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Production of d* dibaryon in proton-deuteron collisions
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We have studied the excitation mechanismddf, a bound state of two deltas\f, in proton-deuteron
collisions. In our model for the mechanismdf excitation in this reaction, the incident proton interacts with
both nucleons of the deuteron, exciting each one of them tatktate in sequence. Thgy_.na transition
potential is described by the one-pion exchange, parameters of which are fixed taking guidance from studies on
pp— NA reaction. The results presented here are for angular distribution, mass distribdigiripution, and
the excitation function. We find that the position of the peak in the mass distribution is directly related to the
strength of the\ — A binding potential. The excitation function peaks between 300- and 550-MeV beam energy
for binding potentials between 500 and 350 MeV. The angular distribution peaks around 55°—60°.

DOI: 10.1103/PhysRevC.65.034012 PACS nunier21.30—x, 21.45+v, 25.40.Ny

I. INTRODUCTION efforts, the existence or nonexistence df has not been
The strongly interacting systems such as baryons, mesongstablished yet.

nuclei, and neutron star, which have been observed so far, As regards the short-range behavior of the interaction be-
comprise only a fraction of the wide range of particles andtween twoA'’s, there are many QCD inspired models for
systems that may exist with quarks and gluons as buildingieSCI’ibing hadronic interactions. These models differ from
blocks. Other strongly interacting systems include exoticeach other in the choice of degrees of freedom and in giving
quark-gluon systems, strangelets, strange star, and quarkaportance to one or the other featyoenfinement or chiral
gluon plasma. Experimental search for these new systems &ymmetry of QCD. All these models are equally good or
being carried out for a long time. It is believed that the studyP@d in describing the hadron spectroscopy and the existing

of these exotic systems will help in understanding that pargata of hadron interactions. It is difficult to discriminate one
. 5nodel from the other. One common feature of all these mod-

els, however, is that they predict a binding potential of vary-

calculate from the first principles using QCD. ) . ¥
. . . ing depth for twoA’s in T=0 andS=3" states. Therefore,
Among the exotic quark-gluon systems, let us ConSIdeii)bservation of tha* dibaryon state will have implications

the dlbgryons. The stable d|baryon system s deutergn. Itgn these models particularly in knowing the depth and range
properties are well understodd,2] in terms of a nonrelativ-

- . . of the interaction potential.
istic description of two-body system with meson-exchange ' |, ihis paper we calculate various cross sections df

nucleon-nucleon interacting potentials. However, there are_>pd* reaction. In our calculations we do not make any
other dibaryon resonances. As early as 1977, J&feore-  eference to quark structure of baryons. We use hadronic
dicted the existence of a dibaryon in the strange seder  gegrees of freedom only. Thematrix for pN—NA transi-
hyperon, calledH particle, which is yet to be observed ex- {jon is taken as the one that describes the existing data on the
perimentally, though its presence at the core of neutron starg production inp-p collisions. Thed* bound-state wave
hfs been talked abold]. The other promising czzndldat_e IS function is generated in a square well potential with varying
d* dibaryon[5] having quantum numberd T=3"0. This  gepth. For the deuteron wave function we have taken a
dibaryon is a six-quark state with quark-exchange Symmetrimple form of Hulthen wave function.

such that at large interbaryon separation it has the behavior e paper is organized as follows. We discuss the excita-
of a pair of A’s. Considering that the production cross sec-tjion mechanism of the* dibaryon in Sec. II, and write the
tion for a A in the hadronic collisions at intermediate ener- a5 distribution function ofi* in Sec. Ill. The transition
gies is large, production af* throughmd—pd* and using  magrix for pd— pd* is constructed in Secs. IV, V, and VI,

proton beams should have good cross sections. Model es{jghich gives bound-state wave functions for deuteronahd
mates exist in the literaturgs, 7| for these cross sections. 4nq the expressions for various cross sections, respectively.
With the availability of high-quality electron beams, electro- e results are discussed in Sec. VIl and a summary is given
production of dibaryon resonances also looks promising ang, gec. viiI.

studies[8,9] have been made fa* electroproduction cross
section. Indiana grouplQ] has suggested the possibility of

d* observation viad(d,d’) reaction.

In the last few years, after Bilgest al. [11] reported on The d* dibaryon is a spin 3 state. So, the dominant
the observation of narrow dibaryon state of mass 2.06 GeV, hadron component of it iAA. Its isospin is zero T=0).
large number of experimenf42—-22 devoted to the search The isospin part ofi* wave function, hence, can be written
of dibaryon resonance* have been done. Despite theseas

Il. d* EXCITATION MECHANISM
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d FIG. 2. Schematic diagram @fd— pd*.

grams are obtained by exchanging neutron and proton lines
(b) of deuteron in Figs. 1 and 2.
The transition amplitude fgpd— pd* is thus constructed
FIG. 1. Schematic diagram of the direct process oftaking coherent sum of the contributions coming from each
pd—pd*. diagram with appropriate phase factor.

d

1 Ill. MASS DISTRIBUTION OF d*
* ++A— + + — A+

d _EHA A7) = [ATA%)+[APAT)—[ATATT)]. 1) The mass ofi* is not fixed but distributed over a range,
as it is made of twa\'s that are unstable particles. The mass
distribution functionpg« (1) of d* can be constructed as a

To produce a* dibaryon from a nuclear target it is nec- convolution of the mass distribution functions of its two con-
essary to change two nucleons to ti. In case of a simple stituentA’s as
nuclear target, e.g., deuteron, it is achieved by the incoming
proton interacting successively with both the nucleons of the , , ,
deuteron and converting them intd’s. Specifically, as pd*('“):f pa(p)pa(pt+B=pu"dp’?, 2
shown in Fig. 1, the beam proton interacts with the proton in
the deuteron and converts it into” and then propagates and WhereB denotes the binding energy df . In Eq.(2), ps()
interacts with the neutron and converts it ini8. Alterna- IS the mass distribution function df that is given as
tively, while interacting with the proton in the deuteron the
beam proton gets charge exchanged with a neutron and the _ m* T ()
proton in the target gets excited 0" *. This neutron at the palm)= (12— )2 m* 2 (0)2]
second stage, while interacting with the target neutron, again
gets charge exchanged with the proton and excites the targéhere m* is the peak mass oh. The form of the decay
neutron to A”. These two diagrams, thus, produce thewidth I'(u) of the A provided by ther*p— ot p data is
|[A*A% and|A**A~) components of the*.

We show in Fig. 2 another possibility df excitation. In k3( w2, m2)[k3(m*2,m?)+ y?]
Fig. 2a), the incident proton while interacting for the second Fw=loom—m
time gets bound ta° (formed from the neutron of deuteron k(% mz) [k, me) + 7]
after the first interactionconverting itself toA* and the
proton from the deuteron goes to the continuum. In Fib),2
the neutron of the intermediate state gets bound\to
(formed from the proton of deuteron after the first interac- k(,uz,mzw)=[(,u2+mg—mi)2/4,u2—m’2)]1’2. (5)
tion) converting itself toA™ and the neutron of the deuteron
goes to the continuum after converting itself to proton. WeThe values of", and y are 120 and 200 MeV, respectively.
call the diagrams of Fig. 2 as exchange diagrams whereas
those of Fig. 1 as direct diagrams. We have restricted our-
selves only to diagrams with vertices having two nucleons or
one nucleon and onk without considering vertices with two To calculate the transition matrix elements fodt— pd*,
A’s. Actually, we get eight diagrams in total; four more dia- shown typically by the diagrams given in Figs. 1 and 2, one

()

4

wherek, the momentum in ther " p center-of-mass system,
is given by

IV. TRANSITION MATRIX ELEMENT
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of the essential ingredients is thenatrix. tyny_.na,» for the  with the length parametek . equal to 650 MeW¢.

transition proces?NN— NA. For this, we have taken guid- In the above description, for thp— A excitation, we
ance from Ref[23]. The transition matrix is given in the have not included the contribution @f exchange for this
distorted-wave Born approximation as excitation. While thep exchange is absolutely essential to
account for the(n,p)n data, it is not favoredi23,24 at all
top—na= (X, A{NAT o INN), Xy ), (6)  bythep(p,n)A™ " data. The reason for this disfavor of the

exchange im\ excitation, to a certain extent, is provided by
wherevy, is theNN— NA transition potential that is taken as a microscopic study of theNA vertex by Haider and Liu
one-pion-exchange potential. In E), x’s are the distorted [25], where they find that the microscopically calculated
waves describing the elastic scattering of kiié and theNA  value of thepNA coupling constant fy, is much smaller
systems. It has been found in R¢R3] that thist matrix  than the normally assumed value.
reproduces the available experimental data very well on this After fixing NN—NA transition matrix we now turn to
reaction over a large energy range. A parametrized form ofvrite the transition amplitude fopd— pd*. For this, we
this t matrix, which is complex with a weak imaginary part, consider that the initial-state proton and deuteron are in the
is given in Ref.[23] for calculational utility. The real part, state of spin projectiom andM;, respectively, and the final
however, resembles very much the one-pion-exchange potestate proton and* are in the state of spin projection’ and
tial. For the present calculations, instead of repeating the fulM; , respectively. The transition amplitude fod— pd* can
calculation of thet matrix, the form that we have used is be written in terms of the transition amplitudes correspond-

given as ing to direct and exchange processes as
tanona=Vo(0,0)[01S; ST, (7) T(m.M, K My oK)
v_vherezr and 7 represent spin and_isospin operators, respec- =TS(m,Mi ,Ei ‘m’ M ,IZf)
tively, andSandT denote, respectively, the spin and isospin
transition operators that are defined as —TE(m,Mi ,|2i m’ M ,Kq), (13)
1 L 3 . .
5 5 herek; andk; denote the initial- and final-state momentum
(0’8" (THnloy=c| 2 = 2, ®  in tho conter. o ' Ny

in the center-of-mass frame. The transition amplitude corre-
sponding to a typical direct terdil(m,M; Kk, ;m’, M K;)

where C(---) denotes the Clebesch-Gordon coefficients 2" be written as

S1,(q) in Eq. (7) denote the two-body noncentral operator
whose form is given as

o m o

TH(m,M; K ;m’,M¢,Ky)

- . A 1 1
_ 3 — oSt -z 1
S1Aq)=3(010)(S;q) —01S; . ©) _ 3 cl 2 2
V_(w,q) in Eq. (7) is given as M, M Mg, .M, ms, Ms, M;
* qz 3 3 3
g _ m° T * — —
Vrr(qu)_ mi_ Fw(va)Fn—(wa) a)z—mi-f—qz, XC 2, 2,
(10 ms, Ms, My

where o and(i are the energy and the three-momentum
transfer at the transition vertexn, (=139 MeV) is the
mass of pion.f and fX are the coupling constants at the (14)
7NN and mNA vertices, respectively. The magnitude of
these coupling constants, which describe the pion-nucleon.

X . with
scattering data and width well, are

o . ’ 'O
XZ Tgy(m1mszamssaki rm,amszvms31kf)
v

f,=1.008, f*=2.156. (11) T4 (m,mg,m ki ;m’,m,mg k)

The expressions of the form factors in K@), F,.(w,q) and 1 . R
F*(w,q) at the 7NN and 7NA vertices, are taken as the = (277)5|Df d°p d°qegs (P+a) ¢ha(Q)
same. We take those of monopole form given as

' ’ 13/, ’

w w

e

Frle@=Flon= x(m’ mi V(K [m,ms,), 15)
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where the indiceg. and v run over the central and noncen-
tral components of th&dN—NA transition potential. The

momentak,, k,, andK are related to the initial- and final-
state momenté; andk;, respectively, as

PHYSICAL REVIEW C65 034012

TABLE I. Various observables with respect to the deptivgf
A-A interacting potentialB: Binding energy ofd*, E,: incident
proton energy corresponding to peak of excitation functiop,:
mass ofd* at which the mass distribution peaks, afj the angle
of proton at which the angular distribution peaks.

> k| - IZf > > kl - lZf > > |Zi + Ef - VO B Ep /-Lm 0p
ky= 2 p, k= > p, K= 2 +p (MeV) (MeV) (MeV) (MeV) (degree
(16 359 201 550 2134 52
. L. 400 340 450 2082 56
with p andp+ g denoting the Fermi momentum of deuteron s5gg 438 300 1989 64

andd*, respectively. The matrix elements corresponding to

the central and noncentral parts of tNe&N—NA transition
potential are

<m3,m4|Vé2(I21)|m1,m2>

1 1 1 1 3
=>c| 2 2 |3c| 2 2
" m, m m m, —m m
XV (Ky,01),
<m3,m4|V§2C(I21)|m1,m2)
8 1 1 2 1 1 1
= _772 c cl 2 2
15mm -m —n M
m; m m
1 3
- 1 = R
x\3c| 2 2 | You(k)Vo(ky,01).  (17)
m, n my

G(K) denotes the propagator of the excited proton in the

intermediate state. We have taken only nucledmieutron
and proton degrees of freedom for this excited statg.
represents the isospin factor, expression for which can b
written as

ID=§ (d*(2,3p(1)|7(1)T(2)|m,(1))

X(mA(1)|7(1)T(3)[d(2,3p(1)), (18)

wherem, represent the isospin projection of the intermediate
state. As we have taken the intermediate state to be either

proton or neutronmn_ can take values of 3.
The transition amplitude corresponding to a typical ex-

change termTE(m,M; ki ;m’,M;,K;), can be obtained in
the same way as E414). The momentum transfeks, K,

andK corresponding to the exchange process are to be taker

as
ki+k

+
2

f

-

-4,
(19

}Z:

instead of those given by E@L6). The isospin factof in
Eqg. (15) is to be changed byg corresponding to the ex-
change process. The form bf is given as

le= >, (d*(1,3p(2)|7(2)T(1)|m,(1))

m,

X(m(1)|7(1)T(3)[d(2,3p(1)). (20

V. BOUND STATES
A. Deuteron

To compute the transition amplitude we need to specify
the bound-state wave functions of deuteron dhdFor these

5 T
/s
, \
I /o |
/ \
e 3L | ' i
R
|
- / |
' \
2 L . .
'] -
0
0.0 0.2 0.4 0.6 0.8 1.0
T, (GeV)

FIG. 3. Excitation function opd— pd* reaction. Solid, dashed,
and dot-dashed curves represent, respectively, 350, 400, and 500
MeV of V.
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FIG. 5. Angular distribution of outgoing proton in the center-of-
FIG. 4. Mass distribution ofi*. Solid, dashed, and dot-dashed mass frame. Solid, dashed, and dot-dashed curves represent, respec-
curves represent, respectively, 350, 400, and 500 MeVof tively, 350, 400, and 500 MeV o¥,,.

wave functions, we have taken only tisewave part. For VI. CROSS SECTIONS
deuteron we have taken Hulthen wave function that is writ-  \ye \write the expression for the double differential cross

ten as sectionsdo/ddtdu? for pd— pd* reaction as

Pa(r) aplatp) et -e " (21) d kki do  mgum?k
dllr)= o iKs do M f
27(a—p)? T = = i UTlPes?),
dQdu T dtdu 47cs K
(22

with @=0.2316 fm? and 8=1.268 fmi. This wave .
function has been used to study pion production in proton¥Whereé mg, w, and m, denote deuterond®, and proton
deuteron collisions and it describes deuteron electromagnet/8aSSes, respectively,is square of total center-of-mass en-

form factor very well up to very large momentum transfer €9y andt is four-momentum transfer square. In Eg2), k;
(9?~35 fm~2) [26]. andk; denote initial- and final-state momenta, respectively.

({|T«i|? is the square of the transition amplitude averaged
and summed over the initial- and final-state spin projections,
B. d* respectively, which is written as

As we have consideredl® to be a bound state of tw’s, 1
we calculate its wave function by solving two-body Schro- (TalP== > IT(m,M; K ;m’,M{ Kp)|%,
dinger equation with an appropriate potential. The potential 6 mM; .m’ M
we have chosen to be is a finite circular well. The range of (23
the potential has been taken to be 2.0 fm, whereas we have
varied the depth of the potential. In our calculation we haveyhere p(u?) is the mass distribution function af*. The

taken three depths, namely, 350, 400, and 500 MeV. Thexpressions for other cross sections can be written as
binding energy ofi* corresponding to these potentials for

mass of 1232 MeV are given in the Table I. We have ne- d d
glected the mild dependence @t binding energy on thé _‘T:f 40 —0 (24)
mass to calculate the width df using Eq.(2). du? dQdu?
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T We then calculate mass distribution @f. First, we con-
sider the case wher¥, is 350 MeV. As in this case, the
excitation function peaks around 550 MeV, we take the inci-
dent energy of proton to be 550 MeV and calculate
d?0/dQdu?. We get mass distributionlo/du? from the
double differential cross section by integration as shown in
Eq. (24). We show the results in Fig. 4. In this figure, we also
show that thed* mass distribution corresponds to 400 and
500 MeV of V, for which the incident proton energies are
450 and 300 MeV, respectively. The mass distribution peaks
at 2134, 2082, and 1989 MeV for 350, 400, and 500 MeV of
Vq, respectively. Thus, we see in this simplified picture that
from thed* mass distribution, if measured, we can get some
knowledge about the interacting potential of tA¢s.

We have calculated the angular distribution of the outgo-
ing proton in center-of-mass frame for three valuesvgf
namely, 350, 400, and 500 MeV. We have chosen corre-
sponding to 350, 400, and 500 MeV @, the incident pro-
ton energies and the massesddf respectively, as 550, 450,
and 300 MeV and 2134, 2082, and 1989 MeV. Then, we
calculate the angular distributiatfo/dQdu? corresponding
to the above values of incident energ¥, mass, and/,. The

T results are shown in Fig. 5. We find that the angular distri-
0.0 0.1 0.2 0.3 0.4 0.5 bution peaks at 52°, 56°, and 64°, respectively, for 350, 400,

2 and 500 MeV ofV,,.
|t| (GeV ) In Fig. 6 we show the (four-momentum transfer square

FIG. 6. t distribution of pd—pd*. Solid, dashed, and dot- distribution ofpd—pd* reaction for three values &f. In
dashed curves represent, respectively, for 350, 400, and 500 MeV (W'S case too, we haye .chosen correspont;hng to 350’_ 400, and
V. 500 MeV of Vy, the |nC|der_1t proton energies respe_ctlvely as
550, 450, and 300 MeV. First we calculate, for a given value
of t, d?a/du?dt for a kinematically allowed range qf?

d_U:f dp? do (25) determined by the incident energy ahdrhen, we compute
dt dtdu?’ do/dt by integrating this data as given in E4). The
t-distribution peaks at=0.31, 0.28, and 0.22 Gé\for 350,
do 400, and 500 MeV oW/, respectively.
o= f dQdu? . (26)
dQdu?
VIIl. SUMMARY

VII. RESULTS AND DISCUSSIONS . . .
We have studiegpd— pd* reaction over a wide range of

We first calculate the excitation function fqrd— pd* incident proton energy for three choices of the depth of the
reaction. For that we computhr/dQdu? for a set of inci-  interacting potential between twi's. Our main findings are
dent energy ofli* over a grid of the masg, and the anglé@  given in Table I. With the increase of the dept,j of the
of the outgoing proton, using EG22) and the prescriptions potential the binding energy of thd* increases, conse-
for bound-state wave functions ad mass distribution as quently we see from the mass distribution curves given in
described in previous sections. The limitstoére taken from  Fig. 4 that the peak mass df decreases. The width of the
0° to 180° whereas those g¢f is fixed by the kinematics. d* mass distribution is about 85 MeV and it remains almost
From this set of data we calculate the total cross section assame for all the three cases. The cross section too increases
function of incident energy by integratindo/dQdu? as  with increasingV,. The peak of the excitation function, as
shown in Eq.(24). The results are shown in Fig. 3. Three shown in Fig. 3, also strongly depends @g, with increase
curves in this figure have been obtained by taking differenin V, the peak energy of the excitation function becomes
values for the deptl, of the interacting potential between lower. On the other hand, the angle at which the angular
two A’s forming d*. The excitation function depends very distribution peaks depends weakly &f. Thus, using the
strongly onVy; it peaks at incident energies of 550, 450, andresults of this investigation and the dataddnobservation, it
300 MeV forV, to be 350, 400, and 500 MeV, respectively, will be possible to get information regarding the nature of
the corresponding cross sections being 0.9, 1.6, andwh4  the interacting potential between twds forming d*.
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