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v  Higgs	  boson	  was	  discovered	  in	  4	  July	  2012.	  
v Mass	  ~	  126	  GeV.	  Narrow	  width	  resonance.	  
v  Quantum	  number	  is	  JPC=0++.	  
v  It	  is	  crucial	  in	  exploring	  the	  EW	  symmetry	  

breaking	  mechanism	  and	  unveiling	  the	  
underling	  new	  physics.	  

v  Large	  high-‐order	  perturba-ve	  correc-ons	  
at	  hadron-‐level	  cross	  sec-on.	  

v  J/Ψ	  boson	  was	  	  discovered	  in	  11	  Nov	  1974.	  
v Mass	  ~	  3.1	  GeV.	  Narrowwidth	  resonance.	  
v  Quantum	  number	  is	  JPC=1-‐-‐.	  
v  It	  is	  a	  good	  candidate	  to	  explore	  the	  nature	  

of	  strong	  force	  at	  subatomic	  level	  and	  tell	  
us	  how	  QCD	  works	  at	  hadron	  level.	  

v  Order	  enhancement	  in	  high-‐order	  
perturba-ve	  correc-ons	  in	  pT	  spectrum.	  

M.Bonvini	  1306.6633	  

P.Artoisenet	  et.al.	  
hep-‐ph/0703129	  
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v  Although	  Higgs	  boson	  was	  discovered	  in	  4	  
July	  2012,	  its	  proper-es	  (CP,spin,	  couplings)	  
are	  measured	  well	  and	  it	  is	  close	  to	  the	  SM	  
Higgs,	  which	  is	  a	  “bad”	  news	  to	  the	  new	  
physics	  guys.	  	  

v  Although	  J/Ψ	  boson	  was	  	  discovered	  in	  11	  
Nov	  1974,	  its	  polarisa-on	  at	  Tevatron	  and	  
LHC	  is	  s-ll	  a	  puzzle,	  which	  is	  also	  a	  “bad”	  
news	  to	  the	  QCD	  guys.	  

Pablo	  Garcia-‐Abia’talk	  
at	  LHCP	  2013	  

0704.0638	  



Do	  we	  know	  QCD	  well?	  
•  It	  is	  apparent	  that	  people	  believe	  hadrons	  can	  be	  described	  

by	  QCD	  (	  a	  theory	  to	  describe	  the	  strong	  force).	  
•  We	  know	  its	  perturba-ve	  proper-es	  quite	  well	  (e.g.	  top	  

quark	  produc-on),	  but	  we	  know	  less	  in	  its	  non-‐perturba-ve	  	  
regime.	  Especially,	  the	  mechanism	  of	  hadrons	  evolved	  from	  
partons	  is	  s-ll	  staying	  at	  empirical	  level.	  

•  Ψ	  is	  a	  good	  lab	  to	  study	  its	  perturba-ve	  and	  non-‐
perturba-ve	  behaviour	  simultaneously,	  since	  its	  mass	  is	  ~	  3	  
GeV	  and	  its	  bounding	  energy	  is	  ~	  300	  MeV.	  

•  How	  can	  people	  give	  a	  hadron	  level	  predic-ons,	  when	  
there	  is	  a	  confinement	  ?	  Factoriza-on	  !	  
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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	  sec-on	  is	  perturba-ve	  and	  process-‐
dependent.	  

Ø  The	  parton	  distribu-on	  func-ons	  and	  long	  distance	  matrix	  elements	  	  	  	  	  	  	  	  	  	  	  	  	  	  are	  
non-‐perturba-ve	  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< >

† † '0 | ( | |) | 0n n n
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factoriza-on	  
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theore-cal	  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	  interpre-ng	  heavy	  quarkonia	  
produc-on	  in	  high-‐pT	  region.	  

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

•  NRQCD	  (see	  e.g.	  G.T.Bodwin	  et	  al.	  (1995)):	  in	  addi-on	  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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Prompt	  ψ(1S,2S) 



Do	  we	  need	  CO?	  

�Almost	  20	  years	  ago,	  CDF	  	  	  
Collabora-on	  found	  a	  
large	  yields	  of	  ψ(2S)	  at	  pT	  
>	  5	  GeV.	  
�The	  plot	  comes	  from	  
Brateen	  et	  al.	  PLB	  (1994).	  
�The	  dashed	  is	  only	  for	  LO	  
CS.	  
�The	  solid	  is	  for	  
fragmenta-on	  
contribu-ons.	  



Do	  we	  need	  CO	  ?	  

�  Higher	  order	  QCD	  correc-ons	  
to	  CS	  are	  unexpected	  	  large	  
(Campbell	  et	  al.	  2007,	  
Artoisenet	  et	  al.	  2007).	  It	  is	  
understood	  because	  of	  new	  
low	  pT	  topologies	  appear	  at	  
higher	  order.	  

�  NNLO*	  only	  includes	  double	  
real	  radia-ons.	  

�  The	  data	  s-ll	  	  seem	  to	  require	  
another	  new	  contribu-on,	  
though	  the	  shap	  is	  a	  lirle	  bit	  
smilar.	  



Do	  we	  need	  CO?	  
�  At	  much	  earlier	  -me,	  CO	  

mechanism	  was	  proposed	  by	  
Brateen	  et	  al.	  to	  	  fill	  the	  gap	  
between	  LO	  CS	  and	  CDF	  data.	  

�  Plot	  is	  taken	  from	  	  M.Kramer	  
et	  al.	  hep-‐ph/0106120.	  

�  A	  effec-ve	  theory	  of	  
QCD,nonrela-vis-c	  QCD,	  was	  
proposed	  by	  
Bodwin,Brateen,Lepage	  in	  
1995,	  though	  the	  factoriza-on	  
is	  s-ll	  lacking	  of	  proof.	  It	  
predicts	  a	  CO	  Fock	  state	  in	  
nonrela-visi-c	  expanasion.	  	  

�  However,	  some	  people	  don’t	  
like	  it	  because	  it	  would	  be	  
much	  unclear	  about	  the	  sou	  
gluons	  in	  exclusive	  process.	  



Do	  we	  need	  CO?	  
�  Meanwhile,	  the	  polarisa-on	  

based	  on	  LO	  NRQCD	  is	  completely	  
in	  the	  opposite	  way	  compared	  
with	  CDF	  data.	  

�  The	  CDF	  data	  show	  unpolarized	  
but	  a	  lirle	  longitudial	  α,	  while	  the	  
LO	  NRQCD	  shows	  completely	  
transverse	  one	  when	  pT	  >10	  GeV.	  

�  On	  the	  other	  side,	  NLO	  CS	  show	  a	  
longitudial	  value	  but	  s-ll	  a	  lirle	  
too	  nega-ve.	  

0704.0638	  

B.Gong	  et	  al.	  PRL	  (2008)	  



Do	  we	  need	  CO	  ?	  

�  The	  NNLO*	  result	  shows	  the	  
similar	  longitudial	  polarisa-on	  
results.	  The	  error	  bar	  is	  a	  lirle	  bit	  
large.	  

�  It	  seems	  close	  to	  the	  CDF	  data	  but	  
not	  to	  the	  LHC	  (CMS	  and	  LHCb)	  
data.	  

�  Plot	  is	  from	  Lansberg	  1107.0292.	  



The	  NRQCD	  way	  

•  It	  seems	  to	  be	  difficult	  to	  solve	  the	  yields	  as	  well	  
as	  polarisa-on	  problem	  for	  CS	  only.	  

•  On	  the	  other	  side,	  the	  CO	  is	  much	  easier	  (no	  HO	  
essen-al)	  to	  solve	  the	  yields	  but	  in	  contrast	  with	  
the	  polarisa-on	  (even	  worse	  than	  CS	  only).	  

•  How	  about	  the	  NLO	  CO	  ?	  The	  challenging	  thing	  is	  
we	  need	  P-‐wave	  NLO,	  which	  is	  expected	  to	  cancel	  
the	  IR	  in	  S-‐wave	  at	  the	  same	  order.	  



Challenges in P-wave ! 

Fock	  states	  

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



K-‐factor	  in	  Fock	  states	  

Nega-ve	  !!!	  

�  There	  is	  no	  enhancement	  in	  
higher-‐order	  correc-ons	  for	  
3S1[8],	  and	  mildly	  
enhancement	  in	  1S0[8].	  

�  CS	  is	  enhanced	  a	  lot	  but	  can	  
be	  negiligible	  compared	  with	  
CO.	  

�  CO	  P-‐wave	  is	  unexpected	  to	  
be	  nega-ve	  and	  large.	  

Y.-‐Q.Ma	  	  et	  al.	  (2011) 



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

Nega-ve	  !!!	  

�  NLO	  CS	  is	  longitudial,	  but	  
negaligible.	  

�  1S0[8]	  is	  unpolarized	  to	  all	  
orders.	  

�  NLO	  3S1[8]	  is	  transverse,	  and	  
it	  is	  easy	  to	  be	  dominant.	  

�  NLO	  3PJ[8]	  is	  again	  
unexpected	  to	  be	  longitudial	  
(because	  it	  is	  nega-ve).	  It	  
provides	  us	  the	  possibility	  to	  
cancel	  the	  large	  transverse	  
3S1[8]	  contribu-on.	  	  



Yields	  
Y.-‐Q.Ma	  	  et	  al.	  (2011) 

�  Prompt	  ψ(1S,2S)	  at	  Tevatron	  and	  
LHC.	  

�  Prompt	  ψ(1S)	  includes	  the	  
feeddown	  contribu-ons	  from	  
ψ(2S)	  and	  χcJ	  (J=0,1,2)	  decay.	  

�  The	  CO	  LDMEs	  for	  χcJ	  (J=0,1,2)	  are	  
fixed	  as	  spin	  symmetry	  and	  the	  
Tevatron	  data	  of	  the	  yields	  of	  χc1/
χc2.	  

�  The	  CO	  LDMEs	  for	  ψ(1S,2S)	  are	  
extracted	  from	  Tevatron	  data	  only.	  

�  Only	  two	  linear	  combina-ons	  
M0,M1	  of	  three	  CO	  LDMEs	  can	  be	  
determined	  ambuiguitesly.	  



Polarisa-on	  for	  direct	  ψ(1S)	  	  
K.-‐T.Chao,	  Y.-‐Q.Ma,	  HSS,	  et	  al.	  (2012) 

�  Direct	  ψ(1S)	  at	  Tevatron	  and	  LHC.	  	  
�  Large	  cancella-on	  seen	  in	  

transverse	  3S1[8]	  and	  longitudial	  
3PJ[8].	  

�  The	  result	  can	  be	  unpolarized.	  
�  S-ll	  only	  two	  linear	  combina-on	  of	  

CO	  LDMEs	  M0	  and	  M1	  can	  be	  
determined	  precisely.	  

�  People	  might	  be	  worried	  about	  our	  
missing	  feeddown	  contribu-ons.	  



What	  we	  learn	  ?	  



What	  we	  learn	  ?	  
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Yields	  for	  prompt	  ψ(1S)	  
In	  preparaIon 



Feeddown	  in	  prompt	  ψ(1S)	  	  
In	  preparaIon 



Yields	  for	  prompt	  ψ(2S)	  	  
In	  preparaIon 



Polarisa-on	  for	  prompt	  ψ(1S)	  
In	  preparaIon 



Polarisa-on	  for	  prompt	  ψ(2S)	  
In	  preparaIon 



Pair	  Produc-on 



Mo-va-on	  

•  Since	  it	  is	  s-ll	  unclear	  whether	  we	  need	  CO,	  it	  is	  
of	  course	  important	  to	  probe	  it	  in	  other	  
produc-on	  modes,	  where	  pair	  produc-on	  is	  an	  
possible	  way.	  

•  Double	  parton	  scarering	  can	  be	  studied	  in	  pair	  
produc-on.	  

•  Tetraquark	  might	  decay	  into	  double	  ψ.	  	  
•  Since	  there	  is	  large	  enhancement	  of	  higher	  order	  
correc-ons,	  people	  can	  doubt	  whether	  there	  is	  
the	  similar	  behaviour	  in	  double	  ψ.	  



PT	  scaling	  

�  LO	  ψ+ψ	  ~	  PT^(-‐8)	  
�  NLO	  ψ+ψ	  ~	  PT^(-‐6)	  

�  LO	  ψ+ηc+g	  ~	  PT^(-‐7)	  

�  LO	  3S1[8]+3S1[8]	  ~	  PT^(-‐4)	  

Lansberg,	  HSS,	  PRL	  (2013) 



NLO*=NLO	  ?	  
�It	  is	  missing	  of	  virtual,	  which	  is	  
expected	  to	  be	  only	  PT^(-‐8).	  We	  
call	  it	  NLO*.	  It	  can	  be	  calculated	  
directly	  by	  MC	  generator	  
HELAC-‐Onia	  and	  do	  simula-on	  
with	  PS	  program.	  
�The	  IR	  cut	  sen--vity	  is	  shown.	  
We	  expect	  it	  will	  be	  (almost)	  
exact	  the	  same	  with	  full	  NLO	  
when	  pT	  >	  5GeV.	  Recently,	  it	  
has	  been	  checked	  with	  full	  NLO	  
result.	  NLO	  and	  NLO*	  curves	  
overlapped	  when	  pT	  >	  5	  GeV	  
(	  thanks	  to	  L.P.Sun	  and	  
Prof.Chao).	  
�CO	  is	  negiligble	  when	  PT	  <	  50	  
GeV.	  Of	  course,	  it	  depends	  on	  
the	  value	  of	  CO	  LDME.	  

Lansberg,	  HSS,	  PRL	  (2013) 



Yields	  

�Higher	  order	  correc-ons	  
are	  really	  essen-al	  in	  double	  
ψ	  produc-on	  when	  PT	  >	  5	  
GeV.	  
	  �ψ+ηc	  is	  not	  suppressed	  
compared	  to	  LO	  double	  ψ,	  
but	  it	  is	  compared	  to	  NLO	  
double	  ψ.	  
�The	  behaviour	  of	  PT	  
spectrum	  is	  understood.	  
�We	  are	  able	  to	  provide	  the	  
NLO	  sample	  with	  HELAC-‐
Onia.	  

Lansberg,	  HSS,	  PRL	  (2013) 



Polarisa-on	  
Lansberg,	  HSS,	  PRL	  (2013) 

�  Because	  of	  the	  new	  topology,	  
the	  polarisa-on	  of	  ψ	  in	  LO	  ψ+ψ	  
is	  completely	  different	  with	  NLO	  
ψ+ψ.	  

�  It	  is	  interes-ng	  to	  see	  that	  the	  
polarisa-on	  of	  ψ	  in	  NLO	  ψ+ψ	  is	  
close	  to	  that	  in	  ψ+ηc+g.	  

�  It	  is	  also	  a	  good	  way	  to	  test	  the	  
mechanisms	  at	  the	  LHC.	  



Comments	  on	  measurment	  
•  ψ+ηc	  seems	  to	  be	  only	  possible	  to	  measure	  at	  LHCb,	  at	  

which	  detector	  there	  is	  (an-)proton	  PID.It	  can	  be	  measured	  
in	  ψ	  sample	  and	  then	  to	  find	  another	  ηc	  via	  two	  protons.	  

•  The	  measurement	  of	  our	  “first”	  PT	  spectrum	  for	  ψ	  doesn’t	  
require	  extra	  effort:	  
–  Measure	  two	  ψ’s	  PT.	  
–  If	  two	  ψ	  are	  in	  the	  same	  PT	  bin,	  count	  the	  number	  of	  events.	  
–  If	  they	  are	  NOT	  in	  the	  same	  PT	  bins,	  count	  the	  number	  of	  events	  
in	  these	  two	  bins	  and	  then	  divide	  by	  2.	  

–  For	  example,	  if	  you	  want	  to	  measure	  the	  yields	  in	  the	  bin	  of	  
5<PT<6	  GeV,	  count	  the	  number	  of	  events	  when	  two	  ψ	  are	  both	  
in	  	  5<PT<6	  GeV	  as	  Ns,	  and	  count	  the	  number	  of	  events	  when	  
only	  one	  ψ	  is	  in	  5<PT<6	  GeV	  as	  Nos.	  Then	  the	  yields	  in	  the	  bin	  of	  
5<PT<6	  GeV	  is	  just	  Ns+Nos/2.	  



LHCb	  data	  imply	  DPS	  ?	  
�The	  theore-cal	  uncertain-es	  are	  very	  
large	  in	  invariant	  mass	  distribu-on,	  
which	  are	  usually	  underes-mated	  in	  
literature.	  
�We	  use	  a	  normaliza-on	  to	  cancel	  mass	  
and	  scale	  uncertain-es.	  The	  error	  is	  
fantas-c	  small.	  This	  treatment	  is	  first	  
used	  in	  our	  paper.	  
�It	  is	  seen	  that	  the	  theory	  is	  in	  good	  
agreement	  with	  LHCb	  data	  except	  the	  
first	  bin,	  which	  we	  s-ll	  cannot	  explain	  
why	  even	  auer	  including	  parton	  shower	  
(ok,	  it	  doesn’t	  change	  the	  distribu-on).	  
�In	  contrast	  to	  Kom	  et	  al,	  we	  think	  it	  is	  
s-ll	  hard	  to	  say	  whether	  there	  is	  
siginificant	  DPS	  contribu-on	  or	  not	  in	  
LHCb	  data.	  

Lansberg,	  HSS,	  PRL	  (2013) 



Azimuthal	  correla-on	  

�Azimuthal	  correla-on	  is	  also	  an	  
interes-ng	  observable	  to	  
dis-nguish	  DPS	  and	  SPS,	  since	  in	  
DPS,	  the	  azimuthal	  correla-on	  is	  
flat	  (uncorrelated).	  
	  �Without	  PT	  cuts,	  the	  intrinsic	  kT	  
smearing	  effect	  is	  quite	  important	  
and	  it	  will	  also	  make	  SPS	  azimuthal	  
flat.	  
	  �If	  one	  impose	  a	  PT	  cutoff,	  the	  kT	  
smearing	  will	  reduce	  as	  PT^(-‐1),	  it	  
would	  be	  helpful.	  
	  �Again,	  the	  NLO	  correc-on	  will	  
change	  the	  LO	  one	  a	  lot	  if	  PT>	  
5GeV.	  

Lansberg,	  HSS,	  PRL	  (2013) 
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adavantages	  

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

•  2.Posi-ve	  P-‐wave	  CO	  LDME	  makes	  the	  
polariza-on	  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	  hadroproduc-on	  
data,	  	  and	  it	  is	  also	  far	  from	  HERA	  data	  (pT	  is	  also	  
small)	  and	  BELLE	  data.	  It	  might	  be	  debited	  to	  	  the	  
failure	  of	  factoriza-on	  of	  NRQCD	  in	  this	  small	  pT	  
regime(?).	  

•  2.	  Resumma-on	  of	  large	  logarithm	  at	  large	  pT	  
regime	  might	  make	  the	  good	  predic-on	  worse.	  

•  3.	  It	  is	  s-ll	  lacking	  of	  feeddown	  contribu-on	  in	  
polariza-on.	  However,	  it	  might	  be	  not	  so	  
important	  as	  long	  as	  P-‐wave	  CO	  LDME	  posi-ve.	  



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.	  Auer	  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	  hadroproduc-on	  and	  pT>	  1	  GeV	  
for	  photoproduc-on	  and	  two-‐photon	  
produc-on).	  They	  can	  describe	  small	  pT	  
hadroproduc-on	  data	  and	  HERA	  data	  berer.	  

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



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

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

•  3.	  Because	  the	  value	  of	  P-‐wave	  CO	  LDME	  is	  nega-ve,	  
cancella-on	  with	  S-‐wave	  CO	  cannot	  happen.	  It	  predicts	  
transverse	  polariza-on	  at	  CDF	  Run	  II,	  which	  is	  in	  
conflic-on	  (It	  is	  also	  lacking	  of	  feeddown	  in	  
polariza-on).	  



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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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) 

Mathias Butenschoen / Nuclear Physics B Proceedings Supplement XX (2012) 1–11 3

σ(
e+ e- →

J/ψ
+X

)  
[p

b]

√s– = 10.6 GeV

CS, LO: σ = 0
CS, NLO: σ = (0.24+0.20

-0.09       ) pb
CS+CO, LO: σ = 0.23 pb
CS+CO, NLO: σ = (0.70+0.35

-0.17       ) pb

BELLE data: σ = (0.43±0.13) pb
(J/ψ+cc– contribution subtracted)

0

0.5

1

1.5

2

2.5

(p)

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.

Factoriza-on	  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) 



Polariza-on	  @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 Cancella-on	  is	  not	  sufficient	  to	  
give	  an	  unpolarized	  predic-on.	  



adavantages	  

•  1.They	  fit	  J/Ψ	  CO	  LDMEs	  auer	  substrac-ng	  χc	  
and	  Ψ(2S)	  feeddown	  for	  the	  first	  -me.	  	  

•  2.They	  extract	  three	  CO	  LDMEs	  only	  from	  the	  
hadroproduc-on	  data.	  

•  3.	  The	  cancella-on	  of	  P-‐wave	  and	  S-‐wave	  
makes	  the	  polariza-on	  predic-on	  is	  berer	  
than	  BK’s	  predic-on	  at	  CDF	  Run	  II.	  



disadvantages	  
•  1.	  The	  main	  difference	  with	  CMSWZ	  and	  BK	  is	  
from	  direct	  part	  (the	  feeddown	  contribu-on	  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	  
predic-on	  and	  large	  pT	  data	  (CMS	  and	  ATLAS).	  
Resumma-on	  ??	  

•  3.Because	  the	  cancella-on	  is	  not	  sufficient,	  it	  is	  
s-ll	  predic-ng	  a	  transverse	  polariza-on,	  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 



polariza-on@CDF	  Run	  II	  


