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Scaling, !Multiplicity and Temperature of e + e ~ -+ hadrons 

T.F. Hoang 
1749 Oxford Street, Berkeley, CA 94709 

and 

Bruce Cork 
Lawrence Berkeley Laboratory, Berkeley, CA 94720 

Properties of meson production by e+e- annihilations for 

E = 3,0 to 31.2 GeV have been analyzed using the Bose-Einstein c.m. 

distribution modified for the Feynman-Yang scaling, Validity tests 

have been made with the PT and P1 distributions measured with res­

pect to the jet axis, The average charged multiplicity is found to 

follow an empirical power law E l/Z The temperatures deduced c.m. 

from < P > increase slowly with E . T c,m, 

The scaling behavior is investigated in terms of the parameter 

A. "' 2 < P,( /rr( P1> used to modify the Bose-· Einstein distribution. An 

anomaly resembling a phase transition of the specific heat of the 

hadronic matter is found at a temperature near 127 MeV corresponding 

to the threshold forT (9.5) production. 

This manuscript tvas printed from originals provided by the author, 
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l, Introduction 

Ever since the discovery of the J/W particle in 1974, many experiments 

have been carried out with colliding e+e- beams, aiming at detection of new 

particles. As a byproduct of these elaborate experiments, there has been 
+ -

accumulated a wealth of data on the meson production by e e annihilations 

+ -
e e -+ hadrons. (1) 

The c.m. energies which have been explored to date extend beyond 31 GeV, thanks 

to the advent of the PETRA accelerator. 

The characteristic features of the average multiplicity of charged mesons 

produced in (1) are as follows. 1 It increases faster than ~n s as has been 

observed at lower energies, 2 a behavior expected from various models, 3 in 

particular the parton mode1. 4 Yet, it remains far below the prediction by QCD 

(cf. infra). Since the behavior of the average multiplicity serves mostly as 

model testing, it is expedient to know the experimental result can be 

accounted for by any other model, for instance Landau's hydrodynamical mode1. 5 

In this regard, we note that the statistical model which predicts a linear 

dependence on the em. energy is ruled out by the data, 6 

Another remarkable property of reaction (1) is the jet structure, 7 a 

feature which is sui generis of the e+e- annihilation, and can be recognized 

without mnbiguity by sirr~le inspection in some events at PETRA energies. 

Thus, the transverse and the longitudinal momenta of a secondary meson from (1) 

are measured with respect to the jet axis, a situation different from the case 

of meson production by hadron-hadron collisions. A question arises: Is the 

Bose-Einstein type distribution modified for the Feynman-Yang scaling8 still 

adequate to describe the PT and P1 distributions thus measured? 



The purpose of this paper is to present results of investigation on meson 

production by e+e- annihilation (1), and to discuss the temperature behavior 

deduced from the average PT as well as an interesting property found in the 

scaling behavior in terms of the scaling parameter introduced to modify the 

Bose-Einstein distribution, namely anN-shaped anomaly near the T(9,5) thresh-

old, resembling a phase transition, 

2, Energy dependence of the. average mul tiplici tz 

We begin with the average multiplicity < n >of the e + e- annihilation (1) , 

Note that most experimental data deal with only charged pions and that a recent 

experiment at ADONE9 finds the behavior of neutral secondaries similar to that 

for charged ones forE "" 1.4 to 2,9 GeV. Consider, therefore, the data of c.m. 

the charged multiplicity from ADONE, SPEAR, DASP, PLUTO and TASS09-lO as shown 

in Fig. L Clearly, the data show an upward curvature; this trend rules out 

the 2ns dependence of the multiplicity, as mentioned before. 

Next, let us compare the data with the prediction by QCD according to 
H 

which we expect 

f (E I A) I f(E I A) c,m, o (2) 

where 

(3) 

with b "' (11 - 2Nfl3) I 4·rr; Nc "' 3 and Nf 4 are numbers of color and flavor, 

. d G f. d 12 Th. d. . respect1vely;A ~ 0,5 GeV an E
0 
~ 1 eV are 1xe constants. 1s pre 1ct1on 

is characterized by the abrupt rise of < n h> with E which deviates c. c,m, 

very far fTom the experimental data, MoTe specifically, the fit (not shown) 

requiTes the paTameter vb to be incTeased by a factor rv L 7 4, coTTesponding 



to an effective strong coupling constant a = llb,Q,n (E I A) about 3 times s c.m, 

larger than the value predicted by QCD for short distances. 

We now turn to Landau's hydrodynamical modeL 13 We note that its appli­

cation to the case of e+e- annihilation has already been discussed by various 

authors. 5 The essential point is this: if the volume in which the energy is 

distributed is constant as in the case of e+e- annihilation, then the average 

multiplicity is expected to be 

2 
r > Ell (1 +c ) \n '\; s c.m. (4) 

where c is the sound velocity (in units of c = 1). We see that if c = 1, s s 

as for scaling violation, Ref. S(b), then (n)'v E112 as Landau's original 
c.m. 

prediction for nucleon-nucleon collisions. However, we emphasize that the phy-

sics contents of the two cases are quite different; see footnote 14. 

Therefore, we are led to try the following empirical law for the 

charged multiplicity of reaction (1) 

= a·E112 + b c,m, (5) 

a and b being two parameters to be determined by fitting the experimental data. 

By least-squares fit we find 

a = 2.04 ± 0.04, b = 0.15 ± 0.43, 

The fit shown by the solid line in Fig. 1, A comparison with the experimental 

points indicates that apart from E < 2.5 GeV, the fit is in general satis-c.m. 
15 factory. We note that the estimate of b is consistent with zero, as should 

be under the assumption of a photon gas, and that our fit agrees vvi th that of 

the JADE collaboration, 16 using the Fermi model to fit their data. 



3, The PT and P1 distributions 

In the investigation of meson production using Landau 1 s hydrodynamical 

model, it has been found that in the case of hadron~hadron collisions as well as 

~ "h"l . 17 h 1 . f h d 1 . d" 1 pp ann1 .. 1 at1on, t e genera properties o- t e transverse an ongi tu Ina 

momentum, PT and PL' can be described, gross modo, by the following Bose·· 

Einstein distribution modified to account for scaling 

(6) 

where 

m being the mass of the produced meson under consideration, The two panuneters 

are the temperature T and the scaling parameter A, Note that, for simp lid ty, 

we have set both the Boltzmann constant k and the velocity of light c equal 

to unity, and that we shall return later to discuss the scaling properties of 

the parameter A, in Sec, 5, I-!ere, we have to test the validity of this distri­

bution (6) for e+e- annihilations (1), using PT and P
1 

measured with respect to 

the axis of two jets, We to Appendix I for another test of (6), 

Consider first the PT distribution, We recall that it is the same as that 

obtained from the original Bose- Einstein distribution, see Ref, 8 (d), 

~o - tX illrKz Cnr/T) 
dpf 

where illr describes the transverse mass 

(8) 

m ~ ~P 2+m2- (9) 
T ··r 

and K2 is the modified Bessel function of the 2d kind, Noting that 



1/2 -X 
K2 (X) a: (1T/2X) e , we may approximate (8) as 

d -mT/T 0 
a: lrl1-·e dPz r 

T 

(10) 

Thus the plot of the log of do/dPT2 divided by rmr vs. ~ should be linear. 

We shall make use of the SPEAR data at .m. '" 7. 0-7,8 GeV .18 The result is 

shown in Fig. 2; the straight line represents the least··squares fit. A cornpar--

ison of the experimental points with the fit ind.icates that the test is very 

satisfactory. From the slope of the , we deduce the temperature T = 135 

±3 to be compared with 122 MeV estimated from < P.f of the PLUTO 

data at Ec.m. = 7.7 GeV, as shown in Fig. 5, the x2/point being 1.38. 

As for the P1 distribution, we note that for AP1 >> ~' we may write 

(11) 

the value of <P
1

> being related to <PT> as follows: 

(12) 

For the derivation of these relations, we refer to Ref. 8(a). 

In Fig. 3 we have reproduced the SPEAR data. Note that for clarity not 

all the data points are shown here. We have performed a fit for the Feynrnan 

variable x = 2P
1

/E ~O.L The slope of the fit yields <x)= 0.184 ± 0.014. c.m. 

The fit as shown by the dashed line indicates that here again the test is 

rather satisfactory, with x2
/point = 1.23. 

4. The temperature behavior 

As is well known from high energy reactions, the average transverse momentum 



of produced mesons is limited, The measurements of < P1 by the PLUTO and the 

TASSO co11aborations10 indicate a trend of a slow increase from E "" 3 to c.m. 

31.2 GeV. To investigate this important property, it is more convenient to 

express < Et in terms of the temperature T, since the PT distribution, Eq. (8), 

depends solely on the parameter T of the modified Bose~Einstein distribution. 

According to (10), we find 

(13) 

We have plotted in Fig, 4 the relationship between ( P1 and T form "' 140 MeV. 

If we convert the values of ( P1) of the PLUTO and the TASSO collaborations 

into T (MeV), the results are shown in Fig. 5, We see that in the energy region 

up to 30 MeV, the temperature is certainly not constant, but rather increases 

with the c.m, energy. 

In a.n attempt to investigate the energy dependence ofT, we assume 

(14) 

We first make an overall fit to all the data as shown in Fig. 5 and find 

a = 0.30 ± 0.06. 

Next, for definiteness, we perform another fit with cut-offs to be 

discussed in Appendix II, and obtain 

a = 0. 36 ± 0, 03 for 

From these fits, we conclude that a #: 0, 

5 ~ E < 20 GeV. c.m. 

This rules out the constancy 

temperature, Le, constant ( P1, However, it is clear that this behavior 



(14) cannot hold for ever-increasing E , bc~cause according to (13) this would em, 

lead to ( P1/ rv/F, which is in contradiction with property of limited < P-y> as 

mentioned earlier. It would be interesting to know when the tum-over the 

behavior shown in Fig. 5 will take place, see Appendix II, Eq. (25) . 

5. The behavior 

We now tum to another characteristic feature of the meson production by 
+ -

e e annihilation, na~ely P1 scaling violation, a property in contrast with pp 

and other hadron-hadron collisions. We propose to investigate this important 

problem using the parameter A. of the modified Bose-Einstein distribution (6). 

As is easily seen from (6), we expect <P1> to be inversely proportional to 

A.; see Refs. 8(a) and 19, Thus, in the high energy limit, the Feynman-Yang 

scaling requires 

A.IS/2 -+ const, (15) 

this property has been found for pp collisions with Plab > 20 GeV/c; see Ref. 

8 (b)' 

We have calculated the values of A. from the averages of PT and P1 of the 

PLUTO and the TASSO collaborations, 10 use being made of Eq. (12). The values 

of A./S/2 thus obtained are plotted in Fig. 6, the dashed line being arbitrarily 

drm'm to guide the eye. 

We note that A.IS/2 increases monotonically with the c,m, energies IS= 

3 to 27.4 GeV without reaching a constant value as is required by Feyrrrnan-Yang 

scaling, In this regard, it is interesting to note that in the context of the 

hydrodynamical model, the scaling violation of e+e- annihilation (1) anti-

cipated in the case of the limiting sound velocity cs = 1, as has been pointed 
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out by Satz et al,, Ref, 5 (b), Another scaling will be discussed in Appendix I, 

6, T Threshold effect on the 

In an attempt to get more insight into the physical meaning of the scaling 

violation described in the previous section, we consider the plot of 1/A. 

against T, instead of against IS as in Fig. 6. This mnounts to a change of 

variables, which is motivated by the fact that 1/A. is related to the c,m, energy 

as is seen from (15), 

The results are shown in Fig, 7, Note that only a few error bars are 

shown, because of clarity, whereas typical errors on Tare about 5 MeV, The 

dashed curve an arbitrary eyeball fit, 

As an illustration, we have presented in the same figure, but with a 

different vertical scale, the case of p+p-+ n-+,,, for Plab = 12 to 1600 

GeV/c. 20 A comparison of these two plots indicates a striking difference in 

+ ·-behavior between e e annihilation on the one hand, and pp collisions on the 

other hand. 

l~e note that this difference is significant, in spite of scant data we 

have at our disposaL This is because of the following reasons, First, the 

point marked by 9,40 GeV represents the measurements "off the T-resonance", the 

I! II • 
21 1 E 9 46 G v d. . on resonance po1nt name y at " = , e , correspon 1ng to a p01nt c,m, 

(not shown) at 1/A. = 2.26 ± 0.09 and T"" 134 ± 4 MeV, situated much lower than 

the 9,40 GeV point on the plot, Next, we have compared the portion of the 

curve in the region T = 100 to 120 MeV with that from the SLAC-LBL data22 at 

E = 4.0 to 7,4 GeV and found the same trend of c.m, 

Now, this difference in scaling behavior between meson production by 



+ --
e e annihilation on the one hand, and pp collision on the othe:r, becomes even 

more striking if we compa:re the deTivatives 

C = 6(1/~)/6T (16) 

deduced f:rom the two plots under consideration. The :results thus obtained are 

shown in Fig. 8, the er:ro:rs being shown by the shaded bands, 

A comparison of the V/l!O plots indicates a sort of anomaly in the behavior 
+ -of e e armihilation. in cont:rast with pp case, which shows a mono~ 

tonical inc:rease, we observe a d:rop in the region marked by AB, with a maximum 

at T ~ 127 MeV followed by a minimum at T , ~ 145 MeV, which is comparable max m1n 

to the characteristic temperature, equal to the pion mass, as in Eq. (13), the 

uncertainties on these estimates being MeV. Now, after the minimum, the 

trend of rise becomes quite similar to that of the pp case, indeed, both showing 

a sort of asymptotic behavior for the increasing temperature, 

It is interesting to note that the estimated temperature at maximum, 

Tmax ~ 127 MeV, turns out to be close to the threshold of T(9. 5) production by 
+ -

e e rumihilation, which is 134 ± 4 MeV according to the "on-resonance" measure-

ment by the PLUTO collaboration, 21 as mentioned earlier, Note that the other 

thresholds for T1 (10,0), T1 ti0.3) and T111 (10.6) are approximately 6T = 2 MeV 

apart from each other. 

Thus, we are led to tentatively interpret the sudden drop observed in the 
+ -

C-T plot of Fig, 8 for the e e annihilation as related to the b'b produc-

tion. Now, the spin-parity of T(9,5) is 1 , decay into two photon-like 

gluons is strictly forbidden, whereas the three-gluon decay 

(17) 
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allowed. This has been observed experimentally as three jets by the PLUTO 

1] b . 23 . '1 h !"' 11 . h . . co _a orat1on, Wl c 1. t e ~-o _ ow1ng c aracter1st1cs. First, the most probable 

configuration of the three-gluon jets corresponds to the case where two of 

them are emitted in the opposite direction of the third one, within a small 

angle; 24 consequently, the event looks like an asy-rn:metric two-jet, 11back to 

backn with broadened PT. Another property of th_e three-jet from the T(9. 5) 

decay is that the average of charge-multiplicity <nch> "" 8.0 ± 0.3 is found to 
+ -be greater than 6.3 ± 0.4 of genuine two-jet events, namely e e -+ q + q at 

the same energy 9. 5 GeV, yielding a smaller < P
1

> which is E /<n h). em. c We 

therefore anticipate the values of 1/;\ arising from the three-jet production to 

be in general less than those of two-jets. This effect accounts for the change 

in the behavior of 1/;\ near T(9.5) threshold as observed in Fig. 7(a). 

7. Remarks 

From the above discussion, we should expect a similar effect near J/~ 

production to occur at T :=:: 95 MeV, since it is also a photon-like particle 

and its 3Y decay has been observed experimentally. 25 However, the multipli-as 

city in this case is much smaller, <nch> :=:: 3. 5 and the jets are less collimated, 

the question whether the effect can actually be detected. 

As regards the pp case, we note that the T(9.5) threshold occurs at Plab = 

65.8 GeV, corresponding toT :=::140 MeV. 
+ ·~ 

But here, unlike the e e case, the 

production cross section is known to be rather small compared to the background, 

so that the signal to noise level may not be favorable for observing the 
- + -

effect as in the e e case. 

Turning to plots of C .6(1/A)/L'IT against the temperature T in Fig. 8, 

we note 
+ -the striking difference in the sha-pe between the e e case and the 



pp case, The question arises: What is the physical meaning of the quantity C 

defined in Eq. (16)? In this regard, we recall that in the case of scaling, we 

should expect 1/A. rv E , as has been observed for rr production by pp as well c.m. 
+ d + 11. . 26 as n p an K p co 1s1ons. It then follows that the derivative of 1/A. with 

respect to the temperature T, Eq. (16), may be regarded as the "specific heat11 

of hadronic matter created by either e+e- armihilation (1) or pp-+ n + 

collision. Thus, to a certain extent, the difference the two plots of 

Fig. 8 bears some resemblance to that of specific heats of superconducting and 

ordinary alloys. 27 In other words, the sudden drop of the value C in the case 
+ -

of e e resembles a sort of "phase transitionn of the hadronic matter constituted 

only by quarks and antiquarks of certain flavors, On the contrary, in the pp 

case there is always an excess of valence quarks in addition to the produced 

quark-antiquark pairs. It would be interesting to investigate the T(9.5) 

threshold effect in pp colliding beam experiments, which may have more resemblance 

1 + - f h 1. . f . 28 . h d" h. d" f to t1e e e case rom t e sea 1ng po1nt o v1ew, notw1t stan 1ng t 1s 1 -

ference, that the intermediate state of this case is not a virtual photon as in 

the case of e+e- armihilation. 

Finally, it should be mentioned that from theoretical point of view, the 

possibility of a phase transition in hadronic matter produced in high energy 

reactions has been discussed by various authors on general grounds 3~ and also 

within the framework of QCD .:n It deemed a challenge to any bona fide model 

of reaction (1) to account for, in particular, the anomaly of the behavior of 

the scaling parameter A determined by experimental values of < P.f and ( P
1

> , an 

anomaly bearing striking resemblance with a phase transition as has been 

discussed in the present work. 
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Appendix I 

We discuss an external consistency test of the modified Bose··Einstein 

dis tri but ion, Eq. ( 6) , using the average of the total energy, <E) , of the 

secondary mesons from the e+e- annihilation (1). It should be mentioned that, 

in the literature, the ratio of (E)/(E /2) is referred to as the "radial c.m. 

scaling", and that its actual meaning differs somewhat from the Feynman-Yang 

1
. 29 sea 1ng. 

We note that in the relativistic approximation, Eq. (7) becomes 

E(~) = E -(1-~)P 
L 

Thus, we find from (6) by neglecting the pion mass: 
----------

(E) 

(18) 

(19) 

Note that for ~ = 1, i.e. in the rest frame, (E*) = 3T* is the average energy 

in the relativistic case with m = 0. 

With this expression, we have computed <E) for E = 3 to 30 GeV using c.m. 

interpolated values of the temperature T and the scaling parametel's ~ from 

experiments of the PLUTO and the TASSO collaborations, 10 as shown in Figs. 5 

and 6. The results thus obtained are shown in Fig. 9, Note that there 

radial scaling, the ratio < E h> I (E /2) is independent of the c.m. energy, c c.m. 

as has been observed in pp co11isions. 30 

As for the test, we have used the values of < E h> /E and the average c c.m. 

charged multiplicity of the SLAC- LBL experiments. 31 The results are represented 

by the open circles in the same figure. A comparison with the curve indicates 

that the test is satisfactory, especially because the parameters T and ~ used 

for the curve are taken from other experiments at PETRA as mentioned above. 



Appendix II 

In an attempt to avoid any ambiguity which may occur to the determination 

of the jet , we have limited ourselves to < Pr( data in the region 

5 ~ E < 20 GeV. 34 The lower limit is so chosen that < nch> exceeds 4 (see c.m. 

Fig. 1). Consequently, each a~is of the two back-to-back jets arising from 
+ '~ 

e e annihilation into a quark-antiquark pair is dete:rmined by at least two 

observed particles. 

As for the upper limitE < 20 GeV, it is chosen to avoid eventual c.m. 
+ - --

3-jet events due to gluon emission by a quark or antiquark e e + q qg 

emission observed at high energy by PETRA experiments, 35 amounting to rvlS% for 

E > 20 GeV, In this case, the estimate of the average transverse momentum c,m, 

becomes more involved than the 2-jet case without gluon emission, 

We now investigate how < PT is affected by gluon emission. For this 

purpose, consider the symmetric momentum tensor of tl1e second order formed with 

the momenta pi of hadrons from reaction (1): 

(20) 

a,S = 1, 2, and 3 and the sllilmlation is extended over all particles, charged as 

well as neutral. In this regard, we note that if there is thermal equilibrium 

among emitted particles as has been observed in hadron-hadron collisions, 36 

then it sufficient to consider only charged particles in the summation of 

(20). 

As is we 11 knmvn, the case of the inertia tensor, TaS can be reduced 

to its diagonal form with real eigen values such that :\1 ~ :\2 ~ :\3, following 
. 37 + + + the usual convention. Let n

1
, n2 and n3 be the corresponding eigenvectors, 
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namely the principal axes of the momentum ellipsoid (20) being chosen to be 

n3 along which is PL. Thus, for the two components of PT we must have 

(21) 

However, it is altogether not clear that these necessary conditions are 

actually satisfied by minimizing Z:ipT2
, a condition sometimes used inter alia 

to diagonalize the momentum ellipsoid (20). 

-+ -+i -+ -+i 
The components n1 · p1 and n2 • p2 are referred to as 110ut" and "in" 

the event plane defined by n2 and n3, respectively. 38 With this notation, we 

have 

+ ( (PT2). ) ln (22) 

From the distributions of these "in" and "out11 components for E = 27.4- 31,6 c.m. 

GeV of the TASSO experiment39 We find 

<(p 2) > 0.057 Ge·v
2. T out = ' 

2 2 
< (PT ) . ) = 0. 226 GeV . ln 

Note that the nout11 component is much smaller than the "in" component, 

indicating that the ellipsoid is rather flattened, in contrast with the case 
+ - -of e e -+ qq without gluon emission for which the ellipsoid is of revolution 

around the n3 axis. 

To investigate further the properties of PT in this case of e+e--+ qqg 

we have plotted in Fig. 10 log of do/dPT 2 divided by ~ against mT = jpT 2 
+ 

We note that for ~ ;;s 0, 9 GeV, i.e, PT ;;s 0, 89 GeV /c, the behavior linear as 

shown by the least-squares fit, whereas there is a systematic deviation for 

PT > 0,9 GeV/c, as expected from mesons produced by gluon fragmentation, From 

the slope of the fitted straight line we obtain a temperature T = 141 ± 4 MeV 



corresponding to < P.f "" 348 ± 12 MeV I c, compared to rv430 ± 20 MeN I c for 2- jet 

events at 27.4 GeV measured by the PLUTO collaboration, 21 'I11is indicates that 

most gluons are rather so:ft as expected from bremsstrahlung. 

Finally, we mention the relationship between < PT 2> and T according to the 

Bose~Einstein distribution as follows: 

K3(m/T) 

"" 2mT K2 (m7f) (23) 

2 A plot of ( PT ) vs, T shown Fig. 11, Note that in the high energy limit, 

x = m/T is small and that we may approximate 40 

Kn (x) "' 12r (n) (2/x)n 

r being the factorial function, so that 

Thus, in view of the empirical power law (14) between T and Ec.m. 

we may write 

From the TASSO data of <PT2 >from 13 to 31.6 Gev,41 Fig. 12, 

we find a = 0, 41 ±O. 06, indicating that the increase of < PT2 

with Ec.m. is much slower than the QCD prediction 42 

<P,r
2 

> ~ E
2 /~(E . /A) c.m. c..m. 

(24) 

(25) 

(26) 

(27) 

being the mass scale, see Eq. (3). Furthermore, according to (27), the 

curvature upward instead of downward as shown by the data in Fig. 12. 



III 

In the present analysis of the transverse momentum Pp we have used the 

Bose-Einstein distriubtion~ Eq, (10), instead of the Gaussian distribution 
-Pz/ 

T ap2 rv e (28) 
T 

Note that both distributions involve only one parameter. Consequently, by means 

of a judicious combination of <PT> and <P~>, we may eliminate the parameter and 

obtain a relation to test the validity of these distributions. 

Indeed, from the well known Gaussian distribution, namely 

(29) 

it :readily seen that 

(30) 

As for the Bose-Einstein distribution, we may derive an approximate closed form 

by substituting (24) into Eq, (13) of <PT>, We then obtain 

(31) 

We have checked this result with numerical calculations of <P T> and <P~,> ac­

cording to Eqs. (13) and (23), and found that (31) is accurate" within rv 1%. 

We now apply the test with the experimental data of the TASSO collabor­

ation, 41 The result is shown 1n Pig, 13. The average 

= L : 0,05 (32) 

is shown by the straight line. A comparison with the expected value m (30) 

and (31) indicated a better accord with the Bose,-Einstein distribution. The 

same conclusion has been reached with PT distributions of pions from pp and 

np collisions, and pp annihilation, Ref. 8 (a), This justifies a posteriori 

our preference to the Bose-Einstein distribution. 
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Finally, we mention another advantage of th.e Bose·~Einstein distribution, 

namely the temperature T defined by the PT distribution is found to be inde­

pendent of the mass m of the particle in the case of mesons produced by 

h d h d 11 . . 36 . d. . h t T a ron- a ron co 1s1ons ,1n 1cat1ng t a the equilibrium temperature, 

a property to be investigated with e+e- annihilations when data will be 

available. 
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E,.;"!:.gure Captions 

L Average charged multiplicity from e + e- annihilations. Data from Ref. 10, 

Th 1/2 
e curve the fit with <nch) = (0.15 ± 0.43) + (2,0;tt± 0,04) Ec.m., 

2' Plot of log of do/dP./ divided by rmr vs' TIT"' JPT 
2 :-m2 for mesons from 

+ -
e e annihilation at 7.4 GeV. Data from Ref. 18. The straight line repre-

sents the fit with the Bose-Einstein distribution, Eq. (10). 

3. Longitudinal momentum distribution of mesons from e+e- -+ hadrons. Same data 

as Fig. 2. The dashed line is the with the distribution (11), 

4. Relationship between. the average momentum and the temperature according to 

the Bose-Einstein distribution, Eq.(13) form= 140 MeV. 

5. Log plot the energy dependence of the temperature. Data from the PLUTO and 

the TASSO collaborations, Ref. 10. The straight 'lines are least-squaxes 

fits with a power law; see text. 

6. Scaling behavior of e + e- -+ hadrons. :\ = 2 < PT> /rr( P1> is the scaling parameter. 

The scaling requires :\I:S/2 to be independent of the c.m. energy Is. 

7. Plots of 1/:\ vs. T, (a) e+e- annihilations forE = 3 to 31.6 GeV and c.m, 

(b) pp collisions for Plab = 12 to 1600 GeV. Note the striking difference 

between the two plots, 

8, Plots of the derivative of 1/:\ with respect to T, same data as Fig. 7, Note 

the anomaly in the e+e- case near T(9.5) threshold. 

9. Behavior of the ratio of the average energy of the secondary meson to the 

c.m. energy of e+e- annihilation, according to the Bose-Einstein distribution 

modified for the scaling, using parameters from PLUTO and TASSO collabora­

tions. Open circles are test points from SLAC-LBL data. 

10. Plot of log of do/dPT 2 divided by ~ vs. m-r "" /r:(:7 for TASSO data at 

E = c.m. .4 - 30 GeV, ref. 38. See text in Appendix II. 
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11. 2 Plot of < PT ) against the temperature according to the Bose-Einstein 

distribution, Eq. ( form= 140 MeV. 

12. Energy dependence of < P/ TASSO data, ReL 42. 

13. 

The dashed line is a fit with E g:~~ . 
Plot of /7-p-2, / < P > of TASSO data, ReL 4L 

' T / T 
The average 1.24 ± 

0. OS shown by the straight line is to compare with L 13 and L 20 

according to the Gaussian and the Bose-Einstein distribution, respectively, 

see Eqs. (30) and (31), 
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