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SINGLE-PION PRODUCTION INLK+p INTERACTIONS AT 4.6 GeV/c* 

C. Fu, ** J • MacNaughton and G. H. Trilling 

Department of Physics and Lawrence Radiation Laboratory 
UniverSity of California, Berkeley, California 94720 

October 30, 1970 

Abstract: A study of K+P interactions at 4.6 GeV/c leading to single-pion 

production is presented. Cross sections for the final states K6, K*(89l)p, 

* K (1420)p are given. Comparison of the results of this study with published 

- -K P and K n data at the same momentum indicates that corresponding K cross 

sections are significantly smaller, but other features such as momentum 

transfer distributions and density matrix elements are very similar. 

1. INTRODUCTION 

The interactions of K+ mesons with nucleons do not exhibit significant 

s-channel resonance behavior, and have therefore been largely described in 

terms of t-channel exchange diagrams. Consequently the production characteristics 

of various two-body or quasi-two-body final states appear to change only slowly 

and smoothly with incident momentum. One can therefore hope that with data 

spanning a sufficiently large range of incident momenta an improved under-

standing of t-channel exchanges may be reached. 

In this paper we present data on quasi-two-body final states found in 

single-pion production in K+P interactions at an incident momentum of 4.6 GeV/c, 

and compare our results with those of similar studies at other momenta and with 

data from corresponding K':"'N processes. A preliminary discussion of these data 

has been given by C. Fu [1]. 

* Work supported by the U. S. Atomic Energy Commission. 

**Now at: Department of Physics, Illinois Institute of Technology, Chicago, 
Illinois 60616. 
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2. EXPERIMENTAL PROCEDURE 

The experiment was carried out in the Brookhaven National LaboratOry 80':" 
Ii 

inch hydrogen bubble chamber exposed toa 4.6-Gev/c electrostatically separated 

+ K beam at the AGS. The results reported in this paper come from the analysis 

of the following topologies: 

(i) two' prong, 

( ii' ) two prong wi th vee, 

(iii) thr~eprong (t decay). 

The reactions studied are 'the following: 

+ 
K + P ~ 

~ 

~ 

and k+ ~ 

K
O 

+ P + 

K+ + P + 

K+ + n + 
+ + 

n: + n: 

n: 

n: 

n: 

+ 

+ 
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+ 

n: 

(1) 

(2) 

(3) 

(4) 

The first measurements of topologies (ii), (iii), and the first two measure-

ments of. topology (i) were carried out with the Lawrence Radiation Laboratory 

Flying-Spot Digitizer (FSD). Further remeasurements were made on Franckenstein 

measuringprojecto:rs. The geometric reconstruction and kinematic fitting were 

done by the PACKAGE program. The elastic scatters have been discussed else-

where [2] and will not be 'considered here. Relevant to this paper,besides 

the T decays, are lC fits of topology (i) and 4c fits of topology (ii). The 

lC fits were inspected on the scan table to obtain ionization information. 

Unfortunately, even after such inspection, considerable numbers of ambiguities 

remained. In table 1, we give the numbers of events in topologies (i) and (11) 

which fit the various single-pion production channels, indicatingalso' how many 

ambiguous events occurred in each topology. Since these ambiguous events rila.y 

appear in several different reactions, the total number of lC fits is less than 

the sum of the various lC fits, ambiguous or unambiguous~ listed in table 1. 

• 
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The two-prong-plus-vee and two-prong events were handled separately and do not 
i 

correspond to quite the same incident beam track length. From normalization 

with T decays, the two-prong-plus-vee sample corresponds to an incident flux 

of 0.77 I-J.b/ event. On the other hand the two-prong sample (whose normalization 

is discussed in ref. 2) corresponds to a flux of 0.83 I-Lb/event. 

It is important to note that because of the background of multi-neutrE+l 

events, not all of the lC fits correspond to real one-pion production events. 

Rough estimates indicate that as much as 30% could be multi-neutral ba.ck-

ground although the actual background is probably rather less. In our subse-

quent analysis we shall be strictly concerned with the production of clear-cut 

resonances; with appropriate mass selections nearly pure samples of the desired 

types of events are obtained. 

3. RESULTS 

3.1. Cross Sections for KN~ Final States 

The KOpn+ cross section was determined from the 482 events in which the 

Ko + -
1 ~ n n decay [topology (ii)J is observed. With the incident flux as given 

above, the cross section is 1.06±0.1 mb including correction for undetected 

decays. The Dalitz plot for this reaction, shown in fig. 1 shows contributions 

from ~(1236), pK*(891), pK*(1420) final states. The cross section for these 

states, as determined from an analysis of both topologies (i) and (ii) are 

given in table 2. Details of this analysis are given below. 

Because of ambiguities in the kinematic fits of the two-prong events, 

+ 0 + + 
only rough estimates of the K pn and K nn cross sections can be given. If 

we assign to each of these final states the number of unambiguous fits plus 

one-half of·the ambiguous fits with an error corresponding to one-half the 

. +0 ++ . t ambiguous fits, we obtain, for the K pn and K nn cross sections, estlma es 

of 0.8±0.2 mb and 0.6±0.3 mb respectively. These estimates are, if anything, 
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likely to be on the high side since they d() not correct for multi~neutral events 

ambiguous ,with the one-constraint fits. 

3 .2. The K~(1236) Final state 

'The d.ata for'the study of this state come from topologies (i) and (ii) 

fitting the re~ction (1). 
" TO avoid ambiguity problems for the two-prong events 

" ' 

we confine ourselves to the r~gionof momentum.-transfer-squared between incident 

and outgoingK, -tK < 2 (GeV/c)2.'l'he data. from topology (i1,) indicates that 

the ~ population ath1gher momentum. transfers corresponds to a cross section 

of less than 15 j.Lb,weii 'within the uncerta~ties of' the overall tK cross 

section. 
" : " "+,, '- . 0 + 

In fig. 2 we show the pre mass distribution for all K pre events of 

topologies (i) and (i:i.) with 
" 2 

-tK < 2~eV/c) indicating also the ambiguous 

contribution. + It is clear that for pre masses below 1.8 GeV this contribution 

is negligible. A fi t to the hi stogram in fig. 1 for M (pre +) < 1. 75 Ge V with 

a superposition of ~ and phase space leads to a cross section for 6. production 

in the 'reaction (i) of 0.42±0.03 mb. 
, , . .' + 

The overall KA production from K p 

interactions including all f:i,nal channels is then, using the appropriate 

Cleb'sch-Gordan coefficients, 0.56±0.04 ~b. The tK distribution and b,. decay 

density matrix elements are shown in fig. 3 and fig. 4. The momentum. transfer 

distribution has been fitted to an exponential of the form (dcr/dT) oc eBtK, 

0.2 < -tK < 1.0 (Gev/c)2, where B = 4.9±0.6 (GeV/c)-2. Except at very low 

momentum transfers the denSity matrix elements are in fairly good agreement 

with the simple stodolsky-sakurai predictions [3] P33 = 0-375, Re P3,-1 = 0.21, 

Re P31 = O. This behavior is known to hold over a range of incident momenta 

from essentially threshold to the highest momenta stlldied. 

The curve shown on ,fig. 3 is taken from Solution 1" of the Regge-pole 

model of Krammer andMaor [4] and fits our data reasonably well. 

• 
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3.3. The pK*(89l) Final State 

For momentum-transfer-squared between initial and final proton -t less 
p 

than 1.2 (GeV/c)2 the final proton is recognizable by ionization. With this 

reaction, one-constraint fits to topology (i) are either unambiguous or have 

as their only ambiguity an interchange between the outgoing kaon and the outgoing 

pion. It follows that in this low momentum transfer region the K*+(89l) produced 

in the reaction K+ + P -+ P + K*+(89l) can be detected by plotting the K1C mass 

spectrum for all events in the various-classes listed in table 3· 

For the ambiguous events (last row of table 3) the choice of the ~n+ 

mass as the one plotted is arbitrary: since the proton is directly recognized 

and accurately measured, the K1C mass is essentially independent of whether the 

K
o + + 0 n p or K n p fit is the one chosen. The validity of this assertion has been 

verified experimentally by comparison of K1C masses in ambiguous events. The 

mass distribution, for -t < 1.2 (GeV/c)2, of the events chosen according 
p 

to table 3 is shown in fig. 5. A large K*+(89l) peak is evident and leads to 

a cross section in this region of momentum transfer of 0.57±0.04 mb for the 

o + + 0 sum of the K nand K n final states. 

For higher momentum transfers, -t > 1.2 GeV/c)2, the ambiguity problems 
p 

are somewhat worse in that the proton identification is no longer clear-cut. 

We show in fig. 6 the K1C mass spectrum for such events which have at least 

o + + 0 . 
one fit as K pn or K pn. Every Kn mass combination corresponding to an 

acceptable fit with -t > 1.2 (GeV/c)2 
p 

o + 
is shown, except that where K pn 

is ambiguous with K+pno with the ~ particle as proton only the KOn+ mass 

is shown. The most significant feature in fig. 6 is the large contribution 

at 1420 MeV which will be discussed in the next section. There is also a small 

K* signal 

+8 
10_4 !-lb. 

+10 near 900 MeV of 12_5 events, corresponding to a cross section of 

The overall PK*+ cross section for all momentum transfers is then 
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0.57 + 0.01 :: 0.58±0.04 mb. This. crOf)S sectien includes ,beth final states 

KCp:rr+and K+prre , and presumably divides itself between them in the ratio. 2:;1. 

predictedbyClebsch~Gordan ,coefficients .• 

The mementum transferdistributicn frcm ,the sam.ple e·f table 3 is ;shewn 

in. fig •. 7. It has been fitted to. thefcrni 

where 
. '2 

B = 3.6±0.4 (GeV/c) • 

0.2 '< -t < 1.0(GeV!c)2 
p 

It is perhaps of interest to. nete. that the values 
.. . *, .. 

cf B fcr bcththe 1(6(1236) and the K(891)p charuielsare quite similar to. the 

value 4.2±0.2 (Gev/c)2feundin elastic scattering at just the same mcmentum [2]. 

It is a pricri far frcm cbvieus that such a similarity shculd be expected in 

view cf the impcrtance cf Pcmeranchuk exchange in the elastic charulel and its 

absence in the channels under discussien. 
'. . . . *. ", 

We new censider the K (891) decay, angular distributicns and cenfine 

curselves to -t 
P 

. . 2 
< 1.2 (GeV/c) • The events in the last rew cf table 3 

pcse a slight preblem in that althcugh the KJr mass and t are essentially 
p . ." .' ... ' .. ' * . . + 0. '. 0 + 

independent ef whether theK decay is actually K n er K ft , the decay angles 
, . 

are sensitive to. this choice. A ~evealing feature o.f the ambiguity preblem is 

illustrated in fig. 8 which shcws the Kepn+ Dalitz plets fer twc-preng ambigucus 

and unambigucus events. + It is clear from fig. 8 that the lew p:rr mass half ef 

the K*(891) band has essentially no. ambigueus events. If interference between 

** K and either 6. er backgreundis neglected,. parity ccnservatien in the K dec~y 

requires that fer everyK* event in the lew pn+mass halfef the Dalitz plet 

+ with Jacksen decay angles a, epthere is an event in the high pn masshalf 

with angles :rr-a, ep+:rr;; + Censequentlyevents in theunambigueus lcw p:rr mass 

half ef the Dali tz plct give unbiased decay angular di stributicns previded ' 

that apprepriate felding is dene. This cheice efevents was thus made fer 

0. + + 0. * bcth.K p:rr and K p:rr twe-preng tcpclcgies,retaining cf, ccurse all K events 

fer the unambigueus twe-prcng-plus-vee tcpelegy. 

• 
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* A sample of 350 K events so selected gives the density matrix elements 

shown in fig. 9. The usual ~ttern of vector exchange dominance (POO ~ 0) is 

evident, with. significant pion exchange. contributions at momentum transfers 

below 0.1 (GeV/c)2 • 

3.4. The pK*(1420) Final State 

In figs. 5 and 6 there are sUbstantial enhancements at 1420 MeV for momentum 
. 2 

transfers below as well as above 1.2 (GeV/c). The enhancements correspond to 

8Q±22 events for -t < 1.2 (GeV/c)2 and 3Q±12 events for 
p 

The corresponding cross sections are 0.065±0.02 mb and O.025±0\.010 mb respectively. 

Thus the total K*+(1420)p cross section is 0.09±0.025 mb of which 2/3 contribu-

o + / + 0 fO tions to theK prr final state and 1 3 to the K prr· lnal state. It is interesting 

to note that whereas only about 2% of the K*(891) events have 

* . about 25% of the K (1420) are produced with such large momentum transfers. 

Because of ambiguitie s between KO rr + and K + rr 0 decays of the K* (1420), limited 

. * statistics, and significant background, we bave not attempted to study the K (1420) 

decay bebavior in this experiment. 

4. COMPARISON WITH OTHER EXPERIMENTS 

+ It is of interest to compare the results reported here for K p at 4.6 

GeV/c with data from K+p experiments at other momenta done elsewhere and with 

similar reactions in KN experiments. We consider these comparisons in some 

detail. 

+ 
K P Experiments at Neighboring Energies 

* 0 + Data on K and 6 production in the K prr final state obtained in exposures 

at 2.97, 3.46, 4.97 and 8.25 GeV/c by the CERN-Brussels Group were presented 

a t the Vienna High Energy Conference [5]. All of our results on cross sections 

are in reasonable agreement with appropriate interpolations of the CERN-Brussels 

data. 
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The slopes B in the differential cross sections 
Btp 

da/dt a: e at 5 GeV/c 

obtained by the CERN-Brussels group are also in excellent agreement with the 

values found in the present experiment. It has been pointed out earlier that 

-+ 
these slopes agree w,ith the elasi?ic K p slope. It is interesting to note that 

this agreement maintains itself over a large range of momenta, the shrinkage 

in the elastic data also appearing to about the same extent in the K*(89l) 

and 6( 1236) production [5]. 

* The K and 6 density matrix elements appea,r to exhibit momentum transfer 

dependent behavior which is largely, independent of incident momentum. Indeed 
... 

it has been shown that this momentum independence persists to threshold, a 

reIna:rkable fact in view of the expectation that on any exchange models, absorptive 

or Reggeized, the pion exchange contributions to K* production would be expected 

I 

to drop much faster as a function cif beam energy thari do vector exchange contri-

butions, [6l~ 

4.2. KN EqPeriments 

Two-studies of the reaction 
1 

have been reported for a. K 'incident momentum of 4.6 Gev/ c [7,8]. 'The K*:- cross 

sections for this reaction reported are 279±29 I-Lb and 250±20 I-Lb respectively. 

These values are smaller by a factor of about 1.5 than our measured value of 

380±30 I-Lb for reaction (1). .. '.. * - - .. , At the same time,the K density matrix elements 

reported in both K-pexperiments are in good agreement with the values found 

in the present experiment over the whole momentum transfer range. This point 

is illustrated in f,ig. 9 which shows both our data and the K- p results of' 

Carmony et ale _ (8]. 

If one attempts to describe the reactions *and K p -7 K P 

in terms of a Regge pole model with exchange-degenerate pI -ill exchange, the K+ 
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and the K- processes should have the same cross s~ction and the same density 
.0 

matrix elements. The simultaneous presence of some p-A2 exchange would be 

expected to have little effect on this expectation since the p-A2 trajectory 

is practically the same as the pI -(1) trajectory. Furthermore:f( or exchange-

degenerate :f(-B exchange, in the absence of interference with the vector-tensor 

exchanges, would also leave the prediction unaffected. As indicated above, 

the simple prediction is satisfied for the density matrix elements but fails 

by about a factor of 1.5 for the absolute cross sections. 

At lower energies, the work of Donohue (9],based principally on data from 

Friedman and Ross [10], suggests a difference between K*- and K*+ production 

dO' 
in both the shape of dt and the value of POO near the forward direction. It 

*- dO' . 
appears that for K , both dt and POO rise much more sharply at small t than 

*+ . for K ; Donohue has lnterpreted this behavior in terms of constructive inter-

ference between :f( and (1) exchange in It-and destructive interference in K*+. 

dO' 
There is no evidence for such a difference in the shape of dt and POO in the 

4.6-GeV data. 

It is interesting to note that a recent study of Brody et al. [11] of the 

reactions KOp -7 K*op and KO 
-7 K*op yields nearly eClual cross sections 

for these reactions over momenta from 2 to 7 GeV/c. This observation is com-

pletely compatible with our comparison of and the 

following features of the reactions K+n -7 K*+n, K-n -7 K*-n which are charge 

symmetric counterparts of the reaction discussed by Brody et al.: (a) The 

cross section for + *+ K n -7 K n appears to be about. a factor of 1.5 to 2 lower 

than that for K+p -7 K*+P [12]; (b) the cross section for K n -7 K*-n seems 

to be nearly eClual to that for K-p -7 K*-p [8]. Thus the cross section for 

would be expected to be about eClual to that for in 

good agreement with the observations of Brody et al. for the charge symmetric 

reactions. 
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An even more interesting comparison is that between our 
+ 0 ++ K p ~ K.fj. and 

the reaction K n ~ K°fj.- also studied by Carmony et al. [8] where only the 

p-~ exchange corhbinationis expected to be important. ~gain, with greater 

force because of the small number, of expected exchanges, one predicts on the 
, . 

" . . 

basis of exchange degeneracy equality of cross sections and,densitymatrix 

elements., As fig. 4 shows, within rather poor statistics, the equality of 

matrix elements is indeed fulfilled. However, the.K- cross section of l62±12 J..I.b 

is far below our value of 420±30 J..I.b for the K+ cross section. This large differ

e nce is all the more surPrising because, as pointed out by Cline et al. [13] 
:. '." . , + 

at 5.5 GeV/c ,and, Firestone etaJ..-f:L4lat12 GeV/c the K and K elastic charge 

exchange processes, which involve precisely the same t-channel exchanges as 

the K/:),.production, have virtually equal cross sections and t distributions, 

and furthermore the t distributions of the elastic charge exchange processes 

have essentially the same shape as for the ,K/:),. final states. 

This deviation from ,the prediction of p-A2 ,degeneracy has already been 

pointed out by Lai, and Louie [15] • Indeed fig. 4 of their paper suggests that 

unlike elastic charge exchange, in which discrepancies exist at low momenta 

but disappear at 5 GeV/'c, the cross-section difference between Kfj. production 

+ by K and K does not seem to disappear at high momenta, although a conclusive 

test will require data for the K n reaction at higher ~omenta than presently 

available. The recent results of Brody et al. [11] also indicate a low cross 

section for the react;lon KOp ~ K-fj.++ relative to K+ p ~ KO fj.++ over the 

momentum range from 2 to7 GeV/c. 

It is worth noting that the inequality of the cross sections for_ 6Kproduc-

tion in KN andKN, reactions considerably improves agreement between experiment, 

and the SU(3) prediction, applicable in the t-chann'el exchange domain: 

". , 

.. :: 

• 
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.! [ d a (K + P .. ~ KO L). ++ ) + ddt a (K - n ~ KO L). -)] = 1: [ dO' ( rc + p ~ rc 0 L). ++) ] 
2 dt 2 dt 

+ ~[~~ (rc + p ~ TjL).++)] (5) 

Mathews [16] tested this prediction assuming exchange degeneracy to replace 

dO' + 0 ++ the left side of the equation by dt (K P ~ K L). ). His results indicate 

that the left side, after the above replacement, is about 20% higher than the 

right side over the t range up to -t = o.B (GeV/c)2. With the correct form 

of eq. (5), the inequality of the K and K cross sections brings improved 

agreement between theory and experiment. 

We conclude this discussion by showing in fig. 10 comparisons of da/dt 

distributions for the following reaction pairs: (a) elastic K+P [2] and K-p [17] 

at 4.6 GeV/c, (b) charge exchange + 0 
K n ~ K P and at 5.5 GeV/c [13], 

(c) K+ K*+ 0 + 
p~ p~Krcp at 4.6 GeV/c [B), and (d) 

shown are approximate representations of the experimental data rather than fits 

and are not to be taken too literally. All logarithmic slopes are nearly the 

same, namely about 4 (GeV/c)~2 with the exception of K-p elastic scattering 

whose slope is about 7 (GeV/c)-2. Indeed .both in the shape of da/dt and in 

+ the final state alignments K and K nonelastic two-body final states related 

through s ~ u crossing are very similarly behaved. The cross sections 

however differ substantially in some of It he processes. It is hard to see hOw 

these differences are easily interpretable in terms of absorption effects; 

such effects would generally lead to changes in density matrix elements and 

modifications of the shape of da/dt which are not observed. 

We express our appreciation to Gerson Goldhaber for a useful discussion, 

to our scanning and measuring and programming staff, to the FSD operating staff 

under Howard White, and to the BNL BO-inch bubble chamber crew. 
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Table 1- Numbers of fits in the various channels. 

Unambiguous Ambiguous 

+ 0 K pn: 666 501 

• 0 + (with KO decay) 482 K pn: 0 

0 K pn: + (without KO decay) 931 591 

+ + K n: n 434 700 

Table 2. Cross sections for various single pion final states produced. 

0 + Total one-pion 
Final state Cont,ri bu tion to K pn: contribution 

K6 0.42±0.03 mb 0·56±0.04 mb 

K*(891)p 0.38±0.03 mb 0·58±0.04 mb 

K*(1420)p 0.06±0.02 mb 0.09±0.03 mb 

All other states 0.20±0.11 mb rv 1-3 mb 

Table 3. * Classes of events used in study of pK final state. 

Topology Reaction Fit used 

(ii ) Unambiguous KOpn: + 0 K pn: + 

( i) Unambiguous KOpn: + 0 K pn: + 

(i) . + 0 Unamblguous K pn: + 0 K pn: 

(1) 0 + 0 + Ambiguous K pn: K pn: 

+ 0 or K pn: 
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FIGURE CAPTIONS 

Fig. 1., Dalitzplot for the KOp:rr + final state including only events with a 

visible KO decay. 

Fig. 2. + + I 2 
p:rr mass spectrum in tl:le KOp:rr final state with -t

K 
< 2 (GeV/c) • 

, ' 

All topologies are included, and ambiguous events are shaded. 

K+P '~ ;.£J A ++ ~,Kop .... +". Fig. 3. ' Momentum transfer distribution in the reaction ~ K w ~ " 

The curve is from the fit given by Krammer and Maor [4]. 

Fig. 4. "Density matrix ~lements for the t:::.fromthe reaction K+P ~ K°t:::.++, 

shown as solid crosses. Dashed crosses are from the reaction K n ~ K°t;; 

at essentially the same momentum, from the paper 'of Carmony et ale [8]. 

Fig. 5. K:rr mass spectrumfor the event classes chose~ as in table 3, with 

-t . < i.2 (GeV/' c)2 and removal of events in the p , 
++ ", 

t:::. band. 
. . ' . " 2 

Fl.g. 6. K:rr ma.ss spectrum': for -t > 1.2 (GeV/c). 
p , 

++ Even ts in the t:::. band 
" 

" 

have been ,removed and ambiguities treated as discussed in the text. 
.. ' 

Fig. 7. ,,+ "*+ '.. ° + Momentum tran~fer distribution in the reaction K p ~ K (891)p ~ K:rr p. 

Events have been selected just as for fig. 5, and normalized to the cross 

section of 0.38 mb for thexo:rr+p final state. 

Fig. 8. Dalitz plots for ambiguous and unambiguous fits tb the KOp:rr+ state. 

Only the two-prong events are plotted. 

Fig. 9. 
, * + H 

Density matrix elements for the K (891) from the reaction K p ~ K p. 

Dashed crosses are from the reaction K- p ~ K*-P at the same momentum 

from the paper of Carmony et ale [8]. 

Fig. 10. Comparison of dO/dt for variolls final states produced by K+N and 

K-N interactions. 
, + -

Solid lines represent K N, and dashed lines K N processes. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, 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 informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, 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 Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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