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Reasonable fits to invariant-mass, momentum-transfer, and Treiman-Yang angle dis-
tributions for the reaction pp—~AT"pr~ at 6.6 GeV/c are obtained from a double-Regge-

pole model with pion exchange.

Results obtained from a detailed analysis of
the reaction pp —~ A**p7™ employing the model of
double Regge-pole exchange!s? are presented in
this paper. The data were derived from a sam-
ple of four-prong events of the type pp ~pprtn~
produced by 6.6-GeV/c incident protons. Initial
discussion of approximately one quarter of the
data presented in this paper has been published.?
The final state A**p7~ is produced peripherally,
with predominance of small momentum trans-
fers to the final A™ and p. Moreover, a plot of
the invariant mass of the At 7~ system evidenc-
es a large enhancement in the range 1.38 to 1.58
GeV.

The basic assumption made in this study is
that the process pp —~ AYTpn~ proceeds primarily
via doubly peripheral collisions of the type dia-
grammed in Fig. 1, in which the exchanged lines
represent Regge poles. We wish to remark that,
although this model appears to describe the data
adequately, we do not interpret our results as
necessarily casting doubt on the validity of cer-
tain un-Reggeized one-pion-exchange (OPE) cal-
culations. Rather, we wish to emphasize the ap-
plication of the Regge-pole model of this paper
to inelastic three-body scattering processes.

The requirement that quantum numbers com-
bine appropriately at the three vertices of Fig. 1
limits the possible pairings of Regge-pole ex-
changes in the diagram. In this analysis, only
those diagrams in which a pion Regge pole cou-
ples at the pAT vertex are retained. Other dia-
grams (for example, p coupling at the pA vertex)
are eliminated because they are not expected to
contribute significantly to the cross section for
small 7A mass.* However, on the left-hand side
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of the diagram, all Regge poles which partici-
pate in 77p elastic scattering may be present;
and because the c.m. energy of the overall reac-
tion is relatively low, all of these are expected
to contribute significantly. In summary, there-
fore, Fig. 1 is to be understood as representing
a pion trajectory coupled at the pA*Y vertex and
then a sum over all allowed trajectories between
the pp and middle nm vertex.

Because the initial particles are identical, we
must impose the required antisymmetrization of
the reaction amplitude. This is properly accom-
plished by adding to Fig. 1 a diagram in which
the initial particle momenta are interchanged.®
Because cuts are taken in momentum transfer,
the interference term is less than 10% of the
contribution from one diagram alone and is there-
fore ignored altogether. The two diagrams are
incorporated by taking twice the magnitude of
one.

The differential cross section for the reaction
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FIG. 1. Basic double-Regge-pole exchange diagram
studied here. The p; and g; are four momenta; tpA
=(ga—p2)% sya=(q+q9)%; etc.



VoLUME 20, NUMBER 17

PHYSICAL REVIEW LETTERS

22 ApriL 1968

pp ~pm~AYT is given by
do= (21r)"5(4FI)"1(E IMlz)dqa3, (1)

in which Fj equals the proton mass times the in-
cident proton lab momentum, and d¢, is the dif-
ferential element of phase space.

The Toller-variable analysis of multi-Regge-
exchange processes by Bali, Chew, and Pignot-
tils? serves as the basis for this study. The dou-
ble-Regge-pole hypothesis is adopted for the ab-
solute square of the invariant amplitude, M,
summed over final spins and averaged over ini-

tial spins. After some reduction, this is ex-
pressed as
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In Eq. (2), the aforementioned factor of 2 has
been incorporated, agj is the pion Regge trajec-
tory, a’is the slope of that trajectory evaluated
at t,A=m4?, and N is a slowly varying function
of /A in which have been combined both the re-
duced residue function and the usual ratio of
gamma functions. The quantity Mz—p’ is the am-
plitude describing the full scattering of a Reg-
geized pion off a proton yielding the final, physi-
cal 77p state. In view of the fact that a com-
plete prescription for the coupling of two trajec-
tories to a physical state (the middle vertex)
does not yet exist, and because the sum of many
trajectories on the left-hand side of the diagram
is to be taken, My~p’ is approximated by the on-
mass-shell physical 77p elastic-scattering am-
plitude whose magnitude, squared and appropri-
ately summed, is given in terms of the elastic
differential cross section by

— 2
> IM‘”_p 12= 64w sﬂ_p(do/dﬂ)ﬂ_p. (3)
The approximation clearly requires that /5
be small. The insertion of the on-shell distribu-
tion appears justified in this calculation because
the shape parameters of the angular distribution
of the scattered proton p, as measured in the
rest frame of the final p7~ system, are in good
agreement with those for free pr~ scattering.®

Empirical data® were used for do/dS.

The pion Regge trajectory has not yet been em-
prically determined, as have other trajectories,
from two-particle scattering experiments. In
this study a linear trajectory was assumed, and
its slope at {pA=m,® was fixed at @’=1.0 GeV—?,
consistent with the general philosophy of approxi-
mately equal slopes for all trajectories and in
rough agreement with the value obtained by Ar-
bab and Dash’ from an analysis of np charge-ex-
change data.

In order to reduce the number of free parame-
ters, the function N({,a) was chosen to be a con-
stant whose value is determined by requiring
that the Regge-model expression [Eq. (2)] be
identical to the elementary OPE model expres-
sion in the limit that pr my®. The OPE ex-
press1on with A** spin factors evaluated at lpA
= m,r , is given by

2 'Mopg
] 641T'm °(2) IMﬂ_p’ !2)(tpA—m”2)‘2 @
{[(mA+ mp)"’—mﬂz][(mA—mp)z—m""‘]}m'

In Eq. (4), the width of the A, T'=120 MeV is
expressly incorporated.

With this determination of N(z‘pA), normaliza-
tion is entirely fixed and there remains only one
free parameter in the Regge-model matrix ele-
ment, the scale constant s,. Because varying s,
essentially serves to vary the slope of dc/dtpA ,
s, was determined by a fit to that experimental
distribution. For various s,, the differential
cross section in /pA was computed by substitut-
ing Eq. (2) into Eq. (1) and numerically integrat-
ing over allowed phase space, subject to the
same cuts taken in the data (the mass of A++
was fixed at 1.22 GeV). As shown in Fig. 2, the
value s,=0.8 GeV? provided the best overall fit.
The deviation at the smallest values of tp A may
be associated with the fact that a spin-averaged
analysis is used here and thus subtleties (as
well as extra parameters) associated with the
couplings of the various helicity states are washed
out. Moreover, the analysis done here assumes
no dependence in the Regge-model matrix ele-
ment on the Toller variable w associated with
the middle vertex function.'»® Independent evi-
dence indicates that such an approximation does
injustice to behavior at very low momentum
transfer.®

With the determination of s,, the Regge ma-

965



VoLUME 20, NUMBER 17

PHYSICAL REVIEW LETTERS

22 AprIL 1968

2.0
Regge model fit

’

al=1.0 Gen)

2
s, = 0.8 (GeV)

&
T

[mb/ (Gevre)? |

do/dtp,
o
|

o
o
I

0.1 0.5 0.9 1.3
2
I‘(pA| (GeV /7¢c)

FIG. 2. Distribution in the invariant four-momentum-
transfer-squared carried by the pion exchange for the
reaction pp—>A++p7r°. The A*t is defined as 1.16
<mass (p1r+) <1.28 GeV. In order to eliminate the qua-
si-two-body ATTA? final state from the sample, only
those events with mass (p7—) >1.34 GeV were retained.
The plot contains 3915 events, of which 188 are double
AtTs counted twice.

trix element is entirely fixed. In order to re-
main within the expected range of validity of the
model and approximations, a further cut re-
stricting {5 1<0.5 GeV?® was taken and the dis-
tribution (do/ds)y;a was calculated. This is
shown in Fig. 3(a). The experimental peak is
centered at 1.46-1.48 GeV and has a full width at
half-maximum of 200 MeV, whereas the Regge-
model curve has a value of 250 MeV. The Regge-
model curve is uniformly too high and somewhat
too broad at low sy;a to be called a good fit; how-
ever, it reproduces the trend of the data quite
well considering the very limited number of pa-
rameters involved.

Also presented on Fig. 3(a) is a curve result-
ing from integrating the OPE matrix element
[Eq. (4)] multiplied by a simple exponentially
falling form factor in A, F(fpa)=expl0.8(¢pa
—m,,z)]. This form factor was chosen in order
that the modified OPE model yield a distribution
(do/dt)pA falling as rapidly in /A as does the ex~
perimental distribution. The OPE curve is
clearly a much less satisfactory fit. However,
this hardly exhausts the variety of modifications
to OPE. Specifically, see the work of Colton et
al.’® The reason for the increased low-mass en-
hancement of the Regge model in comparison
with OPE is discussed in Ref. 2.

The most encouraging support for the Regge-
model analysis comes from examining the Trei-
man-Yang-angle distribution. The angle is de-
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FIG. 3. (a) Distribution in the invariant-mass-
squared of the 7A system, The plot contains 2214
events with tpA<0.5 GeV?, mass (p7~)>1.34 GeV.
Less than 3% of the events are double A™ s, (b) Trei-
man-Yang angle distribution for 2471 events with tp A
<0.6 GeV? and mass (p77)=1.34 GeV.

fined in the rest frame of the final p7~ system
by

- cosmt [ B0 BXE,
omcos™ [ B A |

Physically, in the rest frame of definition, ¢ is
a rotation angle about the three-momentum vec-
tor p, which, in that frame, is the three-momen-
tum of the exchanged-pion system. The distribu-~
tion in ¢, therefore, should reflect the spin
character of the exchange. In Fig. 3(b), the data
as well as curves resulting from the Regge and
OPE models are shown. The Regge model ade-
quately agrees with the data, yielding both the
observed asymmetry about 90° and the peaking
towards 180°,

It should be noted, however, that the fits to
the sgA and @ distributions are not entirely inde-
pendent arguments in favor of the Regge model.
A kinematic relationship connects the two vari-
ables, viz.,

SWA:A(

t t
Sup* parpp)

+cos@B(s ), (5)
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in which A and B are positive-valued in the phys-
ical region. Thus a matrix element in which
there is explicit dependence on s;a, such as in
the Regge model, may in general yield a noniso-
tropic distribution in ¢. On the other hand, the
OPE model leads to an enhancement of low val-
ues of the 7A mass but a flat distribution in ¢.
This is because the enhancement of low 7A mass-
es is a kinematic reflection of the relative en-
hancement in that matrix element of small val-
ues of the momentum transfers fpp and /pA; the
matrix element remains independent of ¢ (un-
less such dependence is added in an ad hoc fash-
ion, as in Ref. 10).

The agreement between the double-Regge-pole
model and the data should not be interpreted as
precluding the existence of resonances in the 7A
system. Indeed, recent work on the nN problem
strongly suggests that direct channel resonances
are already contained in the cross-channel Reg-
ge amplitude.!!
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A recalculation of the g-factor anomaly of the free electron, based on the data of Wil-
kinson and Crane, results in the value @ =0.001159 557 +30 X 10~°. This is lower than
theoretical estimates by more than the quoted experimental error.

The value of the electron g-factor anomaly, as
measured by Wilkinson and Crane! in an experi-
ment hereafter called g-III (it was the third in a
series), was determined to be

a =0.001159 622+ 27x107°,
expt

Quantum electrodynamics (QED) theory predicts
that @ =0.5(a/7)—0.328a%/7%+.+.. If the accept-

ed value? of o [ag4 ' =137.0388(4.5)] is substitut-
ed we obtain
A

atheory =0.001159617(5).

However, this value of o is now in question. Re-
cent work®* suggests an ag™'=137.0359(3)
which causes the anomaly to be

B
atheory =0.001 159 614(3).
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