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theore0cal	  status	  
•  CSM(see	  e.g.	  M.B.Einhor	  et	  al.	  (1975)):	  the	  heavy	  quark	  pair	  is	  

produced	  in	  color-‐singlet	  states	  at	  short	  distance.	  P-‐wave	  is	  
infrared-‐unsafe	  and	  incapable	  of	  interpre0ng	  heavy	  quarkonia	  
produc0on	  in	  high-‐pT	  region.	  

•  CEM(see	  e.g.	  H.Fritzsch	  et	  al.	  (1977)):	  under	  the	  assump0on	  
of	  quark-‐hadron	  duality,	  the	  charm	  quark	  pair	  with	  its	  
invariant	  mass	  between	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  	  evolves	  into	  
charmonium.	  The	  fixed	  ra0o	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  predicted	  by	  it	  is	  
in	  contradic0on	  with	  experimental	  measurements.	  

•  NRQCD	  (see	  e.g.	  G.T.Bodwin	  et	  al.	  (1995)):	  in	  addi0on	  to	  the	  
color-‐singlet	  intermediate	  states,	  there	  are	  also	  color-‐octet	  
intermediate	  states	  produced	  at	  short	  distance.	  The	  infrared-‐
divergences	  in	  the	  color-‐singlet	  P-‐wave	  are	  cancelled	  by	  the	  
CO	  S-‐wave	  long	  distance	  matrix	  elements.	  
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Ø  QCD factorization: 
 

Ø  NRQCD factorization G.	  Bodwin	  et	  al.	  
(1995): 
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Ø  The	  short	  distance	  parton	  level	  cross	  sec0on	  is	  perturba0ve	  and	  process-‐
dependent.	  

Ø  The	  parton	  distribu0on	  func0ons	  and	  long	  distance	  matrix	  elements	  	  	  	  	  	  	  	  	  	  	  	  	  	  are	  
non-‐perturba0ve	  but	  universal.	  

Ø  The	  long	  distance	  matrix	  elements	  are	  matrix	  elements	  of	  four-‐fermion	  
operators	  in	  NRQCD:	  

Ø  The	  long	  distance	  matrix	  elements	  are	  scaled	  by	  	  	  	  :	  

nO< >
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X

O H X H Xχ κ ψ ψ κ χ〈 〉 = 〈 + 〉〈 + 〉∑
v 2 20.23, 0.08c bv v≈ ≈

factoriza0on	  



Challenges in P-wave ! 

Fock	  state	  

Color-‐Octet	  LDME(s)	  
should	  be	  determined	  
from	  experimental	  
input.	  



J/ψ(ψ(2S))	  polariza0on	  “anomaly” 
Ø  Although	  it	  seems	  to	  successfully	  explain	  the	  differen0al	  cross	  sec0ons,	  CO	  

encounters	  difficul0es	  when	  the	  polariza0on	  is	  also	  taken	  into	  considera0on.	  
Ø  Dominated	  by	  gluon	  fragmenta0on	  to	  3S1[8]	  at	  large	  pT,	  LO	  NRQCD	  predicts	  a	  sizable	  

transverse	  polariza0on,	  while	  the	  measurement	  gives	  almost	  unpolarized.	  
Ø  In	  gluon	  fragmenta0on,	  the	  spin-‐flip	  interac0on	  is	  suppressed	  by	  	  	  	  	  (Cho,	  Wise	  

(1994)),	  and	  it	  is	  verified	  in	  a	  lahce	  calcula0on	  of	  decay	  matrix	  elements(Bodwin,	  
et	  al.	  (2005)).	  	   

A.	  Abulencia	  et	  al.	  (2007) 



J.M.Campbell	  et	  al.	  (2007) 

Ø  The	  NLO	  color-‐singlet	  differen0al	  cross	  sec0on	  is	  enhanced	  by	  2	  
order	  rela0ve	  to	  LO	  3S1[1]	  result	  at	  high	  pT.	  

Ø  On	  the	  other	  hand,	  the	  QCD	  correc0ons	  to	  	  	  	  	  	  	  	  	  channel	  is	  small. 

B.Gong	  et	  al.	  (2009) 
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NLO color-singlet 
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Polariza0on	  observables	  I	  D
irection of decay product 

Rest frame of mother particle 
Z 

X	  
Y 

θ	  

ϕ	  

1.	  J/Ψ	  (J=1)	  >	  l+	  l-‐:	  

dN
d cosϑ

∝1+ λkϑ cos
2kϑ

k=1

J

∑

2-‐body	  decay	  of	  spin-‐J	  part.	  	  
	  
	  
	  
	  
	  

λϑ =
N −3dσ 00

dpT
N + dσ 00
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dσ11
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+
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2.χc1	  (J=1)	  >	  J/Ψ	  γ:	  
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E1,	  M2,	  E3	  

3.	  χc2	  (J=2)	  >	  J/Ψ	  γ:	  
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Polariza0on	  observables	  II	  
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χcJ	  >	  J/ψ	  γ	  >	  l+	  l-‐	  γ	  :	  	  
	  
	  
	  
	  

1.χc1	  >	  J/ψ	  γ	  >	  l+	  l-‐	  γ	  (Z’=v2):	  
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J/ψ	  Polariza0on 



Polariza0on	  in	  Fock	  states	  
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K.-‐T.Chao,	  Y.-‐Q.Ma,	  HSS,	  et	  al.	  (2012) 

µr = µ f = 4mc
2 + pT

2

µΛ =mc

Nega0ve	  !!!	  



K.-‐T.Chao,	  Y.-‐Q.Ma,	  HSS,	  et	  al.	  (2012) 

C
om

patible ! 
CO	  LDMEs	  fit	  at	  NLO	  level	  	   

Hadroproduc0on	  
unpolarized	  data	  
can	  only	  fit	  two	  
LDMEs	  combina0on	  
unambigutly	  
(pT>7GeV).	  



Ø  Reasonable	  good	  for	  the	  pT	  distribu0on	  of	  
cross	  sec0on	  up	  to	  70	  GeV	  at	  the	  LHC.	  

Ø  To	  predict	  un-‐polarized	  results	  at	  hadron	  
colliders,	  a	  linear	  combina0on	  of	  CO	  LDMEs	  
similar	  to	  M1	  should	  be	  near	  zero.	  

Ø  Lack	  of	  feed-‐down	  contribu0ons.	  

K.-‐T.Chao,	  Y.-‐Q.Ma,	  HSS,	  et	  al.	  (2012) 

J/ψ	  polariza0on	  @LHC	  	   



uncertainty	  from	  feeddown	  
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1.Ignore	  ψ(2S)	  >	  J/ψ	  π	  π.	  
2.Assume	  frac0on	  of	  χc	  >	  J/ψ	  γ	  is	  r	  =	  0.3.	  
3.The	  bound	  of	  	  λθ	  of	  J/ψ	  from	  χc	  is	  -‐43/105	  ~	  1.	  

arXiv:1209.4210 



adavantages	  

•  1.The	  unpolarized	  predic0ons	  at	  hadron	  
colliders	  (RHIC,Tevatron	  I,II	  and	  LHC)	  are	  quite	  
good	  with	  data	  when	  pT	  >	  7	  GeV	  (cutoff	  in	  fit).	  

•  2.Posi0ve	  P-‐wave	  CO	  LDME	  makes	  the	  
polariza0on	  at	  hadron	  colliders	  near	  zero,i.e.	  
unpolarized.	  It	  is	  quite	  close	  to	  CDF	  Run	  II	  data	  
though	  it	  is	  lack	  of	  feeddown.	  



disadvantages	  

•  1.It	  cannot	  predict	  pT<7	  GeV	  hadroproduc0on	  
data,	  	  and	  it	  is	  also	  far	  from	  HERA	  data	  (pT	  is	  also	  
small)	  and	  BELLE	  data.	  It	  might	  be	  debited	  to	  	  the	  
failure	  of	  factoriza0on	  of	  NRQCD	  in	  this	  small	  pT	  
regime(?).	  

•  2.	  Resumma0on	  of	  large	  logarithm	  at	  large	  pT	  
regime	  might	  make	  the	  good	  predic0on	  worse.	  

•  3.	  It	  is	  s0ll	  lacking	  of	  feeddown	  contribu0on	  in	  
polariza0on.	  However,	  it	  might	  be	  not	  so	  
important	  as	  long	  as	  P-‐wave	  CO	  LDME	  posi0ve.	  



H1	  data	  and	  BELLE	  data	  • However, the Chao et al. (2012) LDMEs seem to be incompatible with the HERA data, even at
high pT .
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Figure courtesy of Mathias Butenschön.
pT	  ~	  7.9	  GeV	  

� Chao, Ma, Shao, Wang, Zhang (2012)
� Fit to CDF Tevatron J/˵ yield and polarization data with pT >7 GeV:

� Describes CDF Run II polarization data and J/˵� hadroproduction yield                 
up to highest measured pT values, not below 7 GeV.

� But: Disagreement with photoproduction at HERA and e+e- at BELLE:

� Bands: Two alternative LDME sets specified in Ma et al.:

Polarization in Hadroproduction: Ma et al.

J/ȥ production in NRQCD: A global analysis of yield and polarization 13/16M. Butenschön

Stole	  from	  M.Butenschon’s	  talk 



M.Butenschon	  and	  B.Kniehl’s	  fit	  

•  1.Use	  unpolarized	  data	  in	  pp	  (not	  include	  
ATLAS	  and	  CMS	  large	  pT	  data),	  γp,γγ	  and	  e+e-‐	  
collisions.	  

•  2.	  pT>1	  GeV	  for	  γp,γγ	  data	  and	  pT>3	  GeV	  for	  
pp.	  There	  is	  only	  one	  data	  for	  e+e-‐.	  

•  3.	  A�er	  feeddown	  was	  included	  (pp:36%,	  γp:
15%,	  γγ:	  9%,	  e+e-‐:	  26%),	  

M.Butenschon,	  B.Kniehl,	  (2011) 

〈OJ /Ψ (1S0
[8])〉 = (3.04± 0.35)×10−2GeV 3, 〈OJ /Ψ (3S1

[8])〉 = (1.68± 0.46)×10−3GeV 3,
〈OJ /Ψ (3P0

[8])〉 = (−9.08±1.61)×10−3GeV 5

〈OJ /Ψ (1S0
[8])〉 = (4.97± 0.44)×10−2GeV 3, 〈OJ /Ψ (3S1

[8])〉 = (2.24± 0.59)×10−3GeV 3,
〈OJ /Ψ (3P0

[8])〉 = (−1.61± 0.20)×10−2GeV 5



adavantages	  

•  1.	  They	  include	  more	  small	  pT	  data	  in	  their	  fit	  
(pT>3	  GeV	  for	  hadroproduc0on	  and	  pT>	  1	  GeV	  
for	  photoproduc0on	  and	  two-‐photon	  
produc0on).	  They	  can	  describe	  small	  pT	  
hadroproduc0on	  data	  and	  HERA	  data	  be�er.	  

•  2.	  The	  discrepancy	  of	  e+e-‐	  data	  and	  NRQCD	  
predic0on	  is	  much	  smaller.	  	  



disadavantages	  
•  1.	  Some	  discrepancies	  like	  H1	  data,	  LHCb	  data	  are	  s0ll	  
there	  with	  BK’s	  global	  fit.	  

•  2.	  ATLAS	  and	  CMS’s	  large	  pT	  data	  are	  not	  included.	  The	  
predic0on	  of	  unpolarized	  pT	  spectrum	  at	  large	  pT	  is	  
above	  the	  experimental	  data	  (	  a	  factor	  of	  3~4).	  It	  might	  
be	  be�er	  a�er	  including	  resumma0on	  of	  logs	  of	  mc/
pT.	  Can	  resumma0on	  change	  so	  much?	  

•  3.	  Because	  the	  value	  of	  P-‐wave	  CO	  LDME	  is	  nega0ve,	  
cancella0on	  with	  S-‐wave	  CO	  cannot	  happen.	  It	  predicts	  
transverse	  polariza0on	  at	  CDF	  Run	  II,	  which	  is	  in	  
conflic0on	  (It	  is	  also	  lacking	  of	  feeddown	  in	  
polariza0on).	  



H1	  data	  and	  LHCb	  data	  
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• There is also a slight discrepancy in shape between the LHCb data and the Butenschön and
Kniehl (2010) NLO fit to the Tevatron and HERA data.
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M.Butenschon,	  B.Kniehl,	  (2011) 



DELPHI	  data	  and	  BELLE	  data	  

J/ȥ production in NRQCD: A global analysis of yield and polarization 8/16M. Butenschön

In Detail: e+eí and ȖȖ Collisions

(OHFWURQ�3RVLWURQ�&ROOLVLRQV�DW�%(//(�
� &6� /DUJH�RYHUODS�ZLWK�GDWD��&6�&2� 6PDOO�RYHUODS�
� But: Only 4+ charged track events measured.         

Actual BELLE data larger by unknown factor.

� )RU�H�H�FRORU�VLQJOHW��11/2 WHUPV�EHHQ�FDOFXODWHG��
LQFUHDVLQJ�FURVV�VHFWLRQ��1RW�SDUW�RI�WKH�JOREDO�ILW��
>0D��=KDQJ��&KDR���������*RQJ��:DQJ�������@

Two Photon scattering at DELPHI (LEP):
� Includes direct, single and double resolved photons.

� CS below data, but also CS+CO curve too low. 
Possible explanations:
� Uncertainties in the measurement                                

(Just 16 events involved!)

� Hint at problems with LDME universality.

M.Butenschon,	  B.Kniehl,	  (2011,2012) 
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BELLE data: σ = (0.43±0.13) pb
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Figure 1: Plots a-t: Results of the global fit [12] compared to ALICE [17], ATLAS [18], Belle [19], CDF [20, 21], CMS [22], DELPHI [23], LHCb
[24], PHENIX [25], and ZEUS [26] data. The blue bands are the CSM predictions, the yellow bands include the CO contributions. The bands are
constructed by variation of the renormalization, factorization and NRQCD scales.

Factoriza0on	  of	  NRQCD	  might	  be	  
violated	  at	  such	  small	  pT	  ?	  !	  



ATLAS	  data	  
• The shape discrepancy between the Butenschön and Kniehl prediction and the data becomes

more apparent at high pT .

• ATLAS (2011) data.

• Not included in Butenschön and Kniehl global
fit.

• Resummation of large logs of p2

T/m2

c is needed at high pT .

• The sign and magnitude of the resummation effect are consistent with the discrepancy.

• Resummation might make the shapes of the Ma, Wang, and Chao fit and predictions worse.

M.Butenschon,	  B.Kniehl,	  (2011) 



Polariza0on	  @CDF	  Run	  II	  
Polarization predicted by three groups

1. Butensckön and Kniehl: direct; LDMEs: 
global fit of pp, ep, ɶɶ and e+e- data; 
conflict with CDF data.

2. Chao, Ma, Shao, Wang and Zhang: 
direct; LDMEs: fit yield of CDF and LHC 
data (especially large pT data); 
consistent with CDF data.

3. Gong, Wan, Wang and Zhang: prompt; 
LDMEs: fit yield of CDF and LHCb; agree 
with Run-I data (except two points), but 
conflict with Run-II data.

z Prompt polarization by GWWZ is not much 
different from their direct polarization.

z For direct polarization, the only difference 
between the three groups is the choice of 
LDMEs.

z How to fit LDMEs ???

z Polarization data from LHC for larger pT

CMSWZ

BK

GWWZ

J/Ȍ

M.Butenschon,	  B.Kniehl,	  (2012) 



fit	  by	  BWWZ	  group	  

•  1.Use	  unpolarized	  data	  and	  fit	  central	  region	  
data	  by	  CDF	  Run	  II	  and	  forward	  region	  data	  by	  
LHCb	  simultaneously	  (r0	  and	  r1	  in	  M0	  and	  M1	  
are	  slightly	  different	  in	  these	  two	  regions!!!).	  

•  2.pT>	  7	  GeV.	  
•  3.Include	  feeddown	  from	  χc	  and	  Ψ(2S).	  

B.Gong,	  L.-‐P.Wan,J.-‐X.Wang,	  H.-‐F.Zhang	  (2012) 

〈OJ /Ψ (1S0
[8])〉 = 0.097± 0.009GeV 3, 〈OJ /Ψ (3S1

[8])〉 = (−0.46± 0.13)×10−2GeV 3,
〈OJ /Ψ (3P0

[8])〉 = −0.0214± 0.0056GeV 5, 〈OΨ ' (1S0
[8])〉 = (−0.012± 0.869)×10−2GeV 3,

〈OΨ ' (3S1
[8])〉 = (0.34± 0.12)×10−2GeV 3, 〈OΨ ' (3P0

[8])〉 = (0.945± 0.54)×10−2GeV 5,
〈Oχc0 (3S1

[8])〉 = (0.22± 0.012)×10−2GeV 3 Cancella0on	  is	  not	  sufficient	  to	  
give	  an	  unpolarized	  predic0on.	  



adavantages	  

•  1.They	  fit	  J/Ψ	  CO	  LDMEs	  a�er	  substrac0ng	  χc	  
and	  Ψ(2S)	  feeddown	  for	  the	  first	  0me.	  	  

•  2.They	  extract	  three	  CO	  LDMEs	  only	  from	  the	  
hadroproduc0on	  data.	  

•  3.	  The	  cancella0on	  of	  P-‐wave	  and	  S-‐wave	  
makes	  the	  polariza0on	  predic0on	  is	  be�er	  
than	  BK’s	  predic0on	  at	  CDF	  Run	  II.	  



disadvantages	  
•  1.	  The	  main	  difference	  with	  CMSWZ	  and	  BK	  is	  
from	  direct	  part	  (the	  feeddown	  contribu0on	  is	  
not	  so	  important).	  It	  is	  a	  comprise	  set	  between	  
CMSWZ	  and	  BK’s	  sets.	  They	  are	  in	  disagreement	  
with	  HERA	  and	  BELLE	  data.	  

•  2.There	  is	  a	  slight	  difference	  between	  their	  
predic0on	  and	  large	  pT	  data	  (CMS	  and	  ATLAS).	  
Resumma0on	  ??	  

•  3.Because	  the	  cancella0on	  is	  not	  sufficient,	  it	  is	  
s0ll	  predic0ng	  a	  transverse	  polariza0on,	  which	  is	  
in	  contrast	  with	  CDF	  Run	  I	  and	  II	  data.	  

	  



H1	  data	  and	  BELLE	  data	  

� Gong, Wan, Wang, Zhang (2012)
� Fit only hadroproduction yield, but consider also ˵
 and ˴cj contributions:

� Fit Ȥc0 CO LDME to LHCb data
� Fit ȥƍ CO LDMEs to CDF and LHCb data (pT >7 GeV)
� Subtract ȥƍ and Ȥcj feddowns, fit J/ȥ LDMEs to CDF and LHCb data (pT >7 GeV):

� Predict J/˵, ˵
 and ˴cj polarization in prompt hadroproduction (first time!)
� Predicts moderate transverse J/˵�polarization, contrary to CDF Run II data
� Also: In disagreement with photoproduction at HERA and e+e- at BELLE:

Polarization in Hadroproduction: Gong et al.

J/ȥ production in NRQCD: A global analysis of yield and polarization 14/16M. Butenschön
Stole	  from	  M.Butenschon’s	  talk 

pT	  ~	  7.9	  GeV	  



ATLAS	  data	  

� Gong, Wan, Wang, Zhang (2012)
� Fit only hadroproduction yield, but consider also ˵
 and ˴cj contributions:

� Fit Ȥc0 CO LDME to LHCb data
� Fit ȥƍ CO LDMEs to CDF and LHCb data (pT >7 GeV)
� Subtract ȥƍ and Ȥcj feddowns, fit J/ȥ LDMEs to CDF and LHCb data (pT >7 GeV):

� Predict J/˵, ˵
 and ˴cj polarization in prompt hadroproduction (first time!)
� Predicts moderate transverse J/˵�polarization, contrary to CDF Run II data
� Also: In disagreement with photoproduction at HERA and e+e- at BELLE:

Polarization in Hadroproduction: Gong et al.

J/ȥ production in NRQCD: A global analysis of yield and polarization 14/16M. Butenschön

Stole	  from	  M.Butenschon’s	  talk 
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χc	  Polariza0on 
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O
ur choice ! 

S
ingle quark radiation

 
normalized	  mul0pole	  amplitudes	  
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ΧcJ	  >	  J/ψ	  γ	  >	  l+	  l-‐	  	  γ	  	  
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Conclusion	  
•  Kinema0cal	  enhancement	  of	  NRQCD	  amplitudes	  in	  

hadroproduc0on	  pT	  spectrum	  mo0vated	  us	  to	  do	  complete	  NLO	  
level	  analysis.	  	  

•  It	  seems	  that	  hadroproduc0on	  J/Ψ	  (not	  Ψ’)	  data	  are	  s0ll	  compa0ble	  
with	  NRQCD	  predic0on	  as	  long	  as	  S-‐wave	  and	  P-‐wave	  cancella0on	  
is	  sufficient	  (fine	  tunning??).	  

•  However,	  our	  fit	  is	  s0ll	  in	  disagreement	  with	  photo-‐produc0on	  data	  
and	  BELLE	  data.	  Hence,	  we	  also	  compare	  with	  other	  groups’	  fit.	  

•  There	  is	  no	  consistent	  solu0on	  between	  NRQCD	  
factoriza0on,	  hadroproduc0on	  (polariza0on	  and	  
yield)	  data,	  photoproduc0on	  data,	  two-‐photo	  
produc0on	  data,	  BELLE	  data	  at	  NLO-‐level.	  

•  Moreover,	  χcJ	  polariza0on	  at	  NLO	  level	  is	  presented.	  
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r0	  and	  r1	   2

√
S( TeV) region of y r0 r1
1.96 ( 0 ,0.6 ) 3.9 -0.56
7 ( 0 ,0.75) 4.0 -0.55
7 (0.75,1.50) 3.9 -0.56
7 (1.50,2.25) 3.9 -0.59
7 ( 0 ,2.4 ) 4.1 -0.56
7 ( 0 ,1.2 ) 4.1 -0.55
7 ( 1.2,1.6 ) 3.9 -0.57
7 ( 1.6,2.4 ) 3.9 -0.59
7 ( 2.5, 4 ) 3.9 -0.66
7 ( 2 ,2.5 ) 4.0 -0.61
7 ( 2.5, 3 ) 4.0 -0.65
7 ( 3 ,3.5 ) 4.0 -0.68
7 ( 3.5, 4 ) 4.0 -0.74
7 ( 4 ,4.5 ) 4.2 -0.81
14 ( 0 , 3 ) 3.9 -0.57
0.2 ( 0 , 0.35 ) 3.8 -0.60
0.2 ( 1.2 , 2.4 ) 4.0 -0.66

TABLE I: Experimental conditions with various experimental
collaborations. r0 and r1 are theoretical predictions related
to the short-distance coefficients.

tion of J/ψ production is necessary and sufficient to give
a reasonable description of the experiment data.
Currently, while J/ψ production in two-photon colli-

sions at CERN LEP2[22] and photoproduction at DESY
HERA[23–25] are shown to favor the presence of CO
contribution, the J/ψ production at B factories is de-
scribed well using NLO CS model and leaves little room
for the CO contributions[26–29]. J/ψ production in as-
sociation with a W -boson or Z0-boson at the LHC is
also studied [30]. However, in all previous works for
heavy quarkonium production, CO long-distance matrix
elements (LDMEs) were extracted at LO, which surfer
from large uncertainties. In order to further test the CO
mechanism, it is necessary to extract CO LDMEs at NLO
level. This was studied in our recent work Ref.[16] for χcJ

and Refs.[1, 17] for J/ψ and ψ′. Based on Ref.[1], we fur-
ther study J/ψ and ψ′ hadron production including more
detailed discussions in this work.
The remainder of this paper is organized as follows.

In Sec. II, we perform a fit to the CO LDMEs for ψ′

and J/ψ using the pT distributions measured by CDF in
Ref.[31] and Ref.[32] respectively. In the fit of J/ψ, feed-
down contributions from χcJ and ψ′ are considered. We
refer interested readers to Ref.[17] for details on the cal-
culation and the input parameters. We will study further
theoretical uncertainties in Sec. III. Then, we compare
our predictions with new LHC data and RHIC data in
Sec.V. After that, a related work of NLO correction to
J/ψ production is compared with ours. We finally give
a brief summary in Sec. VI.

II. FIT COLOR-OCTET MATRIX ELEMENTS

We find
3
P [8]
J channels have a large K factor and can

give important contributions, thus the
3
S[8]
1 channel is no

H 〈OH〉 ( GeV3) MH
1,r1 (10−2 GeV3) MH

0,r0 (10−2 GeV3)
J/ψ 1.16 0.05 ± 0.02 ± 0.02 7.4± 1.9± 0.4
ψ′ 0.76 0.12 ± 0.03 ± 0.01 2.0± 0.6± 0.2

TABLE II: Fitted Color-Octet LDMEs in J/ψ(ψ′) produc-
tion with pcutT = 7 GeV. Here r0 = 3.9, r1 = −0.56 are
determined from short-distance coefficient decomposition at
Tevatron. The first errors are due to renormalization and
factorization scale dependence, while the second errors come
from the fit. Color-Singlet (3S[1]

1 ) LDMEs 〈OH〉 are estimated
using a potential model result[33].

longer the unique source for the high pT contribution. In
fact, the following decomposition for the short-distance
coefficients holds within an error of a few percent:

dσ̂[
3
P [8]
J ] = r0 dσ̂[

1
S[8]
0 ] + r1 dσ̂[

3
S[8]
1 ], (1)

where we find r0 = 3.9 and r1 = −0.56 for the exper-
imental condition with CDF at the Tevatron. r0,1 for
other conditions discussed in this work can be found in
Table I. As a result, it is convenient to use two linearly
combined LDMEs

MJ/ψ
0,r0 = 〈OJ/ψ(

1
S[8]
0 )〉+

r0
m2

c
〈OJ/ψ(

3
P [8]
0 )〉,

MJ/ψ
1,r1 = 〈OJ/ψ(

3
S[8]
1 )〉+

r1
m2

c
〈OJ/ψ(

3
P [8]
0 )〉, (2)

when comparing theoretical predictions with experimen-
tal data for production rates at the Tevatron and LHC.

As pointed out in Ref. [17], although both 〈OJ/ψ(
3
S[8]
1 )〉

and dσ̂[
3
P [8]
J ] depend on the renormalization scheme and

the renormalization scale µΛ, M
J/ψ
1,r1 is almost indepen-

dent of them.

We note that the curvature of experimental cross sec-
tion is positive at large pT but negative at small pT , with
a turning point at pT ≈ 6 GeV. But the theoretical cur-
vature is always positive. This implies that data below
7 GeV can not be well explained in fixed order pertur-
bative QCD calculations. If including these data in the
fit, it will cause a large χ2, which indicates the fit is not
reliable. Therefore, in our fit we introduce a pcutT and
only use experimental data for the region pT ≥ pcutT . In
the following we use pcutT = 7 GeV.

By fitting the pT distributions of prompt ψ′ and J/ψ
production measured at the Tevatron[31, 32] in Fig. 1
and Fig. 2, the CO LDMEs are determined as showing in
Table II, while the CS LDMEs are estimated using a po-
tential model result of the wavefunctions at the origin[33].
In Fig. 1 and Fig. 2 we also give the predictions of prompt
ψ′ and J/ψ production at LHC with

√
S = 14 TeV and

|y| < 3.

Y.-‐Q.Ma,	  K.Wang,	  K.-‐T.Chao,	  (2011) 


