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Breaking of p-A, exchange degeneracy is estimated by means of simultaneous analyses of Fermilab

(der/dt)0 " data for m p~m n and ~ p~g n (q ~2y). The result, i.e., i-'f= 0»/e~ = (P&~/
P~„~)"] = 0.820+ 0,005, which is obtained from these analyses is used to make further estimate of
(da./dt)0 " for K p~K n and K+n ~K p at p„b= 10 to 1000 GeV/c. In the test of kaon-nucleon total-
cross-section difFerences, the agreement between theory and experiment for various kinds of quantities is

found to be excellent, especially at p„b= 100 GeV/c. This suggests that the recent Fermilab data for the kaon-

nucleon total cross sections can be successfully interpreted with the normal Regge-pole theory.

I. INTRODUCTION

Although the p-A, exchange degeneracy (EXD)
relation can be well studied in the following pseu-
doscalar meson vs ba, ryon charge-exchange (CEX)
reactions, each of which is dominated by both

p exchange and A, exchange, ' '

K P-I7 n,
K'n K P, (2)

m P-m fl, ,

r P-n'8
(3)

(4)

enable us to examine the p-A, EXD relation in-
directly, because the former process and the
latter process are dominated by p exchange and

A, exchange, respectively.
The Fermilab data show that the p and A, seem

not to be exchange degenerate at small t. They
are described in the following way:

a, (0) =0.481+0.004, p, =2340+80 pb/GeV'

for v p--v'n at 20-200 GeV/c, '

~„(0)= 0.3V 1 + D.008,

P„=306~27pb/GeV'

for v p-q'n at 20-2DD GeV/c, '

where (do/dt)csx =pp'~ '

(6)

there are not so many useful data at high energies.
On the other hand, the recent Fermilab data for

the companion CEX processes" '

"rotating" reaction, e.g. , Eq. (1) at least at en-
ergies below 6 GeV.

Motivated by these deviations and because of
the suspicious a, value of Eq. (5), we reexamine
the p-A, EXD problem by analyzing the Fermilab
data for Eqs. (3) and (4) to make a reasonable
eluci. dation.

II. REGGE-TRAJECTORY FUNCTION AND RESIDUE

FUNCTION FOR THE p MESON

Parameters a and P,'~ are evaluated in many
references. Carroll et al. ' obtained a, = 0.55
+ 0.03 from 10 data fitted between 10 and 240 GeV/
c to

«r, (v'p)=o, (v p) —o;(v'p) As

The empirical fit' to 17 data between 8 and 240
GeV/c is represented by ho(v'p) = 5606p ""and

n, =0.545, where 4o and p are in pb and GV/e, c
respectively.

Hendrick et af."obtained Acr(w'p) = 5.24 && 10'p '"
and ~, =0.57+0.01 from old data between 5 and
200 GeV/c. Barnes et al.' obtained Eq. (5) for
(do/dt)0 ~" "between 20 and 200 GeV/c.

These at, values are accurate enough to re-
produce data in their respective fits, but the
n, value obtained from Eq. (5) is not in good
agreement with the other e, values obtained from
4o(v'p), as stated above.

According to the p+ p' Regge-pole analysis be-
tween 8 and 240 GeV/c with the dual resonance
model, " it is found that Regge parameters

and p is in GeV/c. This indicates tha. t there should
be some breaking of EXD, because Eqs. (5) and

(6) are very different. This broken EXD is experi-
mentally confirmed by others; it is said that the
differential cross section for the "real" reaction,
e.g. , Eq. (2) is larger than the corresponding

at, = 0.470+ 0.005, P, = 142.71 p,b'i', '

a2 = -1.80 + 0.1 p = -17990 pb'i

which appear in the equations

(8)

(8)

(10)



ESTIMATE OF BREAKING OF p-A 2 KXCHANGK. . .

o~(s) = Im T„„(s,0)
~1cb

for the total cross section,

(do/dt) = IT t'
1eb

for the differential cross section, and

e-" i
(15)

for the contribution of a normal Regge pole with
trajectory a, (t) to T~ ~, where

P~ =r.'Va

and the minus sign (or plus sign) applies to even-
(or odd-) signature trajectories.

Lei us parametrize 4a(v'p) =kp for Eq. (10), to
obtain n, =n„P',~=k/2, and s=1 —cf„asshown

r = ReA,'/ImA, ',
can approximately reproduce the respective ex-
perimental data. In spite of the large value of
iP, i, the p' component decreases rapidly with
increasing energy, to play a role in the secondary
correction term in comparison with the p com-
ponent. Here suffixes 1 and 2 denote p and p', re-
spectively.

I et us employ this &, value in the following cal-
culation, and rewrite everything in the same units
and symbols as those of Hendrick et a/. " They
describe

in Table I, where three cases (I, II, and DI) are
chosen. Note that n2 is set to -&.80 in every
case.

III. ESTIMATE OF BREAKING OF p-A2 EXCHANGE

DEGENERACY

Ag =2 =2A2
Yrn ~8 yr ~ lEt (18)

Qf~A2

where the m -g-A2 coupling is predicted by the
SU(8) relation.

If another SU(3) relation or p universality

(20)

lee )

is assumed, the differential cross-section formula

Since the a„value in Eq. (8) which is obtained
from m P- q'e is clearly smaller than the value in
Eq. (8)whichis obtained from w P- v's, the nor-
mal EXD relation cannot be accepted in any
sense. The 0., value which is restricted by Eq.
(8) is absolutely larger than the a„value. In
this section, we explore the breaking of p-A2 EXD
(in the spirit of strong EXD) at 20-200 GeV/c
on the basis of the a„in Eq. {8)and the a, in"2
Eq. (8) instead of the a, which is given by Eq.
(5).

Assume some breaking as follows in the sense
of strong EXD:

y"'=&2 y"2=F2 cy'

TABLE I. Parameters calculated from the p+ p' Regge-pole analysis and some theoretical values for

Arr(n+-p) = fr(n p) —fr(rf'p) in mb and (do/dr)0 ' " "in p, bl(GeV/t)~, compared with experimental data. Note that the n

beam momentum p in the experiment has some experimental error. These results show that 0, ), i.e., a„in Eq. (19) should be
0.470 + 0.005, awhile e& may be located between —1.7 and —1.9.

Case 11 Case ill

~luh

(GeV/i)

a) =0.46639

u) =-1.80

P) = 5.722 mb

I =7 674 mb

(a) lower limit

for u„)
1 T

do-

dI, )

cv) =0.470

u2 =-1.&0

P) -5.632 mb

I =7.S71 mb

dfr

, d

a) =0.475

a2 =-1.80

P) =5.509 mb

k =7.429 mb

(0. )
= upper limit

for tr„)
d fr

df 0

Experimental data

Ref. 8 R'ef. 6

d(r
A, o.

ih I)

20
50

100
150
200

I.S17
0.952
0.658
0.530
0.455

108.5
41.98
20.04
12.99
9.5S

0.952
0.660
0.533
0.457

42.47

20.37

13.24

9.76

1.511
0.953
0.663
0.536
0.460

110.3
43.16

13.61

10.05

0.94 + 0.06
0.67 + 0.06
0.61 + 0.04
0.48 + 0.06

100.3 + 5

19.51 + 0.8
12.88 + 0.5

9.61 + 0.4
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TABLE II. Theoretical (fI&y/dI), ) values in pb/ (GeV/c) for 7r p —q' » (g"—2y) with the p-A
&

EXD parameter e, compared

with experimental data as a function of p, where Eq. (20) or Eq. (21) is assumed. Parameters a&, a, , P&, and t( for cases I, 11, and

Ill are shown in Table I. The agreement is quite good. Note that the a, , value must be located between case I and case III. Hence

the a value should be 0.81 and 0.83 at worst. Finer calculation assures us that it is between 0.820 and 0.825.

(GeV/c)
Experimental

data (Ref. 7)

Eq. (22)
for case I

Eq. (22)
for case Il

Eq. (22)
for case lll

20.8
40.8

100.7
150.2
199.3
500.0

1000.0

6.71 + 1.0
2.88 + 0.36
1.62 + 0.20
0.92 + 0.12

0.5S8 + 0.08

0.391 + 0.06

6.01

2.60
1.47

0.&44

0.513
0.361
0.115
0.0485

6.35 6.71

2.76 2.94

1.57 1.68
0.906 0.971

0.553 O.S95

0.390 0.421

0, 125 0.136
0.0532 0.0582

5.87 6.21

2.55 2.71

1.45 1.55

0.832 0.893
0.507 0.546

0.357 0.386
0, 114 0.12S

0.0485 0.0532

6.57

2, 89
1.65

0.959
0.589
0.417
0.136

0.0583

5.69 6.02

2 48 2 64

1.42 1.51

0.817 0.877

0.499 0.538
0.353 0.381

0.114 0.124

0.0484 0.0532

6.37

2.81

).62

0.942

0.580
0.412
0.135

0.0584

for v p-q'n (qo-2y) at t =0 is represented by
Eq. (14) as follows:

(22)

'This broken exchange degeneracy asserts that
o., (= 0.4VO+0. 005) is larger than a„,(= 0.385
+ 0.005}."

where ]= I'„ /I'„„,= 0.38+ 0.01 (according to
Ref. 12). It is evident that Eq. (16) allows the

Regge residue to be described as

(23)

in this assumption.
Table II shows some of the results of the cal-

culations for e = 0.81 —0.83 at 20-200 GeIt/c in

comparison with Fermilab data. ' The results
are seen to depend upon n„t,and p. The agree-
ment is excellent.

Table III shows some results of the calculation
for & =1. These results tell us that c =1 cannot
be accepted, but & should be located between 0.81
and 0.83 in the case of n, =0.470+0.005. Thus
the quantity of e[= o,'~ /a, —= (Il~&/P~z~)' 21 which is
considered to correspond to the degree of breaking
of p-A, EXD is

g = 0.82 + 0.005

in the spirit of strong EXD. In other words, Eqs.
(8), (9), (19), (23), and (24) are so consistent
that Eqs. (10), (11), (12), and (22) can agree with
their respective experimental data to a consid-
erable extent at the same time.

In this analysis for v p - q'n (q'-2y), Eq. (22)
depends more strongly on o., than e. It is there-
fore necessary to determine the a, value precisely
before discussing the accurate value for e. In
the case of Eq. (5), it is impossible to find good
agreement between theory and experiment for
Eq. (22) whatever e may be. Therefore Eq. (5)
is not used in this study.

This breaking of p-A, EXD provides us with
the estimate of (do/dt}o for Z p -I7'n and K'n
-K'p, i.e.,

E p i7on

=X+ p —v,
I, dt, (25)

(26}

which are derived from

with Eqs. (19) and (23), respectively, where

(27)

(28)

TABLE III. Theoretical (der jclI),) values in pb/(GeV/c)
for vr p q"n (q"—2y) with ~=1, where Eq. (20) or Eq.
(21) is assumed. Parameters for case I, II, and III are shown

in Table I. Note that the value of Eq. (22) in the case of
~ = I never agrees with the experimental value which is

sho~n in Table II. This is due to the fact that the ~ value is

not equal to l.

(GeV/f )

Eq. (22)
for

case I

Eq. (22)
for

case II

Eq. (22)
for

case Ill

64.4
100.7
150.2
199.3

1 6.71

8.14

5.00
3, 10

2.03
1.50

16.41

8,03
4.95
3,08
2.02
1.50

16.01

7.89
4.89
3.06
2.01

1.49

IV. ESTIMATE OF (da/dt)0 FOR It' p ~ K n AND E+n ~ K p



ESTIMATE OF BREAKING OF p-A 2 EXCHANGE. . .

TABLE IV. Theoretical (der/dI)~) values in pb/(GeV/t')- for K p K"II and

K '» —K"p with ~ =0.81, 0.82, or 0.83, where only case ll is considered. This prediction

is very close to available data at lower rnomenta, below 40 Gt:V/t,

~luh

(GeV/c)
Eq. (26)

K 'n —K"p
Eq. (25)

K p —K"~I
Eq. (32)

Fq (26)—Eq. (25)

10

20

S0
100
150
200

]000

197

32.6
15.1

9.63
7.01
1.19

151

1 1.8

0.961

45.7
20.6
7.20
3.24

1.46
0.230

10

20
50

100
150
200

1000

199
91.7
33.0
15.3
9.77

7. 1 I

1.21

155

71.6

12.1

5.67

0.980

44.4

7.04
3.19

2.00
1.44

0.228

0.83 10

20

SO

100
150
200

1000

201

33.5
15,5

1.23

158

73.3
26,6

5.80
1.00

6.87

3.12

1.96
1.41

0.226

(29)

~E'P~ P21ep-2 30)
4v sin (~ w eQp)

v= —c'(pz~)' ta —a t:ot —ca —i)p'"'"
XP

(31)

Table Intr shows some of the results of the cal-
culation for e = 0.81 —0.83 at 20-1000 GeV/c in
the case of a, =0.470 and P, =5.632 mb. 'The

qua, ntity defined by

totic behaviox in the case of la, rge P is not definite
because the three quantities X, p, , and v are not
so different but satisfy

TAB[ F V. Theoretical (tjty jtjI)0 values in pb/(QeV/g)~

for K p —K n and K 'n —K p with e = 0.82, where case I

and case III are shown as a function of p. See Table IV for
case II.

Case P, „Eq.{26) Eq. (25) Eq. (32)
(QeV/c) K 'll —K"p K p —K"I) Eq. (26) —Eq. (25}

D=Zq. (26)-Zq. (26) (32)

as a matter of course.
It is obvious that the (dc/dt), value for these

processes depends on a in a monotonic way, but
the n dependence is not monotonic. The asymp-

is always positive.
Table V shows some results of the calculation

for c =0.82. Table VI shows some results of the
ca,lculation for c = 1, which means no breaking of
p-A, EXD; in this case Eqs. (26) and (26) become
the same expression,

10

20
50

100

150
200

1000

10

20
50

100
150
200

1000

201

92.0
32.9
15.2
9.65
7.01
1.18

197
91.2
33.2
15.S
9.93
7.25

1.25

156
71.9
25.9

7,67
S.S9

71.2

12.3
7,89
5.78

1.03

20. 1

7.01

3.16

1.98
1.42

0.223

44. 1

20. 1

3.23

2.04
1.47

0.236
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TABLE VI. Theoretical (der jdt), ) values in p. b/(GeV/c)-'
f'or K p —K"ff and K+ff —

K"psmith

~=1. In this case, Eq.

(32} is exactly zero.

~l;&h

(GeV/c)

Eq. (33)
for

case

Eq. (33)
for

case 11

Eq, (33}
f'or

case 111

10
20
50

100
150
200

1000

124

46.8
22.3
14.5

1,91

123
46.7
22, 4
14.6

10.8
1.95

122

46.7

14.7
10.9
2.01

These estimates may be acceptable when P is
larger than 20 GeV/c; it is approximately in
agreement with the low-energy experimental
data, '4 which are shown in the figure of Ref. 10.

When P goes to infinity, the D value given by
Eq. (32) tends to zero, but it does not arrive at
zero. This is an interesting subject for future
experiment. Next the K-N total-cross-section
differences are examined with these parameters
since the present a, and P,'~ values given by Eq.
(8) have shown good results, as listed in Table

II, through the simple procedure which comprises
Eqs. (17) through (24).

V. KAON-NUCLEON TOTAL%ROSS-SECTION
DIFFERENCES

It is very tempting to consider how deeply the recent
Fermilab data on hadron-hadron interactions are
eonneeted with each other and whether they ean
be elucidated completely in terms of normal Regge
phenomenology. A part of the relation is delineated
in Fig. 1. Let us study the diagram briefly.

In the first place, the intercept of the p Regge
pole o.,(0) and the Regge residue P',

&
have been

successfully derived from the p+ p' Regge-pole
analysis'" of Fermilab data on (da/dt)0 ~ ' "
(Ref. 8) and o(v P) —o(v P) (Ref. 8). They are
shown by Eq. (8), which critically dominates the
subsequent calculation.

In the second place, the of„(0)value and the
PA+&2 value have been obtained from the A2 Regge-
pole analysis of Fermilab data on (do/dt)~ ~ "'"
(Ref. 7). If the relation of p universality [Eq.
(21)] is assumed there should be a breaking of

s[-=n„/a = (P~z'/P~z&)'~'] =0.820 a0.005

in the sense of strong EXD, as indicated by Eqs.

J$ FP~ OA
fA

~ E (~)

46m ~+on

gIK P ~K'n
E~ yg

db) Q

I Ect.(33)

q dCK K.'
~ Q.(42)

~ Ecf.(48)

66r p) -6(v+p)—
E .(52)

- (K& &~gp ~&sP
(dt o

Eq.(

:,B„l, Eq.(38)

~ Ecl.lan%)

~ Eq.(47)

:Bl(t, Ecr.(41)

FIQ. 1. Schematic diagram for the study of high-energy hadron processes which are mutually combined by Hegge
parameters. The symbols and equations are explained in the text.
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A. Phenomenological relations for Ir'-N total cross sections

With the notation of Hendrick et al. ,"the total
cross sections can be represented succinctly
as follows:

a(K» = Brn+Ko+84+Brr +Brl & (35)

(36)

(37)

(38)

a{K n) = &rp+Brn Bx.+Br& -8»o'-
a(JC'p) =&rr, +Bxu Brp Br&+8-r~—
a{K'n) =pro+8'so+Be Brr Bri--

where B,', =P~P ~
' and D~~ is the diffractive

component of the EP total cross section. Here-
after we write B' instead of B~. Therefore we
have

(19) and (23). Actually it should be between 0.820
and 0.825.

In the third place, the e„value is evaluated
from the p+co Regge-pole analysis" of Fermilab
data on a(rC"p) —a(K'p) (Ref. 8) with the aid of
the a value and the P~x~ value which result from
the above-mentioned p+ p' Regge-pole analysis. "
Then it has turned out that the SU(3) relation
between the at, and the n„is completely satisfied.

In these analyses, it has been confirmed that
available data" for (da/dt)or ~ r'" and (da/
dt)or ~"'~ at 1-35 GeV/c are in agreement with
the prediction which is obtained from these pa-
rameters. No comparison between theory and
experiment is possible above 50 GeV/c at present
because of a lack of data. Similarly it has also
been recognized that the comparison of (da/

dt), &r kr between theory" and experiment" sup-
ports the conclusion that the n, value is equal to
the e„value in this regeneration process, though
there are no useful data for it above 50 GeV/c.

It follows that the six parameters {a and P for
p, &o, and 4,) which have been determined in these
analyses are consistent with these seven kinds of
data under the one assumption of Eat. (21). In the
following subsections, it will be seen that this
phenomenology is reliable and helps to make a
prediction at arbitrary energies where there are
no available data below 240 GeV/c.

a(K p) —a(K n) =2(8'+8"2),

a(rC'p) a{K—n) =2( 8'+-8"2),

a P) o(rC-n) =2(8" +8"),
a(K'p) —a(K n) =2(8"2 8"),-
a(K p) —a(K'p) =2(8"+8'),
a{K n) —a(K'n) = 2(B" 8'), -

(42)

(43)

(44)

(45)

(46)

(47)

where Eq. (43) is useful to test the p-A, EXD
relation. Generally, neutron data are more am-
biguous than proton data, because the former
data are indirectly derived from the latter data
subtracted from deuterium data with a certain phe-
nomenological hypothesis concerning the Glauber
correction. For this reason, Eq. (46) should be
respected much more than Eci. (47) in the case
of discussing numerical value.

These equations yield the following relations:

a(K n) =a{K P) —28' —28"',
a{K-n) =a{K'p) —28"2+28",
a(K'n) = a(K'p)+ 28' 28"2,-
ag n) =a(rC-p) -28"2-28".

(48)

(49)

(50)

(51)

It is of significance to make a comparison between
Eg. {48)and Eq. (49) for a(K n), and between Eq.
(50) and Eq. (51) for a(K'n). These relations
show that neutron data can be checked by means
of proton data and Regge theory where the Glauber
correction term is not employed.

8'=-,'[a(K p) —a{K n) —a{K'p)+a(K'n)], (39)

8"2=-,'[a{Kp)- a(rC-n)+a(rC p) —a(K'n)], (40)

8"=-,'[a(rC-p)+a{K-n) —a(K'p) —a(K n)], (41)

where the left-hand side of each equation is the

P,'~ p &
' quantity which is phenomenologically

determined from the Regge-pole analysis of the
related data, while the Iight-hand side of each
equation is the quantity which is directly mea-
sured in the experiment.

Then kaon-nucleon total-cross-section dif-
ferences can be represented by B', B"2, and
B"as follows

TABLE Vll. Examples for numerical values of Eq. (39) and Eq. (41). Note that the prediction should be between case I and

case III because the parameters must be between case I and case Ill.

Right-hand side

(rnb)

Eq. (39)
Left-hand side (mb)

Case II Case Ill
Right-hand side

(mb)

Eq. (41)
Left-hand side (mb)

ase I Case II Case III

35

100
1000

0.293
0.163

0.288

0.164

0.048

0.288
0.165

0.049

0,287

0.166
0.049

0.623
1.08
0.614
0.180

1.07
0.614
0.181

1.07
0.615
0.184
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TABLE VIII. Examples for numerical values of Eq. (40), Note that the prediction should be between case I and case III; be-

sides, it is restricted by the ~ values of 0,820 and 0.825 in each case. Therefore the ambiguity of the prediction is approximately 1

to 2%.

P
(Gev/c)

Right-hand side

(mb) e =0.820
Case I

~ =0.825 a =0.820 ~ =0.825

Left-hand side (mb)
Case II Case III

~ =0.820 ~ -0.825

100
150

1000

0.083
0.053

0.075
0.058
0.018

0.077
0.060
0.019

0.075

0.059
0.018

0.077
0.060
0.019

0.075
0,059
0.018

0.077
0.060
0.019

TABLE IX. Examples for numerical values of Eqs. (42) and (43), where u„=0.„=0.470+0.005.

P
(GeV/()

Left-hand

Side

Eq. (42) (mb)
Right-hand

side (+0.002)
~ =0.820 a = 0.825

Eq. (43) (mb)
Left-hand Right-hand

side side(+0. 001)
e =0.820 e =0.825

100
170

1000

0.49
0.40

0.480
0.357
0.134

0.483
0.360
0.135

—0.16
—0.10

-0.180
—0.140
—0.061

-0.176
—0.138
—0.060

TABLE X. Examples for numerical values of Eqs. (44) and (45), where u, =u„=0.470+0.005 and ~=0.820.

P
(GeV/()

Eq. (44) (mb)
Left-hand Right-hand

side side (+0.01)

Eq. (45) (mb)
Left-hand Right-hand

side side (+0.01)

35
100

1000

2.25

1.41

2.43

1.38
0.40

—2.02
—1.08

—1.86
—1.08
—0.33

TABLE XI. Examples for numerical values of Eqs. (46) and (47), where u, -u„-0.470+0.005.

P
(GeV/c)

Eq. (46) (mb)
Left-hand Right-hand

side side (+0.01)

Eq. (47) (mb)
Left-hand Right-hand

side side (+0.01)

35

100
1000

2.72

1.57
2.72

1.56
0.46

1.55

0.92
1.57

0.90
0.27

TABLE XII. Examples for numerical values of Eqs. (48), (49), (50), and (51), where a„=a, , =0.470 and e =0.820.

P
(Ge V/c)

Left-hand side

(mb)
Right-hand side (mb)

Eq. (48) Eq. (49)
Left-hand side

(mb)
Right-hand side (mb)

Eq. (50) Eq. (51)

35
100
170

19.84
19.96
20.25

19.68
19.97
20.29

19.68
19.96
20.46

18.29
19.04
19.74

18.11

19.06
19.78

18.11

19.07
19.61
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B. Results of calculations

For a rigorous comparison between theory and
experiment, some results of the calculations are
given in Tables VH-XII.

Table VII shows the individual comparison be-
tween the right-hand side and the left-hand side
for Eq. (39) and Eq. (41), where cases I, II, and
III correspond to Of& =ry =0.46639, 0.470, and
0.475, respectively. "'"

Table VIII shows the comparison of the right-
hand side with the left-hand side of Eq. (40),
where e =0.820 or 0.825. By reviewing these re-
sults, it will be found that Eqs. (39) and (41) are
approximately satisfied. However, no conclusion
about Eq. (40) can be extracted from Table VIII
since the fluctuation of the experimental data is
fairly large.

Table IX shows the comparison between the
right-hand side and the left-hand side for Eq. (42)
and Eq. (43). The left-hand side of Eq. (43) which
is the experimental value for the p-A2 EXD rela;
tion is by no means zero. Then it assures us
that the p-A2 EXD relation is absolutely broken.
The right-hand side of Eq. (43) which is pheno-
menologicaQy calculated by the parameters for
A„which have been determined from the analysis
of (do/dt); ""data, ' never vanishes. Therefore

in terms of the EXD, the two sets of Fermilab
data o(K'p) -o(K'n) (Ref. 8) and (do/dt);
(Ref. I) are entirely consistent. Apparently the
data' at p = 50 and 200 GeV/c seem wrong.

Table X shows the comparison between the right-
hand side and the left-hand side for Eqs. (44) and
(45). While Eq. (44) is acceptable in the whole
momentum range, that data above 170 GeV/c for
Eq. (45) drop sharply. This phenomenon is also
observed in the data for cr(K p) —o(K'p) in Eq.
(48) and o(K n) —&r(K'n) in Eq. (4'I), which are
given in Table XI. Incidentally, let us indicate
the fact that something is strange in Table I of
Ref. 8, where cr(K n) —o(K'n) is 0.94+0.20 mb at
200 GeV/c, which seems to be extraordinarily
high.

Table XII shows the comparison between the
right-hand side and the left-hand side for Eqs.
(48) through Eq. (51).

VI. DISCUSSION

First of all, we should take a look at the experi-
mental error in these data. Firgure 2 depicts the
results of the calculation in comparison with data,
some of which fluctuate more or less in terms of
the momentum of incident kaons. For example,
the right-hand side of Eq. (39) at P =200 GeV/c

47

g oo 2oo

{GeV/c)

FIG. 2. Comparison of K-N total-cross-section differences between the right-hand side (theoretical prediction:
solid line) and the left-hand side (Fermilab data: dot) for Eqs. (42), (43), (44), (45), (46), and (47). Note that the ab-
solute value is shown in the case of Eqs. (43) and (45) since they are always negative. The agreement is excellent, es-
pecially at p = 100 GeV/c.



HIROSHI NAKATA

B —Bp o(K n) -o(K'n)
B +B~ o(K-p) o(K'p) '- (53)

where the left-hand sides of Eqs. (52) and (53) are
3.73 and 0.577, respectively, and independent of

p in the ease of 0.
&

= o. =0.470. It should be noted
that the denominator and numerator of the right-
hand side of Eq. (52) or Eq. (53) asymptotically
goes to zero, owing to the Pomeranchuk theorem.
As shown in Table XIII, Eq. (52) and Eq. (53) are
approximately acceptable. It follows that the
model (o = a ) is approximately acceptable with
no serious difficulty.

Let us make a general observation again. Be-
cause of the virtual neutron target, the left-hand
sides of Eq. (47) through Eq. (51) are more or
less uncertain. The right-hand sides are useful
to provide the prediction for o(K n) or o(K'n) on
the basis of o(K'P) or a(K P). On the other hand,
the agreement between theory and experiment for
any quantity in Tables IX through XIII is excellent
especially at 100 GeV/c. This seems to suggest
that all four fundamental data o(K p), o(K+p},
o(K n), and o(K'n) at 100 GeV/c are good. It
may be expected that these theoretical values will
agree very well with data if remeasurements are
performed for the stringent test of these rela-
tions, since the cross-section difference is some-

and that of Eq. (40) at p = 50 GeV/c are negative,
whereas those at the other momenta are all posi-
tive. We cannot quote these data at p =50 or 200
GeV/c for the comparison between theory and

experiment since they break the phenomenologi-
cal systematics. The experimental o(K'n)
values at p =50 and 200 GeV/c look strange in a
strict sense.

Let us indicate another important fact: The
data for o(K p) —o(K'p) in Eq. (46) suddenly drop
between 170 and 240 GeV/c. As mentioned in
Ref. 15, they might have an unexpected experi-
mental error (or a sophisticated high-energy
hadron behavior). For these reasons, we will
consider the comparison principally from 70 to
150 GeV/c in each case.

The approximate agreement between theory and
experiment in this study means that each value
for the n~, n, o.„,, P~~~, Px~, and Pz& para-
meters is reasonable, and these values support
the two conclusions that the p-A, , EXD relation is
broken but the p-+ SU(3) relation is satisfied
under the assumption of p universality.

The latter relation (o z
——o, ) can be reexamined

by the ratio of Eq. (41) to Eq. (39),

B o(K p)+ o(K n) o(K'p-) —o(K'n)
B~ o(K p) -o(K n) -o(K'p)+ o(K'n}

and another ratio of Eq. (47) to Eq. (46),

TABLE XIII, Examples for numerical values of Eqs. (52)
and (53) where o,„=e„,=0.470; in this case the left-hand

side, i.e., the theoretical values for Eqs. (52) and (53) are

3.73 and 0.577, respectively. The agreement of the value

between the left-hand side and the right-hand side of each

equation supports the present model. More precise data,

however, are required for its stringent testing.

Right-hand side

of Eq. (52)
Right-hand side

of Eq. (53}

35
100
240

3.64
3.S3

3. 1 1

0.570
0.586
0.514

we cannot lead to

o.p(0)=n (0),
in contrast to the conclusion (n~ = o. ) which is
shown in Ref. 15. Equation (54) has a linear and
parallel trajectory for any Regge pole. Because
of m~ em, Eq. (55) cannot be established in an
exact sense; otherwise at least the concept of
universal' slope must be replaced with something
else. Table XIII, Eqs. (52), and (53) support n~
= Q~.

The B terms for the p, &o, and A, in Eqs. (35}-
(38) allow the common, remaining Dx~+B~z&
term to be easily determined by a semiempirical

Finally we should compare the present results
with those of Hendrick et al." In the present
study we have

gyp = 0.470 +0.005, Of~=0.470' 0.005,

n„,/ap =0.820+ 0.005, Pr~/P~~~ =0.672+ 0 01, .
while Hendriek et aj. obtained +~ =0.57+0.01,
n =0.43+0.01 to confirm n~/o =1.32+0.04.
They assumed that a„,/o. =1 and found that
theory and experiment did not agree very well in
the case of (do/dt), for v p- yon- 2y+n Although.
their results shown in Fig. 8 of Ref. 10 are said
to show the agreement between theory and experi-
ment in the case of (do/dt)0 for K p R' n and-

times subject to a large experimental error and
is difficult to evaluate.

Anyway the role of the p intercept is crucial in
the connection for various kinds of data in Fig. 1.
Everything is dominated by the a value which is
determined from the concepts of Regge pole and

duality in the initial step of the approach to this
problem. However, this is plagued with one
problem. If we apply the mass and spin for the

p and the &u (Ref. 12) to the Regge trajectory func-
tion

n(t) = o(0)+ n't,
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TABLE XIV. Summary for comparison between theory and experiment. The overall

agreement is fairly good in consideration of large experimental errors.

Input data Experiment Results of cakulation

(d fr/d()0 for n p mon

o(m p) —fr(7r+p)

(da/dt)0 for n p —q"n

fr(K p) —o.(K'p)

Ref. 6

Ref. 8

Ref. 7

Ref. 8

Refs. 9 and 11

Refs. 9 and 11

Tables ll and Ill

Ref. 15 (selected data)

Values of parameters Relation

0.465 & a„&0.475 (Refs. 9 and 11)
0.465 & e„&0.475 (Ref. 15)

0.380 & a ~ & 0.390 (Table II)

O.82O «& O.82S (Eq. (24))

/i ej

Eq. (19}

Eq. (23)

Case I: o.„=0.46639

Case II: a„=0.470

Case III: a„=0.475

Eq. (21) is assumed

Output data Experiment Theory Reference

(dfr/dt)0 for K p K"n

(d fr/dh)0 for K'n —K"p

(dfr/df)0 for KLop Kz~p

No data above 50 GeV/t Eqs, (25) and (33) Tables IV, V, and Vl

No data above 50 GeV/t Eqs. (26) and (33) Tables IV, V, and Vl

No data above 50 GeV/c Ref. 15 Ref. 15

n(K p) —o(K n) —o (K p) + n. (K n}
fr(K p) —o.(K n) + a (K+p) —(r(K 'n)
o (K p) + o (K n) —fr(K+p) —o (K+n)

Ref. 8

Ref. 8

Ref. 8

Eq. (39)
Eq. (40)
Eq. (41)

Table Vll

Table Vill
Table VII

fr(K p) —o(K n)
o (K+p) —~(K+n)
fr(K p) —fr(K'n)
~(K'p) —~(K-n)
o(K p) —o(K "p)
n(K n) —fr(K+n)

Ref. 8

Ref. 8

Ref. 8

Ref. 8

Ref. 8

Ref. &

Eq. (42)
Eq. (43)
Eq, (44)
Fq. (4s)
Eq. (46)
Fq. (47)

Table IX; Fig. 2

Table IX; Fig. 2

Table X; Fig. 2

Table X; Fig. 2

Table XI; Fig. 2

Table Xl; Fig. 2

Ref. 8

Ref. S

Fqs. (48) and (49)
Eqs, (50) and (51)

Table Xll
Table Xll

fr(K p) +o(K n) —n. (K'p) —fr(K'n)
fr(K p) —o (K n) —fr(K p) + fr(K 'n)

o(K n) —fr(K+n)

fr(K p) —fr(K'p)

Ref, S

Ref. 8

Eq. (s2)

Eq. (53)

Table XIII

Table X Ill

K'n- Kop, it is very difficult to accept this state-
ment. Table XIV shows the summary of our re-
sults. It can be said that the normal Regge theory
is established in the recent Fermilab data which
are mutually connected as shown in Fig. 1. This
means that no special idea is required for the
discussion of Regge phenomenology. In order to
understand the main trend of hadron-hadron inter-
actions, no new term (cut or non-Regge term) is
required. The relation np =n is kept completely.
The e~ value cannot be so high as 0.48 or 0.50
which is presented in some other publications. It
should be noted that, as Eq. (28) states, p~', /p~~~

is not ~ but &'.

VII. SUMMARY

In this study it is found that there should be
some breaking of p-A, exchange degeneracy; un-
less Eq. (20) or Eq. (21) for the SU(2) or p uni-
versality relation is broken, it is e = a„,/n~
= (pr2~/pz~&)'~' = 0.820 + 0.008, which is obtained
from the simultaneous analysis of data for m p
—v'n and s p- re. Judging from the fact that
the comparison between theory and experiment
for kaon-nucleon total-cross-section differences
is excellent (especially at 100 GeV/c) in spite of
large experimental errors, we know that the
values of the parameters (a„a„,n„,, P~r~, Pr~,
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and P~r&~) and the relations (n, = o.„,o„,= en„and
p~p~=q'Pr~) are suitable. At the same time it can
be said that the p universality relation [Eq. (20) or
Eq. (21)1 is also acceptable. "

In this procedure, we have begun by discarding
the o. value given in Eq. (5) since it should be
located absolutely between 0.465 and 0.475 as far
as these data are concerned. It is recognized
and should be emphasized that input data in the
left-hand side of Fig. 1 can be reasonably con-
nected to the right-hand side of Fig. 1 through
the concise Regge theory if the parameters and
relations are completely suitable. " This

heuristic conclusion stems from Eqs. (19) and (21)
with Eq. (24) for s and Eq. (8) for n and f}.
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