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IMPACT PARAMETER ANALYSIS OF COHERKNT AND INCOHERENT PION PRODUCTION 

ON NUCLEI BY 11,7 GuV/c i + 

R. ARNOLD, S. BARSKAY and J.L. RIESTER 

Cfntrt." do Recherches Nucléaires ft 

Université Louis PasLeur, Strasbourg, France 

Using our complete momentum measurements for 2, 3, 4 and 5 pion 
final states» we have studied the impact parameter structure, with the follow
ing principal results. (I) Evidence is presented for an empirical method that 
can help in the separation of coherent events on nuclei. (2) Incoherent nuclear 
production exhibits lower-oound impact parameters which decrease systematically 
with increasing number of produced pions. (3) The experimental b-distributions 
can be very well fit by a single simple scaled functional form 

2-* ào (b)/d b <* F(N/f(b>), which N-distribution yields a dispersion divided 
by average, at any impact parameter b, of about 0.35. 



The value of studying ncni-ral aspects of high-energy hadronic colli

sion proiissis in conf i ftll... • : m space has recently become better appreciated. 

One wauls ici know whether tin.* intuitive notion that more particles tend to be 

produced, .-n I lu* .H'craco, t he smaller the impact parameter between the initial 

ro : : i :i i es- ')idi.-:is, is t nie . A further general question concerns whether diffrac

tion diss^- i.ition of the beam, whatever its detailed dynamical origin, is 

essent i.tl I v .-• ;KT i phera I phénomène i, as one wou] d intuitively expect of a pro

cess that is L-oluTunt on all the snail pieces of matter that compose a nucléon 

L-ii'):- t. Pruning more deeply, one may inn^ire into the nature of the multiplici

ty distribution as a function of initial impact parameter. In order to approach 

thi'Si' quest ions onipi r i ci II y, one ne^ds a quantity which provides a consistent 

(in going t' rom one reaction to another) estimate of the relative initial impact 

par.iuiei er in terms of readily measured quantities in the final inul t i part ic le 
! 2 

stales. It has been suggested * ) that the fol lowing A impie, but approximate, 

expression provides an approximate lower bound for the mean-stjuare impact para

meter, and that its behavior in going from one exclusive reaction (with n pions) 

to another, may be a reliable guide to the behavior of the actual mean-square 

;;:.;.a. t pa.rar.iet e r 
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Here the initial center-of-mass momentum is pz, k. is the transverse momentum 
_̂  i 

of the i' tb final-state pion, and x. = z»p./p where p. is the total momentum 

of the i' tii pion. The averages (denoted by *•' >) in eq. (i) are tak^n over 
2 

all events for anv exclusive reaction, and this formula has been applied ) 

recently to K p and TT p interactions at 10 and 16 GeV/c with the general 

conclusions ~) that increasingly central collisions involve increasing average 

multiplicity, and that inelastic diffractive scattering occurs near the edge 

of the proton's interaction region. In this letter we present three new results 

based upon an impact parameter analysis of our experiments on coherent and in-

conerent pion production on nuclei by 11.7 UeV/c IT , and also by 10 GeV/c K . 

The first result concerns a possible empirical method for helping to sep. rate 

coherent events on nuclei, another result answers the initial general question 

dtated above, and the third represents th* first empirical attempt, to our 

knowledge, to discuss the multiplicity distribution as a function of initial 
3 A impact parameter ' }. 
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(I) Colic-runt produc t ion • As compared to a proton target, a nucleus interacting 

uit.h an 1!.7 (GeV/c) TI may be considered as a large piece of hadronic matter 

with a well-defined edge. Nuclear coherence criteria provide a selection of 

events produced by inelastic diffraction on the constituent nucléons. We have 

complete momentum measurements for 2, 3, 4 and 5 pion final states (with up 

to two :; ) in the "• - nucleus experiment * ). The selection of coherent pro

duction on nuclei by means of the longitudinal phase space plot and t' cuts has 

been described ' ) earl if r (t ' = ( I 11 -1 11 . ) where r. is the four-momentum 
1 1 1 'mm 

tran.sfi'i' between the incident n and the final meson system). We have talon 

our abundant coherent production in the three-pion channels (2^ n ) and 

('i 2i'°) and have computed lower-bound r.ni.s. impact parameters via eq. (1)» 

evaluated in the c.m. of the n and a nucleus of effective ) A = 30. We have 

utilized the events with 0 < t'< 0,04 (GeV/c)**, which cut includes about 85 Z 

of che coherent events (387 events) for the channel (2T "» >, in particular, 

plus a background of about 114 incoherent events (about 20 £ of all incoherent 
2 

events out to our measurement limit of t' = 0.90 (GeV/c) ). The results,, with 
statistical errors only, are 

0.65 * 0.02 fm 
(2) 

b2(Ti+ 2n°)> [ ' 2 > 0.66 - 0.04 fm 

coherently on nuclei by 10 GeV/c K in the same heavy liquid ' ' ), (1191 

events), with the result 

< b 2 (K+
 T * r")> ' / 2 > 0.67 - 0.02 fm (3) 

Since, experimentally ), nuclear coherent cross sections grow only slowly 

with increasing atomic number, these lower-bounds should reflect a length 

relevant to coherent production from bound nucléons which are predominantly 

near the surface of nuclei, and they clearly increase markedly with the size 

of the nucleus. The nuclear form factors tend to relatively suppress the beam 

diffraction dissociation on these nucléons at large t' and this effect will 
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he1 l'nhiincud in going from a smaller nucleus to a larger one ). We thus 
d<.'i-ided to examine the distribution, for individual events, in the quantity 
ciel' i ni'd bv the ratio (without < >) on the right-hand side of eq . (I), simply 

2 13 . . 
.;s J measure of relative peripheral i ty ' 1. The value of doing this is shown 
by the plot in fig. I where we observe that the mean numbers in eq. (2) appear 
to approximate]y originate from two regions, one between about 0.4 and 0.8 fm, 
;ind thu sei-ond peaked about I fm. We note that the ratio of the central b for 
rhfsc two regions, r = (0.6/1) = 0.6 is the same as Che ratio of the averages 
of r.m.s. (charge) radii for the n.o principle gioups of nuclei contributing 
to coherent nuclear interactions in the heavy-liquid bubble chamber experiment. 
These :ire ;n 1 2C(R = 2.52 fm), l 9F(R = 2.94 fm) and (2) 7 9Br(R = 4.72 fm) ; 
thus r - (2.73/4.72) = 0.6. The fall-off on the low L side of the structure 
in fig. I appears to be sharp. This observation is confirmed by fig. 2a where 

2 we pint the t' distribution for al1 three-pion events (0<t'<0.90 (GeV/c) ) 
with b < 0.4 fm. The coherent diffractive peak is absent. In figs. 2b and 2c 
we plot the t' distributions for all events with 0.4 fm<h<0.84 fm and with 
b -• 0.84 fm, respectively. We observe the reappearance of the coherent peak, 
• ird its marked narrowing in going from 2b to 2c, as one would expect in going 

. 12 Irom coherent inelastic diffraction on the nucléons in the small nuclei C 
19 79 

and F to those in the much Larger nucleus Br. After taking into account our 
experimental resolution, we find the ratio of the slope at small t' in fig. 2c 
to that in fig. 2b to be about 3.8, consistent with that expected in going 

12 19 79 from C and F to Br. We suggest that this method may be useful in helping 
to separate nuclear coherent events on sufficiently large nuclei (A > 20). 
Finally, we observe from the data in fig. I that the b-distribution may have 
a relatively long tail at rather large values. We have studied the stability 
of this effect to measurement errors, and to the target mass us id when comput
ing the values of b ; it seems to persist in our data (as does the structure 
in figs. 1-2). 

(II) Incoherent production. We have computed lower-bound r.m.s. impact para
meters for our large sample of 2, 3, 4 and 5 pion final states produced inco-



heinuly un nuclei by 11.7 (CeV/c) " . Here we have evaluated eq. (I) in the 

c m , oi '.In- « and a nucléon .it rest. The results are given in table I, wtiere 

we also tabulate ior each ease, the total number of events and the percentage 
2 

nl all incoherent events in the interval that we used, 0.04 <t < 0.90 (GeV/c) , 

as well as an i .sinuate of Llie number of background coherent events in this 

interval. The t' interval contains > 80 % of all incoherent events for each n. 

V.V observe J jvs temat ic decrease in the lower-bound r .m. s . impac t pa came ter as 

tin* pion multiplicity increases from 2 Co 5. Furthermore, the relatively large 

decrease in going from 2 to 4 pions, as compared to going from 2 to J pions, 

is ..:isistent with the fact that the three-pion states in this t' interval 

ïinilain, in addition to the background coherent events, some diffraction disso

ciation of the beam on individual nucléons. The latter process must be parti

cularly periphcra' ). Our experiment does not measure incoherent production 
2 

for t' • 0,90 (GeV/e) because of our cut on the momentum of the recoil 

panicle applied during the scanning stage (selection of events without any 

visible re-coiling particle). Our loss of a relatively small number of events, 

which however can carry a large weight in the denominator of eq. (I)i leads 
2 I /2 

to values of • b (n) "• biased toward the high side. From an analysis of 
15 * + 

our data ) on n p -* 2n 2TT U p at 3.5 (GeV/c), where the measurements go 
2 

out to t' = 3(GeV/c) , we estimate that the lower-bounds in taole I could be 

only .slightly reduced. Furthermore, this loss has little effect upon the 

distributions discussed in the next section, which, in fact, peak near the 
13 

lower bounds and yield average values for the peripherality variable ) only 

about 50 Z larger than the lower bounds ) in table I. Thus we believe Chat 

the conclusion : this experiment supports the notion that mote particlas tend 

to be produced on the average the smaller the impact parameter between the 

initial colliding hadronic systems, is firm. 

(Ill) We now use Lhe data to discuss the notion of a multiplicity distribu-
3 4 

tion * ) as a function of initial impact parameter, or more generally» as a 

function of a length variable which describes the relative behavior with impact 

of the probabilities for different numbers of produced pions. Encouraged by the 

results sho-.m in fig. I and fig. 2, we hypothesize chat the peripherally 

variable is such a length, and we plot in figs. 3a-3d the distribution of b 

for individual events with n = 2, 3, 4 and 5 pions. We can fit these data very 



» 

wt* ! I for n = '), 4 and 5 with a s i n_̂  It' simp c sea led function of n and b for the 

mu11i p1i c i t y distribution, 

dî (M/d 2h " F(N/f(b)) = (N.'f(b))X

 e-
B<N*/f(b)) ( 4 ) 

where N = n + I denotes the total number of final-state particles. Consistent 

with the rt'suUs in (II) above, the function f(b) decreases monoconically with 

increasing b and the following simple form ) results in an excellent fit 

f(b) = K 0(>b) * a (5) 

The rather minimal number of five parameters ) are simultaneously fit to 
2 

twenty-six data points for figs. 3b-3d. The resulting y =21 and of this, a 
? 

single data point contributes a y~ = 8. Furthermore, the ratio of total number 

of events for n = 3, 4 and 5, obtained by summing the formula in eq. (4) over b, 

is roughly consistent with the experimental ratio of cross sections at our 
19 

energy ), Tims the principal n and b dependence of the multiplicity distri
bution is given by F(N/f(b)) ; only a relatively weak further n (and b) 

dependence occurs multiplying this function. Then the multiplicity distribution 
4 

at any b has an approximate scaling property ) 

do M(b)/d
2b , , ,., do-M(b) 

_ N * _ ± _ F(H/f(b)> where *£<£> . I -J%— (6) 
da(b)/d^b f(b) d" b N d~ b 

which leads immediately to a dispersion divided by average, which is independent 

of b, and is given numerically by 0.35 for the best-fit parameters set out in 

the caption of fig. 3. The multiplicity distribution at any b is thus narrower 

than the overall distribution characteristic of high-energy proton-proton 
20 

collisions ), which yields a dispersion divided by average of ^ 0 . 5 , It is 

remarkable that a value of about 0.35 is measured for the multiplicity distri-
— 21 22 

bution from high-energy pp annihilation ' ). This is consistent with 
. . . 21 

annihilation occuring within a limited range of impacts ) near b c 0, in 
contrast to the large range of impacts contributing to inelastic proton-proton 

20 % 

scattering ). As shown in fig.3a we have also obtained an excellent fit to 
the b-diutribution for n « 2 with the same functional form in eq. (4) but with 

a small change in the parameters» which are also given in the caption of fig. 3 ; 
2 

the x "4.5 for twelve data points. As data increases one can perform separate 
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averages over transverse momenta in smaller and smaller regions of longitudinal 
phase space ) and then form the corresponding peripherally variables. The 
best-fit parameters for the distribution F in eq. (4) may alter, but the 
essential useful feature can remain : a simultaneous description of the dominant 
b and n (n >. 3) behavior with a s i n g 1 e scaled function. In conclusion we note 
that f(b) = K 0(Ab) is a rather long-tailed function ; we have found that a 
simple Gaussian does not fit the data. This may not be surprising in view of 

23 the now firmly established ) concavity of the diffraction peaks near t • 0 
in high-energy hadron-hadron elastic scattering. This experimental fact also 
suggests a long tail in b-space, this time in the eikonal functions. 

We have had valuable discussions with E.H. de Croot and M. Paty. 
We thank all our colleagues who have contributed to the measurement of 
these data, especially J.P. Engel, B, Escoubes, 3. Escoubes «nd N. Kurtz. 
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Figure Cap I ions 

Fig. I - A plot of the experimental distribution in the variable b, defined 

in the text, for all three-pion events (580 events) in the interval 
2 

0 < t < 0.04 (CeV/c) , which interval includes > 85 7. of all coherent 

events. 

Fiy. 2 - Plots of the experimental t 1 distributions for all three-pion events 

with values of the variable b lying in the intervals indicated on 

the graphs. 

Fig. i - For n = 2, 3, U and 5, the circles represent the experimental dis

tributions, with errors, in the variable b defined in the text, for 
2 

all events in the interval 0.04 < t'<• 0.90 (<ïeV/c) , which interval 

includes > 80 % of all incoherent events. The curves represent fits 

to the data with the function in eq. (4). The single function for 

n = 3, k and 5 has best-fit parameters : 

x - 7.8 Î 1.9, y * 0.9010.H, B « 5.5 t 1.3, A = 1.6 +0.A fm~', 

a = 0.79 t 0.27. Only B differs significantly in the best-fit 

parameters for n = 2 ; x - 4.5 + 0.9, y - 0.88 J 0.06, B - 1.8 t 0.2, 

\ = 2.3 t 0.4 fm , a = 0.15 tO.39. The x a r e stated in the 

text. 
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