
Nuclear Physics B76 (1974) 3 7 5 - 3 9 9  North-t lolland Pubhshmg Company  

A SEARCH FOR B A N D  p ' ( 1 2 5 0 )  P R O D U C T I O N  

IN THE REACTION 7P ~ P rr+n + N E U T R A L S  

AT 2.8,  4 .7  AND 9.3 GeV * 

J. BALLAM, G B CHADWICK, Y EISENBERG **, E KOGAN ** 
K C. MOFFEIT, I O. SKILLICORN ***. H SPITZER :l: and G WOLF' ~ 
Stanford Ltnear Accelerator Center, Stanford Untverstty, Stanford, Cahforma 94305 

H.tl BINGHAM, W B FRETTER, W.J PODOLSKY ~J:.I, M.S RABIN #, 
A.H. ROSENFELD and G SMADJA 

Untverstty of  Cahforma and Lawrence Berkelev Laboratory 
Berkeley, Cahforma 94 720 

P. SEYBOTH 
Max-Planek-lnstztut fur Ph),stk und A strophystk, Munchen, Germany 

Received 7 January 1974 

Abstract  We have studied the reaction "tP ~ Pn +rr- + neutrals m tile LBL-SLAC 82" hydrogen 
bubble chamber  exposed to a hnearly polarized photon  beam at 2 8, 4 7 and 9 3 GeV We 
observe an enhancement  at 1.24 GeV m the mesomc mass recolhng against the proton The 
enhancement  is produced peripherally with slopes of  5 - 7  G e V - 2  and cross sections o f  
1 - 3 ,ub. We show that t,.m ° Is hkely to be the major decay mode and give upper hmlts  for 
other  decay modes  The enhancement  can be either the JP = 1 + B meson, a yet  unestab- 
hshed JP = i -  meson decaying via ~rr °,  or a diffractively produced Deck-type background 
The observed decay correlations are compatible  with an s-channel hehcl ty conserving produc- 
tlon process. Our data at higher masses axe consistent  with a joe decay of  the .o'(1600) and we 
obtain an upper hmlt  o f  4-+ 1 ub for ,o'(1600) product ion in the final state wr+n - + neutrals 
at 9 3 GeV 
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1. Introduction 

One of  the most interesting aspects of  7P interactions has been the diffractive 
production of  vector mesons Measurements of  p, co and $ photoproduct ion have 
revealed a dominant,  roughly energy independent,  part of  the cross section which 
proceeds via natural parity exchange and conserves s-chanriel hehcity [ l ]. Recently 
a new vector meson state, the p ' (1600),  has been found ill the reaction 7P ~ PP' -" 
pp°n+n-- with production properties similar to those of  p, co and ¢ production [21 

All previous track chamber studies of  vector meson photoproduct lon have been 
confined to final states wath zero or one (undetected) neutral particle ill the final 
state In this paper we study the reaction 7P ~ P rr+n- + two or more neutrals and 
search for yet  undetected meson states. In particular we try to isolate the channel 
7P ~ P con° ~ P n+n-rr°n° .  This channel is of  interest because the quantum numbers 
I GC of an coTr ° system are uniquely 1 + - .  Hence the con ° system has the same C 

parity as the photon and can be photoproduced diffractively 
The data presented below originate from a systematic study of  7P reactions at 

2.8, 4.7 and 9.3 GeV, using the LBL-SLAC 82in HBC exposed to the SLAC mono- 
chromatic backscattered laser beam. We have obtained 92, 150 and 275 events//ab at 
the three energies. The photon beam had a linear polarization P'r of 94, 92 and 77% 
at 2.8, 4.7 and 9.3 GeV, respectively, and a momentum spread of  A p / p  ~ -+3% llere 
we study the mesonic system recoiling against the outgoing proton.  We find a periph- 
erally produced enhancement near Mn+n--MM = 1240 MeV, which decays predomi- 
nantly into co/)'. Its production cross section is roughly energy independent The en- 
hancement can be Identified with the J P  = 1 + B meson, but our studies of  the decay 
correlations show that a J P  = 1 - assignment is equally possible. In addition, the en- 
hancement could be due to a non-resonant Deck-type process. Finally, we study the 
7r+n - + neutrals decay of  the p ' (1600).  

The organization of  the paper Is as follows. Sect. 2 covers the event selection and 
channel cross section. Sect 3 deals with general characteristics of  the reaction 
7P ~ P re+n- + neutrals. Sect 4 contains a study of  the Mn+,r-MM enhancement near 
1.25 GeV. Sect. 5 discusses the n+lr - + neutrals decay modes of  the/9'(1600) 

2. Event selection and channel cross section 

The experimental  set up and event analysis have been described In refs [ 1 , 3 - 5 ] .  
Prehmlnary results at 2.8 and 4.7 GeV have been reported in ref [5] From our three 
prong events we selected a sample that had track ionizations consistent with the'hy- 

pothesis 

7P ~ P rr+rr- + neutral(s) ,  (1) 

and which did not fit the three-constraint reactions 7P ~ P lr+rr-, 7P ~ P K+K- or 
7P ~ PPP. The mass squared, MM 2, of  the neutral system was calculated assuming 
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E. r to be the mean beam energy of  the particular exposure. The distribution of  MM 2 
(see fig 16 of  ref. [I])  shows a clear peak at MM 2 =M2o due to the reaction 

7P -+ P rr+rr-rr° (2) 

In order to select events from reaction 

7P -+ P n+rr- + neutrals , (3) 

we eliminate events from reactmn (2) by requmng MM 2 > 0 1 GeV 2. By flus cut 
about 93% of the events from reaction (3) are retained, as determined from Monte- 
Carlo calculations. The contamination of  the sample by events from reacuon (2) is 
about 1 tab at 2.8 and 4.7 GeV and 1 5/lb at 9.3 GeV. In addltmn, the part of  the 
sample having proton momenta above 1 4 GeV/c is contaminated by events from 
the reaction 

7P ~ nrr+lr+rr- (+ neutrals). (4) 

The channel cross sectmn for reaction (3) is 14.0 + 2.0 tab and 20.8 -+ 3.9 tab at 
2 8 and 4.7 GeV, respectively [3] At 9 3 GeV the contamination by reaction (4) 
precludes a determination of  the total channel cross sectmn. In our subsequent 
studies we concentrate on the umque part of  the sample with low proton momenta, 
l.e, Itt < 1 GeV 2, which is free of  any contamination by reaction (4) ( t  = tp/p is 

the four-momentum transfer squared from the target to the outgoing proton). The 
cross sectmn for channel (3) wnh Itl < 1 GeV 2 is 13 tab at 9 3 GeV 

3. General characteristics of  the reaction TP -+ P rt+*r- + neutrals 

Figs 1 -6  show the pn +, pTr-, pMM, rr+rr - ,  rr+MM and 7r-MM mass distributions 
of reaction (3) at 2 8, 4.7 and 9.3 GeV. All dlstnbuuons have Itp/pl < 1 GeV 2. 
From figs 1, 2 and 4 one observes A++(1236) and po production and weak indica- 
tions of  A°(I  236) production. The cross section for A ÷+ production (all cross sec- 
tions are for Itp/pl < 1 GeV 2) is about 3 tab at 2.8 and 4 7 GeV and 2 tab at 9 3 GeV 
The shaded part of  fig. 1 has an additional cut I tp/a++l < 1 GeV 2. The cross sections 
for ,5 ° production are about ~ of  those for ,5++ production. The po production cross 
section at 4.7 and 9.3 GeVls about 1 tab for Itl < 1 GeV 2 

The shaded part of  fig. 3 has addmonal cuts 0 6 < M,,+,r- < 0.9 GeV and 
Itv/,r+,r- I < 0.5 GeV 2, l .e,  we have selected on peripherally produced t9 ° From the 
shaded distribution at 9.3 GeV we refer an upper hmlt of  1 tab for the cross section 
of  all inelastic diffractive processes of  the type 7P -+ po + p + neutrals for 
It.t/,% -I < 0.5 GeV 2 

Fig. 6 shows an enhancement at 1300 MeV for E.~ = 9.3 GeV. The signal to back- 
ground ratio is Improved by a ,5++ cut Mp~r+ < 1.4 GeV (shaded part) We ascribe 
ttus enhancement to the reaction ")'p -+ A++A] (A~ -+ o-rr  ° -+ 7r-Tr% ° or 
A~- -+ 7r-r/° ~ rr- + neutrals). The double resonance character is more clearly visible 
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Fig 1. Reaction 3'P --* P ~r+~r + neutrals at 2 8, 4.7 and 9 3 GeV p~r + mass distribution for 
Itp/pl < 1 GeV ~ Events with Itp/~++l < 1 GeV 2 are shaded 

on a scatter plot Mp,~+ versus  M n - M M  (not shown), from this we determine a cross 
section of  0 3 -+ 0.08/ab. A comparable signal (0 28-+0.08/lb) due to the mode 
A- 2- ~ 0 % -  ~ n+ n - z r  '- is observed [2] in the reaction 7P ~ A++rr+rr--rr-. After ad- 
ding the signals and correcting by a factor 1/0.841 for the undetected A 2 decay 

modes we obtain o(Tp --* A++A2 -) = 0.7 -+ 0.15/ab at 9.3 GeV. 
Figs 7 ( a ) - ( c )  show the distribution of  the mesomc mass M~r+n-MM recoiling 

against the proton m reaction (3) for three intervals of  It I. The mesomc system IS 
produced peripherally with a t dlstnbuuon having slopes of  5 - 6  GeV -2  (not shown). 
Phase space weighted by e 5t peaks near the high mass edge of  the M,r+,r- MM distri- 
bution. The reflecuon of A ++ producUon also peaks at high masses In contrast the 
mass spectra of fig. 7(a) are enhanced at ~ 1.25 GeV The enhancement is not pre- 
sent for ttl > 0.5 GeV 2 (fig. 7(b), (c)). Our mass resolution near 1.25 GeV is 
• +20 MeV, -+25 MeV and -+30 MeV at the three energies In the following we discuss 
the propeitles of the enhancement near 1 25 GeV m more detail 
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Fig 2 Reactlon yp + pn+r- + neutrals at 2 8, 4.7 and 9 3 GeV pz’- mass dlstrlbutlon for 

ltp/p’ < 1 Gev2 

4. Study of the Mn+r-MM enhancement near 1.25 CeV 

4.1 Mass and width 

The shaded parts of fig 7(a) show events with 0 32 <Mm+,- < 0 6 GeV. The 

signal near 1 25 GeV IS almost unchanged, whereas the higher mass background 1s 
reduced The peak 1s centered at 1220-1260 MeV and has a width of 130-300 MeV 

at 4.7 and 9.3 GeV (resolution unfolded). The determination of the width depends 
on the shape and size of the background chosen (see subsect. 4.4 below). (The width 
of the enhancement m the 2.8 GeV data IS less weli defined, because of the hmlted 
statlstlcs and phase-space hmlts cutting mto the high mass tall of the enhancement ) 

4.2. Decay modes 

Presently there are four estabhshed non-strange meson resonances with masses 
between 1.2 and 1.3 GeV, the f, B, D and A, mesons We easily can exclude f” pro- 
ductlon because the dominant decay mode f” -+ n+n- IS not observed m reactlon 
yp + pn+~- (figs 2-4 of ref. [I]). The D meson 1s too narrow to be compatible 
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Fig. 3 Reaction 7 P - *  W r + ~ -  + neutrals at 2 8, 4 ? and 9 3 G e V  p M M  mass d,str,bution for 
Itp~pl/ < 1 GeV 2. Events with 0.6 < M ~ + ~ -  < 0 9 GeV and [ t 3# l r+~ -  I t  < 0.5 GeV 2 are ,shaded. 

with the enhancement m fig. 7(a) The A 2 could be present m reaction (3) m Its 
A 2 -~ r/n ° decay mode. However, if the enhancement of  fig. 7(a) were due to 
A 2 ~ r/Tt °, one would expect a 15 lab signal of  A 2 -~ ~r+Tr-Tr ° m reaction 7P -~ 
pn+n-Tr °,  which is not found (see fig. 16 of  ref [1 ]) The B meson decays predomi- 
nantly into corn We have selected on co produced m reacUon (3) by the cut 
0.32 < M , % -  < 0.6 GeV, which contains 93% of all co ~ lr+Tr-Tr ° decays. The 
shaded portion of  fig. 7(a) demonstrates that the enhancement near 1 25 GeV is 
compatible with bemg completely due to a co + m r  ° ( m / >  1) decay mode Hence 
~t is compatible with being the B. For easier notaUon we refer to the enhancement 
by "B" 

For the moment  we leave the final ldenuficat~on open and &scuss the following 
alternatwe decay modes of  the "B" 

(a) "B" o p °  +mTrO (m ~> 2 ) ,  

(b) "B"  ~ 7? +mnO (m/>  1),  

(c) "B" ~ 7r+lr - + mzr ° ( m / >  2) (decay into non-resonant lr's), 

(d) "B"op~*Tr ~ + m n  o (m~> 1) ,  

(e) "B" ~ p÷p-, and "B" ~ p~Tr~ ° . 
l : l  
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Fig 4 React ion "yp -* p~-+~'- + neutrals at 2 8, 4 7 and 9.3 GeV ~+~r- mass distribution for 

I t p / p l <  1 GeV 2. 

We neglect "B" ~ p + p -  + neutral(s) because of  hrruted phase space. By selecting 
events with 0.6 < M,,+,r- < 0.9 GeV the "B" signal disappears almost completely 
Hence we can exclude slgmficant contributions of  mode (a) "B" ~ pO + mlrO 
(m ~> 2). By selecting on 0.41 <M,~%- < 0.6 GeV, we find httle reducnon In "B" 
signal. This excludes dominant contrlbuuons from mode (b) "B" -* 77 + mTr ° (m ~> 1), 
which would yield n+Tr - pairs with MTr+rr- < 0.41 GeV. If modes (c) or (d) were 
dominant one would expect a "B" signal in the related modes 

(f)  "B" ~ rr÷Tr-rr+rr - + mTr ° (m 1> O), 

(g) "B" ~ p°rr+Tr - ,  and "B" ~ p!Tr~lr+rr - 

Figs 8(b) and (c) show the 41r and 57r mass distributions of  reaction 7P ~ P 27r+21r 
and 7P ~ P2 rr+2rr-rr°, respectively, together with the M,r+rr-MM dxstrlbutlon of  reac- 
tion (3) (fig. 8(a)). There are few events at masses < 1.24 GeV in figs. 8(b), (c). The 
relatively fast rise near MTr%%- . -  ~ 1.3 GeV Is due to p'(1600) production [2]. 
Also the t> 67r mass distribution 0 . e ,  M2~27r-m~rO) of  reaction 7P ~ P 2rr+2rr- +mlr° 
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Fig. 5 Reaction "tP --' Pn +n-- + neutrals at 2 8, 4.7 and 9 3 OeV n+MM mass dis t r ibut ion for 

I t p / p l <  1 GeV 2. 

(m ~> 2) (not shown) has no signal in the "B" region Hence there IS no nldlcatlon 
of the "B" decay modes (f) and (g). By lsospm arguments we then do not expect 
major contributions from decay modes (c) and (d) *. The same arguments do not 
apply for an lsospln-I "B" "~ O+p - decay, because an lsospln-1 "B" cannot decay 
v/a pOp °. However a p+p- decay is unhkely on the grounds of the observed Mn% 
dependence of the "B" peak ** 

* If the enhancement  has I = 0 and conserves ]sospm in its decay, then the 2n+2n - decay mode 
must be at least half  as large as the n+n-2zr ° mode [5] and the 2*r+27r-n ° mode must be at 

least twice as large as the *r+~r- 3n ° mode. I f / =  1, such general hmlts  cannot  be set, but  we 
can consider specific decay modes i f  "B"  ~ x y ,  where x is any I = 1 dip]on state and y is an 

I = 0 ( I=  2) diplon state, we expect  twice for I = 0 ( ~  for I = 2) as many decays into 27r+2n - 
as into *t+n-27r ° Also, "B"  "-* A~Tr ~ gives equ',d rates for 2n+2n - and n+~r-2fr ° Since we 
see no indicat ion of  "B"  decay modes (f) and (g), these arguments suggest that there are no 
major contr ibut ions  from modes (c) and (d) 

** The fraction of events from a "B"  decay into p + o -  having M~r+n.-- > 0 6 GeV has been esti- 
mated by Monte-Caxlo calculations to be 2 0 - 3 0 % ,  this est imate depends on the assumed JP 
(we considered 1 + and 1 - )  in contrast  only 5% of the lr+Tr - pairs from a B ~ ~ n  ° decay 

have M,r+ n -  > 0 6 GeV In order to exper imental ly  determine the p + p -  decay mode of the 

"B"  we consider all events with Mn+rr- MM < 1 24 GeV, since in this region non-dfffractwe 
backgrounds are expected to be small at 9 3 GeV (see subsect 4 4 below) We have 23 events 
with Mn+~r- > 0 6 GeV from a total of  266 events (l e ,  8 6*- 2%). Hence the data are consis- 
tent with predominant  ~ r  decay However we cannot  exclude 55% w~r and 45% P+P- (90% 

C.L.). 
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Finally, tile upper hmlt for "B" ~ con+n - is 0.05/.tb at 9 3 GeV. From mospm 
arguments "B" -~ 6on°Tr ° ts then expected to be small compared to the peak m 
fig. 7(a). Neglecting "B" ~ comn ° ( m  > / 3 )  leaves us with "B" --+ con ° as the only 
major decay mode 

We haw estabhshed upper hmlts (at 90% confidence level) for various decay 
modes normahzed to the observed decay rate vta "B" -~ n+n - + neutrals, as deter- 
maned m subsect. 4.4 (method (a)). The estlmates are gwen m table 1. The esnmates 
for decay modes (c) and (d) depend on exphclt  models for the spin and lsospm struc- 
ture of  the "B" system and the decay particles Hence no numbers are gwen. 

In conclusion, from the Mr+ n -  dependence of  the enhancement at M,+,r-MM 
1.24 GeV and from the study of  other channels we find con ° to be the major de- 

cay mode 

4. 3. D e c a y  d t s t n b u t t o n s  

Next we study the decay distributions of  the "B" enhancement.  Note that if tile 
"B" h a s J  P = 14. or 1 - it may be produced by a hehclty conserving diffractive pro- 
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I t l  < 0  5 GeV 2 

E X = ? 8 G e V  E X = 4 7  GeV E X = 9 5 G e V  

t , : , r , - l ~ - - ,  , ~ , , , - . - .  , 120 - [ ' , I I , I - - r  

( a )  7 p ~  p ~ '*  7r- +neutrals 
I00 

; 437  EVENTS 

8 0 -  

60  

2 0  

0 I O  14 

i , i , _ ~  

1 3 0 4  EVENTS 

.Z 
8 10  14 18 2 

2 7 8 9  EVENTS 

10 14 [ 8  2 2 2 6  3 0  3 4  

MTr+ Tr- MM (GeV) 

>~ 6 o  r ~ - . , - ,  , . . . . . . .  , , , ,  , , ,  . . . . .  . , .  , .  

o l -  ( b )  y p ~  p Tr+ 7r+Tr-Tr - 

4 0  , 78  261 EVENTS 6 7 5 E V E N T S  o 2s 
2 o r  

z ,, , 
> 0 L.J ~ L I 
w 0 6  I 0  14 1.8 I 0  14 18 2 2  I 0  [.4 1.8 2 2  2 6  3 0  3 4  

MTr+ Tr+ vr-~r - (GeV) 

,~ 4O 
0 2 0  4 6  S 

z 0 . . . .  > 
m 0 6  10 14 18 

' I I [ l I ' I i I [ I i I i [ i I i I 

) , p ~  p r r+  or+ ~ r - T r - r r  ° 

[ 9 2  EVENTS 5 3 4  EVENTS 

I0 14 18 2 2  1.0 14 r8  2 2  26  50 3 4  

M~r+~r+ Tr- Tr-Tr o {GeV) 

£ ~ .  8. D l s t n b u t l o n  o f  the mesomc  mass reco i l i ng  against the p r o t o n  f o r  I t l  < 0.5 G e V  2 , 

(a) Mn+Tr-MM from reaction 3'P "-* Pn+n - + neutrals, (b) Mrr+lr+Tr-n- from reaction 

"yp ~ pTr+~r+rr-n - ,  (c) Mn+Tr+lr-Tr-lr o from reaction ?p --* plr+lr+Tr-n-n °. 

cess. The case o f  J t '  = I -  is analogous to/9 or  p ' (1600)  product ion  A B meson with 
the q u a n t u m  n u m b e r s J  PC = 1 + -  can be produced  by exchanging the q u a n t u m  num- 

bers o f  the pomeron  plus one umt  o f  angular m o m e n t u m  [6]. 

A comple te  analysis o f  the " B "  decay Is Impossible in our  expe r imen t  because 

the two n ° were not  detected.  However ,  we can a t t empt  to find a corre la t ion be- 

tween the lnmal  polar izat ion and &recUon o f  the pho ton  and the final m o m e n t u m  

vectors  o f  the charged plans. We use the fol lowing three analyzers to calculate an- 
gles m the hehc l ty  f rame * 

* Footnote see next page. 
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Table 1 
Upper hmlts (90% C L ) for "B" decay normalized to "B" --', rr+rr- + neutrals 

"B" ~ rr+rr- < 30~ff 

K+K - < 10% 
n+rr-rr ° < 50'~; 

r/n ° < 30~. 
[ 
-,~ / i . + ~  - -  r r  0 

--, p ° + neutrals < 15% 

2rr+27r - including porr+rr- < 25% 

2n+2n'-rr ° including p±rr'v-n+rr - and ¢,.,rr+rr- < 7% 

t,.m+ rr - < 5% 

t.m°rr ° < 10~ 

--'- "0n+n - < 5% 

--, r/rr°rr ° < 10% 

p+p- < 45% 

rr+rr- + mrr ° (in >i 2) no positive evidence, 
upper limits model 

--, p+rr; + mrr° (m >>- 1) 
dependent 

The upper hmlts were determined at 9 3 GeV for I tl < 0 5 GeV 2. The rate of "B" ~ rr+rr- + neu- 
trals was taken from method (a), subsect 4.4. SImdar limits were obtained at 4 7 GeV 15] 

(a)  the  s u m  o f  the  7r + and 7r- m o m e n t a  m the " B "  res t  f r ame ,  

( b )  the d t r ec t lon  o f  the rr + m the  7r+Tr - rest  s y s t e m ,  

(c)  the n o r m a l  n + × r t -  o f  the rr + and  r r -  d i r ec t i ons  as ca lcu la ted  in the  " B "  

rest  f r ame .  

Fig. 9 ( a )  s h o w s  the d i s t r i b u t i o n  o f  cos0  and  ~b for  even t s  m the " B "  reg ion  us ing  

ana lyze r  (a).  I f  the  " B "  decays  m t o  coTr ° this  ana lyze r  gives the  bes t  e s t i m a t e  o f  the 

* We analyze the "B" decay m the hehclty frame, where the z axis is the dtrectlon of the "B" m 
the overall ('yp) c m s The y axis ts the normal to the production plane, defined by the cross 
product k X ~, of the dtrectlon of the photon and the "B" The x axis is given by J = .v × ,~ 
The angle between the polarization of the photon, $, and the production plane In the overall 

^ A p, ~ ^ 
c.m. system ~s defined by cos~  = • (y X k), sm ¢, = y  • e The decay angles 0, O are the polar 
and azimuthal angles of the appropriate analyzer n 

(a) ~ is the sum of the rr+ and rr" momenta m the "'B" rest frame, 
(b) h Is the du'ectlon of  the rr + m the rr+rr- rest system, 
(c) h = ~r + X i t - ,  the normal to the plane of the n + and n-- dtrections as calculated m the 

"B" rest frame Transformations to the "B" rest frame were performed using the nominal 
photon energy of each particular exposure (The finite width of the photon spectrum has a 
neghglble broadening effect on the angles, i e ,  A(COS0) = 0 025 and A~ = 3 ° ( fwhh) )  

Then 

c o s 0 = ~  ~', cosO=.V ( z X h ) / l ~ X h l ,  

sine = -,,~ ( ~ x  ~)/1~' x hi , and ~O = ~ - ~  
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wn ° decay angular distribution m the "B" rest frame. The presence of  a forward- 
backward asymmetry in the cos0 distrlbunon of  fig. 9(a) therefore indicates either 
that the ~ n  ° system is not m a pure spin state or that there ~s a s~gmficant contn- 
burton from background processes 

Figs. 9(b) and (c) show distrlbunons of  the angles 0 and ff for events m the "B" 
region at 4 7 and 9.3 GeV using the analyzers (b) and (c). We find no structure m 
the cos0 dlstnbunon. The ff dlstnbunons of  fig 9(b) at 4 7 and 9.3 GeV show 
weak mdicanons of  a cos2¢ signal. Note that background has not been subtracted. 
Figs. 9(b) and (c) also give the amount of  the sin20 cos2ff component in the angu- 
lar dlstnbutlon as determined from 

I] = p~ ~ / 4 ~  ~ ]  Re Y22(0, ~k) • 

II measures the number of  s-channel hehclty conserwng wn events if the analyzer 
~s perfect. One observes a signal of about 80 -+ 25 events in the "B" region at each 
energy using analyzers (b) or (c). 

For comparison we have generated by a Monte-Carlo method hehclty conserving 
"B" events with JP = 1 ± and a decay via ~on ° or p+p-.  Table 2 gives the calculated 
efficlencles for detecting signals in the distributions of 0, ~k and H if the analyzers 
(b) and (c) are used. The predicted efficiency of  H for an oan decay is 0.3 for JP = 1- 

and 0.5 for JP = 1 + using analyzer (b). After correcting for these efflclenc~es the 
number of  hehclty conservang "B" events is 270 -+ 90 for 1 - and 160 -+ 50 for 1 + at 
each energy. Within errors these numbers are compatible with the number of  "B" 
events determined below (subsect. 4.4, method (a)). 

A further examination of figs. 9(b) and (c) and of  table 2 shows that the decay 
correlations observed In the present experiment are not sufficient to dlstmgmsh be- 
tween a J  P = 1 + or 1-  assignment for the "B". 

4.4. Cross sections 

In order to deterrrune the "B" production cross section the background must be 
known. As mentioned above, peripheral phase space and the reflection from 7p 
A~'rr-Tr°Tr ° peak at high masses, also a contribution from 7P ~ PP'(1600) 
pn+n-Tr°n ° would not yield any substantial contribution below Mn+n-MM = 1.3 GeV 
There are, however, two sources of  background which could be present at low 
M~r+~r-MM. (1) Non-diffracnve 7P ~ P¢On°. The reaction 7n ~ p~on- has been ob- 
served at 4 3 GeV wlth a cross section of  1.4 -+ 0 5/ab and a rather flat w n -  mass 
distribution [7, 8]. A slrmlar contribution Is expected in the non-dlffracnve part of  
reaction 7P ~ PW ~r° but is likely to die out with increasing energy (11) Dlffracnve 
7P ~ P wrr°. Here backgrounds can contribute to 7P ~ Pwn ° according to the dia- 
grams shown m fig. 10. 

The Drell-Deck diagrams (a) and (b) of  fig 10 result m a predominantly JP = 1 ÷ 



390 J Ballarn et al ,  B and O' product ion 

Y 77-o 

(a) (b) 

(c) 

Fig. l O. Dmgrams to describe diffractive pwzr ° backgrounds m the "B" region 
diagrams from a Deck-type mechamsm, (c) n~o ° decay of the 0(760) tad. 

(a) and (b) are 

state, whereas diagram (c) would be expected to give a J P  = 1 - con state, if the 
wTr system results from the taft of  the pO. We have calculated the contrxbutlon of 
diagram (a) from the OPE model of  Wolf [9] The predicted cross section decreases 
from 3 to 2 ~b, when going from 2 to 9.3 GeV. The predicted con ° mass distribution 
has a maximum at "" 1.2 GeV and then falls off rather slowly up to the phase-space 
hrrut. In contrast a reggelzed Deck calculation [ 10] of  diagram (a) would yield a 
much narrower mass distribution peaking at 1 2 GeV and having a full width at half 
height of  350 MeV at 9.3 GeV. The cross section is about the same as that from the 
unreggelzed OPE calculation The background from diagram (c) is probably small m 
the B region [I 1]. So the backgrounds from diagrams (a) and (b) are used m the fol- 
lowing. The cross sections were determined using two methods, firstly keeping the 
"B"  width fixed at 150 MeV (method (a)), and secondly leaving tt variable (method 

(b)). 
In m e t h o d  (a )  our object  is to test If the enhancement is compauble  with being 

the B(1235). The cross sections were determined from the shaded part of  fig 7(a) 
by superimposing an s-wave Brelt-Wlgner distribution, with resolution folded m, 
upon a hand-drawn background curve. We use a fixed natural width of  150 MeV 
(The use of  a width of  100 MeV reduces the resulting cross sections only by 5-10%.)  
The background curves were chosen to resemble the mesomc mass distributions of  
the following reactmns 

(a) penpherahzed 7P ~ P 7r+zr-Tr°n°, generated with e 6t by a Monte-Carlo pro- 
gram, (b) a mixture of  the experimental distributions of  reactions 7P ~ P 2n+2n- 
and 7P ~ P2 n+2n-rr° (fig 8(b),  (c)), (c) contributions wluch extend to low masses 

hke 
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Table 3 
Production cross sections in the "B" region as determined from methods (a) and (b) (see sub- 
sect. 4.4). (a) Cross sections obtained assuming a resonant enhancement of width 150 McV. 
(b) Maximum cross ~ctlon for diffractive production m the B region, as described by an s-wave 
Breit-Wlgner distribution of variable wadth. The cross sections have been corrected by the fac- 
tors mentioned m subsect 4.4, including a correction for decays t~---, neutrals 

Method (a) 
Itl < 0.5 GeV 2 
1" B : 150 MeV 

Method (b) 
It[ < I GeV 2 

Cross section Cross section Fitted width Fitted mass 
E., t (GeV) (t~b) (ub) (MeV) (MeV) 

2.8 1.2± 07 
4.7 1 5 ± 06 3.0 ± 0.7 230 1240 
9.3 1.0 ± 0.3 2 5 ± 0.6 310 1250 

7p -~ pwTr o , 

according to the OPE calculation by Wolf. The curves chosen are shown in fig. 7(a) 
and fit the data well. The event numbers obtained were corrected for events with 
MM 2 < 0. I GeV 2 (correction factor 1.07), events with MTr % -  < 0.32 or Mrr%r- > 
0.6 GeV (factor 1.08), and for the unobserved decay modes of the w (factor 1.11). 

The resulting cross sections are given in table 3. The errors quoted include a conser- 
vatwe estimate of the uncertamtms in the background curves. It should be noted 
that we have assumed that the "B" does not interfere with the background; note 

also that the shape of the pwrr ° background was chosen according to the OPE cal- 
culation. The use of a peolr ° background from a reggelzed Deck model might result 

m lower cross sections. 
In m e t h o d  (b)  we used Monte Carlo generated rather than hand-drawn back- 

ground curves and performed X 2 fits to the Mn+n-MM distribution leaving the mass 
and width of the "B" as adjustable parameters. In this fit we want to determine tile 

maximum amount of diffractive production in the "B" region by fitting an s-wave 
Breit-Wlgner distribution of variable width. In order to keep the number of different 
background contributions manageable we made an additional missing mass cut 
MM < 0.9 GeV. This cut ehmmates most of the events with three or more zr ° 's,  
whtle keeping most of those with two 7r ° 's  and Mn+,r-,~o,ro < 1 5 GeV Fig. 11 (a) 
shows the M,~%r-MM distribution for Itl < I GeV2 after applying the missing mass 
cut MM < 0.9 GeV. Ftg. 11 (b) has an additional cut Mr+ n-  < 0 6 GeV. Background 
curves were generated according to the following reactions 

(0 peripherahzed phase space 3'P ~ P 7r÷Tr-Tr°Tr° with exp(6tp/ ), 
(n) reflection from peripherahzed A ++ production vta 7P -~ A'$$n-rr°Tr° with 

exp(5.5tp//,), 
(m) at 9.3 GeV only. contribution from p'(1600) production usmg an s-wave 

Breit-Wigner distribution of fixed mass and width (M= 1650 MeV, 1-'= 500 MeV). 
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7 p ~  pTr+ ~T- +neutrQIs 

0 3 2 ,  MM.,O 9 GeV ILl - ~ G~/2 
ET=47GeV E;,-= 9 3 ~ 

80  L ' ' ' - (~ ) '  ~n°''M~'r -~Tr_Cut 

z n (b) MTr+Tr-~ 0 6 GeV 

w 40  - 

0 
0 8  14 2 0 0 8  14 20 2 6  &2 

Mw*w- MM (GeV) 

F1g. 11. Reactmn 3,p --+ pn+~r - + neutrals at 4.7 and 9.3 GeV. ~ + n - M M  mass d ls tnbutmn for events 
'~m_th 0.32 < MM < 0.9 GeV, I t l  < I GeV 2 and (a) n o M n +  ~ -  cut, (b) M ~ + ~ -  < 0.6 GeV. The 
curves are the results of  fits according to method (b) (see subsect. 4.4). The dotted curve gwes 
the sum of the con tnbu tmns  of  p'(1600) production, peripherahzed phase space for p~r+n-~r°n ° 
and the process 7P -+ A++~r-Tr°n°. The dashed curve is an s-wave Brelt-Wigner distribution of 
variable width, which was fitted to determine the maximum amount of diffractive production 
m the "B" reg0on. The full curve is the sum of the above contributions. 

No additional pwTr ° background was fitted. We performed several fits with back- 
grounds (1) - (3) .  The fitted "B" mass always came out between 1220 and 1260 MeV. 

The fitted width (resolution unfolded) vaned between 230 and 310 MeV. The curves 

m fig. 11 show results of the fits. The dotted curves gwe the sum of all background 
contnbutmns.  The dashed curves gwe the fitted Brelt-Wlgner distribution. 

The event numbers obtained were corrected for the cut MM 2 > 0.1 GeV 2 (as 
above) and for the cuts MM < 0.9 GeV and Mr+ n -  < 0.6 GeV (combined factor 
1.19). Also all numbers were corrected for the unobserved decays of the ~o (factor 

1.11). 
The resulting cross sections are gwen in table 3. As mentioned above the cross 

secUons depend on the width used to describe the "B" peak. For a vodth of 150 MeV 
(wluch ts consistent with the width of the "real" B-meson) the cross sections ale 
about 1.5 gb at 2.8 GeV and drop to about 1/ab at 9.3 GeV. For a width of 250 MeV 
the cross secuons are b~gger by about a factor of two. Hence the cross sectmn deter- 
nunatlon is hnked to the ldentlficatmn of the "B". We defer further conclusions to a 

final &scussmn. 

4.5. Comparison wtth other experiments 

The first evidence for an enhancement at 1.24 GeV m the missing mass recodmg 
against the proton m reaction 7P "* P + anything was reported by Anderson et al. [ 12]. 
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Fig. 12. Cross section of reaction "rP ~ p"B" as a function of the incident photon energy The 
points labelled "This experiment" have been determined from method (a) (see subsect. 4.4) as- 
suming a fitted "B" width of 150 MeV and an wn ° background according to the OPE calcula- 
tion of Wolf. The cross sections have been corrected for decays w ~ neutrals. The point labelled 
"SLAC spectrometer r = 100 MeV" has been extrapolated from differential cross secttons given 
in ref. [ 13]. The point labelled "l" = 150 MeV" was obtained by scaling the above point by a 
factor 1.5. 

The cross sections were measured at pho ton  energies o f  1 3 - 1 7  GeV and were re- 

por ted  to be mmllar to those o f  the ~ meson Numbers  for 0.3 < Itl < 0.7 GeV 2 are 

given m the thesis o f  Kremxck [13]. The results o f  Kremlck have been conf i rmed by 

the same group m a recent  measurement  at Itl = 0.6 GeV 2 and 1'.'~ t = 8 - 1 5  GeV using 
a simdar apparatus [14]. 

Since we do not  observe a " B "  bump with comparable  cross section m any o ther  

final state except  react ion (3), we can Identify the enhancemen t  o f  refs. [ 12, 13] 

with our  " B " .  We have ex t rapola ted  the dlfferentv, d cross secnons  o f  ref. [13] using 

an exponent ia l  slope o f  6 +- 2 GeV - 2  (as derived f rom our t dis tr ibut ion,  see below). 

The resulting cross section estzmate ~s 0.7 -+ 0.3/ab at E v = 1 3 - 1 4 . 5  GeV. Note  that  

the cross sections o f  ref. [13] were obta ined  using a " B "  width o f  100 MeV. In the 

procedure  o f  ref. [ 13] the cross sect ion Is essentially direct ly propor t ional  to the 

wadth used. For  the purpose o f  compar ing  to our  results f rom me thod  (at ,  the cross 

sections o f  ref. [13] have to be scaled by approx imate ly  a factor  1.5, resulting m a 
total cross section es t imate  o f  1.05 -+ 0 45/~b 

Fig. 12 shows our  cross sections f rom me thod  (at and the points  derwed f rom the 

data o f  ref. [ 13]. The " B "  produc t ion  cross section seems to fall slightly with in- 

creasing energy.  However  an energy " I n d e p e n d e n t "  behavlour  like In 7P ~ PP ° can- 

not  be ruled out.  Our cross sect ions at 2.8 and 4.7 GeV also agree with p rehmmary  

results obta ined  in the DESY streamer chamber  exposed to a tagged pho ton  beam 
[15]. 

4. 6. t distributions 

F~g. 13 shows the t d is t r ibut ion m the " B "  region at 9.3 GeV. The t d ts t r lbunons  
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Fig. 13. R e a c t i o n  3'P --* P r r+r r -  + n e u t r a l s  a t  9 3 G e V  Di f f e r en t i a l  c ross  s e c t i o n  do/dt fo r  even ts  
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Fig. 14. Reaction 3'P --* P ~r+~r- + neutrals at 2.8, 4 7 and 9 3 GeV Slopes A o f  the t distr ibut ion 
f r o m  a fit  o f  e x p ( A t )  to  even t s  w i th  0 . 3 2  < Mn+,r- < 0.6  G e V  m the  in terval  0 0 2  < I tl  < 0 4 GeM 2 
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of events in the co selection band 0 32 < M,~+.- < 0 6 GeV can be well described 
by an exponentml of  the form exp(At)  The slopes A were fitted in the interval from 
It01 to 0.4 GeV 2, where It01 is the larger of  I tlmm and 0 02 GeV 2 The results are 
shown in fig 14 as a function ofM~r+Tr- M. M. The slopes at the"B"  peak rise from 5 to 
7 GeV-2  with increasing photon energy and show little dependence on M~r+.-MM 
Hence the background and the "B" peak seem to have a slmdar t dependence and 

the slopes determined for 1 15 < M l r + r r - M M  < ] 35 GeV can bc considered as the 
slopes of  the "B" From the total cross section of  method (a) and a slope of  7 GeV -2  
we derive a forward cross section (t = 0) of  8/ab/GeV 2 at 9 3 GeV 

4. 7 Dtscusston attd concluszons 

(0  We observe an enhancement at  Mn+n-MM = 1240 -+ 20 MeV compatible with 
an corr ° decay mode / h e  quantum numbers of  an coTr ° system must be I (; = 1 +, 
C = - 1. A sizeable O+p - decay with 1GC = 1 +-  cannot be ruled out * There is no 
evidence for the "B" in any final state other than rr+Tr - + neutrals 

(u) We next discuss the production mechamsm Since the "B" cross section does 
not vary strongly with energy, It may be diffractively produced. Moreover, although 
we cannot rule out the possibility of  productlon vta f-exchange, the case against I=  1 
exchange is quite strong 

(a) Since the C panties of  the photon and the wTr system are both 1, the C parity 
of the exchanged object has to be C = +1. This allows for rr, A 1 and A 2 exchange. 
Then from G parity conservation only the I = 0 part (Le., the co part) of  the photon 
can contr ibute This suppresses non-diffractive contributions by the ratio of  the 76o 
and 7P coupling constants which Is about ~ In particular, an OPE calculation [16] of 
JP  = 1 + B productlon yields o OPF (TP ~ pB(1235)) ~ ~ o OPE (TP ~ pw), which 

amounts to 0.3, 0.1 and 0 01/ab at 2 8, 4.7 and 9.3 GeV, respectively, if the expert- 
mental unnatural parity exchange part of  the co-photoproductlon cross section is 
used [ 1]. 

(b) No evidence has been found [7, 8] for non-dfffracttve B photoproduct lon vta 
7n ~ p B - .  The upper limit of  the cross section was measured to be o(Tn ~ pB-  
pcorr-) < 0.3 #b (90% confidence level) [8] in the photon energy interval 2.5 <E. .  t 
< 5 3 GeV. Hence only minor non-diffractive contrlbuUons are expected in 7 p ~ p B  ° 
(for a pure 1 = 1 exchange, Clebsch-Gordan coefficients suppress the reaction off  the 
proton by a factor o f  two). 

The above arguments lead us to conclude that the major part of  the cross section 
is due to a dlffractzve process. 

(m) We now consider three possible interpretat ions of  the "B" enhancement.  
(a) The p tall. The "B" enhancement could be interpreted as the onset of  the con ° 

* Genera l ly  a p + p -  s y s t e m  can have  I G = 0 +, 1 +, 2 +. We e x c l u d e  I = 2, w h i c h  w o u l d  be an e x o t i c  
state.  If  I = 0 the d e c a y  in to  pope w o u l d  be a l l o w e d  H o w e v e r  the data  o f  r e f  [2 ]  s h o w  that 
this m o d e  Is small  or  n o n - e x i s t e n t  This  leaves  I G  = 1 + and C = - 1 .  
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or O+p decay of the p°(760).  Kramer has calculated that the cross section for the 

process 7P ~ PP°(760) -+ P ~oTr° peaks at M.+n-MM = 1.1 GeV and amounts to 
about 0 1/ab m the mass interval 1 15 <mlr+Tr-MM < 1.35 GeV [11]. These results 
are not able to explain the observed "B" enhancement 

(b) A non-resonant Deck process. The Deck process 3'P ~ PWrr ° discussed above 

yields a peak In the M,r % -MM distribution at ~ 1 2 GeV. The width of the mass &s- 
trxbutlon from the Deck effect is t> 350 MeV. If we assume that there ~s no other 

background in the B region, the fitted width of the "B" can be as large as ~ 300 MeV. 
The data peaks at a higher mass than the mass &stnbution predicted by the reggelzed 
Deck model and also does not show the sharp rise at the coTr threshold predicted by 
the model However, m view of the theoretical uncertainties in the calculation of the 
Deck effect, we cannot exclude the possibility that the enhancement is completely 
due to a non-resonant Deck process. The cross section for this Deck process IS that 

gwen m table 3 using method (b). 
(c) Production of genuine resonances (non-p tall). Among the estabhshed meson 

resonances only the B meson has a dominant ~ n  decay mode compatible with our 
data The B might be photoproduced diffractively via an orbital momentum l = 1 
exchange (this process would violate the Morrlson-Grxbov rule) The analysis of the 
B in this channel could be comphcated by the existence of a Deck-like background 
interfering with the direct B production. But ff this interference is neglected, our 

best estimate of the B cross section is given in table 3 using method (a). Equally our 
"B" could be the long sought p '(1250) ~, possibly produced along with a J P  = 1 + 

Deck-hke background. Our analysis of the decay distributions does not allow us to 
dxfferentmte between a pure 1 + or 1- state or a rruxture of these states. 

5. Search for the ~r+n - + neutrals decay modes of the p '(1600) 

The p'(1600) has been observed m the channel 7P -* Pn +Tr+n-n-- [2] The 
production cross section was measured [2] as 1.6 -+ 0.4/ab at 9.3 GeV. The ob- 
served enhancement is compatible with a pure p°e decay, where e is an I = 0 s-wave 
state. In this case a signal due to the decay mode p' ~ pe ~ 7r+lr-Tr°n ° would be ex- 
pected in channel (3) and decay modes such as p' ~ con ° and p+p-  could also be ob- 
served in this channel. In the following we study the compatxblhty of our data with 

the above decay modes. 

5.1. p ' (1600)  ~ pOe ~ 7r+n-rr°Tr ° 

We try to isolate the p°e°  decay by applying a p cut 0.6 < M,r+,r- < 0.9 GeV and 

a t cut I tl < 0.5 GeV 2. Fig. 15(a) shows the resulting Mrr+n-MM distribution. Pe- 

:1: Indications for 0'(1250) --* ton have been found previously m the reaction pp ---, (wn) 7r [ 17], 
the fitted mass and width were M = 1256 +- 10 MeV and tr" = 130 -+ 20 MeV. 
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Fig 15. Reaction "rP -* P n+~r- + neutrals at 9.3 GeV for I tl < 0.5 GeV 2. (a) *r+~r-MM mass dis- 
trlbutlon for 0 6 < Mn+ n- < 0.9 GeV. (b) n+n - mass distribution m the p' region 1.4 < 
Mrr+n -MM < 2 0 GeV. (c) Dlstnbunon of H in the hehc]ty system for 0.6 < Mn+rr- < 0.9 GeV 

rlpherallzed phase space with the same cuts would peak at 2 4 GeV. In contrast, 
fig. 15(a)  shows a broad m a x . n u m  between 1.6 and 2 GeV. The max imum peaks 
at higher masses than expected from the O' signal m the pTr+Tr+n-n T M  final state. 
Hence some presently umdenuf l ed  background or resonance contribut ions  must be 
present between masses of  1 8 and 2 1 GeV 

From the above cross section for 7P '* PO' -* P T M  one expects  (after ap- 
plying Clebsch-Gordan coeff icmnts and the relevant cuts) 165 + 50 events O' -* P °e 
-* n+lr-n°n ° m fig. 15(a). This Is compatible with the observed enhancement .  In ad- 
d m o n  the presence of  the p°e  decay should lead to a O ° signal m the Mrr+,r- dlstn- 
buuon.  Fig. 15(b)  shows the Mr+ n- distribution m the 0' region 1 4 <M~r+~r-MM 
< 2 GeV. Al though the p signal is not prominent,  it is compatible with the predicted 
size. 
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Next we study the decay distribution using the analyzer (b) and the angles de- 
fined in subsect. 4.3 The polarization reformation of  a O' which is produced In an 
s-channel hehclty conserving process and which decays into p ° e  -* n+n n ° n °  in a 

relative s-wave state, IS contained In the p% Hence the 7r + direction in the n+n - rest 
system (I.e., analyzer (b)) is a perfect analyzer and would show a sin20 cos2¢ signal 
for p '  produced by a hehclty conserving mechantsm. Fig. 15(c) shows the quanmy 
II (which measures the amount  of  sin20 cos2¢ component) .  From the II cross sec- 
tion in the reaction 7P ~ PP' -+ P rr+n+rr-n-  one expects (after applying Clebsch- 
Gordan coefficients and the relevant cuts) 110 -+ 42 events in the interval 1 2 < 
Mrr+n'-MM ( 2 0 GeV of  fig. 15(c). Expernnentally we find 65 -+ 32 events m the 
same interval. We also observe a il signal of  110 -+ 32 events for M,r% - MM > 2 GeV 
winch is presently not understood 

5 2. p ' ( 1 6 0 0 )  ~ 7r+Tr - + n e u t r a l s  

In this section we give an upper limit for the ratio 

R = (p '  -+ rr+Tr- + neutrals) 

(p '  ~ ~.+rr--zr+# - )  

The ratio R has been taken to be the ratio of  the numbers of  events at 1 5 GeV in 
the n+n+Tr-zr - and n+n-MM mass distributions for It[ < 0.5 GeV 2. R was evaluated 
by sumrmng over an 100 MeV wide interval centered at 1.5 GeV T}us procedure 

makes use of our observation from the channel 7P ~ P rr+n+n n-- that (a) the p '  mass 
spectrum (as measured by I1) peaks at 1.5 GeV and (b) there is no slgnlficant back- 
ground at this 4n mass. These observations may not be strictly correct for the chan- 
nel 7P -" P zr+rr- + neutrals since different decay modes may have different mass 
spectra, also a JP = 1 + //'CO Deck background may exist in the ,o' mass regmn. How- 
ever our fits to the B region lead us to expect that the latter effect is small (less than 
20%) We fred at 9 3 GeV a value for R of  2 6 -+ 0 4 which gives an upper lnnlt for 
the cross section (including p ° e )  for 7P ~ po'  ~ P zr+n- + neutrals of  4 -+ 1 gb 

5.3 .  C o n c l u s i o n s  

We have shown that there is a po + neutrals signal in the channel 3'P ~ P zr+rr- 
+ neutrals which is compatible with the p ° e  decay of  the p '(1600).  We have derived 
an upper limit for the cross section for 7P ~ p,o' ~ pzr+zr + neutrals of 4 +- 1 ~b at 

9.3 GeV 
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