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An estimate of dibaryon production in the process
of pp — d*(2380) + pin at Panda facility”
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Abstract: Although d*(2380) was first observed by WASA@COSY, its existence has yet to be further confirmed
in different types of processes at other facilities. In this work, the possible production of the single dibaryon state
d*(2380) in the process of pp — d*(2380)p# in a future experiment at the Panda facility is estimated. Following the
method used in our previous study (Chin. Phys. C 46, 023105), a phenomenological Lagrangian approach is em-
ployed to study the single d* production. Based on the conclusions obtained by the non-relativistic constituent quark
model, the cross section of the pp — d*(2380)pn reaction via the AA intermediate state is estimated, which is in the
order of nb. It is shown that the dominant contribution comes from the diagram with the AA — pi subprocess.
However, it is difficult to measure owing to the large background. Further, although the cross section of the diagram
with the d* — pi subprocess is small, i.e., only approximately 3% ~ 4% of the total cross section or even smaller,
the corresponding number of events is still sufficiently large and can be measured at Panda because the outgoing p
and 72 come from the same source d*.
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I. INTRODUCTION

It is well-known that the study on hadronic exotic res-
onances, such as X(3872), Z.(3900), Z,(10610),
Z,(10650), and P.(4310), is a critical problem. Different
from the normal mesons (¢g) and baryons (qqq), those
exotic states (so-called XYZ particles and/or multi-quark
states) usually have a narrow width and mass that locate
very near to the thresholds of the two-meson (for exotic
meson sectors) or one meson plus one baryon (for exotic
baryon sectors). Molecular scenarios are often proposed
to study their mass spectrum, decay properties, and pro-
ductions [1-6]. In the quark degrees of freedom, those
quark systems are regarded as tetraquark and pentaquark
systems.

In addition to those well-known XYZ particles, we
know that searches have been conducted for dibaryons,
such as H and d* particles, for more than half a century
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(see reviews by Clement [7, 8]). The possible interpreta-
tions of the dibaryon structure have been successively put
forward with various theoretical approaches, from the
hadronic degrees of freedom (HDF) to the quark degrees
of freedom (QDF). The first clear experimental evidence
for d* was found by CELSIUS/WASA and
WASA@COSY Collaborations in 2009 [9]. Afterwards,
some observations on the existence of such a dibaryon
were also claimed in their series of experiments [10—12].
In fact, in their data analysis, it was found that their ob-
served peak cannot simply be understood by either the in-
termediate Roper excitation or the 7~channel intermediate
AA state, except by introducing a new intermediate diba-
ryon resonance with its baryon number, mass, width, and
quantum number being 2370 ~ 2380 MeV, 70 ~ 80 MeV,
and I(JP)=0(3%), respectively. Therefore, they believe
that this resonant structure is just the light-quark-only
dibaryon d*(2380), for which searches have been conduc-
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ted for a long time.

By looking at the measured mass of d* and the relev-
ant thresholds of the two-baryon (AA), the two-baryon
plus one-meson (NNr), and the two-baryon plus two-
meson (NNnr) channels near by, one may easily con-
clude that the threshold (or cusp) effect should be much
smaller in this dibaryon case than that in other XYZ exot-
ic cases [1—4]. Moreover, because d* has a narrow width
of 70 ~ 80 MeV, which is only approximately 1/3 of the
total width of the two As, one may regard this dibaryon
as a state with a hexaquark dominated structure. Many
theoretical studies have been carried out on the possible
internal structure of d*. Among those proposed struc-
tures, two of them have attracted significant attention.
The first one is based on the QDF. In this case, d* has
1/3AA and 2/3CC components ) so it forms a compact
structure and is an exotic hexaquark-dominated state
[13—19]. It is noted that if it had a AA component only, it
would become a deeply bound state [20, 21]. Another ap-
proach is based on the HDF. In this case, one considers
d* as a molecular-like hadronic state, which originates
from an assumption of a three-body resonance ANx or a
molecular-like state Dy,m [22—25]. Although the mass
and partial widths of the double pionic decays of such a
hypothetic dibaryon resonance can be reasonably repro-
duced at the same time by both proposed structures, the
internal structures of d* in these proposals are entirely
different. Consequently, the predictions for the branching
ratio of NNr in these two scenarios are quite different.
The former is compatible with the experimental data,
while the latter is much higher than the upper limit given
by the experiment unless further model adjustments are
made. Therefore, it is necessary to look for some other
physical observables in some sophisticated kinematics re-
gions or processes other than p-p (or p-d) collisions,
which might provide very different results for these two
scenarios. Actually, such type of theoretical analysis has
been carried out on the electromagnetic form factors of
d* [26, 27] and the possible evidence of d* in the y+d
processes [28]. In addition, some other proposals, such as
the triple diquark scenario [29] and the triangle singular-
ity mechanism [30, 31], have also been applied for the
structural study of d* or the analysis of the COSY experi-
mental data.

Since the d* dibaryon has been observed by
WASA@COSY Collaborations in the process of
pn — dnr and in the fusion process of pd —3He + nrr, the
signal of d* was also found in the y +d — dnr process at
ELPH [32—34]. To further confirm the existence of d*,
more signals about such particle should be carefully col-
lected and analyzed in a variety of different nuclear pro-
cesses carried out in many other facilities. The good news

is that the forthcoming experiment at the Pbar Annihila-
tion at Darmstadt (Panda) facility may involve verifying
the existence of d¢*. This is because, at Panda, an antipro-
ton beam with momentum in the range of 1 to 15 GeV/c
collides with the proton target, which corresponds to the
annihilation reaction of proton and antiproton in the cen-
ter-of-mass (CM) energy range of ~2.25 to ~5.5GeV
[35—37]. This energy range covers 2M, ~4.76 GeV as
well as My +2My ~ 4.256 GeV. Therefore, the future ex-
periment of the pp annihilation reaction can provide a
new way to produce the dibaryon-antidibaryon pair d*d*
or a single dibaryon plus two nucleons d*pn and con-
sequently yield further information on the existence of
this d* resonance.

In our previous work [38], a phenomenological ef-
fective Lagrangian approach (PELA), which is based on
the relativistic covariant field theory, was simply em-
ployed to study the production of the d*d* pair at Panda,
where the qualitative properties of d* extracted from the
calculation in the constituent quark model were simply
borrowed and considered. It should be mentioned that the
PELA has been successfully applied to the calculations of
some weakly bound states [3], such as the exotic meson
X(3872), Z,(10610), and Z,(10650) [39—42] and the exot-
ic baryon A.(2940) [43, 44]. It has also been used in the
studies of the pion meson properties [45] and the pos-
sible dibaryon candidate of NQ (S=2) [46] predicted by
the quark model calculation [47] and by the HAL-QCD
Collaboration [48]. Here, as a continuation of our previ-
ous work [38], we continue to use the PELA to estimate
the cross section of the single d* production pp — d*pn
(or pp — d*pn) in the Panda energy region.

This paper is organized as follows. In Sec. 11, the de-
scription of d* (1J? = 0(3*)) using the PELA is briefly re-
viewed. Then, the calculation for the cross sections of the
pp — d*pii or pp — d*d* — d*pn process via the AA in-
termediate state is shown in Sec. III. In Sec. IV, the mod-
el parameters are discussed, and the numerical results for
the cross section are presented. Finally, Sec. V is devoted
to a short summary and discussion.

II. DESCRIPTION OF 4*(2380) IN PELA

By considering the interpretation of the structure of
d* in the non-relativistic quark model calculations in
Refs. [13, 15—17], here, we write the effective Lagrangi-
an of d*(J¥ = 3%) with two constituents, say two As, as

Lironaln) = f 0y D) Ry (x-+ y 2T G480

X AL (x=y/2d, ., () + he., (1)

1Ha M3

1) It should be mentioned that the ratios of these components are only approximate values because of the uncertainty in quark model results due to the complexity of
many-body quark systems and the inability to rigorously solve the non-perturbative effects. Therefore, in the calculation of quark models, different processing methods
and allowable precisions will lead to slightly different results Ref. [20], which are all meaningful as long as they explain the available data reasonably.
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where A, is the Rarita-Schwinger field for spin-3/2 A,
and AS stands for its charge-conjugate with AS = CAT
and C=iy*". &; , , (x:2) in Eq. (1) represents the rank-3
field of d* with polarization 4. The vertex of two As to d*

reads [49]

rga(ﬂlﬂzﬂx)ﬁ :gd%[ym (gﬂzafgﬂzﬁ + gﬂzﬁgﬂﬂ)
+y (g + g P g

oyt (g,uuag,uzﬁ + gﬂlﬁgﬂza)]_ )

It should be stressed that the phenomenologically intro-
duced correlation function ®(y?) in Eq. (1) describes the
distribution of the two constituents in the system. This
scalar function plays a similar role to the bound state
wave function in quantum mechanics. The correlation
function is transformed into momentum space by the
d4_p —ipy
. (2m)*
®(-p?), and p stands for the relative Jacobi momentum
between the two constituents of d*. For simplicity, @ is
phenomenologically selected as a Gaussian-like form of
O(-p?) = exp(p?/A?) with A being a model parameter re-
lating to the distribution scale of the constituents inside
d*. All the calculations for the loop integral, hereafter, are
performed in the Euclidean space after the Wick trans-
formation, and all the external momenta go like p* =
.7 - p’l‘;:(p“, pP) (the subscript "E" stands for the
momentum in the Euclidean space) with p* = —ip°. In the
Euclidean space, the introduced Gaussian-like correla-
tion function ensures that all the loop integrals are ultravi-
olet finite (details can be found in Ref. [3]).

Then, the coupling of d* to its constituents, for ex-
ample gsan, can be determined by using the Weinberg-
Salam compositeness condition [50—53]. This condition
means that the probability of finding the dressed bound
state as a bare (structureless) state is equal to zero. In the
case of d*, our previous analysis in QDF [13, 15-17]
shows that d* has |AA> and |CC > components. The
probabilities of these two components are approximately
Pany~ 1/3 and Pccy ~ 2/3, respectively, and these two
components are orthogonal to each other. As a result, the
compositeness condition is

Fourier transform is ®(—p?), where ®(y?) =

(1) (1)
_ IZ ) (P IZ 0y P?)
o =1———7 -
e P P pap
=Zg-an) + Zacc) =0, 3

where P is the momentum of d*(2380), and

ZEIA)A) or (Cc)(Mj,) is the non-vanishing part of the structur-

al integral of the mass operator of d* with spin-parity 3*
(the detailed derivation can be found in Refs. [52, 54]).

Aky)

A(k2)

Fig. 1. (color online) Mass operator of d*(2380) — AA.

Here, we simply assume that these Z; (aa) and Zz (cc) are
independent. Because the probabilities of the AA and CC
components are Pap~1/3 and Pcc~2/3 (Paa+
Pcc = 1), respectively, in the quark model calculation, the
dibaryon in particular is interpreted as a compact hex-
aquark dominated system, and the effective coupling con-
stant g;aa can be extracted by the induced composite-
ness condition:

9P
Zirior = Pe=—505— o 0, “

where the subscript (¢) stands for the channel of (AA) or
(CC), respectively, and P, stands for the probability of
the individual channel (c¢). The mass operator of d*
dressed by the AA loop is given in Fig. 1. It should be
stressed that the effective coupling constant, determined
by Eq. (4), contains the renormalization effect given that
the chain approximation is considered (see, for example,
Refs. [52, 54]). The explicit expression of the full mass
operator of Fig. 1 and the effective coupling constant
ga-aa have been demonstrated explicitly in Ref. [38].

As we phenomenologically adopt the Gaussian-type
correlation function of ®(—p?) = exp(p*/A?), there exists
a model-dependent parameter A which relates to the size
of the system in the non-relativistic approximation, at
least in the physical sense. Consequently, we may
roughly connect the size parameter of b in the non-re-
lativistic wave function to the parameter A by b%/2 ~
1/A? because the Gauss-like wave function exp[—b® /2]
is often selected in the quark model calculation.
Moreover, because b ~ 0.8 fm in the calculation of Refs.
[13, 15], we roughly take the model parameter A here as
~0.34 GeV.

III. CROSS SECTIONS FOR pjp — d* + piit VIA AA

We know that the forthcoming experiments at Panda
are related to the reactions of the antiproton beam collid-
ing with the proton target. In this type of experiment, the
baryon number of the initial states is zero. Meanwhile,
according to the interpretations of d* in our previous con-
stituent quark model calculation [13, 15—17], d* contains
approximately 1/3 [AA > and 2/3 |CC > and, in particular,
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the |AA > component is primarily responsible for the de-
cay of d*. Therefore, to produce the dibaryon d* at Pan-
da in the final state of the d*d* pair or d*pii, the AA inter-
mediate state is essential.

A. Cross section for pp — AA

There are a few experiments for the pp — A(1232)x
A(1232) process in the literature [55—59] at +/s =7.23
and 12 GeV. They were carried out from the large expos-
ures of the 2 m hydrogen bubble-chamber (HBC) experi-
ment to the U5 antiproton beam at CERN. The account of
the final four-body system of ppn*n~ is believed to be
primarily derived from the A**A*+ channel. The collec-
ted data for the pp — A(1232)A(1232) reaction at 3.6 and
5.7 GeV confirm the conclusion drawn by Wolf in [60]
that the #-channel pion or reggized pion exchange is a
dominant mechanism responsible for this process. In oth-
er words, in terms of the z-channel one-pion-exchange
(OPE) model, the mentioned reaction can be well-de-
scribed. In particular, the total cross section of this pro-
cess, in terms of the CM energy s, is empirically paramet-
erized as o(s)=As™" with A=(67+20)mb and n=
1.5+0.1, respectively [58].

As the reaction of pp — AA can be reasonable repro-
duced by using an effective Lagrangian, we simply write
down the phenomenological effective Lagrangian in the
following form [61]:

where gya is the effective coupling constant and F(p;)
stands for the phenomenological form factor, which is
taken as

*2 2
F(p)= (ﬁ)exp(am (6)

with the parameters Aj, ~1GeV. In Eq. (5), Zpp =
3/212

Clt”,l /2tY

cussions of the matrix element, model parameter, and res-

é; is the isospin transition operator. Detailed dis-

a-(P)

Fig. 2.

ultant cross section in the calculation of the pp — AA
process have been shown in our previous work [38]. The
numerical result shows that the tree diagram reasonably
reproduces the total cross section of pp — A**A*+, al-
though we do not consider the contributions from other
meson exchanges, for instance, the p meson exchange. In
short, the effective Lagrangian szt;vti) of Eq. (5) is qualit-
atively suitable for describing the cross section of the
pp — AA process and thus can also apply to the studies of
the pp — AA — d*d* and pp — AA — d* pii reactions.

B. Cross section for pp — d* pii via AA

In our previous work, the production rate of the two-
body final state d*d* pair is estimated in the center-of-
mass energy region of Panda. Here, the study in this as-
pect is extended to the calculation of the production rate
of the three-body final state d*pii or d*pn. The Feynman
diagrams of pp — d*pii via the AA intermediate state are
plotted in Fig. 2, where Fig. 2(a) shows that p and 7 are
produced in the decay of the intermediate d* state, and
compared with this subdiagram, Fig. 2(b) exhibits that p
and 7 are produced in the reaction of two intermediate A
states. Therefore, in detecting d* — p + 7 in Fig. 2(a), (b)
will be an important "background." It should be men-
tioned that both the single d* and d*d* pair in the subdia-
grams of Fig. 2 are all generated from the pp — AA anni-
hilation reaction. This is because, in the loop diagrams in
Fig. 2, when A interacts with A (or A interacts with A), a
corresponding hidden-color component CC (or CC)
would be formed in the symmetry re-arrangement. Fur-
ther, in the higher order loop calculation, while pp anni-
hilate to generate a AA pair, it can also create a corres-
ponding CC pair in the short range. According to the con-
clusion drawn in our previous quark model calculations,
the structure of d* can be written as

1 2
d* >~ —|AA —|CC >,
"> \ﬁ' >+\£‘ >

with the spin and isospin quantum numbers of the colored

(color online) Feynman diagrams for the process of pp — d*(2380)+ p+7 via AA intermediates. The two final states

(N(p3)andN(p4)) stand for either (5(p3),7i(pa)) or (7(ps3), p(p4)), respectively.
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cluster C being 3/2 and 1/2. Because the observed (d*)* is
isoscalar, in the isospin space, the above |AA,I =0 > can
be re-written explicitly as

1
AA,T =0 >= E[lA**A’ > +|ATAY > +|APAt > HAAT

>,
(7

namely, only the components of |[A**A~ > and |A*A? >
contribute to d*(2380). In addition, we stress that the re-
action pp—d"+p+n may occur above the energy
threshold  of  +/so= My +2My ~4.256GeV.  This
threshold is lower than the production threshold of the
d*d* pair (2My ~ 4.47 GeV), and also the upper limit of
the center-of-mass energy of the Panda facility.

1.  Matrix element for Fig. 2(a)

Figure 2(a) shows the contribution of the d*d* pro-
duction reaction to the specific process considered, where
the outgoing p and 7 are produced in the decay of the d*
resonance. The reason to consider this process is that the
dibaryon d* has a decay mode of d* — pn. Although this
mode is not a so-called "golden" mode [7, 8], such as dnr
or pnrr, its branching rate of approximately 10% is still
sizeable. From the experimental point of view, this type

f(z Y [VN(Pz)[p, @B (k2)rﬁ Scﬁ (k3)l—ﬁ

of events is detectable because p and 7 originate from the
decay of the same d*. Meanwhile, the other class of
events, where p and 7 originate from the reaction of two
A, as shown in Fig. 2(b), despite a much larger cross sec-
tion, is difficult to measure experimentally due to the
large background. Therefore, in the pp — d*pn calcula-
tion where only one dibaryon will be generated in the fi-
nal state, one has to consider the important process of
pp — d*d* — d* pi, although d* is off-shell and the con-
tribution from this mode might not be remarkable. To de-
scribe the subprocess of d* — pn, we simply adopt an ef-
fective Lagrangian L., as

g,,.q" a0

Laipn= Ity x (@ @) +he, ()
with ¢ being the relative momentum between the pro-
ton and neutron, and (d*(P))(“’) being the field of d* with
spin 3. As the experimentally measured branching ratio of
d* — pn is approximately 10%, the measured partial de-
cay width is therefore approximately 7 MeV. Then, we
can extract the value of the effective coupling constant as
ga-pn ~ 1.01 GeV 2.

We can write the matrix element of Fig. 2(a) as

S oo ()} ]uN(pl)}

2 2ap?, %2 23\2 ~(v),(V)
B 87na8d pn€ Ay —m € (p3g) _
X (d"(P))" ) x A ( T ) X ————— X (q34)v,(q34)y, [Mff(m))’v; VN(P4)], (€)]
p; —mz+ie \ Ay —p; Pay— M, +1g My
[
where q34 = (p3 — p4)/2, p34 = p3 + p4, and the relations of mentum g between the two constituents of d*. S,z

Ca"(p,s)=v(p,s) and Cv(B,s)=u(p,s) are used.
Moreover, in Eq. (9),

. . Ir. (. . I

EuvoaBy) = Z €uvo€apy = 8 [gua(gv,li’ga'y + gvyga-ﬁ)

pol.

+ gﬂﬁ(émén’y + gvyg(m) + gll)’(gva/g()'ﬁ + gvﬁgrm)]
- % [g,uv(go'ag’ﬁy + goﬁga/y + go‘}/gaﬁ)

+ gy(J'(g’mg,By + gvﬁgay + gwgaﬁ)

+ gva'(g,uagﬁy + g’uﬁg’ay + gﬂygaﬁ)], (10)

with g% = —g% + pjclpﬂ DAk =000 expl — g2 /2]

contains a Lorentz structure Fg"(’“)’“‘ of d*(JP =3%) (see
Eq. (2)) as well as a scalar correlation function
exp[—q%/A?], which is a function of the relative mo-

1131

stands for the propagator of the Rarita-Schwinger field. In
addition, one takes the total width of I';. ~ 70 MeV in the
Breit-Wigner form of the d* propagator.

2.  Matrix element for Fig. 2(b)

Figure 2(b) exhibits another pp reaction process,
which generates a three-body final state that includes a
single dibaryon d*, a p, and a 7. This process is different
from that in Fig. 2(a), since the outgoing p and 7 are pro-
duced by the final state interaction between A and A.
Here, we also employ a t-channel pion exchange ap-
proach to describe this final state interaction. Then, the
matrix element of Fig. 2(b) reads

(P s
Zb_f Q4 vN(pZ)[Pr . (k2)p; ]VN(p4)

x |5 (p3)| P8 5 5 U7 18 oy (k)" |
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) e2e(pi+p?)
XMN(P]) (d (P)) X P P 2 2
Py —Mz Py — Mg
%2 2 %2 2,2
(AM—mﬂ . AM—mﬂ)
%2 2 %2 2
AM — P AM — Py

4
ErNA

(1)

3. Cross section

Now, let us define following Mandelstam variables:
so = (p1 +p2)* for the initial states, s; = (P + p3)*andss =
(P + p4)* for the outgoing d* and one of the two anti-nuc-
leons, and s, = (p3 + ps)*for the two outgoing anti-nucle-
ons, where the identity of sy + s+ s3 = 5o + M3, + M3 + M}
holds. Then, the invariant mass spectrum of 5 and 7 for
Fig. 2(a) can be expressed as

—2
2vs ML
dSl | |F1g.2(d) , (12)

16270350 A[(p1 - p2)* = mym3

dO’(za) _ ST

dvs2  Js

where the integral limits caused by the energy conserva-
tion are

1
sE=M3 +mj - [(sz — 50+ M3.)(s2+m3 - M3.)

25,

Tr/l]/z(m,so,Mﬁ*)/ll/z(sz,mg,mi)], (13)
with
A(x,y,2) = X +y* + 7% = 2xy — 2y7— 22X, (14)

It should be mentioned that the variable s, = (p3 + p4)2 is
the squared invariance mass of the outgoing anti-proton
and anti-neutron in Fig. 2(a); therefore, the invariant mass
spectrum do,)/d /52 describes the distribution of the fi-
nal pi pair originated from the d* resonance.

Moreover, the total cross section of pp —>d*+p+i
via the AA intermediate state, contributed by both
Fig. 2(a) and (b), reads

5 [dog +d
o= f dsz[—m“) (W’)}, (15)

dS2

92

with the integral limits being

53 = (my+ma)’, 53 = (\/s0—Ma)’. (16)
In Eq (15), dO’(,’)/ng = 2;5‘2((10'(,')/(1 \/5) with i = 2((1) or

2(b), and dop)/d+/sz has the same form as that in Eq.
(12), except that Fig. 2(a) changes to Fig. 2(b).

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. Model-dependent parameters

In this work, we use the PELA to describe the spin-3
resonance d* and use the relativistic covariant field ap-
proach to calculate the pp — d* pin process via the AA in-
termediate state. In the latter approach, we have a model-
free parameter A. To roughly estimate the value of this
parameter, some of the qualitative conclusions given in
the study of d*(2380) with a constituent quark model [16]
are simply taken into account. Those conclusions are as
follows: 1) it is a compact hexaquark-dominant system;
2) it contains approximately 2/3 hidden color component
and only approximately 1/3 AA component; and 3) its de-
cay properties are mainly determined by its AA compon-
ent. Moreover, when b ~ 0.8 fm, the value of the model
parameter A is approximately equal to 0.34 GeV because
A% ~2/b%. In terms of Eq. (4), one can extract the effect-
ive coupling constant of d* to AA by taking Paa ~1/3
(see Ref. [38] for details). To demonstrate the A-depend-
ence of the final results, we also change the value of A
around 0.34 GeV, say 0.30 GeV or 0.40 GeV, in the calcu-
lation.

Here, we mention again that the sub-processes of
pp— AA and AA — pi are simply treated by using a t-
channel one-pion exchange approach, and, in terms of an
effective Lagrangian approach, the subprocess of d* — pn
decay in Fig. 2(a) is phenomenologically considered by
comparing with the measured partial decay width. The
values of model parameters used in the calculation are
presented in Table 1.

Table 1. Parameters used in the calculation.

t-channel 7 exchange d* — pn
gAer/Gevil A;/[/GCV (Z/GCV_Z gd*pn/GeV_z
10.75 1.0 0.4 1.01

B. Cross sections for pp — d* + pit via AA

In the region of the CM energy +/so € [4.4-5.5] GeV,
the total cross sections of the pp— d*+pn process
through the intermediate state of AA, shown in Fig. 2(a)
and 2(b), are calculated, and the corresponding curves are
plotted in Fig. 3(a) and 3(b), respectively. To show the
dependence of the model parameter A, the cross sections
with A =0.30, 0.34, and 0.40GeV are also plotted in
Fig. 3(a) and 3(b).

It is known that the cross sections of the diagrams
shown in Fig. 2 depend not only on the size of the matrix
elements M, and My, but also on the size of the phase
space. The phase space increases with the increase in
Vso. The matrix elements M,, and My, depend on the
model parameter A, the initial state energy +/so, and the
loop integral as well. Therefore, the estimated values of
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the total cross sections for the considered processes are
deeply influenced by the interpretation of the d* reson-
ance, i.e., its size and structure, namely, the probability of
its AA component. In this work the cross section is evalu-
ated based on the three qualitative interpretations of d*
drawn in the non-relativistic quark model calculation [15,
16], where Paa ~ 1/3. Actually, the effective coupling
constant ggaa is proportional to Paa, and the matrix
element M, is proportional to P, in Fig. 2(a) and to
Paa in Fig. 2(b). In this way, the resultant cross sections
will change as Paa changes. In addition, the effective
coupling constant g, and matrix elements My, and
My are closely related to the structure of the mass oper-
ator in the structural integrals in Fig. 1 and to the loop in-
tegral in Fig. 2. Therefore, the explanation for the behavi-
or of the cross section curve here is the same as the ex-
planation for the cross section behavior of the
pp — AA — d*d* process in our previous paper [38]. We
will not repeat it here. Interested readers can refer to [38].
Furthermore, it should be noted that the cross section is
sensitive to the value of A and even more sensitive in the
calculation of Fig. 3(a) than in the evaluation of Fig. 3(b).
This is because there are two correlation functions in
Fig. 2(a) but only one correlation function in Fig. 2(b).
Now, let us look at the magnitude of the cross section.
It is approximately 2.0x 107! ~ 6.0 nb in Fig. 3(b) when
A~0.34 GeV, but only approximately 1.0x1076~
40x107"'nb in Fig. 3(a). Comparing the results in
Figs. 3(a) and (b), we find that the cross sections in
Fig. 3(b) are approximately 2—3 orders larger than those
in Fig. 3(a). This is because the final anti-proton and anti-
neutron are produced by the AA t-channel reaction in
Fig. 2(b), but by the strong decay of the d* resonance
(d* — pn), which only has a branching ratio of approxim-
ately 10%, in Fig. 2(a). The effective coupling giﬂN in the
t-channel reaction is approximately 2 orders greater than
the effective coupling g4, in the d* — pi decay. There-
fore, regardless of how we add the cross sections given
by Fig. 2(a) and Fig. 2(b), constructively or destructively,

-5 :

44 4.6 4.8 5.0 5.2 54
12
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Fig. 3.

the total cross section of Fig. 2 is almost equal to the
cross section provided by Fig. 2(b). Namely, compared
with Fig. 2(a), (b) plays a super-dominant role.

Moreover, in Fig. 4, we plot the invariant mass spec-
trum of the final outgoing anti-proton and anti-neutron,
which are generated by the strong decay of the intermedi-
ate d* state shown in Fig. 2(a). In this figure, one clearly
sees a resonant structure around 2.38 GeV. It indicates
that the source of the anti-proton and anti-neutron is d*.

Here, we would emphasize again that although the
cross section of Fig. 2(b) is relatively larger, it is difficult
to measure owing to the huge background of p and 7 in
the pp annihilation process. Meanwhile, although the
cross section of Fig. 2(a) is much smaller than that of
Fig. 2(b), it is measurable because p and 7 come from the
same source. If we can obtain this invariant mass spec-
trum in the experiment, it can be used as one of the evid-
ences for the existence of d*.

At +fsp>4.5GeV, based on the fact that the total
cross section of pp — AA — d* pin with A ~0.34 GeV is in
the order of nb, one can further estimate the number of
events of such a process at Panda facility. Considering
that the designed luminosity and integrated luminosity of
thisfacilityareapproximately~ 2 x 1032 cm~2/sand~ 1.7 x 10*
nb~!/d, respectively, we expect that at Vso = (4.8, 5.0,
5.2, 5.4) GeV, if the overall efficiency is 100%, approx-
imately (3.63, 5.59, 7.23, 9.34) x 10* events of d*pn could
approximately be generated per-day, of which only ap-
proximately (20, 100, 600, 3200) events are derived from
the process in Fig. 2(a). As mentioned above, although
the number of the events derived from the d* — pin mode
are only approximately 3% ~ 4% of the total number of
events or even smaller, they can be observed in the exper-
iment. However, a large number of other events cannot be
identified.

Finally, we stress that in our previous discussion [62,
63], we have mentioned that in order to avoid the interfer-
ence caused by the background of a large number of pro-
duced pions and nucleons, one can measure antiparticle

2

4.4 4.6 4.8 5.0 5.2 54
12

s, (GeV)

(color online) Numerical results for the total cross section of pp — d* + pii via AA intermediate with CM energy (+/so) being

(4.4 — 5.5) GeV. The left and right panels show the results contributed by Fig. 2(a) and (b), respectively. In both figures, the black-sol-
id, red-dotted, and blue-dotted-dashed curves display the results with A being 0.30, 0.34, and 0.40 GeV, respectively.
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10°F T T T T T T T
S!7(GeV)

do/ds ) (nb/GeV)

2.6

Fig. 4. (color online) Numerical results for do‘/dsé/ % in the
case of A=0.34GeV. In the figure, the blue-dotted-dashed,
red-dotted, and black-solid curves display the results with +/so
being 4.8, 5.0, and 5.2 GeV, respectively.

d* instead of d*. Here, in the pp — d*d* reaction, d* can
also decay through its "golden" decay channels of dnrn
and pnzrm or through pn. Same as the reason mentioned
above, the interference from the background makes it dif-
ficult to measure d*. Therefore, we propose that based on
the potentially huge data set in Panda, measuring two fi-
nal pi generated from one d* is another possible method
to identify d* with the background interference being by-
passed.

V. SUMMARY AND DISCUSSIONS

As an extension of our previous study on pp — d*d*
via the AA intermediate state, in this work, we further es-
timate the cross section of the pp — d*pi (or pp — d*pn)
process, which might possibly occur and consequently be
measured at the forthcoming experiments at the Panda fa-
cility in the CM energy region of +/s € [4.4,5.5] GeV. The

present process with the three-body final state is different
from the previous one with the two-body final state of
d*d* because the outgoing anti-proton and anti-neutron
(or proton and neutron in the process of pp — d* + pn)
can be produced not only by the decay of d* (or d*) but
also by the re-scattering of the intermediate A—A (or
A —A) states.

We employ the relativistic covariant PELA to roughly
estimate the cross section and possible number of events.
In describing the structure of the produced dibaryon d* or
anti-dibaryon d*, we directly adopt the qualitative conclu-
sions drawn from the sophisticated dynamic calculation
of the structure of d* in a non-relativistic constituent
quark model and fix the model-parameter A. Our estim-
ated cross section of this reaction is in the order of nb,
which is much smaller than that of the pp — AA reaction
of order mb but much larger than that of the
pp — d*d* — d*pn process shown in Fig. 2(a). However,
according to our estimation in this work, in the huge
amount of data collected on the hadron pair production at
Panda facility, there is still a certain and even sizeable
amount of d*pn events if d* exists, in particular, the
events generated by the intermediate d* state. Certainly,
one also expects to have a larger signal of the existence of
d* from its "golden" decay channel d* — d+nn.
However, the phase space of the four-body final state
may suppress the cross section of the pp — d*dnn pro-
cess. In any case, the study of this process is in progress.
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