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ABSTRACT. This paper summarises experimental results on exclusive hadron production in two
! photon collisions at electron positron storage rings and attempts some interpretation. Experimental
i know how is described and new suggestions are made for future analyses. New model calculations
i on resonance form factors and pair production amplitudes are presented. The two photon vertex is
| 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.
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General Aspocts

Introduction = -

This article is written for experimental high encrgy physicists who want to carry out two
photon analyses in the future. It attempts to review the vast amount of literature which has
emerged. especially since PETRA and PEP came into operation.

In principle, two photon physics can be studied with photens coming from an arbitrary
source. However, in practice nearly all measurements have been carried out at e¥e™ storage
rings. linless specified otherwise, the term “two photon physics” stands for the reaction

eTe” —e"e” X

where X is an “arbitrary” final state {¢.f. fig.1.1). This article only considers exclusive
hadranic final states, e.g. single resonances or hadron pairs.

(E3y)

{E5P,

Figure 1.1: The two photon process at e e™ colliders

A great advantage of exclusive final state measurements is that in most cases, exclusive
reactions can be fully described by a small number of parameters. The reaction vy — 7" —
7~ for example. is entirely defined through a single coupling Fru... Therefore. calculating
delector acceptances without model assumptions reduces to fitting a single function to the
data. Such a limitation of parameters stands in marked contrast Lo measurements of inclusive

reaclions.

The great advantage of doing two photon physics is that the initial state in these reactions
is very clean. Measurements of leptonic processes up to s = 2000GeV'? at PETRA [1] agree
with the standard model and thus indicate that the initisl state is pointlike. Therefore, an
interpretation of the production of a state "X in a 4 collision at an e e™ accellerator can
be based on rmodel assumptions about this particular final state only. In hadron scatiering
experiments, interprelations of the data require knowledye about & non trivial initial state in
addition.

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 nascendt can be made with virtual photons in a vy experiment. Therefore,
two photon physics is able to measure properties of "arbitratily” short lived particles.

However, 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 1o energies of ~ 200 MeV by shower counters which are designed to measure 20 GeV
electrons. Experimentally, v physics is nearly always the analvsis of detector edge effects.
In consequence, most measurements of 4+ interactions have systematic errors well above 10%
. In addition, the theory has to pay its price. Since, in the resonance region, the dynamies is
deminated by soft processes, there are very few processes which can be rigorously calculated.
¥e have thus 1o 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 v physics concerns the answer to the question "do the
photons resolve the hadron’s structure or not?” In other words: is particle production in 11
interactions primarily the production of quark pairs or is the VDM 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 expect greal news to appear.

If on the other hand. there is evidence for a pointlike {gg) coupling, 77 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. Upper limits derived from v+ data could thus play a major role in the
search for gluonium states,
i) In certain perturbative QCD based models of pair production amplitudes (see below). the
production of hadron 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 bul as vital
ingredient. Correspondingly strong is the dependence of the cross section on a,.

Special attention will thus be dedicated to the phenomenological differences between
poinilike and VDM type dynamics. Of course. such differences depend on details of the
processes. and on the energies involved. The two extreme views of two photon physics. per-
turbative QCID and VDM, may only be two end points on the long road of our understanding
of physics.

Two Ways of Looking at 4+ Physics

Vector Meson Dominance

The language used for interpretation of vy data originates in ather (older) branches of



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 iwo 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 g#° (F'"qu) (ji) with e/ f. being the amplitude of
hinding the vector meson v in the photon (c.f. §ig.(1.2}). This approach is called the vector
meson dominance model (VMD). Applied to «vy physics, this gives

2
. ¢ my, My, .
MAy— X) = ( ) i Mv; v — X)
v.zk Fofer | mé, - "7? m?,* - 9'3 '
where X is a hadronic final states and v, are all vector mesons. The couplings (e/f,, ) can be
estimated from e™ e~ annihilation data {3 :

2 7 -

L B e m;  my 'y, B{v, — X}
ole"e” — X) =4ra (7—) —_ s :
ZI_: fu, s [s—mZ)smiT?

giving
2 2

& =211=-0.29 fi =18.3=19

47 47

i 1

P =135=2140 ¥ =115 14

ir 4n
The first application of the vecior dominance
modei to two photon physics was one of the
most successful. In 1962, Gell-Mann et al 4, fue
calculated the #” width to be 7.4 eV, a value R

still in good agreement with experiment. This
reaction is particularly suitable for an imple-
mentation of the VDM idea, since there is only
one amplitude which describes the coupling be-
tween a pseudoscalar and two vectors ("VVP-
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 DM
hypothests alone gives no unigue predictions
for two photon reactions. This is so, because
for all other reactions, there is more Lhan one
possible amplitude and VDM alone does not
give an answer Lo the question which ampti-
tude should dominate.

Figure 1.2: Inierpretations of reso-
nance produefion in two phoien col-
fistons.

The simplest example is that, if T, is a suitable amplitude for a two photon process,
so is the amplitude T}, = ¢]93T,,. Ty may be finite for real photons, T, vanishes for on
shell photons, and there is in general no rigorous argument for chosing between the two. Fur-
thermore, there is no unique recipe for turning partial wave amplitudes into gauge invariant
ones and hence, it is generaily impossible Lo obtain the relevant amplitudes using hadron
phenomenology alone. As a conseguence, nearly all papers that have been published in this
context make dynamic assumptions beyond the VDM idea.

In order to arrive at numerical predictions, several authors have introduced various
ad hoc assumptions. Ginsburg and Serbo [5! for example include further vector mesons
(i.e. p'.p",...) and postulate a factorisation of the cross section into W and ¢° dependent
terms. The ¢ terms differ from the simple vector meson propagators mainly by an estimate
of the longitudinal coupling of the photons. This model is called the *generelised vector
dominanee model” (GV DAM). 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 al
6] have taken an entirely phenomenological approach by assuming o{yy) = (¢(4p)}?/o{pp),
where ¢ is understood to be calculated at a certain fixed value of p~, the ¢.m.s. momentum
of the final state particles. They call their model the "extended vector dominance model,
{EV DM)". Notice that this model tests the hypothesis " In q collisions, we observe the same
eflects as in photoproduction”. Strictly speaking. however. it is not a VDM Ansatz.

Quarks and Partons

In the static quark parton model ‘7- , mesons are interpreted as ¢§ bound states. Since
the quarks carry charge, for a short time. the photon car form a ¢¢ pair. Because of spin and
parity conservation, such a pair has the geantum numbers of a vecior meson. Therefore, there
is some overlap beiween vector mesons and photons: < 4V >~< 4 ¢("}§(7).L = 0 »= 0.
Thus, the quark mode] can give a qualitative interpretation of the successes of VDM.

In the guark model. electromagnetic transitions between mesons (i.e. M; — M4} are
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. What really happens if
two photons form a meson is subject to specific modet 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 directly. In this case. the radiative widths are interpreted {as in the
case of positronium decays) as measures for the quark wave function at the origin in case of
pseudoscalar meson decays, or as measures of the derivatives of the wave functions in case of
scalar or tensor meson decays. Another Ansatz assumes a more complicated process. It may
be thai a better analogy are alomic photon transitions. The radiative decay of a meson would
then be a two stage process: an M, or E; transition would be followed by the annihilation
of the resulting ¢g pair into the second photon.

It is of course very tempting to mix quark and VDM arguments, i.e. take for example
the tensor — vector photon (" TV +”) amplitude from the quark model and then use VDM for
the V' — ~ transition. However, if we want to test experimentally, whether or not the VDM
hypothesis is simply a suitable parameterisation of the unknown. or whether a 1V 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 cannol 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 QCID 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 Lepage|8] published the first
calculations of exclusive processes in 7y reactions in the framework of perturbative QCD.
The basis of these (and many subsequent) calculations is the assumption of a factorisation
of the full amplitude into a hard core describing the formation of ¢4 pairs and a soft part
describing the condensation of quark pairs into mesons. 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 Second Order QED at 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. [9-15.

The guantum mechanical description of the two photon process at storage rings is shown
in fig.{1.1). The corresponding amplitude is

Lo
M= —ezﬁ(P'lh“U{m)f(p?h"v(p;)&a?ﬂu {r.1)
1%2

The term T, contains the physics of interest. It is therefore useful to disentangle the leptonic
part from the vy — hadrons vertex. The result has been given by V. M. Budnev et al 9]
and others. For unpolarised beams,

2 2.2
o {qlqz) - 9793 { . - -
4T pT T orr +21p  p 1rreos{2e}
TTor1giqd \ pipa) - mimd P12 o (
=~ 207 "o oL + 207" Pz Tour + o6 oL (1:2)
-8 pm +o 1d Pz
Ei E;

The labels +, -, 0 refer to the helicities of the photons in the 4~ center of mass system. The

8

Jluzx factors p*! are given by

+ - 1 im
207" = 2p] " = Pl ngz2)® + 1+ Pl
1

)3
P?U = Y(zpl 92 - q12)° —
4 1
2703 cos(d) = = (2p192 — 0192)(2P2@1 ~ 192)C—=—
X Vaid (1.3)
Ll | i Cz +
2ip1 Py |cos(2¢) = e q =207t - 1es " - 1)
l 2
oy T 1=pF" -1
3t (1,2) = 3(2,1)

with
1
C=-{2py -~ @1)(2p2 - @2) - i{qm)&pm - q192}{2p2q1 - q192)

and X is the analytic continuation of Maller's fiux factor

g
g2

A= [9{92}2 - 9q

The angle & is the angle between the electron-q planes in the 4+ center of mass system. With
this convention of fux factors, the two photon cross sections ¢ can be expressed in terms of
helicity tensors Wyrp 1

i . . 1
ory = Ny Woo e =W ) opr = ﬁwcno.r_m
! — W ! —W
ory = —= Woeg o, Oy = LA TPART
2‘“ X vX (1.4)
P = —:1’1;;_,,
2\' X
TrL = ~—(“ 44,00 < L —0)
4v' X
These helicity tensors are essentially cross sections with all flux terms taken ous:
1 . . -
Wa’f,l‘uf, = 5 /d(LipS),‘\qu‘-."fﬂg.. M. = Tupl';‘ﬂ(;b (l.o)

The Lorentz invariant phase space element for a system of n particles is abbreviated in the
usual manner:

d(Lips), = (27)* 6*(q1 ~ g2 - Lk} 21')3" H%—E"-

Taking the z-direction along the momentum of the photon with label "17. the explicit form
of the polarisation vectors in the two photon center of momentum system can be taken to be

1 1
€10 = —={0,-1,-£,0}, - = —=(0,+1,-1,0), €0 = ('hz 0.0, ¢10)

\,@ V’E \ 7q] (] 7)
€23 = —=(0,+1,-1,0) L0,-1,-1,0) ! (012.0,0. - g30) '
24 = =W s R UL e = — U, 1, V), 60 = ——— g (s =20

V2 V2 v-ai ’

g



In this frame, the photon four vectors are

VX

o mgetql vX Qg +
= (__ T W)

a
W ?0101—-“7) 2 = ( W 30:03“

(1.8)
It must be stressed that the polarisation vectors are reference frame dependent quantities, In
particular, a Loreniz transformation with a finite component perpendicular to the electron
beam direction leads to mappings of transverse photons onto longitudinally polarised photons
and vice versa,

The way the cross section is defined here is such that at finite g%, it has the same
form as for vector mesons, but calculated at negative mass squared. However, sifice no
possible experiment can count virtual photons, this convention is arbitrary except for the
limit g%.4% — 0. In fact, many authors use different conventions, leading to discrepancies
which are typically of the order ¢2/W?2. The convention adepted here has the advantage
that the v 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 v'X is
proportional to the three momentum of the photons and it turns out that the well known
(;EE,’EI;O:]“*‘ spin barrier factors find their spacelike counterparts in powers of v/ X linking
the coupling constants to the off shell v cross sections. With increasing |g2i, 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 ¢* evolution of the cross seclions
is di f ferent from the ¢° evolution of the squared amplitudes. This discrepancy can fake form
factor effects. Consider for example a constant amplitude for transverse photons. The crass
section for the case g7 £ 0, ¢ = 0 would then be a7y ~ l_—?;’f%‘ which for masses of the

order W =~ 1G¢V is numerically close to a p” pole form factor. There are many examples
in the literature, where this "dummy” fall off has been misinterpreted as a vector meson
dominance effect.

Restrictions on the vy Vertex

The two photon vertex T),.. is subject to a number of conservation laws (see also refs. 16,
117)), in particular charge conjugation invaeriance, gavge invariance. Lorentz invariance
{which includes conservation of angular momentum), Bose stalisties and conservation of
parity.

The consequences of charge conjugation inyariance are two fold. First of all, it implies
that in the two photon process. only states of positive charge conjugation can be produced.
Single p” mesons (which have negative ) in the data are thus a sign of non two photon
processes or incompletely reconstructed events. A further consequence criginates in the fact
that the photon fusion mechanism is the only second erder 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 negalive 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 eTe™ — ete" X process
also apply to the subprocess vy — 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 J7, one then obtains for the helicity matrix elements Moy

Moa(et.q3) ~ 42 fasqg? — 0) for ali J¥ gauge tnvarience

Maole}.a2) ~ v~¢2 (asq? —0) for all Jr gauge tnvariance

Meoy(a?. 63} = M_a_slg?,¢d) for JF=0%17,2%, . parity

Mai{a}.¢5) = —M_a,_slg?.q3) for JF=07,1%.27, .  parity

Mop{el.of) = (-1 -aM, (o}.q%) for all J¥ Bose symmetry

M. s(e}.6f) = 67 Marn(d?.qd) with J, < J Lerentz invariance
(1.9)

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

For any gf,¢3, in the most general "double tag” configuration, one has
M. (J'=0%1%) =0
My (JF=0%)=0 {1.10)
.*\40:1(;’:‘ = 0—,1_.27,...) =0
The first two equations are a straight consequence of helicity conservation and the third one
an implication of parity conservation.
For g} = 0, in the single tag configuration, one has in addition to eq(1.10}
Moa(JY = anything) = 0
Mo IV =07.17,27, )= +M_4JF=0",..) (1.11)
MM =07.17.27 )= - M_o(JF=0,..)
These are consequences of gauge invariance and paritv conservation.
For gt = ¢} # 0. in the symmetric double tag configuration. the following helicity
amplitudes vanish in addition to the ones of eq.(1.10):
Mo (JF=17.3% 5% .)=0
M_-(J'=1".2".3"..)=0
MadJ7 = 17.37.57..) = 0

fl

(1.12)

These selection rules are the result of an interplay bewieen rotationa) invariance, parity
conservation and Bose symmetry.

For real photons (g = g3 = 0). the restrictions are most severe. In this case. all selection
rules stated above apply. and oniy a small number of amplitudes remains non zero:
My (V=022 47, )20
Mz (JP=27,37.47..) %0

1.13
all others wvanish ( )

11
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"These amplitude restrictions imply Yang’s' theorems [16]:

"‘m(ﬁ):"w(l—):o (1.14)
O (IP =37,57,77,.) =0

and fix for a large number of states, with which helicities they are produced in the collisions
of real photons: .
Jo=2 for 3T,5%,7,..

Jo=0 for 27,47,67,.. (1.15)

+

Therefore, in all cases, except for the production of JF = 2% 4% . states, the helicities are
fixed by first principles. Hence, in ali other cases, the determination of the coupling of a state
of known spin parity to two real photons reduces to a one parameter problem.

Determination of the Radiative Widths

In the fimit g2 = ¢¢ = 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 io overcome the technical difficulty that the
usual expression for the phase space of a_system yields a & 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 can overcome this problemn by first considering the entire
process, i.e. production end decay of the resonance:

[ Ml R v
2/ W2 — ;’W% + 1MrT R

1 iM . R-—a”find[" g? .
E/iMuh("ff — R} (('W;-E ME)E + p%,\)/]‘?? aLips pinat

Wabat = ) izdL?.PS[mut

(1.16)

Il

For the case where the resonance decays into 2 stable particles, the orthonormality of the
spherica! harmonics leads to a complete factorisationof the integral and we obtain a useful
expression for the (total) phase space of a single particle: :

2% I sa-t g/(R)
wowe - M}ze}z - [‘2;?}\4}2? JANYIHS)

' IE.(M’}! (2L+1)
Ta= rg(—)

where T, is the width at nominal resonance mass Mg. In this expression, the decay form
factor (usually referred to as a “finite size effect” or "spin barriere penetration factor™) has

Lips, =
{1.17)

iSome of the selection rules which are known as Yang’s theorems today were given by Wheeler, Sakata,
Tanikawa, Finkenstein, Steinberger and Wigner. Their works are referenced by Yang |16}.

12

been neglected. If the total width of the resorance is two orders of magnitude smaller than
its mass, such factors may be ignored; otherwise, the {k")*L+1) factor has 1o be modified
(¢.f. appendix D}.

It is useful to compare the above expression with the two photon width of a resonance!
1
Iy = ———— [ M52 1.18
T Yen(2J + 1) Mg ;‘ b (118}
and the g2 = 0 limit of eq.(1.4). For a particle of spin J, the result is!

rr”f'?
W2 = M2)? T M?

o4(gf = g2 = 0) = Bn{2J + 1}% {1.19)
This equation has interesting implications. Since the total rate is proportional to the product
Tr » B{(R — %) « (2J + 1), the knowledge of either pair of these quantities, together with
the a v measurement gives information about the third. The total widths of the 5 and
n' for example are most accurately determined by a comparison between 4 formation and
resonance decay measurements.

Features of the Photon Fluxes

The full equation connecting the electron positron cross section with the various 4+ 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 approzimation. epa 18). These will not be discussed here in detail, first of all
because the literature on this subject is already quite sizable, but also because the accuracy
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 precise vy measurement has to to be based on the fuli formula given in eq(1.2}.

Nevertheless. the equivalent photon approximation has some lasting value. It provides
us with a simple picture of two photon physics. Also, it is easy to calculate and thus provides
a good tool for efficient detector design studies.

With this in mind, we shall follow for a while the key assumption of the equivalent
photen approximation. the hypothesis of factorisation. Physically. this means that one can
think of the interaction region as being exposed to two independent wide band photon beams.
According to ‘9. each of the incoming beams has the following spectrum:

drn, a ( Wy w? Wi G i
B .y U e ) S IR R 2 1.20
o "m0 E ) 0 ) 020

'In evaluating the phase space of a two photon system, care has to be taken of the fact that the iwo photons
are indistinguishable. and Lhus, fdﬂ = ?m

I Notice that the radiative width is by definilion 2 number, and not a function of W. Eq.(1.19) is written
down under the assumption that the vy veriex has no explicite energy dependence, i.e. M n{W) = M (M).
For a large number of cases, in particulare J* = 0" and large J meson production. it is very likely that this
assumption is not correct. However, the energy dependence of the photon photon coupling depends on the
details of the process and can Lhus not be implemented in this general form.
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where wy is the photon energy in the Jab. frame and ¢, is the smallest possible invariant
mass of the photon i=1,2. The total electron positron cross section then follows from

_ o . d%n d*n '
olete” —ete” X) = /o('yfy — X )(—j’-—l—;ﬁr—_, (—iﬁéidw,dwgdq[dqé (1.21)
w186y Szl

Notice that measuring a total 4+ cross section alwayvs means measuring a differential e? e
cross section. The dimensionless product d*n d%ny = d*L., is often called the differential
photon luminosily function.

The main features of the photon spectra are easily examined. First of al), the 1/¢* term
from the photen propagator leads to a pole at g7 = 0, which is only avoided by the kinematic
constraint

9 d

m;w'
EW(EL - )

lg?} > igtini = (1.22)
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Figure 1.3: ¢? spectrum of the photon flur from a single
electron bearn (from eq.1.20)

Fig.(1.3) shows the ¢? evolution of the flux of transverse photons from 20 GeV electrons.
The scale is chosen to be logarithmic, because the peak near 4% = 0 is so sharp and narrow
that it appears as a vertical line on more or less any linear scale. The maximum of the flux is
generally more than 6 orders of magnitude (!} below the natural hadronic scale set by the p
meson mass squared. It is thus justified to consider the large majority of two photon events
as induced by real photons. However, the logarithmic scale is also misleading in the sense
that it may lead to an underestimate of the fraction of photons which have large values of
g. In fact, for some 10% of the events (the exact number depends on the final state one is
measuring). form f{actor eflects can not be neglected, At the current DORIS, PEP, PETRA
detectors. the electrons coming from most of these events are not scen.

The energy distribution of the incoming photons resembles that of Bremsstrahlung. It
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can be obtained by integrating the above Aux specirum over ¢°. giving

dn I w w q: w q;
— = (1= = = e £ I [ R 1.22
duw wuw (( E,  2E} o 2 ( E.s,)(l I LA ) ( )

This spectrum is shown in fig.{1.4}. It is interesting to notice that the nass of the electron
mainly enters the spectrum logarithmically (via {n{g® ;. )). This has the promising conse-
guence that proton machines may also serve as efficient photon sources.’

Gev ™!
i

1072

10t

1 2 3 { GeV
W

Figure 1.4: Energy spectrum the phofon fluxr from a
single electron beam in the lab. frame ffrom eq.1.22)

Other QED Processes of the same Order

The two photon fusion mechanism is not the only one contributingto thee™e™ — e"e™ X
cross section. In addition to the vy fusion diagram, there are three other classes of diagrams
of the same order of a.(c.f.fig.(1.5)).

The Bremsstrahlung and annihilation diagrams may be considered as radiative correc-
tions to the Bhabha process. while Lthe conversion diagrams have no lower order relative. If
the state " X,” in the conversion diagrams shown is fiz.{1.3) is an e*e™ pair, these diagrams
may simulate large g7 two photon events, Notice t. . .= all but the 44 fusion diagram, the
system X is linked to the electron lines through a single photon only, implying that it is not

{This may be very counter intuitive, given how very differently electrons and protons interact for example in
clectromagnetic calorimeters. The principle difference between virtual photon radiation and interaction with
matter is that in the latter ¢lass of reactions. the proion always vccurs as a propagator. leading to a 'ljm:,
term in the cross section, In contrast, in the case of virtual photon radiatjon, 1the proton makes external lines
anly.
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possible to make predictions aboul the refative sizes of different diagrams without making
specific assumptions about the ratio of 14 to 24 coupling constants of the system X. There is
thus no way of formulating the influence of the competing processes in the form of a correction
to eq.{1.2}. Every final state has to be looked at individually.

E
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x
X
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Figure1.5: a’® contributions lo the

%, < tolal ete” eross sectton. The anni-
1 . N .
hilation diagrams are suppressed by
Xy s X,

the photon propegators, the conver-

Fnvesian sfon  diegrams yield high fnvariant
masses.
The cross section for the reaction e e~ — ¢~ ¢”p " pu~ has been calculated by Behrends,

Daverfeldt and Kleiss [19{. As they point out. this process not only gives a handle on the
description of guark pairs, but also provides a model independent link to electron positron
annihilation data. This is a resuit of the fact that by far the largest correction to the 14
fusion mechanism arises from the the Bremsstrahlung diagrams. Since for these diagrams, the
final state "X communicates with the electron lines via a single photon only, the differential
production cross section factorises into an e”e” — ¢“e” 5" anda” — "X part. For muons
{c.[. appendix B), the latter is described by the function
oy a 335 .

T 5 = o Wa {1.23)
where 7 is the velocity of the muens in their commen 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 replacemem
2
JIW) —+ fraan (W) = 12 Semrmzedn DY)
[ Y T (H' 2)
Notice that the authors of ref. [19] have written a Monte Carlo generator for ¢
et e~ p~p~ in such a manner that individual diagrams can he "switched off". Therefore, by
means of eq.(1,24), the tools for a simulation of Bremsstrahlungs contributions are available.

(1.24)

+

e —
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As can be seen in Bg.(1.6). the total cross section for g 4~ pair ereation by Hremsstrahlungs
diagrams is ahout two orders of magnitude smaller than the cross section of the 5 fusion
mechanism.

Oule’e” —mete pty”)
nb |
L vy Fusien
200 + é
150 |
100
s J
~ )
T Bremsstrahlung
38 4
3 Figure1.6: The fwo largest QED
I ) conirtbutions to the lolal cross sec-
1 I — tion for € e eTe~utu . Th
— wtu™ . The
100 . . . .
10 11520 5 30 30 € vearm (6] curves are inierpolations of points ¢

ven tn ref. 19

For beam energies between 10 and 100GeV, the total Bremsstrahlung cross section is only
op = 1.06nb(Egeam/Gel )13 (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 the case. if either or both electrons are scattered at a large angle. and
the invariant mass of the p~p~ pair is close to 2m,,.

The experimental evidence for contributions from non peripheral processes is still mar-
ginal {c.f. ref. '111)). The Mark J and the PLUTO collaborations have seen indications of
a Bremsstrahlung contribution in ¢~ 1~ pair production, however. the available data do no
vet require the presence of these amplitudes.

Ingredients for a Two Photon Analysis

Hardware

Basically, all the requirements lor a good two photon detector follow from the features of
the two photon flux. Two photon event detection depends critically on two main parameters:

Forward particle detection capability

trigger thresholds
In addition, particle identification may be necessary for some channels,
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Since the photon spectrum roughly follows a 1, distribution, the energies of the in-
coming photons are usually quite different. This leads to a large Lorentz boost from the ~+
centre of momentum system to the lab. frame. As a consequence. all final state angular
distributions are strongly peaked towards cosf = 1. i.e. towards the beam pipe. A detector
which is designed for -yy physics must be able to measure particle momenta down to the
smallest possible angles. Fig.(1.7) gives an idea of the importance of small angle coverage. In
this figure, the (lab.) angular distribution for muons from the reaction 4y — g7 p~ is shown.

{orb.units)

Eb= 17.5 Ge¥

dn
&

Figure 1.7: The angular distribution
of muens m the lab. frame. Notice

0 that the number of particles per solid
3 angle inlerval 13 :—;’? = ‘”2:8%.

The other major feature of the photon flux is the sharp ¢* distribution which is followed
by a long, slowly falling tail. Since

¢ = —4E,E'sin®(8;2)

low values of g* 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 cleclromagnetic calorimeter may not be
sufficient. In Fig.(1.8), the PLUTO detector is'shown as an example of how clean tagging can
be achieved by including charged particle detectors in front of the tagging shower counters.

‘I'riggering two photon events is probably the most difficuly Lask for a vy detector. The
reason is illustrated in fig. (1 9): beam interactions with residual atoms in the interaction
region {"beam gas”). Because of the large cross section for photo production, such interactions
are rot only a severe background for some exclusive channels. they are also responsible for
Lrigger rates which may easily lead to intolerable dead times, Since "beam gas events” have
topologies similar to those of vy events, a reduction of the dead time in general implies a loss
of wwo photen events. Different collaberations have come 10 different hardware solutions for
this problem. The TASSO and JADFE detectors (c.f. figs.(1.10/1.11)) are equipped with time
of flight scintillators surrounding the inner tracking chambers. The rate of false track triggers
in these detectors is reduced by demanding a hit in those time of flight (TOF} modules to
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which the tracks point. This is a cheap, simple and powerful technique. For track pairs with
small opening angles, the JADE as also a {rackxTOF »shower counter trigger.

PLUTO Detektor (1981)
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Figure 1.8: Schemalic view of the PLUTO defector,
a dedicated experiment for Lwo photon physics, The for-
ward spectrometes strongly enhance the areeplance fur
two photon events and allow particle tdentification. The
chambers in front of the shower counters enable clean

tagging.
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Figure 1.10: The TASSO detector. Its large drift cham-
ber yields good momentum resolution for tharged par-
ticles.
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PLUTO and CELLO (c.f. fig.(1.12)) 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
PLUTO 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 step {via parallel logic). This is the most fexible, but also the most
expensive solution.
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Figure 1.11: The JADE detector. The lead glass shower
counters allow accurale reconstruclion of neutral final
stales.

The photons coming from 9 events have small energies compared with the energies
of the beam electrons, i.e. down to 100 MeV or less. Since such low energy photons can
produce very short showers, it is of great help 10 have as little material as possible in front
of the shower counters. In particular, it is preferable to have the electromagnetic calorimeter
inside the magnet coil. However, the most important quantity for a shower counter in a two
photon experiment is the noise equivalent, since it determines down to which energies showers
can be triggered and reconstructed. BGO, Nal and lead glass are (in this order) the mos:
suitable materials - if equipped with photo tube read out. This latter requirement may be
in conflict with the demand of having the shower counters inside the coil. The Crystal Bali
detector {c.. fig.[1.13)) represents the most radical solution of this problem. It posesses no
coil and only a small inner tracking chamber, thus being able 1o measure photons down into
the 1MeV range. The lead glass system of the magnetic JADE detector has also proven to

21



be very suitable, allowing for example to record and reconstruct single n proeduction through
the decay channel  — -y, For the reconstruction of exclusive final states, the granularity
of the shower counters may be more important than the energy resolution since, through
kinematic fits. a bad energy measurement {one variable) can be more than compensated by a
good position measurement {two variables). For the triggering of entirely neutral final states,
a fine segmentation of the calorimeter is important since in general, topological requirements
like like acoplanarity cuts have to be implementied on the trigger level to avoid inwlerable
dead times from "stray” photons,
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Figure1,12: The CELLO detector. The long inner
tracking chamber gives a good acceptance over a large
soltd angle in the c.m.s. of the two photons.
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7 Schaverzihler fiir Yorwirtsdetekior (Bleiglas)

Figure 1.13: The Crystal Ball detec-
tor, a dedicated experiment to accu-
rately measure neutral final states.

Software

With very few exceptions, two photon events are close to detection thresholds. This
implies that the evaluation of the detection efficiency is generally very difficult. Experience
shows that reliable measurements can only be obtained if the detector simulation programs
are fine tuned with calibration reactions. Frequently used processes ase for example

e — K~ X

7T e”

(track momentum resolution)

(etm. showerresolution ef fietency)
{elm. shower resolution . e f fictency)

Ay — 45 = (7, eseparation)

orot(¥y — upu")  (trackiriggeref ficiency)

e"e” -~eTe e e

Very useful checks can be obtained from redundant measurements. Comparisons between
dE ‘dr and TOF or energy momentum comparisons of electron samples provide simple mea-
sures of absolute efficiencies. For the intercalibration of various detector components. kine-
matic fits (see below} may be useful.

A similar degree of accuracy is required for the simulation of the photon photon processes.
In practice. this is very difficult because the evaluation of the full 7 e~ ~+ e e~ X cross section
can require a seven dimensional integration (in the case of pair creation). The key technique
used for such integrations is called importance sampiing. The idea is to generate points (i.e.
particle four momenta) not uniformly, but in a space which is "compressed” in those regions
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where the integrand (i.e. do/dr) has maxima. Technically, there are many ways of achieving
this. Two methods are described here.

The FORTRAN programs YEGAS by Lepage or BASIS, a further developement by S.
Kawabata {20] use an entirely numerical method. The principle is shown in fig.{1.14). In the
first step, a large number of points is generated uniformly in ali variables. Then, the sum of
the values of the integrands in each square (or "hypercube” 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.

{7
i
RN
K
S
J" ;‘ (A

)
@

Figure 1.14: The method of impiortance sampling. The
numerical ‘integration of the function on the left is very
efficient, since the function faciorises in the variables
shown. The function on the right would not be integrated
50 efficiently.

The result of such af-iteration is a grid which is open in regions where the function is small,
and close in regions where the function peaks. For proper normalisation, the values of the
integrand have to be multiplied by the bin width {volume of the hypercube). It is easy to
realise that the products f{z).* Az have a much smaller relative variance than f{z} itself.
This means that after the grid has been calculated, unbiassed event distributions can be
obtained with a tolerabie efficiency by the old method of first calculating the maximum Af
of the products f(r) + Az then generating points as above, and then accepting the event
if the above product for this event is larger than the maximum value A, multiplied by a
uniformty chosen randem 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 ¢* distributions are very steep
in two photon physics, finding the right variables is crucial. In particular, cne 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 choice comes from aiming for approximate
factorisation. If f(xy,z2) = gi{2:1}+g2{22), the variables z, and z; are certainly better suited
than for example yy = z; + 22 and y2 = z7 — z;. In the case of two photon physics, the
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equivalent photon approximation offers an opportunity to find suitable variables by directly
integrating the approximate formula. The third requifemnent 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 Lag events is to be generated, an integration
over the scattering angle #, or a function thereof, is more suitable than an integration over
g%, first of all, because it has no energy dependent onset, and secondly, an upper limit on 8
coincides exaclly with the measurement condition "no final state electron observed™ {antilag).
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 ¥y — pp~
exist ;19], it seems feasible to obtain Monte Carlo events for other processes through a simple
weighting method. Suppose for example a tape with 47 — a7 7~ events is needed. This
can easily be obtained by the following algorithm. First, the maximum of the ratios B =
drle’e” —eteTaw")
dole e —etep-p-)
evenl is compared with the product Rmor # (unifoermiy generated random number). If this
product is smaller than R, the muon pairs are replaced by pian pairs of same W2 ¢Z g%, .
and written onlo tape. Notice that for this technique it is necessary that the variables used
for the weighting do not change their values. For the above example, the vy c.m.s. variables
W.8. 0.4} and g2 would be an ohvious choice, since they are insensitive to the masses of the
# and 7. The differential cross sections for u™u~ production are given in the appendix.

is determined. Then, in a second step, the value of R for each individual

Kinematic fits are of great help in two photon physics. In addition to the usual advantages
(i.e. improvement of mass resolution, background reduction, test of calibration) fits in 4~
physics lead to a considerable improvement in the interpretability of the experimenta) results.
By restricting ¢f.¢? 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 generally smaller than for virtual photons. Real photon collisions are thus
easier 1o inlerpret. Also. the restriction 10 tiny ¢° values reduces the errors coming from form
factor uncertainties to negligible valyes.

At first glance, kinematic fits seem not to be leasible for most of the ~y events. ln no
tag samples, six unmeasured lepton momentum compenents seem 10 overrule the four energy
momentum constraints. However, the kinematics of two photon events. together with the
steep g2 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 frequent case where one of the
photons is almost real, (g = 0) the laboratory transverse momentum of the hadronic final
state H can be written as

T IRV PN L BT RN T
Py (H) - ql{l 2 E; E; 2Eg‘ - N

Thus if the hadrons are produced with modest rapidity,” restricting the transverse momentum
of the hadrons means restricting the invariant masses of the photons. Technically, this is
achieved by a little trick. It is simply pretended that the directions of the outgoing electrons
are very well measured to be scattered at O degrees (xO{lmred)). By this method. the
energies of the final state elecirons remain the only unmeasured variables. The result is a
two constraint fit in which high ¢* events appear with a fow x? probability. Cutting on the
x* probability thus removes high 2 events, together with the background from incompletely
reconstructed events.

large rapidity events tend to have a vanishingly small chance of detection.
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Through the Measured Channels

Pseudoscalar Production

Introduction

The neutral members of the 0~ nonet are the 7°(135 MeV), n(548}, and the 5(958).
They are all very narrow resonances. In the static quark model, the observed states may be
close to the pure singlet and octet states.

= ez dd)

V2
1 _
fng = -— (¥ + dd — 2s5) {2.1.1)
vB
1 .
n' =y = ~=(uld + dd ~ 53)
V3

Although the members of the pseudoscalar nonet have been known for a long time. the 0~
nonet has some interesting and to this day not understood features.

The masses for example nearly span an order of magnitude. So far, this mass splitting is
only understood on rather weak phenomenological grounds. Moreover, the ways the masses
are explained are highly correlated with the assumed value for the singlet 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 5U{3)F, 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 4; and ny is meaningful. If SU(3)#; turns out to be fulfilled.
two photon experiments can determine this mixing angle and thus provide a necessary input
parameter for mass splitting catculations.

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 have been interpreted in the
framework of vector meson dominance, ground state pictures and by perturbative QCD. By
using the additional freedom of varying ¢¢ and ¢} independently, two photon physics has the
opportunity to help distinguishing the various approaches. Double tag measurements may
therefore be particularly fruitful in the future.

The coupling of a neutral pseudoscalar meson to two photons proceeds through a single
amplitude and hence, there is only one form factor F(g},¢3) :

T, = ie,‘mgqquF(q]z,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 0~ state cannot couple to longitudinally polarised photons. The only non
zero terms entering the full e*e”™ — et e~ 0~ fortnula are

1 1 MEVX r
= — = = 'F2 2, z
orr 271‘7 P {97, 92) W (WZ_- M?)? y T2M?
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Notice the strong mass dependence which is also present in the 4~y partial decay width:

_ MEF*(0,0)

T
™ 647

(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 e7e” — e* e "07" are of similar
magnitude for the three nonet members.

Measurements of I'.,(n’)

The n' is the heaviest of the three neutral nonet members. Its decay products have thus
comparatively large nomenta. This means that the ' is the most easily seen pseudoscalar.
and it has been observed in a large number of experiments. In most cases, it has been
identified through its decay into p~ (c.. fig.(2.1.1). The published results can be seen in
table {2.1.1).

T..{keV'} Decay Erperiment Ref.

5.8 1.1{=1.2) p"q Mark 11 21
50 05(=09) p"y JADE 22
6.2 1.1(:08)  pty CELLO 23
382 0.3(=04) p"n PLLUTO 24
5.1=0.4(=07) "y TASSO 25

37 10(z..) nu~n~ Mark H{prelim.) 26
1.2 2 0.3(=20.8) 'y PEP49(pretim.) 27
40 10(z04) JADE 30

Table 2.1.1: Measuremenis of T {n’)

There is an indication of decrease of the average value as a function of time. The most
probable reason is that the first three measurements were based on too simple n’' decay
models, i.e. the spin barrier factors of this L = 1 decay were not taken into account. This
interpretation of the discrepancy is supported by the fact that both, the Mark Il g7~ r~
measurement and the JADE ~4 measurement are in good agreement with the recent p"~
measuremnents. On the other hand. TASS0 and CELLO have claimed that their result is not
sensitive to the details of the n' decay 98. At present. it seeins not meaningful to evaluate
a "world average” including all published values. All one can say is that the most recent and
precise measurernents point towards a radiative decay width of roughly 1 keV.

The correct decay matrix element for the decay n' — 77 77~ has a very similar form to
eq.(2.1.2). Calling &y and k3 the four momenta of 7~ and #~. P, = k) — k2 the momentum
of the p* and representing the outgoing photon by @ and ¢ , the matrix element of the »’
decay can be written as

R cagupr M P~ g7
M(J’J - F N ‘T) = F,,!l,-’,F{,,r,rCaﬁ#u( Q P;' ;‘E - Pﬁ - imprﬁ

(k1 — k), (2.1.5)
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where Fyi -, and Flre are the couplings! {c.[. appendix D). The "simplest” form of the decay
distributions is obtained, if one uses phase space recurrence relations, giving

e 2K F3 m2, ~ m2 ¥ (m, — 4m? 2 R
Tl ey (( 7 rs)(m; ik sin”(07) (2.1.6}

"
T Y] 3 s P 2emd

drmi o d{} Bx)tmy, (3 — w2 )2+ Pml

where 8 is the angle between the pion and the photon in the p°® center of mass system and
ther i5 the invariant mass of the 7+ 7~ system. Notice the complete [actorisation into mass-
and angle dependent 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 speclra are the basis of
an accurate delermination of the radiative width of the
n' and of the first measurement of @ form faclor in two
photon physics.

In order to seltle the question of the radiative width of the n' meson, it would be very nice
to see more measurernents of ' production in decay modes diferent from p%y. The elastic
reaction v — 47 seems o he the most promising one, since the Monte Carlo simulation of
the two body decay of a spinless particle involving narrow resonances only requires essentially
no assumplions on the decay dynarmics.

Measurements of I'.,(n}

The detection of an exclusive n signal is rather difficult, not only because of the small
invarianl mass, but also since the 5 photoproduction cross section is rather high. 5o far,
the n has only bees observed in the decay mode n — 4. In this channel, a “"heain gas”
subtraction is difficult, since in an entirely neutral final state, the interaction point is not
well determined. Therefore, such analyses require single beam running. Nevertheless, three

I Notice that neither of these couplings are constani.
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experimental groups succeeded in obtaining an exclusive i signal in quasi elastic photon
photon interactions.

I (ket) Decay Exzperiment Ref.
0.56 + 0.12(+0.09) ¥4 Crystal Ball 29)
0.53 £0.04(=0.04) JADE i30]
0.61 £ 0.13(£0.12) 4~ PEP49(prelim.} |26]
0.58 £ 0.04(=0.08) v  Crystal Ball{prelim.) [112]

Table 2.1.2: Measurerments of Ty (n)

The three experiments are very well 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 have
confidence in those measurements,
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Figure 2.1.2: The ~+ tnvariant mass spectrum from the
JADE detector gave o precise value for I'pq(n).

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

on the Primakov effect:
Ty (keV)  Yeur Ref.

100022 1967 [31]
0.342 20,046 1974 {32}

It secems clear now that the true radiative width lies between the values given by these two
experiments.

Y Ajthough the quoted widths are mutually inconsistent, the data of the two Primakov experiments never
were. The 1967 experiment had not been accurate enough to discriminate between two possible solutions, one
being consistent with the 1974 experiment, the ather one being published. For this reason, the 1967 resull
was no longer used after 1974.
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Measurements of T'.., (5%}

The 7% was the first meson predicted 10 be seen in the {wo photon process at storage
rings (Low 1960 {33]) and the last member of the pseudoscalar nonet to be scen {Crystal Ball
1684 [34]) The requirements for a detector to measure single 7” formation are very strong
because of the small mass of the #® meson. If it is produced *al rest” in the laboratory frame,
the two photons coming {rom its decay are too low in energy for a scintillator sandwich or a
liquid argon calorimeter. If, on the other hand, the #® 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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Figure2.1.3: The first and only observation of single
70 production in two photon collisions (Crystal Ball,
preliminary).

Tony(m?) = 7212 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 measurement of the 7 life time which yields [35]

! B(a¥ = 47) = 725+ 0.18 £ 0.11eV  NA30{CERN)

F'r'l{rﬂ) =7

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)r: 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 functions {¥ riavour). If it is assumed that the photons couple directly to the
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quarks, then Fy-.,., ~ @*¥riavor s, where Q? is the eigenvalue of the (charge)? operator.
According to eq.(2.2.1}, we then have the prediction

1,1 / 2
3v2 3ve' 3v3

Frnon/ Frayr! Fotan = {2.1.7}

In general, one has to assume that the observed mesons are linear combinations of the singlet

and the octet states.
= cos{@}ns — sin{@
! 6)ms _ (), (2.1.8)
7' = cos{@my + sin{B)ns.

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

3

T () = o {n®) s 2 (VBsin8) ~ cos(9))?
m;" (2.1.9)
Pan(n') = Toa(5°) 5 % (VBeos(d) + sin(0))?

Furthermore, the validity of the above assumptions can be tested in a manner independent
of the mixing angle. since eq.(2.1.9) aiso implies the sum rule

Toain) Toqln T (7"
: _.(3’?_.) o Mf_.f) - 3LJ {2.1.10)

m3, m3 m,

I is interesting 1o notice that eq.(2.1.10) can also be oblained in the context of vector
meson dominance, The assumptions then are that the overlap integrals < vector iQ:0™ >
are mass independent and that the 4 to vector meson coupling constants are just as given
in the Van Royen scheme 36 . Therefore. the above sum rule tests the validity of SL7(3)p;
irrespective of the mechanism contributing to the decay.

The Experimental Status of SU(3)f/for Pseudoscatar Mesons
The history of experimental tests of $U(3)r; is both entertaining and admonitory:

In 1983, all two photon data agreed with the above nonet symmetry relations. Despite
some experimental uncertainties.! the measurements even seemed to agree with the mixing
angle obtained from the Gell-Mann ; Okubo mass formula 137

CBgee = - 1111V 2 02" (2.1.11)

In 1984. the PLUTO and Mark 11 collaborations measured values of the radiative width
of Lthe n’ below 4 keV. At this time a value of about 6.7 keV was expecled from the radiative
n width and 7" life time. This not only led to controversies between the experimental groups,

VA careful analysis of the state of SL{3)#/ in 1983 can be found in refl. [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)p; is so badly broken for the masses that it would be naive to assume
exact SU(3)r; for the radiative widths., A different extreme conclusion was that the "too
low” value of the radiative n’ width was evidence for a gluonic component in the n’ and
thus provided qualitative evidence for QCD. An extensive discussion of possible gluonium
admixtures, including further references, can be found in ref. {110].

In 1983, the situation reversed again. The JADE collaboration published a precise
measurement of the radiative width of the  meson, leading to a considerable upward shift in
the world average. Cronin et al gave a new, precise value for the 7" life time, which is smaller
than the Particle Data Group value. Together, these changes restore 0~ nonet symmetry for
the radiative widths. However, the mixing angle is now —18.4° = 2.0°, in contradiction not
only to the mass formula, but also in contradiction with old average values.

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 1974 Primakov effect
experiment, which now appears to be wrong.

Comparison of the Measurements with Models

Successful theoretical interpretations of the radiative width of the «'' have been given in
the context of VDM and in the coloured quark model together with PCAC:!

[ (7%)/eV  hypothesis  year  ref
74 VDM 1962 4
7.6 PCAC(i.e.qq) 1969 (39,40

Both values are in reasonable agreement with experiment. However, the concepts behind
these calculations are completely different. Nevertheless, a fully convincing interpretation of
the 7" life time is still pending, since PCAC only holds for massless pions. and the systematic
error on the VDM approach is unknown.

Since these early publications, large efforts hate been made to calculate the radiative
widihs of the other neutra) pseudo scalar mesons (c.f. table{2.1.3)). In this table, GMO
stands for Gell-Mann. Okubo’s mass formula. i.e. a mixing angle of - 117 is assumed. As we
have seen, this mixing angle is inconsistent with the measured radiative widths. However. it
is interesting to notice that such a discrepancy was already predicled in 1969, when Matsuda
and Oneda '41’ introduced symmetry breaking effects into their calculation. A discussion of
such effects. based also on data from other processes can be found in ref. 46,

Given that the data suggest the validity of SU(3)r: whereas models based on explicit
dynamical assumptions are not yet able to predict the absolute values of the radiative widths
correctly, we are led o 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)#r onto

LThe first calculation of the #¥ life Lime was carried out by Steinberger in 1949 .117;.
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two extreme interpretations of two photon interactions.

Toa{7®) eV Tou{n}/keV Ty (n')ikeV inpul ref.
input 0.4 -06 ~5 GMQO, broken SU(3)
input 0.39(0.5) ~8 GMO, (broken) SU(3)
13 1.7-18  25-38 GMO,VDMSU{3), ho
inpul 0.38 + 0.04 6.3+ 0.7 GMO, VDM
9 0.43 7.3 VDM = QPM
tnput 0.54 + 0.05 116 £ 0.7 GMO, brokenSU(3)
6.7 0.25 1.7 conf.pot + QCD

Table 2.1.3: Predictions for the radiative widths of pseudoscalar mesons

Let us estimate flavour symmetry breaking effects by a simple minded application of
methods used in potential scattering theory. Following Blatt and Weisskopf 48', we assume
that the matrix element for the two photon transition is medified!. by an overlap integral
characterised by an interaction range r and the c.m.s. photon momenta M '2:

1

T (finitesizeinteraction volume) = I'q(naive S(.’(S)}l—w (2.1.12)
- (M

Since the data indicate the validity of the naive SU(3)r; relation to within 10 %, we have
to conclude that the interaction takes place within a volume of r < 0.13 fim for the n’. This
value is surprisingly small. given that in hadronic decays of resonances. a scale of roughly
1 fm has repeatedly been observed to govern deviations from L = 1 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 M -5 is roughly constant.

In the framework of VDM, the discrepancy between the mixing angle obtained from the
Gell-Mann : Okubo mass formula and the one obtained from measurements of radiative widths
is difficult Lo interpret. By introducing a limited range for the 1"V P transition, it is possible.
to reproduce the observed ratio of I'y(n'} T {#"), keeping a mixing angle of —11°, however
at the price of getting the completely wrong prediction of I'-, ~ 0.34 keV’ for the radiative
width of the 5. At the moment. is seems that we have to live with this discrepancy, since we
have no handle 10 decide beiween the validity of VDM or GMO.

Il we interpret mesons as bound states of two massive (i.e.my >~ 13) guarks. the ra-
diative widths can be calculated according to the positronium decay formula I'.. (M) ~
'W(0)2/M? where W(r} is the radial wave function. Since the data indicate T, (M) ~ M3,
a mass dependence of about ¥(0)* ~ M?® 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 wave function at the origin to be W{0)!* ~ M3/127v) Hence the potential should be

!This modification of the 5I/(3} relations may be surprising. However. it musl be stressed that the in-
troduction of damping terms at some level is a necessity for the VDM hypothesis. If such terms were not
included, amplitudes corresponding to large L transitions, like 75 — 4(2040). would have amplitudes growing
monatonically with g%,
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vV ~ ;—,»173 to be consistent with the data. This result does not look very promising. 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 (e = 1/m)3.
Each of them will then have a ground state momentum of < p >= /37 /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. Unfortunately. the fully relativistic
PC AC approach neglects the mass of the 7. The data however suggest its validity even
for the " - but what does this mean? In 1979, Philippov [50] discussed deviations from exact
SU(3}p in the framework of QCD with additional phenomenological input. His calculation.
which describes the masses of the pseudoscalar mesons well, vields effective mixing angles of

i, = —17.67° = 0.54° O = —208% 2 0.14°
Together with the measured width of the 7" meson, these angles correspond to values of
0.53keV and 4.6 keV for the radiative widths of the n and n' meson respectively. These
values are in good agreement with the measured values. Although radiative widths cannot
be rigorously calculated in QCD, it thus appears that QCD points into the right direction.

Observation of n. Production

In 1985, the PLUTO Collaboration 51: found an n. signal (fig.(2.1.4)} of 10 events in
the reaction
e s K;'K:x;

from an integrated luminosity of 42pb~! only. This experimental achievement is a proof
of the statemnent that in many cases, refined analysis techniques can overcome apparent
statistical limitations. In this particular case, it was the excellent K identification by means
of secondary vertex reconstruction which enabled the measurement.

The calculation of the radiative widths from a KR signal is difficult, since little is
known experimentally about the dynatnics of the 5. decay. A simple three body phase space
decay' may not be a good enough description, since preliminary spectra obtained by the
MarkIIl Collaboration {115} from J/¢ decays indicate a sizeable contribution of the chain
decay

ne — K (1430} — (Kn)K

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

'Such simple decays have been assumed in all previous experimental upper limits on . production. These
limits should therefore be treated with some caution,
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formulae given in the appendix, can be written as

. . 1
M(n, — KKn) = f‘n.‘h‘-xf‘x-xx{(kT(km kyeoal{kiz Ky a) - (kl?—?.'kl—'.’))'z
12

i, 1

; 1 ]
- 5(1_?—2“'12 kyz-s)® - k?z-s)(m(kw ki-2)? -~ knzfz)}

kK2, - ML +iMyg-Tx-
(2.1.13)
In this formula, k; is the momentum of the kaon coming from the K~ decay, k; the pion
momentum, and k3 is the momentum of the kaon produced at the primary . vertex. The
indices are short hand notations of diflerences and sums, for exampie is k12-3 = ky + ks — ka,

Since the K~ is an iso spinor, the K+ K%~ decay can proceed either through K°° or
K"~ . Because of isuospin invariance, the interference is constructive, i.e.

Mne = K*K®™) = M(n. = (K" = K*a )K"y + M(n. — (K~ — K% }KY)

and the amplitudes are equal in magnitude.! The corresponding Dalitz plot distribution is
so beautiful that is has been put onto the front page.
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Figure2.1.4: The first evidence for n. formation in
two photon tnteraclions,

In the PLUTQ analysis. it turned out that because of the fact that the K K7 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

Poalned - Bloe — KIK=a%) = 05153, £ 0.1kl PLUTO

inclades the uncertainty on the fraction of intermediate K “(1430) production. Since the
branching ratios of the 5. arc still subject to considerable experimental uncertainties (c.f.
ref, [51}), we are not yel in the position te turn this measurement into an accurate number
for the radiative width of the 5.. For the same reason, a direct comparison with most of the

1By simply adding Lhe two amplitudes, we have neglected final state interactions.
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previously caleulated upper limits has to be postponed io a time when the decay rates of the
1. are accurately measured.

Toq{ne}B{ne — X) Cl. ChannelX FEzperiment Ref.

< 4.2keV 95% wtr w7z JADE i61}
< 2.3 keV 95% ats- JADE i61j
< 0.32keV 95% o TASSO
< 2TkeV 93%  KKa® TASSO
< 0.TkeV 95% 2nt2m- TASSO
< 4.4 keV 35% KKz TASSO

Table 2.1.4: Upper limits for n. production

Notice that the TASSO Collaboration assumes B{n. — KK #) = 3B(n. — K¢K*5%).
The directly comparable upper limits by TASSO are thus consistent with the PLUTO result.

The g? Dependence of Pseudoscalar Production
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Figure 2.1.5: The VDM prediction for the off shell cross
section for the production of pseudoscalar mesons. One
of the pholons s real (see lezl).

The antisymmetric coupling for 4~ — 0~ has drastic implications for the g% evolution of the
cross section. The +/.X term in the cross section should be understood as X/v'X where the
denominalor comes from the flux factor and the numerator is the same factor which gives rise
to the (ik"|/1ka])2% spin barrier factor in hadronic decays. However, in contrast to these decay
factor. whose range of accessibility is limited by the total width I', the "initial state barrier”
VX can-take any value. For single tag events, €q.{2.1.3} implies that at resonance mass,

o(ql.0) ~ Fg?,0)- (1 ~ %‘r] Thus, apart from form factor effects, the cross section grows
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with g ! 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 faclor effects which, to the extent
that they have been measured so far, seen to be governed by the p” meson mass squared.
This scale differcnce implies a non trivial shape of the off shell cross section, particularly for
the iight mesons. H, for example, it is assumed that #7(g7,0) = (I — ¢f/mZ)~!, the cross
sections for 7% n and n’ production should evolve as shown in fig.{2.1.5). Notice that a simple
»° pole form factor leads to a quite pronounced maximum of the 7° production cross section
at. finite 2.

A Measurement of the n’ Form Factor

The "natural” growth of the basic amplitude helps experimental determinations of the
cross section by increasing the cross section. The PLUTO collaboration [24] found an 7’ signal
in the reaction ete™ — e*{seen)e¥ (not seen)nts "~ in the region 0.2 < |¢?| < 1.0GeVZ A
sample of 35 = @ events was obtained from an integrated luminosity of 25 pb~! at PETRA
and turned into the form factor measurement shown in fig.(2.1.6). At the admittedly poor
tevel of statistics, a simple p® pole form factor seems 1o describe the data well.

1000 T T v T v T T T T 7
r PLUTO 1
80 r
o o |
> L
hd
= wo f
w L
200 | Figure 2.1.6: The first measurement
L of the 7'~y transition form factor.
o L o v w0 oy The solid line is a simple p° pole. The

0 62 04 06 08 10 1,2 dashed line is the prediction of the fi-
G Gev?) nite size model with r = 1fm.

But there is also an indication of a deviation from VDM [24}: "Using the p* polc for both
photons and taking our ne lag measurement for normaltsation, we expect 0.8 & 0.2 events in
the sample with both electrons in the tagging range. In the data, we find four double tagged
n' events with an eslimeled background of less than 0.3 events.”

Predictions for Pscudoscalar Form Factors

A simple vector meson dominance prediction for the g%, ¢2 dependence of the form factor
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) <07 pp >
Fy- =const.(F2 -
m (1 - g1 /m2)(1 - ¢§/m?)
N F(0,0)
(1—qf/m2){1 - gf/m3})

<0 jpw > )

+ Fyo F, o
PITET - g}/m2)(1 - gi/md)

(2.1.14)
As we have seen, this formula is consistent with the single tag data. We could thus siop here
and declare VDM to be "in good shape”. 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 VDM. Whereas in the context of VDM, the form factor factorises
in good approximation into F(g?,4¢3} = F{g?) - F(g3). the interpretation of the form factor
as a measure of the spatial extent may give a non factorising prediction. 1If we interpret
the transition form factor as a finite size effect. il seems natural to assume that the wave
lengths of the photons should be the significant variables,” rather than ¢f and ¢2. Since these
are always equal in the meson c.m.s. this particular interpretation of the form factor can be
formulated as a scaling low:

- A2 202
Figl.o}) = F (%) = F(L‘“L-ﬂ-"—") (2.1.13)

W2
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 fulfilled simultaneously. This could be taken as an indication of VDM
being a suitable parametrisation of finite size effects. On the othetr 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 barriere suppression formula of Blatt
and Weisskopf 48 as an alternative interpretation of the n’ form factor we obtain

= )
1+ 50

F¥(¢}.q3) = F*(0,0) —2
1 - ?“W:.

r~1fm=20% (2.1.18)

As can be seen in fig.(2.1.6). this formula reproduces the data as well as the VDM hypothesis.
Moreover, the indication in the PLUTO data that VDM underestimates the double tag cross
section finds its natural explanation.

It may be interesting to notice that for the reaction v~ -~ #". the numerical differences
between the two interpretations of the n' form factor are drastic. The two approaches lead
to single tag cross seclions differing by about an order of magnitude for —¢? =~ 0.6GeV 2.

!"The wave lengths of a particie is of course a frame dependent quantity, however, in the case of two photon
physics, the 97 c.m.s. system seems to be a quite natural frame to choose.
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Moreaver, the breakdown of factorisation is clearly visible in the g7, 92 evolution of the form
factor in the finite size model (fiz.{2.1.7)).

(-] F(YY.. ne)

Finite Size Mode!

Figure 2.1.7: Two prediciions for the vy70 transition
form factor in the region lgi|, g2 < 0.6GeV?, norma
lised to the point ¢} = ¢ = 0. The dissimilarity em-
phassizes the need for double tag measurcments.

In the quark-parton model, the form factor measures an integral over the so called
“parton disiribution function”, ${z), which has little ¢* dependence in the high ¢ region

7).
o [ éla)
J1er = ,/(, |+ (2x - 1}5'1!I

2 -~

T R — 2117
1 2) (92*4'])2 (5) ( )
where € = 2(q2 — ¢2)/{g2 — ¢1)%. The (g2 — 1}~ ? is simply the quark propagator between the
two photons. The shape of ¢(z) is unknown, but its integral has to obey the normalisation
3 ¢fz)dr = fu-, where fy- is the decay constant. For the 7, this constant is determined

from the weak decay of the n*. For the # and #’, one has to estimate this constant either
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from measurements of I',., according to eq(2.1.4), or in the context of SU(3), giving

T (€ T €Y/ Faol€) = (\/gcosa + \/gsinﬂ) / (\/%cosﬂ - \/gsinﬂ) /1 (2.1.18)

For single meson production, the quark model prediction is identical with the QCD expec-
tation. Moreover, it has been argued [8] that the shape of ¢ is calculable in perturbative
QCD, provided that ¢ is large enough: #(z) — 2f.z{1 — z). However, at present it is com-
pletely unknown from which ¢2 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. Novikov et al {119} have shown that for large ¢% = g2, the uncertainties
coming from the fact that ${z) is not known have very little impact on the rate. They obtain

2( 1 5o.(g%), B86%
Fom 24 ooy - 22090y 50 119
« 3{*02{1 o ) P (2.1.19)

where the higher twist term 6 turns oul to quite small: 62 = 0.18GeV 2. Measuring the
double 1ag cross section would thus provide an excellent test of QCD. However. an integrated
lumninosity of 1 f6~! might be needed to perform such a test.

How one could test QCD with Q(100 pb~!) has been pointed out by Brodsky and Lepage
{8, They noticed that in first order perturbative QCI', the same integral as in eq.(2.1.17)
appears in the cross section for 44 — n7 7~ . However, the latler process requires at least one
gluon. The ratio o7~ 7~ )/6(x") is therefore a measure of a,.

1 However, only in first order.
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Pseudoscalar Pair Production

Of course, testing QCD is not the only motivation to investigate the channel vy — a5 7.
The f(1280), the S-(980) and the ¢(1300) ali decay into pion pairs, and the f' 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 »*x~ 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 47y coupling of the f°.
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, = 2m, where QED is the obvious candidate
theory to compare the data with.

The QED Born Term

The Born amplitude for the pair production of spin zero particles i.e. %5~ is

2 | (200 @i)u(2h2 - g2)e  (2k2- @ )u(2k0 - @210
T, = ¢ { @ allt . — - 2,0 {2.2.1)

where &k, and k; are the four momenta of the #* and #~ and ! and u are the usual Mandeistam
variables t = {q - £1)% . u = (g; - k2)®. The term g, comes from the "sea gu)i” graph which
is absent in the case of lepton pair creation. The helicity amplitudes are then

AL e? 3*WZcos*0  3*Wlcos?8
S\ T 2(e - m2)
\ : 1
Moo= ﬂm’ﬂ‘roszﬁwz(’_l__ s _ﬁ*)

2 | -m2  u—m2

L - W23%c0s%
Mo = 2e%y/q2qz | 192 2 2 105 7
WV fgiq) - X050

FX]

(2.2.2)

_ —_ z
Mo - v,'282814:“;\qu&g’.’cos?a( L' q142 )

(7192)2 - X 3%e0s20
. [N 2,
gty [ 2gr 2 _____‘hf‘&i)
Moy = v2e'e” W/ - ¢i 87 ¢cos a((qm‘;V X205
where the angles 6 and ¢ are given by k= :Fl(sinﬂcos¢.sz'nﬂsina§,co.sﬂ). Using eq. (1.4} and
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(1.3), we get the following cross sections:

o

dory  of {(,"321-!f2c0570 32 2ens?0 1)'

A7 Jevy L\ 20— m2) | 2u- m3)

+ (3%05"’3“"2(2“ _1 w5 T 2 _l mi)))“}

y R (2.2.3)
dorL a‘j 21124 4 9~ @y )‘
= —q; )W SR N LLE. A=
an 4\/5\7( Q)W B cos™0 {9i1g2)% — X3%cos™f
day,  a*f 4 .f g1g2 — W28 eos?0 z
an - zﬂqmg (g192)% — XB2cos?8
For real photons, the cross section simplifies to
do a?8 (1 - g% + flsint() (2.2.9

dn W2 (1 - B2cos?(0))?

4 being the velocity of the pions in their center of momentum system.

0.3 T T
¥y =+ {QED)

04 F 4

2.3 d b
a
“ 02 | 4

0.0+20:2.2
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0.0 0.5 1.0 1.5

Wl GeV]

Figure 2.2.1: This partial wave decomposition of the
Born term cross section for vy — z7 7~ shows that the
resonance region is dominated by Y[ = }'._,2.

For ¢} = ¢3 = 0, the reaction 4y — = is particularly suitable for a partial wave anal-
vsis because rotational invariance implies that many partial waves have to be zero, i.e. all
partial waves with total spin J = 1 or with helicities different from J, = 0, £2 vanish. The
compleieness relation can thus be written in the form

Miy =rooYoo+r20Y00+ .

2.2.5
M, =ri2¥on +ra32¥sa~ ... ( )

with gy, = [ Y . Mapélc,d0). The orthonormality of the spherical harmonics gives then

g 9

oy (i) = TogaTwe T (2.2.6)
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We can take the Born term as a guide 1o which partial waves have Lo be included in a fit
to the data in order Lo get a satisfactory description of the process. Taking the amnplitudes
Moy =21 - 80/ (1 - §%e0s70) and M, _ = 22 3%¥ ¥sin0/(1 — Hleos8), the result is

" 1- 57 1+
rup = € Vs —- in(—ﬁ)

a 1-0
. o N 14 6
Tap = e'\/i;;(l - ﬁ"){ 0 In (ﬁ) - 5—?‘} : (227)
9 - 3% + 2 (5
722:5'\/]5:«/2{{1 . Yt (7172)4(%(%,32,1)}

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 be estimated [see chapter on tensor and scalar resonances). In particular, eq.(2.2.7.)
shows that the interference between the ¥ 7~ continruum and a tensor meson produced with
helicity J, = %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 z75~ Production

Measurements of low energy 7w~ pairs produced in vy collisions are very difficult,
With solenoid deteclors, il is virtually impossible to trigger such events. The number of
events {rom the reactions vy — ete™ and 4y — pu™ p~ greatly exceeds the number of ¥ x~
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. Iowever, corresponding cross sections have
not yet been published.

T T T
00 b
dg PLUTO
dcos® YT
{cos8=0)
300+ b
nb
200 T
Figure2.2.2: 4 measurement of fow
energy  pion  pairs. Curve § is the
Born term contribution alone, curve
ol d 8 1s the Mennessier Meodel fitled to
an f Breit Wigner amplitude, curve
H | 2 4s the Born lerm edded cokerently
J{J to an f ampiitude. Curve I ts the
threshald . , . i finite size pion model added to an |
0 05w W Gey 5 Breit Wigner amplitude.
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An alternative approach is particle identification in a forward spectrometer, since selecting
events 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 |52] could be used to identify lepton pairs on an event by event basis
and thus obtain a rather clean #+#~ sample!. Since the acceptance for these events has its
maximum for pions produced at 90° in the v c.m.s., the observed rate is a measure of the
differential ¢cross section at cosf™ = 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 = meson is a stronly interacting
particle. By means of Watson’s theorem 78], the influence of the strong interaction is refated
1o 7~ 7~ phase shifts as measured in hadronic interactions. Watson showed that under certain
conditions. the full amplitude for the production of a pair of stroagly interacting partictes can
be split into a "primary™ amplitude and a “final state interaction™ amplitude. If we follow
the published literature and assume that the primary interaction 1s the Born amplitude, then
measurements of # 77~ phase shifts can be turned into an absolute prediction for the process
77 - ® % . Since the early 1970, this line of approach has be Further developed by the
introduction of correlations between different hadronic channeis {"coupled channel analyses”,
c.f. {53"). In such models, transitions of the type "7~ — K~ K~ are assumed. Particularly
interesting are the terms involving neutral mesons, since they lead for example to a finite
cross section for 47 ~ 77", a process which is absent in lowest order QED.

The calculation based on the most recent n7 phase shifts is the one by Mennessier (54’
His result. fitted to an f meson Breit Wigner amplitude is shown in fig.(2.2.2). The model
predicts 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 arround W =
600M eV 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 PLUTO collaboration.

Theoretically, two poinis need further investigation. Firstly, it is not clear. whether
or not the QED Born term gives a good estimate of the ®"irue” 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
hecomes problematic beyond the four pion threshold W = 360 MeV. We shall see later that
the cross section for 4y — 2nr~ 27~ exceeds the non resonant pion pair production cross
section at energies of ~ 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

in the low W region, K* K~ pairs of similar event Lopology are rare compared to the number of 7% n~
events. because Lhe kaons are heavier and thus produced by a smaller "number” of photons.
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that for pien pairs, the method "QED + final state interaclions™ is only applicable within a
rather small region in W.

It we want to understand. or at least describe the production of pion pairs in the entire
resonance region, we need a new approach. [In the following, we shall therefore attempt
Lo incorporate the spatial extension of the pion pair alrcady al the level of the primary
amplitude.

The Finite Size Model

Before going inta the details of this model it must be pointed out thal, given our limited
understanding of the strong interaction at large distances, it is not yet possible to implement
the structure of the 7 mesen in a fully convincing manner. The following attempt to pa-
ramelerise the vy — %7~ continuum in the resonance region is therefore largely based on
analogy arguments, however keeping close track of the basic consiraints involved,

We start from the three Born term diagrams shown in fiz.(2.2.3), but take the couplings
of the photons 1o be non pointlike. We do so by multiplving the pole terms (e.g. ;2%) by
a function F{t - m?). The motivaton for this particular choice of variables is two fold: at
t = m*. the pion is on shell and hence, finite size effects should disappear. This provides
the convenient normalisation F(0) = 1. Also. t - m* has the same dimension as for example
q° in the reaction e”n~ -+ e~ ™. Therefore, we tentatively 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.

£q i it n*
19

K
ﬁ: i m/ + ILJL\)<
£,q n" - -
2 kz i

Figure 2.3.2: The Born term matriz elements for non
resonant pion pair produciion

To be specific, we assume

qi: — qi:F,,(qE) from e ma —e 7™
. 1 , 1 2 -
gives hx — o Fli-ml)  Jor 4y rts (2.2.8)
and u—lm'.‘: - ﬁ?‘-F"(" - m'i) Jr""' Yy —+ FIET

witere for the pion form factor, we take the measurement [353) F2(¢%) = {1- < ¢? > ¢%/6)"?
with < r? >=0.43 £ 0.01 fm®. This equation specifies two of the three QED diagrams. The
"sea-gull” term in eq(2.2.1} follows now from gauge invariance, since gauge invariance implies
that only such-modifications of a full amplitude are allowed which can be written in the form*

Tyw = G(f.u)ZT;V{: all diagrams) (2.2.9)

"'For the case of pion pair production, this can easity be verified Starting from the most generai lorm of the
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The explicit form of & can eonveniently be obtained by calculating a matrix element which
has no contribution from the sea gull term (i.e. M, _) and imposing the result on ail matrix
elements by means of eq(2.2.9): The result is the explicit form of the finite size mode! for
real photons.

M, u(finite size) = G(t,u} Moy (QED)

1) i-m] w—m? {2.2.10)
G(t'u) - _; 1 u—m? 1 {—m?
I I

were Ig is the scale set by the pion form factor. Expressed in units of energy, zo = m,.

As can be seen in fig.(2.2.2), this Ansatz gives a good description of the low lying 7% 7~
continuum. Let us thus try to extend the model 10 a prediction for the cross section for
virtual photons.

The simplest possibility s to take

[

Gy (tx w, ‘ﬁr qg) = G(tru)
The motivation for this is that at fixed W.., and fixed production angle, one has |t - mi| ~

. — m%: ~ {g1¢2) which rises with ¢% for g3 = 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

5 1 1
2y _
Galt u. 7. 42) = G{t,u) (1 — q]zf/l_rz) (-i— q%fx?)
.’ i 1)

or from the esthetically more pleasing search for a function G, such that

Galt v, g}, g5 ) M. _(QED) = M- channel, QED)
1— A= f2.2.11)

+ ("t =)

medification,

2ky — Ghy —
To ~ (b g7y PR 0hal2hs — o)y

t— mi ’
{(2kz — q1}p(2ky ~ 92)
+ f(“;hqg,q'f)“—ﬁ‘—"'i + glt. .47, 93) 2000
H

where the Functions multiplying the u and t channel diagrams have to be identical, but evaluated with
exchanged arguments by virtue of Bose Statistics, the requirement of gauge invariance leads Lo the constraint

[2kg -~ 92)!/{.’“:“:?%)‘122’ — gL, u,qf,qg)}
(2 ~ g2l { Fn,t 6d.4) —gitowglgd)} = 0

and Lhus 2
fltow,af, 03 = alt, v, 97, 43)
flu,t,q3,97) = glt, v, 971 93)

which implies the above statement.
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This Ansatz, which mav not be correct in detail, since it neglects nw phase shifts and thus
implicitely violates Whatson’s theorem, is the most eonsequent 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 are on mass shell.

(73 is of such a form that the inherent scale which determines the cross section fall off for
all agruments is identical. In a factorisation Ansatz, one still has the option of taking different
scales for the ¢ evolution and for the ¢,u fall off. This would leave too much freedom. G,
is no satisfying solution either, since at fixed ¢ it has no longer any ¢° dependence. Thus,

the most symmetric solution is also the most promising one, and the finite size model for all
2 L2 d
4%, q; reads

Ma{finite size) = Ga(t,u,¢},43) Mo (QED)
2z

2 2
x rt—m i—m
GCalt,u,q7,93) = - ( - + - )
I Ty am2 \ 24 m? —t-qi-q}  zleimi-—u—gq]—q}
(2.2.12)
It is hoped that this will be a useful tool for the determination of the [ and f’ form factors
by providing a sensible parameterisation of the background.

Measurements of large W Meson Pairs
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For the large W region, Lhere are now data as well as predictions. As far as the interpretation
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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 7 to K ratio.

The PLUTO collaboration [56] noticed that the differential cross section de/djk™!, where
ik} is the centre of mass momentum of the hadrons is quite insensitive to mass assumptions.
This is because the difference Ak*? = k**{n'sassumed) - k"*(K'sassumed) is Ak? =
(;l?,i - lj.l'-c'zi)z(mﬁ - mi)f(‘iElHEz‘) + 0 (—Tq;i) where k; and k, are the lab 3-momenta of
the hadrons. Since the triggers prefer events with ik;1 ~ kol Ak 2 is tiny In the same
approximation, one obtains AW ? = (k) 24 |kz{2)(m? - m2)/(41k, 1 ky )= O( ) Therefore,

o{W) is a much more model dependent quantity than ¢{ik'}. The result of the PLUTO
measurement, which spans the range 1GeV < k&~ < 2GeV, can be summarised as follows:
The cross section %(’Y’? —xtm” = K"K }:g-—gue is far below the Born term expectation.
Above k” = 1.2GeV, it agrees qualitatively with the first order QCD calculation of Brodsky

and Lepage .8,

The Mark-1l collaboration did a similar analysis with a sixfold statistics (57, 240pb~! en-
abled a quantitative test of the theory up to invariant masses Wy, = 3.5GeV (see fig.(2.2.4)}.
Since the data agree so well with the QCD calculation, the assumptions and results of this
caleulation shall be described in brief.

QCD Expectations

For both deep inelastic lepton nucleon scatiering. and high s €~ ¢~ annihilation, it has
been found that the full amplitudes factorise into quark production amplitudes (i.e. T(v,p —
#g¢9).T{e” e~ — g4} ) and thereof independent fragmentation functions $(g¢ — hedrons).
Brodsky and Lepage have argued that a similar factorisation migkt also work for exclusive
47 channeis: the photons first produce a four quark system which then “condensates” into
two mesons. M we call T:{, the amplitude for the production of 1wo quark pairs and ¢ the
amplitude for finding the meson as a ¢¢ state, then

1 1 — _~
Tuln v )= [ [ 00 (0080095 (0, @TL (1.7 W 8 )mrdrn (2209)

In an energy regime where quark masses can be neglected as well as meson masses. z, and (i -
7.} are the fractional longitudinal momenta of the quarks in the meson and é,— is the minimum
transverse quark momentum occurring in the process, ég = min(z;, (1 - £))W, sind i
Within this model, & is the same amplitude which also governs the ¢ 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:

i 167a, 270 (e2 — e1)%a
M - = 3
++{'T'7 2(90’)) 3s Il(l — 11)12(] - _1-2) ( 1 — cos?d
~ 167 c 2ra (€2 — 81)2(1 - a)
Mo (v — 2 - s 2.
ry (g2)) 3s 21 - x)ag(l - z2) ( 1 - cos?d 219

4 6182G(I1(1 - I]) + Iz(] - 1'2)) N (ef - Cg}(I] - Ig)
2 — b2cos?f ‘ 2

where a (b} = (1 - £;}{1 — 2) + (—)z172. The cross sections follow, if specific assumptions
are made about ¢ and o.. Imposing ${z) = (1 - z) and [a. P dz = a. [ ¢ dz gives

2561r2aaa] < (&) — eg)? >)
3s ! 1 - cos?8
067" cmej1 ( (€1 - €2)? =

Moy —-ns")=

M. {717 )=
(2.2.15)

_'E._.E,.‘;,,d d
/ " Il(l r)rg(i - 1) Tier:

i
T e 4nd
" :n[] —7.1'1).1'2(1 - Iz) - BReosil i8Iy

From the last set of equations. explicit cross sections can be derived by choosing a certain
function ¢ and evaluating the integrals. Brodsky and Lepage argue that

¢{z.a2]__ ~ N3fpr{l - 1)
Geoenn

and so. at high energies. everything but a. is known and the cross section becomes

ey (2.2.16)

do 1 (32110&_;}'3)2
Thearetically. it is not at all clear above which energy this prediction is valid. First of all,
Brodsky and Lepage caiculate that the evolution of the parton distribution amplitude & to
the form #{1  r}is very slow {logarithmic). Secondly. even if one caiculates the 44 — 77 %~
amplitude af a a certain value of W', and &in?8. one implicithy averages o, over the Q range
from 0 to ',Pg Fermally. this means that the hard scattering amplitude is integrated over a
range where it is sofl, i.e. not calculable in perturbative QCD. However this range decreases
1o the extent the product W - sinf# increases. Being aware of these difficulties. Brodsky and
Lepage chose a rather large value of @, = 0.9 for their absolute prediction of the cross section.
The question then remains whether it makes sense 1o use a first order perturbative calculation
in currently available energy domains.
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A Nice Coincidence

In this light, the Mark 1l and PLUTO data are surprisingly well described by Brodsky
and Lepage’s calculation, However, it could weli 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. Letl us also assume that a new "correct” 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, having measured a cross section of
f:’%('m —+ 5 1" Ygge 2 2a”mi/s®, would take the QCD prediction and first of all notice
that the predicted 1/s° fall off of the cross section is well reproduced by the data. He would
then proceed to calculate the strong coupling constant as &, = \/‘imf,j(Swa,f) = 0.96. If

his measurement was made at p; =~ 2GeV, he would argue that a, =~ 41/(9!n@§—‘1ﬁ) and
publish a value of A = 240MeV...

This numerical coincidence has a fortunate consequence for the parameterisation of the
m*tx~ continuum in the resonance region. It 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 calculations of the differential cross
section for meson pair production of 90°. In QED, this
cross section ts equal for pions and kaons as W — oo,
In the finite size model, kaons dominate beyond W ~
2GeV,

50

The Born term Ansatz predicts the m+ 7~ 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 gives a similar behaviour
for sinall 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. Fx = {1+ Lg? < r? »)
with < r? >= 0.28 + 0.05fm?, kaons are expected to dominate as the energy increases.
Fig.(2.2.5) shows the expected cross sections at 90° production angle.

In the QCD caleulation of Brodsky and Lepage, the cross section ratio between pions
and kaons is simply f§//3, which gives about a factor of 2 in favour of the kaons.

After this manuscript was nearly completed, the PEP49 collaboration showed the first
preliminary measurement of K+ K~ pairs over a wide tange of W (c.f. ref.{27]). 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 ihe 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
accormodated in addition to the non resonant amplitude.
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Figure2.2.6: A preliminary measurement of KK~
pairs. The solid line is the QCI} prediction of ref [8].
The prediction  of the finite size model (dotied line)
leaves room for resonances (c.f. Fig.(2.2.5}).

Summing up all measurements of charged pscudoscalar 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 7t n~ and K¥ K~ pairs.



Scalar Resonances

Introduction

The 0F states §{980}, 5°{980) and ¢{1300) are altogether not very well understood, and
for many years, their existence was disputed. Experimentally, we know comparatively little
about these states. The best measured 0" resonance, the S°, has been seen in 77 (78 + 3%)
and K K(22+3%) final states. The & has only been observed in the final states K K and z%7,
but with unknown branching raties. The ¢ is said to decay into pion pairs predominantly.
However, the current value for its width of 200 — 600MeV not only indicates a lack of
experimental understanding of this state, but also implies that the detection of an €(1300)
signal without phase shift analysis is close to impossible.

Most 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, ['(S°) = 33 = 6MeV
and I'(8) = 54 = TMeV. Hence interpretations of the known scalar resonances in terms of
conventional ¢ pairs should be viewed with suspicion. In particular. the SU(3)F; relations
{c.f. rel.i59)

S = Sysin{8) + Sscos{f)

. {2.3.1)
¢ = Sycos(f) — Sssin(8)
where the mixing angle could be taken from the mass formula
AM?Z = ME + 3{MZ.cos?(8) — M2sin?{8)) {2.3.2)

are subject to considerable uncertainty. 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 scalar resonances can be parameterised in terms of two form
factors. Using the helicity projection operators introduced in appendix A, we can construci
the amplitudes such that one of the two form factors only enters the cross section, if both
photons are off mass shell:

Tuo = FrooGuw = Frioly, (2.3.3}

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

DU i I M 4
T = 7 =3 TTO0 WX (W2 — M2} T2p2
1 M?Xqig T (2:34)

oL = - F e
LL= 5 FLL (qlqz)W\/:? (W2~ M7} L T2pf2

aLr

ory =10

where, at least for the ¢, [ has to be taken as a variable. Because of time invariance, both
form factors are real valued functions at W = M. Notice that no tag and single tag data can
be parameterised in terms of a single transition form factor. This coupling is related to the
~v width via

F}40(0.0) = 162MT.,, {2.3.5)
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Upper Limits for vy — 57

The Crystal Ball {60} and the JADE |61] Cotlaborations searched for an 5" signal in the
reaction
Y - 7'r? - 1.

No signal was found and thus, the results so far are only upper limits:
[,4{§") Channel  Ezperiment  Ref.

< 0.8keV  &%%° Crystal Ball [60]
< 0.8keV  #%°  JADE(prelim.) [61]

Table 2.3.1: Upper Limits on T'{S")

A comparison with currently available predictions shows that ete” experiments are on
the brink of making conclusive statements about the models {sec below).

Observation of é§ Formation

o (nb)

My {MeV)

Figure 2.3.1: A measurement of 77 — a'n. These dala
are the first indication of scelar resonance formation in
two photon collisions. The peaks are atiribuied to the 6
and the Ag resonances { Crystal Ball).
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The Crystal Bali Collaboration {62} analysed the reaction
Ty = &%y - 4.

From an integrated luminosity of 110pb~!, at Ej = 5GeV in DORIS 11, the mass spectrum
shown in fiz.(2.3,1) was obtained. The data are well described by a superposition of a stnooth
background plus the Breit Wigner curves for the & and the A,. However, the statistical
significance of the & signal is not yet too impressive:

Ton(8) - Br(6 — #%3) = 0.19 £ 0.0TF 5 9keV  (Crystel Ball)

Since the branching ratios of the § are not yet known these data cannot be used for a
comparison with models. ’

Interference of 0% States with the 75~ Continuum

For most detectors, the acceptances for charged pions is much better than for #° 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 ¥z~ continuum (c.{, fig.(2.3.2}).

e L n e
g9 k, / g
+ + +
GUTTAA S bl n” L Ty  FrenTC
z

Figure 2.3.2: The matnz element for pion pair produc-
tion including resonant and non resonant contributions

Before we can calculate this interference, we need the full vy — 0% - 77~ amplitude.
The 0t #x matrix element is just the corresponding form factor, since there are no spins
involved in the decay: M(0% - 7w) = Fyr o leads to the normalisation

F? rn?
(| S S T L. S QR i 236
r( ") = e\ 4M§ {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 _ 43 f 2 2 " ”
- (!6?]2-\? (:Af[non— res.)i* 4+ |M(res.)|* + " Inter ference (2.3.7)

the nonresonant term is given in eq.(2.4.10} of the discussion of the radiative width of the f
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meson, leaving!

{(FroeFor «r)?

H 12 _
!M(TES-)l - (W2 — Moz— )2 + F2_M02+

W2 - M2,
(W% MZ,)? + T M?
( 3%cos?8 A2eos?l )
* L 1

20t = m?) " 2{u-m2) "

*Inter ference” = BraG(t,u, 4%, 92 ) FrooFyue pr (2.3.8)

where G(t,u,q%,47) 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 ¢(1300) it is also quite possible that the coupling F},- . has some
explicit energy dependence (c.f. appendix D).

SU{3)r; Relations for Scalar Mesons

It would be of great interest to see. whether the 0% nonet obeys a sum rule similar to
the 0~ nonet since. in this case. different models lead to diflerent sum rules.

The basie amplitude for the radiative decay of a scalar resonance has the characteristic
features of an I = O transition: the form factor for transversely polarised photons has the
dimension of an energy and the basic 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 SU{3)F; relations in the structureless
VMD model is

Fan(6) = T () 222 (v Reos(0) - sin(8))?
) _ (2.3.9)
; m = .
T (57) = i‘.n(é)am:_ (vBsin{8) + cos(0))*
with the corresponding sum rule
(S )ms- + Ty (e)m, = 3T, (8)me {2.3.10)

If we assume that the photons resolve the structure of the scalar mesons. we obtain a different
set of SU(3)r; equations. In the static quark parton model. the radiative decay is in first
order due to the electric dipole moment of a ¢ bound state. Thus. if the dipole mornents
obey SU(3)F on purely dimensional grounds, one would expect

[aq(d) = l..,.,(é)g-’;fg( 8cos(8) - sin(8))*
¢ (2.3.11)

my. - 2

[on(S7) = Tqq{8) 20 (VBsin(8) — cos(8))?

™ 1) g
with the corresponding sum rule
Toy(S) Toole)  3T..(6

l8) Tply 3T (6) (2.3.12)

3 3
mi. e m?

"Here. we assume that the non resonant amplitude is entirely real. since according to Watson 178}, final state
interactions become unimportant as # — 1.
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Thus, provided that it {5 correct Lo consider the known 07 resonances as ¢f states, the
way the mass enters the SU{3)r; relations is sensitive to the mechanism responsibie for the
decays.

It seems that the second set of S§U/(3) r; 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 Widths

Predictions for the radiative decay rates of scalar resonances have been made in the
framework of {non relativistic) oscillator potential models and VDM:

T44{(S7) Ipr{8) T 14 (€(1300)) Input Ref.
- 3 TMeV2IT{6 — 7) 1.5MeV?/T{c — 7w Y DM [63]

- 2.5 — 3.8keV - g§ oscillator  [43]

- < 0.3TkeV < 0.38keV SU(6),VDM 64

- 550 & 270keV - VDM 65
A4-12.8keV 4.8kelV B -8.4keV ggoscillator 46

o 1 . 1
A = [sinf — —=cos8) B = (sind — —cosf)
va - V2

Table 2.3.2: Predictions for the radiative widths of scalar mesons

From table(2.3.2), two things can be derived: 1} The differences between the model
calculations are large enough to be distinguish by experimenis 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 between the model calculations.

There are no sericus quantitative predictions for the radiative decays of 07 resonances in
the framework of K A or qdgg models {66.. Qualitatively, one would expect that such models
predict rather small radiative widths, compared to the conventional approaches.

The ¢? Dependence of Scalar Meson Formation

We have seen that the experimental evidence for 0% states in v collisions is quite limited.
Therefore, a discussion of the g* dependence of their cross sections may seem unnecessary.
However, if we extrapolate the vast experimental progress in vy 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 0" resonances will appear in the experimental
literature.
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Since the basic amplitude for scalar formation has no explicit energy dependence, the
cross section can be expecled to be rapidly falling. Eq.{2.3.4) implies that, on resonance
mass, it evolves with ¢? like er7(q?,0) ~ (FT{¢?,0))* - ]—_'.J”IFF Thus, even in the absence

1

of form factor effects, the cross section falls with ¢%.

There is only one paper which tries to calculate the ¢* evolution of scalar meson formation
on a quantitative basis’ 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:

W2((g2 - 1) — 4q192)) - (o2 - ¢i)?
(7192)?

M. .(9g3) ~ (2.3.13)

The authors prediction for the g% dependence of scalar formation is based on the quark
model and the observation of a striking fealure of the covariant amplitude for an VV S (L = 0}
coupling (see appendix D). Consider the g% -- 0 limit for such an amplitude:

‘J’ﬂmﬁv’ﬁfi2 —~ Gy — q2, v (2.3.14)
19— VY - 92

-41111(4!-9'2) = Quv —
The latter tensor is gauge invariant and simultaneously the covariant formulation of an E,
transition between a scalar {1* L, I, = 1,-1) and a vector {** L = 0). Since photens have a
large overlap with spin aligned ¢ pairs of zero relative orbital angular momentum, the above
amplitude connects the final state scalar with the largest hadronic component of the pheton.
We can thus assume that at least in the low g? regime, this amplitude dominates®.

Having established the form of the covariant amplitude. we can proceed to calculate
the form factor. For the case, where one photon is real. this is trivial. because of the exact
identity of an E, and an L = 0 amplitude at ¢? = 0. For the latter. it is well known that
finite size effects cancel to first order. We can just assume the form factor 1o be constant.
The prediction is then

TH = ¢ 92p1v
. 01 §2
— M. (¢} g3) = M._{0.0) (2.3.13)

.qg
g\fhm(q?, qg) = 2_’\"., - (O 0) i??\- qlB"; 'qrr-,
1 F4

The resulting helicity amplitudes are finite throughout. This ¢ posteriori confirms that the
wse of the E; amplitude without further form factors is meaningful.

The ¢? independence of the transverse helicity amplitude is in marked contrast to what

would be expected in the context of VDM, where an additional T:q_ﬁlT term would enter

the amplitude.

'In ref 17}, asymptotic power laws are given. however, it is not specified which kinematic configuration is
referred to.
2For large values of momentum transfer. higher order transitions may become important.
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Tensor Meson Formation

Introduction

The three neutral tensor mesons f(1270), A2({1320) and f{1525} have all been seen in
44 reactions. The tensor meson nonet has the nice feature that it seems to be ideally mixed.
The f’ resonance has only been firmly established in the KK final state. Accepted data yield
an upper limit of B{f' — 777 ') < 0.013(95%¢!.}. This implies that for SU(3) considerations
of the 44 couplings, the mixing angle needs not necessarily be taken as a variable. In other
words, the quark representation

'

f= Lr(uu - dd)
v'2
X

Ay = — (uz - dd) (2.4.1)
V2
f' = (s3)

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 44 coupling.

The formal description of tensor meson formation in two photon reactions is rather
complicated because the most general amplitude invoives five couplings (form factors). Only
one paper 17! deals with this problem in all generality. However. from an experimentalists
point of view, the result cannot be considered satisfactory.! The amplitudes relevant for no
tag and single tag data can more suitably he written as {(c.f. appendix A)

T»“” = {FTT(' G#UA'JA(‘ = FTT'.’GMQGVB
— FTL (Gan'ZV - Q]pGug) A,{f (242)
+ Fri(3 — 61} {Gra@u ~ @14Gra} A,@}E'“B

These form factors of eq.{2.4.2) have a straight forward experimental interpretation: Frp.
and Frpg measure the rate of helicity zero and two respectively.? They are only sensitive to
transversely polarised photons. The effective form factor

Fil = Fro— (gl - &) Fps (24.3)
which measures the rate of J; = =1 formation, only contributes if at least one photon is off
mass shell, Notice that the amplitudes for helicity J, = +1 and J, = —1 have to be equal in

LFirst of all, the problem of avoiding lfq"' type singularities is overcome by giving the basis tensors dimensions
up to the sixth power of energy. This leads to artificial mass shifts of 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.

2The 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 q‘f = g2 or g2 = 0. If we restrict one of the photons to be real, the cross
sections can be written as

oy _ [Frra)* M? T
GTT(Jz = 2) = 4\/}— W (wrz - M2)2 + T2Af2
{(J.=0) = ! . 8(Frre)® XPM? T
orTtss = 0) = g7 = VX O WE (W2- M2)2- M2 {2.4.4)
LF;'{‘I.)‘I r

ori(ds = 1) = (—a3)VXM?

Wh (W2 - M2)2 1 [2M?

Only two of the form factors enter the partial width:

_— (Frra)? - (Freo)* M
T son M 1207

(2.4.5)

and thus. for an analysis of "no tag” data, Fg/" may be ignored. However, the assumed
ratio of Frry. Frr can have 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 Frp.. In particular, if the tensor meson is considered to be a
non refativistic bound state 67, and the decay proceeds through direct annihilation of the
quarks, the amplitude M_ . vanishes for on shell photons. If the tensor meson is produced by
some VDM mechanism, one would expect the L = 0 amplitude to dominate as well. Finite
energy sum rules 69.70 give a very similar resuit: M_._ > M__. Thus, if an experiment
is not able to measure the helicity amplitudes separately. the assumption of J, = =2 is the
obvious one. However, in the static quark model (see below). a sizeable contribution of the
J. = 0 amplitude is also possible. Assuming that the Ey transition dominates, one gets
Foq(de = 0) = (i.r'm(')z = 2).

Measurements of I',.(43)

The formation of the A» meson in two photon reactions was first observed by the Crys.
tal Ball collaboration in the decay channel A2 — nr" — 44, The dominant decay mode
Aa — pT77 was subsequently analysed by PET R A experiments. The results are shown in
table(2.4.1):

Iy, (kel) Expertment chan., Ref.

0772 018(=0.27)  Crystal Bell et 71

0.1 = 0.19(=0.27) CELLO pr 77
0.84 = 0.07(=0.15) JADE(pretim.)  pr ‘61
1.06 = 0.18(=0.19) PLUTO pr 73

1.14 = 0.20(=0.26)  Crystal. Ball nz” 62

Table 2.4.1: Measurements of ', (Az)

The channel na” is the ideal one to study the helicity eomposition of the A, formation,
since it is rather clean and the p and the " have both no spin so that their angular distribution
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with respect to the 4+ axis should show the characteristic sin*# term if the the A; is produced
dominantly with helicity J; = +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 cosé = 0, The Crystal Ball collaboration
i62; collected enough statistics at DORIS II to disentangie the J, = 2 and J, = 0 amplitudes,
obtaining

ofJ. = 2) = 0.8]1 £ 0.220(tot) {Crystal Ball)

The reaction Az -» p* 7™ 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, becaunse of the spin barriere and phase space correlations
between the two wide mesons Ap and p. The easiest way of implementing such factors correctly
is to consider the entire process in one piece, i.e. write

My =777 1572 = M — A)BW (A M4, — p7a )M (T — o 7Y BW (p”)
4 M(Ay —p w ) M{pT — a2 ) BW (p7)}
(2.4.6)
The A3 decay matrix element, i.e. the term in curly brackets above can be written covariantly
in terms of the momenta k,(7° ). ko{7") and kz{z~):

M = Bk, yepun, kERGET  BW(1.2) + 71 — 3 (2.4.7)
Here, as in other chaplers. the indices of a vector denote its parents. for example is k2.2 =

ky ~ ko - ky. Since the matrix element is covariant. one can calculate the helicity amplitudes
in a common frame. In the vy c.m.s. they are

Wo. . -
Snf = 4 ‘k]-; 3 2 k]...g sinﬂlg__ge”'”‘:BW(l.2)
{eosyy . asingy gt sinﬂ]r_,,gcosﬂ]_ge'.C'”‘"}
£ T - .
- ke P ka_y sinfay_ 16’75 BW(3,2)
{coslyy. ysindy. €' 7 - sinllyy_ ) cosfa_ gf"’““}
[ § - 5 = ) . . .
f.\f.s, = '-1 k]z o kl_g {rs:n 012_351?101,25???(0]2,3 - O]-Q)Elmn"’
- cosbyy. s(coslyy. 3sindy 26" T — sinfia. acosh, - cet*em ) L BI(1.2)
! Wo- g . .o . . e
- "4- kag. 1" ’\'3_2-{%9111_932_ ysindy QSIH{Ogg,I - 03. 2)3”"-"—'"
- coslyy_;(cosbsy_ 18infy_ 26’7 — sinfay_jcosBy 4™ )} BW(3.2)
1 - ~ . . oy
EM__ = ﬁ;k,g_g;g;kl_g.san&,;;._;;co.sﬂ,g_351::0, . ;:Sil??(@]z,g - @ - 2)8”"{].2)
V
3 P . 'y .
= ﬁ}ka'gk” |k‘3,2551n.932,|(:03932,1617193__2\5"!{039_] - ég._z)Bﬁf (3,2}

(2.4.8)
£ being the inverse of the couplings involved: £ = (F4,,-r- Fs sz} 7! It can be seen from
the characteristic il;} factors that this is an L = 2 transition. as required by the intrinsic
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parities involved. Thus, the couplings and consequently the widths in the Breit Wigner
functions have to be taken variable (¢.{. appendix D).

The interference terms resulting from eq.(2.4.8) makes all angular distributions more
isotrepic. This implies that the v widihs obtained from an analysis of the px final state has
only little dependence on the assumptions about the A helicity {usually Jess than detector
specifie systemalic errors.).

Nevertheless, a full Dalitz Plot analysis (c.l. fig.(2.4.1)) gave a non trivial result {73]

50 — - e : y
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S wl
> =
i
wpE o
" it s . : -
¢ 02 ot 05 [ 0
Oalitz Iriangle porometer A
@ v — . T
bl
=210
30 F = I
P )
e T = . .
guf Figure 2.4.1: The Dalitz plot analy-
& sis of the reaction 4y — w¥s &"
w0 E confirms the inlerprelation of the
. date as Ay formalion and rndicales
o b, ) . = Y the expected dominance of helicity 2
v az o o8 o8 10 production.

lcasal
a(J. =2)=0062+039¢(tet) (PLUTO)

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

accurate.

Measurements of I'...(f)

The f mesen has been scen by most of the experiments doing two photon physics.
No other state has been analvsed in as many different ways as the f. The Crysial Dall
collaboration, fer example {71, studied the reaction vy — 7#%7% and measured a radiative
width of
BkeV (J;=2) Crystal Ball

keV  {J, fitied)

I () = 2.7 =
Faoff} = 297

Furthermore, the helicity of the J meson could be determined to be

0
6

o(J. =0)a(J. = 2) =0124+039 Crystal Jall
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All other published experiments are based on analyses of the x* 7~ fina! state. The wide
range of analysis methods is a reflection of the uncertainty about the structure of the non
resonant ¥t 7~ continwum under the f meson.

The paramelerisation of the z¥ =~ 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 5°{980) and
¢(1300), which may contribule to the observed cross sections. How large is the error intro-
duced by the uncertainty about the structure of the #*#~ continuum? The published values
of T.4{f) give an a posteriori estimate, since most collaborations have done the analysis
in diflerent ways, the only common assumption being that the f is produced with helicity
J: = 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 {ig(2.4.2), where the centre of mass
decay distributions are superimposed onto a "typical” acceplance curve for a solenoid de-
tector. One can easily see that assuming J, = O rather than 2 leads to an increase of the
"measured” c¢ross section by some 30 per cent.

04

Q.2

lat. unils]

Figure 2.4.2: The anguler distribu-
tion of pion pairs from the decay of a
fensor resonance, assuming helicity 0
and +2 respectively. The comparisen
with a "typical” detector acceptance

e (shaded area) stresses the importance
' of the knowledge of the helicily.
cos &

T (keV) Ezperiment continuum Ref.
2.30 £ 0.50(£0.35) PLUTO none [74]
3.60 + 0.30(+0.39) Mark I1 Born, coherent [75]
3.20 + 0.20(+0.60) 74550 incoherent fit  |76]
2.50 + 0.10(+0.50} CELLO Mennessier Model  [77)
2.85 + 0.25(+0.50) PLUTO Mennessier Model  [51]
2.70 4 0,05(+0.20) DELCO Born, coherent {79]
2.39 + 0.06(£0.30) PEP49(prelim.)  Born,phase fit {80
2.52 + 0.13(+0.38) Mark 1] Born/QCD,ph.fit  |81]

Table 2.4.2: Measvurements of Ty (f) inyy — n¥n™

As can be seen from this table, the purcly experimental uncertainties are at present still

G2

larger than possible systematic mass shifts due to the different assumptions on the underlying
continuum. It is interesting to notice that those collaborations who have analvsed f lormation
in terms of models with explicit assumptions on the size and phase of the 77 7~ continuum,
te. Born Amplitude or Mennessier Model, all get values for the [ mass, which are consistent
with its nominal value, as can for exampie been seen in fig.{2.4.3}. On the other hand, this is
in clear contiadiction with the PLUTO result on the low lying continuum, which is not well
described by either of these models.

LJR S S S S S

1.273 Gewclz CELLO

S0Mev/c]

Number of Events per

Figure 2.4.3: This analysis of 7t r~
pairs tn the f region was the first one
taking into account the inlerference
of the [ with the nonresonant contin-
uurn, The curve is the Mennessier
model.

There is a possible explanation for this discrepancy; the shift of the f peak is determined
by both, the average amplitude and the fall off of the nenresonant amplitude with W,
Roughly speaking, a fast falling small background can lead to the same mass shift as a
slowly varying large background. It is gquite likely that the apparently good description of
the #7 %~ cross section in the f region is the resull of sueh a compensation. This in turn
would iinply that all current experiments underestimate the two photon width of the f,
since they overestimate the background. Also, it should not be forgotten that most analyses
approximate the M?/W term in the single particle phase space by M, leading to an upwards
shift of the f mass in the Monte Carlo and hence to a downwards shift of the "measured”
J mass, which is again compensated by assuming a too large background. Last, not least,
although the scalar resonances do not interfer with the f. all three of them lead 1o fast falling
event backgrounds, Lhe 4 and the $° because of finite momentum (detector-) effects, and the
¢ since its large widths allows it 1o "move”™ Lelow the [ mass, 1t must be stressed that a flat
angular distribution below the f would be a strong indication for the presence of a scalar
resonance!

It would be nice Lo see a partial wave analysis. in particular in view of the fact that so
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many partial waves vanish because of heli¢ity conservation (c.f. eq 2.2.5). Another alternative
- which may be more realistic because of the small detector acceptances beyond cosf™ =~ 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 a#*»~ Continuum

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

.MJ’ (f —* TI'+TI'7) = FJ‘,,E?Z(‘(Q - kl),u(kZ - k[),,
M?F}" 5 (2.4 9)
120n 5

— Prx =
leads to the following products of spherical harmonics and Clebsch Gordan coefficients:
i )
My = EFI,,,;?EWzsinzﬂez‘d
M, = —Ff”,ﬂzwzsmﬂcosﬂe"d’ (2.4.10)

Mo = — Freg B*W?2(3cos?0 - 1)
6

and the transverse cross section can now be written as

do = -—--ﬁ—u(iM(rwn - rcs.)§2 + Mff(fes.}'z + “]‘\'F“')

an (lt‘m)"’\/f

B*W 305’0 B*Wlcos’f 1)2

iM{non —res)? = 16ﬂ202G2(3-u=Q¥-q§)( 00— mi) 2w~ m2)

2
1 1
I ’ 4 —_—
= 870Gt u.q}. 43) 3 W cos B(ZI— mi T us m?,)

. 1 v )
iMres.):? = ;{mefn)*ﬂ"” 45’"49(“;2 M2 ITIM?
16 2 ad v 2 2 b4 1
- E[Frrr.l'";n) 3 X*(3cos Bf— 1) (W% M2 T2M2 (2.4.11)

PINFT = ~‘27mG{I,u.q'f,q;”)FTTzFj,"541'9'4sin2000823

‘ 1 1 ) W7 - A?
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If we assume that the non resonant amplitude is entirely real, the entire dynamics is reflected
in four unknown functions: G{t,u,q%,¢2) describes the non pointlike structure of the pion
in the non resonant amplitude (G = 1 — QED). An estimate on how G could Jook like is
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given in the chapter of pscudoscalar pair production. For the purpose of determining the f
parameters for the collision of quasi real photons. our knowiedge can be regarded as sufficient.
The fact that the interference is constructive below the nominal resonance mass indicates that
the product {Fry2Fyxr) must be negative (it has to be real).

A Measurement of '\, (f')

The f* seems 1o decay nearly exclusively into kaon pairs; 50 % into KTK™, 25 % into
KOK? and K KP respectively! It has only been seen by the TASSO collaboration |82] giving
a radiative width of

TS = Toqlf) x B(f = KE) = 0.11 £ 0.02 = 0.04keV (TASSO)

The corresponding invariant mass spectra are shown in fig.(2.4.4). The fact that there is only
one measurement so far, and that this measurement is only two sitandard deviations away
from O is aiready a hint towards severe difficulties in the analysis of A f{ final states. In the
charged decay channel, one can only hope to find it by means of particle identification. The
rate of [/ events is so small compared with the QED channels u* ¢~ and e* e~ thal 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
pusitive identification of secondary vertices (from the in flight decays) or excelient momentum

resolution.
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Figure 2.4.4: These two mass spectra from the TASS0
detector are the basis of the first, and so far onfy mea-
surement of T, (f'). The solid lines arc the final fits,
the dashed lines are background estimates.

Ithe decay into KFKE" violaies CP and occurs only at a negligible rate.
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Interference Patterns in KK Final States

The two other tensor mesens decay into kaon pairs as well. Since all of them are fairly
wide objects, they do nol only interfer with the non resonant /7K~ continuum, but also
with each other, and all the interference terms turn out le 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)p; symmetry of the strong interac-
tion. Arguing as demonstrated in fig.(2.4.5), which is a pictorial representation of Lipkin’s
argumentis, one gets

< fIKYK >=4 < AJKYK™ »=< [IK K™ > [V2 (2.4.12)
=< [IKOKC » = — < As|KOK® »=< [|KK9 > [V2
K+

£ d 1

_—< Py =

A, Kla 1
<K V2

_ d Y=
+\/-]2—a:16’
y d 9z
BRI

[}

ol <]
2

Figure 2.4.5: Three cxamples of tensor meson decays
into kaon pairs. The amplitudes tn brackets are small
according Lo the Zweig rule.

The fact that SU(3)r; is not exact may aller the relative strengths of the amplitudes,
Lowever, it can never change the signs. Thus, the direct channel contribution in K™K~
production is the sum

Man(r7 — B}Mj, =0 o(R = KTK™)
> W2 — ME'+ tMgT

|Map(res)|® = (2.4.13)

[R=FAo\ [ |

with all coupling constants having Lhe same sign. For the case of KYK© productien, the
A, contribution has a minus sign relative to the others. The explicit form of eq.(2.4.13)
follows from eq.(A-8). Another consequence of the above reasonning is that one expecls the
interference between the tensor mesons and the underlying K ¥ K~ continuurn to have the
sarne sign as the f —a* 7~ interference. This interference is of the same form as in eq.(2.4.10),
just that "N F” now becomes a sum over the three tensor mesons.

SU(3}H Relations for Tensor Mesons

Since there is more than one coupling invelved in the radiative decay of tensor mesons
SU(3)r) cannot give a unique prediction. In plain terms: Using the ratios of the vaiues for
the radiative widths of tensor mesons alone, one cannot test SU(3) ;. However, from other
measurements involving tensor mesons, i.e. hadronic decays, it is known that SU{3}r; is a
good symmetry for this nonet, Let us thus reverse the argument and impose the validity of
SU(3) rr as well as ideal mixing onto different approaches - and try thus to get some insight
into the dynamies. .

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:'VT"’ is structureless, produces thus no spin barriere. and has the
dimension of energy. In contrast, TT7 has the characteristic features of an L = 2 transition.!
Thus, assuming that radiative decavs behave like hadronic ones, one gets

Tou(fide = 2) - My /Ty (A0 Je = 2} My, r'n[f’: Je=2) M= 25/9/2

dominating over

, {2.4.14)
rj_‘j(!?‘]z = 0) .,r'n(-“‘z-.-]z =0) r'n(f_,:"_{g =0) — 25792
M:o ML, T MY *

The 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. (£), and those are similar for all nones
members, the SU(3) relation would look as for the 0 nonet. Taking the covariant amplitude
of the corresponding E; transition

. - 23 —al -
Tav ~ i€ (gw - ql“fqﬁ) (gya - T )E o {2.4.15)
g2 ¢ 91 g2

gives the sum rule

Tonlfids =2) TonlAndz=2) Tonlfide=2)
B e ¢ e e e A ekl R TN B
M A% M3,

together with (2.4.16)

1
My(Je = 0) = ZTya{J: = 2) Jor all lensor mesons

In the framework of the quark model, there is a different class of calculations. Whereas
the above E| transition can be interpreted as a two step process (i.e. the quarks are first
put into an s - orbifel by means of photon radiation and then annihilate). most published
calculations attempt to calculate the radiative widths in a one step model. However, since the
tensor mesons are regarded as p wave gf syslems. one step annihjlations can only occur due

This result of purely formal considerations coincides with intuition. Two helicities one aligned give J, = 2
and thus J = 2 without further L required. if. on the ether hand. the helicities of the two phetens annihilate
- where but from an additional spatial angular momentum should the J = 2 come from?
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to relativistic corrections involving the derivative of the wave function at the origin, R'{r = 0}
(see for example ref (671}

160 , R'(0)*
r = gt
() = 1002 B

Since the derivatives of the wave functions have very differetit mass dependences in different
models, SU{3) i cannot be used to test the basic model assumption, i.e. the assumption ¢g
“annihilation being responsible for the decay. However, it does provide a too! for fine tuning
the shapes of the wave functions and thus the model parameters.

(2.4.17)

Experimental Status of SU(3)r; for Tensor Mesons

Since there is only one statistically poor measurement of T, {f"), SU/(3)F: can only be
“tested” (s.a.) together with the assemption of ideal mixing. Since the masses of the [
and the A, only differ by 4%, the ways the masses enter the various SU(3) 1 relations in
different dynamic approaches have only little influence on the experimental conclusions about
the validity of SU(3) . in particular in view of the ~ 20% systematic errors guoted by most
experimental groups.

From the tables of the measured radiative widths of the f and 4. one can see that. in
contrast to the ©°  nonet. no serious deviations from SU{3}r; have ever been observed. In
fact. the most rec-n. measurements point towards an exact fulfiliment of this symmetry. We
can thus be optimistic about the future, when more accurate measurements of T'.(f’) may
tell right from wrong concepts.

Comparison of the Radiative Widths with Models

A more direct access to the mechanism governing tensor meson f{ormation in v colli-
sions can be obtained by comparing the absolute values of the radiative widths with model
caiculations. An impressive amount of work has been dedicated to their calculation. The
following table cortains 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.

Too(f) kel T..(Az) keV P (F7) kel Input Ref.
1.2-23 0.46 — 0.81 0.14 - .19 VDM, ko qq 43,
~ 2.1 - - symmelries 84,
43 20 17-8 0.6 - 2.8 VDM, SU(6), dipole 64
~9.2 - - sum rules &3,
2.6 0.83 0.012 V DM h.o.,¢§ 146]
0.92 0.33 0.0% rel.qq, pot. 86
266045  09=0.36 0.144= 04, B{KK) SU(3). E; 87
3.61 1.44 0.063 ggpol + QCD 7]

Table 2.4.3: Predictions for the radiative widihs of tensor mesons
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Here. h.o. stands for harmonic oscillator. Notice that there is no "pure” VDM prediction,
The reason is obvious: There are only little data on T — V-~ 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 parten prediction - again because there is no obvious normalisation procedure.

The predictions in the framework of dipole transitions of the type T — Vv — ~~ using
"heavy™ (my =~ M/2) 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
the two calculations which are closest to the measured widths of the f and the 4, ('46,87)
differ by about a factor of 10 for the radiative widths of the f’. The conclusion is thus similar
as the conclusion of the SU{3)F; discussion: A good measurement of the ff is needed.

Measurements of Tensor Meson Form Factors

The data on 1agged tensor meson formation are quite poor. This can be understood as
a consequence of a "lack of spin valley™: in contrast to pseudoscalar formation, the lowest
dimension ~+ -— T coupling (TJJ'?] is structureless and thus. even in the absence of form
factor eflects the cross section for tensor mesons produced with helicity J, = 2 falls, according
to the flux factor. like {1 - g M*}- .

Only the f meson has been seen in single tag events. The TASSO collaboration 76
gives no quantitative result and simply states "The data are not inconsistent with the model
of Kraseniann and Vermaseren [67 however, a lower width would be preferred.” The Mark
H collaboration '8t shows "I',,(g*)” in three bins of g%

It i« clear that due to the presence of three independent form factors for one real and one
virtual photon. eross sections indegrated over a limited solid angle are difficult to interpret
theoretically. Since in practice. acceptance functions for different helicity cross sections differ.
the published measurements of tagged f meson preduction can mainly serve as upper limits
for individual (iransverse) amplitudes.

It is evident that a lot more statistics will be required until the helicity form factors
can be measured individually. Notice though that in the special case where the final state
is a pair of pions or kaons. one can reduce the number of parameters to two: recalling
that M, (f — 77 77) ~ sinfieosf. it is evident that at 90°. the contribution from orp
vanishes. Bul. at least for moderate ¢°. the detector acceptances have a maximum at 907, A
measurement of f}fi o which is 2 measurement of Frrg and Frr. alone. is thus feasible.

Predictions for Tensor Meson Form Factors

On purely dimensional grounds. the ¢° dependence of tensor meson formation is expected
to go along with drastic changes in the helicity structure. The J. = 2 cross section even falls
with g% in the absence of form factor effects. whereas I (TLL) contain terms rising like
g7 (%) as ¢% — 2 with g3 = 0. Eventually, the J, = 0 amplitude will thus dominate. This
was first noticed in ref. 17, where the dominance of the J, = -0 amplitude for ¢} — o
was predicted in the framework of the quark model. The difficult question is: where and how
does the take over of M. . take place?
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There are only two papers making predictions for the g dependence of tensor meson
formation in the low g2 region. Krasemanr and Vermaseren :67: describe the tensor meson as
a bound state of two massive quarks, carrying half of the meson's momentum each. Within
this model, all 4y 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?
2
M, _(0.47) = FT']"J(OeO)Zﬁ

2
43
M, {0.03) = Frpa(0.0) ——= 2.4.18
++{0.93) = Frraf )2v6X ( )
. /-
;M__r.(o.qg) = FT7‘2(0.0)\,— _—82,\'

Recently. Achasov and Kernakov {88 published an esthetically very pleasing extension of
the VDM idea. They argue that not onky the electric field vector {photon) acts like a vector
meson, but also that a tensor meson might interact like the electromagnetic field tensor. The
resulting amplitudes can be written as

. . W2 - gt g2
M. . (¢}.q3) = Frn(o,o)Rﬁ_mﬁ?;......‘i-.
“ L 2 < .
. 1 ((qf - a} R
M, (¢ 42 = Fypz(0,0)R—= (.A.l_qu _ 0
oo laihg) = Frral0 ]R\fe( W wi

”:‘C_j—"i W2 . g7 g2 (2.4.19)
‘i\/l"-'(qi?:q%) = Frra [OO)R \’\;.'5 2 1,11']3 :

. i
Minladaf) = Frruf0.0)Ry 3 I

where R is the product of two p" pole form factors; R = (1 ¢f;m?)'(1 - ¢f /' m?)"".

Notice that in both models. the helicity zero cross section varishes for ¢f = ¢ = 0.
Suppose now that future experiments confirm the presence of a finite J, = 0 component (the
published A7 data give Iy (J> = 0)'T.{J, = 2) = 0.32 = 0.18). I would then not be very
meaningful 1o test either of the two models with tagged data.

Given the excellent agreement between the calculation of Singer &7: with the measured
widths. let us inspect the off shetl behaviour of an £, transitien. Since by means of eq.(2.4.15).
the Lorentz siructure. and thus the helicity amplitudes are fixed. the assumption of an E,
transition reduces the number of free parameters to one: the forin factor of the E| transition.
Fei{el. g3}

M. _(¢}.93) = Frr2(0.0)Fg: (g} 43)

- 1
M. o (g}.93) = — Frr2{0.0}Fe: (0] .03)

V6

1 5 o (@2 ~ 4% 2.4.20}
A'f-Hl(q']?qu) = EFTTZ([):O)FEJ(qf=‘i'§]\;”**f1-f (_jﬁ:?a;;l, ¢

: 2 . 2o (g~ a)lgig2 - 4}
Muolgt, g2) = 7 Tr2(0,0)Fe1{a], 92)1 9103 (‘ Wfl(ﬂq'(;;;“)z{*“{]
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There seems to be no way of determining Fg1(¢?, g2} from general principles. However, given
that the helicity amplitudes for transversely polarised photons are indentical with the ones
obtained in partial wave decomposition with L = 0 (cf. appendix D)}, qualitatively, one

would expect Fri{g?,qZ) to be a rather flat function, may be even constant at moderate
values of g%.

It is interesting to notice that in calculations assuming a direct photon quark coupling,
a rapid take over of the J, = 0 amplitide is predicted, whereas in eq.(2.4.20), the ratio
ay(Jz = 0)/044(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 J, = 2

amplitude may be interpreted as the take over of the pointlike photon coupling - if observed
in an experiment.



Vector Meson Pair Production

[ T I Ty P

Introduction

Vector meson pair production, and in particular p°p” pair production is the most contro-
versely discussed subject in two photon physics:  "The cross section for p°p praduction, first
observed by the TASSO collaboration, shows a large enhancement near the p”p® threshold. So
far, this is the only effect observed in two photon ezperiments which had not been predicted,
not even qualitatively.” [12]

s

"{...) g°§*-resonance production can describe all features of the reactions vy — p"p" and
Ay — p¥p~ - both qualitatively and quantitatively.” [89]

TTETIRTIT T

"The search for ezotic explanations of vy phenomena should be done above the background
of conventiongl processes. In our judgement, factorisation can serve as a good estimale of
this background.” /80{ Notice that this beckground of conventional processes relers 1o a cross
section prediction which nearly interpolates the measured p"p" cross section.(!)

If the same cross section leads to such vastly differing opinions, we can 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.

({J1]

Measurements of the Total p"p Cross Section

A p"p" cross section can be derived using an acceptance caleulation based on a four pion
phase space Monte Carlo with a constant two photon cross section in which the events are
weighted according to

P, 2Fonn(1.2} Pas “'”(3 4)
Mlqy — 4%) ~ (W2 - me)2 5 im,.I,
{'7".‘ ") ((H.'Z m?)? - im rr, (“ a4 = 22 - '

12
N Pi.aFenn(l.4) L Pi.af'r'xw(zvf;_}_____)
(WE —m2)? ~im, T, (Wi, - m2)® + im, I,

(2.5.1)

Here. the pions have been labelled x| 7, n; =, and p,,; is the three momentum of one of
the pions ¢ or 7 in the 1, 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.!
Of course, this procedure leads to a rather arbitrary spin parity composition in the event
simulation. Nevertheless, the experiments agree that. at least in the central region, this
Ansatz reproduces the angular distributions quite well (see below).

11§ a four pion phase space Monte Carlo program is used, no additional phase space terms are needed. Such
functions are useful il one seeks an analytic mapping of the type do/dLipsyy da,t'(dmflgdmg_‘). They are
necessary if the final state is generated in a lwo step procedure: 1} 77 — pgp and 2) pp — 4. In this case,
such factors account for the phase space correlations between the different systems. They are also necessary,
if the width of the g is put into the numerator of the p° Breit Wigner amplitude since in that case, the
wm* x~ phase space is implicitely inserted into the g° propagator.
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Using this, or equivalent techniques, several experiments have arrived at similar cross
sections [91,92,93]. A recent compilation by Erné ;102 is shown in fig.(2.5.1). However, the
published total cross sections are still subject 1o several non negligible uncertainties.
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Figure 2.5.1: Measurements of the lotal cross section
for v — 27 + 2%, assuming a phase space like an-
gular correlation between the prons. The graph on the
left is the contribution from p®p° alone.

First of all, as can be seen in fig.{2.5.2), there is a rather large continuum cross section for
vy — 4%, as well as for 7 — p"# "7~ The two continua together are produced about a
frequently as p® pairs. Given the large width of the p® meson, the interference between the
continua and the p%p° pair production amplitude can be guite farge. No collaboration has vet
attempted to 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: Erperimental decomposition of the 2r+2n5~ final state.
The dynamics of the four pion continuum is 1o this day unknown. However, at IV = 1.5GeV,



the pions are highly relativistic that there seems to be no reasen, why they should be produced
fike 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 p“ signal. It would be very interesting to see, how the "measured”
#"p" cross section changed if, instead of a phase space Monte Carlo, a Lund Monte Carlo
116} was used for the simulation of the four pion continuum.

The parameterisation of the p"z 7~ cross section is no! trivial, as pointed out by
Achasov et al [89]. The currently nsed amplitude, in which all particles but the two pi-
ons coming from the p decay are produced isotropically in the <~ centre of mementum
systemn, implicitely violates parity. The two pions not coming from the p® decay should be in
an L = 1 state as well.

It may bhe that what has been observed as a p':'ﬂ"ﬁ__ cross section is to a large extent
only the interference between the pair production amplitude and the continuum. As a simple
check, one could use a simple phase space pius one phase model, Le.

Py o Fpra{1.2) Pa.aFprs (3.4)
My — 47) ~ F (W) : RS LRSI
(37 = dm) ~Fi(W)e ((I-Vf,_, —mI)? - im, T, (W, - mi)t - im,T,
 PigFaa(l.9) P22 Furx(2.3) ) (2.5.2)
(W2~ m2)?+ im, I, (W} - m2)? - im, T,

+ F3(W)

where Fy, Fy and a are real parameters and the four W/ s are the invariant masses of the
four neutral two pion combinations.

So far, the largest uncertainty can be attributed to the angular correlations between the
pions coming from the p" decays. The TASSO collaboration ‘91: has shown thai the measured
p"p" cross section is reduced by nearly a factor of 2 {!}. if, instead of an isotropic production
and decay Monte Carlo, a fit 10 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 interaciing
particle, We shall see later that arround the p”p" thresheld. spin parity analyses suggest that
the p mesons are in a state of relative orbital angular momentum I = . Their wave functions
thus have a large overlap, and, because the p mesons hardly move, they “sit right on top of
each other” for a long time compared to their life time, Because the p mesons are strongly
interacting particles. the basic reguirement for a decay according to a Breit Wigner amplitude
is thus not fulfilled. It is thus impossible 10 make statements about the p'p' eross section
below threshold without making explicit assumptions about the way they interact with each
other ("final state interactions™). In this light, the caution of the CELLO collaboration 92
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.. ref./102;) the currently used delectors cannot
sufficient]y distinguishh between 4y — 47 and vy — 4K to exclude a sizeable kaon cross
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section experimentally. However, since the K meson is so much heavier than the n, neglecting
kaon production may be reasonnable,

In conclusion. all measurements agree that the p”p" cross section may be as large as
= 120nb. however, the experimental uncertainties still exceed a factor of two.

Conventional Interpretations of the p"p” Cross Section

For a better understanding of the ongoing discussion of the p"p" cross section. a historical
remark to the meaning of the word enhancement seems necessary. The origin of this term in
the context of p"p" production is a discrepancy by a factor of 1en between the first data (93,95
and a “VDM” prediction 12, This "VDM" prediction is a simple one porneron exchange
amplitude and hence. the prediction is only valid in the limit W — oc. The large discrepancy
on the other hand occurred right at the p“p" threshold. The origin of the word enhancement
can thus be traced back to a misunderstanding beiween theory and experiment.' Therefore
the more neutral term "large cross section” seems more appropriate to the author.

One might suspect that direct channels are responsible for the large p"p" cross section.
However. in the p"p" threshold region. there are only two known resonances having the right
quantum numbers to he ahle 10 contribute to the reaction vy — a7 7~ 7" 7~ : the f{1270)
and the ¢(1300}. From the measured I'(f -~ 7 % 7 7~ ) = 5.0 = 0.8keV" eq.(1.19) implies a
cross section

Ok — f— 2 7 a7 77 ) = lanb

for a radiative width of I',.{f} = 3keV’. Orly little is known about the ¢(1300}. Kolanoski
12" has argued that provided that the ((¥300} predominantly decays into pion pairs. VDM
argurnents together with the apparent absence of a large «(1300) signal in the reaction 547 -~
5% imply an upper limit of

Okl — ¢(1300) — 77 5" % 77 ) < 5nb.

These numbers may be compared to a measured threshold eross section between 70 and 120
"o

nb for 44 - p"'p'". Thus, direct production of known resonances cannot account for the large
p'a" cToss section.

The contributions from exchange diagrams may thus dominate. Hefore going into the
details of particular models, it is useful ta bave a closer leok at the internal kinematics of
candidate theories. If the interaction takes place due to the exchiange of a hadron?. the matrix
elements will always contain its propagalors.

1 1
M(t - channel) ~ -——-; M{u - channel) ~ - -~
1 —mj, v - omy
whatever the dynamics at the vertices may be. As one moves to threshold. the accessibie range
of t{u) gets smaller and smaller. Fig.(2.5.3) illustrates the implications: close to threshold.

!Notice thal the one pomeron exchange assumption applied Lo the low energy pp or pp or sp or Kp total
cross sections fits neither of these reactions. However. in these cases. the discrepancy has never been called
enhancement.

?Sea gull terms are only necessary. if photons couple Lo currents of charged bosons.
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the contributions from the exchange of heavy mesons are strongly suppressed. The light
mesens are thus expected to dominale the threshold behaviour of the cross section. On the
other hand, in the high energy region the propagator masses become less and less tmportant,
The interpretation of the threshold cross section may thus be quite different from the high

cenergy one.
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Figure 2.5.3: 1 channel propagaloer suppression for 4
— %", examplified for 7°, n and f® ezchange. The
contour of the physical region assumes stable p° mesons.
The firite width of the p® meson not only allows pro-
duction below threshold, but also enlarges the accessible

range in ! al a given W,

In view of these basic arguments, the caiculation of Hatzis and Paschalis [94] appears to
be a step into the right direction. The authors calculate the contributions from 7%, 7 and
n' exchange. The pseudoscalar exchange diagrams have some promising features. First of
ali, the experimental knowledge of the decays w —+ 7%y, p — v, ¢ — 57, and 5 — p%
provides an excellent tool for the normalisation of the coupling constants, i.e. only SU{3}r,
but ne vector meson dominance assumption is required. Secondly, since there is only one
V'V P amplitude, the parameterisation of the vertices follows [rom first principles. Only two
crucial points are subject to model assumptions: the 5 — n’ mixing angle and the f evolution
of the amplitudes.

In ref |94] the mixing angle # is taken to be —10° and the ! evolution of the amplitudes
is parameterised like! Foyre(t} = Foyr(t = m2)et {5 )/¢ where ¢ is a constant parameler.
Both assumptions do not fit very well into the picture laid out by the measurements of

Ay — 07 and vy — 77~ The radiative widths of the pseudoscalar mesons are now in

1This parameterisation is very dangerous, as can be seen from the s channel contribution at resonance mass,

fex: Fpqpr{s = m;’;.} = Fppls = mf,.}r'""”"‘ which is contradictory.
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conflict with 8 = —10°, requiring §# = - 18% 4 2°. The mneasurements of the n' form factor and
the observed energy dependence of the reaction v —~ # 77~ suggesl propagator modifications
t-m?®_

of the type F{I) = {1 — TT;'—)"] for all psenduscalar mosons.

in view of these discrepancies with the most recent developments of our understanding
of the interactions of the pseudoscalars with photons, the agreement between the data and
the pseudoscalar exchange calculations of ref.{94] is reasonnable. The overall amplitude is
predicted correctly, but the W dependence appears to be steeper in the data than in the calcu-
lation. 1. seems possible that this discrepancy disappears once that our improved knowledge
of the pseudoscalar interactions with photons is implemented into forthcoming calculations.

Given 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 seclions measured in phetoproduction experiments and in two photon reactions.

T - RS
2 N <
Rk
LYl “_\ R
) @ U
2 " 2
Figure 2.5.4: Non resonant and res-

: “’l": enant contributions to vy — p%p°. By
means of Bose symmetry, the four ez-
change amplitudes have to be equal in
stgn and magnitude. Only the top left
matriz  element has srmilarity with
the process vp — p°p.

There is a whole class of predictions which base their absolute normalisation on the measured
photoproduction cross section oo (vp — pUp). In fact, i we only consider the ¢t channel
diagrams, Lhere is a striking similarity between (wo photon physics and photoproduction.
However, there is one subtilty in the internal kinematics of the two reactions, which makes
it kard to find an unambiguous kinematic link between the two. The term threshold has a
dynaemically different meaning in photoproduction than in 4 physics. One reason is that in
<y reactions, two massive stales have to be created, whereas in photoproduction, one oniy

produces a single p°. At threshold, one has {4, = —mf, for two photon reactions, whereas in
. 2 . .
photoproduction, {4y, = —m? ="t Since the values of the propagators drastically change

ey +m,
their values near threshoid, this slight differehce can casily result in a factor of two in the
cross section, Fig.(2.5.4) shows that for the # channel diagrams, the situation is even worse.
In two photon physics, Boses Statistics requires each { channel diagram to be accompagnied
by a u channel diagram of the same strength. In photoproduction, the situation is completely

~1
-1
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different. Because of fermion number conservation at each vertex, the exchanged particles
have to be baryons. The lightest barvon, 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. Nevertheless, a recent calculation
of Alexander et al /90, based on photoproduction data looks like an interpolation of the
measured cross section.

In conclusion, the conventional approaches to the understanding of the p¥p” 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 still room for exotic explanations for the rather large threshold cross section - but
the ovailable data do not yet require other than the known amplitudes.

Covariant Description of the p"p" Spin Parity Amplitudes

The detailed understanding of the p''p" production mechanisms needs analyses of the
angular correlations. The experimental procedures for a determination of the spin parity
composition of the p"'p" system are rather involved because the large widths of the p" me-
son, logether with the reguiremenis from Bose symmetry. leads to a large combinatorical

background in all distributions.

A covariant formulation of the spin parity amplitudes offers the simplest way of deseribing
the four pion system in an acceptance calculation. Insuch a parameterisation. neither Lorentz
treansformations, nor rotations into helicity frames are necessary. Furthermore. all Clebsch
Gordan coefficients, sperical harmonics. spin barriere terms and all mass - momentum - phase
space correlations are automatically inbeded into the amplitudes. The following explicit
formulae might thus be helpful {or future analyses.

States of specific total spin J can be projected out of the full amplitude by inserting the
corresponding polarisation tensor £+ into the amplitude. The full 4y ~ 47 amplitude
is then the product

My wrmgag ay ) =AMy — VMY - plph) ) BW(1.2)
{Mip} — ;=5 )} BW(3.4) {M{pl — nym] )}
= { My IV E® 0 T uine (03 (A) )
{BW(1.2)c (p)) (k2 — ki}e } { BW (3.4)C (oY) (ks — k2. }

(2.5.3)

The first matrix element is identical 1o the one used for a description of single meson pro-
duction. for example M{yy — 07) ~ f‘,‘(,_';e,,w,,-aq‘{qif. The second matrix element is the
object of interest. Ty, . a,p+ 15 the amplitude which links the state 10 the two " mesons
having polarisation vectors ¢(p]) and ¢{p}). The p mesons then propagate according to
BW({i.j) = ((k + &)® —m? +im,T,)" ', where k, and k; are the momenta of the pions
coming from the p* decay. Since the pions have no spin they couple to the p" in no other
way than through ¢(k; — k;).

Because the pions have identical mass, the amplitudes can be drastically simplified due
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to

Z taﬂ(g(kj - ki)s = (_gcﬁ . (b_:ln_)‘*_[k] _ k’)f)(k:{ - ks

k.12
a=helicities [Ax T ch]

It

(ki - kJ)o
giving

Z My — w;r;ré 7y ) =M — INVE Ty, sy
a (2.5.4)
(ky — k0) ¥ (ky — ka)TBW(1,2)BW (3,4)

Because the p mesons are identical bosons, the amplitudes T have to be symmetric:
T, siglky ~ ko ks — ka) = To o ymalbs — ke by — k2) (2.5.5)

Since the fina! state consists of 2x2 indistinguishable pions. the full amplitude has to be
symmetrised:

Mlyy —dr) = My - mymymgn, ) - My — 57, 7575} (2.5.6)

The construction of the J" -« p'p” amplitudes follows a slightly different path than the
construction of the 4+ — J" amplitudes. In the latter case. the form of the coupling tensors
is largely predetermined by the principle of gauge invariance. whereas there is more freedom
for the p''p" amplitudes. Given that near threshold. it is very likely that the “true™ amplitude
is well approximated by a superposition of states with low orbital angular momenta L between
the p'' mesons, those amplitudes will be constructed. which describe states with specific low
values of L. The tools for the construction of such amplitudes are given in the appendix.

In the following. all angles are defined such that in the hadrenic centre of momentum
system. any three vector k has the form &k - & (stnlcoso, sinfstno, cosB). The index of an
angle denotes its parent four vector. 829 .1 for example is the angle between the v axis and
the vector kuy y = ks + ka - k).

Scalar {07) states can couple to p'' mesons through an s-wave:
MO - - dm)p. ~AT ey ka)alks o ky), BW(1.2)BRW(3.4)
< ATk~ kq)alka — ki) BW (1.4} BW (3.2)

~ M. ~(k1_g-k3_4 )Bn'(l.z)Bu'(s.n {2 —a)

(2.5.7)
But this is not the only amplitude connecting a scali. - =tale to two g mesons. The transition
can also proceed through a d - wave:

MO A7) -y ~k]y o bTe an gk — ka)alks — ko) BW(1.2)BW(3.4)
4 (2 —4)
— M, ~(kyzoa s kyoo}kia g kao ) BW(1.2) BW (3.4)
4+ {2 —4)

{2.5.8)
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Pseudoscalar states have no choice but a p-wave transition:

MO — 4n) 1oy ~eaqec(ky + ko) (ks = ka) Y (ky = k) (ks — k)"
BW({1,2)BW (3.4) = (2 — 4)

- M. ~%W(k: + ks~ ky— ki) ((k] ~ ka) % {ka - k;))

BW{1,2)BW (3.4} + (2 — 4)

{2.5.9)

the three veclors are calculated in the hadronic centre of momentum system.

The description of states with spin J = 2 is complicated. There are in principle five
independent tensors which contribute to the 2% — 171~ amplitude. One of them corresponds
to an L = 0, three to an L = 2 and one to an L = 4 transition. Experimentally, there seems
10 be no hope to disentangle all of them. Therefore, we shall concentrate on two specific
low angular momentum amplitudes. N1 must be emphasised though that. because the p"
mesons are non relativistic near threshold. the assumption of coupling corresponding 10 a
small anguiar momentum between the p' mesons is only justified on the "p"p" side” of the
matrix element. Such arguments do roi apply to the "~ side” of the matrix element. The
ratio between the resulting helicity amplitudes for example, is predominantly determined by
the coupling to the photons.

M(2™ — A7) gy ~E™ * Ay, 6 Aazq Ky - k) (ko - ka)”
BW(1.2)BW(3.4) = (2 — 4)

M__ ~% (fgj,gisz'nﬂl,ze'“""-‘ - Z(l,?):l;azlsiﬂalzew'”)

-(J'c‘;;,q;st'nﬂ;,,.,e'd""" ~ Z(3.4) Eg4gsin634e”’"‘)BW(].Z)BW(.’BA)
S (2—1) ’
M. ~-‘% ({ ky_qsindy_qcosdy_o — Z{1.2) }';misinﬂl-_»rosc),g}
. {J\T;{_‘, stnfa_qcos¢n_yg — Z(3.4) kys sTn@ycos00, }
- { ky-nsinby_asinoy. » - Z{1.2) ky2 sr‘n&,-_;sinon}

. { kn_ 4 stnfs_ssinog_q - Z1{3. 1} E34j.cr'n034.ein.¢a34 }

-2 k_l,g (‘-089],2--- Z{],2)-E|2-f063|3}

.

: {»i}'a_.,‘coseg_4 - Z(3.4);Es4.co.5834})BW(l,2)BW(3,4)

~(2—4)
kyzaq - ki k

Z(i,k) =
Eiags - kix — VEZ,5,6%

(2.5.10)
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These amplitudes can thus only answer the question "given that a tensor state of certain
helicity is produced, how will this tensor state desintegrate into " mesons?” The ratio of the
helicity amplitudes does not follow from general principles. Furthermore, these amplitudes,
which are equivalent ta expressions obtained in first order partial wave expansions. are not
necessarily the appropriate ones. If it is assumed that the reaction 4~ — p"p" predominantly
proceeds through the formation of a tensor resonance, then the above amplitude is the
obvious 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,
bevond threshold, the following amplitude, which describes two p" mesons in a d wave, might
have a much larger overlap with the "true” one:

M{27 o dm)poo ~E M kg s ok — kg - K)o, (ke kg - kg — k) )an Ass
(ky — ko)™ (ks kq)"BW(1.2)BW (3,4) « (2 -- 4)

M N‘]g k4 - k_-; . k‘: _ k; 231-”'23437727]82:[(-4- s

ky oo kag)(ksos -k
- (k. ks g ( . '-——-“—4—1(-—'5,—_%-_—_—_1;.»2} BW(1.2)BW(3.4)
kio - kag - \’kf2k§4
(2.5.11)
. (2 e 4]
Mo ~— kg~ ky-ky K *[3cos*84ay 1 - 1)
vé
(k1o ks
N P TR il EhLA Sl
( 1 2°K3.4 P

BW(1.2)BW (3.4)

12
- (2--1)

It would be quite inspiring to see which of the two J — 2 amplitudes gives a better fit to the
data. since the dvnamic interpretations are so different.

States of JI' . 2 require p- or f-wave transitions. The p-wave amplitude can be writien
in the form

J\”? - 17-')1‘ 1 “-E”""’[k.‘ - k_'g - k2 - kl)"a (k] - k-_g - kg - A‘4)u
(ky ~ ko) ks ky)epu s BW(L.2)BW (3.4) = (2 - 4)

S
Mo ~—kgv ka— ko ky ko - k) ky-ka
v 6

(72r0.«84_-», 2. 158y esinly yleose) 28inen 4 - SinO). 20080z 4}
- stnflaz. oo (sinfy_gscosls. gsin{dga 2 1 — @1 _2)

- cosf)_25infz_gstn{dgz_02_ ) - 03._4}))

BW(1.2)BW (3,4) + (2 - 4)

(2.5.12}
Notice that the helicity two amplitude vanishes by means of Bose statistics. This is also true
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for the f-wave transition

.ﬂd(?w — 411');,:3 ~ 1 0n (k] + kz - ka - k4)a. (k] + kg - k3 - k4}a?
{hy + ka}alks + ka)o (ke — kade(ka — ka)cepe,
BW(1,2)BW (3.4) + {2 — 4)

1 .
M., ‘"“—2,;55‘64 +kz — kg — ky|*{Bcos 84z -y — 1) (2.5.13)

v
(ke + Ko~ ey = 2) - {(kp — B) x (K4 — k‘s)}
BW(1,2)BW (3,4} + (2 — 4)

In conclusion of this quantum mechanical exercise, it appears that a spin parity decorn-
position of the p%p" final state in all generality requires a very large number of parameters.
A completely model independent description of the process seems therefore hard to achieve.
Nevertheless, the large number of parameters has zlso favourable implications. In fact, in
the {how distant?} future, it might even provide the key to the understanding of the pp"
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 accurring
in different states of spin parity, i.e. a fit of the form

Mon(J7) = € *Mar{J* . L = Loun) + M (J" L = Lo - 2) {2.5.14)

tesis the presence of a resonance of this particular J* irrespective of resonating structures
tn other J¥ states(!). In practise. however, this method not only requires a very homogenious
detector acceptance, but alse a very large statistics sample. For the time being. it may be
more promising to search for certain characteristic features of particular processes.

An interesting aspect of the angular distributions which glances through the CELLO p¥p"
analysis (see below), is Lo concentrate on particular corners of the phase space. Consider the
production of a p” meson pair at zero degrees and assume that the amplitude is dominated
by the exchange of spinless particles (e.g. pseudoscalars or pomeron). For both photons, this
particular configuration corresponds to a head on collision with the propagating particle.
Sinee such a collision involves neither a helicity transfer 1o the propagator, nor a change
of the direction of momentum along each 7 ~ p” line, helicity conservation at each vertex
requires the helicities of the photons and the p” mesons to be (anti-)parallel in the 4y c.m.s.
Since gauge invariance demands real photons to be transversely polarised. so have to be the
p" mesons. Thus, if the amplitude is dominated by the exchange of scalar or pseudoscalar
particles, p” mesons produced under 0 have 1o be transversely polarised.

Quite in contrast, if the amplitude is dominated by the presence of a resonant state, the
resonance would have "forgotten” all about gauge invarianee. and the longitudinal component
would be of the order of the corresponding Clebsch Gordan coefficient.

Measurements of the p°s" Spin Parity Amplitudes

In 1982, the TASS0 Collaboration |91 showed the first spin parity analysis of the p"p"
final state. This analysis uses a large statistics data sample based on 49pb~ taken ai PETRA.
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As an example of the decisivenes of the data, four projections of the angular correlations in

the mass range from 1.4 to 1.6 GeV are shown (fig.(2.5.3)).

la) A bl : TASS0
E 50 ;- J o ‘ug; 14€ M4“< 16 Ge¥ Dt
£ g Gey T Date
H H Me_-Mp| €015Ge
5 by i nm p ‘ . IP= 7
_
z 2 N
: . e gPpt
J Ay
o 05 10 0 05 10 Pig*
cos O, cos U,
2 3 . . .
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The distributions in the other rnass bins are quoted to be similar. The gross features
of the shown data are: 1)The p” 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 p” mesons are positively correlated. This is the characteristic
feature of those amplitudes, in which the spins of the ¢® mesons annihilate, i.e. Mp—o{JP =
0F) and My=2(J¥ = 27). However, this is also compatible with a sizeable contribution from
Mp_o{J" = 27). The strong positive correlation does not allow a sizeable contribution of
states with negative parity,

A likelyhood fit including the various spin parity states for energies in the region 1.2 —
2.0GeV excludes Jarge contributions from negative spin parity states throughout.! At thresh-
old, the J” = 0% amplitude dominates. With increasing energy, the 27 amplitude becomes
more important.

In 1983, the CELLO Collaboration {92] published a moment analysis of the p¥p® angular
correlations. Such an analysis 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 J7 states, the CELLO analysis is free of such dvnamical assumptions.

'The actual numbers from the fils have to be looked at with some caulion. because some of the curves in

fig.(2.5.5) are hard to interpret. The unisotropy of the p¢ production angle in Lthe 0~ amplitude for example

violates rotational invariance.

2The moment of a sperical harmanic is defined as the integral f Yi." NeventdQ2. Because of the orthogonality

of the spherical harmonics, Lhis integral vanishes, if the true amplitude contains no contribution from this
M

gt
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The moments of the sperical harmonics corresponding to the relative orbital angular mo-
menta show no significant structure for any L > 1. Thercfore. amplitudes dominate in which
the p° meson spins annihilate, “Fhus, the contribution from states with negative parity must

be small.

The CELLO Collaboration also investigaled the helicity composition of the p° mesons
{cf. fig{2.5.6}. Motivated by the scarch for a peripheral component in the amplitude, the a°
mesons produced at small angles were separated from the centrally produced ones. It was
found that p® 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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The conclusion of the experimental analyses of the angular correlations near threshold has
10 be more gualitative than guantitative because the large number of parameters involved.
For more quantitative results, more data are needed. Nevertheless, the CELLO Collaboration
finds evidence for a non resonant amplitude dorninating 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 resonant amplitude dominating the entire p%p% cross
section. This interpretation also gives a ratural explanation for the absence of states with
negative parity, which is confirmed by both analyses.

The Off Shell Cross Section for ¢ — p%p"

Because of the strong fall off of the photon flux, a measurement of the pPp" cross section
at non zero ¢° is much harder than the real photen cross section measurement. Only the

]

PEP49 [96] and the PLUTO [97) Collaborations have shown preliminary data on the ¢*
evolution of 6(q7 — 7 & %% 77 ). The limited statistics has not yet aliowed to disentangle
the different {i.e. p"p% p'7*=" and =¥#~xiz" ] contributions in the tagged data. In
fig.{2.5.7), the cross sections ¢ = ory + orr from the PEP49 detector are shown. Up to
lg?| < 1.5GeV?, the evolution of the cross section seems Lo follow a simple #° pole.
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Figure2.5.7: Preliminary dala from
the PEP4{9 Colilaboration show the off
shell cross section for 47 — 27727~

It rust be stressed though that by definition, what is measured is not a form factor. Gnly,
if the p°p? production amplitude is dominated by direct channels, the form factors directly
enter the off shell cross sections, however together with fiux and spin barriere terms. Thus,
the observed g2 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 mode! which is based
on the VDM hypothesis, such a fall off can only be explained in three cases: 1}For exchange
diagraras, the vertex dynamics must be such that it compensates the 1/+/X fux 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 belween states of odd and even parity. For pseudoscalar
or pseudotensor mesons, a p¢ pole fall off of the cross section is possible to the degree that
an L = 1 spin valley cancels the (1/+/X) flux factor, i.e. to within some 30 % in the pop"
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 (o7r > orr}. This point
needs further experimental study. 3)It may be that many not yet understood things happen
simultaneously and the net result happens to Jook like a p° pole.

An E, transition into a scalar or a tensor resonance would lead to a q? evolution of the
transverse cross section which is sofier the p® pole, however, not vastly different. Such a
transition would imply a sizeable longitudinal-transverse cross section as well.

It is interesting to notice that bevond |¢?] = 1.5GeV 2 the p® pole seems to underestimate
the measured cross section. One is tempted 1o interpret this as a take over of the pointlike
coupling of the photon (vy — ¢7). However, the data are also consistent with the assumption
of a constant (i.e. g% independent) amplitude.
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Exotic Models and a Measurcment of vy — p7p~

The JADE Collaboration [61] investigated the reaction 4y — x 7~ y7y7 using an inte-
grated luminosity of 77pb~", In this analysis, z¥ mesons were identified as photon pairs with
invariant masses between 60 and 220 MeV. Evidence was found for p* production, bul there
are no signs of a p®.!

The preliminary measuremenl for vy —+ p* p~ is shown in fig(2.5.8), together with the
preliminary %% cross section from the PEP49 detector {98]. The dissimilarity is striking.
Experimentally, at least a factor of twe in favour of the 2 p" cross section is required, however,
it eould also easily be a factor of 20.

200 T T
O yy-p*s* PEPA/PEPY
150 * ppentnn’x? -
in p'p”—band IADE
o 100 -
o
50 |-
0 - Figure 2.5.8: Preliminary cross sec-
1 tions for p*p~ (JADE) and p¢p"

¥ (GeV] {PEP{3} production.

The pseudoscalar exchange model alone has little chance of accounting for the large dis-
crepancy between the p°s% and the p?p~ cross section, since the kinematically favoured pion
exchange has a larger contribution to p* p~ than to p%0", the reason being that < p%|p%=° >
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 explanatiens shall be discussed.

A simple isospin invariance argument points towards a possible interpretation of the
03(1335;’1;—;{—}’ > 1. Assume that both, the p®p" and the p*p~ systems were
predominantly produced through resonances. If such resonances are produced through a
VDM amplitude and if in this amplitude, the §” meson dominates the incoming photons

(M{y1 — X) ~ M(p%6" — X)) then, according to the Clebsch Gordan tables, one gets

observed ratio

V - ! = BT
olyy =1 =2 = p"p7) = salry — "1 =20 = ")
olyr > i =1" = ptp )= alyyr Tl =1 o %) =0 (2.5.15)

0(,),,14’»]:0"_’,’-!—’)—):20{,7,* = ﬁp()p{’)

From this point of view, the large cross section ratio in favour of the 2% mesons is quite
naturally explained by the presence of I = 2, i.e.qfgq states.

I'The absence of the p° can be explained by isospin {12 A four pion final state must have even isospin if
it has positive charge conjugation. However, the p" has / = 1. requiring J = 1 for the z°n® system as well
which is impossible since the corresponding Clebsh Gordan cuelficient js zere.
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Two groups of theorists have followed this line of thought to the point of quantitative
predictions. Both have come to the conclusion that the simultaneous occurrence of several
resonances is necessary.

In the model of Li and Liu |99, there are three four quark tensor mesons populating the
pp threshold region. The authors calculate a p”p" production cross section up to 94.4nb and
a p* p~ cross section being hall as large. This calculation is not in conflict with the existing
dala however, it seems that the preliminary JADE measurement would prefer a substantially

lower p” p  cross section.

Wheres the caleulation of Li and Liu makes very specific predictions for the cross sections
for all vector meson pair production cross sections, Achasov et al 89 stick to more general
spin parity / isospin comsiderations. In their model, 1he interference of four tensor mesons,
the f plus threc g¢gq states. of which only one has isospin 7 = 2. leads to the observed cross
sections for 44 — p"p" and 49 - p p . It must be mentionned thaugh that this model has
a number of free parameters which had only been ajusted after the JADE Collaboration had
shown the first limits on w production (see helow), Conclusive statements about the validity
of this model are thus not yet possible.

It appears to the author that hefore the observed cross sections are 1o be taken as evidence
for the presence of exolic slates. 1wo hasic phenomenological points need clarification by the
" model builders”.

1) The amplitudes for both reactions. 44 — p'p" and p~p are bound 1o have some con-
tributions from non resonant radiative matrix elements. The experimentally known radiative
decay of the p° meson (T{p" -+ 7' 7) = 631 4keV') for example requires a pion exchange
contribution to the reaction vy - p*p . Ouly the strengths of this amplitude is subject to
model assumptions - not s presence.

2) In conirast to the p'' meson. the p~ meson has a direct coupling to the photon. The
presence of a Born term like matrix element at some level is thus necessary. Given that pion
and kaon pair productios is well deseribed by a simple modification of the Born amplitude.

a sihstantial contribution for the production of p= mesons might he expected.

Apart Trom direct channels, there are thus at least two more large amplitudes contribut-
ing to vector meson pair production. The presently published exotic models take neither of
themn inte account. In terms of statistics. this means that there is no null hypothesis for the
algn ey
ATl B Y
defined.

ratio - Which number should be considered a Tarye or small ratio is thus not vet

Limits on . Production

I the p° production cross section is large - why should there not be a sizeable w signal in
the data? The PLUTQ 100: and the JADE .101: collaborations looked for such signals and
did not find anv evidence for w production. There is nol even a hint for single w production
accompagnied by pion pairs. The upper limits for o(yy -~ p"w} derived by the two groups
are shown in fig.(2.5.9). The cross sections for vy -+ p''w near threshold must be at least a

facior two Lo three smaller than the p''p" production cross section.

Notice that even with moderate detector resolution. an « signal can be enbanced relative
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1o the 7ta~ " continuum by requiring large angles between ail the three pions in their

commeon c.m.s. the reason being that the w decay matrix element
Mw = ata 7% = c"(w)kf[r*}k;'{ﬁ‘)kf(ﬂo}enﬁqg {2.5.16)

leads to a sum of cross products between the pion momeniumn vectors.

g [nb}
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. |
| m Figure 2.5.9: Upper Ifmils for the re-
20 W\é“m B —action 4y — pOw compared with the
N “ model of Achasov el ol and two es-
L /—4\\ Wk‘_“w timates based on  photo .procfuct:'on
0 L/ m | data. The dashed dotted line is from

30 ref. {109}, the dotted line is from ref.
20 i 90].
The above matrix element could also be used lor a spin parity analysis. The amplitudes
for the different JP states can be obtained from the corresponding p%p° amplitudes by the
replacement

10

(ki + kz)° — P?

(ks + kg)® — P2
(ki — k2)*BW(1,2) = (~g°" + mZ PP P )egysckIhEkLBW (w;)
(ks — ka)"BW (3,4) — (=9°® + mZ2P§ P )epsckJhEkS BW (w2)

{2.5.17)

where Py is the four momentum of the w meson decaying into the three pions having the
momenta kq, ks, k. and BW {w,) is the corresponding propagator.

The upper limits on the reaction 4y — ww {c.f. fig.(2.5.10}) are consistent with the mode!
of Li and Liu. They are also consistent with Lthe mosi up to date version of an estimate by
Alexenander et al using pholo production data [90] The same conclusions hold for the limits
on 7 — pYw. 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
Lested experimentally. In fig.(2.5.9), two extreme choices of parameters are shown.
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Observation of ¢ Production

The TAS50 {102} and PEP49 |103] Collaborations found evidence for the reaction 7y —
K* K r' n~. In the TASSO detector, the kaons are found with help of the time of flight
counters, while PEP49 uses jonisation measurements in the time projection charmber. The
resulting cross sections for 7y — KT K" n*n~ areshown in fig.{2.5.11). It only reaches some
13nb, which is a factor of 3 to 10 smaller than the v — a#*x x* 7~ cross seclion at the
same energy. Both groups find small but significant ¢ signals in the data.

50 T T T
yy+K'% n*n" X TASS0
40 - * PEP4/PEPQ -

o [nb)

{$n"2" removad)
a0 F ~
20 ’ , -

1 Figure 2.5.11: Prelirninary measure-

1.5 3 3.5 ments of the cross seclion for 44 —
l‘[GeV] K K- atn~

The PEP49 Coilaboration attempted a resonance decomposition of K* A~ ntn~ produc-
tion. A survay of this final state shows that ¢p® production only occurs 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%c!.). Instead, the K" seems to be more important for this channel:

state event fraction oBr[nb
Kt*K-ztn~ 04410142005 37+1.2+1.0
K°K*r¥  042+013+005 3511110 {PEP49)
Ko Ko 0.09+0.06+0.04 08+05+04
gntn— 0.05+0.01 + 0.0t 06+02+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.

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 vy — pp raise doubts
about currently available calculations.

The question whether or not data from two photon experiments are sensitive 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

My = —e2ft{k1){ Frelkr— dn +m) £ N Aol fi— g2+ m) b }L'(kz)

2.6.1
t —m? u—m? ( )

where k; is the momentumn 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 1o describe the process:

dorr _a®3 1- 4%
a0 2X { (1 - Bleos?d)?
2T (20— BW2 + 21 - cos?)gf) - W(2 — §%sin®f) }
(1 = B2costh)i(W? - g2)2

+ s

(1- 8%)*(W? - qf)*
& T /X V(- Breos20)E(WT - g%)?
_ 23%sin®8g3(3%sin*8g} — 2(1 - F*}(W? - 47)) }
(1 - Freos )T - g7):
sin@(-¢d W3
b - 3%cos?8)(W? - ¢1)? }

drrr azﬁ{
(2.6.2)

dour .2_02_5{
an - vx

where 3 is the vy c.m.s. velocity and 8 is the c.m.5. angle between the fermion and the y4
axis.

Measurements of the pj 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 n meson.
and thus, the photon flux atl 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 secondby.
a hadron pair produced at a given fnomentum will nearly always be a pion pait. Good
particle identification is thus vital for pp measurements. This implies a major bottleneck
for the comparison between data and calculations. Since the currently used techniques for
particle identification (i.e. dE/dz and TOF) are based on measurements of the particle
velocities, protons can only be identiefied up to momenta around 1.5 GeV. thus limiting

91



BT I R

the measurement range to W < 4GeV, However, there is hope that inthe near future, the
high point statistics £ /dz measurements in the PEP49 TPC might considerably extend this
range of measurability.

The TASSO Collaboration |104] identified the proton antiproton pairs using the barrel
time of Aight system (fig(2.6.1)). An integrated luminosity of 74 pb~! yielded a sample of 71
events. The JADE collaboration [105] extracted z sample of 63 events' from an integrated
luminosity of 84pb~!. In the JADE analysis, dE/dx 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 pg production.

ete”

YYD yy-KTKT -
S 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 vy — pp.

AT

The extracted cross sections f_uf_s ;ff’—edcosﬁ 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 mintmum at 96°. This would be the
characteristic feature of a simple exchange amplitude. The fuil interpretation of the reaction
¥y -+ pp ts thus expected to be complicated.

1For the determination of the cross sectien, a sub-sample of 41 events obeying more resiriclive Lrigger condi-
tions was used.
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Figure 2.6.3: A measurernent of the
- enguler distribution of pp parr pro-
1 duction (TASSO). The shaded area
is the QCD prediction of Damgaard.
0 02 04 06 O 02 04 08 OB The solid line is the prediction of the
finite size model.
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Finite Size Effects

A quantitative understanding of finite size effects is much harder Lo 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 experiinentally known that the proton
has an anomalous magnetic moment, a simple analytic medification of the QED Born term
(which only accounts for the +* 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.’

However, for photons with moderate values of ¢%, 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 propagaters alone' we get, similar to
4y — 77w, for proton pairs

1
(a4 m? == ] - G

do(finite size)

o(QED)

cexB(t 40— 2m2)2(
(2.6.3)

1 2
+ 2 2 2 2 22)
(t -m2)(z2 + m? — 1 — g% — ¢})

where z; is the scale set by the electric form factor of the proton, i.e. z2 = 0.71 GeV 2.
A striking, 2nd to the anthor’s knowledge unique feature of this calculation is that the 0°
production angle cross section grows with W, whereas the 90° cross section rapidiy 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 "excess” of protons produced at large angles. Above 2.4 GeV, the finite size model is
consistent with the data. both in normaiisation and shape.

QCD Calculations

Inspired by Brodsky’s and Lepage’s calculations on meson pair production, Damgaard
published a first order QCD prediction for 4y — pp [106]. This process is much more difficult
to calculate than 4y — # n . Since a leptonic proton decay has not been observed, there is
no measured analogon to the pion decay constant, fz, and thus no unambiguous normalisation
of the parton distribution function d’{x,‘,Q.,-). According to ;106], the shape of this function
evolves 1o

¥(z,,Q,) - Ca:,xgzg[ln%)‘2(33'2"“"3
where Q is the momentum transfer along the probed quark, z; its fractional momentum. C
is the (unknown) overall normalisation and ny = 2. Again, the evolution of the distribution is
logarithmic, and hence. $ has to be considered unknown in the measured W range. It would
be nice to normalise ® through the clean and well measured reaction e”p -+ e~ p. However.
for this process, the first order hard scattering amplitude Ty turns out to vanish {see for

I'The anomalous magnetic moement of Lhe proton is defined throegh a decomposition of Lhe squered amplitude
for ep — ep. Therefore, it cannot be parameterised as a modification of the photon proton wertex and
consequently, an implementation of the anemalous magnelic moment into cross section predictions for other
processes can only proceed via explicit models of the proton which reproduce the observed ep — ep cross
section.

IThis requitement can be used to cancel the rather complicated numerators in eq.(2.6.1), the trick being the
introduction of inversion operators Tl, ?2 which obey obey for example

T {8{ki) £ralki— A1+ m) fapuika)} =}

(c.f. eq.{2.5.1)}). From here, one can proceed as in the case of 7% %~ pair production, however with a different
input form factor
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example |107)).2 In ref.(106], the normalisation of the wave function is obtained by applying
first order QCD to the decay J/¥ — 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 resuit 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 al 107.. 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.!107], it is claimed that, using
the distribution function of Chernyak and Zhituitcky {108], a cross section of about 1 nb is
obtained for .cosfli < 0.6.

Given that the predictions in the framework of QCD still oscillate within a factor of ~
50. measurements of vy — 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 been 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 cosf = 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 pp scattering exper-
iments. However, only two of them have the right quantum numbers to be produced in 77
collisions:

state I1SJF m riMeV FriMeV modes seen
(2130) 0727 2150 - 2190  ~ 230 s @ . xm, mm

(2300} 0 4% 2300 - 2380 130- 210 77, a"z", R

The ¢(2150) seems to have a too small mass in order to account for the observed mass
spectrumn. Thus, only one known candidate remains.

At present. the data are not sufficiently accurate to confirm this hypothesis. Only more
statistics can tell. Tf the data reveal signs of a JF = 4 dominance, this would certainly
stimulate the discussion between experiments at LEAR and e*¢™ machines.

Z1n this light, it seems inunderstandable thal the electric form factor of the proton follows a (1/¢%)? fall off
at large momentum transfer.
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CONCLUSIONS

After a large aumber of exclusive two photon processes has been looked at in all detalil,
it appears that the atiempt 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 vy — w*x~ 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. Al c.m.s. enefgies above ~ 2GeV, the data show the characteristic power law
behaviour of a QCD v7 — ¢4 + ¢q¢ "Born term”. The energy region from 1 10 2 GeV 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 7% meson 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 preduce the state. Experimental two photon physics in the
resonance region is thus meson micrescopy.

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,, the wave length of the incident photons is approximately equal to the
hadrons mean charge radius. From here on, the photons begin 1o probe the inside of mesons.
Accordingly the production cross section of the ' is skightly smaller than the naive SU(3)
relation predicts. The most recent and most precise measurements of the radiative width
of the n' indicate such a deviation from SU(3)}. As the wavelengths is tuned to 0.16 fm.
the f resonance appears. The [ is not seen as an entire object any more. In fact, SU(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 F) 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 my to ma, is small. Accordingly. no deviations
from SU(3) and ideai mixing are seen. Somewhere beyond W = 1.5GeV, 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 similart 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 77 meson. This scale is the one measured in form factor measurements. It is the same
scale which alsc governes the ¢ — m? 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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ber occurs in four completely different contexis, 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 (vy — #*x~, K+ K~ ,pB), or even traces
of gluorium admixtures (deviations from SU(3)p; in T, (07)}. These coincidences may be
taken as a hint towards a synthesis: Vector meson dominance parametrises photon guark
interactions af 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 ['.(7"), why single current mesen 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 ¢7,¢2, two
photon couplings should show no factorisation of the type F{g},¢2) = f(g¥)- flg?), as migh
be expected in a literal interpretation of vector meson dominance.

Exclusive two photon reactions remain a challenge for theory and experiment. It is hoped
that by separating the basic constraints from specific model assumptions and by poirting out
phenomenological differences between various dynamical approximations, this paper will help
experimentalists to take up this challenge.

Good {uck!
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Appendix-A  Construction of the Two Photon Helicity Amplitndes

The amplitudes describing the coupling of a spin "nr” particle to a system of two photons
have the most general form
Mgy = Ff‘;f;Tpuo, Oy, E:l?;ﬂfb" (A’l)
where a, b and J, 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 helicily 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:

1

Guv = guo — X ("quz(fhpmu + ) + ngluthu + 9529'2;;02-»)
2 2

LH 43

Quu=qiu- =@ Qav = qoo ~ — 10
BT g T RGP
G142

L,uu = "Y' leQﬂu
-‘-I . o :\'2
(l,uu = teupaff, ‘hﬁ { )

B e PN B JERPeTT i1
Prue =16 eapry §2 Payi = 1 ean 9y N
o _ T,

Spm‘ = lGﬁGE(L’]Q - (“) oy

Apve = iGﬂGﬁ(QQ + 1) €afine

These tensors are all gauge invariant. Furthermore. G, and L, are orthonormal projection
tensors:

S22
A1 phen
Ly = ey Luag® Ly = }Jt;;;-z} 826,
(‘l‘u“;vaVV = (fatgbcl-l(xgaﬁcﬁv = 6:(6; + é;) (A'S)

Gpuguﬁbﬁv o= G”og#ﬁLBV = GFOQOVL;?V =0

_ They can thus be interpreted as filters for transversally and longitudinally polarised photons.

Therefore, the helicity amplitudes which can be entirely expressed in terms of G, and L,
represent a zeroth order estimate of the ¢* evolution of the helicity amplitudes. The two
vectors @y, and @y, form a "Bose doublet”. whereas G, and L, are invariant under the
simultaneous iransformations u « v and ¢; < g2. All two photon amplitudes for states with
"normal” intrinsic parities {JF = 0%,17,2%,...) can be constructed from these tensors and
simple outer products of the type (g2 — ¢1)" (g2 — 9:).., which serve as "contractors” for
remaining indices of the final state polarisation tensor. Amplitudes connecting two photons
with a state of "abnormal” intrinsic parity (J* = 07,17,27,...) 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 2~ states T";';Tf-' = FTT(,}IMN (g2 — q1)a B 2P
projection tensors for such states. Nevertheless, the tilded tensors in eq(A-2) select certain Tfyfg = Frrale? — ¢2) {GuaﬁZVB B ﬁluacvﬁ} Fab

helicity configurations: . "
T;TVL = Frp {Pluﬁme - lepiwn } (92 - QJ)BE-‘X&

8, G = VXEE(6T - 67 - o .
to B “( * * ) T:‘uL’ = F’}L(Q% - Q?) {PlquZV + leP2VQ} (02 - QI)ﬁE-aﬁ

BBt = X6 _ b
Elnplwsec - Xan(aa 65 )
v B 26 _ + — -
(ﬂ,Pﬂu&(c = —\/}5.‘1&(‘5{\ - 65 ) (A 4) 3+ states T:‘y’f‘(l - FTTOSpva{‘h _ 01)1%(!12 _ ql)qE-a,ﬁq
2 _ .2 - ~ ~
c'i‘a('gbsp,“;ﬁ = qlqu 6:6?(6: - 6;) Tjﬂ_Tz = FTT2(Q§ - q?) {G,‘QPQVIH + PIFQGVB} (92 - ql)_rE-aﬂ’T
e Aae)t = ~WELL(SY — 87) T, = Fry {thQb + Qlupiva} (92 — a)plez ~ @), E2P7

: TIUL‘ = ;"L(qg = 912) {ﬁlperﬂv - Qlyﬁi'vn} (g2 — q]}ﬂ{‘]? - QI)1E-aﬁ1

Since all of these amplitude are explicitely invariant under exchange of photen vectors and

o ds invariant under a Bose transformation, A changes sign and e , . .
Whereas G yus and Suve are inva r wwt Bes sig polarisations, so are the corresponding form facters. i.e. F(gl,¢3) = F(qg2,¢?). This set of

Prys and Pp¢ are interchanged. amplitudes represents all possible couplings of two photons to systems up to spin J = 3.
Having constructed suitable sub-tensors, we can proceed to write down the amplitudes. Moreover, since for JJ > 2, one can write without loss of generality
The following equations also define the helicity form factors F. Tyworoanas ™ Tuwaroas (@2 = 01)as. 82 = @t )ou.. (A-6)

the form of the helicity amplitudes for higher spin states is given by the form of given ones:
4X
e
The explicite forms of the amplitudes for the low spin states are given in the following table.
In this table, we abbreviate D = {¢? - 4}).

0" slates T:;TQ = FrroGu
T;f'v[' = FriLly Maa({d = 2}7) ~ Mo p{J7)

(A-7)

1” states  TT7" = Frro(ed - ¢8)Guulge - q1)ac™®

T;.{_VL = FLL(‘]E - 9?)‘[';1»(‘[2 — qi)at™ \ |
TIL = Fri {Gua@u + @1uGra} JP Moy /Frro M._f{Frre Mo, /(Frp - (g} - ¢})}F},) Moo/ Fryp

I = F}L(qg - 1) {GuaQar ~ Q1uGrate®
we lf‘)?QE

4 1 0 0
- 9492
2+ states TI,,TG = FrroGuulge — q1)alge — q1) g EB-2F !
TT2 _ -aff _ o
Tpr* = FroiGuaGuek® » i+ apyX 0 Vi ap V4% yX
ThHe = FLoLyo(9z - m)afg2 —0)a E W hae e W
TEVL = FTL {Gpan/ - lecua} (42 - QI)QE'O'H i — e
TIE = FLo (62 - 68} {GuaQun + Q1uGua} (92 — p1)u E™2F 2 2 1 BNPIALF VI
3 states TLT” = Frro(ef - 6})Gunl(92 — )alez - @1)ale - @) E70% 3 L pXE 2 pyX RISV S pyaxe
T:v" = Frrales - ‘?f)GuaGVﬁ(QZ - ‘JI)WE'QB’y VvieT W VETOW VIS qig: WE vin ' Tgrgr W
T:VL = FLL(Q% - QJQ)L:W(‘h - QI)G(QZ - 01),8(9'2 - t]))-—,E'“ﬂ—T
T::;L = Frg {G.anma + leGua} {g2 — m)alge - ql)vE-aﬁj o ¥ o 0 0
TJDL’ = F;‘L(qg - 9?) {Gan2v e Q]_ucvo} (qz - ql),ﬁ(q’Z - QI)VE-QB.’ ¥
o Vi
0~ stales T:‘,,TU = FrooGpuy 1* - —,% 0 - q’q:‘ VX 0
TEE = Fro {Piua@u + QuiPiaf
H ~ -~ . c =47 xaiz
TLM = Fro(ad - ) {Pquzu - Qm-”zm} [ L ﬁDW)}H ﬁ X _ % q;q:] X 0
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From this table, we can deduce the experimental interpretations of the form factors, since
their indices define the configuration they describe, Fryy for example, is a measure of the
collision of two iransversally polarised photons, forming a state with polarisation J; = 0.

If one calculates the remaining helicity amplitudes, one finds that the following symme-
tries are always fulfilled:

Mn,b(qfaqg) = M—a,—b(Q?a ’J%) for JP = 0+= ]._!2+‘m
Maplgl,gd) = —M_a_s(e}, ¢f) for JF=0",1%27,.. {A-9)
Muplgf,ef) = (-1 "M, a(g,9])  for ali J*

Thus, for example, the +0 matrix element for tensor meson production is given by M o(yy —

fps .
27y = 12 qlq:“ E(Frolyy - 2%) - (¢ - g3)Ff (17 — 2*)). From this set of equations,
most selection rules can be obtained. The form factors are chosen such that for single particle

production amplitudes, they are real at W2 ~ M,%.
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Appendix-B  Non Peripheral Contributions to ete™ — ete™ X

The ~v fusion amplitudes dominate the ete~ — e*e” X cross section. The second
largest contributjon comes from the Bremsstrahlungs graphs. According to ref.{19], the cross
section for this process is

d&p) d¥ph &K .
2E! 2E} 2B, ¥

do

1 2 red L
A(M)szs (Ay+ Az + As)f(Wm,)tS (m+p2-py - - K) .

1
:(‘;;)“s“\"f;;(“‘l + Ap + Ag)f(W2E,)dW 2L AW} do. dydE)
where 12, and Ej describe the motion of the outgoing e~ and ¢., is the azimuthal angle of the
M7y pair around the e™, an are the invariant masses squared of the final state
+ i d th Wi dW"f# he i i d of the final
lepton pairs. The distribution function f(Wﬁy} originates in an mtegration over the polar

angle of the u* around the timelike photon and describes its conversion into a ™ ™~ pair:

f(W2 15(3_32)

pul = 7
6 W”

(B-2)

Here, 8 is the velocity of the muons in their common center of momentum frame. The squared
amplitudes Ay, A, and A3 are given by

4eﬁ{ W2 W2
Ay =— < - 7,—”‘_.“_ - K, Sy __ HH y '+K
1 qg (WE#*ZPIK)Qg{p] P;) (WEPT2P'1K)29(pl Py )
] 2 J 4
o ; g2 i9lpr — K.} +9lpp) + K
(2, - 2P1K)(W£F~r2p’lK)( 2a(p 1)+ olpupy + KO}

+{W2l - 20 K} alprpr - oy — K)— (W2, — 2K} glp - p| - K,p})

W2 a(s 5+ K) - alp — K.p) + 8(mr)(e? + d?)})}

(B-3)

where K is the four momentum of the up system and the function g is defined by g{a,b) =
B(ad)(bd) —(ab)(2¢® — 4d%) with d, = (Eaph, — Eip2.)/(Es ~ E4). The second amplitude
can be obtained from the first one by interchanging two four momenta:

Aﬂ(Pl:P;;P‘J:P;) = Ai(_p'm_p2~*p'h*pl) (8'4)
leaving
4k s W
A3=——{(52+“’2+ p —pf4+ P ‘_‘plll( HE
q?qg € ( 1 2) ( 2 l) ) (Wﬁp _ 2PIK)(“,,?,.. _ 2P2K)
Wi-W., (P — p)? - WS,

T W 2 K)(WE, 2 K)  (WE, - 2m K) (W2, 1 2p,K)
(p2 - P1)? - W}, )
(W2, - peK)W2, + 2p) K)
_ W2 giai(s - W2 - ({; - p3)? - (pa — P1)%)Y }
(W2, - 2p K} W2, + 29\ K) (W2, - 20, K)(WZ, + 29, K)

The 1otal cross section for this process is about two orders of magnitude smaller than the
cross section of the vy fusion mechanism.

(B-5)
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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

{ Liel k1= An +m) ’éz" tulki_frtm) b }v(kz} (C-1)

Mﬂ,b = _ezﬁ’(kl) ! —m?2 u—1m?

where k, is the momentum of the fermion and the incoming photons have helicities a and
b. Using the Dirac equation, i{k;){ k1 — m) = 0, the Lorentz gauge condition and SUMMIng
over the fermion spins gives

M“M*d :e"Sp{ (z(flakl) Aopt A1 Ara A2 + 2(eanky) £1at A2 £n /élu)“c2 —m)

t— m? u — m?

2(ck)l + 4 J‘c/q (hk)/‘-c+lé-c/‘- A2
((1 ! tzimzzd le A1 €241 u’-m; P )(}“+m)}

(C-2)
It is convenient Lo introduce

=8{t — m*)*(u - m?)?/(a”5402)

i ;
202840 ({1 - Bleos?8)?(W? — gf - g3} (C-3)

- 80%cos* g2 g3 {(1 - B%cos®0)(W? — qf — ¢2)* + 23%cosOqiq; })

so that the RE DUCE results of the above traces can be written as
kdW. po =(1- B)WW? - of - ) — 4ol (W? — 41 — g3)"
+ 20in?087 (W2 - ¢f - ¢3)*((1 - B )W (g} + ¢]) + B(a] + ¢)*)
+ 48%cos?0gi a3 (4gie3 — (1 - 20°)(W* — ¢y - 93)")
- B4(sin®6(q? + 3}W? ~ ¢} - g3) - 4cos’8q}q})’
kdW, _,_ =B sin8W (2 - B2sin?0) (W7 - g% — ¢3)’
KdW. . = - {1- 8P W - gl -qf)t - 4‘?|@2(W2 -9 - a)
#28%(1 = Bsin (el + AW - - )
+ 4f%cos*0g]q3 (g} a3 - (3 - 237)(W* — ¢ - 41)")
- 54(5"‘23(6‘1 +a )W’ - gl - ) - 460529‘1192)
x dWoona :16ﬂ200528W"q] qz(l - ,6260328)
K dWoio. =28% (gl )W {sin?8(w? — ¢} — ¢3)* + 8cos*dq}
—V,G?cos2ﬂs:'n28(W2 + 93 — ¢i)?}

(C-4)

K dWos _o =20°\/qRa3W* {sin®8{8%cos®8(W* — (¢] - ¢2)*) - (W’ — ¢} — 03)*)
- 8cos29q|q2}

o 1 P :4}92‘30329 q QQ { (1 - 3250328)( 2(‘!‘? + qg) - (q12 - qg)i’)
+(1- BYWHW? - ¢} - ¢])}
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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} — P|{E;) P{E;)
as

M= BTy g, B B (D-1)

where the E's 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. P, = (£}.0.0,p) and P, = (F;,0,0, —p) can be Laken to be of the form

1 . 1 .

o B0 0 e = G010 = (00,01
1 . 1 . 1

€14 = E(&*l.—!,()}‘ G- = ;75{0"”*“1:0)’ 1o = ;;;(p,0,0,E]} (0-2)
'(0-1 .0). l(o 1.-1,0) ](00 E;)

¢ = —. (0, 1. €9 = ——= - -t U g0 = — (P00, —

SRR A VR ST i

Polarisation tensors of higher spin states can be constructed from these vectors:

Emvre(dy) = Z‘Mgl‘?:"' forall a+b~+..=J; (D-3)

with the coefficients a, such that for all J, J,

Eoros- (Jz = A)En,a {J: = B) = (-1}76F  orthonormal
Eroven (J) = E-ueedi () symmelric (D-4)
E""""""""‘[Jz]ga,um =0 traceless

A spin two meson for example is characterised by
Eu(d: = 22) = (= e (2 1)
. 1 ,
Euu(J: = 21) = :7;5 (eu{E1)e, (0} €, {0)en (2 1))

(D-5)

Euplde = 0) = (26,(0)6u (0) + eu(+1)en (1) + eu(—1)eu(+1})

1
Ve
The covariant amplitudes are most suitably constructed from the following objects:

euvaﬁplﬂ Py
=(P; - P1)s (D-6)
PyoPig

Aap(Pi, Pi) = gap — P—Pk—j—ﬁ
i itk
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The antisyminelric tensor €uuqop is only needed if the intrinsic parities don’t "match” the
spins involved, i.e. if

3
(—1)*“™ of intrinsiceping H(p,— = infrinsic parities) = —1 (D-7)

i=1

The vector A puts the particles having momenta Py and P; into an L = 1 state whose
orientation is given by the polarisation vector it is multiplied with.

The helicity annihilation tensor Aap(Pi, P2) compensates helicities in a structureless
{i.e.L = 0) manner if Py and P; are both in the final (or initial) state. If Py is in the initial
state and Py is in the final state, A,p 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

Jr(init) —  JP{(final) JY(final) T(Lmin)/F Limin
ot 0% 0= 1 0
o 0* 0~ forbidden -
o+ 1+ 13 Agy 0
o+ 1# 1 epupn PL Py 1
o+ 1* 0= Jorbidden -
0+ 1# 0¥ As 1
0+ 2i 2: Aﬁ]:ﬂAﬁg-ﬂ 0
ot 2% 2% Am»,lepyﬁthl"P{ 1
o+t 2% 1* euvam Pl PY g, 2
ot 2t 1- AgiyApy 1
ot 2% 0= Ay Ap 2
o+ 2+ o+ forbidden -
1+ 1+ 1= epapy PP 0 (D-8)
1t 1* 1" AasA, 1

AaApy 1

Apdgy 1

1+ 2*‘ 2= C”ﬂg]-ﬂPFA{gQ,:,Q Q
it 2% 2= A,,A'(-;!.”Agg-ﬂ 1
As1Agiqips 1

Aaﬁl Aﬁﬂ’fl A»‘.z 1

1™ 2% 1= AapiApzy 0
1t 2+ 1* epapin PP A 1
2* 2% 2% Aa1p1AgeytAazy2 0
2+ 2* 27 Asip18pazgaq PE A 1
Ac1vituczmr2 PP O g2 1

fpv,ﬂl-rleP{Aalﬂ?AaZ'y? 1

In this table, a; 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:
Anp = Aaﬂ(P, P]) Agy = Ap.T(Pa,Pz) Aoy
AQ = (Pl — Pz)a Aﬂ = {P - Pg)‘g A.,

Further amplitudes follow because of
T = J2 I = T = 37 ) = [T = 30 J;")
T(I® — JPISY) = \T(J? — J*J5)| with P o Py
Toyosanarsin (0 + 2 = J0I5) = Tay o, (I° IV ), Baa,
for J=Ji,J2

Au':(Pnpﬁ)
(P* Pl)v

I

(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 il WE/ME — 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 faciors depend on the spatial orbital angular
momentum of the final state in the following manner:

FHL =0}~ ¢

. £ (kn)?

F¥L=1)~ i i (k?}—)i

FrL=2) ~ (k" r)* _ (D-10)

k% 9+ 3(k )%+ (kr)d

\ 2 _ 2p'2
Lﬂ—(}?)—'f’%‘_—a (= c.m.s. momentum?)
1+ P

K=
The factor £ is M3,/ W? for amplitudes containing the antisymmetric tensor and unity in all
other cases’. For the few measurements we have on decay form factors, a value of r = 1fm
fits the data reasonably well,

Notice that in eq{D-8), restrictions other than parity and four momentum conservation
have not been incorporated. H, for example, the final state consists of identical mesons, some
amplitudes differ from the lowest possible order ones:

JE(init)  —  J(final} JY(final) T/F
1~ 07 0= forbidden
1 1= 1= 8#031(}3] — Pz)'u
1- 1= 1= ApyPaa + AapPry {(D-11)
2- 1™ 1= Cpulﬁ';P'uAQQ
1* 2% 2+ C_uoﬂ]'ﬂ(PZ - Pl)““’-ﬂ‘h2
2 2% 2% euyﬂl‘?]Pt‘P{AQ]’ﬂzAQZ'Tz

I"This factor is cannot be found in the liLlerature, since it is not necessary if the amplitudes are construcied
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
€pafip P# ~ W and correct for it afterwards.
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Chain Decays

For a _large yariety of processes, we sré now in the pos:tlon of formulating chain decays
such that all mass corelations come out correct]y

The partial width of a decay of the type
I—*F-l-R, R—’Fl,Fg

where F, Fy and F» are stable spinless particles and R is a resonance with nominal mass Mz,
can be writlen as

M., (1—» RF)My (R = FuFs) 5
2M;(2J: ¥ 1}] J%} TMI) iMaTy | bsERLE (D-12)

If & has a non zero spin, this expression contains terms of the type

Z Ef:ﬁnwE}jn:u-
Jo (R}

This summation can be expressed in a covariant manner'. Following J.Koerner et al : ‘120,
we gel

Jr=0-1
Pr‘iP’\‘
= = By L R R
J}?—l—rsr‘—1 :—-g nf-r P;‘-:, (D-]3)

JR =2 1(331 "flsﬁ'."k' + 535‘733»"".-')1) - Esf’xﬁcs'}l’::

2
Thé entire chain is thus expressed in terms of covariant amplitudes alone. Anybody who has
ever written a Monte Carlo simulation program will appreciate 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. In
contrast to the numerator of this equation, the denominator contains the energy dependence
of all decay modes. Thus, in principle, one should write

PpiWn) = T1{Wg)B{R - X))w.=m, + T2AWR)IB(R - X2)wp=mp +

However, in nearly all practical cases, the energy dependences are quite similar. If the final
state X consists of stable particles, we can write for the energy dependence of the width
Tr(Wg) ~ |[M|2k™/Wg. If the final state of a particular decay conlains a resonance as well,
the energy dependence of the width can be obtained in a "back to front” procedure. First,
the propagator of the "last” resonance is calcuiated for various invariant masses Wg. Then,
this propagator is used to determine the energy dependence of the last but one resonance,

kY 2EH)
and so on. Notice though, that in practice, a simple I'(Wg) = I'(Mg} ("_—Lj)

nearly always a good approximation, in particular in those most frequent cases, where high
Wpg "tails” of the Breit Wigner amplitudes are damped by the limited phase space.

is

Hnstead of the 1,’P_,§ factor the literature often gives a ]/M} which is identical for narrow resonances, but
leads to wrong admixtures of longitudinal polarisation for wide resvnances.
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