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and comparison to perturbative QCD predictions
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Abstract. Inclusive momentum distributions of charged particles are measured in dijet events. Events were
produced at the AMY detector with a centre of mass energy of 60 GeV. Our results were compared, on the one
hand to those obtained from other e+ e− , ep as well as CDF data, and on the other hand to the perturbative QCD
calculations carried out in the framework of the modiﬁed leading log approximation (MLLA) and assuming local
parton–hadron duality (LPHD). A ﬁt of the shape of the distributions yields Qeff = 263 ± 13 MeV for the AMY
data. In addition, a ﬁt to the evolution of the peak position with dijet mass using all data from different experiments
gives Qeff = 226 ± 18 MeV. Next, αs was extracted using the shape of the distribution at the Z 0 scale, with a
value of 0.118 ±0.013. This is consistent, within the statistical errors, with many accurate measurements. We
conclude that it is the success of LPHD + MLLA that the extracted value of αs is correct. Possible explanations
for all these features will be presented in this paper.
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1. Introduction
e+ e− annihilation into hadrons proves to be a wonderful
laboratory for detailed experimental tests of QCD [1].
The high statistics data available from different experiments allow one to perform detailed studies of perturbative QCD and to reduce the domain of our ignorance
on the physics of conﬁnement. The data have convincingly demonstrated the dominant role of the perturbative QCD phase of jet evolution and supported the
hypothesis of local parton–hadron duality (LPHD) [2].
We report the measurement of inclusive momentum distributions of charged particles in dijet events.
These events were produced
√ at the AMY detector
in e+ e− collisions with S = 60 GeV. The results
are compared with the experimental results obtained
from CDF at Fermilab [3], the published data from
LEP [4] and the perturbative QCD calculations carried out in the framework of the modiﬁed leading
log approximation (MLLA) [5–10] and the hypothesis

of local parton–hadron duality (LPHD) [11]. The
MLLA evolution equations allow an analytical description of the phenomenon of a parton shower for gluon
and quark jets. The LPHD hypothesis assumes that
hadronization is local and occurs at the end of the parton shower phenomenon, so that properties of hadrons
are closely related to those of partons. Altogether, the
MLLA+LPHD scheme views jet fragmentation as a
predominantly perturbative QCD process.

2. Experimental set-up
The central feature of the AMY detector is a 3 T
solenoid magnet that allows the detector to be compact while maintaining good momentum resolution.
Charged particles are detected efﬁciently over the polar
angle region cosθ < 0.87 with
 a momentum resolution
pT = 0.7% × pT (GeV/c) . The detailed description
of various detector components is given elsewhere
[12].
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3. Inclusive momentum distribution
The inclusive momentum distribution function of partons in jets, D(ξ ) = dN/dξ , in MLLA is deﬁned in
terms of the variable ξ = ln(1/x), where x = p/Ejet
and p is the parton momentum.
This distribution is predicted to have a distorted
Gaussian shape [3]:
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where δ = ξ − ξ0 and ξ0 is the position of the maximum of the distribution. The coefﬁcients σ, s, and l
respectively are the width, skewness, and kurtosis of
the inclusive momentum spectrum. These coefﬁcients
are calculated to next-to-leading order and depend on
Qeff which is deﬁned below.
The MLLA also predicts the energy evolution of the
peak position of ξ distribution [4]:
√
ξ0 = 0.5τ + cτ − c,
(2)
where τ = ln(Q/Qeff ). Qeff is the phenomenological
scale and
√ Q is the jet hardness (in this formalism,
τ = ln( S/2Qeff )) and c = 0.2915 (0.3190) for three
(four) active ﬂavours. Inclusive momentum spectra
and the peak of the inclusive momentum distribution
is shown in ﬁgure 1. The peak of the distribution is
indicated by ξ0 .
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By ﬁtting eq. (1) to the ξ distribution measured in
our AMY data, we ﬁnd ξ0 = 3.220 ± 0.03. Furthermore, by applying eq. (2) to our data for three active
ﬂavours, we obtain Qeff = 263 ± 13 MeV. This value
is consistent with the results from BES [13], OPAL [4],
ZEUS [14] and CDF [15], which are 262 ± 9 (e+ e− ),
263 ± 4, 251 ± 14 (ep) and 256 ± 13(p p̄) MeV respectively. We have imposed the Origin and Mathematica
softwares to ﬁt eq. (1) on the distribution obtained
from our AMY data with a (χ 2 /(number of degrees of
freedom (n.d.f.))) = 1.08.
Two types of systematic errors are considered,
namely those coming from the differences between the
data and Monte Carlo and those coming from the types
of Monte Carlo used. The former is found by using the
AMY data as well as the PYTHIA Monte Carlo, and
the latter is found by taking the difference between the
corrected distribution obtained with the PYTHIA and
HERWIG Monte Carlo.
The QCD scale Qeff is related to the (running) strong
coupling constant (single loop) by [16]
αs
1
=
,
(3)
2π
b ln(Ebeam /Qeff )
where b = (11Nc −2nf )/3 = 9 for Nc = 3 and nf = 3.
The value of αs extracted from the above formula for
Qeff = 263 MeV at the Z 0 scale (Ebeam = 91.2 GeV)
is αs = 0.118 ± 0.013. This value is consistent within
the statistical errors with many accurate measurements
[17]. We conclude that it is the success of LPHD +
MLLA that the extracted value of αs is correct.

4. Dijet mass distribution vs. Qeff

Figure 1. Inclusive momentum distributions of particles in
jets with Q = 27 GeV for CDF [3] and Q = 30 GeV for
AMY data. The solid curve corresponds to the ﬁt of the CDF
data and the dash–dotted curve corresponds to the ﬁt of the
AMY data.

At this stage, we present the dijet distribution for our
AMY data as well as for p p̄ (CDF), e− p, and LEP
experiments. The Tevatron data (CDF), with their
broad range of energies, present a good opportunity
to verify the validity and consistency of the MLLA
approach on an energy scale much larger than that
available at other machines. Imposing some limits on
the cone size which make the overlap of the energy
regions of the Fermilab Tevatron and e+ e− experiments, allows a direct comparison of experimental
results in very different environment. Dijet mass is
deﬁned as

Mjj = (E1 + E2 )2 − (P1 + P2 )2 ,
(4)
where E1 , P1 and E2 , P2 are the energy and momentum of jet 1 and jet 2 respectively. In CDF, the dijet
mass is selected in three different cone sizes θc =
0.28, 0.36, and 0.47 rad [3,15].
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Figure 2. Fitted values of the MLLA parameter Qeff as a
function of dijet mass, for three cone sizes, θc = 0.28, 0.36,
and 0.47 rad for CDF data [3]. The reported value is Qeff =
230±40 MeV and width of the shaded area shows this error.
Length of the shaded area also shows the range of dijet mass
used in their analysis [3]. For comparison, the data from
e+ e− [18] and ep [19] experiments are also shown.

One should keep in mind that in experiments with
low centre of mass energies compared to the CDF data,
results quoted from other experiments including our
AMY data were obtained by counting all particles in
the full solid angle for e+ e− experiments or the entire
jet hemisphere for ep experiments, which technically
corresponds to the opening angle θc = (π/2) rad.
Figure 2 shows Qeff obtained from the ﬁts to the
momentum distributions against dijet energy Mjj , for
CDF [3] and AMY, as well as, for other experiments
[18,19]. Averaging over the whole range of energies
for different cone angles in the CDF data, the reported
value is Qeff = 230 ± 40 MeV. Width of the shaded
area shows the above error; the length of the shaded
area illustrates the range of dijet mass used in CDF.
One can see from the ﬁgure that Qeff tends to become
smaller for larger energies. The slight drift in the value
of Qeff may be due to the presence of higher-order
contributions and/or non-perturbative effects at the
hadronization stage. However, the moderate scale of
these variations suggests that the overall shape of the
momentum distributions is, indeed, mostly governed
by the perturbative stage of jet fragmentation [3].

5. Peak position of the momentum distribution
In §3, we performed the calculations according to
the MLLA prediction which considers a distorted
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Gaussian ﬁt to the distribution. In this section we repeat
our analysis by using a pure Gaussian ﬁt in the vicinity
of peak position of the distribution. This measurement
of Qeff is somewhat different from the direct ﬁts to
the MLLA-predicted function. It depends only on the
momentum distribution of peak position, and does not
depend on the shape of the distribution as a whole.
However, as the peak position is the same for both analyses, we expect that the new method gives us results
similar to the MLLA calculations.
Figure 3 shows the ξ0 = ln(1/x0 ) distribution against
dijet energy, for AMY data as well as for other experiments at different energies [20–26]. As mentioned
in the previous section, the results quoted for all the
experiments except for CDF, corresponds to the opening angle θc = π/2. One can see that all points for
different datasets, being plotted vs. dijet energy, do
cluster along the same line. Assuming that Qeff is
a constant for different energies, a ﬁt to all datasets
(including AMY data) gives Qeff = 226 ± 18 MeV.
Our result is consistent within the statistical errors with
the obtained value of Qeff = 223±20 for the CDF data
[3]. We have employed a similar procedure for calculating the systematic errors as mentioned in §3, namely
by considering the difference between the data and
Monte Carlo on the one hand and by taking the difference between the two types of PYTHIA and HERWIG
Monte Carlo on the other hand. This conﬁrms the validity of the MLLA description of jet fragmentation in the
range of jet energies.

Figure 3. Momentum distribution peak position as a function of Mjj sin θc = 2Ejet sin θc . Also plotted in the ﬁgure
are the data points from e+ e− [18] and ep [19] experiments.
A ﬁt to all datasets gives Qeff = 226 ± 18 MeV.
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Figure 4. ln(kT ) distributions for dijet mass with Q = 19 GeV for CDF data [27] and Q = 30 GeV for AMY data. CDF
data and AMY data are compared to the MLLA and NMLLA predictions.

6. Transverse momentum, kT , distributions
Due to the recent theoretical work [27], the measurement of intrinsic kT (transverse momenta of particles
with respect to jet axis) is of particular interest because
it allows us to probe particle spectra which are softer
than the previously measured observables. We use the
thrust as the jet axis. It directs along a line which maximizes the sum of the momenta of all particles in an
event along that axis. The analysis was carried out in
the dijet centre-of-mass frame. Tracks only within a
cone of θc = 0.5 rad around the jet axis for CDF
are considered. For the AMY data, θc = π/2. The
theoretical predictions were made in the framework
of MLLA and next-to-MLLA (NMLLA) [28]. Distributions were normalized to the average multiplicity
of particles in jets. The goal of this study is to compare the shape of the kT distributions of CDF with
that of the AMY data. Figure 4 shows kT distributions
on top of the MLLA and NMLLA curves. The agreement between both data and MLLA predictions is fairly
good in the region of low ln(kT ). However, MLLA predicts more particles with larger transverse momenta
than observed in the data. The agreement between both
data and NMLLA calculations is good in the entire

range of ln(kT ) [28]. We conclude that these is more
agreement between the data and the theory when
higher-order calculations are included.

7. Summary and conclusion
We have measured inclusive momentum distributions
of charged particles in jets for dijet events. The analysis was done for all particles concerned with AMY data
and other e+ e− experiments as well as ep data. The
results were compared with those obtained from CDF
Tevatron in Fermilab for the particles in restricted
cones around the jet direction (θc = 0.28, 0.36, 0.47
rad).
The data were compared with calculations carried
out in the framework of the modiﬁed leading log
approximation in conjunction with the hypothesis of
local parton–hadron duality.
A ﬁt of the shape of the distributions yields Qeff =
263 ± 13 MeV for the AMY data and Qeff = 230 ±
40 MeV for the CMF data. A ﬁt to the evolution of the
peak position with dijet mass for different data gives
Qeff = 226 ± 18 MeV. This value is consistent within
the statistical errors with the obtained value of Qeff =
223 ± 20 for CDF.
Next, we extracted αs by using the shape of the distribution at the Z 0 scale with a value of 0.118 ± 0.013.
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Within the statistical errors this is in good agreement
with many accurate measurements [17].
The fact that measurements from different experiments nicely overlap and complement each other
implies jet universality in various environments. It also
conﬁrms the validity of the MLLA description of jet
fragmentation in the range of jet energies.
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