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We show how to determine experimentally if the p meson is a normal pole in the second
sheet of the energy plane as opposed to a noncausal pole in the first sheet. This determi-
nation uses electromagnetic corrections to the reaction n7p — m*7~n. We find that for cer-
tain kinematics the p mesons produced in this reaction will appear to be shifted in mass in
a direction controlled by the position of the p pole. For an 8—10-GeV beam energy, 4% of

the events will be shifted by roughly 1-2 MeV.

The p meson is the most thoroughly studied
of all boson resonances. In those experiments
in which it has been seen, the p peak can be gen-
erally fitted with a simple pole of the form
1/[im,T, + (s =m,?)] in the amplitude.’ Here s
denotes the square of the total energy of the de-
cay products of the p in their center-of-mass
frame. The mass and width of the p meson are
given by m, and T',, respectively. However, in
every one of these experiments it is actually the
absolute value squared of this pole that is fitted.
Thus, 1/[im,T, +(s-m }?)] could be replaced with
1/[ém,T, = (s —m})], and with a change of the
phase of the background the data could be equally
well fitted. The correct form to use is theoret-
ically determined by the fact that the 7-7 scatter-
ing amplitude must be analytic in the upper half s
plane.? An experimental verification of the correct
form would be interesting as a test of the theoret-
ical assumptions, primarily causality, which go_
into proving analyticity. This will test causality
for boson systems over distances of the order of
the speed of light times the p-meson lifetime, or
about 107'% cm. The aim of this paper is to show
how, through a study of electromagnetic correc-
tions, the position of the p pole is an experimen-
tally measurable quantity.

Before proceeding let us discuss the situation
with regard to baryonic resonances. Forward 7-N
dispersion relations have been tested to lab ener-
gies of 20 GeV.? This indicates that causality vio-
lations in the 7-N system cannot have a range much
larger than 107! ¢m.* This also means that all the
prominent N* resonances have their poles where
theoretically expected. In order to make this test,
it was necessary to know the phase of the ampli-
tude. At first sight this would seem impossible
since the cross sections are given by the absolute
value squared of the amplitude. It is the interfer-
ence of the strong-interaction amplitude with the
electromagnetic contribution due to single-photon
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exchange which provides the experimental handle
needed to unambiguously determine the phase of
the forward strong amplitude.

The method we propose to determine the position
of the p pole is analogous to this use of Coulomb
interference to test 7-N dispersion relations. We
study an interference effect between a purely
strong amplitude and an electromagnetic correc-
tion. Since 77 scattering is currently unfeasible
experimentally, we focus our attention on the re-
action

T~ +p—=m=+1"+n0. (1)

Figure 1(a) shows the contribution of the p in the
m*n~ final state. Figure 1(b) shows the electromag-
netic contribution we are considering. Even though
this correction has a factor of o =1/137 associated
with it, this small factor can be partially compen-
sated for by the photon propagator when the photon
is near its mass shell. By restricting ourselves
to such kinematics, this particular radiative cor-
rection can become observable while all others re-
main small.’ We will show that this correction
will shift the experimental position of the p peak in
a direction dependent on the position of the p pole.
In order to study the effect of this correction, we
must do some kinematics. Define the particle mo-
menta as -

4, =4-momentum of the incident 7~,
P, =4-momentum of the target p,

¢y, =4-momentum of the final 7=,

gy =4-momentum of the final 7+,

n,= 4-momentum of the final » .

If we average over nuclear spins, this process is
kinematically determined by five Lorentz invari-
ants. We choose to define the independent invari-
ants
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FIG. 1. (a) The contribution of the p meson to 77
—m*r™n. (b) The electromagnetic correction considered
in the text.

s=(p+q)p,

s,=(q" +4"?,

s =(g" +n)?, (2)

tl = (q, - q)2 ’

t,=(p-n).

Since we are studying the p meson, we shall al-

ways keep s, near the square of the p mass. This
means that we should expect the contribution of the

process in Fig. 1(a) to the amplitude to have the
form

g901r+1r'

Ty *=(q" = q'),Ty(7=p~p°n) T (o= D)’
(3)

where € “Tp(n'p—-p"n) denotes the amplitude for p

production with p polarization e. We will discuss

later the noncausal case with the p pole above the

real axis.

The contribution from the process in Fig. 1(b)
should be

Ty ==(a+9"), T, (“vY’p~1'n)(=e€)/t, . (4)

Here “y” denotes the virtual photon of mass
squared £, and €,7,(“y’p—~ n™n) is the amplitude for

pion production by virtual photons of polarization
€.

We now need to relate T, (m~p - p°z) and
T,(“y’p~mn). To do this we shall use the vector-
dominance model.® This model has had many qual-
itative successes, and quantitatively it works to
within a factor of about 2 for virtual photons of
small mass.” We shall assume here that the model
gives a rough estimate of the relative magnitude
and phase. Our predictions for the electromagnetic
effects will thus be only qualitative; however, we
will show a basic qualitative difference between the
structure of the cross section between causal and
noncausal theories.

Let us consider ||« m ? and s> m ? to simplify
the kinematics. Vector dominance directly relates
the process “y”’p - " as a function of ¢, to the pro-
cess p° — 7*n for “physical” p°® mesons on the mass
shell:

({9 2] ~ 1
T,(“Y’p—=1mn)==—eg, Lom? T,(p°% ~1'n)
es.
*—L T (0%~ 1'n). (5)
p
Now time reversal and an isospin rotation give
T,(p°%~n"n) =T, (n"p—~pn). (6)

If we apply vector dominance to the pion form fac-
tor we can determine g,, by the statement F,(0)=1.
This gives

gyp =mp2/gp1r"1r' . (7)
Combining these equations gives
T (“Y’p~1"n) =(e/g pr+n=) T y(1"p~p°n) . (8)

In order to be used in Eq. (2), Eq. (8) should be
evaluated at a center-of-mass energy squared of
s,, whereas T,(n~p—p°r) occurring in Eq. (3) is
evaluated at center-of-mass energy squared of s.
By Regge theory T',(n~p—p%) in the high-energy
limit at fixed ¢, should go directly as the center-of-
mass energy squared raised to the a(¢,) power,
where «(?,) is the dominant exchanged Regge tra-
jectory. Since the reaction should be dominated by
small 7,, we have

e(s,/s)*”

T (“ 29 _..n+n,s)z
K )’P R gp1r+1r"‘

T (m=p—~p; s).
(9)

Here the additional argument of the 7’s is the cen-
ter-of-mass energy squared. Note that the ampli-
tudes have the same phase under this assumption
of a single important exchange.

This argument is more complicated at finite en-
ergies if two Regge trajectories with different val-
ues of «(t,=0) are both important. Then the ampli-
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tudes in Eq. (9) could differ by a phase. At moder-
ately large s, this will be a problem if the lower
trajectory has an anomalously large contribution.
The relevant trajectories here are the A, with

a(0) ~ and the 7 with «(0)~0. Because for small
t, we are close to the pion pole, we can have such
an anomalous contribution from 7 exchange. For
this reason either we can consider s to be suffi-
ciently large so that most of the observed events
can be described by A, exchange, or we can con-
sider only moderately large s and consider small
t, so that pion exchange dominates. We take the
latter choice because Wolf® has shown that one-
pion exchange can quite well describe experimen-
tal data on 7=p - p° up to lab momenta of at least
8 GeV/c and to squared momentum transfers of at
least 0.5 GeV2. Furthermore, most events lie in
this momentum-transfer range. This suggests do-
ing this experiment at about 8-10 GeV, and as-
suming pion dominance of the ¢, exchange. Again,
as we can only make qualitative predictions, this
need only be qualitatively true. With this assump-
tion, Eq. (9) becomes

T, (“Y’p~m'n; s,) ~(e/gpptn=) Ty (m™p—~p°n; 5).
(10)
If we use current conservation, the (¢+q'), ap-
pearing in Eq. (4) can be replaced with 2¢q,. I we
now assume that the p always. couples to a con-
served current, the (¢"—-¢}) in Eq. (3) can be re-
placed by -2g,. Combining these statements and
Egs. (3), (4), and (10), we can express the 7 ma-
trix for process (1) approximately by

28 p0rtn=q, T (1P~ p1; S)
im T+ (s, =m7)

x<1+ e z‘mprp+(sl_mp2)> (11)
gp'rr*w‘z 11 '
Squaring this gives our result
2 s - 2
do~dog (1 2 —1—;——L> (12)
prtmw™ 1

Here dog is what the cross section would be with-
out electromagnetic interactions. We have dropped
terms of order e*.

Since ¢, is negative, the term multiplying dog in
Eq. (12) decreases the cross section for s, >m }
and increases it for s, <m 2. This would be ob-
served as a shift in the experimental maximum of
the cross section as a function of s;. This shift is
of magnitude

ez m p2 1"p2

, (13)

As =
1 max gp1r+1r"2 tl
where we again keep only the lowest order in 2.
To arrive at Eq. (13) we assume that all rapid
variations in the cross section as a function of s,

when s, is near m pz arise from the p pole. Any
slowly varying background will give a shift in s,
from m 2, but should not alter Eq. (13) substan-
tially.

Let us now consider the possibility that the p
meson is noncausal and has its pole in the upper
half s, plane. For such a noncausal p we merely
replace 1/[im,T,+(s —m7)] with 1/[im,T,~ (s =m})]
in all of the above equations. We should comment
on the choice of over-all sign in front of these ex-
pressions. We would like to preserve the optical
theorem for 77 elastic scattering. This means that
the imaginary part of the 7w elastic amplitude is
determined from the total cross section., There-
fore, any modifications we make in the amplitude
should change only the real part. This suggests
taking 7 into —T* as indicated in the beginning of
this paragraph. Since we are discussing exotic
things such as a violation of causality, perhaps
unitarity and the consequent optical theorem should
be modified as well. Such changes could alter any
conclusions regarding a noncausal p. However, in
order to make any progress at all, we consider
only a simple violation of causality and assume the
optical theorem is still valid.

Making the above modification of the p pole, Eq.
(9) becomes

2 s, -m2
2¢ l_ie_> (14)

doy=do (1 -
N S\ ngr“"lr-z tl

Here doy denotes the cross section in our particu-
lar noncausal model. Clearly now the observed p
peak is shifted to higher energy, instead of lower
as before. This makes the suggested experiment
clear: One should measure the position of the p
maximum in s, as a function of £, and look for a

.shift at small #,. Theory predicts a shift to lower

energies; a shift to higher energies would indicate
something is wrong with the theory.

Before making numerical estimates let us make
some comments. Presumably one could find many
other dynamical mechanisms yielding a shift in the
observed p peak as a function of {,. However, the
effect discussed here is singled out because the
photon pole in the ¢, channel gives a shift going as
1/t,. Thus, the effect appears for ¢, small and is
essentially absent for large ¢,. Other shift mech-
anisms will presumably be smooth as ¢, ~0. Asa
consequence of this strong ¢, dependence, difficul-
ties in extracting the true p mass and width? are
irrelevant. We need only look for a shift in the ex-
perimental maximum of the cross section.

At this point we must note that since we are
working near the edge of the physical region, cau-
tion is necessary to avoid possible kinematic ef-
fects such as the Deck effect.'® To minimize these
effects it is essential that comparable distributions
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in s, s, and {, be taken while ¢, is varied and the
maximum in s, is observed. It should be possible
to accomplish this with an appropriate weighting of
the data. In addition, data with small s,, where -
resonances in the s, channel may give rise to rap-
idly changing phases, should not be used in the
analysis.

Although we have used the vector-dominance
model to obtain our result, we feel that the shift
will occur and that its direction is reasonably
model-independent. The only way for the vector-
dominance model to predict the wrong direction for
the shift would be for it to make a phase error of
the order of 7. We feel that such a violent viola-
tion of the model is unlikely in the light of its suc-
cesses.

Experimentally we have!!

ez/gpow*'rr'z z-2+0-, ) (15)

This means that in order to observe this shift, it
is desirable to go to the smallest value of |#,| pos-
sible. The kinematics place some constraints on
|¢,|. If we fix s, ~m ? and have s> m ? then ¢, is
restricted for fixed 7, by

2\ (m. 2 =1)
IS —<—7{L-£§>—(——:-;l—z-—g-)—[1 +O(tz/mpz, m nz/nlpz)] .

mp p
(16)
For the sake of obtaining some numbers, assume
we would like to observe a difference of about
3 MeV in Vs between the shift in the causal versus
the noncausal picture. This means that we should
look at those events that have

2 2
267 mg Ly

=0.02 GeV2~m 2.
& prtr=> 2m.,(3 MeV) Mu

TARS

(1m

Looking at Eq. (16) we see that this means we must
keep |f,| <m 7}, a constraint experimentally satis-
fied by the majority of events.®

In order to estimate what fraction of the events
will satisfy Eq. (17), let us express ¢, in terms of
laboratory energies and the angle 6 of ¢’ with re-

spect to the beam direction. Assuming small 6 and
m/q), gives

b =2m %2 =2q,q5+2|q| |q’|cosh

2 - q)?
Saon( W)
040

In order to have ¢, of order m ,? with large g,
clearly we must have g, and g; of the same order,
and 6% must be of order m ,*/q,’.

The p°’s produced in 7=p collisions have typical
transverse momentum a small fraction of m ,.®
When the p’s decay, they give 7’s with longitudinal
momentum of order ¢g,/2 and transverse momentum
of order mp/2. Thus, - the typical n~ produced
in 7=p—7"71"n when s, ~m?® will have an angle 6 of
order m,/q,. Combining this with the previous
paragraph tells us that roughly m ,2/m 2 ~4% of the
events in reaction (1) will have the desired 1-2-
MeV shift due to this electromagnetic correction.
Note that the beam energy drops out of this ratio.
Our argument may seem rough, but uncertainties
in our various assumptions would cast doubt on
more detailed calculations. This estimate should
nevertheless serve as an indication of the accuracy
needed to see this shift.

In conclusion, we have found that one can test
causality in the p system by studing reaction (1) at
about 10-GeV lab energy and looking at those
events which have small {,. These events should
show a shift in the position of the observed p maxi-
mum to lower energy if the theory is causal and to
higher energy in a noncausal theory. A rough es-
timate gives that 4% of the events in reaction (1)
should give a shift of about 1-2 MeV. The strong
variation of this shift with ¢, allows the unambigu-
ous separation of the desired effect from other
mechanisms shifting the observed p mass. When
there exists a sufficiently detailed study of reac-
tion (1), one should look for this effect. However
because dispersion relations work in the 7N sys-
tem,® we feel that such an experiment should not be
done solely to observe this shift.

’
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IIn principle, this form must be modified to be a real
analytic function for s on the real axis below threshold
at s=4m %, A possible form would be

liTy(s = 4m HV2+ (s —=m D],

Since at s ~m,2 we are much closer to the pole than to

the branch point at threshold, we drop this correction
throughout this paper. Including it would make no essen-
tial change in our conclusions but would complicate the

formulas.

’In terms of phase shifts, we are considering the pos-
sibility that the I=J =1 n*r~ phase shift is rapidly fall-
ing at s=m p2 rather than the theoretical rapid rise.
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Hadronic Corrections to Goldberger-Ti-eiman Relations for Strangeness-Carrying Currents*
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Hadronic corrections to Goldberger-Treiman relations for vector and axial-vector strange-
ness-carrying currents are calculated. In both cases, the corrections are found to be less

than 10%. A bound for G,,, is set.

In the dispersion-theoretic version, the PCAC
(partial conservation of axial-vector current) hy-
pothesis assumes that the matrix element of the
divergence of an axial-vector current satisfies an
unsubtracted dispersion relation dominated by the
lowest pseudoscalar meson. The Goldberger-
Treiman relation (GTR) derived from this hypoth-
esis provides a direct experimental test of this hy-
pothesis itself. For a strangeness-conserving
axial-vector current, it is believed that the pion
dominance of the divergence of this current is a
good approximation, for the pion pole is far be-
low thresholds of other hadronic states. In fact,
it is well known that many soft-pion results de-
rived from PCAC and current-algebra assumptions
are in very good agreement with experiment. How-
ever, the GTR is experimentally found to have a
10% discrepancy. Pagels! tried to understand this
discrepancy in terms of hadronic continuum cor-
rections but failed. Later, he? proposed a once-
subtracted dispersion-relation version of PCAC as
a remedy.

In this paper, we extend Pagels’s calculation to
the study of strangeness-carrying vector and axial-
vector currents. There are several reasons of in-
terest for such an investigation. First of all, we
want to see how good the GTR’s for strangeness-
carrying currents are and how large the hadronic
corrections are in cases where the lowest poles
are rather close to the thresholds of the next high-
er states. Second, such calculations can give us
some information about the values on bounds of the
form factors g4 and g% of weak hadronie currents.
Such information is useful in checking the Cabibbo

theory in strangeness-changing leptonic decays.

In the calculations, we have used experimental
information on the coupling constants as far as
possible. Where no information is presently avail-
able, we have used SU(3) estimates. Our results
show that in both cases of vector and axial-vector
currents, the corrections to GTR’s are less than
10%. A bound for G, ,, is also estimated.

I. STRANGENESS-CARRYING AXIAL-VECTOR
CURRENT

The matrix elements of the strangeness-carry-
ing axial-vector current A% and its divergence
between the proton and A states are specified by
Lorentz invariance as

BOATPO) | AWD)) =70 7 rsFy (8) + q,7sF5(2)
+qvau qu(t)]uA(p) ’
(1)
(P8, AP0)| AD)) =4, )ysusP)D(2), (2)
where g, =(p-p'),, t=q% and Fy(f), i=1,2,3 are
the usual form factors. From Egs. (1) and (2), it
is obvious that
D(t) = (m p +m,)F,(2) - tF,y(t) . (3)
PCAC assumes that D(t) satisfies an unsubtracted
dispersion relation dominated by the K pole, i.e.,
Jem@Grox 1 (~ImD(#')
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