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Abstract |
The possibielnonJaddiﬁiQe‘character bf quark’aﬁblituaés and the resulting

vad&ipional contributibns‘té-tptal'cross sectibns éré'investigated,, A sumvrulé is

derived and it 1is suggestéd that.the nbn-addiﬁivé contribu£ions tq some cross

sections may be dominant.

A



‘withthe assumption of additivity of the quark-quark and quark-antiquark amplitudes
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- High-energy hadron-nucleus cross sectionsgexhibit the effects of multiple

‘ scattering to varying degrees,‘depending in part upon the reactions measured and

the momentum transfers involved. For:. example, proton deuteron elastic scattering

angular distributions exhibit & secondary maximum or shoulder and a backward peak ’

1-3

: b
. which appear to be attributable to double scattering. Proton-He elastic

scattering exhibits secondary and tertiary'maxima which may be attributable to
L . ' .
double and triple scattering, respectively. Double-scattering effects in'high-

energy hadron-deuteron total cross sections are not quite so dramatic, but general-

5-7

-1y do amount to 5-20% of the COrresponding hadrdn-nucleon cross sections. The’

analyses of multiple SCattering at high energies are usually made by means of " the
Glauber approximation.8 -In quark models, wnere hadrons may be thought of as bound
states of three quarks kor antiquarks), or of a quark and an antiquark,!one'might
expect multiple.scattering corrections to hadron—hadron total cross sections to

be significant We investigate'the possible'effects of "multiple scattering,"
i.e., non-additivity of quark amplitudes, by applying the Glauber approximation

to the quark model.

Most of the total crOss-section‘relations obtainedvfrom the quark model

.9-15
appear to be in rather good or very good agreement with the measurements. This agree-

ment need not, however, implyvthat the quark amplitudes are additive. The treatment

of non- additivity corrections in the quark model may be illustrated for ﬂ'ﬂ colli- L

sions for which the Glauber approximation leads naturally to a consideration of

-8ingle, double, triple, and quadruple scattering. We use the notation pnAh for the

three quarks and we consider the 7 meson to be & bound state of the antiquark-quark
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pair Eb, We assume that the internal velocities of thé quarks may be neglected in
'comparisdn to the velocity of the incident ﬂ* meson. We also assume that the 7r'+
meson has an internal wave function and & corresponding form féctor S(En. The

total cross section at a laboratory momentum k, denoted by U(ﬂ%ﬂ#,k);‘ may be

written as

c(ﬂ*ﬂ*,k) = 20(pfi,rk) + 20(pp,uk) + 602 + 803 + 8°h ’ (1)

where o(pfi,pk) is the phi "total cross section" at an incident momentum pk for
the. p quark in thé ;aboratory system, with a corresponding meaning given to
o(pp,uk).lé The féctor i is & constant equal to the ratlo of the effective mass
 of the quasi-free quark p to the mass of the ﬂ* meson. The quantities 802, 505,
and Boh represent respectively the double-, triplé—, and quadruple~scat£ering
COrrectibns which we shall investigate. | '

. We let f(pﬁ,aiuk) denote the phl elastic-scattering amplitude fbr an inci-
dent momentum pk and a momentum transfér a? for the quark p, with a corresponding
notation for the pp amplitude. An extension of the Glauber approximation for

‘ 6
hadron-deuteron collisions yields17

80, = @/u“K)Re [ (45(D)£(ph,T) £(pp,-a) + SE(E’)[\\f(pp,?) £(pp,-q)

(2)

+ f(PH)a.’)f(PH) "E)] }dgq ’
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b0y = -(l/ﬂujk?)lnlfes(af)s(—é,)'.)[f(P’rT,?r'CI)' )£(pp,-3" ) (pp, -q)

+ f (pb,'q"’+'q"; )£ (o, -'cf' )£(ph, -2)] deédeq' , ( 5)
gnd
b0, = - (/2P R 5@ (@) e(ep3 - 4 - 3T)(em, ' + 534 ')
- - - - - I - - : ' vf(ll*)-
x £(pl,-q" + 3¢ - $3")1(pW, Q" - T+ 33" )d qd q'd"g" , |

for ﬂ*ﬂ+ collisions, where the gquark amplitudes are to be evaluated at the momen-

tum, pk (which we have suppressed). We have chosen units in which %=1,

Let us consider two extreme cases'régarding the binding of the quark-

~antiquark pair. If we assume that the ph system is'very strongly bound, we may

approximate 5(3) by unity in the integrals (2)-(4). Thus 80,, for example, would

become
80, (&) = @/ Re [ b2 (o1, D)2 (pp,-T) + £(p0, D1 (pp,-D) + £(pF, DE(e7,-T))a%q ,(5) o

where the superscript (s) denotes the strong-binding limit,
. The other extreme, in which the ph system is very weakly bound, leads to a

formulae containing expectation values of expressions involving the quark—antiquark '

“ ol

‘separation r (or p) in the 7' meson. For example, '662 is'giVeh simpl&5B§}5Tf"V*r*‘-‘&“

80, (*) - (tm/uek"‘)ﬁe{uf(p’r‘;,o)f(pp,O)(r'E) .

. + [£°(pp,0) + £7(p,0)]
ks S

| - (6)
x ({(1/2rp)inl(x+0)/x-p11) ,) } , '-
. . - m
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where the symbol ( ) N denoées the e#pectation value in the pH bound state, i.e.,
in the T state. .ng superscript (w) indicétes the weak-binding limit,

| By inciuding'multiple-scattering corrections, cross section sum rules may
be derived.under certain simplifying assumptions, It should be clear that for s
glven set of assumptions regarding tﬁe yarious quark ampliﬁudes, any sum rule we
obtain by including muitiple—scattering effects.wouid have to be a linear combiha-
tion of the sum rules obtained‘ from the usual additivity assumption. The reason
.for this may be seen by noting that the sum rules are 1ﬁdependen£ of the values of
the various quark amplitudes. Therefore 1if the multiple-scattering amplitudes
happened to all vanish,vwe would be in a situation where the additivity assumption
was correct, and consequently the "new" sum rules would not be independent of those
already derived. However, iﬁ'is importanﬁ to note that the inverse statement is not
correct. A sum rule derived from additivity would not in general be any linear
combination of sum rules derived by including multipie-scattering effects. Conse-
quently, a sum rule derived by including multiple-scattering corrections would
perhaps iﬁdicate which combinations of the familiar sum ruies are to be preferred.

For the remainder of our discussion we consider the strong-bindiﬁg limit,

treat only double-scattering‘"corrections" to the additivity assumption, énd
assume f(pp) = f(pn) = £(pn) = £(Np) = £(Ap) # £(Pp). We exclude f(Pp) from this
assumption since an isosinglet annihilation channel may be expected to givé signif-
icant contribution and break the Pomeranchuk. theorem for amplitudes which can

" have en isosinglet component.12 The sum rule we derive under these assumptions is

o(X'N) - -;—&(K‘P) - Lo(k*P) = to(EN) - %—o('ﬁP) - 5% a(PP) , (7)

! .
.

s

~.
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vhere P = proton and N = neutron. The comparison with the measurements is

shown in Table T. It is seen that five of the six predictions agree well with

zexperiment. The remaining one 1ies within two standard deviations of the measure-

,

We have calculaped sepératelyvthe sinéie— and double-scatteringicontribu-
tions to ‘the total cross sections. The single-scattering'contfibutions may con-
_sist of two types ofvtefms. One.corresponds to Pp collisions and is proportional
to the antiquerk-quark‘"total crossvsection" o(fp). The other corresponds to pp,
pn, pn, Ap, and Ap oollisions and is proportional to o(pp). A typlcal calculated
value for the "cross section" o(fp) at 12 GeV/c leboratory momentun is (7.6%6.3)mb.
The lafge uncertainty is due to fhe.large experimental uncertainty in the antiproton-
neutron total:crOSs’section measurements., ihe corresponding value for g(pp) is
calculafed‘to'be'only (0.210.5)mb, These values suggest that within a hadron
quarks rarely engage in single collisions, except possibly for pp collisions.

the
This dOes not imply,however, that in hadron-hadron collisiOns/annihilation processes,

» which presumably represent a substantial part of pp collisions, necessarily result

mainiy from single collisionsi_ That part of o(Pp) corresponding tv absorptive pro-
cesses 1is equal to the cnoss section for the absorption of a pp pair in hadron- |
hadron collisions'regardigsg of what else happens to the remaining ouarks and
antiquarks'duriné the collision. For proton—antiproton collisions, for example,

it includes absorptive processes in which three quark-antiquark pairs annihilate

iA relatively large value for o(fp) is therefore not incompatible with the prOposal of

, 1l
Kokkedee and Van Hove 2. that antibaryon-baryon annihilation takes place mainly

via the annihilation of three quark-antiquark pairs.
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The double-scattering corrections consist of three types of terms. Those
which are quadratic in f(pp) are found to be negative at the six energiesifor whichi
data exist. This is to be expected for strdngly absorptive procésses.v For purely

~absorptive (opaque) interactions it may bevexplained in part as a "shadow" correc-
tion in & manner similar to the interpretation given by Gléuberl9 for hadron-
deuteron absorption cross sections, and as an additional co?rection for countingsome
absofptivg processes more than once when using the ‘additivity assumption. The
remaining two types'of double-écattering cofrections, thosequadratic in f(pp)
and-those bilinear in f(pp) and f(Pp), yleld positive contributions.

The two types of single-scattering contributions and their sums, and the

'\sum of the three types of double-scattering contributions are shown in Table II
for total cfoss sections at 12 GeV/c. The uncertainties in the values shown in-
the second and third columns are 86% and 153%, respectively. We note that the-
double—scattering contribution alone yiélds almost the entire PN and K+P cross
sections. Thls 1s related to the prOperty that the pp (or fin) combination appears
in nane of thelquark collisions involved in these two cross sections. PEmpirically,
the relative importance of double-scattering appears to decrease with the number
of pp or nn combinations that can be formed from the quark constituents of the two
colliding hadrons. The rather large double-scattering contributions we have cal-
Fuléted for some cross sections suggests that triple- or even higher-order multiple-
scattering contributioué may be significant., We might poiﬁt out that assumptlons
régarding the quark amplitudes which are less restrictive than those wé have con- ' .
sldered may be used to obtain additional sum rules. These sum rules, however, have
the disadvantage that they can n&f be tested so readily as they involve cross sectlons
such as o(Ap), for example, which have not been measured with such great accuracy.

Details of such calculations wlll be reported elsewhere,
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v"l7§ For‘simplicity wé omit those contributions to the hadron-hadron forward
eléstic écattering'amplitudes which arise from multiple interactions'in
which the identity of three or more quarks change duringzihé collision‘and
the fingl,states of the two bound systems are 1dehtical to, their initial
states. These types of reactions have an analog in proton-deuteron colllsions,
for example, where an elastic doﬁble chérge-exéhaﬁgevproceés may occur, ‘In
that case the incident proton charge exhanges with the neutron. The emergling
particle, now a neutrén, then chgrge exchahges witﬁ the target proton, The
final configuration of the target is & neutron-proton system which may be
bound, and the final emérging particle is once again a proton._ See C. Wilkin,
Phys. Rev. Letters 17, 561 (1966) and Ref. 2 for more detailed discussions.
A double collision vhich we omit for ﬂ+ﬂ+ scattering in the quark model is

np-» pn followed by pn- np, with the final state of each of the two np systems

being the ﬂ+ state.

18. Our assumptions also imply c(KfP) =fc(K+N), a(PP) = o(PN), o(nP) = g(K'P), and

+ - . .
o(mP) = g(K'N). The first two relations are in agreement with experiment. In
the last two relations a discrepancy of ~4 mb exists.

19, R. J. Glauber, Phys. Rev. 100, 242 (1955).
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o . . ’ ,I‘ . . - N : -. +
‘Table I. Tests of the sum rule o(K N) -20(X"P) -i0(K P)
= $o(PN) .20 (PP) - o (PP)

y >
. | a(x'ﬁ) o(kP) %c<§N)-;%c(§P)
‘Momentun -2o(K'P) - a%ac(PP) |
(GeV/e) ¢ . . (md) - (mb)
6 Lk ok _“ - i.o~t 1.0
8 ;"‘? 080k 11%1.0
RETRR soﬁibﬁv L jdioé
1 o 0.7 %0 " 1.3 % 0.9 :
| .;6  - - 1.2.%0.6 | 1.k *o0.9 |
18 13t | .0 %2.0




Table II.

Quark single- and double-collision contributions to total cross sections at 12 GeV/c,(in mb)

Total single--

pp single- DP,PN,pn,Ap,Ap Double- Total
Cross collision single-collision collision collision Ccross
section contributions contributions contribution contribution section
o (PN) 0 1.9 1.9% 2.9 38.5 * 4.6 4o.4
6 (X'P) 0 1.2 1.2 % 1.9 16.1 * 1.9 17.3
' (' P) 7.6 1.0 8.6+ 6.5 15.6 * 1.6 oh.o
o{(n'P) ~15.2 0.8 16.0 * 12.7 12.9 £ 1.9 28.9 + 12.8
o.(BN) 30.3 1.0 31,3 * 25.2 22.5 t 5.8 55.8
o (FP) 37.9 0.8 38,7 * 31.k4 13.0 * 7.7 51.7
ll .
).J
. 5
g
3
W
-
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