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Heavy quarkonium productiony q p

Perturbative
Short-distance coefficients
Series in

Nonerturbative
long-distance ME
Series in

Factorization :

Series in Series in 
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• can be justified in NRQCD, which is an effective field theory of QCD.



Two sources of heavy quarkoniumy q

Direct production
• production of a        pair in the parton process through QCD interactions,
which evolves into a heavy quarkonium.

i l d th f d d f hi h t t t b• includes the feed-down from higher resonance states. → cannot be 
distinguished. 
• prompt      . 

Production from B meson decay

p p

•
• includes weak interactions.
• can be identified by measuring the displacement between the primary• can be identified by measuring the displacement between the primary 
and the secondary vertices.

We consider only the prompt heavy quarkonium
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We consider only the prompt heavy quarkonium.



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
*



production at the Tevatronp

• (a) leading-order contributions in  
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• (b) some higher-order contributions through the fragmentaion
approximation.



Color-octet revolution

• In NRQCD, the         pair produced in a color-octet state. The pair can 
be evolved into a color-singlet quarkonium by emitting soft gluonsbe evolved into a color singlet quarkonium by emitting soft gluons.

• The color octet mechanism could resolve the long standing IR• The color-octet mechanism could resolve the long-standing IR 
divergence problems in the P-wave quarkonium decays.
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Color-octet         production at the Tevatronp

• (c) 1S 3P octet (d) 3S octet production• (c) 1S0, 3PJ octet, (d) 3S1 octet production. 

• can be explained by the t-channel gluon exchange or gluon 
fragmentation.
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• The color-octet matrix elements are fitted to the data.
ag e a o



production at the Tevatronp

Th lti l it li f th t i l t l t th

• Similar to the         production, but in this case,                and the color-
octet contributions are much suppressed.
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• The resulting velocity scalings of the matrix elements are close to the 
predictions in NRQCD. 



Success of the color-octet mechanism (?)( )

• The single         production at the Tevatron is a benchmark for the color-
octet matrix elementsoctet matrix elements.
• need to test the color-octet matrix elements for various processes.

• favor the color-octet mechanism.
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Polarization of        at the Tevatron Run I

• The color-octet dominance at large transverse momentum implies that 
the is produced with a highly transverse polarizationthe         is produced with a highly transverse polarization.

transverse

unpolarized

longitudinal

• agrees in the intermediate region.
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• disagrees at the high transverse momentum.



Polarization of        at the Tevatron Run II

• Prompt polarization does not show the trend to the transverse 
polarization.

• CDF Run II data do not agree with CDF Run I data as well as 
NRQCD predictions
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NRQCD predictions.



NLO corrections to the color-singlet contributionsg

• Large NLO corrections.
• Incomplete NNLO corrections.
• Improved in shape and size, but still less than data.

p

• Color-octet contributions should be suppressed, but are they 
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negligible?



production at the Tevatronp

ll t l• 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



Double quarkonium productionq p

• could not explain the data for the single quarkonium production rate 
and its polarization with only the color-singlet contributionsand its polarization with only the color singlet contributions.

• now the game for the production rate was moved to fill up the gap of 3 
or 4 factors which was of about order 2or 4 factors, which was of about order 2.

• the polarization should be moved to the unpolarized region.

• need to find the process in which the color-octet contributions are

• still room for the color-octet contributions.

need to find the process in which the color octet contributions are 
indeed dominant.

• Tevatron or LHC may open the double quarkonium production• Tevatron or LHC may open the double quarkonium production.

- color-octet mechanism, relativistic corrections.
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Double quarkonium productionq p

• need further test for the color-singlet and color-octet mechanisms in 
NRQCDNRQCD.

• originally predicted to test the color-octet mechanism at the Tevatron.

• recently extended to the LHC.

l i l 4 t f d ti

• and                        processes are forbidden in the 

• clean signals : 4 muon events for                               production.

p
color-singlet model, but allowed in the color-model.
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Double quarkonium productionq p

Color singlet

• dominates over                   . 
• 31 Feynman diagrams for              production.

Color octet

• gluon fragmentation approximation 
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Cross section for              production at the LHCp

Qiao,Sun,Sun(0903.0954)

a : color-octet (CO)
b : unpolarized color-singlet (CS)
c,d,e : polarizated color-singlet (CS)

CS
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CO



Cross section for double quarkonium production
• includes feed-down effects. Li,Zhang,Chao(‘09)

q p

CO

CS
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Double quarkonium productionq p

• Color-singlet contributions dominate at low PT.

• Color-octet contributions may dominate at high PT, but they might be 
much suppressed if the color-octet matrix elements are resized according 
to the recent worksto the recent works.

• We suggest  the                production at the hadron colliders.
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production at the hadron collidersp

Color octet

Gl f i i i b ffi i• Gluon fragmentation approximation may be efficient.

Color singletg
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• Color-singlet contributions are of order 



production at the hadron collidersp

• The cross section for the color-octet pair can be obtained by the gluon 
fragmentation approximationfragmentation approximation.

Preliminary

I l d th f d d ff t• Include the feed-down effects.

• Integrated luminosity : Tevatron ~ 4 fb-1, LHC ~ 100 fb-1.

• might be measurable at the Tevatron and LHC.
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• If we cannot observe these events at this level, we may conclude that 
the color-octet mechanism is overestimated.



Summaryy

• The production of a heavy quarkonium at the Tevatron cannot be 
explained by the color-singlet modelexplained by the color singlet model.

• The polarization problem of a heavy quarkonium at the Tevatron is still 
openopen.

• require reducing the theoretically errors and higher-order corrections to 
the feed down effects as well as the direct production of a heavythe feed-down effects as well as the direct production of a heavy 
quarkonium.

• require tests of NRQCD for various processes• require tests of NRQCD for various processes.

• Double quarkonium production at hadron colliders may provide another 
test ground for NRQCDtest ground for NRQCD.

• production may be used to test the color-octet mechanism, 
but the estimate based on the gluon fragmentation approximation may
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but the estimate based on the gluon fragmentation approximation  may 
be overestimated. Full QCD calculation for this process is begin carried 
out.  


