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by Vik and Rugge, ' who performed an SI'DF analysis
at 310 MeV using data from s. -p elastic scattering,
recoil-proton polarization, and charge-exchange scatter-
ing. These authors found no solution Qtting all their
data by starting the search from Foote's Fermi-II
solution. Finally, the phenomenological analysis by
Roper" predicts phase shifts at 247 Me V which are very
close to those of solution A.

Comparison with theory is made only with the most
recent work by Donnachie, Hamilton, and I ea,"which
is based on dispersion relations for the partial-wave
scattering amplitudes. Because of the method of their
analysis, their predictions are valid only for I.~& 1, but
they improve with increasing L The results of these

"H. R. Rugge and O. T. Vik, Phys. Rev. 129, 2300 (1963)
&

O. T. Vik and H. Rugge, ibsd 129, 231.1 (1963)."L.D. Roper, Phys. Rev. Letters 12, 340 (1964).
"A. Donnachie, I. Hamilton, and A. T. Lea, Phys. Rev. 135,

8515 (1964).

calculations are

P3 1 D3.3 D3,5 P3 P3,7—9.2W0.8 —0.5a0.2 —1.3a0.1 —0.04+0.04 0.34+0.05.

Solution A 6ts these predictions best.
To summarize, while only one acceptable SI'DP

solution was found, no claim can be made that the
polarization and differential-cross-section data alone,
no matter how accurately measured, are capable of
establishing the small phase shifts accurately. A
proposal'3 has been advanced to measure the spin
rotation coefficients, since they are capable of sensitive
discrimination against the Fermi-II solution. However,
technical difhculties will delay the measurement of
these parameters for some time. Therefore, 7r p scatter-
ing that involves both the isotopic-spin T= ~3 and 7=—,

'
states will in the near future remain the only source of
accurate phase-shift analyses in the pion-nucleon
system.

"Y.S. Kim, Phys. Rev. 129, 862 (1963).
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Experimental differential cross sections and A*(1238) decay parameters for the reaction pp —+

IÃ*++(1238)at 5.5 GeV/c are presented. The differential cross sections are well described by an absorptive
one-pion-exchange model with equal PP and aN (1238) elastic cross sections. A better agreement is achieved
using a steeper nlrb'* difterentia1 cross section than that for the pp one, or with a sharp cutoff mode1 cor-
responding to an absorption radius of about 0.9-1.0 F. The S"(1238) decay parameters are also found to
be in good agreement with the absorption model.

1. INTRODUCTIOÃ
' 'N this paper we present experimental results on the
~ ~ production and decay of the S*~ (1238) resonance
in the reaction pp ~ nS*++(1238)~ cps.+ at 5.5
GeV/c and analyze it according to the absorption
model. '

The absorption model is a modification of the
peripheral or one-pion-exchange (OPE) model and it
is applied mainly to quasi-two-particle reactions. As in
the QPE model, the inelastic reactions are described
by the Born term of the one-pion exchange. However,

'See, for instance, N. J. Sopkovich, Nuovo Cimento 26, 186
(1962); A. Dar, M. Kugler, Y. Dothan, and S. Nussinov, Phys.
Rev. Letters 12, 82 (1964); K. Gottfried and J. D. Jackson,
Nuovo Cimento 34, 735 (1964); L. Durand and Y. T. Chiu,
Phys. Rev. 137, 81530 (1965) and references given therein.

the absorption model takes into account eGects arising
from competing inelastic processes, and modifies each
partial wave of the Born term by absorption factors.
In a quasi-two-particle reaction the absorption factors
are evaluated from the elastic scattering of the in-
coming and outgoing particles.

Assuming one pion exchange, and equal eE* and
pp elastic scattering, the pp —+ aÃ*++(1238) reaction
is completely described by the absorption model. Kith
the help of the ps.N and ps.cV* coupling constants, and
explicit wave functions of the —,s+Ee(1238) resonance, '
the OPE Born term and its partial-wave expansion
were calculated. The absorption factors were evaluated
from pp elastic scattering at 5.5 GeV/c.

' Y. Frishman and E. Gotsman, Phys. Rev. 140, 81151 (1965).
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Using the partial-wave expansion of the OPE am-
plitude, we were able to study two more versions of the
absorption model. In the first version the unknown
N1V*(1238) elastic scattering is assumed to be different
from that of pp, and the nN* absorption factor is
estimated by comparing the theoretical predictions
with the experimental observations. In the second
version, the sharp-cuto6 model, all partial waves with
total angular momentum J(J, are eliminated from
the OPE amplitude. The cutoff angular momentum is
found by best fit between theory and experiment.

In Sec. 2 we describe studies of the quasi-two-
particle reaction pp —+ elV++ (1238)—& Nper+ in a hydro-
gen bubble chamber at 5.5 GeV/c. In Sec. 3 the ab-
sorption model is used to calculate the differential
cross section of this reaction, and the predictions are
compared with the experimental results. In Sec. 4 the
density matrix of 1V*++(1238) is evaluated and the
angular distributions of its decay products are com-
pared with experimental observation.

pp ~ cpm'+,

PP ~ Pprr

(2)

(3)

Out of this sample, 831 events yielded an unambiguous
unique fit to reaction (2). Another 25 events fitted
reaction (2) only, but also fitted the reaction with the
proton and the x+ interchanged. A further 75 events
gave good fits to both reactions (2) and (3), and 5
events gave good fits to reactions (1) and (2). The
following analysis is based on the 831 events which
gave unambiguous unique fits to reaction (2).

The ps+ effective-mass distribution of this sample
is given in Fig. 1. A high peak is seen at the N*(1238)
mass value, and two less pronounced peaks at the
1V*(1920) and N*(2360) mass values, respectively.

The percentages of these three resonances in the
reaction pp —&eS*++(S*++—& pm+) were found by a
least-squares fit between (on the one hand) the ob-
served pir+ mass distribution and (on the other hand)
a linear combination of three Breit-signer distribu-
tions representing the three resonances, and a phase-
space distribution. The mass values and the full widths
used for the three resonances are, in GeV: 1.238 and
0.125, 1.920 and 0.170, and 2.360 and 0.200, respec-
tively. The full line on Fig. 1 is the best fitted curve of

2. EXPERIMENTAL RESULTS

A total of 3550 two-prong events were measured,
using pictures taken with the Saclay 81 cm hydrogen
bubble chamber exposed to a 5.5-GeV/c proton beam
at CERN. ' The measured events were 6tted to the
following reactions:

pp —+ pp (elastic scattering) (1)

FIG. 1. pm+ effective
mass distribution for
pp —+ npx+. The full
line represents the best
fit to phase space plus
$*(1238), Ã*(1920),
and 37~(2360).
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the three resonances with the following percentages:

38%—N*(1238); 8%—N*(1920); and 6%—$*(2360).

For further analysis, 231 events with a p~+ invariant
mass between 1.17 and 1.30 GeV were chosen to
represent events of the type:

pp —+ rig*++(1238) and 1V*++(1238)~ pe+. (4)

The background contamination for this selected sample
was estimated to be about 10%.

A further 218 events yielded an unambiguous unique
fit to reaction (3). About 20% of these events were of
the type pp ~ piV*+(1238) (E*+(1238)-+ pir'), but
with an appreciable background contamination. As it
is very important for our analysis to get a clean sample
of PP~SS* events, only the pp-+eE~++ events
were used.

The c.m. system angular distribution of reaction (4)
is symmetric around 90' and shows a forward-back-
ward peaking. A forward-backward symmetry in the
c.m. system is expected because of the identity of the
two protons in the initial state. For this reason we
cannot distinguish between forward and backward
scattering, and the folded differential cross section was
compared with the calculated one. The diGerential
cross sections, folded around 90', are given in Fig. 2.

'For further details on this exposure see G. Alexander, O.
Benary, N. K,idron, A. Shapira, R. Vaari, and Q. Yekutieli,
Phys. Rev. Letters 13, 355 (1964).

r~J l
.96 .92 .88 .84 .80

Cos 8
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The strong forward-backward peaking is consistent
with 1V* formation in small-momentum-transfer pp
reactions in accordance with OPE models.

3. COMPARISO5' WITH THE ABSORPTION
MODEL

The scattering amplitude of reaction (4) according
to the absorption model is given in the helicity repre-
sentation by4:

~~N*,X&,) y, Xy = t~~N*J ~»*,&~,~n, ~n X~ su Z

Q j(2J+1) (~ms/* ) Bxs/*, xe, 'kv, hv'

&& (5 ~ )' 'd/ (cose), (5)

where 5» and S„sr' are the elastic scattering ampli-
tudes of pp and eN*, respectively; Xp, Xp', )IÃ*, and
Ae are the helicities of the incoming and outgoing
particles; X=X„—Xv; and tu=X~~ —)I „.The dq„~(cost/)
are the rotation functions. The explicit OPK Born
term, B/, s/e /, „,/, v, qv, for reaction (4) is

iG~ +G~N* +

'Uxn+ P) p'y xN*q Pkv (6)~AN*, )I n, hy, hy'—
m. (m.'—t)

/'] —gq I&—vl/s p1+g) I&+vl/s

B „(s,g)=l
2 f 2

A),„(s,s)
&( +I'/, „(s,g), (7)

where g= cose in the c.m. system, s= 1+(m ' t&)/2qq', —
and tj is the momentum transfer squared for @=1, q
and q' are the c.m. momenta in the incoming and
outgoing channels, and p/, „(s,g) is a polynomial in g.
For reaction (4), p/, „is at most of the second degree in g.

This form of the OPK amplitude can be expanded as

where the U's are the nucleon spinors, f„ is the wave
function of a sPin-ss+E*(1238) resonance, m and q„
are the mass and four-momentum of the exchanged
pion, and t=q„q„.

Explicit helicity functions for a spin-~ particle' were
used to evaluate the OPE amplitude. The coupling
constant values in this case are': the well-known

Gv +'/4s. =29.0; and G~*v +'/4s. =0.38, which is de-
rived from the decay rate of N*++(1238) -+ ps+.

The OPE amplitude in the helicity representation
(6) can also be written in the form~:

and J'= max ( l
X l, l /u l ). The function Eq„s(s) is the

transform of the polynomial I'&,„~(s,g) in (7). In our
case E/, „s(g) is different from zero only for J&~ 2.

The scattering amplitude 5» in (5) can be evaluated
from pp elastic-scattering measurements with the as-
sumption that S» is real (diffraction scattering). In
this case the partial waves and the diQerential elastic
cross sections are

S„„s=1—(. ..,/2~) expL —(Jv/q) j,
do/dt = (o g,gs/16s. ) expL —(t/2) v'$. (10)

The pp elastic-differential cross section was measured
at 5.5 GeV/c. ' The experimental results gave a good
fit to (10) with v=0.24 GeV (for 0.07(t(0.20 GeV')
and o'q, q=2s'/ vs.

Since the /s/V*(1238) elastic-scattering amplitude is
unknown, we tentatively assume 5„N* =5», and the
amplitude for reaction (4) will be written with the help
of (5), (8), and (9) as

HID„' ' A/, „(ss)——g (2J+1)(1—e i "«&')'/'
J=J'

XCg„(s)(1—e i "'«'&')'/'d/, „(g), (11)

where J'=max(lXl, lyl) and v'=v=0. 24 GeV. Since
the contribution of Eq„(s) is only for J&~2, jt, will be
neglected.

The differential cross section calculated according to
(11) is shown in Fig. 2; it has the right shape, but is
somewhat higher in the forward direction than the
observed one. Setter agreement can be obtained by
using a diferent absorption parameter v' for the un-
known eE* scattering from that for the pp scattering.

Differential cross sections were calculated with the
help of (11) for v=0.24 and v'=0.04, 0.08, 0.12, 0.16,
0.24, and 0.32. The results for this version of the model
(AB.D.) are plotted on Fig. 3. Best agreement with
experimental results is obtained for v'=0. 14 (see curve
AB.D. on Fig. 2).

Another version of the absorption model that was
studied is the sharp-cutoff model (S.C.O.). In this
model it is assumed that the absorption processes
completely suppress the OPK amplitude at low angular
momentum (J(J,) and do not affect the partial waves
at higher values of J. The sharp-cut amplitude for
reaction (4) will be

where

B/,„(s,g) = Q (2J+1)Bg„sd/,„s(g),
J=J'

(8) W c(s,g) =~). '"' Q (2J+1)C),„s(s)dg„~(g). (12)
J=Jc

B,„s=z,„(s,s)C»&(s)+ Jt.,„&(s),

1—g) I &—v I/s 1+g) I &+v I/s dg
d~.'(g)2) 2) s g

' M. Jacob and G. G. Wick, Ann. Phys. (N. Y.) 7, 4Q4 (1959);
N. J. Sopkovich, Nuovo Cimento 26, 186 (1962).' J. D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906 (j.964).

'L. Durand and Y. T. Chiu, Phys. Rev. 137, 8153Q (1965).

This version of the absorption model has a free pa-
rameter J, that can be found by comparing the pre-
dicted differential cross section based on (12) with the
observed one. The results of the calculation with the
help of (12) for several values of J,(=2, 4, 6, 8, 10)
are shown on Fig. 4.

'G. Alexander, 3. Haber, A. Shapira, G. Yekutieli, and E.
Gotsman (to be published).
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FIG. 5. Experimental values of the p parameters for the total
sample (ulled circle) and for different cos0 intervals (open circles).
The curves correspond to calculated p values using the different
models (1—OPE, 2—ASS., 3—AB.D., 4—S.C.O.).

The absorption model using a one-pion-exchange
mechanism and absorption factors for the incoming
and outgoing channels evaluated from pp elastic scat-
tering describes adequately the production and decay
of Ã*(1238) in the reaction pp —+ nX* —+ rrprr+ at 5.5
GeV/e.

Better agreement is obtained if one introduces a
different elastic-scattering behavior for the eÃ* from
that of the pp. In this way one may learn about
the eS* interaction from the peripheral interac-
tion pp —+mÃ*. The differential ttcV* cross section
found in this way seems to be appreciably steeper
than that of the pp, namely (do/dt) „&*=e "' as com-
pared with (do/dt)»=e '".

Very good agreement is obtained for the simple
cutoff model with 7~&J,~&8, corresponding to an ab-
sorption radius of 0.9—I.o F.
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The production of wide-angle electron pairs by high-energy photons in the 6eld of the carbon atom has
recently been studied at the Cambridge Electron Accelerator. An apparent systematic deviation from the
predictions of quantum electrodynamics was observed. In this situation we thought it worthwhile to re-
check the total cross section for photon absorption at high energies and reanalyze previous experimental
results. Theoretical cross sections were also calculated in detail and comparison of the experimental data
was made with several atomic screening calculations. We find that within about 2'Po, which is the present
experimental and theoretical uncertainty, there is reasonable agreement between experiment and theory.

1. INTRODUCTION

IDE-angle electron pair production has recently
been studied at the Cambridge Electron Accel-

erator by Blumenthal et al.' Their results were not in

*This work supported by the U. S. Atomic Energy Commission.
f Frank Knox Memorial Fellow.' R. B. Blumenthal, D. C. Ehn, W. L. Faissler, P. M. Joseph,

L. J. Lanzerotti, F. M. Pipkin, and D. G. Stairs, Phys. Rev.
Letters 14, 660 (1965). (A particular motivation for the present

agreement with the predictions of quantum electro-
dynamics, In particular, the observed deviation did not
seem to depend on the angle of production of the pairs

experiment was the poor agreement reported by the above
authors for the singles rate of electrons detected at several degrees.
That part of the singles rate which depended on the square of the
target thickness should be dominated by pair production in the
forward direction and subsequent scattering out of one particle of
the pair. Therefore, a-'discrepancy of the singles rate could have
been due to anomalous production of pairs at small angles. )


