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Implications of the Chou-Yang model for e+e =hh
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Analyses of P& and x,z distributions of inclusive e e ~hh from experiments at the SLAC

storage ring PEP at 29 GeV confirm that there is only one temperature T = 196+7 MeV of e+e
annihilation for various hadrons, as predicted by Chou and Yang. It is found that T ~ F. ' accord-

ing to the TASSO data; its relationship with the impact parameter b sets a lower limit (for b =0)
To-106 MeV related to the effective light-quark mass m~ =3, To-318 MeV. Hadron multiplicities

from PEP experiments, covering -3 orders of magnitude, are accounted for by a semiempirical for-

mula derived from the Boltzmann factor with quark contents and a unique temperature T= 196

MeV for all hadrons under investigation.

I. INTRODUCTION

In formulating the concept of the partition tempera-
ture T (Ref. 1), Chou, Yang, and Yen predict that there
is only one temperature T and only one impact parame-
ter b for two-jet events of e+e annihilation:

e+e ~y*~qq~hh .

Clearly, there is a correlation between Tz and b, since
they depend only on E, , abstraction being made of the
hadron mass. An attempt is therefore made to investi-
gate this point, together with the following question:
How do we account for multiplicities of various hadrons
of (1) covering almost 3 orders of magnitude as shown in
Fig. 4 below, and assuming only one temperature as pre-
dicted by Chou and Yang?

We notice that this important property of "only one
temperature for e+e annihilation" holds also for the
conventional temperature T (Ref. 3},using the transverse
momentum P~ instead of the longitudinal momentum P~~

as in the case of the partition temperature, and that the
appropriate Boltzmann factor for our purpose is

-[E-bI')~]&&f-e (2)

which was introduced by Fermi to describe the angular
distribution of secondaries of cosmic-ray jets.

In this paper, we present results of a further analysis
of experiments at the SLAC e+e storage ring PEP at
E, =29 GeV (Refs. 6—8). We estimate the temperature
T (Sec. II) and the impact parameter b (Sec. III) for
m.,E, . . . and 0, using distributions of P~ and x,z, respec-
tively. We then discuss the equipartition property in the
fireball (FB) system, its velocity being determined by b
(Sec. IV), see the Appendix. For the charged rnultiplici-
ties of hadrons of (1), we will use a semiempirical formula
[Eq. (12)] derived from the Boltzmann factor (2), includ-

ing quark contents of the hadron and assuming a unique
T (Sec. V}. The energy dependence of T and b will be in-
vestigated by using the m. data of the TASSO Collabora-
tion (Sec. VI). We find T-E,', suggesting that the

hadrons from e+e annihilation (1) behave like an ideal
gas (Sec. VI). Furthermore, a simple expression [Eq. (14)]
is found to relate b to T [see Fig. 5(b)]; it has a constant
which sets a minimum temperature To -106 MeV, corre-
sponding to b=O, i.e., FB at rest (Sec. VII), it refiects the
mass of light quarks mq

——3TO-318 MeV, constituent of
hadrons. Remarks will be made on the properties of T,
unique independent parameter of e+e annihilation (1)
as well as conservation of strange number in the = and 0
production by e+e annihilation (Sec. VIII).

II. TEMPERATURE ESTIMATION

Consider first the P~ distribution according to the
Boltzmann factor (2). As Pi is invariant, we may use the
fireball (FB) system, characterized by an isotropic angular
distribution, i.e., b=0 (see the Appendix), to get

zxr- —m~/T

dP'
e dPII rniKi(mi/—T—)-+miE

(3)

where mi=(Pi+m }'~ and the Bessel function E, (x)
has been approximated by &2/mx e ". Note that the in-

tegral is taken over a three-dimensional phase space as is

required by the fiux conservation of particles under con-
sideration. '0 The validity of this Pi distribution (3) has
been tested for various hadrons of e+e annihilation'"'
as well as other hadron collisions. '"'

We have analyzed P~ distributions of inclusive
e+e ~hh at 29 GeV of the Mark II Collaboration and
the TPC Collaboration using (3) for Pi & 2 GeV/c corre-
sponding to —3(Pi) of baryons of these experiments.
The details of our analysis have been reported
elsewhere; ' ' we recall that, for m's, we have to assume
m &0 so that the cross section derived from (3) remains
finite as is required by the multiplicity formula, Eq. (12)
(Sec. V).

The estimates of T are shown in Fig. 1. The dotted
straight line represents the average T, excluding = for
reasons discussed in a previous paper: ' '

T=196+7 MeV .
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Note that all the measured temperatures deviate very lit-
tle from the average, which is essentially the temperature
of m, indicating that there is only one temperature for
e+e annihilation as predicted by Chou, Yang, and Yen'
We shall discuss its important properties, such as energy
dependence and relationship with b in Secs. VI and VII.

FIG. 1. Plots of temperature T (MeV) and impact parameter
b, in units of effective radius, see text, according to P, and z dis-

tribution of e+e ~hh at 29 GeU, using data of the Mark II,
TPC, and HRS Collaborations, Refs. 6-8.

Likewise, for the radial scaling variable z =2E/&s,
do do E

so that the Jacobian E/Pl is only important for heavy
particles near the origin (cf. below).

We now proceed to analyze the e+e ~++sr data of
the Mark II Collaboration, ' ' reproduced in Fig. 2; they
represent mostly pions including some decay particles of
K and A. We have to divide the data into two parts in
order to separate the fragmentation jet from the central
region as described in a previous work. " The fit for
x &0.2 yields a =10.3+0.39, and A =(1.115+0.280)
&(10 . For x & 0.2 we subtract the data from the extrapo-
lation of the previous fit ahd fit again the remainder with
(6); we get a'=36.7+1.4 and A'=(3.48+0.67)&&10.
The result is shown in Fig. 2.

We have analyzed other hadron data. of PEP experi-
ments by setting x,z )0.2. As illustrations, the fits for
A, :-, and 0 of the Mark II Collaboration ' ' are shown
in Fig. 3.

Knowing a, we deduce the impact-parameter b by (5)
assuming T=196 MeV. The results thus obtained, in
terms of the effective radius R as mentioned above, are
presented in Fig. 1. The average, excluding 0, is shown
by the dotted line:

b =0.85+0.02 .

Here too, we find only one impact parameter for all had-
rons of e+e annihilation as expected from the predic-
tion by Chou and Yang.

III. THE IMPACT PARAMETER lp'-

With regards to the parameter b of the Boltzmann fac-
tor (2), it has the important property that the angular dis-
tribution depends only on b [Appendix, Eq. (A5)]. Fur-
thermore, there is resemblance between the an~ular dis-

tribution of e+e ~hh of the TASSO data, ' Fig. 6
below, and that of inclusive pp~~ of a previous
analysis. ' ' ' Therefore, just as in the pp case, we regard
b as an impact-parameter expressed in terms of the
effective radius R =&o /n, where for. reaction (I)
o =gg; (4ma /3s), Q,. being the quark charge and
a=e /bc=+».

Because of lack of data of angular distributions of
identified m.,K, . . . of (1), we have to use the x or z distri-
bution to estimate b. Noting that in the c.m. system
(c.m.s.), Pi » m, we may neglect m and get

10

Ol
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lp

0

0
0

0

e e —hh 29GeV
Mark I I

da dP =Tz 1+ II e
—(1—b)PII IT

(4)

and, in terms of the scaling variable x =2PII /&s,

a =(1 b)&s /2T— (5)
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FIG. 2. x distribution of e+e ~hh at 29 GeV, Mark II
data, Ref. 6(d). The curve is the result of two fits with Eq. (6)
for x & 0.2 and x )0.2, see text.
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FB system, b=0 and y=1, the Boltzmann factor be-
comes e with this characteristic feature of isotropic
angular distribution, whereas the temperature deter-
mined by Pj remains as invariant. We note, in passing,
that the same Lorentz transformation of T mentioned
above has recently been used by Li and Young in their
application of the partition-temperature model' to
hadron-nucleus reactions. ' Thus, the property of one
temperature T and one impact parameter b for hadrons
of e+e annihilation (1}implies, in turn, equipartition of
energy in the FB system defined by (9); namely, a hadron
of mass m acquires, in average, an energy according to
(3):

E'=3T+mE, (m/T)/K2(m/T) . (10)

10

0.2 0.4 0.6

FIG. 3. z distributions of A, :",and 0 from e+e annihila-
tion at 29 GeV. Mark II data, Ref. 6(b). The curves are fits
with Eq. (7).

IV. EQUIPARTITION IN THE FIREBALL
SYSTEM

We now investigate the properties of kinematics of (1}
in the fireball (FB) system, namely, rest frame of hadrons
of the same hemisphere, e.g., x &O, moving along the jet
axis with a velocity p (in units of c= 1) with respect to the
c.m.s. If we transform the energy E of a hadron of mass
m to the FB system, E'=y(E pP~~), and as—sume that
the temperature transforms as T' =y T, we then get'

E PPii-
T T

(8)

so that (2) represents the covariant Boltzmann factor by
substituting

(9)

indicating that the angular distribution of hadrons in
c.m.s. and the FB velocity are related. Note that in the

As a check of this property, consider in particular the
do/dz distributions of:" and 0 in Fig. 3. Note that
here, the minimum of z corresponding to the lower edge
of the first bin is not an experimental bias, since the cor-
responding decay mean free path 1 = rcP/m exceeds the
cutoff 15 mm for the vertex reconstruction of the Mark II
detector, "cf. I presented in Table I. As for A, we must
use the average z;„of three PEP experiments by the
Mark II, Time Projection Chamber (TPC), and High
Resolution Spectrometer (HRS) Collaborations. ' The
values of I and z;„are summarized in Table I, effects due
to decay A from X, :-, and 0 being negligible.

We turn now to the kinematics of hyperons listed in
Table I. We find that their velocities in the FB system
p' =P'/E' computed according to (10) are less than the
FB velocity p=0.85. Consequently, their momentum in
the c.m.s. is always positive, the minimum being

P;„=y(PE' P') . —

We may neglect Pj and approximate P~~
=P*, and

compute the corresponding z;„=2„E;„/E, ; the re-
sults are listed in Table I for comparison with the experi-
mental values in the same table. We find good agree-
ment; this justifies a posteriori our parametrization of the
temperature T and the impact parameter b using the
Boltzmann factor (2}.

V. HADRON MULTIPLICITIES

As another crucial test of our estimation of T and b, we
propose to analyze the multiplicities of various hadrons
observed in e+e annihilation, ' by considering especial-
ly ~,E,p, . . . , 0 of light quarks. For this purpose we use
a semiempirical formula based on the Boltzmann factor
(2) with quark contents as follows:

TABLE I. Characteristics of the z =2E/E, distributions of A, :-, and 0 in Fig. 3. P is the hy-
peron velocity in the FB system, see text. Mark II data, Ref. 6(b).

Particle

0.65
0.61
0.53

Decay mean free path
c.m.

5.7
3.2
2.5

Experimental

0 09'
0.11
0.13

min

Computed

0.09
0.11
0.13

'Average of PEP experiments, see text.
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C~ e"'T m

1 —b (2I+1)(2J+1) T T

(12)

indeed "there is only one temperature for e+e annihila-
tion" as predicted by Chou and Yang.

Finally, we mention in passing that an attempt has
been made to extend this semiempirical formula (12) to
charmed particles as has been reported previously. ' '

where A, and p are numbers of u/d and s quarks of the
hadron of mass m, the factors involving T and b as well
as the spin J and the isospin I are from (2}, the exponen-
tial factor containing the decay width I is due to the res-
onance enhancement I'=0 for stable particles, and the
coefficient Ci refers to particle-antiparticle (albeit
charged multiplicity} such as rr n, pp, etc. , so that
Cz~ Cz/2 for K+E, Ko'K ", . . . to account for their
associated production and likewise for self-charge conju-
gate particles such as (t) =ss, etc. A detailed discussion of
this simple formula has been reported elsewhere. ' '

Here, we note that n = ao for m=0, so that we have to
keep m &0 as mentioned above (Sec. II}.

For the charged multiplicity of PEP experiments at 29
GeV, we recall that

T =0.196 GeV, b =0.85

and that we have chosen, as reported before, 5(b)

u =0.55, s =u/2, Ci ——1.16X103 GeV

The values of n thus coinputed for rr, K, . . . , Q are
shown in Fig. 4.

A comparison with the charged multiplicities of Mark
II (Ref. 6), TPC (Ref. 7), and HRS (Ref. 8), experiments
plotted in the same figure indicates that except for 0, the
agreement is very satisfactory, covering a range of -3
orders of magnitude. This gives strong feeling that

IO—
e'e —hf 29GeV
T = l96MeV

VI. ENERGY DEPENDENCE OF T AND b

T (MeV) = AE,

we find

(13)

a =0.248+0.002, A =87.5+0.6 .

The fit is shown by the solid line in Fig. 5(a).
It is interesting to note that a is very close to —, as in

the case of Stefan's law. This implies that the chemical

0)
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I
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e'e —hh TASSO

0.75-

%e now investigate the energy dependence of the pa-
rameters T and b W.e have seen that their estimates de-
pend mainly on the m data (Fig. 1). Therefore, we have to
consider only the case of e+e ~m+m. at 14, 22, and 34
GeV of the TASSO Collaboration. ' We use the same
criteria as for the PEP data, namely, m =140 MeV and
cutoff Pt (2 GeV/c for T (Sec. II}and x & 0.2 for b (Sec.
III). The results are shown in Figs. 5(a) and 5(b).

Consider first the behavior of T. Assuming a power
law in E, (GeV)

hJ
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FIG. 4. Hadron multiplicities of e+e ~hh at 29 GeV, data
of PEP experiments, Refs. 6-8, plotted against computed multi-
plicities using a semiempirical formula Eq. (12) based on the
Boltzmann factor (2) with quark content of h and assuming
T= 196 MeV for all hadrons, see text.

Ecm (GeV)

FIG. 5. Energy dependence of T and b for e+e ~hh
(rn =140 MeV) of the TASSO Collaboration, Ref. 9. (a) Plot
of the fit T ~ E,', (b) Behavior of b according to the relation-
ship Eq. (14) implied by only T and only one b for e+e ~hh as
shown in (c), see text.



38 IMPLICATIONS OF THE CHOU-YANG MODEL FOR e+e —+hh 2733

potential p„of n. is negligible, so that the pions actually
do behave like a photon gas. '

As regards other hadrons, we note that if we generalize
(2) to include the chemical potential p&, this amounts to
changing the coemcient C2 ~Cue ' . But in a previous
analysis of various multiplicities of e+e ~hh using (12),
it has been found that the coefficient Cz as defined in (12),
is actually constant, independent of the hadron h under
consideration. ' ' This result agrees with what has been
found: p„=pz for m. and K production by pp collision at
12 GeV/c [Ref. 11(b)]. It is therefore unnecessary to
specify explicitly the chemical potential in our
semiempirical formula (12), notwithstanding that p s" ac-
tually represents the fugacity of the hadron.

Turn now to the behavior of b, Fig. 5(b). Clearly, it is
different from T [Fig. 5(a)]; the curve represents Eq. (14)
below, i.e., a relationship between the two parameters T
and b, an important property of the Chou-Yang predic-
tion to be discussed in the next section.

VII. RELATIONSHIP BETWEEN T AND b

We have estimated T using the Pj distribution and
studied (Sec. IV) its property in the FB system whose ve-
locity is determined by the P~~ distribution in the c.m.s.,
P= b. Now we may regard the FB as a rest frame of had-
rons and transform T back to the c.m.s. In other words,
let us consider the ratio T/y of the TASSO data we have
analyzed in the previous section. We find T/y practical-
ly constant as is shown in Fig. 5(c}.

Thus we are led to consider the following relationship:

b =[1—(To/T) ]'~ (14)

Tp being a constant. From the TASSO data, we get

Tp ——106+2 MeV .

Note that b ~1 as E, ~ oo as it should.
This relationship (14), together with Stefan's law (13),

enables us to predict the behavior of the impact parame-
ter b The result .is shown by the solid curve in Fig. 5(b).
As a further check, we have used the CLEO data at 10.5
GeV for e+e ~m, K, p, A, and:- (Ref. 19}. As no Pi
are available, we estimate T =150 MeV by (13) and ob-
tain for the average b =0.68+0.01, shown by the cross in
Fig. 5(b). We find all the values of b in good agreement
with the prediction according to (14).

As regards the physical meaning of the constant
Tp ——106 MeV of the relationship between T and b, Eq.
(14), we note that it sets a lower limit to the temperature
T of e+e annihilation. Indeed, in the case T=Tp,
b=0, the FB is at rest, i.e., the same as the c.m.s.; corre-
sponding to an energy E, =2.14 GeV, above the
threshold of nucleon-antinucleon production:
e+e ~pp. Furthermore, we may relate this tempera-
ture Tp to the mass of quarks constituting the hadrons of
e+e annihilation. Assuming that the light quark has no
intrinsic mass, we find, for its average energy according
to (10),

Eq 3Tp 3 1 8 MeV

comparable to the effective mass of quarks constituent of
hadrons observed in e+e annihilation.

Finally, we note that Tp is almost half the critical tem-
perature T, =200 MeV of quark-gluon plasma. It would
be interesting to know if this is due to some quantum
effect.

VIII. CONCLUDING REMARKS

To sum up, our analyses of hadrons of the PEP experi-
ments indicate that there is only one temperature T
for e+e ~hh as predicted by Chou and Yang. We find
T=E,' using the TASSO data and a relationship, Eq.
(14), between T and the impact parameter b, the latter
determining as well the velocity of the fireball system,
where equipartition of energy as well as long-range corre-
lation among hadrons, as in the case of a mixture of per-
fect gasses, has taken place. It follows that the charged-
particle multiplicity is Poissonian as has been observed

experiment&, lly.
The multiplicity of ~,E, . . . , 0 of the PEP experi-

ments are accounted for by a semiempirical formula,
Eq. (12}, based on the Boltzmann factor (2) with quark
contents of the hadron. The good agreement between the
computed and the experimental values, with only one
temperature T= 196 MeV justifies our pararnetrization of
T using (3) and a cutoff Pi (2 GeV/c mentioned in Sec.
II. It is imperative to know if the behavior T=E,' still
holds at higher energies.

The relationship Eq. (14) between T and b sets a
minirnurn temperature equal to Tp ——106 MeV, leading to
a light-quark mass m =3Tii-318 MeV. This property
is characteristic of "only one temperature" for e+e an-
nihilation. For pp interaction, e.g. , we know that Stefan's
law holds approximately, whereas the kinematics of the
FB is such that y =(/E, [Refs. 11(c} and 11(d)]
therefore the ratio T/y is no longer constant as it is for
e+e annihilation.

Finally, we note that in the Mark II data of:"/:" and
0/0 [Refs. 6(a) and 6(b)] only a single hyperon has been
identified. The following question arises: how is the
strangeness conserved in e+e annihilation? Namely,
when a primary antiquark s fragments, e.g., into an " to-
gether with some other nonstrange hadrons, does the oth-
er primary s quark give rise to a A and a E rather than a
:-? It would be interesting to investigate this point as far
as particle-antiparticle conservation is concerned.
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APPENDIX

We discuss another physical meaning of the dimension-
less parameter b of the Boltzmann factor (2} from the
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Thus, instead of (2), we may use

f-exP[ —( J+A, ' 21+m')' '/T]

and obtain

(A3)

(A4)

10- indicating that A, = 1 corresponds to an isotropic angular
distribution, whereas A, & 1 measures the anisotropy, so
that b & 1 according to (A2).

If 8 denotes the hadron angle in the c.m.s. with respect
to the jet axis, we Snd, by neglecting the mass,

0 0.2 0.4 0.6 0.8 l.0
cos &

FIG. 6. Angular distribution of charged particles from e+e
annihilation at 34 GeV. TASSO data, Ref. 9. The curve is the
fit with Eq. (AS), see the Appendix.

and

8cT 1

[1—(1—A, )cos 8]

& ~cose~ )= 1 1

(A5)

(A6)

bP (P2 +g2P2 +~ 2) I /2
II

—
~ ll

In the high-energy limit, PII =E, we get

1 —b=A, .

(Al)

(A2)

viewpoint of the angular distribution of hadrons in the
c.m.s. of e+e annihilation (1). For this purpose, we
rewrite (2) in terms of another parameter k, which has
been used to describe Feynman-Yang scaling namely,

The validity of this distribution (A5) has been tested us-

ing inclusive pp~tr at P,» ——205 GeV/c [Ref. 12(b)].
Note that the angular distribution (A5) depends only on
b, so that we may interpret b as an impact parameter as
in the Fermi model. "

We now apply (A5) to the angular distribution of
charged particles from e+e annihilation at 34 GeV of
the TASSO Collaboration. ' ' Their data are shown in
Fig. 6, together with the fit. We find A, =0.14+0.02 lead-
ing to b =0.86+0.02 in agreement with the average
b =0.85+0.02 in agreement for tr, K,p, . . . estimated
from the a distributions.
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