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Why heavy quarks are interesting?
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provide underlying energy loss 
mechanism of heavy quarks and 

medium properties

Silvia



Why Quarkonia?
Basics !"

Quarkonia:  
bound states of heavy quark-antiquark pairs, 
studied with non-relativistic QCD 

 - +0  - -1  + -1  ++0,1,2

bo
tto

m
on

iu
m

 m
as

s 
[G

eV
]

9.5

10

10.5

11

PCJ

(1S)
b
!

(2S)
b
!

(3S)
b
!

(1S)"

(2S)"

(3S)"

(4S)"

(5S)"

(6S)"

(1P)bh

(2P)bh

(3P)bh

(1P)
b
#

(2P)
b
#

(3P)
b
#

 - +0  - -1  + -1  ++0,1,2

bo
tto

m
on

iu
m

 m
as

s 
[G

eV
]

9.5

10

10.5

11

PCJ

0S11 

0S12 

0S13 

1S31 

1S32 

1S33 

1S34 

1S35 

1S36 

1P11 

1P12 

1P13 

JP31 

JP32 

JP33 

b
! Y bh

b
"

#$%$&$'()&"

*"##"+,-,.+"
/"

QCD analogues of the H atom 
Each energy level is a particle 
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QCD analogues of the H atom 
Each energy level is a particle 
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Quarkonia:  
bound states of heavy quark-antiquark pairs, 
studied with non-relativistic QCD 

An important goal for CMS: 

Cross section and polarization measurements 
of S and P states in high-energy pp collisions 

Extremely challenging measurements ! 

Especially the polarizations of the #c and #b states, 
which will provide very effective tests of QCD 

Upsilons are easy to detect via dimuon decays; 
the #b states are very challenging: 
difficult to detect low energy photons 
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Quarkonia:  
bound states of heavy quark-antiquark pairs, 
studied with non-relativistic QCD 

An important goal for CMS: 

Cross section and polarization measurements 
of S and P states in high-energy pp collisions 

Extremely challenging measurements ! 

Especially the polarizations of the #c and #b states, 
which will provide very effective tests of QCD 

Upsilons are easy to detect via dimuon decays; 
the #b states are very challenging: 
difficult to detect low energy photons 

in pp

Quarkonium production 
in pp collisions with CMS 
Achievements and opportunities 

Carlos Lourenço   (CERN) 

for the CMS collaboration Cagliari, May 29th, 2012 Hard Probes 2012 

Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.

Acknowledgment

I thank Péter Petreczky for collaboration on performing
this work and for carefully reading this manuscript. I am
grateful to the Organizers of Hard Probes 2008 for inviting

A. Mocsy
Eur.Phys.J.C61,
2009
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Quarkonia and the QGP 
•  Heavy quarks 

–  produced in the initial hard-scattering process 

•  Debye screening in QGP leads to melting of quarkonia 
•  Different binding energy of bound states lead to sequential 

melting of the states with increasing temperature 
–  also observable in the rates of the ground state due to suppression of  

feed down contribution 

2 

Quarkonia in pp with CMS: 
Carlos Lourenco 
(Tuesday, 14h15) 

The beginning: 
Matsui & Satz 
PLB 178 (1986) 416 
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Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Bottomonium in HI collisions

๏ Under better theoretical control than charm

! mass of  the quark higher

! no B-hadron feed-down

! nPDF effects smaller (Q2>100GeV)

๏ 3 similar states: close in mass, with relatively close     
cross-section x branching ratios

๏ The relative yields analysis of  the 3 states

! cancels cold nuclear matter effects

‣ nPDFs (shadowing, etc)

‣ initial parton energy loss

‣ final state nuclear absorption (if  negligible at LHC 
energies)

! carries only effects related to final (hot) medium 

‣ different binding energies ! color screening occurs at 
different temperatures ! sequential melting ! 
thermometer of  the final state medium

3

least suppressed
(melts last)

~similar suppression

most suppressed
(melts first)

* suppression wrt pp
A. Mocsy
Eur.Phys.J.C61,2009

in PbPb
ex)

ex)

Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

Quarkonia and heavy-flavour 
production in CMS 

– Torsten Dahms – 
LLR – École Polytechnique 

(on behalf of CMS)  
Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

Quarkonia and heavy-flavour 
production in CMS 

– Torsten Dahms – 
LLR – École Polytechnique 

(on behalf of CMS)  
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EWK Bosons in HI Collisions
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In this talk...

• Υ(nS) in pp, PbPb

• χc in pp

• J/ψ, J/ψ from beauty hadrons in pp, PbPb

• ψ(2S) in pp, PbPb

• D mesons, muons, electrons from heavy flavour decays in pp

• Single muon and D mesons RAA

• Elliptic flow of D mesons

• Elliptic flow of J/ψ
• Photon, W, Z RAA

• Elliptic flow of Z boson

5

Focus on PbPb results, select some of pp results

Tried to put together results of same 
observable from different experiments

Only experimental sides are shown



Υ(nS) yields
Bottomonium in HI collisions

๏ Under better theoretical control than charm

! mass of  the quark higher

! no B-hadron feed-down

! nPDF effects smaller (Q2>100GeV)

๏ 3 similar states: close in mass, with relatively close     
cross-section x branching ratios

๏ The relative yields analysis of  the 3 states

! cancels cold nuclear matter effects

‣ nPDFs (shadowing, etc)

‣ initial parton energy loss

‣ final state nuclear absorption (if  negligible at LHC 
energies)

! carries only effects related to final (hot) medium 

‣ different binding energies ! color screening occurs at 
different temperatures ! sequential melting ! 
thermometer of  the final state medium
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least suppressed
(melts last)

~similar suppression

most suppressed
(melts first)

* suppression wrt pp
A. Mocsy
Eur.Phys.J.C61,2009

Raw ratios  (0-100%)
(no acceptance or efficiency corrected)
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๏ Unbinned max likelihood fit

๏ Signal (same as for pp)

! 3 Crystal-ball: Gaussian core & power law tail

! Free parameters:

‣ yield, resolution and mass for !(1S)

‣ yield ratios: !(2S+3S)/!(1S), !(2S)/!(1S)

‣ tail parameter, ! (transition Gaussian"power-law)

! Fixed parameters:

‣ n (MC), exponent for tail description

‣ resolution forced to scale with PDG mass ratios

๏ Background (‘shoulder’-like structure)

! exponential x error function 

! Free parameters: all

‣ exponential decay constant

‣ error fct shoulder mean and  width 

!(nS) yield extraction: PbPb

8

Υ(2S)

Υ(1S)
|PbPb = 0.12± 0.03± 0.01

Υ(3S)

Υ(1S)
|PbPb < 0.07 (95%C.L.)

20 times more statistics

2011

Bottomonium in HI collisions with CMS

๏ !(1S) -- ground state

! 20-100 %: RAA = 0.62 ± 0.11 ± 0.10

! 0-20%     : RAA = 0.60 ± 0.12 ± 0.10

! less suppressed than J/!

4
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Phys.Rev.Lett.107, 2011 

๏ !(2S+3S) -- excited states

! more suppressed than !(1S)

๏ 2010: PbPb@2.76TeV
• 7.28 μb-1

• 86 ± 12 ϒ(1S)

๏ 2011: pp@2.76TeV
• 231 nb-1

• 101 ± 12 ϒ(1S)
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๏ !(2S+3S) -- excited states

! more suppressed than !(1S)

๏ 2010: PbPb@2.76TeV
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2010

Why relative yields?
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CMS
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Quarkonia and heavy-flavour 
production in CMS 

– Torsten Dahms – 
LLR – École Polytechnique 

(on behalf of CMS)  
Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

Quarkonia and heavy-flavour 
production in CMS 

– Torsten Dahms – 
LLR – École Polytechnique 

(on behalf of CMS)  
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Bottomonia: with 2010 data 
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pp PbPb 

NΥ (2S+3S)/NΥ (1S)|PbPb

NΥ (2S+3S)/NΥ (1S)|pp
= 0.31+0.19

−0.15 ± 0.03

PRL 107 (2011) 052302 

NΥ (2S+3S)/NΥ (1S)|pp = 0.78+0.16
−0.14 ± 0.02 NΥ (2S+3S)/NΥ (1S)|PbPb = 0.24+0.13

−0.12 ± 0.02

NΥ (1S) = 101± 12 NΥ (1S) = 86± 12
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๏ In absence (by cancellation) of  cold nuclear matter effects, !(1S) and !(2S) 

! show no obvious centrality dependence, within uncertainties, of  the remaining hot 
nuclear matter induced effects
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Nuclear modification factor: RAA(Npart)

๏ Suppression pattern in most central collisions, as expected from sequential melting
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Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Double ratio:  [!(nS)/!(1S)]PbPb / [!(nS)/!(1S)]pp

๏ Measure the relative suppression of  the excited states relative to the ground state

๏ Simultaneous fit to pp and PbPb data

! Signal:           common shape and parameters to all 6 CB (same !, n, " and !(1S) mean)

! Background: left to float separately

๏ Uncertainties:

! imperfect acceptance+efficiency cancelation: 1%

! fitting (10%)

‣ Final state radiation modeling: variations from fixing CB parameters to MC expectations

‣ Background modeling: constraining parameters from like-sign and track-rotated dimuon 
spectra, then fitting the opposite-sign spectra

‣ use largest variation for equivalent sources, and added in quadrature otherwise

10

0-100%:

Suppression pattern: !(3S)>!(2S)>!(1S)

[Υ(2S)/Υ(1S)]|PbPb

[Υ(2S)/Υ(1S)]|pp
= 0.21± 0.07± 0.02 (5.4σ signifficance)

[Υ(3S)/Υ(1S)]|PbPb

[Υ(3S)/Υ(1S)]|pp
< 0.1 (95%C.L.)

no strong centrality dependence
measured upper limit on Y(3S)

Nuclear modification factor: RAA(Npart)

๏ Suppression pattern in most central collisions, as expected from sequential melting
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!(1S) and ! (2S) RAA 
•  In 2010 (7.28!b"1): 

–  only !(1S) RAA in 
3 centrality bins 

–  JHEP 1205 (2012) 063 
•  In 2011 (150!b"1): 

–  !(1S) RAA in 
7 centrality bins 

–  first results on !(2S) RAA
  

–  clear suppression of !(2S) 
–  !(1S) suppression 

consistent with excited 
state suppression 
(~50% feed down) 

13 

RAA =
Lpp

TAANMB

NPbPb(Υ (nS))

Npp(Υ (nS))

εpp
εPbPb

CMS-HIN-11-011 
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Production of !c mesons studied via 
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Excellent mass resolution (~6 MeV) provided  
by the photon conversions comes together  
with a low identification efficiency  
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The !$%#/ !$! cross-section ratio has been measured vs. pT 
Up to much higher pT and with smaller uncertainties than previous measurements 
Systematic uncertainties dominated by fit to mass distribution 

To compare with theory calculations, much care is needed regarding the polarizations 
(which can change the results by up to around ±25%) 
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in addition to J/ψ, ψ(2S), B→J/ψ, B→ ψ(2S), Υ(nS) spectra in pp



J/Ψ from B-hadrons decay in pp collisions
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RAA of Inclusive and Prompt J/ψ

Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

Prompt J/!: Model Comparison 
•  Prompt J/! "

–  pT > 6.5 GeV/c & |y|<2.4 
–  in 0–10% centrality: 

suppressed by factor 5  
–  in 50–100%: 

suppressed by factor ~1.6 
•  Recombination effects: 

–  expected to be small at 
high pT 

22 

Zhao & Rapp, NPA 859 (2011) 114 
+ private communication 
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Prompt J/!: Model Comparison 
•  Prompt J/! "

–  pT > 6.5 GeV/c & |y|<2.4 
–  in 0–10% centrality: 

suppressed by factor 5  
–  in 50–100%: 

suppressed by factor ~1.6 
•  Recombination effects: 

–  expected to be small at 
high pT 
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RAA of Prompt(B→) J/ψ vs Npart

RAA of B ! J/" 
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•  Suppression of non-prompt J/" observed in min. bias and  
    central PbPb collisions. 
•  No strong dependence of centrality. 

•  First indications of b-quark quenching ! 

Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

JHEP 1205 (2012) 063 
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ψ(2S) in pp & PbPb at √sNN = 2.76 TeV!(2s) in PbPb & pp @"sNN = 2.76 TeV 
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Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

•  R!(2S) (Raw ratio of !(2S) / J/!) in |y| < 1.6 and 6.5 < pT < 30 GeV/c. 
•  PbPb, 0-20 %: 0.024 ± 0.008 (stat.) 
•  pp: 0.049 ± 0.010 (stat.) 
•  R!(2S) in PbPb is ~2 times smaller than pp. 
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Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

•  R!(2S) (Raw ratio of !(2S) / J/!) in 1.6 < |y| < 2.4 and 3 < pT < 30 GeV/c. 
•  PbPb, 0-20 %: 0.105 ± 0.020 (stat.) 
•  pp: 0.020 ± 0.007 (stat.) 
•  R!(2S) in PbPb is ~5 times larger than pp. 
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Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

•  R!(2S) (Raw ratio of !(2S) / J/!) in 1.6 < |y| < 2.4 and 3 < pT < 30 GeV/c. 
•  PbPb, 0-20 %: 0.105 ± 0.020 (stat.) 
•  pp: 0.020 ± 0.007 (stat.) 
•  R!(2S) in PbPb is ~5 times larger than pp. 
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Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

•  R!(2S) (Raw ratio of !(2S) / J/!) in |y| < 1.6 and 6.5 < pT < 30 GeV/c. 
•  PbPb, 0-20 %: 0.024 ± 0.008 (stat.) 
•  pp: 0.049 ± 0.010 (stat.) 
•  R!(2S) in PbPb is ~2 times smaller than pp. 
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ψ(2S) / J/ψ Double RatioDouble ratio of !(2s) & J/! 

18 

  

 
   In 3.0 < pT and 1.6 < |y| < 2.4,  
   !(2S) are less suppressed than  
   J/! (uncertainties (especially  
   from pp) are large). 

Dong Ho Moon (Korea Univ.)   Hard Probes 2012 
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    In 6.5 < pT and |y| < 1.6,  
    !(2S) are more suppressed  
    than J/!. 

Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

!(2S) / J/! Double Ratio 

27 

•  Double ratio of [!(2S) / J/!]PbPb / [!(2S) / J/!]pp 

•  For pT>3 GeV/c and 1.6<|y|<2.4: 
large uncertainties on pp 
Indication of !(2S) being less 
suppressed than J/!, but need 
more statistics (in particular pp)! 

•  For pT>6.5 GeV/c and |y|<1.6: 
!(2S) are more suppressed than 
J/!"

CMS-HIN-12-007 

Hard Probes 2012, Calgiari, 27 May – 1 June 2011 

!(2S) / J/! Double Ratio 

27 

•  Double ratio of [!(2S) / J/!]PbPb / [!(2S) / J/!]pp 

•  For pT>3 GeV/c and 1.6<|y|<2.4: 
large uncertainties on pp 
Indication of !(2S) being less 
suppressed than J/!, but need 
more statistics (in particular pp)! 

•  For pT>6.5 GeV/c and |y|<1.6: 
!(2S) are more suppressed than 
J/!"

CMS-HIN-12-007 
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Energy dependence of HF cross sections
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pp at √s = 2.76, 7 TeV: D mesons, muons, electrons
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Single muon and D meson (|y|<0.5) RAA
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Boxes: Fully correlated systematics
Error bars: uncorrelated combined statistical+systematic

•Generally flat 
with pT 
however 
statistical 
fluctuation in 
peripheral bin 
makes trend 
difficult to 
evaluate

Strong suppression in central 
collisions
No significant pt dependence

Generally flat with pt (used 
Rpc to check flatness)

ATLASALICE
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RAA compilation
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Charm and beauty: 
no evidence of mass 
effects yet (dead 
cone, ....)

Pions, charm and 
beauty RAA: similar. 
Hint of a hierarchy?
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Elliptic flow of D
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Challenge for the models: Describe both RAA and v2
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J/ψ elliptic flow

Christophe.Suire@ipno.in2p3.fr
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Quarkonium production in ALICE Hard Probes, 27 May – 1 June 2012
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Quarkonium production in ALICE Hard Probes, 27 May – 1 June 2012
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Sensitive to transport properties, and 
production mechanisms

Primordial/Initial

pQCD: isotropic in phi. 

Coalescence/Regeneration

Thermalized, flowing charm: large v2

Can light quarks move heavy 
quarks?
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CMS Collaboration / Physics Letters B 710 (2012) 256–277 261

Table 4
Isolated photon cross sections for |ηγ | < 1.44 in bins of Eγ

T for pp collisions and PbPb collisions (for 3 centrality intervals and for the full range) at
√
sNN = 2.76 TeV. The

first uncertainty is statistical and the second one is systematic (including TAA uncertainties in the PbPb case).

ET
(GeV)

pp dσγ
pp/dE

γ
T (pb/GeV) PbPb dNγ

PbPb/dE
γ
T /〈TAA〉 (pb/GeV)

0–10% 10–30% 30–100% 0–100%

20–25 2400± 140 ± 400 2480 ± 240 ± 740 2560 ± 210 ± 620 3310 ± 280 ± 950 2660 ± 140± 810
25–30 983± 74± 159 830 ± 120 ± 240 1110 ± 120 ± 250 1220 ± 170 ± 350 1013 ± 75± 292
30–40 305± 30 ± 45 416 ± 54± 110 383 ± 46± 85 353 ± 60± 94 391± 31± 105
40–50 102± 12± 15 100± 22± 23 142± 21± 32 161 ± 30± 43 128± 14± 33
50–80 20.1± 2.6± 2.8 20.0± 5.7± 4.6 21.8± 5.5± 5.0 24.3± 4.9± 5.6 21.5± 3.4± 5.0

Fig. 5. Isolated photon spectra measured as a function of Eγ
T for 0–10%, 10–30%, 30–

100%, 0–100% PbPb collisions (scaled by TAA) and pp collisions at 2.76 TeV, scaled
by the factors shown in the figure for easier viewing. The horizontal bars indicate
the bin width. The total systematic uncertainty (bottom row of Table 3) is shown as
a yellow box at each ET bin. The results are compared to the NLO jetphox calcula-
tion (see text) with its associated scale and PDF uncertainties (added in quadrature)
shown as a pink band. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this Letter.)

spectrum is computed using two alternative nuclear PDF sets: nDS
[22] and HKN07 [23]. When data are compared to pp NLO pre-
dictions, the proton PDF and the scale uncertainties are added in
quadrature.

9. Results

In order to compare the cross sections for any high-pT particle
produced in PbPb and pp collisions, a scaling factor, the nuclear
overlap function TAA, is needed to provide proper normalization.
This factor, equal to the number of nucleon–nucleon (NN) colli-
sions, Ncoll, normalized by the pp inelastic cross section, can be in-
terpreted as the NN-equivalent integrated luminosity at any given
PbPb centrality. The LHC Collaborations use a common nucleon–
nucleon inelastic cross section of σ = 64±5 mb at 2.76 TeV, based
on a fit of the existing data for total and elastic cross sections
in proton–proton and proton–antiproton collisions [24]. In units
of mb−1, the average values of TAA are 23.2 ± 1.0, 11.6 ± 0.7,
1.45 ± 0.18, and 5.66 ± 0.35 for the centrality ranges 0–10%, 10–
30%, 30–100%, and 0–100%, respectively. These numbers are com-
puted with a Glauber model [15] using the same parameters as
in [4]. The quoted uncertainties are derived by varying the Glauber
model parameters and the MB trigger and event selection ef-
ficiency within their uncertainties. The measured Eγ

T -differential
isolated photon cross sections in pp and the TAA-scaled yields in
PbPb collisions, including both statistical and systematic uncertain-
ties, are listed in Table 4.

Fig. 5 shows the pp cross sections and the PbPb TAA-scaled
yields compared to the jetphox predictions obtained with the CT10

Fig. 6. Nuclear modification factor RAA as a function of the photon ET measured in
the 0–10% most central PbPb collisions at 2.76 TeV. The vertical error bars indicate
the statistical uncertainty and the horizontal bars reflect the bin width. The total
systematic uncertainties without the TAA uncertainty (see Table 3) are shown as
yellow filled boxes. The TAA uncertainty, common to all points, is indicated by the
left box centered at unity. The curves show the theoretical predictions, obtained
with jetphox for various nuclear PDFs described in the text. The uncertainty from
the EPS09 PDF parameters is shown as the red dashed lines. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)

PDF, described in Section 8. The data are plotted at the true cen-
tre of the Eγ

T distributions in each bin [25]. The pp and PbPb data
are consistent with the NLO calculation at all transverse energies
within the quoted statistical and systematic uncertainties.

The nuclear modification factor (RAA) for isolated photon pro-
duction in PbPb collisions,

RAA = dNγ
PbPb/dE

γ
T /

(
TAA × dσγ

pp/dET
)
, (4)

is computed from the measured PbPb scaled yield for each cen-
trality and the pp differential cross section. Fig. 6 displays RAA
as a function of the isolated photon ET for the 0–10% most cen-
tral PbPb collisions. The ratio is compatible with unity within the
experimental uncertainties for all ET values. This confirms the va-
lidity of the TAA scaling expectation for perturbative cross sections
in nucleus–nucleus collisions at the LHC, as found previously for
Z-boson production [6]. Changes in the isolated photon yields in
PbPb collisions compared to pp due to modifications of the nu-
clear parton densities are relatively small in this high-ET range,
according to the jetphox calculations. Fig. 6 shows that the calcu-
lated NLO ratios of the PbPb to pp isolated photon spectra obtained
with the central values of the EPS09, nDS and HKN07 nuclear PDFs
differ at most by ±10%. The band of uncertainty obtained from the
68% confidence level variation of the EPS09 nuclear parton distri-
bution parameters (red dashed lines) is fully consistent with the
measured nuclear modification factor at all transverse energies.
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Fig. 7. The measured nuclear modification factor RAA as a function of PbPb centrality (given by the number of participating nucleons, Npart) for five different photon
transverse energy intervals. The error bars on each point indicate the statistical uncertainty. The systematic uncertainties are shown as yellow boxes, including the centrality
dependent TAA uncertainty. The common uncertainties related to event selection efficiency and pp integrated luminosity are shown as grey hatched boxes around unity. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

In order to investigate the centrality dependence of the isolated
photon production yields in PbPb compared to pp collisions, Fig. 7
plots the RAA as a function of Npart for various ET bins. Within
the uncertainties, the measured nuclear modification ratio is con-
sistent with unity, not only for minimum-bias PbPb collisions, but
also for central collisions and all photon transverse energies. With
improved statistical accuracy and/or reduced systematic uncertain-
ties, isolated photon production yields in PbPb collisions at the LHC
could be used to better constrain the nuclear PDFs by including the
measurement in standard global fits of parton densities [20,22,23],
as discussed in [3].

10. Summary

In summary, the isolated photon spectra at midrapidity (|ηγ | <
1.44) have been measured as a function of transverse energy in
pp and PbPb collisions at nucleon–nucleon centre-of-mass ener-
gies of 2.76 TeV. The measured spectra are well reproduced by
NLO perturbative QCD calculations with recent parton distribution
functions for the proton and nucleus. No modification is observed
in the Eγ

T spectra measured in PbPb collisions at various central-
ities with respect to the pp differential cross sections scaled by
the corresponding nuclear overlap function. The result confirms
the TAA scaling of perturbative cross sections in PbPb compared
to pp collisions. It is consistent with the expectation that nuclear
parton densities are not significantly modified compared to the
proton PDF in the explored kinematic range, dominated by high-
pT photons produced in parton–parton scatterings in the large-Q 2

and moderate parton fractional momentum x region of the nu-
clear PDFs [20]. Isolated photons are found to be unaffected by
the produced strongly interacting medium, in sharp contrast to
the large quenching effects observed for jets [4]. The measurement
presented here establishes isolated photon production as a valu-
able perturbative probe of the initial state in heavy-ion collisions
and provides a baseline for the study of in-medium parton energy
loss in γ + jet events.
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1. Introduction

Prompt photons with high transverse energy (ET) in hadronic
collisions are produced directly from the hard scattering of two
partons. At lowest order in perturbative QCD calculations, three
partonic mechanisms produce prompt photons in hadronic colli-
sions: (i) quark–gluon Compton scattering qg → γ q, (ii) quark–
antiquark annihilation qq → γ g, and (iii) collinear fragmentation
of a final-state parton into a photon. Prompt photons from (i) and
(ii) are called “direct”; those from (iii) are called “fragmentation”.
Measured photon production cross sections provide a direct test
of perturbative quantum chromodynamics (pQCD) [1], and con-
strain the proton [2] and nuclear [3] parton distribution functions
(PDFs). In the case of nuclear collisions, jets are significantly sup-
pressed [4,5] but direct photons as well as W and Z bosons [6,7]
are unaffected by the strongly interacting medium produced in the
reaction. Thus, these electroweak particles constitute particularly
“clean” probes of the initial state of the collision. In particular, the
direct comparison of production cross sections of such probes in
pp and nuclear collisions allows one to estimate possible modifi-
cations of the nuclear parton densities with respect to a simple
incoherent superposition of nucleon PDFs.

However, the measurement of prompt photon production is
complicated by the presence of a large background coming from
the electromagnetic decays of neutral mesons (mostly π0,η → γ γ )

! © CERN for the benefit of the CMS Collaboration.
! E-mail address: cms-publication-committee-chair@cern.ch.

produced in the fragmentation of hard-scattered partons. Since
high-transverse-momentum (pT) neutral mesons are produced in-
side a jet, they are surrounded by significant hadronic activity from
other parton fragments. Thus, γ backgrounds from these decays
are typically suppressed by imposing isolation requirements on
the reconstructed photon candidates. The isolation requirements
also significantly suppress the fragmentation photon component,
while removing very few of the photons arising from direct pro-
cesses. Since the annihilation contribution is relatively small at the
Large Hadron Collider (LHC), the result is an isolated photon sam-
ple dominated by quark–gluon Compton photons [2]. In heavy-ion
collisions, the hard scattering that produces an isolated photon is
superimposed on the considerable activity arising from multiple
parton–parton scatterings (underlying event) occurring simultane-
ously. A subtraction of the underlying event is therefore necessary
before applying isolation criteria.

In this Letter, a measurement of the isolated photon production
in pp and PbPb collisions at nucleon–nucleon centre-of-mass en-
ergies

√
sNN = 2.76 TeV with the Compact Muon Solenoid (CMS)

detector [8] is reported. This constitutes the first measurement of
isolated photon production in heavy-ion collisions (though inclu-
sive single photon production has been measured previously at
RHIC [9] and SPS [10] energies). Sections 2 and 3 describe the
detector and triggers used in the analysis, while the Monte Carlo
(MC) simulation and the PbPb reaction centrality determination are
discussed in Sections 4 and 5. The photon reconstruction and iden-
tification methods used in pp collisions follow very closely those
described in the studies at

√
s = 7 TeV [11]. The improvements in-

troduced in order to adapt the photon reconstruction and isolation

0370-2693/  2012 CERN. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2012.02.077
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in the silicon tracker results in a pT resolution between 1%
and 2%, for pT values up to 100 GeV=c.

The centrality of AA collisions, i.e., the geometrical
overlap of the incoming nuclei, is related to the energy
released in the collisions. In CMS, centrality is defined as
percentiles of the distribution of the energy deposited in the
HFs [13,14]. The centrality classes used in this analysis are
30%–100%, 10%–30%, and 0%–10% (most central), or-
dered from the lowest to the highest HF energy deposit.

Events are preselected if they contain a reconstructed
primary vertex made of at least two tracks, and an offline
coincidence of both of the HFs with a total deposited
energy of at least 9 GeV. These criteria reduce contribu-
tions from single-beam interactions with the environment
(e.g., beam-gas and beam halo collisions with the beam
pipe), ultraperipheral electromagnetic collisions, and
cosmic-ray muons. The acceptance of this selection is
(97! 3)% of the hadronic inelastic cross section [13].

The events are also selected by the two-level trigger of
CMS. At the first hardware level, two muon candidates in
the muon detectors are required. At the software-based
higher level, two reconstructed tracks in the muon detec-
tors are required, each with a pT of at least 3 GeV=c. In
order to study the dimuon trigger efficiency, events are
also collected with a single-muon trigger, requiring pT >
20 GeV=c. For Z bosons, the trigger efficiency is estimated
to be ’ 94%.

Muon offline reconstruction is seeded with ’ 99% effi-
ciency by tracks in the muon detectors, called stand-alone
muons. These tracks are then matched to tracks recon-
structed in the silicon tracker by means of an algorithm
optimized for the heavy-ion environment [14,15]. For a
muon from Z decays the tracking efficiency is ’ 85%, less
than in the pp case, as the track reconstruction requires
more pixel hits to lower the number of combinations, due
to the high multiplicity. Global fits of the muon and tracker
tracks, called global muons, are used to obtain the results
presented in this Letter.

Background muons from cosmic rays and heavy-quark
semileptonic decays are rejected by requiring a transverse
(longitudinal) impact parameter of less than 0.3 (1.5) mm
from the measured vertex. Loose criteria applied on the
reconstructed muons result in the dimuon mass spectrum
shown in Fig. 1. No muon isolation criteria are applied, as
they are expected to have reduced efficiency in the high
particle density of the PbPb environment. The fraction of Z
decays removed by the applied selection criteria is esti-
mated to be ’ 2:6%. A conservative upper limit of 4% for
the residual background is estimated by extrapolations of
various shapes from the low mass region, and no correction
is applied. Thirty-nine Z candidates are observed in the
mass interval 60–120 GeV=c2. Their distribution is con-
sistent with the one from pp data at 7 TeV [6], scaled down
to 39 counts and limited to the 60–120 GeV=c2 mass range
as displayed by the histogram in Fig. 1.

Muon trigger, reconstruction, and selection efficiencies,
as well as acceptance, are estimated using the PYTHIA 6.424
simulation [16] with CTEQ6L PDFs [17] and full GEANT4
[18] detector simulation. To take into account the effect of
the higher PbPb underlying-event activity, simulated Z
decays are embedded in measured PbPb events at the level
of detector hits and with generated vertices matched to the
measured ones. These events were processed through the
trigger emulation and event reconstruction chain. Track
characteristics, such as the number of hits and the !2 of
the track fit, have similar distributions in data and simula-
tion. The detector acceptance ", defined as the fraction of
Z bosons produced at rapidity jyj< 2:0 that decay into
muons with j#j< 2:4 and pT > 10 GeV=c, is estimated to
be 78%. Within this acceptance, the overall trigger, recon-
struction, and identification efficiency " averages to 67%,
and varies by less than 10% as a function of centrality.
The individual components of this efficiency are also

estimated with a data-driven technique, called tag-and-
probe, similar to the one used for the corresponding pp
measurement [6]. It consists in counting the Z candidates
with and without applying the probed selection on one of
the muons: (1) the stand-alone muon reconstruction effi-
ciency is probed with tracker tracks; (2) the silicon tracker
reconstruction efficiency is probed with stand-alone
muons; (3) the trigger efficiency is probed by testing the
trigger response to global muons from a sample triggered
by a single-muon requirement. The last is also checked
with high-quality reconstructed muons fromMB events. In
all cases, these data-driven efficiencies agree with those
derived from simulation within the statistical uncertainties.
The total systematic uncertainty on the Z yield is esti-

mated to be 13% by summing in quadrature the following
contributions. The largest one is associated with the
tracking efficiency and taken as the 9.8% precision of the
above-mentioned data-driven efficiency determination.
Similarly, the uncertainty associated with the dimuon
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FIG. 1 (color online). Dimuon invariant mass spectra. Full
squares are opposite-sign dimuons, while the empty circle shows
a unique like-sign dimuon candidate. The histogram shows the
corresponding distribution measured in pp collisions at 7 TeV
within 60–120 GeV=c2, scaled to the 39 PbPb candidates.
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trigger is 4.5%. The 4% maximum contribution from un-
subtracted background is taken as a systematic uncertainty.
The uncertainty associated with the muon-pair selection is
considered to be equal to the 2.6% loss of events. The MB
trigger efficiency is known at the 3% level. The uncertainty
coming from the acceptance correction is estimated
to be less than 3%, by varying the underlying generated
kinematics (y, pT) beyond reasonable modifications.
Other systematic uncertainties are estimated to sum to
less than 1.5%.

The yield of Z ! !þ!" decays per MB event is defined
as dN=dyðjyj< 2:0Þ ¼ NZ=ð""NMB!yÞ, where NZ ¼ 39
is the number of dimuons counted in the mass window of
60–120 GeV=c2, NMB ¼ 55& 106 is the number of corre-
spondingMB events, corrected for trigger efficiency," and
" are the acceptance and overall efficiency, and !y ¼ 4:0
is the rapidity bin width. We find dN=dyðjyj< 2:0Þ ¼
ð33:8' 5:5' 4:4Þ & 10"8, where the first uncertainty is
statistical and the second systematic. The analysis de-
scribed above is repeated after subdividing the data into
three bins for each of the following variables: event cen-
trality and Z boson y and pT . The total systematic uncer-
tainty does not vary significantly with these variables and is
considered to be constant and dominantly uncorrelated.

In the absence of in-medium modifications, the yield of
perturbative processes such as the Z boson production is
supposed to scale with the number of incoherent nucleon-
nucleon binary collisions [19]. In order to compare the
PbPb measured yields to available pp cross-section calcu-
lations, a scaling factor TAB is necessary. This nuclear
overlap function is equal to the number of elementary
nucleon-nucleon binary collisions divided by the elemen-
tary NN cross section, and can be interpreted as the NN
equivalent integrated luminosity per AA collision, at a
given centrality. In units ofmb"1, the average TAB amounts
to 1:45' 0:18, 11:6' 0:7, and 23:2' 1:0, for the central-
ity ranges 30%–100%, 10%–30%, and 0%–10%, respec-
tively, and 5:66' 0:35 for MB events. These numbers are
computed with a Glauber model calculation [19], using the
same parameters as in [13]. The quoted uncertainties are
derived by varying within uncertainties the Glauber pa-
rameters and the MB trigger and selection efficiency.

The full circles in Fig. 2(a) show the centrality depen-
dence of the Z yield divided by TAB, while the open square
is for MB events. The variable used on the abscissa is the
average number of participating nucleons Npart corre-

sponding to the selected centrality intervals, computed in
the same Glauber model. No centrality dependence of the
binary-scaled Z yields is observed in data. A similar result
was recently published by the ATLAS collaboration [20].

The normalized yields ðdN=dyÞ=TAB are compared to
various calculations: (1) using the nucleon CT10 and
modified nuclear EPS09 PDFs [9,21], (2) using
MSTW08 PDFs [22] and modeling incoming-parton en-
ergy loss [11], and (3) provided by the POWHEG [23]
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FIG. 2 (color online). The yields of Z ! !! per event:
(a) dN=dy divided by the expected nuclear overlap function
TAB and as a function of event centrality parametrized as the
number of participating nucleons Npart, (b) dN=dy versus the Z
boson y, (c) d2N=dydpT versus the Z boson pT . Data points
are located horizontally at average values measured within
a given bin. Vertical lines (bands) correspond to statistical
(systematic) uncertainties. Theoretical predictions are computed
within the same bins as the data, and are described in
the text.
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Study of Z Boson Production in PbPb Collisions at
ffiffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV

S. Chatrchyan et al.*

(CMS Collaboration)
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A search for Z bosons in the !þ!# decay channel has been performed in PbPb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV with the CMS detector at the LHC, in a 7:2 !b#1 data sample. The number of opposite-sign

muon pairs observed in the 60–120 GeV=c2 invariant mass range is 39, corresponding to a yield per unit

of rapidity (y) and per minimum bias event of ½33:8% 5:5ðstatÞ % 4:4ðsystÞ( ) 10#8, in the jyj< 2:0
range. Rapidity, transverse momentum, and centrality dependencies are also measured. The results agree

with next-to-leading order QCD calculations, scaled by the number of incoherent nucleon-nucleon

collisions.

DOI: 10.1103/PhysRevLett.106.212301 PACS numbers: 25.75.Cj, 12.38.Bx, 14.70.Hp

The hot and dense matter produced in heavy-ion colli-
sions, often referred to as the quark-gluon plasma (QGP),
can be studied in various ways. One approach is to compare
measurements made in heavy-ion (AA) collisions to those
in proton-proton (pp) and proton- (or deuteron-)nucleus
collisions. Another way is to compare in the same AA
sample the yields of particles that are modified by the
QGP to those of unmodified reference particles. At the
Relativistic Heavy Ion Collider (RHIC), direct photons
play the reference role [1], although their measurement is
complicated by copious background from "0 and other
decays, and by the existence of a parton fragmentation
component which is potentially modified by the medium
[2]. At the Large Hadron Collider (LHC) energies, a new
and cleaner reference becomes available: the Z boson,
decaying into leptons [3,4].

Electroweak boson production is an important bench-
mark process at hadron colliders. At 7 TeV center-of-mass
energy, measurements in pp collisions at the LHC [5,6] are
well described by calculations based on higher-order per-
turbative quantum chromodynamics (pQCD), using recent
parton distribution functions (PDFs). In AA collisions, Z
boson production can be affected by various initial-state
effects, though predictions indicate that these contributions
are rather small [3,7–10]. First, the mix of protons and
neutrons in AA collisions (the so-called isospin effect) is
estimated to modify the Z yield by less than 3% compared
to pp collisions [9]. Second, energy loss and multiple
scattering of the initial partons can also alter the Z produc-
tion, by about 3% [10]. The PDFs however are modified
in nuclei and a depletion (shadowing) is expected for Z
bosons at the LHC, modifying their yield by as much as

20% [9]. Precise measurements of Z production in heavy-
ion collisions can therefore help to constrain nuclear PDFs.
Once produced, Z bosons decay within the medium,

with a lifetime of 0:1 fm=c. Their leptonic decays are of
particular interest since leptons lose negligible energy in
the produced medium regardless of its nature (partonic or
hadronic) and properties [4]. Dileptons from Z bosons can
thus serve as a reference to the processes expected to be
heavily modified in the QGP, such as quarkonia produc-
tion, or the production of an opposite-side jet in Zþ jet
processes [3,11]. The Z bosons are therefore ideally suited
to serve as a standard candle of the initial state in PbPb
collisions at the LHC energies.
During the first PbPb LHC run at the end of 2010,

at a center-of-mass energy per nucleon pair of
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV, Z bosons were observed by the Compact Muon
Solenoid (CMS) experiment. The measurement reported in
this Letter is performed with a 55) 106 minimum bias
(MB) event sample, corresponding to an integrated lumi-
nosity of 7:2 !b#1.
A detailed description of the CMS detector can be found

in [12]. Its central feature is a superconducting solenoid of
6 m internal diameter, providing a magnetic field of 3.8 T.
Within the field volume are the silicon pixel and strip
tracker, the crystal electromagnetic calorimeter, and the
brass or scintillator hadron calorimeter. Muons are mea-
sured in gas-ionization detectors embedded in the steel
return yoke. In addition, CMS has extensive forward calo-
rimetry, in particular, two steel or quartz-fiber Čerenkov,
hadron forward (HF) calorimeters, which cover the pseu-
dorapidity range 2:9< j#j< 5:2.
In this analysis, Z bosons are measured through their

dimuon decays. The silicon pixel and strip tracker mea-
sures charged particle trajectories in the range j#j< 2:5. It
consists of 66 M pixel and 10 M strip detector channels. It
provides a distance-to-vertex resolution of *15 !m in the
transverse plane. Muons are detected in the j#j< 2:4
range, with detection planes based on three technologies:
drift tubes, cathode strip chambers, and resistive plate
chambers. A matching of the muons to the tracks measured
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Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 106, 212301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
27 MAY 2011

0031-9007=11=106(21)=212301(14) 212301-1 ! 2011 CERN, for the CMS Collaboration

Study of Z Boson Production in PbPb Collisions at
ffiffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV

S. Chatrchyan et al.*

(CMS Collaboration)
(Received 1 March 2011; published 24 May 2011)

A search for Z bosons in the !þ!# decay channel has been performed in PbPb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV with the CMS detector at the LHC, in a 7:2 !b#1 data sample. The number of opposite-sign

muon pairs observed in the 60–120 GeV=c2 invariant mass range is 39, corresponding to a yield per unit

of rapidity (y) and per minimum bias event of ½33:8% 5:5ðstatÞ % 4:4ðsystÞ( ) 10#8, in the jyj< 2:0
range. Rapidity, transverse momentum, and centrality dependencies are also measured. The results agree

with next-to-leading order QCD calculations, scaled by the number of incoherent nucleon-nucleon

collisions.

DOI: 10.1103/PhysRevLett.106.212301 PACS numbers: 25.75.Cj, 12.38.Bx, 14.70.Hp

The hot and dense matter produced in heavy-ion colli-
sions, often referred to as the quark-gluon plasma (QGP),
can be studied in various ways. One approach is to compare
measurements made in heavy-ion (AA) collisions to those
in proton-proton (pp) and proton- (or deuteron-)nucleus
collisions. Another way is to compare in the same AA
sample the yields of particles that are modified by the
QGP to those of unmodified reference particles. At the
Relativistic Heavy Ion Collider (RHIC), direct photons
play the reference role [1], although their measurement is
complicated by copious background from "0 and other
decays, and by the existence of a parton fragmentation
component which is potentially modified by the medium
[2]. At the Large Hadron Collider (LHC) energies, a new
and cleaner reference becomes available: the Z boson,
decaying into leptons [3,4].

Electroweak boson production is an important bench-
mark process at hadron colliders. At 7 TeV center-of-mass
energy, measurements in pp collisions at the LHC [5,6] are
well described by calculations based on higher-order per-
turbative quantum chromodynamics (pQCD), using recent
parton distribution functions (PDFs). In AA collisions, Z
boson production can be affected by various initial-state
effects, though predictions indicate that these contributions
are rather small [3,7–10]. First, the mix of protons and
neutrons in AA collisions (the so-called isospin effect) is
estimated to modify the Z yield by less than 3% compared
to pp collisions [9]. Second, energy loss and multiple
scattering of the initial partons can also alter the Z produc-
tion, by about 3% [10]. The PDFs however are modified
in nuclei and a depletion (shadowing) is expected for Z
bosons at the LHC, modifying their yield by as much as

20% [9]. Precise measurements of Z production in heavy-
ion collisions can therefore help to constrain nuclear PDFs.
Once produced, Z bosons decay within the medium,

with a lifetime of 0:1 fm=c. Their leptonic decays are of
particular interest since leptons lose negligible energy in
the produced medium regardless of its nature (partonic or
hadronic) and properties [4]. Dileptons from Z bosons can
thus serve as a reference to the processes expected to be
heavily modified in the QGP, such as quarkonia produc-
tion, or the production of an opposite-side jet in Zþ jet
processes [3,11]. The Z bosons are therefore ideally suited
to serve as a standard candle of the initial state in PbPb
collisions at the LHC energies.
During the first PbPb LHC run at the end of 2010,

at a center-of-mass energy per nucleon pair of
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV, Z bosons were observed by the Compact Muon
Solenoid (CMS) experiment. The measurement reported in
this Letter is performed with a 55) 106 minimum bias
(MB) event sample, corresponding to an integrated lumi-
nosity of 7:2 !b#1.
A detailed description of the CMS detector can be found

in [12]. Its central feature is a superconducting solenoid of
6 m internal diameter, providing a magnetic field of 3.8 T.
Within the field volume are the silicon pixel and strip
tracker, the crystal electromagnetic calorimeter, and the
brass or scintillator hadron calorimeter. Muons are mea-
sured in gas-ionization detectors embedded in the steel
return yoke. In addition, CMS has extensive forward calo-
rimetry, in particular, two steel or quartz-fiber Čerenkov,
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charged-sign pairs in this window are taken as an estimate of the combinatorial background. In total, 772

opposite-sign pairs and 42 same sign pairs are reconstructed in the Z → ee decay channel.

3.3 Z → µµ
In the Z → µµ analysis, single muons may be reconstructed with varying levels of quality[21]. High

quality muons are reconstructed in the MS and ID subsystems and have a consistent angular measurement

in both subdetectors as well as a good match to the primary vertex. At least one muon in a pair, matched

to the trigger, is required to be of such quality. If the second muon in the pair is fully reconstructed as

a track by more than one subsystem including the MS, the minimum pT threshold is set to 10 GeV on

both muons. If the second muon fails this condition, both muons are required to satisfy pT>20 GeV.

The Z reconstruction efficiency is based on study of 5.3×10
5

Pʏ�ʜɪ� Z → µµ events with 66 < mZ <
116 GeV and |yZ | < 2.5 that are embedded into Hɪ�ɪɴɢ events. For muons with pT > 20 GeV, |η| < 2.5
and associated to the event vertex, the reconstruction efficiency of the ATLAS MS system is 97 ± 1%

to 98 ± 1% from central to peripheral. Requiring a match between the MS and ID systems reduces the

efficiency respectively to 89 ± 1% and 91 ± 1% due to track loss in the ID system, predominantly at

|η| > 1.5.

As in the Z → ee analysis, an invariant mass window of 66 < mµµ < 102 GeV is used to define

oppositely charged muon pairs as Z boson candidates and same sign charged pairs as a background

estimate. In total, 1223 opposite-sign candidates and 14 same sign candidates are reconstructed in the

Z → µµ channel.

3.4 Corrections and systematic uncertainties

The invariant mass distributions of the selected events together with estimated combinatorial back-

grounds are shown in Fig. 2, compared with the MC normalized to the number of counts in the region
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Abstract

The ATLAS experiment has observed 1995 Z boson candidates with 0.15 nb
−1

of inte-

grated luminosity obtained in the 2011 LHC Pb+Pb run at
√

sNN=2.76 TeV. The Z bosons

are reconstructed via di-electron and di-muon decay channels. The results from both chan-

nels are consistent with each other and are combined. The background is less than 3% of our

selected sample. Within the statistical and systematic uncertainties, the per-event Z boson

yield integrated over rapidity |yZ | < 2.5 is proportional to the number of binary collisions

estimated by the Glauber model. The elliptic flow coefficient of the azimuthal distribution

of the Z boson with respect to the event plane is consistent with zero.
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Figure 1: (a) Single-muon transverse-momentum spectrum for |ηµ| <2.1 in PbPb data (red-

filled circles). Signal (green-hatched histogram) and background (blue-dashed histogram) con-

tributions are fitted (black-solid line) to the data. (b) Mean value of pT/ for charged tracks as a

function of centrality, before any event selection is applied on the muon-triggered data (black

squares) and after it (red-filled circles), together with predictions from the PYTHIA+HYDJET

samples (green triangles). (c) Transverse mass distribution for selected events in PbPb (red-

filled circles) and pp (blue open squares) data, compared to simulation (green-hatched his-

togram). The error bars represent statistical uncertainties. See the text for more details.
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Figure 6: The four panels show the RPC values for four centrality classes considered in this analysis.

The error bars show the statistical uncertainties, and the shaded areas at the point location, the residual

systematic uncertainty. Additional uncertainty, coming from the �Ncoll�(P) to �Ncoll�(C) ratio is the same

for all points in the panel and is shown centered about unity.

5 Conclusions

Using the ATLAS detector, Z boson production has been measured in Pb+Pb collisions at√
sNN=2.76 TeV using 0.15 nb

−1
of integrated luminosity collected in the 2011 LHC physics run. Within

|yZ | < 2.5, and 66 < mll < 102 GeV, a total of 772 and 1223 Z boson candidates are reconstructed in

the Z → ee and Z → µµ channels respectively. The combinatorial background is at the level of 5% in

the electron channel and 1% for the muon channel. Yields of the Z boson production integrated within

|yZ | < 2.5 are consistent in the two channels in all measured pT and centralities. The momentum and

rapidity distributions of the Z bosons measured in 0-80% centrality region are consistent in shape with

the Pʏ�ʜɪ� simulations of Z boson production in p + p collisions. Within the uncertainties, which are

mainly statistical in origin, the Z boson yield is found to be proportional to �Ncoll�. The elliptic harmonic

of the Z boson anisotropic flow measured as a function of rapidity, pZ
T

and �Npart� is consistent with zero

within the uncertainties of the measurements.
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๏ Unbinned max likelihood fit
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! 3 Crystal-ball: Gaussian core & power law tail

! Free parameters:

‣ yield, resolution and mass for !(1S)

‣ yield ratios: !(2S+3S)/!(1S), !(2S)/!(1S)

‣ tail parameter, ! (transition Gaussian"power-law)

! Fixed parameters:

‣ n (MC), exponent for tail description

‣ resolution forced to scale with PDG mass ratios

๏ Background 

! 2nd order polynomial

‣ Free parameters: all

7

Raw ratios 
(no acceptance or efficiency corrected)

Υ(2S)

Υ(1S)
|pp = 0.56± 0.13± 0.01

Υ(3S)

Υ(1S)
|pp = 0.41± 0.11± 0.02
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! 3 Crystal-ball: Gaussian core & power law tail
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‣ yield, resolution and mass for !(1S)

‣ yield ratios: !(2S+3S)/!(1S), !(2S)/!(1S)

‣ tail parameter, ! (transition Gaussian"power-law)

! Fixed parameters:

‣ n (MC), exponent for tail description

‣ resolution forced to scale with PDG mass ratios

๏ Background (‘shoulder’-like structure)

! exponential x error function 

! Free parameters: all

‣ exponential decay constant

‣ error fct shoulder mean and  width 

!(nS) yield extraction: PbPb
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Υ(2S)

Υ(1S)
|PbPb = 0.12± 0.03± 0.01

Υ(3S)

Υ(1S)
|PbPb < 0.07 (95%C.L.)

32


