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Introduction

Transverse momentum spectra of identified charged hadrons in p+p(p) col-
lisions were studied as a function of incident energy below 900 GeV at
CERN ISR and SppS and up to 1800 GeV at Fermilab Tevatron colliders.
While UAS5 Collaboration reported, starting from 200 GeV, an increase of
< pT > of kaons in the central region larger than that expected based on

ISR data, the E735 Collaboration evidenced a mass dependent slope of
<pT> asafunction of c.m. energy from 300 to 1800 GeV.

Definitely such trend which significantly deviates from a In(s) extrapola-
tion from lower energies measured at ISR cannot be explained by models
based on statistical equilibrium. Detailed studies of E735 Collaboration at
1800 GeV have shown that the increase of <pT> with dNc/dn depends on

the mass of particle.

These studies are of real interest for different QCD inspired models like
PYTHIA or EPOS which predict such a dependence as a consequence of
a hydrodynamic type evolution with flux tube initial conditions. CDF
Collaboration, comparing two energies, i.e. 630 GeV and 1800 GeV, evi-
denced an energy invariance of the pT distribution at fixed multiplicity

for soft interactions. This shows that the multiplicity of produced particles
Is a measure of the amount of energy involved in the process. Such a con-
clusion is supported by recent low relative momentum two-pion correla-
tion studies at 0.9 and 7 TeV which evidenced that the correlation func-
tions at the two energies are similar at a given multiplicity, the size of
the emitting system growing with the charged particle multiplicity of the
event. It was aso evidenced that double and triple partonic interactions
start to be significant at higher energies and their cross sections seem to
increase linearly with In(s), where s is the energy in the center of mass of
the colliding system.

At about 4 times larger incident energies, as is the case of the present
study, such processes contribute to a large energy transfer in the collision
volume of proton size which could be well thermalized if we consider the



mean free path of 0.2 — 0.3 fm derived from QGP viscosity and that
two — three collisions are in principle sufficient for thermalization.
Therefore is quite probable that at such energies, a piece of matter of pro-
ton size, with aradius a few times larger (2.5-4.5) than the mean free path,
hydrodynamically explodes if enough energy is produced inside.

In order to evidence such phenomena, a detailed analysis of transverse
momentum distributions for high multiplicity and close to azimuthal isot-
ropy eventsis necessary.

The hadronic final states formed in high energy collisions can manifest dif-
ferent topologies depending on the underlying processes. The topology of
each event can be characterized by several event shape variables built using
the detected particles. By definition, the event shape observables are de-
signed to measure the energy flow in the collison. They are constructed
using both the orientation and the magnitude of each particle momentum.
Several event shape observables - ESO - have been used for more than
forty yearsin high energy physics. Originally, these observables were used
in jet studies to evidence parton hard scatterings that translate into
hadronic jets. The study of jets is a central part of the perturbative QCD
studies that extract the properties of quarks and gluons from the hadron
distribution in the final event. Using a different approach, in this anaysis,
event shape observables are used to identify events with random particle
distributions. A uniform particle distribution is specific to a non-jetty
event. Such isotropic events could reveal properties of the matter created in
the collision in the soft region of the spectrum, region described phe-
nomenologically. This approach raises some questions on the event selec-
tion performance of the event shape observables. Can events with jets be
labeled as uniform by using the event shapes? Is it possible to use the same
observables that are used to select jetty events to clean the data sample?
Are the selected events in any way biased? |s there a spectrum that ran-
domly distributed in azimuth is not biased by the event shape selection?
Multiplicity is defined as the number of charged particles in a given
pseudo-rapidity range. The pseudo-rapidity range used for the multiplicity
and the event shape analysisis [n| < 0.8 in the studies described below.

The event shape observables studied are:

- Directivity — D -measures the normalized momentum deviation from O in
the positive or negative n ranges [1,2].



- Thrust — T - [3,4] is defined as the normalized maximum value of the
momentum projection on an arbitrary axis, summed over all particles in
the event.

- Sphericity — S - was introduced in [5] and it measures how close to being
spherical the particle distribution in the event is. The spherical shape will
be replaced by a circular one when the particles are projected in the trans-
verse plane.

- Recail — R - measures how well the momentum conservation is recon-
structed in the event [6].

- Fox-Wolfram moments — FWM — were introduced by G.C. Fox and S.

Wolframin [7].
Charged particles[8]

A detailed study, aready reported, of the multiplicity dependence of the
efficiency has been done first. The multiplicity bins for global and com-
bined multiplicity are presented in Table 1. The combined multiplicity is of
specia interest as the efficiency proves to be independent of the multiplic-

ity.
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Table 1

Efficiency studies — event shape dependence

Particles reconstructed in analyzed events do not always originate in the
primary vertex. The most probable sources of contamination are particle
decays and secondaries produced in the particle interaction with the mate-
rial present in the experiment. Also, some particles will not be detected
due to the limited acceptance and efficiency or the interaction with the ma-
terial. Both effects can be evaluated using Monte Carlo simulations once



the detector response and the material distribution in the experiment are
known. Therefore, the efficiency dependence on the event shape cuts was
also studied. Tracking efficiency for event shape selection in each multi-
plicity binisplotted in Figures 1, 2, 3 and 4. The first row contains the first
three bins, followed by the last three minimum bias bins on the second row.
For Sphericity, Thrust and Directivity, the efficiency is plotted in red,
green and blue corresponding to the low, medium and high values for each
of the event shapes. The medium values are defined as the values between
the isotropic and non-isotropic regions. For the Fox-Wolfram moments, red
is used for the azimuthally isotropic events, while green is for everything
else. For all the event shape observables, the efficiency at low transverse
momenta is higher for "isotropic” events and lower at high pT vaues.

Events with low pT particles are preferentially selected by the event shape

observables. Either these events have a non-biased efficiency that would
allow the event to be selected as uniform, or events containing higher pT

particles must have alow efficiency in that pT region in order to lose those

particles. A bias towards low transverse momenta can be achieved if the ef -
ficiency at high pT is low and the particles with low pT are well recon-

structed. The argument can be mirrored for the ”non-isotropic” events
where the low momenta contribution is reduced by a low efficiency and
the high momenta must have a high reconstruction probability. The biasis
smaller for high multiplicity bins.
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Figure 1: Efficiency in multiplicity bins for sphericity event selection. Iso-
tropic events (S > 0.8) are plotted in blue. Green correspond to events with
sphericity between 0.4 and 0.8. The efficiency for the pencil-like events
with S< 0.4 isplotted in red.



< 0.72) are plotted in blue. Green correspond to events W|th thrust between
0.72 and 0.85. The efficiency for the pencil-like events with T > 0.85 is
plotted in red.

Figure 3: Efficiency in multiplicity bins for directivity cuts. The efficiency
for isotropic events is plotted in red, the pencil-like events in blue, and
events with medium directivity valuesin green.
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Figure 4. Efficiency for multlpI|C|ty bins using Fox Wolfram cuts. In red,
the azimuthally isotropic events are plotted. The efficiency for the rest of
the events is plotted in green.



Event shape selected spectra

For all the multiplicity bins the event shape cuts were applied. The trans-
verse momentum spectra for event shape cuts in all the multiplicity bins
are presented. The efficiency correction was done bin wise using the effi-
ciencies from Figures 1,2,3,4. The feed-down correction used was the one
from minimum bias, the same as for the minimum bias multiplicity spec-
tra. For the minimum bias multiplicity bins, the results for sphericity, di-
rectivity, thrust and Fox-Wolfram cuts are plotted in Figures 5,6,7,8. The
multiplicity bins are displayed as follows: the first three bins are plotted in
order on the first row and the last three bin on the second row. All the spec-
tra are normalized to the number of events analyzed in the corresponding
class. For al the event shape cuts, the spectra for “non-isotropic” events
have long tails. The events labeled as “isotropic”’ have a“softer” shape.
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Figure 5: Transverse momentum spectra in six minimum bias bins and
three sphericity cuts.
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Figure 6: Transverse momentum spectra in sSix minimum bias bins and
three directivity cuts.



r
2 This ihesis =
5K zls
: # 0 =z o'
.

o A G
s R
i3 & . s 5 3 =
S - -
L}
o X B3 =y
3 . 4, ]
-
e el

S
.
e
1 1 1 7. Y- 1
5 [] [ a2 10
B [Gahi

Figure 7. Transverse momentum spectra in six minimum bias bins and
three thrust cuts.
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Figure 8: Transverse momentum spectra in sSix minimum bias bins and
Fox-Wolfram moments cuts corresponding to isotropic and non-isotropic
events.

The spectra for events close to azimutha isotropy, selected with the
sphericity, thrust, directivity and Fox-Wolfram moments are plotted in Fig-
ures 9 and 10. The dlope of the transverse momentum distributions for the
events selected in this way, is changing with the multiplicity. The power
law tails observed in the pT spectra for different multiplicity bins are dras-

tically reduced in Figures 9 and 10 where nearly azimuthal isotropic events
were selected.
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Figure 9: Transverse momentum spectra for minimum bias and high multi-
plicity events in multiplicity bins and sphericity (left panel) and thrust

(right panel) selection for uniform events.
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Figure 10: Transverse momentum spectra for minimum bias and high mul-
tiplicity events in multiplicity bins and directivity (left panel) and Fox-
Wolfram moments (right panel) event selection for uniform events.

|dentified charged hadrons [9,10]

Events with high azimuthal isotropy are of a specia interest for this analy-
sis. In order to estimate the degree of azimuthal isotropy the global observ-
able directivity was used. The events with a high azimuthal isotropy will



have a low directivity. For events dominated by jets the directivity in-

creases towards 1.
The two dimensional directivity (computed as the mean of D+ and D-) ver-

sus multiplicity representation is shownin Fig. 11.
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Figure 11: Two dimensional directivity (mean of D* and D-) versus com-
bined multiplicity.

A d2N/AgAn two dimensional representation for minimum bias and multi-
plicity >30 & directivity <0.3, where Ag and An represent the difference in
pseudo-rapidity and azimuthal angle between a given identified charged
hadron and the leading particle in the respective event, can be used in order
to evaluate the performance of the estimation (Fig. 12 and 13).

Figure 12: Two dimensional d2N/A@An representation for the minimum
bias case.



Figure 13: Two dimensional d2N/AgAn representation for M>30 & D<0.3.

Even without extracting the background correlation one could observe,
comparing the two distributions, that high multiplicity and low directivity
cut removes the jet-like correlation observed in the minimum bias case
[10].

In the case of the selections using the events multiplicity based on the
combined multiplicity estimator, there is no dependence of the corrections
as a function of multiplicity. When on top of the multiplicity selection an
extra cut using the event directivity is applied this is no longer the case.
For the low multiplicity bins the corrections show a strong variation with
the directivity of the considered events. However, as the multiplicity in-
creases this dependence becomes smaller very fast. For a combined multi-
plicity above 40 this variation is below 3%. Consequently, as in the case of
the spectra in multiplicity bins, the MB determined corrections were used
aso for the spectra in directivity bins, only for events with multiplicity
above 40. The mentioned 3% variation for the tracking, matching, PID ef-
ficiency and percentage of misidentified particles was included in the sys-
tematic errors. For this anaysis three directivity ranges were established:
directivity lower then 0.3, 0.3 to 0.6 and 0.6 to 0.9. In order to consider an
event to be in one of the above mentioned directivity classes both D* and
D- have to fulfill smultaneously the imposed condition. A visual represen-
tation of the selected events in terms of mean directivity and combined
multiplicity is shown in Fig. 14, where only events for which the simulta-
neous D+ and D- condition was fulfilled. This procedure selects samples
with high purity but it decreases considerably the available statistics.
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Figure 14: Two dimensional directivity (mean) versus combined multiplic-
ity - filled only when simultaneous D+ and D- condition was fulfilled.

In Fig. 15 the pr spectra for the highest four multiplicity bins and the three
directivity classes are plotted. As it can be seen, for the high directivity
class the available statistics is very low. The statistical errors, total system-
atic errors and the systematic errors related with the multiplicity and direc-
tivity selections are plotted separately as in the case of the pr spectra as a
function of multiplicity.

Figure 15: pT spectra as a function of directivity in the highest four multi-
plicity bins



The change of the shape of the pt spectra can be easier followed in Fig. 16
where the ratio of the spectra of all the three directivity classes to the spec-
train the respective multiplicity binis plotted.
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Figure 16: ratio of the pr spectra as a function of directivity relative to the
spectrain the corresponding multiplicity bin.

In low directivity events (red symbols) an enhancement of the low pr re-
gion and a depletion of the high pr can be observed, relative to the corre-
sponding multiplicity selected spectra. For the high directivity events (blue
symbols) the behavior of the spectra mirrors the one for the low directivity
events, being much harder. As expected, spectra obtained by using the
medium directivity selection (green symbols) is very similar with the spec-
train the corresponding multiplicity bins.

For the multiplicity bin 50 - 59 where the statistical fluctuations are rea-
sonably low, the three directivity classes were plotted separately (Fig. 17).
In this representation it can be seen that the crossing point between the en-
hancement at low pr and the depletion at high pr (for the low directivity
bin) moves towards a higher pr value with the increase of the mass of the
considered particle, being around 1.6 GeV/c for pions and above 2.2 GeV/c
for protons. The behavior of the pr spectrain the three directivity classes as
afunction of multiplicity is shown in Fig. 18. A clear change in the spectra
shapes for all three speciesis evidenced going from large directivity values
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Figure 17: ratio of the pt spectra as a function of directivity in the 50 - 59
multiplicity bin, plotted separately.

towards low values specific for less jetty events.

While for pions the change is from exponentia plus power law shape to ex-
ponential one, for kaons and protons a transition from exponential shape to
a concave one with maxima at ~ 0.6 GeV/c and 0.8 — 0.9 GeV/c, respec-
tively, is observed.
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Figure 18: pr spectraas a function of multiplicity in all the three directivity
classes.



<pT> andyields

The studies of event shape selection of events have been then postponed as
in the meantime further studies regarding the multiplicity selector depen-
dence have been started. Similar to heavier systems, the studies based on
the forward detector VOM amplitude selection were triggered by the neces-
sity to minimize the autocorrelation effects, if they manifest, and compare
systems on the same basis. Charged particle and identified hadron spectra
have been obtained in different percentilesand in Figs. 19, 20, 21 below are
shown the ones for pions, kaons and protons. For this VOM selector the
range in pT for PID data analysis has been significantly enlarged by com-

bining several analyses on different transverse momentum ranges.
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Figure 19: Pion spectrain VOM percentile bins, pp collisions at 7 TeV
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Figure 21: Proton spectrain VOM percentile bins, pp collisions at 7 TeV



Starting from these large transverse momentum range spectra the average
transverse momentum and yields have been extracted using different fit
functions. The fit quality for different fit functionsis shown in Figs. 22 and
23. The functions are named 1 to 3 from left to right in Fig. 22 and 4 and 5

from left toright in Fig. 23.
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Figure 22: Fit quality
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Figure 23: Fit quality

The fit quality for function 5 (Bylinkin) is the best one (in the limit of 5%
variation of the datato fit ratio).



The results for <pT> and yield ratios are shown in Figs. 24 and 25 for the
different fit functions.
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Figure 24: <pT> for pions, kaons and protons as a function of the average
charged particle multiplicity with different fit functions.
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Figure 25: K/t and p/mt yield ratios as a function of the average charged
particle multiplicity with different fit functions.

The difference between the best fit function results and the others can be
used to esimate the systematic error due to the fit.

Conclusions

The possibility to select highly isotropic eventsin pp collisions at 7 TeV
has been studied on the experimental data. The shapes of the obtained
gpectrain different multiplicity & event shape selections clearly depend
on the selection variable and its value. By combining several detectors
extended spectra in the average transverse momentum have been obtained
for different multiplicity estimators for charged particles and identified
hadrons. Based on these several fit formulas of the spectra have been

used in order to obtain the average transverse momentum and yield ratios.
Thisanaysisis quite robust now. More statistics and further checks on the



efficiency corrections are needed in order to draw firm conclusions on the
behaviour of the similar observables selected also with different event
shape variables.

Sudy of Non-Perturbative Particle Production in Srong Colour Fields.
Collective Effects and Their Dependence on Multiplicity at LHC energies

Effects of strong longitudinal colour electric fields (SCF), on the producti-
on of particlesin nucleus-nucleus (Pb + Pb), proton-nucleus (p + Pb) and
proton-proton (p + p) collisions were studied based on HIJING model and
especialy the new version (v2.0) of the HIJING/BB developed by usto si-
mulate heavy ion collisions at ultra-relativistic energies.

Here we focus our analysis at two energies of interest: Vs= 0.9 TeV and
Vs= 7 TeV, where data for charged particles and identified particles (ID)
have been reported for MB events. The model calculations including SLCF
effects give a good description of the spectral shape at low pr

(pr <4 GeV/c) for both energies. At high pr (pr > 5 GeV/c) the calculati-
nos lead to a somewhat harder spectrum than that observed.

In our phenomenology this could indicate that jet quenching, i.e.,
suppression of high pr particles like that observed at RHIC energies

in nucleus-nucleus collisions, could also appear in p+p collisions,
particularly for events with large multiplicity [11].

Figure 26 compares the ALICE results to the predicted mid-rapidity spec-
trafor positive pions (solid histograms), kaons (dashed histograms), and
protons (dotted histograms) in minimum bias p+p collisions.

Thereis agreement in the pr region of interest 1 < pT <4 GeV/c at both

energies. The over-prediction for proton and kaon production below pr=1
GeV/c is consistent with possible presence of radial flow, which seemsto
belarger at 7 TeV than at 0.9 TeV.

Theradial flow could appear as a consequence of a hydrodynamic type
evolution with flux tube initial conditions [12], not embedded in our mo-
del.
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Figure 26: HIJING/ BB v2.0 predictions of transverse momentum spectra at
mid- rapidity (Jy| < 0.5) for mesons (n,K) and baryons (p) at Vs= 0.9 TeV
(left panel) and at Vs = 7 TeV (right panel) are compared to data. The
data (closed symbols) are from ALICE [13]. Data (open symbols) are
from CMS collaboration [14] and are plotted using a normalization factor
0.78, since the data are measured in a different rapidity interval. Statistical
error bars on the data points are smaller than the markers.

We extend our analysis to the production of (multi)strange baryons. In Fig. 27
we show the HIJING/BB v2.0 model predictions of pT spectraat mid-rapidity

(ly| < 0.5) for A (solid histograms), Z— (dashed histograms) and Q — (dotted his
tograms) baryons at 0.9 TeV and 7 TeV. For (multi)strange particles, the datain-
dicate astronger radial flow at 7 TeV than at 0.9 TeV. For the pT region of in-
terest, 1 < pT <4 GeV/c, the model results are in agreement with data at both
energies.

The ALICE Collaboration has reported measurements of the transverse momen
tum distribution of prompt open charmed mesons (DO, D+, D*+  Dg*) in

p+ p collisions at Vs= 7 TeV [15, 16], and of (DO, D+, D*+) at Vs = 2.76 TeV
[17] in the centra rapidity range |y| < 0.5. Prompt indicates D mesons produced
at the p + p interaction point, either directly in the hadronization of the charm
guark or in strong decay of excited charm resonances. The contribution from
weak decays of beauty mesons, which give rise to feed-down D mesons, were
subtracted. The model calculations include SCF effects [18]. The energy depen-

dence of string tension «(s) = kQ (§/sp )0-04 GeV/fm, predict a modest increase
when going from Vs = 2.76 TeV (k = 1.88 GeV/fm) to Vs =7 TeV



(k = 2.03 GeV/fm). Therefore, to calculate prompt open charmed mesons pro-
duction we consider the same value of average string tension for charm and
strange quark, i.e, k¢ = kg~ 2 GeV/fm. The theoretical results are compared to

datain Fig. 28. Predictions for Dgt mesons at Vs =2.76 TeV are also included.

The agreement between theory and experiment is good within experimental un-
certainties, except at Vs = 7 TeV where while the average cross section is well
reproduced the predicted spectrum has a somewhat shallower slope than the
data
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Figure 27: HIJING/BB v2.0 predictions of transverse momentum spectra at
mid-rapidity (Jy| < 0.5) for (multi)strange hyperons (A, Z, Q) at vs= 0.9
TeV (left panel) and atVs = 7 TeV (right panel) are compared to data. The
data are from the ALICE [19,20] (closed symbols) and CMS collabora-
tions [21](open symbols). Error bars include only the statistical uncer-
tainties,

The average transverse momenta as function of charged particle multiplicity

(<pT > (Nch)) are shown in Fig. 29 for pp collisions at Vs = 7 TeV in compari-

son with ALICE data. It seems that mean charged particle as global observable
Is not a sensitive observable for SCF effects, and the data are well described
withk = xg =1 GeV/fm.

The < pT > (Nch) of identifed particles (ID),i.e. it +n—, K+ +K =, (p+p,

A+ A ,E++E5-,Q— + Q%) areshown in Fig. 30. The average transverse mo-
mentum of 1D particle is more sensitive to the collective expansion. A model
calculation for < pT > as function of multiplicity for various hadron species

show that the change in the shape of the value of < pT > due to the transverse
expansion is dependent on the individual hadron species of different mass.
While the protons gain most in < pT >, the pions lose some < pT >.

Therefore, the protons experience large flow-effect and could not be described



by our model calculations.
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Figure 28: HIJING/BB v2.0 predictions for pr distributions at mid-rapidity for
p+p — (D + D)/2 + X with D = DO (solid histograms); D = D* (dashed
histogram); D = D** (dotted histograms); and D = Ds' (dash-dotted his-
togram). The results are compared to data at Vs = 2.76 TeV (left panel)
from Ref. [17] and a Vs = 7 TeV (right panel) from Refs. [15,16]. For
clarity, the experimental data and theoretical results are multiplied with a
factor indicated in the figure. Only statistical error bars are shown.
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Figure 29: The HIJING/BB v2.0 model predictions for average transverse mo-
mentum < pr > as a function of number of charged-particle multiplicity
(Ncn) in pp collision at Vs = 7 TeV. The data are from ALICE [22] . The
error are systematic uncertainties on < prt >. The statistical errors are ne-

gligible.
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Figure 30: The HIJING/B B v2.0 model predictions for average transverse mo -
mentum < pt > of 1D particles as a function of number of charged-
particle multiplicity (Ncn) in pp collision at Vs= 7 TeV. The data are
from ALICE [22] . The error are systematic uncertainties on < pr >
The statistical errors are negligible.

Figure 31 present the model predictions of < pT > (Nch) for p + Pb collisions at

5.02 TeV. The calculations include SCF effectsand JJ  loops. The model pre -

dict amass hierarchy and this fact could be quantitatively understood in hydro-

dynamics. For ID particles the < pT > in p + Pb collisions at VsNN = 5.02 TeV

increases with multiplicity, at arate which is stronger for heavier particles.
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Figure 31: The HIJING/BB v2.0 model predictions of mean transverse momen-
tum as function of charged particle multiplicity for p + Pb collisons at
Vsun = 5.02 TeV. The data are from ALICE [22]. The errors are systemat-
ical uncertainties.
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