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  Heavy	  quarkonia	  are	  an	  excellent	  
laboratory	  for	  understanding	  QCD	  
  non-‐rela4vis4c	  due	  to	  their	  high	  mass	  
  nonperturba4ve	  effects	  can	  be	  simplified	  

and	  constrained	  

  Defini4ve	  understanding	  s4ll	  a	  challenge,	  
several	  models	  compe4ng	  for	  
confirma4on	  

  Renewed	  interest	  in	  quarkonium	  
spectroscopy	  since	  the	  discovery	  of	  the	  
XYZ	  exo4c	  states:	  
  search	  of	  new	  possible	  states	  
  new	  measurements	  needed	  to	  understand	  

their	  true	  nature	  

  CMS	  already	  studied	  many	  quarkonia	  
with	  di-‐muons	  final	  states	  
  produc4on	  cross	  sec4on	  for	  S-‐wave	  

quarkonia	  
  observa4on	  of	  χcJ	  states	  
  study	  of	  the	  X(3872)	  exo4c	  
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Motivation

Observation of quarkonium states challenges QCD calculations

X Cross section and polarization measurements of quarkonium states
J/ψ[1], ψ(2S)[1,2] and double J/ψ[3] can test the prediction of NLO
QCD and NRQCD calculation, especially for color singlet and color
octet models.

X Measurements of P states χcJ provide effective tests of heavy
quarkonum production mechanisms[4] based on NRQCD in which
nonperturbative effects can be simplified safely.

Exotic states (X,Y,Z) poses a serious challenge to the convetional
quark model

X X(3872) differrential cross section measurements test NRQCD
prediction[5] in a new energy range and a large pt reach.

X need to understand their true nature such as hybrid, tetraquark state or
molecular state.

CMS provide good change to observe quarkonia
X good dimuon mass resolution and pT measurement
X good photon momentum resolution
X excellent trigger path for dimuon or multiple-muon events
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CMS detector
The CMS Detector

Yu Zheng (Purdue University) Quarkonia Production at CMS July 25, 2012 4 / 32
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Muon system in CMS

Muon Station provides trigger
and muon identification to large
pseudorapidity(| η |< 2.4).

Silicon Tracker provides
improved momentum resolution.

Mass resolution is J/ψ → µµ :
20-71, γ → ee : 9.6 MeV

Integrated Luminosity
2010: 40 pb−1, 2011: 5.5 fb−1

Muon Reconstruction
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Muons in CMS 
Trigger & 
Identification 

High precision 
pT measurement 

2011 Run Strategy 

2010 Run 

Dimuon trigger without pt cut Specific trigger paths for different analysis 

  Muon system information matched to track in 
the inner-tracker 
  momentum resolution ~1% 

  Collected ~40 pb-1 in 2010 and ~5.7 fb-1 in 
2011 of pp collision at 7 TeV of dimuon 
triggers 
  Increasing instantaneous luminosity delivered over 

time 
  Trigger choices of key importance for low energy 

studies 
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Prompt J/ψ and ψ(2S) cross sections

Differential cross sections as functions
of pt and y include feed down effect
(JHEP 02 (2012) 011)

Typical uncertainties: 5% for J/ψ, 20%
for ψ(2S)

largest uncertainties from unknown
polarizations, which affects acceptance.

X helicity frame: 18-20% for
X collins-soper frame:6-15% for both

Data in good agreement with NLO
NRQCD calculation, J/ψ[1] theory
includes color octet and feed down
effect, ψ(2S)[2] theory includes only
color octet beacuse of absense of feed
down from heavier charmonium.
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Figure 5. Measured differential cross section for prompt J/ψ and ψ(2S) production (left and right,

respectively) as a function of pT for different rapidity bins. The error bars on the data points

include all the statistical and systematic contributions except luminosity and polarization. The

measurements have been offset by the numerical values given in the legend for easier viewing. The

coloured (dark) bands indicate the theoretical predictions from NRQCD calculations. The lines are

added only for illustrative purposes.
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Figure 6. Measured differential cross section for non-prompt J/ψ and ψ(2S) production (left and

right, respectively) as a function of pT for different rapidity bins. The error bars on the data points

include all the statistical and systematic contributions except luminosity. The measurements have

been offset by the numerical values given in the legend for easier viewing. The coloured (dark)

bands indicate the theoretical predictions from FONLL calculations. The lines are added only for

illustrative purposes.
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Ratio of prompt ψ(2S) and J/ψ cross sections

Ratio of ψ(2S) to J/ψ as a function of pt, no significant variation is
over rapidity | y |< 2.4

The branching fraction of the inclusive B to psi(2S) X decay is
extracted from the ratio of the non-prompt cross sections to be:
Br(B → ψ(2S)X ) =
(3.08± 0.12(stat.+ syst.)± 0.13(thoer .)± 0.42(BPDG))× 10−3.

Advantage is that most of systematic
uncertainties are cancelled
(Luminosity, muon efficiencies, theory)

statistical uncertainty is 3-5%,
polarization uncertainty is 12-20%
(referring to difference between J/ψ
and χc), other systematic
uncertainties is 10%
(JHEP 02 (2012) 011)
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Figure 10. Measured value of R, the ψ(2S) to J/ψ differential cross section ratio defined in

eq. (9.1), for prompt (left) and non-prompt (right) production, averaged over rapidity and plotted

as a function of pT. The left plot also includes the comparison with the NRQCD prediction, while

the right plot shows the predictions of the theoretical models used to determine B(B → ψ(2S)X),

after the latter have been rescaled to the fitted value given in eq. (9.2). The shaded bands show

the uncertainties on the theoretical predictions. The error bars give the total uncertainties on the

measurements; polarization uncertainties are not included.

No significant dependence of R on rapidity is observed; the ratios over the entire

rapidity range are therefore computed. The resulting prompt and non-prompt cross section

ratios are shown in figure 10 as a function of pT. Numerical values of rapidity-dependent

and integrated ratios are given in ref. [30].

The assumptions on polarization also affect the prompt cross section ratio measure-

ment. In a plausible scenario [31], the polarizations of the directly produced J/ψ and

ψ(2S) states are assumed to be the same. Therefore the uncertainty on the ratio comes

only from the difference between the polarization of the directly produced mesons and

the polarization of the J/ψ coming from decays of P-wave states (χc1 and χc2), for which

the maximum possible variations are considered. Using the measured feed-down fractions

measured at CDF [32, 33], this leads to the definition of the two extreme scenarios:

• λψ(2S)
θ = 1, λ

J/ψ
θ = 0.445;

• λψ(2S)
θ = −1, λ

J/ψ
θ = −0.647;

which result in changes to the measured prompt cross section ratio by 12− 20%.

9.5 Inclusive B → ψ(2S)X branching fraction

The non-prompt ψ(2S) cross section results can be used to determine B(B → ψ(2S)X),

the average inclusive branching fraction of all weakly decaying particles containing a b

quark to ψ(2S).

– 21 –
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Y(nS) differential cross sections

σ(pp → Y (1S)X )B(Y (1S) → µ+µ−) = (8.55± 0.05+0.88
−0.78 ± 0.34) nb

σ(pp → Y (2S)X )B(Y (1S) → µ+µ−) = (2.21± 0.03+0.24
−0.21 ± 0.09) nb

σ(pp → Y (3S)X )B(Y (1S) → µ+µ−) = (1.11± 0.02+0.13
−0.12 ± 0.04) nb

The two approaches. The first is that a
cross section is corrected for accaptance
and efficienc as in this slide.

kinematic region 0 < pt < 50 GeV,
| y |< 2.4

unpolarized assumption for aceptance
correction.

feed down from higher states not corrected
for.

observation is in good agreement with
NRQCD (BPH-11-001)
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Y(nS) fiducial differential cross sections

The second approch is the fiducial cross section as a function of pt
and y.

a fiducial cross scetion is corrected for efficienies but not the
acceptance, defined within a restricted muon kinematic range.

The advantage of a fiducial cross section is that no polarization
uncertainties are involved.
(BPH-11-001)
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Comparison to theory and LHCb

Compared to PYTHIA, the Color Evaporation Model (CEM),
nonrelativistic QCD (NRQCD) to next-to-leading order (NLO), the
Color Singlet Model (CSM) to NLO and to next-to-next-to-leading
order (NNLO*). pt shape is in favor of NRQCD.

CMS and LHCb observation complementary in coverage and show
good agreement in overlap
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Ratio of χc1 and χc2 cross sections (I)

The p wave states χc1 and χc2 are
measured through the radiative decay
J/ψ + γ with | y(J/ψ) |< 1.0 and
pT (γ) > 0.5 GeV

Photons are reconstructed using the
photon conversion reconstruction
technique.

High photon conversion rate

Excellent photon momentum resolution
brings excellent mass resolution of 10
MeV to reslove the two states

π0 mass rejection

event displayP-wave states (II)

• Excellent resolution (<10 Excellent resolution (<10 Excellent resolution (<10 Excellent resolution (<10 MeV/cMeV/cMeV/cMeV/c2222) for ) for ) for ) for 
converted photons in CMSconverted photons in CMSconverted photons in CMSconverted photons in CMS
–     χχχχc1c1c1c1 and  and  and  and χχχχc2c2c2c2 peaks resolved. peaks resolved. peaks resolved. peaks resolved.
– The ratio measurement is ongoing.The ratio measurement is ongoing.The ratio measurement is ongoing.The ratio measurement is ongoing.

17171717

χχχχc0c0c0c0

χχχχc1c1c1c1

χχχχc2c2c2c2

CMSCMSCMSCMS

ATLASATLASATLASATLAS

Measurement of the prompt χc1/χc2 production cross-section ratio

Excited quarkonium states (P-wave
states) present complementary
information to S-wave state production.

Production of χc mesons studied via
χc → J/Ψ + γ decays, with tracker-only
γ conversions to e

+
e
−

High purity γ Conversions
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Ratio of χc1 and χc2 cross sections (II)

Fit

X Binned maximum likelihhod fit
χc1&χc2 pdfs: Crystal Balls

X Free params: mχc1 σ n α
X Fixed param:

δm(χc1, χc2) = 45.6 MeV
X Backgrounnd pdf:

(m −m0)
λ · e(m −m0)

the prompt χc2/χc1 cross
section ratio vs pt has been
measured
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Figure 3: Ratio of the χc2 to χc1 production cross sections (circles) and ratio of the cross sections
times the branching fractions to J/ψ + γ (squares) as a function of the J/ψ transverse momen-
tum in the hypothesis of unpolarized production. The error bars correspond to the statistical
uncertainties and the green band corresponds to the systematic uncertainties. For the cross
section ratios, the 5.6% uncertainty from the branching fractions is not included.

systematic uncertainties are mainly from fit to mass distribution and
polarization. χc1 is either unpolarized or has helicity mχc1 = 0, ±1
and the χc2 is either unpolarized or has helicity mχc2 = 0, ±2 in the
helicity frame (CMS-PAS-BPH-11-010)
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Ratio of χc1 and χc2 cross sections (III)

14 9 Summary
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Figure 4: Comparison of the measured σ(χc2)B(χc2)
σ(χc1)B(χc1)

values with theoretical predictions from the
kT-factorization [6] (left) and NRQCD [7] (right) calculations (solid red lines). The error bars
and green bands show the experimental statistical and systematic uncertainties, respectively.
The measurements in the left plot use an acceptance correction assuming zero helicity for the
χc, as predicted by the kT-factorization model. The measurements in the right-hand plot are
corrected to match the kinematic range used in the NRQCD calculation and assume the χc
are produced unpolarized. The measurements assuming two different extreme polarization
scenarios are shown by the long-dashed blue and short-dashed green lines in the plot on the
right. The 1-standard-deviation uncertainties on the NRQCD prediction are displayed as the
dotted red lines.

kT-factorization prediction
agrees well with the trend of Rp
versus transverse momentum of
the J/ψ

A global normalization that is
higher by about a factor two
with respect to our
measurement

the NRQCD prediction is
compatible with our data within
the experimental and theoretical
uncertainties.
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Ratio of X(3872) and ψ(2S) cross sections (I)

discovered by Bell in 2003,
confirmed by BaBar, CDF and
D0

interpreted as cc state, D∗D
0

molecule, tetra-quark state

  Jpc is 1++ or 2−+.

both X(3872) and ψ(2S) include promt and non-prompt components,
the latter is from B.

Measured quantity in 10 < pt(X ) < 50 GeV, | y(X ) |< 1.2

R =
(pp → X (3872)BR(X (3872) → J/ψπ+π−)

(pp → ψ(2S))BR(ψ(2S) → J/ψπ+π−)

MC sample is based on pythia 6 with χc1 (Jpc = 1++) mass set to
3.782 GeV and unploarization

Result R = 0.0662± 0.0038± 0.0064
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Ratio of X(3872) and ψ(2S) cross sections (II)

measurment of the non-prompt
X(3872) fraction

X pseudo-proper decay length
`xy > 100 µm to enrich B
hadron sample

X no acceptance correction
X correct for the efficiencies of

the decay length selection
criteria

the fraction is ratio of the signal
in the B sample and the signal
in the whole sample
fraction=0.259± 0.029± 0.016
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Structures in the J/ψφ spectrum

evidence of Y(4140) was reported by CDF in 2009 in J/ψφ mass in
B+ → J/ψφK+ deacy.

Y(4140) is a candidate of an exotic state

it was not confirmed by Bell in 2010 and LHCb in 2011

Y(4350) was reported by Bell in 2010 in the same decay channel

CMS observed two structure

in the J/ψφ spectrum with
masses of 4148.2± 2.0± 5.2 MeV
and 4316.7± 3.0± 10.0 MeV,
respectively.
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Summary

The performance of the muon system in CMS is excellent: good
muon pt resolution, gammar energy resolution and elaborate trigger
paths for quarkonium observation. The Standard model was tested in
quarkonium production and impressive agreement was obtained. The
cross sections were measured up to unprecedented J/ψ pt.

The cross sections for prompt J/ψ and ψ(2S) and Y (ns) were
measured with high statistics and are good agreement with NLO
NRQCD prediction at 7 TeV.

χc was observed through photon conversion. The signal to
background ratio was excellent and three states χc0, χc1 and χc2

were disentangled very well.

The exotic state X (3872) was observed at the new energy region with
2 times statistics as large as CDF.

two structures were found in the J/ψφ mass spectrum.
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Backup: Analysis Strategy

d2σ(J/ψ)

dptdy
B(J/ψ → µ+µ−) =

Nfit(J/ψ)

L · A · ε ·∆pt ·∆y
,

A: Acceptance to describe the geometry detecting ability of the
detector
ε = εtrig εidεtrack : εtrack , εid , εtrig are tracking, identification and
trigger efficiency from T&P method.
The minimal pt for T&P is 2010: 0.8 GeV, 2011: 2.0 GeV.
Nfit : the J/ψ yields from an unbinned maximum likelihood fit.
L : the integrated luminosity.

Acceptance L

3

The two dimensional acceptance map for the unpolarized scenario is shown in Fig. 2. There are62

no accepted events beyond y = 2.4. The acceptance is minimal near pT = 5 GeV/c, as a result63

of the softer µ failing the pT cut. Illustrative average values of the acceptance in large pT bins64

for |y| < 2.4 are given in Table 1.65

The unknown polarization of the Υ strongly influences the muon angular distributions and is66

predicted to change as a function of pT. In order to account for this, the acceptance is calculated67

for five extreme polarization scenarios: unpolarized, and polarized longitudinally and trans-68

versely with respect to two different reference frames. The first is the helicity frame, defined69

by the flight direction of the Υ in the center-of-mass of the colliding beams. The second is the70

Collins-Soper frame [8], defined by the bisection of the incoming hadron directions in the Υ71

rest frame.72
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Figure 2: (a) Unpolarized Υ(1S) acceptance as a function of pT and y; (b) The unpolarized
Upsilon acceptance integrated over rapidity as a function of pT.

Table 1: Υ(1S) unpolarized acceptance in bins of pΥ
T for |yΥ| < 2.4.

pT (GeV/c) AΥ

UNPOL HX T HX L CS T CS L
Υ(1S)

0.0 - 1.5 0.448686 0.377255 0.591541 0.372627 0.600882
1.5- 3.0 0.35848 0.299489 0.476636 0.293881 0.487814
3.0 - 4.0 0.277965 0.230659 0.372529 0.229628 0.374747
4.0 - 5.0 0.250013 0.208528 0.332908 0.20975 0.330539
5.0 - 6.0 0.242592 0.2032 0.321481 0.208381 0.31109
6.0 - 7.0 0.252606 0.21311 0.331414 0.223063 0.311587
7.0 - 8.0 0.272015 0.231233 0.353666 0.249291 0.317516
8.0 - 9.0 0.298965 0.255525 0.385917 0.283894 0.329141

9.0 - 10.0 0.325025 0.279214 0.416634 0.315618 0.34388
10.0 - 12.0 0.364642 0.315122 0.463642 0.363404 0.36723
12.0 - 14.0 0.409192 0.3558 0.516025 0.415652 0.396438
14.0 - 17.0 0.459798 0.403187 0.573166 0.4367 0.433325
17.0 - 20.0 0.510072 0.45131 0.627777 0.528295 0.473835
20.0 - 50.0 0.653909 0.59946 0.760557 0.6831 0.607013

Y(1S)

Efficiency (ε)

40 14 Efficiencies of the dimuon vertexing module
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Figure 32: Product of all single muon efficiencies versus pT in various slices in |η|, using the
“tracker50” muon cuts.

Likelihood fit (Nfit)

2 3 Acceptance

the fit χ2 probability is larger than 0.1%. If multiple dimuon candidates are found in the same38

event, the candidate with the best vertex quality is retained; the fraction of signal candidates39

rejected by this requirement is about 0.2%. The dimuon invariant-mass spectrum in the Υ(nS)40

region is shown in Fig. 1. We obtain a common Υ(nS) mass resolution of 88± 2 MeV/c2 with41

muons from the whole pseudorapidity range and 50± 2 MeV/c2 when |ηµ| < 1.0.
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Figure 1: The dimuon invariant mass distribution in the vicinity of the Υ(nS) resonances for
|y| < 2.4 (left) and for |ηµ| < 1.0 (right). The invariant mass distribution is fit to the sum of a
signal component and a background component. Each Υ resonance is described by a double
Crystal Ball function. The combinatorial background is described by a product of an error
function with an exponential model [6]. Further details of the fit are described in Sec. 5.

42

3 Acceptance43

The Υ → µ+µ− acceptance of the CMS detector is the product of two terms. The first is the44

fraction of Υ dimuons, of given pT and y, such that each of the two muons falls within the single45

muon phase space covered by the detector, represented by Eq. 1. The second is the probability46

that each muon leaves a track detectable by the silicon tracker system. Both components are47

evaluated by simulation and parametrized as a function of the pT and y of the Υ.48

The acceptance is calculated by the ratio

A
(

pΥ
T , yΥ

)
=

Nreco ( pΥ
T , yΥ

∣∣ SiTRK track pair satisfies Eq. (1)
)

Ngen
(

p′ΥT , y′Υ
) , (2)

where p′ΥT , y′Υ and pΥ
T , yΥ are the generated and reconstructed values respectively. Ngen is the49

total number of generated Upsilons in a (p′ΥT , y′Υ) bin, while Nreco is the number of Upsilons50

reconstructed with SiTRK tracks satisfying Eq. (1) in the corresponding (pΥ
T , yΥ) bin. In addition51

the numerator requires the two tracks to be reconstructed with opposite charge and within the52

Υ mass fit window of 7 – 14 GeV/c2.53

The acceptance is evaluated using a dedicated Υ production Monte Carlo, forcing the decay to54

two muons using the EvtGen [7] package, including the effects of final state radiation (FSR).55

There are no particles in the event besides the Υ, its daughter muons and final state radiation.56

The Υs are generated uniformly in pT and rapidity. This sample is then fully simulated and57

reconstructed with the most recent version of the CMS detector simulation software to assess58

the effects of multiple scattering and finite resolution of the detector. The acceptance is calcu-59

lated for 2-D cells in the reconstructed pT and y of the Υ of size (1 GeV/c × 0.1), and used in60

candidate-by-candidate yield corrections.61
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