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Production of d* dibaryon in proton-deuteron collisions
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We have studied the excitation mechanism ofd* , a bound state of two deltas (D), in proton-deuteron
collisions. In our model for the mechanism ofd* excitation in this reaction, the incident proton interacts with
both nucleons of the deuteron, exciting each one of them to theD state in sequence. TheVNN→ND transition
potential is described by the one-pion exchange, parameters of which are fixed taking guidance from studies on
pp→ND reaction. The results presented here are for angular distribution, mass distribution,t distribution, and
the excitation function. We find that the position of the peak in the mass distribution is directly related to the
strength of theD2D 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°.
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I. INTRODUCTION

The strongly interacting systems such as baryons, mes
nuclei, and neutron star, which have been observed so
comprise only a fraction of the wide range of particles a
systems that may exist with quarks and gluons as build
blocks. Other strongly interacting systems include exo
quark-gluon systems, strangelets, strange star, and qu
gluon plasma. Experimental search for these new system
being carried out for a long time. It is believed that the stu
of these exotic systems will help in understanding that p
of the strong interaction that has not yet been possible
calculate from the first principles using QCD.

Among the exotic quark-gluon systems, let us consi
the dibaryons. The stable dibaryon system is deuteron
properties are well understood@1,2# in terms of a nonrelativ-
istic description of two-body system with meson-exchan
nucleon-nucleon interacting potentials. However, there
other dibaryon resonances. As early as 1977, Jaffe@3# pre-
dicted the existence of a dibaryon in the strange sector~di-
hyperon!, calledH particle, which is yet to be observed e
perimentally, though its presence at the core of neutron s
has been talked about@4#. The other promising candidate
d* dibaryon@5# having quantum numbers,JpT5310. This
dibaryon is a six-quark state with quark-exchange symm
such that at large interbaryon separation it has the beha
of a pair of D ’s. Considering that the production cross se
tion for a D in the hadronic collisions at intermediate ene
gies is large, production ofd* throughpd→pd* and using
proton beams should have good cross sections. Model
mates exist in the literature@6,7# for these cross sections
With the availability of high-quality electron beams, electr
production of dibaryon resonances also looks promising
studies@8,9# have been made ford* electroproduction cross
section. Indiana group@10# has suggested the possibility o
d* observation viad(dW ,dW 8) reaction.

In the last few years, after Bilgeret al. @11# reported on
the observation of narrow dibaryon state of mass 2.06 Ge
large number of experiments@12–22# devoted to the searc
of dibaryon resonanced* have been done. Despite the
0556-2813/2002/65~3!/034012~7!/$20.00 65 0340
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efforts, the existence or nonexistence ofd* has not been
established yet.

As regards the short-range behavior of the interaction
tween twoD ’s, there are many QCD inspired models f
describing hadronic interactions. These models differ fr
each other in the choice of degrees of freedom and in giv
importance to one or the other feature~confinement or chiral
symmetry! of QCD. All these models are equally good o
bad in describing the hadron spectroscopy and the exis
data of hadron interactions. It is difficult to discriminate o
model from the other. One common feature of all these m
els, however, is that they predict a binding potential of va
ing depth for twoD ’s in T50 andS531 states. Therefore
observation of thed* dibaryon state will have implications
on these models particularly in knowing the depth and ra
of the interaction potential.

In this paper we calculate various cross sections ofpd
→pd* reaction. In our calculations we do not make a
reference to quark structure of baryons. We use hadro
degrees of freedom only. Thet matrix for pN→ND transi-
tion is taken as the one that describes the existing data on
D production in p-p collisions. Thed* bound-state wave
function is generated in a square well potential with varyi
depth. For the deuteron wave function we have take
simple form of Hulthen wave function.

The paper is organized as follows. We discuss the exc
tion mechanism of thed* dibaryon in Sec. II, and write the
mass distribution function ofd* in Sec. III. The transition
matrix for pd→pd* is constructed in Secs. IV, V, and VI
which gives bound-state wave functions for deuteron andd*
and the expressions for various cross sections, respecti
The results are discussed in Sec. VII and a summary is g
in Sec. VIII.

II. d* EXCITATION MECHANISM

The d* dibaryon is a spin 31 state. So, the dominan
hadron component of it isDD. Its isospin is zero (T50).
The isospin part ofd* wave function, hence, can be writte
as
©2002 The American Physical Society12-1
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d* 5
1

2
@ uD11D2&2uD1D0&1uD0D1&2uD2D11&]. ~1!

To produce ad* dibaryon from a nuclear target it is nec
essary to change two nucleons to twoD ’s. In case of a simple
nuclear target, e.g., deuteron, it is achieved by the incom
proton interacting successively with both the nucleons of
deuteron and converting them intoD ’s. Specifically, as
shown in Fig. 1, the beam proton interacts with the proton
the deuteron and converts it intoD1 and then propagates an
interacts with the neutron and converts it intoD0. Alterna-
tively, while interacting with the proton in the deuteron th
beam proton gets charge exchanged with a neutron and
proton in the target gets excited toD11. This neutron at the
second stage, while interacting with the target neutron, ag
gets charge exchanged with the proton and excites the ta
neutron to D2. These two diagrams, thus, produce t
uD1D0& and uD11D2& components of thed* .

We show in Fig. 2 another possibility ofd* excitation. In
Fig. 2~a!, the incident proton while interacting for the seco
time gets bound toD0 ~formed from the neutron of deutero
after the first interaction! converting itself toD1 and the
proton from the deuteron goes to the continuum. In Fig. 2~b!,
the neutron of the intermediate state gets bound toD11

~formed from the proton of deuteron after the first intera
tion! converting itself toD2 and the neutron of the deutero
goes to the continuum after converting itself to proton. W
call the diagrams of Fig. 2 as exchange diagrams whe
those of Fig. 1 as direct diagrams. We have restricted o
selves only to diagrams with vertices having two nucleons
one nucleon and oneD without considering vertices with two
D ’s. Actually, we get eight diagrams in total; four more di

FIG. 1. Schematic diagram of the direct process
pd→pd* .
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grams are obtained by exchanging neutron and proton l
of deuteron in Figs. 1 and 2.

The transition amplitude forpd→pd* is thus constructed
taking coherent sum of the contributions coming from ea
diagram with appropriate phase factor.

III. MASS DISTRIBUTION OF d*

The mass ofd* is not fixed but distributed over a range
as it is made of twoD ’s that are unstable particles. The ma
distribution functionrd* (m) of d* can be constructed as
convolution of the mass distribution functions of its two co
stituentD ’s as

rd* ~m!5E rD~m8!rD~m1B2m8!dm82, ~2!

whereB denotes the binding energy ofd* . In Eq. ~2!, rD(m)
is the mass distribution function ofD that is given as

rD~m!5
m* G~m!

p@~m22m* 2!21m* 2G~m!2#
, ~3!

where m* is the peak mass ofD. The form of the decay
width G(m) of the D provided by thep1p→p1p data is

G~m!5G0

k3~m2,mp
2 !@k2~m* 2,mp

2 !1g2#

k3~m* 2,mp
2 !@k2~m2,mp

2 !1g2#
, ~4!

wherek, the momentum in thep1p center-of-mass system
is given by

k~m2,mp
2 !5@~m21mp

22mp
2 !2/4m22mp

2#1/2. ~5!

The values ofG0 andg are 120 and 200 MeV, respectivel

IV. TRANSITION MATRIX ELEMENT

To calculate the transition matrix elements forpd→pd* ,
shown typically by the diagrams given in Figs. 1 and 2, o

f

FIG. 2. Schematic diagram ofpd→pd* .
2-2
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PRODUCTION OFd* DIBARYON IN PROTON- . . . PHYSICAL REVIEW C 65 034012
of the essential ingredients is thet matrix. tNN→ND , for the
transition processNN→ND. For this, we have taken guid
ance from Ref.@23#. The transition matrix is given in the
distorted-wave Born approximation as

tpp→ND5~xkf

2 ,^ND11uv tr uNN&,xki

1!, ~6!

wherev tr is theNN→ND transition potential that is taken a
one-pion-exchange potential. In Eq.~6!, x ’s are the distorted
waves describing the elastic scattering of theNN and theND
systems. It has been found in Ref.@23# that this t matrix
reproduces the available experimental data very well on
reaction over a large energy range. A parametrized form
this t matrix, which is complex with a weak imaginary pa
is given in Ref.@23# for calculational utility. The real part
however, resembles very much the one-pion-exchange po
tial. For the present calculations, instead of repeating the
calculation of thet matrix, the form that we have used
given as

tNN→ND5Vp~q,v!@s1S2
11S12~ q̂!#t1T2

1 , ~7!

wheres andt represent spin and isospin operators, resp
tively, andS andT denote, respectively, the spin and isosp
transition operators that are defined as

^s8uS1~T1!mus&5CS 1

2
1

3

2

s m s8
D , ~8!

where C(•••) denotes the Clebesch-Gordon coefficien
S12(q̂) in Eq. ~7! denote the two-body noncentral operat
whose form is given as

S12~ q̂!53~s1q̂!~S2
1q̂!2s1S2

1 . ~9!

Vp(v,qW ) in Eq. ~7! is given as

Vp~v,qW !5
f p f p*

mp
2

Fp~v,q!Fp* ~v,q!
q2

v22mp
2 1q2

,

~10!

where v and qW are the energy and the three-momentu
transfer at the transition vertex.mp ('139 MeV) is the
mass of pion.f p and f p* are the coupling constants at th
pNN and pND vertices, respectively. The magnitude
these coupling constants, which describe the pion-nucl
scattering data andD width well, are

f p51.008, f p* 52.156. ~11!

The expressions of the form factors in Eq.~7!, Fp(v,q) and
Fp* (v,q) at thepNN and pND vertices, are taken as th
same. We take those of monopole form given as

Fp~v,q!5Fp* ~v,q!5
Lp

2 2mp
2

Lp
2 2vp

2 1q2
~12!
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with the length parameterLp equal to 650 MeV/c.
In the above description, for thep→D excitation, we

have not included the contribution ofr exchange for this
excitation. While ther exchange is absolutely essential
account for thep(n,p)n data, it is not favored@23,24# at all
by thep(p,n)D11 data. The reason for this disfavor of ther
exchange inD excitation, to a certain extent, is provided b
a microscopic study of therND vertex by Haider and Liu
@25#, where they find that the microscopically calculat
value of therND coupling constant frND is much smaller
than the normally assumed value.

After fixing NN→ND transition matrix we now turn to
write the transition amplitude forpd→pd* . For this, we
consider that the initial-state proton and deuteron are in
state of spin projectionm andMi , respectively, and the fina
state proton andd* are in the state of spin projectionm8 and
M f , respectively. The transition amplitude forpd→pd* can
be written in terms of the transition amplitudes correspo
ing to direct and exchange processes as

Tf i~m,Mi ,kW i ;m8,M f ,kW f !

5TD
f i~m,Mi ,kW i ;m8,M f ,kW f !

2TE
f i~m,Mi ,kW i ;m8,M f ,kW f !, ~13!

wherekW i andkW f denote the initial- and final-state momentu
in the center-of-mass frame. The transition amplitude co
sponding to a typical direct termTD

f i(m,Mi ,kW i ;m8,M f ,kW f)
can be written as

TD
f i~m,Mi ,kW i ;m8,M f ,kW f !

5 (
ms2

,ms3
,ms2

8 ,ms3
8

CS 1

2

1

2
1

ms2
ms3 Mi

D
3CS 3

2

3

2
3

ms2
8 ms3

8 M f

D
3(

mn
TD

mn~m,ms2
,ms3

,kW i ;m8,ms2
8 ,ms3

8 ,kW f !

~14!

with

TD
mn~m,ms2

,ms3
,kW i ;m8,ms2

8 ,ms3
8 ,kW f !

5
1

~2p!6
I DE d3p d3qcd*

* ~pW 1qW !cd~qW !

3^m8,ms3
8 uVm

13~kW1!um8,ms3
&G~K !

3^m8,ms2
8 uVn

12~kW2!um,ms2
&, ~15!
2-3
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where the indicesm andn run over the central and noncen
tral components of theNN→ND transition potential. The
momentakW1 , kW2, andKW are related to the initial- and final
state momentakW i andkW f , respectively, as

kW15
kW i2kW f

2
1pW , kW25

kW i2kW f

2
2pW , KW 5

kW i1kW f

2
1pW

~16!

with pW andpW 1qW denoting the Fermi momentum of deutero
andd* , respectively. The matrix elements corresponding
the central and noncentral parts of theNN→ND transition
potential are

^m3 ,m4uVC
12~kW1!um1 ,m2&

5(
m

CS 1

2
1

1

2

m1 m m3

D A3CS 1

2
1

3

2

m2 2m m4

D
3Vp~k1 ,v1!,

^m3 ,m4uVNC
12 ~kW1!um1 ,m2&

53A8p

15 (
m,n,M

CS 1 1 2

2m 2n MDCS 1

2
1

1

2

m1 m m3

D
3A3CS 1

2
1

3

2

m2 n m4

D Y2M~ k̂1!Vp~k1 ,v1!. ~17!

G(K) denotes the propagator of the excited proton in
intermediate state. We have taken only nucleonic~neutron
and proton! degrees of freedom for this excited state.I D
represents the isospin factor, expression for which can
written as

I D5(
mt

^d* ~2,3!p~1!ut~1!T~2!umt~1!&

3^mt~1!ut~1!T~3!ud~2,3!p~1!&, ~18!

wheremt represent the isospin projection of the intermedi
state. As we have taken the intermediate state to be e
proton or neutron,mt can take values of6 1

2 .
The transition amplitude corresponding to a typical e

change termTE
f i(m,Mi ,kW i ;m8,M f ,kW f), can be obtained in

the same way as Eq.~14!. The momentum transferskW1 , kW2,
andKW corresponding to the exchange process are to be ta
as

kW15
kW i2kW f

2
1qW , kW25kW i1

kW f

2
2pW , KW 5

kW i1kW f

2
2qW ,

~19!
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instead of those given by Eq.~16!. The isospin factorI D in
Eq. ~15! is to be changed byI E corresponding to the ex
change process. The form ofI E is given as

I E5(
mt

^d* ~1,3!p~2!ut~2!T~1!umt~1!&

3^mt~1!ut~1!T~3!ud~2,3!p~1!&. ~20!

V. BOUND STATES

A. Deuteron

To compute the transition amplitude we need to spec
the bound-state wave functions of deuteron andd* . For these

TABLE I. Various observables with respect to the depth ofV0 of
D-D interacting potential.B: Binding energy ofd* , Ep : incident
proton energy corresponding to peak of excitation function,mm :
mass ofd* at which the mass distribution peaks, andup : the angle
of proton at which the angular distribution peaks.

V0 B Ep mm up

~MeV! ~MeV! ~MeV! ~MeV! ~degree!

350 291 550 2134 52
400 340 450 2082 56
500 438 300 1989 64

FIG. 3. Excitation function ofpd→pd* reaction. Solid, dashed
and dot-dashed curves represent, respectively, 350, 400, and
MeV of V0.
2-4
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PRODUCTION OFd* DIBARYON IN PROTON- . . . PHYSICAL REVIEW C 65 034012
wave functions, we have taken only thes wave part. For
deuteron we have taken Hulthen wave function that is w
ten as

cd~r !5Aab~a1b!

2p~a2b!2

e2ar2e2br

r
~21!

with a50.2316 fm21 and b51.268 fm21. This wave
function has been used to study pion production in prot
deuteron collisions and it describes deuteron electromagn
form factor very well up to very large momentum transf
(q2'35 fm22) @26#.

B. d*

As we have consideredd* to be a bound state of twoD ’s,
we calculate its wave function by solving two-body Schr
dinger equation with an appropriate potential. The poten
we have chosen to be is a finite circular well. The range
the potential has been taken to be 2.0 fm, whereas we h
varied the depth of the potential. In our calculation we ha
taken three depths, namely, 350, 400, and 500 MeV.
binding energy ofd* corresponding to these potentials forD
mass of 1232 MeV are given in the Table I. We have n
glected the mild dependence ofd* binding energy on theD
mass to calculate the width ofd* using Eq.~2!.

FIG. 4. Mass distribution ofd* . Solid, dashed, and dot-dashe
curves represent, respectively, 350, 400, and 500 MeV ofV0.
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VI. CROSS SECTIONS

We write the expression for the double differential cro
sections,ds/ddtdm2 for pd→pd* reaction as

ds

dVdm2
5

kikf

p

ds

dtdm2
5

mdmmp
2

4p2s

kf

ki
^uTf i u2&r~m2!,

~22!

where md , m, and mp denote deuteron,d* , and proton
masses, respectively,s is square of total center-of-mass e
ergy andt is four-momentum transfer square. In Eq.~22!, ki
and kf denote initial- and final-state momenta, respective
^uTf i u2& is the square of the transition amplitude averag
and summed over the initial- and final-state spin projectio
respectively, which is written as

^uTf i u2&5
1

6 (
m,Mi ,m8,M f

uTf i~m,Mi ,kW i ;m8,M f ,kW f !u2,

~23!

where r(m2) is the mass distribution function ofd* . The
expressions for other cross sections can be written as

ds

dm2
5E dV

ds

dVdm2
, ~24!

FIG. 5. Angular distribution of outgoing proton in the center-o
mass frame. Solid, dashed, and dot-dashed curves represent, re
tively, 350, 400, and 500 MeV ofV0.
2-5
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ds

dt
5E dm2

ds

dtdm2
, ~25!

s5E dVdm2
ds

dVdm2
. ~26!

VII. RESULTS AND DISCUSSIONS

We first calculate the excitation function forpd→pd*
reaction. For that we computeds/dVdm2 for a set of inci-
dent energy ofd* over a grid of the massm, and the angleu
of the outgoing proton, using Eq.~22! and the prescriptions
for bound-state wave functions andd* mass distribution as
described in previous sections. The limits ofu are taken from
0° to 180° whereas those ofm is fixed by the kinematics
From this set of data we calculate the total cross section
function of incident energy by integratingds/dVdm2 as
shown in Eq.~24!. The results are shown in Fig. 3. Thre
curves in this figure have been obtained by taking differ
values for the depthV0 of the interacting potential betwee
two D ’s forming d* . The excitation function depends ver
strongly onV0; it peaks at incident energies of 550, 450, a
300 MeV for V0 to be 350, 400, and 500 MeV, respective
the corresponding cross sections being 0.9, 1.6, and 4.4mb.

FIG. 6. t distribution of pd→pd* . Solid, dashed, and dot
dashed curves represent, respectively, for 350, 400, and 500 Me
V0.
03401
a
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We then calculate mass distribution ofd* . First, we con-
sider the case whereV0 is 350 MeV. As in this case, the
excitation function peaks around 550 MeV, we take the in
dent energy of proton to be 550 MeV and calcula
d2s/dVdm2. We get mass distributionds/dm2 from the
double differential cross section by integration as shown
Eq. ~24!. We show the results in Fig. 4. In this figure, we al
show that thed* mass distribution corresponds to 400 a
500 MeV of V0 for which the incident proton energies a
450 and 300 MeV, respectively. The mass distribution pe
at 2134, 2082, and 1989 MeV for 350, 400, and 500 MeV
V0, respectively. Thus, we see in this simplified picture th
from thed* mass distribution, if measured, we can get so
knowledge about the interacting potential of twoD ’s.

We have calculated the angular distribution of the outg
ing proton in center-of-mass frame for three values ofV0,
namely, 350, 400, and 500 MeV. We have chosen co
sponding to 350, 400, and 500 MeV ofV0, the incident pro-
ton energies and the masses ofd* , respectively, as 550, 450
and 300 MeV and 2134, 2082, and 1989 MeV. Then,
calculate the angular distributiond2s/dVdm2 corresponding
to the above values of incident energy,d* mass, andV0. The
results are shown in Fig. 5. We find that the angular dis
bution peaks at 52°, 56°, and 64°, respectively, for 350, 4
and 500 MeV ofV0.

In Fig. 6 we show thet ~four-momentum transfer square!
distribution of pd→pd* reaction for three values ofV0. In
this case too, we have chosen corresponding to 350, 400
500 MeV of V0, the incident proton energies respectively
550, 450, and 300 MeV. First we calculate, for a given va
of t, d2s/dm2dt for a kinematically allowed range ofm2

determined by the incident energy andt. Then, we compute
ds/dt by integrating this data as given in Eq.~24!. The
t-distribution peaks att50.31, 0.28, and 0.22 GeV2 for 350,
400, and 500 MeV ofV0, respectively.

VIII. SUMMARY

We have studiedpd→pd* reaction over a wide range o
incident proton energy for three choices of the depth of
interacting potential between twoD ’s. Our main findings are
given in Table I. With the increase of the depth (V0) of the
potential the binding energy of thed* increases, conse
quently we see from the mass distribution curves given
Fig. 4 that the peak mass ofd* decreases. The width of th
d* mass distribution is about 85 MeV and it remains alm
same for all the three cases. The cross section too incre
with increasingV0. The peak of the excitation function, a
shown in Fig. 3, also strongly depends onV0, with increase
in V0 the peak energy of the excitation function becom
lower. On the other hand, the angle at which the angu
distribution peaks depends weakly onV0. Thus, using the
results of this investigation and the data ond* observation, it
will be possible to get information regarding the nature
the interacting potential between twoD ’s forming d* .
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