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Incoherent π 0 photoproduction from complex nuclei
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Incoherent π 0 photoproduction from nuclei is evaluated via a multicollisional intranuclear cascade framework.
In-medium modifications are taken into account, including a realistic dynamical treatment of multiple πN and
�N scattering processes throughout the cascade. This time-dependent analysis yields structures in the 12C π 0

differential cross section both in the � region and in the photon energy range from 5 to 6 GeV, with the former
in very nice agreement with recent results from Mainz Microton. For heavy nuclei, however, such structures
disappear because of a more effective Fermi motion and a relatively higher final state interaction of the produced
pions as they exit the nucleus. The calculation of the incoherent part of the total π0 photoproduction propitiates
a clean and powerful kinematical separation from competitive (electromagnetic/nuclear) production processes,
which currently is a theoretical challenge for the PrimEx experiment at the Jefferson Lab.
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Various experiments have been recently proposed in an
effort to investigate in-medium modifications in meson pho-
toproduction from complex nuclei. Single π0, double π0, and
π0π+,− photoproduction channels from 200 to 800 MeV
in nuclei were explored by the Mainz Microton (MAMI)
collaboration [1]. In these experiments, they were able to
separate the incoherent and coherent parts of the single
π0 differential cross section near the � (1232), where the
incoherent contribution exhibited remarkable structures for
the 12C. Such an intriguing result propitiates an accurate
verification of the available models in describing nuclear
matter effects. Another interesting result showed up in the total
photoabsorption cross section, where the peak of the second
resonance, the so-called N(1520), is highly suppressed for both
light and heavy nuclei.

Another example of the in-medium influence in the higher
photon energy regime, is the incoherent π0 photoproduction
background at forward polar angles when extracting the π0

lifetime via the Primakoff effect [2,3], as proposed by the
PrimEx collaboration at the Jefferson Lab [4]. In fact, one
of the major theoretical challenges in this experiment is
the kinematical separation of the electromagnetic production,
which comes from the coupling of the incident photon with the
Coulomb field of the nucleus, from competitive (coherent and
incoherent) nuclear mechanisms. For more details see Ref. [5]
and references therein.

In this Rapid Communication we report for the first time
a full dynamical model, based on a time-dependent multi-
collisional intranuclear cascade framework, to calculate the
incoherent π0 photoproduction from the pion threshold up to
6 GeV incident photon energies. The model is an extension of
the original MCMC (Monte Carlo Multi-Collisional) model
[6–9] with a novel approach focused on the quasideuteron
energy region [10]. This newest version has incorporated
substantial theoretical improvements with respect to similar
cascade calculations [11] and has completely eliminated the

long-standing spurious depletion of the Fermi-sphere by
introducing a nonstochastic treatment of the Pauli-blocking
mechanism. This method effectively updates the nuclear mat-
ter density fluctuations in time, representing thus an advantage
in comparison with other existing transport calculations, such
as the sophisticated BUU (Boltzmann-Uehling-Uhlenbeck)
model [12,13]. For details see Ref. [10] and references
therein. Some special features used in the present Monte Carlo
calculation are as follows: (i) two possible nuclear ground
state configurations (i.e., the Fermi gas configuration for heavy
nuclei and the shell model for light nuclei); (ii) in-medium
quantum effects, such as a realistic Pauli-blocking mechanism
which takes into account the dynamical evolution of p-h exci-
tations during the cascade stage, and energy and momentum
conservation during the emission of particles; (iii) all the
dynamical information from the meson production vertex in
the first interaction mechanism; (iv) a consistent calculation of
the π -nucleus and �-nucleus final state interactions (FSI) via
a state-of-the-art analysis of multiple πN and �N scatterings
throughout the cascade, and (v) multiple neutral and charged
pion production final state processes in the cascade dynamics.

The scope of the present work is to explore the in-medium
effects in neutral pion photoproduction from nuclei in a broad
energy range. In this regard, we have chosen two particular
incoherent mechanisms: (i) inclusive π0 photoproduction near
the � resonance (Eγ ≈ 0.3 GeV) and covering the full
angular distribution range and (ii) single π0 photoproduction
at higher energies (4.0 � Eγ � 6.0 GeV) and low scattering
angles. Such particular choice is quite convenient since
the elementary mechanisms, which work as inputs to our
cascade calculation, are well understood and constrained
by the available experimental data. It is worth noticing,
however, that the method described in this article is com-
pletely insensitive to this arbitrary kinematical choice, even
though the final results are tightly connected with the input
parametrization.
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For incident photon energies near the � region (Eγ ≈
0.3 GeV) we have considered only the P33(1232) contribution
to π0 photoproduction, because the Born term can be safely
neglected, as indicated by the unitary isobar model predictions
[14]. The pion pole and Kroll-Rudermann contributions are
relevant only for charged pion production and have been
neglected in our approach. An additional contribution to
neutral pions may also appear because of charge exchange
mechanisms following a charged pion production. However,
as shown, such a process is much less likely to occur than
a � reexcitation, which makes neglecting it a quite good
approximation.

The differential cross section for the elementary π0 photo-
production near the � resonance can be parameterized in the
following form:

dσN

d�
= q

k

4∑
n=0

an cos(θ∗)n, (1)

where q and k are the meson and photon momenta in the
center-of-mass of the s-channel and θ∗ is the pion polar angle
in this reference system, with the parameters an representing
the best fit values for the available data [15–20]. The result for
this parametrization and the corresponding data are shown in
Fig. 1, where the solid histogram represents the Monte Carlo
generated input.

The produced �0,+ resonance state interacts within the
nuclear field via an n-body �N scattering scenario until it
decays. The � decay is sampled accordingly with Eq. (1),
and the final states π0n, π−p, π+n, and π0p are affected by
nuclear medium if the decay occurs inside the nucleus.

The incoherent π0 photoproduction at forward angles and
higher energies (Eγ

>∼ 4.0 GeV), which is the main subject of
this article, has completely different kinematics from multiple
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FIG. 1. (Color online) The elementary γp → π0p differential
cross section for Eγ = 0.33 GeV in the center-of-mass of the
s-channel. Data points are as follows: squares [15], circles [16], up-
triangles [17], down-triangles [18], diamonds [19], and left-triangles
[20]. The red line is the fitting of Eq. (1) and the black histogram is
the Monte Carlo input.

meson production channels and is much more sensitive to the
single π0 photoproduction from the proton.

The differential cross section for meson photoproduction
from the nucleon at small angles in the center-of-mass of the
s-channel can be written as [21] follows1:

dσN

d�
≈ |f1 − f2|2 + θ∗2

2
[|f3 + f4|2

+ 2 Re (f ∗
1 f2 + f ∗

1 f4 + f ∗
2 f3)], (2)

where the fi’s are the Pauli-type amplitudes [22]. These
amplitudes are functions of the invariant amplitudes Ai =
Ai(s, t), with s = (k + p1)2 and t = (k − p2)2 representing
the Mandelstam variables, and p1 and p2 are the initial and
final four-momentum of the nucleon. The relationship between
the Pauli-type amplitudes fi’s and the analytical amplitudes
Ai’s is given by Refs. [21,22], where we have assumed that
the initial and final nucleon energies are the same (t � 1).

By decomposing the invariant amplitudes Ai in terms of
regularized and parity-conserving t-channel helicity ampli-
tudes Fi , we obtain2 the following [23,24]:

A1 = − tF1 + 2mNF3

t − 4m2
N

(3)

A2 = F1

t − 4m2
N

+ 1

t

[
F2 + 2mNF3

t − 4m2
N

]
(4)

A3 = −F4 (5)

A4 = −2mNF1 + F3

t − 4m2
N

, (6)

where mN is the nucleon mass.
The amplitudes F2 (unnatural parity exchange) and F3

(natural parity exchange) receive contributions from different
trajectories, whereas the amplitudes Ai are known to be free
of kinematical singularities [21]. Because Eq. (4) has a pole
at t = 0, one is forced to postulate the so-called “conspiracy
relation” at zero momentum transfer3:

F3(s, t = 0) = 2mNF2(s, t = 0). (7)

Using Eqs. (3)–(7) and writing Eq. (2) in terms of the Fi’s,
we have the following [23]:

dσN

dt
≈ π

k2

dσN

d�
= 1

32π

{
F 2

3

2m2
N

−
[
t +

(
m2

π

2k

)2
]

×
[
F 2

4 + F 2
1

4m2
N

+ F 2
3

16m4
N

+ F1F3

2mN

1

k
√

s

]}
, (8)

where mπ is the meson mass.

1To obtain Eq. (2) one has to expand Eq. (9.6) from Ref. [21] for
θ � 1 and make q ≈ k.

2The pion pole could contribute for neutral pions in the event of a
charge-exchange process. However, for high-incident energies, such
process is completely negligible (see Fig. 3).

3This relation is similar to the one obtained by Ball et al. [24]. The
difference comes from the pion exchange contribution.

051603-2



RAPID COMMUNICATIONS

INCOHERENT π 0 PHOTOPRODUCTION FROM COMPLEX NUCLEI PHYSICAL REVIEW C 71, 051603(R) (2005)

1050 15 20 25
0.1

1

10

Strong
Total(strong+Coulomb)
Monte Carlo

γp −−> π0p

dσ
dΩ

(µ
b/

sr
)

0 5 10 15 20 25
0.1

1

10

E
γ
=5.8 GeV

E
γ
=5.0 GeVE

γ
=4.0 GeV

0 5 10 15 20 25
0.1

1

10

θ*
π0 (deg)

dσ
dΩ

(µ
b/

sr
)

0 5 10 15 20 25
0.1

1

10
E

γ
=6.0 GeV

θ*
π0 (deg)

FIG. 2. (Color online) The elementary γp → π0p differential
cross section in the energy range 4.0 � Eγ � 6.0 GeV in the center-
of-mass of the s-channel. The strong contribution is shown by the red
line, whereas the total (strong + Coulomb) is shown by the blue line.
The data were taken from squares [25] and circles [26]. The black
histogram is the Monte Carlo input.

The helicity amplitudes Fi are then calculated using
the standard Regge-pole model, including ω- and ρ-meson
trajectories and taking into account the reggeon cuts [25].
Within this approach, the amplitudes Fi’s lose the property
of definite parity and also become finite at zero momentum
transfer. The photon exchange amplitude FC , which is the
elementary Primakoff effect, plays an essential role at low
momentum transfer and has to be subtracted from the total
π0 elementary photoproduction, because only the strong part
should be included in the cascade input.

So, neglecting B-exchange (F4 = 0) and adding construc-
tively the cuts and Coulomb contributions, we have the

following [23,25]:

F1 → F1 + F cut
1 + FC

1 , F3 → F cut
3 , (9)

where

F1(s, t) =
√

2

mN

γ1
1 − e−iπα(t)

sin[πα(t)]
α(t)[1 + α(t)]

× [2 + α(t)]

(
s

s0

)α(t)−1

, (10)

F cut
1 (s, t) =

√
2

mN

γ cut
1

1 − e−iπα(0)

sin [πα(0)]

(
s

s0

)α(0)−1
eat

ln
(

s
s0

) ,

(11)

FC
1 (s, t) = −2mN

t
0.0543

√

γγ GE(t),

and

F cut
3 (s, t) = 2

√
2γ cut

3
1 − e−iπα(0)

sin [πα(0)]

(
s

s0

)α(0)−1
eat

ln
(

s
s0

) . (12)

The Regge trajectory was taken as αω,ρ(t) = 0.45 + 0.9t,

with s0 = 1 GeV2. The parameters γ1 = 115.4(3.7)
√

µb,

γ cut
1 = 55.2(5.7)

√
µb, γ cut

3 = 13.5(0.8)
√

µb/GeV, a =
1.20 GeV−2, 4 and 
γγ = 8.44 eV represent the best fit values
to the available experimental data [25]; GE(t) is the electric
dipole proton form factor.5

The results of the elementary photoproduction parametriza-
tion with and without the Coulomb contribution are shown in
Fig. 2. The data were taken from [25,26] where the solid
histograms represent our Monte Carlo generated input.

4This value is slightly higher than the value of [25] to better fit the
data at larger angles.

5The magnetic part of the Coulomb amplitude goes with t and do
not contribute for low scattering angles.
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FIG. 4. (Color online) Incoherent π 0 photoproduction from 12C
and 208Pb for Eγ = 0.33 GeV in the γ + nucleus center-of-mass
frame. The data points were taken from Ref. [1].

The π nucleus FSI is realistically taken into account via
a dynamical analysis of multiple πN scattering processes.
This time-dependent analysis propitiates a unique approach to
deal with the in-medium modifications in meson production,
as it naturally updates the local density fluctuations in time.
The Pauli-blocking mechanism prevents spurious scatterings
whenever the nucleon final state is already occupied. In
summary, the following πN scatterings are included: (i) elastic
scattering, (ii) resonance production and decay, (iii) charge
exchange processes, (iv) π reabsorption by a nucleon pair, and
(iv) multiple π0 and π+,− production processes. The cross
sections for the entrance channels π+p and π−p were extracted
from the Particle Data Group (PDG) database and fitted from
the thresholds to 6 GeV assuming a combination of a Lorentz
shape, whenever a resonance contribution exists, with a smooth

function of the total energy of the πN system in the center-
of-mass frame of the s-channel. For the remaining entrance
channels π+n, π−n, π0p, π0n, we have assumed conservation
of isotopic spin, strangeness, and parity and that the strong
interaction is invariant under charge conjugation and time
reversal. Within this prescription, we accurately estimate the
total πN cross section for all these channels. The usefulness
of this new methodology is shown in Fig. 3, where we have
plotted our results for the particular neutral channel π0n.
For low energies (

√
s ≈ 1.2 GeV), the � excitation largely

dominates the branching ratios, and other mechanisms such as
charged exchange scatterings are always contributing within
3%. This reenforces our previous assumptions that direct
charged pion photoproduction do not contribute significantly
to neutral pions. For higher energies (

√
s >∼ 2 GeV), however,

multiple particle production is more relevant.
The incoherent differential cross sections for single π0

photoproduction from nuclei can be written as follows:

dσA

d�
(Eγ , θ ) = Aξ (Eγ , θ )f (Q)

× dσN

d�
(Eγ , θ )[1 + λ(Eγ , θ )], (13)

where A is the nucleus mass, θ is the polar angle, ξ is the π0

nuclear absorption, f is the Pauli-blocking suppression factor
for small momentum transfer Q, dσN/d� is the photoproduc-
tion from the nucleon6 and λ is a factor accounting for the
π0 secondary production and rescattering.

6This elementary operator is given in terms of the two particular
choices of the photoproduction mechanisms given by Eqs. (1)
and (8).
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FIG. 5. (Color online) Incoherent
π 0 photoproduction from 12C and
208Pb at forward angles and high ener-
gies: 5.0 � Eγ � 6.0 GeV. Total cross
section (black), with Pauli- blocking
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The calculations of the incoherent π0 differential cross
sections for 12C and 208Pb at Eγ = 0.33 GeV are shown in
Fig. 4, together with recent results from MAMI [1]. The
agreement between our calculations and the experiment is
remarkable, even for the steep increase of the cross section for
12C in the range 300 <∼ θ <∼ 600. This feature is most probably
due to the spin-orbit coupling of the p1/2 and p3/2 shells during
the photoproduction, and its reproduction reflects the accurate
momentum distribution used in our calculations. For 208Pb,
however, we have obtained a much broader distribution, typical
of a Fermi gas. The cross section peak is reduced by a factor
of ∼2 for 12C and ∼4 for 208Pb, indicating a much stronger
FSI effect for 208Pb, as expected from phenomenological
considerations. Some discrepancies appear at forward and
backward angles, where the former is most likely attributed
to the additional incoherent pions generated from coherent
production thru FSI.

In Fig. 5 we show our results for the incoherent π0

production at small angles in the energy range 5.0 � Eγ �
6.0 GeV. Different kinematical cuts to the total pion energy

Eπ were applied, because for both Coulomb and nuclear
coherent photoproductions we have Eπ ≈ Eγ (no recoil
approximation). The average number of interactions of all
the produced pions before exiting the nucleus, for a typical
incident energy of 6 GeV, is ∼0.4 and ∼5.5 for 12 C and 208Pb,
respectively. In fact, this new approach provides a feasible
and sophisticated dynamical calculation because many steps
of interactions are effectively included.

In summary, a full calculation of the incoherent π0 pho-
toproduction from nuclei, based on a time-dependent intranu-
clear cascade Monte Carlo approach, has been introduced.
Differently from Monte Carlo event generators, which neglect
the evolution of the nuclear state, this calculation takes into
account the whole nucleus configuration, making it a powerful
tool to elucidate in-medium effects in meson photoproduction
in a wide energy and mass range.

The authors thank the Brazilian agencies FAPESP and
CNPq and the Latin-American Physics Center (CLAF) for
partial support to this work.
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