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We have observed K*(1760) and K *(2100) production in a 10-event/pb K *d experiment at 9 GeV/c.
The K*(1760) has a mass of 1769 = 12 MeV and a width of 132 = 50 MeV and the K *(2100) has a mass of
2115 +£46 MeV and a width of 300 +200 MeV. Branching ratios for decay into various final states are
presented and evidence for decay into two, three, and four scalar mesons is presented. The spin-parity of the
K*(1760) is found to be 3~. The K*(2100) is compatible with a 4% assignment.

I. INTRODUCTION

In previous articles we reported the discovery*
of the K*(1760) meson which has K7, Kp, and
K*(890)m decay modes and which is a member of
the JP=3" nonet.? We also reported evidence for
an additional state® which we denote K*(2100). We
report here on a further study of the above decay
modes for these mesons and present evidence for
other decay modes.

The current experiment was carried out in an
rf-separated K * beam of momentum 9.04 GeV/c in
the BNL 80-in. deuterium-filled bubble chamber.
A total of 400 000 pictures were taken and analyzed.
The charge-exchange reactions previously studied
in Ref. 1 are reported on here with an increase in
data of 30 and 200%, respectively, that is,?

K*n—-pK*n™ 4581 events, 0=505+20 pb (1)
and
K'n—-pK°r*r~ 1540 events, 0=205+15 ub.
@)

Here we have also studied the additional charge-
exchange reactions

K*'n—-pK*n"n° 1984 events, 0=275+35 ub,
(3)
K'n—-pK*nr*r"n~ 1310 events, o0=167+20 ub,
4
K*n— pK °n*r~n® 710 events, 0=275+30 ub,
(5)
and
K*'n—pK*m*n"r"1° 1461 events, 0=200+45 ub.
(6)

16

The events were measured on the Purdue SMP’s
(image-plane scanning and measuring projectors)
with on-line geometry ( TVGP ). Subsequently,
kinematic fitting was carried out using the program
SQUAW. Those events determined to be candidates
for the charge-exchange reactions with only one
constraint, that is, about two-thirds of the events
of reaction (2) and all the events of reactions (3),
(5), and (6), were then examined for ionization in-
formation by a physicist and remeasured on preci-
sion film-plane devices. The mass resolution in
the region of interest is about 12 MeV for the re-
actions with no missing neutrals and 30-60 MeV
for the others, depending on whether the spectator
is visible or not. In the various reactions we have
always required |#/|<1.0 (GeV/c)?, where t’
=t-t,;, and where ¢ is the four-momentum trans-
fer squared between the incident K* and the out-
going meson system. This cut allows the proton
to be identified unambiguously by ionization. We
also require that the one-constraint reactions fit
with a x? probability of at least 5%. The four-con-
straint hypotheses are accepted with a x* probabil-
ity of 0.1% or greater. Finally, for hypotheses
with a visible spectator we require®* that the spec-
tator have a momentum of less than 300 MeV/c.

II. THE K7 MASS SPECTRUM

With the above-discussed cuts we obtain 4581
events of the four-constraint reaction (1). The
dominant features of the pn"K* Dalitz plot (Fig. 1)
are a low-mass pr~ enhancement which has been
previously reported on®® and a number of enhance-
ments in the K7 mass spectrum. An analysis of
the K*(890) as well as evidence for an S-wave Km
state just below the K*(1420) have been presented
elsewhere.”® In the present work we shall discuss
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FIG. 1. Dalitz plot M%(p7") vs Mi(K*7") for reaction
@).

the evidence for strange mesons of mass greater
than that of the K*(1420). The most prominent
feature of the K7 mass spectrum above the K*(1420)
is, as seen in Fig. 2, a sharp rise at a mass of
about 1.65 GeV. The events between 1.65 and 2.2
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FIG. 2. The K*1" effective mass distribution in the
pK*7" final state. The shaded histogram is for events
with M(p77) > 1.7 GeV. The solid curve is a fit to the
histogram with background and three simple Breit-
Wigner resonances. The dotted curve is the best fit
with only two Breit-Wigner resonances (see Table I).

GeV are produced with a momentum transfer be-
tween the incident K* and the outgoing meson sys-
tem which is nearly mass independent and approxi-
mately of the form e™8!*!,

If the K7 mass interval 1.0 to 3.0 GeV [with a
small K*(890) tail removed] is fitted using the
method of least squares to a quadratic background
(three parameters) plus a K*(1420) Breit-Wigner
resonance and one additional Breit-Wigner reso-
nance (simple Breit-Wigner resonances are used),

a barely acceptable fit (x* probability 1%) isfound.
The inclusion of a second high-mass resonance
gives a very good fit to the data as seen in Table I
and Fig. 2 and improves the x* probability of the
fit to 37%

Additional evidence from reaction (1) alone that
there are two structures in the high-mass region
is the observation (Fig. 2, shaded histogram) that
the lower half of the enhancement is produced for
M, >1.7 GeV, whereas the upper half is produced
primarily in association with the p7~ low-mass en-
hancement.

Finally in Fig. 3 we show the unnormalized Y3
and Y3 moments for all events with |#/]<0.2
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FIG. 3. The unnormalized Y3, YJ, and Y}, moments as
a function of K7 mass for all the events of reaction (1)
with —£’ <0.02 GeV%/c? (Gottfried-Jackson frame).
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TABLE I. Fits to K77~ and/or K*7~ mass spectrum. Masses and widths are in MeV.

Amounts are events above background.

Fits to two resonances and quadratic background

Quantity Kr Kt n~ Both
Mass 1404+ 10 1428 £ 22 1406 £ 10
Width 107+£18 238 90 135+ 10
Amount Krm s 387+60 266 35
Amount K 573+ 50 see 644 + 20
Mass 1758 +12 1789+ 18 1780+ 5
Width 55+62 85+ 50 112+ 10
Amount K71 LR 127+30 150+ 15
Amount K7 95+ 25 oo 125+45
Probability of fit 1% 11% 0.05%

Fits to three resonances and quadratic background

Quantity Km KOr* 7~ Both Scale factor
Mass 1404 £10 1424 + 20 1406+ 9 0.9
Width 129+ 35 237+ 50 144 £ 30 1.9
Amount Knm e 404 +30 299+ 30
Amount K 716 + 90 e 739+£40
Mass 1756 £ 15 1785+ 20 1769+ 12 1.2
Width 77+60 125+40 132+50 0.9
Amount Krrm LN 172+30 18035
Amount K 14220 1ee 200+41
Mass 2094 =65 2146 £ 30 211546 1.1
Width 540 300 52+ 50 300200 5.1
Amount Knm oo 6425 115+ 50
Amount K7 673+200 ses 373£50
Probability of fit 37% 67% 10%

(GeV/c)®. The behavior of these moments is seen
to be different in the lower and upper portions of
the enhancement, in particular the Y3 moment be-
comes sizable only in the higher mass structure.

III. THE K7 FINAL STATES

We turn now to a discussion of reaction (2),
namely in the pK °7*7~ final state and reaction (3),
the pK*r~7° final state. These two reactions are
initially ambiguous in about 25% of the cases in
the sense that both fits have at least a 5% probabil-

ity of fit and the K*/7* ambiguity cannot be resolved

by ionization. Examination of the single-particle
spectra of the unambiguous events of reaction (2)
where the K° is visible shows that we can require
that the laboratory momentum of the K ° be greater
than 1.5 GeV/c and that the momentum of the 7* be
less than 7.0 GeV/c in reaction (2). Resolving the

remaining ambiguities on the basis of y* probability

results in a clean sample of reaction (2) as deter-
mined by the observation that the n*7~ mass spec-
trum when interpreted as a K*r~ mass spectrum
no longer shows any K*(890) signal. Reaction (3)
remains rather contaminated perhaps by multiple-

7° events, and appears to be of rather poorer reso-
lution. In addition, it is not as useful for the study
of Kmr states because A(1236)K*(890) production is
strong.

In Fig. 4 we show the (a) p7~, (b) K°r*, and (c)
7*1" mass spectra of reaction (2). The events
which are A°(1236), K*(890) are shown shaded.®
Removal of these events very nearly removes the
A° signal. The Km and 77 mass spectra show con-
siderable K*(890) and p production. Figure 5
shows the (a) pr~, (b) pn°, (¢) K*7~, (d) K*n°, and
(e) 7"7° mass spectra for reaction (3). Again A”*
production is primarily in association with the
K*(890) (shaded events). The production of the
K*(890) and the p meson are less prominent be-
cause there are two ways of making the K*(890)
and because the resolution is poorer. In the sub-
sequent analysis the A(1236)K*(890) events have
been removed leaving 1441 and 1734 events in re-
actions (2) and (3), respectively. In Fig. 6(a) the
K°r*n~ effective mass spectrum is shown and in
Fig. 6(b) the K*7"7° mass spectrum is presented.
The K °7*7~ mass spectrum has been fitted with a
quadratic background plus two or three Breit-
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FIG. 4. Two-body effective mass distributions in the
final state pK'7 7. (a) M(p1), () MET'), () M 7).
The events shown shaded are K*(890), A°(1236) events
which have been removed from (c).

Wigner resonances whose parameters are given
in Table I. An acceptable fit (11%) can be obtained
without the third resonance but then the 2100-MeV
region shows a four-standard-deviation excess.
Inclusion of the third Breit-Wigner resonance in-
creases the goodness of fit to 67%. The two en-
hancements are not resolved in the K*r~7° final
state. If, however, a K*(890)°, which is the only
important two-body state seen in Fig. 5, is re-
quired, then the K*°7° effective mass distribution
[Fig. 6(b), shaded] shows a small K*(1760) signal
compatible with isospin requirements.

If the K7 and K °r*r~ enhancements are assumed
to be different decay modes of the same resonances
and if only one resonance is assumed in addition to
the K*(1420), then the K*7~ and K °r*r” mass spec-

tra are clearly incompatible (x? probability = 0.05%).

If, however, we assume separate quadratic back-
grounds and resonant amounts for reactions (1) and
(2) but require the same mass and width for the
three simple Breit-Wigner resonances, we obtain
as seen in Fig. 7 a reasonable fit to the data for
masses in the 1- to 3-GeV/c region (10% probabil-
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FIG. 5. Two-body effective mass distributions in the
final state pK*n" 7%, @) M(p77), (b) M(p7), ) MK 1),
@ ME*7%, () M(x7°). The events shown shaded are
K*(890)", A(1236)° events in (a) and (d) and K*(890)°,
A(1236)" events in (b) and (c). The K*A events are re=-
moved from (e).

ity) with the parameters given in Table I. Further-
more, we show in Table I the scale factor associ-
ated with each of these parameters, where S, the
scale factor,!® is a measure of the internal com-
patibility of the parameters when determined sep-
arately in the two- and three-body final states.

We see that only the width of the third state is in-
ternally inconsistent. We have doubled the error
on the overall fit to the width of the K*(2100) be-
cause of this statistical problem.

IV. ADDITIONAL EVIDENCE FOR HIGH-MASS STATES
AND BRANCHING RATIOS

We turn now to a study of decay modes of the
K*(1760) and K*(2100) which result in final states
with four pseudoscalar mesons. We have examined
the final state (4), namely pK*nr*r"r", and the final
state (5), namely pK °7*7"n°. Reaction (4) is a four-
constraint fit and if the spectator proton is seen
(3 of the time) the K*/7* ambiguity is resolved
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FIG. 6. (a) K'7'n effective mass distribution from
reaction (2). The solid curve is a fit to the histogram
with background and three Breit-Wigner resonances.
The dashed curve is with two Breit-Wigner resonances.
() K11 effective mass distribution from reaction (3).
The events which are K*(890)°r® are shown shaded.

uniquely by the kinematics program. When the
spectator is not seen, about 15% of the events are
wrongly chosen if the K*/7* ambiguity is resolved
on the basis of x¥>. The amount of contamination is
measured by looking for a K*(890) in the “wrong”
track combination. We are, however, primarily
interested in the K*(890)p mass spectrum. Since
examination of the unique events with visible spec-
tators shows that the probability of an event being
a “K*p event” with the wrong K*/7* assignment is
entirely negligible, we can still obtain a pure sam-
ple of K*p events. The candidates for reaction (5)
come from SMP measurements of all the three-
and four-prong plus vee events. Those compatible
with the 7° interpretation were remeasured on
precision microscopes and appear to be free of
contamination.

The K*r™ and m*7~ effective mass distributions
with two combinations per event are shown in Fig.
8 for reaction (4), and in Fig. 9 the various Kr
and 77 effective masses are shown for reaction (5).
These reactions are dominated by K*(890) produc-
tion. There is some p production, especially in

association with K*(890) production (shown shaded).

There is also a small amount (not shown) of

IN K*d INTERACTIONS AT 9... 1255
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FIG. 7. Upper: K'r" effective mass distribution from
reaction (1) with a small K*(890) tail removed. Middle:
K1~ effective mass distribution from reaction (2).
The solid curve is a simultaneous fit to the two histo-
grams with the parameters of Table I. Lower: The
K*(890)p effective mass distribution from reactions (4)
and (5).

A%*(1236) production in these reactions which we
have not removed. The K*r*r"r” and K °r*n"7° mass
spectra are shown in Fig. 10 with the K*(890)p
events shown shaded. The combined K*p mass
spectrum is compared to the Km and Knm spectra
in Fig. 7. The dominant feature of the K*p mass
distribution is an enhancement from 1.68-2.2 GeV.
We cannot rule out a single broad enhancement
(r~500 MeV), but the most reasonable interpreta-
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pK*r'r"r". (a) M(X"1") with two combinations per event.
(b) M (7" 7") with two combinations per events. The shaded
historgram is the n*7~ effective mass distribution when
the other K*7n~ combination is in the K*(890) mass inter-
val.

tion is that both the K*(1760) and K*(2100) decay
into two vector mesons. In addition, in reaction
(5) about 40 w° are produced on a background of
about 30 events (fig. 11), and these events yield at
most 10 K*(1760) - Kw events. After background
corrections are made, no significant statement
about the branching into Kw can be made. Chung
et al.M have also reported evidence for a Kw state
which could be associated with the K*(1760). We
see no evidence for K*(2100) branching into Kw.
In reaction (6) we have examined the final state
pK*m*r"n"n° for evidence of high-mass K* produc-
tion. Here the proton is identified by ionization,
but the K*/7* ambiguity is unresolved and each
event is plotted twice. In addition, the presence
of two 7” mesons leads to further combinatorial
background. The only significant two-body final
state [Fig. 12(a)] is the K*(890). In Fig. 12(b) the
m*n~n° effective mass is presented and a small w
signal is seen. The K*r*r r"n° effective mass dis-
tribution [Fig. 13(a)] shows no structure. If, how-
~ ever, we demand that the event have a 7*7r"7° mass

IOO”
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D oz re—== 2177,

06 10 yar)

(d)

B

O 0 M@ T°) (GeV)

FIG. 9. Effective mass distributions for the final state
pET rorl. @) MEr'), (b) ME Y, (c) M(r"77), and (d)
M (7" 7%. The shaded histograms require the other Kr
combination to be in the K*(890) mass interval.

in the w band and that the other two particles form
a K*(890), the resulting mass plot [Fig. 13(b)] is
consistent with a small amount of K*(1760)

- K*(890)w. The peak if it represents K*(1760) is
somewhat mass shifted due to the small @ value of

TABLE II. Branching ratios.

Quantity K*(1760) K *(2100)
K *@890)r/K™ 0.54+0.24 0.17+0.07
Kp/KTw 1.05+0.42 0.16+0.06
K*(1420)r /K <0.06 0.45+0.18
Kf/Kn <0.07 0.05+0.02
Kw/KT 0.12+0.10 <0.1
K *(890)p/K 0.60+0.22 0.18+0.10
K *(890)w/K T 0.04+0.03 <0.05
AN/Km s Seen (?)
Kn/all 0.28+0.07 0.45+0.2
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FIG. 10. (a) K'n' "1~ effective mass distribution from

reaction (4). (b) K*n~n0 effective mass distribution
from reaction (5). Shaded events are K*p events.

the K*w decay mode. No evidence for a K*(2100)
decay into K*(890) and w is seen.

The various measured branching ratios (cor-
rected for unseen decays) are tabulated in Table
II. The K*7 and Kp amounts were determined as
follows: We restrict ourselves to those events of
reaction (2) where either the K ° is visible, or, if
it is not visible, we require that the spectator pro-
ton be visible, since the remaining events have
considerably poorer resolution. We have used a
maximum likelihood method to fit the Dalitz plot
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FIG. 11. (a) the 7" r"n¥ effective mass distribution for
the pK* n~n0 final state. (b) The Kw® effective mass
distribution.
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K*w production.
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FIG. 14. Various two-body effective masses from the
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bottom) 1.57-1.67, 1.67-1.87, 1.87-2.05, 2.05-2.25,
and 2.25-2.65 GeV. (a)-(e) Kr effective masses, (f)-(j)
7 effective masses.

for the two high-mass states. After background
subtraction we find for the K*(1760) that the amount
of K*7 is 33+12%, the amount of Kp is 48+ 14%,
and the amount of uncorrelated K77 is 19+ 15%.
For the K*(2100) the amount of K*7 is 51+ 15%,

the amount of Kp is 49+ 15%, and the amount of un-
correlated Knm is 0+ 15%. Our current value of
the K*(1760) branching ratio I'(K*m+ Kp)/T(Kn) is
1.59+0.44. This is lower than our value in Ref. 1
(2.5+0.6), but as we noted there the amount of Km
was a lower limit since we then assumed no struc-
ture above the K*(1760). Aguilar-Benitez et al.'?

30 -
ZO—l B

EVENTS /100 MeV

|
20 24 28 32 36
M(Ap) (Gev)

FIG. 15. The 7\1_)_ effective mass distribution for events
with an identified A.
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have reported 0.8+ 0.4 for this same quantity and
Spiro et al.'® found 0.4+ 0.60. Within statistics,
all of these are compatible with their weighted
average of 1.0+0.3.

In Fig. 14 we show for reaction (2) the K°7* (at
left) and the 7* 7~ (at right) mass spectra for five
intervals of K°7* 7~ mass. The mass intervals are
(from top to bottom) below the K*(1760), i.e.,
1.57-1.67 GeV, the K*(1760) region, i.e., 1.67-
1.87 GeV, between the two resonances, i.e., 1.87-
2.05 GeV, the K*(2100) region, i.e., 2.05-2.25
GeV, and above the resonances, i.e., 2.25-2.65
GeV. The interval between the two resonances is
unfortunately dominated by the resonant tails. The
K*(2100), Fig. 14(d) and 14(i), appears to have
K*(1420)7 and Kf decay modes as well as K*7 and
Kp.

We have also examined the I_\p effective mass of
67 events containing a visible A. We select the
proton which gives the lowest momentum transfer
between the incident K* and the outgoing Ap. In
Fig. 15 the Ap effective mass is shown and a small
peak at ~2.2 GeV is evident. If this peak (which
could be slightly mass shifted by threshold effects)
is associated with the K*(2100), then this state is
the one first reported by Lissauer ef al .}

V. SPIN AND PARITY

The absence of high-mass resonances in the re-
action!®> K'n— K 7 "p proves that the K*(1760) and
K*(2100) are isospin- states. The existence of
both two- and three-body decay modes restricts
the spin and parity J ¥ to 17,2%,37,4%,... . In Fig.
16 we present the Y moments of the K7 system
(the m #0 moments are all consistent with zero)
for I =8. The moments are calculated in the Gott-
fried- Jackson frame for all events with —#/<0.2
(GeV/c)? and the even moments are also determined
for events whichare produced backward in that sys-
tem (cos6,< 0). All of the full moments rise at
high K7 mass due to the effects of the p7~ low-mass
enhancement. The even moments calculated in the
backward hemisphere are free of the diffractive
enhancement.

In the K*(1420) region we observe rises in (Y9 in
both the total and backward hemisphere moments.
Owing to the complications of the low-mass pm~
enhancement, only the backward hemisphere mo-
ments show the proper resonant behavior. In the
K*(1760) region the Y] moment shows a similar
behavior. As before, only the backward hemis-
phere Y9 moment has a resonant shape (but see also
the unnormalized full moment in Fig. 3). We in-
terpret this behavior as four-standard deviation
evidence that the spin and parity of the K*(1760)
is JP=3". This result is confirmed by the recent
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and! <8. The plots on the right-hand side are the even!
for events with cos6 ;< 0.0.

experiment of Baldi ef al.'® A maximum- likelihood
fit for the diagonal density matrix elements yields
Poo=0.75+0.12, p,, =0.10+£0.06, p,,=0.10+0.08,and
Py3=0.06+0.06. The large value of p,, indicates that
pion exchange plays a dominant role in the produc-
tion process.

The spin and parity of the K*(2100) cannot be de-
termined solely in the backward hemisphere as
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there is insufficient data (Fig. 16). Some un-
normalized even moments are shown in Fig. 3 as
function of M(Kw) for =¢' < 0.2 (GeV/c)?. In the
K*(2100) region the YJ and Yy moments show reso-
nant behavior whereas the Y9, moment remains
consistent with zero. The statistical significance
of the effect is about three standard deviations

and thus J¥=4* is the preferred spin-parity as-
signment for the K*(2100). Since there is inter-
ference between the K*(2100) and the low-mass

p1~ enhancement this spin parity should be checked
at another energy. At 12.7 GeV/c Firestone et al.'”
have also studied the reaction K *n—~K*7"p and
they found a single broad (~ 500-MeV) high-mass Kn
structure centered at 1.85 GeV. The high-mass
portion of their enhancement is also produced pri-
marily for cos6,>0.7. In the analogous reaction'?
Kp—~K m*n at 7.3 GeV/c only the K*(1760) is seen
in the M (K 7*) effective mass plot, but if the events
which can interfere with the baryon-dissociation
events are selected Eisner'® has shown that there is
evidence for a second peak near 2.06 GeV.

VI. CONCLUSIONS

Evidence for two high-mass K* states is found.
The K*(1760) has a mass of 1.769+12 MeV and a
width of 132+50 MeV. It decays into Km, K*m, Kp,
K*p, and probably Kwand K*w and has spin-parity
JP=3". The K*(2100) has a mass of 2115+ 46 MeV
and a width of 300+200 MeV. It decays into K,
K*m, Kp, K*p, K*(1420)7, and possibly Kf and a
4* spin-parity assignment is strongly favored.
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