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Recent results form Pb-+Pb collisions at LHC

P. Shuklal*
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The Pb+Pb collisions at per nucleon center of mass energy of 2.76 TeV are performed
to study the properties of strongly interacting matter at high temperatures. At very
high temperatures and/or density there exists a phase of matter known as quark gluon
plasma (QGP), where the quarks and gluons can move far beyond the size of a nucleon
making color degrees of freedom dominant in the medium. Experiments at Relativistic
Heavy Ion Collider indicate that such matter is strongly coupled and can consists bound
states which carry net color. Most signals from heavy ion collisions are analyzed in
terms of nuclear modification factor, which is the ratio of signal measured in heavy ion
collisions over that in pp collisions. With the recent Pb+Pb collisions experiments at
LHC, a new era has began in this field. LHC with its advanced detectors can probe
the matter in many ways. The hard probes such as jets and quarkonia which can be
tackled in perturbative QCD and can be very well reconstructed with advanced detector
technologies. These hard probes are produced in plenty in LHC and are used to study
the detailed tomography of the matter which would not have been possible at lower
energies. In addition to the hot matter effects one also has to address the questions
such as modification of parton distributions of protons when placed inside a nucleus.
This is known as initial state effects and can be well addressed at LHC by measuring
the Z boson. In addition, there are (cold) nuclear matter effects which can modify the
probes and are planned to be studied in future p+Pb collisions. There are many signals
characterizing the features of collisions events such as multiplicity and particle spectra.
The flow and particle correlations categorized as soft probes help quantify the collectivity
of the matter. In this talk, the current and future plans of LHC along with some of its
detectors will be described. How the hard as well as soft probes characterize the system
produced in Pb+Pb collision will be explained. Also theoretical interpretations of the
results from some of the publications will be touched upon.

1. Introduction number, and the suppression of the fast quarks
in the medium are clear signals of this. At
both SPS and RHIC energies the suppression
of the J /1 resonance suggests that a very high
temperature system was created [2, 3]. With
the start of Pb+Pb collisions at per nucleon
center of mass energy /syny = 2.76 TeV at

LHC, there is renewed excitement in this field.

The heavy ion collisions are performed to
study the interaction of matter at extreme
temperatures and densities where it is ex-
pected to be in the form of Quark Gluon
Plasma (QGP), a state where color degrees
of freedom are dominant. The experimental
effort in this direction started with low energy
CERN accelerator SPS and evolved through
voluminous results [1] from heavy ion colli-

The proton-proton physics run at the LHC
started in November 2009 at center of mass

sion at Relativistic Heavy Ion Collider (RHIC)
in Brookhaven National Lab in recent years.
The RHIC experiments have produced the ev-
idence that at the energy /sy = 200 GeV a
strongly interacting quark gluon liquid is pro-
duced. The scaling of elliptic flow with quark
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energies /s = 0.9, 2.36 and 7 TeV. The PbPb
run started in November 2010 at /sy = 2.76
TeV. The run finished with an integrated lu-
minosity 8.6 ub~! delivered. The results pre-
sented in this manuscript are mostly from this
run. While the ALICE detector is well suited
for soft probes, the CMS detector is well suited
for hard probes such as jets, high-py hadrons,
heavy-quarks, quarkonia and large yields of
the non interacting perturbative probes (di-
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FIG. 1: Charged particle pseudorapidity distribu-
tion measured by LHC detectors along with the
RHIC measurements and pp extrapolated results.

rect photons, dileptons, Z and W* bosons).
The second heavy-ion run done in November-
December 2011 at the same energy but with a
15-20 times increase in luminosity. In 2012 the
plan is to have p-Pb collision at /sy = 2.76
TeV.

In this presentation, the High Energy Heavy
Ion Collisions are divided into the following
regions: global observables, flow, quarkonia,
heavy flavour charged particles, photons and
jets.

2. GGlobal observables

The multiplicity of produced particles is
probably the most basic of observables. It
provides information on the energy density
achieved in the collisions and constitutes a pri-
mary input for most model calculations. Fig-
ure 1 shows the charged particle pseudora-
pidity distribution measured by LHC detec-
tors [4] along with the RHIC measurements
and pp extrapolated results. For central Pb-
Pb collisions at the LHC (at \/syn = 2.76
TeV), about 8 charged particles per unit of
pseudorapidity n are produced about twice as
many as at RHIC [4-6]. The centrality de-
pendence of the charged particle multiplicity
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FIG. 2: Charged particle multiplicity in central
collisions as function of collision energy.

is rather mild, favouring models incorporating
some mechanism (such as parton saturation)
moderating the increase with centrality of the
average multiplicity per participant pair[7, 8].
Once the multiplicities are rescaled to account
for the difference in the central values, the cen-
trality dependences at the LHC and at RHIC
are remarkably similar.

Figure 2 shows charged particle multiplic-
ity in central collisions as function of colli-
sion energy [9]. The multiplicity measured at
LHC is larger than most of the predictions and
about 50 % more than expected from simple
phenomenological extrapolations from RHIC
energy: the logarithmic law that described
the energy dependence of multiplicities up to
RHIC has finally broken down.

The average amount of transverse energy
produced per unit of pseudorapidity per par-
ticipant pair in central collisions is about 9
GeV, or about a factor 2.7 larger than at
RHIC (the larger multiplicity at LHC being
accompanied by an increase in the average
transverse momentum of the produced parti-
cles), corresponding to an energy density of
about 16 GeV/fm? (taking the conventional
value of 1 fm/c for the plasma formation
time).

Hanbury Brown — Twiss (HBT) interferom-
etry [10, 11] exploits the quantum interference
between identical bosons (e.g. charged pions)
to evaluate the size of the system at the time of
decoupling. Compared to RHIC, the ALICE
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experiment finds an increase in the dimensions
of the system in all three components [12, 13]
(including, finally, also the sidewards compo-
nent Rg;qe). The system expands significantly
more than at RHIC, with an estimated in-
crease by about a factor 2 of the homogeneity
volume for central collisions.

3. Flow

Most of the lead nuclei do not collide head
on, the overlap region will have an ellipti-
cal shape. For a liquid, this initial space
anisotropy is translated into a final ellipti-
cal asymmetry in momentum space. How-
ever for a gas, any anisotropy should be much
weaker. The elliptic flow parameter, vy is the
second harmonic of the azimuthal distribution
of hadrons with respect to the reaction plane.
Comparing the experimental vy with hydro-
dynamical calculations will show us how close
the matter is to a fully thermalized perfect
fluid.

Detailed measurements of the v, parameter
and the higher harmonics (up to 6th order)
as a function of centrality, pr and pseudora-
pidity using charged tracks was done by CMS
[14]. The integrated vy extrapolated to pr = 0
as measured by CMS for events in a central-
ity bin of 20 — 30% is compared to the mea-
surements at lower energies in Fig. 3. The
average value of the elliptic flow coefficient vy
continues to be large at the LHC (roughly 20%
larger than at RHIC for semi-central events)
[15-18]: the behaviour of the system is still
very close to that of an ideal liquid. When
measured as a function of transverse momen-
tum, the values of vy at the two colliders are
close: although the events at the LHC are on
average harder than those at RHIC, the hy-
drodynamical properties of the system at the
two energies seem to be rather similar.

Higher order flow coefficients were also mea-
sured [14] as a function of centrality using di-
hadron correlations and are shown in Fig. 4.
Note that the higher order coefficients change
little with centrality and remain important
even for the most central collisions
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FIG. 3: Integrated flow coefficient v2{LY Z} com-
pared to measurements by LHC detectors from
low energy experiments for mid-central collisions

(20-30%).
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FIG. 4: Higher order Fourier coefficients as a func-
tion of centrality extracted using dihadron corre-
lations.

4. Quarkonia

Quarkonia are important for studying the
quark gluon plasma (QGP) since they are pro-
duced early in the collision and their survival
is affected by the surrounding medium. The
bound states of charm and bottom quarks are
expected to be suppressed in heavy-ions, as

18
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FIG. 5: Suppression of quarkonia states, Raa
as a function of centrality, for prompt J/v, non-
prompt J/¢ and Y(15).
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FIG. 6: Raa of J/¢ as a function of centrality
measured by ALICE.

compared to pp. The magnitude of the sup-
pression for different quarkonia states is ex-
pected to depend on their binding energy. The
PHENIX collaboration has updated the re-
sults on J/4 suppression using the 2007 data
sample [19, 20]. The previous results, and in
particular the stronger suppression at forward
than at central rapidity, are confirmed, with
reduced statistical and systematic uncertain-
ties.

The CMS collaboration obtained produc-
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FIG. 7: Mass spectrum of T family in PbPb col-
lisions compared to the fit obtained in pp events
at the same energy.

tion rates of J/1 mesons and of the T family
in dimuom channel [21]. Non-prompt J/vs
(those produced from B-meson decays) could
be identified by their displaced decay vertex.
The suppressions of prompt and non-prompt
J /v particles were measured separately. The
non-prompt J/¢ suppression is one measure
of the quenching of b-quarks. The Ra4 as
function of the number of participants Npg
indicates that high pp J/vs are strongly sup-
pressed as low as 0.2 for central collisions as
shown in Fig. 5.

ATLAS also observes strong centrality de-
pendence in the central-to-peripheral nuclear
modification factor R‘c],{w at high pr [22]. For
pr > 0 and 2.5 < y < 4, ALICE observes a
J /1 nuclear modification factor Ri/f of about
0.5, practically independent of centrality [23]
as shown in Fig. 6.

CMS reported suppression for the YT(1S)
(around 0.6, with a weak energy dependence)
and further suppression by about a factor 3
relative to the Y(1S) for the excited states
T(25+3S) [21]. Fig. 7 shows that the excited
states, T(25) and Y(35), are suppressed as
compared to the Y(15). This is compatible
with differential melting of quarkonia states
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FIG. 8: Raa of D mesons as a function of pr
measured by ALICE experiment.

in the high temperatures produced by PbPb
collisions.

The detailed pattern of quarkonia suppres-
sion will emerge with high statistics measure-
ments. Establishing a good pA reference will
also be essential in order to disentangle the
contributions from cold nuclear effects.

5. Heavy flavours

The heavy flavour such as D and B probe
the medium properties. At RHIC it has been
observed that heavy quarks loose substan-
tial energy in the medium. Both STAR and
PHENIX are planning to upgrade the appa-
ratus with the addition of vertex detectors,
which should allow them to separate the ver-
tices of the weak decays of heavy flavour par-
ticles from the primary vertex. Heavy flavour
vertexing is already available in the LHC ex-
periments. Reconstructed D and D% sig-
nals have been presented by ALICE [24, 25],
which shows substantial suppression of the
production of D mesons over the currently
available transverse momentum range (out to
12 GeV/c) in both central (0-20%) and pe-
ripheral (40-80%) Pb-PDb collisions. Figure 8
shows such measurement for central collisions.
The values of the nuclear modification factor
R4 4 are found to be compatible with those of
the pions, except below 5 GeV/c. In BDMPS
energy loss calculations for LHC, D are ex-
pected to be suppressed about a factor 2 less
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than pions for pr ~ 8 GeV/c [26]). Could
charm quarks be essentially thermalized in the
QGP, and thereby ”lose memory” of their en-
ergy loss history? CMS have presented re-
sults on the nuclear modification factor of
J /1 originating in the decay of B mesons for

pglj/w) > 6.5 GeV/c [21]. The suppression is
again about a factor 3, with very little — if any
— centrality dependence.

The future will bring high statistics D and
B measurements, allowing us to establish the
mass and colour charge dependence of the par-
ton energy loss.

6. Charged particles and photons

The modification of charged particle pr
spectrum, compared to nucleon-nucleon col-
lisions at the same energy can shed light on
the detailed mechanism by which hard par-
tons lose energy traversing the medium. Re-
sults on high pr suppression at the LHC have
been presented by the three experiments (R 4
by CMS [27], by ALICE [28, 29] and R, by
ATLAS [30]). The nuclear modification ra-
tio R4 was measured in CMS for all charged
particles with pr up to 100 GeV/c. The ratio
is plotted in Fig. 9 and compared to theoreti-
cal predictions. The R4 4 measured by ALICE
is shown in Fig. 10. The production of high
pr particles in Pb—Pb collisions at the LHC
is strongly suppressed. R44 reaches a min-
imum of about 0.14 for transverse momenta
around 6-7 GeV/c¢, and then increases again
very slowly, almost levelling off around 0.5 for
transverse momenta above 30 GeV/c.

High transverse energy (E7) prompt pho-
tons in nucleus-nucleus collisions are produced
directly from the hard scattering of two par-
tons. Omnce produced, photons traverse the
hot and dense medium without any interac-
tion, hence they provide a direct test of per-
turbative QCD and the nuclear parton densi-
ties. A CMS measurement of direct photon
production as a function of centrality and pr
is compared to the NLO pQCD predictions
[31]. The ratio Rg4 as a function of pho-
ton pr for the most central events is shown
in Fig. 11. Within statistical uncertainties,
the direct photons are not suppressed as com-
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pared to pp collisions.

7. Jets

Studying the modification of jets as they
are formed from high pr partons propagat-
ing thorough the hot and dense QGP has been
proposed as a particularly useful tool for prob-
ing the produced matter’s properties. Intrigu-
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FIG. 11: Ra4 of isolated photons as a function of
pr for central events (0-10%).

ing results on jet production at the LHC have
been published by ATLAS [32] (using the anti-
kr algorithm [33]) and CMS [34] (based on
the use of an iterative cone algorithm [35]). A
strong increase in the di-jet unbalance is ob-
served when comparing Pb-Pb to pp collisions
[36, 37], when jets are studied with jet radii

R=/(An)?+ (Ap)2 ~0.2—-04.

The CMS [37] studied events with at least
two jets with the leading (sub-leading) jet with
pr of at least 120 (50) GeV/c and with an
opening angle A¢io > 27/3 to study these
medium effects. The most striking observa-
tion is the large, centrality-dependent, imbal-
ance in the energy of the two jets, as measured
in the CMS calorimeters (See Fig. 12). While
their energies were very different, the two jets
were observed to be very close to back-to-back
in the azimuthal plane, implying little or no
angular scattering of the partons during their
traversal of the medium. To find the ‘miss-
ing energy’, the calorimetric measurement was
complemented by a detailed study of low pr
charged particles in the tracker and by using
missing pr techniques. The apparent miss-
ing energy was found among the low pr parti-
cles, predominantly with 0.5 < pr < 2 GeV/c,
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events as a function of collision centrality for pp
and PbPb events.

emitted outside of the sub-leading jet cone.

The suppression of jets is substantial and
apparently rather independent of the jet en-
ergy, with a nuclear modification factor (R.p)
around 0.5 for central (10%) events.

PHENIX, reconstructing jets using a gaus-
sian filter, report a centrality-dependent sup-
pression of the jet yields (up to about a fac-
tor 2 relative to pp for central Au—Au col-
lisions) [38]. Interestingly, they also report
non-negligible jet suppression in d—Au colli-
sions (about a 20% effect in central versus pe-
ripheral d-Au), underlying once more the im-
portance of measuring the ”cold nuclear refer-
ence”.

This is one of the most interesting areas in
this field at the moment. The prospect are
enticing with y-jet and Z%-jet fragmentation
function measurements coming up. It would
also be very interesting to single out and study
in fine detail the most extreme ”mono-jets”
events, where one of the jets is almost com-
pletely absorbed.

8. Conclusions

With the start of LHC with its high tech
detectors high energy nucleus-nucleus colli-
sions are entering an era of precision measure-
ments that should allow us to impose tight
constraints on the properties of the medium.

The multiplicity and transverse energy mea-
sured at LHC are larger than most of the pre-
dictions. The average value of the elliptic flow
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coeflicient vy continues to be large at the LHC,
the behaviour of the system is still very close
to that of an ideal liquid. High pr J/ts are
strongly suppressed as low as 0.2 for central
collisions. CMS shows that the excited states,
T(2S) and Y(35), are suppressed as compared
to the Y(15). This is compatible with differ-
ential melting of quarkonia states in the high
temperatures produced by PbPb collisions.

The production of high pp particles in
Pb-Pb collisions at the LHC is strongly
suppressed. Ra4 reaches a minimum of
about 0.14 for transverse momenta around 6-7
GeV/c, and then increases again very slowly,
almost levelling off around 0.5 for transverse
momenta above 30 GeV/c. The suppression
of jets is substantial and apparently rather in-
dependent of the jet energy, with a nuclear
modification factor (R,,) around 0.5 for cen-
tral (10%) events. For heavy flavours, the nu-
clear modification factor are found to be com-
patible with those of the pions.

With a high luminosity LHC Pb-Pb run in
2011 (15-20 times the 2010 luminosity) and
possibly a p—Pb run as early as next year, we
could be in for some paradigm shifting in this
field.

Acknowledgments

I thank Vineet Kumar for help in preparing
this manuscript.

References

[1] I. Arsene et al (BRAHMS Collaboration),
Nucl. Phys. A 757, 1 (2005); B. B. Back et
al (PHOBOS Collaboration ), Nucl. Phys.
A 757, 28 (2005); J. Adams et al (STAR
Collaboration), Nucl. Phys. A 757, 10
(2005); K. Adcox et al (PHENIX Collab-
oration), Nucl. Phys. A 757, 184 (2005).

[2] C. Baglin et al (NA38 Collaboration),
Phys. Lett. B255, 459 (1991).

[3] A. Adare et al (PHENIX Collaboration),
Phys. Rev. Lett. 98, 232301 (2007).

[4] Krisztian Krajczar et al. (CMS), J. Phys.
G38, 124041 (2011).

[5] K Aamodt et al. (ALICE), Phys. Rev.
Lett. 105, 252301 (2010).

22

Awailable online at www.sympnp.org/proceedings



Proceedings of the DAE Symp. on Nucl. Phys. 56 (2011) 23

[6) A Toia et al. (ALICE), J. Phys. G38,
124007 (2011). [arXiv:1107.1973].

[7] K Aamodt et al. (ALICE), Phys. Rev.
Lett. 106, 032301 (2011).

[8] C Loizides et al. (ALICE), J. Phys. G38,
124040 (2011). [arXiv:1106.6324].

[9] P Steinberg et al. (ATLAS), J. Phys. G38,
124004 (2011). [arXiv:1107.2182].

[10]R Hanbury Brown and R Q Twiss, Phil.
Mag. 45, 663 (1954).

[11]R Hanbury Brown and R Q Twiss, Nature
178, 1046 (1956).

[12]K Aamodt et al. (ALICE), Phys. Lett.
B696 (2011) 328.

[13] A Kisiel et al. (ALICE), J. Phys. G38,
124008 (2011).

[14] Bolek Wyslouch et al. (CMS), J. Phys.
G38, 124005 (2011).

[15]K Aamodt et al. (ALICE), Phys. Rev.
Lett. 105 (2010) 252302.

[16]R Snellings et al. (ALICE), J. Phys. G38,
124013 (2011). [arXiv:1106.6284).

[17]J Y Jia et al. (ATLAS), J. Phys. G38,
124012 (2011). [arXiv:1107.1468).
[18]J Velkovska et al. (CMS), J. Phys. G38,
124011 (2011).
[19]A Adare et al.
1103.6269 [nucl-ex].

[20] C da Silva et al. (PHENIX), J. Phys. G38,
124031 (2011).

[21]C Silvestre et al. (CMS), J. Phys. G38,
124033 (2011). [arXiv:1108.5077].

[22] G Aad at al. (ATLAS), Phys. Lett. B697

(PHENIX), arXiv:

(2011) 294.

[23]G Martinez Garcia et al. (ALICE), J.
Phys. G38, 124034, (2011).

[24] A Dainese et al. (ALICE), J. Phys. G38,
124032 (2011). [arXiv:1106.4042].

[25] A Rossi et al. (ALICE), J. Phys. G38,
124139 (2011).

[26]N Armesto et al., Phys. Rev. D 71 (2005)
054027.

[27]Y H Lee et al. (CMS), J. Phys. G38,
124015 (2011).

[28] K Aamodt et al. (ALICE), Phys. Lett.
B696 (2011) 30.
[29]H Appelshuser et al. (ALICE), J. Phys.
G38, 124014 (2011). [arXiv:1110.0638].
[30]A Milov et al. (ATLAS), J. Phys. G38,
124113 (2011). [arXiv:1107.0460].

[31]Kim et al. (CMS), J. Phys. G38, 124179
(2011). [arXiv:1107.2291].

[32]B Cole et al. (ATLAS), J. Phys. G38,
124021 (2011)..

[33]M Cacciari et al., JHEP 0804 (2008) 063.

[34]C Roland et al. (CMS), J. Phys. G38,
124020 (2011). [arXiv:1107.3106].

[35]0 Kodolova et al., Eur. Phys. J. C50
(2007) 117.

[36] G Aad et al. (ATLAS), Phys. Rev. Lett.
105 (2010) 252303.
[37]S Chatrchyan et al
1102.1957 [nucl-ex].
[38]M Purschke et al. (PHENIX), J. Phys.

G38, 124016 (2011).

(CMS), arXiv:

Awailable online at www.sympnp.org/proceedings



