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KN interactions are investigated via an effective nonlinear chiral meson-baryon Lagrangian. The adjustable
parameters are determined by a fitting procedure orKitpethreshold branching ratios and total cross-section
data forp',?bSZSO MeVk. We produce predictions for thEs mass spectrum, and scattering lengs,,
a,(K'n—K™n), a;(R"nHR"n), andaex(K‘pHRm). TheKN amplitudes thus obtained, as well as those for other
two-body channelgzN, NN, andYN), are used as input to predict the scattering lerfgthy, for which we
have devised a relativistic version of the three-body Faddeev equations. Results for all two- and three-body
coupled channels are reported both in isospin and particle bases. All avéiMblata are well reproduced and

our best results for this™p andK™d scattering lengths asg-,=(-0.90+0.87) fm andAx-4=(-1.80+1.59 fm.
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I. INTRODUCTION Of particular interest in this regard has beenkhp chan-

The present paper is devoted to the study of theneI near threshold. It is dominated by the below-threshold
K™-deuteron scattering lengt-4 by exploiting a relativistic resonance\ (1409 to which it strongly couples. This reso-

version of the three-body Faddeev equations in which the ance decays aImost-echuswerﬁE. One of the mtngumg .
o ) ; . : Subjects related to this resonance has been its dynamical ori-
principal two-body input is based on an effective nonlinear

. T gin: whether it is a hadronic bound statekofp embedded in
chiral meson-baryon Lagrangian in the strangengssl . . S
L : : continuum(since it is located above the2 threshold or a
sector. A preliminary version has been reported in REF.

Bel hall beain with h boH three-quark baryon resonan¢er something more exotic
elow we shall begin with a survey on the two-bol Whereas no definite conclusion has been drawn based on the
amplitudes which are the central input to our present ente

' . ! ) récattering data analyses by forward dispersion reld2¢8],
prise, as well as the evolution of the low eneigyd physics. 5 recent effective chiral Lagrangian approd&h has pre-

In this way we hope that our motivation will be clear to the gented a convincing picture in favor of thep(1=0) bound
reader. _ state, as we shall discuss later in the context of the objective
Whl'lﬁ the low to medium energlyaon-nucleorprocesses  of the present paper. A more down to earth but quite impor-
(say,pg°<1.5 GeVt) have been known to show no signifi- tant problem has been th€p scattering lengtia-,, which
cant structure up to the pion production threshold inkiée  gictates the threshold characteristics of i interaction.
channel, itsu-channel counterpart—tH€N channel, presents For this quantity the so-callekiaonic hydrogen puzzleee,
quite a rich structurg¢resonances, possible bound states ine.g., Ref.[6], had disturbed the community engaged in low
the continuum, etg—see, for example, Ref$2,3]. For the  energy meson-baryon interactions for quite a long time.
most recent discussions on both experimental and theoretic8liefly, the puzzle originated from the fact that the real part
fronts, see, for example, Olin and P&g#. The thus men- of a.-, extracted from the Satomic level shift(due to the
tioned characteristics may be understood within a simpl&trong interactiopof the kaonic hydrogeii7] had an oppo-
quark model where the quark structureskgfK, andN are  site sign to that obtained from the analyses of ikhe scat-
known to begs, s andqqq respectively withg beingu  tering amplitude.

and/ord quarks. In this picture th&N system may be rear- Despite the persistence of this puzzle, several pioneering
ranged to become a combination such(@g)(sqq, which ~ works on the low energy negative kaon-deutefkind) scat-
may be identified, for example, asY(Y=A,3) in terms of  tering by solving three-body equations were performed by
the lowest-lying octet hadrons, or to generate strangeBesssimply disregarding the information from the kaonic hydro-
-1 hyperon resonances. On the contrary, such a scenar@®n. The first study of that type on tied elastic scattering
does not materialize for thEN system in which the anti- atlow energies was performed as early as 1@%y adopt-
quark involved iss, hence the corresponding low energy pro-ing simple Swave rank-1(non-locaj separable interactions
cess is uniquely the elastic scatteringkofand N. So, both  for the1=0, 1KN channels and for thﬁ deuteron channel
theoretically and experimentally, tH&N (S=-1) system has as basic two-body ingredients. For théN interaction the
been drawing much more attention than K (S=1) chan-  potentials were fitted to reproduce the complex-valged

nel. scattering length known from the amplitude analysis at that
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time (see, for example, Ref9]). The principal objective of mass spectrai(pA), the neutron momentum spectra in the
the work was to see the convergence properties of the mufinal N3~ 7" as well as im3*s~ three-body channe[48,19.

tiple scattering series: at low energies they found that thdhe models were able to reproduce the experimental trends
single and double scattering contributions were far from sufdepending upon which combinations of signs in the nondi-
ficient. An extension of this work to the three-body break-upagonal amplitudes such @N— 7%, AN—ZXN should be
channelsk d—K™np, K°nn was performed by the same au- adopted. Note that those amplitudes determined by fit to the
thors by deforming the momentum integration in the com-corresponding cross sections are unique up to an overall
plex plane to avoid the anomalous threshold branch cuts dudgn, or phase in more general terms, unless additional con-
to the final state\N interactions[10]. The result turned out Straints from, say, some symmetries were imposed; but in
to be insufficient for discriminating the differeitp input thrge—body Processes the sign dlffgrence does Sh.OW up. Also
amplitudes by comparing with the data, as the two-body in& d|ﬁerenqe n th? two-body amplltude§ .responsmle for the
put were incomplete, along with insufficient statistics for thefinal state interaction was found to be visible in the break-up

data. However, the methods developed served to motivatehannels, so the data could be used to discriminate different
later attempts for studying the three-body final states fro wo-body mo_dels used_. In both works the authors aiso cal-
the theoretical side. Also the same authors improved thei?u.Iated theK_ d scattering lengttAo. The best yalug .Ob'
first elastic scattering calculation in R¢8] by incorporating tained fpr this quantity in those works may be identified as
the isospin breaking effect manifested in the mass differencge_l'34ﬂl,'04)fm [.15' . :
betweenk® and K- as well as between and b, which re- The third multichannel three-body calculation was carried

sulted up to an about 10% difference in the cross sectior?Ut in Refs.[16,17 for low energy elastik"d scattering as

; well as to find the best theoretical value #&g-4. The data
[11]. L"’!‘er Myhrer[12] SEUd'ed the_ role of the\(1_405 réso” sed to the?-fits to determine the two-body separable inter-
nance in the thresholl™d scattering by assuming a simple

) - ) ) actions were the same as in Rgf5]. The novelty was to use
resonance form for the inpit™p amplitude. Here again the L ; ) ;
) s . . . ; relativistic formalism, hence the correct kinematics was en-
insufficiency of the first few iterations of the multiple scat-

: . sured when dealing with different total masses different
tering series was found in the presence of a two-body resc{'hreshold$ in the entrance and exit channels, both in two-
nance. This was then followed by using improv€dN am- '

litudes th Ki he off ¢ ’ h body input amplitudes as well as in three-body coupled equa-
plitudes that took into account the effect of coupling to theyj,ng \with the3D, partial wave component included in the

physically accessiblerY(Y=A, ) channels and, though im- deuteron channel interaction. the best value
plicitly, the effect of A(1405 [13]. In this regard one should =(~1.51+1.45fm. ’ s

b86 1r1er:1t1inded f’;hatt in the. ealr_lie_:jt works mter;tionledbabt(r)]ve After the last theoretical calculation just discussed above
[8,13 those effects were implicitly represented only by ®had come out in 199016], the low energyKd physics be-

complex—valu_ed(N scattering lengths. To 'summarize., all the_ came dormant for about ten years. One may identify some of
models mentioned here summed up multiple scattering serigfq possible reasons for that void.

driven by anS-waveKN scattering with a spectatd and an (i) The kaonic hydrogen puzzimentioned earlier kept
°S; NN scattering in the presence ofkaspectator. We will  persisting, so it was felt that without any solution to it, one
refer to this type of models asngle-channel approach could not find any credible low enerd§ p amplitude for use

The next generation of theoretical endeapbt—17 may  to improveK d models.
be characterized by explicitly taking into account the three- (ji) The rank-1 separable potentials adopted to model the
body channels involving hyperonsNY(Y=A,X), whereY  egssential ingredients, namely, the couplétl-=Y ampli-
is produced from th&N— 7Y reactions in the presence of a tudes, lacked support from the underlying strong interaction
spectator nucleon. Also included were the two-body interactheory. So, even by adopting isospin symmetry to fit the ex-
tions 7N with a spectatoly as well asYNwith 7 as a spec- isting data, there was no compelling reason to believe that
tator. In this way genuine three-body unitarity was guaranthe best fitting amplitudesre really acceptable on physical
teed to hold. Common to all three works cited here is theground(a serious attempt of this type dated back to Henley
way to construct all the two-body input amplitudes to theet al. and Finket al. [20]). In this respect some efforts to
three-body equations. Apart from tiN deuteron channel, constrain the fitting parameters by @) symmetry deserve
all the two-body amplitudes—couplédN-7Y channelss7N,  to be noted[21,22. However, the separable ansatz still
as well as coupledNY-NY channels—were assumed to be needed to be given a proper justification. It should be useful
obtained from rank-1 separable potentigl®ostly in S  to note that there were also local versions of the correspond-
waveg where the strengths and ranges were adjusted to fihg potentials based upon physical constants from chiral La-
the available cross sections, etc. Isospin was assumed to geangian to be somewhat tung2i3], but the local form had
conserved exactly so that the number of channels to dealo support from the supposedly more fundamental theory,
with in the two-body input as well as in the three-body equa-either. In addition to this, taking into account the isospin
tions be kept manageable. This will be termed asrthdti  breaking effects would have pushed the picture farther into
channel approactas compared with the single-channel onethe mist. So why should one go forward under such circum-
mentioned earlier. stances?

The first two of those multichannel approacHéd4,15 Quite fortunately, there were two major breakthroughs:
were dedicated to the near threshold break-up reactiongne on the experimental and the other on the theoretical
K d— wNY, where data exist for the reaction rates, the finalfront.
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First, the long hauntingkaonic hydrogen puzzlevas was to deal with the integration of various meson-baryon
finally put to an end by the KEK experimeri24], and two-particle propagators which are ultraviolet divergent.
the K™p scattering Iengthaﬁ,p, where Coulomb effects With only two parameters adjusted to very plausible values,
are not separated, was extracted to B =[-0.78 the cutoff atp=630 MeVk in the momentum integrations to
+0.15stad+0.03sysh]+i[0.49+0.2%stah+0.12(sysh] fm,  Dbe convergent and the average octet meson decay constant
by applying the Deser-Trueman formyla5] to the kaonic ~ Set asf=1.15_, the authors were able to reproduce various

hydrogen & level shiftT, and widthe, by K™p strong inter- low energy data associated with the above-mentioned
action: coupled channels impressivele isospin breaking effect in

the particle masses was include®articularly, theA(1405

was generated dynamically as an unstable bound stédepof

in the I=0 channel whose decay inteY was also correctly

] ] ) ) reproduced. As will be discussed in the following section,
with o being the fine structure constant apdbeing the \ hat made this approach particularly noteworthy was that
Kp reduced mass. Although the thus obtained quantity,o on_shell ansatz they adopted turned out to be interpreted

mcludes the effect of the C_oulomb |_nteract|on, he_nce notas a practical justification for a separable representation of
identical to the corresponding quantity due exclusively to

i : . . . two-body meson-baryon potentials, where coupling strengths
strong interaction, the difference is, even conservatively .
o 7 o vere the product of two parts, one dictated by($Usym-
at most within a few percent: in the case of pionic hydro-

gen the difference appears to be below 1%, see, for exXetry, and the other depending on energy. Note that this
ample, Refs[26,27), so the extracted Ray-p) finally was on—shel_l ansatz was made to be rewritten in a more.elegant
found to have the same sign as that from the analysis dP'™ Viz., in the so-called\/D representation, or cast into a
scattering data. The DEAR projef28] with the DADNE ~ Once-subtracted dispersion integral representation of the two-
facility (¢ factory) at Frascati had been planning to repeatParticle propagators, etc. There, the dynamical left-hand cut
the experiment with higher precisions, and the data takingontributions were shown to be weak, and the divergent in-
is reported to have been over. In addition, along withtegrals were made finite by an introduction of several sub-
other experiments involving variou& mesons, this traction constants adjusted to reproduce the relevant data,
project has planned to measure the corresponding quantincluding theK= channel[36—4Q.

ties for theK™d atom, and the experiment is expected to Now, upon witnessing the experimental and theoretical
start soon29]. To obtain theK™n scattering length with- progress reviewed above, the time is ripe for starting<tied

out recourse to isospin symmettiience to find out how scattering study again. In fact, the Oset-Ramos r¢5iilvas
good that symmetry is realized in the kaon sector in thisapplied to calculate the scattering lendth-4 within what is
quantity is one of the objectives for this measurement.called the fixed centefor fixed scattergr approximation
But, a more ambitious picture such as using the quantitiegFCA) by Kamalovet al. [41]. Here we want to claim that a
obtained to extract the kaon-nucleon Sigma-teo\,  more refined approach should match the Oset-Ramos-type
with the help of theories such as chiral perturbationgmplitudes. More specifically, we think it necessary to ex-
theory, see, for example, Ref30], has been some strong ot a reliable method in dealing with three-body scattering.
driving force for the exper|mer[t4,_31,32. In fact, _such & Inthis paper, we thus present a complete study oktft
program has been put into practice recently using the pigcaering length within the Faddeev equations. In Sec. Il A
onic hydrogen and deuteriuf33]. It should be useful to we first adopt the approach due to R} and construct the

mention here that extracting th@oulomb corrected Kl . . . .
scattering length through the Deser-Trueman formula ma oupleds-wave separabl&N interactions, including the cou-
ling to the charge exchange, as well as thé and »Y

not be as accurate as that for tkep system, and that rela- ; . .
tion between the purely strong and Coulomb corredted channels. We study different models, with parameters fitted

scattering lengths may not be quite simple either. This wado the ayailable experimental data, along with the constraint
discussed in terms of simple models by Barrett and DeloffO remain close to the 3B) values. The results are presented
[34], see alsd26]. This will be revisited in Sec. V. in bothisospinand particle bases where the latter takes into

Second, based upon chiral perturbation theory, there ha&ccount the isospin breaking effect in terms of the physical
been a steady progress in describing the low to medium ermeson and baryon masses. The parametrizations chosen for
ergy meson-baryon interaction. And within the context of ourthe deuteron channel are described in Sec. Il B. Then we
present interest, there was an important breakthrough madbscuss other two-body interactions adopted in our study in
by Oset and Ramos in describing the coupled meson-barydBec. Il C. In Sec lll, we review the structure of the relativ-
channel amplitudes for th&=-1 sector[5]. The channels istic three-body Faddeev equations. In Sec. IV, we calculate
involved wereKN, 7Y, and Y. The driving(potentia) terms  the K™d scattering length by solving those equations, both in
to the two-body coupled Bethe-Salpeter equations wergsospin and in particle bases. To our knowledge, this is the
taken from the lowest order in the effective chiral Lagrang-first calculation done in the particle basis, permitting to
ian for the 0 octet mesons and I7dctet baryons. Then, an evaluate the isospin breaking effects at the three-body level.
on-shell ansatz developed in RE35] was introduced, which  The sensitivity ofA¢-4 to the two-body input is investigated.
enabled the authors to transform the coupled integral equérhe discussion is developed in Sec. V, and our conclusions
tions into a set of algebraic equations where the major taskre given in the last section.

r
H— 3,,2,C
e+|§—20z My,
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TABLE I. Particle massesin MeV). The fourth row gives the average mass for each isospin multiplet,
and the last row specifies the phase convention used for the isospin states.

K~ K° p n T " L 3 o 3° A 7
493.7 497.7 9383 939.6 139.6 139.6 1349 1197.4 1189.4 11926 11157 547.4
K N 7 3
495.7 938.9 138.0 1193.1
13- B 15 -» 1-» -1» 10 [1-1» -1 |10 (000 |10
Il. TWO-BODY INTERACTIONS shell but off-energy-shell form of equations which may be

regarded as a relativistic extension from a familiar nonrela-
ivistic scattering theory. The second simplification step is to
assume that the-wave potentials take a nonlocal separable
form:

In this part, we describe the various two-body interaction
used as input in the three-body equations. In Sec. Il A an
Il B we present theKN and NN interactions, which are the
fundamental ingredients to th€d problem. Section 1l C is
devoted to a brief description of theN andY Ninteractions. V!j = gi(pi))\:j(o')gj(pj)a 1=0,1, 2)

— wherel is the total isospin for the meson-baryon system,
A. KN INTERACTIONS and g; is the cutoff form factor for channel which is

Here, we intend to construct two-body coupled channehssumed to be a function of the magnitude of the three-
KN interactions. The coupled channels involved kN 7Y,  dimensional relative momentum vector in the same chan-
and nY (Y=A,X) with different total charge states for the nel. In general the coupling stren@ﬂh is assumed to be a
mesons and baryorg the particle basjsor in different total ~ function of ¢ as indicated in the above equation with no
isospin stategin the isospin basjs See Appendix A for the left-hand cutassumed. Some rudiments of how our coupled
relation between these two representations. The physic&lvo-bodyt matrices may be obtained with the separable in-
masses used in the particle basis and average masses useteiactions are found in Appendix B.

the isospin basis may be found in Table I. __ Now, when we compare the expression for the coupled
KN channelt matrices, EQ.(20) in Ref. [5], with our
1. Separable models coupled-channel matricesT;;, Eq. (B6), for which the re-

lated quantities are defined in Eq87) and (B8), we see
immediately that the two results are identical provided that
é&) we setg;(p;)=1 for all i, (ii) impose a momentum cutoff
Pmax iN the integration in Eq(8), and(iii) set

Let us usei, j,k, ..., etc. as channel indices. Since our
present interest is in th€N near its threshold, we may safely
assume that any given meson-baryon system in the coupl
channel is in the relative orbital angular momentarstate
(€=0). So we may adopt theswave projected coupled

A - . 1
Bethe-Salpeter (or relativistic  Lippmann-Schwinggr )\}j =- Ci'j—z(fi +6). (3)
t-matrix equationg42] for the transitionj—i which takes 4f
the following form: The expression fok| above is from Oset and Ram{s],
) which was obtained from the lowest-order expansion in
Ty = Vi + 2 ViuGeTy;, (1) 1/ of the chiral Lagrangian for the octet” Omesons
k

coupled to the octet 172baryons. The coefficient@i'j are

where V;; is the transition potential, an@j is the free ~due to SW3) symmetry and tabulated a8 =Dy, Ci
meson-baryon propagator for the intermediate chaknel =F; in that publication. These are convenient for the iso-
We note here that implicit in the above expression is thaspin basis, but may be trivially transformed to the corre-
(i) the meson-baryon systems are in the center-of-massponding coefficientC;; (for K™p) and C;; (for the K'n
(c.m) frame, and(ii) the integration is performed over the related channe)s for use in particle basis, also tabulated
off-shell four momentum associated with chankel in Ref. [5]. The corresponding change to obtain the

We take two additional simplifications to make the strength parameters in the particle basis in terms ofthe
coupled equations manageable. The first one is to adopt thgllows trivially, see, for example, EqA2). In our Eq.(3)
Blankenbecler-Sugar procedure to reduce the momentum i%tbove,ei and e are the meson energies in the center-of-
tegration from four to three dimensiof$3-43. In particui-  mass system for theand | channels, respectively.
lar, the two-particle propagator is reexpressed @§ Though our argument above went just in the opposite di-
=G(p;o), where p, is the magnitude of the three- rection to what one finds in Oset and Ranib§(see also a
dimensional relative momentum of the intermediate channeinore formally trimmed version of the Oset-Ramos line of
k, ando is the square of the total center-of-mass energy. Thiglerivation by Nieves and Arriolg38]), we have established a
may be done by taking the discontinuity Gﬁ over the uni-  practical equivalence between the separable potential and the
tarity branch cut and use it to repres@@ in a dispersion on-shell ansatz for the coupled meson-baryon equations. So
integral form. We note that this procedure results in on-masswithin the framework of effective meson-baryon field theory,
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TABLE Il. K™p threshold strong branching ratios aidp scattering lengtiiin femtometery calculated in the particle basis. The results
in the isospin basis are shown in italic characters. See text for experimental data references.

Authors[Ref] vy R. R, Re(ak-p) Im(ak-p) Model
Present work 2.35 0.651 0.189 -0.90 0.87 OSA
3.17 0.650 0.257 -0.75 1.11 Isospin basis
1.04 0.655 0.130 -0.74 141 OSAY excluded
2.36 0.657 0.193 -0.98 0.80 OSB
Bahaouiet al. [1] 2.38 0.636 0.171 -1.04 0.83 Os1
3.37 0.626 0.244 -0.95 1.08 Isospin basis
Oset and Ramos 2.32 0.627 0.213 -1.00 0.94 Chirajy
[5] included
3.29 0.617 0.292 -0.85 1.24 Isospin basis
1.04 0.637 0.158 -0.68 1.64 Chirapy
excluded
Experiment 2.36+0.04 0.664+0.011 0.189+0.015 -0.78+0.15+0.03 0.49+0.25+0.12

it is now possible to claim that the separable ansatz is a verBelow we briefly review available experimental data to
reasonable starting point in describing tegvave interac- which the model interactions are fitted and compared.
tions at low energies. In our present work we choose to retain

the form factors rather than imposing a sharp cutoff. This is 2. Experimental data

due to the fact that when solving the three-body equations
we rotate the momentum integration path off the real axis

and into the complex plane. For that purpose, a sharp cuto ermore, in the low energy range of our current interest, i.e.,

is not practical. Then in order to respect @Usymmetry, we p'abs250 MeVk, the last two channels involving the me-

choose to use a single form factor for all the different Chan_sgn are physically closed as their thresholds are substantiall
nels with a monopole form: phy y y

higher than the rest. Otherwise the remaining physically ac-

Since there are no data associated with the inkiah
hannels in Eq(6), we only discuss those in E¢5). Fur-

2 cessible coupled channels are now strongly influenced by the
g(p) = et (4) I=0 A(1409 resonance below thi€™p threshold which de-
P+ cays almost exclusively ta>. Note also that while th&’n

whereg is the effective cutoff momentum. Based upon the
discussion above we adopt two slightly different types of —~

~J00 F

interactions. The first one which we call OS1 is jogt,  £'°° [~ ESO
Eq. (2), with gi=g;=g(p), and\j; from Eq.(3). We expect 100 [ o 60 B\ }
this interaction to produce a very similar result to the 59 ;’g RN

original Oset and Ramoib] model. The second interac- o ok R s
tion model is called OSA, which is a variant of OS1 in 50 100 15&b %VIOOv 250 50 100 ,1:5& ZN?OV 250
that it incorporates the possible &) breaking effect in P (Mev/c) K (Mev/c)

the coupling strengthéor in the meson decay constait — 32%° [y - B0 030

in terms of extra parametety; with the substitutionCj; ~ £150 ) E60

—bj;Cj;. We then adjust on the relevant daga f, and ~ ©100 _’% \ ©40 [

bi'~’s, the last ones only for OSA, with a constraint that the 50 |- 20 F .

SU(3) breaking effect is reasonably contained. oL ) ob v 11 TR
It is important to stress here that we follow the observa- 50 100 |13:|_0ab (?\AOeOV /Cz)so 50 100 |1:>il9ab (Zﬁg\/ /205)’0

tion by Oset and Ramd$] and retain theyY channels in our

~60 [

fit although this channel has a substantially higher thresholce _ 2

as compared with that fd¢N, see Table I. The necessity for =40 § THOr

the inclusion of these channels will be demonstrated later. As 5 [ o0 [

a result we have three coupled channklN, 7=, »A, to deal - .

with for 1=0, and four coupled channel&N, 73, A, 7, 950 150 750 200 250 050 1c|>o ' 150 ' 260 250
for 1=1. In terms of physicalor particle channels the fol- P (Mev/c) P (Mev/c)

lowing two groups are separately coupled: _ o - )
FIG. 1. Total cross sections initiated I p, calculated in the

K- K- ,R°n,A St S ST AR Sy (5 particle basis with differenlKN models: OSA(thick full line), OS1
P—=rPp w2, 2, (5) (bold dashed ling OSA-nY excluded(regular dotted ling The
regular full line is obtained with model OSA in the isospin basis.
Kn—KnA7,27,2 7,2 7. (6) Experimental data are from Refg6-54.
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FIG. 2. mX mass spectrum, obtained with the same models as in _ . _
Fig. 1. The thick dotted line is model OSB. The OSA results in the FIG. 3. 2p—X"p, = n, An, and Ap— Ap total cross sections,

isospin and particle bases are practically identical. Experimentafalculated in the particle basiéull line) and in the isospin basis
data are from Ref{58]. (dashed ling Experimental data are from Ref&4-70Q.

has a slightly higher threshold, all theY channels have Ci I'(K"p — (charged particle3 0664+ 0.011
lower thresholds than that fd¢"p. So altogether there is a Rc‘k'f}, ['(K'p— (all final statey) o

very rich structure in this coupled set of chanr@g]. In the

energy range considered here, some 90 data points are avail- 8)
able[46-54. These data, obtained between 1965 and 1983,
bear unequal accuracies, as briefly discussed later. _ N
Moreover, accurate dat§48,49,55-57 for threshold R, = lim [(K'p—mA) =0.189 + 0.015.
branching ratios are also availabe, i.e., k—ol (K™p — (all neutral stateg
9)
'K~ 3 i i
= lim (K'p— 7)) —2.36+0.04, 7) There are also daf{&8] on the invariant mass spectrum of

theX*# system, which have been exploited to investigate
the nature of the\(1405 resonance.
Finally, the last piece of crucial experimental information

TABLE lll. Minimization results for the adjustable B)- _
symmetry breaking coefficients of models OSA and OSB for theComes from the recent KEK measurem¢pd] of the K'p

ring length. As explained in the Intr ion, th -
KN interactions. For OS1, these coefficients are equal to 1, '[hScatte g lengt S explained the Introduction, the ob

average meson decay constant fis1.20f,, and the range is ?ained value WhiCh_ includes the Coulomb eﬁe("‘r’(l:K‘p
870 MeV. We use =93 MeV/c. The reduced? are roughly 1.2. :(—O._78i0.1510.0)3+|(0.49i0.25i0.1)a‘m, resolves the
“kaonic hydrogen puzzle.”

kHOF(K_p - 77—2+)

Isospin Channel OSA OSsB
f 1.20f 1.12f 3. Results of the fit
0 KN 0.994 1.048 For model OS1 interaction, we have adopted the same
KN-ms. 1.108 0917 strategy as in Ref5] by fitting our parameterandg to the
= threshold branching ratios, withconstrained to deviate from
KN-7A 0.851 0 “ - "
. by less than £20%. All other observables are “predicted,
72 0.903 0.926 i.e., they are evaluated with the values of the parameters
1 _KN 1.056 0.833 reached at the end of minimizatiathese values can be
KN-7% 1.293 1.209 found in Ref.[1]). The branching ratios and tfag-, scatter-
KN-7A 0.943 0.933 ing length obtained in this model are comparable to the val-
2, 0.991 1.290 ues from the Oset-Ramos model, see Table II.
KN-72 0.757 0 The same conclusion holds when we compare the total
Range(MeV) 888.7 879.6 cross sections and thgX mass spectrum given in Figs. 1

and 2 with the corresponding results in Rg].
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rise juste above the threshold and thevave behavior ex-

i pected for pseudoscalar meson production at threshold are
3L correctly reproduced.

i As for the results obtained in the isospin basis we only
discuss the case with the OSA interaction, as the character-
istic feature is the same with the results from the OS1 inter-
action. Here, we use the average masses of the hadron iso-
spin multiplets everywherésee Table )i hence now, for

example, the charge exchange reactioip— K°n becomes
elastic energywise. Note that to calculate reaction cross sec-
tions, the entrance channel energies are taken using the
physical particle masses, which are also used to find the final
state phase space volumes. In Table Il, we observe large
differences between the values of the threshold ragiesd

R, calculated in the two bases. The shift of the cusps in the
cross sections when using the isospin basis are clearly exhib-
ited in Fig. 1. On the contrary, the position of th&1405

FIG. 4. K™p elastic scattering amplitude as a function of the c.m.f€sonance is only slightly affected. These differences be-
total energy, calculated in the particle basis with the OSA modelfween the results in the two bases are similar to those ob-

Full line, real part; dashed line, imaginary part. served in Ref[5]. o
Next we study the effect due to the contribution from the

, . s 7Y channels. Given that the difference between the two
For the OSA interaction, the parameters B18, andby’s,  {hresholds for A and Kp final states is as large as

yvh?ch are fitted to the thre;hold branching r.atios and&tmz' ~230 MeV (with 7S the difference is about 75 MeV larger
initiated cross sections, with tftéj’s constrained to remain  hencea priori the effect from the coupling to these channels
within £30% of their exact S(B)-symmetry values. The ob- s expected to be insignificant. However, in RgF] the au-
tained values are given in Table [B9]. thors observed the importance of retaining these channels. So
Note that in the lowest order chiral Lagrangian approachwe want to check their claim. Very qualitatively, the role of
some coupling coefficients{:i'jzozDij,C}fl:Fij, as found in  these channels may be best understood in the exact isospin
Tables 2 and 3 in Ref5] are equal to zero. We have chosensymmetry limit. ThennY channels are the only ones whose
to keep these zero values, thus we do not need the corréaresholds are above that for théN. Hence, they provide a
sponding SWB) breaking coefficientbi'j, which is reflected definite attraction to the elasti€N process. As a result the
in Table IlI. coupling to 7Y states controls the binding properties of the
Our results for OSA are presented in Table Il and Figs. IKN (in the effective chiral interaction adopted here, the
and 2 along with available data as well as values from a few=Q A (1409 is a bound state oKN embedded in the con-
earlier models. We first discuss the result f0ip initiated  tinuum state of ther> channe). As a first step, we have
channels in the particle basis. As shown in Table I, thegiscarded these channels from model OSA by forcing the
threshold reaction ratioy, R;, R, are better reproduced by KN-zA andKN-73 strengths to zero, without changing other
OSA than by OS1. Regarding tli€p scattering length, our parameters. Then, we have recalculated the amplitudes and
result is a prediction since we have not used the value exsbservables. This model will be hereafter referred to as
tracted from the kaonic hydrogen atoi®4] as part of the “OSA, 7Y excluded.” The results are given in Table Il and
constraint in the fitting procedure. The real part is obtainedrig. 1. The only observables that are not affected are the
closer to the datg24] by OSA than by OS1. As for the threshold ratioR, and the K"'p—#"%~ cross section. All
imaginary part, both models give the values at the limit ofother quantities are significantly modified, especiatyand
the experimental uncertainties within 2 standard deviationR, as well as thek"p—K"p andK™p— 7 X" cross sections
We point out that this trend for Ifax-p) is systematically ~which become unrealistic. Also, the maximum of the
observed with either the present separable models or with th@ass spectrum is shifted towards the higher values of the
Oset-Ramos approach. The cross sections are also better gomentum, thus incompatible with the data. Similar effects
produced with OSA than with OS1, see Fig. 1, especialljhave been pointed out in Rg¢b]. This situation can be un-
those for theK p— 73" and theK-p—K'n channels which ~ derstood by examining the values of the strength parameters
now have the correct magnitude as compared with the datén Table Ill. The KN-7Y strengths deviate from unity by
The position of theA(1405 resonance predicted by the about 15%-25%, and it is not possible to obtain a correct
present models is quite similar, and in good agreement witipverall fit if they are constrained to stay closer to urjity
the data, see Fig. @nd also Fig. # Finally, we have calcu- particular, the position of thé (1409 resonance is not cor-
lated the cross section of the€p— »A reaction near thresh- rectly reproducefd This does indicate that th&N-zY
old. We have found that the results predicted by models OSAtrengths take part in the minimization procedure at about the
and OS1 are in reasonable agreement with the recent dasame level of importance as the other ones, and it is mean-
[59] from the Crystal Ball detector at Brookhaven: the steepingless to turn them off entirely without readjusting other

IS

K p amplitude (fm)

Y, S I A AR SRR ST
%,36 1.38 1.4 1.42 1.44 1.46
c. m. Energy (GeV)
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TABLE IV. KN scattering lengthén femtometerscalculated in  of the equations may be read off from the coupled-channels
the particle basis with models OS1 and OSA. The values in the lastase described in Appendix B by replacing the particle labels
column have been evaluated by Ranjeg| at the same energg,,  with the angular momentum labels relative to #8gand®D,

a,, andag, (calculated aW=My-+M) are the scattering lengths for coupled partial waves.

elasticK™p, K°n, and charge exchang€ p«K°n, respectivelya, All the interactions considered are of rank 1. Characteris-
(calculated atW=My-+M,) is the scattering length for elasticn. tic to such potentials, the static parameters are correctly re-
produced, namely, the triplet effective range parameters
Reactions OSA 0s1 Oset-Ramos  andr,, the D-state percentage vall®,, the quadrupole mo-

a(Kp—Kp) —0.8884 0.867 -1.035+0.828 -1.013+0.947 MENtQ and the asymptotic ratigy=Ap/As On the other
a(Kn—Kn) 054440644 057340452 0.540+0.531 hand, the®S, and D, phase shifts cannot be reproduced si-

oo | Tco _ ; _ ; _ . multaneously.
a"i(ir_]HKRn)) 2':‘11:: 8'232 2'22?:8'?123 2'22213'222 The first model(hereafter called moded) is that pro-
e p— ‘n) —1. . —1. . —1. .

posed in our work on therd system[61], namely, the pa-
rametrization denoted b$H®6.7) therein, with Pp=6.7%.
parameters. In order to see this problem from a somewhathis model is an extension of the usual Yamaguchi-type in-
different angle we have introduced yet another model: OSByeractions, using form factors which are expressed as ratios
a variant of OSA in which theyY channels are excluded of holynomials. The parameters are fitted to the static prop-

from the beginning. The values of the parameters are giveR s, the’s, phase shift, and also to the deuteron monopole
in Table Ill. The results obtained for th&€ p branching ratios charge form factor up to about 6 ff All details can be
and scattering length are close to those obtained with OS ound in Ref.[61] '

see Table II. This is also the case for the total cross sections. g ciyas this model fitted to on-shell properties only, we

However, the position of the\(14095 resonance is now . .
shifted towards lower values of the momentum, see Fig. 2have gon3|dered a second r_nodel derived from the PESTl
e%)tenual constructed by Haidenbauer and Plessas in Ref.

which means that OSB is not able to reproduce the properti ;
of the A(1405. We thus need to retain theY channels. 2]. The authors have constructed a separable representation

Lastly, we use the parameters thus obtained both for 0s¢f the Paris potential to reproduce both its on-shell and off-
and OSA to calculate the amplitudésr t matrices for the s_hell char_acterlsncs. Among varlow\lspartlal waves, spe-
K-n initiated processes, see E@), for which, as mentioned Ci@l care is devoted to the couplé8;-°D; state. The best
earlier, there are no data to be confronted with. We still nee@PProximation to the Paris potential requires a rank-4 inter-
those amplitudes for ouk™d three-body calculations. Here action. However, for applications wher_e o'nly the deuteron
along with the corresponding quantity in thep initiated bound state enters, a rank-1 parametrization was proposed,

channels, we only present the scattering lengths as found rplled PES_Tl’ Wi.th all dguteron propertieiscluding_the
Table IV. wave functiong being practically the same as those given by

The differences between the results given by the th;he Paris potential. The prjce to pay_is that _the form factors
models do not exceed30%. For comparison we give also are chosen as sum of rational functions, with many param-

the values obtained by Oset and Rarfels Our OS1 results  Ct€rs, see Refl62]. As the PEST1 parametrization is non-
agree with those values within15%, in line with the dif- relativistic, we have extended it by meanstbé minimal

ferences previously observed on the other observables. THE!2tIVity rule. More specifically, the relativistic potentiaft
symmetry breaking effect in the mass of the hadron isospi etween nucleons 1 and 2 is obtained from the nonrelativistic

R : ; S
multiplets is quite visible, especially in the real parts, sinceOnevN according to the following transformation in mo-

in the limit of isospin symmetry, one hag=a;, anda,=a, ~Mentum space:
—a,. Note that the scattering lengths in Table IV have been , — N
obtained at theK™p threshold (except for the elastid™n VR(p, p') = (2m)°\ 2€1,2€,,V"(p, p') | 2€1 265y,
process In fact, these quantities are very sensitive to the (10)
value of the threshold at which they are calculated, which is N
then reflected in the values obtained for theq scattering Wit €,=\p;>+m’ the total energy of nucleon Taking
length. These aspects have been discussed in our previo¥s" as separabley™ (p, p’)=\g(p)g(p’), VR(p, p’) has the
paper[1], and will be revisited at the beginning of Sec. IV. same form, withg(p) multiplied by 2/(2m)3/p 2+n?. We

In conclusion, the OS1 and OSA parametrizations ardiave checked that this transformation induces only slight
good candidates to be used in the three-body calculation. It ishanges in the deuteron properties. For example, the origi-
clear that such interactions, the parameters of which are deal Py value is 5.8%, and thevalue obtained after the
termined by a fit to the available observables in the particlgelativistic transformation i$.1%. So, we carkeep the
basis with the chiral S{8)-symmetry constraint, must defi- original parameters. In our present work this is denoted as
nitely be preferred to previous separable interactions withimodelB.
parameters determined in the isospin basis, without any sym- Finally, in order to assess the importance of Dstate
metry constraint, as was the case in R¢i8-16,20. contribution in the low energiK~d scattering, we have used
a pure3S; relativistic potential, with form factor as given in

B. NN INTERACTION Eq. (4). The values of the strength and range parameters

We have considered three different relativistic separablditted to Ep and a are \(=—5974.2,8,=1.412 fm?, respec-

potentials to describe the deuterdrchannel. The structure tively. This model is called modeT.
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C. OTHER TWO-BODY INPUT TABLE V. Strength and range parameters of tWi#\l interac-

We have also considered the contributions of i Ps3 tions.

and coupledY N interactions. As will be explained in Sec.

IV C, these two-body channels start to contribute from thplsospln Channel Parameters
second order in the multiple scattering expansion of the Fadt/2 >N -3209.69
deev equations, so their contribution in the low enekgy SN-AN -1739.22
observables is expected to be moderate or even small. AN -1794.16
3/2 >N 3072.26
1. wN-P33 interaction SN range(MeV) 452.300
We have chosen a conventiogisobar model where the AN range(MeV) 356.981

A resonance is parametrized according to a one-term sepa=

rable potential: addition to those used in our previous work; namélythe

s Stp—3tp, 2 p—327p, 2N, An, and Ap— Ap total cross
V(p, p';0) =g(p)———9g(p’). (11)  sections, in the hyperon momentum ram<300 MeVk,
- (i) the 3"'p—3X*p, 3" p—27p, and =" p— An differential

Here, o is the 7N total c.m. energy squared, ang is the ~ Cross sections fop{°~300 MeVk. See Refs[64-70.
bareA mass. Ap-wave monopole form factor is assumed In Refs.[16,17, we have used most of these data to de-
with cutoff A: termine the parameters of two models: one nonrelativistic
and the other relativistic. The calculations were done in the
isospin basis, where one must consider AN (1=1/2)
coupled channels and thEN (1=3/2) single channel. The
main conclusion was that the total cross sections are domi-
~ The strength parametex,, together withmy and A, is  npated by thés, partial wave, except fok*p— 3*p which is
have obtained the following values\,=218.582, My  have a significant contribution only in th&"p— An total
=1308.8 MeV, and\=290.9 MeVEL. _ _ cross sectiorfof course, these higher partial waves must be
In order to solve the three-body equations in the particleaken into account if the differential cross sections are added
basis, it is necessary to introduce different charge states @f the data to be fitted
ute: the (#°p, 7'n) and (7p, »'n) coupled states and the apove-mentioned relativistic model to calculate the observ-
(m"n) state. The corresponding separable two-body potentialgp|es in the particle basis. Only tfi§; partial wave contri-
are obtained by choosing the same form factors as(E8).  putions are included, thus the parameters are fitted to the
in all channels, and expressing the strength parameters gta| cross sections, except fBfp— 3 *p. Note that neglect-
terms of),, see Appendix A. The resulting two-bodyma-  jng the 1S, partial wave is justified in the three-body calcu-
trices entering the three-body equations are obtained straighltion at low energies, since the contribution from the singlet
forwardly. SwaveY Ninteractions is excluded for parity considerations.
_ _ We take as adjustable parameters the coupling strengths and
2. YN interactions the ranges of the form factors in the isospin basis. The ob-
The hyperon-nucleon interaction has been well studied irservables are calculated in the particle basis, where the fol-
the past. One of the most popular approaches is mesofPwing channels contribute: the(X°p,2n,Ap) and
exchange potential models with 8) symmetry constraints (2P, 2°n, An) coupled channels and tn and>"p single
used in the coupled-channels equations, see 88f, and channels. The relations between the strength parameters in
references therein. Besides the intrinsic interest in investigathe two bases can be found in Appendix A, and the transition
ing the availableYN experimental data, these interactions matrices for the different reactions are obtained from the
serve as input to hypernuclear physics. Concurrently, sepgeneral expressions given in Appendix B. We take monopole
rable models have been developed, and some of them haferm factors, Eq.(4), with isospin-independent ranges. The
been used as input #d three-body calculations. In particu- Vvalues of the fitted parameters are given in Table V, and the
lar, the effect of the final stat¥N interaction(limited to s  Cross sections in Fig. 3. The selected data can be well repro-
waveg on the Ap invariant mass distribution near tH&N  duced by this simple model, but a large reduction effect is
threshold was studied in Refid4,15. One of the main con- 0observed when isospin basis is adopted in the total cross
clusions was that the best reproduction of the shoulder in thgections for thex"p induced reactions at low values of the
Ap mass spectrum favored models which do not support aflyperon momentum.
unstableSN bound state. The interactions that we have We give in Table VI theY N scattering lengths calculated
elaborated in Refg16,17 and that presented in this work in the particle basis. Except fas+, s+, and as-,s-, that
fulfill this condition. are practically equal, the symmetry breaking effects are
The data to which the adjustable parameters of the sepdarge. For example, at the limit of exact isospin symmetry,
rable potential should be fitted are scarce and exhibit rathesne should haveas-, s:n=V2(@s:n-sn~as-p-5-p) = "8sn-5°p
large error bars. To our knowledge, there are no new data ig\2(ay-p-s-p—as+n-s+), Which is clearly not the case.

P

AT (12

a(p)
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TABLE VI. YNscattering length@in femtometerscalculated av=My++M, for channelgX"n, >°p, Ap), andW=My-+M, for channels
(Z7p,2°n, An). The single channels values ae,=-0.454(W=Ms-+M,) anday+,=-0.455(W=Mx++My).

Channel 3*n >p Ap Channel >p >n An
3 0.609+4 3.618  0.834+2.837 -0.113+1.595 >p -0.528+4 2.505  -0.192+1.762 0.241+0.996
>p 0.145+4 2.225  -0.089+1.251 =n -0.1374 1.277  -0.072+0.721
Ap 1.893 An 1.851
[ll. THREE-BODY EQUATIONS FOR THE K'd SYSTEM fully describe the physical situation. For example, for the

In this section, we describe the three-body equations foP@rs corresponding to theN interactions, there are thrée
the K™d system, in which the two-body input described in the=0 coupled channelgKN-7X-»A) and four 1=1 coupled
preceding section will enter. In Sec. Il A, we recall the gen-channelg KN-72-mA-7A). A similar situation occurs in the
eral form of the three-body equations written in the isospincase of theB channels corresponding to tRN-AN(1=1/2)
basis, in the case of coupled two-body input channels, andoupled channels. The corresponding three-body channels
we give the equations for the rotationally invariant ampli- are labeled as summarized in Table VII. Note that in channel
tudes. Then, the antisymmetrization due to the identity of they, the spectator hypero¥ is restricted toX, from isospin
two nucleons in the isospin basis is examined. In Sec. Il Bconsiderations.
the extension to the particle basis is given. Some important | the formal equation&l3), the channel indices, b, c, ¢’
aspects concerning the practical calculation are considered {3ke their values in the set defined abo{ey, @, u, 5, A},
Sec. Il C. and the different quantitieX, Z, R can be considered as

matrices with respect to these indices.
A. Three-body equations in the isospin basis The transitions between different two-particle states are

The extension of the usual three-body equations to thi'duced by the two-body operatoRg.: for example,R, is
case where the two-body operators connect two states it duantityRgy v corresponding to the two-bodymatrix
volving particles that are differenti.e., inelastic channels for the KN— Y transition, evaluated in the presence of a
results in the following system of coupled equations, writtenspectator nucleon. Written in matrix form, the nonzdro

in operator form: operators appear as block matrices as shown in Table VIII.
Concerning the Born terms, only those which connect ini-

Xab(S) = Zap(S) + 2, Zae(S)Reer (9 Xerp(9), (13) tial and final states involving the same three particles are

e’ different from zero. These terms are shown in matrix form in

Table IX.
with s being the 3-body total energy. Herg,b, ¢, andc’ able

Y . . X ) For exampleZy, is the Born term for the exchange of a

are the indices that specify the particles involved in the i —
various three-body channeis, namely, the spectator and tH&!c/éon between thi(NN) andN(KN) states. Note thaZyg
interacting pair.X,, is the transition amplitude between 'S gual to zero, since no particle can be exchanged between
channelsa andb, andZ,;, is the corresponding Born term. the initial gnd finalNN pairs. We note also that, using the
The main difference with respect to the usual case is thaivo-body input channels considered here, there is no Born
the two-body operatoR.. connects two different two- term involving anY pair. To have such terms, it would be
body states labeled asandc’. necessary to take into account the contributions of three-

We now specify the values taken by the channel indices ifody channels such agYN), Y(7N), and Y(#N). (The last
Eqg. (13). Taking into account all the two-body input consid- two channels necessitate to introduce té-»N two-body
ered in Sec. I, one must consider the following types ofcoupled system.These contributions are expected to be neg-
three-body channels in the isospin basigfK(NN)], ligible at theK™d threshold.
YIN(KN)], o[N(7Y)], u[N(7Y)], Bl#(YN)], and A[Y(7N)]. The successive steps leading from the formal equations
Here, the first letter is thiabel of the channel, and in square (13) to the relativistic equations for the rotationally invariant
braces we specify thepectatorand the associatepair of ~ amplitudes are the same as in the usual case. We refer the
particles. In fact, labely, «, «, and3 can be considered as reader to Ref[17,44,45,71,7pfor all details. The final equa-
“generic” names. In practice, extra indices are needed ttions read

TABLE VII. Labels of the three-body channels. The second row specifies the isospin of the two-body subsystem.

Channel K(NN) NKN) N#)  N(pA)  NKN)  N@#E) N#A) N2 S(aN)  #SN)  mAN)  7(SN))

Isospin 0 0 0 0 1 1 1 1 3/2 1/2 1/2 3/2
Label d Y1 a M1 Yo a as M2 A B1 B> B3
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TABLE VIII. Matrix of propagators in the isospin basis.

Channel d Y1 oy M1 ) ap a3 M2 A B1 B2 B3
K(NN) d R
N(KN) Y1 R R R
N(73) o R R R
N(7A) M1 R R R
N(KN) Y2 R R R R
N(72) a R R R R
N(7A) a3 R R R R
NS R R R R
S.(7N) A R
m(ZN) B R R
(AN) B> R R
m(ZN) Bs R
Xff (Pay Pe;S) = z»j{ (Pay PeiS) The isospin variables are defined in the same wayt;,
ac ac ) isospin of particlei; (2) I(=t;+ty), isospin of pair(jk); (3)
S dpy Po_gz (P, D2 Z(=t;+1;), three-body total isospin.
2¢, b ¥ b The notations used in E¢l4) for the two-body propaga-

b tors are the following: the lower indicdsandb’ refer to the
Ch=

blcb'(Ub)ijTC(pb- P9, (14) involved coupled .ch.annells, and the upper “index=c,,
means that the spin-isospin quantum numbers are conserved
where gy, is the invariant energy of the pair in chanrel by the interaction, i.e.J,=J,, $=5, ,=ly (the latter
expressed in the three-body center-of-mass system, equality holds only in the isospin bagig-or the uncoupled
=(J, S, 1) specifies the conserved quantum numbers ofpropagators, the single indey specifies completely the in-
the pair in channela, and 7,=(c,, |,, 2, specifies the teracting pair.
three-body quantum numbers in this channel. Note that The two-body propagators are calculated as explained in
labelsc and 7 refer to the spin-isospin variables in a given Sec. Il and Appendix B, and the general expression of the
channel. For example, assuming that chanme$ com-  Born term can be found in Ref17].
posed with particlel as spectator and the paijk), we We end this section with two specific aspects concerning
define the following quantities(1) s, spin of particlei; the calculation of the Born terms in the isospin basis. The
(2) S(=s;+s9, Lj, and Ji(=L;+S)), respectively, the spin, first one concerns the problem of antisymmetrization. In the
orbital angular momentum, and total angular momentumisospin basis, the particles in the different multiplets are con-
of pair (jk); (3) X;(=s+J)), l;, and J(=I;+%,;), respectively, sidered as identical. In particular, the neutron and proton are
the channel spin, orbital angular momentumi @ind (jk),  treated as identical particles: the nuclddnTherefore, one
and three-body total angular momentum. must properly antisymmetrize the amplitudes and Born terms

X

TABLE IX. Matrix of Born terms in the isospin basis. For the nonzero Born terms, the exchanged particle
is shown in parentheses.

Channel d Vi a1 Y2 ap @ pp A B B2 Bz
K(NN) d Z(N) Z(N)

N(KN) yi ZIN)  Z(K) Z(K)

N(7>) ay Z(m)  Z(2) Z(%)
N(7A) M1 B B

N(KN) Yo ZIN)  Z(K) Z(K)

N(7) ay Z(m)  Z(2) Z(3)
N(7A) a3 Z(A)

N(7>) M2

S (7N) A Z(m) Z(m) Z(N) Z(N)
m(ZN) B Z(2) Z(%) Z(N)

m(AN) B2 Z(A)

m(ZN) B Z(2) Z(2) Z(N)
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where the initial and final three-body states involve twodeuteron propagator,»88 matrix for the channels coupled to
nucleons. As a result, one must introduce antisymmetrizatioKk™p, and 5x5 for the channels coupled &™n.

coefficients as explained in Appendix C. The second aspect If we take into account the contributions of theN and
concerns the problem relative to the “ordering” of particlesYN interactions, the following additional three-body chan-
when evaluating the Born terms. For example, let us considerels must be considergdee Sec. Il ¢ {7 (7'p), 2 (7 n)},
the Z,, Born term forK exchange between twiN states. {2 (7°p),>(wn)}, and X*(mn), coming from the

The antisymmetrized expression is, according to AppendixN interaction,  and {7 (3*n), 7 (3'p), 7 (Ap)},
C, {7 (E7p), w (En), 7 (An)}, and #*(Xn), coming from the
YN interactions.
Eyy: ~Zpp=- (N(KNy)|Go|Ny(KN,)), (15) The derivation of the equations for the rotationally invari-

] i ant amplitudes and the calculation of the Born terms are
with G, being the three-body propagator. Usually, the ex-gone along the same lines as in the isospin basis. The main
pression given for the Born term assumes a cyclic ordergitference is that there is no problem relative to antisymme-
ing of the particle labels, see, for example, R&#s/,73; i, 4tion, except forn(K’'n)|Gy/n(K’n)) which must be anti-
namely, one calculates, for examplg;=(i(jk)|Golj(ki)) symmetrized with respect to the two identical neutrons, as in
for the exchange of particle between pairdjk) and (ki), e case of the,, Born term calculated in the isospin basis,
wherei, j, k are assumed to be cyclically ordered both ingee Appendix C. Another important difference concerns the
the initial and in the fm_al state. In .th.G. case Z\f?yz’ Eq. isospin dependence. In the isospin basis, the expression of
(15), the spectator partlc_les in the initial and final statesy,o Born term involves a “¢2 coefficient originating from
are labeled a,=i, N1=j, thus the Born term has the he yransformation from initial to final three-particle isospin
“noncyclic” form: (i(k))[Glj(ki)). We obtain the cyclic  giates see Refsl7,73. This coefficient depends on the val-
form by exchanging particlesandk (i.e.,N andK), in the  yes of the particle isospins, total isospin of the initial and
pair of the final state. This introduces the following phasefing| pairs, and three-body total isospin. In the particle basis,
coefficient: the individual isospins of all particles are well defined, but

(= 1)RN(= 1)SN-SSR(= 1) Rt (16) not the total isospin of the pai[s_onse_quently, th_e labels in
' Eqg. (14) do not depend on the isospirof the pair§. As the
The first factor is due to changing the direction of theinitial and final three-body states involve the same three par-
relative momentum of the pair, and the secdtidrd) fac-  ticles, the isospin coefficient simply reduces to unity.
tor results from the property of the Clebsch-Gordan coef-
ficients when the coupling order of the spifisosping of

. . C. Practical calculation
two particles is changed.

For the practical calculation, we must first define the val-
ues of the various isospins, spins, and angular momenta. At
first, we consider the isospin basis case. The total isospin of

In the particle basis, we consider the deuteron as comthe K-d system isZ=1/2. Now, in a given three-body chan-
posed of two distinct particles: the neutrorand the proton nel, the quantum numbetk, S J, ) of the pair and the spin
p, and the particles of the different multiplets take theirs of the spectator particle are fixed. The channel spiis
physical masses. The number of three-body channels to hfien given byjs—J|<3 <s+J, and the angular momentum
considered increases considerably as compared to the isospjf the spectator relative to the pair is given hy-3|<I
basis case. For example, we have seen in Sec. Il A that fok 7+3, with 7 being the three-body total angular momen-
the KN interactions in the particle basis we must consider theum. For a given value of/, the possible values dfcan be
coupled channels related p, namely,K™p, K°n, 7", ordered in two sets corresponding to opposite parities of the
w37, 7, A, 72°, nA, and those related t&™n: K™n, three-body system. The situation is summarized in Table X.
T2, 727, A, 527, So, if we retain only these contribu- In the present paper, we consider only &l scattering
tions in addition to the deuteron, the three-body channels téength which is defined as
be considered are th€ (pn) channel, the eight above chan-
nels with the neutron as spectator, and the five remaining

B. Extension to particle basis

channels with the proton as spectator. So, we have a 14 Ag-g=~ lim ded, (17)
X 14 Born terms matrix. However, the number of nonzero Pr—0 \S
Born terms is very limited. In the case considered here, wevhereXy, is the (7=17,1=I"=0) partial amplitude folkd

have only the following different Born terms: elastic scattering, evaluated at the zero limit for the kaon
(K™(pn)|GoIn(K™p)) [proton exchange between the deuteronmomentum. If we retain the contributions of tue-KN
and the(K™p) pair], (K*(pn)|Go|p(K™n)) (neutron exchange +A+YN two-body channels, we have a system of 12
between the deuteron and tien) pain), ("N(K™p)|Golp(K™n))  coupled three-body channelsee Table VI). After angu-

[K”_ exchange between theKp) and (K_n) pairs,  |ar momentum reduction, we obtain fgf=1" a system of
(n(K°n)|GoIn(K’n)) [K* exchange between the initial and final 25 coupled equations, see Table X. The singularities of
(K°n) pairg, and the symmetric terms. the kernelZX are avoided by using the rotated contour

The matrix of propagators has a block structure similar tomethod[10], and, after discretization of the integrals, this
that in the isospin basisTable VIII): single term for the system is transformed into a system of linear equations.
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TABLE X. Two-body (L,S J,1) and three-body(, 3, 7) quantum numbers in the isospin basis. The
two-body partial waves are labeled &St1L; for NN and YN, Ly o5 for 7N, andL, o; for KN and #Y. The
column labeled a(l,) corresponds to negatigositive) parity states for odd values ¢f, and to positive
(negative parity states for even values gf Only the valued=0 are retained.

Channel L S J I py la Iy
K(NN)ss 2p, d 0,2 1 1 0 1 g+l J
J-1
N(KN-73-7A)s, | Y1y 0 1/2 1/2 0 0 J
1 J+1 J
J-1
N(KN-7S-7rA-73)s | Yo ay-a-pip 0 12 12 1 0 J
1 g+ J
J-1
S(aN)p,, A 1 12 32 32 1 J J+1
J-1
2 g+2 gl
J J-1
J-2
m(EN-AN)sg Bi1-Bo 0 1 1 1/2 1 J+1 J
J-1
m(EN)ag, Bs 0 1 1 312 1 g+l J
J-1

It is well known that the iterated form of the three-body (FCA) as adopted by Kamalost al. [41]. Then we discuss
equations does not converge. This is illustrated with the folsome general aspects regarding the choice of the bazgis
lowing results obtainedin the isospin basjswith the OSA  particle vs isospipand the use of different coupled two-body
+deuteronA model. The values oy-q obtained at first, sec- KN input, and we investigate the effects due to the choice of
ond, and third order of iteration are, respectivelyfemtom-  gitfarent deuteron models. At the end, the effect of “small”

+i 4.131), which clearly do not converge. To obtain the exact Wo-body Input on scafienng fength 1s discussed.

value, we solve the linear system by matrix inversion. In the

above example, we gét1.636+4 2.618fm. We can also use A. Why need to go beyond FCA?

the Padé approximants technique which leads to a conver- |n the Introduction, it has been stated that we need to go
gent solution from the successive iterated terms. In practicq)eyond the FCA and to solve the three-body equation ex-
we have used a diagond/5] Padé(constructed with the 11 actly. We justify that claim here.

first iterateg, which was found to be sufficient to achieve |1 1a FCA the deuteron is viewed as composed of a pro-
convergence. The dimension of the matrix to be inverted i?on and a neutron with a fixed separationThe incoming
rather large, especially when the contributions of the “small"zero energy<- meson then makes multiple scattering off the
-tWO_bOdy partial yaves are taken in'to account. However, this roton and neutron with no recoil of the target particles.
Is a sparse matrix because of the limited number of nonzer ithin this approximation the three-body scattering equation

Born terms. Thus, it is much less time consuming to solve . ) :
the linear system with using the Padé approximants method'@ be solved algebraically: see E23) of Ref.[41], to find

The extension to the particle basis case is straightforwardhe scattering length operat&(-d(r) expressed in terms of
As explained above, in this case the Padé approximartheKN scattering lengtha,, ay, a,, agas in Table 1V, and the
method must be even more preferred to the usual methodseparatiorr. The actuaK-d scattering length is then identi-

for solving the linear system, since the number of couplecl.ied as the expectation Val&$d|’A\K‘d|l!/d> overr with respect

channels is much larger than in the isospin basis for a give ; . ;
choice of two-body contributions, but with a large number of 0 the deuteron wave functiogiy(f). So essentiallyfc-q is

Born terms equal to zero. determined by the two-bodKN scattering lengths men-
Note also that we have checked that, using the particiéioned above.
basis computer program with the particle masses in the mul- As discussed in Sec. II, tha(1405(1=0) resonance is
tiplets replaced with the mean values used in the isospig@enerated as a bound statekop embedded in therY con-
basis, we have obtained again the isospin basis results. ~tinuum. Now the position of this resonance is fairly close to
the threshold folkK"p(=1432 Me\) and K'n(=1437 Me\),
respectively. Thus the elasti€™p, charge exchang€K™p
In this section, we present our result for the scattering—K'n), and hence the elastk’'n scattering are all affected
length Ax-4. As an introduction, we argue why we think it by this resonance, and the corresponding amplitudes vary
necessary to go beyond the fixed center approximatiomapidly near their thresholds: see Fig. 4 for the case of the

IV. RESULTS
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FIG. 5. KN andK™d scattering lengths calculated in the particle
basis for the following values of the two-body threshold enaigy

My-+M,=1432 MeV, My-+M,=1432.65 MeV, My-+(M,+M,)/2

=1433.3 MeV, anMg-+M;=1437.3 MeV. Model OSA is used for
the KN interaction. TheK™d scattering length is calculated with the
FCA approximation, using the OSA+deuterAnmodel. Symbols

PHYSICAL REVIEW C 68, 064001(2003

TABLE XI. Sensitivity of theK™d scattering length to the model
used for theKN interaction. The deuteron is mod&l The calcula-
tions are done in the particle and isospin bases.

Model 0Os1 OSA OSsB
particle basis —1.985+1.642 -1.802+1.546 -1.722+1.354
isospin basis -1.759+®.907 -1.636+2.618 -1.709+2.247

sult with particle basis in the subsequent sections. We then
study the results with differelKN models.

1. Isospin and particle bases

The isospin symmetry breaking effects in tK&l sector
have been clearly demonstrated in Sec. Il A, by comparing
the K™p observables obtained in both the isospin and particle
bases(see Table Il, and Figs. 1 and.an particular, upon
going from the particle to isospin basis, we find that the
magnitude of the real part oék-, obtained from model
OSA+deuterorA decreases by about 20% whereas the
imaginary part increases by as much as 3@%e Table I).
This last tendency should be due to the fact that in the
isospin basigwe reiterate here that in this case the isospin
symmetry is exagttwo-body channel thresholds become

are placed at the threshold values. The lines are to guide the eYeidentical among differenKN channels within the same iso-

elastic K'p amplitude which shows strong variations, par-
ticularly in its real part. The question then arises as to a
which energy these amplitudes should be calculated to pr
duce the corresponding scattering length in use for calcul
ing Ac—q in FCA. In Fig. 5 we show the values of the two-
body scattering lengths which enter the FCA calculation an

the resultantAc-4 for different values adopted for thigN

threshold W. We immediately notice that because of the
strong variation of the two-body scattering lengths, the cor-

respondingAx-4 varies also rapidly with a slight shift ik,

multiplets. Consequently, these effects are reflectediy,
s one can see in Table XI for differddN models: by going
rom the particle to isospin basis, the magnitude of its real

OEart gets smaller by about 10%, while its imaginary part gets

Strongly enhanced by 70%. In what follows we will mostly
omment on the results from the particle basis since they are
ore realistic.

2. Results using differenKN models

We give in Table XI the values ofy-4 obtained from

the real part in particular. This demonstrates that just becaugsaodels 0S1, OSA, and OSB of théN interactions de-

of the proximity to theA(1409 resonance, the FCA is not scribed in Sec Il A. We briefly recall that by construction all
very reliable. In full three-body results, the quantity corre-the models have adopted the @Ysymmetry constraint on
sponding toW is Vo, the energy available to any two-body the strength parameters, with the possible breaking effects
amplitude in the presence of a spectator. This is smeared ourttroduced in OSA and OSB, and the contributions of #Ye

due to a loop momentum integration. Consequently, the fulchannels have been taken into account, except for OSB.
three-body results do not suffer from this excessive sensitiv- The calculations have been done with modefor the

ity.

B. Calculations including only the KN and NN interactions

Here we retain only the deuteron and bl two-body
input in the three-body calculation of th€™d scattering

deuteron. The variations observed on the real and imaginary
parts ofA¢-4 calculated in the particle basis are moderate: for
example, the real part increases by about 9% and the imagi-
nary part decreases by about 6%, when replacing model OS1
by model OSA. The absolute values of these variations are
comparable to those observed in tkep scattering length

length. This means that in the multiple scattering expansiofsee Table I by going from OS1 to OSA we find an in-
of the equations only the following three-body states do encreases in the real part by about 13%. For the imaginary part

ter: K~(pn), n(K™p), n(K’n), andp(K™n). Although no explicit

the corresponding increase is less than 1%.

three-body states with hyperons enter in the calculation in Concerning the contribution from thgY channels in the

this approximation, there is an implicit effect from theY

KN interactions, we observe the same type of effects, both on

channels through the two-bod{N input. Hence it is more ax-, and onAy-4. Specifically, compared with the values

than thesingle channebpproximation studied in Ref74].

given by model OSA, both real and imaginary partsapf,

Within the present context we first confront the results fromdecrease by-9% when using OSBsee Table I, while the
the particle and isospin bases, which makes us keep the reeal part ofAx-4 increases by-4% and the imaginary part
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TABLE XIl. Sensitivity of the K™d scattering length, calculated = /P =P 19
in the particle basis, to the model used for the deuteron channel. ¥s(P) = \Psts(p). ¥o(P) = VPobo(p), (19)
Models A and B have D-state values of 6.7% and 5.8%, respec- such that both¢s and ¢p are normalized to unity. Note

tively, and modelC is pure®S;. Models OS1, OSA, and OSB of the here that/Pg~0.97 andy/Pp ~ 0.26, respectively. Then we

KN interactions are considered. may express the scattering length in the following manner:
Model A B C _ —

Ax-q=P A + 2\PpP A
0s1 ~1.985+1.642 -1.966+1515 -1.975+1.313 «a= Pl ¢dAsdds) + 2(PoPsldolAod b9
OSA -1.802+1.546 -1.788+1.435 -1.780+1.243 + PD<¢DI-'Z‘DD|¢D>1 (20)
OoSsB -1.722+1.354 -1.703+1.263 -1.685+1.128

where A are operators in the space of the deuteron wave
function, and the angle brackets mean the integration over
the initial and final loop(or off-shell momenta. In the
above expression, it is easy to see that due to the second
SD interferenceterm the result with and without the deu-

teronD state could differ up to a few tens of a percent, even
as f““.Ch as-60%, "’?”d the real part by 18%(see Table ) thoughPyp is just about~6%. Of course it is likely that the
A similar tendency is observed d¥%-4, as the OSA value of ) —
(-1.8024 1.546 fm has been transformed tg-1.705 Matrix elemen(¢PJAD3]¢5> may well be smaller than that for
+i 2.360 fm when the 7Y channel contributions are ex- the first term:{¢dAsd¢és), due to a slight angular momentum
cluded(as discussed in Sec. Il A this means that the coupledmismatch between th8 and D states. However, when we
channels equations were solved again with the parameters sfudy the behavior ofip) and ¢p(p), it is easy to observe
OSA but excluding the coupling to thgY channels In con-  the following trend: the former is very large @a=0 and
junction with the observation in Sec. Il A just mentioned decreases rather rapidly down pe-0.6 fnil. The latter is
above, we conclude here that it is important to retain theseero atp=0 to start with, but its magnitude increases rapidly
nY channels forAc-4. Before ending this section we should up to aboutp=0.6 fnil, then decreases moderately down to
mention that, as shown in our previous publicat[df we  aboutp=2.5 fmi. The result is that the wave function com-
have also tested tH€N amplitude from Ref[5] in the three-  ponents become of the same order of magnitude from about
body equation, and the result turned out to be very close t®equa=0.75 fnT™. On the other hand, we find that, is in
that with OS1, as expected. the subthreshold region for th€'p amplitude dominated by

the A(1409 resonance, see Fig. 4. This is embedde'a.jg
For this reason it may be fairly likely thdtpp|Apd #9 and

described in Sec. Il B. TheiD-state probabilitiesPy are (¢dAsdps are not very different in magnitude, hence a

6.7%, 5.8%, and 0%, respectively. These deuteron moderstO%Dincreas_e in the_gragénar_y PaTtA‘i-d due to the (_jeu;]
are used in combination with the OS1, OSA, and OSB Ioageron state is possible. So it is important to retain that

rametrizations of th&N interaction, and results are summa- component,
rized in Table XII. _
Irrespective of whichKN model is adopted, there is a C. Effects of the small two-body input

Qeflnlte pattern: the imaginary part of the scattering Iength_ What we term here as small two-body input énehe 7Y
increases in accordance with the corresponding increase i —

the D-state probability of the deuteron. The increase in thiscr}\annels resulting from the initigN interaction, (ii) 7N

guantity due to a chang®,=0—6.7%, is as large as 20%. allppeari.ng with a spectator hypgron, aiid) the YN interac-_
The real part appears to stay more or less the same in t ns with a spectator nucleon in the three-body equations.

meantime. We have looked at a few first terms in the three: egle V{’/e” GIXCIlrJ]qe the chan_nels_ |n\_/ollvmg themespn, r?jcall
body multiple scattering series, but that does not tell us why 2P€ VII. In this manner, in principle, our equations do sat-

the change is almost exclusively in the imaginary part. Buﬂs‘cy threﬁ—bogy un.itarity gxactly. It was §hown in _Refﬁ.
whether it is in the real or the imaginary part, the following [14,15 that these interactions were very important in the

simple observation should suffice in understanding th hreshold preak-u_p reactioris,d—aNY, as they control the .
change of this magnitude. First, we introduce ®iand D inal state interactions. Here we want to study these effects in

components of the deuteron wave function in momentun’ihe threshold elastic case. For some convenience, calcula-
space asid(p), ¥i(p), such that tions in the isospin basis come back in our (?IISCUSSI'OI’].
‘ We take models OS1 and OSA for tieN interactions,
(", > (., 5 _ and modelA for the deuteron. Then, we add successively the
Ps= fo Ys(p)pdp, Pp = fo Yo(p)pdp, P+ Pp =1, mN-P35 and YN interactions described in Sec. Il C. The re-
1 sults are given in Table XIllI: the third and fourth columns
(18) give the values obtained when only th&l-P5; or YN input
where, for example, we may tak®;~0.93, P, ~0.07 for are added to th&N+d input, and in the last column both
model A deuteron. We may then rewrite contributions are taken into account.

decreases by-12%. Now we recall the result in Sec. Il A:
using model OSA and excluding the contributions of #e
channels, we have seen thatkall observables were strongly
affected. In particular, the imaginary partag-, increases by

3. Dependence on deuteron models

We have tested three different deuteron mod&|8, C as

064001-15



A. BAHAOUI, C. FAYARD, T. MIZUTANI, AND B. SAGHAI PHYSICAL REVIEW C 68, 064001(2003

TABLE XIll. Contributions of the small two-body input to th€"d scattering lengtfivalues in femtom-
eterg. Models OS1 and OSA are used for tiB interaction, and mode for the deuteron. The calculations
are done in the particle basis.

Model d+KN +A +YN +A+YN
0s1 ~1.985+1.642 -1.985#1.663 -1.975#1.611 -1.974%1.634
OSA -1.802+ 1.546 -1.793+1.562 -1.805+1.511 -1.796+1.529

The effect of the additional two-body input is negligible. Egs.(21) reduce to the first two equations wi¥},4=0. As
This can be easily understood by explicitly writing the three-these equations do not involve the off-diagorEm-qu
body equations. For example, let us consider@&8g) written  propagators, the reaction amplitudes do not depend on the
in the isospin basis, with the following simplified two-body sign of the off- dlagonaKN Y coupling constants.
input: d+KN (limited to | =0, without thepA channel contri- (i) Next, we add therN-P3; two-body channel to the one
bution) +7N-P33. Using the channel labels as defined injust mentioned above. Going back to E(l), it is clear that
Table VII (with y,, a; simplified intoy, «, respectively, the  we obtain the same system of equations if we change the
explicit form of the coupled three-body equations is: signs of both the off-diagonaN-Y propagators and the

X =7 R Xt Z R X Xad andX,q amplitudes. Therefore,_ thed scgttering length
dd ™ Sdyyytyd T SdyPyetaed: will not be affected when changing the signs of the off-
diagonalKN-7Y coupling constants.

Xya=Zyg+ ZyqRXaa + ZyyRyyXya + ZyyRyaXoa, (21 (iii) Now, we addYN interactions to the model with the
d+KN interactions, and change the sign of thH-AN cou-
Xod = ZaaRaXads pling constant. Then, contrary to the previous case K
scattering length gets changed. This can be understood by
X0 = ZaaRayXya + ZaaRaaX noting that, due to isospin conservation, theexchange in

the three-body sector is possible only betweenttyeN),-1/»

Using the last equation to expreXg, in the first three  and N(7A) -, states(Born termZ Loy S€E€ Table IX This
equations, we see that theN-P;3 channel contributes in  “dissymmetry” (comparing with the ‘situation for th® ex-
terms of second or higher order, thus its effect on the lowchange implies that we cannot change simultaneously the
energyK™d observables, such a&-q, should be small, al- signs of theXN-AN propagators and of some of the three-
though the resultingrN-P33 state in the absence of a specta-body amplitudes without changing the original system of
tor Y is nearly on theA resonance peak in its two-body equations. However, as explained before, the chandg-in
center of mass energy. This is consistent with a semiquantdoes not exceed a few percgsee Table XlI), therefore this
tative estimate of the effect by Kamal@t al. [41]. Similar  problem will not be regarded as an important issue worth
arguments hold for the contribution of theéN interactions, extensive discussion in the present paper. It should be appro-
and also when the particle basis is used. priate to stress in this regard that we do not anticipate any

Now, we may need to discuss the problem associated witBignificant lack of precision because we have adopted a sepa-
the fact that the signs of the off-diagonal parameters of theable rank-1 form for the hyperon-nucle@wave interac-
KN and YN interactions are undetermined. Let us considertions (which are the part of the “small” inputwe have
for example, the OSA model of théN interaction. As ex- clearly witnessed that these channels have been found to give
plained in Sec. Il A, the signs of the off-diagonal strengthsonly a small effect in the calculation @-¢. In particular, if
are those of the S3) coefficients given in Tables Il and Ill we accept that theé/N interactions are dictated by $8)
of Ref. [5]. Now, if these signs are changed, the signs of thesymmetry, just as OUKN two- body input, and thus adjust all
corresponding off-diagonal two-body propagators are alsthe signs of strengths in our separable potentials, for ex-
changed, but th&N observables are n¢éxcept the signs of ample, to the correspondirgwave projected Nijmegen me-
the corresponding scattering lengthBSor example, changing son exchange potential§3], then the sign ambiguity will
the signs of\gy_,s for both =0 andl=1, and/or the sign of also be gone out of our discussion. In fact the related prob-
Akn--a (Which contributes only fot=1) does not affect the lem was already studied by Dalitz and co-workers, RE3],
observables. Similar conclusions hold for tiinteractions ~who found important variations in thép mass spectrum in
when the sign ofsy_an iS reversed. Now, the situation is not the threshold break-up reactidf’d— #NY. This will neces-
so simple in the three-body sector. To examine what happensitate us to reexamine the break-up channels within our
we consider the following cases in the isospin bagsie  present approach. At present, we assess that the effect of the
choose the isospin basis for the sake of simplicity in han“small” two-body input is actually not important for the cal-
dling labels, but the conclusions are the same in the particleulation of A-g.
basig. _

(i) Only thed+KN interactions(without the Y channels
contributiong are adopted. The corresponding three-body In this section we present the best estimate for the theo-
equations have the form of E(R1), with Z,,=7Z,,=0. Thus retical value forA¢-4 in our three-body approach. Then we

V. DISCUSSION
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discuss what kind of uncertainty should be associated withhe ratio R, recall Sec. Il for discussion on the available
this value which derives from the effects we have left out inexperimental data for the coupldéd'p channels. In this re-
the present calculation. gard, as found in Table Il, the other two ratigandR, are
From the results presented in the preceding section, wo sensitive to be used for our objective. We have observed
make the following choice for our preferred value: the onethat the change iR, by the K™ absorption effectviz., the
from the combination of the two-body input OSA inclusion of thep wave in the language of Ref77]) is at
+deuteronA, in the particle basis, see Tables Xl and XIlI for most ~2%, whereas the shift from the bare mass to the
the whole set of the results. We have not adopted the valugshysical one due to the same effect foris about 3%j[the
from the calculation explicitly incorporating the hyperon corresponding values following E@26) in that publication
channels which are associated with what we cabethll cannot be used since the basis model for sheave KN
two-body inpuin Sec. II: as should be clear from Table XIll, interaction has been modified by readjusting the subtraction
the effects are found to be quite sméit3%). Besides, ef- constants in Eq(26)]. Since the kinetic energy available to
fects due to thesign ambiguityin the off-diagonalYN am-  the YN system after thé~ absorption in the<"d system at
plitudes do not exceed 1%. So we take a conservative estihreshold corresponds =1 GeVk, the effect of theY N
mate of theK™d scattering length to be interaction is expected to be smé& reasonable guess may

. . be reached from Fig. 3 in the present paper and in [B&).
Ac-¢=(=1.80+1.59 fm, (22) In such a situation what we have just estimated above may

to which we may assign a possible uncertainty of a fewwell be interpreted as the effect of the absorption. To be
percent. on the conservative side we set this to be a possible correc-
We then need to assess the effects that may not have betfin of a few percent.
taken into account in an ordinary three-body equations ap- Not directly applicable but rather useful information re-
proach as the present one. The first such processes are p8arding the effect of meson absorption comes fromathe
sible four-body intermediate states: those with two meson§cattering lengthA,-q. With the exception of some small
and two baryons. Diagrammatically, they may be dividedeffects fromm"d— 7 nnand="d— ynn, the scattering length
into partially and totally connected ones. Of partially con-in this process is purely real if no strong pion absorption
nected diagrams, those associated with baryon self-energi@€fect is in effect, viz., no imaginary part in the absence of
should be dropped from consideration since we assume 0N absorption. With this in mind, earlier model calculations
have been dealing with the initi#gdd channel. Then the re- indicated that the effect creates contributions both to real and
maining partially connected diagrams drgthose in which imaginary parts of f[he scatter_ing length. An earlier three-
there is a spectator meson and two baryons exchanging 2pdy model calculatiofi78] obtained REA,-y)=-0.035, and
meson, andii) those with a spectator baryon, and a mesorlMAx-d) to be between 0.0062 and 0.0075, both in units of
and a baryon exchanging a meson. For the first ones theff€ inverse pion mass; . What should be emphasized here
have already been included effectively in the input baryondS that the pion absorption contributes to the real pesm-
baryon(NN or YN) interactions. Likewise, the second ones Monly termed as the dispersive effeetith just about the

are effectively included in the coupIeIaN and =N input same magnitude as the imaginary part, but with the negative

since they have been fitted to data. So we have only to worr ign. This 9harac§eristic featgre was confirmed by a later
alculation in multiple scattering in Ref79], and the pion

about the completely connected diagrams. Quite fortunatel b . but | dtob
except practically for a couple of diagrani@0], they are absorption contribution was evaluated to be
reduced to two baryoflYN) interactions: crossed two meson
exchanges, and one meson exchanges with meson-baryon- abs __ . 1
baryon vertex corrections due to virtual meson creation and AA -3 = (~0.008 +i0.01Dm". (23

a_bsorption across the vertex. So thosv_e completely connected 1, ore complete three-body calculation explicitly includ-
diagrams are just the pure two-body intermediétéchan- g the pion absorption in a fully consistent manfiee]
nels resulting from absorbini§ (or ). obtained

We thus should consider only the effects of the meson
(K™) absorption in thé<"d elastic scattering at threshold.

In Ref. [77] the p-wave effect in the low energiKN in- A,-4= (- 0.047 +i0.0047m_". (29
teraction has been studied within the context of an effective ) ] o
chiral Lagrangian. In that work, the effect derives from the The pion absorption may be seen as contributing roughly

s-channel pole contributiongdhe absorption/reemission of 10% to the real part. .

by a nucleon:RN—>Y—>RN). So this could be used as a A c;ouplehof repent papers have repprted an _extractlorf1 of
measure for the meson absorption effect under consideratiofggdmr %r; tuseingl(zﬁlec S::é?_r.#lrpen?;%m;grgﬁglﬂuigs’ﬁn%e S
The authors have stated that fhvevave effect is quite small: (Co’ulo’mb’ interaction includgd

total cross sections change very little, whereas the differen*
tial cross sections have improved to follow the trend seen in
experimental data. From this publication, what we could pos-

sibly exploit as the indicators of thE™ absorption effect
semiquantitatively may be the bare massAofviz., M, or  from Refs.[33,81], and

AfT_d =(-0.0259 + 0.00111+i(0.0054 + 0.001L (25)

064001-17



A. BAHAOUI, C. FAYARD, T. MIZUTANI, AND B. SAGHAI PHYSICAL REVIEW C 68, 064001(2003

AfT_d =(-0.0261 + 0.0005+i(0.0063 + 0.000Y (26) elegtro_magnetic c_orrectiomncluding. thg finite electromag-
netic size of the pion, vacuum polarization effect, eto.the

from Ref.[82], both in units of the inverse pion mass as Deser-Trueman formula onl§{33,81,82. As found, for ex-
before. Both of these data are consistent with each othegmple, in Ref[85], this correction is up to about 2%. But the
and particularly the imaginary parts are also consistengffect of the point Coulomb interaction, which is the very
with the model calculations in Refk78,80. However, the basis for the use of the Deser-Trueman formula, has not been
real parts are about half the magnitude of the model resuliaken out. Thus to be more precise, the extracted quantities
in Ref.[80]. If we assume that the experimental result beshould carry an indexc” to indicate that the Coulomb effect
correct and that the result of the model calculation menis still there. This we have done explicitly in what we have
tioned above be also correct regarding the sign and size afritten above. In the case of the pion-deuteron scattering
the absorption contribution to the real part, then the realength, even this type of electromagnetic corrections to the
part of the scattering length without the pion absorptionDeser-Trueman formula has not been attempted. To a large
effect should be about0:02am;*. Then it appears that the extent the reason should be that the calculation is far more
data indicate the pion absorption effect to be very close t@omplicated than for the™p case. But one may well suspect
30%. And supposing that we translate this to our presenthat a straightforward application of the Deser-Trueman for-
K~d scattering length, the pure three-body result could nomula to this already explicitly extended system would obvi-
be acceptable. But there is a possible way out of thiously introduce an error far larger than these sophisticated
impasse: in Refd.33,81], by combining the data from the corrections to that very formula.
pionic hydrogen and pionic deuterium, the value of the There have been model dependent but rather detailed cal-
scattering lengthrn, or more precisely the isoscalar com- culations relatinga;_p and a,-,, the latter being due to the
bination purely strong interactiofi27,86. It was stated that the dif-
ference between the two quantities is just a fraction of a
obS=a’_ +al (27) percent. As the same method cannot be applied, a simple
7p i estimate was carried out to relate the corresponding quanti-
turned out to be consistent with zero. Thisar vanishing ties for thew d scattering lengtt27]:
of by should be expected from current algebra calculations

[83], and particularly in the soft piofviz., zero pion mags o o

limit (however, we should be reminded in this respect that A’ /A’T'd:f u5642r)¢3(0,r)dr/f Ued2r)r2dr,
the extraction of this latter quantity is still ratherodel de- 0 0

pendent see Refs[33,8]] for details, as well as the conse- (28)
quence from therN partial wave analyses, see, for example,
Ref. [84]). So if one accepts this result, the lowest-order
pion-deuteron scattering length in a static calculation van
ishes, and this is the basic origin of the smallness o
Re(A,-y). Consequently, one might well come up with that
large pion absorption effect.

whereuge(r) is the Swave radial deuteron wave function
and ¢(0,r) is theS-wave zero momentum Coulomb wave
]function for a unit charge. Clearly, this is just to semi-
quantitatively introduce the distortion of the incoming
charged pion due to Coulomb interaction. The result is

o : . )
Now, this is far from true in the case of ted scattering about 4% increase in the magnitude -4 as compared

length where(i) because the kaon cannot be regardesodis with 'its Coulomb. included counterpart. However, as we
and(ii) because of the predominantly exoenergetic nature of€€ N the experimentally e_X”aCt@‘ffd reported above
the associated coupled channels, even the lowest-order sch®1,82, the error bars are just about the size estimated
tering length is neither vanishingly small nor purely real tohere. So here again, the Coulomb correction seems to ap-
start with, even withoukK~ absorption. Hence we may safely Pear quite small. Likewise, the same line of reasoning
abide by the estimate of the kaon absorption effect as dighight well apply to the case of thi€™d scattering length.
cussed earlier, and so we set the effect to be less than 1094/hen translated into the model prediction, a possible al-
Of course, a more quantitative study will have to be done. lowance should be taken int(_) consideration petween the
Our present calculation does not include any electromagPurely strong and Coulomb included scattering lengths,
netic interactions, of which the Coulomb interaction playsalthough by its very nature the estimate should be re-
the dominant role in the actual hadronic quantities measured@arded qualitative. To this end it should be useful to refer
So we now come to discuss the effect of the Coulomb interf0 the work of Barrett and Deloff34]. They introduced a
action as our last subject for this section. Here just like whag€t of rather simpl&“d optical potentials and calculated
we have done above, we will borrow a good part Of Ourthe Strong intera.ction Sh|ft and W|dth Of théhtomK}
argument below from therp and =~d scattering length level for the kaonic deuterium. Also the optical potentials
problems. In fact, as long as the aspect related to the ele¥tere used to calculate the purely stroi#g-q), as well as
tromagnetic interactions is concerned, replaciigby K- the Coulomb includedA;_,) Kd scattering lengths. The
should not alter it in an essential manner. So the first imporebservation they made was that the Deser-Trueman for-
tant point to be stressed is the following: all the experimentamula might be inaccurate, and that a blind application of
determination of ther p elastic(and 7 p— = n charge ex- that formula and the identification of the extracted quan-
change scattering lengths extracted from the pionic hydro-tity as theK™d scattering length due only to strong inter-
gen atom level shift and width have taken care of variousaction might introduce an error as large as 20%. A word of
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caution should be due regarding this work: the opticaldeev equations for th&K™d system, to which we embodied
potentials constructed there were quite simple, and stronthe above elementary operators. As expected, this formalism
nonlocality expected from the dominance of thé¢1405 allows us to go far beyond previous investigations, such as
was absent. So a more realistic optical potential should bseingle-channel and multichannel approaches and fixed center
constructed in order to give more reliable statements ompproximation. As in the case &N interactions, we per-
the issues. Otherwise, if one wants to simply obtain th&ormed our studies in both isospin and particle bases.
Coulomb includedK™d scattering length, it is possible to The main improvements that the present work brings,
use the pure-strond{"d amplitude and apply Coulomb goyer earlier calculations, ar@) the use of sophisticateliN

corrections as found, for example, in R€87]. interactions, combined with a deuteron model including the
D-state component, andi) the use of a relativistic three-
VI. SUMMARY AND CONCLUSIONS body model, including for the first time the isospin breaking
effects.

The scope of the present work being to develop a reliable Investigating thek-d system brings in phenomena with

formalism to calculate th&"d scattering length, our starting gma| contributions. In particular, we have shown that both

point was a thorough study of various appropriate t\No—body7T,\|_F,33 and coupledY N interactions produce negligible ef-

processes. F(_)r.t.hat purpose, we first foc_used on the r?ighlﬁécts. We have also tried to evaluate qualitatively the impor-
w:g)lastlc K™p initiated reactions in the kinematics region {5nce of other phenomena, namely, possible contributions
P =250 MeVk. The elastic, as well as the relevant sevengom four-hody intermediate statel; absorption, and Cou-
inelastic coupled-channels, is investigated via an effectivgymp correctionthis latter being also present in the elemen-
nonlinear chiral meson-baryon Lagranglan. Within a brokeqary two-body channejs The quantitative determination of
SU(3)-symmetry scheme, the adjustable parameters of thg,ch phenomena goes beyond the scope of the present work.

formalism were determined by a fitting procedure on the Finally, our best value for th&~d scattering length ob-
threshold branching ratios and total cross-section data, leagsined with the OSA+deuteroh model is

ing to reduced(®s close to 1.2. This was done in the particle

basis, where the isospin breaking effect is introduced by tak-

ing the physical masses of the particles within each multip-

let. Given the quality of the phenomenological input and ap-
To make clear the sensitivity of the observables to theyroximations introduced, our estimations lead us to attribute

phenomenological ingredients, three models were contp the above values an uncertainty of about 10%.

structed. They were then exploited to predict other measured The awaited data will soon make clear how realistic our

Aq-= (- 1.80 +i1.55 fm.

quantities, which are as follows. predictions are. These experimental results will come from
(i) Kp scattering length, for which our best value ob- pAGNE on the KN and K™d scattering lengths, as well as
tained with model OSA is from COSY, ELSA, JLab, and SPring-8 on the lowest mass

_ . A resonances, including ther mass spectrum. From theo-
8-p=(0.90+i0.87 fm, retical side, several topics deserve to be studied, such as

in agreement, within the experimental uncertainties, withCoulomb effects an&"d break-up channels.

the recent KEK data,
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teractions, one of course needs another elementary ampli-

tude: K™n, for which no data is available. We hence per-

formed predictions for the elastic and the four inelastic APPENDIX A: PARTICLE AND ISOSPIN BASIS
coupled channelg91]. Moreover, predictions for various We consider two particles with isosping I, projections
scattering lengths were made, i.@,(Kn—K™n), a(K'n  li» l2, and total isospind, I,. The transformation from
—K’'n), and a.{K"p—K'n). Finally, the implementation of ISOSPin to particle basis is written as

the two-body sector was completed by studying other rel-

ag = (-0.78+0.15+0.08+i(0.49 £ 0.25+ 0.1 fm.

evant channels: pion-nucleon, nucleon-nuclgtime deu- I+l

teror), and nucleon-hyperon interactions. il = 2 (alidal ol + (1, + 1)
Then, we moved to the central topic of the present work 1=l1315]

and developed a relativistic version of the three-body Fad- (A1)
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Next, we specify the values of the isospins of the particles
and their projections, following the phase convention given
in Table | for the isospin states. Calculating the appropriate
Clebsch-Gordan coefficients, we easily obtain the linear re-
lations between the states in the two bases. | A)=[1= D),

‘—1|1 1) +1|2 1)
\*E s, \’E [OR]

1. KN states 727 =1-1),5.

For theK™p interactions, the eight physical states defined The relations between the strength parameters in the two
in Egs.(5) are expressed as linear combinations oflth®,  bases are obtained along the same lines as irKipecase.

1, and 2 states, according to the following relations: Neglecting as before thie=2 states contributions, we obtain,
for example,
_ 1
K™p) = ,_EHOO)RN‘ |10%n], L N
v AK‘n—K‘n = )\KN—KN’ )\K‘n—w‘2° ,2 KN ! (A3)
D 1 etc.
K'n) = T§[|OO>RN +[100&n],
v
2. =N states
~ 1 1 1 . . . .
7Sy = - —F|00>ﬁz + (1005 — =[20)s, The dlfferen.th.states in thle f?‘”'d? basis are expressed
\ as linear combinations of the=3,  isospin states. Consider-

ing the possible charge states of the pion and nucleon, we
have the following two sets of coupled states:

), -3,

1 1 1
737 == —|00). s — —|10)5 — ——|20) s,
[ 7 o) = o)

V3 v V6

7)== 5100, 220
™ == - 3 s
3007\ 3200

'y 1\ \/E 11
a e 2/ V3|22/_
|7 A)=[10) 7y,
o 3 1 2|11 1

75 =110, == o-2) —y2E-2)

V312 2 312 2/ 4
|7]A> = |00>7]A

From these expressions, we can deduce the relations be- \/j‘ g _> + i g }> :

tween the transition potentials in the two bases. Choosing a N \/5 2 2/ N

separable form as Eq2), with isospin-independent form
factors, we obtain the relations between the strength param
eters in the two bases. Neglecting the contributions ofl the
=2 states, we have, for example,

and the single state

3
|7 ny=3-3 N

Retaining only the contributions with total isospin 3/2, we

0 deduce from the above expressions the following relations

McpRon = ED‘RN—RN ~ M- between the strength parameters in the two bases:
1, 1, NI VRS W SN S 5y
Monmrs- =~ EMas * pMas (A2) o T AT SR Rt T A T SR
V

(A4)
and so on for the other parameters, with the symmetryatc.
property,)\ij :)\ji'
In the case of th&™n and related states, only the1 and
2 states contribute, and the five physical states,(&)x.are
expressed as follows: The 2N-AN states in the particle basis are expressed as
KM= — |1 - 1) linear combinations of the=3, § states. We have two sets of
Km=-] JRN: three coupled states,
1 1>
22/ s\

W)= Dt 2D, = >\H >
m 1D+ 2= s T
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1|31 2|11

Efy=-—=|zz) - \/j — Tii(pi, pj;0) = Vii(pi, pjs o) + fdskaik(pi,pk;U)
V3122/ 5y 3122/ sy k

X G§(P; ) Tij(Pwo P} 0), (B2)
|Ap) = }} . where p; is the momentum in channél The relativistic
22/ two-body propagator has the following relativistic expres-
sion:

_ 113 1 211 1 6 +te

So==5-5) “Val375/) ¢ Gh(py;0) = L B3

ok V312 2>EN 312 2>EN oPi ) (2m)*2e16) (e + €)* - o]’ (B3

where the two particles in channklare labeled 1 and 2,
. 213 1 11 1 and = \p?+n? is the energy of particlé with massm,.
In)= 312 2 t= 2 ' Finally, in the case ok-wave interactions, Eq.B2) re-
v =N duces to the following set of coupled one-dimensional inte-
gral equations:

1 1
|Any=| - - —> ; =
2 2/ ,\n Tii (i, Py o) = Vi (pi, pjs ) + f prdpVik(pi, Pi; o)
and the two following single states: ) Koo
X Gy((pi; @) Ty (P, Py 0) - (B4)
2y = |% - %>2N’ Now, we assume thaf;'s are separable, i.e., we write
ISy =133 s Vii(pi, Py o) = Gi(p)Nij (o) g;(p;) - (B5)
N

. Theg's are the form factors, anijj(o) is the strength for
From these relations, we can express the strength paran o nsition <. Here we assume that in geneka are

eters in the particle basis in terms of those in the isospl%nctions ofe. Using this expression in EqB4), we ob-
basis. For example, we have tain T as sepérableg P ’

=
V2 T (p;, pi;o) =gi(p)Ri(a)g (p)), B6
)\2°p—2+n:_7\2‘p—2°n:?[)\%II\ZI—EN_A%/NZ—ZNL . Ij(pl pj ) gl(pI)RIJ( )g{(pj) ( )
whereR;; is an element of the followingn < n) matrix:
2 1/2 —
As+n-Ap = As—p-An="— \/;\EN_AN, (A5) R(o) =[\"Yo) - G(o)] 2 (B7)
and so on. Here\(o) is ann X n matrix of the strengths, a@(s) is a

diagonal matrix with the following elements:

APPENDIX B: SEPARABLE MODEL FOR _ w _
COUPLED CHANNELS Gjj(o) = 5Uf p%dp gz(p)GO'(p;O'), (B8)
The Bethe-Salpeter equatips?] is the relativistic gener- 0

alization of the Lippmann-Schwinger equation describing thq/vhereGOi is the relativistic two-body propagator for chan-
scattering of two particles. In the caserofoupled two-body | a|i calculated from Eq(B3).

channels, we have a system icoupled equations, which Note that in the case where the strength matrix has no
reads, in operator form, inverse, Eq(B7) must be rewritten as

Ti(0)=V; + % ViGi(0) Ty(0), (B1) R(0) = [1 = Mo)G(a)] ]\ (o), (B9)

) ) where 1 is the (nXn) unit matrix. This situation occurs,
with o being the square of the total center-of-mass CNeT9¥%0r example, when th&N interactions are considered in
The indicesi, j, k} run over then two-body channelsG, pie,

between channel and j, and T;; is thet matrix for that Lo : P
! matrix with its determinant equal to zero.

transition.

After projecting in the four-momentum space representa-
tion, we obtain a system of four-dimensional integral equa- APPENDIX C: ANTISYMMETRIZATION
tions. Using the Blankenbecler-Sugar metha@Refs. In the isospin basis, the two nucleons are considered as
[43-45), this equation can be reduced to the following set ofidentical particles. Therefore, one must construct Born terms
coupled three-dimensional equations: and three-body amplitudes properly antisymmetrized with
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respect to the two nucleons. We present hereafter the prin-
ciple of the method, and we refer the reader to Rglfg,45

for more details. We proceed along the same lines to define the antisym-
Let us label the two nucleons &k andN,. Thed channel  metric Z,, Born term:

corresponds t& (N;N,), where the tilde means that the deu-
teron wave function is properly antisymmetrized. We must

Edy = V’EZdyl i (CZ)

also add the nucleons labels to the labels defined in Table ~— 1 — — 1 —

VII: Al=S(mN), B=m(YN), d=N(mrY), with i=1, 2, andy Zyy= LNaKND [ = (Na(KN){1Go TN (KN
=N;(KN;), with i,j=1,2 (i#]). (Note that the lower indices _

have been removed, since they do not participate in this dis- = [N1(KN))]. (C3
cussion.

Now, we have two types of Born terms, depending onAS K can be exchanged only between thN,) and (KN,)

whether one or two nucleons are involved. In the first catPairs, we have:
egory, we havel,,, Zxg andZ,s. For these terms, we only
need to introduce the nucleon index. For example, we defing_ _ _ _ _
Zp1,2=(Z(mNy)|Go|Ny (7)), Zp2,2=(Z(1Ny)|Go|Ny(72)), Z,y= = 3[(N2(KNp)|Go|N; (KNy)) + (N1 (KN,)|GgNy(KNy)) ]
whereG, is the three-body propagator. Since nucleons 1 and _ Y712+ Zoa] (C4)
2 are identical, it is clear that these two Born terms are iden- ~ 285y2 T Syt
tical, and we will seZ,,=Z1,1=Z52,2. In the same way, we Due to the identity of the two nucleons, we ha¥g,.
defineZ,s=Zp151=Zp252 aNd Z,s=Z 151=Z ,2p2. =Zyy, and thus

The Born terms involving two nucleons, namefy, and
Z,, must be antisymmetrized. As tldestate is already anti- -
symmetric, we only need to antisymmetrize thstate. So, Zyy=-2Zpp. (CH
using the notations defined above, the antisymmedyc

Born term will be defined as For practical calculation, only the coefficients appearing

in the expressions of the antisymmetric Born terms are
— - 1 — — important, and we can ignore the nucleons labels.
Zgy=(K (N1N2)|GOT§[|N2(KN1)> ~[N1(KN2))] Concerning the two-body propagators, the nucleons labels
v can be ignored, since only one nucleon is eventually in-
1 volved in the propagating paifThe deuteron propagator cor-
= TE[Zdyl ~ Zgyp]. (CD)  responds to a properly symmetrizég| or 3S;-°D; state)
v Finally, the three-body equations can be rewritten in the
ExchangingN; and N, in Zyg, it is obvious thatZya same form as Eq13), where now the Born terms are the
=-Z4yp, thus antisymmetric terms as defined above.
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