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Preface

In August 2006, the CERN Theory Unit announced to restructure its visitor program and to
create a "CERN Theory Institute”, where 1-3 month long specific programs can take place.
The first such Institute was held from 14 May to 10 June 2007, focussing on "Heavy lon
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Collisions at the LHC - Last Call for Predictions". It brought together close to 100 scientists
working on the theory of ultra-relativistic heavy ion collisions. The aim of this workshop was

to review and document the status of expectations and predictions for the heavy ion program
at the Large Hadron Collider LHC before its start. LHC will explore heavy ion collisions at

~ 30 times higher center of mass energy than explored previously at the Relativistic Heavy lon
Collider RHIC. So, on the one hand, the charge of this workshop provided a natural forum for
the exchange of the most recent ideas, and allowed to monitor how the understanding of heavy
ion collisions has evolved in recent years with the data from RHIC, and with the preparation of
the LHC experimental program. On the other hand, the workshop aimed at a documentation
which helps to distinguish pre- from post-dictions. An analogous documentation of the "Last
Call for Predictions” [1] was prepared prior to the start of the heavy-ion program at the
Relativistic Heavy lon Collider RHIC, and it proved useful in the subsequent discussion and
interpretation of RHIC data. The present write-up is the documentation of predictions for the
LHC heavy ion program, received or presented during the CERN TH Institute. The set-up of
the CERN TH Institute allowed us to aim for the wide-most coverage of predictions. There
were more than 100 presentations and discussions during the workshop. Moreover, those
unable to attend could still participate by submitting predictions in written form during the
workshop. This followed the spirit that everybody interested in making a prediction had the
right to be heard.

To arrive at a concise document, we required that each prediction should be summarized
on at most two pages, and that predictions should be presented, whenever possible, in figures
which display measurable quantities. Full model descriptions were not accepted - the authors
were encouraged to indicate the relevant references for the interested reader. Participants
had the possibility to submit multiple contributions orffeient topics, but it was part of
the subsequent editing process to ensure that predictions on neighboring topics were merged
wherever possible. The contributions summarized here are organized in several sections,
- though some of them contain material related with more than one section -, roughly by
going from low transverse momentum to high transverse momentum and from abundant to
rare measurements. In the low transverse momentum regime, we start with predictions on
multiplicity distributions, azimuthal asymmetries in particle production and hadronic flavor
observables, followed by correlation and fluctuation measurements. The contributions on
hard probes at the LHC start with predictions for single inclusive high transverse momentum
spectra, and jets, followed by heavy quark and quarkonium measurements, leptonic probes
and photons. A final section "Others" encompasses those predictions which do not fall
naturally within one of the above-mentioned categories, or discuss the more speculative
phenomena that may be explored at the LHC.

We would like to end this Preface by thanking the TH Unit at CERN for its generous
support of this workshop. Special thanks go to Elena Gianolio, Michelle Mazerand, Nanie
Perrin and Jeanne Rostant, whose help and patience was invaluable.

Néstor Armesto

Nicolas Borghini

Sangyong Jeon
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1. Multiplicities and multiplicity distributions

1.1. Multiplicity distributions in rapidity for Pb-Pb and p-Pb central collisions from a simple
model

S. Abreu, J. Dias de Deus and J. G. Milhano

The simple model [2] for the distribution of rapidity extended objects (longitudinal
glasma colour fields or coloured strings) created in a heavy ion collision combines the
generation of lower centre-of-mass rapidity objects from higher rapidity ones with asymptotic
saturation in the form of the well known logistic equation for population dynamics

op 1 >
D - E(P—AP ) 1)
wherep = p(A,Y) is the particle densityy is the beam rapidity, and = |y|-Y. TheY-
dependent limiting value qf is determined by the saturation conditi®na)e = 0 — py =
1/A, while the separation between the low density (positive curvature) and high density
(negative curvature) regions is given ﬂ%(_A)pMO =0— po = p(Ao,Y) = py/2. Integrating
(1) we get

pAY) = T —. )
e s +1
In the String Percolation Model [2] the particle density is proportional, once the colour
reduction factor is taken into account, to the average number of participantda; the
normalized particle density at mid-rapidity is related to the gluon distribution at small
Bjorkenx, p o« e!Y; and the dense-dilute separation scale decreases, from energy conservation,
linearly withY, Ag = —aY with 0 < a < 1. Rewriting (2) in rapidity
dN Np-etY

STy ©
The valuest = 0.247,a = 0.269 ands = 0.67 for the parameters in the solution (3) are fixed
by an overall fit [3] of Au-Au RHIC data [4].

In Fig. 1 we show the predicted multiplicity distribution for the 10% most central Pb-Pb
collisions at+/S = 5.5 TeV with Na = 1733 taken from the Glauber calculation in [5].

In Fig. 2 we show the predicted multiplicity distribution for the 20% most ceng+Bb
collisions at /5, = 8.8 TeV with Npart = 13.07 also from [5]. In this case the solution (3)
have been modified to account for the asymmetric geometry and the shift of the centre of
mass of the system relatively to the laboratory centre of mass [2]. The resulting rapidity shift
yc = —2.08 is marked in Fig. 2.

1.2. Multiplicities in Pb-Pb central collisions at the LHC from running coupling evolution
and RHIC data

J. L. Albacete _ _ _ _
This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
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Figure 2: %N from asymmetric version of (3) [2] fop-Pb (0-20% central) collisions at
\/Suy = 8.8 TeV with Npart = 13.07.

Predictions for the pseudorapidity density of charged particles produced in Pb-Pb central
collisions at/syn = 5.5 TeV are presented. Particle production in such collisions is computed in the
framework ofk;-factorization, using running coupling non-linear evolution to determine the transverse
momentum and rapidity dependence of the nuclear unintegrated gluon distributions.

Predictions for the pseudorapidity density of charged particles produced in Pb-Pb central
collisions at/syn = 5.5 TeV presented in [6] are summarized. Primary gluon production in
such collisions can be computed perturbatively in the framewol-tectorization. Under
the additional assumption of local parton-hadron duality, the rapidity density of produced
charged particles in nucleus-nucleus collisions at engfgyand impact parametdris given

by, [7]:
This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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AN 4aNe (P d2py 5 ke + P ke — P
e R fdktas(Q)so(xl, S epe=5) @

where p; andy are the transverse momentum and rapidity of the produced particies
(pt/ Vo) e and Q=0.5max{|p:+ki}. The lack of impact parameter integration in this
calculation and the gluon to charged hadron ratio are accounted for by the c@stdnth
sets the normalization. The nuclear unintegrated gluon distributions (u@(xlg), entering
Eq. (4) are taken from numerical solutions of the Balitsky-Kovchegov evolution equation
including running coupling corrections, [8]:
ON(Y,r)
oY
Explicit expressions for theunning R[N], and subtraction S[N], functionals in the r.h.s.
of Eg. (5) can be found in [8]. The nuclear u.g.d. are given by the Fourier transform of the
dipole scattering amplitude evolved according to Eq. RY,k) = %e“—‘iN(Y,r), with
=1n(0.05/X) + AYey, WhereAYey is a free parameter. Largeeffects have been included by
replacinge(x, k) — ¢(x, K)(1 - x)*. The initial condition for the evolution is taken from the
McLerran-Venugopalan model [9], which is believed to provide a good description of nuclear
distribution functions at moderate energies:

= RIN(Y.")] = S[N(Y.r)] (5)

22
NMV(y =0,r) = 1—exp{—%ln(%+e)}, (6)

where Qp is the initial saturation scale andl =0.2 GeV. In order to compare Eq. (4)

with experimental data it is necessary to correct thfeetBnce between rapidity, and the
experimentally measured pseudorapidity, This is managed by introducing afffective
hadron massyes¢. The variable transformatiog(n, pt, Mme ), and its corresponding jacobian

are given by Eqs.(25-26) in [7]. Corrections to the kinematics due to the hadron mass are also

considered by replacing: — m = (pt2 + rngff)l/2 in the evaluation okj . This replacement
affects the predictions for the LHC by less than a 5%, [6].

The results for the pseudorapidity density of charged particles in central Au-Au collisions
at /syn =130, 200 and 5500 GeV are shown in Fig. 3. A remarkably good description of
RHIC data is obtained wity=0.75+1.25 GeV,AYey<s3 andmg £ 1=0.2+ 0.3 GeV. Assuming
no difference between Au and Pb nuclei, the extrapolation of the fits to RHIC data yields the

Pb—
(v/Snn=5.5TeV),—0 ~ 1290+ 1480 for central Pb-Pb collisions at the

NPb-Pb
LHC. The central value of our predlctlonsd“—(\/ =5.5TeV),-0 ~ 1390 corresponds

to the best fits to RHIC data.

following band

1.3. Identified hadron spectra in Pb-Pb &5, = 5.5 TeV: hydrodynamiespQCD
predictions

F. Arleo, D. d’Enterria and D. Peressounko
The single inclusive charged hadrgm spectra in Pb-Pb collisions at the LHC, predicted by a
combined hydrodynamiegperturbative QCD (pQCD) approach are presented.

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 3: Multiplicity densities for Au-Au central collisis at RHIC (experimental data taken
from [4]), and prediction for Pb-Pb central collisionsg6yn =5.5 TeV. The best fits to data
(solid lines) are obtained witQg=1 GeV,AYe,=1 andme;¢=0.25 GeV. The upper limit of
the error bands correspond AYe,=3 andQp=0.75 GeV, and the lower limit taYe,=0.5
andQp=1.25 GeV, withmes+=0.25 GeV in both cases.

We present predictions for the inclusive transverse momentum distributions of pions,
kaons and (anti)protons produced at mid-rapidity in Pb-Pb collisiongK[, = 5.5 TeV
based on hydrodynamiepQCD calculations. The bulk of the spectiar (< 5 GeV/c) in
central Pb-Pb at the LHC is computed with a hydrodynamical model — successfully tested
at RHIC [10] — using an initial entropy density extrapolated empirically from the hadron
multiplicities measured at RHIGIN/dnl,=0/(0.5Npar) ~ 0.75In(y/5/1.5) [11]. Above
pt ~ 3 GeV/c, additional hadron production from (mini)jet fragmentation is computed from
collinearly factorized pQCD cross sections at next-to-leading-order (NLO) accuracy [12]. We
use recent parton distribution functions (PDF) [13] and fragmentation functions (FF) [14],
modified respectively to account for initial-state shadowing [15] and final-state parton energy
loss [16].

We use cylindrically symmetric boost-invariant 2-D relativistic hydrodynamics, fix-
ing the initial conditions for Pb-Pb &t= 0 fm and employing a simple Glauber prescription
to obtain the corresponding source profiles at all other centralities [10]. The initial source
is assumed to be formed at a timg= 1/Qs ~ 0.1 fnyc, with an initial entropy density of
so = 1120 T3 (i.e. go o Sg/s ~ 650 GeV/fm?) so as to reproduce the expected final hadron

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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multiplicity dNcn/dnl,,—0 = 1300 at the LHC [11]. We follow the evolution of the system

by solving the equations of ideal hydrodynamics including the current conservation for net-
baryon number (the system is almost baryon-freg~ 5 MeV). For temperatures above
(below) Terit ~# 170 MeV the system is described with a QGP (hadron gas) equation of state
(Eo0S). The QGP Eo0S - obtained from a parametrization to recent lattice QCD results — is
Maxwell connected to the hadron resonance gas phase assuming a first-order phase transition.
As done for RHIC energies, we chemically freeze-out the system (i.e. fix the hadron ratios) at
Teiit- Final state hadron spectra are obtained with the Cooper-Frye prescripligi=ai20

MeV followed by decays of unstable resonances using the known branching ratios. Details
can be found at [10].

Our NLO pQCD predictions are obtained with the code of ref. [12] with all scales set to
u=pr. Pb-Pbyields are obtained scaling the NLO cross-sections by the number of incoherent
nucleon-nucleon collisions for each centrality class given by a Glauber midggl+£ 1670,

12.9 for 0-10%-central and 60-90%-peripheral). Nuclear (isospin and shadowing) correc-
tions of the CTEQ6.5M PDFs [13] are introduced using the NLO nDSg parametrization [15].
Final-state energy loss in the hot and dense medium is accounted for by modifying the AKK
FFs [14] with BDMPS quenching weights as described in [16]. The BDMPS medium-induced
gluon spectrum depends on a single seaje- (§) L2, related to the transport cieient and
length of the medium. We use; ~ 50 GeV, from the expected energy dependence of the
guenching parameter and the measurgd: 20 GeV at RHIC [16]. The inclusive hadron
spectra in central Pb-Pb are suppressed by up to a fad®(2), Rpppp~ 0.1 (0.5), atpr =

10 (100) GeVc.

Our predictions for the identified hadron spectra in Pb-Pb collisions at 5.5 TeV are shown
in Figure 4. The hydrodynamical contribution dominates over the (quenched) pQCD one up to
pt =~ 4 (1.5) GeVc in central (peripheral) Pb-Pb. As expected, the hydro-pQ&Rrossing
point increases with the hadron mass. In the absence of recombinfiBots€not included
here), bulk protons may be boosted ugpto~ 5 GeV/cin central Pb-Pb at the LHC.

1.4. Multiplicities at the LHC in a geometric scaling model

N. Armesto, C. A. Salgado and U. A. Wiedemann

We present predictions for charged multiplicities at mid-rapidity in PbPb collisions, as well as
transverse momentum distributions affelient pseudorapidities in pPb collisions, at LHC energies.
We use geometric scaling as found in lepton-proton and lepton-nucleus scattering, to determine
the evolution of multiplicities with energy, pseudorapidity and centrality. The only additional free
parameter required to obtain the multiplicities is fixed from RHIC data.

Geometric scaling - the phenomenological finding that virtual photon-hadron cross
sections in lepton-proton [17] and lepton-nucleus [18, 19] collisions, are functions of a single
variable which encodes all dependences on Bjorkewirtuality Q2 and nuclear size -

is usually considered as one of most important evidences in favor of saturation physics
This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with

permission.
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Figure 4: Spectra ats0 for n*,K*, p, pin 0-10% central (left) and 60-70% peripheral (right)
Pb-Pb aty/S,, = 5.5 TeV, obtained with hydrodynamies(quenched) pQCD calculations.

at work [19] . In the scaling variablea = QZ/QiA(x) the quantityQsa, the saturation
momentum, shows a behavior with energy or Bjorkedetermined by lepton-proton data,
while the dependence ahis fixed by lepton-nucleus data [18]:

Q2A() o x AT 1 =0.288 §=0.79+0.02 7)

To compute particle production, we assume that geometric scaling holds for the
distributions assigned to the projectile and target. Without invoking factorization, dimensional
analysis allows us to factor out the geometrical information. Then, the multiplicity at central
pseudorapidity can be written in the form [18] (wikhartoc A)

2 dNAA

/2 N 1;356
Npart dn

=No (s/GeV?) " "NZ.. (8)

n~0
The only new parameter I¥p, a normalization constant which takes into account the parton-
hadron conversion and the change from mid-rapidity to mid-pseudorapidity. Once fixed for
a set of dataNp = 0.47), this formula has predictive power and establishes a factorization
of the energy and centrality dependences in agreement with data. In Fig. 5 we show the
results of Eq. (8) compared to RHIC data (including those of intermediate energies [20])
and our prediction for the LHC, where our numbers cﬂn)dAA/dn|,7~o are 1550 1760 for
Npart = 350 and 1676 1900 forNpart = 375, with the range in the predictions reflecting the
uncertainty coming from, see Eq. (7). We note that these values are based\@pwerlaw
dependence in Eq. (2) and can be discriminated clearly from a log-extrapolation of RHIC data.
A more model-dependent application of this formalism [18] concerns particle production
in hadron-nucleus collisions at forward rapidities or large energies. Assuming factorization,
geometric scaling and a steeply falling parton distribution in the proton or deuteron, one gets

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 5: Charged multiplicity at mid-pseudorapidity pertgdpant pair, for four RHIC
energies and for LHC energies, from Eq. (8). The band shows the uncertainty coming from
see Eq. (7).

for one-particle distributions in two centrality classgsandc,

nglAu / ngzAu N Ncol|2¢A(pt/Qsat1) N NCO”Q(D(T].) (9)
Neott; 702t | Neoti,dnd?p; ~ Neoit; ¢a(Pt/Qsap) ~ Neot, ®(12)”

where® is the geometric scaling function in lepton-hadron collisions. In this way, particle
ratios in hadron-nucleus collisions provide a check of parton densities in the nucleus through
geometric scaling. In Fig. 6 we show the results compared to RHIC data and our predictions
for the LHC. The definition of the centrality classeNg,, = 13.6+ 0.3 (central), @+ 0.4
(semicentral) an®\coi, = 3.3+ 0.4 (peripheral). The suppression for mid-pseudorapidities at
the LHC turns out to be as large as that for forward pseudorapidities at RHIC.

1.5. Multiplicity and cold-nuclear matterfects from Glauber-Gribov theory

l. C. Arsene, L. Bravina, A. B. Kaidalov, K. Tywoniuk and E. Zabrodin

We present predictions for nuclear modification factor in proton-lead collisions at LHC energy 5.5
TeV from Glauber-Gribov theory of nuclear shadowing. We have also made predictions for baseline
cold-matter nuclearfiects in lead-lead collisions at the same energy.

1.5.1. Introduction The system formed in nucleus-nucles (AA) collisions at LHC will
provide further insight into the dynamics of the deconfined state of nuclear matter. There
are also interestingfiects anticipated for the initial state of the incoming nuclei related to
shadowing of nuclear parton distributions and the space-time picture of the interaction. These
should be studied in the more “clean” environment of a proton-nucleus collision. The initial-
state déects constitute a baseline for calculation of the density of particles at all rapidities
and dfect therefore also higp- particle suppression and jet quenching, as well as the total
multiplicity.

Both soft and relatively highp,, p. < 10 GeVc, particle production in pA at LHC
energies probe the Iowgluon distribution of the target nucleus at moderate sc%1 Poptbd with

This i§ a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054
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Figure 6: Rcp versusp:, EQq. (9), in dAu collisions at RHIC compared to experimental
data (upper and middle plots), and in pPb collisions at the LHC (lower plot), feerednt
pseudorapidities and centrality classes: central to peripheral (lower curves) and semicentral
to peripheral (upper curves). The bands reflect the uncertainty in the definition of the centrality
class.

and is therefore mainly influenced by nuclear shadowing. In the Glauber-Gribov theory [21],
shadowing at lowx is related to diractive structure functions of the nucleon, which are
studied at HERA. The space-time picture of the interaction is altered from a longitudinally
ordered rescattering at low energies, to a coherent interaction of the constituents of the
incoming wave-functions at high energy. Shadowiffig@s both soft and hard processes.
Calculation of gluon shadowing was performed in our recent paper [22], where Gribov
approach for the calculation of nuclear structure functions was used. The Schwimmer model
was used to account for higher-order rescatterings. The glutnaative distributions are
taken from the most recent experimental parameterizations [23].

1.5.2. Particle production at LHC Shadowing will lead to a suppression both at mid- and
forward rapidities in p-Pb collisions aty/s= 5.5 TeV as seen in Fig. 7. We have plotted the
curves for two distinct kinematical scenarios of particle production; one-jet kinematics which
may be well motivated for particle production pt < 2 GeV/c and two-jet kinematics that
apply for highp, particle producion. The uncertainty in the curves is due to uncertainty in
the parameterization of gluonfttiactive distribution functions. Cronirflect is not included

in the curves of Fig. 7. We estimate it to be a 10#&et at these energies.
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Figure 7: Shadowing as a function of transverse felPtp collisions at+/s= 5.5 TeV.

In Fig. 8 we present the suppresion due to cold-nucl@acts in Pb-Pb collisions at
v/s=5.5TeV as a function of centrality (top) and rapidity (bottom). Also here we present the
results for two kinematics.

1.6. Stopping Power from SPS to LHC energies.

V. Topor Pop, J. Barrette, C. Gale, S. Jeon and M. Gyulassy

We investigate the energy dependence of hadron production and of stopping power based on
HIJING/BB v2.0 model calculations. Pseudorapidity spectragndistributions for produced charged
particles as well as net baryons (per pair of partcipants) and their rapidity loss are compared to data at
RHIC and predictions for LHC energies are discussed.

In previous papers [24] we studied the possible role of topological baryon junctions
[25] [26], and the &ects of strong color field (SCF) in nucleus-nucleus collisions at RHIC
energies. In the framework of HIJINBB v2.0 model, the new algorithm for junction anti-
junction J loops provide a possible explanation for barpoeson anomaly. The SCHects
as implemented within our model gives a better description of this anomaly. At LHC energies,
due to higher initial energy density (or temperature) we expect an increase of the mean value
of the string tension« [27].

The day 1 measurements at the LHC will include results on multiplicity distributions with
important consequences for our understanding of matter produced in the collisions [28], [29].
From our model calculations one expectsﬁ,@g{gdn ~ 3500 atn = 0 in central (0-5 %) Pb
+PDb collision. This correspond te 17.5 produced charged hadrons per participant pair.
These values are higher than those obtained by requiring that both limiting fragmentation and
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Figure 8: Shadowing as a function of centrality (top) and d#pi(bottom) for Pk-Pb
collisions aty/s = 5.5 TeV.

the trapezoidal shape of the pseudo-rapidity distribution persist at the LHC [29]. Our model
predicts a characteristic violations of the apparently universal trend, seen up to maximum
RHIC energy. In contrast saturation models [3feo a justification for the predicted very
weak v/Syn dependence of event multiplicity.

Figure 9 presents predictions f@r spectra at midrapidity and NMng‘)Pb of total
inclusive charged hadrons for central (0-5%)+Pi andp+ p collisions at/Syn = 5.5 TeV.

The predicted NMFRg(LPbof neutral pions is also presented. From our model calculations
we conclude that barygmeson anomaly, will persist at the LHC with a slight increase for
increasing strength of the chromoelectric fietd=(e. 1 {E). A somewhat higher sensitivity to

k is obtained for NMF of identified particles [27].

The net-baryon rapidity distribution measured at RHIC is both qualitatively and
guantitatively very dierent from those at lower energies indicating that a significantly
different system is formed near mid rapidity [30]. Fig. 10 (left panel) presents the energy
dependence of net-baryon at mid-rapidity per participant pair. Shown are the results for central
(0-5%) Au+Au collisions, which indicate a net decrease with increasing energy. This picture,
corroborated with an increase of the rafiop to ~ 1 suggests that the reaction at the LHC
is more transparent in contrast to the situation at lower energy. For central (0-59B8pPb
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Figure 9: Left: HIJINGBB v2.0 predictions foipr spectra at mid-rapidity of total inclusive
charged hadrons for central (0-5%)-Hb andp + p collisions. Right: Predicted nuclear
modification factors for charged hadrons and for neutral pions.

collisions at+/syn = 5.5 TeV, our prediction for net-baryon per participant paixif.065

with Npart = 398, assuming = 5 GeV/fm. Similar values (open squares) are obtained within
pQCD+hydro model [31]. However, this model predicts (Fig. 15 from ref. [31]) much steeper
slopes of charged hadrqwy spectra.
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Figure 10: Left: HIJINGBB v2.0 predictions for net-baryon (per participant pair) at mid-
rapidity as function ofy/Syn. Right: Average rapidity loss versus beam rapidity. The data
and dashed line extrapolation are from ref. [30] and from BRAHMS [32].

In our model the main mechanisms for baryon production are quark di-qgargd)
strings fragmentation and Joops in which baryons are produced approximatively in pairs.
The energy dependencedis(s/sp)~Y/4+/2 similar with those predicted in ref. [25] (eq. 11)
with the assumption thatlds a dominant mechanisms. This dependence is obtained if we
choose for the parametersy = 1 Ge\? the usual parameter of Regge thean) = 1/2
the reggeonl(/lg) intercept andvp(0) = 1+ A (whereA ~ 0.01) for the pomeron intercept. If

confirmed, the measurements at LHC energies will help us to determine better these values.
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In contrast, results from HIJINGB v1.10 model [26] (star symbol) give a slow energy
dependence with a higher pomeron intereegi0) = 1+ 0.08 and over-estimate the stopping
in the entire energy region.

Baryon conservation in the reactions can be used to predict rapidity loss and the energy
loss per baryon. The results are illustrated in Fig. 10 (right panel) for average rapidity loss
<6y > defined as in ref. [24]. The predicted values for RHIC and LHC energies, clearly depart
from the linear extrapolation for constant relative rapidity loss [30], which seems to be valid
only at lower energies{/syn < 20 GeV).

1.7. Investigating the extended geometric scaling region at LHC with polarized and
unpolarized final states

D. Boer, A. Utermann and E. Wessels

We present predictions for charged hadron production Angblarization inp-p and p-Pb
collisions at the LHC using the saturation inspired DHJ model for the dipole cross section in the
extended geometric scaling region.

At high energy, scattering of a particléf@a nucleus can be described in terms of a
colour dipole scatteringfd smallx partons, predominantly gluons, in the nucleus. At very
high energy (smalk), the dipole amplitude starts to evolve nonlinearly withleading to
saturation of the density of these smalifuons. The scale associated with this nonlinearity,
the saturation scal@s(x), grows exponentially with log ().

The nonlinear evolution of the dipole amplitude is expected to be characterized by
geometric scaling, which means that the dipole amplitude depends only on the combination
r?Q3(x), instead of onr? andx independently. Moreover, the scaling behaviour is expected to
hold approximately in the so-called extended geometric scaling (EGS) region begegn
andQ3(x) ~ Q4(¥)/A?.

The smallx DIS data from HERA, which show geometric scaling, were successfully
described by the GBW model [33]. To describe the RHIC data on hadron productieAuin
in the EGS region a modification of the GBW model was proposed by Dumitru, Hayashigaki
and Jalilian-Marian (DHJ), incorporating scaling violations in terms of a functiofid4].

This DHJ model also describgsp data at forward rapidities [35].

1.7.1. DHJ model prediction for charged hadron productiddsing the DHJ model we can
make a prediction for th@;-spectrum of charged hadron production in bptb and p-p
collisions at the LHC, at respectivelys= 8.8 TeV and v/s= 14 TeV. Figure 11a shows the
minimum bias invariant yield for an observed hadron rapidityyof 2 in the centre of mass
frame, which for 1 Ge\k p; < 10 GeV predominantly probes the EGS region. We note that
at this rapidity the result is not sensitive to details of the DHJ model in the saturation region
r2 > 1/QZ. Further, from [34] we expect thai-independenK-factors are needed to fix the

* We note that at central rapidities we cannot reproduce exactly the results of [34] foplargaerefore, a
modification of the model may be needed to describe all RHIC data.
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normalization. We conclude that the LHC data on hadron production infpd®b and p-p
collisions will provide valuable data to further study the dipole scattering amplitude near the
onset of saturation, particularly the behaviour of the funcfiomhich is discussed in e.g. [36].

1.7.2. DHJ model prediction fon polarization Another interesting smak-observable is
the polarization ofA hyperons produced ip-A collisions,P,. This polarization, oriented
transversely to the production plane, was shown to essentially probe the derivative of the
dipole scattering amplitude, hence displaying a peak araQedvhen described in the
McLerran-Venugopalan model [37]. If this feature persists wkavolution of the dipole
scattering amplitude is taken into accoup, would be a valuable probe of saturatidteets.
Using the DHJ model for the-evolution of the scattering amplitude, we find tiat displays
similar behaviour as in the MV model. This is depicted for fixedapidities of 2 and 4
in figure 11b. The position of the peak scales with the average value of the saturation scale
(Qs(X)). In the plotted region, the peak is located roughly@d(x))/2.

The figure also shows that, like in the MV model, in the DHJ modRg|| scales
approximately linearly withxg, which means that at the LHC it is very small due {&
being very large: rapidities around 6 are requiredRgrto be on the 1% level, although there
is a considerable model uncertainty in the normalization.

We conclude that the polarization afparticles inp-Pb collisions is an interesting probe
of (Qs(X)), but is probably of measurable size only at very forward rapidities.

o7

— pPb, 88 TeV, y, =2
—— p-Pb,88TeV, y, =4

— pp 4 TeV, yy =2
—— p-Pb,88 TeV, y, =2
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Figure 11: a. Charged hadron production.Abpolarization. In both plotsAss = 20, and
parton distributions and fragmentation functions of [34] and [37] were used.

1.8. Inclusive distributions at the LHC as predicted from the DPMJET-11l model with chain
fusion

F. Bopp, R. Engel, J. Ranft and S. Roesler

DPMJET-III with chain fusion is used to calculate inclusive distributions of Pb-Pb collisions at
LHC energies. We present rapidity distributions as well as scaled multiplicities at mid-rapidity as
function of the collision energy and the number of participants.
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Figure 12: Multiplicity distributions in minimum bias and1B% central collisions in Pb-Pb
collisions in the fullpcy, range and fofyem| < 2.5 (from DPMJET-III).

Monte Carlo codes based on the two—component Dual Parton Model (soft hadronic
chains and hard hadronic collisions) are available since 10-20 years: The present codes are
PHOJET forhhandyh collisions [38,39] and DPMJET-IIl based on PHOJET liérand AA
collisions [40]. To apply DPMJET-III to central collisions of heavy nuclei, the percolation
and fusion of the hadronic chains had to be implemented [41].

In figures 12 and 13 we apply this model to minimum bias and central collisions of heavy
nuclei at the LHC and at RHIC. We find an excellent agreement to RHIC data on inclusive
distributions.

The behaviour of the inclusive hadron production becomes particular simple if we plot
it in the form %/@t Npart iS the number of participants in the AA collisions. In figure 14
we plot this quantity as function My, and as function oEcm, in both plots we find a rather
simple behaviour.

The limiting fragmentation hypothesis was proposed in 1969 by Benetcké [42].

If we apply it to nuclear collisions we have to plgl%/'\";‘rt as function ofnem — Ypeam IN
figure 15 we plot central and less central Au-Au collisions at RHIC and LHC energies in this
form. We find that DPMJET-11l shows in the fragmentation region only small deviations from

limiting fragmentation.

1.9. Some “predictions” for PbPb and pp at LHC, based on the extrapolation of data at
lower energies

W. Busza

The global characteristics of multiparticle production in pp, pA, AA and eses
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pbpbscalingé

pbpbscaling26

‘ DPMJET AuAu 200 GeV o
S’Ftlh%\lg QUQU ?00 g% —e—i ‘ DPMJET centrality 05 ®
DT S uA u6232 Gev ; DPMJET centrality 5-15  x
DPMIET AUAU - eV DPMJET centrality 15-25 [}
J uAu 19.6 Ge! L] DPMJET centrality 25-35 L]
DPMJET PbPb 5500GeV ~ x DPMJET centrality 35-45 X
DPMJET PbPb 700GeV DPMJET centrality 45-60 ~ +
10 | DPMJET PbPb 2000GeV ~ + _ 7 .
10 + b
x X
X 1 o
+ .
[ x "
S * x
g X + 9 o x
E + o 23 [ +
_g N . . : ; X
£ ° € o +
=~ L] = L]
N . ﬁﬁ. 3 x
3 E E ¢ A < . *
k=A { i % i . x x % ° é
e . X = x
X 9 X
X } X 5 ©° o - -
4 o o X *
o) »
°© X
L]
. n .
- x
L] = " g
L]
X
1 ° Il Il 1 L L
1 10 100 10 100 1000 10000
Npart Ecm

Npart

Figure 14:%/ (left) overNpart (right) overEcm, Pb-Pb and Au-Au collisions.

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 25

auauc06p5042 auauc3540p5042
10 2 T T T T T 10 T T T T T
o Au-Au 19.6 GeV 0-6 % ——e—i Au-Au 19.6 GeV 35-40 % +——e—i
Au-Au 62.4 GeV 0-6 % o Au-Au 62.4 GeV 35-40 % -~
© Au-Au 130 GeV 0-6 % :--a--- Au-Au 130 GeV 35-40 % :--m---
© Au-Au 200 GeV 0-6 % & Au-Au 200 GeV 35-40 % &
8 xyx © Au-Au 5500 GeV 0-6 % :--o--- | 8k Au-Au 5500 GeV 35-40 % :--o--- ]
* ) Au-Au 2000 GeV 0-6 % - - Au-Au 2000 GeV 35-40 % --%- -
xx ° Au-Au 700 GeV 0-6 % -+ Au-Au 700 GeV 35-40 % -+
)(O 000
< 6 x© 9 6 e,
5 - 5
= R XS 2 *xxxxoe
= : =
E 2 E
= + IS R
3 4E|[|DE|E,DBDElEIElDEI;ga 3 4 J”w%aag
K= hel
= ..............EEE = Dmmmmﬂﬂmmmﬂﬂégg
B ©©0000000000 QQFE 'l--...llll'I-.i'
©00000600900000 ELT]
2+ gg g 2F iy
..o"””"”. %g ....oo.oooooo!g
.o-‘ %%%g ...". Sag!!
.. o
0 . . . é!g‘”n_ ...... 0 . . . . !\‘aaas\s!sum
6 5 -4 -3 2 -1 0 1 2 N 5 -4 3 2 -1 0 1 2

Nem Ybeam Tlem “Ybeam

Figure 15:(1‘3%/ N‘;‘” in Au-Au collisions ovetjcm— Yheam (l€ft) central, (right) less central.

collisions, over the entire energy range studied to date, show remarkably similar trends.
Furthermore it is a fair characterization of the data to say that the data appears simpler than
current explanations of it. These trends allow us to “predict”, with high precision, several
important results which will be seen in pp and PbPb collisions at LHC.

Such predictions are valuable from a practical point of view. More important, if they turn
out to be correct, and the trends seen to date are not some accidental consequence of averaging
over many species and momenta, the observed trends must be telling us something profound
about how QCD (most likely how the vacuum) determines particle production. At a minimum,
if the current belief is correct that the intermediate state between the instant of collision and
final free-streaming of the produced particles is vetfiedent ine"e~ and AA colisions, or
for that matter, in pp collisions, AA collisions below SPS energies and AA collisions at the
top RHIC energy, the global characteristics of multiparticle productions must be insensitive
to the intermediate state. One consequence is that no successful prediction of any selected set
of global properties can be used as evidence that a particular model correctly describes the
intermediate state.

On the other hand, if these “predictions” turn out to be false, it will be a strong indicator
of the onset of some new physics at LHC.

So what are these universal simple trends?

We find [43, 44], as a first approximation, that

(i) The global distributions of charged particles factorize into an energy dependent part and
a geometry, or incident system, dependent part.

(i) At a given energy, in pA and AA the distributions do depend in detail on the colliding
systems or geometry (eg. impact parameter). However the total number of produced
particles is simply proportional to the total number of participadtg:: (or wounded
nucleons, in the language of Bialas and Czyz). [Note: there is a systenfédiedce in

the constant of proportionality in pA and AA, that can be attributed to the leading particle
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effect in pp collisions]

(i) The total charged particle densityN/dn (wheren is the pseudorapidity), and the directed
and elliptic flow parameteng andv, satisfy extended longitudinal scaling. Furthermore,
over most of its range the “limiting curve" is linear.

(iv) The mid-rapidity (in the cm system) particle densi%%ﬂy:o and the elliptic flow
parameten, both increase linearly withn+/s. It is not clear if this is the origin or
consequence of item (iii) above. [Note: for elliptic flow, (iii) and (iv) are directly related
only if we postulate that at all energies there is a “pedestal” in the valug €. there
is a part of the source of flow that is independent of energy]

In the figures 16, 17 and 18 we use the above observed trends at lower energies to “predict
LHC results. A more detailed version of this work will be submitted to Acta Physica Polonica.

1.10. Multiplicities and Jy suppression at LHC energies

A. Capella and E. G. Ferreiro

We present our predictions on multiplicities adtls suppression at LHC energies. Our results
take into account shadowingfects in the initial state and final state interactions with the hot medium.
We obtain 1800 charged particles at LHC anddfye suppression increases by a factor 5 to 6 compared
to RHIC.

1.10.1. Multiplicities with shadowing correction&t high energy, diferent mechanisms

in the initial state-shadowing; that lower the total multiplicity, have to be taken into
account. The shadowing makes the nuclear structure functions in nu€tziedt from the
superposition of those of their constituents nucleons. fleceincreases with decreasing

and decreases with increasi@j. We have included a dynamical, non linear of shadowing
[49], controlled by triple pomeron diagrams. It is determined in terms of tkfeadtive
cross sections. Our results for charged particles multiplicities at RHIC and LHC energies
are presented in Fig. 19. In absence of shadowing we obtain a maximal multiplicity,
dNaa/dy = A*3. With shadowing corrections the multiplicity behavesdigaa/dy = A,

with @ = 1.13 at RHIC andr = 1.1 at LHC.

1.10.2. Jy suppressionAn anomalousJ/y suppression -that clearly exceeds the one
expected from nuclear absorption- has been foundlPb collisions at SPS. Such a
phenomenon was predicted by Matsui and Satz as a consequence of deconfinement in a dense
medium. It can also be described as a result of final state interaction @t tpair with

the dense medium produced in the collisiamamovers interactiof50]. Here we present
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Figure 3 Predictions of PbPb LHC pseudorapidityFigure 4 Total charged particle multiplicity per
distributions for dfferent centrality collisions. Forparticipant pair plotted as a function b2 /s (with
each extrapolated curve, PHOBOS AuAu or CuCys in GeV) for various colliding systems. The
data [4, 45], withNpart closest to the required valuedata are taken from the compilation in Busza [43].
were taken and normalized to the quotégh,: value. The extrapolation of the AA data tq/Syn=5.5 TeV
The vertical and horizontal scales were then re-scaj@edicts 1500@ 1000 charges particles at LHC for
by Iny/Syn. This is equivalent to trends (iii) and (iv),Npart = 386 (top 3%). Extrapolation of the non-
provided thatdn/dp — 0 asny — beamrapidity It single difractive (NSD) pp data toy/Syn =
must be emphasized that each curve is an independe\t predicts 7@t 8 charged particles at LHC. The
extrapolation, however each extrapolation relies on tlné /s extrapolation for the total multiplicity is a
same method. consequence of the extrapolation procedure described

in the caption of fig 3.

Figure 16:

our results for the ratio of thd/y yield over the average number of binary nucleon-nucleon
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PbPb @ 5.5TeV Scaled From AuAu @ 200GeV (Phobos Data)
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Figure 1 Predicted PbPb pseudorapidity distributionSigure 2 Predicted Npat dependence of the mid
of charged particles at/Syn=5.5 TeV for two cen- rapidity charged particle density per participant pair
tralities, 0-6% and 35-45%. These predicted curves PbPb at/Syny = 5.5 TeV. These results are
are obtained by extrapolating the corresponding casbtained from the PHOBOS 200 GeV AuAu data
trality 200GeV PHOBOS AuAu data [4, 45] using th4, 45] scaled byiny/Syn (see trends (i) and (iv) in
same procedure as in fig. 16.3.

p-Emulsion Scaled to 5.5 TeV

10

Z|=
ols 5

re
e

Y

k3

3 e,

.‘ . "‘ .
0
H )
° ‘e .

o

L4 '.

s

.
N

° 27.4 GeV

\s
38.8 GeV

23.8 GeV
19.4 GeV
11.3 GeV

Ctey

‘A’J.

-
S)

6

the text).

p+p Non-Single-Diffractive Scaled to 14000 GeV

8 o9 o

9,
0990% ©
o

0 %o

0 90
LARS

Data
0

°
°

°

Scaled from pp

and\s

1800 GeV
900 GeV
630 GeV
630 GeV
546 GeV
200 GeV

\0\\\\

Figure 3 Predicted pA pseudorapidity distributionFigure 4 Predicted pp Non-Single-MHiractive (NSD)
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is an independent extrapolation of lower energy purve is an independent extrapolation of lower energy
emulsion data using the same procedure as in FHop data [47], using the same procedure as in Fig.
16.3. The p-emulsion data are from ref [46], ant6.3. The scatter of points at central rapidities
covers the energy ranggsyn = 11.3 GeV to 38.8 most likely reflects systematic errors in thesgidilt
GeV (ie. proton beams with momentum 67 Ge¥o measurements.

800 GeVc)

Figure 17:

collisions at RHIC and LHC energies:

dN (b)/dy _ dNoy [ dPs oag(b) n(b,s) S b, s) S(b, )
n(b) dy [d2s ag(b) n(b,s)

Sabs refers to the survival probability due to nuclear absorption &Aflis the survival

probability due to the medium interactions. The dataddw collisions at RHIC favorize

a smalloaps = 0 mb, soS2°S=1 [51]. The interaction of a particle or a parton with the
medium is described by the gain and losSeatiential equations which govern the final state

.(10)

R (b) =
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Figure 1 Predicted pseudorapidity dependance &figure 2 Extrapolation of the elliptic flow parameter
the elliptic flow parameten, for the 40% most v, for the 40% most central collisions in PbPb at
central collisions of PbPb at/Ssyn = 5.5 TeV. An +/Syn = 5.5 TeV. The data is a compilation in [48].
extrapolation procedure similar to that in fig. 16.2 was

used, with input data from PHOBOS [47].
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Figure 19: Multiplicities of charged particlgSigure 20: J/y production at RHIC and LHC.
with (solid lines) and without (dashed lineBashed: J/y shadowing, pointed: comovers
shadowing corrections at RHIC and LHC. suppression, continuous: total suppression.

interactions:

do?¥ (b, sy) |

= =—0wp "’ (b.sY) P b.sy) (11)

wherep?¥ andp = pmediuMgre the densities af/y and comovers. We neglect a gain term
resulting from the recombination ofC into J/y. Our equations have to be integrated between
initial time 7o and freeze-out time;. We use the inverse proportionality between proper time
and densitiesz /70 = p(b, S,Y)/ppp(y). Our densities can be either hadrons or partons;.go
represents anfective cross-section averaged over the interaction time. We obtain the survival
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probability S¢o(b, ) of the J/y due to the medium interaction:

N (finad (b,sy) co p°(b,s)y)
NJ/w(initiaI)(b’ s,y) =exp|-ocop (b, S>y)5n(m)] . (12)

The shadowing produces a decrease of the medium density. Because of this, the shadowing
corrections on comovers increase thg survival probabilityS®. On the other side, the
shadowing corrections odyy decrease thd/y yield. Our results for RHIC and LHC are
presented in Fig. 20. We use the same value of the comovers cross-segtier).65 mb

that we have used at SPS energies. We neglect the nuclear absorption. The shadowing is
introduced in both the comovers and the yields.

S%(h, 5) =

1.11. Heavy ion collisions at LHC in a Multiphase Transport Model

L.-W. Chen, C. M. Ko, B.-A. Li, Z.-W. Lin and B.-W. Zhang

The AMPT model [52] is a hybrid model that uses the HIJING model [53] to generate the
initial conditions, the ZPC [54] for modeling the partonic scatterings, and the ART model [55]
for treating hadronic scatterings. In the default version [56], the initial conditions are strings
and minijets from the HIJING model and particle production is based on the Lund string
fragmentation, while in the string melting version [57], the initial conditions are valence
quarks and antiquarks from hadrons produced in the HIJING model and hadronization is
described by a coordinate-space coalescence model. Using the AMPT model, we predict in
the following the hadron rapidity and transverse momentum distributions, the elliptic flows
of both light and heavy hadrons, the two-pion and two-kaon correlation functionsHRidPb
collisions at center-of-mass energy ¢Byn = 5.5 TeV at LHC [58].

Shown in the left window of Fig. 21 are the charged hadron pseudorapidity distribution
and the rapidity distributions of identified hadrons obtained with (lines with circles) and
without (solid lines) nuclear shadowing of nucleon parton distribution functions. Compared
to results from the AMPT model for RHIC [59], the distributions at LHC are significantly
wider and higher. For mid-pseudorapidity charged hadrons, the distribution shows a clear
plateau structure with a value of about 4500 and 2500, respectively, without and with nuclear
shadowing. The latter is more than a factor of three higher than that at RHIC. The transverse
momentum spectra of identified midrapidity hadrons are shown in the right window of Fig. 21
by lines with circles. The inverse slope parameters, particularly for kaons and protons with
transverse momenta below 0.5 Ge¥nd 1 GeVc, respectively, are larger than those at RHIC
(solid lines) as a result of stronger final-state rescatterings at LHC than at RHIC. Similar to
that observed at RHIC, the proton spectrum is below that of pions at low transverse momenta,
but they become comparable at about 2 GeV

Hadron elliptic flows based on a parton scattering cross section of 10 mb, which is needed
to describe observed hadron elliptic flows at RHIC [57], are shown in Fig. 22. The left window
gives the elliptic flows of light and heavy quarks as functions of their transverse momenta, and
they display the expected mass ordering at low transverse momenta, i.e., the elliptic flow is

smaller for quarks with larger masses. At larger transverse momenta, the elliptic flows of
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Figure 21:. Left window: Pseudorapidity distributions of charged hadrons and rapidity
distributions of identified hadrons in centrdd £ 3 fm) Pb+Pb collisions at+/syn = 5.5

TeV from the default AMPT model with (lines with circles) and without (solid lines) nuclear
shadowing. Right window: Transverse momentum spectra of identified midrapidity hadrons
from same collisions as well as central-Muu collisions aty/syn = 200 GeV.
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Figure 22: Elliptic flows of quarks (left window), light hadre (middle window), and heavy
mesons (right window) in REPb collisions aty/syn = 5.5 TeV andb = 8 fm from the AMPT
model with string melting and a parton scattering cross section of 10 mb.

heavy quarks become, however, larger than those of light and strange quarks, which peak
at around 1-1.5 GeX. The elliptic flows of pions and protons at LHC are shown in the
middle window of Fig. 22. Compared to corresponding ones at RHIC farAAucollisions

at 4/Sun = 200 GeV and same impact parameter shown in the figure, the elliptic flow of pions

at LHC is larger while that of protons is smaller. As at RHIC [60], elliptic flows of heavy
mesons are estimated from those of quarks using the quark coalescence or recombination
model [61, 62] and are shown in the right window of Fig. 22. While elliptic flows of heavy
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mesons are dominated by those of heavy quarks, particularly for bottomed mesons, those of
heavy mesons with hidden charm or bottom, i.e., quarkdhieandY' consisting of a heavy
quark and its antiquark, at transverse momengtrare simply twice those of their constituent

heavy quarks apt/2.

AMPT v2.12 String Melting

T & T

AMPT v2.12 String Melting

KK &KK
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Figure 23: Correlation functions for midrapidity charged pions (left windows) and kaons
(right window) with 300< pt < 1500 MeV/c from the AMPT model with string melting and

a parton cross section of 10 mb for centfal0 fm) Pb+Pb collisions aty/Syn = 5.5 TeV
(solid lines) and Ag-Au collisions at+/syn = 200 GeV (dashed lines).

From the positions and momenta of pions or kaons at freeze out, their correlation
functions in the longitudinally comoving frame can be calculated using the program
Correlation After Burner [63] to take into account their final-state strong and Coulomb
interactions. Shown in the left and right windows of Fig. 23 are, respectively, one-dimensional
projections of the correlation functions of midrapidityQ(5 < y < 0.5) charged pions and
kaons with transverse momentum 3€0pt < 1500 MeV/c and their comparison with
corresponding ones for central AAu collisions at/Syn = 200 GeV at RHIC, which have
been shown to reproduce reasonably measured ones for pions [64]. The correlation functions
at LHC are seen to be narrower than at RHIC.

Table 1: Radii from Gaussian fit to correlation functions.

Rout(fm)  Rsigfm) Riong(fm) 4 Rout/Rside
RHIC (7) 3.60 3.52 3.23 0.50 1.02
LHC (n) 4.23 4.70 4.86 0.43 0.90
RHIC (K) 2.95 2.79 2.62 0.94 1.06
LHC (K) 3.56 3.20 3.16 0.89 1.11

Fitting the correlation functions by the Gaussian functi@p(Q,K) =

exp(= > % ), whereK is the average momentum of two mesons. Extracted radll of
ThIS is a fiEhu b iptof dn article from Journal of Physics G35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with

permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 33

the emission source are shown in Table I. Predicted source radii at LHC are larger than those
at RHIC, consistent with the narrower correlation functions at LHC than at RHIC. In both
collisions, radii of the emission source for pions are larger than those for kaons. The smaller
lambda parameter for pions than for kaons is due to the large halo in the pion emission source
from decays of omega mesons. Also, the emission source is non-Gaussian and shifted in the
direction of pion or kaon transverse momentum.

1.12. Multiplicity distributions and percolation of strings

J. Dias de Deus and C. Pajares

In the framework of percolations of strings the rapidity distributions for central AA collisions are
shown for SPS, RHIC and LHC energies. The obtained value for LHC is lower than the one predicted
for the rest of models but larger than the linear energy extrapolation from SPS and RHIC.

Multiparticle production is currently described in terms of color strings stretched
between the partons of the projectile and the target these color strings may be viewed as
small areas in the transverse spmé, ro ~ 0.2-0.3 fm, filled with color field created
by the colliding partons. Particles are produced via emisiogggbairs in this field. With
growing energy an@r atomic number of colliding nuclei, the number of strings grows, and
they start to overlap, forming clusters, very much similar to disks in the two dimensional
percolation theory. At a certain critical density a macroscopical cluster appears that marks the
percolation phase transition [65]. A cluster behaves as a single string with a higher color field
3., corresponding to the vectorial sum of the color changes of each indiv@iustring. The
resulting color field covers the ar& of the cluster. AL, = D 3., and the individual string
colors may be oriented in an arbitrary manner respective to one another, the aﬁgraﬁg
is zero andd2 = n@2.

In this way, the multiplicityu, and the averagp% of particles< p% >n produced by a
cluster ofn strings, are given by

_ [NSh o0 NS, o
Hn = S, u1; (PTIn= S, (PT)1 (13)

whereus and<p$>1 are the mean multiplicity and the mean transverse momentum of particles
produced by a simple string with a transverse 8ea yrrg.

Equation (13) is the main tool of our calculations. In order to compute the multiplicities
we generate strings according to the quark gluon string model and using a Monte Carlo code.
Each string is produced at an identified impact parameter. From this, knowing the transverse
area of each string, we identify all the clusters formed is each collision and subsequently
compute for each of them the rapidity multiplicity spectrum.

In figure 24 is shown the results, (see reference [3] for details) for central Au-Au
collisions at diferent energies, including the curve foys, = 5.5 TeV. The value at
midrapidity 8.5 is similar to other computations in the same framework (7.3 [66], 8.6 [67]).
This strong reduction of the multiplicities relative to simple multicollision models, due to the

interaction of strings, was anticipated 12 years ago [68]. Nowdays models have incorporated
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Figure 24: LHC prediction, together with RHIC data and result

effects, like strong shadowing or triple pomeron couplings to suppress their original values.
However, our value is smaller than the one obtained by most of the other existing models.
Only, the extrapolation of the observed geometrical scaliniylito AA given a close value:
9.5. The linear log of energy extrapolation of the SPS and RHIC values gives a lower value
of around 6.5.

At SPS and RHIC has been observed an aproximated limiting fragmentation scaling,
which is well reproduced in our approach. A clear breaking of this scaling is predicted at
LHC.

1.13. Shear Viscosity to Entropy within a Parton Cascade

A. El, C. Greiner and Z. Xu

The shear viscosity is calculated by means of the perturbative kinetic partonic cascade BAMPS
with CGC initial conditons for various saturation momentum s€len/s~ 0.15 stays approximately
constant when going from RHIC to LHC.

The measured momentum anisotropy parameterat RHIC energy can be well
understood if the expanding quark-gluon matter is assumed to be described by ideal
hydrodynamics. This suggests that a strongly interacting and locally thermalized state of
matter has been created which behaves almost like a perfect fluid. Since the initial situation of
the quark-gluon system is far from thermal equilibrium, it is important to understand how and
which microscopic partonic interactions can thermalize the system within a short timescale
and can be responsible as well for its (nearly) ideal hydrodynamical behaviour. Furthermore
one would like to know the transport properties of the QGP, most prominently the shear
ViScosity.
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Figure 25: Time evolution 01‘21—'7\7l (left), of the dfective temperature (middle) and of the
momentum anisotropy (right).

A kinetic parton cascade (BAMPS) [69, 70] has been developed with strictly perturbative
QCD inspired processes including for the first time inelastic ("Bremsstrahlung”) collisions
09 < ggg The multiparticle back reation channel is treated fully consistently by respecting
detailed balance within the same algorithm. In [70] it is demonstrated that the inelastic
processes dominate the total transport collision rate and thus contribute much stronger
to momentum isotropization then elastic ones. Within a default setting of minijet initial
conditions, the overall build up of elliptic flow» can be reasonably described [71] (a more
dedicated study is presently undertaken [72]).

One can thus expect to see thermalization of a QGP on a short time scale less than
1 fm/c for LHC relevant initial conditions as can be seen in the evolution in time of the
temperature and the momentum isotropy depicted in Fig. 25. We apply Bjorken expanding
geometry in one dimension. For the initial condition a simple Color Glass Condensate
(CGC) gluon distribution is assumed: The initial partons are described by the boost-invariant
form of the distribution functiorf (X, p)|z-o0 = ﬁ %5(pz)®(Q§ — p%) at a characteristic time
70 = C/(@sNcQs).

Due to 3— 2 collisions the particle number first decreases (see Fig. 25) [73]. Thisis in
contrast to the idealistic "Bottom-Up” scenario of thermalization, where an ongoing particle
production in the soft sectopf{ < asQs) is predicted with a strong increase in the total
particle number. The present calculation show that the particle number roughly stays constant.
For the above simple CGC parametrizat@g= 2 GeV corresponds to RHIC energy whereas
Qs~ 3—-4 GeV is expected for LHC.

For all energies a nearly ideal hydrodynamical behavior is observed afefn@c
(middle Fig. 25). The thermalization time lies in the same range when looking at the
momentum isotropy. It is of crucial importance to extract out of these simulations the
transport properties of QCD matter to quantify the dissipative properties of the fluid. Using
standard dissipative hydrodynamics in expanding geometry shear viscosity and catio
be calculated [73]y = E(TXX+TW— 2-Tzz) ands=4n-n-In(1), wherea denotes the gluon
fugacity. As depicted in Fig. 26, the valtgez 0.15 proves to be a universal number within
the BAMPS simulations, being nearly independentQQgf. This is in line also with full 3-
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Figure 26: Ratio of the shear viscosity to entropy density< 0.3).

dim calculations employing minijets and Glauber geometry for the initial condition [72].
% basically only depends on the employed coupling streagtftaken to be 0.3 as default
setting). Hence, within BAMPS, we do not expect any change in the shear viscosity/stio
when going from RHIC to LHC.

1.14. Hadron multiplicities, p spectra and net-baryon number in central-Hb collisions
at the LHC

K. J. Eskola, H. Honkanen, H. Niemi, P. V. Ruuskanen and S. S. Rasanen

We summarize here our recent LHC predictions [31], obtained in the framework of
perturbative QCD (pQCDsaturatiorhydrodynamics (EKRT model for brief) [74]. This
model has successfully predicted [74, 75] the charged particle multiplicities in centr&lLAu
collisions at diferent /S, and it also describes the lop spectra of pions and kaons at
RHIC quite well [31, 76].

Primary parton production in the EKRT model is computed from collinearly factorized
pQCD cross sections [77] by extending the calculation towards snpgllentil the abundant
gluon production vertices overlap and gluon fusions [78] saturate the number of produced
partons (gluons). The saturation scale is determinedo@s psat from a saturation
condition [74] Naa (po, V) -n/pg = c-:rRi, where Naa (po, V9) is the average number of
partons produced & < 0.5 andpt > po. With a constant = 1 the framework is closed.

For central PBPb collisions at the LHGpsat~ 2 GeV. We obtain the initial conditions for
the cylindrically symmetric boost invariant £2)-dimensional hydrodynamical description
by converting the computed transverse endtg{psa) and net-baryon numbéig(psay into
densities(r, 7o) andng(r, 7o) using binary collision profiles and formation timg= 1/ psat

Assuming a fast thermalizationaf, and zero initial transverse fluid velocity, we proceed
by solving the standard equations of ideal hydrodynamics including the current conservation
equation for net-baryon number. In the Equation of State we assume an ideal gas of gluons
and massless quarkdl{ = 3), the QGP, with a bag constaBtat T > T, and a hadron
resonance gas of all states with< 2 GeV atT < Te. Taking BY4 = 239 MeV leads to
first-order transition witil; = 165 MeV. Final state hadron spectra are obtained with Cooper-
Frye procedure on a decoupling surfaceTat. followed by strong and electromagnetic
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2- and 3-body decays of unstable states using the known branching ratios. Extensive
comparison [31,76] with RHIC data suggests a single decoupling tempefatdeel 50 MeV
which is also used to calculate the predictions for the LHC. For details, see [31].

Our predictions [31] for the LHC multiplicities, transverse energies and net-baryon
number al/ = 5 = 0 for 5% most central RP&Pb collisions aty/S, = 5.5 TeV are summarized
in table 2. Note that the predicted charged particle multiplicNgdr is 2570, i.e. only a
third of the initial ALICE design value (see also [75]). Whereas the multiplicity of initially
produced partons and observable hadrons are close to each other, the transverse energy is
reduced by a factor as large as 3.4 in the evolution from initial state to final hadrons. Due to
this reduction the very high initial temperatuiie, > 1 GeV, possibly observable through the
emission of photons, need not lead to contradiction between predicted and oliserved

Table 2:
dntot  gytot d_NCh d_NCh dNB T  deT  dn7=  dN70 dnKE  dNP d_NE /—
&y & d d& & & & & & & o PP

4730 4240 2850 2570 3.11 4070 3710 1120 1240 214 70.8 69.6 0.98

Our prediction for the charged hadrgr spectrum is the lower limit of the red band
(HYDRO, the width corresponding yec= 120...150 MeV) in the |.h.s. of figure 27 [31].
The correspondingr distributions ofr* andK* are shown in the r.h.s. of the figure (solid
lines). The pQCD reference spectra, obtained by folding the LO pQCD cross sections with the
nuclear PDFs and fragmentation functions (KKP) and accounting for the NLO contributions
with a /S -dependenK-factor from [79], are also shown (pQCD) on the r.h.s. The yellow
bands (pQCBE-loss) show the results with parton energy losses included as in [80]. We thus
predict the applicability region of hydrodynamics at the LHC tofhes 4...5 GeV, i.e. a
wider region than at RHIC.
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Figure 27:
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1.15. Melting the Color Glass Condensate at the LHC

H. Fujii, F. Gelis, A. Stasto and R. Venugopalan
The charged particle multiplicity in central AA collisions and the production of heavy flavors in
pA collisions at the LHC is predicted in the CGC framework.

1.15.1. Introduction In the Color Glass Condensate (CGC) framework, fast (I@ygartons

are described as frozen light cone color sources while the soft (gjnaditons are described

as gauge fields. The distribution of the fast color sources and their evolution with rapidity is
described by the JIMWLK evolution equation; it is well approximated for large nuclei by the
Balitsky-Kovchegov (BK) equation. When two hadrons collide, a time dependent color field
is produced that eventually decays into gluons [81]. When the projectile is dilute (e.g.,AA
collisions at forward rapidity or pA collisionsk, factorization holds for gluon production,
thereby simplifying computations. For quark productibnfactorization breaks down and is
recovered only for large invariant masses and momenta.

1.15.2. Particle multiplicity in central AA collisionsThe k; factorized cross-sections are
convolutions over “dipole" scattering amplitudes in the projectile and target. Initial conditions
for the BK evolution of these are specified at an initiat xg (chosen here to bgy ~ 1072).

In this work [82], we consider two initial conditions, based respectively on the McLerran-
Venugopalan (MV) model or on the Golec-Biernat—Wust{@&BW) model.We adjust the
free parameters to reproduce the limiting fragmentation curves measured at RHI{Stom

20 GeV to +/s = 200 GeV. The value ofrs in the fixed couplingBK equation is tuned to
obtain the observed rate of growth of the saturation scale.The rapidity distrikaitgahy

is converted into the pseudo-rapidity distributioN/drp by asuming the produced particles
havem ~ 200 MeV. A prediction for AA collisions at the LHC is obtained by changiyigto

T T T
Extrapolation to 5500 GeV

dAN/dN/(0.5 Nyy)

o = N w IS o o ~ [
T T T T T T T

Figure 28: Number of charged particles per unit of pseudaditypat the LHC energy.

5.5 GeV. From Fig. 28, we can infeiNc/dnl,,-o = 1000- 1400; the two endpoints correspond
to GBW and MV initial conditions respectively.

1.15.3. Heavy quark production in pA collision§he cross-section for the production of a

pair of heavg_quarks _L83|] is the simplest Dbrocess for wim('jghactorization breaks down [84\1J
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in pA collisions. This is due to the sensitivity of the cross-section to 3- and 4-point correlations
in the nucleus. Integrating out the antiquark and convoluting with a fragmentation function,
one obtains the cross-section for open heavy flavor productionPergesons. Alternatively,

one can use the Color Evaporation Model to obtain the cross-section for quarkonia bound
states. The nuclear modification ratio is displayed in figure 29. The mfrrekhce at the

LHC compared to RHIC energy is that this ratio is smaller than unity already at mid rapidity,
and decreases further towards the proton fragmentation region.
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Figure 29: Left: nuclear modification factor f& mesons as a function g¥,. Right: the
same ratio as a function of rapidity, fbrmesons and fod/y.

1.16. R ratio: total shadowing due to running coupling

E. lancu and D. N. Triantafyllopoulos

We predict that thr , ratio at the most forward rapidities to be measured at LHC should be
strongly suppressed, close to “total shadowing,, (~ A~13) as a consequence of running coupling
effects in the nonlinear QCD evolution.

We present predictions for the nuclear modification factor, Ry, “ratio”, at forward
pseudorapiditiesm(> 0) and relatively large transverse momengm )(for the produced
particles, in the kinematical range to be accessible at LHC. These predictions are based on
a previous, systematic, study of tRg, ratio within the Color Glass Condensate formalism
with running coupling [85]. The ratio can be approximated by

_ 1 @a(Y.p,)
AR Dy(Y,p,)’
where Y = +In+/s/p, and ®(Y,p,) is the unintegrated gluon distribution of the
corresponding target hadron at fixed impact parameter. When the energy increases one expects

more and more momentum modes of this distribution to saturate to a value of gadeand
the corresponding saturation momentum reads

2 Qg(YO)
AZ

(14)

Q2(Y) = A%exp \/ B(Y - Yo) +In (15)

with A = 0.2GeV, B =225 andYy = 4. The initial condition for the nucleus and the

proton are taken a®2(A,Yo) = 1.5 GeV? and Q2(p, Yo) = 0.25 Ge\? respectively, so that
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QZ(A, Yo) = AY3QZ(p, Yo) for A = 208. The functional form of this expression is motivated
by the solution to the nonlinear QCD evolution equations with running coupling [86, 87],
while the actual values of the numbd&sandYy have been chosen in such a way to agree with
the HERAIRHIC phenomenology. As shown in Fig. 30, with increasihthe two saturation
momenta approach to each other and clearly féligantly largeY, a nucleus will not be
more dense than a proton [87].
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Figure 30: Left: The ratio of the saturation momend¥a=(12 corresponds to a pseudorapidity
n = 6 for the produced particles). Right: Geometric scaling windows.

For momentg, larger thanQs, the gluon distribution satisfies geometrical scaling [86,
88], i.e. itis a function of only the combined varialpe/Qs(Y):

20y TV 2
O(p.,Y) o« [QS(ZY)] (In EL +c), (16)
pt Qs(Y)

with y = 0.63 andc = O(1). This holds within the scaling windowQs < p, < Qg,

where InQ5(Y)/Q3(Y) ~ [In Q4(Y)/A?Y/3 and for largeY this is proportional tor/®. The
geometrical scaling lines for a proton and a nucleus are shown in Fig. 30. Note thaQgisce
increasing much faster th&ps, acommon scaling windoexists, alQs(A,Y) < p, < Qg(p.Y)

(and for stficiently largeY), where the gluon distributions for both the nucleus and the proton

are described by Eq. (16).

Within this window, it is straightforward to calculate tifi®¢, ratio. This is shown in
Fig. 31 for two values of pseudorapidity. The upper, dotted, line is the asymptotic prediction
of a fixed-coupling scenario, in which the ra@(A, Y)/Q%(p.Y) = const = A3, while the
lowest, straight, curve is the line of total shadowig = 1/AY3, Our prediction with running
coupling is the line in between and it is very close to total shadowing. This is clearly a
consequence of the fact that the proton and the nuclear saturation momenta approach each
other with increasing energy.

Note finally that in the present analysis we have neglectedftaets of particle number
fluctuations (or “Pomeron loops”). This is appropriate since Pomeron lofipste are
suppressed by the running of the coupling [89], and thus can be indeed ignored at all energies
of phenomenological interest (in particular, at LHC).

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 31: The rati®? , as a function ofp? at v/S=8.8TeV.

1.17. LHCdN¢n/dnp and Ny from Universal Behaviors

S. Jeon, V. Topor Pop and M. Bleicher
RHIC dN.n/dnp containstwo universal curves, one for limiting fragmentation and one for the
transition region. By extrapolating, we predidtigl/dny andNcn/Npart at the LHC energy.

Data from RHIC at all energies clearly show limiting fragmentation phenomena [90] for
very forward and very backward rapidities. In reference [91], we have shown that in the RHIC
dN/dn (normalized to the number of colliding nucleon pairs) spectra at various energies, there
are in facttwo universal curves. This fact is not readily visible if one compares thgig
from different energies directly. It is, however, clearly visible in the slofié/dn? as shown
in the left panel in figure 32 In this panel, we have plottéfidi per participant pair from the
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Figure 32: Evidence of two universal curves in RHIS/dly data. The slope aN/dn? is
inverted for visibility. In the left panelymax ~ In(+/s/my) are matched whereas in the right
panel, the shoulders ofNydn are matched.
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corresponding €N/dn?.

Even though the curves all look similar ilNddn, it is rather obvious in €N/dp? that
the true universal behavior is maintained only up to about 50% of the maximum height. More
interestingly, there emerges another universal behavior beyond that point as shown in the right
panel in Fig.1. In this panel, we have shiftel/di; vertically and horizontally to match the
shoulder. Theommonstraight line in dN/dn? in this region clearly show that the shoulder
region in d\N/dp is a quadratic function of. Moreover thecurvatureof the quadratic function
is independent of the colliding energy. The universality of these two curves also implies that
(dN/dn),=o will at most grow like Irf( v/Sw/Mn) and the total number of produced particle
Nen can at most grow like f( /Sy /mn).

Parameterizing the?iN/d;? with simple functions in two slightly dierent ways (for
details see reference [91], we can easily extrapolate to the LHC energy as shown in figure 33.
Our prediction is slightly higher than purely linear extrapolation carried out by W. Busza in
reference [44].
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Figure 33: Predictions for 6% central Au-Au collisions at LHCurves and rows labeled

Param | & Il are our predictions. For comparison, HIJING predictions with twteint

minijet parameters and Kharzeev and Levin formula [7] extrapolated to LHC are also shown.

1.18. Hadron multiplicities at the LHC

D. Kharzeeyv, E. M. Levin and M. Nardi
We present the predictions for hadron multiplicitiesgp, pA and AA collisions at the LHC
based on our approach to the Color Glass Condensate.

We expect that at LHC energies, the dynamics of soft and semi-hard interactions
will be dominated by parton saturation. In this short note we summarize our results for
hadron multiplicities basing on the approach that we have developed and tested at RHIC
energies in recent years [7, 92-94]; a detailed description of our predictions for the LHC
energies can be found in reference [5]. In addition, we will briefly discuss the properties

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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of non-linear evolution at high energies, and their implications; details will be presented
elsewhere [95]. Our approach is based on the description of initial wave functions of
colliding hadrons and nuclei as sheets of Color Glass Condensate. We use a corresponding
ansatz for the unintegrated parton distributions, and compute the inclusive cross sections of
parton production usink, -factorization. The hadronization is implemented through the local
parton-hadron duality — namely, we assume that the transformation of partons to hadrons is
a soft process which does not change significantly the angular (and thus pseudo-rapidity)
distribution of the produced particles. Because of these assumptions, we do not expect our
results be accurate for the transverse momentum distributions in AA collisions, but hope that
our calculations (see figure 34a) will apply to the total multiplicities.

)
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Figure 34: (a) Charged hadron multiplicity in Pb-Pb collisions as a function of pseudo-rapidity
at /S,y = 5.5 TeV; also shown are predictions from other approaches (from [5]); (b) Energy
dependence of charged hadron multiplicity per participant pair in central AA collisions for
different approaches to parton evolution (curves 1 and 2); also shown is the logarithmic fit,
dashed curve (from [95]).

While our approach has been extensively tested at RHIC, an extrapolation of our
calculations to the LHC energies requires a good theoretical control over the rapidity
dependence of the saturation momentQgfy). The non-linear parton evolution in QCD
is a topic of vigorous theoretical investigations at present. Recently, we have investigated the
role of longitudinal color fields in parton evolution at smglland found that they lead to the
following dependence of the saturation momentum on rapidity [95]:

QA(Y = Yo) exp(22=(Y - Yo))
1+ BQA(Y = Yo) (exp(222(Y - Yo)) - 1)

whereB = 1/(327%) (1R /as); Ra is the area of the nucleus, and is the strong coupling
constant. At moderate energies, equation (17) describes an exponential growth of the

saturation momentum with rapldlt when extraPoIated to the LHC enerS% this results in the
This is a manuscript of an article from Journal of hysics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
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corresponding growth of hadron multiplicity, see curve "1" in figure 34b. At high energies,
equation (17) predicts substantial slowing down of the evolution, which results in the decrease
of hadron multiplicity as shown in figure 34b by the curve "2". In both cases, the growth of
multiplicity is much slower than predicted in the conventional "soft plus hard" models, see
figure 34. We thus expect that the LHC data on hadron multiplicities will greatly advance the
understanding of QCD in the strong color field regime.

1.19. CGC at LHC

B. Kopeliovich and I. Schmidt

Data strongly indicate the localization of glue in hadrons within small spots. This leads to a small
transverse overlap of gluons in nuclei, i.e. to weak C@&€ats. We predict a weak Croniiffect for
LHC, not considerably altered by gluon shadowing.

There are many experimental evidences for the localization of the glue in hadrons within
spots of small sizeg ~ 0.3 fm [96, 97]. Correspondingly, the mean transverse momentum
of gluons in the proton should be rather large, about 700 Me®@ne of the manifestation
of this phenomenon is a weak Cronin enhancement for gluons. Indeed, the Cifecinse
a result of the interplay between the primordial transverse momemk,?#m,of the incoming
parton and the additional momentuﬁ(k%), gained in the nucleus (broadening). The relative
significance of the latter controls the magnitude of the Cronin enhancement. Apparently, the
larger the originatk%) is, the weaker is the Cronirffect. Thepr-slope of the cross section
also matters: the steeper it is, the stronger is the nuclear enhancement.

Although a rather strong Croninffect was observed in fixed target experiments, the
production of highpt hadrons is dominated by scattering of valence quarks [98]. One can
access the gluons only atfiaiently high energies. Relying on the above consideration, a
very weak Cronin enhancement was predicted in [98{/g7, = 200 GeV, as is depicted in
figure 35. A several times strongeffect was predicted in [99] and a suppression, rather
than enhancement, was the expectation of the color glass condensate (CGC) model [100]. The
latest data from the PHENIX experiment at RHIC support the prediction of [98].

At LHC energies one can access quite small values of Bjorkkaich that the lifetime
of gluonic fluctuationstc ~ 0.05/(xmy) [101], becomes longer than the nuclear size. Then
one might expect coherencéects, in particular pronounced signatures of CGC. However,
the longitudinal overlap of gluons is notféigient, since they also have to overlap in impact
parameter, which is something problematic for small gluonic spots. The mean number of
gluons overlapping with a given one in a heavy nucleugns= %rg(Tm = nrgpARA =0.3,
and such a small overlap results in a quite weak CGC and gluon shadowing. The latter is
confirmed by the NLO analysis of nuclear structure functions performed in [15]. Missing this
important observation, one could easily overestimate both the CGC and gluon shadowing.

Thus, we expect that thdfects of CGC, both the Cronin enhancement and shadowing

* The extremely strong gluon shadowing implemented into the HIJING model is ruled out by the recent NLO
analysis [15] of DIS data.
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Figure 35: Nucleus-to-proton ratio for pion production werpr. Dashed and solid curves
correspond to calculations without or with gluon shadowing [98].

suppression, to be rather weak at the LHC, and nearly compensating each other. Therefore in
this case the nucleus-to proton ratio is expected to approach unity from below gitrhigh

1.20. Fluctuation ects on Ra at High Energy

M. Kozlov, A. I. Shoshi and B.-W. Xiao
We discuss a new physical phenomenon Ry in the fixed coupling case, the total gluon
shadowing, which arises due to thi#eet of gluon number fluctuations.

We study the ratio of the unintegrated gluon distribution of a nudhagis, , Y) over the
unintegrated gluon distribution of a protbp(k,, Y) scaled up byAl/3

Ron= —alkn¥) (18)
A3 hp(kL,Y)
This ratio is a measure of the number of particles produced in a proton-nucleus collision
versus the number of particles in proton-proton collisions times the number of collisions. The
transverse momentum of gluons is denotedbynd the rapidity variable by.

In the geometric scaling region shown in Fig. 36a the smalhysics is reasonably
described by the BK-equation which emerges in the mean field approximation. Using the BK-
eqguation one finds in the geometric scaling regime in the fixed coupling case that the shape of
the unintegrated gluon distribution of the nucleus and proton as a functionisfpreserved
with increasingy, because of the geometric scaling behavigyxk(k,,Y) = hp a(k2 /Q2(Y)),
and therefore the leading contribution to the rdkj is k. andY independent, scaling with
the atomic numbeA asRpa = 1/AY31%) wherey, = 0.6275 [87]. This means that gluons

inside the nucleus and |foroton are somewhat shadowedfmyi = A%/3 |ies between total
This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 88/0954-3899/35/5/054001. Posted with
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(ha/hp = 1) and zerolfa/hp = A/3) gluon shadowing. Thpartial gluon shadowingomes
from the anomalous behaviour of the unintegrated gluon distributions which stems from the
BFKL evolution.

We have recently shown [102] that the behaviouRgA as a function ok, andY in the
fixed coupling case is completely changed because offfaets of gluon number fluctuations
or Pomeron loops at high rapidity. According to [103] the influence of fluctuations on the
unintegrated gluon distribution is as follows: Starting with an intial gluon distribution of the
nucleugproton at zero rapidity, the stochastic evolution generates an ensamble of distributions
at rapidity Y, where the individual distributions seen by a probe typically havkemint
saturation momenta and correspond tfiestent events in an experiment. To include gluon
number fluctuations one has to average over all individual e\/eﬁi%(kL,Y) =(hp.a(kL,Y)),
with hp a(Ky, Y) the distribution for a single event. The main consequence of fluctuations is
the replacement of the geometric scaling by a new scaling, thestie scaling [103, 104],
(hpa(kL.Y)) = hpa(In(k2 /(Qs(Y))?)/[DY]). The difusive scaling, see Fig. 36a, sets in
when the dispersion of the fiérent events is largar? = (os(Y)?) — (ps(Y))? = DY > 1,

i.e., Y > Yps = 1/D, whereps(Y) = In(QZ(Y)/k3) and D is the difusion codicient, and is
valid in the regiono < In(k? /(Q«(Y))?) < y,0%. The new scaling means that the shape
of the unintegrated gluon distribution of the nuclgueton becomes flatter and flatter with
increasing rapidityy, in contrast to the preserved shape in the geometric scaling regime. This
is the reason why the ratio in thefiisive scaling regime [102]
L e
N L

ol ] [<QS(A, Y)>2] 1)
yieldstotal gluon shadowingRpa = 1/AY3, at asymptotic rapidity (at fixedA). This result
is universal since it does not depend on the initial conditions. Moreover the sléja ab a
function ofk, descreases with increasiivg The qualitative behaviour &pa at fixedas due
to fluctuation éects is shown in Fig. 36b.

The above ffects of fluctuations oRpa are valid in the fixed coupling case and at very
large energy. Itisn’t clear yet whether the energy at LHC is high enough for them to become
important. Moreover, in the case where fluctuatidfeets are neglected but the coupling
is allowed to run, a similar behaviour fd,a is obtained [85], including the total gluon
shadowing. It remains for the future to be clarified how important fluctuation or running
coupling dfects are at given energy windows, e.g., at LHC energy.

1.21. Particle Production at the LHC: Predictions from EPOS

S. Porteboeuf, T. Pierog and K. Werner

We present EPOS predictions for proton-proton scattering and for lead-lead collisiofisraindi
centralities at LHC energies. We focus on soft physics and show particle spectra of identified particles
and some results on elliptical flow. We claim that collectifieets are already quite important in
proton-proton scattering.

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 36: (a) Phase diagram of a highly evolved nugf@oson. (b)Rpa versusk, at
different rapiditiets > Y3 > Yo > VYj.

EPOS is a consistent quantum mechanical multiple scattering approach based on partons
and strings, where cross sections and the particle production are calculated consistently, taking
into account energy conservation in both cases [105]. A special feature is a careful treatment
of projectile and target remnants.

Nuclear dfects related to Cronin transverse momentum broadening, parton saturation,
and screening have been introduced into EPOS [106].

Furthermore, high densityffects leading to collective behavior in heavy ion collisions
are also taken into account ("plasma core") [107].

We first show in fig. 37 pseudorapidity and transverse momentum spectra of charged
particles and of dferent identified hadrons, as well as some patrticle ratios, in proton-proton
scattering at 14 TeV. As for heavy ions, the default version of EPOS considers also in proton-
proton scattering the formation of a core (dense area), with a hydrodynamical collective
expansion. Whereas such "mini-plasma cores" are negligible in proton-proton scattering at
RHIC, they play an important role at the LHC, which can be seen from thereince between
the full curves (full EPOS, including "mini-plasma”) and the dotted curves ("mini-plasma
option turned @"). The dfect is even more drastic when we investigate the multiplicity
dependence of particle production, see fig. 37.

In the following, we investigate lead-lead collisions at 5.5 TeV. In fig. 38, we plot the
centrality dependence of particle yields for charged particles dfetreint identified hadrons.

We observe an increase by roughly 2.5 for pions, and a bigger factor for the heavier particles.

In fig. 39, we show pseudorapidity spectra, fdielient particles, at ierent centralities.

The pseudorapidity density of charged particlesatO is around 2500, for central collisions.

In fig. 40, we show nuclear modification factdRaa (ratios with respect to proton-
proton, divided byN¢qi), considering charged particles andféient identified hadrons. The
peak structure of the baryon results is related to the concave form of the baryon spectra from
the radially flowing core in PbPb collisions. All curves are well below one, indicating strong
screening ffects.

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
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Figure 37: Proton-proton scattering at 14 TeV: pseudorgpidistributions of charged
particles (upper row left), and of fllerent identified hadrons (upper row middle), as
well as tranverse momentum spectra offetient identified hadrons at = 0 (upper row
right),transverse momentum dependence of particle ratips=a1 (middle row),the average
transverse momentum of charged particles and edint identified hadrons af = 0
(lower row). The full lines refer to the "mini-plasma option”, the dotted ones refer to the

"conventional option (mini-plasma turned)s.

In fig. 41, we finally show the transverse momentum dependence of the elliptical flow.
The full line is the full calculation, the dashed one only the core contribution. The big
difference between the two is due to the fact that hpglets are allowed to freely leave
the core (no jet quenching).

1.22. Forward hadron production in high energy pA collisions

K. L. Tuchin
We present a calculation af D and B production at RHIC and LHC energies based upon the
KKT model of gluon saturation.

In this proceedings we present a calculation of forward hadron production in pA

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 38: Lead-lead collisions at 5.5 TeV: centrality deferce of particle yields (central
pseudorapidity density per participant), for charged particles dteteint identified hadrons.
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Figure 39: Lead-lead collisions at 5.5 TeV: pseudorapidigyribbutions of charged particles
and of diferent identified hadrons, atftBrent centralities. For each plot, from top to bottom:
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Figure 41: Lead-lead collisions at 5.5 TeV: the transversenerdum dependence of the
elliptical flow atn = O of charged particles and offtkrent identified hadrons, for minimum

bias collisions. The full line is the full calculation, the dashed one only the core contribution.
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collisions at RHIC and LHC. The theoretical framework for inclusive gluon production
including the &ect of gluon saturation was set up in Ref. [108]. It has been successfully
applied to study the inclusive light hadron production at RHIC [109]. Since the KKT model
of Ref. [109] works so well at RHIC we decided to extend it to the LHC kinematical region.
Doing so we explicitly neglect a possibléfect of gluon saturation in a proton which is
perhaps a good approximation for the nuclear modification factor. The results of calculation
of inclusive pion production are shown in Fig. 42.
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Figure 42: Nuclear modification factor for pion productiorRdIC and LHC.

Production of heavy quarks at smaik also dfected by gluon saturation in a way similar
to that of gluons [110]. The main filerence, however, is that th&ect of gluon saturation
is postponed to higher energiepidities for heavier quarks as compared to lighter quarks
and gluons. This is because the relevaig proportional tam, = (m? +k2)%/2 and hence is
higher for heavier quarks at the same valuesysfy,k, . In Fig. 43 and Fig. 44 the nuclear
modification factors for open charm and beauty are shown. The calculations are based upon
the theoretical result of Ref. [111] and the KKT model [108].

If the nuclear modification factor is measured to as high transverse mass as possible,
we can observe transition from the geometric scaling (described by the KKT model) to the
collinear factorization regime. This is shown in Fig. 45. Had the geometric scaling held for
all m; andx < 0.01, the nuclear modification factor would have been described by the solid
line. However, one expect the breakdown of the geometric scaling as illustrated by the dotted
lines.

A more detailed description of the theoretical approach to the heavy quark production as
well as discussion of the obtained results will be provided in a forthcoming publication.

1.23. Rapidity distributions at LHC in the Relativisticfision Model

G. Wolschin

Stopping and particle production in heavy-ion collisions at LHC energies are investigated in a

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 43: Nuclear modification factor for open charm proaurcat RHIC and LHC.
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Figure 44: Nuclear modification factor for open beauty praiducat RHIC and LHC. Note,
that the calculations of [111] break down yat 0 at RHIC ( is not small enough); the
corresponding result (solid line) is shown for completeness.

Relativistic Ditusion Model (RDM). Using three sources for particle production, the energy- and
centrality dependence of rapidity distributions of net protons, and pseudorapidity spectra of charged
hadrons in heavy systems are studied from SPS to LHC energies. The transybcietns are
extrapolated from Au- Au at RHIC energies {/syn=19.6 - 200 GeV) to Pl Pb at LHC energies

of v/Sun= 5.52 TeV. Rapidity distributions for net protons, and pseudorapidity spectra for produced
charged particles are calculated at LHC energies.

Net-proton and charged-hadron distributions in collisions of heavy systems have
been calculated in a three-sources Relativisti@u3dion Model (RDM) for multiparticle
interactions from SPS to LHC energies. Analytical results for the rapidity distribution of net

protons in central collisions, and produced charged hadrons are found to be in good agreement
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Figure 45: Dependence of the nuclear modification factor @mlqonass. Solid line iRpa for
quarks. Geometric scaling is expected to break dowmn,at Qgeom = QE/A, and therefore
Rpais anticipated to deviate from the solid line towards unity. Dotted lines illustrate a possible
behavior ofRpa.

with the available data (Figs. 46, 47) at RHIC.

An extrapolation of the transport cieients for net protons, and produced hadrons to
Pb + Pb at LHC energies ofy/syn= 5.52 TeV has been performed in [112, 113], and the
corresponding rapidity distributions have been calculated as shown in Figs. 46, 47.

The net-proton result for LHC is shown for particle contents of 7 % and 14 % in the
central source, respectively [112]. Kinematical constraints will modify the result at large
values of the rapidity y. For produced particles, the curves (A) - (D) in Fig. 47 are discussed
in [113]. The essential parameters relaxation timéudion codicients or widths of the
distribution functions of the three sources, and number of particles in the local equilibrium
source will have to be adjusted to the ALICE data.

2. Azimuthal asymmetries

2.1. Transverse momentum spectra and elliptic flow: Hydrodynamics with QCD-based
equations of state

M. Bluhm, B. Kadmpfer and U. Heinz

We present a family of equations of state within a quasiparticle model adjusted to lattice
QCD and study the impact on azimuthal flow anisotropies and transverse momentum spectra within
hydrodynamic simulations for heavy-ion collisions at energies relevant for LHC.

2.1.1. Introduction The equation of state (EoS) represents the heart of hydrodynamic
simulations for ultra-relativistic heavy-ion collisions. Here, we present a realistic EoS for
QCD matter delivered by our quasiparticle model (QPM) faithfully reproducing lattice QCD
results. The approach is based on [114—118l8€§}dogusted to the presancbenerqgy densit

This is a manuscript of an article from Journal of Physics G 35 (20 4001, doi: 10.1088/0954-3899/35/5/054001. Posted v¥ith
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 54

1000

[A] LHC

800

600

400

200 RHIC
40— 0

1800

N

30 | dn 1500

1200

) A\
600 A\
[B]
300 / \
= == —r =

0 ! ]
10 -8 6 -4 2 0 2 4 6 8 10 10 -8 6 4 -2 0 2 4 6 8 10

y n

20

dN /dy

10§

Figure 46: Net-proton rapidity spectra [112] inFigure 47: Produced charged hadrons
the Relativistic Dffusion Model (RDM), solid for central Au+ Au collisions at RHIC
curves: Transition from the double-humpedcompared with 200 A GeV PHOBOS data,
shape at SPS energies ¢Byny = 17.3 GeV to  and difusion-model extrapolation to RbPb

a broad midrapidity valley at RHIC (200 GeV) at LHC energies of 5520 GeV. See [113] for
and LHC (5.52 TeV). curves [A] to [D] at LHC energies.

e of Ny = 2+ 1 quark flavors [119, 120]. As the QPM EoS does not automatically fit to
the hadron resonance gas EoS in the confinement region, we construct a family of EoS’s by
an interpolation between the hadron resonance gas -at0.45 GeVfm? and the QPM at
flexible ey, (cf. [121] for details). In this way, the influence of details in the transition region

on hydrodynamic flow can be studied, since éot e; ande > ey, the EoS is uniquely given

by the resonance gas and the QCD-based QPM, respectively. In Figure 48, we exhibit the
EoS family in the formp = p(e) and the corresponding speed of sowfe dp/de. For LHC,

baryon density fects are negligible.

10 T T T —7 04
bag , = _bag _____
08} s / QPm o3l )
/ |
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s / . \
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Figure 48: Left panel: Family of EoSig(e) labelled in the following as QPM{,) with ey, =
4.0, 2.0, 1.25, 1.0 Gef¥m? (solid curves) combining QPM adjusted to lattice data [119, 120]
and hadron resonance gas at matching pgint~or comparison the bag model EoS (dashed

line) is shown. Right panel: correspondivy
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2.1.2. Predictions for heavy-ion collisions at LHGVe concentrate on two extreme E0S’s,
QPM(4.0) and the bag model EoS being similar to QPM(1.0). We calculate transverse
momentum spectra and elliptic flowp(pt) using the relativistic hydrodynamic program
package [122, 123] with initial conditions for RBb collisions at impact parametier= 5.2

fm. For the further initial parameters required by the program we conservatively gjiess
330 fi3, ng = 0.4 fm~3 andrg = 0.6 fnyc for initial entropy density, baryon density and
time. Within the QPM these translate intp = 127 GeVfm3, pp = 42 GeVfm3 and T =

515 MeV. The freeze-out temperature is $et, = 100 MeV. In Figure 49, we exhibit our
results at midrapidity for various primordial hadron species. Striking is the strong radial flow
as evident from the flgbt-spectra and a noticeably smallefpr) than at RHIC in particular

at low pr [121]. Details of the Eos in the transition region as mapped out by our family are
still visible.
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Figure 49: Transverse momentum spectra (left panels) antiéizal anisotropy (right panels)
for directly emitted pions, kaons and protons (upper row) and strange baryons (lower row).
Solid and dashed curves are for E0S QPM(4.0) and the bag model EoS, respectively.

2.2. The centrality dependence of elliptic flow at LHC

H.-J. Drescher, A. Dumitru and J.-Y. Ollitrault
We present predictions for the centrality dependence of elliptic flow at mid-rapidity in Pb-Pb

collisions at the LHC.

The centrality and system-size dependence of elliptic flay) (provides direct

information on the thermalization of the matter created in the collision. Ideal (non-viscous)
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hydrodynamics predicts thap scales like the eccentricity;, of the initial distribution of

matter in the transverse plane. Our predictions are based on this eccentricity scaling, together
with a simple parameterization of deviations from hydrodynamics [124]:
B he

- 1+K/0.7

where the scale factdris independent of system size and centrality, but may depend on the
collision energy. The Knudsen numbercan be expressed as

1 odN 1

K~ Sdy v3
It vanishes in the hydrodynamic limitNjdy is the total (charged neutral) multiplicity per
unit rapidity, S is the transverse overlap area between the two nucleigaisdan dfective
(transport) partonic cross section.

The model has two free parameters, the “hydrodynamic limiind the partonic cross
sectiono. The other quantities;, S, dN/dy, must be obtained from a model for the initial
condition. Here, we choose the Color Glass Condensate (CGC) approach, including the
effect of fluctuations in the positions of participant nucleons, which increg4@5]. The
model provides a perfect fit to RHIC data for Au-Au and Cu-Cu collisions with0.22 and
o =55mb [124].

We now briefly discuss the extrapolation to LHC. The hydrodynamic limngtlikely to
increase from RHIC to LHC, as the QGP phase will last longer; however, we do not have a
guantitative prediction fon. We predict only the centrality dependencesgfnot its absolute
value. Figure 50 is drawn with= 0.22.

The second parameterds which parameterizes deviations from ideal hydrodynamics,
i.e., viscous fects. We consider two possibilities: &)= 5.5 mb at LHC, as at RHIC. 2)

o ~ 1/T? (on dimensional grounds, assuming that no non-perturbative scales arise), where
the temperatur@ ~ (dN/dy)/3. This gives the value 3.3 mb in figure 50.

The remaining quantitiesS( dN/dy and ) are obtained by extrapolating the CGC
from RHIC to LHC, either with fixed-coupling (fc) or running-coupling (rc) evolution of
the saturation scal®s. The multiplicity per participant increases by a factor of 3 (resp. 2.4)
with fc (resp. rc). The eccentricity is 10% larger with fc (solid curve in figure 50) than
with rc (dash-dotted curve) evolution. Deviations from hydrodynamics ikkaependent
factor in equation (20)) are somewhat smaller than at RKpGs 90% (resp. 80%) of the
hydrodynamic limit for central collisions - = 5.5 mb (resp. 3.3 mb). Our predictions lie
between the dashed and dotted curves, up to an overall normalization factor. The maximum
value ofv, occurs forNpart between 604 ~ const.) and 80 ~ 1/T2).

Elliptic flow will be a first-day observable at LHC. Both its absolute magnitude and its
centrality dependence are sensitive probes of initial conditions, and will help to improve our
understanding of high-density QCD.

\) (20)

2.3. Elliptic flow from pQCDBsaturation+hydro model

K. J. Eskola, H. Niemi and P. V. Ruuskanen
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Figure 50: v as a function ofNpart at mid-rapidity for Pb-Pb collisions at LHC\(S, =

5.5 TeV). solid- and dash-dotted linesscaling K = 0 in (20)); dashed- and dotted lines: incl.
incomplete thermalization, with two values of the partonic cross section. Squares: PHOBOS
data for Au-Au collisions at RHIC [126]. The vertical scale is arbitrary (see text).

We have previously predicted multiplicities and transverse momentum spectra for the
most central LHC PBPb collisions at/S, = 5.5 TeV using pQCD+ saturation+ hydro
(EKRT model) [31, 74]. We now extend these calculations for non-central collisions and
predict lowypr elliptic flow. Our model is in good agreement with RHIC data for central
collisions, and we show that our extension of the model is also in good agreement with
minimum biasv, data from RHIC Au-Au collisions at/5, = 200 GeV.

We obtain the primary partonic transverse energy production and the formation time
in central AAcollisions from the EKRT model [74]. With the assumption of immediate
thermalization we can use these to estimate the initial state for hydrodynamic evolution. For
centrality dependence we consider here two limits which correspond to models eWN and eBC
in [127], where the profile and normalization are obtained from optical Glauber model, once
the parameters in central collisions are fixed. In the eWN (eBC) model the energy density
profile and normalization are proportional to the density and the number of wounded nucleons
(binary collisions), respectively. These energy density profiles are used to initialize boost
invariant hydro code with transverse expansion. We use the bag model equation of state with
massless gluons and quark (= 3), and hadronic phase with all hadronic states up to a mass
2 GeV included. Phase transition temperature is fixed to 165 MeV. Decoupling is calculated
using standard Cooper-Frye formula, and all decays of unstable hadronic states are included.
Freeze-out temperature is fixed from RH[& spectra for the most central collisions and
is 150 MeV for binary collision profile [31] and 140 MeV for wounded nucleon profile. The
same freeze-out temperatures are used at the LHC. Both initializations give a good description

of the low-t spectra for dierent centralities at RHIC.
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Figure 51:

The left panel of figure 51 shows our calculations figrdependence of minimum bias
v, for positive pions. RHIC results are compared with STAR [128] and PHENIX [129]
data. Our minimum bias centrality selection{80%) corresponds to the one used by STAR
collaboration. Solid lines are calculations with the eBC model and dashed lines are from the
eWN model. Thin lines are our results for RHIC Adu collisions at/S;, = 200 GeV and
thick lines show our predictions for the LHC PBb collisions at4/S, = 5.5 TeV. Largest
uncertainty invo calculations for pions comes here from the initial transverse profile of the
energy density. Sensitivity to initial time and freeze-out temperature is much weaker. In
general the eWN profile leads to weaker elliptic flow than the eBC profile. At the LHC the
lifetime of the QGP phase is longer, which results in stronger flow asymmetry than at RHIC.
On the other hand the magnitude of transverse flow is also larger, which decreasgs the
value at fixedpr. The net fect is that, for a given profiles of low-py pions is larger at the
LHC than at RHIC. Since jet production at the LHC starts to dominate over the hydrodynamic
spectra at largept than at RHIC [31], we expect that the hydrodynamic calculations should
cover a largempr range at the LHC. Thus we predict that the minimum hiasf pions at
fixed pr is larger at the LHC than at RHIC, and can reach values as higl2as 0

Our model clearly overshoots the protendata from STAR [128] and PHENIX [129].
A more detailed treatment of the hadron gas dynamics and freeze-out is needed to describe
both the proton spectra and elliptic flow simultaneously. However, we can still predict the
changen the behaviour o¥, of protons when going from RHIC to the LHC. This is shown in
the r.h.s. of figure 51. Although the flow asymmetry increases at the LHC, for more massive
particles like protons the overall increase in the magnitude of radial flow is more important
than for light pions. This results in smalberat the LHC than at RHIC in the wholer range
for protons. Even if/; at fixed pr is smaller at the LHCpr-integratedv, is always larger at
the LHC for all particles, due to the increase in the relative weight at larger
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2.4. From RHIC to LHC: Elliptic and radial flowfgects on hadron spectra

G. Kestin and U. Heinz

Using (21)-d ideal hydrodynamics [130], we computed the evolution from AGS to LHC
energies of ther-spectra and elliptic flow at midrapidity for several hadrons [131]. While
ideal fluid dynamics begins to break down below RHIC energies, due to visckacssein
the late hadronic stage which persist even at RHIC [132], its validity is expected to improve
at the LHC where the elliptic flow saturates in the quark-gluon plasma (QGP) stage, and
effects from late hadronic viscosity become negligible [133]. Early QGP visdteste seem
small at RHIC [132, 134], and recent results from Lattice QCD indicate little change of its
specific shear viscosity/s from RHIC to LHC [135]. The followingideal fluid dynamical
predictions for soft pt < 2-3 Ge\Vjc) hadron production inA~200k(A~200) collisions at
the LHC should thus be robust.

For AmtAu at RHIC we use standard initialsf=117/fm3, ngo=0.44/fm° at
70=0.6 fm/c, corresponding tdN,/dy(y=b=0)=680) and final conditions = 75 MeV/fm?,
T;=100MeV) [130, 134]. For the LHC we assurd@l,/dy(y=b=0)=1200 (the lower end
of the predicted range), usirsg:271/fm3 andngo=0 atrg=0.45 frmy/c, keeping the product
Toro andTs unchanged. Predictions for other multiplicities, for interpolation to the actually
measured LHC value, can be found in [131].

1. Elliptic flow of pions and protons:Figure 52 shows the pion and proton elliptic flow at
RHIC and LHC. While the totalfr-integrated) pion elliptic flow increases from RHIC to
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Figure 52: (Color online) Pion and proton elliptic flow as ftioo of pr for b=7fm Au+Au
collisions at RHIC =117 fnT3) and LHC =271 fnT3).

LHC by about 25% [133], very little of this increase $%) is of ideal fluid dynamical origin,
most of it stemming from thdisappearancef late hadronic viscousfiects between RHIC
and LHC. At fixedpr, Figure 52 shows decreasef v, reflecting a shift of the momentum

anisotropy to largepr by increased radial flow, which flattens the LH)g-spectra, fiecting

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 60

— S,=117fm’, n,,=0.44fm° =—— S =271fm’, n,, =0 fm"

B B

1 1
OO 1 2 3

P (GeV) P (GeV)

Figure 53: (Color online) Normalizegy-spectra (right) angr-dependent particle ratios
(left) for (p,7"), (A,K™), and Q,¢) in central Au-Au collisions at RHIC and LHC. Hadron
yields are assumed to freeze oufat 164 MeV.

the heavier protons more than the lighter pions (Figure 53, right column). These radial flow
effects onvo(pr) are very small for pions but clearly visible for protons.

2. pr-dependence of hadron ratiostHydrodynamic flow, which leads to flattgrr-spectra

for heavy than light particles, is a key contributor to the observed strong rise @f thend

A/K ratios at lowprt at RHIC [134]. Figure 53 shows that this rise is slower at LHC than
at RHIC (left column) sincall spectra are flatter at LHC due to increased radial flow (right
column) while their asymptotic ratios p§ — oo (given by their fugacity and spin degeneracy
ratios [134]) remain similar.

2.5. Differential elliptic flow prediction at the LHC from parton transport

D. Molnar

Introduction.  General physics arguments and calculations for a class of conformal
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field theories suggest [136, 137] that quantufiees impose a lower bound on transport
codficients. For example, the shear viscosity to entropy density ratio is above a small value
n/s= 0.1 (“most perfect fluid” limit). Dissipativefects can therefore never vanish in a finite,
expanding system. On the other hand, ideal (hondissipative) hydrodynamic modelling of
Au+Au collisions at RHIC (/S ~ 100 GeV) is rather successful, leading manpostulate

that the hot and dense QCD matter created is in fact such a “most perfect fluid” (at least during
the early stages of the RHIC evolution). We predict here hdtewtintial elliptic flowva(pr)
changes from RHIC to LHC collision energies (Hb at /S, = 5.5 TeV),if the quark-gluon
system created at both RHIC and the LHC has a “minimal” shear viscggiy= 1/(4n).

Covariant transport theory is a nonequilibrium framework with two main advantages: i)
it has a hydrodynamic limit (i.e., capable of thermalization); and ii) &ligayscausal and
stable. In contrast, hydrodynamics (whether ideal, Navier-Stokes, or second-order Israel-
Stewart theory [138]) shows instabilities and acausal behavior in certain, potentially large,
regions of the hydrodynamic “phase space”.

We consider here Lorentz-covariant, on-shell Boltzmann transport theory, with @ 2
rate [54,139]

1
P06, f1=S(x Pr) + p fz fs f4 (fa3fa— f112)Wioo34 6*(p1+P2—P3—pa)

The integrals are shorthands fgr= [ d®pi/(2E;). For dilute systemsf is the phase space
distribution of quasi-particles, while the transition probability= s(s— 4n?)do/dt is given
by the scattering matrix element. Our interest here, on the other hand, is to study the theory
near its hydrodynamic (local equilibrium) limit

Near local equilibrium, the transport evolution can be characterized via transport
codficients of shear and bulk viscosities{) and heat conductivityl) that are determined by
the diferential cross section. For the massless dynaraie3f equation of state) considered
heren ~ 0.8T /oy, ¢ =0, andA ~ 1.3/ oy, 7, = 1.24y [138, 140] ¢ and Ay, are thetransport
cross section and mean free path, respectively).
Minimal viscosity and elliptic flow. Finite cross sections lead to dissipatiéeets that
reduce elliptic flow [141, 142]. For a system near thermal and chemical equilibrium
undergoing longitudinal Bjorken expansiofi,~ 771/3, s~ 4n ~ T3, and thusy/s = const
requires a growingy ~ 72/3. With 2 — 2 processes chemical equilibrium is broken, therefore
oy also depends on the density throygii ~ Inn (becauses = 4(n—u/T)). We ignore this
weak logarithm and takey (7) = oo (7/0.1 fm)?/3 with ooy large enough to ensure that most
of the system is at, or below, the viscosity bound (thus we somewidsdrestimat&iscous
effects, i.e., overestimate(pr)).

For AA atb = 8 fm impact parameter we use the class of initial conditions in [139] that
has three parameters: parton densiy dh, formation timerg, and dfective temperaturég
that sets the momentum scale. Because of scalings of the transport solutions{{&9To)
only depends on two combinationg dN/dnp ~ A, 7o/ Ay andtg. This may look worrisome
because N/dnp at the LHC is uncertain by at least a factor of two. However, the “minimal
viscosity” requirement Ay ~ 0.5 fixesowdN/dp (e.g., with dN/dn(b=0) = 1000 at RHIC,

~ 2.7 mb%i while on dimensional groundsg ~

To.
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This means that themain diference between LHC and RHIC is in the typical momentum
scale T (gold and lead nuclei are basically identical), and therefore to good approximation
one expects the simple scaling'e(pr) ~ VRHIC(pr TSHC/TRHIC). From gluon saturation
physics we estimate = TSHC/TRHIC ~ 1.3- 1.5 atb = 8 fm via Gribov-Levin-Ryshkin

formula as applied in [143] (we takig ~ Qs ~ \/@).

As depicted in figure 54, at a givgr the scaling predicts a strikimgductionof vo(pr)
at the LHC relative to RHIC. This is the opposite of both ideal hydrodynamic expectations
and what was seen going from SPS to RHIC (wheXg@r) increased slightly with energy).
Experimental determination of the scaling factoz Q5H¢/QRM'C would provide a further
test of gluon saturation models.

BT
0.2
g
0.1F QfHC/QfHIC - 15
70 = 0.6 fm, b = 8 fm

0

T
pr [GeV]

Figure 54: Diterential elliptic flow at RHIC and the LHC, assuming a “minimally viscous”
guark-gluon system/s = 1/(4r) at both energies.

We note that higher momenta at the LHC would also imply somewhat earlier
thermalizationrg ~ 1/Tp. This is expected to prolong longitudinal Bjorken cooling at the
LHC, changing the scale factor ia(pr) from r towardsr1/3 =123~ 1.2-1.3.

3. Hadronic flavor observables

3.1. Thermal model predictions of hadron ratios

A. Andronic, P. Braun-Munzinger and J. Stachel
We present predictions of the thermal model for hadron ratios in centrd Pbollisions at LHC.

Based on the latest analysis within the thermal model of the hadron yields in central
nucleus-nucleus collisions [144], the expected values at LHC for the chemical freeze-
out temperature and baryochemical potential @rel61+4 MeV and up=0. 8+12 MeV,
respectively. For these values, the thermal model predictions for hadron yleld ratlos in central
Pb+Pb collisions at LHC are shown in Table 3. We have assumed no contribution of weak
decays to the yield of pions, kaons and protons.

The antiparticlgparticle ratios are all very close to unity, with the exception of the ratio
qzh% . reflectln%t})paen a(?,%((pected small, but nonz%zg value. The errors are determined by the
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Table 3: Predictions of the thermal model for hadron ratios in centraPBlxcollisions at
LHC. The numbers in parantheses represent the error in the last digit(s) of the calculated
ratios.

o /nt K /KY p/p AJA E/= Q/Q
1.001(0) 0.993(4) 0.9485%% 0.997291% 1.0055357  1.013(4)

[1]
|

p/n* K*/nt K= /n~ A/n~
0.074(6) 0.180(0) 0.179(1) 0.040(4) 0.0058(6) 0.00101(15)

[ Q7 /n~

errors ofuyp in case of antiparticlparticle ratios and by the errors ©ffor all other ratios.

Table 4: Predictions for the relative abundance of resonances at chemical freeze-out.
¢/K=  KO/KE AT/p Z(1385f/A A*/A  E(15300/E"

0.137(5) 0.318(9) 0.216(2) 0.140(2) 0.075(3)  0.396(7)

Assuming that the yield of resonances is fixed at chemicaté&-eeit, we show in Table 4
predictions for the relative yield of various resonance species. We emphasize that the above
hypothesis needs to be checked at LHC, in view of the data at RHIC [145], which may indicate
rescattering and regeneration of resonances after chemical freeze-out.

3.2. (Multi)Strangeness Production in #Bb collisions at LHC. HIJINGBB v2.0
predictions.

V. Topor Pop, J. Barrette, C. Gale, S. Jeon and M. Gyulassy

Strangeness and multi-strangeness particles production can be used to explore the initial transient
field fluctuations in heavy ion collisions. We emphasize the role played by Junction anti-Jund_)ion J
loops and strong color electric fields (SCF) in these collisions. Transient field fluctuations of SCF on
the baryon production in central (0-5 %) FBb collisions aty/syny = 5.5 TeV will be discussed in
the framework of HIJIN@BB v2.0 model, looking in particular to the predicted evolution of nuclear
modification factorsRaa) from RHIC to LHC energies. Our results indicate the importance of a good
description of the baseline elementary p collisions at this energy.

In previous publications [146] we studied the possible role of topological baryon
junctions [25], and the féects of strong color field (SCF) in nucleus-nucleus collisions at
RHIC energies. We have shown that the dynamics of the production process can deviate
considerably from that based on Schwinger-like estimates for homogeneous and constant

color fields. An increase of the string tension fr 1 GeV/fm, to in medium mean
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valuesof 1.5-2.0 Geyfm and 2.0-3.0 GeXfm, for d+Au and AuAu respectively, results

in a consistent description of the observed nuclear modification factors (N)jn both
reactions and point to the relevance of fluctuations on transient color fields. The model
provides also an explanation of the baryjmeson anomaly, and is an alternative dynamical
description of the data to recombination models [147].

Strangeness enhancement [148], strong baryon transport, and increase of intrinsic
transverse momenta [149] are all expected consequences of SCF. These are modeled in
our microscopic models as an increase of tlieative string tension that controls the quark-
anti-quark ¢q) and diquark - anti-diquark (qm) pair creation rates and the strangeness
suppression factors. A reduction of the strangequark mass fronMs=350 MeV to the
current quark mass of approximatetyg=150 MeV, gives a strangeness suppression factor
yi~ 0.70. A similar value ofy3 (0.69) is obtained by increasing the string tension from
ko=1.0 GeVfm to k=3.0 GeVfm [146]. Howeover, if we consider that Schwinger tunneling
could explain the thermal character of hadron spectra we can define an apparent temperature
as function of the average value of string tensierx(>), T = V3 <« > /4r [150]. The
predictions at LHC for initial energy density and temperatureeage ~ 200 GeVffm? and
TLuc = 500 MeV, respectively [151]. Both values would lead in the framework of our model
to an estimated increase of the average value of string tension:t®.0 GeVfm at LHC
energy.

Pb+Pb, sp'= 5.5 TeV i HIWING/BB v2.0

(b)

..... o+p &= 3.0GeV/fm E k=5.00eV/fm

J g K +K™ .1
10- | | | ‘ | | | ‘ | | | ‘ | | | I 10- | | | ‘ | | | ‘ | | | ‘ | | | I

4 6 8 0 2 4 6 8
pr (CeV/c) pr (GeV/c)

Figure 55: HIJINGBB v2.0 predictions including SCHiects for NMF of identified particles.
The results for proton and lambda patrticles are for inclusive measurements.

Thep+p cross sections serve as a baseline reference to calculate NMFK focollisions
(Raa). In p+ p collisions high baryofmesons ratio (i.e. close to unity) at intermedipte
were reported ak/Syn= 1.8 TeV [152]. These data could be fitted assuming a string tension
k=2.0 GeVfm. This value is used in our calculations gByn= 5.5 TeV. This stresses the
need for a referencp+ p measurements at LHC energies.

The predictions for NMMRpppp0f identified particles at the LHC energy are presented in
Fig. 55 for two values of the string tension. From our model we conclude that hargean

anomaly, will persist at the LHC with a slight increase for increasing strength of the
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chromoelectric field. The NMRppppalso exhibit an ordering with strangeness content at
low and intermediatgt. The increase of the yield being higher for multi-strange hyperons
than for (non)strange hyperonBrppdQ?) > RpppdZ) > RpppdA) > Rpppdp) ). At high

pt > 4GeV/c for k=3.0 GeVfm, a suppression independent of flavours is predicted due to
guench fects. In contrast, this independence seems to happpn at8 Ge\jc for x<=5.0
GeV/fm.

As expected, a higher sensitivity to SCHeets on thepr dependence of multi-strange
particle yield ratio is predicted. As an example, Fig. 56 presents our results for the ratio
(Q~ +Q")/D in central (0-5%) PkPb collisions and + p collisions. The results and data at
RHIC top energy are also included (left panel).

S F(a)AutAu, p+p sl =0.2TeV | © [ (b) Pb+Pb, p+p sii=5.5 TeV
Nk P
‘|'10-1 E +10°
' 8 N
10 e 0
~'w STAR data i g
10 PL—— AuAu, & = 3.0 GeV/fin i | 19 L PbPb, k = 5.0 GeV,/fm
R AvAu, k = 2.0 GeV/fir : ... PbPb, k = 3.0 GeV/fm
o L R E TS| el PP Z 200V
0 1 2 3 4 0 2 4 6
pr (GeV/c) pr (GeV/c)

Figure 56: Predictions of HIJINBB v2.0 for the Q* +Q7)/® ratio as function ofpr
for RHIC (left panel) and LHC (right panel) energies. The experimental data are from
STAR [153].

The mechanisms of (multi)strange particles production is very sensitive to the early phase
of nuclear collisions, when fluctuation in the color field strength are highest. Their mid-
rapidity yield favors a large value of the average string tension as shown at RHIC and we
expect similar dynamicalffects at LHC energy. The precision of these predictions depens on
our knowledge of initial conditions, parton distribution functions at low Bjorkethe values
of the scale parametgg, constituent and current (di)quark masses, energy loss for gluon and
quark jets.

3.3. Antibaryon to Baryon Production Ratios in Pb-Pb and p-p collision at LHC energies of
the DPMJET-III Monte Carlo

F. Bopp, R. Engel, J. Ranft and S. Roesler

A sizable component of stopped baryons is predictedfoand PbPbcollisions at LHC. Based
on an analysis of RHIC data within framework of our multichain Monte Carlo DPMJET-III the LHC
predictions are presented.

This addendum to Ranft's talk about the main DPMJET Il prediction addresses
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baryon stopping. The interest is a component without leading quarks. Where the flavor
decomposition is not determined by final state interactions the valence-quarkless component
can be enhanced by considering net strange baryons.

In models, in which soft gluons can arbitrarily arrange colors, a configuration can appear
in which the baryonic charge ends up moved to the center. The actual transport is just an
effect of the orientation of the color-compensation during the soft hadronisation. Various
other ideas about fast baryon stopping exist but to have it caused by such an “initial” process
is an attractive option.

The “Dual-Topological” phenomenology of such baryon transport processes was
developed 30 years ago [154]. Critical are various baryonium-exchange intercepts which
were estimated at that time. Some ambiguity remains until today for the quarkless compo-
nent (also called “string junction” exchange denotedS3) and a confirmation of the flat
net-baryon distribution indicated by RHIC data at LHC would be helpful.

Nowadays it is postulated that at very high energy hadronic scattering can be understood
as extrapolation of BFKL Pomeron exchanges [155] and their condensates in the minimum
bias region. BFKL Pomerons are described by ladders of dispersion graphs, in which soft
effects are included usingtective gluons. In principle these sofffects include the color
compensating mechanism usually modelled as two strings neutralizing triplet colors. A
necessary ingredient in this approach @ddderonsexchanges with Pomeron-like intercepts
and with presumably much smaller couplings. As these Odderons can produce a baryon
exchange of the type discussed above, a small rather flat net baryon component is expected.

Experimentally, the first indication for a flat component came from never finalized
preliminary ZEUS data at HERA. As RHIC rumgp or heavy ionsnstead ofpp this question
could be addressed much better than before and the data seem to require a flat contribution. In
a factorizing Quark-Gluon-String model calculation [156] the best fit to RHIC BRAHNS
data aty/s= 200 GeV required diquarks with a probability @ 0.024 to involve a quarkless
baryonium-exchange with an intercegt 3 = 0.9.

To obtain such a quarkless baryonium-exchange in the microscopic generator DPMJET
lll [157] a new string interaction reslfiling the initial strings was introduced. It introduces
an exchange with a conservative interceptogf 3 = 0.5. With this baryonium addition
good fits were obtained for various baryon ratiospr p andd - Au RHIC andn - p
FERMILAB processes [158]. There are of course a number of more conventional baryon
transport mechanisms implemented in the model. As the string interaction requires multiple
Pomeron exchanges the new mechanism is actually only a X¥t etpp RHIC. It is,
however, important for heavy ion scattering or at LHC energies.
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3.4. Statistical model predictions for pp and Pb-Pb collisions at LHC

l. Kraus, J. Cleymans, H. Oeschler, K. Redlich and S. Wheaton

Predictions for particle production at LHC are discussed in the context of the statistical model.
Moreover, the capability of particle ratios to determine the freeze-out point experimentally is studied,
and the best suited ratios are specified. Finally, canonical suppression in p-p collisions at LHC energies
is discussed in a cluster framework. Measurements wijifcollisions will allow us to estimate the
strangeness correlation volume and to study its evolution over a large range of incident energies.

Particle production in heavy-ion collisions is, over a wide energy range, consistent with
the assumption that hadrons originate from a thermal source with a given tempé@rainde
a given baryon chemical potentiag. In the framework of the statistical model, we exploit
the feature that the freeze-out points appear on a common curve h-thg plane. The
parameterization of this curve, taken from reference [159], is used to extrapolate to the LHC
energy of /5,y =5.5TeV:T ~ 170 MeV,ug ~ 1 MeV.

For the given thermal conditions, particle ratios in central Pb-Pb collisions were
calculated; numerical values are given in reference [160]. As soon as experimental results
become available, the extrapolation can be cross-checked with particle ratios that exhibit
a large sensitivity to the thermal parameters. The ratios shown in figure 57 (left) hardly
vary over a broad range af andug. This feature can be used to investigate the validity
of the statistical model at LHC: Especially the prediction for yer ratio is limited to a
narrow range. It would be hard to reconcile experimental results outside of this band with the
statistical model.

Antiparticle over particle ratios, on the other hand, strongly dependgofiigure 57,
middle panel). Most of all, the/p ratio almost directly translates to the baryon chemical
potential, since thel dependence is very weak. Better suited for the temperature
determination are ratios with large mas#etiences, i.e Q/7m andQ/K, which increase in
the studied range by 25% per 10 MeV chang@ ifThe astonishing similarity betweé&hand
7 in this respect is caused by the huge contribution of 75% from resonance decays to pions
for the given thermal conditions [161].

In collisions of smaller systems, the strange-particle phase-space exhibits a suppression
beyond the expected canonical suppression. A modification of the statistical model is
proposed in references [162, 163], which is based on the assumption that strangeness
conservation is maintained in correlated sub-volumes of the fireball. The size of these clusters,
which could be smaller than the volume defined by all hadrons, was estimated from relative
strangeness production in collisions of small systems at top SPS and RHIC energy. The
radiusRc of a spherical cluster is of the order of 1 - 2 fm and shows only a weak energy
dependence. Additionally it is not clear at which stage of the interaction the strangeness
abundance is formed. Possibly the early, dense phase is crucial, so the cluster size should be
the same at RHIC and LHC, or, on the contrary, the total number of particles at the late stage
of hadronisation is relevant; thi&: should increase as the multiplicity will increase with
colliding energy.
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Figure 57: Left: Ratio® of particles with unequal strangeness content as a functigg tor

T =170 MeV (left) and as a function df for ug = 1 MeV (right).

Middle: Antiparticlgparticle ratiosR as a function ofug for T = 170 MeV (left) (the
horizontal line at 1 is meant to guide the eye). Particle raRasvolving hyperons as a
function of T for ug = 1 MeV (right).

Right: RatiosR of particles in the grand-canonical ensemble and with suppressed strange-
particle phase-space inftirent canonical volumes indicated by the spherical ragis
calculated atig = 1 MeV andT =170 MeV.

Instead of precise predictions as shown for Pb-Pb collisions, the correlation volume will
be extracted from measurement. As displayed in figure 57 (right), especially/theatio
varies over orders of magnitude in a reasonable range of the correlation length. This allows
for a good estimate of the cluster size which will give us more insight into the mechanism of
strangeness production.

3.5. Universal behavior of baryons and mesons’ transverse momentum distributions in the
framework of percolation of strings

L. Cunqueiro, J. Dias de Deus, E. G. Ferreiro and C. Pajares

The clustering of color sources [65] reduces the average multiplicity and enhances
the averagegpr) of an event in a factoF(n) with respect to those resulting from pure
superposition of strings:

(uy = NsF ()1, (p3) = (p3)1/F (1) (21)

where Ng is the number of strings anB(n) = +/(1—e)/n is a function of the density

of stringsny [164]. The invariant cross section can be written as a superposition of the
transverse momentum distributions of each cludtes, pt) (Schwinger formula for the decay

of a cluster), weighted with the distribution of theffédrent tension of the clustergy(x)

(W(X) is the gamma function whose width is proportional t#k Wherek is a determined
function of n related to the measured dynamical transverse momentum and multiplicity
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Figure 58: Left:Rcp for neutral pions (solid) and antiprotons (dashed). Righto 7° ratio
for the centrality bins 0-10% (solid) and 60-92% (dashed). RHIC results in black and LHC
predictions in blue.

fluctuations) [67,165-167]:

dNk-1 1 1
dxW(x) f F 22
dedy - [ o ter0 = G & (n)(1+Ff;2§j>k (22)
T 1

For (anti)baryons, equation (21) must be changeduts) = N:*F(5)(uy5) to take
into account that baryons are enhanced over mesons in the fragmentation of a high density
cluster. The parameter= 0.09 is fixed from the experimental dependencepf on Npart.
The (anti)baryons probe higher densities than mesgfs, N3n. On the other hand, from
the constituent counting rules applied to the highbehavior we deduce that for baryons
ks = k(ng) + 1. In figure 58, we show the ratidp and p/z° defined as usual, compared
to RHIC experimental data for pions and antiprotons together with the LHC predictions. In
figure 59 left we show the nuclear modification facRya for pions and protons for central
collisions at RHIC. LHC predictions are also shown. We note fhyatollisions at LHC
energies will reach enough string density for nuclear-likeas to occur. In this respect, in
figure 59 right, we show the ratR:p for pp— X as a function opr, where the denominator
is given by the minimum bias inclusive cross section and the numerator is the inclusive cross
section corresponding to events with twice multiplicity than minimum bias. According to our
formula (22) a suppression at large occurs.

3.6. Bulk hadron(ratio)s at the LHC-ions

J. Rafelski and J. Letessier
The expected LHC-heavy ion yields of strange and non-strange hadrons, mesons and baryons,
are evaluated within the statistical hadronization model.

This summary of our recent work on bulk hadronization in LHC-ion interactions is based

on methods and ideas presented in L168£ with theogres_ent ugdate using the results obtained
This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with

permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 71

solid/dashed=pions/protons
0-10% CENTRAL LHC

0-10% CENTRAL RHIC

Rep in p-p collisions
—
=

06

Figure 59: Left: Nuclear modification factor faf (solid) andp (dashed) for 0-10% central
events, RHIC results in black and LHC predictions in blue. RigRtp for pions in pp
collisions at LHC.

for strangeness production in [169]. This presentation is more specific regarding the yields
in order to allow “first-day" understanding of the mechanisms of hadronization dynamics of
the deconfined quark—gluon plasma phase formed in most ceyi&al = 5520 GeV Pb—-Pb
reactions at the LHC.

Our detailed results rely on SHARE-2.2 suite of programs [170], which have been
extensively tested, with several typos, and errors corrected compared to earlier releases
SHARE-1.x [171], and SHARE-2.1 . An important feature of the SHARE suite of
programs is that one can obtain the particle multiplicities for any consisterdset of
extensivéntensive bulk matter parameters amdparticle yields. What ‘consistency’ means
can be understood considering the variables in the Gibbs-Duham relation:

PV+E:TS+Z,uaNa, ,ua:ZTlnyi+bi,uB+S,us, (23)
a ica
where the extensiv®¥/ (volume), E = Ve (energy),S = Vo (entropy), Ni = Vp; (particle
number) appears along with intensRépressure)T (temperature), ang (particle chemical
potential). Aside of the above strict constraint, other qualitative constraints arise and thus, in
our approach, we allow for a deviation from prescribed parameter values within a margin of
a few percent, to be chosen in a quasi-fit procedure in order to alleviate inconsistencies in the
choices made.

Considering the limited central rapidity experimental coverage, we refer instead of
the total volumeV to the range associated with the central rapidity/dy, thusdS/dy =
(dS/dV)(dV/dy) is the entropy (multiplicity) yield per unit of rapidity. One can show that
dS/dyis conserved in the hydrodynamic expansion of the bulk matter, thus the final observed
entropy (multiplicity) content per unit of rapidity is the outcome of the initial state entropy
production.

The soft hadron production at LHC-lon relies on the following input:

| The entropy contentdS/dy = hadron multiplicity — this is normalizer of all particle
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yields for which the predictions most widely vary. The straight line extrapolation as function
of In y/syn implies an increase afS/dy by only a factor 1.65 from RHIC top energy reach
/SN = 200 GeV to the LHC-ion top energy of/syn = 5520 GeV. The charged particle
yield per unit rapidity is expected, in this case, at allgyt= 1150. Since this extrapolation

is done based on PHOBOS multiplicity, only partial #eak interaction decay is allowed

for. We will also state the correspondi 'hs which is computed assuming acceptance of
weak decays akin to the STAR detector. The entropy content determines up to about 15% the
energy contentlE/dy ~ ThdS/dy which thus increases, in essence, by the same factor. We
note that model dierences in hadronization temperat@ifewhich are in the range of up to

20% impact accordingly the thermal energy content.

However, one can wonder if the factor 1.65 correctly accounts for the 28-fold reaction
energy increase between RHIC and LHC-ion. The widening of the particle production rapidity
window accounts for much of the collision energy increase. How this widening occurs i.e the
strength of stopping, determines the central rapidity energy deposition. We thus consider in
the second example the case with 3.4-fold increase in entrayplicity content per unit
of rapidity. This value is fine-tuned such that the visible charged hadron yield is identical to
the TPC-visible charged hadron multiplicity yield in the chemical equilibrium model, where
the hadronization volume was set to Ye= 6200fn? (our 3rd table entry). This allows to
compare the yields of both models normalized to same hadron yield.

Il The strangeness contetd/dy=ds/dyandor (ds/dy)/(dS/dy) = s/S. The production
of strangeness has been evaluated within pQCD, for a given entropy content. The final
strangeness yield does not depend in a significant way on how the parton entropy content
is implemented in the early reaction times where thermal distributions are reached (e.g., high
T, low chemical abundances, Iol high chemical abundances). This is so, since strangeness,
being a relatively strongly interacting probe, does not convey a detailed information about the
earlyr < 2 fm/c times of the heavy ion collision. For the case of a greater (3.4-times increased)
entropymultiplicity content, the pQCD computation suggest§ ~ 0.037 yield, which is
10-15% above QGP chemical equilibrium, the lower entropy variant (extrapolated factor
1.65 increase in multiplicity) implies for QGP-strangeness a small excess above chemical
equilibrium, we will uses/S ~ 0.034. For the third case, the hadron chemical equilibrium,
the ratios/S = 0.025 results. Thus, strangeness enhancement, where it is not washed out by
a lower hadronization temperature, is the salient feature of the non-equilibrium hadronization
picture we have developed and present here.

[l The net baryon stoppind(b — E)/dyis unknown, and will be diicult to measure. An
extrapolation of the energy per baryon retained per unit of rapidity yeltis: 412+ 20 GeV
at LHC. This value is consistent with the here considered two cases, when, as an example,
we fix 1q = 1.0056 which determines the baryon and hyperon chemical potepgaladus.

We note, in passing, that in all the cases considered here, we find for the baryon asymmetry
at LHC b- 5)/(b+ 5) ~ 0.015, which is 6—7 orders of magnitude larger compared to the
conditions prevailing in the early universe.

There are constrains which we use to fully determine the system properties:

1) For the chemical non-equilibrium hadronization we will uge= 140 MeV while for
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chemical equilibrium we adopt,, = 162 MeV. Both values are taken from the study of
highest RHIC energies. The low€&rarises due to supercooling expansion, leading to sudden
hadronization [172], and thus, we also impose a bia&farS > 1.

2) Strangeness balan¢s = (s) in the central unit of rapidity.

3) Net charge per net baryon rat@yb = 0.4 (value in colliding nuclei) is implemented. Since

the net baryon number is rather small, the charge asymmetry is for all purposes invisible, the
purpose of this exercise is to assure physical consistency and to fix the isospin asymmetry
statistical parametets.

Our results are presented in detail in the table. We note that the total charged hadron
multiplicity will be a first-day observable at LHC and hence much of the uncertainty we
have in discussing the absolute hadron yields will disappear. When comparing hadronization
models at fixed total hadron yield one sees clefiedknces in yield pattern:

a) Multi-strange hadron yields are, in general, greatly enhanced in our non-equilibrium
approach as compared to yields assuming chemical equilibrium hadronization, yet single
strange yields are often similar, since th@etiences in hadronization (temperature) conditions
compensate for the strangeness yield enhancement;

b) The yields of non-strange resonances are, in general, significantly greater in the chemical
equilibrium model, due to the higher hadronization temperature.

c) This suppression is compensated in resonances with single and partial multi-strange content
(m.7').

The above dterences, already seen at RHIC, are much more striking at LHC, since the
specific strangeness per entropy yield enhancement is by factor 1.5. Even the visijg K

ratio is increased from the RHIC level, to"Kr.  ~ 0.17 —0.18, however this enhancement
effect is much better visible once weak decays have been vetoed in the pion yield, in which
case, we predict K/z* ~ 0.21. While the yield of nucleons may befidult to determine,

the measurement of baryon resonances such(4230) could help considerably in the
characterization of the baryon yield.
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T[MeV] 140 140 162"
dVv/dy[ fm3) 2036 4187 | 6200
ds/dy 7517 15262 | 18021
dhen/dy 1150 2351 | 2430
dh’s/dy 1351 | 2797 | 2797
1000 (1qs—1) | 56,21 |[56%21|56",20
ug.s[MeV] 24,05 | 23,05 | 27,06
Ya s 1.62,2.42 | 1.6*,26 | 1* 1*
s/S 0.034* | 0.037° | 0.025
E/b 420 428 408
E/TS 1.02 1.05 0.86
P/E 0.165 | 0.164 | 0.162
E/V[MeV/fm?3] 530 538 400
P[MeV] 87 88 65
p 25/45 | 49/95 | 66/104
b-b 2.6 5.3 6.1
(b+b)/h~ 0.335 | 0.345 | 0.363
0.1-7* 4967 | 99126 | 103126
K* 94 207 175
¢ 14 33 23
A 1928 41/62 | 37/50
on 4 9.5 5.8
Q- 0.82 2.08 0.98
AD, AT+ 4.7 9.3 13.7
K;(892) 22 48 52
n 62 136 127
n 5.2 11.8 11.5
0 36 73 113
w 32 64 104
fo 2.7 5.5 9.7
K*/nt 0.165 | 0.176 | 0.148
=/ Avis 0.145 | 0.153 | 0.116
A(1520Y Avis 0.043 | 0.042 | 0.060
=(15309/=" 0.33 0.33 0.36
¢/K* 0.15 0.16 0.13
K;(892)/K~ 0.236 | 0.234 | 0.301

Table: LHC predictions, two variants
of our non-equilibrium hadronization
model are shown on left, the chemi-
cal equilibrium model results are stated
for comparison in the right column.
To obtain results n the first column,
we considered an overall hadron yield
chosen to increase at central rapidity
by factor 1.65 compared to PHOBOS
results (star *' indicates a fixed in-
put value). The chemical equilibrium
model shown on right is matched in
the middle column by assuming a TPC-
visible charged hadron yield to be the
same, 2797. These characteristic prop-
erties along with the entropy content,
and chemical conditions at hadroniza-
tion, are stated in the two top sections
of the table. In the third section, we
show bulk properties at hadronization,
with specific strangeness content pre-
scribed as arising in pQCD computa-
tion [169], except for the equilibrium
model in which case the specific yield
s/S is a consequence of the equilib-
rium assumption. One notes for the
equilibrium model that the energy den-
sity and pressure at hadronization is
smaller, which agrees with the greater
volume of hadronization required to
obtain the same hadron yield. This is
due to particle density scaling roughly
with 3T3, the change inyq outweighs
that inT. When we present the hadron
yields, we give (separated by slash)
the ranges witlwithout weak decays
for protonsp, = and A. Clearly the
properties of the detector will impact
the uncorrected yields. We also note
that, while baryon density in rapidity
can vary depending on dynamics of
the reaction, the specific total baryon
yield, compared to that of mesons, re-
mains nearly constant and model inde-
pendent. The diierence to the equilib-
rium model is most pronounced in the
multi-strange hadroE, « and¢ yields.
The ratios or resonances with the stable

This is a manuscript of an article from Journal of Physics G 35 (2008): 054deCayi:protasDere3svrsga/ a4boe. IPostarmith
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4. Correlations at low transverse momentum

4.1. Pion spectra and HBT radii at RHIC and LHC

Yu. M. Sinyukov, S. V. Akkelin and lu. A. Karpenko

We describe RHIC pion data in centrakA collisions and make predictions for LHC based on
hydro-kinetic model, describing continuous 4D particle emission, and initial conditions taken from
Color Glass Condensate (CGC) model.

Hydro-kinetic approach to heavy ion collisions proposed in Ref. [173] accounts for
continuous particle emission from 4D volume of hydrodynamically expanding fireball as
well as back reaction of the emission on the fluid dynamics. The approach is based on the
generalized relaxation time approximation for relativistic finite expanding systems,

paf(xp) _ foep) - (xp)

Ppo Ox Trel(X, P)
where f(x,p) is phase-space distribution function (DF)-€®)(x, p) is local equilibrium
distribution andze(X, p) is relaxation time,rre (X, p) as well asf'€d are functional of
hydrodynamic variables. Complete algorithm described in detail in Ref. [174] includes:
solution of equations of ideal hydro; calculation of a non local equilibrium DF and emission
function in the first approximation; solution of equations for ideal hydro with non-zero right-
hand-side that accounts for conservation laws at the particle emission during expansion;
calculation of "improved" DF and emission function; evaluation of spectra and Bose-Einstein
correlations. Here we present our results for the pion momentum spectra and interferometry
radii calculated for RHIC and LHC energies in the first approximation of the hydro-kinetic
approach.

For simulations we utilize ideal fluid model [175-177] and realistic equation of state
(EoS) that combines high temperature EoS with crossover transition [178] adjusted to the
QCD lattice data and EoS of hadron resonance gas with partial chemical equilibrium [175—
177]. The gradual disappearance of pions during the crossover transition to deconfinement
and diferent intensity of interactions of pions in pure hadronic and "mixed" phases are taken
into account in the hydro-kinetic model (HKM), but resonance contribution to pion spectra
and interferometry radii is not taken into account in the present version of the HKM. We
assume the following initial conditions at proper timg= 1 fm/c for HKM calculations:
boost-invariance of a system in longitudinal direction and cylindrical symmetry with Gaussian
energy density profile in transverse plane. The maximal energy densities at RHG0
GeV/fm3 and at LHC ¢y = 70 GeV/fm?, were calculated from Ref. [179] in approximation of
Bjorken expansion of free ultrarelativistic partons tjland adjusted for transverse Gaussian
density profile. The (pre-equilibrium) initial transverse flows@tvere estimated assuming
again a free-streaming of partons, with transverse modes distributed according to CGC
picture, from proper time: 0.1 fnyc till 79 = 1 fm/c. Finally, we approximate the transverse
velocity profile byvr = tanhg - %) wherea = 0.2 both for RHIC and LHC energies and we
suppose the fitting Gaussian radius for RHIC top endRgys 4.3, to be the same for LHC

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 60: Comparison of the single-particle momentum spewft pions and piorRout, Rside: Riong radii

measured by the PHENIX Collaboration for A&u central collisions (HBT radii data were recalculated for

0-5% centrality) at RHIC with the HKM calculations, and HKM predictions forHPip central collisions at

LHC. For the sake of convenience the calculated one-particle spectra are enhanddahied.
energy. Our results for RHIC and predictions for LHC are presented in Fig. 60. The relatively
small increase of the interferometry radii with energy in HKM calculations is determined by
early (as compare to sharp freeze-out prescription) emission of hadrons, and also by increase
of transverse flow at LHC caused by longer time of expansion. It is noteworthy that in the
case of EoS related to first order phase transition, the satisfactory fitting of the RHIC HBT
data requires non-realistic high initial transverse flowgpat 1 fm/c: a = 0.3.

0.
p, [GeV]

4.2. Mach Cones at central LHC Collisions via MACE

B. Bauchle, H. Stocker and L. P. Csernai
The shape of Mach Cones in central lead on lead collisiongsafy = 5.5 TeV are calculated and
discussed using MACE.

4.2.1. Introduction After the discovery of “non-trivial parts” in three-particle correlations at
RHIC [180], which are compatible with the existence of Mach cones [181], it is interesting to
see how the signal for Mach cones will look like under the influence of a medium created at
the LHC in PbPb-Collisions.

Mach cones caused by ultrarelativistic jets going in midrapidity will create a double-
peaked two-particle correlation functiomNgd(A¢). Those peaks are located &p = 7 +
coslcs, wherecs is the speed of sound as obtained by the equation of state. The model

MACE (“Mach Cones Evolution”) has been introduced to simulate the propagation of sound

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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Figure 61: Two-particle-correlation function (away-sioiart) for central PbPb-Collisions at
v/Sun = 5.5 TeV. The peak created by the forward jet is not calculated. (a): minimum jet bias
(see text) with peaks aty ~ 7+ 1.2. (b): Midrapidity jets starting from a position 70 % on
the way outside left and right of as well as in the middle.

waves through a medium and recognize and evaluate mach cones [182].

The medium is calculated without influence of a jet using the hydrodynamical Particle-
in-Cell-method (PIC) [183]. For the equation of state, a massless ideal gas is assumed, so
thatcs = 1/ V3 and coslcs = 0.96. The sound waves are propagated independently of the
propagation of the medium and without solving hydrodynamical equations. Only the velocity
field created by PIC is used. To recognize collective phenomena, the shape of the region
affected by sound waves is evaluated.

4.2.2. Correlation functions The correlation functions from the backward peak show a clear
double-peaked structure. The data for arbitrary jet origin and jet direction (minimum jet bias)
is shown in figure 61 (a). Here, the peaks are visibla@t- 7+ 1.2. This corresponds to a
speed of sound afs ~ 0.36. Note that the contributions from the forward jet are not shown.
Deeper insight into dierent jet directions do not show a qualitativelyfeient picture.

Triggers on the origin of the jet, though, show the dependence of the correlation function
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Figure 62: Three-particle-correlation function for the sasiata as in figure 61.
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on the position where the jet was created (see figure 61 (b)). It shows that only the jet coming
from the middle of the reaction results in a symmetric correlation function with peaks at the
mach angleAgp = 7+ 0.96. All other jets result in correlations that have peaks feknt
angles, with the deviation getting bigger when going away from the middle. Therefore, the
speed of sound will always appear to be smaller than it actually is.

4.2.3. Conclusionslf sound waves are produced from jet quenching in LHC-Collisions,
the two-particle correlation function will show the expected double-humped structure in the
backward region. The peaks will, though, be further apart #{@p) = 2cos’cs, thus
alluding to a speed of sound smaller than is actually present in the medium.

The only case in which the true speed of sound can be measured is a midrapidity jet that
creates a symmetric correlation function.

4.3. Study of Mach Cones in€2)d Ideal Hydrodynamics at LHC Energies

B. Betz, P. Rau, G. Torrieri, D. Rischke and H. Stocker

The energy loss of jets created in heavy—ion collisions shows an anomalous behaviour of the
angular distribution of particles created by the away-side jet due to the interaction of the jet with the
medium [184, 185]. Recent three—particle correlations [180, 186, 187] confirm that a Mach cone is
created. Ideal (81)d hydrodynamics [188] is used to study the creation and propagation of such Mach
cones under LHC conditions.

Jets are one possible probe to study the medium created in a heavy—ion collision. They
are assumed to be formed in an early stage of the collision and to interact with the hot and
dense nuclear matter.

Experimental results from the Relativistic Heavy lon Collider (RHIC) show a
suppression of the away—side jet in-Au collisions for highp, particles as compared to
the away-side jet in4p collisions. This &ect is commonly interpreted as jet energy loss or
jet quenching [184, 185]. However, studies including Ipwparticles [180, 186, 187] exhibit
a double peaked away-side jet. Recent three—patrticle correlations confirm that this pattern is
due to a creation of a Mach cone [180, 186, 187].

The interaction of a jet with the medium is theoretically not well enough understood.
Therefore, we compare two models of energy loss under LHC conditions. We consider a
medium with an initial radius of.3 fm and an initial energy density ef = 1.7 Ge\/fm? that
undergoes a Bjorken—like expansion according to a bag—model equation of state (EoS) with a
first—order phase transition from a hadron gas to the quark—gluon plasma (QGP) with a mixed
phase betweee, = 0.1 GeV/fm3 andeg = 1.69 GeVfm?3.

In the first scenario, we implement a jet that completely deposits its energy and
momentum during a very short time in @86 fm?® spatial volume. Initially, the jet is located
between-3.5fm < x < -2.5fm, |y| < 0.25fm, |7 < 0.25fm, has a velocity ok = 0.99 ¢ and
traverses the medium along the x-axis. Totally, it deposits an energy of 15 GeV, no rapidity
cut is applied.

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.
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In a second step, we study a 15 GeV jet that gradually deposits its energy and momentum
in equal time steps aft = 0.8 fm/c. As in the first scenario, the jet traverses the medium with
a velocity ofvy = 0.99 c along the x—axis.

The hydrodynamic evolution is stopped after a time @& fim/c. Using a Monte Carlo
simulation based on the SHARE program [171], an isochronous freezeout according to
the Cooper—Frye formula is performed, considering a gas of rhos, pions and etas in the
pseudorapidity interval of [-2.3,2.3].

Figure 63 shows the angular distribution of particles for the first (left panel) and second
(right panel) scenario, without any background subtraction. The omitted near—side jet would
appear ap = 0.

In case of a short—-time energy and momentum deposition, a broad away-side distribution
(left panel) occurs, due to the deposition and dissipation of kinetic energy caused by the
jet. However, if the jet gradually dispenses its energy and momentum (right panel), two
maxima appear. This Mach cone-like structure agrees with the recent STAR and PHENIX
data [180, 186, 187].

4.4. Forward-Backward (F-B) rapidity correlations in a two step scenario

J. Dias de Deus and J. G. Milhano

We argue that in models where particles are produced in two steps, formation first of longitudinal
sources (glasma and string models), followed by local emission, the Forward-Backward correlation
parameteb must have the structute= ((ng)/{nr))/(1+ K/{ng)) where(ng)({ng)) is the multiplicity in
the backward (forward) rapidity window andH. is the (centrality and energy dependent) normalized
variance of the number of sources.

Two-step scenario models for particle production are based on:
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Figure 63: Angular distribution of particles after isochools freeze—out of a ¢31)d ideal
hydrodynamical evolution for a jet that deposits its energy and momentum a) completely
within a very short time (left panel) b) in equal timesteps (right panel) in a medium that
undergoes a Bjorken—like expansion according to a bag—model eos.
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(i) creation of extended objects in rapidity (glasma longitudinal colour fields or coloured
strings); followed by

(ii) local emission of particles.
The first step guarantees the presence of F-B correlations due to fluctuations in the
colouynumber of sources, while the second step accounts for |@ealts such as resonances.
The F-B correlation parametbris defined via
(ng)r =a+bng, b= D,Z:B/D|2:|:, (25)

whereD? is the variance. In general, correlations are measured in two rapidity windows
separated by a rapidity gap so that F-B short range correlations are eliminated. In the two-
step scenario models we write [189-192],

D24 = (ene) — (e )(ne) = AT (26)
2
D2 = ()~ (ne? = TE 4 (e, (27)

K
where JK is the normalized — e.g., in the number of elementary collisions — long range
fluctuation and depends on centrality, energy and rapidity length of the windows. We have
assumed, for simplicity, that local emission is of Poisson type.

From equations (25, 26, 27) we obtain

b (n)/{NF) .
1+K/{nF)
It should be noticed thdi may be larger than 1, and that a Colour Glass Condensate (CGC)
model calculation [193] shows a structure similar to (28% A1 + B] ! (for a discussion on
general properties of (28) and on the CGC model, see [192]).

A simple way of testing (28) is by fixing the backward rapidity window{ag), in the
region of high particle density and move the forward window along the rapidity axis. We can
rewrite equation (28) in the form

X

C1+KX]
whereK’ = K/(ng) is a constant ana = (ng)/(nr). In (29), one has k x < c with the
limiting behaviour:

(28)

(29)

The behaviour of (29) is shown in figure 64 (drawn Kr= 1).
A similar curve is obtained for B-F correlations in the backward region of rapidity. Note

that inaA collisions,a < A, the centrality and energy dependenc&bfs given by [2,191],
K’ ~ al/2A-1/6g1Y |

whereY is the beam rapidity andla positive parameter. In the symmetric situat@gs, A and

K’ increaseswith centrality (and the curve of the figure moves down) while in the asymmetric

situation,a = 1,2 < A andK’ decreaseswith centrality (and the curve in the figure moves
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Figure 64: F-B correlation paramete(29) withK’ = 1.

4.5. Cherenkov rings of hadrons

|. M. Dremin
The ring-like structure of inelastic events in heavy ion collisions becomes pronounced when the
condition for the emission of Cherenkov gluons is fulfilled.

In heavy ion collisions any parton can emit a gluon. On its way through the nuclear
medium the gluon collides with some internal modes. Therefor&fects the medium as
an “effective” wave which accounts also for the waves emitted by other scattering centers.
Beside incoherent scattering, there are processes which can be described as the refraction of
the initial wave along the path of the coherent wave. The Cherenffectas the induced
coherent radiation by a set of scattering centers placed on the way of propagation of the
gluon. Considered first for events at very high energies [194, 195], the idea about Cherenkov
gluons was extended to resonance production [196,197]. The refractive index and the forward
scattering amplitud€& (E,Q°) at energyE = +/sare related as

_ 87NsReF(E,0°)

An=Ren-1 =2 (32)
N is the density of the scattering centers in the medium.
The necessary condition for Cherenkov radiation is
An>0 or Reé(E,0°>0. (32)

If these inequalities are satisfied, Cherenkov gluons are emitted along the cone with half-angle
0c in the rest system of the medium determinechby

cosh; = % (33)

Prediction The rings of hadrons similar to usual Cherenkov rings of photons can be observed

in the plane perpendicular to the cone (jet) axis i 1.
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ProposalPlot the one-dimensional pseudorapidify=(—Intand/2) hadron distribution with
trigger jet momentum asaxis. It should have maximum at (33).

This is the best possible one-dimensional projection of the ring. To define the refractive
index in the absence of the theory of nuclear media (for a simplified approach see [198]) |
prefer to rely on our knowledge of hadronic reactions. From experiments at comparatively
low energies we learn that the resonances are abundantly produced. They are described by
the Breit-Wigner amplitudes which have a common feature of the positive real part in the
low-mass wing (e.g., see Feynman lectures). Therefore the hadronic refractive index exceeds
1 in these energy regions.

At high energies the experiment and dispersion relations indicate on positive real parts
of amplitudes for all hadronic reactions above a very high threshold. Considering gluons as
carriers of strong forces one can assume that the similar features are typical for their amplitude
as well. Then one should await for two energy regions in which Cherenkov gluons play a role.
Those are either gluons with energies which fit the left wings of resonances produced in their
collisions with internal modes of the medium or with very high energies over some threshold.

The indications on “low” energyfeects come from RHIC [187] where the two-bump
structure of the angular distribution of hadrons belonging to the so-called companion (away-
side) jet in central heavy-ion collisions has been observed. It arises as the projection of a
ring on its diameter and provides important information on the properties of the nuclear
medium [196, 197]. From the distance between peaks the cone half-angle is found to be
about 60 — 7C° in the c.m.s. which is equivalent to the target rest system for the trigger at
central rapidities. Derived from it and Eq.(33) are the large refractive inde)3{ and parton
density ¢ ~ 20 within a nucleon volume) that favor the state of a liquid. The energy loss
(dE/dx =~ 1GeV/fm) is moderate and the free path length is of a nuclear size. The three-
particle correlations also favor the ring-like structure.

The indications on high energyfects came from the cosmic ray event [199] at energy
about 1%V (LHC!) with two ring-like regions. They are formed at such angles in the target
rest system which are equivalent to°6070° and 110 - 12(° in c.m.s. It corresponds to the
refractive index close to 1 that well fits results of dispersion relations and experiment at these
energies. Such dependence on parton energy shows that the same medium could be seen as a
liquid by rather slow partons and as a gas by very fast ones.

It is crucial for applicability of Eq.(33) to define properly the target rest system. In RHIC
experiments the parton-trigger moves in the transverse direction to the collision axis and, on
the average, “sees” the target (the primary fireball) at rest in c.m.s. dealing with rather low
x andQ?. In the cosmic event the narrow forward ring is produced by fast forward moving
partons (largex) which “see” the target at rest in the lab. system. At LHC one can await for
both types of Cherenkov gluons produced. Thus, the hadronic Cherefikov@n be used
as a tool to scan (k Q?)-plane and plot on it the parton densities (see Eq.(31)) corresponding
to its different regions.

To conclude, the ring-like structure of inelastic processes must be observed if the gluonic
Cherenkov #ects are strong enough. The ring parameters reveal the properties of the nuclear

medium and their energy dependence.
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4.6. Evolution of pion HBT radii from RHIC to LHC — predictions from ideal hydrodynamics

E. Frodermann, R. Chatterjee and U. Heinz

We use the longitudinally boost-invariant relativistic ideal hydrodynamic code
AZHYDRO [130] to predict the expected trends for the evolution from RHIC to LHC of
the HBT radii at mid-rapidity in central{~2001(A~200) collisions, as well as that of their
normalized oscillation amplitudes in non-central collisions. We believe that these trends may
be trustworthy, in spite of the model’s failure to correctly predict the HBT radii at RHIC [200].
The results shown here are selected from Ref. [201].

Hydrodynamics can not predict th¢s-dependence of its own initial conditions, but it
relates uniquely the initial entropy density to the final hadron multiplicity. We compute hadron
spectra and HBT radii as functions of final multiplicity, parametrized by the initial peak
entropy densitysy at thermalization timeg in b=0 collisions. We holdl'yrg constant (where
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Figure 65: (Color online) Pion HBT radii for centrdd£0) Au+Au collisions as a function
of transverse pair momentuky (left) and of initial entropy densitysy or final charged
multiplicity dd—NBj“ (right). For details see [201].

Tﬂ1_~_s§/3 is the initial peak temperature), Our results cover a range %680 (‘RHIC
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initial conditions”™ sp=117 fnT3 at g = 0.6 fmy/c) to dd—N)ih =2040 (“LHC initial conditions™:
so=602 fm 3 at 7o =0.35 frryc).

1. Central collisions: Figure 65 shows the pion HBT radii for central AAu (Pb+Pb) col-

lisions in the ¢sl) coordinate system [200]. Since we computed the HBT radii from the
space-time variances of the emission function instead of doing a Gaussian fit to the two-pion
correlation function, alR, values should be corrected downward by about 20% [202]. We
see no dramatic changes, neither in magnitude nKrhidlependence, of the HBT radii as we
increase the multiplicity by up to a factor 3. The largest increase~(B9% at lowKr) is

seen foRs, while R, even slightly decreases at larffe¢. R changes hardly at all. The main
deficiency of hydrodynamic predictions for the HBT radii at RHIC (too wKakdependence

of Rs andR, and a ratioR,/Rs much larger than 1) is not likely to be resolved at the LHC
unless future LHC data completely break with the systematic tendencies observed so far [200].

2. Non-central collisions:Figure 66 shows the normalized azimuthal oscillation amplitudes
[203] of the HBT radii forb=7 fm Au+Au collisions. The dashed line in the lower left panel
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Figure 66: (Color online) Normalized HBT oscillation ampties as a function oKy at
RHIC and LHC (top) and as function g for two values ofKy (bottom).

gives the spatial eccentricity of the source at freeze-out [283}:~ 2limk, o (R2,/R2,)-

The freeze-out eccentricity is seen to flip sign between RHIC and LHC: at the LHC the
freeze-out source is elongatedthe reaction plane directioby almost as much as it was
still out-of-plane elongatedt RHIC.
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4.7. Correlation radii by FAST HADRON FREEZE-OUT GENERATOR

lu. A. Karpenko, R. Lednicky, I. P. Lokhtin, L. V. Malinina, Yu. M. Sinyukov and A. M. Snigirev
The predictions for correlation radii in the central+fb collisions for LHC+/syn = 5500 GeV
are given in the frame of FAST HADRON FREEZE-OUT GENERATOR (FASTMC).

One of the most spectacular features of the RHIC data, refereed as “RHIC puzzle”, is
the impossibility to describe simultaneously momentum-space measurements and the freeze-
out coordinate-space ones (femtoscopy) by the existing hydrodynamic and cascade models
or their hybrids. However, a good description of SPS and RHIC data have been obtained in
various models based on hydro-inspired parametrizations of freeze-out hypersurface. Thus,
we have achieved this goal within our fast hadron freeze-out MC generator (FASTMC) [204].

In FASTMC, particle multiplicities are determined based on the concept of chemical freeze-
out. Particles and hadronic resonances are generated on the thermal freeze-out hypersurface,
the hadronic composition at this stage is defined by the parameters of the system at chemical
freeze-out [204]. The input parameters which control the execution of our MC hadron
generator in the case of Bjorken-like parameterization of the thermal freeze-out hypersurface
(similar to the well known “Blast-Wave” parametrization with the transverse flow) for central
collisions are the following: temperatufE" and chemical potentials per a unit charge

1B, Ms,1q at chemical freeze-out, temperatdi& at thermal freeze-out, the fireball transverse
radiusR, the mean freeze-out proper timand its standard deviatiaxr (emission duration),

the maximal transverse flow rapidigy]®*. We considered here the naive “scaling” of

the existing physical picture of heavy ion interactions over two order of magnitudésin

to the maximal LHC energyy/syny = 5500 GeV. The model parameters obtained by the
fitting within FASTMC generator of the existing experimental datangrspectra, particle
ratios, rapidity densitydN/dy, ki-dependence of the correlation raBiut, Rside Riong from

SPS (\/syn = 8.7-17.3 GeV) to RHIC (v/syn = 200 GeV) are shown in Fig. 67. For

LHC energies we have fixed the thermodynamic parameters at chemical freeze-out as the
asymptotic onesT®" = 170 MeV, zig = fis = 1o=0 MeV. The linear extrapolation of the
model parameters in log(s) to LHC (4/syn = 5500 GeV) is shown in Fig. 67 by open
symbols. The extrapolated values are the followiRg: 11 fm, 7 ~ 10 fmy/c, At ~ 3.0 fm/c,

pM 1.0, T ~ 130 MeV. The density of charged particles at mid-rapidity obtained with
these parameters IN/dy = 1400, i.e. twice larger than at RHIG/syny = 200 GeV in
coincidence with the naive extrapolation @N/dy. These parameters yield only a small
increase of the correlation radRyt, Rside Riong (Fig. 68).

4.8. Exciting the quark-gluon plasma with a relativistic jet

M. Mannarelli and C. Manuel

We discuss the properties of a system composed by a static plasma traversed by a jet of particles.
Assuming that both the jet and the plasma can be described using a hydrodynamical approach, and
in the conformal limit, we find that unstable modes arise when the velocity of the jet is larger than

the speed of the sound of the plasma and only modes with momenta smaller than a certain values
This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
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Figure 67: FASTMC parameters versus Figure 68: The n*x* correlation radii in

log(v/9) for SPS /s = 8.7-17.3 GeV (black longitudinally comoving system at mid-rapidity
squares), RHICYS = 200 GeV (black triangles) in central Au-Au collisions at+/syn = 200 GeV

and LHC /s = 5500 GeV(open circles)aj T¢", from the STAR experiment [205] (open circles)
Tth 4B, (b) pMeX () 7, RandAr. and the FASTMC calculations for LHG/s =

) 5500 GeV (black squares).

are unstable. Moreover, for ultrarelativistic velocities of the jet the most unstable modes correspond
to relative angles between the velocity of the jet and momentum of the collective moge Our

results suggest an alternative mechanism for the description of the jet quenching phenomenon, where
the jet crossing the plasma loses energy exciting colored unstable modes. In LHfEetttiskould be

seen with an enhanced production of hadrons for some specific values of their momenta and in certain
directions of momenta space.

It has been suggested that a hghjet crossing the medium produced after a relativistic
heavy ion collision, and travelling at a velocity higher than the speed of sound should form
shock waves with a Mach cone structure [206, 207]. Such shock waves should be detectable
in the low pr parton distributions at anglest 1.2 with respect to the direction of the trigger
particle. A preliminary analysis of the azimuthal dihadron correlation performed by the
PHENIX Collaboration [208] seems to suggest the formation of such a conical flow.

We propose a novel possible collective process to describe the jet quenching
phenomenon. In our approach a neutral beam of colored particles crossing an equilibrated
quark-gluon plasma induces plasma instabilities [209]. Such instabilities represent a very
efficient mechanism for converting the energy and momenta stored in the total system
(composed by the plasma and the jet) into (growing) energy and momenta of gauge fields,

which are initially absent. To the best of our knowledge, only reference [210] considers the
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possibility of the appearance of filamentation instabilities produced by hard jets in heavy-ion
collisions.

We have studied this phenomenon using the chromohydrodynamical approach developed
in [211], assuming the conformal limit for the plasma. Since we are describing the system
employing ideal fluid-like equations, our results are valid at time scales shorter than the
average time for collisions. A similar analysis using kinetic theory, and reaching to similar
results, will soon be reported.

We have studied the dispersion laws of the gauge collective modes and their dependence
on the velocity of the jet, the magnitude of the momentum of the collective mbgdie angle
0 between these quantities, and of the plasma frequencies of both the plasana the jet
wiet- We find that there is always one unstable mode if the velocity of the jet is larger than the
speed of sounds = 1/ V3, and if the momentum of the collective mode is in modulus &mal
than a threshold value. Quite interestingly we find that the unstable modes with momentum
parallel to the velocity of the jet is the dominant one for velocity of thevjet0.8. For larger
values of the jet velocity only the modes with angles larger thaii8 are significant and the
dominant unstable modes correspond to angleg4 (see figure 69).

0.16

rma)l ('0[

0.08

0,05 ‘ 0.1
b

Figure 69: Largest value of the imaginary part of the dispertaw for the unstable mode as

a function ofb = wjzet/w% for two different values of the velocity of the jetand five diferent

angles betweek andv. The leffright panels correspond to= 0.8/0.9, respectively.

Our numerical results imply that both in RHIC and in the LHC these instabilities develop
very fast, faster in the case of the LHC as there one assumasghwtl attain larger values.
Further, the soft gauge fields will eventually decay into soft hadrons, and ffest éhe
hydrodynamical simulations of shock waves mentioned in reference [206, 207].

5. Fluctuations

5.1. Fluctuations and the clustering of color sources

L. Cunqueiro, E. G. Ferreiro and C. Pajares
We present our results on multiplicity aqg fluctuations at LHC energies in the framework of
the clustering of color sources. In this approach, elementary color sources -strings- overlap forming
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clusters, so the number offective sources is modified. We find that the fluctuations are proportional
to the number of those clusters.

Non-statistical event-by-event fluctuations in relativistic heavy ion collisions have been
proposed as a probe of phase instabilities near de QCD phase transition. The transverse
momentum and the multiplicity fluctuations have been measured at SPS and RHIC energies.
These fluctuations show a non-monotonic behavior with the centrality of the collision: they
grow as the centrality increases, showing a maximum at mid centralities, followed by a
decrease at larger centralities.fierent mechanisms have been proposed in order to explain
those data. Here, we will apply the clustering of color sources. In this approach, color
strings are stretched between the colliding partons. Those strings act as color sources of
particles which are successively broken by creatiogogfairs from the sea. The color strings
correspond to small areas in the transverse space filled with color field created by the colliding
partons. If the density of strings increases, they overlap in the transverse space, giving rise
to a phenomenon of string fusion and percolation [65]. Percolation indicates that the cluster
size diverges, reaching the size of the system. Thus, variations of the initial state can lead to
a transition from disconnected to connected color clusters. The percolation point signals the
onset of color deconfinement.

These clusters decay into particles with mean transverse momentum and mean
multiplicity that depend on the number of elementary sources that conform each cluster,
and the area occupied by the cluster. In this approach, the behavior pf tfil656] and
multiplicity [167] fluctuations can be understood as follows: at low density, most of the
particles are produced by individual strings with the same transverse momenfgm-1
and the same multiplicity. u1 >, so fluctuations are small. At large density, above the critical
point of percolation, we have only one cluster, so fluctuations are not expected either. Just
below the percolation critical density, we have a large number of clusters formedénedt
number of strings, with different size and thusftierent< pt >, and diferent< u >, so the
fluctuations are maximal.

The variables to measure event-by-evenfluctuations arg) andF ., that quantify the
deviation of the observed fluctuations from statistically independent particle emission:

2
¢ = <Z > _J<Z2>, (34)

<u>

wherez = pr;— < pr > is defined for each particle azgl= Z'j\':ilzj is defined for each event,
and

2 2
< > —< >
Wdata— Wrandom \/ Pr PT
Wrandom < pr >

Moreover, in order to measure the multiplicity fluctuations, the variance of the multiplicity
distribution scaled to the mean value of the multiplicity has been used. Its behavior is similar
to the one obtained fab(pr), used to quantify thgr-fluctuations, suggesting that they are
related to each other. The-measure is independent of the distribution of number of particle
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Figure 70:Fp, at LHC. Figure 71: Scaled variance on negatively
charged particles at, from up to down, LHC,

RHIC and SPS.

sources if the sources are identical and independent from each other. Thathsuld be
independent of the impact parameter if the nucleus-nucleus collision is a simple superposition
of nucleon-nucleon interactions.

In Fig. 70 we present our results grt fluctuations at LHC. Note that the increase of
the energy essentially shifts the maximum position to a lower number of participants [166].
In Fig. 71 we show our values for the scaled variance of negatively charged particles at SPS,
RHIC and LHC energies.

Summarizing: thet and multiplicity fluctuations are due in our approach to tHeedent
mean< pr > and mean multiplicities of the clusters, and they depend essentially on the
number of clusters. In other words, a decrease in the numbefeuftige sources leads to
a decrease of the fluctuations.

5.2. Fluctuations of particle multiplicities from RHIC to LHC

G. Torrieri

We define an observable capable of determining which statistical model, if any, governs freeze-
out in very high energy heavy ion collisions such as RHIC and LHC. We calculate this observable for
K/x fluctuations, and show that it should be the same for RHIC and LHC, as well as independent of
centrality, if the Grand-Canonical statistical model is appropriate and chemical equilibrium applies.
We describe variations of this scaling for deviations from this scenario, such as light quark chemical
non-equilibrium, strange quark over-saturation and local (canonical) equilibrium for strange quarks.

Particle yield fluctuations are a promising observable to falsify the statistical model and
to constrain its parameters (choice of ensemble, strangégbhsguark chemical equilibrium)
[212]. The uncertainities associated with fluctuations, however, warrant that care be taken to
choose a fluctuation observable.
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For instance, volume fluctuations could be originating from both initial stéets and
dynamical processes, and are not well understood. Tlieictehas to be factored out from
multiplicity fluctuations data. One way to do this is to concentrate on fluctuations of particle
ratios, where volume factors out event by event [213]

o _{an) (M) aniaNy )
NNz N2 (N2)2 (N1)(N2)
This, however, introduces aaveragehadronization volume dependence through ¢Ne2)
terms (two in the denominator, one in the numerator of Eq. 36).

This feature allows us to perform an invaluable consistency chech for the statistical
model, since the volume going into the ratio fluctuations must, for consistency, be the same as
the volume going into the yields. Thus, observables SUCE‘%%‘T%\M/NZ should be strictly
independent of multiplicity and centrality, as long as the statistical model holds and the
physically appropriate ensemble is Grand Canonical.

We propose doing this test, at both RHIC and LHC, using the corrected variance

N1 _ ﬂ dyn
Ni/Np = dy VN]_/NZ (37)
Wherevﬂir/'N2 is theoretically equal to the corrected mixed variance [214]
dyn _ , dyn 2 _ 2 Poi 2 _
NN, = Ty = i, ~ORgR )=
N1(N1—-1 N2(N> — 1 N1N
_ (NN —1))  (No(N2—1)) , (N1N2) (38)

(N)? (Np)? (N1)(Ng)

SHAREV2.X [170] provides the possibility of calculating all ingredients‘{dﬁi/,\l2 for
any hadrons, incorporating theffect of all resonance decays, as well as chemical
(non)equilibrium. The calculation fOP”:/ﬂ_, as well as‘Pf{_/ﬂ_ is shown in Fig. 72. These
species were chosen because their correlations (from resonance détay$1N2), which

would need corrections for limited experimental acceptance, are small.

Equilibrium thermal and chemical parameters are very similar at RHIC and the LHC(the
baryo-chemical potential will be lower at the LHC, but it is so low at RHIC that tffeince
is not experimentally detectable). Thuﬁmi/Nz should be identical, to within experimental
error, for both the LHC and RHIC, over all multiplicities were the statistical model is thought
to apply.

According to [168], chemical conditions at freeze-out deviate from equilibrium, and
reflect the higher entropy contect and strangeness per entropy content of the early deconfined
phase through an over-saturated phase space occupancy for the light and strange quarks
(ys>yq>1). If this is true, thar\I’Hi/N2 should still be independent of centrality for a given
energy range, but should go markedly up for the LHC from RHIC, because of the increase in
Yq andys. Fig. 72 shows whatftect three dierent sets ofq s inferred in [168] would have
on ‘P’}{, - and‘I”{(i K+

If non-statistical processes (minijets, string breaking etc.) dominate event-by-event
physics, the flag Nt scaling on centralitynultiplicity should be broken, ang™  would

N1/N2 N1/N2

exhibit a non-trivial dependence O/t OF dN{dé/. _ _
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This is also true if global correlations persist, such as is the case in Canonical and
micro-canonical models [215] If global correlations persist for partidleandor N, than

‘I’Hi Ny becomes reduced, and starts strongly varying with centrality in lower multiplicity
N1

events. Thus, if strangeness at R{ie LHC is created and maintained IocaIWNl/Nz
should develop a “wiggle” at low centrality, and be considerably lower than Grand Canonical

expectation. FO\P@;/K, it should be lower by a factor of two.

In conclusion, measuring? - and‘P@]/K,, at comparing the results between the LHC

and RHIC can provide an invaluable falsification of the statistical model, as well as constraints
as towhichstatistical model applies in these regimes.
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Figure 72:

6. High transverse momentum observables and jets

6.1. Jet quenching parametgrfrom Wilson loops in a thermal environment

D. Antonov and H. J. Pirner
The gluon jet quenching parameter is calculated in SU(3) quenched QCD within the stochastic

vacuum model. At the LHC-relevant temperatures, it is defined by the gluon condensate and the
vacuum correlation length. Numerically, when the temperature variesTren270MeV to the inverse
vacuum correlation lengtta= 894 MeV, the jet quenching parameter rises from zera1&e\?/fm.

At LHC energies, radiative energy loss is the dominant mechanism of jet energy loss in
the quark-gluon plasma. The expectation value of a light-like adjoint Wilson loop provides an
estimate for the radiative energy loss of a gluon [216]:

<Wﬁ.(.jiu> _ exp(—%\@ L Li). (39)

The contour of the loop at zero temperature is depicted in Fig. 73. We have calculated

the jet quenching parametdj in the SU(3) quenched theory through the evaluation of the
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Figure 73: The contour of the Wilson loop of a gluon.

Wilson loop (39). To this end, we have used the stochastic vacuum model [2T7} at,
whereT. = 270MeV is the deconfinement temperature. This model incorporates the gluon
condensate which, together with the vacuum correlation length, defines the jet quenching
parameter. This is ffierent from the results obtained within perturbative QCD [218] and
conformal field theories [216], wherp< T3,

The hierarchy of scales in our problemyis! < L, < 8 < L, whereg is the inverse
temperature, ang = 894MeV is the inverse vacuum correlation length. Due to xhe
periodicity at finite temperature, the contour depicted in Fig. #&cévely splits into
segments whose extensions along the 3rd and the 4th ax@s &wrthermore, due to the
short-rangeness of gluonic correlations, which féflat the vacuum correlation length, the
dominant contribution tg Stems from self-interactions of individual segments. We have also
calculated the contribution stemming from the correlations of neighboring segments, which
turns out to be parametrically (and numerically) suppressed by the factdr. eFor this
reason, the even smaller contributions from the next-to-nearest neighboring segments on are
disregarded. The contributions of individual and neighboring segments read

q= %[\/ﬁ— I(l—e“@“”)] [coth(z’u ) COth(ZTC)

and

16u H

A

o)

<(F )2>T 0 u/T|q_ T /T
—lQu ul [1—;(1—e ul )] COth(ZT) coth(z_l_c)]
respectively. The right most brackets in these equations define the temperature dependence
of the gluon condensate, corresponding to the exponential ffalbd its nonlocal
counterpart [219]. As for the zero-temperature value of the gluon condensate, it can be
expressed through the vacuum correlation length and the string tension in the fundamental
representation of SU(3)r = (440MeVY, and reads [220p?((F2 )2>T o = (72m)ou? =
355GeV*. The above contributions together with their sum are plotted in Fig. 74. Note
finally that, in the largeN; limit, our full result for the jet quenching parameter behaves as
N?, i.e. it does not scale witN.. This behavior is similar to those of other models [216,218].

6.2. Particle Ratios at High-pat LHC Energies

G. G. Barnafgldi, P. Lévai, B. A. Cole, G. Faiand G. P
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Hadron production has been calculated in a pQCD improved parton modepb,fdA and heavy
ion collisions. We applied KKP and AKK fragmentation functions. Our jet fragmentation study shows,
that hadron ratios at hight depend on quark contribution mostly and less on the gluonic one. This
finding can be seen in jet-energy loss calculations, also. We display the suppression pattéeneont di
hadron ratios irPbPbcollisions at LHC energies.

The precision of pQCD based parton model calculations was enhanced during the last
decade. The calculated spectra allow to make predictions not only for the hadron yields, but
for sensitive particle ratios and nuclear modifications. For the calculation of particle ratios
new fragmentation functions are needed not only for the most produced light mesons, but for
protons also. From the experimental point of view one requires identified particle spectra by
RHIC and LHC. Especially the ALICE detector has a unique capability to measure identified
particles at highest transverse momentaGierenkov detectors. The /K= andK*/p(p)
ratios can be measured up to 3 Ge¥nd 5 GeYc respectively.

Here we calculate hadron ratios in our next-to-leading order pQCD improved parton
model based on Ref. [221] with intrinsic transverse momenta, determined by the expected
c.m. energy evolution along the lines of Ref. [221]. The presented ratios are base& on
andp spectra which were calculated by AKK fragmentation functions [14]. First we compare
calculated particle ratios to the data of the STAR collaboration measurdAn collisions
at v/s= 200 AGeV RHIC energy [222, 223]. Predictions for highk-hadron ratios at RHIC
and at LHC energies in most centraH{@0%) PbPbcollisions are also shown in Fig. 75.

On theleft panelof Fig. 75, patrticle ratios are comparedAaAucollisions at+/s = 200
AGeV STARK/x (dot9 and p/x (triangle$ data. The agreement between the RHIC data
and the calculations at RHIC energy can be considered acceptattezdd GeV/c, with an
opacity ofL/A = 4. However, at lower momenta, where pQCD is no longer reliable, the ratios
differ from the calculated curves.

The right panelshows calculations foPbPb collisions for /s = 5.5 ATeV energy.

Using a simple dl/dy ~ 1500- 3000 estimation, we expect la/1 ~ 8 opacity in most
central PbPb collisions. For comparison, we plotted th¢A = 0 and 4 values also. The

lower- and intermediat@r variation of the hadron ratios arise from thedfdrent strengths
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Figure 75: Calculated charge-averag@d andp/x ratios inAA collisions at RHIC and LHC
energies. RHIC curves are compared to STAR [222, 223] datgsat 200 AGeV.

of the jet quenching for quark and gluon contributions [224]. Due to the quark dominated
fragmentation, the dierence disappears at high-in the ratios.

6.3.7° fixed p. suppression and elliptic flow at LHC

A. Capella, E. G. Ferreiro, A. Kaidalov and K. Tywoniuk

Using a final state interaction model which describes the data on these two observables, at RHIC,
we make predictions at the LHC — using the same cross-sectiorp assthift. The increase in the
medium density between these two energies (by a factor close to three) produces an increase of the
fixed p, 7° suppression by a factor 2 at large and ofvs by a factor 1.5.

6.3.1. 70 fixed p. suppression Final state interaction (FSI)ffects have been observed in
AA collisions. They are responsible of strangeness enhancedensupression, fixeg,
supression, azimuthal asymmetry, ... Is it the manifestation of the formation of a new state
of matter or can it be described in a FSI model with no reference to an equation of state,
thermalization, hydrodynamics, ... ? We take the latter view and try to describe all these
obseervables within a unique formalism : the well known gain and Id&srential equations.

We assume [225] that, at least for particles withlarger than< p, >, the interaction with

the hot medium producesm -shift5p, towards lower values and thus the yield at a gipen

is reduced. There is also a gain term due to particles produged-+aép, . Due to the strong
decrease of the, -distributions with increasing, , the loss is much larger than the gain.
Asuming boost invariance and dilution of the densities fn due to longitudinal expansion,

we obtain

w = —oN(b,9) [No(b, S 1)~ Noo(b, S pu +5p.)] (40)
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Figure 76: From up to down: RHIC initiaFigure 77:v» for z° at RHIC (lower curve) and
2 LHC initial, RHIC final, LHC FSI, LHCLHC (upper curve).
FSkshadowing.

HereN = dN/dycPsis the transverse density of the medium &hd the corresponding
one of ther® [226]. This has to be integrated between initial timeand freeze-out time;.
The solution deepnds only an /7o. We uses = 1.4 mb at both energies arsgh, = pl->/20
for p, <2.9 GeV andsp, = p%8/9.5 for p, > 2.9 GeV [227]. Eq. (40) at smaH describes
an interaction at the partonic level. Indeed, here the densities are very large and the hadrons
not yet formed. At later times the interaction is hadronic. Most of fiece takes place in
the partonic phase. We use a singlfdetive) value otr for all values of the proper time.
The results at RHIC and LHC are given in Fig. 76. At LHC only shadowing [226] has been
included in the initial state. The suppression is given by the dashed line. It coincideRayith
for p, large enough — when shadowing and Crortiifieets are no longer present. The LHC
suppression is thus a factor of two larger than at RHIC.

6.3.2. Elliptic flow Final state interaction in our approach gives rise to a positive
Vo [227] (no need for an equation of state or hydro). Indeed, when sheis
emitted atdr = 90° its path length is maximal (maximal absorption). In order to
compute it we assume that the density of the hot medium is proportional to the path
length Res(b,s) of the z° inside the interaction region determined by its transverse
position s and its azimuthal angl®r. Hence, we replacéN(b,s) by N(b, s)Rg(b,s)/

< Res(b, s) > whereRy, is thes® path length and> denotes its average ovég. (In this

way the averaged transverse densl{}, s) is unchanged). The suppress®p (b, s) depends

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 96
now ondr andv, is given by

f doRrS,0(b, p.,6Rr) COS DR
(41)

Vva(b,p.) =
fd@RSﬂo(b, P.,0R)

The results at RHIC and LHC are presented in Fig. 77.

6.4. Energy dependence of jet transport parameter

J. Casalderrey-Solana and X. N. Wang

We study the evolution and saturation of the gluon distribution function in the quark-gluon plasma
as probed by a propagating parton and ffte& on the computation of the jet quenching or transport
parameteq.” For hard probes, this evolution at smak QZ/6ET leads to a jet energy dependence of

q

Within the picture of multiple parton scattering in QCD, the energy loss for an energetic
parton propagating in a dense medium is dominated by induced gluon bremsstrahlung.
Taking into account of the non-Abelian Landau-Pomeranchuck-Midgal (LPM) interference,
the radiative parton energy loss [228],

AE = QST'\ICQRLZ, (42)
is found to depend on the jet transport or energy loss parapeteich describes the averaged
transverse momentum transfer squared per unit distance (or mean-free-pathR isl¢ne
color representation of the propagating parto id(3).

The transport parametgg experienced by a propagating parton can be defined in terms
of the unintegrated gluon distributior@(x,q%) of the color sources in the quark-gluon
plasma,

. A4n’Cr  [* ’ szT
= [ G [ e oo s ) @3)

where(k*) is the average energy of the color sources@(rxdq%) is the corresponding average
unintegrated gluon distribution function per color source. The integrated gluon distribution is

XG(x %) = f (2ﬂ)2¢(x’ ar). (44)

Since we are interested in the determinatioéf large jet energies, we need to know
the unintegrated parton distributigix, q%) in EQ. (43) at smalk ~ <q$>/6ET. For a large
path length, the typical total momentum transtgr, Which will set the scale of the process,
is also large. These scales lead to the evolution of the gluon distribution function. In the
medium, this evolution may be modified due to the interaction of the radiated gluons with
thermal partons. However, since the mediuiiees are of the order @fp << T, we neglect
those at hard scales. Given that both the scale and the rapidity are large, we describe the

the (linear) vacuum evolution in the double logarithmic approximation (DLA) [229]. The
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Figure 78: Jet quenching parametgas”a function of the path length (left) and jet energy
(right). The square (triangle) marks the valueddr thermal particle al =0.4 GeV (T = 0.6

GeV). Significant corrections to the energy dependence are expected at low energy which
should approach their thermal valuekat 3T.

thermal gluon distribution function at a scaie= T2 is determined via the hard thermal loop
approximation and it is used as an initial condition for the evolution. As in vacuum, the
growth of the gluon distribution function leads to saturation which tame this growth for scales
u? < Q2. The saturation scale is estimated from the linearly evolved distribution. The details
of the computation can be found in [230].

The evolution leads to a jet energy dependence of the transport parameter that is stronger
than any power of logarithmic dependence. The saturatii@ttealso gives rise to a non-
trivial length dependence of the jet transport parameter. These two features are shown in
Figure 78, where we compute the transport parameterf f010.4 GeV (RHIC) andl = 0.6
GeV (LHC). In both cases, the energy dependenagisfsignificant, leading to a factor of 2
difference between jets of 20 and 200 GeV. Thitedénce is larger for small jet path lengths.

The computation also shows thaigfows as the path length decreases. Both dependences
translate into dierent amount of radiative energy loss Eq. (42). Let us note, however, that the
derivation of Eq. (42) assumes a constgnthus, the relation between the radiative energy
loss and the transport parameter should be revisited for an éleergy dependerg. ™

6.5. PQM prediction of Ra (pt ) and Rep(pr ) at midrapidity in Pb—Pb collisions at the
LHC

A. Dainese, C. Loizides and G. Paic

The Parton Quenching Model (PQM) couples the BDMPS-SW quenching weights for radiative
energy loss with a realistic description of the nucleus—nucleus collision geometry, based on the
Glauber model. We present the predictions for the nuclear modification factors, in Pb—Pb relative
to pp collisions Raa) and in central relative to peripheral Pb—Pb collisioRgH), of the transverse
momentum distributions of light-flavour hadrons at midrapidity.

The Parton Quenching Model (PQM) [231], which combines the pQCD BDMPS-SW
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framework for the probabilistic calculation of parton energy loss in extended partonic matter
of given size and density [232] with a realistic description of the collision overlap geometry
(Glauber model) in a static medium, was shown to describe the transverse momentum and
centrality dependence of the leading particle suppression in Au—Au collisions at top RHIC
energy. The model has one single parameter that sets the scale of the BDMPS transport
codficientd, hence of the medium density. The parameter has been tuned [231] on the basis
of the Raa data at+/Syww = 200 GeV, that indicate a transport ¢beient in the range 4—

14 Ge\?/fm. We scale the model parameter to LHC energy assuming its proportionality to
the expected volume-density of gluanfs Using the value of? predicted for the LHC by the

EKRT saturation model [74] (which gived\d,/dy ~ 3000), we obtaim 2 25-100 GeV/ fm.

In PQM we obtain the leading-particle suppression in nucleus—nucleus collisions by
calculating the hadron-level transverse momentum distributions in a Monte Carlo approach.
The ‘event loop’ that we iterate is the following: 1) Generation of a parton, quark or gluon,
with pr > 5 GeV, using the PYTHIA event generator in pp mode with CTEQ 4L parton
distribution functions; nuclear shadowing is neglected, since ffisceis expected to be
small above 5-10 GeV ipr ; the pt -dependence of the quarks-to-gluons ratio is taken
from PYTHIA. 2) Sampling of a parton production point and propagation direction in the
transverse plane, according to the density of binary collisions, and determination of the in-
medium path length and of the path-averaggithé inputs for the calculation of the quenching
weights, i.e. the energy-loss probability distributiBAE). 3) Sampling of an energy
loss AE according toP(AE) (non-reweighted case [231]) and definition of the new parton
transverse momenturpr —AE; 4) Fragmentation of the parton to a hadron using the leading-
order Kniehl-Kramer-Potter (KKP) fragmentation functions. Quenched and unquepghed
distributions are obtained including or excluding the third step of the chain. The nuclear
modification factoRaa (pt ) is given by their ratio.

The left-hand panel of Fig. 79 shows the-dependence of thieaa nuclear modification
factor in 0-10% central Pb—Pb afsyy = 5.5 TeV relative to pp. Thd&Raa for central Au—

Au collisions at top RHIC energy is also shown and compared tata from the PHENIX
experiment [233]. PQM predicts for central Pb—Pb at the LHC a very slow incred®gnof
with pr , from about 01 at 10 GeV to about.@ at 100 GeV. The right-hand panel of the
figure shows th&cp central-to-peripheral nuclear modification factor foftelient centrality
classes relative to the peripheral class 70-80%.

6.6. Hfect of dynamical QCD medium on radiative heavy quark energy loss

M. Djordjevic and U. Heinz

The computation of radiative energy loss in a dynamically screened QCD medium is a key
ingredient for obtaining reliable predictions for jet quenching in ultra-relativistic heavy ion collisions.
We calculate, to first order in the number of scattering centers, the energy loss of a heavy quark
traveling through an infinite and time-independent QCD medium consisting of dynamical constituents.
We show that the result for a dynamical medium is almost twice that obtained previously for a
medium consisting of randomly distributed static scattering centers. A quantitative description of
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Figure 79: Left:Raa(pr ) for central Pb—Pb collisions afsyy = 5.5 TeV and central Au-Au
collisions at+/Sw = 200 GeV. The PHENIX® data are shown with statistical errors only and
they have a 10% normalization systematic error [233]. Ri&a#(pr ) for Pb—Pb collisions

at v/Syy = 5.5 TeV.

jet suppression in RHIC and LHC experiments thus must correctly account for the dynamics of the
medium’s constituents.

Heavy flavor suppression is considered to be a powerful tool to study the properties of a
QCD medium created in ultra-relativistic heavy ion collisions [234]. The suppression results
from the energy loss of high energy partons moving through the plasma [235]. Therefore, the
reliable computations of heavy quark (collisional and radiative) energy loss mechanisms are
essential for the reliable predictions of jet suppression.

However, currently available heavy quark radiative energy loss studitss $tom one
crucial drawback: The medium induced radiative energy loss is computed in a QCD medium
consisting of randomly distributed but static scattering centers (“static QCD medium”).
Within such approximation, the collisional energy loss is exactly zero, which is contrary to
the recent calculations [236] that showed that the collisional contribution is important and
comparable to the radiative energy loss. Due to this, it became necessary to obtain the heavy
guark radiative energy loss in a dynamical QCD medium, and to test how good is the static
approximation in these calculations.

In this proceeding, we report on a first important step, the calculation of heavy
guark radiative energy loss in an infinite and time-independent QCD medium consisting of
dynamical constituents. By comparing with the static medium calculation this permits us to
gualitatively assess the importance of dynamicidats on radiative energy loss.
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We compute the medium induced radiative energy loss for a heavy quark to first (lowest)
order in number of scattering centers. To compute this process, we consider the radiation
of one gluon induced by one collisional interaction with the medium. In distinction to the
static case, we take into account that the collisional interactions are exhibited with dynamical
(moving) medium partons. To simplify the calculations, we consider an infinite QCD medium
and assume that the on-shell heavy quark is produced atXjme—co, i.e. we consider
the Bethe-Heitler limit. The calculations were performed by using two Hard-Thermal Loop
approach, and are presented in [237]. As the end result, we obtained a closed expression for
the radiative energy loss in dynamical QCD medium. This result allows us to compare the
radiative energy loss in dynamical and static QCD medium, from which we can observe two
main diferences. First, there is @(15%) decrease in the mean free path which increases
the energy loss rate in the dynamical mediumd{20%). Second, there is a change in the
shape and normalization of the emitted gluon spectrum. This secffiededice leads to an
additional significant increase of the heavy quark energy loss rate and of the emitted gluon
radiation spectrum by about 50% for the dynamical QCD medium. The numerical results are
briefly discussed below.
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Figure 80: Left panel: Ratio of the fractional radiative energy loss in dynamical and static
media for charm quarks as a function of initial quark eneiigyRight panel: Asymptotic

value of the radiative energy loss ratio for high energy quarks as a function of their mass, with
marks indicating the light, charm and bottom quarks. For the parameter values, see [237].

Left panel of the Fig. 80 shows the energy loss ratio between dynamical and static media
for charm quark under the LHC conditions. We see that the ratio is almost independent of
the momentunp of the fast charm quark, saturating-ail..75 abovep > 100 GeV and being
even somewhat larger at smaller momenta. The dynamical enhancement persists at constant
level to the largest possible charm quark energies. Therefore, we can conclude that there is
no quark energy domain where the assumption of static scatterers in the medium becomes a
valid approximation. Further, the mass of the fast quark plays only a minor role for its energy
loss. The right panel in Fig. 80 shows the asymptotic energy loss ratio for very high energy
qguarks as a function of the quark mass. While the dynamical enhancement is largest for light
quarks, the dference between light and bottom quarks is only about 15%banarks still
sufer about 70% more energy loss in a dynamical medium than in one with static scattering
centers.

In summary, we obtained an important qualitative conclusion that the constituents
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of QCD medium camot be approximated as static scattering centers in the energy loss
computations. Therefore, the dynamictibets have to be included for the reliable prediction

of radiative energy loss and heavy flavor suppression in the upcoming high luminosity RHIC
and LHC experiments.

6.7. Charged hadron i as a function of p at LHC

T. Renk and K. J. Eskola

We compute the nuclear suppression fa®gk for charged hadrons within a radiative energy
loss picture using a hydrodynamical evolution to describe the soft medium inducing energy loss. A
minijet + saturation picture provides initial conditions for LHC energies and leading order perturbative
QCD (LO pQCD) is used to compute the parton spectrum before distortion by energy loss.

We calculate the suppression of hard hadrons induced by the presence of a soft medium
produced in central Pb-Pb collisions g§,, = 5.5 TeV at the LHC. Note that this prediction
depends on knowledge of the medium. In the present calculation, the medium evolution is
likewise predicted and has to be confirmed before the suppression can be tested. Note further
that the calculation is only valid where hadron production is dominated by fragmentation and
that it cannot be generalized to the suppression of jets since the requirement of observing a
hard hadron leads to showers in which the momentum flow is predominantly through a single
parton. This is not so for jets in which the momentum flow is shared on average among several
partons (which requires aftierent framework).

We describe the soft medium evolution by the boost-invariant hydrodynamical model
discussed in [31] where the initial conditions for LHC are computed from perturbative
QCD+saturation [74]. Our calculation for the propagation of partons through the medium
follows the BDMPS formalism for radiative energy loss using quenching weights [232].
Details of the implementation can be found in [238].

The probability densityP(xo,Yo) for finding a hard vertex at the transverse position
ro = (Xo0,Yo) and impact parametéris given by the normalized product of the nuclear profile
functions. We compute the energy loss probabM(tE)path for any given path from a vertex
through the medium by evaluating the line integrals

wrlrod) = [ deede) and @L(0)= [ ded©),
Along the path where we assume the relation

(&) = K- 2- €¥/4(€)(coshp — sinhp cosa)

between the local transport deientd(¢), the energy density and the local flow rapidity

as given in the hydrodynamical model. The angls between flow and parton trajectory. We
view the constanK as a tool to account for the uncertainty in the selectiomgdnd possible
non-perturbativef@ects increasing the quenching power of the medium (see [238]) and adjust
it such that pionidRaa for central Au-Au collisions at RHIC is described. The result for LHC

is then an extrapolation witk fixed.
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Using the numerical results of [232], we obt&ME; w¢, R)pathfor wec andR= 2w§/(é|L>.
From this distribution given a single path, we can define the averaged energy loss probability
distribution P(AE))t,, by averaging over all possible paths, weighted with the probability
densityP(xo, Yo) for finding a hard vertex in the transverse plane.

We consider all partons as absorbed whose energy loss is formally larger than their
initial energy. The momentum spectrum of produced partons is calculated in LO pQCD.
The medium-modified perturbative production of hadrons is obtained from the convolution

— AA—f+X
g™ = D™ @ PUABT, 0D (2f)

with D"ach(z,,uF) the fragmentation function. From this we compute the nuclear modification
factorRaa as

h
Raa(pr.y) = MNan /dpry :
Taa(b)doPP/dprdy
1, T T T T T T
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Figure 81: Expectation for ther dependence of the nuclear suppression faBgQt for
charged hadrons in central Pb-Pb collisions at midrapidity at the LHC.

Figure 81 shows the expected behaviouRgf with hadronic transverse momentym
at midrapidity. On quite general grounds, we expect a risBaaf with pt for any energy
loss model in which the energy loss probability does not strongly depend on the initial parton
energy as more of the shift in energy becomes accessible (see [238]). The detailed form of
the rise is then sensitive to the formBfAE))r,, .

6.8. Nuclear suppression of jets ang Rat the LHC

G. Y. Qin, J. Ruppert, S. Turbide, C. Gale and S. Jeon

The nuclear modification factd®aa for charged hadron production at the LHC is predicted from
jet energy loss induced by gluon bremsstrahlung. The Arnold, Moore, difiel [289—241] formalism
is used, together with an ideal hydrodynamical model [31].

We present a calculation of the nuclear modification fa®gk for charged hadron

production as a function gér in Pb+Pb collisions aty/5, = 5.5 TeV in central collisions at
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mid-rapidity at the LHC. The net-energy loss of the partonic jets is calculated by applying the
Arnold, Moore, and Y&e (AMY) formalism to calculate gluon bremsstrahlung [239-241].
The details of jet suppression relies on an understanding of the nuclear medium, namely
the temperatures and flow profiles that are experienced by partonic jets while they interact
with partonic matter aT > T.. Our predictions use a boost-invariant ideal hydrodynamic
model with initial conditions calculated from perturbative Q@Dsaturation [31, 74]. It

is emphasized that the reliability of this work hinges on the validity of hydrodynamics at
the LHC. It has been verified th&aa for ng production as a function opr as obtained

in the same boost-invariant ideal hydrodynamical model adjusted teAAucollisions at

VSw = 0.2 TeV [31] is in agreement with preliminary data from PHENIX in central collisions

at RHIC (and the result is very close to the one obtained in 3D hydrodynamics presented
in [242]). In AMY the strong coupling constants is a direct measure of the interaction
strength between the jet and the thermalized soft medium and is the only quantity not
uniquely determined in the model, once the temperature and flow evolution is fixed by the
initial conditions and subsequent hydrodynamical expansion. We found that assuming a
constantes = 0.33 describes the experimental data in most central collisions at RHIC. It is
conjectured that s should not be changed very much at the LHC since the initial temperature
is about twice larger than the one at RHIC whereass only logarithmically dependent on
temperature. We present results éar= 0.33 and 0.25.

For details of the calculation of nuclear suppression, we refer the reader to [242]. The
extension to the LHC once the medium evolution andare fixed is straightforward. The
initial jets are produced with an initial momentum distribution of jets computed from pQCD
in the factorization formalism including nuclear shadowitiiggets. The probability density
Pan(FL) of finding a hard jet at the transverse positignin central A+A collisions is given
by the normalized product of the nuclear thickness functi®ag,(f.) = Ta(FL)Ta(FL)/Taa
and is calculated for RHPb collisions. The evolution of the jet momentum distribution
Pj(p,t) = dN;j(p,t)/dpdyin the medium is calculated by solving a set of coupled rate equations
with the following generic form,

dP; (p,t) Zfdk

where d’ ap(P:K)/ddtis the transition rate for the partonic procgss a+b which depends on

the temperature and flow profiles experienced by the jets traversing the medium. The hadron
spectrum NRA /d?prdy is obtained by the fragmentation of jets after their passing through
the medium. The nuclear modification facRxa is computed as

1 dNR, /d?prdy
Neoil dNf,/d2prdy
In figure 82 we present a prediction for charged had®gn as a function ofpr at mid-

rapidity for central collisions at the LHC. We consider that these two valuesg dkfine a
sensible band of physical parameters.

dFa( +K, p) dr! 1o(p.K)
Pa(p+K,t)———r Pj(p,t)w ,

Raa (Pr.Y) =
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Figure 82: Thept dependence of the nuclear modification fad®ap, for charged hadrons in
central Pb-Pb collisions at mid-rapidity at the LHC.

6.9. Perturbative jet energy loss mechanisms: learning from RHIC, extrapolating to LHC

S. Wicks and M. Gyulassy

In many recent papers, collisional energy loss has been found to be of the same order as
radiative energy loss for parameters applicable to the QGP at RHIC. As the temperature and jet
energy dependence of collisional energy loskeds from that of radiative loss, the interpretation of the
results at RHIC fiects our extrapolation to predictions for the LHC. We present results from a hybrid
collisional plus radiative model, combining DGLV radiative loss with HTL-modified collisional loss,
including the fluctuation spectrum for small numbers of collisions and gluons emitted.

Collisional energy loss is an essential component of the physics of high momentum
partonic jets traversing the quark-gluon plasma [243, 244]. If we do not properly understand
the energy loss mechanisms that are important at RHIC, then we cannot accurately extrapolate
in medium density and jet energy to make predictions for the LHC.

WHDG [244] made a first attempt at including both collisional and DGLV radiative
energy loss processes. A simple model of the collisional energy loss was used: leading
log average loss with a Gaussian distribution around this average, the width given by
the fluctuation-dissipation theorem. For the short lengths of interest in the QGP fireball
(» 0—6fm), we expect a jet to undergo only a small number of significant collisions. But
the fluctuation spectrum for this will be feéierent than that implemented in the WHDG
model: instead, the distinctly non-Gaussian fluctuation in energy loss in 0,1,2,3 collisions
is necessary. We present here results and predictions from an improved hybrid radiative plus
collisional energy loss model which include a full evaluation of these fluctuations.

A significant uncertainty in the model is the use of a fixed strong coupling constant. In
WHDG, a canonical values = 0.3 was used, validated by the fitting of the piBaa(pr) at
RHIC. Here, for a fixed densityN,/dy= 1000, an increased coupling = 0.4 is necessary to
do the same. In fact, if the collisional component of the energy loss is neglected completely,
a further increased coupling af, = 0.5 would be necessary, as shown in the left-hand side of
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Fig. 83. Both values, while large, are still in a possible perturbative kinematical region, and
are evaluated with medium densities constrained by the total entropy and multiplicity of the
collision.

Is it possible to dierentiate between these two scenarios: one including collisional loss,
the other neglecting it but increasing the coupling to compensate? Staying with the most
simple observables, single particle inclusives in central collisions, we have three dependences
to test: the dependence on medium density, jet energy and jet mass. The first is tested by the
predicted increased density of the medium to be produced at the LHC (consistency between
the left plot and either the central or right plot in Fig. 83). The very high momentum reach
available for measurements involving gluon and light quark jets is valuable for the second
(radiative versus radiative plus collisional in the central and right hand plots of Fig. 83), and
the separate detection of D and B mesons gives us the third (as in Fig. 84). All these together
will provide very strong constraints on the energy loss models, even before considering
observables beyond the single-particle inclusives.
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Figure 83: Raa for pions for RHIC (left) and two possible densities at LHC (central and
right). The main result, the hybrid radiative plus collisional energy loss modeiser0.4, is
compared to a radiative energy loss alone model for an increase value of the strong coupling.
The increased range in momentum available at the LHC enablesfteesdt slopes of the

two models to be seen.

There are still significant uncertainties in the energy loss model. The most important
kinematic region for evaluation of both the collisional and radiative energy losses are for
energy and momentum transfers from the medium greaterntpathe Debye mass. This is
the region in which we know the least about the physics of the QGP: beyond the HTL region,
but before a region of vacuum gluon exchange, especially if processes close to the light-cone
of the exchanged gluon are important (as it is for collisional energy loss). This can produce
an uncertainty ok 50% for the average collisional loss, which may not be correlated with an
uncertainty in the radiative loss. Such large uncertaintiiextboth the explanation of RHIC
data and the extrapolation to the LHC.
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Figure 84:Raa for observable products of heavy quark jets at RHIC (electrons - left) and two
possible densities at the LHC (D and B mesons - right). There is considerable uncertainty
in the perturbative production of ¢ and b jets. This shows up in the results for electrons
at RHIC in the large uncertainty band(.1 or greater - as the ratio of ¢ to b jets is very
uncertain. However, the uncertainty in D and B meBggs is small (approximately0.02) -

the diferent slopes on the individual spectra have very litffea on the mesoRaa results.

6.10. Jet evolution in the Quark Gluon Plasma

H. J. Pirner, K. Zapp, J. Stachel, G. Ingelman and J. Rathsman

Jet evolution is calculated in the leading log approximation. We solve the evolution equation
for the branching of gluons in vacuum, using a tripl&etiential fragmentation functioB(x, Q%, p?).
Adding an extra scattering term for evolution in the quark gluon plasma we investigate the influence
of the temperature of the plasma on thé&@atential cross section of partondllin(1/x) in a jet of
virtuality Q% = (90 GeVY. Due to scattering on the gluons in the plasma the multiplicity increases, the
centroid of the distribution shifts to smallgvalues and the width narrows.

The evolution equation for the transition of a partosith virtuality Q% and momentum
(1,k.) into a partonj with momentum %, p,) can be constructed in leading logarithmic
approximation [245]. In a dense medium they are modified due to the possibility that the
parton is scattered. The scatterings change the transverse momentum of the leading fast parton
by giving it d, kicks, but they do not change the mass scale or virtuality of the fast parton.
The lifetime of a virtual parton can be estimated a&cE/Qg(dQZ/QZ) using the uncertainty
principle € is the parton energy arr(lg is the infrared scale). Evolving along a straight line
path in a homogeneous plasma with a density of glugnwe obtain a modified evolution
equation

. aD-"(z,Q2 p) _

1
“S(QZ) P w.as(@)

- S(z, QZ, o)
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with the scattering terr8(z, Q2, p,)

S(Q%pL) =
2En, (1 do? | o
TS]Z\ dedqu dqu_ [D[! (W, Qz’ ﬁJ. _qu) - Di! (Ze Qz’ ﬁJ.)] 6(W_Z_ 2ng) :

The scattering term includes the probability for scattering into and out qf th®n as well as
the energy loss of the parton. The gluon mass in the plasga related [246] to the Debye
massmg = 1/2mp.

There is an analytic solution for the, integrated equation restricted to gluons, which
give the dominant contribution to the multiplicity. The solution can be found via Mellin
transformation in a similar fashion as in vacuum [247], the running of the coupling is taken
into account.
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Figure 85: LHS: Multiplicity of two jets with invariant mas3? in vacuum (dashed line), at
T =0.8 GeV (dotted line) and &kt = 1.0 GeV (full line)

RHS: Differential multiplicity dN/dIn(1/x) of jet particles inside a jet with invariant mass
Q? = (90 GeVY in vacuum (dashed line) and &t= 1.0 GeV (full line)

One finds an increase of the multiplicity with temperature and a shift of the centroid of the
In(1/x) distribution towards smallex, see figure 85. The width of the distribution, however,
becomes smaller. It remains to be studied in vacuum how the choice of the parameters can be
optimized to the LEP data, for simplicity the above curves are calculatedjes = 250 MeV.

It is well known that in the evolution equation the QCD scale parameter may well be adjusted.
Concerning the féects of the plasma, the form of the cross section and its dependence on
as(Q?) has to be further investigated. The results look encouraging and serve as an analytical
model with which numerical Monte Carlo calculations can be compared.

There has been a calculation of jet evolution in the modified leading log
approximation [248] which has produced similar shapes for thieréntial multiplicity
distribution. The advantage of our calculation is that it takes into account the scattering term
explicitly and therefore gives results which depend on the plasma properties. The equation
can also be used to investigate thebroadening of the parton in the medium, since our input
function contains the transverse momentum as an extra variable explicitly.

Note added in proof:The calculation described in the text has been undergoing several
changes during the last months. Therefare we refer to a forthcomln%gubllcatlon where these
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improvements are included.

6.11. Pion and Photon Spectra at LHC

S. Jeon, |. Sarcevic and J. Jalilian-Marian

Using simple modification of jet fragmentation function that is tuned to reproduce the RHIC
data, we had previously predicted photon production at RHIC which is confirmed by recent PHENIX
data. Using the same parameter set, we predict ghtion and prompt photon spectra in Pb-Pb
collisions at LHC.

In perturbative QCD, the inclusive cross section for pion production in a hadronic
collision is given by:
d*r 2 2 2 d35'ij—>cx
(Ve = | dxadxbdz; Fi (. QOF 0. QF)Dere(2. QF)E— 5
wherei and | label hadrons or nuclei arab, c label partons.
In heavy-ion collisions, one needs to include nucleggas. In our model, we take the
parton distribution function for a nucleus to be

Fa/a(x Q7 by) = Ta(by) Sa/a(x Q%) Fan(x Q%)
whereTa is the nuclear thickness function aBga is the shadowing function (we use EKS98
parametrization).

Unfortunately, the interaction of parton-medium cannot be calculated within perturbative
QCD, but need to be modeled. The purpose of our model [249-251] is to be as simplistic as
possible so that the essential nature of the energy loss process can manifest. To achieve this
goal, we modify the fragmentation function in the following way [252]

N
2D0/n(2 AL Q%) = > Pa(nADY(Z, Q) + (N)ZDY, (2, Q3).
n=0

whereZ = z/(1 - nea/ET), Z, = ZEr/€a, N is the maximum number of collisions for which
ZA<1land Dg/ﬂ is the hadronic fragmentation function. The second term comes from the
emitted gluons each having energyon the average. The average number of scatterings
within a distanceAL is (ng) = AL/15. We takelsz = 1 fm andAL = Ra. Pa(n) is the Poisson
distribution function withKn) = (AL/13).

The three energy loss models we use/&lFe= 1.0 GeV (ConstAE = VE_ pmE (LPM)
andAE = xE (BH) per collision. For RHIC, BH (Bethe-Heitler) gives best descriptiomdf
data, and predictions for direct photons using the same energy loss is recently found to be in
agreement with PHENIX data [253]. Within the same framework we present our predictions
for the LHC.

Photons can be either produced during the primary collision or via fragmentation. The
reason that the photdR,, behaves qualitatively fierently than that of® is because in this
energy range, the direct photons that come out of the primary collisions dominate over the
fragmentation photons. Therefore theeet of energy loss is substantially reduced compared
to the pion case,
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Figure 86: Neutral pion spectrum aft], at LHC. The energy loss parameters fixed by
fitting the RHIC data.
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Figure 87: Direct photoR,, andy/x° ratio at LHC.

6.12. Transverse momentum broadening of vector bosons in heavy ion collisions at the LHC

Z.-B. Kang and J.-W. Qiu

We calculate in perturbative QCD the transverse momentum broadening of vector bosons in heavy
ion collisions at the Large Hadron Collider (LHC). We predict transverse momentum broadening of
W/Z bosons constructed from their leptonic decay channels, which should be a clean probe of initial-
state medium féect. We also predict the upper limit of transverse momentum broadenirg ahdY
production as a function dfi,4t at the LHC energy.

Nuclear transverse momentum broadening of heavy vector boggnd/fZ, and heavy
guarkonia) is defined as aftirence between the averaged transverse momentum square
measured in nuclear collisions and that measured in collisions of free nucleons,

(D)
do
A3 )AB = (G )AB— (GEINN ~ deﬁqT i@ /fd %T.EN (45)

Since single scattering is localized in space, the broadenlng is a result of multiple parton
scattering, and is a good probe for nuclear medium properties. Because the mass scale of the
vector bosons is much Ianger than the characteristic momentum scale of the hot medium, the

This is a manuscript of an article froni"Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.




Heavy lon Collisions at the LHC - Last Call for Predictions 110

broadening is likely dominated by double partonic scattering as indicated in equation (45).
The broadening caused by the double scattering can be systematically calculated in terms of
high twist formalism in QCD factorization [254, 255].

At the LHC energies, a ldtv andZ, and J» andY will be produced. Most reconstructed
W/Z bosons will come from their leptonic decays. Their transverse momentum broadening is
a result of purely initial-state multiple scattering. By calculating the double scattefiex,e
we obtain [255, 256]

_ 4nag(My)

A’ s(Mw)
Mefopa=——3—AGA. Mgy = ——5——A3A1° (46)

for hadron-nucleus collisions. Th#Al2 in equation (46) was introduced in [254] as a
ratio of nuclear four parton correlation function over normal parton distribution. The

is proportional to the virtuality or transverse momentum of soft gluons participating in the
coherent double scattering. For collisions with a large momentum tragkféne 42 should

be proportional to ID?) [256] and the saturation sca@ if the active partorx is small. By
fitting Fermilab E772 Drell-Yan data, it was found tht%;Y ~ 0.01 Ge\ at /s = 38.8 GeV
[255]. From the/lzDY, we estimate the value af for production of a vector boson of mass
My at the LHC energy as

| M2 -0.3
A2(LHC) ~ A2 nMy) (MV/SSOO) : (47)

®Y In(Q2,) \Qov/388

where we use®? « 1/x° with 6 ~ 0.3 [33] and v/Suw = 5500 GeV for the LHC heavy ion
collisions. For an averageQpy ~ 6 GeV, we obtairvl\z,v/Z ~ 0.05 at the LHC energy. We

can also apply our formula in equation (46) to the broadening in nucleus-nucleus collisions
by replacingAl/2 by an efective medium length.e;. We calculateler in Glauber model

with inelastic nucleon-nucleon cross sect'tmi,@N =70 mb at the LHC energy. We plot our
predictions (lower set curves) for the broadenin§\¢Z bosons in figure 88.
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Figure 88: Predicted broadening (maximum broadeningif@nd Z (J andY’) production
in pA (left) and Pb-Pb (right) collisions a{/s,, = 5500 GeV.

Heavy quark pairs are produced at a distance scale much less than the physical size of

heavy quarkonia in high energy collisions. The pairs produced in heavy ion collisions can
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have final-state interactions before bound quarkonia could be formed. We found [256] that
with both initial- and final-state double scattering, the broadening of heavy quarkonia is close
to 2Ca/Ck times the Drell-Yan broadening in proton-nucleus collision, which is consistent
with existing data [257]. If all soft gluons of heavy ion beams are stopped to form the
hot dense medium in nucleus-nucleus collisions, final-state interaction between the almost
stationary medium and the fast moving heavy quarks (or quarkonia) of transverse momentum
gr is unlikely to broaden thgr spectrum, instead, it is likely to slow down the heavy quarks

(or quarkonia) [256]. From equation (47). we obtaﬁr/b ~ 0.035, andiZ ~ 0.049 at the LHC
energy; and we predict the maximum broadening ferahdY production (upper set curves)

in figure 88.

6.13. Nuclear modification factors for high transverse momentum pions and protons at LHC

W. Liu, B.-W. Zhang and C. M. Ko

The inclusion of conversions between quark and gluon jets in a quark-gluon plasma
(QGP) via both elastigig < gqg and inelastiogq < gg reactions [258] has recently been
shown to give a plausible explanation for the observed simpilaf and p/x~ ratios at large
transverse momenta in both central #Au and pp collisions at /S, = 200 GeV [223].
Extending this study to LHC, we predict the nuclear modification factor for both protons
and pions as well as their ratios at large transverse momenta in cent@bRiollisions at
VSw =5.5TeV.

For the dynamics of formed QGP at LHC, we assume that it evolves boost invariantly
in the longitudinal direction but with an accelerated transverse expansion. Specifically, its
volume expands in the proper timeaccording toV(r) = 7R%(r)rc, where R(r) = Ro +
a(t — 10)%/2 is the transverse radius with an initial valRg = 7 fm, the QGP formation
time 7o = 0.5 fm/c, and the transverse accelerati@e: 0.1 ¢2/fm. Starting with an initial
temperaturd = 700 MeV, the time dependence of the temperature is obtained from entropy
conservation, leading to the critical temperatlicge= 170 MeV at proper timec = 8.4 fm/c.

For a quark or gluon jet moving through the QGP, the rate for the change in its mean transverse
momentun pr) is given by dpr)/dr ~ y({pr), T){pr). The drag cofficienty({pr),T) is
calculated from two-body scattering with thermal quark and gluon masses and the strong
QCD couplingas(T) = g4(T)/4n ~ 2.1aper(T) from lattice calculations [259]. To take into
account the contribution from two-body radiative scattering, we multiply the calculated drag
codficient by a factorKg ~ 2, which is determined from fitting the light meson nuclear
modification factor at RHIC. Because of conversion scatterings, the quark or gluon jet can
also be converted to a gluon or quark jet with a rate given by corresponding collisional widths,
which are also calculated by using the strong QCD coupling constant and multiplying with
Kc =Kg ~ 2.

Using initial transverse momentum spectra of minijet gluons, quarks, and anti-quarks
obtained by multiplying those from the PYTHIA fqrp collisions at same energy with the
number of binary collisions, we simulate the propagation of jets in the QGP using the Monte
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Figure 89: (Color online) Left window: Nuclear modificatioactorR,, for 7% (solid line)

and proton (dashed line) in central b collisions aty/s, = 5.5 TeV. Right window:p/z*

ratio without (dotted lines) or with jet conversions (solid lines). Dashed lines correspond to
p+p collisions at same energy.

Carlo method with test particles [258]. Resulting charged pion and proton spectra from freeze-
out quark and gluon jets are obtained via the AKK fragmentation functions [14]. In the left
window of figure 89, we show predicted nuclear modification fa&gr for 7* and p at

large transverse momenta in centrakPip collisions at,/S, = 5.5 TeV at LHC. It is seen

that theR,, of pions increases from 0.18 gt = 5 GeVjc to 0.4 atpr = 40 GeV/c due to

a smaller drag cd&cient at large transverse momenta. TRg of protons has a similar
behavior, but its value is smaller because of stronger suppression of gluon than quark jets.
The resultingp/#* ratio, shown by the solid line in the right window of figure 89, approaches
that in pp collisions at same energy when the transverse momenta become very large. At
lower transverse momenta, thér* ratio in Pb+-Pb collisions remains, however, smaller than
that inppcollisions, which is difterent from that in heavy ion collisions at RHIC as a result of
the larger ratio of gluon to quark jets at LHC. Without conversions between quark and gluon
jets, thep/=* ratio decreases by a factor of two as shown by the dotted line.

6.14. Quenching of highqphadrons: Alternative scenario

B .Z. Kopeliovich, I. K. Potashnikova and I. Schmidt

A new scenario, alternative to energy loss, for the observed suppression gpthigadrons
observed at RHIC is proposed. In the limit of a very dense medium crated in nuclear collisions
the mean free-path of the produced (pre)hadron vanishes, and and the nuclear supgRegs®n,
completely controlled by the production length. The RHIC data are well explained in a parameter free
way, and predictions for LHC are provided.

The key assumption of the energy loss scenario for the observed suppression pf high-
hadrons in nuclear collisions is a long length of the quark hadronization which ends up in the
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medium. This has got no justification so far and was challenged in [260].
The quark fragmentation function (FF) was calculated in Born approximation in [261]:
aDBorn Ga
Z/qu() x k—14(1—z)2, (48)
wherek andz are the transverse and fractional longitudinal momenta of the pion. One can
rewrite this in terms of the coherence lenik: z(1—2)E/k?, whereE is the jet energy. Then,
GDE/%m(Z)/Glc « (1-2), is lc independent. Inclusion of gluon radiation leads to the jet lag
effect [262] which bring$; dependence,
aDﬂ/q(Z) ~
G (1-2)S(l¢.2) . (49)
HereZ= 71 + AE(l¢)/E] accounts for the higher Fock components of the quark, which are
incorporated via the vacuum energy losE(lc) calculated perturbatively with a running
coupling. The induced energy loss playing a minor role is added as &li, 2) is the
Sudakov suppression caused by energy conservation. Fig. 90 shows an examplddor the
distributions calculated far= 0.7 and diferent jet energies a{/s= 200GeV.
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Figure 90:Left: dD(2)/dl¢ (in arbitrary units) at jet energies 80, 16, 20GeV andz= 0.7.
Right: Pion suppression in centrélA collisions @A ~ 200) at /s = 200GeV (solid) and
1/s=5500GeV (dashed). Data are from the PHENIX experiment.

The pre-hadron, a&q dipole, may be produced with a rather large initial separation
<rg> ~ 2l¢/E + 1/E? and it keeps expanding.

To keep calculations analytic we consider a centrat,0, collision of identical heavy
nuclei with nuclear densitya(r) = pa®(Ra—r). Then we find,

<I§>[ L LZ]
Rap=—|[1-A—+B—|, 50
AA R <|c>+ B (50)

where the fective absorption length has the forh?, = 3pT/(8p§\RAX), andX includes the
unknown density of the medium and is to be fitted to dat&®grn However. if the medium
is very dense, i.eX is large, the last two terms in (50) can be neglected, and weeatct
Raas
|2
Ry, = e, (51)
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With this expression we calculatdgha at the energies of RHIC and LHC and in fig. 90
(right). This parameter free result well agrees with the data supporting the assumption that
the medium is very dense. Summarizing:

e The A-dependence, eq. (51), predi&sa ~ 0.42 for Cu— Cu confirmed by data.

e Vacuum radiation which depends only on the current trajectory should be flavor
independent. This fact and the above consideration explains the strong suppression for
heavy flavors observed at RHIC.

e Since the strength of absorption does nt¢etRaa, €9. (51), a single hadron and a pair
of hadrons should be suppressed equally.

e The observed suppressiétaa may not contain much information about the medium
properties, except it is very dense.

6.15. Expectations from AAS-T for Heavy lon Collisions at the LHC

H. Liu, K. Rajagopal and U. A. Wiedemann

We summarize results obtained by use of the /&I correspondence for jet quenching and
guarkonium dissociation, and we discuss the resulting expectations for heavy ion collisions at the
LHC.

The AdSCFT correspondence maps nonperturbative problems in a large class of strongly
coupled non-abelian gauge theories onto calculable problems in dual gravity theories. The
gravity dual of Quantum Chromodynamics is not known. However, one finds many
commonalities amongst the quark-gluon plasmas in large classes of strongly coupled non-
abelian thermal gauge theories, independent of their significanffgritig microscopic
degrees of freedom and interactions. Since these results are generic and do not seem to depend
on microscopic features of the theory such as its particle content at weak coupling, one may
expect that they are shared by QCD. Where this can be tested against QCD lattice results,
the qualitative agreement is fair (see Ref. [216]). However, many measurements in heavy ion
collisions involve strong coupling and real-time dynamics, where lattice QCD results are not
available or in their infancy. The practitioner faces the uncomfortable choice of calculating
either with inappropriate (e.g. perturbative) techniques in QCD, or using appropriate strong
coupling techniques but working in a class of gauge theories that may not include QCD itself
and seeking universal commonalities. We report on two results from the latter approach.

6.15.1. Jet quenchingln QCD itself, the jet quenching parametghds not been calculated
in the strong coupling regime. For thé = 4 SYM theory, it has been calculated for large
t'Hooft couplingA = g® N by use of the AAECFT correspondence [263]:

n3/21(3/4) 3
s yM= —————2aT3.
Jsywm r'(5/4) Va
If one relates this to QCD by fixin. = 3 andasym= .5, thengs yw= 327T3 = 4.5 Ge\P/fim

atT = 300 MeV. This shows that a medium characterized by a momentum Bazde give
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rise to an apparently large quenching parameter, significantly largefTthafor a certain
infinite class of theories with gravity dual, one finds that the quenching parameter scales with
the square root of the entropy density [263]. Assuming that QCD follows this systematic, one

finds
. [sep,. _ [A75_ .
GoeD= /gy N4~ —120qN:4—0.63qN:4. (53)

In extrapolating from RHIC to LHC, we assume that the changeg i;mydominated by
the change inT3, see eq. (52). In the presence of expansion, the relevant temperature
T at RHIC and at the LHC must be compared at #ametime r. This can be seen,
e.g., in a Bjorken expansion scenario in whitkr) = To (ro/7)Y3. The time-averaged
g=(2/L? fOL drr§(r), which determines parton energy loss and which is the quantity that
has been extracted by comparison with RHIC data, is fhen(27o/L)T3 = (2r/L)T(7)?,
independent of the reference timg. Since the volume of the collision region at early
times depends only on the nuclear overlap and is energy independent, we can assume that
at any particular, T3, /T3,,c = (ANJHC/dp)/(dNGHIC/dy) and hence make the prediction

RHIC =
ALe = Grric(dNGHC/dn) /(ANEHIC /dn).

6.15.2. Quarkonium suppressiom lattice QCD, the temperature dependent potential
between a heavy quark and anti-quark has been calculated as a function of their separation
L. At finite temperature, this potential is screened above a length0.5/T (see references

in [264]). These studies indicate that thel dissociates at a temperature betwegTd and

2.5T¢.. ForN =4 SYM theory, one find&s ~ 0.277/T. In contrast to QCD, the calculation in
theories with gravity dual can be done also for heavy quark-antiquark pairs which are moving
with a velocityv through the heat bath. One finds that the screening length decreases with

increasingy = +/1/(1-V?) [264]:
Ls(V, T) = Ls(0,T)/ vy — Tuiss(V) = Taiss(0)/ V- (54)

So, bound states with a dissociation temperalyrg(v) will survive if at rest in a medium at
temperaturd if Tgisd0) > T. Yet, they will dissociate if they move fiiciently fast through

the medium, such thayisdv) < T. LHC data may test this prediction, depending on the
guarkonium formation mechanism. Let us consider three possibilities for the latter: i) A parent
quark € or b) propagates through the medium but the quarkonium forms later, outside the
medium. ii) As in (i) but with a parent gluon. iii) A quarkonium bound state forms (from either

a parent quark or gluon) and propagates through the medium. These three scenarios can be
discriminated as follows: i) The nuclear modification factor of quarkonium is the same as that
of open charm or beauty, which are known to be dominated by quark parents. It is the same for
all quarkonium bound states. ii) The nuclear modification factor of quarkonium is the same
as that of light hadrons, which at the LHC are dominated by gluon parents. Again, all bound
states are equally suppressed. iii) The nuclear modification factor Willrdior different

bound states, since they will dissociate foftelient values of the transverse momentoymn

The hierarchy in theor-dependence of the quarkonium suppression pattern would test (54).
For exam&g%‘t (gfoarng{ti‘gg f%%pjgression could set in onla/1 above somewhile Y’ Ogagg’gogtregwith
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suppressed even at lopt. Details of the formation mechanism cancel in ratios lkex”’,
making thepr-dependent pattern predicted by (54) visible as long as the quarkonia form in
the medium.

6.16. High-p observables in PYQUEN model

l. P. Lokhtin, A. M. Snigirev and C. Yu. Teplov

Predictions of PYQUEN energy loss model for high-observables at the LHC are discussed.
Nuclear modification factors and elliptic flow for hard jets and hghhadrons, medium-modified jet
fragmentation functionpr-imbalance for dimuon tagged jets, high-mass dimuon and secodgary
spectra are calculated for PbPb collisions.

In this paper, the various highrpbservables in PbPb collisions gfsyn = 5.5A TeV
are analyzed in the frame of PYQUEN partonic energy loss model [265]. The pseudorapidity
cuts for jets|7®| < 3, charged hadrong™ | < 2.5 and muongi¥| < 2.5 were applied. The
jet energy was determined here as the total transverse energy of the final particles around the
direction of a leading particle inside a coRe= /An? + Ap? = 0.5 (¢ is the azimuthal angle).

6.16.1. Nuclear modification factors for jet and high4padrons The nuclear modification
factor is defined as a ratio of particle yieldsArhand pp collisions normalized on the number

of binary nucleon-nucleon collisions. Figures 91 and 92 slpgwlependences of nuclear
modification factors for inclusive charged hadrons (in central PbPb events triggered on jets
with E‘TEt > 100 GeV) and for jets respectively. The number of entries and the statistical errors
correspond to the estimated event rate for one month of LHC run and a nominal integrated
luminosity of 0.5 nb! [266]. The predicted hadron suppression factor slightly increases with
pr(> 20 GeV), from~ 0.25 at pr ~ 20 GeV to~ 0.4 at pr ~ 200 GeV. This behaviour
manifests the specific implementation of partonic energy loss in the model, rather weak
energy dependence of loss and the shape of initial parton spectra. Without event triggering
on highEr jet(s), the suppression factor is strongef(15 at 20 GeV and slightly increasing

with pt up to~ 0.3 at 200 GeV). The predicted jet suppression factor (due to partial gluon
bremsstrahlung out of jet cone and collisional loss) is about 2 and almost independent on jet
energy. It is clear that the measured jet nuclear modification factor will be very sensitive to
the fraction of partonic energy loss carried out of the jet cone.

6.16.2. Medium-modified jet fragmentation functiohhe “jet fragmentation function” (JFF),
D(2), is defined as the probability for a given product of the jet fragmentation to carry a
fractionz of the jet transverse energy. Figure 93 shows JFF’s in central PbPb collisions with
and without partonic energy loss. The number of entries and the statistical errors correspond
again to the estimated event rate for one month of LHC run. Significant softening of the JFF
(by a factor of~ 4 and slightly increasing with) is predicted.

The medium-modified JFF is sensitive to a fractioof partonic energy loss carried out
of the jet cone. Figure 94 shows th@&lependences of jet nuclear modification fa@tﬁk and

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
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Figure 91: The nuclear modification factor
for charged hadrons in central PbPb colliFigure 92: The nuclear modification factor
sions triggered on jets witE‘Tet > 100 GeV. for jetsin central PbPb collisions.
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ratio of JFF with energy loss to JFF without I0B¥* (2> zp)/ DPP(z> 7o), for zp= 0.5 and 07.
If £ closeto O, therﬂf/i ~ 1 (there is no jet rate suppression), and JFF softening is maximal.
Increasinge results in stronger jet rate suppression, biite on JFF softening becomes
smaller. Indeed, final jet transverse momentum (which is the denominator in definition of
2) decreases in this case without an influence on the numeraiamd, as a consequence,
the dfect on JFF softening reduces, while the integral jet suppression factor becomes larger.
Thus a novel study of the softening of the JFF and suppression of the absolute jet rates can be
carried out in order to dlierentiate between various energy loss mechanisms (“small-angular”
radiative loss versus “wide angular” and collisional loss) [267].

Other correlation measurements which also can be useful extracting information about
medium-modified jets are jet shape broadening and jet quenching versus rapidity [268] and
monojet-to-dijet ratio versus dijet acoplanarity [269].

6.16.3. Azimuthal anisotropy of jet quenchinghe azimuthal anisotropy of particle spectrum
is characterized by the second fia@ent of the Fourier expansion of particle azimuthal
distribution, elliptic flow coéicient, vo. The non-uniform dependence of medium-induced
partonic energy loss in non-central heavy ion collisions on the parton azimuthakafvgks
respect to the reaction plane) is mapped onto the final hadron spectra [270, 271]. Figure 95
shows the calculated impact parameter dependeneg adeficient for jets withEﬁ"t > 100
GeV and for inclusive charged hadrons with > 20 GeV/c in PbPb events triggered on jets.
The absolute values #% for high-pr hadrons is larger that one’s for jets by a factord - 3.
However, the shape d&kdependence ofz‘ and\/zet is similar: it increases almost linearly with
the growth ofb and becomes a maximumlat 1.6Ra (WwhereRa is the nucleus radius). After
that, thev, codficients drop rapidly with increasiry

6.16.4. R-imbalance in dimuon tagged jet eventdn important probe of medium-induced
partonic energy loss in ultrarelativistic heavy ion collisions is production of a single jet
opposite to a gauge boson suchyagz® decaying into dileptons. The advantage of such
processes is that the mean initial transverse momentum of the hard jet equal to the mean
initial/final transverse momentum of boson, and the energy lost by the parton can be estimated
from the observegr-imbalance between the leading particle in a jet and the lepton pair.
Figure 96 shows the flerence between the transverse momentumusfa pair fromy*/z°

decay, pff“_, and five times the transverse energy of the leading particle in a jet (since the
average fraction of the parent parton energy carried by a leading hadron at these energies
is z~ 0.2) for minimum bias PbPb collisions [272]. The cut#f”_, E‘Tet > 50 GeV/c were
applied. Despite the fact that the initial distribution is smeared and asymmetric due to initial-
state gluon radiation, hadronizatiofiexts, etc., one can clearly see the additional smearing
and the displaced mean and maximum values opghembalance due to partonic energy loss.

The pr-imbalance between the' u~ pair and a leading particle in a jet is directly related to

the absolute value of partonic energy loss, and almost insensitive to the form of the angular
spectrum of the emitted gluons and to the experimental jet energy resolution [272].
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Figure 95: The impact parameter dependencagure 96: The distribution of the fierence

of elliptic flow coefficients \/"2et for jets between the transverse momentum pfa~
with El'TEt > 100 GeV (black circles) andg pair and five times the transverse energy of
for inclusive charged hadrons witpr > theleading particle in a jetin PbPb collisions
20 GeV/c (open circles) in PbPb eventswith (dashed histogram) and without (solid
triggered on jets. histogram) energy loss.

6.16.5. High-mass dimuon and secondafy §pectra While the study of inclusive higlpr

jet production in heavy ion collisions provides information on the response of created medium
to gluons and light quarks, the study of open heavy flavour production gives corresponding
information on massive colour charges. The open charm and bottom semileptonic decays are
the main sources of muon pairs in the resonance-free high invariant mass regiav, 10 <

70 GeV/c? [266]. Other processes which also carry information about medium-induced
bottom rescattering are secondakiy production from the B meson decay [273, 274] and
muon taggedb-jets [275]. Figures 97 and 98 show the spectra of high-m§gs pairs and the
pr-distributions of the secondaid/y’s respectively, for minimum bias PbPb collisions with
and without energy loss of bottom quarlpﬁ’r(> 5 GeV/c). A factor of around 5 suppression

for bb — u*u~ and 2 for secondary/ys would be clearly observed over the initial state nuclear
shadowing expected in this kinematic region [273, 274].

6.17. Predictions for LHC heavy ion program within finite sSQGP formation time

V. S. Pantuev

Predictions for some experimental physical observables in nucleus-nucleus collisions at LHC
energies are presented. | extend the previous suggestion that the retarded jet absorption, at RHIC by
time about 2.3 fit, in opaque core is a natural explanation of many experimental data. At LHC
this time should be inversely proportional to the square root of parton hard scattering density, thus

about 2 times shorter than at RHIC, or 1.2/émPredictions were done for hadrons, including charm
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Figure 98: Transverse momentum spectrum

wtu- pairs from bb decays in minimum o .
bias PbPb collisions, with (dashed histogranﬁf secondand/y in minimum bias PbPb col

and without (solid histogram) bottom quark S|0.ns, .Wlth (dashed histogram) and without
(solid histogram) bottom quark energy loss.
energy loss.

hadrons, with transverse momentum above 5 GeV calculate nuclear modification fact®aa,
azimuthal anisotropy parameter, jet suppressiomaa for the away side jet and its dependence versus
the reaction plane orientation. The system under consideration+i&éat central rapidities.

In previous paper [276] | propose a simple model, driven by experimental data, to
explain the angular dependence of the nuclear modification f&grat high transverse
momentum in and out the reaction plane. | introduce one free paramete2.3 fm to
describe the the thickness of the corona area with no absorption wich was adjusted to fit
the experimental data of Au-Au collisions at centrality 50-60%. The model uses realistic
Woods-Saxon nuclear density distribution and nicely describe®tedependence for all
centrality classes. | extract the second Fourier component amplittider high pr particle
azimuthal distribution and foung should be at the level of 11-12% purely from the geometry
of the collision with particle absorption in the core. At that time | made a prediction for
Raa in Cu+Cu collisions at 200 GeV which, as later was found, is in very good agreement
with experimental data. Physical interpretation of the parameteuld be that it is actually
retarded jet absorption caused twe plasma formation time T = L/c ~ 2.3 fm/c at RHIC,
or at least non-trivial response of strongly interacting plasma to fast moving color charge.

From experimental data at 62 GeV center-of-mass beam energy | found that this time
should be about 3.5 ffa This follows the expectation on the significance of mean distance
between the centers with mini jet production (hard scatterings) at particular beam energy. At
LHC energy of about 5 TeV we expeetl.2 fm/c formation time [277].

In figure 99 | show predictions fdRaa andlaa at central rapidities. As usual, nuclear
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modification factoRaa is defined as:
(1/Nevt) d*NAA /dprdy
((Nbinary>/0'm2||) dZO'NN/dedU’
where(Npinary) is @ number of binary nucleon-nucleon collisions at particular centrality class.

Raa(pT) =

N

12

Raa vs. Npart for AuAu at 62, 200 and 5500 GeV
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Figure 99: Raa, nuclear modification factor, (left) antha, suppression of away-side
jet compared topp data versus number of participants, right. Hadrons are at transverse
momentum 5 to 20 Gele. Width of the away side jet was assumed tasbe 0.22 radians.

In all cases | consider hadrons (mesons and baryons, including chapm)aditove 4-
5 GeVc. Raa(pr) at a such momentum should be independentgrflat distribution at least
to 20 GeVec.

Iaa is defined as a ratio of away-side yield per trigger hghparticle to the similar
value frompp collisions. The major feature of this model is the dominant tangential back to
back di-jet production from the surface region. Because of that we may exigadicantly
larger di-jet production out of the reaction plane, figure 99, in contrast to punch through
jet scenario. Predictions for azimuthal asymmetry paramwetare shown in figure 100.
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Figure 100: Azimuthal assimetry parameter for mesons and baryons at transverse
momentum between 5 to 20 G&V
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6.18. Hadrochemistry of jet quenching at the LHC

S. Sapeta and U. A. Wiedemann

We point out that jet quenching can leave signatures not only in the longitudinal and transverse
multiplicity distributions, but also in the hadrochemical composition of the jet fragments. As a
theoretical framework, we use the MLIEAPHD formalism, supplemented by medium-modified
splitting functions.

In heavy ion collisions at the LHC, the higher energies of produced jets will facilitate
their separation from the soft background. The interactions of jets with the matter produced
in these collisions is expected to modify both the longitudinal and transverse jet distributions.
In addition, we expect that these interactiofieet also the hadrochemical composition of
jets.

Within current models of jet quenching, this may be expected, since color is transfered
between the projectile and the medium - and a changed color flow in the parton shower can
be expected to change the hadronization. More generally, one may imagine that partonic
fragments of the jet participate in hadronization mechanisms not available in the vacuum (such
as a recombination mechanism, which depends on the density of recombination partners), or
that recoil d€fects kick components of the medium into the jet cone. Also, any exchange
of quantum numbers between medium and jet (e.g. baryon number or strangeness) may be
reflected in the hadrochemical composition. In the following, we consider a model which
does not implement such mechanisms, but considers solely the enhanced parton splitting due
to medium éects [278].

To calculate multiplicities of the identified hadrons we use the framework of
Modified Leading Logarithmic Approximation (MLLA) [279]. This perturbative approach
supplemented by the hypothesis of Local Parton-Hadron Duality (LPHD) was shown to
reproduce correctly the single inclusive hadron spectra in jets bo#tén and pp/pp
collisions. It provides good description not only for the distributions of all charged particles
but also for the spectra of identified hadrons such as pions, kaons and protons [280, 281].
Moreover, the dependence on jet opening angle can be implemented. The general form of the
multiplicity of hadrons of mas#/;, in the jet of energyEjet and opening anglé is given by

dNP

d_f = Kiprp D(f’ Ejet, Bc, Mh,A), (55)
whereé = In1/x andx = p/Ejet is the fraction of the jet energy carried by the hadnorThe
regularization scald is a parameter of the model.

The medium-modification of jets is formulated within the MLLA formalism [282] by
enhancing the singular parts of the LO splitting functions by a factofJeq. This accounts
for the nuclear modification factor at RHIC whéReqis of the order of 1, and it provides a
model for the distribution of subleading jet fragments.

One result of our studies is shown in Figure 101. We observe a signifidatetice
of the K*/z* and p*/n* ratios of medium-modified (witHmeq = 1) and 'standard’ vacuum

fragmenting jets. We have also shown, that Figure 101 remains largely unchanged if the soft
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Figure 101: Ratios of kaons and protons to pions in the jeté wit without medium
modification for jet opening anglé. = 0.28 rad. Thef.-dependence is weak. The kaon
multiplicity was in adjusted by a strangeness suppression factor 0.73 as in [281].

background is included in forming the ratio [278].

The precise numerical change of the hadrochemical composition, shown in Figure 101,
is model-depement of course. We emphasize, however, that in our model, medthata are
implemented on the partonic level only, and the hadronization mechanism remains unchanged.
Nevertheless, the observed change is significant. Thus, our model provides a first example for
our expectation, that the hadrochemical composition of jets may be very fragile to medium
effects, and provides additional information about the microscopic mechanism underlying jet
guenching.

6.19. GLV predictions for light hadron production and suppression at the LHC

l. Vitev

Simulations of neutral pion quenching in PPBb reactions as*/? = 5.5 A.TeV at the LHC are
presented to high transverse momentpm At low and moderatepr, we study the contribution
of medium-induced gluon bremsstrahlung to single inclusive hadron production. At the LHC, the
redistribution of the lost energy is shown to play a critical role in yielding nuclear suppression that
does not violate the participant scaling limit. Energy loss in cold nuclear matter prior to the formation
of the QGP is also investigated and shown to hatece on particle suppression as large as doubling
the parton rapidity density.

Pb+Pb collisions at the LHC represent the future energy frontier of QGP studies in heavy
ion reactions. Energy loss of jets in the final state is calculated in the GLV formalism [184].
Numerical simulations follow the technique outlined in [283] and incorporate the Cronin

effect [284]. We have explored the sensitivit I@AASE)T) to the parton rapidity density in
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central nuclear reactions witthNY/dy ~ 200Q 3000 and 4000. In this work we adhere to a
more modest two- to four-fold increase of the soft hadron rapidity density and emphasize that
future measurements of jet quenching must be correlatetNégdy ~ (3/2)dN°"/dy [283,

284] to verify the consistency of the phenomenological results. See left panel of Fig. 102.
The contribution of the bremsstrahlung gluons to low- and moderateclusive particle
production at the LHC is shown to be significant. See right panel of Fig. 102.

Energy loss of jets in cold nuclear matter has not been considered before. Recent
calculations in the GLV approach show that, in contract to final-state energy loss, the
cancellation of the bremsstrahlung in the initial-state is finite [285]. WE{E ~few %, the
observable fect of the bremsstrahlung associated with the multiple soft scattering in nuclei
is non-negligible even for very energetic partons in the nuclear rest frame. See left panel of
Fig. 103. At the LHC, in central PEPb collisions, the fect of cold nuclear matter energy
loss can be as large as doubling the parton rapidity ded$ifydy mainly due to reduced
sensitivity in the final state. See right panel of Fig. 103.

6.20. NLO Predictions for Single and Dihadron Suppression in Heavy-ion Collisions at LHC

E. Wang, X.-N. Wang and H. Zhang
Suppresions of high transverse momentum single and dihadron spectra at LHC are calculated
within a next-to-leading order perturbative QCD model with energy parton energy loss.

The predictions presented here are calculated within a NLO pQCD Monte Carlo based
program [286]. For the study of large- single and dihadron production W+ A collisions,
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Figure 102: Left panel: Suppressions8¥production in central PbPb collisions at the LHC
as a function of the parton rapidity density. Insert shows the baselipebcross section at
1/s= 200 GeV and+/s= 5.5 TeV [283, 284]. Right panel: nuclear modification facRxa

in central Au+Au collisions at moderatpr with (solid line) and without (dashed line) gluon
feedback,dN?/dy = 1175. Central PBPb collisions with (solid line) and without (dashed

line) gluon feedback are showtiN9/dy ~ 200Q 300Q 4000 [284].
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we assume that the initial hard scattering cross sections are factorizeg aginollisions.

We further assume that théect of final-state interaction between produced parton and the
bulk medium can be described by théegetive medium-modified FF’s. The total parton energy
loss in a finite and expanding medium is approximated as a path integral,

AE~ <—>1df dT

for a parton produced at a transverse p03|t|and traveling along the direction (dE/dL)1q

is the average parton energy loss per unit length in a 1-d expanding medium with an initial
uniform gluon densitypp at a formation timerg for the medium gluons. The energy
dependence of the energy loss is parameterized as

<—>1d = e0(E/uo — 1.6)+2/(7.5+ E/uo), (57)

from the numerlcal results in Ref. [287, 288]. The paramejehould be proportional to the
initial gluon densitypg. The gluon density distribution in a 1-d expanding mediunAinA
collisions at impact-parametér is assumed to be proportional to the transverse profile of
participant nucleons ,

pg(T b,r +n7), (56)

po(r.b.r) = @—m(r) +ta(lb-r)). (58)

In fitting the RHIC data [289] we have chosen the parameterg asl.5 GeV, g = 0.2 fm/c
and e = 1.68 GeVfm. We assumey is proportional to the final multiplicity density and
€0 = 5.6 GeV/fm in the centraPb+ Pb collisions y/s= 5.5 TeV.
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Figure 103: Left panel: Comparison of Bertsch-Gunion, ahistate and final-state quark
energy loss in a large nucleus, such as Au or Pb. The cancellation of initial-state energy
loss is finite and cannot be neglected even at high parton energies [285]. Right panel:
Effects of could nuclear matter energy loss on suppresSgmfoduction in central PePb
collisions at the LHC. Two parton rapidity densitiébl9/dy~ 200Q4000. are shown; cold
nuclear matter energy losffects can be as large as theet of doubling the parton rapidity

density [284,285].
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We use the factorization scale= 1.2pt in both p+ p and A+ A collisions in our
calculation. Shown in Fig. 104(a) are the singfe spectra in bothp + p and Pb+ Pb
collisions at 4/s = 5,5 TeV and the corresponding nuclear modification factlga =

doaa/d p%dy[fdszAA(b)daN n/d p%dy]‘l.
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Figure 104: (ay® spectra and suppression factorf+ Pb(0 — 5%) collisions aty/s = 5.5
TeV. (b)Hadron-triggered fragmentation functioBaa(zr) and the medium modification
factorslaa(zr) in NLO pQCD in centraPb+ Pbcollisions aty/s= 5.5 TeV.

The hadron-triggered fragmentation function, .
Daa(zr. pr%) = prodoh? /dy"9d py 9dy?sst piss{derh,/dy"i9d pr 9] L as a function ofzr =
p3ssy ptTrlg is essentially the away-side hadron spectrum associated with a triggered hadron
within |y9-3559 < 0.5 and the azimuthal angle relative to the triggered hadron is integrated
over|A¢| > 2.5.

The factorization scale in the NLO calculation of dihadron spectra is chosen to be
u = 1.2M, whereM is the invariant mass of the dihadrdf® = (p1 + p2)?. The associated
hadron spectr®pp(zr, ptT”g) in p+ p and centran+ Pb collisions at+/s= 5.5 TeV and the
suppression factdiaa = Daa(zr, py 2)[Dpp(zr, Py )] for centralPb+ Pb collision at LHC
are shown in Fig. 104(b).

7. Heavy quarks and quarkonium

7.1. Statistical hadronization model predictions for charmed hadrons

A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel
We present predictions of the statistical hadronization model for charmed hadrons production in

Pb+Pb collisions at LHC. _ _ _
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The results presented below are discussed in detail in our recent publication [290].
We summarize here the values of the model parameters: i) characteristics at chemical
freeze-out: temperatur@,=161+4 MeV; baryochemical potentia;dz,b:O.81’%:53 MeV; volume
corresponding to one unit of rapidity=6200 fn?; ii) charm production cross section:
o Py =0.647053 mb.
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Figure 105: Predictions fal/y yield: rapidity distribution for central collisions (left panel)
and centrality dependence of the yield relative to the charm production vyield fferatit
values of the charm cross section indicated on the curves (right panel).

In Fig. 105 we present predictions for the yieldJ3fy. The left panel shows the rapidity
distribution with the band reflecting the uncertainty in the charm production cross section.
The right panel shows the centrality dependence of the yield relative to the charm production
yield for five values of the input charm cross section.

The statistical hadronization model predictions for charmed hadron yield ratios in central
Pb+Pb collisions at LHC are shown in Table 5. We expect that these ratios are independent
of centrality down to values dflpart =100.

Following from our model assumption of charm quark thermalization and assuming
decoupling of charm at hadronization, the transverse momentum spectra of charmed hadrons
can be calculated [290]. As seen in Fig. 106, a precision measurement of the speclyym of
meson will allow the determination of the expansion velocity in QGP.

7.2. Nuclear suppression for heavy flavors in PbPb collisions at the LHC

N. Armesto, M. Cacciari, A. Dainese, C. A. Salgado and U. A. Wiedemann

We predict the nuclear suppression factors for D and B mesons, and for electrons from their semi-
leptonic decays, in PbPb collisions at the LHC. The results are obtained supplementing a perturbative
next-to-leading ordew next-to-leading log (FONLL) calculation with appropriate non-perturbative
fragmentation functions and radiative energy loss.
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Table 5: Predictions of the statistical hadronization model for charmed hadron ratios for
Pb+Pb collisions at LHC. The numbers in parantheses represent the error in the last digit(s)
due to the uncertainty of.

D-/D*  Do/Dp D /D™ D/Df Ac/Ac D*/Do  D**/Dg
1.00(00)  1.01(0) 1.01(0) 1.00(1) 1.00(1) 0.425(18) 0.38Y(15

Dg/DO Ac/Do ' ne/¥ Xc1/¥ Xc2/¥
0.349(14) 0.163(16) 0.031(3) 0.617(14) 0.086(5) 0.110(8)
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Also included is the measured spectrum in
p p collisions at Tevatron [291], which is
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corona (see ref. [290]).
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Medium-induced gluon radiation is usually identified as the dominant source of energy
loss of highpr particles traversing a hot medium. fRrent models which use
different approximations to this physical mechanism of energy loss, provide a successful
phenomenological description of available experimental data for light hadron suppression.
Most of these calculations assume independent multiple gluon emission to model
the exclusive distributions essential to compute the suppression which convolutes the
fragmentation functions with a steeply falling perturbative spectrum. This convolution biases
the observed particle yields to small in-medium energy losses and surface emission which,
on the other hand, leads to a lack of precision in the determination of the medium parameters
[80,231]. The value of the transport d¢beient obtained in these approaches, by using the
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multiple soft scattering approximation is [80, 231]
§=5=15GeV?/fm. (59)

One proposal to increase the sensitivity to the value of the transpdficoeet is to measure

the correspondingfiects on heavy mesons as the formalism predicts a calculable hierarchy
of energy lossedE?Y > AE 0> AEg .o due color factors for the first and mass terms
for the second inequality [292] The implementation of ma$sces does not add any new
parameter to the calculation once the transportfooent g is fixed by e.g. light hadrons
(59). The description of non-photonic electrons data from RHIC given by this formalism
is reasonable [293] although the uncertainties in the benchmark relative contribution from

beauty and charm quarks are still large.

mesons from charm electrons from bottom
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Figure 107:Raa for D’s (left) and for electrons coming from bottom decays (righty at0
for 10% PbPb collisions at/s = 5.5 TeV/A, for differentd (in GeVZ/fm).

At the LHC, where charm and beauty suppression will be measured separately, the
situation will be improved and a definite check on the influence of mass terms in the medium-
induced gluon radiation and the corresponding energy loss will be done. We here present
predictions based on the formalism developed in references [80, 231, 292—294}; 1680
and 30- 60% PbPb collisions at LHC energy. This also updates the calculations in [294]
by taking into account the FONLL baseline for the perturbative calculation (see [293] and
references therein).

In Figs. 107 and 108 we present our predictiongRgk, double ratios andy, for mesons
andor decay electrons at= 0. While the massféects in charm are very modest, they are
clearly visible for bottom quarks gir < 20 GeV. At largerpr they tend to disappear and the
typical suppression is that of massless particles [80, 231]. We have used several vajues of ~
ranging from 10 Ge¥/fm, which is the lowest one still compatible with RHIC non-photonic
electrons data, to 100 G&¥m, which is our estimated upper limit, from the most extreme
extrapolation of the multopllcmes atthe L

HC.
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Figure 108: Upper plots: double ratio for mesons (left) anchgieslectrons (right) for 10%
PbPb collisions at/s= 5.5 TeV/A for y = 0, for differentq(in GeVZ/fm). Lower plots:v, for
D’s (left) and from electrons coming from bottom decays (righty atO for 30— 60% PbPb
collisions at+/s= 5.5 TeV/A, for differentd.

7.3. Heavy-quark production from Glauber-Gribov theory at LHC

l. C. Arsene, L. Bravina, A. B. Kaidalov, K. Tywoniuk and E. Zabrodin

We present predictions for heavy-quark production for proton-lead collisions at LHC energy 5.5
TeV from Glauber-Gribov theory of nuclear shadowing. We have also made predictions for baseline
cold-matter (in other words inital-state) nucledlieets in lead-lead collisions at the same energy that
has to be taken into account to understand properly final-sfaet®

7.3.1. Introduction In the Glauber-Gribov theory [21] nuclear shadowing at bois-related

to diffractive structure functions of the nucleon, which are studied experimentally at HERA.
The space-time picture of the interaction for production of a heavy-quark state on nuclei
changes from longitudinally ordered rescatterings at energies below the critical energy,
corresponding ta, of an active parton from a nucleus becoming smaller thamRa, to the
coherent interaction of constituents of the projectile with a target nucleus at energies higher
thant the critical one [295]. For production dfys andY in the central rapidity region the
transition happens at RHIC energies. In this kinematical region the contribution of Glauber-
type diagrams is small and it is necessary to calculate diagrams with interactions between

pomerons, which, in our approach, are accomodated in the gluon shadowing. A similar model
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Figure 109: Rapidity (top) and centrality (bottom) deperodeaf the nuclear modification
factor for J/y (left) andY (right) production in p-Pb (d+Au) collisions at+/s = 5500 (200)
GeV. Experimental data are from [296].

for J/y-suppression in-€Au collisions at RHIC has been considered in Ref. [51].

Calculation of gluon shadowing was performed in our recent paper [22], where Gribov
approach for the calculation of nuclear structure functions was used. The glii@actdie
distributions were taken from the most recent experimental parameterizations of HERA data
[23]. The Schwimmer model was used to account for higher-order rescatterings.

7.3.2. Heavy-quark production at the LH®Ve present predictions for the rapidity and
centrality dependence of the nuclear modification factor in proton-leakp collisions
for both J/y and Y in Fig. 109 (the data od/y suppression at/s = 200 GeV is taken
from [296], where also a definition of the nuclear modification factor can be found). We
predict a similar suppression for open chaom, and bottompb, as for the hidden-flavour
particles. The observeg scaling at low energies of the parametgfrom o pa = oppA”) for
J/y production, which is broken already at RHIC, will go to a scalingzmt higher energies.
This will also be the case fof and open charm and bottom.

In Fig. 110 we present predictions for cold-nuclear matfieots due to gluon shadowing
in lead-lead (PbPb) collisions at LHC energy/s = 5.5 TeV for the production ofl/y and
. The suppression is given as a function of rapidity and centrality. .
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Figure 110: Baseline cold-nuclear mattdieets in Px+Pb collisions at 5.5 TeV fod/y and
T production.

7.4. Raa(pr) and Rep(py) of single muons from heavy quark and vector boson decays at the
LHC

Z. Conesa Del Valle, A. Dainese, H.-T. Ding, G. Martinez and D. Zhou

We study the ffect of heavy-quark energy loss on the nuclear modification faBgtsandRcp
of the high{y distribution of single muons in Pb—Pb collisions gB&yy=5.5 TeV. The energy loss
of heavy quarks is calculated using the mass-dependent BDMPS quenching weights and taking into
account the decrease of medium density at large rapidity. Muons from W and Z decays, that dominate
the yield at highp;, can be used as a medium-blind reference that scales with the number of binary
collisions.

The PHENIX and STAR experiments at RHIC have measured a suppression, in central
Au-Au relative to pp collisions, of the higpr yield of non-photonic electrons, which are
assumed to come from semi-electronic decays of charm and beauty particles. This suppression
is interpreted as an indication of a strong energy loss of ¢ and b quarks in the medium formed
in Au—Au collisions. At the LHC, the nuclear modification fact®g andRcp of the single-
muon inclusivep distribution will be among the first measurements sensitive to heavy-quark
energy loss. Moreover, the very highdomain ; > 30 GeV/c) of the muon spectrum will
be dominated by muonic decays of electroweak boson W (mainly) and Z, that should be
medium-insensitive and follow binary scaling, thus making of the nuclear modification factor
a self-normalized observable.

We obtain the charm and beauty contributions to the muon spectrum from the NLO
pQCD calculation (MNR [297]) supplemented with the mass-dependent BDMPS quenching
weights for radiative energy loss [294], quark fragmentation a la Peterson and semi-muonic

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 133

decay with the spectator model. We account for the medium density decrease at large rapidity
by assuming the transport déeient to scale ag(77) « dN.n/dn. We use PYTHIA to calculate
the W and Z decay contribution [298]. More details can be found in Ref. [299].
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Figure 112:Rcp (0—-10%)(40—70%) of single muons in Pb—Pb collisions\@yn = 5.5 TeV.

Fig. 111 shows the; spectrum andRaa (pt) of the single muons from heavy quark and
W)/Z bosons in the central Pb—Pb collisions\#yn = 5.5 TeV, with the transport caicient
valuesq'= 0,25,100 GeV¥/fm. The crossing point of b and W decay muons shifts down by
5-7 GeV/c. Raa rapidly increases from 0.3 to 0.8 between 20 (b-dominated) and 40&GeV
(W-dominated), as dod?cp (0—10%)(40—-70%), shown in Fig. 112. Thdfect of the heavy-
qpar_k mass on the medium-induced suepgrgssio%fis shown in the left-hand Panel of
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Fig. 112.

7.5. Quarkonium production in coherent A collisions and small-x physics

V. P. Goncalves and M. V. T. Machado

We study the photoproduction of quarkonium in coherent proton-proton and nucleus-nucleus
interactions at the LHC. The integrated cross sections and rapidity distributions are estimated using
the Color Glass Condensate (CGC) formalism, which takes into account the parton satufatitsn e
at high energies. Nuclear shadowirfteets are also taken into account.

In this contribution we study the photoproduction of vector mesons in the coherent
pp/AA interactions at the LHC energies. The main advantage of using colliding hadrons
and nuclear beams for studying photon induced interactions is the high equivalent photon
energies and luminosities that can be achieved at existing and future accelerators (for a review
see reference [300]). Consequently, studiegminteractions at LHC could provide valuable
information on the QCD dynamics at high energies. The basic idea in coherent hadron
collisions is that the total cross section for a given process can be factorized in terms of
the equivalent flux of photons of the hadron projectile and the photon-photon or photon-target
production cross section. In exclusive processes, a certain particle is produced while the
target remains in the ground state (or is only internally excited). The typical examples of
these processes are the exclusive vector meson production, described by theyrecd4ds
(V=p, /¥, T). Inthe last years we have discussed this process in detail consiggrig1],
pA [302] and AA [301] collisions as an alternative to investigate the QCD dynamics at high
energies. Here, we revised these results and present for the first time our prediction&for the
production.

The cross section for the photoproduction of a vector mesan an ultra-peripheral
hadron-hadron collision is given by

©0 dN, (w)
O'(h]_hz - h1h2X) = dw
©min dw
wherew is the photon energy and\j(w)/dw is the equivalent flux of photons from a charged
hadron. The total cross section for vector meson photoproduction is calculated considering
the color dipole approach, which is directly related with the dipole-target forward amplitude
N. In the Color Glass Condensate (CGC) formalism (see e.g. [3dB8Jgncodes all the
information about the hadronic scattering, and thus about the non-linear and qudigcis e
in the hadron wave function. In our analyzes we have used the phenomenological saturation
model proposed in references [33, 304]. Nucldeas are also properly taken into account.

Our predictions for the rapidity distributions are presented in figure 113 and for the total
cross section in table 6. The main uncertainties are the photon flux, the quark mass and the
size of nuclear fects for the photonuclear case. In addition, specific predictions &ord
J/¥ phoproduction irpA collisions can be found in reference [302]. The rates are very high,
mostly for light mesons. Although the rates are lower than hadroproduction, the coherent

2
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Figure 113:The rapidity distribution for nuclear vector meson photoproduction on coherent
pp (left panel) andAA (right panel) reactions at the LHC.

Table 6:The integrated cross section for nuclear vector mesons photoproduction in coherent

pp andAA collisions at the LHC.

T(9460)| J/¥(3097)| ¢(1019)| w(782) | p(770)
pp 0.8nb 132 nb 980nb | 1.24ub | 9.75ub

Ca-Ca| 9.7ub 436ub 12mb | 14mb | 128 mb

Pb-Pb| 96ub 41.5mb | 998 mb | 1131 mb| 10069 mb

photoproduction signal would be clearly separated by apglg transverse momentum cut
ptr <1 GeV and two rapidity gaps in the final state.

7.6. Heavy-Quark Kinetics in the QGP at LHC

H. van Hees, V. Greco and R. Rapp

We present predictions for the nuclear modification factor and elliptic flo® ahd B mesons,
as well as of their decay electrons, in semicentral Pb-Pb collisions at the LHC. Heavy quarks are
propagated in a Quark-Gluon Plasma using a relativistic Langevin simulation with dragfarsiodi
codficients from elastic interactions with light aritjuarks and gluons, including non-perturbative
resonance scattering. Hadronizatiorm ais performed within a combined coalescence-fragmentation
scheme.

In Au-Au collisions at the Relativistic Heavy lon Collider (RHIC) a surprisingly
large suppression and elliptic flow of “non-photonic” single electras @riginating from
semileptonic decays dd and B mesons) has been found, indicating a strong coupling of

charm €) and bottomIf) quarks in the Quark-Gluon Plasma (QGP).
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We employ a Fokker-Planck approach to evaluate drag afidsain codicients for
c and b quarks in the QGP based on elastic scattering with light quarks and antiquarks
via D- and B-meson resonances (supplemented by perturbative interactions in color non-
singlet channels) [305]. This picture is motivated by lattice QCD computations which
suggest a survival of mesonic states above the critical temperdréjeavy-quark (HQ)
kinetics in the QGP is simulated with a relativistic Langevin process [306]. Since the initial
temperatures at the LHC are expected to exceed the resonance dissociation temperatures,
we implement a “melting” ofD- and B-mesons abovd 4iss=2T.=360 MeV by a factor
(1+exp[(T — Tgis9/A]) "t (A=50 MeV) in the transport cdicients.

The medium in a heavy-ion reaction is modeled by a spatially homogeneous elliptic
thermal fireball which expands isentropically. The temperature is inferred from an ideal
gas QGP equation of state with{=2.5 massless quark flavors, with the total entropy
fixed by the number of charged hadrons which we extrapolaté\tg/dy~1400 for central
v/SNn=5.5 TeV Pb-Pb collisions. The expansion parameters are adjusted to hydrodynamic
simulations, resulting in a total lifetime ef,~6 fm/c at the end of a hadron-gas QGP mixed
phase and an inclusive light-quark elliptic flow{@p)=7.5%. The QGP formation timey, is
estimated usinggTo=const {Tp: initial temperature), which for semicentral collisions (impact
parameteb=~7 fm) yieldsTo~520 MeV.

Initial HQ pr spectra are computed using PYTHIA with parameters as used by the
ALICE Collaboration. ¢ and b quarks are hadronized intdb and B mesons afT; by
coalescence with light quarks [62]; “left over” heavy quarks are hadronizeddafitihction
fragmentation. For semileptonic electron decays we assume 3-body kinematics [306].

Fig. 114 summarizes our results for HQffdsion in a QGP in terms oRaa(pT)
and vo(pr) at the quark, meson anef level for b=7 fm Pb-Pb collisions at the LHC
(approximately representing minimum-bias conditions). Our most important findings are:
(a) resonance interactions substantially increase (decread®a) compared to perturbative
interactions; (bl quarks are much lesdfacted tharc quarks, reducing thefiects in the
€* spectra; (c) there is a strong correlation between a lergand a smalRaa at the quark
level, which, however, is partially reversed by coalescence contributions which inb@hse
Vo and Raa at the meson (and*) level. This feature turned out to be important in the
prediction ofe* spectra at RHIC; (d) the predictions for LHC are quantitatively rather similar
to our RHIC results [306, 307], due to a combination of harder initial piQspectra with a
moderate increase in interaction strength in the early phases where non-perturbative resonance
scattering is inoperative.

7.7. Ratio of charm to bottomaR as a test of pQCD vs. AAS-T energy loss
W. A. Horowitz

The theoretical framework of a weakly-coupled QGP used in pQCD models that
quantitatively describe the higbr 7% 5 suppression at RHIC is challenged by several
experimental observables, not limited to high-only, suggesting the possibility that a
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Figure 114: (Color online) Predictions of relativistic Lawin simulations for heavy quarks in
a sQGP fob=7 fm 1/Syn=5.5 TeV Pb-Pb collisiongRaa (left column) ands, (right column)
for heavy quarks (& row), D andB mesons (24 row) and decaye* (3™ row).

strongly-coupled picture might be more accurate. One seeks a measurement that may clearly
falsify one or both approaches; heavy quark jet suppression is one possibility. Strongly-
coupled calculations, utilizing the A@SFT correspondence, have been applied to high-

pr jets in three ways [263, 308, 309]. We will focus on predictions from the /B&F

heavy quark drag model and compare them to pQCD predictions from the full radiative and
elastic loss WHDG model and radiative alone WHDG model [244]. Comparisons between
AdS/CFT models and data areflilcult. First, one must accept the double conjecture of
QCD-SYM«AdS/CFT. Second, to make contact with experiment, one must make further
assumptions to map quantities such as the coupling and temperature in QCD into the SUGRA
calculation. For example, the A@SFT prediction for the heavy quarkftlision codicient

is D = 4/ VA(/2nT) [308], wherea = g%YMNC is the 't Hooft coupling. The “obvious” first

such mapping [310] simply equates constant coupliggs,ds y m and temperature3sy =

Tocp. Using this prescription with the canonids} = 3 andas = .3 yieldsD ~ 1.2(/2xT).

It was claimed in [308] thaD = 3(/27T) agrees better with data; this requires~ .05. An
“alternative” mapping [310] equates the quark-antiquark force found on the lattice to that
computed using AJEFT, givingA ~ 5.5, and the QCD and SYM energy densities, yielding

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 138

Tsvym= Tocp/3Y4.The medium density to be created at LHC is unknown; we will take the
PHOBOS extrapolation afNg/dy= 1750 and the KLN model of the CGGNy/dy= 2900, as

two sample values.We will search for general trends associated witfCAdSIrag (denoted
hereafter simply as A¢JSFT) or pQCD as these uncertainties mean little constrains the
possible normalizations of AGSFT RSA predictions for LHC.

Charm 1] Bottom
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Figure 115: (a) Charm and bottoRaa(pT) predictions with representative input parameters

for LHC. The generic trend of pQCD curves increasing with while AASCFT curves
decrease is seen for representative input parameters; similar trends occurred for the other
input possibilities considered. (b) Ratio of charm to bottga(pr) bunches the two models

for a wide range of input parameters; the LHC should easily distinguish between the two

trends.
AdS/CFT calculations of the drag on a heavy quark yielgr/dt = —ugpr =

—(n VAT, \y/2mg) pr [309], giving an average fractional energy losg efI—exp(- [dtug).
Asymptotic pQCD energy loss for heavy quarks in a static medium goes as
KLZQIog(pT/mQ)/pT, wherex is a proportionality constant aridis the pathlength traversed
by the heavy quark. Note that AASFT fractional momentum loss is independent of
momentum while pQCD loss decreases with jet energy. The heavy quark production
spectrum may be approximated by a slowly varying power law of inugbpr) + 1, then
RSA ~ (1—e)nelPr), Sinceng(pr) is a slowly increasing function of momentum, we expect
RSASYN(pT) to decrease WhiIeRSApQCD(pT) to increase as momentum increases. This
behavior is reflected in the full numerical calculations shown in Fig. 115 (a); details of the
model can be found in [311].

For high suppression pQCD predicts nearly ﬂ&A masking the dference between
AdS/CFT and pQCD. One can see in Fig. 115 (b) that the separation ofCAdS
and pQCD predictions is enhanced when the double ratio of charm to bottom nuclear
modification, R%(pr) = R A(P1)/R2 A(Pr), is considered. Asymptotic pQCD energy loss

goes as logg/pr)/pr, becoming insensitive to quark mass far > mg; henceR%bQCD—>

1. Expanding theRaa formula for smalle yields R%bQCD(pT) ~ 1 - pev/P1, Wherepep =
xn(pr)L2log(my/me)§ andne ~ n,, = n. Therefore the ratio approaches unity more slowly for
larger suppression. This behavior is reflected in the full numerical results for the moderately
guenched pQCD curves, but is violated by the highly oversuppressetlOO curve. The

AdS/CFT drag, however, is independentmf. A back of the envelope approximation gives
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RSA ~ fol‘d{’exp(—nQuqf) ~ 1/nguq Which yieldsR®(pr) ~ ny(pr)me/ne(pr)mp ~ me/my ~

.27. This behavior is also reflected in the full numerical results shown in Fig. 115 (b), and so,
remarkably, the pQCD and AdSFT curves fall into easily distinguishable bunches, robust
to changes in input parameters. An estimate for the momentum after which corrections to
the above AJECFT drag formula are needed,> vy, found in the static string geometry is

ye = 1/1+(2mg/T V) [312]. Since temperature is not constant we show the smallest speed
limit, using T (7o, X = 5), and largest, froni¢, represented by “O” and|," respectively. A
deviation ofR® away from unity at LHC in year 1 would pose a serious challenge to the usual
pQCD paradigm. An observation of a significant increas&fhwith jet momenta would
imply that the current A&FT picture is only applicable at low momenta, if at all. For a
definitive statement to be madegya Pb control run will be crucial.

7.8. Thermal charm production at LHC
B.-W. Zhang, C. M. Ko and W. Liu

Charm production from an equilibrated quark-gluon plasma (QGP) produced in heavy
ion collisions at LHC is studied to the next-to-leading order in perturbative QCD [313].
Specifically, we consider the proceg&) + q(g) — ¢+ ¢ and its virtual correction as well
as the processef{(g) +q(g) » c+c+g, andg+q(q) — c+c+q(g). The amplitudes for
these processes are taken from Refs. [314-317] using massless quarks and gluons, the QCD
coupling constanirs(mg) ~ 0.37, and a charm quark masg = 1.3 GeV. The charm quark
production rate in the QGP is then evaluated by integrating over the thermal quark and gluon
distributions in the QGP. Both thermal quarks and gluons are taken to have thermal masses
given bymg = my = gT/ V6, whereT is the temperature of the QGP agds related to the
thermal QCD coupling constant(27T) = g2/4r, which has values ranging from0.23 for
T =700 MeV to~ 042 forT =170 MeV.

For the dynamics of formed QGP in central4#b collisions aty/syn = 5.5 TeV at
LHC, we assume that it evolves boost invariantly in the longitudinal direction but with an
accelerated transverse expansion. Specifically, its volume expands in the proper time
according toV(r) = 7R2(7)rc, whereR(r) = Ry + a(r — 70)?/2 is the transverse radius with an
initial valueRy = 7 fm, the QGP formation timey=0.2 frryc, and the transverse acceleration
a=0.1 c’fm. Starting with an initial temperatur€ = 700 MeV, which gives an initial
energy density of about 50% higher than that predicted by the AMPT model [52] or the Color
Glass Condensate [179], the time dependence of the temperature is obtained from entropy
conservation, leading to the critical temperatlice= 170 MeV at proper timec = 6.4 fm/c.
The initial number of charm pairs is taken to O8lz/dy = 20 at midrapidity, which is of
similar magnitude as that estimated from initial hard nucleon-nucleon collisions based on the
next-to-leading order pQCD calculations.

In the left window of Fig. 116, we show the temperature dependence of the charm quark
pair production rates from the leading order (dashed line) and the next-to-leading order (solid
line) with their ratio shown in the inset. The contributions from the leading order and next-
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Figure 116: Time evolution of charm pair production ratet(leindow) and number (right
window) in central PBPb collisions aty/syy = 5.5 TeV for an initial QGP temperature of

700 MeV. Dashed and solid lines are results from the leading order and next-to-leading order
calculations, respectively. The inset in left window gives the ratio of charm production rate in
the next-to-leading order to that in the leading order.

leading order are of similar magnitude and both are appreciable at high temperatures. The
total number of charm pairs as a function of the proper tirmean expanding QGP produced

at LHC is shown in the right window of Fig. 116. As shown by the dashed line, including only
the leading-order contribution from two-body processes increases the number of charm pairs
by about 10% during the evolution of the QGP. Adding the next-leading-order contribution
through virtual corrections to two-body precesses as well as theprocesses further
increases the charm quark pair number by about 25% as shown by the solid line. The charm
quark pair number reaches its peak value at2 fm/c and then deceases with the proper
time as a result of larger charm annihilation than creation rates when the temperature of the
QGP drops. At the end of the QGP phase, it remains greater than both its initial value and the
chemically equilibrium value of about 5 &t = 170 MeV. The number of charm quark pairs
produced from the QGP would be reduced by a factor of about 3 if a larger charm quark mass
of 1.5 GeV or a lower initial temperature @ = 630 MeV is used. It is, however, not much
affected by using massless gluons due to increase in the gluon density. On the other hand,
increasing the initial temperature to 750 MeV would enhance the thermally produced charm
qguark pairs by about a factor of 2.

7.9. Charm production in nuclear collisions

B. Z. Kopeliovich and I. Schmidt

Nuclear suppression of heavy flavor inclusive production in hard partonic collisions has a leading
twist component related to gluon shadowing, as well as a higher twist contribution related to the
nonzero separation of the produc@L—Q pair. Both terms are evaluated and suppression for charm

production in heavy ion collisions at LHC is predicted.
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7.9.1. Higher twist shadowingHeavy flavors are produced via gluon fusion, therefore they
serve as a good probe for the gluon distribution function in nuclei. The light-cone dipole
approach is anfeective tool for the calculation of nucleaffects in these processes, since the
phenomenological dipole cross section includes by default all higher order and higher twist
terms.

The production of heavy flavors can be treated as freeing ©fXfluctuation in the
incoming hadron, in which the interaction with such a small dipole (actually, with a three-body
QQgdipole) results in nuclear shadowing, which is a higher twi$mzé, effect. Although
very small, it steeply rises with energy and reaches sizable magnitude at the energy of LHC.
The dfect of this higher twist shadowing on charm production in minimal bias and central
collisions of heavy ions at the energies of RHIC and LHC is shown in figure 117 as the
difference between solid and dashed curves.
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Figure 117: Shadowing for DY reaction pA (upper curves) andA (lower curves) collisions
at the energies of RHIC{(S; = 200 GeV) and LHC /5, = 5500 GeV), as function ofr
and dilepton masM?. The left and right figures are calculated\at= 4.5 GeV andxg = 0.5
respectively.

7.9.2. Process dependent leading twist gluon shadowihg projectile fluctuations
containing, besides th@Q, also gluons, are responsible for gluon shadowing, which is a
leading twist &ect. Indeed, the aligned jet configurations, i.e. the fluctuation in which the
QQ pair carries the main fraction of the momentum, have a large and scale independent,
transverse size. Gluon shadowing is expected to be a rather \ieak [318] due to the
localization of the glue inside small spots in the proton [96]. This is confirmed by the latest
NLO analysis [15] of data on DIS on nuclei.

Unlike for the DIS case, where the produagglis predominantly in a color octet state,
in the case of hadroproduction tiQ may be either colorless or a color octet. Moreover,

in the latter case it may haveftirent symmetries [319, 320]. Nonperturbativieets, which
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cause a contraction of the gluon cloud, may be absent for a col@l@steading to a much
stronger shadowing compared to DIS. This possibility was taken into account predicting the
rather strong nucleaffects depicted in figure 117. This part of the prediction should be taken
with precaution, since it has never been tested by data.

Figure 117 shows our results f&xa,nn as function of rapidity for minimal bias and
central collisions. These calculations do not include the suppression caused by energy
conservation at the ends of the rapidity interval [321].

The rather strong suppression of charm production that we found should be taken into
account as part of the strong suppression of lpghcharm production observed in central
nuclear collisions at RHIC. At higpr this dfect should fade away because of the riseof
although at the LHC this may be a considerable correction.

7.10. Charm and Beauty Hadrons from Strangeness-rich QGP at LHC

|. Kuznetsova and J. Rafelski

The yields of heavy flavored hadrons emitted by strangeness rich QGP are evaluated within
chemical non-equilibrium statistical hadronization model, conserving strangeness, heavy flavor, and
entropy yields at hadronization.

A relatively large number of hadrons containing chardiN{/dy ~ 10) and bottom
(dNp/dy ~ 1) quarks are expected to be produced at central rapidity in heavy ion (Pb—Pb)
collisions at the Large Hadrons Collider (LHC). This report summarized results of our more
extensive recent report [322], and amplifies its findings with reference to the ‘first day’ LHC-
ion results. Dffering from other recent studies which assume that the hadron yields after
hadronization are in chemical equilibrium [323], we form the charm hadron yields in the
statistical hadronization approach based on an abundangel,&f quark pairs fixed by the
bulk properties of a practically chemically equilibrated QGP phase.

In proceeding in this fashion we are respecting the constraints of the recombinant
dynamic model [324]. The absolute yields (absolute chemical equilibrium) depend in addition
to recombination on absolute heavy quark yidls,c/dy. We are fully implementing the
relative chemical equilibrium, that is the formation of heavy (charmed) hadrons according
the the relative phase space, thus ratios of yields presented here are a complete and reliable
prediction characterized by QGP entropy and strangeness content.

It is energetically more féective for strange quarks to emerge bound to heavy quarks.
Said diferently, the reaction K D — 7+ Ds is strongly exothermic, wittAQ ~ 240 MeV,
and similarly for the bottom quark. Considering that the phase space for hadronization is
characterized by a domain temperatire- 160+ 20 MeV, in presence of strangeness the
yield tilts in favor Ds over D, and Bs over B.The variability in the light and strange quark
content at given hadronization temperatiirés accomplished introducing the phase space
occupancyt > 1, qu > 1 of strange, and, respectively, light constituent quarks in the hadron
phase. In chemical equilibriugt! = ¢ = 1.

A phase space evaluation of the relative yields leads to the results presented in figure 118,
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Figure 118:As a function ofyd/y on left: D/Ds ratio and on rightcqg/css= (Ac +Zc)/Qc (upper
lines) andcqg/cqs= (A¢+Zc)/Ec (lower lines) ratios.

where we show ratio of open charm strange meson and baryons with the corresponding ‘less’
strange open charmed (strange) meson and baryons, as a func@i@r/iyg‘f, which is the
controlling variable for three valuds= 200 MeV,T = 180-160 MeV and = 140 MeV. The
corresponding chemical reference results are indicated by the crossing vertical and horizontal
lines. ForB, Bs mesons the results are the same a$XdDs mesons, see [322] for details.

The challenge is to understand what values!9ty§ a fast hadronizing QGP implies.
We obtain these by requiring that the hadronization of QGP proceeds conserving the entropy
dS/dy and strangeness$s/dy = ds/dy content of QGP. For LHC the expected ra® =
0.038 [169] afT = 140-180 MeV which implies in the hadron phasggyq = 1.8-2[168]. This
entails a considerable shift of open charm hadrons away from hadron chemical equilibrium
yield towards states containing strangeness in all cases considered in figure 118 (and similarly
for the bottom flavor). The hadronization process, as expected, favors formation of strange

charmed meson and baryons, once the actual QGP strangeness yigddbaesachemical
equilibrium is allowed for.

7.11. Charmonium Suppression in Strangeness-rich QGP

|. Kuznetsova and J. Rafelski

The yields ofcc mesons formed in presence of entropy and strangeness rich QGP are evaluated
within chemical non-equilibrium statistical hadronization model, conserving strangeness and entropy
yields at hadronization. We find that for a givéN./dy charm yield, the abundant presence of light an
strange quarks favors formation Bf Dg mesons and to suppression of charmonium.

There is considerable energetic advantage for a charm quark to bind With a strange quark

—most, if not alll, charmomum—strange meééhma/on reactions of the t ygxe +CS
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Figure 119: Left two panelsc/N2 relative yields as a function of hadronization temperature
T, right panel ratioJ/¥'/ J/¥eq as a function of/5 /yf, see tex.

whereX =q = 0,d or X = gg.gs ssare strongly exothermic. In statistical hadronization

this phase spaceffect favors formation ofDg over cc. Seen from the kinetic model
perspective [324], this observation shows a strong channel of charmonium destruction. Thus
presence of strangeness facilitates a novel charmonium suppression mechanism [322, 325].
To implement this fect hadronization of QGP must conserve strangeness and entropy and
thus cannot be ad-hoc associated with chemical equilibrium.

In the non-equilibrium statistical hadronization model we balance total yield of charmed
particles within a given volumeV/dy to the level available in the QGP phadél/dy «
dV/dy()/CH)/iH +...), where a few percent of the yield is in multi-charm baryons and
charmonium involving higher powers gf'. This constraint determines a value)df, which
for the case of LHC can be considerably above unity. Therefore, the hadronization yields we
compute for hidden charm mesomtsz/dy o dV/dyy¢' 2 o (dNc/dy)?/ (v 2dV/dy). depends
on the inverse of the model dependent reaction volume, and scales with the square of the total
charm yields [324]. We also show above that for the caseyqﬁart 1 a hereto unexpected
suppression of 'onium yield is expected.

In figure 119 the vyield of all hidden charrec (sum over allcc mesons) is shown,
normalized by the square df\.,/dy= 10 (middle panel for LHC environment) add\./dy= 3
(left panel, RHIC environment), as a function of hadronization temperdturé&Ve show
result for s/S = 0.03 with dV/dy = 600 fn?, T = 200 MeV (solid line, left panel) and for
s/S = 0.04 with dV/dy = 800 fn?, T = 200 MeV (solid line, middle panel). Results shown
for chemical equilibrium case (dashed lines) are for the vaydesyq = 1. For the chemical
non-equilibrium hadronization (solid Iin@@H >1,i =0q,9), the QGP and hadron phase space
is evaluated conserving entrof{? = SH and strangenes® = s between phases.

We see, comparing the left and middle panel that the yiekkE@hesons decreases with
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increasing specific strangeness content (note logarithmic scale). The chemical suppression
effect is further quantified in third, right panel in figure 119, where we show the ratio

I /I ¥eq=v2/v2eq as a function of/l/yf at fixed value oyl and, as required, entropy
conservation foil = 140,170 MeV. ForT = 140 MeV we show result withq = 1.6 (solid

dotted line) which corresponds entropy conservation between QGP and hadronic phase for this
hadronization temperature. For= 170 MeV we show results withg ~ yg" = 1.51= /2T
(dash-dot line),yq = 1.12 (solid line) andyq = 1 (dashed line). Foyq = 1.12 entropy is
conserved in hadronization at= 170 MeV .

The formation of theBC(Bc) proposed as another QGP signature [326] has not been
evaluated in the present work, since this particle yielffesa from additional (canonical)
suppression. Kinetic formation models suggest significant enhancement of this double exotic
meson, as compared to a cascade of NN reactions.

7.12. Jy pr spectra from in-medium recombination

R. L. Thews and M. L. Mangano

We consider production of/ys by recombination of cc quarks produced in separate N-N
interactions during Pb-Pb collisions. Inputs for the calculation include the NLO pQCD spectra of
charm quarks, plus a range of nuclear parameters taken from extrapolation of results at RHIC energy.

The possibility thatl/y could be formed in AA collisions by recombination in a region
of color deconfinement was first developed in Ref. [324]. It was motivated by the realization
that the total formation probability would be proportional to the square of the total number
of cc pairs, which at RHIC and especially LHC provide a large enhancement factor. One can
calculate thepr andy spectra ofl/y formed either through recombination or direct initial
production, using the corresponding quark spectra from a pQCD NLO calculation [297] in
individual nucleon-nucleon interactions. The method involves generating a sample of these
initially-producedcc pairs, smearing the transverse momentum with a gaussian distribution
of width (kt2) to simulate nuclear broadening and confinemefeats, and weighting each
pair with a formation cross section. This procedure naturally divides the total pair sample
into two categories: the so-called “diagonal” sample, which pairs the ¢ &odn the same
nucleon-nucleon interaction and theT-aliagonal" sample, where ¢ andome from diferent
nucleon-nucleon interactions. The spectra of the resulifiggwill retain some memory of
the charm quark spectra and provide signatures of the tikereint origins. For example, one
expects thept spectrum of non-diagonal pairs to be softer, since it is less likely for pigh-
c andc quarks from independent scatterings to be close enough in phase-space to coalesce
into a J/¥. Results for RHIC were presented in Ref. [327], where the primary signal was
found to be a narrowing of the non-diagowyeaind pt spectra, relative to the diagonal ones.
We show in Fig. 120 the calculatelly width (pr2) as a function ofks?), for central and
forward production in ALICE{pr2) grows with(kr2) for both the direct initial production
and the in-medium formation, but the latter widths are always smaller than the former. Widths
at smally are also greater than at largereflecting the underlying pQCD distributions. To fix
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Figure 120: Upper: Variation of/y (pr?) with the nuclear smearing parameter. Lower:
dependence on the intringfkr ) pp, with (kt2)pp = 0.0 (left) and 5.0 (right).

the nuclear smearing parameter values, we use a relation between measurghtepp and
PA interactions,

(Pr2pa—(propp = 42 [Na-1], (60)

wherenp is the impact-averaged number of inelastic interactions of the proton projectile in
nucleus A, andi? is proportional to the square of the transverse momentum transfer per
initial state collision. We use a Glauber model to calculate the centrality dependence of
the na, and parameterize the centrality by the total number of collisiblg;. Thus with
measurements c(pr2>pp and(pT2>pA one can extraci? and calculate the corresponding
nuclear broadening for AA interactions. The lower plots of Fig. 120 show the results for
Pb-Pb at 5.5 TeV, WithkT2>pp:0 and 5Ge\2. For both cases th&/y widths will provide a

clear discrimination between direct initial production and in-medium formation. In general,
one would expect some combination of initial production and in-medium formation, so the
prediction is bounded from above and below. There is almost no change [ir (t)espectra
between 5.5 and 14 TeV. Thus we can use the 14 TeV pp data to detc{hﬂrﬁb@ at5.5 TeV.

One can then expect that the absence of energy dependence will also hold for p-Pb results,
allowing us to also determing? at 5.5 TeV from a measurement at any LHC energy, thus
fixing the prediction for curves such as those in Fig. 120.
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Figure 121: Upper limit of the binding energy (left) and thedthi (right) of quarkonium
states. For better visibility, in the limit of small binding, the open squares show the width of
the 1S bottomonium state multiplied by six.

7.13. Predictions for quarkonia dissociation

A. Mécsy and P. Petreczky
We predict the upper bound on the dissociation temperaturesfefatit quarkonium states.

In a recent paper [328] we analyzed in detail the quarkonium spectral functions. This
analysis has shown that spectral functions calculated using potential model for the non-
relativistic Green’s function combined with perturbative QCD can describe the available
lattice data on quarkonium correlators both at zero and finite temperature in QCD with no light
quarks [328]. Charmonia, however, were found to be dissolved at temperatures significantly
lower than quoted in lattice QCD studies, and in contradiction with other claims made in
recent years from élierent potential model studies. In [329] we extended the analysis to
real QCD with one strange quark and two light quarks using new lattice QCD data on quark
anti-quark free energy obtained with small quark masses [330].

Here we briefly outline the main results of the analysis of [329], in particular the estimate
for the upper limit on the dissociation temperatures. There is an uncertainty in choosing
the quark-antiquark potential at finite temperature. In [329] we considered two choices of
the potential, both consistent with the lattice data [330]. The more extreme choice, still
compatible with lattice data, leads to the largest possible binding energy. In this most binding
potential some of the quarkonium states survive above deconfinement, but their strongly
temperature-dependent binding energy is significantly reduced. This is shown in figure 121.
Due to the reduced binding energy thermal activation can lead to the dissociation of quarkonia,
even when the corresponding peak is present in the spectral function. Knowing the binding
energy we estimate the thermal width using the analysis of [331]. The expression of the rate
of thermal excitation has particularly simple form in the two limiting cases:

LT 4 [T
F(T)_(S) Me Bon/T BT F(T)_— oy E Epn < T.

HereM is the quarkonium mask,is the size of the spatial region of the potential, given by the

distance from the average quarkonjum radius to the top of the potentidl 4 Byed-— ( F}l/z, _
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rmegbeing the &ective range of the potential [329]. Using the above formulas we estimate the
thermal width of charmonium and bottomonium states. Since in the deconfinedgjasé

the 1S charmonium and & and 1P bottomonium states are in the regime of weak binding,
and their width is large, as shown in figure 121. Tig&Hbttomonium is strongly bound for

T < 1.6T. and its thermal width is smaller than 40 MeV. For- 1.6T, however, even the 1S
bottomonium states is in the weak binding regime resulting in the large increase of the width,
see figure 121. When the thermal width is significantly larger than the binding energy no peak
structure will be present in the spectral functions, even though the simple potential model
calculation predicts a peak. Therefore, we define a conservative dissociation temperature by
the condition” > 2Ep;. The obtained dissociation temperatures are summarized in table 7.13.

Table 7: Upper bound on quarkonium dissociation temperatures.
|state xc ¥  Jy Y o T |
| TdIS < TC < TC 12TC 12TC 13TC 2TC |

From the table itis clear that all quarkonium states, exdepi$ bottomonium, will melt
at temperatures considerably smaller than previous estimates, and will for certain be dissolved
in the matter produced in heavy ion collision at LHC. Furthermore, it is likely that at energy
densities reached at the LHC a large fraction of tBebbttomonium states will also dissolve.
It has to be seen to what extent these findings will result in IRggesuppression at LHC. For
this more information about initial statéects is needed. Moreover, the spectral functions are
strongly enhanced over the free case even when quarkonium states are dissolved [328, 329]
indicating significant correlations between the heavy quark and antiquark. Therefore, one
should take into account also the possibility of quarkonium regeneration from correlated initial
quark-antiquark pairs.

7.14. Heavy flavor production and suppression at the LHC

l. Vitev

Predictions for the baselinB- and B-mesons production cross sectionssif = 5.5 TeV at
the LHC in p+p collisions are given fopr > Mcp, respectively. New measurements that allow to
identify the underlying hard partonic processes in heavy flavor production are discussed. Based on
the shortD- andB-mesons formation times, medium-induced dissociation is proposed as a mechanism
of heavy flavor suppression in the QGP at intermedggte In contrast to previous results on heavy
guark modification, this approach predicts suppressid+imfesons comparable to that@fmesons at
transverse momenta as low ps ~ 10 GeV. Suppression of non-photonic electrons form the primary
semi-leptonic decays of charm and beauty hadrons is calculated iorthegion where collisional
dissociation is expected to be relevant.

Predictions for the baselir°, D+, B®, B+ cross sections in+4p collisions at the LHC

atsl/? =55 TeV are given in the left panel of Fig. 122 [332]. At lowest order we also include
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Figure 122: Left panelD- and B-meson production cross sectionssSf = 5.5 TeV [332)].
Comparison to available data at Tevatron is also shown. Away-side hadron composition of
pt = 10 GeV D-meson triggered jet [332]. Right panel: Hadron composition of the away-
sideD-meson triggered jet at LHC energies as a function of the hardness of the heavy quark
fragmentation function.

Q+g— Q+g, Q+q(q) —» Q+q(q) and processes that give a dominant contribution to the
single inclusiveD- and B-mesons [332]. The right panel of Fig. 122 illustrates a method to
determine the underlying heavy flavor production mechanism through the away-side hadron
composition oD- andB-meson triggered jets [332].

The GLV approach is to multiple parton scattering [333] can be easily generalized to
various compelling high energy nuclear physics problems, such as meson dissociation in
dense nuclear matter [338aa(pr) results for charm and beauty from this novel suppression
mechanism at RHIC and LHC are shown in the left panel of Fig. 123. Attenuation rate similar
to the light hadron quenching from radiative energy loss [333] is achieved. The right panel
of Fig. 123 shows the suppression of the single non-photabie’0+ €) in central AurAu
and PB-Pb collisions at RHIC and LHC respectively [334]. The separate measurement of
intermediatept D— and B—-meson quenching will allow to experimentally determine the
correct physics mechanism of heavy flavor suppression [335].

7.15. Quarkonium shadowing in pPb and+#Rb collisions

R. Vogt

The d+Au data from RHIC, including th@A results from the fixed-target CERN SPS
PA data, suggest increased importance of initial-state shadowing and decreasing nuclear

absorption with increasing energy [336]. This is not surprising since smalieiprobed
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Figure 123: Left panel: Suppression @- and B-meson production via collisional
dissociation in the QGP. Results &aa(pr) in central Pb-Pb collisions at the LHC are
compared to central AvAu and CuCu collisions at RHIC [334, 335]. Right panel:
Suppression of inclusive non-photonic electrons fidmand B-meson spectra softened by
collisional dissociation in central AtAu collisions at RHIC compared to data and-+Hb
collisions at the LHC.

at higher energy while absorption due to multiple scattering is predicted to decrease with
energy [337]. The CERN SPS data suggesy# absorption cross section of about 4 mb
without shadowing, and a larger absorption cross section if it is included since therSRge
is in the antishadowing region. The-du RHIC data support smaller absorptimiﬁi ~0-2
mb. Thus our predictions fal/y andY production inpPb and PkPb interactions at the LHC
are shown for initial-state shadowing alone with no absorption or dense mf#etse We
note that including absorption would only move the calculated ratios down in proportion to the
absorption survival probability since, at LHC energies, any rapidity dependence of absorption
is at very largdy| [338], outside the detector acceptance.

We presenRppr(y) = pPb/pp and Reppdy) = PbPlpp for J/y and Y. Since thepp,
pPb and PkPb data are likely to be taken atfidirent energies (14 TeV, 8.8 TeV and 5.5
TeV respectively), to make the calculations as realistic as possible we show sefferahdli
scenarios foRppy(y) andRpppyy). The lead nucleus is assumed to come from the right in
pPb. All the pA calculations employ the EKS98 shadowing parameterization [339, 340]. The
difference in theJ/y andY results is primarily due to the largét mass which increases the
x values by about a factor of three. In addition, the higQéreduces the overall shadowing
effect.

The top of Fig. 124 showRppp(y) for pPlypp with both systems at/Syn = 8.8 and 5.5
TeV (dashed and dot-dashed curves respectively), ignoringytk€0.46 rapidity shift at 8.8

TeV. For theJ/y, these ratios are relatively flat at forward rapidity where xha the lead

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 151

is small. The largex and greate? for the Y brings the onset of antishadowing closer to
midrapidity, within the range of the ALICE dimuon spectrometer. At far backward rapidity, a
rise due to the antishadowing region is seen. The lower energy moves the antishadowing peak
to the right for both quarkonia states. We sh@yp(y) with pPb at 8.8 TeV angpat 14 TeV

with Ay = 0 in the dotted curves. Thetect on thel/y is an apparent lowering of the dashed
curve. Since th& rapidity distribution is narrower at 8.8 TeV than at 14 TeV in the rapidity
range shown here, thécurve turns over at largg|. (This dfect occurs ally| > 6 for theJ/y.)

The solid curves shoRpp(y) for 8.8 TeV pPb and 14 Te\pp with the rapidity shift. Both

the J/y and ratios are essentially constant fpr —2.5. Thus relying on ratios gbAto pp
collisions at diferent energies to study shadowing (or other smalfects) may be diicult
because the shadowing function is hard to unfold when accounting fqrAhey as well as

the diference inx. If d+Pb collisions were usedy would be significantly reduced [341].

The lower part of Fig. 124 showRppp({y) for the J/¢ and Y at 5.5 TeV for both
systems. No additional dense mattélieets such afQ coalescence or plasma screening
are included. The EKS98 (dashed) and nDSg [15] (dot-dashed) shadowing parameterizations
are compared. The results are very similar over the entire rapidity range. (Other shadowing
parameterizations,which do not agree with the RHHKAd data, give dierentRppp{y).)

There are antishadowing peaks at far forward and backward rapidity. As at RHIC, including
shadowing on both nuclei lowers the overall ratio relativeRipr(y) as well as making
Reppdy > 2) similar to or larger tharRpppdy = 0) because, without any otheffects,
RebrdY) ~ Rppu(Y)Rpeb(—Y) When all systems are compared at the sayf@n. The solid
curves show the ratios for RPb at 5.5 TeV relative tpp at 14 TeV with the EKS98
parameterization. The trends are similar but the magnitude is lower.

Since these calculations reflect what should be seen if nothing else oBsypsgy) is
expected to dfer significantly due to dense mattefexts. If the initialJ/y production is
strongly suppressed by plasma screening, then the only obséfyé&dwould be fromct
coalesence [327] oB meson decays. It should be possible to experimentally distinguish
secondary production from the primordial distributions by displaced vertex cuts. Secondary
J/y¥ production should have a narrower rapidity distribution and a lower avgrageoth are
indicated in central AsAu collisions atvy/Syn = 200 GeV at RHIC [342]. IfJ/y production
in central collisions is dominated by seconddyy’s, peripheral collisions should still reflect
initial-state d¢fects. Predictions of the centrality dependence of shadowinljuproduction
at RHIC agree with the most peripheral A8u data.

Finally, the J/y and Y rapidity distributions are likely to be inclusive, including feed
down from higher quarkonium states. Initial-stafieets should be the same for all members
of a quarkonium family so that these ratios would be the same for direct and inclusive
production.

7.16. Quarkonium suppression as a function of p

R. Vogt
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Figure 124: Thel/y (left) and Y (right) pPypp (top) and PbPipp (bottom) ratios as a
function of rapidity. ThepPk/pp ratios are given for 8.8 (dashed) and 5.5 (dot-dashed) TeV
collisions in both cases and 8.8 TgWb to 14 TeVpp without (dotted) and with (solid) the
beam rapidity shift taken into account. The Pb beam comes from the right. ThgRlyBtios

are shown for 5.5 TeV in both cases with EKS98 (dashed) and nDSg (dot-dashed) shadowing
and also for 5.5 TeV PBPb and 14 Te\pp (solid).

We present a revised look at the predictions of Ref. [343], taking into account
newer calculations of the screening mass with temperature and the quarkonia dissociation
temperature based on both potential models and calculations of quarkonium spectral
functions. The estimates of Digat al. [344] predict lower quarkonium dissociation
temperatures, .1T, for the J/y and 23T, for the Y, with u = 1.15T. A later review by
Satz [345], predicts higher values, more in line with the recent calculations of quarkonium
spectral functions,.2T. for the J/y and 41T for the Y, as well ag: ~ 1.45T for T > 1.1T..

We assume 70Q Tp < 850 MeV andrg = 0.2 fm [346]. Thepr dependence of the screening

is calculated as first discussed in Ref. [347]. Since it may be unlikely for feed down
contributions to be separated from the inclusivand?Y yields in AA collisions, we present

the indirect)’ /¢ andY’ /Y ratios, with feed down included, in Fig. 125. While the individual
suppression factors are smooth as a functiopigfas shown in Fig. 126 for all four sets of
initial conditions and dissociation temperatures, due to thdiemint predicted dissociation
temperatures and formation times, they contribufedgntly to the ratios in Fig. 125.

We have assumed that ti#é/y and Y’/ ratios are independent @fr, as predicted in
the color evaporation model [348]. However, if this is not the case, any slope pftragios
in pp collisions can be calculated glod evalulated experimentally and deconvoluted from
the data. Quarkonium regeneration by coalescence [327] has not been included here. While
it is unknown how coalescence production populates the quarkonium levels, sinee dfie
guarkonium states produced by coalescence is lower than those produced in th&lMitial
collisions, higherpy quarkonia should have a smaller coalescence contribution. The lower
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Figure 125: The indirecy’ /v (left) and Y’/ (right) ratios as a function opt in Pb+Pb
collisions at 5.5 TeV foiTg = 700 MeV (solid and dashed) and 850 MeV (dot-dashed and
dotted). They () results are shown for assumed dissociation temperaturedf .3T)
(solid and dot-dashed) andlZ; (4.1T.) (dashed and dotted) respectively.

BB rates should reduce the coalescence probability pfoduction. By taking the’/y and
/Y ratios, we reduce systematics and initial-stafeats.

In the case wher€&p = 1.1T, for the J/y, its shorter formation time leads to suppression
over a largempr range than that for the. andy’, leading to a largey’ /¢ ratio than thepp
value over allpt. On the other hand, for the higher dissociation temperaturgthrange of
J/¥ suppression is shorter than for the other charmonium states, giving a smaller ratio than in
pp. The lowpr behavior of the dashed and dotted curves in the left-hand side of Fig. 125 is
due to the disappearanceaf suppression since the is suppressed over a shorfgr range
than they'.

Since there are more states below B&threshold for theér family, the suppression is
more complicated, in part because there are also feed down contributionsXg teading
to more structure in th&’ /Y ratios on the right-hand side of Fig. 125. koe 1.15T, the
T itself is suppressed, albeit over a shpftrange. The dips in the solid and dashed curves
occur at thept where direct’ suppression ceases. In the case wheye- 4.1T, for the T,
the initial temperature is not large enough to suppress difgmoduction so that” /Y < 1
for all pr. Theyyp contributions are responsible for the slopes of the ratigg at 12 GeV.

8. Leptonic probes and photons

8.1. Thermal photons to dileptons ratio at LHC
J. K. Nayak, J. Alam, S. Sarkar and B. Sinha

Photons and dileptons are considered to Hient probes of quark gluon plasma
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Figure 126: The survival probabilities as a functiorpgffor the charmonium (left-hand side)
and bottomonium (right-hand side) states for initial conditions at the LHC. The charmonium
survival probabilities arel/y (solid), yc (dot-dashed) and’ (dashed) respectively. The
bottomonium survival probabilities are given far (solid), y1, (dot-dashed);y” (dashed),

x2b (dot-dot-dash-dashed) antd’ (dotted) respectively. The top plots are figy= 700 MeV
while the bottom are fofg = 850 MeV. The left-hand sides of the plots for each state are for
the lower dissociation temperatures] T for the J/y» and 23T for the Y while the right-
hand sides show the results for the higher dissociation temperatut@gs,f@r the J/ and
41T, for the .

(QGP) expected to be created in heavy ion collisions at ultra-relativistic energies.
However, the theoretical calculations of the transverse momenpginspectra of photons

(02N, /d?prdy,—o) and dileptonsd®N,- /d?prdyy-o) depend on several parameters which are
model dependent (see [349, 350] and references therein). In the present work it is shown that
the model dependences involved in individual photon and dilepton spectra are canceled out in
the ratio,Rem defined asRem= (02N, /d?prdy)y=0/(d?N,-/d?prdy)y—o.

The invariant yield of thermal photons can be written d%Ny/dszdy =
Si—OMH fi(dzRy/dszdy)i d4x, whereQ, M andH represent QGP, mixed (coexisting phase
of QGP and hadrons) and hadronic phases respectivé®r/@2prdy); is the static rate of
photon production from the phasavhich is convoluted over the expansion dynamics through
the integration oved*x. The thermal photon rate from QGP up@¢xas) have been consid-
ered. For photons from hadronic matter an exhaustive set of reactions (including those involv-
ing strange mesons) and radiative decays of higher resonance states have been considered in
which form factor &ects have been included.

Similar to photons, ther distribution of thermal dileptons is given hjZ,Ny*/dszdy:
Si=Q.MH fi(dzRy*/dszdyd IVI2)i dM?2d*x. The limits for the integration ovev! are fixed from
experimental measurements. Here we considey 2 M < 1.05 GeV. Thermal dilepton
rate from QGP up t®(a’es) has been considered. For the hadronic phase we include the
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Figure 127: Left panel: Variation dRm with pr, right panel: variation oRen{pt = 2GeV)
with T;j.

Table 8: The values of various parameters - thermalization tmgifitial temperatureT;),
freeze-out temperaturé {) and hadronic multiplicityl N/dy- used in the present calculations.
Accelerator N 7 (fm) Ti(GeV) T¢(MeV)

d
SPS 7>(/)O 1 0.2 120
RHIC 1100 0.2 0.4 120
LHC 4000 0.08 0.85 120
LHC 4730 0.08 0.905 120

dileptons from the decays of light vector mesons [349]. The space time evolution of the
system has been studied using {2 dimensional relativistic hydrodynamics with longitudinal
boost invariance and cylindrical symmetry. The calculations have been performed for the
initial conditions mentioned in table 8 (see also [349]). The values of parameters shown
in table 8 reproduce the various experimental data from SPS and RHIC. For LHC we have
chosen two values df; corresponding to two values diN/dy. We use the Bag model EOS
for the QGP phase. For EOS of the hadronic matter all resonances withkk@ds&eV have
been considered

The variation oRem with pr for different initial conditions are depicted in Fig. 127 (left
panel). At SPS, the contributions from hadronic matter (HM) coincides with the total and
hence it becomes filicult to make any conclusion about the formation of QGP. However,
for RHIC and LHC the contributions from HM are less than the total indicating large
contributions from quark matter. The quantiBsy, reaches a plateau beyopg = 1 GeV
for all the three casase. for SPS, RHIC and LHC. However, it is very important to note that
the values oRemat the plateau region areffiirent,e.g. RHC > RRHIC 5 RSPS Now for all
the three cases, SPS, RHIC and LHC, exdgmll other quantitie®.g. T, Vo, T+ and EOS
are same, indicating that thefi@dirence in the value dRem, in the plateau region originates
only due to diferent values of; for the three cases (Fig. 127, right panel). This, hence can
be used as a measureof
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We have observed that although the individprabistribution of photons and lepton pairs
are sensitive to dierent EOS (lattice QCD, for example) the raRgyis not. It is also noticed
thatRem in the plateau region is not sensitive to the medidfeas on hadrons, radial flow,
T¢, Tt and other parameters.

It is interesting to note that the nature of variation of the quarlﬂg)%CD, which is the
corresponding ratio of photons and lepton pairs from hard processes only is dieterdi
from Remalfor pr up to~ 3 GeV indicating that the observed saturation is a therifiate

8.2. Prompt photon in heavy ion collisions at the LHC: A “multi-purpose” observable

F. Arleo

| emphasize in this contribution how prompt photons can be used to probe nuclear parton densities
as well as medium-modified fragmentation functions in heavy ion collisions. Various predictions in
p—A and A-A collisions at LHC energies are given.

Prompt photon production in hadronic collisions has been extensively studied, both
experimentally and theoretically, over the past 25 years (see [351] and references therein).
As indicated in Ref. [351], it is remarkable that almost all existing data from fixed-target
to collider energies can be very well understood within perturbative QCD at NLO. In
these proceedings, | briefly discuss how prompt photons in nuclear collispi#s dnd
A—-A) may allow for a better understanding of interesting aspects discussed in heavy-ion
collisions, namely the physics of nuclear parton distribution functions and medium-modified
fragmentation functions. Parton distribution functions in nuclei are so far poorly constrained,
especially in contrast with the high degree of accuracy currently reached in the proton
channel, over a wide and Q2 domain. In particular, only hig-(x > 1072 and low Q?

(Q? < 100 GeV) have been probed in fixed-target experiments. In order to predict hard
processes in nuclear collisions at the LHC, a more accurate knowledge on a wider kinematic
range is necessary. As stressed in [352], the nuclear production ratio of isolated photons in
p-A collisions,

1 o o
A dydp PTAT 7+X)/ol &p.

can be related to a good accuracy (say, less than 5%) to the parton density ratios

R™(%.y=0)=05R. (x;)+05R (%) ; R™" (x.y=3)= R (x,€™),

with %, = 2p, / /5. To illustrate this, the ratid? , is computed for isolated photons
produced at mid-rapidity imp—Pb collisions at/S,, = 8.8 TeV in Fig. 128 (solid line),
assuming the de Florian and Sassot (nDSg) nuclear parton distributions [15]. The
above analytic approximatiolﬁi’j’(;OX (dotted line) demonstrates how well this observable is
connected to the nuclear modifications of the gluon density and structure function; see also the
agreementR , — Rjipgoﬁ/RpA as a dash-dotted line in Fig. 128. In nucleus-nucleus scattering,
the energy loss of hard quarks and gluons in the dense medium presumably produced at
LHC may lead to the suppression of prompt photons coming from the collinear fragmentation
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process. In Fig. 129, the expected photon quenching in Pb—Pb collisigfi§at 5.5 TeV
is plotted. A significant suppression due to energy loss (taking 50 GeV, see [16] for
details) is observed, unlike what is expected when only nucléects in the parton densities
are assumed in the calculation (dash-dotted line).
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Figure 128R ) of y = 0 isolated photons Figure 129: R,,, of y = 0 inclusive
in p—Pb collisions aty/s,, = 8.8 TeV. photons in Pb—Pb collisions a{/s, =
5.5 TeV.

Finally performing momentum correlations between a prompt photon and a leading
hadron in p—p and A-A collisions, yet experimentally challenging, appears to be an
interesting probe of vacuum and medium-modified fragmentation function, as discussed in
detail in Refs. [353, 354]. We refer in particular the interested reader to Fig. 10 of [353] for
the predictions of—® momentum-imbalance distributions at the LHC.

8.3. Direct photon spectra in Pb-Pb g5, = 5.5 TeV: hydrodynamiepQCD predictions

F. Arleo, D. d’Enterria and D. Peressounko
The pr-differential spectra for direct photons produced in Pb-Pb collisions at the LHC, including
thermal (hydrodynamics) and prompt (pQCD) emissions are presented.

We present predictions for the transverse momentum distributions of gir@at-
photons not coming from hadron decays) produced at mid-rapidity in Pb-Pb collisions at
\VSw = 5.5 TeV based on a combined hydrodynam@@CD approach. Thermal photon
emission in Pb-Pb at the LHC is computed with a hydrodynamical model successfully used in
nucleus-nucleus collisions at RHIC energies [10]. The initial entropy density of the produced
system at LHC is obtained by extrapolating empirically the hadron multiplicities measured
at RHIC [355]. Abovept ~ 3 GeV/c, additional prompty production from parton-parton
scatterings is computed perturbatively at next-to-leading-order (NLO) accuracy [356]. We use

recent parton distribution functions (PDF) [13] and parton-to-photon fragmentation functions
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(FF) [357], modified resp. to account for initial-state shadowisgspin dfects [15] and
final-state parton energy loss [358].

We follow the evolution of the hot and dense system produced in central Pb-Pb at LHC
by solving the equations of (ideal) relativistic 2D hydrodynamics [10, 355] starting at
atimerg =1/Qs~ 0.1 fnyc. The system is assumed to have an initial entropy density
of s = 1120 fnT3, which corresponds to a maximum temperature at the cent@p ef
650 MeV (Tp) ~ 470 MeV). We use a quark gluon plasma (QGP) and hadron resonance
gas (HRG) equation of state above and belbow; ~ 170 MeV resp., connected by a
standard Maxwell construction assuming a first-order phase transitidg;at Thermal
photon emission is computed using the most recent parametrizations of the QGP and HRG
v rates. For the QGP phase we use the AMY complete leading-log emission rates including
LPM suppression [240]. For the HRG phase, we employ the improved parametrization from
Turbideet al.[359].

Our NLO pQCD predictions are obtained with the code of ref. [356] with all scales
set tou = pr. Pb-Pb yields are obtained scaling the NLO cross-sections by the number of
incoherent nucleon-nucleon collisionSgo = 1670, 12.9 for 0-10% centrallf) = 3.2 fm)
and 60-90% peripherallf) = 13 fm). Nuclear (isospin and shadowing) corrections of the
CTEQ6.5M PDFs [13] are introduced using the NLO nDSg parametrization [15]. At relatively
low pr, prompt photon yields have a large contribution from jet fragmentation processes.
As a result, final-state parton energy loss in central Pbffizts also the expected prompt
v yields. We account for mediunffiects on they-fragmentation component by modifying
the BFG parton-to-photon FFs [357] with BDMPS quenching weights. Teets of the
energy loss are encoded in a single parameskes, (§) L2 ~ 50 GeV, extrapolated from RHIC.

The combination of initial-state (shadowing) and final-state (energy |d&jte results in a
guenching factor for prompt photonsBfppp~ 0.2 (0.8) atpt = 10 (100) GeVc [358].

Our predictions for the direct photon spectra aDyin Pb-Pb at 5.5 TeV are shown in
Fig. 130. The thermal contribution dominates over the (quenched) pQCD one mpo
4 (1.5) GeVec in central (peripheral) Pb-Pb. TwoftBrences are worth noting compared to
RHIC results [10]: (i) the thermal-prompt crossing point moves up figm: 2.5 GeVc
to pr ~ 4.5 GeVc, and (ii) most of the thermal production in this transition region comes
solely from the QGP phase. Both characteristics make of semi-hard direct photons at LHC, a
valuable probe of the thermodynamical properties of the system.

8.4. Elliptic flow of thermal photons from RHIC to LHC

R. Chatterjee, E. Frodermann, U. Heinz and D. K. Srivastava

We use the longitudinally boost-invariant relativistic ideal hydrodynamic code
AZHYDRO [130] to predict the evolution from RHIC to LHC of the transverse
momentum spectra and elliptic flow of thermal photons and dileptons at mid-rapidity in
(A~200}1(A~200) collisions. Here we discuss only photons for#w collisions atb=7 fm;
for other results and more details see Refs. [360].

The hydrodynamic initial conditions for RHIC collisions are described in [360]. For the
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Figure 130: Directy spectra in 0-10% central (left) and 60-90% peripheral (right) Pb-Pb
at /S,y = 5.5 TeV, with the thermal (QGP and HRG) and prompt (pQCD) contributions
differentiated.

LHC simulations shown in comparison we assume a final charged hadron multiplicity near
the upper end of the predicted rangf%“yﬂ(b:y:O):Z%O (680 at RHIC). Correspondingly

we increase the initial peak entropy density in centrak-Au collisions fromsy=351 fm3
atto=0.2 fm/c for RHIC to so=2438 fnm23 atrg = 0.1 fm/c for LHC.

1. Thermal photon spectra: Figure 131 shows the thermal photgs-spectra (angle-
integrated) for RHIC and LHC. At both collision energies the total spectrum is dominated
by quark matter oncet exceeds a few hundred MeV. Its inverse slopetéetive tempera-
ture”) in the range b< pt <3 GeV/c increases by almost 50%, from 303 MeV at RHIC to
442 MeV at LHC, reflecting the higher initial temperature and significantly increased radial
flow (visible in the HM contribution) at LHC.

2. Thermal photon elliptic flow: Figure 132 shows the fierential elliptic flow of thermal
photons at RHIC and LHC, with quark matter (QM) and hadronic matter (HM) radiation
shown separately for comparison. The decrease at pigbhf the QM and total photon

v, reflects the dominance of QM radiation at high (emission from the early, hot stage
when radial and elliptic flow are still small). At fixeplr, the photon elliptic flow from QM
radiation is larger at LHC than at RHIC since the LHC fireballs start hotter and fluid cells
with a given temperature thus flow more rapidly. At lgw, hadronic radiation dominates,
and since it flows more rapidly at LHC than at RHIC the corresponding photon elliptic is
significantly larger at LHC than RHIC. This isftéirent from hadrons whose elliptic flow at
low pt decreasefrom RHIC to LHC, reflecting a redistribution of the momentum anisotropy
to higherpr by increased radial flow [361]. For photons, the elliptic flow is not yet saturated
at RHIC, and at lowpr it keeps increasing towards LHC at a rate that overwhelms the loss of

momentum anisotropy to the higt- domain via radial flow. Contrary to piow [361], the
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pr-integrated photon elliptic flow roughly doubles (!) from RHIC to LHC.

8.5. Asymmetrical in-medium mesons

|. M. Dremin
Cherenkov gluons may be in charge of mass asymmetry of in-medium mesons which reveals
itself in the asymmetry of dilepton spectra.

The hypothesis about the nuclear analogue of the well known Chereffilemt [ 94—
198] is widely discussed now. The necessary condition for Cherenffeeten usual or
hadronic media is the excess of the corresponding refractive imdegr 1. There exists the
general linear relation between this excass- n—1 and the real part of the forward scattering
amplitudeF (E, 0°). In electrodynamics, it is the dipole excitation of atoms in the medium by
light which results in the Breit-Wigner shape of the photon amplitude. In a nuclear medium,
this should be the amplitude of gluon scattering on some internal modes of the medium. In
absence of the theory of such media | prefer to rely on our knowledge of hadronic reactions.
From experiments at comparatively low energies we learn that the resonances are abundantly
produced. They are described by the Breit-Wigner amplitudes which have a common feature
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Figure 131: (Color online) Thermal photon spectrat#w collisions at RHIC and RiPb

collisions at LHC, both ab=7 fm.
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Figure 132: (Color online) Thermal photon elliptic flow for AAu collisions at RHIC
(dashed) and RHPb at LHC (solid lines), both dt=7 fm.

of the positive real part in the low-mass wing (for the electrodynamic analogy see, e.g.,
Feynman lectures). Therefore the hadronic refractive index exceeds 1 in these energy regions.
Prediction Masses of Cherenkov states are less than in-vacuum meson masses. This leads to
the asymmetry of decay spectra of resonances with increased role of low masses.

Proposal Plot the mass distribution of* 7~, u*u~, € e -pairs near resonance peaks. Thus,
apart from the ordinary Breit-Wigner shape of the cross section for resonance production, the
dilepton mass spectrum would acquire the additional term proportional {that is typical

for Cherenkov &ects) at masses below the resonance peak [362]. Therefore its excess (e.qg.,
near thepo-meson) can be described by the following fornfula

dNy A me — M2
M ~ (mE— M2)2 1 M2r2 1+ w—rm—0(m, — M) (61)

HereM is the total c.m.s. energy of two colliding objects (the dilepton masgsy; 775 MeV
is the in-vacuunp-meson mass. The first term corresponds to the Breit-Wigner cross section.
According to the optical theorem it is proportional to the imaginary part of the forward

scattering amplitude. The second term is proportionaltavhere the well known ratio of real
to imaginary parts of Breit-Wigner amplitudes has been used. It vanish&s$am, because

# We consider only-mesons here because the most precise experimental data are available for them. To include

other mesons, one should evaluate the corresponding sum of similar expressions.
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only positiveAn lead to the Cherenkowuiect. Namely it describes the distribution of masses

of Cherenkov states. In Eqg.(61) one should take into account the in-medium modification of
the height of the peak and its width. We just fit the parameteasdI" by describing the
shape of the mass spectrum at®< M < 0.9 GeV measured in [363-365]. Let us note that

w is not used in this procedure. The values 104 Ge\? andl’ = 0.354 GeV were obtained.

The width of the in-medium peak is larger than the in-vacypsmeson width equal to 150
MeV.

Thus the low mass spectrum lélt < m, depends only on a single parametewhich is
determined by the relative role of Cherenkd¥eets and ordinary mechanism of resonance
production. It is clearly seen from Eq.(61) that the role of the second term in the brackets
increases for smaller masdds The excess spectrum [363—365]. in the mass region from 0.4
GeV to 0.75 GeV has been fitted by= 0.19. The slight downward shift about 40 MeV of
the peak of the distribution compared withh may be estimated from Eq.(61) at these values
of the parameters.

Whether the in-medium Cherenkov gluoniteet is strong can be verified by measuring
the angular distribution of the lepton pairs witlfdrent masses. The trigger-jet experiments
similar to that at RHIC are necessary to check this prediction. One should measure the angles
between the companion jet axis and the total momentum of the lepton pair. The Cherenkov
pairs with masses between 0.4 GeV and 0.7 GeV should tend to fill in the rings around the jet
axis. The angular radiusof the ring is determined by the usual condition

cosd = % (62)

Another way to demonstrate it is to measure the average mass of lepton pairs as a function of
their polar emission angle (pseudorapidity) with the companion jet direction chogeaxas
Some excess of low-mass pairs may be observed at the angle (62).

The prediction of asymmetric in-medium widening of any resonance at its low-mass side
due to Cherenkov gluons is universal. This universality is definitely supported by experiment.
Very clear signals of the excess on the low-mass sidgswfand¢ mesons have been seen
in KEK. This dfect for w-meson is also studied by CBELFPAPScollaboration. There are
some indications at RHIC on thigtect for J/y-meson.

To conclude, the universal asymmetry of in-medium mesons with an excess over the
usual Breit-Wigner form at low masses is predicted as a signature of Cherenkov gluons
produced with energies which fit the left wings of resonances whexeeeds 1.

8.6. Photons and Dileptons at LHC

R. J. Fries, S. Turbide, C. Gale and D. K. Srivastava
We discuss real and virtual photon sources in heavy ion collisions and present results for dilepton
yields in PB-Pb collisions at the LHC at intermediate and large transverse momegmtum

Electromagnetic radiation provides a valuable tool to understand the dynamics of heavy
ion collisions. Due to their long mean free path real and virtual photons carry information
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from very early times and from deep inside the fireball. We discuss the sources of photons
which will be important for the upcoming heavy ion experiments at LHC. We focus on
intermediate and large transverse momegntand massebl. We also present our numerical
results for dilepton yields.

At asymptotically largepr the most important source of real and virtual photons is the
direct hard production in primary parton-parton collisions between the nuclei, via Compton
scattering, annihilation, and the Drell-Yan processes. These photons do not carry any
signature of the fireball. They are augmented by photons fragmenting from hard jets also
created in primary parton-parton collisions. The emission of this vacuum bremsstrahlung
is described by real and virtual photon fragmentation functions. Vacuum fragmentation is
assumed to happen outside the fireball, so the jets are subject to the full energy loss in the
medium. This contribution to the photon and dilepton yield is therefore depleted in heavy ion
collisions analogous to the highr hadron yield.

At intermediate scales jet-induced photons from the medium become important. It has
been shown that higpr jets interacting with the medium can produce real and virtual photons
by one of two processes: (i) by Compton scattering or annihilation with a thermal parton,
leading to an ffective conversion of the jet into a photon [366]; (ii) by medium induced
Bremsstrahlung [367]. Jet-medium photons have a steeper spectrum than primary photons
and carry information about the temperature of the medium. They are also sensitive to the
partial energy loss that a jetffers from its creation to the point of emission of the photon. At
even lowerpt andM thermal radiation from the quark gluon plasma (and also the hadronic
phase not considered here) has to be taken into account.

Figure 133 shows numerical evaluations of thi@edtent contributions discussed above to
the € e transverse momentum and mass spectrum for centrPPloollisions at LHC. We
use next-to-leading order pQCD calculations for Drell Yan and a leading order calculation
for jet production. Energy loss of jets is computed with the AMY formalism [368]. Jet-
medium emission and thermal emission have been evaluated in the Hard Thermal Loop (HTL)
resummation scheme. For the mass spectrum we also show the expected background from
correlated heavy quark decays. The full calculation for dileptons with a more extended
discussion is presented in [369]. Predictions for direct photon yields including jet-medium
photons can be found in [368].

Dileptons from jet-medium interactions will be more important at LHC than at previous
lower energy experiments. They will be as important or even exceeding the Drell-Yan yields
at intermediate masses up to about 8 GeV. ThH&gr@ new way to access information about
the temperature and the partonic nature of the fireball.

8.7. Direct photons at LHC

A. H. Rezaeian, B. Z. Kopeliovich, H. J. Pirner and I. Schmidt

The DGLAP improved color dipole approach provides a good description of data for inclusive
direct photon spectra at the energies of RHIC and Tevatron. Within the same framework we predict the
transverse momentum distribution of direct photons at the CERN LHC energies.
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Figure 133: The yield of g™ pairs in central PBPb collisions aty/Syn = 5.5 TeV.Left Mass
spectrumdN/(dygd M?) integrated over the transverse momentpnof the pair forpr > 8
GeV/c. Right Transverse momentum spectratN/(dygd?pr) integrated over a mass range
0.5 GeV< M < 1 GeV. Both panels show the cage= 0 for the pair rapidityyy and a cut
lyel < 0.5 for the single electron rapidity.

8.7.1. Introduction Direct photons, i.e. photons not from hadronic decay, provide a powerful
probe for the initial state of matter created in heavy ion collisions, since they interact with the
medium only electromagnetically and therefore provide a baseline for the interpretation of jet-
guenching models. The primary motivation for studying the direct photons has been to extract
information about the gluon density inside proton in conjunction with DIS data. However, this
task has yet to be fulfilled due toftkrence between the measurement and perturbative QCD
calculation which is dficult to explain by altering the gluon density function (see Ref. [370]
and references therein). We have recently shown that the color dipole formalism coupled to
DGLAP evolution is an viable alternative to the parton model and provided a good description
of inclusive photon and dilepton pair production in hadron-hadron collisions [370]. Here we
predict the transverse momentum spectra of direct photons at the LHC enggjies5 TeV

and 14 TeV within the same framework.

8.7.2. Color dipole approach and predictions for LHAIthough in the process of
electromagnetic bremsstrahlung by a quark no dipole participates, the cross section can be
expressed via the more elementary cross sectignof interaction of aqq dipole. For

the dipole cross section, we employ the saturation model of Golec-Biernat and \Wustho
coupled to DGLAP evolution (GBW-DGLAP) [371] which is better suited at large transverse
momenta. Without inclusion of DGLAP evolution, the direct photon cross section is
overestimated [370]. In Fig. 134, we show the GBW-DGLAP dipole model predictions for
inclusive direct photon production at midrapidities for RHIC, CDF and LHC energies. We
stress that the theoretical curves in Fig. 134, are the results of a parameter free calculation.
Notice also that in contrast to the parton model, neikactor (NLO corrections), nor higher

twist corrections are to be added. No quark-to-photon fragmentation function is needed either.

This is a manuscript of an article from Journal of Physics G 35 (2008): 054001, doi: 10.1088/0954-3899/35/5/054001. Posted with
permission.



Heavy lon Collisions at the LHC - Last Call for Predictions 165

FN T T T T T T T T T T T TTTT 5

2 [ . 0T T 7T T T T T T 17
10'F X PHENIX, 'S =200GeV " x CDF.V§ =18Tev ]

| — V5 =200 GeV 10 — 3 =18Tev
1°E — — 5 =55TeV

% s = Js =14 TeV E
3 10F N ]
o f :

mg 1015— \\. i
0 F

® 1ok . ]

E ~.

i T
10°F S~
10—2:.I.I.I.I.I.I.I.I.I.I.I. 20 1

0 2 46 8 10 12 1416 18 20 22 2 1070 40 60 80 100 120 140160 180 20(

p(GeV) p,(GeV)

Figure 134: Direct photon spectra obtained from GBW-DGLApote model at midrapidity

for RHIC, CDF and LHC energies. Experimental data (right) are for inclusive isolated photon
from CDF experiment fofy| < 0.9 at v/s= 1.8 TeV [372] and (left) for direct photon at=0

for RHIC energy+/s= 200 GeV [373]. The error bars are the linear sum of the statistical and
systematic uncertainties.

Indeed, the phenomenological dipole cross section is fitted to DIS data and incorporates all
perturbative and non-perturbative radiation contributions. For the same reason, in contrast
to the parton model, in the dipole approach there is no ambiguity in defining the primordial
transverse momentum of partons. Such a small purely non-perturbative primordial momentum
does not play a significant role for direct photon production at the given rangg af

Fig. 134. Notice that the color dipole picture accounts only for Pomeron exchange from
the target, while ignoring its valence content. Therefore, Reggeons are not taken into account,
and as a consequence, the dipole is well suited mainly for high-energy processes. As our
result for RHIC and CDF energies indicate, we expect that dipole prescription to be at work
for the LHC energies. At the Tevatron, in order to reject the overwhelming background of
secondary photons isolation cuts are imposed [372]. Isolation conditions are not imposed
in our calculation. However, the cross section does not vary by more than 10% under CDF
isolation conditions [370]. One should also notice that the parametrizations of the dipole cross
section and proton structure function employed in our computation have been fitted to data at
considerably lowepr values [370].

8.8. Thermal Dileptons at LHC

H. van Hees and R. Rapp

We predict dilepton invariant-mass spectra for central 5.5 ATeV Pb-Pb collisions at LHC.
Hadronic emission in the low-mass region is calculated using in-medium spectral functions of light
vector mesons within hadronic many-body theory. In the intermediate-mass region thermal radiation
from the Quark-Gluon Plasma, evaluated perturbatively with hard-thermal loop corrections, takes over.
An important source over the entire mass range are decays of correlated open-charm hadrons, rendering
the nuclear modification of charm and bottom spectra a critical ingredient.
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Due to their penetrating nature, electromagnetic probes (dileptons and photons) are an
invaluable tool to investigate direct radiation from the/tlehse matter created in heavy-ion
collisions. At low invariant masd\i<1l GeV, the main source of dileptons is the decay of the
light vector mesongy, w andg¢, giving unique access to their in-medium spectral properties,
most prominently for the short-lived meson. If the chiral properties of tikemeson can be
understood theoretically, dilepton spectra can serve as a signal for the restoration of chiral
symmetry at high temperatures and densities.

We employ medium-modified vector-meson spectral functions iridense matter
following from hadronic many-body theory, phenomenologically constrained by vaazum
scattering, decay branching ratios for baryonic and mesonic resonances, photo-absorption
cross sections on nucleons and nuclei, etc. [374]. The resulting spectral functions, especially
for the p meson, exhibit large broadening with little mass shift, with baryonic interactions
as the prevalent agent, especially in the mass region below the resonance peaks. Note that
CPinvariance of strong interactions implies equal interactions with baryons and antibaryons.
Thus, even in a net-baryon free environment,ghresonance essentially “melts” around the
expected phase transition temperatiige;180 MeV. Other sources of thermal dileptons taken
into account are (i) four-pion type annihilation in the hadronic phase (augmented by chiral
vector-axialvector mixing) [375], which takes over the resonance contributions at intermediate
mass, and (ii) radiation from the Quark-Gluon Plasma (QGP), computed within hard-thermal
loop improved perturbation theory for in-mediugyg annihilation.

Thermal dilepton spectra are computed by evolving pertinent emission rates over the
time evolution of the medium in central 5.5 ATeV Pb-Pb collisions. To this end, we employ a
cylindrical homogeneous thermal fireball with isentropic expansion and a total entropy fixed
by the number of charged patrticles, which we estimate from a phenomenological extrapolation
to be d\¢n/dy=1400. We use an ideal-gas equation of state (EoS) with massless gluons and
N;=2.5 quark flavors for the QGP, and a resonance gas for the hadronic EoS with chemical
freezeout at(%,T.)=(2,180) MeV (finite meson and antharyon chemical potentials are
implemented to conserve the patrticle ratios until thermal freezeoli;al00 MeV, with a
mass-action law for short-lived resonances). We start the evolution in the QGP phase at initial
time1o=0.17 fimyc, translating intd o~560 MeV. The volume expansion parameters are taken
to resemble hydrodynamic simulations. A standard mixed-phase construction connects QGP
and hadronic phase @, and the total fireball lifetime igp~18 frmy/c.

As for non-thermal sources, we include primordial Drell-Yan annihilation and decays
of correlated charm pairs. The latter are estimated by scaling the spectrum at RHIC with a
charm-cross section anticipated at LHC, which implies somewhat softer charm spectra than
expected for primordial N-N collisions (and thus softer invariant-mass spectra). We neglect
contributions from jet-plasma interactions.

Our predictions are summarized in Fig. 135. At low mass thermal dileptons are
dominated by hadronic radiation, with large modifications due to in-medium vector-meson
spectral functions. The QGP contribution takes over at aroMind.1 GeV. The yield
from correlated open-charm decays is comparable to hadronic emission already at low mass,

and dominant at intermediate mass. However, this result will have to be scrutinized by
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Figure 135: (Color online) Predictions for dilepton spedmacentral 5.5 ATeV Pb-Pb
collisions at LHC in the low- (left panel) and intermediate-mass region (right panel).

including the nuclear modification of heavy-quark spectra in the QGP (as well as analogous
contributions from correlated bottom decays). Also, larger valuedNg#/dly would help to
outshine correlated open-charm decays, at least at low mass.

8.9. Directy production and modification at the LHC

l. Vitev

Baseline direct photon production cross sections are studig@ 5.5 TeV p+p collisions at the
LHC. The fraction of fragmentation photons, whichfen QGP &ects, is shown to be non-negligible
even at very highpt ~ 200 GeV. We first examine important cold nuclear matteas for direct
photon production, related to dynamical shadowing, isospin and initial state energy loss, in comparison
to neutral pion production a{/s= 200 GeV. Simulations of direat suppression in PEPb reactions at
st2 =55 A.TeV at the LHC are also presented to high transverse momentum. Results are given in for
central nuclear collisions and energy loss in the QGP calculated in the GLV approach. Direct photon
quenching is shown to strongly depend on the rgfi@mpt/ ¥fragmentationAt high pr > 100 GeV cold
nuclear matter attenuation can be as large as the @@é&tsfor the net suppression of direct photons.

It has been argued that direct photon production and direct photon tagged jets provide
error-free gauge for the quenching of quarks and gluons and for fixing their initial energy.
We show that quantitatively large nuclear corrections must be taken into account for direct
v to become precision probes of the QGP. The left panel of Fig. 136 shows the direct
photon production cross section irp collisions at+/s = 5.5 TeV the LHC compared to
the corresponding cross section at RHIG = 200 GeV to LO in perturbative QCD [376].
Insert shows the fraction of fragmentation to prompt photons vargusl he right panel of
Fig. 136 shows cold nucleaftects, the Cronin [283], dynamical shadowing [377] and cold
nuclear matter energy loss [285], irA reactions at LHC energies. Comparison to data in
0-20% central eAu collisions at RHIC is also presented.
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The left panel of Fig. 137 shows the QGfPeet (final-state interactions) in central-Heb
collisions at+/s = 5.5 TeV. Parton rapidity densitiesN9/dy ~ 2000— 4000 [283], as for°
guenching and heavy meson dissociation, are used. Direct photon quenching closely follows
the ratioyprompt/ Yfragmentation 3 76]. At low pr attenuation is QGP-dominated with significant
and measurable suppressiBaa(pt) ~ 0.5. Nevertheless, such quenching is smaller than
the one forz®’s and reflects th€r/Ca average squared color chargefelience for quark
and gluon jets. The right panel of Fig. 137 includes tiea of initial-state cold nuclear
matter energy loss. At highr these can be comparable to the final-state quenching in the
QGP [285,376,377].

9. Others

9.1. The @ects of angular momentum conservation in relativistic heavy ion collisions at the
LHC

F. Becattini and F. Piccinini
We argue that in peripheral heavy ion collisions at the LHC there might be the formation of
a spinning plasma with large intrinsic angular momentum. If the angular momenturffiesuly
large, there could be striking observabteeets: a decrease of chemical freeze-out temperature and an
increase of transverse momentum spectra broadening (enhanced radial flow) as a function of centrality;
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Figure 136: Left panel: Direct photon production cross sectionHp gollisions at the LHC
v/s=5.5 TeV. Comparison to the same cross section calculation at RHKfsat 200 GeV

and to current highpt data is also shown. Insert illustrates the ratio of fragmentation to
prompt photons vt at LO. Right panel: Nuclear modification factBga in central d-Au
collisions at RHIC and central+dPb at the LHC, 0-20%. The higpt behavior indicates
the isospin (charge)fiect and initial-state energy loss in cold nuclear matter. Comparison to
similar éfects on neutral pion production ir-éu collisions at RHIC, indicative for the first

time for cold nuclear matterAE,,q effects at highpr is also shown.
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a large enhancement of elliptic flow; a polarization of emitted particles along the direction of angular
momentum. The latter would be the cleanest signature of diiette

In peripheral relativistic heavy ion collisions colliding ions have a large relative orbital
angular momentum. While the fragments keep flying away from the interaction region
essentially ung@iected, a fraction of the initial angular momentum is transferred to the
interaction region. Much of it is probably spent into relative orbital angular momentum of
the newly formed fireballs at large rapidity, but it may happen that another significant fraction
is given to the midrapidity region giving rise to a spinning plasma with an intrinsic angular
momentumJ. If J is suficiently large, one has remarkable observalffeats. It has been
suggested that such a phenomenon can produce an azimuthal anisotropy in the transverse
plane very similar to the well known elliptic flow [150]. Also, a largemay result in a
polarization of emitted particles [378]. We make a quantitative determination of observable
effects by assuming that the spinning system is at statistical equilibrium, taking advantage of
a recent calculation of the microcanonical partition function of a relativistic quantum gas with
fixed angular momentum [379, 380] which allowed us to provide the expression of particle
spin density matrix and polarization in a rotating thermodynamical system. Here, a possible
scenario for the LHC energy is just sketched; a more detailed paper will appear [380].

Under reasonable assumptions, the main observables which signal the presence of
an equilibrated spinning system are (see figure 138): a decrease of chemical freeze-out
temperature and an increase of transverse momentum spectra broadening (enhanced radial
flow) as a function of centrality; a large enhancement of elliptic flow and a polarization of
emitted particles along the direction of angular momentum. The latter is the cleanest signature
of a spinning system. These observables scale with the parady&f&*, T being the critical
temperature an® the maximal transverse radius of the system. They are shown in figures
below, as a function of the impact parameter or transverse momentum, for the upper bound
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Figure 137: Left panel: Comparison of cold nuclear matt#eats to QGP fects on

direct photon production at the LHC. Centratlb and central PEPb at /s = 5.5 TeV

are shown. Calculations do not include initial-state energy loss. QGP suppression trend
with dN¥/dy ~ 2000- 4000 follows the fragmentatigorompt ratio for directy. Right panel:
Similar calculations including initial-state cold nuclear matter energy lissts. Note that

these can yield 50% larger suppression at lpgh
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of this parameter set by the RHIE polarization measurement@.2, blue line) and at LHC
(=1.0, black line) under the assumption of a scaling af¢R* by +/s/In /s*/3.

Caveat the calculations shown in the plots concern only primary hadrons emitted from an
equilibrated source. Dilutionfiects such as resonance decays, perturbative production at
large pt and partial equilibration are not taken into account.
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Figure 138:

9.2. Black hole predictions for LHC

H. Stécker and B. Koch

The speculative prediction of the production of microscopical black holes, which would be
possible at the large hadron collider due to large extra dimensions, is discussed. We review observables
for such black holes and for the their possibly stable final state.
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9.2.1. From the hierarchy-problem to black holes in large extra dimensi@me of the
problems in the search for a unified description of gravity and the forces of the standard model
(SM), is the fact that the Planck-scaig| ~ 10'° GeV (derived from Newtons consta@ty) is

much bigger than the energy scales like the Z-nmass 90 GeV. This huge dierence is the
so-called hierarchy problem. Several theories can explain this hierarchy by the assumption
of extra spatial dimensions [381-383]. These theories assume a true fundamentM sscale
which is of the order of just a few TeV and they interpret the Planck soal@as an &ective
magnitude which comes into the game due to unobservable and compactified extra spatial
dimensions. In the model suggested by Arkani-Hamed, Dimopoulos and Dvali [381, 382]
the d extra space-like dimensions are compactified on tori with &diin this model the

SM particles are confined to our3-dimensional sub-manifold (brane) and the gravitons
are allowed to propagate freely in thex®+1-dimensional bulk. Planck masg, and the
fundamental mashls are related by

mg, = M$2R4 (63)

One exciting consequence of such models is that up bk holes (BH) might be
produced at the Large Hadron Collider (LHC) [384]. The intuitive approximation of the cross
section for such events can be made by using the Hoop conjecture and taking the classical
area of the (to be produced) BH with radiRg

o(M)~7R% | (64)

whereM is the BH mass. The Scharzschild radius is given at distances smaller than the size
of the extra dimensions by

2 (1\"* m
Rd+1_
H ‘d+1(|v|f) Ms (65)

This radius is much larger than the Schwarzschild radius corresponding to the same BH mass
in 3+1 dimensions, which translates directly into a much larger cross section (64). This esti-
mate seems to keep its validity also in more elaborated picture .

9.2.2. From black hole evaporation to LHC observabl@nce a BH is produced it is
assumed to undergo a rapid evaporation process. This happens first in the so called
bolding phase where angular momentum and internal degrees of freedom are assumed to
be radiated fi. For a BH mass much bigger than the fundamental mass ddate M) the
following phase is the Hawking phase, where particles are thermally radifitedamrding

to the Hawking temperaturet [385] Ty ~ M¢(M¢/M)Y@1_ As soon as the BH mass
becomes comparable to the fundamental mass scale, the underlying physics of the BH is
not understood and exact predictions are hardly possible at the current state of knowledge.
Discussed scenarios reach from a sudden final explosion over a slowed down evaporation to
the formation of stable black hole remnant (BHR) As most BHs would be produced close to

+1The process of Hawking radiation would in principle allow to transform the BH mass into thermal energy and

was therefore subject to further speculations ] ]
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the production threshold the experimental outcome will be influenced strongly by this final
phase of BH evolution.

We analyzed the predictions forftérent scenarios. It turned out that the, suppression of
hard (TeV) di-jets above the BH formation threshold would be the most scenario independent
observable for the LHC. Other observables such as event multiplicitigs alistributions
should be definitely studied although they are more model dependent. Speculations about the
formation of BHRs can be tested experimentally at the LHC: Charged stable BHRs would
leave single sft tracks in the LHC detectors. Uncharged BHRs with their very small reaction
cross sections could be observed by searching for events~witfieV missing energy and
guenching of the higlpr hadron spectra. For further references on BHs, BHRs and their
observables please see [386].

We conclude that BHs at the LHC could provide a unigue experimental window to the
understanding of quantum gravity. As many principles of BH production and decay are not
fully understood, a large variability of experimental observables is absolutely essential to pin
down the underlying physics.

9.3. Charmed exotics from heavy ion collision

S. H. Lee, S. Yasui, W. Liu and C. M. Ko
We discuss why charmed multiquark hadrons are likely to exist and explore the possibility of
observing such states in heavy ion reactions at the LHC.

Multiquark hadronic states are usually unstable as their quark configurations are
energetically above those of combined mesory@nbaryon states. However, constituent
guark model calculations suggest that multiquark states might become stable when some of
the light quarks are replaced by heavy quarks. Two possible states that could be realistically
observed in heavy ion collisions at LHC are the tetraqUagkudcc) [387] and the pentaquark
Ocs(udu<) [388]. The driving mechanism for the stability of these states can be traced to
the quark color-spin interaction, which can ldeetively parameterized & 3. S - sjmimj
Baryon mass splittings between states sensitive to the color-spin interaction are well explained
with a single constant cdigcient <8 = 193 MeV [389]. Similarly, corresponding meson mass

splittings are well reproduced witf = 635 MeV [389]. Hence, the correlation energy

in a quark-antiquark pair is about a factor 3 larger than that in a quark-quark pair that is
in the color antitriplet channel. For heavy quarks, the size of the relative wave function
decreases substantially, and the param€tgrextracted from the massfitikrence between

J/y andn is S = 117 MeV. As in the case of light quarks, we choggg= %C—CE =39 MeV.

These numbers suggest that two quarks and two antiquarks would rather become two mesons
than form a single tetraquark state. However, when one or both of the antiquarks become
heavy, the attractions to form mesons are relatively suppressed compared to the strong diquark
correlation among light quarks, making multiquark states possibly stable. Using the constants
Cy discussed above, we find that the mas3 @f(O¢s) is -79 MeV below (8 MeV above) its
hadronic decay threshold. These results are well reproduced by full constituent quark model
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calculations. Although the binding becomes larger whercttpeark is replaced by lquark,

the expected number @f quarks produced in a heavy ion collision at the LHC is small for

a realistic observation of such states. Therefore, we only give predictions for the multiquark
states containing quarks.

Employing the coalescence model [390], we have studigdand @5 production in
central AurAu collisions at RHIC and PbPb collisions at LHC. Using the (or d) quark
numbers 245 and 662, the anti-strange quark numbers 150 and 405, and the charm quark
numbers 3 and 20 based on initial hard collisions at RHIC and LHC, respectively all in one
unit of midrapidity, we find that the numbers ©f; produced at RHIC and LHC are about
5.4%107% and 89x 1072, respectively, while those @.sare about 2x 104 and 83x 1074,
respectively. Since these numbers are significantly smaller tanl®* and 86x 10~2 for
Tee, and 45x 1073 and 27 x 10~2 for ©.s from the statistical hadronization model for RHIC
and LHC, respectively, we expect additional production of these exotic charmed hadrons from
the hadronic stage of the collisions. We note that these charmed hadrons would be more
abundantly produced, particularly thg,, if charm quarks are produced from the QGP formed
in these collisions.

Table 9: Possible decay modesIgE. Additional (z*7~)’s are possible in the bracket.

threshold decay mode life time
Mt > Mp+ + Mp D*~DO hadronic decay
2Mp + M, < M1 < Mp-+Mp | DPDPz~ | hadronic decay
MT,. <2Mp + M, D*-(K*z™) | 0.41x1071%s
Do%(rK*x™) | weak decay

Table 10: Possible decay modedmt.

threshold decay mode life time
Mo > MN + Mp, pDg hadronic decay
Ma +Mp < Mg, < My + Mp, ADO hadronic decay
AD™ hadronic decay
Mo, < Ma + Mp AK*n™, AK*n*n ™ | 0.41x1012s
AK* 7~ n~ 1.05x1071%s

To observel. and®¢s in experiments, we need to know their decay modes. While our
analysis suggests th@gc is bound an®¢s is slightly unbound with respect to their hadronic
decays, we give predictions in tables 9 and 10 for all pos3ikland®.s masses. These exotic
hadrons can then be observed through reconstructed final states if they decay hadronically or
reconstructed final-state vertices if they decay weakly.
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9.4. Alignment as a result from QCD jet production or new still unknown physics at the
LHC?

l. P. Lokhtin, A. M. Managadze, L. |. Sarycheva and A. M. Snigirev

We would like to draw attention of the high-energy physics community to very important
experimental results indicating our lack of understanding of features of hadron interactions at super-
high energies and the necessity of improving recent theories.

The intriguing phenomenon of the strong collinearity of cores in emulsion experiments,
closely related to coplanar scattering of secondary particles in the interaction, has been
observed a long time ago. So far there is no simple satisfactory explanation of these cosmic
ray observations in spite of numerous attempts to find it (see, for instance, [391, 392] and
references therein). Among them, the jet-like mechanism [393] looks very attractive and
gives a natural explanation of alignment of three spots along a straight line which results from
momentum conservation in a simple parton picture of scattering.

In the Pamir experiment [391] the families with the total energy ofythgianta larger
than a certain threshold and at least one hadron present were selected and analyzed. The
alignment becomes apparent considerably, &, > 0.5 PeV (that corresponds to interaction
energiesys> 4 TeV). The families are produced, mostly, by a proton with enerdg’* TeV
interacting at a heightt of several hundred meters to several kilometers in the atmosphere
above the chamber [391]. The collision products are observed within a radial distaroe
to several centimeters in the emulsion where the spot separajipis of the order of 1 mm.

Our analysis [394, 395] shows that the jet-like mechanism can, in principle, attempt to
explain the results of emulsion experiments. For such an explanation it is necessary that
particles from both hard jets (with rapidities close to zero in the center-of-mass system) hit the
observation region due to the large Lorentz factor under the transformation from the center-
of-mass system to the laboratory one. This is possible when the combinatipm/sfand
Irmax meets the following condition:

2hmp/ \/5 < krmax, (66)

wherem; is the proton massk ~ 1/2 is needed in order to have particles with adjoint positive
and negative rapidities in the center-of-mass system that hit the detection region. At the height
h=1000 m (mostly used in emulsion experiment estimationsy agg= 15 mm the condition

(66) is fulfilled at the energyys > 270 TeV that is much higher than the LHC energies
\/s=~5.5+14 TeV and the thresholdigcient interaction energies/Ser ~ 4 TeV [391, 392],
corresponding to the alignment phenomenon. Eq. (66) can be fulfilled and at the LHC energy
(14 TeV) also, but at the considerably lesser hefgkt50 m which is in some contradiction

with emulsion experiment vague estimations.

On the other hand if particles from the central rapidity region and the jet-like mechanism
are instficient to describe the observed alignment, and there is anstilelunknown
mechanism of its appearance at the energy~ 5.5+ 14 TeV and the accepted height
h ~ 1000 m, then in any case some sort of alignment should arise at the LHC too in the
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mid-forward rapidity region (following from the laboratory acceptance criterion for, e.g., pp
collisions) [394, 395]:

Fmin < i = 0i < Nmax = IN(ro/rmin) = 4.95, (67)
I < max== 17 > min = IN(ro/rmax) =~ 2.25, (68)

whererg = 2h/€l, ng = 9.55 is the rapidity of center-of-mass system in the laboratory
reference framey; is the particle rapidity in the center-of-mass systerns the radial particle
spacing in thex-ray film. Namely, at the LHC thestrong azimuthal anisotropy of energy

flux (almost all main energy deposition along a radial direction) will be obserfeedall

events with the total energy deposition in the rapidity interval (67, 68) larger than some
threshold~ 1 TeV. Stress once more that at present there are no models or theories giving such
azimuthal anisotropy following from the experimentally observed alignment phenomenon at
V/S> +/Se = 4TeV andh ~ 1000 m [391, 392].

This mid-forward rapidity region must be investigated more carefully on the purpose to
study the azimuthal anisotropy of energy flux in accordance with the procedure applied in the
emulsion and other experiments, i.e. one should analyze the energy deposition in the cells
of n x ¢-space in the rapidity interval (67, 68). Note that the absolute rapidity interval can
be shifted in correspondence with the variation of the height: it is necessary only that the
difference fmax— nmin) iS equal to~ 2.7 in accordance with the variation of radial distance by
a factor of~ 15 (rmax/rmin = 15 independently ofy(h)) due to the relationship ~ rq/€7.

Such an investigation both in pp and in heavy ion collisions (fteckntiate between
hadronic and nuclear interactioffects) at the LHC can clarify the origin of the alignment
phenomenon, give the new restrictions on the values of height and energy, and possibly
discover new still unknown physics.
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