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Two-Photon Physics 

Robert N. Cahn 
Lawrence Berkeley Laboratory, 

University of California, 
Berkeley, CA 947m 

ABSTRACT 
Recent experimental results in two-photon physics are reviewed. Possibilities for future 
experimentation at high 77 collision energies are discussed. 

1 Introduction 2 Pseudoscalar. Mesons 

Two-photon physics has traditionally explored 
the low-energy regime of even-spin, even charge-
conjugation states, although the range of two-
photon physics has expanded in the last several 
years with the results on spin-one mesons. De­
spite its limited range, two-photon physics has com­
mands! significant interest because the initial state 
is particularly simple and well understood. The ma­
jor results have been in meson spectroscopy, stud­
ies of perturbative QCD, and low-energy hadronic 
phenomenology. This review covers results obtained 
since the 1987 Lepton-Photor Conference. 

Will the future of two-photon physics be confined 
to the low-energy domain? Straightforward exten-
sioni like that available at LEP will not significantly 
increase the accessible domain. Only entirely new 
approaches can open up the high-energy domain 
Some proposals to do so are discussed in the second 
part of the review. 

Two-photon physics has been reviewed exten­
sively. The report of Olsson [1] at the 1967 Lepton-
Photon Conference gives comprehensive coverage up 
to that time. Two excellent sources are the reviews 
by Koianoski and Zerwas [2J and by Cooper [3]. The 
proceedings of the 1968 Photon-Photon Workshop 
[4] are the source for many of the results obtained 
since the last Lepton-Photon meeting. 

Modern two-photon physio began with the observa­
tion of Francis Low [S] that the rate for the process 
e+e~ —» e+e~jr° was determined by the 77 width of 
the x°. Measurements of the 77 widths of the ir°, 
IJ, and 1/, including some recent results, are shown 
in Table 2.1. 

New results for the 77 widths have been reported 
for the » and if by the ASP Collaboration at PEP 
using the 77 final state [6], and for the if by the 
Mark II Collaboration in several decay modes [7]. 
The results of the Crystal Ball at DORIS II are par­
ticularly stunning for their excellent resolution, as 
seen in Fig. 2.1. 

The 77 widths are determined by a matrix el­
ement of the electromagnetic current taken twice, 
between the pseudoscalar in question and the vac­
uum. The pure neutral states are 

*° - -L|«s-d3> 

n, « -L|uu + <2+*3). (2.1) 

The isoscalars can mix 

|n) » cos«|n,)-sin0i>fc) 
|»>' = sintffod+cosfltito), (2.2) 
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Crystal Ball 7 . 7 ± 0 . 5 ± 0 . 5 e V 77 PR D3S.1365(1988) 
H. Atherton et al. 7.25 ± 0.18 ± 0.11 eV lifetime PL 158B,81.(1985) 
G. Bellettini et al 11.8 ± 1-3 eV Primakoff N*C 66A, 243, (1970) 
A. Browmaa et al 8 . 0 ± 0 . 4 e V Primakoff PRL 37,1400(1974) 
V.KiyshlrinetaL 7 . 3 ± 0 . 6 e V Primakoff JETP 30, 1037 (1970) 

Crystal Ball 
ASP 

0.514 ± 0.017 ± 0.035 keV 
0.490 ± 0.010 ± 0.048 keV n-'-n 

| PR D38.1365 (1988) 
SLAC-PUB 4931 

JADE 3.8 ± 0.26 ± 0.43 keV IJ' — I T + T - 7 PL 142B.125 (1984) 
T P C / 2 - T 4 . 5 ± 0 . 3 ± 0 . 7 k e V n' —» * + x ~ 7 PRD35,2650(1987) 
Mark II 4 . 7 ± 0 . 6 ± 0 . 9 k e V if —» »pr + x - PRL 59,2012 (1987) 
Crystal Ball 4 . 7 ± 0 . 5 ± 0 . 5 k e V n'—-rt PR D38,1365(1988) 
JADE 3.80 ± 0.13 ± 0.50 keV if —»i7X+x~ Shoresh p. 77. 
CELLO 4 . 7 ± 0 . 2 ± l . G k e V rf —- ic*ic~-j Shoresh p. 85. 
ASP 4.96 ± 0.23 ± 0.72 ksV ff-*Tt SLAC-PUB 4931 
Mark II 4.61 ± 0.32 ± 0.60 keV if — m LBL-26465(rev.) 
Mark II 4.37 ± 0 . 6 2 * 2 keV if —» jpr+x - LBL-26465(rev.) 
Mark II 4 . 6 0 ± 0 . 4 9 l J 5 k e V if—*4* LBL-26465(rev.) 
TPC/2-r 3 5 i 0 . 7 ± 0 . 6 k e V if — ipr+ir- PR D38.1 (1968) 

Table 2.1: Ramlt* on the 77 width* of the pstudoscalar moons. 

where we have assumed no other states (e.g., glue-
balls) are involved. The 77 widths of the physical 
states depend on the mixing angle and on the pseu-
doscalar decay constant* F„ F„, and F,. Perfect 
SU(3) symmetry requires F, = Ft while nonet sym­
metry would give, in addition, F0 = F». The ratios 
of the 77 widths are given by [9] 

r f a - 7 7 ) 
r(*°—77) 

r(*»—n) 
= S ) 3 (v^'+Vft***)*-*2-4) 

Chiral symmetry calculations indicate that 
F./Ft =s 0.8 [10,11]. If we use the measured 77 

widths we can extract both the mixing angle and 
the ratio F*/F0. With values derived from Table 2.1 

n*° — 77) =7.29 eV 
T(i7 —77) =0.51 keV 
W —77) =4.4 keV 

we find that if F./F, = 1, then 8 = -17.5* and 
F,/Fa = 0.945. If instead we take F„/F, = 0.8, 
then 8 = -21.7* and F,/F„ = 0.968. 

The 77 production of the 7 and if has been stud­
ied as a function of the Q1, the negative of the mast-
squared, of one of the photons by the TPC/27 Col­
laboration by single tagging. The data extend as 
far as Q* = 4 GeV2, but most of the data are below 
Q 1 = 2 GeV2. The data, agree with expectations 
from the vector dominance model and also with a 
QCD-inspired result of Brodsky and Lepage [12], as 
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I Collaboration 177 midth | Technique [ Rtf. 
g2(1320) 

CELLO 1.00 ± 0.07 ± 0.19 keV ***-»• This conference 
JADE 0.84 ± 0.07 ± 0.15 keV X ^ X 0 Aachen 77 (1983) 
JADE 1.09±0.14±0.25keV ^° Olsson/Shoresh 
PLUTO 1.06 ± 0.18 ± 0.19 keV x +x"x° PL 149B.427 (1984) 
Crystal Ball (DORIS) 1.14 ±0.20± 0.26 keV -7*° PR D33.1847 (1987) 
TASSO 0.90 ± 0.27 ± 0.16 keV *+*-»» ZfP C31.537 (1986) 
TPC/27 0.90 ± 0.09 ± 0.22 keV x+x-«° 1967 EPS Meeting 
MarkU 1.03 ± 0.13 ± 0.22 keV * +*-«° LBL-26465 

/a(1270) 
TPC/27 3.2±0.1±0.4keV x+x" PRL 57,404 (1986) 
Crystal BaU 3.26 ± 0.16 ± 0.28 keV x»x° Marstake/Sboreah 
JADE 3.09 ± 0.10 ± 0.38 keV x°x° ObKo/Sboresh 
CELLO 3.0±0.1±0.5keV(prel.) x+x- Harjea/Shocesh 
MarkH 3.21 ± 0.09 ± 0.40 keV x+x- Bcyer/Shoreab. 
TOPAZ 2.25 ± 0.18 ± 0.25 keV (peel.) x+x- This conference 

£(1535) 
TPC/27 0.12 ± 0.07 ± 0.04 keV K*K~ PRL 57,404 (1986) 
ARGUS 0.054 ± 0.013 keVfptd.) fi-K+K- Nilsaon/Shoresh 
PLUTO on'SS^"«v r2-+K%X% Feradt/Shoresa 
CELLO O.U*t£±0.02keV f7-*K%K% Feradt/Shoresh 

Crystal Bafl 
CELLO 

1.4±0-3keV 
1.3±0.3±0^2keV 

x ° x V 
x+x-x° 

Muryn/Shoresh 
This conference 

Tabic 3.1: Eaceat meaummnifiof rr^idtlMof tenjor 
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Figure 2.1: Results of the Crystal Ball Collaboration in 
the 6 7 final state. The top figure shows 17 — 3 i ° — 67. 
The middle figure show 1/ - . IJX°X° — 6r- The bottom 
figure shows *i(16S0) - . 3s° — 67. Bat [8] 

seen in Fig. 2.2. 

3 Tensor Mesons 
Numerous measurements of the 7 7 widths of ten­
sor mesons have been made since the last Lepton-
Photon Conference, many but not all of which were 
reported at the Shoresh meeting. A summary ap­
pears in Table 3.1. Crystal Ball [14], JADE [15], 
CELLO [16], and Made II [17] all reported on the 
.6(1270) at Shoresh, with widths near 3.1 IceV. A 
preliminary result from TOPAZ [18] at TRISTAN 
is substantially lower. The measurements in the 
x*x~ «*»«-.n»l are plagued with backgrounds from 
e*e~ —• e*e~/t+ii~ and e*e~ —» e + e ~ e + e ~ . It is 
reassuring that the bulk of the measurements in the 
charged T*X~ channel agree with those in the neu­
tral x 0 *" «*»nn»l (It must be borne in mind how­
ever, that migjiinj all the observed events in the 

2 « s 
Q2 (G.V*) 

0 1 E » 1 - T - 1 - 1 — 1 — = 

u 
E — p Form Factor : 

•b V - — • Form Factor " 
*" 0 "*> . aCLTFit 

~-<r10 
1 1* Sr*x " Ml 

"" - ^\ \ -•«• •§- • ^̂ ^̂ .̂̂  T,o- r ^ s ^ ^ ~ - - l 
- 1 """^^r**™ 
L J i_. 1 1 J .1 i * * 

2 4 ( 
Q 2 (G»V*) 

Figure 23z Results from the TPC/27 Collaboratioa for 
the form factor squared as a function of Q2 in the cou­
plings i m f and 1/77* [13]. 

appropriate mass range to the fi may not be cor­
rect as discussed further in Sections 5 and 6 below 
[17].) The results of the Crystal Ball Collaboration 
on the all-photon final states are especially impres­
sive, as shown in Fig. 3.1. 

The isovector 02(1320) has been seen in 17 colli­
sions in both its 3s- and <pr° decay chancels. The 
data from the Crystal Ball are shown in Fig. 3.1. 

If the 2 + + tensors are described as nonrelativis-
tic quark-antiquark bound states, their production 
in 7 7 collisions should produce otrly the heiicity 
± 2 states and no helicity-0 states. Generally this 
is assumed in extrapolating the observed decays to 
the full " f l " - region. Angular distributions from 
JADE [15] on / i — T V , from PLUTO [19] on 
£(1535) — «%«%, and from, the Crystal Ball [20] 
on 02(1320) support this assumption. 

The 2+* tensor meson mixing is nearly ideal, so 
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f ( o j — 77) =1.0 keV 
r ( / 2 - » 7 7 ) =-3.2 keV 
r(J5-»T7) -0.10 keV, 

which yieM A = 6" and are in rather good agreement 
with Eq. 3.3. 

The 2~+axial tensors can be made ftom a d-wave 
qq state. The xi(1670) (formerly the A3) decays 
into fax and px with a width of 250 MeV. It has 
been observed by the Crystal Ball [21] in 3x° (see 
Kg. 2.1) and by CELLO [22] in T+a-x 0 . The 77 
width is more than 1 keV, larger than that of the o 2 . 
This is perhaps surprising since in a nonrelativUtic 
quirk model the d-wave decay involves the second 
derivative of the wave function at the origin, rather 
than just the first derivative, which enters for p-wave 
states like the a 2 . 

Figsre XI: Results of the Crystal Ball CoSabora-
tioa in the 4 7 final state. la a) and b) data fix 
77 —• *°s° - • 47 are displayed. Is c) data fcr 
•U — jfin —• Art **• displayed (Ret [8]). b a) and 
b) the /j(1270) is apparent togethsr with a small signal 
far the /o(975). la c) the «o(980) and the «j(1320) arc 
rssdflyssen. 

it is appropriate to describe the physical states as 

/ s coeA-T»juu + d2)-t-sinA|*i) 

f s» — sin A—j.|uu+d3) + co»Aj*3) 

o, = -L\uS-J%. (3.1) 

Ignoring the mas* differences and assuming that 
there is no breaking of the full symmetry (U(3)) of 
the quarks, we obtain the relations 

T(/J — n ) / T ( « i - 77) - 3 sro*(A+0) 
VUi - T7)/T(«a - 77) - 3cos*(A+y?) (12) 

3 r ( < * - . 7 7 ) « r ( / s _ , 7 7 ) + r ( / ; - 7 7 ) , (34) 

where 
t a n 0 « 5 / V 5 . (3.4) 

From Table 3.1 we obtain the nrsninal values 

4 Ve 

Measuring the 7 7 width of the ifc has been a promi-
nent challenge because there is a clear prediction for 
the value based on a noorelativistic <2 model: 

I f S , - ^ ) ' 
12of ©W (•J) 

This can be compared to the prediction foe the width 
o f * - . e + e " : 

n*St - e + e") = g y ( § ) ' W0)f = 4 - 1 keV. 
(4.2) 

where the value given is the experimental one. A 
calculation [23] of the effect of the hyperfine inter­
action, responsible for the ik - 0 splitting, increases 
the prediction for the 7 7 width by about 25%, to a 
little less than 8 keV. 

The new TASSO result [24] is larger than the pre-
dictsd value, but not inronsistmf with it (See Table 
4.1). Th»TPC/27 Collaboration is unique in mea­
suring the AK final state [251 Its results are simi­
lar to t h e « tf the Mark H Collaboration [26]. The 
CLEO Collaboration has reported [27] on both the 
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KsKx and IC'K* channels, again finding general 
agreement with the predicted value. 

While the results from 7 7 collisions and from the 
complementary pp" experiment, R704, at CERN [28] 
are consistent with the theoretical prediction, the 
uncertainties remain disappointingly large. This is 
dearly one measurement that could benefit from 
greatly increased statistics. 

5 Scalar Mesons 
Of the extensively investigated multiplets, the scalar 
is the most enigmatic The study of the 7 7 widths 
of the scalan can provide important insights into 
the problems raised by the nonstrange 0 + + mesons, 
as discussed by Chanowitz at the 19S8 Two-Photon 
Conference [29]. In the nonrelativistic quark model, 
the 7 7 widths of the scalars and tensors are simply 
related since both are 3 P states: 

r(0++-»rr) 15 . (5.1) 

However, a glance at Tables 3.1 and 5.1 reveals 

r(ao(975)) 
r(a 2(1320)) 
r(/ .(960)) _ 
r(/,(1270)) ~ " 

w 0 . 2 - 0 . 3 (5.2) 

(5-3) 

in gross violation of Eq. (5.1), even if phase space 
effects are included. 

Not only are the widths of the scalars much too 
small, their masses seem to be as welL "The strange 
member of the multiplet is apparently the Jf*(M30). 
Indeed there is a canrKHatr scalar, /o(14O0), in the 
correct mass range. This leaves two problems [29]: 
where are the higher mass •Hilars with their tew keV 
77 widths and what are the /o(975) and the a*(980)? 
It has been suggested that the two light scalars 
are actually qqji states [30] or K~R moleculespl]. 
As ice the yet-to-be-observed more massive scalars, 
there is the provocative suggestion that they are 
lying underneath the tensors [29]. To determine 

whether this is so requires a careful partial-wave 
analysis. 

6 irir Final State 
The x * final state is of interest not only because 
of the problems in the scalar channel near 1 GeV, 
but also because of its special simplicity in the low-
energy range. There the constraints of analyticity 
and unitarity provide a useful handle on the ampli­
tude [32]. At the same time, it is an excellent subject 
for an analysis based on chiral symmetry [33,34]. 

Morgan and Pennington [35] have emphasized the 
importance of a proper treatment of the 77 -» mr 
data that incorporates the effects of unitary and is 
consistent with what is known about mr scattering. 
Preliminary results from such analysis using Mark 
II and Cryttal Ball data [14] are shown in Fig. 6.1. 
There is a suggestion here of some scalar resonance 
hiding under the / j as hypothesized by Chanowitz, 
ttvuigh a complete analysis remains to be done. 

7 Glueballs 
Glueballs are gluonic bound states that should cou­
ple feebly to 77 , while coupling strongly to gluon-
gtuon. l imits on the 77 widths of glueball candi­
dates are given in Table T.l. Chanowitz [36] has 
proposed a quantitative measure, stickiness, 5 , that 
should help identify glueballs: 

!•(»-» 7*) LIPSjX^-,) 
** ~ rpr - r r) ' LlPSiS, -txy ( ' ' 

where LIPS is the Lorentz-invariant phase space 
factor. The status of the glueball candidates 
iK1438), /j(1720), and X(2230) has beea reviewed 
by Femdt [37]. The pertinent dat» arc from TPC/27 
[381, PLUTO [39,40], CELLO [41,42], and Mark II 
[43]-

From these numbers and the V» radiative decays. 
Feindt derives the stickiness ratios [37]: 

- 6 -



I Collaboration | 77 width I Technique I Ref• 
*=(2980) 

PLUTO 28±15keV KsK* PL 167B,120(1986) 
TASSO 19.9 ±6.1 ±8.6 keV KSKTJC*K-X*T-AX Z£P 041,533(1989) 
TPC/27 6.4^J keV *JC PRL 60,2533(1988) 
Mark II 8±6keV KsK* Gidal, Berkeley 1986 
CLEO 9.45J±2.7keV KsKx Coroell June 1989 
CLEO 8 J ^ ± 3 ^ k e V K'Kx Cornell June 1989 
R704 4.3^;i±2.4keV 

- 1 7 
pp annihilation PL 187B,191(1987) 

Table 4.1-. Results for the 77 width of the ifc. 

I Collaboration I T(-» T7)5(°o-> Tr) | Technique | Ref. 
«e(960)(g) 

JADE 
Crystal BaU 

0.29 ± 0.05 ± 0.14 keV 
0.19±0.07l££keV 

•7*° Ohaon/Shoresh 
PR D36.2633 (1987) 

/.(975) (S-) 
Mark II 
Crystal Ball 

0.24 ± 0.06 ± 0.15 keV 
0.31 ± 0.14 ± 0.11 keV x V 

Boyer/Shoresh 
Mantake/Shoresh 

Table 5.1: Measurements of 77 widths of scalar mesons. 

S> : 5 , : Sy : S» - 0.02 :1:4:80(95%C.£.) 
(73.) 

and 

S&: Sj» : Sf^ina): Sxiraat; 

= 1:13 :> 28(95%C-t.) :> 9(95%CX.). 

(7-3) 

The large apparent vHrfrincss of the /J is just a 
reflection of its small 7 7 *ridth caused by the small 
charge of its quarks. The large stickiness of the 
t = ij(1430) is Kit only impressive, it understates the 
case! Corobining the data fiom the various exper­
iments far the limit on r(ij(1430) - » -ri)B(KKx\ 
Feindt [37] derives an upper limit of 0.75 keV and a 
corresponding stickily— greater than 128. 

An alternative explanation far nonexotic 'extra.* 
states is that they are radial excitations. Radial ex-
citations should have 7 7 widths that are smaller, but 

not very much smaller, than ordinary mesons. The 
possibility that the radially excited paeudoscalar 
multiplet consists of x(1300),<c(1460),)7(1280), and 
17(1390) has been examined by Chanowitz [29]. A 
primary difficulty is the Crystal Ball limit 

r(i7(1280,1390)— -rr)B{n")< 0 3 keV (7.4) 

at 90% C.L., which applies to states below 1500 
MeV with widths less than 50 MeV. The anticipated 
7 7 widths for radially-excited states would be sig­
nificantly greater [29]. 

8 Spin-One Mesons 
The discovery in 1986 by the TPC/27 Collabora­
tion of a spin-1 meson produced in 7*7 collisions 
demonstrated the versatility of two-photon experi­
mentation. There are now results fern several col-

- 7 -



Figure 6.1: Preliminary remits of fits by D. Morgan and M. Pennington to Mark II data [17] on 77 — ir+ir" and 
Crystal Ball data [14] on 77 — n0**. The figure on the left shows the x*x~ data. The middle figure shows the s 0 * 0 

data. The figure on the right shows the various partial wave contributions to rr scattering. Beneath the Zh (/>. 
helidty2) is a contribution fiom S (Jo)-

laborations, summarized in Table 8.1, on both the 
A(142S) and the previously known /i(1285) (the old 
D(1285)). 

The pioneering theoretical investigation was done 
by Renard [44]. While Yang's Theorem forbids a 
spin-1 particle from decaying into two real photons, 
decays into a real photon and a virtual one are al­
lowed. Of course the coupling vanishes as the virtual 
photon becomes reaL Thus the experimental signa­
ture for a spin-1 meson in 77 collisions is the appear-
anceof a monanry when onetlciUuuis tagged, and 
jo one photon is measured to be quite virtual. The 
mnnanrr is rwntially absent in the untagged data 
(or better, antitagged data). 

Because the 7*7 width vanishes as the virtual pho­
ton becomes real, it is necessary to adopt a new 

measure of the coupling. The conventional one is 

•fe£iw> (8.1) 

where M is the mass of the resonance. Unfortu­
nately', there is another convention to establish, that 
for HO 2). For the same data Mark II and CELLO 
would report values twice as large as TPC/27 and 
JADE. The Mark II - CELLO convention seems 
preferable [45], and we use it throughout. 

for lade of a good alternative, the 7*7 width of 
the ft states can be estimated using a nonrelativistic 
quark modeL The same model gives a prediction for 
the 77 widths of the J » 0 and J — 2 states in the 
same term, 3P. If the 49 wave function is written 
as ttfr) times an angular and spin wave function, 
with fdrr*IP(r) » 1, then all the widths are pro-

- 8 -



I Collaboration TB(-» KKT) Technique Rrf. 
17(1430) 

TPC/27 1.6 keV KsKft PRL 57, 51 (1986) 
Mark II 1.5 keV KsKr PRL 59, 2016 (1987) 
CELLO 1.2 keV KsKr Z£P 42, 367 (1989) 
PLUTO 2.7 keV KSKT Feindt Thesis 

/3(1720) 
PLUTO 
CELLO 

0.07 keV 
0.11 keV 

KsKs 
KsKs 

7SP 37,329 (1988) 
ZfP 43,91 (1988) 

X(2230) 
PLUTO 
CELLO 

0.07 keV 
0.12 keV 

KsKs 
KsKs 

ZfP 37,329 (1988) 
ZfP 43, 91 (1988) 

Table 7.1: Limits on the 77 widths of glnebaU candidates. See references for details of assumptions made in determining 
the upper limits on the 77 widths. For the q(1430), the Mark H number is obtained by -—™-:-g r(ij(1430)) > 60 
MeV. 

portional to [Jr*(0)P- In particular, 

(8.2) 

(8.3) 

If we use T(/j - • 77) » 3.2 keV, we predict for 
an /1 with the same quark content f » (5/3) x 3.2 
keV = 5.3 keV. The factor for the quark charges is 
1/81 for a pure *3" state, 25/162 for a pure isoscalar 
(uu + <fi)/v5 state, and 1/18 for the isovector 
(trii- <fi)/v5. Thus if the state observed at 1425 
MeV were the old £ that decays predominantly to 
stianp states, the 7*7 width would be expected to 
be much smaller than that of the entirely nonstrange 
/i(1285). 

Perhaps then the state at 1425 MeV is not the 
old E. Chanowiti has proposed that it might not 
even have J " 7 » 1+*, but be an exotic 1~* in­
stead [46]. He shows that if the state is a roeikton 
(u2 + <£J)J/V5 it would have a large coupling to 
77 while still producing the KK' final state. The 
1++ and 1-+ aiternatives can be distinguished by 
measuring the distribution of the angle between the 
normal to the decay plane mnrainmg the K~R-x and 
the beam direction. If the production is entirely 

through one transverse and one longitudinal photon, 
the angular distributions are unique: 1 +cos 28 for 
1++ and 1-cos* 9 for l - 1" [47]. Unfortunately, there 
are contributions from pairs of transverse photons as 
well, though these are suppressed at low Q2. Within 
the nonrdativistic quark model there is a definite 
connection between the kx^gitudinal-transverse and 
transverse-transverse production. However, for the 
exotic state that cannot be a g? there is no simple 
model. Thus to exclude reliably the exotic interpre­
tation, only data at Q2 small should be used. Data 
from JADE, CELLO, Mark H, and TPC/27 prefer 
the 1** assignment to I - 1", but cannot provide a 
definitive answer [48]. The data for, the A(12S5) 
quite convincingly choose Jp = 1 + [48]. 

The CELLO Collaboration has done an extensive 
investigation of the /i(1425) within the limitations 
imposed by the data sample of 17 candidate events. 
They find that the final state is dominantly KK' 
and use this to provide additional teste of the parity 
through angular distributions. Their results for the 
squares of the transverse-transverse and transverse-
loogttudinal form factors are shown in Fig.8.1. The 
total cross section constrains the results to lie in a 
band Sac each of four Q2 intervals. The angular dis-
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I Collaboration [ TB(— KK*) | Technique | Rgf. 
/.(1425) 

TPC/27 2.6±1.0±0.6keV p form factor PR D38.1 (1988) 
TPC/27 1.26 ± 0.48 ± 0.3 keV p form factor PR D38.1 (1988) 
Mark II 3.2±1.4±0.6keV p form factor PRL 59,2016(1987) 
Mark II 2.1 ±1.0 ±0.4 keV <t> form factor PRL 59,2016(1987) 
JADE 4.6lJJ±1.6keV p form factor ZfP C42,355(1989) 
JADE 3.01^ ±1.0 keV 4> form factor ZfP C42,355(1989) 
CELLO 3.0±0.9±0.7keV p form factor ZfP C42,367(1989) 
CELLO 1.4±0.4±0.3keV 0 form factor ZfP C42,367(1989) 

/.(1285) (D) 
TPC/27 4.8±1.0±1.0keV ipnr PR D38.1 (1988) 
Mark II 9.4±2.5±1.7keV tfttt PRL 59316(1987) 
JADE 3.6±0.6±0.8keV J]XX Olssoa/Shoresh 
CELLO 7.2±2.2±2.4keV ijm? Ahme/Shoresh 

Tabic 8.1: Mnmmmiti of 77 widths of spin-on* masons. The Mark H - CELLO convention is used. 

trib Jtions reflect the ratio of transverse-transverse 
to traravwse-Ioogitudinal- As Q1 —» 0, the lat­
ter must dominate the former by a power of Q 3. 
For the 1 + + hypothesis, the transverse-longitudinal 
component is found to dominate and, except in the 
highest Q* bin, no transverse-transverse component 
is required and only a 95% CX. can be plotted. 
In contrast, for the 1~*" hypothesis, the transverse-
transverse piece predominates, even at the lowest 
Q2 where no transverse-longitudinal component is 
found in the fit. Thus the exotic spin-parity assign­
ment might solve the puzzle of why the /i(1425) 
has too large & 77 width to be an sS state, but 
it raises the dynamical puzzle of the dominance of 
transverse-transverse production at low Q2. 

9 Vector-Vector Final States 

The vector dominance model suggests that the 
vector-vector final state in 77 interactions ought to 
be especially interesting. The ARGUS Collabora­
tion has made extensive contributions to the data 

-10-

on theie channels. While there are a variety of the­
oretical models, none is successful in dealing with 
the entire data sample. 

Some of the recent experimental results are sum­
marized in Table 9.1, which shows that roughly 
speaking there are three distinct categories: those 
with a large cross section (j>0p°, K'+TT'), those 
with a medium cross section (p*p~, pu, uu), and 
those with a small cross section (A'*°iC , 4xp% pi, 
u4>). The energy at which the peak cross section oc­
curs also varies from one final state to another. The 
striking difference between the charged and neutral 
pp channels precludes a simple s-channel resonance 
explanation. 

Among the theoretical models are the t-chancel 
Factorization Model (TCFM) [52], q<m models 
[53,54], and a QCD-motivated model [55]. The first 
seeks to identify specific (-channel exchanges and 
extract them from photoproductioc data according 
to 

<r(77-V,Va 
_ — ^ ( T P - H P ^ T P - ^ P ) K, 
"i" a*{pp — pp) F»F-r,' 

(9-D 



fh. ffn/OtV-

Figure 8.1: Analysis from tin CELLO Collaboration for tb* squares of tba form factors *$, . sad *?t far the 7*7 
couplings to tba /i(142S). Tba kft sat assumes tba state has J r c m 1++; tlw right assumes l - 1 - . Tha bands show 
attuned (lg) regions. Tba angular distribution analysis praters results along tha diagonal Unas la thraa of tha figures. 
For tha ramaining five tba horizontal lines indicate regions excluded at 95% C L. The figures show that the 1++ 
assicamant requires dosninanca fay tha transverse-longitudinal productloa while tha 1~+ requires dominance by the 
transverse-transverse production, even at low Q\ in contradiction with expectations. 

where the Ftjt are flux factors. The second re­
lies on the predictions for qqffl states [30]. Inter­
ference between nearly degenerate qqqf states can 
account for some of the intricate behavior in the 
dais. The thud considers th'se perturbative dia-
grams for T T —» (sSfiifTfi that include one exchange 
of agtuon. The successes and failures .of these mod­
els have been icvicwcd previously [2,56,57]. 

The TCFM does well for the /> V data, accept­
ably for pu, and poorly for u u [57], while plead­
ing ignorance in the instance of K'Tl". The 493? 
model has trouble with the K'TT states. Achasov 
and Shestalcov [58] proposed a X-exchange model 
to explain the K"!?* data, but it predicts that the 
cross section for the charged X * 7 * final state wffl be 
smaller than that for the neutral, which contradicts 
the data. Li and Liu find that permitting mixing 
among the « 5 ? states enables them to fit the data 
[59]. The QGD motivated model also is undone by 
the IClT t\ttt shirr it underfsrimatfs the absolute 
cross snrtifwis by about a factor of 8. It seems that 
understanding nadrooic dynamics at low energy is 
'tHEr-1*; nyl—•!. —— »*—• »»•» i»iH»i «*»t» u *. ^j*-
pleaa-nr-

One instance of inclusive vector production is no­
table: D". Production of charm in photon-photon 
collisions, ute that of u quarks, is cnhaiyrd by a 
factor of IS relative to that of d and s. Of course, 
the threshold is rather high for TT collisions, but 
evidence has been p t w j t e d prevK-jsly for charm 
production by the JADE Collaboration [49] and the 
TPC/27 Collaboration [50]. Now the TASSO Col­
laboration has reported the observation of inclusive 
£T± production and P ° B ° production [51]. The 
detection of -D* is facilitated by the small mass dif­
ference between the D and D'. Models must be 
used to compare the observed cross sections to the 
predictions of the quark modeL The TASSO obser-
vations indicate a cross section larger than expected, 
a result that agrees with the JADE results but not 
thcee of the TPC/27 Couaboration. 

10 Baryons 
New data from ARGUS [60] and the TPC/27 Col­
laboration [61] have become available for exclusive 
states mnraining baryons. The ARGUS data cover 
the final states ff, ft**, fP*+*~, and ppr+x-T 0 . 
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Process Collaboration Ref. Features 
P°P° PLUTO 

TPC/27 
ZfP C38.521 (1988) 
PRD37,2S(1988) 

100 nb Q 1.5 GeV 
120 nb O 1.3 GeV 

uu ARGUS PL 198B.577 (1987) 16 nb O 1.9 GeV 
• * ARGUS 

TPC/27 
PL210B,2?3(1988) 
PRD37,28(1988) 

< fewnb 
< fewnb 

pu ARGUS 
TPC/27 

PL 196B.101 (1987) 
Ronen/Shoreih 

30 nb O 1.9 GeV 
36 nb Q 1.8 GeV 

P* TPC/27 
ARGUS 

PRD37,28(1988) 
PL 198B,255 (1988) 

< fewnb 
< 1.0 nb 

w+ ARGUS PL 210B.273 (1988) < fewnb 
p+p- CELLO 

ARGUS 
PL 218B,493 (1989) 
PL 217B.205 (1989) 

22 nb O 1.9 GeV 
30 nb O 1.6 GeV 

K"*K— ARGUS PL 212B.528 (1988) 50 nb O 1.4 GeV 
K^TC0 ARGUS PL 198B.255 (1988) 7 nb O 2 GeV 

Table 9.1: Besnlts for the 77 production of vector-vector final states. 

The TPC 27 data, are for ppx+x-. Neither group 
finds an established signal lor A°A°, and both find 
only small signals for A+^S compared with the 
J? signal. 

This result is contrary to the very naive expec­
tation that the A++, having twice the charge of 
the proton (which is in the same SU(6) multiplet), 
should be produced 16 times as frequently. It a 
even further from early predictions of models based 
on perturbative QCD that the ratio should be 50 
[62]. However, a newer model using QCD sum-rule 
wavefiinctions [63J, finds a ratio between 0.5 and 2. 

11 Structure functions and 
Total Cross Section 

The most elegant goal of two-photon physics ha 
been to investigate the structure of the photon it­
self by scattering a virtual photon from a nearly 
real one. This has attracted econnous theoretical 
attention since the demonstration by Witten that 
the structure function of the photon in the high Q2 

limit is complete.^ calculable in QCD [64]. Unfortu­

nately, at subaaymptocic energies there are impor­
tant contributions from nonperturbative hadronic 
interactions. While these can be modeled, there 
is inevitably a problem of double counting interac­
tions. Moreover, the perturbative calculation devel­
ops a singularity at 1 = 0, where x » Q3/2Mv rep­
resents the fraction of the target photon's momen­
tum carried by the struck quark. That singularity 
is of course canceled by one in the nonpertubative 
calculation, so that the sum, which is physical, is 
free of singularities. 

A contrcaersy continues over whether it is then 
possible to extract effectively the scale parameter, 
Agc-0, from the data available. An optimistic view 
is taken by Berger and Wagner [65] in their exten­
sive review of two-photon physics. From the data 
available to them, they concluded 

A s s - 1 9 5 ^ MeV. (11.1) 

A pessimistic view is taken by Field, Kapusta, and 
Poggioli [66]. They nicely organize the calculation 
of the structure function so that the cancellation 
of the singularity is manifest. Their perturbative 
calculation is cutoff at some particular value of the 
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transverse momentum of the struck quark. For lower 
value* of the transverse momentum the photon is 
regarded as a hadrooic object with its own structure 
function. The resulting expression is less sensitive 
to tbe value of AQCD than the originally derived 
expression of Witten and thus less effective for the 
purpose of deducing AQCD from the data. 

Frazer has provided a convenient analysis [67] of 
this situation using exptesiions [68] in the variable x 
rather than the more opaque ones for the moments. 
His conclusion is that there is some truth in both tbe 
pessimistic and optimistic positions: Tbe sensitivity 
to AQCD is indeed reduced, but at Urge values of 
Q* and x, say Q* = 100 GeV* and x = 03, the 
reduction is not great. 

Photon structure function results were submitted 
to this conference by the TPC/27 Collaboration [69] 
and by the AMY Collaboration [70]. The TPC/27 
data are presented for 

«„(w;<3*) = *g£i?(x,Q*), (iii) 
with x m QVW1+*"*)• The date are compared to 
the vector dominance model (VDM) and the quark 
partes model (QPM). The VDM contribution has a 
Q1 variation (1 + QV m v , ) - a - A generalized vector 
dominance model, GVDM [71], which has an ad­
ditional piece varying as (1 -f- QV""!)-1* was also 
examined. A very naive model adds tbe VDM and 
QPM contributions to account fix- low- and high-Q3 

regions. The GVDM already contains a point-like 
piece to simulate the QPM portion, but it is still 
possible to imagine adding the GVDM and QPM 
contributions. 

The TPC/27 data, are shown in Figure 11.1 for 
four regions of the 77 cjn. energy, W. The combi­
nation GVDM + QPM does not describe the data, 
since it does not fall fast enough with increasing Q 2. 
The PUCK VDM describes the data at high W weB, 
but fills too rapidly with increasing Q 2 for low W. 
Both the GVDM and VDM+QPM describe the data 
reasonably well except in the lowest W region. 

The CTCSJS section for 77 at Q 2 = 0 has abo been 
extracted from the TPC/27 data (using GVDM). 

Tbe results are compared with earlier results from 
PLUTO [72] and the 2r Collaboration [73] in Figure 
11.2. The rise in the cross section in the PLUTO 
data at low Wis not confirmed. In fact, subsequent 
date from the PLUTO Collaboration itself failed to 
confirm their earliest results [74]. 

The AMY Collaboration at TRISTAN has re­
ported on the structure function, Fi, measured at 
ar average value of Q* of 67 GeV2, based on about 
40 events [70]. In Fig. 11.2 the data are shown, 
together with fits baaed on QPM + VDM, for three 
values of the cutoff introduced by Field, Kapusta, 
and Poggioli. It is clear that the data that exist 
are adequately represented by this form. More data 
are needed to distinguish definitively between tbe 
various models considered in this Figure. 
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Figure 11.1: Ltf»fhxntb« TPC/27 elaboration iortha 77 toUlax«»actioocotnpa^ 
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12 Prospects for High-Energy 
77 Collisions 

The beginning of LEP and the prospect of LEP II 
might suggest that ne ire entering a era of lrigh-
energjr ft rriBmntn Unfortunately this is sot so. 
The Loir formula for production, of a w w i a w of 
spin J may be written. 

where nominally 

».(a/2ir)(lii../m»). (1Z2> 

Actually n reflects the available phase space and is 
cutoff by SMB. factor* at a scale nearer m^ than #. 
Altogether, at fixed mjt, «(*+e~ -» e+e"*JI) grave 
spreqrimstely as ma/nt* as a inrrraon Of coons 
the event rates depend oat tin keaiocaity, C, as weB 
asag . Theliiininreetias andenergieeof scene e+e~ 
macbmei are ahowa in Table 120. In Fig. 12.1 we 
show the Manner of emontathot would be produced 
at BMB* inacBaees wstJi an. iocsexatod leKSeaosity of 
100 p V 1 fat a J a* 0resonance with V{R -» ft) « 
lheV.Sto»raonaanfaaHo^lis»saiiilbriiiiliiag 
nlWe iiMiii lemailiT''-"r'^mnak. at tesst 10ft-IT 
nana s»eeri mm needed. Tnnssaing the energy from 
that of CESSL to that of IEP expend* ti»e range of 
resoaaaeei accessible from abaat 3 GaV to aboat 6 
GeV. To explore a higher mass range a rnmrilirjr 
<KMRflw> SwJtBMlJeMI' eat SBtJaHSS. 

Machine Energy L (cm-V l ) 
PEP 15 + 15 7 . 1 0 » - 3 . 1 0 » 
PETRA 22 + 22 t 
DORIS 5 + 5 4-ltfn 
CESa 5 + 5 10»_5.1Qtt 
TRISTAN 30 + 30 2.1(J» 
LEP 90 + 50 B-ltf^-l'ltf" 

laMe IXli Leminoaithe and eeergiei of wlsctid e+«-
irnrafnoi VETJtA is aa> longer operatiag. 

Ficarel2J: The aamber of w l i that woald bo pe> 
eacad with as ietegrited Irnnlaoaity of ltf" cm-1 lor 
a / m 0 naeaance with T(R -» 77) « 1 h*V at four 
naduaes* 

- , + - _ _•* -HI _ jJ&+V*rtVt'*Tft o(e+e -*e*ejg- i |* jjg 

»[(*fte-("*)('*2)] . 
(12.1) J 
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13 Beamstrahlung 
In linear e + e - colliders ekctrons {«• positrons) in 
one bunch are deflected by the f..v •? ihs other 
bunch. As a result, the electros* erm. .-.corotron 
radiation. Himel and Siegrist [75] estimated the ef­
fect by relating it to deflection by a magnetic field 
whose strength would give the same radius of cur­
vature of the path as in the bunch - bunch colli­
sion. They used known results, including quantum 
corrections, for the deflection in a magnetic field. 
The problem was taken up by Blankenbeder and 
Orell [76,77] who did a thorough quantum mechan­
ical calculation, finding results in substantial agree-
men* with Himel and Siegrist. The problem has also 
been addressed by Jacob and Wu [78,79] and by Bell 
and BeU [81]. 

In fact, the general problem of quantum correc­
tions to synchrotron radiation was solved much ear­
lier by Baier and Katkov [8233]. They showed that 
the quantum mechanically correct results may be 
obtained from the rlissinl results by a simple mod-
iScation of the energy variable, as described below. 

To understand the rinsrinl result we rntiridw the 
frame in which one bunch is at rest. The inci­
dent particles have momentum P = ml* =» 2m-rI in 
this frame (and momentum m-j in the beam-beam 
cms). The stationary cylindrical bunch has length 
L, radius B, and uniform charge density. Inside the 
bunch the electrostatic field is radial with strength 

H-OT ( m ) 

where N is the nurober of electrons or positions in 
the bunch. The radius of curvature, », of the path 
of the incident particle is determined by 

«* eE 

and the arc subtends an angle 

(13.2) 

L 2alf _2gb 
p~mBT~ TB' {133) 

from the center of curvature, where jr is a parame­
ter introduced by BUnkenbeder and DreU [76]. A 

SLC TLC Super 
N 5-10 1 0 10 w 3-10* 
E OTGeV 325 GeV 5TeV 
B 10-" cm 7-Hr* cm 5-10-* cm 
h 10- 1 cm 6-10-2 cm 3-10-'an 
y 140 400 2000 
C 50 1.5 lO"5 

So 0.014 1.3 2-10* 

Table 13.1: Parameters for the SLC and two hypothet­
ical e+e" colliders [76,77]. 

second parameter, C, is defined by 

* m2BL C = r(e£)« 2NaV (13.4) 

Value, v? these and other parameters for thre» ma­
chines are shown in Table 13.1. 

The critical frequency for synchrotron radiation 
,[84] 

ar» 
(13.5) 

2E1 
p ' 

in terms of which the classical synchrotron radiation 
spectrum is [84] 

d£ 2V&»T— r dxK,m{z). (13.6) 

To apply this to our problem, two changes are re­
quired. Fast, the result must be multiplied by 
(xy/2T)(»/£), the fraction the arc makes of a full 
circle. Second, we must use Eq. (13.6) only up to 
the ir'TWt—IP energy, u,, that the electron could 
possibly emit: 

"V >mT: (13.7) 

If we introduce the dirnensionkss variable z = 
u/u, and calculate the photon number spectrum, 
averaging over impact parameter, we find 

£»2Cx/3. (135) 
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Now the full result of Blankenbeder and Drell foe 
spinless particle* [76] is 

dN 2oy( l -x ) , „ f (Z u*\ , . , „ 

(13.10) 
where Ai is the Airy function and 

u 3 = [ C i / ( l - i ) p . (13.11) 

Judicious integrations by parts and use of recursion 
relations show that this may be written 

(13.12) 

This is in perfect accord with the result of Baier 
and Katkov, who show that for dN/dx the quantum 
mechanical result is obtained by replacing z with 
i / ( l - x ) [82,83]. 

For a Diracpartick the result is simply Eq. 13.12 
moltipEed by 1 + 1*7(1 - *). 

14 Heavy Ions 
Heavy ions have been considered recently as a po­
tential source for high-energy ft collisions, possibly 
using the LHC or SSC. The advantage of heavy ions 
is that the cross section varies as Z*a* rather than 
hist as a*. Of course there is a cost: the process 
must be coherent, that is, the iwrlnis must survive 
intact 

A straigUliumard ralmlatina of the flux, indud-
ing the nuclear farm factor, gives [85] 

dx xx J*tf Q* \ Q* ) 
(14.1) 

If the scarce were instead an electron, the {arm fac­
tor would be absent as would the xtiP/Q* term. 
Setting the upper Emit of integration to * would 
give dN/dx at (a/Tx)m(s/mJ), m agreement with 

the usual Wrizsacker-Williams form 

Drees et aL approximated 

F(<3V = ocp(-Q J/0j), (14.3! 

with (Jo = 5 5 - 6 0 MeVfor Pb. For x « 1 thi 
gives 

[a.-S(-A—)• <-: 
In an earlier work Papageorgiu used [86] 

where R is the nuclear radius, R as l iA" 3 ! , 1/fl a 
165A1'* MeV. To compare these approximations wf 
write 

(14.6; 
For Pb, laQgA? - 1.40, so the DEZ result is just 
slightly smaller than that of Papageorgiu. 

If the nucleus were never disrupted by the collision 
it would still be necessary to include the electromag­
netic form factor. However, here we want to stud} 
a rather delicate process, 77 —» X, in an environ 
meat *~»»i»»i-H by Pb Pb—» horrible mess. Thi 
requires that we consider only events in which tin 
nuclei do not physically collide. 

Indeed, as regards the nuclei, the process is clas­
sical. The equivalent photon approximation shook 
be ralnilatfrt in impact paramrter space, restricting 
the events to those with impact parameter b>2R 
The result is [87] 

& - * { © * © « © 
-,©>©-«©]}•"" 

where 
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Figure 14.1: Various approximations to the equivalent 
photon flux fiom a heavy ion beam. The quantity 
(xx/Z*V»)(oW/4r) is shorn as a function of z, the frac­
tion of the ion's moiiinituin given to the photos. The 
rank of Disss st aL [85], Eq. (14.1), is shora as 
the daa'aed curve. The result of Papacvjorght, [SSJ. Eq. 
(145), is shown im a dotted curve. The full classical 
issnlt, Eq. (14.7), is shown as a dot dashed carve. The 
liie inisiiealaiii appcoidination to the fall daaeical re­
sell, Eq. (14.9), is shown as a solid enrve. 

For *#eqr small values of x this becomes 

a result that is substantially below those of Dices 
et aL and Papageorgju. Moreover, as seen in Fig. 
14.1, this difference becomes greater as x increases. 

15 Linacs and Backscattering 
High-energy photoo beams ham* regularly been ob­
tained by scattering later fight &om linac beams. 
Recently H. Sens has promoted this as a technique 
for 7 7 scattering [88]. The pntrntial is impressive. 

For a 3 eV photon couKfing with a. SO GeV elec­
tron beam, the c m . energy of the Compton scat-
tering is v 5 » v 'mJ+4£Vc% - 0 3 6 GeV. With a 
•mffii jnttly intense laser beam, every electron gets 
scattered by a photon, so the photon flax • essen-
tiaBy equal to that of the imtial electron flux. The 

trwill— mi • • • '§» 

Figure 15.1: Equivalent photon spectra that could be 
obtained from an electron beam with energy 325 GeV. 
The solid curve shows the WriTtirVrr-Williams spec­
trum, Eq.(14.2). The bsamstrahlung spectrum, the 
dashed cane, is shown far C - 1-5,1/ - 400 [76,77]. 
The spectrum fiom the backscattemd laser beam, Eq. 
(15.1), is shown as the dot-dashed curve far the same 
election an m y and photon energy « « 2 eV. 

energy distribution of the photons is determined by 
the differential cross section far Compton scattering 
boosted to the appropriate frame. It is easy to show 
that 

** _ 1 - J + » ^ - a f e r + ? i f e i I

 ( 1 5 1 ) 

dx (l-Vv+s/r'jMi+vHiA-M/v-Ki+vr'/^ 

where 
r-f/C, y~*Ek/ml, (155) 

and £ ( g ) is the mrid-nt (final) electron energy and 
*(*•) is the incident (final) photon energy. The eot-
lision is assumed to be head-on. This spectrum is 
compared to that from beamstrahlung and the usual 
WeiisirWr Williams spectrum in Fig. 15.1. 

16 WW Collisions 
The Lepton-Pboton Conference is by now the Eec-
troweek Conference, and so it makes sense to 
»»dertheelectrcweakvariaoUcfTr»<»ttern^ WW 
and ZZ scattering. In 1963 it was realized that this 
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Figure 16.1: The Higgj bona prodactioo c m ssction 
is ^ cotusiaas at y'S » 40 TeV a* a ftmctioa of the 
Higgs boaca mam. Th« dotted a m shoim ths coo-
tribttiat from WW u d ZZ fosioe- The solid a m * 
v t fcc gtaostgnam fasioa fcr two vatass of tha t qsark 
mass. Xsf. [93| 

process would. dominate tha production of an ortho-
doc Biggs boaco at the SSC if the mass of the Higgs 
bona woe about 300 GeV or more [S3]. Shortly 
thereafter the equivalent flux of Wa and Z% from 
a bigb^moraentma quark was calculated [90,91,92], 
with the remit fir the longitudinal and transverse 

ML &+!& ¥ - W"•si^+a-^i 
<fe * # * - * (16.1) 

Bete, fcc HTf rollisinrn, ^v =" ~9A m 

e/(sa#w2v5). It is the VmgitnrKnal Wc and Zs 
that dnrnmsts (10]. la the sqyivalu* f approt-
tmatjon <r(ud — aVH) via the WW jmterme£ate 
state is given by [S0J, 

* - l ^ y i v ) V + r ) M V r ) - a + l i . 
(1*2) 

where r » m^/s. This compete* with another 77 
aBasugne, glnQB>gEttOii f'wimi The cross section fee 
Higgs bona prodactioo in ss) scattering at ^ as 40 
TeV is shown in Fir, 16.1. 

17 Higgs Boson Production 
The best hope fcr the discovery of a very mas-
•ve Higgs boson, with ma > 200 GeV, is a very 
high energy hadron collider like the SSC. The decay 
H -* ZZ followed by decays of the Z into electrons 
or maces provides the best signature. However, if 
the Higgs bono has a mass less than twice the mass 
of the Z, the task is complicated [94], If the mass 
is greater than about 125 GeV it is possible to look 
for the decay into one real Z and one virtual Z in 
the charged leptonk channels. Finding a 100 GeV 
Higgs boson would certainly be difficult at the SSC, 
since its primary decay would be to 65, for which 
the QCO-generated background would be stupen­
dous. This provides motivation for considering the 
production of a 100 GeV Biggs boson at an electrou-
poaitron collider. 

The same WW fusion mrhantsm, e+e~ —• 
vVW+W- ~» vVH would be available at an « V 
cottider [95]. Using Eq. (16.2), for ,/s" - 2 & _ » 1 
TeV, the cross section is about 3 • lQ-^cm3. De­
spite the absence of a purely hadronic background, 
there remain some serious problems, especially if the 
mass of the Higgs boson is near that of the W. A 
very substantial integrated luminosity is required, 
perhaps 30 fb _ 1 . 

An alternative is 77 collisions The observed crass 
section is related to the 77 luminosity relative to the 
e +e~ luminosity, 

•Cl^-Crr/A*.-. (17.1) 

wFjfijgfa 

Since the 77 **kh of a 100 GeV Biggs boson a 
a few keV, the factor in square brackets is a few 
times 30 ft. Since *•*•* is of order 1, the re­
sulting cross section is roughly equivalent to that 
of e+e" -» rfW*w- — USB. Fig. 15.1 shows 
that both beasMrxahluiig and backacattering pro-
dace photon Soxes that are substantial for mo-
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menu that are a good fraction of the beam en­
ergy. With electron-positron luminosities in the 
range ltfMcm _ 3s" 1 these techniques could be capa­
ble of producing a large number of 100 GeV Higgs 
bosons. 

Drees et aL estimated that lead-lead collisions 
in the SSC with a luminosity of a few times 
10Mcm~ ,s~ > would be adequate for the purpose. 
This value nray need to be revised upward in view 
of the reductions displayed in Fig. 14.1. 

18 Summary and Prospects 
Two-photon physics rnntinun to challenge us both 
theoretically and experimentally. While the pseu-
**""*»•• and tensor multiplets are quite well un­
derstood, there are jgnifi^jnt puzzles among the 
scalar* and axial vectors. New, high statistics ex­
periments could provide results that would resolve 
important ambiguities. With the increasing relia­
bility of lattice calculations of the QCD spectrum, 
there will be more and more interest in understand­
ing both the 5J and non-95 mesons, and two-photon 
physics can provide unique insights into these par­
ticles. 

Understanding the dynamics of nonresonant 
hadronic final states is especially difficult. A pro­
fusion of data on the vector-vector final state has 
demonstrated once again how hard tins is. The 
brave application of perturbative QCD to exclusive 
final states has achieved mixed results, but these 
may improve in time Although the data for the 
structure function of the photon continue to grow, 
the time of precision iriiasiirf 1m1 nti has not yet ar­
rived. 

In the short term, the frontier in two-photon 
physics is the frontier of integrated luminosity. The 
differences between the energies of the various oper­
ating e+e~ »"»•*"»»« have only a small significance. 
Only accumulated events count. The outstanding 
work done by many of the collaborations on the 

A(1425) testifies to the potential for two-photon 
physics. While there may be more immediate in­
terest in B or 2 physics, there is work of lasting 
value to be done with T7 collisions. 

In the long term, the high-energy frontier can 
be extended in tt collisions only by the introduc­
tion of novel accelerator techniques: beamstrahlung, 
backscattered laser beams, and heavy ions. It is too 
soon to know how practical these will prove to be, 
but it is not too soon to start thinking about them. 

References 
[1] J. Olsson, Proe. XIII International Sympo­

sium on Leptm and Photon Interactions, iVucf. 
Phys. B (Proc SuppL.) 3,613 (1988). 

[2] H. Kolanoalti and P. Zerwas, "Two-Photon 
Physics' in High Energy Electron-Positron 
Physics, Eds. A. Ali and P. Soding, World Sci­
entific, 1988. 

[3] S. Cooper, Ann. Rev. NucL Part Sci. 38,70S 
(1988). 

[4] Proceedings of the Vlllth International Work­
shop on Photon-Photon Collision, Shoresh, Is­
rael, April 24 - 28,1988. Ed. U. Karshon World 
Scientific 1988. 

[5] F. Low, Phys. Rev. 120,582 (1960). 

[6] N. A. Roe et al, "Measurement of the Two-
photon Width of the n and rf," SLAC-PUB 
4931, accepted for publication in Phys. Rev. D. 

[7] F. Butler, "Resonant Production in Two Pho­
ton Collisions," LBL-26465. The results here 
must be corrected by a factor at 1.15, see J. H. 
Boyerin[17]. 

[8] J. K. Bienlem, "Observed and Unobserved 
States - Crystal Ball Results on Two-Photon 
Physics," in Ghemmttt, Hyhrids, and Exotic 
Hmirons, A. I. P. Conference Proceedings No. 
185, Ed. S.-U. Chung, p. 486. 

- 2 0 -



[9] See, for example, F. J. Gilman and R. Kauff-
man, Phys. Rev. D36 , 2761 (1987). 

[10] J. F. Donoghue, B. R. Hcistein, and Y-C. R. 
Lin, Phys. Rev. Lett. 55,2766 (1985). 

[11] J. Gasser and H. Leutwyler, Ifucl Phys. B250, 
465 (1985). 

[12] S. J. Brodiky and G. P. Lepage, Phys. Rev. 
D24,1808 (1981). 

[13] TPC/27 Collaboration , "Investigation of the 
Electromagnetic Structure of 17 and if Mesons 
by Two-Photon Interactiooa, submitted to this 
conference. 

[14] Crystal Ball Collaboration, H. Marsiske, Pro­
ceedings if the VIIIth International Workshop 
on Photon-Phctor. Collisions, Shoresh, Israel, 
April 24 -28,1988, Ed. U. Karshon, p. 15. 

[15] JADE Collaboration, J. Obson, Proceedings of 
the VIII th International Workshop on Photon-
Photon Collisions, Shoresh, Israel, April 24-28, 
1988, Ed. U. Karshon, p. 77. 

[16] CELLO Collaboration, J. Harjes, Proceed­
ings of the VIII th International Workshop 
on Photon-Photon Collisions, Shoresh, Israel, 
April 24 -28,1988, Ed. U. Karshon, p. 85. 

[17] Mark II Collaboration, J.Bayer, Proceedings of 
the Vlllth International Workshop on Photon-
Photon Collisions, Shoresh, Israel, April 24 -
28, 1988, Ed. U. Karshon, p. 94; J. H. Boyer, 
"Two Photon Production of Pion Pairs in e + e~ 
Collisions at 29 GeV,' LBL-27180. 

[18] TOPAZ Collaboratioc,LAdachietaL, submit­
ted to this conf ence. 

[19] PLUTO Collaboration, M. Eandt, Proceed­
ings of the Vmth International Workshop 
on Photon-Photon Collisions, Shoresh, Israel, 
AprU 24-28,1988, Ed. U. Karshon, p. 3. 

[20] Crystal Ball Collaboration, D. Antreasyan et 
al., Phys. Rev. 33,1847 (1986). 

[21] Crystal Ball Collaboration, B. Muryn, Pro­
ceedings of the VIII th International Workshop 
on Photon-Photon Collisions, Shoresh, Israel, 
April 24 -28, 1988, Ed. U. Karshon, p. 102. 

[22] CELLO Collaboration, H -J. Behrend et al., 
submitted to this conference. 

[23] H. J . Lipkin, Proceedings of the VIII th In­
ternational Workshop on Photon-Photon Col­
lisions, Shoresh, Israel, April 24 -28, 1988, Ed. 
U. Karshon, p. 107. 

[24] TASSO Collaboration, W. Braunschweig et al., 
Z. Phys. 41 ,533 (1989). 

[25] TPC/27 Collaboration, H. Aihara et al., Phys. 
Rev. Lett. 60 , 2355 (1988). 

[26] G. Gidal et aL, Proceedings of the XXII In­
ternational conference on High Energy Physics, 
Berkeley, CA (1986), World Scientific, Vol. II, 
p.1220 

[27] CLEO Collaboration,T. JensenetaL,reported 
at Cornell Meeting on Heavy Quark Physics, 
June, 1989. 

[28] C. Baglin et aL, Phys. Lett 187B, 191 (1987). 

[29] M. S. Chanowitz, "Resonances in Photon-
Photon Scattering,* Proceedings of the VIII th 
International Workshop on Photon-Photon 
Collisions, Shoresh, Israel, April 24 -28, 1988, 
Ed. U. Karshon, p. 205. 

[30] R. L. Jafie, Phys. Rev. D 1 5 , 267 (1977); R. 
L. Jafte and K. Johnson, Phys. Lett. BOB, 201 
(1976). 

[31] J. Weinstein and N. Isgur,. y . Rev. Lett. 48, 
659 (1982); Phya. Rev. D 2 ' 388(1983). 

[32] R. L. Gable, R. Rosenfek! nd J, L. Rosner, 
Phys. Rem. D 3 9 , 3264 (1 >) and references 
therein. 

- 2 1 -



[33] J. F. Donoghue, B. R. Holstein, and Y. C. Lin, 
Phys. Rev. D37.2423 (1987). 

[34] J. Bijnens and F. Comet, NucL Phys. B296, 
557 (1988). 

[35] M. R. Pennington, Proceedings of the VIII th 
International Workshop on Photon-Photon 
CoUUions, Sharon, Israel, April 24 -28, 19S8, 
Ed. U. Karshon, p. 297. 

[36] M. S. Chanowitz, Proc VI International Work­
shop of Photon-Photon Interactions, Ed. R. 
Lander, World Scientific, 1984, p.95. 

[37] M.Feindt,n988 CELLO, JADE, and PLUTO-
Contributions to 'Exotic' Meson Spectroscopy,* 
in ChtebaBs, Hybrids, and Exotic Hadrons, A. 
I. P. Conference Proceedings No. 185, Ed. S.-U. 
Chung, p. 501. 

[38] TPC/27 Collaboration, H. Aihan et aL, Phys. 
Res. left. 57,51 (1986). 

[39] M. Feisdt, "ExperimenteBe Unterauchung der 
Reaktioncn 77 — K$K*x* und 77 — « s « S 
mit dem Detektor PLUTO," DESY F14-88-02. 

[40] PLUTO Collaboration, Ch. Berger et aL, Z. 
Phys. Z7,329 (1988). 

[41] CELLO Collaboration, H.-J. Behrend et aL, Z. 
Phys. 42,367 (1989). 

[42] CELLO Collaboration, H.-J. Behrend et aL, Z. 
f%S*.43,91(1989). 

[43] Mark II Collaboration, G. Gidal et aL, Phys. 
Res. Lett 58,2016 (1987). 

[44] F. M- Renard, Nwrso Omenta MA, 1 (1984). 

[45] R. N. Cahn, Twos in Two-Photon Physics,* 
Proceedings of the VIE th International Work­
shop on Photon-Photon CUSswits, Shoresh, Is­
rael, April 24 -28,1988, Ed. U. Karshon, p.110. 

[46] M.S.("naiioirit^J%»».£ett.Bl8T, 409 (1987). 

[47] R. N. Cahn, Phys. Rev. D35, 3342 (1987). 

[48] See the reviews by G. Gidal "Radiative Widths 
of Resonances (Experimeats)," in Proceed­
ings of the VIII th International Workshop 
on Photon-Photon Collisions, Shoresh, Israel. 
April 24 -28, 1988, Ed. U. Karshon, p. 182, 
and "Resonance Formation in Photon-Photon 
Collisions," in Gluehoih, Hybrids, and Exotic 
Hadrons, A. I. P. Conference Proceedings No. 
185, FA S.-U. Chung, p. 171. 

[49] W. Bartel et a!., Phys. Lett 18iB, 288 (1987); 
A. J. Finch, "Inclusive D" Production in Sin­
gle Tagged 77 Events," in Proceedings of the 
VIII th International Workshop on Photon-
Photon Collisions, Shoresh, land, April 24 -28, 
1988, Ed. U. Karshon, p. 75. 

[50] TPC/27 Collaboration, F. C. Erne, "Ex­
clusive and Inclusive Charm Production in 
Photon-Photon Collisions," in Proceedings of 
the VIII th International Workshop on Photon-
Photon Collisions, Shoresh, Isr~!, April 24 -28, 
1988, Ed. U. Karshon, p. 71. 

[51] TASSO Collaboration, W. Braunschweig et al., 
"Study of Charmed Meson Production in 77 
Interactions," submitted to this conference. 

[52] G. Alexander, U. Maor, and P. G. Williams, 
Phys. Rev. D26,1198 (1982); G. Alexander, A. 
Levy, and'U. Maor, Z. Phys. C30,65 (1986). 

[53] N. N. Achaaov, S. A Deryanin, and G. N. Shes-
takov, Phys. Lett. BIOS, 134 (1982); Z. Phys. 
CIS, 55 (1982); ibid. C27,99 (1985). 

[54] 3 . A. Li airfK-F. Liu, !%»«. £-0.8118,435 
(1962); ibid. B124,55 (1982); Phys. Rev. Lett 
51,1510 (1983); Phys. Rev. D30,613 (1984). 

[55] S. J. Brodsky, G. Kopp, and P. M. Zerwas, 
Phys. Rev. Lett 58,443 (1967). 

[56] A. W. Nib-on, "Exclusive Final States - Con-
titauum (Experimental)' in Proceedings of the 

- 2 2 -



VIIIth International Workshop on Photon-
Photon Collisions, Shoresh, Israel, April 24 -28, 
1988, Ed. U. KarshoD, p. 251. 

[57] U. Maor, "Vector Meson Production^ in 77 Re­
ar.lions," in Proceedings of the VIII th Interna­
tional Workshop on Photon-Photon Collisions, 
Shoresh, Israel, April 24 -28, 1988, Ed. U. 
Karshon, p. 282. 

[58] N. N. Achason and G. N. Shestakov, Pkys. Lett. 
203B, 309 (1988). 

[59] B. A. Li and K.-F. Liu, *K'TT Mesonium 
Production in 7 7 Reactions and Hadronic 
Collisions," University of Kentucky preprint, 
UK/89-02, submitted to this conference. 

[60] ARGUS Collaboration, Two-Photon Produc­
tion of Final States with a pj! Pair," DESY88-
1S4. 

[61] TPC/27 Collaboration, H. Aihara et al., "Ex­
clusive Production of pft**" in Photon Pho­
ton Collisions,9 NIKHEF-H/89-9. 

[62] G. R. Farrar, E. Maina, and F. Neri, 2v*«ol 
Phys. B259 ,702 (1985). 

[63] G. R. Farrar, et aL, "Perturbative QCD Pre­
dictions foe Tt - » B"S, Proceedings of the 
VIII th Internatutnsl Workshop on Photon-
Photon Collisions, Shoresh, Israel, April 24 -28, 
1988, Ed. U. Karshon, p. 43. 

[64] E. Witten, N%cL Phys. B120,189 (1977). 

[65] Ch. Berger and W. Wagner, Phys. Sep. (7148, 

1(1967). 

[66] J. H. Fidd, F. Kapuita, and L. Poggioli, Phy-
Lett 181B, 362 (1986); J. H. Field "Structure 
Functions and Total Croat Sections," in Pn-
codings of the With Intenutionml Workshop 
m PhoUm-Photon CoUimns, Shoresh, Unci , 
April 24 -28, 1988, Ed. U. Karshon, p . 349. 

[67] W. Fraaer, Phys. Lett B194 ,287 (1987). 

[68] VV. Frazer and G. Rossi. Phys. Rev. D25. S43 
(1982). 

[69] TPC/27 Collaboration, H. Aihara et al., "A 
Measurement of the Total Hadronic Cross Sec­
tion in Tagged 77 Reactions,'' submitted to this 
conference. -L 

[70] AMY Collaboration, "A Measurement of the 
Photon Structure Function F 2 at an Average 
Q2 of 67 (GeV/c) 2 ,* submitted to this confer­
ence. 

[71] J. J. Sakurai and D. Schildknecht, Phys. Lett. 
40B, 121 (1972). 7 

[72] Ch. Berger et al., PhysJSett 149B, 421 (1984). 

[73] D. Bintinger et aL, P&&. Rev. Lett. 54, 763 
(1985). ^ 

[74] M. Feindt, "Recent PEUTO Results on Pho­
ton Photon Reactions,"-in Vllth International 
Workshop on Photon-Photon Collisions, Ed. A. 
Courau and P. Kessler, World Scientific, 1986, 
p. 388. 

[75] T. Hunel and J. Siegrist, "Quantum Effects 
in Linear Collider Scaling Laws," SLAC-PUB-
3572,2nd International Workshop on Laser Ac­
celeration of Particles, Los Angeles, Jan. 7-18, 
1985. 

[76] R. Blankenbecler and S. D. DreU, Phys. Rev. 
D36,277 (1987). 

[77] R. Blankenbeder and S. D. DreU, Phys. Rev. 
Lett 6 1 , 2324 (1988), Erratum iiiA 62 , 116 
(1989). 

[78] M. Jacob and T . T . W u , Phys. Lett 197B.253 
(1967). 

[T9] M. Jacob and T .T .Wu, Wad. JPHs».B303,373 
(1988). 

(SO] M-Jatob and T.T.Wu, IVBCL Fftjs. B303,389 

(1988). 



[811 M. Bell and J. S. Bell, CERN-TH 5174/88. 

[82] V. N. Baier and V. M. Katkov, Phys. Lett 25A, 
492 (1967). 

[83] V. N. Baier and V. M. Katkov, Sav. Phys. 
JETP 26,854 (1968). 

[84] J. D. Jackson, Classical Electrodynamics, 2nd 
Edition, Wiley, 1975, p.677. 

[85] M. Dress, J. Ella, and D. ZeppenfiOd, Phys. 
Lett B223,454 (1989). 

[86] E. Papageorgiu, Phys. iter. D40,92 (1989). 

[87] J. D. Jackson, Classical Electrodynamics, 1st 
Edition, Wiley, 1962, p. 523. 

[88] H. Sens, "Critical Issues and Prospects for Fu­
ture Work,* in Proceedings of Ac VWtit In­
ternational Workshop on Photon-Photon Col­
lisions, Shoresh, brad, April 24 -28,1968, Ed. 
U. Karshon, p.H3. 

[89] R- N. Cahn and S. Damon, Phys. Lett 136B, 
196 (1984). 

[90] ML S. Chanowitz and M. K. GaiOard, Phys. 
Lett. 142B, 85 (1984); Hud. Phys. B261,379 
(1985). 

[91] S. Dawson, NucL Phys. B249,42 (1985). 

[92] G.L.Kane,W.W.Repko,andW.B.RoDnick, 
Phys. LeO. 14SB, 367 (1984). 

[93] J. F.Gunioo, G.L.Kane, and J. Wudka,Ar«d. 
Phyt. 299,231 (1987). 

[94] See, for example, R-N.Cahn, Rep. Prog. Phys. 
52,389(1989). 

[95] See, for example, C.Ahnet at, •Opportunities 
and Requirements Sat experimentation at High 
Energy e+e" Collider,' SLAC-329,1968. 

- 2 4 -


