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Does string fragmentation reveal more than longitudinal phase space'?
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The fragmentation of a color string into hadrons is assumed to be a sequence of binary decays
governed by Fermi's golden rule. In each decay step a hadron is produced and a string with lower
energy is left. Assuming that the transition matrix element depends on pT only the decay is com-
pletely determined by the longitudinal phase space and one parameter, the (pr') of the produced
hadrons. %'e find an almost complete agreement with the experimental momentum (longitudinal
and transversal} and multiplicity distributions and the number of produced particles. The "seagull"
shape of (pr )(x) turns out to be completely due to the sphericity analysis. This leaves little room
for extracting information of QCD from single-particle-inclusive fragmentation data.

The fragmentation of color strings produced in e+e
pp, and pp collisions shows striking similarities. This
suggests a common fragmentation mechanism. The first
mechanism proposed was the longitudinal-phase-space
dominance. ' Later, more involved models were
developed, which combined assumptions about the QCD
matrix elements (in terms of fragmentation functions and
branching ratios) with the longitudinal phase space. We
mention the Field-Feynman, Lund, and Webber, mod-
els. Generally these models contain quite a few parame-
ters which are adjusted by comparison with data. They
have in common an almost complete agreement with ex-
periment in spite of vastly different basic assumptions.

We think it is premature to discuss whether string
fragmentation reveals information about QCD before one
has investigated in detail the final-state distribution ex-
pected from a decay which is completely governed by
phase space. There are two scenarios which one can
imagine to be completely phase-space dominated: Either
an instantaneous production of all final-state hadrons or a
sequential binary decay where in each step a hadron is
emitted and a string with lower energy is left, analogous
to the decay of a compound nucleus. Both processes
yield quite different results for the number of produced
particles and their momentum spectra. The first process
was recently investigated by Kurihara, Hiifner, and
Aichelin. In this article we explore the second ap-
proach. We assume —as did Field-Feynman and the
Lund group —that string fragmentation is a sequence of
binary decays where in the ith step a string of invariant
mass M;, decays into a hadron of species m; and a
string of mass M, :

I;, ;=J dyd pTfM (y, pT); (4)

i.e., f is the fragmentation function for the emission of a
hadron m with rapidity y and transverse momentum pT
from the string M. We assume that in longitudinal direc-
tion string fragmentation is determined by phase space:

—PT /A.

fM (y, pT ) = CMS 6(M/2 mTcoshy)e— , (5)

where CM is a constant, S =(2J +1)(2I +1), the 6
function expresses energy conservation, and A, is a free
parameter. It is taken as 0.8 (GeV/c) in order to give
best agreement with experiments. If we neglect the
kinematical bound for pT(y), we get for the longitudinal
fragmentation function

de~ —:Jd PTfMm(y~pT)

with

=CMS 6(y,„(M,m) —
~y~ },

M/2y, „(M,m) =arccosh
m

dPdp;I;, ;(M~, M~+m, )=J '
~T,&(P, ,p, )~~ . .

(2'�)
(2)

Defining

i T;, ;(P,p)l'—=2(2~)'fM (y, pT)

X5(p —m )6(po)5 (P; i
—P —p), (3)

we obtain

string(M, i) ~ string(M;)+hadron(m, ) .

The sequence starts with Mo =&s and terminates when
there is no energy left in the string. The decay rate for
each step in the rest system of the string is given by
Fermi's golden rule:

A, is the only parameter used so far. However, there is a
hidden parameter, the number of species of hadrons
which we allow to be produced. For the mesons it turns
out that the final hadron distribution (charged pions and
kaons) is almost independent of the resonances included.
The baryon-to-meson ratio, however, depends on the ra-
tio of mesonic and baryonic resonances included, provid-
ed one assumes a common transition matrix element
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e(y,„(M,m) —lyl)
1

2y max

and the average energy of the emitted hadron is

+&max 1(E ) = f dy (y)E(y)= pl. (y)
~max y max

&max

(8)

Before we proceed to the detailed numerical calcula-
tion it is advised to start with some analytical results.
For this purpose we neglect the recoil momentum of the
string and assume only one species of decay products
with a constant pT=(pT). The fragmentation function
is then

because only —', of the particles are charged. Please note
that the y s cancel and therefore the fragmentation func-
tion is completely determined once (pT ) is chosen.
There is no other parameter. Scaling is violated at low x
by the factor [x + (2m T /&s ) ]'/, in agreement with
European Muon Collaboration data and Ref. 5. For low
x the results of this simplified analytical model agree not
only qualitatively but even quantitatively with data as
can be seen in Fig. 1. This indicates that the results are
essentially determined once (pT ) is chosen and the ex-
tension to different species does only change the finer de-

pLmax

y max

where M is the mass of the string prior to fragmentation.
Replacing the logarithmic dependence of y „on the
string energy M by a constant y and neglecting terms of
the order (mT/M ), we obtain, for the average energy
loss of the string,

CJ

Ol
C9

10-1

b 10-2

(M;, —M;)=(E;)=

After i decay steps, the mass of the string is

(10)
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The average number of hadrons produced in the decay of
a string with the initial energy Mp can be obtained re-
quiring the decay terminates when M; ~ mT.

(N )(Mo)=2y ln
Mp

mT
(12)

The fragmentation function follows immediately from
Eq. (8). We neglect again the logarithmic dependence of
the normalization on the string energy and obtain 0. 0.2 0.4 0.6 0.$

de,
)
—

lyl )2y, „(M;
10

F 0 ' ed
med

e(y .„(M; &)
—

lyl ),1

2y

(y) = g (y) =i,„(y)

(13)
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Introducing the Feynman variable x =2pL /Mp it follows
that

10

1G
0

0

d+ h 2 Mp Mp
(x)=— ln

3 2E(x) 2E (x)

2 ln[x +(2m'/V's )2]'/2

[x +(2m /v's ) ]' (14)

FIG. 1. Momentum distributions. (a) shows the distribution
of lpl separately for charged pions, kaons, and (anti)protons at
&s =34.5 GeV. (b) and (c) show the distributions of
xL, =pL/(&s /2) and rapidity y at 14 GeV (o) and 34.5 GeV
(~ ). The result of the simplified calculation Eq. (14) is displayed
as a dashed line.
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tails of the distribution.
We proceed now to the detailed calculation, which is

performed employing a Monte Carlo method. During
the decay we allow the production of

rr, g, rI', K,D,D„B,B„p,g, cg, K*,D', D,*,B ',B,*

m = ' (mesons),
N, A, X, :- (baryons),

with the momentum distributions

de 1=const= 6(y,„—~y~ ),
2&max

—
p~2/& M-e 6 E(y—, p r)

(15)

We generated 100000 two-jet events at string energies of
34.5 and 14 GeV to allow comparison with TASSO data.
Flavor and baryon number are conserved in the string by
requiring that baryon and antibaryon, and the flavor
partners of the mesons are created in pairs. The only ex-
ception is the first step where we assume that an open
strange, charm, or bottom meson is produced according
to the kind of the string (dd:uu:ss:cc:bb =1:4:1:4:1}.
Once the primary hadron is emitted with four-
momentum p =(mz coshy, mrsinhy, pz. ), four-
momentum conservation is provided by adding the recoil—p to the (anti}quark on the same "side" of the string.
Then the new string energy M; and the Lorentz transfor-
mation matrix A; (consisting of a boost and a rotation) to
the c.m. system of the new string are computed and the
decay resumes in this new Lorentz frame. This pro-
cedure continues until the string energy M; is smaller
than the pion mass.

The primary produced hadrons are usually short lived
and decay into "stable" final-state particles m, K, and X.
We have implemented all the experimentally known de-
cay channels with decay fractions of more than about five
percent. All the two-, three-, and four-body decays are
generated as phase-space decays. Since the decay chan-
nels and absolute fractions of the D and 8 mesons are
partly very poorly known, this introduces some uncer-
tainty to our model. The inAuence of these uncertainties
we have checked by replacing the known 8 decays by a
pure phase-space decay into pions. The resulting changes
are very small as far as the observed particles are con-
cerned. The inhuence on the number of resonances is
hard to be estimated.

To compare with experimental data, sphericity and
thrust axis are computed and multiplicity distributions,
inclusive momentum distributions of charged particles
with respect to these axes, etc., are recorded.

Figure 1 shows momentum distributions of the pro-
duced hadrons. In Fig. 1(a) we present the calculated dis-
tribution in p =

~ p ~
for m. , K, and p separately as com-

pared to the data of Ref. 6. We see an increase of the dis-
tribution at low momentum and a decrease at high
momentum. As also seen experimentally, the momentum
at the maximum of the calculated distribution is different
for the different species. It is determined by the scale-

breaking term of Eq. (14). We observe a good agreement
between theory and experiment for the absolute yield as
well as for the shape. The relative ratio of pions, kaons,
and protons is only due to the different masses of these
particles and the primordial resonances which produce
them. No additional suppression factor is required. Fig-
ures 1 (b) and 1(c) display the momentum distribution of
all charged hadrons for two difFerent energies (14 and
34.5 GeV). In Fig. 1(b) the distribution is plotted as a
function of Feynman x (x =2pI /&s ). At large x the
distribution is a function of x only; at low x we observe a
scale breaking (i.e., a dependence of the distribution on
the energy of the string), as predicted already by Eq. (14).
The distribution obtained in our simplified model (with
mz =0.4 GeV) Eq. (14) is displayed as dashed lines. It
agrees quite well with the more sophisticated calculation
at low x but differs at large x. This difference is due to
the formation of resonances. Resonances have a higher
mass compared to the observed particles and therefore
their maximum momentum for a given string energy is
lower. This depopulates the large-x region. It is not
completely counterbalanced by the resonance decay be-
cause on the average only —,

' of the momentum is in the
direction of the jet. Hence the decay products do not
populate the large-x region in the same way as one would
observe for a decay of the string into pions only. The ra-
pidity distribution is displayed in Fig. 1(c). Both the x
and the rapidity distribution agree quite well with data.
We observe a plateau in the central rapidity region whose
extension increases with beam energy.

Figure 2(a) shows the multiplicity distribution of the
primordial hadrons as compared with that of the ob-
served particles. We see that only a small fraction of the
observed pions is directly produced. Most of them come
from resonance decay. This questions the applicability of
pion interferometry to determine the source size. Please
note that the ratio between strange and nonstrange parti-
cles, which is also determined by phase space only, is
reproduced quite well. We also find a good agreement be-
tween theory and data for high-mass resonances such as

po and E* despite the poor knowledge of their produc-
tion in B and D-meson -decays. Figure 2(b) shows the
multiplicity distribution of charged hadrons for &s = 14
and 34.5 GeV. At 14 GeV we see an almost perfect
agreement between theory and calculation; at 34.5 GeV
the measured multiplicity distribution is narrower than
the calculated one. This is a first hint that the 34.5-GeV
data show more than phase space.

Figure 3 displays the transverse-momentum distribu-
tion at +s =14 and 34.5 GeV. For each energy we
present the transverse-momentum distribution of all
charged particles as well as the average squared trans-
verse momentum as a function of Feynman x. For 14
GeV we observe an almost complete agreement between
theory and experiment for the pz distribution of all parti-
cles as well as for (pz )(x). Since our fragmentation is
completely symmetric for both jets we can conclude that
the asymmetry of the "seagull" shape of (pz )(x) at this
energy is completely due to the sphericity analysis. Be-
cause of the fluctuations of the momentum of the charged
particles it produces always a wide and a narrow jet. At
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FIG. 2. Multiplicities. (a) The mean multiplicities of primor-
dial and observed particles at 34.5 GeV. (b) Multiplicity distri-
butions for charged particles at 14 and 34.5 GeV.

FIG. 3. Transverse momenta. (b) and (d) Distribution of
transverse momentum pT with respect to the sphericity axis. (a)
and (c) Average squared transverse momentum (pz ) as a func-
tion of xL for charged particles at 14 and 34.5 GeV.

34.5 GeV we still see an agreement between theory and
data over 2 orders of magnitude for the pT distribution.
This distribution is determined by the low-x particles. At
large x we see some difFerences. There the theoretical
(pT )(x ) is considerably smaller than the experimental
one. Obviously three-jet events, which are not included
in our analysis, become important at 34.5 GeV. This,
however, is the only place in the analysis where the
phase-space approach is insufhcient to explain the data
quantitatively.

We have seen that the majority of available e+e data
at various energies can be well described assuming a
sequential decay of a string into hadrons. Each step is
described by Fermi's golden rule assuming that the ma-

trix elements are dependent on the transverse momentum
only and the longitudinal distribution is completely deter-
mined by phase space. The only parameter employed in
this approach is (pT ). Consequently, single-particle-
inclusive fragmentation data reveal little about the under-
lying @CD mechanism. It seems that the numerous ad-
justable parameters of the more complicated fragmenta-
tion models cancel because longitudinal phase space only
describes the data on the same level of agreement.
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