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Much interesting experimental data on high Uén-ergy photoproduction .
has become available in the past tWo years and I regrettably have had to
make an arbitrary lower limit of 2 or 3 GeV. Although many new re-
sults are included, the following is more in the nature of a general re-
Avi‘ew of the subject, and thus includes many things discussed at previous

conferences, 1-3 See the review of Rollnick4 for a discussion of the low

energy results.
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I. GENERAL REMARKS

Photoproduction is traditionally lumped into ""Electromagnetic Interactions,"
primarily because the experiments are done at electron machines. These re-
actions tell ﬁs very little about electromagnetiém, however, because the theory
of quantum electrodynamics (QED) appears to. work as well as the initials imply.
Rather, the theoretical uncertainty in the photoproduction of hadrons lies with
the word "hadrons," aﬁd in fact i:he theoretical interést in these reactions is
mainly the same as for reactions studied at proton machines. Among the models
used to ihterpret photoproducti_on at high enei'g‘ies are diffraction, elementary
one-pion exchange with and without absérption, coherent droplet, Regge poles,
Regge cuts, and dispersion relations .such as continuous moment sum rules, At
low energies, as for hadronic induced reéctions, phase-shift smalyses5 have -
been useful and, in fact, some of the early photoproduction work was instrumental
in the analysis of low-lying N*'s.

Photon beams can be compared with pion béams; both vp and 7p have s-
chamnel guantum numbers of an N¥: S =0, B =1, The y rays, of course, have

a much smaller cross section than #'s; e.g., at 10 GeV

Tt 1204 _ 1
1ot TP) ~ 26 mb 220

= /1.6 .

Compared with spin parity 0~ for pions, photons are somewhat more com-
plicated, having spin parity 1; but, because they have zero mass, photons can
have helicity = £1 only. It is generally assumed that the photon has both iso-
scalaf and isovector components; as we shall see later, charged pion photopro-
duction data demonsfrate the simultaneous presence of both components very

dramatically, Some evidence substantiates the theoretical prejudice that
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the photon has no isotensor component; an analysis of pidn photoproduction near
the first resonance has shown that the isotensor-photon amplitude is at most a
few percent of the isovector-photon amplitude. 6 Since the photon has negative

. charge conjugation C, the G parity of the two isotopic components is given by

G = C(-1)!
= -1 for isoscalar (I = 0),

=+ 1 for isovector (I =1).

Both the isospin mixing and nénzero spin lead to a richness in photoproduction
reactions not possible in pion reactions. Unfortunately, with the present state
of strong-interaction theory cynics may claim that the word ""complexity' better
describes the situation than "richnesé. " |

Photons are also more complicated experimentally: they are neutral and
can neither be momentum-analyzed hbr focused like a 7+ beam. Although methods
exist for obtaining monochromatic photon beams, the simplest beam is simply

bremsstrahlung g1vmg a 1/k spectrum. Further, the small hadronic cross sec~

tlons often get lost in the electromagnetlc background

i

The Vector Dominance Model (VDM) dlrectly relates photoproduction to
hadronic processes. This model suggests that a *y’-ray beam may be thought of
as a coherent beam of vector mesons, the known ones being p (isovector photon),
w and ¢ (isoscalar photon). The beam is coherent in the sense that the amplitude
for a p-like photon can interfere with that for an w-like photon, etc. Assuming
the photon to belong to an SU(3) octet and téking the w¢ mixing angle from SU(6)
(substantiated by the mass formula), the yV couplings are predicted to be in the

ratio

/g

vo = 9/1/2

g /ng
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in substantial agreement with the Orsay9 storage-ring results 9/(1.28 + 0,26)/
(1. 72 £ 0.27). Since the p éoupling is considerably larger than the w or ¢ cou-
plings, a photon beam can be crudely thought of as a beam of po mesons havingb
zero mass and helicity of + 1. Interference effects often turn out to be important,
however, in which case the most reliable predictions are those fér which the

. isovector-isoscalar interference terms drop out. Since the w and ¢ frequently
have smaller cross sections, the isoscalalj terms in the cross section are usually
only a few percent of the p term and the comparisons discuss;ad below are mainly
tests of p dominance. In general, p dominance works to within about a factor of
two. Closer agreement may be possible with further theoretical and/or experi-

mental refinements but, as we shall see, the situation is rather murky.
. TOTAL PHOTON CROSS SECTIONS

The total yp hadronic cross section has been measured by several methods,
with results shown in Fig. 1. The inelastic electron scattering group at SLAC
has large quantities of datat10 extending from threshold up to an equivalent photon
energy of 15 GeV. They obtain an estimate of the total photon cross section by
extrapolating the inelastic electron scattering data to t = 0. At low energies
their results are in good agreement with the counter experiments indicated by
the dashed curve. At higher energies their results appear to be slightly higher
than the directly measured cross sections., Although their extrapolation method
is rather straightforward at low virtual photon energies, it does become more
and more difficult with increasing energy.

The other measurements of the total cross section have all been made with special

photon beams. Atagged photonbeam has beenused at DESY for experiments with both the

14 . 2 - ‘
bubble chamber ™~ and with counters. 1 At SLAC the e+e annihilation beam was used for
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15 the backscattered laser beam for the 82-inch

the 4 0-inch bubble chamber measurement,

bubble chamber measurements, 13 and a tagged photon beam for the counter experiment. 16
From 5 to 15 GeV the yp total cross section16 falls from 125 to 113 ub, a

10% drop similar to that seen for np.  This similarity is quite natural from the

vector dominance point of view but is not easily explained by Regge theory. Since

the total cross section is related through the optical theorem to the forward

Compton‘ scattering cross section, slowly-varying high-energy cross sections

imply a diffraction mechanism, i,e., Pomeron exchange, for Compton scattering.

However, at t =0 we have

‘and the Pomeron should not couple to two photons since two units of helicity are ex-

. e e

changed 1n fhe t channel giving a nonsense zero for the spin-1 Pomeron. 17 The
Regge theorists must then either introduce a fixed pole at J = 0 or resort to a
singular residue to cancel the vanishing coupling, 18 The total cross section
measurements are also useful for evaluating certain dispersion relations for
Compton scattering. 19 In particular, the finite energy sum rule integral may be
unable to cancel the low-energy Cdmpton term, leaving a real part to the forwarc
Compton scattering amplitude which behaves like a fixed pole with J =0,

The DESY counter12 group quotes a fit to their data from 1.5 to 6.3 GeV,
o5 = (110 5) + (72 + 13)/k pbarns
for k, the laboratory photon energy in GeV. After making Glauber corrections

(3% at 6 GeV) they quote
U'yn = (114 £ 7) + (31 £18)/k pbarns

implying %n = U’yp asymptotically, but that a;Yn may be less than O"yp by a few

percent in the region measured (this result, of course, depends on the accuracy
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of the Glauber correction), The above parameterizations are consistent with the

16

Santa Barbara-SLAC™  data which show o /Ty =1, 89, but with no significant

energy dependence.
III. VECTOR MESONS

1, Photoproduction of Vector Mesons From Hydrogen

Since vector mesons have spin, parity, and charge conjugation identical to
the photon, pimtoproduction of po, w, or ¢ can be accomplished by the exchange
of a Pomeron. Hence, one would expect that at high energies both the s and t
dependence of these processes would look much like that for 7or K elastic scat-
tering. As shown in Fig, 2, the p0 cross section is rather constant above 2 _GéV,
a typical value being 16 ub at 6 GeV. There does appear to be some fall-off as
the energy increases, however, and we shall come back to this later. The w
photoproduction has a rather steep fall-off between 2 and 5 GeV which has been
explained with absorbed OPE plus a residual cross section from diffraction scat-
tering. 26 Above 2 GeV the w data seem to fall rathér well along the line
1.5 + _2__25_ pb (for k in GeV) with the constant term representative of diffraction
scattel:'ing and the l/k:‘2 dependence typical of high energy photoproduction involving
one-pion exchange. The importance of OPE in w production relative to p° pro- |
duction is consistent with the SU(3) predictions for the relative coupling constants.
The data on ¢ photoproduction are much more sparse but seem to be consistent
with a rather flat cross section, perhaps with a maximum between 1/2 and 1 ub
" in the 5 to 10 GeV region.

Figure 3 shows the differential cross sections for p photoproduction as ob-
tained by Anderson et al., with the 1.6 GeV/c spectrometer.25 They observed

only the recoiling proton and fit the mass distribution with steps corresponding to
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the photoproduction of neutral particles. A 10% correction to the p step was made
for contamination from w production. Because of the method used, they were un-
able to go to values of t less than about 0,2 GeV2 - They obtained good agreement
with the DESY20 and Cornelllz,7 data near 6 GeV. The-lines drawn in the figure

28

show the predictions of VDM combined with a broken-SU(3) quark model,“" the

only free parameter being the over-all normalization constant Cp. The good agree-
ment with the data indicates that the po cross section has the same s and t depend-
ence as that for 7p elastic scattering, Note that the energy depéndence is non-
negligible, the forward cross section going from about 135 ub/ GeV2 at 6.5 GeV
down to 102 ub/ GeV2 at 17 GeV The best vaiue obtained for the normalization
constant corresponds to 'yg/41r =0, 61,

The w7 mass distribution obtained by the SLAC streamer chamber group24
is shown in Fig., 4a., The distribuf;ion is not symmetric about the p mass but has
‘a long low-mass tail, typical of photoproduced p'_s. Two formulations have been
used to give this asymmetry. The first by Ross and Stodolsky29 involves multiply-

ing the Breit-Wigner by a factor (M / M ) to take into account the variation of

the p propagator squared in the vector dominance model. A similar ratio,

(Mp/ M. )2, has been recently obtained in a detailed dynamical model, 30 The

second is the so-called Soding interference model31 and is the model used to fit

the distribution shown in Fig. 4a. It assumes that in addition to p° production
~ there is a nonresonant two-pion background coming from the second diagram

shown in the figure, a diagram much like that used by Deck to discuss A, pro-

1
duction by pions. By choosing the sign properly, the interference term between
these two diagrams can shift the p peak. in the appropriate direction.

The momentum transfer dependence of the two-pion system depends very

much upon the effective 77 mass as shown in Fig. 4b. Parameterizing the cross

section as
doo _ ., Bt
ar ~Ae
-7 <
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the value of B drops from about 10/ Ge\f2 to 5/ GeV2 over the mass range 0.5 to
1 GeV. Much of the dependence can be accounted for by the Stding interference
model as shown in the figure. Incidentally, this rapid variation means that care
must be taken in choosing the same mass range when comparing the slopes found
by different experiments,

The po polarization can be used to study the production mechanism. In the
diffraction model the p is expected to have the éame polarization as the incident
Yray, nafnely, m = #1, Thiswouldgivea sin29 decay(.distributionin the Jackson frame.
At very small momentum transfers this seems to be tﬁe case, butaveragingover £he dif-
fractionpeak gives isotropy in the Jackson system. Thehelicity frame does have sin29 ,
however, implying that it is helicity which fends to be conserved rather than spin co mpb -
nent along the beam direction, 20 In the forward direction the Jackson and helicity frames
are identical and one might have thought that at the small production angles typical of dif-
fraction the difference would be negligible, Butkinematics show that for a typical mo-
mentum transfer, 0; 1 GeVZ, the angle between the two frames is already 450.

Experiments with linearly polarized photons can also give informaﬁon on the
production mechanism., A wire-spark-chamber group at DESY has studied °
production, using coherent bremsstrahlung from a diamond target. 33 They look
only at decay pions perpendicular to the production plane, i.e., at events withp

polarization along the production normal. They study the asymmetry

‘ Z _ 'O'H -0y ’

0'" + ‘Tl

where o (o) refers to photon polarization parallel (perpendicular) to the p polariza-
tion. Diffraction production contributes only to o and one-pion exchange only to
0. The experimental results shown in Fig. 5 are consistent with production pro-
ceeding entirely via diffraction. The Cornell spectrometer group has also meas-
ured p° production from a coherent bremsstrahlung beam. At 3.5 GeV they get

preliminary resuylts of o-l/d" =0.11 £0. 04 and 0. 05 + 0. 03 for hydrogen and carbon,

.+ 34
respectively. 8




" The SLAC backscattered laser beam has been recently used to produce p° and
w in the 82-inch bubble chamber with ~95% linearly polarized photons, Unlike the
spark chamber experiments, the full decay angular distributions can be observed.
At both 2.8 and 4. 7 GeV the po results show that contributions from unnatural
parity exchanges are small, <10%, with no significant variation with momentum
transfer, 35 Unnatural parity exchange represents (52+ 12)% and (42 £17)% of
the w cross section at 2.8 and 4,7 GeV, respectively, in agreement with the ex-
pectation: that both OPE and diffraction are important at these energies. 36

Figure 6 shows the momentum transfer dependence for ¢ photoproduction at

energies from 6 to 18 GeV. The data of Anderson et al. ,25 appear to be in good
agreement with previous dal.taz’37 at 6 GeV. Although the momentum transfer
dependence of the cross sections is in agreement with that predicted by the quark
model, there is ndore energjr dependence in the photoproduction cross section than

in the corresponding strong interactions.

2. Photoproduction of Vector Mesons From Deuterjum

The photoproduction of po 's has been measured at Cornell from both deuterium
é.nd hydrogen. 21 At lArge values of f, the slope of the deuterium cross section is
the same as that for hydrogen. Atsmallt valués s 'however, the deuterium cross section
shows a marked peak, corresponding to coherent production from the nucleus.

The deuterium-to-hydrogen ratio extrapolated to t = 0 is found to be 3.26 + 0.10,
averaged over photon energies from 4 to 9 GeV. If only diffraction amplitudes
were present, a value of 3,64 (calculated from Glauber theory) would be expected.
The authors interpret this discrepancy as possible evidence for spin or isospin
exchange in the t char;nel. If, for example, isospin exchange is assumed, the dis-
crepancy corresponds to

!

a,1 +a0

=0,14% 0,06,
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where a 0 and a, are the amplitudes for I =0 and 1, in the t channel. While this
discrepancy is consistent with being independent of energy, there may be a small
decrease of the discrepancy with increasing energy.

Very recent Cornell resu1t538 give the deuterium-to-hydrogen ratio at

-t =0, 004 GeV2 for ¢ production: 3,05 0,20 at 8.25 GeV, the same to within

0 .
errors as for ¢~ production.

3. Vector Dominance Applied to Vector Meson Photoproduction

| Many vector dominance games can be played with the véctor—meson photo-
production data. In the following examples we shall use the YV coupling constants
obtained from the Orsay storage-ring work. 9 It should be emphasized that other
determinations of these constants have given somewhat different answers; the error
bars listed m Table 1 do not reflect this, however, and one must beware of taking
the answers too seriously. In the vector dominance model, the photoproduction
amplitude A’Y is given by

Ay = Gy Ay

where AV is the amplitude for the process initiated by the vector meson V. In this

model the elastic vector-meson scattering can be obtained from the diffractive

photoproduction cross sections as
o o} -2 o)
o(V'p—V'p) =gy c(—V°p) .

The constaht g'yV is related to the often-used 2% by

g = T
YV 2
v

Values are listed in Table 1; pp elastic scattering should be about 300 times the

photoproduction cross section, for example.
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The total Vop cross section can be calculated from the optical theorem

2
dor 2. _(%tot
(af) =(1l+a )1r(——7—r-ﬁ-) .
00
Neglecting the real part « of the forward scattering amplitude and using practical

units, mbarns and GeV,

C71/2
d0' o)
0t (VP) =4,42 & —(V p—-—V p)] o
MY
" -2 do
=4.421¢g (yp -V p)] o
"'V at diffractivg

t=0
Both the p and w cross sections come out very close to that observed for pions,

about 26 mb, The ¢ total cross section, however comes out low 9 4 £2. 4 mb,

even shghtly lower than had been est1ma.ted from the quark model 11 ‘mb,

The optical theorem can also be used to relate o; t('yp) to forward Compton
scattering which in turn can be related by VDM to the forward diffractive photo-

production cross sect:ions,l;:()’41

1/2
Tot(YP) =4.42 zgw[gf (p—V p)t=0] ,

where again the units are mb and GeV. Unlike many of the vector dominance re-
lations, this one has no interference terms. The p, w and ¢ contributions are
shown in Table 1; as usual, the dominant contribution comes from the p meson
(the w and ¢ together contribution less than 20%). If one assumes that each of
these contributions have the same phase, the predicted cross section is 109 + 8 pb,
1:: in good agreement with the directly measured value16 118 £ 3 ub at 10 GeV.

SU(6), however, gives the opposite sign for the ¢ coupling cbnstant, resulting in

97 % 8 ub. A value of ')/3/41r = 0, 34 would change the 97 ub to 118 ub.
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One might hope to see higher-mass vector mesons lying on the p daughter
4
trajectories and several experiments have tried to find them, Shapiro 2 has used

the Veneziano theory to predict a p' meson at 1300 MeV and p'" at 1670 MeV with

might hope to diffractively ‘produce the p Reggé recurrence with spin parity 37;
for a trajectory slope of 1 (:‘reV“2 the recurrence will have a mass of 1600 MeV.
Indeed a m resonance has been seen in va
a tentative a.ssignmenf of 3~ given, Noté that these heavy mesons may well decay
into -:fpur pions, as well as two pions, aﬁd some of kthe decay modes, for example,
p*0” would be very difficult to observe directly.
The Cornell spectrometer group has studied e photoproduction from carbon

| in the high-mass range:s.‘!t3 The geometry of their spectrometer is fixed so that
the effective mass of the two-pion system is proportional to the photon energy, and
they observe only production close to 0 dégrees and decays close to 90 degrees in
the 7w center-of-mass. As shown in Fig; 7, the tail from the p Breit-Wigner can
account for most or all of their high-mass events but they do see a suggestion of

a bump at 1670, the predicted mass of the p''. Assuming spin parity 1 (so as to
give a sin’d decay distribution) and a full width of 50 MeV (as indicated by the
‘width of their bump) and a p_artial decay width into 2 m's of 14 MeV (as predicted

by the Veneziano theory) and that all events within this mass region are p'" events,
and that the elastic scattering of p" from carbon is the same as for the P, they

find that the coupling of the p'' to the phobon is 190 times smaller than that for thep.
This should be considered as a limit since many or all of the events in this region
can be ascribed to the p tail.

The most significant Cornell bump is at a mass of 1420 MeV and is roughly

60 MeV wide. They see 142 events in the region from 1390 to 1440 MeV, compared
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with 98 background events calculated from the event rates in neighboring bins.
Although this would ﬁe a three-standard-deviation effect, they point out that the
probability to get such a bump somewhere in their mass distribution is 10 or 20%
and thus independent confirmation must be obtained. Assuming that this bump
decays only into 27's with a width of about 100 MeV, they set an upper limit on the
coupling to the photon of 240 times less than that for the p itself,

A spectrometer group"k4 at CEA has also looked for high-mass A bumps
with a method similar to tﬁat of the Cornell group. They found no significant en-
hancements.

Davier g_ tal., 45 have looked at the proéess

-+ -

+
Yp—T T T T P,

'using the SLAC streamer chamber with a hydrogen target. They found an enhance-

ment near 1500 MeV in the four-pion mass spectrum, Excludmg AT events and

e .

takmg only events havmé tilree-plon mass in the A1 regmn, they fl;ld a bump cen-
tered at 1.55 £ 0. 04 GeV with a width of 0.26 % 0, 11 GeV as shownin Fig 8b. They
have also combined their 7 7~ data ﬁrith DESY2 0_a.nd S'LAC22 bubble chamber data;
see Fig, 8a. The compiled data show a bump similar to that found for 1rA1 although
the statistics are not as good, Assuming that they are, indeed, seeing a new re~
sonance, they find for the branching ratios, |

' 1r+1r-/1rA1 ~ 3/2,
and a cross section (averaged over photon energies from 4.5 to 18 GeV),

Ak +7A; = 1.1 #£0.5ub.

They hope to improve their statistics in the near future,
Note that both the mass and width of the Cornell bump differ considerably from

that found by the streamer chamber group, Further, the Cornell limit seems
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considerably below the streamer chamber cross section (about 4%

the p cross section), and the nul the Cornell group would seem to

D

£
1

rh
-

0 ec
contradict the T results shown in Fig, 8a. One should remember, however,
that the Cornell group used carbon rather than hydrogen as a target and that their
angular acceptances were quite limited. If the TA bump does not decay into s ’
. :

The SLAC 1.6 GeV spectrometer g‘rbup hé,s also searched for photoproduction

of neutral higher-mass resona.nces.25 They look only at the recoiling proton; this

about decay modes. Near 14 GeV they have i5 missing-mass distributions in the
range -t = 0.3 to 0.7 GeV2. Each of these di.stributions indicaées the presence of
an enhancement near 1240 20 MeV with a width4of about 100 MeV. At higher
energies their méss scale was compressed and at lower energies the backgrounds
increased, making the signals less clear, The cross section for this enhancement
is roughly the same as observed for the ¢ meson, i,e., a few percent of the p°
cross section, They found no evidence for a peak between 1,3 and 2 GeV. With
90% confidence their results show that no particle in this mass range with width
< 200 MeV is produced with a cross section > 5% of the po cfoss section, For
100-MeV widths this upper limit shrinks to 3% of the po cross section,

A group from Northeastern University studied the mass spectrum of y pairs
produced at CEA from ca.rbon.éﬂ6 In the range 900 to 1800 MeV they found only
the ¢ meson. Under various assumptions they find the upper limit for the coupling
of heavy mesons to y rays to be a few percent of the p coupling. A Cornell group47
has also studied the p,+u.- mass spectrum and found only the ¢.

With the exception of the SLAC missing-mass search, all of the above limits
depend upon assumptions concerning the decay modes of the heavy mesons. The

1240-MeV bump seen by the SLAC missing-mass spectrometer may be one of the
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~ in a monochromatic beam will identify the bump. The statistically most compelling

object, the broad A, bump at 1550, may not bc a vector meson; further study is

1
clearly needed. So far, no heavy vector meson has been found with coupling to the

Ty
10

,
éa
-t

energies the cross sections were obtained by integrating over all productionangles;
at high energies the integrations were mé,de over the small-t region and a few-
percent correction made for the large-t and backward regions. For each reaction
the quantity kza'[k =laboratory photon energy = (s-M?))/ ZMp] approaches a con-
stant at high energies. This implies effective Regge spin parameters, a(t), near
zero for the small-t region. If anything, the cross sections may be falling slightly
faster than 1/k2, but not as fast as k_2'2; thus, -0.1 < @ oe <0,

The asymptotic 1/1‘:2 value is approached at a fairly low energy (1 to 3 GeV,
depending on the process) and even in the resonance region the deviations from the
asymptotic form are relatively Small, a phenomenon observed in other processes57
and suggested by such theoretical ideas as duality and finite energy sum rules,

The l/k2 behavior for these photoproduction processes can be compared with the
1/p ~1.6 dependence found for many similar processes initiated by hadrons. 58

At high energies the cross sections for each channel become very small,
making it difficult to get meaningful statistics with devices such as bubble chambers.
For example, single 1r+ production is only 0, 6% of the total yp cross section at §
GeV; at 16 GeV it drops to 0, 06%, one 1r+n event every 1600 interactions.

A comparison of the angular distributions for scveral reactions is shown in

Fig. 10. Although somewhat limited, the data beyond |t| =1 GeV2 all go roughly




as eat with cross sections within a factor of about two of the mean values, At
smaller momentum transfers each reaction has its own characteristic signature,
discussed below in detail,

1. Single = Photoproduction

The processes

+
-7 n
M—7 p-

have been quite extensively studied, The high energy 1r+ differential cross sec-

52,53,59

tions are plotted versus -t in Fig, 11. At 16 GeV the e3t form of the

cross section still holds at -t =3 GeV‘?', four and one-half decades down from the

forward peak., There seems to be a knee in the curves near -t =0, 7 GeVZ, the

2 2

slope changing from 2.0 GeV  to 3.3 GeV ~, At -t <0, 02 GeV2 there is a sharp

factor-of-two rise in the cross section, presﬁmably related to one-pion exchange;
the slope approaches 100 GeV"2 at the Steepest point, This forward peak is con~
sistently seen from 0.6 to 16 GeV. The slopes at both large and small t thus differ
considerably from the usual eN8t of hadronic interactions.

The energy dependence can be parameterized by an effective a(t):

do _ 2a(t)-2
a Ak

As shown by the Fig. 11 inset, the 8 to 16 GeV data give a ~ 0 for -t s1 GeV2.

The cross sections appear to fall off somewhat faster at larger t, both’the 1967
and 1968 data giving @ ~ -0.4 at t = -1.3 GeVZ.

The single 7r+ and 7 reactions are charge symmetric and if the photon had
definite isospin, the cross sections would be equal. The relative sign of the iso-
scalar and isovector photon amplitudes changes when going from T tow production,

however, and any interferences between the two types of amplitudes will appear with
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opposite sign in the two reactions. Since isoscalar and isovector photons have
opposite G parity, this interference is between t-channel exchange‘s of opposite G
parity.

+ Several correcf:ions_ must be made in relating pion production from deuterium
to that from free nucleons, These corrections include nuclegn-nut:leon interactions,
Glauber corrections, and exclusion-principle effects, all of which should cancel
when taking the 7 / x ratio, The deuteriuﬁ ratio should thus be a good measure

52,54,60

of the ratio from free nucleons. Figure 12 shows the 7 to a* ratio from

deuterium as a function ofv-t. At small t the ratio is near unity, but then drops

/3 in the region near t =-0,4 G v

1/ ° eV ., ail WaAalCal

inimum of a

2
=3
g
»
2]

ut

it slowly rises. Some energy dependence can be seen, the high energy data falling
faster at small t and rising faster at large t;

Beams of linearly polarized photons have been obtained near 3 GeV at both
DESY and CEA using coherent bremsstrahlung from oriented crystals. These
beams have been used to study 7* photoproduction; fig. 13 shows the resultsﬁz-66
in terms of the asymmetry parameter

Z= o= %
ST _v
where a,(0}) is the differential cross section for photons polarized perpendicular

(parallel) to the production plane., Att =0, kinematics require o =0,. The x
asymmetry rises quickly from 0 and remains positive over the range measured.
Very recent preliminary data67 from CEA (not shown in Fig, i3) give Z+ 20,6
from 0,1to 1.1 GeV2 in contradiction to the cut model of Fr#yland and Gordon, 61
Recent 7 datas3 show that for -t = 0,05 to 0. 10 GeV2 the asymmetry 3 is large
and positive just as for Z)+. It then falls to zero at ~t = 0.3 GeV2 and stays there

out to 1.1 GeVZ, after which it rises to + 0.5 and then falls to -0.9 at 90° in the
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center-of-mass system, 66 The oscillations at large t may indicate the importance
of s-channel resonances at these energies (s = 6. 3 GeVZ).

2. Comparison of 7¥ Photoproduction with Theory

Two years ago when the small-angle T peak was first observed at high energies,
the renaissance of Regge poles was at its height. The Regge-pole people were forced
to interpret both the forward xt photoproductionﬂpeak and a similar peak seen in np
charge e;cchange as a conspiracy between the‘vpion and a pole of opposite parity.

This interpretation required that o 720 = oz,,rc(O) and that the two residues also be
related at t = 0. As the word "conspiracy" implies, the scheme appeared rather
ad hoc, especially since theré does not appear to be any'particle with J P =0" and
mass near m, . As usual, the Regge pole people had various excuses up their
sleeves é.nd there were even Lorentz-symmetry people who fully appreciated the
beauties of conspiracy.

The theoretical difficulties in having a finite cross section at t =0 can be

superficially understood by the expansion68

1 2 i ' 2
2 g el o, » ea, + i iag) -

At high energies and small t the terms in the first and second square brackets

S

correspond to t-channel exchanges of P(—l)J =+ 1 and -1 (natural and unnatural

parity), respectively. 69 At t =0 only the A, terms remain, but this implies equal |

1
contributions of natural and unnatural parity exchanges. Thus, if one believes only
in t-channel exchanges of elementary particles or Regge pbles, the amplitudes at

t = 0 must either go to zero (evasion) or conspire to give equal contributions, e.g.,
T, exchange giving the A1 amplitude in the first square bracket and = exchange
giving exactly the same value for A1 in the second square braciiet. Drell and
Sullivanm used symmetry arguments for the various possible photon couplings to

obtain the result that each exchange amplitude was separately expected to go to zero.
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The curve marked "OPE" in Fig. 14 shows the small-t fall-off in cross sec-
tion expected from one-pion exchange alone (either elementary or Reggeized). The
experimental ' data clearly go to such small momentum transférs as to exclude
any last minute turnover at t = 0,

Elementary one-pion exchange by itself is not gauge invariant, and there is an
infinity of ways of making the theory gauge invariant. Traditionally, the simplest
way is to add the amplitude given by the second diagram of Fig.‘ 15 where the pro-
ton is tréated as abDira'c particle without anomalous magnetic moment; this gives
the curve in Fig. 14 labeled "Electric Born." Surprisingly, this classic éalculation
reproduces both the i and T experimental_ results to within ~20% for all k >1,2 GeV
and t < 2m2.

T

As for hadron initiated processes, the simple Born calculation requires a
form factor at larger t values. Richter first noted that simply multiplying the
Electric Born cross section by e~3t gave fits good to 20 or 30% all the way out to
-t =20r 3 GeV2. The 7 Electric Born calculation is nearly identical to that for
1r+, however, and 1r"/1r+ #1 clearlyvin‘dicates the importance of other terms at
-t> 2m§_. In fact, any theory which purports to understand T (or 7 ) photopro-
duction at -t > m2 must include both isoscalar and isovector photon amplitudes.

Both the large and small t data suggest the usefulness of an absorption model.
At large t, absorption would cause the Born calculation to fall off and better follow
the data; unfortunately, it also reduces the predicted small~t cross section (which
was already slightly lower than experiment), One way to increase the small-t
prediction is to include terms such as the third one of Fig, 15,

The coherent droplet model, a type of OPE absorption model, has been used
to fit the 7" data with the high partial waves assumed to come from OPE and the

low partial waves from empirical fits to other data, & Although good fits were
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obtained up to -t =0,2 (?ueV2 , the model fell off too fast at larger momentum trans-

. - 4 .
fers and it did not take into account the 7 /7 ratio.

photons, o, and oy have natural and unnatural parity-exchange amplitudes in the

t channel, respectively. These cross sections are shown in Fig. 16 for both 7r+

and 7 production. The amplitudes are denoted by symbols of the particles exchanged
in the t chammel. The natural parity-exchange cross section o0 falls away smoothly

| Years ago, Stichel74 showed that the cross sections for linearly polarized
I with increasing momentum transfer while o, has the sharp fall-off responsible for

the forward peak in the unpolarized cross sections. In the Regge-conspiracy

69,75 this is éxplained by a smooth variation of the conspirator () residue

function, but a rapid dependence for the pion residue; typically 31r «t+3/2 m?r,

76
giving a zero in the pion-exchange amplitude at -t = 3/2 m12r. In the Regge cut and

model

background modelas77 the forward spike can be reproduced without rapid variations
of the residues, the cut or background é.mplitudes giving slowly-varying contribu-
tions to both oy and o;. The evasive m-exchange amplitude starts from zero in the
forward direction and rapidly rises, interfering destructively with the cut or back-
ground amplitude. When the two amplitudes are equal, but opposite in sign, 0}=0,
. the same end result as given by the conspiracy model. |

The sharp forward spike in the unpolarized cross section is well reproduced
by calculations71 with continuous moment sum rules (CMSR) which relate low and
high energy data. The phaée shift analysis of Walker5 was used for the low energy
(k < 1.2 GeV) amplitudes and the high energy amplitudes were assunied to have a
conspiracy form. The agreement shown in Fig. 14 was taken as evidence for pion
conspiracy. However, the conspiraéy and cut models can predict identical ampli-
tudes and the CMSR results cannot in principle distinguish between the two alter-

natives. As shown by Fig. 14, Jackson and Quigg72 obtained a slightly better fit
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to the high energy data by simply assuming the amplitudes to be real, as suggested
by Qo 0 (their "pseudomodel"), The cut and conspiracy models can be distin-
guished when comparing several reactions., Factorization should apply for the con-
spiracy model, giving relations between the residue functions for related processes,
It has been pointed out that factorization does not work for the conspiring 7 model
for the rea.ction‘78 1r+p —-poAH nor for w and A photoproduction. "

At larger momentum transfers more amplitudes are required to fit the data.
Already at -t = 0.1 GeVZ, T/ 7r+z 1/2 indicating considerable interference between
amplitudes corresponding to G =+ 1 and -1 in the t channel. Figure 16 shows that
this interference is primarily among the natural-parity exchange amplitudes. In
fact, the data aré quife consistent .with no interference at all in the unnatural-parity

amplitudes®® and thus no need for exchanges such as the Buddha (nor for a B con-

i
interferences are required, however, for natural-parity amplitudes over the entire

spiracysl); X2 =8.4 for 8 degrees of freedom under the assumption U';T =0,, Large
t range measured, except -t < m;zr. For the Regge pole enthusiasts this is some-
what embarrassing since the p trajectory is the only likely G = +1 candidate and
one would have expected o{ = I at -t ~0,6 GeV2 where ap =0 (Ref. 80). One
must either assume a pole in the p residue function, or put in an arbitrary p'
trajectory, or appeal to cuts,

Having four closely related experimental functions (o{, crl-, o-;,o-,r) has proved
rather effective in eliminating various models, especially those which tried to fit
only some of the data., The difference 0'1 # O'I has proven to be especially effective,
Regge theory, both poles and cuts, is still far too ill defined to unambiguously fit
the 7+ photoproduction data alone. Rather, a convincing niodel must assume many
parameters, for example trajectories, to be fixed by other experiments. Photo-

production fitting thus becomes part of a larger program, 82
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3. Vector Meson Dominance and Single-Pion Photoproduction

As discussed above, thei'e is considerable isoscalar-isovector photon inter-
ference for rt photoproduction. In the vector dominance model this would imply
* interferences between p-like and w-like photons. (The ¢'s will be ignored here
because their coupling to nonstrange particles seems small.) A quark model pre-
diction83 for the wp interference does not agree84 with experiment, 52,60 Since -
. this interference is difficult to calculate, the most reliable method is to take the
average of the two cross sections, in which case the interference terms cancel:

1 [d hel do° : 2 { hel dor
b o 008, )
2 dt( ) 11 dt T p— ~p% Yev11 atj+, ~wp .

It turns out that the w term by itself is only a few percent of the p term and can be
ignored., Figure 17 shows the good agreement obtained85 with the value 'yg/tm =0,45,
do

has

Note that the 7 —-po data are not yet sufficient to say whether (p1 13

Ty n
a forward peak similar to photoproduction,

A year ago it thus seemed that vector dominance was doing very well for 7%
photoproduction and was ggod to within the uncertainties of 20 or 30%. The polarized-
photon data.64 soon dispelled any complacency on the part of the vector dominance
theorists. Components of linear polarization for the p mesons can be extracted
from the p density matrix and compared with the photoproduction asymmetry. Again,
taking sums of the aE photoproduction data to avoid troﬁbles with the wp interference
terms, we have the prediction84

" +ry” _(A1-
<E - 1++RRZ =(1 1) )

p11 T p ._.pon

. -, * : . ‘ . .
where R is the 7 /7 ratio from deuterium. Again the few-percent correctionfrom
the w's has been neglected. The photoproduction asymmetry was found to be approxi-

mately 0.5at 0.2 and 0.4 GeVZ. The ratio of po density matrices, however, came
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l\

out -0. 3when evaluated in the usual helicity frame.

64,

This is a very bad dis~
crepancy; it implies that natural-parity exchanges in the t channel dominate photo~
production74 but that unnatural-parity exchange dominate387 1r—-p°.

Various experimental checks were made to verify the discrepancy. For
eXample, the ratio of density matrix elements was examined not Q_nly at the p peak
but also for events in the p tails. One might expect that if the culprit were a back-
ground interference of some sort, the ratio would depend strongly on the relative
amount of p events and background events, No sigr_xiﬁcant change in the ratio was
seen. 86 Further checks were made to insure that neither the S-wave background nor
possible contributions from the w terms could be causing the discrepancy. 88

So, many theorists Wént back and re-examined the assumptions which were
made in the model (illustrating the theorem that there is nothing like a good dis~
crepancy to stir up a great deal of theoretical inter-est), Two different suggestions
were made as to why the o 'prediction was particularly unreliable, First, it had
been pointed out that the frame in which one should evaluate the p° density matrix
is ambiguous. 89 As the vector-meson mass approaches zero, a change of refer-
ence frame corresponds to a gauge transformation which does not affect the physicul
amplitude for photoproduction. It was suggested by Bialas and Zalewsl«:igO thatthe
reference frame be rotated about the production normal in an effort to find a frame
for which the prediction would work, They found that the Donahue~-Hogaasen fr.amegl

1-1"P11°
Further, the ratio when evaluated in this frame of reference did give agreement

(for which the real part of o= 0) gives extremal values for the ratio p

with the photoproduction asymmetry. Such a rotation about the production normal
will of course leave the component of polarization along this direction invariant
and thus oy is independent of these rotationé.84 Several groups of theorists, how-

ever, have pointed out that under certain assumptions the helicity frame is, indeed,
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the natural frame to take when comparing the two processes. In particular,

pecific dynamic models seem to give better

others. 89, 92,93

A second uncertainty in 0, was pointed out by Meiere. % He suggested that

the amplitude A_ (which must be 0 for photoproduction) is important when the vector-

(4]

the prediction
+ -
o +o
171 2 do
P "gyp[("11+p1-1)dt] - o

Tp—p QD
Figure 18 shows that at 0.2 and 0.4 GeV2 a factor-of-three discrepancy still re-

mains if the value

y:f/41r = 0. 52

is used. 95 Although some authorsgo’96 have'quoted general agreement for this
prediction, a close examination of their figures shows a discrepancy similar to
that shown in Fig. 18, To obtain agreemer;t a value 'yg/‘m of about 0.2 or 0.3 is

necessary. 63,95,97

Given this o0, discrepancy, the theorists have worked even harder. (a)
Harari et al., 98 have suggested that at small momentum transfers one should,
in fact, expect a discrepancy in the simple vector dominance model; for example,

they do not expect a peak in the quantity (P do

11 HF) T—p
92,93,99,100 however, have found dynamical models which contra-

dict this suggestion. (b) Good numerical results have been obta,ined101 using the

at small momentum transfers.

Other theorists

unconventional choice of quantization (z) axis along the production normal. (c)
v Schmidtloo has found that in an extended electric Born model both o and oy have

strong dependences on the vector-meson mass,
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The original simple and complacent theory has thus become quite complicated
while trying to explain this discrepancy. The various cures have left the patient
badly crippled; éven if it should turn out that the experimental numbers were wrong
(see the next paragraph), the model will nevei' be the same again, Not only for
pion production but presumably for other processes described by the vector domi-
nance model, the dynamics of the reactions seem to play an important role in the
prbper application of vector dominance ideas, especially as regards the mass
exfrapolation. Perhaps we should be amazed that the model has worked as wellb
as it has,
| A possible experimental explanation of the discrepancy has been put forward

102 In the usual bubble chamber analysis of the p° den-

by the Notre Dame group.
sity matrices, it is assumed that S and P waves and their interferences domipate
the decay angular distributions. One of the terms of this decay angular distribution
is theh G 1j.sin2t9 cos 2¢ and it is the only term in cos 2¢. Thus, we expect that
{cos 2¢» will be proportional to sin20. Figure 19 shows that the p_ d_iétribution

for {cos 2¢) does have a sin20 dependence at 4 GeV/c. The p0 distribution, how-
ever, appears to have large statistical fluctuations or a rapidly varying dependence
oncos@., The X2 probability for the si‘nzf) fit shown is only 0.5%. The Notre Dame
group takes this as evidence that a D-wave background is significantly affecting the

decay angular distribution. D waves and their interferences with the S and P waves

would contribute several additional cos 2¢ terms, making it impossible to obtain

pl-l‘
It is not yet clear to me whether the distribution of Fig. 19 is simply a statis-
tical fluctuation or whether D waves are actually causing the rapid variation with

cos@. It would be interesting to know how much D wave is necessary to reproduce

the values shown and whether it is consistent with the 77 phase shift analyses. Other
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groups with similar data should also make this analysis. The result affects not
only vector dominance, of course, but also much published data on p° density
matrices.

4, Neutral Pion Photoproduction
49,10

2

Differential cross sections 3 for 'yp-—1r°p are multiplied by (s-Mi) and shown
\ | o

! in Fig. 20. As for charged-pion photoproduction this parameterizationcauses the data
tolie moreorless alongacommoncurve, Theproduction mechanisms mustbe consid-
Ierably dﬁferent, however, since unhke ;;production, one-piéﬁ ékchange is forbid-
den by C parity for ° photoproduction.' In fact, the structure of the differential
cross section is considerably different from that observed for charged pions. In
the forward direction there seems to be a fall off rather than a peak. Further,
there is a dip or shoulder near -t =0, 5 GeVZ; this is the region where one would
in fact expect a dip from the w wrong-signature nonsense zero. Considerable
theoretical interest haé been shown in the mechanism filling the w dip. Besides
the w, the requirement C = -1 leaves only the p, ¢ and B, Since the p also has a
nonsense 0 in this region and the ¢ couplings should be small, B is left as the only

candidate in a Regge pole picture, 104

With its lower-lying trajectory, one would
expect the effects of the B to diminish with increasing energy. On the contrary,
the dip appears to fill in rather than deepen. The insert to f‘ig. 20 shows that in
the dip region the effective « is about + 0,15, considerably larger than that nor-
mally associated with the B frajectory.

The relative lack of energy dependence has given the Regge model difficulties.
The curves shown in Fig., 20 are from the theory of Blackmon et a_l..105 They use
w, p and B exchange with absorptive corrections, and end up with a rather high

trajectory for the B, ozB(t) = 0,4 + 0,4 t. Their fits appear to have a larger energy

dependence than shown by the data, particularly in the forward direction, although
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there is a scarcity of data at high energies and small t. Capella and Tran Thanh Vam106

proposed a model containing an w pole plus w-Pomeron cuts. At high energies the
cuts dominate over the w pole, filling in the dip region. Their formulation has the
advantage of few free parameters and gives reasonably good fits, Contogouris et al.,

107 and Frg‘yland108 has also fit the data with a cut model.

have made similar fits,

Figure 21 shows the fits25 which were used to get the o values shown in the
insert of Fig. 20. The straight-line fits work amazingly well over a wide range
of energies, the typical range being from 3 to 14 GeV. If cuts were taking over
from the w pole as the energy increased, one might expect to see a change of slope.
 However, the data appear to be quite consistent with the straight-line fits.

The 5.8 GeV DESY da.taf"‘9 are plotted on a log-~log scale in Fig. 22; this choice
of scales expands the very-forward t region. In this region there is an increase
in the cross section which appears as a very sharp spike at very small t values
when plotted on a linear scale. This forward spike is from the Primakoff oeffect1 09
(one-gamma-ray exchange, related to ° decay). The data are consistent with
evasive Regge poles interfering constructively with the Primakoff amplitude,
Grilmam110 has used this constructive interference to show that the sign of the 7r°yy
aﬁi;ilitude is opi)osite to that for 8NN This relative sign is related to recen.t';CAC
work. 111 This is one of the few cases in photoproduction where one is specifically
using the fact that we are dealing with an electromagnetic particle, the y ray.

The asymmetry parameter for photoproduction of 15 by linearly-polarized

Y rays is shown in Fig, 23. It was measured at CEA, using 3 GeV coherent brems

strahlung from a diamond crystal; the two gamma rays from the 1° and the recoil

proton were detected, 112

Over the entire range of momentum transfer measured,
o, dominates the cross section, From the t-channel point of view this means that
the process proceeds mainly by natural-parity exchange. The B meson, which had

been used to fill in the dip, has unnatural parity and gave the asymmetry curve
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marked Ader et al. 104 Instead, whatever is filling in the dip must be predominantly
natural-parity, i. e. , the w or p or some higher-mass meson having their quantum
numbers. Further, the vector dominance model indicates that the dip-filling mecha-
nism is not dominated by isoscalar-photon amplitudes. 113 As with charged-pion

photoproduction, the theorists have thus been forced to consider cuts with results

shown in the figure.

Preliminary results on 'yn—-vron are available from CEA; 114 as shown by

Fig. 24, 1!'0 production from neutrons is about 80% of that from protons. The
isocalar-isovector photon interference terms are thus not 'negligible but are much
less important than for ¥ production, Thié informationis ﬁery ﬁséful in eliminating
certain of the theoretical mod;ls W(or at 1éast mforénimrig” their refo-fmulation). To get
good agreement in the vector dominance model, a large constructive interference
between the w-like and p-like photons was assumed for yp— 7r°p in the region
of the dip. The disagreement of the data with the dashed curve shows that this
assumbtion is wrong and that there may be troubles with the VDM prediction (the
comparison requires the addition and subtraction of three m—preactions, so the
fesult is not very precise). Fr¢yland108 also predicted that in this region the

production from neutrons would be rather small, The w plus wP cut models 106,107

include no isoscalar photon amplitudes and therefore give a ratio of unity.

5. Backward Photoproduction of Pions
The differential cross sections for 7° and 7+ photoproduction are shown in
Fig. 25 over the complete angular range. Judging from thg rather sparse data,
it appears that at 5 GeV both xt and 1° cross sections continue down at the rate of
e3t for about four orders éf magnitude from the small t values. In the backward
116

direction recent 7" datahave beenobtained using the SLAC 1.6 GeV spectrometer.

The backward 7° cross section has been studied with the SLAC 20 GeV spectrom-

eter detecting the high energy forward proton. 117
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Figure 26 shows the differential cross sections in the backward direction,
multiplied by k3. This factor appears to do a good job of eliminating the energy
dependence for both reactions over the complete range of u studied. Both cross
sections show a turnover near 1800. This is understood as a kinematic effect,
since three of the four s-channel helicity amplitudes vanish at 18 o° by angular
momentum conservation, Although the ° cross section may show some structure
near u =-0.6 GeV2 , neither the a nor the T cross sections show a dip at u=-0.15
GeVz. It thus appears that the Né (nucleon) trajectory with its wrong-signature
nonsense zero is not dominant in this region.. |

118,119

Two theoretical groups have fit both the 7' and 7° backward data as-

suming Na and N’Y to have Aegenerate trajectories, They managed to avoid the
problem of nonshrinkage by having the nucleon trajectories dominant at small u
and the A trajectory dominant at large u. Both groups obtained reasonably good
fits, The relatively large amount of N’Y trajectory needed for these fits, however,
may be incompatible with the observed backward n photoproduction cross sections. 1.17

The n appears to be produced in the backward direction roughly half as often as the

™ in agreement with the SU(6)W prediction120 of 27/49, The ° has been fitted to

s ; the energy dependence for p° and n backward production are similar,

+ ‘ 116 ; .

Backward photoproduction of A has also been observed, For this reaction

only I =3/2 exchange is possible in the u channel, The cross section appears to
+
have a considerably steeper fall-off with momentum transfer than either the 7 or
o .

T cross sections,

Figure 27 shows the extrapolation of the Barger-Weiler fit118 together with

121 The high energy extrapolation passes close to the

the 180°7° data from DESY.
mean of the cross section in the resonance region, as expected from duality prin-

ciples.
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6. 77 Photoproduction

The process yp —np has been studied by two rather different experimental.
techniques. At SLAC the 1.6 GeV spectrometer was used to obtain missing-mass

spectra. 25

. \
The data shown in Fig, 28 were mainly taken near 6 GeV with a small
amount from 9 GeV. Large contributions from the neighboring p step precluden
measurements at high energies. Also shown are 4-GeV data obtained at CEA by

122

the detection of n—7y in lead-glass Cerenkov counters, The 4-and 6-GeV data

show a cbnsiderable deviation from the l/k2 dependence found for the other pseu-
doscalar mesons, Howeirer, very recent 4-GeV resublts123 obtained at DESY by
detecting the two-photon-decay. mode are systematica]ly higher than the CEA points,
and together with the SLAC data indicate a 1/k2 dependence.

The angular distribution is considerably different from that for 1°1s. One
would have expected p exchange to dominate the 7 cross section, giving a dip in
about the same place as seen for ™ photoproduction, Dar and Weisskopf1 24 as-
sumed only p exchange to be important and related the 5 cross section to that for
w production by pions. Gorczyca and Hayashi125 included not only p exchange but
also w and B. Both predictions seem to give reasonable fits to the data in its pre~

sent, somewhat uncertain state,

7. A Photoproduction

The reactions

w1 att

7T+ AO
'Y[l P ‘R'+A-
N

55,126

have been studied with the missing-mass technique at SLAC. It was found

that the data did not show any phas e-space background, and the yields were fitted
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to single-pion production (where appropriate), the A, and a background of pions
from p0 decay. Uncertainties in the cross section of +15% were assigned to ac-
count for the uncertainty in the background subtraction.

The A-H~ cross sections55 are shown in Fig 29, The effective a was calculated
from the 8-to-16-GeV data and found to be consistent with 0, At large momentum
transfers the AH cross section follows the 'yp-1r‘;"n Cross section,53 shown sche-
matically by the dashed curves. At momentum transfers < 0.2 GeV2 the cross
section rises as elzt; it reaches a maximum near -t =m?r, where it is a factor of
6 above the single-1r+ cross section. The forward peak region is shown in more
detail in Fig. 30. The t = 0 cross section is down by a factor of 2 to 4 from the
peak, an extrapolation to t = 0 giving 350 £ 120 ub GeVz. To within errors this
is the same forward cross section as found for single-1r+ production (see Fig. 14).

Although the shapes of the single—7r+ and AH cross sections at small momentum
transfers are remarkably different, both are reproduced to within 20 or 30% by
gauge-invariant one-pion exchange models, As for single--'rr-'~ production, there is
an infinity of ways in which to make one-pion exchange for A production gauge in-
variant. Four years before the data became available, Stichel and Scholz127 pro-
posed a minimal way in which to make the theory gauge invariant. This involved
keeping only terms to lowest order in the coupling constants and only those terms
in which the ¥ ray interacts directly with the orbital current; also, some assump-
tions concerning isospin were made, As can be seen from Fig. 30, their pre-~
dication reproduces the data remarkably well at small momentum transfers,

As for single-pion production, the isoscalar-isovector photon interferences
enter with opposite signs for charge-symmetric A production, The ratio of A++

to A~ production126 at 16 GeV is shown in Fig. 31 where it is compared with the

54

. -, + . 5 ‘ -
single 7 /7 ratio.,”” At momentum transfers 30,2 GeVz, the data show A being

produced about twice as frequently ds AH. In this momentum-transfer region the
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isoscalar photon amplitude must then be at least 17% of the isovector amplitude.
At small momentum transfers the preliminary results indicate that A++ may have
a slightly larger cross section than does A~. This differs from single-pion photo-
production, which showed no evidence for interference at small momentum trans-
fers.

Both isotopic spin-1 and -2 exchanges are alléwed in the t channel, Making
the usual assumption that I =2 exchanges can be neglected,

d +, -
Fom—14") .

Fom—1")
Since both processes involve positive pions, there is no a'mbiguity concerning iso-
scalar and isovector interference terms, Neglecting the few percent Glauber cor-
rections (see Ref. 54 and Section IV.9),a deuterium-to-hydrogen ratio of 4 to 1

126 is plotted in Fig. 32 as a function of /-t for 16 GeV.

is thus expected. The ratio
Experimentally the ratio is about 3 instead of 4, and may show some t dependence.
The data thus require amplitudes corresponding to I = 2 exchange in the t channel,
If one parameterizes the A° cross section by

)

8
do , +,0
gr(w—mAY) = Z|A1+A
v i=1
(where the subscripts 1 and 2 refer to the isotopic spin exchanged in the t channel
and the subscripts i refer to the various helicity amplitudes), then A~ production

is given by

%%(”n"”’m.:)” 3|A1 3 2|2

In order to obtain a deuterium-to-hydrogen ratio of 3, A2 must be at least 15% of
Al' Although this result can be interpreted in terms of exotic meson exchange, it
could also be explained by double Regge-pole exchange, giving Regge cuts. A third
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interpretation would be to invoke s-channel effects. A similar testcanbe made for the
T data; experimentally this test is not as sensitive as the 7r+ test and is consistent both
with the ratio 4/3 givenby pure I =1 exchange and with I =2 exchange amplitudes similar
to that required for the at data.

As for single-pion photopreduction, ‘any serious curve fitting of the A's must
consider all available data, To consistently fit thé various charge states one must
include not only isoscalar photon amplitudes, but also amplitudes iooking like I =2
in the t channel,

8. Vector Dominance for A's

For single-pion production isospin and time reversal arguments were necessary

to obtain the vector dominance relation. For A production the two processes

pop—~1r-A++

1r+p—~ po N
are not so simply related, but rather involve a line reversal. This means that
Regge pole amplitudes for trajectories with opposite signature will change relative

sign going from one reaction to the other. 128

Neglecting the line reversal troubles, a vector dominance comparison126 is
shown in Fig. 33, An average of A and AH- photoproduction is taken to yeliminate
the pw interference terms; the 10% w contribution has been neglected. The storage
ring coupling const;a,nt9 y§/47r = 0. 52 was ‘us ed and the p0 density matrix was evalu-
ated in the standard helicity frame. At all momentum transfers for which data
exist there is a factor-of-four discrepancy. This contradicts the results of Dar!®?
who assumed that A~ production would be considerably less than that for A++. If
one believes in the vector dominance model, the discrepancy ce.n be used to gain
insight into the dynamics of these processes, namely, large interferences are re-
quired between trajectories of opposite signature. Note that to leading order in s,

‘the trajectories must belong to the same spin-parity sequence if they are to interfere,
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131 does have trajectories of opposite signature and

A recent model by Gotsman
- shows agreement with vector dominance. A word of caution should be interjected

at this point. It is hard to estimate cross sections for double resonance production
such as 7r+p——poAH. A re-analysis132 of the 8 GeV data used to make the compari-
son of Fig. 33 has shown that the cross section may be 1% to 2 times larger than
originally g;iven;l’29 this would reduce the discrepancy shown in Fig. 33,

9. K+ Photoproduction

Total cross sections for A and T° photoproduction are shown in Fig, 34. As |
for pion photoproduction, multiplying the cross sections by k2 gives a very flat
dependence at high energies. The DESY bubble chamber data134 below 5 GeV do

135 this is especially true for z°,

not tie on well with the high energy counter data;
The high energy A and Zo Cross sections are the same to within 20% and are each
-roughly one-third of the single--1r+ cross section,
The SLAC 20 GeV/c spectrometer was used to measure the differential cross

sections135 for A production shown in Fig. 35. At large momentum transfers,

the cross sections fall off as e3t. - Unlike the 7" cross sections, however, they
reach a maximum at M?{ and have a forward dip,a factor of about 1% down from
the maximum. The absence of a sharp forward peak as seen for x production pre-
sumably means that one-K exchange is not important, which seems rather odd
since the Kand T are members‘of the same SU(3) nonet., The difference has been

explained, 73,75,136

however, as being the result of the large mass differences,

In the cut model of Fr;zfylandw7 the evasive K-exchange amplitude interferes con-
stru.ctively (rather than destructively as for the pion case) with the cut amplitude,
The effective Regge « is also shown in the figul;e; as usual, it lies rather close to

0 in contradiction to a simple Regge picture.




The ratio of ZO/A photoproduction135 from hydrogen is shown in Fig. 36.

This ratio is typically 0. 8 with a systematic decrease at small momentum transfers at
the lower photon energies. The X production being comparable to A productionis
another indication of K exchange not playing an important role; since the KpZ coupling

| is thoughtls8 to be much smaller than the KpA coupling, K exchange would give Z/A << 1.

75,139 to explain the observed Z/A ratio.

140,141

. K* exchangehas beenused in various models

The =° /A ratio also disagrees with the quark model prediction 1:27 at

0 =0, and < 1:3 elsewhere. The results are consistent with an SU(G)W calc:ul:a.l:io’n,ll‘i‘2
however, 405 amplitudes (not present in the quark model) being used in the calcula~
tion., The arrows att =0 in Fig. 36 show the results of these calculations,

143 ith the SLAC 20

Recent data on Y* production at 11 GeV were obtained
GeV/c spectrometer and are shown in Fig, 37, The missing-mass resolution is not
good enough to separate Y"l‘_(1385) and Y*a(léo's), Fig. 37c showing the sum of the
cross sections for these two Y*'s. All of the cross sections shown are within a

factor /c;f— 1—;— or .2 of the A cross section and all appear to have the same general
t dependence.r -

Deuterium-to-hydrogen ra.tiosm3 are shown in Fig, 38, Since K'A can only
be produced from protons, one expects a ratio of unity minus a few percent Glauber
correction. The average of the A ratio, 1. 02 * 0, 04, is consistent with this ex-
pectation, |

The Z's can be produced from both neutrons and protons. In terms of isospin

exchange in the t channel,

do + - , 2
a (m—KI) =2IA1/2 -1/2 A‘s/z‘

d +
a%(')’p"’K 20) 2

\,A1/2 +*“3,'/2‘;
where the sum over helicity amplitudes has been suppressed for simplicity. If one
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neglects I =3/2 in the t channel, the above ratio becomes 2:1, In terms of a’
deuterium-to-hydrogen ratio one then expects 3:1 in contradiction to the observed
average value 2,37 £ 0,11, To within errors this ratio is independent of momentum
transfer. The data imply that A3 /2 must be’ 2 10% of A1 /2° As for A production,
this resuit can be interpreted in terms of exotic mesons or cuts or s-channel ef-
fects depending on one's tastes.

The D:H ratio for the step at 1400 is also shown in Fig, 38. Although the error
bars are large, the average value 1.18 * 0, 30 is considerably cldser to the ratio
found for A's than to that for Z's. If one assumes that the deuterium-to-hydrogen
ratios for the 1385 and 1405 are the same as for‘ the Z and A, respectively, then
the 1385 accounts for only 12 * 229 of the hydrogen step. -

Backward production of A and Eo has been measured144 at 4.3 GeV with the
SLAC 1.6 GeV/c spectrometer. As shown in Fig. 39, the results have a smooth
fall-off with u, similar to that observed previously for116 r production. The
average value of the EO:A ratio is 1.7 + 0, 15 with no noticeable variation over the
u range measured. Note that ‘this is about twice the value observed in the forward

145 3%/A =1/3 in disagreement

direction, Decuplet exchange (U-spin 1) predicts
with the data, suggesting that decuplyet exchange is not dominant.

10. Comparison with SU(3) Predictions

The data presented above can be used to test various SU(3) predictions, The
ones which we shall discuss here were derived in a straightforward manner as-
suming only that the photon is a U-spin singlet and that U spin is conserved.

The first of the SU(3) predictions is a triangle relation145 shown schematically
in Fig. 40. Although present experiments do not measure the relative phases of

the three amplitudes shown, their lengths can be obtained by taking the square root

of the appropriate cross section. One can then use the standard cosine formula
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to calculate cos ¢ and the SU(3) prediction is satisfied if
lcos ¢pl<l

For momentum transfers >0.1 GeV2 this is ihdeed the case. At smaller momentum
transfers, however, the K amplitudes shrink because of the dip in the cross sec-
tions while the 7r+ amplitude growé; the two short K+ vectors cannot add up to make
the long " vector and a breakdown of the SU (3) prediction occurs, As mentioned

73,75,136

previously, this breakdown has been blamed on the mass differences.

In the backward direction144'it was found that cos ¢ was less than 0, in contrast

to the forward resuli:s.135

The second set of SU(3) predictions are145

do toke 1 do | -
Fm—K Y3e0) = 3 g(m—7A),

do + 1 do +.0
FTOP—K Y3e) = 5 Op—747) .

As shown m TFig. 41, there is a large dis‘.crepancy for both of these predictions
over the full range of t measured. Although the A data were taken at 16 GeV and
the Y* at 11 GeV, the (‘s--MZ )2 factor should correct for this difference quite well.
Taking an effective o = % 0.2 would ché.nge the relative normalizations by only
+15%. The K" results from protons are the sum of the cross sections for Y*(1385)
and Y*(1405); as discussed above, Y*(1385) probably contributes less than one third
of the cross section represented by these points. Thus, the discrepancy may well
be a factor of 3 or more worse than shown in Fig, 41a, Since the discrepancy
ocecurs over a wide range of momentum transfers, it is not as easy to put the blame
on the K7 mass difference, A similar discrepancy has been noted for reactions ini-

tiated by K mesons. 146
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V. MULTIBODY FINAL STATES

Sa.t:z147 has used vector dominance and the quark model to predict the cross
sections for yp multibody final states from =p inelastic scattering cross
sections. In general, these predictions agree rather well with experiment, an
example being shown in Fig. 42.

21,22,134 on reactions with three or more

Some bubble chamber data exist
pions in the final state, No clear picture as yet exists for these reactions, but it -
has already become apparent that A and po prodlictiqn play an important role.

Other mesons, such as A1 and Az, have also been seen;
VI. REACTIONS OFF COMPLEX NUCLEI

1. Total Photon Cross Sections From Complex Nuclei

The total cross section measured from hydrogen (~120 ub) implies a mean free
path for 7y rays in nuclear matter of several hundred fermis. Thus, one might ex-
pect each of the nucleons in a complex nucleus to be equally efficient in absorbing
the v rays and the total cross section to be proportional to A. The vector domi-
nance model, however, gives quite a different piéture. 148 If the vy ray is really
a p meson in disguise, one might expect the total cross section to go roughly as
A2/3. Recent theoretical workmg_152 has given these two A dependences as low-
and high-energy limits of a more complete theory, The two diagrams of Fig. 43
are considered for forward Compton scattering (related by the optical theorem to
the total cross section). In the first diagrand the y ray interacts directly at some

point X in the nucleus, In the second, the vy interacts at X to produce a real p

0
meson which then converts back to a v ray at'X, The finite mass of the p meson

leads to a phase slippage of the two-step amplitude
My
Ag =q, (x-xO) =§E(x-x0) .
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Atlow energies the phase slippage becomes large and the integration over—fo involves
large cancellations; the two-step amplitude then becomes negligible, leaving only
the first diagram with a cross section proportional to A. At high energies the two
amplitudes remain in phase and interfere destructively, analogous to Glauber
shadowing in deuterium. If one assumes the relative magnitudes of the amplitudes
are given by the vector dominance model, the original vector dominance prediction
is obtained,namely, that the cross section at high energies should have the same

A dependence as for p°'s incident on nuclei.

The dimensionless parameter giving the transition energy for the two A depend-

ences is the phase difference over two mean free paths,

M

Ad =—2-§-><27\ .

For a cross section of 30 mb, ¢ =1 for k =6 GeV, The detailed calculations show
that the transition energy is somewhat less than this on the light elements and some-
what more for the heavy ones. Note that although we have talked in terms of only
p dominance here, one should of course include the w and ¢ and possibly higher-
mass vector mesons as well, |

The Santa Barbara-SLAC collabora.tion16 has used its tagged-photon beam set-
up to measure the A dependence of the total cross section. Their preliminary re-
sults are shown in Fig, 44 and indicate that the total cross section goes roughly as
AO' 9, for the energy range between 7 and 18 GeV. Shadowing effects are thus ap-
preciable (a factor of 1,6 for lead), but are not as strong as had been expected
from VDM arguments for these high energies, Assuming p dominance and imaginary
forward yA— PA amplitude, the data are compared directly with the p photoproduc-
tion A dependencelss’l54 in Fig. 44. This comparison avoids nuclear physics

problems and shows a large discrepancy with p dominance,
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The data can be fit by assuming the cross sections to have two parts, the first
going as A and the second as given by p dominance. Thé best fit gives roughly
equal contributions from the two terms, and y§/47r =1,3 £ 0.2 in agreement with
the Cornell153 and SLAC154 experiments on po production from complex nuclei,
but in disagreement with the storage ring value, ° One interpretation which saves
vector dominance is that the part going as A corfesponds to a heavy (M 2, 1500 MeV)
vector meson, in which case the shadowing will increase with energy.

Similar results have been recently obtained by a DESY counter group;155

0.95 0,02

using

data with A < 64 they find a dependence A at 5.5 GeV.

2. Coherent Photoproduction of p°'s From Complex Nuclei

Groups at DESY,156 Cornell,15 54

3 and SLAC1 have studied the photoproduc-
tion of po‘s from complex nuclei. Considerable amounts of data have alreadybeen
published in the literature, and more is yet to come in the next few months. Un-
fortunately, the data as interpreted by the various groups lead to inconsistent re-
sults. Everyone does agree, however, that at small t values the process is domi;
nated by coherent diffractive production with diffraction-peak widths characteristic
of the radii of the various nuclei used. At larger t the data fall off more slowly,
corresponding to incoherent production from individual nucleons.
One of the principle i'easons for studying p production from complex nuclei

is to obtain the total p-nucleon cross section % from the A dependence of the

N
forward cross sections. Changing nuclei'effectiwiely changes the target thickness,
and the p meson produced inside the nucleus may or may not escape depending
upon‘ the size of the nucleus and the po attentuation length in nuclear matter, The
latter is directly related to the total PN cross section, To give an idea of the sen-

sitivity of the A dependence to oo We note that the lead-to-beryllium ratio changes

by about 259 for ooN going from 30 to 40 mb,
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The A dependence for po photoproduction was first studied theoretically by

57

Drell and Trefil1 using an eikonal approximation; there have since been some

158,159 Unfortunately, there are several

refinements of the original theory,
theoretical problems which mﬁst be faced before obtaining TN The first is a
model for the nuclear density, The three differént groups have used three different
models as outlined in Table 2. The hard sphere model used by thé DESY group is
probably somewhat unrealisfic. Both the SLAC and Cornell groups used the Wood-
Saxon mbdel, but the Cornell group obtained its value for the effective radius from
the Glauber—Mattthiae_160 analysis of proton-complex nucleus scattering while the
SLAC group assumed the radius to go simply as Al/ 3., For carbon the Cornell
group used a harmonic oscillator model and indeed for both beryllium and carbon
the simple Wood-Saxon model may not be sufficient to describe these light nuclei,
One can presumably avoid some of these nuclear physics problems by comparing
the A dependence found for po photoprbduction directly with that obtained by the
elastic scattering of 7's or protons from complex nuclei; such comparisons have
been made by the Cornell group.

Another difficulty arises from the finite mass of the p meson. Unlike true
elasticzscattering, the yp mass difference leads to a parallel momentum transfer
q,~ —2—ke- . For the heavier elements with their very steep diffraction peaks the
phase change implied by q, results in a considerable reduction of the forward
cross section, This is especially -critical at the lower momenta and is roughly
a factor of 10 for lead at the DESY energies. 161 An additional minor difficulty
is that this q, effect will tend to suppress the higher-mass p's more than the lower-
mass p's, thus giving a shift to the mass peak. If there is a real part to the for-
ward scattering amplitude, it will result in a phase change much like that due to
q, .162 This introduces an additional uncertainty in the theory, especially at the

lower energies.
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Another theoretical trouble has been recently pointed out. 163 Two-nucleon

correlations may increase the effective cross section for a particle in a nucleus
by 10 or 15% over the free-nucleon cross section.

There are other uncertainties in compaﬁng the results of the different labora-
tories. The Breit-Wigner shapes used to fit the qata differ somewhat., For ex-
ample, there is a 7% difference in normalization between the SLAC and Cornell
Breit-Wigner shapes. Both the Cornell and DESY experiments have apparatus with
rather limited apertures., They are thus dependent upon knowledge of the decay
angular distribution from other experiments,

Table 2 shows de as obtained by the various groups from the A dependence
of the cross sections. The Cornell group include_s deuterium data when making
the fits but the other labs include neither hydrogen nor deuterium. Analysis of
the DESY data by the theorists give 26 mb (Ref. 158) and 25 + 3 mb (Ref. 159).

The SLAC group has re-analyzed the Cornell data in terms of their own particular

nuclear model and find the value of 30 mb, indicating the uncertainties involved
in the details of the models. |

The absolute normalizations of the data give values for 'yg/thr, also listed in
the table, The DESY group gets a value consistent with that of the Orsay storage
ring,9 while both the SLAC and the Cornell groups get a value of 1.1. Vector domi-

nance can be used to predict the forward cross section from hydrogen,

2 0'2
d N
() _ om—om = G
Tt =0 'yp/41r
o2
=0.0935 —2 ub/Gev?
-yp/41r

for %oN in mb, The implied values are shown in Table 2. The Cornell results
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comeoutclose to that actually measured, as one might expect, since the deuterium
results were used in the analysis. The DESY results seem rather high, however, -
and the SLAC results low, Correlations between_v 'y‘Z, and OoN make it difficult to
estimate the uncertainties of the calculated values; since this is in some sense a
determination of the over-all normalizations of the experiments, the error should

be small. Taken at face value, the discrepancy shown by the last two rows of

Table 2 is correlated with energy and may be a symptom of some theoretical disease.
A recent review164 discusses the various troubles in some detail. All three groups

are now analyzing data over broader energy ranges and this should help to decide

whether the troubles are experimental or theoretical,

It might be mentioned that all three groups appear to be reasonably happy with
their normalizations. The DESY group used essentially the same apparatus to test

65 Both the Cornell and SLAC experiments

QED, getting the approved results. 1
have directly measured the cross sections from hydrogen and also obtained the
approved values, In particular, recent results from SLAC166 give the forward PO
cross section at 9 GeV as 122 + 17 ub, Thus it is hard to believe that a factor-of-2
discrepancy in normalizations could cause the differences in 'yg'sn .

Swartz and Ta\lman162 have found that if the real-to-imaginary part of the

- forward p-nucleon amplitude at 6 GeV is ¢ =-0,45, the Cornell data yield more

popular results: ')/‘2,/4# =0,65+% 0,10 and o, =27 mb., This value for ¢ is rather

PN
large, however, and the sign is such as to make the discrepancies between labs

waorse,

3. Photoproduction of ¢'s From Complex Nuclei

The DESY group has studied the A dependence of ¢ phot.;oproduction at 5.2 GeV,

Their preliminary results reported at Vienna2 gave =12 £ 4 mb, in agreement

with quark model calcualtions, but a rather large value for 'y?p/‘hr,l 61 7.8 £1.7
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compared with the storage ring value 2,8+ 0.4, Considerably more data and a

Recent dat:a.lﬁ'7 from Cornell on ¢ production from deuterium and complex

nuclei (mainly at 8 GeV) have been fitted to give =203 mb and ¥y ¢/41r =8.5,

assuming the real part of the forward ¢N scattering amplitude to be negligible.

-0, 35, these numbers become 12 mb and 3.4, resp

T ..
U

¢

4. .Incoherent p° Photoproduction From ‘Com'plex Nuclei

The Cornell group168 has studied ¢ photoproduction at -t = 0, 1 GeV2. Since

| from carbon falls off roughly as 'e60t, it should be negligible
at this momentum transfer. They found no significant background under the p peak
" and the results shown in Fig. 45 were all taken at the p peak position. By working
close to bthe bremsstrahlung end-point they were able to reduce the production of
additional mesons along with the po. However, there may be a 15% inelastic back-
ground in their data at 4 GeV aﬁd perhaps somewhat more at 8 GeV. The results
are shown in Fig. 45 in terms of Aeff’ the ratio of the cross section found from
complex nuclei to that from free nucleons (as estimated from deuterium measure-
ments),

The theory used to describe incoherent p° photoproduction from complex nuclei
is essentially the same as that discussed for the total photon cross section from
complex nuclei, 149-152 Again, one expects a large energy variation, the cross
sections being suppressed at high energies due to more effective shadowing., As
shown in Fig. 45, however, the results are independent of energy. Also shown in
the figure are the low- and high-energy limits of the theory. Photoproduction of
© from complex nuclei (see Section V1. 5) indicates that at this momentum transfer
the exclusion principle suppresses the cross section by a factor of 1.5, If the points
shown in Fig. 45 were {ncreased by this factor, they would lie well above the theo~

retical curves,
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5. 17:"", K+ Photoproduction From Complex Nuclei

The SLAC 20 GeV spectrometer grouples has studied charged meson photb-
production from complex nuclei, Since these are charge—ekchange reactions,
the amplitudes are expected to be mainly incohérent. Fits were made to data near
the bremsstrahlung end-point energy to obtain cross éections for single-meson
production, Nuclear excitations of up to about 100 MeV were accepted by
these fits. Fermi motion of the nucleons broadens the resolution somewhat, the
effect being worse at large t. It was found that the simple Fermi gas model with
a cutoff momentum of 260 + 40 MeV/c was consistent with the data, but that larger
excursions could not be tolerated. This uncertainty resulted in a +16 % systematic
error for lthe data at 0.45 Gevz (the worst case).

Figure 4}6 shows Zef.f’ the ratio of the differential cross sections from complex
nuclei to that from hydrogen. Note that here we use Ze o instead of Aeﬂ:‘ since the
7' mesons can only be produced from protons. No energy dependence was seen,
the X2 for no energy dependence being 12 for 13 degrees of freedom. The theory,

however, predicts a factor—of—l%— difference for lead at the two energies, as

shown by the curves in Fig. 46, calculated using the formalism of Gottfried and
Yennie151 and normalized at each momentum transfer to the carbon data.

Figure 47 shows the eﬂ'ecté of nucleon correlations (including exclusion=-
principle suppression). The values of Z off for each element have been normalized
to that obtained at 0, 16 GeV2 The trend with momentum transfer is quite apparent;
at small momentum transfers the recoiling nucleon has trouble finding an unfilled
state, The predictions of the simple Fermi gas model (with cutoff momentum
260 MeV/c) are also shown in the figure. They appear to be poor at both sinall

and large momentum transfers. As t goes to zero, the model predicts that the

cross sections also go to 0, while experimentally they appear to drop to roughly
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1/3 the value seen at large momentum transfers. Further, there appears to be a
(30 + 12)% increase in Zeff in going from '_t =0,16 to 0.45 GeVz; .the theory pre-~
dicted only a 7% increase, If the exclusion-—principle suppression is assumed to
be negligible at the widest momentum transfer, the theoretical curves shown in
Fig. 46 should have a normalization of unity at -t = 0,45 GeVz. Ii;stead the curves
had to be increased by a factor of 1.5 in order to normalize to the carbon data.

To parameterize the breakdown of the vector dominance -moﬂdeul.,“ ~t.l.l.e vector
dominance value for the amplitude of the two-step process was multiplied by w.

The best fit for w was foﬁnd to be 0.31+ 0,12, the efror including estimates of
the uncertainties in the nuclear physics and TN Taking o, = +0. 3 changes w by
less than 0, 02, ‘_

The production of 7 was measured at 16 GeV, -t = 0,16 GeVZ. After correcting
for N/Z (since 7 's are only produced from neutrons and g only from protons),
the 7 / ' ratio is consistent with that seen directly from deuterium. 54 This implies
that the elements studied have equal neutron and proton spatial distributions in the
nuclei.

The photoproduction of K+'s_was studied at 16 GeV, -t = 0. 04 GeV2 In this
case, not only N/Z corrections are needed, but also corrections for the fact that
the K cross sections on nucleons vare significantly less than those for pions. After
these corrections the A dependence for K" photoproduction was found to be the same
as that for .7r+. Comparing thé K+/ o ratio from hydrogen to that from complex
nuclei gives an independent estimate of the exclusion~principle suppression for 7
at 0. 04 Gesz 0.57 %0, 09. This compares well with the ratio obtained by simply
ldoking at the change in Z ot when going from 0,45 to 0. 04 Gesz 0.53 £ 0, 06,

6. Summary of Photoproduction From Complex Nuclei

Four reactions have been discussed: (a) coherent p (and ¢) photoproduction,
(b) incoherent p photoproduction, (c) =¥, K" photoproduction, and (d) the total
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YA cross section. The last three reactions do not compare well with the vector
originally hailed as a great triumph for the vector dominance model. The more

recent experiments on coherent p production at higher energies have shown dis-

crepancies, and in fact there appears to be an energy trend for the over all nor-
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TABLE I

VECTOR DOMINANCE CALCULATIONS FOR VECTOR MESON PHOTO-

PRODUCTION FROM HYDROGEN AT 10 GeV

% (a)
(3]
v I
(s}
P 0,52 £ 0, 03

w 3.7 £0,7

¢ 2,8 *0,4

(b)

3;’ yp —~V°p) o trtot(Vop) ‘Contribution
0 to oy (VP)
2
pb/GeV mb b
120 = 15 26 & 2 91 £ 7
16 +6 255 v 12 3
3+1,5 9.4 %24 £(6 £ 2).

(a)Ref. 9.

(b)Estimate of 10 GeV forward cross section (obtained by crude average
over various experiments).
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TABLE I

SUMMARY OF THE THREE EXPERIMENTS ONyA—pCA

'DESY CORNELL SLAC
Nuclear density Hard sphere Wood-Saxon _Wood-'Sa_xon\
fixed r variable C fixed C, |
0 0 0
(mb) 31.3 £2.3 38 + 3 30+ 6
UpN - IS - 4
vi/4n 0.45 £ 0,10 1.1£0.15 1.1 0.2
o
dO' ') V2
at (Yp—p p)o0 ub/GeVv"
Implied 204 123 76
150 130 120

Measured




FIGURE CAPTIONS

1, Comp11at10n of data on the total yp cross section for hadromc interactions.

The data are from Refs. 10 11 13 ‘15, 16 12 (m the order 11sted in the
figure). Both the laboratory photon energy k and the total energy W in the
center-of-mass are shown, ~ Systematic errors of + 8% are estimated for

the electron—scattermg results. - " L

2. Compllatmn of total Cross sectlons for vector meson photoproductlon The

solid points are from the DESY bubble chamber (Ref. 20), the open circles
from the SLAC annihilation beam (R’efs. 21-23), the x's from the SLAC streamer

chamber (Ref. 24) and the crosses from the SLAC 1.6 GeV/c spectrometer

(Ref. 25). The open squares are from the SLAC backscattered laser beam

(Ref, 36) and the open triangle from the Cornell spectrometer (Ref 38).

3. Comparison of the predmtlons of a broken-—SU(3)\quark model with hlf"h energy

p photoproduction measured with the SLAC 1.6 GeV/c spectrometer (Ref. 25).
4, Comparisons of the Soding interference model with experimental results (from
Ref. 24). (a) A 7 mass spectrum. (b) Slope of the cross section as a function -
of © 7 effective mass.
5. Asymmetry of p0 photoproduction measured at DESY with wire spark chambers
and a linearly polarized photon beam (Ref. 33).

6. Comparison of the predlctlons of a broken-SU(3) quark model with ¢ photo—-

P

productlon measured by the SLAC 1.6 GeV/c spectrometer group (Ref. 25) and

by the DESY-MIT counter group (Ref. 2) and the DESY bubble chamber group
Ref. 37)

7. Dipion mass distribution measured from carbon by the Cornell Spectrometer
group (Ref. 43). The photon energy is proportmnal to the 7w mass and is 8 GeV

at M = 1600 MeV
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8.

9.

10.

11,

12.

13.

Mass distributions showing a broad enhancement near 1520 MeV (from Ref. 45).
Compilation of total cross sections for various pion channels. The curves at
low energies are from the Caltech compﬂatioh of counter data (Ref. 11; the r
data at the third resonance is from Ref. 48). The high energy 7 data come
mainly from a DESY counter experiment (Ref.-49). The line segments represent
data from the DESY bubble chamber (Refs. 20, 50). The x's and solid circles
for single = production are data from spectrometef groups at DESY (Refs.
51,52) and SLLAC (Refs. 53,54), respec.tively. For A-H' production the open

and solid circles are from the SLAC streamer chémber (Ref. 24) and bubble
chambers (Refs. 21, 22, 35); the x's are from the SLAC 20 -GeV/c spectrometer
(Ref. 55). Further details are given in Ref. 56. |

Schematic comparison of the momentum-transfer dependences for various
processes involving pseudoscalar—meson production. The data used to draw
these curves weretakenat8 GeV (6 GeV for the r curve); the factor (s—Mlz))2
makes the curves independent of energy to first approximation,

Differential cross sections for single T prodv:mtion (Refs. 52,53,59). The
curves are merely drawn to guide the eye. The effective Regge para.méter

« shown in the inset was calcuiated using only the data with k >8 GeV.

Ra_tio of single pion production, 7 / 7r+ from deuterium. The CEA, DESY and
SLAC data are from Refs. 60,52 and 54, respectively. The curves show the
results of the Frgyland-Gordon fit (Ref. 61).

Compilation of the asymmetry of single pi;nns produced by linearly polarized
photons, plotted as a function of /-:t— to‘ expand the forward region. The two

most forward 7 points are preliminary (Ref. 62), as are the DESY T points
(Ref. 63) except those at \/~t = 0.45 and 0,63 GeV/c (Ref. 64). The other T
points are from Ref. 65 while the CEA points are from Ref. 66. The DESY
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14.

15,

16.

17.

18.

19.

20.

21.

22.

data. were taken at an energy k = 3.‘4' GeV and the CEA dafa at 3.0 GeV.
The curves are the Frpyland-Gordon (Ref. 61) predictions for 3.4 GeV.
Single 7 differential croé-s section, multiplied by (s-Mz)vz, and plotted as
a function of \/--E The data‘references are the same as for Fig. 11. The
dashed curve (CMSR) is from Ref. 71 and the dotted curve shows the
"pseudomodel" results of Jackson and Quigg (Ref. 72).

Feynman diagrams for single x photoproduction.

Cross sections for single-pion production by 3.4 GeV linearly polarized

- photons, as obtained by combining the data of Figs. 11,12, and 13, The

parficle symbols represent amplitudes for t-channel exchange of the particles.
Vector dominance comparison for single pions produced by unpolarized
photons, from Diebold and Poirier (Ref; 85). |

Vector dominance comparison for single pions produced by photons with
linear polarization perpendicular to the production plane (Ref. 95).

Average value of cos 2¢ as a function of cos@ for r—p; ¢ and 6 are the

p decay angles in the helicity frame., The X 2 values indicate the goodness
of the best fits to the form sinzé expected if only S and P waves are present
(from Ref. 102).

Cross sections for 1° photoproduction (Refs. 49 and 103). The curves show
the results of the Regge cut model of Blackmon et al. (Ref. 105). The values
of the Regge spin parameter o shown in the inset were taken from the fits
shown in Flg 21 (Ref. 25).

Differential ©° cross sections (Refs. 25,49) at fixed t. The straight lines are
fits to the data of the form (s-MIZ) 1222 Ref. 25).

Differential r° cross section (Ref. 49) on an expanded scale to show in'terferenc‘e

between the one-photon exchange amplitudes (Primakoff effect) and the w and B
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23,

24.

25.
26.

27,

.28,

29.

30.

31.

32,

exchange amplitudes (from the fit of Ref. 104). The triahgles shbw the
theoretical l_ﬁnits assuming complete constructive or destructive inter-
ference. _

Asymmetry of 1~ prodﬁc;cion by polarized phbfons Ref. 112), compared with
several theoretical models (Refs. 104,105, 108). -
Preliminary fesults on the ratio of 1° cross sectirons from neutrons and
protons at 4 GeV (Ref. 114) . The curves show the predictions of Frgyland
(Ref. 108) and Dar et al. (Ref. 85). |

Compilation of ™ and 7 cross sections from Refs. 49,53,103, 115-117.
Backward photoproduction cross sections (Refs. 116,117). |
Comparison of the 180° DESY 7° cross sections (Ref. 121) with the extrapo-
lation of the Barger-Weiler fit (Ref.. 118) to the high-energy bacWard Cross
sections.

Differential n cross sections (Refs. 25,122) compared with © production
and two theoretical predictions (Refs. 124,125),

Differential cross sections for A™F production -(from Ref. 55). For comparison,
the single - .cross sections (Ref. 53) are shown schematically by the dashed
curves. The effective Regge o was calculated from the 8 to 16 GeV-data.
Data of Fig. 29 plotted yg_r_sig \/:? to better show the for&ard region. The
curve shows the prediction of Stichel andm. (Réf. 127).

Ratio of ATT to A” production at 16 GeV, pléff-ea as a function of \/:t_

(Ref. 126). The curve schematically shows the 7 to 1r+ ratio for single-pion
production (Ref. 54). o ‘
Deuteriﬁm—to—hydrogen ratios at 16 GeV for A photoproduction in association
with 11'+ or m (Ref. 126). The horizontal lines at 4 and 4/3 show the values
expected for 1r+ and 7 , respectively, assuming no I= 2 exchange in the

t channel.
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33. Vectof dominance comparison of A production neglecting line-reversal
effects. The data for yp 7 AT Ref. 55) and 7p - p°A"" Ref. 129)
were taken at 8 GeV. The photoproduction ratio A-/A"H' was taken at
16 GeV (Ref. 126). |

34. Compilation of the total cross sections for yp— K'A and y P— K+2° (Refs.
133-135, triangles, squares and circles, r:éspectively). The cross sections
have been multipliéd by k2 (photon laboratory energy) to pettei show the
asymptotic behavior, ‘ |

35. Differential cross sections for yp —~K'A (Ref, 135); the liﬁes are merely
dra\x}n to guide the eye. The effectivé Regge « was calculated from the 8 to
16 GeV data. |

36. The ratio of cross sections yPp —.K+L‘° to yp— K+A (Ref. 135). The arrows

at t = 0 show the results of SU(G)W calculations (Ref 142)

317. D1fferent1a1 cross sections for K productlon from hydrogen at 11 GeVv
('Ref. us.

38. Deuterium-to-hydrogen ratios as a function of t for A,Z and 1400-step at
11 GeV (Ref. 143). The average values are also shown.

39. Backward K= photoproduction (Ref. 144). The backward 7r+ cross section
(Ref. 116) is also shown schematically. |

40. Comparison of the SU(3) triangle prediction with exp}e‘rim»ent Ref. 135).
lcos qbl > 1 indicates a violation of the prediction. |

41. SU(3) comparison of A(1236) and Y*(1385) photoprodﬁctiozl (Ref. 143).

42. Comparison of four-charged-pion photoproduction with inelastic mp
reactions using vector dominance and the quark model (Satz model, Ref.
147), from Ref. 24,

43, Diagrams considered in recent theoretical work Refs. 149-152) on vector

dominance for reac tlons in complex nuclel. '
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44.

45,

46.

47,

Exéiusion-—principle suppression shown by the dependence of Ze g OO0 three- /r

Total YA cross sections (Ref.. 16) compared with o (yA) = Ao(yp)'and’vﬁfh

the vectqr dominance prediction usingmp? photoproduction (Ref,s. 154, 153) .
Incoherent p° photoproduction at -t = 0.1 Gev? (Ref. 168), uncorrected for
exclusion-principle suppression; the vector'dqminance predictions are-also
shown,

Single xr photoproduction from complex nuclei (Ref. 168); the vector dominﬁnc"é
cuz;ves have been normalized at each m;mentum transfer to the carbon data.

Z ¢ is the effective number of protons contri’buting} to 7 production, given by

the ratio of the differential cross section from complex nuclei to that from

hydrogen.

i e s e, e —

momentum transfer, normalized to the data near Ap =400 MeV/c for each

element (Ref, 169).
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