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The reaction D¿N\N¿N¿f in ion-ion collisions
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We study the thresholdf-meson production in the processD1N→N1N1f, which appears as a possible
important mechanism in high-energy nucleus-nucleus collisions. The isotopic invariance of the strong interac-
tion and the selection rules due toP parity and total angular momentum result in a general and model
independent parametrization of the spin structure of the matrix element in terms of three partial amplitudes. In
the framework of one-pion exchange model these amplitudes can be derived in terms of two threshold partial
amplitudes for the processp1N→N1f and three amplitudes for the subprocessp1D→N1f. We predict
the ratio of cross sections forf-meson production inpp andDN collisions and the polarization properties of
the f meson, inD1N→N1N1f.
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I. INTRODUCTION

Experimental@1# and theoretical@2–6# studies devoted to
f-meson production in nucleon-nucleon collisions have w
nessed a growing interest in recent years. In particular,
forts have been focused on the understanding of the reac
mechanism forN1N→N1N1f, which is one of the sim-
plest processes of vector meson production inNN collisions.
The standard approach, based on one-boson exchanget
channel~the peripheral picture! is not unique, in particular in
the threshold region. A picture based on centralNN colli-
sions, withs-channel excitation of six-quark bags@7#, can
also be applied to vector meson production inNN collisions
@8#.

It has been pointed out that the processN1N→N1N
1f, and in particular the study of polarization phenome
in p1p→p1p1f can bring information on the hidde
strangeness degrees of freedom in the nucleon@6,9#. This
problem is related with the possible violation of the Okub
Zweig-Iizuka ~OZI! rule @10# for various processes of had
ronic v andf production. In the framework of specific mod
els @3–5# in the near- threshold region, it would be possib
to determine or to constrain the coupling constants of
NNf interaction, presently unknown.

A suggestion was made@11# that a strong enhancement
thef/v ratio in heavy ion collisions, in comparison with th
value measured inp1p collisions, could be interpreted as
signature of quark-gluon plasma formation. Search for s
signal has been done in the CERN experiment NA38@12#.

These examples show that the comprehension of the
ementary processN1N→N1N1f is important for
nucleon-nucleus collisions and nucleus-nucleus collisions
well. However, the reactionD1N→N1N1f, where the
nucleon participates in its first excited state, may also c
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tribute tof production in nuclei. At bombarding energies
about 1 GeV/nucleon, a particular state of nuclear matter
be formed@13#, where about 1/3 of baryons are excited to t
D-resonance state. It follows then that thef meson inp
1A or A1A collisions can be produced in non-negligib
amount through the processD1N→N1N1f @14–16#, or
even D1D→N1N1f. The importance ofDN reactions
for the h-meson production@17# and for associative strang
particle productionD1N→N1L1K has been also dis
cussed@18#.

The aim of this paper is to studyf production in the
process D1N→N1N1f, in particular in the near-
threshold region. The threshold region is interesting from
experimental point of view and the theoretical approach
be essentially simplified. The presence of theD isobar, with
3/2 spin, makes the situation more complicated than in c
of the nucleon, but also for theD1N interaction it is pos-
sible to develop a formalism, similar tof-meson production
in NN interaction @19#. The symmetry properties of th
strong interaction, such as the Pauli principle for the nuc
ons, theP invariance, the isotopic invariance, and the sel
tion rules for the total angular momentum, allow to defi
the spin structure of the matrix element forD1N→N1N
1f in terms of a small number of partial amplitudes. Th
approach is especially adapted to the near-threshold reg
where all final particles are produced inSstate. The existing
experimental data aboutf and v production inNN colli-
sions@1,20–27# show that this region is quite wide. There
no particular reason to expect a different behavior in case
f production inD1N collisions. Taking into account the
hidden strangeness of thef meson, due to the relatively
small strangeradius of the nucleon@28#, the S wave region
for f production should be larger than forv production. A
similar expectation has been also confirmed by experime
data on associative strange particle production inNN colli-
sions, in the near-threshold region@29–32#.

This paper is organized as follows. In the second sec
we establish the spin structure of the threshold matrix for
processD1N→N1N1f. Due to the isotopic invariance o
the strong interaction, this spin structure must be the sa
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for all possible combinations of the electric charge of ba
ons: D111n→p1p1f, D11p→p1p1f, D01p→n
1p1f, D21p→n1n1f, D01n→n1n1f, and D1

1n→n1p1f, because all these processes, in thes chan-
nel, have a single value of the total isotopic spin,I 51, and
a single value of the total isospin of the producedNN sys-
tem, as well. The isotopic invariance is also very import
with respect to the selection rules related to theP parity and
the total angular momentum. In Sec. III, using the spin
rametrization of the matrix element, we show that any o
servable for the processD1N→N1N1f can be calculated
in terms of three independent partial amplitudes, which ch
acterize this process in the threshold region. From all p
sible polarization observables, only the density matrix of
f meson has a physical meaning, as this process can
principle, occur only in nuclear matter. After this model i
dependent analysis, we consider the one-boson model,
p exchange, taking into account the two mechanisms rela
to the subprocessesp1N→N1f andp1D→N1f. Tak-
ing into account the main, i.e., ther-exchange contribution
to the matrix elements of these subprocesses, we show
the total cross section forD1N→N1N1f is larger than
the cross section forp1p→p1p1f, at the same value o
the energy excess over threshold,Q. The results are summa
rized in Sec. IV.

II. SPIN STRUCTURE OF THRESHOLD MATRIX
ELEMENT

Considering theD isobar as a particle with spin 3/2 an
positiveP parity, it is possible to find the spin structure of th
processD1N→N1N1f in threshold regime. The thresh
old region can be rigorously defined in the center of m
system~c.m.s.! of the considered reaction in terms of orbit
angular momenta of the produced particles. If,1 is the rela-
tive orbital momentum of the final nucleons and,2 the or-
bital momentum of thef meson~relative to the center o
mass of the 2N system!, the condition of theSwave produc-
tion of any pair of particles for theNNf final state can be
written as,15,250.

The spin structure of the threshold matrix element for a
processD1N→N1N1f can be established in a gener
form, from the selection rules in isotopic spin,P parity, and
the total angular momentum. From the isotopic invariance
the strong interaction, one can find that the pair of fin
nucleons in all reactionsD1N→N1N1f ~for any charge
combination,pp, nn, or np) has to be in singlet state, fol
lowing the Pauli principle~for the pp or nn system! or the
generalized Pauli principle~for the np system!. Due to the
conservation of the total isotopic spinI the finalNN system
must haveI 51. Therefore, the total angular momentumJ
and theP parity of the entrance channel can take only t
value J P512. Taking into account the conservation ofJ
andP, one can find the following allowed partial transition
for the processD1N→N1N1f:
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Si51, ,51→J P512,

Si52, ,51→J P512, ~1!

Si52, ,53→J P512,

whereSi is the total spin of the initialD1N system and, is
the angular orbital momentum of this system.

The threshold matrix element, in the c.m.s. of the cons
ered reaction, can be parametrized in the following gene
form:

M5 i f 1~ x̃1syDW •kŴ3UW * !~x3
†syx̃2

†!1 f 2~ x̃1sysW •UW * DW •kŴ !

3~x3
†syx̃2

†!1 f 3~ x̃1sysW •kŴDW •kŴ !~x3
†syx̃2

†!kŴ•UW * , ~2!

wherex1 (x2 and x3) is the two-component spinor of th
initial ~final! nucleon; DW is a particular two-componen
spinor~each component is a vector! for the description of the
polarization properties of theD isobar~with spin 3/2!, so that
sW •DW 50; UW is the three-vector of theV-meson polarization;

andkŴ is the unit vector along the three-momentum of theD.
f 1–f 3 are the threshold partial amplitudes describing the
lowed transitions~1!.

The presence of the Pauli matrixsy in the parametrization
~2! ensures the correct transformation properties of the c
responding two-component spinor products, relative to ro
tion.

Taking into account the conservation of isospin, one o
tains

2M~D1p→ppf!5
1

A3
M~D11n→ppf!

5
1

A3
M~D2n→nnf!

52M~D1n→npf!

52M~D0p→npf!5M~D0n→nnf!,

i.e., the same set of three amplitudesf 1–f 3 describes all
these processes and therefore the polarization phenomen
identical for all reactionsD1N→N1N1f. Moreover, the
following relations among the total cross sections hold:

s~D1p→ppf!:s~D0p→npf!:s~D2p→nnf!51:2:3

and the isospin averaged cross sections̄(DN→NNf) is
s̄(DN→NNf)5 1

2 s(D2p→nnf). Note that all these iso-
topic relations hold for any kinematical condition of the co
sidered process and for any reaction mechanism.

After summing over the polarizations of the final particl
and averaging over the polarizations of the colliding baryo
one can find the following formula for the differential cros
section of the considered process, in terms of the partial
plitudes f 1–f 3:
4-2
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ds

dv
5

1

6
N~ u f 12 f 2u213u f 11 f 2u212u f 21 f 3u2!, ~3!

N54m2~EN1m!~ED1M !,

wheredv is the element of phase space for the three-part
final state.EN andED are the energies of the collidingN and
D at threshold, in c.m.s.:

EN5
Wth

2 1m22M2

2Wth
, ED5

Wth
2 2m21M2

2Wth
,

Wth52m1mf ,

wherem, M, andmf are the masses ofN, D, andf meson,
respectively. We used the following expression for the d
sity matrix of the unpolarizedD isobar:

rab
(D)5DaDb

†5
2

3 S dab2
i

2
eabcscD ,

where the overline denotes the sum over theD polarizations.
The factorN in Eq. ~3! results from the invariant normaliza
tion of the four-component spinors for all baryons inD1N
→N1N1f.

The general parametrization of the threshold matrix e
ment, Eq.~2!, allows to calculate the polarization obser
ables for the considered processes. Taking into accoun
specificity of this reaction, which can only occur as a seco
step in ion-ion collisions, the most interesting~and measur-
able! polarization observable is the density matrix of thef
meson, which can be written~for S-state final particles! as

rab
(f)5 k̂ak̂b1A~dab23k̂ak̂b!,

whereA is a real coefficient that drives the angular depe
denceW(u) of the decay products of thef meson. For ex-
ample, in case off→KK̄ decay, one finds

W~u!.11B cos2u,

B5
123A

A 5211
4u f 21 f 3u2

u f 12 f 2u213u f 11 f 2u2
, ~4!

whereu is theK-meson production angle~in f-rest system!
with respect to the direction of the initialD momentum.
Therefore the numerical value of the coefficientB ~or A, as
well! is determined by the mechanism off production
through the amplitudesf i , i 51 –3. One can see from Eq
~4! that, in threshold conditions, thef meson can be only
tensorially polarized, for any reaction mechanism.

III. THE DYNAMICS FOR THE t CHANNEL

The parametrization of the spin structure of the thresh
matrix elements given above is based on fundamental s
04400
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metry properties of the strong interaction. It is therefo
model independent and can be applied to any reac
mechanism. Following the analogy with the processp1p
→p1p1f, we will consider here differentt-channel ex-
changes~Fig. 1!, where only states withI 51 are allowed:p,
r, etc.

The spin structure of the corresponding matrix eleme
for the subprocessesp1N(D)→N1f can be established
using the conservation of the total angular momentum anP
parity.

A. Subprocessp¿N\N¿f

1. Relations between the amplitudes ofD¿N\N¿N¿f
and p¿N\N¿f

For the processp1N→N1f, at the reaction threshold
where thef meson is produced in theS state, the following
partial transitions are allowed:,p50→J P51/22 and ,p

52→J P53/22 (,p is the pion orbital momentum!, so the
matrix element can be parametrized as follows:

Mth~pN→Nf!5x2
†~h1sW •UW * 1h2sW • k̂̂ kŴ •UW * )x1 , ~5!

whereh1 andh2 are the two complex partial amplitudes.
Let us consider the contribution of the diagrams in F

1~a!, which are dominated by the processp1N→N1f.
The corresponding matrix element~taking into account the
necessary antisymmetrization with respect to the produ
nucleons inD1N→N1N1f) can be written as

FIG. 1. Feynman diagrams fort-channelp exchanges, corre-
sponding to the subprocessp1N→N1f ~a!, andp1D→N1f
~b!.
4-3
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Ma5M1a2M2a ,

M1a5
gDNp

t12mp
2 ~x2

†DW •kŴ !@x3
†~h1sW •UW *

1h2sW •kŴkŴ•UW * !x1#
k

M
FpND~ t1!,

M2a5
gDNp

t12mp
2 ~x3

†DW •kŴ !@x2
†~h1sW •UW *

1h2sW •kŴkŴ•UW * !x1#
k

M
FpND~ t1!, ~6!

where gDNp is the DNp coupling constant, which deter
mines the corresponding width for the decayD→N1p, as

G~D→Np!5
gDNp

2

12p

q3

M3
~E1m!, q25E22m2,

E5
M22mp

2 1m2

2M
.

Taking G(D→Np)50.12 GeV, M51.231 GeV, m
50.938 GeV, andmp50.139 GeV, one findsgD11pp1

519.3. The functionFpND(t1) is the form factor of the ver-
tex p1p→D11, with a virtual pion.

In the threshold region forD1N→N1N1p, the pion
propagators inM1a and M2a are identical. This app-
roximation is consistent with the previousS-wave consider-
ations. A possible difference in these propagators, wh
may appear outside the threshold region, generateP
and higher partial waves of the producedNNf system. Note
that t15(pD2p2)252mmf1(M22m2)@(m1mf)/(2m
1mf)#520.527 GeV2, where pD and p2 are the four-
momenta of the initialD and of the final nucleon.

Using the Fierz transformation, in its two-compone
form, one can transform the matrix elementMa , Eq. ~6!, to
the ‘‘canonical’’ (s-channel! parametrization, Eq.~2!. For ex-
ample, the two contributions toM1a can be written as fol-
lows:

2~x2
†DW •kŴ !~x3

†sW •AW x1!5 1
2 @2~ x̃1 sysW •AW DW •kŴ !~x3

†syx̃2
†!

2~ x̃1syDW •kŴ !~x3
†sW •AW syx̃2

†!

1 i eabcAa~ x̃1sysbDW •kŴ !

3~x3
†scsyx̃2

†!#, ~7!

for any vectorAW . ReplacingAW 5UW * or AW 5kŴ (kŴ•UW * ) one
gets the formulas for theh1 or theh2 contribution. The cor-
responding expression forM2a can be obtained from Eq
~7!, with the substitutionx2↔x3. So, the partial threshold
04400
h

t

amplitudesf 1a–f 3a of the processD1N→N1N1f, in the
framework of the considered exchange@Fig. 1~a!# can be
written as

f 1a50, f 2a5h1

gDNp

t12mp
2

k

M
FpND~ t1!,

f 3a5h2

gDNp

t12mp
2

k

M
FpND~ t1!. ~8!

2. Analysis in terms of the amplitudes h1 and h2

Taking into account that in the considered model~with
f 1a50) the parameterB, Eq. ~4!, has the form

11B5
u f 2a1 f 3au2

u f 2au2
,

one can find that the simultaneous measurements of the
efficient B ~i.e., the angular distribution of the decay pro
ucts f→K1K2) and the differential cross sectionds/dv
allow to find the module of the amplitudes:

u f 2au25N 21
3

B13

ds

dv
,

u f 2a1 f 3au25N 21
3~B11!

B13

ds

dv
.

From Eqs.~2! and ~8! one can see that both amplitudesh1
andh2 of the subprocessp1N→N1f contribute toM and
the differential cross section forD1N→N1N1f can be
written ~in a particular normalization! as

ds

dv
~DN→NNf!5

N
3 S gDNp

t12mp
2 D 2

~2uh1u21uh11h2u2!

3
k2

M2
FpND

2 ~ t1!. ~9!

Note that the differential cross section for the subprocesp
1N→N1f has the following form, in terms of the partia
threshold amplitudesh1 andh2:

ds

dV
~pN→Nf!}2uh1u21uh11h2u2. ~10!

Therefore, in the framework of the considered model ofp
exchange, the differential cross sections forD1N→N1N
1f and p1N→N1f are proportional in the near
threshold region, and the following relation holds betwe
the cross section ofv and f production inDN and pN
collisions @33#:

s~DN→NNv!

s~DN→NNf!
5

s~pN→Nv!

s~pN→Nf!
D, ~11!

where
4-4
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D5F tf2mp
2

tv2mp
2

FpND~ tv!

FpND~ tf!G 2

,

tV52mmV1(M22m2)@(m1mV)/(2m1mV)#, V5v or
f. One can see that the correction factorD is very important
at threshold, due to the differences inV masses.

But it is not the case for the processp1p→p1p
1f(v) or n1p→n1p1f(v), which can also be treate
in the framework of one-pion exchange@4#. For the reaction
p1p→p1p1f, in the threshold region, the spin structu
of the matrix element is characterized by a single contri
tion @19#, corresponding to triplet-singlet transition, of th
following form:

Mth~pp→ppf!5 f ~ x̃2
†sysW •kŴ3UW * x1!~x4

†syx̃3
†!2m

3~E1m!, ~12!

wheref is the threshold amplitude, andE is the energy of the
colliding protons in c.m.s.:E5m1 1

2 mf , so that

ds

dv
~pp→ppf!}2u f u2. ~13!

The p exchange forp1p→p1p1f is described by four
Feynman diagrams~to have the correct symmetry properti
with respect to the initial and final identical protons!. It is
possible to prove that

f 5gp0pp

2h1

t82mp
2

k

E1m
FpNN~ t8!, ~14!

where t852mmf is the threshold value of the momentu
transfer squared, forelastic f production andFpNN(t8) is
the form factor for the vertexp* NN with virtual pion. One
can see that for the processp1p→p1p1f only the h1
amplitude contributes, therefore the proportionality of cro
sections for the processesp1p→p1p1f and p1p→p
1f, Eq. ~11!, does not hold~in the framework of one-pion
exchange!. Another relation holds in this case,

s~pp→ppv!

s~pp→ppf!
5

s~pN→Nv!

s~pN→Nf!

11r f

11r v
D8,

where

r V5S uh11h2u2

uh1u2
D

V

and D85F tf8 2mp
2

tv8 2mp
2

FpND~ tv8 !

FpND~ tf8 !
G 2

,

which shows that a separation of contributions due to
production of theV mesons with transversal and longitudin
polarization has to be done~for the processp1N→N
1f).

Therefore the study of polarization phenomena for
processp1N→N1f, in the near-threshold region is re
quired. The simplest observable is the tensor polarization
04400
-

s

e

e
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the f meson, determined by the single parameterB (p),
which can be expressed in terms of the partial amplitudesh1
andh2 as

B (p)5211
uh11h2u2

uh1u2
.

Therefore the measurement of the unpolarized cross sec
(ds/dV)0 and of the coefficientB (p) allows to determine
both amplitudes, through the following formulas:

uh1u25
1

2~31B (p)!
S ds

dV D
0

,

uh11h2u25
11B (p)

2~31B (p)!
S ds

dV D
0

.

Using Eqs.~9!, ~10!, ~13!, and ~14!, the total threshold
cross sections of the processesD1N→N1N1f and p
1p→p1p1f can be expressed in terms of the coupli
constants and of the ratiox5h2 /h1 between the two possible
amplitudes for thep1N→N1f process as

R5
s~DN→NNf!

s~pp→ppf!
5

1.7

12

gDNp
2

gNNp
2 S E1m

M D 2S t82mp
2

t12mp
2 D 2

g~x!,

g~x!5312Rex1uxu2, ~15!

where in the integration over the final 2p system inp1p
→p1p1f we have taken into account the identity of th
final protons. The two cross sections have to be compare
the same value ofQ, Q5Wth22m2mf . We assumed, in
Eq. ~15!,

FDNp~ t !5FNNp~ t !5
Lp

2 2mp
2

Lp
2 2t

with Lp51.0 GeV

~16!

@34#. The coefficient 1.7, Eq.~15!, is the ratio of form factors
squared@FDNp(t1)/FNNp(t8)#2.

The complex parameterx drives also the coefficientB for
the decayf→K1K2, see Eq.~4!, so that 31B5g(x). One
can see that these two observables are not independent,
framework of the considered model.

Figure 2 shows thex dependence ofg(x) as a function of
the two independent variables, Rex and uxu2, with the evi-
dent conditionsuRexu<uxu,uxu>0, Rex being positive or
negative.

Comparing the threshold values fort1 and t852mmf ,
one can find that the pion pole inD1N→N1N1f is closer
to the physical region, and the ratio of propagators,

S mmf1mp
2

t12mp
2 D 2

.3.2,

will increase the relative value of theDN cross section. Due
to the instability of D, this pion pole, forD1N→N1N
4-5
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1f could be, in principle, in the physical region, for som
kinematical interval@17#. However, as illustrated in Fig. 3
this cannot happen in the near-threshold region, andt1

>mp
2 in a wide region 3.14 GeV<W<10.00 GeV,W is the

total invariant energy of the colliding particles.
Taking G(D→Np).120 MeV and gpNN

2 /4p515 one
can find R.1, in the framework of the considere
p-exchange mechanism, Fig. 1~a!. A more accurate estima
tion for ds/dv andR could be done, knowing the thresho
partial amplitudesh1 andh2. In literature@2# it is possible to
find an estimation of the energy dependence of the total c

FIG. 2. Thex dependence ofg(x) as a function of Rex anduxu2.

FIG. 3. Dependence of the momentum transfer squaredt1 onAs
~in the regiont1>0).
04400
ss

section for the subprocessp1N→N1f ~with unpolarized
particles! in the framework of a very specific resonan
model where a single nucleon exhibits a ‘‘resonancelik
contribution. The mass and width of this ‘‘effective’’ reso
nance were determined by fitting the available experime
data@23#. Such model, however, cannot help us to determ
the partial amplitudesh1 and h2 separately, without addi-
tional assumptions, concerning the spin and parity of
resonanceR and its coupling constants for the vertexR
→N1f.

3. r-exchange model for subprocessp¿N\N¿f

In principle, it is possible to develop a more complicat
model for thep1N→N1f process, which takes into ac
count different contributions: vector meson exchange it
channel,N and N* contributions ins and u channels@35#.
But even near the reaction threshold several nucleon r
nances, withJ P51/22 and 3/22, can contribute, introduc-
ing unknown parameters: coupling constants and form f
tors. Only in the framework of the quark model defini
predictions can be done.

Let us apply ther exchange as the most probable mech
nism for the ‘‘elementary’’ subprocessp1N→N1f, Fig. 4,
to estimate the value of the ratiox of the amplitudesh1 and
h2. One can easily see that, in the near-threshold reg
such model givesx521 and the minimal value for the ratio
of cross sectionsR. In this case one findsB521, with a
sin2u angular dependence of the decay products inf→K
1K̄, which is an evident property of theprf vertex. This
last result does not depend on the different ingredients of
considered reaction mechanism, such as the coupling
stants and the phenomenological form factors in the hadro
vertexes, but it depends on the mechanism chosen for
processp1N→N1f. Note that, following the analysis@3#
of the processp1p→p1p1f, in the near-threshold re
gion, ther exchange is the leading mechanism, which can
justified by a smallgNNf coupling constant with respect t
gprf : ugNNfu/ugprfu,1 @3#.

The threshold matrix element for the subprocessp11n
→p1f ~with a virtual pion, with four-momentum square
t1), corresponding tor exchange, has the following form:

M~p* N→Nf!5A2~EN2m!
gprf

t22mr
2

grNN~11kr!

3FrNN~ t2!Fprf~ t1 ,t2!

3xp
†~sW •UW * 2sW •kŴUW * •kŴ !xn , ~17!

FIG. 4. Feynman diagram fort-channelr exchange for the pro-
cessp1N→N1f.
4-6
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wheret25(p12p2)252mmf1(M22m2)@mf /(2m1mf)#
520.75 GeV2; grNN is the vector coupling constant for th
vertex r0NN; kr is the ratio of the tensor and vector co
pling constants for this vertex; the coefficientA2 takes into
account the relation between the couplings inr1np and
r0pp vertexes;FrNN(t2) is the phenomenological form fac
tor for the vertex rNN with virtual r meson; and
Fprf(t1 ,t2) is the form factor for thep* r* f vertex, where
the p (r) virtuality is characterized by the four-momentu
squaret1 (t2). We take the following normalization of thes
form factors:

FrNN~mr
2!5Fprf~mp

2 ,mr
2!51. ~18!

The coupling constantgprf for theprf vertex enters in the
corresponding Lagrangian:

Lprf5
gprf

mf
emnab]mrW n~x!]apW ~x!fb~x!, ~19!

whereemnab denotes the Levi-Civita antisymmetric tenso
with e0123511.

Using Eqs.~17! and ~19! one can find the following ex-
pressions for the partial amplitudesf ia , i 51 –3, for the pion
exchange mechanism, illustrated in Fig. 1~a!:

f ia50, f 2a52 f 3a5ANh1N ,

h1N5A2~EN2m!
gprf

t22mr
2

grNN~11kr!

3FrNN~ t2!Fprf~ t1 ,t2! ~20!

and

AN5
gD11pp1

t12mp
2

k

M
FDNp~ t1!. ~21!

B. Subprocessp¿D\N¿f

Relations between the amplitudes ofD¿N\N¿N¿f
and p¿D\N¿f

At the reaction threshold, the processp1D→N1f is
characterized by three possible partial transitions:,p50
→J P53/22, ,p52→J P51/22, and 3/22, with the fol-
lowing matrix element:

Mth~pD→Nf!5h1D~x†DW •UW * !1h2D~x†DW •kŴ !kŴ•UW *

1 ih3D~x†sW •kŴDW •kŴ3UW * !, ~22!

where h1D , h2D , and h3D are the threshold partial ampl
tudes for the processp1D→N1f, and x is the two-
component spinor of the final nucleon.

This allows to write the corresponding contributionMb
to the matrix element of the processD111n→p1p1f as
follows:

Mb5M1b2M2b ,
04400
whereM1b can be expressed in terms ofMth(pD→Nf) as

M1b52A2gpNN

k

EN1m
~x2

†sW •kŴx1!FpNN~ t2!

3
Mth~pD→Nf!

t22mp
2

. ~23!

The factork/(EN1m) results from the transformation of th
relativistic vertexpNN into its two-component equivalent.

Taking into account both diagrams for this type ofp ex-
change@Fig. 1~b!#, one can find the spin structure forMb ,
when the final nucleons are emitted in singlet state, and
following relations between the partial amplitudesf ib ,i
51 –3, for the processD111n→p1p1f and hiD ,i
51 –3, for the processp1D→N1f:

f 1b5AD~h1D2h3D!,

f 2b52ADh1D , ~24!

f 3b52ADh2D

with

AD52A2gpNNFpNN~ t2!
1

t22mp
2

k

EN1m
,

where the coefficientA2 results from the vertexn→p
1p2.

C. r-exchange model for subprocessp¿D\N¿f

Again, taking into account thatugNNfu!ugprfu, we can
estimate the amplitudeshiD ,i 51–3, in frame ofr exchange
only. The corresponding matrix element can be written
follows ~for virtual pion, with four-momentum squaret2):

Mr~p2D11→pf!5
gprf

t12mr
2

gD11pr1

m1M
k2FDNr~ t1!

3Fprf~ t1 ,t2!~x†DW 3kŴ•UW * 3kŴ !, ~25!

wheregD11pr1 is the coupling constant for theDNr inter-
action with production ofr meson of magnetic type only

~i.e., with spin structure:x†DW •kŴ3rW , whererW is ther-meson
polarization vector!. Following the vector domain mode
~VDM ! hypothesis, such parametrization implies the dom
nance of theM1 radiation with respect to theE2 radiation
for the radiative decayD→N1g @36# and in theD electro-
excitation on the nucleon,e21p→e21D1, up to very
large momentum transfer.

Note, in this respect, that the ‘‘standard’’ relativistic p
rametrization of theDNr interaction, through the Lagrang
ian @17#

LDNr5
gDNr

m1M
C̄D

m~a!TW gng5CN~x!@]mrW n~x!2]nrW m~x!#
4-7
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producesr meson not only ofM1 type, but also ofE2 type
~with transversal and longitudinal polarizations!, in contra-
diction with VDM.

The matrix element~25! produces the following partia
threshold amplitudeshiD , i 51 –3, forp1D→N1f:

h1D52h2D , h3D50,

i.e., f 1b52 f 2b5 f 3b , with B521. This means that both
considered types ofp exchange generate only transversa
polarizedf mesons.

D. Coupling constants and form factors

Finally, the two possiblep exchanges forD111n→p
1p1f result in the following amplitudesf ip ( f ip5 f ia
1 f ib ,i 51 –3):

f 1p5ADh1D ,

f 2p52 f 3p5ANh1N2ADh1D .

This gives the following expression for the matrix eleme
squared corresponding to the four different contributions
Fig. 1 ~after summing over the polarizations of the produc
nucleons and averaging over the polarizations of the co
ing D andN):

uM pu25uMa1M bu25
2

3
AN

2 h1N
2 ~12r ND1r ND

2 !. ~26!

The real parameterr ND characterizes the relative role of th
two possible mechanisms forD1N→N1N1f, corre-
sponding to the two possible pion exchanges@Figs. 1~a! and
1~b!#:

r ND5
ADh1D

ANh1N
,

and its numerical value is given by three different factors

r ND5r cr p~ t1 ,t2!r f~ t1 ,t2!. ~27!

Herer c is the ratio of the corresponding coupling constan

r c5
A2

~11kr!~11m/M !

gD1pr0

grNN

gpNN

gD11pp1

. ~28!

The functionr p(t1 ,t2) characterizes the relative role of th
correspondingp and r propagators for the considere
mechanisms,

r p~ t1 ,t2!5
~ t12mp

2 !~ t22mr
2!

~ t22mp
2 !~ t12mr

2!
.0.86, ~29!

and the functionr f(t1 ,t2) is the ratio of the hadronic form
factors for all these diagrams with pion exchange,

r f~ t1 ,t2!5
FDNp~ t2!FDNr~ t1!Fprf~ t2 ,t1!

FNNp~ t1!FNNr~ t2!Fprf~ t1 ,t2!
, ~30!
04400
t
f

d
-

,

i.e., r f(t1 ,t2), r c , and thereforer ND do not depend on the
value of the coupling constantgprf .

For numerical estimations, we take, besides Eq.~16!, the
following parametrizations of the hadronic form factors:

FNNr~ t !5FDNr~ t !5S Lr
22mr

2

Lr
22t

D 2

with

Lr51.85 GeV @34#, ~31!

Fprf~ t1 ,t2!5
~Lf

2 2mp
2 !~Lf

2 2mr
2!

~Lf
2 2t1!~Lf

2 2t2!
with

Lf51.45 GeV @3#. ~32!

This givesr f(t1 ,t2).0.92. Taking the coupling constants

gr53.04, kr56.1, gpNN513.4, gD11pp1519.3,

gD1pr0.24 ~33!

we find r c50.62. Thereforeur NDu.0.47, i.e., the two
mechanisms considered above have comparable cont
tions. As the relative signs of all these coupling consta
are not known, we have to consider both possibiliti
r ND560.47, which implies that

C~6 !516ur NDu1r ND
2 50.75~1 ! or 1.69~2 !

and that the corresponding values for the cross section
differ by a factor of 2.

We can conclude that the ratior ND is not sensitive to the
hadronic form factors and does not depend on the chara
istics of theprf vertex: neither on the absolute value of th
gprf coupling constant nor on the form factorF(t1 ,t2).
Varying the constantgrNN in the interval 2.64@37# <grNN
<3.25 @38# induces a small variation onr ND , 0.43<r ND

<0.53, and onC(6), 1.61<C(1)<1.81, and 0.74<C
(2)<0.75.

E. Estimation of the cross section forD¿¿¿n\p¿p¿f

In the threshold region, the energy dependence of the t
cross section for the processD111p→p1p1f can be
written as@39#

s tot~Q!5uMu2NDNQ2, Q5As22m2mf

with

ND5
1

p2

1

256

m

~2m1mf!2
A mf

~2m1mf!

1

k
, ~34!

uMu25
2

3
AN

2 h1N
2 C~6 !.

Taking into account the expressions~20!, ~21!, and~26!, we
can write

NuMu25KcKpK fC~6 !, ~35!
4-8
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Kc5@A2gD11pp1gprfgrNN~11kr!#2, ~36!

Kp5F2mk~EN2m!A~EN1m!~ED1M !

M ~ t22mp
2 !~ t22mr

2!
G 2

, ~37!

K f5@FNNp~ t1!FNNr~ t2!Fprf~ t1 ,t2!#2. ~38!

So, with the standard parametrizations of the form facto
see Eqs.~16!, ~31!, and~32!, one findsK f51.6531022, i.e.,
a very large effect of the form factors on the threshold cr
section.

With the values of the coupling constants~33! andgprf
51.1, the threshold behavior of the total cross section for
processD111n→p1p1f depends on the sign ofr ND ,

s tot
(6)~Q!5S Q

GeVD 2H 161(1)

74(2)J mb, ~39!

where (6) corresponds to the two possible signs of the ra
r ND .

This result can be compared with the experimental re
for the total cross section of the processp1p→p1p1f at
Q583 MeV @1#,

s~pp→ppf!5~190614680! nb. ~40!

Assuming the knownQ dependence for the cross section f
threshold three particle production@39#, one can rewrite the
result ~40! as

s~pp→ppf!527.6~160.0760.42!S Q

GeVD 2

mb. ~41!

This behavior can be quantitatively reproduced using
prf exchange for thepp→ppf process, also, with the
above mentioned coupling constants and form factors.

Comparing Eqs.~39! and ~41!, one can see that the rela
tive value of the cross section forf-meson production inDN
and pp collisions depends on the sign of the ratior ND . In
any case, for the same value ofQ, the cross section forf
production inDN collisions is three to five times larger tha
for pp collisions.

The present predictions for the cross section for the p
cessD111n→p1p1f are about five times larger than i
Refs. @14,15#, which also underestimate the DISTO res
~40! by the same factor.

IV. DISCUSSION AND CONCLUSIONS

It is, in principle, possible to analyze in the same way
r exchange for the processD1N→N1N1f. One can
show that the matrix element forr* 1N→N1f contains
five independent spin structures, with five correspond
complex threshold amplitudes.

VDM can also be applied tor* 1N→N1f, to relate this
process tof electroproduction. But there are no experime
tal data aboutf electroproduction near threshold, therefo
for numerical estimations, a dynamical model has to be b
The processr* 1D→N1f, even at threshold, is general
04400
s,
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g

-
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characterized by an even more complicated spin struct
with eight independent partial amplitudes. Sophistica
models ~with excitation of nucleonic resonances! contain
several unknown parameters, therefore ther contribution
cannot actually be calculated with sufficient precisio
Therefore, the simplep-exchange model for the subpro
cessesr* 1N(D)→N1f seems to be the most reliable.

In any case, the mechanism ofp exchange in the subpro
cessesr* 1N→N1f and r* 1D→N1f ~Fig. 5! will fi-
nally generate the same matrix element forD111n→p
1p1f as ther exchange in the subprocessesp1N(D)
→N1f, which has been taken into account in the previo
considerations. This means that the main part ofr exchange
for D1N→N1N1f, which is due to theprf vertex, is
common with thep exchange, considered above. Therefo
the difference between thep and r exchanges can be in
duced by nucleonic contributions@of the subprocessesp
1N(D)→N1f andr1N(D)→N1f in s andu channels#,
which may be neglected, due to the small ra
ugNNfu/ugprfu.

Note finally that the processD1N→N1N1f cannot be
studied in a direct experiment, asDN collisions occur inNA
or AA collisions as secondary reactions. As we do not d
cuss theD2production mechanism, we assume the ‘‘pree
istence’’ of unpolarizedD ’s in the medium, following Ref.
@17#. Such hypothesis is not in contradiction with the pres
calculation of theDN cross section, but for the calculation o
the polarization properties of thef meson, the knowledge o
the kW direction is important. In case ofNA collisions with
subsequentDN interaction, this direction, with good accu
racy, can be identified with the direction of the initia
nucleon beam. In case ofAA collisions theD-production
mechanism must be important. For high-energyAA colli-
sions we can expect thatD production—through binary sub
processes, such asN1N→D1N andN1N→D1D @40#—
plays a large role, i.e., the vectorkW can be identified with the
three-momentum of any of colliding nuclei (rab

(f) is quadratic

in the kW components!. The f polarization due toDN colli-
sions has therefore a physical meaning.

In conclusion, we have studied the reactionsD1N→N
1N1f in the near-threshold region on the basis of the m
general symmetry properties of the strong interaction (P par-
ity and angular momentum conservation, as selection ru!
and treating the dynamical aspects in the framework of o

FIG. 5. Feynman diagram forp exchange in the subprocess
r1N(D)→N1f.
4-9
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boson mechanism. Let us summarize the main results of
analysis.

We established the spin structure of the threshold ma
element for the processD1N→N1N1f in terms of three
partial independent complex amplitudes. In the general c
of noncoplanar kinematics, this process is described by
independent amplitudes, 48 in the coplanar case and 11
plitudes for collinear kinematics.

One of these threshold amplitudes vanishes for the p
t-channel exchange—with the subprocessp1N→N1f
@Fig. 1~a!#. Therefore it is possible to predict the polarizatio
properties of thef mesons, produced in the reactionD1N
→N1N1f, and the ratio of the total cross section for t
processesD1N→N1N1f and p1p→p1p1f in terms
of a single parameterx, which characterizes the relative ro
d

v,

r-

v,

r.

04400
ur

ix

se
6
m-

n

of production off mesons with transversal and longitudin
polarizations in the processp1N→N1f.

The value of the parameterx depends on the model cho
sen to describe the processp1N→N1f in the near-
threshold region. Ther-exchange mechanism, for this pro
cess, givesx521.

The threshold cross section for the processD1N→N
1N1f is larger by a factor of 3–5 with respect top1p
→p1p1f.

Two possible pion exchange mechanisms forD111n
→p1p1f give comparable contributions to the cross se
tion, in the near-threshold region, with large sensitivity to t
relative sign of the coupling constants which enter in t
calculations.
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