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1 Introduction

Electron-positron storage rings offer an excellent opportunity to study photon-
photon reactions in collisions of the photon clouds surrounding the beam particles.
With the high energies available at PETRA and PEP two-photon processes became
measurable in a large kinematical range, and the experimental results cover a wide
spectruin of physical problems,

Two-photon physics is intimately related to the development of quantum chro-
modynamics:

(i) The vy decay width of the neutral pion can only be reconciled with the quark
picture if quarks are endowed with 3 color degrees of freedom [1].

tii) The asymptotic form of the photon structure function {2,3] can be calculated
in perturbative QCD |4]. In leading order the structure function rises uniformly
in log * [Q? being the momentum transfer), a direct consequence of asywnptotic
freedom. Under mild assuinptions on the removal of spurivns singularities [5],
the scale parameter A can be extracted from the absolute value of the structure
function if next-to-leading ordexr contributious |6] are properly taken into account.

{iii) In the non-perturbative region, the magnitude of the vy decay width de-
pends crucially on the physical nature of resonances. Small widths are plau-
sibly expected for gluoninm résonances, containing no charged constituents to
which the photons could couple, such as the glueball candidate 17(1440) [formerly
¢(1460)]. Swmall widths of the ap(980) and fo(975) [formerly §° and S*] favor the
interpretation of these states as novel four-quark resonances |7} or psendoscalar-
pseudoscalar molecules |8]. Bound states of vecior weson pairs on the other hand
would have & large vy decay width [9,10]. The observation of exotic states could
indicate the formation of mixed quark-gluon hybrid resonances.

(iv} Exclusive hadron-pair production at large angles in v collisions is a result
of the interplay between perturbative short-distance and nonperturbative large-
distance QCD wmechanisius [11]. The twin-nature of these processes renders the
weasurements an important test of a highly nontrivial algorithmic concept in

QCD.

(v} Many other QCD phenomena have been investigated in recent years. First
of all, the transition region between long and short-range properties of QCD is
illuminated by the development of jets at large transverse momenta {12}, revealing
the detailed distribution of quark and gluen quanta in the femto-universe. The
total cross section 7y — hedrons is a {fundamental quantity of soft hadron physics
i13].
Other problems have largely been pushed into the shade by the dominating role
QCD has played in high energy two-photon physics. A cut-off parameter of order
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1077 cns, derived from (g-2) measurements using a 6th order QED calculation, and
a similinr vajue from direct ete annihilation, did not leave much room to carry
out novel QED tests in 77 scattering. The search for fundamental scalar particles
in v~ collisions, on the other haud, is of utmost general physical importance [14,
15], because they cannot be produced directly in e*e” collisions if they couple to
fermions with a strength set by the fermion mass.

Excellent reviews have been published on 75 physics in the past years [16].
These articles provide a comprehensive survey of the ver-y involved and rather
difficult techniques, both experimental and theoretical, that have been developed
to extract information on the underlying fundamental issues. These details need
therefore not be repeated in the present context. But rather an attempt has
been made to focus on those points tu which 4y physics has contributed to the
development of QCD as the microscopic theory of strong interactions.

1.1 Kinematics and Cross Sections

The proper instruments to study 77 collisions experimentally are high energy
«*e” colliders. High energy electrons can split off phiotons with a lifetime of order
T~ mi - py' where E is the beam energy and pr is the v transverse momentum
relative to the beam direction (Fig.1). Time dilation renders this lifetime much
longer than typical reaction times of order 107* sec so that the photons can well
be treated as real particles in a scattering process. The spectrumu of these photons
has the familiar Weizsacker-Williams form in the leading log approximation:
dN o l+ (1w ()
—— e e—— )
dv 21 w !
 is the fractional photon energy w = E./E and n depends on whether the photons
are tagged by detecting the electrous in an angular range ¥, < 9 < Pinaz O DOL:
2
l log( E-‘;) untagged
m?
o=
Dnae 2
log( J ) tagged
At PETRA/PEP energies this logarithiic enhancement factor can increase up to
a value of 20, compeunsating partly the suppression due to higher orders in a. For
a given invariant mass W,,, the 77 luwinosity in an €' ¢” collider depends on the
energy fraction = = W,,/y/s of the total ' ¢” energy /s = 2E:

@& - (@ )pfly

Fz) = (24 )egl (128 4 ),
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Figure 1: 4 collisions in ete” scatter-

e [E,,3,)
ing.

This approximate formula, derived by Low {17,18|, overestimates the exact lumi-
nosity function (Fig.2) by about 10 to 20% for z < 0.8, but reproduces the shape
.of the function quite well. The measured ¢*¢™ cross section is found by folding
the 44 cross section ofyy — X') with the 4y luniinosity,

sere e Xy = O [ ! Doty wxyw, ey )
Since Weigsicker-Williams photons are emitted at small angles ~ did/d, the 44
c.m. system moves approximately parallel to the beam pipe with a momentum
{1 — w;3)E. The luminosity function peaks at small c.in. energies W,,. The c.m.
motion of the event in the laboratory and the preferentially low energy of the visible
final state X render v events characteristically different from ¢* ¢~ annililation
events. The scale of the vy annihilation cross section is set by the c.m. energy of
X, o(vy — X) ~ a’/m}%. For small invariant masses, say my ~ 2m,, the cross
section o(e*e” —rete” X) can readily become 6 orders of magnitude larger than
the annihilation cross section. However, these events remain hidden in the beamn
pipe. For vy events with an energy my > .0(107'),/s outside a fixed-angle cone
around the lepton beams, the ratio of the 4+ cross section to the annihilation cross
section is again reduced to a value sinaller than O{1}).

If electrons aund positrons are detected at large momentuin trausfer the lifetime
of the photons becomes so short that they cannot be treated as on-shell particles
anymore, and the cross section canuot be factorized into a single yy cross section
and the v lununosity factor. Instead one has to sum over all transverse (T')
and longitudinal (L) photon helicities, weighted with the appropriate spin-density
matrix elements:

¥+ o+t 00+ + ++ 00 00 o0
g o« 4py pgiorr + 2oy ey tor + 2oy Tp 0T + Py P OLL

+ 2|pF o |rrrcos2p — 8|pf ol %rrs cos p.

5 .

Figure 2: Differential two-photon lu-
minosity for trausverse photons [19):
Curves A, B, C give the total lu-
minosity for E = 1000, 100, 15
GeV; curves D and E the sin-
gle and double tagged luminosity I ST SR S .
for E = 15 GeV (iegging angles: U e oas ok 45 06 07 0
< 5 < 27,20 < § < 200 mrad). 2 =W/ 28

The spin-density matrix elements p; are recorded in [20,21] and ¢ denotes the
azimuthal angle between the electron and positron scattering planes in the photon-
photon center-of-mass system. The helicity cross sections and asymimetries depend
on the vy c.m. energy W, and the photon masses: a;(W,,, 4!, ¢7}. In the limit
g’ — 0, the corresponding longitudinal cross sectious and asymmetries vanish and
the horrible formula (5) simplifies considerably. Tle reaction is then interpreted
as ey — eX scattering that will be described in great detail in section 4. Folding
the ey cross section with the Weizsicker- Williams spectrum (1) gives the related
£t e cross section.

1.2 Experimental Technigues in Two-Photon Physics

Two-photon scattering processes have been investigated at almost all e ¢~ storage
rings. Usually the same detectors are employed as for the detection of one-photon
aunihilation events. In most cases the only devices specific to two-photon physics
are the ‘tagging detectors’ covering the forward regions for the detection of the
scattered leptons.

There are two characteristic features of two-photon reactions which render their
detection in general more difficult than the detection of oue-photon reactions:
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Figure 3: Distribution of the squared transverse momentuin of a detected particle
system: &) events with four charged particles and total charge zero; b) events with
five charged particles detected, i.e. at least one particle is missing.

- Since the 44 -luminosity function (3) peaks at siall W_ the final states have
preferentially low multiplicities and low momenta. This makes triggering partic-
ularly in a high-energy environment guite problematic.

- The 77 system is preferentially boosted along the bean direction leading to high
particle densities close to the beam where all detectors have acceptance holes.

Thus most imporfant for two-photon physics is the capability of the detector
to trigger on low wltiplicities with low thresholds and to cover tightly the region
around the beams. The latter requirelsent can best be fulfilled with specific for-
ward spectrometers {22] as they are used by the dedicated two-photon experiments
PLUTO (as installed at PETRA in 1981-82} |23 and PEP-9 which ruus together
with the TPC detector at PEP |29,

Tagging: Tagging of the photons is achieved by measuring energy and direction
of the scattered leptons i, usually specialized, forward detectors. Typical ‘small
angle taggers’ cover an angular range between about 20 and 100 mrad. In few
cases experiments have tagging capabilities down to 07 [25,26,27), allowing to tag
quasi-real photons. For tagging large-Q? photous a rather continuous coverage up

to the region of the central detector is desirable {as realized, e.g., in the PLUTO
detector {23}).

However, if possible, tagging 1s avoided since the rates are reduced in this mode.
In the notag mode completely reconstructed events can be selected by requiring
that the total transverse momentum of the observed particles is small (see Fig.3).
This method makes use of the fact that the photons are preferentm.lly emitted
with small transverse momenta.

In some cases tagging is needed, e.g., if & kmematlcal reconstruction is required
or if background can otherwise not be suppressed. An important example is the
application of the single-tag method for the measurement of the photon structure
functions. In this case the tag provides the Q? value of the virtual photon which
probes the structure of the "target photon’. The Q? resolution is typically around
10%, adequate for most applications. It turns out to be much harder to achieve
an adequate W, resolution from the standard tagging devices. This problem and
the reduced rates are the reasons why double-tag experiments, which in principle
deliver the complete 44 kinematics, have not played as important a role as might
have been expected. In most cases W, 1s deternuned from the measured final
state. Since for inclusive measurements the final state is usually incompletely
detected an unfolding procedure is necessary to relate the measured invanant
mass to the true W,



2 'Two-Photon Coupling of Meson Resonances

2.1 Introduction

Two-photon ¢ouplings of C-even mesons can be studied in photon-photon scat-
tering reactions. Since photons are not directly involved in strong interactions
they are well suited to explore the structure of hadrons and the properties of their
basic constituents. The knowledge of the internal siructure of hadrons proved to
be intimately related to the progress made in our understanding of quantum chro-
modynamics as the fandamental theory of strong interactions. This relationship
can be illuminated by four major issues in v physics:

- The measured two-photon width of the 7% can theoretically only be explained if
quarks come in three colors, otherwise the quark model fails by almost an order
of magnitude {~ N2 =8). This is one of the most direct arguments for the color
degrees of freedom of quarks besides the solution of the statistics puzzle in baryon
states and the size of the hadron production cross section in e*¢™ annihilation.

- QCD predicts the existéence of bound gluon states, the giueballs. Such states
have not yet been firmly established. An important signature for these states
should be their small yy coupling since they do not contain charged constituents.,
Thus comparing two-photon production of mesons with their production in gluon-
gluon reactions, such as radiative J /i decays, allows to single out glueball can-

didates.

- Deficiencies in our ynderstanding of the large distance behavior of QCD did not
yet allow to prove ot disprove the existence of four-quark states. Two-photon
physics offers valuable experimental input for the solution of this question. For
example, large vy couplings are expected for those four-quark states which can be
decomposed into (¢g) vector meson compounds, Ifin other ¢cases these compounds
are pseudoscalars, as suggested in the case of the fo(975) and the.ay(980), a rather
small vy width should help discriminate gqijg states against ordinary ¢g states.

- Finally, the 77 widths of heavy quark systems allow testing QCD potential
models. -

This list might be extended by a variety of contributions of y7. physics to
the light quark spectroscopy, such as establishing the singlet-octet mixing for the
pseudoscalar and tensor mesons. That a similar understanding cannot be reported
for the scalar mesons may have deeper reasons that two-photon physies can help
to tind out.

Ouly resonaunces with spin-parity quantum numbers J¥ = 0%,2% 3+ 4% 5+ .
can couple to two real photons. Spin 1 mesons do not couple to vy (Yang's theorem
|28]). Thus the coupling to two real photous is allowed for sl $ and P wave ¢g
states with even charge conjugation except for the JP¥ = 1++ axial vector states.
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Figure 4: The ete™ cross section for the production of a resonance via the
two-photon process (normalized to I',, = 1 keV).

2.2 Measuring Two-Photon Couplings

The v width of a particle can be directly measured by observing its formation in

two-photon scattering reactions. The cross section for the two-photon production
of a state R with spin J is given by

Ir.,

a{yy — R) = 8x(2J + 1)-[“:,;“}_:‘XW (6)

where Mg ts the mass, I' the total width, and T'y, the vy width of 1he resonance.

At ¢ "¢ storage riugs a C-even particle R is formed in the two-photon exchange

reaction (F. Low [17]):

efe” = e R (7

With the restriction to guasi-real photous the photon flux, which connects the

observed rate with the two-photon cross section, can be exactly calculated in

QED, see e.g. [20,21]. The restriction to quasi-real photons is sufficiently well

fulfilied by using the no-tag method and requiring small transverse momenta of the

two-photon system with respect to the beam direction {see Fig.3). Including also

virtual photons the deseription of reaction (7) becomes in general very complicated.

10



Due to the longitudinal component of virtual photous additional cross section
terms {see (5} ) may arise, not connected to the ¥y width by a smooth form factor
behavior. This general case is discussed in detail in [29].

For quasi-real photons, the flux is calculated by including only transverse pho-
tons [20,21). The equivalent photon approximation is conveniently used to estimate
the production rate of a resonance R in the process (7) [17]:

+ - N 2 _E_‘)2 (ﬂg)(ZJ-i-l)I‘.,.,
olete” = ¢7e" R} = 16a (logm‘ f 5B ————M?‘ (8)
where f was given in (3). .

Fig.4 shows the expected cross section for 5, 17 and 50 GeV beam energies.
The cross section rises logarithmically with the beam energy. On the other hand
the detection efficiencies decrease at higher beam energies because the boosts of
the 44 systeni are on average larger, su that in practice the observed rates are not

so different in the resonance region.

2.3 The Pseudoscalar Mesons
The 7° meson

As already alluded to before, the theoretical interpretation of the 44 width of the x*
meson is a key point for the foundation of quantum chromodynamics and has thus
played a central role in the development of elementary particle physics. Applying
current algebra techniques in the calculation of the 7°yy coupling, the amplitude
is entirely given by the Adler-Bell-Jackiw axial vector anoinaly [30] in the limit of
vanishing pion mass. This anomaly, being a short distance effect, can be computed
fromn the triangular quark loop showu in Fig.5. Because the n® lifetime is connected

Figure 5; The triangle diagram describing
the two-photon decay of the

to the behavior of the theory at short distances, it is not affected by unknown
non-perturbative properties of the 7° {which are globally summarized in the well
messured m, decay constant f,= 85 MeV), The theoretical calculation is thus
rigorous up to small PCAC corrections which generally stay below the 10% level.
The connection to short-distance physics makes the 7° Lifetime therefore a valuable
instrument to probe fundamentat aspects of the quark theory.
Expressing the width ia terms of the 7y coupling coustant g,.,
'"3

x 2 (9)

Iy = =
Ty 6421_9:5-,
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Figure 6: The specirum of invariant 77 inasses ohtained. with the Crystal Ball
detector [34]. ‘

the axial vector anomaly yields the following expression for gy,

a2 . ;
Yo = — N T €] 2y (10)
7 fs

with
2 1

S T T PE B S .

< ey Pa= \/é(td e} 3z
N, is the number of different quark colors contributing to the anomaly as apparent
from Fig.5. For N.=3 the theoretical value of the 77 width of the 7% turns out to

be {30,31)
THheer = 7.7 eV (11)

x0yy
This value would be 9 times smaller if the guarks did not carry color charges.

Comparing (11) with the experiniental value {32]
Ty, = (7.48 £ 0.33  0.31) eV (12)

it is obvious that quarks must be endowed with 3 color degrees of freedons.

The ~4 width of the 7 was first determined using the Primakoff effect and
lifetiie measurements [32]. Until now only the Crystal Ball measured the x?
width in T ¢~ collisions. For most detectors it is not possible to trigger on the low
energy photous of the n° decay. Figure 6 shows the 44 mass spectrum obtained by
the Crystal Ball group at DORIS [34]. Containing the 7%, # and n’ peaks this plot
is a comprehensive presentation of the light pseudoscalar mesons, The Crystal Ball
result for the 94 width of the #° {Table 1) does not yet reach the samne precision

as a recent lifetine measurement |35].



Meson | Decay Mode T, [keV] Experiment
° (7.85+ 0.54) - 10~ | PDG (1984}
(7.25£0.18 4+ 0.11)- 10~* | NA30 (lifetime) [35)
(7.8£0.440.9)-10"* | Crystal Ball (prel.) {34]
n° (7.48 £0.33 +0.31) - 107% | average®
9 1.00 + 0,22 DESY {Primakoff) [38]
0.324 + 0.046 Cornell {Primakoff} |39]
" 0.56 + 0,12 + 0.10 Crystal Ball (SPEAR) [40]
0.53 £ 0.04 + 0.04 JADE (41]
0.64 + 0.14 + 0.13 TPC/yy [42]
0.51£0.02+0.06 | Crystal Ball (DORIS)
{prel.) [43]
n - 0.53 + 0.04 average {e*e” only)
3 niss; Mass 54+ 2.1 7p scatiering [44]
P 58+1.1+1.2 Mark I (SPEAR) [45]
Y 62+11108 CELLO (48]
e 50105409 JADE (47]
P 51404207 TASSO [48]
P 3.840.26 + 0.43 PLUTO (48]
P 45+03+0.7 TPC/yy [51}
y 40409 JADE j41]
Y 38+05 Mark II (PEP) (prel.} {50
rwiy — 1) 43108 Mark 11 (PEP} (prel.) [50]
nra(n — 3m) 3.64+1.0 Mark II (PEP) (prel.) [50]
n' 4.3+03 average

*from [32], does not include preliminary Crystal Ball result.

Table 1: Two-photon widths of pseudoscalar mesons.

The » and ' mesons

Measurements of the 7y widths of j and #" are of interest for two reasons. His-
torically, the measured 3 width ruled out the integer charge quark model as con-
structed by Han and Nawbu [36], giving a value four times as large as the usual
fractional charge model. More recently, attention has been paid to these measure-
ments because they determine possible admixtures of gluonium to the SU; singlet
¢q component in the 5’ wave function. :

The first measurements of the vy width of the 5 meson employed the Primakoff
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Figure 7: Two-photon invariant mass spectrum showing the 5 signal obtained with
the JADE detector [41].

effect |37]. The value generally accepted was obtained at Cornell |39]:
Py = (0.324 1 0.046) keV {Primakoff}.

The vy width of the 5 determined at e* ¢~ storage rings, first by the Crystal Ball
at SPEAR [40] and then with better statistics by JADE [41] (Fig.7), turned out to

be wmuch larger than the Corunell value. Averaging all storage ring measurements
{see Table 1) yields: .

Ty = (053 & 0.04) ke V' (storage ring),

The discrepancy between the Cornell result using the Primakoff effect and the
storage ring measurements is not yet understood {33].

A large number of measurements is available for the 4+ width of the 5’ {Table
1). The first measurement, done by the Mark Il group at SPEAR, was also the
first observation of a resonance produced in two-photon collisions in a storage ring
[45'. In this experiment and in most of the others the 7' was detected via the
decay mode i’ — 4p% This radiative transition is described by a meguetic dipole
matrix element, that reads in the p rest frame [525; '

L2 AL sinie
Jju'? ~ v.__.i_%“'_.,, (13)

where % is the photon energy, q the piou momentun and 8 the angle between a
pion and the photon direction (all given in the p rest system). Tle watrix element
determines the decay angular distribution of the p and induces a downward shift
of the p peak by about 20 McV. Both effects may change the acceptance. Two

14



of the experiments [46,47] did not include the matrix element for the acceptance
calculations'. However, in both cases the acceptance effects are claimed to be
small [53] and thus there is no reason to exelude these measurements from the
average over all experiments. Two measurements of the 4y width of the 7' are
independent of this matrix element: JADE analyzed 3'— v+ [41] and Mark II
W — nmtx- [50]. All results listed in Table 1 are in agreement within errors and
yield an average value:
Fq“y-r = 4.3 &+ 0.3 keV.

Discussion of the results on pseudoscalar mesons

Pseudoscalar Mixing: Assuming SU(3) octet symmetry, but not explicitly
nonet symmetry, one obtains the following relations between the vy widths of
the pseudoscalar mesons and the angle @p which determines the » — »' mixing,

T r.
3. = ST (c0s@p — VBRpsin®p)
m3 ml, 4
n'vy Px“ﬂ'w : 2 2 (14)
3.7 = I (siu®p 4 VBRp cos ©p ).
L e

The parameter Rp is the ratio of the singlet and octet wave functions at the origin
allowing for a breaking of SU(3) nonet syuumetry.
Using the average 77 widths from Table 1 {for 5 only the storage ring results)

oue obtaius
©p
Rp

-18.2° + 2.5°
0.93 4 0.03.

it

The result Rp = 1 means that within this simple ansatz the octet and singlet
wave functious are similar. The angle ®p is significantly different from the one
obinined with the Gell-Maun - Okubo mass formula yielding ©p = —10° but is
in agreement with ©p = —18° as obtained from 5 and 1’ production in hadronic
reactions {55].

The above determination of the pseudoscalar mixing may be too naive. In a
more general approach possible gluonic admixtures have to be included and dif-
ferent processes involving pseudoscalars have to fit quantitatively into the model.
Including experimental results on vector-pseudoscalar radiative transitions one
finds that the 5 is nearly entirely a ¢g state, while some gluonium adinixture in
the »' is possible {56,57}. This admixture in the 7' could be fixed by a measurement
of the decay ¢ — 17’

No other light pseudoscalar resonances were observed in two-photon reactions.
In particular no signal was found for the ;(1440) in the KK decay mode and for a

T Although not indicated in the paper, the first measurement by the Mark 11 group inchuded the
matrix element [54}.

rualially excited g, such as the (1275} The upper fnits are sunnarized 1 Seet.
2T

The glueball comnection: The n(144U), originally called ¢(1460), is copiously
produced in 3/ radiative decays. Therefore, and because it does not easily fit
into a gg multiplet, it is regarded as a strong candidate for being a glueball.
The non-observation in two-photon reactions, see Table 5 {Sect.2.7), supports this
hypothesis.

Integer quark charges: In standard QCD all physical vbservables are color
singlets and, in particular, photons are color blind. In early attempts to con-
struet quark models with integer quark charges [36], Lowever, the electromagnetic
current is a mixiure of a color singlet and a color octet component, the {color-
flavor) decomposition being 7 = (8,1) & (1,8). Since low lying hadrens are al-
ways found tu be color singlets, the color octet component can ouly contribute
to reactions involving at least two photons. The combination of two color octet
photon compouneuts yields a color singlet which is at the same time a flavor singiet:
427 — (8%8,1) = (1,1) & color nou-singlets |58]. Therefore only the two-photon
couplings of flavor singlets are seusitive to fractional and integer quark charges.
In the pseudoscalar inultiplet the 3" is mainly a flavor singlet. I nonet symmetry
holds oue obtains fron the measured 7° width:

6 keV  (fractional quark charges)

Dy = 24 kel” [iuteger yuark charges).

The comparison of these numbers with the measured v width of 4.3 keV can be
taken as evidence for fractional quark charges. The assumption of nonet symmetry
can be relaxed by including other decay amplitudes in the analysis [59].

2.4 The Tensor Mesons

The teusar mesons az(1320), f2(1270), f3(1525) and K*{1430) are P-wave quark
antiquark states with aligned spins (JF© = 2%*). The decay of a tensor meson
intu two real photons is determined by two independent amplitudes which may be
takew as the A= 0 and A= 2 45 helicizy amplitudes (A= 1 does not contribute for real
photons). It has beeu predicted that A=2 (photons with opposite helicities) should
dowinate over A= 0 (photons with the same helicities). The helicity 2 dominance
follows just from a Clebsch-Gordon decomposition if vnly the lowest multipole in
the 77 system contributes and if the two watrix elements are not very different.
If they are equal the inteusities for A=0 and 2 will be in the ratio 1 : 6. Heliaity 2
dominance has been derived from finite energy sum rules {60,61]. So far, none of
the experiments is in contradiction to this prediction. However, in most cases the

experinients have not been very seasitive to differcut helicity contributions.
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Figure 8: Two-photon produciion
of #*x~ pairs measured by CELLO
[69]. The hatched area is the esti-
mated A+R~ background. On the
low mass side the spectrum is cut off
by the acceptance.

H the tensor mesons are ideally mixed, i.e. if the f; is mainly uT + dd and
the fi mainly 5%, SU(3) symmetry yields for the ratios of the squared eoupling
constants:

g:ﬂ_, : 5';:7-1 : g?;“ =9 :25 : 2. (15)
Absolute pt‘edictions\for the vy couplings of the light tensor mesons [60,61,62]
cannot be obtained from first principles as in the case of the psendoscalars.

The f;(1270) resonance

The formation of the f,(1270) resonance by two-photons has been detected via the
two dominant decay channels f; — #*x~ and f, — 7%2°. The charged pion decay
mode is troubled by large backgrounds from two-photon production of lepton pairs.
This background has to be removed by particle identification, which is difficult at
low momwmenta, or by a statistical subtraction using simulation programs for QED
reactions |63].

The background from continuum production of #¥ 7~ has been calculated from
the Born diagrams in which the photons couple to pointlike spinless particles.
Obviously there is no #%2° continuum in this approximation. Extending the Born
approxiniation by including resonances leads to strong interference effects between
the continuum and the f; resonance. Note that the helicity 2 amplitude of the
Born term: dominates in the f; region as for the tensor mesons. Experimentally the
interference in the two-pion mass distribution is construetive below and destructive
above the f; peak (see Fig.8).

i7

Various attempts have been made to uprove the theoretical description of
pion pair production beyond the Born approximation including resonances in a
consistent way. In Mennessier’s model |64} & coupled channel treatment of 7x and
KK is pursued. The pion exchange and additional p and w exchanges are unita-
rized by including #x and KK final state interactions as given by measured phase
shifts. In addition a direct coupling of the photons to resonances is introduced.

In Fig.8 the 7* 7~ invariani mass spectrum as measured by the CELLO group
[69] is compared to the model of Mennessier. ‘The solid curve has been caleulated
including only the unitarized Born term and the coupling to the f; resonance. In
particular, a contribution from a scalar resonance was not required by the data.
This Born model, with or without unitarization, explains the chserved downward
shift of the f; peak by about 40 MeV in the #* 7~ channel.

The Crystal Ball is the ouly experiment so far that published results on the
two-photon formation of the f; by analyzing the 7%® decay channel [68]. The
x"x® invariant mass distribution shows a resonance enhancement in the fz region
which is shifted downward by about 35 MeV and which is somewhat broader than
expected from the-standard f; resonance parameters. A mass shift is not expected
in the 7°z° channel due to the vanishing of the Born term. The systematic error
in the mass determination together with the statistical error could account for
the observed shift. Prelimiunary results from JADE |74} and new Crystal Bali
measurements at DORIS [43] do not indicate such & shift (see Fig.14 below ).

The Crystal Ball group also measured the helicity structure of £, formation by
analyzing the 7°r® angular distribution. The A=0 and A=1 contributions were fit-
ted to be (12+39)% and (2+11)%, respectively, of the A=2 component, cousistent
with the predicied A=2 dominance.

In the case of virtual photons the helicity structure of f; formation may become
very complicated. Helicity 1 is expected to be suppressed only at very low Q? and
may even dominate at large Q° [75]. As long as the low statistics of single-tag
data on f; formation do not allow for a partial wave analysis the experiments have
to rely on models. e.g. |76}, for calculating acceptance corrections. Therefore it
is difficult to interpret the few available single-tag measurements of f; formation
'67,71.73].

The results of the different experiments on the 17 width of the f» are summa-
rized in Table 2. Helicity 2 dominance was always assumed. The average of all
published results is:

Tpye = {278 £ 0.14) keV.

The a;(1320) meson

The two-photon formation of the a;(1320), the isovector member of the tensor
meson multiplet, was measured via the decay modes a; — % and a, — p*x¥,
The n°; signal was observed by the Crystal Ball group [77,79] in the four-photon
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Meson Mode I, [keVi Experiment Ref
f2(1270) . 23+05+035 | PLUTO [65]
L 36403105 MARK I1I/SPEAR [66}
" 32402406 | TASSO [67)
T 27+£02106 Crystal Ball/SPEAR | [68]
r 251201105 CELLO {69]
s | 2704005402 |DELCO f70]
T 252+ 0.13 £ 0.38 Mark 1I 71}
xr | 285+025+05 |PLUTO 72}
- 32+£01+04 | TPC/yy [73]

f2(1270) 2,78 + 0.14 average
a2(1320) a7 | 0.77+0.18%027 | Crystal Ball (SPEAR) | [77)
o 0.81 + 0,19%342 CELLO [46]
P 1.06 + 0.18 £ 0.19 | PLUTO [78]
yr 1.14 £ 0.20 £ 0.26 Crystal Ball (DOKIS) | [79]
pt | 080+027+016 | TASSO (80)

a;(1320) 0.95 + .14 average
£1(1525) KK | (0.11 £ 0.02+004) | TASSO 81]
« Brf, = KE)| KK | (012£0.07+004) | TPC/yy [73]
KK | (0.07 + 0.015 + 0.035) | DELCO [83]
KK {0.10 £ 0.04}) Mark II (prelim.) (4]

Fi{1525) KK (0.094 £ 0.023} average

x Br{f; — KK)

Table 2: Two-photon widths of tensor mesons.

final state. The 7% mass distribution in Fig.10 exhibits a two peak structure
which can be described by the a;{1320) and the ao(975). ;

All other experiments analyzed the decay mode a; —+ p*r¥ -+ wtx~x®. The
analysis of this channel has to account for correlations in the three pion final state
arising from augular momentum conservation and the interference between the o;
decay channels ptn~ and p~n*, The matrix elements describing the a; decay in
different v helicity states can be found in [80].

The results of the various experiments on the vy width of the a; are listed in
Table 2. In all experiments A=2 was assumed. The average value is:

Paprr = (0.95 + 0.14) keV.
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Figure 9: Two-photon production of KK pairs measured by TASSO (81,

The f;{1525) meson

The third member of the tensor meson multiplet for which a ¥4 width was mea-
sured is the fI[1525} meson. It decays dominantly into KK indicating that it
mainly contains strange quarks. ' ’

The TASS0 group observed the f} in the two decay channels [81): f; —
KE*K- end fi — KJKY The mass spectrum of KK~ pairs in Fig.9 shows
& peak in the f} region. The enhancement below the f; is probably due to f; and
ay decays into K* A~ and due toa AtR~ continuum. The KJA$ mass spectrum
in Fig.0 shows a f signal above a background of misidentified K3K?Y pairs (indi-
cated by the dashed curve). In the measured mass range there is littie room for
other resonance contributions.

The difference between the K+ A~ and the R2HY mass spectra can be ex-
plained by su interference between the a3, f2, and f; resonances [81,82]. The
model predicts that the f;-a; interference is destructive in the KR channel and
constructive in the A+ K~ chaunel. Although this is consistent with the data, the
uncertainty in the A+ A~ continnum contribution and the limited ptatistics in the
ROE? chaunel do not allow proving the validity of the model.

The final result for T, B{f; — K K) as obtained by fitting interfering reso-
nances and background terms io the mass spectra is given in Table 2 together with
receut results of other experiments. All experiments assumed helicity 2 dominance.
The average value is:

Pjiae  B(fy = KE) = (0.094 +0.023) ke V.

Since the branching ratio for the f; decay into A'K is not yet known the v width
of the f could not be exiracted from this result.
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Discussion of the results for tensor mesons

The 7 widths of the tensor mesons canunot be predicted from first principles.
However, interesting SU(3) relations can be tested that can shed some light on the
possible mixing with nearby 2% glueballs.

Neglecting A=0 contributions, the yy width of a tensor meson depends on one
coupling constant, gr,,, only. In terms of this coupling constant the vy width can
be written as {85]

‘ ?_‘i’:ﬂ mh
ar 80ut’
In this formula p may either be assumed to be a common scale for the tensor meson
nonet or may be idemtified with the mass of the specific meson so that SU(3)
relations lold for Ty, /mr or I'r,, /m}. The tensor meson mixing parameters
©7 and Ry can then be obtained similarly to the case of the pseudoscalars (see
(14)). From the average vy widths in Table 2 one obtains the following mixing

" paraiueters (assuming B{f; - KK }= 1}

ey, = (18)

Or

teo. 29.8° + 3.8° Or
no uiass dep. : Ry = 1.00 % 0.18

cubic mass dep. : R

26.5° + 3.1°
1.06 + 0.15

Il

Il

T

The mixing angle O7 is close to the value for ideal mixing, O4. = 35.26°, that
weans f} is an almost pure 33 state, The TASSO collaboration finds the u@ + dd
content in the f} to be less than 3% at a 95% confidence level (for 0.5 < B(f] —
RKE)= 1.0) {81].

The fitted value of Ry is consistent with SU{3) nonet symmetry (Rr= 1}
with and without the cubic mass corrections. As s conseguence additiona) nearly
tensor states, such as glueballs, which mix with the ¢g siates, are experimentally
nol required. The tensor mesous appear as a clean example of an ideally mixed
SU{3) ¢7 multiplet.

No other light tensor meson states were found in 7 reactions. In particu-
lar, upper limits have been given for the glueball candidate f;(1720) [old name
©(1690), see Table 5.

2.5 Scalar Mesons

The scalar meson multiplet (3= 0%} is the least settled of the low-spin gy
multiplets. Although ¢g(0%7 ) states are closely related to the tensor mesons which
beloug to the same P-wave triplet of ¢g states, the scalar mesons are much less
understood. Candidate states are the isovector agf980) and the isoscalar Jo(975)
old names: & and 5°|. For the other possible isosealar member, the ¢, even the
mass is not established found by some people around 800 MeV and by others
around 1300 MeV,

Crystal Bali
v
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Figure 10: Cross section for vy — pn® [79].

The ao(080) and fo(975)} resonances: Tie first measurement of the 44 width
of a scalar meson comes from the Crystal Ball group at DORIS {79]. The cross
section for ¥y — 7% shows, besides a sigual from the a;{1320), an enhancement in
the region of the ay(980) (Fig.10). Fitting two standard Breit-Wigner curves and
a sooth background to the data yields the fullowing result:

Tuowr - Blaa — 7%) = (0.19 £ 0.07131%) keV.

The branching ratio B{ag — 7%y) is unknown but may be the dominast one. If 50,
the 7y width of the ag is relatively small compared to most of the predictions for
a scalar gf state [86]. A small value, however, is expected if the aq is a qggq state
with a dominant pseudoscalar-pseudoscalar decomposition which leads via vector
meson dominance to a suppression of the vy coupling |7

It has been suggested that the aq and f, states are virtually bound KR states
or K K moleculesleading to scalar KK enhancements near threshold [8,87]. Figure
11 exhibits the cross section for y4 — K*K? obtained by the TASEO group [88].
The curve shows the expected P-wave contribution from tensor meson excitations.
The small excess near threshold is consistent witl S-wave production. Using the
Crystal Ball measurement of the ao{980) and a coupled channel parametrization
of the 7’y and KK decay modes {89 one obtains the dotted curve for the &g
contribution which is, however, too small to explain the measured cross section.
Iun addition, the fo(975) resonance could contribute up to about 10 nb in the first
bin of Fig.11 to be consistent with the JADE upper limit for T4y in Table 5.
Thus it is possible that the measured cross section for vy — AYE? near threshold
can be explained by ¢ and f) resonance formation.
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Figure 11: Cross section for 17 — KR [88].

Search for low mass scalar resonances: Several experiments searched for the
two-photon formation of a scalar resonance at low mass decaying into pion pairs.
Fig.12 shows the differential cross section for y9 — x*7~ at pion c.m. angles near
90° in a W, range from threshold to the f;(1270) region, as measured by PLUTC
[72]. Above W,, ~ 0.8 GeV the data are reasonably deseribed by miodels where
the f; contribution is coherently added to ihe continnum background {curves 2
and 3). Between 0.5 GeV and the f, region no other resonance contribution is
observed. The data even fall below the Born term {curve 4) around 0.6 GeV.
However, this dip is not confinned by other measurements, e.g. 166,73].

The two data points around 400 MeV are about a factor of two higher than
the Born cross section. Including a systematic error of about 20% the siguificance
is only about 2 standard deviations. This issue becomes more interesting if one
compares the PLUTO results with measurements obtained at the DCI storage ring
with the DM1 [90] and DM2 [81] detectors. The ¥ n~ mass spectrum from DM?2
is shown in Fig.13. Below W,, = 0.7 GeV 2.3 & 0.4 times more events were found
than expected from a residual QED background and the #¥#~ Born tern. Two
bins around 400 MeV lie sigaificantly above the full curve (about 4.6 standard
deviations), in striking agreement with the shape of the #* 1~ cross section deter-
mined by PLUTO. Quantitatively, however, the excess in the DM2 data appears
to be much larger. Describiug the enhancement by a broad ¢ resonance results in
a mass around 700 MeV. However, it has been argued |92] that current algebra
constraints on the cross section require a narrow resonance near threshold to ex-
plain the enhancement. Such a resonance would have to be endowed with rather
peculiar properties to conform with other experiments.
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for vy — 7t x" for pion cau. angles duction of vz~ pairs [91].
e = 90° |72].

Two-photon production of a 7 resonance should be easier to observe in the
92% final state because there is no continuum background at the Born level,
The Crystal Ball group presented preliminary data on this channel down to the
threshold region {43]\ {Fig.14). Below the f,(1270) resonance the cross section
is rather low and flat, as expected from & mr coupled channel analysis without
resonance coutributions [92]. Experimentally, however, & broad resonance in this
region cannot be excluded.

Conclusions: All 94 widths of scalar mesons seem to be small compared with
those of tensor smesons. This gives stroug support to the picture that the scalar
state ag{980) and fo(975) are not 0** g bound states. On the other haud, the mea-
sured 74 widths can theoretically be explained if these states are q9qq compounds
{ Table 3). The smalluess of the total ay width, however, cannot be recouciled with
a bag wodel ggss state that should readily decay mmto pm. Weakly bound KK
molecule states may rather be the correct interpretation of these resonauces i87;.

The enhancement in the 77~ mass spectrun near threshold needs experimen-
tal confirmation. It has still to be shown that the explanation by a resonance is

a

consistent with the observed 7°r% mass spectrum.



1.0
T |
= |
A
4 N
e
8, L
P 05 } I‘
o= [
|3 -
T
E L
h -
0.0 1 1
0 500 10060 1500
M, (MeV)

2000

. Figure 14: Two-photon production of 7°7° pairs for invariant masses from close
to threshold to the f;(1270) region.

Theoretical Model T{ao — ¥¥) F{fo — vv) Ref.
{keV] [keV]
(99} quark model 2.5-3.8 LF(6o — 17) {93]
48 Br(6— 1) | 194]
11 3.0 (87|
1.5 45 87]
' giqg bag model ~ 0.27 ~ 027 17
KK molecule 0.6 0.6 [95]
0.19 + 0.07+%1% h .
Experiments ——B(i — U‘rfjm < 0.8 fro], [74]

12
én

Table 3: Theoretical and experimental results for the 44 widths of aq(980) and
fol875) (from (87}).

Entries per 010V

30 40
MK KIn®) (Gev)

Figure 15: Two-photon production of the KSR *n¥ final state [96]. The solid
curve-is the distribution expected for the n.(2980).

2.6 Charmonium States

The PLUTO collaboration for the first time measured the two-photon production
of the charmonium state 1, {96]. In a data sample corresponding to an integrated
luminosity of 45 pb~! they searched for the reaction

¥4 — 1. — KSR*xF (17}

The K2's were observed via their n¥n~ decay mode and identified by requiring
that the 7*r~ came {rom a secondary vertex separated from the primary ete”
collision point. The charged kaons and pions in reaction (17) were not identified.
Therefore, both the Kt~ and the K~ n" assignments were tried leading to two
entries per event in the KKr invariant mass plot of Fig.15. In the 5, region, the
difference in the KKx invariant mass of these two combinations is smaller than
the inass resohution of about 100 MeV,

The PLUTO group found 7 events in the 5. region distributed as expected
from the detector resolution. The background in the 7. region is assumed to be
negligible. From the observed 7 events the PLUTO group obtained for the product
of the 34 width times the branching ratio into K{K¥x%:

D = 17) - BUp — KOK* w0y = (0.6 193 & 0.1} keV.
Because of isospin invariance the K&K*#¥ branching ratio is 1/3 of the KK #
branching ratio. These 5. decay modes were studied by the Mark Il group in
radiative J/y decays [87]. Usiug the branchiug rativ B(J/y - 45} = (1.27 %
0.36}% from the Crystal Ball [98] they obtained B{s. — KKn) = (6.1 £ 2.2)%.
With this branching ratio the PLUTO measurement yields the 47 width:

Ti(n. — 1) = (33 + 18) keV  (PLUTO)
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State T, [keV] Tyy- By — Agh{n*)} | Experiment
7.{2980) 33+ 18 0.5:03. 101 PLUTO [96]
9.8+ 74 0.15%53 + 0.05 MARK II |99}, prelim.
43%31 424 R704 [100]
< 11 (90% c.b.) MD-1 {101}, prelim.
10(3415) 40+28 Crystal Ball [104]
or < 8.0 (80% cl.)
%2(3555) 28120 Crystal Ball [104]
20413417 R704 {100}

Table 4; Two-photon widths of charmonium states.

Table 4 coutains also results on the 4+ width of the n, from the Mark II, the
R704 and the MD-1 experiments. In the R704 experiment the reaction pp — 1, —
17 was chserved at the ISR by scattering an antiproton beam off a hydrogen jet
target {100]. The MD-1 experiment tried to measure directly the vy width of the
7. in & double-tag experiment by searching for a resonance structure in the total
cross section [101). Such a measurement is independent of branching ratios which
introduce large uncertainties in the other results.

Theoretically the.yy width of the singlet state 4. can be related to the leptonic
width of the triplet state J /4. Both depend on the quark wave function ¥(0) at
the origin which, in first approximation, should be equal for the singlet and triplet

states:
T(!Se = vy) _ 3eg|¥(0)) /m? 2

T(Se — P1)  RO)P/mz ~ ¢
Using the measured leptonic widths of the J/+, ' and the T yields the following
estimates:

ooy = 6.2 keV
Loy = 2.6 kel (18)
Fopinr = 0.4 keV.

Siimilar resuits were obtained using QCD sum rules {102], These estimates are
based on the assuinption that the singlet and triplet wave functions are roughly
equal. However, the experimental result that the measured rate of the transition
J /g =1, is much smaller than theoretically expected, may be due to differences
in the wave functions. If this is the case the estinates of the vy widihs in (18)
would becowe lower [103}.

The Crystal Ball and R704 experiments obtained results on the vy widths of
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R X | Tgy: B(R — X) [keV] | Experiment | Ref
1(1440) KKn < 2.2 {95% cl.) TASS0 [88]
formarly ¢« | KKn < 2.0 (90% c.l.) Mark II [50]
KKnr < 1.6 {95% c.) TPC/vyy [167)
o < 1.0 {95% cl.) TASSO (114]
P < 1.5 (95% ¢l.) TASSO [48]
o < 0.2 (90% c.l.) Mark 11 (50}
f2(1720) KK < 0.28 (95% ¢l.) | TASSO [88)
i formerly § | mt7” < 0.17 (95% c.l.) TPC /vy 73]
| K* K~ < 0.10 (95% c.1.) TPC/yy [73]
g p0p° < 0.12 (95% cll.) TASSO (114]
i 0.3 (95% c.l.} Crystal Ball | [105]
fol975} ar < 0.8 (95% cl.) Crystal Ball | |68]
all = 0.8 (95% cll) JADE (74}
: |
L (1300) | nrt <15 (9% cl) | TASSO {67]
; ! for 1.3 < M < 1.5 GeV :
Poa(127s) | ogmn < 0.3 (90% cl) | Crystal Ball | [99]
| [
! h2080) | KE < 0.20 (95% cl) | TASSO (88]
| £(2220) i KE < 1.09 (95% c.l.) TASSO (88)

Table 5: Upper limits on two-photon resenance couplings.

the P-wave states yo(3413) and x;(3555) {Table 4). Within the errors the ratios

of the 74 widths and the hadronic widths are consistent with the assumption that
the hadronic decays proceed via two gluons, The results are also consistent with
a ratio I'\ .,/ I'\,~,= 15/4 expected from spin factors if the wave functions are
equal.

2.7 Search for other Resonances

Table 5 contains a list of limits for resonance forization by two photous in varous
decay channels. For the comnparison with theoretical models the following points
are of interest:

- The two-photlon excitation of the ghieball candidates 5{1440), f;(1720) and
¢(2220) is not observed, This qualitatively suppuorts the glueball hypothesis, at
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Figure 16: Invariant pn%r® mass measured by the Crystal Ball in the 67 final state
[99]. The large peak is due to the 5'(958).

least in the case of the %{1440) and f(1720) which are copiously produced in
J /v radiative decays.

- There is no hint for the two-photon production of a scalar resonance with isospin
0 such as the fp{975) or the ef ~ 1300} (Fig.14},

- The »{1275) resonance, which is supposed to be a radially excited n, was not
seens in the 7% final state (Fig.16). For this state a relatively large vy width
was predicted as discussed in [99)].

- While the KK mass spectrum obtained from scattering of quasi-real photons
{no tag} shows no indication for an y(1440}, the smme spectruin shows an en-
hancement around 1420 MeV (Fig.17) #f one of the photons is virtual (single
tag) [108,109]. It is likely that this enhancement is due to an axial vector state
{3¥€ = 1**) which canuot be produced by two real photons. Since the state ob-
served in radiative Jjy decays is certainly a pseuduscalar, there may be at least
two states in the 1440 MeV region decaying into KKn, oue being the p{1410) and
the other the f,{1420) seen in hadronic reactions.

The possibility of observing axial vectors and even states with exotic quantun
numbers (J7C = 177} in y* processes opens a new field in 77 speetroscopy |10}
The TPC/Two Ganmuma and the Mark II collaborations reported also first evidence
for the observation of the f(1285) |11}
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Figure 17: Mass distribution of the KgR*n¥ |
final state produced (&) by two quasi-real pho- 0 ) ﬂ . [—I
tons (no tag) and (b) by one guasi-real and one 12 4 16 18 20
virtual photon (single tag) [107,108]. MK KL Gev

2.8 Vector Meson Pair Production

2°p° production

The interest in two-photon production of vector meson pairs,
Y = VYV (V, V' = pw, ).

has been stimulated by the observation of a liuge cross section for the reaction
77 — p°p° near threshold [112}-[116]. The measurements of four experiments on
this reaction are summarized in Fig.18. The cross section is large near the nominal
20" threshold at abbut 1.55 GeV and stays high even below the threshold down
to W,, < 1.3 GeV. Since the available phase space for p%° production becomes
very sinall below the nominal threshold the matrix element is rising extremely fast
towards smaller W_,. The energy dependence of the squared matrix element was
estimated by the TASSO group to follow W, ~114 [114].
The two-photon production of 5%p° is observed in the four-pion final siate

Ty = %" = wtrTata {19)

Experimentally, the dominance of the p®p® chaunel in the 77 772 £~ final state is
quite striking. This is dewonstrated in Fig.19 for two different c.m1. energy ranges
of the four-pion systenl, one below the nominal p%® threshold and one above.
Clear evidence for p%p° production is seen in the correlation plot of the invariant
wmasses of 71~ pairs. Althougl below the nominal threshold the 5%0° peak cannot
be reachsd kinematically the pronounced clustering near the kinematical boundary
indicates clearly ‘off-shell’ p°p® production.

The rapid energy variation of the matrix element for p%° production near
threshold suggests an explanation by resonance formation. A ¢g resonance de-
caying iuto pp has isospin I=0 with a decay brancling ratio o(p%°) i o(p'p™) =
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Figure 19: Scatter plot of v combinations in events with 4 charged pions in two
different A, intervals. The p°p° enhancement is clearly visible in the unlike-sign
wass combinations on the lefthand side.
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Figure 20: Cross section for vy — 77~ 7%r® measured by JADE [117]. At least
one vta? ~ 7~ 7% combination is required to be in the p*p~ band. The curve is a
theoretical estimate of the p*p~ cross section [118]. Also shown is the eross section
for 79 -+ p°p° from TASSO [114].

1: 2. The JADE group therefore searched for two-photon production of p*p~
[117). Figure 20 shows the cross section for the reaction v7 — a*x 7% with
the additional requirement that the four-pion invariant mass is close to the p*p~
mass peak. Since no significant p*p~ signal was observed the data points have
to be taken as upper limits for o{yy — ptp~ ). Clearly, the p*p~ channel does
not exhibit a similar threshold enhancement as p%% Thus it is ruled out that the
p%p° cross section near threshold can be explained by the formation of a simple
resonauce.

Models for vector meson pair production

A resonance interpretation of the p°p® cross section can only be maintained by
introducing two or more resonances which interfere differently in thie charged and
neutral p decay channels. The experimental facts can be quite naturally explained
by a model with bound four-quark configurations, gggg [9,106]. The spertrosmp_y
of these states was worked out loug before two-ploton produttmn of p%p% was
observed 1119]. The spectrum contains nearly degenerate tensor states (J¥= 2%)
withs 1sospin 1=0 and 1=2 which couple strongly tv pp. By VDM arguments, they
will have relatively large vy widths and their two-plioton production will proceed
via iutermediate p's. Decomposing the awplitude for two-photon production of p
pairs into 1=0 and =2 amplitudes, Ay and A,. one finds that Ap and A, enter with



different relative signs for the production of neutral and charged p’s, respectively:

Alyy = %% = p%%) =340+ 34,
A 0 0 o=y — ¥2a Vi (20)
VYR = pteT) = A - T4,

In the four-quark model Ao and A; are in first approximation egual, resulting in
a suppression of the p% 5~ final state. This was firmly predicied as a necessary
consequence from the four-quark model before the JADE upper limits on the
reaction vy — p* p~ were available (7], An estimate of the non-resonant vy — p*p~
cross section and the pearby (7*#°) + (#~#°) continuum can be obtained {118
by extrapolating the perturbative QCD calculation of the non-diffractive process
47 — (ud) + (€d) down to the pp threshold region, see the curve in Fig.20.

The binding potential of four-quark states is expected to be small. Therefore
they should easily fall apart into the g§ compounents they are made of (superallowed
decays) and as a consequence, they would be very broad and difficult to discover.
However, those states lying below the threshold for their superallowed decays may

- have relatively narrow widths. E.g., the pseudoscalar mesons ao{980} and fo{975),
Jjust below the KR threshold, have been interpreted as four-quark states with
superallowed decays into K K. Similarly the p®p® cross section may be explained
by four-quark states just below the nominal p® threshold.

Four-quark resonances are also predicted in the p®w and p° channels. The
cross section for vy — p"w was recently measured by the ARGUS group {120
{Fig.21). The cross section is largest around 1.9 GeV and falls down rather sharply
above. The low mass part containes the expected contribution from a; formation.
The remaining cross section cannot be explained by a threshold enhancement as
expected either from the four-quark model (9] or a t-channel factorization model
[121,122]. An additional contribution is required around 1.9 GeV.

The TPC/Two-Gamma and the TASSO groups searched for two-photon pro-
duction of p°¢ [123]. Both groups found uo significant signal from this reaction.
These measurements were not really at variance with the four-quark model, mainly
because there is some freedom in the choice of paratueters such as masses and
branching ratios into other than the superallowed channels. However, a prelim-
inary upper limit from ARGUS [124} secws to exclude all physically reasonable
parameter sets, -

The ARGUS group provided also the first measurements of two-photon pro-
duction of ww (Fig.22) and K*"K*% (Fig.23) [124]. Both reactions show threshold
enhaucements which are much larger than expected from the four-quark model.
Taking VDM as & guide ww production should be suppressed by a factor 1/81
compared to p®p° i.e. the cruss section should be in the 1 to 2 nb range. No
satisfactory quantitative explanation for the enhancements in both channels have
beeu given so far.

In a more conservative approach, t-channel exchange mechanisws were pro-
posed to explain the p%° threshold enhancement (121,122}, These contributions
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Figure 21: Cross section for
¥ — p% measured by ARGUS
[120]. The data are compared to
the four-quark model [9] and a
t-chanuel factorizaiion model [122].
Shown is also the expected e;(1320)

contribution in this channel.

Figure 322: Cross section for
71 — ww [124] compared to pre-
dictions of a t-channel factorization
model {dashed curve [{122]} and of
& one-pion-exchange model (dotted
curve {125]). The four-quark model
predicts about 1/18 of the pw cross
section (Fig.21) [7].

Figure 23: Cross section for
vy — K'9K*% [124]. The dot-
ted curve is the four-quark model
prediction {7] aud the full curve is
an estimate of non-resonant back-
ground from 4y — (sd) +(3d) [118].
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1o the 47 cross section have been related o photoproduction aud nucleon-nucleon
scattering cross sections, However, the extrapolation of the factorized amplitudes
from high to low energies in the threshold region is not unambiguous. Neverthe-
less, these attempts demonstrate that conventional explanations of the large p%"
cross section are not yet ruled out.

Analysis of angular distributions in 77 — p%"

The four-quark model makes the definite prediction that states coupling to vector
mesons near threshold have spin-parity 2. The TAS$S$0 [114] and CELLO [115]
collaborations analyzed the angular distributions of the four-pion final state in
reaction {19). In the notag case, i.e. if the lepron scattenng plane is not measured,
the four-pion final state is described by 7 variables. Oune can choose as variables
two 77 masses, the p pruduction angle and twu angles for each decaying p. For
the ‘angular correlation analysis the TASSO group defined the foliowing matrix
element for two-photon production of p%p% via a state with spin-parity J? and v7
helicity J.:

gt = -%;,; [BWa2BWwEHE 12,34) + BW(14)BW(32)9”7 7 (14,32)]

Voo

In this ansatz the miass dependeiice is contnined in the p Breit-Wigner amplitudes
BW and the angular correlations in the function ¥/" % The matrix element is
syuuuetric with respect to the interchange of identical bosons in the final state.
The indices 12, 34 and 14, 32 refer to the two possibilities to form p°p® out of the
four prons.

In order to obtain the spin-parity decomposition of p°p® production iu Fig.24
the TASSO group fitted the four pion final state with a sum of non-interfering
spin-parity states (J¥= 07,07, 2%, 27} and additional contributions from pPlrtas
and w¥r~ a7~ phase space. According to the fits the negative parity states P -
0~ and 2 are not dowinant in the investigated W, range. The p%p° cross section
is essentially built up by the positive parity states, with J¥= 0% dominating in the
threshold region.

The dominance of 07 in the threshold region is in obvious disagréement with the
four-quark model. However, some words of caution have to be added concerning
especially the region below the nominal p*»° threshold. The results have been
obtained with a special choice of the matrix elements as described above. Eg.,
effects from final state interactions, which could be strong at low energies were not
included. Since the 0 and 2t angular distributions are very siiilar within the
acceptance (due to the holes in the beam directions) it seems safer to consider only
the sum of both contributions. Thus the TAS50 analysis proves unambiguosly
only that the p°p" channel, if dominated by one spin-parity awplitude, must have
positive parity. Experiments with a better acceptance in the forward direction
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Figure 24: Spin-parity decomposition of the cross section for 4y —+ p®p® assuming
contributions from J¥ = 0*,07,24(A = 2),27 [114].

than the TASSO detector should have a better chance to separate 07 and 2%
contributions.

The Cello group made an effort to analyze p°s” production, including the an-
gular distributions, in a more model independent way. They applied acceptance
corrections as a function of the four possible 77~ masses. This is an approxitna-
tion since the final state depends on 7 variables.

With this method the topological cross section for yy— 7*n r¥ 7™ has been
determined independent of the individual subprocesses contributing to this fnal
state {Fig.25). The p%°® cross section, also shown in Fig.25, was determined by
assuining, as in the TASSO analysis, that the four pion final state can be described
by a sum of non-interfering contributions from 2%, p°x*m” and nth -t w phase
space production {Fig.25). Besides a pronunent threshold enhancement in the p®p°
channel CELLO also finds sizeable p°r 1 and 7~ w " n' 7~ phase space production.
In contrast tv pp" production the two latter final states behave smoothly in the
imeasured W, range.

Analyzing the angular distributions of the p°° channel the CELLOG group
studied the spin density matrix elements of the p’s as a function of the p production
angle #,. The spin density matrix was evaluated in the helicity system of each p,1.e.
using as the quantization axis the direction of flight of the p’s. Combining the data
ina W., range from 1.3 to 2.3 GeV the CELLO proup finds that for lcos8,) < 0.8
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Figure 25: Cross section for vy — #*x~ntr~ including all four pion final states
(squares) and seperately for vy — p%°, y9 — p’7* 2~ and yy—» nta-wtr- (phase
space only) [115].

no helicity state is preferred, while in the forward direction, |cosf,| > 0.8, the
helicities 1 of the p’s dominate,

It can be concluded thai the data are counsistent with a helicity conserving
process as in diffractive scattering. However, this analysis does not exclude 1=
2+, ], = 2 resonance formation.

Summary of vector meson pair production

Summarizing our discussion of two-photon production of vector meson pairs fol-
lowing points should be emphasized:

- The cross section of p%° production exhibits a strong threshold enhancement
with an energy dependence of the squared matrix element folowing approxi-
mately W, '1. The p*p~ production near threshold is smaller by at least one
order of maguitude.

- The four-quark model explains the large difference Letween the p%% and p*p-
cross sections as an interference effect between I = 6 and I = 2 resonances in a
natural way. However, mwre conventional approaches canuot yet be ruled out.

- The observed angular distributions in the %" final state are consistent with
positive parity. The spin-parity J¥ = 2% state required by the four-quark model
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is not established. Crucial 1ests for the existence of four-quark resonauces will
be provided by refined spin-parity analyses of the #inal states p®0° and pOu,

- The small experimental upper limits on 0% production cause sericus problems
for the four-quark model.

- The two-photon production of pw, ww and K *OK*0 is apparently more complex
as to be accounted for by any single model.

The I = 2 pp resonance predicted by the four-quark model can also be searched
for in hadron-hadron interactions, e.g. pp — p*p*nn {9].
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3 The Total Cross Section for Hadron Produc-
tion by Two Photons

3.1 Introduction

Hadron production in v+ collisions proceeds through a superposition of several
mechanisms. After a high euergy photon has split into a ¢7 pair with small relative
transverse momentum, the lifetime of this state is long enough to allow for its
binding to a vector meson. The cross section for the subsequent vector-meson
vector-meson collisions, Fig.26a, will carry all the standard characteristics of strong

Pl

<

Q) bl

Figure 26: &} YDM mechanism for hadron production by two photons and b} by
direct quark exchange.

interaction processes. Other microscopic mechanisins with different characteristics
might also contribute to the 77 cross section. In particular hadron production at
large transverse momenta proceeds through short-lived ¢g states for which the
doninating diagram is shown in Fig.26b. Mixing between a} and b} complicates
the picture even more,

With our experince from other photon - hadron reactions we expect that
hadron production by two quasi-real photons proceeds mainly via vector meson -
vector meson scattering (Fig.26a). With the probability an/+} for a photon to
tura into a vector meson one gets the VDM relation

amar

o{yy — hadrons) = Y — -o(VV' — kadrons) (21}
Vb TV e
arx _3 arm _y o 4
— =280-107";, — =0.30-1077, — = 0.36-10"".
z 2 z
p Y Te

The W,, dependence of the two-photun cross section for hadron production
can be predicted in the framework of the Regge mudel [13]. Using the factorization
hypothesis the two-photon cross section is related to measured hadron - hadron
and photen - hadron cross sections,

270 GeV’
W,

il

7, = (240 + ynb  {Regge exchange). (22)

The constant term corresponds to pomercn exchange and the 1/ W, term to f; and
a2, exchange. The second term should be dual to s-channel resonance production
at low W,,.
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The direct quark exchange mechanism {Fig.26b) is expected to add only little
to the total cross section, though it may well be dominant in kinematical regions
involving bigh nomentum iransfers. In lowest order the W, dependence of this
contribution is described by the scaling law

1

Tyy ™ W
T
Y

(quark exchange). ‘ (23)

While this mechanism will lead at large angles to hard scattering phenomena like
high pr hadron and jet.production, the VDM cross section is dominated by pe-
ripheral processes leading to hadron prociuctiop with limited iransverse momenta
with respect to the 7 direction. The typical pr dependence in hadronic reactions
is

do. ~ g7 {pr in GeV). (24)

3.2 Experimental Methods

The experimental determination of the total two-photon cross section turns out
to be more difficult than, e.g., the measurement of exclusive final states. That is
mainly because the trigger efficiencies depend strongly on the topology of the final
state which is a prioni unknown. Thus modelling the hadronic final state is the
most impeortant task in measurements of the total cross section.

In such models the dominant VDM part is represented by a limited pr phase
space model with a pr dependence similar to (24). The average charged multi-
plicity, which can be’assumed to have a logarithinic W., dependence, the ratio of
charged to neutral particle production and the pr slope are usually adjusted to
the data. However, often one may be forced to make soine assumptions about the
input parameters because the correlations between the model parameters may be
too strong otherwise (see also the discussion in [117]).

In the notag and single-tag mode an additional complication arises from the
fact that the W, distribution of the measuted events has 1o be inferred from the,
in general, incompletely observed hadrons, The invariant mass of the observed
hadrons {= W,,,) is generally smaller than the true W,,. In the double-tag mode
the W, value of an event can in principle be inferred from the tagging kinematics.
However. the resalution, in particular for low W.. is often not sufficient so that
alsy in this case some unfolding of the W, distribution may be necessary.

The basic quantity to be measured is the total cross section for real photons,
i.e. one has to restrict the experinient to real (or quasi-real) photons or one has to
make an extrapolation. Both approaches have been tried in different experiments.
In notag experiments essentially a real photon cross section is measured but one
has to cope with the problem of one-photon annihilation background. The uther
possibility, double-tag at 0%, is auly possible in specialized detectors. Here one has
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to fight the background from bremsstrablung and small angle Bhabha scattering
hitting the tagging devices. The method most often used is tagging at finite angles
and extrapolsation to the real-photon case.

While for unpolarized real photons only the cross section term opr in (5)
remains, for photons tagged at finite angles the siructure of the cross section
becomes quite complicated. The task of disentangling all terms has not been
attacked yet, and it appears to be too difficult at the moment, Instead, the
cross section can be simplified by assuming that the longitudinal part of untagged
photons can be neglected. Hence, in the single-tag case the following effective cross
section is measured:

o (W0, Q1) = orp(Wa,, QL0) + €-0pp(W,n, Q%,0) (25)

where Q% refers to the tagged photon. In most cases ihe polarization parameter ¢
1s close to 1.

To extrapolate (25) to the real photon cross section a model for the Q? de-
pendence of 02!/ is needed. Using the generalized VDM model (GVDM) [126] the
following Q? dependence was suggested [127):

1+ Q% ami 0.22
FGVDM 2 = v +
@ = 2 Ay T 1t oy

r, = 0.85, 7, = 0.08, ry = 0.05, mg = 1.4 GeV.

(26)

This expression accounts for the Q? behavior of o7 by the term (?/4m?. Contri-
butions from higher mass vector mesons and from the continuum are approximated
by the last term in the sum. At low and medium Q? GVDM seems to describe the
data better thau, e.g., a simple g pole form factor (see Fig.27).

3.3 The Total Cross Section at Low Q°

Figure 28 summarizes our present knowledge ou the W, dependence of the two-
photon total cross section. Earlier measurements {see e.g. [117]) are probably
superseded by these latest results. The plots a) and b) in Fig.28 show cross
sections obtained by the PLUTO {129} and PEP-9 {128] groups by taggiug at low
Q*. PLUTO required a single- tag with -2 Q@ >=0.44 GeV? and PEP-9 a double-tag
with < Q% >=0.3 GeV2. In both plots the scales on the Jeft side give the effective
cross section for the average (° of the tagged plotons. Tle scales on the right
side present the values extrapolated to Q*=0 by means of the W_, independent
GVDM formula (26). Figure 28¢ shows preliminary results from au experiment
which avoided the extrapolation to Q?=0. The measurements are made by the
MD-1 group at the VEPP-4 storage ring in a double-tag experiment [130]. The
MD-1 detector has a tagging acceptance down to 0°, corresponding to nearly real
photons.
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Figure 27: Q? dependence of o{4y — hadrens) at small Q® for different W,
ranges. The data are from PEP-9 [128] and PLUTO {129]. The double-tag data
in &) are plotted versus the larger of the two Q? values.

All measurements consistently approach a constant cross section at large W,
which may be somewhat higher than the prediction {22):

Tyn (W, — 00) 2= 300 nb {exp.). {27)

At low VW, the situation is experimentally not yet settled. While the PEP-9
data are consistenst with a constant cross section between 2 and.20 GeV the other
measurenients develop a stope which can be deseribed by a 1/W., term and which
seemns to be even larger than predicted by (22). A 1/W,,? teru, however, is not
required by any measurement. The PLUTO and MD-1 data are well reproduced
by the wodel 1131] (AMM). In this wodel the factorization ansarz is not only
empluyed for real but also for virtual photoproduction data. This leads to a Q2
behavior whichis W, dependent so that in Fig.28 the model can only be compared
ta the actually measured, effective cross section, Au even hetter description of the
PLUTO data is achieved by the model of [132] which differs from the previous
models in that it uses forward elastic scattering amplitudes as input and relates
thiens to the total cross sections via the optical theorema. The differences between
the models are wost pronounced at fow W, where the measurewents are most
dificult and the systematic uucertaiutes largest. Therefore it appears prewsature
to judge the quality of the wmodels ou the basis of the available data.
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3.4 The Total Cross Section at large Q

The PLUTOQ group determined the two-photon total cross section for QF values up
to 100 GeV? in a single tag experiment [133]. Figure 29a shows the QF dependence
of the effective cross section averaged over the W, range from 3 to 10 GeV. At
bigh Q! the GVDM curve {labelled VDM) clearly falls off much steeper than the
data. The quark-parton model {QPM) curve, i.e. the contribution of the Born
diagram (Fig.26a) with an "effective light quark mass” of 300 MeV, has a less
steep ? dependence but does not describe the data at low Q? . The sum of both,
however, fits the data surprisingly well over the whele Q? range.

In Fig.29b the PLUTO data are compared to two predictions using the ex-
tended vector meson dominance model (EVDM) [134,135] and the factorization
model [131] mentioned before. The EVDM describes the photon as a superposition
of an infinite number of vector meson states. The Q? dependence of deep-inelastic
¢p data and e"¢” one-photon annihilation data have been successfully modelled
by EVDM. Iu these cases the wmodel can be connected to QPM by a duality rela-
tion. In two-photon reactions this duality seems not to hold. None of the curves
in Fig.29b describes the data over the whale (3 range. This failure indicates that
the pointlike coupling of the two photons cannot be simulated by hadronic mech-
anisius even if an infinite number of vector meson states is excited. This issue has
been discussed in more detail in {136]. The role of the pointlike coupling of the
photons, related to asymptotic-freedom in quantum chromodynamics, becomes
miore obvious when the cross section is described in terms of the photon structure
functions as will be discussed in the next section.
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4 The Photon Structure Functions

Quantum chromodynamics is based on high energy ¢ ¢~ collider experiments be-
sides deep inelastic lepton-nucleon scattering and large-pr phenomena in hadron-
hadron colliders. The observation of 3-jet topologies at PETRA energies provides
the most direct evidence for the existence of gluons. Hadronic jets, however, are
fuzzy objects and their siructure is theoretically ill-understood. The problems
encountered in numerical solutions of QCD when sponianeous quark-pair creation
is incorporated, indicate that the dynamical built-up of jets will very likely not
be solved in the near future, This renders the ineasureinents of the quark-gluon
coupling constant e, by means of final state analyses in et e~ annihilation a dif-
ficult task. The determination of e, from the QCD correction to the total cross
section is & theoretically much cleaner method, However, since.the correction is
small, this method suffers from experimental calibration uncertainties.

Deep inelastic electron-photon scattering offers a complementary method to
investigate QCD in e* e~ collisions. This process has had a long theoretical history
2} - 6] before first-measurenients were reported [137]. The physical interest in the
analysis of the photon structure function is related to the following key poiuts:

- The structure function rises linearly with log @? in leading order QCD [3]. The
slope is predicted by QCD {4,138,139]. Relative to the quark parton model predic-
tion it is altered asymptotically to O(1) by gluon bremsstrahiung [4]. This linear
rise is a consequence of asymptotic freedom for large Q. Gluon bremsstrahlung
with a fixed coupling constant would result in an asymptotically scale-invariant
photon structure function, not rising with @* anymore for ¢ abave zera {148].

- In next-to-leading order [6] the absolute size of all moments of F] with N»2is
asymptotically fixed by the QCD parameter A. A spurious singularity at N=2
is not expected to spread to large N values [5] as can be inferred from electron
scattering on off-shell photons that is completely calculable perturbatively [141}
(Higher orders can only be calculated for still larger N values [142] since the non-
perturbative remnants of the structure function have to fall off faster than the
perturbative component).

When this QCD analysis is applied to medium range Q? values, supplementary
assumiptions on the residual non-perturbative part of the structure function are
needed. These assumptions are beyond the realm of perturbative QCD calcula-
tions and mwst therefore be subject to experimental scrutiny. The ey experiments
carried out till now, in fact provide a consistent picture. Inereasing statistics of
fortheoming analyses should hopefully pacify the (natural) theoretical controversy
i143,144! on the validity of those mild assumptions.

¢[E )

Figure 30: Kinematics in deep- inelas- V'[EVJ

tic e scattering

4.1 Definition of the Photon Structure Functions

The cross section for deep-inelastic electron scattering off a photon target {Fig.30)
is parametrized by two structure functions [2,145] :

dr  16ra’EE, [ L~ g)F 2 2 F 2 5
drdy = o L 9Fa Q) R Q7] (28)
£y and F; are proportional to the cross sectious for transversely and longitudinalty
polarized virtual photons

F = Fr (29)
F, =2zFp + Fy

The momentum transfer g* = — Q? and the energy tranfer v = gp, cau be expressed
in terms of the energy of the target photon E,, the electron energies E, E’ before
and after the collision and the scattering angle ¥ in the laboratory system:

U
2 _ L Sl
Q= 4EE' sin » (30)

o
v=2E(E — E'cos® 5)
The invariant final-state hadron energy W is determined by v and Q7
Wi=op - @?

and the Bjorken variable r and y are related to these observables by

B QQ ] Q2
T 7 ~ ‘2‘_._‘”’_‘1 (31)
Fyp— s =1 _E 21:
¥ = T § = . cos” -

The coefficient y*r in (28) is very small under normal experimental conditions so
that only Fi(r, Q%) can be measured.
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Figure 31: Space-time picture of deep-inelastic ey scattering

4.2 QCD Prediction of the Structure Functions

The theory of the photon structure functions had been gradually developed over
a decade before deep-inelastic electron-photon scattering became experimentally
accessible at the high-energy e* e~ colliders PETRA and PEP. The important qual-
itative features of the experimental results conform with the theoretial predictions
- a non-trivial test of QCD. Higher statistics, however, is certainly needed to im-
prove the accuracy of the data, necessary to scrutinize the theoretical assumptions
when the A parameter is extracted from the absolute size of the structure function

5.

Setting the stage: The quark-parton model

The space-time analysis of electron-photon scattering [146] reveals the complex
nature of this reaction. Depending on the transverse momentum of the quark
in the photon splitting process, two different components can be distinguished
(Fig.31).

- For small transverse momenta < O(A), the lifetime of the quark-antiquark pair
is long and the overlap with the low-lying resonances p, w, ¢ is large. This
defines the VDM component of the photon. Adopting counting rule arguinents
and attributing half of the vector-meson momentum to guarks, the guark density
15 taken tu be = %(1 — «)/z. This parametrization is backed up nicely by mea-
surements of quark and gluon densities in pions [147]. Adding up the light-quark
contributions (p and w coberently) results in the fullowing estimate of the VDM
components of the photon structure function [146,148}:

FYPM(2,Q% ~ 10GeV?) = 0(0.20 + 0.05)(1 - ). {32)

This forms applies to Q* ~ 10 GeV?. The VDM component decreases with rising
Q? for r > 6.2 similarily to the nucleon structure function.
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~If the transverse momentwin of the quark in the photon splitting process is large,
= O(A), the lifetime of the ¢§ state becomnes so short that the pair cannot couple
to a vector meson anymore and the virtual photon is absorbed directly by one of
the primary quarks. Neglecting gluon bremsstrahlung, this direct component is
given in the parton approach by [3]:

4>
F]PART - %—r [£2 (- I)z] ngQI (33)

4 < et >
FPART _ 13;—:2(1 ~2) (34)

where < €' »= 3% ¢!, the sum running over all quark flavors. The leading part
of F3 is linear in log Q7, while Fy, is asymptotically finite and scale invariant. This
is due to the unlimited transverse momentum in the splitting v — ¢g, leading to

Ff‘mT«—jQ?ﬂ? and Fl,'*'[az ﬂ{;i p_gr)
Pr Pr Q?

due to helicity conservation. The lower limit, apart froni being O(A?), is not well
defined in the present intuitive approach sinee the sharp division of the transverse
momentum spectrum into a purely perturbative and a purely nonperturbative
domain oversimplifies the physical reality. The nornalization problem in (33)
can unambiguously be solved if use is made of the operator product expansion
of the currents and the renormalization group equations for the moments of the
structure functions.

The contribution-of heavy quarks to the phioton structure function is well de-
scribed by the quark-parton model. The production process extends only over
a distance of the order of the Compton wave length of the heavy quark and
gluon bremsstrahlung is suppressed, so that the zeroth order QCID calculation
is adequate. In the PETRA/PEP energy range only charm quarks give a sizable
contribution [149] as presented in Fig.32:

4 a3
F; = §91r££ {u‘.r [4.{'(1 — )2 - %2) - 1} +

2 4
[x] +(1-r)t 4 a1 - 3r) - Bt 2
Q Q!

ogth )

iod

12a¢! 3 TR 1+rv
Ff = == {t‘1‘2(1 - ) - Q—;—r‘]og i
v denotes the quark velocity in the c.m. system. The Coulombic gluon rescattering
corrections rendering FY non-zero at threshold are restricted to a small domain
near ¢ < Q@*/{Q? + 4m?). The produetion of b quarks is doubly suppressed by the

higher mass as well as the reduced electric charge, ¢f /¢! = 1/16.
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Figure 32: Charm contribution
to the photon structure function,

Leading order QCD

After switching on perturbative gluon radiation (Fig.33), three mechanisms com-
pete with each other to build up the structure function ¥ in the leading order.
With rising @7,

q q q
. v, - I
3 3 4

Figure 33: Changing the quark spectrum by perturbative gluon bremsstrahlung.

- the number of quarks nises at the position = due to the increasing v — ¢@
splitting probability;

- at ¢ > 0.4 quarks are lost due to increasing gluon radiation (the gquarks accu-
mulate at small z);

- gluon radiation is damped as a consequence of the logarithmically decreasing
coupling constant, '

The net effect, after solving theiAltarelli-Parisi equations asymptotically for
quark and gluon densities (f = log %)

ORN

aB
%3 = J?r'* QNEP99*9+PQE‘9]
(38)
?ﬁ = fﬂlpw"‘g*Psa*g}
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Figure 34: O(1) change of the photon
structure function when perturbative
gluon bremsstrahlung is switched on,
exemplified for the u-guark spectrum. x

is & structure function that keeps rising linearly in log Q?/A* but with an O(1)
change of the coeflicient (Fig.34) [4,138,139):

oe,Q) = dlx)PM g QP
(37)
— diz)log Q*

{QCD corrections to Fy turn out to be numerically small).

The kinematical increase of the gluon bremsstrahlung with Q? is just balanced
in QCD by the decrease of the running coupling constant, resulting in a uniform
tise of Fy with log Q*. This is a characteristic consequence of asymptotic freedom
that can be illuminated by confronting QCD to a toy model in which the coupling
constant «, is frozen at Q) = 5GeV? with A = 200MeV. Tn such a case, gluon
bremsstrahlung moves the increasing number of quarks in the v — ¢g splitting
process all down to small z values. For finite # > 0 the structure function be-
comes asympiotically scale-invariant at a magnitude of order a/a, [140]. This is
illustrated in Fig.35 for the moment fdzz?Fi(z,Q?). As expecied & large lever
armin Q? is needed, stretching to the upper range where LEP200 will be operating
[150], to find the deviation of such a model from canonical QCD with a running
coupling constant.

QCD in next-to-leading order

The physically intuitive ideas described in the first subsection are cast into a
rigorous field-theoretic framework by turning on the machinery of the operator
product expansion aud renormalization group equatious. This analysis has been
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Figure 35: Q" evolution of the photon structure function in QCD confronted with
a fixed-coupling model. ‘

completed to leading- and next-to-leading orders [6,5] in which the dependence of

the absolute scale of the structure function on the QCD parameter A is properly

defined. The solutions of the renormalization group equations for the moments

of the structure functions require, however, oo many poorly known experimental

input data as to be rigorously exploitable. Instead, elements of the intuitive ideas

described earlier are necessary to allow, for example, a determination of A.
Defining the moments of the structure function as

FF @ = [ dea ' Fiie, @,

light-cone expansion plus renormalization group treatment in leading- and next-
to-leading order result in the following representation:

d

. fu,(QZ)} N
FNOHY = N Aveh) =52
+ Q@ R N(f‘}lal(#z)

ay | [a.(Q’)

. ]d‘N +1
+a,(Q2)§;d’;~ +1 a,{,uz}j

(38)

; ]
+T£’i 1—[0'(Q2)] ) + e

i df’\n‘ a:(nuz)
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gt is the repormalization point in the perturbative regitne; dy are the one-loop
anomalous dimensions; ay, by and cy are numbers calculated in one- and two-
loop approximations. In the MS renormalization scheme o, is given up to next-
to-leading order by

4r
‘7ﬂolag—g&+gzloglog%—+...
5

7]
A AL
M WS

o

2 38
,du:ll—iNF and ,’3;:102—?-}\&.

The quantities A%{u?) in (38) are the photonic matrix elements of quark and
gluon operators, incorporating the yet uncalculable long-distance regime. The
first sum is well-known from deep-inelastic lepton-nucleon scattering. The last
two sums, however, are special for photon targets and they follow from the mixing
of quark/gluon and photon operators. All the dy powers of a, can be mapped
into the first term so that, after reparametrization

1 a 3 .y
g i i—l + Z d—% +on+ ;AN [e.(@%)]

a,(Q?)

I

Q%) = (39)
The A}\. in this form are independent of any renormalization point. The first three
terms are recognized as the pointlike components, the last sum as the hadronic
component of the photon structure function, They are separately convention in-
dependent, i.e. they each fulfill the renormalization group eguations and do not
depend on the renormalization scheme.

Since the anomalous dimensions d, are positive for all ¥ > 2, the hadronic
term in the most elegant representation (39) vanishes for Q* — oc, and the struc-
ture fuuction is asymptotically deiermined solely by the pointlike component, The
shape of the structure function is therefore predicted by QCD perturbation theory
in this limit and the absolute size measures the A parameter directly. However,
this crystal-clear picture is spoiled by a singularity in the pointlike component for
N = 2 where dy vanishes, inducing a negative spike for z - 0. The singularity
is mapped into the hadronic component when (38} is transformed into (39) and
A% becomes very large for N close to 2. Eventhough both singulafities regularize
each other, they require a careful treatiment of the hadronic remnant,

The most straightforward experimental evaluation of one of the eguivalent
representations (38} or {39) would be the accurate measureiuent of the structure
function at four different Q# values, deiermining the three long-distance parame-
ters A:\, and the scale parameter Ayg. However, data of the required precision to
extract Agg in such a program are not available yet, nor can they he expected in
the near future.

Two alternative scenarios have therefore been elaborated to cope with these

probiems:



- After inventing a parametrization of quark and gluen densities at nioderate @2,
the @? evolution of the structure function can be calculated in a way completely
analogous to deep-inelastic scattering on nucleon targets [143]. Starting from
{38) with an ansatz for A} (u® =~ 1GeV?) one finds that QCD provides a fairly
model-independent prediction of the slope of the structure function in log Q°.
The sensitivity to A, however, is lost since, up to small corrections, the increment
AF; o log Q*/u® does not depend on A in leading order. Such a conventional
approach does not try to exploit the special role of a photonic target so that no
qualitatively new insight into QCD can be gained.

- In a different approach [5] that does not merely copy well-known theoretical pat-
terns in deep-inelastic lepton-nucleon scattering, the singularity in the pointlike
part of the structure function is isolated and cancelled against a pole term with
a properly fixed residue in AY. The non-perturbative remuants of the expansion
about the pole are smnmarized in a free parameter X and a well-behaved regular
piece

by b~ REG

2N _ b
dy N2 W

(40)

b -
Ay = =3 SA% + AR, (41)

Based on the physically intuitive ideas of the first subsection, the regular part
AFES | together with AFMFEC can naturally be identified with the VDM part
FYPM — o H(1 - z) propetly evolved from @3 = O(1 GeV?) on. This results in the
following representation of the Nth moment of the structure function

FQ) = oy X 2

i=+NS

FEN QY.

Before turning to the experimental analysis, a few remarks ought to be added:

- The structure function is not affected by the regularization procedure beyond
z ~ 0.2, see Fig.36. The large z region should therefore be an ideal place for the
measurement of A since the regularized, truly hadronic component of the photon
structure function dies out o« (1 — ) aud gets more and more suppressed for
rising @*. The X parameter and H, parametrizing-the strength of the VDM part,
are strongly correlated, yet with moderate impact on Agg.
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Figure 36: Sensitivity of the pho-
ton structure function to the regu-

larization parameter ¢ = Aa, in the 20
approach of [5].

05 10

- Siugularities occuring beyond the next-to-leading order move quickly to larger
N values [142]. Under the same reasonable assumptions on the regularization
parameter as above, the corrections are again confined to the small z range
< 0.15 and negligible ebove [151}.

Summarizing these points, it is obvious that a reasomable scheme, adequate
to the special properties of a photonic target in deep-inelastic scattering, does
exist that should allow us to extract the A parameter from the photon structure
funetion. Once the parameters are fixed, the scheme predicts the shape and the
magaitude of F7(z,Q?) for all Q7 in the perturbative regime according to (42) so
that the technical assumptions on the regularization procedure can thoroughly be
scrutinized in high statistics experiments,

4.3 Experimental Results

The experimental analysis of the photon structure funetion has moved out of the
pioneering phase and more detailed investigations have been carried out recently
[152] - [156]. The chapter cannot be considered closed though, since high statistics
measurements of the struecture function carried out seperately at moderate and
large momentui transfer are lacking. Such quality data are indispensable to test
the validity of the representation (42) upon which all determinations of A are
based.

The procedure to determine F; (2, Q%) is similar to the measuremnent of the total
hadronic cross section for two quasi-real photons. The main difference is the large
@Q* of one of the photons determined by the energy loss and the scattering angle of
the electron. Both observables also determine the scaling variable y. The Bjorken
variable = = Q%/(Q* + W?) requires the measurement of the invariant hadron
energy W. W is easier to measure in this case than for on-shell photons. Since
the hadronic systemn has to balance the transverse momentum of the scattered
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electron, it gets an appreciable boost towards the central detector, which increases
the trigger and particle detection efficiency. Due to this transverse boost the
measured hadronic mass W, is fairly close {~ 70 % on average) to the true mass
W. After correcting the data for the effect of resolution and particle losses by
Monte Catlo unfolding techniques [158] the physical values of Fj{z,Q?) can be
extracted.

Building up the pointlike component

For low @7, the cross section for ey — eX is expected to behave like electron
scattering on a hadronic target. The corresponding structure function should
therefore drop at large z. For rising @7, the shape of the structure function
is reversed by the pointlike component so that & rapid growth of the structure
function with @ at large  should be observed.

This qualitative effect has in fact been observed by the TPC/Two-Gamma
Collaboration at PEP [156]. For low @? the shape is nicely compatible with the
qualitative theoretical expectation F7 /e = 0.2(1 - z), shown in Fig.37a, and also
with & recent measurement of the pion structure function [147] shown in Fig.37b
that gave 0.222%41(1 - z)*% for the valence part and (0.25 + 0.09){1 — z)** for
the sea part. Down to the range z < 0.1 the pion structure function must be
extrapolated so that large uncertainties in any fit procedure are anticipated.

The rapid growth of the structure function with Q7 at large z is clearly demon-
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(156

strated in Fig.38. While at small = the growth in the scaling region Q7 > 0.5 GeV?
is modest, the structure funclion increases much faster at large z. This signals
the built-up of the puintlike component which is most pronounced in the large z
domain.

Both these results conform with our qualitative physical expectations. They
are corroborated by studying the final state topology. At low z and low Q? the
transverse momentum spectrum of the hadrons with respect to the v axis contains
a substantial (or even dominating) hadronic component while at high z, high @?
the spectrum is overwhelningly dominated by the pointlike compenent, modelled
by 71 — ¢ plus quark fragmentation.

Logarithmic growth

Once higher-twist effects of order m?,,,/Q*(W?) ~ 0.1 GeV?/Q}W?) for photon
targets have died out, QCD predicts a logarithmic growth of the structure function
{even in the most conservative approach}. This is born out by the experimental
analysis if the structure function averaged over the intervall 0.3 < z < 0.8, charm
subtracted, is plotied versus log @* in a range up to Q* = 200 GeV? Fig.39.
This figure is a direct consequence of the small quark-gluon coupling in QCD at
Q! > 2GeV? for which asymptotic freedom is the only known natural explanation
in any field theoretic approach. Non-observation of the logarithmic growth would
have ruled out QCD as a field theory of strong interactions. Growth as well as
absolute size are compatible with a superpaesition of a hadronic and a pointlike
contribution to the structure function with a scale set by Ayg ~ 200 MeV.
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Figure 39: @ evolution of the photon structure function for light quarks compared
to the QCD prediction {from [159]).

Shape and size of the structure function, A parameter

The properly regularized asymptotic form of the structure function (42} offers a
unique opportunity to measure the QCD parameter A if the determination is com-
plemented by careful experimental cross checks. Given this regularization scheme,
the sensitivity to Ayg is demonstrated in Fig.40 for a PLUTO measurement. A
statistical error as small as 50 MeV appears feasible when the results of various
experiments are combined.

The structure function has been measured by the PLUTO, CELLO, JADE and
TASSQ Collaborations at PETRA and by the TPC/Two-Gamma Collaboration
at PEP for varions values of Q7 ({152] - [157]). Results are presented in Fig.41in a
sequence of rising average Q°. Within error bars the asymptotic form in next-to-
leading order of the structure fusiction appears to conform with the data points.
For the sake of clarity ouly fits including ligher-order QCD corrections are shown
in the figures (a reader interested in a broader discussion might cousult the original
papers). The results of detailed fits are collected in Table 6. As expected, part
of the VDM coutribution could be mapped into the non-perturbative paraweter
A, paraphrased as ¢ = Aa,. The physical picture reflected in Table 6 appears
consistent. An overall fit of the Ayg parameter {159] yiclds the average value

Ags = 195750 MeV (43)
in good agreement with A values obtained in deep inelastic lepton-nucleon scat-
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Experiment | Q*(GeV?) VDM t Agis
TPC/vy 5.1 0.2(1 - z) | fitted 0.03 £ .01 ; 257 £ 92
TASSO 770 | 0.2(1 —z) 0 140158°
PLUTO 3-100 fitted fitted 2.2 183*%

JADE 10-220 | 0.2(1 — &) i 250 + 90

Table 6: Ayg meéasurements in ey scatiering.

tering, Agg = 186 + 60 MeV [161], and from radiative T and T' decays {162}
Nevertheless, a drastic reduction of the error bars and the confrontation of the
parametrization (42) for one set of parameters with data taken at various Q% is
mandatory before this chapter can be closed finally. The measurement of this
fundamental scale parameter should be considered a most important task for ex-
periments continuing at the upgraded PEP and at LEP.
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5 Hard Scattering Processes in Two-Photon In-
teractions

5.1 The Leading Two Jet Process

The production of hadrons at large transverse momenta in 7 collisions is a short-
distance process [12]. Due to asymptotic freedom in QCD, the reaction amplitudes
can be systematically expanded in the quark-gluon coupling constant. In lowest
order the two-photon production of hadrons in e*e™ reactions proceeds via the
subprocess v7 — ¢§ {Fig.42), with the differential cross section {(3,1,% are the
Mandelstam variables for the process):

. ara? i + &7

(v —af) = eg————F—- (44)

© do
] s? i

di

The quarks subsequently fragment into hadrons leading at high enough energies
to distinct two-jet topologies.

Figure 42: Born diagram for the
two-photonu production of hadrons via

hadrons

—— G
q

[
L~ ome
a quark-antiquark pair.

However, short distance processes with direct quark exchange between the
photons show only up at large transverse momenta of the quarks. As already
discussed in Sect.3, the dominant contributions to the vy total cross section come
from non-perturbative processes in which hadrons are predominantly produced
with limited transverse momenta, see {24). The Born diagram (Fig.42) is expected
to dominate the hadronic two-plioton eross section if the quarks are produced with
large transverse momenta relative to the incoming photons. In this case the large
pr behavior of the quarks, as well as of the hadrons emerging from the quarks,

should becowe [163]:
dao 1
dpy P!
This power law becomes observable only if pr is large enough so that all other
contributions which drop faster can be neglected. On the other hand pr should be
small compared to the kinematical Hmit, i.e. xp= 2pr/+/3 should not be close to 1
(/3 is the total e* ¢~ energy). The p# distribution of inclusive hadrons produced in
47 interactions, Fig.43, clearly shows the exponential behavior at low pr turn over
into a power law behavior at about 1 GeV. Thus in 7 reactions hard scattering
effects appear o becowe visible at mmch lower energies and transverse moments
than observed in hadronic reactions. These 17 reactions seemn to offer an almost

{45)
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unique possibility to study the basic hard scattering processes of the constituents
of matter in a rather clean way and already at relatively low energies [12].

In analogy to the definition of R in one-photon anmihilation processes, R is
defined as the ratio of the eross section for the two-photon production of hadrens
to that of muon pairs,

alete” — ete” + hadrons)
oleves o ete + ptp-)

R'n = (46)

Hadron production via the lowest order process (Fig.42) yields for four quark
flavors and three colors:

34
R, =3Ze;:: 27 for g = u,d, s,c. (47)
[

Even in the absence of QCD corrections this is only correct in a kinematical region
where the quark masses can be neglected which is the case at large transverse
momenta. In this region also the QCD corrections should be small.

Comparing experimental results for R,, to the lowest order expression (47) is
only sensible in the large pr region. The py. dependence of jet production in lowest
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order is obtained by convoluting the subprocess cross section (44) for vy — ¢g with
the two-photon flux and integrating over the longitudinal quark momenta. Using
the equivalent photon approximation this yields [166):

d ‘ 2
—E;(e*'e_ — eYeTgqg o ete” +2jets) = R, n?g{—rD(:cT) (48)
dpy Pr

. « s
with ¢ = glogag.
For medium x7 values (xg= 0.2) this expression has an approximate pp* behavior
since at medium xr the function D(xr) is roughly flat [166]. A typical experimental
range for the analysis of large-pr jets is 0.1 < xr< 0.3,

After fragientation of the quarks into hadrons the pr distribution for inclu-
sively produced hadrons is found to have the same form (48} but with a different
funetion describing the hadron xr dependence [166]). For single hadrons the xyp
dependence becomes somewhat steeper towards xp=1, but there is still a medium
xr range where the approximate pr* power law is maintained.

5.2 Other Hard Scattering Processes and QCD Correc-
tions

At the Born level only the electromagnetic couplings of quarks to photons are rele-
vant, The Born process, however, could be abscured by large QCD carrections and
by non-perturbative remnants of small angle scatiering. It is therefore necessary
to determine the kinematical range where those corrections are small,

Multi-jet cross sections

Beyond the Born approximation the parton structure of the photon as measured in
deep-inelastic electron-photon scatteriug plays an important role. The structure
funetions are given by the flux of quarks and-gluons within photons. Examples for
leading diagrams taking into account the parton content of the photon are shown
in Fig.44.

Three-jet topologies arise from the diagrams a) and b) where a photon scatters
off the parton coutent of the other photon (1¢ — gg and vg — ¢7). Diagram ¢)
gives an exawple for a four-jet topology (g9 — g¢§). The multi-jet diagrams a)
to ) have one or two additional jets made up by the fragments of the photons
besides the two high-py jets. These fragments preferentially travel down the beam
pipe (‘beam pipe jets’) which makes it experitentally difficult to separate these
configurations fromn the Born process. The multi-jet cross sections asymptotically
lead also to a p7! power law sinee the a, dependence for the gluon-quark couplings
cancels against the 1/a,(pl) behavior of the photon structure function [167]. At
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photon into partous.
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finite energies, however, the distribution of the available vy energy amwongst inore
than two jets leads to a reduction of the multi-jet contribution at large pr.

The relative contributions of the perturbatively calculable scaltering processes
to the inclusive jet cross section are shown in Fig.45 [168]. Converting the xr
scale in this plot to a pr seale at /s= 35 GeV, which is & typical e*e” energy at
PETRA, the multi-jel contributions are larger than the Born 2-jet cross section
below pra 3 GeV. At pr=>5 GeV {x=0.3), about the highest py value for which
data are available, the multi-jet cross section still contributes about 50% of the
2-jet cross section. )

Two-gluon jet final states in 4 collisions can be produced in 2nd order QCD
through a quark loop, Fig.44d. The cross section for this subprocess is expected
to be an order of magnitude smaller than that for quark jets, but the effect could
be enhanced by using longitudinal polarized beams {169].

Besides the perturbatively caleulated contributions one has also to take ac-
count of those processes were either one or both photons interact as a virtual
vector meson. This contribution has recently been reevaluated using the latest
photoproduction-data [170].

QCD corrections to the Born diagram

A comparison of the measured jet cross section to the leading QCD contributions
requires the control of the higher order corrections. Calculations have been done
for either jet [171,172] or single hadron cross sections [173,170].

The evaluation of QCD corrections to the inclusive jet cross section turns out
to be rather problematic. To handle gluon bremsstrahlung either an a priori
unknown cut-off parameter [171} has to be introduced, or Stexrman-Weinberg pa-
rameters ¢ and § which define a jet by the energy fraction ¢ within an angular cone
with opening angle § [172]. Since in 7y reactions the total vy energy is not known
in general and thus the fraction of the energy contained in a jet, these corrections
are difficult to apply.

To bypass these problems, the authors of {173,170] caiculated the O{a,) cor-
rections to the inclusive single hadron cross section rather than to the jet cross
section. The K-factor, t.e. the ratio of the fully QCD corrected to the zeroth order
Born cross section, is found to be refatively small. In Fig.46 the pr dependence
of the K-factor is shown for different assumptions on the gluon fragmentation. As
we will discuss below tie small corrections to the Born termn are at variance with
the data. We will return to this point after the experimental results are presented.

5.3 Experimental Methods

The juvestigation of high-pr phenomena in two-photon reactions requires suffi-
ciently high v+ fluxes at energies where jet formation becomes observable. Such
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1y Hluxes became only available at the PETRA and PEP storage rings. While at
these machines low energy 77 physics is always plagued with trigger inefficiencies,
this is no specific problem for the investigation of jet topologies and hadrons with
large pr. The penalty to be payed is a serious background from one-photon an-
nihilation processes. In a notag experiment ile cut in W, has to be delicately
balanced between the need of having W, large enough to isclate jet events and
at the same time small enough not to be swamped by one-photon events, The
remaining annihilation backgronnd has to be subtracted by means of simulation
programs. In a typical notag analysis of hard scattering processes W, is restricted
to a range between aboui 4 and 12 GeV,

Even under the single tag condition one caunot completely avoid the annihila-
tion background because either hadrons or converted bremsstrahlung photons can
fake & tag in a forward detector. Since in the case of converted bremsstrahlung
photons the hadronic system is boosted into the direction opposite to the tag,
which is not necessarily so for 77 events, one can find quite effective cuts reducing
this background.

At PETRA/PEP energies the jet topologies in two-photon events are less pro-
nounced and thus more difficult to analyze than in one-photon events, The reasons
are the lower c.m. energy, the in general non-collinear jet topology and the fact
that in multi-jet events some of the available energy disappears in the beam pipe.
All this makes the analysis in general more dependent on specific models, and most
of the results are given in terms of ratios between measured rates and expected
rates from a model including detector effects. For example, PLUTOQ defines &, as
the ratio of the measured jet rate to that predicted by a model based on the Born
diagram {174]. The model uses the QED cross section for quark pair production
with counstituent quark masses {(above prx 1 GeV the model becomes insensitive
to the assumed quark mass). The hadronization of the guarks is described by
standard fragmentation programs as used also in one-photon annihilation analy-
ses. Feeding finally everything through a detector simulation programn makes the
mode] comparable to the data. Results are usually presenied in terins of variables
which have the measured uncorrected values (in this example the measured jet-pr
value}.

Various procedures have been applied to analyze jet topologies. If dominance
of two-jet configurations can be expected one may apply a thrust analysis which
divides an eveat into two jets. Thrust can be defined in the 77 ¢.m. system with
respect to & unique event axis or in the laboratory system by maximizing the sum
of the thrust values along two in general different jet axes. Inspection of the thrust
distributions as well as of the average momenta parallel and perpendicular to the
thrust axis (Fig.47) allows testing whether the considered event indeed has the
assumed two-jet topology. In a more general approach one allows for an arbitrary
number of jets in an event by searching for clusters of hadrons, There are different
ways to find clusters {175,176] and within each method the definition of what is a
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Figure 47: Distribution of the sverage particle momenta perpendicular and paraliel
to the thrust axis [174].

Jet can be adjusted to the actual problein using the proper feed back from a Monte
Carlo simulation.

5.4 Experimental Results on Hard Scattering Reactions

The first analyses of hard scattering processes in two-photon reactions were pub-
lished by the JADE and TASSO groups [177,164]. Both groups used the single
tag method with < @* >= 0.3 GeV? of the tagged photon. Fig.43 shows the
transverse momentum distribution dN/dp} plotted versus pr for single hadrons as
measured by TASSO. At low pr the distribution exhibits the exponential fall-off -
expected if photon-photon scattering is vector meson dominated, i.e. if it behaves
like hadron-hadron scattering. However, already around pr = 1.5 GeV the stope
levels off and becomes compatible with a p;* behavior. This early onset of hard
scattering signatures is clearly different from hadron-hadron scattering and must
be interpreted as evidence for the pointlike coupling of the photons to the con-
stituents of hadrons. At similar c.m. energies hadronic reactions exhibit a much
steeper slope even at larger pr.

Analyzing the data in terms of two-jet events, JADE and TASSO compared
the measured jet cross section to the prediciion from the Born approximation for
17 —+ 44. As evident from Fig.48 for the JADE results, the cross section lies
consistently higher than the Born cross section {by about a factor 2 above p{,f"f: 2
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GeV), while the shape at large py' seems to agree with the prediction. A similar
result was obtained by the TASS0 group. ' .

Integer quark charges?

These measurements initiated some speculations [178] that the two-jet cross section
might be a signal for integer quark charges. The Han-Nambu version of the integer
. charge quark (ICQ) model {179] yields a R, value of 10/3 which is 3 times larger

than for fractional charged quarks {FCQ). This original form of the 1CQ model has
not built in the local gauge invariance inferred from the color group. In a Jocally
gauge invariant version of the ICQ model (referred to as ‘gauged ICQ’) photous and
gluons can both have electric and color charges, SU(3)caour is a broken symmetry
and the gluons acquire masses [180}. In this model the charge of a quark is partly
screened and the effective charge seen by a photon can be wrilten as (m, is the

gluon mass):
2 m;
Qys(Q%) = Qo + W s. {48}
The chatge Qg is also seen by the normal color singlet photon in the FCQ, while the
colot octet part of the photon, the characteristic feature of the ICQ, is damped at
large Q7 by s gluon propagator term. In this theory the striking difference between
the FCQ and the 1CQ is revealed only at Q*~ 0.
Because of this prediction and despite of the cousiderably larger experinien-
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tal difficulties, several groups analyzed notag data with Q? values close to zero
[181,182,183)."

The TASSO group analyzed inclusive hadron production in the notag mode
[181]. Fig.49 shows the p} distribution of charged hadrons after subtraction of
the estimated VDM contribution which was modelled with an exponential pr
dependence. In the py range from 1.5 to 3.0 GeV the data are higher than the
Born term by about a factor 4.

Thus these experimental results are in qualitative agreement with the ‘gauged
ICQ’ model. Ou the other hand, higher order corrections to the two-jel cross
section and other QCD contributious, like multi-jet production and higher twist
effects, are expected to modify the pure Born term. As discussed in Sect.5.2 these

- corrections have been calculated for single hadron pr distributions and were found

to be relatively small [173,170]. An estimate of the sum of the corrected Born term
and all other perturbative QCD contributions obtained from [170] is included in
Fig.49 [184]. The data are still much higher than the sum of all QCD contributions.
If this excess was really due to integer quark charges the events should have
the two-jet topolegy expected for the Born process. As part of an extensive study
of the pr and Q7 dependence of jet production the PLUTO group investigated
also the topology of evemts produced by two gquasi-real photons (182]. Using a
thrust algorithm each event was divided into two jets. Fig.50 shows a plot of
R.., the ratio of the observed number of jets to those expected from the Born
process, as a function of the transverse momenta of the jets. The large excess at
small p¥' is naturally explained by 8 VMD model. However, above ~2 GeV where
the Born term is expected to dominate, there remains an excess unexplained by
cither model. The thrust distribution of large pr jets, however, shows that the
average thrust is smaller than expected from the Born process alone. In Fig.51 the
R, distribution is plotted only for events with a thrust value exceeding 0.9. The
observed high thrust jet rate in the region 2o pi <6 yields R.,.= 1.2:40.3 [182].
Hence the ‘naive’ Han-Nambu model of integrally charged quarks (R,.,=2.65)is
ruled out by more than 4 standard deviations. In the framework of the gauged
ICQ model this result can be couverted into a limit for the gluon mass [182]:

m, < 5 MeV (95% c.l).

Results on high energy Compton scattering and on the production of two prompt
pliotons in pion-nucleon scattering also strongly support the conveniional model
of fractionally charged quarks [185].

Thus the 1CQ model is not likely to be the correct explanation for the excess
of jets or single hadrons with large pr which, according to the PLUTO results, are
produced in less jetty events than expected from the Born process. Possible other
explanations for the excess will be discussed below.
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Q? dependence of jet production

The PLUTO group also investigated the pr and Q? dependence of jet production
1174,182]. The results are shown in a comprehensive form in Fig.52 where R, is
plotted versus py* for different Q* values ranging from Q3= 0 to Q?= 49 GeV?.
In this analysis the jets are defined by a thrust algorithmn forcing all events into
two-jet topologies, Figure 47 demonstrates that the events are indeed consistent
with a two-jet structure,

For smalt Q? the value R,,=1, which means quantitative agreemeni with the
Born approximation, is approached from above. However, as we had already
discussed before, it appears that in the investigated pr range this value is not
reached. For the largest QF values, Q » 10 GeV?, jet production is consistent
with the Born term over the whole p‘}"’l range.

The excess at small pf* can be explained by a VDM contribution shown as
the shaded band in the picture, The data are well reproduced if the VDM is
simulated by two-jet events with jet directions peaking along the directions of
the incoming photons. This is achieved by generating quark pairs according to
do/dp}~ exp(-5p}) and fragmenting the quarks using the Field-Feynman scheme
[186] The VDM cross section was assumed to be constant in W, and the Q2
dependence was described by a GVDM form factor (see Sect.3). This model was
found to be in good agreement with the data. As an example, the different relative
VDM contributions at low and high Q7 can nicely be revealed by plotting the
angular distribution of the jets with respect to the vy direction (in the vy c.m.
system), Fig.53 [187]. At low Q7 the distribution is peaked in the forward direction
as expected from a ‘hadronic’ Monte Carlo sinulation. In the high Q? range the
distribution becomes flatter and approaches the shape predicted by the sinmlation
of the ‘pointlike’ Born tern.

In the PLUTO analysis the events were forced into 2-jet topologies. According
to Fig.47 the bulk of the events is indeed consistent with 2-jet final states. However,
since most of the events have a VDM origin one would like to know if this is true
in all kinematical regions. Of particular interest is the question whether the excess
of events found at large {or medium) pj” and low Q? is associated with jet-like
events. The thrust distribution of the jets with pJ'= 2 GeV is shown in Fig.54a,b
for two ¢* ranges. Compared to a simulation of the Born process the distribution
is shifted towards smaller thrust values, i.e. the events are more spherical. The
shift is largest for small Q%; for Q> 10 GeV? the thrust distribution is consistent
with the Born prediction (Fig.54c¢).

Explanations for the large-pr excess at low Q2

The PLUTO group has found out that the eveut topologies and the Pt distribu-
tions can be qualitatively described by adding multi-jet contributious. Multi-jet
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Figure 53: Angular distributions
of jet directions for two Q* val-
ues. The data are compared
to Monte Carlo simulations of
hadronic (VDM) and point-like
photon-photon scattering [187].

Figure 54: Thrust distributions for (a)
low-Q? aud (b} high-Q* events with
p¥' > 2 GeV and (c) for events Q°>10
GeV? [174]. The data are compared to
the Born prediction which isin {a) and
(b} normakized to the data.
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events are predicted by QCD as discussed in Sect.5.2. Since each jet gets a smaller
fraction of the available energy such events look more spherical. However, no the-
oretical prescription for the absolute normalization of this additional contribution
had been employed. :

In fact, a large admixture of perturbative multi-jet final states may not be easy
to reconcile with the theoretical analysis of QCD corrections for single hadrons
produced at high pr which were found to be small [170,173]. In [170] it was
suggested instead that the excess in the high pr tail of inclusive hadrons may
be explained by a modification of the VDM contribution. This conttibution was
estimated by relating the two-photon cross section to yp and pp scattering data
assuming VDM and quark model relations. The result is a pr spectrum which does
not fall all the way exponentially but which develops a power law tail at large pr.
Assuming in addition an average intrinsic py for the quarks of 0,35 GeV, which is
in good agreement with photoproduction data, this tail is enhanced considerably.
It might thus be concluded that the hadronic component of the photon is probably
not negligible in the pr range covered in the inclusive pr spectrum of Fig.49. The
suin of the pertiirbative QCD contributions and the VDM estimate can be higher
than the simple Born term by a factor of 2.6 at pi= 6 GeV? and by a factor of 2
at pf= 10 GeV? [170].

These investigations suggest that in processes involving two real photons the
experiments did not reach a domain which is simply described by the Born approx-
umation. The same estimates show that even in the pr range which can be teached
at LEP the non-perturbative effects are not small. At LEP energies, however, the
jet topologies of the pointlike contributions may be recognized more readily.

Charm production in two-photen reactions

At the Born level R,, depends on the 4th power of the quark charges and thus
only 2/3 charged quarks meke a significant contribution. Therefore the events with
high-pr hadrons would mainly be built up by u and ¢ quark jets if the Born process
is the dominant source for these events. As ¢an be inferred from hadronic scattering
and from photopreduction data the VDM imechanism is expected to yield a very
small number of events containing chanmn {<1% {188]}, Hence, studying inclusive
charm production offers another test of the Born contribution to the observed
hadronic cross section (for theoretical estimates of exclusive final states see [118]).

The JADE group cbserved charm production in single-tag two-photon events
{189]. As usual [190) D** mesons were identified by exploiting the small Q-value
of the decay D*— D°r which yields a very good resolution for the D*-D® mass dif-
ference, The signal contains, after background subtraction, 19 + 7 + 2 D* mesons
in the investigated data sample. Tlis has to be compared to the 5.2+ 2.4 D*’s pre-
dicted by a simulation of the Born process. The rélatively large number of events
containing charmed quarks underlines the importance of the pointlike coupling of
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Figure 55: Ratio of K® to charged hadron production measured by Mark II (191}
The data are compared to models with and without charm production.

the photons to the quark charges.

The Mark II group analyzed the yield of kaons as a signature for charm decays
[191]. Fig.55 shows the ratio of K2 production to the production of all hadrons as
a function of pr. A comparison to the Monte Carlo simulations with and without
charm production indicates the importance of the charin contribution in explaining
the measurement, Within the statistical and systematic uncertainties of the Monte
Carlo simulation the data agree with the model including charm. Although the
data are slightly higher than the prediction there is certainly no indication for an
excessive charm production.

Cleasly a more extensive study of charm production in two-photon reactions
would be useful for a systematic understanding of the processes contributing to
the cross sections at large pr.

Summary

Signatures for hard scattering phenomena in two-photon reactions have been ob-
served by analyzing the transverse momentum distributions of singie hadrons and
of jets. At low transverse motenta the VDM component of the photons produces
jets which are collimated in the forward direction. Typically at pr values around
1.5 GeV the pointlike component of the photon becorues visible as inferred from
a flattening of the tail of the pr distribution. As pr increases the data approach
the Born prediction for two-photon production of jets from above.

At low Q7 the Born level does not seem to be reached yet at large pr, neither
for jets nor for single hadrons. The excess is found to be due to events with a less
Jetty topology. The topology of these events can be qualitatively described by a
contribution of multi-jet events as expected from QCD though detailed theoretical
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investigations rather suggest remnant VDM contributions as the source of these
excess events. On the other hand, large-thrust events are consistent with the Born
approximation assuming fractionally charged quarks. This rules out integer charge
quark models. For the gnugcd version of this model the effective gluon mass is
constraint to be less than 5 MeV.

At large Q7 the jet cross. section approaches the Born prediction for all pr.
This conforms with the observed dominance of the pointlike photon piece in the
photon structure function.

The contribution of the Born process to the two-photon cross section can also
be tested by measuring charm production. From the hadronic compenent of the
photon one expects only a very small contribution to the chaym production cross
section. First results suggest abundant charm production confirming the impor-
tance of the pointlike couplings of the photons to the constituents of matter.

6 Exclusive Hadron Production at Large Angles

The exclusive production of hadron pairs in 77 collisions at high energies and large
angles [11] involves short and long distance interactions at the same time. The
creation of quark and antiquark pairs at large transverse momenta with respect
to the 47 axis extends only over femto-distances while mesons and baryons form
at the fermi scale. In contrast to inclusive short-distance processes the probability
amplitude for hadron formation from quarks, however, does affect the cross sec-
tion so that these exclusive 4+ reactions exhibit the interesting interplay between
short and long distances in QCD. They offer a unique test of the thecry of strong
interactions.

The theoretical predictions can be divided into two categories. Scaling laws
and asymptotic helicity selection rules can easily be derived from the basic struc-
ture of the short-distance diagrams involved. Angular distributions and absolute
normalization of the cross section, on the other hand, depend on the meson and
baryon wave functions. These reactions can thus provide more detailed insight
into the quark dynamics within hadrons than the computation of purely static
hadron properties can offer. Both machineries of strong interaction physics at
large distances, the ITEP swin rule approach as well as the Jattice formulation of
QCD, have been applied to analyse these wave functions.

Experimental analysis have been performed at PEP and PETRA for pmn/ kaon
production as well as baryonic final states [192]-r1911. The overall picture in
the former case appears compatible with the theoretical QCD predictions though
data are demanded at energies farther beyond the resonance region [196]. The
comparison of the baryon yields with the QCD predictions suffers from the steep
fail-off of the cross section at high energies so that no satisfactory conclusion can
be drawn so far.

6.1 Theoretical Set-Up
The scattering amplitude for exclusive meson pair production at large angles [11]
qy = MM {50)

{and similary for baryon production) factorizes into a hard scattering amplitude
Ty and soft hadronic wave functions #(z;) that cannot be calculated in pertur-
bation theory. This is visualized in the generic diagrams shown in Fig.56. The
large angle high energy subprocess Y7 — ¢ extends only over the short distance
O(1/v3sin #), and the gluon lifetime and travel distance are short as well, The
ereation of two parallel quarks and antiquarks ¢g' and ¢'g is thus completed at
the distance O{1/&sin 9} so that QCD perturbation theory is applicable to this
short-distance part of the process. The long-distance part is deseribed by the prob-
ability amplitude @y (r, pr) for finding a gg' pair in the meson M. = denotes the
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Figure 56: Wide-angle meson (a) and baryon (b) pair production at high energies
in v collisions (generic diagrams).

fractional longitudinal momenta of the constituents with transverse momenta less
than pr. The scattering amplitude is a convolution of the short distance amplitude
with the distribution amplitudes

M= [ dzdy®sy(z,pr)Tul2,9, pr) B (,21) (s1)

The hard scattering amplitudes can be computed by standard perturbation rules
though the analysis becomes herculean when baryons are involved since the number
of diagrams is huge. As important examples we note the lowest order amplitudes
for helicity zero quark-antiquark pairs

Ty, | _ 1674, 32ra (e1 — ez)?a (52)
T |7 3 zil-zjll—w) |1 cos?d -
T | _ 16w, 3270 (er = e2)'(1 — a)
T, | 35 x(l -zl ~y) 1-cos’d
{53)

pereanlull —y) b a(l—e)| |, (€= elie — )
a’ - b cos’ 2

where a,b = {1 ~ z){(1 — y) + zy. The subscripts refer to photon helicities; e, e,
are the quark charges and 9 is the c.n. scattering angle.
The normalization of the quark distribution amplitude & is fixed by a sum rule

1
jo dz®y (=, pr) = f—}g (54)

=3

-1

iu the case of mesons; fa is the leptonic decay constant of M. The fort of $,; is
fixed for pr — oo by the asymptotic selution of an evolution equation, Sprlz, pr >
oc) — \/EfM::(l — 7). At medium energies, the wave function must be computed
by means of non-perturbative QCD methods. While lattice computations of the
wave functions are steadily progressing [197], the exploitation of ITEP sum rules
is well matured, resulting in the unexpected form {198]

@57 (x,pr) & 5V3fpe(l — 2)(22 - 1)L (55)

This wave fuuction corresponds to an asynunetric distribution of the quarks, even
with a hole in the middle at £ = }. Results are often compared with those derived
from a wave function in which the constituents share the longitudinal momentum
equally,

232, pr) = ) (56)

12 =

fm
Ly TP
23
physically reminiscent of a weak-binding approximation. For baryous the dis-
tributions have been extracted from QCD sum rules or, they are based on the

weak-bindiug approximation, the normalization fixed Ly J/¢ — pp and nucleon
form factors [199].

6.2 QCD Predictions

Fundamental predictions of QCD perturbation theory are the scating laws for wide-
angle scattering amplitudes [200} (see [201] for a pioneering discussion of scaling
phenomena):

Mo~ %f{cosﬁ) {57)
Pr

n is the total number of quanta involved in the process, For vy — MM {with
two photon, two quarks and two antiquarks) n = 6 so that the amplitude behaves
as M ~ 1/p}. Similarly we have for baryon production » = 2 + 3 + 3 = 8,
hence M ~ 1/p}. These dimensional couiiting rules are slightly modified if the
running of the coupling constant a,(p}) and the logarithmic P} evolution of the
wave function are taken iuto account. Ignoring these logarithmics corrections the
tollowing power laws for the fall off of the cross sections at fixed angle are predicted

der 1, %7
o gleosv)  for 7y -+ MAS (58)
d 1 o« -
?T =% 9 {cos ) for vy — BB. (59)

Quantum chromodynamics is chirally invariant in the perturbative sector since
the light quark masses can be neglected in short distance processes and {nunimal )
QCD and QED vector couplings are 45 iuvariant. As chiral jnvariance induces
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pion-pair production in 7 collisions. p pair production in 77 collisions.

helicity conservation for massless fermionic constitueuts, the hadronic particles
and their antiparticles are produced with opposite helicities [11].

The cross sections for 77 — w*#~ and vy — 7°r°® are presented in Fig.57 for
WB and CZ wave functions. Charged pion production is practically independent
of the choice of the wave fiinction. In fact, the cross section can be expressed by
the (measured) pion form factor at large s to a very high accuracy (11}

“g‘}(ﬂ —ataT)  4R(8)°

1 —costd’

ES 60

92 (yy o wru) e
Measuring this ratio therefore tests the basic theoretical cancept of the QCD ap-
proach, the factorization of the scattering amplitudeintoa short-distance part and
the long-distance pion wave function. The differential cross section for neutral pion
production in contrast, is strongly affected by the choice of the wave function. In
the weak-binding appreximation, 7 production is isotropic while the CZ choice
predicts a strong angular dependence, similar to charged pions. In any case, neu-
tral pion production is suppressed by about one order of magnitude compared to
charged pions. This is physically plausible to the extent that photon couplings
to neutral systems are expected to be suppressed relative to charged systems by
destructive interference effects on the constituent level.
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Helicity | Process Cruss Section

h=0 |4vy— KYK~ 2';—:(71—”1*17')
vy — K°K® 0.3%(’)’7 — 7%

77— T 0.1( ) 5 (17 - %)

Y 0.4{ 1) % [y - 7%x%)

77— w045 (ry — 0%°)

vY - ww Li5 (1Y = 2%°)

17— 69 0.2%(vy = %)
h=21{yr - | 045 (yy — 0%

1Y ww ®fvy = p%"

31 o ¢ 0.2%(vy — p%°)

Table 7: Relations for wide-angle high-energy cross sectious of 77 annihilation into
two helicity 0 (A=0) or helicity 1 {(h==1) mesons. 7 — 7’ mixing is neglected and
fo~ fr =93 MeV. The ¢ is assumed to be an 33 state. (From [11], modified).

The predictions for p pair production are shown for CZ wave functions in
Fig.58. For charged p’s and transversely polarized neutral p’s the diagrams con-
tributing to the scattering amplitudes are the same as those for pions. Longitu-
dinally polarized p®'s, however, can be produced by diffractive diagrams through
maultiple gluon exchange [202]. They modify the result substantially.

Cross sections for other pseudoscalar and vector mesons are summarized in Ta-
ble 7. They differ only by electric charge factors and the leptonic decay constants.
In particular

de —iK+I\'_ : 2
FARE ) (f_,\) _ (61)

dao T\ fa

grlry ot}
The fiavor singlet 7' requires a special analysis due to its possible gluon content in
the wave function |203].

Baryon-antibaryon production differs from the ineson case in several important
techuical points [199]. The number of diagrams grows enormously requiring com-
puter algorithms to arrive at error free analytic results. The overall-normalization
mnst either be derived from J /4 — pj or frem form factor calculations. Resuits for
various choices of wave functions have been presented in [199]. The main problem
for exclusive two-photon processes involving baryons, however, comes from the
steep fall-off of the cross section with energy, do(yy — BB)/dt ~ W making
it very difficult to investigate the cross section experimentally in a range where
asymptotic formulae can be utilized.
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Figure 59: Comparison of yy—x*7™+ Figure 60: Comparison of {a) yy—
K*K~- meson pair production data #*#x~ and (b} yy—K* K~ (193] meson
[192] with the QCD prediction [11]. a) pair production with the QCD predic-
leos?| < 0.3; b} 0.3 < |cos?| < 0.5, tion {11].

6.3 Experimental Confrontation

The MARK II Collaboration [192] and the TPC/Two-Gamma group [193] have
analyzed meson production in the energy range up to ~ 3 GeV 5y energy. MARK
II presented the cruss section for a sample of charged hadron pairs, Fig.59, while
TPC/Two-Gamma separated charged pions from kaons, Fig.60. In view of the
fact that the shape of the energy dependence as well as the absolute normalization
had been predicted theoretically without any adjustable parameter, the compar-
ison with the data looks very encouraging. Nevertheless, more precise data are
necessary above the resonance region at high energies to scrutinize the theoretical
picture. Future experimental analyses in fact can extend the energy range up to 5
GeV {196] - beyond any doubts on the applicability of QCD perturbation theory.

Baryon production has been measured by the TASSO and JADE Collabora-
tion [194,195], Fig.61. The energy range for 7y — pp is lmited to < 3.1 GeV
leaving only about 500 MeV kinetic energy per particle in the system. Detailed
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Figure 61: Cross section measurements for vy — pp [194,195]. The curve is the
extrapolation of a QCD calenlation {199] to low energies.

comparisons with asymptotic calculations seem difficult to justify in such a case.
The data are rather located in the twilight zone between threshold and asymptotia
that is notoriously difficult to illuminate theoretically.
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