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Current Status of low-energy nuclear physics

neutrons
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I) Understanding the nuclear force
QCD-derived; 3-nucleon forces (3NFs)
First principle (ab-initio) predictions

Composite system of interacting fermions
Binding and limits of stability
Coexistence of individual and collective behaviors
Self-organization and emerging phenomena
EOS of neutron star matter

Experimental programs
RIKEN, FAIR, FRIB, ISAC…

Stable nuclei

Unstable nuclei

r-process path…

II) Nuclear correlations
Fully known for stable isotopes
[C. Barbieri and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]

Neutron-rich nuclei; Shell evolution (far from stability)

• ~3,200 known isotopes
• ~7,000 predicted to exist
• Correlation characterised

in full for ~283 stable
Nature 473, 25  (2011); 486, 509 (2012)

Ab Initio…



Benchmark of ab-initio methods for oxygen isotopic chain 
Benchmarking di!erent ab-initio methods in the 

oxgyen chain

!

Hebeler,'Holt,'Menendez,'Schwenk,''Ann.'Rev.'Nucl.'Part.'Sci.'in'press'(2015)'

Calcula7ons'based'on'
chiral'NN'and'3NF'forces.'
Con7nuum'not'taken'into'
account''

First success of chital-EFT interactions on oxygen isotopes….
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80
Ab-initio	Method:	Solve	A-
nucleon	problem	with	

controlled	approximations	

and	systematically	

improvable.		

Realistic:	BEs	within	5%	of	
experiment	 and	starts	from	

NN	+	3NFs

Explosion	of	many-body	methods	(Coupled	 clusters,	Green’s	 function	Monte	

Carlo,	In-Medium	 SRG,	Lattice	EFT,	MCSM,	No-Core	Shell	Model,	Self-Consistent	

Green’s	 Function,	UMOA,	…)

Application	of	ideas	from	EFT	and	renormalization	 group	(Vlow-k,	 Similarity	

Renormalization	 Group,	…)

Trend in realistic ab-initio calculations 

Picture from G. Hagen at al., Nature (2016)

…mostly g.s. energies and radii so far!



Use a probe (ANY probe) to eject the particle we are interested to:

Target,  N-body
system N-1 particles

e

e’

pq,w

pi

In plane wave impulse 
approximation (PWIA):

Spectroscopy via knock out reactions-basic idea

d�(e,e0p)

dEe0 d⌦e0 d⌦p
= �e p ⇥ Sh(pm, Em)



Concept of correlations
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correlations

Spectral function: distribution of
momentum (pm) and energies (Em)independent

particle picture

Saclay data for 16O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

Particle-vibration
coupling (PV)

Configuration
interaction
(shell model)

Understood for a few stable closed shells:
[CB and  W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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W. Dickhoff, CB, Prog. Part. Nucl. Phys. 53, 377 (2004);    CB, M.Hjorth-Jensen, Pys. Rev. C79, 064313 (2009)

One-nucleon spectral function from SCGF

Distribution of particle and hole neutron states in 56Ni

Sp,h(r,!) = ⌥ 1

⇡
Im g(r = r0;!)

n p



Electron and neutrino 

scattering off nuclei

N. Rocco, CB, Phys. Rev. C98, 025501 (2018)

N. Rocco, CB, O. Benhar, A. De Pace, A. Lovato, Phys. Rev. C99, 025502 (2019)

CB, N. Rocco, V. Somà, arXiv:1907.01122
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tributed in energy and momentum inside the tar-
get [? ].

The formalism based on the impulse approximation
(IA) and realistic hole spectral functions (SFs) allows to
combine a realistic description of the initial state of the
nuclear target with a fully-relativistic interaction vertex
and kinematics [16]. Calculations carried out employing
hole SF computed within the correlated-basis function
(CBF) and the SCGF theories have been extensively val-
idated against electron-nucleus scattering data on a num-
ber of nuclei [17? –19]. The somewhat oversimplified
treatment of final-state interactions (FSI) to which the
struck nucleon undergoes has been corroborated compar-
ing the electromagnetic response functions of 12C from
CBF with those of the GFMC [20].

More recently, the factorisation scheme underlying
IA and the SF formalism has been generalized to in-
clude electromagnetic relativistic meson-exchange two-
body currents (MEC), arising from pairs of interacting
nucleons [21]. Employing nuclear overlaps and consis-
tent SFs obtained within the CBF theory, the authors
of Refs. [22] have analyzed the role of MEC in electron
scattering o↵ 12C. They found that two-body currents
are mostly e↵ective in the “dip” region, between the
quasielastic and the �-production peaks. Their inclu-
sion appreciably improves the agreement between theory
and data.

In this work, we further extend the IA scheme by in-
troducing the MEC relevant for charged-current (CC)
and neutral-current (NC) interactions. We study their
role in neutrino and anti-neutrino scattering o↵ 12C and
16O nuclei, both used as targets in neutrino-oscillation
experiments. We adopt the two-body currents derived
in Ref. [23] from the weak pion-production model of
Ref. [24]. It has been shown that they provide results
consistent with those of Ref. [25], which were also
adopted in the extension of the IA and SF formal-
ism of Ref. [22].

We develop a dedicated code that automatically carries
out the calculation of the MEC spin-isospin matrix ele-
ments, performing the integration using the Metropolis
Monte Carlo algorithm [26]. To validate our implementa-
tion of the two-body currents, we perform a benchmark
calculation of the CC response functions within the rela-
tivistic Fermi gas model, comparing our results with the
findings of Ref. [23].

We consider two nuclear SFs, derived within
the framework of nuclear many-body theory us-
ing the CBF formalism [27] and the self-consistent
Green’s function (SCGF) theory [28]. These two
approaches start from di↵erent, albeit realistic, nuclear
hamiltonians to describe the interactions between pro-
tons and neutrons. Moreover, the approximations in-
volved in the calculations of the hole spectral function
are also peculiar to of each of the two methods. Hence,
a comparison of the cross sections obtained employing
the CBF and the SCGF nuclear SFs helps gauging the
theoretical error of the calculation.

More specifically, we analyze the double-di↵erential
cross sections of 12C and 16O for both CC and NC
transitions for incoming (anti)neutrino energy of 1 GeV
and two values of the scattering angle: ✓µ = 30� and
✓µ = 70�. We also present results for the total CC cross
section for neutrino and anti-neutrino scattering o↵ 12C
as a function of the incoming (anti)neutrino energy. Our
calculations are compared with the experimental data ex-
tracted by the MiniBooNE collaboration [29].
The structure of the nuclear cross section, as well as

its expression in terms of relevant response functions are
reviewed in Section II. Section III is devoted to the de-
scription of the IA, including its extension to account for
a consistent treatment of one- and two-nucleon current
contributions. The CBF theory and SCGF approaches
are also briefly outlined. In Section IV we discuss the
explicit expressions of the relativistic two-body currents
employed, while Section V is dedicated to their numeri-
cal implementation. In Section VI we present our results
and in Section VII we state our conclusions.

II. FORMALISM

The double-di↵erential cross section for ⌫ and ⌫̄ inclu-
sive scattering o↵ a nucleus can be expressed as [30, 31]

⇣ d�

dT 0d cos ✓0

⌘

⌫/⌫̄
=

G2

2⇡

k0

2E⌫

h
L̂CCRCC + 2L̂CLRCL

+ L̂LLRLL + L̂TRT ± 2L̂T 0RT 0

i
, (1)

where G = GF and G = GF cos ✓c for NC and CC pro-
cesses, respectively, with cos ✓c = 0.97425 [32]. The +
(�) sign corresponds to ⌫ (⌫̄) induced reactions. We
adopt the value GF = 1.1803⇥ 10�5 GeV�2, as from the
analysis of 0+ ! 0+ nuclear �-decays of Ref. [33], which
accounts for the bulk of the inner radiative corrections.
With k = (E⌫ ,k) and k0 = (E`,k0) we denote the initial
neutrino and the final lepton four-momenta, respectively,
and ✓ is the lepton scattering angle. Introducing the four-
momentum

Q = k + k0 = (⌦,Q) , Q = (Qx, 0, Qz) (2)

and the momentum transfer

q = k � k0 = (!,q) , q = (0, 0, qz), (3)

the kinematical factors can be conveniently cast in the
form

L̂CC = ⌦2
� q2z �m2

`

L̂CL = (�⌦Qz + !qz)

L̂LL = Qz
2
� !2 +m2

`

L̂T =
Qx

2

2
� q2 +m2

`

L̂T 0 = ⌦qz � !Qz , (4)

3

with m2
` = k0 2 being the mass of the outgoing lepton.

The five electroweak response functions are given by

RCC = W 00

RCL = �
1

2
(W 03 +W 30)

RLL = W 33

RT = W 11 +W 22

RT 0 = �
i

2
(W 12

�W 21) , (5)

where the hadronic tensor

Wµ⌫ =
X

f

h0|jµ †
|fihf |j⌫ |0i�(E0 + ! � Ef ) (6)

contains all information on the structure of the target. It
is defined in terms of the transition between the initial
and final nuclear states |0i and |fi, with energies E0 and
Ef , induced by the nuclear current operator jµ.

Note that the sum in Eq.(6) includes the con-
tributions of inelastic processes, leading to the
appearance of hadrons other than nucleons in fi-
nal state, which we will not discuss in this ar-
ticle. The derivation of the inelastic neutrino-
nucleus cross section within the SF formalism can
be found in Ref.[34].

III. IMPULSE APPROXIMATION

At relatively large values of the momentum transfer,
typically |q| & 500 MeV, the impulse approximation
(IA) can be safely applied under the assumption that
the struck nucleon is decoupled from the spectator (A-
1) particles [8, 16]. Within the IA, the nuclear current
operator reduces to a sum of one-body terms, jµ =

P
i j

µ
i

and the nuclear final state factorizes as

| A
f i ! |pi ⌦ | A�1

f i . (7)

In the above equation |pi denotes the final-state nucleon
with momentum p and energy e(p), while | A�1

f i de-
scribes the (A� 1)-body spectator system. Its energy
and recoiling momentum are fixed by energy and mo-
mentum conservation

EA�1
f = ! + E0 � e(p) , PA�1

f = q� p . (8)

Employing the factorization ansatz and inserting a
single-nucleon completeness relation, the matrix element
of the current operator can be written as

h A
f |j

µ
| A

0 i !

X

k

[h A�1
f |⌦ hk|] | A

0 ihp|
X

i

jµi |ki . (9)

Substituting the last equation in Eq. (6), the incoher-
ent contribution to the hadron tensor, dominant at large
momentum transfer, is given by

Wµ⌫
1b (q,!) =

X

p,k,f

X

i

hk|jµi
†
|pihp|j⌫i |ki|h 

A
0 |[| 

A�1
f i ⌦ |ki]|2

⇥ �(! � e(p)� EA�1
f + EA

0 ) , (10)

where the subscript “1b” indicates that only one-body
currents have been included. Using the identity

�(! � e(p)� EA�1
f + EA

0 ) =Z
dE �(! + E � e(p)) �(E + EA�1

f � EA
0 ) , (11)

and the fact that momentum conservation in the single-
nucleon vertex implies p = k + q, we can rewrite the
hadron tensor as

Wµ⌫
1b (q,!) =

Z
d3k

(2⇡)3
dEPh(k, E)

m2
N

e(k)e(k+ q)

⇥

X

i

hk|jµi
†
|k + qihk + q|j⌫i |ki

⇥ �(! + E � e(k+ q)) . (12)

The factors mN/e(k) and mN/e(k+ q), mN being the
mass of the nucleon, are included to account for the im-
plicit covariant normalization of the four-spinors of the
initial and final nucleons in the matrix elements of the
relativistic current.
The hole spectral function

Ph(k, E) =
X

f

|h A
0 |[|ki ⌦ | A�1

f i]|2

⇥ �(E + EA�1
f � EA

0 ) (13)

provides the probability distribution of removing a nu-
cleon with momentum k from the target nucleus, leaving
the residual (A� 1)-nucleon system with an excitation
energy E. Note that in Eq. (12) we neglected Coulomb
interactions and the other (small) isospin-breaking terms
and made the assumption, largely justified in the case
of symmetric closed shell nuclei, that the proton and
neutron spectral functions are identical.

Using the Sokhotski-Plemelj theorem [35] we can
rewrite Eq. (13) as

Ph(k, E) =
1

⇡

X

f

Imh0|
1

E + EA�1
f � EA

0 � i✏
[|ki

⌦ | A�1
f i][h A�1

f |⌦ hk|]|0i . (14)

Exploiting the fact that H| A�1
f i = EA�1

f | A�1
f i and

the completeness of the A� 1 states, the hole SF can be
expressed in terms of the hole Green’s function

Ph(k, E) =
1

⇡
Imh0|a†k

1

E + (H � EA
0 )� i✏

ak|0i . (15)

Finally, it has to be noted that the single nucleon mo-
mentum distribution, corresponds to the integral of the
spectral function over the removal energy

n(k) = h A
0 |a

†
kak| 

A
0 i =

Z
dEP (k, E) . (16)
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tributed in energy and momentum inside the tar-
get [? ].

The formalism based on the impulse approximation
(IA) and realistic hole spectral functions (SFs) allows to
combine a realistic description of the initial state of the
nuclear target with a fully-relativistic interaction vertex
and kinematics [16]. Calculations carried out employing
hole SF computed within the correlated-basis function
(CBF) and the SCGF theories have been extensively val-
idated against electron-nucleus scattering data on a num-
ber of nuclei [17? –19]. The somewhat oversimplified
treatment of final-state interactions (FSI) to which the
struck nucleon undergoes has been corroborated compar-
ing the electromagnetic response functions of 12C from
CBF with those of the GFMC [20].

More recently, the factorisation scheme underlying
IA and the SF formalism has been generalized to in-
clude electromagnetic relativistic meson-exchange two-
body currents (MEC), arising from pairs of interacting
nucleons [21]. Employing nuclear overlaps and consis-
tent SFs obtained within the CBF theory, the authors
of Refs. [22] have analyzed the role of MEC in electron
scattering o↵ 12C. They found that two-body currents
are mostly e↵ective in the “dip” region, between the
quasielastic and the �-production peaks. Their inclu-
sion appreciably improves the agreement between theory
and data.

In this work, we further extend the IA scheme by in-
troducing the MEC relevant for charged-current (CC)
and neutral-current (NC) interactions. We study their
role in neutrino and anti-neutrino scattering o↵ 12C and
16O nuclei, both used as targets in neutrino-oscillation
experiments. We adopt the two-body currents derived
in Ref. [23] from the weak pion-production model of
Ref. [24]. It has been shown that they provide results
consistent with those of Ref. [25], which were also
adopted in the extension of the IA and SF formal-
ism of Ref. [22].

We develop a dedicated code that automatically carries
out the calculation of the MEC spin-isospin matrix ele-
ments, performing the integration using the Metropolis
Monte Carlo algorithm [26]. To validate our implementa-
tion of the two-body currents, we perform a benchmark
calculation of the CC response functions within the rela-
tivistic Fermi gas model, comparing our results with the
findings of Ref. [23].

We consider two nuclear SFs, derived within
the framework of nuclear many-body theory us-
ing the CBF formalism [27] and the self-consistent
Green’s function (SCGF) theory [28]. These two
approaches start from di↵erent, albeit realistic, nuclear
hamiltonians to describe the interactions between pro-
tons and neutrons. Moreover, the approximations in-
volved in the calculations of the hole spectral function
are also peculiar to of each of the two methods. Hence,
a comparison of the cross sections obtained employing
the CBF and the SCGF nuclear SFs helps gauging the
theoretical error of the calculation.

More specifically, we analyze the double-di↵erential
cross sections of 12C and 16O for both CC and NC
transitions for incoming (anti)neutrino energy of 1 GeV
and two values of the scattering angle: ✓µ = 30� and
✓µ = 70�. We also present results for the total CC cross
section for neutrino and anti-neutrino scattering o↵ 12C
as a function of the incoming (anti)neutrino energy. Our
calculations are compared with the experimental data ex-
tracted by the MiniBooNE collaboration [29].
The structure of the nuclear cross section, as well as

its expression in terms of relevant response functions are
reviewed in Section II. Section III is devoted to the de-
scription of the IA, including its extension to account for
a consistent treatment of one- and two-nucleon current
contributions. The CBF theory and SCGF approaches
are also briefly outlined. In Section IV we discuss the
explicit expressions of the relativistic two-body currents
employed, while Section V is dedicated to their numeri-
cal implementation. In Section VI we present our results
and in Section VII we state our conclusions.

II. FORMALISM

The double-di↵erential cross section for ⌫ and ⌫̄ inclu-
sive scattering o↵ a nucleus can be expressed as [30, 31]

⇣ d�

dT 0d cos ✓0

⌘

⌫/⌫̄
=

G2

2⇡

k0

2E⌫

h
L̂CCRCC + 2L̂CLRCL

+ L̂LLRLL + L̂TRT ± 2L̂T 0RT 0

i
, (1)

where G = GF and G = GF cos ✓c for NC and CC pro-
cesses, respectively, with cos ✓c = 0.97425 [32]. The +
(�) sign corresponds to ⌫ (⌫̄) induced reactions. We
adopt the value GF = 1.1803⇥ 10�5 GeV�2, as from the
analysis of 0+ ! 0+ nuclear �-decays of Ref. [33], which
accounts for the bulk of the inner radiative corrections.
With k = (E⌫ ,k) and k0 = (E`,k0) we denote the initial
neutrino and the final lepton four-momenta, respectively,
and ✓ is the lepton scattering angle. Introducing the four-
momentum
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and the momentum transfer
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form
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2
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Nuclear structure is in the
hadronic tensor:
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Green’s function (SCGF) theory [28]. These two
approaches start from di↵erent, albeit realistic, nuclear
hamiltonians to describe the interactions between pro-
tons and neutrons. Moreover, the approximations in-
volved in the calculations of the hole spectral function
are also peculiar to of each of the two methods. Hence,
a comparison of the cross sections obtained employing
the CBF and the SCGF nuclear SFs helps gauging the
theoretical error of the calculation.

More specifically, we analyze the double-di↵erential
cross sections of 12C and 16O for both CC and NC
transitions for incoming (anti)neutrino energy of 1 GeV
and two values of the scattering angle: ✓µ = 30� and
✓µ = 70�. We also present results for the total CC cross
section for neutrino and anti-neutrino scattering o↵ 12C
as a function of the incoming (anti)neutrino energy. Our
calculations are compared with the experimental data ex-
tracted by the MiniBooNE collaboration [29].
The structure of the nuclear cross section, as well as

its expression in terms of relevant response functions are
reviewed in Section II. Section III is devoted to the de-
scription of the IA, including its extension to account for
a consistent treatment of one- and two-nucleon current
contributions. The CBF theory and SCGF approaches
are also briefly outlined. In Section IV we discuss the
explicit expressions of the relativistic two-body currents
employed, while Section V is dedicated to their numeri-
cal implementation. In Section VI we present our results
and in Section VII we state our conclusions.

II. FORMALISM

The double-di↵erential cross section for ⌫ and ⌫̄ inclu-
sive scattering o↵ a nucleus can be expressed as [30, 31]
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where G = GF and G = GF cos ✓c for NC and CC pro-
cesses, respectively, with cos ✓c = 0.97425 [32]. The +
(�) sign corresponds to ⌫ (⌫̄) induced reactions. We
adopt the value GF = 1.1803⇥ 10�5 GeV�2, as from the
analysis of 0+ ! 0+ nuclear �-decays of Ref. [33], which
accounts for the bulk of the inner radiative corrections.
With k = (E⌫ ,k) and k0 = (E`,k0) we denote the initial
neutrino and the final lepton four-momenta, respectively,
and ✓ is the lepton scattering angle. Introducing the four-
momentum

Q = k + k0 = (⌦,Q) , Q = (Qx, 0, Qz) (2)

and the momentum transfer

q = k � k0 = (!,q) , q = (0, 0, qz), (3)

the kinematical factors can be conveniently cast in the
form

L̂CC = ⌦2
� q2z �m2

`
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L̂LL = Qz
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� !2 +m2
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L̂T 0 = ⌦qz � !Qz , (4)
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tributed in energy and momentum inside the tar-
get [? ].

The formalism based on the impulse approximation
(IA) and realistic hole spectral functions (SFs) allows to
combine a realistic description of the initial state of the
nuclear target with a fully-relativistic interaction vertex
and kinematics [16]. Calculations carried out employing
hole SF computed within the correlated-basis function
(CBF) and the SCGF theories have been extensively val-
idated against electron-nucleus scattering data on a num-
ber of nuclei [17? –19]. The somewhat oversimplified
treatment of final-state interactions (FSI) to which the
struck nucleon undergoes has been corroborated compar-
ing the electromagnetic response functions of 12C from
CBF with those of the GFMC [20].

More recently, the factorisation scheme underlying
IA and the SF formalism has been generalized to in-
clude electromagnetic relativistic meson-exchange two-
body currents (MEC), arising from pairs of interacting
nucleons [21]. Employing nuclear overlaps and consis-
tent SFs obtained within the CBF theory, the authors
of Refs. [22] have analyzed the role of MEC in electron
scattering o↵ 12C. They found that two-body currents
are mostly e↵ective in the “dip” region, between the
quasielastic and the �-production peaks. Their inclu-
sion appreciably improves the agreement between theory
and data.

In this work, we further extend the IA scheme by in-
troducing the MEC relevant for charged-current (CC)
and neutral-current (NC) interactions. We study their
role in neutrino and anti-neutrino scattering o↵ 12C and
16O nuclei, both used as targets in neutrino-oscillation
experiments. We adopt the two-body currents derived
in Ref. [23] from the weak pion-production model of
Ref. [24]. It has been shown that they provide results
consistent with those of Ref. [25], which were also
adopted in the extension of the IA and SF formal-
ism of Ref. [22].

We develop a dedicated code that automatically carries
out the calculation of the MEC spin-isospin matrix ele-
ments, performing the integration using the Metropolis
Monte Carlo algorithm [26]. To validate our implementa-
tion of the two-body currents, we perform a benchmark
calculation of the CC response functions within the rela-
tivistic Fermi gas model, comparing our results with the
findings of Ref. [23].

We consider two nuclear SFs, derived within
the framework of nuclear many-body theory us-
ing the CBF formalism [27] and the self-consistent
Green’s function (SCGF) theory [28]. These two
approaches start from di↵erent, albeit realistic, nuclear
hamiltonians to describe the interactions between pro-
tons and neutrons. Moreover, the approximations in-
volved in the calculations of the hole spectral function
are also peculiar to of each of the two methods. Hence,
a comparison of the cross sections obtained employing
the CBF and the SCGF nuclear SFs helps gauging the
theoretical error of the calculation.

More specifically, we analyze the double-di↵erential
cross sections of 12C and 16O for both CC and NC
transitions for incoming (anti)neutrino energy of 1 GeV
and two values of the scattering angle: ✓µ = 30� and
✓µ = 70�. We also present results for the total CC cross
section for neutrino and anti-neutrino scattering o↵ 12C
as a function of the incoming (anti)neutrino energy. Our
calculations are compared with the experimental data ex-
tracted by the MiniBooNE collaboration [29].
The structure of the nuclear cross section, as well as

its expression in terms of relevant response functions are
reviewed in Section II. Section III is devoted to the de-
scription of the IA, including its extension to account for
a consistent treatment of one- and two-nucleon current
contributions. The CBF theory and SCGF approaches
are also briefly outlined. In Section IV we discuss the
explicit expressions of the relativistic two-body currents
employed, while Section V is dedicated to their numeri-
cal implementation. In Section VI we present our results
and in Section VII we state our conclusions.
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The double-di↵erential cross section for ⌫ and ⌫̄ inclu-
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where G = GF and G = GF cos ✓c for NC and CC pro-
cesses, respectively, with cos ✓c = 0.97425 [32]. The +
(�) sign corresponds to ⌫ (⌫̄) induced reactions. We
adopt the value GF = 1.1803⇥ 10�5 GeV�2, as from the
analysis of 0+ ! 0+ nuclear �-decays of Ref. [33], which
accounts for the bulk of the inner radiative corrections.
With k = (E⌫ ,k) and k0 = (E`,k0) we denote the initial
neutrino and the final lepton four-momenta, respectively,
and ✓ is the lepton scattering angle. Introducing the four-
momentum

Q = k + k0 = (⌦,Q) , Q = (Qx, 0, Qz) (2)

and the momentum transfer

q = k � k0 = (!,q) , q = (0, 0, qz), (3)

the kinematical factors can be conveniently cast in the
form
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The energy-dependence exhibited by P corr
h (k, E),

showing a widespread background extending up to large
values of both k and E, is completely di↵erent from that
of P 1h

h (k, E). For k > pF , P corr
h (k, E) coincides with

Ph(k, E) and its integral over the energy gives the so-
called continuous part of the momentum distribution.

B. Self-consistent Green’s function

The one-body Green’s Function is written as a sum of
two di↵erent contributions describing the propagation of
a particle and hole state [46]:

g↵�(!) = h A
0 |a↵

1

! � (H � EA
0 ) + i⌘

a†� | 
A
0 i

+ h A
0 |a

†
�

1

! + (H � EA
0 )� i⌘

a↵| 
A
0 i , (25)

where  A
0 is the ground state wave function of A nucle-

ons, a†↵ and a↵ are the creation and annihilation opera-
tor in the quantum state ↵, respectively. The so-called
Lehmann representation results from inserting complete-
ness relations in Eq. (25). This is

g↵�(!) =
X

n

h A
0 |a↵| 

A+1
n ih A+1

n |a†� | 
A
0 i

! � (EA+1
n � EA

0 ) + i⌘

+
X

k

h A
0 |a

†
� | 

A�1
k ih A�1

k |a↵| A
0 i

! � (EA
0 � EA�1

k )� i⌘
, (26)

where | A+1
n i (| A�1

k i) are the eigenstates and EA+1
n

(EA�1
k ) the eigenvalues of the (A ± 1)-body system. In-

troducing the transition amplitudes

(Xn
↵ )

⇤ = h A
0 |a↵| 

A+1
n i ,

Y
k
↵ = h A�1

k |a↵| 
A
0 i (27)

and the corresponding quasiparticle energies

✏+n = EA+1
n � EA

0 ,

✏�k = EA
0 � EA�1

k (28)

leads to the more compact expression

g↵�(!) =
X

n

(Xn
↵ )

⇤
X

n
�

! � ✏+n + i⌘
+

X

k

Y
k
↵ (Yk

� )
⇤

! � ✏�k � i⌘
. (29)

The one-body propagator given in Eqs. (25) and (26) is
completely determined by solving the Dyson equation

g↵�(!) = g0↵�(!) +
X

��

g0↵�(!)⌃
?
��(!)g��(!) , (30)

where g0↵�(!) is the unperturbed single-particle propaga-
tor and ⌃?

��(!) is the irreducible self-energy that encodes

nuclear medium e↵ects in the particle propagator [46].
The latter is given by the sum of two di↵erent terms

⌃?
↵�(!) = ⌃1

↵� + ⌃̃↵�(!) , (31)

the first one describes the average mean field while the
second one contains dynamic correlations. In practi-
cal calculations the self-energy is expanded as a func-
tion of the propagator itself, implying that an iterative
procedure is required to solve the Dyson equation self-
consistently. The self-energy can be calculated system-
atically within the Algebraic Diagrammatic Construc-
tion (ADC) method. The third order truncation of this
scheme [ADC(3)] yields a propagator that includes all
possible Feynman contributions up to third order but it
further resums infinite series of relevant diagrams in a
non-perturbative fashion [28, 47]. A first organization of
the contributions to the self-energy comes by considering
the particle irreducible (PI) and skeleton diagrams. In
order to reduce the number of Feynman diagrams con-
taining two- and three-body forces to be considered, a
useful strategy is to include only interaction-irreducible
diagrams [48] in which medium dependent or e↵ective
one- and two-body interactions are used. The residual
contribution of e↵ective three-body forces is expected to
be smaller and can be safely neglected [49–52].
The expressions of the static and dynamic self-energy

up to third order, including all possible two- and three-
nucleon terms that enter the expansion of the self-energy,
as well as interaction-irreducible (i.e. not averaged)
three-nucleon diagrams have been recently derived in
Ref. [53].
The dynamical part of the self-energy of Eq.(31) can be
rewritten in the Lehmann representation as

⌃̃↵�(!) =
X

ij0

D†
↵i

h 1

! � (K+C)

i

ij
D†

j� , (32)

where K are the unperturbed 2p1h and 2h1p energies,
D coupling matrices and C interaction matrices for the
forward and backward intermediate states.
Rewriting the nuclear matrix element entering Eq. (13)

as

[ h A�1
f |⌦ hk|]| A

0 i =
X

↵

Y
k
↵�̃↵(k)

=
X

↵

�̃↵(k)h 
A�1
f |a↵| 

A
0 i , (33)

we recover the more familiar expression of the spectral
function written as the imaginary part of the Green’s
function describing the propagation of a hole state

Ph(k, E) =
1

⇡

X

↵�

�̃⇤
�(k)�̃↵(k)

⇥ Imh A
0 |a

†
�

1

E + (H � EA
0 )� i✏

a↵| 
A
0 i , (34)
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where τ = −q2/(4m2). Finally, using the identity

δ
(
ω − e(p) − EA−1

f + EA
0

)

=
∫

dE δ(ω + E − e(p)) δ
(
E + EA−1

f − EA
0

)
, (33)

we can rewrite the hadron tensor as

Wµν(q,ω) =
∫

d3k

(2π )3
dEPh(k,E)

m2

e(k)e(k + q)

×
∑

i

⟨k|jµ
i
†|k + q⟩⟨k + q|j ν

i |k⟩

× δ(ω + E − e(k + q)) , (34)

where the factors m/e(k) and m/e(k + q) have to be included
to account for the implicit covariant normalization of the four-
spinors of the initial and final nucleons in the matrix elements
of the relativistic current.

The hole spectral function

Ph(k,E) =
∑

f

∣∣〈ψA
0

∣∣[|k⟩ ⊗
∣∣ψA−1

f

〉]∣∣2

× δ
(
E + EA−1

f − EA
0

)
(35)

gives the probability distribution of removing a nucleon with
momentum k from the target nucleus, leaving the residual
(A − 1) system with an excitation energy E. Note that in
Eq. (34) we neglected Coulomb interactions and the other
(small) isospin-breaking terms and made the assumption,
largely justified in the case of closed-shell nuclei, that the
proton and neutron spectral functions are identical.

Rewriting the nuclear matrix element as

[ 〈
ψA−1

f

∣∣ ⊗ ⟨k|
]∣∣ψA

0

〉
=

∑

α

Yk
α(̃α(k)

=
∑

α

(̃α(k)
〈
ψA−1

f

∣∣aα

∣∣ψA
0

〉
, (36)

we recover the more familiar expression of the spectral function
written as the imaginary part of the Green’s function describing
the propagation of a hole state

Ph(k,E) = 1
π

∑

αβ

(̃∗
β(k)(̃α(k)

× Im
〈
ψA

0

∣∣a†
β

1
E + (H − EA

0 ) − iϵ
aα

∣∣ψA
0

〉
. (37)

In the kinematical region in which the interactions between
the struck particle and the spectator system cannot be ne-
glected, the IA results have to be modified to include the effect
of FSI. Following Refs. [19,20], the multiple scatterings that
the struck particle undergoes during its propagation through the
nuclear medium are taken into account through a convolution
scheme. The IA responses are folded with a function fk+q,

normalized as
∫ +∞

−∞
dωfk+q(ω) = 1 . (38)

The double differential cross section is then given by
(

d2σ

dEe′d,e′

)

FSI

=
∫

d3k

(2π )3
dE

∫
dω′ fk+q(ω − ω′)

× m

e(k)
m

e(k + q)
Ph(k,E)

α2

q4

Ee′

Ee

× Lµν

∑

i

⟨k|
(
j

µ
i

)†|k + q⟩⟨k + q|j ν
i |k⟩

× δ(ω′ + E − ẽ(k + q))θ (|k + q| − pF ).

(39)

In the last equation, we modified the energy spectrum of the
struck nucleon

ẽ(k + q) = e(k + q) + U (tkin(k + q)) (40)

by considering the real part of the optical potential U derived
from the Dirac phenomenological fit of Ref. [37]. This allows
to describe the propagation of the knocked-out particle in the
mean-field generated by the spectator system.

IV. RESULTS

Our calculations have been performed using the NNLOsat
chiral interaction [15], which was specifically designed to
accurately describe both binding energies and nuclear radii of
midmass nuclei [38,39]. In Fig. 2 we analyze the convergence
of the SCGF-ADC(3) point-proton densities of 4He with
respect to the oscillator frequency (h̄,) and the size of the
model space (Nmax). The different lines almost superimpose,
indicating that for h̄, ≈ 20 MeV and Nmax ! 11 the cal-
culation converges and no longer depends on the oscillator
parameters. The density calculated from the OpRS is also
displayed. The nice agreement with the SCGF-ADC(3) curves
follows from the requirement that the overlap functions in the

FIG. 2. Point proton densities in 4He, as predicted by NNLOsat.
The dashed (blue) line corresponds to the OpRS derived for Nmax =
11 and h̄, = 20 MeV. The other lines have been obtained using the
SCGF full propagator for Nmax = 11, 13 and h̄, = 20, 22 MeV.
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The charge elastic form factor for16O

✤ The N2LO results are taken from D. Lonardoni, et. al, Phys. Rev. C97, 044318 (2018) where two 
different coordinate-space cutoffs have been adopted
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FIG. 5. Charge densities in 16O. The (green) dots and the
dashed (red) line are the same as Fig. 3. The dot-dashed
(black) line corresponds to the full SCGF density calculated
at the ADC(3) level.

It is visible that up to q = 3 fm�1 the removal of the
center-of-mass contamination enhances the strength and
improves the agreement between the OpRS and the QMC
and the calculations of Ref. [44]. For larger values of
the momentum we found some discrepancies for both the
OpRS calculations.

For medium-mass nuclei, the center of mass correc-
tions are known to be less significant. Therefore, in
Fig. 5 we compare the experimental charge density in
16O with the full SCGF-ADC(3) and the QMC calcula-
tions. There is an overall nice agreement between the
theoretical curves. The SCGF-ADC(3) results perfectly
reproduce the experimental points, confirming the good-
ness of the NNLOsat potential which was fitted to repro-
duce the experimental radius of 16O.

Figure 6 displays the charge elastic form factor for 16O.
In this case we find an excellent agreement between the
SCGF, the QMC calculations and the experimental data.
The results of Ref. [49] for two di↵erent values of the
coordinate cuto↵s are also shown. While for R0=1.0 fm
the curve has the correct behavior some discrepancies are
visible for R0=1.2 fm.

In Fig. 7 we benchmark the intrinsic and uncorrected
OpRS single-nucleon momentum distribution of 4He with
the QMC calculation of Ref. [41]. The OpRS result, cor-
responding to the dashed (blue) line, correctly follows
that of the dressed ADC(3) propagator, although the
agreement is not as close as in Fig. 2. Note that, also
in this case the subtraction of the center of mass compo-
nent has a sizable e↵ect, which is crucial for recovering
the agreement with the intrinsic QMC results.

The 16O single-nucleon momentum distributions ob-
tained within the SCGF-ADC(3) and QMC approach are
compared in Fig. 8. The di↵erences displayed in the tails
of the single-nucleon momentum distributions are clearly
visible in the lower panel of Fig. 8 where the logarithmic
scale has been used. The dashed (red) line, corresponding
to the QMC calculation, is found to be above the SCGF-
ADC(3) results for high momenta. This is likely to be
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FIG. 6. Charge elastic form factor for 16O. The solid
(light green) and (violet) lines correspond to the calculation
of Ref. [49] for R0 = 1.0fm and R0 = 1.2fm coordinate-
space cuto↵s, respectively. The uncertainty bands include
the statistical MC uncertainties added in quadrature to the
uncertainty from the truncation of the chiral expansion. The
dashed (red) line is obtained within QMC Ref. [44] while the
dot-dashed (black) refers to the SCGF results calculated at
the ADC(3) level. The shaded area indicates the statistical
MC uncertainty. Experimental data are from Ref. [40].
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FIG. 7. Momentum distributions of 4He. The dashed (red)
line corresponds to the QMC calculation [41], the dotted
(green) curve have been obtained using the SCGF-ADC(3)
propagator while the short-dashed (blue) and solid (black)
lines correspond to the total and intrinsic OpRS results, re-
spectively.

ascribed to the di↵erent choice made for the potentials.
In fact, the NNLOsat is much softer than the AV18+UIX
potential adopted in the QMC study. The use of an hard
potential implies the presence of stronger high momen-
tum components in the nuclear wave function. While the
QMC momentum distribution exhibits a long tail extend-
ing to p > 1 GeV, the softer potential adopted in our cal-
culations strongly reduce the SCGF-ADC(3) momentum
distribution in the high momentum region. In the upper
panel we observe an enhancement of the SCGF-ADC(3)
results with respect to the QMC calculation. This can be
explained by recalling that the QMC and SCGF-ADC(3)

16O
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tributed in energy and momentum inside the tar-
get [? ].

The formalism based on the impulse approximation
(IA) and realistic hole spectral functions (SFs) allows to
combine a realistic description of the initial state of the
nuclear target with a fully-relativistic interaction vertex
and kinematics [16]. Calculations carried out employing
hole SF computed within the correlated-basis function
(CBF) and the SCGF theories have been extensively val-
idated against electron-nucleus scattering data on a num-
ber of nuclei [17? –19]. The somewhat oversimplified
treatment of final-state interactions (FSI) to which the
struck nucleon undergoes has been corroborated compar-
ing the electromagnetic response functions of 12C from
CBF with those of the GFMC [20].

More recently, the factorisation scheme underlying
IA and the SF formalism has been generalized to in-
clude electromagnetic relativistic meson-exchange two-
body currents (MEC), arising from pairs of interacting
nucleons [21]. Employing nuclear overlaps and consis-
tent SFs obtained within the CBF theory, the authors
of Refs. [22] have analyzed the role of MEC in electron
scattering o↵ 12C. They found that two-body currents
are mostly e↵ective in the “dip” region, between the
quasielastic and the �-production peaks. Their inclu-
sion appreciably improves the agreement between theory
and data.

In this work, we further extend the IA scheme by in-
troducing the MEC relevant for charged-current (CC)
and neutral-current (NC) interactions. We study their
role in neutrino and anti-neutrino scattering o↵ 12C and
16O nuclei, both used as targets in neutrino-oscillation
experiments. We adopt the two-body currents derived
in Ref. [23] from the weak pion-production model of
Ref. [24]. It has been shown that they provide results
consistent with those of Ref. [25], which were also
adopted in the extension of the IA and SF formal-
ism of Ref. [22].

We develop a dedicated code that automatically carries
out the calculation of the MEC spin-isospin matrix ele-
ments, performing the integration using the Metropolis
Monte Carlo algorithm [26]. To validate our implementa-
tion of the two-body currents, we perform a benchmark
calculation of the CC response functions within the rela-
tivistic Fermi gas model, comparing our results with the
findings of Ref. [23].

We consider two nuclear SFs, derived within
the framework of nuclear many-body theory us-
ing the CBF formalism [27] and the self-consistent
Green’s function (SCGF) theory [28]. These two
approaches start from di↵erent, albeit realistic, nuclear
hamiltonians to describe the interactions between pro-
tons and neutrons. Moreover, the approximations in-
volved in the calculations of the hole spectral function
are also peculiar to of each of the two methods. Hence,
a comparison of the cross sections obtained employing
the CBF and the SCGF nuclear SFs helps gauging the
theoretical error of the calculation.

More specifically, we analyze the double-di↵erential
cross sections of 12C and 16O for both CC and NC
transitions for incoming (anti)neutrino energy of 1 GeV
and two values of the scattering angle: ✓µ = 30� and
✓µ = 70�. We also present results for the total CC cross
section for neutrino and anti-neutrino scattering o↵ 12C
as a function of the incoming (anti)neutrino energy. Our
calculations are compared with the experimental data ex-
tracted by the MiniBooNE collaboration [29].
The structure of the nuclear cross section, as well as

its expression in terms of relevant response functions are
reviewed in Section II. Section III is devoted to the de-
scription of the IA, including its extension to account for
a consistent treatment of one- and two-nucleon current
contributions. The CBF theory and SCGF approaches
are also briefly outlined. In Section IV we discuss the
explicit expressions of the relativistic two-body currents
employed, while Section V is dedicated to their numeri-
cal implementation. In Section VI we present our results
and in Section VII we state our conclusions.

II. FORMALISM

The double-di↵erential cross section for ⌫ and ⌫̄ inclu-
sive scattering o↵ a nucleus can be expressed as [30, 31]
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Nuclear structure is in the
hadronic tensor:
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where �̃↵(k) is the Fourier transform of the single-
particle wave function

�̃↵(k) =

Z
d3r eik r�↵(r) . (35)

In this work, the SCGF calculations are performed em-
ploying a spherical harmonic-oscillator basis, with fre-
quency ~⌦ = 20 MeV and dimension Nmax = max{2n+
`} = 11.

The SCGF correlated one-body propagator obtained
by solving the Dyson equation of Eq. (30) is used to de-
termine the hole SF of 16O. The results for open shell
nuclei, such as 12C discussed in this work, have been
obtained within the Gorkov’s theory, in which the de-
scription of pairing correlations characterizing open shell
systems is achieved by breaking the particle number sym-
metry [54–56].

C. Inclusion of two-body currents

The inclusion of two-body current operator requires
the generalization of the factorization ansatz of Eq. (9).
Following Refs. [21, 22] and neglecting the contribution of
[h A�1

f |⌦ hp|]|jµ2b| 
A
0 i, the matrix element of the nuclear

current reads

h A
f |j

µ
2b| 

A
0 i !X

k k0

[h A�2
f |⌦ hk k0|] | A

0 iahp p
0
|

X

ij

jµij |k k
0
i . (36)

where |p p0ia = |p p0i� |p0 pi. In infinite matter the corre-
lated nuclear many-body state can be labeled with their
single-particle momenta, implying | A�2

f i = |hh0
i, where

|hh0
i with |h|, |h0

|  kF denotes a 2-hole state of (A� 2)
nucleons. A diagrammatic analysis of the cluster expan-
sion of the overlap �hh

0

kk0 ⌘ h 0|[|kk0i⌦ | hh0i was carried
out by the Authors of Ref. [57]. Their analysis shows
that only unlinked graphs (i.e., those in which the points
reached by the k1, k2 lines are not connected to one other
by any dynamical or statistical correlation lines) survive
in the A ! 1 limit

�hh
0

kk0 = �hk�
h0

k0 (2⇡)3�(3)(h� k)(2⇡)3�(3)(h0
� k0) , (37)

where �hk is the the Fourier transform of the overlap be-
tween the ground state and the one-hole (A� 1)-nucleon
state, the calculation of which is discussed in Ref. [42]

Therefore, using the �(3)-function to perform the inte-
gration over p0 = k+k0+q�p, the pure two-body current
component of the hadron tensor in nuclear matter turns
out to be [21]

Wµ⌫
2b (q,!) =

V

4

Z
dE

d3k

(2⇡)3
d3k0

(2⇡)3
d3p

(2⇡)3
m4

e(k)e(k0)e(p)e(p0)

⇥ PNM
h (k,k0, E)2

X

ij

hk k0|jµij
†
|p p0iahp p

0
|j⌫ij |k k

0
i

⇥ �(! + E � e(p)� e(p0)) . (38)

The normalization volume for the nuclear wave func-
tions V = ⇢/A with ⇢ = 3⇡2k3F /2 depends on the Fermi
momentum of the nucleus, which we take to be kF = 225
MeV. The factor 1/4 accounts for the fact that we sum
over indistinguishable pairs of particles, while the factor
2 stems from the equality of the product of the direct
terms and the product of the two exchange terms after
interchange of indices [58]. The two-nucleon SF entering
the hadron tensor is

PNM
h (k,k0, E) =

Z
d3h

(2⇡)3
d3h0

(2⇡)3
|�hh

0

kk0 |
2�(E + e(h) + e(h0))

⇥ ✓(kF � |h|)✓(kF � |h0
|) . (39)

Consistently with the fact that, in absence of long-range
correlations, the two-nucleon momentum distribution of
infinite systems factorizes according to [59]

n(k,k0) = n(k)n(k0) +O

✓
1

A

◆
, (40)

exploiting the factorization of the two-nucleon overlaps of
Eq. (37), the two-body contribution of the hadron tensor
can be rewritten as

Wµ⌫
2b (q,!) =

V

2

Z
dẼ

d3k

(2⇡)3
dẼ0 d

3k0

(2⇡)3
d3p

(2⇡)3

⇥
m4

e(k)e(k0)e(p)e(p0)
PNM
h (k, Ẽ)PNM

h (k0, Ẽ0)
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ij

hk k0|jµij
†
|p p0ihp p0|j⌫ij |k k

0
i

⇥ �(! + Ẽ + Ẽ0
� e(p)� e(p0)) . (41)

In order to make contact with finite systems, we take

PNM
h (k, E) '

k3F
6⇡2

Ph(k, E) (42)

where the hole SF of the nucleus Ph(k, E) is obtained
from either the CBF theory or the SCGF approach.
We are aware that the assumptions made to include

the contribution of two-body currents deserve further in-
vestigations. For instance, the strong isospin-dependence
of short-range correlations, elucidated in a number of re-
cent works [60–62], is not properly accounted for if the
factorization of Eq. (37). In this regard, it has to be men-
tioned that in the present work we do not account for the
interference between one- and two-body currents. While
in the two-nucleon knockout final states this contribution
is relatively small [21, 22], it has been argued that ten-
sor correlations strongly enhance the interference terms
for final states associated single-nucleon knock out pro-
cesses [63]. This is consistent with the Green’s function
Monte Carlo calculations of Refs. [64, 65], in which the
interference between one- and two-body currents domi-
nate the total two-body current contribution.
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where τ = −q2/(4m2). Finally, using the identity

δ
(
ω − e(p) − EA−1

f + EA
0

)

=
∫

dE δ(ω + E − e(p)) δ
(
E + EA−1

f − EA
0

)
, (33)

we can rewrite the hadron tensor as

Wµν(q,ω) =
∫

d3k

(2π )3
dEPh(k,E)

m2

e(k)e(k + q)

×
∑

i

⟨k|jµ
i
†|k + q⟩⟨k + q|j ν

i |k⟩

× δ(ω + E − e(k + q)) , (34)

where the factors m/e(k) and m/e(k + q) have to be included
to account for the implicit covariant normalization of the four-
spinors of the initial and final nucleons in the matrix elements
of the relativistic current.

The hole spectral function

Ph(k,E) =
∑

f

∣∣〈ψA
0

∣∣[|k⟩ ⊗
∣∣ψA−1

f

〉]∣∣2

× δ
(
E + EA−1

f − EA
0

)
(35)

gives the probability distribution of removing a nucleon with
momentum k from the target nucleus, leaving the residual
(A − 1) system with an excitation energy E. Note that in
Eq. (34) we neglected Coulomb interactions and the other
(small) isospin-breaking terms and made the assumption,
largely justified in the case of closed-shell nuclei, that the
proton and neutron spectral functions are identical.

Rewriting the nuclear matrix element as

[ 〈
ψA−1

f

∣∣ ⊗ ⟨k|
]∣∣ψA

0

〉
=

∑

α

Yk
α(̃α(k)

=
∑

α

(̃α(k)
〈
ψA−1

f

∣∣aα

∣∣ψA
0

〉
, (36)

we recover the more familiar expression of the spectral function
written as the imaginary part of the Green’s function describing
the propagation of a hole state

Ph(k,E) = 1
π

∑

αβ

(̃∗
β(k)(̃α(k)

× Im
〈
ψA

0

∣∣a†
β

1
E + (H − EA

0 ) − iϵ
aα

∣∣ψA
0

〉
. (37)

In the kinematical region in which the interactions between
the struck particle and the spectator system cannot be ne-
glected, the IA results have to be modified to include the effect
of FSI. Following Refs. [19,20], the multiple scatterings that
the struck particle undergoes during its propagation through the
nuclear medium are taken into account through a convolution
scheme. The IA responses are folded with a function fk+q,

normalized as
∫ +∞

−∞
dωfk+q(ω) = 1 . (38)

The double differential cross section is then given by
(

d2σ

dEe′d,e′

)

FSI

=
∫

d3k

(2π )3
dE

∫
dω′ fk+q(ω − ω′)

× m

e(k)
m

e(k + q)
Ph(k,E)

α2

q4

Ee′

Ee

× Lµν

∑

i

⟨k|
(
j

µ
i

)†|k + q⟩⟨k + q|j ν
i |k⟩

× δ(ω′ + E − ẽ(k + q))θ (|k + q| − pF ).

(39)

In the last equation, we modified the energy spectrum of the
struck nucleon

ẽ(k + q) = e(k + q) + U (tkin(k + q)) (40)

by considering the real part of the optical potential U derived
from the Dirac phenomenological fit of Ref. [37]. This allows
to describe the propagation of the knocked-out particle in the
mean-field generated by the spectator system.

IV. RESULTS

Our calculations have been performed using the NNLOsat
chiral interaction [15], which was specifically designed to
accurately describe both binding energies and nuclear radii of
midmass nuclei [38,39]. In Fig. 2 we analyze the convergence
of the SCGF-ADC(3) point-proton densities of 4He with
respect to the oscillator frequency (h̄,) and the size of the
model space (Nmax). The different lines almost superimpose,
indicating that for h̄, ≈ 20 MeV and Nmax ! 11 the cal-
culation converges and no longer depends on the oscillator
parameters. The density calculated from the OpRS is also
displayed. The nice agreement with the SCGF-ADC(3) curves
follows from the requirement that the overlap functions in the

FIG. 2. Point proton densities in 4He, as predicted by NNLOsat.
The dashed (blue) line corresponds to the OpRS derived for Nmax =
11 and h̄, = 20 MeV. The other lines have been obtained using the
SCGF full propagator for Nmax = 11, 13 and h̄, = 20, 22 MeV.
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Role of two-body (meson exchange) currents in !-A
CC0π total cross section: MiniBooNE data

The 2p2h contribution is needed to explain the
magnitude of the total cross section 
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• Two-body diagrams contributing to the axial 
and vector responses 

• Preliminary implementation discards 1b-2b 
interference:
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Neutrino Oscillations – next generation experiments
DUNE experiment will measure long base line neutrino 
oscillations (mass hierarchy, CP violation in weak 
interactions, physics beyond SM)

Liquid Argon projection chamber is being used.  It will 
require one order of magnitude (20% à 2%) 
improvement in theoretical prediction for  ν-40Ar  
cross sections to achieve proper event reconstruction.

è Need good knowledge of 40Ar spectral functions.

Jlab experiment E12-14-012 (Hall A)
Phys. Rev. C 98, 014617 (2018); arXiv:1810.10575 

40Ar

Z=18
N=22

ATi

Z=22
N=24-28

Proton distribution in Ti similar 
to neutron in 40Ar ??



Spectral function for 40Ar
- Experimental datat now available from Jlab:

H. Dai et al., arXiv:1803.01910/ 1810.10575

- Ab initio simulations based on the ADC(2)
truncation of the N2LO-sat Hamiltoninan

è Want validation of initial state correlation 
before they are implementer in neutrino-40Ar 
simulations
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Electron and ν scattering on 40Ar and Ti
Jlab experiment E12-14-012 (Hall A)
[Phys. Rev. C 98, 014617 (2018)]

40Ar(e,e’p)  and  Ti(e,e’p)  data being analyzed
CB, N. Rocco, V. Somà, arXiv:1907.01122

Ti protons contribution 
(‘mix’) is nearly identical 
to neutrons in 40Ar.
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40Ar(e,e’p)  and  Ti(e,e’p)  data being analyzed
CB, N. Rocco, V. Somà, arXiv:1907.01122

Ti protons contribution 
(‘mix’) is nearly identical 
to neutrons in 40Ar.
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Neutrino transport in dense matter –
supernovae and proton-neutron stars

A. Rios,  S. Reddy,  CB, work in progress…



Neutrino propagation in dense matter

Rrapaj Holt, Bartl, Reddy & Schwenk, PRC 91 035806 (2015)

ρ=0.02 fm-3, T=8 MeV
Kinematical constraint

Non-interacting

Interacting quasi-particle

Fragmented strength?



Neutrino propagation in dense matter
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Fig. 5: Response functions for second order results with 3 interactions. Contour lines in steps of 0.0005.

N3LO N3LO+3NF Av18

Fig. 6: Response functions for full ladder results with 3 interactions. Contour lines in steps of 0.0005.

Response funtions:

Effective masses:

(dependence of the modelling
of the nuclear force…)
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Fig. 3: Effective masses for 3 interactions and 3 methods.

Fig. 4: Free response function. Contour lines in steps of 0.001.

Very preliminary computations, by A. Rios



Summary
Ab initio computations for nuclear structure

à Strong link to underlying QCD thorugh EFT-inspiered Hamiltonians

à Ground state properties up to masses A~100 now with high accuracy; 
spectral distributions becoming available…
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Applications to electron and neutrino scattering:

à Good reproduction of charge/momentum distribution and electron scattering.

à Inclusion of electroweak currents (1b and 2b) underway (by N. Rocco).

à Validation of nuclear structure input from 40Ar and Ti data from Jlab.

A. Rios

S. ReddyV. Somà

A. Carbone

A. Lovato, N. Rocco O. Benhar
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Neutrino propagation in dense matter


