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ABSTRACT 

We present a summary of results obtained during 
the last few months from the 30-inch hydrogen bubble 
chamber at National Accelerator Laboratory. 

INTRODUCTION 

We start by giving a table of pictures taken so far at NAL. 
Table I. NAL Bubble Chamber Exposures ~as of Au ust~ 1973) 

Pbeam 
102 
2O5 
3o3 
4o5 

2o5 
2o5 
3o3 

i00 

Exposure 

PP 
PP 
PP 
PP 

~-p 

pp HYBRID 
pp HYBRID 

( +/p)p(Tagged) i 

Pictures 
In Hand Groups 

30,000 
50,000 
50,000 
12,000 

50,000 LBL - NAL 
16,000 ~ANL - Iowa St. - Maryland 
18,000 iMichigan State NAL 

50,000 U.C. Davis 

Michigan - Rochester 
ANL - NAL - Stony Brook 
NAL - UCLA 
Michigan - Rochester 

We want to emphasize that there are a lot of hard working 
people in all these groups and we are extremely grateful to them 
for providing us with the data we will present, most of which are 
unpublished as yet. 

The broad topics we want to cover are as follows: 
I. SLOW P SPECTRA (Diffractive Production) 

nl. PEOD C I0  oF 
IV. CHARGE TRANSFER AND CORRELATIONS 

I. SLOW PROTON SPECTRA 

The "diffractive" peak in the proton spectrum was first seen 
at the ISR in 1972.1 This was confirmed in the NAL bubble chamber 
at i00, 200 and 300 GeV and an estimate of 7 mb was made for the 
diffractive cross section. It was also seen that the phenomenon 
occured primarily in the 2 and 4 (charged) prong topologies at 

2 
these energies. 

*Research supported in part by the U. S. Atomic Energy Commission 
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X and M 2 DEPENDENCE 

* M 2 2 + S(1 - i x I) Using the variables X = 2 Pi /~S and ~mp 

we show in Figure 1 the da/dX distribution at 102 GeV for all 
inelastic events with a slow proton. By "slow" we mean Plab < 1.2 

GeV/c~ such that they can be reliably identified by ionization. 
This P cut causes a bias for X ~ -.5. (The invariant cross 

lab ~ o 
section Ed~/dP J integrated over 2 Pm is approximately equal to 

xdo/dx. ) 

50- 

40- 

x 30- 

20' 

I0" 

-I.0 

I 

102 G,V 
Pp =r P 

B I A S E D  

RE61 ON 
I 

i ,,,+ ~.--~ ~ ~ +, 
\ / 

, , 7  I 

/ \ 
/ " I 

t" ! ~ l  �9 J i i 

-.9 -.B -.? -.6 -.5 

Fig.l. X distribution of slow 

One gets 6 - 7 mb for the 
diffractive peak ( IX! ~ .9) 
by estimating the shapes of 
the peak and background in the 
region where they overlap 
(dotted lines). (When quoting 
total diffractive cross sec- 
tions we always multiply the 
observed cross section by 2 to 
account for pp symmetry.) 
The fact that the diffractive 

component restricts itself to 
low prong numbers can be seen 
in Figure 2 where we show 

~ o / ~  = (l/S) do/~x at 205 
GeV. (The reader can use 
4.35 ~b/event to convert this 

protons. Figure to cross section.) 

Note the events at negative M 2 give an indication of the M 2 resolu- 
tion due to angle errors on the short protons. This resolution in 
M 2 deteriorates proportional to P(beam). 

There is evidence (not shown) that the higher prong numbers 
start to contribute more strongly to the peak as S increases. This 
agrees with the observation at the ISR of a clear diffractive peak 
for ~ 6 prongs. 

Similarly~ in Figure 3, the new results from 205 GeV ~ inter- 
actions are shown. 

From this we conclude that 

p ~ t,1 "r l- M 

p is remarkably similar to .. p 

The LBL - NAL group estimates 2.3 • .2 mb for the diffractive 

peak. Curiously enough~ they also get ~2.4 mb for OEL(~-p) at 

205 GeV. Hence ~-p is like pp in this respect also; the diffractive 
inelastic cross section is of the same size as the elastic cross 
section in both cases. 
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DEPENDENCE ON S. 

New results have just become available from 405 GeV pp inter- 

actions. The comparison of dc/d~ at 405 GeV and 102 GeV is 
shown in Figure 4. 
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Fig.4. d~/dM 2 for pp ~ p + M. Histogram is 102 GeV data, 
circles are 405 GeV data. 

It is seen that the peak below ~ ~ i0 remains approximately 

constant with energy~ whereas the higher ~ region falls approxi- 
mately ~i/P(beam)=I/S. We see this same behavior in the 4-prom~ 
events at 102, 205, and 405 GeV shown in Figure 5. The 400 GeV 

data shows a strikingly sharp peak for ~ < iO which was not as 

evident at i00 and 200 GeV. This M 2 < i0 peak appears to remain 

constant with energy whereas the M 2 > i0 region falls with energy. 
From this we conclude the following: 

(I) The region M 2 < iO GeV 2 has the properties of good old fash- 

ioned Good-Walker diffraction dissociation; da/dM 2 is independent 

of S. For the 4 prong cross sections and M 2 < 12 we get 

205 GeV: ~ = (1.4 + .1) mb 
405 GeV: c = (1.3 ~ .2) mb 

We will refer to this ~ < I0 peak as the D I component. 

(2) Immediately above M 2 ~ iO the cross section do/d~ at a 
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Fig. 5. Comparison of the M 2 distribution~ 
for 4-prongs at three different energies. 

~iven M 2 falls rapidly with 
S. This region cannot be 

the D_ component. It also 
canno@ be due to the so- 
'called triple Pomeron (PPP) 

term 3 which gives dq/dM ~ 

I/M ~ and independent of S. 
(The 205 GeV r'esearchers 

have shown that the M 2 < iO 
peak is ~ 80% due to the 
4-constraint final state 

pp~+~-~ whereas the i0 <M 2 
< 50 region is predominant- 
ly due to events with extra 

neutrals produced.41 
In order to investigate 

this further we plot do/dX 
for these same 4-prong 
events in Figure 6. Here 
we see further evidence for 
three regions of behavior 
in the proton spectrum 
(from left to right): 
(1) The region -.9 <X < 
-.5 ('broad hump") scales 
with S approximately. (It 

falls slightly due to the decrease in the total 4-prong cross section. ) 
(2) At X ~-.9 the cross section at any S begins to rises but at a 
given X it falls with S. 

(3) For M 2 < lO the cross section do/dX at a given M 2 suddenly be- 

comes proportional to S (all three curves cross :) in agreement 

with the D I component behavior. 

Region (2) (X = -.9 down to M 2 = lO) has a behavior which shows 

it is different from both the "broad hump" and the D I (~ < lO) com- 
ponents. We call this the DII component. It appears to have the 

following properties : 
(a) At IXI~-9J da/dX starts to rise above the broad hump at 

all energies (NAL~ ISR). This is due to the DII component. 

(b) At a given X it increases its multiplicity rapidly with S. 

(At a fixed X~M 2 ~ S~ and we know that < n> is a function 

only of M2, thus < n > must increase with S.)5 

(c) In the region -.95 < x <-.90 the cross section da/dX, as 
a function of S, appears to be falling slowly (not scaling) 
when summed over all topologies~ as can be seen from the 
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energy. 

following table. 
�9 2. Average do/dX (all inelastic) for ~9~ < X < -.901 

Beam Energy .. S(GeV2) ~ interval < do/dX > (mb) 

102 GeV 1% IO.7 < ~ < 20.5 20 • 2 

205 GeV 386 20.2 <~ < 39.5 17 • I 

405 GeV .... 762 !39.O < ~< 77.0 _15 • 2 

(Due to uncertainties in the elastic contamination in 2-pron~ 
inelastic events it is not possible to obtain very accurate esti- 
mates of the total inelastic cross section for -i.0 < x < -.9. 
The best estimates we have at present are (3.0 • .3) mb, (3.1 • .3) 
mb, and (3-3 • .4) mb at 102, 20% and 405 GeV respectively. 
Multiplying these numbers by 2 @ires the total "diffractive" 
(D I + DII) cross section for IX~ > .9. These events appear to be 

split about egually between the D I (M 2 < I0) and DII components~ 
i.e.~ about 3 mb for each.) 

The last column of Table 2 shows that there is a slow decrease 
of dq/dX at a given X for the DII component. On the other hands 

there is a dramatic energy dependence for do/dM 2 in a given 
interval. It ~alls rapidly with S in the DII region, as can be 
seen from Table 3. 
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Table 3. Average do/dM 2 (all inelastic) for[12 <M 2 <301 

Beam Energy 

205 GeV 
405 GeV 

X interval < da/dM 2 > (~b/GeV 2) 

-.971<X<-.925 58 i 4 
-.985<x<-.962 25 + 5 

It is clear from Table 3 that the DII region at NAL energies 

is not dominated by "triple Pomeron" behavior (do/dM 2 independent 

of S at a given M2). This is further supported by Figure 4 where 

we see that the 400 GeV do/dM 2 does not fall like I/M 2 in the DII 

region (i0 < M 2 < 77). 

SUMMARY 

To summarize, I believe we have evidence for two different 
types of behavior in the "diffractive" (IxJ> .9) region. The 

low mass (D I) component (M 2 < lO GeV 2) looks like old fashioned 

diffraction dissociation; do/dM 2 is independent of S. The high 
mass component ( up to IX I = .9) is not like D I. It also does 

not have the correct S and M 2 de)endence to be triple Pomeron. 
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PT2DEPENDENCE 

In Figure 7 we show the 
2 dependence of the D I region PT 

and the "broad hump" region. 
The broad hump has an early 
slope of ~ 8.5 and then flattens 
out. The DII region (not shown) 

has a slope of ~7 with no evi- 
dence of a turnover. The D I 

region shows some evidence 
for a turnover in 4-prongs 

2 .04. Beyond .05 the at PT 

slope ~ 10. In the 205 GeV 

~-p data there is no corres- 
ponding turnover for 4-prongs, 

M 2 < 10 (not shown). 

Fig.7. ~ dependence of protons. O 162-and-~65-GeV~-~-~-prongs~ ..... 
--9 < X <~-.6. �9 102, 205, 303, 405 GeV, 4 Prongs, M 2 < i0. 
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II. TOTAL o, ELASTIC o~ MULTIPLICITY 

In Table 4 we compare cross sections at i00 and 400 GeV mea- 
sured by the same group (Michigan-Rochester). 

Table 4. Cross Sections at iO0 and 400 GeV (mb). 

Bla b ato t aelas ainel 2 Pr. > 4 Pr. 
inel 

102 38.9+.8 7.O+.5 31.9+.7 4.5+.4 27.4+.6 
405 40.6+].1 7.8+.6 32.8+].0 2.7 i. 5 30.I&.7 
Ao 1.7+].4 .8+.8 .9+i. 2 -1.8 +.6 2.7+.9 

We see some (statistically weak) evidence for a rise in both 
the elastic and inelastic cross sections. The higher multiplici- 
ties are clearly still rising rapidly. For k 6 prongs we find 
Ao= (6.0 + .8) mb. It is not clear to me what this means~ if 
anything, vis-a-vis the rise in ato t seen at the ISR. 

MULTIPLICITY 

In Figure 8 we show < n- >~ f2~ and f3 from bubble chamber in- 

elastic data in the range 50 to 400 GeV. 20 
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(i) < n- > gives a reasonably good fit to a straight line vs. 
in S. However, if we take out the inelastic 2-prongs from 

the computation of < n > we get what looks like a break in 

< n-> at about lO0 GeV. (This removal reduces the errors 
considerably and provides a more reliable comparison bet- 
ween experiments.) We remark that the break at 100 GeV 
may be connected to the rise in the total cross section 
which starts at the same place. 

f~ apparently requires a ln2S term. (2) 
(3) f3 is consistent with going negative at high energies~ 

which would be required by two-component models 6~ but 
the trend above 200 GeV is for it to become positive. 

It was observed at 100 GeV that taking out the D I and DII com- 

ponents leaves a multiplicity distribution for the remaining events 

(ND) which is very nearly Poisson. 7 This behavior~ which also holds 

at 303 GeV8~ is shown in Figures 9 and lO. It is apparent that the 
ND component is becoming too wide at 400 GeV for this idea to work 
exactly. The D components in Figures 9 and lO are defined by 
IXI > .88 and IXI > .90 respectively. 

Figs. 9 and i0. Multiplicity distribution for D and ND components. 
The curves are Poissons with < n~D = 2.15 and 4.11 respectively. 
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KNO SCALING 

It was concluded a year ago 9 that the KNO scaling limit lO had 
already been reached at 50 GeV. Improved data at 102 and 303 GeV 
and the new data at 405 GeV now indicate that this conclusion may 

have been precocious. The reduced moments < n k >/< n >k and 

< n >/D have not yet reached their constant asymptotic limits, ll 
if indeed they ever will. The empirical observations of Wroblewski 
seem to give a better description, as can be seen in Figure ll. 

Exact KNO scaling may not hold but nevertheless it gives an ex- 
tremely good parameterization of the data from 20 to 400 GeV. 
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Fig. II. Various reduced moments vs. < n >. Data points are at 
19, 50~ 69, 102~ 205~ 303~ 405 GeV/c. D is the rms width of the 
multiplicity distributions. The curves are Wroblewski's para- 
meterizations based on D = .58 (< n >-l). 
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III. PRODUCTION OF NEUTRALS 

Figure 12 shows the average number of o per inelastic collision 
as a function of in S. It falls on a straight line (within the large 
errors) and approximately parallels the < ~-> about .4 units higher. 

NAL )oints at i00, 200, and 300 GeV are shown. 12'I~ - 

6 l 

' t 
,ISR 
l 

I. I 

f ' t I "  
j ,  

,1 

1 } / /  
/ (  

/ 

Io mo S (Gev 2) moo 

F ig .  12. Average number o f  ~o per  i n e l a s t i c  pp c o l l i s i o n .  The 
s o l i d  l i n e  i s  a p a r a ~ e t e r i z a t i o n  of  < ~ - > f r o m  50 to  400 GeV/c. 

The cross sections as a function of PLab for K ~ A ~ ~o produc- 

tion are shown in Figure 13. 12'13 It appears that the A ~ cross sec- 
tion may have reached a (temporary ?) plateau above 70 GeV. There 
appears to be some non-statistical uncertainty associated with these 
data since cross sections don't always agree at a given energy. It 
might be wise for the reader to increase all quoted error bars by a 
factor of two. The production of these neutral strange particles 

contributes about 5% of the observed o production. 
The X distributions of these neutral particles at 102 GeV are 

shown in Figure 14. The 7 and K ~ data fall off with X in a manner 

typical of meson production. The A ~ data peak toward large X indi- 

cating the A ~ are associated with the baryonic charge of the in- 

coming protons. Similar results are found at 69, 205~ and 303 GeV. 12J13 

The A ~ show an increase in the fragmentation region above the 24 
14 

GeV data of Muck et al. 
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IV. ONE AND TWO PARTICLE INCLUSIVES 
Inclusive production of positive (with protons removed) and 

negative particles at 102 GeV/c is shown as a function of c.m. 
rapidity in Figure 15. There is a broad central plateau (which is 
not completely flat). The height of the plateau in fact rises 

linearly with in S from 12 to 300 GeV as can be seen in Figure 16.15 
120 
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" b ' ' 0 Pt . . . .  20  4 60  I 0 ab 2 0 0  Z,0O 400  

Inclusive negative particle cross section and height of rapid- 
Dotted line is ( -4.45 + 5.48 In P) mb. 

io 

Fig. 16. 
ity plateau in i~ collisions. 

We see from this that the approximate growth of a(~-) with in S 
is not simply due to an energy independent central da/dy coupled with 
the simple in S broadening of the available y range. Life is more 

complicated than that. The total cross section for making ~ is 
growing everywhere~ except in the fragmentation region tails (YLab~ 1). 

In the fragmentation region, one-particle inclusive scaling 
does hold rather well, as can be seen in Figure 17. 

This inclusive scaling holds (at least to ~_+ 10%) all the way 
up to ISR energies in both P (Lab) and PT variables. However, the 

various topological contributions to the cross section in this re- 
gion are changing with energy so the picture is not as simple as 

16 
originally proposed in the limiting fragmentation hypothesis. 
This topological variation with beam energy is shown in Figure 18 
where we have taken a slice (0 < YT~ < .5~ corresponding to 
O< Pil < ~ .3 GeV/c) of the data ~v of Figure 1"7 and plotted the 

energy variation of its topological components. We see from this 
that ~he co ntr..i.butions of the various topologies to the fragmenta- 
tion re~ion chan~e with energy in a m~nner very ~imil~r to the over- 
all multiplicity cross s.eqtions. In this respect there is nothing 
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Demonstration of inclusive scaling in the fragmentation 

special about the fragmentation region. The conspiracy which keeps 
a(inelastic) ~ constant while the various a n change rapidly apparent- 
ly operates everywhere. 

Turning back to the central region, one can ask how the increase 

in da/dy at y = O~ illustrated in Figure 16, comes about. Does the 
increase depend on the PT value in such a way as to give a saturated 

(or increasing or decreasing) particle density in some invariant 

momentum space volume elements d3p/E ? The answer (at least for 
PT ~ 1 GeV/c) appears to be that the particle density Edc/dP 3 at 
. 

y = 0 increases with beam energy by the same proportion at all 
values of PT" This is illustrated in Figure 19 which shows invar- 
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iant cross sections in the central region for pp . ~- at PLab = 19 

GeV/c, 102 GeV/c, and 1500 GeV/c (ISR). 17 The PT shape is similar 

at all three energies and appears to level off below PT ~ .2 GeV/c. 

CHARGE TRANSFER 
It is interesting to see how the particles in individual events 

distribute themselves in making up the broad rapidity plateau in 
Figure 15. If we first of all ignore the charges we see that each 
topology (except 4-prongs) likes to divide its particles evenly bet- 
ween forward and backward hemispheres in the c.m.. This is shown in 
Figure 20 for the 205 GeV data. 

We now look at the amount of charge transfered from one hemi- 
sphere to the other (Figure 21). We find that for ~ 6 prongs it is 
actually more probable to transfer a single charge than to transfer 
none. The significant feature of Figure 21 is that the charge trans- 
fer freauency for a given topology does not change when the beam 

energy is doubled. 18 This is certainly not what one expects in any 
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kind of fragmentation picture. 
In fact the general features of 
Figure 21 are fairlywell repro- 
duced by putting a nucleon (with 
probability .5 of being a proton) 
in each hemisphere and flipping 
a coin to decide where the re- 
maining pions go~ 

Fig. 20. Frequency of events in 
a given topology as a function of 
the number of charged particles 
in the backward c.m. hemisphere. 
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TWO PARTICLE CORRELATIONS 

Good statistics data on two particle correlations are just 

starting to come out from the NAL bubble chamber. 19 Since the ISR 
has so far only produced data on charged-charged and charged-neutral 
correlations it is of interest to see what the individual +-~ ++~ 
-- correlations look like. The simplest Mueller-Regge theory pre- 
dicts no central region correlation for ++ and --. 

Looking at the raw two-dimensional distributions da/dYldY 2 

is not very enlightening since one sees a broad hump without 
much structure. This broad hump must be partly due to kinematics 
and the fact that several entries are made for each event. (A 
lO-prong gives us 90 entries on the ch-ch plot:) One can be 
slightly more sophisticated and study the correlation function 

-i 

RI2 = [  (inel) do/dYldY 2] -1 

for all topologies together. These distributions are also dominated 
by a broad hump which rises to a height of .4 to .7 in the central 
region. The oniy distribution which shows any interesting structure 
at our present level of statistics and understanding is R12 (+-). 

An example of this is shown in Figure 22 where we see some evidence 
of a ridge in R12 along the line y+ = y_. 

In Table 5 we show the S dependence of R12 at Yl = Y2 = 0 in 

the c.m.. I am told that the fact these heights don't grow (~/s) 
is the coup-de-grace for fragmentation-type (e.g. NOVA) models. 

Table 5. S Dependence of RI2 
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Fig.22. Correlation function for x x at 102 GeV. 
are from a Monte Carlo model of P. Slattery. 

The dotted curves 
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Finally let us look at the transverse correlations given by 
measuring the angle ~ between the transverse momentum vectors of 
two particles. These distributions are shown in Figure 23 for vari- 
ous charge combinations and rapidity separations for the 102 GeV 
data. The largest back-to-back correlations are seen for +- at 
small ~y. The ++ and -- data show very little correlation, which 
may indicate that these particles more frequently have other neu- 
tral or charged particles between them in the rapidity chain. 
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Fig. 23. Transverse correlations at 102 GeV for ~ 6 prongs with 
protons removed. The curves are from P. Slattery's Monte Carlo 

calculation. 

Due to transverse momentum conservation there must be a 
certain amount of back-to-back correlation in the data. It is 
somewhat surprising that there is in fact so little in the ++ and 

-- samples. 
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Fig. 562. 
Time-dependent $-$ 

correlation function from 
the NYSE collaboration. 




