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ABSTRACT 

We have carried out a sensitive ($5 Wentslnb) search for 
: narrow FP states at the BNL Multiparticle Spectrometer. We found 
i no evidence of narrow pp states at 2020 and 2200 MeV in the reaction 
! n-p + pn-ppat 16 GeV/c. We quote 2 a upper limits of 4 3 nb for i 
these states in our data. Based on the cross sections of the CERN : 

Q experiment at 12 GeV/c and assuming baryon-exchange processes for : 

the production, we should have seen 25 u signals at 2020 and 2200 .: 
. MeV. 
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In  recent  yea r s  narrow ~ f i  s t a t e s  have a t t r a c t e d  much i n t e r e s t  
from both  t h e o r i s t s  and e x p e r i m e n t a l i s t s .  They represen ted  prime 
c a n d i d a t e s  f o r  being four-quark e x o t i c  s t a t e s ,  o f t e n  r e f e r r e d  t o  a s  
baryonium. Severa l  pp s t a t e s  wi th  narrow widths 24 MeV), have been 
repor ted .  Of t hese ,  the  two s t a t e s  wi th  mass 2020 and 2200 M e V  have 
been seen wi th  good s t a t i s t i c a l  s i g n i f i c a n c e  i n  only  one experiment. 
T h i s  was a production experiment with n'p i n t e r a c t i o n s  a t  9 and 12 
GaV/C c a r r i e d  out  i n  1977  a t  the, CERN R by Benkheir i  e t  a 1 . l  A number 
o f  experimunts have s i n c e  looked f o r  t h e s e  s t a t e s  i n  both formation 
as  w e l l  a s  o t h e r  product ion  processes ,  a l l  w i th  n e g a t i v e  r e s u l t s .  2 ,3 ,4  

Our experiment is t h e  f i r s t  t o  s e a r c h  f o r  t h e s e  s t a t e s  i n  t h e  
same r e a c t  ion  a s  t h e  i2 -spectrometer  experiment us ing s i m i l a r  t r i g g e r  
techniques  and acceptance  .' The r e a c t i o n  s t u d i e d  is 

where t h e  s u b s c r i p t  f ( s )  r e f e r s  t o  a  f a s t  (slow) system i n  t h e  
l a b o r a t o r y .  Our experiment was performed a t  t h e  BNL M u l t i p a r t i c l e  
Spectrometer  (mS) wi th  a T' beam a t  16 G e V / c  impinging on a 6 0  cm 
long LH2 t a r g e t  ( s e e  Fig.  1 ) .  The t r i g g e r  r e q u i r e d  a f a s t  forward 
p ro ton  wi th  good acceptance  f o r  a  baryon-exchangedz f a s t  pn' system 
going downstream of t h e  t a r g e t .  The s low-recoi l  pp system was then 
k i n e m a t i c a l l y  i d e n t i f i e d  wi th  t h e  a i d  of spark-chamber modules on 
bo th  s i d e s  as w e l l  a s  downstream of t h e  t a r g e t .  The t r i g g e r  elements; 

' inc luded two p lanar  PWC' a ,  TI and T2, and two s c i n t i l l a t i o n  coun te r  ; 
hodoscopes, Hg and H7 ,  which were used t o  select on-l ine p o s i t i v e  ; 
t r a c k s  w i t h  mornenfa between 8 and 12 G e V / c ,  and two 'terenkov coun te r s ;  
C6 and C,, with  y t h r e s h o l d s  of  20 and 13,  r e s p e c t i v e l y .  For p r o t o n  ! 
i d e n t i f i c a t i o n  t h e  t r i g g e r  u t i l i z e d  two sets of t h r e e  dimensional  
coincidence-matrix l o g i c  s y s  tems implemented v i a  two random a c c e s s  
memoriez, W Y 1  and RAM2. The elements i n  t h e  l o g i c  system were (TI ,  
T2, H5.C6) i n  RAM1 and (TI,  T2, ~7 - 5 7 )  i n  R+M2. With t h e s e  systems 
t h e  e f f i c i e n c y  f o r  r e j e c t i n g  f a s t  forward IT and was b e t t e r  than - 
99%. I n  a d d i t i o n ,  a m u l t i p l i c i t y  t r i g g e r  around t h e  t a r g e t  was re-  
qu i red  t o  s e l e c t  even t s  wi th  charged t r a c k s  2 3 .  A t o t a l  of 3 . 4  x 
106 p ro ton  t r i g g e r s  were recorded,  and %80% of t h e  sample have been 
analyzed t o  d a t e ,  corresponding t o  a  t o t a l  pa th  l e n g t h  of 62 nbol. 

Events  have been processed in two s t a g e s .  The f i r s t  s t a g e  
c o n s i s t e d  of a pa t t e rn - recogn i t ion  and a c rude  v e r t e x - f i t t i n g  pro- 
gram. One can a l r e a d y  g lean  a t  t h i s  s t a g e  much of  t h e  phys ics  i n f o r -  
mation conta ined i n  our  d a t a ,  a s  is  demonstrated by a p l o t  of 
M(r'p) f o r  V0 even t s  ( s e e  Fig.  2) .  Note t h a t  a  c l e a n  h0 p e a k ' i s  
seen  wi th  mass (1115.1 + 0.2) NeV and a = 3.5 MeV. From a t o t a l  
450K 4-prong even t s  c o l l e c t e d  a t  t h i s  s t a g e ,  we  have s e l e c t e d  40K 
4C c a n d i d a t e s  by r e q u i r i n  miss ing  momenta t o  be small ( I A P ~ ~  < 3 0 0  
MeV, I A P ~  1 c 200 MeV and TAP, I c 1 GeV) , and processed them through 
a more e l a b o r a t e  f i t t i n g  program. 

The second s t a g e  of our  d a t a  r e d u c t i o n  cha in  c o n s i s t s  of a  
f i t t i n g  program designed t o  perform i t e r a t i v e  f i t s  t o  spark-  
chamber measurements and beam parameters  s imul taneously ,  where t h e  
parameters  i n  the  f i t  a r e  t h e  v e r t e x  p o s i t i o n  and t h e  momentum of 
each t r a c k  a t  the  v e r t e x  p l u s  kinematic c o n s t r a i n t s  ( i f  any) .  The 
40K sample has  been processed through t h i s  program, f i r s t  wi thout  
the  k inemat ic  c o n s t r a i n t s  (OC-fi ts) ,  and then w i t h  t h e  4C kinemat ic  



constraints for the hypothesis corresponding to Reaction (1) . Figs. 
3a-c show the distributions in missing momenta APx, APy and APz-after 
the OC-fit. Fig. 3d shows the difference in CM energy, A& = 4s 
(initial) -4s  (final), after making cuts on the OC missing momenta 
( 1 AP,~ c 75 PleV/c, I A P ~  < 60 MeV/c and APZ C 300 NeV) . It is seen 
that a clean peak in A s emerges with practically no non-4C back- 
ground. From this we estimate that non-4C background in our final 
sample is at most a few percent of the events in the sample. A 
total of %7K events survive the 4C-fit for Reaction (1) with 
acceptable X2. The surviving events are shown as shaded histograms 
in Figs. 3a-d for comparison with the OC events. 

In Fig. 4 we present M(pfn') from our final %7K sample, where 
pi is the fast-forward triggered proton. Although the background is 
substantial, A0 (1238) , NO (1520) are clearly produced in our data. 
Fig. 5 shows the effective mass of the recoil system, M(;~,), where 
ps is the slow proton not associated with the triggered particle. 
There is no evidence for the production of 2020 and 2200 MeV states 
in our data. We have attempted to enhance the baryon-exchanged 
No or A0 production by making cuts on M(pfn'), on the corresponding 
t', and on the Jackson angle for the pps system. None of the curs 
significantly improved the signal of the two claimed Fp states. 

Our resolutiont for the pps system has been estimated from 
Monte-Carlo (K) events generated according to the observed resolu- 
tion and efficiency of the MPS spark chambers, PWC's and hodoscopes. 
By examining the spread in mass after the MC events generated at a 
given M(~Q~) have been processed through our data-reduction programs, 
we conclude that the mass resolution is less than that shown in 
Fig. 6a. Thus, our resolution at 2020 (2200) MeV is less than 7(11) 
NeV,  sufficient for us to have seen narrow states, had they been 
produced in our data. As a chcck of our nass resolution calculation 
wc Ilavc calculated thc four known masscs of the f i n a l  state p n'pp, 
for each particle from the remaining three plus the beam and Lhe 
target for the OC fits from the dara and from the MC events, and 
found very good agreement. 

Our acceptance from finite geometry and program inefficiency 
as a function bf ~ ( 5 ~ ~ )  has been estimated using again the same 
MC events. The results are shown in Fig. 6b at. two different values 
of M(pfn') corresponding to A0 (1238) and No (1520) , respectively. 
It is seen that our acceptance for M(Fp,) at 2.02 (2.20) GeV is 23% 
(16%) with M(pp-) at ~0(1238).5 Our estimate for the additional 

2 loss due to inefficiencies in the trigger components, x cut, etc., 
is ~ 4 4 % .  Thus, the overall visible sensitivity for our present data 
is 

2.02 GeV 8.0 evts/nb 7.0 evts/nb 

2.20 GeV 6.0 evts/nb 5.0 evtslnb 

to be compared with the original CERN data with sensitivities in 
the 1-2 evtslnb range. 

.. . . . 



Since  t h e  CEKN experiment saw t h e i r  pp s t a t e s  most c l e a r l y  wi th  
M ( p f ~ - )  and Jackson qngle  c u t s ,  w e  d i s p l a y  i n  F igs .  7a-c t h e  M(ppS) 
s p e c t r a  s e l e c t i n g  f o r  AO (12381, ~ ' ( 1 5 2 0 )  and wi th  cosaJ < 0.   gain 

w e  s e e  no evidence f o r  t h e  2020 and 2200 MeV s t a t e s .  The d o t t e d  
l~is tograrus  show our e s t i m a t e  of t h e  peaks we should have seen,  had 
they beer1 produced w i t  le  cruss s c c t i o n s  cic~otcd i n  r e 1 : c r c . n ~ ~  ( I )  
but  rsduced v i a  %Plab -kt1 , a t y p i c a l  behavior of baryon-exchange pro- 
c e s s e s .  T h e  absence of t h e  pp s t a t e s  i n  our  d a t a  corresponds t o  : 7a 
and < 50 d i s c r e p a n c i e s  a t  2020 and 2200 M e V ,  r e s p e c t i v e l y .  We show 
i n  Fig.  8,  20 upper l i m i t  c r o s s  s e c t i o n s  of 3.0 nb f o r  2.02 s t a t e  
(obta ined by combining GO and No events)  and 2.0 nb f o r  2.20 s t a t e  
( f o r  AO even t s  a l o n e ) ,  along wi th  t h e  quoted c r o s s  s e c t i o n s  of t h e  
CERN d a t a .  

We must po in t  o u t ,  however, t h a t  w e  do see a marginal  
s i g n a l  a t  2.02 G e V ,  i f  our %7K sample is  enlarged by r e l a x i n g  t h e  x 2 

c u t .  T h i s  e f f e c t  i s  demonstrated i n  Fig .  9a, where t h e  M(pps) spec- 
trum is shown wi th  c o s e j  < 0 and wi th  two d i f f e r e n t  X2 c u t s .  Th i s  
s i g n a l  is c l o s e l y  a s s o c i a t e d  w i t h  p 0  e v e n t s  from t h e  r e a c t i o n  

Note t h a t ,  i f  XO is slow i n  t h e  l a b o r a t o r y  and has  mass 2500 M e V ,  t h e  
even t s  r e s u l t i n g  from t h i s  r e a c t i o n  would be  imposs ible  t o  d i s t i n g u i s h  
from t h e  even t s  of Reaction ( 1 ) .  I f  w e  t a k e  t h e  sps system t o  be  a 
~ + n '  system and p l o t  t h e  r e s u l t i n g  e f f e c t i v e  mass ( s e e  Fig.  9b) ,  w e  
s e e  a broad enhancement i n  t h e  p0  v i c i n i t y .  I f  w e  t a k e  those  even t s  
wi th in  t h e  2020 reg ion  (do t t ed  l i n e s  i n - F i g .  9a), w e  f i n d  t h a t  they 
a r e  indeed a s s o c i a t e d  wi th  t h e  p0 peak (shaded a r e a  i n  Fig. 9b). The 
e f f e c t  is even more n o t i c e a b l e  i f  w e  t a k e  even t s  which f a i l  t h e  4C 
f i t  f o r  Reaction (1)  and s a t i s f y  React ion (2)  w i t h  XO mass .( 800 MeV. 

The e f f e c t  of a pO contamination can be f u r t h e r  i l l u s t r a t e d  w i t h  
MC even t s ,  shown i n  Fig. 10 .  P o t e n t i a l  sources  f o r  d i f f i c u l t i e s  w i t h  
the  p0 even t s  a r e  twofold. F i r s t ,  t h e  apparent  width of t h e  p0 is 
reduced by a f a c t o r  of -2 i f  t h e  rr+a' system is taken t o  be a pp 
system. Second, i f  t h e  p" happens t o  be on a s t e e p l y  r i s i n g  back- 
ground (dashed curve i n  Fig.  lOa) ,  one is tempted t o  overes t ima te  t h e  
background wi th  t h e  r e s u l t a n t  apparen t  dec rease  i n  width c f  t h e  
resonance. Again, t h e  2020 MeV r e g i o n  is a s s o c i a t e d  wi th  t h e  p 0  
events :  t h e  shaded a r e a  i n  F ig .  l o b ,  peaked a t  t h e  p0 region,  
corresponds  t o  t h e  2020 MeV reg ion  ( d o t t e d  l i n e s  i n  Fig. 10a) .  

We wish t o  emphasize, t h e r e f o r e ,  t h a t  i t  is very  important  t o  
demonst ra te  t h a t ,  i f  one observes  a s i g n a l  i n  pp a t  2020 MeV, i t  is 
n o t  due t o  po contamination.  

I n  summary, w e  do no t  observe  t h e  2020 and 2200 MeV pp states i n  
our ~ ' p  d a t a  a t  16 CeV/c. We f i n d  t h a t  t h e  2 a upper l i m i t s  f o r  
these  s t a t e s  a r e  less than 3 nb. From t h e  c r o s s  s e c t i o n s  of t h e  
12 GeVlc CERN d a t a  and t h e  assumption of nucleon exchange, w e  should 
have seen ( 5 a s i g n a l s  a t  2020 and 2200 MeV i n  our  d a t a .  We conclude, 
t h e r e f o r e ,  t h a t  our experiment c o n t r a d i c t s  t h e  r e s u l t s  of t h e  CERN 
d a t a .  I n  o rder  f o r  our d a t a  and t h e  CERN d a t a  t o  agree ,  one w i l l  
have t o  inven t  a p r e c i p i t e u s  energy dependence, u n l i k e  t h a t  encounter- 
ed s o  f a r  i n  t h e  s t u d i e s  of e x c l u s i v e  exchange processes .  
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FIGURE CAPTIONS ' 
i 

: Figure  1. Floor  p lan  of t h e  experiment. TI and T2 a r e  t h e  p lanar  1 
.; . PWC's; 84 ,  Hg, and 87 are t h e  s c i n t i l l a t i o n  counter  

1 t 
hodoscopes; C3, C6 and C7 are t h e  Cerenkov coun te r s .  : -  

Figure  2. M ( T - ~ )  i n  t h e  A region.  

. Figure  3. (a-d) Missing momentum and energy f o r  React ion (1) . 
Shaded histograms are f o r  those  events s a t i s f y i n g  
t h e  4 4  f i t s .  

F igure  4. M(pfr') f o r  t h e  even t s  of Reaction (1) .  

F igure  5. ~ ( 5 ~ ~ )  f o r  t h e  even t s  of Reaction (1) .  

F igure  6. ( a )  Mass r e s o l u t i o n  f o r  t h e  pp system. 
( b )  Acceptance a s  a f u n c t i o n  02 M(GPs) w i t h  t h e  r e c o i l  
system i n  t h e  reg ion  of 0O (1238) o r  N~ (1520) . 



I ; Figure  7. (a-c) ~ ( 6 ~ ~ )  f o r  t h e  even t s  i n  t h e  reg ion  o f  e0(1238),  , 
N0(1520), and A' p l u s  NO wi th  cose J < 0. . Dotted b i n s  i d e l i n e a t e  t h e  2020 and 2200 peaks expected from t h e  CERN 
da ta .  

: Figure  8. 2 u upper limits f o r  t h e  2200 and 2020 states i n  our  data , /  
I along wi th  t h e  c r o s s  s e c t i o n s  quoted i n  t h e  CERN paper. j 

I Figure  9. (a)  M(;~,) f o r  t h e  even t s  wi th  c o s 8 ~  < 0 and x2 (pe r  
degree-of-freedom) < 5 [ t h i s  is  t h e  c u t  adopted f o r  ! 
Reaction (1) throughout t h i s  paper ] ,  and a l s o  f o r  those  i 
with C O S ~ J  < 0 and X2 (per  degree-of-freedom) < 10. 

9 I 
(b) Mass spectrum f o r  t h e  even t s  wi th  t h e  l a r g e r  X' c u t  f 
i n  la), under t h e  hypothes is  t h a t  t h e  sp system is a i ! 

I - system. The shaded histogram corresponds t o  those  ! 

even t s  i n  t h e  2020-MeV reg ion  [ d o t t e d  l i n e s  in- a)]. 

Figure  10. Monte Car lo  even t s  genera ted  w i t h  a p0  on a smooth, I 
r i s i n g  background. (a)  and (b) a r e  s i m i l a r  t o  those  
of Figure  9. 
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