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status

Status: one thing that’s clear is that little is clear
QWG review: Eur. Phys. J. C 71, 1534 (2011) {arXiv:1010.5827v3 [hep-ph]}
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making use of standard methods for establishing perturba-
tive factorization. The color-singlet NRQCD long-distance
production matrix elements are proportional, up to correc-
tions of relative order v4, to the color-singlet NRQCD long-
distance decay matrix elements. However, there is no known
relationship between the color-octet production and decay
matrix elements.

4.1.11 Future opportunities

One of the crucial theoretical issues in quarkonium physics
is the validity of the NRQCD factorization formula for in-
clusive quarkonium production. It is very important either
to establish that the NRQCD factorization formula is valid
to all orders in perturbation theory or to demonstrate that it
breaks down at some fixed order in perturbation theory.

The NRQCD factorization formula is known to break
down when an additional heavy quark or antiquark is pro-
duced in close proximity to a QQ̄ pair that evolves into a
quarkonium. It would help in assessing the numerical impor-
tance of such processes if experimental measurements could
determine the rate at which heavy-flavored mesons are pro-
duced nearby in phase space to a heavy quarkonium. If such
processes prove to be important numerically, then it would
be useful to extend the NRQCD factorization formalism to
include them.

4.2 Production at the Tevatron, RHIC and the LHC

The first measurements by the CDF Collaboration of the
direct production10 of the J/ψ and the ψ(2S) at

√
s =

1.8 TeV [628, 650] revealed a striking discrepancy with the
existing theoretical calculations: The observed rates were
more than an order of magnitude greater than the calculated
rates at leading order (LO) in αs in the CSM. (See Sect. 4.1.2
for a discussion of the CSM.) This discrepancy has trig-
gered many theoretical studies of quarkonium hadroproduc-
tion, especially in the framework of NRQCD factorization.
(See Sect. 4.1.4 for a discussion of NRQCD factorization.)
In the NRQCD factorization approach, mechanisms beyond
those in the CSM arise, in which the production of charmo-
nium states proceeds through the creation of a cc̄ pair in a
color-octet state. For the specific case of the production of
the J/ψ or the ψ(2S) (henceforth denoted collectively as
“ψ”), these color-octet transitions take place at higher or-
ders in v. Depending on the convergence of the expansions
in αs and v and the validity of the NRQCD factorization
formula, the NRQCD factorization approach may provide

10“Prompt production” excludes quarkonium production from weak
decays of more massive states, such as the B meson. “Direct pro-
duction” further excludes quarkonium production from feeddown, via
the electromagnetic and strong interactions, from more massive states,
such as higher-mass quarkonium states.

systematically improvable approximations to the inclusive
quarkonium production rates. For some recent reviews, see
[1, 651–653]. For some perspectives on quarkonium produc-
tion at the LHC, see [654].

Despite recent theoretical advances, which we shall de-
tail below, we are still lacking a clear picture of the mecha-
nisms at work in quarkonium hadroproduction. These mech-
anisms would have to explain, in a consistent way, both the
cross section measurements and the polarization measure-
ments for charmonium production at the Tevatron [329, 628,
650, 655–658] and at RHIC [659–664]. For example, the ob-
served pT spectra in prompt ψ production seem to suggest
that a dominant contribution at large pT arises from a color-
octet process in which a gluon fragments into a QQ̄ pair,
which then evolves nonrelativistically into a quarkonium.
Because of the approximate heavy-quark spin symmetry of
NRQCD, the dominance of such a process would lead to a
substantial transverse component for the polarization of ψ ’s
produced at large pT [665–667]. This prediction is clearly
challenged by the experimental measurements [658].

A possible interpretation of such a failure of NRQCD
factorization is that the charmonium system is too light for
relativistic effects to be small and that, in phenomenological
analyses, the velocity expansion of NRQCD [138] may have
been truncated at too low an order. However, such an expla-
nation would seem to be at odds with other successful pre-
dictions of the NRQCD approach to charmonium physics.
If the convergence of the velocity expansion of NRQCD
is indeed an issue, then one would expect better agree-
ment between theory and the available experimental data on
hadroproduction in the case of the bottomonium states and,
in particular, in the case of the Υ . Better convergence of the
velocity expansion might explain, for example, why a com-
putation that retains only color-singlet contributions [620]
(that is, only contributions of leading order in v) seems to
be in better agreement with the data for Υ production [668–
671] than with the data for ψ production [329]. We will
discuss this comparison between theory and experiment in
greater detail later.

In efforts to identify the mechanisms that are at work in
inclusive ψ or Υ production, it is important to have con-
trol of the higher-order perturbative corrections to the short-
distance coefficients that appear in the NRQCD factoriza-
tion formula. Several works have been dedicated to the study
of the corrections of higher-order in αs and their phenom-
enological implications for the differential production rates.
We summarize these results in Sects. 4.2.1 and 4.2.2. An im-
portant observable that has been reanalyzed in the context of
higher-order perturbative corrections is the polarization of
the quarkonium. We review the analyses of the quarkonium
polarization in Sect. 4.2.3. In addition to the rates and polar-
izations in inclusive quarkonium production, other observ-
ables have been shown to yield valuable information about

• no consistent theoretical account
• some serious disagreements: →

[figure: CDF; PRL 99, 132001 (2007)]

• ∃ experimental disagreements too
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quarkonium momentum in the laboratory frame [618, 620,
639–642, 652, 665–667, 672, 674, 680–682, 724, 725]. That
choice of spin-quantization axis [665] is often referred to
as the “helicity frame.” In [726], it is shown that one can
make more sophisticated choices of the spin-quantization
axis, which involve not only the kinematics of the quarko-
nium state, but also the kinematics of other produced parti-
cles. These alternative choices of spin-quantization axis can
increase the significance of the measurement of α. How-
ever, their optimization requires knowledge of the dominant
quarkonium production mechanism.

Experimental measurements of quarkonium polarization
have been made for a variety of spin-quantization frames.
Measurements by the CDF [656, 658, 669], DØ [671], and
PHENIX [661–663] Collaborations were carried out in the
helicity frame, while some measurements at fixed-target ex-
periments [727, 728] were carried out in the Collins–Soper
frame [729]. Recently, the Hera-B Collaboration has ana-
lyzed quarkonium polarizations [730] not only in the helicity
and Collins–Soper frames, but also in the Gottfried–Jackson
frame [731], in which the spin-quantization axis is along the
direction of the incident beam. In [722], a global analysis
was made of polarization measurements that were carried
out in the Collins–Soper and helicity frames. That analy-
sis shows that the results that were obtained in these two
spin-quantization frames are plausibly compatible when the
experimental rapidity ranges are taken into account. How-
ever, it is clear that additional analyses in different spin-
quantization frames would be very informative.

According to the CDF Run II measurement of the ψ po-
larization in the helicity frame [658], the prompt ψ yield
becomes increasingly longitudinal as pT increases. The dis-
agreement of this result with a previous CDF polarization
measurement that was based on Run I data [656] has not
been resolved. In Fig. 55 the CDF measurement of the po-
larization parameter α for the prompt J/ψ production at the
Tevatron in Run II is compared with the NRQCD factor-
ization prediction at LO in αs [667]. This prediction ignores
possible violations of the heavy-quark spin symmetry, which
appear at relative order v3. The effects of feeddown from
the ψ(2S) and the χcJ states are taken into account in the
NRQCD factorization prediction. However, it should be kept
in mind that the corrections at NLO in αs to the χc produc-
tion rate are large [675] and are not taken into account in the
NRQCD prediction in Fig. 55. The solid line in Fig. 55 is the
prediction from the kT factorization approach [640], which
includes only color-singlet contributions.

At LO accuracy in αs, the NRQCD factorization pre-
diction for the J/ψ polarization clearly disagrees with the
observation of a very small polar asymmetry in the helic-
ity frame. One obvious issue is the effect of corrections of
higher order in αs on the NRQCD factorization prediction.

Corrections of higher order in αs to J/ψ production via
the color-singlet channel dramatically affect the polarization

Fig. 55 The polarization parameter α for prompt J/ψ production in
pp̄ collisions at

√
s = 1.96 TeV as a function of pT . The points are

the CDF data [658], the band is the prediction from LO NRQCD fac-
torization [667], and the line is the prediction from kT factorization
[640]. The theoretical uncertainty in the LO NRQCD factorization pre-
diction was obtained by combining the uncertainties from the parton
distributions (estimated by comparing the MRST98LO [732] and the
CTEQ5L [733] distributions), the uncertainties from the color-octet
NRQCD long-distance matrix elements, the uncertainties that are ob-
tained by varying mc in the range 1.45 GeV < mc < 1.55 GeV,
and the uncertainties that are obtained by varying the factorization
and renormalization scales in the range 0.5mT < µf = µr < 2mT .

Here mT =
√

4m2
c + p2

T . From [658] with kind permission, copyright
(2007) The American Physical Society

in that channel. While the prediction at LO in αs for the
helicity of the J/ψ in the color-singlet channel is mainly
transverse at medium and large pT , calculations at NLO or
NNLO$ accuracy for the color-singlet channel reveal a po-
larization that is increasingly longitudinal as pT increases,
as can be seen in Fig. 56. A similar trend for the polariza-
tion as a function of pT is found in some other analyses of
the color-singlet channel, such those in the kT factorization
approach [639–642] (see Fig. 55), the gluon-tower approach
[680], and the s-channel-QQ̄-cut approach [681, 682].

In the case of the color-octet 3S1 channel, the NLO cor-
rection to the helicity of the J/ψ is very small [674]. This
NLO correction would not change substantially the compar-
ison between the NRQCD factorization prediction and the
experimental data that is shown in Fig. 55. As we have ex-
plained in Sect. 4.2.2, the NLO analysis of [692] suggests
the possibility that the J/ψ direct-production cross section
is dominated by the color-octet 1S0 contribution, rather than
by the color-octet 3S1 contribution, even at the largest values
of pT that are accessed in the Tevatron measurements. How-
ever, the NLO analysis in [693] concludes that the color-
octet 3S1 contribution at NLO is not very different from that
at LO. A complete NLO analysis of the direct J/ψ polariza-
tion, including the contribution of the color-octet 3PJ chan-
nel is still lacking and is an important theoretical goal. Fur-
ther progress in determining the relevant production mech-
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polarization principles

Polarization (1): general description
Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)
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polarization principles

Polarization (2): choice of frame
Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)

different definitions of the z axis are used, each with motivation:

helicity:
Q direction-of-flight

Gottfried-Jackson:
dirn of one beam

Collins-Soper:
dirn of laboratory z

production plane y

zHX zGJ

b1 b2

zCS

b1 b2
Q collision

centre
of mass

frame

b1 b2

quarkonium
rest

frame

reln even of CS frame to parton-collision frame varies event-to-event
(due to parton pT ): some smearing of distributions in general

angles between frames vary event-to-event
−→ choice of a more natural frame can give greater sensitivity

full angular distributions (λϑ, λϕ, λϑϕ) in general needed . . .
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polarization principles

Polarization (3): pitfalls of incomplete treatment
Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)
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be compared w/o assumptions
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typically a fn of (λϑ, λϕ, λϑϕ)
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polarization experimental developments

Polarization (4): treatment in new J/ψ x-sections
ATLAS: NPB 850, 387; cf. CMS: EPJC 71, 1575; LHCb: EPJC 71, 1645 (2011)

ATLAS Collaboration / Nuclear Physics B 850 (2011) 387–444 393

Fig. 1. Definitions of the J/ψ spin-alignment angles, in the J/ψ decay frame. θ# is the angle between the direction of
the positive muon in that frame and the direction of J/ψ in the laboratory frame, which is directed along the z#-axis.
φ# is the angle between the J/ψ production (x#–z#) plane and its decay plane formed by the direction of the J/ψ and
the lepton %+ (from [18]).

Fig. 2. Kinematic acceptance maps as a function of J/ψ transverse momentum and rapidity for specific spin-alignment
scenarios considered, which are representative of the extrema of the variation of the measured cross-section due to spin-
alignment configurations. Differences in acceptance behaviour, particularly at low pT , occur between scenarios and can
significantly influence the cross-section measurement in a given bin.

Two-dimensional acceptance maps are produced in bins of pT and y of the J/ψ , for each of
these five scenarios, and are illustrated in Fig. 2. The maps are obtained by reweighting the flat
distribution at the generator level using Eq. (5). The central value for the cross-section mea-
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inclusive b-hadron decays to J/ψ measured at LEP, i.e.,
B(b → J/ψX) = (1.16 ± 0.10)% [34–36]. The underlying
assumption is that the b-hadron fractions in pp collisions
at

√
s = 7 TeV are identical to those seen in Z → bb de-

cays. However, the b hadronisation fractions may differ at
hadronic machines. To estimate the systematic uncertainty
due to possibly different fractions, the B(b → J/ψX) is
computed by taking as input for the calculation the frac-
tions measured at the Tevatron [37, 38] and assuming the
partial widths of Bu, Bd, Bs and "b to J/ψX to be equal.
The relative difference between the estimates of the branch-
ing fractions based on the fragmentation functions measured
at LEP and at the Tevatron, 2%, is taken as systematic uncer-

tainty, which only affects the extrapolation of the bb cross-
section.

6 Results

The measured double-differential cross-sections for prompt
J/ψ and J/ψ from b in the various (pT, y) bins, after all
corrections and assuming no polarisation, are given in Ta-
bles 2 and 3, and displayed in Figs. 3 and 4. The results for
full transverse and full longitudinal polarisation of the J/ψ

in the helicity frame are given in Tables 4 and 5, and dis-
played in Fig. 5.

Table 2 d2σ
dpTdy in nb/(GeV/c) for prompt J/ψ in bins of the J/ψ transverse momentum and rapidity, assuming no polarisation. The first error is

statistical, the second is the component of the systematic uncertainty that is uncorrelated between bins and the third is the correlated component

pT(GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0–1 1091 ± 70 ± 226 ± 144 844 ± 13 ± 133 ± 111 749 ± 7 ± 46 ± 99 614 ± 6 ± 23 ± 81 447 ± 5 ± 28 ± 59

1–2 1495 ± 38 ± 282 ± 197 1490 ± 12 ± 39 ± 197 1376 ± 8 ± 26 ± 182 1101 ± 7 ± 23 ± 145 807 ± 7 ± 28 ± 107

2–3 1225 ± 20 ± 109 ± 162 1214 ± 9 ± 24 ± 160 1053 ± 7 ± 19 ± 139 839 ± 6 ± 19 ± 111 588 ± 6 ± 22 ± 78

3–4 777 ± 11 ± 44 ± 103 719 ± 6 ± 18 ± 95 611 ± 5 ± 14 ± 81 471 ± 4 ± 13 ± 62 315 ± 4 ± 14 ± 42

4–5 424 ± 6 ± 22 ± 56 392 ± 3 ± 12 ± 52 325 ± 3 ± 9 ± 43 244 ± 3 ± 7 ± 32 163 ± 3 ± 6 ± 22

5–6 230 ± 4 ± 12 ± 30 206 ± 2 ± 8 ± 27 167 ± 2 ± 5 ± 22 119 ± 2 ± 5 ± 16 76 ± 2 ± 3 ± 10

6–7 116 ± 2 ± 6 ± 15 104 ± 1 ± 4 ± 14 82 ± 1 ± 3 ± 11 59 ± 1 ± 2 ± 8 34 ± 1.1 ± 1.4 ± 4.5

7–8 64 ± 1 ± 3 ± 8 57 ± 1 ± 3 ± 7 44 ± 1 ± 1 ± 6 29 ± 1 ± 1 ± 4 17 ± 0.7 ± 0.8 ± 2.3

8–9 37 ± 1 ± 1 ± 5 31 ± 1 ± 1 ± 4 23 ± 1 ± 1 ± 3 15.9 ± 0.5 ± 0.1 ± 2.1 8.5 ± 0.5 ± 0.4 ± 1.1

9–10 19.3 ± 0.7 ± 0.5 ± 2.6 17.4 ± 0.5 ± 0.2 ± 2.3 12.6 ± 0.4 ± 0.1 ± 1.7 8.2 ± 0.4 ± 0.1 ± 1.1 4.1 ± 0.3 ± 0.2 ± 0.5

10–11 11.6 ± 0.5 ± 0.3 ± 1.5 9.8 ± 0.4 ± 0.1 ± 1.3 7.8 ± 0.3 ± 0.1 ± 1.0 4.9 ± 0.3 ± 0.1 ± 0.6 2.2 ± 0.2 ± 0.1 ± 0.3

11–12 6.7 ± 0.4 ± 0.2 ± 0.9 5.9 ± 0.3 ± 0.1 ± 0.8 4.5 ± 0.3 ± 0.1 ± 0.6 2.6 ± 0.2 ± 0.1 ± 0.3

12–13 4.6 ± 0.3 ± 0.2 ± 0.6 3.5 ± 0.2 ± 0.1 ± 0.5 2.9 ± 0.2 ± 0.1 ± 0.4 1.2 ± 0.1 ± 0.1 ± 0.2

13–14 2.9 ± 0.3 ± 0.1 ± 0.4 2.6 ± 0.2 ± 0.1 ± 0.3 1.3 ± 0.2 ± 0.1 ± 0.2

Table 3 d2σ
dpTdy in nb/(GeV/c) for J/ψ from b in bins of the J/ψ transverse momentum and rapidity. The first error is statistical, the second is the

component of the systematic uncertainty that is uncorrelated between bins and the third is the correlated component

pT(GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0–1 107 ± 23 ± 22 ± 15 75 ± 4 ± 12 ± 10 60 ± 2 ± 4 ± 8 41 ± 2 ± 2 ± 6 22 ± 2 ± 1 ± 3

1–2 156 ± 11 ± 30 ± 22 147 ± 4 ± 4 ± 20 123 ± 3 ± 2 ± 17 82 ± 2 ± 2 ± 11 52 ± 2 ± 2 ± 7

2–3 151 ± 6 ± 14 ± 21 140 ± 3 ± 3 ± 19 113 ± 2 ± 2 ± 16 71 ± 2 ± 2 ± 10 42 ± 2 ± 2 ± 6

3–4 105 ± 4 ± 6 ± 15 98 ± 2 ± 2 ± 14 75 ± 2 ± 2 ± 10 48 ± 1 ± 1 ± 7 28 ± 1 ± 1 ± 4

4–5 67 ± 2 ± 3 ± 9 57 ± 1 ± 2 ± 8 44 ± 1 ± 1 ± 6 28 ± 1 ± 1 ± 4 15.0 ± 1.0 ± 0.6 ± 2.1

5–6 43 ± 2 ± 2 ± 6 35 ± 1 ± 1 ± 5 26 ± 1 ± 1 ± 4 15.6 ± 0.7 ± 0.7 ± 2.2 9.0 ± 0.7 ± 0.3 ± 1.3

6–7 26 ± 1 ± 1 ± 4 22 ± 1 ± 1 ± 3 14.9 ± 0.6 ± 0.5 ± 2.1 8.6 ± 0.4 ± 0.3 ± 1.2 5.2 ± 0.5 ± 0.2 ± 0.7

7–8 16.1 ± 0.7 ± 0.8 ± 2.2 12.1 ± 0.5 ± 0.6 ± 1.7 9.4 ± 0.4 ± 0.3 ± 1.3 5.5 ± 0.3 ± 0.2 ± 0.8 2.8 ± 0.3 ± 0.1 ± 0.4

8–9 10.1 ± 0.6 ± 0.3 ± 1.4 8.2 ± 0.4 ± 0.8 ± 1.1 5.3 ± 0.3 ± 0.1 ± 0.7 3.2 ± 0.3 ± 0.1 ± 0.4 1.5 ± 0.2 ± 0.1 ± 0.2

9–10 6.5 ± 0.4 ± 0.2 ± 0.9 5.2 ± 0.3 ± 0.1 ± 0.7 3.4 ± 0.2 ± 0.1 ± 0.5 1.8 ± 0.2 ± 0.1 ± 0.2 0.8 ± 0.2 ± 0.1 ± 0.1

10–11 4.4 ± 0.3 ± 0.1 ± 0.6 3.2 ± 0.2 ± 0.1 ± 0.4 2.0 ± 0.2 ± 0.1 ± 0.3 1.2 ± 0.2 ± 0.1 ± 0.2 0.5 ± 0.1 ± 0.1 ± 0.1

11–12 3.3 ± 0.3 ± 0.1 ± 0.4 2.2 ± 0.2 ± 0.1 ± 0.3 1.5 ± 0.2 ± 0.1 ± 0.2 0.6 ± 0.1 ± 0.1 ± 0.1

12–13 1.9 ± 0.2 ± 0.1 ± 0.3 1.6 ± 0.2 ± 0.1 ± 0.2 0.9 ± 0.1 ± 0.1 ± 0.1 0.3 ± 0.1 ± 0.1 ± 0.1

13–14 1.2 ± 0.2 ± 0.1 ± 0.2 0.9 ± 0.1 ± 0.1 ± 0.1 0.6 ± 0.1 ± 0.1 ± 0.1

LHCb d2σ
dpTdy

, for no polarization
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Table 4 d2σ
dpTdy in nb/(GeV/c) for prompt J/ψ in bins of the J/ψ

transverse momentum and rapidity, assuming fully transversely po-
larised J/ψ . The first error is statistical, the second is the component

of the systematic uncertainty that is uncorrelated between bins and the
third is the correlated component

pT(GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0–1 1282 ± 83 ± 266 ± 169 1058 ± 16 ± 166 ± 140 924 ± 9 ± 56 ± 122 728 ± 7 ± 27 ± 96 530 ± 6 ± 33 ± 70

1–2 1751 ± 44 ± 331 ± 231 1791 ± 15 ± 47 ± 236 1603 ± 10 ± 31 ± 212 1246 ± 8 ± 26 ± 164 902 ± 7 ± 31 ± 119

2–3 1438 ± 24 ± 129 ± 190 1423 ± 11 ± 28 ± 188 1182 ± 7 ± 21 ± 156 913 ± 6 ± 21 ± 120 631 ± 6 ± 24 ± 83

3–4 932 ± 13 ± 53 ± 123 839 ± 7 ± 21 ± 111 675 ± 5 ± 15 ± 89 505 ± 4 ± 14 ± 67 334 ± 4 ± 15 ± 44

4–5 513 ± 7 ± 27 ± 68 455 ± 4 ± 14 ± 60 358 ± 3 ± 10 ± 47 262 ± 3 ± 8 ± 35 172 ± 3 ± 7 ± 23

5–6 278 ± 4 ± 15 ± 37 238 ± 3 ± 9 ± 32 184 ± 2 ± 6 ± 24 128 ± 2 ± 5 ± 17 79 ± 2 ± 3 ± 11

6–7 140 ± 3 ± 7 ± 19 120 ± 2 ± 5 ± 16 91 ± 1 ± 3 ± 12 63 ± 1 ± 2 ± 8 36 ± 1 ± 2 ± 5

7–8 76 ± 2 ± 4 ± 10 64 ± 1 ± 3 ± 8 49 ± 1 ± 2 ± 6 32 ± 1 ± 1 ± 4 18.3 ± 0.7 ± 0.8 ± 2.4

8–9 44 ± 1 ± 1 ± 6 34 ± 1 ± 1 ± 5 25 ± 1 ± 1 ± 3 17.1 ± 0.6 ± 0.2 ± 2.3 8.9 ± 0.5 ± 0.4 ± 1.2

9–10 23 ± 1 ± 1 ± 3 19.3 ± 0.6 ± 0.2 ± 2.6 13.7 ± 0.5 ± 0.1 ± 1.8 8.8 ± 0.4 ± 0.1 ± 1.2 4.3 ± 0.3 ± 0.2 ± 0.5

10–11 13.5 ± 0.6 ± 0.4 ± 1.8 10.9 ± 0.4 ± 0.1 ± 1.4 8.5 ± 0.4 ± 0.1 ± 1.1 5.2 ± 0.3 ± 0.1 ± 0.7 2.4 ± 0.2 ± 0.1 ± 0.3

11–12 7.7 ± 0.4 ± 0.3 ± 1.0 6.4 ± 0.3 ± 0.1 ± 0.8 4.9 ± 0.3 ± 0.1 ± 0.6 2.8 ± 0.2 ± 0.1 ± 0.4

12–13 5.2 ± 0.3 ± 0.2 ± 0.7 3.8 ± 0.3 ± 0.1 ± 0.5 3.1 ± 0.2 ± 0.1 ± 0.4 1.3 ± 0.1 ± 0.1 ± 0.2

13–14 3.3 ± 0.3 ± 0.1 ± 0.4 2.8 ± 0.2 ± 0.1 ± 0.4 1.4 ± 0.2 ± 0.1 ± 0.2

Table 5 d2σ
dpTdy in nb/(GeV/c) for prompt J/ψ in bins of the J/ψ

transverse momentum and rapidity, assuming fully longitudinally po-
larised J/ψ . The first error is statistical, the second is the component

of the systematic uncertainty that is uncorrelated between bins and the
third is the correlated component

pT(GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0–1 839 ± 54 ± 174 ± 111 601 ± 9 ± 94 ± 79 543 ± 5 ± 33 ± 72 468 ± 4 ± 21 ± 62 341 ± 4 ± 21 ± 45

1–2 1157 ± 29 ± 219 ± 153 1114 ± 9 ± 29 ± 147 1073 ± 7 ± 21 ± 142 892 ± 5 ± 18 ± 118 667 ± 6 ± 23 ± 88

2–3 945 ± 16 ± 84 ± 125 938 ± 7 ± 19 ± 124 865 ± 5 ± 16 ± 114 721 ± 5 ± 16 ± 95 517 ± 5 ± 20 ± 68

3–4 583 ± 8 ± 33 ± 77 559 ± 4 ± 14 ± 74 514 ± 4 ± 11 ± 68 415 ± 3 ± 12 ± 55 282 ± 4 ± 13 ± 37

4–5 315 ± 4 ± 16 ± 42 307 ± 3 ± 9 ± 41 274 ± 2 ± 8 ± 36 215 ± 2 ± 7 ± 28 148 ± 2 ± 6 ± 20

5–6 171 ± 3 ± 9 ± 23 163 ± 2 ± 6 ± 22 140 ± 2 ± 4 ± 19 104 ± 1 ± 4 ± 14 69 ± 2 ± 3 ± 9

6–7 87 ± 2 ± 5 ± 12 83 ± 1 ± 3 ± 11 70 ± 1 ± 3 ± 9 51 ± 1 ± 2 ± 7 31 ± 1 ± 1 ± 4

7–8 48 ± 1 ± 2 ± 6 46 ± 1 ± 2 ± 6 38 ± 1 ± 1 ± 5 26 ± 1 ± 1 ± 3 15.8 ± 0.6 ± 0.7 ± 2.1

8–9 29 ± 1 ± 1 ± 4 25 ± 1 ± 1 ± 3 19.8 ± 0.5 ± 0.1 ± 2.6 13.9 ± 0.5 ± 0.1 ± 1.8 7.6 ± 0.4 ± 0.3 ± 1.0

9–10 14.9 ± 0.5 ± 0.4 ± 2.0 14.5 ± 0.4 ± 0.2 ± 1.9 10.8 ± 0.4 ± 0.1 ± 1.4 7.1 ± 0.3 ± 0.1 ± 0.9 3.6 ± 0.3 ± 0.2 ± 0.5

10–11 9.1 ± 0.4 ± 0.3 ± 1.2 8.3 ± 0.3 ± 0.1 ± 1.1 6.7 ± 0.3 ± 0.1 ± 0.9 10–11 4.3 ± 0.2 ± 0.1 ± 0.6 2.0 ± 0.2 ± 0.1 ± 0.3

11–12 5.3 ± 0.3 ± 0.2 ± 0.7 5.0 ± 0.3 ± 0.1 ± 0.7 4.0 ± 0.2 ± 0.1 ± 0.5 2.3 ± 0.2 ± 0.1 ± 0.3

12–13 3.7 ± 0.2 ± 0.1 ± 0.5 3.0 ± 0.2 ± 0.1 ± 0.4 2.5 ± 0.2 ± 0.1 ± 0.4 1.0 ± 0.1 ± 0.1 ± 0.1

13–14 2.3 ± 0.2 ± 0.1 ± 0.3 2.3 ± 0.2 ± 0.1 ± 0.3 1.2 ± 0.1 ± 0.1 ± 0.2

20% larger than those of prompt J/ψ mesons. For each J/ψ

source, the mean pT and RMS are observed to decrease with
increasing y.

Table 7 and Fig. 6 show the differential cross-sections
dσ
dy integrated over pT, both for unpolarised prompt J/ψ

and J/ψ from b. For the two production sources, the cross-
sections decrease significantly between the central and for-
ward regions of the LHCb acceptance.

6.1 Fraction of J/ψ from b

Table 8 and Fig. 7 give the values of the fraction of
J/ψ from b in the different bins assuming that the prompt
J/ψ are produced unpolarised. The third uncertainty in Ta-
ble 8 gives the deviation from the central value when the
prompt J/ψ are fully transversely or fully longitudinally
polarised in the helicity frame.

LHCb d2σ
dpTdy

, for transverse polarization
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Table 4 d2σ
dpTdy in nb/(GeV/c) for prompt J/ψ in bins of the J/ψ

transverse momentum and rapidity, assuming fully transversely po-
larised J/ψ . The first error is statistical, the second is the component

of the systematic uncertainty that is uncorrelated between bins and the
third is the correlated component

pT(GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0–1 1282 ± 83 ± 266 ± 169 1058 ± 16 ± 166 ± 140 924 ± 9 ± 56 ± 122 728 ± 7 ± 27 ± 96 530 ± 6 ± 33 ± 70

1–2 1751 ± 44 ± 331 ± 231 1791 ± 15 ± 47 ± 236 1603 ± 10 ± 31 ± 212 1246 ± 8 ± 26 ± 164 902 ± 7 ± 31 ± 119

2–3 1438 ± 24 ± 129 ± 190 1423 ± 11 ± 28 ± 188 1182 ± 7 ± 21 ± 156 913 ± 6 ± 21 ± 120 631 ± 6 ± 24 ± 83

3–4 932 ± 13 ± 53 ± 123 839 ± 7 ± 21 ± 111 675 ± 5 ± 15 ± 89 505 ± 4 ± 14 ± 67 334 ± 4 ± 15 ± 44

4–5 513 ± 7 ± 27 ± 68 455 ± 4 ± 14 ± 60 358 ± 3 ± 10 ± 47 262 ± 3 ± 8 ± 35 172 ± 3 ± 7 ± 23

5–6 278 ± 4 ± 15 ± 37 238 ± 3 ± 9 ± 32 184 ± 2 ± 6 ± 24 128 ± 2 ± 5 ± 17 79 ± 2 ± 3 ± 11

6–7 140 ± 3 ± 7 ± 19 120 ± 2 ± 5 ± 16 91 ± 1 ± 3 ± 12 63 ± 1 ± 2 ± 8 36 ± 1 ± 2 ± 5

7–8 76 ± 2 ± 4 ± 10 64 ± 1 ± 3 ± 8 49 ± 1 ± 2 ± 6 32 ± 1 ± 1 ± 4 18.3 ± 0.7 ± 0.8 ± 2.4

8–9 44 ± 1 ± 1 ± 6 34 ± 1 ± 1 ± 5 25 ± 1 ± 1 ± 3 17.1 ± 0.6 ± 0.2 ± 2.3 8.9 ± 0.5 ± 0.4 ± 1.2

9–10 23 ± 1 ± 1 ± 3 19.3 ± 0.6 ± 0.2 ± 2.6 13.7 ± 0.5 ± 0.1 ± 1.8 8.8 ± 0.4 ± 0.1 ± 1.2 4.3 ± 0.3 ± 0.2 ± 0.5

10–11 13.5 ± 0.6 ± 0.4 ± 1.8 10.9 ± 0.4 ± 0.1 ± 1.4 8.5 ± 0.4 ± 0.1 ± 1.1 5.2 ± 0.3 ± 0.1 ± 0.7 2.4 ± 0.2 ± 0.1 ± 0.3

11–12 7.7 ± 0.4 ± 0.3 ± 1.0 6.4 ± 0.3 ± 0.1 ± 0.8 4.9 ± 0.3 ± 0.1 ± 0.6 2.8 ± 0.2 ± 0.1 ± 0.4

12–13 5.2 ± 0.3 ± 0.2 ± 0.7 3.8 ± 0.3 ± 0.1 ± 0.5 3.1 ± 0.2 ± 0.1 ± 0.4 1.3 ± 0.1 ± 0.1 ± 0.2

13–14 3.3 ± 0.3 ± 0.1 ± 0.4 2.8 ± 0.2 ± 0.1 ± 0.4 1.4 ± 0.2 ± 0.1 ± 0.2

Table 5 d2σ
dpTdy in nb/(GeV/c) for prompt J/ψ in bins of the J/ψ

transverse momentum and rapidity, assuming fully longitudinally po-
larised J/ψ . The first error is statistical, the second is the component

of the systematic uncertainty that is uncorrelated between bins and the
third is the correlated component

pT(GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5

0–1 839 ± 54 ± 174 ± 111 601 ± 9 ± 94 ± 79 543 ± 5 ± 33 ± 72 468 ± 4 ± 21 ± 62 341 ± 4 ± 21 ± 45

1–2 1157 ± 29 ± 219 ± 153 1114 ± 9 ± 29 ± 147 1073 ± 7 ± 21 ± 142 892 ± 5 ± 18 ± 118 667 ± 6 ± 23 ± 88

2–3 945 ± 16 ± 84 ± 125 938 ± 7 ± 19 ± 124 865 ± 5 ± 16 ± 114 721 ± 5 ± 16 ± 95 517 ± 5 ± 20 ± 68

3–4 583 ± 8 ± 33 ± 77 559 ± 4 ± 14 ± 74 514 ± 4 ± 11 ± 68 415 ± 3 ± 12 ± 55 282 ± 4 ± 13 ± 37

4–5 315 ± 4 ± 16 ± 42 307 ± 3 ± 9 ± 41 274 ± 2 ± 8 ± 36 215 ± 2 ± 7 ± 28 148 ± 2 ± 6 ± 20

5–6 171 ± 3 ± 9 ± 23 163 ± 2 ± 6 ± 22 140 ± 2 ± 4 ± 19 104 ± 1 ± 4 ± 14 69 ± 2 ± 3 ± 9

6–7 87 ± 2 ± 5 ± 12 83 ± 1 ± 3 ± 11 70 ± 1 ± 3 ± 9 51 ± 1 ± 2 ± 7 31 ± 1 ± 1 ± 4

7–8 48 ± 1 ± 2 ± 6 46 ± 1 ± 2 ± 6 38 ± 1 ± 1 ± 5 26 ± 1 ± 1 ± 3 15.8 ± 0.6 ± 0.7 ± 2.1

8–9 29 ± 1 ± 1 ± 4 25 ± 1 ± 1 ± 3 19.8 ± 0.5 ± 0.1 ± 2.6 13.9 ± 0.5 ± 0.1 ± 1.8 7.6 ± 0.4 ± 0.3 ± 1.0

9–10 14.9 ± 0.5 ± 0.4 ± 2.0 14.5 ± 0.4 ± 0.2 ± 1.9 10.8 ± 0.4 ± 0.1 ± 1.4 7.1 ± 0.3 ± 0.1 ± 0.9 3.6 ± 0.3 ± 0.2 ± 0.5

10–11 9.1 ± 0.4 ± 0.3 ± 1.2 8.3 ± 0.3 ± 0.1 ± 1.1 6.7 ± 0.3 ± 0.1 ± 0.9 10–11 4.3 ± 0.2 ± 0.1 ± 0.6 2.0 ± 0.2 ± 0.1 ± 0.3

11–12 5.3 ± 0.3 ± 0.2 ± 0.7 5.0 ± 0.3 ± 0.1 ± 0.7 4.0 ± 0.2 ± 0.1 ± 0.5 2.3 ± 0.2 ± 0.1 ± 0.3

12–13 3.7 ± 0.2 ± 0.1 ± 0.5 3.0 ± 0.2 ± 0.1 ± 0.4 2.5 ± 0.2 ± 0.1 ± 0.4 1.0 ± 0.1 ± 0.1 ± 0.1

13–14 2.3 ± 0.2 ± 0.1 ± 0.3 2.3 ± 0.2 ± 0.1 ± 0.3 1.2 ± 0.1 ± 0.1 ± 0.2

20% larger than those of prompt J/ψ mesons. For each J/ψ

source, the mean pT and RMS are observed to decrease with
increasing y.

Table 7 and Fig. 6 show the differential cross-sections
dσ
dy integrated over pT, both for unpolarised prompt J/ψ

and J/ψ from b. For the two production sources, the cross-
sections decrease significantly between the central and for-
ward regions of the LHCb acceptance.

6.1 Fraction of J/ψ from b

Table 8 and Fig. 7 give the values of the fraction of
J/ψ from b in the different bins assuming that the prompt
J/ψ are produced unpolarised. The third uncertainty in Ta-
ble 8 gives the deviation from the central value when the
prompt J/ψ are fully transversely or fully longitudinally
polarised in the helicity frame.

LHCb d2σ
dpTdy

, for longitudinal polarization
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polarization experimental developments

Polarization (5): measurement for Υ(nS) at CDF
CDF: Physical Review Letters 108, 151802 (2012)

from 6.7 fb−1 in Run II: {550k, 150k, 76k} Υ(1S , 2S , 3S) events

invariant λ̃ = λϑ+3λϕ

1−λϕ

determined in both
helicity & CS frames
— consistent save

first few 3S bins

contradicts DØ result
(PRL 101, 182004 (2008))

confirms tension
with older NRQCD
calculations . . .

Υ(2S): qualitatively similar conclusions; less power

thorough polarization measts in (pT , η) underway at the LHC expts . . .
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Υ(2S): qualitatively similar conclusions; less power

thorough polarization measts in (pT , η) underway at the LHC expts . . .
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polarization experimental developments

Polarization (5): measurement for Υ(nS) at CDF
CDF: from Matthew Jones’ presentation 2012/03/02 @ Fermilab

calculations have since moved on . . .
Comparisons with newer calculations

Nucl. Phys. B 214, 3 (2011) summary:
– NLO NRQCD – Gong, Wang & Zhang, Phys. Rev. D83, 114021 (2011)
– Color-singlet NLO and NNLO* - Artoisenet, et al. Phys. Rev. Lett. 101, 152001 (2008)

45

NLO NRQCD with 
color-octet matrix 
elements

NLO color- singlet

Significant 
uncertainty due to 
feed-down from 
!"#$%&'states 
(conservative 
assumptions)

CDF Run II preliminary – 6.7 fb-1
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performance

Performance: reconstruction of basic samples
CENTRAL experiments: →
triggers on µ(µ) with high-pT , low-pT
threshold, & M(µµ)-restricted-samples

increasing L → higher-pT triggers

pµ
T -dependence → acceptance

Aψ,Υ(pT , y) polarization-dependent

FORWARD (LHCb): ↓
� reduced at low- & high-y

polarization → 3–30% changes

]c [GeV/
T

p

0 5 10 15

 e
ff

ic
ie

n
cy

-
µ 

+
µ 

→ 
ψ/

J
T

o
ta

l 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 < 2.5y2.0 <  

 < 3.0y2.5 <  

 < 3.5y3.0 <  

 < 4.0y3.5 <  

 < 4.5y4.0 <  

 [GeV]!!m
1 10 210

En
tri

es
 / 

50
 M

eV

210

310

410

510

610

710 Trigger
EF_2mu4_DiMu
EF_2mu4_Jpsimumu
EF_2mu4_Bmumu
EF_2mu4_Upsimumu
EF_mu4mu6_Jpsimumu
EF_mu4mu6_Bmumu
EF_mu4mu6_Upsimumu
EF_mu20

Z

/

J/

(2S)
(1S)

(2S)
(3S)

-1 L dt ~ 2.3 fb = 7 TeV   s

ATLAS Preliminary

dimuon mass [GeV]       

Ev
en

ts
 p

er
 1

0 
M

eV

-110

1

10

210

310

410

510

610

10 2101

trigger paths
'ψ
ψJ/

-µ+µ → sB
Υ

 double muon
T

low p
 double muon

T
high p

 = 7 TeVsCMS    
-12011 Run, L = 1.1 fb ψJ/

'ψ

ω φ

Υ

Z

sB

Bruce Yabsley (Sydney / CoEPP) Quarkonium prodn & polarizn HQL/Prague 2012/06/11 10 / 32



performance

Performance: reconstruction of higher states
ATLAS χcJ(1P) observation: ATLAS-CONF-2011-136

from the 2010 data: pχt > 10GeV, |yχ| < 2.4; cos(Φlab
(ψ,γ)) > 0.99

sim. fit to signal and sideband regions in
J/ψ → µ+µ−; bkgd modelling (2.3%)
dominates yield systematics (3.0%)
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performance

Performance: reconstruction of higher states
CMS X(3872) & ψ(2S) production ratio: BPH-10-018-PAS

from the 2010 data:

pXt > 8GeV, |yX | < 2.2,

R =
σ(pp → X + any)× BX→ππψ

σ(pp → ψ� + any)× Bψ�→ππψ

= 0.087± 0.017± 0.009

non-prompt fraction:

30% assumed (≈ TeVatron),
consistent with studies;

[20%, 40%] → 6% variatn in R

cf. 2011 data . . . ]2 invariant mass [GeV/c-!+! "J/
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CMS Preliminary L dt = 40 pb-1!
s = 7 TeV

NX(3872) = 548 ± 104 (stat.) !
N!(2S) = 7346 ± 155(stat.)!
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performance

Performance: reconstruction of higher states
CMS X(3872) observation, & ψ(2S): DPS-2011/009
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performance

Performance: reconstruction of higher states
LHCb X(3872) production: EPJC 72, 1972 (2012) {arXiv:1112.5310v1 [hep-ex]}
from the 2010 data:

pXt ∈ [5, 20]GeV,
yX ∈ [2.5, 4.5];

σ(pp → X + any)×BX→ππψ

= 5.4± 1.3± 0.8 nb;

2.4σ below 13.0± 2.7 nb
(Artoisenet & Braaten,
PRD 81, 114018 (2010))

mass measurement is
already 2nd-most precise
(after Belle 2011) ]2) [MeV/c-π +π ψM(J/
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mX = 3871.95± 0.48 (stat.)± 0.12 (syst.)MeV/c2

cf. WA = 3871.71± 0.19MeV/c2 (private, from QWG2011/Darmstadt)
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spectroscopy

Spectroscopy: observation of the χb(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; DØ confn: 1203.6034 → PRD(RC)

from 2011 data: “combined” muon tracks, pT > 4GeV, |η| < 2.3;

well-vertexed µ+µ−: pT > 12GeV, |y | < 2.0

Υ(1S) and (2S) → µ+µ− seln unconverted photon selection
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spectroscopy

Spectroscopy: observation of the χb(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; DØ confn: 1203.6034 → PRD(RC)

from 2011 data: “combined” muon tracks, pT > 4GeV, |η| < 2.3;

well-vertexed µ+µ−: pT > 12GeV, |y | < 2.0

Υ(1S) and (2S) → µ+µ− seln converted photon vertices (xy)
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spectroscopy

Spectroscopy: observation of the χb(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; DØ confn: 1203.6034 → PRD(RC)

from 2011 data: “combined” muon tracks, pT > 4GeV, |η| < 2.3;

well-vertexed µ+µ−: pT > 12GeV, |y | < 2.0

χb → γunconΥ(1S) fit χb → γconvertΥ(nS) fit
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spectroscopy

Spectroscopy: observation of the χb(nP) states
ATLAS: PRL 108, 152001 (2012) {1112.5154}; DØ confn: 1203.6034 → PRD(RC)

from 2011 data: “combined” muon tracks, pT > 4GeV, |η| < 2.3;

well-vertexed µ+µ−: pT > 12GeV, |y | < 2.0

DØ confirmation (also conversions)
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spectroscopy

Spectroscopy: first observation of the χbJ(3P)
ATLAS: PRL 108, 152001 (2012) {1112.5154}; DØ confn: 1203.6034 → PRD(RC)

χb(3P) significance > 6σ in each sample;

for the photon conversions:

χb0 → γΥ suppressed: omitted

χb1,b2(1P , 2P) fixed to WA

χb1,b2(3P) splitting = 12MeV
assumed

χb(3P) barycenter m̃3 determination:

calo. 10.541± 0.011± 0.030GeV

convns 10.530± 0.005± 0.009GeV

predicted 10.525
(PRD 36, 3401 (1987); 38, 279 (1988); EPJC 4, 107 (1998))

there will be indirect Υ(3S) production !
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cross-sections Υ(nS)

Differential cross-sections: Υ(nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

3.1 pb−1 (2010 data), µµ trigger;�
pµ
T > 3.5GeV |η| < 1.6

pµ
T > 2.5GeV |η| ∈ [1.6, 2.4]

25 pb−1 (2010 data),�
µ trigger : pT > 1.4GeV

µµ trigger : pT > 0.56, 0.48GeV
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cross-sections Υ(nS)

Differential cross-sections: Υ(nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}
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cross-sections Υ(nS)

Differential cross-sections: Υ(nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}
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cross-sections Υ(nS)

Differential cross-sections: Υ(nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}
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cross-sections Υ(nS)

Differential cross-sections: Υ(nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

complication: non-prompt fraction, {B±, B0

(s), Λb} → J/ψ X

use J/ψ as a proxy for the b-hadron:
2D UML fit to M(µµ) and pseudo-proper time τ = Lxy .mψ/pψT
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004; LHCb: acc. EPJC {1202.6579v1}

complication: non-prompt fraction, {B±, B0

(s), Λb} → J/ψ X

use J/ψ as a proxy for the b-hadron:
2D UML fit to M(µµ) and pseudo-proper time τ = Lz .mψ/pψz
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm

prompt:
CSM: NNLO∗ an improvement; comparison still uncertain (feed-down)
CEM: feed-down included; disagreements in shape and normalisation
NRQCD: reasonable agreement at y > 2.0 without or with feed-down
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm
prompt:
CSM: NNLO∗ an improvement; comparison still uncertain (feed-down)

CEM: feed-down included; disagreements in shape and normalisation
NRQCD: reasonable agreement at y > 2.0 without or with feed-down
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm
prompt:
CSM: NNLO∗ an improvement; comparison still uncertain (feed-down)
CEM: feed-down included; disagreements in shape and normalisation

NRQCD: reasonable agreement at y > 2.0 without or with feed-down
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm
prompt:
CSM: NNLO∗ an improvement; comparison still uncertain (feed-down)
CEM: feed-down included; disagreements in shape and normalisation
NRQCD: reasonable agreement at y > 2.0 without feed-down

or with feed-down
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ
ATLAS: NPB 850, 387; CMS: Eur. Phys. J. C 71, 1575; LHCb: 71, 1645 (2011)

non-prompt: agreement with Fixed Order Next-to-Leading Logarithm
prompt:
CSM: NNLO∗ an improvement; comparison still uncertain (feed-down)
CEM: feed-down included; disagreements in shape and normalisation
NRQCD: reasonable agreement at y > 2.0 without or with feed-down
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: ψ(2S) — feed-down free
LHCb: to be published in Eur. Phys. J. C {arXiv:1204.1258v1 [hep-ex]}; see ref’s

non-prompt: described well by Fixed Order NLL
prompt: color-singlet reasonable at partial NNLO, save high pT

singlet+octet at NLO agrees; less well at low pT
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CMS (next slide) (3.08± 0.12 (stat.,syst.)± 0.13 (theor.)± 0.42 (BPDG))× 10−3
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ and ψ(2S)
CMS: JHEP 02, 011 (2012) {arXiv:1111.1557v1 [hep-ex]}

simultaneous fits, with constraints on relationship of parameters;
partial cancellation of experimental and theoretical uncertainties

prompt cf. NLO NRQCD: large uncerts � feed-down; TeVatron CO m.e.’s

extra ∆Rprompt = 12–20%, uncerty in χcJ polarizn; non-prompt cf. FONLL
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ and ψ(2S)
CMS: JHEP 02, 011 (2012) {arXiv:1111.1557v1 [hep-ex]}

simultaneous fits, with constraints on relationship of parameters;
partial cancellation of experimental and theoretical uncertainties

prompt cf. NLO NRQCD: large uncerts � feed-down; TeVatron CO m.e.’s

extra ∆Rprompt = 12–20%, uncerty in χcJ polarizn; non-prompt cf. FONLL
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cross-sections J/ψ, ψ(2S)

Differential cross-sections: J/ψ and ψ(2S)
CMS: JHEP 02, 011 (2012) {arXiv:1111.1557v1 [hep-ex]}

simultaneous fits, with constraints on relationship of parameters;
partial cancellation of experimental and theoretical uncertainties

prompt cf. NLO NRQCD: large uncerts � feed-down; TeVatron CO m.e.’s

extra ∆Rprompt = 12–20%, uncerty in χcJ polarizn; non-prompt cf. FONLL
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ratios

LHCb prompt χc2 to χc1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

ratio is sensitive to color singlet / octet mechanisms

36 pb−1 (2010 data); yψ ∈ [2.0, 4.5], pψT ∈ [2, 15]GeV; τψ < 0.1 ps
photons: pγT > 650MeV, pγ > 5GeV, L cuts; converted

disagreement with LO CSM and NLO NRQCD > poln uncertainty

]2c) [MeV/-µ +µ) - M(γ -µ +µM(
100 200 300 400 500 600 700 800 900 1000

 ]2 c
Ev

en
ts

 / 
[ 9

.2
 M

eV
/

0

1000

2000

3000

4000

5000

6000 LHCb
 = 7 TeVs

converted photons

(a)

]c [GeV/!J/
T

p

2 4 6 8 10 12 14 16

c1
"

#/ 
c2

"
#

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 ChiGen

NLO NRQCD

-1LHCb 36 pb

-1CDF 1.1 fb

LHCb
 = 7 TeVs

Bruce Yabsley (Sydney / CoEPP) Quarkonium prodn & polarizn HQL/Prague 2012/06/11 24 / 32



ratios

LHCb prompt χc2 to χc1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

ratio is sensitive to color singlet / octet mechanisms
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ratios

LHCb prompt χc2 to χc1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

ratio is sensitive to color singlet / octet mechanisms
36 pb−1 (2010 data); yψ ∈ [2.0, 4.5], pψT ∈ [2, 15]GeV; τψ < 0.1 ps
photons: pγT > 650MeV, pγ > 5GeV, L cuts; converted and not

disagreement with LO CSM and NLO NRQCD > poln uncertainty
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LHCb prompt χc2 to χc1 cross-section ratio
to be published in Physics Letters B {arXiv:1202.1080v1 [hep-ex]}

ratio is sensitive to color singlet / octet mechanisms
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photons: pγT > 650MeV, pγ > 5GeV, L cuts; converted and not

disagreement with LO CSM and NLO NRQCD > poln uncertainty
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ratios

CMS prompt χc2/χc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6 fb−1; presented by S. Argirò at Blois 2012

χc1,c2 → γconvertJ/ψ; |yψ| < 1.0, pγT > 0.5GeV/c ; lJ/ψ < 30µm

ratio measts

cf. theory comparisons from Argirò presentation: NRQCD
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CMS prompt χc2/χc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6 fb−1; presented by S. Argirò at Blois 2012

χc1,c2 → γconvertJ/ψ; |yψ| < 1.0, pγT > 0.5GeV/c ; lJ/ψ < 30µm

ratio measts subject to poln uncertainties: + (h = +1,+2) and − (h = 0, 0)

cf. theory comparisons from Argirò presentation: NRQCD
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CMS prompt χc2/χc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6 fb−1; presented by S. Argirò at Blois 2012

χc1,c2 → γconvertJ/ψ; |yψ| < 1.0, pγT > 0.5GeV/c ; lJ/ψ < 30µm

ratio measts subject to poln uncertainties: + (h = +1,+2) and − (h = 0, 0)

cf. theory comparisons from Argirò presentation: NRQCD

24th Rencontres de Blois – S. Argirò : Results on heavy flavour production at ATLAS and CMS!
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FIG. 2: The ratio of dσ̂[
3
P [1]
J ] to dσ̂[

3
S[8]
1 ] at NLO as a function

of pT at the Tevatron. The cut |yχcJ | < 1 is chosen to compare
with the CDF data of Ref. [3].

at NLO the
3
P [1]
J channels are comparable to the

3
S[8]
1

channel even at pT ≈ 50 GeV. Another important but

unique feature is that the
3
P [1]
J channels give large values

at high pT , but surprisingly with negative signs. We note
that the negative values are not caused by the choice of
µΛ, though this may affect their absolute values. In fact,
detailed investigation reveals that the negative values are
originated from the renormalization scheme (RS) for the

NRQCD LDMEs �Oχc0(
3
S[8]
1 )�. The RS in this work is

the conventional MS scheme. One may use another RS

to get different values of dσ̂[
3
P [1]
J ], but this should not

change the physical result, because the RS dependence

of short-distance coefficients of
3
P [1]
J are canceled by the

RS dependence of �Oχc0 (
3
S[8]
1 )�, and the final physical

results are independent of the choice of it. Especially,
dσ[χcJ ] and Rχc are independent of the RS and µΛ, and
their values should always be positive.

From Fig. 2 we see that the
3
P [1]
1 channel decreases

slower than the
3
P [1]
2 channel. Considering also that

3
P [1]
J

channels are comparable to the
3
S[8]
1 channel at high pT ,

we may naturally explain the CDF data[3] that the pro-
duction rate of χc1 exceeds that of χc2 at high pT . We
define the ratio

r =
�Oχc0 (

3
S[8]
1 )�

�Oχc0 (
3
P [1]
J )�/m2

c

|MS, µΛ=mc
. (4)

The bound of r > 0.24 is needed to get a positive pro-
duction rate of χc0 at high pT , as shown in Fig. 2. With
this definition, we can give an asymptotic expression of
Rχc at the Tevatron with |yχcJ | < 1 :

Rχc =
5

3

rdσ̂[
3
S[8]
1 ] + dσ̂[

3
P [1]
2 ]

rdσ̂[
3
S[8]
1 ] + dσ̂[

3
P [1]
1 ]

→ 5

3

r − 0.20

r − 0.16
, (5)

where the numbers −0.20 and −0.16 can be read from
Fig. 2. Because of these two numbers, Rχc must be
smaller than 5/3 at high pT . By fitting the data [3],
we get r = 0.27+0.01+0.05+0.04

−0.01−0.04−0.04 ≈ 0.27 ± 0.06, where the
errors come from data, scale dependence and mc depen-
dence respectively. In the fitting procedure, the mass
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FIG. 3: Transverse momentum distribution of ratio
Rχc/RJ/ψγ at the Tevatron with cut |yχcJ | < 1. The CDF
data is taken from Ref.[3]. The lower and upper bounds of
LO and NLO are constrained by 0.24 < r < 0.33.
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FIG. 4: The same as Fig. 3 but for LHC with cut |yχcJ | < 3.

difference between χcJ and J/ψ is also considered. It
can be found that the value of r is compatible with the
naive velocity scaling rule r ≈ O(1) [1].
As shown in Fig. 3, the NLO predictions present a

much better compatibility with data than LO, where r
is constrained by 0.24 < r < 0.33 and RJ/ψγ ≡ B(χc1 →
J/ψγ)/B(χc2 → J/ψγ) = 1.91 as in Ref.[3]. In Fig. 4,
we show predictions for Rχc at the LHC. Note that, the
ratio Rχc is sensitive to r at NLO. Thus measurement of
Rχc at high pT will give a strict constraint on r.
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FIG. 5: Transverse momentum distribution of χcJ feed down
to J/ψ at the Tevatron RUN I and LHC, where RUN I data
is taken from Ref.[19].
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different from the one obtained in collinear calculations.
Most probable is that this difference has to be attributed
to the type of diagrams in Fig. 1(b) and 1(d). These dia-
grams are only present in the collinear and not in the
kt-factorization approach, while the type of diagram in
Fig. 1(c) is effectively included as part of the gluon evo-
lution [Fig. 1(a)].

The polarization pattern (Fig. 7) is qualitatively similar
to that observed in the collinear case, and the resulting ratio
of the !cJ contributions is presented in Fig. 8. Polarization
produces a noticeable, though not dramatic effect; but
whether it is taken into account or not, our predictions lie
well outside the experimental errors.

We can extract one positive lesson: that employing the
2 ! 2 subprocess (2) leads to better proportion between
the !cJ yields. So, let us try incorporating this subprocess
with the kt-factorization scheme. Now we calculate the
appropriate matrix elements with off shell initial gluons
and convolute it with unintegrated gluon distributions.
Similar to the already discussed LO case, the pT behavior
of this contribution is determined by the shape of the gluon
densities and scales as 1=p4

T .
The results based on the subprocess (2) taken solely still

look unsatisfactory (Fig. 9). And, besides that, is not clear
enough how to correctly add the contributions from sub-
processes (1) and (2) avoiding the danger of double count-
ing between what was formally the LO diagram of Fig. 1(a)

and what was formally the NLO diagram of Fig. 1(c). The
problem of including the NLO contributions is yet an
unresolved problem in the kt factorization.
But there exists yet another way to solve the puzzle, and

it looks rather natural and attractive. Up to now, we
were considering the !c1 and !c2 wave functions as
identical, jR0

!1ð0Þj2 ¼ jR0
!2ð0Þj2. This might be an

FIG. 6. Predictions of the kt-factorization approach for the
Tevatron conditions:

ffiffiffi
s

p ¼ 1:96 GeV, j"ð!cJÞj< 1. Upper
panel, transverse momentum distributions of the !c1 (dash-
dotted line) and !c2 (dashed line) mesons. Lower panel, the
ratio of the !c2 and !c1 production cross sections.

FIG. 7. kt-factorization predictions on the !cJ spin alignment
parameters at the Tevatron as seen in the helicity frame. Upper
panel, !c1 mesons; lower panel, !c2 mesons. Solid lines, h ¼ 0
states; dashed lines, jhj ¼ 1 states; dash-dotted line, jhj ¼ 2
states.

FIG. 8. kt-factorization predictions on the visible ratio of
!cJ contributions to J=c production at the Tevatron: solid
line, under the hypothesis of electric dipole transitions; dash-
dotted line, for uniform (unpolarized) decay distributions; j
CDF data [1].
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ratios

CMS prompt χc2/χc1 cross-section ratio
CMS-PAS-BPH-11-010, 4.6 fb−1; presented by S. Argirò at Blois 2012

χc1,c2 → γconvertJ/ψ; |yψ| < 1.0, pγT > 0.5GeV/c ; lJ/ψ < 30µm

ratio measts subject to poln uncertainties: + (h = +1,+2) and − (h = 0, 0)

cf. theory comparisons from Argirò presentation: NRQCD and kT factorisn

24th Rencontres de Blois – S. Argirò : Results on heavy flavour production at ATLAS and CMS!
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FIG. 2: The ratio of dσ̂[
3
P [1]
J ] to dσ̂[

3
S[8]
1 ] at NLO as a function

of pT at the Tevatron. The cut |yχcJ | < 1 is chosen to compare
with the CDF data of Ref. [3].

at NLO the
3
P [1]
J channels are comparable to the

3
S[8]
1

channel even at pT ≈ 50 GeV. Another important but

unique feature is that the
3
P [1]
J channels give large values

at high pT , but surprisingly with negative signs. We note
that the negative values are not caused by the choice of
µΛ, though this may affect their absolute values. In fact,
detailed investigation reveals that the negative values are
originated from the renormalization scheme (RS) for the

NRQCD LDMEs �Oχc0(
3
S[8]
1 )�. The RS in this work is

the conventional MS scheme. One may use another RS

to get different values of dσ̂[
3
P [1]
J ], but this should not

change the physical result, because the RS dependence

of short-distance coefficients of
3
P [1]
J are canceled by the

RS dependence of �Oχc0 (
3
S[8]
1 )�, and the final physical

results are independent of the choice of it. Especially,
dσ[χcJ ] and Rχc are independent of the RS and µΛ, and
their values should always be positive.

From Fig. 2 we see that the
3
P [1]
1 channel decreases

slower than the
3
P [1]
2 channel. Considering also that

3
P [1]
J

channels are comparable to the
3
S[8]
1 channel at high pT ,

we may naturally explain the CDF data[3] that the pro-
duction rate of χc1 exceeds that of χc2 at high pT . We
define the ratio

r =
�Oχc0 (

3
S[8]
1 )�

�Oχc0 (
3
P [1]
J )�/m2

c

|MS, µΛ=mc
. (4)

The bound of r > 0.24 is needed to get a positive pro-
duction rate of χc0 at high pT , as shown in Fig. 2. With
this definition, we can give an asymptotic expression of
Rχc at the Tevatron with |yχcJ | < 1 :

Rχc =
5

3

rdσ̂[
3
S[8]
1 ] + dσ̂[

3
P [1]
2 ]

rdσ̂[
3
S[8]
1 ] + dσ̂[

3
P [1]
1 ]

→ 5

3

r − 0.20

r − 0.16
, (5)

where the numbers −0.20 and −0.16 can be read from
Fig. 2. Because of these two numbers, Rχc must be
smaller than 5/3 at high pT . By fitting the data [3],
we get r = 0.27+0.01+0.05+0.04

−0.01−0.04−0.04 ≈ 0.27 ± 0.06, where the
errors come from data, scale dependence and mc depen-
dence respectively. In the fitting procedure, the mass
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FIG. 3: Transverse momentum distribution of ratio
Rχc/RJ/ψγ at the Tevatron with cut |yχcJ | < 1. The CDF
data is taken from Ref.[3]. The lower and upper bounds of
LO and NLO are constrained by 0.24 < r < 0.33.
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FIG. 4: The same as Fig. 3 but for LHC with cut |yχcJ | < 3.

difference between χcJ and J/ψ is also considered. It
can be found that the value of r is compatible with the
naive velocity scaling rule r ≈ O(1) [1].
As shown in Fig. 3, the NLO predictions present a

much better compatibility with data than LO, where r
is constrained by 0.24 < r < 0.33 and RJ/ψγ ≡ B(χc1 →
J/ψγ)/B(χc2 → J/ψγ) = 1.91 as in Ref.[3]. In Fig. 4,
we show predictions for Rχc at the LHC. Note that, the
ratio Rχc is sensitive to r at NLO. Thus measurement of
Rχc at high pT will give a strict constraint on r.
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FIG. 5: Transverse momentum distribution of χcJ feed down
to J/ψ at the Tevatron RUN I and LHC, where RUN I data
is taken from Ref.[19].
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different from the one obtained in collinear calculations.
Most probable is that this difference has to be attributed
to the type of diagrams in Fig. 1(b) and 1(d). These dia-
grams are only present in the collinear and not in the
kt-factorization approach, while the type of diagram in
Fig. 1(c) is effectively included as part of the gluon evo-
lution [Fig. 1(a)].

The polarization pattern (Fig. 7) is qualitatively similar
to that observed in the collinear case, and the resulting ratio
of the !cJ contributions is presented in Fig. 8. Polarization
produces a noticeable, though not dramatic effect; but
whether it is taken into account or not, our predictions lie
well outside the experimental errors.

We can extract one positive lesson: that employing the
2 ! 2 subprocess (2) leads to better proportion between
the !cJ yields. So, let us try incorporating this subprocess
with the kt-factorization scheme. Now we calculate the
appropriate matrix elements with off shell initial gluons
and convolute it with unintegrated gluon distributions.
Similar to the already discussed LO case, the pT behavior
of this contribution is determined by the shape of the gluon
densities and scales as 1=p4

T .
The results based on the subprocess (2) taken solely still

look unsatisfactory (Fig. 9). And, besides that, is not clear
enough how to correctly add the contributions from sub-
processes (1) and (2) avoiding the danger of double count-
ing between what was formally the LO diagram of Fig. 1(a)

and what was formally the NLO diagram of Fig. 1(c). The
problem of including the NLO contributions is yet an
unresolved problem in the kt factorization.
But there exists yet another way to solve the puzzle, and

it looks rather natural and attractive. Up to now, we
were considering the !c1 and !c2 wave functions as
identical, jR0

!1ð0Þj2 ¼ jR0
!2ð0Þj2. This might be an

FIG. 6. Predictions of the kt-factorization approach for the
Tevatron conditions:

ffiffiffi
s

p ¼ 1:96 GeV, j"ð!cJÞj< 1. Upper
panel, transverse momentum distributions of the !c1 (dash-
dotted line) and !c2 (dashed line) mesons. Lower panel, the
ratio of the !c2 and !c1 production cross sections.

FIG. 7. kt-factorization predictions on the !cJ spin alignment
parameters at the Tevatron as seen in the helicity frame. Upper
panel, !c1 mesons; lower panel, !c2 mesons. Solid lines, h ¼ 0
states; dashed lines, jhj ¼ 1 states; dash-dotted line, jhj ¼ 2
states.

FIG. 8. kt-factorization predictions on the visible ratio of
!cJ contributions to J=c production at the Tevatron: solid
line, under the hypothesis of electric dipole transitions; dash-
dotted line, for uniform (unpolarized) decay distributions; j
CDF data [1].
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richer final states

LHCb J/ψ pair production observation
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Fig. 1. The fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 invariant mass: (a) the raw signal yield observed in the data; (b) the efficiency-corrected yield (Section 6).
The result of a fit with a double-sided Crystal Ball function for the signal and an exponential background is superimposed.

identify charged hadrons. Further downstream, an electromagnetic
calorimeter is used for photon and electron identification, followed
by a hadron calorimeter and a muon system consisting of alter-
nating layers of iron and chambers (MWPC and triple-GEM) that
distinguishes muons from hadrons. The calorimeters and muon
system provide the capability of first-level hardware triggering.

The LHCb trigger system consists of three levels. The first level
(L0) is designed to reduce the LHC bunch crossing rate of 40 MHz
to a maximum of 1 MHz, at which the complete detector is read
out. This is the input to the first stage of the software trigger,
which performs a partial event reconstruction to confirm or dis-
card the L0 trigger decision. The second stage of the software
trigger performs a full event reconstruction to further discriminate
signal events from other pp collisions. To avoid that a few events
with high occupancy dominate the CPU time, a set of global event
cuts is applied on the hit multiplicities of each sub-detector used
by the pattern recognition algorithms. These cuts were chosen to
reject high-multiplicity events with a large number of pp interac-
tions with minimal loss of luminosity.

The data used for this analysis comprise an integrated lumi-
nosity of 37.5 pb−1 of pp collisions at a centre-of-mass energy
of 7 TeV collected by the LHCb experiment between July and
November 2010. This number includes the dead-time of trigger
and data acquisition systems. During this period all detector com-
ponents were fully operational and in a stable condition. The mean
number of visible proton–proton collisions per bunch crossing was
up to 2.5.

The simulation samples used are based on the Pythia 6.4 gen-
erator [22] configured with the parameters detailed in Ref. [23].
The EvtGen [24] and Geant4 [25] packages are used to generate
hadron decays and simulate interactions in the detector, respec-
tively. Prompt charmonium production is generated in Pythia ac-
cording to the leading order CS and CO mechanisms.

3. Event selection and signal yield

In this analysis the J/ψ is reconstructed through its decay into a
pair of muons. Events with at least four muons are selected. J/ψ →
µ+µ− candidates are formed from pairs of oppositely-charged par-
ticles identified as muons that each have a transverse momentum
greater than 650 MeV/c and that originate from a common vertex.
Track quality is ensured by requiring that the χ2

tr/ndf provided by
the track fit is less than five. Well identified muons are selected by
requiring that the difference in logarithms of the global likelihood

of the muon hypothesis, provided by the particle identification de-
tectors [26], with respect to the hadron hypothesis, " lnLµ−h, be
greater than zero. To suppress the contribution from duplicate par-
ticles created by the reconstruction procedure, if two muon can-
didates have a symmetrised Kullback–Leibler divergence [27] less
than 5000, only the particle with the best track fit is considered.

Selected µ+µ− candidates with an invariant mass in the range
3.0 <mµ+µ− < 3.2 GeV/c2 are paired to form (µ+µ−)1(µ+µ−)2
combinations. A fit of the four-muon candidate is performed [28]
that requires the four tracks to be consistent with originating from
a common vertex and that this vertex is compatible with one of
the reconstructed pp collision vertices. To reject background where
two J/ψ candidates originate from different pp collisions, the re-
duced χ2 of this fit, χ2/ndf, is required to be less than five.

The number of events with two J/ψ mesons is extracted from
the single J/ψ mass spectra. The invariant mass distributions of the
first muon pair are obtained in bins of the invariant mass of the
second pair.1 The single J/ψ mass spectrum is modelled empiri-
cally using simulated events. This exhibits non-Gaussian tails on
either side of the peak. The tail on the left-hand side is dominated
by radiative effects in J/ψ decay, while the right-hand side tail is
due to non-Gaussian effects in the reconstruction. The shape of
the distribution is described by a function that is similar to a Crys-
tal Ball function [29,30], but with the power-law tails on both sides
of the core Gaussian component. The position of the J/ψ peak, the
effective mass resolution and the tail parameters of this double-
sided Crystal Ball function are fixed to the values determined from
an analysis of the signal shape in the inclusive J/ψ sample. Com-
binatorial background is modelled using an exponential function.
This model is used to extract the yield of J/ψ → (µ+µ−)1 in bins
of the (µ+µ−)2 invariant mass. The extracted yield is shown in
Fig. 1(a) together with the result of a fit according to the model
described above. The yield of events with double J/ψ production
given by the fit is N J/ψJ/ψ = 141 ± 19, where the statistical signifi-
cance of this signal exceeds 6σ . A fit with position and resolution
of the signal peak left free was also performed and gave consistent
results.

Studies of single J/ψ production indicate that the detector
acceptance and efficiency is high for the fiducial range 2 <

yJ/ψ < 4.5 and pJ/ψ
T < 10 GeV/c. The raw yield of events with both

J/ψ mesons within this range is 139± 18. The yield of events with

1 The µ+µ− pair with lower transverse momentum is chosen to be the first pair.
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Table 1
Relative systematic uncertainties on the cross-section measurement. The total un-
certainty is calculated as the quadratic sum of the individual components.

Source Systematic uncertainty [%]
Track-finding efficiency 4× 4
Trigger efficiency 8
Per-event efficiency 3
J/ψ polarisation 2× 5
Data/simulation difference for χ2/ndf 3
Global event cuts 2
Muon identification 2× 1.1
Luminosity 3.5
J/ψ → µ+µ− branching ratio 2× 1

Total 21

the absolute luminosity scale with a precision of 3.5%, dominated
by the beam current uncertainty [37,38].

The relative systematic uncertainties are summarised in Table 1,
where the total uncertainty is defined as the quadratic sum of the
individual components.

6. Cross-section determination

The efficiency-corrected yield for events with both J/ψ can-
didates in the fiducial region is extracted using the procedure
discussed in Section 3. To account for the efficiency a weight ω,
defined as

ω−1 = εtot
J/ψJ/ψ

where εtot
J/ψJ/ψ is the total efficiency defined in Eq. (1), is applied to

each candidate in the sample.
The corrected yield of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 in-

variant mass is shown in Fig. 1(b). As previously described, to
extract the yield a fit with a double-sided Crystal Ball function
for the signal, together with an exponential function for the back-
ground component, is performed. Again, the position of the J/ψ
peak and the effective mass resolution are fixed to the values
found in the inclusive J/ψ sample. The event yield after the effi-
ciency correction is

Ncorr
J/ψJ/ψ = 672± 129.

The cross-section for double J/ψ production in the fiducial
range 2 < yJ/ψ < 4.5 and pJ/ψ

T < 10 GeV/c is computed as

σ J/ψJ/ψ =
Ncorr
J/ψJ/ψ

L× B2
µ+µ−

,

where L = 37.5 ± 1.3 pb−1 is the integrated luminosity and
Bµ+µ− = (5.93 ± 0.06)% [39] is the J/ψ → µ+µ− branching ratio.
The result is

σ J/ψJ/ψ = 5.1± 1.0± 1.1 nb,

where the first uncertainty is statistical and the second system-
atic.

Using the measured prompt J/ψ production cross-section in the
same fiducial region [32] and taking into account the correlated
uncertainties, the ratio of cross-sections σ J/ψJ/ψ/σ J/ψ is calculated
to be

σ J/ψJ/ψ/σ J/ψ =
(
5.1± 1.0± 0.6+1.2

−1.0

)
× 10−4,

where the first error is statistical, the second systematic and the
third is due to the unknown polarisation of the prompt J/ψ and
J/ψ from pair production.

Fig. 2. Differential production cross-section for J/ψ pairs as a function of the invari-
ant mass of the J/ψJ/ψ system. The points correspond to the data. Only statistical
uncertainties are included in the error bars. The shaded area corresponds to predic-
tion by the model described in Ref. [20].

The differential production cross-section of J/ψ pairs as a func-
tion of the invariant mass of the J/ψJ/ψ system is shown in
Fig. 2. The whole analysis chain has been repeated for each bin
of J/ψJ/ψ invariant mass to get the differential production cross-
section. The bulk of the distribution is concentrated in the low
invariant mass region. A theoretical prediction for the shape of
this distribution taking into account both direct production and
feeddown from ψ(2S) decays [20] is overlaid. Within the avail-
able statistics the agreement between the data and the prediction
is reasonable.

7. Conclusions

The production of J/ψ pairs in proton–proton collisions at a
centre-of-mass energy of 7 TeV has been observed with a statis-
tical significance in excess of 6σ . The data are consistent with the
predictions given in Refs. [19,20]. The higher statistics that will
be collected during the 2011 data-taking period will allow the
kinematic properties of these events to be studied and different
production models to be probed.
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Fig. 1. The fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 invariant mass: (a) the raw signal yield observed in the data; (b) the efficiency-corrected yield (Section 6).
The result of a fit with a double-sided Crystal Ball function for the signal and an exponential background is superimposed.

identify charged hadrons. Further downstream, an electromagnetic
calorimeter is used for photon and electron identification, followed
by a hadron calorimeter and a muon system consisting of alter-
nating layers of iron and chambers (MWPC and triple-GEM) that
distinguishes muons from hadrons. The calorimeters and muon
system provide the capability of first-level hardware triggering.

The LHCb trigger system consists of three levels. The first level
(L0) is designed to reduce the LHC bunch crossing rate of 40 MHz
to a maximum of 1 MHz, at which the complete detector is read
out. This is the input to the first stage of the software trigger,
which performs a partial event reconstruction to confirm or dis-
card the L0 trigger decision. The second stage of the software
trigger performs a full event reconstruction to further discriminate
signal events from other pp collisions. To avoid that a few events
with high occupancy dominate the CPU time, a set of global event
cuts is applied on the hit multiplicities of each sub-detector used
by the pattern recognition algorithms. These cuts were chosen to
reject high-multiplicity events with a large number of pp interac-
tions with minimal loss of luminosity.

The data used for this analysis comprise an integrated lumi-
nosity of 37.5 pb−1 of pp collisions at a centre-of-mass energy
of 7 TeV collected by the LHCb experiment between July and
November 2010. This number includes the dead-time of trigger
and data acquisition systems. During this period all detector com-
ponents were fully operational and in a stable condition. The mean
number of visible proton–proton collisions per bunch crossing was
up to 2.5.

The simulation samples used are based on the Pythia 6.4 gen-
erator [22] configured with the parameters detailed in Ref. [23].
The EvtGen [24] and Geant4 [25] packages are used to generate
hadron decays and simulate interactions in the detector, respec-
tively. Prompt charmonium production is generated in Pythia ac-
cording to the leading order CS and CO mechanisms.

3. Event selection and signal yield

In this analysis the J/ψ is reconstructed through its decay into a
pair of muons. Events with at least four muons are selected. J/ψ →
µ+µ− candidates are formed from pairs of oppositely-charged par-
ticles identified as muons that each have a transverse momentum
greater than 650 MeV/c and that originate from a common vertex.
Track quality is ensured by requiring that the χ2

tr/ndf provided by
the track fit is less than five. Well identified muons are selected by
requiring that the difference in logarithms of the global likelihood

of the muon hypothesis, provided by the particle identification de-
tectors [26], with respect to the hadron hypothesis, " lnLµ−h, be
greater than zero. To suppress the contribution from duplicate par-
ticles created by the reconstruction procedure, if two muon can-
didates have a symmetrised Kullback–Leibler divergence [27] less
than 5000, only the particle with the best track fit is considered.

Selected µ+µ− candidates with an invariant mass in the range
3.0 <mµ+µ− < 3.2 GeV/c2 are paired to form (µ+µ−)1(µ+µ−)2
combinations. A fit of the four-muon candidate is performed [28]
that requires the four tracks to be consistent with originating from
a common vertex and that this vertex is compatible with one of
the reconstructed pp collision vertices. To reject background where
two J/ψ candidates originate from different pp collisions, the re-
duced χ2 of this fit, χ2/ndf, is required to be less than five.

The number of events with two J/ψ mesons is extracted from
the single J/ψ mass spectra. The invariant mass distributions of the
first muon pair are obtained in bins of the invariant mass of the
second pair.1 The single J/ψ mass spectrum is modelled empiri-
cally using simulated events. This exhibits non-Gaussian tails on
either side of the peak. The tail on the left-hand side is dominated
by radiative effects in J/ψ decay, while the right-hand side tail is
due to non-Gaussian effects in the reconstruction. The shape of
the distribution is described by a function that is similar to a Crys-
tal Ball function [29,30], but with the power-law tails on both sides
of the core Gaussian component. The position of the J/ψ peak, the
effective mass resolution and the tail parameters of this double-
sided Crystal Ball function are fixed to the values determined from
an analysis of the signal shape in the inclusive J/ψ sample. Com-
binatorial background is modelled using an exponential function.
This model is used to extract the yield of J/ψ → (µ+µ−)1 in bins
of the (µ+µ−)2 invariant mass. The extracted yield is shown in
Fig. 1(a) together with the result of a fit according to the model
described above. The yield of events with double J/ψ production
given by the fit is N J/ψJ/ψ = 141 ± 19, where the statistical signifi-
cance of this signal exceeds 6σ . A fit with position and resolution
of the signal peak left free was also performed and gave consistent
results.

Studies of single J/ψ production indicate that the detector
acceptance and efficiency is high for the fiducial range 2 <

yJ/ψ < 4.5 and pJ/ψ
T < 10 GeV/c. The raw yield of events with both

J/ψ mesons within this range is 139± 18. The yield of events with

1 The µ+µ− pair with lower transverse momentum is chosen to be the first pair.
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Table 1
Relative systematic uncertainties on the cross-section measurement. The total un-
certainty is calculated as the quadratic sum of the individual components.

Source Systematic uncertainty [%]
Track-finding efficiency 4× 4
Trigger efficiency 8
Per-event efficiency 3
J/ψ polarisation 2× 5
Data/simulation difference for χ2/ndf 3
Global event cuts 2
Muon identification 2× 1.1
Luminosity 3.5
J/ψ → µ+µ− branching ratio 2× 1

Total 21

the absolute luminosity scale with a precision of 3.5%, dominated
by the beam current uncertainty [37,38].

The relative systematic uncertainties are summarised in Table 1,
where the total uncertainty is defined as the quadratic sum of the
individual components.

6. Cross-section determination

The efficiency-corrected yield for events with both J/ψ can-
didates in the fiducial region is extracted using the procedure
discussed in Section 3. To account for the efficiency a weight ω,
defined as

ω−1 = εtot
J/ψJ/ψ

where εtot
J/ψJ/ψ is the total efficiency defined in Eq. (1), is applied to

each candidate in the sample.
The corrected yield of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 in-

variant mass is shown in Fig. 1(b). As previously described, to
extract the yield a fit with a double-sided Crystal Ball function
for the signal, together with an exponential function for the back-
ground component, is performed. Again, the position of the J/ψ
peak and the effective mass resolution are fixed to the values
found in the inclusive J/ψ sample. The event yield after the effi-
ciency correction is

Ncorr
J/ψJ/ψ = 672± 129.

The cross-section for double J/ψ production in the fiducial
range 2 < yJ/ψ < 4.5 and pJ/ψ

T < 10 GeV/c is computed as

σ J/ψJ/ψ =
Ncorr
J/ψJ/ψ

L× B2
µ+µ−

,

where L = 37.5 ± 1.3 pb−1 is the integrated luminosity and
Bµ+µ− = (5.93 ± 0.06)% [39] is the J/ψ → µ+µ− branching ratio.
The result is

σ J/ψJ/ψ = 5.1± 1.0± 1.1 nb,

where the first uncertainty is statistical and the second system-
atic.

Using the measured prompt J/ψ production cross-section in the
same fiducial region [32] and taking into account the correlated
uncertainties, the ratio of cross-sections σ J/ψJ/ψ/σ J/ψ is calculated
to be

σ J/ψJ/ψ/σ J/ψ =
(
5.1± 1.0± 0.6+1.2

−1.0

)
× 10−4,

where the first error is statistical, the second systematic and the
third is due to the unknown polarisation of the prompt J/ψ and
J/ψ from pair production.

Fig. 2. Differential production cross-section for J/ψ pairs as a function of the invari-
ant mass of the J/ψJ/ψ system. The points correspond to the data. Only statistical
uncertainties are included in the error bars. The shaded area corresponds to predic-
tion by the model described in Ref. [20].

The differential production cross-section of J/ψ pairs as a func-
tion of the invariant mass of the J/ψJ/ψ system is shown in
Fig. 2. The whole analysis chain has been repeated for each bin
of J/ψJ/ψ invariant mass to get the differential production cross-
section. The bulk of the distribution is concentrated in the low
invariant mass region. A theoretical prediction for the shape of
this distribution taking into account both direct production and
feeddown from ψ(2S) decays [20] is overlaid. Within the avail-
able statistics the agreement between the data and the prediction
is reasonable.

7. Conclusions

The production of J/ψ pairs in proton–proton collisions at a
centre-of-mass energy of 7 TeV has been observed with a statis-
tical significance in excess of 6σ . The data are consistent with the
predictions given in Refs. [19,20]. The higher statistics that will
be collected during the 2011 data-taking period will allow the
kinematic properties of these events to be studied and different
production models to be probed.
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Summary

quarkonium production and polarization is still a challenge for theory

subtleties of polarization treatment now more widely understood

careful definition of frame and use of full (λϑ, λϕ, λϑϕ) needed
more sophisticated treatment of expl acceptance now standard
uncertainty due to unknown polarization now standard

the ideal is in situ measurement of the polarization:

now underway at the experiments; practical with vast samples
modern analysis of CDF data is available now

active quarkonium programme underway at LHC experiments,
based on large {J/ψ, Υ} → µ+µ− samples

early spectroscopic results: X (3872) studies, χb(3P) observation

first differential cross-sections are available; compared to theory

the future — σ-ratio, more rich final state measurements — is here

higher-order calculations raised the CSM to new life;
data is challenging it, and color octet . . . nowhere to hide!
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BACKUP polarization

Relation between (λϑ, λϕ, λϑϕ) in different frames
Sandro Palestini, Physical Review D 83, 031503(R) (2011)
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Darren Price – Quarkonium acceptance maps   ::   Onia subgroup meeting   ::   May 30th ‘12 Page 3 

Onia to dilepton script: v3 

In older version of the script we study five polarisation scenarios on the λθ-
λϕ plane (λθϕ=0) that fully span the possible effect of any polarisation state 

!"#$%&'()*+,##
%-.+/01213"3456#

ATLAS   CMS    
LHCb  ALICE 

λφ

λθ

dN

dΩ
= 1 + λθ� cos2 θ� + λφ� sin2 θ� cos 2φ� + λθ�φ� sin 2θ� cosφ�

New script adds two additional points off-plane λθ=0, λϕ=0, λθϕ=±0.5 that although 
do not change the cross-section beyond the other five, are theoretically interesting, 
and we should make an effort to quote our future results at Bruce Yabsley (Sydney / CoEPP) Quarkonium prodn & polarizn HQL/Prague 2012/06/11 31 / 32



BACKUP cross-sections

Differential cross-sections: Υ(nS)
ATLAS: PLB 705, 9-27; CMS: PRD 83, 112004 (2011); LHCb: 1202.6579v1

“Upsilon events are simulated using PYTHIA 6.412, which generates events based on the

leading-order color-singlet and octet mechanisms, with nonrelativistic QCD matrix elements

tuned by comparing calculations with the CDF data and applying the normalization and

wave-functions as recommended in [M. Krämer, Prog. Part. Nucl. Phys. 47, 141 (2001)] The

simulation includes the generation of χb states. Final-state radiation (FSR) is implemented

using PHOTOS. The response of the CMS detector is simulated with a GEANT4-based [15]

Monte Carlo (MC) program. Simulated events are processed with the same reconstruction

algorithms as used for data . . . The normalized pT -spectrum prediction from PYTHIA is

consistent with the measurements, while the integrated cross section is overestimated by

about a factor of 2.”

!ðpp ! !ð1SÞXÞ #Bð!ð1SÞ ! "þ"%Þ
¼ 7:37' 0:13ðstat:Þðsyst:Þ ' 0:81ðlumi:Þ nb;

!ðpp ! !ð2SÞXÞ #Bð!ð2SÞ ! "þ"%Þ
¼ 1:90' 0:08ðstat:Þðsyst:Þ ' 0:21ðlumi:Þ nb;

!ðpp ! !ð3SÞXÞ #Bð!ð3SÞ ! "þ"%Þ
¼ 1:02' 0:07ðstat:Þðsyst:Þ ' 0:11ðlumi:Þ nb:

% 0:08þ 0:11% 0:12þ 0:18% 0:42þ 0:61

The !ð1SÞ and !ð2SÞ measurements include feed-down
from higher-mass states, such as the #b family and the
!ð3SÞ. These measurements assume unpolarized !ðnSÞ
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FIG. 8 (color online). (Left) Differential !ð1SÞ cross section as a function of rapidity in the transverse-momentum range pT <
30 GeV=c (data points) and normalized PYTHIA prediction (line). The uncertainties on the points represent the sum of the statistical
and systematic uncertainties added in quadrature, excluding the uncertainty on the integrated luminosity (11%). (Right) Cross section
ratios for !ðnSÞ states as a function of pT in the rapidity range jyj< 2.

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

pT (GeV=c) !ð3SÞ=!ð1SÞ !ð2SÞ=!ð1SÞ
0–30 0:14' 0:01' 0:02 0:26' 0:02' 0:04
0–3 0:11' 0:02' 0:02 0:22' 0:03' 0:04
3–6 0:11' 0:02' 0:03 0:25' 0:03' 0:05
6–9 0:17' 0:03' 0:03 0:28' 0:04' 0:04
9–14 0:20' 0:03' 0:03 0:33' 0:04' 0:05
14–20 0:26' 0:07' 0:04 0:35' 0:08' 0:05
20–30 0:44' 0:16' 0:08 0:36' 0:14' 0:06
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FIG. 9. Differential cross sections of the !ðnSÞ as a function of pT in the rapidity range jyj< 2, and comparison to the PYTHIA

predictions normalized to the measured pT-integrated cross sections; !ð1SÞ (left), !ð2SÞ (middle), and !ð3SÞ (right). The theory
prediction is shown in the form of a continuous spectrum (curve) and integrated in the same pT bins as employed in the measurement
(horizontal lines). The PYTHIA curve is used to calculate the abscissa of the data points [28]. The uncertainties on the points represent the
sum of the statistical and systematic uncertainties added in quadrature, excluding the uncertainty on the integrated luminosity (11%).
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