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K p INTERACTIONS NEAR 1 BeV/c

R. W. Bland, G. Goldhaber, B. H. Hall, J. A. Kadyk,
V. H. Seeger, G. H. Trilling, and C. G. Wohl ’

Department of Physics and Lawrence Radiation Laboratory
University of California, Berkeley, California

 The K+p interaction in the momentum region Just above the onéet of single-~
pion productipn has been the subject of recent study. The total cross sections
have been measured with considerable precision by both Cool et al.l and Bugg
et al.2 and the results éf these experiments are shown in Fig. 1. Perhaps
the moét interesting feature is the structure in the neighborhood of 1.25
BeV/c. In addition the data of Cool et al. show ﬁiggles in the total cross
section at ~ 1.7 and ~ 2.7 BeV/c,‘of much smaller amplitude than the large
peak at 1.25 BeV/c.

Detailed study of elasﬁic and inelastic processes in the general vicinity
of this structure has been carried out in an analysis of film obtained in an
exposure of £he LRL 25-inch bubble chamber to a separated K* beam at several
momenta between 0.860 and 1.58 BeV/c. Results on certain aspects of this

3

'analysis have already been published. In the present ﬁaper we emphasizé
particularly those features which have not receivea detailed discussion.

We divide our consideration into three parts: (1) the behaviér of the elastic
and inelastic cross sections, (2) details of the elastic scattering, and (3)

the inelastic processes.

1. Behavior of Elastic and Inelastic Cross Sections

In Fig. 2 we show the cross sections for the processes:
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K +p- K+ (1)
K +p- K+ N+n ' f'f_i (2)
K +p- K+ N+n+ T S (3)

over the momentum region between 0.86 and 3.5 BeV/c., The eiperimental data

v - . T -
used in the figure include results of other experiments.  Two explanatory
remarks on the way these data are compiled are in order:‘_

(i) The accurate counter datal’2

on total cross'sécfibns are used to.
renormalize cross sections whenever the contributions §f all phannels are.
available.

(i1) Only.three of the five KNmn final states are accessible to kinematic
fitting, namely K+pn+n_, Kopn+n°, and Kpnn+n+. Thevotherrtwb channels, Kfpnono
and K+nn+n°, involve two unseen neutrals. To obtain a totél Kxn cross section
we have assumed that the KNmn final states are dominated by'K*N% production,

a, supposition which has good experimental support even doﬁn to ;;58 BeV/c,'
near the threshold for K*N*, On this assumption the unseeh'final staﬁes
represent 8% of the total KNmw production and the correction is small.

The curves in Fig. 2 are smooth, hand-drawn representatipns of the data.
The general behavior of the elastic and inelastic final states cén be summa-
rized as follows:

(a) The elastic scattering cross section drops steadily from about 12 ﬁb
at 800 MeV/c to 4.4 mb at 3.5 BeV/c. This behavior is reédily interpretable

in terms of a Regge exchange formulation in that while the Pomeranchuk contri-

bution remains constant, the contributions of the lower lying trajectories

(p, w, A2, P!, etc.)»are dropping as the K momentum increases. One may question

the épplicability of a Regge model at the low momenta under study, but as will

G
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be continually emphasized in this discussibn,‘thejK%p system appears to become
nearly "asymptotic" in its behavior at momenta as low as 1.2 BeV/c. More
detailed discussion of this point will be given.further on.

(b) The single-pion-production channels dominate the inelastic processes
up to 1.5 BeV/c. AThey rise rapidly as the K+ momentum increases above 0.8
BeV/c, reach a broad maximum of about 8 mb near 1.45 BeV/c,'and then slowly
and smoothly drop off.

| (ec) The two—pion‘production remains very small from threshold (0.8% BeV/c)

to about 1.5 BeV/c, and then rises abruptly. Presumably the explanation of
this behavior lies in the dominance of K*N* production, whose effective threshold
lies near 1.6 BeV/c.

(d) Three-pion production (not. shown in Fig. 2) is negligible up to
2 BeV/c.

When the smooth curves given in Fig. 2 are added together, they proéuce

the total cross-section curve shown in Fig. 1. The remarkable feature is that

" the structure at 1.25 BeV/c 1s very well reconstructed by the sum of three

structureless channel cross sections. The interpretation of that -structure
in terms of contributions from the various channels can then be expressed in
the following terms: The fise above 0.8 BeV/c is associated with the rapidly
rising single-pion cross section, the maximum being reached when this rate of
rise is just balanced by the rate of drop of the elastic cross section. This
maximum is foilowed by a drop as the single-pion cross section levels off.
Finally, this drop is arrested when the tﬁo-pion cross section begins to rise
at about 1.5 BeV/c. Thus the structure in the total cross section at 1.25
BeV/c does not arise from structure in any single partial cross section.

Rather it is a consequence of the sharp rises of the single- and double-pion-
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“production channels at widelyAseparated threéh&lds. " Although the available
data are not sufficient to prove it, it is quité rea#onable to suppose that
the additional small structure observed by Cool et él. may be & consequence
of the fact that the 3n cross section does not become significant until K
momgnta substantially above 2 BeV/c, at which point the 2x éhannel.has ceased
rising and the cpmbined KN, KNn, and KNnx cross sections are rapidly dropping.
It should be emphasized that this intefpretation of the structure in
the total cross section is at variance with amconventionalvresbﬁénce inter-
pretation but completely in accordancé with the fact that the detailed behavior
- of angular distributions and polarizations in the ineiastic channels appears
to be smooth even through the momentum region in which the étructure.in the

total cross section occurs.

2. Elastic Scattering

Angular distributions for elastic scétteriﬁg obtainedvin this expériment
are shown in Fig. 3. Also shown is the differential crbss section at 0.78
BeV/c reported by Focardl et al.5 The general features can»ﬁe summarized.
as follows: The S wave behavior characteristic up to 0.7 BeV/c is modified
principally by the presence of a cos2 8 term quitevapparenﬁ in the distri-
butions at 0.78, O.86Iand 0.96 BeV/c. As pointed out in Focardi et al. this
feature is most easily interpreted by the presence of significant D wave =
amplitudes, the DS interference producing the cos2 e behavior. At 1.2
BeV/c, and above, a well-defined diffraction peak is produced by virtue:of
the fact that inelastic processes produce strong\P4ﬁavé absorption (as is
known from detailed studies of the inelastic processes), and’tﬁe nearly
imaginary P amplitudes interfere strongly with the dominant repulsive S

wave to produce the large forward-backward asymmetry.

AR e P ST g R e
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We have attempted to meke a phase shift aﬁaiysis at the momenta below

'1.2 BeV/c where the absorption by inelastic channels does.not appear to be
very large. At 1.2 BeV/c and higher momenta the results of such an analysis
are of course quite sensitive to assumptlons about the partial wave distri-
butioh of the inelastic p?ocesses, which is very difficult to determine with '
any precision. We have restricted ourselves to the dominant repulsive S wave
solution, type A, which as shown by. S. Goldhaber et al.éris the only one
that agrees with the Coulomb interference and momentum dependence observed
below 640 MeV/c. In oréer to further restrict somewhat the range of possible
solutions we have applied continuity conditions to force smoothness frbm one
momentum to the next. More precisely, data from three momenta were handled
simultaneously, the program being to minimize a function equal to

X2 + c X [(61 - 62)2 + (62 -8 )2] where the subscripts 1, 2, and 3 refer

waves 3

to the momenta used and C is a constant. The value of C was adjusted to be
as large as possible and still be compatible with the condition that the X2
corresponding to the above minimization does not differ by more than ~ 0.5
from the minimum X2 reached when the constant C:is set equal to zero (that is,
when each momentum is fitted individually). The effect of this proéedure is
to choose that location in the large X2 valley for each momentum which matches
best a corresponding location for an adjacent momentum. The absorption param-
eters 1 for each of the momenta were estimated from'informatipn deriveé_in
the study of éhe inelastic processes.3 {Specifiéally, at 0.86 and 0.96 BeV/c
an analysis of the Kopn+ final state provided estimates of how much of the
incident Pl/2 and P3/2 waves go into KN* production (other waves playihg

little role in this process at these energles). The remaining inelastic

cross section was assumed to come from a three-body background in which all
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particle pairs are in relative S states; such a background is fed by an incident

v Pl/aiwave. The absorption parameters used at 0.78 BeV/c were extrapolated from
those at 0.86 and 0.96 BeV/c. Our procedures thus differ markedly from the
phase shift analysis of Lea et al.7 It ma& bg‘noted that the inelastic ampli-
waves, are not

tudes which we find to be dominant, namely the P and P

/2 3/2
a combination frbm which Lea et al. find a good fit. Table I gives the phase
shifts obtained in a simultaneous fit at 0.78, 0.86 and. 0.96 BeV/c.8 The
absorption parameters assumed are also given in.Table I. These solutions

are exhibited in the Afgand diagram in Fig. 4. The two solutions are related
by a Yang-Fermi transformstion and can in principle be distinguished by a
polarization measurement. The fits given by either of these solutions are
shown by the curves in Fig. 3. The predicted polarizations9 for the tﬁo
solutions are given in Fig. 5. A measurement at 780 MeV/c by Feminq et al.lo
favors Solution I, but more precise polarization data will be required for

a conclusive choice between thé two solutions. For either solution the Sl/2
amplitude remains the dominant one up to at least 0.96 BéV/c, whereas the P
and D amplitudes remain‘small.

We now congider_the higher momentum elastic scattering data. As indi-
cated above the results of phase-shift analyses are sensitive to the absorp-
tion parameters 7 ﬁhich are not well known. Neverthelesé we have made a
simﬁltaneous fit of data at 0.86, 0.96 and 1.2 BeV/c. In tuis case we have
not fed in a'griori absorption parameters for the S and P waves at 1.2 BeV/c
vbut have let them be determined as well by the fit. The results are'that
there appears to be little or no absorption in the S wave énd large absorp-

.tion in the Pl/2 and P waves, although the relative contributions of the

3/2

Pl/2 and P3/2 states are not well determined by the data. The S-wave phase

-
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shift remalins essentially unchanged. The D-wave phase shifts are of course
not well determined buﬁ it is possible to get good fits without requiring any
significant change from the values at the lower momenta..

It is interesting to note the variation of d&/dn (180°) with momentum,
shown.in Fig. 6. Below 900 MeV/c the predominantly positive P-wave phase
shifts combine with the large negative S-wave phase shift to produce an
asymmetry which favors the backward direction. As the momentum increases
the rapidly rising w production leads to large P-wave inelasticity with
the consequence that the P-wave elastic amplitude changes from being small,
nearly real, and posi{ivé to large, and imaginary, reversing the sign of
the asymmetry. Thus the.maximum in do/dQ (180°) near 860 MeV/c has a
straightforward interpretatioh in terms of readily understood variations
of the amplitudes.

We now consider a representation‘of the data at and above 1.2 BeV/c in
terms of its diffractive behavior. Flgure 7 shows a representation of elastic
data including our measurements at 1.2 and 1l.36 BeV/c, those of Beftini et
21" at 1.45 BeV/c, and those of S. Goldhaber et al.* at 1.96 BeV/c, in
terms of momentum transfer on a semilog scale. It is apparent that up to
-t =0.8 (BeV/c)2 the data can be represented by'a straight line whose
intercept at t =0 1is ~ 20 mb/(BeV/c)2 and whose slope‘becbmes steeper
as the momentum increases. Table II gives values of slopes and intercepts
between 1.2 énd 1.96 BeV/c. It may be noted that this description applies
correctly to K#p elastic scattering up to 14.8 BeV/c, at which point the
intercépt is still about 20 mb/(BeV/c)2 but the slope has steepened by a

factor of about 2.3 from its value at 1.2 BeV'/c.ll In view of this corre-

spondence with the high energy behavior we have compared the data with a
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- modified wversion of the Regge pole fit of Rarita a.nd,Phillips.12 The modifica-

tion consists of replacing the contributions of the p dnd A2 trajectories in
the fits of Rarita and Phillips by more‘appropriate ones based on the charge-
exchange fit of Rarita and Schwarzschild.l3 It has been checked that this
change has no significant effect on the high energy fits, but does’produce
some modifications at the low.energies. The calculated curves based on the
Regge fit are shown in Fig. 7. The agreement is remarkably good considering -
that the lowest momentum used to determine the.parameters of the fit is 6.8
BeV/c. The main discrepancy is that for their parameters the experimental

shrinkage of the diffraction peak between 1.2 and 14.8 BeV/c is about 20%

larger than that given by the Regge fit.

3. Inelastic Processes

Inelastic procésses have already been di;cussed in some detail and there
is not a great deal of new information to add. _The cross séctiqns for KN*
and NK* production are given in Fig. 8. It should be noted‘that the structure
which appeared in the KN* cross section in Ref. 3 resulted from a preliminary
fit with smaller statistics at 1.36 BeV/c, and is not present in the curve
- of Fig. 8 which is completely smooth. As discussed in the beginning of this
paper we associate the structure in the Cool peak as arising from the super-
positioh of individual smooth channel cross secﬁions and not as arising from
structure in a single channel like KN*.

The smoothness of the behavior of the KN* channel is further emphésized
by Fig. 9 and 10 which show the N* and K* denéity matrix elements as a func-

tion of momentum over a wide range of momenta.lu It is clear from these

figures that, as with the elastic scattering, asymptotic behavior is practically

reached at 1.2 BeV/c.

(."
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In conclusion, ‘we have seen that all propertiesbof the individual channels--
cross sections, angular distributions, and polarizations—-vary smoothly with :
energy, rapidly approaching the asymptotic high-energy behavior. These fea-
tures strongiy reinforce the argument made in the discussion concerning cross
sections that the behavior of individual channels is very smooth and exhibits
no structure as evfunction of_momentum. This argues very strongly against
any conventional resonance interpretation of the structure'in the total cross
section.

We wish to acknowledge the importantAcontributions of M. Bowler, J. L.

Brown, and S. Goldhaber to the early phases of this experiment, as well as

the help of C. Fu and H. Tanz in preparing. this paper.
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Table I. Phase shifts for fit at 0.78, 0.86, and 0.96 BeV/c.
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P , - ‘ : o : B
3/2 ® _ Txh b 114.5 10£4,1 - 5%1.9 - 2.3%2,7 - 3.6%2.5
7 1.0 0.998 0.993 1.0 - 0.998 B  0-993,
3/2 ) ~ 0.422,3 - 1.8%*0.7 -~ 1.8%0.8 - 2.7#1.3 - - 1.7#1.8 - 2.5%1.3
n L0 0.998 0.988 1.0 0.998  0.988
D . _
5/2 8 - 2.3%0.7 --2.3%1.5 - 2.3%0.9 - 0.8t1.7 = - 2.8%0.6 - 1.8%0.6

tefeT-THon
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Table II. Parameters for exponential fits to K p
do Bt

elastic scaftering, Friia ae .
do
a = 5z (t=0) B
K momentum (BeV/c) S [mb/(BeV/c)Z] (BeV/c)_a
1.2 22.2%1.0 ' 2.34£0.10
1.36 23.4%1.7 . 2.51%0.15

S 145 23.3%1.4 2.62+0.11

1.96 , 20.0%2.3 : 3.02£0.15
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20 | l l l T
19 |
18 | _

- : I Cool et al

% Bugg et al

12 | | L1
0.8 IO .2 1.4 1.6 1.8 2.0
p, (Bev/c)
"Fig., 1, Total K+p cross section: the data XRL 688-3483

points are from Cool et al. and Bugg et al.,
and the solid curve is sum of curves show
in Fig. 2,



-17- UCRL.-18323

A 14 ' I ' | ' I LI B T T T 10
K
. : ) a Elastic .
12 : , _ o KNw -1 8
1 ‘ ‘ ® KNwrw
5 o -1 ©
E
i 8 — 4
6 -1 2
4 — 0]
0.8 ‘ 1.2 1.6 2.0 2.4 2.8 3.2 3.6

P+ (Bev/c)

XBLE88-3484

Fig. 2. Elastic, KNT and KN77 cross sections. The
curves are smooth, hand-drawn fits to the points.
Note separate scales for elastic and inelastic cross
sections. '

kN



-18- ' UCRL-18323

2.0 ! | ] | i | 1 T

(a) K+P at 778 MeV/c (b) K+P at 865 MeV/c
diff. cross section diff. cross section

| | !
2.0 —t—— —+——13.0
(c) K+P at 970 MeV/c (d) K+P at (215 MeV/c
diff. cross section [ diff. cross section ] 2,5
. |
-
S 1o M
2 1.0
£
o l
o 0.5 |
~
b
©
2.0 L l | J ] | | I I O
o -6 -2 2 6 10
(e) K+P at 1367 MeV/c
diff. cross section
LS -
1.0 | F
0.5 H =
Al
HHy t

3
+H ot +i|.++ o L«|.+If +

0 |
.0 -6 -2 2 6 10

Cos 8 (K¥)in c.m.

XBL688-3485
Fig. 3. Elastic differential cross sections at 780, 860, 960,
1200 and 1360 MeV/c. The curves drawn in at all but the
highest momentum are the results of the phase shift fits
discussed in the text. The curves corresponding to the
AT i.nd AEII solutions are indistinguishable in the above
scale.
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3
642
: = |[40-642 MeV/c (ref 6)
175 -
140 | a 780 MeV/c (ref 5)
o 860 MeV/c C
e 960 MeV/¢c
D3/2 XBL686B-3486

Fig. 4. Argand diagram of the elastic partial wave amplitudes
for solutions AT and A7 .. The points at 780 MeV/c represent
our fit to the da.Ita of Focardi et al.
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——— 785 MeV/c
——— 860 MeV /c
—-— 960 MeV/c

O Ref 10

0.5

Qv

-0.5

-1.0

Cos 8
. XBL688-3487

Fig. 5. Predicted polarizations for the A~ and Aill solutions.
The experimental point is that of Femino et al. 10
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do/dQ (6=180°)
+ K*p Elastic scattering

0 N |
IIIIIII ppt e o

I I t I LS

o 0.5 .0 1.5 2.0

K* lab momentum (BeV/c)
XBL688-3488

Fig. 6. Variation with K" momentum of do /dQ (1680°),
as given by the backward intercept of a smooth fit to the
differential cross section.
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100 = T T T T 5
B do/dt (mb) vs. 7] v
-t (GeV/c)® _
{
10 — -
- =
2 ]
~ : T
o 10 — ; o
NG = .960 Gev/c 3
= - ; c=6.8mb
N = ¥ §ia T
> 5 i
= " * 1.455 GeV/c
— 10 oc=9.6mb __|
- 3
-D o
~ i
b ;‘ jf,
o 1. -
¢ _
| 1.365 GeV/c
10 — o=9.95 mb_:
- ; T
N T1.205GeV/e |
o=10.9mb
| I 1 | | | |
O 02 04 0.6 0.8 .0 .2 .4
-t (GeV/c)2 )
XBL688-3489 .

Fig. 7. Semilog plot of d¢ /dt vs t at 1.2, 1.36, 1.45, and 1.96
BeV/c. The solid curves are from the Regge fit described in

the text.
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o (ref 1&2) B
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Beam momentum (BeV/c)
XBL688-3490

E3 ke
Fig. 8. Cross sections for KN and NK production,
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K+p— KAt —epr?

0.6 I% 1 ] I

x from ref 149
pa3z overall t
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| e ?
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0.2 | % | | —
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0.2 | %{é%@ : ]
Q
O + : = 1 —+ %

0.2 | I B | |
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XBL688-349|

Fig. 9. N density matrix elements for various momenta.
Compilation by C, Fu,. ’
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. a | XBL688 - 3492
¢ Fig. 10. K" density matrix elements for various momenta.

Compilation by C. Fu.




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or’
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






