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Heavy quarkonium productiony q p

Perturbative
Short-distance coefficients
Series in α

Nonerturbative
long-distance ME
Series in v

Factorization :

Series in αs Series in v
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Heavy quarkonium decayy q y

• Early stage calculation of P-wave heavy 
quarkonium decay was plagued with IR divergencequarkonium decay was plagued with IR divergence.

• It has been resolved by the color-octet mechanism y
of NRQCD factorization approach. 

• Inclusive charm production in decays:• Inclusive charm production in       decays:
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Exclusive vs. Inclusive 
Exclusive Inclusive

Incident beam lepton lepton hadronIncident beam lepton lepton, hadron

Color-singlet dominant may be (sub)dominant

Color-octet suppressed may be (sub)dominant

QCD corrections substantial substantial

Relativistic corrections large* not so large**

F d d dFeed-down - moderate

• Color-octet mechanism should be proved in the inclusive mode but

• Exclusive production of heavy quarkonium provides a unique chance 
to investigate effects of relativistic corrections.
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• Color-octet mechanism should be proved in the inclusive mode, but 
compete with effects from the color-singlet contributions as well as 
from the feed-down.



Feed down 

S-wave        P-wave   …

2S+1LJ
1S0

3S1
1P1

3PJ (J 0 1 2)LJ S0 S1 P1  PJ,(J=0,1,2)

charmonium ηc J/ψ hc χcJ

bottomonium ηb Υ          hb χbJ
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bottomonium ηb Υ          hb χbJ

c + anti-b        Bc Bc
*



Color singlet vs. Color octet

color singlet color octet
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Exclusive production
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Relativistic corrections to S-wave quarkoniumq

• parameterized by ratios of matrix elements ofparameterized by ratios of matrix elements of 
higher orders in v to the leading-order one. 

• Gremm Kapustin relation• Gremm-Kapustin relation Gremm,Kapustin,PLB407,323(1997)

:binding energy

• large uncertainty in the charm quark mass• large uncertainty in the charm quark mass
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- even the sign is unknown.



Relativistic corrections

• can be determined in the potential model.

• generalized Gremm-Kapustin relation
Bodwin,Kang,Lee,PRD74,014014(2006)

• the short-distance coefficients can be resummed.

• S-wave color-singlet NRQCD matrix elements are 
d t i d b th l t ti d idth ddetermined by the electromagnetic decay width and 
the potential model method. Bodwin,Chung,Kang,Lee,Yu,PRD77,094017(2008)
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(fb)

• NRQCD at LO in αs and v predicts a smaller value 
by an order of magnitudeby an order of magnitude.

• The long-standing puzzle was resolved by the 
large QCD corrections and relativistic corrections.
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• QCD diagram • QED fragmentation diagram

• QED contributions increase the cross section by 
about 19%.
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• K factor from QCD corrections is 1.96.

• Relativistic corrections can come from
40%

72%

Zhang,Gao,Chao,PRL96,092001(2006); Gong,Wang,PRD77,054028(2008)

- direct corrections to the short-distance process.
- indirect corrections through the NRQCD ME. 

direct indirect

40%

Bodwin Lee Yu PRD77 094018(2008)

• A class of relativistic corrections are resummed.
- resummation effects are about 12%

direct indirectBodwin,Lee,Yu,PRD77,094018(2008)

• A few refinements:
VMD is used to calculate the photon fragmentation diagrams

resummation effects are about 12%.

- VMD is used to calculate the photon fragmentation diagrams.
- Running of EM coupling
- interference between the relativistic corrections and NLO corrections 

i
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in αs.



Total cross section = 17 6 fb

Belle 25.6≤4.4 fb
BABAR 17 6≤3 5 fb

5 4 fb

Total cross section = 17.6 fb BABAR 17.6≤3.5 fb

5.4 fb

1.0 fb

LO

QED

2.9 fb

6 9 fb

Rel. Corr.

QCD C 6.9 fb

1.4 fb

QCD Corr.

Interference

• It seems fair to say that the discrepancy between

Bodwin,Lee,Yu,PRD77,094018(2008)
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It seems fair to say that the discrepancy between 
theory and experiments has been resolved. 



• Two-photon exchange due to C parity 
ti

• photon fragmentation diagram • nonfragmentation diagram

conservation.

• may be comparable to                        .

15



• originally suggested to resolve the
lpuzzle.  Bodwin,Lee,Braaten,PRL90,162001(2003)

• No evidence at Belle.
Belle,PRD70,071102(2004)

• disfavored by the angular distribution analysis of
16

disfavored by the angular distribution analysis of
• events at Belle.



• use a VMD (vector-meson-dominance) model for 
th h t f t ti dithe photon fragmentation diagram.

• The predictions are below the upper bounds at 
Belle. Bodwin,Braaten,Lee,Yu,PRD74,074014(2006)
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• Recently, the NLO corrections to  
l l t dwere calculated. Gong,WangPRL100,181803(2008)

i i i h h i l l i ?• inconsistent with the previous calculation?
• need to include relativistic corrections. (in 
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(
progress)



• C=+1 quarkonium : 

• test ground for production of the color-singlet 
h k iheavy quarkonium.
• test for the convergence of velocity expansion g y p
for the           decay into two photons. 
• QCD corrections and relativistic corrections are
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QCD corrections and relativistic corrections are 
not available yet.



hard

Chung,Lee,Yu,PR78,074022(2008)
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Inclusive production
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Color-octet contribution to J/ψ productionψ p
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Polarization of J/y at Tevatron Run Iy

• agree in intermediate pT.agree in intermediate pT.
• disagree in the hightest pT bin.
• error bars are large
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• error bars are large.



Polarization of J/y at Tevatron Run IIy

• Prompt polarization does not show the trend to the 
t l i titransverse polarization.
• CDF Run II data disagree with both CDF Run I 

d NRQCD
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and NRQCD.



NLO corrections to color-singlet contributiong

• NLO corrections : virtual (129 diags.) + real.
• Fragmentation approximation disregarded (direct calculation)• Fragmentation approximation disregarded. (direct calculation)

• Incomplete NNLO corrections.

• Improved in shape and size but smaller than data
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• Improved in shape and size, but smaller than data.
→ still needs …. F.Maltoni, QWG’07



y£ production 

ll t l

y p

• a small gap at large p T.

• Polarization is not 
explained by NNLO 
corrections.

• feed-down, color octet?
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,
Lansberg, QWG’08



production in ep collisions
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J/y production in ep collisionsy p p
Color singlet Color octet

NLO corrections
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NLO corrections in the CS model
• the NLO corrections in CS model explain the data?

• choose a more natural choice of the scale:• choose a more natural choice of the scale:
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P.Artoisenet, QWG’08



Polarization
P.Artoisenet, QWG’08

• the cross sections differential in z and PT underestimate the data
• the longitudinal polarization at large PT is not seen in the data
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the longitudinal polarization at large PT is not seen in the data



production in         collisions
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Polarization

BELLE,0901.2775

• NLO corrections in αs in CSM were completed.

,

Ma.,Zhang,Chao(‘08);Gong,Wang(‘09)
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the color-octet contributions?
at NLO

s not enough not enough may explain
CS

a inconsistent 
at high PT

disagree

CO
s may be needed may be needed unnecessary?

th CS t ib ti ld t l i th d t

CO

a not completed not yet

• the CS contributions could not explain the data.
• room for the color-octet contributions?
Need to find the process in which the CO mechanism is indeed
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Need to find the process in which the CO mechanism is indeed 
dominant.



double quarkonium production at the LHC
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Motivations for double Motivations for double quarkoniumquarkonium productionproduction

• need further tests for the CS and CO mechanisms 
in NRQCD.
• predicted to test the color-octet mechanism at the 
Tevatron BragerFleming Phillips(‘96);Qiao(’02)Tevatron. 
• recently extended to the LHC.

Brager,Fleming,Phillips( 96);Qiao( 02)

Li Zh Ch (0903 2250) Qi S S (0903 0954)
• clean signals.

4 ’s events for production

Li,Zhang,Chao(0903.2250);Qiao,Sun,Sun(0903.0954)

4    s events for                              production.
• and                are forbidden in the 
CS d l b ll d i h CO d lCS model, but allowed in the CO model.
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Color singletg

• dominates over                        .

• 31 Feynman diagrams for and production31 Feynman diagrams for               and                       production.

• 39 Feynman diagrams for            production.
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Color octet

• gluon fragmentation to an color-octet pair dominates.gluon fragmentation to an color octet       pair  dominates.   

• gluon fragmentation function is
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Cross section

Qiao,Sun,Sun(0903.0954)

a : color-octet
b : unpolarized (CS)
c,d,e : polarizated (CS)
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production at the LHC
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gluon fragmentationg g

• gluon fragmentation into a heavy quarkonium may be dominant.
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color singletg

• the color-singlet yield appears at as
6 order.

• QED contributions are suppressed.
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- further suppression factor from PDF.



cross section

• in the gluon fragmentation approximation

• this mode could be observed soon at the LHC.

• if we could not observe, then the color-octet mechanism should be 
d
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suppressed. 



color octet

• the gluon fragmentation approximation is a bad approximation.

• the full calculation is being carried out. (36 diagrams)

• are these diagrams really suppressed?
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Summaryy

• Heavy quarkonium production provides a test for the color-singlet and

• Exclusive production of heavy quarkonium : relativistic corrections

Heavy quarkonium production provides a test for the color singlet and 
color-octet mechanism.

p y q

• Inclusive production of heavy quarkonium : color-octet mechanism
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