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The hypothesis that p-exchange invariant amplitudes for different reactions have the same
ratio in the scattering region as they do at the p pole is considered. The hypothesis is found
to be in reasonable agreement with existing data. It can then be used to predict, to within
a factor of about 2, the size of p-exchange cross sections in future experiments.

Theoretical prediction of magnitudes of high-
energy differential cross sections has seldom kept
pace with experimental developments. The sim-
plest such predictions, from single-particle ex-
change, yield cross sections which are too large
and which have a disastrous energy dependence.
Regge-pole (and cut) models are normally post
factum affairs; rather than having known residue
functions with which experimental results can be
predicted, the experimental results are used to
determine what the residue functions must be. In
order to predict cross sections, we must have
some way of determining the residues.

Experimental data are quite obstinate in their
rejection of a simple factorizable Regge-pole ex-
planation of individual helicity amplitudes.! We
shall not attempt such an explanation. What we
shall attempt is to develop a simple method of
predicting the size of differential cross sections,
using the Regge-pole model as a sort of motiva-
ting framework, but not accepting the onus of pre-
dicting (or even separately considering) individual
helicity amplitudes.

The amplitude due to the exchange of a Regge
trajectory reduces to the amplitude from single-
particle exchange at the particle’s pole. Conse-
quently, since we know how to calculate Feynman
graphs, we can calculate numbers for the residue
functions at the pole if we know the relevant cou-
pling constants. This tells us nothing about the
shape of the residue functions as functions of ¢,
but it does give us a handle on their size. The
simplest thing which could happen is that between
t=m? and ¢=0 the invariant amplitudes for differ-
ent reactions proceeding via the same exchange
have the same behavior. That is, if |9, |%= |9, |2
at £=m?, then |9M,|%=|9M,|? in the scattering re-
gion also.

Obviously we do not expect this relation to be
exact. Amplitudes for different reactions will
have different ¢ dependence due to different kine-
matic factors; the presence or absence of dips
at t~ -0.6 GeV?/c? also varies from reaction to
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reaction. We can, however, hope that the over-
all size of the amplitudes will be about the same
and that the presence of major kinematic effects
can be simply predicted.

To test this method we choose p exchange since
it is relatively easy to isolate (which is essential)
and is one of the best understood trajectories. We
choose 77p —°n as our reference and consider
the reaction 7°p-w%. For the pm7 coupling we
use g,,°/47=2.16. This value is obtained
from the p - 27 decay. The wpw coupling constant
is obtained using the method of Gell-Mann, Sharp,
and Wagner.> We then obtain g,,,*/47=28.4 GeV =,
The coupling constants at the ppn vertex are irrel-
evant here since at t=mp2 the Feynman graph fac-
tors into the product of a term from the ppn vertex
and a term from the other vertex.® Since we are
interested in the ratio

2

’

Mo(7~p ~ wn)
M, (7~p ~ 1)

P
the factor from the ppn vertex drops out.
Using these coupling constants one finds
1.83, pL.,=4.5GeV/c
2
={1.94, p . =20GeV/c (1)
1.97, pp—=.

Mo(71~p~wn)
M, (7~p —~ 1)

This is at £=m . The IM,’s are the invariant am-
plitudes, as defined in Ref. 4. Figure 1 compares
experimental results for 1.85 x |IM(7~p -~ 1) |2 (Ref.
5) and the natural-parity-exchange contribution to
|M(7~p~wr)|? (Ref. 6) at p,, =5.85 GeV/c and
5.5 GeV/c, respectively.

The 77p -~ w’ amplitude has a pronounced dip
in the forward direction and lacks the shoulder ex-
hibited by the 77p - 7% amplitude beginning at
t=-0.7 GeV?/c?, but in the region between, the
agreement is reasonably good. The discrepancy
in the forward direction can be understood as the
result of unequal-mass kinematics.” In the ¢ chan-
nel, natural-parity exchanges require helicity flip

251



252 J. RANDA 6
71— 10— T
. ! (p“»rp,_,)x|M<v‘p-w°n)|2.plcb=s.seewc: 1 Mt —wonth)|%p = 8Gev/e ]
Lz i 1.85 x|M(7T_p-7r°n)|zlpmb:S.BSGeV/c N L5187 x |M(77+p-°~1r°A++)|2, Piap= 8 GeV/c |
S ] i 1
S i ] L 1
1y, X
oy L] . o ] .
~ 1 i ] o z
e a ] ERRRItS ‘
TN L 1 > { i
= | s
s | Pl i = { |
= 7 } i{
Py ; }
10 = 107 { 7
: : i : ] ]
R |
I ] i | I
LRI
Ol L v 11 oy N B R . . Ll
0O 02 04 06 08 10 I2

[t] (Gev¥c?)
FIG. 1. Comparison of (py; + py_4) X MM (rp—w'2)|? at
Prp = 5.5 GeV/c (Ref. 6) and 1.85x [M(1p— 7%)|? at
Puab = 5.85 GeV/c (Ref. 5).

at the w-m-Reggeon vertex. Consequently, all he-
licity amplitudes to which natural parity exchange
contributes contain half-angle factors. In the case
of 77p - wn,

10, 14 < COS36, 8in36, = § sing, )
fro,1-3 =< (cos36,)%. @)

The magnitude of each of these factors decreases
sharply in the forward (¢/> -0.2 GeV?/c?) direction,
leading one to expect a pronounced dip in the dif-
ferential cross section at # =0. The dip seen is
consistent, in shape and position, with the dip pre-
dicted by the kinematics.

Since the Feynman graph factorizes at the pole,
we also have

Mp(n"p —~ wOAY) |2

M, (7" p~ 1°A™)

Mp(77p = w'n) |?
M, (m™p ~ %)

@)

at t=m,®. As in the 77p—w% case, we expect a
noticeable forward dip in the 7*p — w°A™ differen-
tial cross section, arising from the half-angle
factors contained in all the natural-parity-ex-
change amplitudes.

Figure 2 compares |M(r*p—~w°A*™)|2 and 1.87
X |M(7*p~7°A™) |2, both at p,, =8 GeV/c.® It
should be noted that in Fig. 2 the |IM(x*p~wA*™)|2

I
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FIG. 2. Comparison of [M(r*p— w’A**)|? and 1.87
X [M(ntp— 70A**)|? at p,p = 8 GeV/c (Ref. 8).
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FIG. 3. Comparison of M (r*p—7A**) |2 atp p = 13.1
GeV/c (Ref. 11) and 0.909 % [M(1p— 7%)|? at pyy = 13.3
GeV/c. (Ref. 5).
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plotted contains both natural- and unnatural-parity-
exchange parts. Unlike the 77p - w% case, we do
not have the density-matrix elements needed to
extract the natural-parity part of |M(7*p ~w®AM)|2,
Consequently the p exchange amplitude
|9 ,(1*p ~ w®A™)|? will be smaller than what is
plotted for 7*p - w°A**. We do not encounter this
problem in 7*p — m°A*" since the 77 system in the
t channel is pure natural parity.

We can next compare n*p—°A™ to n7p~ 2. At
the pNN vertex we. use®

Glrpp=40, GJY,=12.0, G, =V2G,. (4)

At the pNA vertex we assume magnetic dipole cou-
pling and use the coupling constant G pM++2/41r

=30.1° We find (at t=mp2, of course)

0.892, p,..=8GeV/c
My(n*p~n°A™)|2_10.909, p,,=13.1GeV/c (5)
M, (m=p—~ 7°n) 0.922, p,,=25GeV/c

0.934, p,~=.

Again using the factorization property,
Mp(m*p = wOA™) [2_ [Mp(n*p —7°A™) |2
M, (77p ~ wn) - M, (17p ~°n) ©6)

Figure 3 compares |IM(r*p~ 1°A™)|2 and 0.909
X |9M(n~p~7)|? at 13.1 GeV/c (Ref. 11) and 13.3
GeV/c (Ref. 5), respectively. Figure 4(a) com-
pares |M(a*p~w®A™)|2 at 8 GeV/c (Ref. 8) with
0.892X%(p,, +p,-,) X |M(1™p — w’n) |2 at 6.95 GeV/c.12
Again we encounter the problem that
|9M(n*p ~ wPA**)|2 contains unnatural-parity ex-
change, whereas the (p,, +p,.,) factor extracts
the natural-parity part of |IM(7™p—~w2)|2. To
point out the difference this makes, in Fig. 4(b)
we compare |IM(7*p—~wA™)|2 at 8 GeV/c and
0.892 % |M(7™p ~w%:)|2 at 6.95 GeV/c. At a lower
energy, we do have the density matrices needed.
Figure 4(c) compares

0.88X(py, +p,- )X |M(77p ~ wn)|?
at 5.5 GeV/c (Ref. 6) and
M(7*p -~ wOA™)|2

(p11+p1—1)x

at 5.45 GeV/c.'®

We next turn to A, production. Using g %" ~2/4n
=41.0/GeV* (obtained with I'=112 MeV, M, =131
GeV, branching ratio =76%) we find

Mp(1™p~Adn) Mp(r*p~AJA™) |2
M, (n"p~ 1°n) M, (" p =~ 7°A™)

0.14, p,, =4.5GeV/c
=<0.23,  p,, =20GeV/c
0.24, p~. (7)

2

From the kinematic factors associated with the
exchange of a natural-parity object in production

of a 2* meson, we again expect a forward dip. Fig-
ure 5 compares |JM(7*p—~AJA™)|? with 0.2

X |M(n* p—n°A*) |2 at p,,, =8 GeV/c.**

We notice here a definite discrepancy. The dis-
crepancy itself is expected since, as in Fig.

4(a), we are comparing the differential cross sec-
tion to the contribution from the exchange of the

p trajectory alone. The question is whether the
size of the discrepancy is correct. Since elements
of the spin density matrix have not been measured
for this reaction, we cannot determine the amounts
of natural- and unnatural-parity exchange. If we
assume that about half of A, production goes by un-
natural-parity exchange, as is the case with w
production, then our prediction for the p contribu-
tion is about the right size. (We do not worry
about the shoulder structure around {=-0.6.) The
assumption that only about half of the cross sec-
tion results from natural-parity exchange receives
some support from comparison of energy depen-
dence of the total cross sections for 7% +n—~AJ+p
(Ref. 15) and 7”7 +p—~w°+ 7.5 A problem remains,
however. The expected forward dip is not present
in the A, production data. It is possible that the
unnatural-parity contribution is washing out this
dip. Until the spin density matrix elements are
available we cannot be sure.

In the case considered thus far, we have ob-
tained reasonably good estimations of the size of
p-exchange contributions to differential cross sec-
tions by using

Mp(mp?)
M, (m pz)
where JI;(¢) is the invariant matrix element of
some reference reaction. One can now estimate
the cross sections of unmeasured processes in
which p exchange should dominate, such as ¢ and
A, production in charge exchange processes. In
determining the coupling constants we use

m, =1.07 GeV, ', =0.095 GeV, I'(4, ~3m)
=I(A, - pm) = I'(total), m ,=1.019 GeV, r,=4.0
MeV, I'(¢—pn)=T(¢-37)=0.183 I'(total). The
results obtained are

2
[om, (8|2 = [ (6)]2,

Mop(n~p~ o°n) |2 (0-006,  Ppy=4.5 GeV/c
M,(1p~1"n) | ~)0.008, py,—~ (8)

and
0.08, p,,=4.5GeV/c

- 0.05, p,,=20GeV/c (9)
0.05, P~

Mp(r"p~Adn)
M, (77p~7°n)
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FIG. 4. (a) Comparison of 0.892 X natural parity part
of [M(rp— wn)|? at p,, = 6.95 GeV/c (Ref. 12) and
[M(r*p— A% |? at p,, = 8 GeV/c (Ref. 8). (b) Compar-
ison of 0.892x [M(17p—w')|? atp,, =6.95 GeV/c
R R SN Ref. 12) and [M(r*p— OA**)|? at p, = 8 GeV/c (Ref. 8).

1 |M(rr¥p —wOn*t )| Byp8GeV/c (c) Comparison of 0.88 X (py; + p;_y) X MM (1p— w)|? at
1.892 x |M(p —wPn) |2 Dy = 5-5 GeV/c (Ref. 6) and (ogg + py_q) X M (wip— OAH)]
{{ f Pron” 6.95 GeV/c at pp = 5.45 GeV/c (Ref. 13).
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and of course

1

2 2

Mp(n*p—~A%A*H)
M, (m7p~Aln)

Mp(n*p = °A™)
M, (17p ~ ¢°n)
Mp(m"p ~ °A™)
M, (17p —°n)

2

. (10)

o

This method also enables us to predict the p
contribution to pp-»nA*. Ma and co-workers'®

1 T have pointed out that this reaction is still domi-

. l * nated by 7 exchange at p,, =25 GeV/c. Using the

fact that

Mp(pp ~na™) |2 _
M, (pn—np)

L 1 at p,, =25 GeV/c, t=m,?, we can determine the
i J p contribution to pp—#»A*" from its contribution to
pn charge-exchange scattering. The cross sec-
(b) tion for pn charge-exchange (CEX) scattering has
IO L 1 1 1 L 1 | ST . . 17

0 02 04 06 08 .0 been fitted by various authors.!” Although the p
amplitudes are small compared to the 7 ampli-

tudes, they can be isolated from the 7 amplitudes

Mp(n*p—1°A7) |2
M,(17p=1n) | ~

0.9

1] (Gev¥c?)
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FIG. 5. Comparison of [M(r"p— A)A**)|% and 0.2
X [M(rp— n0A**)|? at py, = 8 GeV/c (Ref. 14).

by considering do/dt (pn CEX)-do/dt (pp CEX),
since the p trajectory has negative signature
whereas the 7 (and A,) have positive signature.
Using the fit of Phillips!” one finds the p part of
the pn charge-exchange differential cross section
to be 0.017 mb/(GeV?/c?) at p,, =25 GeV/c and
t=-0.2 GeV?/c? At p,, =25 GeV/c, t=-0.2
GeV?/c?, do/dt (pp-~nA')=0.2 mb/(GeV?/c?).
Hence it is no surprise that one finds the depen-
dence of the cross section on p,, to be still char-
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acterized by 7 exchange. Assuming an exchange-
degenerate p and A,, and assuming that 7 ex-
change is responsible for about 75% of the cross
section at 25 GeV/c, we expect that the 7 and the
p+A, contributions will become equal at p,,,
=120 GeV/c.

Photoproduction can also be treated in this con-
text. We consider the p-exchange part of yp-~n'n.
For the ypw vertex we invoke vector dominance in
order to use gwx(wmr vertex), where the w is
transversely polarized. The calculation then yields

Me(yp~7'n)
M, (17p ~ 1°n)

2

=0.7x1073, (11)

at s=11.2 (p,, =5.5 GeV/c). This would constitute
less than one tenth of the experimentally observed
cross section at this energy.!® It is appreciably
bigger than the p contribution which Frgyland and
Gordon find in their fit to the photoproduction
data.!® As they suggest, however, their p residue
parameter could contain a sizeable error due to

a large error in the phase and magnitude of the
p-Pomeranchukon cut.

The approximation that the ratio of invariant
amplitudes is the same in the physical region as
at the p pole, when combined with determination
of the presence of a forward dip on the basis of
simple kinematic considerations, appears to give
a reasonably good estimation of the p contribution
to differential cross sections. This estimation
can be useful in predicting cross sections in
which p exchange is expected to dominate and in
estimating the relative importance of p exchange
for a reaction in which other trajectories can be
exchanged.

I would like to thank Professor L. M. Jones for
suggesting this problem and for her advice and
guidance during the course of the work. I am also
grateful to Professor David Mortara for his in-
terest and helpful comments.

*Work supported in part by the National Science Foun-
dation under Grant No. NSF-GP-25303.

1G, C. Fox, in Phenomenology in Particle Physics,
1971, proceedings of the conference held at Caltech,
1971, edited by C. B. Chiu, G. C. Fox, and A. J. G. Hey,
(Caltech, Pasadena, 1971).

M. Gell-Mann, D. Sharp, and W. G. Wagner, Phys.
Rev. Letters 8, 261 (1962).

3Technically, this is true only asymptotically. How-
ever, at the energies considered the error introduced
is negligible. The prime source of inaccuracy is usu-
ally determination of the coupling constants.

4J. Bjorken and S. Drell, Relativistic Quantum Mechan-
ics (McGraw-Hill, New York, 1964), Appendix B.

SP. Sonderegger, J.Kirz, O. Guisan, P. Falk-Vairant,

C. Bruneton, P. Borgeaud, A. V. Stirling, C. Caver-
zasio, J. P. Guillaud, M. Yvert, and B. Amblard, Phys.
Letters 20, 75 (1966).

6A. D. Russell, Ph.D. thesis, University of Illinois,
1971 (unpublished).

TLorella Jones, Phys. Rev. 163, 1523 (1967).

8Aachen-Berlin-CERN collaboration, Nucl. Phys.
B8, 45 (1968).

%G. Ebel, A. Mullensiefen, H. Pilkuhn, F. Steiner,
D. Wegener, M. Gourdin, C. Michael, J. L. Peterson,
M. Roos, B. R. Martin, G. Oades, and J. J. de Swart,
Nucl. Phys. B33, 317 (1971).

1°3. D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906
(1964); M. Krammer and U. Maor, Nucl. Phys. B13,
651 (1969). _'



256 J. RANDA

113, H. Scharenguivel, L. J. Gutay, J. A. Gaidos, S. L.
Kramer, S. Lichtman, D. H. Miller, and K. V. Vasavada,
Purdue University report (unpublished).

123, A. J. Matthews, J. D. Prentice, T. S. Yoon, J. T.
Carroll, M. W. Firebaugh, and W. D. Walker, Phys.
Rev. Letters 26, 400 (1971).

131, 3. Bloodworth, W. C. Jackson, J. D. Prentice, and
T. S. Yoon, Nucl. Phys. B35, 79 (1971).

14The 70A** data are from Ref. 8. The A} A** data in
Ref. 8 are not correct. The AJ A** data used in Fig. 5
are a corrected version of what is found in Ref. 8. The
author thanks W. Kittle for providing these data.

153, T. Carroll, M. W. Firebaugh, A. Garfinkel,

R. Morse, B. Y. Oh, W. Robertson, W. D. Walker,

|

J. A. J. Matthew, J. D. Prentice, T. F. Johnston, and
T. S. Yoon, Phys. Rev. Letters 25, 1393 (1970).

167, Ming Ma, G. A. Smith, R. J. Sprafka, and G. T.
Williamson, Phys. Rev. Letters 24, 1030 (1970).

7R, J. N. Phillips, Nucl. Phys. B2, 394 (1967); F. Ar-
bab and J. W. Dash, Phys. Rev. 163, 1603 (1967);
I. Fukui and K. Morita, Progr. Theoret. Phys. (Kyoto)
40, 538 (1968).
"T85, M. Boyarski, F. Bulos, R. Diebold, S. D. Ecklund,
G. E. Fischer, J. R. Rees, and L. S. Osborne, Phys.
Rev. Letters 19, 40 (1967).

193, Frgyland and D. Gordon, Phys. Rev. 177, 2500
(1968).

PHYSICAL REVIEW D

VOLUME 6, NUMBER 1

1 JULY 1972

CPT-Violating Model of Weak Interactions*

J. P. Hsu
Department of Physics, Rutgers — The State University, New Brunswick, New Jersey 08903F
and Institute of Theoretical Physics, McGill University, Montreal, Province de Québec, Canada

M. Hongoh
Institute of Theovetical Physics, McGill University, Montveal, Province de Québec, Canada
(Received 17 February 1972)

We study a model of weak interactions in which the divergences are no worse than those of
the renormalizable theory and the CPT invariance is maximally violated. The model is con-
sistent with all existing data, and some data favor our predictions over those of conventional
theories. In particular, the model predicts that the lifetime of A decaying in flight at 100
GeV will be shorter than that measured at rest by ~ 16%, a prediction which can be tested at

the National Accelerator Laboratory.

I. INTRODUCTION

In a previous paper, we have constructed a mod-
el to explore the possible violation of CPT invari-
ance in the domain of weak interactions.! It was
found that one can have a maximal CPT violation
in the weak interactions without contradicting the
existing data. In the model, the divergences in the
high-order amplitudes are no worse than those of
the renormalizable theories; and the coupling con-
tains the usual weak currents, a heavy intermedi-
ate boson, and a zero four-momentum “aoraton”
(which means “invisible particle”). This model is
consistent with the following remarkable features:
(a) the smallness of the neutral leptonic decay
modes and the K 9 -K § mass difference, (b) the uni-
versality of weak interactions manifested through
the usual weak vector and axial-vector currents,
(c) the experimental absence of the intermediate
boson. Furthermore, the neutral leptonic current
can be excluded from the weak-interaction Lagran-
gian density £im(x) if one assumes that [£iy(x)d*x

satisfies a symmetry principle.?

Here we shall first discuss the interaction La-
grangian and Feynman rules for the model, and
then discuss some of its further implications and
their experimental tests.

II. THE INTERACTION LAGRANGIAN AND THE
FEYNMAN RULES
The weak -interaction Lagrangian is assumed to
be! (we use the notation in Ref. 1)

Lint (x) = g7, (0)ST (K (x) +gIF (DS (x), (1)

where g is the coupling constant, J, is the usual
weak current, S is a scalar boson, and &, is given
by

4
=2 (a,+xah)ei™

m=1

4
h= 25 (al+xa,)ei™*,
m=1



