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Abstract: The reactions vd — p°d, vd > wd and yn ~ p~p have been investigated in a deuterium
bubble chamber experiment at DESY with a bremsstrahlung beam of 5.5 GeV maximum
energy. Effective mass distributions as well as total and differential cross sections are pre-
sented. The results are compared with g and w production on protons,

1. Introduction

Photoproduction of neutral vector mesons is known to be a strongly diffractive
process. The quantum numbers of the incoming and outgoing particles are identical,
as in elastic scattering, Well established properties of diffractive vector meson pro-
duction are the approximate independence of the amplitude on energy associated
with a small’real part, the predominant exchange of natural parity, and the nearly
complete conservation of the boson’s s-channel helicity.

The isospin properties of vector meson photoproduction are less well known.
For a study of these properties experiments with neutron or deuteron targets are
necessary. In most of the vector photoproduction experiments on deuterium
carried out so far the sum of the coherent and break-up cross sections was meas
sured [1]. Since the break-up process is difficult to analyze, interpretation of the
results usually involves an extrapolation to |¢|,;, where the incoherent part be-
comes small. Indications were obtained for a non-negligible 7 = 1 exchange contri-

bution to p0 photoproduction on nucleons at ¢ = 0 for photon energies of about
5 GeV [1].
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An experimentally cleaner way to investigate the isospin properties is to mea-
sure the coherent production

yd - p% (1)

separately, by detecting the final state deuteron. This was done in a counter experi-
ment at SLAC where coherent p® production was measured in the double scattering
region at large |#[; hence the contribution from elastic pON scattering could be in-
vestigated [2]. At smaller |#] in the single scattering diffractive region reaction (1)
has been measured by this group at DESY [3] and by a Weizmann group [4]; these
were low statistics bubble chamber experiments. In the present paper, we present
results with improved statistics in the energy region 0.9 <£., <5.3 GeV for [t]

< 0.2 GeV2, In the same experiment we have also observed coherent w photopro-
duction

¥d = wd. 2)

In p photoproduction, / = 1 exchange can also be studied in pure form in the
charge exchange reaction

Yn->p" p. 3)

Unfortunately, it is a difficult reaction to measure. We have published some cross
sections previously [5] which were obtained.from half of the statistics, and are
now presenting our final results.

In sect. 2 of this paper we describe the event identification and the experimen-
tal corrections. The effective mass distributions and cross sections for the reactions
(1), (2) and (3) are presented in sect. 3. The discussion of the results follows in
sect. 4 with a determination of the coupling constant ratio gv w /gy p» AN analysis
of the isospin structure of the o0 and w photoproduction amplitude on nucleons
and a test of Harari-Freund duality and Regge factorization.

2. Experimental procedure and identification of final states

The experiment was performed in the 85 cm deuterium bubble chamber at
DESY, exposed to a bremsstrahlung beam of 5.5 GeV maximum energy. About
3.1 million pictures were taken. Details about the beam, the determination of the
photon spectrum, and the scanning and measuring of the pictures have been des-
cribed elsewhere [3, 6, 7). A total of 85 000 photoproduction events were ana-
lyzed. For the kinematic analysis the program GRIND was used [8]. A description
of the fitting procedure and a list of the reaction hypotheses considered were given
in a previous publication [7].
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2.1. The reaction yd > n"n~d

To identify the events belonging to the reaction

yd—>7trd )

the following criteria were applied:

(i) There had to be a three constraint (3c) kinematic fit to reaction (4) with a x?
probability P(x2) > 0.1 %.

(ii) The agreement between the calculated and observed ionization of all tracks
had to be satisfactory, and range-energy constraints had to be fulfilled.

(iii) The momentum |py4| of the final state deuteron in the lab system had to be
Ip4q! <0.45 GeV/e, corresponding to ¢ = (p Pty _)?2>—0.2 GeV2. This was re-
quired because on part of the pictures only events with Ipgl <0.56 GeV/c had been
measured.
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Fig. 1, Pulls for three-prong events of the reaction yd — ntr—d, p is the momentum, A the dip
angle and ¢ the azimuthal angle of the track with respect to the optical axis, The pull is defined
as the difference between the measured and the fitted value, divided by the error of this dif-
ference.
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We found 3 551 events satisfying these criteria. Among these events, 45 % had
only two prongs, since the deuteron track was invisible; the deuteron lab momentum
is then |pg} <0.165 GeV/c. Studies with Monte-Carlo simulated events showed that
a reliable distinction between reaction (4) and the deuteron break-up reaction

vd—>7"n pn (5)

is not possible for two-prong events [3]. Therefore we had to restrict ourselves to
the three-prong events (which have a visible deuteron track). For further analysis
we only used the three-prong events in the z-range 0.04 < [¢] < 0.20 GeV?, since
the fraction of two-prong events in this kinematic range is small and can be correc-
ted for (see below). We found 1061 of these events in the photon energy range 0.9
<E, <53 GeV.

As a check for possible biases in the kinematic fits we have investigated the
pulls [7]. As is seen in fig. 1, they are symmetrically distributed around zero.

To check the event identification we generated Monte-Carlo events of reaction
(4) and of other reactions, and subjected them to our selection procedure as des-
cribed above. For the Monte-Carlo events the identification of reaction (4) was
found to be free from bias within better than 1%. For true events, however, the
situation may be worse due to various effects unknown in detail, which may not
have been properly simulated in the Monte-Carlo calculations. Thus, for example,
true events from reaction (4) may fail the 3c-fit due to an unnoticed scatter of the
deuteron near the event vertex. Most of the events which fail the 3c-fit will fall into
the sample assigned to reaction (5) for which only a Oc-fit is required. (For some
of these events the reaction hypothesis Yd - 707*7—d is also possible, but nearly
all (> 98 %) of the events that fit the latter reaction also fit reaction (5).) In the
spurious Oc-fits to reaction (5), the angle between the momenta of the recon-
structed neutron and the proton is always small, corresponding to a small proton-
neutron effective mass. Furthermore, these fits will always have a spurious proton
momentum | ppl greater than the calculated neutron momentum |p, |, since mo-
mentum balance requires Py TP, =Py whereas for a stopping deuteron Py~ 0.6 p4
from the range and for a leaving deuteron py =~ py from curvature. Indeed there
is an indication of an excess at 0° in the distribution of the lab hreak-up angle be-
tween the proton and the neutron, for the events that fit reaction (5) but not reac-
tion (4) and that have | ppl > |p,|; no such irregularity is observed for events with
| ppl <ipy| (see fig. 2). From this excess the fraction of the events of reaction (4)
that fail the kinematic fit and turn up in the event sample of reaction (5) could be
estimated. It leads to a correction that depends on ¢ and reaches + 10% at large |#].

There are also events of reaction (4) that fail the kinematic fits to both reactions
(4) and (5). In that case they cannot be fitted by any hypothesis at all. These los-
ses add to the losses of events which were unmeasurable for various reasons and
necessitate an overall correction of (+5 * 2)%. The correction for losses of events
at the scanning stage is (+5 + 3)%.



14 P. Benz et al., p°, wand p~ on deuterons

A T
Yd - pn Yd —1' pn
60 + 60| -
< 01 <[ l<JBp| < 03GeVic 01 <|By) < [fpl < 03Gevrc
@
L L
g |
W B
t 40f 40f 1
>
L
s -
o
Q0
E 20+ 20+ E
2
=z
b L
L L
-1 0 1 -1 0 1
cos Op/n

Fig. 2. Distribution of the lab break-up angle between the proton and the neutron for three-

prong events of the reaction yd - 7'r+1'r—pn, which are not ambiguous with the reaction yd =
+ =

mad.

Finally, since we use only three-prong events in the analysis a further correction
has to be made for three-prong events being mistaken as two-prong events. This can
occur when the deuteron track is overlapping in the film plane with one of the
outgoing pion tracks. Azimuthal symmetry of the tracks around the beam direction
was used [9] to correct for this effect, which particularly affects the events at
small |z] (up to about +10%).

In summary we have obtained 1061 three-prong events of reaction (4) in the
kinematic region 0.9 <E y <3 .3 GeV and 0.04 < |¢| <0.20 GeV2. This sample is
free of contamination but has to be corrected for various types of inefficiencies.
The correction depends on ¢ (+ 20% on the average). All cross sections presented
below are given a systematic error of * 7% which includes the uncertainties of the
experimental corrections as well as those of the shape and normalization of the
photon energy spectrum.

2.2, The reaction yd - wd

To investigate coherent w production on the deuteron we have to study the reac-
tion

yd =07t n—d. (6)

Since this reaction allows only a kinematic Oc-fit, it cannot be separated from other
Oc-fit reactions like, e.g., reaction (5). Fortunately the w is a rather narrow resonan-
ce which stands out clearly above the background. Therefore, we can separate the w
from the background directly in the effective 707*n— mass distribution of all events
which are compatible with reaction (6) according to kinematics and ionization of the
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tracks. There were 865 such events with three visible tracks in the kinematic range
14<E,<5.3GeVand 0.05< [#] < 0.20 GeV2. The corrections for scanning
losses of three-prong events and for losses of unmeasurable events are the same as
for reaction (4).

0

2.3. The reaction yd > n"n pp

Finally we discuss the selection of events belonging to the reaction

0

vd =77 pp. 7

A kinematic discrimination between reaction (7) and the reaction yd > 7~ pp is
possible and has been discussed in detail in a previous paper [7]. However, kinema-
tic ambiguities of the Oc-fit to reaction (7) exist with the reactions yd - #*7~.d,

vd = 707*r=d, yd > 77" pn and yd - 707~ pp + mn0 (m > 1). The ambiguity
with the first three reactions is due to insufficient #*/p/d discrimination at high

lab momenta; it can be avoided by a restriction to small —7 = —(p, — p,,Ong' For
the study of p~ production we therefore used only events in the kinematic region
[¢] <1.1GeV2.

On the other hand, a separation of the single 70 reaction (7) from multiple 79
events is not possible by kinematics or ionization. (Note that the photon energy
was not measured, but had to be calculated from energy and momentum conser-
vation.) Therefore we always have to take this background into account when we
try to extract p— cross sections. This will be further discussed in subsect. 3.3.

The corrections applied to the data include corrections for scanning losses (+ 5%),
events with no acceptable hypotheses (+4%), and events that give spurious fits to
the reaction yd - 7~ pp (+4%). Furthermore, the effect of the finite photon energy
resolution was unfolded from the photon energy dependence of the cross sections.
These finite resolution effects are due to measuring errors and to systematic shifts
of the calculated kinematical quantities in case of two-prong events, where the mo-
mentum of the invisible proton was fixed at zero in the kinematic fit. The systema-
tic uncertainties of these corrections as well as those of the shape and normalization
of the photon energy spectrum sum up to * 12 %, which are included in the error
bars of all cross sections given below.

The extraction of information from reaction (7) on the reaction

0

m-=>nw"n p (3

by means of the spectator model will be discussed in subsect. 3.3.1.

3. Experimental results

3.1. The reaction vd ~ p9d

3.1.1. Cross section for the reaction yd ~ n*n~d. The cross section of the reac-
tion (4), yd = n*7—d, is shown in fig. 4a as a function of the lab photon energy Ev
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Fig. 3. (a-c) Effective mass distributions of the #7n—, 7 *d and n—d systems in the reaction
yd—n *27d for the t-range 0.04 < |1 < 0,20 GeV?2 and various intervals ofE The full (dashed)
curves show the total (background) distribution obtained by fits using assumptlon (i) on the
resonance shape (see subsect. 3.1.2).

between 0.9 and 5.3 GeV. For the reasons discussed in subsect. 2.1, the #-range is
restricted to 0.04 < [#] < 0.20 GeV? where ¢ = @, —pn+ﬂ_)2.

3.1.2, p9 production. The effective mass distributions of the n*n—,7*d and n—d
systems in reaction (4) are shown in figs. 3a—c for various intervals of E.,. The pro-
duction of the pY is the only apparent resonance production process. In Tact there
is very little background underneath the p0 resonance for E, >18GeV.Fork, <
1.4 GeV, on the other hand, it is not easy to determine how much p0 is present due
to the kinematic limitations on t and Mﬂ+n_. (Note that the minimum photon en-
ergy required to produce a pO of resonance mass at (7| = 0.04 GeV2 on deuterons
SE, =1. 64 GeV.) Hence the amount of p9 deduced is strongly dependent on the
mass shapes assumed for the resonance and the background. The n*d and »—d mass
distributions are well described by p? reflection plus phase space background, as
we will show below.

The cross section for coherent p0 production (reaction (1)) has been determined
by fits to the data shown in fig. 3. Three different assumptions on the resonance
shape were used:
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Fig. 4 (a) Cross sections of the reaction yd — atnd as a function of E_ for the f-range 0.04
<|t1<0.2 GeV2. (b) Cross section of the reaction yd — pOd as a function of E_ for the ¢-range
0.04 <111 < 0.2 GeV2. The values are obtained by fits using assumption (i) (black dots), (i)
(open circles) and (iii) (open squares) on the resonance shape (see subsect, 3.1.2).

(D) In the first fit, we used a pO Breit-Wigner enhancement

M MM, )

m

mqM,) (M- M5 ) + M}) riM_)

rM _)=r l:q (Mmr):l 3 Mz(Mp)
( 1r71-)_ P q(Mp) q2(Mm)+¢12(Mp)

©)

. M) =M —m]

mT?

multiplied by a factor {10} (M p/Mm)"(’); this was added incoherently to a phase
space background term. Both resonance and background terms were multiplied by

a factor exp (24 t) to describe the experimental ¢ distribution (see below). Besides
the amounts of resonance and background, also the parameters M, I‘p and n were
fitted. From all the fits to the data for E,, > 1.4 GeV we found M, = 0.762 + 0.005
GeV,T, =0.152 + 0.005 GeV and n(#) = (5.6 £ 0.5) + (14.9 £ 5.8) GeV-—2 - t. The
curves shown in fig. 3 are obtained from these fits.
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(ii) Another assumption was to have a diffractive resonance amplitude 7, inter-
fering with the Drell one-pion exchange terms Ty [11—13]. The 7*d elastic scatte-
ring amplitudes entering in the Drell terms were calculated from the 7*p elastic
scattering amplitudes in the impulse approximation [14]. The complete amplitude
is

T, + T exp (i) cos 8, (10)

where & is the elastic 777~ scattering phase shift. The factor exp (i6) cos 6 modi-
fies the Drell terms such as to avoid double counting of p0 resonance production
[15—17]. Since the Drell terms can be calculated, only the resonance amplitude
T, was fitted.

(iii) The factor exp (i8) cos § causes the non-resonant term in (10) to vary rela-
tively rapidly in the neighbourhood of the p9, in contrast with the behaviour gene-
rally associated with a non-resonant background amplitude. One may therefore
redefine the resonant patt of the amplitude by splitting the complete amplitude (10)
into a slowly and a rapidly varying part [18],

Tp + T, exp (i6) cos § = T, +Ty (1 +iexp (i6) sin §)

=T,

res +TD’

with
Ties =T, +iTpexp (i8) sin 8.
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Fig, 5. Differential cross sections of the reaction yd — p()d. The values are obtained by fits using
assumption (i) (black dots) and (ii) (open circles) on the resonance shape (see subsect. 3.1.2),
Also shown are the results of the Weizmann group [4] (diamonds) at E’Y = 4.3 GeV, The curves
are predictions from the reaction yp ~ p~p assuming equal p* photoproduction amplitudes on
the proton and the neutron.
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We will also give the p0 cross sections obtained with this definition of the resonant
part. In both cases (ii) and (iif), the values M, = 0.765 GeV and I, = 0.130 GeV

were used.

3.1.3. Total and differential cross sections for the reaction yd = p¥d. The cross
sections o(yd - p0d) determined with each of these three different assumptions
are shown in fig. 4b *. The different assumptions lead to nearly identical cross-section
values, except in the region E' v < 1.4 GeV where threshold effects make the analysis
somewhat uncertain. After a steep rise above threshold, the cross section is energy-
independent as expected for a purely diffractive production mechanism.

Differential pO production cross sections were determined from the data by re-
peating the above fits independently in various #-bins. The results for £, > 1.8 GeV
are shown in fig. 5. The differential cross section values obtained with assumption
(iii) do not differ from those obtained with assumption (ii) and therefore are not
shown in fig. 5. The results of the Weizmann group [4] for do/dt(yd - p0d) at E.=
4.3 GeV are also shown in fig. 5 (diamonds). They seem to be systematically smaller
than ours. We cannot explain this discrepancy but are confident that our normaliza-
tion cannot be grossly wrong (cf. subsect. 2.1 and ref. [7]).

For comparison with differential cross sections of other processes like yd - wd
or yp ~ p¥p, it is useful to correct for the kinematic turnover of do/dt at small |¢|
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Fig. 6. Differential cross sections of the reaction yd — pOd after correcting for the finite width
of the p0 (subsect, 3.1.3). The symbols are the same as defined in fig. 5. The lines are obtained
from a fit of an exponential to the data (assumption (ii)).

* The cross section values of fig. 4b supersede the preliminary results from our earlier publica-
tion [3]. The final results presented here are obtained from better statistics, improved experi-
mental corrections and a refined analysis of p" production.
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(see fig. 5) which arises from the fact that for fixed E., the kinematically possible
maximum value of Mﬂ+ﬂ_ depends on ¢, thus producing a variable cutoff in the
mass distribution of a wide resonance like the p. We write for the observed resonance
production differential cross section [19]

mangm(t)
do
do = 2 0
df | fnite T B f erm fres (MTI")T) dr (M,m),
4m1r
where

sin? & ™, )
Jros M) = =737
es oo nMres I‘(Mm)
and dog/d?(M,,) is the cross section to produce the resonant 77 system in a state

of mass M. To first approximation do/d# (M ) does not vary over the width of
the resonance and can therefore be replaced by do/d|;-=; thus

max M2_(£)
do _do 2
df |finite T~ GF [I‘=0 f AML fres (Mp)-
4m7r

The #-dependent integral then gives the kinematic correction due to the finite width.
Note that in calculating the total cross section

ltlma.x
_ do
Op=0~ f ar |p=o (11)
ltlmin

Table 1

Results of fitting an exponential A exp (Bf) to the differential cross sections do/dtlp=0 (cor-
rected for finite width effects) for coherent pO production, yd - pOd, in the #-range 0,04 < I£|<
0.20 GeV?2. (The model assumptions are explained in subsect. 3.1.2,)

E7 (GeV) 1.8 - 2.5 2.5 -3.5 3.5-53 1.8 — 5.3 model
Aub- GeV"‘Z) 467 = 144 541 <+ 148 335 +77 410 =+ 67 assumption
B(GeV“z) 25,5+ 3.9 295+ 3.2 24,2+ 2.5 255+ 1,8 ()

A(ub GeV“z) 468 + 108 470 +120 312 75 383 = 60 assumption
B(GeV“z) 23.8+ 2.7 26,5+« 3.1 226+ 2.8 23.7: 1.8 (ii)

Aub- Gc:V~2 481 +111 501 +129 327 +83 402 + 65 assumption

B(GeV_z) 24,0+ 2.7 269+ 3.2 22.9+ 2.9 24.0+ 1.8 (iii)
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for resonance production, the limits of integration are those calculated for the re-
sonance mass.

The corrected differential cross sections do/df|-q for the reaction (1) are shown
in fig. 6. For the correction of the differential cross sections obtained with assump-
tion (i), f1es (M) was multiplied by a factor (M, /M...)*. A fit of an exponential
form

do

dr
to these differential cross sections gives values of A and B as shown in table 1. With
the assumption that da/d? is expornential throughout, the total cross section of reac-
tion (1) corrected for the finite width effect can be calculated from eq. (11). The
result obtained does not depend on the assumed p9 resonance shape. As an average
over the photon energy range 1.8 <E, <5.3 GeV we obtain oo (yd > p0d) =
13+ 2 ub.

r=0 =4 exp (Bf)
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Fig. 8. pO density matrix elements as a function of £. The coordinate systems are defined in
subsect. 3.1.4,

3.1.4. p? decay. The decay angular distributions of the 77— systems in the 00
mass region and with cms production angles near the forward direction are shown
in fig. 7. Three different choices of the quantization axis 2 are used. In the helicity
system Z is parallel to the cms momentum of the p0, while in the Gottfried-Jackson
and Adair systems Z is parallel to the photon momentum in the p° rest frame or in
the overall cms, respectively. From fits to these decay angular distributions the
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curves and the density matrix elements given in fig. 7 were obtained. Fig. 8 shows
the -dependence of the density matrix elements pgg,Re o and pq_;. Near the
forward direction the helicity density matrix element p( is compatible with zero,
i.e. with s-channel helicity conservation.

3.2. The reaction yd ~ wd

In fig. 9 the effective mass distribution of the three-pion system of all three-
prong events fitting hypothesis (6), yd > 707t 7—d, is shown (unshaded histogram).
The kinematic range is restricted to 1.4 <E < 5.3 GeVand 0.05<[£]<0.20
GeVZ, No clear w enhancement is seen in the large background. This background
can be reduced by using only events in the central region ot the three-pion Dalitz
plot, since the density distribution for the decay of a J = 1~ resonance into three
pions has its maximum in the centre of the Dalitz plot [20]. A central region, con-
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. 9. Distribution of the effective #0rtn™ mass for three-prong events of the reaction yd —

+7r d in the kinematic region 1.4 < E., < 5.3 GeV and 0.05 < ¢} < 0.20 Gev? (unshaded

h1stogram) The distribution of the events in the central region of the Dalitz plot (see subsect.

3.2) is shown by the shaded histogram. The curve is obtained by a fit of w and background
contributions.
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taining exactly 50 % of all true w — ntn— 70 decays, can be defined in 2 mass inde-
pendent way by

lp, Xp_I
2¢.0_+_ — 252
M (r 7" n") - Im;)

> 0.0065,

where p, and p_ are the momenta of the n* and 7~ in the three-pion rest system
[21]. The shaded histogram in fig. 9 shows the M(n07*7~) distribution for this
central region. A clear w signal is now observed.

The fraction of w production was determined by fitting to the shaded histogram
of fig. 9 an incoherent superposition of a hand-drawn background with two free
parameters, and a non-relativistic Breit-Wigner folded with a mass resolution function
of triangular shape [22] (full curve in fig. 9). The resonance %)arameters were fixed.
The cross section thus obtained is o(yd - wd) = (0. 64t )ub for 1.4 <E <
5.3 GeV and 0.05 < |#] <0.20 GeVZ. This number is corrected for the unobserved
@ decay modes, and the negative error has been enlarged in view of the difficulty of
estimating the shape of the background.

3.3. The reaction yn > p~p

We now discuss the reactions (8), yn = 797~ p, and (3), yn = p—p [23, 24], which
are deduced from the reaction (7), yd - 707~ pp,, by means of the spectator mo-

T T T 1

yd—n®npp,

weighted momentum distribution of the spectator proton
1<ES'<5.0Gev

2-prong events

é’ 10 [ 3-prong events 4
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Fig, 10. Lab. momentum distribution of the lower-energy proton in the reaction yd — 7r07r”pp.
Each event is weighted such as to unfold phase space and photon spectrum effects [7]. The
solid curve is the Fermi momentum distribution calculated from the deuteron wave function
[25, 26] and normalized to the observed number of weighted events with Ipyl < 0.2 GeV/e.
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del. As appropriate energy variable we use the effective lab photon energy
eff_ 2
E? =(s—m>)2m, (12)

where $ is the square of the invariant mass of the 797~ p system and m,, the on-
shell neutron’s mass. £ f’ff is the photon energy required to give the c.m.s. energy
V/s with an on-shell target neutron at rest.

3.3.1. Provisions for the use of the spectator model. In order to determine cross
sections on the neutron as target particle from our data, we have tried to select a
subsample of events in which one of the protons can be approximately considered
to be a spectator. We show in fig. 10 the distribution of the momentum |p | of the
slower one of the two protons in reaction (7). The shaded area corresponds to the
amount of invisible proton tracks (|p| < 0.1 GeV/c). The events are weighted such
as to unfold phase space and photon spectrum effects [7]. If all of the lower-energy
protons were spectators, the distribution should agree with the Fermi momentum
distribution in the deuteron which is shown for comparison, normalized to the ob-
served number of events in the range 0 <|p | <0.2 GeV/c. It has been calculated from a
modified Hamada-Johnston wave function [25] in the parametrization of J. Hum-
berston which is quoted in ref. [26}. Approximate agreement between the data and
the theoretical distribution is observed for |p | < 0.2 GeV/c, but clear deviations
occur at higher |pl.

To check further whether protons with |p| < 0.2 GeV/c can be considered to
be spectators to sufficient accuracy, we study the distribution of the Treiman-Yang
angle ¢y for these protons [27, 28]. This angle is defined as the azimuthal angle of
P, in the rest frame of the photon and the exchanged neutron, i.e.

deps p.,,OXp'y

Ccos = .
T g Xpl Ip,0X P,

yd—>1°n pp,

11<Ey <50CeV 5] <02GeVic

T T T T T T —T T T
o -
«pT(n ) q)T(Tt) wT(p)

100k {627 3-prong events £

Number of Events per 18 deg

Treiman-Yang Angle @ [deg]

Fig. 11, Treiman-Yang angular distributions for the 70

reaction yd = #Va " pp.

, m and the higher-energy proton in the
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Instead of p g, also the momentum vector of the 7~ or of the faster proton can be used
to define the plane ¢ = 0. In all cases these distributions must be flat if a single neutron
is exchanged as the spectator picture assumes. This can be checked for three-prong
events (i.e. events with a visible spectator) and is fulfilled (fig. 11).

Therefore, we consider the subsample of events with {p [ <0.2 GeV/c as a sample
of photon reactions on a target of quasi-free off-mass-shell neutrons. The calculation
of cross sections in the spectator model proceeds as in ref. [7]. All cross sections
are then raised by 22%, in order to correct for the restriction in the spectator momen-
tum, This correction was determined from the fraction of events with [p [ > 0.2
GeV/c. Possible effects of the Pauli exclusion principle on the two final state protons,
of multiple scattering and of shadowing cannot be calculated since the phase and spin
dependence of the amplitude are not known. There are 4933 events assigned to reac-
tion (7) after the acceptance cuts in t (see subsect. 2.3) and | p,| are made. Among
these events, 1788 have £ ;’ff> 1.1 GeV, i.e. are above the tho production threshold.

3.3.2. Cross section for the reaction yn ~ n07~p. Fig. 12 shows the total cross
section of the reaction (8) for £ sﬁbetween threshold and 5 GeV (black dots). Cor-
rections for multiple 70 events have been applied (see below). No cut in 7 =
(,1)7~1171T7T)2 is made. The background from events with unresolved pion/proton am-
biguities (see subsect. 2.3) was estimated from the results of that part of our ex-
periment which was done with a tagged photon beam [6] and the contribution of
this background to the total cross section of reaction (8) has been subtracted. This

T T T ﬁ17ﬁﬁﬁIr11||lerfl‘l|VTVT|rrrT
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Fig. 12, Total cross section of the reaction yn - 1r07r_p as a function of Eeﬁ . The black dots are
our data, the open circles (diamonds) are taken from ref. [29] (ref. [4]).
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Fig. 13, (a—c) Effective mass distributions of the 0 0p and 7~ p systems in the reaction
yn—> a0~ (deduced from the reaction yd — w0n— ppg) for 171 < 1.1 GeV2 and various inter-
vals of £, The curves are obtained from fits taking account of p—, A+, a0and phase space
contributions.

o,

correction is <10 % for E,fff > 1.2 GeV and negligible elsewhere. The results of the
FNPR collaboration [29] (open circles) and the Weizmann group [4] (diamonds)
are also shown in fig. 12. They are compatible with our data.
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3.3.3. p— production. The effective mass distributions of the 797~ , 70p and

tp systems from reaction (8) are shown in figs. 13(a—c) for various intervals of
Ee between 1.1 and 5.3 GeV. The -range is restricted to |#] < 1.1 GeV2. Produc-
tion of p~, A*(1236) and AC (1236) is observed.

For a more detailed study of the reaction (3) we had to estimate the amount and
distribution of the background from multiple 70 production (see subsect. 2.3). This
was done starting from “all charged” reactions like yn > 7~ p% and yn - 7~ n¥n~p
which can be completely separated from background. We assumed that the reactions
vn = 790~ p and yn - 70797~ p, which contribute the bulk of the background to
reactions (3) and (8), have similar mass distributions as the “all charged” reactions,
and that their total cross sections can be estimated from the ““all charged” reactions
by assuming statistical weighting of the isospin states [30, 31]. We then studied how
the photon energy £, and the other calculated kinematical variables get changed if a

single 70 is subst1tuted for the two 70’s. In this way the background in the various
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Fig. 14. Total ¢
eﬁI (black dots). Also shown is the result of the Weizmann group [4] (diamond).

function of E| v
The full curve shows the pion exchange prediction for yn — o™ p, the dashed curve shows the

qualitative energy behaviour of a(yp — p"p).
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distributions was evaluated. It was found that depending on the kinematics part of
the reaction yn - n0p—p is indistinguishable from the reaction yn - p—p. This back-
ground (~ 0.5 ub below and zero above 3.5 GeV) was therefore subtracted from our
total p~ cross sections. For differential cross sections the hypothesis of statistical
mixing of the isospin states appears to be too uncertain to be applied directly; there-
fore our values of do/dt (yn — p~p) may be affected by some background from the
reaction yn > nop‘p.

The fraction of p~ production was determined by fits assuming A*, A0 and p~
production (using eq. (9)), as well as a phase-space background (curves in ﬁg. 13).
To take account of finite resolution effects and systematic shifts in the 707~ mass
distributién (see subsect. 2.3 and ref. [5]), the width of the p~ was fixed at F
0.180 GeV and its mass was taken as a free parameter,

3.3.4. Total and differential cross sections for the reaction yn ~> p~p. The cross
section o(7n - p~p) for [#| < 1.1 GeV? obtained from these fits and corrected for
multiple 70 events is shown in fig. 14 as a function of E' eff(bl:;lck dots). The cross
section increases from threshold to a maximum value of about 7 ub at £ sff ~ 1.6
GeV (v/s ~ 2 GeV) and slowly decreases at higher energies. The result of the Weiz-
mann group [4] (diamond) is also shown in fig. 14. It agrees with our data.

The differential cross sections do/d# (yn = p~p) were determined by repeating
the fits indepently in various ¢ intervals. They are shown in fig. 15 for the Esff range
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Fig, 15. Differential cross section for the reaction yn — p"p in the Eeff interval 1.2 < Eeff

< 2.5 GeV, The first point at ¢t = 0.084 GeV2is corrected for kinematic limits (see subsect,
3.3.4). The full curves show the pion exchange prediction. The dashed line shows an exponen-
tial with a slope of 1.9 GeV~2,



32 P. Benz et al., pU, wand p™ on deuterons

1.2 to 2.5 GeV. The first point at |¢] = 0.084 GeV? is corrected by +20 % for kine-
matic inaccessibilities due to the mass dependence of the minimum momentum trans-
fer. The t-dependence of the differential cross section is weak. The dashed line shows
an exponential with a slope of 1.9 GeV~2,

4. Discussion of the results
4.1, Determination of the coupling constant ratio g?yw /ggp

In the framework of the vector-dominance model and of the additive quark mo-
del for elastic p0 and w scattering the cross -section ratio for w and p® production
on deuterons should be equal to the squared ratio of the yw and yp coupling con-
stants, SU(3) with ideal w¢ mixing gives the well-known result gi w " g%, ,=1:9,
but various symmetry-breaking schemes lead to slightly modified predictions: (0.65
:9) [32] or (1.21 : 9) [33]. The p¥ cross section (obtained by assumption (i) on
the resonance shape and corrected for the finite p0 width, see subsect. 3.1) is
o(yd~>p%)=4.60.4 b for 1.4 < E, <5.3GeVand 0.05 <[ <0.20 GeV2,
Thus, with our result for o(yd - wd) (subsect. 3.2), we find

2
g
Yw _ o(yd > wd) _ +0.03 _ +0.30, .
g2 o(d=p0d) 014 0077026 _ggp) o
P

The experimental value for this ratio is less sensitive to scanning bias and normaliza-
tion uncertainties than each cross section itself. The Weizmann group {4] found
ggyw/ggp =0.15 * 0.07 from their p® and w production data on deuterons at E.=
4.3 GeV. Both their and our values agree with the result g?y w/g% p = 0.14 £0.02 from
e"e~ colliding beam experiments at Orsay [34].

4.2. Isospin analysis of the p? photoproduction amplitude

4.2.1. Comparison of p¥ production on protons and deuterons. Starting from
our measured data [35] on the reaction yp > p%p, we have calculated the expected
differential cross section for coherent p¥ production on the deuteron (reaction
(1)). In this calculation [3] we used the second order impulse approximation and
also took the effects of the Fermi motion into account. Since our vd = p0d data
are at a rather small |¢|, the dominating term in the amplitude is the single scattering
term. In the limit that effects of the Fermi motion are relatively unimportant at
our energies, the single scattering amplitude is proportional to the sum

T(yp = pp) + T(yn ~ p%n) = 27,

of the p0 production amplitudes on protons and neutrons, i.e. proportional to the
I'=0 exchange amplitude T on single nucleons, because the 7 =1 exchange am-
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plitude 7' has different signs on protons and neutrons. Thus, the differential cross
section da/d# (yd > p9d) is essentially proportional to ITOI2 while the differential
cross section for p¥ production on protons is proportional to |7 + T 2.

In the calculation of the amplitude of reaction (1) we assumed T}, to be helicity
conserving and mainly imaginary, i.e. Re Tj/Im T;; = —0.20 [36, 37]. The phase
of Ty enters in the interference between single and double scattering, but due to
the smallness of the latter the dependence of the cross section on the phase is not
at all critical. Double scattering in the deuteron causes a decrease of the cross sec-
tion by about 9% in our £, and ¢ region; the elastic pON scattering amplitudes
that enter in the double scattering calculation were derived from the SLAC mea-
surements in the double scattering region [2] which are consistent with the p® pho-
toproduction data on complex nuclei and also with the quark and vector dominance
models.

Since we do not know | T, OI2, we made an approximate calculation of do/d# (yd -
pYd) in which we replaced | Ty|2 by [T + Ty 12 as obtained from our measured data
[35] on da/d? (yp = p%p). By comparison with the measured do/dt (yd - p0d) we
thus obtain the ratio

dofdt (yd - p%d) |, + T, 1° (7,1 (7,12
R= e ~ 0 1 oy Tl 2 cos A¢ +—~1—, (13)
dofdr (vd > %) 1T, T 17,2

where A¢ is the relative phase of Ty and 7';. In fig. 5 the comparison between the
calculated and the measured do/ds (yd = p"d) is made, and good agreement is found
throughout the E, and ¢ range measured. The calculated cross sections integrated
over ¢ and the corresponding values of R are given in table 2 for the #-range 0.04 <
[t} <0.20 GeV2, The R values are consistent with one within 10 %.

Not much is known about A¢, except that it can be shown [38] to lie outside
the range 90° + i where (90° + ) is the absolute phase angle of 7. has been experi-
mentally determined [36, 37] to be approximately 12° to 16°. Thus, [cos A¢|>0.2.
Unfortunately the paucity of the data precludes any conclusion on the size of Ty /T4l if

Table 2
Total cross sections for yd — pod in the z-range 0.04 <|¢| < 0.20 Gev2
E (GeV) o (ub) a(ub) ®) R

observed calculated
1.8 - 2.5 6.3+ 0.8 6.0 0.95 + 0.15
2,5 -13.5 5.3+0.7 5.7 1.08 + 0.18
35-53 4.9 + 0.7 5.4 1.10+ 0.20
1.8 - 5.3 5.3+0,5 5.6 1,06 £ 0.15

a) Obtained with assumption (i) on the resonance shape (see subsect. 3.1.2).
The calculated cross sections have uncertainties of about 10 % which come both from the
errors of the input data and from approximations in the calculation.
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cos A¢ < 0. On the other hand, if cos Ag > 0, from eq. (13) and our values of R it
follows that |T;/T| < 0.3 within one standard deviation for the energy range 1.8
<E7 <5.3 GeV. Further information on |T';/T| will be derived in the next sec-
tion.

4.2.2, Comparison of p~ production on neutrons with p9 production on protons.
The full curves in figs. 14 and 15 show the pion exchange (OPE) cross section [39]
for p~ production, using Fp . =3 L yny = 0.13 MeV as expected from SU(3)
and the quark model. It is compat1be1 with the data for E eﬁc> 2.5 GeV but fails at
lower energies. The difference between the data and the OPE prediction may be
partly due to p~ exchange. Calculations of its contribution {40] are very sensitive
to the value of the magnetic moment of the p and are too uncertain up to now to
draw further conclusions.

Also shown in fig. 14 is the quahtatwe behaviour of o(yp - p%p). For Ey eff >
3 GeV the p~ cross section is less than 15 of the p0 cross sectlon and even 1n the
low-energy region p— production is not stronger than about 5 of p0 production,
i.e. I = 0 exchange (P, P") obviously dominates in o0 production also at low ener-
gies. The measurement of ¢(yn —~> p~p) allows to further investigate the contri-
bution of 7 = 1 exchange to p¥ production on nucleons. Principal exchanges are

P, P, 70, A for yp > 0%,

m,p7, Ay foryn—p7p.

At high energies the exchange contributions of 7 and p or 7 and A, do not interfere
[41] and if one assumes that p~ and A5 exchange in p~ production do not essen-
tially cancel one can estimate the / = 1 exchange contribution by

0 0
(n '+ A5) EERCEE Y +A’)
a(yp = p%p) 2 <io(m-p7p) =1(1.0£0.5) ub

for Esff > 3.5 GeV. Thus for p° production one finds
o(yp _,pop)(1=1 exchange) <sa
a(yp > p%p)*°™ -

within one standard deviation, which however still allows 30 (20) % in amplitude
for cos A¢ > 0(<0), where A¢ is the relative phase of the 7= 0 and I = 1 exchange
amplitudes. This is consistent with the results_from the previous section. It is also
consistent with the small contribution from =0 exchange found by the SBT colla-
boration [42] in p0 production. At E, = 4 7 GeV they found oV (yp = p%p)/
ott(yp > pVp) = (1.1 £ 2.8)%, where oY is the unnatural parity exchange cross
section.
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4.2.3, Isospin of the s-channel peaks in 00 and p~ photoproduction. In the s-
channel picture the peak of the p~ cross section at Vs 2 GeV may be due to exci-
tation of s-channel resonances via yn = (N or A (~ 2 GeV)) = p7p. A rough esti-
mate of their formation cross section from fig. 14 gives 6 ub (after subtraction of
the OPE contribution), i.e. approximately half of that for p0 production assuming
a diffractive background of about 15 ub there. A ratio of o(yn > (N or A) > p~p):
o(yp > (Nor A) ~> pOp) =1 : 2 favoures the dominance of / = 3 resonances,
whereas for the excitation of I = % resonances the ratio would be 2 : 1. Pos-
sible candidates are the F35 (1890), P31 (1910) and F37 (1950). From the mea-
sured-yN and pN decay widths [43] of these A resonances, one expects their con-
tributions to the reaction yn >~ A = p~p to be ~ 1.8 ub, ~0.1 ub and ~ 1.7 ub
respectively at the resonance energies.

4.3, Isospin exchange in w photoproduction

Since only I = 0 can be exchanged in the reaction vd - wd, neglecting multiple
scattering corrections one has

N 2
do/dt (yd > wd) 41Ty |
daN/dt (yp = wp) ITI(;I JrTle2 ’

(14)

where T(I)\I and T{\J are the natural parity, isospin O (P and P") and 1 (A,) exchange
amplitudes, respectively, for yp = wp. The ratio between our yd - wd cross section
and the natural parity exchange Iiart of yp = wp from the SBT collaboration [44] is
consistent with 4, i.e. with vanishing A, exchange. (A more precise estimation of
the A, exchange in forward w photoproduction on protons can be deduced in the

vector-dominance model from the total yp and yn cross sections, using the relation
[45]

Im T (yp ~ wp)

~

t=0

1 (gw )2 O (YD) = 0y (Y0) )

2\g Ot (0P) + 0, (Y0)

Yw

Im 7' (vp = wp)
measurements [46] give 0.110 + 0.025 for the right-hand side between 2 and 4 GeV.)

4.4. Test of duality and Regge factorization

Roberts and Roy [47] have noted that semi-local Harari-Freund duality and fac-
torization of Regge exchange provide a simple way to relate pion and photon induced
reactions. For the pion exchange contributions to the reactions 7~ p - p%n and
vn = p~ p one predicts

o™ (m->p"p) _1 Ppyy
o™ p - pn) 2 Bpinn

(16)
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where f5, and BP’~, are the 77 and the yy couplings of the leading trajectory P’
in resonant 7w and yw scattering. The right-hand side of eq. (16) can be evaluated
from Regge analysis of the total 7N and yN cross sections to be 0.0023. The reac-
tion 7~ p — p%n is expected to be dominated by pion exchange and its cross section
at 4.3 GeV beam momentum is about 750 ub [48]. For the pion exchange contri-
bution in yn - p~p we can give the upper limit o™ (yn->pp)<o(ym->pp)=
1.0 £ 0.5 jb for Esff > 3.5 GeV, and thus the left-hand side of eq. (16) is

(m) -
oM 7P P)  <0,0013 +0.0007,
o (ap~>p’n)

i.e. still barely compatible with the semi-local factorization prediction.
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