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Abstract

Inclusive charged hadron distributions as obtained from the DELPHI measurements at 130, 136, 161, 172 and 183 GeV
are presented as a function of the variables rapidity, &,, p and transversd momenta. Data are compared with event
generators and with MLLA calculations, in order to examine the hypothesis of local parton hadron duality. The differential
momentum spectra show an indication for coherence effects in the production of soft particles. The relation between the
energy dependence of the charged multiplicity and the rapidity distribution is examined. © 1999 Elsevier Science B.V. All

rights reserved.

1. Introduction

This paper presents inclusive charged hadron
spectra measured by DELPHI at centre-of-mass en-
ergies from 130 to 183 GeV. The results are com-
pared to Z data and to the measurements from low
energy experiments.

Inclusive stable hadron spectra are highly sensi-
tive to properties of the hadronization process and to
resonance decays as well as to details of the parton
shower. They depend on the amount of large angle
and collinear gluon radiation and on the coherence of
gluon radiation. The measurements therefore provide
rigid constraints on models of the hadronization pro-
Cess.

Direct comparisons of inclusive distributions with
QCD calculations suffer from their dependence on
infrared and collinear divergences: finite predictions
in the framework of perturbative QCD can only be
obtained by introducing a cut-off in momentum.
Moreover, to compare calculations of spectra to ex-
perimental data one has to assume that parton distri-
butions are proportional to inclusive hadron distribu-
tions; this is frequently referred to as ‘‘local parton
hadron duality’” (LPHD) [1]. Studies of the energy
evolution of inclusive spectra provide new informa-
tion because the divergent terms can be factorized
out and the energy dependence can be more directly
compared to perturbative QCD predictions.

In Section 2 the selection of hadronic events, the
reconstruction of the centre-of-mass energy, the cor-
rection procedures applied to the data and especially

1 On leave of absence from IHEP Serpukhov.
2 Now at University of Florida

the corrections for the background from W*W~
events are briefly discussed. In Section 3 the inclu-
sive spectra as measured by DELPHI are compared
with the predictions from different Monte Carlo
models. Results concerning the energy dependence
of the rapidity distribution and the distributions of
scaled and absolute momenta are presented. A brief
summary is given in Section 4.

2. Selection and correction of hadronic data

The anadysis is based on data taken with the
DELPHI detector at 130, 136, 161, 172 and 183
GeV. The measurements at 130 and 136 GeV are
averaged and labeled as 133 GeV. The integrated
luminosity corresponds to about 10pb~* each for the
133, 161 and 172 GeV data and 54pb~?! for the 183
GeV data

DELPHI is a hermetic detector with a solenoidal
magnetic field of 1.2 T. The tracking detectors, which
lie in front of the electromagnetic calorimeters, are a
silicon micro vertex detector VD, a combined
jet/proportional chamber inner detector 1D, a time
projection chamber TPC as the major tracking de-
vice, and the streamer tube outer detector OD in the
barrel region. The forward region is covered by the
drift chamber detectors FCA and FCB.

The electromagnetic calorimeters are the high
density projection chamber HPC in the barrel, the
lead glass calorimeter FEMC in the forward region
and the STIC next to the beam pipe. Detailed infor-
mation about the construction and performance of
DELPHI can be found in [2,3]. The standard system
of coordinates of DELPHI is also defined in [3].

In order to select well measured charged particle
tracks, the cuts given in the upper part of Table 1
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Table 1

Selection of charged particles and events. p is the momentum, 6 is the polar angle with respect to the beam (likewise 0, for the thrust

axis ng), 4

ré

and A, are the distances to the interaction point in r¢ (radia distance to beam axis and azimuthal angle) and z (distance

along the beam axis) respectively. Ny, is the number of charged particles, E,, the total energy carried by all selected particles, s the square
of the reconstructed centre-of-mass energy, as reduced by initial state radiation. Egy, is the nomina LEP energy, B, is the minimal jet

broadening (see text)

All energies

charged particle selection
p[GeV] 0.2<p<100
Ap/p <1
0 20° < 6 < 160°
track length > 30cm
Ay < 4cm

< 10cm

z

event selection

Ohrust 30° < < 150°
Eor = 50% Ecy
Vs > 90% Egy,

133 GeV 161 GeV 172 GeV 183 GeV
Nep 7 <N, 8<Ny;<38 8< Ny, <40 8<N;,<42
B - <.09 < .08 <.07

'min

have been applied. The cuts in the lower part of the
table have been used to select hadronic events e*e”
—Z/vy— qq and to suppress background processes
such as two photon interactions, beam gas and beam
wall interactions, leptonic final states, and, most
important for the LEP2 analysis, events with large
initial state radiation (ISR) and W pair production.
At energies above the Z peak, initia fermions may
radiate one or more photons before they interact,
such that the effective centre-of-mass energy for the
collision is the mass of the Z. These ‘‘radiative
return events’ are the dominant part of the cross-
section. The initid state radiation (ISR) is typically
aligned along the beam direction and the photons are
only rarely identified inside the detector. In order to
evaluate the effective centre-of-mass energy (Vs ) of
an event, considering ISR, an algorithm is used that
is based on a constrained fit method using four-
momenta of jets and taking energy and momentum
conservation into account [5].

The production of W pairs occurs above the
threshold of 161 GeV. Since the topological signa
tures of QCD four-jet events and hadronic \WW
events (and other four fermion background) are very
similar, no highly efficient separation, of the two

classes of events is possible. As a suitable discrimi-
nant variable for performing the separation the shape
B.in IS chosen, which is defined as B, =
min{B_,B_} with:

Y Ipxhyl
+pi-Air>0
B — pi- Ny ’

* 2) Ipl

where the sum runs over al selected particles. The
cut applied to the maximum charged multiplicity
also discards W events. The event selection cuts
(Table 1) are optimized in order to maximize the
purity with respect to the Vs selection, the effi-
ciency of collecting high energy g events and the
WW rejection. Furthermore the QCD bias introduced
by the B,,, cut is minimized. Table 2 shows the
efficiency of the WW rejection and the remaining
contamination. This WW contribution was evaluated
by Monte Carlo simulation and subtracted from the
data. The small effect of Z pair production was also
taken into account for the 183 GeV data. Two pho-
ton events are strongly suppressed by the cuts. Lep-
tonic background can also be neglected in this analy-
sis.




P. Abreu et al. / Physics Letters B 459 (1999) 397-411 403

Table 2

Cross-section of W pair production, efficiency of WAV rejection and number of remaining WW events. These are subtracted assuming the
background to be distributed as in the simulation. The last row shows the number of selected hadronic events entering in this analysis.
Monte Carlo studies demonstrate that other background sources give negligible contributions

133 GeV 161 GeV 172 GeV 183 GeV
awwlphl - 33 12.1 15.4
WW rejection efficiency - 0.77 0.82 0.84
WW background - 76 + 0.3 217 £ 05 130.7 + 2.3
Vs purity 0.87 0.94 0.93 0.95
selected events 762 332 253 1126

The influence of detector effects was studied by
passing generated events (PYTHIA [4] tuned by
DELPHI [6]) through a full detector simulation (DE-
LSIM [3]). Such Monte Carlo events were processed
with the same cuts as real data. They are identified
by the subscript ‘‘acc’’ in the following. The tuned
generator prediction is denoted as ‘‘gen’’. In order to
correct for cuts, detector and ISR effects, a bin by
bin correction factor (acceptance correction) was ap-
plied to the data For bin f of histogram h it is
defined as:

h( 1:)gen,noISR
T (D 4

For h(f),, al cuts were applied, for h(f)yg, sk @
total ISR of less than 1 GeV was demanded.

3. Results

Comparisons of inclusive distributions with model
expectations are presented as a function of: the loga-
rithm of the scaled hadron momentum &, = In(1/x,,)
(with X, = P/Ppean ) the rapidity with respect to the
thrust axis y, =05 - In((E+ p))/(E—p))) as well
as the two momentum components ( p;", p") trans-
verse to the thrust axis which lie in and perpendicu-
lar to the plane of the event. E and p are the particle
momenta and energies respectively. All energies have
been computed assuming the charged particles to be
pions, and the momenta of neutral particles assuming
them to be massless.

Figs. 1 and 2 show a selection of the &, y,, pi"
and p" spectra as determined from the high energy

data. The data are compared to the Jetset 7.4, Herwig
5.8 and Ariadne 4.08 fragmentation models as tuned
by DELPHI [6]. The shaded areas display the size of
the WW (above 161 GeV) and ZZ (above 183 GeV)
background which was subtracted from the data. The
upper inset in these plots shows the correction factor
applied to the data. The lower inset presents the ratio
of the high energy data to the corresponding results
a the Z. This ratio is again compared to the model
predictions.

The models describe well all inclusive spectra
measured at the high energies and also the energy
evolution from the Z peak (see the lower inset of
Figs. 1 and 2). The most prominent change in the &
distribution (Fig. 2a and c) is an increase at large &,
(i.e. low x,). In the rapidity distribution (Fig. 2b and
d) the expected increase of the width of the distribu-
tion is clearly observed together with a dlight in-
crease of the plateau height. These changes and the
strong increase in the transverse momentum distribu-
tions at large p, (Fig. 1b and d) are due to stronger
gluon radiation at the higher energies.

3.1. Energy evolution of the rapidity distribution

In Fig. 3a rapidity distributions obtained from
DELPHI at energies from 91 [6] to 183 GeV are
compared to earlier results from 14 to 57 GeV
[7—10]. The full lines displays the predictions of the
Jetset model (tuned at the Z energy [6]), which
agrees well with the DELPHI data. While the 35
GeV TASSO [7] and 29 GeV MARK I [8] data are
well described, the AMY [9] and low energy TASSO
data [10] deviate significantly from the mode! predic-
tion.
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Contrary to the simple parton model expectation
not only the width of the distribution, but also the
height of the rapidity plateau increases with the
centre-of-mass energy. In order to describe the en-
ergy dependence the quantity ‘“ height of the rapidity
plateau’’ is defined as the average value of the
measured distributions in the range O<y <'r
-(1/Ndn/dy) .« The centra value is obtained by
averaging the results for r = 0.85, 0.90, 0.95. The
error was estimated by the quadratic sum of the
single statistical error and the spread of the different
fit results. The width of the distribution was taken to
be the rapidity value at which the distribution has
falen to haf of the plateau height. Its error corre-
sponds to the uncertainty of the plateau height.

Fig. 3b shows the energy evolution of these pa
rameters from 14 to 183 GeV (two lower curves).
The dashed and dotted lines are parametrisations
with a function of the form a - E%,. The upper
curve is the product of those two parametrisations.

Since the product of width and height of the
rapidity distribution is expected to give roughly the
area below it and hence the charged multiplicity, this
line is compared with measurements of (N, ) [11-
16]. The double logarithmic presentation allows the
slopes of the width and height variation with energy
to be compared. The straight line fit of the form
a,-EY,, as presented in Fig. 3b, yidlds b, =
0.159 + 0.005 for the width and b, = 0.252 + 0.004
for the height. The ratio of b, /b, = 1.5 indicates
that the multiplicity increase is mainly due to the
increase of particles with small rapidity, and to a
smaller extent due to the growth in width of the
rapidity distribution.

3.2. Energy dependence of &, and ¢ *

The shape of the partonic &, distribution, as
calculated in the Modified Leading Log Approxima:
tion (MLLA), exhibits the characteristic ‘‘hump
backed'’ plateau due to suppression of soft gluon
radiation [17]. The calculation in the ‘‘limited spec-

trum’’ approximation (A4 = Q,) can be well ex-
pressed by a distorted Gaussian (2):

1 dn N(Y) (ks
P — ex -
Noor 0€,  ov2m (8 2

4 6 24
with §=(&—<¢&))/(o), (&) the mean, o the
width, s the skewness and k the kurtosis of the
distribution. N(Y) is an energy dependent normaliza:
tion factor. With the number of participating quark
flavours, No, B=11—2N./3, p=11+2N./27
and w =14 N-/27 one obtains for quark jets [18]:

2+k)82 5% ko&*
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_1 p 48 w
O =2Y 11+ 2\ 5y {1-gy) e
Y BY\V* B [ 48
o= 5'(@ 1) By

-(1+ %) +@ (Y%

3 p 3 48 \ V4 w s
RO ﬁ) (e gg) oo
27 Y 5
k:__.( B__ﬁ)(1+_w)
sy |V a8 " 24 12Y
+o(Y3?)

Here Y =In(E,.,/Ag) ad Ay is an effective
scale parameter. Ay, the overall normalization N
and the additional constant term of #(1) in (¢ ) are
the free parameters in this expression which is valid
in the region around the maximum, and contains
high energy approximations. Using the Local Parton
Hadron Duality (LPHD) hypothesis this shape can
directly be adapted to the measured hadron spectrum
[1]. In Fig. 4 the &, distributions as determined from
LEP2 data are compared to the DELPHI results at
the Z [6] and to other experiments [12,19]. The full

Fig. 1. pi" and p®! distributions for 133 and 172 GeV. The shaded areas for the 172 GeV data display the WW background which has been
subtracted from the data. The upper insets in these plots show the correction factor applied to the data. The lower insets present the ratio of

the high energy data to the corresponding results at the Z.
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Fig. 3. () Rapidity distributions for various energies. (b) Energy dependence of { N, plateau height and width of the rapidity distribution.
The two lower curves are parametrisations of these measurements, while the upper curve is the product of these two parametrisations.

lines are the results of a simultaneous fit of the
Fong-Webber parametrisation (2) to al but the Z
data yielding y?/dof = 92/89. The Z data are left
out because of the higher rate of bb events included
in this sample, which leads to a shift of the maxi-
mum of the ¢ distribution, ¢ *, to smaller values.
Values of Ay =210+ 8 MeV and —0.55 + 0.03
for the @ (1) correction to ( ¢ ) are obtained for the
energy independent parameters. Here N- =3 was
chosen since light quarks dominate quark pair pro-
duction in the cascade. Including the Z data yields a
dightly smaller Ay and a value of x?/dof of
129/101.

MLLA also provides a definite prediction for the
energy evolution of ¢ *. As hadronization and reso-
nance decays are expected to act similarly at differ-
ent centre-of-mass energies, the energy evolution of
&" is expected to be less sensitive to nonperturba-
tive effects. A small correction is to be expected,
however, due to varying contribution of heavy quark

events. These chain decays are known to shift £ * in
away different from ordinary resonance decays. This
shift also differs for the individual stable particle
species due to their different masses. In this paper
the influence of heavy decays is neglected.

The ¢£* vaues entering in this anaysis were
determined by fitting a distorted Gaussian with the
parameters s, k, (&) and o given by the Fong-
Webber calculation. The fit range in ¢ is restricted
to the part of the distribution close to the maximum
with 1/Ndn/d¢, > 0.6(1/Ndn/dé&,) .. To avoid
systematic differences due to different strategies for
the £* determination, this fit has also been per-
formed at the other energies[20-22]. The £ * values
obtained are given in the Table 3. The full line in
Fig. 5 shows a fit of the MLLA prediction

£°=05-Y+/C VY —C+a(Y ¥?) (3)

to the data.

Fig. 2. &, and rapidity distribution at 161 and 183 GeV. The shaded areas display the WW background (for the 183 GeV data, aso the
small contribution from ZZ background is shown) which has been subtracted from the data; the WW background in (a) is below the
smallest ordinate value. The upper insets in these plots show the correction factor applied to the data. The lower insets present the ratio of

the high energy data to the corresponding results at the Z.
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From thisfit A4 = 200+ 3 MeV. Thisisin good
agreement with the Ay value obtained from the fit
to the whole spectra. The quantity C= p2/48p3
depends on the number of active flavours (C(N: =
3) =0.2915, C(N. =5)=0.3513). The results are
presented for N- = 3. The dashed line in Fig. 5
represents the slope of the phase space expectation
£ =a+Y [23]. Due to angular ordering of gluon
bremsstrahlung the rise in ¢* is dower in the
MLLA prediction.

The MLLA provides aso a prediction for the
deviation of ¢£* and the mean {( £). Its value is
0.351(0.355) for N. = 3(5), independent of Eg,, [24].
Since the &, shape is symmetric in the Double
Logarithmic Approximation (DLA), this deviation is
in principle sensitive to the effect of single logarith-
mic terms [24]. It turns out that the determination of
(&) is not straightforward: integrating over the
whole ¢, spectrum would disregard the fact that the

theoretical prediction is only valid around the region
of the maximum. Therefore { £) was obtained by
fitting the distorted Gaussian with ( £ ) entering as a

Table 3
The peak position, ¢ *, the mean value (¢) of the £, distribu-
tion, and the difference of the two

Ecy [GeV] & (&) E1 =&
14 2453 + 0.053 229 + 0.04 0.16 + 0.07
22 2738 + 0.057 216 + 0.18 0.58 + 0.10
35 3.072+ 0023 270+ 005 037 + 0.05
44 3174 + 0039 291 + 005 0.26 + 0.06
91 3701 + 0.023 345+ 0.02 026+ 0.03
133 3908 + 0.051 3.74 + 007 0.7 + 0.08
161 4.085 + 0051 3.67 + 020 042 + 0.21
172 4088 + 0.066 3.52 + 0.53 0.57 + 0.54
183 4.126 + 0.047 375+ 0.15 0.38 + 0.07

mean value: 0.27 + 0.03
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Fig. 5. Energy evolution of the £, peak position. A is obtained
from a fit to the MLLA /LPHD prediction. The phase space
prediction is described in the text.

free parameter in the maximum region, defined by
the condition 1/Ndn/d¢, > 0.5(1/Ndn/dé,)x-
Table 3 shows the results. The weighted mean value
of £* — (&) for the various energies results in 0.27
+ 0.03.
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3.3. Energy dependence of the momentum distribu-
tion

As the scaled momentum distribution may veil
effects with an absolute scale, the evolution of the
differential cross-section in absolute momentum p is
aso of interest. In Fig. 6a the momentum spectra
obtained for the different centre-of-mass energies
and the corresponding predictions of the Jetset model
are compared.

For the low energy and Z data the spectra are
obtained by rescaling the x,, distribution [6,12,19,25].
The energy evolution is well described by the frag-
mentation model. The most obvious feature is the
increase of the distributions at large hadron momen-
tum with energy. This is simply due to the enlarged
phase space. A more interesting feature is the ap-
proximate E.,, independence of hadron production
a very small momentum p < 1 GeV. This behaviour
has been explained in [26] to be due to the coherent
emission of low energy (i.e. long wavelength) gluons
by the total colour current. This colour current is
independent of the internal jet structure and con-
served under parton splittings. Therefore low energy
gluon emission is expected to be almost independent
of the number of hard gluons radiated and hence of
the centre-of-mass energy. As a consequence, the
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Fig. 6. (@ 1/Ndn/dp distribution compared to Jetset for p < 55 GeV and (b) to MLLA /LPHD prediction for p < 2.5 GeV. The parameter

values of this fit are given in the last row of Table 4



410 P. Abreu et al. / Physics Letters B 459 (1999) 397-411

Table 4
Parameters obtained from simultaneous fits of the LPHD /MLLA
prediction to the momentum spectra at different energies

Fitted Q A=log Ky x?/dof
energies [MeV]  (Qq / Agst)
[GeV]

al (14-183) 210 + 4 0.095 + 0.009 0.86 + 0.04 179/57
low (14-58) 228 + 4 0.055 + 0.008 0.71 + 0.04 118/34
DELPHI 238 + 3 0.010 + 0.004 0.42 + 0.04 13.4/20
(91.2-183)

number of produced hadrons at small momentum is
approximately constant.

In its range of validity (p <1 GeV) this predic-
tion [26] is compared to the data in Fig. 6b.
It depends on the cutoff parameter Q,, A=
log(Q,/A) and the normalisation K, which re-
lates parton and hadron distributions according to the
LPHD hypothesis. It should be noted, that in contrast
to the &, calculations this prediction is not obtained
in the “‘limited spectrum’ (Ag; = Q,) approxima
tion.

The curves in Fig. 6b correspond to a simultane-
ous fit of al DELPHI data from 91 to 183 GeV.
Fitting all data or only the low energy data yields
different values (especially in the logarithmic vari-
able )), but it should be noted that these parameters
are highly correlated. Table 4 shows the different fit
results. The large y?/dof for the fits of the low
energy data compared to the satisfactory y?2/dof for
the DELPHI data may indicate systematic discrepan-
cies between the measurements of the different ex-
periments. Also the agreement with the MLLA /
LPHD prediction is only expected to be qualitative,
since many non-perturbative effects should be be-
yond its predictive power.

4, Summary

Inclusive charged hadron distributions as obtained
from the DELPHI measurements at 130, 136, 161,
172 and 183 GeV are presented. Fragmentation mod-
€ls tuned at the Z describe the data well at higher
energies. The energy evolution of the rapidity distri-
bution shows that the increase in multiplicity is to a
large extent due to the growth in the plateau height.

MLLA calculations in the limited spectrum approxi-
mation (A = Q,) alow the &, distribution and the
energy dependence of its maximum to be parame-
terised. A new calculation [26] for the soft part of the
partonic momentum spectrum is able to describe the
hadronic p distribution in the range of small mo-
menta. All these measurements yield values for Ay
from 200 to 236 MeV. This supports the assumption
of local parton hadron duality.
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