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Meson and baryon total scattering cross sections are obtained using a quark model. It is emphasized that
from the assumption of additivity alone /independent of SU(2) or SU(3) symmetry assumptions7, two sum
rules exist. Experimentally, they can be tested easily.

'T has been shown recently" that some very success-
' - ful predictions concerning meson and baryon total
cross sections can be easily derived from a simple
quark model using the assumption that they are the
sum of their individual quark-quark and quark-anti-
quark cross sections. In these predictions, it is observed
that some of the sum rules are not in good agreement
with the experimental results. ' In this paper we would
like to make a further investigation of all the known
meson and baryon total scattering cross sections using
the quark model. We will keep the additivity assurnp-
tion for the total cross sections and introduce the in-

ternal symmetry for the quarks in steps so that we will

be able to examine which of the sum rules is in better
agreement with the experimental results.

Ke start with the assumption that all scatterings of a
quark on a quark or a quark on an antiquark are dif-
ferent. There are altogether twelve different quark-quark
and quark-antiquark cross sections. We now assume
that mesons are made of a quark and an antiquark and
baryons are made of three quarks. Kith the assumption
of additivity, all the ten experimentally measured meson
and baryon total cross sections can be expressed in
terms of ten quark-quark and quark. -antiquark. cross
sections. They are given in Eqs. (1).

o (w+P) = 2o'(1, 1)+a(1,2)+2o (1,2)+o.(2,2),
o (sr P) = 2o (1,2)+o.(2,2)+2o.(1,1)+o.(1,2),

o (pp) =4o (1,1)+4a(1,2)+o (2,2),
o (Pn) = 2o(1,1)+5o (1,2)+2o (2,2),
o (Pp) =4o (1,1)+4o (1,2)+o (2,2), (1)
o (pn) = 2o (1,1)+So(1,2)+2o (2,2),

o (K+p) = 2a(1,1)+o (1,2)+2o.(1,3)+.o (2,3),
o (K P) = 2o (1,3)+o(2,3)+2o(1,1)+o (1,2),
o (K+n) = o (1,1)+2o (1,2)+o (1,3)+2o (2,3),
a (K n) = o (1,3)+2a(2&3)+o.(1,1)+2o (1,2),
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3 For example, in Ref. 1, their sum rules (4) to (11) can be re-
written in a much simpler form: o (s.+p) =o (~ p) =o (E+p)
=o(lt P) o(&'I) =o(E'- I)='sEo(pp)+o(PP)3, (PP) =o(po)
and cr(pp) =a(pn), which are obviously not in good agreement
with the experimental results.

152

where we have used notation such that, for example,
cr(1,2) is the total cross section of a quark ttr on an
antiquark g&.

(I) Without any further assumption, it is interesting
to note that there are two sum rules contained in
Eqs. (1), namely,

o(w+p)+o(w p) = s(~(pp)+ o(pn)+o(pp)+o(pn)3,
(2a)

o(~+p) —a(~-p) = Lo(pp) —o(pn)) —$o(pp) —o(pn) j.
(2b)

These two sum rules are obtained from the assumption
of additivity alone. They are independent of SU(2) or
SU(3) symmetry assumptions. Hence, an experimental
test of these sum rules is important because it tests the
assumption of additivity —if mesons and baryons are
indeed made of quarks, can their internal structures be
neglected at high-energy scattering'

Because the total pm cross section is not well deter-
mined experimentally, we combine Eqs. (2a) and (2b)
to give

-( p)+2 (-p)=.(p )+ (Pp).
A comparison of this relation and the rela, tions (2a) and
(2b) with experiment4 is shown in Table I. The points
for all reactions are taken at the same laboratory mo-
mentum, and the agreement is fair. Hopefully, the
agreement will get better at higher energy. '

(II) If we assume that quarks satisfy SU(2) sym-
metry, we obtain the following relations for the quark-
quark and quark-antiquark cross sections:

o (1,1)= o.(2,2), o (1,3)=o (2,3),
o.(1,1)=o.(2,2), o(1,3)=o(2,3) .

Incorporating these conditions into Eqs. (1), we obtain
two more sum rules Lin addition to those of Eqs. (2)j:

o (K+p) a(K+n) = o (pp) —o(pn), (3a—)
o(K p) o(K n) =o(pp)—o(pn). . (3—b)

(III) If quarks satisfy SU(3) symmetry, their cross
sections will have the following relations:

o(1,1)=o.(2,2) =a(3,3), o (1,2) =o (2,3)=o (3,1),
o (1,1)= o (2,2) = o (3,3), o (1,2) = o.(2,3)= o (3,1) .

4 The experimental data are taken from W. Galbraith et al.,
Phys. Rev. 138, B91.3 (1965). For more references to the experi-
mental data see V. Barger and M. Olsson, Phys. Rev. Letters 15,
930 (1965).' At 20 BeV/c, the ratio between the right-hand side and the
left-hand side of Eq. (2c) is about 1.13~0.09 and is still decreasing
with the energy.
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TAnx.E I. Experimental comparisons on relations (2c), (2a), and (2b).

Momentum
(3eV/c)

6
8

10
12
14
16
18
20

83.2~0.5
80.1~0.5
77.8&0.5
76.0+0.5
74.7~0.5
73.6~0.5
73.5~0.5
73.0+0.5

101.9~2.0
98.2~1.9

~ ~ ~

92.1+1.9
90.9~1.9
89.4~1.9
89.5&4.0

Experimental comparison
on relation (2c)

a (7r+p)+2a(m. p) a (pn)+a (pp)
(mb) (mb)

54.7&0.4
52.6+0.4
51.3~0.4
50.1+0.4
49.3~0.4
48.5~0.4
48.5+0.4
48.2+0.4

67.3~1.5
65.2+1.5

~ ~ 0

61.8~1.4
61.1+1.4
60.3~1.4
57.5~3.3

Experimental comparison
on relation (2a}

a(n+p)ia(n ) 3La(pp)+a(pn)
(mb) +a(pp)+a(In)7

128.1~2.0
123.3~1.9

~ ~ ~

116.3+1.9
114.8~ 1.9
112.8+1.9
113.0+4.0

128.6~4.1
124.8~4.0

~ ~ ~

119.1~3.8
117.9~3.8
116.5~3.8
108.1&9.0

Experimental comparison
on relation (2b)

&r(n+p)+o (pn) a (n. p)+-a(pp)
+a(pp) +ann)

TAnzz II. Experimental comparison on relations (3a) and (3b).

Momentum
(BeV/c)

6
8

10
12
14
16
18
20

59.6~1.7
59.1~1.7
58.8~1.7
57.7~1.7
57.6~1.7
57.2~1.7
56.3~1.7
56.2~1.7

58.1&0.7
57.6m 0.7
57.4~0.7
57.0~0.7
56.6~0.7
56.1+0.7
56.3~0.7
56.1+0.7

Experimental comparison
on relations (3a)

a(K+P)+a('Pn) a(K+n)+a(PP)
(mb) (mb)

83.5~4.0
80.9~3.9

~ ~ ~

75.4~3.7
74.9~3.7
74.0+3.7
65.4~9.0

81.2+1.2
76.1~0.9

~ t ~

71.9~0.9
70.8~1.0
69.5~1.0
70.6~3.8

Experimental comparison
on relations (3b)

a(K p)+a(pn) a(K n)+a(pp)
(mb) (mb)

TABLE III. Experimental comparison on relations (4a) and (4b).

Momentum
(BeV/c)

6
8

10
12
14
16
18
20

48.1~0.4
44.8~0.4
45.4+0.4
44.4~0.4
44.0~0.4
43.7+0.6
43.8~1.1

46.0~0.5
45.1~0.5
44.0~0.5
43.5~0.5
42.9+0.5
42.5+0.5
42.6~0.5
42.5~0.5

Experimental comparison
on relations (4a)

a(m+p)+a(K n.) a (n p)+a (K+n)
(mb) (mb)

Experimental comparison
on relations (4b)

a(K'P)+a(K P) aL~(n'P)+a( P)
(mb) +a (K+n)+a (K n)7

41.0~03 47.1~0.3
40.9~0.2 45.0~0.3
39.8+0.2 44.7~0.3
38.9+0.2 44.0m 0.3
38.9~0.2 43.5~0.3
38.3+0.4 43.1~0.4
38.1~0.8 43.2~0.6
39.9~4.6 ~ ~ ~

Besides Eqs. (2) and (3), we obtain two more relations

o (n+p) —o (7r
—

p) = o (k+n) —o.(k
—e), (4a)

(k.p)+ (k-p) =-:L ( p)+.( -P)
+~(k+n)+~(k n)) (4-b).

Equation (4a) and Eqs. (2b), (3a), and (3b) combined
are just the Johnson-Treiman relations. ' Both experi-
mental comparisons on relations (3) and (4) are shown
in Tables II and III, respectively. They are in a reasona-
ble agreement with the experimental results. 4

Similarly, we can make a calculation on the Ave

measurable hyperon-proton scattering total cross
sections.

(I) With the assumption of additivity alone, we

'K. Johnson and S. B. Trieman, Phys. Rev. Letters 14, 189
(1965);R. Good and Nguyen-Huu Xuong, z/nd 14, 191 (1965). .

obtain the following four sum rules:

o (Ap) = o (pn)+o (E—
p) —o.(s—

p), (Sa)

o (-'p) =o (pn)+2o (E—
p) —2o (s=p), (5b)

o(" p) =2o(prs) —o(pp)
+2o.(E+p)—2o.(n=p), (Sc)

2 (~'p)+ (~ p)=2 (pn)+ (Pp)
+3o.(E—

p) —3~(n—p). (Sd)

(II) Together with the assumption that quarks
satisfy SI'/(2) symmetry, instead of one sum rule (Sd),
we obtain two sum rules:

o(&+P)=~(pp)+~(& P) ~(~ P)—(6a)

(& p)=2 (P")—(PP)+ (& P) —( p) (6b)

Equations (5a)—(Sc) remain the same,
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(III) If quarts satisfy SU(3) symmetry, Eqs. (5)
and (6) can be rewritten in a much simpler form:

o (Ap) =2o (pe) —o (pp),
(-" P)=4 (P )—3 (PP),

o (Z"p) =a(p)s),

(~ p)= (-"'p)=3 (P )—2 (PP)

Discussioe Eq.uations (2) and (5) follow from the
assumption of additivity alone. They should be tested

experimentally. Equations (2) are the easiest to test.
With the present knowledge on the experimental data
up to the highest energy available, they di6er from the
predictions by approximately 10—20%. The errors on
the experimental data are still large. To clear up this
point, more data with better accuracy are needed on the
nucleon-nucleon and nucleon-antinucleon total cross
sections. It is also of interest to have some data at
higher energy on hyperon-proton scattering total cross
sections. Then Eqs. (5) would serve as an independent
check on the assumption of additivity.
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The reaction X+ He —+ m +A + He is studied under the assumption of capture from the 2P Bohr orbit.
The outgoing pion and the recoiling 'He momentum distributions are calculated with the inclusion of I'I~-
resonance and Z-A. conversion amplitudes. The Z-4 conversion process is of particular importance. The
main conclusion is that the pion spectrum tends to favor the assumption that the stopping g are captured
from a P-state atomic orbit. The conclusion is consistent with the results of the E-capture x-ray experiment
of Burleson et al.

' 'N a recent article by Said and the author' (referred
&- to as I), the reaction E+'He~ m +As=sHe has

been extensively studied from the point of view of the
recoil-nucleus and the pion momentum distributions.
Three processes have been considered: a direct non-

resonant production of a m and a h. in the absorption of
the X meson by. a neutron; the formation of the Y&*

resonance in the intermediate state; and the reaction
with a Z production in the first stage and its subsequent
conversion into a A in a successive collision with another
nucleon. The initial-state kaon Bohr orbits considered
were nS and mP; however, only simplified calculations
were performed for the P-wave case with no elastic
A-'He distortion and the Z-A conversion included. All

the detailed computations referred to eS orbits, pre-
sumed, at that time, to be the most important ones for
the direct nuclear X capture.

From the computed momentum distribution Rs(ps) of
the recoiling 'He, it was concluded that the formation of
the I't* resonance should be an. important process (cf.
also Letessier and Vinh":Mau'); from Rs(ps) and from
the momentum distribution R (p ) of the outgoing pion,
rather strong evidence was obtained for the great im-

+ Present address: CERN, Geneva, Switzerland.
' P. Said and J. Sawicki, Phys. Rev. 139, B991 (f965).
2 J. Letessier and R. Vinh Mau, Nucl. Phys. (to be published).

For a study of the I'P' effects in the nonpionic X capture in deu-
terium, see G. Fowler and P, Poulopoulos, Nucl. Phys. 77, 689
(1966).

portance of the Z-A conversion process, particularly at
large ps and at small p of the two respective distribu-
tions. The elastic A-'He final-state interaction was found
to be of little importance. Semiquantitative fits to the
observed spectra Rs(ps) and R (p ) were obtained.

Contrary to many previous speculations and expec-
tations (cf., e.g. , some of the references quoted in I),
it appears from the most recent experimental results of
Burleson et aL' that about 80% of all the kaons undergo
the direct E' capture from the 2P Bohr orbit. It is the
aim of the present note to supplement I with the cor-
responding results for this case.

Our method, mathematical approximations, and no-
tations are all those of I.

For the non-Z —A.-conversion amplitude, we use the
approximate expression Lcf. Eq. (7) of Ij:
M =x (&, ,„, ,(L3f /(M + )jP ) v„

X(eltlqs)l ~ -o
e 3 f+s Le + ~(s ~)(~)j =(mrs/(sr + /t))&/

X ((11I
t

I (ls& l,~=()), (1)

where X2~ is the normalization of the kaon 2P Bohr
orbit wave function, e is the polarization vector of the

' G. R. Burleson, D. Cohen, R. C. Lamb, D. N. Michael, R. A.
Schluter, and T. O. White, Jr., Phys. Rev. Letters 15, 70 (1965).
The nuclear properties of the E-mesonic 4He atom have been
studied recently by F. von Hippel and J. H. Douglas LPhys.
Rev. 146, 1042 (1966)j, and by J. Uretsky LPhys. Rev. 147, 906
(1966)j.


