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Status and Perspectives of Photoproduction Experiments

.Iu Lhe three lectures presented this year at the Erice,Sﬁmmér
School, T shall aftempt to give an up-ton-date picture of what is uew
and, to some, exciting in the photoprbductjnn firld. There arc a
few severe limitations forced on us by the width of the field and
fhe finite time available. I will therefore assume fhat the student
is acquainted with the general trend of modern particle physics;that

“he haé some knowledge of techniques such as used in partial wéve

© analysis of scattering amplitqdes, of the simplest consequences of
“the invariance of strong interaction parameters under SU(2) and SU(3)
transformation, of the basics of the non-reclativislliv quark model,
and the concept of Regge poles. But even for strictly data-oriented
peoplé, I hope to give a féirly full picture of what has recently been
hapbening in the field of photon-initiated hadronic interactivns
leading to a nucleon-plusﬁboson final state. No attempt was made to
avoid personal bias for particular aspects of the field. We will deal
primarily with the photoproduction of single non-strange pseud05calar
and vector mesons - data, problems they posé, and current ideas

toward their interpretatibn.
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Lecture 1 Photoproduction of Pseuaoscalar Mesons in the Isobar Region.

1.1 Introduction: Features of Photoproduction Experiments.

We will investigate processes of the type

X M%@/._ ,

N T

with, to start with, an arbitrary final state. The coupling of the
photons to the strong vertex is the distinctive feature. We will,

in tﬁis context, completely disregard purely electromagnetic inter-
actions. We'll just keep in mind that, as of this time, theorists
and experimentalists alike are confident that quantum electrodynamics
" describes them adequately. Wé therefore focus our interest on the
more problematic field of the strong interactions ao coupled Lu the

' phdton—nucleon'initial state.

To fully define the incoming channel, let us recall the quantum

numbers of the photon;

helicity for real photmns: hk s 1

helicity for virtual photons: ’Ak =0, +1

We further know that the Gell-Mann-Nishijima formula, Q = + I

nofr<

suggests that the photon behaves partly like an isovector, partly
like an isoscalar (the hypercharge Y is invariant under transform- .

‘ations in isospin space). The electromagnetic interactions are



- further known to be invariant under rotations in U spin space, so
that we have the SU(2) content of the photqn as that of an

a(I =1) +b(I =0), and (U = 0) object. In SU(3) space, . we
- conventionally view the photon as the U = 0 member of an octet

(an assignment which is yet waiting for unambiguous‘experimental
verlfication - of. lecture 3). |
We notice immediately that, since we have focused on hadronic

interactions, we find several hadrons with quantum.numﬁers similar
to those of the photon. These are the vector mesons, po, w, ®.
This similarity of space-time properties stimulated the idea of
describing the hadronic electromagnetic field in terms of the vector

meson fields. We will therefore attempt to tie up the vertices

| g, - o

with a possible diréct coupling of the type /b«§VVAC>————~—— .
If such a direct coupling exists, then we may have a chance to
describe y-hadronic interactions.in terms of purely hadronic inter-
actions; wé will just have to combine properly the chresponding
isoépin states of V;mesénic interactions; the coefficients will be
related to the photon-vector meson coupling constants 7p’ 7w 7o
This aspéctvwill be explicitly dealt with in the éecond le;ture; its
fundamentalvimportance appears cbvious.

Let us turn, for a minute, to experimental aspects; héw can
we'perform y-hadronic experiments such that they are of the type

of V-hadronic resction studies?



‘There are experimental limitatiéns:~ the photons are available only
as secondarylbeams. Like all neutral secondary beams, they have - the dis-
advantage of being nqn-fpcusable,~and, in general, their momentum is not
defined. Worse than neutral kaon or neutron beams, their maéslessness for-
bids the identification of spectral components by time-of-flight techniques.
This means then that

1. Sﬁ@tial ﬁefinitibn is possible only through collimation (meaning

in%encity loss aud some Unavoidable production of secondaries);

2) Momentum definition,short of kinematical reconstruction from the

fiﬁal state, is effected only through fairiy tricky techniques.
They yiéld low intensities (as in "photon tagging", because of
thin radiator requirements), and mostly degrade the obtainable
ma%imuﬁ photon eﬁergy (as in positron annihilation, bremsstrahlung
production fram erystale, and backward Cotipton scattering of laser
photons). Unavoidable backgrounds and collimation problcms a@d +to
the dirficulty. |

3) TFor the definition of polarization components, the absence of a

photon magnetic moment excludes direct methods. Crystal brems-
gtrahlung and scattered laser pﬁotons can be used, but there is
always a price to pay, as above. For virtual photons, definite
polarization states are available in electron- or muou-lnitiated
resctions.
Wbrét'of all, non-hadronic processes see to it that the experiment, 1f not
carefully and ingeniously defined,‘may'be swamped by backgrounds which stem
from the sbundance of final-state particles due to purely electromagnetic
prbcesses (pair production, Compton effect) in the target and along the

beam line.



1.2 The Isobar Region in wn Photoproduction.

ifbwe take a look at the tetal cross section_dafe for the photo—:
production of single pions below a total energy of ~ 2 Gev; B
- (Fig. 1.2-1), a pronounced resonance structpre suggeste that the
production may preceed dominantly through resonant intermediate
states. We might therefore try to interpret the experimentally

observed phenomene in terms of diagrams of this tyve:

2(1«\,(1\‘ /".'W
/ \N

(where the photon, at the left vertex, coﬁples_either to the charge
or to the magnetic moment of the nucleon). Fig. 1.2-2 shows that‘
the differential cross-sections at 0° and 180° do not exhibit the
same strueture as the total cross-section: We will therefore loek
info terms which will be present in addition to these s-channel peles.

The Porn diagrams

— ——

\ |
/
/

associated with the lowest-mass polee in the s, t, and u-channels,
are obvious candidates. The first diagram (the x pole) will exist

for charged n production only (C conservation forbids the vertex
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V4 nono). The photon coupling to the meson current will give a
contribution of the form Eta>(g’= photon polarization,,i’:  momentum).
When averaged over photon polarizations, it will give a contribution

to the cross-section of the form’

_d_oN e2 'n29 -
an sin © q

e (L.2-1)

i.e., it will not influence the 0° or 180° cross—secﬁions.' Since we
need a forward and backward contribution to the cross-section, we add
the second diagram (direct channel. nucleon pole, whose addition is

necessary to make the "Born approximation" gauge invariant) and,

" possibly, the third (crossed or u-channel nucleon pole).

8 channel poleé are characterized by quantum numbers JP, I; m, I". -
They éhow up as resonance-like behavior in one particular partial wave
and may therefore'lead to a typical angular structure in the cross-section.
-t~ and u—channel'poles, on the other hand, when projected'into the s
channel,will lead to many multipoles contributing to the angular dis-
tribution.

For the n exchange diagram, where the small-t behavior is close
to the pole at cos:O‘= - (B = m velocity), i.e., close to the

B, =«

exchange of a physical particle, a large nutber of multipoles are

expected to contribute to the amplitude A..

sexch - 1 - BJT cos © £ - mﬂ2

(1.2-2)

For cos 0 = l,-Bﬂ =~ 1, many £ waves will be involved;wthe forces are

long-rangé. To still find the effect of isobars in the presence of

this pnle,térm, the recipe of Moravcsik(l) is to divide out the n pole,



then expand in terms of powers of cos @

g & n '
E=Z c cos © (1.2-3)

Q

2
(1 - BTr cos ©)
. n

in order to find angular characteristics, which may then be correlated

with individual resonant s-channel contributions.

1.3 Helicity Formulation of Partial Wave Aunalysis.

-

"Isobar models", consisting of the analysis of photop?oduction
data in terms'of the diagrams mentioned above in the framework of some
pragmatic fitting procedure, have been increasingly successful in the
phenomenological interpretation of experimental material below ~ 2 GeV

| (2) (3) (4)

in recent years. Gourdin and Salin‘'~’, Salin'~‘, Beder'™’, and, most

recently, wa1ker(5) have bcen .able Lo reproduce experimentally
(16)
observed features well with such models. (See also Cheu et. al, )
Let us stop briefly and give the relevant formulatiun 1In térms of

(6)

the helicity language as spelled out by Jaccb and Wick , which has
proven to be particularly suited to the problem.

we quantize the spins in the initial and final states of the
interaction along the directions of photon and pion momenta k and g,
respectively, for the process yN — N, in the cenler-of-mass sysbem.

We can then define the helicity amplitudes

Au,?\ (6, ®), with p = ?\q - ?\2 = -?\2,‘and A= 7\{ -N

the final and initial-state helicities (hl, %2 refer to the corres-
ponding nucleon helicities). For real, transverse photons,

A= T1. A then has four possible values, + 1/2, + 3/2; with Ay = p
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being + 1/2, we have a choice of 8 helicity amplitudes. However,
parity conservation provides a link between the Kk = 4+l and -1

amplitudes.

A, o (6,0) = A - w) (x - 2¢)Au’x (e, @) (1.3-1)

so that we are left with four independent amplitudes; we choose
A = + 1, and restrict ourselves to the plane @ = 0; we then obtain
the "helicity amplitudes"

Hy +-- Hy (8) = A“A (0,2 = 0) ; xk =+ 1. - (1.3-2)

In terms of thése amplitudes, we write down the experimentally

observable quantities. The differential cross-section is

4
do _Lla N g2 -
(=32 24 | (1.3-3)

i=1

The polarization of the final-state nuclebn in the direction aax E)

is then (we denote the differential cross-section briefly by o(8) )

~a 1 * * '
P(0) = Gl Im (HlH3 + H2H4) (1.3-4)

If we have a polarized nucleon target, we can define the asymmetry

o -0
parameter T(0) = EiIE:— » with o , o_the differential cross-sections
+ -

for target pblarization up or down with respect to E)x a). Then, we

can express

a1 * * -
T(9) = ¥ 5(8) m(HlH2 + HH, ) (1.3-5)
Last, we define an asymmetry parameter Z£(8) = for

UJ'+O'I
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processes initigted by polarized photons, vwhere the o4, o||
are the cross-sections for photon polarization perpendicular and‘
parallel to the production plane. We find . | |

£(e) = & 0—(37 Re (wE," - L) (1.3-6)
Determination of all these observable parameters would lead to a more
complete picture; hoyever, finél—state nucleon polarization P and
polarized photon.asymmetry Z have been measured 6nly at a few angles -

‘ (7)

and energies, and polarizedAnucleon targets suited to photopro-

duction work are only now starting to be practically considered(s).
The polarized proton targets used in np scattering experiments up to
now, contained heavy elements which will not allow for a recon-
struction of the full kinematics in the presence of a continuous
incoming photon spectrum. Evén the existing cross-section déta are
by no means as complete and consistent as one would wish; particu-

. larly the photoproduction processes

rn - nx”

(1.3-7)
yn — p:t_

have been investigated only sparsely.(7).

To deccmpose the observables into partial-wave contributions,
we now write down the partiai—wave expansion for the helicity
amplitudes

A (6:9) =,T a3 (21+1) 4 (o)e O - e
J
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For our specific case, with ® = 0, we have

- ‘.J
A . - J N N
The Aﬂ% and HiJ are the helicity coefficients, for given helicity and

H,(0) = S;‘ Hij (25 + 1) dxi (0) - (1.3-9) |

angular momentum;. the anéular functions are mutﬁally orthogonal and
appropriately normalized wﬁen integrated over the solid angle. In
order to have heiicity coefficients corresponding to states of definite
parity, we have to take sums and differences of final stateé having

opposite helicity, + p and - p, in order to define
A = v
nt L J5 2 % -2

n+l)- o V3E. 0 T3
B =[—2 (82954 A 1 %)
n+ nin + 2) = T s %

o | |
Bas)- = Vi (e T Agh)

A
(1.3-10)

The A and B are seen to réfef fd initial helicities % and %)respeétively.
The subscript notation, with n = j - 1/2, is that used in the
CGLN.fo;malism(g). The brackets are the same as (H% + Hi), (Hi f Hé).‘
It is then stfaight—forward‘tq'express the four independent helicity
amplitudes in terms of these coefficients A, B and the angular
functions introduced in (1.3-8).

- It is interesting to look at the angular structure ol a few of
the helicity amplitudes, as they are influenced by the "heliclty

elements" A, B from eq. (1.3-10). Fig. 1.3-1 shows the dependence
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Of H . . . H, on the individual A's and B's for j < 2. Two
features stand out:. with increasing j, the angular.behavibf gets.
more cémplicated (as we expect); and the forward and backward
amplitudes each show contributions from one helicity amplitude only
(H2, and Hé, reépectiveiy). Thié points up é particularly'useful
feature of thé formalism employed.' |

Using the hélicity language, R. Walker(s) at CalTech has
recently finished an extensive»phenémenologiCal study of single 1t
photoproduction data from many:laboratdries. He fits the data for
all isospin amplitudes asifar as.théy are~experimentélly acceésible,
in terms of a modeilincorpoyating Born terms (electric coupling

.only); é-éhannel resonances aS'kﬁoﬁn from ¥ phase shift analysis;'
and a non-resonant background in the low partial waves which is
required to vgry smqoth;y with'energy. Resonancés are ihserted in
a Breit-Wigner form with an appropriate phase-space factor.

thwithstanding the incompleteness of the data and the obvious
limitations ot the model, the wethod is fairly powerful. Reson%nces
show up when the real or imaginary parts of a particular partial
wave amplitude demonstrate a tjpical behavior with energy like the
one in Fig. 1.3-2. Since the g+ data are the most accufately known,

we show a few examples of Walker's fits in Fig. 1.3-3.

We now revert to the general picture of section 1.2, and ask

vhich features of photoproduction in the isobar region have emerged‘

from such analysis.
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i) It is.confirmed that the "first resoﬁance" (N 1238):isipred0m-

| inantly'ekcited'by the magnetic dipole (Fige 1.3-4 shows, for no
photoproduction, the relevént Hi's; the,domipant 90° cbﬁtribution
comes from the imaginary part of Bl+)' The resulting strength
for this photo-excitation is close to that given by the quark
model or by SU(6) (cf. section 1.8). There is a small admixture
(~6%) of electrir qnadrupole exocitation, found [ruw & comparison
of 0° and 180° data with the 90° cross-section.

2) Tye D, 4

in the B, emplitude; the F . (1688), the old "third resonance”,

(1527), the old "second resonance”, is produced mainly

predominantly in B3_. This implies they are both produced from
initial helicity 3/2.' The absence of A amplitudes (initial
helicity 1/2) is reflected in the small effect made hy these
states on the 0° and 180° cross sections (cf. Fig. 1.2-2).
(Remember that angular momentum conservation demands that at
these angles, only helicity 1/2 can determine the s-channel
behavior,

3) The 511 (1670) iscbar, which 1s likely to produce the nN
enhancement close to the fhreshold for this final state, is
indicaled in the A amplitude (cf. section 1.7).

4) There is little if any evidence for the production of the
4D15 (1670). TImprovement of polynomial fits in tﬁis enefgy
region by Lhe addition of a small amount of D

15
. (10) + .
earlier by Ecklund and Walker for n photoproduction, but

was reported

the corresponding amplitude B, is very small (cf. section_l.a).

2+
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5) The 8,1 (1709) does not emerge. in the photoproductlon of n's.
This may be due +0 the nature of the fitting procedure employed;
andlfo the fact that the staté lies close in energy to other
resonant states. - We will see (cf. 1.7) that in the photoproduction
of 1 mesons we may have a better chance to investigate this-
question qﬁantitatively.

6) Similarly,. the D.. (1400), the "Hoper resonance", has not been

11
uﬁiquélj identified in the photoproduction of single x's.

7) Most iscbars appear to be produced predominantly by isovector
photons. Clearly, to make this statement firm, we will need
more dafa (especially from s~ production); and we will need new
ideas to understand their implicafions. ‘Many of the features
emerging here have interesting implicatiovns in terms of symmetry
considerations and the quark model. WeAwill deal with them in

ceotions 1.7 and 1.8,

Extension to ngher Energies

Phenomenologlcal models of the type dLbCUSSGd have been success-
ful for total energies up to ~ 1.7 GeV. Beyond that range, too many
partial waves will have 1o be considered, and inberpretation becomes

less stringent. K Also, exchange graphs of the fype

can probably no. longer be disregafded. One attempt to include such

(11)

exchanges  was made by~Blodm et. al. , who found that a reggeized

vector meson exchange (one can safely assume W exchange only)
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considerably impfoves their fit to croés-section.and polarization
data in the intermediateAénergy region. Elementary vector exchange
does r_lgjc_ fit. In their fit, isobars up to the L (1920) were included, |
and the trajectory exchange was siowly "turned on" in an empirical
way (with the residues assumed to be constant along the trajectory
in the t range covered).

We will treat the Regge picture in lecture 3 and remark here
only that we will need more, and more predise experimental informa-
tion before we will be able to link up intelligently the isobar
region and the region which is more successfully described in terms

of t channel singularities.

l.4 Sum Rules for Photoproduction Amplitudes

Various sum rules Have been proposed in recent years to test
physical assumptions, particularly the ideas of current algebra and
super-convergence relations. It is often hard to check these
against experiment due to a lack of precise information about ampli-
tudes which are hard to extract from the data (like small amplitudes
in processes dominated'by a resonant term). |

Nevertheless, analyses like the gbove-mentioned isobar models
go a long way boward meking such evaluations feasible.

I am going to mention twn of these sum rules explicitly here;.

(12) to be in good numerical

both are currently being reported
agreement with experiment.
The Cabibbo-Radicati sum rule(ls) ties up the mean-square

-isovector proton charge radius, (r?)VGE, and the total isovector
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¢

nucleon magnetic moment, “Vtot’ with an integral over the total
dbsorption'cross-section for isovector photons into I = 1/2 and
: v v
I = 3/2 states, o ot (1/2) and o ot (3/2):
2 o

y |
n ,
1,.2v _1|" ot 1 dk v
=y =5l | pch u[ L 2040

|+

v o 3y
) -0 ot ( 3 ) ]

(1.4-1}

[\

14)

According to Gilman and Schnitzer(r , the contributionsof the
various resonances, plus a large non-resonant S-wave term resulting
from the fits, largely cancel each other under the integrdl,and the
terms other than the integral dominate.

Agreement up to k = 800 MeV is gpod to a few percent. The

(15)

Drell-Hearn sum rule relates the proton anomalous magnetic
moment , ué , Lo an intégral over total photo-ahsarption oroop-seclivus
for photons with spins parallel or anti=purallel *o the proton spin,

o, and o, :

P A
2 2 Tax ‘
T O V& _ al } _
T A TR (1.4-2)
m .
N. [m]

An evaluation by Chau et. al.(le) reports the relation o hold within

the errors inherent in the evaluation of the integral.

1.5 Other Mesons: K and n Photoproduction in -the Isobar Region

A: 1 Photoproduction

Our interest in the study of the process yp — pn is due mainly
to two features:

1) The isoscalarity of the 7 makes this process a selective
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probe for the I = 1/2 channel in yp »p + (0" ) reactions,
whereas the sl final state allows for both I = 1/2, 3/2.
2) The assignment, together with the ﬂo, of thé 1 to the weight
- 2 position of the O octet of Sﬁ(3), makes comparisons
with the relatively well-studied s N 'fir;al state fruitful
for tests of symmetry predictions.
Experimentally, the short life-time (= 10720 sec.) and the many
decay modes make 7 production'comparatively hardAto study. Most
photoproduction studies with counter techniques use the partial mode

(17), although some work has

n — 2y for definition of the final state
been done using preqise momentum analysis of the recoil proton alone.
Experiments at CalTech have obtained 1 sampies géod to 5 96%(l§); '
thereby, not only cross;seétion data but also information on récoil
proton polariZation becomes a?gilable; and we can hope ﬁo look for an
anal&sis of these‘data 'in alépirit similar to that éutlined for fhe
7 finél state in section 1.3.,

The experimental dgta available at-brééeﬁﬁ can'be.summarlzed
briefly as folloﬁs: ~the Bubble Chamber data (19) on thé total cross
section, shown in Fig. 1.5-1, show a sharp rise above threshold, and .
a féirly dramatic decrgase within ~ 150 MeV. Counter experiments
measuring differentialrcrnss-sections show this featufe with somewhat
smaller errors. Recenf data'from Frascati(gs) confirmlapprOximaté
isotropy of the éross-section up to photbn energigs of ~ 350 MeV
(Pig. 1.5-7). Néw data from'CélTech show up features of the 500, 700,

and 90° cross sections as‘Showh in'Fig. 145-3; ag@inlcbnfirming'the
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quick decay of the nN threshold enhancement, a pfobable small dip of
the 50O cross-section in the region of k = 1000 - 1100 MeV, a long
shoulder at energies k = 1100 - 1300, and a cbnsistently lower value

for the 90° cross-section for 1000 <k f 1100 MeV. Polarization data
are not available yet, but have been takeﬁ at CalTech, where some 300,000
spark-chamber frames are presently being analyzed.

To try to interpret the cross-section data in terms of some isobar
model along the lines discussed in 1.2, let us look at the possible |
diagrams. As iﬁ section 1.2, we have the Born terms. ¥For s-channel
resonances we ha&e.the I= 1/2 isobars only. We may add vector meson
exchange and higher mass poles in the t and u channels.

Fits to the data have been made in this way, involving the s-chénnel
nucleon pole and the Sli(1570) isobar, plus some possible admixtures
of D13(1527), F15A(1688)’ and vector exchange(2o). With the new data
from CalTech extending up to 1450 MeV, further work is under way
trying to clarify these questions:

1. Can the Sll (1570) alone account tor the lurge enhancement

above threshold, or is there some contribution from the

Pll(~1400) below thréshdld, or from the (1527)? The

DlS
latter appears to be ruled out by angular momentum barrier

2 + 1

effects (~ g = qs near threshold); a contribution of

the Pll’

only by a 90° polarizstion measurement on the recoil proton;

whose mass is not precisely known, can be isolated

it would interfere with the opposite-parity S.. and éive a’

11

large polarization close to threshold. Tts presence in

photoproduction would pcse & serious problem to the non-rela-
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tivistic quark model (cf. sections 1.7, 1.8).
Since the photoproduction of n's through the F15 (1688).appears to be

(21)

strongly suppressed » as can be understood in terms of the proper
SU(S) Clebsch-Gordan coefficients(eg), we may'be able to see whether
the shoulder apparent in Fig. 1.5-3 for ﬁhe 50° cross-section at
1l.1-1.2 GeV is due to decay of the 511 (1709) isobar, whosé presence
io hard tu detect 1n n photoproduction (cf. section 1.3). Its

presence again poses problems for a quark model interpretation of the

photoexcitation of nucleon isobars.

1.5 B. K Photoproduction

The photoproduction cross-sections of K mesons are relatively

poorly known when compared with =w or even 1. K" production, for

whilch the most data exist,'shows no suggestive bump structure aé we
would.expect from the previously mentioned data; specirical]y,.there
18 no convincing evidence for the decay of the F15(1688) into KA
or K+Z, which ﬁe would expect to see (the kinematic threshold
excludes the lowest isobar).

In principle we expect the phenomenoiogy of K production to run
along similar lineé to that of x and 1 produrtion, with proper
regard for the isvspln and strangeness quantum numbers.

For charged K production, we expect the diagrams

™~

:W)K*’ , / \ ' /‘)Z

AT p——=———K
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to describe the experimental'situation, but the data are too incom-
plete to allow for‘a detéiled analysis. An additiénal difficulty is
the possibility to produce either a KA or a K+ZO final state. For
charged K's, we can resolve this by looking at the K yield curve as

an excitation function.

YK

A ¢ ‘ > By
KA KE
In practice, it is often difficult to separate these final states.

A recent experiment by the Yale group at the CEA(EB) has used
this excitation function (orl”missing maés") technique to investigate
the final-state production of strange resonances. Fig. 1.5-4 shows
théir results as suggestive of théAproduction of various Yo*'s
according to

* (1.5-1)

Yp — Yo* + K

Their results for Y*'s up to masses of ~2600 MeV coincide largely
with recent measurements éf the X -p total cross-section. (The
proper subtraction of multiparticle backgrounds is always a ditfficult
problem in such experiments).

A similar experiﬁent by thé same group switched the polarity
of the gpectrometer'magnets and‘looked for K~ in search of processes
like

yp »BT (8= 41) + X7 (1.5-2)
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A comparable structure in the K yield curve would then indicate the
photoproduction ofydoubly charged strangeness +i particles.

Fié. 1.5-5 may or may not be regarded as evidence for the existence
of 5 = + 1 baryons. Because of the seriousness of the problem posed
to the quark model by the possﬁble existence of such states; more

" dlrect proof is obviously needed (like o (K+p) measurements, which

tot
have been giving similar, but inconclusive, indications). Probably
the most extensive use which has heen made of the process yN + KB
has been the photoproduction of KO beams at high-energy accelerators.
This is a very important tool nf kaon phyoics, siuce it provides
fairly copious neutral K beams without the curse of heav& neutrop
contaminations - which are essentially unavoidable around proton
aceelerators. The K~ beam at the Stanford Linear Accelerator is
cer¥tainly one of the more atfractive featureo of thal wachine. The_

observed yields probably come largely from the photoproduction of ¢

mesons which subsequently decay into K pairs (cf. lecture 2).

1.6 Dispersion ''reatment

We have looked at the low-energy data in the phofoproduction of
pseudoscalar mesons. We saw thot simple phenomenological models have
g certain amount of success in describing the salient features |
produced by experiment.

If we want to be more ambitious, we will try and make dynamical
models for the photoproduction  process. The approach through dis-
persion relations has had some success at low energies. In the

following sections, 1.7 and 1.8, we will briefly describe some recent
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successes'and failures of the unitary Symmetry schemes and the quark
ﬁodel, and some suggestions for experiments to be performed.
The dispérsipn treatment was the first dynamicai model which
was able to claim some measure of success. The classic paper of
CGLN(g) described the region of the A(1238) iscbar and has since been
considerably refined (see, for an up-to-date review, (24) ); The
. energy reéion.abové ~ 1400 MeV is hardly open to'this approach, since
the dispersion treatment hinges on the dominance of the highly elastic
A (1238) state.
The basic assumption is that the relevant invariant amplitudes
are analytical functions in s and t; J. Ball(gs) démonstrated that we
can then express the fﬁll amplitudes in terms of the imaginary paft,

‘with no additive terms, by the fixed-t, unsubtracted "dispersion

relation"

A (s,t) = pole terms + % ) ds' Im A, (s',t) (1.6-1)
‘(mN+mn) ' X kinematical lactors.

The knowledge of Im ./-\.i then determines the entire reaction ampli-
tude; Im Ai is tied up through unitarity with the intermediate states
in the 3 and u channels; a stable state with spin 1/2 and mass M
will chow up as | .
| - Im Ai(s) ~8 (s - M2) (1.6-2)
For J > 1/2, additional kinematic factors will come in, and for
a resonance (T' > 0) some Brelt-Wigner form will have fo be substituted
to describe the resonance shape. The important.feature is that this

treatment not only makes definite statements about the resonant ampli-



tudes, but the non-resonant amplitudes are also completely defined.
In practive, however, -calculations are laborious and additional
assumptions are needed; for details e have to refer the student to

the relevant literature.

1.7 Isobars énd su(3)

The conscfvaLluu;br 1sospin in the strong intefactioﬁs makes
precise étatéments about various decay modes of, let's séy, the
A(1238). Tt predicts, e.g., the ratio of AT = pr® to AT - nxt.

We can express this in the langﬁage of group theory; p and n, no
and n* belong to irreducible‘representations of the sU(2) group.
Transfofmations within the group tske us from n to.p, from n+ to

no, étc. The practical task is thet of finding the-prOper Clebsch -
Gordan coefficients which link up the amplitudes.

Similarly, higher symmefries can be e@ployéd tn meke corrvspond-
ing prediétioﬁs. Recall that,‘ﬁy transformation within the Su(3)

group, we can change n into K or n, p.into A, £, and so on. In the

diagram

(& 17 A o , (8) 0

0 Vo)

o {4 r - i?\\\;\\ |
(é:) o / (_E{_)‘

Q

- we know the SU(3) assigmments for all particles in the initial and

final ététes (assuming that ‘the photon ié'established as a U=0
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member of an octef). For nucleon iscbars, we do not, in general,
know the SU(3) properties. I we want to make statements about
vertices I or IT, we obviously have to establish the multiplet to
which the intermediate state belongs. We'know that vertex I will
have to conserve U spin, because it is eleétromagnetic; vertex II
is strong, and therefore has to conserve SU(3). -

If we keep these points in mind (and make the pr0pertallowances
for kinematical effe¢ts), we can write down the C-G coefficients to
check against experiment, and maybe decide a posteriori téAwhich
irreducible represéntation the B* in question belongs; |

Starting from vertex I, U spin conservation postulates that we
photo-excite only U = 1/2 isobars.

. »* v

I

) ? (1.7-1)
This means that the usual 8 x 8 decomposition |

8x8-1+8 +8 +10+10+27 O (L.7-2)
-has to be scanned for the proper U spin content, This leaves

b2°) —983, Ss, 10, 27
A1, 10

Iet's now specialize to the pgrticular case yp —>F15(1688).;9qp.
‘Vertex II, F g = 1P has to converve T spin, which yields (the final

state has I = 1/2) F 8_, 27, and excludes 10.

1SFA§a! Y
We can now write down the proper CG coefficients for the SU(S)
invariant couplingsg, and put in appropriate kinematical factors.

This gives a prediction for lhe ratio



. M(Fys »en)

O
I(Fjg = pr )

3 if F15 € gl

wl-

!
xlj
(1.7-4)
1 2.
—3-(3 - 4q)° if Fig €8

(vhere o is a parameter describing the ratio of 8, to Qs). .

€ 27 is excluded, F

(22)

Experiment then decides that F 15 € 8 ipg indi=-

15

cated with an o parameter of about 0.6.
We have chosen this example becauge it shows how the apparcnt

absence of the F15 isobar in n photoproduction (cf. previous section)

can be accounted for in terms of SU(3) - invariant couplings.

Similar arguments can then be used to explain why its decay into KA
also seems to be suppressed. If we assign the 811(1570) to an octet,
we can also explain its strong decay into np vs. a weaker np mode, by
approupriately choosing the o parameter for this eoupling; however,
ey.1l.7-4 shows that a gz assigmment ﬁay uct be fully excluded because

af the copiouc decay @ ., (1570) — Wy,

11
A speclal case is the P11 (l400),which has so far not been clearly

ldentified in photoproduction. Neither do recent electroproduction

(26)

data from the SLAC indicate such a photoexcitétion in the proccss

ep —»e' N*.

This may be due to analyciv difficulties which mask the state's
appearance, or to the absence of the vertex yp — P, (1400) altogether
(cf. next section). However, there may be some evidence(loo) that

while yp = P.. is absent, yn - P__ occurs more freely., If this proves

11 11

to be true, we will have to assign the P.. to a Eg representation of

11

SU(3), since U spin conservation tells us that

7 #10; yn - 10 . (1.7-5)
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Fuller data on angular distributions and polarization parameters will
be needed to decide this question. The simple quark model does not
allow for the formation of a low-mass ia,'so the quesﬁion is of

importance.

1.8 Isocbars in the Non-Relativistic Quafk Model

Let us assume that we can group lqw-mass baryons into three-quark
configuratioﬁs with well-defined wéve functiéns. Dalitz showed(27)
that we can assign them £o L =0,1,2 (L = total quark anguiaf momentum )
states.) | | A | ' .

The nucleon and A are then‘L =0 (s) staﬁés with tﬁe sameAtotally
anti-symmetric space wave functions, differing only in the spin and
isospin parts. |

' Zhe photoexcitation yN — A canvthen prqceed only through the
magnetic dipole, isovector excitation of the nucleon. This checks
with our results in section 1.3.

(27)

Now take L = 1 ("p states"); we find negative-parity states

which form octets epJ (where we identify the non-strange states with
, . L 4 _
the nucleon isobar 311(1570) and D, (1527)) and s (with which we

associate the S, (1709), an unidentified D._, and D__ (1670). The

13 15
sdperscripté 2, 4 indicate total quark spin 1/2, 3/2; the'éubscript J
denotes totel quark angulsar momentum, i.é.; the spin of the baryon.

(28)

Thus, if we calculate the transition matrix elements for the

photoexcitation

< (1.8-1)

/2~ Pg

2 4



we find that process (1.8-1) can proceed freely. For (1.8-2), the
transition from quark spin 1/2 to 3/2 cannot be effected by the chérge
or current operator, bqt'only by the magnetic momeﬁt operator.

'

Sandwiching the operator

e 4RF |
M=Z b o Ex DT (L8-3)

betweeﬁ the appropriate wave functions, Moorhouse(ea) showed that the
- matrix element vanishes for this photoexcitation of protons. = For

neuﬁrons, no such statement can be made. The prediction is then that

‘ 2
7Py = D is allowed
4 v . . .
7 = p; is forbidden (1.8-4)
4 U
Yyn = Py . is alluwed

As we showed in sections 1.3 and 1.5, experimental evidence indicates
that

YD = (2pJ) 811 (1570), D, - (1527) is definitely observed;
yp - (4pJ) 8.1 (1709), D, (1670) has not been ectablished,

The llmits on the latter statement are not reliable, and n production
may modify our evidence on the photoexcitation of 8., (1709).

We can treat the L = 2 states similarly, and show that the
Fis (1688 ) may be freely excited in this model.

What ebout the P, (1400)7 It is usually assigned to a %

(27)

1/2

configuration with totally symmetric space wave-function.

In this case, the transition yN - P.. can be brought about only by

11

a magnetic dipole., But the matrix element corresponding to this
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excitation vanishes because the totally antisymmetric.nucleonlnave

‘function is orthogonal to the P.. space part.

11
Should furthef exﬁeriments in n and n production confirm the

absence of the P then we can understand it in tnese terms. Should

i1’

we find, however, that yn > P exists while &p - P _ does not, so

11 11
that we have to assign this state to a'z§ in SU(3), then the frame-
work of this chapter dneé not-épply anynay, because the qqq confiéur—
ation leads only to E,’§, and %9 representations.

We will close this lecture by remarking that the study of the
photoexcitation of nucleon iscbars still leaves a number of open
questions. Their solution will have an important bearing on our

understanding of some aspects of the strong interactions, and on the

credibility of various models used to describe them.
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Tecture 2 Photoproduction of Vector Mesons.

2.1 Models for the Photoproduction of Vector Mesons.

We now turn to the photoproduction of mesoﬁs with sﬁin-parity
quantum ﬁumbers 1. We will restrict our attention to the production
of vector mesons of hypercharge zero (S=Y=0), p, w, &, Recall from
'éection isi tlial Lhe gene?al production diagram fér the neutral Y=0
vector mesons is distinguished by the fact that no quantum nqmbers

need be exchanged between the top and bottom line of

z(,vvvw —_— f)é“c.)) CP

AR

N

N

_ Forlincoming real photons, with helicity + 1, we have to heed the
massiveness of the 1™ mesons and an additional possibility of spin
orientallon (helicity 0, + 1). For virtual photons in Llhe initial

state,

/v\)&—__.___

N
the photon-veclor meson analogy is dbviéusly more complete
(Xk =0, + 1). Recently, a fair amount of experimental ﬁaterial on
cross-sections, and some on polarization parameters, has become
available. Bcfore we review this in secfions 2.2-2.4,»le£ us take
. & brief look at.the possible mechanisms for.the process yN ffNV;
1. Decay oflisobars.
Analogous to the iédbar diagrams which dominate low-ehergy b4

photoproduction, we expect diagrams like
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ey T
N M \,\,

to exist in vector production. However, the lowest-mass isobar vhose
rest mass will permit the decay N* —>Np is the A (1920). For ischars
of masses > 2 BeV, two-body decayAmbdes are probably not dominaﬁt.
(In section 2.6, we will look at attempts to link up tﬂe Np and Nv
decays of isobars, connecting the two vertices which make up the
mechenism for N SN - Np)

As in n’productién, characteristic angular distributions are
expected from the decays of isobars of given J. Moreover, the isospin

decomposition of the pN system, II, I, > (p,N):

1 1. 2431 1,11
Il, O>|§, '§>=‘v-§ —2-,—2->- §l§,§> (2.1-1)

makes us look for the decay of I = 3/2 resénces (A's) into pN,
'IA'ather than that of I = 1/2 states. A(1920) and A(2420) are obvious
candidates. |

2. One pion exchange (OPE).

The experimeﬁtally observed decay V — yx indicates that the

diagram
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will play a part in vector meson production, and we can link the
upper vertex to the radiative decay widths T'(p, w, @ - xy).

If we neglect kinematical corrections due to the mass differences,
and in the absence of ébsorption corrections, we expect a cross-

section ratio for the photoproduction of the vebtor<mesons:

2 2

o(p): o(w): a(®) = gg wiey’ & ony (2.1-2)

Ly PR
Then the usual assignment of the photon as the U = O member of an

SU(3) octet, the conventional mixing of the I = O vector mesons

according to

I8

fw> cos 0 |w.> - sin @ |®_ > - .
L [#]

o ' (2.1-3)

>

1]

sin 9 |w1> + cos © |¢8 >

(with |wl>, |¢R> the pure singlet and octct I = O £tates), plus the
assumption that the Vay vertices conserve SU(3), yield a sum rule

for the coupling conntentyo:

VB8, = J3 85y * 3 Buny (2.1-4)
Here,.we have taken mixing angles from fhe Gell-Maru-Okubo mass

2 2
formula, cos @ = 3
Experimentally, the decay @ -+ ny has not been observed.
Qaverol arguments have been presented to explain this feature; the
most straight-forward comes from the quark model:‘ if the electro-
magnetic‘transition proceeds via emisslon ot a photon by one quark,

then the quark structure of the ¢ (which consists of two stfange

quarks, N ) fofbids the vertex ®my (two non-strange quarks make
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up the x).

This leaves us with the distinctive OPE prediction that

2 9g2 and therefore

€ wry T 78 oy

o (w)'OPE - 9g¢ (p)oPE : | (2.1-5)

We also expect, from g2¢“7 ~ 0, that c(@)OPE << c(quOPE.

3. Diffraction mechanism.

We note that the diagram

X A/»«x»aﬂﬂa,fa;———————————\/o
7
~
Z|p
e
N & N

may proceed through the exchange of a system P with the quantum nuﬁbers
of thé vacuum. This can then be viewed in strict analogy with high-
energy elastic scattering of n's or K's off protons. We therefore
expect a diffraction-like picture to ensue at high energies. The
distinctive features of diffractive processes like these are then

the folluwing, knowm from high-energy nt e —>nt oy

o do | -5
I) g%-z a eb# _ vhere o t=0 0
: (b is of order 8-10 (GeV/c)
and —g% (0%)oc %%

" 11) %ol - conet. at high energies,
III) The forward amplitude 1is purely imaginary. (cf. eq. 2.1-7)
We also expect diffractive photoproduction to proceed-cohefently

on nucled, with a corresponding dependence of the parameter a
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on the atomic number A of order a ~ A>l.

The characteristic diffraction peak can be seen as resulting

(29)

from a coherence condition at high energies: the process most
likely to occur.in high-energy yN collisions is‘inelastic mesoﬁ'
production. Elastic scattering, whenevér appreciabiy large, is
epocntially shadow scattering due to the existence of these
inelastic channels. It can thereforYe be approximately described in
terms of sums over inelastic processes (running either way). 1In
fact, the forward peak is then due to the coherence criterion that
cach inelastic channel, fan’ return to the initial state, a, via
the amplitude f ; this yields for the "shadow" amplitudef

Z fan na 4:(

- y (fan)g 54(1’11 - Py

n

p -P,)
(2,1-6)

In terms of a Regge pole analysis, we look at the exchanged object
in the diffraction diagram as the vacuum trajectory P. This, the
Pomeranchuk frajectory, has, for forward scattering, the angular
momentum Q(t = 0) = 1. We therefore tind for the amplitude
AGt) ~ 1 %(F)
‘A(t 20) ~is (aft »0) =1) (2.1-7)
Then, if the trajectory aP(t) has a positive slope, we expect
for the physical region, t < 0,

a(t <0) / a (0) < 1. | | ('2..1-8)
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This leads to the well—known:shrinkage of the diffraction peak}
Failure of the data to produce evidence for this shrinkage has to be
taken as evidence that either the P trajectory has a.small slope -
(or zero siope: fixed pole at J = 1); or that other trajectories
contribute in addition.

In the context of SU(3), P is a unitary singlét. Then with the
assumptions on the symmetry properties of photon and Vo's as abové,

SU(3) predicts the cross-section relation

9(0)asee,t T@aspe,t 9(®)gspe, =
= 9:1: 2 (2.1-9)
Notice that the prediction:is diametrically opposed to the OPE
picture, vhere w produétion is much more abundant than po production.
For a clean test of the OPE’picture, we would have to resort to a
process which cannof also proceed diffractively, like yp ->VO'A+,
where we then expect

o(rp - %)

. — ~ 9 (2.1-10)
a(yp »40"p")

OPE
For the total production cross-section, due to the OPE éraph, we
expect an energy dependence of order k_e (ef. ref, 42),

The OPE and diffraction pictures leave us with some specific,
and contradictory, predictions on production rates. Let us keep in
mind that we had to make certain assumptions in order to éfrive at
these'predictiéns.

The next three sections will present some experimental data,

and in section 2.5 we will attempt to arrive at a unitfied picture.
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2.2 p Photoproduction.

The isovector p meson (JPG = l-+, C = -l)Ahas been widely
studied, in photoprddﬁction, in ité neutral charge state. Thislis
due to its amplé‘froduction rate and to its simple and distinctive
final state ﬁ+ﬁ—. The other charge states (pt —*ﬂtﬁo) ha&e a neutral
in the flnal state and are therefore harder to observe. Few data
exisl; and since ouxr infterest lLieo lergely in thé analogy photon -
(neutral) vector meson, we will:reétricﬁ our treatment here to the
I3 = O state.

| Although the n'n~ final state is easy to ‘detect both in bubble -
chamber and in counter experiments, the présence §f other mechanisms
that can produce these, makes an unambiguous determination of mass

and width of the po difficult. Fig., 2.°-1 shows thc tolal vross

acetion, at energies up to ~-5.5 GeV, for the proccas

yp — p:r"':r", . (2.2-1)

where the dominant contributions come from

P

Fay -
D n —)p1t+:rr ) (2-2'2)
yp = pp" Sprta . | (2.2-3)

In order to disentangle the total pn+n— yield, a Dalitz plot of
invariant masses mg(pn+) VS, m2(ﬂ+ﬁ_> can be made to show that, at
low energies, there are three terms to be taken into account, i.e.

processes 2.2-2, 2.2-3, and a non-resonant background. . Putting in
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appropriate gxpressions for the resonance contributions, the A++
terﬁ can be separated out. The remaining pr&blem is the discrimin-
ation of p production from the uncorrelated Backgrdund. Flg. 2.2-2
ghows the p yield as a functlon of photon energy, using three
different fitting procedures. The two mass distribution functions
that gave good.fits to the bubble chamber data at intermediate
energles (1.5 <k < 5.5 GPV) are characterized by
a) A Breit-Wigner distribqtion multiplied by a mass-
skewing factor(;}L—) | from the diffraction aissociation

T o (0)
model of Ross and Stodolsky

;3 it ought to be stressed
‘that this factor is EQE a necessary ingredient of the
diffraction picture.b |

b). A Breit-Wigner distribution with energy-deﬁéndent width

interfering w1th a background of slowiv varying phase( )

- Thls model also assumes a purely imaginary forward amplitude
for po production, as in the diffraction mechanism. |
Both of these fits tend to lower fhe resulting mass valuc for
the p. It is important to keép in mind thul the mass and width
parameters fér the' p arc struugly dependent on the fitting process
chosen, and therefore differ apprcciably betWéeﬁ Qarious experiments.
The most yeliéble experimental resulté on mp,Fp werevrécently quoted

(32)

by Auslander et al., -who used e'e” collisions to study the process
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and found (cf. Fig. 2.2-3) m, = 764411 MeV, rp = 93T 15 MeV. This -

_compares with photoproduction results of mp ~ 770 MeV, rp ~ 150 MeV.
There is at present no full understanding for the difference in these
parameters as resultinafrom ete” annihilation and photon-hadron

(53) However, it ié certainly not sur-

or hadron-hadron collisions.
prising that the width parameter of a particle with the‘lifetime of
the P should be sensitive td the differencc between §trong and eléctroa'
ﬁagnetic formation processes.
The résults of the bubble chamber data at DESY and CEA can be
sumarized as follows: |
L. At lower energies, k < 2.8 GeV,’theré is some»structurevin
the cross-section. The differential cross-section %%
shows some diffraction-type beha%;ior (Fig. 2.0+4) plus
more isotropic contributions, presumably from isubar decéy‘
' (cf. section 2.1). We can take out events in the forvord,
diffraction-peak, region, and look at the remaining events.
Fig. 2.2-5 shows a suggestive ﬁeak at the locatiun ot the
A(2420)*isdbar, and an cnhancement below 2 GeV which may
be dne to A(1920) decay and/of an OPE contribution.
2. At high energies, the diffractionApicfﬁre appears to

describe the experiment well. The forward cross-section’

can easily be fitted by an expression of the type

do .0 bt
ag(?P - Pp )= a € '
a ~ 140 u'b/GeV2

with }

: : \.b ~ 8 gev~2 (2.2-4)
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For precise numbers, cf. Teble I. The total cross-section .
remains’ roughly constant at 15 pb between 3 and 6 GeV.

3. The decay angular distributions are (conveniently expreeced.
in terms of the helicity density-matrir eiements pik of the
‘p’s) such that one cannot draw any strong conclusions es to

. the modcls pwuposed. In particular, predictions o: the
"strong ab<u19tion model" used hy the ONA 51uup( 4),}incor~
porating diffraction scattering off a spin—independent
potential, seem to be at best partially met (for details weA

 have to refer to the relevant literature(sé’ 19, 55)).

There are several recent counter experiments reporting po
photoproduction results to complement this picture. Since they _
employed very different techniques to detect the pﬁ x flnal State,;
let's have a short look at them.

l,' C]nseet in techdlqne to the bubble cﬁamber experiment ‘io

Lhe observation of threc-chargedrprong events in a streamer chaﬂber,

recently reported from SLAC by Davier et. al.(SG). A_thiu hydrogen-

filled reaction tube inside g large streemer chatiber allowed the
determinatinﬁ of the kiucmatics fairly completely. This is a new
technique, distinguisked from the Lubble chamber approach hy the
poocibillty ot triggering the detection system selectively.

Although, in this first experiment with such an instrument, there

still remain some problemc and pussible biases, several interesting

features reeult-from the aﬁalysis of = 850 pﬁ+ﬂ- etents, atiphotom

energies from 6.5 to 17.8 GeV:



Takle I. Data on Vector Mesons - Photoproduction and Decay Widths

Parameters (units) po w o} Experiment at Ey (GeV)
m (MeV) 764 + 11 783 + 0.7 1019 + 0.6 | (Rosenfeld tables)
' - + - o}
r (Mev) 100 + 12 14.0 + 2.4 4.2 + 0.9 | e’e >V (Orsay)
120 to 150 12.2 + 1.3 3.4 + 0.8 | hadronic interactions
140 + 12 | 8.4 + 5.2 1.8 + 0.6 o
105 4+ 15 } bubble chamber < 6
a (ub GeV-e) - : .
140 + 50 counter, spark chamber < 6
~ 30 + 30 . spectrometer
%% (yp »pv°) = a &°°
8 + 0.7 7.6 + 1.2 | 3.5 + 0.9 | bubble chamber < 6
-0 8.1 +.1.5 : counter, spark chamber
b (Gev °) ~ 10 :
spectrometer 6 - 18
~ 8,5
17.8 + 2.0 4.8 + 0.8 0.41 + 0.14 } &
- - - ; n
15.0 + 2.0 3.1 + 0.7 | 0.45 ¢ 0,13 |J Pupble chember '
cf;ot (rp - pVO> (ub) 14.6 + 1.8 ' . spark chamber -
diffraction .. 4
part: ‘ ' from bubble chamber data
~ 1.7 + 0.¢
31.7 + 2.3 13.4 + from bubble chamber <86
0 9.7 + 2.0° and ‘
Tyop (VP —all) (mb ) : . 13
_ i 7.2 + from spectrometer data 18
28 .28 11.5 + 1.5 | frcm quark model, i, XN data
o | | 6.4.4+ 0.72 ] 1.1 + 0.25 1.3 + 0.21 | Orsay e'e” - v°
rE° see) (keV) (similar | , 1.1 + 0.33 | DESY V° —ete”
values from |  49+0,19 | 2.1 +0.9 |cERN VO oete”
many other -
{experiments )

Note that thz quoted results are neither complete nor given for all en2rgy intervals.
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To fit the ' mass distribufion well, a p Breit-Wiiner form

/Il’i

has to be multiplied by the mass-skewing factor =

, as
e

‘mentioned above.

Above 6 GeV, a diffraction picture describes the data best,

with fhe p decay angular distribﬁtion such thaf it may‘agree

with the strong absorption model mentiongd,above.

At energies above ~ 6 GeV, the prn final state appears.té

be completely dominated by*pop production, ﬁjfh‘othcr.reson—

ant w'x” states assigned an upper‘limit of 0.2 ub.

2. 'Blechséhmidt et. al.(§7) at DESY used a largc mugnet-spark
uhaﬁber,system‘in conjunction with a photon tagging‘facility to |
study po production. They were thus,able to have information on
incomihg photon energies good~tu + 50 MeV. Taking data frum 3.2
‘Lo 4.Y GeV on three target materials (H, C, AZ), tﬁey otudied the A
~dependence of the diffraction-type behavior. Iheir results indigafe:~

. They fiﬁd?ip maéées of ~ ?70 MeV, including the (Ee—j}

: . : Fidd
factor, with a width of order 120 MeV.

Fithiuk the data to the form %% = a ébt, they find a Jependence
on thé‘mass number A of |
g ~ at+%8 (2.2-5)
b ~ A2/3

(2.2-8)
confirming the diffraction picture. For a completéely opaque

4/3

nucleus, we would expect a ~ A while a transparent-nuéleus
would lead to a ~ A°, . Assuming that the exponential can be

used to determine the total cross-section, they quote
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o0, (7P 2 pp)= 14.6 + 1.8 Wb (2.2-7)

3. 'Aébury et al(sa) (DESY - Columbia) used a two-arm spectro-
meter to look for the charged w pairs from the process
y + A DA+ (2.2-8)
using target materials A = Be, C, Al, Cu, A, Pb. Studying forwérd |
production with their highly selective detection system, they found
no ﬁ+ﬂ_ enhancement other than the po at invariant masses between
0.35 and 1.2 GeV/ce. According to the diffraction model, the forwardl

coherent production cross-section for nuclei can be written as
o |= c(a) x p2 x £' (p ) x £, (R,t,0 ) ' (2.2-9)
dg 00 P P T 27 pN

where C is a constant, f' is proportional to the total - cross-

section OﬂN' and fT is a function of the nuclear radius r = T, Al/s,

the momentum transfer, and the pN total cross-section. If we assume
coherent production in the forward direction, and a uniform nuclear
density inside a sphere of radius R, we can extract the nuclear

radius ro and the pN total cruss-pection ”pN from the experimental

data. We just have to measure %% as a function of one of the known

dependencies on A, t, or p, the others being kept constant.

Fig. 2.26 shows the A dependence (normalized to Be), at three

energies, of the cross-section per nucleon. The resulting best values

for r and o are
o pN

ro=1.29 + 0.4 f, . (2.2-10)

N = 31.7 + 2.3 mb. | (2.2-11)
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This value for UpN compares well with the nN total éross—section,
which in the quark model should be the same: at these energies,
oy~ %0 mb, The momentum transfer dependence is given in Fig. 2.2-7),
for various elements. Again, the diffractioh character appears.

There may even be diffraction minima and maxima indicated outside .-
the forward peuk. Oorresponding optical-model calculations by

(39)

Fleischer have given good agreement. The bottom graph of
Fig., 2.2-7 shows the ratio of the alN and pN forward cross-sections
to be constant as a function of momentum.
. do bt e
The forward peak, described by —= = a e ', again yields a b(A)
dependence of b = b_ A2/3 (cf. eq. 2.2-6), with b = 10.5. Since
the diffraction model éppears to give credible agreement with

experimental features, the forward prediction was also used to get

a check on the nx mass distribution

d20

dQ dm

= C(A) 2n R(m) £y ' (pp) p§ (2.2-12)

or, at high energy and small L,

dgc

2 alt)
dQ dm )

~ ¢(4) 2m R(m) 1 e (2.2-13)

The resulting mass spéctra are shown in Fig. 2.2-8, where the best

m
fits again involve the mass-skewing factor (Efl——)4, a Breit-Wigner

: Tt
. distribution, and an empirical background. Best values for the

resulting mass and width are m, = 765 + 5 MeV,'l"O = 130 + 5 MeV,
The width is smaller than the 140 - 150 MeV quoted as bubble

chamber results(ls).
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Fig. 2.2-8 =w m invariant mess spectra for various target elements and momenta.
Dashed curves indicate estimates of non-resonant backgrounds.

to eq. 2.2-12.
(From Ref. No. 38)
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4. Recently, at the Stanford Linear Accelerator, Jones et.al.(4o>‘

have used a singie-arm spectrometer to look at excitation functions
for information on the photoproduction of neutral mesons, With the
good flux and bad duty cycle characteristics of the Linac, this
approach becomes desirable if difficult.

In the process yp -)pmp, precise momentum analysis of the final-
state proton will yield information on the mass spectrum for n°.
If we hold everything constant but vary the angle subtended by the
spectrometer, a typical excitation function like in Fig. 2.2-9
results. As mentioned for the KA - KZO case on pagc £9, a two-body
final.state (mo sharp) will show up as a sharp ctep, within the
resolution of the detection system. .Resonances of finite width,
and “three-or-more-body final étateg put less of a kinematical
constraint on the detected prnton, and will show up as more gradnal
rises. Fig. Etg:g_shows that there are background protons helow the
lowest production threshold (for the ﬁo). There is a no step at
the appropriate threshold value, a strong rise associgted with po
prudﬁction (from which we cannot separate the w's); we alsu expect
steps superimposed at the n and @ threéholds, although they do nul
definitely show up here. This wmethod 18 open to errors stemming
from background fitting, and the proper way to pick resonance
parameters. The quoted results for photoproduction of po on prbtons
are the following, between 6.5 and 17.8 GeV: Taking mp = 770 MeV/c2,
Pp = 125 from their best fits, they found that. inclusion of the mass-

skewing factor did not improve these fits. Fig. 2.2-10 shows their
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Fig. 2.2-9 Excitation function for the. process yp ~>pXo.

Counting rates of proton recoils, at given
E_ and t, plotted vs. mass2 of produced boson.
7 (Frow Ref, No. 40)
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. . . do - .
differential cross sections Fr between momentum transfer values

0.2 < -t < 0.9 (GeV/c)g. Evidently these results are consistent

with the diffraction picture, with a non-shrinking diffraction

peak going as e8'5t. At energies lower than 10 GeV, there may be

some non-diffractive admixture, since between t = 0.7 and 0.9 (GeV/c)2
there is a factor-of-two drop in cross-section between 6.5 and 10 GeV;
if so, it dies out quickly and is no longer visible at ~ 10 GeV.
(Recall that we expect OPE contributions to decrease as l/k2).

It has to be kept in mind that the measured cross-zection has
to be extracted from the data through a difficult fitting procedure,
where a typical error of + 30% is quoted for the background shapé
(see Fig. 2.2-9). In addition, because of the non—sebaration of
p and w, an SU(3)-suggcated ratio o(p)/o(w) = 9 was acoumed, S0 that

the apparent yield was simply reduced by 10%. Parametcrs fur Tits

. 2
according ‘'to %% = a ebt + ot arc quuted in Flg. 2,.2-10.

We have seen, in conclusion, that on the whole, po photoproduction
appears to be well described in terms of the diffraction picture.

Relevant cxperimental numbers have been summarized in Table T.

2.3 W Photoproauction

Due fo the threesbody decay of the w with a neutral in the final
state, we have no counter experiments detecting the p w final state.
Not even the one-arm spectrometer, excitation functiun method is
applicable, because the more copious production of p's masks w
production within the present resolution of such systems. In prinéiple,

this could be overcome by measuring the G-parity violating w —>ﬂ+ﬁ-
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mode which has a branching ratio of less than 1%. No such data
exist, but a double-arm spectrometer like that of reference (38)
may soon be used for a similar investigation; however, the

expected rates are very low. The bubble chamber results on w photo-

production are shown in Figs. 2.3-1 and 2.3-2. They show, for the
total cross section, a sharp rise above threshald, to ~§ub, then a
- sloping off towerd a value of ~ 3 mb, not displaying the constant
cross-section behavior expected for diffraction production, but
rather a picture suggestive of a considerable OPE contribuéion

(which we expect to decrease with ~ l/kz). The angular dependence

da
t

peak becoming more pronbunced with increasing energy. The best fit

displays a forward peak and a more isotropic component, with the

to the total cross-section datu hag an OPE-type term and a

dirtraction-like term with very small energy-dependencet

i - 06 =Ue 8
(rp »pw) ~ 48710 4 B E0%, (2.3-1)

Tot y
' (42)
2

The OPE exponent -1.6 is, according to o compllation by Morricon
fyﬁical of many OPE processec, and the diffraction-term has an
exponent taken from p production,’

A thorough investigation of this OPE-plus-diffractioun picture(4l)
ted to a value for the radiative decay width of the w of T(w > qy) =
(0.7 + 0.3) Mev. Parsmeters for the ex-poﬁential dependence
%% (t) o e®% are aegain given in Table I.

Using eq. 2.3-1, we can tentatively sepafate out the diffractive

contribution to oy . (7p »pw). For k S 6 GeV, we find o . ..(yp - pw)

~ 1.7 + 0.9 Mb. Note that this gives good agreemént with the ratio
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' oy W - . :
O 4iff. (7p.">pw)/0diff.(7p - pp ) ~’9 predicted by the diffraction

picture combined with the usual SU(3) assumptions (eq. 2.1-9).

2.4 @ Photoproduction.
The detection of ¢ mesons can in principle proceed along pre-
cisely the same lines as that of p's, since the dominant decay mode

is K'K™ (~ 47%) with the added feature that T, << Pp, so that the

®
background subtractions do not lead to serious problems. However,
the @ gets photoproduced only at a very small rate,lso that there are
comparatively feﬁ data. The bubble chamber results up to ~.6 GeV
are given in Figs; 2.4-1 and 2.4-2. The resulting featurés, within
the errors quoted, are these: the total cross-section yp — p® does
not rise as sharply at threshold as that for p or w production. No
structure is discernible, possibly due to poor resolution and

statistics. dg is compatible with diffractivé behavior, especially

dt .
for the high-energy interval, with a best fit %% (t) o ef35 £ O‘g)t,
a slope much smgller than what we find for p and w photoproduction.
ASbﬁry et al.(43) at DESY have;ysed thelr double-arm epectro-
meter to detect K'K™ pairs in the same manner as x'n~ pairs from
o) deéay, measuring ® forward coherent production on nuclei. Mass
distributions are given for K pairs in Fig. 2.4-3; For all elements
gtudied, they are seen to be strongly peaked in the mass region of
the & (1020 MeV/cZ). Analysis of the A dependence similar to that

for the p case (section 2.2) yielded a total cross section oy ~ 13.4 mb.

oN
In addition, a study of the decay angular distribution yields a result

consistent with a purely transverse polarization of the ¢ mesons.
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Photoproduction of & meson on complex nuclei

KK
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Fig. 2.4-3 KK~

(From Ref. No. 43)

invariant mass spectra for various target elements.
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The extensién of the data to higher energies is particularly
important for a study of the diffraction mechanism . Two of the
beam survey experiments at SLAC were used to study the production
of Kt close to the forward direction, on Be(44) and hydrogen targets(45)
ﬁelating the K yield to the @ production cross-section by assuming
that all K'¢ stew from ? decays, upper limits were given for o(®).
Using various assumptions on backgrounds and t dependence, o(®) at
7-8 GeV was estimated to be between 0.5 and 1.0 pb,

(40)

The recent single-arm experiments of Jones et.al. locking
for excitation functions in single-neutral-meson production observed
clearly discernible steps in the yield function (see Fig. 2.2-9) at
® threshold. By following a suitable subtraction procedure, they
gquote a cross-section behavior according to %% (yp— p?) =~ a ébt

with b ~ 4,5 (GeV/C)_e. Their measured values are at [t|-values

> 0.3 (GeV/c)2 only, so an extrapolation to small t may be problematic.
However, if we believe the quoted t dependence as governing the

entire cross-section behavior, then we can usé the forward amplitude
and the optical theorem to estimate the total cross-section for N
scattering (see next éection) from the vector dominance model; the
resulting values are otot(ép) = 9.7 + 2.0 mwb at 13 GeV, 7.2 + 1.9

at 16 GeV. Together with the 6 GeV values of ~ 13.4 mb quoted by

(43)

Asbury et al. , this looks like a definitely decreasing trend,

in disagreement with expectations of the diffraction model. (Fig.2.4-4).
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2.5 The Vector Dominance Model |

The experimental information on vector meson photoproduction is
briefly summarized in Table I. If we go back to the considerations
of section 2.1 and try to decide on the dominant mechanisms for the
brocess 7D —>pVO; we find thatt(if, for the time being, we leave
iscbar formation out of the picture), neither the OPE nor the
diffraction model yields satisfactory comparisons. The OPE prediction
(2.1-5) that 0 (w)~ 90 (p) is obviously not satisfied. But the fit
(2.3-1) to the w data suggests that there is an OPE contribution for
the w which acqounts for the distinctly non-diffractive behavior
of w préductibn at.lower energies. If we separate out thg presumable
diffraction part, the diffraction model prediction (2.1-9) o(p) :o(w):
o (®) = 9:1:2 does appear to reproduce the p/m ratio.feasonably.
However, the dbsérved ® rate is much too low (by a factor of order 10).
Let us see how‘we.can patch up this discrepancy. The predicted ratio

from the graph

O//Wv-v"vﬂ v e

g ‘d\f(:

N

assumed SU(3) symmetry, and P trajectory exchange, where P is a unitary
singlet of JP = Of. Meshkov and Ponzini(46) argue in the (ramework

of the collinear group SU(6)w that high energy forward elastic
scattering data make the unitary singlet exchange illusory, and that
higher representations have'to be exchanged. Their method has an

attractive feature that is not an ad hoc construction, but fails to.
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reproduce the ® rate by ;'factor of 2.

The most ob%ious remedy is to introduée symmetry breaking.
This comes most naturally in the framework of the vectbr dominance
model, where we write the above graph somewhat differently, intro-

ducing a direct photon-vector meson coupling:

¥y

<

b//\"\/\/\/\o ’; \/"
[~
Zr
Z N

The vector dominance modei].(47

essentially assumes that we can write
the hadronic electromagnetic current as a linear combination of

phenomenological vector meson currents

r. 2 c2 ' 2 . :

m O , mw m{p . _
j (%) = —l E—p% (%) + s 0 (X) + —5= 0 (x) . (2.5-1)
2 o, £ M A, A M 5, M

=y Y 7 :

With the usual SU(S) asyumptions WCACau then write the incident

photon as

B
2

= e s o) YZenl e

ﬁhich gives ug a relation between photon-indiced and vecﬁor-meson-

induced reactions according to

1

: -
o(ya =be) = 3 - X

i 71

O (v°a. - be) (2.5-3)

N

s

(ﬁhere T means that we specify helicity states + 1 for the vector
mesons. )
We now apply ed. 2.5-3 to the diffraction process yp ;prO,

noting that we can write the direct 7VO coupling in terms of the
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' leptonic -decay widths
| | " oF  4x
Vl"‘(Vﬁee):l— —2'

m, + small terms (2.5-4)
Yy :

Table I shows fhe experimental information on the leptonic decay

widths. We then write the critical ratio -

o 20) _Tp T(® oeten) Tes(op) (2.5-5)

0 . ; o 4+ - o
‘a(yp 2o p) M T(p"—e'e”) Zes(p°p)

(48)

with the recent results from DESY on the ® —»e'e” decay width

of 1.1 + 0.2 eV and the accepted p —e'e” width of ~ 6 keV.

We then insert, using the optical theorem,

2
°éz(§P1 _ | Ttot (%p) (2.5-6)
0oy (070) |01 (D) |

the values from the preceding chapter or Table I, and find

“tot
all quantities in (2,5-5) experimentally determined. The numerical-

checl; is:

. R . . ~ L
Left~hand side = 20 nght—hand_51de &0

Preliminary numbers of 2.1 + 0.9 keV for the radiative deéay width

of the @, as reported by a CERN group(49>, or of 1.30 + 0.21 keV,

as deduced from an ete” - experimént at the Orsay electron

(101)

storage ring. -, improve the numerical agreement somewhat.

'(Recall the SU(3) prediction I'(p »ee™): P(w = e'e™): T(@ »e'e)

= 9: 1: 2: or, with some symmetry-breaking introduced into the-

(50)

¥V vertex 5, 91 0.65: 1.30).



Let's recapitulate then: we essentially keep SU(3) symmetry
in the ¥V vertex, introduce symmetry-breaking in the VVP vertex,

where the P is still a unitary singlet. This symmetry-breaking

can easily be introduced in terms of the quark model(Sl): from
the relations for the total cross-sections
, 1 - +
o(pp) = o(wp) = 5 (o(x p) + o(x'p) ), (2.5-7)
+ 7 - +
a(dp) - 206(K'p) + o(x"p) - 20(x'p), (2.5-8)

- where we insert experimental results on'the RHS, we obtain
v(pp) = o(wp) = 28 mb, o(®p) = 11.5 + 1.5, in fair agreement with
thé direct experimental numbers quoted in Table I.
If we try to piay the same game Qith w production, we have
the difficulty that only two preliminary (and disorepant) muwbers

exist for T'(w —>e+e-): a CERN experiment(49) om w —ete” giving a

_(101)

value of 0.49 + 0.19 keV, and the Orsay storage ring experimen
e'e” 2w, yielding T(w »e*e™) = 1.1 + 0.25 keV. Moreover, it ic
not trivial to extract the diffraction part from the total cross-

section for yp — pw. Taking the "best guess" values (see Table 1),

we find
| m 4 - o (wp) 2
ac(yp—pw) _ p D(w-oee) tot ) (2.5-9)
o o_, +_ - 0 T
o(yp »pe”)  "w T(pme'eT) Vo, . (p°p)

The first and third factors on the RHS are =~ 1 (in the absence of
direct information on ctot(wN), we take the dquark model

value), and we find
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1 %g taking CERN value for T'(w —e'te”)
Lefthand side = ia Righthand side =

%— taking ORSAY value for I'(w —e'e”)

In view of the poor input material, we will not take this as a strong
endorsement. Still, the VDM appears to make the overall experimental
‘picture of photoproduction gf vector mesons consistent with our present
theoretical understanding,vat moderate energies (f 6 GeV). Before we
(40)

worry about the apparent decrease of the ® cross-section above 6 GeV R

let us wait for more complete data.

2.6 Some Specific Tests of the Vector Dominance Model.

Without wanfing to prejudge other attempts'to account for the
initially inconsistent picture in @ photoproduction, we take the
apparent success of the VDM as an indication for the relevance of
eq. (2.5-3). The only direc£ test éf the direct coupling hypothesis
would be a compariéon of decay modes like w - nty and w —» xp (which
‘does not work energy-wise); Al =y, Al = (where the experimental
number is not clear, and we have to disentangle transverse and longi-
tudinal p's); or A2 -y, A2 ;fnp (where the'JP ;-2+ valne allows
only transverse p's). We would predict the radiative decay width
to be ~ 1 MeV; unfortunately, no direct experimental information exists
on this decay. Some recent analysis of somewhat less direct experimental
evidence has yielded a consistently favorable picture.

We can, for instance, analyze photoproduction cross-sections and

check for consistency with n production of vector mesons:

yp =Nx > 7p =V°n ' (2.6-1)
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Thé corresponding amplitudes are cbnnected bj.the'VDM model-and time-
reversal invariance, 1f we separate 6ut the proper helicity and
isospin amplitﬁdes. Dar et al.<52) have shown several combinations
gf'crqss—seétions which are accessible to. such checks. Fig. 2.6-1 ..

shows the agreement'betweén the two sides of the relation

r .
3z (0~ ee) %\}lyp lg_:.(,top "potrp)y o [g%(“ép N ‘ftrp)j\' (2.6-2)
where the ﬂo-initiated amplitudes on tﬁe RHS can be obtained by
isospin invariance from n and n+ data. A correspondingAprediction
for vn —>non is drawn into the picture, and awaits experimental
check.

| A particularly'suitable.case is presented by & comparison 6f Lhe

. - o)
reactions 7p —%n+n and ¥ P = pn

They are linked up by the VDM and by I and T invariance. A detailed
comparison is pogsihle for the dabta on either side of the relationship
g + 0 do - -0 A
EE(7P ks n) = 2 pll(t) T (np 2pn) + wd terms + interference terms
p (2.6-3)
where pll(t) is the helicity density matrix element giving the

fraction of transversely polarized p's (since we want to compare
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(53)y.

the same helicity states for photohs and p's The material

presented in section 2.5 suggests that we may disregard w and @;.
and evaluate the RHS with p's alone. Various authors(54’55’102)
have recently given quantitative evaluations of eq. (2.6-3) at

several energies, carefully checking the helicity density matrix
Qlement.pll and thevbackground difficulties inherénﬁ in thg RHS exper-
imeﬁtﬁi Aata. Fié..DaG-E glves examples at 4 énd 8 GeV/c from ref.(54):
at smail t, good agreemént is apparent. The disagreement at larger t.
canAbe acéounted fbr by considering the interférence effect of the
contribution of the w contribution to the vector liné. Isospin
invariance then,implieéﬁthat we should not use. c(yp‘—>nn+) for the
compériéon, But rather'a iinear combination of crbss sections whiéh
ﬁilllmake the interference terms canccl. ~ We Lhéreforé recall that we

can break up the photoproduction amplitudes into isovector- and

igosoalar-photun Initiated parts, A_ and Av’ yie]ﬁ%ng

£
do /.. + 2
E(')’P—)a‘rr'l)_ -'Av+As|
da . -
=% Om=np) = |A -4
and replace o(yp = nx') by L ; R a(yp —>ng+); R is the n-/ﬂ+ ratio,

which is experimentally known frem u photopioduclion oft deuterium

(cf. section 3.6). Agréement then becomes quite satisfactory.

(56)

Another test of the VDM.hypothesis was reported by Asbury et al, s

who use coherent vector production on nuclei to compare the two sides of

k «a 2 . '
] otot-(pA - pA) (2.6-5)
P 7p .

= e
[¢)]

29 (78 > %) L -
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in order to check the validity of the VDM-suggested diagram

- +
] - ]T
? —
Y ANNAAND <
. ]
U? pooy ~N
P ~N — -
= ~
-
~ .
< A

fhey studied the pO photoproduction ecroeg -section at Smali t+ valuec
between 0.604_ and 0.06 (Gev/c)2 and obtained the LHS of eq. (2.6-5)
by extrapolating to t = 0. The RHS was calculated by COmputiﬁg |
dtot(pA14>pA).froﬁ the total pN cross-sectinn, as determined from the
relative photoproduction yield on various ﬁuclei(se). The resulting
numerical value for.z%; ~ 0.42 + 0.1 comparés well with its diréct
determinat'ionv from p —eTe” decays and ete™ > p annihilation. The
good numerical agreement should then be taken as evidence for the
validity of the graph oﬁudied here.
A further application of' the VDM was recently proposed by '

ﬁ. Joos(57) who suggests a comparispn of nucleon isobar decays
A o Np and A > Ny. For the I = 3/2 isobars A(1920) and A(2420) a
rough estimate for the NyA vertex is possible from the structure

' (69)

obgerved at corresponding energies in ﬂo hackward pholuproduction .

Thus, estimates for the pN decuy widths are made according to

T(a-pN) =k Zs T(a ~ow) " (2.6-8)

75

‘where K is a kinematical factor. Correspondingly, the graph

N

' / Ja\
N~ | N
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can be evaluated.to give a vélue for the photoproduction cross-section
at resonance peak energy (cf. Fig. 2.2-5). The cross-section for

yp = A (2720) - pp’ is 0.6 pb; the observed value, uncorrected for
helicity + 1l only, 2 + 1 yb. We regard this as a reasonable initial
agreement. (A(1920)is too hard to separate uniquely out of OPE and

diffraction contributluus).

2.7 Total Cross Section o(yp)

More tests of the VIM can be thought up. We will here stop with
the treatment of the total electromagnetic cross-section for hadrons.
We have, as mentioned in 2.2 and 2.4, someAexperimeﬁtal informetion
on the cross-sections o(pN) and o(%N). We can use the VDM then to
predict the total y-hadronic cross-section.

The high-energy behavior of the photon-proton total cross-section
is of considerableAinterest. In the high-energy limit, the forward
'Compton'graph, when viewed as a simple diffraction procesé as discussed
in the previous sections for vector mesons,

¥ A B

p
N ) N

has to vanish for real photons. Suppose we have a right-handed photon
coming in: the P exchange graph will leave its helicily, Ak - 41,
unchanged; When we now cross into the t-channel, the time-reversed
photon remains right-handed, but its momentum is reversed; we then

have combined incoming heliecity %k = +1 - (-1) = +2. The direct-

channel pole P would have to carry two units of helicity. In simple
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Regge language (cf. section 3.3): - if Utot(s - ) = constant, we
expect a "Regge pole" P with angular momentum aP(t =0) = llwhigh
behaves like a vector under three-dimensional rotations. It therefore
cannot couple to two photons (just as a spin-one object cannot decay
intd fwo photons). Thus, the optical theorem will postulate
ctot(yp) -0 as E->wm.
If we want to salvage the situation, we can elther assume'
oy (0) < 1, which would lose the main reason why the "Pomeranchon” P

was invented; or we can invoke a residue function with a singularity

13

at t= 0 to cancel the "nonsense zero"; or we.can assume a fixed pole
at J = 1. |

On the other hand, the forward production of vector mesons is,
as we pointed out, also'ascribed to P exchange in the diffractllon
picture; fur the massive‘mésons, crossing into the t-channel ddes not.
lead to the helicity - 2 assignment for the P; the asymptotic cross-
section for séme inelastic processes is therefore not expected to be
suppressed. In future high-energy experiments on otot(yp), we will
particularly have to try to use phoﬁén beaws of lohgitudinal as well
as transverse polarization (e.g. using virtual photons from electro-
production) in order to understand the process; for helicity - ©
(virfual) pﬁotons, the nonsense zero obviously does not exist.:

If we want to make specific predictions for the magnitude of
ctot(yp), we can use the VDM to link up op — anything and V°p —

anything. The most simple-minded prediction then neglects the W

and @ partsof eq. 2.5-3, and we write
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o(r, A ~B) = 5 o(o"a » B) (2.7-1)

7o :

\

where 7y is an isovecﬁor pho£on. }Dhis leads -to a prediction of
Tt ot (7VP).z 100 ub, taking nﬁmbefs from Table T. The’iséscalar
contributions‘will be cOnsiderably smaller;(in fhe energy region
vwhere data exist on ctot(VN); from 3 - 5.5 Gev, we_éxpegt a value
of o, . (yp) = 110 pb on tﬁese gfounds. |
Another estimate uses the VDM in the specific form of the -
diffraction dissociation model(so); making use 6f the'experimentai
information on the forward cfoss—sections, a(yp —9V0p)|t=o{

Inserting the best values into the(rélation(se)

1/2" e sin © 1/2 e cos © /2
‘ _JTeq| = o v 4o v do
o, (7P) =16x o @ (P)+—%p x W+ F (@
. P y y
(2.7-2)

1where the weighted couplings have thevmentioned ratio 9:0.65:1.3.

We again find a prediction of cﬁot(yp) =~ 100 yb. It is not easy to
assign errors to these predicfions, since we have to take the |
diffractiye part of the forwafd croés-sectiops alone. They ought to

%

be good to ~ + 10%.

2.8. Measurcment of the Total Cross-Section 0(7p).,‘

The experimental problems involved in the measurement of o(yp)
are obvious; above all, it is a very difficult task to separate
hadronic from purely electromagnetic events. Moreover, if we try to
look at all final-state particles in order to make up for the lack

of initial-state information (due to the usﬁally poor definition of
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photon energieé), we fun into the problems associated with the
detection of neutrals (7, 7, X°, n, ...).

Therefore, one of_theAmaiﬁ experimental tasks will be an
adequate definition of the initial-state energy, and possibly of the
initiél-state polarization parameters. We will attempt to use
polarized photons to initiate the procecs. Thls can be done in a
number of ways: practically, the problem is being tacked with

a) the photon tagging method, |

b) the electrbﬁroduétion mechanism.

In addition, there are plans to use a

¢) Dackscattered laser photon beam
for afbubble chamberuéiperimenf proposed at the high-current SLAC.
Methods b and ¢ are ablé to alsn provide pularization parameters fof
the ingoing channel, a is not.

A DLegutitul, very recent experiment<59) nsed the pholon-tagging
scheme at the'7.5 DESY synchrotron, in conjunétion with a hydrogen
buble chamber, to measuré'yp‘—>hadrbnc up Lo 5 GeV photon energies.

They chtain a bremostrahlung 7'Beam of known energy by having
a low-intensity electron beam hit a thin radiator, and momentuﬁ—
analyzing thc electrons which underwent a bremsstrahlung'ﬁroéess.

A counter hodoscope detects these electrons, covering a range of
0.5 to 5 GeV with a resolution of ~ 0.1 GeV.
The electron beam is swept over the radiatdr.by a pulsed magnet

such that the bremsstrahlung photons will hit different sections of

the bubble-chamber depending on their time of arrival. Digitizing



-89-

eleetfon momentum, pulsed field, and;fime-of—arrival,4then fullj ‘
determines'fhe phofon eneréy (if we exclude double-bremsstrahlﬁng
processes), so that ~ 10 events can be recorded for each l msec beam
pulse. A careful normallzatlon can be performed by looking at the

fully determined events 7p —~pe'e”, 7p >pr'n". We can then find

Utoﬁ simply'byjcounting strong-interaction events.
Fig. 2.8-1 shows the results of the Hamburg group. dtot is seen

fo decreese from ~ 200 pb at 0.5 GeV to ~ 110 ub.frqm 2 to 5 Gev;
.Tﬁe errors given in the figure are statistical and systematic. There
~is good agreement'between these numbers and these expected from eq's
2.7-1 and 2.7~ 2 The flgure also shows, for comparlson, the single
(dotted llne) and double (dashed line) s production cross sections.
The agreement with the VDM predictions ought to be regarded as
impressive evidence for its‘value in describing photon-induced hadronic
interactions; The idea of using electro-(or muo-) production to
provide kinematical input parameters is presently being employed to
determine ctot (yp) up to much higher energies, with e and u beams
at the SLAC, and a u beam at the Brookhaven AGS.

‘The idea is that we can write the double differential cross-

section for inelastic electron or muon scattering into solid angle

element d and energy bin 4dE' as(6o)
.dEG :
EEEET-NF(OT + eoS) -<2°8Tl>

- Where F and ¢ arc energy- and angle-dependent kinematical quantities.

It can be shown Lhat, for small momentum transfer q2, the "scalar"
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and "transverse'" cross-sections 9g2 On behave like

5
q” —o da”J 2 _
_ (2.8-2)
on 5 o(rp)
a” o

Then, if we measure electroproduction at small angles, and plot
deo '
dQdk

q2 = o0 and find ctot(yp) in this manner.

l/F vS. q2 , we can hope to do a linear extrapolation to

The experimental difficulty here lies in the fact that the
radiative tail of the elastic scat@ering mechanism will dominate small;
angle behavior and falsify the findings. A compromise has to be found
by measuring aﬁ values of q2 small enough so that an extrapolation to
q2 ; Z€ro appears credible, but large enough so that the radiative
tail (which we believe we can evaluate well) does not cgmpletely drown
out the electroproduction process.

This compromise can also be achieved at mﬁch smaller angles if we
do not take electrons, bué‘muons as incident particles. The radiative

corrections are to be applied with a relative weight R(6l)

t'qz |
B2 \E—é;’ -
—_
ST (2.8-2)
in -——% ’—l
me ."

o : .
At small momentum transfers.-q , this gives the p experiment a conslder-

able edge over inelastic electron scattering. Tor examplc, at
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2

a“ = 0.02, 0.2, and l(GeV/c)Q,‘R'»Sl 1

30’ B and %5 respectively..
Although electroﬁ beams have a big advantage throuéh their flux, we
will have to have considerable confidence ?n the calculation of the
radiative corrections if we want to do experiments at very small ahgles.
Fortunately, both p and‘e experiments will be performed, and we can

look for consistency between them.
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Lecture 3 Photoproduction of Pseudoscalar Mesons at High Energies

3.1 ExPérimeﬁtal Data oﬁ t;Channel Poles.

In lecture 1, we focused our attention_mainlonﬁ s-éhaﬁnéi
:singularities in the photbproduction of pseudoscalarsj in the 2nd fi
lecture, after taking a close look at the data, we decided that one
particular pole in the t-channel amplitude éarried_particular
impoftance in tﬁe'photoproduction,of vector mesons. We wili now‘loék:
into the high-energy behavior of fhe photoproduction amplitudes for
. pseudoscalars. |

We had previously noticed that the bump structufe'bf the.total.
cross section for procesées 7P — Nt appears to become less ahd less
'cdnspicuous with increasing energy. This is Suggesfive of the fact
‘that we have to:study the 4~ and u-channels and the influence of
their singularity structure én the total amplitude; we belié&e that
somewhere between 2 and:3 GeV, they will start being the4dominént
infiuence.

Let us look at a few relatively well-studied reactions:

o]
a) 7p —pr .

Fig. 3.1-1 shows the forward cross-section measured at DESY(62)

and CEA(65>, giving g% at ﬁomentum transfers up to -t = 1.8 (GeV/c)g.
,Thé DESY data were taken ﬁith two lead glass Cerenkov counters de—l
téciing the no decays into 2 7's. so that very small angles were |
vaccessible to measurement; the CEA experiment was pérformed with a

spectrometer observing the recoil proton, thereby putting a cut-off

on the small-t region (very slow protons cannot be detected in this way}
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Fig. 3. l—l Forward differential cross-section for P . ~>pﬂ .
(From Ref. No. 62) Fits according to ref. 73.
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We observe the following féatures: at high energies,.4-6 GeV, there
. i; a very élim forwérd peak, poorly resolved. At all energies, a
dip at moderately small t is followed by a peak at -f ~ 0.1 (GeV/c)2;
there is a secondary dip somewhere around -t = 0.5 (Gev/c)g,,ﬁut its
position and its shape aré ﬁot tob constant over the enefgy range
covered. | |

Fig. 3.1-2 gives a.missing mass curve from the recent one-arm
spectrometer experiment performed at SLAC(4O) from which we earlier
mentioned po and @ yield data. ﬁue to kinematically forbidden
- "ghost protons" which show up below 7 threshold, a non-trivial sub-
traction procedure has to be followed. The accuracy of the no
production crosé-section given in Tig. 3.1-3 is heavily dependent on
this subtraction. The quoted results show nothing of the forward
peak and first dip, since again there was a low-energy cut-off on
the proton detection, but the cross-section at 6 GeV matches up with
the 5.8 GeV data in Fig. 3.1-1. Notice, however, that the secondary
dip gets less pronoﬁnced and degenerates into a shoulder between
6 and 18 GeV.
b) yp —ux’

We have éood and precise information on the forward n+ production
cross-section from DESY, CEA, and SLAC. It was taken with the aid
of single-arm spectrometers (with the large SLAC spectrometer anaiyzing
momenta up to ~ 20 GeV/c);it is tricky to do very-small-éngle

experiments, so that we have to refer to the literature for details

on their realization.
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Fig. 3.1-4, summarizes the results of éxperiments below

(64’65’66? Note the logarithmic scale.-

1 (GeV/c)2 momentum transfer
The DESY data go down to -t = 107% (GeV/c)g. There is consistent
indication for a sharp forward peak, and none for any dip in the
. region 10™* < |t <1 (GeV/c)e, 2.7 <k <5 GeV.

1he SLAC data{67) ‘taken at energies up to k = 16 Gev, confirm
this result and carry it to higher energies and higher momentum
trensfers (up to [t] = 2 (Gev/c)”. Moreover, the SLAC data show that
outside the sharp forward peak, an exponential behavior describes the
data well according to %%4a ebt, with b = 2 for energies k > 8 GeV
and momentum transfers |t] between 0.07 and 0.6. At higher |t
values, the exponential fall-off is steeper, with b = 3.3 (GeV/c)-z.

(Fig. 3.1-5).

¢) 7p KA

With the same apparatus as used for the high-energy n+ detection,
the Richter group at SLAC took forward photoproduction data on the
brocess 7P —9K+Ab The results, shown in Fig. 3.1-6, are quite
dissimilar; there is a distinct dip at small angles, as we would
Aexﬁect from a one-particle exchange mechanism in its simplest formula-
tion (cf. below). There is also, beyond the region of the dip, an
exponential fall-off g%-~ e’® with b ~ 3.1 (Ge&/c)'é between 5 and
10 GeV, close to the b value used to fit the 7" data.

An obvious cxpcrimental difficult& in this contcxt is the
separation of the KA and ks° final states (cf. Section 1.5). The

o] . .
errors on the ¥~ cross-section are more bothersome than in the A case
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becaﬁse of the subtraction necessity. wé'llAcome back to the.KA/KZ

‘ratio later on (section 3.7).

3.2 Backward Photoproduction of n's.

Next, let us look at experimental infbrmation on bhotoproducfion
. processes involving u-channel poles; we expect them to largely
determine the backward cross-section in the same menner in vhich
t- channel poLes are needed to account for forward phenomena.

However, let us keep in mind (from section 1.3) that for the backvard
cross-section, only one of the four helicity amplitudes4will contri-
bute. Therefore, we also expect Lo see the resonance structure in
this oné amplitude in a very pronounced fashion, at'energies <3 GeV.
| a) 7p ~pr | -

Recent DESY data(69).dis§lay a pronounced peak-and-dip type
structure, when we plol Lhe l@Oo_cross-scction over the photon energy
:(Pf Fig. 3.2-1). It is seen that mainly the A resonances (I = 3/2)
appear to show up appre01ably A(1920), A(a420), and possibly higher
mass A's. The corresponding peaks in the production cross-section
have been used to evaluate the photoexcitation of these states
‘(cf. sectioh 2.8). 1In terms of the helicity decomﬁosition, the fact
- that we see these states strongly 1mp11es that the amplitude H
pWays a strong role in their ex01tatlon, out of initial hel1c1ty
1/2 (section 1.3).

i

At higher energies, only very preliminary data from SLAC(7O)

are preéeﬁtly available. Fig. 3.2-2 shows the behavior of %%.vs. u

for four processes, at energies around 10 GeV, and momentum transfers
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-u betﬁeen 0 endAO.7 (GeV/c)gi (Note that we now are interested in
mementﬁm transfers in the u-channel, for backward broduction, quite _
-analogously ﬁo‘the t channel analysis in the context of forward
production.) The no cross-section %% shows no_clear'structure as
a function of u: a slow decrease from u = 0 down, with a possible
fiat dip at -u =~ 0.5 (GeV/c)g. For‘comparison, similar curves are
. plotted forAntp->pn* and for yp —inﬁ+ in the backward direction;
Let's just'note that the pronounced dip in ﬂ+p —>pﬂ+ at u‘=--.15(GeV/c)2
does not show up in photoproduction.

b) 9p oo’
‘ do

g for ﬂ+ backward

Fig. 3.2-3 gives the angular distribution =

production, -at various energies between 2.8 < k < 9.8 GeV. lThese
date were taken at srac(™) with the 1.6 GeV/c spectrometer, again
:with an excitation-function technique - keeping beam energy and
spectfometer angle fixed, and varyiﬁg the accepted momentum for the
spectrometer. As we explained in section 3.1, this'method involves

a difficult subtracéion of backgrounds. At accepted momenta outside
the allowed region for photoproduced ﬂ+, there is still a considerable
yield due to double processes in the target. 1In order to believe
qﬁantitatively the values given in Fig. 3.2-3, we ha&e to put
_considerable trust in the subtraction procedure. Hewevef, the trend

a)

without any dip structure. The s-dependence of the backward cross-

do ' ' . . :
of ey vs. u appears clear - there is a smooth monotonical decrease,

section is consistent with

do aa” 2f9 + 0.5

du fixed u
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between k = 2.8 and 13.4 GeV. The figure élso shows a couple of
points for the combined processes yp —9KfA and 7p N (A and £
could not be experimentally separated), in the backward direction.
Since these are the only K backward data we ha?e, let's jJust
remark that they are roughly as large as‘fhe n+ cross-sections at

'

the same energies.

3.3 The Cimple=Minded Reppe Pleture.

As we try to analyze the data shown in terms of t- and u-
channel exchanées, let us recall that in relativistic scattering
_ theory, crossing symmetry links up asymptofic -high-energy behavior
‘in the reaction a'b - c¢ d with low-energy poles in the t-channel
a c'—»b dardin the u-channel a d »b c. In other words, the
s-channel photoproduction amplitudes at high energies will be
governed by low-energy singularities with the quantum numbers of the
t and u chahnels.

It is well-known that elementary pole diagrams do not yield a
successful picture;'however, the concept of Regge trajectory
exchanges ascoeciatcd with the guanlum numbers or the corresponding
channel has had considerable appeal.

In the simplest case, we have only one trajectory dominating
the'forward or backward behavior, €.g., in the parade case
TP —>ﬂon, the p exchange diagram, where we now have the entire o
trajectory (with angular momentum Ob (t) = 0.6 + @)exchanged, and
nothing else is expected to contribute. Normally, there.will be

‘a spin-flip and a non-flip part of the amplitude, and we can write

'
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: S o ea(t)-2
%%'” 4% ~ (IBflip(t)|2+ l Bron-flip (t)l2) (5;? (3.3-1)

The B's are associated with the residues of the poles vhich move with
energy in the complex angular momentum plane. Then 1t becomes clear
'that for t = -0.8, Ob (t = -0.6) = 0, the spin-flip amplitude must
have a zero (called a "nonsense zero", since it does not maké physical
sense fhat the 0 = 0 pole in the t channel could carry across any

spin unit.) We expect then, and see, a pronounced dip in the cross-
section %% () (x" p »x"n) at t ~ 0.6, and we say the dip is due to

a nonsense zero in the spin-flip part of the p trajectory amplitude.

f Such dips have been observed in many cases, and we will lbok out for

. them in the photoproduction cross-sections ; keeping in mind that they
refer to the déminance of one trajectory (or at worst, a few) in the
amplitudes. Let us look at the data presented, and see whether they

exhibit characteristics which can be explained in these simple terms.

a) 7p - pr° Forward
The gquantum humbers of fhe t channel with C = -1 suggest the w
as the leading trajectory. (We know that p —» sy and & — xy are small
when compared with w — ny). The simple Regge pole model, with the
exchange of the leading'trajectory only, would then predict a zero
)2

cross-section at t = 0.5 (GeV/c The lower-energy data show a dip

in this region, but not a zero. To remedy the situation, an additional

(72,73)

exchange of the JI)= 1t B meson was suggested to fill in the

dip, and Fig. 3.1-1 shows the fairly credible fits.
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Some doubts remain, sinée the decay B — x7 has never been seen.
Above all, the leading trajectory (the w) is expectedAto dominate
the situation more and more with increasing s according to eq. (3.3-1).
So, if the B meson trajectory has a slope equal to the p's, the dip
should become more pronounced at higher»ehergies. The recent data
at 11 and 16 GeV ;;ggést the. opposite (Fig. 3.1-3).

One experimental remedy which can be invoked to study this aspect
is the initiation of this process by polarized photons;(74) exchange
of a natural parity object (P = (-l)J) will be observed in the pro-
duction plane only if the photons have a polarization component in
the plane. Unnatural parity exchange (P = (-l)J + l), like the 17
B meson) should be separated out by measuring the cross-section in
the dip portion, t = -0;5, with incident photons polarized perpen-.
dicularly to the production plane. Very preiiminary results of an
experiment to separate 1 from l+ exchange in this manner(75)

(using a crystal-bfemsstrahlung beam for plane polarization) indicate
that indeed the B (l+) contribution is not what governs behavior in
the dip position. For a thorough investigation, we await final
results for this and othef similar proposed investigations.

Another way to explain the peculisr behavior of the no Cross-
section as a function of energy and momentum transfer has been
suggested by Ross(76). He proposes that not only the w tfajectory

exchange determines the cross-section, but that a final-state

rescatter modifies the picture such that the amplitudes due to

—
FA—aTa e Ve We W VN Lt h A

2% and
N -
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interfere in such a manner thét they produce dips - Whichfmay then-
"move and chenge shape with energy. Similar calculations have been
.successful in explaining the nucleon polarization in n—p f>noAn )
which was persistently observed experimentally, and due to the p's
being the only e#changed trajectory in the reaction, wés not expected
- to occur; this has been;'for'some time,la particularlyleﬁbarréssing
detail for straight;laced Regggiéts.

One .can tagkle the brdblem similarly with the expedient of
introducing Regge cuts in addition to poles (this 1s, in a way, whal
we did in the case of the aboﬁe rescatter), or bylinvolving fixed
poles in the J plane. We regret that the frame of these lectures
does not allow us to spend more time. Rather, we will eagerly wait
for more experimental input -- especially from polarized y beams.

The overall experimental picture in “o photoproduction is
summarized in Fig. S.Sel; ﬁhere the features are shown on a distorted
scaie;.a very narrow:peak:in the angulér distribution due to the |

"Primekoff graph",

a forward dip, a peak)and secondaryldip due to the t-channel w pole

and its "'nonsense zero", and finally a not very steep backward peak



' FORWARD PEAK DUE TO.
/PRlMAKOFF EFFECT

/ | \

FORWARD DIP OF NON-
PRIMAKOFF CROSS SECTION

——————PEAK DUE TO t-CHANNEL
. EXCHANGE (w?)

Tt~

i

BACKWARD PEAK DUE TO
U- CHANNEL EXCHANGE

~———— 0° DIP (NOT RESOLVED |
EXPERIMENTALLY)

BREAK OR DIP AT
[t1~0.5 Bev2

180° .

00
Fig. 3.3-1 General characteristics of angular distributions for y+ p—T + P

(From Ref. No. 12)



-1'12-4

due to u-channel poles. Fig. 3.3-2 compares the data, on a
logarithmic scale, with the simple Regge fit (which does not include
the sharp forward peak due to the Primakoff graph). The parameters

adopted for the w and B‘trajectories were

o (t) = 0.56 + t
w : (3.3-2)

ag(t) = -0.30 + t
b) 9p = x'n forward
There are two features characterlstlc of the ﬁ forward data,

the sharp peak at [t]| < 0.02 (GeV/c) , and the exponential fall-off

with °% at larger lt| values (Flg 3. 1-5) If we parametrlze the

latter feature in terms of eq. (3.3-1),

do 20(t) -2
ag & E |

we find a trajectbr& for the leading.exchangé which is esseﬁtially
flat with momentum transfer. Fig. 3.3-3 shows that thc cnsuing
Values of a(t) are almost compatible with a fixed pole at « =0,
very different fromAthe trajectory nalvely expected from the lowest-

mass t-channel pole

p - — n
Even if a(t) is presumed to be due to collusion of several trajectories,
it remains hard to explain, since, while the unit slope n trajectory

passes through'aﬂ‘= 0at t = 0.02 (GeV/c)E, all other candidates
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Fig., 3.3-2 Forward 7 photoproduction: fit to data (on exponential scale) using Reggeized
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.(like the vector mesons) croés througH zero at ~ -0.5 (GeV/c)Z;
‘however; the data indicate that a(t) remains close to zero, oﬁt to
much larger t values.

We simply note a failure of the simple Regge pigture here, and
we delay the discussion of the sharp forward peak to section 3.5; it
cannot be understood in terms of single-trajectory exchange alone.

c) 7P KA Forward

Recall that (cf Fig. 3.1- 6) the K photoproductlon data looked
very similar to the 7 results, as long as we do not look at t < 0.C2,
where the spectacular difference comes in between forward peak and dip.
At |t| > 0.5, the slope is similar to that in the = case, and from

this dg e 3.1% behavior we again deduce a flat effective trajectory.

dt
qK(t) 0, which we would nalvely want to associate with the charged

X pole

Fig. 3.3-4 shows the. resulting trend for a&(t), again compatible
with a fixed pole at J = 0, over the entire t-range covered. Again,
no interpretation in simple Regge terms appears possible.

a) oyp —>pﬁo and 7p - nn Backward.

Let us look at lhe backward cross-sections %% in an equally simple-
minded way, trying to explainfﬁhe data in terms of the exchange of the

leading (lowest-mass) poles. We notice that in elastic wp scattering,
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this approach appears successful. Fig. 3.3-5(77) illustrates our

point: For the case n+p —9pnf

the t channel quantum numbers determine the neutron pole as the lowest-
mass exchange; the nucleon trajectory, however, has a '"nonsense zero"

2
at aﬁ(u) = 1/2, corresponding to -u = 0.15 (GeV/c)~. There is a

distinct dip visible. In the case of ﬁ-p backward scattering,

T == p

4,

P : _——— — -~

the I spin quantum number of the t channel does not allow for nucleon
exchange, but the A trajectory is expected to dominate. This is borne
out by the data (also in Fig. 3.3-5): The A trajectory has no nonsense
zero in the physical region u<0, at u values covered here; it may or
may not finally reach the nonsense point at qﬁ = - 3/2, but no‘dip is
visible.

In the‘photoproduction of x° and «' in the backward direction,

we would expect the diagram

d/ P Sl e e W e M

N — m i
to be dominated by the nucleon pole in the u channel. However, the

data (Fig.s3.2-2 and 3.2-3) make it quite clear that there is no

indication of a dip at -u= 0.2.
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E. A, Paschos(78) at SLAC has recently given a careful evaluation
of the backward cross-section for both =np elastic scattering and the
photoproduction processes. Keeping track carefully of all the kine-
matical singularities involved, he fits the elastic scattering data
with the nucleon ("Na") and A trajectories, respectively. Then,
noting that the non-dip at the nucleon nonsense zero in photoproduction
makes an interference effect likely, he excludes dominance of nucleon
trajectory exchange. Similarly, however, A tfajectory exchange is
not the only proceés occurring. For pure A exchange, which has to be
isovector, isospin invariance prescribes |

do

| do - a0
( du ) o 2 du
P

However, the data make the two c¢ross-sections of eg. (3.3-3) look

if A exchange. " (3.3-3)
T .

about equal. Therefore, interferenqe effects between the Na and the
A trajectories are likely to accéunt for the observed structure.

It may not appeaf too surprising that the coupling of the A to
N7 is not spppressed with respect to the coupling of the Na trajectory:
remember that, for the particularcase of no backward productién |
(Fig. 3.2-1), the A states show up very strongly. Similarly, in the
framework of the p dominance picture, we recall that the A's (I = 3/2)

gre favored in the coupling to the pN system (cf. section 2.1).

3,4 The Not-so-simple Regge Picture: Cuts, Fixed Poles, Conspiracy.
In the above treatment, we have looked at the available x and K

photoproduction data with the specific guestion in our minds: Can they
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be reasonably described in terms of the exchange of one or a few
leading trajectories, associated with the lowest-mass.pérticles whose
quantum numbers can be exchanged iﬁ the corresponding channel? The
answer appears to be: 1in the forward direction, certainly not.
Neither the sharp peak in ﬂ+ production (and the corresponding dip
for K+), nor the constancy ofqaﬂ(t)”with t for lérger |t| values, nor
* the éeneral behaviér of n° photoproduction are e?plained En such
simple terms.

We cannot, in the cbntext of these lectures; give an account of
the theoretical framework of the concepts which may be called to the
rescue when the simple picture fails. We'll Just ﬁention the main
ideas, without even thére attempting to be complete.

For one thing, it has consistently been pointed out that the
singularity structure of the scaftering amplitude in the complex
angular momentum plane will normally comprise cuts as well as poles,
in full analogy to normal polology in theé compleX momentum plane.

It would be.a much-hoped-for accident, if we had only poles, and not
cuts, moving ip the complex-1 plane.

It is obvious that the presence of cuts would cloud the peak-
and- dip structure na‘ively expected,.aﬁd often found, due to domin-
ant poles. Physical concepts leading to such mathematical cuts can
be formulated in a number of different ways, one of which is the

(76)

idea of Ross et al. to postulate rescatfers in the ingoing and
outgoing channels, in addition to the dominant exchange. Absorption

corrections to single exchanges can lead to a similar picture.
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Another Qay in which cuts can bé introduced,‘but.which need not
| lead to cuts, is through fixed poles in the 2,plane (i.e., poléé which
.do'not‘ﬁbvé ésia function(of t). ‘We mentioned'the simple Reggé
analysis of n+ forward production ét moderate ﬁ values? which led to
a picturé consistent with the presénce of a fixed pole at J = O.
There is wide-spread céntroversy over whether such fixed poles
exist in photoproduction(79’80’81). In general, reactions involving
spin have poésible fixed poles at integer positions of £, either
positive or negative, ﬂp < Jl + J2 ~-lor< J5 + J4 -1, whichgver
is larger(sg). This implies_that, in spinless processes, fixed poles
are located aﬁ negative integer values, so their influence is
ekpectéd to be masked by the (higher-lying) trajectories of moving

poles. L. JOnes(Bs)

has pointeé out that a fixed pole at J = 0 will

a) contribute to the "negative signature" amplitude, from
which we obtain the above-mentioned nonsense zeroes,
such that there is a constant term as o —» 0, filling in
the dip; it will not affeet the high-energy'behavior;

b) will not atfect the general structure of the "positive
signatﬁre" amplitude in the viciﬁity of its nonsense
point @& = O, but rather add a term « % to the
asymptotié'value. This'will then dominate the cross-
section at &.< O.

At present, there is no coﬁpelling evidence which points to

the presence of this particular mechanism in photoproduction.

One concept which has recently attracted much attention is the
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"conspiracy” of various trajectories - in its most general form the
collusion of two or more‘frajectdries to mask kinematical singular-
ities normally occurring in scattering amplitudes. A "conspiracy
relation" is then a constraint imposed on the four helicity amplitudés
due to the conspiring trajectéries at one particuiar kinematical
point, such that the overall amplitude at that point is free from the
singularity normally occurring there.

We will specifically mention one case, in which the conspiracy
mechanism has been used to explain the absence of & dip in ﬁ+ photo-

production at t = 0, in the next section.

3.5 Interpretation of Forward Dips or Peaks. Cpnspifacy or Not?

Consider, to start with, the simple oné-particle exchange
approach: the only s-channel helicity amplitude which will contribute
to the 0° créss-section will be (cf. section 1.3) the so-called flip=-
flip amplitude Au _ 1/2’ N\ = 1/2 ( or ﬂg in our prcvious notation).
In this amplitude, angular momentum conservation is effected through
simultaneous flip of the nucleon helicity, and a change of helicity
between the Kk‘= 1 photon and the n. If this dodble-fiip is brought
about by the exchange of one particle, its contribution must be
proportional to the momentum transfer t, because all helicity flip
couplings involve the momentum of the exchanged object at least
linearly.

In other words, single-particle exchanges leéd to dg a t tor

dt
(t = 0) = O means

o do

small t, and since t = 0 is very close to O, S



-123-

a dip in the forward cross;séctione.‘

Now recall the x' data showm in Fig. 3.1-5; there is a sharp
forward peak rather than a dip. How can we explaih this?
Richter(84) pointed out that the forward peak can be accounted

for in terms of the Born terms alone. The diagrams (cf. section 1.2)

(’mwvvwmr_____ Tl.-+ Y . _ /ﬂJ
' electric coupling ~

////ﬂ/’OMJ e

. \\\\\\ n
contribute to the forward amplitude like

| and
W A % 2 P

o io
A~ Up) ( %%‘ - %}% - z% e“kv) U(p) (3.5-1)

The first ferm, the n pole in the t channel, dips in the forward

direction, as we mentioned. The minimal gauge- invariant form, =<

k.q k.p
(only in the low partial waves). Fig. 3.5-1 shows that in these

€9 _ £P 54411 dips at t —0, but the 0w term has a 0° contribution

terms alone, we can account for the forward behayior at all energies,

PN .
> mos the conventional

wﬁereas at larger momentum tranesfere, It
ﬁegge terms iook more apbropriate. One might object that at high
energies there will certainly be some absorption of the low partial
waves, which would eliminate the'peak due to the qu term. However,
absorption would simultaneously affect the first two terms, and

they would then no longer dip around OQ, so that the overail pipture~

remains consistent.
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The forward peak can also be explained in terms of conspiring
trajectories. Ball et al.(ss) went through the details of n+ and K+
forward production. (For the general formalism, we refer to the
literature cited in ref., 85.) |

In section 1.3, we wrote down the helicity ampiitudes for the
s channel. Similarly, it is often convenient to define t-channel
helicity amplitudes. We can write them in such a féshion’that they A
are free from kinematical singularities, and find four independent

parity-conserving amplitudes, corresponding to the exchange of natural
£+l)

(parity ='(-1)2) or unnatural (P'= (-1)" parity exchanges.

Specifically, we can write

Fi, Fe contain natural parity exchanges (O+, 17 ...
F2 contains unnatural parity exchange (O_)—— €.8., X
F4 contains unnatural parity exchange (l+)--e.g., Al .

If we relate these amplitudes at the singular points t = O, 4mﬂ

suéh that the overall amplitude is regular (this is the meaning of the
word conspiracy), we get relations‘among the various f's. In particu-
lar, the t = 0 condition links up F2 and FS' Thio mcans we cbtain a
éondition between the n exchange and a normal parity exchange.

We can.then pdstulate that in addition to the = frajectory,
whose presence is expected, we also have a consﬁiring trajectory
of opposite parity, the (in-) famous T, ( o) trajectory,'making

‘up a parity-doublet; The specific conspiracy condition then relates

the residues B(t) and the a(t) values at t = 0 according to



0. (0) = (0),
: (3.5-2)

B (0) = -8 (0).

Ty ¢

With these conditions among tﬁe opposite-parity trajectories? the dip
at small |t| disappears, and we can actual;y account for a peak
structure. However,:in ordgr to hgve a somewhat palatable picture,
we have to postulate alsaithat the conspirafor trajectory "choose
nonsense'” at O% = 0; othérwige'yg wog}d have the embarrassing pre-

C
diction of a 0" ‘meson degenerate with the x, which has somehow

P

eluded our observation.

After having given this example for a conspipacyftypg‘explanation
of the forward péak, we ha&e té add thaﬁ tﬁis approach does contain
some uneasy features. In particular, we haVe to make the residue
function Bﬁ(t) of the x trajeétqry vary strongly with t %n order to
get a conéistent picture, whereas we leave the conspirator residue
constaﬁt. Aléo, for a simultaneous explanation of the dip in forward
K*pfqducﬁion, the presence of a conspirgtog KC w?ll havg'to be
suppressed in its influence on the o° amplitude. This may be explained
by the closeness in mass of K‘and K¥* (ﬁuch closer than x and p), so
that Vvector meson exchange ﬁay bring dBout the overall dip in the Kkt
cross-section.

Amati et al.(86)‘shunned these features and ghowea that a slowly
t-deﬁen&ent background interferring witﬁ the =« po}e may also be

used to explain the forward data. It may be interpreted as stemming

from a fixed pole, or from absorptive corrections to the n pole.
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3.6 The n /x" Ratio
A very important addition to our understanding of the n photo-
production process can be expeéfed from the study of_the ratio R

defined as

Seseed

vhere the (p), (n) are supposed to be "spectator" particles, not
directly involved in the reactions. We have experimental results

88), and expect more from SLAC at higher energies.

from CEA(87) and DESY(
The analyéis of such data 1s meaningful only if we make sure that

the spectator ﬁodel is s0lid in the momentum transfer range covered.
The earlier experiment(87) showed (Fig. 3.6-1) a ratio R which

is stfongly momentum-transfer dependent, and is considerably smaller

than unity at the lowest t-value measured, -t = 0.4 (GeV/c)z. This

value for R'may be taken as an indication for considerable interference

 between (in terms of the vector dominance model) the diagrams

. \=

\“‘x — I “\‘q_ L\) ¢ ' -~ ¥

Although w and @ are more weakly coupled to the photon (cf. section
2.5) than the p, the fact that w and p interfere with different signs

in ﬁ+ and production may well account for this ratio (see eq. 2.6-4).
| (88)

The more recent Hamburg experiment investigated the ratio R

down to much smaller |t| values. Fig. (3.6-2) shows results of

- . . + .
and n cross-sections from deuterium, and x from hydrogen. It is seen
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that at small t, the n+ rates off-hydrogeﬁ are significéntly lérger
than those off deuterium. This fact immediateiy poihts up one
necessary correction to the spectator ﬁodel; it is due tQ the Pauli
principle which will-not permit two final-state neutrons in the same
spin and energy state. At larger [tl values, this difference
disappears.

There are more_corrections we have to apply if we want to extract
the free neutron (or free proton) cross-sgctions from experiments on
deuterium. There aré "Glauber corrections" for multiple nuclear
prdcesses, and the effects of Fermi motion of the nucleons within the
deuterium nucleus. However, all of these corrections are exfected to
be closely similar for both reactions occurring in eq. 3.6-1, so that
the ratio R is not affected. If we want to find the free neutron
cross section %% (yn = pr”) from‘%% (yd »ppr ), we can takeltne
corrections empirically from the corresponding n+ cross-sections as
shown in the two upper curves of Fig. 3.6-2. _ '

The ratio R is plotted, in Fig.’3.6-3, for 0.005 < |t[ < 0.8
(GeV/c)e. While at -t = 0.4 the previous ratio is confirmed, the ratio
appears to be unity in the very forward direction.

In the spirit of the previous two sections, the n-/n+ ratio in
the region of the forward peak may provide a crucial test of some of
the models proposed for the non-dip structure. In terms of an exchange
model, either‘elementary or Regge-ized, R % 1 implies an interference
between exchanged systems of different G-parity. R(t = 0) = 1, as

experimentally found, is therefore compatible with the assumption of
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conspiring = and o (O+) trajectories, since they are of the same
G-parity. It will be interesting to extend these measurements to
higher energies.

For consistency, we show in Fig. 3.6-4 the similarity of the

energy dependence of the differential cross-section for n+ and %

production at (t = -0.1 (GeV/c)g. However, we should point out that

the momentum transfer dependence of fhe differential crossesections
(7p - ny ) and (7n - pr ) looks quite dissimilar; the two low

curves in Fig. 3.6-2 point up this difference for n+ and 1 production

off deuterium, as reflected in the t dependence of R. We‘can use

our. arguments about the similarity of the necessary corrections to

find the free neutron cross-section through the relation

-%% (yn »>pr’) = R %% (vp —>nn+). | (3.6-2)

Its t-dependence is obviously very different from the " production
process; the forward spike is not affected, but the s cross-section
continues to fall offAmore rapidly with 1ncreasiﬂg It[. We can
formulate this in terms of the amplitudes induced by isoscalar and
isovector photons: the squared isovector and isoscalar amplitudes

(1 1+ R) dor

|4, 1© + |4, E - (rp » ) (3.6-3)

lead to the forward peaks, whereas the interference term

1L ~-R dc _+
2A A = ( — L-R) (yp »nn") (3.6-4)

is absent in the forward direction, since, for very small |t|, R=1.
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A successfuiAmodel for single-charged-i ovhotoproduction will have
to reproduce this behavior as well as the differential cross-section;'
plus any data oun polariiatidn parameters that may show up;. At the
time of the writing of these notes, first results are beiné presented

o.

g

1 _J! defined in section 1.3, at

Wt 9y, I
(103)

for the asymmetry parameter z =
hhigh energies from a %" production experiment . They strongly
indicate dominance of the exchange of a natural-parity dbjecf

(O+, 1, cee); since the ﬁ-/ﬂ+ ratio data postulate the interference
of even and odd G-parity exchange at |t| values not too close to zero,
Fgﬁ&land and'Gordo£104) éhosé a model incorporating = and p'excﬁange;

a pP and a conspiring nP cut were additionally needed for a reasonable

fit to the data for %%) ~ and R.

3.7 A Few Tests of SU(3) Symmetry.

The high—energy'behaviof of amplitudes which are governed by
exchange diagrams should provide good tests for symmetry schemes,
since we expect kinematical correctia%n become less important as g
and t increase.

We mentioned in Section 1.1 that the conventional assignment of
the photon as the U = 0 part of'aﬁ octet is not entirely established.
. This assigmnment stems from thé Gell-Mann Nishijima formula Q = % + I
which is obeyed by all known hadrons.

There is no reaéon(eg) why there should noﬁ be.ah’qdditional

additive quantum number D which may not transform like a member of

an octet (remember that Y and 13 can be identified with two of the
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generators of the group SU(SXL so that

+ I, +0D ‘ (3.7-1)

Q= 3

nojF

may contain a non-octet part. Hdwever, since for all observed hadrons
D = 0, we will keep in mind that only the octet paft of Q will have
non-vanishiﬁg matrix elements between known hadrons. Similarly; it
is possible that the relation between charge Q and:eleétromagnétic

current j

r. r SN
Q=14 Xt) % [+ [ ... &% (3.7-2)

contains an octet current jd whose space integ?al is equal to the
charge, plus a conjectured additional current which may transform
like a member of 1 or. 27 but whose space integral happens to vanish.

Since the symmetry properties of the photon are those of the
electromagnetic current jem)we will have to léok for possible non-
octet parts of the photon in order to establish the initial éssign—
ments. The difficulty in this search is that moet predictions made’
on the grounds of the U = 0, (8)assignment can be obtained from the
U-scalar character of the pﬁoton alone. However, 1, 8 and 27 all
contain a U spin singlet.

Among the many SU(3) teéts proposed,(go) a few are sensitive to
the octet assignment. This holds particularly for the vector domin-
+

ance graph for the process VO ~e'e



Q
to lowest order in a. If we assume pure octet character for the

photon, then we obtain (cf. section 2.5), with the usual ¢ - w
mixing,

Yoo oys 742,; 9: 1: 2 ) (3.7-3)

and, by virtue of eq. 2.5-4 and ref. 50,

I'(p »e’e’): T'(w —;e+e-): T'(® »eTe )~ 9: 0.65: 1.30
| (3.7;4)
where the neglected small terms in (2.5-4) may account for some dis-
crepancy. The numerical check is, according to Table I,

= 1.2 keV. This check is

Tp = 6.4 keV, Fw = 0.0 Lo 1.1 keV, P®

not quantitatively tight enough to exclude some non-octet admixture
for the photon, but the picture certainly looks consistent for the
octet assighment.

Harari(go)

has listed a large number of SU(3) tests in photo-
production, involving the U-scalarity of the photon. Predictions

are usually for amplitudes, and high-energy experiments mostly

yleld cross-sections only. In the absence of phase information, we
can then test inequalitieé rather than equalities. Assuming unbroken

SU(3) symmetry, we can obtain two such inequalities tor the photo-

production of pseudoscalar mesons off protons, o(PS,B):

JZ M2ty < 5 M2ty & M2 tz) (5.7-4)
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2(:%p) <2 o2 (KOZ+‘) 3 o2 () (3.7-5)

We can write eq. 3.7-4 in terms of the triangle ineqﬁality given in
Fig. 3.7-1 where @ is the unknown phase angle between the KA and KX
amplitudes. Then SU(3) demands |cos QIS 1. Fig. 3.7-2 shows a
check of the inequality 3.7-4 by Elings et al.(gl), performed at
energies 3.4 < k < 4 GeV, Obviougiy o(ﬁ+n) is well contained within
the allowed band.

More récently5 the high-energy‘SLAC data(84) on forward K+
rroduction have permittéd a check on the éamé relations. Fige 3.7-3
gives the results at energies 5 < k < 18 GeV, and at momentum trans-
fers |t| up to ~ 1.3 (GeV/c)e. Again, there is good agreement at
|t| values larger than 0.1 (GeV/c)2. At smalle£.|£|, there appears
to be a strong violation of the éoﬁdition [cos @] < 1. Although no
precise account for this discrepancy can be given, the unequal masses
involved in the processes will no doubt manifest themselves more
strongly at small |t| than at larger |t| values.

‘The-relation 3.7-5 cannot at present be checked since there are
no good data available for yp —éKO Z+. Predictions involving reactions

with more than two particleé in the final state are not well-enough

studied experimentally to provide stringent tests.

3.8 High-Energy n Photoproduction.
In section 1.5, we mentioned the usefulness of 1 production in
the iscobar region as a probe for the I = 1/2 channel. In the

tramework of higher energy production t-channel exchange processes of
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Fig. 3.7-1 SU(3) relation between photoproduction processes (Tr+n),(K+2o)
and K*A®, (From Ref. No. 91) '
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Fig. 3.7-2 Comparison of the experimental values for yp - x'n
.with the SU(3) limits imposed by the inequality
3.7-4 and Fig. 3.7-1. (From Ref. No. 91)
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Fig. 3.7-5 SU(S) check according to eq. 3.7-4, as a function of
momentum transfer|t|. The SU(3) condition |cos®|<|

is violated at small [t|. (From Ref. No. 84)
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the type ‘ ‘ XQ

Vo

are expected to play a dominant role in analogy to the x production
processes. If we invoke the vector dominance model, we have two
strong vertices to deal with, and can make statements stemming from
icoepin and SU(3) invariance.

(92)

On such grounds, Dar and Weisskopf made predictions for the
t dependence of the differertial cross-sgction %% (7p -pn) at
higher energies. Note that, in this case, the prediction came before
the experiment!

One can safely aésume(gg) that, in the above diagram, p exchange
dominates the amplitude. Connecting the respective coupling constants
through SU(6) relations and isospin invariance, one can link up the
p exchange amplitudes in 7p'—>pn and yp —>n+n. The vector dominance
model then relates the p exchange amplitude for yp - 7'n to the o
exchange amplitude for wp —>ﬁ+n. Note that for reasons of G-parity

conservation, we can have only the w as the intermediate vector

meson in the graph
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Finally, we invoke time-reversal invariance, and projecting out

the transversely polarized w's only, we.arrive at the relation

do 3.3 mx do , + : |
7 (rp 2o) = 5= s &® (x'n swp) = (3.8-1)

where the numerical factor is due to the SU(6) coupling ratios, and
to the assumption of an unpolarized photon beam; 7 denotes the
strength for the direct coupling y-w, as introducedﬂin section 2.5.

Since, by isoSpin‘invariance, ﬁe can replabe ﬁ+‘n —-wp by
% p - wn, we can draw on the data for béth:thése reactions to predict
the yp = oY cross-section at given»enérgies. ThisAis:done in
Fig. 3.8-1, which gives the quantity 52 %% vs. the momentum transfer
yt, for incident energie; ~ 3 and 10 GéV.

Note that this predictidn does not show either a forward dip or
a secondary dip around -t é 0.5 (GeV/c)g. Both these features are
present in ﬂo production,(at least at inte;mediate energies), and
would be expected here if we assumed simple p trajectory exchange
(cf. section 3.3). |

First data were recently taken at CEA(93) at k = 4'GeV and at
'SLAC(4O) at k = 6 GeV. The 6 GeV data are shown in Fig. 3.8-2. The
general trend appears to bear out the prediction; the dip ;tructure
observed in ﬁn production is notseen here. The measurements were
-taken at |t]| > 0.2 (GeV/c)g,'so that no statement can be made about
a forward dip. QUantitatiyely,.there isragreement.within a»factor
of 2. This ought'to be regarded as reasonable agreemenﬁ, considering

the approximations made and the error bars on Lhe cruss-secllons.
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Fig. 3.8-1 Prediction for high-energy n photoproduction cross-section
according to eq. 3.8-1, using the vector dominance model
and i - wN data. (From Ref. No. 92)
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The preliminary CEA data do go to smaller t, and may contain indica-
tions for a dip at |t| < 0.5 (GeV/c)e, At lérger values, they also
agree qualitatively with the prédictions(92). Clearly, we will have

to wait for more data before we can do a detailed snalysis. -

3.9 Concluding Remarks

In the preceding argumentation, we are left with a slightly
uneasy feeling..we start with a simple p exchange ﬁicture which
would make us expect a dip-and-peak angular structuré somevwhat like
in the 7° case, Fig. 3.3-1. Invoking several reasonably well estab-
lished invariance principles and models, we wind up with a predicted
cross-section quite unlike the typical one-trajectory exchange
picture of our "input". Maybe this points up a situation typical
for the "state of the art". The theory is a curious blend of
pragmatism, based on suggestive principles plus ad-hoc assumptions
which may or may not appear compelling; they may carry little
immediate intuitive appeal; and lack the solid basis to satisfy the
more rigorous theorist.

Experiment is found, within reasonable error, to bear out

some of the features we set out to describe - but the limited range

of parameters measured,and the need for more precise data leave

agreement in a doubtful state.

On this open-ended note we will conclude these lectures. They
may, altogether, indicate that photon-induced hadronic réactions
‘ are particularly suited £o study distinctive features of the strong

interactions; that photon experimentation; which carries its own
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".difficulties, has come a long way in recent years; that theoretical
understanding is in no better and no.worse' shape here than in the
general field of hadron-induced hadronic interactions; and that
physigists in this field will not be on the unemployed roll for sdme
' _time_to:éome. |

A final remark'appears in order on what important experimental
developmenl van be anticapated in the field of photon-hadron physics
in the near future. = In the course .of these léctures, we have
stressed time and again that the need for the fixing of photon
momentum ang ?olarizaﬁion parameters, and the need to check truly
asymplotic behavior, leave present interpretation of the data open to
doubt., |

The production of @olarized photon beams is just now becoming
practically feasible, along several lines. At DESY and CEA, coherent

(95) is yielding photon beams

bremsstrahlung production off crystals
of good intensity (5 iOll eqﬁivalent quanta/min) with a high degree

of ﬁlane polarization (< 80%), at energies up to about one-half of the
final machine energy (i.e. < 3.6 GeV at DESY).. The cross-sections

for two-body reactions can be broken up intoAparts with only natural

(95)

Aor unnatural parity exchanges , 50 that these beams will help

greatly in the understanding of exchange processes. ‘One simply has to

study the distribution
g%égl = A+ B cos2® +-Csin2¢

where ¢ is the angle between the photon polérization»and the reaction
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plane, and the successive terms on the RHS indicate the contributions

from unpolarized photons, from natural (07, 17, ....), and from

+

unnatural (07, 17, ...) parity exchanges. In the concluding remarks

of section 3.6, we saw that first results from such data in %t
photoproduction put an important constraint on the models used to
describc the process.

(96)

Menochromatic beame from positron annihilation

(97)

and from
backscattered laser photons gre in initial use at SLAC with
intensities useful for bubble chamber experimentation. The laser
photons can carry circular as well as plqne polarization, and fhe.
attractive feature of this scheme is that 180° scatters preserve this
polarization fully.

Lastly, it should be menfioned that even in the absence of
plans to build higher-energy electron machines, photon experimentation
at energieé more closely satist'ying asymptotic conditlons will
become one of the standard features at the 200-H00 G&V proton
accelerators now being préjected at Weston and Saint-Tropez*.
Fig.s 3.9-1 and 3.9-2 give rough estimates(gg) of the photon yield
per interacting proton, per BeV energy interval, from pp collisions
at QOC'BeV. Intensities are lower but still respectable even for
purified beams(ga); and together with the good duty-cycle character-
istics of the proton machines’and large-solid-angle detéction devices,

make us look forward to the solution of some presently unanswerable

questions.

* The error bars on this last statement presently reach from the

Bscorial to somewhere in Northern Sweden.
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Flg 3.9-1 Angular depéndence of photon yield per unit energy interval,
per 200 GeV probton interacting with a proton target at rest.
(From Ref. No. 98)
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