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Background: The neutrino-nucleus (vA) cross section is a major source of systematic uncertainty in neutrino-
oscillation studies. A precise VA scattering model, in which multinucleon effects are incorporated, is pivotal for
an accurate interpretation of the data.

Purpose: In vA interactions, meson-exchange currents (MECs) can induce two-nucleon (2N) knockout from
the target nucleus, resulting in a two-particle two-hole (2p2h) final state. They also affect single nucleon (1N)
knockout reactions, yielding a one-particle one-hole (1p1h) final state. Both channels affect the inclusive strength.
We present a study of axial and vector, seagull and pion-in-flight currents in muon-neutrino induced 1N and 2N
knockout reactions on 2C.

Method: Bound and emitted nucleons are described as Hartree-Fock wave functions. For the vector MECs,
the standard expressions are used. For the axial current, three parametrizations are considered. The framework
developed here allows for a treatment of MECs and short-range correlations (SRCs).

Results: Results are compared with electron-scattering data and with literature. The strengths of the seagull,
pion-in-flight, and axial currents are studied separately and double differential cross sections including MECs
are compared with results including SRCs. A comparison with MiniBooNE and T2K data is presented.
Conclusions: In the 1p1h channel, the effects of the MECs tend to cancel each other, resulting in a small effect
on the double differential cross section. 2N knockout processes provide a small contribution to the inclusive
double differential cross section, ranging from the 2N knockout threshold into the dip region. A fair agreement

with the MiniBooNE and T2K data is reached.

DOLI: 10.1103/PhysRevC.95.054611

I. INTRODUCTION

With the advent of accelerator-based neutrino-oscillation
experiments, the precision of the determined neutrino-
oscillation parameters improved a lot. A major source of
systematic uncertainty in the analyses is related to the neutrino-
nucleus scattering cross sections. To further improve the
precision of the determined squared-mass differences and
mixing angles, an accurate neutrino-nucleus (vA) interaction
model is required. Progress and issues in this context have
recently been reviewed in Refs. [1,2]. One of the main
challenges is related to the role of multinucleon effects.

In previous work, we studied the effect of long-range corre-
lations in a continuum random-phase approximation (CRPA)
approach [3-8] and short-range correlations (SRCs) [9]. This
work is a further development and focuses on the influence of
the seagull and pion-in-flight currents, and accounts for one-
nucleon (1) and two-nucleon (2/N) knockout interactions.

In our model, the initial and final state of the nucleus is
described as a Slater determinant. Mean-field single particle
wave functions from a Hartree-Fock (HF) calculation are used.
These HF wave functions account for the elastic distortion by
the residual nuclear system on the emitted nucleons. Shell
structure, nuclear binding energy, and Pauli blocking are
included. The model is an extension towards the weak sector of
the 2N knockout model developed in Ghent, which accounts
for meson-exchange currents (MECs), A currents as well as
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SRCs, for photoinduced [10] and electroinduced [11,12] 1N
and 2N knockout reactions. The model describes exclusive
(e,e’ NN)[13,14], semiexclusive (e,e'p) [15,16], and inclusive
(e,e’) [17] scattering with a satisfactory accuracy. The A
currents are not included here, neither are any other effects
that can cause 2N emission such as final-state effects.

Several theoretical approaches have analyzed the role of
MECs in v A interactions. The models by Martini ez al. [18] and
Nieves et al. [19] take nuclear finite-size effects into account
via a local density approximation and a semiclassical expan-
sion of the response function. Both approaches include the
interference between MECs, A currents, and the correlation
current. Recently, calculations using a relativistic Fermi gas
by Amaro et al. [20], accounting for correlations, MECs, and
A-currents in electroinduced 2 N emission, have been extended
to vA and VA interactions [21-24]. In ab initio calculations
on '2C [25,26], MECs are inherently included. Recent work
on electron scattering [27,28] has generalized the formalism
based on a factorization ansatz and nuclear spectral functions
to treat transition matrix elements involving MECs and A
currents.

The structure of this work is as follows. In Sec. II, the
seagull, pion-in-flight, and axial currents used in the numerical
calculations are discussed. The influence of the MECs on 1N
emission processes is studied in Sec. III. 2N knockout of MEC
pairs is outlined in Sec. IV, where exclusive, semiexclusive,
and inclusive cross sections are studied. In Sec. V, the
computed 2N knockout strength of MECs and SRCs is added
to the 1N knockout strength in the CRPA approach and
theoretical predictions for the MiniBooNE and T2K data are
provided. In Sec. VI, our conclusions are presented.
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FIG. 1. The vector current diagrams considered in this paper. The boson X can be either a y or a W in this work. Diagram (a) shows the
1plh channel in the impulse approximation (IA), diagrams (b), (d), (e), and (g) are the 1plh and 2p2h seagull diagrams; and (c) and (f) are the
pion-in-flight diagrams. The p and & denote the single-nucleon particle and hole states.

II. SEAGULL AND PION-IN-FLIGHT CURRENTS

In this work we consider electron and charged-current
(CC) muon-neutrino (v,) scattering. The initial lepton will
be referred to as [ and the final state lepton as /’. The
four-momentum transfer carried by the exchanged boson,
q" = (,9), is

a):El—El/, q=k1—kz/, (1)

and Q% = ¢q? — 0.

The MECs considered in this work are the seagull and pion-
in-flight currents. The conventional approach is to consider all
diagrams with single-pion exchange. In the seagull currents,
the boson exchanged by the external probe, ay or W, couples
with the MEC at the # NN vertex. In pion-in-flight currents,
the boson couples with the virtual pion. The vector MECs are
shown in Fig. 1 for the 1plh and 2p2h channel. The sum ),
in the 1plh channel extends over all occupied single-particle
states of the target nucleus, as explained in Ref. [9]. In the
derivation of the Feynman diagrams, the couplings are either
obtained from a pion-nucleon scattering amplitude [29] or
from an effective chiral Lagrangian [30]. In the low-energy
limit, the vector seagull (labeled “sea”) and pion-in-flight
(“pif”) currents, for electron scattering interactions, are given
by [31-34]

2
O £ PR

o1(02-q2) 2/ 2 02(01-q1)>
x | T2(g3)———2 -T2 (g}) ———— ),
< @) g @)
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(01-q1)(02-q2)
(47 +m2) (g3 +m

)( q1—4q2)- (3

The momenta ¢, and ¢, are the momenta of the exchanged
meson. They are related to the momenta of the nucleon particle
(p) and hole states (h),

q1=p.—h, 4)
q2=pb_h/a (5)

with ¢ = q| + q,. The operators o; and 7; are the corre-
sponding spin operators in spin and isospin space and Iy is
the two-body isovector operator

IV = (1'1 X ‘[2). (6)

The currents for a CC neutrino interaction can be obtained
via an isospin rotation, which follows from conservation of
the vector current (CVC). This implies replacing the third
component of the isovector operator with the £ components
(311,

(Iv)s =>Uv)e = 5[Tv), £i(Iy),]. (N

The value of the w N N coupling constant is determined via

2 y/4m = 0.075, and m,, is the mass of the pion. The 7 NN
vertices are regularized by introducing a monopole form factor
with cutoff mass A, = 1250 MeV. We follow the procedure
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introduced in Ref. [33] to ensure CVC:

Az — m?
Tr(g®) = ﬁ, (®)
2 2 2 2
2 2 2 2 qi +my | q; +my
F(q1.95) = Fn(ql)rn(q2)<1+ 2 A2 + q%+A2)~
T g
9

At the electroweak vertices, we introduce the isovector nucleon
form factor F1V(Q2), using the conventions of [9].

For MECs where a single pion is exchanged, only the
seagull current has an axial counterpart. In the low energy
limit it is given by [34,35]

,’O\E]'S%:L(]CNNN)z(IV)i( 02:q2 014 >,

ga\ my g +m2  qi+m
(10)

with g4 = 1.26. The 7 NN vertex is regularized by intro-
ducing monopole factors as was done for the vector seagull
current. At the electroweak vertices one relies on the partially
conserved axial current (PCAC) hypothesis to constrain the
currents. In the low-energy limit, this procedure is not
unambiguous and different results are found in the literature.
An in-depth discussion of these differences is beyond the scope
of this paper but can be found, e.g., in Refs. [31,34]. In this
work, we consider three different prescriptions for the axial
current. The first two are different parametrizations for the
axial seagull current and the third expression contains more
diagrams next to the axial seagull current,

~[2,sea, 1 i ( JxNN
Py = —
8A my
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Pion form factors are introduced to comply with the PCAC
hypothesis,

2

Falg®) = ——2— (14)

with m,, the mass of the p meson.
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derived in Ref. [34], A; denotes the A; meson.
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The current, labeled with the superscript “sea,1” is the axial
version of the seagull current, derived using the soft-pion
approximation [34,35]. It can be constructed from Eq. (10)
by introducing the monopole form factors I';(¢?) at the t NN
vertices and multiplying it by the axial form factor G 4(Q?),
for which we adopt the standard dipole parametrization. The
expression (11) was used in the neutrino-deuteron scattering
studies of Refs. [36,37].

For the construction of the axial seagull current with
superscript “sea,2”, a nonrelativistic reduction of the axial
seagull current used in the calculations by Ruiz Simo et al.
[23] was performed. In that work, the form factors were
based on those used in the weak pion production amplitudes
of [38]. The MECs were constructed by appending the pion
production diagrams with an extra nucleon that absorbs the
virtual pion. The pion form factor was introduced to account
for the p-meson dominance of the 77 NN vertex. To account
for the one-body version of PCAC, the same form factor was
used to regularize the axial Wa N N vertex. The w N N vertices
are multiplied by the I'; (¢7) hadronic form factors as was also
done for the vector currents. We remark that the vector currents
in this work correspond with the nonrelativistic limits of the
vector seagull and pion-in-flight currents of [23].

The axial current, labeled “axi” was derived in Ref. [34].
The four diagrams displayed in Fig. 2 are included. The
first is the axial version of the seagull current (a). The other
three diagrams have a pion-in-flight-like structure, but one of
the two pions is replaced by a p meson, and the coupling
of the W boson at the wp vertex is a contact coupling (b), an
Aj pole (c), or w-pole coupling (d). The three diagrams with
a -p exchange (b)—(d) have no vector counterpart and since
one of the two mesons is a pion, they are of the same range
as the vector diagrams. The pion-in-flight diagrams shown in
Fig. 1 have no axial counterpart. The combination of these four
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currents obeys the two-nucleon version of the PCAC relation.
The nonrelativistic limit of these currents is purely timelike.
The vertices are multiplied by the appropriate I';(g?) form
factors. This current has the same operator structure as the
two axial seagull currents, though, by construction, it contains
more diagrams. This axial current fits most naturally in our
model, as it uses the two-nucleon version of the PCAC relation
to constrain the currents.

III. MEC CORRECTIONS TO INCLUSIVE
ONE-NUCLEON KNOCKOUT

In this section, we consider the following electron and CC
v, induced 1N knockout reactions,

e(Eek) + A — (Evke) + (A= 1"+ N(Ey,py),
Vu(EuwkvM) +A— M(E/uku,) + (A - 1)* + N(EN,PN)-

The residual (A — 1)* nucleus is left with little to no excitation
energy. The double differential A(e,e’) cross section is given
by

do

o = oM [v§ Wee + v Wr ). (15)
e e

For A(v,,u™) interactions, one has

do Wé.[

— =0 v, W +v W +v W

IE dQ - cevrec CLVYYCL LLYWLL
UT”T:FUT’”T’]; (16)

the — (+) sign refers to neutrino (antineutrino) scattering. The
prefactors are defined as

o [ @cos@e/2) \’ .

o= <2Ee sin2(9er/2)> : a7
2

oW = (—GF C"ZS;QC)E") : (18)

with « the fine-structure constant, 6, the electron scattering
angle, G the Fermi constant, 8. the Cabibbo angle, and the

kinematic factor ¢,
[ m2
_ M
;= [1- _E;ZL . (19)

The functions v; contain the lepton kinematics and the response
functions W; the nuclear dynamics. The W; are defined as
products of transition matrix elements 7,

T = (WP T ()| W,,). (20)

Here, |W!P1") and |W,;) refer to the one-particle one-hole
(1p1h) final state and the 0" ground state of the target nucleus.
J,. are the timelike and spherical components of the nuclear
current. To account for MECs, the nuclear current is written
as a sum of the IA and MEC contributions,

Ti(q) = T8 (q) 4 TPMEC(g). Q1)

The results presented in this work consider '>C as target
nucleus. For 12C(e,e’) two Iplh final states are accessible,

|w'Pthy = |''C n), |'"'B,p), (22)
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while for CC neutrino scattering only one 1plh final state is
accessible,

|w!Pthy — |1 C,p). (23)

The expressions for the kinematic factors v; and the
response functions W; can be found in Ref. [9]. The standard
expressions for the nuclear current in the IA are adopted [39].

Nucleon knockout occurs in the spectator approach (SA),
where the nucleon absorbing the boson is the one that becomes
asymptotically free. The bound-state and continuum wave
functions are constructed through a HF calculation with an
effective Skyrme-type interaction [40]. Relativistic corrections
are implemented in an effective fashion as proposed in
Refs. [41-43], using the following substitution for w in the
computation of the outgoing nucleon wave functions,

w — w(l—i—L). (24)
2m N

This substitution effectively shifts the position of the QE
peak from its nonrelativistic value to the relativistic position
and reduces the width of the one-body responses. The wave
functions for the target and residual nucleus are represented as
Slater determinants. A multipole expansion is adopted for the
calculation of the transition matrix elements.

In Fig. 3 the difference between the 1plh responses for
2C (v, ™), calculated with and without MECs, is shown,

A‘/Vl — VViIA+MEC _ Wl‘lA~ (25)

The total 1plh responses will be compared with the 2p2h
contributions in Fig. 10. The three expressions for the axial
current interfere constructively with the nuclear current in the
IA, resulting in an increase of the Coulomb response. The
effect for the “sea,2” version is the smallest. The current “axi”
yields an increase of ~10% of the 1plh Coulomb response in
the IA (see Fig. 10 below). The combined effect of the seagull
and pion-in-flight currents results in a negligible decrease of
the total 1plh response; the total decrease is less than 1%
compared to the 1plh response in the IA. In fact it is smaller
than the variation obtained using alternative parametrizations
of the nucleon form factor. The small impact is partly due to
the fact that a large part of the transverse strength comes from
the axial part of the current, which is unaffected by the MECs
in the low-energy limit. We note that the effect of the MECs
on the 1N knockout channel of the double differential cross
sections will be negligible since the cross section is dominated
by the transverse channel.

The influence of the MECs on the 1p1h transverse response
function for 12C(e,e’) interactions is of similar size, but has
an opposite effect, increasing the response function, as can be
seen further in Fig. 6. The reason for this opposite behavior for
electrons versus neutrinos is related to the isospin operators.

IV. KNOCKOUT OF MEC PAIRS

For knockout of MEC pairs, we consider the following
reactions:

e(Eeske) + A — e/(Ee’vke’) + (A - 2)*
+ Nu(Eq, pa) + Np(Ep, pp), (26)
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12¢, ¢ = 300 MeV/c

12C, ¢ = 400 MeV /c
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12¢, ¢ = 550 MeV /c
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FIG. 3. The correction of the MECs on the 1p1h responses for 2C(v,,u~) at three different q.

vM(E,,”,k,,”) +A— wELky)+(A-2)
+ No(Ea,pa) + Np(Ep, pp). (27)
The residual (A — 2)* nuclear system is left with little to no
excitation energy. Electron interactions with MECs can only

emit pn pairs, due to the (Iy); operator, hence the 2p2h final

state is
|w?P2) = |1°B, pn). (28)

For CC neutrino reactions, the pp and pn emission channels
are open,

w22 = |'°B,pp), |'°C.pn). (29)
The two-body transition matrix elements are given by
T = (WP TS )W, (30)

Only the two-body part of the nuclear current contributes
to the 2N knockout cross section. We follow the same
approach as for the 1N knockout calculations. The SA is
adopted: the pair interacting with the incoming boson is
the one that becomes asymptotically free. The continuum
and bound-state wave functions are calculated in the same
mean-field potential. Mutual interactions between the emitted
nucleons are neglected. The wave functions for both outgoing
nucleons are expanded in terms of the continuum eigenstates
of the potential and a multipole expansion is adopted for
the calculation of the matrix elements [10]. The 2p2h matrix
elements are summarized in the Appendix.

A. Exclusive 2N knockout

Exclusive 2N knockout refers to reactions with a final
state consisting of a lepton, two ejected nucleons, and an
(A — 2) nucleus that is left with little or no excitation energy.
The hammer events reported by the ArgoNeuT Collaboration
[44] were initially considered as detected events of that type.
These events, however, have been shown to be related to pion
production and reabsorption processes and not to exclusive 2N

knockout [45]. Other experiments using liquid argon detectors
such as MicroBooNE [46] and DUNE [47] or scintillator
trackers such as MINERVA [48] and NOvVA [49] are designed
with the ability to observe 2N knockout events.

The exclusive A(e,e’ N, N,) cross section in the laboratory
frame can be written as a function of four response functions,

do
dE,dQ,dT,dQ,d2,
= OMOttgrzi [Uz Wee + U;- Wr + UeTTWTT + UETL Wrc],
(3D
with recoil factor
E (g —
e = |14 20 (12 (q2 Pa)\| 32)
Eao P

Ten response functions contribute to A(v,,u~ N,N;) reac-
tions,

do
dE,d,dT,d2,d%,
= 0" ¢ fid lveeWee +verWer + v Wi + vrWr
+vrrWrr + vrcWre + vr. Wri
F (r Wy +vreWre + vy Wrp)l

(33)

T, is the kinetic energy of particle a, p, and p, are the
momenta of the emitted nucleons, and 2, and 2, are the
nucleon emission angles, defined with respect to the direction
of .6, and 6, are the polar angles in the lepton-scattering plane
and ¢, and ¢, are the azimuth angles with respect to the lepton-
scattering plane. All the response functions depend on the polar
angles, while only the five responses Wrr, Wre, Wrp, Wre,
and Wy contain azimuthal information.

In Fig. 4 the results of an exclusive 12C(vﬂ,,u’NaNb)
calculation are shown for 2N knockout in the lepton-scattering
plane. The top panel only includes the axial current of Eq. (13).
The panels “sea” and “pif” only use the vector seagull and

054611-5



T. VAN CUYCK et al.

0.25

0ol axi /

0.15} \\ < ///I,"

RS a
360

—

o9 EE
0O RO i O 00 = o i O 00

(i

{
o4
i
o
X

X
i
i
0
o
X
W

58
i
o
o

7
(i1
A
R
W

o

o

(
¢
X,

dU/deudQﬂdTaande(10‘45(71112/M(>\72)

270
180

90 0, (deg)

do/dE,dQ,dT,d0, (10 Bem? /MeV?)

PHYSICAL REVIEW C 95, 054611 (2017)

0, = 60°, zp = 1.09

-%"“‘2%.
SRS AL
[ TRIRRRIEZA
s ..0»:\;\%
0.6 H | NERRR
l"' 160
L7 "'
0 l AT, E,,(MeV)
0 LRy 80 EmMe
30 2777740777227 7
6099 "' 40
0, (deg) 180

lgss =
N
l'h&@&‘o?&e.z.,;..,o,,,,
0 R 77
Vo % -
9 ,',.,. K/ 0’,04"""“"""""“' »
LA
77120
/4
o Eu(MeV)
”'
120
6, (deg) 150 1gp
0, =15°, x5 = 0.08

TSR
TR0
NP

l"

3 .’ AL

9 77 7160
1177/

LT 77 80 En(MeV)

7,
77

/7
,'",'::,z'lmz'
/7
L8

77
""‘z 27 40

160

80 E,(MeV)
40

180

FIG. 5. Semiexclusive IZC(v,L,pfp) cross section for in-plane

kinematics for E, = 750 MeV, E, = 550 MeV, and three muon
scattering angles. The bottom panel shows the (6,,E,,) area with
Py, <300 MeV/c for 6, = 15°.

pion-in-flight current respectively and the panel “MECs”

includes the coherent sum of vector and axial currents. The
bottom panel shows the area where the initial center-of-mass
(c.o.m.) momentum P, of the pair,

FIG. 4. The 12C(v;,“,/rNaNb) cross section (N, = p,N, = p’,n)

at £,, =750 MeV, E, =550 MeV, 0, = 15°, and proton kinetic

energy T, = 50 MeV for in-plane kinematics. The bottom plot shows

the (6,,6,) regions with P, < 300 MeV/c.
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Py,=p,+pr—q, (34

is smaller than 300 MeV/c.

We observe that for the selected kinematic situation, the
2N knockout strength is dominated by the vector currents
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“sea” and “pif”. The strength of both currents is comparable in
size. Further, the seagull and pion-in-flight currents interfere
destructively, which can be inferred from the fourth panel.
This destructive interference of the vector currents was also
observed for exclusive 160()/,pn) interactions [10]. The 2N
knockout strength arises from the part of phase space where
the initial c.0o.m. momentum of the pair is low. To illustrate
this, the region where Pj; < 300 MeV/c is displayed in the
bottom panel. The numerical results also show that the chosen
kinematic situation favors back-to-back nucleon knockout in
the laboratory frame, as studied, e.g., in Ref. [50].

B. Semiexclusive 2N knockout

It is interesting to study the contribution of the exclusive
2N knockout A(v,,u~ N,Np) cross section to the inclusive
A(v,,u”) cross section, as there are very little data on
exclusive cross sections.

As an intermediate step, we compute the contribution of
exclusive 2N knockout A(l,I’ N,N,) strength to the A(l,I'N)
cross section, where the residual nuclear system (A — 1)* is
excited above the 2N emission threshold. This is called the
semiexclusive cross section in this work.

Exclusive 1N knockout cross sections detect the final state
lepton and the emitted nucleon in coincidence. Processes
with two emitted nucleons whereby one remains undetected
also contribute to the signal. This means that for neutrino
experiments which have the ability to detect nucleons in the
final state, but have a relatively high detection threshold, these
semiexclusive cross sections will be a very interesting tool.

The calculation of the semiexclusive cross section involves
an integration over the phase space of the undetected ejected
nucleons, i.e., d2; in Egs. (31) and (33). In the case where
the detected particle is a proton, the total semiexclusive cross
section is a sum of the semiexclusive pp and pn pair knockout

12¢, ¢ = 300 MeV /c

12C, ¢ = 400 MeV /c

PHYSICAL REVIEW C 95, 054611 (2017)

cross sections (N, = p, N, = p’ or n),
do

L A—
dEdel/dede( P)

do
= [ doy 1.0'pp!
/ VAE Ay dTydsdsy, PP

o /

+/ dQndEdeydTdeden @rpm. - G35)
We use the method outlined in Ref. [11] and exploit the fact that
the exclusive 2N knockout strength resides in a well-defined
part of phase space; see the bottom panel of Fig. 4: For
each particular semiexclusive kinematical setting (d7,d€2;),
the exclusive cross section strength resides in a restricted part
of the phase space of the undetected nucleon (d<2;). In this
limited part of the phase space, where the exclusive strength
resides, the momentum of the undetected particle p, varies
only little, which allows one to set p, ~ p;*°. The average
momentum (p;*°) can be determined using quasideuteron
kinematics [ P;; =~ 0 in Eq. (34)]

Py =4~ pp (36)
With this average momentum, the integration over d€2, and
dS2, in Eq. (35) can be performed analytically [11]. Note that
in contrast to the frozen nucleon approximation of [51], we
take into account the initial nucleon momenta, and perform
the integration over the nucleon emission angle.

The results of a semiexclusive '2C (vu,u~p) calculation
are displayed in Fig. 5 for three different lepton scattering
angles as a function of the outgoing angle of the detected
proton 6, (¢, = 0), and the missing energy E,, = w — T;,. The
Bjorken variable xz = Q%/2wm y varies from 0.08 to 1.09 for
the three presented kinematic situations. The semiexclusive
strength is largest for small 6,,. Further, for large 6,, the
strength is confined to small proton scattering angles, while

12¢, ¢ = 550 MeV /c
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FIG. 6. The 1plhand 2p2h MEC response functions W¢¢ and Wr for 12C(e,e’) for three values of ¢g. The dotted blue line is the contribution
of the sea+pif currents, only present in the Wy response. The solid black lines are the 1plh+2p2h results from [52]; the data sets are from

Refs. [53,54].
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FIG. 7. The 2p2h MEC response function Wy for '>C(e,e’) for three values of g. The contributions of the seagull and pion-in-flight currents
are shown separately. The solid black lines are the sea+pif results from [52].

relatively large strength at backward proton knockout is
observed for small lepton scattering angles. This feature is
related to the initial c.o.m. momentum of the pair; the bottom
panel shows the area where Pj; < 300 MeV/c is accessible.
This demonstrates that the semiexclusive strength is dominated
by pairs with small c.0.m. momenta.

C. Inclusive cross section results

The 2N knockout contribution to the inclusive A(/,l)
cross section is calculated by integrating over the phase space
dT,d2, in Eq. (35),

do
AT,dQ— _(1.Ip). (37
/ P pdEdepdTdep( p- G7)

The angular integration can be done analytically; integration
over the outgoing nucleon kinetic energy 7T, is performed
numerically.

Before we consider the inclusive 2N knockout responses
for vA, we confront our results for electron scattering with
data and other models [52,55]. In Fig. 6, the 1plh and 2p2h
response functions W¢e and Wy are shown and compared
with Rosenbluth separated cross-section data. The seagull
and pion-in-flight currents have no effect on the Coulomb
response, as the vector currents have no timelike component
in the low-energy limit. In the Iplh responses, the MECs
result in a small increase of the responses. The 2p2h responses
appear as a broad background to the 1plh responses. Figure 7
shows the results of the inclusive transverse 2p2h responses,
where the knockout of seagull and pion-in-flight pairs was
studied separately. The strength for both two-body currents is
of similar size. The pion-in-flight current is slightly more im-
portant for large w for the three-momentum transfers studied.
More interesting is that the currents interfere destructively.
In Ref. [56], e.g., the same destructive interference was
observed between the seagull and pion-in-flight currents in a
relativistic Fermi gas model for 56Fe(e,e’). Further, our results
are comparable to those of Amaro et al. [52], where a similar
model was used.

In Figs. 8 and 9, inclusive '?C(e,e’) and 'C(v,,uu™)
responses are studied at ¢ = 500 MeV/c. Only the seagull
current is accounted for in the 2N knockout calculations, to
compare with the corresponding results of Ruiz Simo et al.
[55], where a relativistic Fermi gas (RFG) was used. The

do ,
g L) =
dEydQy

results of the 1N knockout calculations in the IA for both
models are displayed as a reference.

For electron scattering, the 2N knockout strength attributed
to the seagull current is roughly a factor 2 smaller than in the
RFG calculations of Ref. [55]. The 2N knockout contribution
to the transverse response for vA is very similar in both
calculations. In the Coulomb channel, the results for the three
different axial currents are compared. The currents labeled
“sea,1” and “axi” yield a strength that is comparable to
each other and to the strength of the RFG calculations of
Ref. [55]. For low w, the results of the currents “sea,1” and
“axi” coincide. For increasing energy transfers, the former
keeps increasing while the latter decreases for w = 250 MeV.
The strength of the current “sea,2” which was obtained after
a nonrelativistic reduction of the axial seagull current in
Ref. [55], is roughly five times larger than the other two
prescriptions, and appears unrealistically large compared to
the 1plh strength.

The results for the responses W¢e and Wr for inclusive
12C(v,L, 1~), including seagull and pion-in-flight currents in
the Iplh and 2p2h channels, are presented in Fig. 10. In the
1plh channel, we only display the results using the “axi” cur-
rent. The results using the other two expressions can be inferred
from Fig. 3. In Fig. 11, the 2p2h responses are shown, showing
the separate strengths of the seagull and pion-in-flight currents.

Comparing the 2p2h results in the transverse channel
for electron and neutrino scattering, we observe that the
contributions of the seagull and pion-in-flight currents have
a similar w dependence. The currents interfere destructively
in both cases. The 2p2h responses for neutrino scattering

120, ¢ = 500 MeV /c

o A ---
1 sea —-- ]
-
o -
&>
E‘ -
S ]
0 === -l
0 100 200 300 400 500
w (MeV)

FIG. 8. The transverse 1plh and 2p2h responses for '2C(e,e’) at
g = 500 MeV /c with only seagull currents. The solid (dashed) black
lines are the 1plh (2p2h) results from Ref. [55].
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FIG. 9. The Coulomb and transverse 1plh and 2p2h responses for
2C(v,,pu7) at g = 500 MeV/c with only seagull and axial currents.
The solid (dashed) black lines are the 1plh (2p2h) results from
Ref. [55].

are roughly a factor 4 larger than in electron interactions.
The relative effect of the 2p2h responses in comparison with
the 1plh responses appears similar for electron and neutrino
interactions. The 2p2h Coulomb responses are smaller than
the transverse responses, however their effect relative to the
corresponding 1plh response is larger.

In previous work on neutrino scattering [9], we accounted
for SRCs by applying a correlation operator to the uncorrelated
HF wave functions, following the approach of Refs. [11,12].
In the calculation of the responses, the nuclear current operator
in the IA is replaced with an effective operator, that is a
sum of the IA current operator and a two-body operator that
accounts for SRCs. In Fig. 12, the results of a 12C(UM,/J,_)

PHYSICAL REVIEW C 95, 054611 (2017)

cross-section calculation are shown, for E,, = 750 MeV and
three muon scattering angles. In the calculations the SRCs
are accounted for, as outlined in Ref. [9], next to the MECs,
and MEC-SRC interference is included via the square of the
transition matrix elements. The effect of the MECs on the
1plh channel is negligible, as can be inferred from Fig. 10.
The double differential cross sections are dominated by the
transverse channel and the effect of the MECs on the transverse
responses is very small. The decrease of the 1plh channel due
to the presence of two-body currents is mainly caused by SRCs,
as shown in Ref. [9].

The contribution of the MECs in the 2p2h channel yields
a smaller contribution to the inclusive cross section than that
provided by the SRCs. It is roughly a factor 3 smaller for
0, =15° to a factor 5 for 6, = 60°. The results suggest
that the total 2p2h strength equals the sum of the SRC and
MEC contributions, however a small destructive interference
is present between both types of two-body currents. The
combined effect of both types of two-body currents yields
strength that appears as a broad background to the QE peak,
ranging from the 2N knockout threshold into the dip region.
In the dip region, experimental data are underpredicted by
calculations in the IA, and the 2N knockout contribution
provided by SRC and MEC pairs only accounts for a small
fraction the missing strength in this region.

V. FLUX-FOLDED DOUBLE DIFFERENTIAL
CROSS SECTIONS

In Ref. [7], the impact of long-range correlations on
VA cross sections was studied in a HF-CRPA approach. In
the random-phase approximation, long-range correlations are
taken into account by including particle-hole and negative
energy hole-particle configurations out of a correlated ground
state. This way, the random phase approximation goes one step
beyond the zeroth-order mean-field approach and describes a
nuclear state as the coherent superposition of particle-hole

120, ¢ = 300 MeV/c 120, ¢ = 400 MeV /c 120, ¢ = 550 MeV/c
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A TS TA --- 1 SeTV sea 2 —.- ST
> 30F & & ] 15 K . 6 FURS
Nt i v B L & te | L N e i
CBEY % Y P
O 10 i R ] - e — . - 2 i 7 o ]
= hbi e E TR s/ Sipnne
0 : ISRy oL YN PN N, PP Tl Do 1 oY 0 i N =
0 50 100 150 200 250 0 50 100 150 200 250 300 0 100 200 300 400 500
200 J.‘ T T T T 140 T T T T T 80 r T T T T
—~ . A IA --- 120 | 1 0F AN 1
T> O & \IA+MEC oo 1 wop S ] gg S }
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FIG. 10. The 1plh and 2p2h response functions W¢c and Wy for 12C(v,“;f) for three values of ¢. The three different axial currents are
compared for Wcc. In the 1plh calculations IA+MEC the axial current “axi” was used.
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FIG. 11. Detail of the W 2p2h response of Fig. 10. The contributions of the seagull and pion-in-flight currents are shown separately.

contributions,

[Wrea) = > {Xw.olph™") = Ywolhp ™). (38)

The summation index C stands for all quantum numbers
defining a reaction channel unambiguously:

C= {nhslhvjhvmh78h;lpvj}nmpyfz}v (39)

where the indices p and % indicate whether the considered
quantum numbers relate to the particle or the hole state, ¢,
denotes the binding-energy of the hole state, and t, defines the
isospin character of the particle-hole pair. The propagation of
these particle-hole pairs in the nuclear medium is described
by the polarization propagator. In our model, the continuum
RPA equations are solved using a Green’s function approach

in which the polarization propagator is approximated by an
iteration of the first-order contribution.

As the separation between “mean-field” properties and
CRPA correlations is strongly scheme-dependent (a Fermi-gas
mean field is very different from a HF one), we ensure
consistency of the HF-CRPA correlation inclusion by using the
same Skyrme parametrization as CRPA residual interaction
as the one that was used to generate the HF mean field
wave functions. As the HF mean field already contains a
considerable amount of nuclear effects, the influence of our
CRPA tends to be smaller than that found in FG-based
calculations.

In Ref. [7], flux-folded double differential cross sections off
12C were presented and compared with MiniBooNE and T2K
data. The CRPA model underpredicted the data because of the
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FIG. 12. The w dependence of the IZC(v,L, (™) cross section for E,, = 750 MeV and three different values for the lepton scattering angle 6,,..
The top panels show the 1p1lh and 2p2h cross sections. The bottom panels show the 2p2h part of the cross section, separating the contributions

of SRCs and MEC:s.
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FIG. 13. MiniBooNE CCQE-like flux-folded double differential cross sections per target neutron for *C(v,, ). The solid line is the
incoherent sum of the CRPA, MEC, and SRC contributions. Data are from Ref. [58], the experimental error bars represent the shape uncertainties,

flux uncertainties are not included.

absence of processes beyond pure QE scattering. For com-
pleteness we now show results combining the 1plh CRPA cal-
culations, with 2N knockout of SRC and MEC pairs using HF
wave functions, and compare with MiniBooNE and T2K data.

In Fig. 13, a prediction for the strength of the MiniBooNE
flux-folded differential CCQE-like cross section is shown as
a function of the muon kinetic energy 7,,, and compared with
data. The solid black line is the incoherent sum of the CRPA,
MEQC, and SRC contributions. Due to the heavy computational
cost, the flux folding was done in steps of 100 MeV, while the
integration in cos §,, was done in three steps.

The MiniBooNE CCQE-like data set is defined as the
processes where one muon and no pions are observed in the
final state. Yet, in the analysis, the CCQE-like data have partly
been corrected for A currents by subtracting pionless A decays
from the data [57].

The CRPA approach combined with 2N knockout of MEC
and SRC pairs reproduces the strength and shape of the forward
bin in Fig. 13 very well, however, the predictions and data
appear to be shifted over some 50 MeV. The agreement in the
bin with more backward lepton scattering is less satisfactory,
as a large fraction of the measured strength is not accounted
for by the calculations.

In Fig. 14, the corresponding double differential results for
two T2K angular bins are shown as a function of the muon

0.9 < cosf, <0.94 0.84 < cost, <0.9
T T T

T T T T T
2p2h MEC (no A)
120 .o 2p2h SRC

} A ==
et T : ‘
0 200 400 600 800 1000 0 200 400 600 800
pu (MeV/c) pu (MeV/c)

1000

do/dp,dcosf,)(10~*2cm?/(MeV/c))
f f

(a)

momentum p,,. Two bins were used for the averaging over
cos,. In the top panels, the results are compared with the
inclusive data, i.e., processes with pions in the final state are
included. In the bottom panels, the results are compared with
T2K CCOr data, defined as the processes where no pions are
observed in the final state. These data were not corrected
for the A-current contribution, and they should be included
in the 2N knockout channel for a complete description of
the data.

The theoretical predictions already reproduce the inclusive
data in Fig. 14(a) rather well, while extra strength from A
currents and pion production still has to be included for
a complete description of the data. If A-current and pion
production contributions are of the order of those found in
Martini et al. [59], Megias et al. [60], or GiBUU [61], some
overestimation might be expected.

Similar results are obtained for the prediction of the CCOx
data in Fig. 14(b). The prediction already appears to be on the
high side, while the A-current contribution has not yet been
included. The 1p1h calculations in the CRPA approach already
overestimate part of the data, hence little room is left to add
the necessary 2p2h channel without overpredicting the data. A
satisfactory description of the data is not strictly ruled out since
all possible interference effects between the contributions
should be included, and the flux normalization error of the
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FIG. 14. T2K flux-folded double differential cross sections per target nucleon for >C(v,,,1+~). The solid line is the incoherent sum of
the CRPA, MEC, and SRC contributions. The experimental error bars represent the shape uncertainties, flux uncertainties are not included.
(a) Inclusive T2K data from Ref. [62]. (b) CCOx T2K data from Ref. [63].
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data should be accounted for. However, the prediction will
undoubtedly be on the high side.

The results of the flux-folded double differential cross
sections are in line with the unfolded cross sections displayed
in Fig. 12. The strength of the SRCs is a factor 3 to 5 larger
than that of the MECs.

VI. SUMMARY

In this work we studied the effect of seagull and pion-in-
flight currents on vA cross sections. The research presented
here is part of a larger project studying multinucleon effects
on VA interactions. The presented formalism provides a
framework for the treatment of MECs and SRCs in the
calculation of exclusive, semiexclusive and inclusive 1N and
2N knockout cross sections.

The standard expressions for the vector seagull and pion-in-
flight currents were used. For the axial current, three different
prescriptions are used. The first version is constructed by
multiplying the axial seagull current by G 4(Q?). The second
expression followed after a nonrelativistic reduction of the
axial seagull current in Ref. [23]. The third expression was
derived in Ref. [34], where a two-nucleon version of the PCAC
hypothesis was used to constrain the current.

The second expression of the axial seagull current yields an
unrealistically large 2N knockout contribution to the inclusive
double differential cross section. This unrealistic behavior
might be related to the pion-pole current. This current was not
taken into account in this work, but in Ref. [23] it was included
to fulfill the PCAC relation. For small w, the first expression
of the axial seagull current and the current labeled “axi” result
in a similar increase of the responses in the 1N knockout
channel and give rise to comparable 2N knockout strength.
For larger w, the current labeled “sea,1” consistently yields
more strength. The axial current “axi” fits most naturally in
the model presented in this work, since it fulfills the two-body
version of the PCAC hypothesis. We will be guided by the
conclusions drawn from this research for the inclusion of axial

J
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A currents in future work, which are generally assumed to
provide the largest strength.

The inclusion of MECs in double differential cross section
calculations of electron and neutrino scattering interactions
yields relatively small effects, as the various terms tend to
cancel each other. The inclusion of seagull and pion-in-flight
currents in electron scattering interactions results in a small
increase of the 1plh channel and a broad background 2p2h
strength. For neutrino scattering, the combined effect of the
MECs on the 1plh channel is very small. The 2N knockout
strength appears as a background to the 1plh channel,
extending into the dip region where the data is severely
underpredicted by the IA. The MECs account for only a small
fraction of the missing strength.

Accounting for long-range correlations in the 1 N knockout
channel in a CRPA approach and MECs and SRCs in the
2N knockout channel, a fair agreement with the MiniBooNE
CCQE-like data is reached in the bin 0.8 < cosf, < 0.9.
For 0.4 < cosf, < 0.5, some strength is missing. A fair
agreement with the T2K data is reached. Taking interference
effects and the additional flux normalization uncertainty into
account, there is room for the extra strength from A currents
and pion production.

The results presented here used 2Casa target nucleus, but
the model is general and can be used for all target nuclei with
a 0" ground state such as '°0 and “°Ar.
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APPENDIX: MATRIX ELEMENTS

The standard expressions for the multipole operators and the nuclear currents are used in this work; see, e.g., Refs. [9,39]. The
2p2h matrix elements for the vector part of the seagull and pion-in-flight currents are given in Ref. [10]. The matrix elements for

the three axial currents of Eqgs. (11)-(13) are given by
(abs T MG 53 (1,2)]lled: o)

84 J5 =+l
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In the matrix elements, we used the shorthand notation a = (n4,14,1/2, j,). The radial transition densities (a| |6 711b), are defined
such that they are related to the full matrix elements as (a||O;||b) = f dr{al|Oy||b),. The matrix element for the axial current
“axi” is obtained by removing the G 4(Q?) in Eq. (A1) and introducing the p-dependent form factor Fy (p?).
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