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ABSTRACT 
Studies of exclusive final statca produced by thi > m-photon pro- } ,-

e a » hive btcn made at SPEAR by the Hark II and by iho Crystal Ball •'. \ 
Collabera* -one. Htseurerantu of tf*s" and w*w* production ia tha fleas 
region S C vaV/c 2 < ••• < 20C0 HeV/c 2 at* presented. Then data 
Include etroat signals from the well-known f(1270) meson, the Aj' 
ha* bean obaerved via lea v°n decay node and its partial width to -v I * 
has baa* determined. A messurenent of tt>*» cross r< Hon for the 
reaction TV * ***-a+«~ la reported. This i*hanr. • found to be lull 
just above the four plan threshold, but exhibits - «se enhancement 
near the a so° threshold. 

RESUME 
Una Icude des fiats flnaux cxclusifs prodults par lo processus a 

dsuK photons a it€ faitc a SPEAR par les collaborations travail]ant 
avsc hVUtX II st avec le Crystal Ball. Dcs assures dc la production 
ds t+fl" at t°w° dans la region dc masse 500 HcV/c2 * n n n < 2000 MsV/c* 
tone preisntfes lei. Ces donneea nontrcnt un fort signal du bisn 
coanu meson f(1270). Le A2(1310) a ttt aussl observtf dans la mode da 
deaiategratlon *°n at son amplitude partlelle en yy a 6xi determined. 
One assure da la section efflcace do la reaction r» • •**"»**" cat 
praaeatec. Ce canal eat trow* etre falble Juste au dllo du scull 
pour la production de *», met* montre un grand renforeenent au 
volalaaga Au eamil de La production dc n°p°. 

I. IhTRODUCTION 
Tha production of a meson resonance or a ra<>»on-nntloosen pslr by 

two colliding photons Is one of the simplest, of hadronlc reset Ions — 
Strong Interactions arc present in only the Mn.il tunic. Photon-photon 
collisions are an Ideal place to study the properties of C * * 
resonances** (J 0 1 ) , and st higher messes thr reaction vt * MS 1* 
expected to be a testing ground for QCD.'^ ExperlBcntally thcae pro­
cesses can be readily identified by thulr unique kincrsntlcol properties. 
Tha YV eenter-of-nass system is characterized by invariant massDs that 
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are small compared to the a +e~ center-of-asae energy, end by lew traaa-
versa momenta relative to the bees axis, Thla latter property, which 
ia doe to the dominance ot the incident flux by photons with small q , 
allows almost any topology to be isolated fro* feed-down from higher 
multiplicity events produced in the e +e" enalbilation chinttfl ox in 
the two-photoa channel itself. 

Heaeurements of the eroae section for the reaction YY * v +»" have 
been mode vith the Hark II detector at SPEAK, and the YT * «°a° pxocaaa 
has been Studied by the Crystal Sail group, alao at SPEAR, Strong 
signals from the weli-knoun f{1270) meson are seen In both final 
states, although the resonant mass appears to be * 30-4Q ReV/c 2 

below the valve established in hadronlc experiments. The large 
acceptance of the Crystal Ball detector allows, for the first time, 
a determination of the belicity structure of the production aatenanlaa 
of the resonanctt. The cross section for the production of «*»* pair* 
at muses above and below the resonant peak his been measured with the 
Hark II. The result Is found to be quite large at u n c i below th* 
resonance, but falls rather sharply at higher masses. 

The w 0n decay node of the AgCUlO) has been detected in the 
Crystal Bill. The measured decay width r, % Q.6 keV is in agree­
ment vith the value of 1.0 keV expected from SU(3) symmetry (vith 
fractionally charged quarks) and the value r £ % 2.7 keV measured 
vith the sane detector. 

The four plan final state, studied by the Hack It group, la found 
to be dominated by the process TV * P°»° * **a~e+«~- The crows section 
rises rapidly near the o°0° threahold to a value "100 nb. Thla Is 
considerably larger than might he estimated from either the vector 
dominance model or from QCO. 

The Crystal Ball detector3^ la shown in Fig. 1(a). It conalata 
of two hemispheres made from geodesic arrays of sodium iodide crystals. 
When the endcap crystals are included, the detector la sensitive to 
electron* and photons th*t have laboratory polar angles that satisfy 
IcosOJ < 0.9B. Proportional and drift chamfers provide charge parti­
cle tracking, but there is no magnetic field. Although the detector 
is triggered by a variety of signals, two calorlmetrlc triggers are 
most germane to the results given here. The Ball was triggered if 
each hemisphere recorded more than 150 KeV of deposited energy, or if 
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¥ig. 1(a). The Crystal Ball Detector, 
the w of the deposited energy in the entire detector exceeded a r--e-
*et threshold. This letter totsl-energy-threshold varied between 
400 HeV end 1100 HeV far the dice shown here. 

The drift chaafeer and solenoid of the Mark 11 (Fie. Kb)) 

r///////f/SSSMSSSS//SS/fS/S/SSSS£S/j, 
rf//////////////j&/x//s/jyjU'SS/ssMfj 

{/////SSSS/SS/////SSSS/SSSSS/S/SS/A 

vacuum cnambci 
Pipe CCMMC (2 lort'i 
scintillglion count's) 

Bn(t Chimfifr 
M6 iayers.f 

Time Of Flight CtwnlttS 
(48 WOl) 

Liqind Atgon Showtr 
ZjSNMt (Bbanti mtduitst 

Iron Flgi Rtlufn 

Miton Proportional 
TMDTI 

Fig. 1(b). The Hark I I Detector. 
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comprise a charged particle spectrometer that covers the region de­
fined by |cosftL| < 0.8. The acceptance of the liquid argon calori-
aeters that are located outside of che solenoid coll is spproxfnately 
652 of 4s. The detector was triggered by events with at least ooe 
charged track at IcosO | < 0.75 and with p £ 100 MeV/c, and a second 
track at |>ose | < 0.85. 

U. + -

The two-prong mass spectrum, as n u in the Herb II. is given in 
Fig. 2. Events were selected if they contained two oppositely charged 
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Fig. 2. Raw two-prong BBSS spectrum 
aeon by the Mark II. The curves 
represent various contributions as 
measured and/or compu-f.d. 

prongs, both with |cos6,| < 0.6, and no other charged particles. The 
net transverse momentum of the two tracks was required to be snail, 
|rp Tl s 100 MeV/c. The carves in Fig. 1 summarise the contributions 
to this senpZe made by various processes. Photon-photon production 
of the n'(958) and p°p° have been aeaaiired With the M B * detector 
CBef. 4a and S VI below), so the feed-down from these sources has been 



ealeulaccd with a Monte Carlo. The background Iron higher multiplicity 
events haa been determined by making extrapolation! from higher 
valuta of not transverse omentum. The beam-gas contamination waa 
nrssured In aide-tunas of the vertex position along the beta axis. As 
can ba scan, these backgrounds are quite small ceaparsd to the total 
two-prong sample, but they become 5-30$ in th« taw YY * » •"" signal 
discussed below. 2 Except In the region near 1200 tfeV/c , the two-prong saapla la do-
ninsrad by QED events T T * ** and rr -» tin. The curve in Fig. 1 that 
nnratents these processes has been calculated with the Hont* Carlo 
program; 6f Salth and veMaseren 5*, and normalised by the measured! ii»~ 
alnoeity of the experiment. Unfortunately this twmslintion is un­
certain by x W , hence a useful aeaaorenent of the VY * » »" tats 
could not he node without increasing the ws/OJEP ratio. The necessary 
mhancement in the ira aignal over the QED background was achieved by 
making uso of the relatively large probability that a low aoaontien 
plon will interact In the magnet coil before reaching tha liquid nr-
gen; charge particles were identified as pions if they were within 
the fiducial area of the liquid argon, but deposited leae energy in 
the liquid ar^on than would be expected from a minimum Ionising 
particle, The details of this identification procedure have been ex­
tensively studied -with sources of pions, nuons, sad electrons that 
bam been unambiguously identified without use of the liquid ergon 
signals. At aeaenta >. 300 HeV/c, the pioo identification probability 
la typically n factor of 10 larger then the soon and electron miniden-
tlfleatlon probabilities, although at momenta > 300 HeV/c the plon 
acceptance is reduced to « 15Z per track. 

The t e signal nas extracted from events which contained at 
least one identified plan and. separately, from events that were re­
quires to contain two identified pinna. The results, given in Pig,. 
3(a), have been corrected for the QED background that remained in the 
raw data after the plon identification was made. The sgrenent be­
tween the results from the two levels of plon identification indicates 
that thin renalnlng QED subtraction has been done reasonably well (the 
QED background In the 2» sample is completely negligible at naaa 
£ 700 HaV/c ), The curve in the figure is the polnt-plon Born term6) 
without any absorption corrections in the final state. Its normaliin-
tioo in absolute and it is included only as a theoretical reference 
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Fig. 3, (a) Fully corrected yield of 
n IT" events with both prongs at 
IcoaBY| s 0,6i Ho correction has been, 
made for contamination by K IT events; 
(b) Tha eroaa section j „ y ̂  v+^-
integrated over the region 
|coae | - " "" --• 0.35. — Born, and QCD. 

point. Tha number of plon pairs produced at masses below the r « o -
nance is aeen Co ba quite large. 

The resales ilwm tn Fig. 3(a) axe not terribly conv«sl«&c sine* 
they depwl upon toe oatactor acceptance and the spectrm of b « m 
•aergiw w e d In taking tha data aamnle. Tbe T Y cross section con ba 
cacputed from'* 

gae -»eaX iff *<w _m ~»<V 
dfi 

(1) 

where B k ia tha bean energy, B„ 1B the square of the TY Invariant o a *» 
aassi and d(l ia the yy c.n.s. solid angle element. With the re­
striction |coi6,| < 0.6, there is not much information in tha angular 
distribution! but shown in Fig. 3(b) is tha acceptance corrected eroie 
section o„„ . „+ -Cm__) integrated over the range lease I < 0i3S. 

Y Y ^ ™ u iiii 
Also included la Chit figure Is a data point measured by using tha 



Mark II union and liquid argon systems to directly rejert electron And 
Ducn pairs. This point has bean corrected for all backgrounds with 
previously described techniques. The data tend to fall below the 
point-pion Born cross section, and are consistent with the high mass 
tail of the f(127D) resonance. The prediction of a recent QCD calcu­
lation2' , also shown In '.he figure, indicates that data from PEP/PETRA 
will be needed In order to reach the interesting region at still high­
er masses. 

It previously has been reported8' chat the resonance structure 
2 

near 1200 MeV/c Is not coasistent with the d-wavc Bre't-Wigncr *>̂ -
pected from parameters of the £(1270) determined in hadrJtilc cxpceL 
aents. In particular Che mass appears to be 30-40 HeV below the value 

2 
1273 i 5 HeV/c measured In TT p reactions. It can now be seen, how­
ever, that there Is a significant amount of KIT production which is not 
accounted for by the resonant amplitude alone (Fig. 3). The data can 
be fitted V> postulating that the non-f continuum interferes with the 
resonant Breit-Wigner In a manner similar to Soding model fits made to 
Che p° mass distribution observed in photoproduction reactions 
YN + * TT"N9'. The spectrum of Fig. 2 gives the best accuracy for such 

2 
a study. The number of irir events observed between 700 HeV/c and 

2 
950 MeV/c In Fig. 3(a) was used to normalize the QED curve In Fig. Z; 
the QED normalization was chosen such that the excess of events over 
Q£D in Fig. 2 is consistent with the number of im events observed In 
Fig. 3. The errors on the data of Figs. 2 and 3(a) result in a i 4% 
uncertainty In the QED level. Shown in Fig. A Is the spectrum that 

?lg. 4. The non-QED spectrum near the 
f(127Q) mass. The K +K~ component from 
the f*(1515) has been estimated by 
using; SU(3) and BR(f • •* K"TC"> - 5QX. 
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results from subtracting the QED distribution normalized by the 
central value of its allowed range. T is non-QED spectrum has been 
fitted by the sum 

irwCm) « £(in) + a-C(m) + 2B>cos6(m)-/a-C(m)'£(w) + f'(m). (2) 

In this equation, £(m) is the detected nir yield appropriate for a re-
lativistic d-wave Breit-Wigner with resonance maea and width equal to 
1270 HeV/c and 180 MeV/c , respectively* The resonance was assumed 
to be nroduced only with helicity ± 2, and all relavant photon flux 
factors have been included. Two extreme cases for the shape of the 
non-f irit production, C{m), were considered. The first was the simple 
Born tern at all masses, and the second consisted of using the Born 

2 
tern at masses below 1 GeV/c , but replacing it with the QCD predic­
tion at higher masses (see Fig. 3(b)). The third term in Eq. (2) is 
a postulated Interference between the first two terms. The non-f 
amplitude was taken to be real. Since no partial wave decomposition 
was done, the parameter 0 wis included and fits were made with various 
values -1 £ 6 £ 1. The last terra represents the contribution of the 
process YY + f'(1515) + K K~ where the kaons have been aisidentified 
as plans. The ratio V., / r was taken from SU(3) and the 

f * YY f + >Y 
BR., ^ K+ K- was assumed to be 501, The result of A MontC Carlo cal­
culation, which included losses due to kaon decays, was that this tern 
lit 3.81 of the f. The yield of f' events is shown in Fig. 4 for the 
value of T, obtained below. 

t + YY 
The fitted partial vidth of the f depends very little on cither 

the QED normalization, the value of B, or the Choice for the con­
tinuum. The result is (for helicity - ± 2) 

r f « 3.6 ± 0.3 (statistical) ±0.5 (systematic) fceV. (3) 

Shown in Fig. 4 are the flee to the data that hava b'ien achieved far 
6 - 0, 0.5, and 1.-0 (with c(n) - Bom), if the non-f centlcniun le 
parametrized by the QCD prediction above m - 1.0 GeV/c then the 
fitted values of r. Increase by ~ 101 (included in the systematic 

f •* YY 
error), and the data prefer a sowewhat larger value of 0. 
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» . o o III. KT * w T 

The absence of a QED background to the v it final state makes 
thia a particularly clean hadronlc channel. Furthermore, the direct 
coupling of photons to neutral pions is expected to be small, so 
resonance structure, such as the f, can be studied in a relatively 
straightforward Banner. The Crystal Ball detector Is beautifully 
Matched to this process. Events were selectci as n * candidates if 
they contained four photons with total visible energy in excess of 
700 HeV and no charged tracks. The distribution of the square of the 
net transverse momentum, J E p _| , of all such events is shown in 
Fig. 5(a). Tia distribution of the invariant mass of the photons in 
events v* .ft |Ep*T|2 * 0.03 GeV^/c2 is shown in fig. 5(b). 
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Fig. 5. (a) The | E p_ I distribuLion 
for 4Y events as seen by the Crystal 
Ball, (b) Invariant mass, m, , for 
events with |ZpT|2s0.03 * YGeV 2/c-
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For demonstration purposes, events were selected with 
1040 MeV/cZ s n>4 S 1480 MeV/c2 (i.e., the f (1270) mass range) and 
the scatter plot of photon pair masBes (three combinations per event) 
Shown In Fig. 6 was constructed. In addition to the spectacular ir°ir° 
signal, a cluster of ir n events is clearly diacernable. 

1000 f t i i -i..i—rrtn—±, i. i—<—i—i—t—r 
• -,'-'. ; J--, ' • „ . - , . ' ' 

800 —' 

"„ 600 h-
5 

400 

200 

% : • • > • • • • • 
?~3* 

_• • 1 I 1 I . 1 — I I I 
200 400 600 •00 1000 

Fig. 6. Scatter plot m„„ against m ^ for' events with 04 
in the f(1270) region. There are three entries per event. 

The YY •*• " * signal has been extracted from the total sample of 
.* |2 ,2, 2, ifi events (with [Ep | s 0.03 GeV (n ) bj making a two-dimensional 

cut that required a IT it combination to exist with 
2 2 

100 HeV/c £ m e 170 HeV/c . Backgrounds from other processes were o o measured in two-dimensional sidebands around the 11 w ares. They were 
2 

found to be quite small at invariant masses above BOO MeV/c . Beam-
gas backgrounds were estimated to be £ II. The background-subtracted 
TI -> mass plot is given in Fig. 7(a). The subset of these data that 
was taken with a low total-energy-trigger threshold (600 MeV to 
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Pig. 7. •eckgrmnd-sobtrected a t 
aaaa epectnift. (a) All events, 
and (b) the subset tafcan with • 
Ion trigger threshold> Tha solid 
hlatogrsaj ia a tkmte Carlo described 
in tha text, and tha dashed histo-

la the solid hietogrsa shifted 
one bin (40HeV). 

SOD HeV) ia Mann in Pig. 7(b). Although than may be « 
slightly larger portion of avants below 1000 HeV/c la the low-
threshold data, it appears that the rsaeJader of tha trigger echene 
was anffifienc to prevent any aarlous dlstortlea of the asse spectxin 

the data ia Pig. 7 have neither bean corrected for detection ef­
ficient* nor Iwa the distortion due to tbe photon flux been removed. 
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The solid histogram In the fignre in a ttonte Carlo simulation pf the 
distribution (eppmarfnately normalized to tlw data) that is expected 
to be produced by the f (1270) nntmdng the noadaal mass and width. 
BeUvant efficiencies (except the trigger) and photon Elm factors nave 
been Included in the Monte Carlo. The detector efficiency falls 
eeonthly from * 331 at 600 HeV/c 2 to * 15* «t 1600 MeV/c2. The dotted 
line, which le the same histogram shifted eownward by one bin 
(40 HeV/e ) gives a good description of the conplete spectrum at 
masses > M O rieV/c*. 

Aa a check on Che calibration of the energy scale of the crystals 
in the detector* the V ansa spectnn Cron events in the f region 
(1040 MeV/c* - 1430 fesV/c*) w « ttttained. D M *° mass was found to *»e 
13&.8 i 0*6 heV/e which can fas coopered with the value 
135- 8 ±0.3 HeV/c predicted hv the Uante Carlo* The energy scale was 
deliberately altered fay 32 (the amount needed Co account for the shift 
In the f mass) and the analysis of the data was repeated. The n mass 
was then found to ba 138.5 t 0.6 MaV/c . tt would appear that If the 
shift in the f use li created by che detector, then it is not a 
staple linear error In the energy calibration. It must be noted that 
the mass of the n(549) as nestured by the Bull has at tines been as 
wicn as 1.5 - 2.OX allow it* accepted value. 

The large acceptance of the Crystal Ball makes 
it passible to study the angular distribution, of the f •* tr°ir° decay. 
Host theoretical models1) expect the production of the f to be domina­
ted by photon pairs that have opposite helicity (l»2). The observed 
distribution of the angle In the yy e.o.s. between one of the outgoing 
w 0 ,e end the incoming e" is given in Tig. 8 (The incident photons ere 
primarily at angles - m^/E^ with respect to the beam axis). This dis­
tribution hen been fitted by the foxa 

U|eo«n*l)-^|T;| 2
+. l|rJ| 2

 + a 2 | ^ l 2 , « ) 

vblch la valid since the experimental data have been Integrated over 
the aslmerhal angle. The resale of this fit le included in Fig. 8 and, 
•a can be seen, the 1*2 piece is doninant; SQ/OJ - 0.12 ± 0.39 and 
e./a. - 0.02 1 0.11. alternatively, a fit of the distribution to a 
sua of the £ with X • 2 and an S-Weva background yields the ratio 
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.. I I I -J 
o C.J c « ft.t o.e '.o 

keuS'l 
Via,, 8. teeny angular distribution 
in the process f(1270> •* it0w0- Thf 
curves nre a fit described In the 
text. 

tfamledge of the helldty structure of the rt * t production mtt-
cbanlsa Is nlno important because the experimental acceptance of aost 
detectors depends critically on the f decay distribution. After com­
puting the acceptance of the Crystal Ball for each heUsity channel 
and weighting the overall acceptance by the i»*Eured hellclty frac-
Clont, the partial width of the f to yy was found to be 

f F ^ „ - 2-90 *'\\ (statistical) t 0.5B (systematic) keV. (5) 

This Is the only ocssutesant of r f + node to data that does not 
taly on an sssuwsd hsllclty structure of the production oechaalsa. In 
order to allow eonoerisons with other results, a value of 
Tg ̂  - 2.7 ± 0.2 ± 0*6 keV has been conputed froa the observed num­
ber of events under the assmptlon that the f Is produced only in the 
belielty ±2 state (this la the assuBptlos usually nade by other expe­
rimenters, e.g.. result (3) abov k). 

IV. The f<1270) at SPEA-t 

The two aeasurenents of rhe radiative width of the f presented 
hare, 2.7 l 0.2 i 0.6 keV (crystal Ball) and 3.6 t 0.3 1 O.S kaV 
(Hark II), can be compared with the value 2.3 t O.S t 0.33 previously 
published by the PLVT0 collaboration10*1''. (These values all assume 
helicity t 2.) A variety of theoretical approached have led to pre-

-13-



dictions for the absolute size o t r t i „ that £1* between•* 4 keV and 
»\ r * n 

20 keV1'. Tha experlncatal values ate consistently a factor of 2 to 7 
smaller than these expectations, and place constraints on the models 
which, la aema eases, nay he fatal. 

Tha nass of tha f produced in n collisions appears to be 
30-60 MtV/e below the value established by phase-shift analyses of 
hadronlc reaction!12 . This shift of * 3S has boon raproduced in tha 
charged final state by postulating the existence of an Interference 
with the aeaeured non-f * « production. The apparent absence of a 
aon-f component la the i°n° final state, however, eliminates this ne-
chaniaei la the neutral channel. The possibility O u t the observed 
* w° shift arises Croa a geometrical problea In the Crystal 
Ball detector is still being pursued 1'). 

It ls t of course, well known that bread resonances produced In 
pbotoproduction expcrlmwnte (e.g., yB •* p°iO are observed to nave 
distorted line shapes9'. These effects, howeverp are cosfined pri­
marily to the dlffractive kinematic region at low nwnentum transfers» 
and have been thought to be due to interference with other anpll-
tudes11*' or to properties peculiar to the corresponding hadronle dif­
fract iva pracesa predicted by VMD I s J (e.g., p°N •» p°N). If the data 
praasntad in this report are taken at face value, then neither of 
thaea ideas ia sufficient by itself to explain the process vy+f+««, 

v- TV •*• s qn 

The w°n signal seen In H g . 6 has been analysed In the sen 
nor as the w°t° signal. After asking sideband background subtrac­
tions, the asss plot shorn in Fig. 9 is obtained. A signal of 25 • 
events over a background of 5 - 6 events is seen at the mass of the 
A, (1310). There are not enough events to allow determination of the 
decay distribution, but with the resonance assumed to be produced with 
helicity ± 2 the partial width has been computed to be 

I\o « 0.77 t 0.18 (statistical) ± 0-27 (systematic) keV. (6) *2 TT 

The A^(1310) and the f(1270) are thought to be nearly degenerate 
1 * 0 nsabsrs of an ideally nixed 2 nonet. Sonet symmetry predicts 
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Fig. 9. Background-subtracted ir n 
•ess spectra saen by the Crystal , , 
Ball. Data with |Ep.| 2 * 0.03 CeVVe 2. 

25/9 if quark* are fractionally charged. the ratio J\. / r.„ 
The Crystal Ball •eesureaenes give eha expsrlnsntsl result 
2.7/.77 * 27/8. It should ba pointed out that oven though a number of 
systematic uncertainties might cancel in the ratio, Che statistical 
errors are still large. Nevertheless, the agreement with the SU(3) 
prediction la notable. 

VI. yy •»» f i i 

The four pion final state has been studied with the Hark II using 
all data taken with beam center-of-oass energise between 4.8 GoV and 
6.5 GeV (a: 12 po~ ). The mass apsctrua of all events that contain 
four charged tracks with aero total charge la given in Fig. 10 for m o 
different cute oa the act transversa Bousacua of the particles. In 
addition to exclusive signals at lb* baas cnatar-of-aaee energies 
(approxuut«iy balf of the data were acquired at /» • 5.2 GeV), there 
1* a clear atroctnre around 1*5 CeV/c. The detector trigger 
threshold waa * 700 HeV/e and turned an rather sharply. Only events 
with Invariant masses below 3.0 GeV/c ware further considered. 

Backgrounds fran beau-gas events ware found to be only a few per­
cent and corrections have been made to all data shown here. Feed-doun 
from higher multiplicity events produced in either the annihilation 
channel or the two-photon channel itself vara subtracted by making 
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Fig. 11. Distribution* in the | E ? T I variable, the 
lines are evtiaates of tb* background to ttw two-
photon signal. 
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extrapolations in the net transverse momentum variable. Shown in 
Fig. 11 are the Pj distributions in each of several mass bias. The 
dashed lines arc estimates of the feed-down backgrounds that ham bean 
made by fitting these distributions with the knoin shape of Che two-
photon process and an assumed straight line shape for the background. 
The cumbers of two-photon events with total transverse momentum leas 
than 100 MeV/c as determined by the fits were taken to be the signal. 
The errors en these nuabers were also determined by the fits end, 
thus, include a seasonable estimate of the systematic uncertainty of 
the background subtraction. (This uncertainty dominates the errors 
in the final answers given below*) 

Before the acceptance of the detector for the process YY * *« was 
determined, the phase space structure that the data exhibit was 
.studied. Each event contains 4 neutral combinations of n »' and 2 
charge-tiro combinations »"«". If the plons are pair-wise uaeorralatsd* 
then the mass distribution of »*w* pairs would have the saw shape as 
that for **•*, The relative normalization, furthermore, would just be 
a factor of 2* The suns distribution of charge-zero pairs Is shown 1 A 
Fig. 12(a) as points with errors, and the sane distribution for 
charge-two pairs is given as a histogram. The shapes are quite dif­
ferent; the neutral pairs are psaked near the p mass. If the pions 
are completely correlated as e°p°, then the mass distribution of pairs 
formed by a n from a o° and a i~ from the other o° is approximately 
equivalent to the charge-two distribution. The equivalence here is 
only approximate because Base symmetry, applied to the four plon final 
state, introduces structure Into the like-sign mass spectrin. 
Figure 12(b) shows the result of subtracting the •%* spectrum from 
the s w* spectrum. The histogram in this figure is the result of a 
Monte Carlo calculation using a mass matrix which 1B the square of the 
symmetrized coherent sum of two relativisclc p-u.-wc Breit-Wigner am­
plitudes. Events were generated separately in each mass bin, renor-
maliied to the number of event! observed in each bin, and finally 
added together. The some subtraction of the charge-two distribution 
from the neutral pair distribution was then done. Scatter plots of 
the mass of one pair opposite the remaining pair are shown in Fig. 13 
for the mass bint that contain S mensurable signal. Maximum likeli­
hood fits to these plots have been done using a combination of the 
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Fig. 12. Two-pion nana distributions -
(a) Masses for like-sign and opposite-
sign pairs, and (b) the difference be­
tween opposite-sign and like-sign dis­
tributions. The histogram in (b) is a 
Monte Carlo described in th<t text. 

P°p° matrix elenent ami pure phase space, the flea are eonalatent 
wilb toe two-photon signal being all vy "•" 0*V\ but cannot tale one a 
TT •* 4* (poena apace) eonponent na large as 15- 20X In any given aaas 
bin. 

The production and decay angular distributions of the p°'o pro­
vide additional information about the production mechanlsm(e) occur­
ring in this nets region- The subtraction technique used to produce 
Fig. 12(b) gives the efficiency corrected distribution of the p° pro­
duction angle (in the YY c.n.s.) shown in Fig. 14(a). The corres­
ponding distribution of the p° decay angle (In the p rest frame) is 
given in Fig. 14(b). although the errors are large (and the paints 
are correlated to each other), the p* production appears to be peaked 
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Fig. 13. Goldhaber p lo t s , ( a ) , 0>>, and (c) w e Apposite-sign 
pa i r s in the tta*9 ranges , 
(a) 1.15 GeV/«* < H*, < 1.45 CaV/c z, 
0>) 1.45 CeWt2 < M^ < 1.75 G*V/c z, and 
(c) 1.75 CeV/c 2 < M^ < 2.25 GaV/c 2. 
The p lo t s (d)» ( a ) , aad (£) ara for the corresponding l ike-s ign 
p a i r s . 
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Fig* 14. (a) Production end <b) decay distribu­
tions for p°* Events with total a s s between 
1.15 GeV/c? sad 2.2$ CeV/e 2. A curve of the 
fern a + b cose* 2 is shewn In (a). 

P 
fore and aft. The decay distribution Is quite flat, which would Indi­
cate chat the p°'s are not produced with the helicity of the Incident 
photons. 

The acceptance of the detector was calculated with the Monte 
Carlo by using the P°P° matrix element for the ir t" aass weightiugi 

The cross and using angular distributions consistent with Fig. 14. 
section a + ,_ was the calculated (Bq. (Z) integrated over dft"), and 
the results are displayed in Fig. 15. After tho background subtrac­
tion, no signal was left in either the highest or In tbe lowest aaaa 
bins, so m e standard deviation limits are given. Shown also in the 
figure are the results for YY * P%& that have been previously re­
ported by the t&SSO collaboration16'; tbe two results are in reason­
able agreement, 

A current algebra calculation17' of the process rr * * *"* **" has 
given a value ~ 2nb for the cross section Just above the four-plon 
threshold. A perturbative QCD calculation of the cross section 
YY •* P°p° has recently been completed2) and, although Its validity at 
lor aasses la uncertain, the result Is given in Tig- 15 as a theoreti­
cal reference point. Alternatively, vector dominance suggests the 
estJaate 

_cl\* 
(7) YY **>P -(BO) •„ + »-(&) (;•?] o** - 30 nb PP 
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Fig. 15. Measured cross sections for 
Errors assigned to the 

Merk II date iaclede all known sys­
tematic contributlonK. The TASSO data 
K e for 7Y * p°p° only. The carve is 
a theoretical prediction described in 
the text. 

for the cross section, again at large c.a.s. energies. Thy observed 
cress section near the p°p° threshold Is considerably larger than 
these values, Recently, Layasac and Renard have interpreted this en­
hancement as evidence for a (T* glwebail with ease * 1600 MeV/c , B*. 
Goldberg and Waller have argued that the data are consistent with a 
2 orbital exhltaklan of the q<549)'^. Both of these asflusptions 
are able to Clt the observed ssss dependence if the cross section. but 
the angular distribution of the e°'e (Fig, 14(a)) would favor a 
spln-2 object. 
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