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ABSTRACT
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I. INTRODUCTION

Since the development of symmetry ideas based on a triplet of fractionally
charged particles, quarks, 1 there have been many attempts to discover a real
particle of fractional charge. The experimental techniques of these searches
are varied, including chemical2 and cryogemic3 techniques as well as particle
counting techniques. The latter have been used for both cosmic ray and acceler-
ator experiments. Although some positive results have been reported, 4 they
have not withstood criticism. 5 At the present time, the most stringent upper
limits on quark production cross sections and lower limits on quark masses
come from the accelerator experiments. 6

Interpretation of a null result in any of these experiments is extremely
uncertain because the dynamics of quark production are not known. At least
one particular model, the statistical model of Hagedorn, 7 makes very pessi-
mistic predictions for the cross section for the production of high mass quarks
in hadron-hadron collisions. In this model, the cross section for production

of quark-antiquark pair depends on the mass m as

mnexp (——-g-@->
T
where T = 160 MeV/c2 and is independent of incident energy, and n, which is
in the range of 3 to 5, depends on details of the quark spectrum. For high
masses, the cross section drops an order of magnitude as the mass increases
by 190 Mev/c2 .
Consider for example the result of Antipov et al. 8 for a beam energy of
70 GeV, a secondary momentum (for singly charged particles) of 50 GeV/c and
an angle of 0 mrad. The experimental result is the observation of no quarks

while approximately 109 © mesons were detected. Using the measured
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cross section, an upper limit for the differential cross section for production

of charge 2/3 quarks at 33.3 GeV/c is determined to be

2
d o -6 ub
dQdp © 7. 7% 10 ster-GeV/c °

To interpret this result Antipov et al. 8 consider only the phase space for the
reaction N+ N —- N+ N+ Q + Q and conclude that the total cross section for
production of quarks with mass 4.5-5 GeV/c2 does not exceed 4 x 10" kb. An
alternative interpretation of this result is to relate the limit for the differential
cross section to the 7 cross section by using the data of Bushnin et al. 9 and
the statistical model. The result is that the quark would not have been detected
if its mass is greater than 2.5 GeV/ 02. Hence even though quark-antiquark
production may be above threshold, the cross section may be so small that no
events were detected. Because the temperature in the model T does not de-
pend on incident energy, the same conclusion would be true for experiments at
the ISR and NAL.

While the statistical model may not correctly describe quark-antiquark
production in hadron-hadron collisions, it should be recalled that it gives an
approximate description of particle production ratios. 7 The predictions of this
model are sufficiently discouraging that we felt the possibility of quark produc-
tion in photon initiated reactions should be investigated. The Drell model10
provides an approximate picture of particle production in photon reactions. 11

The cross section for production of a spin 0 particle in this model is

2 2 2
d“c _ a .2 EYk-E) 46
= 5= Q o (k-E) (1)
dﬂ%p_ 27T s (m/El+ 042 TOT

where 6 is the production angle, o (k-E) is the total quark-nucleon cross

TOT

section, Q is the particle charge, and other quantities are defined in the
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Feynman diagram for the process (Fig. 1). The mass dependence of this model
is much less extreme than that of the statistical model. Two specific comments
should be made about the above equation; first, the matrix element used to
derive the cross section is not gauge invariant. A gauge invariant extension of
this model by Stichel and Scholzlz for the reaction y p — mA predicts a larger
cross section than the Drell model. Second, an additional factor of order unity,
which is dependent on the anomalous magnetic moment of the produced particle,
multiplies this cross section when considering production of spin 1/2 particles. 10

To attain large center-of-mass energies with a photon beam at SLAC
(Stanford Linear Accelerator Center), it is necessary to use a complex nucleus
as a target. The use of the internal motion of the nucleons in the nucleus to
increase the center-of-mass energy is not a new idea as it has been used in
previous particle searches. 13 Danos and Gribson]'4 have published theoretical
estimates for the probability of having a high momentum component in the
nucleus. These estimates together with a cross section calculated in the Drell
model indicate that quarks in the 2-4 GeV/ c2 mass range would be produced in
sufficient quantities to be detected at SLAC.

Quark searches have been performed at several electron accelerators in-
cluding SLAC, 15 but these experiments have been designed primarily to detect
""leptonic" quarks. 16 In each of these experiments many collision lengths of
material were placed between the production target and the detectors. Since
the production mechanisms in photon initiated reactions may be complementary
to that in proton-proton collisions, and since no search for strongly interacting
quarks have been performed at an electron accelerator, we have done so.

The theoretical uncertainties in interpreting the results of this experiment

are as great as in the hadron initiated experiments, but at least are different.
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Hadron and photon initiated reactions taken together can give more confidence
to a conclusion than either can separately.
II. EXPERIMENTAL DESCRIPTION

This experiment was performed in End Station A at SLAC. A schematic of
the beam line is shown in Fig. 2. A high energy, high intensity electron beam
was incident on a bremsstrahlung radiator of either 0.0285 or 0.1069 radiation
lengths. The electron beam current was measured to an accuracy of £1% by a
precision toroid17 before striking the radiator; this current measurement served
as the primary monitor of the beam flux. After the radiator the electrons were
bent out of the beam line. The photon beam was collimated twice before reach-
ing the target; each collimator was followed by a magnet to remove charged
particles from the beam. The beam also passed through an ion chamber and a
thin Cerenkov monitor;]‘8 the latter gave a reliable secondary measurement of
the beam flux. The photon beam was incident on one of two copper targets
0.638 £ 0.005 and 1.257 = 0.008 cm thick and then dumped in a water cooled
tungsten block downstream of the target.

The relation between the primary electron beam current and the photon flux
has been measured during several previous experiments for a standard radiator
(0.0285 radiation lengths) and standard beam collimator settings. Under these
conditions it is known that 0.0215 £ 0.0010 of the electron beam power is in the
photon beam. 19 The energy spectrum of the photon beam can easily be calcu-
lated. 20 When a nonstandard radiator or nonstandard collimator settings were
used, the Cerenkov monitor, which was calibrated under the standard conditions,
was used to determine the new ratio of beam powers.

Particles produced in the target were detected with the SLAC 20 GeV spectro-

meter. 21 The length of the particle flight path from the target to the momentum
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focus of the spectrometer (see Fig. 3) is approximately 43 meters. The
spectrometer detector was equipped with a specially constructed set of trigger
and hodoscope counters. The configuration of these counters is shown in Fig. 3.
Five thick scintillators (made of NE102 and equipped with Amperex 56 DVP
phototubes) were used to make ionization measurements for each particle. The
light pipes of these counters were oriented such that it was not possible for a
particle to pass through more than two light pipes. Five planes of 1.27 cm
thick hodoscopes (overlapped to give 2 cm wide bins) were used to measure
particle position. These hodoscopes were used to be sure that particles did
not pass through the light pipes or near the edges of the thick counters and to
reconstruct the particle trajectory through the detector. Three hodoscopes were
necessary to obtain a redundant measurement of the vertical trajectory because
of the large angular dispersion in the vertical. In the horizontal, all trajectories
coming through the spectrometer are approximately parallel, and therefore only
two hodoscopes are needed for a redundant measurement.

In addition to the thick scintillators and hodoscopes, the spectrometer was
equipped with a threshold Cerenkov counter (with sufficient gas pressure to
count protons at the spectrometer momentum), a lead-scintillator shower
counter, and a range telescope.

The thick scintillators and hodoscopes were built with high linearity photo-
tube bases to insure the tube response was linear for pulses of currents up to
300 mA (- 15 volts into 50 ohms). Typical relativistic particles produced pulses
3-4 volts in amplitude; hence the phototube response was linear over the expected
range of pulse heights. The response of a typical counter was checked with
cosmic rays by pulse height analyzing the counter response for different counter
high voltages. It was verified that the counter had the expected gain characteris-
tic for pulses up to 6.5 volts in amplitude.
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The mean value of energy loss (A) of a charge 1/3 particle of 6.67 GeV/c
momentum in a 5.08 cm thick scintillator is plotted as a function of particle
mass in Fig. 4. This calculation includes the density effect correction and uses
the parameters of Sternheimer22 for (CH)zo The minimum mean energy loss
occurs at a mass of 2 GeV/ 02., For this value of mass, the distribution of
energy 105523 is plotted in Fig. 5. Figure 5 also shows the energy loss distri-
bution for a relativistic muon.

From these energy loss distributions, it is seen that for a counter to be
efficient for all possible quark masses, it must be efficient for muons when the
counter signals are attenuated by a factor of 12. All discriminator levels for
the thick scintillators were set so that the most probable energy loss for
muons was a factor of 30 above the threshold. This insures greater than 0.99
efficiency for charge 1/3 particles. All hodoscope high voltages were set to a
voltage 200 volts above the knee in a plateau curve taken with a factor of 12.6
attenuation in the signal.

Both anode and dynode signals from each thick seir_ltillator were used. After
inverting, the dynode signal was used for both a discriminator input and the input
to a camera system to be described below. The anode signal was used as the
input to two analog-to-digital converters. 24 By use of a resistive signal splitter,
the effective gains of these ADC's were in the ratio of 9:1. Thus one ADC was
sensitive to the pulse height expected for charge 1/3, the other to that expected
for charge 1.

The event trigger was a five-fold coincidence between the scintillation counters.
The timing was such that events with velocities down to 0.55c¢ would make a coin-
cidence, and it was symmetric about a velocity of ¢ to allow subtraction of acci-
dental events. A subsequent circuit limited the trigger rate to one per SLAC

pulse. To avoid accidental coincidences in the hodoscopes and ADC's caused
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by the loose trigger timing, the trigger signal was put into coincidence with
signals from Ql’ QS and Q5 where these latter signals determined the timing.
The resultant coincident signals were used to gate the hodoscopes and ADC's.

A resistive signal splitter divided each hodoscope signal into two with a
ratio of amplitudes of 0.88:0.12. Each of the resultant signals was input to a
discriminator; thus each hodoscope element was pulse height analyzed with a
three channel pulse height analyzer.

The time-of-flight between pairs of counters was digitized (using EG&G
TH200A/N Time-to-Amplitude converters). This allowed several checks on an
event; first, the three times-of -flight must be consistent, and second, the
particle velocity determined by time-of-flight must agree with that determined
from the ionization measurements in the thick scintillators. The calibrations of
the time-of-flight units and pulse height analysis systems were checked four to
six times each day. No significant changes in calibratipn or resolution were
observed.

Additional information on the pulse heights of the shower and Cerenkov
counters and the contents of the range telescope were read in with each event;

The event reading, recording, online analysis and offline analysis were performed
with an XDS 9300 computer.

When the trigger rate was low, a photograph was taken of the pulses from the
five scintillators. The dynode pulses were delayed relative to each other (approxi-
mately 250 nsec between pulses), added together and displayed on a scope. The
resultant trace was photographed. This photograph allowed one to form a quali-
tative impression of an event. Quantitative measurements were left to the

digitizers described previously.



The signature of a quark in this apparatus would be:

1. A good trajectory in both the horizontal and vertical. This trajectory
would be detected only by the low threshold hodoscope discriminators, would be
within the spectrometer acceptance, and would not pass near the edges or light
pipes of any of the thick scintillators.

2. Pulse heights in each of the five scintillators which are consistent with
that expected from a particle of definite charge, mass and momentum. This
consistency can be measured by using the probability distributions for ioniza-
tion loss. 23

3. Times-of-flight consistent with each other and the mass determined
from the ionization measurements.

4, A signal on the Cerenkov counter consistent with the measured velocity.
No clear interpretation could be made of the shower counter and range telescope
signals.

The functioning of the apparatus was checked by simulating quarks with
attenuators in the trigger counter and hodoscope signals. The result of this
check was that 53% of all triggers were correctly identified by the apparatus and
analysis programs. This identification included passing all the tests described
above. Of the triggers that failed, 6% were junk events, 23% were outside the
spectrometer acceptance or near a light pipe or counter edge and 6% did not have
good tracks through the detector. Thus our efficiency for detecting a quark
satisfying the above criteria was approximately 82%. Most of the inefficiency
(15%) was due to zero or two hits in one of the 5 hodoscopes.

The acceptance of the spectrometer was determined by a combination of
calculation and measurement. The acceptance of a small region of the aperture

was calculated by Monte Carlo technique. This region was defined by the
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hodoscopes and was chosen Sl:lch that all trajectories passing through it would
not pass near magnet pole pieces or defining slits. A data run was then used to
determine the ratio of the number of counts in the full aperture (passing all
data cuts) to those within the restricted region. The spectrometer acceptance

was thus determined to be
AQ épE =5.77 % 0.27 % 10~ ster;

the error includes the statistical error of the Monte Carlo calculation. For part

of this experiment, the spectrometer was operated at higher magnet excitation

than ever previously, in fact, at excitations beyond the range of magnetic measure-
ments. A measurement of pion photoproduction at low missing mass and at
several incident energies verified that the acceptance did not have any detectable

momentum dependence over the range of this experiment.

III. RESULTS

Data were taken at several different angles and momenta as shown in
Table I. No events were detected with the signature of a quark as described
above. In the final analysis all events which passed only the requirement of a
pulse height less than that corresponding to a certain value of energy loss in
three of the five counters were examined. This energy loss value was 10 MeV
in the 5.08 cm thick counters and 7.5 MeV in the 3.81 cm thick counters. None
of these events could be identified as a quark because in all cases at least two of
the criteria of a quark were violated. The 90% confidence level upper limits for
the cross sections are given in Table I.

We have used two models to obtain estimates of the lower limit for the mass
of the quark which can be accommodated by these data. The first is the Drell

model10 with the distribution of Danos and Gribson14 used to estimate the
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probability for high momentum components in the nucleus. A total quark-
nucleon cross section of 10 mb has been assumed. The calculation is discussed
in detail in the Appendix, and the 90% confidence level lower limits for the quark
mass are presented in Table I1.

These lower limits are based on a mean of 2.3 events at each of the data
points. Within the model, the 90% confidence level lower limits can be determined

for the entire experiment. The results are m > 3.6 GeV/cz and m,, /3 > 4.5

1/3
2
GeV/c".
To determine the lower limits for the mass of the "leptonic'" quark, we have
used the Weizsacker-Williams approximation to the Born amplitudes as discussed

by Kim and Tsai. 25

Both the elastic and quasi-elastic contributions have been
calculated using the form factors as parameterized by Kim and Tsai. The cross
section for this process depends on the fourth power of the quark charge and is
approximately exponential in the quark mass as is shown in Fig. 6. Within this
model, the 90% confidence level lower limits to the mass of the "leptonic' quark

2 2
are: m, o > 1.4 GeV/c” and my /g > 1.8 GeV/c” (Table III).

3
IV. CONCLUSIONS

We have unsuccessfully searched for quarks photoproduced from copper.
Model dependent lower limits have been placed on the mass of the quark.

Although this search has been unsuccessful, photoproduction searches should
be pursued at higher energies because the mass dependence of the photoproduction
cross section may he much less severe than that of proton-proton collisions.
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APPENDIX

The cross section per equivalent quantum for quark production in the Drell

model is
E
2 0 2
—de . nly) -2 Pk
de &2 g.q. k . Qe
P min P

In this equation EO is the end point energy of the spectrum, and n(k) dk is the
number of photons with energy between k and k + dk. n(k) is normalized per

equivalent quantum

EO
kn(k) dk = E 0"
0
The Drell cross section, d2 o/dQdp/p) is given by equation 1 and is the cross
section per nucleon. P, the probability per nucleus of finding a nucleon of suf-
ficiently high momentum to make the reaction kinematically allowed, is deter-
mined from the model of Danos and Gibson. 14 The distribution published by
Danos and Gibson, P'(kz) dkz, is the probability of finding a nucleon with a z_
component of momentum between kZ and kz + dkz. P' is normalized such that

[}

P'(k )dk_= A
Z Z

-0

where A is the atomic weight of the nucleus. For large kZ, we have parameterized

P'(kz) as
2
1 —_ - - —
logloP (kz) 1.14 - 4, 1610g10kZ 1.10 (loglokz)

where kz is in GeV and P' in GeV—l. The distribution is spherically symmetric

so one can determine the probability for having a total momentum of magnitude
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k to be
r

o APk

p (kr) - 27k dk
r T

The probability P is given by

_ 2 .
p= / dcp/ k2 p(k) / sin0 60 (k ) - 6) 46 dic_
P k 6
r

where 6 N is the angle between the missing momentum vector (1—{ - EQ) and the
momentum of the recoiling nucleus (E’r), as shown in'Fig. 7a. The kinematics
for the processy + A — A+ Q + Q are used to calculate QN'

Doing the @ and 6 integrals leaves

kr(max) |
P = 27w sinGN(kr) ki p(kr) dkr
kr(min)
where kr(max) is large with respect to kr(min), with momentum and energy
conservation determining the former, and the latter being derived from the
kinematics displayed in Fig. 7b.

The four-momentum transfer to the nucleus is
{ = 2Am (Am. - (Am )2 + k)3
p P P r

The minimum four-momentum transfer (ltl) occurs when the undetected quark
has momentum parallel to the missing momentum (l? - _fo). Minimizing It}
gives kr(min) , the minimum value for kr'

The results of a typical calculation of the cross section are shown in Fig. 8.
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TABLE I

90% Confidence Limit on the Quark Production Cross Section

dzcr g
Data Point 02 P E,° x4 T® E.Q.f Py P
Number p 0
1 1.26  -21.0 19.99 .0285  .638 1.57x 1017 4.7x 1070
2 7.00  -17.5 20.72 .1069 1.257 8.80x 108 4.2x 107°
3 7.00  -17.5 20.47 .0285 1.257 3.08x10%% 1.0x107%
4 7.00 17.5  20.72  .1069 1.257 2.22x 101  1.7x 107¢
5 7.00 18.5 20.72  .1069 1.257 3.82x10%% 9.7x 107
6 7.00 12.0  20.72  .1069 1.257 7.20x 101% 5.2x 107

(a).
(b).
(c).
(d).

(e).
().

(8)-

The spectrometer angle in degrees.

The spectrometer momentum in GeV/c for a unit charge particle. The

sign indicates the charge of the detected particles.

The photon beam end point energy in GeV.

The photon radiator thickness in radiation lengths.

The copper target thickness in cm.

The number of equivalent quanta incident on the target. This figure is

corrected for pair production in the target.

The 90% confidence level upper limit to the quark production cross section

on a copper nucleus. The units are ub/ster/equivalent quantum.
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TABLE I

90% confidence level lower limits for the quark mass using the Drell

model10 and the probability distribution of Danos and Gibson. 14
Data Point E P m P m
Number 0 1/3 1/3 2/3 2/3
1 19.99 ~7.00 2.6 -14.00 3.1
2 20.72 -5.83 3.3 -11.67 4.2
3 20,47 -5.83 3.0 -11.67 3.9
4 20.72 5.83 2.9 11.67 3.7
5 20,72 6.17 3.1 12.33 3.9
6 20.72 4,00 2.7 8.00 4.1
All data —— ~— 3.6 - 4.5
E 0 = end point energy of spectrum in GeV.
P1/3(2/3) = momentum of 1/3 (2/3) charge quark, in GeV/c.
m1/3(2/3) = 90% confidence level lower limit for the mass of the 1/3 (2/3) charge

quark in GeV/c2.
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TABLE I

90% confidence level lower limits for the quark mass using the

Weizsacker-Williams method of Kim and Tsai°25
Data Point E P m P m
Number 0 1/3 1/3 2/3 2/3
1 19.99 -7.0 1.3 -14.0 1.7
2 20.72 -5.83 1.1 -11.67 1.3
3 20,47 -5.83 0.9 -11.67 1.2
4 20,72 5.83 0.8 11.67 1.0
5 20,72 6.17 0.9 12.33 1.1
6 20,72 4.0 1.0 8.0 1.5
All data - ——— 1.4 —-— 1.8
E 0 = end point energy of spectrum in GeV.
P1/3(2/3) = momentum of 1/3(2/3) charge quark in GeV/c.
m1/3(2/3) = 90% confidence level lower limit for the mass of 1/3(2/3)

charge quark in GeV/c.
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FIGURE CAPTIONS
Diagram for Drell model production of quarks.
The photon beam line.
Schematic of the detector.
The mean value of energy loss (K) for a charge 1/3 particle passing through
5.08 cm of scintillator.
The distributions of energy loss in a 5.08 cm thick scintillator for a quark
with the minimum mean energy loss and for a relativistic muon. The prob-
ability for an energy loss between A and A + dA is P(A)dA. These distri-
butions include the effects of light collection variation and photon statistics
on measurement of A,

The cross section per equivalent quantum as a function of quark mass for the

first data point in the Kim and Tsai model. Both elastic and quasi-elastic

" contributions are included.

(a) Definition of momentum vectors in the kinematics.
(b) Kinematics for Danos-Gibson quark photoproduction.
The cross section per equivalent quantum versus quark mass in the Drell

model.
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