
VOI.UMK $$, NUMBER 2 PHYSICAL RKVIKW LKTTKRS 8 JUzv 1974

J. Benecke et al. , Phys. Rev. 188, 2159 (1969).
~G. Belletini et al. , Nucl. Phys. 79, 609 (1966) .
T. H. Burnett et a/. , Phys. Hev. Lett. 30, 937 (1973);

C. A. Ayre et al. , in Proceedings of the Thirteenth In
ternational Cosmic Ray Conference, Denver, 1913

(University of Colorado, Denver, Colo. , 1973); L. Lei-
puner et al. , in Proceedings of the Thirteenth Interna
tjonal Cosmic Bay Conference, Denver, 1973 (Univer-
sity of Colorado, Denver, Colo. , 1973), and private
coxDmunlcatlon.

Energy Dependence of the Double-Charge-Exchange Reactions

1I p~K'Z, K p~n'Z, and K p~K':- f
C. W. Akerlof, P. K. Caldwell, * J. Koschik, R. Kotthaus, g D. I. Meyer, and B. Springett0

Physics Department, The University of Michigan, Ann Arbor, Michigan 48104
(Received 25 March 1974)

In an experiment at the Argonne National Laboratory zero-gradient synchrotron we
have determined the forward differential cross sections for the double-charge-exchange
reactions m p-&+7, / p —m.+g, and g p-g+" for incident beam momenta up to 5
GeV/c. The production angle and momentum of the forward-going positive particle (n+
or &+) were measured with a high-resolution focusing wire-spark-chamber spectrom-
eter and the two-body final states were selected by the missing-mass technique.

Our current understanding of high-energy had-
ron collisions is based on the idea that particle
exchange provides the dominant force for inter-
actions above a few GeV/c incident momentum.
In time, the theoretical or phenomenological mod-
els which have embodied this primitive notion
have grown steadily more ornate to allow greater
freedom in fitting the expanding experimental
data. Consequently, these models have become
less testable by direct experiment and there have
been no new guides to lead our physical intuition.

As a partial solution to this problem we have
continued an earlier study' of the double-charge-
exchange (DCX) reactions v p-K'Z, K p- v'Z,
and K p -K'" . The significance of these three
reactions is that none of them can take place by
the single exchange of any singly charged parti-
cle. Thus in the absence of normally large ex-
change forces we have a sensitive test for the ex-
istence of any of the three possible competing
processes: (1) double particle exchange, (2) ex-
otic single particle exchange, (3) intermediate s
channel resonance formation. In addition, by ex-
amining the energy behavior of the DCX cross
sections we can hope to identify the dominant con-
tribution in the asymptotically high-energy re-
gime. This has been expected to be the double—
particle-exchange diagrams which would yield
differential cross sections with an s "to s ' be-
havior. '

The three reactions listed above also have some
common properties which should set further lim-
its on viable theoretical descriptions. For ex-

ample, v p-K+X and K p-n+Z are related by
line crossing, so that these cross sections should
be identical if induced by single exotic exchange
and at least similar if induced by double particle
exchange. K p —v'Z and K p

-K'" have the
same quantum numbers in the s channel, so that
energy-dependent structure due to ~* resonances
should be expected in both reactions for the same
incident momenta.

From our previous work we had experience
with the experimental difficulties which beset
measurements of the DCX reactions. Since the
cross sections are all very small, an intense
beam of incident particles is required on the hy-
drogen target. With available n/K ratios of the
order of 200, the largest number of events could
be obtained for the reaction & p-K'Z, so that
the experimental design concentrated on the de-
tection of this particular channel. This required
that a final-state K be identified against an over-
whelming background of pions and protons. At
5 GeV/c, for every K' from the reaction n p-K'Z there were 1000 r and 200 protons within
the missing-mass resolution of the experimental
apparatus. To obtain sufficient rejection ratios
against competing particle species, four Cheren-
kov counters were constructed to identify the pos-
itive particle in the final state. An unavoidable
consequence was that the mass of the Cherenkov
radiator to count kaons also produced substantial
Coulomb scattering of the detected particle. Fi-
nally, since the cross section for the reaction
& p -E'A'& rises steeply at the A'& threshold,
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high resolution was required to separate the Z
missing-mass peak from the onset of the A'~

continuum which is 58 MeV higher.
A high-intensity negative beam was created in

an internal target inside the vacuum chamber of
the Ar gonne zero- gradient synchrotron. This
beam was momentum dispersed through a 20'
bend, focused onto a momentum-defining hodo-
scope of ten scintillation counters, and then
transported through a second stage to a final fo-
cus on a 24-in. -long hydrogen target. The mass
of the beam particle was tagged with four Cheren-
kov counters: one to count kaons and three to
count pions. Two hodoscopes of five counters
each tagged the horizontal and vertical. diver-
gence of the beam 5 m upstream from the hydro-
gen target.

The positive particles emitted in the forward
direction were detected in a focusing quadrupole
spectrometer consisting of five magnetic ele-
ments. The first of these following the hydrogen
target was a 36-in. -long bending magnet to steer
the positive particles created in the target away
from the negative beam. Three quadrupoles were
arranged to bring the particles from within a 2.5-
msr solid angle into an approximately parallel
bundle at the final quadrupole exit. This allowed
a 2-m-long drift space on each side of a 72-in. —

long momentum-analyzing magnet without further
reduction of the subtended solid angle.

Four sets of wire spark chambers determined
the bend angle through the analyzing magnet; the
drift region between chambers was kept lom in
mass to reduce multiple Coulomb scattering. In
particular this dictated the placement of the spec-
trometer Cherenkov counters upstream of the
first wire spark chamber. The electronic trig-
ger was arranged to fire on either a & in the in-
cident beam yielding a K' or a K, or a p yield-
ing any positive particle in the spectrometer. Af-
ter every five beam spills the trigger was altered
under computer control to include incident &

yielding final-state protons. This permitted the
simultaneous acquisition of & p backward-scatter-
ing data which continuously monitored the experi-
mental apparatus.

Data mere taken for eleven different values of
incident momentum from 1.90 to 5.00 GeV/c. At
each momentum the m p backward elastic miss-
ing-mass peak checked the spectrometer disper-
sion and resolution. Analysis for every reaction
channel was performed identically. First, the
three beam hodoseopes were checked for unique-
ness. If more than one counter in any of the three

arrays fired the event was ignored. Data from
the wire spark chambers were used to construct
a trajectory through the analyzing magnet and to
determine the particle momentum. This trajec-
tory was then traced back through the three quad-
rupoles and steering magnet to find the original
momentum three-vector. With the tagged Cheren-
kov-counter data to identify the beam and spec-
trometer particle masses, the missing mass was
computed. Even at the highest momentum of 5
GeV/c the Z peak was clearly resolved from the
A'& threshoM. The inelastic background behaved
like a step function at threshold with the ob,=erved
shape dominated by the experimental missing-
mass resolution. The number of events within
the Z peak was determined by fitting the shape
of the missing-mass distribution with the sum of
a Gaussian signal and a background function con-
sisting of a constant plus- an error-function inte-
gral centered at the A'& threshold. A1.1 of the
nonlinear parameters for these distributions were
independently determined from the & mass peak
from ~ p backward elastic scattering so that the
fits to the DCX data required a minimal number
of free parameters. With this procedure the fit-
ted number of events in the Z peak was quite
stable under a variety of modifications of the
background function.

The differential cross sections were corrected
for beam muon contamination, hodoseope losses,
wire-spark-chamber inefficiencies, and particle
absorption and decay. The results are plotted in
Figs. 1 and 2. Because the systematic errors
vary slowly, the uncertainty in the energy depen-
dence should be dominated by statistical errors
only. Furthermore, the data for different mo-
menta were interlaced in time so that no long-
term experimental drifts could seriously affect
the energy behavior.

For reasons indicated earlier, the best statis-
tics were obtained for the & p-K'Z channel.
From Fig. 1(a) it is apparent that the energy de-
pendence of this differential cross section changes
markedly for incident momenta above 3 GeV/c.
Below this point the cross section drops very rap-
idly with a power-1am behavior of s ". In the re-
gion above 3 GeV/c the magnitude of the slope
sharply decreases so that between 4 and 5 GeV/c
the cross section behaves like s "with a statis-
tical error of + 0.8 in the exponent. This remark-
able change in energy dependence is inconsistent
with the Regge-cut descriptions which asymptoti-
cally expect a more rapid decrease, like s ', at
high energy. 2 Equally significant is the magni-
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FIG. 1. (a) Energy dependence of the vr p K'Z differential cross section at zero degrees averaged over the an-
gular acceptance of the spectrometer. This corresponds to an average t' value of 0.02 (Gev/c)' at 5.0 Gev/c and
proportionally smaller at lower momenta. Other data from Ref. 3. (b)-(d) Angular distributions for 71 p —K'Z at
8.0, 4.0, and 5.0 GeV/c, respectively. (e) Energy dependence of the K p v+2 differential cross section at zero
degrees. Other data from Ref. 4.

tude of the DCX cross section which is some 5000
times smaller than the comparable single-ex-
change reaction m'p -K'Z' at 5 GeV/c. Regge-
cut models which require large cut amplitudes to
fit the single-exchange processes find difficulty
in reconciling these small DCX results.

Some information about the angular distribution
of the v p -K'Z channel was obtained at 3 and 4
GeV/c by increasing the current in the spectrom-
eter steering magnet. Geometry restricted the
maximum momentum transfer to 0.15 (GeV/c)',
the differential cross sections are plotted in Figs.
1(b)-1(d) for 3, 4, and 5 GeV/c, respectively.
There is a forward dip structure at 4 GeV/c which
is probably also present at 5 GeV/c. Unfortunate-

ly, we do not cover large enough momentum
transfers to make any definitive comparisons
with the cut models.

The precipitous decrease of the w p-K'Z
cross section from 1.5 to 3.0 GeV/c is matched
by similar behavior in the line-crossed reaction
K p-&'Z [see Fig. 1(e)]. This s "character-
istic dependence has been noted previously for
exotic exchange reactions such as K p -pK ' and

pp —pp,
' as well as for the lower-energy data for

reactions such as s'
p —yn. ' The prevalence of

this effect in so many different channels suggests
that the low-energy cross sections are dominated
by s-channel resonances which decouple above a
few GeV/c. This is corroborated by the compari-
son of the K p —&'Z and v p -K'Z reactions
at 3 GeV/c, where the K p —v'Z cross section
is 43 times larger, which is difficult to reconcile
with any single- or double-exchange mechanism.
The evidence of structure in the K -induced re-
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FIG. 2. Energy dependence of the E p K+" differ-
ential cross section. at zero degrees. Other data from
Ref. 5.

action at 3 GeV/c also confirms the idea that this
channel maintains resonant forces to somewhat
higher energies than the v p system.

After a suggestion of Frautschi, ' we have ex-
amined the possibility of fitting the energy behav-
ior of the DCX data with the statistical model.
This model is consistent with the rapid decrease
of the cross sections at low energy but cannot ac-
count for the large difference in magnitude be-
tween & p-K'Z and K p-~ Z . Moreover, the
apparent onset of exchange forces above 3 GeV/c
restricts the testability of this theory to a narrow
range in energy.

Cross sections for K p -K'" are shown in
Fig. 2. Although the data are much poorer statis-
tically, they show that the cross sections for K p-K'" and n p -K'Z are similar in magnitude
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out to 4 GeV/c or so. Note also that at around 5

GeV/c the v p-K'Z and K p-&'Z cross sec-
tions are approximately equal, suggesting that
exchange forces dominate at this energy. If the
s "behavior of the n' p -X'Z channel remains
true above 5 GeV/c, we may be required to con-
sider the exchange of four or more quarks as a
force not intrinsically different from the exchange
of a p or K*, only considerably weaker in ampli-
tude.
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