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ABSTRACT

The reaction yp — pop in the energy range 5.5 < E’Y < 18 GeV was
studied using a streamer chamber exposed to an 18- GeV bremsstrahlung
beam. Our results differ from earlier counter experiments in the

following ways: (1) the p cross section is constant (~ 12 pb) through-
do and the slope parameter of
dtit__.

dr min 2
I are constant and have significantly smaller values (=~ 82 ub/GeV

and 6.6 GeV-z respectively) at all of our energies. The t-dependence

out the energy range and (2) both

~

of the p density matrix in both s- and t-channel helicity frames shows
that the production conserves the s-channel helicity at all t values

observed (up to -0.8 GeVz) .
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In this report we present data for the photoproduction of p's in the reaction
¥p— p°p (1
at photon energies in the range, 5.5 to 18 GeV.1l Our current knowledge of this
process at high energies derives mostly from the data of counter experiments. 2
The data described here are the first track-chamber data at energies above
9 GeV, and in particular the p decay information is new. The technique of the
present experiment may be compared with previous work in the following
respects: it shares many of the advantages of the bubble chamber technique
(such as visual selection of topologies, and kinematie fitting), while extending
the peak energy by a factor of 2, and with excellent sensitivity to small momentum
recoil protons. Previous counter experiments fall into two categories: (1) those
that detect the recoiling proton and (2) those that detect the pion pairs. Method
(1) suffers from the lack of data at small t. Method (2) has the disadvantage of
contamination from inelastic bacl;grounds.
We discuss the production and decay properties of p's as functions of the
photon energy. Complementary aspects, namely, those as functions of the
dipion mass have been described elsewhere. 3 Unlike results from counter exper-
“iments, we find: (1) the p production cross section is constant (= 12 pb) through-

out our energy range and (2) both g:c- ' and the slope parameter of %g are
constant and have significantly smallelxl'n;lalues (=~ 82 ub/ GeV2 and 6.6 G‘reV_2
respectively) at all of our energies. We determine the p density matrix at these
energies in both s- and t-channel helicity frames, the t-dependence of which
clearly shows that the reaction (1) conserves the s-channel helicity at all t values
observed.

The data were obtained in a survey photoproduction experiment carried out

at the Stanford Linear Accelerator Center using the 2-meter streamer chamber
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with a pressurized hydrogen gas target exposed to an 18-GeV bremsstrahlung
beam.4 Measurements of 21,000 3-prong events (corresponding to 1/2 of the

available data) yielded 5426 events for the process

Yo — T T p (2)
at all photon energies. The present report is based on 2147 events with the
energy above 5.5 GeV.

The data were corrected (event-by-event) for the trigger and chamber effi-
ciency by assigning a calculated weight to each event.. The overall efficiency
improves for higher energy. For our sample the average weight is 1.5 (corre-
sponding to a combined efficiency of 67%) and onlsr a small fraction (7% of total)
have weights greater than 2. The use of a target tube (1/2-inch diameter, 4 mil
thick mylar tube) made the vertex region invisible. This caused a scanning loss
in detecting very low energy protons (which lose energy in the mylar) and high
energy forward pions (which stay invisible for some distance away from the
vertex). The effect is negligible for momentum transfers above 0.01 GeVz. We
estimate the overall loss due to this effect to be less than 10%.

Cross Sections

The cross sections for the process (2) are given in Table I for four different
photon energy intervals. They are extracted from a subsample (~ 1/3 of the data
reported here) with more restrictive fiducial volume cuts to minimize losses
(discussed below) and for which the electron-positron pairs were measured to
determine the beam energy spectrum. The number of equivalent quanta derived
from this pair study was found to be in reasonable agreement with that monitored
by the quantameter during the data taking run.

In order to obtain the cross sections, we have applied the following correc-

tions to the data: (1) 15.8% owing to nonanalyzable events (excluding those with
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obscuring flares in the chamber caused by steep tracks of the events), (2) 6.8%
for misfiring of the chamber, and (3) 3.1% scanning loss due to the presence of
pairs in the vertex region. In addition to the above energy independent correc-
tions, the following energy dependent corrections (with magnitudes as given in
Table I) were made: (4) loss due to the target tube including the effects of low
energy protons (7 4) and high energy forward pions (7 5); (5) corrections due to
untriggerable events (7)6).

Errors quoted for cross sections in Table I are statistical only. In addition
to the energy dependent systematic errors (=~ 4%) as given in the table, we
estimate an overall systematic scale uncertainly of 8% in our results.

We note that, apart from the loss associated with small t (negligible above
iti = 0,01 GeVz), the corrections to the normalization mentioned above do not
affect the mass, momentum transfer and angular distributions (to be discussed
below). These distributions are,( of course, weighted ones to take into account
(event-by-event) the nonideal trigger and chamber efficiency. Extensive studies4
using a Monte Carlo technique were made to check that no distortions were
introduced by the weighting.

Dipion Mass Spectra

As shown in the dipion mass distributions of Fig. 1 the reaction (2) at these
energies is completely dominated by the production of p's. We have examined
pion-nucleon mass distributions (not shown) and have found no significant struc-
tures including AH'(1236) at these energies.

The data in the mass region, 0.28 < m(7m) < 1.32 GeV, were fitted using
a simplified formulation of the Soding mechanism5 in which the P-wave rela-

tivistic Breit-Wigner interferes coherently with the 77 diffraction scattering



amplitude (approximated by a pure imaginary constant)

ON
—-— = + B , (3)
8 (mz_m2>2+m2 2
where
my e\
I'=T =

The momentum dependence of the width causes the apparent shift of the p peak
from a fitted value of 759 MeV to the observed value of 740 MeV and the inter-
ference term easily explains the skewness of the. p shape as observed in the data.
When all parameters of Eq. (3), namely, mp, Fp, B, B and C, were freely
varied in the fitting, the background term B tended toward unphysical (negative)
values giving rise to widths which are larger than apparent in the data. There-
fore in the final fit we took B to be identically zero. Results are summarized in
Table II and are shown by curves in Fig. 1. For comparison we give in the table
the corresponding results for the fraction of p (ozp in parentheses) from fitting an
S-wave Breit-Wigner with invariant phase space. We note in particular that the
fitted widths from the Soding model (average I‘p =118 MeV for mp = 759 MeV)
are somewhat narrower than apparent in the data. For instance, if we fit the
mass spectra with the relativistic P-wave Breit-Wigner multiplied by the Ross
and Stodolsky6 factor (m/mp)4, then we obtain a larger width I‘p =140 = 7 MeV
(average on Ey for mp = 762 £ 3 MeV with comparable X 2.

As an attempt to remove the uncertainty in estimating the p cross section

arising from the ambiguous p shape Yennie'7 has suggested measuring the 7T



yield at the p mass from which one can determine the cross section as

2
do o) T do + -
G PmPP =5 L GgnP =T )

) (4)
m=m
P

since the contributions from Drell terms vanish at mp. We use the integrated

from

o =ZIp AN 1 ~
octp—prP) =351, o N (P~ T T D). ()
m=mp

With the p parameters from an Orsay storage ring experiment, 8 mp =780.2 %
5.9 MeV and rp =152.8 = 15.1 MeV, and using the fitted values of AN/Am, we
obtain the cross sections as given in Table II to be compared with those of
Soding method. The two sets of values agree within 10%. Results do not differ
by more than 10% if, instead of the above storage ring values, the nominal
Vallues,9 mp = 765 * ‘10 MeV, anc% I‘p =125 = 20 MeV, are used, since the effect
of the narrower width is mostly compensated by the higher yield, AN/Am, at
lower mass.
In Fig. 2 we compare our results (Soding method) with other experiments. 10
Bearing in mind the overall systematic scale uncertainty of 8% in our data and
the additional theoretical uncertainty (due to the ambiguous p shape) of as much
as 10%, our results are certainly consistent with those of Anderson et al. 13 (a
counter experiment) above 12 GeV and agree well with the new bubble chamber
result of Ballam et al. 12 (not shown) at 9 GeV, although they appear lower than
others at lower energies.
From the above study of the dipion mass spectra, we conclude that in the
p mass region of our data there is negligible background. In subsequent analysis

we take as p events all events within the mass cut
0.62 < m(Tm) < 0.86 GeV . (6)
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We emphasize that, since there is virtually no background, our results, such as
the differential cross sections and decay angular distributions, are directly
observable quantities and do not depend on model dependent calculations.

Differential Cross Sections

In Fig. 3 we show the differential cross sections for the reaction (1). These
are obtained by normalizing the four-momentum transfer (t) distributions ob-
served in the data with the mass cut (6) to corresponding total cross sections
(S6ding model) as given in Table Ill. The minimum, t, tmin’ has been subtracted
to remove the kinematic variation of tmin with the photon energy. The lines in

Fig. 3 are results of the best {it of an exponentiai

A exp [B(t-tmm)] M
to the data in the region 0.02 < ‘t—tmm < 0.6 GeVz, excluding the data point
below 0.02 GreV2 owing to the possible scanning bias mentioned earlier. The
forward cross sections %%..t and slopes B thus obtained are listed in Table IV.

min

Our values for %% t as well as the exponential slope B agree well with

the new bubble chamber resul‘c11 at 9 GeV, but as shown in Fig. 4 they are sig-
nificantly lower than the results of other experiments. 10 The discrepancy in

%g " between our result and counter experiments ranges from 38% for

min
5.5 <‘E'y < 7 GeV to 15% for 12 < E'y < 18 GeV.
This discrepancy is largely due to the different methods of analysis used.

In particular the forward cross sections of Anderson et al. 13 Were obtained by

fitting their data to a vector-dominance and quark model as follows

d do 1 [do, + +
a%(vp—»pp) =C,q (PP = Cp[§\ /ag(ﬂ P—7 D)
2
1 /d - -
o\ /g (TP T P)] . (8)
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This model has one adjustable parameter Cp which is related to the conventional

v-p coupling constant as

(9)

Q

1l
|

Q
2ol

For comparison we have analyzed our data in the same manner. The data in the
same t region as in the linear exponential case (7) were fitted to Eq. (8) allowing
Cp to vary with energy. For mp elastic scattering we interpolated in energy the
data of Foley et al. 14 using their parameterizations of total and differential cross
sections. The results are summarized in Table IV and are shown by open circles
in Fig. 3. Analyzed in a similar manner, our values for the forward cross
section and the y-p coupling constant agree well with those of Anderson et al.
for E'y > 12 GeV. However, the X 2 of this fit is consistently worse than the
linear exponential fi’p for each energy studied. This is hardly surprising since
the 7p elastic scattering has slope B around 9 GeV_z, which is considerably
higher than the apparent slope in our data of 6.6 GeV_z.
Furthermore, in contrast to other experiments the forward cross section in
our data is essentially constant in the entire energy range 5.5 to 18 GeV. These
_features in our data do not support the findings of other experiments in the same
energy range that the vector dominance and quark model relating the mp elastic
15

scattering to the forward p photoproduction give a satisfactory description.

Decay Properties

We next turn to the decay properties of the p and present strong evidence in
favor of s-channel helicity conservation. 16 In the rest frame of the p we intro-
duce the two usual coordinate systems, called t-channel (Gottfried-Jackson) and

s~channel helicity axes. The two systems are related to each other by a rotation

about the common y-axis, which is chosen normal to the p production plane. In
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the t-channel helicity system the z-axis is taken along the photon direction in
the p rest frame, whereas in the s-channel helicity frame it is defined to be
along the direction of p in the overall center-of-mass. Using the 7" as an anal-
yzer we then consider the polar and azimuthal angles with respect to each of the
two coordinate systems.

In Fig. 5 we show the projected angular distributions of events in the p
region defined by the mass cut 0.62 < m(77) < 0.86 GeV. The subscript H (J)
refers to the s-channel (t-channel) helicity system. Assuming a pure JP= 1
decay (conserving parity) into two pseudoscalars, we expect that the form of the

angular distribution in either system is

8w 3 2 . 2 . 2 2 . 2
(—9—_(—)-—47T[p00c0s 9+p11 sin 9-p1_1 sin” 6 cos qb—\/f?T(ReplO) sin Gcosq)]

(10)
The curves in Fig. 3 are results-of a best fit of Eq. (10) to projected distributions.
These results, including the density matrix elements, are also given in Table V.
We find the overall results to be satisfactory so that our treatment of the data in
the p mass region without background appears reasonable.

We have also carried out a moment analysis of the data in this mass region
to study the momentum transfer dependence of the density matrix elements.

. . . . 17
Again assuming a pure vector meson decay we have in either coordinate systems

V5

1
3-8 Yoo/ Ygo” >

]

P11 = P-1-1

- —_1\ /2
Pl-1=P 11~ \/; Re Yo,/ » (11)

== = e = e = —5—
Re py; =Rep;g=-Rep) ; =-Rep_,,=\/75 Re Yy, /YD



The moments in Eq. (11) are obtained according to
> =25 W Y@/ 2w,

where w, is the weight for ith event. Corresponding errors are estimated as
- 2 2 1/2
§<Y /Yoo? = |27 W (YLM> - <EW1YLM> /2wy / <ZW1Y00> '

The results including the observed moments are summarized in Table VI. As
seen in the table the density matrix takes the sirhplest form, P11=P_1-1 =—;—
and all others = 0, in the s-channel helicity frame. We find this to be true for
all momentum transfer values observed and at all photqn energies studied. In
Fig. 4 we compare the behavior of P11 in the s-channel frame with P11 in the
t-channel as a function of momentum transfer. It clearly shows that the data
prefer the s-channel helicity conservation over the t-channel helicity nonflip.
We wish to acknowledge helpful discussions with members of the SLAC-

Berkeley-Tuft collaboration and thank Leroy Schwarcz, our engineers, tech-

nicians, programmers and scanners for their many contributions.
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Table II. Fit of dipion mass distribution in yp —p 7r+7r—
Ey (GeV) mp(GeV) rp(GeV) B X2 /ndf ozp(%)
5.5 -7 0.756 + 0.004 0.119 + 0.006 0.20 £0.02 103/22 79.7(81)
7-9 0.762 = 0.004 0.113 + 0.006 0.21 £0.02 42/21 80.6(82)
9-12 0.766 +0.004 0.114 £ 0.006 0.28.i 0.02 76/20 81.4(82)
12 - 18 0.751 +0.005 0.125 + 0,006 0.19 +0.02 143/21 81.0(83)
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FIGURE CAPTIONS

Dipion mass distributions in yp — 7T+7r-p for several photon energy inter-
vals. Distributions have been weighted to correct for trigger and chamber
efficiency. Numbers in parentheses refer to unweighted events. Curves
are results of a best fit of the Soding model as described in the text.
Compilation of o(yp — pp) for E,y > 5 GeV. See footnote 9 for references.
Differential cross sections for yp — pop obtained by normalizing each
momentum transfer distribution observed in the mass region

0.62 < m(77m) < 0.86 GeV to the measured total Ccross section. Lines (open
circles) show results of a best fit of an exponential (vector-dominance and
quark model) excluding the first data point for possible scanning bias.
Compilation of the forward p cross section for Ey > 5 GeV. See footnote

9 for references.

Decay angular distributions of the po in yp — pop. Subscript H(J) refers

to the s-channel (t-channel) helicity system. AIll events in the mass region,
0.62 < m(7m < 0.86 GeV are taken as p events. Curves show expected
forms assuming a pure vector meson decay.

Behavior of the density matrix element P11 of the po in yp — pop as a
function of the momentum transfer in both s- and t-channel helicity frames.
The data clearly supports the s-channel helicity conservation as opposed to

the t-channel helicity nonflip.

- 922 -



NUMBER OF EVENTS/40 MeV

NUMBER OF EVENTS /40 MeV

e RIS s i

193503

150 T 7 T T T 150 | B— ; 1 T T IR r
ﬁ 5.5<Ey<7 GeV 9<Ey<I2 Gev
. ’J 819.5 (538 raw) EVENTS 758.6 (498 raw) EVENTS
100 1 100 -
50 -1 50 -
0 L ! ﬁ‘kﬂnﬁf\qa o ln I nxn e | [l Turfaneva ol
0,2 06 10 14 18 22 26 30 0.2 06 10 14 I8 22 26 30 34 38>40
150 7T 1 T T 150 T I R S E—— T2
T<Ey<9 Gev 12<Ey <18 GeV
801.3 (519 raw) EVENTS 934.8 (592 raw) EVENTS
100 - 100 -1
I
50 | 4 50} =
0 1 h ) fLr:LMfHE’L- n anf] o ! I F—"”—.r& nJL‘In_. alenlll  Qfr aney,
0.2 06 10 14 18 22 26 30 0.2 06 10 14 18 22 26 30 3.4 38340
Motz (GeV) Myt - (GeV)
Fig. 1

R e



l I I | |
35 | | | : —

A SLAC/B (68)
a SLAC/B (69)
30 |- | v DESY (69) ]
= CORNELL'(69)
o SLAC/D (69)
o SLAC/F (70) N

®© THIS EXPERIMENT

o

%—_ﬂ""“wééi

4 6 8 10 2 14 16 IS
‘ Ey (GeV)

Fig. 2

195589



Illllllr T

Illllli T T

l'lflllll T

>

[¢3] -]
O

®

» -
RN

Ll

v -
o

Prr = ILILEL S A ‘[IIITIIF"I

——  _

O.l

08 04 08 04 08

04

04 08

1955C2

~trt i (GeV)2

Fig. 3



350
300
' 250

200

| [,ub/(GeV)

<Ifmin

).
2
~O0—
=0
_-9.__
Bt
+
——
T

150

- do
f

100

50

I | I |

®© SLAC/F
x DESY-MIT
= CORNELL
o SLAC/D
o SLAC/F.
e THIS EXPERIMENT

)
)
)
)

(70)




bt it

G By
195561 ﬁ
¢ fg s02
2 2 2 2 2 2 2 2 . . ) . . o~ .
04 T O% T O0gF. T 04 G0 0 S0-500S50~-S00 S0-G0 0 §0-
L A B L B L 0 A L L .
- . Ol ok ]
» =102 :Lﬁ _
n
= —“0¢ ALl
| - O¢ - i
1 | 1 L | 1 1 1 1 1 | 1 om 1 1 L i [ i 1 | 1 1 1 1
H
, - ¢ . Hg s00
2 2 2 2 2 2z 2 2 ) o | . L )
Z 9 %- 72902z 0 ZzZ- zZ o zZ- G0 0 G0-500 G0-S00 §0-50 0 G0-
T A B L B L B T T A T
i | 1 1 | IR 1 | " 1 [ i Om i i X i { N " | ! ! | N
81>43>21  21>43>6 6>43>L  L>%3>6G 2>43>6. 6>43>L  1>43>GG

g1>43>2

O..
Ol
02
o]
O

0§

0
Ol
02

0¢

0g

09

SIN3AT 30 HIGWNN




+ L R

0.5 :_—1:—_—_____+___= +~_________f___
0.3: _’ :- _‘—. l

0.5 hqmrme e
¥ |
T 1y -
0.3 b ’ -—+_—__ L -—I———_’.__- | —
B . 7<,E):<9Gev ————-l————
— | | _ |
05 h-F—"————F— L
i 1F, _
03t 1 |
L I+
9 <Ey< |2 GeV

+ , :

0.5 fF—= F‘ﬁ‘“‘”?*“ I
o3t 1 F _
. - 12 <Ey< I8 Gev_'_— .

O.I A N WU S N U S N S

O 0.2 04 060 02 04 06

555555

Fig. 6



