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Motivation

• heavy quarkonium : a bound state of a heavy-quark-antiquark pair.

• almost nonrelativistic – has a hydrogenlike spectrum.

S-wave P-waveS wave        P wave   

2S+1LJ
1S0

3S1
1P1  

3PJ,(J=0,1,2)

charmonium ηc J/ψ hc χcJηc /ψ c χcJ

bottomonium ηb Υ           hb χbJ

c + anti-b       Bc Bc
*

c c

• probes perturbative and nonperturbative aspects of QCD.
• NRQCD has achieved great success  in decay and production of a 
quarkonium and double quarkonium production at B factories, etc.
• but there are still unresolved puzzles polarization of J/ψ at Tevatron
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• but there are still unresolved puzzles – polarization of J/ψ at Tevatron…

• natural to probe the double quarkonium production at hadron colliders.



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 by NRQCD, which is an effective field theory of QCD.



NRQCD matrix elements

• the probability to find a corresponding Fock state in the final state.

• nonperturbative, but calculable in lattice simulations in principle.
ff l t i ti- suffers large uncertainties.

• universal (process independent).
- holds up to corrections of v4 under  the vacuum saturation 

approximation.

• color-singlet MEs are determined from electromagnetic decays.

• How determine color-octet matrix elements?
- color-octet dominant process.

production at the Tevatron etc
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- production at the Tevatron, etc.



Double quarkonium productionq p

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

• the predictions for the polarization do not agree with data in the CSM.

• room for the color-octet contributions.

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

- double quarkonium production?q p

• Tevatron and LHC open the double quarkonium production 
channel.

• LHC will produce a huge number of heavy quarkonium.
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Double quarkonium productionq p

• already predicted to test the color-octet mechanism at the Tevatron.
BargerFleming Phillips(‘96)Barger,Fleming,Phillips( 96)

• Double quarkonium production in the color-singlet model at the Tevatron.

tl t d d t th LHC

Qiao(’02)- color-singlet  contribution dominates at pT < 4 GeV.

• recently extended to the LHC.

• clean signals : 4 muon events for production

Li,Zhang,Chao(PRD80,014020);Qiao,Sun,Sun(0903.0954)

• Previous works considered  only identical quarkonium pair production;           
l f t ti i ti f th CO t ib ti

clean signals : 4 muon events for                               production.

- use gluon fragmentation approximation for the CO contributions

• extend the double quarkonium production of different flavor.     
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q p
- calculate the CO contributions fully instead of gluon frag. approx.



Color-singlet modelg

• The leading precoesses are of order• The leading precoesses are of order      .

• Two subprocesses at this order are
dominant

• 31 Feynman diagrams

dominant

ignore
31 Feynman diagrams.

• The schematic form of the cross section is

•
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Cross section for              production at the LHC

a : color octet (CO)

Qiao,Sun,Sun(0903.0954)

p

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

lti li d b b hi

CO

CS
• multiplied by branching 
fractions for J/ψ decay into muon
pair.

• integrated cross section
• used the gluon fragmentation 
approximation.

CS
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Double quarkonium production (same flavor)q p ( )

• The color-singlet contribution is dominant at low pT.

- about 108 events for              production with                   and                  .

• The color-octet contribution may exceed the color-singlet one in the 
region pT > 6 GeV.

• Thus could be possible to test the color-octet mechanism by measuring

• but, the fragmentation approximation is valid only at large pT.

Thus could be possible to test the color octet mechanism by measuring 
the double quarkonium production events with high pT.

g y g T

• requires the comparison with the full calculation.

• need to resolve the scale uncertainties.
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Color-octet model (full calculation)( )

• various combinations of intermediate states are allowed.

W id l 3S (8) 3S (8) bi i b• We consider only 3S1
(8) + 3S1

(8) combination  because

- 1S0 and 3P0 color-octet matrix elements may be much suppressed.

• 68 Feynman diagrams.

- 3S1
(8) + 3S1

(8) combination will be dominant at large pT.
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gluon frag. vs. full calculationg g

for fragmentation processes
•

for  fragmentation processes,

for  nonfragmentation processes.
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• This choice violates gauge invariance with an error of 



production (full calculation)p ( )

for fragmentation processesfor  fragmentation processes

CO

CS

• The differential cross section varies by about a factor 6 at small pT and 
by about a factor 40 at large pT

13

by about a factor 40 at large pT.

• The CO contribution dominates over the CS contribution at pT>16 GeV.



Double quarkonium production (same flavor)q p ( )

CO
CS

CO
CS

• Production of identical quarknia can be tested at the LHC.

CS

• If we consider  the contributions from feeddowns of              and       ,  it 
seems that the color-octet mechanism may be testable at the LHC

H t l th l t i t f th l• However we must resolve the large uncertainty from the scale 
dependence.
• The CS contribution might contaminate the CO contribution.

14• We suggest  the                production at the LHC.

The CS contribution might contaminate the CO contribution.



Double quarkonium production (different flavor)q p ( )

Color octet

A i bi i f i di id

• The leading processes are of order      .

• Among various combinations of intermediate states, we consider

• 36 Feynman diagrams for the color-octet pair.

• 5 Feynman diagrams for the color-singlet + color-octet pair.
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Double quarkonium production (different flavor)q p ( )

Color singlet

• Tree-level color-singlet contribution accompanies at least two hard 
gluons.

- suppressed by at least about a factor of                   .
- extra hard jets in the final state. 

• The color singlet contribution at one loop level can appear via two• The color-singlet contribution at one-loop level can appear via two-
gluon exchange. The relative size of the CO contribution to this is
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Double quarkonium production (different flavor)q p ( )

• Thus we conclude that the color-singlet contribution is suppressed and 
l il di ti i h blalso easily distinguishable.

• The                production at the LHC will provide good tests for the color-
t t h i ith l b k d d ith t l i l toctet mechanism with less backgrounds and without color-singlet 

contamination.  

• If we cannot observe the events at the expected level it would imply• If we cannot observe the events at the expected level, it would imply 
that the current values of the color-octet matrix elements are 
overestimated. 
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productionp

for  fragmentation processes

• The differential cross section varies by about a factor 11 at small pT and 
by about a factor 14 at large pT
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by about a factor 14 at large pT.



Double quarkonium production (different flavor)q p ( )

• expects 2 pb ~ 29 pb at the LHC.

• Feeddown may enhance the cross section by an order of magnitude

• Production of different quarkonia can be observed at the LHC.

• Feeddown may enhance the cross section by an order of magnitude.
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Conclusions

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

• presented the first full calculation for the color-octet contribution to the

• production may be used to test the color-octet mechanism

presented the first full calculation for the color octet contribution to the 
double quarkonium production at the LHC.

production may be used to test the color-octet mechanism 
with less backgrounds and without color-singlet contamination. 

• If one cannot see the events at the expected level it would• If one cannot see the               events at the expected level, it would 
imply that the current color-octet matrix elements are overestimated.
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Backup slides
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Color-octet mechanism

• In NRQCD, the         pair can be produced in a color-octet state. The 
pair can evolve into a color-singlet quarkonium by emitting soft gluonspair can evolve 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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Summary of single quarkonium productiony g q p
at NLO Tevatron HERA B factories

s not enough not enough may explain
CS

a inconsistent 
at high PT

disagree

CO
s may be needed can explain unnecessary?

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

CO

a not completed consistent

• the CS contributions could not explain the data.
• room for the color-octet contributions?
• no conclusive constraints on the 3S1 color-octet matrix element.
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Color-octet model (previous works)(p )

fragmentation 

• The leading precoesses are of order

g
diagrams

• gluon fragmentation approximation.
- dominant process is two real gluon production, followed by the 

• The leading precoesses are of order      .

p g p , y
fragmentation of each gluon into a quarkonium in the 3S1 color-octet state.

• 4 Feynman diagrams.

• The schematic form of the cross section is
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Color-octet model (previous works)(p )

• easy to include contributions from feeddown of            and       .

• increases the cross section by about a factor 6 with the following 
choices for the matrix elements:
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Cross section for double quarkonium productionq p
Li,Zhang,Chao(PRD80,014020)

CO

CS

Color singlet
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production (full calculation)p ( )

for  fragmentation diagrams

• The choices for the scale yield a factor 4 difference at small pT.
• It becomes about a factor 6 at p =50 GeV
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• It becomes about a factor 6 at pT=50 GeV. 
• The CO contribution dominates over the CS contribution at pT>22 GeV.


