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To achieve a better understanding of the dynamics of the strong 
interaction
To gain detailed knowledge of the physics of confinement/
deconfinement
Improve the determination of the fundamental parameters of the 
Standard Model
Identify missing experimental information and theoretical 
questions 
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Physics Goals
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To garantuee an efficient communication between experimentalists 
and theorists within the broad quarkonium physics community
Jointly overcome “dispersion of the research in this field” and 
study the different approaches and techniques

3

Communicative Goals
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3 Meetings and 1 School
CERN, Nov 2002 (3 days)
Fermilab, Sept 2003 (3 days)
IHEP Beijing, Oct 2004 (3 days, preceeded by 1 week of school)
1 meeting/year over 2 years
Most of the report was written in spring 2004
Report published in dec 2004           hep-ph/0412158
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521 pages, 260 figures,
to appear as CERN Yellow Report
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Contributors: D. Z. Besson , D. Bettoni , A. Böhrer , S. Boogert , C.-H. Chang , P. Cooper ,

P. Crochet , S. Datta , C. Davies , A. Deandrea , R. Faustov , T. Ferguson , R. Galik , F. Harris ,

O. Iouchtchenko , O. Kaczmarek , F. Karsch , M. Kienzle , V. V. Kiselev , S. R. Klein , P. Kroll ,

A. Kronfeld , Y.-P. Kuang , V. Laporta , J. Lee , A. Leibovich , J. P. Ma , P. Mackenzie ,

L.Maiani , M. L.Mangano , A. Meyer , X. H. Mo , C. Morningstar , A. Nairz , J. Napolitano ,

S. Olsen , A. Penin , P. Petreczky , F. Piccinini , A. Pineda , A. D. Polosa , L. Ramello ,

R. Rapp , J. -M. Richard , V. Riquer , S. Ricciardi , E. Robutti , O. Schneider , E. Scomparin ,

J. Simone , T. Skwarnicki G. Stancari , I. W. Stewart , Yu. Sumino , T. Teubner , J. Tseng ,

R. Vogt , P. Wang , B. Yabsley , C. Z. Yuan , F. Zantow , Z. G. Zhao , A. Zieminski

HEP Division, Argonne National Laboratory, Argonne, Illinois, USA

Universitat de Barcelona, Barcelona, Catalonia, Spain
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Results Overview
Experiment:

Essentially all experiments
dedicated exps: BES, CLEO(-c), KEDR, BaBar, Belle, 
E835(ppbar)  
multipurpose: LEP, Tevatron, HERA, Fixed Target ...

Theory:
HQET, NRQCD, Lattice ...
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Production Chapter
Formalism for inclusive quarkonium production:                                                     
NRQCD, Color-singlet (CS), Color-evaporation (CEM)
Quarkonium production

at the Tevatron
at fixed target experiments
at HERA
at LEP
in e+e- at 10.6 GeV (Belle)
in B-Meson decays

Bc Production 
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Fig. 5.1: Differential cross sections for the production of direct (top), prompt (middle), and prompt from

decay of (bottom) at the Tevatron as a function of . The data points are CDF measurements from Run I [61, 62]. The

dotted curves are the CSM contributions. The solid curves are the NRQCD factorization fits, and the other curves are individual

color-octet contributions to the fits. From Ref. [64].
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Fig. 5.1: Differential cross sections for the production of direct (top), prompt (middle), and prompt from

decay of (bottom) at the Tevatron as a function of . The data points are CDF measurements from Run I [61, 62]. The

dotted curves are the CSM contributions. The solid curves are the NRQCD factorization fits, and the other curves are individual

color-octet contributions to the fits. From Ref. [64].
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Table 5.1: NRQCD production matrix elements for charmonium states obtained from the transverse momentum distributions

at the Tevatron [64]. The errors quoted are statistical only.

color-singlet-model (CSM) predictions are shown as dotted lines in Fig. 5.1. In the top two panels of

Fig. 5.1, the more steeply falling dotted lines are the predictions of the CSM at leading order in .

The other dotted lines in the top two panels of Fig. 5.1 are contributions of higher order in involving

gluon fragmentation. As can be seen in the top panel of Fig. 5.1, the gluon-fragmentation contribution

renders the shape of the CSM prediction for direct production roughly compatible with the CDF

data. However, the normalization is too small by more than an order of magnitude. There is a similar

discrepancy in the normalization for prompt production, as can be seen in the middle panel of

Fig. 5.1. In the case of production of prompt from decay of , which is shown in the bottom panel

of Fig. 5.1, the discrepancy is less dramatic, but the cross section is still under-predicted by the CSM. The

large discrepancies between the measurements and the CSM predictions for the production cross section

for S-wave charmonium states rules out the CSM as a credible model for quarkonium production.

According to the NRQCD factorization approach, the charmonium production cross section con-

tains not only the CSM terms, which are absolutely normalized, but also color-octet terms, whose nor-

malizations are determined by color-octet matrix elements. In the case of and production,

the most important color-octet matrix elements are , , and . At large

, the and cross sections are dominated by gluon fragmentation into color-octet charm

pairs [65], which falls as . The color-octet and channels are significant in the

region GeV, but fall as and become negligible at large . Because the

and short-distance cross sections have a similar dependence, the transverse momentum distribu-

tion is sensitive only to the linear combination defined in (5.8), with . As can be seen in the top

panel of Fig. 5.1, a good fit to the normalization and shape of the direct cross section can be obtained

by adjusting and . As is shown in the middle panel of Fig. 5.1, a similarly good fit to

the prompt cross section can be obtained by adjusting the corresponding parameters for .

In the case of production of the states, the most important color-octet matrix element is .

As can be seen in the bottom panel of Fig. 5.1, the fit to the cross section for production of prompt

from decay of can be improved by adjusting . Table 5.1 shows the values of the quarko-

nium matrix elements that are obtained in the fit of Ref. [64, 66]. The color-singlet matrix elements are

taken from the potential-model calculation of Refs. [67, 68]. The color-octet matrix elements have been

extracted from the CDF data [61, 62]. The CTEQ5L parton distribution functions [69] were used, with

renormalization and factorization scales and GeV. The Altarelli-Parisi

evolution has been included for the fragmentation contribution. See Ref. [66] for further

details. The extraction of the various color-octet matrix elements relies on the differences in their

dependences. Smaller experimental error bars could help to resolve the different dependences with

greater precision.

The normalization and the shape of the prompt charmonium cross section at the Tevatron can also

be described reasonably well by the color-evaporation model (CEM). The CEM parameters can be fixed
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J/ψ χcJ

ψ(2S) NRQCD (at LO)→ LDME

M.Krämer
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Tevatron

10Fig. 5.2: Differential cross sections for production of direct (top left), prompt from decays of (top right), and

prompt from decays of (bottom) at the Tevatron as a function of . The data points are the CDFmeasurements [61,62].

The dotted and solid curves are the CEM predictions at NLO with GeV , using the first and fourth charmonium

parameter sets in Table 5.8.

by fitting to the data from collisions and by using the measured branching fractions for charmonium

decays. The predictions of the CEM at next-to-leading order in (NLO) can be calculated using the

NLO parameter sets that are described in Section 3.3. The normalization of the predicted cross section

for prompt production is in reasonable agreement with the CDF data from Run I. The shape can be

brought into good agreement by adding smearing, with GeV . In Fig. 5.2, the resulting

CEM predictions are compared with the CDF charmonium data for production of direct , prompt

from decay of , and prompt from decay of . The predictions are all in good agreement

with the CDF data.

In the case of the -wave production matrix elements, the NRQCD velocity-scaling rules predict

that

(5.16)

where this estimate includes color factors that are associated with the expectation values of the NRQCD

operators, as advocated by Petrelli et al. [70]. As can be seen from Table 5.1, the extracted color-octet

matrix elements are roughly compatible with this estimate [ ]. However, a much more

stringent test of the theory is to check the universality of the extracted matrix elements in other processes.
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CEM calculations in NLO

R.Vogt

Good description of shape
       (kt smearing applied)

Also measured (CDF): 

Rχ =
σ(χc2)

σ(χc1)
= 1.04 ± 0.29 ± 0.12

Predicted:
CEM : 3/5 NRQCD : 0.9 ± 0.2

F.Maltoni
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Run-II data
differential inclusive J/ψ data down to pt = 0, huge statistics

M.Cacciari et al
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Fig. 5.7: Polarization variable α for prompt J/ψ (left) and for prompt ψ(2S) (right) at the Tevatron as a function of pT . The

data points are the CDF measurements from Run I [103]. In the left panel (prompt J/ψ), the band is the NRQCD factorization

prediction of Ref. [78], and the other curves are the values of α for individual components of the prompt J/ψ signal. In the

right panel (prompt ψ(2S)), the bands are various NRQCD factorization predictions [66, 78, 109].

the experimental statistics are not as good for the ψ(2S) as for J/ψ. Again, the expectation of increasing
polarization with increasing pT is not confirmed.

Because the polarization depends on ratios of matrix elements, some of the theoretical uncertain-

ties are reduced compared with those in the production cross section. The polarization is probably not

strongly affected by multiple gluon emission or K-factors. Uncertainties from contributions of higher-
order in αs could conceivably change the rates for the various spin states by a factor of two. Therefore,

it is important to carry out the NLO calculation, but that calculation is very difficult technically and

is computing intensive. Order-v2 corrections to parton fragmentation to quarkonium can be quite large.

Bodwin and Lee [110] have found that the v2 corrections to gluon fragmentation to J/ψ are about +70%
for the color-singlet channel and −50% for the color-octet channel. The color-singlet correction shifts α
down by about 10% at the largest pT . Since the color-octet matrix element is fit to Tevatron data, the v2

correction merely changes the size of the matrix element and has no immediate effect on the theoretical

prediction. An additional theoretical uncertainty comes from the presence of order-v2 spin-flip processes

in the evolution of the QQ̄ pair into the quarkonium. It could turn out that spin-flip contributions are

large, either because their velocity-scaling power laws happen to have large coefficients or because, as

has been suggested in Refs. [111–115], the velocity scaling rules themselves need to be modified. Then

spin-flip contributions could significantly dilute the J/ψ polarization. Nevertheless, it is is difficult to

see how there could not be substantial polarization in J/ψ or ψ(2S) production for pT > 4mc.
3

The CDF data forΥ polarization is shown in Fig. 5.8, along with the NRQCD factorization predic-

tion. Averaging over a range of pT , the CDF Collaboration finds α = −0.06 ± 0.20 for 1 GeV < pT <
20 GeV [119, 120], which is consistent with the NRQCD factorization prediction [118]. In compari-
son with the prediction for J/ψ polarization, the prediction for Υ polarization has smaller v-expansion
uncertainties. However, in the case of Υ production, the fragmentation mechanism does not dominate

until relatively large values of pT are reached, and, hence, the transverse polarization is predicted to be

small for pT below about 10 GeV. Unfortunately, the current Tevatron data sets run out of statistics in the

3It has been argued that re-scattering interactions between the intermediate charm-quark pair and a co-moving color field

could yield unpolarized quarkonium [116,117]. The theoretical analysis of these effects, however, relies on several simplifying

assumptions, and further work is needed to establish the existence of re-scattering corrections in charmonium hadroproduction

at large pT .
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Fig. 5.8: Polarization variable α for inclusive Υ(1S) production at the Tevatron as a function of pT . The data points are the

CDF measurements from Run I [102]. The theoretical band represents the NRQCD factorization prediction [118].

high-pT region.

2.4 Prospects for the Tevatron Run II

Run II at the Tevatron will provide a substantial increase in luminosity and will allow the collider exper-

iments to determine the J/ψ, ψ(2S) and χc cross sections more precisely and at larger values of pt. An

accurate measurement of the J/ψ and ψ(2S) polarization at large transverse momentum will be the most
crucial test of NRQCD factorization. In addition, improved data on the J/ψ and ψ(2S) cross sections
will help to reduce some of the ambiguities in extracting the color-octet matrix elements.

With increased statistics it might be possible to access other charmonium states such as the ηc(nS)
or the hc(nP ). Heavy-quark spin symmetry provides approximate relations between the nonperturbative
matrix elements that describe spin-singlet and spin-triplet states. The matrix elements for ηc(nS) are
related to those for ψ(nS), while the leading matrix elements for hc(nP ) can be obtained from those for
χc(nP ). [See Eqs. (5.2-5.7).] Within NRQCD, the rates for η(nS) and h(nP ) production can thus be
predicted unambiguously in terms of the nonperturbative matrix elements that describe the J/ψ, ψ(2S)
and χc production cross sections. A comparison of the various charmonium production rates would

therefore provide a stringent test of NRQCD factorization and the heavy-quark spin symmetry. The cross

sections for producing the ηc and the hc at Run II of the Tevatron are large [121,122], but the acceptances

and efficiencies for observing the decay modes on which one can trigger are, in general, small, and

detailed experimental studies are needed to quantify the prospects. Other charmonium processes that

have been studied in the literature include the production of D-wave states [123], J/ψ production in

association with photons [124, 125], and double gluon fragmentation to J/ψ pairs [126].

The larger statistics expected at Run II of the Tevatron will also allow the collider experiments to

improve the measurements of the bottomonium cross sections. As yet undiscovered states, such as the

ηb(1S), could be detected, for example, in the decay ηb→J/ψ + J/ψ [105] or in the decay ηb→D∗ +
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Firm NRQCD prediction:
Polarization of VM at large pt

dominated by gluon splitting→increase
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Fig. 5.15: The rate for inelastic photoproduction at HERA as a function of . The solid band represents the NLO

color-singlet contribution [64,165]. The dotted line is the LO color-singlet contribution. The data points are from the H1 [173]

and ZEUS [174] measurements.

and in the denominator are the sums of the energies and -components of the momenta of all the

hadrons in the final state.

The data points shown in Fig. 5.14 are not corrected for feeddown processes, such as diffrac-

tive and inelastic production of mesons ( ), the production of hadrons with subsequent

decays to mesons, or feeddown from the production of states. The latter two contributions are

estimated to contribute between 5% at medium and 30% at the lowest values of . The open band in

Fig. 5.14 represents the sum of the color-singlet and color-octet contributions, calculated in leading order

in QCD perturbation theory. The uncertainty is due to the uncertainty in the color-octet NRQCD matrix

elements. The NRQCD prediction deviates from the data near , owing to the large color-octet

contribution in that region. The shaded band shows the calculation of the color-singlet contribution to

next-to-leading order in [164, 165]. The NLO corrections increase the color-singlet contribution by

about a factor of two, so that it accounts for the data quite well without the inclusion of a color-octet

contribution.

Uncertainties in could lower the color-singlet contribution by about a factor of two, leaving

more room for color-octet contributions. In the experimental data, the cut GeV is employed.

One can question whether hard-scattering factorization is valid at such small values of . However,

the data differential in are compatible with color-singlet production alone at large (Fig. 5.15).

The next-to-leading-order QCD corrections are crucial in describing the shape of the transverse-

momentum distribution of the . The NLO color-singlet cross section includes processes such as

, which are dominated by -channel gluon exchange and scale as . At

their contribution is enhanced with respect to the leading-order cross section, which scales as

. The comparison with the experimental data in Fig. 5.15 confirms the importance of the

higher-order corrections.

At large , the emission of soft gluons in the conversion of the pairs to mesons is sup-

338

a)e e

p

J/ψ

X

b)e e

p

J/ψ

X

c)e e

p

J/ψ

X

Fig. 5.13: Generic Feynman diagrams for inelastic production. a,b) direct-photon processes; c) resolved-photon process.

In diagrams a) and c), the pair leading to the formation of the can be in a color-singlet or a color-octet state while in b)

it can only be in a color-octet state. Additional soft gluons emitted during the hadronization process are not shown.
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the H1 [173] and ZEUS [174] measurements.
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Fig. 5.18: Polarization parameters (left panels) and (right panels) in the target rest frame as functions of (top panels) and

(bottom panels). The error bars on the data points correspond to the total experimental error. The theoretical calculations

shown are from the NRQCD approach [167] (shaded bands) with color-octet and color-singlet contributions, while the curves

show the result from the color-singlet contribution separately.
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skipping electroproduction &
diffractive production channel...

pt -range at HERA: 
too low for gluon splitting

Results not conclusive yet:
→much more stats. needed
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Fig. 5.27: production rate in annihilation at GeV as a function of , the momentum in the CM

frame. The vertical axis is the number of events per 0.5 GeV . The data points are from (a) the Belle Collaboration [259]

and (b) the BaBar Collaboration [260]. The upper lines are the sum of the leading-order color-singlet contribution and the

color-octet contribution, which includes a resummation of logarithms of and a phenomenological shape function. The

lower lines are the leading-order color-singlet contribution alone. From Ref. [11].

5.2 production

The OPAL collaboration has measured the inclusive branching fraction for the decay of into

[252]. The NRQCD factorization prediction for is [253]. The

color-singlet-model prediction is [253–258]. The experimental result from OPAL [252] is

stat. sys. prod. mech. . This is compatible with the NRQCD factorization

prediction, but not with the color-singlet-model prediction.

6. Charmonium production in annihilations at 10.6 GeV

The factories have proved to be a rich source of data on charmonium production in annihila-

tion. The factories operate near the peak of the in order to maximize the production rate for

mesons, but about 75% of the events are continuum annihilation events. The enormous data sam-

ples that have been accumulated compensate for the relatively small cross sections for annihilation

into states that include charmonium.

6.1 production

The Belle and BaBar Collaborations have measured the inclusive cross section . The

Belle Collaboration obtains pb [259], while the BaBar Collaboration obtains

pb [260]. The leading-order parton process in the color-singlet model is ,

which is of order . The leading color-octet contributions in the NRQCD factorization approach

come from annihilation into , which is order , and into and , which

are order . The prediction for the cross section in the color-singlet model is

pb [261–264], while the NRQCD factorization prediction is pb [262–264]. There is

a discrepancy between the experiments, but the NRQCD factorization prediction seems to be favored.

The discrepancies between the two experiments in this and other measurements may be due partly to
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→test this shape function with HERA dataS.Fleming, A.K. Leibovich, T.Mehen  



Andreas B.Meyer, Hamburg University/DESY, Summary of QWG-Report  

HEAVY QUARKONIUM PHYSICS

Authors: QWG & Topic conveners: N. Brambilla , M. Krämer , R. Mussa , A. Vairo ;
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Fig. 5.28: Distribution of masses recoiling against the reconstructed in inclusive events at Belle [270].

The solid line is the best fit, including contributions from the , , and . The dotted line is a fit in which

additional contributions from the , , , and have been set at their largest possible values within the

90%-confidence-level limits.

factor of three [275, 276]. These predictions spurred a re-analysis of the Belle data [277]. The invariant

mass distribution of in is shown in Fig. 5.28. No significant signal

was observed. The upper limit on the cross section times the branching fraction into at least two charged

tracks [270] is fb, which is consistent with the prediction of Refs. [274,275].

6.2 Prospects at BaBar and Belle

The BaBar and Belle detectors are accumulating ever larger data samples of charmonium that is produced

directly in annihilation. The simplicity of the initial state makes the theoretical analysis of this

process particularly clean. These two factors make charmonium production in continuum annihi-

lation a particularly attractive process in which to compare theoretical predictions with experiment. The

experimental results that have already emerged from these detectors provide further motivation for un-

derstanding this process. There are significant discrepancies between previous measurements by BaBar

and Belle. There are also surprising results from Belle on double production that differ dramatically

from theoretical expectations. The resolution of these problems will inevitably lead to progress in our

understanding of charmonium production.

The surprising double- results from Belle include an inclusive measurement, the ratio

defined in Eq. (5.27), and exclusive double-charmonium cross sections, such as .

The discrepancies between theory and experiment in these measurements are among the largest in the

standard model. Theory and experiment differ by about an order of magnitude—a discrepancy which is

larger than any known QCD -factor. It is important to recognize that these discrepancies are problems

not just for NRQCD factorization, but for perturbative QCD in general. It is difficult to imagine how any

perturbative calculation of could give a value as large as 80%. With regard to the cross section

for , the perturbative QCD formalism for exclusive processes [273] gives a result that

reduces to that of NRQCD factorization [271, 272] in the nonrelativistic limit and is well-approximated

by it if one uses realistic light-cone wave functions for and .5 Clearly, it is very important to

have independent checks of the Belle inclusive and exclusive double- results. If the Belle results

are confirmed, then we would be forced to entertain some unorthodox possibilities: the inapplicability of

5The Belle result can be accommodated by using asymptotic light-cone wave functions that are appropriate for light hadrons

[278], but there is no justification for using such wave functions for charmonium.
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Production Summary
Tevatron: 

NRQCD (leading order) CO contributions to describe data
Polarization: stringent test of NRQCD --- large stats. will decide

HERA:
Color Singlet at NLO: good description w/o CO contributions
CS+CO at LO: also ok, large effects from resummation of gluons
Polarization: need more stats. at larger pt

Belle: 
similar resummation effects in p(J/ψ).
unexplained large fraction of

19

cc̄cc̄



Andreas B.Meyer, Hamburg University/DESY, Summary of QWG-Report  

HEAVY QUARKONIUM PHYSICS

Authors: QWG & Topic conveners: N. Brambilla , M. Krämer , R. Mussa , A. Vairo ;
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Future Opportunities (LHC):
Total charm cross section: 7.8mb (beauty: 0.5mb)

1fb-1 (= 1 week @ 2·1033cm-2s-1) → 7.8·1012   events
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Analysis @ LHC

ATLAS, CMS:
J/ψ cross section: ~5nb
J/ψ→μμ mass 
resolution: 40 MeV
Bc→ J/ψπ in 1 year:                              
5600 events
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Separation of prompt J/ψ and from B-decay

ATLAS

Measure cross sections, polarization for ψ(2S), χC  and ϒ 
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Conclusions
NRQCD:  How large are the LDME really?

Real test yet to be done at NLO
Awaiting large statistics polarisation measurements

Quarkonium Production: Mechanism still not resolved
A lot of experimental and theoretical work ahead
Will redo all measurements at LHC
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