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For many years the annihilation process e*te”™ —» K*——» X
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has been the main objective of the experimental activities at e*e~ colliders.
But with the higher beam energies now available also the supplementary
two-photon process ete™ —e e*te 5§ —» e*e~X
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has attracted more and more attention.

The ultimate goal of such experiments is the investigation of the process
5& —» X.
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Two photons collide and produce a final state X, which can be a lepton or a
hadron pair, a resonance or a multi-hadronic system. In principle all combi-
nations of quasi-real, virtual or highly virtual photons can occur in the initial
state.

The angular distribution of the final state electrons (e or e~) is enormously

peaked at small angles with respect to the e*e™ beams. The energies transferred
to the photons are distributed like 1/Eg.
Thus the colliding photons move predominantly parallel to the beams, and in

almost all collisions the incoming photons have significantly different
energies.

Consequently the system X exhibits the following characteristics:

- The CMS energy of the ¥¥ system, Wy,, is considerably lower than the energy of
the e*e~system: YSo@ = 2-Epean

-~ The system X is Lorentz-boosted almost in beam direction.

These characteristics can be used to identify two-photon events without the
detection of either one of the scattered electrons. In this 'no tag' case almost
all colliding photons are quasi-real. In a typical storage ring detector, as
sketched in Fig. 1, the system X is measured in the central detector.

A second possibility to identify two-photon events is the detection of at least
one of the scattered electrons in one of the tagging devices (Fig.1). This
'single tag' requirement reduces the rate significantly. Even for the small
angle tagger the reduction factor is £ 1/10.

~
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Fig.1 Simplified sketch of a two-photon event in a typical
storage ring detector

Tagging, however, furnishes additional information. The kinematical parameters
of the tagged photon, in particular its mass (Q2), can be determined.

Since the way a photon interacts depends on Q2 special aspects of two-photon
physics can be selected by choosing the tagging conditions.

This review 1is restricted to hadronic final states. It covers the following
topics:
T EXCLUSIVE HADRONIC CHANNELS
- Resonances
- Exclusive cross sections near threshold
INCLUSIVE HADRON PRODUCTION
- High-pqt hadrons
- Photon structure functions

—
—

The experiments have been performed at the storage rings SPEAR, DCI and PETRA.

I EXCLUSIVE HADRONIC CHANNELS

The accessible range of the invariant mass, My, of exclusively measured hadronic
states (or equivalently, of the CMS energy, Wep s of the two-photon system) is
limited by experimental conditions.
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As an example Fig.2 shows the M, distribution of ¥¥ induced two-prong events
recorded in the TASSO detector. Pion masses were assigned to all particles. The
number of events corresponds roughly to the first two years of PETRA operation
at e¥e™ energies Vsee between 27.4 and 36.7 GeV.

The hadronic signal appears superimposed on a large background of electron and
muon pairs (solid curve). Without positive particle identification this back-
ground has to be calculated and subtracted. The general shape of the distri-
bution exhibits two distinet features. It falls rapidly towards higher masses
(~1/M§) mainly due to the decreasing photon fluxes. The cut-off at low masses
reflects the trigger conditions and acceptance cuts of the individual experi-
ment .

Thus, even if particle identification is possible the accessible My range is
limited at lower masses by the necessary experimental cuts and at higher masses
by poor statistics (M, £ 2 GeV for the time being).

Resonances

The production of exclusive hadronic states in ¥¥ collisions is a unique place
to study resonances with C = + and J = 0,2,... New resonances may be found and
experimentally unknown properties of known resonances, such as the radiative
width T}r, can be determined.

The experimental results reviewed in this paper have been obtained by MARK II at
SPEAR, CRYSTAL BALL, CELLO, PLUTO and TASSO. The results are all based on

'no tag' data.

No new resonance has been observed. But there are good and consistent results on
the radiative widths of the known resonances

n' (958) JPC - o
feo (1270) J = 2*+*
A, (1310) JFC - o+,

For the £ (~1200) JPC - o** an upper limitT};(s).B(E—u-n;n') < 1.5 keV
(95% c¢.1.) has been derived by the TASSO collaboration').

The measurements of the radiative width of the f° shall be discussed first since
this is a good example to demonstrate what has been achieved in two-photon
physics.

T;((fo)

Fig.3 shows the preliminary mass distribution ?f exclusive two-prong events
(histogram with error bars) obtained by CELLOZ). The invariant masses were
calculated assuming zero masses for all particles. It should be emphasized that
in this experiment the experimental cut-off is comparatively low. The histogram
without error bars represents the calculated contribution of lepton pairs.

For a preliminary analysis the calculated background of lepton pairs was norma-

lized and subtracted yielding the signal presented in Fig.4. It shows an enhance-
ment in the mass region of the f° but it also shows a non-f° contribution, which

is visible at lower masses, but may well extend to masses larger than the f°

mass.

Taking only those events which are in the nominal f° mass region (shaded area)

CELLO derived a preliminary result for the radiative width of

Tre(£°) = 3.6 2 0.2 + 0.7 keV
(stat. and syst. error, resp.)

A detailed analysis of the ®*W~ mass region between 0.6 and 2.0 GeV is 1in
progress.

Already the preliminary signal (Fig.4) demonstrates that for a full analysis of
the ft*m~ channel in this mass range also a non-f° contribution has tq be ex-
plained. Different approaches have been discussed by MARK II ) and TASSO1)

(see below).
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The pure f° signal is described by a relativistic Breit-Wigner ansatz
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In o?der to determine the parameters J and A TASSO and CRYSTAL BALLM) have
studied the measured decay angular distributions. Their data clearly favor J = 2

over J = 0 thus giving further support to the assumption that the considered
object is the f°,

Only the CRYSTAL BALL experiment has an angular acceptance large enough to
perform a complete helicity analysis. This group fitted the angular part of
formula (1) with J = 2 to the measured data. The result is presented in Fig.5
(solid curve) in comparison with the data (histogram). The three contributions
(A= 0,1,2) to the fit are separately shown as broken lines. This analysis
reveals the dominance of the helicity state A= 2 in accordance with the theore-
tical ggfectation for the production of a J = 2 resonance by two quasi-real
photons- /.

For the evaluation of
Tee (£°) the CRYSTAL BALL
group used the experimen-
tally determined mixture of
r T | B — rdfrn] helicity states while the
, other experiments assumed a
-— none purel= 2 state.
interference §- hgif As mentioned above, the
- — complete ngn-f° coniribut%on to tge g
'l LIve NN~ signa as been studie
H519-K°K by MARK TII and TASSO.
The MARK II group has in-
vestigated the possibility
of a m*®M~ continuum, inter-
fering with the Breit-Wigner
amplitude of the f°. Fit
o results of this type are
OfF--4--a-mmuv -~ TEEYE compared with the measured
1 ] 1 | [ I N | 1 | #7w~ signal in Fig.6. The
three upper curves were
0.7 09 Ll 13 15 L7 obtained calculating the
My (GEV@Z) continuum from a simple Born
term ansatz and varying the
degree of interference. In
Fig.6 f° signal in the t™~ channel ob- addition, a possible con-
tained by MARK II. The curves are tribution from the process
fit results explained in the text. 5Y —» f'—mK*K~™ (where the
kaons are mislabled as
pions) was calculated and
turned out to be small (3.8%
of the f° signal, dashed
dotted line).
TASSO The TASSO group has also
150 2y — 2prongs n studied possible explana-
(no tag) tions for the non-f° back-
° ground such as a w*n~ con-
oot tinuum and contributions
100 = + st 7 from the resonances f' and
+ 145" ¢ . Their m*m~ signal is

8

EVENTS/(30 Mev/c2)
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+ shown in Fig.7. It contains
2 the largest number of events
SO - /4 n (1490). The shape of the
LA distribution looks somewhat

s different from the one

z *’ - + observed by MARK ITI (Fig.6).

{DATA-QED)/0.025Gev

o S The data show a small en-
1 1 1 + + hancement near 1 GeV. How-
0.75 1.00 125 150 175 ever, it should be stressed
that in the mass region be-
MﬂGW) low about 1 GeV the accep-~
tance of the experiment de-
Fig.7 f° signal in the 1+t~ channel ob- creases rapidly (comp.Fig.2)
tained by TASSO. The curves are fit and the systematic uncertain-
results explained in the text. ties become large.

)]
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The TASSO group obtained a good
LA A S R AL AL LA fit to the data describing the
] signal by the sum of two non-
CRYSTAL BALL ; interfering Breit-Wigner gync-
lcos ©%1<0.7 1 tions with standard values for
Yy—Tm°r® the masses ang the widths of the
f° and the S resonances. The
solid curve in Fig.7 represents
the fit result while the dashed
and the dotted lines show the

contributions of the two reso-

nances separately.

For the time being the nature of
i the non-f° part of the signal is
an open question. More accurate

%?P { data, in particular from experi-
hf* 1 ments with good acceptance for

,_}_, masses below 1 GeV, are needed.
0= | N SN P T B In addition an impr‘oved theore -
800 1000 1200 1400 1600 1800 tical treatment of thefm *n~ con-
tinuum has to be developed
WYY[MQVJ (see discussion in refs. 1 and 3).
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Fig.8 f° signal in the w°r® channel ob- ] )
served in the CRYSTAL BALL Fortunately the investigations
done by MARK II and TASSO have

shown that the value of Tgg(£°)
does not c¢ritically depend upon the particular choice of the model for the
non-f° background. Nevertheless, this uncertainty adds to the systematic error.

No such non-f° problem has turned up in the CRYSTAL BALL experiment which has
measuggd the totally neutral channel f°—e1 °Nt°. The most recent result of this
group is the f° signal shown in Fig.8. It is the only result presented in
absolute terms, giving a peak cross section of about 75 nh. The shape of the
signal was found to be entirely compatible with a Breit-Wigner desgription of
the f° resonang? assuming a mass of 1233 MeV, which is about 3% lower ) than the
standard value®’, and the standard width. Although there is no significant sign
of a non-f° contribution in the data a small background may still be present. In
this experiment the mass region below about 1 GeV is affected by the acceptance.
Depending on running conditions the energy threshold was set between 600 and
1200 MeV.

In order to facilitate a comparison the experimental results on the radiative
width of the f° are summarized in Table 1.

All five results agree well within the errors. The average is close to T;r(f°) =
3 keV.

The statistical errors show that a level of a few percent may well be reached.
In the case of the TASSO and the CELLO experiment it is already down to 6%.

Collab. Chann. I;}(f°) * stat. ¥ syst. error Ref.
PLUTO e 2.3 £ 0.5 *0.35 keV 9
MARK IT e 3.6 ¥ 0.3 * 0.5 keV

TASSO nt 3.2 * 0.2 *¥ 0.6 keV 1
CELLO R 3.6 £ 0.2 0.7 keV 2

(preliminary)
CRYST.B. n° 1° 2.9 + 0.55 * 0.6 keV 4
— 4 ¥ - 0.39

Table 1: Experimental results on the radiative width of the f° resonance
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L0 I I T The systematic errors,
however, are still com-
. parativel large
JADE l(preliminary) (15-20%) . Theyy r‘ef‘legct
0k 2y—n'ny the experimental difficul-
2 for M.s-inp band ties discussed above.
1 ) Among the numerous theo-
(600 - 9500 Mev) retical predictions for
: Ter (£°), ranging from
n 1 to 20 keV, two are very
close to the average
experimental resul%0
One calculation ) is
based on the non-relati-
vistiec quark model. It
predicts Tge(fo) =
2.6 keV. The other one'!)
starts from finite energy
sum rules for ¥ —= Y.
300 wWith improved experimen-
tal input this calcula-
i 3 o -
Mpory [GeV] tion gives T (£e) = 3.0

20 -

Events/0.030 Gev

[

Fig.9 Preliminary v' signal in the ¢°¥ channel
obtained by JADE

| P

There is a well known result on the radiative widtp of the scalar meson p'. It
was published by the MARK ITI group already in 1979 2) In the meantime also the
JADE collaboration has investigated the channel p'—s ¢°¥—q+na-¥ . As shown in
Fig. 9 they see a clear signal of about 200 events. The overall histogram is the
mass distribution of all (W*tw~Y¥) events while the shaded histogram represents
the subsample for which the w*fA~™ mass is in the ¢°band (600 < M(w*#™) < 900 MeV).

From this subsample JADE derives a preliminary value for the radiative width of
the p' which is compared with the MARK II result in Table 2.

Collab. Chann. I:;(7') + stat. + syst. error Ref.

MARK II N X Ak o 5.9 + 1.6 + 1.2 keV 12

JADE go¥—ent Y 7.5 + 0.7 keV 13
(preliminary)

Table 2: Experimental results on the radiative width of the ' resonance

Both results agree within the statistical errors. The systematic error of

the JADE result is estimated to still be large (50%?).

The quark model for fractionally charged quarks (including phase space correc-
tions) predicts the ratio Tgp(n')/Tge(®w®) = 790/7. Taking Tex(n°) from ref.6 one
finds T;,(q') = 6.3 keV which agrees well with the measured values.
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A value for the radiative width of the tensor mesoq‘ > has been reported by two

experimental groups. The CRYSTAL BALL collaboration ) used the_channel Af—qﬂ“'

4§ while the JADE group 3) has investigated the channel A,—=gfr¥——m*n ¥¥.

Fig.10 shows the mass distribution of Bm°® events. This distribution which peaks

‘at the A, mass is interpreted as a signal of 25 events over a background of 5-6

events.

The A, signal seen by the JADE group is shown in Fig.11. The overall histogram

is the mass distribution of all (MY*R™n°) events and the shaded histogram repre-

sents the subsample of events with the W*R°® or the ®™w° mass in the ¢ band

(600 < M(mEImo) < 1000 MeV).

The number of events in both experiments is far too small for a study of the

decay angular distribution. So both groups determined the radiative width assu-
ming a pure helicity A = 2 state for the
A, . The results are compared in Table 3.

TV v 1 'Tl T ' T r 17V ] LN A l LEL LIS
.
20 CRYSTAL BALL There 1is agreement within @he statistical
k -_— errors. Again the systematic error of the
r (background ] JADE result is estimated to be large
3 b o o
L subtracted} (50%2) .
5 n Also these results can be compared to the
i ] quark model prediction.
3 { From Tgg(R)/Tgg(f°) = 9/25 and taking
s 4 the above mentioned average value
S . Tes (£°) & 3 keV one expects a Tgp (A2) =
<10+ . 1 keV. This is very close to the mean
g i ] value of the two experimental results.
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Mutn-no [GeV] nel obtained by JADE
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Collab. Chann. gr(A2) 2 stat. + syst. errors Ref.

CRYST.B. | puo—e4 ¥ 0.77 «+ 0.18 + 0.27 keV

JADE (RIS ¥y ¢ 1.2 & 0.4 keV 13
(preliminary)

Table 3: Experimental results on the radiative width of the Az resonance

Exclusive cross sections near threshold

FE—-vw'n”

Two-photon induced pion pair production near threshold has been studied at DCI
using the1%%tector DM1 and a specific "zero degree" tagging system (@ tag

< 10mrad) .

For all exclusive two-prong events the particle masses were determined from the
measured kinematical data. The subsample of e%*e~ pairs was used for normaliza-
tion and the number of detected P*/ﬁ' pairs was found to be in good agreement
with the QED expectation.

Fig. 12 presents the yield of W™~ pairs as a function of the CMS energy of the
two-photon system. The contribution of lepton pairs leaking into this data samp-
le is indicated by the shaded area. The remaining 34 w*ft~ pairs correspond to a
cross section (averaged over 0.3 < Wgg < 0.8 GeV) of (69%15)pb which is larger
by 2.5 standard deviations than the expectation from a simple Born ansatz for
pion pair production (see also curve in Fig. 12).

A model for two-photon induced pion pair production in this energy range15)—
which is based on a unitarized Born ansatz and which, in addition, assumes a
two-photon excitation of a broad scalar object € (856) - has been fitted to the
data (histogram in Fig. 12) yielding a coupling constant of fZg, = (0.75%0.30)Ge V2,

I T T T T T T T
DM1 YY—Tm*n-
20 |- - |
— /7> Lepton pairs
Fig.12 1Invariant mass dis-
3 15 F _ "\ Lepton pairs -1 tribution of exclu-
s + U*T" Born sive ft*M~events measured in
E the detector DM1. The curves
2 10 |- : show the contribution of lep-
S M Lepton pairs T ton pairs and the expectati-
ﬁ + MENNESSIER on from a simple Born ansatz
LS model | for pion pair production. The
histograT sepresents the fit
| | of model ®) to the data.
0 ]
0.3 0.5 0.7 09
Wyy (GeV]
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The TASSO collaboration has been the first to study the two-photon production of

the exclusive 41T state.
covering an energy ran

'No tag'

data with an average Q2

of 0.05 GeV2 were used

f 1.5< Wgg €2.1 GeV. Early results based on 89 events

[¢)
were published in 1980ﬁ§). They have shown that at energies near threshold o
a) the reaction ¥¥—m NN proceeds predominantly through the channel Fr—=¢°¢

and

b) the cross section for the reaction Kr—-g°g°(77 + 12 nb at maximum)
is much larger than the VDM estimate.
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Fig.13 1Invariant mass distribution of
exclusive st 'K~ events mea-
sured by TASSO
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sured by JADE
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Fig.15 Two-dimensional distri-

bution of pion pair
masses, a) for neutral and b)
for charged pair combinations
in inclusive a*R n*w~ events
measured by TASS30
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These general features have been_ confirmed by results from MARK II at SPEAR17>
and by preliminary data from JADE13) and CELLOZ).

In the meantime the statistical accuracy of the TASSO data has improved signifi-
cantly. A total number of 533 exclusive ‘U events is now available. Their energy
distribution (not corrected for efficiency) is shown in Fig.13. It can be com-
pared with the corresponding data obtained by the JADE collaboration (Fig.14)
which exhibits the same features. There is a steep rise from the threshold re-
gion to 1.5 GeV (about 2-Mg). It is much steeper than the energy dependence of
the experimental acceptance in this energy range. The maximum is followed by a
shoulder at about 1.7 GeV and a decrease towards higher energies.

The evidence for the dominance of the channel ¥¥—=g°¢* as observed by TASSO is
presented in Figs.15a and b. Fig.15a shows the two-dimensional mass distribution
for neutral pion pairs (mw*nt™). Because of the two possible combinations of such
pairs there are two entries per event. In spite of the combinatorial background
one can clearly see the high population density in the area where both pairs
have masses close to the ¢° mass. The corresponding plot for charged pion pairs
(Fig.15b, one entry per event) does not exhibit any ¢°¢° signal.

Since the ‘statistical accuracy is improving with time and in view of the possibi-
lity of a structure in the four-pion yield (Figs.13 and 14) a refined analysis
is necessary. Possible contributions other than §¥—e8°%°(e.g., ¢°nt*n",

n*w n*r~ uncorrel.) have to be investigated and isolated. The angular distri-
butions for the different channels have to be studied carefully. The latter is
most important for the calculation of the different efficiencies which have to
be known for a determination of the cross sections.

Up to now the experimental groups have used different approaches to extract
acceptance corrected angular distributions from their data. The results look
different (comp., e.g., refs.2 and 17). However, these differences are statisti-
cally marginal.

The TASSO group has started a new and more complex analysis which is still in
progress. New cross section data from TASSO are not yet available due to the
above mentioned difficulties. No cross sections have been reported by JADE

so far.

I I 1 |
20} ]
1201 & [nb] * TASSO
X MARK I
100 |-
0 o CELLO
80 |- -
60 |- .
o+ |4 T T o
' } } |
20 - //_;_EM__‘
|
o L— "7 N |
0.7 27

Wy'y[GCV]

Fig.16 Comparison of cross section data from TA§§Q £1980, ¥ {-=e°9°),
MARK II (¥f—= RN ) and CELLO (¥¥wm T ™ , but with M(®w*n )
in the ¢° band). The curve represents the VDM expectation.
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The MARK II and the CELLO group have derived cross sections using simplifying
assumptions which they found to be consistent with their data.

The MARK II cross sections were calculated from all four-pion events. For the
determination of the detector acceptance this group used a Monte Carlo simula-
tion of the reaction Y¥-w¢°¢° assuming distributions for the production and the
decay angle which are consistent with the experimentally determined angular
distributions. The CELLO group adopted the same procedure for the acceptance
calculation. But they took only those events where both pion pairs have masses
in the region of the ¢° mass (0.6 < M(ma*n™) < 0.9 GeV).

The cross sections of both experiments are compared with the early TASSO results
for ¥X—»¢°¢°in Fig.16. Taking into consideration that the three sets of data are
the results of different approaches the agreement is reasonable. In addition,
the new data from MARK ITI and CELLO give information on the behavior of the
cross section below 1.5 GeV. The curve in Fig.16 represents the VDM expectation
for the channel ¥[l—e¢°¢°, extrapolated down to the production threshold. It can
by no means explain the measured cross section.

The early TASSO results have stimulated a number of theorists to study possible
explanations for the surprisingly large ¢°g® or wt nt* W cross section. Various
and different attempts have been reported18). They are certainly a valuable
input to future discussions. But for the time being no conclusions can be drawn.
The ¥& production of exclusive four-pion states has turned out to be rather
complex and challenging. More detailed information has to be and will be furnis-
hed by the experiments.

¥¥-=»pp

The most recent inve%tigation of an exclusive channel has been reported by the
TASSO collaboration '? Baryon pair production in two-photon collisions has been
observed for the first time.

The 'no tag' two-prong sample was examined for a contribution from the chan-

nel ¥& —=pp .

Particles were identified by determining their masses from the momentum and an
absolute time-of-flight measurement. Fig.17 shows the two-dimensional mass plot.
There are 8 events, well separated from the rest, for which the masses of the
positive and the negative particle are both close to the proton mass. These 8
events correspond to an integrated luminosity of 19000 nb~™' and yield a cross
section (averaged over 2.0 < Wygy < 2.6 GeV) of

TASSO e*e™—e* e +2prongs o (¥§wpf) = 4.5 + 1.6 + 0.8 nb.
In the framework of VDM this process is
& related to the inverse processes pp —»
3 wl M% T ] 29 and pp-»9w. An estimate based on data
~F . for the latter two reactions gives a
3 cross section which is only 20% of the
2 measured one.
= t
2 h
£ O
g L
E -0} 1
2
L Mp
_20 Y d A a4 1 ab ) . -
-20 -1.0 0 10 20

m? (positive track) {Gev?)

Fig.17 Two-dimensional distribution
of particle masses in exclu-
sive two-prong events measu-
red by TASSO
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II INCLUSIVE HADRON PRODUCTION

High-pp hadrons

The pyoduction of multi-hadronic states in two-photon collisions can proceed via
two different mechanisms. The photon reacts like a hadron or it couples directly
to quarks in a point-like manner as described in lowest order by the graph:

et s

See s 9

Experimental results which give evidence for this

'point-like' contribution to

the multi-hadronic cross section have been reported by PLUTO, TASSO and JADE.
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Fig.18 Distribution of transverse hadron momen-

ta in multi-hadronic events measured by
TASSO. For comparison different functional forms
for the pr dependence are shown.
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One way to look for the
'point-like' contribution
is to study the inclusive
cross section dd/dp% as a
function of pg, where prp
is the transverse momentum
of a produced hadron with
respect to the direction
of motion of the two-
photon system (practically
the e*e~™ beam axis). From
dimensional counting the
'point-1like' production
mechanism is expected tﬁ
give rise to a pg
behavior of the ppr distri-
bution. This may be
observed at high pg where
the steeply falling
'hadronic' contribution
has become comparatively
small.

As an example Fig.18 pre-
sents the inclusive prg
distribution for charged
hadro%% measured by
TASSO0Z . 'Single tag’'
data are used in order to
keep the contamination by
misidentified events from
1¥ -annihilation as low as
possible.

The average Q2 is

0.35 GeV2 and the average
Wyy is about 6 GeV. The
distribution exhibits a
steep exponential fall-off
at low pr and a long tail
towards high pe. It has
been analyzed by fitting
the function
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d«/dp% = cq.exp(a.pp) + 02.(pT)b (2)

to the data yielding b = -3.9 + 0.6 for the exponent, in good agreement with the
expectation.

This evidence for the 'point-like' contribution is a most interesting result. It
has been obtained for fairly low values of pg and at energies Wgy £ 10 GeV where-
as in hadron-hadron collisions (pp—eM + X) the inclusive pr distribution has
been found to approach the expected prg behavior only for much higher energies.

If the high-pp hadrons are produced via the point-like coupling of the photons

to quark lines (graph at the beginning of this chapter) hard scattering should
lead to the production of two-jet events:

Wyy

A
In this case the momentum transfer It' (proportional to p% of the quarks) is

large and the transverse momenta of the jets, pT(jet), are expected to be high.

AN 1212 EVENT 3831 EBEAM: 15.63 GEV

ot
2

®
-

HIKS) IN FD

17.0381

Fig.19 A two-jet candidate event recorded in the TASSO detector

423




R.J. Wedemeyer

The basic formula

de/dt (§6—= 2 jets) =

A
3-Y eq-do/dt (FE-=u*u™) (3)
N¢
relates the 'jet cross section' to the prototype of a point-like process, muon
pair production. u
An experimental determination of the ratio Rygy = 3'3 e, which depends on the
fourth power 1is probably the most sensitive test for %he quark charges. For

fractionally charged u, d, s, ¢ quarks it is expected to be 34/27.

From equation (3) it can readily be shown that d57dp%(jet) ~ pf“(jet) and the
experimental groups have tried to detect this power law.

That there are two-jet events among the large number of multi-hadronic events
may - in some cases - be seen by eye. Fig.19 gives an example. The event viewed
along the e¥e~™ beam line (central part of the figure) exhibits two jets. They
are boosted in beam direction as shown in the inserts. The left hand part of the
figure demonstrates that this is one of the rare 'double tag' events.

The experimental groups PLUT02'), TASS029) and JADE2?) have selected two-jet
candidate events from the sample of multi-hadronic events employing procedures

events per GeV*

I T |r] T LB | T LS BARL T 1T 71’
PLUTO 20 - + + TASSO .
. e'eTete tjet+X
100 ! 0 (single tag) E
C % backgr.subtracted|
+ SR ]
+ & %
1 -
I
2 1
or - :
n - H 3
5 C Pt h
2 B :K:}g B A
S VDM model i
J: rad § I (abs.norm) 1
E’ 0l 3
udsc 3 C o) ]
= 3 - ]
2 C ) N
I 2 ]
¥
= ‘ -
0.01 P o bl L4 s laaa
2 5 10 2030 S0
L | 1 Ll [
1 5 10 50 100 z pf(jen 1Gevc?)
2 G
eV
Fﬂ (ET) ( ) Fig.21 Distribution of transverse
jet momenta observed by
Fig.20 Distribution of transverse jet TASSO. The dotted line shows the

absolute VDM expectation and the
shaded band represents the absolute
prediction for ¥r—qgd using four
different fragmentation models.

momenta observed by PLUTO. The
curve represents the absolute prediction
for ¥§—»qd with fractionally charged
quarks u,d,s,c.
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s similar to the ones which have been used
! jAﬂE 120 _do to study Jjet production in 1§ -annihila-
dx- {JET) tion. These procedures have been modified

T for the search for two non-collinear jets.

is shown in Fig.20. The data are compared
with an absolute calculation according to
equation (3) and taking Rygy = 34/27.

1 Fig.21 shows the corresponding result from
TASSO. Here the absolute prediction based
on equation (3) appears as a shaded band
rather than a curve. It demonstrates the
] effect of different models (Field-Feynman

L ‘05 model, all pion model with longitudinal
b i phase space) and varied parameters for the
1 fragmentation part of the calculation. For
[ comparison the expectation from a VDM

[ 110 About 40 two-jet candidate events have
_+_ ] (nb] been found by each of the three groups.
] 5 The p%(jet) distribution measured by PLUTO
1

™7 TrrT

T 7T
oy

H E model is also shown (dotted curve). It
i does not explain the data in this pep
range.

I 101 The JADE group have used the variable
' xp = pr(Jet)/Bpoan = 2pq(Jet) /e in-
:&05 stegd of pr- hey present the X d;strl—
E ] bution in Fig.22. The curve, again, is the
s prediction of the hard scattering model
[ ] (eqn.(3)) with Ryye = 34/27.
s

In all three experiments the data are
above the expectation for two-jet produc-

10.01 tion via Y¥-—qgd but they appear to
approach it with increasing pr.

Xy JET) This 1is an intriguing result and the ex-

T perimental groups try hard to improve and

0 o E? X u17 0.4 Q5 complement it. They have to cope with a
- pIUEn number of difficulties.

[GQV] In general, judging from the experience
with jets in 1¥-annihilation the energies
Wyggy £ 10 GeV are marginal for jet studies.
On the experimental side the determination
of pp(jet) is difficult since, due to the
Lorentz boost of the ¥¥ system, fragments
at small polar angles escape detection.
Moreover, the background from 1¥ -anni-
hilation leads to a substantial correc-
tion, particularly at high pp(Jjet).

01 2 3 4L 5 6 7

Fig.22 Distribution of transverse

jet momenta observed by
JADE. The curve represents the
absolute prediction for ¥¥—qQ
with fractionally charged quarks
u,d,s,c.

Another difficulty arises from the fact that the reaction §¥-»qd is not the only
source of high-pr jets.

QCD predicts reactions like, e.g., ¥¥—= qgg.

‘beam pipe jet’
§ \

The hard scattering occurs between one photon and a quark from the other photon
producing two high-p jets. The remaining quark fragments into ﬂ third jet in
the extreme forward Eirection. do/dpf(jet) is proportional to p7 (jet) (as for
the reaction ¥§f—+qg4). The cross section is expected 53 be smaller than that for
¥¥ = qJ but only by less than an order of magnitude ).
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Another source of high-pp jets are higher twist reactions, e.g., ¥¥—»q3 + meson

M
Y ‘beam pipe jet’
\

q

Again the hard scattering produces two high-pp jets and a third one developes in
thg extreme forward direction. In this case d¢/dp5(jet) is proportional to
p7- (jet) but the cross s%ﬁﬁion is expected to be smaller than that for ¥¥—qg
only if pp(jet) > U GeV/c .

In principle these competing processes could be identified by detecting hadrons
at very small polar angles. However, none of the detectors which have been used
for the above investigations was designed for that purpose.

Photon structure functions

Under certain kinematic conditions the investigation of multi-hadron production
via the two-photon mechanism

ete"—mete"f¥ —wete™ + multi-hadr. ()

offers the possibility to extract information on the structure functions of the
photon.

If one of the photons is highly virtual (Q2>1 GeV2) and the other one is quasi-
real (k2= 0) process (4) can be described as deep inelastic electron-photon
scattering in complete analogy to deep inelastic electron-nucleon scattering.
The electron scatters off a quasi-real 'target' photon exchanging a highly
virtual photon

¢ ¢
Q?large - a?

YK),Q }VVZ N

The cross section for the e)¥ scattering can conveniently be expressed in terms
of the scaling variables

- Q2 - - E-Ex
X = T and y = 1 < .cos2@/2

and the structure functions Fj(x, Q).

do
dx dy | el —s»eX

_ 16d2EE - 2
-_Qh_L{m Y)Fa + xy F1} (5)

(E and @ denote the energy and the scattering angle of the electron, Ey the
energy of the exchanged photon.)
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The variables Q2 and y are completely determined by the kinematic parameters of
the scattered electron measured in the tagging device. But there is an experi-
mental problem with the variable x. Not W but Wyig < W is measured in the cen-
tral detector. An unfolding procedure (x,jg—=X) 1S necessary in order to obtain
results as a function of x.

Under experimental conditions the angle @ is small (in the PLUTO experiment
6 max * 15°). Thus y << 1 and the cross section (5) can be approximated by

do/dxdy | epmex ~ (1/QM)(1-y)Fp(x, @) (6)

This approximation has been used to extract information on the structure func-
tion F, from the data.

Results have been reported by the PLUTO collaboration2u). In addition to the
small angle tagging system (SAT, 20-70 mrad) the PLUTO detector has also a large
angle tagger (LAT) covering angles from 70 to 260 mrad.

Events were selected which have
a) a tag in the LAT on one side (1 < Q < 15 GeV2 at <\]S e
b) no tag in either the SAT or the LAT ('anti-tagging', ke

= 31 GeV) and
0).

111 events of this type were found.

The unfolding procedure was done with the help of a Monte Carlo simulation of
e ¥ scattering in the PLUTO detector. Not knowing the functional form of F,,
events were generated according to formula (6) with a constant Fo. The decay of
the hadronic system was described by a limited pgy phase space model.

This simulation was found to reproduce - within the errors - the experimental
distributions of Q%, W,js and xy,jg well enough to be used for the unfolding
correction.

In Fig.23 the measured F,/ot, averaged over the Q® range of the experiment, is
plotted versus x. Averaging over Q2 does not introduce a serious problem. It has
been shown by a Monte Carlo study (see lower part of Fig.23) that the average Q2
hardly varies for 0.1 € x <€ 0.9. So the data in Fig.23 correspond to an almost
constant Q2 = 5 GeV?.

Considering the errors F, appears to be more or less flat with an average of
about 0.35& .

The results are csggared with theoretical expectations25). The dotted curve
shows an estimate for the 'hadronic' contribution to Fo

Pam % .1 (1x) (7
fg /4w 4
It is certainl Boo small to be the only contribution. The solid curve describes
the sum Fé + FYC , where

CD
FS = h(x)-1n(Q2/A2) (8)

is the leading order QCD resu1t27), calculated for u, d, s quarks and with
A= 0.2 GeV.

The effect of higher order corrections is demonstrated by the dashed dotted
curve which represents the results of ref. 28, also for a A of 0.2 GeV. Both

expectations are compatible with the data.

The contribution of the c-quark (dashed curve) is small. It was calculated from
the bare quark box diagram assuming a mass of 1.5 GeV.
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&H————— Fig.24 Dependence of F2 on Q2, averaged
1o PLUTO (MC . over 0.2<x,;5< 0.8, measured by
( ) PLUTO. The curve represents the leading
order QCD prediction.
5 .
N R
0 [11) X 1.0

Fig.23 Photon structure function

F2(x) for Q2~5 GeV2 mea-
sured by PLUTO. The curves repre-
sent theoretical expectations (see
text). The lower figure shows the
Q2 -x correlation in this experi-
ment (MC study).

Since the 1nQ2 dependence of Fo> represents a strong scale breaking the PLUTO
group has made an attempt to see this effect in their data. In Fig.2l Fy/& is
plotted versus Q2. In order to avoid strong Q2-x correlations (see lower part of
Fig.23) F, is averaged here over 0.2 < Xy ig < 0.8. The curve is the result of
the leading order QCD calculation. Data and curve are consistent.

Although the errors of the data are too large to draw strong conclusions these
are exciting results. This PLUTO experiment has taken a first look at a struc-
ture function of the photon. :

Summary

The radiative widths of the resonances ', f°, and A, have been determined with
good accuracy and the results of different experiments agree well within the
errors. The experimental uncertainties are dominated by systematics. In particu-
lar, the channel ¥¥—= t*n~ shows non-f° contributions whose nature is still an
open question.

Cross sections near threshold have been measured for two-photon production of
the exclusive two-pion and four-pion final states and most recently also the
process §§ —mpp has been observed. For all these channels the measured cross
sections near threshold are larger than the VDM estimate. This is particularly
true for the four-pion channel which has turned out to be rather complex and
challenging. It is clearly dominated by ¢°¢° production. But with improved sta-
tistics a detailed investigation of all contributions to the four-pion yield has
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become necessary, the more, since there is an indication for a structure in the
energy dependence of the cross section. Refined analyses are in progress.

Evidence for a direct, point-like coupling of the photons to quark pairs has
been observed in multi-hadron production at high transverse momenta of the ha-
drons. The prg distribution shows a long tail towards high pp which is in accor-
dance with the p7" power law expected from dimensional counting. It is most
interesting that this behavior becomes evident already at energies Wy % 10 GeV.

Intriguing results have been reported on jet production in two-photon colli-
sions. Two-jet candidate events have been observed. With increasing transverse
jet momentum the measured distribution of pT(jet) appears to approach the ab-
solute prediction for two-jet production via §y—eqd with fractionally charged u,
d, s, ¢ quarks.

The structure function F,(x,Q2) of the photon has been measured for the first
time. Although the experimental uncertainties are still large a comparison with
theoretical expectations shows that a purely hadronic behavior of the photon
does not explain the measured data. The experimental results are consistent with
a leading order QCD calculation (A = 0.2 GeV), however, they do not resolve the
effects of higher order corrections.

The experiments which have been performed during the last two years have proven
that two-photon physics is a fertile and promising field. In the near future the
accuracy of the experimental results will certainly improve and new interesting
data will become available. But some of the difficulties discussed in the talk
point to deficiencies of the detectors which have been used up to now. In parti-
cular, we need real forward detectors rather than tagging devices for an effec-
tive exploitation of this fertile field.
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Discussion

P. Kessler, College de France: As a comment on Yy -~ pﬁ I would like to remark
that this reaction has the interesting feature that the inverse experiment

pE + Yy may be performed (it needs a different machine, different experimenta-
lists, but it should give the same result apart from a kinematic factor). Actually
this experiment was performed some 12 years ago by Hartill et al. at Brookhaven.
At 2.26 GeV c.m. energy 2 events were found. The authors performed a careful back-
ground analysis and found that the background might account only for a fraction of
one event., So, if those two events are taken as significant they involve a quite
large cross section (of the order of the Born term prediction or so). Thus it is

not surprising that a number of events Yy + pp have been found.

R. J, Wedemeyer: The measured cross section was also compared to the Born term

expectation. It is much smaller (by about a factor of 10) than the Born term taken
in the simple way. As far as a comparison with the inverse reaction is concerned

I think statistics has to be improved. The reaction yy - pﬁ has been observed
for the first time and the statistical error of the cross section is still large.

P. Kessler, College de France: Perhaps it would be interesting to redo also the

inverse experiment.

R. J, Wedemeyer: Certainly. A comparison with the inverse reaction would be much

better than with the reactions pE + pp, pw via VDM.

A. Litke, Stanford: This is a comment related to your observation of yy - pE. We
have observed in our quark detector at PEP a few hundred two-prong events with
each particle travelling at low velocity, B = 0.5. From the range of these par-
ticles we conclude they must be heavy, that is, kaons or pions. Our interpretation
is that these events are Yy - K+K_ or pp_ near threshold. Our detector is
especially sensitive to this type of event because it has a very low threshold

for triggering, about 30 MeV/particle.

R. g, Wedemeyer: I should point to the fact that the resolution shown in the two-

dimensional mass plot was not good enough to separate kaons from light particles
like pions. The masses were determined from the times-of-flight and the momenta
of the particles.
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