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STATISTICAL-MODEL ANALYSIS
OF K MESONSHYPRODUCTION BY: .«p«»LaANmmLATION

T. F. Hoang, William B. Fowler, and Wilson M. Powell

Lawrence Radiation Laboratory -
Univeresity of California ‘
Berkeley, California

January 27, 1960
ABSTRACT

Production of K am'e'son.s ixac been investigated by using "h&drogen-like"

P annihilations observed in a 30-in. prqpane bubble chamber exposed to a

separate P beam of 1.07 Bev/c. The K production among a:mihilatxon events
is found to be about 9% and ie associated with 3.0%1.6 * mesons. The

average momentum in the pép‘%nt‘erﬁmss system is 333 Mev/c for K and

- 344 Mev/c for m, respectively. The momentum spectrum of K and T mesons

fit well with those computed frorh the ‘cov'a,riant. phase-space'factor. The angu_larV
correlations between w-m, K-R , énd n-K show a characteristic backward
peaking, with a backward-to-forward ratio of B/F = 2.240.9, 2.8#£1.6,

1.240.3, redpectively. The ratios predicted by the conservation of energy and
momentum are 1.43, 3.26 and 2.10. An attempt has beenbma-de to.compare the
experimental data with statistical-model calculations using two par#metérs.

QK and & o corresponding to the interaction volumes of K and n meeon.,;

The best fit values are £y o 10 (in units of QO = 4u/3 . l/p. ) and Q,k/né; NO 3.
These values fit also Iow~energy P annihilation data. A comparison wlth the\

isobar model excludes the as aumption of an isobar.state of 3 pion masses. 'g
\
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OF K MESONS PRODUCTION B’waﬁ& 1ANNITION

T. E. Hoang, William B. Fowler».fand »’Wilsbn M. Poweil
Lawrence Radiation Laboratory

University of Califoraia
Berkeley, California

January 27, 1960
I INTRODUCTION
Inta recent investigation of p interactions at 1.07 Bé#/c ‘car"ried
out with a 30-in, propane chamber at Berkeley, 115 events have been obcéi-ved
with emission of strange particles. : Ar‘nc;:g these events, 35 cases are found
to be "hydrogen-like’ and give rise altogether to 53 charged or neéutral K
mesons. Although the present data are still meager, nonetheless they provicie.
to date, the orily sizeable sample to allow a teatative analysis of K-meson production
by P annihilation. An attempt is therefore made to ‘investigat.e this problem
in detail in terms _of the statistical model. |
In this paper we éhaﬁ compare the fidmentum spectra of K meeons’
and asgociated T mesons e'mittéd in p-p annihilations, and also their angular
distributions and angular correlations which we have calculated using covariaat

phase-space integrals. Td evaluate the percentage vof K~-meson production,

we have introduced an interaction volume " QK in addition to the usual =

interaction volume Q_.  The latter has been the only parameter used thus

far to fit the Fermi model with w- emission data. 2 The model thus modified
gives a satisfa‘ctory interpretation of K- meson production observed in our

experiment as well as that at low energy.

This work was done under the auspices of the U. 8. Atomic Energy Commission,
TNow at Brookhaven National Laboratory, Upton, lLong Island.



G

=de : UCRL-89%4

. EXPERIMENTAL DATA
In »ordér to avoid \;ncertaintiéa caused by the presence of fhe Fer‘mi
'mo‘mehtu'r;n‘ in‘ case bf P anniiaiiatiohs with bound nucleonﬁ. we limit ourselves
oniy to "hydrogen<like'" events. The_-c.riferia used to select ;éﬂiéii".’eveizt'a are

(a) conservation of charge and (b) absence of nuclear excitation. From

‘annihilation croas aectiona on hydrogen and carbon meaaured by counter

experiment_a_. 3 we estimate that about 80% of these eelected eventa are actually
pure hydtogen events. We have accepted 35 cases, giving. 52 mensunable K-

meaons The method used to identxfy the K meeons will be disuassed in a

. aeparate paper. 1 We list in. Table 1 the charge states of the K mesons used

-in ‘the' ,pre“se’nt'analyais, ‘Regarding the neutral K meaons. we have classified
them phenomenologica.uy as either 0 --s@ort-hved mesons decaying via
at +no0r ‘8--those escaping observation inside the chamber (i.e., those

of the 91 decaymg into - ﬂo + 0 and long-lived 62) .
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" Table 1

Chai'.ge states of | K mesons produced by p-p annihilations

Charge state o o " Number . of cases
+
- K 9 5
K+ .Ro l %
| K'e 2
k'R 6
i‘ 91 91 | 4
kO g® V0,0 | ‘ 14
6 @ . Undetectable
i’c'x° j K el L v : v 3
K 0 o 1
W

The multiplicity of charged pions associated with K -mesons is shown
in Fig. 1. The average number of charged pions is | '
| | ny = 1.9+1.1 % » A
It is to be nét,ed that, unléss otherwise aéeciﬁe&; all errors quoted in this
paper are r.m.s; deviations from the mean.: |
. In order to estimate the total number jof charged and neutral 7 mesons
| involved in ‘K-mesqn production, we have estimated the multiplicity’ of w f;'om
fhe missing mass computed from those,évents in which both K mesons arg‘ |

observed. The average number of T mesons thus estimated is

nﬁp =3.421.2 .



d):

-6- , ' UCRL-8994

Combiﬁipg this result with the a\kerage m;mbéi’ of charged pions given above,

we estimate thé a'verdgé nuxi:ber of chai'ged’ and neutral ® mesons associated

with the K mesons produced by p. annihilation at our energy to be

n=30%1.6.
- Assuming a normal dist'ribution for n, we find for the pércentage for each

type oi’ annihilation leading to K exmsaxon by the reacticm

Ptp -->f<+?+m:. : ' -v(l)v

the values shown in Table 1.

Tgblg I

Frequency of p + p —~K+Rnw

g

0.5

3.5 31 46 125 0.5
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" Table II), we ahall leave the case n= 8 aeide ig'the fo.uowing considerations.
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.
m MOMENTUM SPECTRA OF K MESONS AND ASSOCIATED n MESONS

The momenta of :li 52 K mesons obaerved in 35 "hydrogen-like " events
have been measured. Among the assocxated charged mesons we have measgure-
menta of 61 cases; the rex;xxaining three cases failed to gi\}e a good measurement
(kinks. poor quality of picturev. etc. ) 'The~ayéwage::raomenta'.’ of'the- K mesont
and the “aisso.ciate;d # meson in the _i)-'p centex‘-_ofsmama‘;(x:".zma{):s‘y&t:errl;;f:s,te"zn'
are: : o | |

?K§= 333 & 254 Mev/c-

| Py =344 & 226 Mev/c .

As is to be 'expecfed; within experimental error the average méme‘ﬁta.‘of the
K and és.sbciated' w ’mes'cms are equal.

The momentum dwtributions for K and T mesons are shown in

| E‘xgs. 2 and 3, together with thoae calculated from the covariant phase space

factor for reactxon (1) with n = l 2,3 and 4. Leaving aside that part of the

'mtegral over space coordinates. we have £or the covariant phase space

pZKM f ﬂ]_ — (2n) a(zﬁ ) 8(Ey- E ::i) C(2)
- where. T ' e
o AL | ) . |
E =(® m, °) and ¢=1.  The results are plotted in the same figure

of the obsex:yed dietributioix. .with each spectrum norn%alizéd'to the same area

‘as the hi't‘atog'ram’ under corisideration. The case corresponding to n = 5 hae

not been computed becauee of the extreme length of time required by the

computer to perf_orm successive integrals.  Since its. contribution to the over-all

meson production amounts to only less than 1% in the present experiment (see .
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A comparison of calculated spectra with the hxstograms representing
the experimental results ihdicates that, in ciee of © K-meson momenturn dis-
tribution as well as that of the associated, pioa, the sPectra corresponding to

associated 7 mesons n = 3 are already very cloae to the observed experi'-

" mental d!stribﬁtioxi. If we combine the computed spectra according to the .

frequency of each reaction 2s indicated in Table II, we obtain the resultant
apectrum shown in Figs. 4 and 5. The agreement' with expenmental data is very

satisfactory

IV. INTERACTION VOLUMES Q_ AND @
l.n bllowﬁng Fermx' 8 approach to the statietxcal model. it has cuetomarily

been assumed that the matrix elemenx of reaction (1) is a constant and is ex-

- presaed in terms of a parameter Q having the dimeneions of a- valume related

to the coupling constant. Becauae the. K meson and W meson may have different

: coupling constants, it s natural to intsoduce in the matrix element of the reaction

(1) two epedﬁc parameters ﬂ and OK Theteiore. for the transition

probability of reacti_on (1) we write

L 2 n
: (RK-)_ (£) :
W, =& m . LI by . . . {3
2Knn ~ € Tipt (2;,’6 (Zn)"f“_ .szm { _)

where 8 (1) de'aignates’ the‘av’erage value of the I-séin étatiatieal wéight for totval
I=0 and 1 of the secondary parncles. P2Knw is the covariant phaae epace factor
in the final state defined in Eq. (2), a.nd Hoe=1, ' ' ‘

The w interact:on volume can be estimated by adjuseting SZ té. fit the

observed multiphcity of pions assocxated with K productmn Tnals with

-different values of . Q (in nnlts of Q = 41r/ 3 ® ) have been made. the results of

the predicted pion multipucity are shown in Fig. 6. The best-fit value is found

tobesz dlo , ' , _ S
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It is to be ‘no_te‘cl‘that:our estimate of a_ vi'a co‘nsisteﬁt with vé_lues
det"ermined;py previous ,aut‘he;rsz' 4; foff ) annihilation without X -production -
and at a'diff-f..ezflent energy. in_brder to eetimate QK' ‘we have to:com.p:s';x.e the
transition probébi!ii;v Ac:t'--Fq‘ {3)to thét of 'f)'-p annihilations. without K : '
productibn “The sxmple et way is to consider the ratio of these two proceeeés

leading to the same number of socondary particlea. We have. for inata(nce.

Waksn | st . Sagael) mx’ . Paxan
W, oo z',sv.v B @yf Pon

N ’ (f&)
S5n - '
‘ At the energy of our expenmem jv2 ,f ifd that K production by p annihilation
is about 5.0 1.5 mb; the total cross section for annihilation is 56218 mb. the
percentage of the ZK31! reaction is 46% (Table II). and the petcentage of 517
anmhilation is 29%. This lecadsto
2,

& o,

Q"

| That thie ratio is less than one reflects j:he fact that the K-meson coupling
constant must be smaller than that for the w meson. This is consistent with
the current view that the K-meson interaction is weaker than that of the w
meson. , o | |

‘ It should be pointed out that if the parameter | 0y here introduced had
_aiso been taken into account in the previous eattmati}onAof K productiog by.

P annihiiation. ‘one should have obté.in',ed a smaller value for fhe K production

than previously estimated.  This point is discuséed in detail in Section VII.
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V. 'ANGULAR CORRELATION BETWEEN m-m, K- and n-K PAIRS

In Fig. 7 we hévev plotted the distriﬁutions of angles in the' ;Bup c. m.
- system of the pairs-of secondary particles such as .w‘—-n, K-¥, and w-K.
Because of sméll- statistice available in the present investigaﬁon. nci attempt
‘has been madas to distingmsh between the charge states of the assorted pairs. ’
All three distributions show a characteristic feature of a tendency toward
large anglea. This property, as pointed out by Kalogeropoulos, 3 reflects a
congequence of the constraint impoaed by the energy-momentum éonservation on
the particles emitted by the p. annihilation. The observed backward-to-forward
ratios are: | |

(B/F), 0, = 2.240.9 for m-m
= 2.841.6 for K-K
= 1.2%0.3 for n-K .

The errors here quoted are étatistical. | It is intéresting to compare these
‘ ‘ratios to ﬁhose predicted by conservation of energy-momen'fum, for if eventually
there is any sign;ﬁcant departure of the observed valubes ﬁ'om those predicted,
then this would indicate the presence of some other cffect due to the mutual
interaction of the particles. Calculations Kivé been zixadg for the three distritmtiong
under consideration using the coyafiant phase.-space factor of Eq. (2) for K-meson
production involving n= 2,3 and 4t mesons. The results are shown in Fig. 8.
We zﬁété‘that the prédicted shape of the distributions changes little with the |
number of asso;:iated .ﬂ mesons; however, the predicfed backward-tb—forward
ratio is rather sensitive to the number of aseociated % mesons. If we combine,
£or each case of ﬁ-ﬂ, K-K , the computed curves according to the percentage
of the correspfonding reaction, we obtain the resultant curvee shown in Fig. 7

and predicted backward-to-forward ratios as follows:
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(B/F)pegicred = L43 for m-m
: 3,26 for K-X

2,10 for Ken .

N

A comparison with the experimental data indicates that the observed ratios

for w-w, K-K 0 .and K-n deviate respectively about 1, 1/ 3, and 3 aténdaxd
deviations from the pi‘edicted Qaluea. Since the s\tatilstics of sa.mxiles available

for the present analysis are rather smau. and in addition there is some uncertainty
in the evaluation of the predicted ratio due mainly to the uncertainties of the
weighting factors (Table In used to combine different reactions of the K-

meson production, therefore. from the statistical point of view. these deviations
are probably not significant. We are unable to decidevwhethfe'r there is any

definite effect among the pairs of particles other than that predicted by conservation

- of energy and momentum.

VI. ANGU LAR DISTRIB U”I‘IONS OF K AND T MESONS
The histograma in. Fig 9 present the angular diatributians af K mesons
and associated chatged " m-esons. the am’-ﬁ@mé}n ﬁﬁ‘gla’““.fezm’s*eim‘g-tﬁeﬁrred«ao the p-p
c. m. syatem with respect tothe unpinging pwmaloﬁ@bw,dmm:bmwns are
fairly symmetric with respect to the 6" < w/2 direction and are expe ted to be

isotropic on the basis of the Fermi model. If we fold these diatributioga about

e
® = n/2 and compute the eecond-order and third-order momanta fcr
distributions, we find for the K distribution By = 0.24 and p3 = 0 12, Lnd for

the w distribution By = 0.14 a.nd ;13 = 0.05. For an mawomzrdﬁswmwn{. -swendfiould

0 . “’v ~ ,‘ [

éxpect_’e-._:j{; p.'zo = 0.31 and My = 0.11. Since the number of samples are r“athf- .

small, we can hardly tell if both distributions are actually different frOmi'ih"‘é ex-
pected isotropic distribution. ' _ - \'\.,
; »

j v

. \
§
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However, it is of interest to bear in mind that the angular distribution
provides a means of teet for the validity of the basi¢ assumption on the matrix
~ element of the Fermi model, and that it i¢ worthwhile to examine other

poesibilities. -For instance; in a recent approach by Cook et al., attempts

have been made to include in the matrix element the angular-momentum states \;;%“

" of the secondary particles. 6. Accor&?ng to their resulits, tﬁe momentuxﬁ épectrum “‘L\
remainé egsentially :the, same ad th#t predicted by the Fermi 'modhel.- while the \
angular digtrib’ution zi'\ay aésnme' a different shape. In this case it requires \‘\

\

abetter statistical audapai‘éto d"iecriuﬁri&te’ the details of the éiatributioﬁ in order

to settle this point.

vi. COMPARISON WITH LOW-ENFRGY DATA

In this section we ahau devote ourgelves to an analyeis of data on
P annxhilations at low energy. ‘We shall attempt to inventigate whether it ls
poseible to interpret in a consistent way these data in terms o! the parameters
R, =10 and RK/ Q_ = 0 .3 which we have determined from our presént experiment'

For this purpoee we must determine first if the value Q= 10 gives also a
good ﬁt tothe w mult/iplicxty observed in pfp - nu at rest. We chall use the

' hydrogenabubble-chamber data obtained by Horwitz et al. 4 According to their

results, the average v multiplicity 18 n = 4.9£0.6. The value Q“.e 10 we
have obtainedAﬁom P = annihilation with K production at our encrgy is cé#hgarable
to the value obtained by tl‘:o.s'e authors using calculations based on the classical

phase-space factor. It is further to be noted that a recent analysis of the lbvi__;- \
7

A

energy hydrogen-bubble-chamber data by Bepin Desai’ using the covariant . -

L,
phase-space factor leads essentially to the same result.

On'ces we have fixed the parameter 2, . we can compute the pion multiplicity
asgociated with K production by p annihilation at rest, assuming KZK,O "u0.3. .
The resulte are listed in Table III. |

W

Wg:?"_'f;}

%
%
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Table III o
l_&

Computed pion multiplicity associated with K mesons in
P annﬂulation at rest

Pion multiplicity n 12 3 4

Percentage o _' 2.3 . 317 65.0 1.0

We then compute the percentage of K production among- p annihilations
and find about 5% which is to be compared 'with‘experimehtal data.
Regardiag the low-energy ’K-production data, we content 6urselves with

8) The data

the reeults obtained by Agnew et al, in a 30-in. pmpane chambet.
consist of 17 K mesona emitted by p annihilations at energies ranging from

26 to 200 Mev. Ifiguré 10 shows the K momentum gpectrum; a compariao‘tn‘

. thh the computed sé_ectra aécording to Eq (2) indica_ten that t.l;e average‘number.
of pions as.éociated' ﬁith K mesbns is probably between two and three. This |
seems smaller than the number we have observed (aee Section 2). The difference
is qmte conceivable since the energy releaaed by P annihilation differs possibly
- by some 150 Mev betweez; the two experiments. The percentage of K-meson

~ production estimated by,theqe aﬁthbra is aboﬁt 4.0% 1.2%, _which is consistent

; w-itl; the valﬁe we have estimatéa according to the stati_sticﬂ model using the |
same "parametexs 'dete‘r.minad from our experi-ment;al data. However, the agree-
ment is énly qualitative, since we have not singled out the proton events and

- since mosat of the annihilations are not at rest.
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VIL COMPARISON WITH ISOBAR MODEL
In an attemi:t to dveréé'me the difficulty arieing from the large values
for the intera.ction volumé found in '§ annihilation experiments, several authors
have proposed to modiiy the Fermi model by assuming a w-m resonant state. 26
It is of interest to compare the present data on K production with predictmns
of such a model. |

Assuming an wobar 0 composed of three mw@mg.we substitute the |

following for reaction (1) for n= 3 and 4:

P +p ~K+K+ o
K+R+nto
The momentum 'epectxl_'um‘ féf{the K meson normalized to‘Athé same area as
'in Fig. 2, is shown in Fig. : 11, If we ’coxx;'mbine those ap‘ecjtr;a toééihet_ with
the two corresponding to fn = ] and 2 asabciated 7 mesons of previéus‘ calculations
('eee, Section 3), we obtain the resultant K momentum spectrum lghown in Fig. 12.
.A comparison with the his‘tograxﬁ indicates that there is a sig_nifican{ departure
of the experimental dé,ta from the isobaric-m‘odel prediction. Conaequently
the assumption of an xeobaric state correapend.ing to three pion masaee is ruled
out by our present data. | |
Nevertheleaa. the case of an isobar of four u mesons' is otill fb be: . A

%

of K production assh@matedm%w

&
-witﬁamt&%%r&@nﬁ% the difference between the predictions of the Feraﬁ and

considered. Because of emall percentages

isobar models i8 stnall Conlequently our statistics are not suffxcient te :

investigate further this point.
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IX. CONCLUSION .

- From our analysise of p annihilation we conclude that the exp&erimental
data o.f P annihilations at our energy, i.e. ~ 480 Mev, and those at low
éner,gy_;re both coneistent with the predictions of the Fefrrﬁ statistical model
in terms of two parameters, 'Qw a 10 and QK/ £, 0.3, ' Thie iar mainly
because of the lar'ge'phase‘spa"ce vdluxhe which constitutes .the do.;rxina_h‘t factor.
- in the expre;si‘o'ﬁ of transition probability. The fact that the K-mesén inter-
action volume is eatimatéd to beA smaller than that of the .w meson suggests
that the K- meébix coupling 'cdnéta.ht' must be weaker than that of the meson.
H'o_weve‘r. it 5...8- still &ifﬁ’cuit‘to vunvd-e;rsténd'thev bhyeical meaning of the lar"ge
value of the interaction volume @ . 'A

Our data on K production rule out the isobar model if we asoume an

isobar of mass equal to three 'm megons.
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Fig. 1. Histogram of the multiplicity of charged m mesons
associated with K-meson production.
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Number of events

MU=-19106

Fig. 2. Momentum spectrum for K mesons in the p-p c.m.
system. The curves represent spectra computed according
to the covariant phase-space factor and are normalized
to cover the same area as the histogram.,
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Fig. 3. Momentum spectrum for © mesons in the p-p c.m.
system. The curves represent spectra computed according
to the covariant phase-space factor and are normalized
to cover the same area as the histogram.
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Fig. 4. Comparison of the K-meson momentum spectrum
with that predicted by the covariant phase-space factor.
The curve is the combination of those in Fig. 2.
according to the percentage of reaction (1) with n =1,
2,3, and 4.
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Fig. 5. Comparison of the m-meson spectrum with that
predicted by the covariant phase-space factor. The
curve is the combination of those in Fig. 3 according
to the percentage of reaction (1) with n=1,2,3, and 4,

¢
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Fig. 6. Estimate of Q_ by best fit to the observed pion
multiplicity associated with K production. '
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Fig. 7. Angular correlations of m-m, K-K, and ©-K pairs.
Each curve represents the combination of computed
results shown in Fig. 8.
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Fig. 8. Computed angular correlations according to
conservation of energy and momentum, :
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Fig. 9. Angular distributions of K and m mesons in the
p-p c.m. system. :



27-

P+P=K+K+nT

of events

Number

I
P':'E/mK

MU-18899

Fig. 10. Comparison of a low-energy K-meson momentum
spectrum (Agnew et al.) with computed spectra.
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Fig. 11. The K-meson momentum ’spectrum in the p-p c.m.
system for an isobar state o = 3m.
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Fig. 12. Comparison of the K-meson momentum spectrum
predicted by the isobar model with experimental data.





