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Soft and hard interactions in pp̄ collisions at AsÄ1800 and 630 GeV
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SOFT AND HARD INTERACTIONS INpp̄ COLLISIONS . . . PHYSICAL REVIEW D 65 072005
We present a study ofpp̄ collisions atAs51800 and 630 GeV collected using a minimum bias trigger by the
CDF experiment in which the data set is divided into two classes corresponding to ‘‘soft’’ and ‘‘hard’’ inter-
actions. For each subsample, the analysis includes measurements of the multiplicity, transverse momentum
(pT) spectrum, and the averagepT and event-by-eventpT dispersion as a function of multiplicity. A compari-
son of results shows distinct differences in the behavior of the two samples as a function of the center of mass
~c.m.! energy. We find evidence that the properties of thesoftsample are invariant as a function of c.m. energy.

DOI: 10.1103/PhysRevD.65.072005 PACS number~s!: 13.85.Hd, 12.38.Mh, 13.87.Fh
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I. INTRODUCTION

Hadron interactions are often classified as either ‘‘ha
or ‘‘soft’’ @1,2#. Although there is no formal definition fo
either, the term ‘‘hard interactions’’ is typically understood
mean high transverse energy (ET) parton-parton interaction
associated with such phenomena as highET jets, while the
soft component consists of everything else. Whereas pe
bative QCD provides a reasonable description of highET jet
production, there is no equivalent theory for the lowET mul-
tiparticle production processes that dominate the inela
cross section. Some QCD inspired models@2# attempt to de-
scribe these processes by the superposition of many pa
interactions extrapolated to very low momentum transfers
is not known, however, if such a superposition or some c
lective multiparton process is at work.

The study of low-ET interactions usually involves collect
ing data using minimum bias~MB! triggers, which, ideally,
sample events in fixed proportion to the production rate—
other words, in their ‘‘natural’’ distribution. Lacking a com
prehensive description of the microscopic processes@3# in-
volved in low-ET interactions, our knowledge of the detai
of low transverse momentum (pT) particle production rests
largely upon empirical connections between phenomenol
cal models and data collected with MB triggers at ma
center-of-mass~c.m.! energies. Such comparisons are furth
complicated by the difficulty in isolating events of a pure
‘‘soft’’ or purely ‘‘hard’’ nature.

This paper adopts a novel approach in addressing
issue using samples ofpp̄ collisions atAs51800 and 630
GeV collected with a MB trigger. The analysis first divide
the full minumum bias samples into two subsamples, o
highly enriched in soft interactions, the other relatively d
pleted of soft interactions. We then compare inclusive dis
butions and final state correlations between the subsam
and as a function of c.m. energy in order to gain insight i
the mechanisms of particle production in soft interactio
The results in the isolated soft sample exhibit some inter
ing properties, in particular an unpredicted invariance w
c.m. energy.

II. DATA SET AND EVENT SELECTION

Data samples have been collected with the Collider D
tector at Fermilab~CDF! experiment at the Fermilab Teva

*Now at Northwestern University, Evanston, IL 60208.
†Now at University of California, Santa Barbara, CA 93106.
‡Now at Carnegie Mellon University, Pittsburgh, PA 15213.
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tron Collider. The CDF apparatus has been described e
where@4#; here only the parts of the detector utilized for th
present analysis are discussed.

Data at 1800 GeV were collected with a minimum bi
trigger during runs 1A and 1B, and at 1800 and 630 G
during run 1C. This trigger requires coincident hits in sc
tillator counters located at 5.8 m on either side of the nom
nal interaction point and covering the pseudo-rapidity@h5
2 log„tan(u/2)… where u5angle with respect to the proto
direction# interval 3.2,uhu,5.9, in coincidence with a
beam-crossing signal.

The analysis uses charged tracks reconstructed within
central tracking chamber~CTC!. The CTC is a cylindrical
drift chamber covering ah interval of about three units with
full efficiency for uhu<1 andpT>0.4 GeV/c.

The inner radius of the CTC is 31.0 cm and the ou
radius is 132.5 cm. The full CTC volume is contained in t
superconducting solenoidal magnet which operates at 1
@5#. The CTC has 84 sampling wire layers, organized in
axial and 4 stereo ‘‘superlayers’’@6#. Axial superlayers have
12 radially separated layers of sense wires, parallel to thz
axis ~the beam axis!, that measure ther -f position of a
track. Stereo superlayers have 6 sense wire layers, with
;3° stereo angle, that measure a combination ofr -f andz
information. The stereo angle direction alternates at each
reo superlayer. Axial and stereo data are combined to for
three-dimensional track.

The spatial resolution of each point measurement in
CTC is less than 200mm; the transverse momentum res
lution, including multiple scattering effects, isspT

/pT
2

<0.003 (GeV/c).
Inside the CTC inner radius, a set of time projecti

chambers~VTX ! @7# providesr -z tracking information out to
a radius of 22 cm foruhu,3.25. The VTX is used in this
analysis to find thez position of event vertices, defined as
set of tracks withpT greater than about 50 MeV/c that con-
verge to the same point along thez axis. Reconstructed ver
tices are classified as either ‘‘primary’’ or ‘‘secondary’’ base
upon several parameters: the number of converging tr
segments~with a minimum of four withinuhu,3), the total
number of hits used to form a segment, forward-backw
symmetry and vertex isolation. Isolated, higher multiplic
vertices with highly symmetric topologies are typically cla
sified as primary; lower mulitiplicity, highly asymmetric ve
tices or those with few hits in the reconstructed tracks
typically classified as secondary. Systematic uncertainties
troduced by the vertex classification scheme are discusse
Sec. VI.

The transverse energy flux was measured by a calorim
5-3
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D. ACOSTAet al. PHYSICAL REVIEW D 65 072005
system @8# covering from 24.2 to 4.2 in h. The system
consists of three subsystems, each with separate electro
netic and hadronic compartments: the central calorime
covering the rangeuhu,1; the end-plug, covering 1,uhu
,2.4; and the forward calorimeter, covering 2.2,uhu,4.2.
Energy measurements are made within projective ‘‘towe
that span 0.1 units ofh and 15° in aximuth (f) within the
central calorimeter, and 5° in the end-plug and forward ca
rimeters.

The 1800 GeV data sample consists of subsamples
lected during three different time periods. Approximate
1 700 000 events were collected in run 1A at an average
minosity of 3.331030 s21cm22, 1 500 000 in run 1B at an

FIG. 1. Multiplicity distributions for the full MB samples a
1800 and 630 GeV; data are plotted in KNO variables. In the b
tom panel the ratio of the two above distributions is shown. The
continuous lines delimit the band of all systematic uncertainties~see
Sec. VI of text!.

FIG. 2. Same as Fig. 1 for thesoft samples.
07200
ag-
r,

’’

-

l-

u-

average luminosity of 9.131030 s21cm22 and 106 000 in
run 1C at an average luminosity of 9.031030 s21cm22.
The 630 GeV data set consists of about 2 600 000 events
corded during run 1C at an average luminosity
1.331030 s21cm22.

Additional event selection conducted offline removed t
following events:~i! events identified as containing cosmi
ray particles as determined by time-of-flight measureme
using scintillator counters in the central calorimeter;~ii !
events with no reconstructed tracks;~iii ! events exhibiting
symptoms of known calorimeter problems;~iv! events with
at least one charged particle reconstructed in the CTC

t-
o

FIG. 3. Same as Fig. 1 for thehard samples.

FIG. 4. Transverse momentum distributions for the full M
samples at 1800 and 630 GeV. In the bottom panel the ratio of
two distributions is shown. The two continuous lines delimit t
band of all systematic uncertainties~see Sec. VI of text!. Ntrack

refers to the number of charged tracks in a unith interval.
5-4
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havepT>400 MeV/c, but no central calorimeter tower wit
energy deposition above 100 MeV;~v! events with more than
one primary vertex;~vi! events with a primary vertex mor
than 60 cm away from the center of the detector~in order to
keep full tracking efficiency in the CTC and avoid ener
leakage through exposed cracks in the calorimeter!; ~vii !
events with no primary vertices.

After all event selection cuts, 2 079 558 events remain
the full minimum bias sample atAs51800 GeV~runs 1A
11B11C), and 1 963 157 in that atAs5630 GeV~run 1C!.

The vast majority of rejected events failed the vertex
lection. About 0.01% of selected events contain backgro
tracks from cosmic rays that are coincident in time with t
beam crossing and pass near the event vertex. The res
beam gas contamination is about 0.02%.

Section VI discusses the systematic uncertainties
arise from the event selection criteria and other sources.

III. TRACK SELECTION

Reconstructed tracks within each event must pass se
tion criteria designed to remove the main sources of ba
ground. Tracks must pass through a minimum number
layers in the CTC, and have a minimum number of hits
each superlayer in order to reduce the number of tracks
reconstruction errors. Fake and secondary particle tracks
removed by requiring that tracks pass within 0.5 cm off t
beam axis, and within 5 cm along thez axis off the primary
event vertex. Accepting only tracks withpT>0.4 GeV/c
and within uhu<1.0 ensures full efficiency and acceptanc

We define the charged track multiplicity in an event,Nch
! ,

as the number of selected CTC tracks in the event. The m
pT of the event is defined as

FIG. 5. Same as Fig. 4 for thesoftsamples. The continuous lin
in the ratio plot shows the upper limit of the systematic uncerta
ties. The lower limit overlaps the data points.
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unless stated otherwise.

IV. SELECTION OF SOFT AND HARD INTERACTIONS

The identification of ‘‘soft’’ and ‘‘hard’’ interactions is
largely a matter of definition@9#. In this analysis we use a je
reconstruction algorithm to distinguish between the t
classes. The algorithm employs a cone with radiusR
5(Dh21Df2)1/250.7 to define ‘‘clusters’’ of calorimeter
towers belonging to the jet. To be considered, a cluster m
have a transverse energy (ET) of at least 1 GeV in a seed
tower, plus at least 0.1 GeV in an adjacent tower.

In the regionsuhu,0.02 and 1.1,uhu,1.2, a track clus-
tering algorithm is used instead of the calorimeter algorit
in order to compensate for energy lost in calorimeter crac
A track cluster is defined as one track withpT.0.7 GeV/c
and at least one other track withpT>0.4 GeV/c in a cone of
radiusR50.7.

We define asoftevent as one that contains no cluster w
ET.1.1 GeV. All other events are classified ashard.

V. EFFICIENCY CORRECTIONS

The track reconstruction efficiency for the CTC has be
investigated for several different analyses and under var
conditions at CDF@10–12#. For this analysis, we have ca
culated a full-event track reconstruction efficiency using
parametric Monte Carlo~MC! sample. Version 5.7 of the
PYTHIA generator was used with the minimum bias config
ration tuned to match the inclusive multiplicity andpT dis-
tributions of the 1800 GeV sample~see the Appendix!. For

-
FIG. 6. Same as Fig. 4 for thehardsamples. The continuous lin

in the ratio plot shows the upper limit of the systematic uncerta
ties. The lower limit overlaps the data points.
5-5
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FIG. 7. Transverse momentum
distributions at fixed multiplicity
(multiplicity51, 5, 10, 15! for the
full MB samples at 1800 and 630
GeV. At the bottom of each plot
the ratio of the two above distri-
butions is shown. Error bars rep
resent statistical error only. Sys
tematic error was found to be
negligible and is not included.
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each inclusive distribution, a track finding efficiency corre
tion was computed by taking the ratio of thePYTHIA gener-
ated distribution to the corresponding distribution fro
tracks traced through the apparatus. The efficiency for rec
structing the correct event charged multiplicity is about 95
up to a multiplicity of about 20, falling to about 85% a
multiplicities above about 20.

The samePYTHIA MC sample was used to evaluate t
background from gamma ray conversions, charged and
tral particle decays. Correction factors due to these effe
have been computed as a function of trackpT and the event
multiplicity.

There exists a small contamination from diffractive eve
even in the restricted region of phase space examined in
study. We have evaluated this contamination with a spe
PYTHIA MC run in which only the diffractive generation a
gorithm was switched on. The data were then subjecte
the full event and track selection procedure. The correc
for this effect is estimated to be about 5% in the zero mu
plicity bin, decreasing rapidly to zero forNch

! ;4. In thepT

distribution, the correction is between zero and 1% up
about 1 GeV/c.
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VI. SYSTEMATIC UNCERTAINTIES

Several sources of systematic errors have been inv
gated. The effect of each on the final distributions is d
cussed below.

Vertex selection. As discussed in Sec. II, the vertex se
tion classifies vertices as either ‘‘primary’’ or ‘‘secondary
The standard selection demands that primary vertices
highly isolated. Misclassification or identification of vertice
can strongly influence thepT and multiplicity distributions,
particularly the latter. We set conservative bounds on
magnitude of this effect in the following way. Two sample
of events are selected. In one, all vertices except the hig
quality one are classified as secondaries. In the other sam
all vertices are classified as primary. Compared to res
obtained using the standard vertex selection, the ratio of
multiplicity distribution atAs5630 to that at 1800 GeV var
ies by about 5% in the region between a multiplicity of tw
and 11, and reaches 40% for multiplicities in excess of
The deviation in the ratio ofpT distributions at the two en-
ergies is almost constant at about 10% up to apT around
11 GeV/c, increasing to 15% aspT increases.
5-6
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FIG. 8. Same as Fig. 4 for the
soft samples.
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Vertices in some multiple interaction events remain un
solved and introduce a residual luminosity-dependent c
tamination. We estimate the systematic uncertainty from
source by comparing the results of the complete anal
on two subsamples of data, one at low luminos
(,1.531030 cm22s21) and the other at high luminosit
(.731030 cm22s21). Differences range between 2% an
6% for multiplicities less than 20, increasing to about 16
for multiplicities in the range 20,Nch

! ,30, and to 45% for
multiplicities greater than 30. The effect on the ratios of t
various distributions is negligible.

The selection of events identified with known calorime
problems depends upon thresholds applied to classify
anomalous behavior. This selection removes&1% of the
total sample. Changing the rejection factor causes no ap
ciable change in the distribution ratios.

Tracking efficiencies evaluated at CDF under various c
ditions and using different techniques obtain results that
fer by as much as 8–10 % in the lowpT ~below 1 GeV/c),
high pT ~above 2 GeV/c) or high multiplicity regions. The
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impact of using widely different efficiency corrections on th
multiplicity andpT distributions is—at most—as large as th
statistical uncertainty. The effect on the distribution ratios
negligible.

The systematic uncertainty due to the correction
gamma conversions, secondary particle interactions and
ticle decays is estimated to be about 1%, almost indepen
of multiplicity and pT . The effect on the ratios of distribu
tions is negligible.

The systematic uncertainty in the correction to the mu
plicity distribution due to contamination from diffractiv
production is of the order of 1%, and limited to the very lo
multiplicities (0<Nch

! <3). No correction was applied to th
pT distribution, where the magnitude of the effect was le
than 1% for allpT . The effect is negligible on the distribu
tion ratios.

The systematic uncertainty from the vertex select
dominates all other sources. The curves on the final inclus
distribution ratios are obtained as the ratios of the distri
tions originated by the extreme selections outlined abo
5-7
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FIG. 9. Same as Fig. 4 for the
hard samples.
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They are not intended as point-to-point systematic uncert
ties, but are included in the figures to show the approxim
range over which the shape of the final distribution may
changed by altering the vertex selection.

Systematic effects cancel in the ratios of final state co
lations ~see Secs. VII B and VII C!.

VII. DATA ANALYSIS

A. Inclusive distributions

We first examine the inclusive multiplicity and transver
momentum distributions. Figure 1 shows the multiplicity d
tributions for the full MB samples at 1800 and 630 Ge
plotted in Koba-Nielsen-Olesen~KNO!1 variables@13#. The

1Multiplicity distributions can be described in terms of th
so-called KNO variableŝ n&P(n) and z5n/^n&, where P~n! is
the probability for an event with n charged particles, and^n& is the
average number of charged particles. ‘‘KNO scaling’’ impli
the universal form for the multiplicity distribution̂n&P(n)5C(z),
whereC(z) is energy independent.
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distributions at the two energies show a weak violation
KNO scaling, as it is expected in a limited phase space
gion @14#. The same comparison is made in Figs. 2 and 3
the soft and hard samples separately. The ratio of the m
plicity distributions at the two energies are plotted at t
bottom of Figs. 1, 2 and 3.

Transverse momentum distributions at the two energ
are shown in Fig. 4 for the full MB sample. Figures 5 and
show the same distributions for the ‘‘soft’’ and ‘‘hard
sample, respectively. As for the multiplicity distributions, th
ratios of the distributions at the two energies are shown
the bottom of these figures. ThepT spectrum in the soft
sample falls more rapidly with increasingpT than that of the
hard sample. This difference is expected and reflects the
sence of events with highpT jets in the soft sample.

A deeper insight into the dynamics of the interactions c
be gained by comparing thepT distributions for fixed
charged multiplicity as a function ofAs. Figure 7 shows
fixed-multiplicity pT distributions for the full MB sample a
the two energies superimposed. The same distributions
plotted in Figs. 8 and 9 for the soft and hard subsamp
5-8
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respectively. For brevity, only multiplicities of 1, 5, 10 an
15 are shown.

We observe that, within uncertainties, thepT distributions
for a given multiplicity are the same atAs51800 and 630
GeV—they are c.m. energy invariant. None of the curr
models predict or suggest such an invariance. The result
gests that in purely soft interactions the number of produ
~charged! particles is the only global event variable changi
with As. The particle multiplicity may also fix other even
properties independently of the energy of the reaction.

A further observation is worth noting. It is known that fo
minimum bias samples, the slope of the inclusivepT distri-
bution increases steadily by some power of logs up to Teva-
tron energies@10,15#. Such an increase is also visible forpT

distributions at fixed multiplicity for the full MB sample
shown in Fig. 7. The result of the present analysis imp
that theAs dependence in the slope of thepT distribution of
the soft sample is due entirely to the change in the m
multiplicity. In contrast, the more pronounced change in
shape of the full MB and the hard samples as a function
As must be caused in part by the increasing cross sectio
hard parton interactions.

B. Dependence of mean trackpT on charged multiplicity

The correlation between meanpT and charged multiplic-
ity was first observed by UA1@16#, and then investigated a
the CERN Intersecting Storage Rings~ISR! @17# and Teva-
tron collider energies@15,18#. Although several different the
oretical explanations have been proposed, such as geom
cal models @19#, thermodynamical models@20# and
contributions from semihard parton scattering~minijets!
@21#, none provide satisfactory predictions for existing e
perimental results, leaving the real origin of the effect un
plained. Simulations performed withPYTHIA and HERWIG

generators do not show better agreement with data~see Fig.
10! @22#.

In this analysis the meanpT ~to be distinguished from the
mean eventpT) is obtained by summing thepT of all recon-
structed charged tracks in all events with a given char
multiplicity, then dividing by the number of such tracks. Th
results are shown in Fig. 11 for the full minimum bia
sample at the two analyzed energies, and in Figs. 12 an
for thesoftand for thehard samples, respectively. The eve
multiplicity is smeared by track finding inefficiency. We co
rect the data points for the average track finding efficienc
each multiplicity.

The meanpT as a function of multiplicity for the soft
sample~Fig. 12! is nearly identical at the two energies. Th
invariance is a direct consequence and a confirmation of
invariance of the softpT spectra at fixed multiplicities note
in the previous section.

Comparing Figs. 12 and 13, we note a clear difference
the meanpT correlation of thesoft andhard samples. Inter-
estingly, the meanpT increases at low multiplicity even in
the soft sample, which should be highly depleted in highET
events. This observation suggests that an increasing co
bution from hard gluon production, as proposed in Ref.@21#,
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is at least not the only mechanism responsible for the co
lation at low multiplicity.

C. ŠpT‹ev dispersion versus multiplicity

Event-by-event fluctuations of the mean eventpT have
been shown to be a useful tool to investigate the collec
behavior of soft multibody production, and has been used
analyze experimental data in various different ways@23–25#.
Following the approach of@23#, the dispersion,Dm , of the
mean eventpT for events with multiplicitym (m[Nch

! ) is
defined as

Dm~ p̄T!5
^ p̄T

2&m2^ p̄T&m
2

^ p̄T&sample
2

. ~2!

The angular bracketŝ& indicate an average over all even
with the given multiplicitym, while p̄T is the mean eventpT
from Eq. ~1!.

The dispersion is expected to decrease with increas
multiplicity and to converge to zero whenm→` if only
statistical fluctuations are present. Conversely, an extrap
tion to a non-zero value would indicate the presence of n
statistical fluctuations inp̄T from event to event. This indee
is what was found in@23# and, in different ways, in Refs
@24# and @25#. Large non-statistical fluctuations of the mea
event pT are a consequence of particle correlations in
multibody final state@26#. Figure 14 shows the present me
surement of the dispersion as a function of the inverse m
tiplicity for the full minimum bias samples. The correlatio
curve has a slope that varies across multiplicities, parti
larly at As51800 GeV. The dispersion versus inverse m
tiplicity for the soft and hard samples, shown in Figs. 15 a
16, confirms that this effect is related to the contribution
jet production which, as discussed in@27#, increases event
by-event fluctuations. The plots show only statistical unc
tainties.

Comparing our soft sample results with the full MB r
sults of Ref. @23#, where hard jet production has a muc
lower cross section than at Tevatron energies, we note
our points, unlike those in Ref.@23#, cannot be interpolated
with a straight line but show a steeper decrease in the re
of high multiplicity ~multiplicity *7). Since statistical fluc-
tuations vary linearly with the multiplicity, this indicates tha
final state particle correlations change with multiplicit
Moreover, the results plotted in Fig. 15, although favoring
small positive value, are consistent with an extrapolation
zero at infinite multiplicity. These observations support t
idea that asymptotically the event meanpT has no dynamical
fluctuations.2

Finally, the dispersion as a function of the inverse mu
plicity for the soft samples has a constant ratio at the t
energies, a fact which is not true for the hard samples.

2It has been observed@28# that this method cannot exclude th
possibility of opposite sign correlations that perfectly cancel e
other.
5-9
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VIII. DEPENDENCE ON ET THRESHOLD

As noted in Sec. IV, the identification of soft and ha
events is essentially a matter of definition. To investigate
sensitivity of our results to the details of the selection cri
ria, we repeated the analysis using a transverse en
threshold of 3 GeV instead of 1.1 GeV on the energy clus
definition. Although, as expected, the higher threshold va
strongly influences the inclusive distributions, it does n
substantially change the characteristic differences betw
the soft and hard samples. In particular, it preserves the
ergy invariance of the soft sample distributions and corre
tions. This can be seen in Fig. 17 where the ratios of mu
plicity, meanpT correlation and dispersion between the tw

FIG. 10. Mean transverse momentum vs multiplicity fro
Monte Carlo. The different parameter settings for each MC gen
tor are given in the Appendix.

FIG. 11. Mean transverse momentum vs multiplicity for the f
MB samples at 1800 and 630 GeV. On the bottom the ratio of
two curves is shown.
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energies are compared for the two different thresh
choices.

IX. CONCLUSIONS

Assuming that hard parton interactions inp̄p scattering
eventually develop into final state particles observable
clustered within jet cones, and pushing the cluster identifi
tion threshold as low as possible, we separate minimum
events into subsamples enriched in soft or hard collisio
Comparing the behavior of the two samples at two energ
we obtain the following results.

The multiplicity distributions of ‘‘soft’’ interactions fol-
low KNO scaling going fromAs5630 to 1800 GeV. This is
not true for those of the ‘‘hard’’ subsample. ThepT distribu-

a-

e

FIG. 12. Same as Fig. 11 for thesoft samples.

FIG. 13. Same as Fig. 11 for thehard samples.
5-10
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tion at fixed multiplicity in the ‘‘soft’’ sample is also energ
invariant, a property which was unexpected. By this,
mean that the momentum distribution in the soft sample
determined only by the number of charged particles in
final state, independently of the center of mass energy.

The meanpT as a function of the charged multiplicity i
the soft samples scales remarkably well with energy. In
dition, the meanpT increases with multiplicity even in the
soft sample where hard parton interactions are at m
strongly suppressed. Neither feature is predicted by cur
theoretical or phenomenological models.

The dispersion of thêpT&ev shows a non-linear depen

FIG. 14. Dispersion of the mean eventpt as a function of the
inverse multiplicity for the full MB samples at 1800 and 630 Ge
At the bottom the ratio of the two curves is shown.

FIG. 15. Same as Fig. 14 for thesoft samples.
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dence on the inverse multiplicity, an observation not pre
ously reported. The rise at multiplicity greater than;10 is
essentially due to the presence of hard parton interaction
the same multiplicity region of the soft sample, the slo
extrapolated to infinite multiplicity is consistent with zer
This would mean that asymptotically there are no dynam
correlations in the event meanpT . The ratio of the disper-
sion in the soft sample at the two energies is flat as a func
of multiplicity, a feature not exhibited by the hard sample

All the distributions and correlations studied using t
soft subsample are compatible with the hypothesis of inv

FIG. 16. Same as Fig. 14 for thehard samples.

FIG. 17. The quantity plotted here isQrel5(R(ET53)2R)/R. In
Figs. 1a and 1b~respectively soft and hard samples! R is the ratio of
the multiplicity distribution at the two energies with the standa
cluster energy threshold (ET51.1 GeV). RET53 is the same for a
threshold of 3 GeV. In Figs. 2a and 2b the same is done for
correlation of̂ pT& versus multiplicity and in Figs. 3a and 3b for th
^pT&ev dispersion.
5-11
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D. ACOSTAet al. PHYSICAL REVIEW D 65 072005
ance with the center of mass energy, which is a new res
We conclude that the dynamical mechanism of inelastic m
tiparticle production in soft interactions, at least in this e
ergy interval, is invariant with center of mass energy, a
that the properties of the final state are determined only
the number of~charged! particles.
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APPENDIX

The description of the settings of Monte Carlo generat
refers to@22#.

PYTHIA setting 1. The generator was tuned to best mat
on

d
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the data multiplicity andpT distributions. The following pa-
rameters were changed with respect to the default MB c
figuration:

QCD highpT processes plus ‘‘low-pT’’ production.
Second order runningas .
Inclusion of K factors in hard cross sections for parto

parton interactions. A factor is introduced by a shift in theas

Q2 argument.
Allow multiple parton-parton interactions.
Assume a varying impact parameter for multiple intera

tions and a hadronic matter overlap consistent with a dou
Gaussian matter distribution.

Fraction of the total hadronic matter contained in the c
radius of the double Gaussian matter distribution inside
colliding hadrons equal to 0.2.

Core radius–main radius of the double Gaussian ma
distribution inside the colliding hadrons equal to 0.5.

PYTHIA setting 2. Default MB configuration with effec-
tive minimum transverse momentumpTmin51.4 GeV/c.

PYTHIA setting 3. Default MB configuration with effec-
tive minimum transverse momentumpTmin51.9 GeV/c.

HERWIGsetting 1. Default MB soft hadron-hadron event
HERWIG setting 2. Default QCD 2→2 hard parton scat-

tering with underlying multiplicity enhancement factor equ
to 4.
u-
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