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Nuclear photoproduction of vector mesons within a Monte Carlo approach
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We present recent improvements in the CRISP code for nuclear reaction simulation. The photoproduction of
vector mesons was included in the code, which can evaluate also final state interaction of these mesons with the
nucleus. Effects such as shadowing, subthreshold production, and Pauli blocking can be observed. The model is
described in detail and some important quantities, such as cross section and nuclear transparency, are calculated

as examples of the potential of our code.
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I. INTRODUCTION

Photon induced reactions are important tools to investigate
nuclear and nucleonic structures. The photoabsorption process
allows the study of the formation and propagation of several
particles inside nuclear matter, such as baryonic resonances
and hyperons [1-6]. It is also useful to observe the shadowing
effect in the photoabsorption cross section, which is the result
of the hadronization process of photons in the nuclear medium.
Photonuclear reactions are characterized by their remarkable
simplicity, since they do not produce strong modifications in
the nuclear structures compared to those induced by strongly
interacting particles. These features make the photonuclear
reaction very attractive for the study of nuclear and subnuclear
structure.

Photonuclear reactions above 1 GeV exhibit a process com-
pletely different from those in the region covering baryonic
resonances. Above this energy region, the photon presents
a hadronic component in its wave function that considerably
increases the cross section of the nucleons. According to vector
dominance models (VDMs) [7,8], in complex nuclei, the
photoabsorption cross section is dominated by the interaction
of a bound state (¢7)’=', known as vector meson. The
study of photonuclear production of vector mesons allows the
investigation of possible modification of mesons and barions
in the presence of nuclear matter. Experiments at the HERA
electron-proton collider have also found evidences of light
vector meson production at large virtuality Q2 and heavy
qq vector mesons at all Q% [9,10]. Combined analysis of
inclusive deep-inelastic scattering and hard vector meson
production may substantially improve our understanding of
strong interactions at high energies. At the same time, the
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properties of particles generated on the nuclear medium, such
as the modification of the hadron mass, allow the study of
strong interaction phenomena in the perturbative quantum
chromodynamics (QCD) regime. Some of these of nuclear
reactions are currently under study at the Large Hadron
Collider (LHC) and Thomas Jefferson Accelerator Facility
(JLab)[11-18].

Intermediate and high energy nuclear reactions are complex
processes involving many-body interactions. The most effec-
tive approach to this problem is the Monte Carlo (MC) method
that has been successfully implemented in several codes. Some
of the oldest and best known codes for intranuclear cascade
and/or nuclear evaporation are Bertini’s model [19], the ISABEL
intranuclear cascade (INC) [20,21], and the codes developed
by Barashenkov and collaborators [22-25]. There are many
versions of these codes reflecting improvements along time,
and many interesting results have been obtained [13,26-34].
However, these codes consider the intranuclear cascade as
a sequence of individual particle events along their tracks
within the unphysical hypothesis that all the other particles
inside the nucleus may be treated as static objects. In the last
thirty years, with the enhancement of computational power,
new multicollisional methods for the intranuclear cascade have
been developed [35-38], providing a time-ordered evolution
of the cascade by taking into account the nucleus configuration
at each instant of time. These methods introduce a more
realistic description of the intranuclear cascade, the Pauli
blocking mechanism, and the density fluctuation, resulting in
a more precise description of nuclear processes. These codes
have produced results in good agreement with a larger set of
experimental data, using a smaller number of parameters. A
discussion about the advantage of these improved codes with
respect to the older codes can be find in Ref. [39—41].

The CRISP code [41], which has been developed during
the last 25 years, is a combination of Monte Carlo (MC) and
quantum molecular dynamics (QMD) methods. CRISP allows
the study of several aspects of nuclear reactions such as fission
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and spallations cross sections, mass and/or atomic number
distributions of nuclear fragments produced during reactions,
and multiplicity of secondary particles. Also some nuclear
mechanisms which would be difficult to study experimentally
can be investigated with the CRISP code, such as the Pauli
blocking. This mechanism causes some processes that could
be observed in vacuum may not be allowed in the nuclear
environment.

In the present work we show new developments in the
CRISP code obtained by introducing the photoproduction of
vector mesons. These developments are represented by the
inclusion of vector meson production through the VDM
approach and the inclusion of the final state interaction (FSI) of
those vector mesons with nucleons. A comprehensive analysis
of this implementation is performed by reproducing large
set of experimental data from photonuclear production of
vector-meson experiments.

After analyzing the implementation itself, we use the code
for the study of some selected aspects in the photoproduction
of vector mesons. It is not our objective here to give a detailed
analysis of the production of each vector meson, but mainly
to show that the CRISP code now provides an excellent tool
for the study of the nuclear process following the vector
meson production. Some of these processes addressed here
are Pauli blocking, Fermi motion, the shadowing effect, and
subthreshold photoproduction.

The paper is organized as follows. In Sec. II we discuss the
methodology for the inclusion of the vector-meson photopro-
duction. In Sec. III we present our results and discuss them in
comparison with experimental data and give some examples of
study of the nuclear processes which follow the vector-meson
production in nuclei. In Sec. IV we present our conclusions.

II. METHODOLOGY

At intermediate energies, it is assumed that nuclear reac-
tions take place at two main stages. The first corresponds to
a multicollisional dynamics of nucleons triggered by an in-
coming energetic particle transferring energy and momentum.
This process lead to the production of several light particles
and a residual nucleus in a statistical equilibrium. The second
stage of the reaction is characterized by the decay of this
residual nucleus emitting nucleons or a cluster of nucleons. At
high energies, also the multifragmentation process, where the
nucleus breaks up, can take place.

The CRISP package [41] is C++ software able to perform
nuclear reactions induced by several probes. It describes the
two steps of nuclear reactions: (1) the intranuclear cascade
using a multicollisional approach and (2) the competition
between particle evaporation and fission processes by Monte
Carlo methods. The code presents several features, such as
(i) the excitation of nucleonic resonances heavier than the A
resonances, (ii) the initial nuclear ground-state construction
according to the Fermi model and Pauli principle, (iii)
the quasideuteron channel for photoabsorption, (iv) a more
realistic parameter-free Pauli blocking mechanism, and (v)
a parameter-free energetic cascade stopping criterion. The
nuclear dynamics is considered [37,42] in a nucleus modeled
by an infinite square potential. The effects of the nuclear
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FIG. 1. (Color online) The Feynman diagrams for photoproduc-
tion of vector mesons (a) and wN final state interactions (b)—(d)
included in CRISP code.

potential are presented in the transmission of the particles
through the nuclear surface or through the effective mass
approximation [43]. The multicollisional calculation is accom-
plished by constantly updating all the kinematics variables of
all particles inside the nucleus, which make it possible to study
more realistically many nuclear phenomena.

Every process in CRISP code is ruled by the Pauli blocking
mechanism that results from the antisymmetrization of the
nuclear wave function. The Pauli exclusion principle is taken
into account in CRISP dynamics by rejecting collisions that
lead to the final state violating the Pauli principle. All these
features enabled CRISP code to successfully simulate reactions
induced by protons [40,44], photons [39,41,45,46], electrons
[47,48], and other processes such as kaon [49] production
and hypernuclei decay [50-52]. The effectiveness of such an
approach can be verified in the study of evaporation/fission
competition [53-55], which explained for the first time the
saturation below the unit of fissility for heavy nuclei observed
in experiments. Also, good results have been obtained in the
study of the production of intermediate mass fragments (IMFs)
induced by protons [56].

For the extension of applicability of the CRISP to high
energies we’ve added the photoproduction of vector mesons
p, o, ¢, and J/V¥ and their interactions with nucleons.
The photoproduction process is shown in diagram (a) of
Fig. 1, while diagrams (b), (c), and (d) represent p, w, and
¢ interactions with nucleons by one-meson exchange. The
diagrams of Fig. 2 represent the J/ W vector meson interaction
with nucleons by one-boson exchange. Also, a resonant model
is used for other p, w, and ¢ interactions with nucleons and
they are represented by the diagrams shown in Fig. 3. We
explain in detail the main features of these models in the next
sections.

A. The photoproduction process of vector mesons

The process of photoproduction of vector mesons is con-
sidered in the soft dipole Pomeron universal model proposed
by Martynov, Predazzi and Prokudin [57]. In this model the
Pomeron is a double Regge pole with an intercept equal to
1, so the Froissart-Martin bound [58] is not violated. With
this model it is possible to reproduce all photoproduction data
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FIG. 2. The Feynman diagrams for J /W dissociation included in
CRISP code.

for p, w, ¢, and J/ W mesons and to predict the behavior
of 7 in the energy region 1.7 < W < 250 GeV, at values of
photon virtualities 0 < Q% < 35 GeV? and for values of the
transfered four-momentum |7| < 1.6 GeV. The application of
the soft dipole Pomeron exchange model [59] is supported by
J /¥ photoproduction experiments using the ZEUS detector
[60], that suggest a soft process to describe the photoreaction
instead of a pure QCD process.

It is assumed that a photon state fluctuates into a quark-
antiquark pair with lifetime determined by the uncertainty prin-
cipleas2v/(Q>+ M ‘2/), where v is the beam energy. This large
lifetime allows protons to interact with the quark-antiquark
pair via Pomeron or secondary Reggeon exchange, producing
a vector meson. The Feynman diagram of photoproduction of
a vector meson via Pomeron exchange is shown in diagram (a)
of Fig. 1.

In the VMD model, the amplitude of the photoreaction is
related to the vector meson—nucleon scattering process as

Aypvp =NcNyAy,_vy,, (1)
where the coefficients No and Ny can be found from
relationships using e~ et decay widths of vector mesons
assuming SU(4) flavor symmetry [57]. The vector meson—

nucleon scattering amplitude is given by [57]

A(z,t, M}, 0%) = P(z,t,M},0%) + f(z.t.My,0%) + -+,

T 4 T ~ w
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FIG. 3. The diagrams for resonant process of s final state
interactions producing p, w, and ¢ mesons included in CRISP code.
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FIG. 4. Elastic cross sections for vector meson photoproduction
for proton from the threshold to high energies.

where 0% = M} + Q2. P(z,1, M}, 0?) is the Pomeron contri-
bution given by [57]
P(z.t,My,,0%) = igo(t. My, Q%) (—iz)** !
+igi(t, My, 0%) In(—iz)(—iz)** 7"
3

Here the first term is a single j pole contribution and the second
is the contribution of the double j pole. The second term at
the right-hand side of Eq. (2) corresponds to the f-Reggeon
contribuition and is given by [57]

fz.t,M3,0%) = ig,(t,M3,0%) (i) D7 (&)

The model includes 12 free parameters defined by fitting 357
experimental data points for each meson. This fit results in a
quite satisfactory agreement, even to data near threshold, as
shown in Fig. 4.

The differential and total cross section for Vp — Vp
process are given by

d ~
d_ot' = 47T|AVp—>Vp(Z’t7M\2/’Q2)

2
k]

&)

2

el

t.
oe 3. 07" = [ di| Ay (e 183.0%)
t_

(6)

t and 7_ being the transferred momenta determined by
the kinematical condition —1 < cos 8, < 1, where 6; is the
scattering angle in the s channel of the reaction. Equation (6)
reproduces experimental data from threshold up to 250 GeV.
These are the issues concerning the model proposed by
Martynov et al. For further details, refers to the original
article [57].
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At higher energies the cross section o(yp — Vp) can be
parametrized in a simpler way as [61]

o(yp = Vplpow = b(XW* +YW"), (7
a(yp = Vple.sw = by(XW?). (8

where W is the center-of-mass energy. The terms with X and
Y correspond to Pomeron and meson exchange contributions
to the cross section, respectively. In the case of the mesons
¢ and J/W the meson exchange term is suppressed, leaving
only the Pomeron exchange [61].

We have fitted Egs. (7) and (8) to experimental data at center
of mass energies far from threshold (40 GeV) and obtained the,
where o is given in ub and W in GeV:

oyN—pn =331 WO 4 173.40 W60,
oy N—on = 0.67 WO —5901.63 W20,
oyN—¢N = 0.27 w33

oyN—sywy = 0.0024 WOT3,

©))

These fits allow us to extend the energy range of the photo-
production of vector mesons up to center-of-mass energies of
a few TeV.

The vector meson photoproduction cross section can now
be calculated with the CRISP code. In Fig. 4 we report the results
for the photoproduction of p, w, ¢, and J /W for protons. We
observe good agreement between calculation and experiments,
showing that the primary interaction of the photon with the
nucleon is well described. In the following we assume that the
photon interaction with protons and neutrons can be described
by the cross section discussed above.

B. Final state interactions

For a correct treatment of vector mesons in nuclear medium,
the CRISP code incorporates meson-nucleon interaction chan-
nels for p, w, ¢, and J/ ¥ mesons. For elastic reaction channels
VN — VN we use the Eq. (6), while for inelastic reactions
VN — V'N' we use two models: the one-meson exchange
and the resonant models, as described below.

1. One meson exchange model for p, w, and ¢ mesons

For oN - n N, — pN, and — 7w N channels we use
the one-boson exchange model (EM) proposed by Lykasov,
Cassing, Sibirtsev, and Rzjanin [62] that adopts the wpm
dominance model proposed by Gell-Mann, Sharp, and Wagner
[63], summarized in diagrams (b)—(d) of Fig. 1. The coupling
constant g,,, and form factor are fixed by the reaction
w N — oN from comparison to experimental data.

The model uses the effective Lagrangian for the exchange
of meson V,

L= £wpn + ACVNN9 (10)

where the wpr interaction Lagrangian is

Lopr = — 227 ¢ 50% pP 07 P71, (11)
m

The coupling constant g,,, = 11.79 was evaluated from the
o — 3m partial width of @ meson decay [63], €qgys is the
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antisymmetric tensor, while w, p, and 7 are the corresponding
meson fields. The interaction Lagrangian for vertices w N N
and pN N are

— K —
Lony = —8onN | NY*TNpy, + —No""TNI,p, |,
2mN
(12)
Lany = —8xNnNYsTN - 7, (13)

where N stands for the nucleon field, T for the Pauli matrices,
and g,yy = 3.24 is defined according to Ref. [64]. The tensor
coupling constantis given by the ratiox = f,nn/gonn = 6.1,
while g,yy = 13.59 [65]. For further details, refers to the
original article [62].

The angular distribution for two-particle collision is given
using the differential cross section equation, while for the
wN — mm N reaction we use the four-momentum phase space
generator from the ROOT package [66]. This generator is based
on the GENBOD function (W515 from CERNLIB) which is
based on the Raubold and Lynch method [67]. We also include
in our code the inverse reactions pN — wN and tN — wN,
which can be calculated by the detailed balance principle.

The differential cross sections obtained from the previous
interaction Lagrangian written in Eq. (10) are [62]

(i) FortN — wN,

d_U _ g{%}p]‘[ 1 Faz)pﬂ F/?NN

dt  m2 8mi(s,m3,m2) (t —mf))2

X [_(gpNN + fonn)’miqit

fpzNNt>

2
4my,

+ (gzNN -

2
X (Slg ek(smi,mi))\(smi,mi))} (14)
S
where

2 2
qz _ )\'(t’mw’mﬂ) (15)

o 2 ’

4m?

s is the squared invariant collision energy, ¢ is the
transferred four-momentum, 6 is the emission angle,
and A(x,y,z) is the triangular function. For the wpm
vertex a form factor is proposed [62],

2 2

Fi)=—5—F _nip, (16)

while for the p N N vertex
F(t,s) = exp(Bt) exp(—as). (17)

The parameters o, B8, and A were extracted by fitting
experimental data [62]. Their values are

A =27GeV, B=23GeV?,

(18)
a =0.16 GeV~2.
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(ii)) ForoN — pN,

2
d_a = — g2 g‘%/)” (t - mi - mi) — 4mz)mi
dt TNN m2 967”‘(5,1713),171%])

F2 _(H)F?, (¢
« FarnOFaun® )
(r —m3)
where g vy = 13.59.
(iii) For oN — 77N,
1 R
o= dsih s1,ms,m
32nzx(s,mg),mgv)/(mwmn)z A2 (s1,m3 m3,)
L+ 2 g2
8
X apN%nN(sl)/ dt%
t_ mw(t — mp)
x [(t +m2 — mi)2 —4m’t], (20)

where o, y_, -y 15 the total cross sectionof pN — 7w N
defined from the inverse reaction by using the detailed
balance principle. This cross section was calculated
using the resonance model as we describe below.

@iv) For elastic oN — wN, the process is described by
the o-exchange model [62]. The model proposes the
interaction Lagrangians

Lony = gonvNN -0, (29)
Loow = gww(a“wﬂaawﬁ — Bo‘a)ﬂalga)a)o, (22)

with the scalar coupling constants g,yy = 10.54,
8wow = 1.76 and monopole form factor A = 2 GeV
at the o NN vertex. The differential cross section can
be calculated as [62]:

do 8 (27 NN 8 iaw

— = 4m* —t
dt 1671m620)»(s,m§),m%,)( )

F2 F2 2 t2
x —esw oWV (e Bo T} (03
(r —m?) 3

12

2. One-meson exchange model for J |V meson

We also include the J/W dissociations in the interaction
with nucleons. The dissociation occurs through the nuclear
reactions J/W N — A.D, - A.D*, and — NDD. To in-
clude them in the CRISP code we use the hadronic one-boson
exchange model (EM) proposed by Sibirtsev, Tsushima, and
Thomas [68]. The basic ideas of the model are sustained by the
measurements reported by the NA50 Collaboration in the study
of J/W suppression in Pb + Pb collisions at the CERN Super
Proton Synchrotron [69]. The model shows good agreement
with the QCD first-order calculation at high invariant energies,
but substantially deviates from it near the threshold.

The dissociation processes are shown in diagrams (a)—(d) of
Fig. 2. According to the approach of Sibirtsev et al., within the
boson-exchange model, the interaction Lagrangian densities
are [68]

Lypp = igsppJ"*[D(3,D)— (3,D)D], 24
Lpya, = igonaINysA:D + DA ysN], (25)
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8JD*D

Lipp= eapun(3* IP)(3* D™)D + D(3"* D*)],

my
(26)

Lpnn, = —gpNa Ny AD*™ + D* Ay, N1, 27

with

—_ O —_
N:(Z), N =Ny, Dz<g+>, D=D'. (28

For D* and D* a similar notation is used. The interaction
vertices are characterized by coupling constants g;pp =
gippr = 1.64, gpna, = 14.8, gp-nva, = —19, and an asso-
ciated form factor parametrized in a conventional monopole
form:

2

F([)Zm

(29)
A 1is the cutoff parameter explicitly defined by A = 3.1 for
JDD and J D D* verticeswhile A = 2for DN A.and D*N A,
vertices.

The differential cross sections for the nucleon and J/W¥
meson interactions for the processes represented in diagrams
(a)—(c) of Fig. 2 are given by [68]
dO‘a b 1 —

L — V'
a2 = ehns Ml
( [(ma +mp)* = s][(ms —mp)* =] )‘/2
[((my +mye)* —sllmy —mypg)* — sl
(30)

do,. 1 —
ae ~ eans Ml
=S
x ( (s +mp)* = s1l(ma — mp:)? — 5] )‘/2
[((my +my/e)?* —sll(my —my e)? — sl '
(31)

with s being the squared invariant collision energy, and the

|M, .| terms are the corresponding squared amplitudes,
averaged over the initial spins and summed over the final spins.
The squared amplitudes of the processes are given by [68]

WZ _ 8ggDDg2DNAf ( 1 4 1 )2
3m3y  \g*>—mp  2pyw-pp
X (pn - pa, —myma)[(psjw - o) — mi/wm%],
(32)
mz _ g%D*Dg%)*NAL. 1

(42— m}.)’

3m3/\p
X {ma/w[quz - (m%\ - m?v)z] +2(pysw - p)
x (prjw 'Q)(mg\r —my) — p*(psw - q)
—q*(psyw - P> —4(pn - Pa. — mNmAl)[mi/qu

—(pyyw - P} (33)
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4 2 2 1
2 87p*DEDNA,
M| = 3 > Z(PN “ DA — mNmA(.)
W (g - mi)
X [(psjw - pp)* —m5ump.], (34)

where ¢ = pj/o — pp = pa. — pn denotes the transferred
four-momentum and p = pa, + pn.

The double differential cross section for the reaction
J/W + N — N+ D+ D is shown in diagram (d) of Fig. 2
and can be written as [68]

d*oy g%/\pDD F2(1)
= qdp/S1————
dtds, 96n2q3/\ys (r — m%)z
[(myyw +mp)* — t1l(m sy —mp)* — 1]
x —
0
x opn(S1), (35)
where
2= [(my +mD)2_Sl4][(mN_mD)2_sl]7 36)
S1
2 . 2
q;/q} _ [((my +my/w) Sii(mN myw) S]' 37)

The total DN and DN cross sections can be parametrized as
[70]

oon(s) = ([(mAr +mn)2 - Sl][(mAC - m,,)2 — S1])l/2
PVET Loy + mp)? = sillmy — mp)? — 1]
27
x — + 20, (38)
S

with m,, and m, being the hyperon and pion masses
respectively, given in GeV, and the cross section being given
in millibarns.

3. Resonance model: p, , and ¢ mesons

For the inclusion of 7N — pN, — wN, and — ¢N
interaction channels we included the best-fit results using the
resonance model (RM) carried out by Sibirtsev, Cassing, and
Mosel [71]. The collisions included in CRISP by this model are
shown in Fig. 3. In this work the cross section for the p, w,
and ¢ vector meson production from the pion-induced nuclear
reaction is given by means of the reaction

7+N—-R—>M-+N, 39)

where R is a barionic resonance. Assuming that the squared
matrix element is proportional to the Breit-Wigner function,
the cross section can be proposed as

_ w2J4+1 BByl
0ﬂ+N~>M+N(S) - 75 (\/—_ MR)2 + F2/4

2 2 X Ry(s),

(40)
where J is the resonance spin and Bj,, By are the width of the
incident and scattered particles respectively. The momentum

phase space volume of the final particles is given by Ry(s) =
n)»(s,mﬁ,,,m%,)/ /5. The k* term represent the triangular
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FIG. 5. (Color online) The total cross sections of various chan-
nels for the nuclear reaction # N — V' N included in the CRISP code
using the one-meson exchange model (EM), the resonant model
(RM), and the detailed balance principle.

function k% = k(s,m%,m%,) while parameters Mg and I' are
the mass and the width of the resonance.

The cross sections per interacting particle for all in-medium
process included in CRISP are shown in Figs. 5 (1), 6 (p), 7 (w),

ey
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FIG. 6. (Color online) The total cross sections of various chan-
nels for the nuclear reaction pN — V N included in the CRISP code
using the vector dominance model (VDM), the one-meson exchange
model (EM), the resonant model (RM), and the detailed balance
principle.
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FIG. 7. (Color online) The total cross sections of various chan-
nels for the nuclear reaction o N — V N included in the CRISP code
using the vector dominance model (VDM), the one-meson exchange
model (EM), the resonant model (RM) and the detailed balance
principle.

8 (¢), and 9 (J /W) for the one-meson exchange model (EM),
the resonant model (RM), and the vector dominance model
(VDM). Both resonant and one-meson exchange models
supply the o N — m N reaction cross section. We use the
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FIG. 8. (Color online) The total cross sections of various chan-
nels for the nuclear reaction ¢ N — V' N included in the CRISP code
using the vector dominance model (VDM), the resonant model (RM)
and the detailed balance principle.
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FIG. 9. (Color online) The total cross sections of various chan-
nels for the nuclear reaction J/W N — VN included in the CRISP
code using the vector dominance model (VDM) and the one-meson
exchange model (EM).

resonant model, since it reproduces better the total cross
section experimental data [71], as we show in Fig. 10. The
elastic cross section N — wN provided by the one-meson
exchange model is chosen over the elastic cross section
calculated using the vector dominance model since it can be
only used at very high energies. We note the importance of

G [mb]

ool I [ ‘ 111 ‘ 111 ‘ 111 ‘ L1 ‘ L1
042 124 16 18 2 2
FIG. 10. (Color online) The comparison between the total cross

sections of the nuclear reaction 7 N — wN given by the one-meson
exchange model (EM) and the resonant model (RM).
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these nuclear reactions above the vector meson production
threshold, especially N — pN and wN — wN. At very
high center-of-mass energies these reactions become less
important in the FSI of these mesons. This behavior is different
for J/W interaction with nucleons, where total cross section
increases with increasing center-of-mass energy.

III. RESULTS AND DISCUSSIONS

The mechanisms for vector meson photoproduction and
FSI processes described above were incorporated in the
intranuclear cascade phase in the CRISP code. We proceed
to describe the photonuclear production of those mesons
and study how the nuclear medium modifies the relevant
observables in those reactions.

First we simulated photoproduction of vector mesons p, @,
and ¢ for nuclei at a fixed energy value (E, = 9 GeV) looking
for the effective mass index A.i which carries the nucleus
effect of this process. In a second simulation, we simulate the
nuclear photoproduction process for a single nucleus, '*C, at
several energies with a higher statistics level and calculated
the bound nucleon cross section using the previously archived
effective mass index. We obtain A.g for vector meson J/ W
using a different method, since it has a very low cross section
value at E,, = 9 GeV. After that we calculate the subthreshold
photoproduction for the J/ W meson. In this simulation we use
a high statistics level and model the photoproduction process
for nuclei at a several energies near threshold, so we can
evaluate the As(E,) behavior that permits us to obtain the
effective mass index for J/W used in the second step. Also
an exponential behavior related to a blocking mechanism and
shadowing effect was obtained in this study. The Pauli blocking
effect on the vector meson mass generation in CRISP code was
also analyzed in these simulations. In order to study the final
state interaction (FSI) of vector mesons, we studieda J/ W -A
compound nucleus with and without FSI, and the @ meson
nuclear transparency. In the following, we present some of the
results obtained compared with experimental data. We discuss
the results and emphasize the nuclear effects on the production
of mesons.

A. Photoproduction of mesons p, », and ¢:
Cross section versus atomic number

Photoproduction of p, w, and ¢ mesons was simulated
with CRISP code at 9 GeV on nuclei '2C, 27Al, “°Ca, °Fe,
63Cll, 107Ag, 138Ba, ISSEU, 166EI', ISOW, 197Au, 208Pb, and
232Th. We observe a good agreement between calculations and
experimental data; both show a clear deviation from the linear
behavior. The resulting py, w, and ¢ yields obtained for each
meson are ~10%, ~103 and ~3 x 10? with a statistical error of
~1%, ~3% and ~6% respectively. In Fig. 11 we present the
calculated cross section for each meson studied, normalized
by the corresponding proton cross section. For comparison we
include experimental data from Ref. [72] and the dotted line
indicating a linear increase of the cross section with the nuclear
mass number.

Due to the strong interaction of the hadronic component of
the photo wavefunction, the photon does not see the entire
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FIG. 11. (Color online) The ratio of vector meson photoproduc-
tion cross section for several A nuclei to the obtained binding
nucleon cross section (op) at E, =9 GeV with the CRISP code.
Figure also shows the all-meson general fit using Eq. (41) in
comparison with p experimental data. The parameters for the best
fitare oy = 0.98 £ 0.03 and & = 0.87 £ 0.01 with x2, = 3.5.

nuclei. Indeed, part of the nucleons fall in the shadowing
region, therefore the cross section is not proportional to the
mass index A (linear dependence), but to an effective mass
index A“. This is a well known consequence of the vector
meson dominance in photonuclear interactions. The exponent
« is determined by fitting the function

ova(A) = 0pA”, 41

to the results obtained with the CRISP code. Here oy and o
are free parameters, whose best fits are obtained with values
presented in Table I, for each studied vector meson. We
observed that the exponent « is very similar for all mesons.
This can be understood in view of the energy of the analyzed
reaction, 9 GeV. This energy is far above the threshold for any
meson, so that the shadowing effect is already saturated [73].
Therefore we performed a single fit for all CRISP data shown
by the red line in the Fig. 11, which represents an average over
all mesons. The exponent « resulting from this comprehensive
fitting is « = 0.87 £ 0.01.

The parameter oy in Eq. (41) is usually considered as the
bound-nucleon cross section. In Table I, this value is compared

TABLE 1. Results of the CRISP data fitted to oy 4 = 09A® at 9 GeV.

Meson oo (mb) o 004, (M) 00y, (Mb)
o° 16.8 £0.3 0.87 £ 0.01 12.6 ~104 +£0.7
1) 2.06 £0.10 0.88 £0.01 1.55 ~1.10 £ 0.18
¢ 0.58 £0.05 0.90 +£0.02 0.46 ~0.55 £ 0.09
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FIG. 12. (Color online) Total cross sections for vector meson
photoproduction on nucleons obtained with the CRISP code in
comparison with experimental data.

to the proton cross section, where it can be observed that
our result surpasses both theoretical and experimental cross
section values at that energy; however, values are similar. For
the ¢ meson the result is according to experimental data that is
smaller for all mesons than the predictions of the soft Pomeron
model. It is important to note that the bound-nucleon cross
section reflects contributions from protons and neutrons inside
the nucleus.

The shadowing effect observed in our calculations is a pure
nuclear effect which depends on the photoproduction cross
section and on nuclear properties such as density and radius.
The fact that a good description of this effect is obtained is
evidence that the photon propagation in the nucleus and its
interaction with the nucleons are correctly taken into account
in the present calculations.

The factor A* in Eq. (41) is the effective number of
nucleons participating in the absorption of the photons, while
op is the bound-nucleon cross section. Since protons and
neutrons present similar cross sections in the photon energy
range considered in the present work, the bound-nucleon cross
section should be similar to the proton’s.

In Fig. 12 we compared the resulting bound-nucleon cross
section for vector meson photoproduction. In this calculation
we use the exponent values obtained from the previous fit
for p, w, and ¢ mesons, as shown in Table I. For meson
J/ WV we use o = 0.94 since this value corresponds to the
saturated shadowing effect that we calculated below. We
observed an overall good agreement between calculation and
experiment over the entire range from the respective vector
meson threshold up to a few hundreds of GeV in the laboratory
frame of reference. Some deviation between calculation and
data can be observed near the threshold, but it may be attributed
to the use of constant «, while it is known that near threshold

PHYSICAL REVIEW C 89, 054613 (2014)

some dependence on photon energy should be expected. This
effect will be studied in more detail below for the case of J /W
photoproduction.

B. Subthreshold photoproduction of vector mesons

Important information on the nuclear medium can be
gathered from the photoabsorption process near threshold,
since the amplitude of the reaction is modified by nuclear
constraints such as conservation laws and Pauli blocking
effects. Such constraints remarkably take place at low kinetic
energy values of the particles resulting from the reaction.
The photoproduction near the threshold of vector mesons
is very useful to study processes that strongly depends on
such constraints, e.g., the final state interaction for particles
and the existence of bound states for heavier particles such
as ¢ and J/W mesons. Near this energy, the particles will
remain on nuclei a longer time before they can go out.
This blocking mechanism has strong effects on cross section,
but is suppressed by another mechanism: the Fermi motion
of nucleons. The Fermi motion modifies the energy of the
photon-nucleon system and it has strong influence when the
kinetic energy of the particles involved in a process is of
the same order as the Fermi kinetic energy of the nuclei.
We will discuss next how both effects modify subthreshold
photoproduction.

1. Shadowing effect near the threshold

As already stated, the shadowing effect shows an energy
dependence near the vector meson threshold expressed by
the o exponent in Eq. (41), which cannot be considered
constant. The effects of the nuclear medium on vector meson
photoproduction manifest more strongly near threshold, where
the secondary nucleon has low energy and therefore the Pauli
blocking mechanism is more effective. In order to evaluate the
importance of this mechanism we define the Pauli blocking
index:

=
e

where 1, is the number of vector mesons that have their pho-
toproduction blocked because of Pauli principle observation,
and 7, is the number of vector mesons effectively created. The
Pauli blocking index is fitted to an exponential function,

n= aePEr 43)

(42)

In Fig. 13 we report the fit obtained for the Pauli blocking
index in J /W photoproduction on the 2*U nucleus at energies
around threshold. As the photon energy decreases, the index n
increases from ~0 at £, = 11.5GeVto~7at £, = 7.5 GeV.
Observe that this effect is more intense below the J/W¥
threshold energy on photons. This calculation should give an
idea of how an effective mass index must behave since the Pauli
blocking mechanism is the main nuclear effect that modifies
photoproduction processes near threshold.

The photoproduction section for J/W was calculated on
nuclei 4°Ca, ©3Cu 197 Ag, 138Ba, '9Er, 180W, 29%8Pb, and 238U at
several energies in the range 7 < E, < 14 GeV. The result at
each energy for all nuclei studied here was fitted to Eq. (41)
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FIG. 13. (Color online) Pauli blocking index fit (red line) on
photoproduction of J/ W mesons near the threshold. The parameters
for the best fitare = 2.3 x 10°+£3.5 x 10°and 8 = —1.7 £ 0.02
with x2, = 5.5.

with o and « used as free parameters. The « values obtained
for each energy are plotted in Fig. 14, where it can be noted
that « increases as photon energy decreases.

To describe quantitatively the behavior with the energy we
fit the calculated data to the function

a(E,) = aq + ePEr—E0), (44)
B22F 22/ ndf 72/9
o 0ty 0.94 +0.022
L B [GeV] -0.92+ 0.16
18 E,[GeV] 7.4+ 0.17

FIG. 14. (Color online) « exponent fit (red line) on J/W¥ meson
photoproduction near threshold.
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obtaining a good description of the result. It is important to
emphasize two things: first, that two different mechanisms
combine themselves to produce the observed behavior of
a(E, )-namely, the Pauli blocking and the shadowing effects—
and second, that we obtain an exponential «(E,) behavior,
similar to that previously obtained in the Pauli blocking
index calculation. The obtained parameter oy = 0.94 at (E,)
energies far from threshold corresponds to the saturated
shadowing effect, used in the photon cross section calculation
for a bound nucleus. At these energies Pauli blocking is
almost missed, as we can check with the Pauli blocking index
calculation. The parameter £y = 7.1 GeV can be considered
as the new threshold energy in the laboratory frame. This
new threshold is now set by the Pauli mechanism. Below
this photon energy value, photoproduction can actually occur,
according to Fermi motion of nucleons, but the Pauli blocking
mechanism is so intense that it blocks any photoproduction
process. The behavior of a(E, ) permits us to obtain the correct
bound-nucleon cross section near the threshold. Below we
describe how it is calculated.

2. Subthreshold photoproduction of J | ¥ on 33U nucleus

We are now able to calculate the photoproduction cross
section near threshold with a revised effective mass index
which takes into account the threshold constraints and the
Fermi motion in a more realistic way. All these constraints are
resumed on the new mass index, whose exponent is substituted
by Eq. (44),

AY — A"ED, (45)

The function «(E,) is an effective exponent representing
several effects that modify the photoabsorption cross sec-
tion, so we do not attribute any physical meaning to this
parameter. In Fig. 15 we present the results from our study
of J/W subthreshold photoproduction on the 23U nucleus.
For comparison we show also the cross section for J/W
photoproduction on protons, where the threshold can be clearly
seen at £, ~ 8.2 GeV. The results obtained are shown with
two different normalizations. In one case (red squares) the
bound nucleon cross section is obtained through Eq. (41)
with the saturated exponent o = 0.94. In the second case
(black dots) the bound nucleon cross section is obtained
considering it to be dependent on the photon energy, since
near the threshold the shadowing effect has not saturated
yet.

In both results for bound nucleons we can observe a
significant J/W production below the energy threshold for
its photoproduction on protons. As discussed above, this is
an expected consequence of Fermi motion. In fact, due to
the nucleon motion inside the nucleus, the component of its
momentum in the direction of the incident photon momentum
can vary by Ap = 48 MeV, which corresponds to a variation
of the y-N system energy in the center-of-mass frame of
AW =570 MeV. In the laboratory frame of reference it
corresponds to AE, = 5.4 GeV.

The photon energy fluctuation is thus AE, /2 = 2.7 GeV
below or above threshold, and it has clear consequences on the
cross section. In fact the black dotted results show not only
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FIG. 15. (Color online) Total cross sections per nucleon for J /W
meson photoproduction near threshold using different normaliza-
tions: with saturated shadowing effect (red squares) and with energy-
dependence shadowing effect (black circles).

a subthreshold production of J/W, but also a cross section
which increases more smoothly than for protons, due to the
Fermi motion of the nucleons

C. Bound J /¥ half-life

With the CRISP code we can study dynamical effects on the
width of the compound system formed by the meson and the
nucleus. This is an aspect of vector meson photoproduction
which has deserved increasing attention due to the possibility
of investigation of QCD color van der Waals forces [74] in
nuclei. Also a possible negative mass shift on the meson can
result from its binding to the nucleus. However, also here the
pure nuclear effect is present and it must be correctly taken
into account before studying QCD effects.

The half-life of J/ W in 23U was studied, and the results
are shown in Fig. 16. Here we reported the calculated half-life
for the bound J/ W (black squares), which includes two decay
mechanisms, namely, J/ W dissociation due interactions with
nucleons and the J/ W emission from the nucleus, which we
call the unbinding process. We can analyze separately both
processes and report the half-life due to unbinding as open
circles and the dissociation time as open squares. In addition,
the unbinding process is studied without the FSI (red filled
circles).

The dissociation times with FSI, which are around 0.14
fm (open squares), are practically identical to the bound J /W
half-life with FSI (black squares). This result indicates that the
main decay mechanism is dissociation, so just a small fraction
of the J/ W will escape from the nucleus. We also studied the
unbinding half-life with FSI (open circles), which is around
0.18-0.25 fm. This unbinding process corresponds to those
J /W which are produced near the nuclear surface and can
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FIG. 16. (Color online) Bound J/W¥ half-life time near the
threshold with (black squares) and without (red filled circles) FSI.
Half-life time with FSI includes two dissociation processes: by
emission from the nucleus (open circles) and by interaction with

nucleons (open squares). The right-hand y axis stands for half-life
time without FSI.

escape before interacting with any nucleon inside the nucleus.
In fact the unbinding half-life obtained by switching off all
FSIs (red filled circles) is around 6 fm, close to the nuclear
radius, so the open circles indeed represent J /W near surface.

D. The p mass spectra

The mass spectrum for the p meson, A(u), has been ob-
tained by calculating the cross section for p-meson production
including the leptonic decay width [75]:

2 w*T (1)

Alw) = T (2 2)2 ’

(12 —m2)” 4 uT2(u)

where I'(u) is the width of the resonance, m, is the p pole

mass, and p is the ete™ invariant mass. Equation (46) can

be substituted with good approximation by the Breit-Wigner
function divided by the factor 3.

The CRISP code generates the hadron mass by the random
selection of a Breit-Wigner function according to its lower and
upper limits defined by the hadron width. In order to guarantee
energy conservation the condition my < /s — my must be
satisfied. Here my is the meson mass and my is the nucleon
mass. The hadron mass generation is also modified by Fermi
motion and Pauli blocking.

In Fig. 17 is shown the mass distribution generated by
the photoproduction process for photons with energy E, =
1.1 GeV on nucleus *°Fe compared with experimental data
[76]. We observe that the p mass spectrum is not symmetric,
showing a slower increase of the yield as the mass increases up
to ~m,, and a sharp decrease of the yield above this mass. This

(46)
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FIG. 17. (Color online) The p mass spectrum for the photopro-
duction on *°Fe compared with experimental data [76].

sharp decrease is partially due to the Pauli blocking mechanism
of the final state nucleon. In fact, the higher is the meson
effective mass the lower is the momentum of the nucleon and
therefore the stronger is the blocking effect. The effectiveness
of Pauli blocking can be observed by comparing the full line in
Fig. 17, which corresponds to the results obtained including the
Pauli blocking mechanism, with the dashed line, correspond-
ing to the calculations without the Pauli blocking. In the second
case the peak is approximately symmetric, with a slow de-
crease of the yield as the mass increases above the peak value.

E. Nuclear transparency for the ® meson

We can observe in Figs. 6 and 7 that p and « mesons present
the highest cross sections with the nucleon in the FSI. For this
reason the nuclear medium is less transparent to those mesons
than to others. The transparency is defined as

— M’ 47
AoyNovx
meaning, the ratio of the inclusive nuclear photoproduction
cross section is divided by A times the same quantity for the
nucleon. T describes the loss of particle flux in nuclei which
is related to the absorptive part of the nuclear potential of
the particle. In order to avoid systematic uncertainties and to
eliminate the nucleon cross section, the transparency ratio is
usually normalized to carbon data, i.e.,
_ 12oya-vx (48)
AO'ylzc SVX
While the p meson has a short half-life, decaying inside
the nucleus, the w meson can last long enough to propagate
through the nuclear medium and escape, so this meson is one
of the best candidates to study the nuclear transparency. In fact
this was already done experimentally in Refs. [77-82].
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FIG. 18. (Color online) Normalized transparency ratio for the w
meson obtained with CRISP code according to Eq. (48) at E, =
1.7 GeV in comparison with theoretical Monte Carlo simulation,
varying the width [77].

In Figs. 18 and 19 we present the calculation of the
transparency for the w photoproduction process at several mass
indexes A. We illustrate two different results: the first includes
all w productions (red squares) while the second takes only into

a —&— ELSAExp.
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0.8—
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FIG. 19. (Color online) Normalized transparency ratio for the @
meson obtained with CRISP code according Eq. (48) at E, = 1.7 GeV
in comparison with theoretical BUU calculation, varying the width
[77].
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account the primary o production (black circles). We compare
them to experimental data [77] and with calculations according
two different models, namely, the Boltzmann-Uehling-
Uhlenbeck transport code calculation by the Geissen group
[77] and a Monte Carlo analysis by the Valencia group [77].
Experimental data were obtained in the Crystal Barrel/TAPS
detector at the ELSA tagged photon facility in Bonn [77]. Our
calculations are performed at photon energy E, = 1.7 GeV,
which is the averaged energy of the experimental
range.

‘We observe that the transparency calculated with the CRISP
code deviates from experimental data and from the theoretical
predictions. This is an indication that we are still missing some
important channel in FSI. We are currently working to improve
this aspect in our calculation.

IV. CONCLUSIONS

In this work we report the inclusion of vector meson
photoproduction in the Monte Carlo code named CRISP. The
photonucleon production was implemented according the soft
dipole Pomeron model, developed by Martynov, Predazzi and
Prokudin.

PHYSICAL REVIEW C 89, 054613 (2014)

The final state interaction is taken into account by consider-
ing several channels of interaction of vector mesons with nu-
cleons. We used three models: the one-boson exchange model
proposed by Lykasov, Cassing, Sibirtsev, and Rzjanin, the
one-boson exchange model proposed by Sibirtsev, Tsushima,
and Thomas, and the resonance model carried out bySibirtsev,
Cassing, and Mosel.

After presenting details of the vector meson photoproduc-
tion, we show that our calculations for protons are in good
agreement with the experimental data. We studied several
purely nuclear effects, such as Pauli blocking, Fermi motion,
subthreshold photoproduction, and shadowing. Also, the half-
life of J/W in the nucleus was calculated, and was found to
be much smaller than that of J/W in the vacuum. This is due
to the high cross section of J/W with nucleons resulting in a
fast dissociation of the meson.
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