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Outline

Why study Quarkonia at the LHC?

The CMS detector

Quarkonia Cross Section Measurements

χc2/χc1 cross section ratio

Summary
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Motivation

Theoretical Motivation
no theory has simultaneously explained experimental measurements of
both production cross section and polarization

LHC provides:
New energy scale
Large pT reach

CMS provides:
excellent dimuon mass
resolution
good photon
reconstruction resolution,
which allows to study
P-wave quarkonia states
through radiative decays

Quarkonium Working Group Meeting,  Desy, 17 Oct 2007! ! !         ! !                                                              Fabio Maltoni

           Motivations    Calculation    Phenomenology   Conclusions & Outlook

*NNLO* contribution is  a very 
large effect. 

*Predictions much closer to the data 
in shape and normalization.

*Singlet alone not able to describe 
the data alone but situation much 
less dramatic!

*More study on the TH systematics 
is needed (comparison with the 
fragmentation approach, smaller 
band at very high pT,...)

Estimating the impact of NNLO contributions 

Quarkonium Working Group Meeting,  Desy, 17 Oct 2007! ! !         ! !                                                              Fabio Maltoni

           Motivations    Calculation    Phenomenology   Conclusions & Outlook

Mild effect, but exactly what is 
needed in terms of 
normalization and shape.

Inclusion of NNLO real 
contribution, i.e. of pT

-4
 terms, 

allows a pretty good description 
of the data in terms of color 
singlet only.

More work on the systematics 
needed but looks promising! 

Estimating the impact of NNLO contributions 

Possible improvement: 
do this with a better matching!
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The CMS Detector
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Muon Reconstruction
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Quarkonium Production Cross Section Measurements

d
2σ(QQ)

dpTdy
B
�
QQ → µ+µ−

�
=

Nfit(QQ)

L · A · � ·∆pT ·∆y
,

A: Acceptance

� =�track · �id · �trig
�track: Tracking efficiency
�id, �trig: Muon identification and trigger efficiency

Nfit(QQ): The QQ yields, extracted via an extended unbinned maximum likelihood fit
L: The integrated luminosity of the dataset

Acceptance (A)

to the upsilon mass. Therefore, when the ! decays at rest,
both muons are likely to reach the muon detector. When
the ! has a modest boost, the probability is greater that
one muon will be below the muon detection threshold and
the acceptance decreases until the! transverse momentum
reaches about 5 GeV=c, after which the acceptance rises
slowly. The production polarization of the ! strongly
influences the muon angular distributions and is expected
to change as a function of pT. In order to account for this,
the acceptance is calculated for five extreme polarization
scenarios [21]: unpolarized and polarized longitudinally
and transversely with respect to a polarization axis defined
in two different reference frames. The first is the helicity
frame (HX), where the polarization axis is given by the
flight direction of the! in the center-of-mass system of the
colliding beams. The second is the Collins-Soper (CS)
frame [22], where the polarization axis is given as the

bisection of the incoming proton directions in the !
rest frame.

V. EFFICIENCY

We factor the total muon efficiency into three condi-
tional terms,

"ðtotalÞ ¼ "ðtrigjidÞ $ "ðidjtrackÞ $ "ðtrackjacceptedÞ
% "trig $ "id $ "track: (3)

The tracking efficiency, "track, combines the efficiency that
the accepted track of a muon from the !ðnSÞ decay is
reconstructed in the presence of additional particles in the
silicon tracker, as determined with a track-embedding
technique [23], and the efficiency for the track to satisfy
quality criteria. The muon identification efficiency, "id, is
the probability that the track in the silicon tracker is
identified as a muon. The efficiency that an identified
muon satisfies the trigger is denoted by "trig.
The tag-and-probe (T&P) technique [23] is a data-based

method used in this analysis to determine the track quality,
muon identification, and muon trigger efficiencies. It uti-
lizes dimuons from J=c decays to provide a sample of
probe objects. Awell-identified muon, the tag, is combined
with a second object in the event, the probe, and the
invariant mass is computed. The tag-probe pairs are di-
vided into two samples, depending on whether the probe
satisfies or not the criteria for the efficiency being eval-
uated. The two tag-probe mass distributions contain a J=c
peak. The integral of the peak is the number of probes that
satisfy or fail to satisfy the imposed criteria. The efficiency
parameter is extracted from a simultaneous unbinned
maximum-likelihood fit to both mass distributions.
The J=c resonance is utilized for T&P efficiency mea-

surements as it provides a large-yield and statistically-
independent dimuon sample [24]. To avoid trigger bias,
events containing a tag-probe pair have been collected with
triggers that do not impose requirements on the probe from
the detector subsystem related to the efficiency measure-
ment. For the track-quality efficiency measurement, the
trigger requires two muons at L1 in the muon system
without using the silicon tracker. For the muon identifica-
tion and trigger efficiencies, the trigger requires a muon at
the HLT, that is matched to the tag, paired with a silicon
track of opposite sign and the invariant mass of the pair is
required to be in the vicinity of the J=c mass.
The component of the tracking efficiency measured with

the track-embedding technique is well described by a
constant value of ð99:64& 0:05Þ%. The efficiency of the
track-quality criteria measured by the T&P method is
likewise nearly uniform and has an average value of
ð98:66& 0:05Þ%. Tracks satisfying the quality criteria
are the probes for the muon identification study. The
resulting single-muon identification efficiencies as a
function of p!

T for six j"!j regions are shown in Fig. 3
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FIG. 2. (Top) Unpolarized !ð1SÞ acceptance as a function of
pT and y; (bottom) the unpolarized !ð1SÞ, !ð2SÞ, and !ð3SÞ
acceptances integrated over rapidity as a function of pT.

\V. KHACHATRYAN et al. PHYSICAL REVIEW D 83, 112004 (2011)
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Efficiencies (�)

and Table I. The probes that satisfy the muon identification
criteria are in turn the probes for the study of the trigger
efficiency. The resulting trigger efficiencies for the same
p!
T and j"!j regions are shown in Fig. 4 and Table II.
Figs. 3 and 4 also show single-muon identification and

trigger efficiencies, respectively, determined from a high-
statistics MC simulation. The single-muon efficiencies
determined with the T&P technique in the data are found
to be consistent, over most of the kinematic range of

interest, with the efficiencies obtained from the ! MC
simulation utilizing the generator-level particle informa-
tion (‘‘MC truth’’). Two exceptions are the single-muon
trigger efficiency for the intervals j"!j< 0:4 and 0:8<
j"!j< 1:2, where the efficiency is lower in data than in the
MC simulation. Both correspond to cases where the MC
simulation is known to not fully reproduce the detector
properties or performance: gaps in the DT coverage
(j"!j< 0:4) and suboptimal timing synchronization

FIG. 3 (color online). Single-muon identification efficiencies as a function of p!
T for six j"!j regions, measured from data using J=c

T&P (closed circles). The efficiencies determined with ! MC truth (triangles), J=c MC truth (open circles), and J=c MC T&P
(squares), used in the evaluation of systematic uncertainties, are also shown.

TABLE I. Single-muon identification efficiencies, in percent, measured from J=c data with
T&P. The statistical uncertainties in the least significant digits are given in parentheses;
uncertainties less than 0.05 are denoted by 0. For asymmetric uncertainties the positive
uncertainty is reported first.

p!
T j"!j

(GeV=c) 0.0–0.4 0.4–0.8 0.8–1.2 1.2–1.6 1.6–2.0 2.0–2.4

2.5–3.0 100(0, 4) 94(6)
3.0–3.5 95(3) 100(0, 4)
3.5–4.0 83(2) 89(2) 88(2) 96(3) 100(0, 2) 100(0, 4)
4.0–4.5 92(2) 95(2) 99(1, 3) 98(2, 3) 100(0, 2) 100(0, 6)
4.5–5.0 99(1, 2) 99(1, 3) 95(3) 96(3) 100(0, 2) 100(0, 4)
5.0–6.0 98(2) 100(0, 1) 100(0, 2) 100(0, 1) 97(3) 100(0, 5)
6.0–8.0 100(0, 2) 100(0, 1) 100(0, 1) 100(0, 2) 100(0, 2) 94(6, 7)
8.0–50.0 100(0, 2) 97(3) 100(0, 3) 97(3, 4) 100(0, 3) 98(2, 9)

UPSILON PRODUCTION CROSS SECTION IN pp . . . PHYSICAL REVIEW D 83, 112004 (2011)

112004-5
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Mass Fits and Yields (N
QQ

)

Unbinned Maximum Likelihood fit

signal: Crystal Ball, Background:
Exponentials or exponential and
error function product

Mass differences fixed to PDG
values, common resolution value
scaled by mass
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χc0

χc1

χc2

Υ(1S)

Υ(2S)

Υ(3S)

J/Ψ

Ψ(2S)

20 - 50 MeV /c2

60 - 200 MeV /c2

6 - 8 MeV /c2



Inclusive J/Ψ Production

Prompt:
Directly from pp collisions
”Feed-down” from heavier states,
χc and Ψ(2S)

Non-prompt: from B-hadron decays

Large pT coverage:
down to 0 GeV/c, up to 70 GeV/c
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uncertainties not shown

, corrected for acceptance-µ+µ $ !inclusive J/

Eur. Phys. J. C71 (2011) 1575
 100)#0.0 < |y| < 1.2 (
 10)#1.2 < |y| < 1.6 (
 1)#1.6 < |y| < 2.4 (

This paper
100)#0.0 < |y| < 0.9 (
100)#0.9 < |y| < 1.2 (
10)#1.2 < |y| < 1.6 (
1)#1.6 < |y| < 2.1 (
1)#2.1 < |y| < 2.4 (

Eur. Phys. J C71, 1575 (2011): 314 nb
−1

JHEP 02,11(2012): 37 pb
−1
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Disentangling Prompt and Non-prompt J/Ψ

Based on pseudo-proper decay length �xy =
L
J/Ψ
xy MJ/Ψ

p
J/Ψ
T

, LJ/Ψxy = u
Tσ−1

x

uTσ−1u

Prompt and non-prompt components determined from simultaneous
likelihood fit to M and �xy in each pT and |y |bin
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Results: Prompt J/Ψ and Ψ(2S) Differential X-section
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prompt NLO NRQCD
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prompt NLO NRQCD

Excellent agreement with NLO NRQCD predictions.
Prompt J/Ψ: feed-down effect included in theory
Ψ(2S): feed-down not included in theory
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Results: Non-Prompt J/Ψ and Ψ(2S) Differential
X-section
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Good agreement with FONLL predictions:
Overall shift in the Ψ(2S) case
Spectra fall more rapidly than predictions at high pT
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Results: Ψ(2S) to J/Ψ X-section Ratios

Prompt Ratio
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B(B → Ψ(2S)X) = (3.08± 0.12(stat.+
syst.)± 0.13(theor.)± 0.42(BPDG))
In agreement with world average
(4.8± 2.4) · 10−3
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(JHEP 02 (2012) 011) more precise by a factor of 2.5!



Υ Measurement at the CMS

First Υ cross section measurement using 3 pb−1 data collected in
2010

This was the first Υ(nS) measurement at the LHC. It was published
in PRD in June 2011.
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Υ(nS) Differential Fiducial X-section (36 pb−1)

Acceptance is a strong function of production polarization

The fiducial cross section results are not corrected for acceptance.
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BPH-11-001,
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH11001

78K Υ(1S)



Differential Υ(nS) Cross Section of pT and |y | (36 pb−1)

σ(pp → Υ(1S)X ) · B(Υ(1S) → µ+µ−) = (8.55± 0.05(stat.)+0.88
−0.78(syst.)± 0.34(lumi.)) nb ,

σ(pp → Υ(2S)X ) · B(Υ(2S) → µ+µ−) = (2.21± 0.03(stat.)+0.24
−0.21(syst.)± 0.09(lumi.)) nb ,

σ(pp → Υ(3S)X ) · B(Υ(3S) → µ+µ−) = (1.11± 0.01(stat.)+0.13
−0.12(syst.)± 0.04(lumi.)) nb .
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Updated analysis using 36 pb
−1 data, extending kinematic reach:

pT < 20GeV → 50GeV , |y | < 2 → 2.4
Acceptance corrections for unpolarized assumption, down to zero pT
The dominant systematic is from the calculation of the efficiencies.
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Comparisons of Cross Section to Theory and Other

Experiments

NRQCD seems to give the best
agreement

Complementary to LHCb and
consistent in the region of overlap
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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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Background Rejection

To study χc prompt production,
we minimize feed-down from B
decays by rejecting the displaced
dimuons.
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To minimize the photon
background from π0 decays, we
reject photons that, combined
with other photons in the event,
give the π0 mass
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The Results

The prompt χc2/χc1 cross-section ratio has been measured vs. pT
Systematic uncertainties dominated by fit to mass distribution. Also
include efficiencies statistical uncertainty.
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Comparisons to Theories
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The kT factorization model predicts the
χc1 and χc2 states in a JHXz = 0 state.
For a proper comparison, the acceptance
was recalculated under this assumption.
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The NLO NRQCD predictions were made
without a cut on the photon transverse
momentum.

Extrapolated down to zero photon pT.

The comparison requires the full
polarization uncertainty, shown by the
green envelope.
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Summary

J/Ψ, Ψ(2S), Υ(nS) differential cross-sections measured with typical
uncertainties (statistical + systematic) of 5%, 20%, 10%

pT ranging from 0 to 70 GeV/c for the J/Ψ, 0 to 50 GeV/c for the Υs
For charmonium, prompt and non-prompt separation achieved using
decay length information
Good agreement with NLO NRQCD predictions at 7 TeV
B→J/Ψ, Ψ(2S) in reasonable agreement with FONLL predictions,
except for the very high pT region and for the total B → Ψ(2S) rate

χc → J/Ψ+ γ assessed through photon conversion

Excellent signal-to-background ratio, good separation of the three
states: χc0, χc1 and χc2

The χc2/χc1 cross-section ratio measured up to unprecedented J/Ψ pT

The most precise measurement currently!
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Geometric and kinematic

High-Statistics Υ(nS) Gun samples, generated flat in ΥpT

Different acceptance maps for 1S, 2S and 3S

to the upsilon mass. Therefore, when the ! decays at rest,
both muons are likely to reach the muon detector. When
the ! has a modest boost, the probability is greater that
one muon will be below the muon detection threshold and
the acceptance decreases until the! transverse momentum
reaches about 5 GeV=c, after which the acceptance rises
slowly. The production polarization of the ! strongly
influences the muon angular distributions and is expected
to change as a function of pT. In order to account for this,
the acceptance is calculated for five extreme polarization
scenarios [21]: unpolarized and polarized longitudinally
and transversely with respect to a polarization axis defined
in two different reference frames. The first is the helicity
frame (HX), where the polarization axis is given by the
flight direction of the! in the center-of-mass system of the
colliding beams. The second is the Collins-Soper (CS)
frame [22], where the polarization axis is given as the

bisection of the incoming proton directions in the !
rest frame.

V. EFFICIENCY

We factor the total muon efficiency into three condi-
tional terms,

"ðtotalÞ ¼ "ðtrigjidÞ $ "ðidjtrackÞ $ "ðtrackjacceptedÞ
% "trig $ "id $ "track: (3)

The tracking efficiency, "track, combines the efficiency that
the accepted track of a muon from the !ðnSÞ decay is
reconstructed in the presence of additional particles in the
silicon tracker, as determined with a track-embedding
technique [23], and the efficiency for the track to satisfy
quality criteria. The muon identification efficiency, "id, is
the probability that the track in the silicon tracker is
identified as a muon. The efficiency that an identified
muon satisfies the trigger is denoted by "trig.
The tag-and-probe (T&P) technique [23] is a data-based

method used in this analysis to determine the track quality,
muon identification, and muon trigger efficiencies. It uti-
lizes dimuons from J=c decays to provide a sample of
probe objects. Awell-identified muon, the tag, is combined
with a second object in the event, the probe, and the
invariant mass is computed. The tag-probe pairs are di-
vided into two samples, depending on whether the probe
satisfies or not the criteria for the efficiency being eval-
uated. The two tag-probe mass distributions contain a J=c
peak. The integral of the peak is the number of probes that
satisfy or fail to satisfy the imposed criteria. The efficiency
parameter is extracted from a simultaneous unbinned
maximum-likelihood fit to both mass distributions.
The J=c resonance is utilized for T&P efficiency mea-

surements as it provides a large-yield and statistically-
independent dimuon sample [24]. To avoid trigger bias,
events containing a tag-probe pair have been collected with
triggers that do not impose requirements on the probe from
the detector subsystem related to the efficiency measure-
ment. For the track-quality efficiency measurement, the
trigger requires two muons at L1 in the muon system
without using the silicon tracker. For the muon identifica-
tion and trigger efficiencies, the trigger requires a muon at
the HLT, that is matched to the tag, paired with a silicon
track of opposite sign and the invariant mass of the pair is
required to be in the vicinity of the J=c mass.
The component of the tracking efficiency measured with

the track-embedding technique is well described by a
constant value of ð99:64& 0:05Þ%. The efficiency of the
track-quality criteria measured by the T&P method is
likewise nearly uniform and has an average value of
ð98:66& 0:05Þ%. Tracks satisfying the quality criteria
are the probes for the muon identification study. The
resulting single-muon identification efficiencies as a
function of p!

T for six j"!j regions are shown in Fig. 3
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FIG. 2. (Top) Unpolarized !ð1SÞ acceptance as a function of
pT and y; (bottom) the unpolarized !ð1SÞ, !ð2SÞ, and !ð3SÞ
acceptances integrated over rapidity as a function of pT.

\V. KHACHATRYAN et al. PHYSICAL REVIEW D 83, 112004 (2011)

112004-4
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Acceptance vs. Polarization

Acceptance is a strong function of production polarization

Acceptance is not used in fiducial cross section results

For the acceptance-corrected production cross section results, quote
five cross sections for discrete polarization values

HXT: Helicity frame, transversely polarized
HXL: Helicity frame, longitudinally polarized
CST: Collins-Soper frame, longitudinally polarized
CSL: Collins-Soper frame, transversely polarized
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MuonID Efficiencies (�id)

and Table I. The probes that satisfy the muon identification
criteria are in turn the probes for the study of the trigger
efficiency. The resulting trigger efficiencies for the same
p!
T and j"!j regions are shown in Fig. 4 and Table II.
Figs. 3 and 4 also show single-muon identification and

trigger efficiencies, respectively, determined from a high-
statistics MC simulation. The single-muon efficiencies
determined with the T&P technique in the data are found
to be consistent, over most of the kinematic range of

interest, with the efficiencies obtained from the ! MC
simulation utilizing the generator-level particle informa-
tion (‘‘MC truth’’). Two exceptions are the single-muon
trigger efficiency for the intervals j"!j< 0:4 and 0:8<
j"!j< 1:2, where the efficiency is lower in data than in the
MC simulation. Both correspond to cases where the MC
simulation is known to not fully reproduce the detector
properties or performance: gaps in the DT coverage
(j"!j< 0:4) and suboptimal timing synchronization

FIG. 3 (color online). Single-muon identification efficiencies as a function of p!
T for six j"!j regions, measured from data using J=c

T&P (closed circles). The efficiencies determined with ! MC truth (triangles), J=c MC truth (open circles), and J=c MC T&P
(squares), used in the evaluation of systematic uncertainties, are also shown.

TABLE I. Single-muon identification efficiencies, in percent, measured from J=c data with
T&P. The statistical uncertainties in the least significant digits are given in parentheses;
uncertainties less than 0.05 are denoted by 0. For asymmetric uncertainties the positive
uncertainty is reported first.

p!
T j"!j

(GeV=c) 0.0–0.4 0.4–0.8 0.8–1.2 1.2–1.6 1.6–2.0 2.0–2.4

2.5–3.0 100(0, 4) 94(6)
3.0–3.5 95(3) 100(0, 4)
3.5–4.0 83(2) 89(2) 88(2) 96(3) 100(0, 2) 100(0, 4)
4.0–4.5 92(2) 95(2) 99(1, 3) 98(2, 3) 100(0, 2) 100(0, 6)
4.5–5.0 99(1, 2) 99(1, 3) 95(3) 96(3) 100(0, 2) 100(0, 4)
5.0–6.0 98(2) 100(0, 1) 100(0, 2) 100(0, 1) 97(3) 100(0, 5)
6.0–8.0 100(0, 2) 100(0, 1) 100(0, 1) 100(0, 2) 100(0, 2) 94(6, 7)
8.0–50.0 100(0, 2) 97(3) 100(0, 3) 97(3, 4) 100(0, 3) 98(2, 9)

UPSILON PRODUCTION CROSS SECTION IN pp . . . PHYSICAL REVIEW D 83, 112004 (2011)

112004-5

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

Phys. Rev. D 83, 112004 (2011)



Trigger Efficiencies (�trig)

between the overlapping CSC and DT subsystems
(0:8< j!"j< 1:2). For all cases the data-determined effi-
ciencies are used to obtain the central results.

The! efficiency is estimated from the product of single-
muon efficiencies. Differences between the single and
dimuon efficiencies determined from MC truth and those
measured with the T&P technique can arise from the kine-
matic distributions of the probes and from bin averaging.

This is evaluated by comparing the single-muon and di-
muon efficiencies as determined using the T&P method in
J=c ! "þ"" MC events to the efficiencies obtained in
the same events utilizing generator-level particle informa-
tion. In addition, effects arising from differences in the
kinematic distributions between the ! and J=c decay
muons are investigated by comparing the efficiencies
determined from ! ! "þ"" MC events to those from
J=c ! "þ"" MC events. In all cases the differences
in the efficiency values are not significant, and are
used only as an estimate of the associated systematic
uncertainties.
The efficiency of the vertex #2 probability cut is deter-

mined using the high-statistics J=c data sample, to
which the ! selection criteria are applied. The efficiency
is extracted from a simultaneous fit to the dimuon mass
distribution of the passing and failing candidates. It is
found to be ð99:2$ 0:1Þ%. A possible difference between
the efficiency of the vertex #2 probability cut for the J=c
and! is evaluated by applying the same technique to large
MC signal samples of each resonance. No significant
difference in the efficiencies is found. The efficiency of
the remaining selection criteria listed in Sec. III is studied
in data and MC simulation and is found to be consistent
with unity.

FIG. 4 (color online). Single-muon trigger efficiencies as a function of p"
T for six j!"j regions, measured from data using J=c T&P

(closed circles). The efficiencies determined with ! MC truth (triangles), J=c MC truth (open circles), and J=c MC T&P (squares),
used in the evaluation of systematic uncertainties, are also shown.

TABLE II. Single-muon trigger efficiencies, in percent, mea-
sured from J=c data with T&P. The statistical uncertainties in
the least significant digits are given in parentheses; uncertainties
less than 0.05 are denoted by 0. For asymmetric uncertainties the
positive uncertainty is reported first.

p"
T j!"j

(GeV=c) 0.0–0.4 0.4–0.8 0.8–1.2 1.2–1.6 1.6–2.0 2.0–2.4

2.5–3.0 93(1) 92(2)
3.0–3.5 94(1) 93(1)
3.5–4.0 69(1) 81(1) 78(1) 98(1) 94(1) 97(1)
4.0–4.5 79(1) 91(1) 86(1) 98(1) 92(1) 96(1)
4.5–5.0 85(1) 95(1) 87(1) 97(1) 96(1) 99(1)
5.0–6.0 90(1) 97(1) 85(1) 99(0, 1) 95(1) 96(1)
6.0–8.0 92(1) 97(1) 85(1) 100(0) 97(1) 99(1)
8.0–50.0 92(1) 97(1) 86(1) 99(1) 97(1) 99(2)

\V. KHACHATRYAN et al. PHYSICAL REVIEW D 83, 112004 (2011)

112004-6
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First CMS paper on J/! 

Daniele Fasanella - DIS 2012: 28 March 2012, University of Bonn  21 
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B fraction results 
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Daniele Fasanella - DIS 2012: 28 March 2012, University of Bonn  25 
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J/Ψ Systematics

12 8 Results

Table 1: Summary of the relative statistical and systematic uncertainties on the non-prompt
J/ψ cross section (in %). The variation over the different pT bins is given for the five rapid-
ity regions. Uncertainties on the prompt cross section are identical, with the exception of the
non-prompt fraction, where they must be regarded as relative to (1 − fb) rather than to fb.
Acceptance uncertainties on the FSR are given, excluding the lowest-pT bin in every rapidity
region, where it can be as large as 19% because of acceptance edge effects.

|y| range 0 − 0.9 0.9 − 1.2 1.2 − 1.6 1.6 − 2.1 2.1 − 2.4
Quantity Source Relative uncertainty (in %)
affected

All cross sections
mµµ fits Statistical 1.2 − 8.9 1.5 − 7.1 1.6 − 8.4 1.2 − 3.2 2.3 − 3.9
�J/ψ fits Statistical 1.0 − 5.9 1.4 − 4.7 1.4 − 7.6 2.1 − 8.3 4.4 − 7.1
Efficiency Single-muon efficiency 0.3 − 0.9 0.2 − 1.6 0.1 − 1.4 0.2 − 1.0 0.6 − 1.4

ρ factor 1.9 − 23.2 1.2 − 7.6 0.7 − 5.7 0.8 − 5.4 3.7 − 6.8
Yields Fit functions 0.6 − 3.4 0.4 − 2.8 0.5 − 2.8 0.8 − 2.2 1.0 − 4.2
Luminosity Luminosity 4.0 4.0 4.0 4.0 4.0
Non-prompt Tracker misalignment 0.1 − 2.1 0.1 − 0.8 0.0 − 1.5 0.2 − 3.2 0.2 − 5.1
fraction b-lifetime model 0.1 − 3.0 0.1 − 3.4 0.1 − 3.7 0.2 − 2.6 0.2 − 6.6

Vertex estimation 0.1 − 0.7 0.7 − 3.0 0.4 − 3.7 1.5 − 4.6 2.3 − 5.0
Background fit 0.0 − 0.2 0.1 − 1.4 0.1 − 1.0 0.0 − 2.5 0.1 − 1.2
Resolution model 0.2 − 3.5 0.0 − 4.2 0.8 − 3.5 1.1 − 5.0 1.1 − 4.4
Efficiency 0.4 − 2.1 0.9 − 3.3 0.5 − 9.9 0.3 − 3.3 1.6 − 10.5

Only acceptance-corrected cross sections
Acceptance FSR 0.0 − 1.5 0.0 − 2.5 0.0 − 4.2 0.7 − 8.0 0.5 − 3.5

pT calibration 0.0 − 0.6 0.0 − 0.6 0.0 − 0.8 0.1 − 0.6 0.0 − 0.8
Kinematic spectra 0.0 − 0.3 0.0 − 0.7 0.0 − 0.7 0.7 − 3.8 0.4 − 5.3
B polarization 0.0 − 0.5 0.0 − 0.4 0.0 − 0.5 0.1 − 0.8 0.3 − 1.3

FONLL theoretical errors include uncertainties on B(B → J/ψ X) and B(B → ψ(2S)X), renor-
malization and factorization scales, b-quark and c-quark masses, parton distribution functions,
and bfragmentation parameters.

However, uncertainties on the B → charmonium decay spectrum were not included in the orig-
inal FONLL prediction. To estimate those, we make use of the EVTGEN MC generator, which
describes B → charmonium decays using a sum of many exclusive modes. We split the decay
modes into two categories, “high-Q” and “low-Q”, if the value of Q in the decay is respectively
greater than or less than 1.2 GeV/c2, where Q = mB − ∑i mi and the index i runs over the B
decay products. As low-Q (high-Q) modes yield charmonia with smaller (larger) momentum
in the Brest frame, they populate different regions of the B-decay spectrum. Two sets of non-
prompt charmonium MC events are generated according to the following criteria. In the first,
each high-Q mode branching fraction is increased by its world-average uncertainty [24] or by
100% of its value if the branching fraction is not measured. Low-Q mode branching fractions
are decreased by a similar amount, rescaling the sum to unity after this procedure. In the sec-
ond, the treatment of the high- and low-Q modes is interchanged. The maximum difference in
the resulting spectra in the two cases is added to the theoretical FONLL uncertainty.

To investigate the effect of the assumed J/ψ and ψ(2S) polarizations on the prompt cross section,
the acceptance is recomputed for four extreme polarization scenarios corresponding to fully
longitudinal or fully transverse polarization in the helicity and Collins-Soper frames [25]. This
produces relative cross-section shifts across the entire kinematic range of up to 18–20% (20–
25%) for the J/ψ (ψ(2S)) in the helicity frame, and 6–15% for both states in the Collins-Soper
frame. Detailed results can be found in Ref. [30].
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8.2 Prompt and non-prompt cross sections uncorrected for acceptance 13

Table 2: Summary of the relative statistical and systematic uncertainties in the non-prompt

ψ(2S) cross section (in %). The variation over the different pT bins is given for the three ra-

pidity regions. Uncertainties on the prompt cross section are identical, with the exception of

the non-prompt fraction, where they must be regarded as relative to (1 − fb) rather than to fb.

Acceptance uncertainties on the FSR are given excluding the lowest-pT bin in every rapidity

region, where it can be as large as 29% because of acceptance edge effects.

|y| range 0 − 1.2 1.2 − 1.6 1.6 − 2.4

Quantity Source Relative uncertainty (in %)

affected

All cross sections

mµµ fits Statistical 5.6 − 14.8 7.5 − 31.7 7.3 − 24.1

�ψ(2S) fits Statistical 4.3 − 12.7 5.9 − 38.0 9.1 − 26.4

Efficiency Single-muon efficiency 0.1 − 0.5 0.1 − 0.6 0.2 − 0.9

ρ factor 0.7 − 13.1 2.1 − 6.6 2.3 − 9.8

Yields Fit functions 1.2 − 3.7 0.6 − 12.1 3.1 − 10.0

Luminosity Luminosity 4.0 4.0 4.0

Non-prompt Tracker misalignment 0.3 − 2.6 1.5 − 7.1 1.8 − 11.1

fraction b-lifetime model 0.0 − 2.5 0.4 − 7.6 0.0 − 2.9

Vertex estimation 0.0 − 1.7 0.2 − 3.5 1.2 − 4.2

Background fit 1.0 − 6.8 2.2 − 10.0 2.5 − 15.3

Resolution model 0.5 − 3.5 0.1 − 4.6 0.9 − 24.9

Efficiency 0.5 − 7.8 0.9 − 6.3 0.5 − 13.8

Only acceptance-corrected cross sections

Acceptance FSR 0.0 − 3.9 0.5 − 3.4 0.3 − 4.1

pT calibration 0.2 − 0.5 0.3 − 0.5 0.3 − 0.5

Kinematic spectra 0.1 − 1.2 0.0 − 0.9 0.7 − 2.0

B polarization 0.1 − 0.8 0.0 − 0.6 0.2 − 1.7

8.2 Prompt and non-prompt cross sections uncorrected for acceptance

As discussed previously, since the polarization effects are large compared to the measurement

uncertainties, cross-section values are also reported that are restricted to the CMS muon accep-

tance region, to allow future measurements of the J/ψ and ψ(2S) polarization to be exploited.

Figures 6 and 7 show the measured prompt and non-prompt cross sections for the J/ψ and the

ψ(2S) as a function of pT for the various rapidity bins and uncorrected for detector acceptance.

Numerical values can be found in Ref. [30].

8.3 Non-prompt fractions

The measured non-prompt fractions for J/ψ and ψ(2S) mesons, extracted as described in Sec-

tion 7 and uncorrected for acceptance, are reported in Ref. [30] and shown in Fig. 8. The uncer-

tainties shown are statistical and systematic, and the measured values are plotted as a function

of pT in three rapidity ranges. In agreement with previous measurements [4, 7], we observe

similar sizes of non-prompt fractions for J/ψ and ψ(2S), and an increasing trend with pT. Ac-

ceptance corrections do not induce significant changes in the non-prompt fractions within their

uncertainties.

8.4 Cross-section ratio

Most of the systematic uncertainties on the acceptances and efficiencies listed in Tables 1 and 2,

as well as the luminosity uncertainty, cancel partially or fully in the ratio of the ψ(2S) to J/ψ
cross sections. For this reason we also present the ratio of the two differential cross sections:
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Table 23: Relative values of the systematic uncertainties on the Υ(1S) integrated and differ-
ential production cross section times the dimuon branching fraction, for |y| < 2.4, assuming
null production polarization, in units of percent. The pT intervals are in units of GeV/c. The
following abbreviations are used: A, �trig,id, Sp, ApT , Afsr , CBtail , ρ, bkgd, � f unc, Mscale, and
�trk, for the systematic uncertainties arising from the statistical uncertainties in acceptance, the
statistical uncertainties in tag and probe efficiencies,imperfect knowledge of the momentum
scale, imperfect knowledge of the production pT spectrum,the modeling of FSR, fixinging the
tail prameters in fitting, the ρ factors, the background PDF, the choice of bin size for the ef-
ficiencies, the mismeasurement of the track momentum shifts that broadens the reconstructed
dimuon resonances, and the statistical uncertainties in tracking efficiencies. The luminosity un-
certainty of 4% is not shown in the table. The numbers in parentheses are negative variations.

|yΥ| < 2.4
Υ(1S)

pT A Sp ApT Afsr εtrig,id ερ εfunc εtrk PDFCB PDFbkgd Mscale
0.0 − 50.0 1.8 (1.7) 1.0 (1.0) 1.7 0.5 7.1 (5.4) 6.8 1.8 0.4 (0.3) 1.7 0.7 0.0 (0.0)
0.0 − 0.5 1.3 (1.2) 0.1 (0.1) 0.3 0.8 10.1 (7.9) 7.5 0.4 0.4 (0.3) 2.0 0.7 0.1 (0.1)
0.5 − 1.0 1.3 (1.3) 0.1 (0.1) 0.3 0.8 9.5 (7.6) 8.2 0.7 0.3 (0.4) 1.8 1.3 0.0 (0.4)
1.0 − 1.5 1.4 (1.3) 0.9 (0.9) 1.5 0.5 8.4 (6.8) 7.1 3.6 0.4 (0.4) 2.1 0.5 0.0 (0.0)
1.5 − 2.0 1.4 (1.4) 1.8 (1.8) 1.5 0.4 8.9 (7.0) 8.1 3.4 0.4 (0.4) 1.3 2.8 0.1 (0.0)
2.0 − 3.0 1.7 (1.6) 0.2 (0.0) 0.7 0.7 8.5 (6.6) 7.2 2.6 0.4 (0.3) 1.7 2.4 0.0 (0.0)
3.0 − 4.0 1.9 (1.9) 0.8 (0.8) 1.0 0.6 7.7 (5.6) 7.2 1.9 0.3 (0.4) 2.0 1.2 0.1 (0.1)
4.0 − 5.0 1.8 (1.9) 0.3 (0.3) 0.1 0.8 7.2 (5.3) 7.4 2.6 0.4 (0.6) 1.5 0.4 0.0 (0.2)
5.0 − 6.0 2.1 (2.1) 1.8 (1.8) 2.3 0.3 6.7 (5.0) 6.7 2.2 0.3 (0.4) 1.3 1.8 0.2 (0.2)
6.0 − 7.0 2.2 (1.9) 1.2 (1.2) 2.0 0.4 6.7 (4.7) 6.9 1.9 0.4 (0.2) 1.3 0.6 0.3 (0.3)
7.0 − 8.0 2.0 (1.9) 1.5 (1.5) 2.6 0.3 6.2 (4.6) 5.2 1.4 0.4 (0.4) 1.5 0.9 0.2 (0.2)
8.0 − 9.0 1.8 (1.8) 1.1 (1.1) 2.2 0.3 5.9 (4.3) 4.4 1.2 0.4 (0.4) 1.3 0.9 0.0 (0.0)

9.0 − 10.0 1.8 (1.7) 1.9 (1.9) 3.3 0.2 5.9 (4.4) 3.9 0.1 0.4 (0.4) 1.2 1.3 0.2 (0.1)
10.0 − 11.0 1.5 (1.5) 1.8 (1.8) 3.3 0.2 5.4 (4.1) 5.0 0.4 0.4 (0.3) 1.2 1.2 0.2 (0.0)
11.0 − 12.0 1.7 (1.6) 1.4 (1.4) 2.8 0.1 5.5 (4.2) 1.8 0.5 0.4 (0.4) 0.7 2.3 0.2 (0.2)
12.0 − 13.0 1.5 (1.4) 2.4 (2.4) 3.9 0.0 5.4 (4.2) 5.1 0.4 0.4 (0.4) 1.2 1.0 0.6 (0.6)
13.0 − 14.0 1.4 (1.4) 2.0 (2.0) 3.6 0.0 5.2 (4.0) 5.2 0.2 0.4 (0.3) 1.3 0.1 0.1 (1.0)
14.0 − 15.0 1.3 (1.3) 2.5 (2.5) 4.1 0.1 5.3 (4.2) 6.4 0.7 0.4 (0.3) 1.3 0.1 1.2 (0.4)
15.0 − 16.0 1.3 (1.2) 2.0 (2.0) 3.7 0.0 5.1 (4.1) 5.8 1.3 0.4 (0.3) 1.2 0.1 0.8 (0.1)
16.0 − 18.0 1.1 (1.1) 2.2 (2.2) 3.9 0.1 4.8 (3.9) 6.1 1.5 0.4 (0.4) 1.2 0.7 0.1 (0.4)
18.0 − 20.0 1.1 (1.1) 2.2 (2.2) 4.1 0.1 4.8 (3.8) 5.6 1.4 0.4 (0.4) 1.4 0.2 0.2 (0.2)
20.0 − 22.0 1.0 (1.0) 2.4 (2.4) 4.1 0.0 4.8 (3.9) 3.0 2.2 0.4 (0.3) 0.9 0.6 0.0 (0.0)
22.0 − 25.0 1.0 (1.0) 1.8 (1.8) 4.3 0.0 4.7 (3.9) 2.7 2.1 0.4 (0.4) 1.5 1.3 0.4 (0.4)
25.0 − 30.0 1.1 (1.1) 1.1 (1.1) 4.4 0.7 4.9 (4.2) 1.1 2.3 0.4 (0.4) 1.3 0.6 0.3 (0.2)
30.0 − 50.0 0.6 (0.6) 2.1 (2.1) 3.5 0.3 4.5 (3.8) 4.7 2.1 0.3 (0.3) 1.3 4.0 0.1 (1.0)
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