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Why quarkonia @ CMS? 

Many good reasons! 
•  They provide a unique laboratory for studying QCD 
•  They are abundantly produced at LHC 
•  They can be used to probe hot, dense matter 
Some history … 
•  In the 90’s CDF observed direct production rates 

for the J/ψ and ψ(2S) far beyond the prediction 
for LO color-singlet production 

•  Several theoretical approaches were developed 
-  The inclusion of color-octet terms (NRQCD) 

could describe the increase using freely 
adjustable LDME terms 

-  NLO color singlet models could also match 
the cross sections 

-  None of the two approaches describes the  
polarization data 
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NRQCD factorization, Braaten et al,  
PRD62(2000)094005 

CDF Run II, PRL99(2007)132001 

NLO color-singlet, Haberzettl, 
Lansberg, PRL100(2008)032006 



Why quarkonia @ CMS? 

Recent progress on theory … 
•  New NRQCD calculations at NLO  

became available for charmonium 
(including color-singlet and color-octet  
contributions) at O(αs

4v4). 
•  They agree well with cross sections measured  

at the Tevatron and first LHC results. 
•  There is a hint that one CO state (1S0

[8]) 
dominates J/ψ direct production 

•  Further comparisons with increasing 
precision on LHC cross section data and with  
polarization measurements are needed! 
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■ Production of  charmonium states provides a test of  the QCD 
◆ Production mechanism with a preponderance of  color octet  over color 

singlet contributions seems to work for Tevatron and first LHC data. 
Important to test the high pT region.
● The J/ψ prompt yield has a large fraction of  feed-down contributions from 
ψ(2S) and χc decays. High pT region up to now tested by ATLAS.

● ψ(2S) has no “indirect” contribution from heavier charmonia. Up to now, 
only LHCb measurements at LHC, which cover the region 2<y!4.5. 

● Measuring the ratio of  the  ψ(2S) to J/ψ ratio most of  the experimental 
errors cancel. 

F. Palla - INFN Pisa Europhysics Conference on High Energy Physics 2011 
 Grenoble, 20-27 July 2011 2

Motivations

Y. Q. Ma, Y. J. Zhang and K. T. Chao 
Phys. Rev. Lett. 106:042002, 2011

Wednesday, July 20, 2011

Ma et al, PRL106(2011)042002 



Quarkonium reconstruction 
in CMS 
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Geneva 



Quarkonium reconstruction 
in CMS 
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Two-Tier trigger system 
•  Input:  

up to 40 MHz bunch crossing rate 
•  L1 (hardware) 

(multi-)object conditions using muon chambers 
and calorimeters; output rate up to 100 kHz 

•  HLT (software) 
PC farm using offline SW framework; output 
rate up to a few 100 Hz 

Silicon pixel & strip tracker 
•  1440 pixel and 15k strip modules 

•  Track reconstruction in |η|<2.5 
extends to pT below 100 MeV 

•  Typical resolutions (central  
region) at pT=10 GeV 
σ(pT)/pT < 1%, σ(dxy) ~ 20 µm 

Muon chambers 
•  3 different technologies 

•  Combined reconstruction with tracker 
Acceptance up to |η|=2.4 
pT cutoff due to material & B-field  

typically 1 – 3 GeV  
Low-energy pT resolution dominated  

by inner track measurement 
Magnet 
•  Superconducting solenoid 

B = 3.8T 



Quarkonium reconstruction 
in CMS 

From collisions to tape … 
•  Quarkonia measurements are based on single and double muon triggers 

-  Access to quarkonium pT → 0 and / or highly asymmetric decays requires low 
momentum thresholds for the muons 

 
•  “Golden” data taking period in 2010:  

-  Double muon triggers without explicit pT thresholds 
-  Muon+track triggers for decays with a soft 2nd muon 
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2011 data taking 
•  have to compete with high priority analyses  

(searches, top physics, ..) 
-  Specific trigger windows around each  

resonance (incl. sidebands) 
-  Low rate control triggers for monitoring 

and measurement of the efficiency 



Upsilon 

•  Purely HW di-muon trigger 
•  Efficiencies measured from data 

on a 2D grid in pT × |ηµ| 
•  Di-muon system: 

-  Opposite charge, 8<Mµµ/GeV<14, 
|y|<2, good di-muon vertex 

•  Good separation of the states! 
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FIG. 8 (color online). (Left) Differential !ð1SÞ cross section as a function of rapidity in the transverse-momentum range pT <
30 GeV=c (data points) and normalized PYTHIA prediction (line). The uncertainties on the points represent the sum of the statistical
and systematic uncertainties added in quadrature, excluding the uncertainty on the integrated luminosity (11%). (Right) Cross section
ratios for !ðnSÞ states as a function of pT in the rapidity range jyj< 2.

TABLE X. The ratios of !ðnSÞ cross sections for different !
pT ranges in the unpolarized scenario. The first uncertainty is
statistical and the second is systematic. The ratios are indepen-
dent of the luminosity normalization and its uncertainty.

pT (GeV=c) !ð3SÞ=!ð1SÞ !ð2SÞ=!ð1SÞ
0–30 0:14' 0:01' 0:02 0:26' 0:02' 0:04
0–3 0:11' 0:02' 0:02 0:22' 0:03' 0:04
3–6 0:11' 0:02' 0:03 0:25' 0:03' 0:05
6–9 0:17' 0:03' 0:03 0:28' 0:04' 0:04
9–14 0:20' 0:03' 0:03 0:33' 0:04' 0:05
14–20 0:26' 0:07' 0:04 0:35' 0:08' 0:05
20–30 0:44' 0:16' 0:08 0:36' 0:14' 0:06
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UPSILON PRODUCTION CROSS SECTION IN pp . . . PHYSICAL REVIEW D 83, 112004 (2011)

112004-15

Y(2S)/Y(1S) = 0.26±0.02±0.04 
Y(3S)/Y(1S) = 0.14±0.01±0.02 

CMS Coll., PRD83(2011)112004 



J/ψ 

Charmonia 
•  More experimental challenges: contributions  

from feed down from heavier charmonia AND  
from b-hadron decays (for 1S) 

•  Combination of several triggers 
•  Selection of opposite-charge pairs with  

2.5<Mµµ/GeV<4.7 and a good common vertex 
•  Efficiency calculated as ε(µ1)×ε(µ2)×εvertex×ρ 

-  (single muon, vertex fit and correlation) 
•  Yield extraction from a fit to the mass spectrum 
Results (inclusive) 
•  Cross section measurement up to pT=70GeV 
•  Good agreement with first low-pT analyses 

(different triggers and analysis methods)   
•  Errors in the range 2-9% (stat) and mostly  

<1% (syst) but dependence on polarization 
scenario (here: unpolarized) 
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J/ψ 

Separation of prompt and non-prompt components 
•  Using proper decay time associated with di-muon vertex 

•  Fit takes into account 
-  Event-by-event estimates of the resolution 
-  δ-function (prompt) and effective exponential (non-prompt) 
-  Background shape from mass-sidebands 

Results 
•  Excellent agreement with 

theoretical predictions: 
-  NRQCD (prompt): Chao et al., 

PRL106:042002, 2011 
-  FONLL (non-prompt): 

Cacciari et al., 
JHEP 0103 (2001) 006 

11 W. Adam: Quarkonia Studies at CMS EXA11, Sep. 7, 2011 

! J /! =
uTs!1x
uTs!1u

mJ /! / | pT | x = (SV!PV)xy u = pT / | pT |

PV 

SV 

 (mm)ψJ/l
-0.5 0 0.5 1 1.5 2

Ev
en

ts
 / 

(0
.0

3 
m

m
)

10

210

310

 (mm)ψJ/l
-0.5 0 0.5 1 1.5 2

Ev
en

ts
 / 

(0
.0

3 
m

m
)

10

210

310

 = 7 TeVsCMS -  
-1L = 36.7 pb

data
total fit
prompt
non-prompt
bkgd

 (mm)ψJ/l
-0.5 0 0.5 1 1.5 2

Pu
ll

-4
-3
-2
-1
0
1
2
3
4

 (mm)ψJ/l
-0.5 0 0.5 1 1.5 2

Pu
ll

-4
-3
-2
-1
0
1
2
3
4

 = 113.10/90DoF/n2χ

 (GeV/c)
T

p
5 6 7 8 910 20 30 40 50

dy
 (n

b/
G

eV
/c

)
T

/d
p

ψ
pr

om
pt

 J
/

σ2
 d×

BR
 

-210

-110

1

10

210

310

 (GeV/c)
T

p
5 6 7 8 910 20 30 40 50

dy
 (n

b/
G

eV
/c

)
T

/d
p

ψ
pr

om
pt

 J
/

σ2
 d×

BR
 

-210

-110

1

10

210

310

CMS Preliminary

-1 = 7 TeV  L = 36.7 pbs

Lumi. and polariz.
uncertainties not shown

625)×0.00 < |y| < 0.90 (
125)×0.90 < |y| < 1.20 (
25)×1.20 < |y| < 1.60 (
5)×1.60 < |y| < 2.10 (
1)×2.10 < |y| < 2.40 (

NRQCD

 (GeV/c)
T

p
5 6 7 8 910 20 30 40 50

dy
 (n

b/
G

eV
/c

)
T

/d
p

ψ
no

n-
pr

om
pt

 J
/

σ2
 d×

BR
 -210

-110

1

10

210

310

 (GeV/c)
T

p
5 6 7 8 910 20 30 40 50

dy
 (n

b/
G

eV
/c

)
T

/d
p

ψ
no

n-
pr

om
pt

 J
/

σ2
 d×

BR
 -210

-110

1

10

210

310

CMS Preliminary

-1 = 7 TeV  L = 36.7 pbs

Lumi. and polariz.
uncertainties not shown

625)×0.00 < |y| < 0.90 (
125)×0.90 < |y| < 1.20 (
25)×1.20 < |y| < 1.60 (
5)×1.60 < |y| < 2.10 (
1)×2.10 < |y| < 2.40 (

FONLL



ψ (2S) 

Same experimental approach as for J/ψ 
•  But some adjustments to lower statistics: 

mass difference M2S-M1S fixed to PDG 
values and Crystal Ball function para- 
meters (resolution, tail) common with 1S 

•  Typical resolutions (both states): 
-  ~20MeV (barrel) / ~50MeV (endcaps) 

•  Again, good agreement with predictions 
but measured ψ(2S) non-prompt 
spectrum falls steeper with increasing pT 
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•  Lower systematics on cross section ratio: 
-  ~ 10% without polarization effects 
-  Polarization: 12 – 20% 
-  Stat. error ~ 3 – 5% 
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X(3872) 

First “exotic” state measured at CMS 
•  Observed in the X(3872) → J/ψ π+π- channel and measured relative to ψ(2S)  
•  Reconstruction using a 4-track vertex fit, imposing the J/ψ mass on the 

opposite-charge muon pair 
•  Cross section ratio for pT > 8 GeV and |y| < 2.2  

-  Most systematic effects cancel 
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! (pp! X(3872)+ anything)"BR(X(3872)! J /"  # +# # )
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Update with 0.9 fb-1 

•  Estimated yield 
-  N(X(3872)) = 5304 ± 341 

CMS-DP-2011-009 



Radiative χc decays 

Observation of χc1 and χc2 in their decays to J/ψ γ 
-  Small mass differences:  

 ΔM(χc2,χc1)=45.6MeV and ΔM(χc1,χc0)=95.9 MeV 
-  Challenging measurement for a high-pT detector like CMS ! 

•  In order to achieve best photon energy solution: 
-  Use conversions in the CMS tracker!  
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Radiative χc decays 

Observation of χc1 and χc2 in their decays to J/ψ γ 
•  In order to achieve best photon energy solution: 

-  Use conversions in the CMS tracker! 
-  Can achieve ~10MeV resolution  
→ χc states are well resolved! 
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CMS-DP-2011-006 
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Quarkonia in Heavy Ion Collisions 

Reconstruction of dimuon states in Pb-Pb collisions at √sNN=2.76TeV 
•  Using similar algorithms as for pp, but optimized for the high track density  

in heavy ion collisions 
-  Main difference: reconstructions is 

more focused on prompt muons 
 
Suppression of quarkonia 
•  In deconfined matter quarkonia should   

dissolve into  open charm and beauty 
•  Using pp-collisions at √s=2.76TeV as reference 

-  Nuclear modification factor 

•  For prompt J/ψ : RAA = 0.20 ± 0.03 ± 0.01 (central) 
-  At LHC B-decays to J/ψ becomes important 
-  First measurement corrected for 

non-prompt component! 
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Quarkonia in Heavy Ion Collisions 

Suppression of ϒ 
•  Expect successive “melting” according to the different binding energies: 

-  establishes a “temperature” scale of the medium 
-  strongest binding for ϒ(1S) 

•  For the 0-20% most central PbPb collisions: 
RAA(ϒ(1S)) = 0.60 ± 0.12 ± 0.10 
-  Possibly due to high feed-down 

 
Suppression of higher ϒ states 
•  Using double ratio to reduce experimental uncertainties 

•  For a true ratio of 1 the probability to measure  
this or a lower value is < 1% 

•  Future data samples will allow separate 
measurements for the 2S and 3S states 
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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.

Acknowledgment
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Summary & Outlook 

CMS shows an excellent performance in the reconstruction of low-
mass dimuon states, both in pp and PbPb collisions 
•  Thanks to a flexible trigger system these events can be recorded even 

at high luminosity 
•  Quarkonia are reconstructed even at high track multiplicities 
Differential production cross sections of  ψ and ϒ states have been 
measured, including the non-prompt component of the J/ψ 
•  In general a good agreement with the theoretical predictions is observed 
The production of χc and X(3872) has been observed 
•  The cross section ratio of X(3872)/ψ(2S) has been measured 
Production of quarkonia is suppressed in PbPb collisions 
•  In particular a strong indication for the suppression of excited 
ϒ states has been found 

 
The next important step in the comparison to QCD predictions 
will be the measurement of the ϒ and J/ψ polarization 
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