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Weak production of 7 mesons induced by v,(¥,) at MicroBooNE energies
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We have studied neutral and charged current (anti)neutrino induced # production off the free nucleon
target at MicroBooNE energies, in the light of recent results reported by the MicroBooNE collaboration for
the total 5 production cross section. This study has been made using a theoretical model in which the weak
hadronic current receives contribution from the nonresonant Born terms as well as from the resonance
excitations. The Born terms are obtained using the SU(3) symmetric chiral model, used earlier in the study
of K—meson production. The contribution from the resonance terms is considered from the excitation
of five nucleon resonances viz. S;;(1535), S;,(1650), P;,(1710), P;,(1880), and S;,(1895). To fix the
parameters of the vector current interaction, this model is first used to study the electromagnetic production
of n mesons induced by real and virtual photons, and the theoretical results have been compared with the
data from the MAINZ and JLab experiments. The partially conserved axial-vector current hypothesis
and generalized Goldberger-Treiman relation are used to fix the parameters of the axial-vector current
interaction. The results are presented for the total cross section for the neutral and charged current induced 7

production, ratio of the cross sections for the charged current to neutral current, MicroBooNE flux averaged
do
do?
other accelerator and atmospheric neutrino experiments being performed in the O(1) GeV energy region.

cross section (o), (4%, and (;17">, which may be useful in the future analysis of MicroBooNE as well as
n
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I. INTRODUCTION

The study of the weak production of mesons induced by
both the charged and neutral currents in the inelastic sector
of the (anti)neutrino-nucleon interactions has historically
been centered around the weak production of pions, which
is dominated by the excitation of A resonance and its
subsequent decay producing pions [1,2]. In recent years,
the weak production of single pions induced by the charged
and neutral currents in the (anti)neutrino reactions has
attracted considerable interest as it plays very important
role in modeling the weak (anti)neutrino-nucleon cross
section in the analysis of neutrino oscillation experiments
in the sub-GeV and few GeV energy regions. However,
in the GeV energy region of current neutrino oscillation
experiments with accelerator neutrinos like MicroBooNE
[3], SBND [4], T2K [5], T2HyperK [6], and DUNE [7] as
well as with the atmospheric neutrinos like HyperK [8],
JUNO [9], and INO [10], the weak production of heavier
mesons like K*, K°(K?), and 5 could also become
relevant and would play significant role in modeling the
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neutrino-nucleon cross sections in the inelastic sector of
neutrino reactions [1]. Since these heavy mesons are
produced by the weak excitation of higher resonances in
the strange and nonstrange sectors and their subsequent
decays into baryons and mesons, in addition to, the
nonresonant direct production of mesons, the study of
the weak production of heavy mesons provides useful
information about the electroweak properties of the
higher resonances like S;;(1535), D3(1520), S;;(1650),
P11(1710), A(1405), X(1385), etc.

In this context while there have been quite a few studies
of the weak single and associated production of K* and
K°(K°) mesons in recent years [1,11-13], there exists
very little work on the weak production of # mesons.
Theoretically, the early work by Dombey [14], was
followed much later by Alam et al. [15] and Nakamura
et al. [16]. We have recently studied, in some detail, the
weak production of # mesons induced by the charged
current in the neutrino and antineutrino reactions off the
nucleon in the energy region of E,; <2 GeV [17].

Experimentally, the first results on the weak production
of n mesons induced by neutrinos and antineutrinos were
reported by the BEBC collaboration [18] and later by the
ICARUS collaboration [19]. Recently, the MicroBooNE
collaboration [20] has reported the results for # production
in neutrino interaction on argon by observing two photons
through the 7 — 2y decay (~40% B.R.) in the final state
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with a cross section 6,1, x 2, 10.0+x = 1.27 £0.33 &

0.34 x 107*! cm?/nucleon, implying a total cross section
Oyiyix =3.22+£0.84£0.86 x 10~*! cm?/nucleon. Since
no charged leptons are observed in the final state, this #
production cross section includes the weak production of 7
mesons induced by the charged as well as the neutral
current interactions. Further analyses are being done by the
MicroBooNE collaboration to isolate the events with a
charged lepton in the final state so that the weak z
production induced by charged and neutral currents could
be studied separately [20]. Moreover, the v, beam at
MicroBooNE has contamination by the other neutrino
flavors, i.e., v, being 93.7%, with 5.8% of v, 0.5% of v,,
and 0.05% of v,. It is, therefore, important to theoretically
estimate the v;(;)(I = e, u)—nucleon cross section for 7
production induced by the other neutrino flavors in this
energy region. Keeping this in mind, we have studied the
weak production of # mesons induced by the charged and
the neutral weak currents (anti)neutrino-nucleon reactions
for all the (anti)neutrino flavors, i.e., v,, Uy, v,, and 7,.
These studies will also be helpful for the future neutrino
oscillation programs like DUNE [7] and SBND [4], in
particular, and the other accelerator and atmospheric
neutrino experiments being performed in the few GeV
energy region, in general.

In our earlier study [17], we presented the results for
the charged current v,(7,) induced ; production off the
nucleon for E, ; ) <2 GeV, by taking into account the

contribution of the direct nonresonant production and
the resonant production due to the excitation and decay
of low lying S;,(1535), §1,(1650), and P;;(1710) resonan-
ces. In this work, we extend our earlier work on the charged
current induced # production to higher energies by consid-
ering the contribution from additional resonances viz.
P1(1880) and S;;(1895), and also include the weak 7
production due to the neutral current. This model is then
applied to understand the experimental results from the
MicroBooNE collaboration. The inclusion of the contri-
bution from the higher resonances is needed because the
(anti)neutrino flux at the MicroBooNE has a long tail in
energy, and the flux decreases by two orders of magnitude
only beyond E, ;) > 2.5 GeV. Therefore, the flux averaged
cross section gets a non-negligible contribution even for £, =
2-3 GeV. It is important to mention that the MicroBooNE
flux peaks around E, = 0.5-0.6 GeV with the average
energy of the dominant component (v,) flux at E, =
823 MeV, while the threshold for the v, induced charged
(neutral) current # production is 880 MeV (710 MeV).

The theoretical calculations have been done using the
interaction Lagrangian predicted by the standard model
[21,22] for the charged and the neutral current weak
interaction of (anti)neutrinos with nucleons. The contribu-
tions from the direct # production due to the nonresonant
Born diagrams are calculated using a microscopic model

based on the SU(3) chiral Lagrangian assuming # belong-
ing to the octet representation of SU(3), thus, neglecting the
n — 1 mixing. The SU(3) Lagrangian has earlier been used
to study the weak production of kaons [1]. The contribution
from the resonant diagrams due to the excitation of various
resonances R like S;;(1535), S;;(1650), P;;(1710),
P1(1880), and S;;(1895) and their decays into nucleon
and 5 through R — Ny mode are calculated using phe-
nomenological Lagrangians where the 5 particle has been
treated as the physical meson.

In the resonance sector, the various parameters appearing
in the vector current sector are fixed by first applying this
model to study the photon and electron induced eta
production from the free nucleon. We have fitted the
coupling strength at the strong R — Np vertex and the
electromagnetic coupling strength of the N — R transition
using the eta photoproduction data on the total cross section
available from the MAMI collaboration [23,24] for
W <2 GeV. Then the Q* dependence of the electromag-
netic N — R transition form factors has been obtained by
fitting the data of the electron induced # production off the
proton target for the total cross section at different values
of 0% (Q? < 1.4 GeV?) available from the CLAS collabo-
ration [25]. In the axial-vector sector, the axial-vector
couplings have been calculated using the partially con-
served axial-vector current (PCAC) hypothesis and the
generalized Goldberger-Treiman (GT) relation with inputs
from the experimentally determined strong R — Nz cou-
plings. In the neutral current induced n production, the
isospin structure of the neutral currents predicted by the
standard model has been used with the experimental values
of the electromagnetic form factors of the nucleon and
N — R transition form factors in the electromagnetic sector
to determine the weak vector form factors.

Using this model, we have obtained the results for the
total scattering cross section for the charged and neutral
current v,(7,) and v, (7, ) induced scattering off the nucleon
target, the ratio of the total cross section for the charged
current to neutral current reactions, and finally the
MicroBooNE flux averaged Q® distribution, i.e., <dd—52>

vs. 02, eta momentum distribution, i.e., <%> vs. p,, and

the flux averaged total scattering cross section (o).

In Sec. II, we present the formalism for the photon and
the electron induced eta production. In Sec. III, the
formalism for the charged as well as the neutral current
v;(7;)(l = e, u) induced eta production has been presented.
The results and discussions are presented in Sec. IV, and
Sec. V concludes our findings.

II. ELECTROMAGNETIC PRODUCTION
OF 7 MESONS

A. n production induced by photons

The differential cross section for the photoproduction of
n mesons off the free nucleon, i.e.,
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r(q) +N(p) = N(p') +n(p,), N=p.n (1)
is written as [17]:

do
12[9)

I PIS=
M7, (2)
e~ 64 ] 2 2
where the quantities in the parentheses of Eq. (1) represent
the four momenta of the corresponding particles. The CM
energy /s is expressed as s=W?=(g+p)*=M*+2ME,,
with E, being the energy of the incoming photon in the

laboratory frame. > > | M”|? is the square of the transition
matrix element M", for the photon polarization state r,
averaged and summed over the initial and final spin states,
where M for reaction (1) is written in terms of the real
photon polarization vector ¢;,, as

M" = ee;(q)J", (3)

with e being the electromagnetic coupling constant and
JE = (N(p")n(py)JEmIN(p)) being the matrix element
of the electromagnetic current (J’]f:M) taken between the
hadronic states |N) and |[N7). The hadronic matrix element
receives contribution from the nonresonant Born terms and
the terms corresponding to the resonance excitations and
their subsequent decay to Ny mode, which diagrammati-
cally are shown in Fig. 1. The hadronic currents for the
nonresonant Born terms are obtained using the nonlinear
sigma model and the total hadronic current J* is obtained
by adding the currents corresponding to the nonresonant
and resonance terms coherently. For the detailed descrip-
tion of the formalism, readers are referred to Refs. [1,17].

The expressions of the hadronic currents for s- and
u- channels of the # photoproduction processes,

4
4
%/’ 7](177/)
N’ (p+q)
N N'(p))
(q)

- 77(1’0)

w

FIG. 1.

corresponding to the Feynman diagrams shown in Fig. 1
(left panel), are obtained as [1,17]:

r+q+M
s — M?>

Ky
H X M 4
(y eN+12M6 qy>u(p), (4)

JM|SN = _Ast(s)ﬁ(p/)ﬂnyS

- . K
Py = =AuFowi(p) (e + 550,

P —d+M

M—M %)775”( ) (5)

where N stands for a proton or a neutron in the initial
and final states, u = (p’ — ¢)?, and the strong coupling

strengths of s and u channel; A, =A, = (2 \/—3; ) are

obtained using the nonlinear sigma model [2], assuming
the nucleons and the # meson belonging, respectively, to
the octet baryon and meson representation of the SU(3)
representation, thus, neglecting the # — #' mixing, which is
found to be quite small [26]. D and F are the axial-vector
couplings of the baryon octet and f, = 105 MeV [27] is
the n decay constant.

In order to take into account the hadronic structure
of the nucleons, the form factors F(s), and F,(u), are
introduced at the strong vertex. We use the most general
form of the hadronic form factor which is taken to be of
the dipole form [11]:

A}
Ap + (x = M)

F.(x) = X=s,u (6)

where Ay is the cut-off parameter taken to be the same
for the s- and u-channel nonresonant Born terms, and

Feynman diagrams corresponding to the nonresonant Born terms (left panel) and resonance excitations (right panel) for the

process W(q) + N(p) — n(p,) + N'(p’). Diagrams shown in the top panel are the nucleon pole diagrams, while the one shown in the

bottom panel corresponds to the cross nucleon pole diagrams. In the case of electromagnetic interactions, W = y,y* and N’ =

N=p,n,

while in the case of charged current induced weak interactions, W = W+ and N” and N corresponds to the different nucleons depending
upon the charge conservation, and for the neutral current induced reactions, W = Z and N’ = N = p, n. The quantities in the
parentheses represent the four momenta of the corresponding particles.
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x represents the Mandelstam variables s, u. The value of
Ap is fitted to the experimental data for the proton and
neutron targets and the best fitted value is Ap =
0.75 GeV and 0.72 GeV, respectively. In the case of
Born terms, the gauge invariance is automatically imple-
mented for the # production processes.

In the present work, we have taken into account the
resonances, which have mass M < 2 GeV and a signifi-
cant branching ratio to the Nn decay mode reported in
PDG [28]. Specifically, we have considered five spin %
resonances viz. Sy;(1535), S§7,(1650), P;(1710),
P11(1880), and S;;(1895). The general properties of these
resonances like mass, decay width, spin, etc. are given in
Table I, where we see that S;;(1535) resonance dominates
the coupling to the N7 channel.

The most general form of the hadronic currents for the
s— and u— channel processes where a resonance state R% is

produced and decays to a # and a nucleon in the final state,
are written as [2]:

. gRNr] ﬂ+%+MR W

Jle=Fsls) fa i) s 5<s—M§+iMRFR L1 (P)
!
—qg+M

gRNnb_t(p,)F,:( P —q+Mpg

|, =F(u =
Fh=Faw) I #\u—M3+iMglg

) ﬁnySFsM(p)v
()

where ', and My, respectively, are the decay width and
mass of the resonance. I'y = 1(y5) stands for the positive
(negative) parity resonances, and ggy, is the strong
coupling strength of the RN#n vertex, which has been
determined using the partial decay width of the resonance
to Nn mode where the central values of the full width
tabulated in Table I are used in the numerical calculations.
The values of the strong coupling constant of the different
resonances are also tabulated in Table I. The vertex
functions I" 1 and I for the positive and negative parity

resonances are defined as

TABLE L

Iy, = VT, (8)

where V” represents the vector current parametrized in

0
terms of F R*.R

’

FR*,RO .
[ o wﬂ"qa} ©)

Vi =
2
The coupling F §+’R0 is derived from the helicity ampli-
tudes extracted from the real photon scattering experi-
ments. The explicit relation between the coupling F’ §+ R
and the helicity amplitude A%p " is given by [17]:

AP =

[STES

M My —-M 2M

where the upper (lower) sign stands for the positive
(negative) parity resonance. R* and R° correspond,
respectively, to the charged and neutral states of the
isospin % resonances. The value of the helicity amplitude
Ag " for the different resonances are quoted in Table II.

In analogy with the nonresonant terms, we have con-
sidered the following form factor at the strong vertex, in
order to take into account the hadronic structure:

Ak

Fix)=—F———5>.
W= N -y

(11)

where Ay is the cut-off parameter whose value is fitted to
the experimental data. In general, A would be different
from A, however, in the case of # production by photons,
it happens that the same value of A, as that of Ay i.e.
Ar = Ap =0.75 GeV for the proton target and Ap =
Ap = 0.72 GeV for the neutron target gives the best fit
to the experimental data.

Properties of the spin % resonances available in the PDG [28], with Breit-Wigner mass M, the total decay width I'g, isospin

I, spin J, parity P, the branching ratio full range available from PDG (used in the present calculations) into different meson-baryon
channels like Nz, Ni, KA, and Nzz, and the strong coupling constant ggy, and ggy,.

Parameter| Resonance — S11(1535) S11(1650) P (1710) P,,(1880) S11(1895)
My (GeV) 1.510 £ 0.01 1.655 +£0.015 1.700 £ 0.02 1.860 £+ 0.04 1.910 £ 0.02
'z (GeV) 0.130 £0.02 0.135 +£0.035 0.120 £ 0.04 0.230 £ 0.05 0.110 £0.03
1) i) I 1) 1) 1)
Branching ratio (in %) Nrx 32-52 (43) 5070 (60) 520 (16) 331 (34) 2-18 (23)
Nn 30-55 (40) 15-35 (25) 10-50 (20) 1-55 (20) 15-45 (30)
KA 5-15 (10) 5-25 (15) 1-3 (2) 3-23 (13)
Nnn 4— 31 (17) 20-58 (5) 14-48 (49) >32 (44) 17-74 (34)
|9z 0.1019 0.0915 0.0418 0.0466 0.0229
|9RN, ] 0.3696 0.1481 0.1567 0.1369 0.0877
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TABLE 1II. Parametrization of the helicity amplitude for
S11(1535), §,;(1650), P;;(1710), P;;(1880), and S;;(1895)
resonances on the proton and neutron targets. A,(0) is given
in units of 10~ GeV~2 and the coefficients a; and b, in units
of GeV~2,

Proton target Neutron target

Helicity
Resonance amplitude A,(0) a; by A,(0) a b,

S11(1535) Ay 95.0 0.85 0.85 =780 1.75 1.75
Sy -20 19 081 325 04 1.0
S11(1650) A% 333 045 072 260 0.1 25
S% 25 1.88 096 3.8 04 0.71
P, (1710) Ay 550 1.0 1.05 -450 -0.02 0.95
S 44 218 0.88 —-31.5 035 0.85
P,(1880) A -600 04 1.0 -45.0 -0.02 0.95
St 04 075 05 =315 035 0.85
S11(1895) A% -150 145 06 260 0.1 25
S% =35 0.88 0.6 3.8 04 0.71

To determine the value of the strong RN7y coupling,
we start by writing the most general form of RNy
Lagrangian [17]:

Lany = %@Rr’;aﬂqw, (12)
n

where W is the nucleon field, Wy is the resonance field, and
n is the eta field. The interaction vertex I = y*y> (y*)
stands for positive (negative) parity resonance states.
Using the above Lagrangian, one obtains the expression
for the decay width in the resonance rest frame as [1]:

C (grny\?
Fenn = o <_" (M + M

EyF¥M
7 ) ———1p"
n

Mg

, (13)

where the upper (lower) sign represents the positive
(negative) parity resonance, C = 1 for 5 production proc-
esses, and |p;;"| is the outgoing eta momentum measured in
the resonance rest frame and is given by,

V(M3 = M2 = M2)? — 4002
Py = (14)
2Mp
and Ey, the outgoing nucleon energy is
My + M- M; s
NETT oM, (15)

In Fig. 2, we have presented the results for the
total scattering cross section ¢ as a function of W for

16 Y+p—p+M
- Y+Dn—n+7
14 - MAMI 2010

+  MAMI 2014

G (ub)

20 N 1 fl‘

Lowos b b s by b s byan s by s a by

L5 155 16 165 17 175 18 185
W (GeV)

lllllllllllllllllllllllllllllllllll

(=)

FIG. 2. Total cross section ¢ vs. W for yp — np (solid line)
and yn — nn (dashed line) processes using the full model. The
experimental points for the proton target (solid circle) are
obtained from MAMI crystal ball collaboration [23], and for
the neutron target (solid diamond) we have used the quasifree
neutron data from MAMI A2 collaboration [24].

y+p— p+nandy+n — n—+nprocesses in the region
of W from 5 production threshold to W = 1.9 GeV. We
have compared our theoretical results with the experimental
data obtained by McNicoll et al. [23] for the MAMI crystal
ball collaboration on the proton target and the quasifree
neutron data from Werthmuller et al. [24] for the MAMI A2
collaboration. It may be observed from the figure that in the
case of » production from the proton and neutron targets,
our results, with a very few free parameters viz. Ay and Ag,
are in a very good agreement with the available exper-
imental data.

B. Electroproduction of eta meson

The electron induced # production off the nucleon target
is given by the reaction

e (k) +N(p) = e~ (K) + N(p') +n(py).  (16)

where the four-momentum for each particle is indicated in
the parentheses. The four-momentum of the virtual photon
exchanged in electroproduction is given by ¢ = k — k.

The differential scattering cross section for the
electroproduction of # mesons in the hadronic CM frame
is given by [17]

o RIS 5
= 17
dEdQdQ,, — 32(2z)°E, MWZZ (M (A7)

where E,(E;) is the energy of the incoming (outgoing)

electron; > > | M|? is the square of the transition ampli-
tude averaged (summed) over the spins of the initial (final)
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states with the transition matrix element being written in
terms of the leptonic (/,) and the hadronic (j#) currents as

62

M=l (18)

The leptonic current is given as

1, = u(k")y,u(k), (19)

and j* is the sum of the hadronic currents corresponding to
the Born terms and resonance excitations, which will be
discussed later in this section.

The five-fold differential cross section (Eq. (17) for the
electroproduction can also be expressed as [29-31]:

d d
° __ _rp % (20)
dQdEdQ,,  dQ

with the flux of the virtual photon given by

aElKl

T22E, Q%1 -¢

(21)

In the above equation, K = (W? — M?)/2M denotes the
“photon equivalent energy,” the laboratory energy neces-
sary for a real photon to excite a hadronic system with CM
energy W and ¢ is the transverse polarization parameter of
the virtual photon, given as

=12 0\ !
e:<l+2|g—|2tan251> , (22)

with Q% = —¢> = —(k - k)%

The hadronic currents corresponding to the nucleon
Born terms exchanged in the s- and u-channels for the
electroproduction of eta mesons, depicted in Fig. 1,
are obtained using the nonlinear sigma model and are
written as [17]:

D-3F prd+M
J”|N(s):Fs(s)2\/§f’7 iu(p )Ifﬂsm%“(l’)
B D-3F_ p—v,+M 5
J”‘N(u)_Fu(u)2\/§fnu(p) N(p_py])2_M2ﬁ”}/ u(p)’
(23)

where the yNN vertex operator O, is expressed in terms of
the Q? dependent nucleon form factors as,

Oh = FY(Q)r + FY (QDio™ I (24)

The Dirac and Pauli form factors of the nucleon viz.
FP"(Q%) and FD"(Q?), respectively, are expressed in

terms of the Sach’s electric [G5"(Q?)] and magnetic
[G};"(Q?)] form factors of the nucleons, for which various
parametrizations are available in the literature. In the
present work we have taken the parametrization of these
form factors from Bradford er al. [32] also known as
BBBAOS5 parametrization. For details, see Ref. [17].

The general expression of the hadronic current for the
resonance excitation in the s- and u- channels, correspond-
ing to the Feynman diagrams shown in Fig. 1 (right panel),
1S written as,

. v \IRNy _, , P+qd+Mp u

“u =F r (27277 r \p ,

J |s s(s) fn M(p )ﬂﬂyS S(S—M%—I—iMRFR %iu(p>

. i NIRNy — P —q+Mp

O —F m(—————— I .

J |u u(u) fn u(p) 1+ <M—M%+iMRFR ﬂﬂyS su(p)
(25)

The vertex function I'} ., for the positive and negative parity
2
resonances is given in Eq. (8), where the vector current V'

in the case of electroproduction processes is expressed in
0
terms of the O dependent form factors Ff,* (0?) as:

FR(Q%) F§(0?)

et Q)+ 2= R=R".R°.
M) (da" +0%")+—=, .

M | <M
V% = ict*q,,

(26)

The electromagnetic transition form factors for the charged
[FR,(0?)] and neutral [F},(0?)] states are then related to
the helicity amplitudes given by the following relations [1]:

2ra 1 -1
I et I —
A%— KR<R’JZ_2€”Ji N,J; = 2>C
B 2ra |q| Ry -1
S%—— K—R\/@ R’JZ_Eeﬂ‘]i N,JZ—7 C
(27)
where in the resonance rest frame,
MZ_MZ . M2_M2_ 2\2
k="M g =M= O) L o
2Mp 4My
1 1
e =x—(0,1,+£i,0), — gl,1,0,4%).
+ q:\/z( ) 0 \/@qq Q)
(28)

The parameter ¢ is model dependent which is related to the
sign of R — Nz, and for the present calculation is taken
as { = 1.

Using Eq. (28) in Eq. (27), the helicity amplitudes
Ay(Q?) and S,(Q?) in terms of the electromagnetic form

factors F f+’R0 and F §+'RO are obtained as [17]:
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A{L" 2y = > 2 FX 2
P"(0?) \/M o e @) T @)
Sp,n(Qz) =¥ E(MR:tM)2+Q2 (MR :FM)2+Q2 MR:tMFR+,R0(Q2)_FR+,R°(Q2) (29)
5 M My — M 4MpM oM ! 2 ’
|
where upper (lower) sign corresponds to positive (negative) The double differential scattering cross section %, for

parity resonances.
The Q? dependence of the helicity amplitudes [Eq. (29)]
is generally parametrized as [33]:

Al(Q%) = A(0)(1 + aQ?)e ", (30)

where A,(Q?) are the helicity amplitudes; Ai(Q*) and
S (Q?) and parameters A, (0) are generally determined by a

fit to the photoproduction data of the corresponding
resonance. In the present work, the values of A%(O) are

taken from the PDG [28]. While the parameters a and f are
obtained by fitting the electroproduction data on the total
cross section at different Q2 available from the CLAS
experiment [25], and the values of these parameters for the
different nucleon resonances are tabulated in Table II.
We obtain the total cross section o, for y*p — np

process by integrating the angular distribution ( dg"v ) given
qp;

n

in Eq. (20) over the polar and azimuthal angles, which is
presented in Fig. 3 as a function of CM energy W at
different values of Q? ranging from Q% = 0.165 GeV? to
1.3 GeV?. The theoretical calculations are presented for the
full model, which receives contribution from the nonreso-
nant Born terms as well as from the S;,(1535), S;,(1650),
Py;(1710), P;;(1880), and S;;(1895) resonance excita-
tions. We have compared our theoretical calculations
with the experimental data available from the CLAS
experiment [25] and found a very good agreement between
the experimental and theoretical results at all values of Q2,
including Q% > 1 GeV?2.

II1I. WEAK PRODUCTION OF n MESONS

A. Charged current induced reactions

The charged current (CC) (anti)neutrino induced single #
production off the nucleon target (Fig. 1) are given by the
following reactions

v, (k) +n(p) = p (K') +n(p,) +p(p’), (31

v, (k) + p(p) = w"(K) +n(p,) +n(p'),  (32)

where the quantities in the parentheses are the four
momenta of the particles.

the reactions shown in Egs. (31) and (32), in the laboratory
frame, is expressed as [17]

d’o 21
7 d
szdW A ¢11P4
Elx;mx 1 1 W J—
dE — 2,
% /Emin T (2rm)* 64E2M? |G| Z Z M|
(33)

n

The transition matrix element M, in the case of weak
charged current induced process, is given by

Q% =0.165 GeV’

Q° =025 GeV”

— :_ 2 2
e E Q =0.7GeV —— Our model
= 10 CLAS 2007
o sk CLAS 2007
IR TR ol W e e fotionavoer |
R B L0 B B e e
= 2 2
E Q =09 GeV
" e e
i i ==
wE Q°=1.1GeV’
SE
Ly | T " —— ,
0
e e
SE Q =13GeV’
0- L e ] —
1.5 1.6 1.7 1.8 1.9 2

W (GeV)

FIG. 3. Integrated cross section o, vs W at different Q> for
y*p — np process. The experimental points are the CLAS 2007
data [25]. Solid line shows the result of the full model which
receives contribution from the nonresonant Born terms as well as
from the nucleon resonance excitations.

053009-7



A. FATIMA, M. SAJJAD ATHAR, and S. K. SINGH

PHYS. REV. D 108, 053009 (2023)

Gr
M = —ZcosO.1,J*, 34
\/Z Clu ( )

with G being the Fermi coupling constant and 6. being
the Cabibbo mixing angle. The leptonic current /, is given

Ly = u(K)y, (1 F ys)u(k) (35)

where —(+) stands for neutrino (antineutrino) induced
reactions and J¥ = Ji + J% is the weak hadronic current,
which receives contribution from both the nonresonant
Born terms as well as the resonance excitations.

The hadronic currents for the Born diagrams (s- and
u-channels) with nucleon poles are given in Eq. (23),
except for the fact that Oy is now replaced by Oy, where
Oy = V# — A# is the weak vertex factor. V# and A* are
defined in terms of the weak vector and axial-vector form
factors as

V(N2

ve= i@y + 28 igwg, (30
2

Al = 1g1(Q*)r +%q" s (37)

where f KZ(QZ) are, respectively, the isovector vector form
factors, and g;(Q?%) and g;(Q?) are the axial-vector and
pseudoscalar form factors. The two isovector form factors

1,(Q?) are expressed in terms of the Dirac [F{"(Q?)] and
Pauli [F5"(Q?)] form factors, discussed in Sec. II B, for the
proton and the neutron, using the relationships

12(Q%) = F7,(Q%) — F1,(Q%). (38)

These electromagnetic form factors may be rewritten in

terms of the electric [GY(Q?)] and magnetic [G};(Q?)]
Sachs’ form factors.

The axial-vector form factor g, (Q?) is parametrized as

Q2 -2

91(Q%) = 94(0) [1 +W} .

A

(39)

where g, (0) = 1.267 is the axial-vector charge and M is
the axial dipole mass, which in the numerical calculations is
taken as the world average value i.e. M, =1.026 GeV [34].
On the other hand pseudoscalar form factor g;(Q?) is
expressed in terms of g, (Q?) using the PCAC hypothesis
and Goldberger-Treiman relation as

2M291<Q2)

95(0%) = R (40)

with m, being the pion mass.

Next, we discuss the positive and negative parity reso-
nance excitation mechanism for the weak interaction induced
n production. The general expression of the hadronic current
for the s— and u— channel resonance excitations and their
subsequent decay to Nn mode are given in Eq. (25), where
the vertex factor I} . 1S now written as

2

I, = Vi - Al (41)
2 2 2
for the positive parity resonance, and as
= (Vi af)rs, (42)
2 2 2

for the negative parity resonance. The vector and axial-vector
vertex factors for the weak charged current interaction
processes are given by

CC ()2 CC ()2
Vi = % (%" + dq*) + #ia’“’qm (43)
CC(N)2
= oy + D gl )

where f€€(Q?) (i = 1, 2) are the isovector N — R transition
form factors which, in turn, are expressed in terms of the
charged [F®™(Q?)] and neutral [FR°(Q?)] electromagnetic
N — R transition form factors as:

FEO(Q7) = FRH (@) - FI(QY), i=1.2 (43)
Further, these form factors are related to the helicity
amplitudes as discussed in Sec. 11 B.

The axial-vector current consists of two form factors viz.
¢5¢(0?) and ¢§€(Q?), which are determined assuming the
PCAC hypothesis and pion pole dominance of the diver-
gence of the axial-vector current through the generalized
GT relation for N — R transition [1].

The axial-vector coupling ¢¢¢ at Q% =0 is obtained
as [17]

glcc(o) = 29RNx> (46)

with ggy, being the coupling strength for R — Nz decay,
which has been determined by the partial decay width of
the resonance and tabulated in Table I. Since no informa-
tion about the Q® dependence of the axial-vector form
factor is known experimentally, therefore, a dipole form is
assumed:
cc
o0y = A0 ()
(1+)
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with M, = 1.026 GeV, and the pseudoscalar form factor
g5€(Q?) is given by

(MMy + M?)

ggc(Qz) = m2 T Qz

7(0%). (48)

where +(—) sign is for positive (negative) parity
resonances. However, the contribution of g§€(Q?) being
directly proportional to the lepton mass squared is almost
negligible.

B. Neutral current induced reactions

The neutral current (NC) (anti)neutrino induced single #
production off the nucleon target (Fig. 1) are given by the
following reactions

vi(k) + N(p) = vi(K') +n(p,) +N(p'), (49)

(k) + N(p) = 0, (K') +n(p,) + N(p'), N=n,p.

(50)

The expression for the double differential scattering

cross section is given in Eq. (33), where the transition

ledW
matrix element M, in the case of neutral current induced

process, is given by

G
M= 751,/ (51)
with the leptonic current being the same as defined in
Eq. (35). The structure of the total hadronic current J#
remains the same as in charged current reactions, i.e.,
JH = JhRNC + JRNC, however, the individual hadronic
currents for the nonresonant Born terms and the resonance
excitations are now expressed in terms of the neutral
current form factors, which are discussed briefly in this
section. For details, the readers are referred to Ref. [1].
The hadronic currents for the Born diagrams (s- and
u-channels) with nucleon poles are given in Eq. (23),
however, in the case of NC reactions Oy is replaced
by OJF, the weak neutral current vertex, where O)¢ =
VHNC _ AMNC with V#NC and A#NC defined in terms of the
neutral current form factors as [1,2]:

2

v = @y 4 2@ g, (52
~ 2

ARNC =15, (Q%)r +g—3;§ Lot s (53)

where flvz(Qz) are the neutral current vector form factors
and are expressed in terms of both the isovector and

isoscalar components, and §;(Q%) and G;(Q?) are the
axial-vector and pseudoscalar form factors.

The vector form factors ]N‘Lz(Qz) are expressed in
terms of the Dirac [F}"(0Q?)] and Pauli [F}"(Q?)] form
factors of the nucleon, discussed in Sec. II B, using the
relationships,

7107 = (325w ) (@) - 3 F1(O). (59

s

5 i=12

7@

(; - 2sin29W> FI(0?)
(55)

where 0y, is the Weinberg angle.
The axial-vector form factor, §,(Q?) is expressed as

1

= iigl(Qz), (56)

71(0%)
where +(—) stands for proton (neutron) target and g, (Q?)
is defined in Eq. (39). The contribution of the pseudoscalar
form factor to the transition matrix element is proportional
to the lepton mass squared, and therefore does not
contribute in the case of NC reactions.

Next, we discuss the resonance excitation mechanism
for the neutral current induced 7 production. The general
expression of the hadronic current for the s— and
u— channel resonance excitations and their subsequent
decay to Nn mode are given in Eq. (25), with the vertex
factor F "', defined in Egs. (41) and (42) for the positive and

negatlve parlty resonances, respectively, with the modifi-
cations V{ — VANC and A} — ANC in the case of NC
2 2 2 2
induced reactions.
The vector and axial-vector vertex factors for the NC

induced processes are given by

NC 2 NC 2

= f(21\</IQ) )(Q27”+dq") [0 (Q ) i0c"*qq.  (57)
NC 2

AINC = | he(@2ypr + B2 ]\(/IQ Lol (s9)

where fN¢(Q?) (i =1, 2) are the neutral current N — R
transition form factors which, in analogy with the
nucleon form factors, are expressed in terms of the charged
[FR*(0?)] and neutral [FR°(Q?)] electromagnetic N — R
transition form factors as:

FC() = (3 - 2oy ) FE(07) -5

for proton target (59)

FRO(Q%),
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1 FR+

1@ = (5~ 20 ) FI(Q7) - 3 FE(02),

for neutron target. (60)

The axial-vector neutral current form factor g\¢(Q?) is

CC(Q2) as

expressed in terms of gj

1
$e(0%) = £ 24£<(0?). (61)
where +(—) stands for proton (neutron) target, g€ (Q?) is
defined in Eq. (47).

IV. RESULTS AND DISCUSSION

A. Total and differential scattering cross sections

In Fig. 4, we present the results for the total cross section
o vs. E, 5 (I = e, p) for the neutrino and the antineutrino
charged current induced 5 production processes. These
results are presented both for electron and muon type
(anti)neutrinos, by taking into account the contribution
from S, (1535) resonance only, and the full model, which
includes contribution from the nonresonant Born terms
as well as from the resonance excitations. In the present
work, we have considered five spin half resonances
Viz. S11(1535), 511(1650), P11(1710), P11(1880), and
S11(1895). It may be observed from the figure that there
is a dominance of S;;(1535) resonance, which is more
pronounced in the case of neutrinos than antineutrinos. For
example, at £, = 1.5 GeV, the contribution of Sy, (1535) is
98% (96%), which becomes 92%(89%) at E,, = 3 GeV for

neutrino (antineutrino) induced processes. The total con-
tribution of the nonresonant terms is less than 2% in
the energy range E, = 1-3 GeV for the (anti)neutrino

induced 5 production processes. In view of the small
contribution of the nonresonant terms, the assumption of
neglecting # — #' mixing in the evaluation of the nonreso-
nant terms is therefore justified. In view of the accelerator
experiments like MicroBooNE, T2K, SBND, etc., and the
atmospheric experiments for the sub-GeV energy region,
where there is considerable flux of (anti)neutrinos at lower
energies (E, < 1.5 GeV), we have explicitly shown the
dominance of S;;(1535) resonance, in the right panel
of Fig. 4, by presenting the results of ¢ as a function of
(anti)neutrino energy from threshold up to E, = 1.5 GeV.
The results obtained in our model are in agreement with the
results reported by Nakamura et al. [16], in the case of
v, +n — pu~ + p + 1 reaction, using the DCC model and
also with our earlier work (see Fig. 11 of Ref. [17]).

Since the n production cross sections are dominated by
S11(1535) resonance, therefore, we have also considered
individually the contribution from the vector and axial-
vector components of the weak hadronic current due to the
N — 81,(1535) transition. These results are shown in Fig. 5
for v, and U, induced processes. It may be observed from
the figure that the contribution of the vector part of the
hadronic current dominates, for example, it has 76%
contribution at 1.5 GeV, which becomes 78% at 3 GeV.
This dominance of the vector contribution is also reported
by the very old calculation of Dombey [14], who finds the
ratio of vector to axial-vector contribution to be 2.7:1 at
very higher energy, which may be compared with our result
of 6.25:1 at E, = 4 GeV.

llllllllllllllllllllllIlllllllll ilIllllllllllllllllllllllllllllllllll
Iy 0'8: _ A

i === C V+n—->U +p+ y

r - 0.7~ [ M_ p+1 2 .

15 7 F —--- vV +n—e +p+N 3

i * 0.6 + -
L lecm B =7 Vu+p—>}.L +n+M , //’-
£ L ] EospE + ¢ ROLA
o © F ——— V+p—>e +n+mn . ]
e 1 1 C ¢ ’ “ 3
ﬁ'-O i E lO 04 ’ . 3
= V+nou +p+n ] = F 3
o I H _ 1 © 03 -
i -——=-V +n i C ]

05 Ve —¢ +p+M | . ]

+ 02 —

e Y - V“+p%}i +n+mM E 3

i d + ] 0.1 -

i b/ Ve+p%e +n+mM i E E

0 v b by by by by O—IJ-LMFl‘l |
1 1.5 2 2.5 3 35 4 0.8 0.9 1 1.1 1.2 1.3 14 1.5
E, (GeV) E, (GeV)

FIG. 4. Left: total scattering cross section ¢ for v, (solid line), 7, (dash-dotted line), v, (dashed line), and 7, (double-dash-dotted line)
CC induced 7 production off the nucleon target as a function of (anti)neutrino energy (E,), using the full model that receives the
contributions from the nonresonant Born terms as well as from the resonance diagrams including Sy, (1535), S;;(1650), Py, (1710),
P;,(1880) and S;,(1895). The lines with solid circles show the contribution only from S}, (1535) resonance. Right: same results but for

E, from threshold to 1.5 GeV.
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FIG. 5. Total scattering cross section for the CC induced 7

production i.e. v, +n = u~ +n+ p (solid line) and 7, + p —
u" +n+n (dashed line) using only the contribution from
S11(1535) resonance. Dashed-dotted, double-dashed-dotted,
and double-dotted-dashed lines, respectively, show the results
for only vector contribution, only axial-vector contribution, and
vector axial-vector interference of the weak hadronic current.

Since we have fixed the parameters of the vector part of
the weak hadronic current by fitting the photo and electro-
production data, therefore, any uncertainty in the cross
section for the (anti)neutrino induced processes arises
mainly due to the uncertainty in the axial-vector part of
the weak hadronic current. Moreover, the dominant con-
tribution is from the vector current, therefore, the theoreti-
cal uncertainty in the total cross section due to the

0.25 lllllllllllllllllllll’l,

L V+p—V+p+T /,”/ -

[———— V+n—Vv+n+7 7. =]

02F .. —.. v v - /_,r' =

C V+poVHDp+T R -]

N’.\ : "—:

£ 0.15— =

3} L ]
(=} -
¥ L
o L
Z 01f
°© I
0.05—
0

uncertainty in the axial-vector contribution is quite small.
Quantitatively, to understand this uncertainty, we have
varied the strong coupling (ggy,), determined by the partial
decay width of R - Nz mode, maximally allowed by the
PDG and found that a 15% variation in the strong coupling
strength results in a change of 3%-5% in the neutrino
induced cross section, which is found to be even smaller in
the antineutrino induced charged current reactions. The
other uncertainty is due to the axial dipole mass M,, the
value of which is taken to be equal to M, = 1.026 GeV.
A change of 10% in M, results a change of 4-6% in the
cross section in the energy range of 1.5 GeV to 3 GeV.

In Fig. 6, we have presented the results for o vs. E, ;) for
the neutral current induced (anti)neutrino scattering off
proton and neutron targets. These results are presented by
taking the contribution from the full model, and from
S11(1535) resonance only. It may be noticed that the total
cross section from neutron target is more than the proton
target both in the neutrino and antineutrino induced
reactions. We find that for neutrino induced reaction from
the neutron, at E, = 1.5 GeV, the contribution from
S11(1535) resonance is about 95%, which becomes about
90% at E, = 3 GeV. Similar observation for the S, (1535)
resonance dominance has been made in the case of neutrino
induced 5 production from the proton target. However,
in the case of antineutrino induced reaction on the proton
target, the contribution from S;;(1535) resonance is about
88% at E; = 1.5 GeV, which becomes 84% at E; =
3 GeV, while in the case of antineutrino induced reaction
off the neutron target, the contribution from S;;(1535)
resonance is about 94% at E; = 1.5 GeV, which becomes
85% at E; = 3 GeV.

0-12 lllllllllllllIlllllllllllllllllllllll
- V+p—o>V+p+M 7
0.1 /7
L ————V+n—oV+n+ w7
L P
Foo— V+poV+Dp+ 7
o 0.08F VEP= VPN AT
g§ [ -~ V+n—oV+n+n
F 006
o F
— -
~ -
© 0.04
0.02f~
1.
8708 09 T L1 12 13 14 15
E (GeV)

FIG. 6. Left: total scattering cross section forv + p — v+ p + 5 (solid line), v + n — v + n + 5 (dashed line), v+ p - v+ p +n
(dash-dotted line), and © + n — v + n + n (double-dash-dotted line) reactions as a function of (anti)neutrino energy. Lines (lines
with solid circles) show the contribution from the full model (S;;(1535) resonance only). Right: same results but for E, from

threshold to 1.5 GeV.
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FIG. 7. Ratio of total scattering cross section for the

(anti)neutrino CC induced # production to (anti)neutrino NC #
production off the nucleon target as a function of neutrino

energy. Solid line shows the results for the ratio =

o(v,+n—p"+p+n)
lo(v+p—-v+p+n)+o(v+n—v+ntn)]/2

for the neutrino induced process,

and the dashed line shows the results for the ratio =

o(,+p=p+ntny)
[6(o+p—>r+p+n)+o(v+n—v+n+n)]/2
process.

for the antineutrino induced

To understand the relative magnitude of the total cross
section induced by the charged and neutral current reac-
tions, in Fig. 7, we have shown the results for the ratio of
the total cross section for the charged current induced v,
and o, scattering on neutron and proton targets, respec-
tively, to the cross section of the corresponding neutral
current reactions on the isoscalar nucleon target, i.e.,
W It may be noticed that this ratio increases
with energy until £, = 2 GeV, after which it saturates to
8.25 (8.5) for neutrino (antineutrino) reactions. Therefore, a
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FIG. 8.

constant factor for ¢(CC):06(NC) ratio should not be
considered for the (anti)neutrino experiments, where the
average energy lies in the sub-GeV region like at
MicroBooNE, T2K, etc.

In Fig. 8, we have presented the results for the Q2
distribution (i.e. J Qz) vs 0% and py, distribution (i.e., d") VS.
py using the full model, for the charged current v, 1nduced
n production from the free neutron target at E, = 1, 1.5
and 4 GeV. Notice that different scale factors for Q° and

p, distributions have been used to depict the results at
E, =1 GeV.

B. Flux averaged cross section

To explicitly see the Q2 and 7-momentum distribution at
MicroBooNE energies, we have obtained the flux averaged
differential and total scattering cross sections by folding it
over the MicroBooNE flux [35]. For this we define

<d0'> fdQ2
dQ2 fq) zx v '

do j_;q)(Eu)dEu
<d_pn>: [&(E,)dE, (62)
and
_ Jo(E)®(E,)dE,
= w(E, ] 6

where ®(E,) is the MicroBooNE v, flux [35].

The results obtained for the flux averaged Q® and
n-momentum distributions [using Eq. (62)] for the charged
current induced 7 production by v, are shown in Fig. 9.
Using Eq. (63), we obtain the charged current v, induced

3 TT I TrT I TrT I LILEL I TrT I LILEL I TrT I TrT I LILEL I TT
C \ ]
C i ]
2.5 o E =1GeV -
S L / Y A ]
- 4 -
L T | Yoo ool E =15GeV |
@] r / - Vu N
s 2 C " — E =4GeV ]
5 Y ]
§ 15k -
< C ]
— L . -
v{__ i \ 1 Multiplied by a factor of 10
C: LN :
® C \ " ]
he] - \ s 4
05 \ S -
C N See ]

0 11 1 l 1.1 1 l 11 Ll 1.1 l 11 1 1 1 rl"l 5 4
0 02 04 06 08 1 12 14 16 18 2

p, (GeV)

Q? distribution (left panel) and #-momentum distribution (right panel) for the charged current induced Uy +n—>pu +p+n

process at E,,M“) =1 GeV (solid line), 1.5 GeV (dashed-dotted line) and 4 GeV (dashed line) using the full model calculation.
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FIG. 9. (dd—Q"z) (left panel) and (42} (right panel) averaged over the MicroBooNE flux defined in Eq. (62) for the charged current

. - dp,
induced v, +n — u~ + p +n process.

total cross section averaged over the MicroBooNE flux to
be (6cc) = 1.68 x 107! cm?. We have also obtained
the flux averaged cross section for the neutral current
induced reactions vp — vpn and vn — vnn, for which the
results are found to be (onc(,)) = 0.18 x 107* cm?* and
(onc@n)) = 0.26 x 107*! ecm?, respectively, which corre-
sponds to an average NC cross section for an isoscalar
nucleon target to be (onc(w)) = 0.22 x 107! cm?. As
discussed earlier, the main source of uncertainty in the
theoretical prediction of (anti)neutrino cross section off the
nucleon target is due to the uncertainty in the axial-vector
form factor. This arises due to the large uncertainty in the
branching fraction of the resonance to Nz decay mode, and
the choice of axial dipole mass M ,. For example, a 15%
variation from the central value in the strong coupling
strength ggy, for S;;(1535) resonance leads to an uncer-
tainty of about 4% in the total flux averaged cross section,
and a 10% variation in M 4 leads to a variation of about 5%
in the flux averaged cross section, which leads to a total
uncertainty of 0.11 x 107 cm? (0.014 x 107! ¢cm?) in
the flux averaged cross section for the charged (neutral)
current induced # production from the free nucleon target.

The MicroBooNE collaboration has reported the results
for {¢) =3.2240.8440.86 x 10~*! cm? /nucleon in argon
nuclear target, where nuclear medium and final state
interaction of # mesons with the residual nucleus effects
are also important. This needs to be taken into account
which has been shown to be important in the case of
photo- and electro- production of # mesons [36—38]. This
work is in progress and would be reported in future
communication.

V. SUMMARY AND CONCLUSIONS

We have studied the charged and neutral current
v(7;); (I = e,u) induced 5 production off the nucleons

and presented the results for the total scattering cross

section 6(E,(;)), Q*-distribution () and the momentum

distribution (;170) for the 7 mesons, in a model in which the

n
contribution from the nonresonant Born terms and the
resonant terms are calculated in an effective Lagrangian
approach. We have applied this model to obtain the flux
averaged differential and total scattering cross sections for
the MicroBooNE v, flux.

We find that:

(1) Weak charged current production of 5 mesons
induced by v; and 7; (I = e, u) from the free nucleon
target is dominated by the excitation of S;;(1535)
resonance and its subsequent decay into # through
S11(1535) — Nn decay, similar to the observations
made in the case of electromagnetic production of
7 mesons.

(ii) This dominance of S;;(1535) resonance contribu-
tion in the weak production of 5 occurs in the
charged as well as the neutral current induced
reactions. However, at higher neutrino energies
(E, > 2 GeV), the contribution from the higher
resonances becomes non-negligible.

(iii) The charged as well as neutral current productions
of # meson are dominated by the vector current
contribution.

(iv) Weak charged current production cross section of
meson is larger for the neutron target than the proton
target. This is expected because 7 production from
neutron is induced by neutrinos while on the proton
target, it is induced by the antineutrinos.

(v) In the case of neutral current induced # production,
the cross section is larger from the neutron as
compared to the proton target. This is due to the
isospin structure of the neutral current in the
standard model.
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(vi) The charged current production cross section of the
n meson is larger than the neutral current production
cross section. The enhancement factor is neutrino
energy dependent. For example, this ratio is 4:1 at
E, =1 GeV and becomes 8:1 at E, = 2 GeV.

Similar observation has also been made in the case
of antineutrino induced reactions.

(vii) The total scattering cross section folded over
the MicroBooNE v, flux is obtained to be
1.68 x 107! cm? and 0.22 x 10~*! cm?, respec-
tively, for the charged and neutral current induced
n production from the free nucleon.

To conclude, the results presented, in this work, for the
neutral and charged current induced (anti)neutrino scat-
tering cross section from the free nucleon, ratio of the
cross sections for the charged current to neutral current,

and the flux averaged total cross section (o), differential

cross sections <dd—52) and (jT(’) integrated over the
"

MicroBooNE v, spectrum may be useful in the future
analysis of MicroBooNE as well as other accelerator and
atmospheric neutrino experiments like T2K, NOVA,
DUNE, HyperK, etc. being performed in the few GeV
energy region.
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