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Chiral dynamics of the p wave in K™ p and coupled states

D. Jido!* E. Oset and A. Ramos
!Departament d’Estructura i Constituents de la Miéde Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain
2Departamento de Bica Teoica and IFIC, Centro Mixto Universidad de Valencia-CSIC, Ap. Correos 22085, E-46071 Valencia, Spain
(Received 5 August 2002; published 6 November 2002

We perform an evaluation of thp-wave amplitudes of meson-baryon scattering in the strange®ess
= —1 sector starting from the lowest order chiral Lagrangians and introducing explicitl} thield with
couplings to the meson-baryon states obtained usings)S&ymmetry. TheN/D method of unitarization is
used, equivalent, in practice, to the use of the Bethe-Salpeter equation with a cutoff. The procedure leaves no
freedom for thep-waves once the-waves are fixed and thus one obtains genuine predictions fqr-theve
scattering amplitudes, which are in good agreement with experimental results for differential cross sections, as
well as for the width and partial decay widths of tB& (1385).
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I. INTRODUCTION the (1385) was explicitly included as a field, and chiral
Lagrangians to next to leading order were introduced to deal

The advent of chiral perturbation theoryRT) as an ef-  with the meson-baryon scattering problem. In this latter work
fective approach to QCD at low energigh in hadron dy- the around 25 free parameters of the theory were fitted to the
namics has allowed steady progress in the field of mesorflata, although some of the parameters are constrained by
baryon interactioi2—5]. However, an important step in the largeN; arguments.
application of chiral Lagrangians at higher energies than al- Simplicity is one of the appealing features of the p
lowed by yPT is the implementation of unitarity in coupled intéractions from the perspective of chiral symmetry. Indeed,
channels. Pioneering works in this direction were those Otl)qbtRa?r:.e[dg]\;viltthV\t/ﬁs Ifg\lljvggttgsc}eliséﬂﬁetrﬁatéﬁgrslg:gz :;ng“liztrjr?el
Refs. [6-8], where the Lippmann-Schwinger equation in %f the Bethe-Salpeter equation, and a cutoff of about 630

coupled channels was used extracting the kernels from th Ve larize the | Id d h
chiral Lagrangians. Subsequent steps in this direction werd €V 1© regularize the 0ops, One coul Teprocice e cross
sections ofK p—K™p, K°n, #°A, #%3° #*3~, and

made in Ref[9] in the study ofK ™ p interaction with the o , :
coupled states using the Bethe-Salpeter equation and intrd > - together with the properties of th&(1405) reso-
ducing all the channels which could be formed from the octef'@1C€, which is dynamically generated in that scheme.

. It is remarkable that, using the same input, one can also
of pseudoscalar mesons and stable baryons. Further steps in, . ' ’
this direction in the strangene&-=0 sector were made in oBtaln theA (1670) andx (1620) swave resonanced 8] as

Refs. [10-14. The works of Refs[6—9] dealt only with well as the= (1620)[19], which completes the octet of low-

_ : : st energy swave excited baryons together with the
swaveK ™ p scattering, and one obtained a remarkably goo *(1535) obtained in Refd6,12,14 following the same
agreement at low energies with the data for transitions o .

~ . s ines. The idea here is to see whether the simplicity observed
K™p to different channels, indicating that tiewave and i, he swave interaction also holds fgv waves. In other

higher .partial waves play mi_nor roles at thesg energies_,. Thﬁ/ords, we would like to see if one obtaimswave ampli-
extension of these works to inclugevaves or higher partial  tdes using again the lowest order chiral Lagrangians and the
waves is thus desirable in order to see whether the agreemegdme cut-off parameter as in R¢€]. Anticipating results,
found with only ans wave is an accident or whether one e can say that the wave amplitudes obtained with this
confirms that the contribution of thewave is indeed small. |ine are in good agreement with experiments, as well as the
There is also an important feature of thevave which is the properties of the3 (1385) resonance, thus obtaining a

presence of th& (1385) resonance appearing with the sameparameter-free description of tigewave phenomenology in
quantum numbers as those of thep system, although only e 5= —1 sector.

visible in wA or 7 states since the resonance is below the
K™ p threshold.

The introduction ofp waves into the strangeneSs- — 1
sector was done in Refl5] and more recently in Refs. Following Refs.[2-5] we write the lowest order chiral
[16,17). In Refs.[15,16] only the region of energies above Lagrangian, coupling the octet of pseudoscalar mesons to the
the K™ p threshold was investigated but tRg1385) reso- octet of 1/2° baryons, as
nance region was not explored. In Rgf7] the decouplet of

Il. MESON-BARYON AMPLITUDES TO LOWEST ORDER
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where the symbo{ ) denotes the trace of $B) flavor ma-
trices,M is the baryon mass, and

v,B=d,B+[I",,B],

1 t t
FM=§(u d,utug,ut),

. (@)
U=u?=expi2d/f),

B t
u,=iu &MUu .

The couplingsD and F are chosen a9 =0.85 andF
=0.52.

The meson and baryon fields in the @Umatrix form are
given by

_0+_ 7T+ K+
2" e
1 1
o= T I R KO ,
2" e
_ 2
K™ KO S
\/577
©)
1 1
R E— P p
V2o e
1
B= 3T - —=3% —A n
V2o 6
2
- =0
=} = ——A
J6
(4)

The BB®® interaction Lagrangian comes from tthg,
term in the covariant derivative, and we find

_ 1
£®= < Bi 'y"F[UI)&M(IJ—&M(I)(D)B

—B((D&M<D—5M<D<I>)]>, (5)
from which one derives the transition amplitudes
1 )
Vij==Cij z72u(P") y*u(p) (k,+ky) (6)

wherek andk’ (p andp’) are the initial and final meson
(baryon momenta, respectively, and the coefficies,
wherei andj indicate the particular meson-baryon channel,
form a symmetric matrix and are written explicitly in Ref.
[9]. Following Ref.[9], the meson decay constanis taken

as an average value=1.12% . [18]. The channels included

in our study ar&k ~p, K°n, #°A, 7°3° A, 30, 73,
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FIG. 1. Diagrams for the pole terms @) A, (b) =, and(c) =%,
with the K™ p channel as an example.

w3, K'E~, andK°Z°. The swave amplitudes were
obtained in Refg[9,18] and we do not repeat them here. The
Lagrangian of Eq(5) also provides a small part of the
wave which is easily obtained by evaluating the matrix ele-
ments of Eq(6) using the explicit form of the spinor and the
Dirac matrices. We obtain, in the center of mass system,

1 1) . . ..
tii=—Cij gz, b_|+b_J (o-kj)(o-ki), )
with
E;+M; =
a=1/ I2M-|’ b=E+M;, E=yMZ+p?, (8
I

whereM; is the mass of the baryon in channel

In addition we have the contribution from thie and 3
pole terms which are obtained from tBeandF terms of the
Lagrangian of Eq(1). The X* pole term is also included
explicitly with couplings to the meson-baryon states evalu-
ated using S(B) symmetry argumen{0]. These terms cor-
respond to the diagrams of Figdal-1(c).

The amplitudes for the\, %, and %* pole terms are
readily evaluated and performing a nonrelativistic reduction,
keeping terms up t@(p/M), we find, in the center of mass
frame,

ADADAl *E*Elk’plk?
tij=D;i j\/§—|\~/IA(U. i) (oK) +M_j +M—I,
1 k? kP
2 _DIDE— (g-k )oKk 1 b
t=D;D; @_ME(U K)(o-Kp)| 1+ v il
9
B =DF DY (SK)(E Ky
Vs— My

with S' the spin transition operator from spin 1/2 to 3/2 with
the property

2 i
; S|Ms><Ms|SjT:§5ij_§€iijk (10)
and

20D F

A_ DA [P FA T

Dif=c \/;21‘ cr12 55,

20D F
D?=cP'Z\/;E—cF’2J1—2§, (11)
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TABLE I. cP, cF, andc® coefficients of Eq(9).

K p K°n A 7030 7A 730 atYT o ¥t KY'E” K°=0
D,A
ciD Yz \/g \/g 0 0 0 0 0 0 3 3
N - T N N S
S3*
s* ax* 12D+F regularized by means of a cutoff, while [it6] dimensional
i =C 5 2 regularization was used. Both methods are eventually

equivalent, although in the dimensional regularization
The constantg®, ¢, ¢S are SU3) Clebsch-Gordan coeffi- Scheme there is a different subtraction constant in each isos-
cients which depend upon the meson and baryon involved iin channel and thus allows for more freedom.
the vertex and are given in Table I. The phase relating physi- The loop functionG in the cutoff method is given by
cal states to isospin statefK " )=-—|1/2,1/2, |E")
— 121, |7y =—|1Y, |S9)=—|1,D, normaly Gi(VS)
adopted in the chiral Lagrangians, are also assumed here.

U ~ dg M 1 1
M, My, andMy+« are bare masses of the hyperons, which =if q4 L o 0 S oo
will turn into physical masses upon unitarization. (2m)* Ei(q) K+p°—a’~E(q)+ie g*—mi+ie
3
lll. UNITARY AMPLITUDES :Jq”‘“ dq L M 1 ,
(27)% 201(Q) Ei(d) p°+Kk°—w (q)—E(q)

The lowest ordeftree leve) contributions to the wave
meson-baryon scattering matrix are provided by Eg@sand (14
(9). Following the philosophy of Ref9], the tree level con-
tributions are used as a kernel of the Bethe-Salpeter equ
tion. Furthermore, the factorization of the kernel makes it d*q 1 1
technically simpler to solve the Bethe-Salpeter equation. It GI(\/E):izmlf 4 3 ——
was shown in Ref[9] that the kernel for the-wave ampli- (2m)" (P=q)*~Mi+ie g —mi+ie
tudes can be factorized on the mass shell in the loop func-
tions, by making some approximations typical of heavy

g\(hile in dimensional regularization one has

2

M, 2 mi-MZ+s m?

baryon perturbation theory. The factorization fowaves in 2s ! l\/||2
meson-meson scattering was also proved in R&f] along _

the same lines. A different, more general, proof of the factor- q P N

ization was done in Ref22] for meson-meson interactions + ﬁ[ln(s—(M, —mP)+2q;Vs)

and in Ref[16] for meson-baryon interactions, where, using

the N/D method of unitarization and performing dispersion +In(s+(M2—m?)+2q,s)

relations, one proved the on-shell factorization in the absence o

of the left-hand cut contribution. This part is shown to be —In(—s+(MZ=m?)+2q,ys)

small in Ref.[22] for meson-meson scattering and even

smaller for the meson-baryon case because of the large bary- o o —

onic masses in the meson-baryon systems. The formal result —In(=s—(M{—mf)+2q,Vs)]{, (15
obtained in Ref[16] for the meson-baryon amplitudes in the

different channels is given in matrix form by the same resultynere m and M are taken to be the observed meson and

coming from the Bethe-Salpeter equation, baryon masses, respectively, in order to respect the phase
T=V+VGT, (12) space alloyved by the physical statgs,is a regularizati_on
scale (playing the role of a cutoffand a; are subtraction
that is, constants in each of the isospin channels. In Ri] it was
shown that, takinge =630 MeV as the cutoff in Ref9], the
T=[1-VG] v, (13)  values of the subtraction constants in Etp) which lead to

the same results as in the cutoff scheme[363
whereV is the kernelpotentia), given by the amplitudes of

Egs.(7) and(9), andG is a diagonal matrix accounting for axn=—1.84, a,s=-2.00, a,,=-1.83
the loop function of a meson-baryon propagator, which must (16)
be regularized to eliminate the infinities. In RE®] it was a=-225 a,=-238, axz=—2.67.
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We shall use the same values here, and hence this procedure
would be equivalent to performing the calculations using a
unique cut-offg,,,=630 MeV in all channels. In a second
step we shall relax this constraint and allow the subtraction
constants to vary freely to obtain a better global fit to the
data.

The use of the amplitudes of Eq¥) and(9) directly in
Eq. (13) is impractical since, due to their spin structure, there
is a mixture of different angular momenta. It is standard to
separate the amplitude for a spin zero meson and a spin 1/2
baryon into different angular momentum components. We
write, with the angled between meson momenta in initial
and final states,

o0

f(E’,E)=|§0 {(1+1)f,, +1f,_}P,(cosb)

—i5~(R’><R);O{f,+—f|_}P|’(cosa), 17)

which separates the amplitude into a spin-non-flip part and a

PHYSICAL REVIEW &6, 055203 (2002

1 1 1 1
t —
gigee(\/g)_g Cij 728, b_|+b_]
k? K?
DDA 1+ || 1+ -
T M, M;
Vs—M
K° kP
3| 14 L il
_Di D; 1+Mi 1+ M
Vs—My
107D
+§\/§——|T/|§ kikj, (20

wherei andj are channel indices. Hence, denotihg=f .
andf,_=f_ for =1, with

spin-flip one. The amplitudefj . andf,_ correspond to or-  and using Eq(13), one obtains

bital angular momentunt and total angular momentuiin
+1/2 andl —1/2, respectively. These amplitudes exhibit in-
dependent unitarity conditions and separate in the Bethe-
Salpeter equation. If we specify the=1 case, thg wave
amplitudes can be written as

f,=f+g,
f_ =f-2¢g 2y
f+:[1_ft+r_eeG]—lftree,
(22)

f_=[1—f"eG] tflree,

As one can see from these equations, the amplitéitfésnd

f tree

T(K',K)=(21+ 1)[f(Vs)k' - k—ig(ys)(k’ xk)- o].
1

in the diagonal meson-baryon channels contain the fac-

tor k?, with k the on-shell center-of-mass momentum of the
(18  meson in this channel. For transition matrix elements from

channeli to j the corresponding factor ikjk; where the

energy and momentum of the meson in a certain channel are
given by

From Eqgs.(7) and (9) the corresponding lowest ordéree
level) amplitudes read

1 1 1
e NS=3| ~Cugpaalp
K? K?
ARA ! ]
+Di D; 1+—Mi 1+_|v|j
Js—M,
K? K?
AT ! I
+Di D; 1+Mi 1+ Mj)
Js—My
2 D} D}
+§—\/§—l\7I§ kikj, (19)
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s+m?—M?
E=———, k=VEZ-m? (23
2\s

which also provide the analytical extrapolation below the
threshold of the channel whekg becomes purely imaginary.

The differential cross sections, including thevave am-
plitudes are given by

do 1672 S

k’
?{|f(3)+(2f+Jrf,)cos¢9|2

+|f,—f_|?sirf6} (24

where the subscript, j in each of the amplitudes must be
understood. Set of equatiof@2) can be solved in the space

of physical states, the ten-channel space introduced in sec.
Alternatively one can also construct states of given isospin
(see Sec. 3 of Ref9]) and work directly with isospin states.
Conversely, one can work with the physical states and con-
struct the isospin amplitudes from the appropriate linear
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FIG. 2. Total cross sections of t€™ p elastic and inelastic
scatterings. The solid line denotes our results with the parameter SBF
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FIG. 3. Differential cross sections of tie p—K ™ p, K°n scat-
terings atp o= 245, 265, 285, and 305 MeV. The solid line denotes

of Eqg. (16) including boths and p waves. The dashed line shows

our results without theg wave amplitudes. The data are taken from
[23] (open circley [24] (black triangle§, [25] (black circles, [26]
(open triangles [27] (open squares [28] (black squares [29]
(open down triangles [30] (open diamonds [31] (black dia-

monds, [32] (open pentagonsand[33] (black pentagons

channelf _, which corresponds td=1/2, we can havé
=0 and 1. The pole of thd andZ from the pole terms in

our results with the parameter set of E§i6) including boths andp
waves. The dashed line shows our results withoutpteave am-
itudes. The data are taken from REZ5].

tum in the laboratory frame. The parameters taken there are
the set of values of the subtraction constantSom Eq.(16)
which are already fixed from Rdf18], and the values of the

bare massedyl ,=1078 MeV, My=1104 MeV, andM
=1359 MeV. The results with thewave alone are equiva-
combinations of transition amplitudes with physical stateslent to those presented in R€f9]. As already remarked
The isospin separation is useful fprwaves. Indeed in the there, the agreement with experiment is quite good, particu-

Fig. 1 will show up in the calculation in these channels,ratiosy, R., andR,, defined as
respectively. However, the unitarization procedure will shift
the mass from a starting bare mads andMy in Egs.(9) to
another mass which we demand to be the physically ob-
served mass. Similarly, in the, amplitude, corresponding
to J=3/2, there will be a pole for=1 corresponding to the

2*. Once again we start from a bare mefs§* in Eq. (9)

such that after unitarization the pole appears at the physical
>* mass. In the case of the*, since there is phase space
for decay intorrX andwA, the unitarization procedure will
automatically provide the width & *. With no free param-
eters to play with, the results obtained for th& width and

the branching ratios to theX and wA channels will be

R

B LK p—=7"27)

larly taking into account that only a free parameter, the cut-
off, has been fitted to the data. In addition the threshold

= =2.36-0.04, 25
I K pom 3 (25
I'(K~ p—-charged particles
= (Kp geap e=O.664t0.011,
I'K™p—all)
I'(K p—m°A)
= =0.189+0.015

n

I'(K™ p—all neutral states

genuine predictions of the theoretical framework. Since the=2.30, R.=0.618, andR,=0.257.

poles of the coupled chann& matrix appear when the de-
terminant of the 1— f°G] or [1— f"®G] matrices is zero
(in the complex plang it is clear from EQq.(22) that one

obtains the sam@, %, or %* poles in all the matrix ele-

ments.

In Fig. 2, we can see the total cross sectionskomp to

IV. RESULTS

were also well reproduced. The values obtained hereyare

The effect of adding the wave is quite small in the cross
sections, justifying the success of the results obtained using
the s wave alone. In order to better appreciate the effect of
the p wave, it is better to look at the differential cross sec-

tions since there one is sensitive to the interference arfd

p waves, which results in larger effects than in the integrated
cross section where just the square of pheave amplitudes
appears. We can see in Fig. 3 that the incorporatiomp of

waves provides the right slope in the differential cross sec-

different channels as a function of the initial meson momentions, clearly indicating that the amount pfwaves intro-
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FIG. 4. Same as in Fig. 2, with the parameter set of(2§). We turn now to the results below threshold where the

2.* (1385 resonance appears. The results are seen imthe

duced is the correct one. The agreement is not perfect for adf 7= mass distributions in reactions withA or 7% in the
laboratory momenta shown, but the little strength missing ofinal state. The mass distribution afA is given by

in excess is clearly due to the dominanivave. In order to

emphasize this better we have taken advantage of the fact d_rf_ (=1 |2

that one can make a fine tuning of the subtraction constants dm—C|tm\me| Pem(A), (28)
a; to improve the fit to the data. We have just changed the

parameters; slightly to the values where the constar@ is related to the particular reaction gen-
erating them A state prior to final state interactions. Relat-
agn=—175, a,s=—210, a, =-1.62, edly, the 7% mass distribution originating from the same
(26) primary mechanism will be given by E§28) by changing
t0x 2 lPPem(A) by [t83Y s|°pem(). The shape of the
mass distribution is used experimentally to obtain the posi-
tion and width of the resonance, and the ratio of partial
by means of which one obtains improved values for the lowwidths of 3* — A, 7% can be obtained by means of
energy observables:

a,=—256, a,s=-154, axz=-2.67,

Fon It Al PPem(A)

y=2.36 R.=0.634, R,=0.178. (27) [N,

(29

The values of the bare masses are ni=1069 MeV, In Fig. 6 we can see the shape of th& distribution with a
I\7IE=1195 MeV, andT/IE*=1413 MeV. The results for the width of aboutI's«=31 MeV which compares favorably

integrated cross sections with this set of parameters ardfith the experimental value dfs.=35x4 MeV [35]. The
shown in Fig. 4. The improvement is clearly appreciable inatio of the partial decay widths obtained is

the K p—K p andK p— 7°A cross sections. The effect

of the p waves are more clearly shown in Fig. 5, where the FLA:7 7 (30

differential cross sections fd " p—K p and K~ p—K®n Ios

are now well reproduced. In fact, thewaves have barely

changed from Fig. 3 to Fig. 5, but the slight improvement inwhich compares well with the experimental value of 7.5
thes-wave brings the results in better agreement with experi= 0.5.

ment. It is interesting to mention that there has been no free We have looked for poles in the complex plane in the
parameter in the determination of thevave amplitude. The wave amplitudes and have not found any, except for
bare masses o, X, andX* cannot be considered free %*(1385), which is introduced as a genuine resonance in
parameters since they are determined by the physical massesr approach, in the same way as theor 3 baryons are

of the baryons once the regularizing cutoff is chosen. included as basic fields in the theory. This means that the

055203-6
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T IASTA —— sections at low energies is very small but in the differential
cross sections its effects are clearly visible producing a slope
in da/dQ as a function of cog, which is in good agreement
with the data.

One of the most interesting features of fhevave in the
S=—1 sector is the presence of tl¥ (1385 resonance
below theK™ p threshold. This resonance cannot be gener-
ated dynamically from the strength of tipewave in lowest
order of the chiral Lagrangians, and hence is introduced as a

T : : ; basic field, like theA or the 3. It couples to the meson-
1360 1370 1380 1390 1400 1410 baryon states with a strength obtained usind@Yymmetry
C.M. Energy Vs (MeV) from the standard chiral Lagrangians involving pseudoscalar
mesons and the octet of stable baryons. With these couplings
solid lines denotes the mass distribution in th& — 7 A reaction, ar_1d the un!tarlzatlon procedure_ t}ﬁ*(];385) develops a
while the dashed line shows the one for th& with =1 in the width. !n th's_ sense, the total width (ﬁ ! as well as the
final state. The data are taken from R#]. branching ratios terA and 73, are predictions of the theory
and they come out with values in agreement with experi-

strength of the lowest ord@rwave amplitudes is too weak to Ment.

generate dynamical resonances, contrary to what was found The approach followed here corroborates once more the
in Ref. [18] for s waves. potential of the chiral Lagrangians to describe the low energy

interaction of mesons with baryons, provided a fair unitari-
zation procedure is used to appropriately account for the
multiple scattering of the many channels which couple to
We have evaluated thp wave amplitudes for meson- certain quantum numbers. In this particular case, the previ-
baryon scattering in the strangeness —1 sector starting ous works in theéS= —1 sector in thesswave, together with
from the lowest order chiral Lagrangian, unitarizing by the present one for thp wave, provide a good theoretical
means of the Bethe-Salpeter equation, or equivalently thamework to study the meson-baryon dynamics at low en-
N/D method, and regularizing the loops with a cutoff or anergies. These works show that the basic dynamical informa-
equivalent method using dimensional regularization. Theion is contained in the chiral Lagrangian of lowest order,
cutoff, or equivalently the subtraction constants in the di-since by means of a proper unitarization procedure in
mensional regularization procedure, is fitted to the scatteringoupled channels and one regularizing parameter of natural
observables at threshold. In practice we take them from easize for the loops, one can describe quite well the low energy
lier work [18] where only thes-wave amplitudes were stud- scattering data in the different reactions wik — 1.
ied in our approach. Once this is done there is no extra free-

Mass distribution (arb. units)

FIG. 6. %*(1385) mass distributions in arbitrary units. The
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