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Evidence for a narrow D; state in K~ p — nA near threshold
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Recently, we reported a theoretical study on the K~ p — nA reaction near threshold by using an effective
Lagrangian approach. It was found that the description of angular distribution data measured by the
Crystal Ball Collaboration needs a Dy; resonance with mass M = 1668.5 = 0.5 MeV and total decay width
I' = 1.5+ 0.5 MeV, which is not the conventional A(1690) or other A state listed in the Particle Data Group
book. In the present work, we study the A polarization in the K~ p — nA reaction within the same framework.
The results show that the existence of this narrow Dy; state is also compatible with current A polarization data
and that the more accurate A polarization data at Px- = 735 MeV can offer further evidence for the existence
of this resonance. Furthermore, the role of the A(1690) resonance in this reaction is also discussed.
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I. INTRODUCTION

Understanding K N interactions in the low-energy region
is a very important part of the study of the behavior of
quantum chromodynamics (QCD) in the nonperturbative
regime. Because the excitation of hyperon resonances usually
dominates in relevant processes, it offers a good basis to
study the properties of hyperon resonances, especially for
hyperon resonance with S = —1. In fact, up to now most of
the knowledge of hyperon resonances is from the analysis
of KN interactions [1]. Even though we have studied the
K N interactions for a long time, the large uncertainties of the
parameters of hyperon resonances in the Particle Data Group
(PDG) book indicate that the status of our knowledge on these
resonances is still not satisfying. This is partly because of the
complications of the nonperturbative character of QCD in the
low-energy regime and partly because of the poor quality of
the available experimental data.

In the past ten years, some new experimental data on
K~ p scattering with much higher accuracy than before were
reported by the Crystal Ball Collaboration [2,3]. With these
new data, from theoretical analysis, it is possible to refine our
knowledge on the hyperon resonances and to better understand
the mechanism of relevant reactions. Some work along this
way has already been done [4-9]. Among various K N inelastic
reactions, the reaction K~ p — nA is particularly interesting
and important. Due to isospin conversation, the ¥ resonances
do not contribute in this reaction, which makes this reaction
a good place to study the properties of A resonances. On
the other hand, our current knowledge of the couplings of A
resonances with the n A channel is still very poor. Besides the
A(1670) resonance, the couplings of other A resonances with
the nA channel are only poorly known or unknown. Some
further studies on this reaction are obviously still needed.

In our previous work [9], we analyzed the new data reported
by the Crystal Ball Collaboration for the K~ p — nA reaction
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[2] within an effective Lagrangian approach. It is found that
by including the background and A(1670) resonance the total
cross section data can be well reproduced. However, the
bowl structure appearing in the differential cross section data
cannot be explained. We showed that the differential cross
section data favor a Dy; resonance with very narrow width,
which is not the conventional A(1690) resonance or other A
states listed by the PDG [1]. As mentioned in Ref. [9], the
current experimental data still have systematic uncertainties,
especially when we look at the angular distribution data
obtained from two different ways of identifying the final
meson (see Fig. 20 of Ref. [2]). For better understanding of
the origin of the higher partial wave contributions, we suggest
our experimental colleagues remeasure the angular distribution
data.

On the theoretical side, it is also important to find some
other way or criterion to check for the existence of this narrow
Dy3 resonance. In the present work, we give predictions of
the A polarization in the K~ p — nA reaction by using the
parameters determined from the fitting to differential cross
section data in our previous work [9]. On the other hand, since
the conventional A(1690) resonance may also contribute to
this reaction in principle, we also give some further discussion
about the role of the A(1690) resonance in this reaction. The
present work can be treated as a further test of our previous
results [9] and offers some new criterion to verify the existence
of this narrow Dg3 resonance.

The paper is organized as follows. In the next section, we
present the ingredients and formalism used for the present
calculation, while the results with some discussion are given
in Sec. III. Then, a short summary is given in the last section.

II. INGREDIENTS AND FORMALISM

We adopt the effective Lagrangian method in describing the
reaction K~ p — nA near threshold. The effective Lagrangian
method is an important theoretical approach in studying
various processes in the resonance region, and it is widely used
in partial wave analysis for the properties of resonances. The
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FIG. 1. Feynman diagrams for the reaction K~ p — nA. The ¢-
channel K* meson exchange, u-channel proton exchange, and the
s-channel A resonance exchange are considered.

main contributions for this reaction come from the 7-channel
K* meson exchange, the u-channel proton exchange, and the
s-channel A resonance exchange. The corresponding Feynman
diagrams are shown in Fig. 1.

First, for the ¢t-channel K* meson exchange, we take the
normally used effective Lagrangians for K*Kn and K*NA
couplings as

Lggy = grknd"K~ — K~ 3"nK,, (1)
y KK*NA
Lgnn = gx*Nal <)/,4K*“ = oM G,Wa”K*”> N

+H.c., (@)

where we take kg+nya = 2.43 as used in Refs. [10,11].

Second, for the u-channel nucleon exchange, the effective
Lagrangians for the nNN and K NA couplings are taken as
[12]

Loy = gonnNysN, 3)
Lxna = gxknaNysAK + H.c. “4)

Third, for the intermediate A(1670) (A".) resonance

contribution in the s channel, the effective L?zlgrangians for
the KNA*_ and nA A% _ vertices are [13]
3 3

Lgna: = gKNA*ﬁI?[_\ij +H.c, (3)
2 2 2
Lyant_ = gyant_A7-An+He. (6)
2 2 2

Fourth, for the intermediate A* resonance (Dg; state) in the

s channel with spin-parity J* = 3", the effective Lagrangians

are [14]
fewnyo
Lxnay_ = ——08, KA ysN +He., @)
2 mg 2
anA37 _
Loany_ = 0, nA ysA +He. 8)
2 mn 2

To take into account the internal structure of hadrons and
possible off-shell effects, we introduce form factors in the
amplitudes. In the present work, we adopt the following form
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factors [15-18]:

2 A*
FB (qexv Mex) = P (9)
AY + (qe2x - ng)
for the s and u channels and
5 A2 _ M2 2
_ ex
Fa(g2. Mex) = (—Az — ) (10)

for the ¢ channel, where gex and M. are the four-momenta
and the mass of the exchanged hadron, respectively. For the
cutoff parameters, we adopt A = 2.0 GeV for the s channel
and A = 1.5 GeV for the t and u channels.

For the propagators with four-momenta gy, we take [19]
—8"" + gixqe /M-

e an

Qex — Mk~
for K* meson exchange, where u and v are polarization indices
of vector meson K*.

For the proton propagator, we take

qex + MN
qezx - M]%/

Gy (qex) =

Gn(gex) = 12)

For the A resonance with spin 1/2 in the s channel, we take
dox + M

g3 — M?>+iMT’

while for the A resonance with spin 3/2 in the s channel, we

take the propagator as

G as (gex) = (13)

dex + M yhy?
G’“i — x| o
)= e i (T8 T
Yhay — v ak | 2q&q%
+ 37 + a2 ) (14)

where M and T are the mass and width of the corresponding
intermediate state, respectively.

The differential cross section for K~ p — nA with the
invariant mass squared s = (p + k)? (where k and p are the
four-momenta of the K~ and the proton) in the center-of-mass
(c.m.) frame can be expressed as

dar]A dOnA 1 |l}| 112
= = - M 5 15
aQ 2rdcos®  64ms |k| M 15

where 6 denotes the angle of the outgoing 7 relativg to beam
direction in the c.m. frame. In the above equation, |k| and ||
denote the magnitude of the three-momenta of initial and final
states in the c.m. frame, respectively.

With the effective Lagrangian densities given above, the

averaged scattering amplitude squared, |/\_/l|2, introduced in
Eq. (15), can be expressed as

_ 1
MI* =2 YT IMP

r,rn

1
= ST(P +ma) AP+ my)y ATy, (16)

where r| and r, denote the polarizations of the initial proton
and the final A, respectively, and p and p’ denote the four-
momenta of the proton and the A, respectively. A is part of
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TABLE 1. The fitted parameters.

Channel/exchanging particle Product of coupling constants Po Mass (MeV) Width (MeV)
s/A(1670) 0.3+0.03 0. 1672.5+ 1.0 245+2.7
s/A(Do3) 282+7.9 5.66 £0.47 1668.5 £ 0.5 1.5+0.5
t/K* —58.0+7.2 2.64+£0.18 892. -

u/p -53+£1.0 2.59 +£0.43 938.2 -

the total amplitude, which can be expressed as

M = i, (p)Au,, (p) = i, (p') (Z Aaeiq’“) ur,(p), (A7)

where « denotes the t-channel, u-channel, and various s-
channel resonances that contribute to the total amplitude. In
phenomenological approaches, the relative phase between the
amplitudes is not fixed. In our work, they are introduced as
free parameters, i.e., ¢, and we take ¢ = 0 for the amplitude
of the s-channel A(1670) exchange.

The A polarization in the K~ p — nA reaction can be
studied from the decay of A — 7 N. For A — N, we take
the following effective Lagrangian:

Laxny = Grm:N(A — Bys)A, (18)

where G denotes the Fermi coupling constant, while A and
B are effective coupling constants, for which we take A =
1.762 — 0.238i and B = 12.24 [4] in our calculation.

The differential cross section for K~ p — nA — na N can
be expressed as

|ql|p;, [l M

- , 19
2 4md T sk (19)

do—K*p—)r}A—)rmN

dQ2d Y

where p), is the three-momenta of the produced nucleon in
the A rest frame, I'y = ‘L'Xl is the A decay width, and dQ" =
d cos8’d¢’ is the sphere space of the outgoing nucleon in the
A rest frame. The scattering amplitude M’ is expressed as

M = i1, (pa)Grm2(A — Bys)(p' +my)

x (Z Aae"%) i, (p),

(20)

and
- 1 "
|M|2=§§:MM+, 1)

r1,r3

with r; and r3 the polarizations of the initial proton and the
final nucleon, respectively

With the above ingredients, the A polarization in K~ p —
nA — nm N can be expressed as

3 d —p—> —> N
PA R /COSG/MdQ/
oA dQd’

where a is the A decay asymmetry parameter with the value
of 0.65, while 6’ is the angle between the outgoing nucleon
and the vector V =Kk x q.

dGnA
dQ’

(22)

III. RESULTS AND DISCUSSION

In the following, we present the theoretical results of
a x? fit to the experimental total and differential cross
section data [2] with eleven parameters (Mxi670), I ac1670)s
8A1610)RNEA1670As MADy)s Tadyp)s  Famo &N FADg) AR
8K*NAGK*Kn> EKNAEINN> DPA(Dy)> Pk+» and ¢p), which are
not shown in Ref. [9] due to that paper’s length limit. The best
fitting results for these parameters are shown in Table 1. The
resultant x2/dof is 0.9 (where dof is the degrees of freedom).
We show in Fig. 2 the best fitting results for total cross
sections by considering the A(1670), narrow Dy3; resonance,
and background contributions. The solid line represents the
full results. The contributions from the A(1670), the narrow
Dy3 resonance, the f-channel diagram, and the u-channel
diagram are shown by the dotted, dash-dotted, dashed, and
dot-dot-dashed lines, respectively.

It was found that the A(1670) resonance is needed to
interpret the steep rise of the total cross sections near threshold
and a A(Dy3) state with mass M = 1668.5 + 0.5 MeV and
width ' = 1.5£0.5 MeV is necessary to reproduce the
experimental data of the angular distributions [9]. Because of
its very narrow width, this D3 resonance is obviously not the
conventional A(1690) resonance (M a(1690) = 1690 £ 5 MeV,
I'A¢i690) = 60 &= 10 MeV) or other A states listed by the PDG.

In Fig. 3 we show again our results, for comparison, for
the total cross section by including the contribution from the
narrow D3 state with a solid line and the results obtained
without the narrow Dy; state with a dashed line. It is clear

1.6+

0.44

0.0 ,'.. T T T T T T T T T T T T T T 1
0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80
P, (GeVic)

FIG. 2. The best fitting results for total cross sections by consid-
ering the A(1670), narrow D3 resonance and background contribu-
tions. The solid line represents the full results. The contributions from
the A(1670), the narrow Dy; resonance, the ¢-channel diagram, and
the u-channel diagram are shown by the dotted, dash-dotted, dashed,
and dot-dot-dashed lines, respectively.
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FIG. 3. Total cross section with (solid line) and without (dashed
line) contributions from the narrow Dy; state.

that the small bump around Pg- = 734 MeV can be well
reproduced if we include the contributions from the narrow
Dy state.!

'At the point Pg- = 734 MeV, the experimental result is o =
1.15 £ 0.10 mb, while our model result, by including the narrow
Dyy; state, is 1.14 4= 0.05 mb with the error obtained from the errors
of the fitted parameters shown in Table I. We find that the agreement
between our model and the experimental result is very good. However,

-1 -0.75-0.5-0.25 0 0.25 0.5 0.75
T T T T T T T

-0.75-0.5-0.25 0 0.25 0.5 0.75
T T T T T T T
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FIG. 4. Differential cross sections as a function of the momentum
of K~ at the forward angle (cos® = 0.95) and the corresponding
theoretical results by using the best-fitted parameters with (solid line)
and without (dashed line) the narrow resonance.

To get more clues about the role of the narrow Dy; state in
the K~ p — nA reaction, we calculate the differential cross

if we did not consider the contribution from this narrow D3 state, then
the theoretical result is 0.99 & 0.03 mb, which gives discrepancies of
about two standard deviations with the experimental data when the
theoretical uncertainties are also taken into account.
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FIG. 5. (Color online) The fitting results for angular distributions within Fit I (dashed line) and Fit I1I (dash-dot-dotted line). The solid line

represents the best fitting results taken from Ref. [9] for comparison.
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sections as a function of the momentum of the K~ meson at the
forward angle (cos 8 = 0.95). We show our results in Fig. 4 by
comparing with the experimental data taken form Ref. [2]. The
result including the narrow Dy; state is shown by the solid line,
while the dashed line stands for the results without including
this narrow state. The bump in the differential cross section is
more clear than in the total cross section, and this clear bump
can be well reproduced by including the contributions from
the narrow Dg; state.

A. The role of the A(1690)

Itis known that a well-established Dg3 resonance [ A(1690)]
may also give contributions to this reaction, and in Ref. [2], the
authors argued that the bowl structure may be caused by the
A(1690) resonance. However, it was shown in our previous
work [9] that the experimental data favor a resonance with
very narrow width. The main reason for the need of a narrow
resonance is because of the bowl structures only appearing in a
very narrow energy window, as we have pointed out in Ref. [9].

Regarding the uncertainties of the current experimental
data, it will be interesting to discuss how well the experimental
data can be explained by the conventional A(1690) state. For
this purpose, we perform the fitting procedures with some
different strategies. First, we fix the mass and width of the D3
state at the central values of the conventional A(1690) state as
given by the PDG [1] (Fit ), i.e., mass M = 1690 MeV and
total decay width I' = 60 MeV. In this fit, we take the coupling
of the A(1690) with the nA channel as a free parameter,
then we have nine free parameters in total. The best fitting
results are shown by the dashed line shown in Fig. 5. It is
easy to see that the bowl structures cannot be reproduced. The
fitting results favor a weak coupling of the A(1690) with the
nA channel. This is mainly because the bowl structures only
appear in a very narrow energy window. Since the highest
c.m. energy of this set of data is around /s = 1.685 GeV,
which is the lower limit of the mass of the A(1690) suggested
by the PDG, if A(1690) gives significant contributions to the
angular distributions, one can expect that with increasing beam
momenta the bowl structures shown in angular distributions
should become more and more prominent. However, such
an expectation is not supported by the experimental data.
Therefore, we do not think the bowl structure is caused by
the conventional A(1690).

Another interesting thing is to check to what extent the
experimental data can be understood by a Dy3 resonance with
a normal total decay width. We then perform another fit by
fixing the width of the Dg; state at 60 MeV (Fit II), which is
the width of the conventional A(1690) resonance suggested
by the PDG. In this fit, the best fitting results favor the mass
M = 1659.5 £ 11.7 MeV for the Dy; resonance and a small
coupling with the nA channel. The corresponding results for
angular distributions are not shown in Fig. 5, because they
almost overlap with the dashed-blue lines which are obtained
from Fit L2 So, in this fit, the bowl structures cannot be
reproduced, either.

2This is because, in both Fit I and Fit II, the Dy; contributions
are highly suppressed with the small coupling with the n A channel,
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FIG. 6. (Color online) The predictions for A polarization with
(solid line) and without (dashed line) the narrow Dgy; resonance.
The dotted line represents the corresponding results by using the
normal baryon resonance total decay width I' = 100 MeV for the
Dy; resonance.

Furthermore, since the bowl structure shows most signifi-
cantly at Py = 734 MeV, we also check the dependence of
the results on the data at this single energy point. In this
scheme, we take the mass and width of the Dy; resonance
as free parameters and omit the angular distribution data at
Px = 734 MeV in the fit (Fit III). The best fitting results still
favor a narrow resonance, i.e., M = 1670.2 £ 1.6 MeV and
' =4.54+ 1.6 MeV. This shows that the needs of a narrow
resonance are not only from one single energy measurement
but also from the pattern of angular distributions in a wide
energy region. Obviously, the description of angular distribu-
tions in this fit (shown by the dash-dot-dotted line in Fig. 5) is
better than for Fit I, and also for Fit II. However, the angular
distribution data at Px = 734 MeV is not totally reproduced
in this fit. We also show again, in Fig. 5 by the solid-red line,
the best fitting results taken from Ref. [9] for comparison.

B. A polarization

It is believed that the polarization data can put more
constraints on the theoretical model and offer additional
physical observables to test the models. In Ref. [9], we did

so the dominant contributions are from the A(1670) resonance and
background contributions, which are similar in these two fits.
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FIG. 7. (Color online) The results for A polarization at Px =
733 MeV (dash-dotted line), Px = 734 MeV (solid line), and
Px =735 MeV (dash-dot-dotted line). The dashed and dotted

lines represent the corresponding results by omitting the D3 state
contribution at Px = 733 MeV and Px = 735 MeV, respectively.

not include the A polarization data in our fitting because the
quality of these data is rather poor. However, it should be
meaningful to show the predictions of our fitting results for
these observables. Following the formulas and ingredients
given at the end of Sec. II, we calculate the A polarization
in the K~ p — nA — na N reaction at Pg- =735 and
765 MeV. It should be noted that all the parameters used
here are taken from Ref. [9] and there is no free parameter
in the present calculation. The corresponding results are
shown by the solid line in Fig. 6. The experimental data are
taken from Ref. [2]. By looking at Fig. 6, one can find that
the predictions of our model can fairly well describe the
experimental data, especially at Px- = 735 MeV, where the
narrow D3 resonance gives a significant contribution.

It will also be interesting to check the predictions without
the narrow Dy resonance. By using the parameters shown
in Table I of Ref. [9], i.e., the best fitting results without
the narrow Dy state, the corresponding A polarizations are
calculated and shown by the dashed line in Fig. 6. It can
be found that without the narrow Dy3; resonance the model
predictions can also reproduce the data within the large error
bars of experimental data, although the trend of central values
of experimental data are described badly.

We also performed the calculations by taking a normal total
decay width I' = 100 MeV for the Dy3 resonance and leaving
other parameters unchanged. This calculation is meaningful
because the A polarization is the ratio of two differential cross
sections [see Eq. (22)]. The corresponding results are shown
by the dotted line in Fig. 6.

Besides the predictions of A polarization at some discrete
energy points, it will also be interesting to investigate the
energy dependence of A polarization around the momentum

PHYSICAL REVIEW C 86, 055202 (2012)

Px =734 MeV, where the narrow Dy; resonance gives
significant contributions. In Fig. 7, we show the calculated
results for A polarization at Px = 733, 734, and 735 MeV,
respectively, where the predictions by omitting the contri-
bution from the Dy; resonance at Px = 733 and 735 MeV
are also shown for comparison. The main finding is that the
trend of A polarization versus cosé is very sensitive to the
beam momentum in the energy range around the peak of
the Do; resonance. After omitting the contributions of the
Dy; resonance, the results at Py = 733 and 735 MeV are
almost flat and overlap each other. This indicates that such
energy dependence is caused by the narrow Dy3 resonance.
So experimental analysis on the energy dependence of A
polarization may offer further evidence on the existence of
this narrow resonance.

IV. SUMMARY

In this work, we present some detailed analyses on the
reaction mechanism of K~ p — nA near threshold and study
the A polarization in the K~ p — nA reaction based on
our previous work [9]. It is found that current data indeed
favor a Dy3 resonance with very narrow width, which is not
the conventional A(1690). And the existence of this narrow
Dy state is also compatible with the current A polarization
data. We also study the role of the conventional A(1690)
resonance in this reaction; however, the current experimental
data cannot be reproduced by including the conventional
A(1690) resonance or a Dy state with normal total decay
width.

From the calculation of the energy dependence of the A
polarization, we find that the A polarizations are strongly
energy dependent around Pg- = 734 MeV with inclusion
of the narrow Dy3 state. Thus more accurate polarization
data around Pg- = 734 MeV can be used to verify the
existence of this Dy3 resonance. We suggest our experimental
colleagues remeasure both the differential cross section and
A polarization data, which should be helpful to clarify the
existence of this Dy; resonance.
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