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1. Introduction

Studies of particle production in heavy-ion collisions at RHIC revealedamgtsuppression
of inclusive transverse momenturpr() spectra in central Au+Au collisions with respect to p+p
collisions. Further investigation of the nuclear modification factors for ligiviolt U, d, s) particle
species have shown that in the intermediptaange pr = 2-6 GeVE) baryons are less suppressed
than mesons. This observation together with enhanced baryon/mesotepatias proves that jet
fragmentation is not a dominant source of particle production even qut 06 GeVE [fl, B,[3.[4].

A theoretical approach which proved to be successful in describindintdiamgs at RHIC
is based on parton recombination and coalescence. This idea was rinstldted thirty years
ago in [$] and many papers have been published after the first resi®tdl& became available
(e.g. [6.[T[B[R]). While in p+p collisions, it is the parton fragmentation wigetdls to production
of hadrons, in heavy-ion collisions, the phase space is expected tmbelyipopulated by partons
which can also recombine and form hadrons. In this case by adding updheenta of valence
partons, a meson of a givgr can be produced by coalescing two partons each carrying roughly
1/2 of the meson transverse momentum. Similarly, a baryon can be producedlegcing three
partons carrying roughly 1/3 of the baryon momentum. As can be easilyrse@mbination natu-
rally favors baryon over meson production which is qualitatively in line withdata at RHIC. It
can be shown, that for an exponential parton spectrum the recombiisdibvays a more efficient
particle production mechanism than fragmentation, but fragmentation wiltesndominate at
high pr where the parton spectrum has a power law form.

As more data became available, the studies at RHIC have moved from ieclusasure-
ments, such as particle spectra and their ratios, towards azimuthal conglatiiong produced
particles. One of the striking features of the measured di-hadron dioredavas the observation
of an additional long-range pseudo-rapidity correlation on the neargsitfe) which is absent in
p+p and d+Au collisions[[1d, 11]. Studies involving identified two-particler&lations are ex-
pected to provide additional information on the origin of long range pseapliolity correlations,
the baryon-meson anomaly and particle production mechanisms in general.

In the first part of the paper, | give an overview of results on strgragéicle production in
p+p, d+Au and Au+Au collisions a/syn = 200 GeV at RHIC. In particular, | discuss the ratios
of particle yields and two-particle correlations at intermediate(pr = 2-6 GeVE) for singly-
strange |(<g N\) and multiply-strange=, Q) particles in order to investigate the anomalous baryon
production and properties of long range pseudo-rapidity correlatitms jdge’). The results
will be compared to recent theoretical predictions with an emphasis on recatiobittoalescence
models. The second part of the paper is devoted to an overview of tirabpredictions from the
recombination/coalescence models for the LHC.

2. Corrdationswith K and A particles

The STAR experiment has studied in detail properties of near-side dhadrrelations of
neutral strange baryonga) and mesonsl@) at intermediatept in d+Au and Au+Au collisions
at/Sun = 200 GeV [IR]. The acceptance corrected correlation functions m@raalized to the
number of trigger particles and corrected for the reconstruction eféigiehassociated particles
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Figure 1. Centrality dependence of the ridge yield (a) and jet yieldafbassociated charged particles for
various trigger species in d+Au and Au+Au collisions as @atiéd by the legend. The error bands represent
systematic errors on the ridge yield due to the subtractifiptic flow (). The figure is taken fronf [12].
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Figure 2: Dependence of the ridge yield (a) and jet yield (b)pﬁﬂ?ger for various trigger species in central
(0-10%) Au+Au collisions as indicated by the legend. Thedsarepresent systematic errors on the ridge
yield due to the subtraction of elliptic flows). The figure is taken fron{ [12].

and for the elliptic flow ¥2) contribution. In order to separate jet-like correlations from the ridge,
the distributions were analyzed in two differekry windows: |An| < 0.7 (containing both jet and
ridge contributions) antAn| > 0.7 (containing only the ridge contributions, assuming the jet is
collimated around the trigger particle and thus its contribution at l|Arges negligible). Assuming
uniformity of v, with n at mid-rapidity, the jet yield is therefore free of systematic uncertainties due
to thev, subtraction. For the ridge yield, these systematic errors were estimatettbgcsing the

Vo measured by the event plane method (the lower bound) and by the 4-pauticiéant method
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(the upper bound).

Figure[l shows the centrality dependence of ridge and jet yields on thesidean Au+Au
collisions. While the jet yield is, within errors, independent of centrality ambstent with that in
d+Au collisions, the yield of particles associated with the ridge shows a sitnorepse by a factor
of 3-4 going from d+Au to central Au+Au collisions. No significant bamjrmeson or particle/anti-
particle trigger differences have been observed.

Next, | discuss the dependence of the near-side yield on the transwersentum of the
trigger particle p"9%®", which is shown in Figurf 2. While the ridge yield increases wiffi%" and
possibly flattens off fop!"9%" > 3.0 GeVt, the yield of particles associated with the jet increases
steeply withp!f'9®", as expected for jet production. The jet yield fotriggers is systematically
below that of charged hadron aig triggers. Two effects could possibly explain this difference:
(1) the heavien\ baryon takes away more energy than the lightmeson and thus leaves less
energy available for the associated particle production, (2) an artifiai@d therging/crossing in the
STAR Time Projection Chamber (TPC) causes a loss of particle pairs at sigalba separation.
These effects are currently under investigation.

The large increase in the yield of associated particles in Au+Au collisions esfiect to d+Au
collisions can be understood in the framework of the recombination mpdlel Thss calculation
shows that in Au+Au collisions, a thermal-shower recombination plays a doinioke while it is
much less important in the d+Au system. Although the calculation has beenatai@fged pions
while the presented data are for identified-strange trigger hadronsiassbwith unidentified-
charged patrticles, the qualitative features observed in the data agrakevidttombination picture.

The validity of the recombination picture in the description of the origin in the rldge
correlations can be further tested by analyzing distributions of the partiskesciated with the
ridge. The recombination model predicts that the inverse slope ofthepectra of particles in
the ridge should be only slightly higher, by about 15 MeV, than those diches produced in the
bulk. The studies performed on two-particle correlations with unidentifiacyehl particleg]11] in
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a wide range op}f'9%" = 3-12 GeVt and passociated, 2 GeV have shown that the inverse slope
of particles associated with the ridge is approximately independegi$f" and reaches value of
~ 400 MeV. This is higher than the inverse slope of particles produced inulkebly ~ 50 MeV
(if an exponential fit is performed fopr > 2 GeVk). Contrary to the ridge, the inverse slope
of particles associated with the jet was found to be steeply increasing wittasiog transverse
momentum of the trigger particle as expected for hard processes. Stuithiestrange trigger
particles {\, Kg) revealed similar behavior to that observed for the unidentified part{cBis [1

It is also important to investigate particle composition in the ridge and look foarerdd
baryon/meson ratios which are expected from coalescence modelsliripaey study [1#] has
been carried out for two-particle correlations using charged triggeicies with pii9%®" = 2-
3 GeVk which were associated with identifiédandK particles with 1.5 Ge\ < passociated
P99 The extractedV/K ratio in the ridge and in the jet is shown in FigUie 3 together with
the same ratio measured from the incluspte spectra. The\/KQ ratio calculated for the jet is
0.46+0.21 and consistent with that measured in p+p. The same ratio in the ridge #s00181
higher than in the jet. More data are needed to draw a definite conclusiore drathon/meson
ratios of particles associated with the ridge.

| remark here that there are also other theoretical approaches whiolpatee explain the
physics origin of the ridge. The interaction of high-partons with a dense medium under the
presence of strong longitudinal collective flow is predicted to lead to acheistic breaking of the
rotational symmetry of the average jet energy and multiplicity distribution imtlkep plane [15].
This will in turn cause a medium-induced broadening of gluon radiation induseapidity and
form aridge inAn. The mechanism suggested [n][16], relates the origin of the spontarerouss f
tion of extended color fields in a longitudinally expanding medium due to thepcesof plasma
instabilities. The momentum range of the partons contained in the ridge is in thmbeation
regime and therefore it should reflect itself in the baryon/meson ratio of&ted hadrons. The ef-
fects of momentum broadening in an anisotropic plasma have also been §fifjidtiwas shown
that the momentum broadening, induced by energy loss is more proncalpogdthe longitudinal
direction that in the reaction plane. A completely different mechanism foiidige origin is based
on jet quenching and strong radial flojv[18]. The radial expansidih@fystem is predicted to
create strong position-momentum correlations that lead to characteristity;zgmimuthal andor
correlations among produced particles. First quantitative predictioesl lmasthis mechanism have
appeared after the conferenfe [19].

3. Recombination and multiply-strange particles

Based on recent calculations using parton recombination at RH|C [&Juption of thep
meson and baryon in heavy-ion collisions is expected to be very different fromdhkght flavor
hadrons and other strange particles. As lofks) andQ (ss$ are particles created exclusively from
strange quarks, the contribution from showeuarks should be negligible fqrr up to 8 GeVE.
This has two observable consequences: (1) @@ ratio should rise at intermediate linearly
with transverse momentum, and (2) there should be no near-side assqcdiekbs forg- and
Q-triggered correlations witpr > 3 GeVk because they are not produced from jet fragmentation.
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These predictions have been tested by the STAR experiment and arsséiddn further detalil
below.

Figure[# shows th€ /¢ ratio measured in central Au+Au collisions together witht and
N/ Kg [B7]. The measured baryon/meson ratios are compared to recombinatiai expecta-
tions from [20,[2R]. We can see that tliE/ ¢ ratio behaves similarly to that of the other two
baryon/meson ratios: its value first increases, has a turning point angdetepr and finally
decreases. The data agree well with the linear increase expected famctimbination up to
pr = 4 GeVk, but the model overpredicts the measured data abovepthif we look closely at
the data we can notice that the recombination model always predicts the tpoimg at higher
pr values than observed in the data. With increasing the strangeness ctinsediscrepancy be-
comes mare prominent and may imply different production mechanisms fogetrass than for
the lighteru andd flavors.

First results have also become available for two-particle correlations @sitmigger parti-
cles [2B]. Figurd]5 shows a compilation of measured azimuthal correlatiamidns after elliptic
flow modulated background subtraction for strange trigger baryons wétledasing strangeness
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content: A (udg, = (usg andQ (ss3. Due to limited statistics fof, the trigger particles have
now been selected with'%%*" = 2.5 - 4.5 GeV¢. Clearly, a remaining near-side peak above
the elliptic flow contribution is present for all discussed strange triggatiepeThe strength of the
near-side correlations was found to be, within errors, independsiraoigeness content in the trig-
ger particle. More data are needed to separate jet and ridge-like coiotnibior theQ-triggered
correlations before a definite statement can be made on the validity of thebi&wdion model
prediction [20]. It might possibly be that all observed particles assatiaiit theQ trigger on the
near-side originate from the ridge and not directly from the jet.

4. Recombination and coalescence at theLHC

As the parton recombination and coalescence approach proved todessiut at RHIC ener-
gies, it will be very interesting to test its validity at the LHC. Jet quenchinget thC top energy
is expected to be larger than at RHIC due to a higher energy density in ddegad medium.
For pions withpr =10 GeVE, the models predict suppression factors of 10-30 depending on pro-
duced particle multiplicity in Pb+Pb collisions. Consequently, the ’soft’ therrmabmbination
is expected to push its limits to higher. Calculations including thermal recombination, frag-
mentation and energy loss in the medidn] [24] predict that the crossovesdretive two domains,
recombination and pQCD, will be shifted pg =6 GeVk (from 4 GeVt at RHIC) for pions and to
pr = 8 GeVk (from 6 GeVk) for protons. Thep/ P ratio calculated from this model will remain
essentially the same as at RHIC, only the position of its peak value will be shifiedds larger
pr as demonstrated in Figuffe 6.

At even larger transverse momenta, 10 Ge¥/pr < 20 GeVk, the density of jets in Pb+Pb
collisions is expected to be so large that the recombination of shower p&xdoneeighboring jets

1.4 Pb+Pb @ 5.5 TeV
1.2 — b/ RecotFrag
. ' === p/n’ RHIC 200 GeV

Figure6: Thep/° ratio in Pb+Pb collisions at the LHC (solid line) and Au+Adlisions at RHIC (dashed
line). Temperature of the thermalized parton phase175 MeV and transverse radial flow velocity 0c75
were assumed. The figure is taken frdn] [24].
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Figure 7: Expected transverse momentum
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could significantly contribute to particle productign|[25]. The authors ofittaslel consider in their
calculation onlypr > 10 GeVkin order to minimize systematic uncertaintites originating from the
contribution of thermal partons which would require a fit to frespectra of soft particles. Starting
with a jet overlap probability = 0.1 atpr = 10 GeVt and decreasing its value in accordance with
a power lawJ (pr) ~ p{7, large values of th@/mrratio are predicted. In the above mentionad
range, the ratio is predicted to decrease from 20 to 5 as shown by the dlitkirse in Figure[}.
The calculation based purely on thermal recombination and thus similar to {g2f efhich | have
discussed earlier in this section would lead to significantly smajlarratio values as indicated by
the thin solid line in Figuré]7.

Besides the surprisingly large valuespfirratios, the authors of the model [n]25] predict that
the large density of jets will lead to another striking phenomenon. If jet mtimuis copious in ev-
ery event, jets will be a part of the background. In addition, hadron® BdVE < pt < 20 GeVE
range will be produced by recombination as discussed above and feargpthem as trigger
particles will not select any special sample of events, contrary to the situgtiRHIC where jets
are rare but triggering on a highr particle helps to unravel them from the large underlying back-
ground. Thus the model predicts no associated particles beyond elatedr bacgkround if the
trigger particle is selected in 10 Ged/& pr < 20 GeVErange.

5. Summary

The recombination and coalescence models have proven to be suttedsi&cribing many
qualitative features of nuclear modification factors, particle ratios and elfipticat RHIC energy.
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These models are currently being challenged by two-particle correlatsimg identified particles.
As | have discussed above, recent studies with multiply-strange partizlasd¢) as well as the
study of particle composition in the long range pseudo-rapidity correlatiaysakey role.

At the LHC, it is expected that pure thermal recombination will be push@iGeVL higher
in pr than at RHIC to 6 Ge\ for pions and 8 Ge\d for protons, respectively. In ther range
of 10-20 GeVt, it is expected that shower recombination in the high jet density environnignt w
contribute significantly to particle production. This will in turn lead to a surpgisitargep/ rrratio
of 5-20 and absence of any peaks in di-hadron azimuthal correlafibiese model predictions can
be tested by the ALICE experiment which is designed to have sufficietitlpaidentification
capabilities out to larggr. However, it is important to keep in mind, that the jet quenching
will populate the recombination region at the LHC and thus complicate the intatipre of the
measured data.
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