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Abstract

Findiﬁg that the Régge e){change of p and A2 fails to describe
our K+n charge-exchange data at 2.3 GeV/c (the highest energy available
to date) whena simultaneous fit is attempted with higher energy data on
K'p and 7 p charge exchange and 7 p -n°n, we introduce a second,
lower lying p-type Lrajeét_ory (p'). " This also provides a possible 1.'nech—
anism for the puzzling m p charge-exchange polarization. We find thét
we are then able simultaneously to fit-all these daté (includin g the polari-
zation), together with related totgl cross-section diffevrences up to 20
GeV/c, witha p' whose spin 1 mass is 1.0 GeV [perhaps the §(965)?] -
and whose t=0 intercept, 1.1 units of angular momehtum below the p,
agrees roughly with the p' proposed by Hogaasen and Fischer to describe
forward pp and np charge exchange, where the (p, AZ) model also
fails. Our p and A, trajectories turn out to be essentially traditional.
In the fit we permit only Small SU3 breaking between‘the KK and 7w
(or n°m) couplings to the trajectories, We further conétrain-the fit to
obey the sum rule of Igi and Mat.suda. In fitting our K’ data at 2.3
GeV/c, ‘we include a deuteron correction, and employ exact Legendre
functions rather thaﬁ the high—energy asymptotic Regge forms. We

offer predictions for higher energy K+ charge exchange.



INTRODUCTION
Considerable success has previously been achieved in fitting the

high-energy differential cross sections for the reactions:

T p—~rn (1)

K p—~K’n (2)
- o _ _

w p~n’n (3)

in the periph'eral‘region [-t<1 (GeV/C)Z] , by the t-channel Regge ex-

change of the p(C") and AZ(C+) trajectories. 1.2 Together with

K'n—>Kp, (4)

these constitute all the isotopically independent reactions

PS8+ N-PS8+N (PS8 = Pseudoscalar Octet, N =Nucleon) (5)

‘which require I=1 exchange in the t channel. For t-channel exchange,
reaction (4) differs from (2) only by a relative sign change in the ¢’ and
C~ exchange amplitudes. Thus," if the (p,AZ) 'modelvis adequate, the
pre\}ious fits ought to determine high-energy K+n peripheral charge
exchange.

- We therefore compared our 2.3 GeV/c K'n charge-exchange data3
[See Appendix. A. These remain the highesf energy data on reaction (4)
available to date] with the previous fits of Rarita and Phillips, 1 and
attempted a simulfaneous fit of data on all four reactions to the assufnp-

tion of only p and A, Regge exchange in the peripheral region. The

2
attempt was in part motivated by the correct prediction of this model

that, in contrast to K p, the K'n charge exchange ought to show

|Re f(t= 0)/Im £(t = 0)) >>1. Despite correction for the deuteron effect

in (4), and use of exact Legendre function forms because of the relatively
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low energy of our .K+ data, we found that the model always géve a
cross section 6nly about half as large as that observed for. K.+n charge
exchange. A kindér fate would have been expected considering the
relative absence of resonant activity in the K+ nucleon system above
about 1.3 GeV/c.

| The inodel has other difficulties. It predicts, contrary to fact,
Zero polarization for w—ﬁ charge exchange. Further, Hdgaasen and
Fischer find that it fails to describe the energy.depe‘ndencev of forwar.d
pn and pp charge exchange. 4 There seems to be a simultaneous
plausible remedy for all three difficulties, namely, the exchange of a
second, lower lying p' trajectory havipg the same quantum numbers
as the p. Lying well below the p trajectory, its relative contribution
to the differential cross sections would decrease rapidly with increasing
energy, thus explaining the earlier fits which ignored it.

Adding this p' trajectory to the C exchange amplitude, which
we then subject to the constraint of a recent superconvergent sum rule
of Igi and Matsuda, > we have achieved a good simultaneous fit to exteﬁ—
sive data on processes (1) through (4), together with related total
cross-section differences and n ' p 'charge-exéhahge polarization. This
fit involves only smalll SU3 symmetry breaking, the p' being assumed
to belong to an octet. The resulting p' trajectory is consistent with
the intercept found by Hbgaasen and with the &§(965 MeV) meson at -

o= 1.
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FORMALISM
(see Fig. 1) require that the t-channel ex-
J

All the processes (5)
changed object satisfy C=P =(-1)" = G(-1)

I Anticipating Reggeization

and SU3, we separate the I=1 exchange into two parts:

C+(P+, G~ Jeven)and C (P, G+, J odd).

Clearly, for reaction (1) only the C~ exchange is possible, while for

(3) we have only c’. The KN charge eichanges admit both. Therefore

we define the t-channel helicity nonflip amplitudes

AKp—-Kn) = AT+ A (6)
A(x p->7n) = AT (7)
A(r p~n’n) = . +, (8)
giving -
. ] ,
(9)

AK n-K’p) = AT A

with similar formulae for the helicity flip amplitudes B. The superscript
sign refers to both charge conjugation and J parity (or signature) (-1)‘]: C

Now let each amplitude be a sum over. contributing Regge trajec-

tories, e.g.,
nA_ = ?WAI etc (10)
Then we have from the factorization theorem:
(11)

A AT B/ By EF; ()

If SU3 is unbroken, and all contributing trajectories are octet members,

we have
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Fig. 1. Reactions (1) through (4), for which we investigate

: peripheral scattering data, constitute a complete, isotopi-
-cally independent, set of the reactions (pseudos¢a1ar
octet + nucleon —-pseudoscalar octet + nucleon) which
require isovector exchange in the t (peripheral) channel.



vt = 2/3)Y2 for ¢, = #4,
F.(t) = - ' (12)
St F = -N2 for C = -1

t

independent of t.

The experimentally observed quantities are given in terms of the

N hel_icify amplitudes by:
R = R o B
0 L (K'p) - O"T(Kin) = Im( A" 5 A7) _o/p (14)
O pn'p) - O (nTp) = NZIm( AT /P (15)

S FVZY S R NI
5l tz)} {*ZI =P z-ﬂ A KB
n " L i 4M° Ui-(t/4M") - -

: (16)

where M is the nucleon mass, s and t are the invariant squares of
energy and mornénturn transfer, p is the incoming lab momentum, and
P is the wp charge—éxchange_polarization. A and B are vectors in
the complex plane.
There is only one reasonably well established trajectory for each
‘of ¢t and C™, namely the A2 and p. As discussed above, however,
- . they do not seem to suffice for all the processes under consideration.
Inéluding now the speculative p', we parametrize the various high-energy
asymptotic Regge helicity amplitudes ‘as follows:
= At A and KA+ - ‘KAA2 = Ap (10"

K

~with similar relations for the ' B, A, and B amplitudes.



. - ~ima;
*_ ( 1) E o
K.Ai - -Ci(t) (Q/i+ 1) sinma, " (-ETB) _
(17)
-1
E (e tx4) E . o -1
K'Bi - _p(t)ai(aiJr 1) sinTa, (E_O o
where E/EO is the lab energy of the incoming meson in GeV.
We take A
c (t) = co(d+cli D (t) = D® exp(D1t)
p p p P P P
1 0 1 1
C (t)= C% exp(C 1t D «(t)= D’ exp(D ,t 17
1(t) 0 p( p~) p() o' p(p:)v (177)
Cult) = anC2 exp(Clt) D (1) = @, DY exp(D11)
R R R “*PI-RE R R-R ®*PIFR
’ 0 _ 0 ]
ozi(t) = o ftat | -(18)
- o V 1, i
: l‘i(t) = Fi exp(Fit). _ (11)

The distribution of the factors of.- ¢ in Egs. (17) implies a specific
mechanism for the requifed vanishing of flip residﬁe functions and the
"ghost killing" for even-signature amplitudes at @= 0. We assume that
the ''nonsense' vertices (see Fig. 2) each provide a factor Na for all
exchanged trajectories, and that in the case of even-trajectory exchange,
every vertex provides an additional factor Na . This is the so-called
Chew ghost-killing mechanism, with all trajectories ''choosing sense. "
Alternate mechanisms have been suggested, but there is some evidence
in favor of our choice.

For Cp(t), we chose originally the form c’{lc+ 1]exp(C1t)—G} to
provide a possible mechanism for the crossover of the 'rr+p and 7 p elas-

\

tic differential cross sections via a sign change in Cp(t). - The fitting pro-

gram always chose the case G>>1 >>C!. Hence the form in (17%).
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A "nonsense" Vertex
(small arrows indicate helicities)

N N
a=0

XBL673-2438

Fig. 2. If one thinks of a(t) as the spin of the exchanged
"particle" for a given t, then the t-channel helicity
flip vertex above violates angular momentum conserva-
tion when o=0. We assume that each such ''nonsense"
vertex contributes a factor N'a to the t-channel
helicity flip amplitude.



Table I shows the data to be fitted. Of the 24 parameters in
Eqgs. (17') to (11') varied to fit these data, one degree of fitting freedom
is lost via the constraint of the »Ig'i sum rule discussed beIO\lJv, which re-
lates ozo, ° ' Cg, Cg., Fo, and Fg. iIn.an equation of constraint. We
have also constrain_ed the six SU3 breaking parameters Ff énd‘ Fl1 to

give symmetry breaking of less than 25%. Thus we are left effectively

with 17 free parameters and 6 restricted parameters.

SPECIAL TREATMENT OF LOW-ENERGY K'N DATA
The K'n charvvge—m\(ch'ange’ ciafi‘:a at 2...3 Ge.Vyc# require special treat-
ment, (a) because of the relatively low energy for the applicability of the
h'igh—energy asymptotic f01;ms ('17);, and (b) because the target neut‘ron is

bound in a deuteron.

A. Explicit Legendre Function Formulation

The high-energy Regge behavior (“Ea)-of the amplitudes comes
from the asymptotic behavior of the Legendre functions:
a>-1/2, P (w) '
@ —— @2w)Y  D(at3)
~tantm « B v m et
— Q_a_i(w) J

(19)

a< +1/2, Ma(w) =

where P and Q are the Legendre functions of the first and second kind.
Following a suggestion of -Read et al. 7 based on Mandelstam's extensions
of the Regge formalism to o < -1/2, we will use Pa for a = 0 and Ma

for @ < 0, denoting this generically by L'a/'
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Table 1. Data.

Reaction Lab momenta (GeV/c) and references

Differential cross section

Ktn>K% o 2.32

o - b

K p**Kon (5, 7, 9.5)

rp -1 (5.9, 9.8, 13.3, 18.2)°

] d,

7 p >n'nX B(n = 2y) (5.9, 9.8, 13.3, 18.2)% et
Total cross-section differences

0 o (K'p)-0 (K 'n) 2.3,8(6, 8, 10, 12, 14, 16, 18, 20)"

0 (K p)-0 (K n) (6, 10, 12, 14, 16, 18)"

- + . i
UrI\('!T p)-GT(TT p) (5, 5.2, 5.4, 5,6, 5.8, 6.0, ().;2., 6.,4)
(8, 10, 12, 14, 16, 18, 20)"

Polarization ’

rp-n’n | (5.9, 11.2)

a. 1. Butterworth, J. Brown, G. Goldhaber, S. Goldhaber, A. Hirata, _
J. Kadyk, B. Schwarzschild, and G. Trilling, Phys Rev. Letters 15,
734 (1965), Thesis Appendix A. —

b.. P. Astbury, G. Brautti, G. Finocchiaro, A. Michelini, K. Terwilli-
ger, D. Websdale, C. West, P. Zanella, W. Beuch, W. Fischer, B.
Gobbi, M. Peppin, E. Polgar, C. Verkerk, and M. Pouchon, CERN
Preprint 66/41057/5, 1966.

¢. Saclay-Orsay Collaboration: A. Stirling, P. Sonderegger, J. Kirz, P.
Falk-Vairant, O. Guisan, C. Bruneton, P. Borgeaud, M. Yvert, J.
Guillaud, C. Caverzasio, and B. Amblard, Phys. Rev. Letters 14,
763 (1965); Phys. Letters 20, 75 (1966). “‘“

d. Saclay-Orsay Collaboration (see Ref. c¢), Phys. Letters 18, 200 (1965).

e. Branching ratio (n—>2y/r) - all neutrals)=0.416, as given in G.
DiGiugno, R. Querzoli, G..Triose, F..Vanoli, M. Giorgi, and P.
Schiavon, . Phys. Rev. Letters 16, 767 (1966).

f. Branching ratio (n —all neutrals)=0.729, as given in‘A. Rosenfeld
et al., Rev. Mod. Phys. 39, 1 (1967).

T. Kycia, Bull. Am. Phys. Soc., April 1967 (JB2).

h. W. Galbraith, E. Jenkins, T. Kycia, B. Leontic, R. H. Phillips, A.
Read, and R. Rubinstein, Phys. Rev. 138, B913 (1965).

i, A. Citron, W. Galbraith, T. Kycia, B. Leontic, R. H. Phillips, A.
Rouset, and P, Sharp, Phys. Rev. 144, 11041 (1966).

j. P. Bonamy, P. Borgeaud, C. Bruneton, P. Falk-Vairant, O. Guisan,
‘P. Sonderegger, C. Caverzasio, J. Guillaud, J. Schneider, M. Yvert,
I. Mannelli, F. Sergiampietri, and L. Vincelli, Phys. Letters 23, 501
(1966). T

[t}




-10-

Retreating from asymptotically high energies,we fnay write the
nonflip ampli‘t‘udeé more generally as

ITTQ

+ _ (e 1)
AL = -alt) (N?go a+1/2) L )W | (20)

where q, q', and w = -cos Gt are the (nonphysical) momenta and scatter-

ing angle cosine in the t channel. These are given by

= 40?4 M%) = 4@ 4m
(21)
-s :qZ +q'2 -2qq' cos Gt
giving , v
- ZI(S—M2 -m2)+t ' ‘ (22)
(4M° 1)1/ % (4m® 1)1/ ¢
= (E 2)’1/2 is the meson mass. -qq /ME

{[(4M -t)(4m -t)] 1/2/4ME } “is factored out of the residue function af(t)
to cancel the anomalous t- channel threshold singularities in w. From

»(19) we have then

+ (@+1/2) T(a+d) | +1
AY g -at (5 2z Oi[_r?_/_ NCE '%H‘w‘r?") (23)

O

Comparing (23) with (17) we have finally in terms of the fitted parameters,

. - M.+ 1) - ., ' ~iTa;
+ ' S N -qq' |\ e i+4 _
whi TGOt ) sy o ey T R M SmEe ) 0 o)

Similarly we write the general form for the helicity flip amplitudes

_ . a R ira _
B = i) (G e d) g L) fe__=t) (24)
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Invoking the general property d/dWLa(W) = .Q’(WLQ/-LQ/_II)/(WZ— 1), we get

- -1, , 1 1 -ira
'B:'t _--—-——-—)-_> = —b(t)(ZEE ) ZQ'(Q+ 2) F(O/':.‘Zi) (e i lii) , (25)
i w 0 N T'(a+1) sin ma
which by comparison with (17) gives
+ P(aiJr L RN ~qq' @1 q e 1My 24
BT Dl ) pmay o mmy) @ Re Y e ) B4

The factor [T(a+1)] -1 in (19) serves to cancel the unwanted poles in the

signature factors for negative a. In our formalism we have effectively

replaced it by (a¢+1). So long as we have o> -2 and @ > -3 (which turns

~out to be the case), the empirical factors C(t) and D(t) can make up the

difference.
We replace Eqs. (17) by (20') and (24') when fitting the Kt charge-
exchange and total cross-section difference data at 2.3 GeV/c. To all the

rest of our data, which are above 5 GeV/c, we apply the asymptotic forms.

B. Deuteron Correction

We must now expréss the bbser\;ed K+d—>K°p(p) distribution
(do/d‘;)d in terms of the free neutron K'n charge-exchange cross section
(dO‘/dt)n, and thus in terms of the Regge amplitudes. The data (do /dt)d
ha& b.een determined by é?tributing to each K° the lab momentum p'
it would have if its observed direction p' had resulted frorﬁ -a collision
with a stationary free neutron. 3 Then the impulse é.nd closure approxima-

tion gives



A2 -

do, _ do [1-H+R{1-H/3)]
where
(do /dt)spin flip
R(t) = do /dt 2onspin fTip
(do /at)ROnPY
and
H(t) = fd3£ | wd(£)12 exp[i(p'p'-p)- ], (27)

\I,d(f.)' being the Hulthén deuteron wave function. (See Appendix B.)

For t=0 we have H=1 and R =0, causing (dO'/dt)d to vanish in the
forward direction whether or not the two-body cross section vanishes.
With increasing -t, H approaches zero, falling to about 0.1 at t=-0.13
GeV/c, causing (.dC~7 /vdt)d to approach (dO/dt)n.

It remains to make the connection betv‘veenv R and the t-channel
helicity amplitudes A, B. R = fg/fi where f1 and .fZ are, in conven-
tional notation, given by £(0)= f1+ f2 0.n. Now the s-channel helicity |
amplitudes g4 -and g, are given by f= gyt g,0- Efo . fcio Comparing ’F:he
two representations and using well known properties of the Pauli matrices

0, we get 2

g, sin 6

R= | grgcosv| | (28)

where 0 is the c.m. scattering angle. Finally, having followed the |

formalism of Singhio for the t-channel helicity amplitudes, we have
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2, . 21/2
g, = (k +M ). + M (£ A" + (V5 5 MJB]
A=pl 4 EHE/4M) B,
1-(t/4M")

k being j:he c. m. momentum,

_In summary then, the K+n charge-exchange data (dO /dt)d are
fitted to Eq. (26) iﬁ which the factor (dO/dt)n is given by the Regge two-
body formula (.13'). Note that the free neut.ronvcross section, especially .
near the forward direction, cannot be extracted from the deuterium data

without the aid of a model which gives R{t).

A SUPERCONVERGENT SUM RULE
To test the validity of additional Regge poles (and cuts) with the
quantum numbers of the p, proposed to expléin the m p charge—é;;change
polarization, Igi and Matsuda have obtained a superconvergent sum rule.,
From a dispgrsion'relation for that part of the t=0 amplitude which van-
ishes at infinity faster than E"1 (i.e., @< -1),they get the sum rule

. o0
./
4Trf—-2}—

Jor 1plotnTp) <o (nTp)] <NZ 2L o Eo)laE,  (30)

i i
where 2BL is the sum, over contributing singularities with a®>-1 (in
gur case p and. p'), of the imaginary parts of the forward Regge m p
charge;exchange scattering amplitudes. f2 =0.081 is the. TN coupling

constant squared.,
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E, ., - ._asymptotic
.Bi Laf (_M) E —ow Ivai(t__O)
giving
0 ~0, 0 P(O[i()+1)\[-ma’io o
ﬁi:FiCi(a'i+1). — TT(-Z—) . (30°)
T(ai +3)

The integrand of (30) vanishes at energvies sufficiently high that all con-
tributions other than p and p' become negligible [cf. optical theorem,
'Eq., (15)]. We take the integral up to 39m (=5.5 GeV/c), using Igi's nu-

merical determination of pr(I dE. Then Eqs. (30) relate Cg, C;., o°,

T P
%, F°, and Fg, in an equation of constraint, which we impose upon the
fitting.

RESULTS

The fitted parameters resulting from a least-squares fit to the data
are gi§en in Table II. In Figs. 3 through 9 the resulting theoretical
curves are shown, superimposed upon the data. For 194 data points‘we
have a X-z o-f 1910 The p and A, trajectories turn ouf essentially
traditional, i.e., not unlike the results of the usual fits to the high-energy
cross sections without a p'. The p' intercept, -0.48, is reasonably
consistent with Hégaasen's determvination, -0.6, from the Ep aﬁd pn
d.ata.4 The p1 slope, '1.44/(GeV)2, gives a mass, at o=1, of 1.01 GeV,
suggestihg the 6(965), about which little is known except that it is an
isovector. Relative to the p, the p' contribution near the forward di-

rection is given roughly by
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Table II. Fitted parameters.

KN residue parameters TN/KN SU3 breaking

Trajectories

o® o cO D° ct p? FO/FE - gt

L . (mbXGeV) (mb)  (GeV)™> (GeVv) ™ ’ (GeV)~2
o(-) 0.58  0.92 130 22.7  2.92  0.26 1.10 ~0.006
p'(-) -0.48 1.44 5.02 -264 4.4 2.95 0.80 , +0.20
AL(+) 037 0.41 5.50 -116 0.42  0.66 1,01 -0.07

-g1-
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® e I
;—r""“ﬂ\a\ T p—w N ]
\,
’_ 4
_2 -
s 1
_3_ -
_4 — 1 |
o) 0.2 0.4 0.6 0.8 1.0 .2 1.4
-t (Gev/c)?
XBL673-2440
Fig. 3. T"p charge-exchange differential cross sections,

incoming lab momenta from 5.9 to 18.2 GeV/c. Data
from Saclay—Orsay Collaboration, Stirling et al.
(Table'], ref. c). Solid curves are our Regge fits,
Table II parameters.

&
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XBL673-2437

Fig. 4. = wp total cross-section difference from 5 to 20 GeV/c.
Data from Galbraith et al., Brookhaven (Table I, Refs. h
and i). Solid curve is our Regge fit, Table II parameters,
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o
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lo ff“f\ly) =10 )
- \ ]
| 18.2 GeV/c ]
10| ~4i6°
54 | 1 l ! | 54
10 10
"0 02 04 06 08 10
-t (Gevsc) ?
XBL673-2441
Fig. 5. ” p-*n n differential cross sections reduced by branching

ratio B(n ->2vy), which is the only mode observed in these data,
Stirling et al., Saclay-Orsay Collaboration (Table I, Ref. d).
Solid curves are our Regge fits, Table II parameters. To make
contact with the KN normalization parameters via SU,, we use
for the branching ratio 0.303 (Table I, Refs. e and f).
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10 [ ] [ l T

L

- K'n >k% 2.3Gev/c -

— Free neutron : ' -
cross section

RE |

|

mb
(GeV/c)?

Legendre form

1.0 [ ) -
i N
b P17
© ; H ' \ -
H— Deuteron \ -
4:“/ covrrecﬁon , \
B Asymptotic ]
fit
0.1 | | i | |
0 0.2 0.4 0.6 0.8 t.0

-t (GeV/c)?
' XBL673-2439

Fig. 6. K'n charge exchange at 2.3 GeV/c, the highest energy
data available to date (Butterworth, Goldhaber, Schwarzschild,
et al., Berkeley, Table I, Ref. a). In the forward region we
‘show the Regge fit, with deuteron correction, to the deuterium
data, as well as the free neutron cross section deduced from
the fitted parameters, Table II. At larger angles one sees the
correction due to the use of exact Legendre functions, as well
as the fit using the high-energy asymptotic forms.
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T A' A 1\ Kt _
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Fig. 7. K+N and K N total cross-section differences, 6 to

20 GeV/c. Oq (K p)=0(K™n)>0, and 03 (K¥p)-0 p(K*n)< o.
Data of Galbraith et al., Brookhaven (Table I, Ref. h)
We include also the KT datum at 2.3, for which we indicate
here (and use in fitting) an uncertainty given by the ampli-
tude of the small wiggles of AGT(K+) in this region, the
quoted experimental error being considerably smaller
(Kycia, Brookhaven, Table I, Ref. g). The solid curves
are our Regge fits, Table II parameters.
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Collaboration (Table I, Ref. j). '
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Fig. 9. K'p charge-exchange differential cross sections,

incoming lab momenta 5 to 9.5 GeV/c.  Data of Astbury
et al.,, CERN-ETH ZUrich (Table I, Ref. b). Solid
curves are our Regge fits, Table II parameters.
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ImA ,/ImA
P P

ImB ,/ImB_ = 360-3t gt

ReA = ImA ; ReA , = -ImA ,
P P P P
where E is in GeV, and Ao = ap—ap.-
For the high-energy cross-section data we see that the p' plays

only a small role. In Fig. 3 we have the usual dip in the 7 p charge-

exchange cross section at t= -0.6, independent of energy, due to

‘@ = 0. Our "ghost killing and sense choosing'' mechanism predicts an

P
analogous dip in 7 p -»n°n for ap

data do not extend to sufficiently large momentum transfer to serve as

(t=-0.9)=0. Figure 5 shows that our |

evidence in this matter. The ''nonsense choosing'' mechanism of Gell-
Mar}ﬁ would not require:-such a dip for even-signature trajectories.
Note that our n production data measure only etas decaying to two pho-
tons. Therefore, to arrive at the SU; breaking parameter F.loi’ one
needs to know the branching ratio for n —2y. Usi,ng11 B(n—+2y)=0.303
we find Ff{ d.ifféring from the unbroken FY for the A2 by only 1%.
For p and “p‘ vwe have ten and twenty percent SU3 breaking in Fio. In
each case thé symmetry breaking is s.lightly greater for t 70 dﬁe to the
nonvanishing Fl1 The zero of Cp(t) occurs at t= -0.34, roughly tﬁ-e first
inflection point in the = p charge-exchange cross sections.

Inthe K'N system at 2.3 GeV/c (Figs. 6 and 7.), we see the p'
asserting itself. In the forward dire‘c.tion wAp and KAR are, roughly
speaking, equal,and lie at /4 and 37/4 in the_ complex plane. . Thﬁs

their imaginary parts subtract and real parts add for K" charge exchange

(vice versa for K'). The p' does not significantly alter the traditional
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result that the forward K+(K—) amplitude is predominantly real (imagi-

nary). We find Re/Im fO(KJr)_: +7.7. But when we include the A0 (K'N)

datum at 2.3 GeV/c and apply the optical theorem (Eq. 14), we see the

'

p' at work. At high energies the cancellation of Im(K’AR—KAp)t::O re-
sults in AGT(K+N) ~.0, as seen in Fig. 7. This trend would continue down
to 2.3 but for the p' term, ~-1/E, which emerges at lower energies and
causes AUT' to increase negatively. This is required by the datum at 2.3.
The error bar hére is given by thé amplitude of the small wiggles (pre-
sumably not a t-channel Regge effect)v in the AOT(K+N) data in this region. 12
The quoted experimental error is Consid‘erably smaller. |

To see the contribution of the flip amplitudes to do /dt (Eq. 1§),

we write for small. t.

1/2

N 2 3 =
-t [ s+p
{4 Z 4o (t/am” }S} o o
M® - (t/aM) ] < NF L __Zl..exp[n?-c3+<a'/a°>lt
(1-t/am% /2 4, “i

1

For each trajectory, the t-channel helicity flip contribution becomes com-
parable to the_nénﬂip at -t<0.1 (GeV)Z? This fapid rise from zero in the
forward direction is responsible for the initial rise in each of the dif-
ferent cross sections. In the case ‘of K'n charge exchange at 2.3 (GeV/c),
p' adds significantly and positively to the flip amplitude, producing a con-
siderable initial rise and increa‘sing the cross section in the peak region
by about a factor of two. Without the p', theﬂtheoretical curvé in this
region had stubbornly remained a factdr of two below the data.

| Figure 6 also shows the improvement in the fit at larger angles"

(smaller -cos 91:) due to the use of the exact Legendre functions rather
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than the high—énergy asymptotic expressions at this energy. Near the
forward direc_:tion,._wher:e the deuteron effect is significant, the free
neutron cross section is also shown. Without knowing. R {rom the fitted
Regge parameters, one could not say to what extent the forward dip in
the data reflects the two-body cross section rather than the forward
vanishing reqﬁired by the deuteron effect.

For the m p charge-exchange polarization (Fig. 8), the p' is of

' course, in our model, the sine qua non. For. -t <0.34, where our Cp(t)

goes through zero, we have

LATX BT =sing A'(ozp— ap,)(lvApvi”lﬂvap. I ;[%Ap,[ LB,
The data require, and we find, Apo, >vAp,Bp, giving positiv&; polariza-
tion. The approximate orthogonality of the p and p' amplitudes for
small t gives roughly maximal polarization,’ givyen the magnitudes and
signs of the amplitudes. If the polarization is in fact due to é p' tra-
jectory lying about one unit of angular morﬁenturn below the p, we have
perforce a ~4/E falloff in the polarization. The data, being quite un-
certa;in, are consistent with this, but are also consistent with an energy—b
independent polarizatioh. Better polarization data would constitute a

severe test of our model. The unsightly high shoulder in the theoretical

~curves at the smallest ¢ data emerged upon imposition of the sum rule

constraint. Previously the two data around -t=0.03 had been better f{it.
The good fit for AOp(mp), shown in Fig. 4, guarantees the convergence
of the sum rule integral (Eq. 30) above 5 GeV/c. The ¢’ term turns

out to make 1/15th the contribution of the p term to this integral.



-26-

Finally, in Fig. 10 are shown some higher energy K+h charge—
exchange cross-section predictions from our fitted parameters. As the
p' contribution wanes with inci‘easing energy, the forward‘turnOVer
- diminishes, but, as in the case of K'p charge exchange (Fig. 9),‘ some
turnover persists at high energies. For comparison with experiment, ~
the deuteron effect, which causes the observed cross section to vanish
att=0, is also shown. Except for the 9.5 GeV/c prediction, where the
difference has become negligible, exact Legendre functions were used

here in place of the asymptotic forms.

POSTSCRIPT
Our Regge fit gives for the real part of the forward K+n charge-

exchange scattering amplitude at 2.3 GeV/c

k Re f(t = 0) = -0.69,

- Note that, unlike the imaginary part, this is not a directly observable
quantity in deuterium. Ina Phys. Rev. Letter just published [18, 801
(1967)] » A. A. Carter, using forward K+N dispersion relations, cal-

culates for this quantity the value -0.70+0,01.
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Fig. 10. Predictions of higher energy K'n charge exchange,
from the fitted parameters, Table II. Up to 5 GeV/c we
use here the exact Legendre functions. The dashed curves
near t=0 show the predicted K+d->K°p(p), i.e., the
deuteron correction.
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We present here the differential cross sec-
tion for the reaction K* +n~K°%+p at 2.3 BeV/c,
On comparing the differential scattering cross

- section in the forward direction with the val-
ue derived from the optical theorem, we find
the experimental value to be considerably larger
than the optical-theorem point. This indicates
that the charge-exchange amplitude is predom-
inantly real.

734 T513

)
This study is based on an analysis of 297
events of the type .
K*+d~Ko+p+p, (1)
L}

with a visible K® decay. The events were ob-
tained in 100000 photographs taken with the
Brookhaven National Laboratory 20-in. bubble
chamber filled with deuterium and exposed

to a K* beam at the AGS.' In this sample we

1-3
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find 53% of the events with two visible protons
and 47% with only one visible proton. For the
latter we fitted the events as one-constraint
fits to Reaction (1).

In Reaction (1) the choice as to which of the
two protons is the recoil proton and which the
spectator has been made on the hasis of their
respective momenta. If the slower proton is
chosen as the supposed spectator, it is found
to have a momentum distribution which agrees
well with that expected from the Hulthén wave
function, provided that its momentum does
not exceed 300 MeV/c. With the same momen-
tum limitation, the angular distribution of the
spectator in the laboratory is isotropic. We
find that in 14% of the events, both protons
have momenta greater than 300 MeV/c, where-
as the expected number consistent with the
Hulthén wave function is 1 to 2%. We attribute
this discrepancy to double scattering in the
deuteron. In the subsequent analysis we have
included only events with spectator momenta
below 300 MeV/c. There are 257 such events.
All events were weighted according to the prob-
ability that a K° of the observed momentum

decays within the chosen fiducial volume. Cross .

sections have been corrected to allow for K,°
and neutral X ,° decays. By this procedure
we find the cross section for charge exchange
to be 1.50+0.15 mb. :

Figure 1 shows the observed angular distri-
bution of the K° from Reaction (1) in the lab-
oratory system. Figure 2 shows (solid bars)
the abserved values of do/dQ as a function of
the K scattering angle ©* in the Kn center-
of-mass system (or 30/3! as a function of

5.0f 4 — R ! ' r
tH 4 K*d —x°pp
+ . 23 Bev/c
__ 1.0 i -
3 05 b
E
T 1
f
=1
2 0.i|— '
g )
b 005} 1
; —
0.0! i : ) | L 1
10 09 08 0.7 0.6
cos 8qp

FIG. 1. Observed laboratory differential cross sec~
tion for the reaction k*+d— K +p +p as a function of
the K° production angle.

momentum transfer, 1).

If the charge-exchange scattering amplitude
on a free neutron.is given by f=a +b(§-7), where
i is the unit vector perpendicular to the scat-
tering plane, then the differential cross sec- -
tion for a neutron bound in a deuteron is giv-
en by

dojd=[la+ (16 Pl 1-H(q)]
+3l0 l211+11(q)]. (2)

Here the cross section is given in the K*n cen-
ter-of-mass system, H = [¥*(T)exp(~iq-T)
X¥(rMT is a real and positive quantity, ¥ is
the deuteron spatial wave function, and q is
the difference between the initial and final K
momenta in the laboratory system. Final-state
interaction and double-scattering effects are
ignored in this expression.?

Equation (2) may be rewritten as

: do/dﬂ:[l—H(q)](do/dQ)nf

+[1-%H(q)}(do/dmf., (3)

where (dc_/dQ)nf and (do/le)f are the free-
neutron cross sections for spin nonflip and
spin flip, respectively.

For events produced with cos®*<0.92, we
obtain H(g) < 0.1, and effects due to the deuter-
on are thus negligible. For the remaining events
the value of H(g) becomes significant, and cor-
rections implied by Eq. (3) must be included.
To apply these corrections, one must know
the relative size of spin-flip and spin-nonflip
contributions. The relative importance of these
two terms is not known. However, since all

5.0(- 257 events
4 K*d ——K%p -{10
‘{f —— No corrections
+. ’* 4 Corrected volue 105
— ﬂf . igaoring spin tip . _
“*Loror- 1 5
K 1 3
3] —_
< osf R E
2 --oi
s -foos 9
- 3
® 5
5 o _._r___ 5
t (Bev)? 4
as 10 15 20 30 oo
- e ; e
0 08 06 04 02 O -02 -04 -06 -8 -0
- cos 8%

FIG. 2, Differential cross section for the reaction
K" +d—=K"+p +p as a function of the kK production
angle in the K*n center-of-mass system (or momen-
tum transfer ¢). Solid bars show experimental data; -
triangles show the conversion from K*d scattering
to K*n scattering if spin-flip contributions to the
scattering are ignored.

T513 2-3 . 135
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corrections apply primarily to forward-scat-’
tering angles we have neglected the spin-flip
term. The triangles in Fig. 2 show the result
" of correction where only the spin-nonflip term
has been included.

We now compare the forward-scattering cross
section with that derived from the optical theo-
rem. In terms of isotopic-spin amplitudes,
the amplitudes for K *p scattering, K*n scat-
tering, and K*n charge exchange (ce) are giv-
‘en, respectively, by

JE +p =K ap)=f,, [ETen=KT4n)=3(f,+f,),
andfce= %(fl—fg);

hence

f =K p =K ep)f KT +n =K 4n).

ce -
From the optical theorem we thus obtain

(f ), _ o =k/4alo (K7p)=0 (K )], (4)

[
which yields the inequality

@a, /dR), =k /41lo & p)-0, K )]z (5)
From the uncorrected data in Fig. 2, which
is a lower limit to the K*n charge-exchange
cross section, we would predict a difference
of ~5 mb between the K*p and K *n cross sec-
tions if Eq. (5) is taken to be an equality. The
measured cross-section difference c,(I{*’p)
—at(K+n) at this energy was given by Cook
etal. as -0.6+£1.0 mb.® These two results
are clearly incompatible, which implies that
Eq. (5) must be considered as an inequality.
Thus the real part of the forward K'n charge-
exchange amplitude, fyo, must be consider-
ably greater than the imaginary part. It is
noteworthy that this is in contrast with high-
energy K ~p charge exchange, which has a
predominantly imaginary amplitude.?* On the

736 "T513

basis of a Regge-pole model of KN scattering
invoking only p and A, trajectories, Phillips
and Rarita have predicted that K *n charge
exchange should have a predominantly real
amplitude and K ~p charge exchange a predom-
inantly imaginary amplitude.® The possible
validity of such a Regge approach at an ener-
gy as low as 2.3 BeV/c is supported by the
fact that K*n scattering is free of resonances
in the direct channel, and that the only other
trajectory that might have to be considered
would be an I,JP =1,0"% exchange.

We are grateful to R. Shutt and his co-work-
ers at the Brookhaven National Laboratory
for making available the 20-in. bubble ¢ham-
ber, to the AGS crew, the 20-in. bubble cham-
ber crew, and particularly to H. Brown for
help with the exposure at the AGS. We thank
the many people at Berkeley who helped with
scanning, measuring, and computing. We
would like to acknowledge helpful discussions
with Professor G. Chew and Dr. W. Rarita.
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Atomic Energy Commission.
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B. Deuteron Correction-—lfnpulse and Closure Approximation

We will here derive the deuteron correction formula (Eq. 26).
Consider the scattering matrix for the process Kta—- K°p(p), where the

slower (spectator) proton (p) has lab momentum < 300 MeV. |

T=i(1-8)= 64(P'-P0)r (B1)

where P=(E, -ﬁ) is the total four momentum, and sub(super)script zero
(prime) will generally denote initial (final) momenta. The diagram be-

low defines the several lab momenta in the spirit of the impulse approxi-

mation.

: )?'/7 _ Lab momenta
~ a .
: Kt,..._“wq_om_,w.-

+
K d—=K p(p)

- - // \
o 'pO/ ‘
dﬁ/ . p
FA
/pO: P
¥
(p)

We define k = -1/2(;— ;) and K= (;Jrr—;), and denote the spin state of the

two-nucleon system by ern‘

For convenience we consider first only the singlet final state
-

if} =|k",q', n , Xg) . Expanding the initial state in plane waves of the

. —
relative momentum k inside the deuteron, we have

B o

éqo,k,r’{’: X, XT}_(E’I D). (B2)

We ignore the d wave in the deuteron wave function D, thus making
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the inner product <1?| D) independent of the spin orientation m. We take

Z |k)(kl =1.

all k ' ' “

the normalization

Averaging over the initial spin states, we have for the cross section

3REWA3T, (B3

=1

i23—> =%
sv

§(E Z)[r §7(k' +n —Z)d

0 m

—_

where & = 1/2((:1O '), and VO is the initial lab velocity. Note that

AP 6P -P ) =82 (F +a-28)a’p = 67 (K 41 - ) K,

From Eq. (B2) we have

are —

(flrli) = (K, .0, X rlq,, K n=-K, X )(le) (B4

=~

Now we make the approximation

-

(fl‘r|‘1> :i {q ,n',XOO[rnl.q_O,n:.—k,Xd Y6 [k~(k'+A)]<k!}D>, (B5)

-

where r. 5 [ 0 ~-{k'+ A)] describes K' charge exchange on a free
neutron (the propagator of the diagram above, taken to be on the mass
shell) with a delta function conserving momentum at the ?harge-exchange
vertex. ’fhis will be defined more cleérly later by relating

r to G( n->K p). Integrating over all K with this delta function gives
N -5 - 0 - = - —> m. ,=> =>
<f!'r|'1) ={(q',n ,Xol.rnl-qo,no—-(k' -l—vA),X'1 >(k’+AI'D>. ~ (B6)
This singlet final spin state Xg bein»g antisymmetric with res- #

pect to exchange of the two protons, Fermi statistics require that we

symmetrize the amplitude to read
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(glrli)= (q,m, X0 r 13y, my= -+ ), X;WT (1 + B +(-K'+ Z1)D). (B7)

Writing r in terms of'spin flip and nonflip operators, r =T, 40 ﬁrz,

we have the general theorem

— e - . - - 2 —» -, "~‘-> > 2
S {q,n,X%r, +0-Ar, ! o, XINO=i(q  nt v, g, na ) C. B8

Therefore, for the singlet final state the cross section'is

v ; [ Cir . - e 3> -
O .= 8[E'(q", n', p' =2k +n' Y-E . ]6 (k' +n' - &) :
S .

3y - S0 (B9)

- -

> - . 2
X l.<q ,n !‘rzquo,noﬂ —(k‘+A)>|‘

3 3%

LR+ B -+ BN)Dyl 2aTa’Kia’y

. -
Integrating over the final target nucleon momentum n', consuming the"

total momentum delta function, we get for the lab distribution

a0 .
. Y - .
qa @)= 3v,

//6[E'(.q',n':|Z—l_:'l,p :‘iZJrl?' i)_EO]%i (<E'+Z|+< -l-:'r}-K!)DN&

(B10)

X l( ',_n:Z-}z)'lrzlqAO;;O: —(g4>K)>|2d_;q'2dq' R

where §' is the unit vector for the K® 1lab momentum, with differential

solid angle dfi.

Q4

One now argues that setting »1?‘: - R (i.e., n,=py= p'=0) in E'()

and ( Ir2f> approximates the integral (B10) well, thus achieving the

o>

desired result of suppressing their K ‘dependence. We then have



do ' |
S -~ 1 1 10 1~ - g .o~ A q, = 2
§') = o /q 2 5[E ,(_q ,n NZA,P ~0)-}E0]. I(q',n _~2A.l‘r2 l__qO’no~0>"
| _ (B11)
x [1 a3 1@+ R+ (-F+Z1)Dy12 Jdg.

This facilitates matters greatly. Representing the inner product (1 D)

in configuration space, we have

. %[d?’l_()' HZ:% ———1-3—[d31—<)'d3>_c’d3;f>{exp[—i(_l’<' + Z);] + exp[-i(—l?'+ Z) ;]}\IID(;[)
(27) :

(B12)

ot
-— R

X {expli(Ki+2). ]+ exp[i(-k +2&).y &)

explik'- (Y‘i)] } - 2(211')3 53(;'3—;)

=11 [ 330 o o iR (F-R 3o [ rexpliF - (R-)]
(2m) D D , +exp[-ik'- (x+y)]

o s 22m)78 7 (xk
+exp[ik'- (x+y)] > (2m) (+y)

3= - 2 T . a>

=[d x[|I\IfD(x) |' + \I’D(x)‘I’D(-x)exp(-ZlA-;c))] (B14)
[ 3m . o2 x>

=1 +[d x|\I/D(x)| exp(-2iA-x) =1+H(4H. | (B15)

Therefore

a0 @' = qu'de'@[Eo-E' (@',n'=24, p'=0)]

' Py > B 2
X l{( ,n—ZA|.r2(_q0,n0—O)l‘ [1+H(A)]).
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Invoking the delta function, we pull (1 + H) outside the integral and get

finally
dO’S 1 >
m(9'>:§—{1+H[A( )]}f'dq6[E "(a', n—ZAp =0)]
ol ) O
. 3 ('B17)
(G 7 =2Rle, 17, g 1)
% :\<q e ‘-rz IqO,nO- 0
where
>:: Aty 1 -3 At :k ,\/ BY -NA*—-‘ :\/ —-"_*‘WZ»« -“m“éﬁ .
A ()= 13(qy-9"q )] and +m% + NEAMZ M +tM=E,. (B18)
v To get the triplet cross section O’T, we éntisymmetrize

(1-<>‘+Z§}D> and note the theorem corresponding to (B8), namely

1 —-—)
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Then the previous‘arguments give the correspondent of (B17)

0r  1om)
Y v,

'f dq6E -E') {<lr > +i§-'l<ir2|)}2). (B20)

Consider now K charge exchange on a free neutron, stationary
- A .
@ in the lab, with 9 and §' the same as for the deuterium scattering

under consideration. The lab distribution is given by



-38-

do_plnfhp .

-——nonﬂlp (q)

aq~

neutron
oA e 3 D TS e 1T a=0N%a a3
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Now the energy delta function in (B21) differs from those in (B17,B20)
only by the deuteron binding energy, which we are ignoring. Summing

over final spin states for the deuterium cross section, we write

A

do (o?)) 40, @), 4o @)
<d9 deut ds da

which from (B17,B20, B21) becomes

\

do (§') | _ 1 (@h w1[fdo @), 2 (a0 @)
(m d---3-[1+HA)] I sf +[1-H(A")] dQ nf +§a-§sf I
n n
Finally, therefore, if t for each event is taken to be the four-
momentum transfer corresponding to the observed K-meson lab scatter-

ing angle imagined to be off a free neutron at rest in the lab (cf. B18),

we have

(do) :(d0> 1 - H(t)+R(t (t)/3] (B26)
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The vanishing of (d0 /dt)d at t=0 may be understood in terms of
Fermi statistics. In the impulse approximation, forward scattering
leaves the two nucleons kinematically undisturbed (although in fact they
must be nudged onto the mass shell) except that the isotopic states goes

from odd to even. This is clearly forbidden.
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