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PREAMBLE

? Nuclear Many-Body Theory is based on the tenet—strongly supported
by low-energy nuclear phenomenology—that nucleon dynamics can be
described by the Hamiltonian

HA =
A∑
i=1

p2
i

2m
+

A∑
j>i=1

vij +
A∑

k>j>i=1

Vijk ,

and the associated electro-weak current operator

J(q) =
A∑
i=1

ji +
A∑

j>i=1

jij + . . . .

? The electromagnetic current—trivially connected to the vector
component of the weak current—is related the nuclear Hamiltonian
through the continuity equation

∇ · Jem + i[H, J0
em] = 0
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EARLY ELECTRON SCATTERING STUDIES

? In the late 1970s, significant two-nucleon meson-exchange current
(MEC) contributions, leading to the excitation of 2p2h final states, were
advocated to explain the discrepancy between the measured A(e, e′)
cross sections and the predictions of the Relativistic Fermi Gas (RFG)
model in the dip region, between the quasi-elastic and ∆-production
peaks, corresponding to ω ∼ Q2/m

? Calculations by
T.W. Donnellly
et al., PLB 76, 393 (1978).
RFGM + MEC

? Data from E.J. Moniz
et al., PRL 26, 445 (1971)
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Fig. 2. Deep inelastic electron scattering cross section for 12C 
(data from ref. [6] ). 
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counting involved in the simultaneous use of  the MEC 
including diagram 1 d and the isobar production calcu- 
lation due to inclusive nature of  the isobar calculation. 
A new calculation of  pion production which is con- 
sistent with out classification scheme is nearing com- 
pletion [9] and shows that this double counting is 
small. We emphasize that in the interesting region below 
pion threshold no double counting can occur. 

In fig. 2 the results of  our calculations for electron 
scattering on 12C are shown. The borken line is the 
usual one-body quasielastic calculation. The dashed 
line represents pion production proceeding through 
the A(1232) isobar resonance, calculated as in previous 
work [6], but employing the free width o f  the isobar. 
The solid line shows the exchange current contribu- 
tion to the cross section. We note that in the "dip" 
region the MEC provide a significant contribution to 
the electron scattering cross section. Also it can be 
seen that the MEC effects are significant in the region 
where real pion production is kinematically forbidden 
i.e. where the energy transfer co is less than the mass 
of the pion. By working at low q it is possible to 
select kinematical conditions such that the "dip" re- 
gion lies below threshold for pion production. Under 
such conditions we find the MEC effects still contri- 
bute significantly. 

Our present calculations represent a comparatively 
simple description of  the deep inelastic electron scat- 
tering process on nuclei. As a result only qualitative 
comparison between theory and experiment is possible. 
In order to answer the quantitative question of  whether 
or not MEC effects explain the cross section in the "dip'  
region, improved calculations of  the quasielastic cross 
section and especially of  the isobar knockout process 
are required. Work on extending the calculation along 
these lines is in progress. We note that if one allows for 
enough freedom in the treatment of  the isobar knock- 
out process, one can, as has been shown by Do Dang 
[10],  mock up the cross section in the "dip" region 
while neglecting the contribution of  MEC effects. 

From our present calculations we conclude the 
following: 

(1) MEC provide significant contributions to the 
deep inelastic electron scattering cross section and, in 
particular, tend to fill in the "dip" region above the 
quasielastic peak. 

(2) These contributions are appreciable even below 
pion threshold. This can provide a relatively clean 
method of  studying these interesting effects. 

(3) To the order of  approximation employed here 
MEC contributions are entirely transverse and conse- 
quently show up most prominantly at large scattering 
angles. Ideally one would like to have a Rosenbluth 
plot separation of  the longitudinal response function, 
where these effects are absent, from the transverse 
response function, where the contributions are im- 
portant. 

The first two authors (TWD and JWVO) wish to 
thank R.D. Peccei and W.C. Haxton for useful discus- 
sions on this problem. 
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ENTER NUCLEAR DYNAMICS

? Taking into account the effects of nuclear dynamics not included in the
RFGM leads to the appearance of sizeable asymmetric tails, originating
from both initial state dynamics—primarily Short-Range Correlations
(SRC)—and Final State Interactions (FSI)

? Nuclear electromagnetic
response in the
longitudinal channel,
unaffected by MEC

? J.E. Amaro et al.,
Eur. Phys. J. Spec. Top.
230, 4321 (2021)

? Data from J. Jourdan,
NPA 603, 17 (1996)
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Fig. 1 Left panel: Phenomenological SuSA scaling func-
tion versus ψ′ in the QE region together with (e, e′) longitu-
dinal scaling data from Ref. [26]. The RFG scaling function
is also shown as reference. Right panel: RMF longitudinal

scaling functions for (e, e′) at different q values compared
with (e, e′) longitudinal scaling data from Ref. [26]. In the
inner smaller plot a reduced-χ2 analyses shows a minimum
at q = 650 MeV/c. Figure adapted from Ref. [16]

Scaling and superscaling properties of electron-
nucleus interactions have been analyzed in detail in
a series of previous works [12–14,22–25]. The impor-
tance of this phenomenon to test the validity of any
nuclear model aiming to describe electron scattering
reactions has been clearly proven. The model, denoted
as the super-scaling approach (SuSA), is entirely based
on the phenomenology, making use of a unique, uni-
versal, scaling function extracted from the analysis of
the longitudinal electron scattering data (see Fig. 1).
Notice that the behavior and properties of the exper-
imental superscaling function constitute a strong con-
straint for any theoretical model describing QE electron
scattering. Not only should the superscaling behavior
be fulfilled, but also the specific shape of the longitu-
dinal scaling function, f exp

L , must be reproduced. The
SuSA model assumes the longitudinal phenomenologi-
cal scaling function to be valid also in describing the
transverse channel, i.e., fL = fT .

In recent years, we have explored in detail the exten-
sion of SuSA to neutrino-nucleus scattering. Due to
the complexity of the weak process, with an increased
number of nuclear responses compared with the pure
electromagnetic one, and the particular role played by
the axial term in the weak current, we have developed
an improved version of the superscaling model, called
SuSAv2 [16]. Contrary to the original SuSA [15,21,27]
where a universal scaling function based on electron
scattering data is used, the new SuSAv2 model incor-
porates relativistic mean field (RMF) effects [24,25] in
the longitudinal and transverse nuclear responses, as
well as in the isovector and isoscalar channels that is
of great importance to describe charged-current (CC)
neutrino reactions that are purely isovector [28].

The origin of the SuSAv2 approach is based on the
capability of the RMF to describe properly the scaling
behavior of the electron scattering data. As shown in
previous works [24,25], RMF is one of the few micro-

scopic models capable of reproducing the asymmetric
shape of the phenomenological scaling function with
a long tail extended to high values of the transfer
energy (large values of ψ′). Moreover, RMF produces
an enhancement in the transverse scaling function, a
genuine dynamical relativistic effect linked to the lower
components in the wave functions, that is supported
by the analysis of data. The RMF framework to finite
nuclei has proven to successfully reproduce the scaling
behavior shown by data at low to intermediate q val-
ues (see Fig. 1). However, the model clearly fails at
higher momentum transfers where final state interac-
tions (FSI) are expected to be weaker. This is due to
the RMF strong energy-independent scalar and vector
potentials used in the final state that lead to too much
asymmetry in the scaling functions and shift the QE
peak to very high transfer energies, in clear disagree-
ment with data. To remedy this shortfall of the RMF
model, the SuSAv2 incorporates both the RMF scaling
functions at low-to-intermediate q values and the rel-
ativistic plane wave impulse approximation (RPWIA)
ones at higher q using a q-dependent blending func-
tion that smoothly connects the two regimes (see Refs.
[17,29] for details). A similar solution to this drawback
of the RMF model has been taken in the recent energy-
dependent RMF (ED-RMF) approach [30,31] where
RMF potentials are multiplied by a blending function
inspired by the SuSAv2 one that scales them down as
the kinetic energy of the scattered nucleon increases,
also preventing non-orthogonality issues. This model
predicts both lepton and nucleon kinematics, showing
a similar agreement on electron and neutrino data with
SuSAv2.

In summary, the SuSAv2 model and, for exten-
sion, the ED-RMF one reproduce the experimental
longitudinal scaling data, gives rise to an enhance-
ment in the electromagnetic transverse channel, i.e.,

f
(e,e′)
T > f

(e,e′)
L , takes into account the differences in the

123

? One- and two-nucleon current contributions must be treated
consistently, within a realistic unified model
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A POPULAR SEMI-PHENOMENOLOGICAL MODEL

? In the superscaling model (SuSA) the single-nucleon knock out
contribution to the cross section is obtained from inclusive data

? MEC contributions computed within the RFGM, including only
transitions to 2p2h final states

? J.E. Amaro et al.,
Eur. Phys. J. Spec. Top.
230, 4321 (2021)

? Carbon data from
P. Barreau et al., NPA 402,
515 (1983)

4328 Eur. Phys. J. Spec. Top. (2021) 230:4321–4338

0 0.1 0.2 0.3 0.4
ω (GeV)

0

1000

2000

3000

4000

5000

d2 σ/
dΩ

dω
 (n

b/
G

eV
/sr

)

QE
2p-2h MEC
Inelastic
Total

E=560 MeV, θ=60o, qQE=508 MeV/c 

0 50 100 150 200 250 300 350
ω (MeV)

0

0.005

0.01

0.015

0.02

0.025

R 
(M

eV
-1

)

q=570 MeV/c

0 0.1 0.2 0.3 0.4 0.5 0.6
ω (GeV)

0

5000

10000

15000

20000

25000

30000

d2 σ/
dΩ

/d
ω

 (n
b/

G
eV

/sr
)

QE
2p-2h MEC
Inelastic
Total

16O, E=737MeV, θ=37.1o

1.61.2 1.4 1.8 2 2.2
E’(GeV)

0

20

40

60

80

100

120

140

d2 σ/
dΩ

/d
ω

 (n
b/

G
eV

/sr
) QE

2p-2h MEC
Inelastic
Total

40Ar, E=2.222 GeV, θ=15.541o

Fig. 4 Top left panel: The 12C(e, e′) cross sections
from Refs. [39,40] compared with SuSAv2-MEC predic-
tions. The separate QE, 2p-2h and inelastic contributions
are also shown. Figure adapted from Ref. [29]. Top right
panel: 12C(e, e′) longitudinal (solid) and transverse (dashed)
responses at q = 570 MeV/c. QE, 2p2h and inelastic contri-
butions are shown, respectively, as green, blue and orange

lines. The total response is shown by the black lines. Data
from Ref. [26]. Figure adapted from Refs. [18,41]. Bottom
panels: The (e, e′) cross section (left) for 16O from Ref.
[58] and for 40Ar (right) from Ref. [59] compared with the
SuSAv2-MEC model. The separate QE, 2p-2h and inelastic
contributions are also displayed. Figures adapted from Refs.
[42] and [57], respectively

electron scattering, focusing on the reaction (e, e′N)
in which the scattering electron and a nucleon are
assumed to be detected in the final state. Then, in addi-
tion to the electron kinematical variables introduced
above, we have an outgoing nucleon with 4-momentum
Pµ

N = (EN ,pN ) involving 3-momentum pN and polar
and azimuthal angles θN and φN , respectively, together
with energy EN =

√
p2

N + m2
N . No other particles are

assumed to be detected, although, depending on the
specific kinematics, they must be present (see below).
The magnitude of the nucleon’s 3-momentum is given
by pN = |pN |. Apart from the detected nucleon, the
final state contains an undetected hadronic system hav-
ing missing 4-momentum (EB ,pB), namely, a total
energy of EB and a missing 3-momentum pB ≡ pm. In
the following we shall assume that the detected nucleon
is a proton. One then has

pm = q − pN . (19)

The undetected hadronic system has invariant mass
MB (M0

B at threshold with MB ≥ M0
B) and total

energy

EB = TB + MB =
√

(MB)2 + pm
2 , (20)

which defines the kinetic energy of the unobserved final-
state system, TB . From Eq. (20) one has

EB = ε − ε′ − TN + (M0
A − mN ) , (21)

where M0
A is the target ground-state mass and TN =

EN −mN is the kinetic energy of the detected nucleon.
This leads to the following expression for the so-called
missing-energy,

Em = ε − ε′ − TN − TB . (22)

123

? The SuSA model is inherently unable to take into account interference
between 1p1h and 2p2h amplitudes
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A MORE ADVANCED MODEL: FACTORISATION

? Factorisation of the nuclear cross section allows to treat one- and
two-body current contributions within a consistent framework, using
spectral functions obtained from a state-of-the-art microscopic model of
nuclear dynamics and fully relativistic current operators

? N. Rocco et al., PRL 116,
192501 (2016)

? Carbon data from
R. Sealock et al., PRL 62,
1350 (1989)
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GREEN FUNCTION MONTE CARLO

? The Green Function Monte Carlo (GFMC) technique allows one to
perform ab initio calculations of the nuclear response in the non
relativistic regime. All one- and two-body current contributions,
including interference, consistently taken into account

? Lovato et al., PRC 91,
062501 (2015); red:
one-body current only;
blue: full calculation

? Transvere response of
Carbon at q = 600 MeV
from J. Carlson et al. PRC
65, 024002 (2002);
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sgd rnktshnm nm sgd bgnhbd ne sgd oqhnq) vd g]ud trdc svn
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sn �pd + ωC � 084 LdU- Sgd vhcsg ne sgd pt]rhdk]rshb od]j
hr ]krn rddm sn ad bnqqdbskx qdoqnctbdc¯sgd mnmqdk]shuhrshb
Edqlh f]r e]hkr sn oqdchbs sghr pt]mshsx ]s lnldmstl sq]mredqr
p ∼ 5// LdU ]r hm Ehf- 2- Sgtr) dudm ]s sgdrd qdk]shudkx ghfg
lnldmstl ]mc dmdqfx sq]mredqr) sgd mnmqdk]shuhrshb cxm]lhb]k
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gntqr- Vd ]qd dw]lhmhmf hloqnudc ldsgncr hmbktchmf sgd trd
ne bnqqdk]sdc r]lokhmf sg]s bntkc hloqnud sgd de“bhdmbx ne
sghr hmudqrhnm- Vd ]qd ]krn dwoknqhmf ldsgncr sn dwsdmc sgdrd
qdrtksr sn k]qfdq mtbkdh-

Nm sgd a]rhr ne sgd oqdrdms 3Gd ]mc 01B b]kbtk]shnmr)
] bnmrhrsdms ohbstqd ne sgd dkdbsqnvd]j qdronmrd ne mtbkdh
dldqfdr) hm vghbg svn,ancx sdqlr hm sgd mtbkd]q dkdbsqnvd]j
btqqdms ]qd rddm sn oqnctbd rhfmh“b]ms dwbdrr sq]mrudqrd
rsqdmfsg eqnl sgqdrgnkc sn sgd cho qdfhnm ]mc adxnmc- Rtbg
] ohbstqd hr ]s u]qh]mbd vhsg sgd bnmudmshnm]k nmd ne hmbktrhud
pt]rhdk]rshb rb]ssdqhmf) hm vghbg rhmfkd,mtbkdnm jmnbjnts hr
dwodbsdc sn ad sgd cnlhm]ms oqnbdrr hm sghr qdfhld-

Vd sg]mj H- Rhbj enq oqnuhchmf tr vhsg sgd c]s] nm
sgd qdronmrd etmbshnmr ne 3Gd ]mc 01B- Trdetk chrbtrrhnmr
vhsg N- Admg]q) I- Ftadqm]shr) ]mc M- Qnbbn ]qd ]krn
fq]sdetkkx ]bjmnvkdcfdc- Sghr qdrd]qbg hr rtoonqsdc ax sgd
TR Cdo]qsldms ne Dmdqfx) Ne“bd ne Rbhdmbd) Ne“bd ne
Mtbkd]q Ogxrhbr) tmcdq Bnmsq]bsr Mn- CD,;B/1,/5BG00246
’;-K- ]mc R-B-O-() Mn- CD,;B/1,/4BG00120 ’R-F- ]mc I-B-()
]mc Mn- CD,;B/4,/5NQ12066 ’Q-R-() sgd MTBKDH RbhC;B
oqnfq]l) ]mc ax sgd K;MK KCQC oqnfq]l- Tmcdq ]m ]v]qc
ne bnlotsdq shld oqnuhcdc ax sgd HMBHSD oqnfq]l) sghr
qdrd]qbg trdc qdrntqbdr ne sgd ;qfnmmd Kd]cdqrgho Bnlotshmf
E]bhkhsx ]s ;qfnmmd M]shnm]k K]anq]snqx) vghbg hr rtoonqsdc
ax sgd Ne“bd ne Rbhdmbd ne sgd T-R- CND tmcdq bnmsq]bs
CD,;B/1,/5BG00246- Vd ]krn trdc qdrntqbdr oqnuhcdc ax
Knr ;k]lnr Nodm Rtodqbnlotshmf ]mc ;qfnmmd%r KBQB) ]mc
ax sgd M]shnm]k Dmdqfx Qdrd]qbg Rbhdmsh“b Bnlotshmf Bdmsdq)
vghbg hr rtoonqsdc ax sgd Ne“bd ne Rbhdmbd ne sgd T-R- CND
tmcdq Bnmsq]bs Mn- CD,;B/1,/4BG00120-

Y0[ F- Rgdm) K- D- L]qbtbbh) I- B]qkrnm) R- F]mcnk“) ]mc Q-
Rbgh]uhkk]) Ogxr- Qdu- B 75) /244/2 ’1/01(-

Y1[ Rdd Rtookdldms]k L]sdqh]k ]s gsso9..khmj-]or-nqf.rtookdldms]k.
0/-00/2.OgxrQduB-80-/514/0 enq sdbgmhb]k cdrbqhoshnm ne sgd

/514/0,4

? The contribution of MEC, critical to explain the data, peaks at energy
transfer ω ≈ Q2/2m, corresponding to single nucleon knock-out. MEC
appear to mainly play a role through transitions to 1p1h final states
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ONE- AND TWO-NUCLEON CURRENTS IN GFMC

? OB, A. Lovato and
N. Rocco, PRC 92, 024602
(2015). Green: one-body
current only; red:
one-body + two-body, no
interference; blue: full
calculation

? Transvere response of
Carbon at q = 600 MeV
from J. Carlson et al. PRC
65, 024002 (2002);

? Transverse sum rule of 12C

? Interference terms appear to play a critical role. However the sum rule
does not allow identify the energy dependence of their contribution
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PIONEERING NUCLEAR MATER STUDIES

? In the late 1990s, the transverse electromagnetic response of nuclear
matter was obtained from a realistic Hamiltonian and the associated
MEC using the formalism of Correlated Basis Function (CBF)
perturbation theory; A. Fabrocini, PRC 55, 338 (1997)

? Non relativistic
calculation, performed
including only
contributions of 1p1h
final states

? Iron data from J. Jourdan,
NPA 603, 117 (1996)

? Comparison to Iron data at q = 380 MeV

termediate D-isobar excitation currents. Ground and 1p1h
correlated states are included and the decay into 2p2h states
is implemented by folding RT

1p1h(q ,v) with the imaginary
part of the optical potential.
Our results indicate that MEC’s, evaluated in a Jastrow

correlated model, quench the IA response. In this case,
the situation is qualitatively close to what was found
by Amaro et al. in Ref. @17# in both shell and Fermi gas
models. The net quenching mainly originates from a strong
cancellation between the positive contact and the negative
D terms.
The introduction of tensor-isospin-dependent correlations

drastically changes this picture. The D contribution is
largely modified, as it becomes positive and increasing
with the momentum transfer. As a result, MEC’s produce
an extra strength ~10–20 %! in the QE peak region. This
is in agreement with exact GFMC calculations in light
nuclei.

�-like exchange currents give a small additional enhance-
ment. We also found that using standard one-boson-
exchange currents does not significantly change our
results.
Two recently derived experimental responses in

40Ca have consistently lowered the QE peak respect to
previous estimates. The new data and the CBF NM
responses are in reasonable agreement and the comparison
seems to show too large MEC effects at low momenta.
The obvious caveat to bear in mind is that this compar-
ison is made between finite nuclear systems
and infinite, homogenous nuclear matter. The CBF theory
has been recently extended @37# to deal with ground state
properties of nuclei as heavy as 208Pb, with Jastrow
and isospin-dependent correlations. It is conceivable that, in
the near future, it will be possible to use the theory to
microscopically compute the finite nuclei responses, employ-
ing richer correlations, as those of nuclear matter. Presently,
the density-dependent NM results might be used in a
local density approximation for a closer comparison with the
experiments.
Moreover, relativistic corrections could affect the

FIG. 6. Transverse responses at q5300 ~a!, 380 ~b!, and 570 ~c!
MeV/c for 40Ca and nuclear matter. See text.

FIG. 7. Transverse responses at q5380 ~a! and 570 ~b! MeV/
c for 56Fe and nuclear matter. See text.

346 55ADELCHI FABROCINI

? More nuclear matter calculations performed within CBF perturbation
theory are under way
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RECENT RMF STUDIES

? Relativistic Mean-Field Model, extended to consistently describe Final
State Interactions and corrected to account for ground-state correlations;
T. Franco-Munoz et al. arXiv:2203.09996 [nucl-th]

? Fully relativistic current operator, only transitions to 1p1h final states
included

? Figure courtesy of
Raul Gonzáles-Jiménez

? Data from JLab expt
E12-14-012; H. Dai et al.,
PRC 99, 054608 (2019)

? The two-body current
contribution, yielding
∼ 20% of the full cross
section, peaks at
ω ≈ Q2/2m

? Argon target
Ee = 2.2 GeV, θe = 15.5 deg
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SUMMARY OF ELECTRON SCATTERING RESULTS

? MEC give sizable contributions to the electron-nucleus scattering cross
section over a broad kinematic range

? MEC play an important role in both the 1p1h and 2p2h sectors. The
corresponding cross sections exhibit distinctive energy dependences

? Interference between contributions play a significant role, and must be
described in a consistent fashion using a realistic dynamical model
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NEUTRINO-NUCLEUS INTERACTIONS IN THE 0π CHANNEL
I OB, P. Coletti and D. Meloni, PRL 105, 132301 (2010)

. Electron scattering data taken at
MIT-Bates; J. S. O’Connell et al.,
PRC 35, 1063 (1987)

. MiniBooNe data;
A.A. Aguilar-Arevalo et al.,
PRD 81, 092005 (2010)

I Processes involving MEC—often misleadingly referred to as 2p2h
contributions—have been advocated as the main source of the missing
strength
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ELECTRON AND NEUTRINO-NUCLEUS INTERACTIONS

? Compared to the electron-nucleus cross sections, the measured
neutrino-nucleus cross sections involve two important differences:

I the average over a broad neutrino flux, which severely hampers a
clear-cut identification of different reaction mechanisms

I a large contribution of the axial-vector current

? Jen et al. PRD 90, 093004
(2014); dipole fit with
MA = 1.03 GeV

? The size of the contribution from two-nucleon currents is strongly
affected by the uncertainty on the axial structure of the nucleon
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Q2-DEPENDENCE OF THE AXIAL FORM FACTOR

? The available data, from both MiniBooNE and T2K, can be explained
using the dipole parametisation of the axial form factor and a nucleon
axial mass significantly larger than the canonical value MA = 1.03 GeV

? The results of lattice calculations recently reported by the NME
Collaboration point to a significantly different Q2 dependence

I Comparison between the
results of Park et al.,
PRD 105, 054505 (2022),
obtained from lattice
calculations and the
dipole parametrisation

FA(Q2) = gA
(
1+Q2/M2

A

)−1
0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2

Dipole, MA = 1.03 GeV

Dipole, MA = 1.20 GeV

Dipole, MA = 1.35 GeV
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F
A
(Q

2
)

Q2 [GeV2]

? At Q2 <∼ 0.5 GeV2 the dipole fit with MA = 1.2 GeV is remarkably close
to the lattice results
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RECENT EXPERIMENTAL DEVELOPMENTS

? The MINERνA collaboration has recently reported the results of an
analysis aimed at obtaining the axial form factor from the cross section
of the process ν + p→ µ+ + n; T. Cai et al., Nature 614, 48 (2023)

I Ratio between the axial
form factor extracted
from the MINERνA
measurements
and the dipole
parametrisation with
MA = 1.014 GeV

52 | Nature | Vol 614 | 2 February 2023

Article

uncertainties at all Q2. Systematic uncertainties arise from the small 
remaining differences, due in part to the regularization, between the 
post-fit background prediction in each systematic variation of the 
input model. The dominant systematic uncertainties in this measure-
ment are the neutron secondary interaction in the detector (4.8%), the 
normalization in the CCQE cross-section (4.5%), the muon energy scale 
(4.2% from MINOS and 3.1% from MINERvA), the flux (3.9%), neutron 
FSI (approximately 3%) and the 2p2h process (2.3%).

Theory prediction of the measured cross-section requires input 
from the electromagnetic vector form factors, the axial form factor, 
the muon momentum and angle restrictions described above, and 
convolution between the free nucleon cross-section with the anti-
neutrino flux. The electromagnetic form factor used in this study 
assumes the BBBA2005 (ref. 31) parameterization. The axial form fac-
tor used by most neutrino experiments and generators36,42,49,57,58 
assumes a dipole form, F Q F Q M( ) = (0)(1 + / )A

2
A

2
A
2 −2, which is an approx-

imation derived from the Fourier transform of an exponential charge 
distribution. In this ansatz, the shape of FA depends only on the axial 
mass term MA. A more general form, consistent with QCD, is the z 
expansion formalism59, which maps the one-dimensional variable 
t = −Q2 onto a unit circle bounded by t m= 9cut π

2 , the threshold of 
three-pion production allowed by the axial current24:

∑

z Q t t
t Q t t

t Q t t

F Q a z

( , , ) =
+ − −

+ + −

( ) =

(8)

k

k

k
k

2
cut 0

cut
2

cut 0

cut
2

cut 0

A
2

=0

max

The hydrogen cross-section is fitted using FA from the z expansion 
with t0 = −0.75 (GeV/c)2, k = 8max . t0 is chosen so that the Q2 bins with 
precise cross-section measurements are distributed symmetrically 
around z = 0. Small variations in t0 have no impact on the fit result. kmax 
was chosen to be as small as possible while still enabling the fit to 
describe the data, as tested by a χ2 statistic. The fit to data includes a 
bound on the higher order terms24, such that ∣ak/a0∣ ≲ 5 and, for k > 5, 
∣ak/a0∣ ≲ 25/k. This bound is treated as a Gaussian regularization term 

during the χ2 minimization process with a strength parameter λ.  
The optimal λ of 0.13 was determined by an L-curve study comparing 
the minimum χ2 separated into the comparison to the data and  
the regularization. The behaviour of FA at low Q2 is constrained by 
FA(0) = −1.2723 ± 0.0023, the axial vector coupling as measured in beta 
decay. A more detailed discussion of the fitting method can be found 
in the Methods.

The resulting cross-section fit (in red) is shown on the left of Fig. 4 as 
ratio to a predicted dipole cross-section with MA = 1.014 GeV/c2, together 
with the predicted cross-section using FA from the Meyer24 fit (in yellow) 
on deuterium data and a fit derived jointly from deuterium and pion 
electroproduction data (BBBA2007, in dotted blue)25. The resulting 
form factor as a ratio to the dipole form factor is shown on the right. 
The cross-section ratio scales approximately linearly with FA ratios due 
to suppression of the A term in equations (4) and (5). The nucleon axial 
radius from the fit to this result is r r≡ ' ( = 0.73(17) fmA A

2 .
This result is the first statistically significant measurement, as far as 

we are aware, of the axial vector form factor on free protons without 
nuclear corrections or other theoretical assumptions. Theoretical 
uncertainties from the carbon background have been minimized by 
data-driven methods. By providing a precise and reliable prediction 
for the charged-current elastic scattering from nucleons, neutrino 
measurements on higher Z nuclei can benefit from better constrained 
nucleon effects to expose the nuclear effects. The method developed 
in this study will enable future experiments with hydrogen content in 
the target18,19 to make further measurements of the axial form factor. 
Future experiments with intrinsic three-dimensional capability would 
be able to observe the directions of low-energy neutron candidates, 
and improve the low Q2 measurement with more statistics.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05478-3.
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Fig. 4 | Ratios of data and fitted axial vector form factor to a dipole model. 
Left, ratios of cross-sections to dipole cross-section with MA = 1.014 GeV/c2.  
The inner error bars on the data points account for 1 standard deviation due to 
statistical uncertainty only, and the full error bars include all sources of 

systematic uncertainties. Right, ratios to the dipole form factor. The hydrogen 
(this work) and deuterium24 FA fits use the z expansion formalism; BBBA2007 
(ref. 25) uses a different empirical fit to deuterium and π-electroproduction 
data; whereas LQCD is a recent fit to lattice QCD calculations14.
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IMPACT OF LATTICE (& MINERνA) RESULTS

? Replacing the MA = 1.03 MeV dipole parametrisation with the lattice
axial form factor of Parks et al. leads to a ∼ 10− 15% enhancement of
the single-nucleon knock out cross section, entailing a corresponding
reduction of the missing strength

? Theoretical calculations
carried out using the
same carbon spectral
function as in PRL 105,
132301 (2010)
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? Similar pattern observed at all muon emission angles
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COMPARISON TO T2K DATA

? A comparison to T2K CCQE data [K. Abe et al.. PRD 93, 112012 (2016)]
suggests in this instance there is less room for contributions other than
single-nucleon knock out
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? This observation is consistent with the results of the analysis of T2K
data based on the dipole parametrisation of the axial form factor,
yielding MA = 1.26 GeV (to be compared with MA = 1.35 GeV
reported by MiniBooNE)
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? Similar pattern observed at all muon emission angles
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SIMILAR ANALYSIS BY SIMONS et al. (ARXIV:2210.02455 [HEP-PH])

? MiniBooNE data analysed using the GFMC and SF formalisms and
different prescriptions for the axial form factor

13

MiniBooNE 0.2 < cos ✓µ < 0.3 0.5 < cos ✓µ < 0.6 0.8 < cos ✓µ < 0.9
SF Di↵erence in d�peak (%) 16.3 17.1 9.3

GFMC Di↵erence in d�peak (%) 18.6 17.1 12.2

T2K 0.0 < cos ✓µ < 0.6 0.80 < cos ✓µ < 0.85 0.94 < cos ✓µ < 0.98
SF di↵erence in d�peak (%) 15.3 8.2 3.3

GFMC di↵erence in d�peak (%) 15.8 8.0 4.6

TABLE II. Percent increase in d�
dTµd cos ✓µ

at the quasielastic peak between predictions using LQCD Bali et al./Park et al.

z expansion versus D2 Meyer et al. z expansion nucleon axial form factor results.

FIG. 7. The ⌫µ flux-averaged di↵erential cross sections for MiniBooNE. The top panel shows Spectral Function predictions in
three bins of cos ✓µ with the D2 Meyer et al. z expansion FA in blue, as well as the LQCD Bali et al./Park et al. z expansion
FA in green. The dipole parameterization with MA = 1.0 GeV is shown without uncertainties as a black line. The lower
panel shows GFMC predictions using the same set of axial form factors, although in the GFMC case systematic uncertainties
including those arising from inversion of the Euclidean response functions are included in all results and the MA = 1.0 GeV
dipole form factor results are therefore shown as a black band.

dipole parameterization of FA as well as modified dipole
parameterizations of CA

5 , and therefore it is possible that
these uncertainties are still underestimated. Even less is
known about the uncertainty in determining ⇤R [89]. A
15% variation in either CA

5 (0) or ⇤R changes the flux-
averaged cross section by roughly 5%, and it will there-
fore be important to obtain more information on these
parameters in order to achieve few-percent precision on
cross-section predictions.

Focusing now on FA, Figs. 7 and 8 compare flux-
averaged cross sections with di↵erent axial form factor
determinations: a dipole form factor with MA = 1.0
GeV, the D2 Meyer et al. z expansion, and the LQCD
Bali et al./Park et al. z expansion. One can see that

the LQCD z expansion increases the normalization of
the cross section across the whole phase space, with sig-
nificantly more enhancement in the bins of low cos ✓µ

corresponding to backward angles and higher Q2. This
is quantified in Table II, which shows the percentage dif-
ference in the peak values of d�

dTµd cos ✓µ
for the LQCD

and D2 z expansion results. The LQCD prediction in-
creases the peak cross section between 10-20%, with the
discrepancy growing at backwards angles.

To investigate the sensitivity of the flux-averaged dif-
ferential cross section to variations in the axial form fac-
tor, derivatives of the MiniBooNE cross section with re-
spect to the model-independent z expansion parameters
ak are computed as described in Sec. III A. Figure 9
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ONE- AND TWO-NUCLEON CURRENT CONTRIBUTIONS

? SF results do not include interference

11

MiniBooNE 0.2 < cos ✓µ < 0.3 0.5 < cos ✓µ < 0.6 0.8 < cos ✓µ < 0.9
GFMC/SF di↵erence in d�peak (%) 22.8 20.3 5.6

T2K 0.0 < cos ✓µ < 0.6 0.80 < cos ✓µ < 0.85 0.94 < cos ✓µ < 0.98
GFMC/SF di↵erence in d�peak (%) 13.4 7.3 10.0

TABLE I. Di↵erence in value of d�(E⌫)
dTµd cos ✓µ

at the quasielastic peak computed using GFMC and SF methods for MiniBooNE

and T2K flux-averaged double-di↵erential cross sections.

FIG. 4. Breakdown into one- and two-body current contributions of the ⌫µ flux-averaged di↵erential cross sections for Mini-
BooNE: 1b and 2b denotes one- and two-body current contributions while 12b denotes the total sum of these contributions.
The top panel shows Spectral Function predictions in three bins of cos ✓µ with the one-body contributions in orange, two-body
contributions in red, and the total in blue. The lower panel shows GFMC predictions with the same breakdown between one-
and two-body current contributions, although the two-body results include interference e↵ects only in the GFMC case. The
D2 Meyer et al. z expansion results for FA are used in both cases [65].

122] and pioneering LQCD calculations [118, 123], and
⇤R, which is a parameter that renormalizes the self en-
ergy of the �. These parameters have been chosen be-
cause they a↵ect the � piece of the two-body current,
which we have seen provides the largest contribution, as
well as because they are highly unconstrained.

contributions to neutrino-nucleus cross sections from C6 are sup-
pressed by lepton masses and therefore sub-dominant. A relation
between C6 and C5 analogous to Eq. (8) is also predicted by lead-
ing order chiral perturbation theory. See Refs. [85, 119] for more
details.

Each parameter was varied by ±5, 10% and the e↵ect
on the flux-averaged cross section at the peak of the two-
body contribution was computed. The e↵ect can be seen
in Fig. 6 where we have plotted the percent change in
the MiniBooNE cross section versus the percent change
in each parameter for 0.5 < cos ✓µ < 0.6, Tµ = 325 MeV.
This was fit to a line so that as in Sec. IIIA the ex-
tracted slope is an estimate of the derivative of the cross
section with respect to each parameter. The derivative
with respect to CA

5 (0) is estimated to be 0.31, mean-
ing that achieving a given cross-section uncertainty re-
quires CA

5 (0) to be known with . 3 times that uncer-
tainty. A similar though slightly smaller slope of 0.29 is
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COMPARISON TO T2K DATA

14

FIG. 8. The ⌫µ flux-averaged di↵erential cross sections for T2K. Details are as in Fig. 7.

FIG. 9. Percent change in peak value of MiniBooNE flux-averaged cross section for 0.5 < cos ✓µ < 0.6 vs. percent change in
the z expansion parameters ak. Results are shown for predictions using SF (black) and GFMC (blue) methods, including the
slopes extracted from linear fits.

shows the percent di↵erences in flux-averaged cross sec-
tions evaluated at the quasielastic peak that have been
computed using both GFMC and SF methods after in-
dependently varying each ak by ±5, 10%. The slopes of
the resulting linear fits provide model-independent deter-
minations of the sensitivity of the peak cross section to
variations in FA. It is clear that the impact of varying

each ak decreases as k increases, as expected since the
contribution of each ak is suppressed by the k-th power
of z(Q2) < 1. In particular, a 10% change in a0 results
in a 10% change to the peak cross section, while a 10%
change in a1 results in a 1% change in the peak cross
section, and 10% variation of ak with k � 2 leads to
sub-percent changes in the peak cross section. It is note-
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SUMMARY & OUTLOOK

? The disagreement between the first measured double-differential
neutrino-nucleus cross section and the prediction of simulation codes
led to the development of theoretical models including large MEC
contributions in the 2p2h sector, which appeared to be needed to
explain the data

? Theoretical studies of electron-nucleus scattering performed using
realistic dynamical models provide convincing evidence that the use of
oversimplified or incomplete models may be very misleading

? In interacting many-body systems, processes driven by one- and
two-nucleon currents lead to the appearance of both 1p1h and 2p2h
final states. Interference plays an important role, and must be taken into
account realistic model

? A firm assessment of the role of MEC in neutrino interactions requires
that the contribution of processes driven by the axial one-body current
be under control at quantitative level

? The impact of the recent determinations of the axial form factor must be
carefully investigated
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Thank you!
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PROCESSES INVOLVING TWO-NUCLEON CURRENTS

PROCESSES INVOLVING TWO-NUCLEON CURRENTS4326 Eur. Phys. J. Spec. Top. (2021) 230:4321–4338

Fig. 3 Feynman diagrams
for the electroweak MEC

(a) (b) (c)

(d) (e)

(f) (g) (h)

weak meson-exchange currents for inclusive CC neu-
trino scattering. The model is fully relativistic and
includes the diagrams of Fig. 3, involving one-pion
exchange and � excitation, taken from the pion pro-
duction model of [51].

The 2p2h matrix element of MEC depends on the
momenta, spin and isospin coordinates (1�, 2�; 1, 2) �
(p�

1s
�
1t

�
1,p

�
2s

�
2t

�
2;h1s1t1,h2s2t2) of the two holes, h1, h2,

and the two particles, p�
1, p�

2. It is the sum of four con-
tributions

jµ(1�, 2�; 1, 2) � jµ(p�
1s

�
1t

�
1,p

�
2s

�
2t

�
2;h1s1t1,h2s2t2)

= jµ
sea + jµ

� + jµ
pole + jµ

�, (15)

corresponding in Fig. 3 to the seagull (diagrams a,b),
pion in flight (c), pion-pole (d,e) and �(1232) excitation
(f,g,h,i). Their explicit expressions are given in Ref. [50].

The inclusive hadronic tensor in the 2p-2h channel is
computed by integration over all the 2p-2h excitations
of the RFG. Momentum conservation enforces p�

2 =
h1 + h2 + q � p�

1. Hence

Wµ�
2p2h =

V

(2�)9

�
d3p�1d

3h1d
3h2

m4
N

E1E2E�
1E

�
2

wµ�(p�
1,p

�
2;h1,h2)�(p�1, h1)�(p�2, h2)

�(E�
1 + E�

2 � E1 � E2 � �), (16)

where �(p�, h) � ✓(p��kF )✓(kF �h). The tensor inside
the integral is

wµ�(p�
1,p

�
2;h1,h2)

� 1

4

�

s1s2s�
1s�

2

�

t1t2t�1t�2

jµ(1�, 2�; 1, 2)�Aj�(1�, 2�; 1, 2)A ,

(17)

where jµ(1�, 2�, 1, 2)A is the antisymetrized MEC matrix
element

jµ(1�, 2�, 1, 2)A � jµ(1�, 2�, 1, 2) � jµ(1�, 2�, 2, 1) .

(18)

The factor 1/4 in Eq. (17) accounts for the antisymme-
try of the two-body wave function in isospin formalism,
to avoid double counting in the number of final 2p-2h
states.

Due to azimuthal symmetry around the z-axis—in
the q direction—we fix the azimuthal angle of particle 1’
��

1 = 0, and multiply by a factor 2�. The energy delta-
function enables integrating over p�1. Then Eq. (16) is
reduced to a seven dimensions integral that is computed
numerically [52,53]. The Dirac matrix elements of the
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Fig. 3 Feynman diagrams
for the electroweak MEC
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weak meson-exchange currents for inclusive CC neu-
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exchange and � excitation, taken from the pion pro-
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Due to azimuthal symmetry around the z-axis—in
the q direction—we fix the azimuthal angle of particle 1’
��

1 = 0, and multiply by a factor 2�. The energy delta-
function enables integrating over p�1. Then Eq. (16) is
reduced to a seven dimensions integral that is computed
numerically [52,53]. The Dirac matrix elements of the
currents are also computed numerically.

The 2p-2h inclusive cross section requires one to com-
pute the five weak response functions, RCC,CL,LL,T,T �

,
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THE TROUBLE WITH FLUX AVERAGE

? In neutrino-nucleus interactions, e.g. , νµ +A→ µ− +X , the beam
energy is unknown, and so is the energy transfer . As a consequence,
different reaction mechanisms contribute to the cross section at fixed
muon energy and emission angle

? This problem clearly emerges from the analysis of electron-scattering
data corresponding to different beam energies
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