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Quarkonium Production
• Heavy quarkonium produced in high-energy collisions can be 

good probes of perturbative and nonperturbative QCD.


• Experiments at the LHC continues to provide us cross section 
measurements of quarkonia:


• We need to understand the quarkonium production mechanism.
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evaluate the ρ factor. The relative uncertainty is about 1% from 20 
to 50 GeV and increases to about 5% near 100 GeV, with no depen-
dence on rapidity. The measurement of the ρ factor also requires 
the evaluation of an additional single-muon efficiency using the 
tag-and-probe method, which introduces an uncertainty of about 
1% at low pT (below 50 GeV) and up to 4% at high pT. Moreover, 
we assign the fractional difference in the ρ factor obtained from 
data and simulation as a systematic uncertainty. The difference is 
in the range 2–5% up to 60 GeV and increases slowly for higher pT, 
reaching a value of up to 15%, in the worst case. This is the domi-
nant uncertainty for all the quarkonium states except the ψ(2S).

The finite number of events generated for the acceptance cal-
culation imposes a systematic uncertainty of 0.5% at low pT and 
up to 6% at high pT. Other sources of systematic uncertainties, 
like the kinematic modeling of simulated events, are found to have 
a negligible influence on the acceptance calculation. The effect of 
the quarkonium polarization on the acceptance is not treated as 
a systematic uncertainty; instead correction factors are provided 
in https://doi .org /10 .1016 /j .physletb .2018 .02 .033 to recalculate the 
cross sections according to different polarization scenarios.

For the cross sections measured in the rapidity-integrated range 
|y| < 1.2, we conservatively assign the total systematic uncertain-
ties of the most-forward rapidity range, which are larger than the 
uncertainties for central rapidities. Taking advantage of the larger 
yields in the integrated-rapidity range, an additional pT bin was 
added for each state. The systematic uncertainty in the yields 
for this bin was evaluated as described above for the other bins, 
while for other uncertainties the same value as in the neighboring 
lower-pT bin was used. It was verified that systematic uncertain-
ties extrapolated to the additional pT bin have either negligible 
pT dependence in that region or are negligibly small compared to 
other systematic or statistical uncertainties.

For the measurement of the ratios of the cross sections of the 
prompt ψ(2S), ϒ(2S), and ϒ(3S) states relative to their ground 
states, the systematic uncertainties in the yields, the ρ factor, the 
single-muon efficiencies, and the acceptance are the only ones 
considered. Uncertainties in the yields for the ratio of ψ(2S) and 
J/ψ cross sections are treated as uncorrelated, because their cor-
responding yields are determined from independent fits. In con-
trast, yield uncertainties are treated as correlated for the ratio of 
the ϒ(nS) to ϒ(1S) cross sections, as they are extracted from a 
combined fit to the three states, as shown in Fig. 2 of https://
doi .org /10 .1016 /j .physletb .2018 .02 .033.

The correlation factors are found to be approximately 5%, caus-
ing no significant effect on the final systematic uncertainty. The 
same single-muon efficiencies are used for all the measured cross 
sections, therefore their uncertainties are treated as correlated in 
all the ratios. The systematic uncertainties in the ratios are de-
termined by consistently varying the efficiencies in the numerator 
and the denominator by their uncertainties and recalculating the 
ratios. The resulting effect is less than 0.4%. The uncertainty in the 
integrated luminosity is fully correlated, and is not included in the 
ratios. Uncertainties in the ρ correction factor are treated as un-
correlated.

The statistical uncertainty in the ψ(2S) to J/ψ cross section ra-
tio is more important than any systematic uncertainty except for 
the high-pT region, where the ρ factor uncertainty is the dom-
inant one, reaching 28%. For the ϒ(2S) to ϒ(1S) and ϒ(3S) to 
ϒ(1S) cross section ratios, the uncertainty in the ρ factor domi-
nates across the entire pT region, ranging from 3% to 12%.

6. Results

The measured double-differential cross sections times the 
dimuon branching fractions are presented in Fig. 1 as a function 

Fig. 1. The product of the measured double-differential cross sections and the 
dimuon branching fractions for prompt J/ψ and ψ(2S) (left) and the ϒ(nS) (right) 
mesons as a function of pT, in four and two rapidity regions, respectively, assum-
ing unpolarized dimuon decays. For presentation purposes, the individual points in 
the measurements are scaled by the factors given in the legends. The inner vertical 
bars on the data points represent the statistical uncertainty, while the outer bars 
show the statistical and systematic uncertainties, not including the 2.3% uncertainty 
in the integrated luminosity, added in quadrature. For most of the data points, the 
uncertainties are comparable to the size of the symbols. The data points are shown 
at the average pT in each bin.

of pT, for four rapidity ranges in the case of the prompt J/ψ and 
ψ(2S) states, and two rapidity ranges for the ϒ(nS). The top pan-
els of Fig. 2 show the measured cross sections times branching 
fractions for the rapidity-integrated range |y| < 1.2. The presented 
results are obtained under the assumption of unpolarized produc-
tion, which is very close to the polarization that was measured 
by CMS [31,32]. If the quarkonium states are fully polarized, the 
cross sections can change by up to 25%. The numerical values 
of the cross sections for all five quarkonium states in the cho-
sen bins of pT and |y| in the unpolarized scenario are reported 
in Tables 1–5 of https://doi .org /10 .1016 /j .physletb .2018 .02 .033. Ta-
bles 6–10 list the multiplicative scale factors needed to recalculate 
the cross sections in the three different polarization scenarios de-
scribed in Section 3. The conversion to a new polarization scenario 
is achieved by multiplying the unpolarized cross section result in 
each (pT, |y|) bin by the corresponding scale factor.

The NLO NRQCD predictions [43,44] are in agreement with the 
measured cross sections times branching fractions within uncer-
tainties, as shown in the top panels of Fig. 2. The ratios of the mea-
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Figure 2. Double differential cross-section for prompt J/ψ mesons as a function of pT in bins of
y. Statistical and systematic uncertainties are added in quadrature.

Figure 3. Double differential cross-section for J/ψ -from-b mesons as a function of pT in bins of y.
Statistical and systematic uncertainties are added in quadrature.

in different rapidity ranges [17, 30]. Using the extrapolation factor from Pythia 6, the

total bb production cross-section is found to be σ(pp → bbX) = 515± 2± 53µb, where the

first uncertainty is statistical and the second systematic. No uncertainty on α4π is included

in this estimate.

6.3 Comparison with lower energy results

The J/ψ cross-sections measured at
√
s = 13TeV are compared to previous LHCb mea-

surements [12, 18, 30]. In all previous LHCb measurements of the J/ψ production cross-

section, the branching fraction from ref. [62], B(J/ψ→ µ+µ−) = (5.94± 0.06)%, was used.

When the measurements at 13TeV are compared with those at lower energy, the previ-

ous results are updated with the improved branching fraction value, B(J/ψ → µ+µ−) =

– 11 –
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Figure 2. Double-differential cross-sections multiplied by dimuon branching fractions as a function
of pT in intervals of y for the (a) Υ (1S), (b) Υ (2S) and (c) Υ (3S) mesons. Statistical and systematic
uncertainties are added in quadrature.
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Fig. 2 Inclusive J/ψ cross sections (top), ψ(2S) cross sections (mid-
dle) and ψ(2S)-to-J/ψ cross section ratios (bottom) as a function of
pt (left) and y (right) in pp collisions at

√
s = 13 TeV. J/ψ cross sec-

tions are compared to LHCb measurements at the same
√
s [11]. Open

symbols are the reflection of the positive-y measurements with respect
to y = 0

4.2 Comparison to measurements at
√
s = 2.76, 7 and

8 TeV

In Fig. 4, the cross sections and cross section ratios pre-
sented in the previous section are compared to other forward-
y measurements in pp collisions at

√
s = 2.76 [12], 7 [13]

and 8 TeV [14]. We note that the integrated luminosity used
for each measurement increases almost systematically with
increasing

√
s , starting from 19.9 nb−1 at

√
s = 2.76 TeV

up to 3.2 pb−1 at
√
s = 13 TeV. This, combined with the

fact that the charmonium cross-section also increases with√
s, has allowed to reach increasingly higher values of pt

for both J/ψ and ψ(2S) measurements. For the J/ψ this cor-
responds to an increase of the pt reach from 8 GeV/c at√
s = 2.76 TeV up to 30 GeV/c at

√
s = 13 TeV. For the

ψ(2S) the corresponding increase goes from 12 GeV/c at√
s = 7 TeV to 16 GeV/c at

√
s = 13 TeV.

The J/ψ pt-differential cross section measurements shown
in the top-left panel of Fig. 4 indicate a hardening of the spec-
tra with increasing

√
s . Also, for

√
s ≥ 7 TeV, a change in
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Figure 3: Di�erential cross sections of prompt (a) and non-prompt (b) production of J/ mesons. A scaling factor of
1,10,100 is applied for visual clarity to the rapidity slices |y | < 0.75, 0.75 < |y | < 1.5, 1.5 < |y | < 2.0, respectively.
For each data point, the horizontal bar spans the pT range covered by that bin, with the vertical uncertainty (obscured
behind the marker for some values) combining both the statistical (with a bar), and the combined total uncertainty.
The horizontal position of each point represents the mean of the weighted pT distribution for that bin.
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Figure 4: Di�erential cross sections of prompt (a) and non-prompt (b) production of  (2S) mesons. A scaling factor
of 1,10,100 is applied for visual clarity to the rapidity slices |y | < 0.75, 0.75 < |y | < 1.5, 1.5 < |y | < 2.0, respectively.
For each data point, the horizontal bar spans the pT range covered by that bin, with the vertical uncertainty (obscured
behind the marker for some values) combining both the statistical (with a bar), and the combined total uncertainty.
The horizontal position of each point represents the mean of the weighted pT distribution for that bin.
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Figure 3: Di�erential cross sections of prompt (a) and non-prompt (b) production of J/ mesons. A scaling factor of
1,10,100 is applied for visual clarity to the rapidity slices |y | < 0.75, 0.75 < |y | < 1.5, 1.5 < |y | < 2.0, respectively.
For each data point, the horizontal bar spans the pT range covered by that bin, with the vertical uncertainty (obscured
behind the marker for some values) combining both the statistical (with a bar), and the combined total uncertainty.
The horizontal position of each point represents the mean of the weighted pT distribution for that bin.
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Nonrelativistic QCD
• NRQCD provides a description of a heavy quarkonium state  

as nonrelativistic Fock state expansion 
 
 
v2≈0.3 for charmonia,  
v2≈0.1 for bottomonia.


• LO in v : the leading Fock state is QQ̅ in a color-singlet state. 


• Contributions at higher orders can involve color-octet states. 


• NRQCD have been successfully applied to spectroscopy and 
decay processes.

Caswell, Lepage, PLB167, 437 (1986) 
Bodwin, Braaten, Lepage, PRD51, 1125 (1995),  

PRD55, 5853 (1997)

3
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NRQCD Factorization
• Inclusive production cross section of a quarkonium 

 
 

• Sum is over the color, spin, and orbital angular momentum states 
of the QQ̅.


• Matrix elements have known scalings in v.


• For a S-wave spin-triplet quarkonium,  
Leading order in v :  
Relative orders v3, v4 :            ,          ,


• Factorization is expected to be valid at large pT.

Short-distance cross sections Long-distance matrix elements

(color singlet)

(J=0,1,2) (color octet)

4
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NRQCD Factorization
• At large pT, contribution at leading order in v (color singlet 

channel) severely underestimates data.  
The gap is filled by color-octet production, which is enhanced 
by short-distance cross sections.  

• Color-octet production:


• Color-singlet production:

5
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Braaten and Fleming, PRL74, 3327 (1995) 
Cho and Leibovich, PRD 53, 150 (1996) 

PRD53, 6203 (1996)



Production of J/𝜓, 𝜓(2S), 𝚼
• Production cross section of a 3S1 quarkoniumV=J/𝜓, 𝜓(2S), 𝚼


• The color-singlet matrix element                    can be obtained from 
decay rates, lattice QCD, or potential models. 

• It is not known how to compute color-octet matrix elements from 
first principles, so they are usually extracted from cross section 
data : three unknowns for each 3S1 quarkonium state.


• “NRQCD predictions” depend strongly on matrix element 
determinations

6
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Color-octet matrix elements
• Color-octet matrix elements roughly correspond to probabilities 

for color-octet QQ̅ to evolve into a quarkonium.


• The 3S1[8] and 3PJ[8] channels mix under scale variation : 
 
 
so that the sum of 3S1[8] and 3PJ[8] channels is physically 
meaningful. Usually 𝛬=m is taken in the M̅S̅ scheme.

7
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Production of J/𝜓, 𝜓(2S), 𝚼
• Matrix element determinations from cross section data rely heavily on 

the pT shapes. This can be understood from expansion in 1/pT  (pT ≫m) 

• Relative size of LP and NLP determines overall shape in pT.


• Two degrees of freedom in pT shape constrains only two linear 
combinations of color-octet matrix elements. Need more constraints 
to determine all three matrix elements.

J.C.Collins and D.E.Soper, NPB194, 445 (1982) 
Z.-B. Kang, J.-W. Qiu, G. Sterman, PRL108, 102002 (2012) 

S. Fleming, A. K. Leibovich, T. Mehen, I. Z. Rothstein, PRD86, 094012 (2012) 
Y.-Q. Ma, J.-W. Qiu, G. Sterman, H. Zhang, PRL113, 142002 (2014)

(~1/pT4)

(~1/pT6)

Leading-power fragmentation

Next-to-leading-power fragmentation

8
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Potential NRQCD
• Potential NRQCD effective field theory calculation of the color-

octet matrix elements for strongly coupled quarkonia give 
 
 
 
 
 

• Gluonic correlators are universal and independent of the 
heavy quark flavor or radial excitation. 


• This reduces the number of nonperturbative unknowns and 
enhances the predictive power : three nonperturbative 
unknowns determine all 3S1 quarkonium cross sections

Universal gluonic 
correlators

short-distance coefficient  
for spin-flip interaction

9

Brambilla, HSC,  
Vairo, Wang,  

PRD105, L111503  
(2022)
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Pineda, Soto, NPB Proc. Suppl. 64, 428 (1998) 
Brambilla, Pineda, Soto, Vairo, NPB566, 275 (2000) 
Brambilla, Pineda, Soto, Vairo, Rev. Mod. Phys. 77, 1423 (2005)

Brambilla, HSC, Vairo,  
PRL126, 082003 (2021) 

JHEP 09 (2021) 032



Potential NRQCD
• Definitions of gluonic correlators: 

• Configurations of Wilson lines and field strength insertions:

10

Brambilla, HSC,  
Vairo, Wang,  

PRD105, L111503  
(2022)
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Potential NRQCD
• Universality of the gluonic correlators leads to the prediction for 

cross section ratios, independently of the correlators 
 

• Compared to experiment, including feeddown effects: 
 
 
 
 
 
 
 

• Absolute cross sections require values of gluonic correlators

direct cross sections also satisfy

�direct (2S)

�directJ/ 

=
|R(0)

 (2S)(0)|
2

|R(0)
J/ (0)|

2
, (4.3a)

�direct⌥(3S)

�direct⌥(2S)

=
|R(0)

⌥(3S)(0)|
2

|R(0)
⌥(2S)(0)|

2
. (4.3b)

We expect these relations to hold at large pT .
In order to compare with measured cross section ratios, we must take into account the

feeddown contributions. While �prompt
 (2S) = �direct (2S), �

prompt
J/ includes feeddowns from decays

of  (2S) and �c. That is,

�prompt
J/ = �directJ/ +B (2S)!J/ +X ⇥ �prompt

 (2S) +R�c

J/ ⇥ �prompt
J/ , (4.4)

where B (2S)!J/ +X is the branching fraction of  (2S) into J/ + X, and R�c

J/ is the
feeddown fraction of prompt J/ from decays of �c into J/ +X. By using the measured
values of B (2S)!J/ +X from ref. [67] and R�c

J/ from ref. [65], we obtain

�prompt
J/ = �directJ/ +B (2S)!J/ +X�

direct
 (2S) +

R�c

J/ 

⇣
�directJ/ +B (2S)!J/ +X�

direct
 (2S)

⌘

1�R�c

J/ 

. (4.5)

By using eqs. (4.3) and (4.5), we can compute the ratio

r (2S)/J/ =
B (2S)!µ+µ��prompt

 (2S)

BJ/ !µ+µ��prompt
J/ 

(4.6)

by using the measured branching fractions, R�c

J/ , and the ratios of wavefunctions at the

origin |R(0)
 (2S)(0)|

2/|R(0)
J/ (0)|

2. We compute r (2S)/J/ as a function of pT , where the pT in
the numerator and the denominator are the transverse momentum of the  (2S) and J/ ,
respectively. Note that in the feeddown contribution from decays of  (2S) into J/ , the pT
of the  (2S) is larger than the pT of the J/ by approximately a factor of m (2S)/mJ/ .
Because the measured pT -differential cross section falls off as pT increases like 1/pnT where
n ⇡ 5–6, we can take this effect into account by multiplying �direct (2S) in the denominator of
eq. (4.6) by (mJ/ /m (2S))

n and fix n = 5.5. We estimate the uncertainties in r (2S)/J/ 
from unaccounted corrections of higher orders in v by 30% of the central value, based on
the typical size v2 ⇡ 0.3 for charmonia. We also take into account the uncertainty in the
measured values of R�c

J/ . Since the effect of the difference in pT of the  (2S) and J/ in the
feeddown contribution is about 15% of the central value of r (2S)/J/ , and changes mildly
under variations of the power n in the factor (mJ/ /m (2S))

n, we do not consider varying
n. We add the uncertainties in quadrature. We compare our calculation of r (2S)/J/ with
CMS measurements from ref. [68] in figure 4. We see that the pNRQCD result for r (2S)/J/ 
is in fair agreement with CMS data, and the agreements improve with increasing pT . We
note that the pNRQCD result implies that r (2S)/J/ is independent of the rapidity of the
produced quarkonia, which is also supported by experiment.
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direct cross sections also satisfy

�direct (2S)

�directJ/ 
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, (4.3a)

�direct⌥(3S)

�direct⌥(2S)
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J/ from ref. [65], we obtain

�prompt
J/ = �directJ/ +B (2S)!J/ +X�

direct
 (2S) +

R�c

J/ 

⇣
�directJ/ +B (2S)!J/ +X�

direct
 (2S)

⌘

1�R�c

J/ 

. (4.5)

By using eqs. (4.3) and (4.5), we can compute the ratio

r (2S)/J/ =
B (2S)!µ+µ��prompt

 (2S)

BJ/ !µ+µ��prompt
J/ 

(4.6)

by using the measured branching fractions, R�c

J/ , and the ratios of wavefunctions at the

origin |R(0)
 (2S)(0)|

2/|R(0)
J/ (0)|

2. We compute r (2S)/J/ as a function of pT , where the pT in
the numerator and the denominator are the transverse momentum of the  (2S) and J/ ,
respectively. Note that in the feeddown contribution from decays of  (2S) into J/ , the pT
of the  (2S) is larger than the pT of the J/ by approximately a factor of m (2S)/mJ/ .
Because the measured pT -differential cross section falls off as pT increases like 1/pnT where
n ⇡ 5–6, we can take this effect into account by multiplying �direct (2S) in the denominator of
eq. (4.6) by (mJ/ /m (2S))

n and fix n = 5.5. We estimate the uncertainties in r (2S)/J/ 
from unaccounted corrections of higher orders in v by 30% of the central value, based on
the typical size v2 ⇡ 0.3 for charmonia. We also take into account the uncertainty in the
measured values of R�c

J/ . Since the effect of the difference in pT of the  (2S) and J/ in the
feeddown contribution is about 15% of the central value of r (2S)/J/ , and changes mildly
under variations of the power n in the factor (mJ/ /m (2S))

n, we do not consider varying
n. We add the uncertainties in quadrature. We compare our calculation of r (2S)/J/ with
CMS measurements from ref. [68] in figure 4. We see that the pNRQCD result for r (2S)/J/ 
is in fair agreement with CMS data, and the agreements improve with increasing pT . We
note that the pNRQCD result implies that r (2S)/J/ is independent of the rapidity of the
produced quarkonia, which is also supported by experiment.
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Large pT Hadroproduction
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𝜓(2S) Matrix elements from 
Large pT Hadroproduction

• Same signs for 


• Poor control over
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Matrix elements from 
Large pT Hadroproduction

• Good description of cross section at large pT.
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Global Fit
• J/𝜓 global fit mainly from low-pT 

data, gives negative 


• 𝜓(2S) global fit only comes from 
hadroproduction, results without 
pT cut gives negative  

• 𝜓(2S) with pT>7 GeV similar to 
large pT hadroproduction based 
results,                          is now 
positive. Quality of fit also 
improves with pT cut.

Hamburg

J/𝜓 Global fit

Hamburg

no pT cut pT >7 GeV

𝜓(2S) Global fit

𝜒 2/dof=14.3

𝜒 2/dof=2.7
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• Description of hadroproduction improves with pT cut, but 
uncertainties increase at large pT
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Figure 3: Results of fit C compared to data. Only the data with pT > 7 GeV were fitted

to. The x axes show pT [GeV], the y axes show dσ(p
(−)
p → ψ(2S) +X)/dpT [nb/GeV], λθ,

λφ or λθφ. The data is shown in black, the theory curves using the LDMEs of fit C as input
in blue. The errors of the theory curves are due to the scale uncertainties as described in
the text.
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Figure 1: Results of fit A compared to data. The shown data points those fitted to. The x

axes show pT [GeV], the y axes show dσ(p
(−)

p → ψ(2S) +X)/dpT [nb/GeV], λθ, λφ or λθφ.
The data is shown in black, the theory curves using the LDMEs of fit A as input in blue.
The errors of the theory curves are due to the scale uncertainties as described in the text.
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Quarkonium Polarization
• The polarization of the quarkonium can discriminate between 

different octet channels. This can be measured through the 
polar angular distribution of the dilepton decay ~ 1+𝜆𝜽 cos2θ


• The polarization measured at the LHC show near-zero 𝜆𝜽 
(helicity frame)
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Fig. 4 Measurements of λθ in bins of pT for five rapidity bins in (left)
the helicity frame and (right) the Collins–Soper frame. The error bars
represent the statistical and systematic uncertainties added in quadra-

ture. The data points are shifted slightly horizontally for different ra-
pidities to improve visibility

(pT, y) bins, where the weights are chosen according to the
number of events in each bin in the data sample. The average
is λθ = −0.145 ± 0.027. The uncertainty is statistical and
systematic uncertainties added in quadrature. Since the cor-
relations of the systematic uncertainties are observed to be
relevant only between adjacent kinematic bins, when quot-
ing the average uncertainty, we assume the different kine-
matic bins are uncorrelated, apart from the adjacent ones,
which we treat fully correlated.

A cross-check of the results is performed by repeating
the measurement in the Collins–Soper reference frame (see
Sect. 1). As LHCb is a forward detector, the Collins–Soper
and helicity frames are kinematically quite similar, espe-
cially in the low pT and y regions. Therefore, the polar-
ization parameters obtained in Collins–Soper frame are ex-
pected to be similar to those obtained in the helicity frame,
except at high pT and low y bins. Calculating the frame-
invariant variable, according to Eq. (2), the measurements
performed in the two frames are in agreement within the un-
certainty.

The results can be compared to those obtained by other
experiments at different values of

√
s. Measurements by

CDF [22], PHENIX [23] and HERA-B [24], also favor a
negative value for λθ . The HERA-B experiment has also
published results on λφ and λθφ , which are consistent with
zero. At the LHC, the ALICE [25] and the CMS [26] col-
laboration studied the J/ψ polarization in pp collisions
at

√
s = 7 TeV. The CMS results, determined in a differ-

ent kinematic range, disfavor large transverse or longitudi-
nal polarizations. The analysis by ALICE is based on the
cos θ and φ projections and thus only determines λθ and λφ .
Furthermore it also includes J/ψ mesons from b-hadron
decays. The measurement has been performed in bins of

J/ψ transverse momentum integrating over the rapidity in
a range very similar to that of LHCb, being 2 < pT <

8 GeV/c and 2.5 < y < 4.0. To compare our results with the
ALICE measurements, averages over the y region are used
for the different pT bins and good agreement is found for
λθ and λφ . The comparison for λθ is shown in Fig. 5 for the
helicity and Collins–Soper frames, respectively.

In Fig. 6 our measurements of λθ are compared with the
NLO CSM [39] and NRQCD predictions of Refs. [39, 40]
and [41, 42]. The comparison is done in the helicity frame
and as a function of the pT of the J/ψ meson (integrat-
ing over 2.5 < y < 4.0). The theoretical calculations in
Refs. [39, 40] and [41, 42] use different selections of ex-
perimental data to evaluate the non-perturbative matrix ele-
ments. Our results are not in agreement with the CSM pre-
dictions and the best agreement is found between the mea-
sured values and the NRQCD predictions of Refs. [41, 42].
It should be noted that our analysis includes a contribution
from feed-down, while the theoretical computations from
CSM and NRQCD [39] do not include feed-down from ex-
cited states. It is known that, among all the feed-down con-
tributions to prompt J/ψ production from higher charmo-
nium states, the contribution from χc mesons can be quite
important (up to 30 %) and that ψ(2S) mesons also can give
a sizable contribution [40–43], depending on the yields and
their polarizations. The NLO NRQCD calculations [40–42]
include the feed-down from χc and ψ(2S) mesons.

7 Update of the J/ψ cross-section measurement

The J/ψ cross-section in pp collisions at
√

s = 7 TeV was
previously measured by LHCb in 14 bins of pT and five bins
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Fig. 4 Polarisation parameters for promptψ(2S) mesons as a function
of pT, in five rapidity intervals, (top left) λθ and (bottom) λinv, measured
in the helicity frame, and (top right) λθ in the Collins-Soper frame. The
uncertainties on data points are the sum in quadrature of statistical and

systematic uncertainties. The horizontal bars represent the width of the
pT bins for the ψ(2S) meson. The data points for each rapidity interval
are displaced horizontally to improve visibility

exponential function for the background mass distribution,
only one CB function for the signal mass distribution, or
shapes for signal and background mass distributions fixed
to those obtained from fits to the mass distributions in sub-
regions of the (cos θ,φ) distribution space. The largest vari-
ation with respect to the default result is assigned as the sys-
tematic uncertainty.

In each kinematic bin, discrepancies between data and
simulation in the ψ(2S) pT and y distributions introduce an
additional uncertainty. This is evaluated by comparing the
default polarisation results with those determined after the
ψ(2S) kinematic distribution in the simulation is weighted
to that in data. The difference between the two results is
quoted as a systematic uncertainty contribution.

The uncertainty due to the contamination ofψ(2S) candi-
dates from b-hadron decays (3 %) is determined by relaxing
the Sτ selection and studying the variations of the polarisa-
tion parameters.

With the exception of the effects due to the differences in
the ψ(2S) kinematic spectrum and the size of the sample of
simulated events, correlations are expected among ψ(2S)

kinematic bins. The correlation between these systematic
uncertainties in adjacent bins could be as large as 50 %, as
the final state muons may have similar momentum and rapid-
ity. For each kinematic bin, the total systematic uncertainty
is calculated as the quadratic sum of the various sources of
systematic uncertainties assuming no correlation within each
kinematic bin.

6 Results

The results for the polarisation parameters λθ , λθφ , λφ and
λinv, and their uncertainties, in each pT and y bin of the
prompt ψ(2S) meson sample, are reported in Tables 2 and 3
for the helicity and the Collins-Soper frames, respectively.
The systematic uncertainties are similar in size to the sta-
tistical uncertainties. The parameters λθ and λinv are also
shown in Fig. 4 as functions of the pT of the ψ(2S) mesons,
for different y bins.

The frame-invariant polarisation parameter λinv is con-
sistent with a negative polarisation with no strong depen-
dence on the pT and y of the ψ(2S) meson. The values and
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Figure 3 shows, for the rapidity range 0.0–0.6, one-
dimensional profiles (68.3%, 95.5%, and 99.7% CL inter-
vals) of the PPDs of the parameters !# , !’, and !#’, for the
!ð1SÞ, !ð2SÞ, and !ð3SÞ states, in the HX frame. Similar
values are obtained in the 0.6–1.2 rapidity range (see the
Supplemental Material [25]). Figure 4 displays the corre-
sponding results for the frame-invariant parameter ~!,
including also the CS and PX values. The results obtained
in the three frames are in good agreement, as required in the

absence of unaccounted for systematic effects. Complete
tables of results for!# ,!’,!#’, and ~!, for the three! states
and in the three frames considered in this analysis, are
available in the Supplemental Material [25].
All the polarization parameters are compatible with zero

or small values in the three polarization frames, excluding
that a significant polarization could remain undetected
because of smearing effects induced by unfortunate frame
choices. The indication that the !ðnSÞ resonances are

 [GeV]
T

p

-1

-0.5

0

0.5

1

ϑλ

(1S)Υ

-1= 7 TeV     L = 4.9 fbsCMS     pp

(2S)Υ

| < 0.6yHX frame, |

(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

(2S)Υ (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

10 15 20 25 30 35 40 45

(2S)Υ

 [GeV]
T

p

10 15 20 25 30 35 40 45

(3S)Υ

FIG. 3 (color online). Values of the !# (top), !’ (middle), and !#’ (bottom) parameters for the !ð1SÞ (left), !ð2SÞ (middle), and
!ð3SÞ (right), in the HX frame, as a function of the ! pT for jyj< 0:6. The error bars indicate the 68.3% CL interval when neglecting
the systematic uncertainties. The three bands represent the 68.3%, 95.5%, and 99.7% CL intervals of the total uncertainties. The points
are placed at the average pT of each bin.

 [GeV]
T

p

-0.5

0

0.5

1

1.5

λ∼

| < 0.6y(1S), |Υ

-1= 7 TeV     L = 4.9 fbsCMS     pp

| < 0.6y(2S), |Υ

 [GeV]
T

p

| < 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

10 15 20 25 30 35 40 45

| < 1.2y(2S), 0.6 < |Υ

 [GeV]
T

p

10 15 20 25 30 35 40 45

| < 1.2y(3S), 0.6 < |Υ

FIG. 4 (color online). Values of ~! for the !ð1SÞ, !ð2SÞ, and !ð3SÞ states (left to right), in the HX, CS, and PX frames, for the
jyj< 0:6 (top) and 0:6< jyj< 1:2 (bottom) ranges. The bands and error bars have the same meaning as in the previous figure.

PRL 110, 081802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 FEBRUARY 2013

081802-4

Figure 3 shows, for the rapidity range 0.0–0.6, one-
dimensional profiles (68.3%, 95.5%, and 99.7% CL inter-
vals) of the PPDs of the parameters !# , !’, and !#’, for the
!ð1SÞ, !ð2SÞ, and !ð3SÞ states, in the HX frame. Similar
values are obtained in the 0.6–1.2 rapidity range (see the
Supplemental Material [25]). Figure 4 displays the corre-
sponding results for the frame-invariant parameter ~!,
including also the CS and PX values. The results obtained
in the three frames are in good agreement, as required in the

absence of unaccounted for systematic effects. Complete
tables of results for!# ,!’,!#’, and ~!, for the three! states
and in the three frames considered in this analysis, are
available in the Supplemental Material [25].
All the polarization parameters are compatible with zero

or small values in the three polarization frames, excluding
that a significant polarization could remain undetected
because of smearing effects induced by unfortunate frame
choices. The indication that the !ðnSÞ resonances are

 [GeV]
T

p

-1

-0.5

0

0.5

1

ϑλ

(1S)Υ

-1= 7 TeV     L = 4.9 fbsCMS     pp

(2S)Υ

| < 0.6yHX frame, |

(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

(2S)Υ (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

10 15 20 25 30 35 40 45

(2S)Υ

 [GeV]
T

p

10 15 20 25 30 35 40 45

(3S)Υ

FIG. 3 (color online). Values of the !# (top), !’ (middle), and !#’ (bottom) parameters for the !ð1SÞ (left), !ð2SÞ (middle), and
!ð3SÞ (right), in the HX frame, as a function of the ! pT for jyj< 0:6. The error bars indicate the 68.3% CL interval when neglecting
the systematic uncertainties. The three bands represent the 68.3%, 95.5%, and 99.7% CL intervals of the total uncertainties. The points
are placed at the average pT of each bin.

 [GeV]
T

p

-0.5

0

0.5

1

1.5

λ∼

| < 0.6y(1S), |Υ

-1= 7 TeV     L = 4.9 fbsCMS     pp

| < 0.6y(2S), |Υ

 [GeV]
T

p

| < 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

10 15 20 25 30 35 40 45

| < 1.2y(2S), 0.6 < |Υ

 [GeV]
T

p

10 15 20 25 30 35 40 45

| < 1.2y(3S), 0.6 < |Υ

FIG. 4 (color online). Values of ~! for the !ð1SÞ, !ð2SÞ, and !ð3SÞ states (left to right), in the HX, CS, and PX frames, for the
jyj< 0:6 (top) and 0:6< jyj< 1:2 (bottom) ranges. The bands and error bars have the same meaning as in the previous figure.

PRL 110, 081802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 FEBRUARY 2013

081802-4

CMS PRL110, 081802



Quarkonium Polarization
• Different color-octet channels lead to different polarizations. 

 
 
 
 

• QQ̅(3S1[8]) can produce a quarkonium by soft gluon emission :  
mostly transverse, small longitudinal contribution


• QQ̅(3P1[8]) also evolves into a quarkonium by soft gluon 
emission, but short-distance coefficient is negative : mostly 
negatively transverse, small positive longitudinal contribution


• QQ̅(1S0[8]) is isotropic, unpolarized.
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Quarkonium Polarization
• Different color-octet channels lead to different polarizations. 

 
 
 
 

• To get near-zero 𝜆𝜽, we need either 
 - 1S0[8] dominates, while sum of 3S1[8] and 3PJ[8] is small 
 - 3S1[8] + 3PJ[8] dominates despite large cancellations, small 1S0[8]


• For cancellations to happen in 3S1[8] + 3PJ[8], the matrix elements 
must have same signs. 

Large positive transverse, 
small positive longitudinal

Large negative transverse, 
small positive longitudinal

unpolarized
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J/𝜓 Polarization
• Hadroproduction-based determinations generally lead to good 

descriptions of polarization. Global fit does not.
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𝜓(2S) Polarization
• Hadroproduction-based determinations generally lead to good 

descriptions of polarization. Global fit without pT cut does not.
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Figure 1: Results of fit A compared to data. The shown data points those fitted to. The x

axes show pT [GeV], the y axes show dσ(p
(−)

p → ψ(2S) +X)/dpT [nb/GeV], λθ, λφ or λθφ.
The data is shown in black, the theory curves using the LDMEs of fit A as input in blue.
The errors of the theory curves are due to the scale uncertainties as described in the text.
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Figure 3: Results of fit C compared to data. Only the data with pT > 7 GeV were fitted

to. The x axes show pT [GeV], the y axes show dσ(p
(−)
p → ψ(2S) +X)/dpT [nb/GeV], λθ,

λφ or λθφ. The data is shown in black, the theory curves using the LDMEs of fit C as input
in blue. The errors of the theory curves are due to the scale uncertainties as described in
the text.
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• Hadroproduction-based determinations generally lead to good 
descriptions of polarization.

𝚼 Polarization
Peking TUM 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• 𝚼 is generally more transverse than 𝜓 at similar values of pT/m. 
This happens because the relative size of 3S1[8] compared to 
3PJ[8] is larger for bottomonium than charmonium.


• The evolution equation : 
 
 
 
 
For 3S1[8] to be larger at 𝛬=mb than at 𝛬=mc, 3PJ[8] needs to be 
positive.


• Hence pNRQCD strongly constrains 3PJ[8] to be positive. 
To counter the large negative 3PJ[8] contribution, large positive 
contribution should come from the 3S1[8] channel, leading to 
3S1[8]+3PJ[8] dominance.

𝚼 Polarization and evolution

Figure 3. One-loop Feynman diagram for the logarithmically divergent contribution to E10;10.
The symbol ⌦ is the chromoelectric field, and symbol ⇥ represent contributions from external gluon
fields.

E00 does not involve logarithmic UV divergences at one loop. Similarly to the 1S[8]
0 case,

this implies that the 3P [8]
0 LDME does not evolve at one loop, which agrees with the known

result obtained in perturbative calculations in NRQCD.
We now turn to the computation of the logarithmic divergence in E10;10. Similarly to

the B00, direct evaluation of E10;10 in perturbative QCD can only produce scaleless power
divergences. By dimensional analysis, we see that the logarithmically divergent contribution
can only arise from perturbatively integrating out the chromoelectric fields at times t1 and
t01 in eq. (3.34), because this is the only dimensionless integral. The Feynman diagram for
this contribution is shown in figure 3. By computing the correlator E10;10 through order ↵s,
we find

E10;10|1-loop log UV =
dabcdabc

N2
c � 1

E00
g2

6⇡2

Z
1

0
dt1 t1

Z
1

0
dt01 t

0

1

Z
1

0
dk k3�2✏e�ik(t1�t01)

=
1

2✏UV

2↵s

3⇡

N2
c � 4

Nc
E00, (3.46)

where we identified E00 at tree level from the low-energy mode contributions to the chromo-
electric fields at times t2 and t02, and we discarded any contribution that does not produce
a logarithmic ultraviolet divergence. This result gives the following evolution equation

d

d log⇤
E10;10 =

2↵s

3⇡

N2
c � 4

Nc
E00 +O(↵2

s), (3.47)

where ⇤ is the renormalization scale for E10;10. This result implies that hOV (3S[8]
1 )i satisfies

the following evolution equation

d

d log⇤
hO

V (3S[8]
1 )i =

6(N2
c � 4)

Ncm2

↵s

⇡
hO

V (3P [8]
0 )i, (3.48)

which agrees with ref. [60], after using the heavy-quark spin symmetry relation
P

J(2J +

1)hOV (3P [8]
J )i = 9 ⇥ hO

V (3P [8]
0 )i. We note that eq. (3.48) can also be obtained from the

– 16 –
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• Polarization alone do not constrain color-octet matrix elements 
strongly, because near-zero 𝜆𝜽 can be obtained from both  
3S1[8]+3PJ[8] dominance and 1S0[8] dominance scenarios.


• Hadroproduction-based analyses are usually between the two 
scenarios.


• pNRQCD analysis using universality of gluonic correlators leads 
to large positive 3PJ[8], which favors 3S1[8]+3PJ[8] dominance and 
small 1S0[8] for all 3S1 quarkonia.


• Global fit analysis shows that low-pT observables do not lead to 
polarization results consistent with measurements.


• Other large-pT observables may be able to give additional 
constraints.

Other observables
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• By using heavy-quark spin symmetry, J/𝜓 matrix elements lead 
to 𝜼c matrix elements 

• Significant contributions come from 1S0[1] and 3S1[8] channels.  
(color singlet contribution is not suppressed) 
Heavy-quark spin symmetry relations:


• This can be used to constrain 


• The production rate has been measured by LHCb

𝜼c Production

Figure 15. Production rate of ⌘c at the
p
s = 7 TeV LHC in the rapidity range 2.0 < y < 4.5

based on the heavy quark spin symmetry using the determinations of J/ LDMEs from fits with
lower pT cuts pT /(2m) > 3 (left) and pT /(2m) > 5 (right), compared with LHCb data [81]. The
color-singlet contribution at leading order in v is shown as black dashed lines.

effects that go beyond next-to-leading power in the m/pT expansion and are unaccounted
for in the NRQCD factorization formula may become important. Second, the measurements
are made with kinematical cuts on the elasticity z, while in the calculation of the short-
distance coefficients the elasticity is computed from the QQ̄ momentum instead of the J/ 

momentum. This introduces divergent distributions in z that are strongly peaked near
z = 1 in the short-distance coefficients. Because for NRQCD factorization to hold, the
cross section must not depend strongly on small changes in z, NRQCD calculations are
most reliable when the cross section is integrated over a sufficiently inclusive region of z
that includes z = 1. A kinematical cut on the maximum value of z can make the cross
section senstive to changes in the QQ̄ momentum smaller than the order of the heavy quark
mass, and make the NRQCD calculation unreliable. We note that this issue has already
been pointed out in ref. [30].

4.6 Hadroproduction of ⌘c

As we have shown in section 3.5, our pNRQCD results for the LDMEs are compatible
with heavy quark spin symmetry, so that our determinations of J/ LDMEs also lead
to determinations of ⌘c LDMEs. By using heavy quark spin symmetry, refs. [73, 74, 82]
employed the following NRQCD factorization formula

�⌘c+X = �̂
QQ̄(1S

[1]
0 )

hO
⌘c(1S[1]

0 )i+ �̂
QQ̄(3S

[8]
1 )

hO
⌘c(3S[8]

1 )i

+�̂
QQ̄(1S

[8]
0 )

hO
⌘c(1S[8]

0 )i+ �̂
QQ̄(1P

[8]
1 )

hO
⌘c(1P [8]

1 )i, (4.14)

and the heavy-quark spin symmetry relations hO⌘c(1S[1]
0 )i = 1

3⇥h⌦|OJ/ (3S[1]
1 )i, hO⌘c(3S[8]

1 )i =

hO
J/ (1S[8]

0 )i, hO⌘c(1S[8]
0 )i = 1

3 ⇥ hO
J/ (3S[8]

1 )i, and hO
⌘c(1P [8]

1 )i = 3 ⇥ hO
J/ (3P [8]

0 )i to
compute the ⌘c production rate from determinations of J/ LDMEs. An important caveat
of this approach is that the factorization formula in eq. (2.6) for J/ production holds
when the color-singlet contribution from the 3S[1]

1 channel is small, compared to color-octet
contributions. This does not necessarily hold for the ⌘c case: at values of pT where LHC

– 36 – LHCb, EPJC75 (2015) 7, 311  
EPJC80 (2020) 3, 19128
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• Additional constraints from 𝜼c production to  
J/𝜓 matrix elements 

𝜼c Production

Han, Ma, Meng, Shao, Chao,  
PRL114, 092005 (2015)

Zhang, Sun, Sang, Li,  
PRL114, 092006 (2015)
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FIG. 1: pt distribution of ηc hadroproduction. The upper and
lower plots correspond to µR = µF = mt and µR = µF = Eηc ,
respectively. The experimental data are taken from Ref. [20].

Now, we fit our theoretical predictions to the LHCb
data on pt distribution of ηc production rate at both
7TeV and 8TeV presented in Ref. [20], and obtain the
LDMEs in Eq.(6). For µR = µF = mt, the LDMEs are
given as

⟨Oηc (1S[1]
0 )⟩ = (0.16± 0.08) GeV3,

⟨Oηc (3S[8]
1 )⟩ = (0.74± 0.30)× 10−2 GeV3 (7)

and the χ2/d.o.f = 0.15. For µR = µF = Eηc , they are

⟨Oηc(1S[1]
0 )⟩ = (0.20± 0.10) GeV3,

⟨Oηc(3S[8]
1 )⟩ = (0.86± 0.27)× 10−2 GeV3, (8)

and the χ2/d.o.f = 0.17. We get a relatively large un-
certainty of the LDMEs in Eq.(7) and Eq.(8), which is
due to the large error of the experimental data. We

simply estimate the possible range of ⟨Oηc (1S[1]
0 )⟩ to be

from 0.08 to 0.3 GeV3, which is comparable with the
values obtained in most of other existing works. (e.g.

⟨Oηc(1S[1]
0 )⟩ = 0.39 GeV3 in Ref. [24] and ⟨Oηc(1S[1]

0 )⟩ =
0.437+0.111

−0.105 GeV3 in Ref. [29]).
The pt distribution of ηc hadroproduction rate is

shown in Fig.1. We can see that our theoretical pre-
diction can explain the experimental data for both
of the choices of the scales. Also, we can eval-
uate the integrated cross sections for ηc hadropro-
duction in the kinematic range pt > 6.5 GeV and
2 < y < 4.5 at the centre-of-mass energy of 7TeV
and 8TeV as (σηc(1s))

√
s=7TeV = (0.53± 0.24)µb and

(σηc(1s))
√
s=8TeV = (0.62± 0.28)µb, respectively, which

are consistent with the LHCb measurement [20],
where (σηc(1s))

√
s=7TeV = (0.52± 0.08± 0.09± 0.06)µb

and (σηc(1s))
√
s=8TeV = (0.59± 0.11± 0.09± 0.08)µb, re-

spectively.
Using HQSS and Eq.(1), we can derive the LDMEs for

J/ψ production using the second equation in Eq.(3) and

⟨OJ/ψ(3S[8]
1 )⟩ = M1 +

r1
r0

⟨OJ/ψ(1S[8]
0 )⟩ −

r1
r0

M0,

⟨OJ/ψ(3P [8]
0 )⟩

m2
c

=
M0

r0
−

1

r0
⟨OJ/ψ(1S[8]

0 )⟩. (9)

We find that the values of ⟨OJ/ψ(3S[8]
1 )⟩ and

⟨OJ/ψ(3P [8]
0 )⟩ are not sensitive to the values of

⟨Oηc(3S[8]
1 )⟩ and M1. The major uncerntainty of the two

LDMEs comes from the uncertainty of M0. The large
errors in Eq.(7) and Eq.(8) only affect the other two CO
LDMEs for J/ψ production slightly. And we obtain

0.24 GeV3 < ⟨OJ/ψ(3S[1]
1 )⟩ < 0.90 GeV3,

0.44× 10−2 GeV3 < ⟨OJ/ψ(1S[8]
0 )⟩ < 1.13× 10−2 GeV3,

⟨OJ/ψ(3S[8]
1 )⟩ = (1.0± 0.3)× 10−2 GeV3, (10)

⟨OJ/ψ(3P [8]
0 )⟩

m2
c

= (1.7± 0.5)× 10−2 GeV3.

The LDMEs obtained here are consistent with the VSR,
while in most of the existing versions of the CO LDMEs

for NLO calculation, the values of ⟨OJ/ψ(1S[8]
0 )⟩ are one

order of magnitude larger than the values of the corre-

sponding ⟨OJ/ψ(3S[8]
1 )⟩.

Using the LDMEs in Eq.(10), we present the results for
J/ψ yield in Fig.2. The LHCb data are obtained by sub-
tracting feeddown contributions of ψ(2s) [30] and χc [31]
from the prompt one [32]. As for the CDF data [33],
lacking measurements on χc feeddown contributions, we
also calculate the production rate of J/ψ coming from χc

feeddown based on our previous work [8, 13], while the
ψ(2s) part is ommited [34]. Even though the values of our
LDMEs are quite different from those in Ref. [6, 12, 13],
they are also able to explain the CDF and LHCb data
for J/ψ production well. This indicates that the three
CO SDCs are linear correlated and only two linear com-
binations of the three CO LDMEs can be fixed stably
through the hadroproduction experiment [5]. To present
the uncertainty, we should be careful and look at Eq.(9).

⟨OJ/ψ(3S[8]
1 )⟩ and ⟨OJ/ψ(3P [8]

0 )⟩ should vary their val-
ues accordingly and reach their maximum or minimum
at the same time, since all their uncertainties have the
same origin, M0. The bands presented in Fig.2 come
from the uncertainties of the LDMEs in this sense.
In Fig.3, we present the results for J/ψ polarization

and compare them with the LHCb [14] and CDF [35, 36]
data. Our predictions can reproduce the LHCb data in
both the helicity and the Collins-Soper frame at pt >
7 GeV, below which, perturbative calculations are be-
lieved not able to give reliable predictions. The polariza-
tion curve for the Tevatron experimental condition pass

Peking

Chongqing

Peking Chongqing

J/𝜓 and 𝜼c data J/𝜓 and 𝜼c data
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J/𝜓+W/Z Production
• Associated production can also help discriminate matrix 

elements : ATLAS measured J/𝜓+W and J/𝜓+Z production
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Figure 2: Comparison of the ATLAS data from Refs. [23,24,25] (rows), adjusted as de-
scribed in the text, to our NLO predictions for dσ(pp → J/ψ + W/Z + X)/dpT,J/ψ ×
Br(J/ψ → µ+µ−) in fb/GeV evaluated successively with the LDME sets of Table 1
(columns). The theoretical-uncertainty bands are evaluated as described in the text.

unfolding of the n structure, with only n = 3S [8]
1 being present at LO and n = 3S [1]

1 not
even at NLO. As for the prompt-J/ψ plus W/Z cross sections to be compared with ATLAS
data in Fig. 2, we anticipate that their K factors at the bin level range between 0.9 and
1.7 in the CSM and between 1.7 and 4.8 in full NRQCD.

In Fig. 2, we compare the ATLAS data [23,24,25], modified as explained above, to
our NLO predictions for dσ(pp → J/ψ + W/Z + X)/dpT,J/ψ × Br(J/ψ → µ+µ−) with
the same binning in pT,J/ψ. The three rows in Fig. 2 correspond to J/ψ + Z production
at

√
s = 8 TeV [23] and J/ψ + W production at 8 TeV [24] and 7 TeV [25], the four

columns to the LDME sets in Table 1. In each frame, we break down the total result into
the contributions from the individual channels n of direct production and the combined
feed-down contribution, and indicate theoretical uncertainties in the CSM and NRQCD
results. The theoretical uncertainties are evaluated by adding in quadrature the errors
from the following three sources: (i) variation of µ by a factor of 4 up and down relative
to µ0 =

√
mT,J/ψmT,W/Z ; (ii) variation of µΛ by a factor of 2 up and down relative to mc;

7

ATLAS, EPJC75 (2015) 229, JHEP 01 (2020) 095, JHEP 04 (2014) 172

Butenschoen and Kniehl, 2207.09366

TUM (pNRQCD)ANL/KU/Peking 
(1S0[8] dominance)IHEP (1S0[8] dominance)Hamburg (Global fit)

J/
𝜓+

Z
J/

𝜓+
W
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J/𝜓 Production at EIC
• The ep →J/𝜓+X cross section can also discriminate different 

matrix element determinations, and is expected to be 
measurable at the EIC.

31
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Short-distance coefficients from 
Qiu, Wang, Xing, Chin. Phys. Lett. 38 (2021) 041201 
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J/𝜓 matrix elements
• J/𝜓 matrix elements


• Determinations with 
3S1[8]+3PJ[8] dominance can 
describe cross sections, 
polarizations, 𝜼c and 
associated production 
cross sections.


• pNRQCD implies similar 
results for all other 3S1 
quarkonium states.


• Caveat : inconsistent with 
low-pT observables, large 
cancellations can be bad 
for perturbative stability

Peking Chongqing

J/𝜓 and 𝜼c data J/𝜓 and 𝜼c data

TUM

pNRQCD,  
Large pT 
LHC data

PRL114, 092005 
(2015)

PRL114, 092006 
(2015)

PRD105, L111503  
(2022)
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𝚼 matrix elements
• 𝚼(3S) matrix elements


• 𝚼 matrix element 
determinations are still 
limited to cross section 
data.


• pNRQCD implies 
3S1[8]+3PJ[8] dominance 
also for 𝚼 states. 
Cancellation less 
severe than 
charmonium case due 
to running of 

IHEP Peking

pNRQCD,  
Large pT LHC data

TUM

PRD105, L111503  
(2022)PRD94, 014028 (2016) PRL112, 032001  

(2014)

Large pT LHC dataLarge pT  
LHC data
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Summary and outlook
• NRQCD description of J/𝜓, 𝜓(2S), 𝚼 production depends heavily on 

determination of three matrix elements corresponding to 3S1[8], 3PJ[8], 1S0[8].


• pNRQCD gives universality relations that reduce the number of 
independent matrix elements through universality of gluonic correlators.


• Polarization is still useful for testing matrix elements, but cannot strongly 
distinguish 3S1[8]+3PJ[8] dominance and 1S0[8] dominance.


• This degeneracy can be lifted from  
 - pNRQCD theory supports 3S1[8]+3PJ[8] dominance for all 3S1 quarkonia 
 - J/𝜓 and 𝜼c data also support 3S1[8]+3PJ[8] dominance for J/𝜓.


• On the other hand, large pT determinations are in conflict with low-pT 
observables. 3S1[8]+3PJ[8] dominance also prone to radiative corrections.


• J/𝜓+W/Z measurements and future experiments such as the EIC can 
provide useful tests of the quarkonium production mechanism.
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𝚼 matrix elements
• 𝚼(2S) matrix elements


• IHEP determination 
has poor description of 
P-wave feeddowns


• pNRQCD implies 
3S1[8]+3PJ[8] dominance 
also for 𝚼 states. 
Cancellation less 
severe than 
charmonium case due 
to running of 

IHEP Peking

pNRQCD,  
Large pT LHC data

TUM

PRD105, L111503  
(2022)PRD94, 014028 (2016) PRL112, 032001  

(2014)

Large pT LHC dataLarge pT  
LHC data
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𝚼 matrix elements
• 𝚼(1S) matrix elements


• IHEP determination 
has poor description of 
P-wave feeddowns


• pNRQCD implies 
3S1[8]+3PJ[8] dominance. 
Caveat : strongly 
coupled formalism 
may not be applicable 
for 𝚼(1S).

IHEP Peking

pNRQCD,  
Large pT LHC data

TUM

PRD105, L111503  
(2022)PRD94, 014028 (2016) PRL112, 032001  

(2014)

Large pT LHC dataLarge pT  
LHC data
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•          momentum distribution in jet have been measured 
by LHCb and CMS.  
 
 

• z = fraction of          transverse momentum in jet


• Measured distributions fall as z → 1.

    in Jet
LHCb, PRL118, 192001 (2017) 
CMS, PLB 825 (2021) 136842

9

nonprompt J/y signals. In contrast to the PYTHIA 8 simulation, where prompt J/y are produced
directly in the matrix element partonic scattering, the data show a relatively large degree of sur-
rounding jet activity, indicative of J/y production inside of parton showers. The z distribution
in data more closely resembles that of the nonprompt J/y PYTHIA 8 simulation, which con-
tains a larger jet-like component from fragmentation, as well as other products of the b-hadron
decay. The data confirm the trends observed in Ref. [8], but in a different rapidity range and
nucleon-nucleon center-of-mass energy.
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Figure 4: Normalized z distribution in pp collisions, compared to prompt and nonprompt J/y
in PYTHIA 8, at the generator level. Bars indicate statistical uncertainties, while systematic
uncertainties are depicted as boxes.

Figure 5 (left) shows the same z distribution in pp collisions, this time normalized as a differ-
ential cross section. The per-event yield of prompt J/y mesons in PbPb collisions is also shown.
In order to compare the two collision systems, the PbPb yields are scaled by the nuclear overlap
factor TAA. The PbPb data are also peaked at an intermediate value of z, indicating a sizable
amount of jet activity.

The PbPb data show a suppression level that is generally comparable to that observed for “in-
clusive” prompt J/y production, i.e., without an explicit jet requirement [13]. This is quantified
by the ratio of these two distributions, RAA, shown in Fig. 5 (right). The data show a slight
rising trend as a function of z, with a significance of around two standard deviations. Fig. 6
shows the RAA for two centrality selections, 0–20 and 20–90%. A larger degree of suppression
is suggested for the more central selection, as expected for final-state effects related to the QGP.
The rising trend with increasing z is somewhat more pronounced in central events.

In the largest z bin, where the J/y is produced with fewer associated particles, the suppression
is significantly reduced as compared to lower values of z, most importantly in the centrality-
integrated results. Such a reduction of suppression at large z has a natural interpretation in
terms of the jet quenching phenomenon. Lower values of z should be populated with jets with
a J/y produced late in the parton shower. Such a parton cascade is expected to have a large
degree of interaction with the QGP in the form of subsequent medium-induced emissions,
as compared to a jet with a small partonic multiplicity [47]. In this picture, the rising trend
observed for inclusive prompt J/y production would be explained by the same mechanism, as
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• The distribution has been studied in SCET (Fragmenting Jet 
Functions, FJF) and in gluon fragmentation improved PYTHIA 
(GFIP). 
 
 

• Data agrees better with theory when 3S1[8] and 3PJ[8] matrix 
elements have same signs.

    in Jet
Bain, Dai, Leibovich, Makris, Mehen, PRL119, 032002 (2017)

z z

Matrix elements from large pT hadroproduction Global fit

z
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• At LO in αs, the distribution is determined by the gluon 
fragmentation function. Fragmentation functions for  
          and           channels diverge as z → 1.

    in Jet

z

• Hence, contributions 
from          and  
channels must cancel 
to have decreasing 
distribution as z → 1.
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• Hadroproduction data 
from PHENIX at RHIC, 
CDF at Tevatron, 
ATLAS, CMS, ALICE 
and LHCb at LHC, 
(mostly at low pT)


• Photoproduction data 
from ZEUS and H1 at 
HERA, 


• DELPHI at LEP II, and 
Belle at KEKB.

Global Fit

41

Butenschoen and Kniehl,  
MPLA28, 1350027 (2013)
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Low-pT observables
• Color-octet matrix elements extracted from hadroproduction 

data at large pT lead to overestimation of photoproduction and 
Electromagnetic production data.

42

Butenschoen and Kniehl,  
MPLA28, 1350027 (2013)

Matrix elements from  
Gong, Wan, Wang, Zhang,  

PRL110, 042002 (2013) 
(IHEP)

Matrix elements from  
Chao, Ma, Shao, Wang, Zhang,  

PRL108, 242004 (2012) 
(Peking)
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