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Nuclear effects on the p meson produced in the inclusive photonuclear reaction
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The hadronic properties of the p meson produced in the inclusive photonuclear reaction have been inves-
tigated. The elementary reaction occurring in the nucleus is assumed as yN — p°N. The p meson, while
propagating through the nucleus, interacts with the nuclear particles, and therefore the properties of the p
meson can be modified because of this interaction. Being a short-lived particle, the p meson decays to various
elementary particles, such as ete™, 7tz ~, ..., etc. The eTe™ invariant mass, i.e., the p-meson mass, distribution
spectra have been calculated to extract the information about the parameters, viz., mass and width, of the p meson
in the nucleus. The calculated results have been compared with the data reported from Jefferson Laboratory.
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I. INTRODUCTION

The modification of the hadronic properties, i.e., mass and
width, of vector mesons (e.g., p, w, and ¢ mesons) in a nu-
cleus is an important aspect in the nuclear physics, particularly
in context to restore the chiral symmetry of those mesons [1].
The calculated results show the modification of the vector
meson in a normal nucleus is significant. Large nuclear ef-
fect on the p-meson spectral function at low momenta was
predicted in the coupled-channel analysis calculation [2]. The
shape of the p-meson mass distribution spectrum in the pion
nucleus reaction is deferred from that in the free space [3,4].
The modification of the hadronic parameters is shown to occur
for the p and w mesons produced in the photonuclear reaction
[5-7]. The in-medium properties of the ¢ meson produced in
the nuclear reactions are discussed in Refs. [8,9].

The medium modification of the vector mesons has been
explored by measuring the invariant mass distribution spec-
trum of their decay products. In the heavy-ion collision
experiments, the broadening of the p-meson width in the
dielectron and dimuon invariant mass distribution spectra are
reported by the CERES [10] and NA60 [11] Collaborations,
respectively. The modification of the p, w, and ¢ mesons
in the proton-nucleus collision has been investigated by the
KEK-PS [12] and ANKE Collaborations [13]. The previous
collaboration has demonstrated the modification in the spec-
tral shape of these mesons due to excess mass on the lower
side of the w and ¢ mesons’ peak in the dilepton eTe™ invari-
ant mass distribution spectra, whereas the latter collaboration
has revealed large spreading in the width of the ¢ meson in
the dikaon KK~ invariant mass distribution spectrum. The
CB-ELSA Collaboration [14,15] could not find the mass shift
of the w meson, produced in the photonuclear reaction, in the
measured 7%y invariant mass distribution spectrum. This ob-
servation is supported by the calculated results [16]. However,
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the above collaboration has reported the enhancement in the
width of the w meson [15,17]. It should be mentioned that the
KEK data (expressing the vector-meson mass modification)
suffer from the background subtraction, which leads to erro-
neous conclusions, as pointed out by the CLAS Collaboration
[18,19]. This collaboration carried out the systematic investi-
gation of the in-medium properties of the vector mesons (viz.,
0, w, and ¢ mesons) produced in the inclusive photonuclear
reaction at Jefferson Laboratory (JLAB). The quoted mesons
were detected by their dilepton, i.e., ete™, decay product.
The electromagnetic probes, used by the CLAS Collaboration,
provide the undistorted information about the properties of the
vector meson in the nucleus.

The CLAS Collaboration has analyzed the absorption of
the w and ¢ mesons in the nucleus (to search the medium
effect on these mesons) by measuring the nuclear transparency
ratios versus A (mass number of the nucleus) of the quoted
mesons [19]. It should be mentioned that the transparency
ratio depends on the elementary vector-meson nucleon total
scattering cross section o,V (i.e., /N and o,"" for the
considered mesons) in the nucleus. The notation V has been
used to express either @ or ¢. The data of the transparency
ratio Ty /T¢ (i.e., normalized to 120) for the @ meson could
not be reproduced by drastically increasing the free space
w-meson nucleon scattering cross section o,“’N , 1.e., a,*’”N >
106*N [19,20]. On the other hand, 7,/Tc data for the ¢
meson reveal the drastic enhancement of the ¢-meson nucleon
scattering cross section in the nucleus: o,*¢N = (1.5—15)0,¢N
[19,20]. However, the measured transparency ratios Ty /Ty
(i.e., normalized to deuteron) for both w and ¢ mesons can
be explained by o;*V" ~ 20N [20]. It should be mentioned
that the elementary vector-meson nucleon cross section in the
nucleus is related to the collision broadening of the vector
meson, i.e., ['{, oc oYM,

The enhanced width (not mass shift) of the p meson was
observed by the CLAS Collaboration at JLAB [18] in the
measured ete™ (arising from the p-meson decay) invariant
mass distribution spectra in the photonuclear reaction. Being
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a broad resonance, the p meson dominantly decays inside
the nucleus [21]. Therefore, the invariant mass distribution
spectrum of its decay products (e.g., o — e*e™) can elucidate
the medium modification of the p meson. In contrast, the
invariant mass distribution spectrum of the decay products of
the narrow resonances (e.g., w and ¢ mesons) cannot illustrate
the in-medium properties for them, since these resonances
dominantly decay outside the nucleus [16]. The conditions of
the CLAS measurements, as mentioned in Ref. [18], are (i)
the final state of the nucleus was not measured, (ii) the tagged
photon beam of energy range 0.61-3.82 GeV was used, and
(iii) the p-meson momentum ranging from 0.8 to 3.0 GeV/c
was measured.

The calculated results for the ete™ emission from the
decay of the coherent p meson in the yA reaction show the
broadening of the p meson [21], but the CLAS Collabora-
tion did not measured the coherent p(— e™e™)-meson mass
distribution spectra in the photonuclear reaction. Considering
the dielectron as probe, the transport model based calculated
results on the medium modification of the p meson in the pho-
tonuclear reaction are presented in Ref. [5]. This calculation
does not include the constraints (i.e., tagged photon beam and
high p-meson momentum) imposed by the CLAS Collabo-
ration in the measurement done at JLAB [18]. It should be
pointed out that the solid curves along with the data shown by
the CLAS Collaboration [18], as mentioned by Wood et al.
[18], are the results of the transport model calculations which
contain all essential physics. That model has been used to
evaluate the cross sections of various reactions [4-6,8]. Riek
et al. [22] have studied the in-medium p-meson modification
focusing on the experimental spectra measured by the CLAS
Collaboration. They have used the calculated results for both
the yp — pete” amplitude and the in-medium p-meson
propagator. The latter describes the medium effect on this
meson. The calculation presented in this paper is also aimed
to analyze the data reported by the CLAS Collaboration. The
p-meson production is described by the experimentally deter-
mined amplitude of the elementary y N — pN reaction. The
p-meson nucleus potential (which modifies the p meson in
the nucleus) appearing in the p-meson propagator is generated
by folding the p-meson nucleon scattering amplitude with the
density distribution of the nucleus. The measured values of
those quantities are used to estimate the quoted potential.

II. FORMALISM

The dilepton e e~ arises due to the decay of the p meson
produced in the inclusive photonuclear reaction, i.e., YA —
p°X; p° — eTe~. The symbol A represents the nucleus in the
initial state, and X is not specified in the final state. The p
meson (an unstable particle; T, ~ 1072 s) propagates certain
distance before it decays into dilepton: p — e*e™. The matrix
element M y; for the above reaction can be written as

g () (), G (0 = )|

Rxo(r)le,(ky, 4y ), ¢y (1)), ey

Myi =

where GE'(F —1) = (—g" + “5)G,(t' — 1) is the p-
meson propagator. The second part of it does not contribute to
the cross section of the reaction. The scalar part, i.e., G,(r' —
r), describes the p meson propagation from r to r’ in the
space. The vector-meson dominance (VMD) model [23,24]
has been used to explain the dielectron decay of the p meson.
¥y, denotes the p meson to photon (virtual) conversion factor,
as illustrated by VMD model. In fact, it is connected to the p-

emz
meson hadron coupling constant f, as y,, = —* [23,24]. The

factor 1/m? is the propagator of the virtual photon which cou-
pled to the leptonic current /,, = i,-y, v+ with the coupling
constant e (electronic charge). €,(k,, A, ) is the polarization
four-vector of the photon, and ¢s are the wave functions for
the continuum particles. Ry stands for the nuclear transi-
tion matrix element: Ryo(r) = Y_; < X|fyn— v (r —1))|A >,
where A is the initial state (i.e., ground state) of the nucleus,
and X represents the unspecified final state. f,y_ ,n(r — ;)
describes the production amplitude of the p meson in the
elementary yN — pN reaction occurring on the jth nucleon
in the nucleus.

The matrix element My; can be decoupled as My =
[(mg-, mg+, A, )F,(X), where the previous factor involves the
internal coordinates of the continuum particles, i.e.,

Yy
m2
X Vuv(ke*a Mg+ )Eﬂ(kyy )"y), (2)

[(ms-, mg+, )"y) = - i(ke-, ms-)

and F,(X) illustrates the production, propagation, and decay
of the p meson in the space:

F,(X) = / / drdr' e ™G, (r' — )™ TRyo(r),  (3)

with k,(= k.+ +K.-) expressing the momentum of the p
meson.
The form for G,(r' —r) [3,21] is given by

G, (' —1) = 8(b' = b)0(Z — 2)e™ "Dy (b,7,2), (4)

where D, (b, Z’, z) comprises the interaction of the p meson
with the nucleus:

i i [7 -
Dy, (b,7,z) = ——eXp[—/ dz"{G; (m)
2kp) 2kp) J: (G,

—2E,Vo,(b, z”)}j|. 5)

In this equation, Vj,, symbolizes the p-meson optical potential
which modifies the parameters of this meson in the nucleus.
E, is the energy of the quoted meson. Gg pl [=m? — mf, +
im,I" ,(m)] represents the inverse of the p-meson propagator
of mass m and total decay width I",(m) in the free space; m,,
(=775.26 MeV) is the pole mass of this meson [25].

Using G,(r' —r) given in Eq. (4), the expression of Fp(X)
in Eq. (3) can be simplified to

F,(X)= / dre't" Dy, (b, 2)Rxo(r), (6)

with q(= k, — k,) being the momentum transfer to the nu-
cleus. Dy, (b, z) is given by Dy, (b, z) = fzoo dz' D, (b, 7, 2).
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The differential cross section for the dilepton emission in
the inclusive photonuclear reaction can be written as

3 1
= 8%k —k 12)dk, dk,+ dKky,
7= o) EE, E.r ( PIMil) X
@)

where k;(ky) is the four-momentum in the initial (final) state
of the reaction. (| M fi|2> refers to

P T DM

Ay me—.m X

%Z D TOme, my, h)P Y IF, (X1,
X

Ay Mg mt

(IMfil%)

®)

where ), represents the summation over all nuclear final
states. A, is the polarization vector of the incoming photon.
ms- and my+ are the spin projections of the outgoing electron
and positron, respectively.

Using Eq. (8), the differential cross section for the dilepton
ete” invariant mass (i.e., p-meson mass) distribution in the
reaction quoted in Eq. (7) can be expressed as

do(E,) 5 ) .
dmd{gp - KFm F(m)PO—m*e*lf(O)yN—)pN
X /dl'|ka(b, 2)%0(r), 9)
K2 (Ei—E,)

i = 3r__ BpTRy)
with Kp = &5 B,k Ei—Ky kB, |’

the p meson of mass m decaying at rest into eTe™.

The differential cross section stated in Eq. (9) is based on
the fixed scatterer or frozen nucleon (in the nucleus) approx-
imation. The Fermi motion of the nucleon in the nucleus can

be incorporated replacing f,n— ,n by (fyn—pn)as i€,

['(m)po_, ¢+e- is the width of

(FO) e )i = / / dkydenSa(kys ex) (0, 5) oy

(10)
with

s = (E, + Ey)* — (k, + ky)?,

Ey :mA_\/kl%/+(mA_mN+€N)2»

where S4(Ky, €y) represents the spectral function of the nu-
cleus, normalized to unity. It illustrates the probability of a
nucleon with momentum ky and binding energy ey in the
nucleus [26]. S4(Ky, €y ) for various nuclei are discussed elab-
orately in Ref. [27]. Therefore, those have not been presented
explicitly.

It should be mentioned that the tagged photon beam was
used for the experiment done by the CLAS Collaboration at
JLAB [18]. The quoted beam possesses certain energy range
which can be weighted in six bins to simulate the beam profile
[22] (also see the references there in). Therefore, the cross
section of the considered reaction due to tagged y beam can

150 Fa— ; ; ; ;
Cly.p—=e e)X (a) m (GeV)
1k,=0.8-3.0 GeV/e 750.26 -
———775.26
120 - T
8
=}
=3
(=]
Q
920 E
=}
[}
£
e
[}
(=9
»
o0 :
'2 =
3 =
= o
E =
= =
= N
o 30 E
=
E 1 2
Q [}
5 £
) 0 S A ‘ ‘ 5
g Fe-Ti(y,p—=e )X (b) g
2 100 - T
g &
E 5
5 =
E >
S [}
2 Q
& Z
3
=
o
=
=
o3
=
=
Q
=
O

0.5 0.6 0.7 0.8 0.9 1.0
m (GeV)

FIG. 1. The differential cross sections j—fn calculated for the p-
meson mass distribution in the inclusive photoinduced reactions on
12C and *Fe are compared with data taken for C and Fe-Ti nuclei
[18], respectively. The calculated results are normalized to the exper-

imental counts.

be written [21] as

do < do(E, ;)
=) WED— T, (1)
i=1

where W(E, ;) is the relative weights of 13.7%, 23.5%,
19.3%, 20.1%, 12.6%, and 10.9% for E,, ; (GeV) equal to 1.0,
1.5, 2.0, 2.5, 3.0, and 3.5, respectively [22].

III. RESULT AND DISCUSSIONS

The total decay width I',(m) of the p meson in the
free space is composed of the partial widths of the p me-
son decaying into various channels, i.e., I'j(m) ~ 99.94 x
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TABLE I. The calculated width of the p-meson mass distribution
spectrum I'} and the enhancement in the width AT, due to the p-
meson nucleus interaction Vo,,.

Nucleus I MeV) AT, (MeV)
2c 157.0 17.2
SFe 165.0 26.5
208pp 189.4 50.8

10‘2F(m),Hﬂ+7,- +6 x 10_4F(m)p_,noy [25]. The two-body
decay width of the p meson I'(m),—.4,4, [28] is given by

D, (m) ]

T — 12
q)l(mp) (12)

F(m)p%dldz = F(mp)padldz[
The values of I'(m,) 5+~ and I'(m, ) ,_, z0, are tabulated in
Ref. [25]. ®; represents the phase space factor of the two-
body decay: ®;(m) = %BIZ(IER), with the interaction radius
R =1 fm [5]. k is the momentum in the cm system of the
decay products of the p meson. The angular momentum [
associated with the considered p-meson decay channels is
equal to unity. BIZ(I;R) represents the Blatt-Weisskopf barrier

penetration factor: B%(x) = 11% [28]. The dielectron decay

width of the p meson, negligibly small compared to I",(m),
used in Eq. (9) is given by I'(m) 0, o+~ = %(‘%)2:’1—% [24].
Qen (= 1/137.04) denotes the fine structure constant, and y,
is equal to half of the p-meson hadron coupling constant
fo(= 2y,), as mentioned earlier. The value of y, (= 2.48 [29])
is directly determined from the measured I'(m, ), ¢+~ [25].
The p-meson production amplitude for the elemen-
tary yN — pN reaction can be expressed as ny_> oN =
-47rEp[Elp + %]nyﬁpN [30]. The symbol “~” on the quan-
tities represents those assessed at y N cm energy. f,n—on
denotes the reaction amplitude of the quoted elementary re-
action. The vector-meson dominance model connects f, y_ ,n
to the pN — pN scattering amplitude foy—,nv aS fyn—on

=—“;a”" fon—pn [29,31]. The energy-dependent experimen-

tally determined values of the forward f,y_. ,n are given in
Ref. [32].

The optical potential of the p meson V), which describes
the p-meson nucleus interaction, can be expressed [33] as

Vop(r) = —%(apzv + )0 o(r), (13)

where v, is the velocity of the p meson. a,y represents
the ratio of the real to imaginary part of f,y_ ,n(0) in the

free space. o/ N denotes the total p-meson nucleon-scattering
cross section: o,"N = ‘,‘(—”Im{prapN(O)}. o(r) symbolizes the
density distribution of the nucleus, normalized to the mass
number of the nucleus. The form for it, as extracted from the
electron scattering data [34], is used to evaluate Vp,,(r).

The differential cross sections jl—;l of the p-meson mass
m (i.e., ete” invariant mass) distribution in the inclusive
photonuclear reaction, i.e., A(y, p — eTe™ )X, have been cal-
culated for the p-meson momentum k, = 0.8-3.0 GeV/c, as

that was the restriction on k, imposed in the CLAS mea-

25 - PC(yptse o)X (a)
kp:0.8-3.0 GeV/e

—-—-Without Vo
P
—With V()p

ds/dm (Lb/GeV)

0.5 0.6 0.7 0.8 0.9 1.0
m (GeV)

FIG. 2. The p-meson mass distribution spectra calculated with
and without the p-meson optical potential Vy, are presented for
nuclei. The broadening in the width (not peak shift) of the spectrum
due to Vj, is distinctly visible in the figure.

surements [18]. The calculated 4% for '>C and *°Fe nuclei
(normalized to the experimental counts for C and Fe-Ti
nuclei [18], respectively) have been presented in Fig. 1 for
the p-meson pole mass m, taken equal to 750.26 MeV (solid
curve) and 775.26 MeV (dot-dashed curve). As visible in
this figure, the reduction of m, from 775.26 to 750.26 MeV
(~3%) shows good agreement of the calculated results with
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FIG. 3. The p-meson mass distribution spectra for '*C, 3Fe, and
208Pb nuclei are compared. The width of the spectrum increases with
the size of the nucleus. The dotted line reveals the p(— eTe™)-meson
spectral function Sr (see text).

the measured spectra for all nuclei. It is remarkable that the
quoted reduction of m, is consistence with the mass-shift
parameter (o, = 0.02 & 0.02) reported by the CLAS Collab-
oration [18]. Therefore, m, is taken equal to 750.26 MeV to
investigate the modification of the p-meson parameters in the
nucleus.

The calculated results revealing the significant mass shift
of the p meson [1] is in contrast to that observed by the
NA Collaboration in the ultra-relativistic In-In collision [11].
The negligibly small (e.g., 3%) mass shift of the p meson (if
considered in the data analysis) could be insensitive to the
drastically enhanced width (~350-400 MeV [35]) of the p
meson, as reported by this collaboration. The theoretical pre-
dictions by the Giessen group [36] and Valencia group [37], as
mentioned by Wood et al. [18], are consistent with the JLAB
results [18] of a small to no mass shift of the in-medium p
meson. The calculated results for the insignificant (i.e., ~3%)
mass shift of the p meson in a nucleus, as shown by the solid
curve in Fig. 1, corroborate the above mentioned theoretical
predictions.

The cross sections 2% with and without incorporating the

dm
p-meson optical potential Vp, are calculated to disentangle

the nuclear effects on the p meson. The calculated results
for 12, °Fe, and 2°Pb nuclei are depicted in Fig. 2. The
dot-dot-dashed curve illustrates j—; assessed without Vy,, and
the solid curve represents that evaluated including Vo, in the
calculation. This figure distinctly elucidates the broadening
in the width of the p-meson mass distribution spectra due
to Vo, for all nuclei without the shift in the peak position,
i.e., mass shift. The quantitative values of the widths of the
p-meson mass distribution spectra I'*, and the enhancement in
the widths AT", due to Vj,, for the nuclei are listed in Table I.

The calculated 9% are described in Fig. 3 for '>C (dot-

dot-dashed curve), “°Fe (dashed curve), and 2°*Pb (dot-dashed
curve) nuclei to visualize the relative broadening in the p(—
et e )-meson mass distribution spectra. The spectral function

1M Fﬂ%ehﬁ (m)

7 (m*—=m2)>+m2T2(m)>
presented (dotted curve) for comparison. It is noticeable in
the figure that the spreading of the spectrum increases with
the size of the nucleus. Therefore, the medium modification
of the p-meson properties can be demonstrated better in the
heavy nucleus.

of the p(— e*e™) meson, i.e., SF = is also

IV. CONCLUSIONS

The differential cross section for the p-meson mass dis-
tribution in the inclusive photonuclear reaction has been
calculated to investigate the modification of the hadronic pa-
rameters (i.e., mass and width) of the p meson in the nucleus.
The quoted modification arises due to the interaction of the p
meson with the nucleus, which is described by the p-meson
optical potential. It is evaluated by folding the p-meson nu-
cleon scattering amplitude with the density distribution of the
nucleus. The calculated result does not show the mass mod-
ification in the p-meson mass distribution spectrum, but that
illustrates the increase in the width of the quoted spectrum.
The enhancement in the width increases with the mass of the
nucleus. The calculated p-meson mass distribution spectra for
nuclei reproduce well the data reported from the Jefferson
Laboratory.
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