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Nuclear coherent 7° photoproduction with charge-exchange and spin-flip rescattering
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In this work, we present an updated model for nuclear 7° photoproduction, which incorporates pion second-
order rescattering on intermediate excited nuclear states. Our approach is based on the distorted wave impulse
approximation in momentum space. The many-body medium effects are incorporated in the complex effective A
self-energy, employing the results of the recently developed second-order pion-nucleus scattering potential. The
experimental data for '2C and *°Ca are successfully described without the need to fit the model parameters of
the photoproduction amplitude as a result of incorporating the second-order part of the nuclear photoproduction
potential, which involves intermediate nucleon spin-flip and charge exchange.
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I. INTRODUCTION

About a decade after the pion was discovered in the late
1940s, coherent photoproduction of 7% was first proposed
as a valuable tool for studying the distribution of nucleons
in nuclei [1,2]. While this physics motivation remains rele-
vant nowadays [3], the predominant focus has shifted towards
extracting the neutron skin of heavy nuclei [4,5], which is
the difference between the root-mean-square radii of the neu-
tron and proton distributions. The neutron skin measurement
provides a unique constraint on the symmetry energy of the
nuclear equation of state, which strongly depends on poorly
constrained three-body forces [6,7]. Consequently, an accu-
rate extraction of the neutron skin in neutron-rich nuclei is
motivated for the understanding of neutron star structure.
However, Ref. [8] demonstrated low sensitivity of the 70
coherent photoproduction cross section to variations in the
neutron skin thickness, which underscores the importance of
a very good understanding of the theoretical model for accu-
rately extracting the neutron skin [9].

Furthermore, nuclear coherent 7 photoproduction is an
effective tool for investigating the properties of the pion-
nucleus interaction. For this reason, this process finds
relevance in long-baseline neutrino oscillation experiments,
e.g., T2K [10] and Hyper-Kamiokande [11], where quasifree
single-pion production is a dominant process within the en-
ergy region corresponding to the A(1232)-resonance excita-
tion. Although the coherent 77° production in neutrino-nucleus
collisions is not a dominant process, it helps to explore the
quasifree pion production. Coherent 7 photoproduction may
serve as a reliability test for an approach utilized to describe
coherent pion production in neutrino-nucleus scattering [12].
While the coherent ° neutrino-nucleus production amplitude
requires the incorporation of the hadronic axial-vector current
component in the elementary amplitude, the treatment of the
vector part aligns with that of electro- and photoproduction.
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Previously, various theoretical approaches have extensively
explored the coherent 7° photoproduction on spin-zero nu-
clei, each with distinct focuses [13—-15]. As in the case of
the pion-nucleus scattering process, we can distinguish two
major groups of the existing models. The first group encom-
passes the distorted wave impulse approximation (DWIA)
models, e.g., Refs. [16-18], which primarily investigate the
final state interaction of the pion propagating within the
nuclear medium in a momentum-space representation. The
DWIA in momentum space was first applied in Ref. [19] for
the 7+ photoproduction on Q. These models dynamically
treat the pion-nucleus interaction, taking into account non-
locality and off-shell effects. Nevertheless, they typically do
not consider the medium-induced shifts of the A-resonance’s
mass and width. The second group of the A-hole mod-
els, e.g., Refs. [20-24], extensively probes the in-medium
characteristics of the A isobar, mainly focusing on the A
and pion dynamics but often neglecting nonresonant contri-
butions. However, numerically complex A-hole calculations
have mainly been limited to light nuclei. Reference [13]
effectively merged these two approaches by employing the
DWIA calculation alongside the unitary isobar model [25] for
the elementary photoproduction amplitude. The in-medium
effects were incorporated in the phenomenological A self-
energy, fitted to experimental data for 7° photoproduction
on *He from Ref. [26]. Subsequently, this model has been
successfully applied to describe coherent 7% photoproduction
data across a diverse range of nuclei [27-29].

Utilizing the theoretical framework outlined in Ref. [13]
to analyze data on the coherent 7 photoproduction off
208pb measured with the Crystal Ball at the Mainz Mi-
crotron (MAMI), the A2 Collaboration derived the neutron
skin thickness of 2%*Pb to be 0.15 & 0.03 (stat.)t) 03 (sys.) fm
[4]. This outcome strongly contrasts with the value of 0.283 £
0.071 fm obtained from the state-of-the-art parity violation
measurement in electron scattering by the PREX-2 Collab-
oration [30], as well as findings from other methods used
previously [31-33]. The discrepancy between these results
could be attributed to several contributions ignored in the

©2024 American Physical Society


https://orcid.org/0009-0006-5558-8640
https://orcid.org/0000-0003-2363-5124
https://ror.org/023b0x485
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.014605&domain=pdf&date_stamp=2024-07-08
https://doi.org/10.1103/PhysRevC.110.014605

V. TSARAN AND M. VANDERHAEGHEN

PHYSICAL REVIEW C 110, 014605 (2024)

model of Ref. [13], which was used in the analysis of
Ref. [4]. Such neglected contributions include intermediate
pion-nucleon charge exchange [34] and nucleon spin-flip.
As demonstrated in Ref. [35], incorporating the final-state
charge-exchange effects can lead to an additional 5-6% in-
crease in the predicted w° photoproduction cross sections,
significantly impacting the determination of the neutron skin.

The mechanism of pion rescattering on a nucleon via
charge-exchange and/or spin-flip interactions holds signifi-
cant importance in both nuclear pion photoproduction and
scattering processes. The charge-exchange yields an essential
contribution for describing the 7° photoproduction on the
deuteron and *He [36-38]. Reference [39] demonstrated the
substantial influence of charge-exchange and spin-flip rescat-
tering effects on the differential cross sections of y-induced
charged pion production on '2C, '3C, and 'N. Notably, the
7+ photoproduction on '>C was shown to be less affected
by the rescattering processes, with the spin-flip effect being
much more significant than charge exchange. This distinction
from the 7~ photoproduction on '*C and N underscores the
strong sensitivity of spin- and isospin-dependent rescattering
processes on the nuclear structure. The second-order charge
exchange part of the s-wave pion-nucleus scattering potential
initially introduced in Ref. [40] has been proven essential for
both pion scattering [41] and pionic atoms [42]. Furthermore,
this contribution was shown to be significant also for the
p-wave part of the scattering potential [43]. Finally, in our
recent work for pion-nucleus scattering [44], the inclusion of
charge-exchange and spin-flip second-order rescattering was
demonstrated to yield sizable corrections in the A-resonance
energy region.

This paper builds upon our prior research on pion-nucleus
scattering. We aim to describe the nuclear 7° photoproduc-
tion within the framework established in Ref. [44], utilizing
the common effective description of the A self-energy for
both processes. For this purpose, we develop the second-order
momentum-space potential for nuclear 7° photoproduction.
While the first-order part of the potential, obtained within
the framework of the impulse approximation, has a stan-
dard form [13,18], the second-order part is constructed based
on our recently developed second-order pion-nucleus scat-
tering potential [44]. This second-order contribution of both
pion scattering and photoproduction potentials describes pion
rescattering on intermediate excited nuclear states. It takes
into account the explicit spin and isospin structure of the
elementary scattering and photoproduction amplitudes in-
volving intermediate nucleon spin-flip and charge-exchange
interactions. In the present calculation of coherent 7 pho-
toproduction on '2C and *’Ca, the in-medium effects are
incorporated using the approach of Ref. [13]. However, to
determine the numerical value of the effective A self-energy,
which modifies the elementary photoproduction amplitude,
we directly employ the results obtained from the fit of 7=- 12C
scattering data performed in Ref. [44], covering the energy
range of 80-180 MeV pion laboratory kinetic energy.

The paper is organized as follows: In Sec. II, we present the
main aspects of the multiple-scattering formalism for nuclear
pion photoproduction. Then, in Sec. III, we consider the struc-
ture of the elementary amplitude of pion photoproduction and

its modification in the nuclear medium. In Sec. IV, we derive
the second-order potential for coherent nuclear pion photopro-
duction. Next, in Sec. V, we compare the predictions of our
photoproduction model with experimental data for '>C and
0Ca nuclei. Finally, in Sec. VI, we present our conclusions.

II. MULTIPLE-SCATTERING FORMALISM

The T matrix for nuclear pion photoproduction can be
presented in terms of a multiple-scattering series:

A A A
T, = Zf,? + Zf,-fo
i=1 i=1 ji
A A A
DR R RN
i=1 j#i k#j

where A is the nucleon number, 7; and fiy are transition am-
plitudes for pion scattering and photoproduction on a single
nucleon inside the nucleus, respectively, and G is the Green’s
function of the noninteracting pion-nucleus system.

Due to the structural similarity between Eq. (1) and the
series describing the pion-nucleus scattering, the Kerman-
McManus-Thaler (KMT) multiple-scattering approach [45]
can be applied to the pion photoproduction process [46].
Consequently, Eq. (1) can be subdivided into a system of
equations:

7, =0, + Tff;ﬁoﬁy, (2a)
o A=
T =U+——UGRT, (2b)

where T is the transition matrix for pion-nucleus scattering,
while U, and U are the pion-nuclear photoproduction and
scattering potentials, respectively, defined as

U, = At} + A(A — )1,GPyt)

+A@A = 1 53GBy 12 GPy) + - -, (3a)
U =A% + AA — D1 GPyty
+AA — D?*53GPs1GPyty + - - - . (3b)

In these equations, we have used the fact that the ground
state wave function of the target nucleus, | W), is completely
antisymmetrized, and each term of the same order in the series
gives an equal contribution. The operators By = |Wy) (W,| and
Py =1 — By project on the nuclear ground state and all pos-
sible excited states, respectively. The factor (A — 1)/A in the
equations above prevents double counting of the rescattering
since both #; and %) already include pion scattering to all
orders on a single nucleon.

The standard KMT equations for pion-nucleus scattering
are given by Egs. (2b) and (3b). As can be seen, Egs. (2a)
and (3a) describing the pion photoproduction are reduced to
the corresponding equations for scattering by removing super-
script “y”. This convention in the notations will also be valid
for all quantities in the following.

For nuclear coherent 7° photoproduction and elastic
pion scattering processes, only the nuclear ground state
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FIG. 1. Diagrammatic representation of the KMT formalism,
Egs. (2) and (3), applied to the coherent 7 photoproduction on the
nucleus. The upper and middle panels depict the first and second
terms on the right-hand side of Eq. (3a), respectively. The lower
panel represents the second term on the right-hand side of Eq. (2a).
In the bottom line of the diagrams, A and A* denote the nucleus in its
ground and excited states.

expectation values of the transition amplitudes (Ty and 1)
and the potential operators (07 and U) contribute to Egs. (2).
The involvement of excited intermediate nuclear states is ex-
cluded by the action of the projector £. All information about
nuclear excitation, including intermediate nucleon spin-flip
and charge exchange, is encapsulated in the nuclear pion
scattering and photoproduction potential operators, given by
Egs. (3). Figure 1 illustrates the diagrams corresponding to
the nuclear coherent 7° photoproduction. The upper panel
illustrates the pion photoproduction on a nucleon within the
nucleus, described by the first term on the right-hand side of
Eq. (3a). The middle panel corresponds to the second term
on the right-hand side of Eq. (3a), representing 7° photopro-
duction on one nucleon, after which the nucleus undergoes
a transition to an excited state, followed by propagation and
then scattering on a second nucleon. Finally, the second term
on the right-hand side of Eq. (2a) represents the rescattering
of the outgoing 7° off the nucleus, corresponding to the lower
panel in Fig. 1. The pion elastic scattering process is described
by the same set of diagrams with the photon line replaced with
the pion one.

As follows from Eq. (2a), the coherent 7° photoproduction
amplitude off nuclei can be presented in momentum space as

F,(k k) =V, k)
A—1 [ d" F(K KW,k k)

A ) 2t -k +ie

N C))

where k (k') is the incident photon (emitted pion) momentum,
and ky is the pion on-shell momentum. The momentum space
coherent photoproduction amplitude F;,, elastic scattering am-
plitude F', and photoproduction potential V,, are related to the
ground state matrix elements of the corresponding operators
via

VA KA, (k .
F (K k) = —%(ﬂ(k’), Yol T, |y (k), Wo),
(5a)

vk = LAY AR

o (&), WolU, |y (k), Wy),

(5b)

Fk' k)= —

N AUDWAL .
%m(k’), Wo| T (k). Wo). (5¢)

The off-shell analog of the relativistic reduced mass of the
pion-nucleus system .7 in the pion-nucleus center-of-mass
(c.m.) frame is defined as
[E + w(k) + Eq(k)][w(ko)Ex (ko) + w(k)Ex (k)]
2{E? + [w(k) + E4(K)1?} ’
(6)

where w(k) and E4(k) are the relativistic energies of the
pion and the nucleus, respectively, depending on the c.m.
momentum k, and E = w (ko) + Ea(ko) = k{ + Ea(k}) is the
reaction energy. For the on-shell photon of momentum |k| =
ki, ., is the simple photon-nuclear relativistic reduced
mass: .4, (k) =k Es(k})/E.

According to Eq. (4), knowledge of both the photopro-
duction potential and the scattering amplitude is necessary
to derive the full photoproduction amplitude. In this work,
we employ the scattering amplitude F (k’, k) obtained from
Ref. [44], where the second-order pion-nucleus scattering po-
tential incorporating the explicit spin and isospin structure of
the elementary scattering amplitude in pion rescattering was
fitted to w*- 12C scattering data. As follows from Eq. (3a), the
ground state expectation value of the photoproduction poten-
tial operator, (\Ilolﬁy |Wp), involves an infinite series of terms.
All the terms, except the first one, consist of nondiagonal ma-
trix elements of £ and 7, due to the presence of the projector
on excited states, ﬁg. As in the case of the pion-nucleon scat-
tering process, we assume that the photoproduction potential
is approximated by the first two terms corresponding to the
two top panels of Fig. 1:

U, ~ At! + AA — 1)1, GPy2! . (7)

Further development of the nuclear photoproduction poten-
tial relies on a comprehensive knowledge of the amplitude for
the reaction of photoproduction on a single nucleon,

y(k) +N(p) — 7 (k') + NP, ®)

covering its spin-isospin structure, off-shell behavior, and
modification in the nuclear medium, which will be discussed
next.
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III. ELEMENTARY PION
PHOTOPRODUCTION AMPLITUDE

In general, T7 and 7 are energy-dependent (A 4 1)-body
operators, related to the amplitudes in free space as

P =1V(E) =" (W) + 2E)GE) — gW)IF" W), (9)

where W is the pion-nucleon reaction energy, 77 is the ele-
mentary pion photoproduction amplitude on the free nucleon,
and g(W) is the propagator of the free pion-nucleon system.
Here and further, we drop the index “/” when there is no
need to distinguish nucleons. As in the case of the pion
scattering process, we apply the impulse approximation, as-
suming %/ (E) = ¥ (W). There are various approaches, each
motivated by different considerations, to determine the opti-
mal value for W [47-50]. For consistency with our previous
study of pion scattering [44], we adopt the so-called two-body

choice for the reaction energy:

W = Ik + Ex(p)P — e+ p2, (10)

where Ey(p) is the energy of the struck nucleon. The reaction
energy, Eq. (10), is evaluated for the on-shell momenta |k| =
ky and |K'| = ko.

The momentum space 7T -matrix for pion photoproduction
on free nucleon is related to the free nucleon photoproduction
amplitude f7 in the photon-nucleon c.m. frame as

(&), NI |y k), N(p)) = —(27)*8(k' +p' —k — p)

2w A
S fV(chm’kZCm)’ (11)

Vi pw, k, p)

where p(k, p) = o(k)Ex(p)/W (k, p), 1, (k,p)=kEN(p)/
W(k, p), and W(k, p) is the invariant mass of the system
with momenta k and p. The subscript “2cm” indicates the
photon-nucleon c.m. frame.

The momenta are boosted to the 2cm frame by the Lorentz
transformation

(k+p)( (k+p)-k )
Koem = k k), 2
2om =X F e ) \ Wk p) -k + Ex(p) (120)
, , (K +p)
k =k —
o =E T g
K +p)-K , )
—w(k) ). 12b
(W(k’,p'>+w<k'>+EN<p'> k) ). (120)

While the Lorentz transformation is originally derived for on-
mass-shell objects, we assume Eqs. (12) are also applicable to
particles off their mass shell [51,52].

The dependence of the amplitudes on the struck nucleon
momenta p and p’ (the so-called nucleon Fermi motion) sig-
nificantly complicates the calculation. In the general case, the
procedure implies the integration over nucleon momenta to
obtain the matrix element in Eq. (5b) and requires knowl-
edge of the model-dependent one-body density matrix [48].
A common approach to simplify this problem is evaluating

the elementary amplitudes at the effective nucleon momenta

Kk Ktk o Kok Ktk o
=————~— " an = - -
P=— 24 P 2 2A

This approximation provides numerical results for cross-
sections that closely align with the exact values [53] while
conserving energy and momenta. Originally introduced for
pion scattering [54,55], this approach has been proven
successful in subsequent applications to photoproduction
[18,56,57].

A. Decomposition of the pion photoproduction amplitude

The spin structure of the pion photoproduction amplitude
in the photon-nucleon c.m. frame is conventionally expressed
in terms of the Chew-Goldberger-Low-Nambu (CGLN) am-
plitudes [58]. For the production process by a real photon, the
decomposition has the form

6 -K)6 - Tk x €]

frk . k)y=ié-Fk k) + o (K k)
(G K € (6 KK - €)
+ lTF3(k k) + lk—’2F4(k k),
(14)

where €* is the photon polarization vector, and & is is the
nucleon Pauli spin operator.

For circularly polarized photons with the helic-
ity A==1 moving in the direction Kkyeym/koem =
(sinf cos ¢, sin6 sin ¢, cos @), the polarization vector is
given by

L e
€ =——(—Acosfcos¢ +ising,

NG ¢ ¢

— Acosfsing —icos¢, Asinf), (15)

satisfying €* - kyer = 0.

For the on-shell process with a given isospin configuration,
the CGLN amplitudes are independent complex functions of
the reaction energy and the pion scattering angle. The ampli-
tudes F; can be further expanded into a sum of partial-wave
contributions from channels with different pion-nucleon fi-
nal states with angular momentum /. There are four distinct
transition types possible for a real photon, classified based
on the parity P of the photon and the final-state total angular
momentum J = |/ &£ 1/2]| of the pion-nucleon system. For the
transverse photon with the total orbital angular momentum
L, the states can either be electric, £,4 with P = (—DFE, or
magnetic, M;+ with P = (—1)X*!. The explicit form of the
multipole expansion for F is given in Ref. [58].

In the computation of the nuclear photoproduction ampli-
tude, as given by Eq. (4), it is necessary to specify the behavior
of the multipoles in the case of the off-shell pion-nucleon
system. To maintain consistency with our calculation of the
pion-nucleon scattering amplitude in Ref. [44], we employ
the following separable form for the pion with the off-shell
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momentum k’:
. . K
A (K KY) =Al:t(k(),k(})/)(k—> w(k"), (16)
0

where A, encompasses both M, and E;... The off-shell ver-
tex factor is

A% — m?
k) = u , 17
PO = N ko) — 47 a7
with A = 1.25GeV. For the on-shell process, EL =

Eii(ko, k}) and M4 = M4 (ko, k}}) depend solely on the re-
action energy.

The amplitudes E, Ey, and M, are operators in nucleon
isospin space. If isospin conservation in the hadronic system
is assumed, the isospin structure of any photoproduction am-
plitude involving a pion with a Cartesian isospin index b is
given by [59]

A=83AT + 1[4, 53147 + A7, (18)

where 7, represents the nucleon isospin matrices. To facilitate
the analysis of resonances in the pion-nucleon system with
respect to its total isospin 7', it is convenient to introduce the
following combinations of the isovector photon amplitudes:

AL = Al 24, (19a)
AP =AfL - AL, (19b)

which correspond to 7 = 1/2 and 3/2, respectively. The
isoscalar amplitudes A° correspond to isospin-1/2 states.

The magnetic dipole amplitude M ?f holds significant im-
portance as it represents the amplitude for the photoexcitation
of the A(1232) resonance [60,61]. By keeping contributions
solely from the s- and p-wave pion-nucleon system and ex-
plicitly separating the A(1232) resonance multipole M 134/_2, the
half-off-shell CGLN amplitudes are expressed as

FriK k) ~ Ef,w(k)

/

+ (M2 + M7+ 3E] ) —5 w(k'),  (20a)

koky]
Fy (K k) ~ Eq, w(k)
K -k
+ (=M + M +3EL) — o w(k),
(20b)
gy 4 3/2 2 1/2 + K ’
Bk k)~ (M7 + M2+ M ) —w®),  (20c)
3 3 ko
2 2 K
Fr (K k)~ (=M + MP + M ) —w(k), (20d)
3 3 ko
k/
FF (K k) ~ (—2M)7 — M) + 3E1J;)Ew(k/), (20e)
k/
Fy (K k) ~ (M2 — M,> + 37, )—w(k’), (20f)
0
Fr (k' k) ~ 0. (20g)

A similar expansion is applicable to Fio, which, however, does
not contribute to nuclear 7% photoproduction on isospin-zero

nuclei. In our computation of the first-order part of the photo-
production potential, we also include the d-wave contribution
in a similar manner, introducing a correction on the order of a
few percent at higher energies.

For all multipole amplitudes except M’ i + , we use their free-
space values taken from the unitary isobar model MAID2007
[60] based on the dynamical Dubna-Mainz-Taipei model [62].
Note that £y, is the dominant nonresonant multipole. How-
ever, Eg_ n does not contribute to the first-order potential for
spin-zero nuclei. It only appears in the second-order correc-
tion (as shown in Sec. IV), and for this reason its in-medium
modification has a negligible impact on observables.

Various A-hole model calculations for pion scattering
[63-66] and photoproduction [20,67,68] indicate significant
differences between the properties of the A isobar within
the nucleus and in free space. The decay width of the A
is notably affected by numerous inelastic channels opened
in the nuclear medium, such as pion absorption on a few
nucleons [69]. Correspondingly, the resonant multipole M 13 f
undergoes significant modifications in the case of the pion
photoproduction on a bound nucleon, as will be described
next. The modification of the much smaller resonant electric
quadrupole amplitude E 13 f is considered in Appendix A.

B. In-medium modification of M’ 32
The magnetic dipole amplitude M1 '~ consists of a A-

resonant term and a nonresonant background contribution
[70]:

Mi@f _ M%/2(B) +M3/2(A). (1)

In the present calculation, we use the unitary isobar model
MAID98 [25], according to which the resonant part of the

M Tf amplitude can be written as

wam V[}w .ﬁNAUVU%deUFAﬂvyleW)
ma —W —ila(W)/2

with 1\7[3/2 = 0.323 GeV~!/2, the A-resonance mass m, and
decay width T'A(W). The energy dependence of I'x(W) in
MAID is parametrized as

’

(22)

k3 ma 2mA X2 + k2 g
TA(W) =Tr-2—> i 23
aW) Rk;WW+mA<X2+kg> 23)

The vertex factors are given by
k" (X2 + Ky

SynaW) = (g) <)Tkg2 , (24a)

1k 2my 1 \"?
W) = e , 24b
Jana(W) (37‘[ ko W+ ma FA(W)> (24)

where 'y and k}; (kg) are the A width and photon (pion)
momentum at the resonance position, W = ma. In Egs. (24),
X is the damping parameter, my is the nucleon mass, and
n=2forM 342 The numerical values of the model parameters

are listed in the first line of Table I.
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TABLE I. Parameters of MAID98 [25] and RAM [71].

ma (MeV) 'z (MeV) r X (MeV)
MAID98 1235 130 1 500
RAM 1232 115 0

The phenomenological phase ¢(W) is introduced in
Eq. (22) to fulfill the Fermi-Watson final state theorem [72],
which results from the unitarity of the S matrix. Following
Olson’s unitarization procedure [73], the phase of M ff mul-
tipole is adjusted to the pion-nucleon scattering phase shift
in the spin-isospin-3/2 p-wave channel P33, providing the
unitary phase

dW) = (22.13x — 3.769x% + 0.184x%) [deg],  (25)

with x = (W — m,; — my)/100 MeV.

The separation in Eq. (21) is not unique and varies, for
example, between dynamical models [62,75,76] as well as
phenomenological multipole solutions [25,60,61]. Specifi-
cally addressing the M ff multipole and real photon scenarios,
the primary distinction between MAID98 [25] employed in
this work (as well as in Ref. [13]) and the later unitary isobar
model MAID2007 [60] is their approach to handling the back-
ground. The background contribution Mff(B) in MAID9S,
consisting of Born terms and #-channel vector-meson contri-
butions, is a real monotonic function. Within the framework of
MAID2007, the background undergoes unitarization through
the K-matrix approach, transforming into a complex function
that has zero value at the resonance position. Consequently,
this difference leads to distinct unitarization phases ¢(W).

The chiral effective field theory (xEFT) [77] results pro-
vide a vigorous framework to understand the role played
by the unitary phase. As was shown in Ref. [74] for
the pion photoproduction in the A-resonance energy re-
gion, the Fermi-Watson theorem is fulfilled exactly in the
complete next-to-leading-order (NLO) calculation using the
8-expansion power counting scheme [78]. In this approach,
the bare resonant part, which defines the LO result, itself
satisfies the Fermi-Watson theorem. Going to NLO, the back-
ground contribution is purely real. Consequently, their naive
summation would result in unitarity breaking. The restoration

3 .

7 ~
/ > /

of unitarity occurs upon including the y N A vertex corrections
illustrated in Fig. 2 in the calculation.

Comparing the xEFT results with the framework of
MAID98 reveals that the multiplicative factor exp[ip(W)]
in Eq. (22) effectively incorporates the contribution of the
additive vertex corrections [79]. The difference between the
approaches of MAID98 and MAID2007 can be related to the
vertex correction graphs in Fig. 2. Depending on whether ver-
tex corrections are associated with the resonant or background
contributions, a real or unitary (complex) background term
is derived, as implemented in the MAID98 and MAID2007
approaches, respectively.

For the nuclear applications considered in this work, we
want to allow for a medium modification of the A-resonance.
For this purpose, we adopt the approach of MAID98, where
all vertex corrections are absorbed in the resonant part of the
Mff multipole, offering a more straightforward process of
implementing in-medium correction. Notably, various theo-
retical frameworks for pion photoproduction on the nucleon
have been developed in the last decades, categorized into
several major groups: dispersive [80,81], effective Lagrangian
[82—84], dynamical models [62,75,76,85,86], chiral effective
field theory [87]; see further references therein. However,
employing MAIDO98 enables a direct comparison between the
predictions of our model and the results of Ref. [13], avoiding
discrepancies due to dependence on the model for the photo-
production of free pions.

Our method of introducing the medium effects is then sim-
ilar to the approach of Ref. [13]. The nonresonant background
M ff(B) is assumed to remain unchanged. The Breit-Wigner
denominator and unitary phase in Eq. (22) are combined into
an effective propagator, which can be presented as

1

GW)=GW)e'” = — . (26
W =6 = —w —itaonyz. 20
with
_ ¢ 1 .
ma(W) = ma cos ¢ + 2W sin 5~ EFA(W)Slmp,
(27a)
TA(W)=Ta(W)cos¢p —2(W — mp)sin . (27b)

The effective mass and width of the resonance, Egs. (27),
are shifted in the nuclear medium by many-body effects. Cor-

B
B

7 -7~ § / = é

N ~ - 4 ~ - £
FIG. 2. The NLO yN A vertex corrections in baryon y EFT in the §-expansion counting scheme [74]. The solid lines correspond to nucleon
propagators; the double lines represent A propagators; the wiggly double line corresponds to the vector-meson propagator. The latter process
appears as the effective low-energy constant associated with the radius of the gy, form factor at finite photon virtuality. The closed and open

circles denote the vertices from the first- and second-order Lagrangian, respectively, the sliced vertex stands for the electric gz and Coulomb
gc quadrupole couplings.

—e—_—_— @& —
~ - ~ //
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respondingly, for the photoproduction off a bound nucleon,
the effective propagator, Eq. (26), in Eq. (22) is replaced by

1

G(EA9W)=_ = —=
mA(W) -Ww —ZFA(W)/2+ EA

(28)

where X 5 is the effective A self-energy.

In the following subsection, we determine the A self-
energy X, consistent with our model for pion-nucleus
scattering [44], which was fitted to the experimental data.

C. The effective A self-energy

Despite the nonlocal nature of the A self-energy X within
a finite nucleus [88], an assumption of locality was success-
fully applied to both scattering [63—65] and photoproduction
[24] processes within the A-hole model framework. The anal-
ysis of low-energy pion-nucleus scattering and pionic atom
data, conducted in Ref. [89] across a wide range of nuclei,
revealed the existence of a nuclear effective density, which
determines the parameters of the pion-nucleus potential. The
evaluation of the average value of r over the product of the
nuclear density and the initial and final pion distorted waves
reveals that the pion-nucleus scattering predominantly occurs
in the peripheral region. In particular, for the pion-'>C elastic
scattering at the pion kinetic energy of 100 MeV, the average
value of r is 2.52fm [90]. As demonstrated in Ref. [69],
the strong two- and three-body pion absorption mechanisms
result in nearly complete absorption of pion flux near the nu-
clear surface, even at the pion laboratory energy of 165 MeV.
Only at high pion energies, about 240 MeV, is there a non-
negligible probability that the pions will pass through the
nucleus without being absorbed. Due to the strong absorption
processes, the outgoing pions primarily interact with a nar-
row band of the nuclear surface around the effective nuclear
density. Consequently, it is reasonable to presume consistency
in the A self-energy between scattering and photoproduction
processes, as only pions produced from the nuclear surface
area will likely remain unabsorbed.

For the scattering process in Ref. [44], we adopt the rel-
ativistic A-isobar model (RAM) [71], which successfully
reproduces the p-wave pion-nucleon phase shifts at low and
intermediate energies, especially in the resonant P33 channel.
The model is based on the K-matrix formalism, in which the
scattering amplitudes are expressed through

KZIT 2J (29)

! —
Jaras 1—ikoKl,,,

We explicitly separate the s-channel A contribution to the
p-wave spin-isospin-% K matrix from the nonresonant back-
ground:

Kiy = K3 + K33, (30)
where the background contribution is

1 k2 my f2 8m
Ky = s 3D

with fz% /4m = 0.079 and the approximate u-channel Mandel-
stam variable i1 = m,z\, + m% — 2w(ko)En (ko). In Eq. (31), the

u-channel contributions from the Roper resonance N*(1440)
and A are omitted for simplicity. The resonant part of the
K-matrix in the nuclear medium is

K;;A)(EA) — %M’ (32)
0oma+Xa—W

with the effective A self-energy X A. Note that RAM employs
the resonance mass and width slightly distinct from the pa-
rameters of MAID9S, as listed in the second line of Table 1.
In our approach, X, serves as a complex model parameter
independent of energy and momentum. The fit to w*-12C
scattering data within the energy range of 80-180 MeV pion
laboratory kinetic energy yields the numerical value ¥, =
12.9 £ 1.3 — i(33.2 £ 0.8) MeV. Employing this value of X 5
leads to reasonable predictions for pion scattering on 60,
288, and *°Ca nuclei.

The A self-energy X, in Eq. (32) is not yet the same as % 5
in Eq. (28). As was discussed above, the quantities entering
Eq. (28) incorporate the interference of the bare resonant with
the background corrections. Within RAM this interference ex-
plicitly arises in the scattering amplitude upon substituting the
K matrices, Egs. (32) and (31), into Eq. (29). The resulting P33
channel pion-nucleon scattering amplitude can be expressed
in the form

1 rw)/2
S = komp — W — ilE(V%/Z SN
where the total elastic width is
(W) =Ta(W) +2(ma — W)koK43" (34)
and we have introduced the effective total A self-energy
TAW) =13 FaV) (35)

A .
T(W) + 2T akoK3sY

In this way, the total elastic width and total A self-energy,
(W) and TA(W), differ from the corresponding bare-
resonance quantities, ['a(W) and XA, due to the inclusion
of nonresonant contributions. As follows from Eq. (35), the
influence of the background brings energy dependence to the
effective A self-energy in Eq. (33). The upper and lower
panels of Fig. 3 illustrate the total and bare-resonance A decay
widths, as well as the total A self-energy provided by the
RAM, respectively.

Finally, we utilize ¥, given by Eq. (35) to calculate
the pion photoproduction amplitude in the nuclear medium
using Eq. (28). The modified Mff multipole resulting from
this process is compared with its free-space counterpart
in Fig. 4. The plot illustrates that the medium effects
significantly modify the magnitude and resonance position
of the amplitude. The MAID98 background contribution,
Mff(B), also shown in the figure, exhibits a monotonically
increasing trend with energy. This behavior mainly arises
from vector mesons other than p and w, which are not
accounted for in the MAID model and affect the results at
higher energies above the A(1232) resonance.

In contrast to our model, which assumes that X o is mo-
mentum independent, Ref. [13] introduces dependence on the
momentum transfer ¢ into X, through the factor F(q) =
exp(—Bq?). Here, F(q) is the s-shell harmonic oscillator form
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FIG. 3. Upper panel: the total and bare A-resonance elastic de-
cay widths, denoted as I' and "' respectively, as functions of the
pion-nucleon reaction energy W obtained within RAM. Lower panel:
the effective total A self-energy X, as a function of W, Eq. (35),
with £, = (12.9 —i33.2) MeV. The short dashed gray lines repre-
sent the resonance position and the magnitude of the corresponding
quantities.

factor of *He with B = 0.54 fm?. This phenomenological
modification is assumed to be universal and applicable to
heavier nuclei with the same 8. We do not include this factor
in ¥, to maintain consistency with our model for pion scat-
tering. Incorporating this factor has been observed to spoil the
fitting of the scattering data, particularly the differential elastic
cross sections at large angles.

IV. THE SECOND-ORDER POTENTIAL FOR NUCLEAR
PION PHOTOPRODUCTION

In this section, we derive the explicit form of the m°
photoproduction potential in momentum space, as given by
Eq. (5b), for spin- and isospin-zero nuclei. The derivation
closely aligns with the development of the pion-nucleus scat-
tering potential presented in Ref. [44].

According to Eq. (7), the potential is approximated as the
sum of two terms:

V, (K k) ~ VDK &)+ VD k), (36)

where, within the impulse approximation, the first-order part
of the potential is

ViU k) = ——WA(H(H), Wyl |y (k). Wo)
37)

30
— 20t
&
g
~
T 100
Ly
o 0r
% R —— f’f free
& _10f ——— M2 bound
e MI2®
35t — M7 free
- 30 — — — M2 bound
£
o 25¢
o
= 20t
Qg
n— 15,
=
E 10}
5,
0

1100 1150 1200 1250 1300 1350 1400
W [MeV]

FIG. 4. The real and imaginary parts of the M 13 f multipole. The
solid black curves correspond to the amplitude in free space given
by MAID98 [60]. The dashed red curves represent the modified
multipole in the nuclear medium as given by Eq. (28) with the
effective A self-energy illustrated in Fig. 3. The dash-dotted green
curve is the nonresonant background contribution in MAID98 [25].

and the second-order part is given by
VA (K )A (k)
2
X A(A — 1)(r (K"), Yol GPyt] |y (k), Wo).
(38)

@’ —
VAW k) = —

Using the matrix element given by Eq. (11) and the optimal
factorization approximation arising from Eqs. (13), we obtain
the following first-order spin-isospin-averaged photoproduc-
tion potential in momentum space:

VU k) =7, (K k)

[k/cm x k cm] €
A 2 B (R Ko )0 (K — KO,

kécmk2cm
(39)
with the phase space factor
M (kA (k
W, (k' k) = )4, &) (40)

k', pymy k, py)’

and the nuclear form factor p(g), normalized to p(0) =
A. In this work, the numerical values of p(q) are de-
rived from the nuclear charge form factors provided by the

014605-8



NUCLEAR COHERENT 7° PHOTOPRODUCTION WITH ...

PHYSICAL REVIEW C 110, 014605 (2024)

model-independent Fourier-Bessel analyses (Refs. [91] for
12¢ and [92] for “°Ca), corrected for the electromagnetic
form factors of proton and neutron. The nucleon form factors
are taken from the global fits of electron scattering data of
Ref. [93].

The second-order component of the potential character-
izes the subsequent rescattering of the generated pion on a
second nucleon, occurring concurrently with the excitation
and deexcitation processes within the nucleus. To calcu-
late the matrix element in Eq. (38), we need to account
for the spin-isospin structure of both ¥ and f. While the

J

1/2

photoproduction amplitude is decomposed according to
Egs. (14) and (18), the scattering amplitude is commonly
presented as [59]

f=i4+iV. 2+ @ +iY-)6-n, @D

where £ is the pion isospin operator, and 7 is the normal to the
pion-nucleon scattering plane.

The spin and isospin dependence in Eq. (38) can be explic-
itly factored out. For spin-zero nuclei, the direct summation
over spin components yields

3 @G 4D, m) T s Ko 11 (5 025)

s,8'=—1/2

N 2(€A ‘ nlﬁz(kgcm’ k2cm)f(0'l) + ié}‘ ' anl(kgcm» kZCm)f(ZVS) +i

where x;(s) is the nucleon spinor, n; = [k,

2cm X k2cm]/(kgcmk

(Ko - 12) (K, - €)

2cm

k k//

2cm™2cm

ﬁ:; (klz/cma kzcm)f(zj)) ) (42)

) and ny = [k, x k5, 1/ (k5 k5. ). The subscript “2cm’

corresponds to the c.m. frame of the pion and the second nucleon. The spin-flip pion photoproduction amplitudes Z 1,3 amplitudes

are related to the CGLN amplitudes as

F(K k) = By (K k) —

Fik k) = B (K k) + B (K k).

/

k'k

Bk k), (43a)

(43b)

Note that contributions proportional to £47? exactly cancel. This cancellation arises from the fact that the operator (n - &) serves
as a spin projector onto the n axis. Consequently, operators (1, - &) and (k’ - &) project onto perpendicular directions. Although
these operators correspond to different nucleons, the summation over spin makes the final result proportional to n, - k' = 0.

It is convenient to use the relation

<7Tb|i : f|7Ta> = igubcfc = _%[%bs fu] (44)

to write the isospin decomposition of Eq. (18) in a form similar to Eq. (41). Taking the sum over the isospin in Eq. (38) for nuclei

with zero isospin, one obtains

172

+ N 1 R R N
Z n{(f)ng(r’)[%t(‘)ﬂ) — E[T“’ ,b]tu.ﬂ

T,7'=—1/2 2

1 L LaS - fa N n Al ~
|:5b3A7_i + E[Tb, HIAL + r,,A?i} Mm@ Hn(t) = 2(FOPAT — 271947),
1

(45)

where 1;(7) is the nucleon isospinor and the subscript i = 1, 2 in [- - - ]; refers to the nucleon index as in Eq. (38).
Finally, neglecting the nuclear excitation energies in G and combining Eqgs. (42) and (45), the second-order part of the potential
in momentum space for spin- and isospin-zero nuclei can be written as

K’ W(k/, k”)%(k”,k)

VO k) =
0 2n2 K-k +ie

[f(o)(k/, k//)f;O)(k//’ k)C()(k/ _ k//, k// _ k)

+ V&KV E )+ FOE KD R) + 2f O E KD | K))Co (K — K K —K)],  (46)

where

f)fo’l)(k//’k) = :l:e)h : anZi(k/Z/cm’kZCm)’

PV k) = tiet - ny T (K,

2cm?

ko) T

(47a)

.(k2cm : nZ)(k/zlcm : GA)
k k//

2cm’2cm

9; (k,2,cm ’ k20m ) . (47b)
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with ﬂi% holding the same meaning as defined in Eq. (18). The scattering amplitudes f) are the same as for the scattering
potential:

. k//

2cm’

FOPU K" = (bo1 + co1 K.

2cm’ )w(k/)U)(k),
FEIW LK) = 50,1 Kyopkyy w (KW (),

(48a)
(48b)

where by |, co.1, and sg ; are the standard scattering parameters [59]. The P33 channel contribution to p-wave parameters cg ; and
50,1 1s modified in nuclear medium as described in Sec. III B.

The properties of the nucleon distribution contribute to the second-order potential via the correlation functions Cy and Cey,
which are defined in coordinate space as

Cex(ri,r2) = p(rpp(r2) — pa2(ry, r2), (49a)

1
Co(ri,r2) = Cex(ry,12) — Kﬂ("l)ﬁ(i‘z), (49b)

where p(r) and p,(r1, ry) are the one- and two-body nuclear density distributions, respectively. The corresponding quantities
in momentum space are obtained by the Fourier transform (see Ref. [44] for details). In our calculations, we employ the Slater
determinant form of the total nuclear wave function, with single-particle wave functions of nucleons derived from the harmonic

oscillator shell model. The resulting correlation functions take the following form for '2C:

4 2 2 1A—1
Colgy, o) = (12 -3 (a1 +9) - 4\/;0241 ‘0, + 34" "12)2> exp [_Z @ (ai+ é)], (50a)
2 2 4 1A—1
Co(q,,92) = (—4\/;512(11 4+ 504(611 qy)" — Ea4Q%‘]§> exp |:_Z N az(‘]% + q%):|; (50b)
and for “°Ca:
1 1
Cex(q1, 42) = <40 —10a%(q, +42)° + 7a* (@1 +42)° + 100, - 42)°) = 56°(q1 - ) (01 + 43 + 41 - 02)
1 1A—1
+ e @, ‘112)4) exp [_Z (i + qi)}, (51a)
1 1
Co(q1,9>) = <— 20a%q, - g, + 504(4@11 +¢,)°q, - 4, +6(q, - 42)° — 3q143) + ﬁaS(IO(ql 0" — 41q3)
1 6 2 2 2 2 2\ .2 2 lA B 1 2(.2 2
— 34 (4(ai +a5+ 4, 0) @ 902" — (91 + ) a193) | exp et (4 + @) |- (51b)

The harmonic oscillator parameter a is 1.63fm for 'C and
1.98 fm for “°Ca.

The second-order part of the photoproduction potential,
as expressed in Eq. (38), has a form similar to that of the
scattering potential, and the four terms on the right-hand side
carry the same physical meaning. The first term describes
spin-isospin averaged individual nucleon scattering on two
nucleons. The term proportional to [ £ (f*f2) de-
scribes the contribution of the intermediate charge exchange
(nucleon spin-flip) on two nucleons, keeping the scattered
nucleus in the ground state. Similarly, the term f© f)@ rep-
resents the simultaneous exchange of both spin and isospin.

V. RESULTS AND DISCUSSION

In this section, we compare the predictions of the described
model for the coherent nuclear pion photoproduction on '2C
and “°Ca with experimental data and theoretical model calcu-
lations derived from Ref. [13]. Note that no fitting of the A

(

self-energy was done, and the obtained results are based on
the parameters from the multi-energy fit to w*- 2C scatter-
ing data in the energy range of 80-180 MeV pion laboratory
kinetic energy.

The comparison data are sourced from Refs. [28,29]. These
experiments were performed with the TAPS [94,95] and Crys-
tal Ball [96] detectors, respectively, at the electron microtron
in Mainz (MAMI) [97], combining it with the Glasgow tagged
photon beam [98,99].

The unpolarized differential cross section for the nuclear
pion photoproduction on a spin-zero target is expressed in
terms of the nuclear photoproduction amplitude, Eq. (4), as

do k() 1 2
50 = kgzéw. (52)
The computation of the amplitude F, involves several sequen-
tial steps, each depicted in the upper panel of Fig. 5, showing
the integrated cross section for the 7° photoproduction on
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FIG. 5. The integrated cross sections for coherent 7° photopro-
duction (upper panel) and 7+ elastic scattering (lower panel) on 2C
as functions of the total c.m. energy E of the system. The black
dotted curves depict results under the PWIA. The green dot-dashed
curves incorporate pion rescattering on the nucleus in its ground
state (DWIA). The blue dashed curves are obtained when the in-
medium modification of the elementary amplitudes is introduced to
the DWIA. The red solid curves represent the complete calculation in
which the second-order rescattering on excited nuclear states (middle
diagram in Fig. 1) is included. The data on the upper panel are taken
from Refs. [29] (o) [28] (m), and [100] (A); while data on the lower

panel are from Ref. [101].

12C in the energy range from threshold to photon laboratory
kinetic energy of o], ~ 400 MeV. Initially, we calculate
the first-order momentum space photoproduction potential,
Eq. (39), with the free-space CGLN amplitude F,. This ini-
tial step is depicted by the dotted black curve in the plot
assuming F, ~ Vy(l)(k', k), which is known as the plane-wave
impulse approximation (PWIA). Subsequently, we incorpo-
rate the pion-nucleus rescattering as given by Eq. (4) with
V, (k' k) ~ VD', k) and utilize the pion-'2C scattering am-
plitude F(k',k) from Ref. [44]. This corresponds to the
distorted wave impulse approximation (DWIA), represented
by the dot-dashed green curve in Fig. 5. The next step,
illustrated by the blue dashed curve in the plot, involves modi-
fication of the resonant M ff multipole in the nuclear medium,
as given by Eq. (28), using the effective A self-energy X a,
Eq. (35). Finally, the solid red curve represents the com-
plete model incorporating the second-order photoproduction

potential, V, (k', k)~ V(K , k) + VP (', k), utilizing the
second-order part described by Eq. (46). This last component
accounts for the second-order rescattering on excited nuclear
continuum states, involving intermediate nucleon spin-flip
and charge exchange, corresponding to the middle diagram
in Fig. 1.

As seen from the upper panel of Fig. 5, the DWIA pre-
diction incorporating the effective A self-energy correction
(the blue dashed curve) fails to match the magnitude of the
data, although it captures the overall shape adequately. Dis-
crepancies between PWIA, DWIA, and the modification of
the elementary photoproduction amplitude are minor at low
incident photon energies but become significant in the A-
resonance region. Incorporating the second-order component
of the photoproduction potential, V}fz), results in an upward
shift of the predicted integrated cross section, increasing it
by approximately 7% at o], ~ 250 MeV to 17% at ], ~
330 MeV. In the A-resonance energy region, the inclusion
of V? in the calculation yields a relatively smaller effect
compared to the influence of the final state interaction and
the modification of the A-resonance characteristics inside the
nucleus. However, the impact of VV(Z) remains sizable both
at low energies and in the A-resonance region, providing the
necessary correction for a satisfactory description of the data.

The resemblance between nuclear pion scattering and
photoproduction allowed us to employ a unified approach,
yielding a satisfactory description of experimental data. How-
ever, it is important to consider the differences between the
two processes when applying the same computational steps. In
the lower panel of Fig. 5, we show the effects of corrections
similar to those illustrated in the upper panel, this time fo-
cusing on - 12C elastic scattering in the energy range from
threshold to pion laboratory kinetic energy of 260 MeV.

Figure 5 demonstrates the importance of the final state
interaction and modification of the single-nucleon amplitudes
in the nuclear medium for both processes. However, while
the scattering amplitude is determined from the Lippmann-
Schwinger equation, which is self-consistent, the DWIA
photoproduction amplitude, as given by Eq. (5), is defined
as the difference between two terms, each of which in the
A-resonance energy region is noticeably larger than the to-
tal. For this reason, the photoproduction amplitude in the
A-resonance energy region can become sensitive to effects
only slightly influencing the scattering process, such as a
modification of the s-wave part of the pion-nucleus scattering
potential. Consequently, obtaining the correct photoproduc-
tion amplitude requires precise and consistent computation of
both the photoproduction potential and scattering amplitude.

As can be seen from Fig. 5, the energy dependence of the
shift in integrated cross sections for photoproduction and scat-
tering, induced by the second-order parts of the potentials VV(Z)
and V®, respectively, displays distinct behaviors. Although
the improvement in the description of the integrated elastic
scattering cross section may not be apparent from the lower
panel due to scarce data points, significant enhancements
become evident when considering the differential elastic scat-
tering cross section [44]. The second-order photoproduction
potential Vy(z) consistently increases the cross section across
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FIG. 7. Comparison of theoretical predictions for the coherent 77° photoproduction with the data for *°Ca. The top left panel demonstrates
the integrated cross section as a function of the photon laboratory energy w/, ; the differential cross sections as functions of the scattering angle
in the c.m. frame are shown in the other panels. The data are from Refs. [28,29]. The meaning of the curves and markers is the same as in
Fig. 6.
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meaning of the curves and markers is the same as in Fig. 4.

the energy range. In contrast, the influence of V® exhibits
a different behavior, providing a larger effect at lower ener-
gies and undergoing a change in sign. This different energy
behavior is explained by the distinct spin structure of the
pion scattering and photoproduction amplitudes for individ-
ual nucleons, Egs. (14) and (41). While the isospin structure
of the elementary amplitudes, and consequently the impact
on observables from intermediate charge exchange, remains
similar for both processes, the photon vertex introduces a
larger number of channels involving intermediate nucleon
spin-flip.

In Figs. 6 and 7, we demonstrate a comparison of the
integrated and differential cross sections for the coherent 7°
photoproduction on '>C and “°Ca, respectively, with the ex-
perimental data from Refs. [28,29,100]. The measurements
in Ref. [29] were performed starting from near-threshold
photon laboratory energy ], = 140 MeV. However, for the
present analysis, we omit the consideration of the differential
cross-section data corresponding to emitted pion laboratory
energies below 30 MeV, as their comprehensive analysis re-
quires the inclusion of nuclear excitations in the propagator
G of Eq. (38). To examine the impact of the second-order
corrections, we provide both the predictions of the complete
model and the results obtained after setting V,* = 0. The
solid red and dashed blue curves in Fig. 6 match the corre-
sponding curves in Fig. 5. For comparison, we also display the
theoretical predictions given in Refs. [28,29], which are based
on the model of Ref. [13]. In Ref. [13], only the first-order
photoproduction potential was taken into account, and the

effective A self-energy was fitted to experimental data for “He
[26]. Due to the mentioned sensitivity of the theoretical results
to the scattering amplitude, for the current computation, we
have improved the s-wave part of the scattering potential for
#0Ca (see Appendix B for details).

The observed reasonable agreement between the predic-
tions of our model and the experimental data demonstrated
in Figs. 5-7 supports the universality of both our approach,
initially applied to pion-nucleus scattering, and the parameter
¥ A derived from fitting to the scattering data. As noted in
Ref. [28], the TAPS data at larger angles possess contami-
nation from incoherent excitations of nuclear levels, which
explains the observed disagreement at 200, 290, and 350 MeV
photon laboratory energy between the data and all theoretical
predictions. The overall discrepancy at 350 MeV can be at
least partially attributed to the overestimated background con-
tribution in MAID9S at the higher-energy side of the A reso-
nance, as discussed in Sec. III. As seen from Figs. 5-7, there
is a disagreement between the data of Refs. [28,29] within the
energy range of 200-240 MeV photon laboratory energy for
both '2C and “°Ca. In this energy region, our model better
agrees with the more recent Crystal Ball measurements [29].

The data for '°0 from Ref. [29] are not taken for the current
comparison due to their significant discrepancy with the prior
measurements conducted by the Glasgow group using TAPS
[102] and the theoretical predictions based on Ref. [13]. This
disagreement may stem from the fact that the measurements
on '°0 were done using a liquid water target, requiring precise
treatment for background from hydrogen, which results in
additional systematic uncertainties. However, our predictions
for 190 are found to be in quantitative agreement with the data
from Ref. [102] and the model of Ref. [13].

VI. CONCLUSION AND OUTLOOK

In the present work, we have developed the second-order
momentum space potential for nuclear pion photoproduction
on spin-isospin-zero nuclei. Our approach to photoproduction
builds upon our established model for pion-nucleus scatter-
ing [44]. The incorporation of many-body medium effects
is achieved through the utilization of the complex effective
A self-energy X4, previously determined by fitting 7*- 12C
scattering data within the energy range of 80 to 180 MeV of
pion laboratory kinetic energy. Since the model parameters
originate from the scattering process, the achieved agreement
with the experimental data for coherent 7° photoproduc-
tion on '>C and *’Ca, obtained without any adjustments of
¥ A, underscores the universality and predictive power of our
approach.

The rescattering, involving intermediate excited nuclear
states and encompassing intermediate nucleon spin-flip and
charge exchange, was incorporated by the second-order part
of the photoproduction potential. This correction yields a non-
negligible contribution across the considered energy range,
proving essential for describing the experimental data with-
out requiring the additional fitting of the model parameters.
The associated upward shift of the predicted cross sec-
tion for the coherent 7° photoproduction was found to be
about 10%.
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FIG. 9. The differential cross section for =*-%°Ca elastic scattering. Solid curves and closed markers stand for 7*; dashed and open
markers for 7 ~. The experimental data are from Refs. [103] (80 MeV) and [104] (130, 180 MeV).

Within the A-resonance energy region, the accuracy of
the obtained results relies on the precise determination of
the pion-nucleus scattering amplitude and is sensitive to the
model for the pion photoproduction on a free nucleon. More-
over, the inclusion of higher-order effects on the effective
total A self-energy for both pion scattering and photo-
production may lead to minor discrepancies between both
processes. In principle, one can fit the total A self-energy
X 4 for photoproduction to achieve a better agreement with
the data. However, more high-quality data for both scattering
and photoproduction are required for such a more refined
analysis.

In future work, our intention is to extend the model to
heavy nuclei with nonzero isospin for both scattering and
photoproduction processes. The achieved agreement with the
photoproduction data also indicates the potential applicability
of our demonstrated approach to neutrino-induced pion pro-
duction on nuclei.
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APPENDIX A: IN-MEDIUM MODIFICATION OF E;/?

The formalism outlined in Secs. IIIB and IIIC can also
be directly applied to the A(1232) electric quadrupole E13 f,
which is numerically in the percent range as compared to
the dominant magnetic dipole. By utilizing parameter E3,; ~
—0.017 GeV~"? (in place of Ms;) and setting n =1 in
Egs. (22) and (24a), respectively, we reproduce the free-space
resonant part of El3 f as given by the MAID98 model. Em-

3/2

ploying identical procedures as those for M;", we obtain

the in-medium modification for El3 J/rz. Finally, in Fig. 8, we

demonstrate the resulting E13 f in the nuclear medium along
with its free-space counterpart.

Despite the significant change in the amplitude depicted
in the plot, its in-medium modification has a negligible ef-
fect on the observables. For coherent photoproduction, the
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contribution of E f f is confined to a second-order correction,
Eq. (46), resulting in a shift of less than 1% in the cross
sections. For the same reason, the in-medium modification of
E(;—:r can also be neglected, which we have also verified by
computations.

APPENDIX B: THE s-WAVE PART OF THE PION-*Ca
SCATTERING POTENTIAL

In Ref. [44], our research focused on investigating the
properties of the A resonance in pion-nucleus scattering. For
this purpose, the w*-'2C scattering data were fitted in the
energy range of 80-180 MeV pion laboratory kinetic energy,
where the influence of the A-resonance excitation is most pro-
nounced. Within this energy range, theoretical predictions for
observables exhibit low sensitivity to variations of the s-wave
component of the scattering potential. For this reason, the
in-medium modification of the s-wave pion-nucleon scattering
amplitude was treated within the simplest approximation. This
approach, utilizing model parameters fitted to the data for
m+-12C scattering, also provided a satisfactory description of
the differential cross sections for 7*-*’Ca elastic scattering.

In this work, however, we aim to further improve upon
the accuracy and reliability of the pion-*’Ca scattering ampli-
tude. This is motivated by the well-established sensitivity of
the photoproduction process within the A-resonance energy
region to the nuclear scattering amplitude. To achieve this
improvement, we slightly modify the s-wave part of the po-
tential and fit it to the measured differential cross sections for
7E-40Ca elastic scattering, as outlined next.

The s-wave part of the momentum space first-order poten-
tial for pion scattering on isospin-zero nuclei takes the simple
form

VW k) = (K )bo(ko)p(@)w (K w (k). (BI)

Here, the complex isoscalar s-wave scattering parameter in the
nuclear medium is given by

bo(ko) = b (ko) + Abo(ko), (B2)
where Abg encapsulates the in-medium modification of the
free-space amplitude b7 derived from the SAID analysis
[105]. While introducing Aby also affects both the s-s- and
s-p-wave interference parts of the second-order pion-nucleus
scattering potential (Vi, and Vj,, respectively, in Appendix C
of Ref. [44]), this modification yields a negligibly small
correction.

In Ref. [44], Aby was assumed to be purely imaginary and
have only one free parameter: the effective s-wave isoscalar
slope «. In the present calculation for “°Ca, we minimally
extend this approach by assuming

Aby(k) = B + i[ImAby(0) + a k], (B3)
with ImAby(0) = 0.017 fm corresponding to the s-wave true
pion absorption parameter, By, extracted from the pionic atom
analysis of Ref. [106]. The parameters « and g are fitted to the
7%-4Ca scattering data from Refs. [103,104] within the 80—
180 MeV energy range. The resulting values of the parameters
are o = 0.004 + 0.009 fm? and 8 = —0.048 £ 0.004 fm.

In Fig. 9, we compare the data with the obtained theoret-
ical fitted curves. As a result of the fit, we obtained better
agreement at 80 MeV pion laboratory kinetic energy, while
the plots for 130 and 180 MeV show almost identical behavior
to our previous results. This reconfirms the low sensitivity to
the s-wave part of the potential within the considered energy
range. For the same reason, introducing additional s-wave
parameters does not improve our model agreement with the
data within the A-resonance energy region.
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