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?

But we still do not understand  
how the strong force binds quarks
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How can we study hadron formation?
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Quarkonia

Characterized by quantum numbers for spin S,  
 orbital angular momentum L and total angular momentum J 
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tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;
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Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
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Adapted from PRL 106, 022003 (2011)

Improved theory:  
Non Relativistic QCD  
(NRQCD)
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Unpolarized quarkonia 
measured at the LHC!
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known, but they have little effect on the polarizations of
the J=ψ’s that are produced in χcJ decays [53].
We show the polarization of J=ψ ’s from χcJ decays at

the LHC at
ffiffiffi
s

p
¼ 7 TeV in Fig. 19. In Fig. 20, we show

the polarization of prompt J=ψ ’s produced at the LHC
at

ffiffiffi
s

p
¼ 7 TeV, including feeddown from the ψð2SÞ and

the χcJ states. The prediction is in good agreement with
the CMS data [15]. Finally, in Fig. 21, we show the
polarization of prompt J=ψ’s produced at the Tevatron atffiffiffi
s

p
¼ 1.96TeV, including feeddown from the ψð2SÞ and

the χcJ states. The prediction is in good agreement with the
CDF Run I data [13], but disagrees with the CDF Run II
data [14]. (Although the CDF Run I data were taken atffiffiffi
s

p
¼ 1.8TeV, rather than at

ffiffiffi
s

p
¼ 1.96TeV, this energy

shift produces a negligible change in the polarization
prediction.) We note that the predicted polarizations are
almost the same for the LHC and the Tevatron, while the
CDF Run II polarization data lies significantly below the
CMS polarization data.
The fairly small polarizations that are seen in the

predictions for the prompt J=ψ ’s and ψð2SÞ’s are a
consequence of the dominance in the production rates of
the 1S½8%0 channel, which, of course, is completely unpo-
larized. This mechanism whereby small polarizations can
be obtained was noted previously in Refs. [4,25,50].

VII. SUMMARY AND DISCUSSION

In this paper, we have computed, in the NRQCD
factorization framework, leading-power (LP) fragmenta-
tion corrections to production of the charmonium states
J=ψ , χcJ, and ψð2SÞ in pp̄ collisions at the Tevatron and
in pp collisions at the LHC. Specifically, our calculation
makes use of parton production cross sections (PPCSs)
through order α3s (NLO) and fragmentation functions (FFs)
through order α2s. We have also used the DGLAP equation
to resum leading logarithms of p2

T=m
2
c to all orders in αs.

Our calculations take into account the effects of feeddown
from the ψð2SÞ and χcJ states on the prompt-J=ψ cross
sections and polarizations. Hence, the work in the present
paper is an extension and a refinement of the work in
Ref. [25], which also addressed LP corrections, but which
did not include computations of cross sections or polar-
izations for the ψð2SÞ or χcJ states or include the effects of
feeddown from those states. We find that the LP correc-
tions, beyond those that are contained in fixed-order
calculations through NLO in αs, are substantial—typically
of order 100% at large pT . Owing to a partial cancellation
between the LO and NLO contributions in the 3P½8%

J
channel, the LP corrections have a very significant effect
on the shape in that channel.
As was pointed out in Ref. [25], the all-orders resumma-

tions of logarithms of p2
T=m

2
c have only small effects on the

predictions for the cross sections and polarizations. Hence,
almost all of the large additional LP corrections that we find
arise from nonlogarithmic contributions of order α5s.

FIG. 19. Polarization of J=ψ from χcJ decays at the LHC
(

ffiffiffi
s

p
¼ 7 TeV).

FIG. 21. Polarization of prompt J=ψ ’s produced at the Tevatron
(

ffiffiffi
s

p
¼ 1.96TeV). The polarizations of J=ψ ’s produced in feed-

down from the ψð2SÞ and the χcJ states are shown with dashed
and dotted lines, respectively.

FIG. 20. Polarization of prompt J=ψ’s at the LHC
(

ffiffiffi
s

p
¼ 7 TeV). The polarizations of J=ψ ’s produced in feeddown

from the ψð2SÞ and the χcJ states are shown with dashed and
dotted lines, respectively.

FRAGMENTATION CONTRIBUTIONS TO … PHYSICAL REVIEW D 93, 034041 (2016)

034041-13

PRD 93 (2016) 034041 

Improved theory predictions
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So we know everything about quarkonia  
and their production?
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(P-wave) charmonium states
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Cross sections

JHEP 07 (2014) 154 
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What does NRQCD say about the polarization of  
P-wave charmonia?
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Adapted from EPJC 78 (2018) 268
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o production dynamics 
independent of 
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Figure 1: Mid-rapidity prompt quarkonium cross sections measured in pp collisions at
p

s = 7 TeV by ATLAS (red markers) [3–5] and CMS (blue markers) [6, 7],
as a function of pT/M. The curves represent a single empirical function, with shape parameters determined by a simultaneous fit to all data (of pT/M > 3) and
normalizations specific to each state (left panel) or adjusted to the J/ points (right panel) to directly illustrate the universality of the kinematic dependences.
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Figure 2: Mid-rapidity �c2/�c1 and �b2/�b1 prompt yield ratios, as well as
the fraction of the prompt J/ yield coming from �c decays, measured in pp
collisions by ATLAS [5] and CMS [9, 10], as a function of pT/M. The ar-
row indicates 5/3, the value predicted by heavy-quark spin-symmetry for the
�c2/�c1 and �b2/�b1 ratios in the hypothesis of pure colour-octet production.

sal production” scenario is a surprising experimental observa-
tion: in principle, conservation rules should make partonic pro-
duction cross sections di↵erent for states of di↵erent quantum
numbers. In the next section we discuss how the current models
of quarkonium production relate to this observation.

3. The not-so-simple theory patterns

Current studies of quarkonium production phenomenology
are based on NRQCD [1], a non-relativistic e↵ective field the-
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Figure 3: Polar anisotropy parameter �# measured by CMS in pp collisions atp
s = 7 TeV, for prompt J/ ,  (2S) and ⌥(1S) dilepton decays [16, 17]. For

improved clarity, values corresponding to two or three rapidity bins were av-
eraged, assuming uncorrelated systematic uncertainties, and the very uncertain
⌥(2S) and ⌥(3S) data are not shown.

ory whose pillar is the hypothesis of factorization of the long-
and short-distance parts of the production process. Under this
hypothesis, the inclusive prompt production cross section of a
quarkonium state H, after a collision of initial systems A and B,
can be written as a linear combination of SDCs (S) to produce
heavy quark-antiquark pairs (QQ) of di↵erent colours (singlet
or octet) and spin-angular momentum configurations:

�(A + B! H + X) =
X

S ,L,C

S(A + B! QQ[2S+1LC
J ] + X)

⇥L(QQ[2S+1LC
J ]! H) .

(1)

The coe�cientsL are the so-called long-distance matrix ele-
ments (LDMEs), representing the probabilities that the di↵erent

3

PLB 773 (2017) 476 
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EPJC 78 (2018) 268

Relative polarization measurement down to lowest possible 
transverse momentum
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