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Abstract. Hadron production in relativistic heavy-ion collisions at LHC energies is in-

vestigated. After a brief consideration of stopping, particle production is accounted for in

a nonequilibrium-statistical model with two fragmentation sources, and a central source

that is mostly due to low-x gluon-gluon collisions. The particle content and energy de-

pendence of the three sources is discussed for AuAu (RHIC) and PbPb (LHC). Results for

asymmetric pPb collisions are compared with ALICE and preliminary ATLAS data. The

suppression of Υ-mesons in the hot quark-gluon medium in PbPb collisions as compared

to pp at
√

sNN = 2.76 TeV is accounted for in a model that encompasses gluodissociation,

collisional damping, screening, and reduced feed-down. Results are compared with CMS

and ALICE data.

1 Introduction

A brief survey of several features of hadron production in relativistic heavy-ion collisions at LHC

energies is given in this article, which is essentially based on results published in [1], and obtained in

[2, 3] for charged-hadron production, and in the references cited in the text for bottomia suppression

in PbPb collisions at LHC energies.

The stopping process in the very first phase of the collision is mostly characterized by the inter-

action of fast valence quarks with low-x gluons in the respective other nucleus. The fragmentation

peaks in net-proton (proton – antiproton) rapidity distributions are clearly visible in SPS and RHIC

data [4–7]. When considering rapidity or pseudorapidity distributions of produced charged particles,

the fragmentation distributions also play a significant role, but since they shift to large values of ra-

pidity at LHC, particle production near mid rapidity is almost exclusively determined by the central

low-x gluon-gluon source.

This source cancels out in net-proton distributions, but in charged-hadron distributions its impor-

tance rises strongly with incident energy. In this note the relative importance of the three sources

is investigated as function of energy from a direct comparison of the analytical solutions of a

nonequilibrium-statistical relativistic diffusion model (RDM) [8] with PHOBOS [9] and recent AL-

ICE data [10] data. This allows also for predictions at the LHC design energy, and for an analysis of

the asymmetric pPb system at the current LHC energy of 5.02 TeV.
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Figure 1. The RDM pseudorapidity distribution functions for charged hadrons in central 200 GeV AuAu (top

frame) and 2.76 TeV PbPb collisions are adjusted through χ2−minimizations to the PHOBOS [9] (see also [11])

and ALICE [10] data. The underlying particle production sources are shown: dash-dotted curves are the frag-

mentation sources, dashed curves the mid rapidity gluon-gluon sources, and dotted curves the central sources

without the effect of the Jacobian transformation from rapidity to pseudorapidity. The particle content in the

gluon-gluon source rises strongly with increasing c.m. energy. From [3]

2 Hadron production sources

The relativistic diffusion model (RDM) for the investigation of the time evolution of particle produc-

tion sources in relativistic heavy-ion collisions has been applied in [1] to charged-hadron production

in AuAu collisions at RHIC energies, and to PbPb collisions at LHC energies of 2.76 TeV. The sizes

of the fragmentation sources, and of the mid rapidity gluon-gluon source have been identified as func-

tions of centrality and energy. The results for central AuAu collisions at 200 GeV, and central PbPb

collision at 2.76 TeV are shown in figure 1, together with the underlying particle production sources.

The particle content in the low-x gluon-gluon source is seen to rise strongly with increasing c.m.

energy, and constitutes the largest particle production source at LHC energies. The effect of the

Jacobian transformation from rapidity y to pseudorapidity η – which acts mostly on the central source

– is also shown. It causes a dip in the mid-rapidity source, but has a rather negligeable effect on the

fragmentation sources at larger values of rapidity. The incoherent superposition of the sources gives

a good representation of the ALICE data [10], and the five RDM parameters can be determined in a

χ2-minimization with respect to these data [1]. The minimum near mid rapidity occurs due to both,

the effect of the Jacobian plus the interplay of fragmentation and central sources.
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Figure 2. Number of produced charged hadrons as function of the c.m. energy
√

sNN from RDM-fits of the

available data for central heavy-ion collisions at 0.019, 0.062, 0.13, 0.2 TeV (RHIC, AuAu), 2.76 TeV (LHC,

PbPb), plus extrapolation to 5.52 TeV. Circles are the total numbers, following a power law ∝ s0.23
NN

. Triangles

are particles from the fragmentation sources ∝ log(sNN/s0). Squares are hadrons produced from the midrapidity

source, with a dependence ∝ log3(sNN/s0). A power law ∝ s0.44
NN

[1] is also shown, but fails to fit the extrapolated

5.52 TeV yield. The gluon-gluon source (dashed) becomes the main source of particle production between RHIC

and LHC energies. From [3].

The particle contents of the sources are displayed in figure 2, which resembles the analogous figure

in [1], but differs in a decisive detail. The total particle content is found to follow a power law [1, 3]

Ntot
ch = 1.1 · 104(sNN/s0)0.23 (1)

with s0 = 1 TeV2, whereas the particle content in the two fragmentation sources is as expected a

logarithmic function of the energy

N
qg

ch
= 695 · ln(sNN/s0) (2)

with s0 = 100 GeV2. The midrapidity gluon-gluon source is approximated by the thin dashed line

following a power law as was already proposed in [1]

N
gg

ch
� 4 · 103(sNN/s0)0.44 (3)

with s0 = 1 TeV2. However, when considering also the yield predicted within the relativistic diffusion

model (RDM) for the LHC design energy of 5.52 TeV, the power law fails to fit the expected yield,

whereas a cubic log dependence agrees with the prediction,

N
gg

ch
= 7.5 · ln3(sNN/s0) (4)

where s0 =169 GeV2 [3].

It remains to be seen whether the data actually follow the model prediction. In the upcoming PbPb

run at the LHC in 2015, the c.m. energy is scheduled to be 5.125 TeV, corresponding to 13 TeV pp.
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Figure 3. The total charged-hadron production in central AuAu and PbPb collision in the energy region 19.6

GeV to 5.52 TeV is following a power law Ntot ∝ (sNN/s0)0.23 (solid line), whereas the particle content in the

fragmentation sources is Nqg ∝ ln (sNN/s0), dash-dotted curve. The particle content in the mid-rapidity source

obeys Ngg ∝ ln3 (sNN/s0), dashed curve, not too far from a power law (short-dashed line) only in the intermediate

energy range 0.1–2.76 TeV. The energy dependence of the mid rapidity yield is shown as a dotted line. From [3].

The total charged-hadron yield predicted by Eq. (2) at this energy is Ntot
ch
= 23, 327, with the central

source contributing N
gg

ch
= 12, 811 charged hadrons according to Eq. (4).

When examining the RDM results for the particle content of the sources more closely also in the

low-energy region where RHIC data are available, it turns out that the power law Eq. (3) is an ac-

ceptable approximation to N
gg

ch
only between about 100 GeV and 2.76 TeV. This becomes particularly

obvious in figure 3, where the same plot is shown using a double-logarithmic scale, following a sug-

gestion by Trainor [14]. The cubic-log dependence of the gluon-gluon source (dashed) is seen to fit

the points that have been extracted from my RDM-analyses [1] of PHOBOS and ALICE data rather

precisely at the available energies, and it agrees with the RDM-prediction at the LHC design energy

of 5.52 TeV.

As required by the RDM analysis of the 19.6 GeV AuAu data, the gluon-gluon contribution be-

comes unimportant below 20 GeV – whereas a power law would still predict a yield of about 100

charged hadrons per unit of rapidity in this energy region. Although a hybrid function with a log-

dependence at RHIC energies that turns into a power law at LHC energies may appear as a reasonable

compromise [15, 16], the ln3-dependence for the central source offers a more precise fit of the RDM-

results. A more detailed discussion of this behaviour, and its underlying physical reason is given in

[3].

3 Asymmetric systems

With the same approach, also asymmetric systems such as pPb at LHC energies can be investigated

[1, 2]. Here the fragmentation sources have unequal particle content, and the midrapidity source is not

centered at 〈η〉 = 0, but at a centrality- and transverse momentum-dependent equilibrium value of the

rapidity. The result for minimum-bias pPb collisions at the LHC energy of 5.02 TeV is shown [1, 2]

in figure 4 in a χ2-minimization with respect to ALICE data [13], and preliminary ATLAS data [12].
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Figure 4. The predicted RDM pseudorapidity distribution functions for charged hadrons in minimum bias

pPb collisions at LHC c.m. energy of 5.02 TeV shown here are adjusted in the mid-rapidity region to the

preliminary ATLAS (top) [12], and published ALICE (bottom) data [13] (systematic error bars only for AL-

ICE). The measured preliminary ATLAS data (0–90%) have been scaled by the geometric cross-section ratio

σ(0 − 90%)/σ(0 − 100%) � 0.898 to make them directly comparable to the minimum-bias ALICE results. The

underlying distributions in the three–sources RDM are also shown. From [1, 2].

The RDM-analysis of pPb collisions at LHC energies reveals excellent agreement with the pre-

liminary centrality-dependent data taken by both, the ALICE and the ATLAS collaborations. We have

determined the RDM-parameters in χ2− minimizations with respect to these data. At all centralities,

the mid-rapidity source has the largest particle content, but the fragmentation sources are necessary

for a detailed understanding of the centrality-dependent shape of the total distribution functions. It is

the interplay of the three sub-distributions together with the effect of the Jacobian transformation that

determines the pseudorapidity density distribution of produced charged hadrons.

The shapes of the total distribution functions indicate that the system has not reached statistical

equilibrium. In particular, the centres of the fragmentation distributions remain far from the equi-

librium values yeq(b): It is not just the produced-particle yields that determine whether the emitting

source is in statistical equilibrium, but rather the shapes of the distribution functions, which clearly de-

viate from equilibrium distributions – although local equilibrium in the hydrodynamic sense appears

to be achieved for events with pT ≤ 6−8 GeV/c as may be inferred from the success of hydrodynamics

to describe bulk properties.
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4 Υ suppression in PbPb collisions at LHC energies

The production of heavy mesons and in particular, of bottomia in initial hard partonic interactions in

relativistic PbPb collisions at LHC energies is of special interest, because quarkonia in the hot fireball

can act as a probe to test the properties of the hot medium. In our model [17, 18] we investigate the

suppression of the Υ(nS ) states in PbPb as compared to the expectation from scaled pp collisions at

the same energy, and compare with centrality-dependent CMS data [19] for the 1S and 2S states. In

the hot medium, the three most important dissociation mechanisms are taken to be gluodissociation,

damping, and screening of the real part of the quark-antiquark potential. The calculated gluodissoci-

ation cross section for the 1S and 2S states together with the thermal gluon distribution function are

shown as functions of the gluon energy at two different temperatures in figure 5.
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Figure 5. Gluodissociation cross section σdiss (left

scale) of the Υ(1S ) and Υ(2S ) states and the thermal

gluon distribution (right scale) plotted for temperature

T = 170 (solid curves) and 250 MeV (dotted curves)

as functions of the gluon energy Eg. From Nendzig

and Wolschin [18].

Since the matrix elements that characterize gluodissociation (see formulae in [18]) have a finite ex-

tent in the gluon energy space, the corresponding cross sections exhibit maxima. Still, when averaged

over the temperature-dependent gluon-energy distribution, and considering the momentum-dependent

running of the strong-coupling constant, the average gluodissociation cross section rises monotoni-

cally as function of temperature in the region of interest – that is, for initial temperatures of T � 550

MeV at the Υ formation time τF � 0.1 − 0.5 fm/c [18].

In addition to gluodissociation in the hot medium, we have also considered the damping widths

due to the imaginary part of the quark-antiquark potential, and the screening of the real part. Gluodis-

sociation and damping widths add up incoherently to total bottomia widths for the six states consid-

ered in the hot fireball, namely, Υ(1S , 2S , 3S ) and χb(1P, 2P, 3P); other spin-triplet states are above

the BB̄ threshold and hence, are not relevant for a comparison with the measured Υ(nS ) suppression.

The time and centrality dependence of the suppression of these six states in the hot medium is

then calculated based on an ideal hydrodynamic expansion of the medium that includes transverse

expansion, as well as the relativistic Doppler effect whenever the mean transverse momenta of the

produced bottomia states and the pT of the expanding medium are different from each other. At

the end of the QGP phase – when the temperature has dropped below the critical temperature – we

calculate the centrality-dependent QGP suppression factors R
QGP

AA
.

It is very relevant to include at all impact parameters the corona zone where the temperature never

rises above the critical value so that none of the QGP dissociation mechanisms play a role there,

leading to an occupation of the excited states even in more central collisions where the excited states

melt in the high-temperature region due to screening. In the corona, additional hadronic suppression

that is mostly due to collisions with pions – which we have investigated separately – may occur [20].
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Figure 6. Υ(nS ) suppression factors in 2.76 TeV

PbPb measured by CMS [19] (circles) and calculated

with the model of Nendzig and Wolschin [18] (dashed

lines) for τinit = 0.1 fm/c, τF = 0.3 fm/c, Ti = 550

MeV and Tc = 170 MeV, averaged over transverse

momentum, 4 GeV/c < pT < 24 GeV/c. From [20].

Once the centrality-dependent suppression in the hot fireball and in the corona is established,

the bottomia states de-excite in a feed-down cascade before being detected through the emission of

μ+μ− pairs, with a branching ratio of approximately 2.48% for the 1S state, 1.93% for the 2S state,

and 2.18% for the 3S state. The calculation of the feed-down cascade including the newly detected

χb(3P) state is described in [21]. It yields the final centrality-dependent suppression factors RAA [18]

as shown in figure 6 in comparison with the CMS data [19] for the Υ(1S ) and Υ(2S ) states, with a

parameter set indicated in the caption.
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Figure 7. Predictions for RAA(1S ) and R
QGP

AA
(1S ) for

PbPb collisions at
√

sNN = 5.52 TeV (solid and dotted

lines, respectively) and the previous results for√
sNN = 2.76 TeV (dashed and dash-dotted lines,

respectively) as a function of centrality, averaged over

pT , plotted for an Υ formation time of τF = 0.3 fm/c,

together with data from CMS [19] and ALICE [22]

for
√

sNN = 2.76 TeV. From [18].
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The suppression of the spin-triplet ground state and its centrality dependence is in good agreement

with the data for all centralities except for the 40-50% bin. For the first excited 2S state, however,

the calculated centrality dependence is too steep. Although the overall amount of suppression would

be enhanced through a shorter formation time τF with ensuing larger QGP lifetime, such that the

central bins are better accounted for, the problem of missing suppression in the three peripheral bins

50-100%, 40-50% and 30-40% remains to be solved. We have checked the influence of hadron-

induced dissociation in the corona region, with the result that the centrality-dependence of pion-

induced dissociation is probably not strong enough to account for the difference. Another interesting

possibility may be the dissociation through the transient magnetic fields, which is expected to be more

pronounced for peripheral collisions.

Since the results for the ground-state suppression are in agreement with experiment, we have also

calculated the Υ(1S ) suppression in PbPb at the LHC design energy of 5.52 TeV, solid line in figure 7.

The central initial temperature is increased by 6.6% to 586 MeV using the scaling relation between

the initial entropy density and the charged-particle multiplicity density s0 ∝ dNch/dη ∝ T 3
0
. The

ground state is found to be slightly more suppressed in the medium at the higher energy and hence,

the total suppression in PbPb as compared to pp is stronger. However, the effect is less than 10%

when doubling the c.m. energy.

5 Conclusion

Particle production sources in relativistic heavy-ion collisions at RHIC and LHC energies have been

investigated. The relevance and effect of the fragmentation sources not only in stopping, but also

in particle production has been outlined, and discussed as function of incident energy. The particle

content in the mid-rapidity gluon-gluon source increases rapidly (stronger than a power law) with

incident c.m. energy. Charged-hadron production in the asymmetric pPb system at 5.02 TeV is

investigated accordingly.

The suppression of the strongly bound Υ(1S ) spin-triplet ground state in PbPb collisions at LHC

energies as compared to scaled pp collisions at the same energy is a sensitive indicator for the prop-

erties of the quark-gluon plasma that causes gluodissociation and damping. The feed-down cascade

from the excited bottomia states to the ground state produces additional suppression, since the excited

states melt through screening, or depopulate through dissociation processes. Our model results [18]

for the ground state are in good agreement with the CMS data [19], but the suppression of the first

excited state calls for additional centrality-dependent dissociation mechanisms.
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