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Double Scattering in Deuterium as a Probe of Hadron Structure
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Comparing hadron-deuteron and hadron-hadron data for various energies and reactions,
we study the time development of hadronic matter and in particular test the Abramovskii-
Gribov-Kancheli rules.

Hadron-nucleus collisions provide us with a
unique means of studying the structure of hadrons.
Since the nucleus is an extended object, the space-
time development of hadronic matter is proved
over distances and times large compared to those,
probed in ordinary hadron-hadron collisions. In
this regard deuteron targets have particular ad-
vantages. Because the neutron and proton in a
deuteron are loosely bound, it is possible to
probe the incident hadron at two separate space-
time points by isolating those interactions in
which both proton and neutron have participated
(double scattering). This is not possible with
either ordinary hadrons or heavy nuclei as tar-
gets. In the former we can identify no constitu-
ents which retain their identity during the proc-
ess to use as tags for multiple interactions, while
in the latter the further interactions of struck nu-
cleons before they escape the nucleus complicate
the interpretation.

Recently, data on high-energy hadron-deuteron
(hd) interactions have become available from the
Fermilab 30-in. bubble chamber. In this Letter
we organize these data and use them to test the
Abramovskii-Gribov-Kancheli (AGK) cutting
rules' which are a consequence of the absence of
singular short-range forces. '

There exist data for interactions of m+d and pd
at 100 GeV, ' m d' and pd' at 200 GeV, and pd at
300 Gey. ' In these experiments, events are sepa-
rated into two categories: those with odd and
those with even charge multiplicity. The odd-
multiplicity events can be interpreted as interac-
tions with only the neutron, since the missing
charge is most likely due to the unseen low-ener-
gy spectator proton of the deuteron. For each
even charge multiplicity N, essentially twice the
number of events with observed backward protons
are subtracted and added to the N- 1 odd-multi-
plicity events to form on("hn"). This accounts

. for visible spectator protons. The partial cross
sections for the remaining even-N events, desig-
nated vn("hp" ), are due to single hp interactions
plus interactions with both the neutron and pro-
ton. Because of the difficulties in correcting the
one- and two-prong data, most experiments give
results only for ¹ 3.

The "hp" and "hn" cross sections for ¹ 3 are
compared with measured hp and derived hn cross
sections in Table I.' We note that o("hp") —v("hn")
is considerably larger than v(hP ) —v(hn). This
feature is interpreted as due to double scattering
which takes events from the hnto the hp category.
Thus an experimental measure of the amount of

TABLE I. Comparison of "hp" ("hn") with hp (hn) data.

100 GeV
pd

200 GeV 300 GeV
7r'd

100 GeV 200 GeV

~("hp"),mb
0 ("hn"), mb
0 (yap), mb

g(hn), mb

(IV
—:cPrfchprc))

&V "(hp))
&exp y mb
260~ mb
(Q~„—26cr)

31.24+ 1.26
22.76+ 0.95
26.49+ 0.40
28.13+ 0.45
2.79+ 0.05
2.59+ 0.02

10.12+ 0.73
8.28+ 0.22
1.8+ 1.7

31.86+ 0.68
23.19+0.39
29.13+ 0.45
30.36+ 0.76
3.48~ 0.05
3.16+ 0.10
9.90+ 0.98
8.52+ 0.22
1.4+ 1.2

33.76+ 0.59
22.45+ 0.48
30.39+ 0.61
31.19+ 0.81
3.78+ 0.12
3.51+ 0.02

12.12+ 1.10
8.66+ 0.22
3.5+ 1.1

17.88+ 0.97
15.12+ 0.84
17.57+ 0.34
19.56+ 0.28
2.89+ 0.10
2.62+ 0.02
4.75+ 0.49
3.70 + 0.25
1.1+0.6

20.25+ 0.33
15.17+0.25
19.33+ 0.46
20.19+0.54
3.45+ 0.07
3.16+0.03
5.94+ 0.75
3.62 + 0.20
2.3+ 0.8

aRef. 13.
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double scattering for N~ 3 is given by

s =-[o("hp") —o("hn")] —[o(hp) —o(hn)] .
2

eh~me —
i

I
i~kg qJf
k, +q

In Table I we also give the average number of
produced negative particles (N p') for both "hp"
and hp interactions. We find (N '("hp")) greater
than (N '(hp)), consistent with the expectation
that double scattering leads to higher multiplici-
ties.

These data can be understood quantitatively' by
use of the conventional picture of the space-time
development of hadronic interactions, in which
the assumed absence of a singular short-range
force means that intermediate states containing
particles with virtual mass k =—E -k~»m, '
(some cutoff of order 1 GeV') give only small
contributions. ' In the laboratory frame, this
yields the following qualitative picture of high-
energy hadron-hadron interactions. The incident
high-energy hadron of momentum p„and mass m„
decays into two (or more) constituents of momen-
ta k, , where p„=gk, Energy conservation is
violated by an amount hE =E„-QE„where E,
= (k,.'+h, ')' '. For constituents with momenta
~k, [

—
~p„~, hE -m, '/P„. This virtual state can

therefore last for a time (or distance) of order
P„/m, '. The constituents can themselves con-
tinue to decay until constituents of momenta ~kj

-m, are produced which have an appreciable am-
plitude for interacting with the target. Figure
1(a) shows an example of such a process.

To investigate the implications of this picture
for hadron-deuteron interactions we study the
forward elastic hadron-deuteron amplitude A~
which via unitarity determines inelastic cross
sections. The amplitude A„„ is a sum of single-
and double-scattering processes. Single scatter-
ing yields a contribution to ImA~ proportional to
o~(hp)+or(hn) while double scattering yields cross-
section defect 5o —= or(hp) + or(hn) —o(hd).

A simple double-scattering process is shown in
Fig. 1(b) where two constituents of the incident
hadron of momenta k, and k, elastically scatter
from the proton and neutron, respectively, yield-
ing constituents of momenta k, +q and k, —q. The
salient point is that in order for the constituent
of momentum k, to be able to interact with the
neutron which is at a distance y from the proton,
it must live a time of the order y. Thus, the had-
ronic time scale ~k, L /m, ' must be at least of the
order of the distance between the neutron and pro-
ton in the deuteron; i.e., ~k, ~

~ m, 'r Since ap-.
proximately 90% of the time the proton and neu-

time—

(a) (b)

FIG. 1. Examples of hadronic interactions.

tron in the deuteron are greater than I fm apart,
the dominant contribution to the second scatter-
ing arises from constituents of momentum ~k, ~

~m, 'y =5 GeV. Processes involving double scat-
tering of "slow" constituents, ~k, ~

=m„should be
substantially suppressed because they cannot live
long enough to reach the second nucleon and will
be neglected. Of particular interest are process-
es involving double scattering from veiny fast con-
stituents ~k, ~

» m, r, since in this case the had-
ronic time scale is much greater than the sepa-
ration y between nucleons. Then the nuclear
physics separates cleanly from the hadronic phys-
ics and there results the simple relation

6 =250.

From Table 1 we see that Eq. (2) accounts for
most of the observed double scattering (b.), al-
though there is a systematic underestimate of its
magnitude. '

To obtain Eq. (2) we first note that for ~k,.~

~ m, 'y, the double-scattering contribution to A~
takes on the form depicted in Fig. 2(a). Its uni-
tarity discontinuity can be divided into three
classes represented by Figs. 2(b,), 2(b, ), and
2(b, ) with corresponding partial cross sections,
o(0), o(1), and o(2), respectively. Any of the
graphs of Fig. 2 for which the intermediate physi-
cal states contain a proton directly connected to
the deuteron wave function which limits the pro-
ton momentum will contribute predominantly to
o("hn"). Thus, the graphs of Figs. 2(b, ) and 2(b, )
contribute only to o("hn"), while in the remain-
ing graphs all the produced charged particles re-
sult from hadronic interactions and hence con-
tribute to o("hP"). The contribution of diffractive
production process, Fig. 2(b,), to o("hn") is
small for N~ 3 since the main contribution to this
graph comes from the elastic state. " Further-
more, the graph in Fig. 2(b, ) and its interchange
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n-p yield equal contributions of —,v(1) to o("hn")
and o("hP")." We thus obtain

a("hp" ) = a(hp) +-,'o(l) + a(2),

o("hn") = v(hn) +-', v(1) .
We now invoke the AGK rules, '

o(0)=5v, o(1)=—45v, o(2) =25v,

(3a)

(3b)

(4)

o.„=C + v„(2)/v„(hp ),

which together with Eqs. (1) and (3) yield Eq. (2).
The AGK rules apply to the contribution to v(l)
and o(2) from the region ~k,.~

» m, 'y discussed
above, which corresponds to small M' in the up-
per blob of Fig. 2. Thus Eq. (2) holds if small-
M' contributions dominate v(1) and o(2), as is
true for a(0)." Equation (2) makes clear the ad-
vantage of studying inelastic collisions in deuter-
ium. The double-scattering cross section 4 and

the cross-section defect 5o can be compared
while corresponding quantities cannot be isolated
in a model-independent way from interactions on
nucleon targets. Thus, hd interactions may pro-
vide the first unambiguous tests of the AGK rules.

The data on multiplicity distributions a„provide
a further check of the space-time picture. We de-
note the N-charged-particle contribution to the
cross sections of Eq. (3) by o„("hp") and equations
identical to Eq. (3a) hold for each ¹ The ratio
v„= v("h p) /v( hp) measures the relative multi-
plicity distribution of double scattering. Since
v~(1) and any double-scattering processes not in-
cluded in the AGK results [Eq. (2)] are expected
to have distributions similar to o„(hp), the N-
particle contribution to Eq. (3a) yields

FIG. 3. Comparison of predicted o.„with data.

where C =[a("hp") —25v]/v(hp) and go„(2)=25v.
Therefore a measurement of aN provides a check
on the AGK contribution, 25o, to double scatter-
ing which does not depend on the magnitude of
other processes.

In order to determine o„we need a model for
p~(2) =—v„(2)/v(2). We take the simplest possibili-
ty where the incident particle of momentum P„
decays into two particles each having momentum
p„/2 [M„'=0 in Fig. 2(b, )] and convolute the rele-
vant measured distributions taken from hP inter-
actions at momentum p„/2." Our predictions for
n„are compared with data in Fig. 3 and the agree-
ment is good.

In summary, we have argued that the most im-
portant contribution to double scattering comes
from those processes where the nuclear time
scale is small compared to the hadronic time
scale and simple relations following from the
AGE rules hold. The resulting predictions for
the double-scattering cross section and multipli-
city are in good agreement with experiment. How-
ever, better data and a detailed phenomenological
analysis are necessary to estimate contributions
from interactions of slower constituents for which
the nuclear scale is not negligible. '
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Differential cross sections have been measured forjp g g+ (1) and its line-reversed
partner ~+p pe+ (2) in the range t~;„&f&—1.5 (Gev/c) at 6 Gev/c. Clear struoture is
seen iu the differential cross section for Reaction (1) at t -—0.4 (Gev/c) . However, this
feature is quite different from the striking dip seen in (2) at t -—0.15 (GeV/c), indicat-
ing a failure of line reversal and disagreement with simple Regge models.

The line-reversed reactions pp -v n' (1) and
~'p -p~' (2) proceed via nucleon and b, exchange
in the t channel, ' Simple models predict that if
the scattering is dominated by a single amplitude,
then the differential cross sections for the two
reactions will have the same shape and that at
asymptotic energies backward elastic scattering
will be twice the annihilation reaction.

In recent years, workers have employed Regge
models and absorption models' to explain the de-

tailed structure of baryon-exchange reactions.
These models, with large numbers of free pa-
rameters, have successfully explained the t
structure in related processes. ' However, in
order to limit such models, new high-quality data
with small and/or canceling systematic errors
are needed. Rea;ctions (I) and (2) are especially
interesting to study since v'p backward elastic
scattering' displays one of the most striking dips
in high energy physics at t'=—t-t ~,--O.2 (GeV/
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