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ABSTRACT

Coulomb production of the IC'1S90) was observed in the 100-200 GeY energy

range. From the production cross section, the radiative width of the IC'1S90) was

found to be 116.5±5.7±5.1 KeY in reasonable agreement with the result of a previ­

ous less precise measurement and with the prediction of the naive quark model if

the magnetic moments of the constituent quarks are deduced from baryon mag-

netic moments.
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CHAPTER I

INTRODUCTION TO VECTOR MESON RADIATIVE DECAYS

C. Becchi and G. Morpugo; in 1965, were the first to point out that radia-

tive decays of vector (V) mesons to pseudoscalar (P) mesons (J P=I--

JP-0- + ,) are accessible to experiment and sensitive to the magnetic moments of

the constituent quarks. A number of vector meson radiative decay widths have

since been measured and the phenomenology of VP, transitions has been analyzed

in a variety of quark models.2 In the simplest model, the pseudoscalar and vector

states are regarded as S-wave bound states of a quark and an anti-quark in the

singlet and triplet spin states respectively. The rate for the spontaneous spin-Dip

transition in which a photon with wavevector r and polarization vector 7 is emitted

is calculated assuming a transition amplitude of the form:

M yp ~ < V IE P, tI,' (7 X f) e
ir.", I P>,

where p,=ei2m, is the magnetic moment of the q-th quark and tI, represents the

Pauli matrices. In the long wavelength approximation, and in case there is no

quark Davor mixing in the wavefunctions that desc:ribe the vector and pseudoscalar

states, the vector meson radiative width is given by :

(1.2)
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where my is the mass of the vector meson, EP=Jm~ + JC!l is the recoil energy of

the pseudoscalar meson, and lyp-f t/J/ t/Jp dV is the overlap integral of the spa­

tial wavefunctions. The factor Eplmy is a relativistic phase space correction to the

usual ,,3 dependance of the magnetic dipole transition rate and is suggested by

identifying the nonrelativistic decay amplitude with the Lorentz invariant transi­

tion amplitude in the rest frame (see Appendix A).

In the context of the naive quark model, the quark charges, e, ' are known

while the etJective masses, m, ' are less well understood. The naive quark model

analysis of baryon magnetic moments in terms of constitutent quark moments sug-

gests the values m.r=:m~330 Me V and m,:=::::::510 Me V: the breaking of SU(6) sym­

metry amongst baryon magnetic moments appears to be accounted for in part by

the large mass of the strange quark.3 Precise measurements of vector meson radia­

tive widths, in particular of the radiative widths of strange vector mesons, provide

an opportunity to test this hypothesis and to test the validity of the naive quark

model.

A new measurement of the J(01890) radiative width, r(J(018oo)-J(O+i), is

reported here. The result is significantly more precise than the only previously

reported value4 and complements, in particular, the result of a recent measurement

of the radiative width of the ~-(890).5 In the ratio of the radiative width of the

J(O- to the radiative width of the ~-, phase space and spatial wavefunction over­

lap factors are expected to cancel. In the naive quark model, this ratio may be

expressed in terms of quark moments alone:

-

-

-

-

-

-
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-
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r(lC"-lC'+1)
r(J(f"'-IC+1) [

p,+p,,]2

P,+P.

3

(1.4)

In the SU(6) symmetry limit in which each quark moment is expected to be propor-

tional to its electric charge with a common scale factor, this ratio is 4, while if

quark moments are deduced according to the naive quark model from measured

baryon magnetic moments, a value 1.64 is predicted.

Our measurement takes advantage of the Primakoff effect: the radiative width

is determined from the cross section for the production of the lC"(S90) in a reac-

tion of the form K 'I+A-lC"(S90)+A where A is a heavy nucleus. At high energy,

this reaction takes place predominantly through the interaction of the lC' with the

electromagnetic field of the nucleus and the cross section for this electromagnetic

excitation process is related by detailed balance to the radiative width in a well

known way. In the next chapter, we describe the Primakoff effect and the relation

between the radiative width and the production cross section. In succeeding

chapters, the experiment and the data analysis are detailed. The implications of

our result for r(lC"(S90)-lC'+1) are discussed in the concluding chapter. We have

also searched for the production of the lC"1430). Our upper limit for the radia-

tive width of the lC"1430) and its theoretical interpretation are discussed in an

appendix.



CHAPTER II

PRINCIPLE OF THE MEASUREMENT

A. Introduction

Direct observation or the decay W--W+1 is difficult because the radiative

branching ratio is small (~.2 %). The inverse reaction 1(O+1-W- provides an

alternative method to determine the radiative width. This reaction may be

observed with a KO beam and a virtual photon target in the rorm or the elec­

tromagnetic field or a nucleus. In general, the cross section ror the excitation or a

stable particle, a, to any excited state, 1.1-, by single photon exchange with a

nucleus, A, (Figure 1) is proportional to the radiative width r(1.1-- 1.11).6 This exci­

tation mechanism is referred to as Coulomb production, and also as the Primakoff

effect? The essence or our experiment was a measurement or the cross section ror

Coulomb production or 1(0-(800) mesons with a high energy, broad band KL beam

incident upon copper and lead targets with W- meson production identified via the

observation or the strong decay mode W--W1r°. The radiative width or the

1(01890) determines the magnitude or the production cross section and was readily

extracted.

In this chapter, Coulomb production will be discussed in some detail. Strong

production backgrounds to the Coulomb production or vector mesons are relatively

4
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small at high energy. We will describe what is known about these backgrounds

and how they may be distinguished from Coulomb production in the extraction of

the radiative width. The formalism presented below has been discussed many

times.8 We therefore only point out the features that are important to our meas-

urement and refer the reader to the literature for derivations and elaboration of

the formulae.

B. Production of Mesons in the Electromagnetic Field
of a Nucleus

At high energy and for small production angles, the differential cross section

for Coulomb production of a narrow state a- may be expressed as a function of the

square of the four momentum transfered to the nucleus in the form

Here, Q is the fine structure constant, Z is the atomic number of the target nucleus,

S. and S•• are the spins of a and a-, k=( m/-m/)/ 2m. is the rest frame decay

momentum in the transition a--a+1, r( a--a+1) is the radiative width, and t is

defined as the magnitude of the square of the momentum transfer q by

(2.2)

where the particle name denotes the corresponding 4-momentum vector. The

related variable t' is defined to be t minus it's minimum value, t' :=t-lmin. The

minimum momentum transfer is dictated by the mass change in the production

process and at high energy is given by tmiD=(m~.-m;)/ 2P. where p. is the labora-



Figure 1. Single photon exchange diagram describing the transition 0 -0'

induced by the electromagnetic field of a nucleus A.
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Figure 2. Production and decay of the XO'(890) in the Gottfried-Jackson

frame.
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Figure 3. Diagrams and amplitudes describing the Coulomb production and

strong decay of the ](0- and J?O-. The production amplitudes have opposite sign.
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tory momentum or the beam particle a. The electric rorm raetor or the nucleus,

Ie, when modified to account ror absorption effects, has the approximate rorm

-Ttl t

I~e 4 where R is the nuclear radius.

The rorm or the differential cross section is readily understood in the language

or Feynman diagrams. The ractor r Ik3 represents the coupling constant at the

production vertex in the single photon exchange diagram. The r~tor aZ 2 is the

square or the nuclear charge which is the coupling constant at the target vertex.

The photon propagator contributes a factor lIP. Parity and angular momentum

conservation require that the cross section vanish in the exact forward direction

(t=lmin). The nuclear rorm factor characterizes the charge distribution in the

nucleus.

The most striking reature or Coulomb production at high energy is the

production angular distribution. The photon propagator causes the production

cross section to peak strongly at a small angle or equivalently at small momentum

transfer. For production close to the rorward direction, we may write

I=lmin+1 p.' 12 where' is the production angle in the laboratory or /Je relative to

the beam direction. The peak in the cross section occurs when 1=21min. For

JC'e(890} production at 150 GeV, Imin~3X 10~ Ge y'l and the cross section peaks at

production angle of 12 prado In this region of momentum transfer, the nuclear

rorm ractor is approximately equal to unity: Coulomb production is a highly peri-

pheral process and the production cross section is largely independant or the details

-

-

-

-

-

-

-

-

-

-

-



-

-

-

"""

-

-

13

of the nuclear charge distribution. The energy transfered to the nucleus, given

by qo~q 2/2mA, is negligibly small: the nucleus recoils elastically in the produc-

tion process.

Because we used a broad band KL beam, the energy dependance of the

Coulomb production cross section was important to our analysis. While the posi­

tion of the peak in the production angular distribution decreases toward lero angle

inversely with the square of the beam energy, the value of the production cross sec­

tion at the peak increases. The total Coulomb production cross section is found

to increase logarithmically with energy. This increase may be qualitatively under­

stood if we notice that with higher available energy, the transverse momentum

transfer required to satisfy the kinematic constraints decreases, and the more peri-

pheral regions of the electromagnetic field may contribute to the production ampli­

tude.

An additional characteristic of Coulomb production is the decay angular dis­

tribution of the produced particle. The production and decay of the particle tJ- are

conveniently described in the Gottfried-Jackson frame which is the tJ- rest frame in

which the z-axis is along the direction of the incident meson and the y-axis is nor­

mal to the production plane.o The production and decay of the J<O- are illustrated

in Figure 2. In the Gottfried-Jackson frame, the I-component, m, of the spin of

the K- is determined by the helicity of the photon. Parity conservation excludes

the production of the m=O state while the m=±l states are excited with equal

amplitude. For a two-body decay to pseudoscalar mesons characterized by



(2.3)
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spherical-polar angles 8 and ~, angular momentum conservation requires that the

decay products be in a relative P-wave which may be described by spherical har-

monic functions. The decay angular distribution therefore has the form

tlN 1 Iv Y 12 3. 28 • 2.J.-=- ~ 11+ I-I =-Sln Sin 'f'tll 2 . • 4",

This decay angular distribution is characteristic of single vector exchange in the

production process, in this case the exchange of a photon.lo

Finally it is important to note the consequence of a selection rule which is

specific to our particular experiment. For an incident KL meson, the neutral final

state produced through the K· channel is exclusively Ks ",., as opposed to KL ",••

This selection rule results from the relative minus sign between the amplitudes for

the production and decay of the ~. and j(O., as illustrated in Figure 3, and applies

to the exchange of any system of odd charge conjugation parity, in particular to

single photon exchange.ll Conversely, even charge conjugation exchanges do not

contribute to the Ksrro channel.

C. Backgrounds resulting from strong production processes

Backgrounds to the production of vector mesons in the Coulomb field of a

heavy nucleus arise from strong production mechanisms and constituted the princi-

pal source of uncertainty in first generation measurements of vector meson radia-

tive widths. As has been discussed by Stodolskyl2, strong production close to the

forward direction is enhanced by the coherent superposition of the production

amplitudes from the individual nucleons in the nucleus. In general, single particle

-

-

-

-

-

-
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-
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exchange amplitudes which do not couple the production process to a change in the

spin or isospin of the nucleons interfere constructively, while other exchange ampli-

tudes interfere destructively. The exchange of isoscalar, natural parity (P_(_)J )

mesons such as the w consequently dominate peripheral strong production on heavy

nuclei. ( As was mentioned above, the exchange of even charge conjugation parity

systems such as the pion are rigorously excluded from contributing to K s1r" elastic

production. )

The differential cross section for peripheral strong production of vector

mesons on various nuclei has been observed to have the form:

(2.4)

-

where A is the mass number of the nucleus, Cs is a normalization constant, and Is

is a nuclear form factor. The strong production cross section is distinguished from

the Coulomb production cross section by the t-dependance which results from the

short range nature of the strong interaction: the propagator for the exchange of a

heavy particle such as the w reduces to a constant at small t so the factor 1/P

which appears in the Coulomb production cross section does not arise. In the

kinematic region in which the amplitudes overlap, interference may take place. We

may express the total production cross section as:

dod ( tJ+A-+tJ'+A ) = I Fd. t) + e~ Fs< t) 12 + do
t dt inclaltie

(2.5)

-
where tP is the relative phase between the Coulomb amplitude, Fe, and the strong

amplitude, Fs , and we have allowed for a contribution from inelastic processes
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which is expected to vary relatively slowly with t. The contribution of the

Coulomb amplitude may be extracted by a fit to the measured differential cross

section. The precise form of the amplitudes Fe and Fs will be specified below

where we describe the application of this procedure to our data.

. 2(0 1)
Regge theory would predict that Os::::::: p. .- for the exchange of the w

trajectory where 0 0 :::::::.5 is the trajectory intercept. The strong production cross

section is expected to fall with a power law momentum dependance,OF11p•.

Although the precise power law is not well determined by existing data, it is to be

expected that strong production contributes only a small part of the total JC'. pro-

duction at energies of the order of 100 GeV or greater.

-
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CHAPTER III

EXPERIMENTAL TECHNIQUE

A. General Considerations

A measurement of the Coulomb production cross section for the reaction

K"+A-Ko'+A requires a K" beam, a target, and an apparatus capable of identi­

fying K'" production with well understood efficiency and good angular resolution.

The measurement was made with two side-by-side KL beams in the meson center

beamline at the National Accelerator Laboratory. A copper target was placed in

one beam and a lead target was placed in the adjacent beam. The decay products

of KO' mesons produced in these targets were observed with an apparatus down­

stream of this point. The use of copper and lead targets provided a test of the Z

dependance of the Coulomb production cross section. The cross sections for the

two targets were measured simultaneously. The beamline and apparatus had been

designed to study the ",+",- and ",0",0 decays of KL and Ks mesons13 and with only

minor modifications were nearly ideally suited to the measurement of the Coulomb

production cross section through the observation of the decay K'-Ks ",0, We

chose to concentrate on the charged decay Ks-"'+"'-' The charged particles were

observed with a sequence of drift chambers. The positions and energies of the pho­

tons resulting from the decay of the ",0 were measured with a lead glass elec-

17
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tromagnetic calorimeter. The drift chambers and the lead glass will be described

below. The flux normalization was naturally provided by observation of the

KL-1r+1r-1r° decay mode which is similar in topology to and identical in particle

content with the observed K' decays. The normalization events were observed

simultaneously with the signal events thereby minimizing systematic error in the

flux determination.

In this chapter we describe the physical layout and operation of the experi­

ment including descriptions of the beamline, apparatus, data aquisition hardware,

trigger logic,and calibration procedures. Due to the limited geometrical acceptance

of the apparatus, we relied upon a computer simulation of the experiment to deter­

mine the acceptance corrections neccessary to fix the normalization of the produc­

tion cross section. This simulation will also be described.

B. Overview of the Beamline and Apparatus

The beam mesons were produced by 400 GeV protons incident on a 38 cm

berylium target at 0 degrees. Typically 5X 1012 protons were delivered to the tar-

get in each .9 second pulse with pulses separated by ~ 15 seconds. Magnets were

used to sweep the charged secondary particles produced by the primary protons

away from the direction of a neutral beam. A 7.6 cm lead filter followed by a

sweeping magnet significantly reduced the photon intensity in the beam. An addi­

tional filter consisting of 25 cm of carbon and 145 cm of berylium was used to

enhance the Kdneutron ratio. This enhancement results from the preferential

~~-------
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-
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absorption of neutrons with respect to kaons at high energy. Collimators were

placed so as to produce two nearly parallel beams of rectangular cross section sub­

tending a solid angle of 4.5 X 10-8 steradian/beam. The copper and lead targets

were placed in the adjacent beams at a distance of 406 meters from the proton tar­

get. The beam profile at the target position as determined from reconstructed

KC <-+7r+7r-7r° decays is shown in Figure 4. Due to pair conversion in the targets of

the photons resulting from the decay of the 7r
0

, the observable Coulomb production

rate in the targets saturates at a target thickness of ~ 1 radiation length, and

decreases with greater target thickness due to absorption of the incident beam.

The target thickness (.635 cm ) was chosen to approximately maximize the number

of observed Coulomb production events. Near the maximum, the observable pro­

duction rate is insensitive to the target length and has only a linear dependance on

the pair conversion cross section which IS known to high accuracy. The target

parameters are given in Table 1.

A diagram of the apparatus appears in Figure 5. Downstream of the K· pro­

duction targets, there was an evacuated decay region in which decays of Ks and KL

mesons were observed to take place. This region began with two adjacent, 1.6 mm

thick, scintillation counters (RA) which were placed in the beams approximately

3.5 cm downstream of the K· production targets and which covered the illuminated

area of the targets. These counters were used to veto inelastic interactions in

which charged particles were produced in the targets. The decay region ended

with a 66 element hodoscope which consisted of two planes (H,V) of adjacent 1.3



Figure 4. Beam profiles as determined from reconstructed K1rs events. The

result of a simulation are shown by the open circles.
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Figure 5. Schematic of the apparatus.
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Figure 6. Front and side views of a drift chamber. Each .chamber contained

two planes of horizontal drift cells and two planes of vertical drift cells. Dimen-

sions are in inches.
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TABLE 1

PROPERTIES OF THE TARGETS

-
Copper Lead

Atomic number 29 82

-'Atomic Weight 63.54 207.19

Thickness (em) .6396±.OO16 .6421±.OO33

Approximate Area 10 em X 15 em 10 em X 15 em -
Density (gm/cmll

) 8.894±.O31 1l.348±.063

-

-

-

-

-

-
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TABLE 2

PROPERTIES OF THE DRIFT CHAMBER

Dimensions

Central box dimensions

Sense wire planes

Sense wires/plane

Maximum drift distance

Gas Mixture

Gas Pressure

High Voltage

Field Wires

Sense Wires

1 m X 2 m

18 cm X 30 cm

2 (vertical) + 2 (horizontal)

104 (vertical),55 (horizontal)

2.286 cm

Argon-Ethane (50% mixture)

1 Atmosphere

4.8 KeV

Cu-Be

Au plated W

102 micron diameter

25 micron diameter
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TABLE 3

PROPERTIES OF THE LEAD GLASS

-
Array dimensions 122 em X 227 em X 60 em

Bloek size 5.8 em X 5.8 em X 60 em

Number of blocks
_I

804

Glass type Sehott F2

Refractive index 1.6 -
Radiation length 3em

-

-

-

-

-

-
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cm wide, scintillation counters filling an area of 28 cm X 56 cm. This hodoscope

was used to trigger on charged particles exciting from the decay region. An evacu­

ated pipe followed in which the secondary particles separated from one another.

This volume was bounded by thin vacuum windows. A magnetic spectrometer was

used to measure the momenta of the charged particles: four drift chambers (01­

04) were U8ed to pinpoint the positions of the charged particle trajectories while

momentum analysis was provided by a rectangular aperature (2.5 m by 1 m) mag-

net which had an average f Bdt of 212 MeV. Helium filled bags were placed

between the drift chambers in an effort to minimize multiple Coulomb scattering.

At the downstream end of the spectrometer was a 40 element hodoscope (G) used

for triggering. The positions and energies of photons were measured with an 804

element rectangular array of rectangular lead glass blocks which was placed down­

stream of the G hodoscope. A 3 meter thick iron filter followed by a 13 element

hodoscope (p) provided for muon identification. A rectangular beam pipe passed

through the center of the spectrometer and of the lead glass and allowed the beams

to pass unobstructed to a beam dump. In addition, a number of scintillation

counters (not shown) were positioned so as to veto events with particles outside the

acceptance of the apparatus. These counters were each preceded with lead (1.9 cm

) and were hence sensitive to photons.

A sketch of the drift chamber appears in Figure 6 and drift chamber parame­

ters are gIven in Table 2. Each chamber included two planes of sense wires for

each of two orthogonal directions. The two planes which measured each
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coordinate were offset relative to one another to resolve the left-right ambiguity

associated with a signal on anyone sense wire. Many wires terminated on a cen-

tral box through which the beam pipe passed. The box was supported stably by

16 twisted strand steel cables. In the drift chamber at the downstream end of the

spectrometer, all horizontal wires were glued to a GI0 strip which ran vertically

down the center of the chamber. The wires were broken at this point and elec­

tronic .readout was provided at both ends. These split wires and the box wires

were useful in correlating the side and top views of track pairs. The vertical planes

of the first and third chambers were equipped with mean time circuitry.H Each

adjacent pair of sense wires was provided with a circuit which produced a signal in

case both sense wires registered the passage of a charged particle through the drift

chamber. The signal was produced at a time which was independant of where in

the drift cell the particle passed. A linear analog sum of the mean time signals from

all pairs of adjacent wires for each chamber provided a measure of the number of

charged tracks which passed through the drift chamber at any given time.

Parameters describing the lead glass are listed in Table 3. The most impor­

tant parameters are the longtudinal depth and the transverse block size. The 20

radiation length depth provided for near complete (~97%) containment of elec­

tromagnetic showers which is important in obtaining good energy resolution. The

transverse spread of a shower resulted in energy deposition in a "cluster" of lead

glass blocks. The relatively small transverse block size was chosen to give accept­

able shower position information on the basis of energy sharing. Efficient

-
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Cherenkov light collection was ensured by total internal reflection from the highly

polished block faces. These polished faces also allowed the array to be stacked

with minimal space between adjacent blocks. Optical decoupling of adjacent

blocks was achieved with a 13 micron aluminized mylar wrap. Careful temperature

stabilization was necessary to prevent thermal stresses at the block faces to which

the phototube assemblies were attached. The array was therefore housed in a

light-tight temperature stabilized enclosure. Changes in the response of the array

over time were monitored with a light flasher system. Light from a single trigger-

able high voltage spark gap was linked to each block through an optical fiber.

Computer triggered calibration data was generated between and during beam

pulses. Thus long and short term gain drifts as well as rate dependances could be

studied.

C. Data Aquisition Hardware

We used a microprocessor based drift chamber electronic readout system

developed at the University of Chicago for a different experiment. This system has

been described elsewhere.15 In our application, a drift time digitization unit of 6.3

nanoseconds was chosen and corresponded to a drift distance of 315 microns. The

microprocessors were responsible for scanning for valid data, subtracting a clock

stop time from the encoded drift times, and sending this information to a buffer

memory. Two microprocessors, each dedicated to the readout of two drift

chambers, operated in parallel. An interface between the microprocessors and the
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buffer memory coordinated the data transfer.

The lead glass readout was performed by a Lecroy 2285 ADC system. This

system is based on a 12-bit linear analog to digital converter. With our choice of

phototube gain, the .25 pCoulomb one countADC sensitivity corresponded to a

sensitivity of 17 MeV and the dynamic range extended up to 65 GeV. This ADC

system possesses some novel features. First automatic pedestal subtraction is per-

formed by a dedicated CAMAC processor which maintains pedestal data in an

internal memory. This capability is essential to the second feature, namely the

possibility of sparse readout. During data aquisition, the processor searches for

valid pedestal subtracted data exceeding a variable preset threshold. Only those

data above threshold and the data in some neighboring ADC channels are sent by

the processor to the central computer and recorded. The number of neighbors to

be read out is determined by a variable preset window parameter.

To take advantage of these features, the pedestals were sampled by the online

data aquisition program between each beam spill. The average of five consequtive

pedestals for each ADC channel was closely monitored by the online program.

When significant pedestal drifts were detected, the pedestals stored in the ADO

processor were updated. The size of the pedestal drifts determines a lower bound

on the sensitivity threshold if the advantage of sparse readout is to be maintained.

With considerable effort, short term pedestal drifts were reduced to of the order of

1 count and the threshold was set to 5 counts corresponding to an energy deposi­

tion of 83 MeV. The window parameter was set such that only the data in the

...
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nearest neighbors of above threshold channels were recorded. This choice

represented a compromise between energy resolution and data aquisition deadtime.

As the window is increased, many more ADC data must be dealt with for each

event. On the other hand, a small window results in the loss of the information in

those ADC channels which are below readout threshold and also outside the win­

dow of any channel which does not exceed threshold. This loss of information

resulted in an effective nonlinearity in the response of the lead glass detector, par­

ticularly at low energy. A correction for this effect will be described below.

The event trigger was used to open a 175 nanosecond gate during which time

the ADC system was sensitive. The lead glass signals were delayed by coaxial

cable to arrive within this gate. At the end of the gate, analog to digital conver­

sion was initiated and the ADC data was available 220 microseconds after this

point. ADC readout took place in parallel with the trigger initiated drift chamber

readout with drift chamber data being assembled in a buffer memory. This phase

of the data aquisition required approximately 1 msec per event. Following ADC

readout, the buffer was examined for drift chamber data and a complete event

record was assembled and passed to a queue to be written to magnetic tape.

Under typical running conditions, we recorded 100 to 150 such event records dur­

ing each beam pulse with a data aquisition associated deadtime of ~17%.

Data was logged to magnetic tape at 1600 bytes per inch with a PDP-II com­

puter. The data aquisition software was based on the MULTI system which

allowed for the easy introduction of online monitoring. The information actually
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written to magnetic tape ror each event consisted in the latch bits associated with

each scintillation counter in the experiment, the wire numbers and drirt times asso-

ciated with hits in the drirt chamber, and the channel number and data or select

ADC channels. In addition, we recorded diagnostic inrormation such as the proton

beam intensity monitor reading and the magnet current. Interspersed with event

data records were data records containing light flasher and pedestal data used in

the omine analysis or the lead glass behavior.

D. Data Sets and Triggers

The primary data set on which this analysis is based was collected during a

two week period during the spring or 1982. The data collected specifically to study

Coulomb production were supplemented by data collected to study neutral kaon

decays and data collected ror purposes or calibration and alignment. In this sec­

tion, the running conditions which distinguished the data sets rerered to in this

analysis will be described.

The" K·" data set was obtained with the configuration or the apparatus as

just described. The K· trigger was designed to accept Jr+Jr-Jro events and, in order

to minimize data aquisition deadtime, to discriminate against decay modes or the

KL other than the KL-Jr+Jr-1fJ (KJra) mode. Rejection or the semi-Ieptonic and 3Jr°

decays was particularly important. The basic idea was to require that two and only

two charged particles exit the decay region and that at least one photon enter the

lead glass. The neutron flux in our "neutral meson beam" was another important

-
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experimental consideration. The neutron to K L ratio at the K' production targets

was estimated to be 7:1. The RA anticounters placed just downstream or the K'

production targets were used to reduce the sensitivity of the apparatus to neutron

interactions in the targets. As a consequence of placing these counters in veto in

the trigger, the charged decay modes K'-J(f"1f-,!\1f+ were not observed. The

apparatus was sensitive only to the neutral decay K'-Ks1fo .

The K' trigger consisted of the following. The RA counters were put in veto

to suppress events due to inelastic interactions in the targets. The HV hodoscope

was used to require that charged particles be exiting the decay region. The precise

requirement was that there be a hit in at least one counter in both the horizontal

and vertical directions and that no more than two horizontal counters have hits.

In addition, no horizontal counter was allowed to have a signal exceeding 10 times

the minimum ionization level. Such a signal would have corresponded to a nuclear

interaction in the scintillator. We required in addition that two and only two

charged particles be accepted by the spectrometer. The mean time signals were

used to require at least two hits with good mean time in the first or the third of

the drift chambers where the drift chamber numbering scheme begins at the

upstream end or the spectrometer. Two well separated hits in the G hodoscope at

the downstream end or the spectrometer were required. The G hodoscope was sec­

tioned into six nonoverlapping pieces as illustrated in Figure 7. Hits in at least two

or these sections were required and an event was vetoed ir more than two indivi-

dual G counters ",ere hit.
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In order to suppress the abundant semileptonic decays of the KL, one photon

was required in addition to the two charged particles. The photon trigger was

formed as follows. The lead glass signals were sampled by fast linear adders

developed at the University of Chicago. These adders were configured to sum the

sample signals from contiguous groups of nine blocks. These sums were further

concatenated using LRS Model 428 linear adders to produce signals proportional to

the total energy deposition in the six regions of the glass as illustrated in Figure 8.

These signals were discriminated with a threshold corresponding to approximately

1.8 GeV. We required at least one such shower signal and, in addition, demanded

that no charged particle had entered the corresponding region of the glass. The

latter requirement was achieved with the G hodoscope which was divided into

regions which overlapped as much as possible the sections of the glass. These

regions differed only slightly from those described earlier. The outer edges of the

lead glass were not covered by the G hodoscope but this did not present a serious

problem as the charged particles were concentrated near the beam. Events in

which a photon entered the inner most ring of glass blocks were vetoed by an

anticounter array in the form of a collar around the beam pipe positioned just

upstream of the glass and preceded by lead. The pattern of energy deposition in

the lead glass for a typical 7r+7r-7r0 event is shown in Figure 9.

We shall also refer in what follows to the "charged mode" data set which was

accumulated to study the charged decays of the K L and Ks mesons, in particular

the 7r+7r- (K7rz) decay mode. The semileptonic decays,KL-7rev (Ke3) and KL-7rIW
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(Kps), and K1rs decays were also accepted. During this data collection period, the

two K' targets were removed. A one meter thick carbon regenerator was placed in

one beam while the other beam was left empty. The data comprised principally

charged decays of KL mesons originating in the empty beam and charged decays of

regenerated Ks mesons originating downstream of the regenerator. For purposes of

this analysis, this data was used to check our understanding of the operation of

and acceptance of the apparatus. The data was also important to the cross section

normalization as will be made clear below.

The charged trigger was designed to accept all events in which two charged

particles were produced by a decay in the decay region and accepted by the spec­

trometer. The HV requirement was identical to that used in the K' trigger. The

requirement at the G hodoscope was that two and only two G counters be hit with

one of the hits in the upper haIr of the hodoscope and the other hit in the lower

half. The up/down requirement favored the K1r2 decay mode which was of special

interest and which produced charged particles symmetrically placed with respect to

the beam. The mean time and veto counter requirements were similar to those

used in the K'trigger.

"Muon" data was collected at various times throughout the other data taking

to determine the alignment of the apparatus. This data was taken with the two

beams plugged with iron upstream of the apparatus and with the analyzing magnet

not excited. The trigger was designed to accept only single penetrating muons, and

to maximize the muon illumination of the apparatus. The muon trigger required



Figure 7. G hodoscope segmentation used in the K· trigger. In the upper

figure, the individual counters are shown inside a box representing the external

dimensions of the lead glass. Two of the six hodoscope regions are shown in the

lower figure. The others may be obtained by reflections about the horizontal and

vertical directions.
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Figure 8. Lead glass segmentation used in the K· trigger. In the upper figure,

groups or nine blocks are shown. Three upper and three lower glass regions are

shown in the lower figure. The total energy in each region was used to identiry

photons in the K· trigger.
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Figure 9. Typical pattern of energy deposition in the lead glass for a r+r-Jr°

event. The vertical scale is proportional to the energy deposit per block.
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simply a coincidence between a hit in the p hodoscope and a hit In one of the

hodoscope planes upstream.

E. Alignment and Calibration of the Apparatus

A precise knowledge of the positions of the elements of the apparatus was

required for event recou,struction. The position of each element of the apparatus

along the beam direction was determined with a tape measure while the more criti­

cal transverse positions were determined with reconstructed tracks of charged par­

ticles. Particular use was made of "straight-through" single muon events obtained

with the muon trigger. The angular orientation and transverse position of each of

the chambers were determined by an iterative minimization of the residuals

between drift chamber hits and fitted straight tracks. The transverse positions

were determined to a precision of a approximately 30 micons and the angles were

determined to a precision of .1 milliradian. The procedure required the drift time

to drift distance relation, which is described below, and assumed the nominal wire

positions . The chamher was designed so that the wires were positioned with

respect to the frame with a precision of about 25 microns. A special concern was

the position o( the central box to which a great number o( wires were attached. A

simple study indicated that the box positions did not differ significantly from the

design positions. This study involved a comparison of residuals to fitted tracks

between tracks which encountered box wires and tracks which did not, as a (unc-

tion of the distance of the track from the box. This study indicated that the ends
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of the wires at the box were correctly positioned to within::::::: 60 microns. A simi­

lar study of the split wires in the fourth chamber suggested some shift in the epoxy

strip which supported the break in these wires. This offset appeared to be fairly

small, in the worst case shifting a wire position at the split by 100 microns. A

complete determination of box and split wire offsets was not attempted. Analysis

of all available muon data revealed small changes in the drift chamber positions

with time. These changes could be correlated with drift chamber maintainence.

No such shifts occured during the K' data taking.

In determining the position of the lead glass, it was assumed that the indivi­

dual block positions conformed to an ideal rectangular grid. In setting up the

array, each row of blocks was positioned with optical surveying equipment. Great

care was taken to ensure a minimum of space between adjacent blocks and to

ensure that the block centers corresponded as closely as possible to the ideal grid.

Prior to installation, the dimensions of all blocks were precisely measured and con­

sidered by a computer program which suggested an acceptable array. The root

mean square deviation from the ideal grid expected on the basis of the program

was 320 microns and careful stacking produced the desired positions within meas­

urement error (::::::: 12 microns). The position of the entire array with repect to the

drift chambers was determined to a precision of ::::::: 100 microns by correlating the

projections of electron tracks to the lead glass with the centroids of the associated

showers. The shower positions were determined from energy sharing as will be

described below.
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Drift chamber calibration involved the determination of the relation between

the measured drift time and the corresponding distance of drift from the sense

wire. The time-to-distance relation may be determined the integral of the distribu­

tion of drift times for straight tracks, shown in Figure 10, and was well described

analytically as a linear relation with small cubic corrections at the edge of the drift

cell closest to the field wIres. The actual relation used in the data analysis was

determined by a minimization of the residuals to fitted tracks at various times dur­

ing the data taking. This procedure is described in reference 14. The effective

chamber averaged spatial resolution was estimated from residuals to fitted tracks

as 0'=250 micronl wire. The average drift chamber efficiency was 97% with small

chamber to chamber deviations. An expected loss of efficiency in the innermost

and outermost drift cells due to degradation of the electrostatic fields was

observed. Particles which entered these regions were excluded from the data

analysis by fiducial volume cuts.

An accurate field map of the analyzing magnet was made during a previous

experiment. The variation of the f B dl was measured with a precision of .2%.

We redetermined the absolute field value for our magnet current by requiring that

the reconstructed invariant mass o( regenerated Ks mesons (rom the charged mode

data coincide with the accepted world average. In addition, the integral horizontal

field component was measured as a function of position over the magnet aperature

by studying variations in the reconstructed Ks mass. For an average horizontal

momentum kick of 212 MeV, the corresponding vertical kick varied from 0 to 4
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MeV.

The decays Kc+~e±1I in the charged mode data set provided momentum

analyzed electrons which were used to determine gain constants ror each or the 804

lead glass blocks. We defined the variable E/P ror reconstructed charged particles

to be the ratio or the shower energy measured in the lead glass to the momentum

as measured by the drirt chamber spectrometer. In Figure 11, the distribution or

this variable ror a sample or particles rrom the charged mode data set is shown.

Particles ror which E/P was close to 1.0 were identified as electrons. Small values

corresponded to particles which did not interact in the glass. In between values

coresponded to hadronic showers in which only some rraction or the energy was

visible. Values or E/P much greater than one resulted rrom shower overlap, in

particular rrom electron bremstrahlung. Because the energy or an electromagnetic

shower was shared among typicaJly 9 blocks, an iterative approach to the gain

determination was used. For each identified electron, the value or E/P was used to

estimate the gain or the centermost block or the corresponding cluster and a gain

adjustment ror each block was determined rrom many events. This procedure con­

verged in three iterations.

In Figure 12, the width and mean or the E/P distribution ror electrons are

shown as functions of momentum. Correcting for the small contribution to the

width due to momentum resolution, the lead glass energy resolution could be

represented by the rorm (7E/E=3%+5%/..rE where E is in GeV. The second term

has the form and magnitude expected ror the contribution of photostatistics. The



Figure 10. Integral of the distribution of drift times for single muon events.
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Figure 11. Distribution of the ratio (E/P) of the energy deposited in the lead

glass to the momentum measured in the drift chambers for a sample of tracks from

the charged mode data.
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constant term represents the statistical error in the gain determination as well as

systematic effects.

Nonlinearity in the lead glass response was reflected in the observed energy

dependance of the mean of E/P (Figure 12b). The decrease in the ratio at low

energy was attributed to the sparse readout of the lead glass by the data aquisition

system. The energy loss due to sparse readout was in fact a sensitive function of

the position at which a particle entered a block. A shower energy correction was

therefore applied on a shower by shower basis. To determine the correction, we

took advantage of the fact that the mean shower shape has only a weak energy

dependance. Using just high energy showers in which many blocks were read out,

the energy fraction deposited in each block was determined empirically as a func­

tion of the position of the shower center. For low energy showers, the shower

center was found from the energy sharing using the available information, the

energy fraction deposited in "missing" blocks (those that were not read out) was

calculated, and a correction was applied.

The decrease in E/P at high energy was associated with ADC nonlinearity.

Due to an oversight, during the charged mode running, the lead glass signals were

incorrectly timed with respect to the ADC gate. As was found in laboratory tests,

such mistimeing gives rise to nonlinearity. This timeing problem was rectified prior

to the K' data taking so that nonlinearity of this origin was not expected during

this period. For charged mode data, a simple energy dependant correction was

applied to cluster energies which amounted to a fractional correction of A%/GeV.
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This correction was not applied to the K' data.

The K' trigger excluded Ke3 events so a diB'erent calibration method was

required for this data set. The method was similar to the iterative electron method

but was based on "'o's. The gains were adjusted iteratively to reduce the width of

the "'0-'·1"1 mass distribution for identified KL-",+",-",o events in which the "'oori-

gin was given by the reconstructed vertex of the two charged pions. The descrip-

tion of the event selection and reconstruction procedure is deferred to a later

chapter. This method was limited primarily by statistics and it also converged in

three iterations. The variation of the mean and width "'0-'·1"1 mass peak for K"'3

events with the energy of the least energetic of the two photons is shown in Figure

13 and compared to the Monte Carlo prediction. The Monte Carlo prediction was

based on the resolution obtained with the electron method for the charged mode

data. The agreement indicated that the energy resolution for the two data sets

was comparable.

Changes in the response of the lead glass array with time were monitored

with the light flasher system. It was found that over the two week K' data taking

period, the root mean square change in gain of the 804 blocks relative to the mean

gain was .8 %. This number resulted from a comparison of the relative gains as

determined by the flasher system at the beginning and end of the period.

Although the flasher system was capable of tracking these small gain drifts, they

made a negligible contribution to the overall resolution and were ignored. Simi-

larly, small observed rate dependances were neglected.



Figure 12. Lead glass response to electrons. The variation with energy of a)

the root mean square width and b) the mean of the E/P distribution for electrons

is shown.
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Figure 13. Variation of a) the mean and b) root-mean-square width of the fro

mass with the least energetic of the two photons for identified Kfrs decays. The

simulation assumes the resolution as measured with electrons.
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Figure 14. Energy dependance or the lead glass position resolution as deduced

rrom electron initiated showers. The root mean square difference between the

shower position as determined rrom the energy sharing and the electron track posi­

tion projected rrom the drirt chamber system is plotted as a runction or the elec-

tron energy.
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Photon positions in the lead glass were determined Crom the energy sharing

between columns (and rows) oC blocks. Using identified photon initiated showers

and assuming that the photons were on average uniCormly distributed over the Cace

oC the block, we determined the Cunctional relation between photon position and

the ratio oC the two largest column energies Crom the integral oC the distribution oC

the ratio, using the constraint that the value 1.0 correspond to a position coordi­

nate at the block edge between two columns. No significant energy dependance to

the position-ratio relation was Cound. The more complicated method oC fitting a

shape to the entire cluster was Cound to give a negligible improvement in the posi­

tion resolution: blocks in the outer edges oC a cluster contained a relatively small

Craction oC the energy and contributed little position inCormation. Electrons were

used to estimate the position resolution as is shown in Figure 14. The energy

dependance oC the position resolution has the approximate Corm

(Ts-:::::::'2.5mm../1.0+9.4/E where the total energy E is in GeV. This Corm represents

the resolution averaged over the block Cace.

F. Simulation oC the Experiment

An analytic calculation oC the acceptance oC the apparatus Cor even the sim­

plest event topology was prohibitively complicated. We thereCore determined the

acceptance by a standard Monte Carlo sampling technique in which the entire

experiment was simulated on a computer. Comparisons oC Monte Carlo simulated

data to the real data also provided valuable checks on our understanding oC the
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operation of the detector and aided the data analysis. Some important details of

this simulation are presented in this section.

Simulations of KL decay and K' production and decay were performed for

both the charged and K' triggers with account taken of the slight differences in the

configurations of the apparatus and in the detector response. The simulation

began at the position of the K' production targets where KL mesons were gen­

erated with a momentum spectrum as determined from the data (Chapter V).

Coulomb production was simulated according the formulae of Chapter II. Particle

decays were generated according to known physics. In particular, the three body

decays of the K L were generated using the world average values for the Dalitz plot

parameters16. Interactions and decays of secondary and tertiary particles were

simulated if necessary. In particular pion decay in flight was included. No

attempt was made to follow converted photons. Events in which a conversion took

place were expected to be vetoed by the trigger or lost during event reconstruction.

Electron bremstrahlung was simulated by generating a single photon collinear with

the electron at the analyzing magnet with the photon energy distributed as

expected for the total bremstrahlung energy loss in the material up to that point.

Multiple scattering was simulated as precisely as possible by applying the Moliere

theory17 to each element of the periodic table contained in each component of the

apparatus, including counters, vacuum windows, air spaces, drift chambers wires,

the lead glass and the iron muon filter. The trajectories of charged particles were

tracked through the analyzing magnet assuming a uniform magnetic field with the
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JBdl as determined (rom the field map and with the measured vertical momentum

kick applied at the magnet center. No attempt was made to simulate the pattern

o( energy deposition in the individual lead glass blocks. The cluster position and

energy resolution were simulated assuming Gaussian (orms with the measured

energy dependant root mean square widths. Similarly, no attempt was made to

simulate the actual time distributions o( hits in the drift chambers or any spatial

variation in chamber efficiency. Rather, measured chamber averaged efficiencies

and resolutions were applied to Monte Carlo data. Trigger counters were assumed

to be completely efficient. A comparison o( the counter illuminations (or data and

Monte Carlo showed that this was an excellent approximation.

The smeared Monte Carlo data was analyzed with the same computer pro­

grams (Chapter IV) as the real data with the (ollowing exceptions. Because no

attempt was made to simulate energy deposition patterns in the lead glass, it was

not necessay to run the cluster finding routine on the Monte Carlo data. Complete

reconstruction efficiency was assured by requiring in the event selection a minimum

energy deposition and ample cluster separation. Similarly it was not necessary to

run the track finding routine on the Monte Carlo data. Rather, Monte Carlo

events satisfying the loose requirements o( the reconstruction program were

selected. Complete reconstruction efficiency was then assumed.

Some general cuts were applied to the data to ensure the accuracy o( the

simulation. Data collected during periods when the operation o( the apparatus was

questionable were excluded. Reconstructed events were required to be well within
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all aperatures. Also, events in the K- data set were required to satisfy a software

equivalent of the hardware trigger. This eliminated the approximately 1% of all

triggers in which a photon trigger was faked by leakage of hadronic shower energy

from one glass section to another. An omine study of the trigger indicated that

one group of nine blocks completely failed to supply photon triggers. This defect

was associated with a failed linear adder circuit. The corresponding loss of recon­

structable events was reduced by the fact that both photons were often capable of

triggering the apparatus. A small number of Monte Carlo events was eliminated

by including this trigger defect in the software trigger.



CHAPTER IV

DATA REDUCTION

A. Event Reconstruction and Event Selection

In this chapter we describe the procedures used to reconstruct Jr+Jr-Jr0 events,

the criteria used to select K·-KsJr° and KL-Jr+Jr-~ decays and the backgrounds

to the selected event samples.

Event reconstruction involved the association of tracks with hits in the drift

chambers, the identification of photon showers in the lead glass, and the recon­

struction of the corresponding momentum vectors and event topology. The track

finding algorithm searched for events with a pair of charged particles of opposite

sign charge and considered all possible two track combinations of hits in the drift

chambers satisfying a minimum number of hits requirement. In case of an

inefficiency leading to a left right ambiguity, both possibilities were included. In

the bend view, the downstream track segments were required to correlate to the

two G counters that were hit with allowance made for multiple scattering and reso­

lution and to roughly meet the upstream track segments in the center of the mag­

net. In addition, the track projections to the plane of the HV hodoscope were

required to be contained roughly within the active area of the hodoscope. By these

devices, even in the presence of accidental hits and inefficiencies, the number of
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possible pairings was tremendously reduced. The best possible track pair was then

selected based upon the number or hits and the x2 or the fit to the tracks.

Approximately 40 % or the triggers contained same charge tracks, an unacceptable

combination or inefficiencies, or a high multiplicity or out or time stale tracks and

were not reconstructable. The track finding efficiency ror reconstructable events

was estimated by a handscan to be greater than 95% and was not expected to

depend upon momentum or track position. It thererore affected K- and K1r3 events

equally and was not a concern in the normalization.

To determine the momentum or the charged particles, the drirt chamber hits

associated with a track were fit to a kinked line with the introduction or a pseu­

dohit at the center or the analyzing magnet. In the least squares fit, a 400 micron

resolution was associated with the pseudohit. The particle momentum was deter­

mined rrom the fitted bend angle according to the field map.

The vertex associated with a charged track pair was round by minimizing the

distance between the extrapolations or the two upstream track segments. Because

or multiple Coulomb scattering and drirt chamber resolution, the two segments did

not in general extrapolate exactly to a common point. Instead a line segment was

round which connected the two points between which the distance between the two

tracks was a minimum. The center or this line segment was taken as the recon-

structed vertex. The length or the line (distance or closest approach) provided a

measure or the goodness or the vertex reconstruction and was required to be less

than 10 em. In Figure 15, the distribution or the distance or closest approach ror



Figure 15. Distribution or the distance or closest approach or tracks ror K1r3

decays. The Monte Carlo prediction is superposed.
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K1r3 events is compared to the prediction or the Monte Carlo. A slight discrepancy

was observed and was ascribed to incomplete understanding or the drirt chamber

alignment.

Cluster finding in the lead glass involved a simple peak search algorithm that

required a minimum cluster energy or 200 MeV. Clusters not associated with

charged tracks were considered as possible photon candidates and were chosen so

as to minimize the bias in the selected event sample. A minimum photon energy

requirement or 3 GeV ensured that both photons rrom a 1r
0 decay were above the

K' photon trigger threshold. In addition, candidate photon clusters were required

to be well within the volume or the detector and well separated rrom each other

and rrom the clusters associated with the two charged tracks. Because hadronic

showers are typically broader than electromagnetic showers, and exhibit large

fluctuations in shape, the overlap problem was studied in detail, using actual

identified clusters. In order to reduce the overlap induced energy resolution to 1%,

a minimum photon- hadron separation or 23 cm was required. This requirement

also ensured that the calculated photon positions were unaffected by overlap.

Events for which the ",+",- invariant mass was less than 380 MeV were identified as

KL-1r+1r-1r° decays and the origin or the 1r
0 was assumed to be at the reconstructed

vertex. ( The kinematic maximum ",+",- invariant mass for a K L-"'+"'-1r° decay is

363 MeV.) Otherwise, the event was assumed to have originated in the K' produc­

tion target and the 1r+1r- momentum vector was extrapolated to the target and the

",0 was assumed to have originated at this point. The invariant mass or a photon
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pair could then be calculated based upon the positions and energies in the lead

glass. We considered only fully reconstructable events so at least two photon can­

didates were required. In case of an accidental photon candidate (3.9% probabil­

ity), the pair of photon candidates which gave the best 1r
0 mass was selected. The

21 mass was then required to be within 15 MeV of the accepted 1r
0 mass.

Transverse momenta were calculated with respect to a line drawn from the proton

target to a point in the K- production target. For K- decays, this point was the 1r
0

origin defined above. For K L-1r+1r-1r° decays, this point was determined by extra­

polating the 3-momentum vector of all three pions through the vertex to the K-

target.

In Figure 16a, the distribution of the 1r+1r- mass for a partial sample of such

reconstructed events is shown. The two features in the charged mass distribution

resulted from K1r2 and K1r3 decays. One observes that candidates for Ks~ produc­

tion may be separated from K1r3 candidates on the basis of the 1r+1r- mass alone.

.The distribution of the vertex along the beam direction for the event sample is

shown in Figure 16b and is concentrated in the decay region. Neutron interactions

in the material at either end of the decay region contributed a slowly varying com­

ponent to the charged mass distribution. We will describe below each of the three

components of the K- data: the KL-1r+1r-~ events, the Ksrfl events, and the neu-

tron events.

In order to reduce the neutron background, extra photons with an energy

larger than 10 GeV were disal.lowed and, for K1r3 candidates, the vertex was



Figure 16. Distribution of a) the ",+",- invariant mass and b) the recon­

structed vertex along the beam direction for events in which two charged particles

and one ",0 were reconstructed. Neutron interactions in material at either end of

the decay region contributed a smoothly varying component to the mass distribu-

tion.
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Figure 17. Distribution of the 1r+1r- invariant mass for K1r3 events. The

Monte Carlo prediction is superposed. A cut at .38 GeV was applied.
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Figure 18. Distribution of the II invariant mass for K1r3 events. The Monte

Carlo prediction is superposed.
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Figure 19. Distribution of the 7r+7r-7r0 mass for K7r3 events. The Monte Carlo

prediction is superposed.
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Figure 20. Transverse momentum distributions (or K1r3 events (or the two

targets. The Monte Carlo predictions are superposed.

-

-

-

_I

-

-

-

-

-

-

-



-

:-

,-

(/)

~

~ 10 4

10 3

10 2

10

o 20 40

79

60

Pb

80 1Q.qo - 3

t I (GeV2)

-

(/)

~
w
[;j 10 4

10 3

10 2

10

Cu



Figure 21. Vertex distribution for K7rs events before the application of the

upstream vertex cut. The Monte Carlo prediction is superposed.
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required to be within the r~nge 410-418 meters, while ror K· candidates, the vertex

was required to be less than 418 meters. A vertex cut at the upstream end or the

decay region ror K· candidates involved an unacceptable loss or events. In addition,

the IJ hodoscope was placed in veto to suppress events in which a pion decayed in

flight.

A sample or KL-7r+7r-7r° decays were selected by the requirements that the

7r+7r-7r0 invariant mass be in the range .47 - .53 GeV and that the transverse

momentum squared be less than .02 GeJll. In Figures 17-21, distributions or

kinematic variables ror K7rs decays are compared with Monte Carlo predictions.

The distribution or the 7r+7r- mass (Figure 17) reflects the kinematics or the decay

as observed in the laboratory. The " mass distribution (Figure 18) is approxi-

mately Gaussian and the resolution was well simulated. The 7r+7r-7r0 mass distribu-

tion (Figure 19) showed that the background was reduced to a negligible level.

There was a small tail in the distribution or transverse momentum squared (Figure

20) which was attributed to elastic scattering or the KL beam in the K· targets

although the exact shape was not well determined by our data. In Figure 21, the

vertex distribution ror select KL-7r+7r-7r° decays, berore the application or the

upstream vertex cut, is shown. The resolution smearing or the upstream edge was

well simulated by the Monte Carlo.
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Flux normalization decays were cleanly separated from background. The

agreement between data and Monte Carlo for the distributioll8 of kinematic vari­

ables indicated that the acceptance was well understood. This was confirmed by

comparisons between data and Monte Carlo of the illuminations at various apera­

tures in the apparatus.

C. K'-Ks zrD Events

Decays of the K' were selected using the mass constraint on the zr+zr- system.

In Figure 22, the zr+zr- mass in the region of the Ks mass is shown. A clear K s sig­

nal was seen on top of a flat background. The arrows indicate the cuts used to

divide the events into Ks rich and Ks wing samples. The Ks rich sample contained

the desired K'-Kszro decays while the Ks wing sample was representative of the

neutron background.

The zr+zr-zrD mass for Ks rich events is shown in Figure 23, for various bins of

transverse momentum for the two targets. At small t' a clear signal for JC"(890}

production was seen. An almost pure K'(890} sample was selected by requiring a

Kszro mass in the range .8 to 1.0 GeV with t' < .01 Gt: y2. The vertex distribution

for these events, shown in Figure 24, was characterized by the Ks lifetime. The

vertex distribution of the neutron background was estimated from K s wing events

and was subtracted in order to better compare the Ks vertex distribution with the

prediction of the Monte Carlo. The 'Y'Y mass distribution is shown in Figure 25.

The projections of the decay angular distribution in the Gottfried-Jackson frame
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Figure 22. Distribution of the n-+n-- invariant mass in the neighborhood of the

K s mass. The arrows indicate the cuts which defined the Ks enriched sample.
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Figure 23. Distribution of the Ksfr° invariant mass for the Ks rich event sam­

ple for various bins of t I for the two targets.
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Figure 24. Distribution of the Ks vertex along the beam direction for

K' -+Ks1r° events in the mass range .8-1.0 Gev'l with t' < .01 Gev'l. The neutron

background was subtracted in order to better compare with the Monte Carlo.
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Figure 25. Distribution or the reconstructed ",0 mass ror K'-Ks"'o events in

the mass range .8-1.0 Ge lfi. The Monte Carlo prediction is superposed.
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Figure 26. Decay angular distributions in the Gottfried-Jackson frame for

K'-+Ks1r° decays. The prediction of the Monte Carlo is superposed.
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Figure 27. Transverse momentum distributions for K' events in the upstream

and downstream regions of the decay volume for the two targets. Superposed are

the estimates of the neutron background as determined from Ks wing events.
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are exhibited in Figure 26 and were found to be consistent with the distributions

expected for the Coulomb production of the Kot890). The shift in the centroid of

the distribution in co4(8) was understood as an acceptance effect. The distribution

in 4J was subject to severe resolution effects which resulted from the fact that the

definition of 4J involves the normal to the production plane. In the forward

direction,the production plane is not defined. Near to the forward direction a

discontinuous resolution function for the variable 4J results. This projection there­

fore contained very little information.

In Figure 21, the t I distributions for the two targets are shown for events for

which the K s1r° mass was in the range .8-1.0 GeV . A boundary at 410.0 meters

was used to divide the data according to the 1r+1r- vertex position into upstream

and downstream samples with the downstream sample observed to be compara­

tively neutron background free. The neutron background as estimated from Ks

wing events is also shown. The estimate represents all events from the charged

mass ranges .41 - .41 GeV and .53 - .59 GeV which satisfied the other cuts imposed

on the K- candidates, with each event given a weight of 1/2. According to this

background estimate, the observed K--Ks1r° events were produced almost

exclusively at small momentum transfer.

D. Neutron Background Events

In order to understand the neutron background to the K--Ks7r° signal, the

Ks wing events were studied with various mass hypotheses, ie. under the
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assumption that the charged tracks were combinations o( pions, kaons, and pro-

tons. An identifiable A decay mass signal was seen in the distribution o( the mass

of the two charged particles under the hypothesis that the positively charged track

was a proton and that the negatively charged track was a 1('-. The energy sharing

in the A decay is highly asymmetric in the lab (rame and may be characterized by

an asymmetry parameter which is defined in terms of the magnitudes o( the parti-

c1e momenta by ASYM=(IPl-lntD/ (IPl+tiD . Decays o( A's were eliminated by

removing events (or which ASYM > .6 in coincidence with the mass cuts shown in

Figure 28. No other stable particles were identified. In particular, no Xsignal was

seen which indicated that the A's were produced predominately by neutrons, rather

than by the KL's in the beam. Also, no charged hyperon signal was seen which sug-

gested that the observed hyperons were produced in the K' targets rather than in

the window downstream o( the RA counters. The remaining K s wing events

resulted (rom unstable particle production. In Figure 29, the 1('+1('-1('0 mass spectrum

is shown. A clear w signal was seen on top o( a smoothly varying background. No

other unstable states were identified.



Figure 28. Proton-pion invariant mass distribution. The momentum asym-

metry variable ASYM defined in the text was required to exceed 0.6. The arrows

indicate the cuts used to eliminate A decays.
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Figure 29. Distribution of the ",+",-",0 mass for Ks wing events. The peak

corresponds to ",+",-",0 decays of the w.
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CHAPTER V

NORMALIZATION OF OBSERVED K· DECAYS

In this chapter, we describe the normalization of the observed K·-Ksrro

decays. The production cross section for each target w808 determined from the

number of K· decays in bins of transverse momentum according to the formula:

(S.I)

where ~N· is the number of events in the Ksrro invariant mass range .8-1.0 Ge v'2

and in the t' bin ~f , T is the thickness of the target in 1m/emS, No-6.022XI02s

is Avogadro's number, A is the weight of the target material, the flux factor F is

the number of KL mesons which passed through the target, E is the efficiency of

the apparatus for detecting K·-Ksrro decays including the geometrical acceptance

and losses in the event selection, and CF represents a product of correction factors.

In each t' bin, the neutron background w808 estimated using the Ks wing events

and subtracted. The efficiency factor w808 determined by applying the same event

reconstruction and event selection criteria to Monte Carlo simulated data as were

applied to real data. The factor CF included corrections for branching ratios, for

losses not included in the Monte Carlo determination of the efficiency, and for

empty target background. These corrections are listed in Table 4. A

J(J \890) - J(J rro branching ratio of 1/3 and the world average Ks-rr+rr- branch-
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TABLE 4

NORMALIZATION CORRECTION FACTORS

Copper Lead

b.r.(J(O'-+J(OlI'°) 1/3 1/3

b.r.(Krll'+lI'-) O.6861±.OO24 O.6861±.OO24

Photon loss in target O.7227±.OO33 O.4692±.OOI9

,-
Other photon loss O.9865±.OOO2 O.9865±.OOO2

Empty target background l.O320±.OO70 1.0130±.OOI0

-
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mg ratio were assumed. No correction for the Jr°-+11 branching fraction was

required as this decay was common to the K' and K1r3 events. A correction for

photon conversion in the K' targets was calculated using theoretical pair produc­

tion cross sections.18 Photon conversion elsewhere in the apparatus was common to

the K' and K1r3 events with the exception of conversions in material such as the

RA counters and the vacuum window at the upstream end of the decay region

between the K' production target and the upstream vertex cut applied to the K1r3

events. A correction for this difference was required. A fractional empty target

background correction was made. To calculate this correction, the acceptances for

Coulomb production in material both upstream and downstream of the K' produc­

tion targets were found with the Monte Carlo. Coulomb production rates were cal­

culated for each type of material relative to the rate for production in the K' tar­

gets and pair conversion losses due to the presence of the targets were included.

The empty target background calculation was checked with a search for Coulomb

excitation in the charged mode data. The expected number of K'-Kstr° events due

to Coulomb production in extraneous material in the ft empty beamft was predicted

on the basis of the K' data. Accounting for the acceptance difJerence between the

two triggers and using the Ke3 decays for absolute flux normalization, 6±3 events

were expected in the mass range .8 to 1.0 Gev and the t' range range t'< .01

Ge V2. We observed 5±2 events.

The incident KL flux in each beam was calculated by correcting the observed

number of K1r3 events for detection efficiency and for the KL-1r+1r-1r° branching

-

-
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-
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ratio. It was important to account for the variation of the Oux with momentum.

The K1rs events were observed at a lower momentum than the K--Ks7r° events.

In order for the observed K1rs events to provide the Oux normalization in the

momentum range over which the K- events were observed, we required a

knowledge of the shape of the incident momentum spectrum. We measured the

shape over the widest possible momentum ran~e using Kes events selected from the

charged mode data set. In Figure 30. the acceptances for J(O-(SQO) events and K1rs

events for the K· trigger are shown. The acceptance for Kes events with the

charged mode trigger is also shown in the figure and is seen to cover the entire

momentum range. The shape of the momentum spectrum as determined from the

Ke3 events is also shown. Given the shape of the momentum spectrum, the Oux at

any momentum could be found by normalizing the spectrum shape to the observed

number of K1r3 decays.

To determine the shape, a clean sample of Kes decays was selected. The vari­

able E/P was required to exceed .S5 for one particle which was identified as the

electron and to be less than this value for the other particle which was identified as

the pion. To eliminate events due to neutron interactions, the reconstructed vertex

was required to be within the range 410-418 meters. To eliminate KP3 decays, the

p hodoscope was placed in veto and a minimum charged track momentum of 10

GeV was required. No photon candidate clusters with energy above 2.5 GeV were

allowed. Residual background due to K1rs events was eliminated by requiring that

the kinematic variable Po' 2 be less than the kinematic minimum for K1r3 decays.a ll



Figure 30. Momentum dependance of the acceptance for J(J', K7r3' and Ke3

decays. The Ke3 decays were used to determine the shape of the momentum spec­

trum which is also shown (with arbitrary normalization).
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After this cut, the size of the residual background was estimated to be 1.8% from a

plot of E/P with all cuts applied except for a cut on the E/P variable itself.

The determination of the momentum spectrum from Kes events was compli-

cated by the fact that the neutrino was not observed and consequently the parent

momentum could only be determined up to a two fold ambiguity. The two solu-

tions solutions of the kinematic constraint equations for the parent momentum

may be expressed in the form:

-

-

-

,-,
[
p"i'''l- oP',II±E,.JBRAC. - mk-m~ . BRAC- 2_ ~JE!-[p; )
P, - r.O. rlJ. ' 0- 2' -0 mK\, "II

D" l!Ie-re, II

Here, m, is the re± invariant mass , P"II is the component of the

(5.2)

observed -
momentum along the incident KL direction which was given by the line between

the proton target and the observed decay vertex, E,=ElI+E, is the energy of the

charged particle pair, and mK is the KL mass. To determine the spectrum, account-

ing for the ambiguity and for acceptance and resolution effects, the data was

binned in both PIli,,, and P,o. and a fit was made to the resulting two dimensional

distribution. Let Ai; be the number of KL-7rell events found with Plo., in the i-th

momentum bin and with PIli,,, in the j-th momentum bin. Let Bijl be the probabil-

ity that a KL, incident upon the target with momentum in the k-th momentum

bin, decayed in the decay region in the 7rell mode and was reconstructed to have

P,o. and P"i'" in the i-th and j-th momentum bins respectively. Let N1 be the KL

Bux incident upon the target in the k-th momentum bin. Then we may write

(5.3)

-

-

-

-

-

-



(5.4)

-

,,-

-

-

-

-

109

This is a matrix version of the integral equation relating the observed distribution

of Plti,1t and P/o. to the incident spectrum. The flux Nj in each momentum bin was

determined by numerical integration of a continuous spectrum chosen to

correspond to the expected spectrum shape given a smoothly varying invariant KL

production cross section (1i",,=EM/tli with account taken of decays between the

KL production point and the K' production target:

-.'tlN -2 --
-=-p I{p) . e Er
tlp E'"''

where x=p(GeV)/400 ,the energy is E-Jml+p2, 1= 406 meters is the distance of

the K' targets from the KL production point, and T =15.54 meters is the KL decay

length. The phenomenological form I {P)i"" was characterized by four parameters

(a,b,c,d) and was proportional to the invariant production cross section. The fac-

tor ,;/ E converts the invariant cross section into the angular production cross sec-

tion which when multiplied by the beam solid angle yields the flux in the beam.

The exponential factor accounts for the decays which occur between the proton

target and our apparatus. Acceptance and resolution effects were accounted for in

the matrix B. This matrix was determined by applying to Monte Carlo data the

same analysis routines as were applied to the real data to determine the matrix A.

The spectrum shape parameters were found by a numerical least squares solu-

tion of the matrix equation (5.3). The parameters resulting from the fit are given

in Table 5. These parameters are highly correlated. The actual shape was found

to be insensitive to the functional form assumed for li"r The spectrum was deter-
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TABLE 5

PARAMETERS DESCRIBING THE KL MOMENTUM SPECTRUM

Parameter Value Covariance Matrix

a b c d

a .297 X108 .6S0X108

b .275 X 101 .102x104 .127x 10-1

c .945 X 101 .lS0 X104 .221 X 10-1 .39SX 10-1

d -.S51 X 101 -.669 X104 -.850x 10-1 -.l52x 100 .59Sx 100

a b c d

-

-

-,

I-,

-

-

-

-

-

-

-
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mined iteratively in that the results of the fit were used as input to the Monte

Carlo and the matrix B redetermined. In fact, the fit was quite insensitive to the

input spectrum in the Monte Carlo.

The spectrum shape as determined by this fitting procedure was checked in a

number or ways. The goodness of fit (X2= 1.3 /d.o.f) indicated that the fit

described the observed Ke3 data. A detailed check was provided by a comparison

of distributions of kinematic variables between data and Monte Carlo. In Figure

31, the distribution or the variable BRAC defined above is shown. This variable is

proportional to the square of the rest frame longitudinal component of neutrino

momentum and is extremely sensitive to resolution effects. In Figure 32, the total

observed charged momentum is shown. We show in Figure 33 the momentum dis­

tribution for unambiguous Ke3 events defined to be those for which

IPAi,A-PIoI1I/IPAi,A+P'ol1l<.l . Good agreement with the Monte Carlo is found for

these distributions. The observed distributions or transverse momentum and ver­

tex as a runction or momentum were also in agreement with the Monte Carlo pred­

ictions. The observed momentum distribution for KL-rr+rr-tfJ events from the K'

data is compared in Figure 34 with the prediction of the Monte Carlo assuming the

spectrum shape deduced rrom the Ke3 events.

Additional checks were provided by the examination or other decay modes.

CP violating KL-rr+rr- decays were selected from the charged mode data set as fol­

lows. The p hodoscope was placed in veto. The variable E/P was required to be

less than .8 ror both tracks. Photons were disallowed. The pion momenta were



Figure 31. Distribution or the variable BRAC (defined 1D the text) ror

K-+rrell decays. The Monte Carlo prediction is superposed.
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Figure 32. Distribution or the total reconstructed momentum ror Ke3 decays.

The Monte Carlo prediction is superposed.
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Figure 33. Distribution of the parent KL momentum for unambiguous Ke3

events. The Monte Carlo prediction is superposed.
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Figure 34. KL momentum distribution for K7r3 decays. The Monte Carlo

prediction is superposed.
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Figure 35. Distributions (or KL-7r+7r- decays. In the upper figure, the 7r+7r­

mass distribution is shown and in the lower figure the transverse momentum distri­

bution is shown. The Monte Carlo prediction is superposed.
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Figure 36. Momentum distribution for identified KL-7r+7r- events. The

Monte Carlo prediction is superposed.
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Figure 37. Comparison of momentum spectrum shape as deduced from KC3

events with the results of a previous measurement.
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required to be greater than 10 GeV. The mass and transverse momentum distribu­

tions are shown in Figure 35. We selected events in the ",+",- mass range .48-.52

GeV and with t' < .002 GeV2
• In Figure 36, the momentum distribution for these

events may be seen to agree with the Monte Carlo prediction based upon the fitted

spectrum.

The spectrum shape is compared to the expected shape based upon a previous

measurement in Figure 37. The data points come from a measurement of inclusive

Ks production by 300 GeV protons on a berylium target at a production angle of

.25 mrad.20 The points have been scaled to our energy. The normalization is arbi­

trary. The effect of the small targeting angle is expected to be within the measure-

ment error.

A global check of our understanding of the spectrum shape and of these

decay modes was provided by a determination of the K"'2 and K"'a branching ratios

using the absolute flux as determined from the Kea events, assuming the world

average KL-",ell branching ratio. Corrections were applied to account for the

event selection procedures and systematic acceptance differences. These corrections

and the results are shown in Tables 6 and 7. Both branching ratios were found to

agree with the world averages.

-

-

-

-

-

-

-

-

-

-

-



127

TABLE 6

CALCULATION OF THE KL-1f+1f- BRANCHING RATIO

Energy Range

Efficiency

Incident Flux'

Correction Factors

Background subtractions

Pion absorption

E/P event selection

Corrected branching ratio

Statistical error

Systematic error

World average branching ratio

, Assumes b.r. (Kr -.7rev)=.387±.005.

40-120 GeV

1142

1.307X10-8±.0l3X 10--3

4.566X 108±.059X 10'

1.002±0.010

1.012±0.003

1.025±0.OO5

1.99 X 10--3

0.06 X 10--3

0.04 X 10--3

2.03 X10--3 ±0.05 X10-8



128

TABLE 7

CALCULATION OF THE KL-1f+1nro BRANCHING RATIO

-

-
Energy Range

Efficiency

Incident Flux"

Corrections Factors

Background Subtractions

Pion absorption

E/P event selection

b.r.(71'°-21)

Photon losses

Corrected branching ratio

Statistical error

Systematic error

World average branching ratio

10-120 GeV

5681

8.506 X l(J6±.llSX 1(J6

6.39SX lOS±.083X 10'

1.018±0.010

1.012±0.OO3

O.97S±O.OOS

1.0l2±0.OOO

1.125±0.006

0.119

0.003

0.002

0.1239 ± 0.0020

-,
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CHAPTER VI

EXTRACTION OF THE J<O'(890) RADIATIVE WIDTH

The J<O'(890) is observed as a "resonance" with a relatively large intrinsic

width and consideration of the line shape is important to the extraction of the

radiative width. We now describe a theoretical model of the line shape and make a

comparison with our data.

The finite width of the J<O'(890) may be accounted for by evaluating the pro-

duction diagram (Figure 3) including the strong decay with the usual addition of

an imaginary component to the pole in the propagator for the vector meson. In cal-

culating the differential production cross section, the phase space for the observed

final state, Ks1r°, may be integrated out with theresult:21

(6.1 )

where the first factor is the narrow resonance production cross section, (2.1), con-

sidered now as a function of the mass m of the produced state. The covariant line

shape is characterized by the central mass, mo' and the total width, r'o'. The factor

r(K'-Ks1r°) is the partial width for the observed decay. We assume that the mass

dependance of partial widths is given by

(6.2)

where k is the rest frame decay momentum in the two body final state, with 1=1

for both the p-wave K1r modes and the radiative mode, and the form factor, g, is a

129
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function of k and hence depends on m. The functional dependance (6.2) is sug-

gested by calculation of each decay partial width from a Lorentz covariant Born

term.22 The form factor g accounts for finite size effects which produce a loss of

coherence of the transition amplitude in the rest frame as the decay momentum k

increases. We adopt the phenomenological prescription:

o(k)= f dYe ~.~ = --.!-( coskR _ sinkR )
.pAm k R kR

where R is a parameter representing the transition radius and is expected to be of

order 1 fermi. Since the total width of the KO-(890) is dominated by the K1r chan-

nels and since the neutral and charged K1r channels are kinematically similar,

r( tJ--Ks1r°) may be replaced by the total width if we suppress the branching ratio.

-

-

-,

-

-
Thus we have for KO-(890) production:

tlo _ 2 r° t-tmifl,o 2
-dd -31raZ 3'" .2 lie. 1 BH'{m);

t m Ito r

1 m2r'o' ~
BW(m)= 1r [~-m;]+[morlo~21 g(ko) 1

2

r'o'=r~ot·9-·r'I..i..ql12 ;
90 0(90)

m2-m'k
k=--­

2m

,r=[m2-( m0"m.)2] [m2-( ml\mll')2l/4m2

(6.4)

(6.5)

-

-

-
where the subscript 0 denotes quantities evaluated at the central mass mo. The

mass dependance of tmin and of the nuclear form factor may be neglected. It should

be pointed out that the assumption that the partial widths are mass independant

is incompatible with our data and also with the minimal requirement that the pro-

duction cross section vanish below the kinematic threshold for KS1r° production.

-

-
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The Ksrro mass distribution for all events satisfying t '< .01 Ge~ is shown in

Figure 38. The small neutron background was estimated from Ks wing events and

subtracted. No evidence was seen for non resonant Ksrro production or for produc-

tion of the ](0'(1420). The distribution was therefore fit to the single resonance line

shape given above. The line shape parameters included the total width r~o' , the

mass mo, and the transition radius R. In performing the fit, the theoretical line

shape was convolved with a Gaussian mass resolution function with an energy

averaged mass resolution as estimated by the Monte Carlo of 10.6 MeV. The result

of the fit is shown superposed on the figure and the parameters were found to be

mo=896.4±.6 MeV, r~o'=49.8±1.4 MeV, and R=1.1±.3 fermi. The resonance mass

and width were found to be consistent with the world averages and the transition

radius was of the expected size.

The J(l'(890) radiative width was extracted by performing a fit to the energy

averaged differential production cross section for each target. In order to minimize

the effect of the uncertainty inherent in the phenomenological treatment of the line

shape, we restricted further consideration to a small mass range (.8 - 1.0 GeV)

symmetric about the central value mo. The integral of the production cross section

over this range has a weak dependance on the parameter R. The experimental

differential cross sections were constructed by normalizing the number of Ksrro

events in the mass range .8 - 10. GeV as described in the previous chapter. The

event totals after the neutron background subtraction for t' < .01 GeV2 were 229

events and 355 events for the copper and lead targets respectively. We used the



Figure 38. Distribution of the Ks'fIJ mass for events with t'<.OIGeV2. The

result of a fit is superposed.
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result of the fit to the mass shape to generate the mass distribution according to

(6.5) in the Monte Carlo over the mass range .6 - 1.6 GeV. In this way, the effect of

the mass cut .8-1.0 GeV, including resolution smearing, was incorporated into the

efficiency relative to the integral of the line shape (6.4) over the mass range .6-1.6

GeV. This integral gives a correction factor Cl=.8486 which was applied to the

experimental differential cross section before comparing to the the narrow reso-

nance formulae.

Forward strong and inelastic production were included in a fit to the resulting

experimental differential cross section. The experimental cross section was fit to

the form 23

-

-

-,

-

-
(6.5)

-
The parameters of the fit were the radiative width r 0' the strong production cou-

piing constant Cs, the relative phase ¢J , and target dependant normalizations Q A

for the inelastic contributions. The inelastic cross sections were assumed to be

characterized by a weak t' dependance determined by fJ = 8 Ge y-2.

Expressions for the form factors Ie and Is are given in Reference 23 and result

from an optical model calculation of production in and about a nucleus described

by a Wood-Saxon nuclear matter distribution. The nuclear radii, RA, and skin

-

-

-
thicknesses, were taken from electron scattering data 24 to be

R plI=6.624I , R eu=4.230 J, 4plI=·582I , 4eu=.546 J. The optical model calcula- -

-
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tion accounts for nuclear absorption in the eikonal approximation: the effect of

interactions with the individual nucleons in the nucleus is described by a complex

refractive index which depends upon the KL-nucleon total cross section UN and the

ratio a of the real and imaginary parts of the KL-nucleon forward elastic scattering

amplitude. For purposes of this analysis, a was set to 0 and the value u~17.3

millibarn was adopted in order to reproduce with the optical model the observed

high energy KL-heavy nucleus total cross sections.2s

Before being compared with the data, the theoretical expression (6.6) was

averaged over the observed K· energy spectrum. In addition, we accounted for the

effect of resolution smearing in the variable t' by convolving the theoretical expres-

sion with a resolution function. For Gaussian transverse momentum resolution, the

resolution smearing effect in t' may be expressed as

(6.6)

where the subscript 0 denotes the observed value of the variable, 10 is the modified

Bessel function of the first kind of order one, and the parameter ~ is the root

mean square resolution in transverse three momentum. In case there is no intrinsic

transverse momentum, one finds:

~=6( f ) --+ dtT
df df 0

(6.7)

-.

In Figure 39, the t' distribution for KTr3 decays is compared with the Monte Carlo

and approximate exponential behavior is observed. The simulation slightly underes-

timated the transverse momentum resolution. The resolution for K· events was



Figure 39. Transverse momentum distributions (or KL-1r+1r-1r° decays (or

the two targets. The Monte Carlo prediction is superposed.
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Figure 40. Experimental K' differential production cross section for the

copper target. The result of a fit described in the text is superposed.
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Figure 41. Experimental K' differential production cross section for the lead

target. The result of a fit described in the text is superposed.
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Figure 42. Energy dependance of the I(Ot890) production cross section

integrated from t'=O to t'=.l Gev'Z. The energy dependance expected for

Coulomb production is superposed.

-

-

-

-

-

-

-

-

-

-

-



143

•2.5

.--.. 4.
III
~-z
0
i=
U
w 0 CU
(/)

(/)
3.5 0 PB

U)
0

•
IX:

•
U

•••••
3.

•

•
•

•
2. •

•
1.5 •

•
1.

•

0.5 · + t.~-.¢--••••~•••••••
••• ~ A.. ~

••
o.

200 240

ENERGY (GEV)

-



144

estimated from the Monte Carlo to be ~2=8XlO-5GeVl. Increasing ~2 by the

difference (1 X 1O-5Ge 0!) between the data and Monte Carlo for the t' resolution

for K7r3 events did not significantly alter the final result.

The experimental differential cross sections are shown in Figures 40 and 41.

Fits to the cross sections were performed under a variety of assumptions with the

results given in Table 8. First all parameters were allowed to vary and the fit was

performed for the two targets separately and then for the two targets together,

using the constraint the Cs and t/J be independant of the target material. The

number of parameters was reduced by fixing the inelastic contribution in Cu by the

large t' behavior. The inelastic contribution for Pb was constrained to twice that

for Cu. The parameter Cs was fixed by extrapolation from low energy data assum­

ing that C~11P;~6' A two parameter fit for the radiative width and the phase

was performed for the two targets together. The results of this last fit are shown

superposed on the data in the figures. The contributions of the inelastic cross sec­

tion, the strong cross section, and the interference term between the strong and

Coulomb amplitudes are shown separately.

The radiative width was found to be independant of target and insensitive to

the assumptions made in the fit. Although the parameters Cs and t/J are not well

determined by the data, the extrapolation of Cs from lower energy may be unreli­

able. The result of the fit to the two targets without constraints on the parameters

was therefore adopted. The radiative width was found to be 116.5±5.7 (statisti­

cal).
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TABLE 8

RESULTS OF FITS TO THE DIFFERENTIAL CROSS SECTION

r Cs ~ 001 Opt X2
/ d.o.1 Data used

(KeV) (mb/Ge~) (radian) (m6/Ge~) (m6/Ge~) in the fit

1l0.5±8.8 .296±.212 3.14±3.12 1.36±.41 2.29/6 Cu

120.7±7.2 .016±.064 3.14±2.04 0.OO±.08 10.9/6 Pb

116.5±5.7 .096±.108 3.14±3.12 1.51±.42 0.OO±.06 14.9/15 Cu + Pb

117.4±6.0 .52 1.73±.32 2.0 4.0 21.3/18 Cu + Pb#

.-
# Cs, 0eu and OPt constrained.

-
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The results of the fit confirmed the expectation that the contribution due to

strong production was small: the observed K' production at small t' was largely

due to Coulomb production. This was corroborated by the energy dependance of

the production cross section. In Figure 42, we exhibit the experimental cross section

integrated from t'=O to t'= 0.1 Gey2 as a function of energy. The energy depen­

dance expected in the Coulomb production model is shown superposed on the data

points.

Estimates of systematic errors in the radiative width measurement are given

in Table 9. The quantitative analysis of spectrum shape errors on our final result

considered the effect of the statistical and systematic errors in the shape parame­

ters on the ratio of the integral of the spectrum over the acceptance for K' events

to the integral of the specirum over the acceptance for K7ra events. This ratio was

determined numerically. It's variation with respect to the parameters describing

the shape of the momentum spectrum was determined using the full covariance

matrix of these parameters as determined by the fitting routine and the standard

error was found to be 5.2 %, based on a sample of 2 X 106 Kea decays. The varia-

tion in the ratio with respect to resolution was determined simply by comparing

the results of fits obtained with different resolutions assumed in the Monte Carlo

simulation. A 20% increase in the assumed drift chamber resolution changed the

ratio by 1.4%.

Systematic error lD the normalization would result if the spectrum shape

differed between the K' and the charged mode data sets. It is important in this

-

-

-

-

-

-

-

-

-

-
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TABLE 9

SYSTEMATIC ERROR ESTIMATES

-

Normalization

Optical Model

Mass Shape

t' Resolution

Normalization Correction Factors

Total (in quadrature)

6.0%

3.0

1.5

1.1

0.1

1.0%
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regard that the K' and charged data sets were obtained with the same proton tar­

geting angle. Also, no significant difference in the momentum spectrum between the

two beams was expected for a 0 degree targeting angle and variation of the spec­

trum across the beams was expected to be negligible. These assumptions were

checked by a comparison of the observed momentum spectrum in different regions

of the beams. No variation was observed. A further source of systematic error in

the normalization was considered. The amount of neutron absorber, common to

the two beams, was slightly larger for the K'running than for the charged mode

running. A momentum dependance to the KL absorption cross section could pro­

duce a spectrum shape difference. An estimate of the maximum expected cross sec­

tion momentum dependance was based on the momentum dependance of the aver­

age of the JC" D and 1\ D total cross sections.27 The estimate for the correspond­

ing normalization error is 1.5%. This effect was not included as a correction as the

energy dependance of the total cross section on heavy nuclei appears to be

moderated by inelastic screening effects. The statistical error in the K7r3 normaliza­

tion sample and in the efficiencies and the uncertainty in the KL-7r+7r-~ branch-

ing ratio were included in quadrature in the total normalization error.

The systematic error in the optical model calculation of nuclear absorption is

dominated by uncertainty in the nuclear radius. It has been suggested that the

neutron mean radius may exceed the mean proton radius in Pb by ::::::l.5 fermi.26

The Coulomb production amplitude is affected due to the absorption correction.

The size of the effect was estimated by increasing the mean assumed charge radius

-

-

-

-

-

-

-

-

-

-

-
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to the effective mean matter radius corresponding to this .5 Cermi difference and

found to be 2%. Uncertainties is the other optical model parameters also contri­

bute to the error..The estimate oC the error due to uncertainty in the mass shape

corresponds to a .5 Cdecrease in the value oC the transition radius as obtained Crom

the fit to the mass shape. The eJfect oC our incomplete understanding oC the t'

resolution Cor K' events was estimated by performing the fits to the t' distribution

with a 20 % increase in the assumed resolution.

Adding in quadrature errors due to normalization, resolution, mass shape

uncertainties, branching ratios, etc., we obtained a combined systematic error oC

7.0%.



CHAPTER VII

SUMMARY AND CONCLUSIONS

Our final result for the 1("'890) radiative width is r(1("1890)-1("+1)

=1l6.5±5.7 ("'di,'ics/) ±8.1 (",'ems,ic) KeV. The only previous reported value

for this quantity, 75±35 KeV, was obtained by a similar Coulomb production cross

section measurement in the energy range 8-16 GeV (Reference 4) and the error in

that case was dominated by systematic uncertainties in the identification of the

Coulomb contribution to the total observed 1("-(890) production. For the energy

range of that experiment, coherent strong production was the dominant production

mechanism. The radiative width was extracted by a simultaneous fit to the

differential production cross sections for many nuclei. Systematic error may arise

in this procedure due to the fact that the strong production amplitude is quite sen­

sitive to the unknown details of the surface distribution on nucleons: the form fac-

tor Is of the optical model amplitude depends upon the gradient of the nuclear

matter density. In addition, the contribution of an isovector exchange amplitude,

proportional to the neutron excess, was neglected in the analysis.28 Our experiment

was much less sensitive to these complications by virtue of the higher available

beam energy.

Predictions for the radiative width of the 1("'890) on the basis of various
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quark models and unitary symmetry ideas have ranged from 50 KeV to 250 KeV

(Rererence 2 and references therein). The model dependance or radiative width

predictions may be alleviated by taking ratios. or particular interest is the ratio or

the radiative widths or the 1(0' and /C"'. In the naive quark model, these two

states are free of uncertainties due to SU(3) mixings and, in the radiative width

ratio, phase space and spatial overlap factors are expected to cancel. In addition,

symmetry-breaking effects are expected to be pronounced due to the presence of

the strange quark. In the naive quark model, the ratio may be expressed in terms

or quark moments alone:

r(1(01890»
r( /C"1800»

(1.4)

-

Combining the result or our measurement and of the result or the recent

measurement or the ~'(890) radiative width, 51±5 KeV, the experimental radia-

tive width ratio is 2.28±.29. In the SU(6) limit, the theoretical prediction for this

ratio is 4. The experimental ratio strongly suggests that symmetry breaking must

be introduced. The direction or the required symmetry breaking is consistent with

the hypothesis that the strange quark magnetic moment is reduced in relation to

the moments of the up and down quarks by quark mass splitting. In the naive

SU(6) quark model in which baryon magnetic moments are determined by the

Dirac moments or the constituent quarks, the values mu== 337 MeV, mF322 MeV

and m,=510 MeV may be derived from the proton, neutron, and A magnetic

moments.20 The quark mass splitting is consistent with expectations based upon
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hadron mass phenomenology : symmetry breaking is associated with a large

strange quark mass and charge symmetry is respected by the approximate degen-

eracy of the up and down quarks. With these quark masses the radiative width

ratio is predicted to be 1.64. If the spatial overlap factors are set equal to unity

and relativistic phase space is assumed, equation (1.2) may be used to provide

absolute predictions for the two radiative widths based upon the quark moments

deduced from baryons. These predictions are 135 KeV for the radiative width of

the KO'890) and 82 KeV for the radiative width of the ~'890).

It is interesting that the radiative width ratio may be predicted on the basis

of baryon magnetic moments in a more model independant way. Within the con-

text of the nonrelativistic quark model, relations between baryon magnetic

moments have been derived which are independant of the angular momentum

structure of the baryons.so Although the existing data does not determine all the

free parameters of such a model, sum rules may be tested. In particular, using

equations (6a) and (6b) of reference 30, one deduces the following equality:

-

-

-

-

-
(7.1) -

where on the left-hand-side, the particle name denotes the corresponding magnetic

moment. This equality is expected to hold under quite general assumptions

whether or not there is a non s-wave component to the baryon wavefunctions.

Thus the radiative width ratio may be expressed directly in terms of the experi-

mental values for the hyperon magnetic moments appearing in (7.1) with no

-

-
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assumptions made as to the values or the quark moments. If current experimental

values ror the hyperon moments are used31
, the radiative width ratio is predicted

to be 2.51±.29. The improved agreement with the experimental radiative width

ratio over the naive SU(6) prediction support the idea that a successrul interpreta­

tion or baryon magnetic moments in the context or a nonrelativistic quark model

may require the assumption or configuration mixing.

Other interpretations or the deviations or the measured values or vector

meson radiative widths and or baryon magnetic moments rrom the predictions or

the naive quark model are possible.32 Sea effects, relativistic and recoil effects, and

corrections to the longwavelength approximation may play a role. The naive quark

model is simply extended in quantum chromodynamics motivated bag and soliton

models. Such quasirelativistic models suggest that the effective mass, m, ' or the

naive model, is related to the total energy or the confined quark and does not

represent the intrinsic mass alone.33 It is easily shown that even a massless quark

possesses a finite magnetic moment when confined in a spherical square well. The

moment is, in that case, proportional to the confinement radius. The naive non

relativistic quark model predictions are reproduced in such a model assuming small

"current quark" masses and a common confinement scale. A complete understand­

ing or vector meson radiative widths and or baryon magnetic moments awaits the

development or a more refined theory or the static and quasistatic properties or

hadronic matter.
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APPENDIX A

CALCULATION OF RADIATIVE DECAYS IN THE QUARK MODEL

It is possible to give a relativistic quark model treatment of radiative decays,

given a specific model of the spatial structure such as the bag or harmonic oscilla­

tor model. However we will restrict ourselves here to a non-relativistic treatment

which gives simple results with the minimal number of assumptions.

The electromagnetic interaction of the j-th quark is given lD the Pauli

approximation by:

- ej --+ --+ --+ --to --to --+

Hinter.etio,. = -A(zj)·Pj + Pi" B (Zj) (A.I)
mj

where iIj is the quark magnetic moment operator. For transitions between eigen-

states of the total spin, we may neglect the first term in the interaction and write

the interaction Hamiltonian for a meson as:

Hintertletio,. = E -iI[ ~z;.)
j

The amplitude describing a transition from an initial hadronic state "i to

a final hadronic state "1 with the emission of a photon described by a plane wave of

wave vector r and polarization vector 7 is :

(A.3)

Because the meson states are considered as eigenstates of the relative quark orbital

angular momentum, it is appropriate to change to center of mass coordinates:

-

-

-

-

-

-

-

-

We write:

l"i>=li>e,)',·R-E,l; li>=IXi>1/J~r)
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(A.4)

(A.5) -
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where the internal wavefunction is expressed as a product of span and space

wavefunctions and Ei and Pi are the total energy and momentum of the initial

state. A similar wavefunction describes the meson in the final state. Changing

variables and expanding the exponentials we obtain

(A.6)

(A.7)

The first term in (A.7) is the spin magnetic moment operator 11 111+112 and contri­

butes to the Ml transition J P=I--JP=(T. In particular this operator describes

the 1(0-(890)- 1(0+1 transition. The second term contributes to the M2 transition

from the P-wave, spin triplet, tensor states ( JP-2+- JP=0-), in particular the

transition 1(0-(1430) - 1(0+1. The third term gives the O(~) correction to the Ml

amplitude. Considering the decay in the rest frame of the initial state, one obtains

the S-matrix element:

(A.8)

where the invariant amplitude is identified as:

M/,=fu";2E/2mi<lrt X f.Mj i> (A.9)
The factor v'=2-:=:E/--:2~m-i arises from the noncovariant normalization of the wave func-

tions. The radiative width is readily calculated using the formula:

r/i ~ 2 EIM/iI2kt4l j (A.lO)
32 mi

One finds in the long wavelength approximation that the vector meson radiative

width is given by :

r( V-P+1)=.!~E
p

I Ppv 12 I/pv 12 (A.Il)
3 mv

Il1pv 1=I<xplpl+P2IXv>1 = Ip,-p~

Ipv = I tIr,pp . ,pv

h I . h· I . If· I· I '------ (m1r-m~)were PV IS t e mterna spatia wave uctlon over ap Integra, I'>-"" is the
2mv
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The radiative width of a tensor meson may be found by assuming wavefunc­

tions for the initial and final states of the form:

IT> = IJ 2,J,=2> = IS 1,8,=1> YI,I("~)h(r) (A.12)

IP> = IJ O,J,=O> = 18=0,8,=0> Yoo("~) /p (r),
where we have written out the space and spin factors explicitly. One finds:

r( T-P+i)=.!..- E
p I jJ 1

2
1r TPl2 (A.13)

30 mT

I jJ I = I<S 0,8,=01 {PI(7i :;: -1'2(72 :} 18=1,8,=1>1

rTP = _1f dVJP(r)oro/rlr)1
4",

where r TP is the transition radius.
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APPENDIX B

SEARCH FOR COULOMB PRODUCTION OF THE K'11430)

The Coulomb production formulae given in Chapter 2 encompass the produc­

tion of more highly excited states of the K' than the K'·(890). In particular, the

X011430) state may be expected to be produced. The XO'(1430) is a broad (full

width = 100 MeV),tensor state ( JP=2+ ) and is known to decay strongly to X07r°.

In the naive quark model, this state is described as a bound state of an antistrange

quark and a down quark with unit relative orbital angular momentum and with

the quark spins aligned. The radiative transition K"(1430)-K'+1 is a magnetic

quadrupole transition.

We found no evidence for the Coulomb production of this state. With refer­

ence to Figure 38 in which the KS7r° mass distribution is shown for events with t'

< .01 GeV2
, we observed 11 events in the mass range 1.32-1.S2 GeV with a back­

ground of 9±2 events estimated with events in the Ks wings. As the observed

events were consistant with the background estimate, we could only derive an

upper limit for XO'(1430) production. The upper limit was derived under some

simplifying assumptions. We neglected strong production and assumed that the

production rate was given by the narrow resonance formula for the total Coulomb

production cross section in the approximation that the nucleus was a completely

absorbing" black sphere":

t7{KL+A-K'(i430)+A)=S7roZ 2 r(K'-;K+1){2In[~ ]-2.IS4} (B.I)
k 'mIDRA

where RA is the nuclear radius and the other factors are as defined for Equation

(2.1) with 1.426 MeV as the mass of the produced particle. The nuclear radii were

taken as Rc..=4.23 f and R p6=6.62 f.
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The normalization procedure was similar to that described in Chapter V. The

efficiency was found with the Monte Carlo assuming in this case a decay angular

distribution in the Gottfried-Jackson frame of the form:

-

-
(B.2)

Our sensitivity to the XO-(1430) radiative width was reduced relative to our sensi­

tivity to the XO-(8oo) radiative width by the K-(1430)-K", branching fraction

(.448) and by the difference in the values of the kinematic factors appearing in

(B.l). After including the energy-averaged efficiency, the flux, the target nuclear

number density, and the correction factors discussed in Chapter V, we calculated

using (8.1) at the mean accepted production energy (145 GeV) a sensitivity of

.0282 events/KeY and .0373 events/KeY for the copper and lead targets respec­

tively. Combining the sensitivities of the two targets and assuming that the statist­

ical error in the background estimate was uncorrelated with the statistical error in

the signal, we derived an upper limit for the radiative width of the X(11430) of 84

KeV (00% d.).

The upper limit may be compared with the radiative width of the

~-(1430)which has been measured to be 240±45 KeV34, in fair agreement with a

prediction by J. Babcock and J. Rosner based upon unitary symmetry ideas and

the Melosh transformation.35 This same theory in fact predicts that the radiative

width of the X(11430) vanishes. However it is not obvious what effect symmetry

breaking might have upon the predictions.

A naive quark model prediction for the radiative widths of the strange tensor

mesons incorporating symmetry breaking effects may be simply derived (see Appen­

dix A). In the longwavelength approximation, the amplitude for the magnetic qua­

drupole transition between meson states for which the total quark spin S is a good

quantum number (ie. assuming LS coupling) is in the notation of Chapter 1 and

Appendix A:

-

-

-

-

-

-

-

(8.3)
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which may be compared with the magnetic dipole amplitude:

Myp = <~ I' lUI + p2U2} IP>

From these two expressions, the ratio of the neutral and charged tensor meson

radiative widths may be deduced by inspection. Assuming that the spatial

wavefunctions in the neutral and charged states are the same, in the ratio of the

radiative widths, the matrix element of the relative quark coordinate operator, r,

cancels. Hence the transition amplitude ratio is determined by the spin matrix ele-

ment just as in the vector meson case and, aside from the simple quark mass fac­

tors, the tensor and vector meson transition operators differ only in the relative

sign of the amplitudes for each of the two quarks. Because we assume that the

quark spin wavefunction is common to the vector and tensor states, we may write

down the tensor meson radiative width ratio by analogy to the vector meson case:

r(~·(1430)-~...,) [p,md-pdm, m,+m.]2 (B.5)
r(~·(1430)-~...,) p,m. - p.m, m,+md

If the quark mass are deduced from baryon magnetic moments, the ratio is

predicted to be .054 and if the measured value of the ~'1430) radiative width is

taken as input, the ~'(I430) radiative width is predicted to be 13 KeY, in agree­

ment with our upper limit. Explicit calculation in the naive quark model of the

tensor meson radiative width yields :

r(T-P+...,)=~ E
p Ip 12 1rTPI2

30 mT

[PI = /<8=0,8,=01 {piUI :;: - p2U2 : } 18=1,8,=1 >/

rTP = _1JdV /Fi..r)·r·/T (r)
4",

where rTP is the transition radius. Assuming the aforementioned quark masses and

a transition radius of 1 fermi, the naive quark model predicts a ~tI430) radiative

width of 174 KeY and a J(>tI430) radiative width of 9.4 KeY. In the SU(6) sym­

metry limit, the naive quark model predicts that the radiative width of the

~'(1430) vanishes, in agreement with the prediction of J. Babcock and J. Rosner.

The disparity between the radiative widths of the neutral and charged states even
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when symmetry breaking is allowed may be understood in the naive model as a

consequence or the destructive interference or the transition amplitudes ror the two

quarks. The agreement between the experimental results and the theoretical predic­

tions confirms this simple picture.
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