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such as the change in the slope of elastic scatter-
ing.

The model is a phenomenological one, and we

have not attempted to justify it by any underlying

dynamical scheme. We therefore feel that the main

result of this work is to provide some further sup-
port to the optical approach in dealing with dif-
fractive scattering of hadrons.

*Work supported in part by the U. S. Atomic Energy
Commission under Contracts No. AT(11-1)-3505 and

No. AT(11-1)-3066.
)On leave of absence from the Weizmann Institute,

Rehovoth, Israel. Present address: Astrophysics
Department, Caltech, Pasadena, Calif. 91109.

T. T. Chou and C. N. Yang, Phys. Rev. 170, 1591
(1968); 175, 1832 (1968); in High Energy Physics and
Nuclear Structure, edited by G. Alexander (North-
Holland, Amsterdam, 1967), p. 348.

L. Durand III and R. Lipes, Phys. Rev. Letters 20,
637 (1968).

M. Elitzur, Phys. Rev. Letters 27, 895 (1971).
G. Barbiellini et al. , Phys. Letters 39B, 663 (1972).

See also M. Holder etal. , ibid. 35B, 355 (1971); 36B,
400 (1971); U. Amaldi et al. , ibid. 36B, 504 (1971).

B. T. Carreras and J. N. J. White, Nucl. Phys. B42,
95 (1972).

SH. Harari, Ann. Phys. (N.Y.) 63, 432 (1971).
~J. V. Allaby et al. , Phys. Letters 28B, 229 (1968).
As reported by the Rubbia group at the Sixteenth

International Conference on High Energy Physics,

N.A.L., Batavia, Illinois, 1972 (unpublished).
SE. D. Bloom and F. J. Gilman, Phys. Rev. Letters

25, 1140 (1970); Phys. Rev. D 4, 2901 (1971).
~M. Elitzur and L. Susskind, Phys. Rev. D 6, 2003
(1972).
~~E. W. Anderson etal. , Phys. Rev. Letters 25, 699

(1970).
We used Newton's method as an iterative procedure

to find K~~, v&2. The calculated o& and ae&, rapidly
converged within errors to the experimental values.
Using aT = 38.9 + 0.3 mb and oex& ~ 0.56 + 0.07 mb, we

found vf f 10.4 GeV and ~&2 = 2.41 GeV
R. M. Edelstein etal. , Phys. Rev. D 5, 1073 (1972).

The 29.7 resonance excitation data are from this refer-
ence.

'4The 7-GeV resonance excitation data are from C. M.
Ankenbrandt etal. , Phys. Rev. 170, 1223 (1968); the
19.2 GeV from Ref. 7; the elastic scattering data for
constructing the curves from the Particle Data Group
compilation, LBL Report No. UCRL-20000NN, 1970
(unpublished) and U. Amaldi etal. , Phys. Letters 34B,
435 (1971).

PHYSICAL REVIEW D VOLUME 7, NUM BER 5 1 MARCH 1973

Charge Transfer in High-Energy Fragiiientation*

T. T. Chou
DePartment of Physics, University of Denver, Denver, Colorado 80210

and

Chen ¹ing Yang
Institute for Theoretical Physics, State University of New York, Stony Brook', New York 11790

(Received 9 October 1972)

Nontransference of charge is an essential aspect of the hypothesis of limiting fragmentation
for infinite-energy hadron-hadron collisions. One can define experimentally a charge transfer
u from one c.m. momentum-space hemisphere to another. At finite energies, u is not zero
because the fragments may "spill over" to the other hemisphere. A model is discussed which
yields an estimate of u. The general validity of the energy and multiplicity dependence of this
estimate is then commented upon.

INTRODUCTION

In the fragmentation picture' of high-energy
hadron-hadron collisions, the fragments of the
target, taken together, have the charge of the tar-
get, and similarly for the fragments of the pro-
jectile. Define the charge transfer u, an integer,
by

u = [-,'(total charge)„——,'(total charge)~] „„„

—[-,'(total charge)s —-', (total charge)~];„,„„.

Here R and L refer to the c.m. momentum-space
forward (i.e., projectile) hemisphere and backward
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TABLE I. Preliminary data of the Michigan State
University Bubble Chamber Group on the averages of u

(top two rows) and u2 (bottom three rows).

0 (GeV/c) 13 18 21 24 28

(i.e. , target) hemispheres, respectively. If all the
target fragments were to go to the left hemisphere
and all projectile fragments to the right hemi-
sphere, u would be zero. That is the expected
state of affairs at incoming energy F =~ in the
fragmentation picture. At a finite energy, u is
not zero because there are "spill-over" fragments.
Such fragments are, of course, not exactly defin-
able. However, the name is useful since it can
suggest models which we hope may capture some
essential features of the dependence of u on the
energy and on the multiplicity.

Experimentally, in hadron-hadron collisions,
such as in pp and pp collisions, the transforma. -
tion from the laboratory system to the c.m. sys-
tem for a final charged particle is relatively free
of ambiguities if the particle is negatively charged,
since it is then most likely a z . For a positively
charged fast particle, oftentimes an ambiguity
exists because it could be a n' or a p. We there-
fore choose as variables I (and I'}, the number of
negative pions in the left, i.e., backward (and
right, i.e., forward) hemisphere. The allowed
points in an (I, I', u) plot form a lattice, and one
wants to study the partial cross sections at each
lattice point, and various averages over them.

The Michigan State University Bubble Chamber
group (Oh and Smith} has kindly shown us some
rough preliminary data, which are summarized
in Table I. It is seen that as one increases the
incoming energy, indeed the average of u' for
fixed I,, /' decreases. We are making no efforts
to fit the decrease with a formula since the data
are preliminary.

We interpret this preliminary result as indicat-
ing that indeed the existence of nonzero charge
transfers is due to spill-overs. To gain some
feeling for the magnitude of the averages of u and
u' we shall discuss a detailed example which is
consistent with the fragmentation picture. We then
analyze various quantitative features of this model
and discuss their possible general validity.

A SPECIAL MODEL

While at this moment any specific model for
high-energy collisions is not likely to be correct
in the strict sense, some general feature of high-
energy collisions may nevertheless be revealed
by specific models if the reasons for these fea-
tures in the model are understood and are found
to be consistent with the essential points of the
physical description of high-energy collisions. In
this spirit we shall investigate a specific model
in which the two incoming protons in a pP colli-
sion fragment, respectively, as follows:

target P P+-&(v )+I-(~')+t(~'),

projectile p- P+ l'(v ) + l'(x') + l'(xo) .
(2)

(3)

(4)

[7:3l is the ratio of the proton mass to the static
total mass of the 3l pions. Equation (4) is of
course not exactly correct, but we believe some
general features of the fluctuation of the quantity
u, the charge transfer, are not very sensitively
dependent on this point. ] Thus we assume that the
proton does not "spill over. "

(b) We further assume that at p,*=~ the pion mo-
menta are distributed so that, aside from (4), only
the phase-space factor is important:

Consistent with the hypothesis of limiting frag-
mentation, ' at c.m. incoming momentum po = ~,
the (3l+I) fragments in (2) all move in the same
hemisphere in the c.m. momentum space. So do
the fragments in (3). Thus the charge transfer is
u=o. At a finite value of p,*, however, there are
possible "spill-overs, " in which a g' or several
of them may go into the "wrong" hemisphere.
Such spill-overs lead to nonvanishing values of
u. The problem we want to address ourselves to
in this section is to formulate a reasonable model
where the number of such spill-overs can be esti-
mated. To this end we make the following addi-
tional assumptions:

(a) In terms of the x variable (i.e. , c.m. longi-
tudinal momentum divided by incoming c.m. longi-
tudinal momentum} we further assume in process
(I) the outgoing protons to always have x = 7/(7+ 31),
and the sum of the x's of the outgoing p's to always
be

0 1
0 2

-0.51
-1.10

-0.44
-1.00

-0.46
—0 94

—0.46
-1.02

-0.40
-0.88

3l
gdx5(gx-y}. (5)

0 1
0 2
1 1

0.73 0.66 0.67 0.67 0.62
182 164 146 173 125
0.66 0.57 0.70 0.60 0.69

The two fragmentation processes (2) and (3) are
assumed to be independent.

(c) At finite values of p,*, (5) is not correct be-
cause the "limiting" fragmentation has not yet
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been reached. To estimate the "spill-overs" we

assume that the ~ energy distribution (5) for the
fragments (2} still holds, but write x„ for x:

3l

gdx„5(P x„-y) .
1

At a finite energy, however, x =p(*, /po is not exact-
ly x„. For small ~x„~, there is appreciable prob-
ability that x and x„have opposite signs, i.e. ,
there is appreciable probability for spill-overs.
We assume that for a m' or a m', there is a prob-
ability v(x„) of spill-over, where v(x) is only ap-
preciable for

a
v(x) =0 for x&—

p
)t( (a = constant-0. 2 GeV/c)

and

a
v(x) = 1 for —,& x& 0 .

pp

Then

(9)

To obtain some explicit results let us try the
ease where

0& x&
p+

= (3l —1)—,,
rpp

(10)

Where there is no confusion, we shall drop the
subscript ~ from x„. We have neglected the effect
of spill-overs of g . In other words, we assume
that the l ~ 's in one hemisphere and the l' Tt 's
in the other are all non-spill-overs. Since parti-
cles with small x are more likely to spill over,
this model is therefore not quite realistic if any
of the negative pions have small c.m. momenta.
The model is thus more relevant for smaller mul-
tiplicities.

Under these assumptions it is straightforward to
evaluate various moments of the charge transfer
u in terms of those of the function v(x). To do this
one notices that

Q =Qg —Qp,

where

Q~ = contribution to u from spill-over
positive pions in process (2}

f

v(x(),

with the summation extending over the l positive
pions in (2). Similarly,

1' = v(x() )

with the summation extending over the l' positive
pions in (3).

Thus for fixed l and l', the averages of u and u'
are

and

&s') = l{v'j(+ l(l —1){v(x,)v(x, )},
+(same with l- l') —2ll'{v),{v))

In these formulas {v), means the average of v(x, )
over the space x, x, with the weight (5).

which we assume to be «1. (We assume ig0. )

Also,

3l -1 2 3/-1

( (x,) (x,)},=( —2((—, + (—
rpp rPp

(3l —l)(3l —2) .
rpo*

Formulas (7)-(11)give the averages &u) and &g2)

for fixed l and l' for this specific model:

3a
&s) =—(l —I')(I+ l'+ 2)

p
)f( (l, l' &0), (12)

&u') —&u)'= „[(3/- I)(31+'i)+(3l' —1)(3l'+7)]
3pp

(l, l' t0) . (13)

DISCUSSIONS

(1) The sign of &u)(1, l') as exhibited in (12) is in
agreement with Table I.

(2) For fixed l and l', &u) —0 and &u') —0 as p,
"-~.

In fact, the cross section o-0 for all events for
which u cO, while the cross section g- finite limit
t0 for the case Q=0. This is a general feature of
the hypothesis of limiting fragmentation.

It may be that the observed decrease' of the
cross section for 4-prong events in pp collisions,
roughly in proportion to p„b ", from 28 to 200
GeV/c, is largely due to the decrease of cross
sections for events for which there is a charge or
isotopic spin transfer. It would be interesting to
study whether, for 4-prong events with u =0, there
is no decrease, or a slower decrease than p„„'*'.

(3) In the specific model, for fixed l and l', &u)

and &u') —&u)' decrease with increasing incoming
energy like (p,*) '-p„b '. This dependence stems
mainly from assumption (9) about the spill-over
probability v(x). It seems to us that while assump-
tion (9) is certainly too crude, spill-overs prob-
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ably do occur only appreciably for pions with c.m.
momentum which are less than some constant.
Thus, with the scaling property of c.m. longitu-
dinal momentum, it is reasonable to expect (u)
and (u') —(u)' to decrease like ( p~~) '.

Furthermore, since most events have small
multiplicities, for almost all events the average
of u' would approach zero. To be more precise,
for any given number f( 1, consider that fraction

f of the collision with the smallest number of
charged prongs. For these collisions the aver-
age of g' approaches zero as E-~, for any fixed
f& 1.

(4) As far as I and I' dependence is concerned,
(12) and (13) show that (u) and (u') —(u)' are qua-
dratically dependent on t and l'. The origin of the
quadratic dependence lies in the fact that large l
values imply large multiplicities, and large mul-
tiplicities cause individual pions to have small x
values, which leads to large probabilities of spill-
over.

If particles are emitted independently, then for
fixed l and l' the l+ l' positive pions would be equal-
ly distributed in the two hemispheres on the aver-
age, and

(u) =-,'(I —I') . (14)

This has a very different dependence both on the
incoming energy and on l and 1'.

(5) The statement that (u)-0 as the incoming
energy approaches ~ at a fixed l and /' holds also
for a Lorentz frame that maintains a finite fixed
velocity relative to the c.m. system. The essen-
tial point is that at very high energies the projec-
tile fragments all travel with very large velocities
in the c.m. system, toward one side. So do the
target fragments toward the other side. The prob-
ability that a fragment changes hemispheres under
a Lorentz transformation with a fixed finite veloc-
ity is small, and approaches zero as the energy
approaches ~.

(6) Let us denote by a second angular bracket
averages over all / and I', such as ((u)), ((u')), etc.
Symmetry of the two incoming protons requires

(15)

In the specific model above, the value of ((u')) be-
comes large at high energies because according
to (12) and (13) the term

2

(u}'=,(I —l'} (I+ I'+ 2)'
Po

contains quartic terms in l. We believe' that in a
power fit

one has

at very high energies.
Is this statement inconsistent with the second

paragraph of item 3 above? The answer is no.
The large contributions to ((u')) in (16) all come
from a small fraction of the collisions with very
large multiplicities and large values of I —I' (i.e. ,
unsymmetrical fragmentations). Of course, since
our model may not be realistic for large multi-
plicities, (16) may not be accurate. But the exis-
tence of large contributions to ((u')) due to large
unsymmetrical fragmentation seems a safe guess.

(7) The discussion above about the charge trans-
fer g could be extended to the nucleon number
transfer v'.

v = [-,'(nucleon number)s ——,'(nucleon number}„] r,„„
—[-,'(nucleon number}s ——,'(nucleon number)~], „,„,,

They can also be extended to the transfer of other
quantum numbers, such as the strangeness.

ACKNOWLEDGMENT

This paper was written when one of us (T.T.C. )
was visiting the State University of New York at
Stony Brook. He wishes to thank the members of
the Institute for Theoretical Physics for the hos-
pitality he enjoyed. We want to thank Dr. Benedict
Oh and Dr. Gerald Smith of the Michigan State
University for showing us their preliminary data.

~%'ork supported in part by the National Science Foun-
dation under Grants No. GP32998X and No. GP31552.

J. Benecke, T. T. Chou, C. N. Yang, and E. Yen,
Phys. Rev. 188, 2l59 (1969).

~G. Charlton et al. , Phys. Rev. Letters 29, 515 (1972).
C. Quigg, J.-M. Wang, and C. N. Yang, Phys. Rev.

Letters 28, 1290 (1972).


