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1. Introduction 

The first motivation1 for fj collisions was indeed the study of C = +1 resonances. After 
the pioneer works listed in Ref. 1, one can trace back from tip four proceeding T! workshops2-5 

and other high energy physics conferences6 how the subject developed since thb time. The theo
retical concern progressively evolved from kinematical considerations (properties of the e +e~ -» 
e+e~X processes) to dynamical c-\\es, namely resonances, soft hadronic processes, current algebra 
constraints, sum rules, duality rektions and more recently hard (point-like) processes and QCD 
tests. Several phenomenological studies on the possible production of exotic particles (like tech-
nihadrons, Higgs bosons, supersymmetric particles, excited fermians ) have also been made 
but this is outside the scope of our review. 

The processes fj —• hadrons can be depicted as follows. One photon creates a qq pair which 
starts to evolve; the other photon can cither (A) make its own qq pair and the (qQqq) system 
continue to evolve or (B) interact with the quarks of the first pair and lead to a modified (qq) 
system in interaction with C = +1 quantum numbers. The main lines of evolution are, in case 
(A): 

— each qq pair forms a vector meson V and both V's interact like in hadronic collisions with 
formation of resonances at low energy and with dim-active and peripheral scattering at 
high energy. 

— the qq pairs make a quark rearrangement and hadronize (this can be described by per-
turbative QCD when the arrangement is due to hard gluons, i.e., when one has a large 
momentum transfer). 
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in case (B): 

— the q$ pail has some probability of making a bound quarkonium, 

— it can quasi-freely evolve and make independent quark jets if the momentum transfer 
between the two photons (or the two quarks) is Urge enough. 

— it can abo hadmnize into asm?'! number of hadrons (this can again be described by QGD 
if the momentum transfer is large). 

— it can annihilate into two or more gruons and make ghieballs or gluon jets. 

The theoretical challenge b the computation of the probabilities of each of these possibilities. 
I am supposed to review the recent theoretical activity concerning resonance production and 
related problems. I think that since the last (J9S1) 77 workshop the new aspect of the theoretical 
works precisely concerns the resonance spectroscopy and the description of exclusive processes. 
In particular a special attention has been paid to the unusual states like four quark, mixed quark 
and gluon bound states and glueballs. As a. consequence we organize our review as follows: 

Sec. 2: Hadronic C = +1 spectroscopy (7 J, c#r}}, Q$9> 99' 999 bound states 
and mixing effects). 

Sec. 3: Exclusive 77 processes (generalities, unitarized Born method, 
VDM and QCD). 

Sec. 4: Total cross section (soft and hard contributions). 
Sec. 5; o s dependence of soft processes (soft/hard separation, 

1 ± + resonances). 
Sec. 6: Polarization effects. 
Sec. 7: Conclusion. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United Stares 
Government. Neither (he United States Garcrniacut nor any agency (hereof, not any of their 
employees, mates any warranty, express or implied, or assumes any legal liability or rcsproisi-
rjilily for the accuracy, completeness, or nserulo.cn of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific comnwrcud product, process, or service hy trade name, trademark, 
•KuroTiKturcr, or otherwise does not necessarily constitute or imply its endorsement, n c a n -
mcudetisfl, or favoring by the United States Government or any agency thereof The views 
aid opiiuors of authors expressed herein do ant necessarily state or reflect those of the 
United States Government or any agency thereof. 
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2. Hadroaic C = +1 Spectroscopy 

2.1 STANDARD 95 BOUND STATES 

The low lying C = +1 states are (T+f'iti), 0++(*fW, l * * ^ ! *"»d 2++( 3 /y. Predictions 
for the TJ decay rates of the light quark bound states have been given a long time ago 1 - 8 . It is 
striking how many of the recent experimental results tend to favor the simplest picture based on 
the non-relativistic quark model. In this short section we just want to quote the recent calculations 
concerning light and heavy quark bound states and the new assignments for the 0 + + nonet. The 
case of the 1 + + states which cannot couple to two real photons will be discussed in Sec. S. 

(restates: »°, q, n/, ifc,%.-.. Theoretical and experimental valves of Hy, are given in Table 
1. I**-*?; is computed from the triangle anomaly in terms of A- 7 r , - n l and I^*.*^ are then 
obtained by nonet symmetry (/» = /ij, = fa)* Heavy quarkonia decay widths have been 
computed using the relativistic corrections calculated in Ref. 0 who give a factor O.S for n e and 
0.6 for ))k with respect to the non-relativistic case.12 

0++ states. Is Table 2 we tentatively assign ((1425), X°ilTI0), Jt {1300) to the light scalar 
nonet1 0'1 3 instead of the old choice a{700), 5*(080), 2(980). 0 is the unknown mixing angle in 
this nonet. The r , , normalization has been fixed applying the factor ^ to the quark model 
prediction far the 2 + + nonet (see below). The heavy quarkonia decay widths have also been 
computed according to the results of Ref. 9 who give a correction factor 0.4 for xo( f ?) and 0,6 
for Xo(tE) with respect to the non-relativistic case. 

For completeness w» want to quote old computations giving8 6.0 to 22.0 keV for <r(700) and11 

12.8 [aini - f%2 keV for 5*(980) and 1.8 keV for j°<980). However see Sec.2.2 for the four 
quark interpretation of these states. 

2++ states: / , /*, A%, X2<« 6), X2(6 8) Many different predictions have been given for the / 
meson (using tenser dominance of the energy-momentum tensor, finite energy or superconvergence 
sum rules, quark models .. .f which range from 1.0 to 12.0 keV. In Table 3 we took for reference 
the expressions of Ref. 11. With a mixing angle 0 = 24° or 35.3° one would get 2.4 or 2.3 keV 
and 0.014 or 0.18 keV for T/-.^, and TJI^^I respectively. There is also a recent calculationM 

on the basis of a Veneziano~type dual meson-meson amplitude which gives Ty^y, = 2.66 ±0.45, 
TJI^^BJI^KK = 0.141 ±0.030, T^-^ = 0 B0±0.36 keV in good agreement with experiments. 
However a precise comparison with experimental results in the case of the / has to face the 
problems of mass and width shifts (see See. 3-2}. 

Heavy quarkonia predictions also come from Ref. 0, the relativistic correction factors being 
now 0.4S for X2(c?) a n d ®-7 5 f° r X2(^)-
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Ifcblel 
77 Decay Widths of 0 - + Mesons 

*° n rf nc lb 

TH 7.6 eV 0.30 keV 6keV SkeV 0.25 keV 

EXP 7.05 ± 0.55 fo.32l±O.C46 
, \ 0.58±0.12 5.3 ±0.6 

Table 2 
77 Decay Widths of 0++ Memo* 

<(143S) x°[mo) Jt0(1300) xo(«8) XofiB) 

TH («n9 + 2>/2"e<M»)2keV («>««-2 ,/2«in0)8keV 3keV 1.4 kev 25 eV 

EXP T^B^ < 1.5 toV 

TabfeS 
77 Decay Widths of 2** Mesons 

/U270) /(1515) AS(1320) X2(cB) X#*) 

TH ».28(«n« + i-^eoaHf J»V ».28(cosfl - 2 y/Zco*$)2 keV 0.83 keV 9.5 keV 3.0 eV 

EXP 2.8 ± 0.2 rT,flxjf = 0.1l|j{jJ5keV 9.82 ± 0.30 
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Excited states: ID the light quark spectroscopy there are several candidates for orbital excita
tions: 

2"+ : 4i(1680), -X"(1820) 

4 + + : >t2(2<K)0) , «(204O) 
and for radial excitations: 

0 ~ + : 3^(1270), 31275) 

2 + + : (ir/hroo 

2 _ + : ^(2100) . 
No estimation of the 17 widths of these kinds of states has been given. One can expect that they 
will decrease with the degree of radial excitation like IV_ e + e - (one could for example use the 
ratios ! / = 4 ^ and £ t ^ q . 

There are well-knowa (x',x">---) excitations in the ci and bb spectroscopy. Predictions for 
their 77 decay widths have been given in Ref. 9. 

2.2 (??§?) STATES 

The classification of these four quark states has been given by Jaffe.13 Low lying (5-wave) 
states are obtained by coupling color and spin taking into account the exclusion principle and the 
mass shifts due to gluon exchanges. A distinction is made between exotic states EiJ^, n) and 
cryptoexotic states C[J , n). The first ones have Y,I$ values which cannot be obtained in a 
(175) nonet; they necessarily pertain to flavor 517(3) representations n > 9 (i.e., lfg, 18*, 36, .,.). 
The second ones pertain to any n but have V, I3 values that one can find in a nonet. The lowest 
states are the eryptoexotic nonets because they arc the states which maximize (he negative mass 
shifts due to gluan exchanges. 

The lowest one is (0 + + ,9 ) whose contents are: uudd; A-s$[u Tt+dd); sSifl, -4g8S(ii 0—d 2), 
aiud; dSun, vsdd; sdun, sudd. Candidates are <r(650), S*(880), £(080) and «(900). These 
states should decay by fall-apart (quark rearrangement) in Pseudosc&lar-Pseudoscalar channels 
and very little in Vector-Vector channels (see Table 4). This is why one gets large widths for 
V —niit and K -» Kit; S* and & widths are limited KK phase space. 

The second ( 0 + + , 9*) nonet should be higher in mass (1450-1800 MeV) because of different 
recouplings of the four quark states which also favor W decays with respect to PP (see Table 4). 

There b also a («f++, 0) nonet in the range (1650-1(150 MeV) which should only decay into 
W channels (Table 4). 
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Table 4 
qq$Q States and yj Widths17'' 

M(GeV) T (GeV) 
Recouping 

PP 
Recoupling 

W r-„ (k«V) 

( o + + , a ) II
I o.e 

0.04 
0.05 

0.743 -0.041 
8.? 
0.27 
0.27 

(0++, t«) 
1.45 
i.a 
1.8 

0.07 
0.23 
0.18 

-0.177 0.644 
1.7 
0.8 
0 , j 

1 

< s + + , a) 
1.85 
1.8 
1.95 

0.04 
0.57 
0.58 

0 V^/3 
1.7 

0.04 
0.35 

(S++, 38) 

1.65 
1.6S 
1.65 
1.05 
1.0S 
2.26 

0.2 
0.2 

O.M 
0.20 
0.29 
0.36 

0 vfi/3 

1.25 
1.23 
0.3 

0.02 | 
0.17 
0.02 j 

i 

(0++, » • ) 

1.8 
1.8 
1.8 
2.1 
2.1 
2.35 

>2GeV 0.041 0.743 

1 

i 
1 
j 

1 
> 2 keV ; 

i 
1 

1 
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Next higher representations with exotic and cryptoexoUe states are ( 0 + + , 3 6 ) , ( 0 + + , 36* ) and 
( ? + + , 3 6 ) . There are also several 1 + states: ( l + - , f i ) and ( t + - , 2 6 ) which cannot couple to 3 
photons because of C — - 1 and (1 + ,18), ( l + , I 8 ) , (1 + ,18*), (1 + ,H*) which can mix into C = 
±1 slates; the (7 = +1 states could appear in the case of virtual photons. 1 5 States with high values 
of orbital momentum hare been discussed in the framework of dual models and in connection 
with possible baryonium states. 1 6 

The f) decay widths of these various four quark states have been computed 1 7- 1 8 using VDM 
and their strong W fall-apart decays. Results are summarized in Table 4. The first (<) + + , fl| nonet 
is only weakly coupled to 77 because of its small W fall-apart. This may explain why S* and 6° 
are only weakly or not at all observed in present experiments. The case of the <r(650) is not yet 
clear (see Sec 3.2). The other cryptoexottc states get larger Ti widths because of their strong IV 
fall-apart. However simultaneously their large total width may render their identification difficult. 
The pp enhancement may be partly due to such states. 1 ' ' 1 8 Predictions for other VV channels 
have also been given. The fl(lC10) could be tentatively assigned to a 4-quark state although its 
copious production by the 2-gluon channel in ^ —• iX would not be likely. 

It is important to notice that with a recent non-relativistic potential model Weinstein ami 
Isgur concluded" that only the lowest 4-quark states could exist and in fact as meson-meson 
bound states. Because of strong color mixing forces no other resonance state should be observed. 
The interpretation of ,9*(B80) and 5(080) as K R bound states also came out from analyses of T,T 
and A' R scattering amplitudes.2 0 

2.3 [qqg] STATES 

The existence of valence gluons is controversial. So far the description of these kinds of 
states has mainly been attempted with the bag model. 2 1 Such states get various names such 
as hermaphrodite,22 hybrid2 3 or meikton.2 4 One expects them to be rather stable because of 
large color magnetic forces between the (qq) octet and the gluon octet. The lowest gluoa slates 
in the bag correspond to transverse electric TEiJ^ = J + ~ ) and transverse magnetic TA/f l - ") 
radiations. Masses are computed by minimizing the total energy contribution to the bag. A recent 
overall St of {qq), {q Ijg) and [gg) states has been done by Chanowitz and Sharpe 2 4 including the 
important effects of gluoa self-energy and interpreting the t(144G) as a 0 ~ + gluebail. 

The low lying spectrum is obtained with iqq) in 5-wave('5 0 and 36'i) and either a 7'A'|l+~) 
gluon giving 1—, 0 - + , 1 - + , 2 - + states or a 771/(1 ) gluon giving l + ~ , 0 + + , 1 + + , 2 + + states 
(see Table 5). Decays should proceed in a first step by g -» qq and in a second step by (qqqq) 
badrooization.23 A distinction is expected 2 3 between TE and TM states. The first ones should 
have smaller widths because in the non-relativistic limit the qq state issued from the gluon is 
in a /'-wave and leads to small overlap integrals. The second ones should have normal hadronic 
widths because they are in S-wave. 
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7Y decays can be estimated with VDM and the strong W channels in the case of 0 + + and 
2 + + TM states (Table 3). 

These {qqg) states could also be reasonably produced in y -»fX decays. The rates should 
be half way between those of (49) states and those of (gg) gtaebslb. t(1440) and 0(1640) do not 
fit with (qqg) states because of their too huge experimental widths. 

The appearance of exotic states (l~+) in the {qqg) spectrum has been especially advertised22 

but they are not easily producible in 77 collisions (see See. 5 and Ref. 15). 

Table 5 
(gig) States and 77 Widths 2 3 , 8 1 

M(GeV) T (GeV) Modes r n 

1™ 
0-+ 

1-+ 
2-+ 

1*3 
1.41 
1.61 
1.97 

-III 
PP 
PS 

PA,PB 
FT 

small 
(virtual -y's) small 

small 

0++ 
1++ 
2++ 

2.0 
1.6 
1.8 
2.2 

? 
0.2 
0.06 
0.15 

PP,PS,PA,PT 
PP,W,PB 

PV,PS,PA,PT 
W 

=i 0.4 keV 
(virtual 7's) small 

=; 1.2 keV 

Each state appears in a nonet of flavor-like p, w, <j>, K* with mass differences due to strange 
quarks. In this table we give the mass value for the p,w-like states. Cbanowitz and Sharped 
described the TE states. We placed the TM states about 0.2 GeV higher in mass because of the 
higher magnetic gluon radiation energy. 

2.4 [gg) AND (ggg) GLUEBALLS 

Pure graonic bound states are predicted in QCD by lattice calculations and have been studied 
phenomenologicaUy in bag models and in non-relativistic potential models. Results have also been 
obtained by ITEP sum rales. 

Progress in lattice calculations has for example been reviewed by Berg.25 There are still many 
quantitative uncertainties however the mass of the lowest state ( 0 + + ) generally falls around or 
below 1 GeV and the next states {0T+, l + ~ , 2 + + ) come out between 1 and 2 GeV. 
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ITEP sum rules 2 6 give quite different results with the 2 + + at 1.5 GeV but the 0 ~ + aiound 
2 -=- 2.5 GeV and the 0 + + around 4 GeV. 

A systematic classification of glueballs has been attempted with the bag m o d e l . 2 7 - 2 9 With 
the TE and TM gluon radiation states (defined in Sec. 2.3) and Dose statistics one gets the lowest 
states: 

TExW : 0 + + , 2 + + TE X TM : 0T+, 2~+ . 

Identifying the 0 - + with i(1440) Chanowitz and Sharpc2 4 obtained the spectrum: 0 + + ( 1 . 2 ± 
0.5). 2 + + ( 2 . l 5 ± 0.4) and 2 - + (2 .30) . Three gluon states were predicted with 0 + + , l + ~ , 3 + _ 

around 1.45 GeV and CT+, i - + , 2 ~ + , 2 , 1—, 3 — , 3~+ around 1.8 GeV 2 9 when gluon-self 
energy effects are neglected. 

Confining potential models predict additional states formed with longitudinal components 
for massive (effective) valence gluons; for example there are now 1 ~ + , 2 _ + and 3 - + states for 
(gg) glueballs and many others for (gag) glueballs.30 It was noticed that the level ordering is 
much dependent upoc the type of potential which is used (and equivalently upon the boundary 
conditions used in the bag model).3 1 

With an effective glnon mass mg = 500 MeV Cornwall and Soni 3 2 obtained the following (gg) 
spectrum: m ( 0 + + ) ^ 1200 MeV, m ( 0 _ + ) ~ 1400 MeV, m ( 2 + + ) ~ 1000 MeV, m ( l _ + ) =* 1500 
MeV, m(2**+) ~ 1800 MeV and a (ggg) 0~+ bound state at 2400 MeV. 

The decay process of glueballs is still controversial. A somewhat standard cl""1! is that 
because gg -> qij involve an aa factor the corresponding width should be halfway between an 
OZI forbidden decay and a normal hadronic decay, i.e., a few tens of MeV for a 1.5 GeV glueball. 
This is not obvious because it i? not clear wrs.t value of Q- and then what value of Qj(Q2) 
will control these decays. Cornwall and Soni 3 2 claim that the process (gg) -* g + g is perfectly 
allowed. If gSuons then hadronize non-perturbativelr (for example, gg -» qqqq) one can get a 
normal hadronic decay width (50-200 MeV). There are also possibilities of strong mixing with 
other badronic states which could drive these decays. Decay moJes should a priori be flavor 
singlet but large quark mass effects in the basic amplitude and in hadronization as welt as phase 
space effects will spoil Miis property. Lipkin 3 3 argues for a similarity with ip -* 3g —>• hadrons; 
however with 4 lower mass the effects quoted above could be more important than for the 0. Also 
mixing with nearby non-singlet states w"ll completely modify the basic pattern. 3 4' 4 0 

Consequently TJ decays of glueballs are very model dependent and variable from one state to 
the other; widths can lie between the two extreme values I A - , f a . ^IM—-rt a n < * '"(Ml-rr " t ' l e 

decay of a glutbali into two vector mesons is knov/n obviously VDM can be applied in order to 
get the ft decay. 

II 



Glueball candidates are i'(i440) and 0(1640), the 0 ~ + and 2 + + states observed in 0 -* fX.3S 

They are not (yet) observed it-yj experiments which only give upper limits:6-38 

r-rjBii-rti < l » f e v 

Tr,Bt^„ < UkeV 

TrtBu^KR < fc3keV 

The very different pattern of i> -* jX and of y% -* X certainly is SB important hint for the 
glueball interpretation. Broad enhancements have been observed in *~p -» (^ ) + n just above 
the d^ threshold. It has been proposed to interpret37 them as dae to the presence of 2 + + states 
#(2160), gj(2310) which could be gkeballs. 

In addition the problems associated with the /(I270) production in 77 collisions (mass and 
width shitts, small 77 width) and the strong pp production is suggestive for the mixing of the / 
with a nearby state which could be a glueha]!.2 7'2 8'4 0 

2.s MIXING EFFECTS 

The 77 landscape corresponding to the 9?, qq^Jj, q$g, gg and ggg spectroscopy is depicted 
in Fig. 1. It appears to be rather rich but also rather intricate especially because of the large 
widths of the qqqq states. In addition the basic states described in the previous sections do not 
necessarily correspond to the physical states because of mixing effects. Basic mixing terms are: 

— quarkonia mixing (gj «-* <fq*)\ for example the ones responsible for the deviation to ideal 
structure (strange/uon-strange mixing). 

— 9Q~+99 mixing. Such a term is important for hsdronk decay of gluebaib. It has also been 
invoked for explaining anomalous properties of isosinglet pseudoscalar mesons (ij, tf. ij f ( 
by giving them some pure glue component. 

— 4999 *-» gg mixing. This is another possibility for hadronic decay of glueballs. 

— 9^9** 4??}- ^ is the basic term for hadronic decays of (qijg) mesons. 

The mixing amplitudes may be due to simple point-like couplings between quarks and gluons 
(the so-called annihilation diagrams) or to intermediate single or multi-body hadronic states $tbe 
so-called unitary corrections with complex amplitudes). The second cose can always "aecidently" 
happen when two nearby states have the same quantum numbers and some common decay chan
nels which induce these "unitary" terms. The rich spectroscopy expected between 1 and 2 GeV 
certainly offers many such possibilities. 
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Fig. 1. Predictions for yj 
widths of: a) qq states, > 
b) qq 5 5 states, ~ 

>» 
«) ??? states, £ 
d) gg and ggg states. 
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M (GeV) 
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Fundamental aspects of mixing are f n the one hand to allow couplings a priori forbidden for 
one of the states (i.e., ss-* non-strange badrons; [gg) —» hadrons, ...) and on the other hand 
to forbid some couplings by destructive interference between components. This last property can 
always be accidental for a particular channel but it is systematic for the dominant channels cf 
mixed degenerate states (decoupling theorem28 ,38 well known in quantum mechanics and particle 
physics). 

Applications have been done Tor glueballs by several groups. An ti—rf—G mixing was tried for 
explaining the JJ, rf anomalies in i> decays and recently G was identified with i(1440). Fishbane et 
aj., 3 9 recently showed that this does not work wita a 3 X 3 orthogonal mass mixing, the minimal 
value for the 0~ glueballs mass being 2 GeV. An / — f — G mixing was also used because of the 
problems in / , / ' production in $ decay; here the 2 + G state was taken as the 0(1640). This el=-
fails to work as recently explained by Rosner and! Tuan.* 1 - 4 2 The modes J* -*jnr, KR, 77 aie 
inconsistent with the smalloess of the mode B -* in as being due to a destructive interference 
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between j» and gg comr&nente. It was observed that an ad-hoc /—tf miring could work while the 
/ fa left unmixed; it is however difficult to understand why a non-strange gq «* gg term would 
exist whereas a strange »1*+gg would not. 

It may well be ti.-vt these applications are oversimplified again because of the rich spectroscopy 
in this energy range. The mixing formalism could be improved by considering e-dependence aid 
imaginary parts38-*3 bat at least a qualitative understanding should appear before going into 
very technical and perhaps artificial solutions. It b possible that the 0 b not a ghieball (it could 
be a qqg or a qqqlj state) or b not the glueball which mixes with / and f. Other narrower 
states oouM both or separately mix with them. It u also possible that the spectroscopy in the 0 
region is more complex; new results coming from v decays and from -n processes could clarify 
this situation. 
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3 . Exclusive 77 Processes 

3.1 G E N E R A L I T I E S 

Although in both cases one deals with a non-hadronic initial state there is a. great difference 
between 77 —» hadrons and e + e ~ —• 7* —• hadrons. Not only are the y p p different but the 
general analytic structures of the amplitudes are completely different. For example, a two-body 
amplitude 77 —• A+B has both left-hand cuts {due to t- or u-channel exchanges like Born terms) 
and tight-hand cuts (final state interactions including possible resonances). Any reliable analysis 
of a particular 77 -» hadrons process should consider these various contributions. Resonances may 
come From rescattering in the final state or may also have a direct coupling to 77. A multi-channel 
analysis (if-matrix type) can disentangle these possibilities. A very important related question is 
the role of threshold effects. They may be more important than in e+e~~ -* hadrons because of 
enhancements due to light particle exchanges (for example pions) in the crossed channels. Again 
analyticity should tell us how to separate a threshold enhancement from a true resonance. An 
example of such analysis has been recently given by Mennessier 4 4 for 77 -.-» JIT at low energy. 
Earlier works in this doroiin j a s in found in Brodsky's review at the Paris colloquium in 1973. 2 It 
would be interesting to try similar studies for other simple channels like 77 —f VP and 77 —» W 
where there are many new states to look for. At least we would like to ask for a minimal caution 
when fitting experimental cross-sections with broad resonances especially near below or above 
a threshold (for example 77 —> pp). Modified Breit-Wigner forms including fiLite width effects 
consistent with analyticity and unitarity should be used . 3 8 , 4 5 The output parameters should be 
very sensitive to the correctness of the treatment. In these cases a comparison of the resonance 
effects in different channels (with different threshold locations, like pp and pr{\ should be very 
instructive. 4 6 

In the soft domain there are several properties to check. There are low energy theorems 
coming from gauge invariance, current algebra and soft pions. For example, there exist precise 
predictions for the 77 -» n pion amplitudes just above the thresholds. 4 7 Cross sections are rather 
high in the case of even n but low for odd n. Contact terms like 77/Jir, 77pjrjr, 77^2^ should 
give some threshold enhancements. 4 8 77 amplitudes should agree with VDM and the hadron-like 
behavior of the photons. Tests can be done either in the resonance region (when W—R couplings 
are known) or outside (when W scattering amplitudes are known). 

When the momentum transfer Q between the two photons increases these "soft" contributions 
should decrease like powers of 5 j where m is an hadronic mass. One enters in the "hard domain" 
defined by large W and Q where point-like contributions should dominate. QCD results are 
reviewed elsewhere at this conference. Here we only want to quote a few contributions for 
exclusive channels 77 —» M Si and 77 —» BB in order to compare the behaviors of the cross 
sections in soft and hard domains. We want to underline the fact that the transition between 
these two domains is not well understood. 
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3.2 77 - * MSt AT LOW ENERGY; UNITAftlZED BORN METHOD 

Mennessier44 proposed a method for treating the strong interaction effects in the M Rf channel 
according to analyticity and unitarity constraints. The model for tt-*Mfi consists in: 

— "Born terms": gauge invariant (P, V) meson exchanges and contact terms. 

— final AfiGf scattering in agreement with air, *K and KK phase shifts. 

— possible direct couplings of resonant states to 77. 

This method allows a very interesting discussion of the respective role of background (Born terms), 
of resonances m the 6ual state and of states directly coupled to 77. A first application ** to 77 -» 
sir in the DC1-SPEAR-PEP-PETRA energy range W < 1.4 GeV led to the following conclusions: 

— A state with M s i T sa 600 MeV (the <r(600)T) is required with a direct coupling corre
sponding roughly to r^y as S IteV. 

— Only a weak S*ff coupling is necessary (this would agree with the interpretations for die 
S* to be either a (g??3) or a (KR) bound state). 

— The / 0 y y direct coupling is approximately the standard one. An apparent mass shift 
appears from the interference with the non-resonant amplitudes. However this mass shift 
is always larger (by -30 MeV) in the a-"**-- channel than in * 0 * 0 . If the disagreement with 
experiment would persist it would be a signal for the need of another nearby state. 

3.3 VDM DESCRIPTIONS 

For real photons the VDM hypothesis consists in replacing the photon state (7 > by the series 
Ey ^ 1 ^ > wb.ere the summation extends top, u, $ in the "restricted" version and to series 
P, ft> F1, • • • in the "extended'' version. For any 77 process we would write: 

«(77-f»= £ ^ T 1 W*->?l • 

Such a formula supposes an extrapolation procedure (ram g 2 => m\-t (f* = m2,, to g 2 = c/2 = 0. 
The "VDM assumption" generally consists in taking a gauge invariant amplitude which coincides 
for onshell vector mesons with the strong W -* F amplitude and which has the weakest g 5, g*4 

dependence. There may nevertheless be some ambiguities. There are also constraints from Bose 
statistics; for recent applications see for example Refs. IS and 18. Clear VDM predictions and 
tests correspond to cases where the W -* F amplitudes are well known either from experiment 
or from a reliable model. The usually quoted results concern the asymptotic behavior of 77 ~* 
W. Using either additive quark model relations for cross sections or factorization properties for 
diflractive scattering one gets the relation: 

<T(pp-»pp) 

M 



It is not satisfied by experiment in the case of fi -» /»V for If < 2 GeV. This is not so surprising. 
Its use at low energy is not reasonable for two kinds of reasons, kinematical and dynamical ones. 
Firstly the i-channo! exchange processes are strongly dependent on the mass extrapolations from 
my, my, t o n i f s O for example through *„,,-„ effects. Alexander et al., 5 2 proposed to use the 
above relation at fixed pc.m. (instead of fixed cm. energy) in order to reduce the kinematical 
effects. Because of flux corrections this has the result of enhancing largely the predictions for 
<f{t1 -+ W) at low energy. Secondly, there may exist typical W -* F resonances (for example 
the states discussed in Sec- 2) which locally enhance 77 -» F and which are not reproduced by 
the above relation. In other words as long as we do not know the low energy behavior of W -»F 
we cannot make a reliable prediction for 77 ~* F by VDM. 

There is a remarkable exception to this assertion in the case of a brnad resonance which 
decays dominantly into W channels such that it saturates unitarity for this partial wave. In this 
case one gets 

ff(rr-VV'|«.8^±i) ^ for W * « M * , 

with B n just given by the VDM couplings: 
4 2 ft 

% % 
myffiy, 

This limiting case gives a VDM test independently of the ha Ironic W'-Resonance coupling. 
Such broad resonances can be found in qq or qqljf spectroscopy (see Sec. 2) and this prediction 
can apply to 77 -* PP~ The experimental amplitude analysis53 suggests a peak around 1.2-1.3 
GeV with possible additional contributions at 1.45 and 1.65 GeV. These contributions should 
interfere constructively below 1.8 GeV but destructively above in the case of p°p°. / = 0 and. 
/ = 2 contributions are required in order to explain the ^A- ratio. A multi-state structure 
(9 5 • W 9 9. - - •) cooM give such features.18 Tests of the picture can be obtained by looking to 
related processes (W1 and V7: p7, «7, $7, pu, wu, <SeV, $p,.. .J.1'1'*6 By the way the comparison 
of 77 -» W+ M with 77 —* 7+W gives a good VDM test. One can also use the few experimental 
results existing in pp -* pp, pu at low energy to predict 77 -» PP and compare with TASSO 
results. The order of magnitude turns out to be good.5* 

3.4 EXCLUSIVE 77 PROCESSES IN QCD 

At large W and large momentum transfer (i.e., fixed angle above the C = +1 resonance re
gion) it is expected*0 that exclusive processes will be dominated by the QCD diagrams of Fig. 2. 
The amplitude is expressed in terms of an hadronic distribution amplitude 4[ii,Q) for each final 
hadron and a hard scattering amplitude Tg for 77 -» valence quarks. Such a factorized Turin 
reproduces the results of dimensional counting55 Jfyj as {^2j"52/(^), up to /oy $ factors, where n 
is the total number of vaience constituents in the initial and final states. Q is the typical 
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Fig. 2. QCD description of the 
exclusive process 77 -* M St. 

vhrE ""PC I E -
momentum transfer in the process. The detailed properties of f[9\ depend upon tin unknown 
form of 4i*i, Q) which come from non-perturbative effects. However the normalization is find by 
the meson leptonic decay constant Jo dzif>nf[x, Q) = ĴC. Using a similar analysis of the meson 
form factors Brodsky and Lepage50 were able to reabsorb ail a,{Q2) factors in the expression: 

£ (77 -+ M Sf) = i 6 * V p g p | * cM(»). 

GM{6) depends upon <t>[x-. Q) and has a different expression for belicity aero and for helicity ± 1 
mesons. Several extreme choices for the amplitudes #r,-, (j) have been tried.80 The normalization 
condition and the known values of fa (i.e., /» = 93 MeV, fa « H2 MeV, fp = 154 MeV, fa — 
158 MeV, /^ = 161 MeV) already give interesting predictions for the asymptotic magnitudes of the 
cross section. See Table 1 of Ref. SO for a comparison of 77 -* snr, K ft, Tti, 179, fip, pu, uta, 4><ti 
and n^fiT. For example: 

da , + _ . . (fer , + _. 5GeV4 da , + _. 

for 0 cs J. The same method has been applied to 77 -» BB by Damgaard." In this case the 
normalization has been fixed by the known decay rate iji -*• 9g -*• pp which involve the same 
$p{xi, Q) amplitude. The cross section ^ (77 —• PP) which behaves for large W and 9 like 
jpn f(Q) («P to MO 2 ) factors) has tentatively been compared to the preliminary TASSO results 
between 2 < W < 3 GeV. Although a detailed comparison should not be valuable so close to the 
threshold the right order of magnitude seems to be obtained. 

On another hand attention has been driven to possible enhancements of exclusive processes 
involving both light and heavy quarks. Ecctestone and Scott58 pursuing an idealaready used for 
Z° decays considered the processes 77 -»M[<Q%)+ M{Qq) where M is a charmed or bottomed 
or topped meson. From diagrams of Fig. 3 they expected a strong enhancement (governed by 
the TO* ratio) due to the light quark propagator. However it is merely possible that this effect is 
completely washed out by strong final state interactions. 
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"s. 
Fig. 3. QCD diagrams for heavy 
mesons production. 

j ^ 

^ 

»<0q) 

<Qql 

4. Total Hadronic Production at Low IV 

The asymptotic behavior of O[TI -» hadron) is generally thought to be dominated by the 
hadronic component of the photon. 1 - 8 VDM and Pomeron exchange with factorization or quark 
model relations' - 8 give: 

cr —» (TQ — 0.24fl6 . 

The same assumptions for a = \ Regge trajectory exchanges give the W dependence: 

c -* OQ + o\ = 0.24p6 + 0.27p6QeV 
W 

On the experimental side estimations of the total cross section have been given by the PLUTO 
and TASSO groups. 5 7 , 5 8 Both agree for W > 2.5 GeV and give larger values than the above 
relations. For 1.7 < W < 2.5 GeV the results disagree. PLUTO results are especially high and 
can be represented by the expression: 

c=0.fl7(o.24ft6 + 0.27/i6GeV\ 2.25/i6GeV2 

W }" ~W* 

However the TASSO group5" has shown that experimental estimations are very dependent upon 
the model used for event topology. Nevertheless several theoretical explanations for high values of 
a can be found. Low lying Regge trajectories like pion exchange may not satisfy the factorization 
assumption. For example ir exchange seems to be more important in electromagnetic interactions 
(photo-production) than in purely badronic interactions. A better description would then be 
obtained with:5 2 

c —» vn + c i + vo 
A* 

with *2 = jj?3 

EVDM descriptions also predict higher values of on and «\. For example with a series 
(VeneziiJ^type) of vector mesons with masses m; = mjj(l + 2n), photon couplings g%„ = j&, 
and cross sections satisfying the relations o-pAWya^W) = (mg/mj)" with or = 1 for Pomeron 
(i.e., co) and a = \ for other Rcgge exchanges (i.e., a\) one obtains. 

O.-16/i A GeV 
a — 0.29ftb + - W 
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taint-like contributions may also give additional terms. Greco and Srivastava suggested many 
yean ego 6 1 on the basis of duality relations (Regge-Resonancea) that an additional term is needed 
and proposed the contribution of the Box diagram rr ~* 4 9' 

4mr W* ^ ^ s ^ % 
Such a term is similar to the above other ^ terms in the low W region. 

ID the low W region, i.e., for IK < 2 GeV where there are large resonance effects, the above 
formulae can only be considered as giving averaged descriptions. Abo one should probably not 
add all the above contributions. For example EVDM is an alternative to QCD (point-like contri
butions). There probably is fewer overlap between other "hadronie" and "point-like" components 
whieb. should respectively correspond to two different domains when one integrates over transverse 
momenta inside photon structure: /Q dfj. for the hadronic part and /5? dpj. for the point-like 
part where /i is of the order of hundreds of MeV.e2 

A way to disentangle the various components of the total cross section is to look to the g?-
dependences with slightly virtual photons, tt should be steeper for hadron-like parts than for 
point-like parts (or equivalently for low mass vector mesons than for high mass vector mesons 
in EVDM scries). At low W the contributions to the cross section can also be separated into 
exclusive processes where threshold effects (Born terms, contact terms), standard qq resonances 
and unusual resonances (999?, q$g, 99, 999) contribute. It would be interesting to reconstruct 
their respective averaged W and q2 behaviors and to compare them to the above formulae. In 
Fig. 4 we draw a very tentative sum of resonance contributions from the results of Sec. 2. This 
at least shows that the so-called unusual part may be as important as the usual one. 

Fig. 4. Total ft -*bsdrons cross-
section at low energies. Usual 
contribution refers to standard qq 
resonances and unusual to Iqqqq), 
(qQg) and glueball states discussed 
in See. 2. 
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S. q2 Beharior of Soft Processes 

When one or both photons becomes slightly virtual soft processes should evolve according to 
VDM: 

Wn'-F)^ - ^ r fi(7V_F) 

— m J- - q2 

This should be applicable both to non-resonant and to resonant processes {as long as longitudinal 
7* amplitudes can be neglected). For example, when one vector meson (like p) is dominant one 
expects for the resonance decay width: 

This behavior should reflect in the total cross section (because p and u with mfy as 0.6 GeV2 

give the same effect) and this seems to be the case up to — j 8 a; 1 GeV2. For higher q2 either 
point-like processes (QCD) or higher vector meson states (EVDM) begin to contribute and lead 
to a less decreasing cross section. In fact this transition from soft to bard procssses is a difficult 
theoretical problem, Its experimental and phenomenotogical approach through the g 8 dependence 
is certainly most interesting. First it has been shown50 that both VDM and QCD predict that the 
resonance contribution to 77* should fall off like (l+g 2 /0.68GeV 2 ) - 1 . A change in the dominant 
hl-licity amplitudes when passing from low q2(R -» 77) to high q2(R -» 77* or R -» 1*1*) is also 
expected on the basis of the point-like behavior.63 For example in / u case, X = 0 should dominate 
instead of X = 2 for real photons. 

On the other hand in the hard domain (high momentum transfer) 77* -> M Si or BB should 
be rather inseusitive to q1 provided that q2 <g IV2.5™ These properties could be well illustrated 
by the behavior of the real photon structure functions in the low q2 domain and especially in the 
exclusive limit. 

Another interesting fpalure of q- ^ 0 77* collisions is the possibility of exciting 1 ± + states 
forbidden for two real photons by Bose statistics. For one real phoit.n and one virtual pho
ton one in general has two independent couplings corresponding to (±, ±) and (±, 0) helicity 
amplitudes,1 5'0 3 The first ones vanish like g2 tot q2 -»0 because of (Bose) symmetrization effects. 
The second ones vanish like \J—tp as expected for longitudinal amplitudes. ! + + states exist in 
(??). (?? 9 5). (v3<j)i i9S) &nd (ggg) spectroscopy. 1 _ + states are exotic and exist in (q §p), {gg) 
and (ggg) spectroscopy. Predictions have been given recently for these various kinds of states. , & 

On the basis of VDM one can expect that for low q2 the decay widths will be of the order of: 

r . ~ ! ? ! ! r f l . 1 TT" — m 2 l rf 

where m is an badroaic mass and r * . stands for the decay width of a state (like ©**, 2 ± + J 
normally allowed to decay into two real photons and whore q2 dependence is only the one Jue to 
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VDM poles. For example i?(1285) and several (49$$) predicted 1 + + states are expected to bave 
especially large decay widths, in e+e~ -» e+e~ + X this additional JS factor will cancel the 4, 
factor coming from the photon propagator so that one will lose one foa-£* enhancement in the 
non-tagged cross section. However tagged experiments with |g*| ^ m\ should allow to observe 
these resonances. Looking to specific channels like P + V or P+A could also help. For l ~ + 

exotic states the channels mj, anj', W w e r e especially noticed in Ret. 24. Polarization (see the 
next section) could also help to disentangle die new hefichy components. 

In the whole the 1 ± + contribntions to the 7 structure functions for \q2\ > tn\ are expected 
to be comparable to those of other partial waves. 

6. Polarisation Effects 

The cross section for e + e - -» e+e~~ + X with polarised e* beams has been given in tbe most 
general case in Ref. 64. When T and P invariance hold, this form reduces to the expressions more 
frequently written. 6 5 , 6 9 Let us consider the final e* distributions which like in the unpolarized 
case aid expressed in terms of 77 luminosity coefficients times 77 cross sections for various belicity 
combinations, In the quasi-real 77 limit one gets:64 

&Adv _ c? \n\w 
dzl\d$t$ Sir* sq'(q$ 

The kinematics] coefficients are explicitly given in Ref. 84. We just notice that KJJ and QJJ-
are proportional to cos2£ (the azimuths] angle between e +e~ and 77 planes). When iT-invariance 
holds Imir — 0 and when /Mnvariance holds Oy = c$ = 0 (there is no Pi or /^ dependence in 
the cross section). Hence we are left with: 

OJJ = (̂(TII + <rj_) = J(ao + ug), the unpolarized 77 cross section, 

9JT = Jfao — «i) which will appear with longitudinally polarized e* beams, 

A«j< = «* — <TI, tbe finear correlation which w?ll appear in the azimuthal (cos&#) distri
bution without e± polarization. 

Measurements of these three quantities give interesting independent informations about the 
dynamics. In resonance physics they alio* to separate tbe contributions of the different couplings. 
For a 2* resonance one can separate X = 0 from X = 2 contributions05,66; (for 0* resonances 
<rj = 0 and ajj = 9TT S i^eTj-), For high W soft (hadron-like) processes one can separate 
various Regge terms.88 RtTf and OJT are given by unnatural parity exchanges which should 
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decrease faster with W than VJT- This lact has been used in Ref. 67 for studying the sum rules 

f &>y(W,2WfrV2 = /»M-(W*)«rH'a = 0 , 

their resonance saturation and the possibility of fixed /-plane singularities associated to point-like 
processes. For example the 77 —» / / contributions are: 

"TF = -jy2-J*TT[^1+-jp5" ~ Ti?rJ ~ \ + Wz) V ~ W J 

with 

and 

^-n = 0 / • 

Notice that & =± log %. 

It has also been poiDted out 6 8 that the very interesting process Tl —• gg whi ii gives 0% at <TQ 
could be separated from the / / background by using longitudinally polarized e* beams. 

The advent of unusual contributions (qqqq, qijig, gg, ggg) could give further motivations for 
polarization. If these contributions turned out to be important they should play a role is these 
various duality sum rules. 

21 



7. Conclusion 

Photon-photon collisions offer another example of the power of electromagnetic interactions 
for studying hadronic structure. Owing to important experimental progress during these last 
yean it is sow a major field in particle physics. It can be compared to e +e~ annihilation, lepton-
hadron deep inelastic scattering and quarkonia physics, ft collisions have genuine features which 
make them complementary to these other fields. The presence of two photons leads to a greater 
sensitivity to the point-like structure. One also has the possibility of tuning the q2 value and 
in this way we can look at the soft and hard components with variable weights. The soft/hard 
transition actually is an unsolved theoretical problem. The present descriptions still need a lot of 
phenomenological inputs like vector meson properties, mesonic wave functions, which interfer with 
quark and gluon properties at short distances (i.e., VDM versus QCD). Not only the high energy 
scattering processes but also the formation of standard and unusual C = +1 states appear to be 
very sensitive to this double aspect of the strong interactions. Already it would be an important 
contribution from TI collisions if this unusual spectroscopy could be confirmed and at least if tbe 
old problems of the 0 + + mesons were clarified. The 1683 77 Workshop is certainly a step on this 
way. 
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