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This talk is intended as an introduction for those not yet expert in
two-photon physics, especially those e*e” one-photon physicists who still
think of two-photon events as background. I will concentrate on the
physics questions involved, especially emphasizing the areas where I feel
progress can be made in the near future, and of necessity leaving most
experimental details to be found in the references. After a quick survey of
the field and a few words about kinematics, I will discuss in detail two
major fields: the photon structure function and resonance production.

INTRODUCTION
What is two photon physics ?

Our subject is the collisions of two phctons. The first problem is clearly
to obtain two photon beams to collide with one another. Fortunately
electron beams emit many bremsstrahlung photons, meaning that ete”
colliding beam machines are also colliding photon machines. The
properties of our photon beams are those of bremsstrahlung: low energy
and small angle relative to the electron beams, and high intensity.

Photons emitted at small angles are almost real, unlike the
far-off-mass-shell photon created in e*e” annihilation. The annihilation
process decreases as 1/s (s=(2Epeam)?) due to the presence of the photon
mass (m?=s) in the photon propagator. In the two-photon process this
suppression is absent because the photon mass can remain small as the
electron beam energy increases. As a result, the two-photon cross section
increases logarithmically with s, overtaking the one-photon cross section
at beam energies of a few GeV. Although the detection efficiency for
two-photon events is relatively small (~10%), at PEP/PETRA energies the
typical detector has approximately equal numbers of one- and two-photon



events. This means that we now have large numbers of events available to
do physics with!

Despite early worries to the contrary, it has proven fairly easy to sepa-
rate one- and two-photon events at PEP/PETRA beam energies.
Two-photon events are characterized by low visible energy, since the
electron and positron, which carry away most of the available energy, are
usually scattered at angles too small to be dete:ted. A requirement that
the visible energy be less than the electron beam energy removes almost
all annihilation events. Annihilation events with a very hard
bremsstrahlung in the initial state will remain, but are characterized by
having all the missing energy on one side, i.e. the missing momentum is
in the beam direction and is in magnitude approximately equal to the
missing energy. Two photon events are not restricted in this way, since
the electron and positron carry off energy and momentum in both
directions: The small scattering angles also mean that the products of the
7Yy collision have low net transverse momentum p: to the e*e” beam
directions. This allows selection 'of exclusive events ¥y-X from events
where some particles are undetected due to incomplete solid angle or lack
of neutral particle detection. These kinematic characteristics have proven
successful in obtaining clean samples of two-photon events without
requiring the detection (tag) of the scattered electron and/or positront.

What is two photon physics ?

With our two colliding, almost-real photons we have the inverse of decay
processes like n®»>yy. Measurement of the coupling of a resonance to two
photons can provide a test of its assignment to a q nonet: a large
deviation from the expected value might indicate that the resonance is
not q§, but something more exotic such as a four-quark or gluonium
state. In addition, the cleaner two-photon channel might be able to
illuminate some questionable resonances which have remained illusive in
hadronic reactions. Resonance production will be discussed in detail in
the last section of this talk. '

Of course, two photons don't always produce resonances. There is also a
continuum, much of which can be attributed to the Vector Dominance
Model (VDM) process where the two photons become p°s before they
collide, and thus interact as hadrons. Measurement of the total cross
section yy-X as a function of the 7y invariant mass W,, turns out to be
very difficult due to the low acceptance (remember hadron-hadron
scattering is peaked along the beam direction) and the resulting
dependence on a Monte Carlo model to correct for the undetected
particles. Early measurements® are in only rough agreement with each
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other and with the VDM prediction. However, subsequent studies® have
shown that the permissible range of the Monte Carlo model parameters is
even larger than thought at that time. The systematic errors are thus
very large. A better measurement of the total cross section requires
better acceptance for both charged and neutral particles, especially in the
forward direction, to reduce the dependence on a Monte Carlo model.

At large momentum transverse to the beam, the contribution from the
hadron-like VDM process is small and the reaction yy-+qq is expected to
dominate, as shown in Figure 1. The cross section for yy-qd is related to
that for ~¥y-u*p~ by the factor R,,=32 (quark charge)*=34/27 for
fractionally charged quarks*. One observes yy-qg as two hadron jets. The
inclusive p¢ distribution for hadrons coming from yy-qq is expected® to
fall asymptotically as p¢ *, whereas hadrons coming from the VDM process
would show the much steeper fall-off typical of hadronic processes in this
energy range. Currently available results® for the inclusive p+* spectrum
show a high-p: tail above 2 GeV? which is consistent with pt* as shown in
Figure 2. When the hadrons are grouped into jets, the cross section as a
function of the p:® of the jets is as shown in Figure 3. The data lie above
the expectation for yy-qg at p® = 5 GeV?, and fall nearer for higher pi®'s,
becoming consistent with the expected value by pi® = 10 GeV? where,
however, the statistical errors are very large. These results are based on
an integrated luminosity of 9000nb~!, so we can expect an appreciable
improvement when the presently available 80000nb~! at PETRA and
40000nb~* at PEP are used.
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Figure 1. Approximate cross sections for yy-p%°%-»X and yy-q3-X (a) as a
function of W... the total c.m. energy of the 7yy system, and (b) as a
function of pi? of the individual hadrons.
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Figure 2. TASSO inclusive hadron p; spectrum for two-photon events.
Figure 3. TASSO jet p: spectrum for two-photon events, compared to
expectations for VDM and yy-qd models. _

Figure 4. Preliminary TASSO observed rate for yy-pp compared to QCD
calculation (hatched area).
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Production of meson or baryon pairs (yy-MM or vy->BB) at large
transverse momentum is calculable? in QCD. Again, early results® (Figure 4)
are encouraging, and more events at higher p¢s are eagerly awaited.
Because of questions asked at the conference, I have somewhat expanded
this section on high-p, phenomena over what I had time for at the
conference. | regret that further discussion of this interesting field was
not possible.

Another kinematic region where yy—qg dominates over VDM and where
comparisons to QCD can be made is when one of the photons is highly
virtual. This occurs on those rare occasions when one of the electrons is
scattered at large angle. This process, refered to as the high-Q® region or
as deep inelastic electron-photon scattering, can be formulated in a way
analogous to deep inelastic electron-nucleon scattering.

After an introduction to the kinematics of 7y scattering, I will discuss in
detail the high-Q? region and then resonance production.

KINEMATICS

We observe yy-X at ete” storage rings as a subprocess of ete—»e*e™X, as
shown in Figure 5. The incoming positron and electron both have energy E
and 4-momenta p, and p; respectively. After scattering they have energies
E, and E; and polar angles with respect to their original direction ¥, and
¥,. The emitted photons have 4-momenta q;, gz and energies E,j, B4, and

(5) (6) R

34316 Q12 [GeV?]
: 34313
Figure 5. Diagram for e*e™ = e*e™yy » e*e™X.
Figure 6. Photon-photon luminosity function for transverse photons as a
function of the Q®s of the two photons. The thickness of the points is pro-
portional to the luminosity.



combine to form the system X of mass W,,=Iq;+qsl. The squares of the
photon masses (q,? q.°) are negative, and it is conventional to use instead

QR = -g® =4 E F sin?/2) = E E' 2

Virtual photons, with Q®#0, can have helicities A=+1,0. The longitudinal
component (A=0) vanishes as Q*-0, leaving only transverse components for
real photons. In general the process ete ~e*e X can be written as

Tes-eex = Z Lh(ch»qz) 0h774X(W77rQI2-q22)
h

where LB is the photon-photon "flux factor” or "luminosity function” and
the index h indicates the combinations of photon helicities®.

Since we can only measure cross sections in kinematic regions where we
have substantial luminosity, it is important to consider what the
luminosity function looks like. The luminosity function for transverse
photons is shown as a function of Q% and Q,% in Figure 6, where the
thickness of the points is proportional to the luminosity function. The
very black dot in the corner indicates that the greatest luminosity occurs
when both photons have Q*=0. This is where most of the ¥y events come
from, and is the region where the cut |Zf)‘t|~0 is valid. This is the region
where resonance production has been studied. The region where both
photons have large Q* may well contain interesting physics, but we won't
see it because the luminosity is practically nonexistent there. However
there is small but significant luminosity along the two axes, where one
photon has Q®~0 and the other has large Q? This is refered to as the
high-Qf region, where deep inelastic ey scattering is studied.

DEEP INELASTIC ELECTRON-PHOTON SCATTERING

Events with one high-Q? photon are selected by requiring the detection
of a scattered beam electron or positron at large angle. This is illustrated
in Figure 7 where a high-Q? event is sketched in a "typical” all-purpose
detector. The hadronic system X is detected in the central detector, which
usually has a drift chamber in a solenocidal magnetic field for
‘measurement of charged particles, surrounded by an electro-magnetic
shower counter for measurement of photon energies. The scattered
positron is detected in the end-cap shower counters, which typically cover
the polar angle range between 0.1 and 0.5 radians. At a beam energy of 15
GeV, this angular coverage gives a Qf range up to about 50 GeV? The
electron, scattered at small angle, passes undetected down the beam pipe.
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Figure 7. A high-Q? event in a typical detector.

The high-Q? photon has a longitudinal as well as transverse components,
whereas the Q®=0 photon is almost purely transverse. Thus the cross
section will have two terms: oT for both photons transverse and glT for
one longitudinal and one transverse (an interference term drops out when
the azimuthal angles of the scattered electrons are integrated over)*%

TeeseeX = LTT o-TT + LLT gLT (1)
= LT { ¢ + & glT )

This cross section can be re-written in terms of two photon structure
functions F, and F; and the scaling variables X and y:

Q? . Q?
P oTT Fp = ——- ( 07T + T )
8miax 4o
Qz di - 9z E,
¥ = e—mm—m——— , y = —om—m—e PR
Q% + W2 pPL * G E
d ToereeX 4ma?

——————————— = ——- % (1-y) Fz(x.Q®) + xy? Fi(x.Q%) g N(Eyp) ()

where N(E,z) is the flux factor for the Q®=0 photon. In regions where we
have significant luminosity y is small, so that the term in F, may be
neglected. This leaves us with one photon structure function Fz to



measure as a function of x and Q2. Note that this form is equivalent to (1),
with the structure functions taking over the role of ¢T and ¢lT and with
L™ replaced by the combination of N(E,.) and the kinematic factors.
Neglecting the Fy term in (2) corresponds to setting e=1 in (1).

The presence of structure functions in (2) suggests a comparison of
e*e">e*e X with deep-inelastic electron-nucleon scattering, with in our
case the nucleon target being replaced by a Q2=0 photon target.
Electron-nucleon scattering as understood in the parton model is
illustrated in Figure 8a. The incoming electron emits a high-Q* photon
which sees the nucleon as a collection of quasi-free partons with small
transverse momentum relative to the incoming electron direction. The
photon is absorbed by one of the partons, knocking it out of the nucleon
before it can interact with any of the other partons. This lack of
interaction between the partons means that there is a fixed relation
between the 4-momentum q of the photon, the 4-momentum P of the
nucleon, and the fractional momentum x of the affected parton:

(8)

34348

(9)

. 34310

Figure 8. (a) eN - eX in the parton model; (b) ey ~ eX for the p part of the
photon. !
Figure 9. ee » eeX and ey -~ eX in the quark model.
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longitudinal momentum of parton Q®
longitudinal momentum of nucleon 2qe+P

In the case of ev—+eX, the nucleon momentum P is replaced by the Q®=0
photon momentum qg, giving

for Q2=Q,?, Q.?~0 and W = W,,= the mass of the system X. This is exactly the
scaling variable x that we have defined previously.

There are two mechanisms which contribute to ey-»eX. In the VDM
picture (Figure 8b) the target photon is seen as a p meson which in turn
has parton constituents, one of which absorbs the high-Q? photon. This
contribution to Fz” behaves like Fg".

In the second mechanism which contributes to Fp?, the "parton
constituents’ of the photon target are the qQ of our QED yy-qq diagram,
as shown in Figure 9. Unlike the constituents of a nucleon, they are not
restricted to small transverse momenta, since they are not really
constituents in the sense of being confined in a photon. Their transverse
momentum spectrum continues to the kinematic boundary ps™*= = W/2.
This additional freedom in p: gives several important differences from the
eN case:

a) x cannot always be interpreted as the ratio of the quark momentum to
the photon momentum (only at pt=0),

b) the Callen-Gross relation Fp = 2xFy does not hold (derivation uses p=0)
¢) Fy* even in lowest order does not show the scaling (independence of Q%)
that is true to lowest order in eN scattering, but rather grows with InQ?.

The fact that the qf come from a photon, a fundamental particle of the
theory, means that Fz? can be calculated, both in normalization and shape,
whereas for Fo¥ only the Q? evolution can be calculated. The calculation
shows that F' increases with InQ? (whereas FypY decreases) and Fz’
increases with x (F.¥ decreases). Both of these properties will make the
yy-qd part of Fg’ easier to distinguish from higher twist (1/Q%) or VDM
(~1-x) contributions than was the case for FoN.

Before describing these calculations, let us first consider how F;? is to be
measured and take a first look at the data. Fo? is a function of RE=4EF
sin?(1¥/2), so we need {o measure the scattered electron’'s energy and
scattering angle, which is done in the endcap shower counter. Fg7is also a



function of x = Q® / ( Q% + W2 ), so we also need to measure the total
hadronic energy W. To really measure the total energy we would need to
have a 100% efficient 4m detector for both charged and neutral particles.
Lacking this, as we all are, we must

a} get as'much of the energy as possible by building a new and better
detector and/or work very hard to get as much as possible out of what
we've got, and

b) use a model for the hadron formation in ey-»eX and a Monte Carlo
detector simulation to relate X ,,, = Q2 / { Q% +Wpeas? ) to the real x.

To measure F."(x,Q?) we also need our efficiency as a function of x and Q%,
which we obtain using the same Monte Carlo simulation. |

At present there are not enough statistics available to measure Fy?
simultaneously as a function of x and Q?, so each group has combined its
data over its entire Q? range to measure the x dependence of Fp'. The
PLUTO collaboration has shown!! (Figure 11b) that their average Q? is
roughly independent of x, providing some justification for this procedure.

For the actual measurement, a first approximation of Fp¥ is chosen.
Monte Carlo events are generated with this Fz¥ and put through the

Ot+ €0}
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Figure 10. PLUTQO total ¥y cross section as a function of Q% The solid line
shows the VDM prediction.
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Photon Structure Function
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Figure 11. {a) PLUTO photon structure function averaged over 1 < @2 < 15
GeVZ. Also shown are: the expected p structure function o’ ‘n' + the
leading-log QCD calculation!* for u,d and s quarks with A = 200 MeV; o' +
leading log + next-to-leading log QCD calculation?’ for u, d and s quarks
with A = 200 MeV: and a quark model calculation for ¢ quarks.

(b) <Q%> - x correlation for PLUTO data.
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detector simulation and analysis cuts. Then the numbers of Monte Carlo
events as a function of x are compared to the data and an improved
approximation for Fp' obtained. It is desirable to iterate this procedure
because of the rather loose connection between measured and actual x!?.

Now [ will use the published results from PLUTOY to address the
question: In the high-Q® region are we seeing 77-p%°>X (VDM) or yy-qg ?

In Figure 10 the measured total cross section for 7y-+X is shown as a
function of the Q% of the high-Q? photon. The expected Q? dependence for
P%° scattering, given by the p° propagator, is also shown. Above QE =1
GeV® the data lie far above the p° curve, showing that at high Q? the
photon does not behave like a p°.

In Figure 1l1a the measured x dependence of Fy* for Q° > 1 GeV? is
compared to that expected for a p° target. The £° structure function, like
all hadron structure function, must fall as a function of X, going to 0 at
x=1 reflecting the improbability of finding one parton carrying all of a
hadron’s momentum. This decrease is inconsistent with the data, which is
approximately flat. Therefore the low Q2 photon is also not behaving as a
P°, at least not when probed by a high-Q? photon.

We see from these comparisons that the contribution of the p°
component of the photon is small for Q® > 1 GeV2 We now turn to a
comparison with the calculations for Y7Y->qg.

Ignoring gluons, we can calculate F,? for Y7-qd exactly in QED!3. When
the quark mass my, is negligible we get

3a W
Foral = —— T e g x[x2+(1-x)*] In --—- - x + 8x%(1-x) %
™ : mqa .

For the charmed quark, the quark mass is not negligible and the exact
form!'? should be used. The results for three different Q°® are shown in
Figure 12. The strange appearance of these curves is due to the charm
threshold, which moves to higher x for higher Q2. It is clear that it will be
important to understand the threshold region, which might be modified
from this yy-qq calculation by final state interactions. At the high~-x end,
the curves in Figure 12 have been terminated at the point W=1GeV, which
is the usual experimental cut, and is also a value below which it does not
make much sense to talk about free quarks and/or QCD. This means that
the very high x region becomes inaccessible both experimentally and
theoretically. In this quark model calculation I have used masses of 300
MeV for the u, d and s quarks and 1500 MeV for the ¢ quark. The calculation

12
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is quite sensitive to the quark masses, which is an indication that we are
not in a kinematical region where the calculation is valid.

In QCD calculations, the effect of gluons is taken into account. In the
leading-log calculation, all' gluons emitted and - not re-absorbed are
included. The calculation is to all orders in a,, but by definition includes
only the leading-log terms, i.e. those terms which contain a factor InQ?.
Thus this approximation neglects the -x+8x%(1-x) term we obtained in the
quark model calculation, and the argument of the logarithm, which was
W2/mg?, reflecting the kinematic boundary py™** = W/2, must be replaced
by InQ?/A%. This loss of information is somewhat corrected in the

T T 1 T ] T T - ) I
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Figure 12. Photon structure function for three different Q® values
calculated in quark model using exact QED formula!® and masses of 300
MeV for the u, d and s quarks and 1500 MeV for the ¢ quark. A term 0.1(1-x)
has been added for the expected contribution from the p part of the
photon.
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next-to-leading-log calculations. There are various approximations made
in the various next-to-leading-log calculations. Three results are
compared to the leading-log calculation in Figure 13. In Figure 1la, the
leading-log and one of the next-to-leading-log calculations (with A=200
MeV) are compared to the PLUTO data. Within the statistics, the data
agrees as well with the quark model as with QCD.

A theoretically more important test is whether Fz” at fixed x increases
with InQ? as expected. The PLUTO group has combined their data between
x=0.2 and x=0.8 to give the Q® dependence in three bins from Q®*=0.5 to 15
GeV? Within the rather large statistical errors, the data shown in Figure 14
agrees well with the expectation. We need more statistics in order to use -
smaller x bins and a larger Q? range. | can take a tentative look at this by
combining the PLUTO data at <Q2>=5GeV? with preliminary data from
CELLO*® at <Q?®>=8.3 GeV? and preliminary data from JADE'? at <Q2>=23
GeV® to plot F27(x,<Q%>) for 5 bins in x and 3 values of <Q*>. The result,
shown in Figure 15, must be taken cautiously because each experiment,
which I have plotted as though Q2=<Q2>, actually covers a wide range of Q2.

4.0

34346

Figure 13. Photon struction function as calculated with QCD in leading log
approximation (LL) and three calculations (A,B,C) in leading +
next-to-leading log approximation. The plot is taken from W.Frazer, Proc.
of 4th Int. Coll. on Photon-Photon Interactions, Paris, 1981.
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Figure 14. PLUTO photon structure function as a function of Q® averaged
over 0.2 < x < 0.8. The curve shows the QCD prediction in the leading-log
approximation with A = 300 MeV.
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Figure 15. Q¢ dependence at fixed x of photon structure function. The data
for each experiment are plotted at the average Q? for that experiment:
PLUTO at <Q%> = 5 GeV?, CELLO (preliminary) at <Q?> = 8.3 GeV?, and JADE
(preliminary) at <@*> = 23 GeV2
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This is especially a problem in the region of thresholds, e.g. the bin
0.8<x<1.0 where the cut W > 1 GeV is important, and the bins 0.2<x<0.4 and
0.4<x<0.8, which are affected by the charm threshold. One rmust also keep
in mind that the measurement of Fo” is difficult, so that we should take
seriously the "preliminary” for the CELLO and JADE data. Nevertheless, I
have chosen to make and show such a plot to emphasize the importance of
looking at the Q? dependence, and to suggest that cooperation between
experiments in combining their data may be necessary to achieve a
statistically significant result. In another year or two I hope to have such a
plot with more data and without labels of "preliminary’, so that we can
make a serious comparison to theory.

The approximations inherent in the QCD calculations mean that
measurements of the x-dependence of the structure function will test the
calculation techniques more than the basic theory itself. (Testing the
technique is important -- we seem to be stuck with QCD and we had better
learn to calculate with it!) On the other hand, the growth of F,7 at fixed x
is an inescapable result of the theory, and failure to see this would be a
major result and a serious blow to QCD itself.

RESONANCES

Resonance production in 7y collisions has been studied in the low Q*
region, mostly without requiring the detection of a scattered electron. The
resonance is identified by detecting its decay products in the central
detector. An event of the type »y~f°»m*m~ is showh in our "typical”
detector in Figure 16. The event is identified as a vy event by the
characteristic ’Zp‘tl ~ 0 and Eyj4 « 2 Epeam.

LA
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e < > > @
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Figure 16. yy—f°>n*n~ in typical detector.
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The cross section for resonance production is
G’-’T»R = 8”(2!]""1) —————————————————————

where I, is the partial width of the resonance to 9y, I is its total width, J
its spin, and mg its mass. It is I'yy which is usually quoted, rather than

G'T-T»R-

The ', for qg mesons can be absolutely predicted (reliably for the 7°,
less so for heavier mesons). Relations between the Iy, for mesons within
the same qg nonet can be obtained using SU(3) invariance!®. With these
predictions, we can test the assignment of a meson to a q@ nonet. Large
deviations from the qd expectation inay signal that the meson is actually
something else. For example, '}, for a gluonium state is naively expected
to be much smaller than for a qg state, since photons cannot couple
directly to gluons, but must do so through an intermediate qg state, as
shown in Figure 17. Therefore it is important to measure I'yy for gluonium
candidates. This is a case where a small upper limit is a positive result,
but a larger result may be inconclusive, due to uncertainties in QCD
calculations of gg-y7.

The resonances that can be produced by two photons have even charge
conjugation and spin-parity J® = 0%, 07, 2%, 27, 3*, etc.. Note that spin 1 is
missing from the list. Two real photons are forbidden to couple to a spin 1
state by Yang's theorem!'®, and since we are dealing in ¥y collisions with
almost-real photons, the production of spin 1 is strongly suppressed.
(This might be put to good use, for example to test the controversial spin
1 assignment of the E(1420).) In the following I will discuss the q nonets
for which measurements are available: J® = 07, 2%, and 0%, and then a
collection of unidentified states.

- O__Y___

Figure 17. Diagram for the decay into two photons of a qJ state and a
gluonium state.
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0~ * nonet i ' ¢
Table 1: 0~* Nonet

5.0 £+ 0.5 + 0.9 keV JADE?3
5.4 £ 1.0 + 0.7 keV CELLOR*

0" | Predicted |  Measured I,
n° | 7.6eV | 7.95+0.55 eV world average?® :
n | 395 eVx | 324146 eV Primakoff effect??1
n'| B6.0keVs | 5.8+ 1.1+ 1.2 keV Mark II (SPEAR)?2

| I ‘

| |

When two errors are quoted, the first is statistical and
the second systematic.
* using ¥=-11°

The vy widths of the 7° can be reliably calculated from the triangle
- anomaly graph and PCAC and a factor of 3 from color. The predicted!® 7.6
eV is in excellent agreement with the measured 7.95+0.55 eV 20,

Calculations for the # and 7' must take into account that these particles
are mixtures of the qf octet and singlet states:

77 = cost ng - sin?d 7y
7' = sin® ng + cosy¥ 7y

Mass relations indicate that the mixing angle ¥ is approximately -11°,
which leads to the predictions shown in Table 1. The measured I,y for the
7 comes from a Primakoff effect measurement?!. The I'y, of the n’ has been
measured by the Mark II*%?, JADE®®, and CELLO®* collaborations in the
reaction yy-7n'-p°y. These results are in good agreement with the
predictions, as shown in Table 1.

2** nonet

Predictions® for the ¥y width of the f° range between 1 and 20 keV. The.
measurements are shown in Table 2 as measured in yy-f°>n*n— or n°n°,
The rather large systematic errors and the spread between the different
experiments are due to the fact that the f° as produced in 7y collisions
looks funny, and the different groups have chosen different ways of
dealing with the problem. I think it is safe to say that no group is
completely happy with their f° sighal, but when they are considered
together a pattern emerges: the f° seen in 77> collisions has a lower mass
and a larger width than the standard?® f° seen in hadronic collisions. The
apparent differences to the standard values are summarized in Table 3.
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2**  Predictions P,:;:1-20kev

4+ PLUTO 17° .
H-+e#—4  MARK II(SPEAR)
§° - TASSO?®

CELLO {under stuc!y)?'9

{with measured 390
cB helicity)

SUl3) prédicﬂon from f°
cg?®

CELLO

JADE"

0.5 10 1.5 keV

£ n(\’ ~ 0.3 keV SU{3} prediction from £° .
i
My - BRIKTK') < 0.6 keV MARK II{SPEAR)

34308

Table 2: 2+* nonet. The solid lines indicate the statistical error, the dotted
lines the systematic error added linearly. The first four measurements for
the f° use the assumption that it is produced in a helicity 2 state. The
Crystal Ball result uses their measured mixture of helicities.

| Experiment | Mass shift | Width shift |
| TASS028 | ~ 33 + 7 MeV | + 67 + 21 MeV |
| Mark II?7 | "bad fit to standard £°" |
| CELLO (prel.}?®| - 60 £ 7 MeV | + 20 £ 20 MeV |
| Crystal Ball3® | - 35 + 14 + 25 MeV | + 70 = 38 MeV \

Table 3: Apparent shifts of f° mass and width in yy-f£°
as determined in fits allowing no interference or other

resonances.
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The analysis is complicated by the presence of backgrounds. The QED
yy-ete” and ~yy-utp~ contribution is large but can be reliably
calculated®. Some groups have partially removed it using particle
identification. The Crystal Ball m°n° data is free of this background. The
77 continuum is more troublesome because it cannot be calculated. We
are at an energy too high to use the Born term which assumes point-like
coupling of the pion to the photon, and too low to use QCD calculations.
An additional problem is the detection efficiency, which drops sharply for
some experiments just below the f° mass (TASS0,CB).

A possible explanation of the mass shift is interference between the f°
and the 7n7 continuum. The Mark II group has shown?®” (Figure 18) that
interference with the Born term can explain their data, which however has
little sensitivity above the f° mass due to the low photon-photon flux in
this mass range at SPEAR (Epeam$3 GeV). However the TASS028 and PLUTO®
collaborations have shown that this Born term gives far too many events
above the f° mass. On the other hand the Born term gives about a factor
of two too few events on the low mass side to explain the DCI®® data. In
any case, the Born term is zero for n°n® and therefore can't explain the
Crystal Ball data®. As a last blow, any theorist would say that the Born
term can't be right. In order to decide whether interference is the right
explanation, we must first come to grips with the continuum itself. Work
on this is in progress in the CELLO collaboration?®® wusing a
phenomenological "unitarized” Born term34.

||:|l|i|l:-l
MARK II -
& 100 ; none:
) mterference{ ——complete
-
D
=
(e
@
%
—
=z
i
-
w

Figure 18. Mark II yy-»m*n~ compared to Born term + f° with and without
interference.
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Another possible explanation is that the f° seen in 9y collisions is not
the same as the f° produced in hadron collisions. It has been suggested®
that mixing with a nearby 2** gluonium state means that the f° produced
in hadronic reactions is partly q and partly gg. In 77y collisions the q3
part would be more strongly excited than the gg part which lacks a direct
coupling to photons. This could change the mass and width, and the decay
branching ratios would also be affected. Therefore it is important to
compare the branching ratios for fs produced in 7y and hadron
collisions. Likely to be affected by a gluonium mixture are f°»KK and

f°snn. So far we have only upper limits:

BR(£7>K*K")
—————————————— < 7 Mark 11?2
BR(fr*4-K+K")
and
BR(f"*4->nn) BR(f7~77)
——————————— < 2% vs. -——m-————--- < 5% CB%
BR(fR2d- 1) BR{{"Y->7)

A solution of the f° problem requires better understanding of the m¥n~
as well as the m°7° continuum, which means extending measurerments well
below the f° mass, and in addition better measurements in other channels
such as KK and n7.

Continuing on in the 2** nonet, we come to the Ap, whose yy width has
been measured by the Crystal Ball®® with the decay channel n7°, and by
JADE'” and CELLO?* in the decay pr. The measurements agree well with
each other, as shown in Table 2. The SU(3) translation of the f°'s 2-4 keV
into a prediction for the Az is also shown in the figure. Given the
difficulties with the f° it is not surprising that the measurements tend to
lie on the low side.

The third neutral member of the 2** nonet, the f'(1515) which decays
primarily into KK, may be strongly affected® by interference with the KK
channels of the f° and A,. At present only an upper limit is available:

I,." « BR(f>K*K~) < 0.6 keV Mark 1122

which was obtained neglecting interference. Further work on the KK
spectrum is in progress.
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0** nonet
Table 4: 0** Nonet

o++ | (Predictions are ~ 20 M%)

? £(700) | Ty, ~ 40 keV ? DCI33
£(1425) | I'yy * BR(n*n~) < 1.5 keV TASS0R®
S*(980) | I'yy * BR (nn) < 0.8 keV CB39
5(980) |

The 0** nonet is not very well understood. Candidates for the neutral
members include an £(700), an £(1300 or 1425), the S*(980) and the (980).
A fit to the DCI yy-»n*n~ data using the unitarized Born term and an £(700)
required a yy width for the &(700) of about 40 KeV. However, since the &
could not be seen as a peak in this experiment, whose data stops at about
700 MeV, the presence of the ¢ is inferred only from the excess of the data
over the umitarized Born term. A recent phase shift analysis® of n°n° data
prefers a different parameterization of the ¢ from what was used in the
DCI fit. Again we come to the need for high statistics yy-nn data
extending from just above threshold to well above the resonance region so
that we have enough constraints on the continuum in order to be able to
reliably extract the resonances from it. '

The heavier ¢ and the $* have rather small yy widths, as shown by the
upper limits in Table 4. These limits are considerably smaller than the
~20M>% (M in GeV) expected® in most theoretical estimates, but consistent
with a single-quark-exchange calculation® which predicts 0 - 0.4 keV for
0** mesons.

Since there is speculation that the S* and ¢ are qgqqd states, it would be
interesting to have measurements of the yy widths of the £(1425), S* and ¢
to see if they are consistent with the SU(3) relations for mesons within a
nonet. However, since their yy widths are apparently small, this will be
difficult.

Other states

We now turn to states which have not yet found a place in our scheme
for understanding meson resonances. The first of these may or may not
be a resonance. In 1980 the TASSO collaboration observed*? a cross section
for 7y-p%?®° which was much larger than expected from VDM calculations.
This large cross section, which has since been seen by other experiments*,
led to speculations that some new resonance was being excited, either a
new qqg state or perhaps a qdqg or gluonium state.
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Table 5: Other States

e o v i e e S e Rt i e . B i e o i i e e el A o e e e S J— —

| JP | Mass (GeV)| Width (GeV}| Ty
p%p®| 0*,2*| 1.2 - 1.7 | very broad | TASS040
. | 0~ | 1440 £ 15 | 55 £ 20 | Iy * BR(KKm) < 8 keV  Mark I1%%
| | | | I, + BR(p%°) < 1.0 keV TASSO*°
@ | 2 | 1640 £ 50 | 220 £ 90 | Iy, * BR(nn) < 5 keV cBt
| L l | I'yy * BR(p%%) < 1.2 keV TASS0*°

A preliminary new cross section determination from TASSO* extends the
measurement below the nominal p%° threshold at 1.5 GeV and shows that
p%° production remains large down to 1.2 GeV. The peculiarity of this
behaviour is demonstrated in Figure 19 where the measured cross section
is compared to a calculation of p%®? phase space. The TASSO collaboration
has also performed a spin-parity analysis.

TASSO (preliminary)
150 isotropic production and
decgy assumed
E
_Ei 100 _ n
Q.
KON
R
b)'cl
50 +
1.2 14 1.6 18 20

Wiy [GeV]

34345

Figure 19. preliminary TASSO yy»p%° total cross section assuming
isotropic production and decay of the p%0° system. The detection efficiency
changes by up to a factor of 2 for the various possible JF¢ states. B
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Figure 20. Observed angular distributions for TASSO 77~p%°% data compared
to Monte Carlo calculations including the effects of the TASSO acceptance
for JF¢ = O~* (dashed line) and 2=+ (dot-dashed line) and for the best fit
(full line). The data are in the mass range 1.4 < M, < 1.6 GeV. To enter
the plots events had to have both w*m~ masses within 150 MeV of the
nominal p mass for at least one n*m~ - 7w*n~ combination. If both m+m— —
ntn~ combinations are within this cut, they both appear in the plots.

a) the p production angle 4, defined in the yy CM system with the z-axis
along the >eam axis.

b) the p decay angle ¥, defined as the polar angle of the n* of each p° in
the p helicity frame. '

c) the angle Ay between the decay planes of the 2 p%s

d) the cosine of the three-dimensional opening angle 9,;, between the two
n* directions, each defined in its respective p° helicity frame.
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They find that within their acceptance it is not possible to reliably
distinguish between isotropic production and decay of p%0° and p°°
production through a J*¢ = 0** or 2** state. All three possibilities agree
with the data. However JP¢ = 0~* and 2-* have distinct characteristics
which differ strongly fom the data, as shown in Figure 20. We are left with
the possibility that the observed yy-p%? is a threshold effect, or is
perhaps due to a broad resonance with JPC = O** or 2** and a mass S 1.2
GeV. Alternatively, a recent calculation* suggests that the effect can be
explained by VDM after all. It would be interesting to have information on
other vector meson channels yy-VV, and to try for better acceptance in
order to distinguish between JP¢ = 0** and 2**.

In the meantime two new states found in radiative ¥ decay have excited
much talk about gluonium. This makes them interesting to two-photon
physicists because of the potential importance of I'y, in distinguishing qJ
from gluonium states. The first of these two states is the ¢(1440) seen in ¥
> v KRm by the Mark II*3 and Crystal Ball*® collaborations. The Mark II
group using their SPEAR data?? for yy-KKm has set an upper limit for the
vy width of this state of ‘

[+ » BR(t»KEKm) < 8 keV.
This is not yet small enough to be helpful, but data at higher beam ener-
gies, where the -y flux in this mass range is substantially higher, should
allow a better measurement. The TASSO collaboration, in showing that
their yy-p%?° data is not due to this state, has set a preliminary upper
limit of

T, « BR(1=»p%% < 1.0 keV (95%CL)
However the branching ratio of the decay ¢»p%?° is not known.

A second state, the ©(16840) was observed* by the Crystal Ball
collaboration in % - ¥ nm. Using their yy-n7n data, they have set an upper
limit of

I,,® « BR(8->nn) < 5 keV  (95% CL)
The TASSO collaboration has a preliminary upper limit for this state using
their y7y-p%° data and the measured Crystal Ball parameters for the @ of
I, » BR(0-p%°% < 1.2 keV (95% CL)
Preliminary Mark II results*® on ¢ - y p%° have shown a large peak at the
same mass and width as the ®, but they have not yet performed a
spin-parity analysis. If this is indeed the ®, the p%° represents a large
decay mode, and the TASSO upper limit begins to look rather small for a
qg state.
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CONCLUSION

In conclusion I would like to say that two-photon physics is thriving at
e'e” storage rings, doing physics ranging from the study of resonances to
tests of QCD. There is much left to do, and there are data available to do
it with.

The first results on the photon structure function have been very
successful in showing that the yy-q@ process stands out clearly against
VDM background. More statistics will allow tests of the QCD expectation for
the Q® dependence at fixed x. Measurement of the total hadronic energy is
crucial for determination of the photon structure function. Perhaps a
calorimetric experiment can do better than one which emphasizes charged
particles. The Monte Carlo model dependence in the correction for the
unseen energy should be checked. On the theory side, work needs to be
done on dealing as accurately as possible with the known kinematic effects
within the framework of QCD calculations.

In the resonance region we have several open questions. The f° and the
0** nonet are both puzzles which call for a careful study of the =nnw
background. Mixing of gluonium with known hadrons can be tested for by
checking- the resonance shapes and branching ratios of these hadrons
when produced in ¥y collisions. In addition the measurement of the 7Y
width is an important test for gluonium candidates. Two photon collisions
have given us a puzzling effect in the p%?° channel, and we should always
be on the lookout for other surprises.
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