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The reaction A+N—N+N+ ¢ in ion-ion collisions

Michail P. Rekald
Middle East Technical University, Physics Department, Ankara 06531, Turkey

Egle Tomasi-Gustafssbn
DAPNIA/SPhN, CEA/Saclay, F-91191 Gif-sur-Yvette Cedex, France

(Received 6 May 2002; published 28 April 2003

We study the thresholé-meson production in the proceAst N— N+ N+ ¢, 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 ® 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 process+N— N+ ¢ and three amplitudes for the subprocess A— N+ ¢. We predict
the ratio of cross sections f@f-meson production ipp andAN collisions and the polarization properties of
the ¢ meson, iINA+N—N+N+ ¢.
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[. INTRODUCTION tribute to ¢ production in nuclei. At bombarding energies of
about 1 GeV/nucleon, a particular state of nuclear matter can
Experimental 1] and theoretical2—6] studies devoted to be formed 13], where about 1/3 of baryons are excited to the
¢-meson production in nucleon-nucleon collisions have wit-A-resonance state. It follows then that tlemeson inp
nessed a growing interest in recent years. In particular, ef+ A or A+ A collisions can be produced in non-negligible
forts have been focused on the understanding of the reactiaamount through the process+N—N+N+ ¢ [14-1§, or
mechanism foN+N— N+ N+ ¢, which is one of the sim- evenA+A—N+N+¢. The importance ofAN reactions
plest processes of vector meson productioN M collisions.  for the »-meson productiofil7] and for associative strange
The standard approach, based on one-boson exchanges iparticle productionA+N—N+A+K has been also dis-
channel(the peripheral pictupes not unique, in particular in  cussed 18].
the threshold region. A picture based on centid colli- The aim of this paper is to study production in the
sions, withs-channel excitation of six-quark bagg], can  process A+N—N+N+ ¢, in particular in the near-
also be applied to vector meson productioNiN collisions  threshold region. The threshold region is interesting from an
[8]. experimental point of view and the theoretical approach can
It has been pointed out that the procéés N—N-+N be essentially simplified. The presence of thésobar, with
+ ¢, and in particular the study of polarization phenomena3/2 spin, makes the situation more complicated than in case
in p+p—p+p+¢ can bring information on the hidden of the nucleon, but also for tha + N interaction it is pos-
strangeness degrees of freedom in the nuclé8]. This  sible to develop a formalism, similar i-meson production
problem is related with the possible violation of the Okubo-in NN interaction[19]. The symmetry properties of the
Zweig-lizuka (OZI) rule [10] for various processes of had- strong interaction, such as the Pauli principle for the nucle-
ronic w and¢ production. In the framework of specific mod- ons, theP invariance, the isotopic invariance, and the selec-
els[3-5] in the near- threshold region, it would be possibletion rules for the total angular momentum, allow to define
to determine or to constrain the coupling constants of thehe spin structure of the matrix element far- N—N-+N
NN¢ interaction, presently unknown. + ¢ in terms of a small number of partial amplitudes. This
A suggestion was madé1] that a strong enhancement of approach is especially adapted to the near-threshold region,
the ¢/ w ratio in heavy ion collisions, in comparison with the where all final particles are produced$state. The existing
value measured ip+ p collisions, could be interpreted as a experimental data about and » production inNN colli-
signature of quark-gluon plasma formation. Search for suclsions[1,20—27 show that this region is quite wide. There is
signal has been done in the CERN experiment NABS. no particular reason to expect a different behavior in case of
These examples show that the comprehension of the ety production inA+N collisions. Taking into account the
ementary processN+N—N+N+¢ is important for hidden strangeness of th# meson, due to the relatively
nucleon-nucleus collisions and nucleus-nucleus collisions, asmall strangeradius of the nucleoh28], the S wave region
well. However, the reactiol + N—N+ N+ ¢, where the for ¢ production should be larger than far production. A
nucleon participates in its first excited state, may also consimilar expectation has been also confirmed by experimental
data on associative strange particle productiot M colli-
sions, in the near-threshold regif29—-32.
*Permanent address: National Science Center KFTI, This paper is organized as follows. In the second section
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for all possible combinations of the electric charge of bary- S=1,¢(=1-7"=1",

ons: ATT+n—p+p+¢, AT+p—p+p+e¢, A%+p—n

+p+é, A +p—n+n+¢, A°+n—n+n+¢, and AT S=2, t=1-7J°=1", (1)
+n—n+p+ ¢, because all these processes, in shehan-

nel, have a single value of the total isotopic spis,1, and S=2, (=3-7=1",

a single value of the total isospin of the produdedl sys- _ _ o _
tem, as well. The isotopic invariance is also very importantvhereS; is the total spin of the initial +N system and’ is

with respect to the selection rules related to hparity and the angular orbital momentum of this system. _

rametrization of the matrix element we show that any ob- ered reaction, can be parametrlzed in the followmg general

servable for the process+N— N+ N+ ¢ can be calculated 0"

in terms of three independent partial amplitudes, which char- L LA

acterize this process in the threshold region. From all pos- M—Ifl(xlo'yA k><U )(X30' £)+f2(xlaya-U*A~k)

sible polarization observables, only the density matrix of the A A -

¢ meson has a physical meaning, as this process can, in  X(xioyx3)+fa(x10y0-kA-K)(xioyxpk-U*, (2)

principle, occur only in nuclear matter. After this model in-

dependent analysis, we consider the one-boson model, withihere x; (x, and x3) is the two-component spinor of the

m exchange, taking into account the two mechanisms relateiitial (final) nucleon; A is a particular two-component

to the subprocesses+N—N+ ¢ and7m+A—N+¢. Tak-  spinor(each component is a vecjdor the description of the

ing into account the main, i.e., theexchange contribution polarization properties of th& isobar(with spin 3/2, so that

to the matrix elements of these subprocesses, we show that A=0: U is the three-vector of th¥-meson polarization;

the total cross section fok +N—N+N+¢ is larger than 54k is the unit vector along the three-momentum of the

the cross section fop+p—p+p+ ¢, at the same value of ¢ ¢ 4re the threshold partial amplitudes describing the al-

the energy excess over threshd@, The results are summa- |oyed transitions1).

rized in Sec. IV. The presence of the Pauli mati, in the parametrization
(2) ensures the correct transformation properties of the cor-
responding two-component spinor products, relative to rota-

Il. SPIN STRUCTURE OF THRESHOLD MATRIX tion.
ELEMENT Taking into account the conservation of isospin, one ob-
tains

Considering theA isobar as a particle with spin 3/2 and
positiveP parity, it is possible to find the spin structure of the N _i it
processA + N—N-+N+ ¢ in threshold regime. The thresh- ~ “1(A P—PP¢)= \/§M(A n—ppé)
old region can be rigorously defined in the center of mass

system(c.m.s) of the considered reaction in terms of orbital 1
=—M(A"n—nng)

angular momenta of the produced particlest Jlfis the rela- 3
tive orbital momentum of the final nucleons afig the or-
bital momentum of thep meson(relative to the center of =—-M(A"n—npe)

mass of the Rl systen), the condition of theswave produc-
tion of any pair of particles for th&lN¢ final state can be

W“ttﬁn ast,=£,=0. ¢ the threshold | . the same set of three amplitudgs-f; describes all
The spin structure of the threshold matrix element for anythese processes and therefore the polarization phenomena are
processA+N—N+N+¢ can be established in a general jgensical for all reactions\ + N— N+ N+ ¢. Moreover, the

form, from the selection rules in isotopic spi,parity, and  f|lowing relations among the total cross sections hold:
the total angular momentum. From the isotopic invariance of

the strong interaction, one can find that the pair of final ¢(A*p—ppe):0c(A’p—npe):a(A p—nng)=1:2:3
nucleons in all reactiond + N—N-+N+ ¢ (for any charge

combination,pp, nn, or np) has to be in singlet state, fol- and the isospin averaged cross secta'ANHNNqs) is
lowing the Pauli principlefor the pp or nn system or the (AN—NN¢)=1a(A"p—nng). Note that all these iso-
generalized Pauli principléfor the np system. Due to the  topjc relations hold for any kinematical condition of the con-
conservation of the total isotopic spirthe finalNN system  sjgered process and for any reaction mechanism.

must havel =1. Therefore, the total angular momentuim After summing over the polarizations of the final particles
and theP parity of the entrance channel can take only theand averaging over the polarizations of the colliding baryons,
value 7P=1". Taking into account the conservation gf  one can find the following formula for the differential cross
andP, one can find the following allowed partial transitions section of the considered process, in terms of the partial am-
for the proces\ + N— N+ N+ ¢: plitudesf,—f:

=~ M(A%—npg)=M(A%n—nng),
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do 1
S in-tranezenn, @ L b L.
do 6 X '
N=4m?(Ey+m)(Ex+ M), : !
Ml Vo
wheredw is the element of phase space for the three-particle ' ¢ ‘ %

final state Ey andE, are the energies of the collidingand | ::/ .
A at threshold, in c.m.s.: AP—IQCﬁ
W2 +m2—M?2 W2 —m2+M?2 N, N; (0) N N,
NT2w, T AT 2w,

Wih=2m+m,, A N2 A N3

wherem, M, andm,, are the masses &, A, and ¢ meson, .’\/"\/\,\, l\'\’\%

respectively. We used the following expression for the den- ¢ ¢
sity matrix of the unpolarizea isobar: AT AT
W_x AT ! ! !
Pab =Aalp -3 5ab_§6abca'c ) S G W — S U S —
where the overline denotes the sum overAhpolarizations. 1 N3 (b) NW N2

The factorN in Eq. (3) results from the invariant normaliza-
tion of the four-component spinors for all baryons/r-N FIG. 1. Feynman diagrams fdrchannels exchanges, corre-

—N+N+é. . . sponding to the subprocesst N—N+ ¢ (@), andm+A—N+ ¢
The general parametrization of the threshold matrix ele(b)_

ment, Eq.(2), allows to calculate the polarization observ-

ables for the considered processes. Taking into account th@etry properties of the strong interaction. It is therefore
specificity of this reaction, which can only occur as a secongpgdel independent and can be applied to any reaction
step in ion-ion collisions, the most interestit@nd measur-  echanism. Following the analogy with the processp
able polarization observable is the density matrix of e —p+p+¢, we will consider here different-channel ex-
meson, which can be writteffior S-state final particlesas changesFig. 1), where only states with=1 are allowedzr,
B £ R p, €. . .

Pab = Kakp+ A(8ap— 3Kakp), The spin structure of the corresponding matrix elements

for the subprocesses+N(A)—N+ ¢ can be established

where A is a real coefficient that drives the angular depe”'using the conservation of the total angular momentumrnd

denceW(#6) of the decay products of th¢ meson. For ex-

parity.
ample, in case ofh— KK decay, one finds
W(0)=1+ B cogé, A. Subprocessm+N—N+ ¢
1-3A4 4]f,+ f3|2 @ 1. Relations between the amplitudes AHN—N+N+¢
BZ - 1+ y 4 —
A |f1_f2|2+3|f1+f2|2 and w+N—N+¢

For the processr+ N—N+ ¢, at the reaction threshold,
where the¢ meson is produced in th@state, the following
partial transitions are allowed!,=0—7"=1/2" and ¢,
=2-7J"=3/2" (£, is the pion orbital momentumso the
matrix element can be parametrized as follows:

where 6 is the K-meson production anglgn ¢-rest system
with respect to the direction of the initiak momentum.
Therefore the numerical value of the coeffici¢htor A, as
well) is determined by the mechanism @f production
through the amplitude$;, i=1-3. One can see from Eq. o PN
(4) that, in threshold conditions, thé meson can be only Mp(TN—=N@) = x3(h;-U* +hyo-kk-U%)x1, (5)
tensorially polarized, for any reaction mechanism.
whereh; andh, are the two complex partial amplitudes.
Let us consider the contribution of the diagrams in Fig.
1(a), which are dominated by the processt N— N+ ¢.
The corresponding matrix elemeftaking into account the
The parametrization of the spin structure of the thresholdchecessary antisymmetrization with respect to the produced
matrix elements given above is based on fundamental symucleons inA+N— N+ N+ ¢) can be written as

Ill. THE DYNAMICS FOR THE t CHANNEL
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Ma=Mia— Maa,,

_ JaN®

Myg=—""

w

(X3A-K)[xi(hyo-U*

tl_m

- 3 o k
+h20"kk'U*)X1]MF7TNA(t1),

_ JaN®

Mag=—"""

1 T

(x1A-K)[x3(hyo- U*

. K
+h20"kk‘U*)X1]MF7TNA(t1): (6)

where gan- IS the AN7r coupling constant, which deter-

mines the corresponding width for the decay>N+ 7, as

9ins 9°
127 M3

I'(A—Nm)= (E+m), g°=E2—m?,

M2—m2+m?
E=—"m
Taking T (A—Nw)=0.12 GeV, M=1.231 GeV, m
=0.938 GeV, andm,=0.139 GeV, one findsgy++p,+
=19.3. The functiorF ,ya(t1) is the form factor of the ver-
tex " p—A*T, with a virtual pion.

In the threshold region foA +N—N+N+ 7, the pion
propagators inM,., and M,, are identical. This app-
roximation is consistent with the previo@&wave consider-

PHYSICAL REVIEW (57, 044004 (2003

amplitudesf ;,—f 35 of the procesa + N—N+ N+ ¢, in the
framework of the considered exchanfféig. 1(a)] can be
written as

gANw
f1a=0, f2a= hlm MFWNA(tl)I

JANT
tl_ mi_ MF‘ITNA(I]_)'

f3a: h2 (8)
2. Analysis in terms of the amplitudes;hand h,

Taking into account that in the considered modsith
f12=0) the parameteB, Eq. (4), has the form

_ |f 20+ f3q]2
|f2a|2

one can find that the simultaneous measurements of the co-
efficient B (i.e., the angular distribution of the decay prod-
ucts p—K*"K™) and the differential cross sectiaho/dw
allow to find the module of the amplitudes:

1+B

3 do
2_ /-1
Ifd =N 543 do
3(B+1) do
2_ar-1
|foat faal =N ' —F 3~ g0

From Egs.(2) and (8) one can see that both amplitudes
andh,, of the subprocess+N— N+ ¢ contribute taM and
the differential cross section fak+N—N+N+ ¢ can be
written (in a particular normalizationas

ations. A possible difference in these propagators, which

may appear outside the threshold region, generd&es

and higher partial waves of the produddtl¢ system. Note
that  t;=(pa—pP2)?=—mmy+(M2—m?)[(m+m,)/(2m
+my)]=—-0.527 GeV}, where p, and p, are the four-
momenta of the initiaA and of the final nucleon.

Using the Fierz transformation, in its two-component

form, one can transform the matrix elemewt,, Eq. (6), to

the “canonical” (s-channel parametrization, Eq2). For ex-

ample, the two contributions td1,, can be written as fol-
lows:

— (AR (o Ax) =3[~ (x1 oyo-AA-K)(xioyxD)
—(10yA-K)(xio-AoyxD)
+i fabcAa(;(lo'yUbA—) : E)

)

X(XEUcUy’;(;)],

for any vectorA. ReplacingA=U* or A=Kk(k-U*) one

gets the formulas for thk, or theh, contribution. The cor-
responding expression fok1,, can be obtained from Eqg.
(7), with the substitutiony,< x3. So, the partial threshold

do

dw

gaN®
2
aa

3

2
) (2[hg]?+[hy+hyl?)
1

]
(AN—NN¢)==

2
XWFETNA(tl)'

(€)

Note that the differential cross section for the subprocess
+N—N+ ¢ has the following form, in terms of the partial
threshold amplitudekh; andh,:

do

—o (TN—=N@)<2|hy|>+|hy +hy|?. (10

dQ

Therefore, in the framework of the considered modelmof
exchange, the differential cross sections fo+ N—N-+N
+¢ and w+N—N+¢ are proportional in the near-
threshold region, and the following relation holds between
the cross section ofv and ¢ production inAN and =N
collisions[33]:

o0(AN—NNw) _0’(77N—>Nw)
o(AN—NN¢) o(7N—Ng)

D, (12)

where
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2 the ¢ meson, determined by the single parameff,

' which can be expressed in terms of the partial amplitides

2
t¢_ m7T FWNA(tw)
t,—m> Fana(ty)

andh, as
ty=—mm,+(M?—m?)[(m+my)/(2m+my)], V=w or Ihy+h,|?
¢. One can see that the correction factis very important B(M=—1+ 1—22
at threshold, due to the differences\irmasses. [Py

But it is not the case for the procegs+p—p+p
+ ¢(w) or nt+p—n+p+ ¢$(w), which can also be treated
in the framework of one-pion exchang#]. For the reaction
p+p—p+p+ ¢, in the threshold region, the spin structure
of the matrix element is characterized by a single contribu-

Therefore the measurement of the unpolarized cross section
(da/dQ), and of the coefficien3(™ allows to determine
both amplitudes, through the following formulas:

tion [19], corresponding to triplet-singlet transition, of the |h1|2=—1 (d_a) '
following form: 2(3+B(™)\dQ 0
~t = ELG ~ (m)
Min(pp—ppad)=f(xj0y0- KX U* x1)(x40yx3)2m |h1+h2|2:i()<g_g> '
_j’_ .
X (E+m), (12) 2(3+B™) 0

Using Egs.(9), (10), (13), and (14), the total threshold
wheref is the threshold amplitude, arttlis the energy of the  cross sections of the processas-N—N-+N+¢ and p
colliding protons in c.m.sE=m-+3m,, so that +p—p+p+¢ can be expressed in terms of the coupling
constants and of the ratio=h, /h; between the two possible

j—g(ppﬂpp¢)“2|f|2- (13) amplitudes for ther+N— N+ ¢ process as
o(AN—NNg) 1793, [E+m|2[t'—m2|?
The 7 exchange fop+p— p+p+ ¢ is described by four R~ o(pp—ppd) 12 o2 M —m2 9(x),
Feynman diagram&o have the correct symmetry properties NN v
with respect to the initial and final identical proton# is g(x)=3+2Rex+|x|? (15)

possible to prove that
where in the integration over the finap2system inp+p

(o 2hy F , 14 —p+p+ ¢ we have taken into account the identity of the
_gwoppt, —m2 E+m N, (14) final protons. The two cross sections have to be compared at
” the same value 0@, Q=W;;,—2m—m,. We assumed, in
wheret’=—mm, is the threshold value of the momentum Eq. (15,
transfer squared, foelastic ¢ production andF yn(t') is 2_ 2
the form factor for the vertexr* NN with virtual pion. One Fana(D) =Frna()= 772 ™ with A.=1.0 GeV
can see that for the procegst p—p+p+ ¢ only the hy A —t
amplitude contributes, therefore the proportionality of cross (16)

sections for the processgstp—p+p+¢ and m#+p—p - . .
+ ¢, Eq.(11), does not holdin the framework of one-pion [34]. The coefficient 1.7, E15), is the ratio of form factors

exchangg Another relation holds in this case, Squarec[FAN-n-(tl)/FNNTr(t/)]z_- N
The complex parameterdrives also the coefficieri for
o(pp—ppw) o(mN—Nw) 1+r, the decayp— K K™, see Eq(4), so that 3+ B=g(x). One

can see that these two observables are not independent, in the
framework of the considered model.
Figure 2 shows th& dependence aj(x) as a function of

o(pp—pp¢) o(aN—N¢) 1+r,” "’

here i ! X )
wher the two independent variables, R@and |x|2, with the evi-
5 . 2 L2 dent conditions|Rex|<|x|,|x|=0, Rex being positive or
|hl+h2| ’ tt,b_mﬂ' FﬂTNA(tw) negative
=|———| andD'= , "
v |hy|? v t;—mi Fona(ty) Comparing the threshold values for andt’=—mm,,

one can find that the pion pole &+ N—N+N+ ¢ is closer
which shows that a separation of contributions due to thd® the physical region, and the ratio of propagators,

production of thev mesons with transversal and longitudinal 2\ 2

polarization has to be donéor the processm+N—N mm,,+mz ~32

+ —m2 e
®). t,—m2

Therefore the study of polarization phenomena for the
processm+N—N+ ¢, in the near-threshold region is re- will increase the relative value of theN cross section. Due
quired. The simplest observable is the tensor polarization afo the instability of A, this pion pole, forA+N—N+N
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FIG. 2. Thex dependence aj(x) as a function of Rec and|x|2.

+¢ could be, in principle, in the physical region, for some

kinematical interva[17]. However, as illustrated in Fig. 3,
this cannot happen in the near-threshold region, &nd
=m? in a wide region 3.14 Ge\s W=<10.00 GeV,W is the
total invariant energy of the colliding particles.

Taking I'(A—Nm)=120 MeV and g2,/47=15 one
can find R>1, in the framework of the considered
m-exchange mechanism, Fig@l A more accurate estima-
tion for do/dw andR could be done, knowing the threshold
partial amplitude$; andh,. In literature[2] it is possible to
find an estimation of the energy dependence of the total cro

o
O
©

t, [GeV™]
&)
o
T

=
(@)
N
T

0.06

0.05F

0.04F
0.03F

0.0Z:— thmﬂ

0.01F

O:\|.I...I\\|I\|.I‘.‘\|..
0 2 4 6 8 10 12

sqrt(s) [GeV]

FIG. 3. Dependence of the momentum transfer squared Js
(in the regiont;=0).
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> . >
N N

FIG. 4. Feynman diagram farchannelp exchange for the pro-
cessm+N—N+ ¢.

section for the subprocess+N— N+ ¢ (with unpolarized
particles in the framework of a very specific resonance
model where a single nucleon exhibits a “resonancelike”
contribution. The mass and width of this “effective” reso-
nance were determined by fitting the available experimental
data[23]. Such model, however, cannot help us to determine
the partial amplitudes,; and h, separately, without addi-
tional assumptions, concerning the spin and parity of the
resonanceR and its coupling constants for the verték
—N+ .

3. p-exchange model for subprocess+N—N+ ¢

In principle, it is possible to develop a more complicated
model for them+N—N+ ¢ process, which takes into ac-
count different contributions: vector meson exchange in
channel,N and N* contributions ins and u channelq35].

But even near the reaction threshold several nucleon reso-
nances, with7°=1/2" and 3/2, can contribute, introduc-
ing unknown parameters: coupling constants and form fac-
tors. Only in the framework of the quark model definite
predictions can be done.

Let us apply thep exchange as the most probable mecha-

gg’sm for the “elementary” subprocess+ N— N+ ¢, Fig. 4,

to estimate the value of the ratioof the amplitudes;, and

h,. One can easily see that, in the near-threshold region,
such model gives=—1 and the minimal value for the ratio
of cross sectionsR. In this case one find8=—1, with a
sirfd angular dependence of the decay productspin K

+K, which is an evident property of thep¢ vertex. This
last result does not depend on the different ingredients of the
considered reaction mechanism, such as the coupling con-
stants and the phenomenological form factors in the hadronic
vertexes, but it depends on the mechanism chosen for the
processm+N— N+ ¢. Note that, following the analysisS]
of the procesp+p—p+p+ ¢, in the near-threshold re-
gion, thep exchange is the leading mechanism, which can be
justified by a smallgyy, coupling constant with respect to
Umpor " |Inngl/[Gmpgl <1 [3].

The threshold matrix element for the subprocess+n
—p+ ¢ (with a virtual pion, with four-momentum squared
t,), corresponding t@ exchange, has the following form:

(O™
M(w*NaN«ﬁ)zﬁ@—m)ﬁgpm(lwf,)
2=

XF onn(t2) F rpg(tssto)

XX:)((;"G*—(;EU*'E)XW a7
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wheret,= (py—p,)?= —mmy+(M*-m?)[m,/(2m+m,)]  whereM;;, can be expressed in terms.bi,(7A—Ng) as
=—0.75 GeV; g,nn is the vector coupling constant for the
vertex p°NN; K, is the ratio of the tensor and vector cou-
pling constants for this vertex; the coefficieyi2 takes into
account the relation between the couplingspifinp and
p°pp vertexesiF ,un(ty) is the phenomenological form fac- XMth(WA_’N({b)
tor for the vertex pNN with virtual p meson; and tz—mi '
F pe(t1,t2) is the form factor for ther™ p* ¢ vertex, where
the 7 (p) virtuality is characterized by the four-momentum The factork/(Ey-+m) results from the transformation of the
squaret; (t,). We take the following normalization of these relativistic vertexmNN into its two-component equivalent.
form factors: Taking into account both diagrams for this typemofex-
) > o changeg[Fig. 1(b)], one can find the spin structure faw,,,

Fonn(my) =F zpg(mz,my) =1. (18)  \when the final nucleons are emitted in singlet state, and the
following relations between the partial amplitudds, ,i
=1-3, for the processA*"+n—p+p+¢ and h,,i
=1-3, for the process+A—N+ ¢:

k fe
Mayp=— \/EQWNNEN—_Fm(XzU' Kx1)F znn(t2)

(23

The coupling constary,,, 4 for the mp ¢ vertex enters in the
corresponding Lagrangian:

Omps

ﬁwpqs:m—d)eﬂmﬁa“p”(x)&“w(x)cbﬂ(x), (19 fip=Aa(h1a—hzy),
wheree,, .z denotes the Levi-Civita antisymmetric tensor, fap==Ash1a, (24
with 6.0123: +1. ) ) fon=—ALh
Using EQs.(17) and(19) one can find the following ex- 3b Ati2a
pressions for the partial amplitudég , i =1-3, for the pion i,
exchange mechanism, illustrated in Figa)i
= =_f, = 1 k
f|a 0, f2a f3a ANthy AA: — \/ngNNFwNN(tZ)m EN—+m’
_ \/— g'n’pd) .
hin= 2(EN—m)t_—ngpNN(1+ Kp) where the coefficienty2 results from the vertexn—p
2 P +a .
X FpNN(tZ)FﬂT;uﬁ(tlatZ) (20)
q C. p-exchange model for subprocessr+A—N+ ¢
an
Again, taking into account thdfyng|<|9.,4/, We can
Gattpae K estimate the amplitudds, ,i=1-3, in frame ofp exchange

AN_—ZMFANw(tl)- (2)  only. The corresponding matrix element can be written as
ty—mz follows (for virtual pion, with four-momentum squatg):

B. Subprocessm+A—N+ ¢ Ompp Ga++pp+ K2

— A+t _

FANp(tl)
Relations between the amplitudes AHN—N+N+¢

and m+A—N+¢

t 7 oS " >
At the reaction threshold, the processt A—N+ ¢ is XFarpa(tet2) (' AXk-U*Xk), (25

characterized by three possible partial transitiofis=0
—JP=3/2", ¢,=2—77=1/2", and 3/2, with the fol-
lowing matrix element:

whereg, ++,,+ is the coupling constant for th&Np inter-
action with production ofp meson of magnetic type only

(i.e., with spin structurey'A - kx p, wherep is thep-meson

M A—No)=h tA.U*)+h TA*,AE AE,L]* polarization vector Following the vector domain model
(T $)=hialx )*haa(x ) (VDM) hypothesis, such parametrization implies the domi-
Lih (XTt; AIZE AIZXL]*) 22) nance of theM 1 radiation with respect to thE2 radiation
3A KA ;

for the radiative decap — N+ y [36] and in theA electro-

wherehy,, h,y, andhs, are the threshold partial ampli- €Xcitation on the nucleone™ +p—e”+A", up to very
tudes for the processr+A—N+¢, and y is the two- |argé momentum transfer. o
component spinor of the final nucleon. Notg, in this respect, .that the_ “standard” relativistic pa-

This allows to write the corresponding contributiget, ~ @metrization of theANp interaction, through the Lagrang-
to the matrix element of the proceas *+n—p+p+¢ as  1an[17]

follows:
gANp

=22 g )T s a5
Mb:Mlb_MZba ‘CANp m-+ M\I,A(a)T’y YSWN(X)[[?[LPV(X) &Vp,u(x)]
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producesp meson not only oM 1 type, but also oE2 type i.e., r¢(t;,t5), r., and thereforey, do not depend on the
(with transversal and longitudinal polarizationg contra-  value of the coupling constagt,,, -
diction with VDM. For numerical estimations, we take, besides @6), the
The matrix element25) produces the following partial following parametrizations of the hadronic form factors:

threshold amplitudeb;, , i=1-3, form+A—N+ ¢:

A2—m?\?

P 4 .
———| with

hia=—hya, h3y=0, FNNp(t):FANp(t): A2
p

i.e., fip=—"F,,="F3,, with 5=—1. This means that both
considered types ofr exchange generate only transversally A,=1.85 GeV[34], (39)

polarized¢$ mesons.
(AG-m2)(A%-m?)
(Ai_tl)(Ai_tZ)

Ay=1.45 GeV[3]. (32

F t,t,)=
D. Coupling constants and form factors mpa(trt)

Finally, the two possibler exchanges fod ™" +n—p
+p+¢ result in the following amplitudes; . (fi,="fia

+fip,i=1-3): This givesr(t,,t,)=0.92. Taking the coupling constants
fl'n':AAhlA’ gp:3'04’ Kp:6.1, ngN:13.4, gA++pﬂ-+:19-3,
f2r=—f3,=Ayhin—Aah1a. Oa+ppo=24 (33

This gives the following expression for the matrix elementye fing r.=0.62. Therefore|ry,|=0.47, i.e., the two

squared corresponding to the four different contributions ofyechanisms considered above have comparable contribu-
Fig. 1 (after summing over the polarizations of the producedions. As the relative signs of all these coupling constants
nucleons and averaging over the polarizations of the collidze not known, we have to consider both possibilities,
ing A andN): rna= *0.47, which implies that

2 _ 2 _ _
M= Mt MoP= 5 ARRG (L= Taa try). (26 Cl=)=1= Ml # iy =078+) - or 1.69-)

and that the corresponding values for the cross section may
The real parametary, characterizes the relative role of the differ by a factor of 2.

two possible mechanisms foA+N—N+N+ ¢, corre- We can conclude that the ratiq, is not sensitive to the
sponding to the two possible pion exchangesgs. 1a) and  hadronic form factors and does not depend on the character-
1(b)]: istics of themrp ¢ vertex: neither on the absolute value of the
9xpe Coupling constant nor on the form factéi(t,,t,).
; :AAhlA Varying the constang,yy in the interval 2.6437] <g,yn
NAT Aghin <3.25[38] induces a small variation ony,, 0.43<ry,

=<0.53, and onC(=*), 1.61=C(+)=<1.81, and 0.74C
and its numerical value is given by three different factors, (-)<0.75.

Frua=refp(ty, t2)(ty to). @7 E. Estimation of the cross section forA**+n—p+p+ ¢

Herer is the ratio of the corresponding coupling constants, In the threshold region, the energy dependence of the total
cross section for the process™ " +p—p-+p+¢ can be
J2 Oa+pp®  Gann written as[39]

- . (28
(1+Kp)(1+m/M) CPANIN Oa++pat Utot(Q):WNANQ21 Q=\/§—2m—m¢

e

The functionr(t;,t;) characterizes the relative role of the |,
correspondingm and p propagators for the considered

mechanisms, 11 m m, 1
No=— — \/ = 34
A 72 256 (2m+m,)2 V¥ (2m+my)k (34

) ) b
rp(tl,t2)=(t1 (2 m;):o.se, (29

(t,—mZ)(t;—m?)

— 2
| M|?= ZARhIC(*).
and the functiorr¢(t,,t,) is the ratio of the hadronic form

factors for all these diagrams with pion exchange,

Fana(t2)Fanp(t) Frpg(ta,ta)
Fana(t) Fanp(t2) F rpg(ts,to)

Taking into account the expressiof®)), (21), and(26), we
can write

re(ty,ty)= (30

MM2=K KK C(£), (35)
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KC: [ \/EgA++p7T+g7TP¢gPNN(1+ KP)]Z’ (36) - ,—xp,—n NN ’\/W\/f/\/
2mk(Ey—m) (Ex+m)(Ex+ M) |? |
Kp= 2 2 . (37 :
M(to—m2)(to—m;) A "
Kt =[Fana(ts) Fanp(t2) Frpg(ts t2) 1% (39) :
So, with the standard parametrizations of the form factors, N A> . > N
see Eqs(16), (31), and(32), one findsK;=1.65< 102, i.e., (4)
a very large effect of the form factors on the threshold cross FIG. 5. Feynman diagram for exchange in the subprocesses
section. pEN(A)—N+ .

With the values of the coupling constari®3) andg
=1.1, the threshold behavior of the total cross section for the ] ) ]
processA* ¥ +n—p+p+ ¢ depends on the sign of , characterized by an even more complicated spin structure,

with eight independent partial amplitudes. Sophisticated
Q )2 [ 1614

(+) B models (with excitation of nucleonic resonangesontain
Tior (Q) = GeV) | 740 mb, (39 several unknown parameters, therefore theontribution
cannot actually be calculated with sufficient precision.
where () corresponds to the two possible signs of the ratioTherefore, the simpler-exchange model for the subpro-
I'NA - cessep* +N(A)—N+ ¢ seems to be the most reliable.
This result can be compared with the experimental result In any case, the mechanism afexchange in the subpro-
for the total cross section of the procgss p—p+p+¢ at  cessep* +N—N+¢ and p* +A—N+ ¢ (Fig. 5 will fi-
Q=83 MeV[1], nally generate the same matrix element fof " +n—p
_ +p+¢ as thep exchange in the subprocesses N(A)
o(Pp—ppe)=(190+14x80) nb. (40 —N+ ¢, which has been taken into account in the previous
Assuming the knowiQ dependence for the cross section for considerations. This means that the main pai exchange

threshold three particle producti¢89], one can rewrite the for A+N—N+N+¢, which is due to therp¢ vertex, is
result(40) as common with therr exchange, considered above. Therefore

o2 the difference between the and p exchanges can be in-
_ duced by nucleonic contributionf the subprocesses
o(pp—ppé)=27.61=0.07= 042)(@) ub. (41) N(A)—N+ ¢ andp+N(A)—N+ ¢ in sandu channel§
which may be neglected, due to the small ratio
This behavior can be quantitatively reproduced using thegyy,l/|g,4l-
wp¢ exchange for thepp—ppe¢ process, also, with the Note finally that the process+N— N+ N+ ¢ cannot be
above mentioned coupling constants and form factors. studied in a direct experiment, AN collisions occur inNA
Comparing Egs(39) and(41), one can see that the rela- or AA collisions as secondary reactions. As we do not dis-
tive value of the cross section fgr-meson production ithN cuss theA — production mechanism, we assume the “preex-
and pp collisions depends on the sign of the ratig,. In istence” of unpolarizedA’s in the medium, following Ref.
any case, for the same value Qf the cross section fop  [17]. Such hypothesis is not in contradiction with the present
production inAN collisions is three to five times larger than calculation of theAN cross section, but for the calculation of
for pp collisions. the polarization properties of th# meson, the knowledge of
The present predictions for the cross section for the proghe k direction is important. In case dfiA collisions with

cessA™" +n—p+p+ ¢ are about five times larger than in g,psequenaN interaction, this direction, with good accu-
Refs.[14,19, which also underestimate the DISTO resultacy can be identified with the direction of the initial

(40) by the same factor. nucleon beam. In case &A collisions the A-production
mechanism must be important. For high-enedgi colli-
IV. DISCUSSION AND CONCLUSIONS sions we can expect that production—through binary sub-

Itis, in principle, possible to analyze in the same way theP' 2¢€SS€S: such a6+ N—A+N andN+N—A+A [4_0]_

p exchange for the process+N—N+N+¢. One can plays a large role, i.e., the vect.br_can be |(J!ent|f|ed with the
show that the matrix element fgi* + N—N+ ¢ contains three-momentum of any of colliding nucley$;) is quadratic
five independent spin structures, with five correspondingn the k components The ¢ polarization due taAN colli-
complex threshold amplitudes. sions has therefore a physical meaning.

VDM can also be applied tp* + N— N+ ¢, to relate this In conclusion, we have studied the reactiahs N—N
process tap electroproduction. But there are no experimen-+ N+ ¢ in the near-threshold region on the basis of the most
tal data aboutp electroproduction near threshold, therefore,general symmetry properties of the strong interactirpér-
for numerical estimations, a dynamical model has to be builtity and angular momentum conservation, as selection yules
The procesp* + A— N+ ¢, even at threshold, is generally and treating the dynamical aspects in the framework of one-
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boson mechanism. Let us summarize the main results of owf production of¢p mesons with transversal and longitudinal
analysis. polarizations in the process+N—N+ ¢.

We established the spin structure of the threshold matrix The value of the parameterdepends on the model cho-
element for the process+N—N+N+ ¢ in terms of three  sen to describe the process+N—N+¢ in the near-
partial independent complex amplitudes. In the general casg@reshold region. The-exchange mechanism, for this pro-
of noncoplanar kinematics, this process is described by 96ess givesk=—1.
independent amplitudes, 48 in the coplanar case and 11 am- The threshold cross section for the process N—N

plitudes for collinear kinematics. +N+d is larger by a factor of 3—5 with respect
One of these threshold amplitudes vanishes for the pion ¢ Is larger by ' with respect [of-p

t-channel exchange—with the subprocess-N—N+ ¢ —Ptpt .

; ; ; +
[Fig. 1(@)]. Therefore it is possible to predict the polarization Two poss[ble pion exchange meghanlsms Iot*+n
properties of thep mesons, produced in the reactian- N —p+p+ ¢ give comparable contributions to the cross sec-

—N+N+ ¢, and the ratio of the total cross section for the tion, in the near-threshold region, with large sensitivity to the

processed + N—N+N-+ ¢ andp+p—p-+p-+ & in terms relative sign of the coupling constants which enter in the
of a single parametex, which characterizes the relative role c&lculations.
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