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Quarkonium families studied in ICEM

389 8.2. Quarkonium levels at T = 0 

state, ML. If  mQ � ML/2, Eb < 0 while if mQ < ML/2, Eb > 0. The 
parameters that best fit the general features of the spectrum are [128] 

� = 0.192 GeV2 , (8.9) 
↵c = 0.471 , (8.10) 
mc = 1.32 , GeV (8.11) 
mb = 4.75 GeV . (8.12) 

Note that mc < m /2 and  mb > m⌥/2. Thus the binding energy for 
the J/ is positive while that of the ⌥ is negative. 

Figure 8.1: The charmonium family with quantum numbers. The thick   
transition lines indicate hadronic feed-down decays while the thinner   
lines indicate radiative decays. Unconfirmed states are shown as dashed   
lines. The DD threshold is also shown. 

The charmonium and bottomonium families are shown in Figs. 8.1 
and 8.2 respectively, along with common feed-down channels. The 
mass of a pair of open heavy flavor mesons is also indicated. Below 
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same JPC assignments as the J/  and  0, the  1S and 2S charmonium 
states, are the only ones known since they have small branching ratios 
to lepton pairs. If any P states exist above the DD threshold, they are 
unknown. These higher mass resonances are all broader (shorter lived) 
than the states below the threshold. For example, the  (3770) has a 
width of 25 MeV. These resonances dominantly decay to open charm 
hadrons. Decays in other channels are unknown. 

Figure 8.2: The bottomonium family with quantum numbers. The 
thick transition lines indicate hadronic feed-down decays while the thin-
ner lines indicate radiative decays. Unconfirmed states are shown as 
dashed lines. Speculative but unmeasured states are not shown. The 
BB threshold is also shown.   

The bottomonium levels are more complicated since there are 3 S   
states and two sets of �b states below the BB threshold. The higher 
mass ⌥(2S) and  ⌥(3S) states can feed down to the lower mass ⌥(1S) 
and �b states. The ⌘b states associated with the ⌥(2S) and  ⌥(3S) 
states and the hb states are postulated to exist but are not shown due 

Quarkonia studied: bound states of cc or bb

produced in hard QCD processes

been studied in the ICEM in hh, γp (in progress)

also produced in γγ, and e+e−

We started by investigating quarkonium production in pp as the
production mechanism is not yet fully understood in elementary collisions
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Quarkonium Production Models

We are not able to accurately describe every observable associated with
quarkonium production using one production model with one set of model
parameters.

Observables

Yields and distributions of the S states, η’s and χ’s

Production of one state realtive to another (e.g. ψ(2S) to J/ψ)

Production of one spin-projection state relative to another
(i.e. polarization)

Discovery of J/ψ
BNL/SLAC

Discovery of Υ
Fermilab

1974 1977 1980 1995

Nonrelativistic QCD 
(NRQCD)

Color Evaporation Model
(CEM)

Color Singlet Model
(CSM)

2016

ICEM

Vincent Cheung (LLNL) QWG 22 Sep 26, 2022 4 / 18



Polarization and Angular Distribution

|ψ⟩ = a−1 |Jz = −1⟩+ a0 |Jz = 0⟩+ a+1 |Jz = +1⟩, ∑ |aJz |2 = 1

λϑ = 1−3|a0|2
1+|a0|2 , λφ =

2Re[a+1a∗−1]

1+|a0|2 , λϑφ =
√
2Re[a∗0 (a+−a−)]

1+|a0|2

dσ

dΩ
∝ 1

3 + λϑ

[
1 + λϑ cos

2 ϑ+ λφ sin2 ϑ cos(2φ) + λϑφ sin(2ϑ) cosφ

]

For a single elementary process, the
polarized-to-total cross section can be
calculated as aJz ’s. Combinations of aJz ’s gives
different angular distributions.

However, there is no combination that would
give λϑ = λφ = λϑφ = 0.

An unpolarized production can only be
described by a mixture of sub-processes or
randomization modeling.

Pietro Faccioli, QWG

2010.
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Polarization Measurement

There are three commonly used choices for the z-axis, namely zHX
(helicity), zCS (Collins-Soper), and zGJ (Gottfried-Jackson)

ϑ is defined as the angle between the z-axis and the direction of
travel for the ℓ+ in the quarkonium rest frame
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Extracting Polarization

dσ

dΩ
∝ 1

3 + λϑ
[1 + λϑ cos

2 ϑ+ λφ sin2 ϑ cos(2φ) + λϑφ sin(2ϑ) cosφ]

Polarization parameters can be obtained by fitting the angular spectra
as a function of ϑ and φ

One can write φϑ = φ− π
2 ∓ π

4 for cosϑ ≶ 0, then[1]

dσ
dφϑ

∝ 1 +
√
2λϑφ

3+λϑ
cosφϑ

1I. Abt et al. (HERA-B Collaboration), Eur. Phys. J. C 60, 517 (2009).
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Importance of Polarization

Polarization predictions are
strong tests of production
models

Detector acceptance depends
on polarization hypothesis

Understanding polarization
helps narrow systematic
uncertainties
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[3]

2R. Aaij et al. (LHCb Collaboration), Eur. Phys. J. C 71, 1645 (2011).
3G. Aad et al. (ATLAS Collaboration), Nucl. Phys. B 850, 387 (2011).
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Polarization in NRQCD

Non Relativistic QCD (NRQCD) [Bodwin, Braaten, Lepage 95]

e.g. for J/ψ, σJ/ψ =
∑

n σcc[n]⟨OJ/ψ[n]⟩

both color singlet term n =3S
[1]
1 and color octet terms 1S

[8]
0 , 3S

[8]
1 , and 3P

[8]
J

contributes to the production

mixing of Long Distance Matrix Elements (LDMEs = ⟨OJ/ψ[n]⟩) are
determined by fitting to data, usually pT distributions above some pT cut

Polarization depends on the mixing: components have different polarizations

(1403.3970)
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Polarization Puzzle[4]

Difficult to describe both the yields and polarizations simultaneously
within a given approach (e.g. NRQCD)

77

TABLE 13: Overview of di↵erent NLO fits of the CO LDMEs. Analysis [771] is a global fit to inclusive J/ yield data from 10
di↵erent pp, �p, ee, and �� experiments. In [1182], fits to pp yields from CDF [1142, 1147] and LHCb [1148, 1149, 1183] were
made. In [1184], three values for their combined fit to CDF J/ yield and polarization [1159, 1160] data are given: A default
set, and two alternative sets. Analysis [1185] is a fit to the �c2/�c1 production ratio measured by CDF [1153]. The analyses
[771] and [1184] refer only to direct J/ production, and in the analyses [1182] and [1184] pT < 7 GeV data was not considered.

The color singlet LDMEs for the 3S
[1]
1 and 3P

[1]
0 states were not fitted. The values of the LDMEs given in the second through

sixth column (referring to [771], [1182], and [1184]) were used for the plots of Fig. 33.

Butenschoen, Gong, Wan, Chao, Ma, Shao, Wang, Zhang [1184]: Ma, Wang,
Kniehl [771]: Wang, Zhang [1182]: (default set) (set 2) (set 3) Chao [1185]:

hOJ/ (3S
[1]
1 )i/GeV3 1.32 1.16 1.16 1.16 1.16

hOJ/ (1S
[8]
0 )i/GeV3 0.0497 ± 0.0044 0.097 ± 0.009 0.089 ± 0.0098 0 0.11

hOJ/ (3S
[8]
1 )i/GeV3 0.0022 ± 0.0006 �0.0046 ± 0.0013 0.0030 ± 0.012 0.014 0

hOJ/ (3P
[8]
0 )i/GeV5 �0.0161 ± 0.0020 �0.0214 ± 0.0056 0.0126 ± 0.0047 0.054 0

hO (2S)(3S
[1]
1 )i/GeV3 0.758

hO (2S)(1S
[8]
0 )i/GeV3 �0.0001 ± 0.0087

hO (2S)(3S
[8]
1 )i/GeV3 0.0034 ± 0.0012

hO (2S)(3P
[8]
0 )i/GeV5 0.0095 ± 0.0054

hO�0(3P
[1]
0 )i/GeV5 0.107 0.107

hO�0(3S
[8]
1 )i/GeV3 0.0022 ± 0.0005 0.0021 ± 0.0005
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(l)

FIG. 33: The predictions of the J/ total e+e� cross section measured by Belle [1175], the transverse momentum distributions
in photoproduction measured by H1 at HERA [1172, 1186], and in hadroproduction measured by CDF [1142] and ATLAS
[1143], and the polarization parameter �✓ measured by CDF in Tevatron run II [1160]. The predictions are plotted using the
values of the CO LDMEs given in [771], [1182] and [1184] and listed in Table 13. The error bars of graphs a–g refer to scale
variations, of graph d also fit errors, errors of graph h according to [1182]. As for graphs i–l, the central lines are evaluated with
the default set, and the error bars evaluated with the alternative sets of the CO LDMEs used in [1184] and listed in Table 13.
From [1187].

e+e- ep
pp pT 

distribution 
pp 

polarization

Butenschon  
& Kniehl 

pT > 3 GeV

Gong et al. 
pT > 5 GeV

Chao et al. 
pT > 7 GeV

Included in fits

4N. Brambilla et al., Eur. Phys. J. C 74, 2981 (2014)
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The Improved Color Evaporation Model (ICEM)

[Ma, Vogt (PRD 94, 114029 (2016).)]

σ = FQ
∑
i,j

∫ 2mH

Mψ

dM

∫
dxidxj fi (xi , µF )fj(xj , µF )d σ̂ij→cc̄+X (pcc̄ , µR)|pcc̄= M

Mψ
pψ
,

where Mψ is the mass of the charmonium state, ψ.

all Quarkonium states are treated like QQ (Q = c , b) below HH
(H = D,B) threshold

all diagrams for QQ production included, independent of color

fewer parameters than NRQCD (one FQ for each Quarkonium state)

distinction between the momentum of the cc̄ pair and that of charmonium
so that the pT spectra will be softer and thus may explain the high pT data
better

FQ is fixed by comparison of NLO calculation of σCEM
Q to

√
s for J/ψ and

Υ, σ(xF > 0) and Bdσ/dy |y=0 for J/ψ, Bdσ/dy |y=0 for Υ
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J/ψ production in Pb+Pb collisions

How different is J/ψ in Pb+Pb compared to in p + p collisions
Suppression

▶ higher mass states suppressed first
▶ color singlets and color octets could have different suppression rates

Regeneration from uncorrelated cc̄ pairs

▶ at low pT and particularly at midrapidity

What J/ψ polarization in Pb+Pb collisions can teach us
If hadronization is a fast process, then polarization should not be significantly different
than in p + p

If it takes longer, then the polarization can be different as color singlets and octets have
different polarization

What we can do in ICEM (now)?
Cold Nuclear Matter Effects

▶ kT -broadening
▶ nPDFs
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Polarization in Pb+Pb using the ICEM Approach

PRC.105.055202 (2022).

Production distribution

d2σ

dpTdy
= FQ

∑
i,j={q,q̄,g}

∫ 2mH

MQ

dMψ

∫
dŝdx1dx2fi/A(x1, µ

2)fj/A(x2, µ
2)d σ̂ij→cc̄+X ,

We consider all diagrams that produces cc̄ with a parton.

The cc̄ produced are the proto-J/ψ before hardonization.

We used the CT14 PDFs and EPPS16 nuclear modifications in our
calculations.

kT -smearing (gaussian) is applied to the initial state partons to provide
better description at low pT .

⟨k2
T ⟩ = 1 + (1/12) ln(

√
s/20 GeV)

An additional kick of 0.41 GeV2 is added to partons from Pb nuclei.

1.18 < mc < 1.36 GeV, µF/mT = 2.1+2.55
−0.85, µR/mT = 1.6+0.11

−0.12

same set of variations used in MV [2016] and NVF [PRC 87, 014908 (2013)]
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Polarization in Pb+Pb compared to p+p

Note that there is a 40% difference in collision energy per nucleon.
No significant differences between the p + p and Pb+Pb.
Choosing another shadowing set will not change the polarization.
Similar lack of system and energy dependence is also expected from
CGC+NRQCD approach (PRD 104, 034004)
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Invariant Polarization
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The polarization parameters shown on the previous slide (λϑ, λφ, λϑφ)
depend on the frame.

It is possible to construct an invariant polarization parameter because
the angular distribution is rotationally invariant:

λ̃ =
λϑ+3λφ

1−λφ

It is possible to remove the frame-induced kinematic dependences
when comparing theoretical predictions to data by comparing λ̃.
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Discussions

Lack of system and energy dependence in ICEM polarization

Polarization parameters depend on the ratio of the polarized cross
sections

The numerator and denominator of the polarization parameters are
affected similarly

Although yields can be very different, polarization parameters are
similar.

There are effects that are not modeled

No feed down are included, but data in this region are unable to tell
the effect of potential loss of feed down due to large uncertanties

Hot effects such as regeneration are neglected, but regeneration is
concentrated at low pT and more important at midrapidity than at
forward rapidity.

Suppression by comovers is neglected.
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Discussions

What the experimental results are showing

The polarization in these two systems is consistent within
uncertainties

Feed down from excited states does not strongly affect the prompt
J/ψ polarization

Possible further investigations

Polarization of regenerated quarkonium states

Centrality dependence of polarization
▶ preliminary results from ALICE: no dependence
▶ PoS HardProbes2020, 095 (2021)

Extending the Pb+Pb polarization data to pT > 10 GeV where
regeneration is no longer important

ψ(2S) polarization as an independent check
▶ much more difficult due to strong suppression
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Conclusion and Future

In this talk, I

demonstrated what can be learned from polarization in Pb+Pb
collisions

showed the latest attempt to extend ICEM polarization calculation to
Pb+Pb collisions

We are working on

including effects from feed down production.

production in ep via photo-production.
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CGC+NRQCD[5]

is a solution to the polarization puzzle where gluon distribution is
calculated using CGC and the conversion of QQ̄ is described by
NRQCD formulation

able to describe all polarization parameters for pT < 15 GeV

5Y. Q. Ma, T. Stebel, R. Venugopalan, JHEP12 (2018) 057.
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