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Approximately 12000 examples of the reaction pp—A* *(1236) n have been identified at 6 GeV/c in a spark-
chamber experiment performed at the Argonne National Laboratory Zero Gradient Synchrotron. The
experimental invariant-mass and momentum-transfer-squared distributions are in agreement with predictions
of the Chew-Low one-pion-exchange model, suitably modified to account for form factors or absorption. The
data have been extrapolated from the physical region to the pion pole. It is found that the Diirr-Pilkuhn and
Benecke-Diirr models, in conjunction with quadratic extrapolations in ¢, reproduce the known on-mass-shell
dependence of the cross section for the elastic 7 *p scattering.

1. INTRODUCTION

This paper reports on an analysis of 12271
events of the type

pp— AT (1236)n
prt. (1)

The dominant one-pion-exchange (OPE) diagram
for this reaction is shown in Fig. 1. The distri-
butions for the p7* invariant mass, M,,, and the
momentum transfer squared from the target pro-
ton to the recoil neutron, {, are compared with
predictions of the Diirr-Pilkuhn' and Benecke-
Diirr? models. Both of these models are form-
factor models which effectively absorb the low
partial waves in the context of the OPE model.
Good agreement is seen between the data and the
distributions predicted by these models.

Chew and Low have proposed a scheme for mea-
suring physical cross sections using virtual-par-
ticle states as targets.® In a scattering reaction,
the square of the mass of the virtual exchange
particle (target) is identical to the square of the
momentum transfer from the real target particle
to the recoil particle. The physical cross section

Neutron

FIG. 1. One-pion-exchange (OPE) diagram for re-
action (1).

for the virtual target is obtained by extrapolating
t, measured in the scattering reaction, into the
unphysical ¢ region. This extrapolated cross
section can be evaluated at {=+ 2, where u is

the mass of the exchange particle, to obtain the
on-shell cross section.*® In the case of reaction
(1), the M,, and ¢ distributions derive their shape
from a combined contribution of the pnn* vertex,
the pion propagator, the pmA** vertex, and dy-
namical form factors.® A meaningful extrapolation
of the data cannot be done unless the ¢ distribu-
tion is linearized by normalizing the data with
different models. The Chew-Low model® considers
only the kinematics of OPE, whereas the Diirr-
Pilkuhn'® and Benecke-Diirr? models introduce ad-
ditional form factors to help linearize the extrapo-
lation curves. Finally, the extrapolated results
for 7*p scattering obtained with the aid of these
different models are compared with known on-
mass-shell cross sections™® as a measure of the
success of the over-all technique.

1. ONE-PION EXCHANGE AND POLE EXTRAPOLATION

In terms of notation used subsequently in this
paper, we define the four-vector for a particle of
energy £ and three-momentum Pas P= (E, iP).
All vectors are expressed in the over-all center-
of-mass system unless otherwise noted. The
beam, target, neutron, pion, and proton four-
momenta are written as Py, Pp, P,, P,, and Py,
respectively. The rest masses for the proton,
neutron, and pion are given by M,, M,, and u,
respectively. The quantity P, is the laboratory
momentum of the beam particle. Interms of the
center-of-mass four-vectors, one can write the
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square of the mass of the p-7" system, denoted
by M,,%, as

M,,2=(Py+P,). 2)

The momentum transfer squared from the target
proton to the neutron, denoted by ¢, is

t=(P,—PF. (3)

The decay angles of the A** are defined in the
Gottfried-Jackson frame.® The two decay angles
are taken to be the scattering angle of the beam
proton in the A** center-of-mass system, or
Jackson angle, denoted by 6;, and the azimuthal
angle, or Treiman-Yang angle, denoted by ¢ 1y.
These angles are defined as

Py P

== (4)
IPB'P,,I

cosb;=

and
PrxP,) PpxP
= . 5
COS¢TY = [5,xB, |[BsxD,] ®)

The on-mass-shell pion momentum in the A**
center-of-mass system is denoted by @, where

Q=R(M,, i, M,,) (6)
and
R(MUMZ,MS)
={[ (Mg =M,)? =M 2} [ (M, + M, =M ?] } /2 /(2 M) .
W)

The off-mass-shell pion momentum in the A**
center-of-mass system, Q;, is given by

Q¢=R(Mp)t:Mp1r)' (8)

The on-mass-shell and off-mass-shell pion mo-
mentum in the neutron center-of-mass system
are given by

q=R(My, u,M,) (9)
and

q:.=R(M,, t,M,), (10)
respectively.

Turning now to the dynamics of reaction (1), the
cross section for this process, in the Born approx-
imation, is given by %712

( d% ) _ 1 <sz> t
dM,, dt )5~ 20M2 P2\ 4n ] (t-p?)?
X QM,,20(M,,)

Q7 (My+M,, >t
X[Qz (M,+M,,,)2—p.2J ) (11)

The factor in the square brackets results from the
A** vertex calculation. The pseudoscalar pion

exchange factor from the pnr* vertex contributes
the ¢ to the cross section and (¢ - u2)~2 is the
square of the pion propagator. The quantity
Gpny®/(47) is the coupling constant for the charged
pion to the nucleon, and is taken to be 29.2. The
quantity o(M,,) is the on-mass-shell elastic 7*p
scattering cross section.® At the pion pole, the
quantity in the square brackets reduces to one and
the remainder of Eq. (11) is called the pole equa-
tion or Chew-Low formula.?

Diirr and Pilkuhn' utilize a technique well known
to nuclear physics!® to arrive at a vertex correc-
tion which introduces form factors for »<R,,
where 7 is the pion-nucleon separation and R, is
the interactive radius of the nucleon. The form
factors obtained for the A** vertex and the pnnt
vertex are

1+ R\%Q*
Foie)= Ry .
and
1+R2q°
Fglpﬂ(t)z 1+R 2q‘2 ) (13)

where R, is the radius associated with the pA7
vertex, taken® to be 4.0 GeV~!, and R, is the
nucleon radius, taken® to be 2.66 GeV~!. Benecke
and Diirr? derived form factors which can be used
for a resonance vertex to account for finite ex-
tension of the strongly interacting matter. For
scattering at a vertex with definite angular mo-
mentum [, the form factor is

_u;(QR)
FPD(t)—m, (14)

where @, @,, and R conform with previous defin-
itions and

u,(x)=(§;1€2—> Q, <1+ -2—91c2_> . (15)

The quantities @,(x) are Legendre functions of the
second kind. For the A** vertex, where I=1, one
has

u (x) = 1 [sz +1
! 252 4x*
and R, is taken* as 2.2 GeV ™'
The pole extrapolation procedure can be illus-
trated by using the pole equation and the various
off-shell effects as described above. The quantity

“to” can be factored out of the pole equation (11)
to give®

In(4x® + 1) - 1} , (16)

N/S  2aM2P,2(t - p2f

NS T@Myedl G /AT,

(7

To evaluate “f0”’, the experimental off-shell scat-
tering data are divided into bins of M,, and {, with
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N the number of events in a particular bin and S
the cross-section normalization factor expressed
in mb/event. The expression [dM,,dt is taken
over the portion of phase space experimentally
accessible after kinematical restrictions are con-
sidered. The average of the factors on the right-
hand side of the equation is used to represent

to at the average ¢ and M,, of the interval. The
form factors can be incorporated into the above
expression to give a smoother off-shell ¢ depen-
dence for the data. An additional universal weakly
t -dependent form factor,

g*t)=[(C -pr)/(C-1)2, (18)

is used in the pole extrapolation with C set* at 2.3
GeV?. This form factor, introduced by Wolf* in an
ad hoc fashion, provides a very weak /-dependent
correction to the previously discussed form fac-
tors in the Chew-Low, Diirr-Pilkuhn, and
Benecke-Diirr models.

III. EXPERIMENT AND DATA ANALYSIS

A proton beam from the Argonne National Lab-
oratory Zero Gradient Synchrotron of momentum
6+ 0.5% GeV/c was focused into a six-in. long
hydrogen target. Figure 2 shows an over-all plan
of the apparatus. The momentum analyzing mag-
net (SCM-105) had a + 44 in. horizontal and + 13 in.
vertical aperture with a central field of 8 kG and
an effective magnetic field length of 40 in.

The counters used to trigger the apparatus are
shown by the solid lines in Fig. 2. The beam
telescope (B, and B,), hodoscope counters (H,),
and anticounter (A) were constructed using one-
quarter in. scintillator bonded to notched Lucite
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cylindrical lightpipes. The counter A had a one-
in. hole drilled in its center with photomultipliers
attached to two opposite sides. The hodoscope
array, H;, was designed to have a high two-track
acceptance. The dE /dx counter (D) selected mul-
tiple charged final states and rejected noninteract-
ing beam particles. A trigger was defined as
CB,B,A(D>1)H,H,, where D>1 required more
than one particle in the dE/dx counter, H,H, re-
quired the firing of two or more separate hodo-
scope elements, and C indicated that a proton had
traversed the threshold Cerenkov counter in the
beam.

The ten wire spark chambers used in this ex-
periment, shown as dotted lines in Fig. 2, had
48 wires/in. crossing magnetostrictive wands.
Each spark chamber consisted of two planes of
wires pulsed at a nominal 5-kV potential. Un-
ambiguous spatial location determination for two-
track final states demanded that some chambers
have nonorthogonal wire orientation. Planes 9-20
(spark chambers 5-10) were used with four
scalers apiece, recording up to four sparks per
plane. The total data from the twenty planes were
read onto magnetic tape by the Varian 620/i mini-
computer. Typically 15 triggers per beam burst
were recorded over a beam spill time of 500
msec, resulting in 1.469x 10° analyzed triggers.
The total number of beam protons incident on the
target was 139.3x10% leading to an event cross-
section normalization of 1.113X107° mb/event.

The triggers were analyzed through the filter
program CRUNCH, ™ which attempted to find two
tracks and identify the X-Y-Z positions at the
spark chambers for the tracks in the event. The
over-all transmission of triggers to two-prong

. SCM-105 . H;
T |
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S J i
wCe wC
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FIG. 2. Plan view of the magnetostrictive spark-chamber apparatus used in this experiment.
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events was found to be 17%. At this point, no
selections on the sign of the charge or kinematic
restrictions were imposed. The program CIRCE
is a general multiprong computer program de-
signed for a nonuniform magnetic field.!**!®* For
this experiment it was altered to take the X-Y-Z
values and errors in these quantities for the input
beam track and two outgoing tracks and return a
curvature, dip, and azimuth angle for each track,
as well as the vertex and a 12X 12 correlated er-
ror matrix. The 32% reduction of triggers from
CRUNCH to CIRCE was due to one or two negative
tracks in the final state.

The program TEUTA'? attempted to fit the out-
put CIRCE events to the following hypotheses:

pp—pnt*, (19)
~1'np, (20)
- ppn°, (21)

and
~bp. (22)

A 3% confidence level cut resulted in 31908 pnn*
events and 6830 ppn° events. The A**n sample
was obtained by requiring (< 0.3 GeV? and 1.14
<M,.<1.42 GeV. These cuts resulted in 12271
events. The possible ambiguity between reactions
(19) and (20) was studied in terms of Monte Carlo

events. The study showed that when the proton
and pion were interchanged, the two-particle in-

variant mass was no longer in the A™* region.

In fact, under these conditions the mass becomes
quite large, approaching the kinematic limit. It
was also observed that the loss of events due to
this interchange resulted in a nearly uniform de-
pletion of events across the A** mass region and
the corresponding ¢ distribution. It was con-
cluded that the loss of events from reaction (1)
was correctable by a simple multiplicative factor
which was independent of the shapes of the M,,
and ¢ distributions.

It was observed that the apparatus had a limited
acceptance for certain wide-angle and low-mo-
mentum tracks. However, the large X-Y plane
acceptance ensured that wide-angle tracks were
recorded in this orientation, and the losses from
the vertical X-Z orientation were calculable by
a rotation about the beam axis. An acceptance
weight equal to the inverse of the probability of
detecting the event was assigned to each event.

It was also found that the apparatus used in this
experiment had zero acceptance for some small
percentage of tracks of reaction (1). On the basis
of Monte Carlo data, an efficiency curve was
derived as a function of the M,,, ¢, 6;, and ¢y
variables. The cross-section correction due to

zero acceptance was 13% for 1.14<M,,< 1.42 GeV,
the mass range used in this analysis.

The Monte Carlo events were also used to obtain
a 3% pion decay correction, a 3% Coulomb scatter-
ing correction,'®2° and a 7% strong scattering
correction for secondary tracks. A spark-cham-
ber efficiency of 88.5% was calculated assuming
three or four spark-chamber firings per track
for the beam and premagnet sections and one or
two spark-chamber firings per track for the post-
magnet section. The dE /dx efficiency calculation
took into account the Landau energy fluctuation of
energy loss by a particle through the scintillator,?!
as well as scintillator efficiency and photon pro-
duction spectrum, lightpipe efficiency, and photo-
tube efficiency.??*®® Figures 3(a)-3(d) show the
distributions of the four independent variables
used in this analysis before (shaded) and after
(all) experimental corrections.

In addition to the aforementioned corrections,

a factor of 2 was used in the cross-section cal-
culation because no center-of-mass backward
hemisphere A**n events were seen by the ap-
paratus. The cross section for reaction (1) was
measured to be

0(A**1n)=2.70+0.15 mb. (23)

An additional correction factor of 1.476 was ap-
plied to compensate for the mass cut 1.14<M,,
<1.42 GeV, based on Breit-Wigner fits discussed
in the next section. No correction was made for
the — t< 0.3 GeV?® cut. This cross section is plot-
ted with other experimental points between 1 and
10 GeV/c in Fig. 4, and appears to be in excellent
agreement with the over-all trend of the data.**

IV. DIFFERENTIAL CROSS SECTIONS AND
POLE EXTRAPOLATION

The M,, and ¢ distributions for reaction (1) are
shown in Fig. 5(a) and 5(b) and tabulated in
Tables I and II. The solid curves are predictions
of the Diirr-Pilkuhn form factor model. The
prominent A**(1236) resonance evident in the M,,
distribution was fitted to a Breit-Wigner form,

, M,I
o(M,,*) e (‘Mﬁﬂz_Mozo)z + (MTR °
where
[ QRN 1+ @Ry
r"r°<QoR> ] 1+ (QR) } ’ (24)

The results, corrected for effects of resolution,
give peak and FWHM values of 1.226 (+ 0.004)
GeV and 0.126 (+ 0.006) GeV, respectively. In
general, the data and Dilirr-Pilkuhn model pre-
dictions are in good agreement, although an
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FIG. 3. Distributions in (a) M2(p71*); (b) —¢; (c) cosf,, and (d) ¢y for reaction (1) before (shaded) and after (all) ex-
perimental corrections.

over-all x? for the two sets of data is relatively The “t0” values defined in Eq. (17) were calcu-
poor. lated using the off-mass-shell scattering data
Figures 3(c) and 3(d) show the 6, and ¢y dis- and the Chew-Low, Dirr-Pilkuhn, and Benecke-
tributions, respectively. The nonisotropic ¢y Diirr cross-section parameterizations. Fits con-
distribution is evidence against the simple one- strained to pass through the origin were made
pion-exchange model and has been shown to be assuming linear, quadratic, and cubic extrapola-
consistent with the double-Regge-pole model or tion polynomials. Figure 6 shows the Benecke-
the Reggeized pion-exchange model in the version Diirr quadratic fit results. The results obtained

of Berger.* using the Diirr-Pilkuhn model were similar.
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FIG. 4. Cross sections for reaction (1), including the
measurement of this experiment at 6 GeV/c.

The Chew-Low fits were generally quite poor, as
were all linear fits. Table IIl summarizes the
results of a comparison between the eight extrapo-
lated and known on-mass-shell cross sections.
The x? is smallest for the Diirr-Pilkuhn and
Benecke-Diirr quadratic fits.

The three polynomial extrapolation terms used
above all require explicitly that the “#0” curve be
zero at £=0. Several schemes have been proposed
to account for the possible deviation of the OPE
differential cross section from zero at ¢{=0. It
has been proposed?®® that conspiracy could occur
between the pion Regge pole and an opposite par-
ity pole which can lead to effects similar to damp-
ing corrections in absorption models. The mod-

TABLE I. Number of events after experimental cor-

ifications necessary to have do/dt not pass
through zero at {=0 also arise naturally from the
absorption model,?"~2° although specific calcula-
tions suggest that the cross section may differ
only slightly from zero at these energies.*® Pre-
viously, pole extrapolations not required to pass
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FIG. 5. Comparison between the (a) M(p7*) and (b) —¢
distributions of reaction (1) and the Diirr-Pilkuhn model.
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TABLE II. Number of events after experimental cor-
rection for ¢ distribution.

—t (GeV?) Events
0.0—0.02 22115
0.02—0.04 27204
0.04—0.06 21399
0.06—0.08 17197
0.08=0.10 14220
0.10—-0.12 11763
0.12-0.14 10579
0.14—0.16 8277
0.16—-0.18 7216
0.18-0.20 6417
0.20—0.22 4666
0.22-0.24 5088
0.24-0.26 3538
0.26—0.28 2828
0.28-0.30 1988

through the origin could not be accomplished with
enough precision to detect a nonzero cross-section
contribution at £=0.> The data presented here
provide a statistically significant test of that
question. The extrapolated “fo” values at £=0,
obtained with data normalized by the Diirr-Pilkuhn
and Benecke-Diirr model calculations, and not
required to pass through the origin, are consistent
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TABLE III. x? values (per eight degrees of freedom)
for comparison between pole-extrapolated cross sec-
tions and on-mass-shell cross sections. The pole-
extrapolated cross sections are based on Chew-Low
(CL), Diirr-Pilkuhn (DP), and Benecke-Diirr (BD) mod-
els with A¢, At +Bt?, and At +Bt®+Ct3 fits to “to”
(constrained to pass through the origin).

At At +Bt? At +Bt?+ Ct3
CL 2519 130 59
DP 63 15 27
BD 109 13 25

with zero as an examination of the x* values in
Table IV will verify.

V. CONCLUSIONS

This paper reports on a high statistics analysis
of the reaction pp~ A**(1236)x at an incident pro-
ton momentum of 6 GeV/c. Emphasis has been
given to an analysis of the data in terms of the
basic Chew-Low one-pion-exchange mechanism
and modifications thereof according to the form-
factor models of Diirr-Pilkuhn and Benecke-Diirr.
It is found that both form-factor models give good
fits to the data. In addition, it is found that the

201114 ¢Mpr*ciie 32]118<Mpr*c120, | 40} 120<Mpr*<1.22 | 807 | 22¢ Mpr*<1.24
151 /L 24 I 301 I 60
| i A
10 16 20 401 %
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O o (o} 0 0
a
£ -5 . , , -8 —— -I0 — , -20 — .
= 40y)24<Mpr*<I26 I 3271 26 <Mpr¥<1.28 I 32} 1.28<Mpr*<1.32 207 |.32<Mp7r"<t3e;I
b 30 24 244 [ 15
2 [
T 201 16 161 I 10
/ I
101 8- 8 5
o o 0 o
'|C T T ) ‘8 T T 1 '8 T T 1 '5 T T 1
02 06 .4 22 .02 06 .4 .22 .02 .06 .4 22 02 06 .4 .22
2
-t (GeV®)

FIG. 6. Fits to “to” versus —t based on the Benecke-Diirr model for quadratic extrapolations to the pion pole. All
fits were constrained to pass through “to”’ =0 at t =0. The errors on the lower points are equal to the size of the points.
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TABLE IV. x? values (per eight degrees of freedom)
for comparison between pole-extrapolated cross sec-
tions and on-mass-shell cross sections. The pole-
extrapolated cross sections are based on Chew-Low
(CL), Diirr-Pilkuhn (DP), and Benecke-Diirr (BD) mod-
els with A +Bt and A +Bt +Ct? fits to “to” (not con-
strained to pass through the origin).

A +Bt A +Bt +Ct?
CL 1114 14
DP 59 11
BD 96 11

form-factor models in conjunction with quadratic
extrapolations in { reproduce the known on-mass-
shell dependence of the cross section for elastic
7" p scattering.
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