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What kind of physics is needed in each case?



SUPERNOVAE/SOLAR 
NEUTRINOS

• S. Gardiner talk

• Available models:
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FIG. 1. The muon neutrino flux in ND280 detector of the T2K
experiment, taken from Ref. [16]. The dashed line shows the flux;
the solid curve shows flux multiplied by the oscillation probability
Pνµ→νe [17]. Both are normalized to the same area.

II. ELECTRON DATA SELECTION

A. Regions

From a wide range of kinematics of the inclusive electron-
carbon scattering experiment data, I would like to choose
only those data sets that are the most important for the T2K
experiment. In order to do this, I calculate an estimated value of
the flux-averaged differential cross section (dσ/dqdω)CCQE,
where (ω,|q⃗|) is energy-momentum transfer. The differential
cross section has to be averaged over the muon neutrino flux
used in the T2K experiment F(E) shown in Fig. 1. The cross
section averaged over the flux is given by

dσ

dqdω T2K
= 1

F

∫
dE

dσ

dqdω

CCQE

F(E),

F =
∫

dEF(E). (2)

Afterward, I look at the distribution of the oscillated
neutrinos investigated in both the appearance and the disap-
pearance measurements, taking into account the probability of
oscillation Pνµ→νe

with parameters given in Ref. [17]. It shifts
slightly the peak and makes it narrower (see Fig. 1). The cross
section has the form

dσ

dqdω

osc

T2K
= 1

W

∫
dE

dσ

dqdω

CCQE

F(E)Pνµ→νe
(E),

W =
∫

dEF(E)Pνµ→νe
(E). (3)

The results of the analyses done with Eqs. (2) and (3) are
very similar because the spectra for the muon neutrinos and
oscillated neutrinos are very much alike (see Fig. 1). In the
analysis, the second option will be chosen, Eq. (3).

In order to calculate (dσ/dqdω)CCQE, the Valencia SF
model is used (with a free particle spectral function; see
Subsec. III D) because of its fast numerical performance.

FIG. 2. (dσ/dqdω)osc
T2K [10− 38 cm2/GeV2] for the T2K flux (using

the prediction of the Valencia spectral function); see Eq. (3). The
position of the CCQE peak is marked with the solid line. Three typical
electron data sets are also shown (experimental points are connected
by a line for better legibility): solid line, E = 200 MeV, θ = 60◦;
dashed line, E = 1500 MeV, θ = 13.54◦; dot-dashed line, E =
680 MeV, θ = 60◦. Each of them cross the solid line (CCQE line) at
different points. The value of (dσ/dqdω)osc

T2K in this crossing point is
taken as the measure of the importance of the data set.

On the resulting plot (see Fig. 2), the position of the QE peak
is marked, defined as the maximal value of (dσ/dqdω)CCQE

for a given ω (note that its position is very close to q⃗2 =√
ω2 + 2Mω). There is some model dependence in the shape

shown in Fig. 2: The use of different models might slightly
change it (e.g., shift the position of the QE peak, spread it,
etc.); however, it would not influence the conclusions since it
is used only to sieve the electron data.

In total, there are 66 data sets of electron-carbon scattering
data gathered in Ref. [18]. They cover a wide range of
incoming electron energy and the scattering angle which can
be translated into the energy-momentum transfer. With this
change of variables, one can plot them all on the (ω,|q⃗|) plane,
just as shown in Fig. 2 for three example data sets. The usage of
(ω,|q⃗|) variables is more natural because they are arguments
of nuclear response functions, which are analogical for the
neutrino and the electron scattering processes (the difference
lies in the interaction vertex which makes a value of weak
response functions larger). Therefore, in Fig. 2 it is shown
how electron sets coincide with the CCQE region for the T2K
flux.

The next problem is to define a criterion of which data
sets are most important for the neutrino studies. I propose to
quantify the significance of data using the following procedure
(points 1–3 are explained above):

(1) Calculate (dσ/dqdω)osc
T2K for the range of ω ∈ (0,500)

MeV, |q⃗| ∈ (0,1000) MeV/ c.
(2) The QE peak is defined as the maximal value of

(dσ/dqdω)osc
T2K for a given ω (it forms a “CCQE line”

marked as a solid line on Fig. 2).
(3) Plot the electron data sets on the (ω, |q⃗|) plane.
(4) Choose only those data sets whose CCQE value (the

value of (dσ/dqdω)osc
T2K at the crossing point with the
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EXISTING DESCRIPTIONS

• LDA + potential (GiBUU)
• SF + Optical potential (Rome)
• Hartree-Fock +CRPA (Ghent)
• LDA + SF (Valencia)
• SuSAv2
• ab-initio (GFMC)

For inclusive QE data they 
seem to work decently well*

*check when 2p2h and pion 
production are included

How low/high can we  
get with these models?







VALENCIA MODEL:  
QE MECHANISM

• LDA (Local Density Approximation)
• 2 “ingredients” to describe the initial nucleus:

• RPA     (~M. Martini et al. model)
• Spectral function

• The outgoing nucleon (and its possible interaction with 
the residual system):
• Particle spectral function
• Plane wave



GROUND STATE
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P. Fernandez de Cordoba, E. Oset
Phys. Rev. C46 (1992) 1697-1709

dσ
dEk′�dΩ( ̂k′�)

=
G2

F sin2 θC

4π2

| ⃗k ′�|

| ⃗k |
L(ν̄)

μσ (k, k′�)Wμσ(q)

⃗k

⃗k ′�

q = k − k′�

L(ν̄)
μσ (k, k′�) = kμk′�σ + k′�μkσ − gμσk ⋅ k′�− iϵμσαβk′�αkβ
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spectral function model:



GROUND STATE (1)
• Semi-phenomenological model for nucleon self-energy              in 

nuclear medium, satisfying low density theorem.

NN interaction taken 
from scattering data

polarisation effects using 
empirical spin-isospin 

interaction 

P. Fernandez de Cordoba, E. Oset
Phys. Rev. C46 (1992) 1697-1709

ReΣ(p, E) = −
1
π

𝒫∫
∞

EF

dE′�
ImΣ(p, E′�)

E − E′�
+

1
π

𝒫∫
EF

−∞
dE′�

ImΣ(p, E′ �)
E − E′�

Σ(p, E)
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GROUND STATE (I)
• Spectral functions:

• Local density approximation (LDA)

SLDA
p,h (p, E) = ∓

1
π

ImΣ(p, E)

(E − p 2/2m − ReΣ(p, E ))2 + ImΣ(p, E )2

Wμν
LDA(q) = 2∫ d3r∫

d3p
(2π)3 ∫ dE SLDA

h (E, p, ρ)
M
Ep

MY

EY
p+q

δ(E + q0 − EY
p+q(ρ))Aμν(p, q)

 11

Aμν(p, q) = ⟨p | ( jμ
cc)† |p + q⟩⟨p + q | jν

cc |p⟩ matrix element for a 
single nucleon



RPA EFFECTS

What is the relation 
between CRPA and RPA?
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potential, is summed up [84]. (Also here we are limited to moderate energy andmomentum transfers
because of the use of non-relativistic approximations.) This effective interaction includes a contact
Landau–Migdal potential,

V = c0
n
f0(⇢) + f 0

0(⇢)E⌧1 · E⌧2 + g0(⇢)E�1 · E�2 + g 0

0(⇢) (E�1 · E�2) (E⌧1 · E⌧2)
o
. (48)

The constants in Eq. (48) were determined from (low energy) calculations of nuclear electric and
magnetic moments, transition probabilities, and giant electric and magnetic multipole resonances
[105,106],

fi(⇢(r)) =
⇢(r)
⇢(0)

f (in)i +

✓
1 �

⇢(r)
⇢(0)

◆
f (ex)i (49)

with

f (in)0 = 0.07 f (ex)0 = �2.15 f 0(in)
0 = 0.33 f 0(ex)

0 = 0.45

and c0 = 380 MeV fm3, g0 = 0.575 and g 0
0 = 0.725.

In the S = T = 1 sector, we improve the interaction and include explicitly pion and ⇢ meson
exchanges, which separate the non-relativistic potential into transverse and longitudinal channels,

c0g 0
0(E�1 · E�2)(E⌧1 · E⌧2) ! E⌧1 · E⌧2

X

i,j

� i� jV �⌧
ij (50)

V �⌧
ij = q̂iq̂jVl(q) + (�ij � q̂iq̂j)Vt (q) (51)

with q̂ = Eq/|Eq | and the longitudinal and transverse potentials given by,

Vl(q) =
f 2

m2
⇡

⇢✓
⇤2

⇡ � m2
⇡

⇤2
⇡ � q2

◆2
Eq 2

q2 � m2
⇡

+ g 0

�
, f 2/4⇡ = 0.08, ⇤⇡ = 1200MeV (52)

Vt (q) =
f 2

m2
⇡

⇢
C⇢

✓
⇤2

⇢ � m2
⇢

⇤2
⇢ � q2

◆2
Eq 2

q2 � m2
⇢

+ g 0

�
, C⇢ = 2, ⇤⇢ = 2500MeV (53)

and g 0 = 0.63, as used in [37,38,55].Moreover�(1232) degrees of freedom in the nuclearmedium are
also considered, which opens the possibility of taking into account �h excitations in the RPA series,
as mentioned above. It affects only the S = T = 1 sector and the interaction ph–�h and �h–�h is
taken from [67] (see also [84] for details). The RPA sum leads to substitutions in some terms of the
hadron tensor obtainedwithin the 1p1h approximation (see Appendix A of Ref. [37]). For instance, the
(S = T = 1)-RPA sum produces, in a schematic way and for a free LFG, a replacement of the type

ImŪ(q; ⇢)
⇥
aq̂iq̂j + b

�
�ij � q̂iq̂j

�⇤
! ImŪ(q; ⇢)

⇥


a

q̂iq̂j
|1 � U(q; ⇢)Vl(q)|2

+ b
�ij � q̂iq̂j

|1 � U(q; ⇢)Vt (q)|2

�
(54)

where U(q; ⇢) = UN + U� takes into account the ph and the �h excitations, with UN = 2Ū (the
factor of 2 accounts for a sum over isospin, not explicitly carried out in the definition given in Eq. (24))
in a symmetric medium. For positive values of q0, the backward propagating ph excitation has no
imaginary part, and for QE kinematics the �(1232) Lindhard function U� is also real.9 Nevertheless,
we refer the reader to [37] for a detailed description of the RPA re-summation within this formalism.

We should mention that the interaction used to compute the RPA corrections is in principle
unrelated to the semi-phenomenological one employed in [70] to evaluate the nucleon self-energies.

Here we would like to focus on the situation when RPA and SF effects are included together.
As sketched above, polarization effects are computed by summing up an infinite series of ph and

9 Analytical expressions for U� can be found for example in Ref. [84], while expressions for the real part of the relativistic
Lindhard function UN can be found in Ref. [107]. The corresponding non-relativistic counterparts, obtained by setting to one
the factorsM/Ep andM/Ep+q and using non-relativistic nucleon dispersion relations in Eq. (24), can be found in Refs. [84,86].

Landau-Migdal potential
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Fig. 7. RPA series of ph and �h excitations.

close to the Fermi level (where Im⌃(q0, Eq ) ! 0). Moreover, Re⌃(q0, Eq ) obtained from dispersion
relations is result of yet another integration, which is also quite time consuming. Because of the large
computational time needed to evaluate the imaginary part of the non-free Lindhard function, it is
advisable to introduce approximations that work well in some situations. As mentioned, the spectral
functions have formof peaks. Theirwidth depends on the distance to the Fermi level and in some cases
they become nearly delta functions (low/high energies for particle/hole SFs; see Fig. 10 of Ref. [70]).
Thus, for energy transfers q0 high enough, the width of the particle SF is much broader than that of
the hole SF (see analysis in Section 4). In this region, one could explore the validity of approximating
Sh by a delta function:

Sh(!, Ep ) = �
�
! � Ē(Ep )

�
⇥

�
µ � Ē(Ep )

�
(46)

with Ē(Ep ) defined in Eq. (38). This simplification, used in Ref. [37], saves one integration and then we
are left with:

ImŪSFapprox(q, ⇢) = �
⇥(q0)
4⇡2

Z
d3pSp

�
q0 + Ē(Ep ), Ep + Eq

�
⇥(µ � Ē(Ep )). (47)

The reliability of this approximation will be discussed in detail in Section 4. There, we will see that
it is reasonable at intermediate energies, where it leads to cross sections around 5%–10% larger than
those obtained with the correct expression for ImŪSF (q, ⇢). Nevertheless, here we will not adopt this
approximation, and we will present results from the many body model derived in Ref. [37] using for
the very first time full SFs for both particle and hole nucleon lines.

2.2. RPA corrections

RPA correlations account for some nuclear medium polarization effects sensitive to the collective
degrees of freedom of the nucleus. These corrections bear some resemblance with the polarization
experienced by a probe charge inside of an electron gas [84].Within themodel employed in [37,38,55],
a series of ph and �h excitations (Fig. 7), which interact via an effective spin–isospin non-relativistic
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potential, is summed up [84]. (Also here we are limited to moderate energy andmomentum transfers
because of the use of non-relativistic approximations.) This effective interaction includes a contact
Landau–Migdal potential,

V = c0
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f0(⇢) + f 0

0(⇢)E⌧1 · E⌧2 + g0(⇢)E�1 · E�2 + g 0
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also considered, which opens the possibility of taking into account �h excitations in the RPA series,
as mentioned above. It affects only the S = T = 1 sector and the interaction ph–�h and �h–�h is
taken from [67] (see also [84] for details). The RPA sum leads to substitutions in some terms of the
hadron tensor obtainedwithin the 1p1h approximation (see Appendix A of Ref. [37]). For instance, the
(S = T = 1)-RPA sum produces, in a schematic way and for a free LFG, a replacement of the type

ImŪ(q; ⇢)
⇥
aq̂iq̂j + b

�
�ij � q̂iq̂j

�⇤
! ImŪ(q; ⇢)

⇥


a

q̂iq̂j
|1 � U(q; ⇢)Vl(q)|2

+ b
�ij � q̂iq̂j

|1 � U(q; ⇢)Vt (q)|2

�
(54)

where U(q; ⇢) = UN + U� takes into account the ph and the �h excitations, with UN = 2Ū (the
factor of 2 accounts for a sum over isospin, not explicitly carried out in the definition given in Eq. (24))
in a symmetric medium. For positive values of q0, the backward propagating ph excitation has no
imaginary part, and for QE kinematics the �(1232) Lindhard function U� is also real.9 Nevertheless,
we refer the reader to [37] for a detailed description of the RPA re-summation within this formalism.

We should mention that the interaction used to compute the RPA corrections is in principle
unrelated to the semi-phenomenological one employed in [70] to evaluate the nucleon self-energies.

Here we would like to focus on the situation when RPA and SF effects are included together.
As sketched above, polarization effects are computed by summing up an infinite series of ph and

9 Analytical expressions for U� can be found for example in Ref. [84], while expressions for the real part of the relativistic
Lindhard function UN can be found in Ref. [107]. The corresponding non-relativistic counterparts, obtained by setting to one
the factorsM/Ep andM/Ep+q and using non-relativistic nucleon dispersion relations in Eq. (24), can be found in Refs. [84,86].
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LOW ENERGY PROCESSES

μ−

muons are 300 times heavier  
 than electrons

the wave function  
overlaps with nucleus 

the system is unstable  
(interaction with nucleus)

muon capture

(A − μ−)1s
bound → ν̄ + X

governed by the same  
CC interaction

pion radiative capture

(A − π−)bound → γ + X π−
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maximal energy transferred

bound muon/pion are at rest

the position of the quasi-elastic peak 

mπ = 135 MeV
mμ = 105 MeV

EQE ≈
m2

μ/π

2M

(q0, ⃗q ) = (mμ/π − | ⃗k | , ⃗k )

≈ 10 MeV



MUON CAPTURE
J. Nieves, J.E. Sobczyk / Annals of Physics 383 (2017) 455–496 491

Fig. 25. Inclusivemuon capture differentialwidths for 12C (left) and 40Ca (right), as a function of the energy transfer. Error bands
on the RPA predictions show MC 68% CL intervals derived from the uncertainties in the ph(�h)–ph(�h) effective interaction.

Table 4
Experimental and theoretical total muon capture widths for different nuclei. Data are taken from Ref. [132], and when more
than one measurement is quoted in [132], we use a weighted average: � /� 2 =

P
i�i/�

2
i , with 1/� 2 =

P
i1/�

2
i . Theoret-

ical errors in the RPA predictions show MC 68% CL intervals derived from the uncertainties on the ph(�h)–ph(�h) effective
interaction.

Nucleus Pauli (104 s�1) RPA (104 s�1) SF (104 s�1) SF+RPA (104 s�1) Exp. (104 s�1)
12C 5.76 3.37 ± 0.16 3.22 3.19 ± 0.06 3.79 ± 0.03
16O 18.7 10.9 ± 0.4 10.6 10.3 ± 0.2 10.24 ± 0.06
18O 13.8 8.2 ± 0.4 7.0 8.7 ± 0.1 8.80 ± 0.15
23Na 64.5 37.0 ± 1.5 30.9 34.3 ± 0.4 37.73 ± 0.14
40Ca 498 272 ± 11 242 242 ± 6 252.5 ± 0.6

5.2.2. Inclusive muon capture
The analysis of the inclusive muon capture results is similar to that presented in the previous

subsection for the radiative pion capture. Themost important difference is that obviously the outgoing
neutrino distributions have not been measured. In addition, the interaction vertex is also different,
and the transferred energy to the nucleus, and thus the maximum momentum transfer, is around 35
MeV (mass difference between the pion and the muon) smaller than in the case of pion capture. This
different kinematics influences the effects produced by the non-free SFs, as shown in Fig. 11.

The results for muon capture are shown in Table 4. We do not study heavy nuclei, like 208Pb,
because our SFs were evaluated for symmetric nuclear matter. Our predictions stay in a very good
agreement with the data, however the actual description could be likely poorer since, in principle,
discrete contributions have not been properly taken into account, as we discussed for the case of pion
capture. Nevertheless, the results of Table 4 clearly show that RPA and SF effects provide a much
better description of the data. RPA correlations induce modifications on the SF integrated decay rates
significantly less important than those appreciated in the free LFG results. However, the RPA collective
effects significantly modify the shape of the decay width distributions, as can be seen in Fig. 25,
producing a shift of the maximum position, which is moved towards (higher) energies transferred
to the nucleus of around 20MeV. Indeed the RPA produces an enhancement of the distribution in this
region of excitation energies, which can be related to the nuclear giant resonances (see for instance
Refs. [105,106,130,131]). A similar situation could be also seen in Fig. 24 for the case of pion capture,
where we also see that the RPA correlations increase the SF results for photon energies of around
100 (110) MeV in carbon (calcium). Note however, the individual giant resonances would show up as
narrow peaks in the decay width distributions, while in the present approach, the RPA correlations
provide only an enhanced signature, which likely will give a reasonable description of the integrated
distributions.

(shape shows the general trend)
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maximum photon energy 
(final nucleus in the ground state)

contributions beyond 1p1h

discrete transitions are more important
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Table 3
Inclusive radiative pion capture widths from the 1s and 2p and the 2p and 3d levels in 12C and 40Ca, respectively. Theoretical
errors in the RPA predictions show MC 68% CL intervals derived from the uncertainties on the ph(�h)–ph(�h) effective inter-
action. Within the SF+RPA scheme, we obtain ratios R(� ) of (0.9±0.1)% and (1.4±0.2)% for carbon and calcium, respectively.
The experimental values reported in Ref. [129] for these ratios are (1.92 ± 0.20)% for 12C and (1.94 ± 0.18)% for 40Ca. In this
latter reference, in the case of carbon, the contributions of transitions to the 12B ground and excited states turned to be around
20–25% of the total ratio. Thus, the continuum contribution for 12C was estimated to be (1.50 ± 0.15)% [129].

Nucleus nl wnl � abs
nl [keV] Pauli [eV] RPA [eV] SF [eV] SF+RPA [eV]

12C 1s 0.1 3.14 ± 0.14 88.9 48.3 ± 2.1 58.6 50.6 ± 1.3
2p 0.9 0.00136 ± 0.00020 18.3 ⇥ 10�3 (11.1 ± 0.4) ⇥ 10�3 12.2⇥10�3 (11.1± 0.2)⇥ 10�3

40Ca 2p 0.7 1.59 ± 0.02 41.5 24.3 ± 0.9 23.9 21.5 ± 0.5
3d 0.3 0.0007 ± 0.0003 20.9⇥10�3 (13.8 ± 0.4) ⇥ 10�3 11.7⇥10�3 (11.1± 0.1)⇥ 10�3

mainly focus on this aspect of our model. We will present results from the full SF calculation, where
both particle and hole nucleon lines have been dressed with a complex self-energy. In this energy
region, this full SF treatment leads to results around 30% lower at the peak than those obtained with
the approximated SF, where the width of the nucleon–hole is neglected (see Fig. 11). This sizable
difference becomes more moderate when we include RPA corrections, however it still is of the order
of 10–20%. We will neglect relativistic effects in all the results presented in this subsection.

5.2.1. Inclusive radiative pion capture
Let us analyze how the total decay width changes when we include additional nuclear effects to

Pauli blocking, implemented through the imaginary part of the Lindhard function calculated for a
non-interacting LFG of nucleons. Neither SF effects, nor the correct energy balance in the reaction
were considered in the previous work of Ref. [85], where this formalism (LFG+RPA) was used for the
first time. Experimentally, it is rather difficult to distinguish between radiative pion capture processes
from different pionic atom orbits. Indeed, only the weighted ratio

dR(� )

d|Ek |
=

X

nl

wnl

� abs
nl

d� (� )
nl

d|Ek |
(70)

can be measured. In the above equation |Ek | is the outgoing photon energy, wnl (are normalized
to the unity) gives the absorption probability from each nl pionic level, taking into account the
electromagnetic transitions and the strong absorption. � abs

nl is the total pion absorption width from
the orbit nl and �

(� )
nl is the width due to the radiative capture of the pion from the orbit nl. We will

present results for carbon and calcium, and we use the same values for wnl and � abs
nl as in Ref. [85],

which are collected in Table 3. Our predictions are also given in the same table, while the differential
decay branching ratios are displayed in Fig. 24.

Let us first notice that also here the use of interacting SFs produces a quenching of the QE peak.
Actually, the in-medium dispersion relations shift the position of the peak about 10 MeV towards
lower outgoing photon energies (higher transferred energies to the nucleus), and generate a tail which
goes into the low photon energy region. The width of the particle–nucleon (see diagram of Fig. 6) also
contributes to this tail. This 10 MeV difference between the position of the peaks, which was almost
unnoticed for intermediate energies, here plays an important role.

In the case of 40Ca we see that the position of the QE peak for the SF+RPA stays in very good
agreement with the data. However, and despite the improvement due to the use of realistic SFs, we
observe a clear discrepancy with experiment at photon energies below 100 MeV. In our microscopic
description, the origin of the distribution comes from the motion of the nucleons in the nucleus.
Mechanisms where two nucleons are simultaneously excited with the � creation would give rise
to photons with less energy22 (these are different mechanisms than final state interaction of the

22 As mentioned, the particle–nucleon width included in the particle SF contributes to the tail. Note however, there exist
other 2p2h mechanisms, involving meson-exchange-currents or the excitation of the �(1232) (see the discussion of Section 8
of Ref. [85]).

pionic levels
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Fig. 27. Predictions for the LSND measurement of the 12C (⌫µ, µ�)X reaction (left panel) and the 12C (⌫e, e�)X reaction near
threshold (right panel). Neutrino cross sections have been convoluted with the corresponding flux. Error bands on the RPA
predictions show MC 68% CL intervals derived from the uncertainties in the ph(�h)–ph(�h) effective interaction.

Table 5
Experimental and theoretical flux averaged 12C(⌫µ, µ�)X and 12C(⌫e, e�)X cross sections in 10�40 cm2 units. Theoretical errors
in the RPA predictions show MC 68% CL intervals derived from the uncertainties on the ph(�h)–ph(�h) effective interaction.
We also quote results from other calculations (see text for details).

Pauli RPA SF SF+RPA SM SM CRPA Experiment
[133] [44] [45] LSND [123] LSND [124] LSND [125]

�̄ (⌫µ, µ�) 23.1 13.2 ± 0.7 12.2 9.7 ± 0.3 13.2 15.2 19.2 8.3 ± 0.7 ± 1.6 11.2±0.3±1.8 10.6±0.3±1.8

KARMEN [128] LSND[126] LAMPF [127]
�̄ (⌫e, e�) 0.200 0.143±0.006 0.086 0.138±0.004 0.12 0.16 0.15 0.15 ± 0.01 ± 0.01 0.15 ± 0.01 0.141 ± 0.023

6. Conclusions

We have presented a theoretical description of various QE processes within the many-bodymodel
used in [37], focusing on the effect produced by the inclusion of SFs, which account for the change
of the dispersion relations of the interacting nucleons embedded in a nuclear medium. SFs are
responsible for the quenching of the QE peak, produce a spreading of the strength of the response
functions to higher energy transfers and shift the peakposition in the samedirection. The overall result
is a decrease of the integrated cross sections and a considerable change of the differential shapes. RPA
effects in integrated decay rates or cross sections become significantly smallerwhen SF corrections are
also taken into account, in sharp contrast to the case of a free LFGwhere they lead to large reductions,
even of around 40%. This interesting result was mentioned already in [37], and it is mainly due to the
change of the nucleon dispersion relation in the medium (effects of the real parts of the particle and
hole nucleon self-energies). Moreover, this is also in agreementwith the findings of Refs. [49,50], from
which one can conclude that RPA effects on top of the HF results are moderately small for sufficiently
large values of |�q2|, far from the giant-resonance regime.

The final results for low energy processes (including both RPA and full SF effects for the very first
time), although subject to some theoretical errors (originated from the RPA parameters uncertainty
and the possible contribution of discrete states), describe data with a good precision, and provide a
clear improvement of the poor description obtained by only imposing Pauli blocking and the correct
energy balance in the reactions. For radiative pion capture, we observe that the use of realistic SFs
places the QE peak in a reasonable position and changes the shape of the differential decay width,
making it definitely more accurate than that obtained from the LFG or the RPA predictions. However,
the description is obscured by a discrete spectrum of resonances not taken into account in the model.
For muon capture, we only have at our disposal data of integrated widths; these rates are well
recovered by our model for various symmetric nuclei. These results, along with the LSND, KARMEN
and LAMPF neutrino cross sections on carbon near threshold, which also stay in agreement with
our SF+RPA predictions, confirm the reliability of the model derived in [37]. This also ensures the

What are the CRPA Ghent results?
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Fig. 21. CCQE cross section of the reaction� (⌫µ+12C ! µ�+X) as a function of neutrino energy. Besides the results taken from
the bottom panel of Fig. 3 of Ref. [16], and labeled as Vagnoni et al., we also display (blue dashed line) our full SF predictions up
to 500MeV, and relativistic and non-relativistic free LFG (upper limit of the reddish band) cross sections for the entire neutrino
energy range.We also show results (SF relativistic) obtained keeping the full hole SF but replacing the particle spectral function
Sp(q0 + !, Ep + Eq ) in Eq. (42) byM�(q0 + ! � Ep+q)/Ep+q , with Ep+q the relativistic free energy of the outgoing nucleon.

with the most recent QE neutrino predictions reported in Ref. [16]. The calculation of Ref. [16]
considers a fully dressed nucleon–hole, but uses a free particle SF, i.e., it employs a plane
wave for the outgoing nucleon, satisfying a free relativistic energy–momentum dispersion
relation. In the terminology of this reference, FSI effects are not taken into account. In spite
of this, we see that our results, obtained dressing both particle and hole nucleon lines with
a complex self-energy, agree quite well with the predictions given in Ref. [16] up to E⌫ =

500 MeV, where relativistic corrections could start being relevant. This confirms the validity
of the approximation, some times used by this group, of neglecting FSI nuclear effects when
studying inclusive total cross sections.19 To extend the comparison to higher energies, we
have adopted the same approximation as in [16], and replaced Sp in Eq. (42) by an energy
conserving delta function,20 including also the M/Ep+q factor that appears in the evaluation
of the Lindhard function when relativistic kinematics is used. The green dash-dotted curve,
labeled as SF relativistic, in Fig. 21 shows the results of this new calculation. The agreement
with the predictions of Ref. [16] is remarkable for the entire neutrino energy range displayed
in the figure, even above 1 GeV.

Note that the use of a realistic hole SF produces significant corrections, which clearly need
to be accounted for to achieve an accurate description of the cross section.

FSI effects (use of a non-trivial particle SF) in the scheme of Refs. [32–35] are taken into
account by means of a convolution [7,113], which involves the real part of a nucleon–nucleus
optical potential – responsible for a certain shift in the QE peak position –, the nuclear trans-
parency, and the in-medium NN scattering cross section. The imaginary part of the Lindhard
function calculated using the SFs of Ref. [70] also nicely agrees with that deduced within the
scheme of Refs. [32–35] when FSI effects are taken into account. This work is in progress and
will be presented elsewhere [114]. Some preliminary results can be found in [115], where the
scaling function [58–60] is computed and compared in both approaches (the scaling function

19 FSI effects on inclusive integrated cross sections aremostly produced by the consideration of the real part of the self-energy
in the energy conservation equation, and are in general small.
20 As discussed in Section 2.1, the real part of the nucleon self-energy is evaluated in [70] up to momentum independent

pieces that appear both in the hole and particle self-energies and that cancel in the computation of the imaginary part of the
fully dressed Lindhard function. However, to obtain results using a dressed hole and an undressed particle, an absolute value
for the real part of the nucleon–hole self-energy is needed. Here, we include phenomenologically a constant term C⇢ in the
nucleon self-energy, with C = 0.8 fm2 for carbon, fixed to a binding energy per nucleon |✏A| = 7.8 MeV (see Section 2.1).

FSI: do they change the total cross section  
or just redistribute strength?



POSITIVE SIDES OF THIS 
APPROACH

• It is based on the LDA: direct possibility to generate the primary vertex

• Possibility to use of various targets

• Simplicity

• Contains both RPA and SF

• works decently well for electrons

• for low energy transfers description of the hole and particle states 
within the same formalism



DEFICIENCIES OF THIS 
APPROACH

• For low energies describes the total strength of 
RPA but not the spectrum

• Simplicity: no insight into details of the nuclear 
structure

• For high momentum transfer we can use only 
plane wave (now we do not use any model for FSI)
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