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For the forward going proton and 1 meson, the coherent 7 meson production in the (p, p’) reaction on
the spin-isospin saturated nucleus occurs only due to the n meson exchange interaction between the
beam proton and nucleus. In this process, the nucleon in the nucleus can be excited to resonances N*
and the 1 meson in the final state can arise due to N* — N1. We investigate the dynamics of resonances,
including nucleon Born terms, and their interferences in the coherently added cross section of this

reaction. We discuss the importance of N(1520) resonance and show the sensitivity of the cross section
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The coherent meson production in the nuclear reaction is a po-
tential tool to investigate the resonance dynamics in the nucleus,
as well as the meson-nucleus interaction in the final state. Since
the branching ratio of A(1232) — Nm is >~ 100% [1], the coherent
pion production process has been used extensively to investigate
the A dynamics in the nucleus [2,3]. This process in (y,m) and
(e, err) reactions is used to study the transverse N — A eXxcitation
in the nucleus, where the coherent pion is produced away from
the forward direction [4]. The forward emission of coherent pion
is a probe for the longitudinal A excitation which occur in the
pion nuclear reaction [5].

The coherent pion production is also studied in the proton and
ion induced nuclear reaction [6,7]. The issue of A-peak shift in the
nucleus [8] is resolved, as it occurs because of the coherent pion
production [6,7] which is not possible for proton target. The coher-
ent pion production in the (p,n) [6] and (3He, t) [7] reactions on
the nucleus is shown to have one to one correspondence with that
in the w* meson-nucleus scattering [9,10]. For the forward going
protons, the coherent pion production in the (p, p’) reaction can
be used to produce w9 beam [11] which is analogous to tagged
photon beam.

The coherent 7 meson production in the nuclear reaction is an-
other process which can be used to study the resonance dynamics
in the nucleus. Amongst the resonances, N(1535) has large de-
cay branching ratio (42%) in the N7 channel, i.e., I'v(1535)— Ny (M =
1535 MeV) ~ 63 MeV [1]. Therefore, this resonance is considered
to study the coherent 7 meson production in the proton-nucleus
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reaction [12]. N(1535) is shown as a sensitive probe to study the
non-local effects in the coherent n meson photoproduction reac-
tion [13]. The importance of N(1535) is elucidated in context of
the n meson production in the hadron-nucleus reaction [14]. In
addition to N(1535), other resonances, e.g., N(1520), N(1650) etc.,
(whose branching ratio in the N»n channel is much less than that
of N(1535)) and nucleon Born terms are also considered in the
study of n meson production in the photonuclear reaction below
1 GeV [15]. The change in the cross section because of the interfer-
ence of N(1520) and N(1535) resonances is described in Ref. [16].

Sometime back, Alvaredo and Oset studied the coherent 1 me-
son production in the (p, p’) reaction on the spin-isospin satu-
rated nucleus [12]: p + A(gs) — p’ + A(gs) + n. The elementary
reaction in the nucleus is assumed to proceed as pN — p’N*;
N* — Nn (presented in Fig. 1). The resonance N* considered in
the intermediate state is N(1535), since it has large branching ra-
tio (as mentioned earlier) in the N7 channel. This resonance is
produced due to the n meson (a pseudoscalar-isoscalar meson)
exchange interaction only, specifically, for the forward going pro-
ton and 1 meson. The contributions from other meson exchange
interactions vanish in this reaction [12]. The projectile excitation
in this reaction is null for the spin saturated nucleus.

It may be argued that though the resonance N(1520) has very
small decay width (at its pole mass) in the N» channel, there are
enough reasons (mentioned below) not to neglect this resonance
in the n meson production reaction.

(i) The mass of N(1520) is close to that of N(1535), and therefore
there could be interference effect in the n meson production
reaction [16], as quoted above.
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Fig. 1. (Color online.) Elementary reaction occurring in the nucleus.

Table 1 B

Blatt-Weisskopf barrier-penetration factor B;(kR) [18].
N* ! B} (x=kR)
N(1520) 2 x*/(9+3x% +x%)
N(1535) 0 1

(ii) The earlier value for I'y(1520)—n, (M = 1520 MeV), as reported
in Ref. [17], is 0.12 MeV, which corresponds to the coupling
constant: f,nn(1520) = 6.72 [13]. According to the recent re-
sult: I'n(1520)—Ny (M = 1520 MeV) >~ 0.265 MeV [1], the value
of fynnas20) is equal to 9.98. The latter value of fynn(1520)
is about 1.5 times larger than its previous value. Due to this
enhancement, the coherent 7 meson production cross section
because of N(1520) is increased by a factor about 5.

(iii) The decay width I'y«_, ny(m) varies with the mass m of the
resonance N* [18] as

&(m) ] (1)

I« Ny (M) = I« Ny (MN )[d?,(mN*)
mpy+ in this equation is the pole mass of N*. The value of
I+ Ny (my~) is already mentioned for N(1520) and N(1535)
resonances. The suffix | in the phase-space factor &; rep-
resents the angular momentum associated with the decay.
@, is given by @(m) = XB2(kR), where k is the relative mo-
mentum of the decay products (i.e., N and n) in their c.m.
frame. B;(kR) is the Blatt-Weisskopf barrier-penetration fac-
tor, listed in Table 1. R (= 0.25 fm) is the interaction radius.
Using Eq. (1), we show in Fig. 2 that the decay probability
of N(1520) — Nn rises sharply over that of N(1535) — Np
with the increase in resonance mass m, i.e, nN invariant
mass. Therefore, though the decay width of N(1520) — Nn
at the pole mass, as quoted earlier, is much less than that
of N(1535) — N, the previous (as shown in Fig. 2) super-
sedes the latter at higher values of m. The steep rise in
I'N(1520)— Ny (m) with m can shift the peak position of the n
meson production cross section due to N(1520) towards the
larger value of m.

We have elucidated that the cross section due to N(1520) in
the n meson production reaction could be large. This can change
the shape and magnitude of the coherently added cross section
arising due to nucleon Born terms and resonances. To disentangle
it, we revisit the coherent » meson production in the (p,p’) re-
action on the scalar-isoscalar nucleus where Born terms, N(1520)
and other resonances of Nn branching ratio > 4%, i.e., N(1535),
N(1650), N(1710), N(1720), are considered. In this reaction, the
virtual n meson (emitted by projectile) is elastically scattered to its
real state by the nucleus which remains in its ground state. Since
4He does not have excited state, this nucleus is preferred to study
the mechanism of this reaction. In the experiment both coherent
production and breakup will occur, but the coherent channel can
in principle be identified.
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Fig. 2. (Color online.) Decay width I'y+_ ny(m) vs. resonance mass m.

The Lagrangian L for the coupling of n meson to a particle de-
pends on their spin and parity [13,16]. For %+ particle, i.e., N(940)
and N* = N(1710), the form for L is

Lynn = —ignFy(a*)NysNn
Lonns = —igyFy(a®)N*ysNn; )
gy (PNN coupling constant) ~ 7.93 [20], and g;; (nNN(1710) cou-

pling constant) ~ 4.26. For %_ resonance N*, i.e., N(1535) and
N(1650), L is given by

Lonn- = —ig)Fy(q®)N*N; 3)

g,’; ~ 1.86 for N(1535) and g;; ~0.67 for N(1650). For N(1520)%_.
L can be written as

*

f, _
n

f,;‘ = 9.98. For %+ resonance [19], i.e., N* = N(1720), the expres-
sion for L is

*
LN = —nF,’;(qZ)N*“Naﬂn; (5)
my
f,;* = 1.15. The coupling constants are extracted from the mea-
sured decay width of the resonances, i.e.,, N* — Nn [1]. F; and F;
appearing in Lagrangians are the NN and nNN* form factors re-
2 2
spectively [20]: F;(q*) = F;(q*) = ’;%:';’;; Ap=1.5 GeV.

The T-matrix for the coherent n meson production in the
(p, p)) reaction on a nucleus can be written as Tfi=Tp + Tnx,
where Tp represents the T-matrix for nucleon Born terms (de-
scribed later), and the resonance term, i.e., Ty+, is given by

Th+ = ZﬁNMNﬂA(S)Vn(q)/erH*(k,,,r)cN* (m, 1)
N*

x 0(0) x % (kp, 1) x T (kp, ). (6)



S. Das / Physics Letters B 737 (2014) 75-80 77

Table 2
A(S) for spin S =1 and 2 fermions.
Spin (S) A(S)
1
1 +mpe
% {K vl w_ vty Yk —yVku 2k"ky
2 {JHmN*}[gv*T*Wfﬁ]

o(r) in this equation is the matter density distribution of the nu-
cleus. fN*ﬁN,, denotes the vertex factor for the decay: N* — Nn.
The spin S dependent part of N* propagator, i.e., A(S), is ex-
pressed in Table 2.

\7,7(q) in above equation represents the n meson exchange in-
teraction between the beam proton and the nucleon in the nucleus
(see Fig. 1): V,y(q) = [ynn+Gp(q®) [ynn- The I's are described by
the Lagrangians given in Egs. (2)-(5). 617(‘12) denotes the virtual n
meson propagator, given by Gy (q%) = —#_qr

The distorted wave functions for protonn and 1 meson, denoted
by xs in Eq. (6), are evaluated by using the Glauber model [21].
For the beam proton p, it can be written as

z

X(*)(kp,r):e“‘v-’exp|:—vL /dz/Vop(b,z’):|. (7)
p
—0Q0

For outgoing particles, i.e., p’ and 1 meson, x is given by

X +o00
. _ i
X7 Ky, m) =€ k' T exp | — fdz’Vop/(n)(b, Z)|.
Veian

(8)

vy is the velocity of the particle X which is either proton or
1 meson appearing in Eqgs. (7) and (8). Vox denotes the particle-
nucleus optical potential. This potential, in fact, describes the ini-
tial and final state interactions.

The proton-nucleus optical potential Vgpp(r) in Egs. (7)
and (8) is calculated using the “to(r)” approximation [21], i.e.,

Vop(®) = —%"[i +apnloNom), )

where apy denotes the ratio of the real to imaginary part of the

proton-nucleon scattering amplitude fpy. otp N represents the cor-
responding total cross section. To evaluate this potential, we use
the energy dependent experimentally determined values for opy
pN

and o, [22].

The 1 meson-nucleus optical potential Vo, (r) in Eq. (8), fol-
lowing Alvaredo and Oset [12], is evaluated from the 7 meson
self-energy IT,(r) in the nucleus:

ITy(r) =2E; Voy(r)

= >le(v)? o
N*

m—my- + 5 Te(m) — Vons(5) + Von ()
(10)

The prefactor C(N*) depends on the resonance N* used to calcu-
late IT,(r). I'y+(m) represents the total width of N* for its mass
equal to m. It is composed of partial widths of N* decaying into
various channels, listed duly along with the physical parameters in
Ref. [1]. The resonance mass m dependence of these widths are
worked out following Eq. (1). Values of I'y«(m) at the pole mass,
i.e., m =mpyx, are given in Table 3. Vop+ is the N* nucleus inter-
acting potential, described latter. The nucleon potential energy in
the nucleus is taken as Von(r) = —500(r)/0(0) MeV [12]. IT,(r)

Table 3
Resonance width I'y+(mpy+) at pole mass
mp+ in MeV [1].

Resonance N* Iy« (my+)
N(1520) 115
N(1535) 150
N(1650) 150
N(1710) 100
N(1720) 250

arising due to nucleon-hole pair is evaluated following that for
70 meson, see page 157 in Ref. [3].
The scalar part of the resonance propagator, denoted by
Gn+(m,r) in Eq. (6), is given by
1

m2 — mlz\,* + imN* I'n+ (m) — 2EN*Von* (l‘) ’

Gn+(m, 1) = (11)
where Epn+ denotes the energy of N*.

Von+(r) in Egs. (10) and (11), which describes the N*-nucleus
interaction, is also evaluated by using the “to(r)” approximation,
as given in Eq. (9). In this case, the measured values of the N*-
nucleon scattering parameters, i.e., ay+y and a[N*N , are not avail-
able. To estimate them, we take ay+y ~ any and o} N ~ oV
since the elastic scattering dynamics of N* can be assumed not
much different from that of a nucleon. For the reactive part
of o)"N, we consider that the dynamics of N* is the same as
that of a nucleon at its kinetic energy enhanced by Am, i.e.,
o NN (Tnen) ~ NN (Ty+n + Am) [23]. Here, Am is the mass differ-
ence between the resonance and nucleon. Ty« is the total kinetic
energy in the N*N center of mass system [23].

The 1 meson emitted because of the nucleon Born terms is ad-
dressed by Tp above Eq. (6). It is similar to the expression appear-
ing in this equation except the interaction vertices and propagator
of N* to be replaced by those of nucleon. The previous is described
by Lynn in Eq. (2) and the latter, i.e., propagators Gy, are dis-
cussed in Ref. [2]. However, the calculated cross section due to
Born terms, as shown later, is negligibly small.

We calculate the differential cross section, i.e. for

do
’ dEp/d.Qprd.Qr]'
the forward going coherent 7 meson energy Ej, distribution in the
(p, p)) reaction on “He nucleus. The calculated results are pre-
sented in Figs. 3 and 4. On the upper x-axis of these figures,
we mention the resonance mass m corresponding to Ej. The spa-

2
tial density distribution o(r) of this nucleus is o(r) = Qo%;

w = 0.445, ¢ = 1.008 fm, z =0.327 fm [24]. We discuss the con-
tribution of each resonance and nucleon Born terms (including
their interferences) to the cross section of this reaction. We fo-
cus on two aspects of N(1520) which can change the n meson
production cross section considerably: (i) measured decay width
I'N(1520)— Ny (M = 1520 MeV) and (ii) decay probability N(1520) —
Nn specifically at high energy.

The calculated plane wave results at T, = 1.2 GeV are illus-
trated in Fig. 3(a), where the N*-nucleus interaction is not in-
cluded, i.e., Von+ = (0,0). The cross sections arising due to each
resonance and Born terms along with their coherent contribution
are shown in this figure. For N(1520) resonance, the measured
value of its decay width I'N(1520)—ny(m = 1520 MeV) is taken
equal to 0.12 MeV (earlier value). This figure elucidates that the
cross section due to N(1535), shown by short-long-short dash
curve, is the largest. The dot-dot-dash curve represents the sec-
ond largest cross section (which is 24.7% of the previous at the
peak) arising because of N(1520). The peak cross section due to
it appears at higher value of E; (which corresponds to larger m)
compared to that because of N(1535). This occurs, as described in
Fig. 2, due to the sharp rise in N(1520) — Nn decay probability
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Fig. 3. (Color online.) Cross sections for the coherent 7 meson production at T, = 1.2 GeV. m is the resonance mass corresponding to the n meson energy E; (see text).

with m. Fig. 3(a) also shows that the cross sections arising be-
cause of other resonances and Born terms are negligibly small. The
coherently added cross section (dot-dash curve) shows that the
dominant contribution to it arises due to N(1535). The effect of
interference in the cross section is distinctly visible in this figure.
In Fig. 3(b), we present the distorted wave results where Vo= is
also incorporated. It shows that the cross section is reduced dras-
tically, i.e., by a factor of 9.6 at the peak, and the peak position is
shifted by 32 MeV towards the lower value of E; due to the inclu-
sion of distortions (both initial and final states) and Voy+. These
are the features usually reported in the low energy 1 meson pro-
duction reaction.

As stated earlier, the calculated cross section due to N(1520)
can go up by a factor of ~5 because of the use of the latest mea-
sured value of I'N(1520)—Ny (M = 1520 MeV), ie., 0.265 MeV. This
can change the n meson energy E; distribution of the coherently
added cross section. We illustrate those in Fig. 3(c). It is remark-
able that the cross section due to N(1520) for I'n(1520)—Ny(m =
1520 MeV) = 0.265 MeV (dot-dot-dash curve) is comparable with
that because of N(1535) (short-long-short dash curve). In fact,
the previous is about 18% larger than the latter. Due to this, an
additional peak in the spectrum of the coherently added cross sec-
tion (dot-dash curve) appears close to the peak arising because of
N(1520). The magnitude of the cross section due to the inclusion
of distortions and Vop*, as shown in Fig. 3(d), is reduced dras-

tically, but the change in the shape of spectrum due to them is
insignificant. Two peaks are distinctly visible in this figure.

The decay probability of N(1520) — Np, as shown in Fig. 2,
rises sharply at higher values of the resonance mass m. There-
fore, this resonance could be more significant in the high en-
ergy 1 meson production reaction. To investigate it, we calculate
the plane wave (without Vo« included) cross sections at T, =
2.5 GeV (taking the earlier value of I'n(1520)— Ny (M = 1520 MeV),
i.e, 012 MeV), and present those in Fig. 4(a). The cross sections
arising because of each resonance and Born terms along with the
coherently added cross section are distinctly visible in this figure.
Compared to the spectra presented in Fig. 3(a), there are con-
siderable changes in those at T, = 2.5 GeV which are noticeable
in Fig. 4(a). Three distinct peaks in the latter figure arise due
to N(1520) (dot-dot-dash curve), N(1535) (short-long-short dash
curve) and N(1710) (short dash curve). Amongst them, the cross
section because of N(1520) is the largest. The cross sections due
to resonances other than these three resonances and Born terms
are insignificant. The separation between the peaks of the cross
sections due to N(1520) and N(1535) at T, = 2.5 GeV is larger
than that found at T, = 1.2 GeV (see Figs. 3(a) and 4(a)). This
occurs, as illustrated in Fig. 2, because of the sharp increase in
N(1520) — Nn decay probability with m.

Because of the large n meson production cross section due to
N(1520) at T, =2.5 GeV (even for I'n1520)— Ny (M = 1520 MeV) =
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Fig. 4. (Color online.) Same as Fig. 3 but for the beam energy T, =2.5 GeV (see text).

0.12 MeV), the shape of the n meson energy E; distribution spec-
trum of the coherently added cross section is significantly differ-
ent from that calculated at T, = 1.2 GeV (see dot-dash curves in
Fig. 3(a) and Fig. 4(a)). We show the distorted wave (Vopn+ in-
cluded) result at T, = 2.5 GeV in Fig. 4(b). Both Figs. 4(a) and 4(b)
show that the coherently added cross sections possess multiple
peaks appearing in the peak regions of the cross sections due
to N(1520), N(1535) and N(1710) resonances. In addition, these
figures elucidate that the largest peak arises in the N(1520) excita-
tion region. These results are unlike to those presented in Figs. 3(a)
and 3(b).

The calculated plane wave, without Voy+ included, cross sec-
tion at T, = 2.5 GeV due to N(1520) for the latest value of
I'n1520)— Ny (m = 1520 MeV), i.e., 0.265 MeV, is presented by the
dot-dot-dash curve in Fig. 4(c). Along with it, the cross sections
because of other resonances and Born terms are also presented for
comparison. Due to the increase in I'v(1520)—ny (M = 1520 MeV),
in addition to large N(1520) — Nn decay probability at higher en-
ergy, the 7 meson production (as shown in this figure) dominantly
occurs because of the N(1520) resonance. In fact, the peak cross
section due to it is distinctly the largest. The coherently added
cross section (dot—dash curve in Fig. 4(c)) shows a small peak close
to that because of N(1535) and a large peak distinctly visible near
to that due to N(1520). We illustrate the distorted wave (Vopn+ in-
cluded) result for it in Fig. 4(d). The dominant contribution to the

coherently added cross section, as shown in Figs. 4(c) and 4(d),
distinctly arises because of the resonance N(1520).

We have calculated the differential cross sections for the co-
herent n meson energy Ej; distribution in the (p, p) reaction on
4He nucleus. At lower beam energy, i.e., 1.2 GeV, the cross sec-
tion because of N(1535) is distinctly the largest if we consider
the earlier value of the decay width I'y(1520)—ny; (M = 1520 MeV),
i.e.,, 0.12 MeV. The cross section due to N(1520) is drastically in-
creased because of the use of the latest value of I'v(1520)—ny (M =
1520 MeV), i.e., 0.265 MeV. Due to this, an additional peak ap-
pears in the shape of the coherently added cross section. At higher
beam energy, i.e., 2.5 GeV, the peak cross section because of
N(1520), even for I'v(1520)—ny(m = 1520 MeV) = 0.12 MeV, su-
persedes that due to N(1535). The shift of N(1520)-peak towards
the higher n meson energy (which corresponds to larger reso-
nance mass) depends on the beam energy. This occurs because of
the sharp increase in N(1520) — N7 decay probability with the
resonance mass. The cross section due to N(1520) is further in-
creased by a factor ~5 because of the increase in I'iy(1520)— Ny (M =
1520 MeV) from 0.12 MeV to 0.265 MeV. The coherently added
cross section shows that the contribution from N(1520) is dis-
tinctly dominant amongst the resonances and Born terms at higher
energy. These features are unlike those reported in the previous
studies where N(1535) is shown to contribute dominantly in the
1 meson production reaction.
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