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Analysis of the new Crystal Ball data on K~ p — 7°A reaction with beam momenta of
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Puze Gao, B.S. Zou
Institute of High Energy Physics, CAS, P.O. Boz 918(4), Beijing 100049, China and
Theoretical Physics Center for Science Facilities, CAS, Beijing 100049, China

A. Sibirtsev
Helmholtz-Institut fir Strahlen- und Kernphysik (Theorie),
Universitat Bonn, D-53115 Bonn, Germany and
Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA

The Crystal Ball Collaboration has recently reported the differential cross sections for the reaction
K~ p — 7°A using an incident K~ beam with momenta between 514 and 750 MeV/c. We make a
partial wave analysis for this process with an effective Lagrangian approach and study the properties
of some X resonances around this energy range. In order to reproduce the data well, we need to
introduce a new ¥ resonance, which can be either J* = %+ with mass near 1530 MeV and width

around 500 MeV, or a %(5 ) with mass near 1550 MeV and width around 200 MeV. To distinguish
the two schemes, further analysis with more data are required.

PACS numbers: 14.20.Jn, 25.20.Lj, 13.60.Le, 13.60.Rj

I. INTRODUCTION

The K~ p interactions at resonance region are impor-
tant methods for the study of resonance spectroscopy and
interactions, especially for hyperon with S = —1. Re-
cently, the differential cross sections for K~ +p — 70+ A
are measured with very high precision with the Crystal
Ball spectrometer at the BNL Alternating Gradient Syn-
chrotron [1], where neutron and photon final states from
79A decays are well detected. The new data provides
a good opportunity for studying >-hyperon resonances
in the experimental energy range, which is between 514
and 750 MeV/c for incident momentum, corresponding
to /s = 1569 — 1676 MeV for c.m. energy.

The ¥-hyperon resonances in the Particle Data Group
(PDG) [2] are mainly known from the analysis of KN
reactions in the 1970s, and large uncertainties may ex-
ist not only for the unestablished resonances with one or
two stars, but also for the established ones with three or
four stars because of the limited data and knowledge of
background contributions. Moreover, there still may be
some new resonances that have not been discovered. Past
analyses of the reaction K N — 7A include the energy de-
pendent partial wave analysis with c.m. energy between
1540 and 2215 MeV [3], and the energy independent anal-
ysis with c.m. energy between 1540 and 2150 MeV [4].
Both analyses considered the reaction amplitude param-
eterized as the sum of resonance terms of Breit-Wigner
form and a background term of certain form. Different
ways of background extraction may bring large uncer-
tainty to results.

In this work, benefitted from the available new data of
high precision, we make a partial wave analysis with an
effective Lagrangian approach. We aim at an improve-
ment in the knowledge of the ¥ resonances around the
energy range concerned, as well as their interactions with

some other hadrons.

This paper is organized as follows. In section II, the
theoretical framework and amplitudes are presented for
the reaction KN — wA. In section III, the analysis re-
sults are presented and compared with the experimental
data, with some discussions. In section IV, we give the
summary and conclusion of this work.

II. THEORETICAL FRAMEWORK

The effective Lagrangian method is an important the-
oretical approach in describing the various processes at
resonance region. For the reaction K~ 4+ p — 70 + A,
the Feynman diagrams are shown in Fig. 1, where the
incoming momenta are k and p for kaon and proton,
respectively, and the outgoing momenta are g and p’
for 70 and the A, respectively. The main contributions
come from the t-channel K* meson exchange, the u-
channel proton exchange, and the s-channel 3 and its res-
onances exchanges. Note that in previous analyses, the
t-channel and u-channel contributions were treated dif-
ferently, where they are treated as the background term
with certain parametrization.

For the t-channel K* meson exchange, the effective
Lagrangian for K* K coupling is

L kn = igx-xn K, (7 - TO"K - 0"1-7K), (1)

where the isospin structure for K* K is K 77K with

0 Vort K- K+
Vor— —x0 )07 T\ KY )¢

(2)
Using the decay width Tk« k- = 50.8 MeV [2], one gets
the coupling constant gx«xr = —3.23.

K = (K*f,f*o),w-T = (
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FIG. 1: Feynman diagrams for K~ +p — 7° + A. (a) t-
channel K*~ exchange; (b) u-channel proton exchange; (c)
s-channel ¥ resonances exchange.

The effective Lagrangian for K* NA coupling is

KK*NA
2Mn

0,00’ K**)N+H.c.
(3)

where gx+na and ki« na are effective coupling constants
and can only be estimated from model predictions or fit
to some data. The popular potential model by Stoks and
Rijken gave two sets of these coupling constants [5, 16]:

Li+na = —grNaA(y K-

RK*NA = 2.66 (NSCQ?&),

(NSC97f). (4)

gr+NA = —4.26

JgK*NA — —6.11 RKK*NA = 243

Thus we constrain gg~na between —4.26 and —6.11, and
Ki+~Na between 2.43 and 2.66 in our analysis. A recent
prediction from light cone QCD sum rules (LCSR) gives a
larger range for gx+«nya = —5.1 & 1.8, while very different
values for kx+na [1]. Some other works for vector meson-
baryon couplings also have large deviations on kypp |8
10]. For these uncertainties, we also try the parameters
in larger range and give the results in discussions.

For the u-channel nucleon exchange, the effective La-
grangians are

JxNN ==
Lrnn = MNV“%‘?MT TN, (5)
JKNA =5
L = —~—"— N+#~A0,K + H.c. 6
KNA MN+MA775”+C’ (6)
where g,nyn = 13.26 and ggnypa = —13.24 are estimated

from flavor SU(3) symmetry relations [11, [12].
For the s-channel ¥ and its resonances exchange, we
consider effective couplings up to D-wave, which include
1+

. . . + -
intermediate states with JE = 5 % , and g .

For ¥(1189) and its resonance with J¥ = %Jr contri-
butions in s-channel , the effective Lagrangians are

JKN%

———9,K% - my"sN + Hec., (7
TN, RS N +Hew ()

LNy =

and

> A

— 222 A~H~Nsd, - Y 4 Hee.. 8
MA+ME'7'75M7T + H.c ()

EEAT( =

Where the isospin structure for K NY coupling is

=0 +
K=Kk E)S.r=( > _ V2 | N= (p).
V2% =X n
(9)
The coupling constants from SU(3) flavor symmetry rela-
tions predict gxnsy = 3.58 and gsar = 9.72 for X(1189).
With consideration of possible SU(3) symmetry breaking

effect, we multiply a tunable factor between 1/ V2 and V2
to the central value of gx N»gsar in our analysis.

For intermediate ¥ state with JF = %_, the effective
Lagrangians are

Linsn-) = ~9rnna K5 TN +He,  (10)
and
LAWE(%f) = _ig/\ﬂ-z(%f)iAﬂ' + H.c.. (11)

The product of the coupling constants
Ix N3 ) IArs(LT) is set to be a free parameter in
2 2

our analysis.

For intermediate ©* state in s-channel with JZ = %+,

the effective Lagrangians are

Lxns = Jrnz: O, K=" 7N +He., (12)
mg
and
Lsinn = Js i 9,7 % "A+H.e., (13)

s

For ¥*(1385), the coupling constant fs«a, = 1.27 can be
calculated from the decay width I'sv ar &~ 31 MeV |2],
and fr ny+ = —3.22 can be estimated from flavor SU(3)
symmetry relation [12]. With consideration of possible
SU(3) symmetry breaking effect, we multiply a factor
between /2 and 1 / V2 as a free parameter to the central
value of fxns«, and thus fx s+ fs«ax IS constrained be-
tween -2.9 and -5.8 in our analysis.

For intermediate ¥ state in s-channel with J* = 27,
the effective Lagrangians are

fKNE(§*) -
‘CKNE(%’) = T;(?#KZM -7vsN +Hec., (14)
and
fATrE(%f) —
ﬁsz(g*) = TQJTZ vsA + H.c.. (15)

T

The ¥(1670)D;3 is a four-star resonance in PDG. The
above coupling constants can be estimated from the de-
cay width I's(1670)— kv and I's(1670)—xa, which still have



large uncertainties. We constrain fx ns(1670) fars(1670)
between —1.5 and —3.7 in our analysis.

For intermediate ¥ state in s-channel with J¥ = 27,
the effective Lagrangians are

——
EKNE(%’) = QKNE(%f)(?#&,KZ TN +H.c., (16)
and
—uw
Lprsz—) = Inmx(z ) Oudvm -2 A+ He. (17)

The X(1775)D;15 is a four-star resonance in PDG.
The coupling constants can be estimated from the
decay width I'sa775y5kn  and  I'sa77s).a, and
thus we have the product of the coupling con-
stants gx Ns(1775)9Ars(1775) constrained between 36 and
56 GeV~? in our analysis.

For each vertex of these channels, a form factor is at-
tached to describe the off-shell properties of the ampli-
tudes. For all the channels considered, we adopt the form
factor [12]

A4

2 _
Fo ey Mex) = G — s

(18)

where the g, and M., are the 4-momenta and the mass
of the exchanged hadron, respectively. The cutoff pa-
rameter A is constrained between 0.8 and 1.5 GeV for all
channels.

For the propagators with 4-momenta p, we use

—g" 4 ppY M
p? — mk.

(19)
for K* meson exchange (u and v are polarization index
of K*);

p+m

P (20)

for spin-1/2 propagator;

p+m ( P e G s e i 2p“p”)
— (=g 21
p2 — m?2 g 3 + 3m + 3m?2 (21)

for spin-3/2 propagator; and

p+m
msaﬂuu(pa m) (22)

for spin-5/2 propagator, where

1, _ _ 1 _
Sou@HV(pv m) = 5(90[”9,81/ +gau96u) - ggaﬁguu
1 o o o
~10Ta7uTsv +TaT0Tp + V6V uTow + V7 Gan)> (23)
with
PuPv
gp, _gMU m2 )
_ Pu
Yo = VT — Wﬁ (24)

For unstable resonances, we replace the denominator

pg+m2 in the propagators by the Breit-Wigner form
1
PomEamD
tors by 1/p2. The m and I' in the propagators represent
the mass and total width of a resonance, respectively.
The differential cross section for K~ +p — 7° + A at

cam. frame with s = (p + k)? can be expressed as

and replace m in the rest of the propaga-

do  do 1l
dQ ~ 2mdcosf  64n2s k|

M (25)

where 6 denotes the angle of the outgoing 7° relative to
beam direction in the c.m. frame, and k and q denote the
3-momenta of K~ and 7° in the c.m. frame, respectively.

—2
The averaged amplitude square |[M| can be expressed as

—2 1
(M] =5 > IMP

= ST+ ma) G+ ma P AT, (26)

where 1 and ro denote polarization of initial and final
state, respectively; and p and p’ denote the 4-momenta
of proton and A in the reaction. A is part of the total
amplitude, which can be expressed as

M = U, (p') Au(p

ZM
= Ty (p)) ZAi Ur, (). (27)

where 7 denotes the ith channel that contributes to the
total amplitude.

III. RESULTS AND DISCUSSIONS

In this analysis, the t-channel K* exchange and the
u-channel proton exchange amplitudes are fundamen-
tal ingredients, which may be different from some other
analysis without consideration of these channels. The
$(1189)47, £*(1385)37, %£(1670)2" and X(1775)2"
contributions in s-channel are always included in our
analysis, partly because these channels should contribute
to the reaction by the knowledge of their existence (they
are four-star resonances), partly because the present data
favor the inclusion of them. Still some parameters in the
above channels have uncertainties and are to be fitted in
the analysis. The ranges of the parameters have been
constrained from the PDG estimates or model predic-
tions, which have been explained in section II. From the
above 6 channels of 17 tunable parameters constrained
in the allowed range, the best fit gives a x? of about
245 for the total 128 data points, which is shown by the
(blue) dashed lines in Fig.2. Although the fit looks al-
ready quite good qualitatively, from detailed comparison
with the very precise data and the quite large x?, some
systematic deviations still exist.
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FIG. 2: The best fits for the differential cross sections of the
reaction K~ +p — 7° + A compared with the experimental
data [1], where 8 denotes the angle of the outgoing 7° with
respect to beam direction in the c.m. frame. The dashed lines
(blue) are results with inclusion of only well established X res-
onances in s-channel, and the x? is 245 for the 128 data points;
the solid lines are results of scheme I, in which a new Z(%+)
resonance is included in s-channel with mass near 1530 MeV
and width around 500 MeV, and the x? is 78.2 for the 128
data points; the dotted lines (red) are results of scheme II, in
which a new (3 ) resonance is included in s-channel with
mass near 1550 MeV and width around 200 MeV, and the x>
is 78.3 for the 128 data points.

For a better description of the data, we need to intro-
duce some other ¥ resonances in s-channel. We try them
in the analysis with their coupling constants, mass, and
width as free parameters and check if they are favored by
the present data.

A. %(1530) with J© =17

p _ 1+ 3%+
Among the J© = 57,3

our best fit comes from the inclusion of a J¥ = %Jr by
resonance with mass near 1530 MeV, and width around
500 MeV (we call it scheme I).

The solid lines in Fig. 2 shows this best result com-
pared with the experimental data of the differential cross
sections. The analysis includes 21 tunable parameters in
the allowed range and the x2 for this best fit is 78.2 for
the total 128 data points. From the solid lines in Fig. 2
one can see that scheme I can describe the experimental
data very well with the inclusion of a single broad E(%Jr)
resonance.

Table I shows the central values and statistic uncer-
tainties for 9 of the parameters on the s-channel res-
onances in this scheme. From Table I, the mass of
3(1670) is precisely around 1669 MeV, and its width is
around 80 MeV, which are consistent with the PDG es-
timates [2]. The coupling constant for this channel tends
to be close to the upper bound, and hence so does the
(F,,AFKN)%/FM for 3(1670), but still within the PDG
range. The mass of 3(1775) is much larger than the
c.m. energies of this experiment, and thus the parame-
ters of 3(1775) may be insensitive to the data. We con-
strain the parameters of £(1775) according to the ranges

of PDG. The JP = 17 %(1530) from our analysis is
a new resonance that is not listed in PDG. The statis-
tic uncertainties are large, wiht its mass ranging from
1440 to 1600 MeV, and its width ranging from 400 to
900 MeV from our analysis. By including this resonance,
the x? drops from about 245 to 78.2 for the total 128
data points.

The other 12 free parameters of this scheme includes 5
coupling constants and 7 cutoff parameters in the form
factors of the total 7 channels. In Table II we list the
fitted results of the 5 free parameters on the couplings
of the t-channel, u-channel and s-channel ¥(1189) and
3(1385) contributions. Note that the first two param-
eters are couplings of the t-channel K* exchange, and
their ranges are constrained by the potential model [5].
As one may doubt about this model, we also set the two
parameters free to check what can happen. We find that
the x? goes from 78.2 to 77.5, and the central value of
gr+NA become larger (11.7) and gx+naKK+NA Decome
smaller (—7.3), while the central values of the other pa-
rameters shift very little. Thus the uncertainties with
the two parameters does have very little influence to the
main results of our analysis in this scheme.

From Table II, one can see that couplings g-NnNgxNA
and fxns+fs<ar in u- and s-channel are similar (a little
smaller) to the flavor SU(3) prediction. The contribution
from s-channel ¥(1189) exchange is very small and thus
tuning its coupling within the range in Table II has very
little effect to the analysis.

Y. resonances in s-channel,

The research for the possible new X(3 ) near
1380 MeV has always been our concern, and previous



scheme I |mass(MeV)(PDG estimate) |yt (MeV) (PDG estimate) (FTrAFKN)%/Ftot (PDG range)
L(1670)2 7| 1669 £ 2 (1665,1685) 8315, (40,80) 0.12675-92% (0.02,0.17)
$(1775)3 178019, (1770,1780) 10073° (105,135) 0.29775-158 (0.25,0.32)
$(1530) 1 F 1531170 530757 0.06419-245

TABLE I: Adjusted parameters for high mass ¥ resonances in scheme I, which includes a new 3(1530) %+ resonance. Statistic

uncertainties and PDG estimates are also listed.

gx+Na (model range) gr*NAakK*NA (model range)

gxNNgrNAa (SU(3))|grnsgsar (SU3))| frns= fo=ar (SU(3))

—5.9079-8% (—6.11, —4.26) [5]| —11.373, (—16.3, —10.4) [5]

—163725 (—176) | 46.975, . (34.8) | —3.5679:93 (—4.1)

TABLE II: Adjusted parameters with statistic uncertainties for the couplings in t-channel, u-channel and s-channel ¥(1189)

and X" (1385) exchange of scheme I.

work has shown some evidence of it [13-15]. In this work,
we also check whether this data set is compatible with the
existence of the £(1380). We include additional (3 )
in scheme I, and constrain its mass between 1360 and
1400 MeV. From our analysis, the best fit gives xy? = 76.8
with a small coupling constant IK N2 )9S ymn 0.5
and a narrow width 40 MeV. When fix the coupling
IKNS(A IS )mA = 3 (which is a moderate size from

previous work), we find x? = 78 with a wide width of

330 MeV. This shows that the existence of a (1) near
1380 MeV with sizeable couplings is not ruled out by the
present data, although there is no strong evidence of it.
This result is understandable since 1380 MeV is much
smaller than the energy range of the experiment.

N P -
B. X(1550) with J© =1

An alternative scheme from our analysis is to include a

JP = 1" ¥ state in s-channel (scheme II). With the same
procedure, the best fit produces its mass about 1550 MeV
and width about 200 MeV, with x? = 78.3 for the total
128 data points.

The (red) dotted lines in Fig. 2 shows the result of
scheme II, compared with the experimental data of the
differential cross sections |1]. From Fig. 3 one can see that
the results of scheme II (dotted lines) nearly coincide with
that of scheme I (solid lines), and can also give a good de-
scription of the data. Table III shows 9 of the parameters
on the s-channel resonances of this scheme. From Table
III, one can see the mass, width and (I‘WAI‘KN)%/FM

of the X(1670), X(1775) and the newly included (3 )
resonance of this analysis. The parameters of X(1670)
are all well consistent with the PDG estimates [2]. The
mass of X(1775) is also well consistent with the PDG
value, while its width tends to the lower bound and the
(I‘WAI‘KN)%/FM tends to the upper bound of the con-
straint in this analysis. The new ¥(1550) has mass near
1550 MeV, width around 200 MeV, and a sizable cou-
pling (Cxal'xn)? /Tior ~ 0.2. It might be the $(1560)
bump (two star resonance) listed in PDG [2], which has

no J¥ information and has a smaller width of about 80
MeV.

Besides the 9 parameters listed above, the results of
the other 5 free parameters on the couplings of the t-
channel, u-channel and s-channel ¥(1189) and ¥(1385)
exchanges are listed in Table IV for scheme II.

The coupling constants in t-channel are constrained
by the model prediction [5]. As one may doubt about
this model, we also set the two parameters free to check
what can happen. We find that the x? goes from 78.3
to 73.1, and the central value of gx+nya become larger
(6.0) and g~ naKK+NA become smaller (—4.5), while the
parameters of the new X(1550) do not change very much,
with the central values 1549 MeV, 197 MeV, and 0.15 for
the mass, width and (I‘FAI‘KN)%/FM, respectively.

We also check whether the possible existence of the
%(1380)3— is compatible with the present data. Thus

we include additional E(%_) in s-channel with mass con-
strained between 1360 and 1400 MeV. Similar as in the
previous scheme, the best gives a small coupling a small
coupling constant IKNSL IS ymn —0.6 and width
around 180 MeV with x2 = 77. When fix the coupling
IKNS(EH)IS(L ) = 3 (which is a moderate size from

previous work), we find x? = 78.2 with a small width of

40 MeV. This shows that the existence of a (3 ) near
1380 MeV with sizeable couplings is not ruled out by the
present data, although there is no strong evidence of it.
This result is understandable since 1380 MeV is much far
away from the energy range of the experiment.

With the same procedure of the above 2 subsections on

Z(%i), we also try Z*(%i) states in the analysis. The
resulted x? are much larger (between 160 and 245), which
shows no evidence of their existences in the energy range

of the experiment.

IV. SUMMARY

The differential cross sections for neutral particles pro-
duction from K~ p interactions have been measured by
the Crystal Ball Collaboration for incident momentum



scheme IT |mass(MeV)(PDG estimate)|I'iot (MeV) (PDG estimate) (FTrAFKN)%/Ftot (PDG range)
$(1670)2 7| 1671.75 % (1665,1685) 70.579 5 (40,80) 0.12175-928 (0.02,0.17)
$(1775)3 177773 (1770,1780) 10073° (105,135) 0.38275-09% (0.25,0.32)
$(1550)1 155075, 216725 0.1947930,

TABLE III: Adjusted parameters for high mass ¥ resonances in scheme II, which includes a new ¥(1550) %7 resonance. Statistic

uncertainties and PDG estimates are also listed.

gr+Na (model range) gr*NakK=Nna (model range)

gxNNgrNA (SU(3))|grnsgsar (SU(3))| frns= forar (SU(3))

—5.4875 82 (—6.11, —4.26) [5]|—11.319 ;3 (—16.3, —10.4) [5]

—130%5, (—176) 4978, (34.8) —5.670%" (—4.1)

TABLE IV: Adjusted parameters with statistic uncertainties for the couplings in t-channel, u-channel and s-channel ¥(1189)

and X*(1385) exchange of scheme II.

of K~ between 514 and 750 MeV/c. Using the high pre-
cision new data, we analyze the differential cross sec-
tions for the process K~ +p — 7% + A with the effec-
tive Lagrangian method. We include the contributions
from t-channel K* exchange, u-channel proton exchange,
s-channel ¥(1189), X(1385), X(1670) and X(1775) ex-
changes in our analysis. We find that these 6 ingredients
are still insufficient, with x? ~ 245 for 128 data points.
We try to include some new ingredient in our analysis
and two schemes can both describe the data well.
Scheme I suggests the existence of a new ¥ resonance

with JF = %Jr, mass near 1530 MeV and width about
500 MeV. With this resonance the x2 drops to 78.2 for
the 128 data points. In this scheme the other parame-
ters are all in reasonable ranges. A alternative scheme
(scheme 1II) suggest the existence of a X(3 ) with mass
near 1550 MeV and width about 200 MeV, which seems
similar to the 3(1560) (a two-star resonance) in PDG.
Scheme II gives the x? = 78.3 for the 128 data points.

From our analysis, both schemes can well describe the

differential cross sections of K~ +p — 7% + A at this en-
ergy range, and further analysis with more data is needed
to distinguish the two possible schemes. Some uncer-
tainty may still exist from the uncertainty in the coupling
constants. This analysis can neither support nor exclude
the possible existence of the new $(1380)3 . Measure-
ments with wider energy ranges and combined channel
analysis in the future will be helpful to provide more
information on properties and interactions of the X res-
onances.

Acknowledgments

This project is supported by the National Natural
Science Foundation of China under Grant 10905059,
10875133, 10821063, 11035006, the Chinese Academy of
Sciences under Project No.KJCX2-EW-NO1, the China
Postdoctoral Science Foundation and the Ministry of Sci-
ence and Technology of China (2009CB825200).

[1] S.Prakhov et al. (Crystal Ball Collaboration), Phys. Rev.
C 80, 025204 (2009).

[2] C. Amsler et al. (Particle Data Group), Phys. Lett. B
667, 1 (2008).

[3] A.J. Vanhorn, Nucl. Phys. B 87, 145 (1975).

[4] P. Baillon and P.J. Litchfield, Nucl. Phys. B 94, 39
(1975).

[5] V.G.J. Stoks and Th.A. Rijken, Phys. Rev. C 59, 3009

(1999).

Y. Oh and H. Kim, Phys. Rev. C 73, 065202 (2006).

T.M. Aliev et al., Phys. Rev. D 80, 016010 (2009).

S.-L. Zhu, Phys. Rev. C 59, 435 (1999).

G

[6]
7]
(8]
[9] G. Erkol, R.G.E.Timmermans and Th.A. Rijken, Phys.

Rev. C 74, 045201 (2006).

[10] Z.-G. Wang, Phys. Rev. D 75, 054020 (2007).

[11] Y. Oh, K. Nakayama, and T.-S.H. Lee, Phys. Rep. 423,
49 (2006).

[12] Y. Oh, C.M. Ko, and K. Nakayama, Phys. Rev. C 77,
045204 (2008).

[13] B.S. Zou, Eur. Phys. J. A 35, 325 (2008); Int. J. Mod.
Phys. A 21, 5552 (2006).

[14] J.J. Wu, S. Dulat, and B.S. Zou, Phys. Rev. D 80, 017503
(2009); Phys. Rev. D 81, 045210 (2010).

[15] P. Gao, J.J. Wu, and B.S. Zou, Phys. Rev. D 81, 055203
(2010).



