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RES Block 01

Motivation



4Context Astroparticle physics

Motivation

Astrophysical 
processes with 
DM can be 
highly energetic



5Context Astroparticle physics

Motivation
Similar case in SM: ν 
NC cross sections

Source: JHEP05(2025)065

χ N → χ N* → χ N’ π



Capture rates
JHEP 05 (2025) 160
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Model: 
FKR & RS
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Validity for neutrinos Let’s use it for DM

Channels:
1. χ p → χ n π⁺
2. χ p → χ p π⁰
3. χ n → χ n π⁰
4. χ n → χ p π⁻



Different scenarios

Pseudoscalar

Vector - axial Scalar
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MEM = Vμ

Matrix Element 

Mediator



ẑ≡q

ŷ≡p1 x p3

x̂≡(p1 x p3) x q

12Isobaric / Resonant 
frame

S. L. Adler, Annals of 
Physics 50, 189 (1968)



Work separately for each polarization
We will expand the MEM
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Amplitude
Final form of the amplitude Vector-axial case 14



RES: vector-axial MEM = Vμ

Matrix Element Mediator
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Differential cross section
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FKR model

RES Block 03



Model for baryon dynamics
SU(6) SU(3)f ⊗ SU(2)s 18

qa
qb

qc

ra, rb, rc
→ RCM, x, y

Harmonic oscillators

pα → pα - eαA(uα)/ / /

pα → pα - e’αγ5B(uα)/ / /

from Regge 
trajectories



SU(6) representations
SU(6) SU(3)f ⊗ SU(2)s 19

2s(GSU(3))J [GSU(6) , 
LP]N

6⊗6⊗6 = 56 ⊕ 70α ⊕ 70β ⊕ 20
([u,d,s] x [½,-½])

● 56: ²(8), ⁴(10)
● 70: ²(1), ²(8), ⁴(8), ²(10)
● 20: ⁴(1), ²(8)

|g>

|1,0>α |1,1>α|1,-1>α
az a+a-

…



Operators

FV, FA 
~ exp(q²/Ω)
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And so on… 18 in total



Decay to N’π
Nearly on-shell resonances

RES Block 04



Full transformation
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Clebsch-Gordan 
coefficient for 
decay channel

Breit-Wigner 
factor

Branching 
ratio for 
decay into 
Nπ

sign of decay 
(relevant for 
interferences)



Some plots

RES Block 05



mZ’/φ/a = 1 GeV
mχ = 0.5 GeV
gD = 0.1
gNZ’/φ = 10⁻⁶
gNa = 10⁻⁵

Vector
gu

V = 2gd
V = 2

Left
gu

V = 2gd
V = 1
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Eχ = 10 GeV

W = (Wmin + Wmax)/2 ~ 2.5 GeV
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RES Conclusive block

Conclusions



RES Single pion production

Conclusions
There are approaches that take into account a better 

structured group of form factors and treat the 3/2 fermions 
in a more proper way, using the Rarita-Schwinger formalism.

Other more modern approaches sometimes rely more 
strongly on experimental results (fits) and are suitable for 

some energy ranges (tested, for example, for neutrinos).

The scalar and pseudoscalar cases are built from 
Ansätze.

Terrestrial probes of the model might be possible, 
but must be taken as mere probes.

Although the model is based on a simplified effective 
approach, it adapts well to BSM scenarios at (any?) energy 
range.

With the FKR model, we can model other kinds of 
interactions, with different Lorentz structures.

The model is especially valid for interactions in astrophysical 
scenarios, where uncertainties are not small.

R&S model (and FKR) gives us an interesting and productive 
framework to compute single pion resonant production via DM 
interactions with ordinary matter.
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RES Extra material

Extra 
material



31“A truly relativistic quantum-mechanical theory today 
seems available only in the complexities of field theory 
with its many virtual states involving, for example, pairs, 
etc. It is so complex that no particular dynamic 
regularities among the resonances are expected of it, 
other than those resulting from symmetries of the original 
Hamiltonian. We have gone in a different direction, 
sacrificing theoretical adequacy for simplicity. We shall 
choose a relativistic theory which is naive and obviously 
wrong in its simplicity, but which is definite and in which 
we can calculate as many things as possible —not 
expecting the results to agree exactly with experiment, 
but to see how closely our "shadow of the truth" equation 
gives a partial reflection of reality.” (FKR, 2706)
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Γ = Rxy(θ2) Bz(χ) Rxz (θ1)
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Q*

W-ν*



Limits of integration
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Axial correction 35

PCAC

Free quark Lagrangian, 
massless limit

Symmetries: SU(n)L x SU(n)R Noether currents



Axial correction 36

PCAC
(at q = 0)

The axial charge does not annihilate the vacuum -> G = SU(n)L x SU(n)R is 
broken by light quarks to H = SU(n)L+R

We will have n²-1 massless Goldstone bosons associated with the coset 
space G/H



Axial correction 37

There is a relation between the coupling of the pion to baryonic currents, 
the axial form factor and the decay of the pion, fπ (π → μ ν): the 
Goldberger-Treiman relation:

a pion pole 
appears!



Axial correction 38

We need to modify our axial operator, such that it also exhibits the pion 
pole and respects the previous relations. This was first shown by Ravndal 
(Nuovo Cim.A 18 (1973) 385-415):



Form factors 
(Rein & Sehgal)

39

g³ exp(q²/Ω) mV = 0.84 GeV

mA = 0.95 GeV



Form factors (vector) 
(Graczyk & Sobczyk, PRD 77 (2008) 053001)
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Form factors (axial) 
(Graczyk & Sobczyk, PRD 77 (2008) 053001)
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Modeling resonances 42

FKR used a simple notation to account for the different symmetries in the 
states of the hadrons:



Modeling resonances 43

Spin states:



Modeling resonances 44

Unitary spin ⊗ spin:



Modeling resonances 45

Space configuration (orbital momentum, L)

N = 0 N = 1 N = 2

for example



Modeling resonances 46

Charge operator, ea:
For an interaction with a proton, we have states of the 
form: |uud>k , where k = S, α, β. Action of ea:



Clebsch - Gordan coefficients 47



We will transform the Dirac delta 
distribution into a non-relativistic 
Breit-Wigner distribution

From on-shell to 
nearly on-shell
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From on-shell to 
nearly on-shell
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Interference rules 50

L2I,2J



RES <p|F|Δ(1232)>

Example
Δ(1232)



Scalar mediator



Psuedoscalar mediator


