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decomposed such that experiments can be parameterised with the minimal number of free parameters. 
Selection rules for off shell photon collisions are given in addition to Yang's theorems. 

Dalitz plot of '7c -+ K' K -+ K K 1r 

Typeset by A}.(S-Tj;;X 



r 

General Aspects 

Introduction 

Contents 

Two Ways of looking at Two Photon Physics 
Vector Meson Dominance 
Quarks and Partons 

Some 2nd order QED at e+ e- machines 
Storage Rings as Photon Sourc~>s 
Restrictions on the 11 Vertex 
Determination of Radiative Widths 
Features of the Photon Flux 
Other QED Processes of the same Order 

Ingredients for a Two Photon Analysis 
Hardware 
Software 

Through the Measured Channels 

Pseudoscalar Formation 
Introduction 
Measurements off "~""~(71') 
Measurements of r '~''(ry) 
Measurements off 'l"'~(1r 0 ) 
SU(3)FI Relations for Pseudoscalar Mesons 
Experimental Status of SU(3)FI for Pseudoscalar Mesons 
Comparison of the Measurements with Models 
Observation of ?Jc Formation 
The q2 Dependence of Pseudoscalar Formation 
A Measurement of the r/ Form Factor 
Predictions for the Pseudoscalar Form Factor 

Pseudoscalar Pair Production 
The QED Born Term 
A Measurement of low W ?T-;-11"- Production 
Final State Interactions 
The Finite Size Model 
Measurements of large W Meson Pairs 
QCD Expectations 
A nice Coincidence 

Scalar Resonance Formation 
Introduction 
Upper Limits on rr ----. s· 
Observation of 6 Formation 
Interference of o+ States with the 1r+1r- Continuum 
SU(3)Fl Relations for Scalar Mesons 
Predictions for the Radiative Widths 
The q2 Dependence of Scalar Meson Formation 

2 

4 

4 
5 
5 
7 
8 
8 

10 
12 
13 
15 
17 
17 
23 

26 

26 
26 
27 
28 
30 
30 
3! 
32 
34 
36 
37 
37 
41 
41 
43 
44 
45 
47 
48 
50 
52 
52 
53 
53 
54 
55 
56 
56 

Tensor Meson Formation 
Introduction 
Measurements of r ,,(.42) 
Measurements of r ,(f) 
Interference of the/ with the 1r+1r- Continuum 
A Measurement of r ..,..,(!') 
Interference Patterns in K k final states 
SU(3)FI Relations for Tensor Mesons 
Experimental Status of SU(3)rl for Tensor Mesons 
Comparison of the Radiative Widths with Models 
Measurements of Tensor Meson Form Factors 
Predictions for Tensor Meson Form Factors 

Vector Meson Pair Production 
Introduction 
Measurements of the Total p0 l' Cross Section . 
Conventional Interpretations of the p0/' Cross Section 
Covariant Formulation of the /'p0 Spin Parity Amplitudes 
Measurements of the p0 p0 Spin Parity Amplitudes 
The off Shell Cross Section for 11 -> p0 p0 

Exotic Models and a Measurement of 11 -> p+ p­
Limits on w Production 
Observation of tP Production 

Baryon Pair Prnilurtinn 
Introduction 
Measurements of 11 -> PP 
Finite Size Effects 
QCD Calculations 
Direct Channels? 

Conclusions 

Acknowledgements 

Appendix 
A} Construction of the 11 Helicity Amplitudes 
B) Non-Peripheral Contributions to e+e- -• e+e- X 
C) The Exact 11 Cross Sections for Fermion Pairs 
D) Covariant Formulation of Hadron Decays 

References 

3 

58 
58 
59 
61 
64 
65 

66 
67 
68 
68 
69 
69 
72 
72 
72 
75 
78 
82 
84 
86 
87 
89 
91 
91 
91 
93 
94 
95 

96 

98 

99 
99 

103 
!04 
!05 

109 



l. 

G('llcral A~[H'\fs 

Introductioii 

This article is writtc_n for experimental high energy physicists who want to carry out t\\'o 
photon analyses in the future. It at.tl"'mpts to rC'\·icw the \·ast amount of literature which has 
cmergst!. especially since PETRA and PEP c;mn' into OJwration. 

!n principle, two photon physics can be st udi("d with photons mming from an arbitrary 
source. However, in practice nearly all measurements have been carried out at e+e- storage 
rings. t:nless specified otherwise, the term "two phot.on ph~·sics" stands for the reaction 

e'e-~e-e-x 

where X is an ''arbitrary" final state (c.f. fig. I .I). This article only considers exclusi\'(~ 
hadronic final states, e.g. single resonances or hadron pairs. 

e+ 

(E1 ~1) 

w 

(E2p2) 
E.'-

Figure 1.1: The two photon process at e-'- e- colliders 

.-\ great advantage of exclusi\·e final state measurements is that in most cases, exclusiw 
reactions can be fully described_ by a small number of parameters. The reaction 11 ....... 1rc1 ~ 

;; for example. is entirely defined through a sing](' co11pling F,-"O"'' Therefore. calculating 
detNtor acceptances without model assumptions reduces to fitting a single function t.o the 
datil. Such a limitation of parameters stands in lflilrkcd contrast to measurements of inclusive 
reactions. 

The great advantage of doing two photon ph~·sics is that the initial state in these reactions 
is H'r.v dean. !\1easurements of leptonic processes up to s =-- 2000GeV:! at PETRA i1] agree 
with- the standard model and thus indicate that th<' initial state is point like. Therefore, an 
int-erpretation of the production of a state ··X" i11 a -1-1 collision at an e.,_ e- accellerator can 
lH' ha!'<'d on model assumptions about this partirular fin;1l :;tat<' only. In hadron scattering 
experiments, interpretations of the data rcquir<' knowled)4(' alJOill a non tri\'ial initial state in 
;tddition. 

·1 

The analysis of a very short lived particle is only possible by means of a reaction, in 
which the quanta which produce the state are identical to those which probe it. Such an 
analysis in statu nascendi can be made with virtual photons in a 11 experiment. Therefore, 
two photon physics is able to measure properties of "arbitrarily" short lived particles. 

H otNver, these major advantages exact a high price. First of all, the experimental diffi­
culties are enormous. At PETRA, for example, final state photons have to be well measured 
down to energies of,.._ 200MeV by shower counters which are designed to measure 20GeV 
electrons. Experimentally, 11 physics is nearly always the analysis of detector edge effects. 
In consequence, most measurements of 11 interactions have systematic errors well above 10% 

In addition, the theory has to pay its price. Since, in the resonance region, the dynamics is 
dominated by soft processes, there are very few processes which can be rigorously calculated. 
\\'e have thus to live with the assumption that our concepts of two photons collisions will 
undergo changes in the future. This implies that model independent parameterisations of the 
data are a necessity. 

At present. a major interest of 11 physics concerns the answer to thf' question "do the 
photons resolve the hadron's structure or not?~ In other words: is particlf' production in T'l 

interactions primarily the production of quark pairs or is the \'D\1 interpretation correct 
that the photons turn into vector mesons before they interact? In the latter case. two photon 
physics would be just a continuation of fixed target hadron scattering experiments, and we 
would not expen great news to appear. 

If on the other hand. there is evidence for a pointlike (gij) coupling. 11 physics of exclusive 
final states may have a bright horizon: 
i) ''Glue balls''. particles consisting of gluons only. are expected to have rather small two 
photon cross sections. l'pper limits derived from 11 data could thus play a major role in thP 
search for gluonium states. 
ii) In certain pPrturbati\·p QCD based models of pair production amplitudes (see below). the 
production of hildron pairs involves the exchange of a hard gluon in first order pertubation 
expansion. Therefore. QCD does not appear as a correction to a known process but as vital 
ingredient. Correspondingly strong is thC' dependence of the cross section on a .•. 

SpPcial attention will thus be df'dicated to thf' phenomenological differences between 
point like and VD!\.1 type dynamics. Of course. such differences depend on details of the 
processes. and on the energies involved. Thf' two extreme views of two photon physics. per­
turbative QCD and \'D.\1. may only be two end points on the long road of our understanding 
of physics. 

Two Ways of Looking at )") PhysiC's 

Vector Meson Dominance 

The language used for interpretation of 11 data originates in other (older) branches of 
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high energy physics, The first of the main developements dates back to 1960, when Sakurai 
;2; proposed to describe the hadronic interactions of photons as a two stage process with 
definite time ordering: the photon first turns into vector meson and subsequently, the meson 
interacts with the hadronic matter. Formally, we can account for this ordering by introducing 

a photon- vector ('1\') meson vertex g1u' ( m~lq-) (f.:) with ef f,. being the amplitude of 

tmding the vector meson v in the photon (c.f. fig.{1.2)). This approach is called the vedor 
me<;on dominanct' model (VMD). Applied to "11 physics, this gives 

, ( e
2 

) m,, m,, . M(11~.\)~L ff 2 2 2 2 M(v;t•k-"·\) 
l,k v, q, mv, ql m"~ q'2 

where X is a hadronic final states and t.'1 are all vector mesons. The couplings (e/ / 11 ,) can be 
estimated from e- e- annihilation data :3 

2 2 

I " - ") "' ( e ) m, a e e --. .'\ = 4:7ra L..., -- _ __!. 

i fv, S 

giving 

I; = 2.11:::: o.29 
4< 

Ji 
13.& = 1.40 

4< 

The first application of the vector dominance 
model to two photon physics was one of the 
most successful. In 1962, Gell-Mann et a] l4i 
calculated the r.(' width to be 7.4 eV, a value 
still in good agreement with experiment. This 
reaction is particularly suitable for an imple­
mentation of the \'D\1 idea, sine~ there is only 
one amplitude which describes the coupling be­
tween a pseudoscalar and two vectors ("\'\'P­
coupling''). Furthermore. this coupling is 
gauge invariant and hence. there are no for­
mal problems in relating the QED amplitude 
to hadronic ones. In all other cases, the V Dll! 
hypothesis alone gives no unique predictions 
for tu·o photon reactions. This is so, because 
for oil other reactions, there is more than one 
possible amplitude and VDM alone does not 
give an answer to the question which ampli­
tude should dominate. 
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Figur(> 1.2: Interpretations of reso­
nance production in two photon col­
lisions. 

The simplest example is that, if Til-., is a suitable amplitude for a two photon process, 
so is the amplitude T~., = qiq?TJlv· Tp.v may be finite for real photons, r;., vanishes for on 
shell photons, and there is in general no rigorous argument for chasing between the two. Fur­
thermore, there is no unique recipe for turning partial wave amplitudes into gauge invariant 
ones and hence, it is generally impossible to obtain the relevant amplitudes using hadron 
phenomenology alone. As a consequence, nearly all papers that have been published in this 
context makP dynamic assumptions beyond the VDM idea. 

In order to arrive at numerical predictions, several authors have introduced various 
ad hoc assumptions. Ginsburg and Serbo js; for example include further vector mesons 
(i.e. p1,p11

, ••• ) and postulate a factorisation of the cross section into W and q2 dependent 
terms. The q2 terms differ from the simple vector meson propagators mainly by an estimate 
of the longitudinal coupling of the photons. This model is called the "generalised vector 
dominance model" {Gl/ DM). Although this model is often quoted to be in good agreement 
with experimental data. the postulate of factorisation has yet to be tested. Alexander et a] 
:6; have taken an entirely phenomenological approach by assuming a(IJ) =- (a(")p)) 2 /a(pp), 
where a is understood to be calculated at a certain fixed value of p·, the c.m.s. momentum 
of the final state particles. They call their model the "extended vector dominance model, 
(EV DM)". :Xotice that this model tests the hypothesis "In)'") collisions, we observe the same 
effects as in photoproduction". Strictly speaking. however. it is not a \'DM Ansatz. 

Quarks and Partons 

In the static quark parton model :7: , mesons are interpreted as qlj bound states. Since 
the quarks carry charge. for a short time. the photon can form a qij pair. Because of spin and 
parity conservation, snch a pair has the quantum numbers of a vector meson. Therefore. there 
is some overlap between vector mesons and photons: <' ; \' >--< ") q(~)q(~). L == 0 >:t 0. 
Thus, the quark model can give a qualitatiw interpretation of the s~ccesses of VD\1. 

In the quark model. electromagnetic transitions between mesons (i.e. M 1 ·--> :\121) arc 
no longer necessarily two stage processes, but may be direct couplings of the photons to the 
charge and current distributions within the mesons. Thus, even the real photon becomes 
a probe for the inside of mesons with may be pointlike couplings. \\'hat really happens if 
two photons form a meson is subject to specific model assumptions. In particular, one can 
distinguish two lines of approach. The fusion mechanism can either take place in one step, 
i.e. the quarks annihilate dir('ctly. In this case. the radiative widths are interpreted (as in th(' 
case of positronium decays) as measures for the quark wave function at the origin in ('ase of 
pseudoscalar meson decays. or as measures of the derivatiYes of the wave functions in ('ase of 
scalar or tensor meson de,ays. Another Ansatz assumes a more cornplirated process. It may 
be thai a better analogy are atomic photon transitions. The radiative decay of a meson would 
then be a two stage process: an A-1 1 or E 1 transition would be followed by the annihilation 
of the resulting qij pair into the second photon. 

It is of course very tempting to mix quark and VD\1 arguments. i.e. take for exarnplt• 
the tensor____. vector photon ("T\'1") amplitude from the quark model and then use \'D~1 for 
the\' --+ 1 transition. However, if we want to test experimentally. whether or not thr> \'0~1 
hypothesis is simply a suitable parameterisation of the unknown. or whether a")\' transition 
actually takes place, a clear separation beween the two approximations is necessary. In the 
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following chapters~ it will be shown that some form factor measurements can give a decisive 
answer. 

The quark model is able to interrelate different radiative processes, but for many reac­
tions it cannot predict the absolute scale at which the processes occur because it does not 
"know" how the quarks are bound together. 

Until now, it has been hoped that QCD will eventually provide the answers to all ques­
tions about resonances. However, since QCD cannot yet be calculated at large distances, 
the large majority of measurements, which are measurements of low momentum transfer re­
actions, cannot be tested against QCD. In 1980, Brodsky and Lepagei8J publiShed the first 
calculations of exclusive processes in 11 reactions in the framework of perturbative QCD. 
The basis of these (and many sub!';equent) calculations is the assumption of a factorisation 
of the full amplitude into a hard core describing the formation of qij pairs and a soft part 
describing the condensation of quark pairs into mesops. As far as the calculations of hadron 
pair amplitudes are concerned, the nicest feature of these calculations is that the gluon does 
not appear as a correction, but as a necessary ingredient of the first order amplitude. 

Some Sec·ond Order QED at e- e- Machines 

Storage Rings as Photon Sources 

The literature on this topic is already quite sizable. Therefore. the discussion of the 
photon flux is kept as short as possible. The main purpose of the following section is to 
define the notation. More introductory chapters can be found in refs. l9-15 

The quantum mechanical description of the two photon process at storage rings is shown 
in fig.(l.l). The corresponding amplitude is 

I 
M = -e2U{p1JJ1~'u(p.)f'(p2h"'v(p;) --y·2 Tpv 

qlq2 
(Ll) 

The term Tpv contains the physics of interest. It is therefore useful to disentangle the leptonir 
part from the 11 ........ hadrons vertex. The result has been given by V. ~- Budnev et al :g 
and others. For unpolarised beams. 

do 
o2 : I )2 - 2 2 : ql q2 ql q2 { +..:. ..._..:. I __._ ... 

I6tr4q~q~ \' (p
1
p

2
)2 ~ m~m~ 4p1 Pi 0 TT + 21P 1 - P2 .. trrcus(2o) 

..... 2p]_._ pr'cr L ..... 2p?('p;- c LT -t- p~'0 p~0c LL (1.2) 

+fl +O· - d3pl J3 I 
- 8 P- . P : TTLCOs(rf>) } __ I ~ 

I 2 , E: E~ 

The labels +,-, 0 refer to the helicities of the photons in the 11 center of mass system. The 

8 

flux factors pa. 1' are given by 

with 

+" __ I ( )' 4m 2p1 = 2p1 = X 2p1q2 ~ q,q2 + 1 -t- - 2 q, 

oo 1 I l' Pt =X 2p1q2~q1q2 ~ 1 

'+0+01 (-) 4 I I 8 :p1 p 2 cos¢ = X(2p1q2 ~ Q1Q2) 2p2Ql- q1q2)C .I 2 2 

- C' 
2 'P~- p;-1 cos(2¢) ~ --,--,-- 2(pi+- !)(pi+- I) 

q1q2 

I 
+- i - +-- 1 P, I- P, 

, '·'(I 2)i - i '·'(2 !Jj P2 ' ; - P1 , 

v q, q2 

, I 
C oc -·(2p, -· q.)(2p2 - q2)- X(q,q2 )(2p,q2 - q,q2 )(2p2 q,- q,q2 ) 

and X i~ the analytic continuation of !>.101ler's flux factor 

X= (q1q2) 2 ~ q~qg 

(L3) 

The angle~ is the angle between the electron-/ planes in the 11· center of mass system. \'lith 
this convention of flux factors. the two photon cross sections o can be expressed in terms of 
helicity tensors ~t'a.'l>'.ol· 

orr-

or L =-

TTT ·-= 

.,~xiiL ..• " ~~L- .. -l OLL = 

I ----==-lL.._, 2v ){ _o,-•h OLr =o 

I 
-=\\ 
2v' X --

I . 
-------= ll (I.,. -~·-
2,·X 

TTL= 4 \~·X(H.-'+_._,00- W(l--'-,-0) 

I 
--W 
2":x <:•fJ.r•o 

These helidty tensors are essentially cross sections with all flux terms taken out: 

Wa'li,a.l· =" ~ J d(Lips)M~'I•'Ma/ .. Ma.t• = Tpv£i11 (~f. 

(14) 

(1.5) 

The Lort>ntz invariant phasf' space element for a system of n particle~ is abbreviated in the 
usual manner: 

n l " J3k 
d(Lip.<)" = (2n)' o'(q,- q,- L k,) (

2r.)'• IT 2£.' 
,,j t=l 

Taking the z-direction along the momentum of the photon with label "1". the explicit form 
of the polarisation vectors in the two photon center of momentum system ran be takf'n to bf' 

I . 
(J..L- = -c_(0,--·1,-1,0), (J­v2 

I . 
(2-t = V2(0,+],-t,O),E2-

I I 
rn(0,-+1,-i,O), (JO = I 2(qiz,O.O,qw) 
v2 v -ql 
I I 

-------=(0, -1,-i,O), t 2c, = . 2 (q~.z,O,O.-q2o) v2 ,'-q, 
(1.7) 

9 



In this frame, the photon four vectors are 

9 ~ (9192 +91 0 0 .JX) 
I W '' 'W 

92 ~ (9192 + qi 0 0 - .JX) 
w ''' w (1.8) 

It must be stressed that the polarisation vectors are reference frame dependent quantities, In 
particular, a Lorentz transformation with a finite component perpendicular to the electron 
beam direction leads to mappings of transverse phot.ons onto longitudinally polarised photons 
and vice versa. 

The way the cross section is defined here is such that at finite q2, it has the same 
form as for vector mesons, but calculated at negative mass squared. However, since no 
possible experiment can count virtual photons, this convention is arbitrary except for the 
limit qf, q~ - 0. In fact, many authors use different conventions, leading to discrepancies 
which are typically of the order q2 jW 2• The convention adopted here has the advantage 
that the 11 cross sections develop terms which are well known from other branches of high 
energy physics. For example, as can be seen in eq.(1.8), at fixed W, the flux factor yX is 
proportional to the three momentum of the photons and it turns out that the well known 
(:f!!·f0 j21..-l spin barrier factors find their spacelike counterparts in powers of ../X linking 
the coupling constants to the off shell/') cross sections. With increasing ;q2 j. these barriers 
become deep valleys.(!) 

It must be emphasized that the way the cross section is defined here (which is 'identical 
to the conventions used by most experimental groups), the q2 evolution of the cross sections 
is different from the q2 evolution of the squared amplitudes. This discrepancy can fake form 
factor effects. Consider for example a constant amplitude for transverse photons. The cross 
section for the case q¥ 'f. 0, q~ = 0 would then be orr ,...,. r::q! :w~, which for masses of the 
order W ~ 1 GeV is numerically close to a / 1 pole form fact~~. There are many examples 
in the literature, where this "dummy" fall off has been misinterpreted as a vector meson 
dominance effect. 

Restrictions on the TY Vertex 

The two photon vertex Tp., is subject to a number of conservation laws: (see also refs .. 16i, 
:11]. in particular charge conjugation intJarie.nce, gavge im•ariance. Lorentz int•ariance 
(which includes conservation of angular momentum). Bose statistics and conservation of 
parity. 

The consequences of charge conjugation in~ariance are two fold. First of all, it implies 
that in the two phot.on process. only states of positit:e charge conjugation can be produced. 
Single p 0 mesons (which have negative C) in the data are thus a sign of non two photon 
processes or incompletely reconstructed events. A further consequenfe originates in the fact 
that the photon fusion mechanism is the only second order QED e- e- ---. e+ e-X amplitude 
in which the final state X is linked to the leptonic system via two photons {see below). All 
other second order QED diagrams thus describe the formation of states with negative charge 
conjugation. Therefore, the states produced by the two photon mechanism are different from 
the other ones, and hence, all conservation laws that hold for the full e+e- ---> e+ e-X process 
also apply to the subprocess 11 ---> X. 

10 

The consequences of the other symmmetry principles can be examined by expanding the 
amplitudes in terms of gauge invariant covariant helicity selection tensors (see appendix A). 
For a state of specific spin parity JP, one then obtains for the helicity matrix elements Ma,l• : 

all Ji' gauge invariance Mo,d91.9ll- vCQi (asq1 ~o) 
Ma,o(qf,q~)"' ~ (asq~ __,. 0) 
Ma,b(q?.qi) = M-a,-b(q?,qn 
Ma,,.(q?.qn = -M-a,-b(q?,qi) 
Ma,f.(q?,qi) = (-·J)(J-a..-I•)Mt>,a(qi,qn 

Ma,b(q¥ .qi) = o;:_bMa,l·(qf, qi) 

for 

for 

for 

for 

for 

with 

all J1' gauge invariance 
JP = o+,1-,2+, ... parity 
)1' = o- ,1+ .. 2- ,, .. parity 
all )1' Bose symmetry 

Jz 5: J Lorentz invariance 

(1.9) 
For the implications of these conservation laws. four experimental configurations can be 
distinguished. 

For any qi,q~, in the most general "double tag" configuration, one has 

M±,(J'' ~ o±,1") ~ o 

Mu"(JP ~ 0") ~ 0 
M0,(J"~o~,I~.2~, ... )~o 

(1.10) 

Thf' first two equations are a straight consequence of helicity conservation and the third one 
an 'nnplication of parity ronsNVation. 

For qi"" 0. in the single tag configuration, one has in addition to eq(l.IO) 

.\1.,./.(JI'::.: anything)= 0 

.\1, ·"I J" ~ 0" 'I~ 'T' ... ) ~ ~ '>f_ ,.,( J" ~ 0~' '") (!.II) 

.11, ·" ( J'' " 0., I~. 2. , ... ) = - .IL .u ( J" ~ 0~, ... ) 

These• are ronsequences of gauge invariance and parity conservation. 

For qi = q~ ::i 0. 'm the symm('tric double tag configurat'ion. the following he!icity 
amplitudes vanish in addition to the ones of eq.(1.10): 

hf00 (.J" = 1".3',5" .... ) ~ 0 

Moo(JI' = 1~.2~.3~ .... ) ~ 0 (LI2) 
.II,,,(JI = 1~.3- .5~ .... ) = 0 

These selection rules an• the result of an interplay bewteen rotational invariance, parit~ 
consNvation and Bose symmetry. 

For real photons (qf = qi =- 0). thP restrictions are most severe. In this case. all selection 
rules stated above apply. and only a small number of amplitudes remains non zero: 

.\J:r.~(JI' = o±,z±,4:r ... ) 7 o 

M"·" (J' ~ 2", 3+. 4~ ... ) * 0 

all others vanish (LI3) 
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These amplitude restrictions imply Yang's 1 theorems [16]: 

u77 (1+) ~ u77 (1-) ~ 0 
u77 (JP ~ 3-,s-, 7-, ... ) ~ o 

(1.14) 

and fix for a large number of states, with which helicities they are produced in the collisions 
of real pha:tons: 

Jz:::::2 for 3+,5+,1+, .. . 

J 2 =0 for a-,4-,6-, .. . (1.15) 

Therefore, in all cases, except for the production of JP = 2+, 4 7 , ... states, the helicities are 
fixed by first principles. J:Ience, in all other cases, the determination of the coupling of a state 
of known spin p_adty to two real photons reduces to a one parameter problem. 

Determinatiori- of-the Rad"iadve Widths 

In the limit q~ = q~ = 0, the formation of a single resonance by the collision of two 
photons is the inverse process of a radiative decay. Therefore, the two photon production 
cross section for a certain particle is a measure of its radiative decay width. 

In order to arrive at an expression which interrelates the two photon production cross 
section and the radiative decay widths, we have to overcome the technical difficulty that the 
usual expression for the phase space of a_system yields a 6 distribution if evaluated for a 
single particle - a consequence of :the fact that final state particles are commonly assumed to 
be stable. For wide resonances, we ~an overcome this problem by first considering the entire 
process, i.e. production and decay of the resonance: 

_ ~ J ,Mob(TY- R)MJ,(R- "final") ,2 . 
Wabaf·-

2 
, w· 2 , 12 .M f I dLzpsfmal 

-i'"n+z R R 

I J. 2 ( rMJ,(R- "final")!' . ) 
= 2 IMab("/'"1- R) · (W 2 _ M~_)2 + f~M~ dLzpsfino.l 

(I.I6) 

For the case where the resonance decays into 2 stable particles, the orthonorrnality of the 
spherical harmonics leads to a complete factorisation· of the integral and we obtain a useful 
expression for the (total} phase space of a single particle: 

Lips ~2M~ rR oa-b OJ(R) 
1 - w (W2- M~)2 ~ ['~_,\/~ J,(f) J(f) 

- (.!k"(_W)_I_)"L+I) rR- r(,. .. ~ -~·'--'-
k-(MR)i 

(1.17) 

where fo is the width at nominal resonance mass MR. In this expression, the decay-form 
factor (usually referred to as a "finite &i_ze effect" or "spin harriere pene~ration factor") has 

lSome of the selection rules which are known as Yang's theorems today were giVen by Wheeler, Sakata, 
Tanikawa, Finkenst.ein, Steinberger and Wigner. Their works are referenced by Yang II6f. 
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been neglected. If the total width of the resonance is two orders of magnitude smaller than 
its mass, such factors may be ignored: otherwise, the (k")(2L+l) factor has to be modified 
(c.f. appendix D). 

It is useful to compare the above expression with the two photon width of a resonance' 

r - I II- '"""' u- .2 
16n(2J + I)MR L...-1"'"'' 

"·' 
(1.18) 

and the q2 = 0 limit of eq.(1.4). For a particle of spin J, the result is 1 

, 2 ) Mn rr, 
a,-t(ql "'q2 = 0 = 87r(2J +I) W (W2- M~)2 _,_ f~M2 (1.19) 

This equation has interesting implications. Since the total rate is proportional to the product 
rR X B(R--> "tl) ·" (2J + 1). the knowledge of either pair of these quantities, together with 
the a r1 measurement gives information about the third. The total widths of the 'f} and 
r/ for example are most accurately determined by a comparison between 11 formation and 
resonance decay measurements. 

Features of the Photon Fluxes 

The full equation connecting the electron positron cross section with the various 11 cross 
sections is very complicated. For the simplest possible configuration, the production of a single 
particle with fixed mass. its evaluation already is a 3x3-4 = 5 dimensional integration. This 
has stimulated a large number of authors to seek for approximations (e.g. the equivalent 
photon approximation. epa ·18} Thest> will not be discussed here in detail, first of all 
be('ause the literature on this subject is already quite sizable. but also because the a('curacy 
of experiments has begun to enter a domain in which current approximations are no longer 
valid. Roughly speaking. no published approximation should be trusted to better than 10% 

A precist> 11 measuremf-nt. has to to be based on the full formula given in eq(l.2). 

.\e\·ertheless. the equivalent photon approximation has some lasting value. It provides 
us with a simple picture of two photon physics. Also, it is easy to ('alculate and thus provides 
a good tool_ for efficient detector design studies. 

\\'ith this in mind. we shall follow for a while the key assumption of the equiYalent 
photon approximation. the hypothesis of factorisation. Physically. this means that one can 
think of the intNa('tion region as being expo~ed to two independent. wide band photon beams. 
Ac('ording to :g·. each of the incoming beams has the following spectrum: 

_!~ o:- __ a_ ({1 - ~~- _:{_) 
dw1 q,2 

7T: •• .>t q?i Et. 2El 
(I ~ ..J! )rd~in) 

Et. q, 
(1.20) 

1 In evaluating the pha."e space of a two photon systl'm. care has to be taken of the fact that the two photons 
are indistinguishable. and thus. J dO= 2rr. 
1 ~otice that the radiative width is by definition a number, and not a function of 1-\-'. Eq.(L19) is written 
down under the assumption that the TJ vertex has no explicit(' energy dependence, i.e. Mabi"'J-= Mab(M). 
For a large number of cases, in particulare J"P = o- and large J meson product.ion. it is very lik('ly that this 
assumption is not correct. However, the energy dependence of the photon photon coupling depends on the 
details of the process and can thus no! be implemented in this general form. 
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\\-here w; is the photon energy in the lab. fra!HC' and q;""" is the smallest possible invariant 
mass of the photon i=l,2. The total electron positron cross sC'ction then follows from 

+ _ + _ , I . d'.!11 1 d1 n 2 ., 2 a(e e _. e e .\:) = a (I')"-.\)--·----, ---2dw 1d:.Jzdqjdq2 d:_._·ldqj d:;.·~dq'1. 
( 1.21) 

t\otice that measuring a total 11 cross S(•ction always rn<·.ans measuring a differential e+ e­
cross section. The dimensionless product d'.!n 1 rf'!n 1 ::::: d4 Ln is often called the differential 
phot-on luminosity function. 

The main features of the photon spectra arc easily examined. First of all, the Ijq"- term 
from the photon propagator leads to a pole at q1 = 0, which is only avoided by thE' kinematic 
constraint 

m2w2 

lq
2
l > ;q?,.;n; = Et.(E:,- W) 
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Figure 1.3: q2 spectrum of the photon flux from a single 
electron beam (from eq.J.£0} 

(1.22) 

Fig.( I.?,) sho\\"s the q'.! evolution of the flux of !.ransYerse photons from 20 GeV electrons. 
The s\alC' is chosen to be logarithmic, because the peak near q'.! = 0 is so sharp and narrow 
that it appears as a vertical line on more or less any linear :.calc. The maximum of the flux is 
generally more !han 6 orders of magnitude(!) below the natural hadronic scale set by the p 
meson mass squared. It is thus justified t.o \onsider the large majority of two photon events 
as induced b~.- real photons. However, lhe logarithmic ~ndc is also misleading in the sense 
that it may lead to an underestimate of the fran ion of phot-ons which have large values of 
q~. ln fact. for some IO% of the events (til(' cxan number dC'pends on the final state one is 
rnea~uring). forrn factor effects can nol. be negl<•cted . .-\1 the current DORIS, PEP, PETRA 
detectors. the ei(!Ctrons coming from most of these e\·ents are not seen. 

The energy distribution of the incoming photons r<'senJhlcs that of Bremsstrahlung. It 

J.1 

can be obtained by integrating the above flux spectrum over q2 . gi\·ing 

dn a ( ~ ~- ~- (1--" 
d:. .. : 1i';...' Et. 

----='--- )ln ~~a:r _.. (1 -
2E~ q;run 

~· )(1 - q~, ... l) 
/. q;,..a:r 

(1.22) 

This spectrum is shown in fig.( I A). It is interesting to notice that the mass of lhc electron 
ma"tnly eJlters tit<• spectrum logar'!thrnkalty (\-'ta ln(q?mn)). This has the promising conse­
quence that proton rna, hines rnay also ser\"e as efficient photon sources. 1 

GeV- 1 
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10-2 

Cl3 
'0'0 

10-l. 

~ \GeV 
. ~so 

2 

w 
Figurc 1.4: Energy spectrum the photon flux from a 
single electron beam in the lab. frame (from eq.J.f!f!} 

Other QED Processes of the same Order 

t. GeV 

The two photon fusion mechanism is not the only one contributing to the e..,. e- _. e_,_e- X 
cross section. In addition to the II" fusion diagram. there arc three other dasscs of diagrams 
of the same order of o.(c.f.fig.(I.S)). 

The Bremsstrahlung and annihilation diagrams may be considered as radiative correc­
tions to the Bhabha process. while the conversion di:tgrams haYe no lo\\"er order relative. lf 
!.he stale .. X 1" in the conversion diagrams sho\\"n i:1 i;~~-(1.5) is an c-'-e- pair, these diagrams 
may simulate large q1 two photon events. i\otirC' 1 'all but the')"/ fusion diagram, the 
syst-em X is linked t.o the electron lines through a singli: photon only, implying that it is not 

1 Thi~ may be very counter intuitive, given how very differently etec1rons and prolrms interact for exampiP in 
elcctromagnPiic calorimeters. The principii' difference lwtween virtual ph own radiation and interaction with 
matter is that in tl1e latter class of reactions. the pro10n always uccun a~ a proJ,agator. leading to a lfm; 
term in tl1e cross section, In contrast, in the Cil$i' of ,·irlual photon radial ion, the proton makes e.xternallines 
<>ll !~·-

JZ, 



' 

' ~ 

i 

possible to rnake predictions obout the relative sizes of diffPrcnt diagrams without making 

SfH'cific assumptions about the ratio of 11 to 2-1 roup!ing constants of the system X. There is 

thus no way of formulating thf' influence of the competing processes in the form of a correction 

!.o eq.{1.2). Every final state has to be looked at indi\·idua!ly. 

~ 
yy Fusion 

f x· +. ~. 
Br~msslrohl1109 

~. 
Annihilo!ion 

~·· ~., 
Con-.~rsion 

~· 

"~'· /~XI 

Figure 1.5: o. 2 contributions to the 

total e4 e- cross section. The anni­

hilation diagrams are suppressed by 

the photon propagators, the conver· 

.'liOil diagrams yield high invariant 

masses. 

The cross section for the reaction e-'- e- -- e~ e-11' Jt- has been calculated by Behrends. 

Daverfeldt and Kleiss :19j. As they point out. this process not only gives a handle on the 

description of quark pairs, but also provides a model independent link to electron positron 

annihilation data. This is a result of the fact that hy far the largest correction to the ll 

fusion mechanism arises from the the Bremsstrahlung diagrams. Since for these diagrams, the 

final state"){" communicates with the cle<"tron lines via a single photon only, the differential 

production cross section factorises into an e- e- - e- e-')· and a l. ~ ,. X'" part. For muons 

(c.f. appendix B), the latter is described by the function 

,, 0 3(3 - 3') 
!(H ""I ~ 6. -,p,-- (1.23) 

/'I' 

"-here iJ is the velocity of the muons in their common center of momentum frame. Because 

of this factorisation, one can obtain a model independent prediction for the Bremsstrahlung 

hadron production cross section by the simple replacement 

f(W') ~ f,,,,.(W') ~ /(II''J<J'"c•.· -1/od,. (W:) (1.24) 
CJ,~•·--Jl-J•-(H• ) 

:'\otire that the authors of ref. (19] haw~ written a .\'tonic Carlo generator for e+e- ___, 

c-e-JL~Jl- in such a manner that individual diagrams can hf' ""switched off'. Therefore, by 

means of eq.(l.24), the tools for a simulation of Brernsstrahlungs contributions are available. 

JG 

As can be seen in fig.(LG). the total cross section for,,~~~- pair cr('ation by Bremsstrahlungs 

diagrams is about two ord('rs of m<~gnitudl' smaller than the noss S('c\ion of the 1 f11sion 

mechanism. 
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Figure 1.6: The two large,~! QED 

contributions to the total cross sec­

tion for e c _, e.,.e-~L+/1- The 

cun,es are 1'nterpolations of poiltts gi 

t-·en m ref. , .. 19/. 

For beam energies between IO and JOOGeF, the total Brem!>strahlung cross section is only 

oa :::: 1.06nb(EaeamfGeV) 0 ·155 (within three per cent). However. there are kinematic re­

gions, where the Bremsstrahlung diagrams make a substantial contribution to the differential 

cross section. This is tlw ca5C. if f'ither or both electrons are scattered at a large angle. and 

the invariant mass of th<' Jl~ Jl- pair is close to 2mp. 

The experimental E'\·idcnc<' for contributions from non peripheral processes is still mar­

ginal (c.f. ref. ·Ill} The ~dark J and the PLL:TO collaborations have seen indications of 

a Bremsstrahlung contribution in 11-11- pair production, howe\·er. the a\"ailable data do not 

yet require the presence of these amplitudes. 

Ingredicuts for a Two Photon Analysis 

HardwarC' 

Basically, all the requirements for a good two photon detector follow from the features of 

the two photon ftux. Two photon C'\-C'flt detection depends critically on two main pararnctN~· 

Fonrard pnrlidc deled ion capability 

trir19cr tlaeshu/d$ 

In addition, particle identification ma.\· be n<'<"essary for some channC'ls. 

" 



Since the photon spt~rlrum roughly follows a lr:...' distribution. the energies of the in­
coming photons are usually quite different. This IC'ads to a large Lor<'nlz boost from the "n 
centre of momentum system to the lab. frame. As a consequence. all final state angular 
distributions are strongly peaked towards cosO =· :::.1, i.e. \.awards the b<'am pipe. A detector 
which is designed for 11 physics must be abiC' to measure particle momenta down to the 
smallest possible angles. Fig.(I.7) gives an idea. of the importanc<' of small angle coverage. In 
this figure, the (lab.) angular distribution for muons from the reaction Tl ....... Jl+ Jl- is shown . 

. 
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Figure 1. 7: The angular distribution 
uf muons in the lab. frame. l'~lotice 

tlw.t the number of particles per solid 
angle inlertml is ~ = s~~~~ ~. 

The other major feature of the photon flux is the sharp q2 distrib•Jtion which is followed 
by a long, slowly falling tail. Since 

q2 ~ -4EI,E
1$in.2(0j2) 

low values of q2 correspond to small scattering angles of the electrons. Most of the scattered 
electrons stay in the beam pipe. For form factor measurements however, it is crucial to 
measure the final state electron (this is called tagging). Since there may be background in 
the form of hard photons from other processes, an electromagnetic calorimeter may not be 
sufficient. ln Fig.(1.8), the PLlJTO det.ector is' shown as an example of how clean tagging can 
be achieved by including charged particle detect-ors in fronl of t.he tagging shower counters. 

Triggering two photon events is probably the most diflicull task for a 11 detector. The 
reason is illustrated in fig.(1.9): beam interactions with residual atoms in the interaction 
rC'gion {"beam gas"). Because of the large cross section for photo production, such interactions 
are not only a severe background for some exclusive channels. they are also responsible for 
trigger rates which may easily lead to intolerable dead times. Since "beam gas events" have 
topologies similar to those of 11 events, a reduction of l he dead time in general implies a loss 
of two photon events. Different collaborations have com(' to different hardware solutions for 
this problem. The TASSO and JADE de tenors {cf. fig.s.( l.JO:"l.ll)) are equipped with time 
of night scintillators surrounding the inner tracking c!Jarnl•ers. The rate of false track triggers 
in these detectors is reduced by demanding a hit. irr those time of !light (TOF) modules to 

IR 

which the tracks point. This is a cheap, simple and powerful technique. For track pairs with 
small opening angles, the JADE as also a trackxTOF >:,~hou:er counter trigger. 

~~~~l~:rJI 
DESY,Hllllburg 
•wrH Aachen 
lbY.IIVIIbUrg 
Uni"t Siegen 
Uni'I.Wuppnb.l 

Figure1.8: Schematic tJiew of the PLUTO delertor, 
a dedicated experiment for two pho(o.n. physics. The. for­
ward spectrometes strongly enhanre ihe areeplance fur 
tu:o photon wents and a/lou· partirle idwtifico.tion. The 
rhambers in front of the shou·er cow1ters enable dca1J 
lagging. 
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FigurE' 1.9: Velocity momentum cor­
relation for charged lrarks measured 
in the PLI'TO forward spertromeler. 
This sample is based on et,ents u·hirh 
do not come from the ir!leraction t·cr· 
te:r. The excess of ptolons is a signa· 
lure of nuclear fragments from .. beam 
gas'" interactions. 

cut along beam 
(TASSO) 

Figure 1.10: The TASSO del eel or. Its large drift cham· 
ber yields good momentum resolution for· thorged par­
ticles. 
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PLUTO and CELLO (c.f. fig.(l.l2)) have taken a different approach. They reduce the 
number of false tracks by improving the accuracy of track recognition already at the trigger 
level by comparing the hits from the wire chambers with previously calculated masks. In the 
PLCTO detector, this is the second step in a two stage trigger (using shift register technique), 
whereas a large set of random access memories enables the CELLO detector to do the track 
recognition in one slcp (via paraller logic). This is the most flexible, but also the most 
expensive solution. 
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Figure 1.11: The JADE detector. The lead glass shower 
counter's allow accurate reconstruction of rtwtral final 
states. 

The photons coming from T) events have small energies compared with the energies 
of the beam elt>ctrons, i.e. down to 100 MeV or less. Sin('e such low energy photons can 
prodU<'f' very short showers, it is of great help to ha\'e as little material as possible in front 
of the shower counters. In particular, it is preferable to have the electromagnetic calorimeter 
insidf' the magnet coil. However, the most important quantity for a shower counter in a two 
photon experiment is the noise equivalent, since it determines dov.n to which energies showers 
can be triggered and reconstructed. BGO, !\"a} and lead glass are (in this order) the most 
suitable materials- if equipped with photo tube read out. This latter requirement may be 
in conflict with the demand of having the shower counters insidf' the coil. The Crystal Ball 
detector (c.f. fig.(J.13)) represents the most radical solution of this problem. It posesses no 
coil and only a small inner tracking chamber, thus being able to measure photons down into 
the I MeV range. The lead glass system of the mdgnetk JADE detector has also proven to 
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be \'N)' suitable, allowing for example to record and reconstruct single 11 production through 
the decay channel 11 ----. 11· For thP reconstruction of exclusive final states, the granularity 
of the shower c.ounters may be more important than the energy resolution since, through 
kinematic fits. a bad energy measurement {one variable) ran be more than compensated by a 
good position measurement (two variables). For the triggering nf entirely neutral final states, 
a finf' segmentation of the calorimeter is important sincP in general, topological requirements 
like lik«• acoplanarity ruts ha\'e to be implemented on the trigger level to a\•oid intolt!raL\c 
dead times from "stray" photons. 

;.-- ~~~ 

'" 

1Zentrale DrHt~u. Praportionalkammern 
2 Endkappen~ Proporlionalltammern 
3 Endkappen~Schauerz3hlerl RUssi~ Argon] 
4 Zylindi"lsche Schauerzihler lfttisSig Argon) 
5 Praportianalhmmern IUr "!J"on-Machwm 
6 Driflkammern hir Yorwirtsdeteltlar 
7 Schaumahter liir Yorwartsdttektor [Bleiglas) 
8 Vakwm·S1rahtrahr 
9 Supraleitende Spute des Oetekta~ 

10 Eisenjoch 
11 lampensilliansspulen 
12 Fahrwerke 
13 Yenargungsleitunqen IUr ltUssiges Helium 

DETEKTOR <::I:I_J_<:» 
Gewicht:-.14001 
Magnetleld: 15 kr 

Figure ~.12: The CELLO detector. The long itmer 
tracking chamber gives a good acceptance over a large 
solid angle in. the c.m.s. of the two photons. 
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Softwar<' 

Figure 1.13: The Crystal Ball dettr­
tor, a dedicated experiment to auu­
rately measure neutral final states. 

With very few exrrptions, two photon events are close to detection thresholds. This 
implies that the evaluation of the detection efficiency is generally vt~ry difficult. E:o.:perienre 
show!> that reliable mPasurenl(>nts can only be obtainE•d if th<' d(•t<'rtor simulation programs 
are fine turwd with calibration reactions. Frequently usPd processes are for example 

e-e- ---. K'-'- X 
"! ...... e~ e 
e e _ ... e_e_e_e 

"!"!---. ·11L::: 

.,.,,(1,- "~"-) 

(track momentum re,<,o/ulion) 

(elm. shou·er Te$Oiut i011 e I I ieie11cy) 
(elm. shower re$olut ion, e I/ iciency) 
(n 1 eseparation) 
(I rack trigger el ficit~lcy) 

Very useful checks can be obtained from rPdundant measurements. Comparisons betwe<'n 
d E;'d:r and TOF or energy momentum comparisons of <'iectron samples provide simp!<' nl(>a­
t>urcs of absolute efficiencies. For the intt•rralibration of various dt•tector components. kilw­
matic fits (see below) may be useful. 

A similar degree of accuracy is required for the simulation of the photon photon proressl's. 
In practice. this is very difficult because tht• evaluation of the full e- e- ....... e..,. e-X cross sect ion 
ran require a s<'ven dimensional integration {in thP case of pair creation). The kl'y technique 
us«•d for such integrations is railed importance sampling. The idea is to generate points (i.e. 
particlP four momenta) not uniformly, but in a spare which is "'compressed" in those rE'gions 
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where the integrand (i.e. dajdx) has maxima. Technically, there are many ways of achieving 
this. Two methods are described here. 

The FORTRAN programs VEGAS by Lepage or BASIS, a further developement by S. 
Kawabata j20] use an entirely numerical method. The principle is shown in fig.(l.l4). In the 
first step, a large number of points is generated uniformly in all variables. Then, the sum of 
the values of the integrands in each square (or "hyperrube" in more than three dimensions) 
is compared with the average value, The program then tries to ajust the binning such that 
the variation of those sums over the entire domain is minimised. The bin size is reduced in 
regions with strong maxima. In the following steps, equal numbers of points are generated 
in all hypercubes (on average), followed by readjustment of the bin limits and so on. 

Figure 1.14: The method of impOrtance sampling. The 
numerical-integr:tition of the function on the left is very 
effi·cient, since the function factorises in the variables 
show~. The function on the right would not be integ~ated 
so efficiently. 

The result of such an··ttenttofl is a grid· which is open in regions where the function is small, 
and close in regions where the function peaks. For :proper normalisatioi., the values of the 
integrand ha\'e to be multiplied by the bin width· (volume of the -hypercube). It is easy to 
realise that the produtt.s f(:t}--* .6.x :ha,ve a much small~r relative variance than f(x) itself. 
This means that after the grid has been calculated, unbiassed event distributions can Le 
obtained with a tolerable efficiency by the old method of first calculating the maximum M 
of the products /(:r) ~ ~x t-~~n gel).erating points as above, and then accepting the event 
if the above product for this event is larger than the maximum \'alue .\1, multiplied by a 
uniformly chosen random number between 0 and 1. This method is not a very robust one. In 
particular, as-indicated in fig.(1.14), the algorithm becomes very inefficient if a peak occurs 
in several dimensions simultaneously. Given that the W and q2 distributions are very steep 
in two photon physics, finding the right variables is crucial. In particular, one should aim for 
a set a variables, in which, by means of the Jacobian, the function becomes as flat a possible. 
If this cannot be achieved. then the second best choke comes from aiming for approximate 
factorisation. If f(x~. x2 ) ~ g!(xd 'tg2(x2), the variables x 1 and x2 are certainly better suited 
than for example y1 = x 1 + x2 and Y2 = x2- x 1. -ln the case of two photon physics, the 

24 

equivalent photon approximation offers an opportunity to find suitable variables by directly 
integrating the approximate formula. The third requirement for a good integration variable is 
that certain fixed values should coincide with the edges of the domain of integration, i.e. phase 
space limits or cuts. If, for example, a set of no tag events is to be generated, an integration 
over the scattering angle fJ, or a function thereof, is more suitable than an integration over 
q2 , first of all, because it has no energy dependent onset, and secondly, an upper limit on () 
coincides exactly with the measurement condition "no final state electron observed" (antitag). 
A much simpler integration technique can be used in case there is already a set of Monte 
Carlo events. Given that excellent Monte Carlo generators for the reaction 11 -. J.t- J.t ~ 
exist :19), it seems feasible to obtain Monte Carlo events for other processes through a simple 
weighting method, Suppose for example a tape with 11 ___. n+r.- events is needed. This 
can easily be obtained by the following algorithm. First, the maximum of the ratios R = 

~~~:= :~ ::: := := :=1 is determined. Then, in a second step, the value of R for each individual 
event is compared with the product Rmax ~ (uniformlygeneratedrandomnumber). If this 
produn i~ smaller than R, the muon pairs are replaced by pion pairs of same ll:' 2 .qf,qi ... 
and written onto tape. ~otin• that for this technique it is necessary that the variables used 
for the weighting do not change their \·a]ues. For the above example, the 11 c.m.s. ,·ariables 
H:. 8. o. q~ and q~ would be an obvious choice, since they are insensitive to the masses of the 
Jl and r.. The differential cross sections for Jl-IJ.- production are given in the appendix. 

Kinematic fits are of great help in two photon physics. In addition to the usual advantages 
(i.e. irnpro\'ement of mass resolution, background reduction, t.est of calibration) fits in ll 
physics lead to a considerable impro,·emE.>nt in thE.> int.erpretability of the experimental results. 
By restricting qf. qi to very small values, kinematic fits allow the accumulation of a data 
sample of almost real photons. The number of coupling constants determining the interaction 
of real photons is gem•rally smaller than for \·irtual pholons. Real photon collisions are thus 
easier to interpret. Also, the restriction to tiny q2 values reduces the errors coming from form 
factor uncertainties to negligible values. 

At first glance, kinematic fits seem not to be feasible for most of the /") events. In no 
tag samples, six unmeasured lepton momentum components seem to overrule the four energy 
momentum constraints. However. the kinematics of two photon events. together with the 
stet>p q2 dependence of the flux, leads to a solution of this problem. The latter implies that 
events with both photons off shell are very rare. In the more frequenl rase where one of the 
photons is almost real, (qi ~ 0) the laboratory transverse momentum of thE' hadronic final 
state H can be written a& 

{ '(w1 w2 ) EH} 2 vi(H) == -q~ 1- 2 £1 - E~ - 2£;. == -q~ 

Thus if I he hadrons art> produced with modest rapidity, 1 restricting th(' 1 ranswrse momentum 
of the hadrons mean$ rest rifting the invariant mas~es of the photons. Technically. thi~ i~ 
achieved by a little trick. It is simply pret.endt>d that the directions of the outgoing electrons 
are very well measured to be scattered at 0 degrees (::tO(Imrad)). By this method. thP 
energies of the final state electrons remain the only unmeasured variables. The result is a 
two constraint fit in which high q2 events appear with a low,\ 2 probability. Cutting on the 
x 2 probability thus removes high q2 events, together with the background from incompletely 
reconstructed events. 

11arge rapidity evt>nts tend to have a \'anishingly small chance of detection 
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Through the Measured Channels 

Pseudoscalar Production 

Introduction 

The neutral members of the o- nonet are the 11'
0 (135MeV), 71(549), and the r/(958). 

They are all vf'ry narrow resonances. In the static quark model, the observed states may be 
close to the pure singlet and octet states. 

n'-' = 

71:;;::: Y/8 = 

' 1] :;;::: r} I 

I ~ 
~(uu- dd) 
,;2 
I ~ 

--;={UUT dd- 2ss) 
-..'6 

I ~ 
--;=(uil- dd- ss) 
...--3 

(2.1.1) 

Although the members of the pseudoscalar nonet have been known for a long time. the o­
nonet has some interesting and to this day not understood fpatures. 

The masses for example nearly span an order of magnitude. So far, this mass splitting is 
only understood on rather weak phenomenological grounds. ~1oreover, the ways thP masses 
are explained are highly correlated with the assumed value for the siT]glet octet mixing angle. 
Quadratic or linear mass formulae lead to mixing angles differing by as much as a factor of two. 
One aim of two photon experiments is therefore to test whether SU(3)Fi is a good symmetry 
for the radiative widths of the nonet members. Only if this is the case. the introduction of a 
mixing angle between the states 11 1 and YJB is meaningful. If SU(3)FI turns out to be fulfilled. 
two photon experiments can determine this mixing angle and thus provide a necessary input 
parameter for mass splitting calculations. 

The spatial structure of particles has been explored in the past mainly by single current 
reactions. e.g. by measurents of charge form factors. The data ha,·e been interpreted in the 
framework of ,·ector meson dominance. ground state pictures and by perturbative QCD. By 
using the additional freedom of varying q? and q~ independently, two photon physics has thP 
opportunity to help distinguishing the various approafhes. Double tag measurements may 
therefore be particularly fruitful in the future. 

The coupling of a neutral pscudoscalar meson to two photons proceeds through a single 
amplitude and hence. there is only one form factor F(q?, q~) 

Tp.v = iep.voMfqf F(qL q~) (2.1.2) 

This form factor has the dimension of a length. A direct consequence of the form of the 
amplitude is that a o- state cannot couple to longitudinally polarised photons. The only non 
zero terms entering the full e+ e- _______, e+ e-o- formula are 

1 I 2 2 2 M2JX r 
OTT = - 21TT = 4 F (ql 'q2) ---w- (W2 - M2)2 + f2 M2 
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Notice the strong mass dependence which is also present in the 11 partial decay width: 

M3 F 2 (0 0) r - R , 
T'l - 641f (2.1.4) 

This tends to counteract the rapid variation with W of the photon flux at storage rings. In 
fact, measurements have shown that the cross sections for e+e----> e+e-"0~" are of similar 
magnitude for the three nonct members. 

Measurements off '"~'(YJ') 

The '1' is the heaviest of the three neutral nonet members. Its decay products have thus 
comparatively large momenta. This means that the 77' is the most easily seen pseudoscalar. 
and it has bt"en obserwd in a large number of experiments. In most cases, it has been 
identified through its decay into / 11 (c.f. tlg.(2.1.1). The published results can be seen in 
table (2.1.1). 

r -n{kel') Decay Experiment Ref. 

5.8' 1.1(=1.2) /'') .\Ja.rk II 21 
5,0' o .. ;(cc0.9) /'i JADE 22 
6.2 = 1.1{c0.8) /'1 CELLO 23 
3.8 = 0.3(=0.4) pi_J') PLL-"TO 24 
5.1 = 0.4(=0.7) /'1 TASSO 25 
3,7 c I.O(c ... ) 7J11'_1i_ Mark I /(prelim.) 26 

4.2 = 0.3(=0.6) p~'") P E P49(p,l>m.) ?--' 
4.0 = l.O(c0.4) 10 JADE 30 

Tab I"' 2.1.1: A1easurements o/ f" ( 11') 

ThPrl:' is an indication of decrf'ase of the average value as a function of time. ThP most 
probable reason is that the first three measurements were based on too simple 11' decay 
models. i.e. the spin barrier factors of this L = 1 decay were not taken into account. This 
interpretation of thP discrPpancy is supported by the fan that both, the Mark II 7J1i_1i_ 

measurement and thP JADE Tl measurement are in good agreement with the recent l'1 
rneasurem('nts. On thf' other hand. TASSO and CELLO have claimed that their result is not 
sensitive to th~;> df'tails of the 71 1 dPcay 98:. At present. it sel:'ms not meaningful to evaluatP 
a ··world average'" intluding all published valuf's. All one can say is that thP most rPcent and 
precisE:' measurements point towards a radiati,·e dPcay width of roughly 4 keV. 

The correct dl:'cay matrix element. for thE:' dPcay YJ 1 ...... 'lf·' 11' .. ') has a very similar form to 
eq.(2.1.2). Calling k 1 and 1.·2 the four momenta of 1f- and 1i-. P,. = k 1 - k2 the momentum 
of the p'-' and representing the outgoing photon by Q and £ ·, the matrix element of the "f/ 1 

decay can be writ ten as 

m-2pf!p'"!_ 9 t~, 
1 -~ .. •aqp. pv I" P P (k

1 M(11 ---> 1r n 1) = F.,•,."~F,. .. ~reo.f3p.vi P m2- p2-;-- im ,r,. 
I' ,. { 

- k,)o (2.1.5) 
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where /·~·1'1 and /'~,r.tr are the couplings 1 (c.f. appendix U). The "simplest'" form of the decay 

distributions is obtained, if one uses phase space recurrence relations, giving 

- (ln/1 'I /'1 'I' /Ill" :rlf " . 2 o· tf!I' 2F2
_ F2

• ((tn 2 -m 2 
)

3 (m 2 
-·lm

2
)

3i") 
d;;~,,dn-=- -- (sr.)·1 m~, (m~- m;"p + rz;;y,--- .Stfl ( ) 

(2, l.G) 

where o· is the angle between the pion and the photon in the p0 center of mass system and 

m;:~r is the invariant mass of the 1!+11"- system. Notice the complete factorisation into mass­

and angle dept~ndent terms. A similar expression is obtained if one uses the recipes given by 

Jackson !28). 
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Figure2.1.1: These two mass spectra are the basis of 

an accurate determination of the radiative width of the 

'I' and of the first measurement of a form factor in two 

photon physics. 

In order to settle the question of the radiative width of the 17 1 meson, it would be very nice 

to see more measurements of t/ 1 production in decay modes different from p0"f. The elastic 

reaction -n --+ 1-r seems to be the most promising one, since the Mont.e Carlo simulation of 

the two body decay of a spin less particle involving narrow resonances only requires essentially 

no assumptions on the decay dynamics. 

Measurements of r ,'1'('1) 

The detection of an exclusive I) signal is rather difficult, not only because of th<> small 

invariant mass, but also since the 17 photoproduction cross section is rather high. So far, 

the 17 has only been observed in the decay mode T/ --+ II· In this channel, a ''bt~am gas·· 

subtraction i!l difficult, since in an entirely neutral final state, the interaction point. i:; not 

well determined. Therefore, such analyses require single beam running. Nevertheless. thr<'(' 

1 Notice lhat neitl1er of lhcse coupling~ arc con~lanL 
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experimental groups succeeded in obtaining an exclusive 17 signal in quasi clastic photon 

photon interactions. 

I\,(kd') Decay Experiment Ref-

0.56 ± 0.12(±0,09) 11 Crystal Ball (29( 

0,53 ± 0.04(±0,0-1) 11 JADE (30( 

0.61 ± 0,13(±0,12) 11 PEP49(p,elim,) j26( 

0.58 ± 0,04(±0,08) 11 Crystal Ball(prelim.) j112) 

Table 2.1.2: Measurements of r ...,...,(17) 

The three experiments are very \Veil consistent with each other and the JADE result 

(c.f. fig.2.1.2)} has an impressively small systematic error. Therefore, we have reason to haw~ 

confidence in those measurements. 

,;o JADE 

0 

~ lOOt-
t.I.C., ll-YY 
M.C ll'-yy,l\ltR '-' 

0 
0 

f -n•rr• 
Az--11 It' 

! 50•- j' - ''' lo--'"'-
0~""""-'--:"":.~ 

"" LO ,, 1.0 

mtyyl GeVtc1 

Figure 2.1.2: The/'""/ invariant mass spectrum from the 

JADE detector gave. u prcciu value for r,,(17). 

The photon photon results have resolved an old ambiguity 1 between two experiments based 

on the Primakov effect: 
f 07 (keV) Y eur Ref. 

LOO ± 0_22 1967 [31[ 

0.342 =.:_ 0.04G 1971 !32) 

It seems clear now that the true radiative width lies between thE' values given by these two 

experiments. 

1 Although the quoted widlh~ are mutually inconsistent, tlw data of the two Primakov experiments never 

were. The 1967 experiment had not been accuratr enough to disniminale between two possible solutions, one 

being consistent with the 1974 experiment. the nlhcr one being published. For this rea.son, the 1967 result 

wa.~ no longer used after 1974. 
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Measurements off 11 (r. 0 ) 

The r.l' was the first meson predicted t.o be seen in the two photon process at storage 
rings (Low 19GO [33]) and the last member of the pseudoscalar nonet to be seen (Crystal Ball 
198·1 :3-t]) The requirements for a detector to measure single r. 0 formation are very strong 
because of the small mass of the :;r 0 meson. If it is produced,. at rest" in the laboratory frame, 

the two photons coming from its decay are too low in energy for a scintillator sandwich or a 
liquid argon calorimeter. If, on the other hand, the r. 0 has a large boost -and this is the most 
frequent case- the finite energy resolution of the detector makes it very hard to reconstruct 
the invariant mass. In view of these facts, the-Crystal Ball result is impressive: 

~ 
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Figure 2.1.3: 
r.0 production 
preliminary). 
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yy _,. yy 

Crystal Ball 
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160 180 200 

The first and only observation of single 
in two photon collisions (Crystal Ball, 

f'"l"1 (r.0
) = 7 :i: I± 3eV Crystal Ball(prelim.) 

The spectrum used for this measurement is shown in fig.(2.1.3). However, this result cannot 

compete with a recent direct measur;ment of the r. 0 life time which yields [35) 

1 
f ,(r.0

) = -B(r. 0 ~ 11) = 7.25 ± 0.18 ± 0.11 eF N A30(CERN) 

' 
It seems unlikely that two photon experiments will ever reach this precision. On the other 
hand, the known techniques for direct life time measurements fail for widths in the keV range. 

The SU(3)rl Relations for Pseudoscalar :Mesons 

Already more than ten years ago, it was noticed that the ratios of the two photon widths 
can be used to measure the quark charges, provided that the masses have no influence on 

the quark wave fun~tions (lllrtavour). If it is assumed that the photons couple directly to the 
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quarks, then Fr.ry., '""Q2WFLAVO!'R, where Q2 is the eigenYalue of the (charge) 2 operator. 
According to eq.(2.2.1}, we then have the prediction 

1 . I 2 
·~ iF: - -t-1~ 

F""T·rl r118T1 IJI'"l"'l ~ 3V2 3v'6 3v'3 (2.1.7) 

In general, one has to assume that the observed mesons are linear combinations of the singlet 
and the O<"tet states. 

"~ cos(8)ry,- sin(8)" 1 

'7
1 = cos(8)TJI -L sin(8)TJs. 

(2.1.8) 

This relation defines the mixing angle 8. Using eq.(2.1.4), the following relations between the 
radiatiw widths of the nonet members are obtained: 

o m3 ~ 
f 0 ,(") = f 00 (• )--+·h'8sin(8)- cos(6)) 2 

3m;,. 

m"', -r,(,/) = f 00 (•'') ~ (\'8co,(8)- sin(6)) 2 

3n1"" . 

(2.1.9) 

Furthermore. the valid it~' of the above assumptions can be tested in a manner independent 
of the mixing angle. sin<"e eq.{2.1.9) also implies the sum rule 

r "'("') - ~-s·-· ,. 
r,-,bl _ r,(•''l 
. ·--,· - 3 -·--~-
m~ m;, 

(2.1.10) 

It is interf'sting to notice that eq.(2.1.10) can also be obtained in the context of \'f'Ct.or 
meson dominancf'. Thf' assumptions then are that the overlap integrals < vector ,Q: o- > 
are mass independent and that the ') to \"ector meson coupling constants are just as given 
in thf' \"an Roycn s<"heme ·36-. ThPrefore. the above sum mle tests the validity of SU(3)ri 
irrespe<"tive of tlw mf'chanism contributing to the decay. 

Thf' Exp<>riruf'nta] Status of SU(3)rlfor PsE>udosraJar Mesons 

Tht> hi~tory of expf'rimcntal tests of ST(:l)FI is both entertaining and admonitory: 

In J9R:{. all two photon data agreed with tlu: above none! symmetry relations. Despite 
sonw f'Xpf'rimental uncertainties.' the measurements even seemed to agree with the mixing 
angl€' obtain€'d from thf' Gell-\1ann Okubo mass formula :3i:: 

tan'.!8 
4mk -- m~ - 3mz 
3-;:;1~~~--4~r=-mi --·Oman= - 1 Lr' = o.i' (2.1.11) 

In 19~4. the PU'TO and Mark II collaborations measured values of the radiatin width 
of the 17 1 below 4 keY. At this time a value of about 6.7 ke\' was expected from the radiative 
7J width and :;r

1
' life time. This not only led to controversies between thf' experimental groups, 

1 A careful analysi:o; of the ~tate of SV(3)Ft in 1983 can be found in ref. [61 
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but also to an increase of theoretical activity. One extreme point of view was put forward 

by M. Chanowitz, who stated at the Brighton conference (38]: "We finally have to conclude 

that we cannot measure quark charges in two photon collisions." In different terms this 

means that SU(3}FI is so badly broken for the masses that it would be naive to assume 

exact SU(3)n for the radiative widths. A different extreme conclusion was that the "too 

low" value of the radiative '1 1 width was evidence for a gluonic component in the '11 and 

thus provided qualitative evidence for QCD. An extensive discussion of possible gluonium 

admixtures, including further references, can be found in ref. j 110]. 

In 1985, the situation reversed again. The JADE collaboration published a precise 

measurement of the radiative width of the 'I meson, leading to a considerable upward shift in 

the world average. Cronin et al gave a new, precise value for the 1r0 life time, which is smaller 

than the Particle Data Group value. Together, these changes restore o~ nonet symmetry for 

the radiative widths. However, the mixing angle is now -18.4" ::r: 2.0", in contradiction not 

only to the mass formula, but also in contradiction w.ith old average ,·alues. 

It must be stressed that there have never been inconsistencies between two photon mea· 

surements at the ? 2o level. The main source of the inconsistency between the experimentally 

determined mixing angles is mainly due to the tiny error quoted by the 197 4 Primakov effect 

experiment, which now appears t.o be wrong. 

Comparison of the Measurements with Models 

Successful theoretical interpretations of the radiative width of the 1r
11 have been given in 

the context of VDM and in the coloured quark model together with PCAC: 1 

r ,,(r.(')/e\' 
7.4 
7.6 

hypothesis 

VDM 

PC AC{I'.e.qq) 

year ref 

1962 .4 
1969 :39.40 

Both values are in reasonable agreement with experiment. However, the concepts behind 

these calculations are completely different. -'"evertheless, a fully convincing interpret-ation of 

the lie• life time is still pending, since PCAC only holds for massless pions. and the systernatk 

error on the VDM approach is unknown. 

Since these early publications, large efforts haVe been made to calculate the radial in• 

widths of the other neutral pseudo scalar mesons (c.f. table(2.1.3)). In this t.ablf'. G.\10 

stands for Gell-~ann"Okubo"s mass formula. i.e. a mixing angle of -11" is assurrwd. As we 

haw seen, this mixing angle is inconsistent with the measured radiatin• widths. However. it 

is int.eresting to notice that such a discrepancy was already predicted in 1969. when Matsuda 

and Oneda r4I' introduced symmetry breaking effects into their calculation. A discussion of 

such effects. based also on data from other processes can be found in reL46. 

Given that the data suggest the validity of SU(3)FI whereas models based on explicit 

dynamical assumptions are not yet able to predict the absolute values of the radiative widths 

correctly, we are led to conclude that we see a symmetry at. work, but we do not yet understand 

its dynamic origin. Let us thus reverse the argument and impose the validity of SU(3)FI onto 

1The first calculation of the 1r0 life time was carried out by Steinberger in 1949 .IIL 
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two extreme interpretations of two photon interactions. 

f n{1r0 )/eV f 17 (~)/keV f ,,(TJ')jkeV input ref. 

input 0.4 - 0.6 -5 GMO, b,oken SU(3) [41[ 

input 0.39(0.5) -6 GMO, (b,oken) SU(3) 142: 
13 1.7- 1.8 2.5- 3.8 GMO, V DM SU(3). h.o. !43~ 

input 0.38 ± 0.04 6.3 ± 0.7 GMO, VDM :441 

9 0.43 7.3 VDM = QPM i45~ 

input 0.54 ± 0.05 1.16±0.7 GMO, b'okenSU(3) [46: 

6.7 0.25 1.7 conf.pot + QC D [47: 

Table 2.1.3: Predictions for the radiative 1Lidths of pseudoscalar mesons 

Let us estimate flavour symmetry breaking effeds by a simple minded application of 

methods used in pot-ential scattering theory. Following Blatt and \Veisskopf :48:. we assume 

that the matrix element for the two photon transition is modified'. by an overlap integral 

characterised by an interaction ranger and the c.m.s. photon momenta A1 '2: 

r -,-,(finite size interaction J•olvme) = 
I 

f "(no;,., Sl'{3))~( !of,)' (2.1.!2) 

Since the data indicate the validity of the naive SF(3)n relation to within 10 l:(. we have 

to conclude that the interaction takes pla<"e within a volume of r ::.: 0.13 fm for the r,'. This 

val uP is surprisingly small. given that in hadronic de<"ays of resonances. a scale of roughly 

1 fm has repeatedly been observed to govern deviations from L = I Breit Wigner amplitudes. 

However. it may be that a factor like the one given in eq.(2.1.12) is present. but the decay 

dynamics is such that the product ,\1 · r is roughly constant. 

ln the framework of VDM. the disnepancy between the mixing angle obtained from the 

Gell·~ann.:Okubo mass formula and the one obtained from measurements of radiative widths 

is difficult to interpret. By introducing a limited range for the lT P transition, it is possible. 

to reproduce the observed ratio off 1 -,(71') .·r ,{1r0
). keeping a mixing angle of -11 ''.however 

at the price of getting the completely wrong prediction of f-r; ::-:- 0.34keV for the radiatiw 

width of the 11· At the moment. is seems that we han• to live with this disne-panc~·. since we 

have no handle to de<"ide between the validity of \'D!\-1 or G\10. 

If we interpret mesons as bound states of two massive (i.e.m1 ~ ~.\1) quarks. the ra­

diative widths ran be calculated according to the positronium decay formula r,,(.\1) -

:\11(0) 2 1.\1'2 where 'l'(r) is the radial wave function. Since the data indicate r,.,(.\1) ,._ .\J3 . 

a mass dependencf' of about lJI(o)":t -- M 5 is a required ingredient for such models. For a 

binding potential of the form V ...._ r"". Quigg and Rosner :49. calculated the mass dependence 

of the waw function at the origin to be , li'(Oj;2 ....._ .\/ 3 .'(2--o-v). Hence the potential should be 

1This modification of tht' Sli(3) rt'lalions may bt' surprising. Howt>ver. it must be slresst'd t.ha.t the in­

troduction of damping terms at some lt>vel is a. necessity for the \'DM hypothesis. If such t.t>rms wert' not 

included, amplitudes corresponding to largt' L transitions, likP 11 _, h(20<10). would havt> amplitudes grou•1ng 

monotonically with q2. 
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V ,_ ) 13 to be consistent with the data. This result does not look very prom1smg. How­

ever, it is not a real problem for the quark parton model. To illustrate why difficulties in 

describing the light mesons as bound states of massive quarks are to be expected, let us try 

a little exercise; let us "put" two non relativistic quarks into a cube of volume (a.= 1/m)3. 
Each of them will then have a ground state momentum of < p > = .J3i j a = 600 MeV. If we 

compare this number with the mass of the pion, we have no choice but to conclude that the 
non relativistic Ansatz is so problematical for the light mesons that discrepancies with the 

data are no surprise. This of course also implies that the discrepancy between the data and 

non relativistic potential models does not mean that those models are altogether wrong. It 

just means that such models should only be applied for heavy systems, i.e. from charmonium 

onwards. 

If we want to understand the radiative decays of the pseudoscalar mesons as photon 

quark interactions, we need relativistic calculations. l'nfortunately. the fully relativistic 

PCAC approach neglects the mass of the x0 • The data however suggest its validity even 

for the 7J 1
- but what does this mean? In 1979, Philippov [50] discussed deviations from exact 

SU(3)FI in the framework of QCD with additional phenomenological input. His calculation. 
which describes the masses of the pseudoscalar mesons well, yields effective mixing angles of 

8., = -17.61° :t 0.54" (I>J, = -20.8'' ± 0.14° 

Together with the measured width of the r.c' meson. these angles correspond to values of 

0,53keV and 4.6kel' for the radiative widths of the TJ and t}
1 meson respectively. These 

values are in good agreement with the measured values. Although radiath'f' widths cannot 

be rigorously calculated in QCD. it thus appears that QCD poirits into the right direction. 

Observation of TJc Production 

In 1985, the PLUTO Collaboration 51~ found an TJc signal (fig.(2.1.4)) of 10 events in 
the reaction 

li -·· K~' K~ 1r~ 

from an integrated luminosity of 42 pb- 1 only. This experimental achievement is a proof 

of the statement that in many cases, refined analysis techniques can overcome apparent 

statistical limitations. In this particular case, it was the excellent K 0 identifi<"ation by means 

of secondary vertex reconstruction which enabled the measurement. 

The calculation of the radiative widths from a K k11 signal is difficult, sinn• little is 

known experimentally about the dynamics of the TJc decay. A simple three body phase space 

decay 1 may not be a good enough description, since prf'iiminary spectra obtained by the 

Markiii Collaboration [115] from J/tf; decays indicate a sizeable contribution of the chain 

decay 

~' ~ 1<'(1430)k ~ (J<n)Fi 

The matrix element of such a decay chain involves two L = 2 couplings and, using the 

1 Such simple decays have been assumed in all previous experimental upper limits on 'I< production. These 

limits should therefore be treated with some caution. 
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formulae given in lhe appendix, can be written as 

M(", ~ I< Fin) = F,. ,. ,FK- ,, { ( k; (k 12- k12-3)(k1 2 · k1. 2 ) - (k 13 _3 • k1 _,)) 
2 

12 

I ( I )' 2 ) ( I ) 2 2 ) } I 
--3 -k2 (kl'1 ·kl'!-:~ - k\2-3 k'1 (kl'1'kl-'1 - kl-'1 k'1 Mz +- 'A1 .r -

1'1 12 12 K' · t:~ K K 
(2.1.13) 

In this formula, k1 is the momentum of the kaon coming from the K' decay, k 2 the pion 

momentum, and k3 is the momentum of the kaon produced at the primary TJc vertex. The 

indices are short hand notations of differences and sums, for example is k12 _3 :::: kr + kz- kz. 

Since the /(' is an iso spinor, the K+ K 0 x- decay can proceed either through R· 0 or 

K·-. Because of isospin invariance, the interference is constructive, i.e. 

M(", ~I<+ J<",-) = M(•l, ~ (1<' 0 ~ J<+n-)1<0
) + M(", ~ (1<'- ~ K'•-)1<+) 

and the amplitudes are equal in magnitude, 1 The corresponding Dalitz plot distribution is 

so beautiful that is has been put onto the front page. 
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Figurc 2.1.4: The first evidwce for TJc formation m 
two plwt.on interaction$. 

In the PLUTO analysis. it turned out that because of the fact that the K J{r. final state 

was detected far above the trigger thresholds, the final result was quite independent of the 

assumed decay dynamics. The systematic error on the experimental result 

r 'Y"l(TJ,). 1J(11c -~ !{_'; I\±11=F) =- o.s~g:~s ± o.1kc\' PLUTO 

includes the uncertainty on the fraction of intermediate K'(I430) produ<"tion. Since th<• 

branching ratios of the '1c are still subject to considerable experimental uncertainties (c.f. 

ref. [51]), we are not ycl in the position to turn this measurement into an accurate number 

for the radiative width of the TJc. For lhe same reason, a direct comparison with most of lhe 

1 By simply adding the two amplitude~, we• have neglected final state interactions. 
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previously calculated upper limits has to be postponed to a time when the decay rat.es of the 
Tlc are accurately Ineasured. 

r 10 (q,)B(", ~X) Cl. Channel X Experiment 1/ef. 

< 4.2 ke\1 95% r.+r.-r.(•r.o JADE [61) 
< 2.3 ke\' 95~l r.+r.- JADE ;61) 
< 0.32 ke\' 95% pp TASSO [104] 
< 27 keF 95% KJ?nC• TASSO '61 

< 0.7 keF 95% z,+zr.- TASSO i61 
< 4.4 ke\1 95% KRr;: TASSO II 

Table2.1.4: Upper limits for TJc production 

~alice that the TASSO Collaboration assumes B(T'Jc __. KKr.) = 3B(TJc ~ K~K±r.~). 
The directly comparable upper limits by TASSO are thus consistent with the PLUTO result. 

The q2 Dependence of Pseudoscalar Production 
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Figure 2.1.5: The l'DM prediction for the off shell cross 
section for the production of pseudoscalar mesons. One 
of the photons is real (see text). 

The antisymmetric coupling for -·n -> o- has drastic implications for the q2 evolution of the 
cross section. The ,/X term in the cross section should be -understood as X/V"X. where the 
denominator comes from the fiux: factor and the numerator is the same factor which gives rise 
to the (ik "lf! . .f(,)) 2L spin barrier factor in hadronic decays. However, in contrast to these decay 
factor. whose range of accessibilit~· is limited by the total width f, the "initial state barrier·· 
,./X can·.take aily value. For singk tag cvcnl.s, eq.(2.1.3) implies that. at resonance mass, 

a(qf,O)-... F2 (q~,O) · (1- .JhJ. Thu~, apart from form factor effects, the cross section grows 

3G 

with qf ~ It is interesting to notice that the scale of this ~natural" grows of the cross section 
is set by the mass of the meson- quite in contrast to form fanor effects which, to the extent 
that they have been measured so far, seem to be governed by the /' meson mass squared. 
This scale difference implies a non trivial shape of the off shell cross section, particularly for 
the light mesons. If, for example, it is assumed that F(qf,O) =(I- qUm~)- 1 , the cross 
sections for n° T) and f/ 1 production should evolve as shown in fig.(2.1.5). Notice that a simple 
p0 pole form factor leads to a quite pronounced maximum of the r. 0 production cross section 
at finite q2 . 

A Measurement of the t]
1 Form Factor 

The "natural" growth of the basic amplitude helps experimental det.erminations of the 
cross section by increasing the cross section. The PLUTO collaboration [24] found an T}

1 signal 
in the reaction e+e---> e±(seen)e~(notseen)1r+r.-1 in the region 0.2 < lqfi < l.OGeV 2

. A 
sample of 35 ::!: 9 events was obtained from an integrated luminosity of 25 pb- 1 at PETRA 
and turned into the form factor mea..<>urement shown in fig.(2.1.6). At the admittedly poor 
level of statistics, a simple p0 pole form factor seems to describe the data ,-.·ell. 
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Figure 2.1.6: The first measurement 
of the T/ 111 transition form factor. 
The solid line is a simple p0 pole. The 
dashed line is the prediction of the fi­
nite size model with r = l/m. 

But there is also an indication of a deviation from VDM [24): "Using the/' pole for both 
photons and taking our no tag measurement for normalisation, we expect 0.8 ± 0.2 wents in 
the sample with both electrons in the tagging range. In the data, we find four double lagged 
11' events with an estimated background of less than 0.3 et,ents." 

Predictions for Pseudoscalar Form Factors 

A simple vector meson dominance prediction for the qf, q~ dependence of the form factor 
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r-

is: 

( 
2 < o- :PP > 

Fo- ,, =con st. FP"' (I _ q? /m;.)(t q?fm;.} 
< o- :pw > 

-t Fp..,Fw"~ (I_ q?fm;.)(I q?fm~) + ·) 

F(O,O) 

(1- q? /m~){l- qVm~) 
(2.1.14) 

As we have seen. this formula is consistent with the single tag data. We could thus stop here 
and declare \'D~·1 to be "in good shapen. However, VDM is not the only possible explanation 
of the data. 

For the sake of the argument. let us try an alternative interpretation of the form factor. 
Let us assume that what has been observed in the data is a reflection of the fact that the 
interactions which are responsible for meson formation in two photon recations take place 
in a finite size volume. This assumption leads to a substantially different prediction for 
double tag events than VD:\1. \:Vhereas in the context of VDM. the form factor factorises 
in good approximation into F(q?,qi) = F(q?) · F(qi), the interpretation of the form factor 
as a measure of the spatial extent may give a non factorising prediction. If we interpret 
the transition form factor as a finite size effect. it seems natural to assume that the u·ave 
lengths of the photons should be the significant variables. 1 rather than q? and q~. Since these 
are always equal in the meson c.m.s. this particular interpretation of the form factor can be 
formulated as a scaling [au:: 

F(qf ,qi) ~ F ( \i~2 ) ~ F( (qt. q,y -_ ql_cd_) 
W' 

(2.1.15) 

and hence. the double tag cross section is entirely determined by the single tag cross section. 
It would be a particularly interesting situation, if eq.(2.1.14) described well single tag data 
and eq.{2.1.15) was fulfil!ed simultaneously. This could be taken as an indication of \'D\1 
being a suitable parametrisation of finite size effects. On the other hand. an experimental 
observation of approximate factorisation of the form factor would point towards a literal 
interpretation of vector meson dominance. 

If we guess the form factor from the L = 1 spin barricrc suppression formula of Blatt 
and Weisskopf -48 as an alternative interpretation of the rJ' form fartor we obtain 

. ., ,, I~ r::. n,:z 
F2 (qj.q~)=F2 (0,0) ~~x r~1/m:!:20% 

1, r·w~ 
(2.1.16) 

As can be 5een in fig.(2.1.6). this formula reproduces the data as well as the \'DM hypothesis. 
\1oreover. the indication in the PLl'TO data that \'OM underestimates the double tag cross 
section finds its natural explanation. 

It may be interesting to notice that for the reaction/') ·--, n('. the numerical differences 
between the two interpretations of the 'f/ 1 form factor are drastic. The two approaches lead 
to single tag cross sections differing by about an order of magnitude for --q2 ~ 0.6GeV 2

. 

1The wave lengths of a particle is of course a frame dependent quantity, however, in the case of two photon 
physics, the T'l c.m.s. system seems to be a quite natural frame to choose. 
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Moreover, the breakdown of factorisation is clearly visible in the q?,qi evolution of the form 
factor in the finite size model (fig.(2.1.7)). 

•. , F(yy .. n:O) 

Finite Size Mode! 
(r ::ltm) 

. 

Figure2.1.7: T:I=o predictions for the ')'/1i 0 transition 
form factor in the regioll !q~I,Jqii < O.GGeV 2

, norma 
lised to the point q~ = qJ = 0. The dissimilarity em­
phassiz:es the need for double tag measurcmwts. 

In the quark-parton model_, the form factor measures an integral over the so called 
"parton distribution function", q)(x), which has little q2 dependence in the high q2 region 
'17). 

F(q;,qD-
2 ~ 

(q,- q,)'J(;), 
~ r' ¢(r) dx 

} 0 I+ (2r !)( 
(2.1.17) Ji() 

where~= 2(qi- qnf(qz- qi) 2 • The (q2 - ql)- 2 is simply the quark propagator between the 
two photons. The shape of ¢(x) is unknown, but its integral has to obey the normalisation 
3J Q(x)dx = / 0 -, where /o- is the decay constant. For the r., this constant is determined 
from the weak decay of then+. For the 17 and r/, one has to estimate this constant either 
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from measurements off "1'1 according to eq(2.1.4), or in the context of SU{3), giving 

f,•W/f,(Off. .. (<J = ( Jlco•B+ Jisin9) I ( Jicos9- Jlsin9) /I (2.1.18) 

For single meson production, the quark model prediction is identical with thE' QCD expec­
tation. Moreover, it has been argued IB] that the shape of 4> is calculable in perturbative 
QCD, provided that q2 is large enough: ¢(x)---> 2/~~'x(J- x). However, at present it is com­
pletely unknown from which q2 onwards this parton distribution function gives a reasonnable 
estimate its true shape. 

Finally, it should be pointed out that it is in the double tag case that QCD corrections 
are best understood. !'Jovikov et al :119) have shown that for large qf = qi. the uncertainties 
coming from the fact that ¢(x} is not known have very !ittle impact on the rate. They obtain 

F, ~ ~ {-1-(I- 5a,(q
2
)) _ 86

2
} 

3 -q2 61f 9q4 
(2.I.I9) 

wherP the higher twist t.erm 6 turns out to quite small: P ::: 0.18Ge\' 2 . Measuring thP 
double tag cross section would thus provide an excellent test of QCD. However. an intE'grated 
luminosity of 1/b- 1 might be nf!eded to perform such a test. 

How one could test QCD with 0( 100 pb- 1 ) has been pointed out bY Brodsky and LepagE' 
[8~. They noticed that in first order perturbativE' QCD 1 , the same intE'gral as in E>q.(2.1.1i) 
appears in the cross section for')')---> 1f..;.1i"-. However, the latter process requires at least one­
gluon. The ratio a(1r-1r- )/a(1f')) is therefore a measure of o_.. 

1 However, only in first order. 

40 

Pseudoscalar Pair Production 

Of course, testing QCD is not the only motivation to investigate the channel "'I---> 1f+1f-. 

The /{1280), the 5'(980) and the t(1300) all decay into pion pairs, and the/' has been seen 
on a large K+ K- background. For the determination of the two photon widths of these 
particles, some understanding of the underlying continuum is thus vital. 

It turns out that, in the resonance region, one has to deal with Jr+Jr- pairs lying in 
a kinematic domain for which neither QED nor perturbative QCD can be expected to give 
an adequate description of the data. The resulting uncertainty is reflected in the range of 
analysis methods of the many experiments which have analysed the 11 coupling of the {'. 
However, thE' available data now span the energy region from nearly threshold up to 3.5 GeV. 
Taking these data as a guideline, it is in fact possible to get an at least numerically satisfying 
description of the process. We shall start at W-n = 2m,.. where QED is the ob\"ious candidatP 
theory to compare the data with. 

The QED Born T('rm 

Tht> Horn amplitude for the pair production of spin zero particles i.e. 11"+11- is 

T,.,::::: ,, J (2ko_ _J_,),(2k2- q,), - (2k2 ~-'1.'1-12k,_::_921~ -
1 t - m 2 u - m 2 2g,,} (2.2.1) 

wherE' k 1 and k 2 art> the four momenta of the 11"..,. and :11"- and t and u are the usual ~1andelstam 
\"ariahlcs I •. -. (q 1 ·- k1 )

2 , u = (q 1 - k2)2. The term g11 , comes from thf' "sf'a gull'" graph which 
is absenl in th(' case of lepton pair creation. The helicity amplitudes are thpn 

.\1. -
•2 (~~-~l-·2~'!~~~ _ J2W2c0,-;28 _ t) 
· 2(1 ·· m;) 2(tt ·- m~) 

.\L <
2

. (I I) - .. e21<foiJ2ros28W2 -. -- " ---
2 I- m 2 u- m 2 . . . 
2 I 2 2 _ 1 _2 ______ -r·-·-( q q - W2~Fcos 2 8 ) 

Aluo = 2e Vq1q2 (q
1
q

2
)2 .. X.B"!cos28 (2.2.2) 

~- ( q2 - Ql 92 ) 
.\J.,.u c v!2e2e•>~•J,V V -·qi!32cos28 (QJQ2);- X;Pco$28 

,---c 2 2 ( . qi -!" Ql Q2 -) 
Mo+ = v'2e2e-;"'W \i- q~(J cos 8 {q;q2)~ X{Pcos28 

where the angles 8 and tP are given by k~ = ;k:(sin8cos4>.sin8sinrb,cosll). Using E'q. (1.4) and 
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(1.5), we gC't the following cross sections: 

daT7· 
dn-

dOTL 

dfl 

dCTLL 

dfl 

-~2P.__ { (t12W2cos20 + qzl·F:!coBz~ -·I)' 
JGv'X 2(1- m;) 2(tl- m;) 

( 
2 2 , 2 I . I ) '} -· /3 '"' 8JI ( T --~- ) ' 2(t- m;) 2(u- mi) 

2 ? 2 
0 (J (- 2)1\' 2{34 '0 ( qj - q, q, ) ql cos ., ., 
4\/X (q 1q2 ) 2 - XB-ws-0 

o.'Zf] ., .,( QIQ2- W2,82cos20 )' 
--q·q· 2../X 1 2 (qlqz)2- X{J2cos20 

For real photons, the cross section simplifies to 

do a 2 /3 (I- 112
)

2 + f3 4sin4 (0) 
dfl ~ 2W 2 (I .B'ws'(O))' 

.B being the velocity of t.he pions in their center of momentum system. 
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Figure 2.2.1: This partial wat•e decomposition of the 
Born term cross section for ll.---.·1i.:,.1i- shows thai the 

resonance regiml is dominated by Yt = Y}. 

(2.2.3) 

(2.2.4) 

For q; ::: q5 ::::, 0. the reaction ''f') - 1111 is particularly suitable for a partial wave anal­
~·sis because rotational in\·ariance implies that many partial wa\·cs hat.'e to be zero, i.e. all 
partial waves with total spin J = 1 or with helicities different from Jz = 0, ±2 vanish. The 
compl<'!.eness relat-ion can thus be writt-en in the form 

\\"ith T.Jj, 

A1++ = ro,oYo,o-+ rz,ol'2,0 ~ ... 

A1 +- = r2,2 Yz,z + r3.2 l':l.:! ' . 
(2.2.5) 

J }'.i.JzM11 ,1.h;:_f,dO. The orthonormality of the spherical harmonics gives then 

0 oo(J,J,)" _ _B_ 12Sr.2W2 , r .1,.1, 
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(2.2.6) 

We can take the Born term as a guide to which partial waves have to be included in a fit 
to the data in order t.o gel a satisfactory description of the process. Taking the amplitudes 
M_._+ = 2c 2 (1- p'!)/(1- ,!3 2 co$ 2 0) and .!l..f+- = '!.c 2 {3 2 e 2;~sin 2 0f(J ·- {J 2 cus 2 0), the result is 

.. ;:;;;1-,1' (I+{J) roo= e·\ 4~o---/n --
,1 I- .6 

2 '-'"( 2 { 3 -- 11' ( I + {J) 6 } r.,,, = e \15, J- t1 ) --In -- - ~ 
- {3' I - {J fJ' (2.2.7) 

2 ~-• {(1-.B')' (l+fJ). 2 (5 2 )} 
r 22 = e V1~r.f2 {P In I-fj T /P 3/3 -1 

As can be seen in fig.(2.2.1), these spin amplitudes nearly saturate the Born cross section 
in the resonance region. This is useful to know when the interference with direct channels 
is to he estimated (see chapter on tensor and scalar resonances). In particular, eq.(2.2.7.) 
shows that the interference between the r.+r.- continuum and a tensor meson produced with 
hclicity Jz = ±2 should be very large, while the interference between the continuum and a 
scalar resonance, or a tensor meson produced with helicity 0 should be small. 

A Measurement of low W ;.-r.- Production 

Measurements of low energy r.+r.- pairs produced in 11 collisions are very difficult. 
With solenoid detectors, it is virtually impossible to trigger such events. The number of 
events from the reactions 11---> e+ e- and 11---> J.l+ IL- greatly exceeds the number of r.+ r.­

pairs and, because of the small transverse momenta of the particles produced, are difficult 
to identify in a central detector. Time projection chambers have the potential of particle 
identification in the required momentum range. However, corresponding cross sections have 
not yet been published . 
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Figure 2.2.2: A measurement of low 
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An alternative approach is particle identification in a forward spectrometer, since selecting 
{'Wnts in which the two tracks have a small angle with the beam direction is equivalent to 
selecting events which have a small invariant mass, but not such small energies in the lab. 
frame. Because of this kinematic relation, the electron and muon identification of the PLUTO 
forward spectrometer j52) could be used to identify lepton pairs on an event by event basis 
and thus obtain a rather clean :rr+:rr- sample1 . Since the acceptance for these events has its 
maximum for pions produced at 90° in the 11 c.m.s., the observed rate is a measure of the 
differential cross section at coso· = 0. 

The data are shown in fig.(2.2.2). Despite the experimental uncertainty of,...., 20% on the 
overall normalisation, it is clear that the Born term does not give an accurate description of 
the data. 

Final State Interactions 

The QED amplitude cannot accout for the fact that the 1r meson is a stronly interacting 
particle. By means of Watson's theorem !78:. the influence of the strong interaction is related 
to 11- 1r- phase shifts as measured in hadronk interactions. Watson showed that under certain 
conditions. the full amplitude for the production of a pair of strongly interacting par tides can 
be split into a "primary" amplitude and a ''final state inferaction"' amplitude. If we follow 
the published literature and assume that the primary interaction is the Born amplitude. tht>n 
measurements of 7r-1f- phase shifts can be turned into an absolute prediction for the process 
11 _ _, 1f .... r._. Since the early 1970's, this line of approach has be further developed by the 
introduction of correlations between different hadronic channels ('"coupled channel analyses", 
c.f. :53'). In such models, transitions of the type 1T~1T- __..., K- H- are assumed. Particularly 
interesting are the terms in\"olving neutral mesons, sine~ they lead for example to a finite 
cross section for 11 ~ 1r

1'1r", a process which is absent in lowest order QED. 

The calculation based on the most recent 7r7L phase shifts is the one by Mennessier !5(. 
His result. fitted to an f meson Breit Wigner amplitude is shown in fig.(2.2.2). The model 
prt>dicts the correct. magnitude of the cross section. however, in detail it is not compatible 
with the data. The PLUTO collaboration pointed out that the discrepancy a.rround W = 
600.\Jd' cannot possibly be explained by the destructive interference due to a (hypothetical) 
meson. Therefore, it appears that the final state interaction approach is alone not sufficient 
to describe the process in the measured energy range- at least if future experiments confirm 
the observations of the PLCTO collaboration. 

Theoretically. two points need further investigation. Firstly, it is not clear. whether 
or not the QED Born term gives a good estimate of the "true" primary amplitude. Since 
pions are not pointlike. at some energy, QED will overestimate this amplitude. Secondly, 
final state interaction models rely on the applicability of Watson's theorem. However, this 
theorem can only be applied easily, if inelastic contributions are small. This restriction 
becomes problematic beyond the four pion threshold W = 560MeV. We shall see later that 
the cross section for T'f ...... 2n~21r- exceeds the non resonant pion pair production cross 
section at energies qf-... 1 GeV. Therefore, the disagreement of the data with the calculation 
by Mennessier arround 600MeV may not be too surprising. It simply reminds us of the fact 

1 In the low W region, K+ K- pairs of similar event topology are rare compared to the number of 11"+11"­
tvents. because the kaons are heavier and thus produced by a smaller "numb('r" of photons. 
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t.hat for pion pairs, the method "QED+ final state interarLions .. is only applicable within a 
rather small region in W. 

If we want to understand. or at kast describe the production of pion pairs in the entire 
resonance region, we need a new approach. In the follo\\·ing. we shall therefore attempt 
to incorporate the spatial extension of the pion pair already at the level of the primary 
arnplitudc. 

The Finite Size Model 

f3efore going into the details of this model it must be pointed out that., given our limited 
understanding of the strong interaction at large distances, it is not yet possible to implement 
the structure of the .7r meson in a fully convincing manner. The following attempt to pa­
rameterise the T"' ...... 1r+1r- continuum in the re5onance region is therefore largely based on 
analogy arguments, however keeping dose track of the ba.sic constraints involved. 

We start from the three Born term diagrams sho\\"n in fig.(2.2.3), but take the couplings 
of the photons to be non pointlike. V·/e do so by multiplying the pole terms (e.g. 1 _

1m~) by 
a function F(t - m 2). The motivaton for this particular choice of \·ariables is two fold: at 
l = m~. the pion is on shell and hence, finite size effects should disappear. This provides 
the convenient normalisation F(O) = I. Also. t- m 2 has the same dimension as for example 
q2 in the reaction e- r.- ........ e-1r-. Therefore, we tentatiwly idenify this function F with the 
measured electrical form factor of the pion. F,. which is the best experimental information 
we have about the structure of the pion so far. 

£1ql:r=n• k, 

Ezqz rr-
k, 

+ 
~/''~ n• 

~)/'v xn_ 
Figure2.3.2: The Born t.errn matrix elements for non 
resonant pion pair productim1 

To be specific, we a..<;sume 

gives 

and 

...;. ...... ~F~r{q 2 ) 
q· q ., 

• _ --'-~ F,(t- m~) 
1-m; l-;n~ 2 
-'-. _ --: F,(u- m,.) 
u-m; u-rn. 

from 

fvr 

jM 

e " 
_ ...... e- r. 

~f""'i ........ 
0 r. IT 

l"""f---+ "..,." 

(2.2.8) 

\\"here for the pion form factor, we take the measurement [55] F;(q 2
) = (1- < r 2 > q2 /6)- 2 

with< r 2 >= 0.43 ± 0.01 fm 2 . This equation specifies two of the three QED diagrams. The 
''sea-gull" term in eq(2.2.1) follows now from gauge in\·ariance, since gauge invariance implies 
that only such·modillcations of a full amplitude are allowed which can be written in the form 1 

TJ.l.., = G(t, u) L 1~,) = all fliaqrflrn$) (2.2.9) 

1 For tilt' ca.se of pion pair production, this can easily be- verified Starting from t.he most general form of the 
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The explicit form of G can conveniently be obtained by calculating a matrix element which 

has no contribution from the sea gull term (i.e. M+-) and imposing the result on all matrix 

elements by means of eq(2.2.9): The result is the explicit form of the finite size model for 

real photons. 
M.,,(finitesize) ~ G(t,u)Mo,b (QED) 

1 { t- m
2 

G(tu)~-- '.+ 
' S 1 - u m· 

z;; 

u- m; } 
1-m~ 

I - ---..-< 
z;; 

(2.2.10) 

were x0 is the scale set by the pion form factor. Expressed in units of energy, Xo ~ mp. 

As can be seen in fig.(2.2.2), this Ansatz gives a good description of the low lying :~r+?r­

continuum. Let us thus try to extend the model to a prediction for the cross section for 

virtual photons. 

The simplest possibility is to take 

Gt(t,u,q~,q~) = G(t,u) 

The motivation for this is that at fixed W..,...,. and fixed production angle, one has it- m;i"' 
u- m;· ,.._, (q 1q2 ) which rises with qi for q~ = 0. Thus, a suppression of the propagators 

leads. to a suppression of the off shell cross sections beyond the QED fall off. 

Two other possibilities arise from either assuming factorisation 

G2 (t, u, qi, q~) = G(t, u) ( 1 _ :l lx{.) ( ~-- :i/xZ) 
or from the esthetically more pleasing search for a function G3, such that 

G3 (t, u,q; ,qi)AL_(QED) 
1 

_ q~~q';-:,t m~ M-;-_(t- channel,QED) 

:I,~ 
(2.2.11) 

~c·,~···, 

modification. 

T 
_/(I , 'I (2k, - qJ)I"(2kz- qz)v 

J.<" ,u.q!,q2 1-m~ ' 

2 z (2kz- qi)J.<(2kl - qz)v 2 2 
+ f(u,t,q 2 ,q1) 2 .,. g{!.u,q1,q2)2gl"" 

u- m.-

where the functions multiplying the u and t channel diagrams have to be identical. but E'Va\uated with 

exchanged arguments by virtue of Bose Statistics, the requirement of gauge in variance leads to the constraint 

and thus 

(2kz - qz)v {f(t, u, qi,q~)- g(t, u, q~, q~)} 

-,(2kl - qz)v { f(u, t, qi, q~) - g(t, u, qi, q~)} = 0 

Itt, u, q~, q~J = g(t, u, qL qi 1 

f(u,t,q~,q~) = g(t,u,q~,qiJ 

which implies the above statement. 
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This Ansatz, which may not be correct in detail, since it neglects JT7r phase shifts and thus 

implidtcly violates \\'batson's theorem, is the most consequent extension of eq.(2.2.8), since 

it implies that it does not matter in which direction the amplitude is taken away from the 

point where all particles arc on mass shell. 

G3 is of such a form that the inherent scale which determines the cross section Tall off for 

all agruments is identical. In a factorisation Ansatz, one still has the option of taking different 

scales for the q2 evolution and for the t, u fall off. This would leave too much freedom. G 1 

is no satisfying solution either, since at fixed t it has no longer any q2 dependence. Thus, 

the most symmetric solution is also the most promising one, and the finite size model for all 

qf, qi reads 

Mat, (finite size) = Gz(t, u, qi, qDMab(QED) 

22 x5 ( u-m; 
G3(t,u,q,,q'l) = -,---2~ 2 2 t '1 '1 

+ u - m,.. x 0 + m" - q1 - q2 
+z 

xo 

t- m; 
m~- u qf 1l) 

It is hoped that this will be a useful tool for the determination of the f and 

by providing a sensible parameterisation of the background. 

(2.2.12) 
f' form factors 

Measurements of large W Meson Pairs 
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l"igure 2.2.4: A preliminary mea­

surement of hadron pairs at large mo­

mentum transfer. The agreement 

with the QCD based model of Brod­

sky and Lepage is impressl't•e. 

For the large W region, there arc now data as well as predictions. As far as the int.erpretat.ion 
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of the data is concerned, some caution is required because in the existing data particle 
identification is limited to the discrimination between leptons and hadrons. This implies that 
some model input for the pions to kaons ratio is necessary for the data analysis. Still, the 
cross section can be parameterised in such a manner that the data are numerically insensitive 
to the assumed 1r to K ratio. 

The PLUTO collaboration I 56] noticed that the differential cross section do/ dif· !, where 
:f·l is the centre of mass momentum of the hadrons is quite insensitive to mass assumptions. 
This is because the difference ~k' 2 = k' 2 (1r 1sassumed)- k' 2 (K'sassumed) is Ak' 2 = 

(:f1'- :f2 :) 2 (m~- m!)/({fdif2~) + 0 (~)where f1 and f2 are the lab 3-momenta of 

the hadrons. Since the triggers prefer events with ift!- 1f2!,~k' 2 is tiny. In the same 

approximation, one obtains AW 2 = ckl '2 + lf21 2)(mZ- m!L1(4tfl !:k2!)..:. 0 ( !ff) . Therefore, 

o(ltl") is a much more model dependent quantity. than u(:f·:). The result of the PLL'TO 
measurement, which spans the range 1Ge\f < k' < 2GeV. can be summarised as follows: 
The crOss section ~(II . ..., 1r.,_ 1r- - K- K--) fl·=g(•'' is far below the Born term expectation. 
Above k' = 1.2GeV, it agrees qualitath·ely with the first order QCD calculation of Brodsky 
and Lepage ;s~. 

The ~ark- II collaboration did a similar analysis with a sixfold statistics :57~- 240pb- 1 en­
abled a quantitative test of the theory up to invariant ma.<;ses W,.,. =- 3.5Ge\i (s~e fig.(2.2.4)). 
Since the data agree so well with the QCD calculation, the assumptions and results of this 
calculation shall be described in brief. 

QCD Expectations 

For both deep inelastic lepton nucleon scattering. and high .s e~ e- annihilation, it has 
been found that the full amplitudes fact.orise into quark production amplitudes (i.e. T(v,p ....... 
J.lQ qq). T( e~ e- ...... _qq) ) and thereof independent fragmentation functions 4»( qq _, hadrons). 
Brodsky and Lepage have argued that a similar factorisation might also work for exclusive 
11 channels: the photons first. produce a four quark system which then ''condensates" into 
two mesons. If we call T/!" the amplitude for the production of two quark pairs and 4» the 
amplitude for finding the meson as a q(J state, then 

1~v(1t'- 1r-) = f' /I~~~ (xl, Q;)4>~- (.t2, Q';)T:"(XJ. T2. W,,, 0' )dx1dX2 
fl fl 

(2.2.13) 

In an energy regime where quark masses can bt' neglected as well as meson masses. x; and (1·­
:r,) are th<' fractional longitudinal momenta of the quarks in the meson and Q; is the minimum 
transverse quark momentum occurring in the process, Qi:::: min(x;,(l- x,))W11 •sin0'!­
\Vithin this model, 4> is the same amplitude which also governs the q2 evolution of the single 
pseudoscalar production cross section (c.f. eq.(2.1.17)). 

In first order perturbative QCD, the hard scattering amplitude T/!" gives the following 
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matrix elements for two quark pairs with opposite spins: 

( ( 
_ l61ro8 327ro ( (e2- el) 2a) 

M++ 11---. 2 qq)) = -
3s xi(I xJ)x2(l x2) 1 cos 2 fJ 

( ( 
_)) 16•a, 32•a ( (< 2 - <!} 2 (1- a) ,\1+- ~n ___. 2 qq = 

3s x1(J x1)xz(l x2) I cos28 
(2.2.14) 

e1eza(xl(I -xi)+ xz(1- xz)) (ei- e~)(x1 - xz)) 
+ a2 - b2cos29 + '-"-~2:---o---= 

where a (b) =:: (1 - xl)(l - x2) +- (-)x 1x 2 • The cross sections follow, if specific assumptions 
are made about ~ and of. Imposing 4»(x) = 4»(1 - x) and J a .• ~- dx ~ o_.. J ~·dx gives 

.lf.;{oo·~ .-. ·) ~ 

.11--ho-· ···-) ~ 

256:~r 2 o:a_. 11 (< (e~~2) 
3s l - cos29 

256n- 2ao. 
--------~11 

3s (
<(,,-,,)'> .. ) --------2 ...__ e1e2 ~· h 

1 - cos 28 

j 'f' <I>" <I> 11 -- ' " ;;(-I -:1-);2~(j-;;jd:rld:r2 

h- -}; /.
1 J. 1 

;:d 1-~!~·):2~()~;;-j ~z-:. :~;~~~dx1dx2 

(2.2.15) 

Frorn thf' last set of equations. explicit cross Sf'ctions can be derived by choosing a certain 
funrtion 4» and f'Valuating the integrals. Brodsky and Lepage argue that 

<l>(x. QO) - \ Jj,r{l · r) 
Q~-•x 

and so. at high energies. e-verything but o.- is known and the cross section becomes 

, " 
do _]_ (32•oo .• J. )' 
d!l ,q3 sin 28 

(2.2.16) 

Thf'orPtically. it is not at all cl<'ar a bow which enNgy this prt'diction is \'alid. First of all. 
Brodsky and Lf'pagP cakulatf' that th<' p\·olution of tht> part on distribution amplitudt> ~to 
tht• form :r{l T) is very slow (logarithmic). Secondly. t'\'('n if onf' calculates the 11 ~ 11'·-.,­
arnplitud~· at a a certain valut> of 11·"1, and .~in 2 0. one implicitly averages o.., over the Qz rangP 
from 0 to ~p1 • Formally. this m('ans that the hard scattering amplitude is integrated over a 
range where it is soft, i.e. not rakulab]p in pt'rturbath'(' QCD. However this range decreases 
I.e) the extent thf' produrt li' · BinfJ increases. Being awarE' of these difficulties. Brodsky and 
Lepage chose a rather largE' va]u(• of a~ =- 0.9 for their absolute prediction of the cross section. 
The question then remains wh(!lher it makes sense to use a first order perturbati,·e cakulat ion 
in current!~' available energy domains. 
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A Nice Coincidence 

In this light, the Mark II and PLUTO data are surprisingly well described by Brodsky 

and Lepage's calculation. However, it could well be that the agreement is merely the result 

of a numerical coincidence. For illustration, let us make a little Gedankenexperiment. Let 

us assume that experimental Physics had proven QCD to be wrong and only the two photon 

experts had not noticed yet. Let us also assume that a new "correctn theory of strong 

interactions had led to a similar formalism as discussed under "finite size effects". From 

eq.(2.2.10) we see that a two photon experimentalist, ha\'ing measured a cross section of 

:~(1-y ___,. n+r.-)!90u ~ 2o. 1m:Js3 , would take the QCD prediction and first of all notice 

that the predicted I/s3 fall off of the cross section is well reproduced by the data. He would 

then proceed to calculate the strong coupling constant as o.~ = .J2m~/(327rf;} = 0.96. If 

his measurement was made at p1 ~ 2GeV, he would argue that o.~ ~ 411" j(9ln O.'ls;;tv~) and 

publish a value of).= 240MeV ... 

This numerical coincidence has a fortunate consequence for the parameterisation of the 

r.+x- continuum in the resonance region. 1t means that the model given in eq's (2.2.8) 

and (2.2.12) does provide a good handle on the interference effects, since it asymptotically 

coincides with Brodsky and Lepage's calculation and thus with the available high momentum 

transfer data. 

However, K+ K- pair production has not been considered. The ratio between pion and 

kaon pairs can easily be a nontrivial function of the available energy, since in the resonance 

region, we witness an interplay between kinematic and dynamical terms. The kinematics, 

i.e. flux and phase space factors clearly prefer pions, whereas there are indications that the 

dynamics prefers kaons at high energies. 
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Figure2.2.5: Two calculatl.ons of the different!'al cross 

section for meson pair production at go~>. In QED, this 

cross section is equal for pions and kaons as W - oo. 

In the finite size model, kaons dominate beyond W ~ 

2GeV. 

so 

The Dorn term Ansatz predicts the 71'+11"- cross section to be larger than the K+ K-- cross 

section throughout, as can be seen in eq.(2.3.5). The finite size model giYes a similar behaviour 

for small center of mass energies. However, since the form factor of the K- meson [58] has 

been measured to give a slower fall off than the pion form factor, i.e. FK =(I+ ~q 2 < r 2 >) 

with < r 2 >= 0.28 ± 0.05jm2, kaons arc expected t.o dominate as the energy increases. 

Fig.(2.2.5) shows the expected cross sections at 90° production angle. 

In the QCD calculation of Brodsky and Lepage, the cross section ratio between pions 

and kaons is simply f'f< j f:, which gives about a factor of 2 in favour of the kaons. 

After this manuscript was nearly completed, the PEP19 collaboration showed the first 

preliminary measurement of K+ K- pairs over a wide range of W (c.f. ref.i27]). Fig.(2.2.6) 

shows that for large energies, the data are consistent with the QCD model of Brodsky and 

Lepage as well as with the finite size model. In the resonance region, however, the QCD 

calculation predicts a too large cross, since it leaves no room for the known resonances in 

this channel. In particular the f' "peak", which is clearly visible in the data, cannot be 

ac<"omodated in addition to the non resonant amplitude. 
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Figure2.2.6: A preliminary measurement of K+ K­

pairs. The solid line is the QCD prediction of ref /8}. 

The prediction of the finite size model (dotted line) 

leaves room for resonances {c.f. fYg.(!!.f!.5)). 

Summing up all measurements of charged pseudoscalar pair production, it appears that 

the simple finite size model offers an opportunity to consistently describe the non resonant 

amplitudes from threshold, through the entire resonance region, up to the higest values of W 

measured. It is therefore a key ingredient for the experimental determination of resonance 

parameters for states which decay into 11"+1i- and K--l n- pairs. 
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Scalar Resonances 

Introduction 

The o+ states 6(9-80), 8'(980) and t(l300) are altogether not very well understood, and 
for many years, their existence was disputed. Experimefltally, we know comparatively little 
about these states. The best measured o+ resonance, the s·, has been seen in 11"11"(78 ± 3%) 
and K .K(22 ± 3%) final states. The 0 has only been observed in the final states K f< and r. 0 r,, 
but with unknown branching ratioS. The f is said to decay into pion pairs predominantly. 
However, the current value for its width of 200 -> 600Me\l not only indicates a lack of 
experimental understanding of this state, but also implies that the detection of an t:(l300) 
signal without phase shift analysis is close to impossible. 

~ost puzzling are the small widths of the s· and the 6. There is no a priori reason why 
they should not decay through the strong interaction- nevertheless, r(S") = 33 ~ 6MeV 
and f(li) = 54::::: 7Me\.-'. Hence interpretations of the known scalar resonances in terms of 
conventional qq pairs should be viewed with suspicion. In particular. the SU(3)FI relations 
(d. rer.;s9J 

s· = S 1sin(8) + s,,os(O) 

{ = Slco.~(€1)- SGsin(B) 

where the mixing angle could be taken from the mass formula 

4M; = Ml + 3(M§.cos 2 (8)- A1(2 sin 2 (8)) 

(2.3.1) 

(2.3.2) 

are subject to considerable un\ertainty. Given the poor state of theory and experiment for 
scalar resonances, two photon physics has the opportunity to make a substantial contribution 
to our understanding of these states. 

The two photon formation of s\alar resonances can be parameterised in terms of two form 
fact.ors. Using the helicity projection operators introduced in appendix A, we can construct 
the amplitu·des such that one of the two form factors only enters the cross section, if both 
photons are off mass shell: 

T,_,.~ = Frrr,G11 ~ _._ FLLL11 ~ (2.3.3) 

In the absence of interference effects, one obtains the following cross sections: 

rrr 1 M 2 r 
~ [: 

2 - 4 TTO Wv'X (l-J.'2- M2)2-:- f2M2 
orr:=-. 

M 2 Xq?qi f 
- FLL ----- ---------------
2 (q1 q2 )W fi (1¥ 2 ~ M')' + f' M' 

0LL :::. 
(2.3.4) 

0Lr=OrL=0 

where, at least for the £, f has to be taken as a variable. B€'cause of time invariance, both 
form factors are real valued functions at l·\-' = M. !'\otice that no tag and single tag data can 
be parameterised in terms of a single transition form factor. This coupling is related to the 
11 width via 

F~r0(0,0) = 16r.Mr n (2.3.5) 
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Upper Limits for 11 ___, s· 
The Crystal Ball !GO~ and the JADE [61] Collaborations ~earched for an s· signal in the 

reaction 
II -> r.Cl1rO -> 11. 

I\o signal was found and thus, the results so far are only upper limits: 

I'-r
1
(S") Channel Experiment Ref. 

< O.BkeV r. 0 1r° Crystal Ball [GO) 

< O.BkeV 1r 0 r.0 J ADE(prelim.) 161] 

Table2.3.1: Upper Limits on f ,.,(s·j 

A comparison with currently available predictions shows that e+ e-· experiments are on 
the brink of making conclusive statements about the models (~ee below). 

Observation of 6 Formation 
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Figure2.3.1:A measurement o/11-. r.l'rJ. The.~c data 
are the first indication of scalar resonm1ce furmal.irm iu 
/.Juo photon collisions. The peaks are attributed lo the f, 

ond the A2 resonances ( Crystal Ball). 
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The Crystal Ball Collaboration [62] analy!;ed the reaction 

II...__. ~< 0 '1 ____.. 4')'. 

From an integrated luminosity of llOpb- 1 , at Eb ~ 5GeV in DORIS 11, the mass spectrum 
shown in fig.(2.3.I) was obtained. The data are well described by a .superposition of a smooth 
background plus the Breit Wigner curves for the 6 and the A2 • However, the statistical 
significance of the 6 signal is not yet too impressive: 

r -r'l(C). Br(S----> tr 0 1J) = 0.19 ± 0.01~g:~~keV (Crystal Ball) 

Since the branching ratios of the 6 arc not yet known these data cannot be used for a 
comparison with models. 

Interference of o+ States with the r.+r.- Continuum 

For most detectors, the acceptances for charged pions is much better than for 11" 0 mesons, 
where good energy resolution of the shower counters is required. However, the interpretation 
of the data is harder because of the large non resonant r.+r.- continuum (c.f. fig.(2.3.2)). 

E,q,I"> 
Ezqz k 11 

z 

~Tt· X". X". 
~,Tt~ Tt- + 1',y "fr.lt 11-

Figure 2.3.2: The matrix element for pion pair prod!tc­
tion including resonant and non resonant contributions 

Before we can calculate this interference, we need the full11 -+ o+ -+ r.+r.- amplitude. 
The o+ 1fTo matrix element is just the corresponding form factor, since there are no spins 
involved in the decay: M(o+ -+ r.r.) = F0 -. ,.-,. leads,to the normalisation 

qo+ -+ 1f+r.-) = FZ+,.,. 
16r.M0 -t 

m' 
I- 4 -" MJ .. (2.3.6) 

For the collision of transversely polarised photons, the interference with a continuum of pions 
with finite radius can then be written of the form 

do = __ fJ_~ (:.\!(non- res.)l 2 + IM(res.)l 2 +"Inter f ercnce") 
dfl (16•)',1X 

(2.3.7) 

the nonresonant. term is given in eq.(2.4.10) of the discussion of the radiatiYc width of the f 
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meson, !eaving1 

!M(res.)i 2 (FrruFo~ .. .,..p 
(W2- Mg_ )2 -+ f2 M2+ 

W 2
- M6-

"lnterference" = 81raG(t,u,qf,qg)FrroFo~n(W2 _ M2 )2 + f2A.f2 
• (1~ 

, ( j32cos
28 _ _ ,~.. i3 2

cos
20 --.-

1
) 

2(t-m;) · 2(u-m;) · 

(2.3.8) 

where G(t, u, qf, q~) accounts for the finite size of the pion in the non resonant amplitude. 
Whether or not the product of the resonance coupling constants is positive is an open question. 
Given the large width of the t{l300) it is also quite possible that the coupling Fro-,.,. has some 
explicit energy dependence (c.f. appendix D). 

SlJ(3h'i Relations for Scalar ·Mesons 

It would be of great interest to see, whether the o+ nonet obeys a sum rule similar to 
th(~ o- nonet since. in this case. different models lead to different sum rules. 

The bask amplitude for the radiative decay of a scalar resonance has th(' characteristic 
features of an I~ '"' 0 transition: the form factor for transversely polarised photons has the 
dim('nsion of an energy and the bask amplitude has no explicit energy dependence (in striking 
contrast to pseudoscalar mesons~). Given that all hadronic decays we know are dominated by 
the lowest possible L transitions. the prediction for the 5C{3)FI relations in the structureless 
F ."vJ D model is 

mt - 2 r,(•) ~ r,(6)--- (\ Sco-<(9)- sin(O)) 
3m, 

r,(s·) = r,(o)--""--(,8sin(9) ~ cos(9)) 2 

3ms-

with thf' corresponding sum rule 

r I')(S' )ms- + r yr(dm~ = 3f -n(O)mr 

(2.3.9) 

(2.3.10) 

If we assume that the photons resolve the structure of the sealar mesons. we obtain a different 
set of SC(3)FI equations. In the statie quark parton model. the radiali\"e deeay is in first 
order due to the electric dipolE' moment of a qij bound state. Thus. if the dipole moments 
obey Sl'(3)FI on purely dimensional grounds, one would expect 

1'00 (<) "1'00 (6)-~3(\·Sws(O)- s<n(O))' 
3mt 

3 

f 00 (S) ~ f 00 (6)m\(viish<(9)- co.,(O))' 
3m;. 

with the corresponding sum rulf' 

f
00

(S.) 

m1. 
1\.,_[<). 

m; 
3f 00 (6) 
---~~r-

(2.3.11) 

(2.3.12) 

1 Here. we assume that the non resonant amplitude is entirf'ly real. since according to Watson !78]. final slate 
interactions become unimportant as {3 --. I. 
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Thus, provided that it is correct to consider the known o+ resonances as qij states, the 

way the mass enters the SU(3}FI relations is sensitive to the mechanism responsible for the 
decays. 

It seems that the second set of SU(3}FI equations makes more sense than the first because 

the photons coming from the decay of a 1 GeV object have a wavelength of - 0.4 fm and 

should thus be able to resolve the meson's structure. 

Predictions for the Radiative W\dths 

Predictions for the radiative decay rates of scalar resonances have been made in the 

framework of (non relativistic) oscillator potential models and VDM: 

r ,(s·) 

.4. 12.8k<l' 

r ,(6) r ,(•(1300)) Input 

3.7M<V 2 lf(6- '") 1.5MeV 2/f(c _,. 1r1r VDM 
2.5- 3.8k<V 

< 0.31ke\l 
550 ± 2iOkeV 

4.8keF 

. I 
A == (smt1- -----r.;cos8) 

v8 

qq oscillator 
< 0.38keV SL'(6), VDM 

I'DM 
B · 8.4k<V qq oscillator 

. I 
B = (smt1- ----;=:cosO) v2 

Table 2.3.2: Predictions for the radiative widths of scalar mesons 

R<f. 

[63) 
[43] 
'64 
65: 

:46; 

From table(2.3.2), two things can be derived: 1) The differences between the model 

calculations are large enough to be distinguish by experiments in the near future. 2)Models 

with similar theoretical assumptions come to final results differing by substantial factors. 
Thus, it will be experimentally easy to differentiate between certain calculations, however. 

the present state of the theories does not allow a conceptual distinction. 

Given the rather poor state of the experimental literature. it is evident that we are not 

yet in the position to differentiate bf'tween thf' model calculations. 

There are no serious quantitative prediction's for the radiative decays of 0"'" resonances in 

the framework of K I\ or 9{Jqij models !66:. Qualitatively, one would expect that such models 

predict rather small radiative widths, compared to the conventional approaches. 

ThP 92 DPpendence of Scalar Meson Formation 

We have seen that the experimental evidence foro+ states in 11 collisions is quite limited. 

Therefore, a discussion of the q2 dependence of their cross sect-ions may seem unnecessarr. 

However, if we extrapolate the vast experimental progress in 11 physics by a few years, and 

if we think of the large luminosity now delivered by DORIS-II and PEP, there should be no 

doubt that in the medium term future, tagged o+ resonances will appear in the experimental 

literature. 
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Since the basic amplitude for scalar formation has no explicit energy dependence, the 

<:ross section can be expected to be rapidly falling. Eq.(2.3.4) implies that, on resonance 

mass, it evolves with q; like orr(q;,o) ...... (FT(q?,o))2 · J-q1/M~. Thus, even in the absence 

of form factor effects, the cross section falls with qr. 
There is only one paper which tries to calculate the q2 evolution of scalar meson formation 

on a quantitative basis 1 In the framework of the non relativistic quark model, Krasemann 

and Vermaseren !67) give a tensor which, contracted with the transverse photon polarisation 

vector, gives the following shape of the(++) amplitude: 

M,.(q~qi)- W'((q,- q1)'- 4q,q,))- (ql- q1)' 
(q,q,)' 

(2.3.13) 

The authors prediction for the q2 dependence of scalar formation is based on the quark 

model and the observation of a striking feature of the covariant amplitude for an V V S (L = 0) 

coupling (see appendix D). Consider the 9; .... 0 limit for such an amplitude: 

q2,..9lv 
A.,..v{qJ. 92} == 9,.v- /-::2.q q2 

ql . 92 ~ \.- I 2 

92,.qlv 
_.g,..v 9l'q2 

(2.3.14) 

The latter tensor is gauge invariant and simultaneously the covariant formulation of an £1 
transition between a scalar (i .. L, Lz = 1, ~ 1) and a vector(~~ L = 0). Since photons have a 

large onrlap with spin aligned qij pairs of zero relative orbital angular momentum, the above 

amplitude conne(tS the final state scalar with the largest hadronic component of the photon. 

We can thus assume that at least in the low q2 regime, this amplitude dominates1
. 

Having established the form of the covariant amplitude. we can pro(eed to calculate 

the form factor. For the case, where one photon is real. this is trh·ial. because of the exact 

identity of an £ 1 and an L = 0 amplitude at 9; = 0. For the lat\er. it is well known that 

finite size effects can(el to first order. We can just assume the form factor to be constant. 

The prediction is then 

T'"'v = g,..,_ ·- ~~!'~ 
ql . q2 

~ M.+(q~.ql) ~ .\L (0.0) 

2 2 ~ 
M,,P(q

1
,q,) ~ 2.\1. "(0.0)~--'-'!!5L __ 

~ . u:2_9f-q~ 

(2.3.15) 

The resulting hclkity amplitudes are finite throughout. This a posteriori confirms that the 

us~:" of thP £ 1 amplitude without further form factors is meaningful. 

The q2 independen(e of the trans\·erse helicity amplitude is in marked contrast to what 

would be expf'cted in t.he rontext of \'DM, where an additional l-/'m~ term would enter 

the amplitude. 

1 ln ref :11;, asymptotk power laws are given. however, it is not spedf:ied which kinematic configuration i~ 

referred to. 
2For large values of momentum transfer. higher order tramitions may become important. 
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T('nsor Meson Formation 

Introduction 

The three neutral tensor mesons /(1270), A2(1320) and /'{1525) have all been seen in 
)/ reactions. The tensor meson nonet has the nice feature that it seems to be ideally mixed. 
The/' resonance has only been firmly established in the KK final state. Accepted data yield 
an upper limit of B(f' ____, 1T-1i ) < 0.013(95%d.). This implies that for SU(3) considerations 
of the 11 couplings, the mixing angle needs not necessarily be taken as a variable. In other 
words, the quark representation 

I -
r~ -(uu. dd) 

v'2 
I -

A 2 ~ --,(uu- dd) 
''2 

f' ~ ''') 

(2.4.1) 

is a good starting point for further considerations. For the tensor mesons, such a well founded 
framework is necessary, given the many parameters which enter their ')) coupling. 

The formal description of tensor meson formation. in two photon reactions is rather 
complicated because the most general amplitude involves five couplings (form factors). Only 
one paper :1t deals with this problem in all generality. However. from an experimentalists 
point of view. the result cannot be considered satisfactory. 1 The amplitudes relevant for no 
tag and single tag data can more suitably be written as (c.f. appendix A) 

Tp.v = { Frro Gp...,Ll.:~~{•- FTT'!Gw:.GvL'• 

7 FrL (Gp.aQ2v- Qlp.Gv"') LlB 

7 F~L{qi- qf} {Gp.aQ2v ...,- Qlp.Gva} !J.{i }E·at'1 
(2.4.2) 

These form factors of eq.(2.4.2) have a straight forward experimental interpretation: Frr" 
and Frr2 measure the rate of helicity zero and two respectively.2 They are only sensitive to 
transversely polarised photons. The effective form factor 

F;{1· =: FrL-.- (q~- q~)F~L (2.4.3) 

which measures the rate of Jz = =1 formation, only contributes if at least one photon is off 
mass shell. ~otice that the amplitudes for helicity Jz =+land J;: = -1 have to be equal in 

1 First of all, the problem of avoiding 1/q2 type singularit-ies is overcome by giving the ba.sis tensors dimensions 
up to the sixth power of energy. This leads to artificial ma.ss shifls af the resonances. Secondly, each of the 
form factors contributes to so many helicity amplitudes that an experimental analysis in terms of the given 
form factors would be a mess. 
2 The form factors defined here are not dimensionless. Different dimensions for different couplings are well 
known in classical electrodynamics (c.f. dipole, quadrupole etc. transitions). 
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magnitude for either qf = q~ or q~ = 0. If we restrict one of the photons to be real, the cross 
sections can be written as 

( F rr' l' M' -~~rcc---;c~'" 
orr(J, ~ 2) ~ 4VX w (W'- M')' +PM' 

1 8(Frr(,) 2 X2M~ ____ !:.__ __ 
orr(J, ~ 0) ~ z'TT" 3JX W·' (IV'- M')' c PM 2 

(F~{!-) 2 
2 · 2 ____ ___! __ _ 

on(J, =I)= ---w-s- (-q,)VXM (IV'- M')' + f'M' 

Only two of the form factors enter the partial width: 

(FrT2)' (Frro)'M' r ---------
'/")- 80JTA1 1201r 

(2.4.4) 

(2.4.5) 

and thus. for an analysis of ''no tag" data, F;{'· may be ignored. However. the assumed 
ratio of Frn .. Frr" ran ha\·e a large impact on the final result. Fortunately, what ever way 
one looks at tensor meson formation from a theoretical point of view, one ends up with a 
very small contribution from Frr.- .. In particular. if the tensor meson is considered to be a 
non relativistic bound state :67:. and the decay proceeds through direct annihilation of the 
quarks. the amplitudt• .\L_ vanishes for on shell photons. If the tensor meson is produced by 
some \"D~·1 mechanism. one would expect the L = 0 amplitude to dominate as well. Finite 
enNgy sum rules 69.70: gi\"f' a very similar result: .\L _ ~- .\1__. Thus. if an experiment 
is not able to measure the helicity amplitudes separately. the assumption of Jz = =2 is the 
obvious one. However. in the static quark model (see below). a sizeable contribution of the 
J., = 0 amplitud(• is also possibl('. Assuming that thf' £1 transition dominates. one gets 
f 00 (J, "D)'· Ar 0 ,,(J, 2). 

MPasur(>ments of r -n(A2) 

The formation of th(• A 1 meson in two photon reactions was first observed by the Crys­
tal Ball collaboration in the decay channel Az ____, 111r'' ~ 4'). The dominant decay mode 
Az -· p·r. wa.<> s.ubst•quently analysed by PETRA experiments. The results are shown in 
tahle(2..1.1): 

ry,(kel') E:rperiment chan. Ref. 

0.77 = 0.18(c0.27) Cry8tal Ball "" 
. 71 

0.~1 = 0.19(=0.27) CELLO P" 72 
0.84 = 0.07(=0.15) JADE(p"llm.) pn '61 

1.06 = 0.18(c0.19) PLUTO P" !73 
. 14 = 0.20(=0.26) Crystal. Ball rpr" :62 . 

Table 2.4..1: Measurements off 11 (A 2 ) 

The channel ']"lrn is the ideal one to study the helkity composition of the A2 formation, 
since it is rather clean and the rJ and the 1ru have both no spin so that their angular distribution 
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with respect to the 11 axis should show the characteristic sin40 term if the the .42 is produced 
dominantly with helicity Jz = ±2. On the other hand, the two photon width determined 
through this channel crucially depends on the assumptions on the helicity because of the 
strong centering of the detector acceptance near cosO = 0. The Crystal Ball collaboration 
;62; collected enough statistics at DORIS II to disentangle the Jz = 2 and Jz = 0 amplitudes, 
obtaining 

o(J, ~ 2) ~ 0.81 ± 0.22o(tot) (Crystal Ball) 

The reaction .4 2 ~-~ p-± 1r:;; is much harder to analyse because the large widths of the p 

makes the interference terms between the p+ and the p- decay non negligible. The modelling 
of this decay is particularly hard, because of the spin barriere and phase spare rorrelatioils 
bet wren the two wide mesons A2 and p. The easiest way of implementing such factors correctly 
is to r.onsider the entire process in one pif'ce, i.e. write 

.H(1o ~ c- ,- rr'')' = .\1(1o -· .4,)BW(.42 ){ M(A 2 ~ p-n-).\1(p+ ~ ,+ n°)BW(p+) 

+ M(.4 2 ·- p-c- )JI(p- ~ c- rr")BW(p-l) 2 

(2.4.6) 
The A2 decay ma!rix elemen!, i.e. the term in curly brackets above can be written covariantly 
in tPrm:-; of the momen!a k1 (n""' ). k:dn<~) and k:,(n-): 

.\1 = iEuf! k~2 _ 3 e"v~""' k~ kr2 k J_ 2 BW (1. 2) ..__ '' 1 --~ 3" (2.4. 7) 

Here, as in othPr chapters. the indices of a vector denote its parents. for example is k12. 3-

k1- kz k:~- Sin('f' thr matrix element is covariant. one ran cakula!P the helicity amplitudes 
in a common framP. In thE' 11 C'.m.s. they are 

~AI. 
u· - '.1 --
4 .kn a k1 '.18in012-<~e'a''"-:BU'(I.2) 

{ 9 . 9 "1')-" . 9 8 '~']>-"} · ro.~ 12-:•.81n 1-2e - ·- s1n J:!-3ros 1-2e - ·· 

-
1~~ _f32 _ 1 

2 
f:l- 2 si11032- 1 ei"' -·~ · 1 BH' (3. 2} 

{ 0 ·9 "" ·o 8 "''-'} · <"O.~ 32- 1Mn 3 -2e 81n 32-ICO$ 3- 2e --

n· - 2 - { .. 2 . . •<~>1--. 
~-\J ·'' 4 k12 ;>. k1-2 1$1n 012-3Sln0J-'.!SIIl(0 1z-:l- 0 1. 2)e -

~.\1_-

<'0801 2 :J(ro,\81 :t 3sin01-2e•ot·,<- $in0 12 _:J<"0$8 1 _~e'""•~-')}BH'(1.2) 

II k- ., k- { . . "9 . 8 . ( ) <C•·" 

4
- -32-1 - "3- 2 tMn~ 32-JStn 3 2Sln 62 2 - I -- 0;{. 2 e . --' 

coBOa2- 1 {co.~O:l~- 1 sinO:~- 2e•<~>~-" - ,~in022- 1 cos03- 2e'~'::~-') 1 Bl\' {3. 2) 

3l\" - ., - . - . 
-----;:: h 2- 3'- ;kJ ~ 2 .s1 n812- 3cos012- 3SIIl81 .. 2$/.n (¢12- '3 -- 0 1 _ 2 )B\V (I, 2) 
2\i6 

31-f '- - 2 -· : . . . ' 
- ~1k32-li lk3-2:Stn832-IC0-"832-I'~tn83-·2sln(ll>32-l- cb3.-2)B~t(3,2) 

2v·6 
(2.4.8) 

~being the inverse of the couplings involved: ~ ~ (FA~1'-1f- F,~ 1f~ lf •• )- 1 . It can be seen from 

the characteristic :k! factors tha! this is an L ""' 2 transition. as required by the intrinsic 
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parities in\'oh·ed. Thus, the couplings and consequently the widths in the Urcit Wigner 
ft.uldions ha\'c to be !aken \'ari<~blc (C'.f. appendix D). 

The interference terms resulting from eq.(2A.8) makes all angular distributions more 
isotropic. This implies that the 11· widths obtained from an analysis of the pr. final state h<1s 
only little dependence on the a_<;surnptions about the Az helicity (usually less than det~clor 
specific systematic errors.). 

I\'evcrthelcss. a full Dalitz Plot analysis (c.f. fig.(2.4.1)) gave a non trh·ial result (73] 

"r"~~~~~~~~~~~~ 

ol 

" PLUTO 

" . 
~ 20 

·-~-·-·-· -------

1 J:/ 
jj/ 

w 

. 

- __ -c~r·"'~·-. 
~1 -----9.:. ..... ___ _ " 

0.8 1.0 

'" ~~~~~~~~r-~~--~~ 
b) 

---.f!Ol 

" 
-. 

~ 20 ! -~·····. 

·i-'"'-·t-:•.::~(,;~~-· T 
Figure 2.4.1: The Dalitz plot analy­
sis of the reaction 11 _, ,+,-r.r_' 

confirms the interpretation of the 
data as A 2 formation and indicntes 
the expected dominance of htlicity 2 
production. 

w 

" .·• ....... .>. 

'l o 0,'--""-"'"-,,':,~~~,c, ~~~,::.c, ~~c,c.,c"-~-"c', 0 

ilq\···· 

Ieos a I 

a(.!,~ 2) ~ 0.62 ± 0.39o(tot) (PLUTO) 

This is consistent with the Crystal Ball result but, for the reasons stated above. not as 
accurate. 

Measurements of I'-,., (f) 

The f meson has been seen by most of the experiments doing lwo phot.on physics. 
No other state has been anal~·sed in as many different ways as the f. The Crystal Ball 
collaboration, for example iii: s!udicd the reaction 11---. '11"0n° and measured a radia!.i\'(' 
width of 

1'11 {!) =-- ?..i :-:-.0.2 = 0.6keV (J.,::::: 2) Crystal Ball 

Ln(f} ~ ~-9~·~:-~ ~ 0.6keV (Jzfitted) 

Furthermore, the he!icity of the f rnc'son could be determined to be 

a(.lc = O),'n(J~ co 2} = 0.12 ± 0.39 Crystal Ball 
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All other published experiments are based on analyses of the r.+:~r- final state. The wide 
rang(' of analysis methods is a reflection of the uncertainty about the structure of the non 
resonant 1f+7i- continuum under the f meson. 

The parameterisation of the r.+n- continuum in the resonance region poses problems 
since, with increasing energy, the Born term approximation becomes less reliable. Further 
complications arise from other direct channels, in particular the scalar mesons S"(980) and 
£(1300), which may contribute to the observed cross sections. How large is the error intro­
duced by the uncertainty about the structure of the r.+:r.- continuum? The published values 
of f..,...,(!) give an a posteriori estimate, since most collaborations have done the analysis 
in different ways, the only common assumption being that the f is produced with helicity 
Jz == ±2. Theoretically, this seems to be what everybody expects, however this assumption 
has a large impact on the final results, as can be seen in fig(2.4.2), where the centre of mass 
decay distributions are superimposed onto a "typical" acceptance curve for a solenoid de­
tector. One can easily see that assuming Jz == 0 rather· than 2 leads to an increase of the 
''measured" cross section by some 30 per cent. 

"i"' uu 
~!o 

"' 

'·' 

'·' 

'·' 

_, 

r "'(keV) 

2.30 ± 0.50( ±0.35) 

3.60 ± 0.30(±0.50) 
3.20 ± 0.20(±0.60) 
2.50 ± 0.10(±0.50) 
2.85 ± 0.25(±0.50) 
2. 70 ± 0.05(±0.20) 

2.39 ± 0.06(±0.30) 
2.52 ± 0.13(±0.38) 

YY- 2• -rr•rr-

"" e 

Experiment 

PLUTO 
Mark II 
TASSO 
CELLO 
PLUTO 
DELCO 

PEP49(prelim.) 
Mark I I 

Figure 2.4.2: The angular distribu· 
tion of pion pairs from the decay of a 
tensor resonance, assuming helicity 0 
and ±2 respectively. The comparison 
with a "typical" detector acceptance 
(shaded area) stresses the importance 

1 of the knowledge of the helicity. 

continuum 

none 

Born, coherent 
incoherent fit 

M ennessier A1 odel 
Afennessier Model 

Born,coherent 

Born, phase fit 
BomjQCD,ph.[it 

Ref. 

[74[ 
[75[ 

[76[ 
[77[ 
[51[ 

[79[ 
[80[ 

[81[ 

Table2.4.2: Measurements off'"''"'(!) in 11- 1r+1r-

As can be seen from this table, the purely experimental uncertainties are at present still 
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larger than possible systematic mass shifts dtH' t.o th<' different assumptions on the underlying 
continuum. It is interesting to notice that those collaborations who have analysed f formation 
in terms of models with explicit assumptions on the ;;ize and phase of the r.+ ,- continuum, 
i.e. Born Amplitude or Mcnncssicr .\1odel, all g<'t values for the f mass, which are consistent 
with its nominal value, as can for example been seen in fig.(2...t.3). On the other ha,nd, this is 
in clear contradiction with the PLUTO result on the low lying continuum, which is not well 
described by either of these models. 

CELLO 
500 

"u 

~ 
300 l r , 

~ 

" 

1 " [ ~ 
0 

I 
z 

00~ r \ l J 
Figure2.4.3: This analysis of'll"+r.-

~ 
pairs in the f region was the first one 
taking i11lo account the interference 
of the f with the nonresonant contin-
uurn. The curve is the Mennessier 

to 1.25 LS model. 

There is a possible explanation for this disc-repancy: the shift of the f peak is determined 
by both, the average amplitude and the fall off of the nonresonant amplitude with W11 . 

Roughly speaking, a fast falling small background can lead to the same mass shift as a 
slow!~' varying large background. It is quite likely that. the apparently good description of 
the r.·; r.- cross section in the f region is the result of such a compensation. This in turn 
would imply that all current experiments underestimate the two photon width of the f, 
;;in<"e they overestimate the background. Also, it should not be forgotten that most analyses 
approxim<'t.e the M 2 j\V term in the single particle phase space by :\1, leading to an upwards 
shift of the f mass in the Monte Carlo and hence to a downward~ shift of the "measured" 
f mass, which is again compensated by assuming a too large background. Last, not least, 
although the scalar resonances do not interfcr with the f. all three of them lead to fast falling 
event backgrounds, the 0 and the s· be<".aUS<' of finite morn<'ntum (detector·) effects, and the 
£since its large widths allows it to "mO\'c" Lclow the f mils:->. It must be stressed that a flat 
angular distribution below the f would be a strong indication for the presence of a scalar 
resonance! 

h would be nice to see a partial wave analysis. in partin!lar in view of the fact that so 
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L_ 

many partial waves vanish because of helicity conservation (c.f. eq 2.2.5). Another alternative 
- which may be more realistic because of the small detector acceptances beyond cos8" '='!. 0.3-
would be to use the finite size pion Ansatz for the calculation of the continuum and its 
interference. 

Interference of the f with the 1r+1r- Continuum 

For the calculation of the interference between the finite size pion continuum and the/. 
we first need the covariant expression for the decay matrix element. The standard form 

MJz (1- 1r+1r-) = FfuEj;(kz- kl)~(kz- kl).., 

MjF}n 5 - r - f3 '11"11"- --uo;-
(2.4.9) 

leads to the following products of spherical harmonics and Clebsch Gordan coefficients: 

M -- 1 F a2w2 . 2o 2i<t> 
• 2 ·- 2 /n. stn e 

M1 = -Ffu.t32W 2sin8cos8e 1
of' 

1 2 2 2 loJ(, = t;:FfufJ W (3cos 8- 1) 
y6 

and the transverse cross section can now be written as 

do /) ( 
dri ~ (16•)2yX iM(non- "s.)i2 + iM(r,.) 2" -Isr) 

(
B2 H-·' 2cos 28 ,B2 W 2 cos2 0 ) 2 

iM(non- re.s.): 2 = 16tr 2a2G 2 (t.u,q~.q~) 2 ) ~ (. "'"I 
2{1 - mlt" 2 u - m;.) 

( 
1 1 ) 

2 

- 8r.2o2G2(t.u,qi.q~).'J4U-'4cos40 --2 ~ ---2 
t- m" u- mil" 

'M( ) 2 -
1 (F F )28'"'' . 4 9 I res. - - TT:! jll">r n .stn (u"> ~.~-i-)2--22 • .. --"' -r M 

16 2 4 2 2 1 2 1 
g(FrreoFJn) 3 .\ (3cos 9- ) (W' _ M 2 ) 2 _ rHA2 

"J.V F- := -2r.oG{t, u. qi, q~)FrnFJn:34 1V 4 sin2 0co82 8 

( 
I I ) W 2 - M' 

• -- c --- ---·------··~ 

t- m;. u- rn;. (J.\-'2- A.f2):l..,. [2M2 

32 2 2 ·2 2 + 31ro.FrroFjnG(t,u,q 1,q2)XfJ (3cos fJ- 1) 

(
,B 2W 2 cos28 {J2W 2 cos26 ) W 2 - M 2 

· 2(t- mi) + 2{u- m;) + 1 
(W 2 -· M2)2 + f:!M2 

(2.4.10) 

(2.4.11) 

If we assume that the non resonant amplitude is entirely real, the entire dynamics is re8ected 
in four unknown functions: G(t,u,qf,qi) describes the non pointlike structure of the pion 
in the non resonant amplitude (G = 1 ____, QED). An estimate on how G could look like is 

64 

given in the chapter of pseudoscalar pair production. For the purpose of determining the f 
parameters for the collision of quasi real photons. our knowledge can be regarded a,<; ~ufficient. 

The fact that the interference is constructi\'e below the nominal resonance mass indicates that 
the product (1-TnFtn) must be negative (it has to be real). 

A Me;lsllrf!rncnt off'!'"!(/') 

The /' seems to decay nearly exclusi,·ely into kaon pairs; 50 % into K+ K-, 25 % into 
K~J<? and Kf1K? respectively 1 It has only been seen by the TASSO collaboration j82] giving 
a radiative width of 

r oolf') ~ r oolf') X B(f' - KK) ~ 0.11 ± 0.02 = 0.01kcV (T,4S SO) 

The corresponding invariant mass spectra arc shown in fig.(2.4..1). The fact that there is only 
one measurement so far, and that this measurement is only two standard de\·iations away 
from 0 is already a hint towards se\'ere difficulties in the analy~is of K /( final states. In the 
charged decay channel, one can only hope to find it by means of particle identification. The 
rate off' events is so small compared with the QED channels Jl-<:- p_- and e-"-e- that by means 
of statistical subtractions one would never recover the signal from behind the statistical error 
bars. Good particle identification is thus necessary. For the case of neutral kaons, this means 
positive identification of secondary vertices (from the in flight decays) or excellent momentum 
resolution. 

1 
" 
• 
0 ··- --....... ', ,:-~-c,c, -~c,c, -~c,.~~-!, 

"i"~K~II~I 

>1 a 16 >8 10 

MtK'K-)[Gri) 

Figure 2.4.4: These two mass spectm from the JASSO 
detector are the basis of the first. ar1d so far only mea­
surement of r -nU'). The solid lines arc the jir1al fils. 
the dashed lines are background estimates. 

1the decay iulo K1°K~ violates CP and occurs only at a ncgligiblt• ratt• 

65 



Interference Patterns in K R Final States 

The two other tensor mesons decay into kaon pairs as well. Sine(' a!! of thern arc fairly 
wide objects, they do not only interfer with the non resonant J(+ 1\- continuum, but also 
with each other, and all the interference terms turn out to be non negligible. Fortunately, 
as pointed out by Lipkin [83], the signs of the interference terms follow from rather weak 
assumptions, the Zweig rule and (approximate) SU(3)n symmetry of the strong interac­
tion. Arguing as demonstrated in fig.(2.4.5), which is a pictorial representation of Lipkin's 

arguments, one gels 

< JjK+ K- > = + < A,jK+ !(- >=< f'IK" K- > jJ'i 

::::< /IKOJ(o >:::: ~ < AziKOJ(o >::::< tiKO/{o > j/2 

f' K I u u - I d u -
+ ] ~=q~·rz[a=~ 

~=lu~-~~5 K' ~ dl d d 
rz~ rz~ 

~·= ~ ~ 
Figure 2.4.5: Three e:ramples of 
into kaon pairs. The amplitudes 
according ~o the Zweig rule. 

tensor meson decays 
in brackets are small 

(2.4.12) 

The fact that SU(3)Ft is not exact may alter the relative strengths of the amplitudes, 
however, it can never change the signs. Thus, the direct channel contribution in K.,. K­
production is the sum 

jM,,,(w)j 2 

I
. L M,,b(oo ~ ,R)M;;~' b(R ~ ](+!(-)I' 

H=JA·f' w- Mn+tMRfn , , . .. I 
(2.4 .13) 

with all coupling constants having the same sign. For the case of K 0 J(O production, the 
.4 2 contribution has a minus sign rclati\'C to the others. The explicit form of eq.(2..1.13) 
follows from eq.(A-8). Another consequence of the above reasonning is that one expects the 
interference between the tensor mesons and the underlying](+ K- continuum to have the 
same sign as the f -n+n- interference. This interference is of the same form as in eq.(2..1.10), 
just that "IN F" now becomes il sum O\'er the three tensor mesons. 
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SU(3)Ft Relations for Tensor Mesons 

Since there is more than one coupling involved in the radiative decay of tensor mesons 
SU(3)Ft cannot give a unique prediction. In plain terms: Using the ratios of the values for 
the radiative widths of tensor mesons alone, one cannot test SU(3)Fl· However, from other 
measurements involving tensor mesons, i.e. hadronic decays, it is known that SU(3)Ft is a 
good symmetry for this nonet. Let us thus reverse the argument and impose the validity of 
SU(3)FI as well as ideal mixing onto different approaches- and try thus to get some insight 
into the dynamics. 

In the context of VDM, one would expect that tensor meson formation proceeds through 
the lowest possible order of angular momentum. Although an L = 0 tensor vector vector 
coupling is not gauge invariant, there is one amplitude which has the characteristic features 
of an L = 0 transition: T'J.,rz is structureless, produces thus no spin barriere. and has the 

dimension of energy. In contrast, T'J!(' has the characteristic features of an L = 2 transition. 1 

Thus. a.<;suming that radiath'e dPcays behave like hadronic ones, one gets 

r ,(f,J, ~ 2). MJ,T-,(.4,. J, ~ 2). MA,. Ln(f'. J, = 2). Mf' ~ 25,'9/2 

dominating orer 

r,(f.J, ,, o) ,r,(A,,J, = o) .r,(f',J, = o) •. ··- ···w--z---·-- 1 ----··M·-:~·-~· .' -···M--·:r-~ = 2n;'9i2 
. f ' A2 f' 

(2.4.14) 

Thf• purely electromagnetic interactions which take place between neutral systems are re­
flections of their internal charge and current distributions. If. for example, the two photon 
widths are related to the mesons dipole moments. (i), and those are similar for all nonet 
members. the Sl.(3) relation would look as for the o- nonet. Taking the covariant amplitude 
of the corresponding E1 transition 

1~., ..._ ;i' ( gl'"'- '!2!!..lf.!..?. ) ( g v [:! - ~!::!f.~< ) E · c.t• 
qz·QJ Q1·qz 

(2.4.15) 

giv('s the sum rule 

r,(f.J, ~ 2) 
--·---·Mr········ 

r ,(A,. 1o c 2) 
--·--i\·1~ ----·-·-·· 

r ,,If', .h o 2) 
--MJ. -- = 25.9'2 

together with (2.4.16) 

1 r ,-,(Jz :=. 0)-= 6 r ')')(Jz:::: 2) for all tensor meson.~ 

In the framework of the quark model, there is a different cla.<;s of calculations. \Vhe-reas 
the above f; 1 transition can be interpreted as a two step process (i.e. the quarks are first 
put into an -~ orbital by means of photon radiation and then annihilate). most published 
calculations attempt to ('alculah• the radiatiw widths in a one step model. However, since the 
tensor mesons are regarded as p wave qij systems. one step annihilations can only occur du(' 

1 This resul! of purely formal considerations coincides with intuition. Two helicities one aligned gin }z = 2 
and thus J = 2 without further L required. If. on the other hand. t.he helicilies of the two photons annihilate 
-where but from an additional spatial angular momentum should the}= 2 rome from? 
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; 

' 'c 

to relativistic corrections involving the derivative of the wave function at the origin, R'(r = 0) 
(see for example ref :eij): 

(f) 
_ 160 2 R'(0) 2 

r ~~ - 9 a M4 (2.4.17) 

Since the derivatives of the wave functions have very different mass dependences in different 
mOdels, SU(3)FI cannot be used to test the basic model assumption, i.e. the assumption qij 
annihila-tion being responsible for the decay. However, it does provide a tool for fine tuning 
the shapes of the wave functions and thus the model parameters. 

Experimental Status of SL'(3)FI for Tensor Mesons 

Since there is only one statistically poor measurement off 11 (/
1
), SU(3)FI can only be 

''tested'' (s.a.) together with the assumption of ideal mixing. Since the masses of the f 
and the A2 only differ by 4%, the ways the masses enter the various SU(3)FI relations in 
different dynamic approaches have only little influ€'nce On the experimental conclusions about 
the validity of SU(3)F/, in particular in view of the- 20L:f systematic errors quoted by most 
experimental groups. 

From the lahles of the measured radiative widths of the f and At. one can see that. in 
contrast to the' nonet. no serious deviations from SU(3)Fl ha\·e ever been observPd. In 
fact. the most Tt>r•-.Jll. measurements point towards an exact fulfillment of this symmetry. \\'e 
can thus be optimisJ_ic about the future, when more accurate measurements off..,,(!') may 
tell right from wrong concepts. 

Comparison of the Radiative Widths with Modf'ls 

A more direct access to the mechanism governing tensor meson formation in 17 colli­
sions can be obtained by comparing the absolute values of the radiative widths with model 
calculations. An impressive amount of work has been dedicated to their cakulation. The 
following table contains only the results published after 1972. since for older calculations. it 
is often hard to to find out to which extent the discrepancies between theory and experiment 
are due to a wrong Ansatz or the result of inaccurate data input. 

r,,(fl kd. L 11 (A 2 ) ·keV r ·n (!') / ke ,. Input Ref. 

1.2- 2.3 0.46- 0.81 0.14- 0.19 VDM,h.o.,qq 43 
-2.1 .~ymmet ries 84 

4.3 20 1. i - 8 0.6- 2.8 I' DM. SF(6), dipoh 64 
..._ 9.2 sum rules 85 
2.6 0.83 0.012 V DM.h.o., qq 46) 

0.92 0.33 0.08 rel.qij, pot. ;86) 
2.66 ~ 0.45 0.9 ~ 0.36 0.144 o:c 0.4 1 B(K K) SU(3).E, 87] 

3.61 1.44 0.063 qqpot + QCD :47] 

Tab]e 2.4.3: Predictions for the radiative widths of tensor mesons 
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Here. h.o. stands for harmonic oscillator. \:otice that there is no "pure'' VDM prediction. 
The reason is obvious: There are only little data on T -----. V 1 and T -----. V V has no phase 
space. There is thus no obvious tool for normalisation. There is also no analogon of the 
PCAC quark parton prediction -again because there is no obvious normalisation procedure. 

The predictions in the framework of dipole transitions of the type T -----. V 1-----. 11 using 
"heavy" (mq :::::- Mj2) quarks give a reasonnable description of the observed decay widths, 
whereas a calculation stressing relativistic effects and attempts to calculate radiative widths 
from symmetry considerations alone are less successful. It is very interesting to notice that 
thl:' two calculations which are closest to the measured widths of the f and the A2 ('46,8iJ 
differ by about a factor of 10 for the radiative widths of the/'. The conclusion is thus similar 
as the condusion of the SC(3)FI discussion: A good measurement of the f' is needed. 

Mf'asurenwnts of Tensor ::'vleson Form Factors 

The data on tagg(•d tensor meson formation are quite poor. This can be understood as 
a consrqucnre of a ··lack of spin vall('_v.. in contrast to pseudoscalar formation, the lowest 
dimension A;-1 -- T coupling (T!J' 2 ) is structureless and thus. e\·en in the absence of form 
factor eff('cts the cross sl:'ct.ion for tensor mesons produced with helicity Jz = 2 falls, according 
to thf' flux factor. like {1- qJ:.\1~t 1 . 

Only 1 hf' f ml:'son has been seen in single tag ew·nts. Thl:' TASSO collaboration 76 
givl:'s no quantitati'.'e result and simply states "The data are not mwnsistenl with the model 
of Plrasenwrm and 1'ermaseren _,"67,' hou•ever, a lower 11'idth u·ould be preferred.'' The .\1ark 
II colloboration HI shows "f11 (q'T' in three bins of q2

. 

lt i~ rl£'ar that du<' to th€' prcs<'nce of three independent form factors for one real and onl:' 
virtual photon. cross sec:-tions indegroled oq•r a limitl:'d ~olid angle are difficult to intcrpr<'t 
theoretically. ::-;ime in practice. arc:-eptanre functions for different helicity cross sections differ. 
the publi::.lu·d measurements of tagged f meson production can mainly serve as upper limits 
for indi,·idual (trans,·erse) amplitudes. 

Jt j,. p\·ident that a lot more statistics will bl:' required until thP helicity form factors 
can be !l}('asured indh·idually. \otice though that in the special case where the final state 
is a pair of pions or kaons. one can reduce the number of parametNs to two: recalling 
that _\I.!, 1 (! -· ,.,-· ,.,--) ..._ sinOco$8. it is 1:'\·ident that at 90". the contribution from orL 
,·anishPs. Hut. at ll:'ast for moderatl:' q~. the detector acceptances ha\·p a maximum at 90''. :\. 
measurement of ;~f1 '"'" which is a ml:'asurement of Frrz and Frr•• alone. is thus feasible. 

PrNlktions for Tensor M<>son Form Factors 

On purely dimensional grounds. the q2 dependencl:' of ll:'nsor meson formation is expected 
to go along with drastic changes in the helicity structure. Tht' Jz = 2 cross section even falls 
with q2 in the absence of form factor effects, whereas TJ,T'' u:,.,r) rontain terms rising likl:' 
qt (q{) as qJ -• x with q~ = 0. Eventually, the ]z = 0 arnplitudl:' will thus dominate. This 
was first. noticl:'d in reCiij, where the dominance of the J" ~-'- ::.0 amplitude for :qJ -----. oc 
was predicted in tht> framework of the quark model. Tht> diffku!t question is: where and how 
does the takl:' over of M ... ~ take place? 
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There are only two papers making predictions for the q2 dependence of tensor meson 
formation in the low q2 region. Kra.semann and Vermaseren ;67: describe the tensor meson as 
a bound state of two massive quarks, carrying half of the meson's momentum each. \Vithin 
this model, all11 amplitudes are determined by a single unknown quantity, the derivative of 
the quark wavE: function at the origin. Adapting their result to our notation gives 

W' 
M+-(O,qi) ~ Frn(O,O) rv 

2vX 
2 

M+_(O,qiJ ~ FrT2(0.0) q~ 
2\16X 

2 ! -qjll"2 
ALc.(O,q2 ) ~ FrT2(0,0)y -

8
,\' 

(2.4.18) 

Recently. Achasov and Kernakov [88 published an esthetically very pleasing extension of 

the \'D\1 idea. They argue that not only the electric field vector (photon) acts like a vector 
meson. but also that a tensor meson might interact likf' the electromagnetic field tensor. The 
resulting amplitudes can be written as 

.\1.. I z. 'f) 0""" • H'z - q? ·- q? QJ.Qz frT2(0,0)R----··---- .. -----wz 

( ( 

' 2 2 
.\-1-.-~(qi,q~) oo. f7·rz(O,O)R__l-= ~1_~ _ _!!_2_) _ 

v'6 lV'l 

M_,_,(qf,qi)"" 

_\1,.,(qf,q~) ~ 

FrT2(0.0)R~~J5 ~: .. ~L=._q? 
,,2 W3 ~ 

F ( 8 'T2 
1"1"'1 0. 0) R \ - _\_!!_!!!1. 

3 n·z 

' ' ql + qi) 
W2 

(2.4.19) 

\\here H is the product of two p" pok form factors: R = (l -- qL'mn-' (1 - q~ ·mn ·· 1 • 

:"otice that in both models. the h(•]idt~· zero noss section vanishes for q? = q~ = 0. 
Suppose now that future experiments confirm the presence of a finite J" = 0 component {the 
publish~>d Az data give f ...,,(J" =- 0) :f ,(Jz = 2) =- 0.32 = 0.18). It would then not be very 
meaningful to test either of the two mod(']:; with tagged data. 

Given thl' excellent agrf'ement hetw('f'n the calculation of Singer 87- with the measured 
widths.]('! us inspect thP off shell beha\'iourofan }:;1 transition. ~ince by means of Pq.(2.4.15). 
the Lor('nlz structure. and thus the helicity amplitudes are fixed. the assumption of an £ 1 

transition reduces the number of free parameters to one: the form factor of the E1 transition. 
FE1 (qi. q~): 

M,_(qi,qi) = FrT2(0.0)h,(qi,qlJ 

2 ') I 2 2 M",(q,,q 2 ~ y'6Frn(O.O)h,(q,,q2 ) 

2 2 . 1 2 2 ,~-, ( QJ_Q2 - qi) 
MH,(q,,q2 ) = '"Frn(O,O)h,(q,,q2 )y--q2 0 ;;----

v2 rtQJQ2 

(2.4.20) 

( 
2 ') 2 f' ( )F ( 2 2) ,,-:, ( (q,q, ., qi)(q,q,- qJ)) 

M(J(I q1,q2 =- /6 rrz o,o El ql,q2 \ q1qi ----wz(q-;q2 p-~----· 
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There seems to be no way of determining FEt (q?, q~) from general principles. However, given 
that the helicity amplitudes for transversely polarised photons are indentkal with the ones 
obtained in partial wave decomposition with L = 0 (c.f. appendix D), qualitatively, one 
would expect FEt(q?,qi) to be a rather flat function, may be even constant at moderate 
\'alues of q2 • 

It is interesting to notice that in calculations assuming a direct photon quark coupling, 
a rapid take over of the Jz = 0 amplitide is predicted, whereas in eq.(2.4.20), the ratio 
a11 (Jz = O)/a11 (J" = 2) is constant if one of the photons is real. Therefore, the ratio of the 
helicity amplitudes provides an excellent measure of the dynamics. The "fall"' of the Jz = 2 
amplitude may be interpreted as the take over of the pointlike photon coupling- if observed 
in an experiment. 
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Vector Meson Pair Production 

Introduction 

Vector meson pair production, and in particular p0 p0 pair production is the. most contra.. 
versely discussed subject in two photon physics: "The cross section for p0 p0 production, first 
observed by the TASSO collaboration, shows a large enhancement near the p0 /' threshold. So 
far, this is the only tffed observed in twn photon experiments which had not been predicted, 
not even qualitatively." (12/ 

"( ... ) q2 q2 -resonance production can describe ail features of the reactions ')') - l'l' and 
')I- p+ p- · both qualitatit•ely and quantitatively." /89/ 

"The search for exotic explanations of ')I phenomena should be done abot•e the background 
of conventional processes. In our judg·ement, f~ctorisation can sert·e a.<J a good estimate of 
this background." /90/ l'iotice that this background of com,entional processes refers to a cross 
section prediction which nearly interpolates the measured l'/' cross section.(~) 

If the same cross section leads to such vastly differing opinions, we nw only hope for firm 
conclusions, once that the quantum mechanics of the processes (which is all but trivial) is 
followed down to all depths such that experiments can be analysed in an as model independent 
as possible manner. This will be attempted in the following sections. 

Measurements of the Total/'/' Cross Section 

A /'/'cross section can be derived using an acuptance calculation based on a four pion 
phase space Monte Carlo with a constant two photon cross section in which the events are 
weighted according to 

W(oo ~ 4n) - ( Pi,,F,_.(l, Z) . _ __Pi•F"'"-'~~. ~~~) ~. 
• ' ' . 2 2 2 . . "} ., 2 . 

(H' 12 - m") -;- lmJ,, (U·34 -· m;.) ..,. ~m 1.f 1 . 

Pj,,F,,_.(L4) . Pi.3 f;,..(2,3) ) 
~ (Wf

4
- m~)2 .,.·,:;;"-f~. (Il:]3 _-;;.)z-~i~~~f; 

(2.5.1) 

Here. the pions have been labelled 1ri, 1r2 T<3 1r~-· and P;,; is the three momentum of one of 
the pions i or j in the i,j centre of momentum system (c.f appendix-D). The coherent sum 
is necessary in order to account for the Bose symmetry of the outgoing like sign pions. 1 

Of course, this procedure leads to a rather arbitrary spin parity composition in the event 
simulation. l'ievertheless, the experiments agree that. at least in the central region. this 
Ansatz reproduces the angular distributions quite well (see below). 

1 1f a four pion phase space Monte Carlo program is used. no additional phase space terms are needed. Such 
functions are useful if one seeks an analytic mapping of the type du/dL"ips 4 ., .... duj(drn~ 2 dm~ ~)-They are 
nece~~ary if the final state is generated in a two step procedure: I) 11 ~ pp and 2) pp.:.... 411" .. ln this case, 
such factors account for the phue space correlations between the different systems. ThPy are also necessary, 
if the width of the p0 is put into the numerator of the p0 Breit Wigner amplitude since in that case, the 
11".,.11- phase space is implieitely inserted into the p0 propagator. 
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Using this, or equivalent techniques, several experiments have arrived at similar cross 
sections j91,92,93). A recent compilation by Erne ;102) is shown in fig.(2.5.I). However, the 
published total cross sections are still subject to several non negligible uncertainties. 

200 250 

n""PP 

+-1-
77""2,.. .. 211-

x ,. CEllO 200 I 150 1- + o • TASSO '"[ ttf~_,,_ 150 l+t.~ J .. 
5. 100 -+,; ~ • ~;I-

oo + Itt- 50 • 
0 0 

I 1.5 2 2.5 I 1.5 2 2.5 

W [GeV] 

Figur('2.5.1:Measurements of the total cross section 
for 11 ----> 2r. + 2r.-, assuming a phase space like an-
gular correlation between the piorts. The graph on the 
left is the contribution from p0 p0 alone. 

First of all, as can be seen in fig.(2.5.2), there is a rather large continuum cross section for 
11 ...... 41t, as well as for 11 ...... p0 T<.._r. __ The two continua together are produced about a 
frequently as p0 pairs. Given the large width of the /' meson, the interference between the 
continua and the p0 /' pair production amplitude can be quite large. No collaboration has yet 
attempted t.o fit interference terms to the data. The absence of these fits in the literature can 
be explained by limited statistics, since in each bin of W, there may be up to three different 
phases between each pair of amplitudes. 
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Figure 2.5.2: Experimental decomposition of the zn+z.,.- final slate. 
The dynamics of the four pion (Qlltinuum is to this day unknown. However, at IV 
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the pions are highly relativistic that there seems to be no reason, why they should be produced 
like phase space, as it has been repeatedly assumed in the experimental literature. Assume. 
for example, the four pion continuum was produced by quark fragmentation. Whatever the 
details of this mechanism may be, such process would lead to non trivial mass correlations 
which might even fake a l' signal. It would be very interesting to see, how the "measured" 
/'p0 cross section changed if, instead of a phase space Monte Carlo, a Lund Monte Carlo 
)16] was used for the simulation of the four pion continuum. 

The parameterisation of the l'rr-';-rr- cross section is not trivial, as pointed out by 
Achasov et a] :s9]. The currently used amplitude, in which all particles but the two pi­
ons coming from the p0 decay are produced isotropically in the 11 centre of momentum 
system, implicitely violates parity. The two pions not coming from the/' decay should be in 
an L = 1 state as well. 

It may be that what has been observed as a p'-'r.~r.- cross section is to a large extent 
only the interference between thP pair production amplitt;de and the continuum. As a simple 
check~.one could use a simple phase space plus one phase model, i.e. 

.H(lo __, 4n) - F!(W)e'" ( .. /i,::F1;"~(1. ~) ____ --~-~./:{.!~''i-~j_~:.~ .. -~ 
(H- 12 -m") -nnJ,.(H 34 -m1,) -tm1.f1• 

pj_.F,,.,(I,4) Pi .. 1 F, ... (2.3) ) 
-· 12 2 2 . --~- -~----;------;-

(H 14 mf') , 1m,.r" (H 23 --m) - m1vl 1. 

(2.5.2) 

~ F,(W) 

where F1 , F2 and o: are real parameters and the four H ·,\8 are the invariant masses of the 
four neutral two pion combinations. 

So far, the largest uncertainty can be attributed to the angular corrc•lations between the 
pions coming from the p'-' decays. The TASSO collaboration :91 has shown that the m-easured 
/'/' cross section is reduced by nearly a factor of 2 C). if. instead of an isotropic production 
and decay Monte Carlo. a fit to the angular distributions is used for the calculation of the 
acceptance. 

Right on and below the nominal production threshold, one reaches a principle limit 
of the interpretability of the data. The relativistic Breit Wigner amplitudE' is a numerical 
approximation to the Fourier transform of the radioactive decay of a free. i.e. non interacting 
particle. We shall see later that arround the p"p" threshold. spin parity analysf>s suggest that 
the p mesons are in a state of relative orbital angular momentum J.,""' 0. Their wave functions 
thus have a largf' overlap, and, because the p mesons hardly move. they '"sit right on top of 
t>ach other" for a long time compared to their life time. Because the p mesons are strong]~ 
interacting particles. the basic requirement for a decay according to a Breit \\-'igner amplitude 
is thus not fulfilled. It is thus impossible to make statements about thP p''/' cross section 
below threshold without making explicit assumptions about thP way l hey interact with each 
other ("final state interactions"). In this light. the caution of the CELLO collaboration ·gz 
gives the best parameterisation of the data. Below the nominal production threshold. only 
the total four pion cross section is shown. 

Finally, with the exception of PEP49 (c.f. reCI02;) the currently used detectors cannot 
sufficiently distinguishh between 11 ____,. 4r. and 11 ~ 4K to excludP a sizeable kaon cross 
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section experimentally. However, since the K meson is so much heavier than the r., neglecting 
kaon production may be reasonnable. 

In conclusion. all measurements agree that the l'l' cross section may be as large as 
~ I20nb. however. the experimental uncertainties still exceed a factor of two. 

Conventional Interpretations of the/'/' Cross Section 

For a better understanding of the ongoing discussion of the l'/' cross section. a historical 
remark to the meaning of the word enhancement seems necessary. The origin of this term in 
the context of /'/1 production is a discrepancy by a factor often between the first data [93,95: 
and a '"VD~" prediction )2:. This "VD!\r' prediction is a simple one pomeron exchange 
amplitude and hence. the prediction is only valid in the limit YV ~ x. The large discrepancy 
on the other hand occurred right at. the p'-'pu threshold. Thf> origin of the word enhancement 
can thus be traced back to a misunderstanding between theory and experiment. 1 Therefore 
thP more neutral term '"large cross section'" seems more appropriate to the author. 

One might suspE>cl that direct channels are responsible for the large p"l' cross section. 
However. in the /'p'' threshold region. there are only two known resonances having the right 
quantum numbers to he ahle to contribute to the reaction -n ~ r.-11'-11"_1f_ :the /{12i0) 
and the £{1300). From the rnPasun•d T'(f 11'~1f-1i_i'l"_) = .'i.O:::: O.Ske\' eq.(1.19) implies a 
cross section 

a1., •k (-;~, --· f -• r.- n- 1r- r.--) :::: 15nb 

for a radialino width of r,,{fl :}kr\'. Only little is known about the r{l300). Kolanoski 
12- has arguN\ that provided that thf' !(1300) predomirtantly decays into pion pairs. \"D~t 

argurrll'nls togPther with the> apparPnt ah!-,1•nre of a largP ((1300) signal in the reaction y 1 -­

r. · r. imp!~· an uppN limit of 

a1.,,k(;] -~ t(1300)-----. r.-r.- n· r. ) ~ 5nb. 

Thest• nurnhPTs may bP compared loa measured threshold cross section between jQ and 120 
nb for --n -· p"p'. Thus. direct production of known resonances cannot account for the large 
p1'p'' cross section. 

The contributions from exchangP diagrams may thus dominate. Before going inlo the 
details of particular models, it is useful to han• a dosPr look at thP internal kinematics of 
candidate tlH'ories. If the interaction takt•s plan• dut• to the e;.;rhangP of a hadron 2 • the matrix 
elements will always contain its propagators. 

c\1(1 
I 

channel) ...... -
1
----:l 
- 1n 11 

.l/(11 - chounel) ~ 
u 1~~ 

whatever the dynamics at the vertices may be. As one moves to threshold. the accessible range 
of t(u) gets smaller and smaller. Fig.(2.5.3) illustrates the implications: close to threshold. 

1 !\:otice that the ont' pomeron exchange assumption applied to the low ent"rgy pp or pp or r.p or K p tot a] 
cross sections fits neither of tht>se reactions. However. in these cases. thP discrepancy has never been caliPd 
t>nhancement. 
2Sea gull terms art' only necessar). if photons couple to currents of rharged bos"ns. 
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tiH' contributions from lh<' <'Xchangc of heavy mesons arc strongly suppressed. The light 
mesous arc tlllls expected to dominate the threshold beha,·iour of the cross srction. On the 
other hand, in I. he high energy region the propagator masses become less and less important. 
The interpretation of the threshold cross section may thus be quite different from the high 
energy one. 

-t 

Gev 2 
q~ = 0 

q'~;=c::}w' 
' 

2 

1.5 

GeV-~l. 3 2 0 2 3 4 

(t-1m~)2""'dcr/d! 

Figure 2.5 .3: 1-· channel propagator suppression for 11 
---+ p0 

/', examplified for r. 0 , 17 and f 0 exchange. The 
contour of the physical region assumes stable p0 mesons. 
The finite wz-dth of the p0 meson not only allows pro­
duction below threshold. but also enlarges the accessible 
range in t at a given H1 . 

5 GeV 2 

w' 

In view of these basic arguments, the calculation of Hatzis and Paschalis [94] appears to 
be a step into the right direction. The authors calculate the contributions from 11°, 7J and 
17 1 exchange. The pseudoscalar exchange diagrams have some promising features. First of 
all, the experimental knowledge of the decays w --t 1r

01, p --t r.1, ¢ ---+ 17')', and 11' ---+ p01 

provides an excellent tool for the normalisation of the coupling constants, i.e. only SU(3)FI, 
but no vector meson dominance assumption is required. Secondly, since there is only one 
V'V P amplitude, the parametcrisation of the vertices follows from first principles. Only two 
crucial points are subject to model assumptions: the t7- 17 1 mixing angle and the t evolution 
of the amplitudes. 

In ref [94) the mixing angle 0 is taken to be -10° and the t evolution of the amplitudes 
is parameterised !ike1 f',-.-1,.(l) :o: f(.1 ,.(t = m;)c 1+(t-m;)/c where cis a constant parameter. 
Both assumptions do not fit vcr~' well into the picture laid out by the measurements of 
'/"! _. o- and 'II ---+ r.+r.-. The radiative widths of the pseudoscalar mesons arc now in 

1 This pa.rameterisation is very dangcrou~, as can be seen from the s channel contribution at rc~onancc mass. 
f.ex: FP1..,•(s::: m~,} = Fn"•{s = m~,)c 1 ~-u;c which is contradictory. 
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con flirt with 0 = -JOe', requiring 0 = --18'' _:L 2''. The nwasurcrnents of the '7 1 form factor and 
the observed energy dependence of the react ion Tl ·-· r.-'- r.- suggest propagator modifications 

t-m~ 
of the type F(t) = (1 - m;:·- )- 1 for all pseudoscalar mesons. 

In view of these discrepancies with the rnost recent den•loprncnts of our understanding 
of the interactions of the pscudoscalars with photons, the agreement between the data and 
the pseudoscalar exchange calculations of ref.i94) is reasonnaLie. The overall amplitude is 
predicted correctly, but theW dependence appears to Lc steeper in the data than in the calcu­
lation. lt seems possible that this discrepancy disappears once that our improved knowledge 
of the pseudoscalar interactions with photons is implemented into forthcoming calculations. 

Gh•en that in detail, the calculations carried out on the amplitude level are still subject 
to some uncertainties, it may be interesting to make a direct comparison between the the 
cross sections measured in photoproduction experiments and in two photon reactions. 

'=r:2:· •' 
l ~: 

+ 
:~ 

+:~ 
~"/ "I" 
/<·~.~ ,. 
~,.~ ' 

:~ 
:>-<8 

Figure 2.5.4: Non resonant and res­
onant contributions toll'---+ p0 p0

• By 
means of Bose symmetry, the four ex­
change amplitudes have to be equal in 
sign and magnitude. Only the top left 
matnx element has similarity with 
the process IP- p0p. 

There is a whole class of predictions which base their absolute normalisation on the measured 
photoproduction cross section a101 (;p - ,/'p). In fact. if we only consider the t channel 
diagrams, there is a striking similarity betwC'en two photon physics and photoproduction. 
However, there is one subtilty in the internal kinematics of the two reactions, which makes 
it hard to find an unambiguous kinematic link between the two. The term threshold has a 
dynamically different meaning in phot.oproduction than in l'l physics. One reason is that in 
11 reactions, two massive states have to he created, whereas in photoproduction, one only 
produces a single p0 . At threshold, one has lthr = -m;, for two photon reactions, whereas in 

photoproduction, lthr = -m~ 2m1. •·. Sin<"e the v;ducs of the propagators drastically change 
I m,.+m,. 

their values near threshold, this slight diffen·ncc can easily result in a factor of two in the 
cross section. Fig.(2.5.4) shows that for the u channel diagrams, the situation is even worse. 
In two photon physics, Boscs Statistics requires each I chann<•l diagram to be accompagnied 
by au channel diagram of the same .strcrrglh. In photoproduction, the situation is completely 
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different. Because of fermion number conservation at each vertex, the exchanged particles 

have to be baryons. The lighl.est baryon, the proton. is nearly an order of magnitude heavier 

than the pion. The u channel diagrams will thus have a small contribution to the threshold 

behaviour. A direct comparison between photoproduction and two photon data on the cross 

section level is thus subject to considerable uncertainty. ~evertheless, a recent calculation 

of Alexander et al :go based on photoproduction data looks like an interpolation of the 

measured cross section~ 

In conclusion, the conventional approaches to the understanding of the p0 /' cross section 

are not inconsistent with the data. However, given the uncertainties inherent to the available 

calculations, and given the large systematic errors on the total cross section measurements, 

there is stilt room for exotic explanations for the rather large threshold cross section - but 

the OJ·ailable data do not yet require other than the known amplitudes. 

Covariant Description of the p'-'/' Spin Parity Amplitudes 

The detailed understanding of the p"/' production mechanisms m•eds analyses of the 

angular correlations. The experimental procedures for a determination of the spin parity 

composition of the/'/' system are rather im·olwd berause the large widths of the p" me­

son. together with the requirements from Bose syrnmetr~·- leads to a large cornbinatorical 

background in all distributions. 

A coYariant formulation of the spin parity amplitudes offers the simplt>st way of describing 

the four pion system in an acceptance \alculation. In such a parameterisation. neithPr Lorentz 

transformations, nor rotations into helicity frames are necessary. Furthermore. all Clebsch 

Gordan coefficients, sperical harmonics. spin barriere terms and all mass~ momentum- phasP 

space correlations are automatically inheded into the amplitudes. The following explicit 

formulae might thus be helpful for future analyses. 

States of specific total spin J can be projected out of the full amplitude b~ inserting the 
corresponding polarisation tensor £'-'•· ...... into the amplitude. The ful\11--. 47T amplitude 

is then the product 

M(oo -· ·~•2•3•41 c {M(y,- .!")) {.\1(.1' -· p';'pi)} BW(l,2) 

{.\f(p';- "~"z I} 811'(3.41 {M(p;- n;n;l} 
~ {M(o-, ·• .J")}{E"' "'T,, .. u,:•-,< 1'(p',')<''(P;I} 

{BW(L2)<'(p','l(k2 - ki)c) {EJW(3.4)<'(p;)(k, ·· k,),} 

(2.5.31 

The first matrix element is identical t.o the one used for a description of single meson pro­

duction. for example M('T') ~ o--) --- l~lZe~'"''"';~qj'q;'. The St'Cond matrix eh•ment is the 
object of interest. T0 , ... u_,fJ1 is the amplitude which links the stat(' to the two/' mesons 

having polarisation vectors l(p~') and l(p~). The p mesons then propagate according to 

BW(i,J) = ({k, + k1 ) 2 - m~ -t- im1,f1,)- 1 • where k, and k1 are the momenta of the pions 

coming from the pv decay. Since the pions have no spin they couple to the l' in no other 

way than through l(kj- k,). 

Because the pions have identical mass, the amplitudes ran be drastically simplified due 
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to 

L l~"l~(kj- k;)B::: 
a=helicllieo 

(

- Q~ •• (kj ~ k,)"_. (kj- k,)'')(k - k) 
g (k, ~ kJ ):I J z (1 

(k,-k,)" 

gi\'ing 

'\' 'f( " - - -~ "(- J''IE"' --"'T L....,~~ ~,')___,.1Tl1Tz1137T4 ==-;v1 ,-,____,. u, ... u_1(ir 

(2.5.4) 

(k 1 - kJ);'(k,- k3 1°Bil'(I.2IBW(3,4) 

Because the p mesons are identical bosons. the amplitudes T have to be symmetric: 

T,,, ... u.d-<1 (kl---:- kz.k:-,- k.J) -, T.~, ....• ,-,;:r(k:~ -- k4.kl -· k:!) (2.5.51 

Since the final statf• consists of 2x2 indistinguishabl(• pions. the full amplitude has to be 

symmetrised: 

,\1{-r, ~ 4r.) c:- .\f(T! -· r.~r.:. 1r;1r4 ) • .\1{;--, ______, 1i~7T~ 1r;r.:;) (2.5.61 

The construction of the .JI' - p"p" amplitudes follows a slightly different path than the 

con:,! ruction of th<' --n - .JI' <nnplitudf's. In tlw latter case. the form of the coupling tensors 

is largely predt'termined b~· the principle of gaugf' invariance. whereas there is more freedom 

for the p"p" amplitudes. Gin•nthat nPar threshold. it is \'C'ry like!~· that the "true" amplitude 

is well approximated by a supf'fpo~ition of states with low orbital angular momenta L between 

the p" mesons, those amplitudes willlw constructed. which describe states with spt>cific low 

\·a lues of L. Thi' tools for thP construction of such amplitudes are giv~:n in the appendix. 

In thP following. all angles arP df'fined such that in the hadronic \entre of momentum 

s~·stem. any three vector k has tlH' form k - f ($in0co80.8in0-"ino.ro88). TIH' index of an 

angle d<'notes its parent four venor. 8:o1 1 for examph' is the anglf' lwtwePn thP ")")axis and 

the vector k:12 1 := k.~ ·t k'l · k1. 

~calo.r {0-) states can couple top" mesons through an s-wcn·e: 

Al(o· · -lrr),c, -A''0 (k, k,l:•(k:·. k,),JJ11"(1.2I/JI\"(3.4I 

-- A'''(k,- k,l,;(k3 - k,I,EJ11'(1.1)111\"(3.2I 

-- .\1. ~ --- ( kt- '1.. k:J -4 
(k,-•. k-,_ ,l(k·q. k, -··)) 
--.'--"------'-~.;---_,-. IJH"(L21Bil"(3.4)-- (2 -· 41 

~ 11 · ~:::-t- \ I. ~~~:q . 

(2.5.7) 
But this is not thl· only amplitude connecting a ~ca~," ~tntP to two p'' mesons. The transition 

can also pron•ed through ad ware: 

M(o· -. 4•1 1, , -kj',_ 3 ,k{1 ,_,(k,- k2 ),(k,- k4 ).,/JI\"(1.2)BW(3,4I 

+ (2 - 41 

At,_ -(k 12 ,_, -k,_,)(k, , , -k,.,I/Jil'(1.2IEJ11 (3.4) 

4 (2 - 41 
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Pseudoscalar st.at.es have no choice but a p-wave transition: 

.lf(o· ~ 4n)L=I _, 801 ,(k1 + k2 )''(k, ~ k4 )'(k1 - k,)1(k3 - k 4 )' 

BW(I, 2)BW(3,4) ~ (2 ~ 4) 

~ M"+ -~W(k~ + k~- k~- k~). ((k~- k~) X (k~- k~)) 
BW(J,2)BW(3.4) + (2- 4) 

the three vectors are calculated in the hadronic centre of momentum system. 

/2.5.9) 

The description of states with spin J = 2 is complicated. There are in principle five 
independent tensors which contribute to the 2+ ---> 1-1- amplitude. One of them corresponds 
to an L = 0, thrf'e to an L = 2 and one to an L = 4 transition. Experimentally, there seems 
to be no hope to disentangle all of them. Therefore, we shall c.oncentrate on two specific 
low angular momentum amplitudes. h must be emphasised though that. berausf' the p" 
mesons are non relativistic near threshold. the assumption of coupling corresponding to a 
small angular momentum between the p1

' mesons is only justified on the "'p"p" side'" of the 
matrix element. Such arguments do not apply to the '"!"'f side- of the matrix elerrwnt. The 
ratio between the resulting helicity amplitudt>s for example. is pn•dominantly determim~d by 
the coupling to the photons. 

. \J(2~- 4r.)L,_,,_, --...£"''c.~Au,f!Aoz")(kl kzf(k:l k4) 1 

BW(1.2)BW(3.4)- (2 -· 4) 

I ( - - ) AL_ ----- 2 ~kJ-z:.sin8 1 _ 2e"h-~- Z(1,2)-k12,.sin8 12elo'·" 

.~L. 

-(,k3-4:-~tno::~-4e"~'· -~- z(3.4) k:H:sin0::~4e"h• )Bw{l,2)B~V(3.4) 
~ (2 ~I) 

I ({ - . - I 
....... \/(3 k1-2 sm81-2cos¢1-2- Z(1. 2) k1 2 ,'1nn812roso 12 f 

· { .fa_ 4 sin8~_ 4 cos¢:-l-4- Z(3.-1) k~4 -sin8:~4 cost:D:{4} 

{ k1-2 Bin8 1-28ino1-:! -- Z(l.2) k.n sin812sin612} 

{ f.1- 4 sinO:J--'18m0:::-4- Z(3,4) k::.A:sin834-~in.i1>34} 
J - . I 

·· 2 I k1-2 ros8 1. 2 Z(J.2)-k12·f"OS812 f 

I .. . - l) ·) ·k3_ 4 cos83-4- Z(3.4);k34 co.s834 BW(l,2)BW(3,4) 

~ (2 ~ 4) 

Z(i,k) = k1n4 · ki-k 
kl234. kik- .jk~234k;k 

(2.5.10) 
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These amplitudes can thus only answer thl" question gn en that a tensor state of certain 

helicity is prodmed, how will this tensor state desintegratl" into/' mesons?'' The ratio of the 
helicity amplitudes does not follow from general principles. Furthermore, these amplitudes. 
which are equivalent to expressions obtained in first ordE>r partial wave expansions. are not 
necessarily the approprialt> ones. If it is assumed that the reaction '"n -~ p"/' predominantly 

proceeds through the formation of a tensor resonance, then the above amplitude is the 

obviom; choice. In case of a nonresonant production mechanism. the presence of t an u 

channel propagators would imply a sizeable contribution of L = 2 transitions and hence, 
beyond threshold, thP following amplitude, which describes two/' mesons in ad wave, might 
have a much larger overlap with the "true" one: 

.\1(2- -.... 4tr)L. 2 -E'-'•"~(k4 -~ k:l- k:z -- kl)._.., {k4 -:- k3 - k2 - ki) .... ~A3""~ 

(k,-- k,)·'(k" k,)'BW(l.2)BW(3,4) · (2 -• 4) 

.II.. 

c\L . 

1 .. k. k-· k-:! . 28 2 ' 1 ~-. 2k4- :1 :!- 1 .stn 43--2-le 
.,, 

. ( k, ' . k" .• 

(2 . 4) 

\ 6 
k~ - (~ - k; 

·(k, ,.k, •. 
- (2 • 4) 

/k, ,_:k,,)(k,;: . .:.~cl) Hl-F(J. 2JBiq3. 4) 
~-12. k:l4 \''k?:lk~4 

k-; 2(3cob 284_.,_ 2 1- 1) 

(k,., · k,illk·•; < :ko',)) Bll. ( 1. 2)BII. (3. 4) 
k12 · k:H -- \ ~1zk:~4 

(2.5.11) 

It would be quite iu~piring to Sf'f' which of tlu• two J -_ 2 amplitudf's giws a b<'tter fit to thl' 
data. sin<·f' thf' d~·namic intNJH<'tation~ are so dif[(·rent. 

-"'tales of Jl' 
in th<' form 

\1(2 -. ·11l")J. 

M .. 

2 n-quin· p- or f-wan· transitions. Th<' p-,,-aH' amplitude ran be writt.l"n 

-...£'''""(k4 · k:~ k2 - kJ),~, (k1 k~- A·:,-· k4 )'"' 

(k, k,).,(k, .. k,),'''"'''HII'(l.2)Hll (3.4)- (2 · 4) 
w - . - . . - . . 
\ 6 

.k4 -+ k:-.- k:.! k1 k:.! k1 k4 - A·:{ 

( 2ro.<;lJ4:1 "2 ]8itllJJ '_!.~m8:J 4 (roso 1 2 sintP:~ ·I $/TIOJ- ~('().~03 .t) 

sinO 4 . ., _ 2 _ 1 ( si n81 - 2 ros8:.., . 4 sin ( <tl43- 2 - 1 - w 1 - 2) 

- cos81-:zsin83-4sin(64:1-2-1- t:D~--4))) 

BW(I.2)BW(3,4) + (2 ... 4) 
(2.5.12) 

Noticf' that the helicity two amplitude vanishes by mf'ans of Bose statistics. This is also tnw 
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for the f-wave t.ransition 

M(T --+ •hr)L=3 -Ee>pJ~(k 1 + kz- k3- k4)e>, (k, + kz- k3- k4)u~ 

(k, + k,)p(k, + k,),(k,- kJ)i(k,- k,),'"'" 
BW(1,2)BW(3,4) + (2 ~ 4) 

W - - - -z 2 M+ .... - MA 1,k4+k3-kz-k1l (3cos843-2-l-1) 
y24 

(k~ + k;- k~- k~) · { (k~- k~) X (k~- k;)} 
BW(I,2)BW(3,4) + (2 ~ 4) 

(2.5.13) 

In conclusion of this quantum mechanical exercise, it appears that a spin parity decom­
position of the p0

/' final state in all generality r~quires a very large number of parameters. 
A completPiy model independent description of the process seems therefore hard to achieve. 
\'evertheless, the large number of parameters has also favourable implications. In fact, in 
the (how distant?) future, it might even providP the key to the understanding of the /'p" 
production mechanism. The clue is that the possibility of different (L) amplitudes for states 
of identical spin parity (J'') allows at least in principle a separation of the phases occurring 
in different. states of spin parity, i.e. a fit of the form 

Mai>(JI') ;:o: e'u._\1a/.(J 1'.L:::: L,mn) -- .\1.,/.(JI'.L "-' Lm 1n- 2) (2.5.14) 

tests the presence of a resonance of this particular Jl' irrespective of resonating structures 
in other JP slates(~). In practise. howl'ver, this mf>thod not only requirPs a very homogenious 
detector acceptance, but also a very largc statistics sarnpl('. For tht> timt> being. it may be 
more promising to search for certain charafteristic ft>atures of particular processes. 

An interesting aspect of tht> angular distributions which glances through the CELLO p'-'p11 

analysis (see below), is to concentrate on particular corners of the phase space. Consider the 
production of a/' meson pair at zero degrees and assume that the amplitude is dominatE-d 
by the exchange of spinless particles (e.g. pseudoscalars or pomeron). For both photons, this 
particular configuration corresponds t.o a head on collision with the propagating particle. 
Since such a collision involves neither a helicity transfer t.o the propagator, nor a changt> 
of the direction of momentum along each 1- p'-' line, helicity conservation at each vertex 
requ1res the helicities of the photons and the p" mesons to be (anti- )parallel in the 11 c.m.s. 
Since gauge im·ariance demands real photons to be transversely polarised. so have to be the 
l' mesons. Thus, if the amplitude is dominated by the exchange of scalar or pseudoscalar 
particles, p'-' mesons produced under 0'' havP to be transversPly polarised. 

Quite in contrast, if the amplitude is dominat.('d by thf' presence of a resonant state, the 
resonance would have "forgotten'' all about gauge invarianc:c. and the longitudinal component 
would be of the order of the corresponding Clebsch Gordan coefficient. 

Measurements of the p0 p0 Spin Parity Amplitudes 

In 1982, the TASSO Collaboration 191] showed the first spin parity analysis of the p(lp" 
final state. This analysis uses a large statistics data sam pit> based on 49pb- 1 taken at PETRA. 
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:\san example of the decisivenes of the data, four projections of the angular correlations in 
tlw mass range frorn lA to l.G Ge\' are shown (lig.(2.5.5)). 
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Figure 2.5.5: Angular correlations in 
II--+ p0 /' ---. 2:;;+2r.-. Op is the po­

lar p0 production angle, 8" is the po­
lar pion production angle in the l' 
hclicity frame, 6¢ is the azimuthal 
angle between the p0 decay planes and 

10 8al• is the difference of the polar an-
gles between the pions in the two l' 
he/icily frames. 

The distributions in t.he other mass bins are quoted to be similar. The gross features 
of the shown data arc: l)The p'J mesons are produced isotropically. Because of helicity 
conservation, this confirms that states with J > 2 are not produced at a measurable level. 
2)The decay angles of the p0 mesons are positively correlated. This is the characteristic 
feature of those amplitudes, in which the spins of the p0 mesons annihilate, i.e. Ah-:=:o(JP = 
o+) and Ah=2(J'' = 2~ ). However, this is also compatible with a sizeable contribution from 
ML.=o(JP = 2+). The stronp; positive correlation does not allow a sizeable contribution of 
states with negative parity. 

A likely hood fit including the various spin parity states for energies in the region 1.2-
2.0GeV excludes larg<' contributions from negative spin parity states throughout. 1 At thresh­
old, the Jl' = 0.;. amplitude dominates. With increasing energy, the 2-'- amplitude becomes 
more important. 

In 1983, the CELLO Collaborat'ton l92j published a moment analysis of the p0 p0 angular 
correlations. Such an an:t!ysis is the most unbiassed way of determining the relative strengths 
of the partial wave amplitudes.~ Whereas the formalism used by the TASSO Collaboration 
requires explicit assumptions about the relative phases of the different (L) amplitudes cor­
responding to specific Jl· stales. tiH• CELLO analysis is free of such dynamical assumptions. 

1The ac~ual numbers from till' fit~ liavt> to be looked at w'1th some cautiou. because some of lht' curves in 
fig.(2.5.5) are hard to interpret. Tlw uni~otrop~· of the p0 production angle in the o- amplitudl• for exampll' 
violates rotational invarianrc 
1The moment of a spcrical harmonic i~ defined as lhe integral J Yf1 ,'\'c 11 mJdO. Dec:ause of thl• ortlw~onality 
of the spherical harmonic~. thi~ intl•gritl \'ani~hes, if the lrut> amplitude contains nn contribution from thi~ 
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Th<' moments of the sperical harmonics corresponding to the relative orbital angular mo­

menta show no significant structure for any L 2: 1. Therefore. amplitudes dominate in which 

the r 0 meson spins annihilate. Thus, the contribution from states with ncgati\·e parity must 

be small. 

The CELLO Collaboration also investigated the helicity composition of the p0 mesons 

(c.f. fig(2.5.6). Motivated by the search for a peripheral component in the amplitude, the/' 

mesons produced at small angles were separated from the centrally produced ones. It was 

found that p0 mesons produced under small angles have predominantly transverse polarisa­

tion. This is an indication that a non resonant amplitude dominates at least in the region of 

small production angles. 
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Figure 2.5.6: The CELLO data indi­

cate that p0 mesons, produced under 

small angles, are transversly pola­

rised. 

The conclusion of the experimental analyses of the angular correlations near threshold has 

to be more qualitative than quantitative because the large number of parameters involved. 

For more quantitative results. more data arc needed. J\evertheless, the CELLO Collaboration 

finds evidence for a non resonant amplitude dominating the low angle/' production, and the 

TASSO analysis shows that there is,no excess of events in this region. The two experiments 

together thus make a point for a non re'>onant amplitude dominating the entire l'l' cross 

section. This interpretation also gives a natural explanation for the absence of states with 

negative parity, which is confirmed by both analyses. 

The Off Shell Cross Sed ion for 11 ·-• /'/' 

Because of the strong fall off of the photon flux, a measurement of the p0
/' cross section 

at non zero q2 is much harder than the real photon cross section measurement. Only the 

R1 

PEP49 196] and the PLUTO l9i] Collaborations have shown preliminary data on the q2 

evolution of o(·n---. 1r+r.-:r.-f r.-). The limited statistics has not yet allowed to disentangle 

t.he different (i.e. p0 p0 , /'1r .... ii- and r.+r.-1r~ 1<- ) contributions in the tagged data. In 

fig.(2.5.i), the cross sections o :::::orr+ orL from the PEP49 detector arc shown. Up to 

lq 2 l < 1.5GeV 2
, the evolution of the cross section seems to follow a simple r 0 pole. 
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Figure '2.5.7: Preliminary data from 

the PEP49 Collaboration show the off 

shell cross section /or Tl _. 2r.-'-2:r.-

It must be stressed though that by definition, what is measured is not a form factor. Only, 

if the p0 p0 production amplitude is dominated by direct channels, the form factors directly 

enter the off shell cross sections, however together with flux and spin barriere terms. Thus, 

the observed q2 evolution of the cross section has not an interpretation as simple as "the 

photons turn into vector mesons before they interact." In fact, for any model which is based 

on the VDM hypothesis, such a fall off can only be explained in three cases: I)For exchange 

diagrams, the vertex dynamics must be such that it compensates the I/JX flux factor in the 

cross section as well as the kinematically necessary decrease of the values of the propagators. 

The pseudoscalar exchange model is an obvious candidate for such a compensation since the 

antisymmetric form of the vertex couplings implies rising vertex amplitudes. 2)For direct 

channels, we have to distinguish between states of odd and even parity. For pseudosca!ar 

or pseudotensor mesons, a p0 pole fall off of the cross section is possible to the degree that 

an L = I spin valley cancels the (1/vtX) flux factor, i.e. to within some 30% in the p0 p0 

threshold region. For scalar or tensor resonances, the observed fall off of the cross section is 

in conflict with VDM, unless the longitudinal cross section is large (orL ?_orr). This point 

needs further experimental study. 3)It may be that many not yet understood things happen 

simultaneously and the net re5ult happens to look like a p0 pole. 

An E 1 transition into a scalar or a tensor resonance would lead to a q2 evolution of the 

transverse cross section which is softer the /' pole, however, not vastly different. Such a 

transition would imply a sizeable longitudinal-transverse cross section as well. 

It is interesting to notice that beyond lq 2! ~ 1.5Ge\' 2 , the/' pole seems to underestimate 

the measured cross section. One is tempted to interpret this as a take over of the pointlike 

coupling of the photon (TY--> qij). However, the data are also consistent with the assumption 

of a constant (i.e. q2 independent) amplitude. 
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Exotic Models and a Measurenwnt of 11 -• p.,. p~ 

The JADE Collaboration 161] investigated the reaction ~n-+ 1r+To-l/T) using an inte­

grated luminosity of 17pb- 1 • In this analysis, 7i 0 mesons were identified as photon pairs with 

invariant masses between 60 and 220 MeV. Evidence was found for p:t: production, but there 

are no signs of a p0 . 1 

The preliminary measurement for 11 ----> p+ p- is shown in fig(2.5.8), together with the 

preliminary /-' p0 cross section from the PEP49 detector [98). The dissimilarity is striking. 

Experimentally, at least a factor of two in favour of the p0 /
1 cross section is required, however, 

it c.ould also easily be a factor of 20. 
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Figure 2.5.8: Preliminary 
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cross sec­

and p0
/' 

The pseudoscalar exchange model alone has little chance of accounting for the large dis­

crepancy between the p0 p0 and the p+ p- cross section, since the kinematically favoured pion 

exchange has a larger contribution top+ p- than to p0 /', the reason being that< p0 lp0 r. 0 > 
is zero because of isospin. It is thus unlikely that a conventional hadronic argument can ex­

plain the difference between the cross sections. There must be some fundamental difference 

between the two processes. In the following, some possible explanations shall be discussed. 

A simple isospin i,~:,ariance argument points towards a possible interpretation of the 

observed ratio "'/"1"1~1'/'_)) > 1. Assume that. both. t!w p0 p0 and the p+p- svstems were 
u "1"1-1' p . • 

J>r('(lorninantly produced through resonances. If such resonances are produced through a 

VDM amplitude and if in this amplitude, the /' meson dominates the incoming photons 

(_11.1(-rt----> X)....., M(p0 l 1 ----> X)) then, according to the Clebsch Gordan tables, one gets 

" " _ j .. , "> fo (I 
o("'"'f----> 1=2 ---->p+p )= 2o(/J·---->"I=-2' ---->p·p) 

o(l""f -----> "1 = ln -----> p+ p-) = o(11 --• "1 = I'' ----> /'p(l) = 0 

o(11- "1 =on----> p+p-) = 2o(11 _ _, "I= 0"----> /'p0 ) 

(2.5.15) 

From this point of view, the large cross section ratio in favour of the p0 mesons is quite 

naturally explained by the presence of 1 = 2, i.e.qijqq states. 

'Tile absence of the p0 can be explained by isospin j12:. A four pion final staLe must have even isospin if 

il l1a.s positive charge conjugation. However, the p0 has I~- 1. r<'quiring I~ I for the n°11'0 system as well 

w/uch is impossible since ~he corresponding C!cbsh Gord;o.n rul!lfici<'nl i~ Zl!ro. 

8G 

Two groups of theorists have followed this line of thought to the point of quantitative 

predictions. Both have come to the conclu~ion that the simultaneous ocnHrencf> of several 

resonances is necessary. 

In the model of Li and Liu 199-, there are three four quark tensor mesons populating the 

pp threshold region. The autho~s c~lculate a / 1p" production cross section up to 94.4 nb and 

a p-> p- cross section being half as large. This calculation is not in conflict with the existing 

dr~ta however, it seems that thp prdiminary JADE measurement would prefer a substantially 

lowf'r p-· p cross section. 

WhNPS the calculation of Li and Liu makes very specific predictions for the c-ross sections 

for all vf'ctor meson pair production noss st•ctions. Achasov et al 89. stick to more general 

spin parity / isospin considerations. In iht•ir model. the interference of four tensor mesons, 

the f plu.'i three qijqiJ stales. of which only one has iso.<>pin I=-=- 2. leads to the observed cross 

sf'ction.s for ll ----> /'p" and ~n · p- p . It must b!' mention ned though that this model ha<> 

a number of free paratnf•ters which had only \wen ajustpd after the JADE Collaboration had 

shm-\ n the first limits Oil;..; prorluction (sPP below). Condusiw statement" about the validit~· 

of this model arP thus not )!'\ possihll'. 

ll appears to I he author I hat hf'fon· t hf' obsen•t•d cross sf•ct ions are to lw taken as e\·idence 

for thf' presenn' of exotic stat('s, 1\\o basic phenomenological points nPPd clarification by the 

.. mod!•\ buildt·rs". 

I J ThP amplitude.'> for both rPaction'>. 11 ------. /'p" and p-· p arf' hound to haw .-;omE' con­

tribution., from non resonant radiativP matrix elemPnls. ThP expPrirrwntally known rr~dir~tivP 

dt'ra~· of th<' ,,. tJl('son (f(p-· • 1f "1) == 6:~:! 4keF) for example requires a pion exchangf' 

rontrihution to thl' H'action 11 -· p' p Only the strengths of this amplitudP is suhjf•ct to 

modp] assumpl ion.,- not it.s prcsPnn~. 

2) In nHJirast tn tht• p" meson. thP p- meson has a direct coupling to the photon. The 

prest·nn· of a fiorn tNnl likt· matrix element at some l('w] is thus necessr~ry. Civen that pion 

and kr~on pair produrtion j., wt·ll described by a simple modification of the Born amplitud<•. 

a sub<,t<llltial nlfltribution for tht• production of p-:. mt·sons might hP E'XpPcted. 

Apart frorn din·rl rhr~nnP\s. th<·re are thus at lt•ast two nH>r<' largP amplitudes contribut­

ing to wrtor nu·son pair produrtion. The prespntly puhlis}wd PXolic models takt• nPith('f of 

th('fTl inlo auounl. In tt·rms ofst.atistics. this mPans that thC'n' is no null hypOihf'sis for the 

rr~! io ;/~'-7 ~·/.·:·::" \. \\"hid1 HllTnbPr should lw considt•r('(l <1 foryt· or sm111f ratio is thus not yPt 

definPd. 

Limits on,,· Production 

If thP pu product.ion cross sPction is large- why should thPrP not ht• a sizeahlP .... signal in 

the data? The PLrTO ]()(),and the JADE .JQJ, collaborations looked for such signals and 

did not find any evidPnce for w production. There is not t'\'('11 a hint for singlE' .... production 

accompagnif'd by pion pairs. Tlw uppN limits for ah1 · p";,..•) deriwd by the two groups 

are shown in fig.(2.5.9). ThP rross st·rtions for 11 ... p"'-"'' nf'ar thrPsho!d must be at least a 

factor two to three smalkr than thP r/'p'' production noss sPction. 

]\;olin• that evpn with modf'TatP dPt.Pctor resolution. an_,_. sigT1al can he enhanc('d n•l(ltin• 
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lo the :tr+'lf-1!" 0 continuum by requ1rmg large angles between all the three pions in their 
common c.m.s. t.he reason being that thew decay matrix element 

M(w--+ 1t+1t-1t
0

) = €.:.(w)k~(:r.+}k 1;{1t-}k~{tr 0 }caJ3'lt (2.5.16) 

leads to a sum of cross products between the pion momentum vectors. 
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I \ ' . 
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yy-p•w I 

wtt,ttth PLUTO 

"""""""JADE 
:.:.=:}Achasov elal. 

I \~ Figure 2.5.9: Upper limits for the re-
~ \ ~ action 11 --+ p0

t,.J compared with the 
t ~ ·, wD " model of Achasov et al and two es-

( -+\ ~~ timates based on photo production I ·. "-._ 717/(iWPA\\\\\~. 
1 •• ....... ~,..,.,. •••• ~ data. The dashed dotted line is from 

2.0 - 3.0 ref. fi09j, the dotted line is /rom ref. 
Wyy [GeV] {90/. 

The above matrix element could also be used for a spin parity analysis. The amplitudes 
for the different JP states can be obtained from the corresponding p0 p0 amplitudes by the 
replacement 

(k1 + k2) 0 --+ Pt 

{k3 + k4) 0 
--+ P:f 

(k1- k2) 0 BW(1,2)--+ (-ga.B + m;:; 2PfPf)efJ-rli!kJkik:B\V(wJ) 

(ka- k4)0 Bli,. (3, 4) __, { -gaf.'l + m;::; 2 P2 P~1 )eJ3-r6(kJk~k{Bii' (w2) 

(2.5.17) 

where P 1 is the four momentum of the w meson decaying into the three pions having the 
momenta ka,k~,kc and BW(w1) is the corresponding propagator. 

The upper limits on the reaction 11--. ww (c.f. fig.(2.5.l0}) are consistent with the model 
of Li and Liu. They are also consistent with the most up to date version of an estimate by 
Alexenander et al using photo production data [90] The same conclusions hold for the limits 
on 11 --o p 0 w. This channel is also sensitive to the model of Achasov et al. However, since 
the model containes a number of free parameters, the validity of this model cannot yet be 
tested experimentally. In fig.(2.5.9), two extreme choices of parameters are shown. 
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The TASSO \102\ and PEP49 p03] Collaborations found evidence for the re.action l'i ___, 
K-+ K-1r--t 1r-. In the TASSO detector, the kaons arc found with help of the time of flight 
counters, while PEP49 uses ionisation measurements in the time projection chamber. The 
resulting cross sections for "'I~ K+ K~·ni 1r- are shown in fig.(2.5.11). It only reaches some 
15nh. whkh is a factor of,:, to 10 smaller than the '"n--+ :tr+1f-:r.+n- cross section at the 
sarnc energy. Both groups find small but significant¢ signals in the data. 
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Figure 2.5.11: Preliminary measure­
muds of the cross section for ')') -• 
K+ K-1f+n·-

The PEP49 Collaboration attempted a resonance decomposition of K" n·- 1r-+1r- produc­
tion. A survay of this final state shows that ¢/' production only oc<"urs at a small rate. In 
the mass range from 1.7 to 3.7GeV, the average cross section is found to be less than 1.5 
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nb(95%cl.}. Instead, the K" seems to be more important for this channel: 

state event fraction uBrjnb 
K+ K-n+'lf- 0.44 ± 0.14 ± 0.05 3.7 ± 1.2 ± 1.0 

K 0 " K±'lf~ 0.42 ± 0.13 ± 0.05 3.5 ± 1.1 ± 1.0 (PEP49) 
KO· K-o. 0.09 ± 0.06 ± 0.04 0.8 ± 0.5 ± 0.4 
4nr+ tr- 0.05 ± 0.01 ± 0.01 0.6 ± 0.2 ± 0.2 

Notice that neither TASSO nor PEP49 find any evidence for ¢¢ production. Nevertheless, 
the data are neither in conflict with the model of Achasov et al, nor with the model of Li and 
Liu. 
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Baryon Pair Production 

Introduction 

The proton usually appears on the first few pages of high energy physics textbooks and 
there is no other particle which has been measured in so many reactions. One is thus temped 
to consider it "well understood". However, measurements of the process 11 --; pp raise doubts 
about currently available calculations. 

The question whether or not data from two photon experiments are sens1t1ve to the 
structure of the proton, is answered by a comparison of the data with the QED Born term 
formula for fermion pairs. The corresponding matrix element can be written as 

M ~- '·(k){/,.(,k,-/1i+m)hh_hb(,ki-/i2+m)h.} (k) 
a,/. e u I t - m2 u - m2 v 2 (2.6.1) 

where k1 is the momentum of the proton and the incoming photons have helicities a and 
b. If we allow one photon to be real (the complete QED helicity cross sections are given in 
Appendix C) three terms are sufficient to describe the process: 

dorr o:2 3 { I -- tJ-l 
----;m- = 2'\/X {I- JJ2cos 2 8)2 

2 . 2 q~(2(1- ,.'1 2 )W~ ~ J2(I ~ cos2 8)q?)- W 4(2- (J'lsin 20)} 
-.-flsm8 ---

(1 - [J2cos28)2(ll·2- ql)2 

drrr _ a 2{1 { (I- {1 2)2(W 2 - q1) 2 

dfl -- ,fx (I- B2co.< 29)2(W 2 - ql)' 

_ ~3 2 ~_i_~_ 2 8qf{B 2 sin.28q;- 2(1- iJ 2)(H. 2
- q~}2} 

{1 - iFcos28)2(W2 - q~)Z 

dULT . 2a
2 ;3 { J2sin 2 1J(--q~)W 2 } 

dri- -~/X (I - ~Fcos21J)(W2- qi)2 

(2.6.2) 

where i3 is the 11 c.m.s. velocity and 8 is the c.m.s. angle between the fermion and the ')') 
axis. 

Measurements of the pfJ Cross Section 

The available data on proton pair creation are minute compared to the published meson 
pair data. The reason is simple: The proton is some seven times as heavy as the 1r meson. 
and thus, the photon flux at threshold is about a factor of 45 smaller than the flux at pion 
threshold. The implications are two fold: First of all, the statistics is limited, and secondly. 
a hadron pair produced at a given r'nomentum will nearly always be a pion pair. Good 
particle identification is thus vital for pfJ measurements. This implies a major bottleneck 
for the comparison between data and calculations. Since the currently used techniques for 
particle identification (i.e, dEjdx and TOF) are based on measurements of the particle 
velocities, protons can only be identiefied up to momenta around 1.5 Ge\'. thus limiting 
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the measurement range toW < 4GeV. Howe\·er, there is hope that inthe near future, the 
high point statistics dEjdx. measurements in the PEP-19 TPC might considerably extend this 
range of measurability. 

The TASSO Collaboration [104) identified the proton antiproton pairs using the barrel 
time of flight system (fig(2.6.1)). An integrated luminosity of 74 pb- 1 yielded a sample of il 
events. The JADE collaboration [105) extracted a sample of 63 events 1 from an integrated 
luminosity of 84pb- 1

• In the JADE analysis, dEjdx information from the central drift cham­
ber was used for particle identification in addition to TOF. The PEP49 collaboration has 
shown preliminary data on tagged pp production. 

~+~-

yy--.1-(~- :yy-K+K-
rt+n- / YY-PP 
~- ~ 

Figure 2.6.1: The clean separaration 
of pp pairs by means of the TASSO 
time of flight system for tracks with 
momenta below 900 MeV enabeled the 
first measurement of 11--> pp. 

The eXtracted cross sections J~~~6 dcd:ss dcosO from the interactions of real photons are 
shown in fig.(2.6.2). The QED Born term overestimates the cross section by about an order 
of magnitude (see also fig.(2.6.3)). The proton does not interact like a pointlike particle. The 
TASSO collaboration has also shown angular distributions of the pp pairs. Fig.(2.6.3) shows 
that the measured differential cross sections have no minimum at 90°. This would be the 
characteristic feature of a simple exchange amplitude. The full interpretation of the reaction 
11 _ _. pfJ is thus expected to be complicated. 

1For the determination of the cross section, a sub-sample of 41 events obeying more restrictive nigger condi· 
tions was used. 
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Figure 2.6.2: The first two measure­
ments of (o.G dcr(-n--.pP)dcos8 show 
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lates the data 

Figure 2.6.3: A measurement of the 
angular distribution of pp pair pro­
duction {TASSO). The shaded area 
is the QCD prediction of Damgaard. 

0_8 The solid line is the prediction of the. 
finite si::e model. 

A quantitative understanding of finite size effects is much harder to obtain than in the 
case of charged pions. Since the proton is a fermion, the coupling of a proton current to a 
photon involves in general two form factors. Since it is experimentally known that the proton 
has an anomalous magnetic moment, a simple analytic modification of the QED Born term 
(which only accounts for the IP. coupling ) will implicitely contradict experimental facts. 
There is no straigh forward way of "implementing" the anomalous magnetic moment of the 
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proton into a pair production amplitude. 1 

However, for photons with moderate values of q2 , it may be a good approximation to 

simply neglect the anomalous magnetic moment of the proton. If we furthermore demand 

that finite size effects should be functions of the proton propagators alone 1 we get, similar to 

11 ____. 1r+ 1r-, for proton pairs 

do(finitesize) 8 2 2( • 
-·----- "'X t + u - 2m 

do( QED) - o( ) (u- m2)(x6 + m2 - u- q1- q1) 2 

I )' + ,, .,,, ., ., ., '"" 
(2.6.3) 

where Xo is the scale set by the electric form factor of the proton, i.e. xl = 0.71GeV 2• 

A striking, and to the author's knowledge u11ique feature of this calculation is that the 0° 

production angle cross section grows with W, whereas the 90" cross section rapidly fails. 

Figs.(2.6.2/3) show that for invariant masses below 2.4 GeV, the finite size model un­

derestimates the data by a factor of (roughly) three. This discrepancy can be traced back 

to an rexcess" of protons produced at large angles. Above 2.4 GeV, the finite size model is 

consistent with the data. both in normalisation and shape. 

QCD Calculations 

Inspired by Brodsky's and Lepage's calculations on meson pair production, Damgaa.rd 

published a first order QCD prediction for ll -. pp :1061. This process is much more difficult 

to calculate than 11- ?r+1f-. Since a leptonic proton decay has not been observed. there is 

no measured analogon to the pion decay constant, / 11 , and thus no unambiguous normalisation 

of the parton distribution function ci>(xi, Qi). According to i106], the shape of this function 

evolves to 

4>(x,, Q,) ____. Cx 1x2x3(ln ~; )- 2(JJ-2nJ)/J 

where Q is the momentum transfer along the probed quark, x, its fractional momentum. C 

is the (unknown) overall normalisation and n 1 == 2. Again, the evolution of the distribution is 

logarithmic, and hence. 4> has to be considered unknown in the measured W range. It would 

be nice to normalise 4> through the clean and well measured reaction e-p---. e-p. However, 

for this process, the first order hard scattering amplitude TH turns out to vanish (see for 

1The anomalous magnetic moment of the proton is defined lhrough a decomposition of the squared amplitude 

for ep ~ ep. Therefore, it cannot be parameterised as a modification of the photon proton vertex and 

consequently, an implementation of the anomalous magnetic moment into cross ~ection predictions for other 

processes can only proceed via explicit models of the proton which reproduce the observed ep ..... ep cross 

section. 
1This requirement can be used to cancel the rather complicated numerators in eq.(2.6.1), the trick being the 

introduction of inversion operators ~, i; which obey obey for example 

J, {t:i{kd h,.(,t,- A1 + m) hbv(kz)} =I 

(c. f. eq.(2.5.1)). From here, one can proceed as in the case of 1r-1-1r- pair production, however with a different 

input form factor 
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example /107]). 2 In re£.~106], the normalisation of the wave function is obtained by applying 

first. order QCD to the decay J j'W .......,. 3g ____. pp. 

The explicit form of the scattering amplitude must be very complicated, since it is not 

written down in any paper. Only curves for the final result are shown (c.f. fig.(2.6.3)). The 

QCD prediction of Damgaard compares with the data in a similar manner as the finite size 

model, may be slightly worse. 

A calculation similar to the above one was carried out by Ferrar et a\ )07:. Using 

the same normalisation procedure as Damgaard, a cross section which is a factor 20 to 50 

below Damgaards prediction is obtained and thus the prediction underestimates the true 

cross section by about one to two orders of magnitude. In ref.:107J, it is claimed that, using 

the distribution function of Chernyak and Zhituitcky \108], a cross section of about 1 nb is 

obtained for .coso,:< 0.6. 

Given that the predictions in the framework of QCD still oscillate within a factor of"' 

50. measurements of 11 ---. pp can not yet be considered as QCD tests. Further suspicion 

about the applicability of the published calculations arise from the fact that so far, the mass 

of the proton has b('en disregarded. More precise calculations are urgently needed. 

Direct Channels? 

The TASSO data show that in the low energy region. the angular distribution has no 

minimum around 90". Preliminary data from PEP49 and JADE (not yet available) even seem 

to indicate a maximum of the differential cross section at cosO == 0. This "maximum·· is due 

to events which populate an energy region. where the integrated cross section exceeds the 

cross section predicted by the finite size model. This may be a hint towards the presence of 

at least one resonance in this channel. 

In the measured energy regime, there are many resonances seen in pjj scattering exper­

iments. Howew·r. only two of them have the right quantum numbers to be produced in 11 

collisions: 
state JG JP 

, (21so) o- 2-
<(2300) a~,., 

mR:',\-feF fRiMeF modesseen 

2150-2190 -..250 7r-1f-.1f 0 ?r 0 ,nfl 

2300-2380 130- 210 ?r-r.-, r. 0 1r 0 , nfl 

The £(2150) seems to have a too small mass in order to account for the observed mass 

spectrum. Thus. only one known candidate remains. 

At present. the data are not sufficiently accurate to confirm this hypothesis. Only more 

statistics can tell. If the data reveal signs of a JP = 4+ dominance, this would certainly 

stimulate th(> discussion between experiments at LEAR and e+e-· machines. 

2In this light, it seems inunderstandable that the electric form factor of the proton follows a (l/q2)2 fall off 

at large momentum transfer. 
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CONCLUSIONS 

After a large number of exclusive two photon processes has been looked at in all detail, 
it appears that the attempt of describing two photon interactions in the resonance region 
within the framework of one dynamical model is ·at least at present· overambitious. Two 
photon physics in the resonance region occurs in a kinematic regime, where the transition 
from observing hadrons as a whole to the.production of quark pairs takes place. The available 
measurements of the reaction 11 - n+n- illustrate this point most beautifully. Up to an 
invariant mass of - ~GeV, little deviations from the QED Born term formula are visible 
in the data. At c.m.s. energies above ,._ 2GeV, the data show the characteristic power law 
behaviour of a QCD 11---+ qij + qij "B<:Jrn term". The epergy region from ! to 2 Gel/ hosts 
most of the resonances seen in two photon experiments. 

If we interpret measurements of the charged pion form factor as measurements of the 
charge distribution within the n+ mesori rather than a veCtor- dominance effect, the energy 
scale at which the transition from mesons to Quarks takes place comes out quite naturally 
·both qualitatively and quantitatively: the energy scale is then set by the inverse of the 
wavelengths of the photons which produce the state. Experimental two photon physics in the 
resonance region is thus meson microscopy. 

For the sake of getting a conceptually simple picture in this dynamically difficult envi­
ronment, let us assume that the light mesons all have a similar mean charge radius of approx­
imately ~ fm and let us consider two photon experiments as microscopes. whose wavelengths 
is chosen according to the mass of the hadronic state produced. In this simple framework, 
the following picture emerges: 

At W = m 11 , the wave length of the incident photons is approximately equal to the 
hadrons mean charge radius. From here on. the photons begin to probe the inside of mesons. 
Accordingly the production cross section of the Tj

1 is slightly smal:er than the naive SlJ(3) 
relation predicts. The most recent and most precise measurements of the radiative width 
of the 71' indicate such a deviation from SU(3). As the wavelengths is tuned to 0.16 fm. 
the f resonanre appears. The f is not seen as an entire object any more. In fact, SV(6) 
predictions based on the interactions with pions and vector mesons fail. Model calculations 
which interpret the coupling of the f meson to two photons as an E 1 transition are successful. 
We do not see quarks yet, but We begin to see the charge distributions inside the mesons due 
to the motion of the quarks. The step from m1 to mA~ is small. Accordingly. no deviations 
from SC(3) and ideal mixing are seen. Somewhere beyond W ~ 1.5Gel/, quarks appear in 
the light of the two photons. We do not know yet, from which point onwards quarks are seen, 
simply because for the pair production amplitudes, first order perturbative QCD calculations 
give very similar results as the simplest possible finite size models of hadrons. 

This simple picture can of course not replace a dynamical theory of the interactions be­
tween photons and hadrons. However, it does provide quite a natural link between phenomena 
which, at first sight, may seem to be quite disconnected: 

High spin resonances never decay according to the simple Breit. Wigner formula. The 
scale from which onwards the deviations become visible is just twice the mean charge radius 
of the 1r+ meson. This scale is the one measured in form factor measurements. It is the same 
scale which also governes the t - m 2 evolution of pion and kaon pair production amplitudes. 
Last not least, this scale naturally explaines small deviations from SU(3). If the same num-
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her occurs in four completely different contexts, we may assume that this is more than a 
coincidence. The interpretation of two photon experiments as microscopes for mesons is thus 
meaningful. 

The author noticed to his own surprise, how very simple estimates of finite size effects 
could explain features of the data, which in the literature are often attributed to VDM 
(photon·meson form factors), perturbative QCD (/1---> 1r+1r- ,K+ x- ,pp), or even traces 
of gluonium admixtures (deviations from SU(3)FI in r"l"l(o-)). These coincidences may be 
taken as a hint towards a synthesis: Vector meson dominance parametrises photon quark 
interactions at the 1 fm scale. We are still far away from formulating such a synthesis in 
a fully convincing, quantitative manner. However, qualitatively, it may help to explain why 
VDM and QPM give very similar predictions for f "l"l(n°), why single current meson form 
factors follow simple vector meson poles without additional damping terms, and -last not 
least- why the form factors of the proton are not reproduced by vector meson dominance. 
A non trivial consequence of this point of view is that even at small values of qf, q~, two 
photon couplings should show no factorisation of the type F(q? ,qn = f(qi) · f(q~). a<; might 
b<' cxpect.Pd in a literal interpretation of vector meson dominance. 

Exclusive two photon reactions remain a challeng<' for theory and experiment. It is hoped 
that by separating the ba<>ic constraints from specific model assumptions and by pointing out 
phenomPnological differences between various dynamical approximations, this paper will help 
experimentalists to take up this challenge. 

Good luck! 
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Appendix-A Construction of the Two Photon Helicity Amplitudes 

The amplitudes describing the coupling of a spin "n" particle to a system of two photons 

have the most general form 

M 11 ,b = F t~t~T,..vc., ... c.., E~~~~·::b' (A-I) 

where a, b and Jz denote the helicities of the photons and the meson respectively. E is 

the polarisation tensor of the prodced state. The form factors F are to be determined by 

experiments. In nearly all cases, the choice of form factors and thus the choice of amplitudes 

is not unique. Here, the particular choice follows from the demand that, to the possible 

extent, the form factors have a one to one correspondence with helicity matrix elements. The 

result of such a parameterisation is that in an experiment, the data can be parameterised 

with the smallest possible number of free parameters. Such a one to one correspondence can 

be achieved by expanding the amplitudes in terms of the following tensors: 

I ( ' 2 ) G,..v "'= 9/JV- X -·9192(92Jt9lv + 91p92v) + 9291Jt9lv "t- 9J92)'92v 

ql 
Ql,.. = 9l1J - _ .. _. 92/J 

9192 
Q2v = q2v ~ 

ql --q,. 
9192 

9192 
L,..v = -x· Q1,_.Q2v 

(;~'"' = ie!'v<ifl9~9~ 
~) • Q {I ") -
I IJtt = tG IJ f<i1"1,f9J 92 P2vt ·c·"' j~ ' :.= 1 Jve>:if/1 t9'l91 

<i ·a"G~( )" '-Jtvt = 1 11 v 92- 91 e .. 1~1t 

AJtvt = iG~G~(92 + 9d'ec.{<1 t 

(A-2) 

These tensors are all gauge invariant. Furthermore. G,_.v and L,..,., are orthonormal projection 

tensors: 

(~11 l~t,LJ!v = £~al~"L1,(ig0 ~ Lflv = 

-~ 

y·_!!i.~~ 6~6~' 
9lq2 

e~11 t~1,G,_.v '= l~at~1,G~'"'gc.Pcfl,., = 6~(6; -t-O;) 

G 11 ,.g"'r1Lflv-= G#lug~'fiLBv = G~'uYu"'Lflv =- 0 

(A-3) 

They can thus be interpreted as filters for transversally and longitudinally polarised photons. 

Therefore, the helkity amplitudes which can be entirely expressed in terms of G ~'"' and LJtv 

represent a zeroth order estimate of the q2 evolution of the helicity amplitudes. The two 

vectors Q1#1 and Q2v form a "Bose doublet". whereas G 11 v and LJtv are invariant under the 

simultaneous transformations J1. .._. v and 91 .._. 92· All two photon amplitudes for states with 

"normal" intrinsic parities (JP = o+, 1-, 2+, ... ) can be constructed from these tensors and 

simple outer products of the type (92- 91)"'(92- 9i)f1 
•• , which serve as "contractors'' for 

remaining indices of the final state polarisation tensor. Amplitudes connecting two photons 

with a state of "abnormal" intrinsic parity ( JP = o-, 1 t , 2-, ... ) must contain the antisym­

metric tensor once. It can easily be shown that in such amplitudes, the antisymmetric tensor 
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has to contract at least one of the photon helicities. Therefore, it is not possible to construct 
projection tensors for such states. Nevertheless, the tilded tensors in eq(A-2) select certain 
helicity configurations: 

~t.(~bG~o~v = v'xo!(o: - 6;) 

(~);t~o~6f; 6 = -VXo~(o:- o;) 

(~bP2v6f~ 6 = -v'xo:..b(o:- Ob) 

I' v - ·6 q~ - q~ b (I + -
fta(2bS~o~v6fc = ---w-Oa6c (Oa - Oa) 

(~a(~bA~o~vof;" = -WO!O~(Od- o;) 

(A-4) 

Whereas(;"''"'" and S1-1vC are invariant under a Bose transformation, A,vf changes sign and 

P11-1~ and P'lvf are interchanged. 

Having constructed suitable sub-tensors, we can proceed to write down the amplitudes. 
The following equations also define the helicity form factors F. 

0 .... states r;;:;o = FrroGIJV 

r;!: = FLLLIJv 

1- states T'Jvro = Frro(9i- 9nGpv(Q2- 9J)at·a 

r:vL = FLd9i- 9?)L,..v(92- 9da(·a 

TJvL = FrL {G,. .. Q2v ~ QlpGva} t"" 

TJvLI = F}dqi - q~){ G,. .. Q2v - QlpGva} ("" 

2-~" states TJ'vTO = FrroGpv(92- 9da(92- 9d~E·af.'l 

TJ! 2 = FrT2Gw.:.Gv(IE""'8 

r;!: = FLLLp.v(92- 9da(92- 9df!E·af! 

TJvL = FrL {GI-'aQ2v- QlpGva} (92- 9i)aE·afl 

TJvLI = F}d9~- 9~){G,..aQ2v + Qlp.Gva}(92- 9t)aE·afo 

3- .states r;;;o = FTTIJ(9i- 9~)Gj.l,v(92- 9t)a(q2- qi)(I(Q2- qt),E•afl"r 
T'Jvr2 = Frr2(9i- 9nG~o~aGvfJ(Q2- qi)""~E·o.B""~ 

o- states 

1 +states 

r;..,L = FLL(9i- qnL,.v(q2- 9da(92- qt)p(q2- ql)""~E·af3""~ 

TJvL = FrL {Gpc.Q'lv + Qtp.G~·a} (92- 9J)p(92- 9!)'"fE·afh 
TJvLI = F~dqi- 9n {G~o~aQ2v- QlpGva} (92- 9d.B(92- 9thE·af/'"l 

TTTo = FrroG .. v 
"" " 

T TTO -· r 5- ,·• pv - l'TTO pva 

TJ'/ = FrL { .Pll-'aQ2v + Qlp.j52Ya} f""' 

rJ/' = F~dqi- 9n { PJpaQ2v- QI1JP2va} t"Ct 
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2- ' t rrro - I:' A- ( ) E·•f s a es pv - .rrro pv.:. q2 - ql a 

T'J!'2 = FrT2(qj- qn { GpaP2v/1- PtpaGva} E·af3 

T'JvL = FrL { pt1-1eo:Q2v- Q1~-'j52va} (92- 9t)pE""'f3 

T'JvL' = F~L(qj- qn { pliJaQ2v + Qlpp2va} (q2- qi)iJE·;;.f3 

3+ states T'JvTo = FrroSpva(q2 - qt)fl(q2 - qt)'"IE·afl'"f 

T'JvT'l = FTT2(qi- qn { Gl-'aP'lvfl + PlpaGvf3} (q2- qiLE·afh 

T'JvL = FrL { f>lpaQ2v + QliJP'lva} (q2- qt)p(q2- qJ}"""E·<.rf3'"f 

TJ!' =- F}tfq~- qn { pl 11 aQ2v- Q1"'p'lva} (q2- qi)B(92- QlhE·alh 

Since all of these amplitude are explicitely invariant under exchange of photon ve<:tors and 
polarisations, so are the corresponding form factors. i.e. F(qLqi) = F(q~,qn. This set of 
amplitudes represents all possible couplings of two photons to systems up to spin J = 3. 
Moreover, since for J 2: 2, one can write without loss of generality 

Tpva 1 ••• a.1 ~ ~ -... T,va 1 ••• a., (92 - 91 )a.1 • 1 (92 - 91 )a.t+: (A-6) 

the form of the helicity amplitudes for higher !>pin states is given by the form of given ones: 

4X 
.11o,I·({J" 2}1

')- Mo,/.(J'\1" (A-7) 

The explicite forms of the amplitudes for the low spin states are given in tht> following table. 
In this table, we abbreviateD= (9i- q?). 

J'' M++/Frro M~-/FrT2 .r..1o ... /(FrL- (q~- 9nFTL) MooiFLL 

o• 

1 . 

2~ 

3' 

o-

1+ 

2-

3+ 

2vv'X 
w 

_!_X 
yGW~ 

}wDX~~~ 

v'X 

D -w 

- -'-,fX 
v'6 

8 X - "liODwa 

0 

0 

..l...D£{ ,ra w 

0 

0 

2DVX 

4 X 
..raw 

0 

y~ 
q, q~ 

- v'2y-.,; x 
'11 q~ "' 

\~~~~"-

0 

ye;it "IX - q,q., 

V28,f}{ 
q,qz W 

- -'- v:=!i x~~~ 
v'i5 q,q~ wz 
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YJili 
q,q~ 

2D.,Iilil,f}{ 
q,q~ w 

-~ ~fq5 ..K_ 
,;c; q, q~ wz 

~-DY!_q;q5 X"'-:. 
\'IU q,q: W~ 

0 

0 

0 

0 



I 

From this table, we can deduce the experimental interpretations of the form factors, since 
their indices define the configuration they describe, FTTO for example, is a measure of the 
collision of two transversally polarised photons, forming a state with polarisation Jz = 0. 

If orie calculates the remaining helicity amplitudes, one finds that the following symme­
tries are always fulfilled: 

Ma,b(q?, qi) = M-a,-l>(q~, qi) 
Ma,b(qLqi) = -M-a,-b(q?,qi) 
M.,,(qf,qi) ~ (-1)1J-oH)M,,o(9l,qlJ 

for JP = Q+ ,1- ,2+, .. . 

I or JP = o-' 1 +. z- ... . 
for all JP 

(A-9) 

Thus, for example, the +0 matrix element for tensor meson production is given by M+ohl----> 

2+} = +J2y5i_wx (FTL(/"f----> z+)- (q~- qi}F~dT"'I----> z+)). From this set of equations, 
9J9:1! 

most selection rules can be obtained. The form factors are chosen such that for single particle 
production amplitudes, they are real at W 2 ~ Mj. 
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Appendix-B Non Peripheral Contributions to e+e-----> e+e- X 

The 11 fusion amplitudes dominate the e+ e- ---; e+ e-X cross section. The second 
largest contribution comes from the Bremsstrahlungs graphs. According to ref.[l9], the cross 
section for this process is 

1 2 4 , , ) d3p~ d3p2 da K 2 
do= (Z1r)525 (A1 + A2 + Aa)f(WJ-~J')6 (PI+ P2- P1- P2- K 2E~ 2E

2 2
EJ'J' dWJ'J' 

,. \! , (A1 + A2 T A3)!(w;p)dW~2fdW;J'd¢7dO;dE~ 
(B-1) 

where 0~ and E2 describe the motion of the outgoing e- and 4>.., is the azimuthal angle of the 
p+ JJ- pair around thee-. We2e and w;,. are the invariant masses squared of the final state 
lepton pairs. The distribution function f(H';,.) originates in an integration over the polar 
angle of the p+ around the timelike photon and describes its conversion into a 11+ 11- pair: 

f(W' ) ~ _'!_ il(3- il
2

) 

~~ 6r. w;"' (B-2) 

Here, {3 is the velocity of the muons in their common center of momentum frame. The squared 
amplitudes A 1, A2 and .43 are given by 

4er; { w;~ 1 w;"' , 
A,~-. - (W 2 -2 K)'g(p,- K,p,)- (W 2 ~ 2 'K)'g(p.,p, + K) 

q2 ~P PI p~ Pt 

"(W 2 -- 2 K)
1
(W 2 2 'K) (qi {g(p,- K,p',) + g(p,,p; + K)) 

pp Pt pp T Pt (B-3) 

+ {w,;, _, 2p;K) g(p1,p1 -- p'1 - K)- {w,;,- 2p1K) g(p1 - p'1 - K,p;) 

-w,;,{g(p',.p; + K)- g(p,- K,p.) + 8(p,p'1)(q2 + d2)))} 

where K is the four momentum of the 1111 system and the function g is defined by g(a,b) = 
8(ad)(bd) -(ab}(2q2 - 4d2) with dv = (E2P~v- E2P2v)/(E2- E2). The second amplitude 
can be obtained from the first one by interchanging two four momenta: 

A2(p~,p;,p2,p;) = At(-p;,-P2·-P1t,-pt) 

leaving 

4e(i { 2 ,2 • I 4 I 4 ( S- w;p 
A3 =-2-2 (s + Hu -r- (Pt- P2) + (P2- P1)) (W 2 2 

K'""" ... u\ 

ql~ ~P PI 

. w;,-,- w;~ (Pt- p~) 2 - w;~ 

' (w;~ -1 2p'1K)(w;"' + 2p~K) (w;~- 2ptKHw;~ + 2p~K) 

__ (Pz -_5)2- w;~) 
(W;~ - P2K)(W;~ + 2p~K) 

zw;~qiq~[(s- W1e- ((Pt- p;) 2
- (pz- p~)'l)'l) } 

- (W~, 2p 1K)(w;, + 2p'1 K)(W~, 2p2 K)(W;, + 2p~K) 

(B-4) 

(B-5) 

The total cross section for this process is about two orders of magnitude smaller than the 
cross section of the 11 fusion mechanism. 
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Appendix-C The QED Helicity Cross Sections for Fermion Pairs 

The matrix element for the creation of a pair of pointlike Fermions can be written as 

Mo,l• ~ -e2u(k!){ )J.(,k,~ /J,; m) h• + ;,(!<,- !J, ~ m) ho }v(k2) (C-1) 
-m u-m 

where k 1 is the momentum of the fermion and the incoming photons have helicities a and 
b. Using the Dirac equation, U(kl)( ,k1 - m) = 0, the Lorentz gauge condition and summing 
over the fermion spins gives 

Ma,f,MJ,d =e4 Sp{ ( 2{fJakt) hb+ At 
t- m2 

j 10 h• 2(<»k!) h.+ !J, f>b flo)();,- m) 
+ u m 2 

(
2(<;,k!) ;;,+ !;, ,1;, /1, 

t- m2 

2(<;,k!) };,+ /;, /;, !J,) ();, + m)} 
+ u m 2 

It is convenient to introduce 

< ~s(t- m2) 2 (u- m')' /(a 2/1d!l) 

~ --
1
- ((1- /12 co 'O)'(W'- q'- q') 4 

2a 2 Bd0 
5 1 2 

- B.B 2 cos 28q~qi{(I- ,B 2 cos20)(W 2
- q~ -" qi} 2

-+- 2;3 2 cos2 8q~qi}) 

so that the REDUCE results of the above traces can be written as 

KdW+.,.+.,. =(1 _ J] 4 )(w 2 _ q~ _ qn 4 
_ 4q~q~(w 2 

_ q~ _ q~) 2 

~ 2sin'OO'(W'- qi- qJJ'((1- O')W'(qi- qi) + ;J'(qi ~ qlJ') 

+ 4,B2 cos 2 8qiq~(4q~qi- (1- 2.8 2 )(W 2 
-- q~- qi) 2) 

- J14 (sin 2 8(q~ + qi)(W 2
- q~- qi)- 4cos 2 0q~qi) 2 

KdW+-+- =.82 sin 2 8W 4 (2- .B 2 sin2 8}(W 2
- qi- qi) 2 

~~:dW_,__l_ __ =- (1- 0 2 ) 2 (W 2 - q~- qi) 4 ~ 4qiqi(W 2
- qi- qi) 2 

+ 2/12 {1- !1')sin 20(qi + qj)(W'- qi- qJ)' 

+ 4{32 cos2 8qiqi (4qiqi - (3- 2/1 2 ){W 2 
- qi- qi) 2

) 

- .8 4 (sin 21J(q~ + qi)(W 2
- qi- qn- 4cos2Dqiqi)

2 

x:dWoooo =16.0 2 cos 2 1JW 4 qiqi(1- {J 2 co..,2 8) 

x:dWo..;-o- =2.82 (-q~)W 2 {sin28(w 2 - q~- qi) 2 + 8cos2 1Jq~ 

- _j12cos20sin28(W 2 + qi- qi} 2
} 

~~:dWo+-o =2.8\(;~-W 2 {sin2 8(.82 cos 2 1J(W 4 - (qr- qi) 2
)- (W 2

- q~- qi) 2
) 

- 8cos2 9q~qi} 

~~:dW++-fJO =4.82 cos21J~W2{-(I- .82cos2 8)(W 2 (qi + qi}- (qi- q~) 2 ) 
+ (1- o')W'(w'- 9:- 9~)} 
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(C-2) 

(C-3) 

(C-4) 

Appendix-D Covariant Formulation of Meson Decays 

There are two ways of describing the decays of mesons. Most experimental physicists 
prefer to express their results in terms of partial waves, whereas most theoretical physicists 
prefer a representation of their results in terms of covariant tensors. We can combine the 
advantages of the two approaches by expressing transitions of particular angular momentum 
in terms of covariant tensors. 

In general, we can write the transition matrix element of a decay P(E)- Pl(EJ) P(E2 ) 

as 
M = E0'~ u~···Tu, .. f1, ··"""~' .. Ef' ... · Ei' ... · (D-1) 

where the E 1s are the polarisation tensors associated with the particles. They can be con­
structed from the corresponding polarisation vectors which. in the helicity system of the final 
state , i.e. P1 = (£1 • 0. O,p) and P 2 = (E2 ,0,0, -p) can be taken to be of the form 

,_ ~(0,-1, ·i.O), '- ~ ,:z(O,o1,-i.O), '" ~ (0,0,0,1) 

1 . 1 . I 
------=(0.-1.-t,O). {1_ = ----r.i(0,+1.-1,0), £w = ·-(p,O,O,EJ) 
v12 v2 m1 

(J+ ;;;; 

tz.o~ = ~-(0,-rl.--i.O), lz_ = ~(0,-1.-·i,O), f 2r_, = _!_(p,O,O,-E2) 
v2 ,,2 mz 

Polarisation tensors of higher spin states can be constructed from thE'se vectors: 

E'~•'-'~·· (J ) 'a f<l' fo2 z L 1 a b • for all a+ b+ ... = J., 

with thr coefficients a, such that for all J,J., 

E'-'• 0 ~·-·(Jz = A)E~,<l 2 • ..{Jz =B)= (-l)J6f orthonormal 
£-·"l···u,. ··(Jz) = £-·u,, ... c>J·-·(Jz) symmetric 

E .. c.-, ... a,, ... {Jz)Yu
1
u,., =- 0 traceless 

A spin two meson for exarnplf' is characterised by 

E,.(J, ~ =2) '" <,(=1)<v(c1) 
1 

E,.(J, = ~ 1) c. "'(<,(± l)<v(O)- <,(O)<v(= 1)) 
v2 

E,dJ," 0) ~ ;
6 

(2<,(0)<v(O) + <,(+1)<v(-1) + <,(-1)<v(+1)) 

The covariant amplitudes are most suitably constructed from the following objects: 

e~-'vc.-ftPf P.;' 

!J.r ~ (P, - PI)e 

PkoPit.'~ 
A,p(P, P,) = g,p- P, . p, - V P;' P~ 
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(D-2) 

(D-3) 

(D-4) 

(D-5) 

(D-6) 



The antisymmetric tensor fp.rHlf/3 is only needed if the intrinsic parities don't "match" the 

spins involved, i.e. if 

3 

( -1 )sum of intrinsic spins . n (Pi = intrinsic parities) = -1 

i=t 
(D-7) 

The vector 6. puts the particles having momenta P1 and P2 into an L = 1 state whose 

orientation is given by the polarisation vector it is multiplied with. 

The helicity annihilation tensor Aaf3(Pi> P 2 ) compensates helicities in a structure less 

(i.e.L = 0) manner if Pt and P 2 are both in the final (or initial) state. If P 1 is in the initial 

state and P2 is in the final state, Ao./3 transfers the helicity of the parent to the final state 

particle. 

With the help of these tensors, we can readily_ write down many of the lowest possible 

angular momentum decays. Apart from the corresponding form factors F. they are 

JP(init) ~ Ji(final) Jj(final) T(Lmin)/F Lmin 

o+ o± O" I 0 
o+ o± o~ forbidden 
o+ F F A,, 0 

o+ I" I" ep.vtJ'JPt' P~ I 
o+ I" O" forbidden 

o" I± o+ ll~ I 
o+ 2± F AJ3t'7tA,a2')2 0 

o+ 2± 2" Apt"fte11 vf32'J"'lPt' P~ I 
o+ z± I± ep.vClf/3! Pi Pf 6.132 2 

o+ 2± I" Af3t'16.J3Z I 
o+ 2± 0" 6.pt D.j32 2 
o+ 2± 0" forbidden 
J+ I± F ell<>-flrPP. 0 (D-R) 
J+ I± I" Ao/1.6,'1 

6.aA/9"1 
.1._BAo"~ 

J+ 2" F e~~o~-11'71 P11 A[i'l')'l 0 

J+ 2" 2~ auA,c•,-oAe'l1 2 
Aa"~tApt')'laf2 

A apt Ap2"~t a"~2 

I" 2± I" AaptA.82'1 0 

J+ 2± I" eJ.Iaf3trPJ.Iap2 I 
2+ 2± 2± Aatpt Ap2'11 Aa2')"2 0 

2+ 2± 2" Aatf3tt!j.ia2f32'7tPJJ a"~2 

Aatrl eJ.ia'lf3l'12pP. 6.p2 

eJ.Iv.Btrt Pf P~ Aat,B2Ao2"f2 

In this table, O:i are the Lorentz indices contracting the polarisation tensor of the initial state, 

e.t.c. The indeces of a and the spin annihilation tensor A define the four vectors it is made 
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of: 
A0~ = A0 p(P, P,) 
6.a := (Pt - P2)a 

Ap, = A~7 (P,, P,) 
llp = (P- P,)p 

Ac..') := Aa"l(P,P2) 

ll, "' (P- P,), 

Further amplitudes follow because of 

IT(J+ ~ Jf J!ll ~ IT(r ~ Ji' J!)l ~ IT(r ~ Jf J,-')1 
!T(Ja-> J~ J2)1 = !T(J~-> Ja J2)1 with P ._. Pt 

Tu, ... o 1 _1 ~ 11 o 1 .1 +~ 1 ((J ---r- 2t ---4 J~ J2) = Ta, ... o,,(Ja -----1 J~ J2)aoutrrao(./n> 

for J?_J1,J2 

(D-9) 

For the cases where several amplitudes are given, additional dynamical assumptions have to 

be made to decide which of the amplitudes, or which linear combination applies, 

There are only few data on the decay form factors, However, neglecting the momentum 

dependence of the couplings completely cannot be appropriate, since for large (L > 2) angular 

momentum transitions, the covariant amplitudes themselves contain momentum factors which 

lead to a finite cross section, even if WkfMk ---4 oo, which is clearly meaningless. Following 

Blatt and Weisskopf !48), who consider an interaction potential which is constant within 

a sphere of radius r, the shapes of the form factors depend on the spatial orbital angular 

momentum of the final state in the following manner: 

F2 (L~O)-< 

~ < (k"~' 
} (L ~I)- f'2 I+ (k·~)' 

F 2 (D ~ 2)- _i_ (k"')' · 
k·• 9.,. 3(k·,)2 + (k"')' 

_1 (PJ · P2) 2 - Pl P:j 2 
k = , . \?- (= c.m.s,mornentum) 

pl---; p2 

(D-10) 

The factor~ is Mk,'W 2 for amplitudes containing the antisymmetric tensor and unity in all 

other cases 1• For the few measurements we have on decay form factors, a value of r ~ I fm 

fits the data reasonably well. 

:"l'otice that in eq(D-8), restrictions other than parity and four momentum conservation 

have not been incorporated. 1f, for example, the final state consists of identical mesons, some 

amplitudes differ from the lowest possible order ones: 

)1'(£m't) - Jf'(final) Jj'(final) T/F 
1- 0" 0" forbidden 

I' F- I" ep.c.fh(Pt - P2)!) 
1- J± I" Au"~P2;.~ + AufiPl"~ (D-11) 
2- I" F ep.ut.'i")p!)~o2 

J+ 2± 2" e!)u,tllrt(P2- Pt)!) A/32'72 

2- 2± 2± fp.v/31')1 Pj P~ Ao ~~~2 Ao2"f2 

1This factor is cannot be found in the literature, since it is not necessary if the amplitudes are constructed 

in a non Lorentz covariant. manner. However, since the totally antisymmetric tensor is the only object which 

reduces to a cross product in the c.m.s, We have to introduce the artificial mass dependences of the type 

e p.ofh PI' ~ W and cotrect for it afterwards. 
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Chain Decays 

For aJarge Y,ari_e;ty .of processes, we ~re now in, .t~e posi.t(on_of formulatirlg chain decays 
such that all mass corelations come out correctly. 

The partial width of a decay of the type 

J~F+R, R~F1,F2 

where F, F 1 and F2 are stable spin less particles and R is a resonance with nominal mass MR, 
can be written as 

1 I' " MJ.(/ ~ RF)MJ,(R ~ F,F,) 2 . 

2M,(2J, + 1) ' '-- (P' ~ M') + iM r I dL•P•F,F.,F, 
J~(R) R R R R 

(D-12) 

If R has a non zero spin, this expression contains terms of the type 

~ Ef3,f32 .. E.,.,,...,2·· 
L., J. J. 

J.(R) 

This summation can be expressed in a covariant manner 1• 

we get 
Following J.Koerner et al :120], 

]R = 0 ~I 

pflp"' 
JR - 1 ~ sf1-r = -gft" + _____!:L___.!:! - - p~ 

JR = 2 ~ !(sl'1 111 s~•'1~ + si-?•"'~sf'l~'1')- !sB,{I~s"'"z 
2 3 

(D-13) 

The entire chain is thus expressed in terms of covariant amplitudes alone. Anybody who has 
ever written a Monte Carlo simulation program will a-ppreciate this fact since neither Lorentz 
transformations, nor rotations into helicity frames are necessary. 

The energy dependent widths in eq.(D-12) can be the source of serious headaches. ln 
contrast to the numerator of this equation, the denominator contains the energy dependence 
of all decay modes. Thus, in principle, one should write 

r"(WR) = r,(WR)B(R -• X,)w"=M" + r,(WR)B(R ~ x,)w,=M" +. 

However, in nearly all practical cases, the energy dependences are quite similar. lf the final 
state X consists of stable particles, we can write for the energy dependence of the width 
r R (W R) ,..., IM!2 k"/W R· lf the final state of a particular decay contains a resonance as well, 
the energy dependence of the width can be obta_in~d in a "back to front" procedure. First, 
the propagator of the "last" resonance is calculated for various invariant masses WR. Then, 
this propagator is used to determine the energy dependence of the last but one resonance, 

( 
- .)(2L-+l) 

and so on. Notice though, that in practice, a simple f{WR) = f(MR) !-f.~~J -is 

nearly always a good approximation, in particular in those most frequent cases, where high 
W R "tails" of the Breit Wigner amplitudes -are damped by the limited phase space. 

1 lnsLead of the I/P~ factor the literature often gives a l/Mk which is identical for narrow resonances, but 
leads to wron~~: admixtures of longitudinal polarisation for wide resonances. 
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