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The reaction 77-~2n+2n 2n" has been studied using the ARGUS detector at the e+e - storage ring DORIS lI at DESY Pro- 
ductlon of to mesons is observed and, m particular, the reaction 77-~toto ~s seen for the first time The cross section for yy ~toto 
has an enhancement at ~ 1 9 GeV/c-" of about 10 nb The cross sections for 77 ~2n +2n -2n" and 77 ~ton +n n ° are also given 

Th i s  repor t  presents  the  first o b s e r v a t i o n  o f  the  re- 

ac t ion  77 ~(o(o Ear l ie r  m e a s u r e m e n t s  o f  v e c t o r  me-  

son pair  p r o d u c t i o n  in p h o t o n - p h o t o n  in te rac t ions  

have  been  pub l i shed  for  77 ,p°9  ° [ 1 ] and,  recent ly ,  

77 ~(opO [2] M e a s u r e m e n t s  o f  o the r  channe l s  have  

resul ted  only in uppe r  l imi ts  [3,4] 

T h e  77 ' P ° 9 0  cross sec t ion  showed  an unexpec t -  
edly large e n h a n c e m e n t  at th resho ld  [ 1 ] whi le  the  

reac t ion  77 ~ P + P -  was found  to be suppressed  [ 4 ] 

Explanat ions  in te rms  o f  the  p roduc t ion  o f  four -quark  

states [5] in p h o t o n - p h o t o n  c o l h s m n s  were  in t ro-  

duced  [6,7]  Such an In t e rp re t a t ion  works  well  for  

bo th  pOpO and p + p - ,  bu t  it expla ins  only  par t  o f  the  

t0pO cross sec t ion  [2] ,  At  t -channel  f ac to r l za t lon  

m o d e l  [8] can also descr ibe  the  p°9 ° cross sec tmn,  

but  again,  only  par t  o f  the  (o9 ° cross sec t ion  To  fur- 

ther  test  these  mode ls ,  m e a s u r e m e n t s  o f  o the r  vec to r  

m e s o n  pairs  p r o d u c e d  in p h o t o n - p h o t o n  in terac-  
t ions  are needed  

The  analysis o f  the react ion 7 7 - '  (o (o * 2n + 2n - 2n o 

p re sen ted  here  is based  on a da ta  sample  co r re spond-  

lng to an in tegra ted  l uminos i t y  o f  234 3 p b -  ~ The  

da ta  were  co l lec ted  us ing the A R G U S  de tec to r  at the  

e+e  - s torage r ing D O R I S  II at D E S Y  ope ra t i ng  at 

cen te r -o f -mass  energies  a r o u n d  10 G e V  The  A R -  
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G U S  de tec to r  is desc r ibed  e lsewhere  [9] 

Cand ida t e  events  for the reac t ion  77 ~ 2n + 2 n - 2 n  ° 

were  selected by requi r ing  four  charged part icles wi th  

zero ne t  charge or ig ina t ing  f r o m  a c o m m o n  even t  

ve r tex  These  par t ic les  had  to be iden t i f i ed  as p lons  

wi th  a lxkehhood rat io  [9] larger  than  5% Exact ly  

fou r  pho tons  were  r equ i r ed  to be  seen in the elec- 

t r o m a g n e t i c  ca lor imeter ,  wi th  a m i n i m u m  energy 

ranging  f r o m  50 to 70 M e V  d e p e n d i n g  on the  run-  

n m g  cond i t i ons  Any  p h o t o n  pa i r  wi th  an i nva r l an t  

mass  be tween  60 and  220 M e V / c  2 and  wi th  an open-  

ing angle  smal le r  than  90 ° was cons ide red  a n o can-  

d lda te  These  were  cons t r a ined  by a k inema t i ca l  fit 

to the  n o m i n a l  n o mass  Even ts  were  r e q m r e d  to con-  

t a m  at least  two  n o cand ida te s  

By r equ i r ing  at least  one  c o m b l n a t m n  o f  six p ions  

wi th  a scalar  m o m e n t u m  sum P . . . .  = ~ IPl ~<3.5 

G e V / c  and  a total  t r ansverse  m o m e n t u m  

p~o, = I ZPvl  ~< 100 MeV/c ,  553 even t s  are selected 

These  two cuts suppress  z -pa i r  even ts  and  Incom-  

pletely recons t ruc ted  anmhl l a t i on  events  Since these 

se lec ted  even ts  con ta in  four  pho tons ,  up to three  dif-  

ferent  pairs o f  n 0 candida tes  can be f o r m e d  per  even t  

Th is  c o m b i n a t o r i a l  amb igu i ty  was r e m o v e d  by 

choos ing  only  tha t  pair  o f  n o cand ida tes  wi th  the 

smallest  P ~ '  ( fu l f i lhng the  cut  P . . . .  ~< 3 5 GeV/c )  The  

loss o f  even t s  due  to this cut  ~s only  abou t  5%, as de- 

t e r m i n e d  b o t h  by M o n t e  Car lo  and  in da ta  f r o m  the 

co fits to the  n + n - n  o m v a r l a n t  mass  spectra  

To  d e t e r m i n e  the  acceptance ,  a M o n t e  Car lo  pro-  

g r a m  was used to genera te  p h o t o n - p h o t o n  reac t ions  

acco rd ing  to the  exact  Q E D  express ion  for  co lhs lons  

o f  t ransverse  pho tons  [ 10] Isotroplc  phase space was 

used  to s imula te  f inal  states o f  2 n + 2 n - 2 n  °, 
( o n + n - n  p, coco, and  2 n + 2 n - n  ° T h e  a p p r o p r m t e  

m a t r i x  e l emen t  was used for  the decay  of  co m t o  

n + n - n  ° All M o n t e  Car lo  even t  samples  were  gen- 

e ra ted  w~th a b e a m  energy d i s t r ibu ted  accord ing  to 

the  da ta  and were  passed through a full de tec tor  [ 11 ] 

and  tr igger  s~mulat lon T h e  tr igger  s i m u l a t m n  used 

shapes  o f  t h re sho ld  b e h a v m u r  for  the  de tec to r  com-  

ponen t s  as d e t e r m i n e d  f rom da ta  This  takes  in to  ac- 

coun t  the va r i a t i on  o f  the  actual  t r igger  c o n d I t m n s  

T h e  s imu la t i on  o f  r a n d o m  noise  in the  ca lo r ime te r  
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was determined from data using events 'F (1 S) --* e +e -  
and "f( iS)- , la+p.  - ,  tagged by the plons from the 
transi t ion Y(2S) --,n +n - ' f (1  S) 

The 2n + 2 n - 2 n  ° acceptance is zero for I4~ < l 2 
GeV/c 2, rises to a sensmwty  of about 1 event /nb of 
the 77 cross section and per 100 MeV/c 2 of Wry at 
H)y ~ 2 GeV/c 2, and slowly decreases towards higher 
values of I4~7 The sensmvlty  is approximately the 
same for (on ~ n - n  ° events, while it is about 25% 
lower for c0(o events. The systemauc uncertainties in 
the overall scale of the final cross sections are esn- 

mated to be 14% for 7 Y - , 2 n + 2 n - 2 n  °, 15% for 
77--,(on + n - n  °, and 25% for 77--'(o(o, by adding the 
following con t r lbunons  in quadrature luminosi ty 
measurement  5%, trigger s imulat ion 5 1%, accep- 
tance calculation 108% for 2 ~ + 2 ~ - 2 ~  ° and 
( o z + ~ - ~ o  events, and 17 3% for (o(o events, back- 

ground est imation 5% For 7 7 ~ ( o z + g - z  ° and 
y~(o(o there is an addmona l  uncertainty of 4 6% 
from the o) fits and finally, an uncertainty of 15% 
is estimated for coo) in the derivation of the mass 
spectrum for these events. The systematic uncertain-  
ties are not shown in the cross section plots 

In order to derive the cross section for 
y y ~ 2 g + 2 g - 2 g  °, a study of possible background 
processes was performed Backgrounds divide into 
two classes (1) incompletely reconstructed annihi-  
lation events and z-pair events, and (2) 7Y--* 
2n +2n nrt ° events where n # 2 The first class, as well 
as part of  the second, has unbalanced p~t  Com- 
pletely reconstructed 77 events have a (P~t)2 dis- 
t r ibut ion which peaks strongly at (P~gt)-~ = 0, while 
for incompletely reconstructed events and ~-palr 
events this dis t r ibut ion is approximately flat close to 
zero, as shown by Monte Carlo studies The first class 
of background is estimated to be 27 5 events Part of 

the second class, 77--" 2z + 2 z -  nrc ° with n = 1 and two 
noise photons faking a second go  was found to be 
negligible by studying our data on y y ~ 2 ~ + 2 r c - n  ° 
together with a Monte  Carlo s imulat ion The same 
holds for 7--- ,2n+2n-nn ° with n~>3 where one or 
more n° ' s  escape detection. This conclusion is based 
on the absence o f v ~ 2 n  +2rc-3n ° events in our data 
The case with two n° 's  where one photon escapes de- 
tecnon but is replaced by noise m the calorimeter is 
more serious Th~s background is estimated to con- 
tr ibute 35 4 events Thus, 63 out of the total number  
of 553 events are estimated to be background events 
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Fig 1 Topologtcal cross secUon for yT~2rc+2n 2n ') ~ersus /4 <v 
The errors shown are staUstlcal The systemanc u n c e r t a m b  ts 
14% 

and are assumed to be equally distributed over the 
available ~ v  range The resulting topological cross 
section for the reaction 7 y ~ 2 n  +2n 2n ° is shown m 
fig 1 A smooth distr ibution rising to about 40 nb at 
2 2 GeV/c -~ is observed 

The mvar lant  mass distr ibution of all g + n - n  ° 
comblnaUons is shown in fig. 2a (8 entries per event) 
The distr ibution is fitted by a Brel t -Wigner  function 
with the parameters of the (o (783) meson [ 12], con- 
voluted with a gaussian describing the mass resolu- 
t ion of the detector, and a fourth-order polynomial  
background The co peak contains 263 + 30 entries 
Fig 2b shows a scatter plot of the mvaraant mass of 

one ~ +~ - n  ° combinat ion  versus the l n v f l r l a n t  mass 
of the other zt + n - ~ °  combinat ion  A clear enhance- 
ment  is seen m the co(o region Note that each event 
contributes four entries to this plot 

To investigate whether this enhancement  is due to 
(o(o production or.lust due to the overlap of two in- 
dependent  co bands, the invariant  mass d ls tnbuUon 
of the three pions recolhng against an co was plotted 
(fig 3) This was derived by making projections of 
the scatter plot (fig 2b) onto one n +n-7 :°  axis for 
different mass intervals m the second, and v~ce versa 
These spectra were then added for each mass bin, and 
fitted to determine the number  of (o mesons The 
presence of an (o(o signal would manifest ~tselfas an 
enhancement  m the bin between 680 and 880 
MeV/c 2 To esumate the expected d~stnbutlon for 
events with only one (o, Monte Carlo generated 
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Fig 2 (a) Invariant rc+x-x ° mass spectrum The fit consists of 
a Brett-W~gner dtstnbutlon w~th the parameters of the co (783) 
meson convoluted with a gaussmn to describe the mass resolu- 
tion of the detector, and a fourth-order polynomial background 
( 8 entries per event) (b) Scatter plot of the mass of one x + x - x'l 
c o m b i n a t i o n  versus  the  m a s s  o f  the  r e m a i n i n g  x *x  rc ° c o m b l -  

n a u o n  (4  en t r ies  per  even t )  

y-- ,037r+~-rt  ° even t s  were  used,  wi th  the  W ~  dis- 

m b u t l o n  ad jus ted  to agree wi th  the  obse rved  

2 g + 2 x - 2 x  ° mass  d i s t r i bu t ion  T h e  resul t ing  non-  

r e sonan t  ~ + r c - ~  ° mass  d i s t r i bu t ion  f r o m  M o n t e  

Car lo  is also shown m fig 3, n o r m a l i z e d  to the  da t a  

at masses  above  1 1 G e V / c  2 A clear  excess o f  03(0 

even t s  is seen T w o  o the r  m e t h o d s  to d e t e r m i n e  the 

M~*~-~o[geV/e 2 ] 

Fig 3 I n v a r l a n t  mass  o f  the x +x -zd '  sys t em r e c o d m g  aga ins t  an  

co m e s o n  T h e  d a t a  po in t s  are  s h o w n  wi th  e r r o r  ba r s  The  non-  

r e sonan t  th ree-p lon  mass  d is t r ibut ion ,  as expected  f rom cox +x - x  ° 

M o n t e  Car lo  events ,  ts shown  as a h i s t o g r a m  

b a c k g r o u n d  were  used in o rde r  to e s t ima te  the  sys- 

t e m a t i c  uncer ta in ty .  M o n t e  Car lo  genera ted  

T y - - , 2 x + 2 x - 2 7 t  ° even ts  and  wrong-s ign  c o m b i n a -  

t ions,  such as 7t +x +x °, in the  da t a  All three  me th -  

ods  agree very  well  Sub t rac t ing  the  non - r e sonan t  

background  leaves an excess o f  57 + 1 6 + 3 entr ies  due 

to 0303 even ts  The  second  er ror  is the  sys temat ic  un-  

ce r ta in ty  de r i ved  f r o m  the  m a x i m u m  di f fe rence  be- 

tween the three me thods  Thus,  we observe  29 + 8 + 2 

y-~0303 even ts  Th is  is the  first ev idence  for  0303 pro-  

d u c t l o n  m p h o t o n - p h o t o n  in t e rac t ions  

To de r ive  the  cross sec t ion  for  "yy~0303. the  SlX- 

p lon  mass  for  even ts  con ta in ing  two d i f fe ren t  

x +x - x  ° c o m b i n a t i o n s  wi th  masses  be tween  680 and  
880 M e V / c  2 was p lo t ted  T h e  shape o f  the  back-  

g r o u n d  was e s t ima ted  by wrong-s ign  c o m b i n a t i o n s  

in the  da ta  fulf i l l ing the 03 mass  r equ i r emen t s ,  nor-  

ma l i z ed  such that  29 events  r e m a i n  w h e n  sub t rac ted  

f r o m  the  da ta  Af te r  cor rec t ing  the  SlX-pxon mass  dis- 

t r i bu t ion  o f  the  29 0303 events  for  accep tance  and  for  

Br(03-- , rc+Tt-n°) .  the cross sec t ion  for  7Y-'0303 is 

d e r i v e d  (fig 4) An  e n h a n c e m e n t  o f  about  10 nb can  

be seen at ~ 1 9 GeV/c-" Th i s  m e a s u r e m e n t  dis- 

agrees wi th  the  p red ic t ions  by the t -channel  facto-  

n z a t l o n  m o d e l  [8] N o t e  that  the e n h a n c e m e n t  ap- 

pears  at the same  Wy7 as the  e n h a n c e m e n t  seen in 

TT-~03p ° [21 
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Fig 4 Cross secUon forTy.ram "~ersus I4 F< The error bars shown 
are statmtlcal The systematic uncertamty ~s 25% 

nb 

30 

A check o f  the m e t h o d  used to extract  the mm cross 

sect ion was m a d e  by d e t e r m i n i n g  the  n u m b e r  o f  m o  

events  m three 2n + 2 n - 2 n  ° mass bins, employ ing  the 

same t e c h n i q u e  used to d e t e r m i n e  the  to ta l  n u m b e r  

o f  o o  even t s  T h e  result  is that  15 + 5, 17_+ 7 and  

1 + 4  o m  even t s  appea r  in the  Wry ranges  1 6 to 1 8, 

1 8 to 2 0 and  grea ter  than  2 0 G e V / c  2, respec t ive ly  

T h e  cross sect ion d e r i v e d  by this  second  m e t h o d  ~s 
a lmos t  ident ica l  to that  shown m fig 4 

To d e t e r m i n e  the  ~,),-+mn +n - n  o cross secnon ,  the 

me0 mass  d i s t r i bu t ion  was sub t rac ted  f r o m  the dls- 

t r lbu t ton  o f  the  n u m b e r  o f  m m e s o n s  as a func t ton  

o f  the total  2n + 2 n - 2 n  ° mass This  dxst r lbut ion was 

found  by d lv td lng  the  da ta  in to  200 M e V / c  2 bins  o f  

the  to ta l  2 n + 2 n - 2 n  ° mass  and  f i t t ing the  corre-  

spond ing  n +n n ° mass  spectra  T h e  only  I m p o r t a n t  

backg round  process  Is the  reac t ion  y y ~ o n + n - n  ° 
itself, where  one  p h o t o n  escapes de tec t ion ,  bu t  a fake 

pho ton  appears  m the ca lo r imete r  11 5 events  o f  this 
k ind  are  expec ted  f rom M o n t e  Car lo  s tudms Af te r  

subt rac t ing  this  background ,  and  cor rec t ing  for  

accep tance  and  for  B r ( m - - , n + n - n ° ) ,  the  cross sec- 

t m n  f o r ' f y - , m n + n - n  ° is de r i ved  (fig 5) N o  struc- 
ture  is ev tden t  wi th  the present  s tat is t ics  

In s u m m a r y ,  we have  obse rved  for  the first t i m e  
the  process  y y - + 2 n + 2 n - 2 n  ° E v i d e n c e  for  o m  pro-  

duc t l on  was found,  and  the cross sec tmns  for 

2n +2n - 2 n  ° , m n  +n - n  o and  mm were given The  cross 

sec tmn for  T Y-+ m m was obse rved  to be concen t r a t ed  
a r o u n d  1 9 G e V / c  2 

F 

2O 
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Fig 5 Cross section for g'~mn+n-n ° versus 14vF (TT~mm 
events have been removed) The error bars shown are staustmal 
The systematic uncertainty ts 15% 
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