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Relativistic two-body currents for one-nucleon knockout in electron-nucleus
scattering
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We present a detailed study of the contribution from two-body currents to the one-nucleon
knockout process induced by electromagnetic interaction. The framework is a relativistic mean-
field model (RMF) in which bound and scattering nucleons are consistently described as solutions
of Dirac equation with potentials. We show results obtained with the most general expression of
the two-body operator, in which the intermediate nucleons are described by relativistic mean-field
bound states; then, we propose two approximations consisting in describing the intermediate states
as nucleons in a relativistic Fermi gas. preserving the complexity and consistency in the initial and
final states. These approximations simplify the calculations considerably, allowing us to provide
outcomes in a reasonable computational time. The results obtained under these approximations are
validated by comparing with those from the full model. Additionally, the theoretical predictions
are compared with experimental data of the longitudinal and transverse responses of carbon 12.
The agreement with data is outstanding for the longitudinal response, where the contribution from
the two-body operator is negligible. In the transverse sector. the two-body current increases the
response from 30 to 15%, depending on the approximations and kinematics, in general, improving
the agreement with data.
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Effects of two-body currents in the one-particle one-hole electromagnetic
responses within a relativistic mean-field model
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Longitudinal and transverse responses from inclusive electron scattering are computed within
an independent-particle relativistic mean-field model to describe the initial and final states, and
one- and two-body current operators leading to the one-particle one-hole response. We find that
the two-body contributions have no effect on the longitudinal response but they increase the
transverse response by up to 30%, depending on the energy and momentum transfer, improving
very significantly the agreement with experimental data. Our calculation is fully relativistic and
considers within the full quantum mechanical description both the initial and final nucleon states
involved in the process, incorporating realistic dynamics. We also show that it is essential to go
beyvond the plane-wave approach, as incorporating the distortion of the nucleons while making
the initial and final states orthogonal, allows to reproduce both the shape and magnitude of the
responses. The good agreement with the electron scattering experimental data supports the use of
this approach to describe neutrino-induced scattering reaction.
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* Theoretical framework (nuclear model): relativistic mean-field
model.

* Two-body meson-exchange currents in particle-hole excitations.

* 12C electromagnetic inclusive responses:
o Different approaches for the two-body current operator.

o Relevance of quantum mechanics in the final nucleon.

* 40Ca electromagnetic inclusive cross section.

* Conclusions and future prospects.
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* We focus on quasielastic scattering.

Impulse Approximation
+
Independent Particle
Shell Model
\ERIE

body
problem

]iitad — <N’A o 1|F1I”;L1any—body|A) ];Ltad — fdp L?S(pfv: pN)Fﬁg LI',Tlfl] (p)
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* The hadronic current contains all the information of the boson-nucleus
interaction and all hadronic final-state interactions.

I~ P5(py, py) TH

* Initial nucleon: bound wave function within the relativistic mean-field
(RMF) model.
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* The hadronic current contains all the information of the boson-nucleus
interaction and all hadronic final-state interactions.

* Knocked out nucleon: distorted wave function computed as a solution of the
Dirac equation in the continuous with the energy dependent relativistic
mean-field (ED-RMF) potential.

ED-RMF: R.Gonzalez-Jiménez et al. Phys. Rev. C 100, 045501 (2019).

MITP, Mainz — June 2023 Tania Franco Munoz



W‘ " ~
Nuclear model
COMPLUTENSE Grupo de Fisica Nuclear

MADRID

* The hadronic current contains all the information of the boson-nucleus
interaction and all hadronic final-state interactions.

Jitra ~ © @i, )T W, (1)

* Hadronic current operator: includes all the processes that lead to a final 1p-
1h state.
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* Pure shell model:
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o Missing energy distribution
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Nuclear structure

4

1I51/2—
* Nuclear structure in a pure shell ;4 1Par2 _
mod

‘0q Simplistic approximation - we introduce a
model based on a realistic spectral function
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. " Rome ——
1s1p —
* Nuclear structure based on a W s
icti : . Background ——
realistic spectral function: Total
0.1}
o Reduced shell model occupations T
v
» 1.8 nucleonsin 1s,, =
» 3.3 nucleons in 1p;, ygi
0.01¢f
0.0015 50 100 150 200 250

Em (MeV)
Rome Spectral Function: O. Benhar et al., Nuclear Physics A 579, 493 (1994).
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* Nuclear structure based on a W P
realistic spectral function: packground
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* Nuclear structure based on a W Ipsy ——
icti : . Background ——
realistic spectral function: e
0.1}
o Reduced shell model occupations T
v
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0.01¢f
o Continuous missing energy profile
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Rome Spectral Function: O. Benhar et al., Nuclear Physics A 579, 493 (1994).
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1x10° : :
Rome —
* Nuclear structure based on a 11;112 —
. . . 3/2
realistic spectral function: 1x107 Background ——
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o Reduced shell model occupations T 1x10°%}
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Rome Spectral Function: O. Benhar et al., Nuclear Physics A 579, 493 (1994).
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* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

nwo_ qu u
Jhaa =J1p T /2b
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Meson exchange currents il

* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

wo _ qu u
Jhaa =J1ip T2

* The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.

MITP, Mainz — June 2023 Tania Franco Munoz



COMPLUTENSE Grupo de Fisica Nuclear

MADRID

Meson exchange currents il

* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

wo _ qu u
Jhaa =J1ip T2

* The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.

* Exchange terms
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Meson exchange currents il

* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.
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Meson exchange currents il

* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

wo _ qu u
Jhaa =J1ip T2

* The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.

* Exchange terms

Q
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* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

wo _ qu u
Jhaa =J1ip T2

* The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.

* Exchange terms * Direct terms
Q %Q
NS NN ]X , >N
> > +ﬂ_
\ /
\’ ” N’ | Nl
™ — >
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* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

wo _ qu u
Jhaa =J1ip T2

* The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.

* Exchange terms * Direct terms

¢ Q
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* We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

wo _ qu u
Jhaa =J1ip T2

* The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.

* Exchange terms Q * Direct terms
N . N
/
Jx N N Intermediate > T >
|

> bound-nucleon v T
Sp- state a5

MITP, Mainz — June 2023 Tania Franco Munoz



Intermediate bound-nucleon state

* Different approaches for the treatment of the intermediate bound-
nucleon state. More realistic case:

Intermediate RMF-nucleon
Q approach

N N, Simplified case:

Intermediate RFG-nucleon
\ / approximation

7[ Approximated nuclear effects case:
Intermediate RFG*-nucleon
approximation
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Intermediate bound-nucleon state

More realisitic case:
Intermediate RMF-nucleon approach

* The intermediate bound particles
are described by RMF spinors.
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* MEC contributions

v v NS4y y ady oy 3 '3y
! ! / !
‘Deltaresonance NS4 N N N NS4 N N ASN N N N aZN

mechanism e Nom L m e
™ : | > T
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* ChPT background Qz Q Q%
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* Two-body current

dp dph — m;
]élb — f dp f (27_[)?1:/2 (27_[)3/2 LIJS(p + Ph + q-— pple)qub LIJK ](p)
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Intermediate RMF-nucleon approach

* Two-body current

* 9-dimensional integral - computational time and effort extremely
high.
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12C electromagnetic inclusive responses
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Intermediate bound-nucleon state

* Different approaches for the treatment of the intermediate bound-

nucleon state. More realistic case:
Intermediate RMF-nucleon
Q approach

Simplified case:

/

N N N Intermediate RFG-nucleon
\ / approximation

7[ Approximated nuclear effects case:
Intermediate RFG*-nucleon
approximation
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Intermediate bound-nucleon state

Simplified case:
Intermediate RFG-nucleon approximation

* The intermediate bound nucleons
are described as free Dirac spinors in
a relativistic Fermi gas (RFG).
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* MEC contributions

_,Qz X Qé \ A Q% A \ Qz |
! ! / !
mechanism > om xS -

Q

(g)

Taking intermediate RFG nucleons the Delta-

resonance direct terms vanish.
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* MEC contributions

Qz Q%
* Delta resonance N N<SA NN AN NN
mechanism e RNt

(b) (c)

Q

(g)

Additionally, in an isospin symmetric nucleus,

the exchange diagrams (a) and (d) vanish.
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* MEC contributions

* Delta resonance Q Q
mechanism N NEA N N A éN’ N
A\ S~ > > > p »
\\ T / \\ T ,-,
--.._‘__.- - ’..-"
(b) (c)
* ChPT background Q Q Qé
N% N' N N NN T AT
b2 b —p > — >——>
\.\».‘f ‘\,_ﬂ" N N N
T’ T’
(A) (B) (C)
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*Two-body current

— m:
]gb,free = f dp (27_[)3 ®(pF _ pph) LIJS(p + q' pN)Féub,free LIJK' ](p)
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*Two-body current

— m:
_ pph) LIJS(p + q' pN)Féub,free LIJK' ](p)

* 6-dimensional integral - computations can be done in a more
manageable amount of time.
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Intermediate RFG-nucleon approximatio

12C electromagnetic inclusive responses

A
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Intermediate bound-nucleon state

* Different approaches for the treatment of the intermediate bound-
nucleon state. More realistic case:

Intermediate RMF-nucleon
approach

Simplified case:
Intermediate RFG-nucleon
approximation

Approximated nuclear effects case:
Intermediate RFG*-nucleon

approximation
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Intermediate bound-nucleon state

Approximated nuclear effects case:
Intermediate RFG*-nucleon approximation

*The intermediate bound
nucleons are described as RFG
nucleons with a modified
energy and mass accounting
for the relativistic interaction
of nucleons with the mean-
field potential.

E*=.\p2+ (M*)2+E, M'=aM
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Intermediate RFG*-nucleon approximation g .o
* 12C electromagnetic responses (only one-body current)
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Intermediate RFG*-nucleon approximation

* 12C electromagnetic responses (only one-body current)
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* 12C electromagnetic responses (only one-body current)

0.03 - . -

1b RFG ——
1b RPWIA
1b RFG*

) RFG* N

0.02}

0.015¢}

R (MeV1)

0.01}

0.005F}

0 50 100 150 200 250

w (MeV)

* 0=0.8 and E =141 MeV for 12C.
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* 12C electromagnetic responses (only one-body current)

0.03 . . : : 0.025
1b RFG ——
1b RPWIA
1b RFG*
0.025¢

0.02¢

0.02}
r 5
S S
Q | Q
L0.015 2
= i
o  0.01}
0.01}
0.005}

[}
i
0 50 100 150 200 250 200 250
w (MeV)

* 0=0.8 and E =141 MeV for 12C.
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‘ 12C electromagnetic inclusive responses \
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12C electromagnetic responses g G
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* Essentially identical RFG* and RMF results for | Jourdan, Nucl. Phve. A 603, 117 (1996)
. Jourdan, Nucl. Phys. , .
momentum tranSfer around and above 500 Mev/c' P. Barreau et al., Nuclear Physics A 402,515 (1983).
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Plane waves
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Quantum mechanics in the final nucleon
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Including FSI:
Distorted waves
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Quantum mechanics in the final nucleon g 9"
Distortion of the outgoing nucleon (FSI) and orthogonality between initial
- and final states are important to describe the data
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Quantum mechanics in the final nucleon me. ~gfn.
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Comparison to previous computations s, .9
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* Two completely different theoretical approaches 29
5 <
 Ab initio non-relativistic Green’s function Monte Carlo (GFMC). » 0
< ot
* ED-RMF: fully relativistic model and coherent quantum mechanical description of the 7 ¢
nucleonic states, incorporating realistic dynamics and final state interactions - 8
- T T T T T N n
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* Remarkable good agreement between both ED-RMF and GFMC calculations
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two-body current contributions to the 1p-1h excitation which can
simultaneously describe the longitudinal and transverse electromagnetic
responses of 1°C in the quasielastic regime.
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* We have developed a relativistic mean-field based model, with one- and
two-body current contributions to the 1p-1h excitation which can
simultaneously describe the longitudinal and transverse electromagnetic
responses of 1°C in the quasielastic regime.

* The use of a realistic treatment of the nuclear structure is fundamental to
describe the experimental data.

* The incorporation of the two-body meson exchange current to the 1p-1h
channel is only significant in the transverse channel, leading to an improved
description of the data.

* Different approaches to describe the intermediate bound-nucleon state of the
two-body currents have been studied - the RFG* approach resulted as an
excellent approximation to the complete model.
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* We have developed a relativistic mean-field based model, with one- and
two-body current contributions to the 1p-1h excitation which can
simultaneously describe the longitudinal and transverse electromagnetic
responses of 1°C in the quasielastic regime.

* Next step will be to apply the model in heavier nuclei, in particular, 4°Ar.

* After the success of the model in the scrutiny against electron scattering
data, it can be applied to neutrino-nucleus interaction.
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