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Electroproduction of the d* dibaryon
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~Received 31 January 2000; published 19 May 2000!

The unpolarized cross section for the electroproduction of the isoscalarJp531 didelta dibaryond* is
calculated for a deuteron target using a simple picture of elastic electron-baryon scattering from theDD(7D1)
and theNN(3S1) components of the deuteron. The calculated differential cross section at the electron labora-
tory energy of 1 GeV has a value of about 0.24~0.05! nb/sr at the laboratory angle of 10° (30°) for the Bonn
B potential when the dibaryon mass is taken to be 2.1 GeV. The cross section decreases rapidly with increasing
dibaryon mass. A large calculated width of 40 MeV ford* (DD 7S3) combined with a small experimental
upper bound of 0.08 MeV for thed* decay width appears to have excluded any low-massd* model containing
a significant admixture of theDD(7S3) configuration.

PACS number~s!: 14.20.Pt, 25.30.Dh, 13.85.Fb
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I. INTRODUCTION
Given the availability of excellent electron beams, t

electroproduction of dibaryon resonances@1# represents a
promising way to look for these long-sought-for objec
@2,3#. In assessing the practical prospects of such exp
ments, one needs to begin with rough estimates of the e
troproduction cross sections. This has to be done separ
for each dibaryon candidate of interest, since each candi
may involve unique theoretical issues.

One candidate dibaryon that has been discussed rec
is the dideltad* of quantum numbersJpT5310 @4–7#. This
dibaryon is a six-quark state which at large interbaryon se
rations may be visualized as a pair ofD ’s. Preliminary stud-
ies of its electroproduction from deuteron targets have
cently been made by Qing@8# and by Sun@9#, both of
Nanjing University. They find that the Kroll-Rudermangd
→DD production process does not contribute because of
special isospin structure ofd and d* . They concentrate in-
stead on another process important in the electroproduc
of two pions from a proton@10# and a deuteron@11# based on
the electroexcitation of a nucleon isobarN* (1520) in the
intermediate state, namely,gd→NN*(1520)→DD. This
mechanism can be interpreted as the production ofd*
through itsNN* component.

However, these preliminary results for the calculated d
ferential cross sections turn out to be very small at sm
momentum transfers~say,,500 MeV/c), almost two orders
of magnitude smaller than a simple estimate made by
using a simple picture of inelastic scattering from t
DD(7D1) of the deuteron, as described in diagram~a! of Fig.
1. These results seem to suggest thatd* is more easily pro-
duced from the deuteron at these small momentum trans
through elastic electron-baryon (eB) scatterings rather tha
inelastic excitations of the struck baryon.

It is worth noting in connection with diagram 1~a! that if
the d* is visualized as a7S3 didelta, there is no production
from the deuteronDD(3S1) component in the lowest orde
This is because the electromagnetic operators are of
only 0 or 1 in intrinsic spin. Hence electroproduction in th
simple lowest-order picture is possible only from t
DD(7D1) component of the deuteron.

In addition to diagram 1~a!, or equivalently its perturba
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tive part diagram 1~b!, d* can also be electroproduce
through theNN(3D323G3) component ofd* , as described
in diagram 1~c!. Lomon has looked for ad* resonance in
these channels by studying the energy dependence of
NN phase parameters@12,13#. TheseNN(3D323G3) chan-
nels are in fact the dominant decay channels ofd* @7,14,15#.
He has found that these phase parameters are consisten
the absence of any dibaryon resonance with a width exce
ing 1 ~2! MeV near 2.1~2.25! GeV.

A much stricter upper limit on the width of annp
dibaryon resonance was obtained experimentally some
ago by Lisowskiet al. @16#. They measured the totalnp
cross section at c.m. energies 2.00–2.23 GeV at high-en
resolution, namely, about 1.4 MeV at 2.11 GeV. No e
dence was seen for narrow resonances with areas gr
than 5 mb MeV. At 2.1 GeV where thenp I50 total cross
section is 33 mb, a totally elastic3D3 resonance would have
a maximum unitarity-limited cross section ofsmax539 mb.
Its energy-integrated area is (p/2)smaxG for a pure Breit-
Wigner shape, whereG is its total decay width. The assump
tion of a pure Breit-Wigner resonance should be a very go
one, because theNN 3D3 phase shift at the total energy o
2.1 GeV is only 4°@12#. The experimental bound of 5 m
MeV on the integrated area translates to an upper boun
only 0.08 MeV for the width of any resonance that has
caped detection in this experiment.

The theoretical decay width ofd* has been estimated i
@7#. If the d* is taken to be a bound system of two finit
sizedD ’s, describable by a nonrelativistic quark model, t
decay has been estimated to be about 10 MeV when its m
is 2.1 GeV. The result is, however, sensitive to both dyna
cal input and rescattering corrections; it could be as large
40 MeV for a realistic potential treated perturbatively wit
out any rescattering correction, as I shall show in more de
in this paper.

It has been argued in@7# that if the dibaryon is made up o
six delocalized quarks@4–6# instead of two separatedD ’s, its
decay width could well be smaller by an order of magnitud
say, 1 MeV. This suggestion remains to be confirmed b
detailed calculation. A reduction to 0.1 MeV would be mu
harder to realize. Furthermore, if the estimated decay w
©2000 The American Physical Society11-1
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FIG. 1. Electroproduction ofd* from the deu-
teron ~a! from the deuteronDD 7D1 state, ~b!
from the perturbative deuteronDD 7D1 wave
function, and~c! from the deuteron3S1 state to
the perturbatived* (NN 3D3) wave function.
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has to be reduced for any reason, its estimated produc
cross sections, including the electroproduction cross sec
estimated here using a didelta model, must also be redu
correspondingly.

Thus the case for ad* resonance near 2.1 GeV does n
appear promising. However, thed* could have a mass
higher than expected if the dynamics is different from th
described by the delocalization and color-screening mo
Hence it is still of interest to study the electroproducti
cross section ford* , should such a resonance exist.

It is obvious that in addition to diagram 1~a! or 1~b!, one
should also include the process shown in diagram 1~c!,
where thed* is produced through theNN(3D3) channel, the
NN(3G3) contribution having been ignored in this lowes
order picture.

Although these two processes alone do not add up
quantitative description of the electroproduction, they are
sufficient interest to justify the detailed report given he
including the contributions of convective and magnetizat
currents. The picture is necessarily very rough, becaus
the neglect of many components and processes. Howe
uncertainties about the mass and structure ofd* and about
short-distance nuclear dynamics have discouraged me
undertaking a more ambitious calculation at this time.

The paper is organized as follows: The notation used
defined in Sec. II where brief comments relevant to
present calculation are made. Section III shows how the
culation is done for diagram 1~a!, when the neededDD(7D1)
component of the deuteron is already available. The con
butions from different reduced matrix elements~RME’s! are
briefly discussed.

Section IV shows that the inclusion of thed* (NN 3D3)
contribution via the perturbative process, Fig. 1~c!, can be
broken down into three steps:~a! a perturbative evaluation o
the d* (NN 3D3) wave function,~b! a calculation of thed*
decay width for the same input dynamics~taken to be the
28-channel Argonne potential@17# and the Bonn B potentia
@18#!, and finally ~c! evaluation of the electroproductio
cross section itself.

Calculational results are presented in Sec. V, where
production amplitude from diagram 1~c! is found to be
greater than that from diagram 1~a! by a factor of 2–4 at
certain angles or momentum transfers. At a laboratory an
of 30° and an electron laboratory energy of 1 GeV, I find
differential production cross section of about 0.05 nb
when integrated over the energy loss.

My calculated cross section is smaller by two orders
magnitude from the preliminary value of about 10 nb/sr o
tained recently by Qing, Sun, and Wang~to be called QSW!
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@19# using a different method of calculation. Part of the d
crepancy, accounting for a factor of 5, comes from the f
that QSW has included onlyp exchange but notr exchange.
The remaining discrepancy, of more than an order of mag
tude, must be due to differences in calculational meth
used. For example, I use a principal-value Green function
two nucleons in thed* (NN 3D3) wave function, whereas
QSW use an outgoing-wave boundary condition. To help
disentangling the discrepancy in the future, I have includ
many details in the present paper.

The decay width calculated here for theDD(7S3) model
of d* is about 40 MeV atm* 52.1 GeV. When used with the
experimental upper bound of only 0.08 MeV of anyI
50, J53 np resonance@16#, the calculated width makes i
very unlikely that any undetectedd* has a significant proba
blity of the DD(7S3) configuration.

II. ELECTROPRODUCTION CROSS SECTION
FOR ed\ed*

Consider the scattering of a relativistic electron beam
laboratory energye to the laboratory angleu by a target that
goes from an initial statei to a final statef as the result of the
scattering. The differential cross section in the laborat
~after integrating over the energy transfer! is known to have
the form @20#

ds f i

dV
5sM f rec

21@vLTf i
L 1vT~Tf i

el1Tf i
mag!#, ~1!

where

sM5F a cos~u/2!

2e sin2~u/2!G
2

~2!

is the Mott differential cross section,a is the fine structure
constant,

f rec511
2e sin2~u/2!

M target
~3!

is a target recoil factor, and

vL5S Q2

q2 D 2

, vT52
1

2 S Q2

q2 D1tan2S u

2D ~4!

are the electron kinematical factors that depend on its fo
momentum transferQ5K2K85(v,q). Here K5(e,k) is
the four-momentum of the electron in the laboratory befo
1-2
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ELECTROPRODUCTION OF THEd* DIBARYON PHYSICAL REVIEW C 61 064011
the scattering, andK8 its four-momentum after the scatte
ing. The notation is that of@21#, with Q2<0.

The target factors are

Tf i
L 5

4p

2Ji11 (
J50

`

u^Jf iM̂J~q!iJi&u2,

Tf i
a 5

4p

2Ji11 (
J51

`

u^Jf iT̂J
a~q!iJi&u2, ~5!

wherea5 ‘‘el’’ or ‘‘mag.’’ The nuclear RME’s ^Jf iOiJi&
that appear are all dimensionless quantities. The operatoO
are the longitudinal Coulomb, and the transverse electric
magnetic, multipole operators that have the following sim
forms in momentum space@8#:

M̂J~q!5
~2 i !J

4p E dVqYJ~Vq!r~q!,

T̂J
el~q!52A8p(

k
^kiYJi1&H 1 1 1

J J kJ
3

~2 i !J

4p E dVq@Yk~Vq! ^ Ĵ~q!#J,

T̂J
mag~q!5

~2 i !J

4p E dVq@YJ~Vq! ^ Ĵ~q!#J. ~6!

HereYJ is a spherical harmonic, andr(q) and Ĵ(q) are the
baryon charge and current density operators.

The current density operator can be separated into c
vective and magnetization terms:

Ĵ~q!5 Ĵc~q!1 ĴS~q!. ~7!

The spin magnetization termĴS5“3m̂S originates from the
dibaryon isoscalar magnetic moment operatorm̂S5m0msŜ.
Here m0 is the nuclear magneton, andŜ is the total spin
angular momentum operator of the nucleus. In this notat
the nucleon magnetic-moment operator is written asm̂(N)
5m0@ms(N)Ŝ1mv(N) t̂3Ŝ#, while the isoscalar part of the
operator forD is m0ms(D)Ŝ. The isoscalar baryon magnetic
moment parameters used are the experimental value

ms~N!5mp1mn50.880, ~8!

for the nucleon, and the theoretical value from the nonre
tivistic quark model

ms~D!5mv~N!/550.94, ~9!

for the D. This quark model actually gives the same val
for both baryon isoscalar magnetic moments. I prefer to
the slightly larger value shown forms(D) obtained from the
experimental nucleon isovector magnetic moment ofmv(N)
5mp2mn54.71.
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As is known @22#, the orbital magnetization term is a
ready contained inĴc , and does not have to appear expli
itly.

For specific components in the initital and final nucle
states, only a few terms are allowed in the multipole s
shown in Eq.~5! by the triangle rule for angular momenta
For the dibaryon components included in our calculatio
the relativeBB orbital angular momenta of initial and fina
nuclear states (Li ,L f) are either~0,2! or ~2,0!. Then only the
J52 multipole term appears for the Coulomb target facto

The situation for the transverse RME’s is slightly mo
complicated. It is controlled by the spatial RME

K L850I E dVq@Yk~Vq! ^ p̄#lIL52L 5dl2 (
k51,3

f k~q!,

~10!

where p̄[p1(q/4) is the mean of the initial relativeBB
momentump and its final valuep1(q/2) after the absorption
of a virtual photon of momentumq. Part of the photon mo-
mentum,q/2, goes into the recoil of the dibaryon. The fun
tions f k(q) are not needed at this point, and will not b
given. The important features are that the operator must
spatial quadrupole operator, and thatk can only be 1 or 3.

Equation~10! has the consequence that the only operat
contributing to the transverse RME for the dibaryon wa
functions used in the present study are~a! the convective and
orbital magnetization current terms inT̂J52

el , ~b! the spin

magnetization current term inT̂J
el , with J52 and 3, and~c!

the spin magnetization current term inT̂J53
mag .

III. CONTRIBUTIONS OF THE DEUTERON DD„

7D1…

COMPONENT

The d* dibaryon will be treated in this paper as a pu
DD(7S3) state, using the two-centered Gaussian wave fu
tion parametrized in@15# as a sum of Gaussians. This wav
function will be specified with other wave functions used
this paper in the Appendix.

The inelastic production ofd* from the deuteron
DD(7D1) component in the initial state by elasticeD scat-
tering is described by diagram 1~a!. The Argonne-28~A28!
deuteronDD(7D1) wave functions@23# are used, expande
in harmonic-oscillator wave functions~HOWF’s!.

However, it is sufficient to give explicit expressions fo
the RME’s appearing in the differential production cross s
tion only for single-term wave functions such as the sin
Gaussian

cd* ~p!5N0* e2p2/2b* 2
~11!

for d* . Here

N0* 5~pb* 2!23/4. ~12!

For the deuteronDD(7D1) component, a one-term form o
the HOWF’s is

cd~p,DD,7D1!5APDD7N2e2p2/2b2Y2m~p!, ~13!
1-3
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CHUN WA WONG PHYSICAL REVIEW C 61 064011
where PDD7 is the DD(7D1)-state probability of the deu
teron,

N25S 16p

15b4D 1/2

~pb2!23/4, ~14!

andY2m(p)5p2Y2m(p̂) is a solid spherical harmonic. The
the Coulomb RME is

^d* iM̂2~q!id7&5A3/5^d* ,SiM̂2~q!id7 ,D&

52
A3

4p
~lq!2f ~q!, ~15!

whered7 stands for the deuteronDD(7D1) component:

l5
a*

2~a* 1b!
, ~16!

f ~q!5APDDN0* N2S p

a* 1bD 3/2

e2cq2/2, ~17!

a* 5~2b* 2!21, b5~2b2!21,

c5lb1a0 , a05r p
2/350.12 fm2. ~18!

The a0 term takes care of the baryon form factor at t
g-baryon vertex. If theD is assumed for simplicity to hav
the same size as the nucleon, the same Gaussian form f
appears in all terms of the production amplitude in the n
relativistic quark model. Additional baryon form factors th
should appear are already included in theBB interactions
themselves.

The transverse RME’s can be separated into convec
and spin magnetization terms:

^d* iT̂c2
el ~q!id7&52

A2

4p

1

MB
gl~q! f ~q!,

^d* iT̂m2
el ~q!id7&52@ms~B!m0 /p# f ~q!@gl~q!2gn~q!#,

~19!

whereB5D in MB andms(B), and

gl~q!5
3lq

2~a* 1b!
, gn~q!5l2nq3, n5

1

4
2l, ~20!

^d* iT̂c3
mag~q!id7&50,

^d* iT̂S3
mag~q!id7&52A8/7

m0

4p
ms~B!gn~q! f ~q!. ~21!

I use a three-term approximation to the deuter
DD(7D1) wave function of the Argonne 28-channel pote
tial @17,23#, denoted below as potential A28. The appro
mate wave function used is given in the Appendix.

It is convenient to present the calculated results not
angular distributions which contain strong dependence on
electron energy, but as the effectiveT factor
06401
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Teff5Tf i
L 1~vT /vL!~Tf i

el1Tf i
mag!. ~22!

The CoulombT factor TL is a function only of the three-
momentum transferq, and is energy independent in ou
model. The transverse terms contain the kinematical fa
vT /vL , but the energy dependence from the angle-depen
term is small except at low electron energies.

The weak energy dependence of these effectiveT factors
is explicitly illustrated in Fig. 2 for ad* massm* of 2100
MeV and for three different electron energies. The A
d(DD 7D1) wave function is used. The three-momentu
transfer has the energy-independent minimal value ofqmin
'238 MeV/c at this value ofm* . The momentum range
shown corresponds to an angular range of ab
90° (15°, 2°) for 1 GeV~4 GeV, 27.5 GeV! electrons.

In the transverse electricT factor, the amplitude from the
magnetization current is a factor of 2.5 or 3 larger than t
from the convective current. This means that the electriT
factor is larger by roughly an order of magnitude when t
contribution from the magnetization current is included.

On the other hand, the transverse magneticT factor is
very small at small angles, but has become 1/3 as large a
transverse electricT factor atq'1 GeV/c.

The calculated cross section for diagram 1~a! is propor-
tional to the probabilityPDD7 of theDD(7D1) component of
the deuteron, other things being equal. Besides the A
model, the Argonne group has constructed a weaker mo
with PDD750.23% instead of 0.42%. The coupled-chann
models E and F constructed by Dymarz and Khanna@24#
have PDD7'0.1–0.4 %, and a totalPDD'0.4–0.5 %. The
relativistic field-theory model studied by Ivanovet al. @25#
gives a totalPDD of only 0.08%.

These theoretical estimates are consistent with the
experimental information on the totalPDD , namely, that it
does not exceed 0.4% at 90% C.L. from the null result o
bubble chamber search for the spectatorD11 in a nd knock-
out reaction@26#.

FIG. 2. The effectiveT factors appearing in the differential elec
troproduction cross section ofd* from the deuteron at differen
electron laboratory energies as calculated from diagram 1~a! for
potential A28.
1-4
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IV. INCLUSION OF THE NN(3D3) COMPONENT OF d*

Although diagram 1~c! has a structure rather similar t
that for diagram 1~b!, its production amplitudes are muc
harder to calculate because of three complications:~1! The
wave function in the minor componentd* (NN 3D3) needed
in the calculation is not to our best knowledge readily ava
able in the literature. It has to be evaluatedab initio. ~2! This
wave function is very sensitive to the spreading widthG of
d* (DD 3S3) into NN channels. Although the productio
cross section turns out to be only mildly dependent onG, it
is desirable to use the width consistent with the assum
input dynamics in the calculation. This too has to be eva
ated.~3! The wave function has sharp kinks nearp0 where
the nucleon energyEN(p0) has the valuem* /2. We find it
simpler to perform a one-dimensional integration for the p
duction amplitudes instead of using the harmonic-oscilla
expansion described in the last section.

The calculation is thus broken up into three major step
order to handle the three complications listed above.

A. Perturbative treatment of wave-function components

Our first concern is to estimate the accuracy of a per
bative treatment ofd* (NN 3D3). This is done by first exam
ining a similar perturbative generation of thed(DD 7D1)
from d(NN 3S1) using the Argonne-28 potential from@17#

c~DD 7D1 ,p![^DD 7D1 ,pud&

' K DD 7D1 ,pU 1

DH
VUd~NN 3S1!L

5
1

md22ED~p!

1

~2p!3

3E ^DD7D1uO18~ q̂!uNN 3S1&

3v18~q!^p1qud~NN 3S1!&d3q. ~23!

Here DH5md2H0, with H0 the unperturbed Hamiltonian
and md the deuteron mass,ED(p) is the nonrelativisticD
energy, andO18(q̂) is the NN↔DD tensor-force operato
S12

III (q̂)T1•T2 in the A28 notation withT i the N↔D isospin
operator. The subscript 18 refers to channel 18 of A28. T
momentum-space potential is

v18~q!52vp0
III 4p

m3

q2

q21m2 f ~q!, ~24!

wherem5138 MeV is the pion mass,vp0
III 514.91 MeV, and

f (q) is a numerically generated cutoff function that d
creases from 1 atq50 to 0 atq5`.

Equation~23! can be simplified to a one-dimensional i
tegral if the deuteronNN(3S1) wave function is expanded a
a sum of Gaussians. It is sufficient to give the final expr
sion for a single Gaussian wave function of the form of E
06401
-

d
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r
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r-

e
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~11!, but with falloff parameterb and an associated norma
ization constantN0 if the S-state probability were 100%
Then

c7~p![c~DD 7D1 ,p!'
h~p!

md22ED~p!
, ~25!

where the subscript 7 refers to the spin degeneracy,

h~p!5A 28

5p3N0e2p2/2b2E v18~q!e2q2/2b2
j 2~ ix !q2dq,

~26!

andx5pq/b2.
The actual calculation is made with a three-term fit to t

A28 deuteronNN(3S1) wave function@17,23# given in the
Appendix. The resulting deuteronDD(7D1) wave function
calculated from Eq.~25! ~long dashed curve! is compared in
Fig. 3 with the actual A28 wave function~solid curve! in the
fitted form given by Eqs.~A1!–~A3!. The wave function is
so defined that*c7

2(p)p2dp gives the fractional normaliza
tion P7 in this DD(7D1) state. The calculated value in th
perturbative approximation isP750.65% compared to the
exact value of 0.419%.

One can see from Fig. 3 that the inaccuracy in the per
bative treatment comes from the overestimate of the w
function at all momenta larger than'1.3m, where m
5138.0 MeV is the average pion mass used in these ca
lations. The error seems to arise primarily from the negl
of a short-range repulsive central potential in theDD(7D1)
channel. Such a repulsive potential would have reduced
wave function at small interbaryon distances. The size of
error in our perturbative treatment in this7D1 state seems to
be much greater than the results found by@24#. We shall see
that there are much greater uncertainties elsewhere in
present calculation. Consequently, I shall consider the ac
racy of the perturbative treatment adequate for the pre
qualitative study.

FIG. 3. Comparison of the perturbative wave functionsc7(p) in
momentum space of the deuteronDD 7D1 state for the potentials
A28 and BB/G to the exact value for the A28 potential. Herem
5138.0 MeV is the pion mass.
1-5
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CHUN WA WONG PHYSICAL REVIEW C 61 064011
The same perturbative method is now used to obtain
NN(3D3) component ofd* . An added complication appear
because theDD(7S3) component ofd* is a bound state em
bedded in theNN continuum. The calculation will require
the use of a spreading width into theNN continuum~which
is essentially just the total widthG of d* ) and a principal-
value Green’s function. The matrix element of the tens
force operator is also different from Eq.~23!. The final result
is rather similar to Eq.~25!:

c3~p![^NN3D3 ,pud* &'
DE

~DE!21~G/2!2 h* ~p!,

~27!

whereDE(p)5m* 22EN(p),

h* ~p!5A 12

5p3N0* e2p2/2b* 2

3E v18~q!e2q2/2b* 2
j 2~ ix* !q2dq, ~28!

andx* 5pq/b* 2.
In Eq. ~27!, a rapidly changing factorDE/@(DE)2

1(G/2)2# has been separated from a functionh* (p) that
does not depend explicitly onm* or G. Here DE changes
sign as the nucleon momentump increases above that valu
p0 at whichDE(p) vanishes. Abovep0 , DE is negative so
that the perturbative wave functionc3(p) tends to have the
same phase relation to the drivingDD(7S3) wave function as
c7(p) is to its own driving wave function. This means th
diagrams 1~b! and 1~c! tend to interfere constructively a
large momentum transfers, but destructively at small m
mentum transfers.

The falloff parameterb* and normalization constantN0*
appearing in Eq.~28! are those for the single-Gaussian a
proximation to thed* (DD 7S3) wave function.

In the actual calculation, a three-term Gaussian fit to
two-centeredd* wave function is used. The results for p
tential A28 are shown as long dashed curves in Fig. 4
h* (p) and the radial partc3(p) of Eq. ~27! calculated with
m* 52100 MeV andG5100 MeV. This spin-triplet wave-
function component has the perturbative normalization
P350.038, or 3.8%. This normalization is very sensitive
the choice of the decay width, increasing to 0.55 if the wid
is decreased to 10 MeV. The rapid increase comes from
roughly 1/G behavior of the amplitude of the kink where th
wave function oscillates rapidly from a positive value to
negative value as the momentump goes through the zero o
DE.

The great sensitivity of the3D3 wave function to the
width G does not mean that the inelastic production am
tude increases just as dramatically. The wave funct
changes sign in the kink, leading to much cancellation in
contribution to the inelastic RME. Consequently, mo
RME’s increase by only 25% when the width decreases fr
100 MeV to 10 MeV, and approach stable values for sma
widths.
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Although the dependence onG as described above is tech
nically correct in a narrow sense, it is also counterintuitive
that a smaller width with weaker coupling to theNN channel
somehow leads to a stronger3D3 component. The truth is
that in the discussion just given, the width is treated as i
were a free parameter when it actually is not. Rather, o
the dynamics is chosen, a certain width is implied, and m
be used in Eq.~27!.

Hence it is desirable to have a more consistent treatm
I shall first calculate the width for each input potential
each dibaryon massm* , and then use this calculated widt
to calculate admixed components.

B. Decay width of d*

The decay width ofd* into theNN (pNN, dpp) chan-
nel has been estimated in@7# ~@14#, @15#!. It is clear that the
NN channel is by far its dominant decay channel; it is t
only channel that has to be included in the present study.
d* decay widths intoNN for the A28 potential@17# and five
different Bonn potentials@27,18# are easily calculated by th
same method. The results are shown in Table I form*
52100 MeV and a single-Gaussian wave function ford* of
radiusr * 50.7 fm.

The potentials are ordered in Table I in decreasing val
of their deuteronD-state probabilityPD . The differences in
PD have been obtained by adjusting the amount of sh
range repulsion in the tensor potential by changes in
coupling constants and baryon form factors.

These potentials differ from one another in other intere
ing ways. Potential A28 has aNN↔DD tensor potential
from p exchange with an overall strengthf pDN

2 / f pNN
2 rela-

tive to theNN tensor potential given the Chew-Low value
4 @28#. The potential function has a Yukawa form corr

FIG. 4. The perturbative wave functions of thed* (NN 3D3)
state for the potentials A28 and BB/G showing~a! the smooth func-
tion h* (p) and ~b! the wave functionc3(p) in momentum space
Herem5138.0 MeV is the pion mass.
1-6
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ELECTROPRODUCTION OF THEd* DIBARYON PHYSICAL REVIEW C 61 064011
sponding to a meson propagator 1/v2(q) in momentum
space, wherev2(q)5q21mmeson

2 . Its short-distance cutoff is
specified in coordinate space using a function that bends
potential back to the origin to simulate the contribution ofr
exchange@29#.

The Bonn potentials use nucleon form factors for the c
off, with a monopole form for thep vertex and usually a
dipole form for ther vertex. The cutoff massesL i used are
shown in the table. The meson~m! coupling constants use
here for the Bonn A, B, and C potentials@18#, denoted here
as potentials BA, BB, and BC, and for the ‘‘full’’ Bonn
potential FB@27#, are the quark-model values based on
ratio f mDN

2 / f mNN
2 572/25 @28#. Potentials BA, BB, and BC

are relativistic momentum-space potentials. FB is a relati
tic model with energy-dependent meson propagators.
coupled-channel III, denoted here as CC3, is nonrelativi
and uses a strong-coupling ratio of about 4.4.

The second numerical entry given in the first line for ea
potential is the width calculated with thep exchange only of
the potential. The result is clearly correlated with cutoff ma
Lp in the Bonn potentials. It decreases roughly monoto
cally from 130 MeV to only 30 MeV as we go from potenti
BC to BB, BA, Full Bonn~FB!, and CC3 potentials asLp

decreases from 3.0 to 0.8 GeV.
When ther-exchange contribution is added, the resulti

width, shown as the third numerical entry in the first lin
decreases dramatically to the range of 57–20 MeV. T
trend appears to be correlated with the decreasing valu
the deuteronD-state probabilityPD , except for the specia
case of potential FB discussed separately. It is of course
differences inPD caused by different partial cancellations b

TABLE I. Decay widthG(d* ) in MeV in the didelta model of
the d* for different baryon-baryon interactions.

Potential PD(%) p only p1r f pDN
2 a Lp

b Lr
b Specials

A28 6.13 100 0.324
BC 5.61 133 57 0.221 3.0 1.7

132 58 G
56 21 G/DM

BB 4.99 101 38 0.224 1.7 1.85
98 38 G
41 12 G/DM

CC3 4.87 30 20 0.35 0.8 1.35 DM
21 13 G/DM

BA 4.38 79 17 0.229 1.3 1.95
74 15 G
31 4 G/DM

FB 4.25 68 44 0.224 1.2 1.4
62 40 G
26 15 G/DM
76 17 1.3 1.4 ~1,1!
71 15 G
29 4 G/DM

aDimensionless.
bIn GeV.
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the r-exchange potential that distinguish between these
tentials in the first place.

The result for the FB potential is different because t
NN↔DD potential generated by a simple quark-model p
scription is not that shown in the first line of the results giv
in the table for the FB potential, but on the fourth line, whe
the width of 17 MeV is in rough agreement with the valu
for potential BA and with the trend dictated byPD . Note
that therDN form factor is a monopole, a difference note
in the table by the entry@(np ,nr)5# (1,1) under the col-
umn ‘‘Specials.’’ The results of line 4 for the FB potentia
are also the results reported previously in@7#.

In the actual FB potential, the meson-DN vertices are fur-
ther modified: First, therDN form factor is changed from a
monopole to a dipole form with no change in the cutoff ma
Lr . This change of the form factor causes ther contribtuion
to be reduced significantly, thus causing an ‘‘unexpecte
increase in the decay width.

A second change made in the actual FB potential is
decrease the cutoff massLp from 1.3 to 1.2 GeV. This
change is dictated by the need to prevent the uncorrelat
p contributions to the potential in the lower partial wav
from becoming unmanageably large@27#, a situation that is
not yet encountered in our lowest-order calculation. As far
our lowest-order result is concerned, Table I shows that
effect of this change is quite minor.

The widths for potential CC3 also stand out from t
trend. Comparing them with those for potential BB, whi
has a comparablePD , we can see that particularly thep
contribution has been reduced significantly by the use of
much smaller cutoff mass, thus giving an abnormally sm
width in perturbation theory. Presumably, the chann
coupling potentials in CC3 will give rise to larger contribu
tions from the long-rangep-exchange potentials in highe
orders. Hence it is likely that the large difference seen in
lowest-order calculation reported here will not persist so
ticeably in higher orders.

To summarize, thed* decay width appears to be con
trolled to a good extent byPD , and has a value in the rang
15–60 MeV. In comparison, the value of 100 MeV for p
tential A28 is more appropriate top exchange only. In other
words, the simulation ofr exchange contained in it has no
been very effectively in the long-distance part of the ten
potential that controls the decay width.

I now turn to the many remaining entries in Table I. Th
second line for each potential, or for each group within
potential, contains results obtained by replacing each cu
factor 1/@11(q2/L2)# by the Gaussain exp@2(q2/L2)#. This
change, marked in the column ‘‘Specials’’ by the symbol
improves the high-momentum behavior of various mom
tum integrals and also reduces the overestimate of the h
momentum wave function in our perturbative treatment.
influence on our decay widths is minimal, except in poten
CC3 where the small cutoff massLp allows a relatively
large effect.

In using the potential models discussed here, we eit
use the given coordinate-space potentialv(r ) or the standard
meson propagator 1/v2(q), plus corrections from vertex
form factors. The exception is the coupled-channel mo
1-7
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CHUN WA WONG PHYSICAL REVIEW C 61 064011
CC3 of @18#, for which we use the off-shell propagator

P~q!5v21~q!@v~q!1DM #21, ~29!

defined in the potential. HereDM5MD2MN .
The question could be raised as to whether one should

the off-shell propagator in these cross-channel potential
general policy. Taken by itself, the answer is probably
The reason is that the standard propagator leads to ene
independent Yukawa potentials that are actually superio
energy-dependent potentials arising from the use of off-s
propagators. It is not obvious, but the use of an ener
independent potential actually corresponds to the inclus
of that component of the two-baryon state having a virt
meson ‘‘in the air’’ @30,31#.

Although the use of the off-shell propagators is not re
ommended, it is clear that their use will reduce the de
width calculated with the standard propagators. To study
size of the reduction, I now repeat the calculation with o
shell propagators. The results are shown on the third line
each group, and marked by the symbolDM under the ‘‘Spe-
cials’’ column. We see that this off-shell effect is quite larg
especially on thep-exchange contributions. As a resu
there is much closer cancellation than before between thp
and r contributions, thus giving rise to a much smaller n
decay width.

In subsequent calculations in this paper, I shall use
A28 potentials to give an extreme case, and the BB/G po
tial for a more representative example, of the results
pected for the electroproductionT factors. The decay widths
calculated for these two potentials are shown in Fig. 5
functions of the dibaryon massm* . Gaussian vertex form
factors are used in potential BB/G.

With these calculated widths, the3D3 component can
now be estimated more reliably by perturbation theory. T
results are given in Fig. 4 as long dashed~solid! curves for
potential A28~BB/G! usingm* 52100 MeV and the calcu
lated value ofG5100 MeV ~38 MeV!. Both the smooth par
h* (p) and the complete radial wave functionc(NN 3D3 ,p)

FIG. 5. The decay widthG of d* as a function of thed* mass
m* .
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of Eq. ~27! are shown. The perturbative normalization in th
state for potential BB/G isP354.5%.

The perturbative result forc(DD 7D1 ,p) of Eq. ~25! cal-
culated for potential BB/G is also given in Fig. 3 as a thi
dashed curve when only thep-exchange part of the potentia
is included in the calculation, and as a thick solid curve wh
the r exchange contribution is also included. The large
duction in the wave function caused by the inclusion
r-exchange is worthy of note. The perturbative normaliz
tion in this state for the complete BB/G potential isP7
50.38%.

C. Electroproduction T factors

The inelastic production amplitudes from the domina
deuteronNN(3S1) component to theNN(3D3) component
of d* , as described by diagram 1~c!, can finally be calcu-
lated. The major difference from the procedure described
Sec. III is that the radial wave functionc3[d* (NN 3D3) is
now too complicated to be expanded readily in terms
harmonic-oscillator wave functions. It is kept in numeric
form so that the final result, instead of being entirely an
lytic, now requires a one-dimensional numerical integrati

To simplify the calculation, the deuterond(3S1) wave
function is expressed as a sum of three Gaussians. Howe
results need to be given only for a single Gaussian. For
purpose, I use the notation of Eq.~11!, but with unstarred
parameters. All production amplitudes then have the gen
form

^d~3S1!iÔ~q!id3* &5c0N0e2(q/2)2/2b2
e2a0q2/2

3E e2p2/2b2
c3~p! f O~p,q!p2dp,

~30!

but different integrand functions

f O~p,q!5 j 2 ~ for M̂2!

5
A6

MN

2b2

q
j 2 ~ for T̂c2

el !

52
ms~N!

MN

c1

A6
F S q

4
1

4b2

q D j 22 ip j 1G ~ for T̂m2
el !

5
ms~N!

MN

2

A21
F S q

4
1

10b2

q D j 22 ip j 1G ~ for T̂m3
mag!.

~31!

Here j i[ j i( ipq/b2) is a spherical Bessel function, andc0

5A7, c151.
The production amplitudes from diagram 1~a! have a

similar form, but withc05A3, c154, and of course differ-
ent radial wave functions. The baryon magnetic-moment
rameter that appears is nowms(D) instead ofms(N). I have
verified explicitly that they give the same numerical valu
as the oscillator expressions given in Sec. III. The differen
1-8
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ELECTROPRODUCTION OF THEd* DIBARYON PHYSICAL REVIEW C 61 064011
in the numerical coefficientsca comes from the recoupling
of angular momenta. These alone favor the amplitudes f
diagram 1~c! by a factor of roughlyA7/3, which is ratio of
two 6j-symbols.

To perform the calculation for potential BB/G, I use
three-term approximation to the BB deuteronNN(3S1) wave
function @18#. The resulting perturbative deuteronDD(7D1)
wave function calculated from Eq.~25! is fitted to a 4-term
harmonic-oscillator form. Both fitted wave functions a
given in the Appendix. This fittedDD(7D1) wave function is
the one shown as a thick solid curve in Fig. 3.

The calculated effectiveT factors are shown in Fig. 6 with
the curves defined in the legend.

We can see that electroproduction RMS’s from diagr
1~a! ~in the case of A28! or 1~b! ~BB/G! and diagram 1~c!
interfere destructively at smallq values. Atq 5 300 MeV/c,
for example, the production amplitude that contributes to
Coulomb factorTL from diagram 1~c! for potential A28 is
opposite in sign and about 3.6 times larger than that fr
diagram 1~a!. Of the increase, a factorA7/3 comes from a 6j
symbol, while the remaining factor of 2.4 comes from t
wave functions in a radial integral. HenceTL is about 7 times
that for diagram 1~a! alone.

The production amplitude from diagram 1~c! varies more
strongly with the momentum transfer because of the m
stronger momentum dependence of thed* (NN 3D3) wave
function it contains. This production amplitude changes s
just below q51000 MeV/c where the curve for diagram
1~a! and 1~c! crosses that for diagram 1~a! alone the second
time. This is above the interference zero that can be see
Fig. 6. After the sign change, the amplitudes from the t
diagrams add constructively.

In the effective transverseT factors for potential A28, the
production amplitudes from the two diagrams are of com
rable magnitudes but opposite signs at low momentum tra
fers. The resulting destructive interference is very sev
causing the total contribution toTeff to be some two orders o

FIG. 6. Comparison of the effectiveT factors in the electropro-
duction cross section ofd* from the deuteron as calculated fro
diagrams 1~a! and 1~c! for potential A28 and from diagrams 1~b!
and 1~c! for potential BB/G at the electron laboratory energy
27.5 GeV with the results for diagram 1~a! alone for potential A28.
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magnitude smaller than that from diagram 1~a! alone. The
interference eventually becomes constructive at roughly
same momentum transfer as for the CoulombTL factor.

The results for the BB/G potential are qualitatively sim
lar, but the CoulombTL factor is smaller at the smaller mo
mentum transfers.

V. RESULTS AND DISCUSSION

For all electron energies greater than a few GeV, the
fective T factors are essentially energy independent. The
maining factors in the integrated differential production cro
sectionds/dV of Eq. ~1! do depend on the energy, howeve
Since this energy dependence is well known, it is suffici
to show results for one energy only.

The calculated angular distributions are shown in Fig
for 1 GeV electrons. The result for potential A28 is for di
grams 1~a! and 1~c!, while those for potential BB/G are fo
diagrams 1~b! and 1~c!. The interference between the tw
diagrams can be visualized more readily by also examin
Fig. 8 which show additional results for potential BB/G fro
diagram 1~c! alone.

For the dibaryon massm* 52.1 GeV, the sharp loca
minima near 60° comes from the amplitude zero in the C
lomb TL factor. When diagram 1~c! appears alone, this zer
comes from the sign change in thed* (NN 3D3) wave func-
tion. When both diagrams 1~b! and 1~c! are included, it
comes from an interference zero in the sum of their am
tudes. The two diagrams interfere destructively below
sharp minimum and constructively above it. For examp
the integrated cross section at the laboratory angle of 30
0.05 nb/sr for potential BB/G, but 0.11 nb/sr for diagram 1~c!
alone.

The overestimate of the cross section by potential A
can be seen in Fig. 7. At the laboratory angle of 30°,

FIG. 7. Integrated differential cross sectionsds/dV in the labo-
ratory for the production ofd* from deuteron for 1 GeV electron
calculated for potentials A28 and BB/G at different dibary
massesm* .
1-9



a
ot
re

s

g

a

er

a

u
b

s
-
h

o
t-

um
de
ro

sfers

ent

d
tory
e-

ur

ly

the

l
the
by

-

ant

or

n
r-

30°
ult.

ia-
ial
lue

n

t.
, I
ag-
re-
cu-
ems
y
n

al-
m-
g
ay

pli-
this

ec-

s

e

t f

CHUN WA WONG PHYSICAL REVIEW C 61 064011
cross section of 0.09 nb/sr for potential A28 is about twice
large as the value for potential BB/G. Other than this, b
cross sections show the same decreasing trend with inc
ing laboratory angle.

The Mott cross sectionsM and the target recoil factorf rec

do not depend on the dibaryon massm* . However, the mag-
nitude of four-momentum transfer decreases asm* in-
creases, while that of the three-momentum transfer increa
This leads to a rapid decrease in the kinematical factorvL .

The dynamical factorTeff also changes withm* . This is
partly because of the three-momentum transfer appearin
it and partly because thed* wave functiond* (NN 3D3) it-
self also changes. The interference between the two diagr
becomes rather complex. The CoulombTL factor decreases
rapidly with increasingm* . At m* 52.3 GeV, the minimum
in the angular distribution at 135° is caused by the interf
ence zero in bothTL andTT. At m* 52.4 GeV, the shallow
minimum near 90°, comes from the combined effects of
interference zero inTT at 100° and an interference zero inTL

at 50°. The destructive interference between the two prod
tion amplitudes at small momentum transfers tends to
come more severe asm* increases.

Figure 7 shows how rapidly the cross section decrea
with increasingm* . At the laboratory angle of 30°, the in
tegrated cross section with both diagrams present, whic
0.05 nb/sr is already small form* 52.1 GeV, now falls down
to only 0.0005~0.00006! nb/sr for m* 52.3 ~2.4! GeV, as
shown in Fig. 7.

The very small calculated cross sections obtained for b
larger angles and largerm* suggest that the present lowes
order picture might not be adequate under these circ
stances. A much more elaborate calculation that inclu
higher-order diagrams as well as additional production p

FIG. 8. Integrated differential cross sectionsds/dV in the labo-
ratory for the production ofd* from deuteron for 1 GeV electron
calculated for potential BB/G at different dibaryon massesm*
when only diagram 1~c! is included. The dotted curve gives th
result when the perturbatived* (NN 3D3) wave function is calcu-
lated using the potential GO instead. For comparison, the resul
m* 52.1 GeV when both diagrams 1~b! and 1~c! are included is
shown as a thick solid curve.
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cesses important at these larger three-momentum tran
might have to be considered.

The result reported here can be compared with a rec
calculation by QSW@19#, who include diagram 1~c! and 1~a!
production amplitude going to theNN* (1520) component of
d* . They find that diagram 1~c! dominates the calculate
cross section for 1 GeV electrons scattered to a labora
angle of 30°, and obtain a preliminary value for the int
grated cross section greater than 10 nb/sr there.

In order to compare with QSW, we show in Fig. 8 o
result for diagram 1~c! alone at the samem* 52.1 GeV but
calculated with potential BB/G. Our cross section is on
0.11 nb/sr at 30°, two orders of magnitude smaller.

One difference between the two calculations is that
baryon-baryon interaction used by QSW comes from@10#
and contains only thep-exchange contribution. In potentia
A28 and certainly in the Bonn potentials used here,
baryon-baryon tensor potentials are significantly reduced
cancellation against additionalr-exchange contributions.

To isolate the contribution ofp exchange alone, we re
peat the calculation for diagram 1~c! alone with only one
modification — using the interaction of@10# ~called here
potential GO! to generate the perturbatived* (NN 3D3)
wave function. The potential GO has the coupling const
f pDN

2 50.36 (5 f * 2/4p in the notation of@10#!, roughly con-
sistent with those shown in Table I. A monopole form fact
for the pDN vertex is used with the cutoff parameterLp

51250 MeV. The3S1 wave function used in this calculatio
remains that of the Bonn B deuteron. This is not very diffe
ent from the Bonn C wave function used by QSW.

The resulting cross section, form* 52.1 GeV, is shown in
Fig. 8 as a dotted curve. The calculated cross section at
is 0.41 nb/sr, almost 4 times bigger than the BB/G res
This shows that the neglectedr-exchange contributions do
reduce the cross section significantly.

The situation remains qualitatively the same when d
gram 1~a! is also included: The cross section for potent
GO at 30° is 0.29 nb/sr, a factor of 6 greater than the va
of 0.05 nb/sr for potential BB/G.

The cross sections for diagram 1~c! alone for potential
BB/G calculated withm* 5 2.3 and 2.4 GeV are also give
in the figure and compared with the results form* 5 2.1
GeV with only diagram 1~c! and with both diagrams presen

After accounting for the difference in dynamical inputs
find a remaining discrepancy of more than an order of m
nitude between my calculation and that of QSW. This
maining difference must be due to differences in the cal
lational methods used. The most important difference se
to be my use of a principal-value Green’s function in m
d* (NN 3D3) wave function compared to the use of a
outgoing-wave boundary condition in QSW. The QSW c
culation thus gives an additional term in the production a
plitude from diagram 1~c! that contains an energy-conservin
d function. This additional term has a part that is the dec
amplitude ofd* (DD) into theNN channel. I do not include
this part as the physical electroproduction production am
tude. Additional studies must be made to understand if
could account for all the remaining disagreement.

Returning to the general problem of calculating the el

or
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troproduction cross section ofd* , there are of course th
additional uncertainties in the predicted mass and struc
of d* itself. Given the experimental nonobservation ofI
50 dibaryons in the mass range 2.00–2.23 GeV@16#, future
experimental searches and theoretical studies should p
ably move to higher masses. For electroproduction, the ra
decrease of the cross section with increasingd* mass is a
cause of concern if it persists in higher-order calculation

The theoretical uncertainty in thed* structure remains a
major obstacle. The didelta model ofd* used here is very
crude, and may not be adequate at short distances wher
baryons overlap. Other exotic components in the deute
wave function must also be taken into consideration, es
cially at the larger momentum transfers. The possibility
quark delocalization and color screening remains an o
question, but the failure to see anyd* dibaryon in the ex-
periment of@16# is discouraging.

All these issues make it clear that much more work
mains to be done before a quantitative description of thed*
production cross section can be achieved, given any theo
ical model ford* . The preliminary study given in this pape
does suggest that the electroproduction cross sections td*
are likely to be very small.

Perhaps more interestingly, the existence ofd* at low
masses can now be viewed from a rather elementary pers
tive. Consider a very naive model ofd* containing a prob-
ability PDD(d* ) of the DD(7S3) configuration and the re
maining probability, 12PDD(d* ), of a closed-channe
configuration that does not decay at all into any channel.
two pieces of information—~a! that the best available exper
mental upper bound of 0.08 MeV obtained by@16# for its
decay width into theNN channel near 2.1 GeV and~b! that
the best theoretical estimate of its width of about 40 M
given in this paper ifd* is a didelta—if taken literally,
would require thatPDD(d* ) cannot exceed something of th
order of 0.2%. This seems to suggest that any model ofd*
containing a much largerPDD(d* ) might already have bee
excluded by the measurements of@16#.
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APPENDIX: WAVE FUNCTIONS USED IN THE
CALCULATION

Many of the wave functions used have been fitted to
form

c~p!'(
i 51

3

cic i~p!, ~A1!

wherec i(p) is a normalized HOWF’s like that shown in Eq
~13!, with the falloff parameter

b25~b1
2 ,b2

2 , . . . !. ~A2!

The dimensionless expansion coefficients are

c5~c1 ,c2 , . . . !. ~A3!

In order to emphasize the stronger high-momentum co
ponents in these short-distance wave functions, the range
rameters are obtained by minimizing thepercentagemean-
square deviation.

The fitted parameters are given in Table II. Each fitt
wave function has been renormalized in order to change
raw percent probability to the value the original wave fun
tion has, as indicated in the third line of the table for ea
state.

TABLE II. Wave functions used in the calculation.

Wave function Parameters

d* (NN 7S3) b25 2.0753~1, 1.25, 1.46! fm22

c 5 ~14.8312, -27.4124, 13.3505!

100.19%→100.00%
d(NN 3S1) A28 b25 0.04056~1, 7.25, 169!

c 5 ~0.5250, 0.5900, -0.0573!

93.17%→93.31%
d(NN 3S1) BB b25 0.02298~1, 5.15, 21.9!

c 5 ~0.3192, 0.4859, 0.3486!

95.04%→95.01%
d* (DD 7D1) A28 b25 0.1769~1, 5.0, 15.0!

c 5 ~0.00118, 0.01537, 0.05407!

0.4182%→0.4190%
d* (DD 7D1) BB/G b25 0.9395~1, 3.18, 8.26, 28.0!

c 5 ~0.00316, 0.02245, 0.02422, 0.0295!

0.379%→0.383%
ev.
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