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Motivation
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• Quarkonium production is not yet understood, despite recent progress

• Differential cross sections are well described by various models,
but quarkonium polarization remains very puzzling

• New measurements needed, especially for the Υ family and at high pT
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty

41

J/ψ, HX frame,
|y| < 0.6



Definition of observables
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Quarkonium polarization 
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Definition of frames
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
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Frame independent polarization
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• The shape of the distribution is obviously frame-invariant
( = invariant by rotation)

• It can be characterized by a frame-independent parameter, e.g.

λ̃ =
λϑ+3λϕ

1−λϕ
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The CMS detector
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Ilse Krätschmer (Hephy Vienna)3. July 2012

CMS Detector
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CMS Υ(nS) polarization analysis
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• We measure λϑ, λϕ, λϑϕ and λ̃ in three frames (HX, CS, PX)

• In five pT bins: 10–50 GeV
and two rapidity ranges:
|y| < 0.6 and 0.6 < |y| < 1.2

• Using 2011 data: Lint = 4.9 fb−1

• Using an “Upsilon dimuon trigger”:
• dimuon mass: 8.5–11.5 GeV
• dimuon rapidity: |y| < 1.25
• dimuon pT > 5, 7, 9 GeV

• Signal yields in the probed phase space:
∼ 222 k Υ(1S); ∼ 82 k Υ(2S); ∼ 51 k Υ(3S)

• The analysis is independent of MC simulations, except to validate the
absence of muon-pair correlations in the efficiencies



The framework
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Υ(1S), |y| < 0.6, 30 < pT < 50 GeV

Instead of doing a fit, we calculate directly the posterior probability distribution

(PPD) of the polarization parameters ~λ = (λϑ, λϕ, λϑϕ)

1 Events as distributed in the
background model are
subtracted from the data sample

2 From the remaining “signal-like”
events we define the PPD

3 Numerical results and
uncertainties are obtained from
the 1D projections of the PPD

68.3% CL
99.7% CL



Background subtraction
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3x 10 • Signal regions defined as ±1σ
around mass peaks

• Background fractions in these
regions are determined by fits to
the dimuon mass distributions

• Angular distribution and dimuon
kinematics (pT, M , |y|) of
background events modeled as
weighted sums of the distributions
in the mass sidebands, left of the
Υ(1S) and right of the Υ(3S)

• Event-by-event background subtraction of background-like events
(using a likelihood-ratio criterion)

Υ(1S)

Υ(2S)

Υ(3S)



Efficiencies
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• Single-muon efficiencies measured with Tag&Probe using J/ψ dimuons

• Studied carefully: biased efficiencies → spurious polarizations

• Muon-pair correlations negligible in analysis phase space (pT = 10–50 GeV)
(studied with detailed MC simulations)

• Efficiencies are accounted
for on an event-by-event
basis: ε(pµT, η

µ)
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Systematic effects
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• Systematic effects studied on data and with pseudo-experiments

• The individual sources of systematic uncertainty are related to:

1 Analysis framework
2 Background model
3 Muon efficiencies

• The systematic uncertainties are propagated to the PPD

• The total uncertainties of the measurements are dominated by
systematics at low pT and statistics at high pT

• The Υ(2S) and Υ(3S) systematic uncertainties are dominated by the
background model uncertainty, especially at low pT



Υ(nS) polarization in the HX frame, |y| < 0.6
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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Υ(nS) polarization in the HX frame, 0.6 < |y| < 1.2
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• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty

41

λϑ

Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty

41

λϕ

Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty

41

λϑϕ



λ̃ results
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• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:
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• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
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• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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• Consistent frame-invariant parameters in the three reference frames

• No evidence for unaccounted systematic effects



Comparison with CDF and theory
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• CMS extends the measurements
beyond the pT and rapidity ranges
probed by CDF at the Tevatron

• With smaller uncertainties at high pT,
where the theory is more reliable

• Measurements do not show strong
polarizations: puzzling !

• Υ(1S) suffers from large χb feed-down
contribution, with unknown polarization

• Υ(3S) polarization calculated more
reliably

• Theory predictions needed for λϕ and
λϑϕ, and in the CS and PX frames



Summary
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• CMS measured the Υ(1S), Υ(2S) and Υ(3S) polarizations
in pp collisions at 7 TeV, using the 2011 dimuon data,
corresponding to an integrated luminosity of 4.9 fb−1

• The anisotropy parameters λϑ, λϕ and λϑϕ, as well as λ̃,
were measured in three polarization frames: HX, CS and PX

• The results were obtained in five pT bins and for two y ranges,
covering the kinematic range 10 < pT < 50 GeV and |y| < 1.2

• No strong polarizations, transverse or longitudinal, have been observed

Other CMS B-Physics contributions at ICHEP:

Keith Ulmer - Heavy Flavour Results from CMS

Kai Yi - Quarkonium production with the CMS experiment
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Υ(nS) polarization in the CS frame, |y| < 0.6
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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Υ(nS) polarization in the CS frame, 0.6 < |y| < 1.2

Valentin Knünz, ICHEP 2012 19 / 16
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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Υ(nS) polarization in the PX frame, |y| < 0.6

Valentin Knünz, ICHEP 2012 20 / 16
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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Υ(nS) polarization in the PX frame, 0.6 < |y| < 1.2
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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Experimental results on quarkonium polarization: J/ψ

Valentin Knünz, ICHEP 2012 22 / 16

Ilse Krätschmer (Hephy Vienna)3. July 2012

Experimental Results for J/! Polarization

• inconsistent results
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Apparent inconsistency 
of results between 
experiments ...

... and even within the 
same experiment! 
Note: Only the polar angle 
distribution is shown!

Ilse Krätschmer (Hephy Vienna)3. July 2012

Recent Results on Quarkonium Polarization

• ALICE:
slightly longitudinal polarization at low 
pT in HX frame
CS frame compatible with no polarization

• CDF:
ϒ(1S) compatible with no polarization
ϒ(2S) and ϒ(3S) large uncertainties

J/! polarization in pp collisions at
√
s=7 TeV 7
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Fig. 3: #" and #$ as a function of pt for inclusive J/! , measured in the HE (closed squares) and CS (open circles)
frames. The error bars represent statistical errors, while systematic uncertainties are shown as boxes.

direction of the decay J/! [17], as observed by CDF, who measured in this way #" (J/! ← B) ∼ −0.1
in the HE frame [5]. Assuming conservatively |#" (J/! ← B)| < 0.2 for both frames, and taking into
account the fraction of the inclusive yield coming from B-meson decays [17], the difference between
prompt and inclusive J/! polarization was estimated and found to be at most 0.05, a value smaller than
the systematic uncertainties of our measurements.

Table 1: The values of #" and #$ in the two reference frames. Statistical and systematic uncertainties are quoted
separately.

pt (GeV/c) #" #$
2-3 −0.36±0.09±0.21 0.05±0.04±0.04

HE 3-4 −0.20±0.11±0.13 0.01±0.05±0.05
4-8 0.00±0.10±0.10 0.00±0.04±0.04
2-3 −0.10±0.14±0.13 −0.04±0.08±0.07

CS 3-4 −0.06±0.14±0.07 −0.03±0.08±0.05
4-8 −0.09±0.10±0.08 0.03±0.06±0.07

The results presented in Fig. 3 extend the study of the J/! polarization to LHC energies and therefore
open up a new testing ground for theoretical models. At present, NLO predictions for direct J/! polar-
ization at the LHC via the color-singlet channel [14, 12] show a large longitudinal polarization in the
HE frame (#" ∼ −0.6) at pt ∼ 5 GeV/c, which is in contrast with the vanishing polarization that we
observe in such a transverse momentum region. The contribution of the S-wave color-octet channels
was also worked out [11] and indicates a significantly different trend (large transverse polarization) with
respect to the color-singlet contribution, but again in contrast with our result. In this situation, a rigorous
treatment on the theory side of all the color-octet terms (including P-wave contributions) is mandatory,
as well as a study of the contribution of %c and !(2S) feed-down, which is important for a quantitative
comparison with our result [30]. Such studies are presently in progress and the comparison of their out-
come with the results presented in this Letter will allow a very significant test of the understanding of the
heavy-quarkonium production mechanisms in QCD-based models.

In summary, we have measured the polarization parameters #" and #$ for inclusive J/! production in
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Experimental Results for J/! Polarization
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Experimental results on quarkonium polarization: Υ(nS)

Valentin Knünz, ICHEP 2012 23 / 16
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FIG. 4: Rotational invariant λ̃ as a function of pT (Υ) for

the Υ(1S), Υ(2S), and Υ(3S) states. Values of λ̃ calculated
in the Collins–Soper frame are indicated by dark lines, while
those calculated in the s–channel helicity frame are indicated
by grey lines and are horizontally offset to slightly larger pT

values for clarity.

the data. The uncertainties due to finite MC sample size
and the determination of efficiencies are at most 30% of
the size of the statistical uncertainty for the three Υ(nS)
states, while the uncertainty due to the treatment of the
prompt scale factor function is no more than 20% of the
statistical uncertainty.

Figure 4 shows the rotational invariant λ̃ which is cal-
culated from the measured values of λθ and λϕ in each
pT range for both the Collins–Soper and s–channel he-
licity frames. Uncertainties in λ̃ measured in the two
coordinate frames are highly correlated. Monte Carlo
simulations are used to calculate the expected sizes of
differences between the two values of λ̃ and in most cases,
the observed deviations are found to be consistent with
purely statistical fluctuations. A systematic uncertainty
derived from the difference between λ̃ measured in the
two coordinate frames is only significant for the lowest
three pT ranges of the Υ(3S). In the lowest pT range,
the values of λ̃ measured for the Υ(3S) differ by 2.4 σ,
without accounting for systematic uncertainties, and is
the only case where the angular distribution is observed
to be significantly non-isotropic. However, we can find
no evidence to suggest that this is due to a bias or sys-
tematic effect since we do not see a similar trend for the
1S and 2S states and can find no anomalous behavior in
any of the underlying distributions.

The values of λ̃ ≈ 0 suggest that the decays of all
three Υ(nS) resonances are consistent with an unpolar-
ized mixture of states. Table I lists the values of λθ

measured in the s–channel helicity frame for the Υ(1S),
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FIG. 5: Comparison of the λθ parameter measured for Υ(1S)
decays in the s–channel helicity frame (solid symbols) with
previous measurements from the CDF [4] (open circles) and
the D0 [18] (open triangles) experiments.

Υ(2S), and Υ(3S) states, with the systematic uncertain-
ties described above added in quadrature [17]. Figure 5
shows a comparison of the λθ parameter, measured for
the Υ(1S) state in the s–channel helicity frame, with
previous measurements. The current result is found to
be statistically consistent with the previous measure-
ment from CDF [4], which was made for |y| < 0.4 at√

s = 1.8 TeV rather than |y| < 0.6 and
√

s = 1.96 TeV.
Restricting the current measurement to |y| < 0.4 does not
change the results appreciably. The current Υ(1S) result
is inconsistent with the previous measurement from the
D0 experiment [18] at the level of 4.5σ.

In conclusion, we have measured the angular distri-
butions of muons from Υ(1S), Υ(2S), and Υ(3S) decays
with |y| < 0.6 and in several ranges of transverse momen-
tum up to 40 GeV/c. We find that the decay-angle distri-
butions of all three Υ(nS) states are nearly isotropic, as
was suggested by previous measurements [4] in the case
of the Υ(1S). This is the first measurement to simulta-
neously determine the three parameters needed to fully
quantify the angular distribution of Υ(nS) → µ+µ− de-
cays. This is also the first analysis to present information
on the angular distribution of Υ(3S) mesons produced in
high energy pp collisions.

We thank the Fermilab staff and the technical staffs
of the participating institutions for their vital contribu-
tions. This work was supported by the U.S. Department
of Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science Founda-
tion; the A.P. Sloan Foundation; the Bundesministerium
für Bildung und Forschung, Germany; the Korean World
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CDF RunII
Υ(1S)

• First measurement of the polarization of the individual Υ(nS) states

• Measurement of λϑ, λϕ, λϑϕ and λ̃ in two frames (CS, HX)



Definition of the PPD
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P(~λ) ∝∏
i
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K(p

(i)
T , y

(i),M (i)) W (cosϑ(i), ϕ(i)|~λ) ε(~p
(i)
1 , ~p

(i)
2 )

N : normalization
K: event distribution in the bin, previously determined from the data
W : general angular distribution (see slide 3)
ε: dimuon efficiency as a function of the muon momenta



Background subtraction algorithm

• Construct a background model; in our case, we use an interpolation
from the mass sidebands

• Using the model, define the likelihood LB for (pT, y,M, cosϑ, ϕ) to
represent a background event

• Using the entire data sample in the considered pT, y,M bin, define
the likelihood LS+B for (pT, y,M, cosϑ, ϕ) to represent an event in
our analysis sample, irrespectively of being signal or background

• Normalize LB to LS+B so that the ratio of the integrals is the
background fraction fBG

• Take one event from the data sample and calculate
R = LB(pT, y,M, cosϑ, ϕ) /LS+B(pT, y,M, cosϑ, ϕ)

• Generate a uniform deviate r ∈ [0, 1]

• Classify the event:

• if R > r the event is considered background
• if R < r the event is considered signal

• An event classified as background is removed from the sample

Valentin Knünz, ICHEP 2012 25 / 16



2D projections of the PPD
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Υ(1S), |y| < 0.6, 30 < pT < 50 GeV



Υ(nS) pT distributions
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