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coefficient, which in turn is equal to exp(-2y;).
Thus we have that

X, = 8L oLl + 12/ 2. (14)

Thus for an actual scattering x; _,, is a meas-
ure of the “perpendicular interaction probability
density” for strong interactions which we call

P J‘(r). This seems to be fairly independent of

k if the shrinkage of the diffraction peak is ig-
nored. Note that p,(r) has units 1/cm? rather
than 1/cm?® as a true density. From the graph
of X; Vs 1, the perpendicular interaction proba-
bility density is seen to be strongly peaked near
the center. In this region, x; is very sensitive
to slight changes in X(s, 7) so that the details of
the peaking are not reliable. Nevertheless X
=p l(r) seems to be large near the center. This
core region, which is associated with large-7
scattering, has thus far been seen only in p-p
scattering. It would be interesting to see if

the core region were still present in 7-p scat-
tering.

The concept and usefulness of the perpendic-
ular interaction probability density is rather
general and is independent of the model given
here to illustrate its importance. It may be
that the strong interaction distribution in the
perpendicular direction is of more fundamental
importance than was previously suspected. In
any case the perpendicular interaction proba-

bility density is all that one can obtain from
experiment without further assumptions about
the nature of the strong interactions.
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COHERENT PRODUCTION AS A MEANS OF DETERMINING THE SPIN AND PARITY OF BOSONS

S. M. Berman* and S. D. Drellf
Stanford University, Stanford, California
(Received 24 June 1963)

Presently available machines allow the possi-
bility of studying the coherent reaction 7 (K) +A
- B; (Bg)+A, where B is an integer-spin parti-
cle or resonance and A is a nucleus of mass num-
ber A.

For coherence, i.e., for the nucleus to remain
in its ground state, the minimum momentum
transfer at forward scattering angles must not
exceed the reciprocal of the nuclear radius. This
puts a lower limit on the incident beam energy w:

w > %mBzAuaro~ mBzAx/a/zmﬂ .
This means that for production of bosons of mass
mBS 1.7 BeV the process is a kinematically pos-
sible reaction for CERN and AGS machines. An
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example of a coherent nuclear reaction is pro-
vided by the process y +A - 7°+A which has been
observed (at lower energies) by Tollestrup et al.
and others.’ o
Our reason for considering the coherent proc-
ess is that in the allowable angular range a sin-
gle one of the 2J +1 states of the produced boson
is produced with much higher probability than
the other states. In many cases this leads to
unique statements about the angular distribution
of the decay products of B. Even in the cases
when unique statements cannot be made, certain
useful information can be established which can
be used to determine both the spin and parity of
B. Presumably the coherent process is identi-
fiable by its dependence on the mass number A
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and by its characteristic cutoff at an angle 6,
~ mﬂ/wA s,

The results of this analysis may be stated as
follows: Consider an axis in the rest system of
B which is along the incident projectile direction
(seen from this system). Barring a special
form of cancellation, we show for the case of B
having the same intrinsic parity? as the projectile
that one may apply an Adair® analysis to the de-
cay distributions of B with respect to the above
axis over the whole angular range in which the
coherent process occurs. The case of opposite
intrinsic parity has a zero in cross section for
the forward direction, but nevertheless essen-
tially only one state of B is excited (which is dif-
ferent from the same-parity case) and a similar
analysis can be performed.

In order to become acquainted with the method,
we consider first the case of B having spin one.

A vector particle is described by a set of three
orthogonal polarization vectors, el (=1,2,3),
each orthogonal to the momentum, e?-p=0, and
spacelike, €-ef=-1. Inthe rest system of the
vector particle we define the three directions to
be along the incident-beam direction (as seen from
this system), along the normal to the production
plane, and along the third direction perpendicular
to the above two directions. The polarization
four-vectors satisfying the above conditions are
given, in the laboratory system, by Eqs. (la)
through (1c) in the order stated above. (The or-
der of components is the following: time; inci-
dent-beam direction; normal to production plane;
and in production plane and orthogonal to beam
direction.)

1_

[wp? - pke cosh; wep cosh - k(e - p?sin?g);

u Am
0; (we - pk cos)p sind], (1a)
€ 2=[0; 0; 1; 0], (1b)
m
1
5#3 = Z[-kp sinf; -pw sind; 0; pw cosd - ek], (lc)

where € and p are the energy and momentum of
the boson, w and £ are the energy and momentum
of the incident particle, # is the angle between
the produced boson and the incident—beam direc-
tion, and A%=(p-k)? -mp K *m

The matrix element for the productlon process
will be of the form €, -V, *, where V * is a four-
vector formed out of the various vectors available

in the process and where the + refers to B having
the same parity or opposite parity to the beam,
respectively. In the coherent processes suggested
here, only spin-zero targets are considered. Thus
the general form of V“t is

+
14 =a(s,t,mB2)ku +b(s,t,mBz)(P-k/M2)P#,

Vu =cls, t’mB) wvoT upo T’
where P, is the target momentum four-vector,
M is the target mass, and a, b, and ¢ are arbi-
trary scalar functions of the energy s, momen-
tum transfer ¢, and boson mass. These functions
although, in general, arbitrary may not be singu-
lar for 6 - 0, since this would yield a singularity
in the physical region for the crossed u channel,
i.e., for the inverse process B+A -7 (K)+A.

From the expression for V ,~ above it is easy
to see that only €, 2 is excited in the case of a
parity change. Furthermore, because c(s,¢,mp?)
cannot be singular at 6 =0, the cross section will
vanish at least as fast as % for small 6. In the
case of the same parity no € 2 will be excited,
but both € ;! and €, ® will be excited. However,
for small angles we find the relation

vies (e/mp)6

Ve T /o, ET N @)

From Eq. (2) we can see the following three sit-
uations:

(i) The denominator of Eq. (2) is of order unity
or larger, and for angles § <m/e, € ,! is excited
with much larger probability than € 3. Since the
coherent process is confined to angles 6 <mn/
A'3w, the angles are indeed small enough to am-
ply satisfy the above angular condition. A non-
vanishing cross section as § - 0 would indicate
that the denominator in Eq. (2) satisfies this cri-
terion.

(ii) The denominator of Eq. (2) is zero or very
small over the allowed coherent angular range.
Then € w111 be excited with much larger proba-
bility tﬁa ! and the cross section will decrease
with 62 as 6 - 0.

(iii) The denominator of Eq. (2) is such that in
a certain portion of the allowed angular range
Eq. (2) is of order unity. These special circum-
stances would mean that both €, ®and €' are ex-
cited comparably. However, by dividing the al-
lowed angular region into several subdivisions
and considering the data in each subdivision sep-
arately, this particular situation can be discov-
ered. By comparing the data in a region with
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small 6 with the data in a region with larger 6,
one will see a change in the distribution of the de-
cay products of B from a pattern characteristic

of €, ! alone to a pattern characteristic of both
e“‘ and eu3 or perhaps €, ° alone. This last anal-
ysis, of course, requires rather good statistics.

Although one cannot, a priori, rule out situa-
tions (ii) and (iii), they are rather special cir-
cumstances and we expect that situation (i) will
generally prevail. This is even more so for the
higher spin cases where the analogs of situations
(ii) and (iii) require increasingly subtler cancella-
tions.

As an explicit example consider the case of pro-
duction of a vector or axial-vector particle by an
incident pseudoscalar 7 or K, with its subsequent
decay into two spin-zero particles (of opposite rel-
ative parities for the axial-vector case). The vec-
tor case (opposite intrinsic parity relative to the
7 or K) has a decay amplitude €2*1, where [ is the
momentum of one of the two spin-zero decay prod-
ucts and leads to a decay distribution of sin®a
x cos?p in the B rest system. For the axial-vec-
tor case the decay amplitude is €'-] for situation
(i), €31 for situation (ii), and vxe'-1+(1-x)"2€3-1
for situation (iii), leading to decay distributions
of cos®a, sin®a sin®p, and x cos®a +(1 - x) sin®a
xsin®y in the three cases; x increases and 1-x
- 0 as the data is confined to smaller production
angles 6. The angle o is measured in the rest
system of the resonance with respect to the inci-
dent-beam direction, and the azimuthal angle ¢ is
measured with respect to the normal to the pro-
duction plane. Similarly for the decay of the vec-
tor to a spin-one vector of momentum p and a 7
of momentum [, the matrix element is propor-
tional to €,,,,5r€ Py €gly, where € is the polari-
zation vector of the decay particle and the decay
distribution is 1- sin’a cos?p. For the decay of
the axial vector to a vector and a 7, the amplitude
is

€-€-re-lE.p,

where € - €! for situation (i) and € - €® for situa-
tion (ii). In general, » is arbitrary; if the vector
particle couples with a conserved current » =1/
I'p. The decay distributions are 1-x cos?a, 1
- x sin®a sinp, and 1-A[x cos®a + (1 - x) sin®a sin?g)
for cases (i), (ii), (iii), respectively, with x, in
general, arbitrary and x =82 for the conserved
current coupling, where 8 is the velocity of the
vector decay particle in the B rest system.

From the polarization vectors (1a)-(1c), the
general set of polarization tensors e#, .. Vl for
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a particle of spin J can be constructed ({=1,2, .-
2J +1). These tensors must be orthogonal and
symmetric in the J lower indices and satisfy the
additional condition that the trace on any two in-
dices vanish (i.e., they are orthogonal to spin-
zero particles). We show these tensors explicitly
for spin 2 and 3 for which there are 5 and 7 polar-
ization tensors, respectively. For spin 2, they
are

(€ 2% %+e 3% ?)/VZ, (3a)
VRTINS
(eu‘evz+euzevl)/~/?, (3b)
(e % %2-€¢ 3% 3)/V2, (3c)
L v o uow
(€ 'e 3+€ 3% Y)/V2, (3d)
L v o opow
1/2 1. 01_ 2, 2 3_ 3 .
® [eu € (6# € fre e, )/V2]; (3e)
for spin 3,
1 1 2c 2 3_ 3 2)1/2
[e“ eV {;e €%, +€u €, )}sym](g) , (4a)
2 3 1)*/2
{(ea 6“ ) }sym( )", (4b)
2 3 2 1/2
(e, €, re ) }sym “ €%, 1) (4c)
ey, o re e e, B = 26, % % I aa)
a u sym ““u v a ’
12 3 1)1/2
{E# €%, }sym(s) ) (4e)
1¢ _ 3. 2
[{ea u € }sym {%E (e Ea "€ ep. )}sym
_s. 2 2 2y4)M2
fe e e, 1(&) (4f)
1,1 _fL. 2. 2 3 3
[{ea €L €1/3}sym {Eeu € €a T€a 6#2 }sym
R (R 2

By the symbol { }_  we mean to add the two addi-
tional terms that mgfce each tensor symmetric on
the indices a, u, v
To see which of these tensors is excited in the
coherent production process, we consider, as in
the spin-one case, the general production matrix
element. For spin two this will be of the form
€ ZT *
TSN

b
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where T u.u+ is a tensor of the form

T “=[d(s,t)k k +e(s,t)P P
Ly [T [T,
+f(s,t)(k“PV+PukV)],

TW ={e upmkppcPT[h (s, t)kv +i(s, t)PV] +(p—v},
where d(s,t), - +,i(s,t) are arbitrary functions
except that they are not singular in the physical
region.

Following the arguments in the spin-one case,
we have again three similar situations. Analo-
gous to situation (i) where the functions d(s, ¢),-- -,
i(s,t) do not conspire to occasion a special can-
cellation, one has tensor (3b) excited in the op-
posite-parity case and tensor (3e) for the same-
parity case.

For the conditions analogous to situations (ii)
and (iii), we proceed in the same manner as for
the spin-one case, i.e., in the case of no-parity
change, situation (ii) gives tensor (3d) and situa-
tion (iii) gives tensors (3d) and (3e), tensor (3d)
being less important the smaller the production
angle. For a change in parity, situation (ii) gives
tensors (3a), and (iii) tensors (3a) and (3b), with
(3a) being less important than (3b) the smaller the
production angle. A cross section which vanishes
as 62 and not higher powers of 6 is sufficient evi-
dence that tensor (3a) is absent in the parity-
changing case. Similarly in the case of spin 3,
tensor (4a) is excited for no intrinsic parity
change, and tensor (4f) for parity change with
situation (i). For situation (ii), one has tensor
(4g) in the no-parity-change case and tensor (4e)
for parity change. For situation (iii), one has
both tensors (4a) and (4g) in the no-change-parity
case, with tensor (4g) becoming less important
than tensor (4a) as smaller production angles are
considered. With a change in parity, one has both
tensors (4e) and (4f), with (4e) becoming less im-
portant for smaller production angles.

In Tables I and II we list the angular distribution
of the decay products* in the rest system of B for
several decay channels and for the conditions of
situation (i). It should be noticed that there is,
in general, a distinct observable difference in the
azimuthal dependence of the decay angular distri-
bution depending upon whether there has or has
not been a parity change in the production. For
example, in the decay into two spin-zero parti-
cles, the decay distribution in the case of a parity
change is always cos®p, while it is in the most
general case a +b sin?p for no parity change with

Table I. Decay angular distributions from a boson of
spin 1, 2, or 3 into bosons of spin zero and unity (with
no change in parity). In the three-body decays 6,¢; and
0,0, refer to any two of the three particles and nis a
unit vector normal to the decay plane. When the distri-
bution is not unique, we indicate the relative amount of
one kind of angular distribution with another by arbitrary
coefficients A, B, and C.

Decay Angular distribution
1"—o0"+0" cos?a
—~17+0" A+B cos?a
1-B,2cos?a (for decay vector
meson coupled to a conserved
current)
—0"+0"+0" | Acosa, +B cosa,l|?
2" —0"+0" (3 cos?a -1)?
—17+0" A[3 cos?a -1]%+B[3 cos?a +1]
(3 cos?a +1) - §,%(3 cos?a - 1)?
(for conserved current interaction)
—0"+0"+0" [A(3 cos?a, -1) +B(3 cos?a, - 1)

+C |51 X52|2(3 COSza" - 1)]2

={A(3 cos®a, - 1) +B(3 cos?a, - 1)
+C[sin¥(a, - @) - 2 sin’q, sin’a,
xsin?(@, - @,) + 2 sin2¢, sin2a,
xsin?3(¢y - @)1}
st—o0-+0" cos?a(5 cos?a - 1]2
—~17+0" Alcosa(5 cos?a - 3)]?
+B[4 costa +sinta]

4 cosa +sinta
- B2 cos?al5 cos?a - 3]?
(for conserved current interaction)

a and b both positive. This distinction is lost in
noncoherent processes which allow the nuclear
target to flip spin.

Furthermore, if the coherent production is
purely an isospin-conserving reaction, then the
isotopic spin of the produced boson must be equal
to that of the beam particle. If the reaction is in-
duced through the Coulomb field then, of course,
it is possible to have a change in isospin of one
unit. In this latter case the production is sup-
posed to occur via the exchange of a photon with
the nucleus. Because of current conservation
there will be additional relations among the pro-
duction coefficients a, b, etc. The effect of cur-
rent conservation of this type is to depress the
cross section in the very forward direction even
for the case of no parity change. This same ef-
fect could be produced by the exchange of any
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Table II. Decay angular distributions from a boson of
spin 1, 2, or 3 into bosons of spin zero and unity (with
change in parity). In the three-body decays 6;¢ and
6,0, refer to any two of the three particles and 1l is a
unit vector normal to the decay plane. When the dis-
tribution is not unique, we indicate the relative amount
of one kind of angular distribution with another by arbi-
trary coefficients A, B, and C.

Decay Angular distribution
17—=07+0" sina cos?p
1" —17+0" cos’a + sin’a sin%p

17—~0"+0"+0" sin’a,, cos?p,,

=sinp, sin®(a; + a,)

+ - - .
27 —~07+0 cos?a sin®a cos?p

2t —1-+0" [cos?a + sin®a cos?p
-4 sin’a cos’a cos?g])
N 2 a o=
—~07+07+ V +n V. ]* V=Ap,+B
27 —=07+07+0 [nxznz xl py +Bp,
37 —~0"+0" [5 cos?a - 1)? sin®a cosZp
3"—=17+0" 4 sin’a cos?¢ [5 cos?a - 1]2
- § cos’a sin’a[5 cosp
- sin%p] - & sinta(9 cosly
+sinly + 10 sin cos?y]
- costa

spin-one particle which is coupled through a con-
served current.
Finally we note that with slight modification

these results can all be repeated for incident
photons and yield similar and slightly more com-
plicated but richer results® in view of the photon’s
polarization vector (plane polarized photons dom-
inate in electron production of resonances).

Discussions with B. Jacobson, D. B. Lichten-
berg, R. Huson, and C. Zemach are gratefully
acknowledged.
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PHOTOPAIR PRODUCTION OF CHARGED, SEMIWEAKLY INTERACTING VECTOR BOSONS*

William Williamson, Jr. ,T and George Salzman
University of Colorado, Boulder, Colorado
(Received 10 July 1963)

The total cross section for the coherent photo-
pair production of charged, semiweakly interact-
ing vector bosons, W%, in the Coulomb field of
a nucleus (Fe%®) has been calculated in lowest or-
der perturbation theory. This calculation differs
from previous ones' in three respects: (1) It
should be valid even for cases in which both the
Wt and W~ are produced at nonrelativistic ener-
gies, that is, it is not an extreme relativistic
limit. (2) The matrix element is exact to order
e?, i.e., the Weizsicker-Williams approximation
is not used. (3) It includes as parameters not
only an arbitrary magnetic-dipole moment of the
vector boson but also an arbitrary electric-dipole
moment. This latter term, if different from zero,

224

would lead to violation of parity (P) and time-
reversal (T) invariance in lowest order for the
photopair production process, and also for the
process in which a high-energy neutrino produces
a single W and a lepton in the Coulomb field of a
nucleus.? It would also imply P and T violation
in the electromagnetic radiative corrections to
the weak interactions, if they are, in fact, me-
diated by such vector bosons.

For the process considered,

y+Fe®* - Wt +Ww™ +Fe%,

we included the contribution to the matrix ele-
ment that corresponds to the three Feynman
graphs of Fig. 1, in which the nucleus is not ex-



