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1 Introduction 

Electron-positron storage rings offer an excellent opportunity to study photon­

photon reactions in l.'ollisions 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 w~de 

spectrum of physical problems. 

Two-photon physics is intimate-ly related to the development of quantum chro­

modyna.nlles: 

(i) The 1'1' decay width of the neutral pion can only be reconciled with the quark 

picture if quarks are endowed with 3 color d('grees of freedom [1]. 

(ii) The asymptotic form of the photon structure fundion [2,3] fall be calculated 

in pert.urbative QCD [4]. In lt'ading order tht' structure function rises uniformly 

in log Q2 ( Q2 being the momentum transfer), a direct consequence of asymptotic 

freedom. Under nllld assumptions on the removal of spurious singularities 15], 
the scale parameter A can be extracted from the absolute value of the structure 

function if next-to-leading order contributio11:> [6] are properly taken into account. 

(iii) In the non-perturbative region, the magnitude of the 1'1" decay width de­

pends crucially on the physical nature of resonances. Small widths are plau­

sibly expected for gluonium resonances, containing no charged constituents to 

which the photons could couple, such as the ghwba.ll candidate 1}(1440) )formerly 

t(1460)]. SA!all widths of the ao(980) and / 0 (975) !formerly 1!0 and s·] favor the 

interpretation of these states as novel four-,luark resonances [7) or pseudoscalar­

pseudoscala.r molecules [8]. Bound states of vector meson pairs on the other hand 

would have &large 1"1" decay width [9,10). The observation of exoti(' states could 

indicate the formation of t.lllxed quark-gluon hybrid resonances. 

(iv) Exclusive hadron-pair production at large angles in 11 C"ollisions is a result 

of the interplay between perturbative shor~-distance and nonperturbative large­

distance QCD mechanisms [11]. The twin-nature of these processes renders the 

measurements an important. tf'st of a highly nontrivial al~oritlunic concept in 

QCD. 

(v) Mauy other QCD phenomena have been investigated in recent yf'ars. First 

of all, the transition region between long aud short-range propt>rties of QCD is 

illuminated by the development ofjet.s at lal"ge transverse momenta [12], revealing 

the detailed distribution of quark and gluou quauta in the femto-universe. The 

total cross section 1"1' ----1 hadrons is a fundamental quantity of soft hadron physics 

jl3J. 

Other problems have largely been pushed into the shade by the dominating role 

QCD has played in high eut>rgy two-photon physics. A cut-off pa.rameter of order 
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1o- 1 ~ ('111, derived from (g-2) measurement:; usiuf,!; it Gth order QED calculation, aud 

a similiar value from direct c+ c- aunihilatiou, did uot le-ave much room to carry 

out novel QED tests in Tl scattering. The search for fundamental scalar particles 

in 11 mllisions, ou the other baud, is (Jf utmost general physical importance 114, 

15], because they cannot be produced directly in c+e- collisions if they couple to 

ft>rnUons with a strength sd by the fennion mass. 

Excellent reviews have been published Ull rl physies i.n the past years [16]. 

The;;,e art.ides providt• a ('Olllprehr-usive survey of the very involved and rather 

difficult techui\ltlt'S, both experimental and theordinJ, that have been developed 

to extract information On the underlying fuuda.mental issues. These details nt'"ed 

tlH:·n·fore uot be- rt'"pt>ated in the present context. But rather au attempt has 

ht'eu madt> to focus on those points in which ")"")" physics has contributed to the 

tlevdopmeut of QCD as tile microscopic theory of strong interactions. 

1.1 Kinentatics ancJ Cross Sections 

Tla· proper inst.rUiueuts to study ")"1 collisions experimentally are high energy 

t.,. t ·- colliders. High energy electrons cau split off photons with a lifetime of order 

T ~ L · PT 1 where E is the beam energy and PT is the ")" transvPrse momentum 

relati~~ to tht' beam dirt'"ction {Fig.l ). TitHe dilation renders this lifetime much 

longer than typical reaction times uf order lW ~ 3 ~ec so that the phot01is can well 

be treated as real particles in a scattering pruce~s. Tht' spectrum of these photons 

has the familiar 'Veizsiicker-Williams form in tlw lt'arliug lug approximation: 

dN nl-t-(l-w) 1 
·~ _________ ,,_ 
dw 271" u.1 

I 1 I 

,..; is the fractional photon energy w = E.., J E and '1 depends on whether the photons 

are tagged by detecting tlu• electrons in an angular range tJ"'"' :::_ 1J ::::_ t1maz- or not: 

r E' untaggt'd log(-, I 
·rn~ 

'I =llog( tf'l".r )2 

121 

tagged 
t """ 

At PETRA/PEP t'uergies this logarithmic euhaucnuent factor cau iucrea~e up to 

a ,·ahtt' of 20, compensating partly the supprt'ssiou due to higher orders in o. For 

a given invariant mass H'..,..,, the ")"lluminosity in au £
1 c- collider depends on the 

t'llt"rgy fraction :; = J.V.11 j yS of the total C 
1 t- t'llergy v':S 2£: 

~ ~ I o I' ll_'..l ,,, 
a:; "IT ~ 

{31 

f(ol {2 t .:1
)
2 log l {1 ·- o')(3 t o'l. 
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Figure 1: 11 collisions in e+ e- scatter­
ing. 
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Tills approximate formula, derived by Low (17,18], overestimates the exact lumi­
nosit-y fundion (Fig.2) by about 10 to 20% for z ~ 0.8, but reproduces the shape 

. of the function quite well. The measured e+ t'- cross section ·is found by folding 
the 1"1 Cross sechon o-(1-1 - X) with the 11 luminosity, 

a(c+e--t-te-X) = (~)2112 f
1
dzf(z)o-(1'Y-X;W-n=zfi). 

11"" lo .: (4) 

Since Weizsftcker-Williams photons are emitted at small angles....__ d{)j{), the /'"'f 
c.m. system moves approximately parallel to the beam pipe with a momentum 
(....,1 - w1 )$: The luminosity function peaks at small c.m. energies»'',..,_. The c.m. 
motion of the event in the laboratory a.nd the preferentially low energy of the visible 
final statt' X render TY events characteristically different from e+ l- annihilation 
e-vents. The seale of the T'T annihilation cross se-ction is set by the c .m. energy of 
X, o-(1"'") - X) "" a 1 Jm'i.. For small invariant masses, say mx ....__ 2m~, tP,e cross 
section o-(e+e- -c+e- X) ca.n readily be-come 6 orders of magnitude larger than 
the- annihilation eross sedion. Howevt'r, these events remain hidde-n in the beam 
pipt'. For '"'f"' eve-nts with an energy mx 2 .0{10~ 1 )J5 outside a fixed-angle cone 
around the lepton beams, the ratio of the '"'t'"'f cross section to the annihilation cross 
section is again reduced to a value smaller than 0(1). 

If dectrous and positrons are detected at large momentum transfer the lifetime 
of the photons beeomes so short that they cannot be treatetl as on-shell particles 
anymore, and the cross st'ction cannot be factorized into a single "Y/ cross section 
and the 'Y'"'f luminosity fa.etor. Instead one has to sum over all transverse (T) 
and longitudinal (L) photon helicities, weighted with the appropriate spin-density 
matrix elemt'nts: 

0" ex 4pt+Pr+O"TT + 2pC:Opj+o-LT + 2pj+p~0o-n + p~p~O"LL 
(5) 

+ 2lpf-Pt-lrrrcos2o.p - 8lpi 0 pJ 0 Irncos.,. 
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Figure 2: Differential two-photon lu­
m.iuosity for transverse photons [19]: 
Curves A, B, C give the total lu­
m.inosity for E = 1000, 100, 15 
GeV; curves D and E the sin­
gle and double tagged luminosity 
fur E = 15 GeV (tagging angles: 
0::; ..p ::::': 211",20 < {} < 200 mrad). 

u5l 
E 

0.1 QJ O.l 04 QS Q.i 0.7 Ql 

z •Wyyi2E 

The spin-density matrix elements p; are recorded in (20,21] and VJ denotes the 
azimuthal angle between the electron and positron scattering planes in the photon­
photon center-of-mass system. The helicity cross sections and asymmetries depend 
on the 11 c.m. energy l-V"~"~ and the photon masses: o-,(H-''"'..,,q?,q~)- In the limit 
q? ___. 0, the corresponding longitudinal cross sections and asymmetries vanish a.nd 
the horrible formula ( 5) simplifies considerably. The reaction is then interpreted 
as €"'") - eX scattering that will be desnibed in great detail in section 4. Folding 
the t") cross section with the Weizsiicker- Williams spectrum (1) gives the related 
c+ e- cross section. 

1.2 Experimental Techniques in Two-Photon Physics 

Two-photon scattering processes have- be-en investigated at almost all e+ c~ storage 
rings. Usually the same detectors are employed as for the detection of one-photon 
annihilation events. In most cases the only devices specific to two-photon physics 
art' the "tagging detectors' covering the forward regions for the detection of the 
seattert'd leptons. 

There are twn charactt'ristic features of two-photon reactions which render their 
detection in general more difficult than the detection of oue-photon reactions: 

G 
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Figure 3: Distribution of the s<tnared transverse momentum of a det<'ct.ed particle 
s:ystem: a) 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 '11' -lumh10sity function (3) peaks at small W-,1 the final states have 
preferentially low multiplicities and low momenta. This makes triggering partic­
ularly in a high-energy environment. quite problematic. 

- The 11' system is preferentially boosted along the beam dirediou leading to high 
particle deusitit"~ dose to the beam where all detectors havt> act"eptauce hole~. 

Thus most important for two-photon ph)•sk~ j, tht· capability of the detector 

to trigger on l~w multiplicities with low thrt'sholds and to COYt'r tightly the region 
around the beams. Tht' latter requireuu'ut cau hest be fulfilled w~th ~pecitic fur­
ward spectrometers !22] as tla•y are used by tlw tlt>dicated two· photon exverimeuts 

PLt'TO (as installed at PETRA iu 1981-82) [23: ant! PEP-9 whirh runs togetlwr 
with tlw TPC' detec:"tor at PEP :2{. 

Tagging: Tagging of the photons is nchieved by measuriug energy and direction 

uf the scattered leptons iu, usually spt'<"ialized, forward detector:>. Typical 'small 
angle taggers' <"uYer au angular rangt> betWt"t'H about 20 and lOU rura(L lu few 
eases expl:"riments haYe tagging capabilitit•s down to Ou l25,26,21j, allowing to tag 
quasi-real photons. For tagging large-Q1 photons a rather t"outiuuous coverage up 
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to tlw region of the ceutral dtftt•ctur is dt"sira.ble (as f('alized, e.g., in the PLUTO 

dete-ctor 123]). 
However, if possible, tagging is avoided since the rates are reduced in this mode. 

In the uotag 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 ust" of the fad that the photons are preferentially emitted 
with su1all transverse momenta. 

In some cases tagging is needed, e.g., if a kinematical reconstruction is required 
or if background can otherwise not be suppressed. An important exa.mple is the 
application of the single-tag method for the mt;asurement of the photon structure 
funC"tions. In this case the tag provides the Q2 value Of the virtual photon which 
probes the structure of the 'target photon'. The Q2 resolution is typically around 

10'/c., adequate for most applications. It turns out to be much harder to achieve 
an adequate \Y,.., resolution from the standard tagging devices. This problem and 
the reduced rates are the reasons why double-tag experimel1ts, which in principle 

deliver the complete 1'1 kinematics, have not played as important a role as might 
have been expected. In most cases VV ..,..,. is determined 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 invariant 
mass to the true '\\1 

..,.,. 
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2 Two-Photon Coupling of Meson Resonances 

2.1 Introduction 

Two-photon couplings 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 structure of hadrons proved to 
be intimately related to the progress made in our understanding of quantum chro­
modyna.mics as the fundamental theory of strong interactions. This relationship 
can be illuminated by four major issues in '"'II physics: 

- The measured two-photon width of the tr0 can theoretically only be explained if 
quarks come in three colors, otherwise the quark model fails by almost an order 
of magnitude (,....., N~ =9). 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+e- annihilation. 

- QCD predicts the existence of bound gluon states, the glueba.lls. Such states 
have not yet been firmly established. An important signature for these states 
should be their small 'Y'Y coupling since they do not contain charged constituents. 
Thus comparing two-photon production of mesons with their production in gluon­
gluou reactions, such as radiative Jj¢ decays, allows to single out glueba.ll can­
didates. 

- Deficieudes in our pndersta.nding of the large distance behavior of QCD did not 
yet allow to prove or disprove the existence of four-quark states. Two-photon 
physics offers valuable experimental input for the solution of this question. For 
example, large 'Y'Y couplings are expected for those four-quark states which can be 
decomposed into ( qq) vector meson compounds. If in other cases these compounds 
are pseudoscala.rs, as suggested in the case of the / 0 (97S) and the·ao(980), a rather 
small1'Y width should help discriminate qq,qq states against ordinary qq states. 

- Finally, the 11 widths of heavy quark systems allow testing QCD potential 
modt>ls. 

This list might be extended by a variety of contributions of 77 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 physics can help 
to find out. 

Only resonauces with spin-parity quantum numbers JP = o±, 2±, 3+ ,4± ,5+, _ .. 
can couple to two real photons. Spin lmesons do not <"ouple to 11 (Yang's theorem 
(28)). Thus the coupling to two rt•al photons is 8.llowed for all S and P wave qq 
states with even charge conjugation except for the JPC = 1 + + axial vector states. 
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Figure 4: The e+ e- cross section for the production of a resonance via the 
two-photon process (normalized to r,..,. = 1 keV). 

2.2 Measuring Two-Photon Couplings 

The 11 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 

rrn 
a('n- R) = 81r(2J + 1 )-(·ff1-=-AJ2)2 + PMA: 

" R 

(6) 

where I\IR is the mass, r the total width, aud r "~"., the TY width of 1he resonance. 
At t' • t_- storage rings a C-even particle R is formed in the two-photon exchange 

reaction (F. Low 117]): 
t·+e- -------f ttt.-R. (7) 

\\'ith the restriction to quasi-real photons 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 
fulfilled 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 description of reaction ( 7) becomes in general very complicated. 
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Due to tht' longitudinal ('Otupouent uf virtual photons additional cross section 
terms (set> (5)) may arise, not cotmeded to the 1"'1 width by a smooth form factor 
behavior. This general case is diseussed in detail in [29). 

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

u(e+c-- c+e- R) E)' :::::;: 16o2 (log-
'"• 

f( M~) (2J+1)f, 
2E M~ 

(8) 

where f was given in (3). 
Fig.4 shows the expected eross 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 hf'am energies because the boosts of 
the 11 system are on average larg("r, so that in practice the observed rates are not 
so \lifferent iu the resonanee region. 

2.3 The Pseudoscalar Mesons 

The 11'
0 meson 

As already alluded to before, the theoretical interpretation of the 11 width of the 1r0 

meson is a. key point for the foundation of quantum chromodynami~s and has thus 
played a. central role in the development of elementary particle physics. Applying 
current algebra. techniques in the calculation of the 1r

0
;; eoupling, the amplitude 

is entirely given by th..e Adler-Bell-Jackiw axial vector anomaly [30] in the limit of 
vanishing pion mass. This anomaly, being a. short distance effect, can be computed 
from the triangular quark loop showu iu Fig.5. Because the 1r

0 lifetime is connected 

Figure 5: The triangle diagram describing 
the two-photon deeay of the 1r

0
• 

•• y 

n'------~Y 
qi e 

• 
to the behavior of the theory at short distances, it is not a.fteC'ted by unknown 
non-perturbative properties of the 1r0 (which are globally sununarizt'd in the well 
measured 1r1, decay c.onstant /"= 95 MeV). The theoretical C'alculation is thus 
rigorous up to small PCAC correetious which generally stay below the 10% leveL 
The connection to short-distance physics makes the 1r0 lifetimt> therefore a valuable 
instrument to probe fundamental aspects of the quark theory. 

Expressing the width in terms of the 11'1'1' coupliug coustaut g-,.-,-, 

m! 2 
r ")') = 64_;9"...,1 
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(9) 
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!I 

L:tJ ~Jl -

.!:I 
100 200 300 600 1000 2000 

lL, (lloV) 

Figure 6: The spectrum of invariant 11' masses obtained. with the Crystal Ball 

detector 134]. 

the axial vector anomaly yields tbe followiug expressiou fm 9"1 -., 

with 

9-.:-,-., uJ2Nc<f~ 
~t. 

>. 

2 1 2 2 1 
< eq >,.= J2(td- t:,.) =- 3v'2. 

(10) 

J.Vc is the number of different quark colors contributing to the anomaly as apparent 
from Fig.S. For Nc=3 the theoretical value of the 11 width of the 1r

0 turns out to 

be 130,31] 
f~~"_,"~· =-- i.7 eV (11) 

This value would be 9 times smaller if thf' quarks did not carry color charges. 
Comparing ( 11) with the experimental value \32] 

r .-o,..., = (7.48 ± 0.33 ± 0.31) eV I 121 

it is obYious that quarks must be endowed with 3 color degrees of freedom. 
The 11 width of the JT

0 was first detenuiuell using the Primakotf efft'ct and 
lifetime measuremt'nts 132]. Until now only the Crystal Ball measured the 1r

0 

width in (-+c- collisions. For most detectors it is not possible to trigger on the low 
energy photons of the n-0 decay. Figure 6 :,hows the 11' mass spectrum obtained by 
tht• Crystal Ball group at DORIS [34j. Coutaining the n- 0

, 11 and 11' peaks thi:, plot 
is a comprehensive prest'ntatiou of the light pseudoscalar mesons. The Crystal Ball 
result for the 11 width of the n- 0 (Table 1) does not yet reach the same precision 
as a recent lifetime measurement 135]. 
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Meson Decay Mode r, lkeVJ Experiment 

~· (7.85 ± 0.54) -1o-' PDG (1984) 
(7.25 ± 0.18 ± 0.11) ·10_, NA30 (lifetime) I35J 

(7.8 ± 0.4 ± 0.9) ·10_, C,ystal Ball (p.el.) I34J 

~· (7.48 ± o.33 ± o.31). 1o-' average" 

~ 1.00 ± 0.22 DESY (Primakoif) I38J 
0.324 ± O.Q46 Comell (Primakoif) I39J 

'I 0.56 ± 0.12 ± 0.10 c,y.tal Ball (SPEAR) I40J 
0.53 ± 0.04 ± 0.04 JADE 1411 
0.64 ± 0.14 ± 0.13 TPC/n I42J 
0.51 ± 0.02 ± 0.06 C•y•tal Ball (DORIS) 

(p•el.) I43J 

'I 0.53 ± 0.04 average (e+e- only) 

'~' wiss;-mass 5.4 ± 2.1 11"p seattering [44] 
fY1 5.8 ± 1.1 ± 1.2 MMk II (SPEAR) I45J 
fY1 6.2 ± 1.1 ± 0.8 CELLO I46J 
P1 5.0 ± 0.5 ± 0.9 JADE I47J 
fY1 5.1 ± 0.4 ± 0.7 TASSO I48J 
fY1 3.8 ± 0.26 ± 0.43 PLUTO 1491 
fY1 4.5 ± 0.3 ± 0.7 TPC/n l51j 
17 4.0 ± 0.9 JADE I41J 
P1 3.8 ± 0.5 Muk II (PEP) (p.el.) I50J 

1J11'11'(11-+ 1'1') 4.3 ± 0.8 Muk II (PEP) (p.el.) I50J 
1J11"11'(TJ-+ 311') 3.6 ± 1.0 Muk II (PEP) (p.el.) I50J 

'~' 4.3 ± 0.3 average 

•from [32], doc-s not include preliminary Crystal Ball result. 

Table 1: Two-photon widths of pseudoscalar mesons. 

The 1} and 1J1 n1esous 

Measurements of the l"Y widths of lJ and 1}' are of interest for two reasons. His­
torically, the measured 1,' width ruled out the integer charge quark model as con­
structed by Han and Nambu [36], giving a value four times as large as the usual 
fractional charge model. More n·cently, attention has been paid to these measure­
ments because they determine possible admixtures of gluonium to the SU3 singlet 
qq component in the 17' wave function. 

The first measurements of the I"Y width of the 1J meson employed the Primakoff 
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Figurt> i: Two-photon iuvariaut mass spectrum showing the TJ signal obtained with 
the JADE detector [41]. 

effect !37]. The value generally accepted was obtained at Cornell (39]: 

r,,..n - (0.324 ± 0.046) hT (Primakoff). 

The l"l" width of the TJ determined at c+ c- storage rings, first by the Crystal Ball 
at SPEAR [40] and theu with better statistics by JADE [41] (Fig.7), turned out to 
be much larger than the Coruell value. Averaging all storage ring measurements 
(see Table 1) yields: , 

r,n..., = (0.53 ± 0.04) kt l' (storage ring). 

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

A largt> umnber of measurements is available for the 11 width of the TJ' (Table 
1 ). Tht> first measurement, done hy the ~-Ia:rk II group at SPEAR, was also the 
first observation of a resonance produced in two-photon collisions in a storage ring 
!45~. In this experiment aud iu most of the others tht> TJ' was detected via the 
decay mode 17'--> )p0

• This radiative transition is described by a magnetic dipole 
matrix element, that reads in the p rest frame [52;: 

k2q2.Af1 sin1B 
J.IIJ' - 1-Af'---::-AI;·), +-ififi' 

.. ,. J) ' , p 

(13) 

where k is the photon t>nergy, q the pion momentum and B the angle between a 
pion and the photon direction (all given in the p rest system). The matrix element 
dt;>termines tht> tlecay angular distribution of tlw p and induces a downward shift 
of the p pt>ak by about 20 11eV. Both effects may change the acc.eptauce. Two 
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of the experiment:; [4G,4i'j did not iudnde iht' matrix element for the an:-eptance 

calculatious1 • Hnwt'ver, in both rases the arceptance effects are claimed to be 

small [53) and thus there is no reason to exclude these measurements from the 

average over all experiments. Two measurements of the 1'1' width of the r/ are 

independent of this matrix element: JADE analyzed r/-+ 1'1 [41) and Mark II 

r/' ----> rpr+1f- [50]. All results listed in Table 1 are in agreement within errors aud 

yield an average value: 

r'l'..,.-.. 4.3 ± 0.3 keV. 

Discussion of the results on pseudosc&.lar mesons 

Pseudoscalar Mixing: Assuming SU(3) octet symmdry, but uot explicitly 

nonet symmetry, one obtains the following relations betwet>n the 11 widths of 

the pseudoscalar mesons and the angle 0 p which determines the 1J - 11' mixing, 

a. r ,.,..,...,. 
~ 

r .. o..,..., 
· (cos0p J8Rp sin 0p )2 

rn 3 m!o (14) " r '1'1, !:••o,.., · (sin0p + .f8Rp cos 0 P )
2

• 3--,~ - m!o rniJ, 

The parameter Rp is the ratio of th(' singlet and octt'"t wave functions at the origin 

allowing for a breaking of StT(3) uonet syullllt'try. 

Using the average T1 widths from Table 1 (for 11 only the storage ring results) 

one obtains 
9p = -18.2° ± 2.5° 

Rp = 0.93 ± 0.03. 

The result Rp :::::: 1 means that within this simple a11satz the octet and singlet 

wave functions are similar. The angle 0p is significantly different from the one 

obtained with the Gell-M&nn ·Okubo mass formula yielding 0p ~ -10°, but is 

in agreement with 9p ~ -18° as obtained from rt a11d tJ' production in hadronic 

reactions [55j. 

The above determination of the pseudoscalar mixing may b(' too naive. In a 

more general approach possible gluonic admixtures have to be included and dif­

ferent processes involving pse-udoscalars have to tit quantitatively 'into the modd. 

Including experimental results on Vt'"dor-pst'udoscalar radiative transitions one 

finds that the TJ is nearly eutirely a qq state, while some gluonium admixture in 

the 17' is possible [56,5i'j. This admixture in the 1/ could be fixed by a measurement 

of the decay .P ----> ·vJ'. 
No other light pseudoscalar resonances were observed in two-photon reactions. 

In particular no signal was found for the q(1440) in th<" KK7!" deray modt' and for a 

·Although not mmca.tt'a 111 tht" paper, tht' first lllf&Mitt'lllt'llt l>y tht" Mark II group iududtd thf 

111atrix dt>mfnt [54]. 
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ntdiall_y excitt•dlf. ,;uch il.'> th~· 1f(l210). Th(' IIJ>]H'l' liu1it~ an· ~>UimuariZt'd iu Sect. 

:?. i. 

The glueball connection: The 1J(l44U), originally called t-{1460), is copiously 

product'{l in J/1/• radiative decays. Therefore, and lw{·ause it does not easily fit 

iuto a qq multiplet, it is regarded as a strong caudidate for being a glue"Qall. 

The non-observation in two-photon reMtious, St'"{' Table 5 ($ect.2.7), supports this 

hypothesis. 

Integer quark charges: In standard QCD all physical uhservables are <"olor 

:.inglPts aiHl, in particular, photons at·e color blind. In early attempt!> to con­

struct quark models with integer quark eharges [36], however, the electromagnetic 

C"UrrPUt is a mixiure of a color singlet and a <"olor octet eompouent, the (color· 

ftan1rl ~tf'eoulposition being 1 = (8,1) GJ (1,8). Since low lying hadron:> are a}. 

ways found to be color singlets, the· color ociet component \au only contribute 

to reactions involving at }past two photon~. ThP <"mubination of two color octet 

photon coulpouf'uls yields a color singlet. whid1 is at t ht' same timf' a flavor ::.inglet: 

) ~ 1 ----> ( 8® 8, 1) = ( 1, 1) El--l color uou-sin~lds [58]. Thert'fore only the two-photon 

couplings of flavor singlets are sensitive to fractional and integer quark charges. 

lu the pseudoscalar multip}t't the 1!' is mainly a flavor singlet. If nouet synuuetry 

holds oue obtains from the uwasured 7!" 0 width: 

r.r•..,.., :::::0 
6 h \' (fractional quark charges} 

24 ke1' (ilJtegt'r quark chargf'"s). 

The <"omparison of these numbers with the measured 11 width of 4.3 keV <"an be 

taken as t'Videuce for fractional quark charges. The assumption of nonet symmetry 

can be rda.xed by including other decay amplitudes in the analysis [59]. 

2.4 The Tensor Mesons 

Th<" tensor mesons a2(1320), f2(1270), f~(i525) and K•(1430) are P-wave quark 

antiquark states with aligned spins (JPC = 2++ ). The decay of a tensor meson 

iuto two real photuus is ddermined by two iudepeudent amplitudeS which Ulay be 

takt-u ns the ..\"---0 au{l .\.c 2 11 hdirity amplitudes ( >..= 1 does not contribute for real 

photons}. It has he-t>n predicted that..\:::: 2 (phol!nb with oppositt' helicities} should 

dum..inatt" ove-r .\.:..0 (photons with tht' saUlt' heli<"it.it'"s ). The helicity 2 dominatH'e 

followo, just from a Clt·bsch-Gordun decomposition if uuly the lowest multipole in 

tht'" 11 system contributes aud if the.two lllatrix eleme-nts are not very different. 

If they are equal the iutemitiPs for ..\=0 aud 2 will be in the ratio 1 6. Helicity 2 

t.lominauct'" has been derived from tiuite energy :,lUll rule:, \60,61]. So far, noue of 

the experimeuts is iu contradiction tot-hi:- prt"dirtiou. However, iu must ca:.es the 

experiments have uot bf't'll very seusitiYe to {litfen·ut helicity contributions. 
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Figure 8: Two-photon production 
of,..+,..- pairs measured by CELLO 
[69]. The hatched area is the esti­
mated K+ K- background. On the 
low mass side the spectrum is cut off 
by the acceptan.ie·. 
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If the tensor mesons are ideally mixed, i.e. if the f 2 is mainly uU + dd and 
the /~ mainly sS, SU(3) symmetry yields for the ratios of the squared coupling 
constants~ 

' ' 9 .. ,.,.., 9J,-,-y 9;;-r.., - 9 25 2. (15) 

Absolute predictions for the "'/"'/ couplings of the light tensor mesons [60,61,62! 
cannot be obtained &om first principles as in the case of the pseudoscalars. 

The fa(1270) resonance 

The formation of the fa(1270) resonauce by two-photons has been detected via the 
two dominant decay channels J~ --t 1r+1r- and fz--+ 1r0

1r0 . The charged pion decay 
modt" 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 momenta, or by a statistical subtraction using simulation programs for QED 
reactions [63]. 

The background from continuum production of 7r+ 1r- has bf'en calculated from 
the Born diagrams in which the photons couple to pointlikt· spinless particles. 
Obviously there is no 1r0 1r0 continuum in this approximation. Extending the Born 
approximation by including resonances leads to strong interfert>nce efft>ds between 
the continuum and tht> h resonance: Note that the helicity 2 amplitude of the 
Born term dominates in the h region as for the tensor mesons. Experimentally the 
interference in the two-pion mass distribution is constructive below and destruc.tive 
above the h peak (see Fig.S). 
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Yarious attempts have been made to iu1prove the theoretical description of 
pion pair production beyond the Born approximation including resonances in a 
consistent way. In Menuessier's model[64] a coupled channel treatment of 1r1r and 
KK is pursued. The pion exchange and additional p and w exchanges are unita­
rized by including 1r1r 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.S the 1r+1r- invariant mass spectrum as measured by the CELLO group 
[69] is compared to the model.of Mennessier. The solid curve has been calculated 
including only the unitarized Born term and the coupling to the h resonance. In 
particular, a contribution from a scalar resonance was not required by the data. 
This Born model, with or without unitarization, explains the observed downward 
shift of the h peak by about 40 MeV in the 1r+1r- channel. 

The Crystal Ball is the only experiment so far that published results on the 
two-photon formation of the f1 by analyzing the 1r0

1r0 decay channel [68]. The 
1r

0 rr0 invariant mass distribution shows a resonance enhancement in the h region 
which is shifted downward by about 35 MeV and which is somewhat broader than 
expected from tht"·standard h resonance parameters. A mass shift is not expected 
in the 1r

0
1r

0 channel due to the vanishing of the Bartl term. The systematic error 
in the mass determination together with the statistical error could account for 
the observed shift. Preliminary results from JADE [74] and new Crystal Ball 
measurements at DORIS [43] do not indicate such a shift (see Fig.14 below}. 

The Crystal Ball group also measured the helicity structure of h formation by 
analyzing the 1r

0
1r

0 angular distribution. The ..\=0 aud ..\=1 contributions were fit­
ted to be (12±39)% and (2±11)%, respectively, of the A=2 component, consistent 
with the predicted .:\=2 dominance. 

In the case of virtual photons the helicity structure of h formation may become 
very complicatt'd. Helicity 1 is expected to be suppressed only at very low Q1 and 
may even dominate at large QJ [75]. As long as the low statistics of single-tag 
data on h formation do not allow for a partial wave analysis the experiments have 
to rely ou models. e.g. [76j, for calculating. acceptance corrections. Therefore it 
is difficult to interpret the few available single-tag measurements of h formation 
i67,71.73]. 

The resnlts of the different experimerlt::i on the 11 width of the hare summa­
rized in Table 2. Helicity 2 dominance was always assumed. The average of all 
published result~ is: 

r Jrn = (2.78 t 0.14) hT. 

The o2( 1320) meson 

The two-photon formation of the a2 (1320), the isovector member of the tensor 
me:;ou multiplet, wa:; measured via the decay modes a 2 --+ n°rJ and a2 --1 p±rr'f. 
The rr 0

11 signal was observed by the Crystal Ball group [77,79] in the four-photon 
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Meson Mode r" JkeVj Experiment Ref 

j,(1270) n 2.3 ± 0.5 ± 0.35 PLUTO j65j 

n 3.6 ± 0.3 ± 0.5 MARK II/SPEAR j66j .... 3.2 ± 0.2 ± 0.6 TASSO j67j .... 2.7 ± 0.2 ± 0.6 Cry.tal Ball/SPEAR j68j 

.... 2.5 ± 0.1 ± 0.5 CELLO J69J .... 2. 70 ± 0.05 ± 0.2 DELCO j70j 

u 2.52 ± 0.13 ± 0.38 Mark II 1711 .... 2.85 ± 0.25 ± 0.5 PLUTO J72J 

u 3.2 ± 0.1 ± 0.4 TPC/n j73j 

j,(1270) 2. 78 ± 0.14 average 

a,( 1320) "" 0. 77 ± 0.18 ± 0.27 Cry•tal Ball (SPEAR) J77J 

p.- 0.81 ± 0.19~g::~ CELLO j46j 

p.- 1.06 ± 0.18 ± 0.19 PLUTO J78j ,, .. 1.14 ± 0.20 ± 0.26 Cry•tal Ball (DORIS) J79j 

P' 0.90 ± 0.27 ± 0.16 TASSO j80j 

a,{1320) 0.95 ± 0.14 average 

!;(1525) KK {0.11 ± 0.02 ± 0.04) TASSO j81j 

x Br(f~- KK) KK (0.12 ± O.o7 ± O.G4) TPC/n j73j 

KK (0.07 ± 0.015 ± 0.035) DELCO j83j 

KK (0.10 ± 0.04) Mark II (prelim.) j84j 

!;(1525) KK (0.094 ± 0.023) average 

x Brtf; ~ KK) 
- -----· 

Table 2: Two-photon widths of tensor mesons. 

final state. The 1r
0 17 w~s distribution in Fig.lO exhibits a two peak structure 

which can be described by the a2(1320) and the a 0 (975). 1 

All other experiments analyzed the decay mode a 2 ___, p±7r'f ___, 71"+71"-71"0 • The 

analysis of this channel has to account for correlations in the three pion final state 

arising from angular momentum conservation aud the interference between the a1 

decay channels p+7r- and p-tr+. The matrix elements describing the a2 decay in 

different 1'1' helicity states can be found in [80]. 

The results of the various experinieuts on the )1' width of the a2 are listed in 

Table 2. In all experiments ~=2 was assumed. The average value is: 

r.,, .. n = (0.95 ± 0.14) A·d'. 
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Figure 9: Two-photon productioil of KK pairs measured by TASSO [81]. 

The !~(1525) tneson 

2.0 

The third member of the teusor meson multiplet for which a '"'fl width was mea­

sured is the J;(l525) meson. It decays dominantly into Kl\ indicating that it 

maiuly contains strange <tuarks. 

The TASSO group observed the J; in the two decay channels [81): fi ____. 
K+ K- and J; ___, K~K2- The mass spectrum of K+ K- pairs in Fig.9 shows 

a peak in the J; region. The enhancement below the J; is probably due to h and 

a2 del."ays iuto K+ K' and due to a K+ K- continuum. The K~Kg mass spectrum 

in Fig.9 shows a f~ signal above a. background of misidentified K~K~ pairs (indi­

<"ated by the dashed <"Urve). In the measured mass range there is little room for 

other resonance contributions. 

The differen<"e between the K+ K- and the K~K~ mass spectra. can be ex­

plained by an interference between the a 2 , h, and /~ resonall<"es [81,82]. The 

mudd predicts that the h-a 2 iut.erferenC"e i~ destrudive in the J\° Kri channel and 

constru<"tive in the K+ K- channel. Although this is C"Onsistent with the data, the 

unC"ertainty in the K+ K- continuum contribution and the limited ,statistics in the 

J\°K·o channel do not allow proving the validity of the model. 

The final result fur r 1;"'-.· BU; ___, KK) as obtained by fitting interfering reso­

uan,es and background terms to the mass speC"tra is given in Table 2 together with 

re<"ent results of other experiments. All experiments assumed helicity 2 dominance. 

The average value is: 

r J;·n · B(f; -• ;._-]\) ~ (0.094-± 0.023) h l'. 

Since the branching ratio for the f~ de\ay into h"K is not yet known the rr width 

of tht" J; could not bt' extracted from thi~ result. 
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Discussion of the results for tensor mesons 

The 11 widths of the tensor Ulesons cannot be predicted from first principles. 
However, interesting SU(3) relations can be tested that cau shed some light on the 
possible mixing with nearby 2++ glueballs. 

Neglecting A=O contributions, the;; width of a tensor meson depends on one 
coupling constant, gr.,1 , only. In terms of this coupling constant the TY width can 
be written as [85] 

9~.,.., m} 
fr-n = ~ 80Jt2 

(16) 

In this formula p may either be assumed to be a common scale for the tensor meson 
nonet or may be identified with the mass of the specific meson so that SU(3) 
relations hold for fr.,/mr or fr.,..,/m}. The tensor mesotl mixing parameters 
0r and Rr can then be obtained similarly to tl1e case of the pseudoscalars (see 
(14)). FroUl the average/'/' widths in Table 2 oue obtains the following mixing 
parameters (assuming B{j~ ---> KK )= 1 ): 

0r = 29.8o ± 3.8o 
no mass dep. : Rr = 1.00 ± 0.18 cubic. mass dep. 

E>r = 26.5° ± 3.1° 
Rr = 1.06 ± 0.15 

The mixing angle 0T is dose to the value for ideal mixing, eidrat= 35.26°. that 
weans J; is an almost pure sS state. The TASSO collaboration finds the uU + id 
routent in the/~ to be less than 3% at a 95% confidence level (for 0.5 ::; au; ........ 
KKb LO) [81[. 

The fitt-~d value 4lf Rr is consistent with SU(3) nonet symmetry (Rr;::;; 1) 
with and without the cubic mass eorrections. As a cunsequeuce additional nearby 
tensor states, such as glueballs, which mix with the qlj states, are experi1nentally 
not required. The tensor mesons appear as a dean exaiUple of an ideallY mixed 
SU(3) qq umltiplet. 

No other light tensor meson states wert' found iu 1'1 reactions. In partieu­
lar, upper limits have beeu given for the glueball eandidate !2{1720) [old name 
0(1690)], see Table 5. 

2.5 Scalar Mesons 

Tlw scalar meson multiplet (J 1'c = o-+ +) is the lt·ast settled of the low-spiu qq 
nmltiplets. Althou~h qq( 0 H) states are dosely related to the tensor mesons whieh 
belong to the same P-wave triplet of qq states, the scalar mesons are much less 
understood. Candidate states are the isovector a 0 (980) aud the isoscalar /o(975) 

1old names: h and S"]. For the other possible isoscalar member, the t, even the 
u1ass is not established found by some people around 800 1Ie\' and by others 
around 1300 Me\'. 
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Figure 10: Cross section for 11---> 1]11'
0 [79]. 

The a 0 (980) and f0 (975} resonances: The first measurement of the"'!"'! width 
of a scalar meson comes from the Crystal Ball group at DORIS [79]. The cross 
section for "')"f--->tr 0

1J shows, besides a signal from the a 2(1320), au enhancement in 
the region of the- a0 (980) (Fig.10). Fitting two standard Breit-Wigner curves and 
a smooth background to the data yields the- following result: 

fao'n · B(ao --t tr
01/) - (0.19 ± O.Oi~~:~~) keV. 

The branching ratio B(a0 ---> tr
01!) is unknown but may be the dominant one. If so, 

the 1 1 width of the an is relatively small compared to most of the predictions for 
a scalar qq state [86]. A small value, however, is expected if the a0 is a qqijlj state 
with a dominant pseudoscalar-pseudoscalar decomposition which leads via veetor 
meson dominance to a suppression of the 1'1 coupling [7] 

It has been suggested that the a0 and / 0 ·states are virtually bound KK states 
or Kh." moleeules leading to scalar KK euhaneements near threshold [8,87]. Figure 
11 exhibits the- cross seetion for Tl' ---> K°KO obtained by the TASSO group [88]. 
The curve shows the expected P-wave contribution from tensor meson excitations. 
The small excess near threshold is consistent witl1 S-wave production. Using the 
Crystal Ball measurement of the a 0 {980) and a roupled channel parametrization 
of the 1r

0
J} and KK decay modes [89] one obtains the dotted curve for the ao 

contribution which is, however, too small to explain the measured cross section. 
In addition, the / 0 (975) resonance could contribute up to about 10 nb in the first 
bin of Fig.ll to be consistent with the JADE uppt·r limit. for f~o-n in Table 5. 
Thus it is possible that the measured cross !>Cctiou for/) ---> K 0 ]{0 near threshold 
can be explained by a0 and f 0 resonance formation. 
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Figure 11: Cross sedion for 11----> K°K0 [88]. 

Search for low mass scalar resonances: Several experiments searched for the 

two. photon formation of a scalar resonaun· at low mass decaying into pion pairs. 

Fig.12 shows the differential cross section for 11----> 11'+11'- at pion c.m. angles near 

90° in a. W..,.., range !rom threshold to the h(1270) region, as measured by PLUTO 

[72]. Above W..,.., ~ 0.8 GeV the data are reasonably described by models where 

the h contribution is coherently added to the continuum background ( eurves 2 

and 3). Between 0.~ GeV and the h region no other resonance eontribution is 

ob~rved. The data even fall below the Born term (rurve 4) around 0.6 GeV. 

However, this (lip is not confirmed by other measurements, e.g. ]66,73]. 

The two data points around 400 MeV are about a faetor of two higher than 

the Born cross seetion. Including a systematir error of about 20% tbe ~iguificance 

is only about 2 sta.ntla.rd deviations. This issue becomes more interesting if one 

compares the PLUTO results with measuretw·nts obtained at the DCI storage ring 

with the DMl [90] and DM2 [91] dt-tertors. The rr+rr- mass spectrum from DM2 

is shown in Fig.l3. Below n·n = 0.7 GeV 2.3 ± 0.4 times more events were found 

than expected from a residual QED background and the 'lTT-11"- Born term. Two 

bins around 400 MeV lie significantly above the full curve (about 4.6 standard 

deviations}, in striking agreement with the shape of the 7r"* If- cross section deter­

mined by PLUTO. Quantitatively, however, the excess in the DM2 data appears 

to be much hu·ger. Describing the enhancement by a hroad t resonance results in 

a mass around 700 MeV. However, it has been argued 192] that current algebra 

ronstraints on the cross section require a narrow resouauee near threshold to ex· 

plain the enhancement. Such a resonance would haw· to be endowed with rather 

peculiar properties to conform with other experiments. 
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Figure 13: Measured rate of /'"Y pro· 

duction of 11"+11"- pairs [91]. 

Two-photon production of a 11"11" resonance should be easier to observe in the 

1r
0 1r

0 final state bera.use 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.l4). Below the /2(1270) resonanre the cross section 

is rather low aud flat, as expectt"d from a rr1r roupled channel analysis without 

resoua.uee contributions [92]. Experimentally, however, a broad resonance in this 

rt:'"gion cannot bt" excluded. 

Conclusions: All11 widths of scalar me_sons seem to be small eompa.red with 

tho~e of tensor nH·sous. This gives strong support to the picturt" that the scalar 

stak a 0 (980) and / 0 (975) are not o+ + qij bound states. On the other h11.ud, tht> mea· 

~uretl 1: widths ran tht"oretically lJt' explained if thC'se states are cfqqq compound>. 

(Table 3). The smallness of the total au width. however, cannot be reconciled with 

a hag mudd qq:ss state that should readily deray into ryrr. Weakly bound KK 

molecule states may rather be the correet interpretation of tht"se n•::.onauces j87;. 

The enhaneement in the 71'+7T- umss ~pectrum near threshold needs experimen­

tal confirmation. It has still to be shown that the explanation by a resonance is 

rousisteut with the observed 1r01r0 mass spectrum. 
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Theoretical' Model f(ao -----t -y..,-) r(f, ~ .,.,) Ref. 
[keY[ [keVJ 

( qq) quark model 2.5·3.8 ~f(6o-+ II) [93J 

4.8 ~r(Do ___. /1') [94J 

1.1 3.0 [87[ 

1.5 4.5 [87J ! 

qqqq bag model 
' 

,..._. 0.27 "'0.27 '[7J 
" 

K K mole("ule 0.6 0.6 [95J 
- -·-

Experiments 
0.1_9 ± 0.07~g:~~ ~ 0 8 
~IITa, ~~;;;;) c__. · [79J, [74J 

Tahle 3: Theoretical and experimental results for the 11' widths of a 0 (980) and 

/ 0 (975) (fwm [87)). 
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Fil-\ure 10: Two-photon production of the K~K±1rl' final state [96]. The solid 
curve-is the distribution expected for the 17~(2980) . 

2.6 Charmonium States 

The PLUTO collaboratio_n for the first time measured the two-photon production 
of the charmonium state 1Jc \96]. lu a data sample corresponding to an integrated 
luminosity of 45 pb- 1 they searched for the reaction 

T/ -----. TJc ----J K~K±1r'f. (17) 

The K~'s were observed via their 11'"+11"- decay mode and identified by requiring 
that the :rr+11"- came- from a secondary vertex separated from the primary e+e­

cullision point. The charged kaons and pions in reaction (17) were not identified. 
Therefore, both the J•:+rr- and the K-1r+ assignments were tried leading to two 

entries per event in the KKl'l" invariant mass plot of Fig.l5. In the 1'/c region, the 
difference in the KK1r invariant mass of these two mmbinatious is smaller tha.u 
the mass resolut.ion of about 100 MeV. 

The PLUTO group found 7 events iu the TJ~ re!'!:ion distributed as expected 
from the detector resolution. The background in tht' 1)c region is assumed to be 
nq!;]igible. From the observed 7 f'Vents the PLUTO group obtained for the product 
of tile y; width times the brandting ratio into K~-K±Jr-;: 

f{IJ,· ---+ 11). B(q .. -> 1\"~I\"Jr') (0.5 ~~:i~ + 0.1} .hl'. 

Because of isospiu iuvariaw:e the K~K±1f'f branching ratio is 1/3 of the K.i\11: 
branching ratio. These 1/c decay modes were studied by the Mark III group in 

radiative Jfii• decays [97]. Usiug the branching ratio B(J/'1-' --1 f'IJ,-) = (1.27 ± 
0.36)% from the Crystal Ball [98] they obtained B(IJ.- ~ .K/\7r) = (6.1 ± 2.2)%. 
With this branching ratio the PLUTO measurement yields the 11 width: 

r(,J,~n) ~ (33 ± !8)hV (PLUTO) 
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State r, [keV] rn·B('I-~Ks/\t1r'f) Experiment 

q,(2980) 33 ± 18 o.s~g:~5 ± 0.1 PLUTO [96) 

9.8 ± 7.4 0.15~g:~ ± o.o5 MARK II [99), p.elim. 

4.3~~:~ ± 2.4 R704 [100) 

<II (90% d.) MD-1 [101], prelim. 

\o(3415) 4.0 ± 2.8 c,y,tal Ball 11 o4J 
or< 8.0 (90% c.l.) 

,,(3555) I 2.8 ± 2.0 c,y,tal Ball [I04J 

2.9~::~ ± 1.7 R704 [100] 

Table 4: Two-photon widths of charmon.ium states. 

Table 4 contains also tl"sults on the 1I width of the J7c from the Mark II, the 

R704 and the MD-I experiments. In the R704 experiment the reaction pp ____. 11c -• 

rr was observed at the ]SR by scattering an antiproton beam off a hydrogen jet 

target [100). The MD-1 experiment tried to measure directly the 11 width of the 

1Jc in a double-tag experiu1eut by searching for a resonance structure in the total 

cross sediou [101). Such a measurement is independent of branch.iug ratios which 

introduce large uncertainties in the other results. 

Theoretically the,"}')' width of the singlet state 11c can be related to the leptouic 

width of the triplet state J N·. Both depend on the quark wave function W( 0) at 

the origin which, in first approximation, should be equal for the singlet and triplet 

states: 
r( 1So-111} 

f(3S0 ____. l+l ) 
= 3c!l'l'(O)j2 /m! = 3e2 

e~IW(O)Il/m! q 

Using the measured leptonic widths of the J N•, 1/•1 and the i yields the following 

estimates: 
r'l<~).,. " 6.2 keV 

r,~~~"r-r " 2.6 hr ( 18) 

r'l.~·n " 0.4 hV. 

Similar results were obtained using QCD sum rules j102]. These estimates are 

based on the assumption that the singlet and triplet wave functions are roughly 
equal. However, the experimental re~ult that. the measured ratt> of the transitiou 

J It;-~-.,,/,· is much smaller than tht'ort'ticall:r t>Xpt'ctt'd, may bt> due to differences 

in the wave fundious. If this is the case the estimates of the: 11 widths in (18) 

would become lower [103]. 
The Crystal Ball and R704 experinwnts obtained results on the 11 widths of 

o­-' 

I 

~----- ----- ,---------------,--

R X fR., · B(R ~X) [keV] Experiment Ref 

>I( 1440) KK1r < 2.2 (95% cJ.) TASSO [88] 

formarly t KK1r < 2.0 (90% c.L) Mark II [50] 
KK1r < 1.6 (95% d.) TPCh~ [107] 
popo < 1.0 (95% c.L) TASSO [114] 

n < 1.5 (95% c.L) TASSO [48]. 

n < 0.2 l90% c.l.) 1hrk II [50] 

f 
1 /z(172o) KK < 0.28 (95% d.) TASSO [88] 
! formerly 8 1!'-t1r- < 0.17 (95% d.) TPC/1~ [73] 

i 
J..:+ n- < 0.10 (95% d.) TPC/n [73] 

popo <C 0.12 (95% c.!.) TASSO [114] 

1111 0:3 l95% c.l.) Crystal Ball [105] 

~ 

/ 0 (975) ' " .c. 0.8 (95% c.l.) c,y,tal Ball )68] 
i all 0.8 (95% c.l.) JADE I [74] 

---- i --
<(1300) ! 1r-t 1t .. .~ 1.5 (95% c.l.) TASSO [67] 

i 
for 1.3 < M < 1.5 Gel/ 

' 

1}(1275) I lJ1f 1f < 0.3 (90% c.l.) Crystal Ball [99] 

I I 
l 

h(2030) i KK < 0.29 (95% c.l.) TASSO [88) 

i {(2220)_ i KK < 1.09 (_95% c.l.) TASSO [88) 

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

the P-wave states \'o(3415) and \2(3555) (Table 4). Within the errors the ratios 

of tht' 11 widths aud the hadronic wtdths are consistent with the assumption that 

the hadronic derays proceed via two gluons. The results are also rousisteut with 

a ratio r\v'~/ r\1~~= 15/4 expected from spin factors if the wav¢ functions are 

equal. 

2. 7 Search for other Resonances 

Tablt' 5 contains a list of limits fur resonance- formation by two photons in various 

decay channels. For the comparison with theoretical models the following poiuts 

are of iuterest: 

The two-photon excitation of the glndHUl candidates 7J(H40), fz(1720) and 

((2220) i:, not observed. This qualitatively supports the glueball hypothesis, at 
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Figure 16: Invariant '77r0
1T

0 mass measured by the Crystal Ballin the 6')' final statt' 

i99J. The large peak is due to the 7}'(958). 

least in the case of the 1}(1440) and h(1720) which are copiously produced in 

J /'~¥'' radiative decays. 

-There is no hint for the two-photon production of a scalar If'sonauce with isospin 

0 such as the / 0 (975) or the f{.-.... 1300) {Fig.14). 

- The 1](1275) resonance, which is supposed to be a radially excited T}, was not 

seen in the 1]1!"0 1!"0 final state (Fig.l6). Fur this state a relatively large 11' width 

was predicted as discussed in [99]. 

- \\'hile th"' KK1r mass spectrum obtained from scattering of quasi-real photons 

{no tag) shnws no indication for au IJ(l-l-10), the same spectr~uu shows au en­

hancement around 1420 MeV (Fig.l7) if ime of the photons is virtual (single 

tag) [108,109]. It is likely that this euhaurement is due to an axial vector state 

pPc = Ji"+) which cannot be produced hy two real photons. Sin('!(> the state ob­

served iu radiative J(q' derays is certainly a pseudo;.calar, there may he at lea"t 

two states in the 14-10 Mt-V rt"giou decayiug into KKrr, out• Leing the IJ\14-10) aud 

the other the f 1{14.20) set'U in hadrouic reactions. 

The pos~ibility of observing axial vt•cfors am\ even 1.tate-s with exotic quantum 

numbers pPC = 1 . .,.) in---,;· proCesseS opens fi lWW tie\;\ iu ;---,spectroscopy [110). 

The TPC/Two Gamma and the Mark II collabor<ttions reported H.lso fir~ I- evideuct" 

for the ohsernttiou of tlw jt(l28f,) j111;. 
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2.8 Vector Meson Pair Production 

p0 p0 productio-n 

The interest in two-photon production of vector meson pairs, 

11 ---t VV' (V, Y'"" p,w,¢). 

has been stimulated by the observation of a huge cross section for the reaction 

"("'( -+ p0 p0 near threshold [112]-[116]. The measurements of four experiments on 

this reaction are summarized in Fig.l8. The cross section is large near the nominal 

p0 p 0 threshold at abOut 1.55 GeV and stays high even below the threshold down 

to \V,..,. _:: 1.3 GeV. Since the available phase space for p 0p0 production becomes 

very small 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-,"' -Ii.-t [114]. 
The two-photon production of p0 p0 is observed in the four-pion final state 

"f"' ---t popo ---t 11"+11"-11"+11"- (19) 

E.:qH:'rinwntally, the dominance of the p0 p0 channel in the 7ri 11"- 11"~ ir ·- final state is 

quite striking. This is demonstrated in Fig.l9 for two different c.m. energy ranges 

of the four-pion system, one below the llOHllnal p0 p0 thresl10ld and one above. 

C'lear evidence for p 0 p 0 production is seen in the correlation plot of the invariant 

masses of 7rt 7r- pairs. Although below the nominal threshold the p0 p0 peak cauuot 

be read1--:-d kiuematically the pronounced clustering near the kinematical boundary 

indicates dearly 'off-shell' p 0 p 0 production. 

The rapid energy variation of the matrix eknwnt for p0p0 production near 

t hreshol(\ suggest~ an explanation by re~onauct• formation. A qq rt>souance de­

caying into pp ha~ i~o~pin lo:-:::0 with a decay branching ratio o-(p0 p0 ): a(p' p-) = 
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Figure 20: Cross ~ection for 1'1 __,. 7t+7t-7r
0

?r
0 measured by JADE [117]. At least 

one 7t+7r0 
- 7r-1fo_ r:ombina.tion is required to be in the p+ p- band. The curve is a 

theoreti,a.I estimate of the p+ p- cross section [118]. Also shown is the cross section 
for 11 -+ p0 p 0 from TASS{) [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 11---> 1!"+1!"-1!"
0

1!"
0 with 

the additional requirement that the four-piau 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 a(/1 -+ p+ p- ). Clearly, the p+ p- channel does 
not exhibit a similar threshold enhancement as p0p0

• Thus it is ruled out that the 
p0 p0 cross section near threshold can be explained by the formation of a simple 
resonance. 

Models for vector meson pair production 

A resonance interpretation of the p 0 p0 cross section can only be maintained by 
introducing two or more rt'souances which interfere differently in tHe charged and 
neutral p decay channels. The experimental facts ran be quite naturally explained 
by a model with bound four-quark configuratiout;, qqi[ij [9,10]. The spectroscopy 
of thctie states Wal:i worked out long before two-photon production of p0 p0 was 
observed ) 19j. The spectrum contains nearly degenerate tensor states (JP = 2+) 
with isospin 1-:--0 and 1=2 which coupk strongly tu pp. By VD1v1 arguments, they 
will have relatively large "r"t widthti and their two-photon production will proceed 
\'ia intermediate p's. Decomposing the amplitude for two-photon production of p 
pair~ iuto I~::O aud 1=2 amplitudes, A0 and A1. oue finds that A0 and A2 enter with 
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diffen:-ut relative signs for the production of neutral and ,barged p's, respe•tively: 

A(l; ---t popo -t popo) = 5Ao + ~A1 
A(;; ---t p0p0 

---t p+p-) = ~Ao- ~A2 (20) 

In the four·quark model A0 and A2 are in first approximation equal, resulting in 
a suppression of the p+ p- final state. This was firmly predicted as a necessary 
consequence f~om the four· quark model before the JADE upper limits on the 
reaction ii ---t p+ p- were available [7J. An estimate of the non-resonant;; ---t p+ p­
cross section a.nd the nearby (tr+tr0

) + {tr-tr0
) continuum can be obtained [118) 

by extrapolating the perturbative QCD •alculation of the non-diffractive process 
ii ---t ( ud) + {U:d) down to the pp threshold region, see the curve in Fig.20. 

The binding potential of four-<JUark states is expected to be small. Therefore 
they should easily fall apart into the qij components they are mad~ of ( superallowed 
.. te•ays) and as a <'onsequen<'e, they would be very broad and difficult to discover. 
However 1 those states lying below the threshold for their super allowed de•ays may 
have relatively narrow widths. E.g., the pseudoscalar mesons %(980) and / 0 (975), 
just below the -K:J\. threshold, have been interpreted as four-quark states with 
superallowed decays into KK. Similarly the p0 p0 cross section may be explained 
by four-quark states just·below the nominal p0p0 threshold. 

Four-quark resonances are also predicted in the p 0w and p0 ¢> channels. The 
cross section for ;; ---t p0w 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 n1ass part containes the expected contribution from a2 formation. 
The remaining c.ross section cannot be explained by a threshold enhancement as 
expected either fron; the four-quark model [9] or a t-channel fa•torization mo~ld 
[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 p0 ¢> [123]. Both groups found no significant signal from this reaction. 
These measurements were not really at variance with the four-qu.ark model, mainly 
be•ause there is some freedom in the choi•e of parameters such as masses and 
branching. ratios into other than the supefallowed channels. However 1 a prelim­
inary upper limit from ARGUS [124J seems to exclude all physically reasonable 
para1neter sets. 

The ARGUS group provided also the first measurements of two-photon pro­
duction of ww (Fig.22) and K" 0 J00 (Fig.23) [124]. Both reactions show threshold 
enhancements which are much larger than expe•ted from the four-quark model. 
Taking VD?-.1 as a guide ww production should be suppressed by a fac-tor 1/81 
compared to p0 p0

, i.e. the no~;s section should be in the 1 to 2 nb range. No 
satisfactory quantitative explanation for the enhancements in both channels have 
been given so far. 

Iu a more conservative approad1, t-channel exchange mechanisms were pro­
post>d to explain the p0 p0 threshold euhano:ment [121,122). These contributions 
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Figure 21: Cross section for 
11 ---t p0w measured by ARGUS 
[120]. The data are compared to 
the four-quark model [9] and a 
t-channel factorization model [122]. 
Shown is also the expected a 1 (1320) 
contribution in this channel. 

Figure 22: Cross section for 
11 ----. W..J [12-1] wmpared to pre­
di•tions of a t-channel factorization 
model (dashed •urve [ 122]) and of 
a one-pion-exchange model (dotted 
eurve [125]). The four-quark model 
predicts about 1/18 of the pw cross 
section (Fig.21) [7]. 

Figure 23: Cross section for 
"rl --; K" 0 f\;& [124]. The dot­
ted curve is the fonr-quark model 
prediction [7] and the full curve is 
an estimate of uon-resonaut ha•k­
grouud from 1)' ---t (.sd) + (sd) [118]. 
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tu tbt" 11 I'Hls, sed ion han· hecu rd<tkd to pbotupr()(ludiou aut! uudt•ou-nudeon 

M·attt•riug cross sections. However. the cxtrupolat.iou of the factorized amplitudes 

from high to low energies in the threshold region is not unamhiguous. Neverthe­

less, these attemph; demonstrate that conventional explanations of the large p0 p0 

cross section are not yet ruled out. 

Analysis of angular distributions in 11 --• p 0 p0 

The four-quark model makes the definite prediction that states <'Oupling to vector 

lllt>SHliS near threshold have spin-parity 2+. The TASSO [114] and CELLO [115] 

collaborations analyzed the angular distributions of the four-pion final state in 

ff><H'tion ( 19 ). In the notag case, i.t'. if the lepton scatt-ering pb.m• is not measured, 

the four-pion tinal state is described by 7 variables. One can choose as variables 

two ;r.-JT~ masst's, tht' I' production an~lt' and twu augles for each decaying p. For 

th1· angular t'ondatiu11 aualysi:. tht> TASSO g_ronp defined the following matrix 

t>lL'nH·ut for two-photon prorluctiuu of e0
,,

0 via a statf' with spin-parity JP and T'f 

helidty J~: 

JP J, 
Y.,,, ~ j

2 
[B11'(12)Bl\'(3.J)~J' J,(l2, 3.J) " Bll'(l4)BW(32)~J' J,(14,32)j 

In this ausatz tht' mass dt>pe!uleilce is contW.nt>d in the p Breit-Wigner amplitudes 

B\V and the augular correlations in the function 'I'JP J, .. The matrix element is 

symmetric with respect tu the interchange of idt'ntical bosuns in the final state. 

The indices 12, 34 am\14, 32 refer to the two possibilities to form p0 p0 out of the 

four pious. 

In order to obtain the spiu-parity decomposition of p0 p0 production in Fig.24 

the TASSO group fitted the four pion final state with a sum of non-interfering 

spin-parity states (Jp = o+, o-, 2+, z-) and additional contributions from p0 JT+ 1f~ 

and 1f+JT-11'+1f~ phase space. According to the fits the negative parity states JP::....:: 

o~ aud 2- are not dominant iu the investigated W-,.., range. The p0 p0 cross section 

is essentially built up by the positive parity states, with JP""" o+ dominating iu tht> 

thres-hold region. 
Tht' dominance of 0"" in the thrt>shold rt'gi.-m is in obvious disagre'ement with the 

four-quark model. However, some words of caution have to be added concerning 

e,;pedall)' the region below the nominal p0 piJ thrt>~hold. The results have been 

obtaint'd with a special choice of the matrix dements as described above. E.g., 

etft"cts from final state interactions, which toulrl he strong at low ent"rgies were not 

induded. Sintt' the o+ and 2+ angular distributions are very similar within the 

a('ct>pt.an('t' (du(" to the holes in the beam directions) it seems safer to consider only 

the ~um of both ('outributions. Thus tht' TASSO analysi~ proves unalllbiguo~ly 

oul)· that tht' p0 p 0 chaunt'!, if dominatt'd hy one spin-parity alllplitude, must have 

positivt' parity. Experiments "\\;th a hetter at·ceptauce in the forward direction 
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Figure 24: Spin-parity dewmposition of the cross section for li --+ p0 p0 assuming 

contributions from Jp = o+, o-' 2~ ( ..\ -= 2), 2- 1114/. 

than the TASSO detector should havt' a better chame to separate o+ and 2+ 

coutributions. 

The Cello group made an effort to analyze p0 p0 production, including the an­

gular distributions, in a more model independent way. They applied ac('eptance 

corrf'ctions as a func.tion of the four possible JT+11"- masses. This is an approxima­

tion since the final state depends on 7 variables. 

With this method the topological cross sedion for -y-y-+ 1f+JT.-tr+1f- has been 

determined independent of the individual subprocesses contributing to this final 

state (Fig.25). The p0 p0 
('fOSS section, also shown in Fig.25, was rletermined by 

a"sumiug, a.s in the TASSO analysis, tha.t the four pion final state can be described 

In· a ::;um of non-interfering nmtribu lions from p0p0
, p01r +JT·- and 1ft ~-1ft 11"- phast" 

:;pace production (Fig.25). Besides a prominent threshold enhancement in the p0 p0 

channel CELLO also finds si~('able p0 rr 1 11" · and rr- rr ~ 11"t rr- pha~e space production. 

In contrast tu p 0 p 0 production the two latter final states behave smoothly in the 

measured W .., 1 range. 

Analyzing the angular distributions of the p0 p0 channel the CELLO group 

studied the spin density matrix elements of the p's as a function of the p production 

angle fJ,. The spiu density 1natrix was evaluatt'd iu the helicity system of each p, i.e. 

using as the quantization axis the dirt'ctiou of fl.ight of the p's. Combining the data 

iu a \V--.-, range from 1.3 to 2.3 Ge\' the CELLO )!;roup find~ that for jcosB,! < 0.8 
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Figure 25: Cross section·for .. '('f-----t 7r+Jt-JT+JT- including all four pion final states 
(squares) and seperately for "f'Y - p0p0 , ')") - p0 1r~ 1r- and ~n- 1r+ 1r-1r+ 1r- (phase 
space only) [115]. 

no helicity state is preferrt>d, while in the forward direction, icos8,.1 > 0.8, the 
helicities ±1 of the p's dominate. 

It call be eoududed that the data are consistent with a helicity conserving 
proeess as in diffractive scattering. However, this analysis does not exclude J P = 
2+, J, = 2 resonance fonnatiou. 

Summary of vector meson pair production 

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

. The cross st•ction of p 0 fP production exhibits a strong; thresholtl enhaucemeut 
with au energy dependeuce of the squared matrix element following 1:1pproxi­
mately \\' .. n -ll. The p-+ p- produdion near threshold is smaller by at least uue 
order of magui tude. 

-The four·qttark model explains the large difference Letweeu the p0p0 aud p+ p­
cross sections as an interference effe"et hetwet•n I = 0 aud I = 2 resonances in a 
natural way. However, tnore conventional approaches cauuut yet l,e ruled out. 

· The observed angular distributions in the p0 p 0 final state are consistent with 
positiYe parity. The spin·parity JP = 2t s_tate required hy the four-quark model 
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is not established. Crucial tests for the existence of four-quark resonances will 
be provided by refined spin·parity analyses of the final states p0 p 0 and p0w. 

· The small experimental upper limits on p0 ¢ production cause serious problems 
for the four-quark model. 

- The two·photon production of pw, ww and J\"° K•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 1 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 "1'"1 collisions proceeds through a superposition of several 

mechanisms. A.fte.r a high energy photon has split into a q'ij 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 tbe standard characteristics of strong 

~ 
~ 

al bl 

Figure 26: a) VDM mechanism for hadron production by two photons and b) by 

direct quark exchange. 

interadion processes. Other microscopic mechanisms with different characteristics 

might also contribut~ to th~ 11 cross section. In particular hadron production a.t 

large transverse momenta proceeds through short-lived qq states for which the 

dominating diagram is shown in Fig.26b. Mixing between a) and b) complicates 

the picture- even wore. 
\Vith our experience from other photon hadron reactions we expect that 

hadron production by two quasi-real photons proceeds wa.inly via. vector meson -

vector meson scattering (Fig.26a). With the probability 0:1f/'"'J~ for a photon to 

turn into a. vector meson one gets the VDM relation 

a{l'"'f --+ hadron.!!) = 011"01!" I L ~lo-(VV --+ hadrcms) 
r,\" "tv_ "tv• 

011" 0:11" n.11" 
l = 2.80 ·10-3

; l ...=;_ 0.30 ·10-3
, 2 = 0 36 .lQ-3 

'"Yp 1,., 1¢ 

(21) 

The \V ..,.., dependenC"e of the two· photon crost:. section for hadron production 

C"&ll be predicted in the framework of the Regge model[l3]. Using the factorization 

hypothesis the two-photon cross St"<"tion is rdat.ed to uwasured hadrou - hadron 

and photon- hadron cross sections, 

210 cd· 
a-,., = (240 + ,· ) nb (Regge exchange). (22) 

n.n 
The constant term corresponds to pomerou exchange and the 1 /W ")) term to / 2 and 

al exchange. The second term should bt> dual to s-channel resonance produdion 

at low Vln. 
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Tht• direct tptark exchaug~ meC'hRuism (Fig. 2Gb) i:; expected to add only little 

to the total cross ~ection, though it may well be dominant in kinematical regions 

involving high momentum transfers. In lowest order the Wn dependence of this 

contribution is described by the scaling law 

Un"'"' w;.., (quark exchange). (23) 

While this mechanism will lead at large angles to hard scatt.ering phenomena like 

high PT hadron aud jet .production, the VDM cross section is dominated bjr pe­

ripheral processes leading to h~dron productio~ with limited transverse momenta 

with rt"spect to the 11 dirf'dion. The tYpical PT depelldence in hadron.ic reactions 

is 
du -6PT - ~e 

dp} 
(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 priori unknown. Thus modelling the ha.dronic iinal state is the 

most important task in measurements of the total cross section. 

In :such models the dominant VDM part is rt"presented by a limited PT phase 

space modd with aPT dependence similar to (24). The average charged multi­

plicity, which can be'assumed to have a logarithmic 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 some assumptions about the 

input parameters because the correlations between the model parameters may be 

too strong otherwise (see also the discussion iu [117]). 
In the notag and single-tag mode au additional compli(".atiOn arises from the 

fact that the V'll..,.., distribution of the measured events has to be inferred from the, 

in general, incompletely observed hadrons. The invariant mass of the observed 

hadrons {= ~rv,.) is generally smaller than the true \V..,-,. In the double-tag mode 

the\\'..,.., value of an event ca.u in principle be inferred from the tagging kinematics. 

However, the re!:iolution, in particular for low V•/..,.., is often not sufficient so that 

also in this ca.se 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 experiment to real (or quasi-real) photons or one has to 

make au extrapolation. Both approaches have been tried iu 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 \.Jther 

possibility, double-tag at 0", is ouly possible in specialized detectors. Here one has 
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1u tight the background front bremsstrahlung and small angl~ Dhahha scatleriug 
hitting the tagging devices. The method most often used is tagging at finite angles 
and extrapolation to the real-photon case. 

While for unpolarized real photons only the cross section term urT in ( 5) 
remains, for photons tagged at finite angles the structure of the cross section 
beconu•s quite complicated. The task of disentangling all terms has not been 
attacked yet, and it appears to be too difficult at the mon1ent. 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 
sedion is measured: 

<T~;1 ('W.,-,,Q~) = O'TT(M-''~'~'Q~,O) + f·O"LT(Wn,Q~,O) (25) 

where Q~ refers to the tagged photon. In most cases the polarization parameter f 

is dose to 1. 

To extrapolate (25} to the real photon cross se•tion a model for the Q 2 de­
pendenCe of 0'~~/ is needed. Using the generalized VDM model (GVDM) !126] the 
following Q~ dependence was suggested [127]: 

1 + Q~/4m~ 
FGVDM(Q') = L rv (I+ Q'/mn' + 

Vo:=p,..,,.p 

0.22 

1 + Q~Jm~ 

r" = 0.65, r.., = 0.08, ri/J = 0.05, m 0 = 1.4 GeV. 

(26) 

This expression accounts for the Q2 behavior of oLT by the term Q2/4m~,. Contri­
butions froll1 higher mass vector mesons and from the continuum are approximated 
by the last teru1 in the sum. At low and medium Q~ GVDM seems to describe the 
data better than, e.g., a simple p pole form factor (see Fig.27). 

3.3 The Total Cross Section at Low Q' 

Figure 28 suuunarizes our present knowledge ou the \V n dependence of the two­
photon total cross section. Earlier measurements (see e.g. [117]) are probably 
supeneded by these latest results. The plots a) and b) in Fig.28 show t'ross 
Sf'ctiuns obtained by tlu· PLUTO [129: aud PEP-9 [128! groups bY tagging at low 
Q~. PLUTO required a single- tag with< Q2 >=0.44 GeV1 aud PEP-9 a double-tag 
with....___ Q2 >=0.3 GeV 2

• In both plots the sealt's on tht" left side give the effective 
crosb section for the average Q2 of the tagged photons. The scales on the right 
side present the values extrapolated to Q2 =-0 by means of the \V ""~""~ iudep~udent 
GVDM formula (26). Figure 28c shows preliminary results from an experirueut 
which avoided the extrapolation to Q1 =0. The measurements are 111ade by the 
MD-1 group at the VEPP-4 storage ring in a double-tag experiment [130j. The 
110-1 detector has a tagging acceptance down to o~, corresponding to nearly real 
photons. 
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Figure 27: Q2 dependence of 0'(/1 -• hadrons) at small Q2 for different Wu,. 
ranges. The data are from PEP-9 [128] and PLUTO 1129]. The double-tag data 
iu a) are plotted versus the larger of the two Q~ values. 

All measurement~ consistently approadl a constant cross sedion at large W n 
which may be somewhat higher than the prediction (22): 

u'I'I(H'n --1 oo) :::::-. 300 nb (exp.). (27) 

At low \V n the situation is experimentally not yet settled. While the PEP-9 
data are consistent with a constant cross :;ection between 2 and.20 GeV the other 
measurements develop a slope which cau be_ described by a 1/\V .,.1 term and which 
St'ems t.o bt< eveularger than prt<dicted Ly (22). A 1/\V,,2 term, however, is not 
rt'(juired by auy meabureuwul. The PLUTO and 1-lD-1 data are well reprudu\ed 
hy tlu_· u~oHkl ~131] (A~I1I). lu this wudd tlte fa\turizatiun au~atz is not only 
employed for real but also fur virtual plwtoproductiou data. This lead~ to a Q1 

behavior which i::. \\" 1 --, dependent so that in Fig.28 the modd cau ouly be compared 
to the actually measured, dfectin· cross se\tiou. Au even better description of the 
PLUTO d11ta i::. achieved by the model of [132] which diffen from the previous 
UhHlels in that it lbes forward elastic scatteriug amplitudes as input aud rdates 
tlu·m ttl tht' total cru,;::. st'ction:; via the optical tlwurem. The differences between 
tlte tuodds are rutJ::.t prouuuuct•d al low \·\" --,·, whcrt' the nwasun•tueuts are tuost 
dittirnlt aud tlw systelliatic uuH-rtaiuttt•::. lar.l-';t'::.t. Tbcrefore it appears premature 
tu judge the quality of the mmleb: uu the IHt::iis of the availa!Jlc data. 
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3.4 The Total Cross Section at large Q 2 

The PLrTO group determined the two-photon total cross section for Q2 values up 

to 100 Ge\·· 1 in a single tag experiment [133]. Figure 29a shows the Q2 dependence 

of the etfeC"tive nos~ section averaged over the W -r-r range from 3 to 10 Ge V. At 

high Q2 the GVDM \Urve (labelled VDM) clearly falls off much steeper than the 

data. The quark-part.on 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 Q 2 dependenC"e but does not describe the data at low Q2 The sum of both, 

however, fits the data surprisingly well over the whole Q2 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]meutioned before. The EVD1--I d~:scribes the photon as a superposition 

of an infinite number of vector meson states. The Q 2 dependenC"e of deep-inelastic 

tp data and e_,_t_ otw-photou annihilatiun data have been successfully modelled 

hy EVD:--.1. In tlwse cases the model can \w connected to QP11 by a duality rela­

tion. In two-photon reaC"tions this duality seems not to hold. None of the curves 

in Fig.~9b desnibes the data over the whole q 2 range. This failure indicates that 

the pointlike coupling of the two photom ranuot be simulated by hadronic mech­

anisms eYen if an infinite number of vector meson states is excited. This issue has 

been discussed iu more detail in [136]. The role of the poiutlike ("Oupling of the 

photons, related to asymptotic-freedom iu quantum C"hromod~·nanllcs, becomes 

more obvious when the noss section is described in terms of the photon structure 

functions as will be discussed in the next sedion. 
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4 The Photon Structure Functions 

Qua.uturn chromodyna.mics is based on high ent"rgy e-t e- collider experiments be­
sides deep inelastic lepton~nucleon scattering and la.rge-PT phenomena in hadron­
hadron colliders. The observation of 3-jet topologies at PETRA energies provides 
the most direet evidence for the existence of gluous. Hadronic jets, however, are 
fuzzy objects and their structure is theoretically ill-understood. The problems 
encountered in numerkal solutions of QCD when spontaneous quark-pair creation 
is incorporated, indicate that the dynamic~ built-up of jets will very likely not 
be solved in the near future. This renders the measurements of the quark-gluon 
coupling <'onstaut o. by means of final state analyses in e+ e- annihilation a dif­
fieult task. The determination of o:. from the QCD eorrection to the total cross 
seetion is a theoretically much cleaner method. However, since-the correction is 
small, this method suffers from experimental calibration uncertainties. 

Deep inelastic eleetron-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-measurements were reported (137]. The physical interest in the 
analysis of the photon structure function is related to the following key points: 

- The strudure fundion rises linearly with log Q~ in leading order QCD [3]. The 
slope is predieted by QCD [4,138,139]. Relative to the quark parton model predic­
tion it is altered asymptotically to 0{1) by gluon bremsstrahlung [4]. This linear 
rise is a consequen('e of asymptotic freedom for large Q~. Gluon bremsstrahlung 
with a fixed coupling eonstant would result in an asymptotically scale-invariant 
photon structure fut;ctiou, not rising with Q~ anymore for z above zero [140]. 

-In next-to-leading order [6] the absolute size of all moments ofF~ with N>2 is 
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). 

\Yhen this QCD analysis is applied t.o medium range Q2 values, supplementary 
assumptions on the residual non-perturbative part of the structure function are 
needed. These assumptions are beyond the realm of perturhative QCD calcula­
tions and must therefore be subject to experimental scrutiny. The t'")' experiments 
carried out till now, in fact provide a consistent picture. Increasing statistics of 
forthcoming analyses should hopefully pacify the (natural) theoretical controversy 
[143,144] on the '·alidity of those mild assumptions. 
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Figure 30: Kinematics in deep- inelas­
tic q scattering 
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4.1 Definition of the Photon Structure Functions 

e(EJ 

The cross section for deep-inelastic electron scattering off a photon target (Fig.30) 
is parametrized by two struC"ture functions [2,14r.J 

dtT 161ro 2 EE 
d:rdy = ~--Q--;------..2 [(l- y)Fz(:r, Q2

) --t l.rFI(.r, Q' J). (28) 

F 1 and F2 are pr-oportional to the cross sectious for transversely and longitudinally 
polarized virtual photons 

F 1 = Fr (29) 

F2 = 2xFr + FL 

The momentum transfer q2 = - Q2 and the energy tranfer v = qp.., can 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 1') in the laboratory system: 

Q2 = 4EE'sin2 ~ 
2 

E' '~ v=2E.,(E- cos 2) 

The invariant final-state hadron energy lF is determined by v and Q2 

W 2 = 2v- Ql 

and the Bjorken variable .r and y are related to these observablt>s by 

Q' 
' 21/ 

v 
y = J.:p-, 

_!_[__ 
Q2+l-V2 

E '~ 1 - --·- cos -
E' 2 

(30) 

(31) 

The coefficient y2 .c in (28) is very small undl.'r normal experimental conditions so 
that only F2( .c, Q2 ) can he measured. 
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Figure 31: Space-time picture of d~p-inelaati<' f!"'Y scattering 

QCD Prediction of the Structure Functions 

The theory of the photon structure functions had been gradually dt>veloped over 

a decade before deep-inelastic electron-photon scattering became experimentally 

accessible at the high-energy c+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 theort"tical assumptions 

when the A puameter is extracted from the absolute size of the structure function 

F,. 

Setting the stage: The quark-parton model 

The space+time analysis of eledron-photon scattering [146] reveals the complex 

nature of this reat'tion. Depending on the transverse momentum of the quark 

in the photon splitting process, t.wo different components can be distinguished 

(Fig.31). 

-For small transverse momenta< O(A), the lifetime of the quark-autiquark 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 arguments 

and attributing half of the vector+ meson momentum to quarks, the quark density 

is taken tv be;:::; HI- x)/z. This panunetrizatiou is backed up nicely by mea­

surements of quark and gluon densities i11 pions [147]. Adding up the light-quark 

contributions (p and w coherently) results in the fvlluwiug estimate of the VDM 

components of the photon structure function [140,148]: 

p 2VDM{.r,Q2 ,...., 10GeV 2) = u{0.20 ±- 0.05)(1 ~ x). (32) 

This form applies to Q2 
"' 10 Ge\' 2• The VDM wmponent decreases with rising 

Q2 fvr r ~ 0.2 similarily to the uud~:on structure function. 
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- If the trau~verse UlOUH'UI um of the quark in the photon splitting proce::;s is large, 

:--.. O(A), the lifetime of the qij state becomes so short that the pair cauuot 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]: 

FJART == n < c• > J' [.c2 + (1- x)2] logQ2 
~ 

(33) 

FfART = 4a < c4 > z2(1 - x) (34) 
~ 

where< c4 >= 3 :S c\ the sum running over all quark flavors. The leading part 

of F 2 is linear in log Q2 , while FL is asymptotically finite and scale invariant. This 

is due to the unlimited transverse momentum in the splitting 1 -1 qq, leading to 

FPART JQ' dp' 
> - T 

p} 
and J

Q' d z 
FL"" Y_L 

p} 
' PT) 

. 'Q' 
due to helicity conservation. The lower limit, apart from being O(A 2 ), is not well 

defined in the present intuitive approach siuce the sharp division of the transverse 

momentum spectrum irito a purely perturbative and a purely nonperturbative 

domain oversimplifies tlH' physical reality. The normalization pruLlem 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 contributiou'of heavy quarks to the photon 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 QCD calculation 

is adequate. In the PETRA/PEP energy range only charm quarks give a sizable 

contribution [149) as prest>nted in Fig.32: 

F' 
' 

F£ 

3~c• { t•x [4.t(1- ;r)(2 -- 1!12 Q,)-1]+ 

[ x• + (1 ~ J')
2 + ~~J"(1 ~ 3.r) ~ ~~.r']log l:::: ::} (35) 

120~ f t•r 2p - x) - ~~~ .r~ log L±__~_:) 
7r l Q~ 1 - I' ' 

t' d~uotes the quark velocity in the c.m. systt'Hl. TILe Coulombic gluou rescatteriug 

corrections rendering F{ non-zero at threshold are restricted to a small domain 

near x :S Q2 /(Q2 -t 4m 2
). The production of b quarks is doubly suppre::~::.t>tl hy the 

higher mass as well as the reduced electric charge, ~Ut~ = 1/16. 
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Figure 32: Charm contribution 
to the photon structure function. 
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After switching on perturbative gluon radiation {Fig.33), three mechanisms com~ 
pete with each other to build up the structure function Fl1 in the leading order. 
With rising Ql, 
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Figure 33: -Changing th~ quark spectrum by perturbative gluon bremsstrahlung. 

~ the number of qua.rks rises at the position :c due to the increasing 1 -----1 qq 
splitting probability; 

~ at :c :2: 0.4 qua.rks are lost due to increasing gluon radiation (the quarks accu~ 
mulate a~ small x ); 

~ gluon radiation is damped as a consequen<"e of the logarithmi<"ally decreasing 
coupling <"onstaut. 

The net effect, after solving the Alta.relli~Parisi equations asymptotically for 
quark and gluon densities (t =log~-) 

~ 

~ 
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Figure 34: 0( 1) change of the photon 
structure function when perturbative 
gluou brem:;strahlung is switched on, 
exemplified for the u~qua.rk spectrum. 
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is a structure function that keeps rising linearly in log Q 1 fA 3 

change of the eoefficient (Fig.34) [4,138,139]: 

q(x,Q') d( :c )BORN log Ql 

~ d(x)logQ' 

(QCD corrections to. FL turn out to be numerically small). 

' 
bu1 with an 0(1) 

(37) 

The kinematical increase of the gluon bremsstrahlung with Q2 is just balanced 
in QCD by the decrease of the running coupling constant, resulting in a uniform 
rise ofF; with log Q3

• This is a characteristic consequence of asymptotic freedom 
that can be illuminated by confronting QCD to a toy model in which the coupling 
constant cr. is frozen at Ql = 5GeV3 with A= 200MeV. In such a case, gluon 
bremsstrahlung moves the increasing number of quarks in the 1 -----1 qq splitting 
pro('ess all down to small z values. For finite :r > 0 the structure function be­
comes asymptotically scale~invariant at a magnitude of order crja

1 
[140]. This is 

illustrated in Fig.35 for the mom.ent fdzx 2 F2(z,Q 2 ). As expected a large lever 
arm in Q 2 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 constaut. 

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 and renormalization group equations. This aualysis has been 
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Figure 35: Ql evolution oUhe photon sbucture function in QCD confronted with 
a fixed-coupling model. 

completed to leading- and next-to-leading orders !6,5j 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, too many poorly known experimental 
input data as to be rigorously exploitable. Instead, elements of the intuitive ideas 
described earlier are ~ecessary to allow, for example, a determination of A. 

Defining the moments of the strudure function as 

F~(Q1 )::;:::: l 1 

dxxN-'l F1 (x,Q1
), 

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

F;'(Q') L A;,(!'') r'_'.IQ'J].rN 
•=-±NS l o~(J.t2) 

+ 1 a' { a,(Q')L~: 1_ [a,(Q'Jj.fN+l} 
o.N·l o:(') • I' J 

+I: bf {1- [a,(Q')].fN} 
• dN a,(J1 2 ) + CN. 
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(38) 

11 is the reuormalizatiou point in the perturbative regime; dfv are the om·-loop 
anomalous dimensionsj a;..,, bj.,r and CN are numbers calculated in- one- and two­
loop approximations. In the MS renormaliza.tion scheme a. is given up to next­
to-leading order by 

4rr 
o:. = - ------- 2 l!t l 

flo log if:: + "" log log if:: + ... 
MS MS 

2 38 
Po= 11- 3NF and f3t = 102- 3Np. 

The quantities A:.V(.u2
) in (38) are the photonic matrix elements of quark and 

gluou operators, incorporating the yet uncalcula.ble 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 dN powers of o, can be mapped 
into the first term so that, after reparametrization 

N 2 1 " a:V " b:V " ., [ , ]~" F, (Q) ~ 
0 

(Q') L.. d' + l + L.. ;p + CN + L..AN a,(Q) . 
, , N , N , 

(39) 

The AN in this form are independent of any renormalization point. The. first three 
terms are recognized as the pointlike components, the last sum as the ha.dronic 
component of the photon structure function. They are separately convention in­
dependent, i.e. they each fulfill the renormalization group equations and do not 
depend on the renorma.lization scheme. 

Since the anomal~us dimensions dk are positive for all N > 2, the ha.dronic 
term in the most elegant representation (39) vanishes for QJ ---; OG, and the struc­
ture fuudion is asymptotically determined 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 djrectly. However, 
this crystal-dear picture is spoiled by a singularity in the pointlike component for 
X ::;:::: 2 where clN vanishes, inducing a negative spike for z --• 0. The singularity 
is mapped into the hadronic compone11t when (38) i~ transformed into (39) and 
_-i;. becomes very large for N dose to 2. Eveuthough both singulafities regularize 
each other, they require a careful treatment of the badronic remnant, 

The most straightforward experimental evaluation of one of the equivalent 
representations ( 38) or { 39) would be the an·urate mea.suremeut of the structure 
function at four different Q1 value~, determining the three long-distance parame­
ters A:v and the scale parameter AMs· However, data of the required precision to 
extract AMs in such a program are not available yet. nor can they be expected in 
the near future. 

Two alternative scenarios have therefore been elaborated to cope with these 
problems: 
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- After inventing a parametrization of quark and gluon densities at n10derate Q2 , 

the Q2 evolution of the structure function can be calculated hl a way completely 
analogous to deep-inelastic scattering on nucleon targets [143J. Starting from 
(38) with an a.nsatz for A:V(J..t2 ~ 1 GeV2 ) one finds that QCD provides a fairly 
model-independent prediction of the slope of the structure function in log Q2• 

The sensitivity to A, however, is lost since, up to small corrections, the incre~nt 
6.F2 ex logQ2 /p.2 does not depend on A in leading order. Such a conventional 
approach d(l('s 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 
parf of the structure function is isolated and cancelled against a pole term with 
a properly fixed residue in A:V. The nou-perturbative remnant~ of the expansion 
about the pole are summarized in a free parameter>. and a well-behaved regular 
pieee 

bN b-
dN = N- 2 + bNREG (40) 

A- b-N =-N- ?>.d;;. +A-REG 
• N ' (41) 

Based on the physi('a.lly intuitive ideas of the first subse<"tion, the regular part 
AflEG, together with At'NS REG, can naturally be identified with the VDM part 
F;'DM = aH(l- z) properly evolved fron1 Q~ = 0(1 GeV2

) on. This results in the 
following representatiOn of the Nth moment of the structure function 

Ff'(Q') = I E~ 
<>.(Q

2
) •=±NS d'N +I 

b' { b- [ d-l } L ~ + ~-N- 1- (~<>.(Q')) N + b/,REG 
i==+NS d'N N - 2 

(42) 

+F,N(Q')VDM. 

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 x regi~n should therefore be an ideal place for the 
measurement of A sin('e the regularized, truly ha.droui(' component of the photon 
structure function dies out ex ( 1 - x) and gets more and more suppressed for 
rising Ql. The ,\ parameter and H, parametrizing-the strength of the VDM part, 
are strongly correlated, yet with moderate impad on AM:s· 
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Figure 36: Sensitivity of the pho- O.O•f-ci-·--------------4 
ton structure function to the regu­
larization parameter t = >.a. in the 
approach of [5]. 
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- Singularities occuring beyond the next-to-leading order move quickly to larger 
N values [142]. Under the same reasonable assumptions on the regularization 
parameter a.s above, the corrections are again confined to the small z range 
:; 0.15 and negligible above [151]. 

Summarizing these pOints, it is obvious that a reasonable scheme, adequate 
to the special properties of a photonic target in deep-inelastic scattering, does 
exist that should allow us to extra('.t the A parameter from the photon structure 
function. Once the parameters are fixed, the scheme predicts the shape and the 
magnitude of Fi(x,Q2

) for all Q2 in the perturbative regime according to (42) so 
that the technical ass...umptions on the regularization pro('edure can thoroughly be 
scrutinized in high statistics experiments. 

4.3 Experimental Results 

The experimental analysis of the photon strudure function has moved out of the 
piouee.ring phase and more detailed investig_ations have been carried out recently 
[152) -[156). The chapter cannot be considered closed though, since high statistics 
lllt"asurements of the structure function ('arried out seperately at ,moderate and 
large momentuul transfer are lackiug. 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 Fi( z, Q2 ) is similar to the measurement of the total 
hadroni(' cross section for two quasi-real photons. The main difference is the large 
Q2 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 x = Q2/(Q2 + W 2

) requires the measurement of the invariant hadron 
energy ·w. fV is easier to measure in this case than for on-shell photons. Since 
the hadroni(' system has to balance the transverse lllOmentum of the scattered 
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Figure 37: Photon structure function 

at low Q~, compared to expectation:; 

derived from the pion structure fuuc~ 

tion. Data from [156]. 
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electron, it gets a.n appreciable boost towards the central detector, which increases 

the trigger and particle detec-tion efficiency. Due to this transverse boost the 

measured hadrouic mass Wuis is fairly close {""' 70% on average) to the true mass 

W. After c.onecting the data for the effe<'t of resolution and particle losses by 

Monte Carlo unfolding techniques [1:>8] the physical values of F21 (x,Q~) can be 

extracted. 

Building up the pointlike component 

For low Q), the cross section for e; - eX is expected to behave like electron 

scattering on a hadron!(- target. The eor~esponding strudure function should 

therefort' drop at large x. For rising Q2
, the shape of the structure function 

is reverst'd by the pointlike component. so that a rapid growth of the struc,ture 

function with Q2 at large x should be observed. 

This qualitative effel.'l has in fact been observed by the TPC/Two-Gallllll& 

Collaboration at PEP !156]. For low Q2 the shape is nicely compatible with the 

qualitative theoretical expectation Fi / o: = 0.2( 1 - z ), shown in Fig.37a, and also 

with a recent measurement of the piWl structure function [147] shown in Fig.37b 

that gave 0.22z0•41 (1- z)0•
95 for the valence part and (0.25 ± 0.09)(1- z)8·4 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 prol.'edure are anticipated. 

The rapid growth of tlie strudure funetion with Q2 at large z is clearly demon-
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Figure 38: Building up the pointlike 

c-omponent for rising Q2 • Data from 

[156 . 
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strated in Fig.38. While at small x the growth in the scaling region Q1 ? 0.5 GeV 2 

.i1> modest, the structure _function increases much faster at large z. This signals 

the built-up of the pointlike I.'OlUponent which is most pronounced in the large z 

domain. 
Both these results conform with our qualitative physical expectations. They 

are c-orroborated by studying the final state topology. At low z and low Q1 the 

transverse momentum spec-trum of the hadrons with respect to the T"f axis contains 

a substantial (or even dominating) hadronic component while at high x, high Q2 

the spectrum is overwhelmingly dominated by the pointlike c-omponent, modelled 

by 1'1 ---t qq plus quark fragmentation. 

Logarithmic growth 

Onc-e higher-twist effec-ts of order m~~ff/Q2!Mr2) ""0.1 GeV1 /Q2{lt'1 ) for photon 

targets have died out, QCD predids a logarithmic growth of the structure function 

(even in the most conservative approac-h). This is born out by th~ experimental 

analysis if the struc-tur"' function averaged over the interval! 0.3 :::_:: x S 0.8, charm 

subtrac-ted, is plotted versus log Q1 in a range up to Q2 = 200 GeV1 , Fig.39. 

This figure is a direct c-onsequence of the small quark-gluon c-,oupl.ing in QCD at 

Q 2 ? 2 GeV 1 for which asymptotic fret'dom 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 superposition of a hadronic and a pointlike 

contribution to the struc-ture fuuction with a scale set by AMs"' 200 MeV. 
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Figure 39: Q2 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 

Tht> properly regularized asymptotic form of the structure function ( 42) offer!> 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 AMs 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 cmnbined. 

The strudure fundion has been measured by the PLUTO, CELLO, JADE and 
TASSO Collaborations at PETRA and by the TPC jTwo-Ganui.1a Collaboration 
at PEP for various values of Q2 ([15~] - [157Jj. Results are presented in Fig.41 in a 
sequence of rising average Q1

• \\'ithin error bars the asymptotic form in next-to­
leading order of the structure fundiou appears to conform with the data points. 
For the sake of clarity only tih including higher-order QCD corrections are shown 
in the figures {a reader interested in a broader discussionm..ight consult the original 
papers). The results of detailed fits are collected in Table 6. As expected, part 
of the VD:M contribution could be mapped into the non-perturbative paralUeter 
>., paraphrased as t = >.a,. The physical picture reflected in Table 6 appears 
consistent. An overall fit of the AMS p8.ramete-r [159] yidds the average ,,alue 

AMs = 195~!gMeV (43) 

iu good agreement with ·.\ values obtained in deep inelastic lepton-nucleon scat-
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Figure 40: Sensitivity of the photon structure function to a change of AMs [152j. 
The regularization scheme of [5] was adopted. 

Figun• 41: Experimental analysis o.f 
the photon structure fun<'tion for vari­
ous Q1 ranges, compared to the ( regu­
larited) QCD predi<'tions (from [160]). 
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Experiment Q'(GeV') VDM t AMs 

TPC/n 5.) 0.2(1-z) fitted 0.03 ± .01 257 ± 92 

TASSO 7-70 0.2(1-z) 0 140~:,:0 

PLUTO 3-100 fitted fitted 2.2 183~:~ 
JADE _ 10-220 0.2(1- z) 1 250 ± 90 

Table 6: AMs measurements in q scattering. 

tering, AMs = 186 ± 60 MeV [161], and from radiative T and T' decays [162J. 

Nevertheless, a drastic redudiou of the error bars and the confrontation of the 

parametrization ( 42) for one set of parameters· with data taken at various Q2 , is 

mandatory before this chapter cau be clo1>ed 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 in11 collisions is a short­

distance process [12]. Due to asymptotic freedom in QCD, t.he reaction amplitudes 

('8.11 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 Tr -t qq (Fig.42), with the differential cross section {S, i, U are the 

11andelstam variables for the process)i 

d{1 _ 4 21fa 2 i 2 +ii2 

-----::-{11 -1 qq)::::: c ~::--.-. -. 
dt q s 2 fu 

(44) 

The quarks subsequently fr.agmeut into hadrous leading at high enough energies 

to distinct two-jet topologies. 

Figure 42: Born diagram for the 

two-photon production of hadrons via 

a quark-antiquark pair. 

::: I : ~:: 
However, short distance processes with direct quark exchange between the 

photons show ouly u'p at large transverse momenta of the quarks. As already 

discussed in Sed.3, the dominant contributions to the 1'1 total cross section come 

from non-perturbative processes in which hadrons are predominantly produced 

with limited transverse momenta, see (24). The Born diagraw (Fig.42) is expected 

to dominate the hadronic two-photon noss section if the quarks a;re produced with 

large transverse momenta relative to the incoming photons. In this case the large 

PT behavior of the quarks, as well as of the hadrons emerging from the quarks, 

should become [163): 
da 

dp~ 
,. 
p, 

(45) 

This power law becomes observable only if PT is large enough so that all other 

l.'ontributions which drop faster can be neglected. On thf' other hand PT should be 

small compart>d to the kinematical limit, i.e. xr= 2pr/ JS should not be close to 1 

( JS is the total e+c- energy). The pf distribution of inclusive hadrons produced in 

11 interactions, Fig.43, clearly shows the exponential behavior at low Pr turn over 

into a power law behavior at about 1 GeV. Thus in TY reactions hard scattering 

effects appear to become visible at mnd1 lower energies and transverse momenta 

than observed in hadronic reactions. These 11 reactions seem to offer an almost 
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Figure 43: Transverse momentum 
distribution ofinclusive hadron pro­
duction by two photons measured 
by TASSO [164]. The exponential 
dependence at low PT approaches a 
JJT4 behavior above about 1 GeV. 
ISR data on inclusive pion· produc­
tion in pp read ions show, at similar 
c.m. energies, an approxiinate _,.-u 
law [165J. 
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uuique possibility to study the baaic hard scattering processes of the eonstituents 
of matter in a rather clean way and already at relatively low energies [12]. 

In analogy to the definition of R in one-photon annihilation processes, R.,-, ts 
defined as the ratio of the cross section for the two-photon production of hadrons 
to that of muon pairs, 

R, 
O"(e+e- ----t e+e- + hadrons) 

O"(e+e ----t e~e + J.l+J.l ) 
(46) 

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

34 
R-,-, :::: 3 L e: :::: 27 fur q = u,d,s,c. (47) 

Even in the absence of QCD correetions this is only eorrect in a kinematical region 
where the quark n1asses can be neglected whieh is the ease at large transverse 
momenta. In this region also the QCD ('orrections should be small. 

Comparing experimental results for R11 to the lowest order expression (47) is 
only sensible in the large pr region. The PT. dependeuee of jet production in lowest 
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order is obtained by convoluting the subprocess cross section ( 44) for "'rY ---> qq with 
the two~photon flux and integrating over the longitudinal quark momenta. Using 
the equivalent photon approximation this yields [166]: 

d~ (e+e- ----i e+e-qq -----t e+e- + 2jets) 
dp, 

• Q ' w1th 1J = ~log--,. 
211" 4me-

z0:21r 
RnTJ - 4 D(zr) 

PT 
(48) 

For medium xr values (xr::::: 0.2) this expression has an approximate pT4 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:s; 0.3. 

After fragmentation of the quarks into hadrons the PT distqbution for inclu­
sivelr produced hadrons is found to have the same form (48) but with a different 
function describing the hadron xr dependence !166]. For single hadrons the xr 
dependence becomes somewhat steeper towards xr=l, but there is still a medium 
xr range where the approx,i.mate pJ.4 power law is maintained. 

5.2 Other Hard Scattering Processes and QCD Correc­
tions 

At the Born level only the electromagnetie couplings of quarks to photons are rele­
vant. The Born process, however, could be obscured by large QCD corrections and 
by non-perturbative remnants of small angle scattering. 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 eleetron-photon scattering plays an important role. The structure 
functions are given by the flux of quarks an&gluons within photons. Examples for 
leading diagrarus taking into a.eeount the pa.rton 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 eoutent of the other photon (1'q ----. qy and 19 ----. qq). Diagram c) 
gives an example for a four-jet topology (99 ----. qq). The multi-jet diagrams a) 
to e) have one or two additional jets made up by the fragments of the photons 
besides the two high-pr jets. These fragments preferentially travel down the bean1 
pipe ('bearu pipe jets') which makes lt experimentally difficult to separate these 
configurations from the Born process, The multi-jet eross sedions asymptotically 
lead also to a pT4 power law since the o. dependence for the gluon-quark couplings 
cancels against the 1/n.(p}) behavior of the photon structure functiotl !167). At 
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-f~ -f-- + -~--
a) b) C) d) 

Figure 44: Some leading QCD diagrams contributing to jet production by two 

photons in addition to the Born diagram. The blobs indicate the splitting of the 

photou into partons. 

Figure 45: Relative contri­

butions to J~(t+c--t e+t.- -tjet+X): 

a) 3-jet/2-jet; b) 4-jet/2-jd; c) 

(2+3+4)~jetj2~jet [168]. 
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Figure 46: QCD correction to the ze- 1.0 

roth order jet cross sediou (K-factor), 

taken from [1 iO]. The curves differ· 

31- . ~c 

2 

b 

ol a .. ~. .. • 
0 .2 .4 Xr .5 .8 

\ ,, 
\\, 

I .. , 

e•e.--Hx 

P• = 17GeV/c 

\ · ........... 
' . 
' ""'- ··· ... ·-~-~-

-, .... ~ ---
............... 

in the assumptions for the gluon frag- 0_6 '-'-----,~--'---~--'-----,!---! 
mentation as explained in [1 10]. 2 4 6 

P, !O.VI 

63 

finite energies,. however, the distrihutiou of t.he available 11 euergy amongst more 

than two jds leads to a reduction of the multi-jet contribution at large PT· 

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 apr scale at JS= 35 GeV, which iS a typical e+e~ energy at 

PETRA, the multi-jet contributions are larger than the Born 2-jet cross section 

below pr:::::: 3 GeV. At pr=S GeV (xr=0.3), about the high,est PT value for which 

data are available, the multi-jet cross section still contributes about 50% of the 

2-jet cross sedion. 

Two-gluon jet final states in 17 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 c~mld 

be enhanced by using longitudinal polarized beams [169]. 
Besides the perturbatively calculated contributions one has also to take ac­

count of those processes w~re either one or both photons interact as a virtual 

vector meson. This contribution bas recently been reevaluated using the latest 

photoproductiou-data [170]. 

QCD corrections to the Born diagram 

A comparison of the measurE-d 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 cr.oss sections [173,170]. 

The evaluation of QCD corrections to the inclusive jet cross section turns out 

to be rather problematic. To handle gluon bremsstra.Wwtg either an a priari 

unknown c.ut-off parameter [171] has to be introduced, or Sterman-Weinberg pa­

rameters e and 6 which define a jet by the energy fraction f within an angular cone 

with opening augle 6 [172]. Since in ""11 reactions the total T'Y 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) calculated the 0( a.} cor­

rec1ions to the inclusive single hadron cross section rather than to the jet cross 

section. The K-factor, i.e. the ratio of the fully QCD corrE-cted to the zeroth order 

Born cross section, is found t.o be relatively 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 the small corrections to the Born term arE" at variance with 

the data. We will return to this point after the experimental results are presented. 

5.3 Experimental Methods 

The investigation of high-pr phenomena in two-photon reactions requires suffi­

ciently high 11 fluxes at energies where jet formation becomes observable. Such 
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)') fluxes beca.J.nt' only available at the PETRA aud PEP storage rings. While at 
these machines low energy ''rr physics is always plagued with trigger inefficiencies, 
this is no specific problem for the investigation of jet topologies and hadrons with 
large PT· The penalty to be payed is a serious background from one~photon an­
nihilation processes. In a notag experiment the cut. in W T'l has to be delicately 
balanced between the need of having W 1-, large enough to isolate jet events and 
at the same time small enough not to be swamped by one-photon events. The 
remaining annihilation background has to be subtracted by mea.J.lS of simulation 
programs. In a typical notag analysis of hard scattering proeesses W -,-, is restricted 
to a range between about 4 and 12 GeV. 

Even under the single tag condition one cannot completely avoid the annihila­
tion background because either hadrons or converted bremsstrahlung photons can 
fake a tag in a forward detector. Since in the case of converte~ bremsstrahlung 
photons the hadronic system is boosted into the direction opposite to the tag, 
which is not necessarily so for )')' t'vents, 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-c.ollinear jet topology and the fact 
that in multi-jet events some of the availa.ble 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) PLUTO defines Rn as 
the ratio ofthe measured jet rate to that predic-ted by a model based on the Born 
diagram (174]. The model uses the QED cross section for quark pair production 
with constituent quark masses (above pr:::: 1 GeV the model becomes insensitive 
to the assumed quark mass). The hadronization of the quarks is described by 
standard fragmentation programs as used also in one-photon annihilation analy­
ses. Feeding finally everything through a detector simulation pt;ogram makes the 
model comparablt- to the data. Results are ":lsually presented in terms of variables 
which have the measured uncorrected values (in this example the measured jet-pr 
value). 

Various procedures have been B.pplied to analyze jet topologies. If dominance 
of two+jet configurations Ca.J.l be expected one may apply a thrust an_alysis which 
divides an event into two jets. Thrust ean be defined in the 1'1' c.m. system with 
respect to a 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 panJlel aud perpendicular to the 
thrust axis (Fig.47) allows testing wbt"ther 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 duster~ ofhadrons. There are different 
ways to find clusters [175,176] and within eaeh method the definition of what is a 
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Figuu 47: Distribution of.the average particle momenta perpendicular and parallel 
to the thrust axis [174]. 

jet can be adjusted to the actual problem using the proper feed back from a Monte 
Carlo si1nulation. 

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 < Q1 >;::;: 0.3 GeV~ of the taggt"d photon. Fig.43 shows the 
transverse momentum distribution dNfdp? 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 
lilct" hadron-hadron scattering. However, already around PT:::::: 1.5 GeV the slope 
levels off and becomes rompatible with aPT~ 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 PT· 

Analyzing the data in terms of two-jet events, JADE and TASSO compart'd 
the measured jet cross section to the prediction from the Born approximation for 
11 -+ qq. 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;';::: 2 
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GeV), while the shape at large p;' seems to agree with the prediction. A similar 

result was obtained by the TASSO group. 

lateger quark charaes? 

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) modeljl79J yields a R..,.., value of 10/3 which is 3 times larger 

than for fractional charged quarks (FCQ). This original form of the ICQ model has 

not built in the local gauge invaria.nce inferred from the color g~:oup. In a locally 

gauge invariant version of the ICQ model (referred to as 'gauged ICQ') photons and 

gluons can both have electric and color charges, SU(3).,..,.,..r is a broken symmetry 

and the gluons acquire masses jlSOJ. In this model the charge of a quark is partly 

scrtt11ed and the ~clive charge seen by a photon can be written as ( m 11 is the 

gluon mass): 
2 m! 

Q,JI(Q ) ~ Q, + m; + Q' Q,. (49) 

The charge QfJ is also seen by the normal color singlet photon in the FCQ, while the 

color octet part of the photon, the ch8.ra.cteristic feature of the ICQ, is damped at 

large Q1 by a gluon propagator term. In this theory the striking difference between 

the FCQ and the lCQ is revealed only at Q2~ 0. 

Because of this prediction and despite of the considerably larger experimen-
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tal difficulties, several groups analyzed notag data with Q 2 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 PT 

dependence. In the pr range from 1.5 to 3.0 GeV the data are higher than ~he 

Born term by &bout a factor 4. 
Thus these experimental results are in qualitative agreement- with the 'gauged 

ICQ' model. On the other hand, higher order corrections to the two-jet cross 

section and other QCD contributions, like multi-jet production and higher twist 

effects, are expected to modify the pure Boru term. As discussed in Sed.5.2 these 

' corrections have been calculated for siiigle hadron pr distributions and were found 

to be relatively small [173,170]. An estimate of the sutu of the correded Born term 

and all other perturbative QCD contributions obtained from [170] is included in 

Fig.49[184]. The da.ta 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 topolo~y expected for the Born process. As part Of an extensive study 

of the PT and Q~ dependence of jet production the PLUTO group investigated 

also the topology of eveuts produC'ed by two quasi-real photons [182]. Using a 

thrust algorithm each event was divided into two jets. Fig.50 shows a plot of 

ft,l, the ratio of the observed number of jets to those expected !rom the Born 

process, as a function of the transverSe momenta of the jets. The large excess at 

small p¢1 is naturally explained by a VMD model. However, above -2 GeV where 

the Born term is expected to dominate, there remains an excess unexplained by 

either model. The thrust distribution of large PT jets, however, shows that the 

average thrust is smaller than expected from the Born process alone. In Fig.Sl the 

R..,-r distribution is plotted only for- events with a thrust value exeeeding 0,9. The 

observed high thrust jet rate in the region 2<pr <6 yields il....,..,= 1.2±0.3 [182]. 

Hence the 'naive' Han-Nambu model of integrally charged quarks (il-,..,=2.65) is 

ruled out by more than 4 standard deviations. In the framework of the gauged 

ICQ model this result cau be converted into a limit for the gluon mass [182]: 

m 11 
< 5 Mt-V (95% c.l.). 

Results on high energy Compton scattering and on the production of two prompt 

photons in pion-nucleon scattering also strongly support the conventional model 

of fractionally charged quarks [185]. 
Thus the ICQ model is not likely to be the correct explanation for the excess 

of jets or single hadrons with large PT Which, according to the PLUTO results, are 

produced in less jetty events than expec.ted from the Born process. Possible other 

explanations for the excess will be discussed below. 
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Figure 49: Transverse momentum distribution of charged hadrou.s measured in a 
notag experimenf with Q2

.:::: 0 [181]. The standard VDM contribution with a.u ex­
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calculable processes (shaded area); the bands include uncertainties due to frag­
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Figure 51: The same plot as in Fig.50 
but including only events with a thrust 
value larger than 0.9. 

Q 2 dependence of jet production 

The PLUTO group also investigated the pr and Q2 dependence of jet production 
~174,182]. The results are shown in a comprehensive form in Fig.52 where f4"r is 
plotted versus p;t for different Q2 values ranging from Q2~ 0 to Q2 = 49 GeV2

• 

In this analysis the jets are defined by a thrust algorithm forcing all events into 
two-jet topologies, Figure 47 demonstrates that the events are indeed consistent 
with a two-jet structure. 

For small Q2 the value ..R .. r..,=l, which means quantitative agreement with the 
Born approximation, is approached from above. However, as we bad already 
discussed before, it appears that in the investigated PT range this value is not 
reached. For the largest Q2 values, Q2 2: 10 Gel7 2

, jet production is consistent 
with the Born term over the whole p-!;,t range. 

The excess at small pr 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 ph?tous. This is achieved by generating quark· pairs according to 
da / dp}-.... exp( -5p}) and fragmenting the quarks m;iug the Field-Feyuman scheme 
[186]. The VDM cross s«ctiou was assumed to be constant in W-r-, 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 
VD1l contributions at low and high Q2 can nicely be revealed by plotting the 
angular distribution of the jets with respect to the "f"'f direction (in the 11 c.m. 
system), Fig.53[187]. At low Q2 the distribution is peaked in the forward direction 
as expected from a 'hadronic' Monte Carlo simulation. In the high Q2 range the 
distribution becomes flatter aud approac.hes the !Shape predicted by the simulation 
of the 'pointlike' Born term. 

In the PLUTO analysis the events were forced into 2-jet topologies. According 
to Fig.4 7 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 k1iow if this is true 
in all kinematical regions. Of particular interest is the question whether the excess 
of events found at large (or medium) p:;'1 

and low Q 2 is associated with jet-like 
e\'ents. The thrust distribution of the jt'ts with p~ 1 

> 2 GeV is shown in Fig.54a,b 
for two (/ 1 ranges. Compared to a simulation of the Born proc.ess the distribution 
is shifted towards smaller thrust values, i.e-. the events are more spherical. The 
shift is largest for small Q 2; for QL~ 10 Gt'\'1 the thrust distribution is consistent 
with the Born prediction (Fig.54c). 

Explanations for the large-pr excess at low Q 2 

The PLt'TO group has found out that the t'Vt'Ut topologies and the p:F"1 distribu­
tions can be qualitatively described hy adding multi-jet contributious. Multi-jet 
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Figure 53: Angular distributions 

of jet directions for two Q 2 val­
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to 1-lonte Carlo simulations of 
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photon-photon scattering [187]. 

Figure 54: Thrust distributions for (a) 
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pf1 > 2 GeV and (c) for events Q2 >10 

Ge\' 2 [li4]. The data are compared to. 
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events are predicted by QCD as discussed in Sect.5.2. Since each jet gets a smaller 
iraction of the aw.i.lahle 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 w\th the theoretical analysis of QCD corrections for single hadrons 
produced at high PT which were found to be small [170,173]. In [170] it ;,as 
suggested instead that the excess in the high PT tail of inclusive hadrons may 
be explained by a modification of the VDM contribution. This contribution was 
estimated by relating the two-photon cross section to "YP and pp scattering data 
assuming VDM and quark model relations. The result is aPT spectrum which does 
not fall all the way exponentially but which develops a power law tail at large PT· 
Assuming in addition an average intrinsic PT for the quarks of 0,35 GeV, which is 
in good agreement with photoproductiou data, this tail is enhanced considerably. 
It might thus be concluded that the hadronic component of the photon is probably 
not negligible in the PT range covered in the inclusive PT spectrum of Fig.49. The 
sum of the pertiirbative QCD contributions and the VDM estimate can be higher 
than the simple Born term by a factor of 2.6 at p}= 6 GeV2 and by a factor of 2 
at p}= 10 GeV2 [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
imation. The same estimates show that even in the PT range which can be reached 
at LEP the non-perturbative effects are not small. At LEP energies, however, the 
jet topologies of the_pointlike contributions way be recognized more readily. 

Charm production in two-photon reactions 

At the Born level R..,., depends on the 4th power of the quark charges and thus 
only 2/3 charged quarks make a. significant contribution. Therefore the events with 
high-pT hadrons would mainly be built up by u and c quark jets if the Born process 
is the dominant source for these events. As Can be inferred from hadronic scattering 
and from photoproduction data the VDM mechanism is expeded to yield a very 
small number of events containing charm ( <1% [188]). Hence, st11dying 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 observed charm production in siuglt.•-tag two-photon events 
[189]. As usual {190] o•± mesons were identified by exploiting the small Q-value 
of the decay n·- D01r which yields l!- very good resolution for the D"-0° mass dif­
ference. The signal contains, alter background subtraction, 19 ± 7 ± 2 n• mesons 
in the investigated data sample. This has to be compared to the 5.2±2.4 n·•s pre­
dicted by a simulation of the Born prot"ess. The relatively large number of events 
containing charmed quarks underlines the importance of the pointlike coupling of 
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Figure 55: Ratio of K0 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 r&tio of K~ produdion to the production of all ha.drons as 
a function of PT· A comparison to the Monte Carlo simulations with and without 
c.harm production indicates the importance of the charm t"ontribution 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 higl\_er than the prediction there is certainly no indication for an 
excessive charm production. 

Clearly a more extensive study of charm produdion in two-photon reactions 
would be useful for a systematic understanding of the processes contributing to 
the cross sections at large PT· 

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 mmuf"nta the VDM component of the photons produces 
jets which are collimated in the forward direction. Typically at PT values around 
1.5 GeV the pointlike component of the photon becomes visible as inferred from 
a flattening of the tail of the PT distribution. As pr increases the data. approach 
the Born prediction for two-photon p~oduction of jets from above. 

At low Q1 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 

74 



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 frac~ionally charged quarks. This rules out integer charge 

quark models. For the ga1,1ged version of this model the effective gluon mass is 

constraint to be less than 5 MeV. 
At large Q1 the jet cross_ s'ectiOn approaches the Born prediction for all PT· 

This conforms with the 'observed dominance of the pointlike photon piece in the 

photon structure function. 
The contribution of the Boin process to the two-photon cross section can also 

be tested by measuring charm production. From the hadronic component of the 

photon one expeets only a very small contribution to the chann production cross 

section. First results suggest abundant charm production confirming the impor­

tance of the pointlike couplings of the photons to the constitu~ts of matter. 
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6 Exclusive Hadron Production at Large Angles 

The exclusive production of hadron pairs in ii 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 "'/"'/ axis extends only over femto-distauces 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 ii reactions exhibit the interesting interplay between 

short and long distances in QCD. They offer a unique test of the theory 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 band, depend on the meson and 

baryon wave functions. These readions can thus provide more detailed insight 

into the quark dynamics within badrons than the computation of purely static 

hadron properties can offer. Both machineries of strong interaction physics at 

large distances, the ITEP sum rule appro&<'h as well as the lattiee formulation of 

QCD, have been applied to analyse these wave funetions. 

Experimental analysis have been perlormed at PEP and PETRA for pion/bon 

production as well as baryonic final states [192]-r1911. The onrall picture in 

the former case appears compatible with the theoretical QCD predictions though 

data are demanded at energies farther beyond the reaonanee region [196]. The 

comparison of the baryon yields with the QCD predictions suffers from the steep 

fall-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] 

T'f__.MM (50) 

(and siruilary for baryon production} factorizes into a hard scattering amplitude 

Tn and soft hadronic wave functions <t(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 1'1 __. qij extends only over the short distance 

0( 1/ ~sin-(}), and the gluon lifetime a.nd travel dista.nce are short as well. The 

creation of two parallel quarks and antiquarks qq' and q'q is thus completed at 

the distance 0(1/~sin~) so that QCD perturbation theory is applicable to this 

short-distance part of the process. The long-distance part is described by the prob­

ability amplitude +M(.z-,p:r) for finding a qq' pair in the meson M. ;c denotes the 
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Figure 56: Wide-angle meson (a) and baryon (b) pair production at high energies 
in 11 collisions (generic diagrams). 

fractional longitudinal momenta of the constituents with transverse momenta less 
than P'r· The scattering amplitude is a convolution of the short distance amplitude 
with the distribution amplitudes 

M = f dxdyif>M(x,pr)TH(x,y,PT)if>M(Y,PT)· (51) 

The hard scattering ~plitudes can be c.omputed 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 

T+­
r_, 

T++ } l61ro, 327ra 
T__ = Ji x(l- x)y(i- y) [

(e,- e,)'•] 
1- coslt'J 

} ~ 1671"0, 3271"0: 
3.-; :r(l-.r)y(1 

_ [(e1- e1)1(1- a) 
y) l-cos2 /J 

+elela)y(l-y)+x(1-x)J + (c~ --e~){J· -y)l 
a1 -b2 cos1 t'J 2 

(52) 

(53) 

where a,b = {1- x)(l- y) ± xy. The subscripts refer to photon helicities; e1,e1 
are the quark charges and{) is the c.m. scattering angle. 

The normalization of the quark distribution amplitude cflo is fixed by a sum rule 

1 _ L11. L dx4>A-dx,pr)- VJ (54) 
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in tht> case of mesons; JM is the leptouic decay eoustant of AI. The form of ~M is 
fixed for PT ----J oo by the asymptotic solution of au evolution equation, oeJ!M(Z,pT -t 

oo)--+ "/3fMx(l- :r). 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] 

if>';/(x,pr) "'5vJ/Mx(l- x)(2x -1)2
• (55) 

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

I k,(x- ·) T~?(.z:,pr) = 2/3 2 
(56) 

physically reminiscent of a weak- bindiug approximatiou. For baryons the dis­
tributions have been ex traded from QCO sum rules or, they are based on the 
weak- binding appwximation, the normalization fixed by J /if' ----; pp and nucleon 
form factors [199]. 

6.2 QCD Predictions 

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

I 
M"' ~f(cosl}) 

Pr 
(57) 

n is the total number of quanta involved in the process. For TY ----; M M (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 n = 2 + 3 + 3 = 8, 
hence M "' 1/p}. These dimensional coullting rules are slightly mo(lified if the 
running of the coupling constant a,(pj.) and the logarithmic p} evolution of the 
WaYe fuuctiun are taken into account. Ignoring these logarithmic, corrections the 
fullL)Wiug powt·r laws for the fall otf of the cro~s section,., at fixed angle are predicted 

drr 1 , 
dt =;c 54 g{cosil) for 11 -1 .UM (58) 

dO' _l " 

dt = ~s· 9 (cos!?) for 11----; BB. (59) 

Quantum chromodynamics is chirally iuvariant in the perturbative sector since­
the light quark masses can be neglected in short distance processes and (minimal) 
QCD and QED vector couplings are 15 invariant. As chiral iuvariance induces 
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helicity coaservation for massless fermionic constituents, the hadronic particles 

and their antiparticles art- produced with opposite helicities [11]. 

The cross ~ctions for '"f'Y - 11'"+ 11'"- and 1'1' - 71'
0

1!"
0 a.re presented in Fig. 57 for 

W B and C Z wave functions. Charged pion production is practically independent 

of the choice of the wave {tinction. In fact, the cross section can be expressed by 

the (mea.sUffd) pion form f&etor at large .s to a very high accuracy [11] 

'!ifln ~~+~-I-'- 4fF.(&)I' 
1ft-(ii -J.t+JL-)....., 1-cos4 11. 

(60) 

Measuring this ratio therefore tests the basic theoretic-al concept of the QCD ap­

proach, the factorization of the scattering amplitude into a short-distance pa.rt 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 approximation, -;r
0 production is isotropic while the C Z choice 

predicts a strong angular dependence,- similar to cha.rged pions. In any case, neu­

tral pion production is suppressed by about one order of magnitude cOiupared to 

charged pious. 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 ou the coustitueut level. 

79 

~~-.-----~ Helicity Prun·ss Cross Section 

h=O ;; - K+K- 2~i-(1'1- 11'+11'"-) 

1'1'- Ko KO 0.3~(T1'- 11'-otr
0

) 

1/ - 11"1} 0.1( J; )2~h/ -l 71'011"0) 

1/' - 111] 04(~)'"'1 ·oo) 
. '· dt 11 - 71' 71' 

li- p0w 0.4 d~ hi - P0 
p

0
) 

11- IIJW 1. 1 ~(1'1' _ popo) 

11 ~ ¢¢ 0.2_1(11- popo) 

h = ± 1 T'Y- p0w 0.4~(11- popo) 

/1' - W\IJ ~.h1- popo) 

1•1 ~ ¢4> 0.2_1( 11' - Po po) 

Table i: Relations for wide-angle high-energy cross sections of-n annihilation into 

two helicity 0 (h=O) or helicity ±1 (h=±1) mesons. 71-1}
1 mixing is neglected and 

/.,.-....f.,= 93 MeV. The .pis assumed to be an s8 state. (From [11], modified) . 

The predictions for p pair production are shown for C Z wave functions in 

Fig.58. For chs.rged p's and transversely polarized neutral p's the diagrams con­

tributing to the scattering amplitudes a.rC the same as those for pions. Longitu­

dinally polarized p0 's, however, can be produced by diffractive diagrams through 

multiple 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 particula.r 

'!if111 ~ K+K-) ~ (!K)' 
¥t-< 1'1 - 71'+71'-). f,. 

(61) 

The flavor singlet 11' requires a special analysis due to its possible gluon content in 

the wave function [203]. 

Baryon-antibaryon production differs from the meson case in several important 

technical points [199]. The number of diagrams grows enormously requiring com­

puter algorithms to a.rrive at error free analytk results. The overall-normalization 

must either be derived from J /tl-• - pp or from form factor calculations. Results 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-of£ of the cross section with energy, du(-y1 ~ B1i)/dt --v w--r-l2, making 

it very difficult to investigate the cross section experimentally in a range where 

asymptotic formulae can be utilized. 
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6.3 Experimental Confrontation 

The MARK II Collaboration 1192] and the TPCjTwo-Gamma group [193] have 

analyzed meson production in the energy range up to"' 3 GeV /1 energy. MARK 
II presented the eross section for a sample of charged hadrm1 pairs, Fig.59, while 

TPC jTwo--Gau.1ma separated charged pions from kaons, Fig.60. In view of the 
fact that the shape of the energy de-pendence as well as the absolute normalization 

had been predieted theoretically without any adjustable parameter, the compar­

ison with the dat.a looks very encouraging. Nevertheless, more precise data are 

nt-cessary above the resonance region at high energies to scrutinize the theort-tical 
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 11 ....... pp is limited to :5 3.1 GeV 

leaving only about 500 MeV kiuetie energy per particle in the system. Detailed 
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extrapolation of a QCD cakulation [199] to low energies. 

The curve is the 

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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