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THE Q REGION OF Krin MASS'
- Alexander Firestone
Lawrence Radiation Laboratory o

University of California
Berkeley, California

I INTRODUCTION

Ihe problems concernlng the Q may be dlvided 1nto three
areas: (1) productlon mechanisms, (2) the nature of the Q, and
(3) decay properties. As far as production mechanisms are con-
cerned there is general agreement among experlmenters that the Q
is produced primarily by a dlffractlon-type mechanism or, equlv-

1,2

'alently, by Pomeron exchange. There is likewise general agree-

ment that the spin-parity is 7F =1 for the entire Q region,3-6
:but in most cases the experimenters report that JP = 2 cannot

. be completely excluded. It has also be determlned that the entire
Q is con31stent withan I = l/é state. For<example, the LRL

%9 GeV/c K_p experiment places an upper\limit'of-O,T% I=3/2
 contriﬁutibn to the Q region in the K%n+n_p final state.7 'As far
"as the décay branching ratios are concerned,. the experimehters in
ggeneral are agreed that the K*x decay mode is domlnant, the Xp
jdecay mode ex1sts, and that all other decay modes, e.g:, Km, Ko,
_Kn or three-body Knn, are either non-existent or very small.8 12
There.is still a question about the relative strengths of the Kp
'vs K'nt decay modes, and this question is greatly complicated by

" the possibility of interference effects between these two modes.
DA glahce-at a Q decay Dalitz plot [e.g., M2(K+n-) vs M?(n+n’)-for
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RO

.M(K n 14 ) 1n the Q reglon 1n the final state K n R p] reveals that
the K —p cross-over region contains a large number of events whose
ass1gnment is uncertain. Results vary all the way from no Kp

13-u.p'to 30% Ko decay.7 lh

bdecay In addition to ‘these decay modes,
the LRL 9 GeV/c K P experimenters have suggested, on ‘the basis of
'1sotop1c spin arguments; the possible éxistence of a substantial
.Ke decay ‘mode of the Q, where the € is the I ='O s-wave w~nt state
with a mass in the neighborhood of the p. 7 . As yet this suggestion
has not been either confirmed or refuted by any other group. In
addition, thcre is general agreement that, for the K n decay mode
of the Q, ‘the spin of the K is aligned such that the Z—component
along the 1nc1dent direction is zero.2 The evidence for this is .
is the angle between the outg01ng K and the 1nc1dent K in the K%
" rest frame-(Jackson angle). This alignment isvconsiStent with the
interpretation of the Q'as a J? = + object, - produced by Pomeron
exchange, whlch decays mainly by s-wave into K~ . '
In- contrast to all these general agreements among experimenters,
there still seems to be no general agreement about the nature of
the Q 1tself .There are those who prefer one or more resonances
to explain the Q, and those who prefer a kinematlc 1nterpretatlon,
€8, Deck effect or multi-Regge exchange This lack of agreement
‘is closely related to the question of whether or not the Q peak is
| sPllt._ :The problem is further complicated by, the presence of the
Knn decay modes of the th20 whlch, in the low energy data, contrib-
ute substantially to the Q peak. The princ1pal dlsagreements lie.
in the various 1nterpretations of the Knan mass. dlstribution itself,
and must be resolved there. Enough data has been accumulated already
such that any theory of the Q must fit at leaSt the;Knn'mass distri-
bution'ﬁith reasonable chi square. Other distributions, e.g., do/dt
vs t, are generally input to resonance theories or multi-Regge
exchange theories, and therefore provide novdiscrimination between
‘them. jFor these reasons I wish to concentrate the remainder of
this talk on the Knn mass distributions.

M_dFirSt,_however,TI;wishﬁtoéquote,J,_D, Jackson on the subject
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.experlment are shown in Fig.
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L. e production of a low mass enhancement in the np
system in the reaction =N — npN by means of a double peripheral
mechanism, known as the Deck effect, has made difficult the analysis

of the A1 and A2 mesons and has occa51onally cast doubt on the very

existence of the A Chew and Pignotti, who c01ned the name

1’
'duallty,_ observed that thlS ‘concept makes empty a dlscussion of

‘whether there is an Al or just an enhancement by some peripheral

-mechanlsm. Resondnces generate and are generated by perlpheral

exchanges. The Regge (or elementary) pion exchenge amplitude is

"~ the apﬁropriate high-energy description of the nb_System.v When

_ extended down_tb threshold it provides an average description of

that méss feéion. If the smooth average is large at low mass,

duallty requires~the existence of resonances." * . - T

|

II . KINEMATIC INTERPRETATIONS

I shall show the results of several multi-Regge and Deck
effect model fits to the data. They are presehtedvin the order

+ - SR
K before K , low energy before high energy. Some Wisconsin

16

'results:on K+p data at 3.5% GeV/c are shown in Fig. 1. The.

smooth curve represents a Deck modified phase Space background in

addition to two resonances, the well-known K~ and a narrow (40-

MeV w1de) resonance centered at 1300 MeV. Tizggmooth curve fits
the data very well. o

The results of a multi-Regge fit to a UCLA 7 , 3~ GeV/c K P.
2.17 ‘ihe K b1 mass»appears in the

upper left hand corner. This model uses a single diagram, illus-

'trated'in the insert; the K* is at the meson vertex, the proton at

the nucleon vertex, the pion at the interior vertex; the exchanges

are the pion and the Pomeron. The model involves a Regge-pole

descripiion of the pion exchange, and a diffraction scattering

expressien for the lower vertex. The smooth curve obtained from

this mOdel’fits the K*x mass distribution very well, But the follow-

- ing two comments are neceseary: (1) the data shown are rather

B T T I O s LT AT T
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hea;vily"cut‘ s, >72.25 GeV", 0.02 < [t | "< 1.0 (Gev/c)Z, [t | <1.0
(GeV/c) , and O. 8& < M(K 1) < 0.9% GeV; and (2) the actual inte-
grated cross section obtained from the caleulation was about 60%
below the experimental value of 0.31%0.03 mb. To obtain the curves
~shown @he theoretical distributions were then normalized to the
total number of events. Nevertheless the shape appgars to be
approximately correct. '
Figure 3 shows the results of a multi-Regge calculation on

_the LRL 9-GeV/c K'p data. This calculation uses the four multi-
Regge diagrams illustrated in Fig. 4-with the exéhapges indicated.
The residue functions werevassumed to be exponential in the rele-
“vant féur-momentum transfers with slopes fixed at the exberiméntal
valueé;' The meson trajectories were assumed to be linear, of slope
unity, ahd:with intercepts fixed at values given by ab =J - m2,
where m is the rest mass of the exchanged particle and J its spin.
The trajectory for the Pomeron was taken to be « = 1. O + 0.12%,
and the integrated sum of the Kp contributions was fixed at 1/3
the integrated sum of the K n contributions, &gich is the Kp/K 1t
branching fraction seen in this experiment. The theoretical pre-
:dictioh was normalized to the total number of events with M(Knn)
‘< 1.6 GeV. The theory clearly does not fit the data. ' _
’f A 'similar calculation has been performed by LRL Group A for
étheir 12 GeV/c K P data-l8v The results are shown in Fig. 5. In

. this calculation they leave the relative streﬁgth-of each d;agram
free anﬁ obtain the best fit parameters as shown in Fig.v5. Again
the shape of the theoretical prediction does hot_métch the data;
and, in addition, to get even this poor fit, they have to include
a larger Kp/K*n Q decay branching ratio than indicated by the Kx
~and nw mass projections. Figure 6 shows the results of a fit by -
the Rochester group to their 12.6-GeV/c XK p data.lu
are very similar to the 9-GeV/c results. The K*x mass distribu-
. tion is simply not reproduced by the multi-Regge model.

The results .

_ Figure T shows the results of a Deck-type calculation by
- De Groot and Walters on coherent production of the @ in a 3-GeV/c'

'K a experiment.’” Even though the statistics are poor the fit is
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probebiy;uot unreasouabig:m*figuresm8 aﬁd 9 sﬁow the results of a
Deck-type calculation on the same 3-GeV/c K d experiment but by the
S.A.B.R.E;~COllaborationrgo This calculation differs slightly from
‘the calé¢ulation of De Groot and Walters in the treatment of the nd
elastic scattering These predictions also appear to give reason-
able flts to the data. - _

Figure 10 ‘shows the results of a double-Regge-pole model cal-
culatioﬁ'of the coherent production of the'Q.inba 5.5—GeV/c K a
experiment Ey the Northwestern—Argonhe coliaboration.21 The data
presented ih'Fig. 10 are from four prongs ohly, and thus have been
cut at Itddl > 0.02 (GeV/c)2; this is done because there is a
scanning bias against events with Itddl < 0.02 (GeV/c)2 which
were like]y to have been lost as three prongs. They estimate this
scannlng loss to be only 17% at this energy Addltlonal cuts used
are it <] <1 (GeV/c) S -a > 6 GeV and K selected. Only one
diagram as shown in Fig. ba is used. Within the'limited statistics
the fit is reasonable, although the calculated'peek is somewhat too
broad. ‘ o

Figule 11 shows the results of a double- Regge pole calculatlon
for a BNL 7.3~ GeV/c , p - K n+x jo) experlmentteg' The data have
been hea.v1ly cut; 0.86 < M(K-n+) < 0.9h GeV, 0.025 < -t < 0.5
(cev/c)Z, “tgex <1 (GeV/c)?, and M(x "p) > 1.34% GeV. The calcu-
lation also uses only one d;agram, as shown in Fig. ba. The
normalization chosen is such thet, as tKK* g mi; the square of
the matrix element approaches the conventional OPEM expression;
but this results in a prediction of 61 ub for the theoretical total
Cross sectlon, while the experimental result is l38+25 pb. ‘' There-
fore the theory has to be scaled up, as were the UCLA results
Nevertheless,the shape of the K T mass spectrum‘seems to be properly
reproduced within the limited statisties. The fit to the T p mass
distribution is poor and the BNL group speculates that any improve-
ment in this direction-may have.to include exchanges other than the
Pomeron at the nucleon vertex. ' ‘

Figure 12 shows the results of the Yale 12. 6—GeV/c K p multi-
23~ 5

Regge calculation. _.dne Yale group selects only K* events and
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fuses the two dlagrams involving a K , as shown in Fig. ﬁ) - The |

'parameters are flxed in the usual way: o = t '*,é m 5 Ohex = tKn

- (mK* ~.1), and S = 1 GeV2 The t dependence 'is given by an

‘exponentlal, exp(?t ), in the sqQuare of the matrlx element. The

data have been cut to select K P and also ItKK*I < 2.5 (GeV/c)

;It I < 2. 5 (GeV/c) and Mp > 1.8 GeV. From Fig. 12 it is clear
ithat the shape of the K x mass distribution is 31mply not reproduced

by the theory Their curve is, in fact, very 31milar to those

,obtained in the 9-GeV/c and 12.6- Gev/c K'p Regge’ fits.

In conclu31on we may say that a-multi- Regge calculatlon can
reproduce the Q peak in both K and K 1nteractions for experi-
ments of 7.3~ GeV/c inc1dent momentum or below, even though the
varlous calculatlons ‘differ in some details. For ‘9~ GeV/c 1nc1dent

momen tum and above, however, the multi- Regge model is not success-

: ‘ful at all.

'
1

_i‘_ .

3 IIT  'RESONANCE INTERPRETATIONS | L

i

' Even_a superficial look at the K mass spectra shows that

the Q peak has a peculiar shape, particularly'in”the high-energy

hlgh-statlstlcs K P data. Whether the dip is s1gn1f1cant or not,

or whether the peak is a flattop or some other shape, are perhaps

in some experlments not obvious. But what isﬁobvious in most exper-

iments is that the Q is not a simple phenomenon. It will not fit

:a single~Breit-Wigner shape even with elaborate backgrounds There
vvls a sharp drop in the data at a Knx mass of about 1280 MeV for the
{hlgh-energy hlgh-statistlcs K P experlments. Therefore, since the

data indlcate the presence of at least two phenomena, I have

{attempted a very simple fit to two Breit-Wigner forms. I have

taken two s-wave Brelt -Wigner shapes; as given -by_Jackson,26 and

"have attempted a fit to‘each'of the available Knnt mass distribu-
- tions. lEach experlment at each momentum is fitted separately from
and independently of all the others. - In each case the fit is a

'five parameter fit, the mass and w1dth of each Breit Wigner plus

g T AA IR NI b GRS TACHRS AT AL ORRG e SIETTIASEEY A e TN FELINS oRmtig . avm s
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.the relative strength of the two. No attempt is made to include
'any interference effects between the two BreitAWigners, and no
1420° Although the sharp drop

.in the data at 1280 MeV is very suggestive of an 1nterference

attempt is made to account for the K

effect, even the experiments with the highest statlstlcs do not
permit & definitive statement on this question. The discussion
of the K;heb is deferred until later. In additioh;'I have made
no attempt to include any background effects in order to reduce
the numberaof parameters as much as possible. The.threshold for
producihg'three—body Kt is 78OVMeV,‘but there>are:virtually no
events w1th M(Knn) below 1l GeV, which is the threshold for K89O
productlon after allowing for the width of the K89O and for resolu-
tlon- ThlS gap is more than 200 MeV wide. Thus,_lf there is any
background under the Q it is nonresonant K* n or Kp background and
not three—body Knr baekground. Furthermore, a plot of Knn mass
with K* and p removed reveals no Q peak at all, cons1stent with
100% qua51 two -body decay of the Q. The effects of 1gnor1ng back-
) ground 1n this fit result in resonant widths whlch ‘are probably
| too broad. .
) For the data, I have collected all the Kt mass distributions
which were available to me either by private communlcatlon or by
reading numbers off a graph in a publication. I have used only the
data avallable in 20 MeV bins. I have also tried'in each case to
use only that data with A removed and with no other cuts. This
"is done in order to keep things s1mple in splte of the fact that
spllttlng shows up better with K and X or p cuts. The fit is
done in 25 bins for each experlment, has five parameters in each
case, and 1s normalized to the total number of events in those blns. :
There are therefore 19 degrees of freedom in each case. |
The results of the fits are shown in Figs. 13 through 24, and
are tabulated in Table I. Figure 13 shows the Illinois 3.2 GeV/c
data.27’28 In this experiment there is a drop at 1.32 GeV and a
shoulder at higher Knx mass. Figure 14 shows the Chicago 4.5 GeV/c
data.l3 There is no compelling evidence in this data for a sharp

drop in the Q nor for any spllttlng, but there is a dlstinct peak
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at around 1. uo GeV whlch is probably due to the Klueo © Figure 15

shows the LRL 4.6 GeV/c data. 2,29
there is some evidence for a dip at 1.36 GeV. The upper part of

Although StatlSthS are poor,

the Q in this case has been 1nterpreted as thQO The dip becomes
much more 81gn1f1cant if a K cut is also made on this data.
Figure 16 shows the CERN-Brussels 5-GeV/c data.3% 3% fhere is a
sharp drop in this disﬁribution at about 1.34 GéV. Figure 17 shows
the Johns Hopkins 5.5—GeV/c data.6 . Here therekis'SOme evidence for
two separate peaks in the Q, rather than just one péak and a -shoulder.
Figure 18 shows the UCLA T.3-GeV/c data.32 17,33 There is no com-
pelling evidence for a split Q, but the distributiOn resembles a
flattop rather than a single kinematic peak. Two Brelt—Wigners
£it v very well. Flgure l9 shows the LRL 9- GeV/c data. b1 In this
experiment the sharp drop is at 1.28 GeV. It is statistically
significant, and in addition, there is some real‘é&idence for a
second‘peak'rather than just a shoulder. Figure 20 shows the 10-
>GeV/c-data of the Birmingham, Glasgow,40xford coliéboration.3u’35
This datévstrongly resemble the LRL 9-GeV/c data. Vﬂhefe is a sharp
drop at 1.28 GeV, and also some evidence for a . seéond peak at the
high end of the Q. TFigure 21 shows the very hlgh statistics LRL
12-CeV/c data. 830
.9—GeV/c'and;lO—GeV/é data. There is the same sharp drop at.l.28
GeV and the same shoulder at higher Q mass. Figure 22 shows the

Again the data are remarkably'81mllar to the

same data as Fig. 21 only with an additional cut on the K89O’
plotted in 10 MeV bins. As yet this is the only experlment in
which there are really enough events to get an 1nte111gent plot
in 10 MeV bins. In this case the fit is in 45 bins, and the
resulting parameters are consistent with those fér the 25-bin fit;
i.e., M) = 1243+9 Mev, rl = 22718 MeV, M ,, = 1389t10 MeV and

r, = lh9i26 MeV. The X° for this fit is 42 for 39 degrees of .
freedom. 1In this experiment the sharp drop at 1.27 GeV is very
1mpre351ve. Figure 23 shows the Rochester 12.6- GeV/c data. 2,37

It is very much like all the other high~energy high-statistics K P
data, but in this case the sharp drop is at 1.30 GeV. Figure 24

shovs .the. combined data of all the high energy K+p experiments.
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This compilation sﬁoﬁs‘;jéf;b of 150 events at 1.28 Gev.

For the K~ data, most of the available experiments do not
have sufficient statistics to make thls five- parameter fit meaning-
ful. However, for comparison with the K data, Fig. 25 shows only
the highest energy K~ P data available, the Yale 12 6-GeV/c experi-
ment. These data look remarkably like the high energy'K P data.
In thls case the drop is closer to 1. 30 GeV than to 1. 28 GeV. The

;= 1246210 Mev, I) = 130%32 MeV,

M, = 1385i23 MeV, and T, = 231i48 MeV, with a X° = 24.8 for 19+
degrees of freedom. These parameters are consistent with the K
results. TFigure 26 shows the data of the A.B.C.L.V.' collabora-
tion's lO-GeV/c K D experiment. 38,39 These data strongly resemble
the Yale results.” " o T l‘_“*" o o

The results of all the K fits are listed in Table I. 1In Figs.

27, 28 and 29 the Parameters for the twc Brelt ngner forms are

parameters for this fit are M

plotted as functions of incident momentum. First of all, it seems
te be much easier to determine the central vaiue of a peak rather
than to determine its width. Although the parameters fluctuate
somewhat at low energy, the high energy data are all perfectly
consistent. Therefore the best values for the Q parameters may be
taken from the fit to the comblned high energy K p data, Ml = 12504
MeV, T, = 182+9 MeV, M, = 14006 MeV and Iy = 220%14 MeV. The lines
on the extreme right in Figs. 27, 28, and 29 indicate these values.
The table also lists the X2 values for a separate two-parameter
fit to the data of each experiment. This fit includes only one
Breit- W1gner form, and the two parameters used are the mass and
width of the Breit-Wigner. In all cases the X2 probablllty for
the one Breit-Wigner fit is much lower than that for the two Brelt—
Wigner flt. In the hlghest statlstlcs experiments the one Breit-
Wigner fit is excluded by many standard dev1at10ns As an illus-
tratlon of these fits, the single Brelt ~Wigner: flt to the combined
high energy K P data is shown in Flg. 30. The X2 for thls fit is
296.2 for 19 degrees of freedom, and the parameters are M = l324+2
MeV and I' = 311%5 MeV. Figure 31 shows some very prellmlnary
rcsults from the CERN 8 .25- GeV/c K P experiment. 40 The data
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sffongly fesembie aii‘tﬁemether‘high energy K+p data and the peram-
eters for the fit are: M, = 126112 MeV, I, = 182¢25 MeV, M, =

- 1410£22 MeV and T, = 229%53 MeV, with a X2 = 25.3 for 19 degrees
of freedom.

If the analysis is accepted that the Q consiste»of two peaks,
then the Q might be interpreted as a JP = l+: K resonance at
1250 MeV with a shoulder or second peak due tO‘thevKnn decays of
the K;&QO. ,
tainly acceptable, the interpretation is incorrect that the upper

+ . .
Although a JP = 1 K% resonance atv1250 MeV is cer-

vart of the Q is due entirely to the Knn.decays of the th20
There are three reasons for this: (1) The width is much too broad.

The best flt for the upper Q has I = 220+lh MeV, but the Particle

Data, Tables 1list T = 96+7 MeV for the XK. (2) The spin-parity

420" €
of the thQO JP = 2 . All spin-parity analyses have demon-
strated that the upper portlon of the Q has spin-parity JP = l+
and have excluded J¢ = by many standard deviations. (3) The
b1

1&20 decay branching ratlos reported in the Particle Data Tables

predict only a small K contribution to the Q at high energy.

142
In the LRL O- GeV/c K p experlment, for example, we calculate
from the reaction K r - K142OP - K 1S p that, for the upper Q

to be due entirely to the Kux decay of the K ; the ratio

1420
1420 - [(x%x + Xp)/Kn] - (Knn/Kn) would have to be l2+l,7
whereas the Particle Data Tables report that ratlo to be 0.9%0. l.ul

Furthermore, two new experiments also report th20 branching ratigsh3
in substantlal agreement with those in the Partlcle Data Tables ?
At hlgh energy there seems to be no way to account for more
than a small part of the upper Q as the Knn decay of the thQO
It should be noted that the K142O is much more important in experi-
ments at lower heam momenta, because of the energy dependence of
the cross section for the reaction K p - thzop, which is given
by U(p) «< p 2, where p is the 1pc1dent beam momentum” (see Fig. Td
of Ref. Mh) At lower beam momenta the fluctuations in the param-
eters of the fits way be due to the th20 as well as to the lesser

statistics.
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w ADDITIONAL COMENTS

Nearly every Kp — Knﬁ? experiment shows a'sharp drop in
the Knn,ma§s distributiohvin the 1.28 GeV region;v The probability
that all these experiments have this same stétiSﬁical fluctuation
is extrémely small; but thevfdct remainsfthat-the position of this
 drop appears to move from as low as 1.27 GeV to as high as 1.34
GeV (see Figs. 16 and 22). In addition to this variation, the
drop seems to be too sharp for that partlcular Brelt -Wigner which
could flt much of the distribution below. 1. 28 GeV (see Figs. 19
and 2k).. \Both the variation and the sharpness,suggest'an inter-
ferencéueffect; but even the combined high energy K+p»data yield
no fits which are conclusive oh'thé'ﬁecéSsity of:interference terms.
DOther pdésible explanations, which must be éonsidéred, include the
analysis of mass shifts and resolution.
' An LRL 9- GeV/c K p experlment observed that in the Q the ratio
of K n n p ‘events to K T n p events is . l O3+O 06 when corrected

7

" for unoeen K° decays. Isotoplc spin conservatlon predicts the
fatio ;R -1 for pure K n decay of the Q, and R =2 for pure

Kp decay. The experimental value of R would imply nopr decay at
all, but the nn mass distribution reveals a véry strong p signal,
particularly in the K0ﬁ+ﬁ°p final state, where no K+-ﬂ+ interchange
émbiguities exist. Two possible explanations for this effect were-
suggestedt‘ (l) K'n vs Kp interference effecﬁs_éOuld modify the

= expectéd‘fatio; or (2) a Ke decay mode of the Q would contribute
only to the K+n+n-p final state; R would be reduced and the € would
appeaf as a p-like signal in the n+n— mass distribution. Recently,
- M. Boﬁler‘of Oxford University has demonstrated that the K'n vs Kp
interference does not change the isotopic spin relations, thus it

35,45

cannot explain the discrepancy. Therefore the alternative
: explanatlon of a Ke decay mode of the Q should be regarded much
more seriously.

Several new experiments are in progress which will study the
Q produced coherently off the déuterOn.h6—u9 Thus far the pub-

lished results show sufficient statistics to state only that the
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" Q is produced coherently, and that its pr1n01pal decay mode is -
K*x. 20,50-52

produced coherently off the deuteron or off heavier nuclei ‘should

Therefore, high statistics experlments on the Q

be very important.

v ' CONCLUSIONS

Severel of the low energy experimentsvhave_been fit success-
fully to multi-Regge exchange models. On the other hand, no high
. energy exﬁeriment has ever been fit to tﬁem suecessfully. More-
over, none of the experiments is consistent with e single Breit-
‘Wigner'shepe, vhile all of-them fit-the parametrization as two
Breit—wigners. Furthermore, the parameters for all the high energy
experlments are perfectly consistent with each other. In addition,
the upper part of the Q cannot be due entirely to the Knx decays
of the thEO
two peaks, one with M = 1250tk MeV and T' = 182%9 MeV, and the
other with'.M - 14006 MeV and T' = 220+1k MeV, and, in addition,

a small contrlbution from the K

In conclusion, at high energies the Q consists of

1420°
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