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First I will give a little introduction to the difficulties in quarkonium physics. Then I will introduce our NLO QCD results of J/psi polarization via S-wave color singlet and octet states.
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1. Introduction
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Next To Leading Order QCD Correctioins
are very large.

QCD,  Hadronization,  NRQCD,  Color-singlet, Color-Octet

C quark heavy,  clear signal to detect J/ψ





Recently NLO QCD corrections to J/ψ hadronproduction have
been calculated and the results show that the total cross section
is boosted by a factor of about 2 while the J/ψtransverse
momentum pt

 

distribution is enhanced more and more as pt
becomes larger.

J. Campbell, F. Maltoni and F. Tramontano, Phys. Rev. Lett. 98, 252002 (2007)

Real correction process                         was calculated . It gives
sizable contribution to pt

 

distribution of J/ψ at high pt

 

region,
and it alone gives almost unpolarized result.
P. Artoisenet, J. P. Lansberg and F. Maltoni, Phys. Lett. B653, 60 (2007).
C. F. Qiao and J. X. Wang, Phys. Rev. D69, 014015 (2004). 

ccJ/ψgg →

So how about the J/ψ polarization status 
when NLO QCD corrections are included?
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NLO QCD corrections to J/NLO QCD corrections to J/ψψ polarization via polarization via 
SS--wave color singlet statewave color singlet state

LO Cross Section
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−û  1

2 nf − 33
4

d̂V

dt  2ReMBMV∗

V   dx 1dx 2Ggx 1 , fGgx 2 , f̂V

MV is UV and Coulomb finite, but 
still contains the IR divergences:

VIRTUAL VIRTUAL 
CORRECTIONSCORRECTIONS

only light quarks 
are included in the 
renormalization of 
gluon field and 
QCD gauge 
coupling constant

129 diagrams in total
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The result of virtual correction can be written like this, where MV is the renormalized matrix element. 

the divergence can be expressed in this way, be factorized as a factor multiplying the LO matrix element.



REAL REAL 
CORRECTIONSCORRECTIONS

gp1  gp2 → J/p3  gp4  gp5 a
gp1  gp2 → J/p3  qp4  qp5 b
gp1  qp2 → J/p3  gp4  qp5 c

R  S  HC  HC

Soft: (a)
Final Collinear:
(a) and (b)
Initial Collinear:
(a) and (c)

TwoTwo--cutoff phase space slicing cutoff phase space slicing 
method is appliedmethod is applied

B. W. Harris and J. F. Owens, Phys. Rev. D65, 
094032 (2002).
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singularities in soft and hard collinear regions can also be factorized into LO result multiplying a factor. 



SOFTSOFT
Soft singularities caused by emitting soft gluons from 
the charm quark-antiquark pair in the s-wave color 
singlet J/J/ψψ are canceled with each other. Only the 
process (a) where there could be a soft gluon emitted 
from the external gluons contains soft singularities.
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Hard Hard 
CollinearCollinear
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A1
g→gg  311/6  2 ln s′ 
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Final

Initial



HC   ̂HCgg → J/  gg  ∑
qu,d,s

̂HCgg → J/  qq dx 1dx 2Ggx1 , fGgx 2 , f

  ∑
u,d,s,u,d,s

̂HCg → J/  gGgx 1 , fGx 2 , f  x 1 ↔ x 2dx 1dx 2

R  add
HC  HC   ̂S  ̂f

HC  ̂ i
HC Ggx 1 , fGgx 2 , fdx 1dx 2

Hard Noncollinear

REAL
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S  0
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Cross Section at NLO

Finite
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All IR singularities are canceled.
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is applied to obtain 
transverse momentum distribution
dx 2dt → Jdptdy

polarization parameterαis defined as:

t
σ

t
σ

t
σ

t
σ

pα
LT

LT

t

d
d2d

d
d

d2d
d

)(
+

−
=

α=＋1:fully transverse polarization 
α=－1:fully longitudinal polarization 

are differential 
cross section of transverse 
polarization and longitudinal 
one respectively

t/σt/σ LT dd ,dd
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epsilon are polarization vector of j/psi
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The NLO QCD corrections
boost the total cross section
by a factor of about 2
The scale dependence at
NLO is not improved

Total cross section of J/ψ production as function of the 
renormalization scale μr

 

and factorization scale μf
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jpsi+ccbar is include，which is less than 10% of the total result at NLO in the whole region of μ



included is  fromon contributi :NLO ccJ/ψ ++

Upper: LHC
Lower: Tevatron

contribution of NLO 
correction becomes 
larger as pt increases

22)2( tcfr pmμμ +==

Transverse momentum distribution of J/ψproduction

Tevatron

LHC

2-3 order larger in 
magnitude at pt

 

=50 GeV



J/ψ polarization status drastically changes from transverse polarization 
dominant at LO into longitudinal polarization dominant at NLO

This work is published in  Phys. Rev. Lett. 100, 232001 (2008), 
arXiv:0802.3727.

Transverse momentum distribution of J/ψpolarization parameter α



mc ↔ mb

MJ/ ↔ M

Rs0J/ ↔ Rs0

nf  3 ↔ nf  4

included is  fromon contributi :NLO bbΥ ++

Upper: LHC
Lower: Tevatron
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Transverse momentum distribution of Υ production



Polarization also changes greatly with NLO QCD corrections included

This work was presented in arXiv:0805.2469, is published in  
Physical  Review D (long article with more details).

Transverse momentum distribution of the polarization parameterα



The J/ψ polarization is dramatically changed 
from transverse polarization dominant at LO into 
longitudinal polarization dominant at NLO. Even 
though our results are in a more longitudinal 
polarization state than the recent experimental 
result at Tevatron, it raises a hope to solve the 
large discrepancy between theoretical prediction 
and experimental measurement on J/ψ

 polarization.
Next important step is to calculate the NLO 
corrections to J/ψ hadronproduction via color 
octet state.

Summary for color singletSummary for color singlet



gg → J/ 1S0
8, 3S1

8 gg, gg → J/ 1S0
8, 3S1

8 qq,

gq → J/ 1S0
8, 3S1

8 gq, qq → J/ 1S0
8, 3S1

8 gg,

qq → J/ 1S0
8, 3S1

8 qq, qq → J/ 1S0
8, 3S1

8 q′q′,

qq → J/ 1S0
8, 3S1

8 qq, qq′ → J/ 1S0
8, 3S1

8 qq′,

gp1  gp2 → J/ 1S0
8, 3S1

8 p3  gp4,

gp1  qp2 → J/ 1S0
8, 3S1

8 p3  qp4,

qp1  qp2 → J/ 1S0
8, 3S1

8 p3  gp4.

Real Correction  (8 processes at NLO)

At  NLO
(267, 413)

(49, 111)

(49, 111)

NLO QCD corrections to J/NLO QCD corrections to J/ψψ production production 
via Svia S--wave color octet stateswave color octet states

3 tree processes at  LO
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The renormalization 
constant of light quark 
field is also needed in 
color-octet case.

The renormalization constants



The NLO QCD corrections 
don’t change the total cross 
section very much.

Total cross section of J/ψproduction as function of 
the renormalization and factorization scale via S-wave 

color octet states 

Upper curves: LHC
Lower curves: Tevatron

Tevatron LHC
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jpsi+ccbar is not included



Upper: LHC
Lower: Tevatron

Only slight change appears 
when the NLO QCD 
corrections are included.

Transverse momentum distribution of J/ψproduction 
via S-wave color octet states
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Transverse momentum distribution of prompt J/ψproduction
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Our fitted matrix elements:

Experimental data with pt <6 GeV
has been abandoned
Feed down fromψ’ has been 
included by multiplying a factor of 
B ′ → J/  X  〈On

′ /〈On


Notes in fitting

Contribution via P-wave has not
been included

Prediction for LHC
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It is also worth noticing that the feed-down from ψ′[³P_{J}⁽⁸⁾] and χ_{cJ} are not considered in our fitting since at NLO they cannot be properly calculated yet and it should be treated as an approximation.



Transverse momentum distribution of polarization 
parameterαfor  prompt J/ψ

Upper: Tevatron
Lower: LHC

Dash and solid lines are
LO and NLO results for
J/psi polarization via
color octet state 3S1 . It
has changed little when
NLO QCD corrections
are included.
1S0 gives contribution to
α=0.
Obvious gap is shown
between our prediction
and experimental data
at Tevatron.

This work was presented in 
arXiv:0805.4751,.
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jpsi+ccbar is not included for color octet.



Comparing the theoretical results calculated up to NLO with 
the experimental measurements at Tevatron, obvious gap is 
shown, even though both color singlet and octet are included.
NLO corrections to J/ψ production via P-wave color octet 
state 3PJ

 

and J/ψ production by feed-down from χcJ

 

haven’t 
been calculated yet.
If we assume that the NLO QCD corrections to the two P- 
wave states are just as those for the S-wave color octet states, 
it is reasonable for us to reach the conclusion that the large 
discrepancy of J/ψ polarization between theoretical prediction 
and the experimental measurement cannot be solved by just 
including NLO corrections within NRQCD framework and 
new solutions should be considered.

Conclusion and SummaryConclusion and Summary



ggJ/ψee +→−+

Experimental  Data:

LO NRQCD Prediction:
ccJ/ψee +→−+

ggJ/ψee +→−+

g)S,P(J/ψee J
)( +→−+

0
138

0.07 - 0.20 pb

0.15 - 0.3 pb

0.3 - 0.8 pb

XccJ/ψee ++→−+

BABAR : 2. 54  0. 21  0. 21 pb
Belle : 1. 45  0. 10  0. 13 pb

CLEO : 1. 9  0. 20 pb
XJ/ψee +→−+

Belle : 0. 87−0.19
0.21  0. 17 pb

ee− → J/  Xnon cc̄ ≃ 0. 6 pb



2. Calculation and results for                          at NLO 

(a) (b)

(c1) (c2)

(d1) (d2) (d3) (d4)

(d5) (d6) (d7) (d8)

ggJee Ψ→−+ /

gqqJee

gggJee

ggJee

+Ψ→

+Ψ→

+Ψ→

−+

−+

−+

/

/

/ LO (a) , 6;    NLO (d1—d8), 111

Real (c1,c2),  36

Real (b),  6

Dimensional regularization has been adopted for isolating
the ultraviolet (UV) and infrared (IR) singularities. Coulomb 
Singularity is isolated by  v and mapped into the cc wave function.
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− E  ln 4r
2

mc
2  4

3 ,

Z2
OS  −CF

s
4

1
UV

 2
IR

− 3E  3 ln 4r
2

mc
2  4 ,
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− 1
IR
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Z3
OS  s

4 0 − 2CA 1
UV

− 1
IR

,

Zg
MS  − 0

2
s
4

1
UV

− E  ln4 ,

Renormalization Scheme:

  ŝŝ − 1 . Rs0 is extracted from the
Leptonic decay width at 
NLO formulation.



dS  d0 s
2

Γ1 − 
Γ1 − 2

42

s
 A2

S

2 
A1

S

  A0
S ,

A2
S  6, A1

S  −12 ln s − 6 lnsin2 g
2 ,

A0
S  A1

S2

12  6Li2cos2 g
2 ,

The two-cutoff phase space slicing method is adopted 
by introducing two small cutoffs           .cs δδ ,

R  S  HC  HC

s
j  s/1 − p3  pj2/sWhere

dHC  d0 s
2

Γ1 − 
Γ1 − 2

42

s
 A1

HC

  A0
HC ,

A1
HC  11  6 ln s

4  6 ln s
5 − 2

3 nlf,

A0
HC  67

3 − 10
9 nlf − 22 − 3 ln2s

4 − 3 ln2s
5 − ln cA1

HC,

For Soft region:

For Hard Collinear region:



1  0 1  s
 aŝ  0 ln 

2mc

1.41.4 0.2670.267 0.3410.341 0.4090.409 1.201.20 2.352.35

1.51.5 0.2590.259 0.3080.308 0.3730.373 1.211.21 2.572.57

1.61.6 0.2520.252 0.2790.279 0.3440.344 1.231.23 2.892.89

)2( cs mα(GeV)cm (pb) )0(σ (pb) (1)σ )0()1( /σσ=K )ˆ(sa

232 )2(ˆ , 2GeV, 51 ,GeV 944.0)0( cccs ms/smμ.mR ====

:for  NLOat section  cross  totalThe ggJ/ψee +→−+

pbpbpb 6.057.0373.027.1)45.0294.0( →−≈×−−

Feed-down'Ψ Indicate by the experiment)(2.1)/(7.1 00 factorKRR LONLO −×



Cross section as function of the renormalization scale 
and center-of-mass energy. 

GeV610  .s =

The scale 
dependence of cross 
section has been 
improved at NLO.

The K factor does 
not change very 
much as center-of- 
mass energy 
increases.

2 /sμ =

GeVu 7.1,0)(
≈=

∂
∂ μ

μ
σ



Differential cross section as function of the momentum 
of J/ψ and the angle between J/ψ and the beam.

The differential cross 
section decreases 
faster near right  
bound.

The angular 
distribution changes 
slightly except a 
factor of about 1.2. 
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σσ
σσα
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LT

LT

+=

+
−

=

Polarization and angular distribution parameters as 
function of the momentum of J/ψ

Both the polarization 
factor and the angular 
distribution coefficient do 
not change very much at 
NLO.



Summary and Conclusion

• The J/ψ polarization is dramatically changed from transverse 
polarization dominant at LO into longitudinal polarization dominant
at NLO.

• Comparing the theoretical results calculated up to NLO with the 
experimental measurements at Tevatron, obvious gap is shown, 
even though both color singlet and octet are included.

• the large discrepancy of J/ψ polarization between theoretical prediction 
and the experimental measurement cannot be solved by just including 
NLO corrections within NRQCD framework and new solutions should 
be considered.

• The convergence for the NLO QCD correction to  
is very good, and to compare the polarization and momentum 
disturbution with experimental results should be a good test for 
QCD predictions

ggJee +Ψ→−+ /



Introduction to FDC Loop



Feynman Diagram Calculation(FDC). 
This first version of FDC was presented  at AIHENP93 
workshp,1993.

FDC Homepage:：
http://www.ihep.ac.cn/lunwen/wjx/public_html/index.html

FDC-LOOP
FDC-PWA 
FDC-EMT Written in REDUCE,

RLISP,C++.
To generate Fortran

FDC-SM-and-Many-Extensions 
FDC-NRQCD
FDC-MSSM

Event Generator

Brief Introduction to FDC package

http://www.ihep.ac.cn/lunwen/wjx/public_html


Thanks！



Examine the color-octet mechanism:
The NRQCD matrix elements are determined by fitting 
the data at Tevatron. Will the data at LHC support it, or 
not? It’s interesting to know.
More suitable for comparing with theory:
There will be more events at LHC than that at Tevatron 
in the regions with large transverse momentum where 
perturbative QCD are more effective. 
Meanwhile, there also will be more events on Υ

 production at LHC, which has larger scale than J/ψ
 production .

What can we do with LHC?What can we do with LHC?
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