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A RELATIVISTIC QUARK MODEL FOR DIFFRACTIVE
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By NiNA BYErs
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The Boéhm, Joos, Krammer [7] relativistic quark model is used to obtain high
energy meson scattering amplitudes from quark-quark elastic (absorptive) scattering
amplitudes. A relativistic form of Glauber’s multiple scattering expansion is assumed
and some results reported.

1. Introduction

As Carlitz, Frautschi, and Zweig [I] pointed out, the non-relativistic SU(6) quark
model does not allow diffractive excitations of low mass mesons. However, the mesonic
states known as the 4;, 4; and Q are produced in the reactions np - Ap and Kp — Qp
with cross-sections ¢ = 0.1 6),;.: these cross-sections do not decrease much with
increasing energy [2, 3].

In the non-relativistic quark model the mesons are represented by quark-antiquark
states (see Table I) and baryons by gqq states. Let us assume that at high energies ¢q
scattering is highly inelastic. In meson-baryon and baryon-barvon collisions, diffractive
eXcitations occur owing to the absorptive effect of gg scattering [4]. If gg scattering is
spin independent and we neglect spin-orbit coupling, 7 — 4, and n — A4, excitations do
not occur because these are singlet-triplet transitions. If gg and gq scattering amplitudes
are equal, # —» B does not occur. Assuming this spin independence and equality of qq
and qq amplitudes, one also has zero polarization in elastic mp scattering and equal-
ity of pp and pp cross-sections. However, at the energies at which productions are mainly
observed, we observe spin dependence in elastic scattering [5] and considerable differ-
ence in pp and pp cross-sections. A quark model of diffractive excitations in which the
qq amplitudes are spin dependent will give non-vanishing polarizations in meson-baryon
and baryon-baryon scattering and also diffractive productions of 4,, 4, and Q [6]. Simi-
larly, if gq and gq amplitudes differ, one may obtain diffractive B meson productions.
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TABLE T
JPC g—7 state Primary decay
’ modes
7 (140) | o . 150
e (750) . 1-- : 35, T
3 (962) i 0+ j 3P, an
A (1070) . 1 3p, on?
B (1220) 1+ tp, w7
A, (1315) 2++ 3P, o7
As (1640) ! 27 'D. fon
JP
K (494) 0 'So
K* (892) 1- 38, Kn
? Q(1280) 1+ 3P, K*a, on
7 @ (1240) 1+ ip, 3=

In the relativistic model I shall describe here, the meson-baryon and meson-meson
amplitudes are approximated as a multiple scattering expansion in quark-quark elastic
scattering amplitudes similar to the Glauber multiple scattering expansion; some years
ago, Frautschi and I described how such an expansion might describe hadronic diffractive
excitation [4]. At that time, we could not implement our ideas because we felt that relativ-
istic effects would be important and we did not know a relativistic description of mesons
and baryons as composite systems. Recently, B6hm, Joos, and Krammer [7] have given
a fully relativistic model of the mesons as g —g bound states; their Bethe-Salpeter amplitudes
are in direct correspondence with the non-relativistic SU(6) model. Now, therefore, 1
would like to present a fully relativistic model of diffractive excitation and use the Bethe-
-Salpeter amplitudes of Bohm. Joos, and Krammer to obtain some results.

2. Relativistic formulation

We take the state |a) to be a gg bound state described by the Bethe-Salpeter ampli-
tude [8]

24, P)) = 2n) 7" [ d*xeT Ol T {w(x{2)p(—x/2)}ia) )]

where (x) is the quark field and PZ = M?2. The particles g and g in j@) have momenta
p:1 and p, where
P,

P
=2+ and =2 —g; (2)
Py 5 q P2 3 q X

¥ is a matrix whose entries are labeled by the Dirac and SU(3) components of ® and .
It satisfies an equation of the form

(7 —my(p+m) = i [d*q A (g, 9", P)x(q’, P). (3)
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Mandelstam [8] has shown how such amplitudes may be used to calculate the matrix
elements of a relativistic field theory; viz.,

bl T{p(x)-..%(y)...¢(2)...} la. @

Using his prescription, one obtains for example in the ladder approximation the matrix
element of the electric current j, = yy,dop in state |a) as

(2m)*(al j(0) la) =
= Jd“q Tr {-—z (q + ;, P,+k) Yurot(a, P (%' —q +m)} +

+ J’d‘*q Tr {x (q - -’25 , P, +k) (% +g— m) x(q, Pa)y,‘la} 3)

where k = P, —P, = momentum transfer. Each term of (5) is represented by a diagram

Las

Fig. 1

like Figure 1a. Note that the diagrams in Figure la are not Feynman diagrams. The
rules for the contribution from

~£3j

to {alj,la) are:
i) incoming ladder = y,;
ii) non-interacting g line = (—Z;—m) to the right of yx;

iii) >CZ'WV‘ = P,4q to the left of y;

iv) outgoing ladder = y.
For the

~Qt
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contribution we have:
i’) same as (i) above;
ii’) non-interacting g line = (7, —m) to the left of x;

iii" >q""’"‘ = Yoy VoA = V,hg to the right of y;

iv') same as (iv) above.

We shall use similar ladder approximations to calculate the other matrix elements
of our model.

Let us now consider as an example ntzn~ elastic scattering at high energy and small
momentum transfer. Assume that the S-matrix may be approximated by the Glauber
multiple scattering expansion [4]

Z 1 Z 1 2 :
1_-.8 = T = ts'j— i lijtki+ 3_! Iijtkl!mn_..
LJ

7

Y Liititmntop (6)

where 1;; is an elastic scattering T-matrix [9] for the scattering of quark i in n+ by quark j
in 7~. We assume that at high energies the #;; matrix elements are real [9] and strongly
favor small momentum transfer (the latter assumption allows us to neglect exchange
effects). The contribution of a single scattering term ¢;; to {n*n~|{Tintn > =T, . 14p- is shown

b d b d

b c)

Fig. 1

in Figure 1b. Contributions to a double scattering term £t are shown in Figure Ic
and Figure 2. The summation 2’ over the multiple scattering terms in (6) means sum over
all indices omitting terms in which the same pair occurs in more than one factor.

To illustrate how one might use (6) to calculate for example T e pin- (OF Tginoinin)s
let us assume that the invariant amplitude 7;; is given by (for definiteness we assume both
I and j are quarks)

’

P [
tij = = Si;f(t)l_’(l”i)“(Pi)a(P})“(Pj) (7

P; P;
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where s;; = (p;--p;)* and 1 = (p;—p;)>. Then the contribution from #; to Tpipipin- IS

i d“ k P,
d4 ' k P_ ,
[ ) f{-)?(‘]'-‘ 5 P-’*k) xq’, P-) (7 —4 +m>}]. (®)

Here 1 = k2 and s = (P,+P-)% Note that the quark-quark energy variable s;; # s; viz.,
s r r
s = 5 +(P++P) (@ +4)+(q+q)" ©)

s . . . . .
In (8), we have approximated s;; by e The second term in (9) is a kinematic correction

which for example gives the nt system information concerning the direction of motion
of the incident n—. This gives a so-called p_ (or P,) correction to the non-relativistic Glauber
theory (we noted that such corrections might arise in Ref. [4]). A double scattering contribu-
tion, for example, 7,,t,; (Figure 1c) may be approximated by (see below)

s\? [ d*k, d*q k
Dy 1 k~— 1 - P + k
< ) (M‘ﬂkw “)Ua) r{ ( 2 +>
P, -1
X (—2— +‘,9“+Jél——m> x(q, P.) (— —/q’+m>}]
d'y T P_—k " P ] 10
[ " {x(q—i, - )x(q, -)} . (10)

(We have for simplicity assumed f(k?) is the same function for ¢¢, ¢g and gq.) In (8) and (10),
we use the rules (i) — (i) and (i") — (i) for g and g, respectively, replacing y,4, by unity
and in (10) insert a free particle propagator for the g propagating between its successive
scatterings. Vertex corrections and gg interactions for the gq pair comprising a given
meson between successive scatterings have been neglected. This may not be a good approx-
imation. It is presented here only as an example of a relativistic double scattering cor-
rection. A more adequate approximation would take gq interactions between successive
scatterings into account; e. g., a sum over intermediate states a and S of diagrams like
that shown in Figure 2. If we assume the quark-quark scattering strongly favors small
momentum transfer, the interactions taken into account in the Bohm, Joos, Krammer
amplitudes might be a sufficiently good approximation for gq interactions between suc-
cessive scatterings. In this case, such amplitudes might be used for the mass shell contribu-
tion to the intermediate state sum (over o and ) of Figure 2 diagrams, while (7) is used
to approximate the high energy gq scattering. However, (7) represents highly absorptive gq
scattering. It seems resonable to suppose, therefore, that intermediate states other than
two-body might be important in double and higher multiple scattering terms. We do not
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Fig. 2

know how to estimate such effects. Our model therefore is inadequate as a real model for
high energy interactions. In the following section, we report mainly results of the model
in the single scattering approximation T & X ¢;;.

3. Some results of this model

With the above formulation of a relativistic multiple scattering model and the Bethe-
-Salpeter amplitudes of Bohm, Joos, and Krammer, we can calculate some effects.

First let us see the form of some amplitudes and cross-sections using the simple
ansatz (7). In their rest frame P = (M, 0, 0,0), the Bethe-Salpeter amplitudes for the
singlet mesons n(0-%), B(1*"), 45(27) ..., (JFO), ... are [7]

4n2n 1/2 qZ n/2 .
X5,0,(q, P) = (m) (VE) Y5, @xo0o0 (11)

3 —
where the masses satisfy M7 = M(z,—{—g J \/ﬂ and [10]

P . _
Xoo = (” ;;) ys2m)? V1/6np e74=12 P, (12)
The single scattering approximation for nw elastic scattering yields [11]

4m\? -
8 2 0 (%) 0. 13
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The electromagnetic form factor of the pion is from (5)

F 1) = &/, (14)
In this approximation, the differential cross-section for nn elastic scattering is
do " m* 16
— ] = fOF)— —. 15
(dt),,,, JIOF (1) ~ 3 (15)
The corresponding gq elastic scattering cross-section is
do ,mt
— 1 =fa) —. 16
G "

(Note: f(t) has dimension m=*.)
The production reaction nn — Bz vanishes in the above simple case; however, if
Jag # f23> We obtain

do’) B \k|*> (do
dt/n‘n‘—*B"rr' B 8\;’/3 dt AR AN

(the TCP theorem requires equality of g¢ and gg amplitudes. We exhibit equation (17)
for illustrative purposes only because TCP theorem allows B-production in pion-proton
collisions (see Eq. (19))), where k = three momentum of n* in rest frame of B*; viz.,

2

; (17

qu—fﬁ__

Jaat e +fa

ki* = [(Mp+M)" = (] [(Mg—M,)* —1]/AMj,. (18)

8 —
According to the mass formula: 3 /B = MZ--M?:. For n*p — B'p, the amplitude
is proportional to f,,—f,, and the differential cross-section has the form

do 2 Iki* 2 2
(dt )vwwp ~ faa— T4zl W FD)*Gp(t) (19)
where Gp(t) describes the momentum transfer to the proton. In both these reactions,
t-channel helicity is conserved: /. e., the B is produced with spin along the direction of the
incoming nt in the B rest frame.

On the other hand, the single scattering approximation to our model with £, = f,, =
= fz yields large cross-sections (~ G, ) for m— 45 and for the series 0~ — 2-1, 47+, .
In fact, as J — oo the cross-section rises like ¢’! Of course, high J are very massive states
and B6hm, Joos, and Krammer do not expect their approximate interaction to be valid
for these states [7].

The triplet series 1+, 2--, 3+t .. is described by amplitudes analogous to (11).
The ground state (A,) is given by [7]

5 lj - - — g T —arli3 N EY
1, = @) (1 + m)(yx q),s[zj\/l;UJ.,z \/l/6nﬁ o 9EY2VE (20)
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8 5 . . .
and the masses satisfy M? = M(2)+§J \/ f°. The single scattering matrix elements connect-

ing A{ with 7 are of order N B°Im* compared with 1 — 4; or n — B and should be neglected
[11]. This reflects the fact that spin-orbit effects are negligible in the B6hm, Joos, Kram-
mer model. If we had included some spin dependence in gq scattering instead of using (7),
matrix elements for 7 — A, could be appreciable. There are many different types of spin
dependence. We have not yet investigated these possibilities.

As 1 am last lecturer in this XI1 Cracow School, 1 should like to close the school with
an expression of appreciation on behalf of all of us who have come from abroad for the
warm hospitality we have received. In particular, our thanks are offered to Dr E. Obryk
and his excellent staff for all they have done to make our stay here so pleasant and worth-
while. The spirit and excellence of physics here will not soon be forgotten. We hope
physics in Poland will not again suffer the tragic loss sustained last year from the untimely
deaths of the experimentalists O. Czyzewski and L. Michejda. Their loss was a loss to us
all and this School has fittingly honoured them by including the excellent experimental
talks we have heard.
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