = 2 and Np = 4

More realistic approach: spectral
function S(Em, pm)

Ns = 1.8 and Np = 3.3
NBG = 0.9 (SRC)

FIGS. Tania Franco-Munoz
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