
PHYSICAL REVIEW D 67, 034025 ~2003!
Studying Kp S-wave scattering in theK-matrix formalism
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We generalize our previous work onpp scattering toKp scattering, and reanalyze the experiment data for
Kp scattering below 1.6 GeV. Without any free parameter, we explain theKp I 53/2 S-wave phase shift very
well by using t-channelr and u-channelK* meson exchange. With thet-channel andu-channel meson
exchange fixed as the background term, we fit theKp I 51/2 S-wave data of the LASS experiment quite well
by introducing one or twos-channel resonances. It is found that there is only ones-channel resonance between
theKp threshold and 1.6 GeV, i.e.,K0* (1430) with a mass around 1438–1486 MeV and a width of about 346
MeV, while thet-channelr exchange gives a pole at (450–480i ) MeV for the amplitude, rather uncertain due
to the limitations of the approach used.
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I. INTRODUCTION

The assignment of the scalar mesons has been a
standing problem. Recently, the existence of the low-ly
pp scalar state s has been well established, i.e
f 0(400–1200) as listed by the Particle Data Group~PDG!
@1#. Now the PDG lists five well-established isoscalar 011

mesons:f 0(400–1200),f 0(980), f 0(1370), f 0(1500), and

f 0(1710), which are obviously too many for a standardqq̄
nonet. Given the existence of two isovector scalarsa0(980)
anda0(1450), two scalar nonets have been suggested@2,3#:
an unconventional one composed ofs, k, a0(980), and

f 0(980) and the conventionalqq̄ nonet composed o
f 0(1370), K0* (1430), a0(1450), andf 0(1500) or f 0(1710).

However, the existence of thek is still in controversy.
Evidence for this resonance has been claimed within cer
models @4–8#, while other studies dispute this@9,10#. Re-
cently, a less model-dependent analysis of the LASSKp
scattering data between 825 MeV and 2 GeV by Cherry
Pennington@11# concluded that there is nok(900), but a
very low-massk well below 825 MeV cannot be ruled out

In fact the phase shifts ofKp S-wave scattering at low
energies@12,13# look very similar to those ofpp S-wave
scattering. In our previous study onpp scattering in the
K-matrix formalism @14#, the negative phase shifts for th
isotensor pp S-wave were naturally explained by th
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t-channelr meson exchange while the broadf 0(400–1200)
structure in the isoscalarpp Swave was decomposed into
t-channelr meson exchange part dominating at the lo
energy end plus an additionals-channel wide resonanc
f 0(1670). Considering the similarity betweenKp scattering
andpp scattering, it is natural to extend our previous wo
on pp scattering toKp scattering. We find that the negativ
phase shifts of theKp I 53/2 S wave can be very well re-
produced byt-channelr andu-channelK* meson exchange
without any free parameter. With thet-channel andu-channel
meson exchange fixed as the background term, the pos
smoothly rising phase shifts for theKp I 51/2 S wave can
be well fitted by introducing one or two additionals-channel
resonances. It is found that there is only ones-channel reso-
nance between theKp threshold and 1.6 GeV, i.e.
K0* (1430) with a mass around 1438–1486 MeV and a wi
about 346 MeV, while thet-channelr exchange gives a pole
at (450–480i ) MeV for the amplitude.

II. FORMALISM

For the pseudoscalar-pseudoscalar-vector coupling,
use the SU~3!-symmetric Lagrangian@15#

LPPV52
1

2
iGVTr~@P,]mP#Vm!, ~1!

where GV is the coupling constant,P is the 333 matrix
representation of the pseudoscalar meson octet,P5laPa,a
51, . . . ,8, andla are the 333 generators of SU~3!. A simi-
lar definition ofVm is used for the vector meson octet.

In the Gell-Mann representation, the Lagrangian can
expressed as
©2003 The American Physical Society25-1
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FIG. 1. The Born term ofKp scattering.
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LPPV52GVf abcP
a]mPbVcm, ~2!

where f abc are the antisymmetric structure constants
SU~3!. For example,

Lppr52GVe i jkp i]mp jrkm ~3!

and

LpKK* 5 iGV$@~]mK̄ !tWK* m2K* mtW~]mK !#•pW

2@K̄tWK* m2K* mtWK#•~]mpW !% ~4!

where

pW [~p1 ,p2 ,p3!, K* m[S K* 1m

K* 0m D , K[S K1

K0 D ,

K* m[~K* 2m,K* 0m!, K̄[~K2,K0!,

and

tW5~t1 ,t2 ,t3!

are the usual Pauli matrices acting on the kaon isospino
For Kp scattering, the amplitudeT can be written in

terms of two invariant amplitudesT1 andT2 by @16#

Tba5dbaT11
1

2
@tb ,ta#T2, ~5!

wherea,b are the isospin indices of the pions. Using isosp
projection operators gives

3T15T1/2~s,t,u!12T3/2~s,t,u!,

3T25T1/2~s,t,u!2T3/2~s,t,u!, ~6!

wheres,t,u are the usual Mandelstam variables.
03402
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The partial-wave amplitudes are obtained from the f
amplitude by the standard projection formula@14,16#

Tl~s!5
1

16p

1

2E21

11

d~cosu!Pl~cosu!T~s,t,u!

5
1

16p

1

4p2E24p2

0

dtPlF11
t

2p2GT~s,t,u!, ~7!

where Pl(x) is the Legendre function and p
5A@s2(mp1mK)2#@s2(mp2mK)2#/(2As). Our normal-
ization is such that the unitarity relation for the partial-wa
amplitude reads

Im Tl~s!5r1~s!uTl~s!u2,

with r1(s)52p/As.
We start with the Born term of theKp scattering ampli-

tude by r meson andK* meson exchange and follow th
K-matrix formalism as in Refs.@14,17,18#. Figure 1 is the
Feynman diagram of theKp scattering Born term.

A. s-channel andu-channel K* meson exchange amplitude

The Born term for theK* meson exchange@~a! and~c! of
Fig. 1# is

T1/2~s,t,u!5gpKK*
2 F3~ t2u!

mK*
2

2s
1

3~mp
2 2mK

2 !2

s~mK*
2

2s!
1

s2t

mK*
2

2u

2
~mp

2 2mK
2 !2

mK*
2

~mK*
2

2u!
G , ~8!

T3/2~s,t,u!522gpKK*
2 F s2t

mK*
2

2u
2

~mp
2 2mK

2 !2

mK*
2

~mK*
2

2u!
G ,

~9!

where gpKK* 5GV is the coupling constant. TheirS-wave
projections are
KS
1/2~s!52

1

2
KS

3/2~s!5G2H 211
2~s2mp

2 2mK
2 !1mK*

2
2~mp

2 2mK
2 !2/mK*

2

4p2
ln

mK*
2

1s22~mp
2 1mK

2 !

mK*
2

1s22~mp
2 1mK

2 !24p2J , ~10!
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where G25gpKK*
2 /(16p). K-matrix unitarization is intro-

duced by

TS
I 51/2~s!5

KS
I 51/2~s!

12 ir1~s!KS
I 51/2~s!

, ~11!

TS
I 53/2~s!5

KS
I 53/2~s!

12 ir1~s!KS
I 53/2~s!

. ~12!

Now we calculate the coupling constantG2. Considering the
I 51/2 P-wave amplitude,

TP
I 51/2~s!5

KP
I 51/2~s!

12 ir1~s!KP
I 51/2~s!

, ~13!

whereKP
I 51/2 is the I 51/2 P-wave Born amplitude,

KP
1/2~s!5

1

4p2E24p2

0

dtH G2F3~ t2u!

mK*
2

2s
1

3~mp
2 2mK

2 !2

s~mK*
2

2s!

1
s2t

mK*
2

2u
2

~mp
2 2mK

2 !2

mK*
2

~mK*
2

2u!
G3F11

t

2p2G J . ~14!

Near theK* pole ats'mK*
2 , we have

KP
1/2~s!'

G24p2

mK*
2

2s
, ~15!
03402
and thus

TP
I 51/2~s!5

G24p2

mK*
2

2s2 ir1~s!G24p2
. ~16!

Comparing with the standard Breit-Wigner formula, we o
tain

MK* GK* 5r1~s!4p2G2us5MK*
, ~17!

which leads to G250.21 with the K* mass MK*
5891.66 MeV and widthGK* 550.8 MeV from Ref.@1#.

The ratio of coupling constants isgrpp /gpKK* .1.9 using
the grpp value of Refs.@14,17#: grpp

2 /(32p)50.364. It
agrees well with the value from SU~3! symmetry:
grpp /gpKK* 52.

In order to explain theKp I 53/2 S-wave experimental
data, a form factor is needed to take into account the off-s
behavior of the exchanged mesons. Fort- andu-channel ex-
change, we use a form factor of conventional monopole t
at each vertex:

F~q!5
L22m2

L22q2
, ~18!

wherem and q are the mass and four-vector momentum
the exchanged mesons, and the cutoff parameterL51500
MeV, the same value as forpp scattering in Ref.@14#.

After adding the form factor,KS
I 51/2(s) andKS

I 53/2(s) be-
come
KS
1/2~s!5

1

4p2E24p2

0

dtH G2F3~ t2u!

mK*
2

2s
1

3~mp
2 2mK

2 !2

s~mK*
2

2s!
G1S L22mK*

2

L22u
D 2F s2t

mK*
2

2u
2

~mp
2 2mK

2 !2

mK*
2

~mK*
2

2u!
G J

5G2H mK*
2

2L2

A24p2
3F11

s

A
2

~mp
2 2mK

2 !2

mK*
2 A

G1
s1B2~mp

2 2mK
2 !2/mK*

2

4p2
ln

B~A24p2!

A~B24p2!
J , ~19!

KS
3/2~s!5

1

4p2E24p2

0

dtH 22G2S L22mK*
2

L22u
D 2F s2t

mK*
2

2u
2

~mp
2 2mK

2 !2

mK*
2

~mK*
2

2u!
G J

522G2H mK*
2

2L2

A24p2
3F11

s

A
2

~mp
2 2mK

2 !2

mK*
2 A

G1
s1B2~mp

2 2mK
2 !2/mK*

2

4p2
ln

B~A24p2!

A~B24p2!
J , ~20!
t

whereA5L21s22(mp
2 1mK

2 ),B5mK*
2

1s22(mp
2 1mK

2 ).

B. t-channel r meson exchange amplitude

The Born term for ther meson exchange@see Fig. 1~b!# is

TBorn~ I 51/2!52gpprgrKK

s2u

mr
22t

, ~21!

TBorn~ I 53/2!52gpprgrKK

s2u

mr
22t

. ~22!
Their S-wave projections are

KS
1/2~s!522KS

3/2~s!

52G1H 211
2~s2mp

2 2mK
2 !1mr

2

4p2
ln

mr
214p2

mr
2 J ,

~23!

whereG15gppr
2 /(32p)50.364@14,17#. Because we canno

obtain grKK from experiment, the SU~3! symmetry gppr

52grKK is used.
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After introducing the form factor,

KS
1/2~s!522KS

3/2~s!

52G1H F2~s2mp
2 2mK

2 !

L2
11G3

mr
22L2

L214p2

2
2~s2mp

2 2mK
2 !1mr

2

4p2
ln

mr
2~L214p2!

L2~mr
214p2!

J .

~24!

C. Amplitude of s-channel S-wave resonances

The phase shift is known to be elastic below 1300 Me
The threshold for theKh8 channel is at 1453 MeV and th
Kh channel is only weakly coupled to theKp channel
@9,12#. Considering theKp and Kh8 channels, the explicit
form is

T5
MGKp/r1~M2!

M22s2i @MGKpr1~s!/r1~M2!1MGKh8r2~s!/r2~M2!#
~25!

wherer2(s)5A@s2(mh81mK)2#@s2(mh82mK)2#/s is the
phase space factor ofKh8.

When fitting the experimental data, we first try introdu
ing one s-channel resonance and then try introducing t
such resonances.

III. NUMERICAL RESULTS AND DISCUSSION

As in Refs. @14,17#, we use the Dalitz-Tuan method t
combine the various components given in the last sectio
get the full partial-wave amplitudes and corresponding ph
shifts.

For Kp I 53/2 S-wave scattering, the phase shift is neg
tive, with magnitude slowly increasing as the center-of-m
energy increases as shown in Fig. 2. There is nos-channel
quark-antiquark resonance contribution allowed for isos
I 53/2. So the only contributions here are thet-channelr
andu-channelK* meson exchanges. With the cutoff param
eter L51.5 GeV fixed to be the same as inpp scattering
@14#, we get the prediction for theKp I 53/2 S-wave phase
shift as shown by the solid line in Fig. 2~b! without introduc-
ing any free parameters, which reproduces the data nicely
show the effect of an off-shell form factor, the results wit
out a form factor are shown in Fig. 2~a!. The t-channelr
exchange andu-channelK* exchange give very similar con
tributions to theKp I 53/2 S-wave phase shift as shown b
the dotted line and dashed line, respectively, in Fig. 2.

Now we turn toKp I 51/2 S-wave scattering. The dat
and our theoretical curves for the phase shift and amplit
magnitude are shown in Fig. 3. Theu-channelK* exchange
and thet-channelr meson exchange withL51.5 GeV give
the contributions shown by the long-dashed line and do
line, respectively. Here thet-channelr exchange gives a
much larger contribution than theu-channelK* meson ex-
change. The sum of these two contributions is shown by
03402
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dashed line and is obviously not enough to reproduce
experimental data. Some contribution froms-channel reso-
nance~s! is definitely needed. By fixing thet-channelr ex-
change and theu-channelK* exchange as the backgroun
contribution, we fitted the LASS data@12# first by introduc-
ing ones-channel resonance~dot-dashed line! and then by
introducing twos-channel resonances~solid line!. The fitting
parameters for thes-channel resonance~s! and the corre-
spondingx2 for the two cases are listed in Table I.

It is natural that the fit with twos-channel resonance
gives a smallerx2 value. But from Fig. 3 we see that bot
cases with one or twos-channel resonances give a quite go
fit to the data. For the case of two resonances, the sec
resonance is very broad and has a mass above the u
energy limit~1.6 GeV! of the data, and could be an effectiv
tail of resonances above 1.6 GeV. In both cases, there is
ones-channel resonance between theKp threshold and 1.6
GeV, corresponding to the PDG well-establishedK* (1430)
resonance. The fitted mass and width forK* (1430) depend

FIG. 2. I 53/2 Kp S-wave phase shift. Data are from Refs.@13#
~dots! and @19# ~circles!. Theoretical curves are fort-channelr ex-
change~dotted line!, u-channelK* exchange~dashed line!, and the
sum ~solid line!; ~a! without form factor and~b! with form factor
andL51.5 GeV.
5-4
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on whether we introduce one or twos-channel resonances
with mass around 1438–1486 MeV and width about 3
MeV, which are very close to the values~1450, 350! MeV
obtained by Tornqvist and Roos@22# with a different formal-
ism. The need for a genuine nonet of scalar resonan
around this energy, which has to be introduced as a p
driving term, was also established in the Refs.@7,8#.

For thet-channelr meson exchange amplitude, we find
pole at 0.45–0.48 GeV. This is consistent with the conc
sion by Cherry and Pennington that there is nok(900), but a
very low-massk well below 825 MeV cannot be ruled ou
However in theK-matrix approach, only the imaginary pa

FIG. 3. TheI 51/2 Kp S-wave phase shift and amplitude. Th
experimental data ford1/2 and T1/2 are from Ref.@12# ~dots!, Ref.
@13# ~boxes!, Ref. @20# ~circles!, and Ref.@21# ~diamonds!. The
long-dashed line is forK* meson exchange, the dotted line is forr
meson exchange, the dashed line is the sum ofK* and r meson
exchange, the dot-dashed line includes ones-channel resonance
and the solid line includes two resonances.
03402
6

es
le

-

of the loop function of two intermediate mesons is ke
while the model-dependent real part is neglected. This is
approximation. In the chiral unitary approach@7,8#, this real
part is included with some approximation and generate
pole around 780 MeV. So from ourK-matrix approach re-
sults we cannot exclude the possible existence ofk(900).
But at least we can say that we can fit the data without a p
around 900 MeV in this approach.

Much work has been done recently on this issue wit
the context of chiral perturbation theory and its unitariz
versions@7,8,23#. Since the chiral Lagrangians account f
the basic dynamics of QCD at low energies, these meth
should in principle be preferable. The coupling constants
the effective chiral Lagrangians will in general receive co
tributions from different sources, in particular from mes
resonances. The exchange of crossedr andK* is accounted
for by the lowest-order chiral Lagrangians@7,8# and the
s-channelK* exchange would be accounted for by a high
order Lagrangian@24#. However, our K-matrix approach
gives a more intuitive picture about the contributions fro
each component. For example, for bothI 50 pp S-wave and
I 51/2 Kp S-wave scattering at low energies, thet-channelr
exchange dominates, while forI 53/2 Kp S-wave scattering,
the t-channelr exchange andu-channelK* exchange give
almost equal contributions.

In summary, theKp I 53/2 S-wave phase shift can b
well reproduced byt-channelr and u-channelK* meson
exchange while theKp I 51/2 S-wave phase shift is domi
nated by the s-channel K0* (1430) resonance and th
t-channelr exchange with a pole at (450–480i ) MeV. The
k(450) found here, with the uncertainties mentioned abo
has a similar nature tos(400) @14,17#: Both are produced by
t-channelr exchange and are very broad with a width arou
1 GeV.
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TABLE I. Fitting parameters for thes-channel resonances an
the correspondingx2 for two cases: with one resonance~first line!
and with two resonances~second line!. Values for the mass and
width are in units of GeV.

M1 GKp
(1) GKh8

(1) M2 GKp
(2) GKh8

(2) x2

1.438 0.345 0.001 — — — 86/45
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