The interactions of K~ mesons at 1.5 GeV/c beam
momentum with protons were obhserved using photographs taken

of the 25" hvdrogen bubble chamber operating at the Lawrence

Berkeley Laboratory Bevatron. The branching ratio of the K~
tau mode decay was found to be 5.98 £ .55 % . and the
calculated total cross secticn for 1.5 GeV/ec K~
interactions with protons was 56.6 £ 3.5 mb . The K~ meson
liferime was calculated to he ( 1.256 £ .061 ) * 107-8
seconds. All are in good aareement with known values.

Also, 20 GeV photon-proton interactions were ochserved using
photographs from the 40" bubble chamber at the Stanford
Linear Accelerator Center (SLAC). The total production
cross section of strange particles in 20 GeV photon-proton
interactions was found to be 12.91 + 1.9 ﬂb . This is in

the range of acceptable values.
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The principal decay modes of the K~ meson aret :
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listed 1n order of greatest likeiihocd of occurrence. The
branching ratioc. designated as BR for =ach mode, tells the

fraction of all possible decays that sach mode represents.
The branching ratiec for the decay K‘—*W-"-f* 1s calculated
in this experiment. When a beam of particles, in this case
K~ mesons, are incident on a target, such as hydrogen
nuclei, there is a probability that the particle will
interact with the tarcet. A parameter which characterizes
all such interactions is the 'total cross section'. which

nas units of area. It 15 customary to guote subatomic cross

sections 1in 'barns'., where 1 b = 10 -24 ecm 2 = 100 fm"2
However, the total cross section 1s an effective scattering
area, not an actual area. It is a function of the type and
energy of the particles reactinag, and is only cccasionally
equal to the actual geometrical area of the scattering
center. Unstable particies such as the K meson decay after
some mean lifetime. This lifetime is easy to calculate

using special relativity. once the physicist understands how



his beams of particles are being attenuated as a function of
distance traveled. Such a relation will be derived in the
following section.

Photons of vervy high energy are observed to exhibit
"hadronlike" properties. Namely, they exhibit hadrenic

internal structure, and can interact via the strong

(hadronic) interactions. Due to the uncertalnty principle,
AEAt % % . a high enerqv photon can have an energy
fluctuation (and hence mass) for a very short time. The

vphoton transforms into a "virtual'" hadron briefly. which can
subsequently interact with other hadrons., such as protons.
However. due to the very small times permissible by the
uncertainty principle, this hadronic nature of the photon
only manifests itself at high energies, in this case 20 GeV.
The hadronic reactions of photons with protons sometimes
produce strange particles, which are so named because theﬁ
are produced by the strong interaction, but only decay via
weak interactions. The total cross section for strange
particle photoproduction at 20 GeV 1s calculated in this
experiment .

These observations and calculations are carried out
using bubble chamber photographs. where incident particles
such as K~ mesons or nhotons collide with protons of the

liguid hydrogen inside the bubble chamber. Charged

prarticles vassina throuah the liguid hvdrogen cause
ionization. nucleation. and hence leave tracks of bubbles

which reveal the interactions.



Theory

The cress secticon and mean life of the K~ meson can be
calculated usinag the attenuation rtormula for the decrease 1in
observed K~ as a function of % across the observed bubble
chamber region (called the fiducial region). The formula

can be derived as follows

N
ATt EAUAT I0n RATE DUE TO [ATERACTIONS S = dd: )
I A | € h (gdd,atx >
P gL ¢ ' ¢ - CEfachue (e ’
dvs /(,;;({/ Ly cavbo ) [ % 4 % s ) ot
Ax { el J va PYIPEISY 5 QAM/ Inte,

L[ Avsgadics s+ lanailf o Dgoed bypugpe /- A/(Toh()’cdéha‘,
/

k At s Mrmden -{ A@W Crorrech,y,

- (L) (-u)(e)

e p:
s A Aeer)
: ~ [p
Eﬂ—#‘m o “-“-f:ﬁ(;:\ Aue 4o MP ?;——'
i&ﬁ ~ /‘ Muuqu{,kf ) J 1. = _ !
Ax A L PiEte g S\ Ay m“ /f:-fg_{,:(}" ' {)EL{M"‘U”&M& /J
& |
A/(ﬁa‘ct) T = ,Z/J,mjzmvm(e
Y (mean )
K)’T. ;f._ u,éz.lfwg- Correchtd
; Ch  2h hAime dilation
(%No - A
che Kdez
e  altiiton = IV . dNz gk,
d"- dx ——
dx
= -Aj[’ = __ & AétJEZ:']
ot A

%
- !
Irlf -



It was shown in the previous calculation that a vphoton

cannot produce a real pair of massive particles in free

space. A nucleus must be present to take up the momentum in

order to satisfy energyv-momentum conservation. However, the
b = . 4 F

uncertainty principle : AEAt < h allows for a quantum

fluctuation in energy, which ¢an exist for a time less than
h/AE . It has been observed in this part of the experiment
that a photon can interact via hadronic (strong) processes;
ﬂhé shows hadronic structure at high energies. So by the
uncertaintvy principle. a photon can produce a "virtual"
particle with the same guantum numbers as the photon, with
eneray AE for a short time. This virtual hadron could

interact hadronically, and probe cther nuclei to distances

limited in the time of travel given by i/dE . The energy of
. : _ _ e : _p < E}
the virtual hadron is A4E = E, EX . Relativistically, &—6, TTIﬂ‘J
this is AE = ( EI1+ m:b93 - Ey . Thus, the hadron can
exist for a time of : /t
)

LE}‘*“mlC' - Ey

The hadron could travel at most the speed of light, so the

maximum distance the hadron could "probe" would be:
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The smallest mass hadron with the same spin as the photon 1is

dmax 3

the rho meson, with my = 776 Mev/c 2. Using the rho meson

for this model, the probing distance at a photon energy of
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and at a photon energy of 20 MeV 1s5:

-~ 5 /—'1-"-/-’ 8 - /G
J o 6.582x/ Svio” ) : Z.6/X%D w2 26€ im

."(205 o ¥+ —(e.9 B

it

These are not significant, considering the proton radius 1is
of order 0.7 fm. However, at a hiah photon energy of 20
GeV, as 15 the case in this experiment, the probing distance
153
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This i1s far enough to probe deep within the largest nuclei.
Therefore it becomes clear that we need different models to
describe the photon interaction with matter at different
energy regime.

Consider (prob. 4.4) treating a Feynman diagram as a
wave-function describing an interaction and the wave-
function in this case 1s preportional to the product of the
coupling constant at each vertex 1n the Feynman dlagram.
Then 1t becomes possible to compare the total cross section
of a gamma-proton ccllision with that of a pion-proton
collision at 20 GeV. The Feynman diagrams for the

. . . . , . 2
electromagnetic interaction and hadronic interaction  are:
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with the coupling constants =&, and f#pp at =ach respective



vertex. The sauare of =, given in dimensionless form,is the
fine structure constant o = e“/#c = 1/137 which is of
order@lOﬂ. The coupling constant iﬁpn is of order 1.
meaning that the strong force is about 100 times greater on
average than the electromagnetic force. 8o, the ratio of
the gamma-proton total cross section to the pion-vproton
total cross section is given by the ratio of the sguares of

the coupling constants:
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This makes sense. and can be thought about using a crude
geometrical analcay. The pion is a massive particle and it
will see an "effective radius" of the proteon of
approximately 3 fm 2, However, the photon is massless has a
much less well defined radius, so 1t would seem much mcre
"transparent'! to the proton. Hence, the gamma-proton cross
section would be much lower than the vpion-proton cross

Section.

The production cross section of strange particles in 20
GeV photon-proten reaction can be estimated by considering

the two tvpes of stranage particles which were observed in

-+

this experiment by hadronic photoproduction, the K ., and
s AO . 4 S
the . The cross sections are calculated using:
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This value of 12.91 microbarns seems reasonable, when
. . o 55 : 5 "
considering two well known values” for strange particle

production at 20 GeV (Wolbers. 1980)
e Yp—= koOx) =  9.66% .27 b

O"(J’p*’l\_){) % S, 60T ./ ’_raé \/ﬂ,é 206‘61/).

Hence, the order of magnitude 15 correct, and it seems
plausible that the total creoss section for strange particle

production would be in this range.
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K™ meson tau mode decay brarching ratio : | BR = 5.%8 + .55 % }

BRoee = 560, %RIFE = 6.8

Total cross section for 1.5 GeV/c momentum K reactions with

protons ’
{ g = 56.6 £3.5 mb Jaee = SE.0, D, 01FF = 2.4
¢ mean lifetime :[ C = ( 1.256 £+ .061 ) * 10"-8 seconds z
Toce - 1-290 i % <ec , 7, OFF = 1.3 °7,

Production cross section of strange particles in 20 GeV

photon-proton interaction:

o -
qu— - l2€+l_+__l.:- /Ub—[ 51,ﬂ¢¢~/6/,é‘

Conclusions

The calculated values ahove agree very well with the
accepted values, with percent differences of within 7 %.
The strange particle production cross section 1s 1n
excellent order of magnitude zagreement with individual
strange particle cross sections. The uncertainty range on
the K7 lifetime 15 illustrative of a large random counting
uncertainty. which 1s sxpected since only one film scanner
vperformed the en! . analvsis. Increasing the number of

film scanners reduces the randoem counting error.
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The branching ratio of the tau mode decay 1s just the

fraction of the total decays:

Reds ( £~ — 1 ¥ ")

The strange particle production cross section is also a form

of a fractional relation. to the total photoproduction cross

section,as follows
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The total strange varticle production cross section is the

sum of the individual strance particle cross sections
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Apparatus and Procedure

The photographs of the bubble c¢chambers with particle
interactions were scanned using a speclal film projector.
The photographs are easily maneuvered back and forth, and
the i1mages can be magnified. 500 frames of K meson
interactions and 500 frames (photographs) of photon
interactions were observed, Decays are distinguished from
interactions by using conservation of charge. Since the net
initial charage 1s zero for a K o interaction. and +1 for a
gamma-proteon interaction, the products must have a sum
charge of zero or one respectivelv. Thus if)for example ,the
K~ meson track 15 observed to break up intoc an odd number of
paths, this must alwayvs be a decay, because the 1nitial

charge 1s -1. All decays are odd, etc.
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The branchinag ratio is found using
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Random error associated with this figure dominates. because
random counting is such a significant portion of this data

acquisition process. The probability distribution in this

(A" (k)
nt €

where T is the average number of events. The standard

case is the Poisson distribution. given bv FP(N) =

deviation is Un ., and n 1s just the number of counts., 117.

ABR_ An

Using An = Jn . grR = 575 2—= 4Bk - B‘I&( W/n>

Tves t R~ ge(YZ)s (5989, )( Uls) = 59,
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The final value is then : | BR 54985 .55 B l. The

‘ 3 .
accepted value is BR,. = 5.60 % , which lies within the

error range. I'he percent difference is (5.98 - 5.60)(100%)
(5.é6)

= 6.8 %



The total cross secticon for 1.5 Gev/c momentum K~ on

Hh

ifetime are calculated using the beam

—

protons, and the K~

attenuation formula, derived in the theory section

e <{ M@‘“L)
N = A/oe EJ'C-Ce A

As was shown, the attenuatieon rate has contributions due to

interactions and decavs
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where N,y is the initial number of K~ , N is the effective K~
remalning after traveling a distance % through the
fiducial volume, and Nﬂ is Avagadro's number. The magnitude
of the total cross section 1s th : N
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where A is 1 ag/mole for hydrogen., rho 1s .06 g/cm 3 for

liquid hydrogen, and N, = 6.022 *10 23 particles/mole. Now,
N, . the total number of good K~ tracks. was recorded every

tenth frame, so the average is

N, = _E£(60m Beams 2EconDED) - 990  dracks
5o b

within the fiducial region. No(total) = 8.90(500) = 4450
Using N, - Ng = ‘ANI = total number of observed
interactions: (M= A = ANT
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However, since Am}.‘/mk is much less than (L\nfn. use:

dilnls. b S0 -, Zrel L ij—rz)‘- -7
AT = ( -y + = ): /,256x% ( G394 eV zZ 9. 061y o

A Ax) of the fiducial region is not important here, because
the fiducial region 1s verv clearly marked, and onlv seldom
do events (i1f ever) occur so close to the boundary as to be

considered uncertain. The final value of K  lifetime is:

¥ T o2 e
\ T = {( 1.256 + .061 ) * 10"-8 seconds

-~

The accepted valueaoﬁ T is 1.240 * 10" -8 seconds. This is
within the error range above, and the percent difference is
(1.256 -~ 1.240)(100%) = 1.3 %
T (#zao) T

Further consideration of systematic scanning error
{optiocnal problem #2) due to small angle K:*WAMA decays (the
most common decay mode) 1s carried out by calculating the
maximum muon momentum due to a K'-ﬁy1; decav. This is best
done using energy-momentum four vectors, which transform
according to the lorentz transformations. The invariant

inner product of the 4-vector can be exploited by evaluating

it in anv reference frame which 1s most convenient (usually

the center of mass (CM) frame). The decay is:
S ve @ po direatly firenmadd
— : AN ,
k M Y —_— v Mt i, oM
Vi KEUTRIVO ¢ My, < 0 0k tropefen
such that maximum momentum 15 imparted to the /f when 9ﬁ= 0
’ &
as sSnhown. The 4-vectors are
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The simplest appreocach is to find Py, first. because E;, = p, C
for a massliess particle. and then relate this to %u-in the
CM frame. The i1nvariant i1nner product, and hence %u , are

calculated as rfollows:
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Now, this could be missed if the velocity change with

respect to the K~ is small, in the absence of a kink in the

‘hae

track. Since relativistically, amd velocity is v = pg 2 /E,
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So the velocities are comparable. ¥Yet since My =Y My
the lorentz force F = a? x* B would have a larger effect on
the /f. This would still reveal the decay by a noticeable

change in curvature, even in the absence of a kink.
Therefore, I would not consider a small angle K decay to be
of importance for error considerations.

Some additional voints are important in the analysis of
the K induced reactions (sec. VIII. analysis questions).
The value of the K~ mean lifetime was compared with a
current Particle Data Table (see ref. & ) and the percent
difference was found te be 1.3 % . This published value 1is
based on experiments with K* mesons at rest. It i1s not
feasible to measure the K~ lifetime at rest because, in
contrast to the K+'meson. which decays upon coming to rest,
the K~ underaoes nuclear capture, so that only decays in
flight are observed. (Nickols, 1959)

The mean lifetime was found using the relation ZM= f()”+ ,

which is an equation of time dilation, between two reference



frames. This provides confirmation of the relativistic time

dilation effects, which are easily visible here, since the

velocity of the K~ particles wage found to be .95¢
Antiparticies were observed in this experiment. The Ko

was seen to be produced many times by a K p interaction.

The K~ has strangeness § = -1. In order for strangeness tao
be conserved in the hadronic process, the K° must have S= -1
also. Now, the K? is known to have 8 = 41, so it can be

inferred that antiparticles have egual and opposite guantum
numbers Tfrom their corresponding "real"” countervarts. This
+

i1dea can be applied to the K*

K  are never found 1n any
of the reactions. as would be expected, since the K~ has
stranaeness S = -1, and the K' has s = +1. However since
the two K mesons have esqual and opposite charge and
strangeness, then the K* must be the antiparticle to the K.

The measured cross section was compared with the
accepted value and the percent difference was 2.4 %. The
value measured was T = 56.6 mb = .0566 b = 5.66 fm 2
Using a classical "geometrical" model in which a K~ sees a
proton "effective radius’”., the radius of the proton would be
r = ( 5.66 fm"2/3.1415% )°.,5 = 1.34 fm

The total cross section as a function of beam momentum

exhibits "bumps". or peaks. which are attributed to the
formation of a short lived resonance particle. T S A
angd

assumed that the K~ mesonjathe proton combined to form a
resonant particle at this momentum, then the rest mass

energy of the resonance would be the energy of the incident
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K particles : E = ( (pe) 2 + m”

i
-

relativistically. so E { (1.5 Gev) 2 + (.494 Gev) 2 ) =
1.579 Gev. So the rest mass energy of the proposed
resonance particle is 1.579% Gev.

The resonances would have guantum numbers. Since the

resonance peaks occur at specific energy values. this
implies that energy is guantized. One guantum number would
be enerqgy. Also. the peaks of the cross section versus
energy curve would exhibit a width, representative of a
small energy variation about some central maximum. So,
another guantum number to characterize the resonance would
be "width". Also. since additive guantum numbers are
conserved in pvarticle reactions. and the initial

constituents would have some value of spin, a third guantum

number would bhe spin.
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Photon-proton reactions:

The high energy vohoton beam used in this experiment was
produced at the Stanford Linear Accelerator Center (SLAC),
by back scattering a low energv 4.68 eV Nd laser beam
directly from a 30 GeV electron beam., generated by the
linear accelerator. The resulting back scattered vhotons
carrvy a large eneray due to the relativistic conservation of

energy-momentum. Thus, and final energy of the photon beam

can easlly be calculated using 4-vectors
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Also, (prob., 4.2), 4-vectors can be used to prove that pair
production cannot occur in a vacuum. This is because a

proton (or other nucleus) must be 1n the vicinity to take up

the reqguired amount of enerav-momentum of the electron and

positron produced. + -
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Now cress section units are stated i1in 'barns', b, in the SI
system; 1 b = 107-24 em 2 = 100 fm 2 . S¢ 0T = 56.4 mb.

This value could be low due to systematic scanning error,
for the cases when Kp—pK scatterinag occurs at very small
angles. To correct for this (optional problem 1), the
differential cross section correction for small angles can

be employed:
do o 70 mb

at CC;CBZ;)i

where t 1s the sguare of the 4-momentum transfer. At small

angles. this becomes t (pB ) 2, which correctly produces

the units above in 1/( Gev/c ) 2, and 'p' 15 the beam
momentum of 1.5 Gev/c. I have found it very difficult to
spot scattering at @< 2° ; 2° = .035 radians, so:
0 b / T .
T~ 2 __7_."1_ | 1, S Hel’/cj (,ogs‘nd.«m_)z _ 20 wl,
CorRECTIM (C"?U/C )7 . ¥

This correction must be added to the preliminary value,

-

because missing Kp-—=pK events lowers the value of T

't So

the corrected crossection is: ¢ = 56.4 b + .20 mb = 56.6 mb

Again, the error is dominated bv random counting errors, SO

An = To' ., as before, s . An  Um . T2se
> °  h T h 2¢¢ )



V2é¢
' ) - Z.S0 mh

S¢.6 ml’:( — 5.
2E§

A0 =

C A
c

g = 56,6 + 3.5 mb | (at 1.5 Gev/c)

The final value is: |
beam momentum 1is

The accepted valuelof ¢ at 1.5 Gev/c

The percent difference 1is

g = 58.0 mb (R.L. Cool. 1966).
{58.0 - 56.6)(100%) = 2.4 %
(sF.0)
from the differential eguation

The K~ lifetime is found
as above, however. this time

egxpressing K~ beam attenuation,

the contribution due to decays in flight is considered:

AND ) 3 - AX
— “A./ = r_ ﬁ‘// B Froucid(,
dx (t&*crcn) — Ll ) - Dyt /

— AX Felucral

lq( yﬁo}fﬁc,

T =

My 2 il dcagy obsamed (117)

AS FBEroxy ) Ny - WP.CG
N-MNo > — AND
N N Aan 3 Ieoph
Mo ['“ ﬂ/uf]f L™ Gaeo
S L . L
usimve B¢ = 5= ¢ - 4 drmecns,;
4 e (974 6evfa)c .03 Lrmns, voleg, |
T = = (.Zoeffr m ) _ . z5¢ ¥ See
ful 1= 4L Jez03e) 3unt %)

Relevant contributions to errar in the mean lifetime are due
and random counting with aAn = 'n .

4
to Amw = + 2 Mev/c 2 ,
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