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The da ta  I ' m  going t o  discuss a re  derived from exposures of the  

National Accelerator Laboratory 30-inch hydrogen bubble chamber which 

yielded -5000 pp in terac t ions  a t  102 ~ e V / c  and -2500 pp interact ions 

at 405 GeV/c. The e n t i r e  analysis  was performed by the  Michigan- 

1 
Rochester col laborat ion . 

I. The Charged-Particle Mult ipl ic i ty  Distribution 

2 
Figure 1 shows the  measured topological cross sections a t  102 GeV/c 

a s  well  as our preliminary r e s u l t s  a t  405 GeV/c. The two-prong topolo$y 

includes only the  i n e l a s t i c  events, and i t s  e r ro r  r e f l ec t s  systematic 

a s  well a s  s t a t i s t i c a l  uncertaint ies .  A l l  other e r rors  a re  s t a t i s t i c a l  

only. In order  t o  dis t inguish between e l a s t i c  and ine la s t i c  events, a l l  

two prongs were f i t t e d  t o  e l a s t i c  interpretat ions using the  kine- 

3 rnatical f i t t i n g  program SQUAW . I n  these f i t s  we used the  nominal value 

of the  beam momentum for  both the  incident and the  f a s t  outgoing tracks.  

Our r e s u l t s  f o r  t h e  slope of the  e l a s t i c  t d is t r ibut ion  a t  small t 

values derived from t h i s  f i t t i n g  procedure a t  both 102 and 405 GeV/c, as 

well a s  our values for  t h e  t o t a l  e l a s t i c  cross section are  i n  good agree- 

ment with t h e  more precise  counter measurements available.  The most 

sa l i en t  fea tures  of Fig. 1 a r e  the  broadening of the  mul t ip l ic i ty  dis- 

t r ibu t ion  as t h e  energy increases and the  s h i f t  of t he  peak of the  dis- 

t r ibu t ion  t o  higher mul t ip l i c i t i e s .  

I n  Fig. 2 we present our values fo r  the  mean number of charged 

p a r t i c l e s  produced per  i n e l a s t i c  pp co l l i s ion ,  <n>, and the  Mueller 

4 corre la t ion  parameters for  negative pa r t i c l e s  given by 

and 



where n - is the number of negative particles produced in an interaction. 
I also show other bubble chamber measurements of these parameters at 

50, 69, 205 and 303 GeV/c 5. The measurements of <n> (Fig. 2a) in the 

50 to 405 GeV/c momentum range appear to lie on a straight line as a 

function of iln s , where s is the square of the center of mass energy; 
2 

however, the x for the fit to a linear dependence on iln s is poor. 

2 
The addition of a (in s) term does not do much to improve the fit, in- 

dicating that there are further systematic discrepancies in the measure- 

ments which are not reflected in the quoted errors. 

With our new measurements at 102 and 405 Ge~/c we can clearly state 

that the variation of f; between 50 and 405 GeV/c (Fig. 2b) is not con- 

sistent with a simple Ln s behavior as predicted by models exhibiting 

only short-range correlations, i.e., pure multiperipheral models. Pre- 
I 

viously, the data were consistent with a En s behavior, but now a 

2 - 
significant (En s) term is necessary to describe the energy dependence 

2 of f- above 50 GeV/c as shown in Fig. 2b. This (in s) behavior indi- 2 

cates the presence of substantial long-range correlation effects. The 

energy variation of the f- moment is at present adequately described by 
3 

a in s behavior (Fig. 2c). The statistical errors, however, are still 

2 
too large to be able to discern a (in s) dependence. The trend of the 

data does seen to indicate that f- is heading towards positive values. 
3 

Other moments of the multiplicity distribution have also been 

6 studied quite extensively. In particular. Wroblewski has noted that 

the dispersion of the charged-particle multiplicity distribution given 

2 2 % by D = [<n > - <n> ] appears to follow the functional form D = 0.58 

(<n> - 1) in pp collisions over a range of beam momenta extending from 
4 GeV/c to 303 GeV/c. IIe has also noted that the skewness and kurtosis 



of the distribution defined as 

and 

respectively, appear to be constant from 12 GeV/c to 303 GeV/c. Koba, 

Nielsen, and Olesen (KNO)~, within the framework of their semi-inclusive 

scaling prediction for the topological cross sections, predicted that 

the ratios of mments 

should be a constant. About a year ago slattery8 showed that the data 

available at that time were consistent with the validity of the KNO pre- 

diction above 50 GeV/c. 

Figure 3 re-examines these moments in light of the presently avail- 

able data. Figure 3a shows <n>/D as a function of <n>. The KNO pre- 

diction is that <n>/D should be a constant, and indeed Slattery's fit 

of last year indicated that it had approached the constant value of 2. 

The new data clearly indicate that <n>/D has not, as yet, approached a 

constant value, in violation of the XNO prediction, but seems to be 

folloKing the general trend of the Wroblewski curve. The errors on 

y1 and Y2 are quite large, and it is therefore difficult to draw any 

firm conclusions about their behavior. The trend of the data indicates 

that they might be starting to increase (Figs. 3b and 3c). C2 and C 
3 

are shown in Figs. 3d and 3e, and again the constant prediction for 

these quantities of KNO is clearly violated. The data follow more 

closely the solid curves which are a result of assuming Wroblewski's 



re la t ionship  f o r  D a s  a function of  +>and a constant Yl. 

Thus, t h e  new data  f ron  50 t o  405 GeV/c indicate  t h a t  <n> can be 

2 
described by a i n  s behavior while f; shows a substant ial  (Xn s) de- 

pendence. A t  present f -  can be adequately described by a an s term 
3 

only. The moments of the  mul t ip l i c i ty  d is t r ibut ion  c lear ly  indicate  

t h a t  KNO sca l ing  has not a s  y e t  set i n ,  but might be approached as  

l/<n>. 

11. The Dif f rac t ive  Component i n  pp Collisions 

We have a l s o  car r ied  out a study of the  react ion 

pp -+ p + anything 

a t  102 and 405 GeV/c. @z data  sample f o r  the  above reaction i s  re- 

s t r i c t e d  t o  protons with values of l ab  momenta l e s s  than 1.2 GeV/c, 

s ince these  protons can e a s i l y  be distinguished from pions by ionization. 

When coupled with a cut on t h e  square of the  transverse momentum of the  

2 
proton of 0.6 (GeV/c) , t h i s  momentum cut  y ie lds  an unbiased sample of 

cm protons fo r  -1.0 < x < -0.6, where x = 2pa /& with p r  being the  

center  of m a s s  longi tudinal  momentum of the  proton and s the  square of 

the  center  of m a s s  energy. Since 2 = m2 + s ( l  - 1x1 ), where M i s  the  
P 

mass of 'anything' recoi l ing  against  t he  proton and m i s  the  proton 
P 

mass, ve see  t h a t  our cuts  y i e l d  an unbiased data sample f o r  8 < 80 Gev2 

a t  102 GeV/c and 2 < 320 Gev2 a t  405 GeV/c. 

Figure 4 displays t h e  x d is t r ibut ionof  the proton a t  102 and 405 GeV/c 

excluding t h e  e l a s t i c  events by t h e  method described e a r l i e r .  The 405 GeV/c 

data a re ,  as mentioned e a r l i e r ,  preliminary. The most prominent s t ructure,  

present at both energies,  i s  the  sharp Peak near x = -1. This peak is 



presumably due to diffractive dissociation of the beam proton, with 

the target proton remaining intact. The peak appears to change in shape 

somewhat with energy - it appears to have become sharper at 405 GeV/c 
with the peak moving closer to x = -1 and the maximum value of the peak 

increasing substantially. It is thus clear that this distribution does 

not scale for x < -0.95. If we make the arbitrary definition of calling 

those events with -1.0 < x < -0.9 diffractive events, we see from the 

integrated cross sections displayed in Fig. 4 that the diffractive.cross- 

section remains constant at a value of -3 mb as one goes from 100 to - 

400 GeV/c. The total single diffractive cross section is, of course, 

twice this number, i.e., -6 mb. We also note that, beyond the diffractive 

region, the x distribution scales between 100 and 400 GeV/c. This is 

clear both from the x distribution and from the integrated cross sections 
I 

shown in Fig. 4. Our statistical uncertainties are such, however, that 
. 

we cannot preclude a violation of scaling in this region of -7%. We 

note that to obtain an invariant cross section it is simply necessary 

to multiply each point in the x spectrum by its x value, and thus our 

conclusions regarding scaling are applicable to the invariant cross 

section as well. 

Figure 5 shows the x distribution of the proton as a function of 

the associated charged-particle multiplicity. The trend noted previously, 

namely that the 405 GeV/c data exhibit a narrower x peak with the peak 

moving closer to x = -1 and increasing in magnitude, appears to be borne 

out by each topology separately, especially for 4 prongs and greater. . 

We also note that the magnitude of the diffractive component, subject to 

our arbitrary definition of -1.0 < x < 0.9, appears to have become 

somewhat smaller in the 2 and 4 prong topologies (see the integrated 



cross sect ions displayed i n  Fig. 5) ,  while it is increasing for  the  

6 prongs and greater .  Although the  s t a t i s t i c s  a re  a s  yet  too meager t o  

make any de f in i t ive  statement, t h i s  trend might indicate  t h a t  t he  

d i f f rac t ive  component i n  high energy pp col l i s ions  exhibi ts  some de- 

pendence on the  associated topological cross section a s  a function of 

energy. 

Recently, counter measurements a t  t he  ISR and a t  NAL~O have noted 

the  existence of  a d ip  i n  the  x d i s t r ibu t ion  of the  proton at x - -0.85. 

We show i n  Fig. 6 t h e  invariant cross section integrated over various 

t regions a s  a function of x f o r  t h e  102 GeV/c data ,  where t is  the  

square of the  momentum t ransfer  from the ta rge t  t o  the outgoing proton. 

The d ip  i s  c l e a r l y  not present i n  the  lowest t range, and emerges more 

and more prominently a s  the  value of t increases. Similar r e s u l t s  a re  

obtained a t  405 GeV/c as shown i n  Fig. 7. Since ISR measurements a re  

not f eas ib le  below t values of -0.2 ~ e ? ,  t he  t dependence of t h i s  dip 

has heretofore not been observed. Some of the  observed dependence of 

the invariant  cross  section on t i s  due t o  kinematics, but the  presence 

of two separate contributions t o  the  x spectrum i s  cer ta in ly  suggested 

by t h i s  plot,namely, t h e  d i f f r ac t ive  peak which dominates a t  low t and 

the  high-mass continuum which bui lds  up a t  la rger  t. 

I n  Fig. 8 we display the  data  i n  terms of the  square of the  missing 

mass recoi l ing  from t h e  proton, 2. The do/& dis t r ibut ions  again show 

prominent d i f f r ac t ive  peaks a t  both energies with the  background l eve l  

dropping subs tant ia l ly  from 102 GeV/c t o  405 GeV/c (Fig. 8a). Without 

t ry ing  t o  define a d i f f rac t ive  region i n  t h i s  case, it appears t h a t  

t h e  cross sec t ion  corresponding t o  the  low-mass enhancement above a 

smooth extrapolat ion of  the  background appears t o  remain r e l a t ive ly  



unchanged between the two energies. We also note that the average 

charged-particle multiplicity as a function of M~ appears to be vir- 

tually energy independent as shown in Fig. 8b. At both energies it 

is characterized by an initial sharp rise for low I? values, followed 
2 

by a levelling off at high values of M . The average value of the 
transverse momentumof the proton (Fig. 8c) also appears to be energy 

I? independent, and is at most only weakly dependent on . 

111. Inclusive Pion Production and Charged-Particle Correlations 

We have also measured a sample of -1800 inelastic pp interactions 

at 102 GeV/c in order to study inclusive pion production and correlations. 

+ 
Figure 9 displays the invariant cross section for rr and rr- production 

integrated over transverse momenta as a function of the rapidity, y, de- 

1 E+P!2 
fined as y = 5 iln(E - ) ; where E and pQ are the energy and longitudinal 

Pil 
momentum of the pion, respectively. These spectra have been corrected 

+ 
for K , K-, p and 5 contamination by Monte Carlo technique using the 
measured proton and neutral strange-particle spectra at 102 GeV/c. For 

comparison, we show in Fig. 9 similar data on ir- production at 12 GeV/c 

and 24 GeV/c. We note that the ir- spectra scale in the proton fragmen- 

tation region y < 0.5, while for ylab > 0.5 the invariant cross lab 

section increases as a function of energy. 

Figure 10 shows the center of mass rapidity distribution for n-'s 

as a function of the associated charged-particle multiplicity. The trend 

that is obsemed is that the almost flat rapidity distribution that one 

sees for the four prongs becomes more and more sharply peaked near ycm = 0 

as the multiplicity increases. Tllus, particles with low center of mass 

rapidity are correlated with high multiplicity events, and vice versa, 



a particle with a large rapidity tends to be correlated with low multi- 

plicity events. Thus, this figure indicates an obvious long-range 

correlation effect, that is, observing any one particle gives us 

probabilistic information about all other particles accompanying it 

in a particular reaction. 

We have also studied the normalized two-particle correlation function 

defined as 

For correlation studies involving positive particles all identifiable 

cm protons and all positive tracks with pL > 4 GeV/c have been removed. 

This latter cut removes the fast protons from the data sample. The 

remaining protons and the small percentage of removed pions should not 

markedly affect the shape or magnitude of the correlations presented. 

We will be comparing our observed correlation functions to a 

Monte Carlo calculation based on an independent pion emission model which 

incorporates known information from the single-particle spectra and 

from the charged-particle multiplicity distribution. The basic assumptions 

of this model are: 

+ - 0 
1. Pions have an equal probability to be IT , IT or II . 
2. Baryons have an equal probability to be protons or neutrons. 

3. Charge and baryon number are conserved. 

4. The charged-particle multiplicity distribution is constrained 

to the observed one. 2 
-8~, 

5. The pion transverse momentum is generated according to e . 
6 .  The pion rapidity distribution is assumed to be Gaussian with 



2 
t h e  variance (U ) varying a s  1/G , where nTOT 

i s  t h e  t o t a l  number of produced par t ic les .  !Fhe normalization 

of t h e  widths was chosen such t h a t  t h e  sum of t h e  pion energies 

peaked at &/2. 

Our motivation f o r  constructing such a model i s  simply t o  see what so r t  

of two-body cor re la t ions  can be generated by incorporating 'known physics1 

such a s  t h e  mul t ip l i c i ty  d i s t r ibu t ion  and the  s ingle-par t ic le  spectra.  

Figure 11 shows R12 p lo t ted  a s  a function of the  rap id i ty  difference 

between t h e  two p a r t i c l e s ,  y2 - yl, f o r  a l l  charged pions. In  Fig. l l a  

we show R12 f o r  two r ap id i ty  cu ts  i n  the  cen t r a l  region of center of 

mass r ap id i ty ,  while Fig. l l b  shows R for  two r ap id i ty  cuts  having 
12 

I Y I I  > 1. In  these  and i n  a l l  subsequent p lo t s  f u l l  use has been made 

of t h e  symmetry of t h e  pp system. We note t h a t  t h e  data  tend t o  peak 

a t  y2 - yl = 0, with t h e  peaking being more pronounced when one of the  

p a r t i c l e s  is  constrained t o  t h e  c e n t r a l  region of rapidi ty .  The value 

of R ( 0 , ~ )  is  approximately 0.6 + 0.08. This number i s  i n  excellent 
12 

agreercent with values measured by the  Pisa-Stonybrook Collaboration a t  

the  ISR" at equivalent laboratory momentum > 1000 GeV/c, indicat ing 

t h a t  t he re  i s  very l i t t l e ,  i f  any, increase of R i n  t h e  cent ra l  region 
12 

f o r  small r ap id i ty  separations a s  a function of energy. This observation 

is  consis tent  with a multiperipheral  p ic ture  i n  the cen t r a l  region of 

11 rap id i ty ,  and is  i n  disagreement with fragnentation model predictions . 
The s o l i d  c w e s  shown i n  Fig. 11 a r e  t h e  predictions of the  model 

ca lcu la t ion  fo r  R12. Although t h e  model does generate s ign i f icant  two-body 

cor re la t ions ,  it does not produce a s  strong correlat ions a s  the  data  exhibit .  

I n  pa r t i cu la r ,  t h e  model cannot reproduce the  strong peaking t h a t  t h e  data 

exhibi t  a t  y2-y1 - 0 both i n  t h e  c e n t r a l  r ap id i ty  region (F ig . l la )  and 

away from t h e  c e n t r a l  region (Fig. l l b ) .  



+ - 
Figure 12  shows R f o r  t h e  n  T data  along with t h e  predictions of 

12 

t h e  model. These data  show stronger  peaking f o r  small r ap id i ty  separa- 

t i o n s  than t h e  charged-pion eats shown i n  Fig. 11 with a  value of 

R12(0,0) - 0.75. The model again f a i l s  t o  reproduce the  strong peaking 

of t h e  co r r e l a t i on  function a t  y2 - yl - 0, and is a l so  i n  poor agreement 

with t h e  shape of  R12, p a r t i c u l a r l y  away from t h e  cen t r a l  region of 

r ap id i ty  (Fig. 12b). 

+ + 
Figure 1 3  shows t h e  IT n cor re la t ion  function,  and the re  is  again 

a  subs t an t i a l  peak for  small r a p i d i t y  separations i n  t he  cen t r a l  region 

(Fig. 13a) with  a  value of -0.4. Away from t h e  cen t r a l  region (Fig.13b) 

no peaking i s  discernable a t  y - Y1 
= 0, and one f inds  a  r a the r  f l a t  

2  

cor re la t ion  function for  y - y1 
> 0. The nrr-n- data  shown i n  Fig. 1 4  

2  

a l so  only show strong peakins f o r  y  
2  - - 0 i n  t h e  cen t r a l  region. 

The peak va lue  here  i s  l a rge  again,  with a value of -0.4. 

We thus  note  t h a t  t h e  skape and magnitude of t h e  cor re la t ion  

functions a r e  s t rongly  depeden t  on the charge s t a t e  of t h e  pions. This 

+ - 
i s  not t oo  su rp r i s ing  i n  l ig ' r t  of t h e  copious n ir resonance production 

+ + 
t h a t  e x i s t s  which has no corL,erpar t  i n  t he  n  n and T-n- systems. It 

i s  a l so  c l e a r  t h a t  a  model iscorporat ing only features  present i n  the  

s ing le -par t ic le  spectra  and 'he mu l t ip l i c i t y  d i s t r i bu t ion  cannot account 

fo r  t h e  s t rong cor re la t ions  tf iat  e x i s t  i n  the  data.  The observed strong 

co r r e l a t i ons  f o r  small r a p i E t y  separations can be in te rpre ted  as  evidence 

fo r  add i t i ona l  p a r t i c l e  c l u s ~ e r i n g  i n  t he  production process. 

Figure 1 5  examines t ransverse  momentum cor re la t ions .  We have 

p lo t t ed  t h e  normalized cross  sec t ion  f o r  observing a  p a i r  of pions 

with and angle  @ between t h e i r  t ransverse  momenta. The curves a r e  t h e  



predictions of the same model discussed previously, and peak at 180° 

as required by energy-momentum conservation. Again, we note that the 

data for unlike charged pions appear to show more structure than for 
* 

particles of the same charge. Here, however, energy-momentum conserva- 

tion requires some correlation, and hence the lack of correlation be- 

tween pions of the same charge is noteworthy. We also note that the 

transverse correlations become substantially weaker for large rapidity 

differences between the two particles. Similar transverse correlation 

12 
effects to those discussed here have been observed at lower energies , 

and are in general consistent with a simple multiperipheral picture of 

multiparticle production. 

We now discuss briefly charge correlations between particles. In 

Fig. 16a we show the mean number of charged particles produced per 
I 

inelastic pp collision in the forward hemisphere of the center of mass, 

F . 
<nC>, as a function of the number of charged particles emitted backward 

in the center of mass, nB at both 102 and 205 GeV/c13. We note that C' 

there is very little correlation observed; the diffractive contributions 

manifest themselves as the dips observed at the nB values of 1 and 3. 
C 

Figure 16b investigates the distribution in the number of charged 

particles produced backward in the center of mass as a function of 

topology. The four prong topologies show a strong tendency for a 1-3 

separation, probably due to the diffractive component in this topology, 

and there is a suggestion of a 1-5 separation preference in the six 

prongs at 205 GeV/c. It is seen that for all topologies greater than 

four prongs the data peak when there are an equal number of particles 

in each hemisphere. The curves drawn on the 205 GeV/c distributions 

are the predictions of a multiperipheral model1' and fit the high 

multiplicity events reasonably well. 



I n  Pig. 17a. w e  show t h e  d i s t r i b u t i o n  i n  u ,  which i s  

def ined  to be t h e  amount of charge t r a n s f e r r e d  from one 

hemisphere t o  t h e  o t h e r  i n  a pp c o l l i s i o n .  I t  i s  seen t h a t  

0 charge t r a n s f e r  i s  t he  dominant conf igura t ion ,  although 

I u I  = 1 is a l s o  l i k e l y ,  and t h e r e  i s  l i t t l e  o r  no v a r i a t i o n  

i n  t h i s  d i s t r i b u t i o n  from 102 G ~ V / C  t o  205 G ~ V / C .  This 

obse rva t ion  tends t o  r u l e  ou t  a d i f f r a c t i v e  model proposed 

by Chou and yang15 which p r e d i c t s  t h a t  t h e  mean square 
= 2 dev i a t i on ,  u (see Fig. 17b) ,  of t h i s  d i s t r i b u t i o n  should 

i nc r ea se  as Js. The o t h e r  curve shown i s  t he  p r e d i c t i o n  

of a mu l t i pe r iphe ra l  model o f  Quigg and Thomas. 16 

For f u r t h e r  d e t a i l s  of t h e  102 and 405 G ~ V / C  

experiments ,  see Refs. 17-20. 
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Figure Captions 

1. Topological cross sections at 102 GeV/c and 405 GeV/c. 

2. (a) <n>, (b) f; , (c) f- as functions of Rn s. The curves are 3 

the results of fits to the data. 

(a) <n>/~, (b) Y1 , (c) y2, (dl C2 , (el C 3 as functions of 

<n> . The curves are due to Wroblewski (see text). 
x distributions for protons with lab momenta <1.2 GeV/c and 

pG < 0.6 ( ~ e ~ / c ) ~  at 102 GeV/c and 405 Ge~/c. 

x distributions for protons with lab momenta <1.2 GeV/c and 

2 PG < 0.6 (GeV/c) as a function of topology at 102 GeV/c and 

The invariant cross section integrated over various t regions 

as a function of x at 102 GeV/c. 

The invariant cross section integrated over various t regions 

as a function of x at 405 GeV/c. 

(a) do/& , (b) cn> , (c) CpG as a function of at 102 GeV/c 

and 405 GeV/c. 

+ 
do/dy distributions for IT and IT- at 102 GeV/c. The curves are 

the same distributions at 12 GeV/c and 24 GeV/c. 

du/dy distributions for IT- at 102 GeV/c as a function of the 

associated charged-particle multiplicity. 

R12 for all charged pions at 102 GeV/c. The curves are the 

results of the model discussed in the text. 

+ - 
R12 for T n . 

+ + 
R12 for a n . 
R12 for rrr-. 

- da at 102 GeV/c, where @ is the angle between a pair of pions. 
nu a@ 



16. (a) Mean number of charged particles produced in the forward 

center of mass hemisphere as a function of the number of charged 

particles emitted backward in the center of mass at 102 and 

205 GeV/c. 

(b) Distribution in the number of charged particles produced 

backward in the center of mass as a function of topology at 

102 and 205 GeV/c. 

17. (a) Charge transfer distribution at 102 and 205 GeV/c. 

(b) Mean squared deviation of the charge transfer distribution 

as a function of energy. See text for a discussion of the curves. 
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