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We have measured cross sections, rapidity and transverse momentum dlstnbutlons, and vector meson polarization 
for the reactaons pp --+ 0 ° + anything, pp --+ co + charged particles, and pp --+ K *± + anything at lnmdent laboratory 
momenta of 12 and 24 GeV/c. We chscuss various consequences of our results as well as possible connectmns with 
lepton pmr productmn 

Vir tual ly  no th ing  1s known about  inclusive produc- 

t ion o f  vector  mesons  In high energy colhsions,  al- 

though this process may  tell us more  than mchislve 

pseudoscalar meson  p roduc t ion  does. No t  only do we 

have polar izat ion as an addi t ional  observable,  but  we 

can s tudy the basic ques t ion  to wha t  ex ten t  the ob- 

served pions and kaons are secondary products  f rom 

primari ly p roduced  clusters o f  wel l-defined spin and 

lsospin, among  which the p, co and K* may  be prom- 

inent.  V mesons  may  actually be primari ly p roduced  

in a kind of  hadronic  bremsst rahlung process [1 ]. 

Fur the rmore ,  po and co p roduc t ion  implies p roduc t ion  

of  lepton pairs and is therefore  possibly connec ted  

wi th  lep ton  pair p roduc t ion  at other  e f fec twe masses 

or energies. 

Measurements  carried ou t  so far only  concern  0 o 

and K* produc t ion  in 3'P and Kp collisions respect ively 

[2. 3]. In these cases the V mesons are leading parti- 

cles, sharing some of  the quan tum numbers  wi th  one 

o f  the pr imary partmles. It is harder  but  more  inter- 

estlng to s tudy V mesons p roduced  in pp collisions 

where we expec t  them to come  o f f  central ly.  Since p 

p roduc t ion  in high-energy pp colhslons has no t  been 

observed before ,  it seems to be a widely accepted  be- 

l ief  that  the cross sect ion for this process is only a few 

tens o f  mlcrobarns.  

We therefore  have investigated V meson produc t ion  

in an exper iment  wi th  the 2m hydrogen  bubble  cham- 
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ber at CERN.  We measured and analyzed 360 000 pp 

Interactions at 12 and 24 GeV/c  incident  m o m e n t u m .  

Detaals o f  the e x p e n m e n t  and the analysis, as well as 

an investigation o f  vector  meson product ion  in the 

exclusive reactions pp -+ ppV ° ,  are repor ted  elsewhere 

[4, 51 . 
For  inclusive po p roducnon ,  we consider  the dis- 

t r ibut ion of  the effect ive mass of  all ~r+Tr - combina-  

tions, shown in fig. 1. Because of  the forward-back- 

ward symmet ry ,  it suffices to take the n + f rom the 

cms backward hemisphere,  where the pions have suf- 

f iciently low labora tory  m o m e n t a  to be distinguished 

f rom protons  by ionizat ion In fig. 1, the total  dlstri- 

butlt,n is also broken down into  various ranges o f  

cms rapidi ty y* o f  the 7r+Tr - system. The effect ive 

mass distr ibut ions have thmr m a x n n u m  at about  400 

MeV and show no structure except  the po.  In order 

to de termine  po produc t ion  cross sections,  P-wave 

Bre l t -Wlgner  funct ions  together  wi th  second order 

polynomials  for the background are f i t ted to the mass 

distr ibut ions an the range f rom 500 MeV to 1000 MeV? 1 

A second order polynomial  IS sufficient to describe the 

background because (1) it leads to statistically accept- 

able fits, and (ii) the rr 7r mass dis t r ibut ion IS, In the 

same mass range, f i t ted well by such a po lynomia l  

alone. The po cross sections obta ined  f rom the fits 

t 1 To make sure that what we fit IS really the po, the reso- 
nance mass (and in some of the fits. also the width) was a 
free parameter It always came out within + 15 MeV of the 
nominal po mass The fits were also done using the rr + from 
both eros hemispheres, in which case there is more back- 
ground due to plon-proton amhlgumes, the results were 
consistent with the ones from the backward ~r +. 
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Fig 1. Effect]ve mass distributions of the 7r+Tr - systems in the 
reacUon pp --* ~+n- + anything at 12 and 24 GeV/c incident 
laboratory momentum y* is the longitudinal rapld]ty of the 
7r+n - systems in the cms. 
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Fig. 2 Symmetrlzed dlstnbutlons of the longitudinal rapidity 
y* m the cms, for the reactions pp --, po + anything, pp -* to + 
charged partacles, and pp ~ K *÷ ÷ anythmgat  12 and 24 GeV[c. 

are m u l t l p h e d  b y  2 to cor rec t  for the  7r + going for- 

ward in the  cms.  We find 

[( 1.80 -+ 0 .25)  m b  at 12 G e V / c  
o ( p p ~ p  o + a n y t h i n g )  

I,(3.49 -+ 0 .42)  m b  at 24 G e V / c  

These  po p r o d u c t i o n  cross sec t ions  are ~ 1  / 15 o f  the  

7r ° cross sect ions,  and  a b o u t  50% larger t han  the K ° 

plus ~ o  cross secUons at the  same energies [4] The  

rap id i ty  d l s t r lbu taon  o f  the po ,  as o b t a i n e d  f rom the  

r e sonance  plus b a c k g r o u n d  fits s h o w n  an fig. 1, is pre- 

sented  in fig. 2,  the  p r o d u c t i o n  is ma in ly  cen t rea l  

(while for the  exclusive reac t ion  pp -~ pppO, do/dy  
has a m i n i m u m  at zero cms rap id i ty  [5]) .  

In a slrrular way as the  y*  dmt r ibu t ions  we have 

d e t e r m i n e d  t ransverse  m o m e n t u m  and  decay angular  

(cos0  D)  d l s t n b u t l o n s  for  the  pO. They  are s h o w n  in 

figs. 3 and  4. The  p 2  chs t r lbut lon  is c o m p a t i b l e  w i t h  

an exponen t i a l  de/d-p 2 = A e x p ( - B p 2 ) ,  wi th  a slope 

B = (3.6  -+ 0.4)  ( G e V / e )  -2 .  Assuming  this  exponen t i a l  

shape t h r o u g h o u t ,  it co r responds  to an average trans- 
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Fig 3. Distributions of the square of the transverse momen- 
tum, for the reactions pp ~ p o + anything, pp ~ to + charged 
particles, and pp ~ K *÷ + anything at 12 and 24 GeV/c. The 
fitted slopes are 3.6 -+ 0.4 (P, 12 and 24 GeV/c), 3.4 +- 0 2 
(to at 12 GeV/c), 3.7 ± 0.3 (to at 24 GeV/e), 3.4 ± 0.4 (K* at 
12 GeV/e), and 2.8 -+ 0.3 (K* at 24 GeV/e), all values being 
m (GeV/c) -2 . 

74  



Volume 48B, number 1 PHYSICS LETTERS 7 January 1974 

pO 

. . . .  
01)- * e • 0 0 ~, 

K *÷ 
i ) ) 

° 2  
I I 

-I 0 0 cos~ 0 0 I 

H E L I C H Y  A D A I R  P R O D U C I I O N  F E N S T F R -  
NORMAL URETSKY 

Fig. 4 Decay angular dlstnbutlons of the vector mesons pro- 
duced at 24 GeV/c m vanous coordinate frames 

i.e., the same as the co cross sectmns within the mea- 
suring errors The y* and p2  distributions of the co 
are shown m figs. 2 and 3 and are similar to those of 
the po (e.g. (pT) ~ 460 MeV/c), the cos0 D distribu- 
nons shown in fig. 4 are consistent with zero polariza- 
tion of the co. 

Finally, we have identified the K**(892)by the de- 
O + cay into K s rr-. Agmn subtracting the background by 

fits, we obtain the inclusive cross sections (corrected 
for all other decay modes of the K*) 

f (0.25 ± 0.03) mb at 12 GeV/c 
o(pp-+ K*+ + anything) 

[ (0.64 -+ 0 06 ) nab at 24 GeV/c 

verse momentum of (pT) ~ 470 MeV/c of the pO, thts 

is larger than the (pT) of the pions and the neutral 
kaons (320 and 405 MeV/c respectively at 24 GeV/c 
incident momentum).  

The cos0 D dls tnbunons  was determined for differ- 
ent coordinate frames in the po rest system: (I) Helm- 
ity system (quantlzatlon axis ~ parallel to the cms mo- 
mentum of the pO), 01) Adair system (~ parallel to the 
cms beam momentum),  (lii) production normal sys- 
tem (~ normal to the plane of production of the pO), 
(iv) Fenster-Uretsky system [6] (f parallel to/5 a - t0b 

where/~a (,Oh) are unit  vectors in the beam (target) 
directions as measured m the p ° rest (frame). In all 
frames the cos0 D &stnbutlons (fig. 4) are consistent 
with lsotropy, Thus the pO is apparently not  strongly 

polarized. 
The co can be studied m our experiment only m the 

decay mode co -* n+rr-Tr °. Since the no momentum 
musl be calculated from the momenta of the charged 
final state particles by energy-momentum conservation, 
we can identify an co only in final states with no ad&- 
tlonal undetected neutrals, i.e. in the quasl-lncluswe 
process pp -+ co + charged particles. The background 
subtraction was again done by resonance plus back- 
ground fits. We obtain cross sections (corrected for 
the unobserved decay modes of the co) of 

o(pp ~ co + charged particles) = 

(0.32 + 0 .02 )mb  at 12 GeV/c 

(0 32 -+ 0.03) mb at 24 GeV/c. 

The analogous quasHncluslve po cross sections 
o(pp-+ po + charged particles) are (0.32 + 0.06) mb 
and (0.30 -+ 0.05) mb at the two incident momenta,  

(0.02-+ 0.02) mb at 12 GeV/c 

o(pp-+ K*- + anything) = [(0.14 -+ 0.02 ) mb at 24 GeV/c 

Rapi&ty, transverse momentum and decay angular dl- 
tnbut ions of the K *÷ are shown in figs. 2 to 4, from 
the slope of the p2 T distribution we find (pT) ~ 530 
MeV/c at 24 GeV/c incident molventum 

We now discuss various Imphcatlons of our results. 
For pIons the total inclusive cross secnon (for zr -+ and 
rr °)  is our) ~ 3o(zr °) [4], and therefore It IS reason- 
able to assume the same charged to neutral ratio for 
rhos, i.e., o ( p )  ~ 3o(p ° ) = 10.5 mb at 24 GeV/c With 
o(zr) = (144 -+ 3) mb at 24 GeV/c [4] it follows that 
only 1/7 of all plons are cormng from p decay Since 
the total inelastic cross section of 30.6 mb at 24 GeV/c 
contains a diffractive component of 6.3 mb [7], we 
can also skate that on the average there are <~0.5 p 
mesons per non  diffractive event, the average plon 
multlphclty of the inelastic events, on the other hand 
is 4.7. Thus up to 24 GeV/c incident momentum,  
emission of p mesons IS not a dominant process m 
multiplon production? 2 . On the other hand, a more 
than 10 times smaller t) cross section than observed, 
as well as strong polarizatmn of the p, would have 
been expected from the dual resonance model [6]. 

Vector mesons are a source of lepton pairs, and 
using our cross sections we can predict the vector- 

-~2 It may be thought that more P mesons are produced pri- 
marily, but that t h e y  are masked m the ~+n effective mass 
dlstrlbut]ons due to final state interactions of the plons If 
this was slgmflcant, however, we would have expected a 
broadened p o signal, but in fact it Is best fitted, m all our 
mass distributions, with the width of 135 MeV. 
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dominance contribution to the reaction pp -+ £+~- + 
anything using the relation [8, 9] 

do/dQ 2 = (c~2/127r Q2 ) 

( m~¢ /" 4rr [-~,~(V)+ Q22 P ~ ) l  ~(V), 
x 2 b" v:o2:=L-"11 "4 

V=oO to,~ T~ 

where MQ~ = x/O 2 is the effective mass of the lepton 
pair, 3'v the V photon couphng constant (7~/4rr = 4.8), 
O~ v} the hehcity density matrix, and m v the V mass 

""-  l We evaluate this ':t 24 GeV/c, taking p(0 v) ~ o~Vl ) ~ -5 
and o(p °)  = or(co) ~ 3.5 mb as suggested by our data 
(the qb contribution is negligible). The formula prob- 
ably overestimates the contribution from longitudinal 
(X = 0) rhos, since the O2/m2 factor is justified only 
at small Q2. To compare with the Columbia-Brook- 
haven data [10] on the reaction p + (bound nucleon) 
"+/a+~ + anything, we have to correct for the hmited 

acceptance (Plab (/-t+/l- ) > 12 GeV/c, 01a b (Lt+/.t - ) ~-, 63 
mrad) of the BNL experiment. This correction is 
model-dependent? 3 but with all reasonable assump- 
tions we find that in the lowest Q2 region of the BNL 
experiment, 1.1 < Q2 < 2 GeV 2, the observed/~+~- 

cross section at 25 GeV/c exceeds the prediction from 
Owcb dominance by a factor 2 to 3 Whde part of thts 
factor may come from V mesons being produced by 
secondary pmns in the target nuclei, there is also a 

strong varmtlon of the/a+/a - cross section with incident 
momentum (a factor 5 Increase between 22 and 29.5 
GeV/c, only part of which seems attributable to the 
hmtted acceptance) which appears incompatible with 
the rather slow increase of the po cross section we ob- 
served between 12 and 24 GeV/c. Thus, the/1+/2 - pairs 

observed in the BNL experiment cannot be the Bre l t -  
Wlgner tails of the/9, co and qb. 

Finally, there may be a relation between our O ° 
productmn cross section and lepton pair production 
cross sections at very tugh energies. Thus, Sakural is 
suggesting that the Drel l -Yan scahng law [ 11 ] for pro- 
duction of heavy lepton pairs do/dQ 2 = Q-4F(Q2/s) 
holds, m an average sense, also in the Q2 region dom- 
inated by vector mesons [12]. Taking the 19 ° and co to 
be the dormnant contributors to lepton pair produc- 

?3 One could make the same Plab and 01a b cuts for O and to 
production, but there are other possxbfllt, es, e g to assume 
that the x and PT &stnbutmns of the ~+~- parrs are slmdar 
from O2 = m~ toQ2 = 2 GeV 2 

tion oveI the Q2 region from threshold to Q2 = 2m2, 
one has 

do (Q2~m2) 2×35mb(P(O°,Co-+e+e-)) 
dQ 2 1.2 GeV 2 x Pp,to 

2.4 X 10 -31 cm 2 GeV 2 

at 24 GeV/c incident momentum (s = 46.6 GeV2), 
the scaling law then predmts do/d Q2 (Q2 = 36 GeV 2) 
~ 0 . 7  X 10 -34 cm 2 GeV -2 at s= 2800 GeV 2 This is 

just equal to the value of a 95% confidence upper 
hmlt for e+e T M  production, set by the experiment of 
the CERN-Columbaa-Rockefeller collaboration at the 
intersecting storage rings at CERN [13]. 
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