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Production Types of J/ψ

1st step 2nd step 3rd step Prod. type

cc̄ → J/ψ – Prompt,Direct
pp̄ → cc̄ + X cc̄ → χc χc → J/ψ + γ Prompt,Indirect

cc̄ → ψ′ ψ′ → J/ψ + X Prompt,Indirect

pp̄ → b̄c + X cc̄ → J/ψ – Non-prompt
b̄c → c̄c + l− + νl cc̄ → χc χc → J/ψ + γ Non-prompt
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Fig. 2. Spectrum and transitions of the charmonium family. (Reprinted figure from Ref. 22 with
permission of Elsevier. Copyright (2004).)
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Fig. 3. Spectrum and transitions of the bottomonium family. (Reprinted figure from Ref. 22 with
permission of Elsevier. Copyright (2004).)
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Branching ratio: J/ψ → µµ = 5.88%



Measurements at Hadron Colliders

Color Octet Model of Non-relativistic
QCD fits CDF cross-section

measurement well
BR(J/ψ→µ+µ-) dσ(pp

_
→J/ψ+X)/dpT (nb/GeV)

| η | < 0.6
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Figure 1: Fit of color octet contributions to direct J/ψ production data from
CDF (

√
s = 1.8 TeV, pseudorapidity cut |η| < 0.6). The theoretical curves

are obtained with CTEQ4L parton distribution functions, the corresponding
Λ4 = 235 MeV, factorization scale µ = (p2

t + 4m2
c)

1/2 and mc = 1.5 GeV. The
fitted color octet matrix elements are given as the central values in Tab 1.

leading logarithms (αs ln p2
t/(2mc)

2)n in this channel by solving the Altarelli-
Parisi evolution equation for the corresponding fragmentation function. Evo-
lution decreases the short-distance cross section and enhances the fitted value
of 〈Oψ

8 (3S1)〉. The color octet 1S0 and 3PJ channels are significant in the re-
gion pt ∼< 10 GeV, but fall as dσ̂/dp2

t ∼ 1/p6
t and become negligible for

the unpolarized cross section at large pt. Because the 1S
(8)
0 and 3P

(8)
J short-

distance cross sections have a similar pt dependence, the transverse momen-
tum distribution is sensitive only to a combination

Mψ
k (1S

(8)
0 ,3P

(8)
0 ) ≡ 〈Oψ

8 (1S0)〉 +
k

m2
c

〈Oψ
8 (3P0)〉. (5)

As pt increases from 4 to 20 GeV, k varies from 3.9 to 3.0 for mc = 1.5 GeV.
Since the 1S

(8)
0 and 3P

(8)
J channels are significant only at low pt, we choose

4

hep-ph/9611218

Non-relativistic QCD predictions are in
disagreement with the CDF
polarization measurement

7

pT (GeV/c) <pT > (GeV/c) fbkd(%) α χ2/d.o.f

J/ψ 5−6 5.5 2.8 ± 0.2 −0.004± 0.029± 0.009 15.5/21
6−7 6.5 3.4 ± 0.2 −0.015± 0.028± 0.010 24.1/23
7−9 7.8 4.1 ± 0.2 −0.077± 0.023± 0.013 35.1/25
9−12 10.1 5.7 ± 0.3 −0.094± 0.028± 0.007 34.0/29
12−17 13.7 6.7 ± 0.6 −0.140± 0.043± 0.007 35.0/31
17−30 20.0 13.6 ± 1.4 −0.187± 0.090± 0.007 33.9/35

ψ(2S) 5−7 5.9 1.6 ± 0.9 +0.314± 0.242± 0.028 13.1/11
7−10 8.2 4.9 ± 1.2 −0.013± 0.201± 0.035 18.5/13
10−30 12.6 8.6 ± 1.8 −0.374± 0.222± 0.062 26.9/17

TABLE I: Polarization parameter α for prompt production in each pT bin. The first (second) uncertainty is statistical (sys-
tematic). <pT > is the average transverse momentum.
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FIG. 4: Prompt polarizations as functions of pT : (a) J/ψ and (b) ψ(2S). The band (line) is the prediction from NRQCD [4]
(the kT -factorization model [9]).

from the decays of heavier charmonium states for J/ψ production. The polarizations for prompt production of
both vector mesons become increasingly longitudinal as pT increases beyond 10 GeV/c. This behavior is in strong
disagreement with the NRQCD prediction of large transverse polarization at high pT . It is striking that the NRQCD
calculation and the other models reproduce the measured J/ψ and ψ(2S) cross sections at the Tevatron, but fail to
describe the polarization at high pT . This indicates that there is some important aspect of the production mechanism
that is not yet understood.
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Motivations

1 Production mechanism of J/ψ is not well understood
LHC with high luminosity and large pT J/ψs has the potential
to discriminate between the theoretical models

2 Large cross section of J/ψ production allows its
measurement in early data at a new energy scale of 10TeV

3 J/ψs are important for calibration and alignment of the
detector
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Monte Carlo Samples,
√

s = 14GeV

Signal Samples:
Prompt J/ψ

Leading Order, Color Singlet and Octet Mechanisms
No polarization
2 muons with pT > 2.0GeV and |η| < 2.5 gen. filter

Non-prompt J/ψ

QCD 2→ 2, B-hadron decays
2 muons with pT > 2.0GeV and |η| < 2.5 gen. filter

Background Samples:
Muon enriched QCD

QCD 2→ 2, heavy flavor quark decays
Decays in flight
1 muon with pT > 2.5GeV and |η| < 2.5 gen. filter

Drell-Yan

2 muons with pT > 2.0GeV and |η| < 2.5 gen. filter

Full GEANT simulation, CMSSW reconstruction software

Monte Carlo Samples Zoltan Gecse Purdue University 6 / 16



J/ψ Trigger

Level1 Trigger (L1):
L1 muon objects are based on muon chamber information only
requires 2 L1 muons with pT > 3GeV

High Level Trigger (HLT):
HLT muon objects confirm L1 muons and add silicon tracker
information to improve pT resolution
requires 2 HLT muons with pT > 3GeV
opposite charge
and 2.8GeV < invariant mass < 3.4GeV

Rates assume instantaneous luminosity of 1032cm−2s−1

Number of events normalized to 3pb−1 of data

Trigger rate (Hz) Number of events

Prompt J/ψ 1.92 58K
B-decay J/ψ 0.85 26K

QCD background 0.40 12K
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Muon Reconstruction

Global Muons combine Stand Alone Muons in the muon system with
matched Tracker Tracks in the tracking system

Reconstruction efficiency for pT > 7GeV and |η| < 2.4 is about 95%

Momentum resolution is at percent level

J/ψ Trigger and Reconstruction Zoltan Gecse Purdue University 8 / 16
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Dimuon Spectrum

Event Selection:

Two Global Muons with pT > 3GeV and opposite charge
Muons required to come from a common vertex

Drell-Yan is less than 1% of QCD background (omitted)

Two fake muon background is estimated to be ∼10% of QCD
background (systematic uncertainty)
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Figure 10: Dimuon invariant mass distribution normalized to 3 pb−1 in linear (left) and logarithmic (right) scale. The green
(light grey), blue (black) and red (dark grey) areas are the prompt, non-prompt and QCD background contributions, respectively.
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Figure 11: Left: mass distribution fit of background and signal fitted with a linear function and a single Gaussian in the
p

J/ψ
T range of 9 GeV/c< p

J/ψ
T < 10 GeV/c. Right: the same, but with the signal fitted to a double Gaussian.
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Figure 12: Left: mass distribution fit of background and signal fitted with a linear function and a single Gaussian in the
p

J/ψ
T range of 17 GeV/c< p

J/ψ
T < 20 GeV/c. Right: the same, but with the signal fitted to a double Gaussian.
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Differential Cross Section Measurement

dσ (J/ψ)

dpT

∣∣∣∣
|η|<2.4

Br
(
J/ψ → µ+µ−

)
=

Nfit
J/ψ∫

Ldt · A · λcorr
trig · λcorr

reco ·∆pT

Nfit
Υ – Number of reconstructed J/ψs in a given pT bin as obtained from

the mass fit using double Gaussian signal and linear background

A(p
J/ψ
T ) – Total efficiency of triggering and reconstructing J/ψ events

including finite acceptance of the detector, measured in MC

λcorr – correction factors to the trigger and reconstruction efficiencies
measured using Tag and Probe method in data and MC∫
Ldt – integrated luminosity

∆pT – J/ψ pT bin size
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Total Reconstruction Efficiency

Total reconstruction efficiency combines

Detector acceptance
Trigger efficiency
Reconstruction efficiency

Detector acceptance depends on polarization (systematics)

no polarization. The difference is about 10% at high pT and 20% in the low pT region. Indeed, at low p
J/ψ
T , the

polarization effect is stronger, since there is a muon pT reconstruction threshold. Once the polarization parameter
α is measured, the total reconstruction efficiency can be computed by a weighted sum of the total efficiencies from
transversely and longitudinally polarized J/ψ production: Aα = (1− ηα) ·AT + ηα ·AL.

The measurement of the J/ψ polarization is currently under study and a separate analysis note is in preparation. For
this cross section measurement we will make use of the polarization measured in other experiments and evaluate
the effects of this assumption as a systematic error.
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Figure 15: Total reconstruction efficiency including detector acceptance as a function of J/ψ pT : transverse polarization
(down-triangle), longitudinal polarization (up-triangle) and unpolarized production (dot).

5.2 Determination of the correction factors to the efficiencies using tag and probe method
The total reconstruction efficiency A as defined in Eq. (6) is computed using the Monte Carlo simulation. Any
deviation to the total efficiency that could arise in real data taking can be determined on data itself, using the ”tag
and probe” methods. Ref. [27] has outlined how to determine these deviations. As previously mentioned at the
beginning of Section 5, there will be both corrections to trigger efficiencies as well as to the offline efficiencies.

The subsequent sections will sketch how the method could be applied. The details of the method as well as the
results will be part of a separate note, which is being written with the CSA08 exercise of the dimuon group within
the Muon POG (Physics Object Groups).

5.2.1 Reconstruction efficiency correction

Given the low momenta of the two muons, we will investigate the reconstruction efficiency measurement in the
data using known resonances, such as J/ψ , ψ′ and Υ (hereafter referred as Onia), whose decayed muons can be
triggered by single muons with suitable low pT threshold. One candidate data stream for this is the SingleMuPT3
or SingleMuPT7, where the muon is reconstructed offline using a GlobalMuon reconstruction. Onia candidates are
then reconstructed by pairing the offline reconstructed GlobalMuon (that will be used for the tag) with an opposite
charge muon that will serve as the probe. Tight selection criteria in the mass of the resonance should be used in
order to limit the level of the background.

We will follow the prescriptions given in Section 7.1 of Ref. [27]. Preliminary studies for the J/ψ could be found
in Ref. [28]. We assume that the offline reconstruction efficiency can be expressed as the product of the individual
muons efficiencies:

ε
J/ψ
offline(p

J/ψ
T , ηJ/ψ, θJ/ψ) = εµ1(p

µ1
T , ηµ1)× εµ2(p

µ2
T , ηµ2), (8)
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Disentangling Prompt and Non-prompt J/ψ

Based on pseudo-proper decay time of B-hadrons lxy =
L

J/ψ
xy MJ/ψ

p
J/ψ
T

Unbinned maximum likelihood fit simultaneously to mass and

pseudo-proper decay time in each p
J/ψ
T bin

Signal PDFs from MC convoluted with a resolution function
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Figure 18: Fits to the `xy distributions in the range of 9 GeV/c < pT < 10 GeV/c for prompt (top left) , B-decay (top right)
and combined (bottom center) J/ψ events.

21

by B-hadron decays, in the full range of p
J/ψ
T between 5 and 40 GeV/c. The precision of the result is limited by

systematic uncertainties, and is around at the 15 % level. The accuracy for this integrated luminosity is slightly
worse than the CDF one in the p

J/ψ
T range common to both measurements, but is probing for the first time the

spectrum beyond 20 GeV/c. Some of the systematics will, of course, benefit from the larger data set that will be
collected with higher integrated luminosities. The uncertainties in the background level will be checked in data
directly, by using an analysis of the same sign muon pairs, which will not show any resonant behaviour in their
invariant mass plot. They will be used to check the agreement between the data and the Monte Carlo simulation,
in terms of yield and shape of the different distributions. The tag and probe methods will necessarily be more
accurate, or the invariant mass fit would be feasible in different ηJ/ψ regions, where the momentum resolution is
expected to differ noticeably. It is expected therefore that after few months of LHC operation, the measurement
can be performed with a better accuracy than the CDF one.
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prompt J/ψ differential cross section.
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Effects of Misalignment

Samples are reconstructed with different alignment scenarios

Relative difference in B-hadron fractions is 4% (plot)

J/ψ mass resolution averaged over all p
J/ψ
T range is shown in

table

Table 5: J/ψ mass resolution in different misalignment scenarios
10 pb−1 100 pb−1 ideal

J/ψ mass resolution (MeV) 34.2 30.5 29.5

• Distribution of `
J/ψ
xy . The vertex resolution being worse in a shortterm scenario, we expect the `

J/ψ
xy distribu-

tion to be affected. Fig. 21 shows the pseudo-proper decay length distributions of both prompt and B-decay
J/ψ in an ideal and a 10 pb−1 scenario. The influence on the B fraction resulting from the fit has been
investigated by comparing the ideal alignment scenario with that expected at 10 pb−1. Fig. 22 displays the
comparison between the two different misalignment scenarios with the input from Monte Carlo.
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Figure 21: J/ψ pseudo-proper decay length distribution in different misalignment scenarios.
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Alignment after J/ψ mass resolution

10pb−1 34.2 MeV
100pb−1 30.5 MeV

ideal 29.5 MeV
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Sources of Systematic Uncertainties

Parameter affected Source ∆σ/σ

Luminosity Luminosity ∼10 %
Number of J/ψ J/ψ mass fit 1.0 - 6.3 %
Number of J/ψ Momentum scale ∼1%
Total efficiency J/ψ polarization 1.8 - 7.0%

Total efficiency p
J/ψ
T binning 0.1 - 10 %

Total efficiency MC statistics 0.5 - 1.7 %
λreco Non-perfect detector simulation ∼5%
λtrig Non-perfect detector simulation ∼5%

B fraction lxy resolution model 0 - 1.9 %
B fraction B-hadron lifetime model 0.01 - 0.05 %
B fraction Background 0.1 - 3.0 %
B fraction Misalignment 0.7 - 3.5 %

Total systematics p
J/ψ
T ∈ (5, 6)GeV 13 %

Total systematics p
J/ψ
T > 20GeV 19 %

Uncertainties evaluated in each p
J/ψ
T bin
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Results

Results of inclusive and prompt cross section measurement

Include systematic and statistical uncertainties

Integrated luminosity of 3pb−1

by B-hadron decays, in the full range of p
J/ψ
T between 5 and 40 GeV/c. The precision of the result is limited by

systematic uncertainties, and is around at the 15 % level. The accuracy for this integrated luminosity is slightly
worse than the CDF one in the p

J/ψ
T range common to both measurements, but is probing for the first time the

spectrum beyond 20 GeV/c. Some of the systematics will, of course, benefit from the larger data set that will be
collected with higher integrated luminosities. The uncertainties in the background level will be checked in data
directly, by using an analysis of the same sign muon pairs, which will not show any resonant behaviour in their
invariant mass plot. They will be used to check the agreement between the data and the Monte Carlo simulation,
in terms of yield and shape of the different distributions. The tag and probe methods will necessarily be more
accurate, or the invariant mass fit would be feasible in different ηJ/ψ regions, where the momentum resolution is
expected to differ noticeably. It is expected therefore that after few months of LHC operation, the measurement
can be performed with a better accuracy than the CDF one.
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Figure 23: Left: The inclusive J/ψ differential cross section, dσ/dpT ·Br(J/ψ → µ+µ−), as a function of p
J/ψ
T , integrated

over the pseudorapidity range |ηJ/ψ| < 2.4, corresponding to an integrated luminosity of 3 pb−1. Right: The same, but the
prompt J/ψ differential cross section.
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Figure 24: The fitted fraction of J/ψ’s from B-hadron decays, integrated over the pseudorapidity range |ηJ/ψ| < 2.4, corre-
sponding to an integrated luminosity of 3 pb−1, as a function of p

J/ψ
T .
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Summary

We studied the feasibility of the J/ψ cross
section measurement at CMS

Prompt and non-prompt components are
separated making use of large B-hadron lifetime

Measurement with 3pb−1 of data is dominated
by systematic uncertainties (∼ 15%)

Measurement is feasible in early LHC data!
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