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We analyze several interesting high-energy two-body reactions at large angles in the framework of
the massive-quark model. We propose to use spin-dependent effects to test the validity of this model
and to compare it with different theoretical approaches for describing hadronic interactions at short

distances.

I. INTRODUCTION

Large-angle two-body processes at high energies are
considered a most important class of reactions to test our
understanding of the deep structure of hadrons. The
scattering amplitudes which describe the dynamics in this
particular kinematic region depend on the interactions of
the hadronic constituents at short distances and on large-
momentum behavior of the hadronic form factors, which
is believed to contain basic information about the compos-
ite nature of hadrons. Experimental tests are needed to
define precisely the limits of validity of any serious
theoretical proposal on this question. In what follows we
will see that the differential cross sections are indeed im-
portant to measure, but polarizations are even more so, be-
cause they can uncover very fundamental aspects of the
underlying quark dynamics. The striking spin correlation
in pp elastic scattering near 6., =90° measured at Ar-
gonne with a polarized proton beam of 11.75 GeV/c (Ref.
1) has inspired a fairly large number of theoretical pa-
pers.2~® For massless quarks the QCD vector interaction
preserves the quark helicity and this strong spin constraint
leads to a selection rule for hadron helicities,

)‘-a +}‘b=)‘a’+}\b’ ’ (1)

for the reaction a +b—a’+b’. This important property
has several interesting consequences,” and, in particular,
all single-spin asymmetries are expected to vanish near
0..m.=90°. The situation is rather distinct in the case of a
theoretical approach of short-distance phenomena based
on the massive-quark model (MQM), which gave a satis-
factory description of recent data on large-angle baryon-
baryon and meson-baryon elastic scattering.*!° The aim
of this work is to reexamine some specific features of this
approach and to present new predictions from it. The out-
line of the paper is as follows. In the next section we
briefly review the method we use to build up helicity am-
plitudes for two-body reactions. In Sec. III we discuss
several baryon-baryon reactions and, in particular, pp elas-
tic scattering, together with some recent data from
CERN.!' Section IV is devoted to meson-baryon scatter-
ing where important polarization effects are predicted.
We make a comparison between various theoretical
models in Sec. V, where we will give our concluding re-
marks.

II. LARGE-ANGLE HELICITY
SCATTERING AMPLITUDES

Although the basic ideas of the MQM (Ref. 12) contain
some obvious features of hadron interactions, it was neces-
sary to make it more realistic by using the bag idea to
describe hadrons as confined in space-time regions where
quarks move almost freely. In quark geometrodynamics'?
(QGD) confinement is introduced geometrically, i.e., one
requires the wave function to vanish outside a compact
space-time region. The physical hadronic states corre-
spond to a limited number of ‘“allowed orbits” where
quarks can only propagate. This constraint leads to a
solution for the baryon spectrum,'* in which the three
quarks are spatially aligned, equivalent to a quark-diquark
structure. Such a suppression of dynamical degrees of
freedom avoids the supermultiplets (70, 0%) and (20, 17),
unobserved so far in the mass region below 2 GeV, but
which are present in the MQM and in various other quark
models. The transitions between the physical states are
essentially given by the space-time overlap which is indeed
relevant to calculating decay processes and scattering reac-
tions. In order to evaluate the large angle helicity ampli-
tudes for the reaction @ +b—a’+b’ at high energies, we
must consider the basic diagram Fig. 1(a) and, perhaps,

p.h, ¥ p h, P,h, p.hy
® -2 [
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R,.h, P, h, R,.h, p,.h,

FIG. 1. (a) The basic MQM diagram describing the large-
angle reaction a +b—a’+b’. (b) the gg—qq amplitude in
QGD.
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some symmetric partner depending on what reaction we
are looking at. They are obtained by folding the hadron
overlap functions F(aa';qq') and F(bb';qq’), appearing in
the upper and lower parts of the diagram, with the ele-
mentary quark-quark (or quark-antiquark) amplitude at
large angles. In the hadron overlap functions we must
specify, on the one hand, the spin and flavor structure
which we take from the simple SU(6) hadron wave func-
tions and, on the other hand, the energy dependence which
must recover, in the high-energy limit, the observed
behavior of the hadron form factors. Here let us stress
that we are using a spin-conserving overlap, that is, we as-
sume spin conservation (not helicity conservation) for the
spectator quarks—which is a natural assumption. The
hadron overlap functions are expressed in terms of 6, the
center-of-mass angle between the two hadrons a and a’ (or
b and b'), and E, the center-of-mass energy of the active
quark. Their general expressions for baryons and mesons
were explicitly given in Refs. 4 and 10 and they will be re-
called below in a suitable form for practical calculations.
For the quark-quark (or quark-antiquark) amplitude G
which appears in the middle of the diagram 1(a), we must
also distinguish its spin structure from its energy depen-
dence. According to QGD, G is given by the sum of an in-
finite number of mesons [see Fig. 1(b)] belonging to four
different meson families [transverse vector (V), pseudo-
scalar (P), and longitudinal vector (¥;)], which are the
four different spin configurations of the g7 system. This
rich spin structure gives, asymptotically,

3
Ghlhz,h3h4(6:E)=4E22ai(ai)h4h2(ai)h3hl (2)
i=0
with
3+cosf 1—cosf
aO:———Z-—’ a1=a3=——2-—~ s
(3)
ay=(s) 1—2ﬂ
The h; (i=1,...,4) denote the quark helicities. The

(V) are related to ay and a3, the (P) to ;, and the (V)
to a,, as can be easily checked. The coefficient (s) occur-
ring in a; is an important factor because it is the relative
weight of longitudinal to transverse. In QGD it is basical-
ly related to the mass of the external hadrons and it will
have different values in different reactions and according
to the large-angle diagram we will consider. For example,
in the case of a +b—a’+b’ for the diagrams given in
Fig. 1, we find

~(0)
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R2
<s>=7(ma +mg ) mp +my) (4)

with R%2~2 GeV~? from the slope of the Regge trajec-
tories. To obtain the full amplitude G we ought to multi-
ply Gh h,nin, By G(#,u), the explicit sum over all meson
resonances which occur in the ¢ channel of diagram 1(b).
We have

max

21 +1)P
i 22

2u

1+

Gltu=3 ——

n mn

n

(5)

and it is clear that since we look at a gg amplitude, the
Regge behavior occurs in the u channel. For our purpose
we must evaluate the limit of G (¢,u) for ¢ and u large, and
according to the techniques developed in Ref. 15 we find

G(Z,u)——»ln(—t/moz)(_—i)m . (6)

This ends our discussion of the gg amplitude G which ap-
plies to Fig. 1(b), but clearly for other configurations and
q7 amplitudes!® the spin-dependent part of G has basically
the form of Eq. (2) with the appropriate helicity labels and
different coefficients «;. Its energy dependence comes
essentially from Eq. (6) by setting different limits. The
high-energy dependence of the hadron overlap functions F
is such that it must lead to the observed asymptotic
behavior of the corresponding hadron form factors.

In the folding of FGF which must be done to construct
the helicity amplitudes, it is useful to perform the sum
over the quark helicities. Apart from some factors related
to the energy dependence of F and G, the helicity ampli-
tudes are

~(7) ~(i)
2" EFkaka 909 (G)G%qa sapart Ayhyigya, (0) -

i=0

diay~

@)

(For the definition of the helicity amplitudes and complete
expression of the various observables for a +b—a’'+b’,
see Ref. 16.) The nature of the sum over the ¢’s which
denote quark internal degrees of freedom depend on the
conﬁguratlon considered corresponding to a specific ex-
pression of G, and the F? have the following explicit
forms. If a (a’) is a spin—one-half baryon we obtain

Fyy qq'—SM[Aq(4 cos6)+S"(1—{—200s0 )]+ €x8in6(2S A)

~(1)
Fl,}» 199’ —(01)x' (5A S)

~(2)
Fiiee =

~(3) '
Flk';qq' =(G’3)NA(5A *S)z

(8)

(oaalAd (4+cos0)+sg‘( 1—2c0s0)]+i8,,sinf(25 —A4)¢ ,
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FIG. 2. Comparison of our predictions normalized at 90° for
Piav=11.10 GeV/c with the experimental results of Ref. 17.
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FIG. 3. Comparison of the predictions of the CIM models,
Ref. 18 (solid curve) and Ref. 19 (dashed curve), with the data of
Ref. 17. The normalization is the same as in Fig. 2.
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FIG. 4. Absolute predictions of our model for Ap — Ap.

with
AT = () =(B,B,)

S8 =(8,)1 =81 Tr(B,B,)— (BB, ,

9)

where B, is the SU(3) matrix of a. If a (a’) is a pseudo-
scalar meson we obtain

~(

0) ¢
Fop =2co0s(6/2)m] ,

~(1) ~(3)
Fop =Fp =0, (10)

~(2) '

Fyp =2isin(8/2)m} ,
with

mg =(mag)y =(M,MJ)Y

where M, is the SU(3) matrix of a.

These are the essential steps one needs to derive the heli-
city amplitudes for the different reactions we will study in
the following sections.

III. BARYON-BARYON SCATTERING

Let us start with pp elastic scattering which has been ex-
tensively measured in the large angle region. In Ref. 4 the
five amplitudes were calculated, but the main point was to
show that this approach leads to a fairly good description
of the data on the spin correlation parameters. Here we
will simply complete the comparison of the model with
the available data on the differential cross section.!” This
is done in Fig. 2 at various energies. Above p,;,=10
GeV/c both the energy behavior and the angular depen-
dence are in fair agreement with the data. We have also
made the comparison with the constituent-interchange
model (CIM) where quarks are simply interchanged in the
scattering process. Two different versions of this
model'®!® are shown in Fig. 3 and they fail to reproduce
the data. Below 10 GeV/c, one does not expect any of
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FIG. 5. The two basic MQM diagrams describing the large
angle reaction a +@—b +b.

these models to be highly reliable.

We can predict easily other baryon-baryon elastic cross
sections by using the appropriate flavor dependence in Eq.
(8) with no additional parameter; in particular, the nor-
malization is now fixed. As an example we show in Fig. 4
our absolute predictions for Ap— Ap at two different en-
ergies, which should be checked experimentally. The cross
section is below that of pp —pp and clearly not symmetric
around 90°.

Let us now discuss a class of baryon-antibaryon reac-
tions, that is, a +a@—b +b, which will be applied in par-
ticular to the scattering pp—pp. In this case the two
relevant diagrams are presented in Fig. 5. They both in-
volve g scattering, but whereas Fig. 5(a) requires, from
the flavor sum [Eq. (8)], the product of ‘the traces
TrF X TrF, for Fig. 5(b) we have the trace of the product
with both F(6) evaluated at @=w. This last diagram
which corresponds to the annihilation into true meson res-
onances gives rise to a phase through the factor occurring
in Eq. (6); that is,

In( —s/my?)=In(s /my?)—im . (11)
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FIG. 6. Comparison of our absolute predictions with the ex-
perimental results of Ref. 11.
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The helicity amplitudes, incompletely defined as in Eq.
(7), corresponding to the graph 5(a) are

b1~ (2+cos6)2ag—sin®6a, + a5 ,

¢~ (2+cos6)?ap+sin’6a, —aj ,
¢3~sin’0ag+a;—(2—cosb)’a, , (12)
¢4~ —5in20ag+a;+(2+cosb)’a, ,

¢s~ —3sinf[(2+cosB)ay— (2 —cosO)a,] ,

b= —¢s
with
a__l——cos@ a_a_3cosf)——l =L
0=TT T = o= 2 y =7

(13)

Note that although we expect six different amplitudes, the
model reduces to the situation of identical particles.

Similarly, the set of amplitudes corresponding to the
graph 5(b) is

$1~17@0+@3), $~17@—as) ,

b3~17a,—45@, , ¢4~ 17a,+45a, , (14)
$s=ps=0
with
_ 1+4+cos@ _ _ 1—cosf _
Qpy=—"7—"", Q=0r=—""71""—", A3=1-—cos6 .
2 2
(15)
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FIG. 7. Comparison of the predictions of the CIM models,
Ref. 18 (solid curve) and Ref. 19 (dashed curve), with the data of
Ref. 11.
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FIG. 8. The predicted polarization for pp—pp from our
model.

In Fig. 6 we give the comparison of our predictions for the
differential cross section for pp—pp with recent CERN
data.!! A reasonable agreement is obtained at pj,=12
GeV/c for both the angular dependence and the ratio
r =pp /pp at 90°, which is roughly 20. As for pp—pp, the
curve is too high at p,, =8 GeV/c. In Fig. 7 we compare
the same data with the two CIM versions considered
above.!®!® The model of Ref. 18 suggests

5 5.6

r~ [m (16)
whereas that of Ref. 19 predicts

16 a7

r=——m—m——.
(1+cos6)*

The last angular dependence appears to be too flat to be in
agreement with the 12 GeV/c data.

In addition, for these two models all the amplitudes
produced are real and therefore one does not expect any
polarization. This contrasts with our model, which pro-
duces two sets of amplitudes with different phases [see Eq.
(11)]. As a result, we have a nonzero polarization P which
is presented in Fig. 8. The prediction is given at 12
GeV/c, which is accessible to experiment, but it is almost
energy independent.
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FIG. 9. Our absolute predictions for pp— AA.
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FIG. 10. Our predicted polarization for 77p —m*p.

We have also studied the reaction jp—AA. In this case
only the diagram of Fig. 5(b) contributes. As a conse-
quence we expect no polarization. Absolute predictions
for the differential cross sections, which should be
checked experimentally, are given in Fig. 9.

IV. MESON-BARYON SCATTERING

Meson-baryon elastic scattering also has been recently
analyzed in the framework of the MQM.!® For this type
of reaction, two classes of diagrams contribute: the meson
exchange and the baryon exchange graphs. The relative
normalization between these two contributions is an un-
known parameter A which must be determined from data.
Both energy and angular dependences of the differential
cross section were shown to be in good agreement with re-
cent CERN data on 7*p scattering?® for A= — 5. This
value was determined from 7*p elastic scattering at 10
GeV/c.2! Another value of A was proposed later from the
fit of the 7~ p differential cross section?? where they found
A=+ 5. Present data are not accurate enough to allow a
definite choice.

Let us now turn to the polarization. A phase difference
giving rise to a nonzero polarization occurs only when one
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Ak —~PL,=30GeV/c

-1+
-2+
-3+
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-7+
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FIG. 11. Our predicted polarization for 7= p —mp.
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FIG. 12. Our predicted polarization for K p —K 7p.

of the diagrams involved in a given reaction corresponds
to the production of true resonances in the s channel. In
order to get a large polarization the contribution corre-
sponding to this diagram must interfere with another large
contribution. This is the case for the elastic reactions 7p
and K ~p but we expect no polarization for K *p, which is
an exotic reaction in the s channel. For m—p—K°A we
certainly have true resonances in the s channel, but in this
model it must interfere with the meson exchange diagrams
which are suppressed due to the small value of A. Keep-
ing A= — 5 we give in Figs. 10—12 the polarizations P
for the reactions 7¥p and K —p. Contrary to QCD which
predicts no polarization in all cases, the polarizations at
90° are about —40% for w¥p and —20% for K ~p. The
predictions are quite independent of the incident energy
but they strongly depend on the parameter A. If we take
instead A= + 15 we also obtain large polarizations but dif-
ferent shapes. So our predictions can only be considered
as a guideline rather than a definite test of the model. Of
course, if A is known unambiguously, using, for example,
one polarization measurement, then the predictions for the
other reactions will become absolute.

V. COMPARISON BETWEEN THE THEORETICAL
MODELS AND CONCLUDING REMARKS

Our aim in this section is to compare the predictions of
the CIM and the MQM in the cases of both the differen-
tial cross section and the spin-dependent observables. All
these quantities depend on the incident energy and on the
scattering angle.

Let us first discuss the energy dependence of the cross
section. In the CIM-type models the power behavior in s
can be obtained from a counting rule based on dimension-
al arguments.”®> This leads to the behavior s~!° for
baryon-baryon scattering and s~% for meson-baryon
scattering. The CIM can be reinterpreted in the frame-
work of perturbative QCD. The gluonic exchange be-
tween the constituents of the same hadron leads to a viola-
tion of the counting rule. The energy behavior is affected
by logarithmic corrections.?* Moreover, the absolute nor-
malization should now be fixed by summing all the dia-
grams, but this is a huge task. The energy dependence of

2167

the differential cross section is somehow different in the
MQM. The logarithmic term [see Eq. (6)] in the quark-
quark and quark-antiquark amplitudes induces a depen-
dence like s ~!''In%(s/m,?) for baryon-baryon scattering
and s~ °In*(s/my% for meson-baryon scattering. We
should not forget, in the QCD framework, the Landsh-
off?> contributions arising from three successive nearly
on-shell quark-quark diffusions in baryon-baryon scatter-
ing. The differential cross section is proportional to s 8
at fixed angle. This slow falloff with energy has not yet
been clearly observed. However, Sudakov form factors
arising from quark-quark-gluon vertices tend to restore
the behavior given by the counting rule’® and provide a
possible interpretation of the observed oscillations of the
elastic proton-proton cross section with Ins.2” Unfor-
tunately, the currently available high-energy data are not
accurate enough to clearly discriminate between the count-
ing rule, and QCD logarithmic corrections, and the MQM
prediction.

The situation is the same for the angular distribution of
the differential cross section but not for the spin-
dependent parameters. When the kinematical invariants
s, t, and u are large compared to the quark masses, the
quarks can be taken as massless. In this case their cou-
pling to vector gluons conserves helicity. This leads to im-
portant consequences. First of all, any polarization pro-
portional to a spin-flip amplitude is zero. This is the case
of all transverse polarization involving one spin. For
proton-proton scattering the two double-spin asymmetries
Ayy and A;; are related'® at 6, ,, =90° by

ZANN—ALLzl . (18)
This strong rule has not yet been really tested. Indeed at
Py =11.75 GeV/c Ayy is well known, but the determina-
tion of A;; at the same energy is still preliminary.?®
Moreover, in the absence of phase differences (this situa-
tion might not occur in the presence of imaginary parts
coming from Sudakov corrections) the helicity conserva-
tion leads to the following relations for the spin-
correlation parameter?:

Dyy

Kyy | =71 =A0)(1+4L,)

(144, ) —44yy1" 2312 (19)
This relation has some ambiguity because the relative sign
in the right-hand side of Eq. (19) is related either to Dyy
or Ky, and only when one is determined is the other one
fixed. So measurements at the same energy of all double-
spin asymmetries are needed to confirm in a definite way
this helicity selection rule. A comment is in order here.
A violation of this rule would indicate the presence of oth-
er mechanisms like wave-functions effects>® in the con-
nection between quark and nucleon amplitudes or higher-
twist terms.

The situation is rather different in the case of our
theoretical approach based on massive quarks where the
elementary gq and g7 amplitudes involve vector, scalar,
and pseudoscalar couplings. The spin-correlation parame-
ters have been already calculated, and Eqgs. (18) and (19)
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do not hold. For a given reaction several diagrams can
contribute and the polarization is nonzero if one of them
corresponds to the production of true resonances in the s
channel. This is the case for pp, #%p, and K ~p elastic
scattering. We recall here the sensitivity to the parameter
A of the predictions for meson-baryon scattering. There-
fore, polarization data at large angles are important tools
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to discriminate between challenging models.
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