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Abstract

We investigate the impact of theΘ+(1540) resonance on differential and integrated cross sections for the rea
K+d→K0pp, where experimental information is available at kaon momenta below 640 MeV/c. The calculation utilizes the
JülichKN model and extensions of it that include contributions from aΘ+(1540) state with different widths. The evaluatio
of the reactionK+d→K0pp takes into account effects due to the Fermi motion of the nucleons within the deuteron a
final three-body kinematics. We conclude that the available data constrain the width of theΘ+(1540) to be less than 1 MeV.
 2004 Elsevier B.V.Open access under CC BY license.
si-
n
ing
d
en

nd

m
l-

in
ta

ta

as
the
-
it
n-
Evidence for a narrow baryon resonance with po
tive strangeness, theΘ+, has been found by more tha
ten experimental collaborations with masses rang
from 1521 to 1555 MeV and widths from 9 an
24 MeV (these widths are usually upper limits giv
by the respective detector resolution)[1]. The width
of the Θ+ is of particular importance to understa
the nature of this state, see, e.g.,[2,3]. Constraints for
the width of theΘ+ resonance can be deduced fro
K+N and K+d data which are available in the re
evant momentum range, 417< k0 < 476 MeV/c, of
the incident kaons[4–9].
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A first, rough estimate for the width of theΘ+
based onK+d data was given by Nussinov[10]. As-
suming that there are fluctuations of about 2–4 mb
the experimental totalK+d cross section at momen
500� k0 � 700 MeV that could be due to theΘ+, he
deduced an upper limit ofΓΘ < 6 MeV.

A more refined estimate based on theK+d reac-
tion was presented in Ref.[11]. Using data on the
K+d→K0pp total cross section for kaon momen
in the vicinity of the expectedΘ+ a conservative
limit of 1 mb for the resonance cross section w
deduced and that led them to an upper limit for
Θ+ width of around 1.1 MeV. A similar considera
tion for the totalK+d cross section resulted in a lim
of ΓΘ = 0.8 MeV. Indeed, even for the certainly u
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realistic assumption that the entireI = 0 total cross
section atk0 = 440 MeV/c is due to theΘ+ reso-
nance, the width deduced by these authors for theΘ+
did not exceedΓΘ = 3.6 MeV [11]. A similar limit
(ΓΘ = 0.9 MeV) based on the totalK+d cross section
was also derived in Ref.[12] using, however, only a
selected set of data.

The reexamination of the existingKN data base in
terms of a partial wave analysis, performed by Arn
Strakovsky and Workman, led to the claim that wid
of the Θ+ larger than a few MeV are excluded[13].
Specifically, it was found that the inclusion of aΘ+
resonance state with a width of 5 MeV in theP01, S01
or P03 partial waves resulted in an increase of the to
χ2 by 30% or more.

Similar conclusions were drawn from a direct co
parison[14] between the available data on totalKN

cross sections in theI = 0 andI = 1 isospin channel
and aKN model calculation based on the meso
exchange model of the Jülich group[17,18]. It was
argued that the rather strong enhancement of the c
section caused by the presence of aΘ+ with a width
of 20 MeV is not compatible with the existing info
mation onKN scattering. Only a much narrowerΘ+
state, with a width in the order of 5 MeV or les
could be reconciled with the existing data base,
Ref. [14]—or, alternatively, theΘ+ state must lie a
an energy much closer to theKN threshold.

In this Letter we want to extend the work
Ref. [14]. We perform a direct comparison of a ca
culation of the reactionK+d → K0pp with the corre-
sponding experimental information. One has to ke
in mind that the information on theK+N interaction
in the isospinI = 0 channel has been inferred fro
data on theK+d reaction. In the extraction proce
dure it is implicitly assumed that theK+N amplitude
shows no sharp structure. Therefore, it is more c
clusive to calculate explicitly observables for the
actionsK+d → K+np andK+d → K0pp based on
K+N interaction models that include aΘ+(1540) res-
onance so that a direct comparison with experime
data is possible. Then “medium” effects such as
broadening of the resonance by the Fermi motion
the nucleons in the deuteron and the interaction of
nucleons in the final state can be dealt with rigorou

Starting point of the present investigation is ag
the Jülich meson-exchange model for theKN interac-
tion. An extensive description of this model is giv
in Refs. [17,18] where one can also find its resu
for KN phase shifts and for cross sections and
larizations. Evidently this model yields a good over
reproduction of all presently available empirical i
formation onKN scattering. Specifically, it describe
the data up to beam momenta ofk0 ≈ 1 GeV/c, i.e.,
well beyond the region of the observedΘ+ resonance
structure[1]. Note that the parameters of the mod
are fixed by a simultaneous fit to allKN partial waves
and therefore the contributions to theP01 channel,
where theΘ+ pentaquark state is supposed to
cur, are constrained by the empirical information
the other partial waves. We also utilize here the v
ants that were presented in Ref.[14], where aΘ+
resonance was added to the JülichKN model with
a resonance position at 1540 MeV and dynamic
generated widths of 5 and 20 MeV, respectively, a
we consider two more variants with widths of 1 a
10 MeV, constructed in the same way as describe
Ref. [14].

When adding a new ingredient, in the form of t
Θ+ resonance, to theKN model of the Jülich group
one should, in principle, refit all the free paramet
of this model. However, in practice it turned out th
the available experimental information (i) on tho
KN partial-wave amplitudes where theΘ+ does not
contribute (i.e., all except theP01) and (ii) on the be-
haviour of theP01 amplitude at higher energies, i.e
away from theΘ+ resonance region, provides rath
strong constraints on the model parameters and th
fore even a very moderate change in those param
would already lead to a deterioration of the overall
scription of theKN data. Moreover, one has to keep
mind that the magnitude of theKN cross section gen
erated by a resonance is determined by unitarity c
straints only, for energies below the inelastic thresh
[10]. It cannot be changed by varying the parame
of the model, anyway. Let us also mention that theΘ+
resonance is added to theKN model on the potentia
level, cf. Refs.[14,15]for details. In this way ambigu
ities with regard to the relative phase are avoided
the interference pattern follows directly from the u
derlying dynamics as discussed in Ref.[15].

For the calculation of the reactionK+d → K0pp

we follow, in general, the theoretical procedure wh
was originally developed by Stenger et al.[5]. A de-
tailed description of the formalism can be found
Ref. [16].
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The amplitudeTd for the deuteron breakup reactio
is

(1)Td =
√

16π3md

[
TN(q)u(p) + TN(p)u(q)

]
,

wheremd is the deuteron mass,p andq are the mo-
menta of the two final nucleons,u is the (S-wave)
deuteron wave function andTN is elementaryKN am-
plitude. In the present calculation we used the deute
wave function of the CD-Bonn potential. Explorato
calculations based on other wave functions (Pa
Hulthen) indicated, however, that the results are ra
insensitive to the specific choice. Note that through
we neglect the deuteronD-state. The differential cros
section for theK+d → K0pp reaction is then given a
[5,16]

(2)

dσ

dΩ
= (|fx |2+|gx |2)[I (θ) − J (θ)

] + 2

3
|gx |2J (θ),

wherefx andgx are the elementary spin–non-flip a
spin–flipK+n→K0p amplitudes andI andJ are the
deuteron inelastic form factors, respectively. They
explicitely given by[5,16]

I = F

∫
k2 dk

EK

d3p

Ep

d3q

Eq

× δ4(k0 + P − k − p − q)
u2(p) + u2(q)

2
,

(3)

J = F

∫
k2 dk

EK

d3p

Ep

d3q

Eq

× δ4(k0 + P − k − p − q)u(p)u(q),

wherek0, k andP are the momenta of the initial and fi
nal kaon and of the deuteron, respectively.Ek , Ep and
Eq are the total energies of particles in the final sta
The factorF accounts for the transformation of th
kaon scattering angleθ from the laboratory deutero
rest frame to the center-of-mass frame of theKN two-
body system. It is usually evaluated in the station
spectator configuration, i.e., by assuming that the
action takes place on the neutron at rest.

In the derivation of the expression for theK+d →
K0pp differential cross section one encounters thr
body phase space integrals of theKN amplitudes over
the momentum distribution of the nucleons within t
deuteron. The form factor approximation rests on
assumption that the elementary amplitudesfx andgx

and the kinematic factors vary only slightly over t
Fig. 1. TheK0p invariant mass spectra from theK+d → K0pp

reaction at differentK+-meson momenta. Solid lines show our c
culations without aΘ+(1540) resonance, while the dashed lin
indicate the results obtained withΓΘ = 5 MeV.

integration range and therefore can be taken out o
integrands and evaluated for a fixed typical nucle
momentum. The remaining integrals are then the fo
factorsI andJ . However, in the presence of theΘ+
resonance the amplitudesfx andgx depend strongly
on the kaon energy and cannot be removed from
I andJ integrands. Therefore, in our analysis we
tegrate theKN amplitude over the final three-bod
phase space. Furthermore, we do not use the statio
spectator approximation but compare our calculati
directly to the differential cross sections measured
the deuteron rest frame.

It is worthwhile to mention that for theK+d →
K0pp three-body final-state the invariant massmKp

of the K0p system is integrated over the range fro
mK +mp to

√
s −mp, wheremK andmp stand for the

masses of theK0-meson and the proton, respective
and

(4)s = m2
K + m2

d + 2md

√
m2

k + k2
0.

Therefore, for a fixed initial kaon momentum,k0, the
deuteron experiment samples the elementaryK+n →
K0p amplitude over themKp range given above. Thi
situation substantially differs from the “free neutr
target” approximation, where the invariant massmKp

is fixed by k0 through Eq.(4). For the “free target”
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Fig. 2. TheK0-meson angular spectra from theK+d → K0pp

reaction for differentK+ momenta. The curves show our r
sults for the original JülichKN model without theΘ+ reso-
nance (solid line) and the variants with aΘ+(1540) and with
different widths (ΓΘ = 5 MeV—dashed; 10 MeV—dotted; an
20 MeV—dash-dotted). The data are from Slater et al.[6] (circles)
and Giacomelli et al.[7] (squares).

measurements theΘ+ mass of 1530 MeV correspond
to incident kaon momentum ofk0 = 417 MeV/c and
only the data around that momentum can be se
tive to theΘ+ resonance. If one does not make t
assumption of a free target, allK+d → K0pp observ-
ables abovek0 = 417 MeV/c will be influenced by
the presence of theΘ+ resonance, which will show
up in theK0p mass distribution. Note that themKp

spectrum is affected by the deuteron wave funct
since the maximalK0p mass corresponds to the mi
imal spectator momentum, while the minimalmKp

probes high spectator momenta. In addition, theΘ+
resonance occupies only a small fraction of theK0p

mass distribution, while the overallmKp integration
includes large part of the “non-resonant backgroun
Therefore, it might be that theΘ+ signal in the invari-
antK0p mass spectrum becomes invisible aftermKp

integration. The arguments given above are confirm
by our explicit calculations of theK0p mass spectra
for different kaon momenta, which are shown inFig. 1.
Here the solid lines show the calculations withoutΘ+
resonance, while the dashed lines are our results
a Θ+(1540) with a widthΓΘ = 5 MeV.
Fig. 3. TheK0-meson angular spectra from theK+d → K0pp re-
action at differentK+ momenta. For notations, seeFig. 2. The data
are from Glasser et al.[8].

Fig. 4. TheK0-meson angular spectra from theK+d → K0pp re-
action at differentK+ momenta. For notations, seeFig. 2. The data
from Damerell et al.[4] (circles) and Stenger et al.[5] (squares).

The K0-meson angular spectra for the react
K+d→K0pp at different K+-meson momenta ar
shown inFigs. 2, 3, and 4. The lines correspond t
calculations with the original JülichKN model (i.e.,
without a Θ+) and with the variants with differen
Θ+ widths. Note that the resonance energy is alw
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Table 1
χ2/dof evaluated by comparing ourcalculations for differentΘ+
widths,ΓΘ , with the experimental information onK0 angular spec-
tra measured in the reactionK+d → K0pp at kaon momenta from
252 to 640 MeV/c (138 data points). ResultA was obtained by
analyzing the data shown inFigs. 2, 3 and 4. ResultB was ob-
tained by excluding theK0 spectra atk0 = 434 MeV/c [4] and
k0 = 470 MeV/c [8]

ΓΘ (MeV) 0 5 10 20

A 1.8 7.4 27.7 42.2
B 1.4 1.7 2.4 4.8

the same and was assumed to be 1540 MeV. The
and parity is assigned as 1/2+. Our results are com
pared with the available experimental spectra[4,6–8]
that have kaon momenta below 640 MeV/c. It is inter-
esting to see that the calculations with aΘ+ increase
the differentialK+d → K0pp cross sections at mo
mentak0 � 470 MeV/c and decrease them at high
momenta as compared to the those obtained with
a Θ+ resonance. This effect is caused by the inter
ence of theΘ+ and the non-resonantP01 contribution
and is clearly illustrated by theK0p invariant mass
distribution shown inFig. 1. Note also that at larg
kaon momenta the integration over theK0p invari-
ant mass does not allow to distinguish between
situation withΓΘ � 10 MeV and that without aΘ+
resonance.

A detailed inspection of the available different
K+d → K0pp cross sections clearly indicates that t
measurement by Glasser et al.[8] at theK+-meson
momentumk0 = 470 MeV/c and of Damerell et al.[4]
at k0 = 434 MeV/c are the most crucial ones for th
determination of theΘ+ width. By comparing our re
sults with the 138 experimental points on different
K+d→K0pp cross sections shown inFigs. 2, 3 and
4 we can deduce aχ2/dof. Table 1lists theχ2/dof
evaluated for differentΘ+ widths. To emphasize th
impact of the spectra measured atk0 = 434 MeV/c
[4] andk0 = 470 MeV/c [8] we also present theχ2

obtained by excluding them from the analysis, wh
is indicated as solutionB in Table 1.

In Fig. 5(a) we present results for the integrat
K+d→K0pp cross section as a function of the ka
momentum in comparison to the available experim
tal information. Again, it is evident that the data
Glasser et al.[8] and Damerell et al.[4], as men-
tioned above, provide the most restrictive constra
Fig. 5. Total K+d → K0pp cross section as a function o
the kaon momentum. The curves in (a) show our full
sults for the original JülichKN model without theΘ+ reso-
nance (solid line) and the variants with aΘ+ and with differ-
ent widths (ΓΘ = 1 MeV—solid with bump; 5 MeV—dashed
10 MeV—dotted; and 20 MeV—dash-dotted). The curves in (b) c
respond to a calculation for the reactionK+n→K0p assuming that
the neutron target is at rest. Data are from Ref.[4] (filled circles),
Ref. [6] (squares),[8] (triangles) and[7,9] (open circles). The verti-
cal arrows indicate the range of kaon momenta corresponding to th
smallest and the largest values found experimentally for the ma
theΘ+ resonance.

for the Θ+ width. Thus, it is certainly fortunate tha
there are two independent measurements in the
ical energy range. One can see fromFig. 5(a) that
none of the model calculations with aΘ+ width larger
than 1 MeV is compatible with the data. Widths
1 MeV or less can be certainly accommodated tho
we should say here that we did not explore the ef
of such narrow widths in an actual model calculatio

If we disregard again the two data points from Re
[8] and [4], respectively, there is a larger gap in t
data base just at those energies where theΘ+ is sup-
posed to be located (the largest and smallest reson
masses reported so far are indicated by bars inFig. 5)
and that allows to fit in such a resonance with a wi
of ΓΘ ≈ 5 MeV without increasing theχ2/data by
more than 10%, cf.Table 1.

In order to illustrate the impact of the stationa
neutron approximation we show here also calculati
for the two-body reactionK+n → K0p, cf. Fig. 5(b).
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Comparing the two panels of the figure one can se
which extent the resonance is broadened by the F
motion of the nucleons in the deuteron and by the
tegration over the three-body phase space.

In summary, we have investigated the impact of
Θ+(1540) resonance on the reactionK+d → K0pp

where experimental information is available at ka
momenta below 640 MeV/c. The calculation utilizes
the JülichKN model and extensions of it that includ
contributions from aΘ+(1540) state with different
widths. The evaluation of the reactionK+d → K0pp

takes into account effects due to Fermi motion of
nucleons within the deuteron and the final three-b
kinematics. The comparison with existing data on d
ferential and integrated cross sections suggests
there is no room for aΘ+ resonance with a width o
more than 1 MeV.
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