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J. Callaway, J. Math. Phys. (N.Y.} 5, 788 (19 64}, discussed this model as a special case of the general scattering
theory of defects.

Some, or all, can be below or above the band depending on signs, strengths, and proximities of the first n de-
fects. We can thus study the formation of "impurity bands" or "energy tails" due to impurity clustering, as a func-
tion of the size of the cluster, by our method. See also B. I. Halperin and M. Lax, Phys. Rev. 148, 722 (1966).

The absence of bound states is tantamount to the condition for perturbation theory on the V to be correct. This
therefore excludes one or two dimensions, in which the infrared divergence in S&'~(E} guarantees that at least one
of the Q&"~ ~ 0, viz. , Q& ~ =1, regardless of the sign or strength of V~. Thus perturbation expansions would appear to
be valid only in three or higher dimensions.
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We have measured the nucleon-number (A} dependence of the production cross sections
for dihadron states in which each hadron is required to have large transverse momentum.
We find that the A dependence varies with the total dihadron transverse momentum in a
manner similar to that previously observed for single hadrons.

For several years the nucleon-number (A —also
called atomic weight) dependence of hadron pro-
duction at large transverse momentum (p ~) has
posed intriguing questions. ' ' The fact that sin-
gle-hadron production cross sections vary as A

with n &1 implies that the nucleus must act col-
lectively in producing a single hadron at high p~.
Perhaps the simplest collective mechanism is
multiple scattering within the target nucleus, ' '
More exotic mechanisms include the collective
motion of nucleons' '" as well as the collective
or energetic motion of partons'" —motions which
must change as a function of A.

In this experiment we observe two high-pj had-
rons coming from the same interaction. They
are detected in a double-arm magnetic spectrom-
eter" equipped with Cerenkov particle identifi-
cation and hadron calorimeter background rejec-
tion. We study collisions of 400-GeV/c protons
with tungsten (W) and beryllium (Be) nuclei and

observe interactions which produce two hadrons

emitted back to back at -SO in the proton-nucleon
center of momentum. If p~, denotes the magni-
tude of the transverse momentum of the positive
member of a hadron pair of net charge zero, it
is convenient to define the following two quanti-
ties:

m' =—pg++p ~

The net transverse momentum of the pair is ap-
proximately equal to p». [Since our azimuthal
acceptance for each hadron is very small (-0.1

rad) we neglect the vector nature of transverse
momentum. Thendihadron p~ (magnitude implied)
is given by p ~„~. For a pair with small dihadron

p ~, m' closely approximates the mass of the di-
hadron system.

The data presented here were obtained using
several redundant triggers. Calorimeter signals, "
proportional to total hadron energy in each arm,
were weighted according to (scintillation-counter)
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production-angle information in order to con-
struct analog signals proportional to single-had-
ron p~. The high-mass (HM) trigger utilized the
sum of these two pA signals to require m' to be
greater than a preset threshold. Alternative cal-
orimeter pair trigger requirements were formed
from the coincidence of single-arm requirements
triggered by single-hadron p~ or by single-hadron
total energy. If T, denotes a track (coincidence
of three scintillation counters) in arm 1, then
the pair trigger consisted of (T, ~ T,) in coinci-
dence with HM or one of the alternative pair re-
quirements.

In analogy with the case of single hadrons, we
assume that the dihadron invariant production
cross sections for protons incident on a nucleus
containing A nucleons are proportional to A .
We then measure Q. &„,using Be and W targets.
The luminosity was monitored by a four-counter
telescope (N) placed in the neutral beam of one
of the spectrometer arms. (A neutral beam was
formed downstream from each analyzing magnet
by the deflection of charged particles. ) The tar-
get-in/target-out ratio for this monitor was typi-
cally 50/1. The N rate was linear versus inci-
dent beam intensity as measured by a secondary-
emission monitor (SEM) up to rates over twice
those used during the experiment. Our targets
were horizontally narrow (0.22-mm Be and 0.42-
mm W) but a large fraction of the incident beam
(typically 70/p for Be, 95/p for W) intercepted the
target. The calibration of N/SEM for protons
intercepting the target was carried out through
the use of horizontal target scans. This calibra-
tion repeated within an accuracy of 5/p over the
course of the experiment and was checked for Be
with the use of a wide (2.0-mm) target. Vertical-
ly our targets (&6 mm high) were much larger
than the beam (-0.8 mm high, full width at half-
maximum). The target lengths were 103 mm for
Be and 13 mm for W.

If n represents the number of events detected,
we define the W/Be yield ratio

Y = (n /N) /(n/N)

and calculate a according to the prescription

o. = ln(C Y)jln(A ~/A B,),
where C = 11.7 for our target-monitor system. "
Corrections have been made for absorption of in-
cident protons and secondaries in both targets.
Approximately 13/p of the pair events are lost
from these mechanisms with either tar get. The
effects of the difference in multiple scattering

between our tungsten and beryllium targets are
negligible.

We have monitored our W/Be relative efficien-
cies from the repeatability of our single-hadron
yields as well as from direct efficiency measure-
ments. Stability of the data triggers was moni-
tored throughout our A-dependence measurements
by the use of special runs with less restrictive
triggers. The efficiencies of proportional wire
chambers (PWC) and scintillation counters not
required in the trigger were monitored during
data taking. Corrections for small efficiency
changes (-10/p in Y) have been made to the data.
We estimate our total single-arm systematic
uncertainty to be +0.03 in n, arising from uncer-
tainties in both relative normalization and rela-
tive efficiency.

Since we wish to study correlated hadron pairs,
arm-to-arm accidental coincidences (originating
from two separate but simultaneous interactions
in the target) were subtracted from the pair
yields. The coincidence rate (T, ~ T,) was ob-
served to vary as the square of the incident beam
intensity (+10'%%up) and was used to normalize spec-
tra of uncorrelated pairs generated by combining
spectra of single-arm triggers (recorded simul-
taneously with the pairs). The resulting fraction
of accidental pa.irs amounted typically to 40% of
the total for W and 20% for Be for a 1-GeV/c bin
in m' just above threshold. The fraction of events
subtracted decreases rapidly as m' increases
(factor of 2 decrease for 1 GeV/c increase in m')
but does not vary strongly with dihadron p j. Data
were taken with thresholds ranging from m' =4.5
to m' =6.5 GeV/c with corresponding adjustments
of the beam intensity over a factor of 5 (between
2x10' and 10M incident protons per second). All
data samples and all triggers yield consistent re-
sults. In addition, the subtraction has been
checked for m' well below threshold where essen-
tially all of the pairs are accidental. Consequent-
ly we believe that we can perform the subtraction
of accidental pairs to an accuracy of 20% of itself.

We estimate our total systematic uncertainty
from all the above effects to be +0.06 in n for
pairs. In the data that follow, the quoted errors
are purely statistical since point-to-point com-
parisons are largely free of the systematic un-
certainties.

In Fig. 1 we show n values for dihadrons (with-
out regard to particle identification) as a function
of p~+ and p~ . For single-hadron p~ values less
than 1 GeV/c we do not accept hadrons into our
apparatus; so we use the corresponding locations
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FIG. 1. The powers e of the A dependence of the in-
variant cross sections for production of dihadrons and

single hadrons are given as a function of p~+ and p~
0.9-

in Fig. 1 to display our single-hadron n values
measured simultaneously with the pair values.
Near the center of the plot the pair n values are
low. In particular, if we require a positive had-
ron with p~+ between 3 and 4 GeV/c in addition
to a negative hadron between the same p~ limits,
n drops by 0.22 + 0.07 relative to the value for
the negative hadron alone. (Here we include a
systematic uncertainty of 0.05 for the random pair
subtraction. ) This change in n corresponds to
a factor-of-2 drop in Y relative to what one would

expect if pair and single-arm Q. values were
equal.

In Fig. 2 we rebin the data from Fig. 1 and

examine the dependence of n on m' and dihadron

p ~. If we integrate over all p~„, n is flat versus
m' and consistent with 1. We note, however,
that n rises significantly above 1 for dihadron p~
values greater than 2 GeV/c. This is especially
evident for high m' where large pi values are
accessible. We compare the results to our single-
hadron o. values and to previously measured"
single-hadron values also plotted versus p ~. The
hadron and dihadron A dependences show similar
increases in n at high p~. Thus it appears that
the transverse momentum delivered to the final
state determines the A dependence of the produc-
tion of that state for states of two hadrons emerg-
ing back to back in the center of momentum after
a hard collision as well as for single-particle
states.

In Fig. 3 we show the variation of e with the
species of the final state. Since n does not vary
strongly as a function of m' we integrate over all

m' above threshold and display separately n for
p~ less than and greater than 2.1 GeV/c. Unfor-
tunately because our pair identification efficiency
is concentrated near dihadron p~.--0, we cannot
make definite statements regarding the species
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FIG. B. The power o. of the A dependence of the in-
variant dihadron production cross section is given as
a function of particle species for p~ &2.1 GeV/c (upper
value in each boxl and for p~ & 2.1 GeV/c (lower value
in each box). h+ denotes all positive hadrons.
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FIG. 2. The power n of the A dependence of the in-
variant dihadron production cross section is plotted
(a) as a function of m' for all p~ and (b) as a function of
p~ for m'& 6.5 GeV/c and for m'& 6.5 GeV/c Com. -
parison is made to the single-hadron. A dependence.
Statistical errors are shown when they are larger than
the symbols representing the data points.
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dependence of the rise in up vs P ~ We can,
however, see significant species dependence of
o. at low dihadron Pi. The values of n are espe-
cially high for pK and pp states, which contain
two particles, each with a single-hadron n value
which reaches 1.3 at high pi.

In conclusion, we find that the dihadron A de-
pendence in the hard-scattering region exhibits
a behavior as a function of pi similar to that ob-
served for single hadrons. But, with integration
over all pi, the average nz„, is consistent with
1 for m') 4.5 GeV/c. As was evident from single-
hadron results, ' the quantum numbers of the state
produced play an important role.
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A search for W ions having an additional charge of —~e has been conducted, using a
Van de Graaff accelerator as an ultrasensitive mass spectrometer. The study investi-
gated masses varying from 182 to 192 amu. No evidence was found for the existence of
such ions to a limit of 1 part in 1&& 10 over the mass range covered.

Since the original suggestion by Gell-Mann' and
Zweig' that particles with fractional charge may
exist, several groups have searched for such
particles (quarks) either by attempting to pro-
duce them in accelerators, ' or by detecting their
presence in cosmic rays or in various materials
in which they may be trapped. ' Searches for in-
tegrally charged quarks' vrhich would manifest
themselves as stable particles of anomalous mass
have also been reported. ' All such searches
have been negative except for a recent result
from a magnetic levitation experiment reported
by LaRue, Fairbank, and Hebard. ' That result
suggests that the quarks are attached to W atoms
or nuclei, producing fractionally charged W

(hereafter denoted as W&). A more recent result
by Bland et az.' finds no evidence for fractional
charge in W at a sensitivity of 1 part in 1.1&& 10' .

The present experiment involves quite a differ-
ent approach. The tandem Van de Graaff acceler-
ator facility of the University of Rochester Nu-
clear Structure Research Laboratory was used
as a double mass spectrometer followed by a de-
tection system [see Fig. 1(a)]. The entire system

.was designed to accept W& in a specific charge
state, the%& "' state, and to reduce the intensi-
ties of other ionic species as much as possible.

The accelerator injection system, consisting
of a sputter ion source, ' inflection magnet, and
150-kV preacceleration column, selects negative
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