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Motivation
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• Quarkonia are bound states of a heavy quark and its antiquark 
(cc, bb)

• Quarkonium production is an ideal probe to study hadron formation, 
part of the non-perturbative QCD sector

• Fundamental question: How do quarks combine into a bound state?

• Properties of QCD can be probed through several quarkonium 
production measurements, including production cross sections
and polarizations

_ _



Ilse Krätschmer (HEPHY Vienna)4th December 2014

Motivation

2

an#$
blue$

green$

quarkonium*
produc.on*

an#$
red$

red$

• Quarkonia are bound states of a heavy quark and its antiquark 
(cc, bb)

• Quarkonium production is an ideal probe to study hadron formation, 
part of the non-perturbative QCD sector

• Fundamental question: How do quarks combine into a bound state?

• Properties of QCD can be probed through several quarkonium 
production measurements, including production cross sections
and polarizations

_ _



Ilse Krätschmer (HEPHY Vienna)4th December 2014

Motivation

2

an#$
blue$

green$

quarkonium*
produc.on*

an#$
red$

red$

• Quarkonia are bound states of a heavy quark and its antiquark 
(cc, bb)

• Quarkonium production is an ideal probe to study hadron formation, 
part of the non-perturbative QCD sector

• Fundamental question: How do quarks combine into a bound state?

• Properties of QCD can be probed through several quarkonium 
production measurements, including production cross sections
and polarizations

_ _

A bound state created through a strong interaction
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Charmonium
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Bottomonium
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NRQCD factorization approach

Non Relativistic Quantum ChromoDynamics (NRQCD) is an effective 
theory that factorizes quarkonium production into 2 steps

1. Production of the initial quark-antiquark pair (perturbative QCD)

2. Hadronization of the initial pair into a bound state 
(non-perturbative QCD)
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n =2S+1 L[C]
J Quantum number of the heavy quark pair (C = 1,8)

S, L, J = spin, orbital and total angular momentum

�(Q) =
X

n

S[QQ̄(n)]
⌦OQ(n)
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NRQCD factorization approach

• SDCs are calculated using perturbative QCD

• LDMEs are conjectured to be constant (independent of the 
quarkonium momentum) and universal (process independent)

• LDMEs cannot be calculated and have to be determined from fits to 
experimental data

• Cross section and polarization measurements constrain the LDMEs
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Theory of Heavy Quarkonium Production 6/20M. Butenschön

In Detail: Hadroproduction (LHC, Tevatron)

� Color singlet model far below data. CS+CO describes data well.
� 3PJ

[8] short distance cross section negative at pT > 7 GeV.
� But: Short distance cross sections and LDMEs unphysical

1R�SUREOHP�
� +DGURSURGXFWLRQ�GDWD�EHORZ�S7� ���*H9�H[FOXGHG�IURP�RXU�ILW�
� Observation: Change s or rapidity y just rescaling of cross sections:                  

CO LDMEs describing RHIC or Tevatron must also describe LHC!

Theory of Heavy Quarkonium Production 7/20M. Butenschön

In Detail: Photoproduction at HERA

� Distributions: Transverse momentum (pT), photon-proton c.m. energy (W), 

and z = Fraction of photon energy going to J/ȥ.

� Again: Color singlet alone below the data, CS+CO describes data well.

� Calculation includes resolved photon contributions: Important at low z.

� Good description at high z: No increase like in older Born analyses!
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Pre-LHC era

• Theory calculations cannot simultaneously describe the production 
cross sections and polarizations measured at the Tevatron

• Determination of the polarization parameters was inconsistent

➡ LHC is a quarkonium factory (high energy and luminosity)

7

Butenschön, Kniehl
PRL 106, 022003 (2011)

Butenschön, Kniehl
PRL 108, 172002 (2012)

J/ψ
J/ψ
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CMS detector
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large silicon tracker

solenoid
strong magnetic field: 3.8 T

muon chambers
covering a

broad η region

flexible trigger
African buffalo

(to scale)
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CMS detector performance

CMS is ideal for the study of quarkonia:

• high pT coverage
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Quarkonium studies at CMS

Data

• collected with dimuon triggers
in 3 mass windows:

- J/ψ: 2.8 < m < 3.4 GeV

- ψ(2S): 3.4 < m < 4 GeV

- ϒ(nS): 8.5 < m < 11.5 GeV

• at √s = 7 TeV (2011) and 
√s = 8 TeV (2012)

• corresponding to an integrated 
luminosity of 4.9 fb-1 (2011) and 
20.7 fb-1 (2012)

Studies shown here use 7 TeV data 
unless specifically stated

10
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• Polarization is measured through the angular decay distribution of 
the quarkonium decaying into two muons

• Angular decay distribution is measured 
with respect to a certain reference frame

- center-of-mass helicity HX (polar axis zHX 
≈ direction of quarkonium momentum)

- Collins-Soper CS (zCS ≈ direction of 
relative velocity of colliding particles)

- perpendicular helicity PX (zPX ⊥ zCS)

Quarkonium polarization

11

where λϑ, λφ, λϑφ are the polarization parameters

W (cos#,'|~�) = 3/(4⇡)

(3 + �#)
(1 + �# cos

2 #+ �' sin

2 # cos 2'+ �#' sin 2# cos')

Quarkonium polarization 

11 Valentin Knünz (HEPHY Vienna) 25. Nov. 2011 

General concepts of the polarization of vector quarkonia 
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arXiv:1006.2738 
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• Unless the full angular distribution is measured, two very different 
physical cases are indistinguishable.

Full angular decay distribution

• Two extreme angular decay distributions

12Ilse Krätschmer (Hephy Vienna)4. Jan. 2012

Frame Independent Parameter

• Define frame invariant parameters such as ! from the full 
angular distribution of a given frame
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Quarkonium polarization 
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Frame (in)dependence and azimuthal anisotropy 

JK !G!?\!
JL* G!_!

JK !G!O\!
JL* G!?\!

JK !G!?\M]!
JL* G!?\M]!

zCS 

zCS 

zCS 

zHX 

The observed polarization 
depends on the frame 

The anlge &CS->HX depends 
on pT and rapidity: 

zCS ! zHX 
for mid rapidity & high pT  

JK !G!O\!
JL* G!_!

./0(

JK !G!?\M]!
JL* G!O\M]!

JK !G!O\Mf!
JL* G!O\Mf!

.12(

zHX 

zHX 

arXiv:1006.2738 

zHX 

.12(
&CS->HX = 45°  

&HX->CS = 45°  

&CS->HX = 90°  

&HX->CS = 90°  

Quarkonium polarization 

12 Valentin Knünz (HEPHY Vienna) 25. Nov. 2011 

Frame (in)dependence and azimuthal anisotropy 

JK !G!?\!
JL* G!_!

JK !G!O\!
JL* G!?\!

JK !G!?\M]!
JL* G!?\M]!

zCS 

zCS 

zCS 

zHX 

The observed polarization 
depends on the frame 

The anlge &CS->HX depends 
on pT and rapidity: 

zCS ! zHX 
for mid rapidity & high pT  

JK !G!O\!
JL* G!_!

./0(

JK !G!?\M]!
JL* G!O\M]!

JK !G!O\Mf!
JL* G!O\Mf!

.12(

zHX 

zHX 

arXiv:1006.2738 

zHX 

.12(
&CS->HX = 45°  

&HX->CS = 45°  

&CS->HX = 90°  

&HX->CS = 90°  

�# = �1
�' = 0

�# = +1
�' = 0

�# = +1
�' = �1

�̃ = +1

• The shape of the distribution is invariant and can be characterized 
by the frame invariant parameter 

Transverse polarization
Jz = ±1

�̃ = �1

�̃ = (�# + 3�')/(1� �')



Ilse Krätschmer (HEPHY Vienna)4th December 2014

• CMS measured λϑ, λφ, λϑφ and λ in three different reference frames 
(HX, CS, PX) for the J/ψ, ψ(2S), ϒ(1S), ϒ(2S) and ϒ(3S) mesons

• As a function of transverse momentum, pT, and dimuon rapidity, |y|

• The non-prompt term (B decays) is subtracted in the ψ(nS) cases

Quarkonium polarization measurements

13

~

Details in PRL 110, 081802 (2013) and PLB 727, 381 (2013)
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Good agreement 
between the λ 
parameters in the 
three reference 
frames shows that 
the results are 
reliable

14

~

-0.5

0

0.5

20 30 40 50 60 70

λ
∼

| < 0.6y   |ψJ/

 [GeV]
T
p

-1 = 7 TeV   L = 4.9 fbsCMS    pp  

-0.5

0

0.5

20 30 40 50

λ
∼

| < 0.6y(2S)    |ψ

 [GeV]
T
p

CS
HX
PX

λ~

Tot. uncert. at 68.3% CL

 [GeV]
T
p

-0.5

0

0.5

1

1.5

λ
∼

| < 0.6y(1S), |Υ

-1 = 7 TeV     L = 4.9 fbsCMS     pp      

 [GeV]
T
p

-0.5

0

0.5

1

1.5

λ
∼

| < 0.6y(2S), |Υ

 [GeV]
T
p

-0.5

0

0.5

1

1.5

λ
∼

| < 0.6y(3S), |Υ

 [GeV]
T
p

-0.5

0

0.5

1

1.5

10 15 20 25 30 35 40 45

λ
∼

| < 1.2y(1S), 0.6 < |Υ

CS
HX
PX

Stat. uncert., 68.3 % CL
Tot. uncert., 68.3 % CL
Tot. uncert., 95.5 % CL
Tot. uncert., 99.7 % CL

 [GeV]
T
p

-0.5

0

0.5

1

1.5

10 15 20 25 30 35 40 45

λ
∼

| < 1.2y(2S), 0.6 < |Υ

 [GeV]
T
p

-0.5

0

0.5

1

1.5

10 15 20 25 30 35 40 45

λ
∼

| < 1.2y(3S), 0.6 < |Υ

λ~

λ~

pT [GeV] pT [GeV] pT [GeV]

Frame invariant parameter λ~



Ilse Krätschmer (HEPHY Vienna)4th December 2014

 [GeV]
T
p

-1

-0.5

0

0.5

1

ϑλ

(1S)Υ

-1 = 7 TeV     L = 4.9 fbsCMS     pp      

 [GeV]
T
p

-1

-0.5

0

0.5

1

ϑλ

(2S)Υ

| < 0.6yHX frame, |

 [GeV]
T
p

-1

-0.5

0

0.5

1

ϑλ

(3S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

ϕλ

(1S)ΥStat. uncert., 68.3 % CL
Tot. uncert., 68.3 % CL
Tot. uncert., 95.5 % CL
Tot. uncert., 99.7 % CL

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

ϕλ

(2S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

ϕλ

(3S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35 40 45

ϕϑλ

(1S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35 40 45

ϕϑλ

(2S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35 40 45

ϕϑλ

(3S)Υ

ϒ(nS) polarization in the HX frame, |y|< 0.6

15

λϑ

λφ

λϑφ

pT [GeV]pT [GeV]pT [GeV]

No sign of strong 
polarizations



Ilse Krätschmer (HEPHY Vienna)4th December 2014

-0.5

0

0.5

ϑλ

CMS                      HX frame

-0.5

0

0.5

ϑλ

-0.2

0

0.2

ϕλ

ψJ/

-1 = 7 TeV   L = 4.9 fbs pp  

-0.2

0

0.2

ϕλ

(2S)ψ

-0.2

0

0.2

20 30 40 50 60 70

ϕϑλ

 [GeV]
T
p

| < 0.6y|
| < 1.2y0.6 < |
| < 1.5y1.2 < |

-0.2

0

0.2

20 30 40 50

ϕϑλ

 [GeV]
T
p

Prompt ψ(nS) polarization in the HX frame 

• ψ(2S) is not 
affected by feed-
down decays from 
higher states

• No sign of strong 
polarizations
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LHC polarization measurements

17

• CMS polarization measurements show no sign of strong polarizations

• No evident differences between charmonium and bottomonium 
states or directly produced states and those affected by feed-down
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LHC polarization measurements

17

• CMS polarization measurements show no sign of strong polarizations

• No evident differences between charmonium and bottomonium 
states or directly produced states and those affected by feed-down

 [GeV]
T
p

0 10 20 30 40 50 60 70

-1

-0.5

0

0.5

1

 CMS, |y| < 0.6ψJ/
 CMS, 0.6 < |y| < 1.2ψJ/
 ALICE, 2.5 < y < 4.0ψJ/
 LHCb, 2.0 < y < 2.5ψJ/
 LHCb, 2.5 < y < 3.0ψJ/
 LHCb, 3.0 < y < 3.5ψJ/
 LHCb, 3.5 < y < 4.0ψJ/
 LHCb, 4.0 < y < 4.5ψJ/

HX frame
ψJ/

ϑλ

 [GeV]
T
p

0 10 20 30 40 50 60 70

-1

-0.5

0

0.5

1

 CMS, |y| < 0.6ψJ/
 CMS, 0.6 < |y| < 1.2ψJ/
 ALICE, 2.5 < y < 4.0ψJ/
 LHCb, 2.0 < y < 2.5ψJ/
 LHCb, 2.5 < y < 3.0ψJ/
 LHCb, 3.0 < y < 3.5ψJ/
 LHCb, 3.5 < y < 4.0ψJ/
 LHCb, 4.0 < y < 4.5ψJ/

HX frame
ψJ/

ϑλ

• Good consistency with 
other polarization 
measurements done by 
LHCb, ALICE and CDF
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LHC polarization measurements

17

• CMS polarization measurements show no sign of strong polarizations

• No evident differences between charmonium and bottomonium 
states or directly produced states and those affected by feed-down
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• Good consistency with 
other polarization 
measurements done by 
LHCb, ALICE and CDF

• Previous experimental 
inconsistencies are 
overcome by novel and 
more robust analysis 
techniques 
(EPJC 69, 657 (2010))
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ϒ(nS): CMS data vs NLO NRQCD (J.X. Wang et al.)

• ϒ(1S) and ϒ(2S) predictions include 
the effect of feed-down decays of 
P-wave states, while the ϒ(3S) is 
assumed to be 100% directly 
produced

• NRQCD fits are made using hadro-
production data, including the CMS 
polarization results

18
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P-wave states, while the ϒ(3S) is 
assumed to be 100% directly 
produced

• NRQCD fits are made using hadro-
production data, including the CMS 
polarization results
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ψ(nS): CMS data vs NLO NRQCD (B. Kniehl et al.)

• Color octet matrix elements are fitted using 
photo- as well as hadro-production data, 
excluding polarization results 

• Theory predictions do not account for feed-
down decays from P-wave states

 [GeV]
T
p

10 20 30 40 50 60 70

-1.5

-1

-0.5

0

0.5

1

1.5

, total uncert. 68.3% CL-1CMS, L = 4.9 fb

NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm.

 = 7 TeVspp  
HX frame
|y| < 0.6

(1S)ψ

ϑλ

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1.5

-1

-0.5

0

0.5

1

1.5

, total uncert. 68.3% CL-1CMS, L = 4.9 fb

NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm.

 = 7 TeVspp  
HX frame
|y| < 0.6

(2S)ψ

ϑλ

CMS data, L = 4.9 fb-1, total uncert. 68.3%
NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 
1350027 and private comm.

CMS data, L = 4.9 fb-1, total uncert. 68.3%
NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 
1350027 and private comm.

λϑ λϑ



Ilse Krätschmer (HEPHY Vienna)4th December 2014

S-wave quarkonium production cross sections

• Extraction of yields through 
unbinned maximum likelihood 
fits to invariant mass and 
decay length

20

Details in CMS-PAS-BPH-14-001 
and CMS-PAS-BPH-12-006
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Yield corrections

• Acceptance and single muon and dimuon efficiencies are corrected 
for on an event-by-event basis

• Acceptance depends on the assumed polarizations; 
Results given for several scenarios: measured, unpolarized, 
λϑHX = ±1

21
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• Measurements were made as a function of pT in four bins of 
dimuon rapidity as well as integrated in rapidity (|y| < 1.2)

• Prompt J/ψ and ψ(2S) cross sections up to pT around 100 GeV

22

uncertainties on luminosity and 
branching fraction not included

Prompt ψ(nS) production cross section
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ϒ(nS) production cross section

• Y(nS) differential cross sections were measured in the pT 
range 10–100 GeV

• All 3 states show similar trends

• Slope of cross section changes from exponential to power-law 
at pT ~ 20 GeV
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P. Faccioli et al. / Physics Letters B 736 (2014) 98–109 107

Fig. 11. Probability densities of the fitted 1S[8]
0 and 3S[8]

1 LDMEs, for the ψ(2S) and 
Υ (3S), represented by the 68.3%, 95.5% and 99.7% confidence level contours.

Fig. 12. ψ(2S) and Υ (3S) probability densities of the 3S[8]
1 /1S[8]

0 ratio of LDMEs.

Therefore, in the octet-to-singlet transition the Q Q pair under-
goes a significant decrease in potential energy, #V (8 → 1) " V 1 "
−T , of the order of the kinetic energy T of the bound state, 
i.e., of the energy splitting between radial and orbital angular 
momentum excitations of the quarkonium, ∼ 0.4–0.6 GeV (very 
similar for charmonium and bottomonium). Transitions in which 
the Q Q kinetic energy decreases (#T < 0) should therefore be 
disfavoured, because they require that the emitted soft gluons 
have comparatively high energy: E g = |#V | − #T . In particular, 
the 3P [8]

J → J/ψ[Υ (1S)] transition, with #T ∼ m(J/ψ[Υ (1S)]) −
m(χ) ∼ −0.4 GeV, should be suppressed, while the transition from 
1S[8]

0 , with #T ∼ m(J/ψ[Υ (1S)]) − m(ηc[ηb]) ∼ +0.1 GeV, would 
be the least subject to the energy requirement on the gluon ra-
diation. This sort of threshold effect may explain why ψ(2S) and 
Υ (3S) production is dominated by the 1S[8]

0 and 3S[8]
1 octets.

Another fact worthy of attention is that the measured 3S[8]
1 sup-

pression with respect to 1S[8]
0 is not as strong for the Υ (3S) as for 

Fig. 13. Fitted ψ(2S) and Υ (3S) mass-scaled pT-differential cross sections (top) 
and polarizations (bottom), as shaded bands, extrapolated to much higher pT values 
than the ranges covered by the fitted data, also shown on the figures. The partial 
contributions are also shown, for comparison.

the ψ(2S). This may possibly reflect the fact that the b quark in 
a bottomonium state, having larger average momentum than the 
c quark in a charmonium state, can emit higher-energy gluons. 
Clearly, this is only one possible conjecture. Alternative velocity-
scaling schemes [38,39] also go in the direction of a better quali-
tative description of the measured LDME hierarchy, by reducing or 
eliminating the relative suppression of the chromomagnetic octet-
to-singlet transition with respect to the chromoelectric one, there-
fore favouring the single-emission transition 1S[8]

0 over the double-
emission transition 3S[8]

1 . Incidentally, the different quality of the 
interaction potential for singlet and octet quark–antiquark pairs 
may also have a role in the observed dominance of octet processes 
over the singlet ones, given that the expansion of the initial “point-

Recent developments to explain production

• Data-driven approach (PLB 737, 98 (2014)): 
Consistent treatment of the cross sections 
and polarizations

• Leading power fragmentation formalism 
(PRL 113, 022001 (2014))

➡ Both approaches exclude data at low pT 

➡ Both get reasonable agreement with data

➡ Unpolarized CO contribution dominates the 
production
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approach dσNLO=dpT until much larger values of pT . This
is a consequence of the fact that the LP FFs in the 3S½8"1 and
3P½8"

J channels contain δ functions and plus distributions
(remnants of canceled infrared divergences) that are
strongly peaked near z ¼ 1, while the LP FF in the 1S½8"0

channel contains no such peaking [28]. The NLO correc-
tion in the 3S½8"1 channel is small relative to the LO
contribution because of a cancellation between the NLO
parton-scattering contribution and the NLO FF contribu-
tion, which contribute about −50% and þ100%, respec-
tively, relative to the LO contribution at pT ¼ 52.7 GeV.
Our result for the LO plus NLO PPCSs, augmented by

the LP fragmentation contributions that we have computed,
is given by

dσLPþNLO

dpT
¼ dσLP

dpT
−
dσLPNLO
dpT

þ dσNLO
dpT

; ð5Þ

where dσLP=dpT is the LP fragmentation contribution
computed to the accuracy described above. In Fig. 2, we
compare dσLPþNLO=dpT with dσNLO=dpT in each channel.
The LP corrections in the 3S½8"1 and 1S½8"0 channels grow in
magnitude with increasing pT , reaching −50% and 70%,
respectively, at pT ¼ 50 GeV. The LP corrections are quite
dramatic in the 3P½8"

J channel, partly because the LO and
NLO contributions tend to cancel at low pT.
dσLPþNLO=dpT is 80%–160% larger than dσLPNLO=dpT in
this channel. These large corrections suggest that the
perturbation expansion may be converging slowly.
The contributions that we have calculated are dominated

by gg initial states, which account for about 70% of the
cross section at pT ¼ 52.7 GeV. Contributions from light-
quark fragmentation and from q-g mixing in the DGLAP
equation amount to only about 1% and less than 1% of the
cross section, respectively, at pT ¼ 52.7 GeV.
At pT ¼ 52.7 GeV, the all-orders resummation of lead-

ing logarithms contributes about −43% in the 3S½8"1 channel

relative to the LO fragmentation contribution. Essentially
all of that is already accounted for in the NLO contribution.
In the 1S½8"0 and 3P½8"

J channels, the all-orders resummations
contribute only 2%and 5%, respectively, relative to theNLO
fragmentation contribution, owing to an accidental cancel-
lation between contributions from the running of αs and
contributions from the DGLAP splitting. Hence, in each
channel, dσLP=dpT − dσLPNLO=dpT is given to good approxi-
mation by the contribution from the NLO PPCSs convolved
with the order-α2s contribution to the FF.
If we vary μr and μf separately between 2mT and mT=2,

then half of the difference between the maximum and
minimum values of the SDCs is less than about 25% of the
central value over the pT range that we consider. These
relatively small scale variations suggest that perturbation
series may be under reasonable control. Overall factors of
mc in the SDCs can be absorbed into redefinitions of
the LDMEs, and, hence, the uncertainty in mc from these
factors does not affect fits to the cross sections or the
polarization predictions that we make. The residual pT-
dependent effects from the uncertainty in mc are less than
about 5%. Therefore, in fitting the data, we assume that
the theoretical uncertainty is 25%. This value is also typical
of the uncertainty that one would expect from corrections of
higher order in v.
In Fig. 3, we show a combined fit of our cross section

predictions to CDF [19] and CMS [20] data for prompt J=ψ
production. In obtaining these fits, we have included only
data with pT ≥ 10 GeV in order to suppress NLP correc-
tions. The resulting fit is quite good, with χ2=d:o:f: ¼ 0.085,
suggesting that higher-order corrections do not affect the pT
dependences of the SDCs at the level of our 25% estimate of
the theoretical uncertainty. The fit leads to the following
values for the LDMEs: hOJ=ψð1S½8"0 Þi¼0.099'0.022GeV3,

FIG. 2 (color online). The ratio ðdσLPþNLO=dpTÞ=ðdσNLO=dpTÞ
for the1S½8"0 ,3P½8"

J ,and3S½8"1 channelsinpp→J=ψþX at
ffiffiffi
s

p
¼7TeV.

FIG. 3 (color online). LPþ NLO predictions for the J=ψ
differential cross section at the LHC and Tevatron compared
with the CMS [20] and CDF data [19]. B ¼ 5.93 × 10−2 is the
branching ratio for J=ψ → μþμ− [38].
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hOJ=ψ ð3S½8#1 Þi ¼ 0.011& 0.010 GeV3, and hOJ=ψð3P½8#
0 Þi ¼

0.011& 0.010 GeV5. The corrections that we have com-
puted result in very similar shapes at large pT for the SDCs
for the 3S½8#1 and 3P½8#

J channels. As pT increases, these
SDCs fall much more slowly than do the experimental data.
On the other hand, the contribution of the 1S½8#0 channel,
including the corrections that we have computed, matches
the shape of the experimental data quite well at large pT .
Consequently, in fits to the experimental data with
pT ≥ 10 GeV, the sum of the contributions of the 3S½8#1

and 3P½8#
J channels tends to be small, with the predominant

contribution coming from the 1S½8#0 channel. While the

LDMEs hOJ=ψ ð3S½8#1 Þi and hOJ=ψ ð3P½8#
0 Þi are separately

poorly determined, a full covariance analysis shows that
the sum of their contributions is constrained to be much less
than the 1S½8#0 contribution. A fit to the CDF and CMS
production cross sections that makes use of the NLO SDCs
without the LP fragmentation corrections also describes
the data well, but does not constrain any of the LDMEs.
That fit yields hOJ=ψð1S½8#0 Þi¼−0.030&0.381GeV3,

hOJ=ψ ð3S½8#1 Þi¼0.023&0.057GeV3, and hOJ=ψð3P½8#
0 Þi¼

0.043&0.106GeV5, with χ2=d:o:f:¼0.239.
At high pT , the 3S½8#1 and 3P½8#

J contributions are both
nearly 100% transversely polarized. Hence, the small size
of the sum of the 3S½8#1 and 3P½8#

J contributions implies that
the J=ψ’s are produced largely unpolarized at high pT .
(This cancellation of the 3S½8#1 and 3P½8#

J polarization con-
tributions was discussed in Ref. [18], in which CDF
polarization data were used to constrain the LDME fit.)
Assuming that the 3S½8#1 and 3P½8#

J contributions are 100%
transversely polarized, we obtain the polarization predic-
tions that are shown in Fig. 4. These predictions agree with
the CMS [15] and CDF [13,14] polarization data much
better than do the predictions from the NLO calculations in
Refs. [9,11,12]. The predictions in Refs. [9,11,12] rely on
data at pT < 10 GeV to constrain the LDMEs. As we have
mentioned, a fit to J=ψ production cross sections at pT ≥
10 GeV that makes use of the NLO SDCs does not
constrain the LDMEs. Consequently, it does not yield a
definite prediction for the polarization.
The LP-fragmentation corrections to J=ψ production

that we have described in this Letter result in substantial
changes to the predictions of NRQCD factorization for
J=ψ production. This initial investigation suggests that
these corrections might resolve the long-standing conflict
between NRQCD factorization predictions for quarkonium
polarizations and the polarization measurements that have
been made in collider experiments. Several caveats should
be mentioned. First, we are comparing theoretical predic-
tions for direct J=ψ production with prompt J=ψ produc-
tion data that include feed down from the χcJ and ψð2SÞ

states. Collider experiments have yet to determine whether
feed-down effects substantially alter shapes of differential
cross sections or measured polarizations. Second, the large
sizes of the corrections that arise from the parton-scattering
cross sections at NLO suggest that the perturbation expan-
sion may not yet be under good control. Investigations of
higher-order corrections to the PPCSs and FFs should be
pursued, as should NLP fragmentation corrections. Finally,
the approach that has been presented in this Letter should
be tested for additional quarkonium states, such as the
χcJ, ΥðnSÞ, and χbJ states, and for additional production
processes.
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FIG. 4 (color online). LPþ NLO predictions for the J=ψ
polarization parameter λθ ≡ ðσT − 2σLÞ=ðσT þ 2σLÞ compared
with (a) the CDF Run I [13] and CDF Run II [14] data and (b) the
CMS [15] data. Here, σT (σL) is the cross section for transversely
(longitudinally) polarized J=ψ ’s.
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Figure 2: The distribution of the variable Q = mµµ⇤ �mµµ +mJ/⌅ for ⇥c candidates with pT(J/⌅)
ranges shown in the figures. The line shows the fit to the data.

Table 2: Numbers of ⇥c1 and ⇥c2 events extracted from the maximum-likelihood fit, and the
ratio of the two values. Uncertainties are statistical only.

pT(J/⌅) [GeV/c ] N⇥c1 N⇥c2 N⇥c2 /N⇥c1

7–9 618 ± 31 315 ± 24 0.510 ± 0.049
9–11 1680 ± 49 788 ± 37 0.469 ± 0.027
11–13 1819 ± 51 819 ± 38 0.451 ± 0.025
13–16 1767 ± 51 851 ± 39 0.482 ± 0.027
16–20 1269 ± 43 487 ± 30 0.384 ± 0.028
20–25 642 ± 31 236 ± 22 0.368 ± 0.040

evaluation of �1/�2 from the MC simulation, and the derivation of the Rp ratio. In Table 3 the
various sources of systematic uncertainties and their contributions to the total uncertainty are
summarized. The following subsections describe how the various contributions are evaluated.

7.1 Uncertainty from the mass fit and cc1 and cc2 counting

The measurement of the ratio N⇥c2 /N⇥c1 could be affected by the choice of the functional form
used for the maximum-likelihood fit. The use of an alternative background parameterization,
a fourth-order polynomial, results in systematically higher values of the ratio N⇥c2 /N⇥c1 , while
keeping the overall fit quality as high as in the default procedure. From the difference in the
numbers of signal events using the two background parameterizations, we assign the system-
atic uncertainty from the background modeling shown in Table 3.

We evaluate the systematic uncertainty related to the parameterization of the signal shape by
varying the parameters derived from the MC simulation within their uncertainties. The results
fluctuate within 1–3% in the various transverse momentum ranges. We assign the systematic
uncertainties from this source, as shown in Table 3.

The method to disentangle and count the ⇥c1 and ⇥c2 states is validated by using a PYTHIA
MC simulation sample of inclusive J/⌅ events, including those from ⇥c decay, produced in
pp collisions and propagated through the full simulation of the detector. The ratio N⇥c2 /N⇥c1

derived from the fit to the Q distribution of the reconstructed candidates in the simulation
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Figure 1: Invariant-mass distributions of the µµg candidates for each of the four U(1S) pT bins
considered in the analysis. The fitted cb1 and cb2 signals are parameterized with double-sided
CB functions determined using simulated events. The combinatorial background is described
by the product of an exponential and a power-law function. The solid line gives the result of
the overall fit, with the dashed and dashed-dotted lines showing the cb1 and cb2 contributions,
respectively. The dotted line represents the background contribution.

the resulting Ncb2 /Ncb1 distribution is fitted with a Gaussian function, the standard deviation
of which is taken as the systematic uncertainty corresponding to the “signal parameters”.

To account for possible discrepancies between the simulated and measured events regarding, in
particular, the energy scale calibration and the measurement resolution, alternative data-fitting
schemes are used, leaving some of the signal shape parameters free in the fit to the measured
mass distributions. A Chebyshev polynomial function is also used as an alternative model for
the shape of the mass distribution of the background. The maximum variation in the Ncb2 /Ncb1

ratio with these different fitting strategies is taken as the “signal and background modelling”
systematic uncertainty. The fitting procedure is found to be unbiased, as judged using pseudo-
experiments where a certain Ncb2 /Ncb1 value is injected; the fitted results deviate on average
from the input values by less than 10% of the statistical uncertainty. It has also been verified
that the Ncb2 /Ncb1 ratio is insensitive to the addition of a signal term describing the cb0 state.
The possible influence of multiple primary vertices in the event (“pileup”) on the Ncb2 /Ncb1

P-wave quarkonium production

25

χb2(1P)

χb1(1P)

χb→ϒ(1S)+γ

χc2

χc1

χc0

χc→J/ψ+γ

• χ states are measured through their radiative decays to S-wave 
quarkonia with the photon converting into an e+e- pair

• Excellent χ mass (≈6 MeV, |yµµ|<1 or |ηγ|<1) and conversion 
vertex resolutions

• Yield extraction through unbinned maximum likelihood fits

D
etails in EPJC 72, 2251 (2012) 

and arXiv:1409:5761
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Table 4: The cross section ratio s(cb2) / s(cb1) measured in four pU
T bins before and after mul-

tiplying by the cb ! U(1S) + g branching fractions [13]. The second column gives the average
pT value for each bin. The first uncertainty is statistical, the second is systematic, and the third
reflects the uncertainty in the branching fraction.

pU
T [GeV] hpU

Ti [GeV] s(cb2) / s(cb1)⇥ B(cb2) /B(cb1) s(cb2) / s(cb1)
7–11 8.7 0.56 ± 0.10 ± 0.06 0.99 ± 0.18 ± 0.10 ± 0.09

11–16 12.9 0.47 ± 0.06 ± 0.04 0.83 ± 0.10 ± 0.08 ± 0.07
16–20 17.5 0.45 ± 0.07 ± 0.04 0.80 ± 0.13 ± 0.08 ± 0.07
20–40 26.2 0.50 ± 0.06 ± 0.05 0.89 ± 0.11 ± 0.09 ± 0.08
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Figure 2: The ratio of the cb2 and cb1 production cross sections, as a function of pU
T, before (left)

and after (right) multiplying by the ratio of the U(1S) + g branching fractions, as measured
by CMS and LHCb [12] (right only). The vertical bars represent the statistical (inner bars) and
total (outer bars) experimental uncertainty, respectively. The horizontal bars show the width
of each bin. The dashed line in the right plot is a fit of a constant to the CMS measurements,
and the horizontal band is the total uncertainty in the fit result. The 9% uncertainty in the
ratio of branching fractions, which applies to all bins of pU

T, is not included. The curved band
represents the result of a theoretical calculation [24].

this calculation the LDMEs are extracted from experimental data on the s(cc2)/s(cc1) cross
section ratio [7, 9, 10] and extrapolated, using NRQCD scaling rules, to the case of P-wave
bottomonium. The dashed line in Fig. 2 (right) gives the result of a fit of the CMS measurements
to a constant, corresponding to 0.85 ± 0.07, where the uncertainty includes both statistical and
systematic uncertainties, but not the uncertainty in the ratio of the cb branching fractions. A
constant behavior is expected in the case of color-octet dominance. The measurements do not
seem to indicate the large increase in the ratio at low pU

T and are only marginally consistent with
the asymptotic value at high pU

T predicted by the theory. More precise measurements may be
needed in order to thoroughly test the validity of NRQCD in the P-wave bottomonium sector.

7 Summary

The production cross section ratio s(cb2(1P))/s(cb1(1P)) has been measured in pp collisions
by detecting the radiative decays to an U(1S) and a photon, with the U(1S) decaying to two

Relative production rate of P-wave states
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• Prompt 𝝌c2/𝝌c1  and 𝝌b2(1P)/𝝌b1(1P) cross section ratios seem to 
be rather flat with pT

√s = 8 TeV, 
L = 20.7 fb-1
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Table 4: The cross section ratio s(cb2) / s(cb1) measured in four pU
T bins before and after mul-

tiplying by the cb ! U(1S) + g branching fractions [13]. The second column gives the average
pT value for each bin. The first uncertainty is statistical, the second is systematic, and the third
reflects the uncertainty in the branching fraction.

pU
T [GeV] hpU

Ti [GeV] s(cb2) / s(cb1)⇥ B(cb2) /B(cb1) s(cb2) / s(cb1)
7–11 8.7 0.56 ± 0.10 ± 0.06 0.99 ± 0.18 ± 0.10 ± 0.09

11–16 12.9 0.47 ± 0.06 ± 0.04 0.83 ± 0.10 ± 0.08 ± 0.07
16–20 17.5 0.45 ± 0.07 ± 0.04 0.80 ± 0.13 ± 0.08 ± 0.07
20–40 26.2 0.50 ± 0.06 ± 0.05 0.89 ± 0.11 ± 0.09 ± 0.08
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Figure 2: The ratio of the cb2 and cb1 production cross sections, as a function of pU
T, before (left)

and after (right) multiplying by the ratio of the U(1S) + g branching fractions, as measured
by CMS and LHCb [12] (right only). The vertical bars represent the statistical (inner bars) and
total (outer bars) experimental uncertainty, respectively. The horizontal bars show the width
of each bin. The dashed line in the right plot is a fit of a constant to the CMS measurements,
and the horizontal band is the total uncertainty in the fit result. The 9% uncertainty in the
ratio of branching fractions, which applies to all bins of pU

T, is not included. The curved band
represents the result of a theoretical calculation [24].

this calculation the LDMEs are extracted from experimental data on the s(cc2)/s(cc1) cross
section ratio [7, 9, 10] and extrapolated, using NRQCD scaling rules, to the case of P-wave
bottomonium. The dashed line in Fig. 2 (right) gives the result of a fit of the CMS measurements
to a constant, corresponding to 0.85 ± 0.07, where the uncertainty includes both statistical and
systematic uncertainties, but not the uncertainty in the ratio of the cb branching fractions. A
constant behavior is expected in the case of color-octet dominance. The measurements do not
seem to indicate the large increase in the ratio at low pU

T and are only marginally consistent with
the asymptotic value at high pU

T predicted by the theory. More precise measurements may be
needed in order to thoroughly test the validity of NRQCD in the P-wave bottomonium sector.

7 Summary

The production cross section ratio s(cb2(1P))/s(cb1(1P)) has been measured in pp collisions
by detecting the radiative decays to an U(1S) and a photon, with the U(1S) decaying to two
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• Prompt 𝝌c2/𝝌c1  and 𝝌b2(1P)/𝝌b1(1P) cross section ratios seem to 
be rather flat with pT

√s = 8 TeV, 
L = 20.7 fb-1
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• Prompt 𝝌c2/𝝌c1  ratio: Care is needed regarding the assumed 
polarizations; they can significantly change the result
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• Results compatible among experiments
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• Measured 𝝌c ratio agrees with theory 
calculations

• 𝝌b ratio is well described by predictions 
from Han et al.
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Summary

• Cross sections and polarizations of five S-wave quarkonia were 
measured in pp collisions at √s = 7 TeV

• None of the five S-wave states shows strong polarizations

• Relative production cross section ratios of prompt 𝝌c2/𝝌c1  and 
𝝌b2(1P)/𝝌b1(1P) were measured
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Many more quarkonium 
production analyses 
with 8 TeV data are 
still ongoing ...


