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Abstract

The results of an investigation based on ALEPH data, ete~ — hadrons at /s = 91 GeV,
into fluctuations in rapidity space are presented. It is found that the behaviour of the factorial
moments is well represented by the Lund parton shower model. An estimate is made of the
scale of fluctuations needed to describe the data. Differential moments are introduced and are
used to demonstrate that within the average represented by the traditional factorial moments
the pattern of fluctuations is itself a strong function of rapidity. This pattern is shown to
be primarily associated with the emission of hard gluons. The implied structure between the
hadron clusters and partons is explored by the use of transverse mass moments. It is concluded
that the principal features of the one-dimensional factorial moments, differential moments and
transverse mass moments have their origin in the O(«,) matrix element, kinematic boundaries
and the method of selection of the event axis.
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1 Introduction and Overview

Intermittency is a term derived from turbulence theory to describe one of the routes
which a system takes in going from a stable to a chaotic state. This transition is
displayed by characteristic observables of the system having randomly occurring spikes
In the distributions of appropriate variables. In high energy physics the spikes could
correspond to particle clusters. Many physical effects could lead to such clustering.
The analysis of moments of particle distributions in high energy physics was proposed
by Bialas and Peschanski [1], originally in connection with identifying a quark-gluon
plasma. In most analyses the moments have been applied to rapidity distributions of
the tracks to give information on particle correlations in rapidity space. The sub ject of
this paper is their application to ALEPH data on ete- — hadrons at the Z peak where
large effects are observed.

There are two main approaches to the interpretation of intermittency. In the first
approach the phenomenon is discussed in terms of the magnitude and form of clustering
as a function of scale. One concern is the extent to which the data may show self
similarity at different scales, possibly reflecting some internal cascade processes. Such
an analysis is often presented in terms of a scale-dependent fractal dimension. The
second approach uses the fact that some models of hadronisation, such as the Lund
parton shower (PS) Monte Carlo [2], describe the intermittency effect seen in the data.
The Monte Carlo models are studied and used to understand the underlying physics
creating the effect. This investigation adopts the second approach and focuses on the
question ‘Why do the one dimensional moments in rapidity space behave as they do?’

Ochs [3] has argued for a general analysis in terms of the scaling properties of mul-
tiplicity functions and their relationship with behaviour at the parton level. Sjostrand
has stated that parton-induced jets are important in rapidity correlations [4], and that
an intermittency signal from jets does not have to be related to a parton cascade mech-
anism; even 3-jet events alone should show the effect. By contrast, Gustafson and
Sjogren (5], and Gustafson [6], have emphasized the importance of the parton cascade
in explaining the observed behaviour of the moments, but they also noted the impor-
tance of directly produced pions from string fragmentation. However, there have been
uncertainties in the significance of different processes and their relatjve contribution to
the creation of an intermittency signal. It is clear that perturbative effects should be of
increased importance at LEP energies compared with data from PEP and PETRA, as

OPAL [7] indicates.

Event selection and simulation are described in section 2. In section 3, hadron
correlations in ALEPH data are analysed in rapidity space using a factorial moment
analysis. These moments are referred to here as ‘global moments’ to indicate that the
whole range of y considered is included in the moment calculation. The results are in
agreement with the conclusion from DELPHI [8] and OPAL that the behaviour of the



moments at LEP energies is well described by the parton shower model. In section 4,
differential moments are introduced and are shown to be strong functions of rapidity.
The shape and magnitude of these functions are also well described by the Lund PS
model. It is found that the dependence on rapidity is greatly reduced if the perturbative
QCD effects are not included in the simulation. In section 5, a weighting procedure is
introduced to investigate this by replacing the number of hadrons in a rapidity bin by
a boost-invariant measure, their transverse mass. A direct comparison is made between
transverse mass moments for data and Monte Carlo at the hadron level, and then
between hadrons and partons using the Monte Carlo. It is shown in section § that the
essential features of the one dimensional differential and transverse mass moments have
their origin in the O(a,) matrix element, kinematic boundaries and the use of the thrust
axis for rapidity determination. Summary and conclusions are given in section 7. -

2 Event Selection and Simulation

The ALEPH detector is described in detail elsewhere [9]. Charged tracks are measured
over the range |c. 5(8)] < 0.95, where 6 is the polar angle, by an inner cylindrical drift

chamber, the ITC, and a time projection chamber, the TPC. These together with a
solenoidal field of 1.5 Tesla give a momentum resolutjon of ép/p* = 0.0008 (GeV/c)!.

The analysis is based on a sample of ALEPH 1990 data on ete” at energies close
to the Z resonance peak. Trigger inefficiency was negligible. Acceptable tracks were
required to have at least four coordinates measured by the TPC, a polar angle with
respect to the beam axis in the range 20° to 160°, a transverse momentum, P,, with
respect to the beam axis > 200 MeV/¢, and to extrapolate to within 2 cm (d,) of the
beam axis, and 5 cm (2z,) of the interaction point. Selected events were required to have
at least 5 such tracks in the appropriate rapidity range; after cuts, approximately 80K
events were analysed. The thrust axis was found from the accepted tracks, and was
required to have a polar angle 35° < § < 145°,

The Lund PS model gives a very good general description of hadron events and of
intermittency effects, as shown later. For direct comparison with data, Monte Carlo

events (approximately 70K) with complete detector and experimental event selection
were generated using as input JETSET 6.3 specially tuned [10] to match the data on
inclusive and event shape variables. These are referred to as GALEPH [GEANT +
ALEPH]| events after the name of the simulation program. The investigations were
based on generator level Monte Carlo events created with the same parameter values.
All particles with a mean lifetime of less than 1 ns were required to decay, the others
were treated as stable. The effects of the detector and experimental cuts were checked by
comparing the results of the two Monte Carlo sets for the variables studied, and were
found not to affect the physics conlusions. 'Appropria.te variations in the parameters



could then be introduced at the generator level and comparisons made between the
hadron and the parton level without the need for correction for detector effects. The

aim of this paper is to find a physics explanation and so no corrections are applied to
the data here.

3 Global Factorial Moments

3.1 Method

The rapidities with respect to the thrust axis of all charged particles in a hadronic event
are calculated assuming the pion mass using the formula

y =0.5In[(E +py)/(E — py)) (1)

where E is the energy and p| the momentum component of the hadron along this axis.
The interval Ay, —2 < y < 2, is divided into M equal bins of width Ay/M. From the
number, n,,, of particles in the m" bin, the quantities

(Si)m = (R = 1) ... (R — & + 1) (2)
are found for each bin.

T'wo slightly different definitions of the factorial moments are commonly used, re-
ferred to here as standard moments and normalized moments F!/(M) and FM"(M) re-
spectively.

1 M , ;
F'(M) := ( M zm:(}v()'?t)m) M (3)

A_l,f Zf:l(si)m M
N(N-l)...(N—-i+1)> (4)

F(M) :=

N is the total number of particles in the Ay range, typically 12. Both moments are
sensitive to any local correlations in particle number density within the range Ay. Both
expressions average to unity for a random distribution, in which both the total number
of particles and the number in each bin have Poisson distributions. The normalisation
of the standard moments includes the mean multiplicity of events, and so they are
sensitive to the shape of the distribution in N , whereas this dependency is removed in
the normalized moments. The higher moments give greater weight to larger clusters of
tracks in the bins and to some extent contain information held in the lower moments.

3



3.2 Results

Figures la,b show that the Lund PS model agrees well with the data for the standard
and normalized moments. Changes in the cuts, in d, from 0.5 to 3 cm, in z, from 3 to
6 cm, in the minimum polar angle of a track with respect to the beam axis from 15 to
25 degrees, and in the cosine of the polar angle of the thrust axis from 0.5 - 0.8, had
little effect on the data. Only the P, cut was found to make a significant change in the
analysis and will be discussed later. |

The results show, as do those of DELPHI and OPAL, that the Lund PS model is
in quantitative agreement with data at LEP energies. CELLO [11] made a general
3-dimensional analysis using cells in Lorentz invariant phase space, from which they
concluded that no new physics was required to describe the data. TASSO [12] analysis
gave no conclusive evidence as to the agreement of the models, but it was shown there
that 2-jet events displayed a weaker intermittency signal; TASSO also introduced the
normalized moments. The general conclusion is that the use of the Lund model could

lead to the understanding of which effects are important in contributing to the signal
detected.

3.3 A Simple Model

To give an indication of the magnitude of the effects needed to account for such mo-
ments, comparison is made with a simple model of a fluctuation process in which, within
a constant (dN/dy) there are two contributions to the hadrons, each of which is Pois-
sonian. One process contributes uniformly over the full y range of interest with a total
number of particles n,. The second component extends over a fraction f of the full y
range, within which it raises the mean level by a factor 4. The position of this compo-
nent is to be randomly distributed over the full y range. One could picture some physics
process which superimposes a local clustering of particles and which itself could occur

anywhere within the y range, on top of the main, structureless background. The model
assumes that every event is of this nature.

Taking (V) = 12 to match the data over the interval |y| < 2, there are effectively
just two parameters of the model, f and 8. The fraction, f, controls the value of M
at which the moments start to saturate with increasing M, roughly at M = 1 /f. The
parameter 3 controls the asymptotic values of the moments at high M, though not their
relative magnitudes. For a Poisson distribution both the standard and the normalized
moments equal 1.0 for M = 1, whereas the moments are higher in the data, reflecting a
non- Poissonian distribution. No attempt is made to simulate a non-Poisson distribution
in total N, and therefore comparison of the simple model is made to the normalized
moments. With appropriate choices of 8 and f, quite a reasonable description of the

4



data is possible. This is shown in figure 2 with 8 = 3.5 and f = 0.35. The agreement,
including the relative magnitudes, is surprisingly good in view of the simplicity of the
assumptions. |

The parameters of the simple model indicate the magnitude of the effects needed to
account for the observed behaviour of the moments, namely, that there has to be some
process that can increase the density of the tracks over about 1.4 units of rapidity space
by an average factor of about 3.5 — not necessarily constant of course, as the process

1tself could be subject to fluctuations. This magmtude would have to be even greater if
only a fraction of the events were affected.

The model can also serve to demonstrate some of the more general features of mo-
ments analysis. Moments increase with M because as long as the fluctuations occur
within a single bin, Ay/M, the narrower this bin the greater their significance. In the
limit in which the mean number of particles, n;.f(8 — 1), in the fluctuation is held
constant while the width f tends to zero, the moments will exhibit a power law rise
F(M) proportional to M*~! in the range 1 < M < f~*. This is a simple example of
scale invariance leading to a power law dependence. It should be mentioned that this
simple model is not expected to be successful in higher dimensions.

4 Differential Moments

4.1 Method

The moments which have been used so far do not contain information on the distri-
bution in y of the fluctuations, because they are averaged over the entire range. [t is
useful to know if the moments are uniform with Yy, or if they tend to cluster in par-
ticular regions as can occur, for example, for b quark decays in data also containing
light quarks. The differential moments are introduced in order to study the y depen-
dence of the fluctuations and are calculated as follows: the value, (S;)m (equation 2),
is given for each of the M individual bins across the y range. The average over all events,

(fdm = ((§:)m)/ (nm)* (5)

is taken. The denominator, the mean number of tracks in the bin, ensures that for
a Poisson distribution f; = 1.0 for all i. Since each y bin is analysed with respect
to its own mean, there is no longer any need for a relatively flat y distribution, and
the differential moments can be used to study the fluctuations in regions where the
rapidity density is varying rapidly. Therefore, a range —4 < y < 4 is used, which
includes the majority of particles produced. As all the global moments showed similar

9



behaviour, attention is focused on the third moment, fi, in order to limit the number
of combinations; the statistical errors are small and any effect of gamma conversions is
reduced due to the weighting of the third moment. The average value of a moment at
a given y will be unchanged under changes in M, or bin width, if the particles within
that bin are uncorrelated. This is important in following the evolution of the structure

as a function of M.

4.2 Results and Interpretation

Figures 3 show the rapidity distributions for the data and Monte Carlo. It can be seen
that data and the GALEPH Monte Carlo agree very well. At generator level the most
significant effect is a much reduced central dip. Figure 3d demonstrates that this effect
1s mainly due to the P, cut of 200 MeV/c on tracks. The global moments average over
such variations.

The differential moment f; is shown in figure 4 over an extended range of y. Beyond
ly| = 2.0, where the density is falling very rapidly with increasing |y|, fs is almost
constant with a value of about 1.5 which is close to the Poissonian value of 1. Main
attention is directed to the central region of ly| < 2.0, where two peaks apper near
ly| = 0.6. The horizontal line shows the corresponding global moment FJ(M = 16). It
1s seen that within this average there is a rapid and striking variation in the pattern of
fluctuations as measured by f;. The differential moments are independent of the averge
rapidity density in a bin because they are normalized by it. The peaks in the differential
moments are narrower than, and displaced from, those in particle density.

Figure 5 shows the evolution of the differential moment, f, with increasing M. This
corresponds to the evolution seen in the rise of the global moments (figure 1a). The
central structure changes, with the peak increasing from 6.5 to 8.0 when M is doubled
from 16 to 32. The values at high |y| scarcely change. These results are also insensitive
to the variations in the cuts on tracks and events described in section 3.2.

Figure 6 shows the difference in the moments according to whether the event axis
was chosen to be thrust or sphericity for the calculation of rapidity. It can be seen that
in the central region, |y| < 1, the dip structure disappears if sphericity is used. The
explanation is given in section 6.

Investigations were carried out using the Monte Carlo to determine the source of the
correlations. At generator level the magnitudes of the moments are decreased, relative
to those with experimental detector and cut simulation, within the region |y| < 1, as

seen in figure 7, but the structure has the same general shape thus retaining the same
physics. The rest of the section deals with these analyses.



The effect of variations in particle density as a function of flavour was small; Monte
Carlo studies show that this is greatest around ly| = 2 for bb events, which are only
1/5 of the total. In the moments, light and heavy quarks investigated alone showed the
same general structure. It was also verified that the assignment of the pion mass to all
charged tracks had a negligible effect on the moments.

A high particle multiplicity on one side of an event in rapidity is often associated
with high gluon energy flow on the same side. This relationship was most directly tested
by switching off the perturbative QCD eflects, equivalent, in string model language, to
removing the kinks in the string. The effect on the moments can be seen in figure
8a. There is still a significant though much smaller structure at |y| = 2.6. This-is
principally the effect of the admixture of 36 in the simulation which produces a high
particle multiplicity in this region when there is a hard fragmentation function and no
gluon radiation.

The total mean number of charged particles in this last test fell from about 20 to
12. The significance of clustering must be compared with that expected from Poisson
statistics for a given mean; to correct for this, the Lund fragmentation parameter, a,
was increased from 0.5 to 4.0 (with all other parameters unchanged), giving a mean of
20. Figure 8b gives the result. Effects such as decays, flavour admixture, and hadro-
nisation are present in similar proportions in the non-perturbative and Lund PS dis-
tributions. The differential moments decrease, because residual fluctuations become
relatively smaller with respect to the increased means. The absolute values are also
closer to Poissonian. Jet-like structures produced by perturbative QCD are the most
important effect.

These results should not be taken to exclude contributions to intermittency from non-
perturbative processes in general, for example the CELLO [11] analysis. The reference
to a rapidity axis emphasizes particular kinds of fluctuation, such as those from jets,
and the restriction to one dimension can, as emphasized by Ochs [3], average over
and thereby weaken other contributions. The investigation indicates that the main
behaviour of the global and differential moments in rapidity has its origin at the parton
level and that their study can be a simple way of examining parton-induced effects in
the event sample. The nature of these effects is such that any of the higher moments
could also have been chosen for the study, as shown by figure 1a. The exploration of
the relationship between partons and hadrons as it affects intermittency is described in
the next two sections.



5 Transverse Mass

5.1 Definition

The previous investigation has dealt solely with fluctuations in hadron number density,
this being the main tool of intermittency analysis. However, hadrons with a given ra-
pidity cover a wide spectrum of energies particularly in the important central region
where rapidity becomes essentially a function of polar angle alone. It is proposed here
that the source of the fluctuations comes from the superposition of events with a gluon
contribution to the y distribution, and therefore the significance of a fluctuation should
lie also in the associated energies, rather than merely the number, of hadrons in a ra-
pidity bin. In order to pursue this idea the simplest procedure would be to weight
each hadron in a given rapidity bin by its energy, eftectively replacing hadron number
by total hadron energy. This however introduces a major disadvantage in studying vy
dependence because energy density is not invariant under boosts along the rapidity axis
as 1s the number density. This problem is avoided by the following procedure. Hadrons
are allocated to bins in y as before and the quantity:

M= \[S(E+R) Y (E - B) (6)

for the set of tracks in each bin is calculated. This quantity is referred to as the transverse
mass of the set of hadrons and reduces to the total energy at y = 0; 1t is invariant under
boosts in y. It can be applied at both the hadron and the parton level. Its use will
also lead to an explanation at the parton level of why the differential moments have the
observed structure in y, and why the choice of thrust rather than sphericity is important
in the determination of the rapidity axis.

5.2 Results

It is convenient to examine the y dependence in terms of one of the higher moments
of the transverse mass distribution. Such a moment gives a single number at each y
value and emphasizes the high mass tail of the distribution, as did the higher factorial
moments emphasize the high multiplicity tail in the hadron multiplicity distributions.
Attention is again directed to the third moment, (M,®) which is shown for data and
Monte Carlo as a function of y in figure 9. The general structure is even clearer in the
transverse mass moments where the fall at high y seen in the differential moments is
accentuated. The Monte Carlo can now be used to make a direct comparison between
hadrons and partons at generator level. The gluon mass is taken as zero and the default
Lund values are used for the quarks. The moments for the hadrons are shown in figure
10a and for the partons in 10b. The similarity in the shape of the transverse mass



moments is confirmation that the structure seen in the various moments at hadron level
has its origin at the parton level. Monte Carlo studies have shown that the major source
of the relative magnitude of difference between the hadrons and partons is mainly due to
missing transverse mass resulting from the use of charged hadrons only. If, as before, the
‘perturbative processes are switched off, the moments become very small (figure 10a,b).
The discontinuities in the moments in figure 10b, just below |y| = 3.0, are produced
- by b quark events, which have a maximum rapidity at this value because of the large b
quark mass.

6 The Origin of the Structure

It has been shown with the differential moments and confirmed with the transverse mass
moments that the origin of the intermittency effect is at the parton level. The purpose
of this section is to relate the basic parton level physics to what is being seen in the
data.

To O(a,), the cross section for the process et e~ — gqg 1s given in terms of fractional
energies z; by

do  2a, (z1%®+ z3?)
i d
o 3 (1 —z1)(1 — z3) dz1dzs (7)

where =) = E i/ Ebeam refers to the quark, z, to the gluon and z;3 to the antiquark, all
assumed massless. The axis is taken along and in the direction of the quark. The scaled
transverse mass, my; = M,/ Fy.am = z;sin 03; = z3sin 63;, where 0;; is the angle between
partons ¢ and j; the transverse mass of individual, massless partons is the same as the
transverse momentum. The quark and gluon together have a large transverse mass but
zero transverse momentum. For the gluon y = In(cot 6,/2), and for the antiquark:

y = In(cot #3,/2). Transforming to the m, — y plane, the cross-section for the emission
of a gluon becomes: |

dmtdy

ag 2 2
o 3 (21 +257) oy

(8)

Apart from the slowly varying quadratic factor, the density on the m; — y plane
falls as 1/m, and is independent of y. For any given y there is a kinematic limit on
the maximum value of M, which, along with the density distribution, controls the value
of the moment. The result is a smooth, structureless variation in the moments with

9



y. The central structure seen in the moments has some origin other than the matrix
element probability.

The density in the m, — y plane above was calculated with respect to the quark
direction, while in the analysis the axis is chosen to maximise the event thrust. The
- corresponding procedure at the parton level causes the axis to align near to the most
energetic parton. If the variables are re-evaluated with respect to the thrust axis then
the distributions in the m, — y plane split such that the central dip emerges in m, as
a function of y. The predicted positions of the peaks, namely |y| = In(tan 60°) = 0.55,
correspond closely with those seen in the differential moments.

The difference in the moments defined with respect to the thrust or sphericity axis
can also be seen at the parton level. In an event with two equally energetic partons and a
third smaller energy parton (an example of the type of event which populates the central
region of the rapidity distribution), the sphericity axis will be along the symmetry axis
of the event. The thrust will choose one or the other of the two high energy partons
creating the kinematic splitting described above. No corresponding choice occurs with
sphericity and therefore no dip structure is produced.

7 Summary and Conclusions

The global moments, standard and normalized, have been presented for charged particles
in rapidity space for ALEPH data. Rapidity was measured with respect to the thrust
axis. Lund PS reproduced the data well, in agreement with the DELPHI and OPAL

results.

The magnitude of the fluctuations in particle density required to match those ob-
served in the data was estimated by comparison with a simple model, and found to
correspond to local increases in the density of tracks of a factor 3.5 over a range of
1 - 1.5 units of y. The introduction of differential moments showed that the fluctuations
themselves have a strong y dependence, with sharp peaks near |y| = 0.6. These moments
give detailed information on the fluctuations over the rapidity range. The only source
of fluctuations of the required magnitude, found on the considered scale, arose from
perturbative QCD effects. When the gluon radiation was switched off, corresponding to
the fragmentation of a straight, rather than a kinked, string the structure disappeared.

The total transverse mass of a set of particles in a rapidity bin, whether hadrons or
partons, was also studied. The differential moments, the transverse mass moments for
hadrons and the transverse mass moments for partons all showed the same structure,
confirming that the source of the effect lay at the parton level. Finally, it was demon-

10



strated that the main features of the structure seen in the moments, and hence in the

‘global moments, can be traced back to the first order matrix element level coupled with
kinematic bounds and the use of thrust to determine the event axis.
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and (b) normalized factorial 'mo\rnent's'in rapidity.

Figure 1: Comparison of ALEPH data and GALEPH Mont‘e‘Carlo for (a.) standard

Figure 2: Normalized rapidity moments are compared with a simple two -parameter
model. | R -

Figure 3: Rapidity Distributions for: (a) ALEPH data; (b) GALEPH Monte Carlo:
(c) generator level Monte Carlo; (d) generator level with cut on p: > 200MeV/c. The
distributions are for charged tracks only and are normalized by the total number of
entries and the rapidity interval., | - - o | o

Figure 4: Comparison of ALEPH data and GALEPH Monte Carlo for the third differ-
ential moment f;. The solid line indicates the value of the corresponding global moment
F'3(16) over the range -2 < y < 2.

Figure 5: ALEPH data showing the evolution of the third differential moment with
number of rapidity divisions for a total of 8, 16 and 32 divisions in rapidity. The
horizontal lines correspond to the values of the global moments Fi(M), M = 4, 8 and
16 respectivly. S

Figure 8: Dependence of the differential moment on the choice of rapidity calculated
with respect to the thrust or sphericity axis. The central dip is lost when the sphericity
axis is used.

Figure 7: GALEPH Monte Carlo, and generator level Monte Carlo with and without
a cut on transverse momentum of 200 MeV /¢ for the differential moment f3. Working
at generator level without the cut reduces the magnitude of the moments in the central
region (partly by altering the normalisation) but does not affect the form of the y
dependence. | o

Figure 8: Monte Carlo differential moment f, at generator: level (a) with gluons
switched off and default string fragmentation parameters, (b) with and without glu-
ons for similar charged multiplicity (N.,). The thrust axis was determined from the
charged hadrons for both. The peaks near ly] = 2.6, clear in (a) but only just visible in
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(b), are the résﬁlt of thé high mult,ip_lic_ity_ a‘ss'lociated‘with b quark decay..

Figure 9: Transverse mass moment (M}?), for data and Monte Carlo at the hadron
level as a function of |y|.

Figure 10: Monte Carlo transverse mass moment at the generator level for (a) charged
hadrons and (b) partons with and without gluons, showing the striking similarity in the
behaviour of the moments at the two levels. The thrust axis was determined from the
charged hadrons for both. The sudden changes just below ly| = 3 are associated with b
quark events which have a maximum rapidity near this value.
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Comparison of Data and Monte Carlo for Standard and Normallzed 1-D
o Factorial Moments
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Normalized Factorial Moments

1-D Normalized Moments and the Simple Model Data
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Normalized Rapidity Distributions
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Third Differential Moment

- Comparison of Data and Monte Carlo for the Third 'Diﬁ'e're'ﬁtiél;Mdment
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Variation in the Third Differential Moments with Number of Rapidity
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Third Differential Moment

Third Differential Moment

Comparison of Differential Moments with gluons on and gluons off
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Third Differential Moment

10

Reconstructed Monte Carlo, and Generator Level With and Without
Transverse Momentum Cut of 200 MeV /c for Differential Moment
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Transverse Mass Moments for Monte Carlo at generator level for hadrons
and partons with and without higher order effects

(a) Charged Hadrons
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Third Transverse Mass Moment
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