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Introduc5on	
  

•  Quarkonia	
  (Q-­‐Qbar)	
  
•  c-­‐cbar	
  family	
  

–  ηc,	
  J/ψ,	
  ψ(2S),	
  χc…	
  
•  b-­‐bbar	
  family	
  

–  Υ(1S)	
  Υ(2S),	
  Υ(3S)	
  and	
  χb	
  

•  In	
  heavy-­‐ion	
  collisions,	
  QGP	
  is	
  expected	
  to	
  screen	
  the	
  confining	
  
poten5al	
  of	
  Q-­‐Qbar.	
  

	
  
•  Leads	
  to	
  mel5ng	
  of	
  charmonium	
  and	
  boOomonium	
  states,	
  J/ψ,	
  

ψ(2S),	
  χc,	
  Υ(1S),	
  Υ(2S),	
  Υ(3S),	
  and	
  χb.	
  	
  

•  The	
  mel5ng	
  temperature	
  depends	
  on	
  the	
  binding	
  energy	
  	
  of	
  the	
  
quarkonia	
  state.	
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Bound state �c  ’ J/ ⌥(2S) �b ⌥(1S)

Td
<⇠ Tc

<⇠ Tc ⇠1.2Tc ⇠1.2Tc ⇠1.3Tc ⇠2.0Tc

TABLE II. Upper bound of dissociation temperatures Td of quarkonium states in units of the QGP
transition temperature Tc obtained by A. Mocsy and P. Petreczky in [Abreu 08].

strength of the interaction. This explains why  (2S) resonance is easily melt with respect
to J/ and why ⌥(1S) would melt at higher temperatures than that of J/ . You will find a
rigorous calculation of an upper bound of the dissociation temperature of quarkonium in the
contribution of A. Mocsy and P. Petreczky in the reference [Abreu 08]. Their dissociation
temperatures are quoted in table II.

3. Parton - QGP interaction

The QGP could also be studied via its tomography using high energy partons. QCD
predicts that high energy partons will lose energy via gluon radiation when crossing the QGP.
The order of magnitude of the parton energy-loss in QGP would be about �E ⇠1 GeV/fm
and it is expected to be proportional to the gluon density. In addition QCD also predicts
that the formation length of the radiated gluon will be larger than the average distance
between the gluons in the QGP (interaction centres of the incident high energy parton).
As a consequence several interaction centres will participate in the gluon emission from
the parton, and the amplitude from the interaction centres will interfere (this phenomenon
is called Landau-Migdal-Pomeranchuck e↵ect) since the radiated gluon will be coherently
emitted along all its formation length. For this reason for QGP thicknesses about 1-3 fm,
the �E should be proportional to the square of the transversed path length in the QGP
[Baier 97, Zakharov 97]:

�E ⇠ ↵s ⇥ CR ⇥ q̂(⇢g)⇥ L

2 (20)

where ↵s is the strength of the strong interaction, CR is the colour charge factor q̂ is the
transport coe�cient which depends on the gluon density (⇢g) of the QGP and L is the
thickness of the QGP.

The energy lost will depend on the nature of the parton:

• Gluons will exhibit larger energy-loss per unit of length than that of quarks. A relative
factor 9/4 due to the colour charge, is associated to the gluonsstrahlung mechanism
from a gluon with respect to that from a quark [Peigné 06].

• Heavy quarks are expected to lose less energy than light quarks, due to the absence
of gluon radiation at forward angles, below ✓ < M/E, where M is the quark mass
and E its energy [Dokshitzer 01]. This phenomenon, predicted by the QCD, is called
dead-cone e↵ect. The dead-cone e↵ect should become measurable for beauty quarks,
whereas this e↵ect should remain relatively small for charm quarks. Moreover, elastic
collisions with partons in the QGP could also contribute to the energy-loss of heavy
quarks in the QGP. Finally the hadronization time scale for heavy quark hadroniza-
tion increases due to its larger mass and it could occur, namely for the beauty, that
hadronization takes place when the heavy quark is still traversing the QGP.

One can wonder if other high-energy elementary particles like photons, electrons, elec-
troweak bosons etc... could also be used to study the QGP. Photons and electrons will
only interact electromagnetically and they should lose energy like in ordinary matter via
bremsstrahlung emission and the production of electrons and positron pairs. However, the
expected energy-loss is relatively small for QGP of a radius of tens of femtometers, about



•  At	
  high	
  √sNN,	
  many	
  c-­‐cbar	
  pairs	
  created.	
  	
  
	
  
•  At	
  the	
  end	
  of	
  the	
  evolu5on	
  of	
  the	
  QGP,	
  the	
  uncorrelated	
  c-­‐

cbar	
  can	
  combine	
  together	
  (regenera5on)	
  
	
  
•  This	
  leads	
  to	
  higher	
  quarkonia	
  yields.	
  

•  Last	
  class: 	
  	
  
–  Measurements	
  at	
  RHIC	
  showed	
  that	
  the	
  suppression	
  is	
  similar	
  
to	
  SPS	
  

–  Suppression	
  in	
  forward	
  rapidity	
  higher	
  than	
  mid	
  rapidity	
  à	
  
puzzle	
  not	
  understood.	
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the one adopted for the
p

s = 2.76TeV pp results, which are used as the reference for the evaluation of the
nuclear modification factor.
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Fig. 3: (Color online) Centrality dependence of the nuclear modification factor, RAA, of inclusive J/y production in
Pb-Pb collisions at psNN = 2.76TeV, measured at mid-rapidity and at forward-rapidity. The point to point uncorrelated
systematic uncertainties (type II) are represented as boxes around the data points, while the statistical ones are shown
as vertical bars. Global correlated systematic uncertainties (type I) are quoted directly in the legend.

Fig. 3 shows the inclusive J/y RAA at mid- and forward-rapidity as a function of the number of participant
nucleons hNparti. Statistical uncertainties are shown as vertical error bars, while the boxes represent the
various uncorrelated systematic uncertainties added in quadrature. The systematic uncertainties correlated
bin by bin (type II in Table 3) are summed in quadrature and referred to as global syst. in the legend. At
forward-rapidity a clear suppression is observed, independent of centrality for hNparti > 70. Although with
larger uncertainties, the mid-rapidity RAA shows a suppression of the J/y yield too. The centrality integrated
RAA values are R

0%�90%
AA = 0.72±0.06(stat.)±0.10(syst.) and R

0%�90%
AA = 0.58±0.01(stat.)±0.09(syst.)

at mid- and forward-rapidity, respectively. The systematic uncertainties on both RAA values include the
contribution arising from hTAAi calculations. This amounts to 3.4% of the computed hTAAi value and is a
correlated systematic uncertainty common to the mid- and forward-rapidity measurements. PHENIX mid-
(|y| < 0.35) and forward-rapidity (1.2 < |y| < 2.2) results on inclusive J/y RAA at psNN = 0.2TeV exhibit
a much stronger dependence on the collision centrality and a suppression of about a factor of three larger in
the most central collisions [9].

The measured inclusive J/y RAA includes contributions from prompt and non-prompt J/y; the first one
results from direct J/y production and feed-down from y(2S) and c

c

, the second one arises from beauty
hadron decays. Non-prompt J/y are different with respect to the prompt ones, since their suppression
or production is insensitive to color screening or regeneration mechanisms. Beauty hadron decay mostly
occurs outside the fireball, and a measurement of the non-prompt J/y RAA is therefore connected to the
beauty quark in-medium energy loss (see [47] and references therein). At mid-rapidity, the contribution from
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Fig. 4: (Color online) Top panel: transverse momentum dependence of the centrality integrated J/y RAA measured
by ALICE in Pb-Pb collisions at psNN = 2.76TeV compared to CMS [20] results at the same p

sNN . Bottom panel:
transverse momentum dependence of the J/y RAA measured by ALICE in the 0%–20% most central Pb-Pb collisions
at psNN = 2.76TeV compared to PHENIX [9] results in the 0%–20% most central Au-Au collisions at psNN = 0.2TeV.

•  Include	
  J/Ψ	
  (prompt	
  and	
  non-­‐prompt)	
  measurement	
  in	
  ALICE.	
  
•  Use	
  muons	
  at	
  forward	
  rapidity	
  and	
  electron	
  in	
  mid-­‐rapidity.	
  
•  RAA	
  vs	
  centrality	
  (forward	
  rapidity)	
  	
  :	
  suppression	
  shows	
  no	
  dependence	
  on	
  centrality	
  

for	
  Npart	
  >	
  70.	
  
•  RAA	
  vs.	
  centrality	
  (mid	
  rapidity)	
  :	
  suppression	
  constant	
  w.r.t.	
  centrality.	
  
•  RAA	
  vs	
  pT	
  (forward	
  rapidity)	
  :	
  suppression	
  increases	
  with	
  increase	
  in	
  pT	
  à	
  regenera5on	
  

happens	
  at	
  low	
  pT	
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Fig. 5: (Color online) The rapidity dependence of the J/y RAA measured in Pb-Pb collisions at psNN = 2.76TeV.
Both mid- and forward-rapidity measurements include a common correlated systematic uncertainty of 3.4% due to
hTAAi. The mid-rapidity measurement covers the rapidity range |y| < 0.8 and the forward-rapidity one is given in
intervals of 0.25 unit of rapidity from y = 2.5 to y = 4.

Suppression	
  at	
  LHC	
  much	
  lower	
  than	
  at	
  RHIC	
  àRegenera5on	
  could	
  be	
  the	
  answer.	
  
	
  
Suppression	
  slightly	
  larger	
  at	
  forward	
  rapidity	
  than	
  at	
  mid	
  rapidity.	
  
	
  



Measurements	
  at	
  LHC	
  (Separate	
  prompt	
  and	
  non-­‐
prompt	
  J/Ψ)	
  

Suppression	
  of	
  J/Ψ	
  could	
  be	
  	
  
1.  Mel5ng	
  of	
  c-­‐cabr	
  pairs	
  	
  (prompt)	
  
2.  Energy	
  loss	
  of	
  b	
  quark	
  :	
  b	
  àJ/Ψ	
  	
  (non-­‐prompt)	
  
	
  
•  Life5me	
  of	
  b	
  hadrons	
  (~	
  500	
  μm/c)	
  longer	
  than	
  life5me	
  of	
  QGP	
  (~	
  10	
  fm/c).	
  	
  
•  This	
  contribu5on	
  should	
  not	
  suffer	
  from	
  colour	
  screening,	
  but	
  instead	
  
reflect	
  b-­‐quark	
  energy	
  loss	
  in	
  the	
  medium.	
  	
  

To	
  understand	
  quarkonia	
  mel5ng,	
  we	
  look	
  at	
  prompt	
  J/Ψ	
  (CMS).	
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Figure 10: Left: yield of inclusive J/y (blue circles) and prompt J/y (red squares) divided by
TAA as a function of pT. The results are compared to the cross sections of inclusive J/y (black
triangles) and prompt J/y (black crosses) measured in pp. The global scale uncertainties on the
PbPb data due to TAA (5.7%) and the pp integrated luminosity (6.0%) are not shown. Right:
nuclear modification factor RAA of prompt J/y as a function of pT. A global uncertainty of
8.3%, from TAA and the integrated luminosity of the pp data sample, is shown as a grey box at
RAA = 1. Points are plotted at their measured average pT. Statistical (systematic) uncertainties
are shown as bars (boxes). Horizontal bars indicate the bin width.
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Figure 11: Left: yield of inclusive J/y (blue circles) and prompt J/y (red squares) divided by
TAA as a function of rapidity. The results are compared to the cross sections of inclusive J/y
(black triangles) and prompt J/y (black crosses) measured in pp. The inclusive J/y points are
shifted by Dy = 0.05 for better visibility. The global scale uncertainties on the PbPb data due
to TAA (5.7%) and the pp luminosity (6.0%) are not shown. Right: nuclear modification factor
RAA of prompt J/y as a function of rapidity. A global uncertainty of 8.3%, from TAA and the
integrated luminosity of the pp data sample, is shown as a grey box at RAA = 1. Points are
plotted at their measured average |y|. Statistical (systematic) uncertainties are shown as bars
(boxes). Horizontal bars indicate the bin width.

RAA	
  :	
  do	
  not	
  exhibit	
  pT	
  dependence.	
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RAA	
  vs.	
  rapidity	
  :	
  indica5on	
  of	
  less	
  suppression	
  in	
  the	
  most	
  forward	
  rapidity	
  bin	
  
in	
  comparison	
  to	
  mid	
  rapidity.	
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Figure 12: Left: yield of inclusive J/y (blue circles) and prompt J/y (red squares) divided by
TAA as a function of Npart. The results are compared to the cross sections of inclusive J/y (black
triangle) and prompt J/y (black cross) measured in pp. The inclusive J/y points are shifted
by DNpart = 2 for better visibility. Right: nuclear modification factor RAA of prompt J/y as a
function of Npart. A global uncertainty of 6%, from the integrated luminosity of the pp data
sample, is shown as a grey box at RAA = 1. Statistical (systematic) uncertainties are shown as
bars (boxes).

7.2 Non-prompt J/y

The uncorrected fraction of non-prompt J/y is obtained from the two-dimensional fit to the
invariant mass and `J/y spectra discussed in Section 4.1.2. To obtain the corrected b fraction,
which is the ratio of non-prompt to inclusive J/y, the raw fraction is corrected for the different
reconstruction efficiencies and acceptances for prompt and non-prompt J/y. The b fraction
in pp and in PbPb (integrated over centrality) at psNN = 2.76 TeV is presented in Fig. 13 as a
function of pT, for several rapidity bins, together with results from CDF [42] and CMS [27] at
other collision energies. There is good agreement, within uncertainties, between the earlier
results and the present measurements.

The non-prompt J/y yield in PbPb collisions divided by TAA, integrated over the pT range 6.5–
30 GeV/c and |y| < 2.4, is shown in the left panel of Fig. 14 as a function of Npart, together
with the pp cross section. Non-prompt J/y are suppressed by a factor of ⇠ 2.6 with respect to
pp collisions, as can be seen in the right panel of Fig. 14. The suppression does not exhibit a
centrality dependence, but the most peripheral centrality bin (20–100%, hNparti = 64.2) is very
broad. Hard processes, such as quarkonium and b-hadron production, are produced following
a scaling with the number of nucleon-nucleon collisions, thus most events in such a large bin
occur towards its most central edge.

7.3 U(1S)

In Fig. 15, the U(1S) yield divided by TAA in PbPb collisions and its cross section in pp collisions
are shown as a function of pT; the RAA of U(1S) is displayed in the right panel of Fig. 15. The pT
dependence shows a significant suppression, by a factor of ⇠2.3 at low pT, that disappears for
pT > 6.5 GeV/c. The rapidity dependence indicates a slightly smaller suppression at forward
rapidity, as shown in Fig. 16. However, the statistical uncertainties are too large to draw strong

•  RAA	
  vs.	
  Npart	
  :	
  	
  Same	
  centrality	
  dependence	
  as	
  the	
  inclusive	
  J/Ψ.	
  
•  Suppressing	
  increases	
  with	
  increase	
  in	
  centrality	
  	
  

•  Different	
  from	
  ALICE	
  measurement,	
  but	
  ALICE	
  measurement	
  is	
  in	
  forward	
  rapidity.	
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Figure 1: Dimuon invariant-mass distributions from the pp (a) and PbPb (b) data at
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2.76 TeV. The same reconstruction algorithm and analysis criteria are applied to both data sets,
including a transverse momentum requirement on single muons of pµ

T > 4 GeV/c. The solid
lines show the result of the fit described in the text.
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lines show the result of the fit described in the text.

Υ	
  states	
  :	
  Y(1S),	
  Y(2S),	
  Y(3S)	
  

⌥(2S + 3S)/⌥(1S)|Pb�Pb

⌥(2S + 3S)/⌥(1S)|pp
= 0.31(+0.21� 0.18)

⌥(2S + 3S)/⌥(1S)|Pb�Pb = 0.24(+0.15� 0.14)

⌥(2S + 3S)/⌥(1S)|pp = 0.78(+0.18� 0.16)
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Large	
  frac5on	
  of	
  Υ(1S)	
  states	
  come	
  from	
  decays	
  of	
  heavier	
  boOomonium	
  states.	
  
	
  
Does	
  this	
  effect	
  Υ(1S)	
  suppression??	
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22 8 Discussion

conclusions on any pT or rapidity dependence. The U(1S) yield in PbPb collisions divided
by TAA and the U(1S) RAA are presented as a function of Npart in the left and right panels of
Fig. 17, respectively. Within uncertainties, no centrality dependence of the U(1S) suppression
is observed.
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Figure 15: Left: U(1S) yield divided by TAA in PbPb collisions (green diamonds) as a function
of pT. The result is compared to the cross section measured in pp collisions (black crosses). The
global scale uncertainties on the PbPb data due to TAA (5.7%) and the pp integrated luminosity
(6.0%) are not shown. Right: nuclear modification factor RAA of U(1S) as a function of pT. A
global uncertainty of 8.3%, from TAA and the integrated luminosity of the pp data sample, is
shown as a grey box at RAA = 1. Points are plotted at their measured average pT. Statistical
(systematic) uncertainties are shown as bars (boxes). Horizontal bars indicate the bin width.

8 Discussion

This paper has presented the first measurements of the prompt and non-prompt J/y, as well
as the U(1S) mesons, via their decays into µ+µ� pairs in PbPb and pp collisions at psNN =
2.76 TeV. The results are based on data recorded with the CMS detector from the first LHC
PbPb run in 2010, and from a pp run during March 2011 at

p
s = 2.76 TeV.

The prompt J/y cross section shows a factor of two suppression in central PbPb collisions with
respect to peripheral collisions for J/y with 6.5 < pT < 30 GeV/c. With respect to pp, a nuclear
modification factor of RAA = 0.20 ± 0.03 (stat.) ± 0.01 (syst.) has been measured in the 10%
most central collisions. Prompt J/y produced in peripheral collisions are already suppressed
with respect to pp: RAA = 0.61 ± 0.12 (stat.)± 0.10 (syst.) in the 50–100% centrality bin. While
no pT dependence is observed in the measured pT range, within uncertainties, less suppression
is observed at forward rapidity (RAA = 0.43 ± 0.06 (stat.)± 0.01 (syst.)) than at mid-rapidity
(RAA = 0.29 ± 0.04 (stat.)± 0.02 (syst.)).

A comparison of the RAA centrality dependence to results measured for pT < 5 GeV/c by
PHENIX [21] in AuAu collisions at psNN = 200 GeV shows a similar suppression, despite the
different collision energies and kinematic ranges. Integrated over centrality, CMS has mea-
sured an inclusive J/y nuclear modification factor of RAA = 0.41 ± 0.05 (stat.) ± 0.02 (syst.)
in the most forward rapidity bin (1.6 < |y| < 2.4) in the pT range 3 < pT < 30 GeV/c. This

RAA	
  vs	
  pT	
  :	
  Significant	
  suppression	
  at	
  low	
  pT.	
  
	
  
Disappears	
  for	
  pT	
  >	
  6.5	
  GeV/c.	
  
	
  
Low	
  pT	
  Υ(1S)	
  could	
  come	
  from	
  excited	
  states,	
  hence	
  suppressed.	
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Figure 16: Left: U(1S) yield divided by TAA in PbPb collisions (green diamonds) as a function
of rapidity. The result is compared to the cross section measured in pp collisions (black crosses).
The global scale uncertainties on the PbPb data due to TAA (5.7%) and the pp integrated lumi-
nosity (6.0%) are not shown. Right: nuclear modification factor RAA of U(1S) as a function of
rapidity. A global uncertainty of 8.3%, from TAA and the integrated luminosity of the pp data
sample, is shown as a grey box at RAA = 1. Points are plotted at their measured average |y|.
Statistical (systematic) uncertainties are shown as bars (boxes). Horizontal bars indicate the bin
width.

partN
0 50 100 150 200 250 300 350 400

/d
y 

(p
b)

σ
 d

N
/d

y 
 o

r  
d

AA
1/

T

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

(1S) (PbPb)ϒ (pp)

 = 2.76 TeVNNsCMS pp & PbPb  

|y| < 2.4
 < 20 GeV/c

T
0 < p

0-10%10-20%20-100%

partN
0 50 100 150 200 250 300 350 400

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

(1S)ϒ

 = 2.76 TeVNNsCMS PbPb  

|y| < 2.4
 < 20 GeV/c

T
0 < p

0-10%

10-20%

20-100%

Figure 17: Left: U(1S) yield divided by TAA (green diamonds) as a function of Npart compared
to the U(1S) cross section measured in pp (black cross). Right: nuclear modification factor RAA
of U(1S) as a function of Npart. A global uncertainty of 6%, from the integrated luminosity of
the pp data sample, is shown as a grey box at RAA = 1. Statistical (systematic) uncertainties
are shown as bars (boxes).
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Figure 16: Left: U(1S) yield divided by TAA in PbPb collisions (green diamonds) as a function
of rapidity. The result is compared to the cross section measured in pp collisions (black crosses).
The global scale uncertainties on the PbPb data due to TAA (5.7%) and the pp integrated lumi-
nosity (6.0%) are not shown. Right: nuclear modification factor RAA of U(1S) as a function of
rapidity. A global uncertainty of 8.3%, from TAA and the integrated luminosity of the pp data
sample, is shown as a grey box at RAA = 1. Points are plotted at their measured average |y|.
Statistical (systematic) uncertainties are shown as bars (boxes). Horizontal bars indicate the bin
width.
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Figure 17: Left: U(1S) yield divided by TAA (green diamonds) as a function of Npart compared
to the U(1S) cross section measured in pp (black cross). Right: nuclear modification factor RAA
of U(1S) as a function of Npart. A global uncertainty of 6%, from the integrated luminosity of
the pp data sample, is shown as a grey box at RAA = 1. Statistical (systematic) uncertainties
are shown as bars (boxes).

RAA	
  vs.	
  rapidity:	
  Large	
  sta5s5cal	
  error	
  to	
  conclude	
  on	
  rapidity	
  dependence.	
  	
  
	
  
RAA	
  vs.	
  Npart	
  :	
  No	
  centrality	
  dependence	
  within	
  uncertain5es.	
  



Back	
  up	
  



Measurements	
  at	
  LHC	
  (Non-­‐prompt	
  J/Ψ)	
  

7.3 U(1S) 21

 (GeV/c)
T

p
0 5 10 15 20 25 30

b 
fra

ct
io

n
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 = 2.76 TeV (|y|<2.4)NNsCMS PbPb  
 = 2.76 TeV (1.6<|y|<2.4)NNsCMS PbPb  

 = 2.76 TeV (|y|<2.4)sCMS pp  
 = 2.76 TeV (1.6<|y|<2.4)sCMS pp  
 = 7 TeV (1.6 < |y| < 2.4)sCMS pp  
 = 7 TeV (1.2 < |y| < 1.6)sCMS pp  
 = 7 TeV (|y| < 1.2)sCMS pp  
 = 1.96 TeV (|y|<0.6)s  pCDF p

Figure 13: b fraction of J/y production in pp and PbPb collisions at psNN = 2.76 TeV as a
function of pT for the rapidity bins |y| < 2.4 and 1.6 < |y| < 2.4, compared to b fractions
measured by CDF in pp collisions at

p
s = 1.96 TeV [42] and by CMS in pp collisions at

p
s =

7 TeV [27]. Points are plotted at their measured average pT. Statistical (systematic) uncertainties
are shown as bars (boxes).
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Figure 14: Left: non-prompt J/y yield divided by TAA (orange stars) as a function of Npart
compared to the non-prompt J/y cross section measured in pp (black cross). Right: nuclear
modification factor RAA of non-prompt J/y as a function of Npart. A global uncertainty of 6%,
from the integrated luminosity of the pp data sample, is shown as a grey box at RAA = 1.
Statistical (systematic) uncertainties are shown as bars (boxes).


