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Associated strangeness production in the pp — pK*K~p and pp — pK*n’X’ reactions
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The total and differential cross sections for associated strangeness production in the pp — pK+tK~p and
pp — pK*m°%0 reactions have been studied in a unified approach using an effective Lagrangian model. It is
assumed that both the K~ p and 7°%° final states originate from the decay of the A(1405) that was formed in
the production chain pp — p(N*(1535) — Kt A(1405)). The available experimental data are well reproduced,
especially the ratio of the two total cross sections, which is much less sensitive to the particular model of
the entrance channel. The significant coupling of the N*(1535) to A(1405)K is further evidence for large s§

components in the quark wave function of the N*(1535).
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I. INTRODUCTION

The N*(1535) has proved to be a controversial resonance
for many years. In the simple three-quark constituent model,
the odd parity N*(1535)(J? = 1/27) should be the lowest
spatially excited nucleon state, with one quark in a p wave.
However, the even parity N*(1440) has in fact a much lower
mass, despite requiring two units of excitation energy. This
is the long-standing mass inversion problem of the nucleon
spectrum.

The N*(1535) couples strongly to the n/N channel [1] but
a large N*(1535)K A coupling has also been deduced [2—4]
through the analysis of BES data on J/¥ — ppn, pAK™
decays [5] and COSY data on the pp — pA K™ reaction near
threshold [6]. Analyses [7,8] of recent SAPHIR [9] and CLAS
[10] yp — KT A data also indicate a large coupling of the
N*(1535) to KA.

In a chiral unitary coupled channel model it is found that the
N*(1535) is dynamically generated, with its mass, width, and
branching ratios in fair agreement with experiment [2,11-14].
This approach shows that the couplings of the N*(1535) to
the KX, nN, and K A channels could be large compared to
those for 7 N. Data on the yp — pn’ [15] and pp — ppn’
reactions [16] suggest also a coupling of the isobar to ' N. In
addition, there is some evidence for a N*(1535)N¢ coupling
fromthe 7~ p — n¢ and pp — pp¢ reactions [17,18] as well
as from the pn — d¢ [19] reaction.

The mass inversion problem could be understood if there
were significant s5 components in the N*(1535) wave function
[20,21] and this would also provide a natural explanation of
its large couplings to the strangeness KA, KX, Nn/, and
N¢ channels. It would furthermore lead to an improvement
in the description of the helicity amplitudes in N*(1535)
photoproduction [22]. We wish to argue in this article that
a hidden strangeness component in the N*(1535) might play
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a much wider role in associated strangeness production in
medium-energy nuclear reactions.

The A(1405)(J? =1/27) can be considered as the
strangeness S = —1 counterpart of the N*(1535) and its
structure is possibly even more controversial. In quark model
calculations, it is described as a p-wave q3 baryon [23], but
it can also be explained as a KN molecule [24] or a g*gG
pentaquark state [25]. On the other hand, within unitary chiral
theory [2,11,26], two overlapping I = O states are dynamically
generated and in this approach the shape of any observed
A(1405) might depend upon the production process. In arecent
study of the pp — pK ™ A(1405) reaction [27] the resonance
was clearly identified through its 7°%° decay and no obvious
mass shift was found. However, this result is inconclusive
in the sense that the data could also be well described in
the two-resonance scenario [28]. For simplicity we shall here
work within the single A(1405) framework with parameters
as reported in the Particle Data Group (PDG) review [1].

In parallel with the A(1405) measurement, Maeda et al.
also extracted differential and total cross sections for kaon
pair production in the pp — ppK™ K~ reaction [29]. These
results show clear evidence for the excitation and decay of
the ¢ meson sitting on a smooth K+ K~ background, whose
shape resembles phase space. It has been suggested [30]
that the A(1405) could be important for the non-¢ kaon
pair production through the pp — pK+(A(1405) — K~ p)
reaction. This would, of course, only be relevant for the isospin
I =0 K~ p contribution, but this is likely to dominate the
low-mass region because of the presence of the A(1405).
It is therefore the purpose of the present article to analyze
simultaneously the available data on pp — K+ px°7°% and
pp — KT pK~ p production at a beam energy of 2.83 GeV
[27,29] within a unified phenomenological model, where
the N*(1535) acts as a doorway state for both production
processes.

The foundation of the model is the assumption that there
are large s5 components in the quark wave function of the
N*(1535) and that these induce a significant N*(1535):
A(1405)K coupling. This in turn allows the possibility that
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the production of the A(1405) in proton-proton and 7~ p col-
lisions could be dominated by the excitation and decay of the
N*(1535) below the A(1405)K threshold. Within this picture,
we calculate the pp — pK+A(1405) — pK+ (K~ p/7°%0)
and 7~ p — A(1405)K° reactions using an effective La-
grangian approach. We show that the pion-induced data
are indeed compatible with the large N*(1535) : A(1405)K
coupling resulting from the s5 components in the N*(1535).
The resulting theoretical estimates of the pp — pK+tK ™ p
and pp — pKtn%%0 differential and total cross sections
describe well the available COSY experimental data [27,29].
In particular, the ratio of these two cross sections, where many
of the theoretical uncertainties cancel, is reproduced within the
total theoretical and experimental uncertainties.

Section II presents the formalism and ingredients required
for the calculation, with the numerical results and discussions
being given in Sec. III. A short summary and a presentation of
our conclusions then follows in Sec. I'V.

II. FORMALISM AND INGREDIENTS

We study the pp — pKTA(1405) — pKH(K p/n°%%)
and 7~ p — A(1405)K° reactions in an effective Lagrangian
approach on the assumption that the production of the
K A(1405) pair is dominantly through the excitation and decay
of the subthreshold N*(1535). It is generally assumed that
the production of n mesons in nucleon-nucleon collisions
near threshold passes mainly through the N*(1535), which
has a very strong coupling to N7n. However, there is far
from unanimity in the modeling of these processes within
a meson-exchange picture, with different groups considering
7, p, 1, and w exchanges to be important [18,31]. Fortunately,
the estimation of the pp — p K A(1405) cross section in our
model is only sensitive to the production rate of the N*(1535),
and single-pion exchange is sufficient for this purpose. By
neglecting 1 and p exchanges, we can present a unified picture
of pion- and proton-induced production processes, though our
results are more general than this would suggest.

The basic Feynman diagrams for the £-channel exchanges in
the pp — pKtA(1405) — pK+ (K~ p/n°%0) reaction and
the s-channel diagram for the 7~ p — A(1405)K° reaction
are depicted in Figs. 1 and 2, respectively. For the pp —
pK*tn%%0 reaction, only the diagrams in Figs. 1(a) and
1(b) need to be considered, while for the pp — pK+*K™p
reaction the exchange terms in Figs. 1(c) and 1(d) must also be
included.

We employ the commonly used interaction Lagrangian for
the w NN vertex,

Lony = —igznwNysT - TN, 9]

with an off-shell form factor taken from the Bonn potential
model [32],

A2 —m?
FV(R) = S5, @)

where k,, m, and A, are the four-momentum, mass, and cut-
off parameter for the exchanged pion. The coupling constant

PHYSICAL REVIEW C 82, 025210 (2010)
K=(x) p(2) p
N\ N\ N\ N\

N o~ o~ .
N N

N,
N*

(a) (®) (© (d)

A

FIG. 1. Feynman diagrams for the pp — pK*™A(1405) —
pK* (K~ p/7°%%) reaction.

and the cutoff parameter are taken to be g% av/4m = 14.4 and
Ay =1.3GeV/c? [32,33].

To evaluate the invariant amplitudes corresponding to
the diagrams of Figs. 1 and 2, we also need to know the
interaction Lagrangians involving the N*(1535) and A (1405).
In Ref. [34], a Lorentz-covariant orbital-spin (L-S) scheme for
N*N M couplings was studied in detail. Within this approach,
the N*(1535)Nm, N*(1535)A(1405)K, A(1405)KN, and
A(1405) X effective couplings become

Ly+Nz = —ignNzN*T - TN + H.c.,
EN*A*K N*Y5VM3MKA*+HC7

Lyiax =
. — (3)
Lpgn = —igagnNKA*+H.c.,

Ly = —igrms A*T - ) + H.c.

To minimize the number of free parameters, a dipole form
factor similar to that of Eq. (2) is be used for the N*(1535)N
vertex, with the same value of the cutoff parameter.

The N*(1535)Nzm and A(1405)7r ¥ coupling constants
are determined from the partial decay widths of these two
resonances [1]. With the effective interaction Lagrangians of
Egs. (3), the coupling constants are related to the partial decay
widths by

383 v, (my + EN)py™

Cn=(1535)>Nr = ey ,
where
oo _ 2P0 )
2M -+
' / KO
P\rl\ " /PKU
Dp DA
D A*

FIG. 2. Feynman diagram for the 7~ p — A(1405)K° reaction.
Here p,, pp, Pko, pax, and g are the four-momenta of the 7w ~, proton,
K°, A(1405), and intermediate N*(1535), respectively.
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with

Ex =+ (pg™) +m3, (4)

and correspondingly for the A(1405) — m¥ decay in terms
of the g+, s coupling constant. Here X is the triangle function,

A, vy, 2) = x2 + y2 422 — 2xy — 2xz — 2yz. 5)

Although the mass differences do not allow one to obtain
directly similar results for the N*(1535)A(1405)K vertex,
the requisite information can be extracted from 7~ p —
A(1405)K° data, provided that this reaction is dominated by
the s-channel N*(1535) pole of Fig. 2. The corresponding
invariant amplitude .4 becomes

_ V28N Nx gV A

A K Fn-(g)i(pz, s3)

mg
X ys ProGn(@u(pp, sp), (6)

where sy and s, are the baryon spin projections.
The form factor for the N*(1535), Fy-(g?), is taken in the
form advocated in Refs. [7,35]:

4
AL

Aje+ (@ = M)

Fy-(¢*) = (7
with A+ = 2.5 GeV/c2.
The N*(1535) propagator is written in a Breit-Wigner form
[36]:
(4 + My-)
— M3, +iMy-Tye(g?)’

Gr-(g) = — ®)
q

where I'y«(g?) is the energy-dependent total width. Keeping
only the dominant 7 N and n N decay channels [1], this can be
decomposed as

Tn+(q%) = axn pan(q@?) + byy oyn (@), )

where a,y = 0.12GeV/c?, b,y = 0.32 GeV/c?, and the two-
body phase space factors, pn(,])N(qz), are

p(g>) =2p“™(g?) O(q*> — a3) [V 4% (10)

and gy, is the threshold value for the decay channel.

A similar representation is adopted for the A(1405) prop-
agator and form factor, with the same value of the cutoff
parameter A~ =2.5 GeV/c?. Because the A(1405) lies
slightly below the K N threshold, the only nominally allowed
decay channel is = . Nevertheless, ever since the pioneering
work of Dalitz and Tuan [24] it has been known that there is
also a strong coupling to K N. The ensemble of low-energy
data on K ~ p and related channels has been described in terms
of a separable potential model [37]. In contrast to the unitary
chiral approach [28], the separable model produces only a
single A(1405) pole and from this we can investigate its effects
above the K N threshold. These can be parametrized in terms
of an energy-dependent partial width,

Ta1405(q%) = axs prx(q®) + bgy pin(@®,  (11)
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FIG. 3. Total cross section for the 7~ p — A(1405)K° reaction
as a function of the c.m. energy +/s. The solid curve represents the fit
of the s-channel N*(1535) pole of Fig. 2 to the available experimental
data [38]. The dashed curve is the corresponding fit if the N*(1650)
were used instead.

where a, s, = 0.22GeV/c?, biy = 0.49GeV/c?, and the two-
body phase-space factors are given in Eq. (10). By using

049X 3x(my+ Ex@)] 12
ENEN T 022 x 2 x [my + Ex(gd)] 527

the width Eq. (11) leads to_the A(1405)K N coupling constant
gi*KN/4n = 0.27 at the K N threshold.

We now evaluate the 7~ p — A(1405)K? total cross sec-
tion as a function of the center-of-mass energy. The value of the
N*(1535)A(1405)K coupling constant g,ZV*A*K/471 =0.28
leads to the predictions that are compared with experimental
data [38] in Fig. 3. Although the agreement is reasonable, it
must be stressed that the predictions are not very sensitive
to the mass of the N*, provided it lies well below the
K A(1405) threshold. As can be judged from the figure, a very
similar shape would be obtained if one used, for example,
the second S;; resonance, N*(1650). However, it has been
shown [18] that a large s5 component in the N*(1650) is not
consistent with its smaller coupling to Nn than to Nx. It
should also be noticed that any possible contributions from
t- and u-channel exchanges have also been neglected. The
value of this coupling constant is given along with others in
Table 1.

TABLE 1. Values of the coupling constants required for the
estimation of the pp — pK*K~p and pp — pK*n’%% cross
sections. These have been estimated from the branching ratios quoted
[1], though it should be noted that these are for all final charged
states. As described in the text, the A*KN coupling was obtained
from the energy dependence of the A (1405) width given by Eq. (11),
and the N*A*K coupling was derived from measurements of the
7~ p — A(1405)K° total cross section.

Vertex Branching ratio g2 /arm
N*Nm 0.45 0.038
Ay 1.00 0.064
A*KN - 0.27
N*A*K - 0.28
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The full invariant amplitude for the pp — pK+tK ™ p
reaction is composed of four parts, corresponding to the
diagrams shown in Fig. 1:

M = Z Nni M,‘. (13)

i=a,b,c,d

To take account of the antisymmetry of the protons in the
initial and final states, factors n, = n; = land n, = n. = —1
are introduced. It is important to note that only M, and M,
should be considered for the pp — pK+7°%0 reaction.

Each amplitude can be derived straightforwardly with the
effective couplings given. We give as an example the form of
the M, amplitude:

M, = E8xNNEN*N7 EN*A*K EA*K N szrvzv(ki)
mg
x FNN (k2 ) Fy (a7) Fas (43) Gr (ke )ii(p 4, 54)
X G A1405)(q2) Y5 P5G v+a535(qDu(p1, s1)
X i(ps3, s3)ysu(p2, $2), (14)

where s;(i =1,2,3,4) and p;(i =1, 2, 3,4) represent the
spin projections and four-momenta of the two initial and
the two final protons, respectively. The ¢; and ¢, are the
four-momenta of intermediate N*(1535) and A(1405), while
ps is the four-momentum of the final K+ meson. The pion
propagator is

Gallin) = 57—z - (15)

b/ b2

The final-state interaction (FSI) between the two emerging
protons in the 'Sy wave in the pp — ppK*+ K~ case is taken
into account using the Jost function formalism [39], with

k+iB

, 16
k—ia (16)

J@)™ =
where k is the internal momentum of the pp subsystem. The
parameters o = —20.5 MeV/c and B = 166.7 MeV/c [40]
give a slightly stronger pp FSI in the near-threshold region
than that used in the experimental article [29].

The normalization is chosen such that the differential cross
section is

do(pp — pK*pK™)

_mpl )3 |M|2mpd3p3 mpd’ py d°ps d° ps
F 4t E;  Es 2Es 2E,

1
x5 8*(p1 + p2 — p3 — pa — Ps — Pe), (17)

with the flux factor

F = @Qm)%/(pi1p2)? = m3,. (18)

The factor % before the 6 function in Eq. (17) results from

having two final identical protons and must be omitted for the
pK+rO%0 final state.
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FIG. 4. The non-¢ contribution to the pp — pK*TpK~ total
cross section versus excess energy €. The results of the present
calculation are compared with experimental data from Refs. [29]
(closed circles), [42] (open square), [43] (closed squares), and [44]
(open circle).

III. NUMERICAL RESULTS AND DISCUSSION

The predictions for the variation of the pp — pKTpK~
total cross section with excess energy ¢, calculated using a
Monte Carlo multiparticle phase-space integration program,
are shown in Fig. 4. Although the general shape of the
experimental data is described, nevertheless the results very
close to threshold are underestimated. This may be due to the
neglect of a K* K~ FSI [41], which might be associated with
the influence of the ay and f; scalar resonances [29].

The predicted K ~ p invariant mass spectrum for the pp —
pKT{K~p} reaction at T, = 2.83 GeV (¢ = 108 MeV) is
compared in Fig. 5 to the experimental data from the ANKE
group [29]. The theoretical model reproduces well the shape
of the data, being much more peaked to lower invariant masses
than the four-body phase-space distribution, which is also
shown. As already indicated in Fig. 4, the predicted 100 nb
coincides with the experimental value of (98 & 8 &£ 15) nb,
where the first error is statistical and the second systematic
[29].

The corresponding results for the 7° X invariant mass dis-
tribution for the pp — pK 7% reaction at the same beam
energy, but excess energy ¢ = 212 MeV, are shown in Fig. 6
together with the ANKE data [27]. Although the statistics are
low, the shape of the spectrum is described correctly, with a
rather asymmetric A(1405) peak that is strongly influenced
by the opening of the KN threshold, which is by the energy
dependence of the A(1405) width parametrized by Eq. (11).
On the other hand, the overall normalization of the prediction
is too high, giving a cross section of 4.0 ub compared to an
experimental value of (1.5 £ 0.3 &= 0.6) ub [27]. The predicted
normalization could, of course, be reduced by considering the
initial-state interaction, but that would then lower also the
value for the pp — pK ™ K~ p channel.

Many effects cancel out in the estimation of the ratio of
the pp — pKTK~ p to pp — pK+tm X total cross sections.
These include initial-state distortions and most of the pa-
rameters connected with the N*(1535). Combining the two
experimental results one finds that, at a proton beam energy of
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FIG. 5. Differential cross section for the pp — pK* K™ p re-
action at the excess energy ¢ = 108 MeV as a function of the K~ p
invariant mass M (p K ~). The ANKE data of Ref. [29] are compared to
the predictions of the N*(1535) model (solid line), whereas the dashed
line represents a normalized four-body phase-space distribution.

2.83 GeV,

o(pp — pK*K™p)
o(pp — pK*tno%9)

Rgr = = (65+24) x 1073, (19)

where only non-¢ events have been considered. This is to
be compared with a value of Rk, ~ 25 x 10~ obtained
within the framework of the present model. The theoretical
uncertainties are hard to quantify because they reside to a
large extent in the modeling of the low-energy K~ p/n°%°
system [37], which is based upon a limited experimental data
set. In addition, there are possibly small contributions from
I =1 s-wave K~ p pairs or, for the higher masses, also some
p-wave contributions. In view of the large experimental and
theoretical uncertainties, the good agreement for the R, ratio
is very satisfactory.

IV. SUMMARY AND CONCLUSIONS

The total and differential cross sections for associated
strangeness production in the pp — pK*{K~ p} and pp —
pK+{m°%°} reactions have been studied in a unified approach
using an effective Lagrangian model. The basic assumptions
are that both the K~ p and 7° % systems come from the decay
of the A(1405). This state itself results from the excitation
of the N*(1535), for which there is strong evidence for the
importance of hidden strangeness components. Although only
pion exchange has been keptinthe pp — pN*(1535) reaction,
our predictions are sensitive to the N*(1535) production
rate, and pion exchange provides a reasonable description
of this. Within the model, the energy dependence of the
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FIG. 6. Differential cross section for the pp — pK 7?20 re-
action at an excess energy of ¢ = 212 MeV. The predictions of the
N*(1535) model (solid line) have been scaled down by a factor of
about 1.5/4 before being compared to the ANKE data [27]. The fairly
shapeless four-body phase-space distribution (dashed line) has also
been normalized to the total number of experimental events.

pp — pK™ K~ p total cross section is well reproduced, as are
the characteristic K~ p and 7° %" invariant mass distributions.

Of particular interest is the ratio Rg, of the pp —
pK+*K~pand pp — pK*T7°X? total cross sections because
in the estimation of R, many unknowns drop out. Apart from
initial-state distortion, which has been completely neglected
in our work, the details of the N*(1535) doorway state are
largely irrelevant provided that this state lies well below the
KT A(1405) threshold. Thus the very satisfactory prediction
for Rg, would remain the same if one assumed that the
processes were driven for example by the N*(1650). However,
itis the absolute value of either cross section that depends upon
the N*(1535) hypothesis, and it is the reasonable description
here that gives further weight to the idea of large s§ components
in this isobar.

The link between K~ p and n°%° production could be
established through the use of much low-energy data, which
led to the phenomenological separable potential description
of the coupled K~ p = 7°%° systems [37]. Although this
particular model gives rise to a single A(1405) pole, it is
merely a parametrization of measured scattering data, and we
cannot rule out the possibility that similar results would be
obtained if one used a chiral unitary description that requires
two A(1405) poles [28].

The production of KK resonances, such as the ao/fy
scalars [1], can clearly not contribute to the pp — pK+ 7%
reaction. Consequently, even if the model presented here is
only qualitatively correct, it would suggest that non-¢ K™K~
production in pp — pK T K~ p is driven dominantly through
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the excitation of K*-hyperon pairs rather than nonstrange
mesonic resonances.

Further experimental data are needed, and some should
be available soon from the HADES Collaboration on the
pp — pK*m°%0 reaction at the slightly higher energy of
3.5 GeV [45]. It would, however, be highly desirable to have
data on kaon pair production at a similar energy to provide
an independent check on the value of Rk, and hence on the
approach presented here.
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