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1)  Mo.va.on	  &	  introduc.on:	  the	  pre-‐LHC	  puzzles	  
•  Why	  do	  we	  study	  quarkonium	  producCon?	  
•  Quarkonium	  spectrum	  &	  feed-‐down	  decays	  
•  Quarkonium	  producCon	  models:	  Non-‐RelaCvisCc	  QCD	  
•  Puzzles	  in	  the	  pre-‐LHC	  era	  

2)  Quarkonium	  producCon	  measurements	  at	  CMS	  
3)  InterpretaCon	  of	  the	  results:	  a	  polarized	  perspecCve	  

BG	  

R	  
R	  

possibly	  
colored	  
qq	  pair	  
_	  

quarkonium	  



BG	  

R	  
R	  

1)  MoCvaCon	  &	  introducCon:	  the	  pre-‐LHC	  puzzles	  
2)  Quarkonium	  produc.on	  measurements	  at	  CMS	  

•  Improved	  data	  analysis	  methodologies	  
•  Summary	  of	  relevant	  CMS	  data	  analyses	  
•  Overview	  of	  LHC	  quarkonium	  producCon	  results	  

3)  InterpretaCon	  of	  the	  results:	  a	  polarized	  perspecCve	  
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2)  Quarkonium	  producCon	  measurements	  at	  CMS	  
3)  Interpreta.on	  of	  the	  results:	  a	  polarized	  perspec.ve	  

•  Review	  of	  exisCng	  NRQCD	  analyses	  
•  A	  data-‐driven	  perspecCve	  
•  Towards	  the	  soluCon	  of	  the	  
	  	  	  	  	  	  `quarkonium	  polarizaCon	  puzzle’	  	  
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1	  The big picture in a nutshell 
Only	  0.1%	  of	  the	  mass	  in	  the	  universe	  exists	  as	  truly	  
elementary	  parCcles	  (Higgs	  mechanism);	  
almost	  all	  the	  visible	  ma_er	  is	  made	  of	  hadrons	  

The	  “dark	  sector”	  is	  a	  mystery,	  	  
but	  hadron	  formaCon	  is	  not	  well	  understood	  either	  

“QCD	  is	  full	  of	  surprises	  and	  challenges”	  
(Joe	  Lykken,	  summary	  talk,	  LHCP	  2013)	  

Quarkonium	  producCon	  is	  an	  ideal	  probe	  to	  study	  
hadron	  formaCon,	  part	  of	  the	  non-‐perturbaCve	  QCD	  
sector	  	  how	  do	  quarks	  combine	  into	  a	  bound	  state?	  

Quarkonia	  are	  bound	  states	  of	  a	  heavy	  quark	  and	  
it‘s	  anCquark	  (cc,	  bb)	  and	  exist	  in	  “families”	  of	  	  several	  	  
states	  (colorless,	  neutral	  mesons)	  
 	  QCD	  analogues	  of	  the	  hydrogen	  atom	  

Quark	  producCon	  and	  quarkonium	  formaCon	  are	  well	  
separated	  processes	  at	  disCnct	  Cmescales	  
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Feed-‐down	  consideraCons	  Quarkonium spectra & feed-down considerations 2	  
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We need heavy quarks to “see” hadron formation 

Factoriza.on	  in	  two	  dis.nct	  steps:	  

1.  ProducCon	  of	  	  qq	  pair	  
2.  HadronizaCon	  in	  	  

_	  

t	  	  	  ~	  1/(mqv)	  

tqq	  ~	  1/mq	  

v2	  ~	  0.1	  -‐	  0.3	  <<	  1	  

>>	  t	  	  	  	  q	  =	  u,	  d	  
<	  t	  	  	  	  	  q	  =	  c,	  b	  
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What’s the problem? 

Quarkonium	  spectrum	  very	  well	  understood	  

Quarkonium	  decays	  very	  well	  understood	  

The	  problem	  is	  that	  quarkonium	  producCon	  has	  been	  	  
plagued	  with	  experimental	  puzzles,	  prevenCng	  reliable	  
progress	  in	  our	  physics	  understanding	  

4	  

the	  ψ’	  anomaly	  

the	  quarkoniu
m	  polarizaCon	  p

uzzle	  

CDF	  Run	  1	  and	  
Run	  2	  results	  

dramaCcally	  disagree
	  

with	  each	  other
	  

CDF	  and	  D0	  	  
mutually	  exclude	  each	  other	  

Headlines	  from	  “The Fermilab times”	  



The “quarkonium polarization puzzle” in four easy steps 

pT	  [GeV]	  

B·∙
dσ

/d
p T
	  [n

b/
G
eV

]	   CDF	  ψ(2S)	  

5	  

In	  the	  early	  90’s,	  CDF	  measured	  a	  ψ(2S)	  cross	  secCon	  50	  Cmes	  larger	  than	  expected	  	  
in	  the	  color	  singlet	  model	  (CSM):	  “the	  ψ’	  anomaly”	  

In	  1995,	  Bodwin,	  Braaten	  and	  Lepage	  developed	  the	  NRQCD	  (non-‐relaCvisCc	  QCD)	  approach,	  	  
which	  solved	  the	  ψ’	  anomaly	  by	  adding	  a	  series	  of	  color	  octet	  terms,	  with	  free	  normalizaCons;	  
given	  the	  extra	  freedom,	  the	  data	  could	  be	  reproduced	  

The	  validity	  of	  NRQCD	  was	  then	  probed	  by	  fixing	  those	  free	  parameters	  and	  comparing	  the	  
resulCng	  predicCons	  to	  independent	  measurements;	  this	  is	  where	  the	  polarizaCon	  enters…	  
The	  outcome	  is	  well	  known:	  NRQCD	  predicts	  transverse	  polarizaCon	  at	  high	  pT,	  not	  observed	  in	  data	  
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NRQCD	  is	  an	  effecCve	  field	  theory	  that	  factorizes	  quarkonium	  producCon	  in	  two	  steps:	  
1)  producCon	  of	  the	  iniCal	  quark-‐anCquark	  pair	  (perturbaCve	  QCD)	  
2)  hadronizaCon	  of	  the	  quark	  pair	  into	  a	  bound	  quarkonium	  state	  (non-‐perturbaCve	  QCD)	  

NRQCD	  predicts	  the	  existence	  of	  intermediate	  color-‐octet	  (CO)	  states	  in	  nature,	  that	  subsequently	  evolve	  
into	  physical	  color-‐singlet	  (CS)	  quarkonia	  by	  non-‐perturbaCve	  emission	  of	  so|	  gluons.	  

Quantum	  numbers	  of	  the	  heavy	  quark	  pair	  
S,	  L,	  J	  =	  spin,	  orbital	  and	  total	  ang.	  momentum	  

possibly	  colored	  qq	  pair	  	  
of	  any	  possible	  2S+1LJ	  	  
quantum	  numbers	  

1)	  perturba.ve	  phase	  

_	  

green	  

anC	  
blue	  

2)	  non-‐perturba.ve	  evoluCon	  
to	  the	  observed	  bound	  state	  
Quantum	  numbers	  change!	  

	  	  red	   quarkonium	  (	  	  	  	  	  	  )	  

anC	  
red	  

	  =	  2S+1LJ[C]	  	  ,	  	  C	  =	  1,8	  

Quarkonium production in two not-so-easy steps 6	  
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Short-‐distance	  coefficients	  (SDC)	  Short-‐distance	  coefficients	  (SDCs)	  
• 	  Cross	  secCon	  of	  partonic	  processes	  to	  form	  

QQ	  in	  state	  	  	  	  	  	  	  	  	  	  	  	  	  	  PDF	  
• 	  Process-‐dependent	  funcCons	  of	  kinemaCcs	  

• 	  Can	  be	  calculated	  perturbaCvely	  (expansion	  in	  αs)	  	  

_	  

Long-‐distance	  matrix	  elements	  (LDME)	  Long-‐distance	  matrix	  elements	  (LDMEs)	  
• 	  Probability	  of	  QQ	  in	  state	  	  	  	  	  	  to	  form	  	  

quarkonium	  state	  	  
• 	  Universal	  constants	  (independent	  of	  kinemaCcs)	  

• 	  	  Determined	  from	  fits	  to	  experimental	  data	  

_	  

Quarkonium production in two not-so-easy steps 6	  

The	  LDMEs	  should	  follow	  a	  hierarchy	  in	  powers	  of	  v,	  the	  relaCve	  velocity	  of	  the	  quark	  pair	  in	  the	  
quarkonium	  system	  	  Non-‐relaCvisCc	  approximaCon	  (v2∼0.3	  for	  the	  ψ	  and	  ∼0.1	  for	  the	  ϒ):	  
 	  TruncaCon	  of	  v-‐expansion	  for	  S-‐wave	  states	  
 	  NRQCD	  includes	  4	  terms	  (intermediate	  states):	  

	  CS	  term	  3S1	  	  	  	  	  	  (same	  	  	  	  	  	  as	  	  	  	  	  	  	  )	  
	  CO	  terms:	  1S0,	  3S1,	  3PJ	  



Note:	  
the	  fit	  starts	  at	  pT	  =	  3	  GeV	  
feed-‐down	  not	  taken	  into	  account	  

The	  J/ψ	  cross	  secCon	  is	  fi_ed	  adding	  the	  (free)	  1S0,	  3S1,	  3PJ	  octets	  to	  the	  (fixed)	  3S1	  singlet	  

Curves:	  SDC	  funcCons	  at	  NLO	  by	  	  
M.	  Butenschön	  and	  B.	  Kniehl	  
PRL	  108,	  172002	  (2012)	  

Fitting the theory to the data: a pedagogical example 

The	  3S1	  and	  3PJ	  octets	  
dominate	  at	  high	  pT	  	  

What	  does	  this	  imply	  	  
for	  the	  polarizaCon	  ?	  

7	  
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3S1[1]	  	  λθ  ≈ -0.9 (longitudinal) 
1S0[8]	  	  λθ  = 0 (isotropic)	

3S1[8]	  	  λθ  ≈ +1 (transverse)	  
3PJ

[8] 	  λθ  >> +1 (“hyper-‐transverse“)	  
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The	  J/ψ	  cross	  secCon	  is	  fi_ed	  adding	  the	  (free)	  1S0,	  3S1,	  3PJ	  octets	  to	  the	  (fixed)	  3S1	  singlet	  

Fitting the theory to the data: a pedagogical example 

3S1	  
[1]	  

J/ψ	  
@NLO, approximations, 

HX frame 

	  This	  is	  why	  NRQCD	  predicts	  
transverse	  polariza.on	  at	  high	  pT	  

7	  



• 	  The	  pre-‐LHC	  NRQCD	  analyses	  fi_ed	  the	  LDMEs	  from	  
quarkonium	  cross	  secCons...	  

	  →	  CO	  processes	  realized	  in	  nature!	  

...and	  then	  predicted	  the	  polarizaCons	  
	  →	  Quarkonia	  transversely	  polarized	  at	  high	  pT	  

• 	  The	  CDF	  J/ψ	  and	  ψ(2S)	  polarizaCon	  measurements	  
disagreed	  with	  the	  predicCon:	  puzzle	  !	  

	  →	  Measured	  cross	  secCons	  and	  polarizaCons	  cannot	  
	  	  	  	  	  	  be	  reproduced	  simultaneously	  	  

• 	  But	  Tevatron	  data	  are	  inconsistent	  

• 	  Feed-‐down	  effects	  blur	  the	  J/ψ	  picture	  

• 	  ψ(2S)	  λθ	  has	  very	  large	  errors	  

→	  Theorists	  remained	  skepCcal	  regarding	  the	  
	  	  	  	  	  	  existence	  of	  a	  fundamental	  problem...	  

NRQCD vs. pre-LHC data: 
the executive summary 
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• Quarkonium production has the potential to clarify (non-perturbative) hadron

formation and other QCD features

• However, after decades of theoretical and experimental research, quarkonium

production remains a mystery

• Best theory candidate - NRQCD: effective field theory, treats quarkonia as

non-relativistic systems (heavy quark masses)

Eq. (1) for direct photoproduction emerges by replacing
fi=AðxÞ by the photon flux function f!=eðxÞ and fixing i ¼ !.

We checked analytically that all appearing singularities
cancel. As for the ultraviolet singularities, we renormalize
the charm-quark mass and the wave functions of the ex-
ternal particles according to the on-shell scheme and the
strong-coupling constant according to the modified
minimal-subtraction scheme. The infrared (IR) singular-
ities are canceled similarly as described in Ref. [6]. In

particular, the 3P½8%
J short-distance cross sections produce

two new classes of soft singularities, named soft #2 and
soft #3 terms, on top of the soft #1 terms familiar from the
S-wave channels. The soft #2 terms do not factorize to LO
cross sections; they cancel against the IR singularities of
the virtual corrections left over upon the usual cancellation
against the soft #1 terms. The soft #3 terms cancel against
the IR singularities from the radiative corrections to the

hOJ=c ð3S½1%1 Þi and hOJ=c ð3S½8%1 Þi LDMEs.
We now describe our theoretical input and the kinematic

conditions for our numerical analysis. We set mc ¼
1:5 GeV, adopt the values of me, ", and the branching
ratios BðJ=c ! eþe'Þ and BðJ=c ! #þ#'Þ from
Ref. [11], and use the one-loop (two-loop) formula for

"
ðnfÞ
s ð#Þ, with nf ¼ 4 active quark flavors, at LO (NLO).

As for the proton parton distribution functions, we use set

CTEQ6L1 (CTEQ6M) [12] at LO (NLO), which comes

with an asymptotic scale parameter of !ð4Þ
QCD ¼ 215 MeV

(326 MeV). We evaluate the photon flux function by using
Eq. (5) of Ref. [13] with the cutoff Q2

max ¼ 2:5 GeV2 [14]
on the photon virtuality. As for the CS LDME, we adopt the

value hOJ=c ð3S½1%1 Þi ¼ 1:32 GeV3 from Ref. [15]. Our de-
fault choices for the renormalization, factorization, and
NRQCD scales are #r ¼ #f ¼ mT and #! ¼ mc, respec-

tively, where mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þ 4m2

c

q
is the J=c transverse

mass.
Our strategy for testing NRQCD factorization in J=c

production at NLO is as follows. We first perform a com-
mon fit of the CO LDMEs to the pT distributions measured
by CDF in hadroproduction at Tevatron run II [16] and by
H1 in photoproduction at HERA1 [17] and HERA2 [14]
(see Table I and Fig. 1). We then compare the pT distribu-
tions measured by PHENIX at RHIC [18] and CMS at the
LHC [19] as well as theW and z distributions measured by

TABLE I. NLO fit results for the J=c CO LDMEs.

hOJ=c ð1S½8%0 Þi ð4:50( 0:72Þ ) 10'2 GeV3

hOJ=c ð3S½8%1 Þi ð3:12( 0:93Þ ) 10'3 GeV3

hOJ=c ð3P½8%
0 Þi ð'1:21( 0:35Þ ) 10'2 GeV5
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FIG. 1 (color online). NLO NRQCD predictions of J=c hadro- and photoproduction resulting from the fit compared to the CDF [16]

and H1 [14,17] input data. The coding of the lines in part (f) of the figure is the same as in part (c). The seeming singularity of the 3P½8%
J

contribution in part (c) is an artifact of the logarithmic scale on the vertical axis.
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that, for pT ! 2mc, the results are fairly stable when
passing from the Tevatron to the LHC and from the central
(jyj< 0:6) to the forward (2:5< y< 4) rapidity region, as
long as one stays in the helicity frame. However, switching
from the helicity to the Collins-Soper frame has a radical
impact on the various pT distributions, as the comparison
of Figs. 1(b) and 1(c) reveals. The most striking effect
appears for !", where the NLO CSM and NRQCD results
are, roughly speaking, inverted. As for !#, the Collins-

Soper frame clearly outperforms the helicity frame with
regard to the power of NRQCD versus CSM discrimina-
tion. As expected, the theoretical uncertainties due to scale
variations steadily decrease as the value of pT increases,
which just reflects asymptotic freedom.

Let us now compare experiment and theory. The
Tevatron I data for !" [14] systematically fall below the
NLO-NRQCD prediction and, unlike the latter, exhibit a
downward trend for pT * 10 GeV, but their errors are too
large for a firm conclusion. This is quite different for the
Tevatron II data [15], which are rather precise and indicate
that the J=c mesons are essentially unpolarized in the
helicity frame, while NRQCD clearly predicts transverse
polarization, with purity and precision steadily increasing
with the value of pT . A few caveats are in order here. While
the CDF data cover prompt production, including the feed
down from the heavier $cJ and c 0 mesons, our predictions
refer to direct production, devoid of feed down. However,
the inclusion of feed down was found to have a minor effect
on the pT distribution of !" at LO in NRQCD [21], which
is expected to carry over to NLO. For pT < 12 GeV, the
measurements from Tevatron runs I [14] and II [15] are
mutually incompatible, a feature that has never been sat-
isfactorily clarified by the CDF Collaboration. Fortunately,

the four LHC experiments are in a position to measure the
J=c polarization with unprecedented precision, and
ALICE has already presented the first results for !" and
!# [16], both in the helicity and Collins-Soper frames. We

compare them with our NLO-NRQCD predictions in
Figs. 1(b) and 1(c), respectively, leaving out one data point
in the pT bin 2–3 GeV in each of the four cases. The degree
of agreement is encouraging. All data points are at most 1
standard deviation away from the theoretical error bands;
four of them even overlap with the latter. The agreement
tends to improve with the value of pT increasing, as the
influence of uncontrolled corrections beyond NLO fades.
Except in the low-pT bin of !" in the helicity frame, the
data clearly favor NRQCD over the CSM at NLO.
However, these comparisons also have to be taken with a
grain of salt, since, unlike our predictions, the ALICE data
[16] also include J=c mesons from feed down and
B-meson decays. The fraction of J=c mesons from the
b-quark origin was measured by the LHCb Collaboration
for unpolarized production to be below 15% in the pT

range considered here [22], so that their omission should
have an effect negligible against the theoretical
uncertainty.
In order to assess the relative importance of the individ-

ual c !c Fock states n for !" and !# in the helicity and

Collins-Soper frames, we detail their contributions to
d%00, d%11, and d%1;"1 in Fig. 2. Note that the unpolarized

cross section is recovered as d%00 þ 2d%11, while d%1;"1

is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.

As anticipated above, the previously unknown 3P½8%
J con-

tributions play a dominant role in this game, and their
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FIG. 1 (color online). NLO-NRQCD predictions (solid lines) for !" and !# as functions of pT in the helicity and Collins-Soper
frames including theoretical uncertainties (shaded/yellow bands) compared to CDF [14,15] and ALICE [16] data. For comparison, the
NLO CSM (dot-dashed lines) predictions including theoretical uncertainties (hatched/blue bands) as well as the LO NRQCD (dashed
lines) and LO CSM (dotted lines) ones are also shown.
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• Quarkonium production has the potential to clarify (non-perturbative) hadron

formation and other QCD features

• However, after decades of theoretical and experimental research, quarkonium

production remains a mystery

• Best theory candidate - NRQCD: effective field theory, treats quarkonia as

non-relativistic systems (heavy quark masses)

Eq. (1) for direct photoproduction emerges by replacing
fi=AðxÞ by the photon flux function f!=eðxÞ and fixing i ¼ !.

We checked analytically that all appearing singularities
cancel. As for the ultraviolet singularities, we renormalize
the charm-quark mass and the wave functions of the ex-
ternal particles according to the on-shell scheme and the
strong-coupling constant according to the modified
minimal-subtraction scheme. The infrared (IR) singular-
ities are canceled similarly as described in Ref. [6]. In

particular, the 3P½8%
J short-distance cross sections produce

two new classes of soft singularities, named soft #2 and
soft #3 terms, on top of the soft #1 terms familiar from the
S-wave channels. The soft #2 terms do not factorize to LO
cross sections; they cancel against the IR singularities of
the virtual corrections left over upon the usual cancellation
against the soft #1 terms. The soft #3 terms cancel against
the IR singularities from the radiative corrections to the

hOJ=c ð3S½1%1 Þi and hOJ=c ð3S½8%1 Þi LDMEs.
We now describe our theoretical input and the kinematic

conditions for our numerical analysis. We set mc ¼
1:5 GeV, adopt the values of me, ", and the branching
ratios BðJ=c ! eþe'Þ and BðJ=c ! #þ#'Þ from
Ref. [11], and use the one-loop (two-loop) formula for

"
ðnfÞ
s ð#Þ, with nf ¼ 4 active quark flavors, at LO (NLO).

As for the proton parton distribution functions, we use set

CTEQ6L1 (CTEQ6M) [12] at LO (NLO), which comes

with an asymptotic scale parameter of !ð4Þ
QCD ¼ 215 MeV

(326 MeV). We evaluate the photon flux function by using
Eq. (5) of Ref. [13] with the cutoff Q2

max ¼ 2:5 GeV2 [14]
on the photon virtuality. As for the CS LDME, we adopt the

value hOJ=c ð3S½1%1 Þi ¼ 1:32 GeV3 from Ref. [15]. Our de-
fault choices for the renormalization, factorization, and
NRQCD scales are #r ¼ #f ¼ mT and #! ¼ mc, respec-

tively, where mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þ 4m2

c

q
is the J=c transverse

mass.
Our strategy for testing NRQCD factorization in J=c

production at NLO is as follows. We first perform a com-
mon fit of the CO LDMEs to the pT distributions measured
by CDF in hadroproduction at Tevatron run II [16] and by
H1 in photoproduction at HERA1 [17] and HERA2 [14]
(see Table I and Fig. 1). We then compare the pT distribu-
tions measured by PHENIX at RHIC [18] and CMS at the
LHC [19] as well as theW and z distributions measured by

TABLE I. NLO fit results for the J=c CO LDMEs.

hOJ=c ð1S½8%0 Þi ð4:50( 0:72Þ ) 10'2 GeV3

hOJ=c ð3S½8%1 Þi ð3:12( 0:93Þ ) 10'3 GeV3

hOJ=c ð3P½8%
0 Þi ð'1:21( 0:35Þ ) 10'2 GeV5
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FIG. 1 (color online). NLO NRQCD predictions of J=c hadro- and photoproduction resulting from the fit compared to the CDF [16]

and H1 [14,17] input data. The coding of the lines in part (f) of the figure is the same as in part (c). The seeming singularity of the 3P½8%
J

contribution in part (c) is an artifact of the logarithmic scale on the vertical axis.
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that, for pT ! 2mc, the results are fairly stable when
passing from the Tevatron to the LHC and from the central
(jyj< 0:6) to the forward (2:5< y< 4) rapidity region, as
long as one stays in the helicity frame. However, switching
from the helicity to the Collins-Soper frame has a radical
impact on the various pT distributions, as the comparison
of Figs. 1(b) and 1(c) reveals. The most striking effect
appears for !", where the NLO CSM and NRQCD results
are, roughly speaking, inverted. As for !#, the Collins-

Soper frame clearly outperforms the helicity frame with
regard to the power of NRQCD versus CSM discrimina-
tion. As expected, the theoretical uncertainties due to scale
variations steadily decrease as the value of pT increases,
which just reflects asymptotic freedom.

Let us now compare experiment and theory. The
Tevatron I data for !" [14] systematically fall below the
NLO-NRQCD prediction and, unlike the latter, exhibit a
downward trend for pT * 10 GeV, but their errors are too
large for a firm conclusion. This is quite different for the
Tevatron II data [15], which are rather precise and indicate
that the J=c mesons are essentially unpolarized in the
helicity frame, while NRQCD clearly predicts transverse
polarization, with purity and precision steadily increasing
with the value of pT . A few caveats are in order here. While
the CDF data cover prompt production, including the feed
down from the heavier $cJ and c 0 mesons, our predictions
refer to direct production, devoid of feed down. However,
the inclusion of feed down was found to have a minor effect
on the pT distribution of !" at LO in NRQCD [21], which
is expected to carry over to NLO. For pT < 12 GeV, the
measurements from Tevatron runs I [14] and II [15] are
mutually incompatible, a feature that has never been sat-
isfactorily clarified by the CDF Collaboration. Fortunately,

the four LHC experiments are in a position to measure the
J=c polarization with unprecedented precision, and
ALICE has already presented the first results for !" and
!# [16], both in the helicity and Collins-Soper frames. We

compare them with our NLO-NRQCD predictions in
Figs. 1(b) and 1(c), respectively, leaving out one data point
in the pT bin 2–3 GeV in each of the four cases. The degree
of agreement is encouraging. All data points are at most 1
standard deviation away from the theoretical error bands;
four of them even overlap with the latter. The agreement
tends to improve with the value of pT increasing, as the
influence of uncontrolled corrections beyond NLO fades.
Except in the low-pT bin of !" in the helicity frame, the
data clearly favor NRQCD over the CSM at NLO.
However, these comparisons also have to be taken with a
grain of salt, since, unlike our predictions, the ALICE data
[16] also include J=c mesons from feed down and
B-meson decays. The fraction of J=c mesons from the
b-quark origin was measured by the LHCb Collaboration
for unpolarized production to be below 15% in the pT

range considered here [22], so that their omission should
have an effect negligible against the theoretical
uncertainty.
In order to assess the relative importance of the individ-

ual c !c Fock states n for !" and !# in the helicity and

Collins-Soper frames, we detail their contributions to
d%00, d%11, and d%1;"1 in Fig. 2. Note that the unpolarized

cross section is recovered as d%00 þ 2d%11, while d%1;"1

is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.

As anticipated above, the previously unknown 3P½8%
J con-

tributions play a dominant role in this game, and their
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FIG. 1 (color online). NLO-NRQCD predictions (solid lines) for !" and !# as functions of pT in the helicity and Collins-Soper
frames including theoretical uncertainties (shaded/yellow bands) compared to CDF [14,15] and ALICE [16] data. For comparison, the
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• Quarkonium production has the potential to clarify (non-perturbative) hadron

formation and other QCD features

• However, after decades of theoretical and experimental research, quarkonium

production remains a mystery

• Best theory candidate - NRQCD: effective field theory, treats quarkonia as

non-relativistic systems (heavy quark masses)

Eq. (1) for direct photoproduction emerges by replacing
fi=AðxÞ by the photon flux function f!=eðxÞ and fixing i ¼ !.

We checked analytically that all appearing singularities
cancel. As for the ultraviolet singularities, we renormalize
the charm-quark mass and the wave functions of the ex-
ternal particles according to the on-shell scheme and the
strong-coupling constant according to the modified
minimal-subtraction scheme. The infrared (IR) singular-
ities are canceled similarly as described in Ref. [6]. In

particular, the 3P½8%
J short-distance cross sections produce

two new classes of soft singularities, named soft #2 and
soft #3 terms, on top of the soft #1 terms familiar from the
S-wave channels. The soft #2 terms do not factorize to LO
cross sections; they cancel against the IR singularities of
the virtual corrections left over upon the usual cancellation
against the soft #1 terms. The soft #3 terms cancel against
the IR singularities from the radiative corrections to the

hOJ=c ð3S½1%1 Þi and hOJ=c ð3S½8%1 Þi LDMEs.
We now describe our theoretical input and the kinematic

conditions for our numerical analysis. We set mc ¼
1:5 GeV, adopt the values of me, ", and the branching
ratios BðJ=c ! eþe'Þ and BðJ=c ! #þ#'Þ from
Ref. [11], and use the one-loop (two-loop) formula for

"
ðnfÞ
s ð#Þ, with nf ¼ 4 active quark flavors, at LO (NLO).

As for the proton parton distribution functions, we use set

CTEQ6L1 (CTEQ6M) [12] at LO (NLO), which comes

with an asymptotic scale parameter of !ð4Þ
QCD ¼ 215 MeV

(326 MeV). We evaluate the photon flux function by using
Eq. (5) of Ref. [13] with the cutoff Q2

max ¼ 2:5 GeV2 [14]
on the photon virtuality. As for the CS LDME, we adopt the

value hOJ=c ð3S½1%1 Þi ¼ 1:32 GeV3 from Ref. [15]. Our de-
fault choices for the renormalization, factorization, and
NRQCD scales are #r ¼ #f ¼ mT and #! ¼ mc, respec-

tively, where mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þ 4m2

c

q
is the J=c transverse

mass.
Our strategy for testing NRQCD factorization in J=c

production at NLO is as follows. We first perform a com-
mon fit of the CO LDMEs to the pT distributions measured
by CDF in hadroproduction at Tevatron run II [16] and by
H1 in photoproduction at HERA1 [17] and HERA2 [14]
(see Table I and Fig. 1). We then compare the pT distribu-
tions measured by PHENIX at RHIC [18] and CMS at the
LHC [19] as well as theW and z distributions measured by

TABLE I. NLO fit results for the J=c CO LDMEs.

hOJ=c ð1S½8%0 Þi ð4:50( 0:72Þ ) 10'2 GeV3

hOJ=c ð3S½8%1 Þi ð3:12( 0:93Þ ) 10'3 GeV3

hOJ=c ð3P½8%
0 Þi ð'1:21( 0:35Þ ) 10'2 GeV5
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FIG. 1 (color online). NLO NRQCD predictions of J=c hadro- and photoproduction resulting from the fit compared to the CDF [16]

and H1 [14,17] input data. The coding of the lines in part (f) of the figure is the same as in part (c). The seeming singularity of the 3P½8%
J

contribution in part (c) is an artifact of the logarithmic scale on the vertical axis.
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that, for pT ! 2mc, the results are fairly stable when
passing from the Tevatron to the LHC and from the central
(jyj< 0:6) to the forward (2:5< y< 4) rapidity region, as
long as one stays in the helicity frame. However, switching
from the helicity to the Collins-Soper frame has a radical
impact on the various pT distributions, as the comparison
of Figs. 1(b) and 1(c) reveals. The most striking effect
appears for !", where the NLO CSM and NRQCD results
are, roughly speaking, inverted. As for !#, the Collins-

Soper frame clearly outperforms the helicity frame with
regard to the power of NRQCD versus CSM discrimina-
tion. As expected, the theoretical uncertainties due to scale
variations steadily decrease as the value of pT increases,
which just reflects asymptotic freedom.

Let us now compare experiment and theory. The
Tevatron I data for !" [14] systematically fall below the
NLO-NRQCD prediction and, unlike the latter, exhibit a
downward trend for pT * 10 GeV, but their errors are too
large for a firm conclusion. This is quite different for the
Tevatron II data [15], which are rather precise and indicate
that the J=c mesons are essentially unpolarized in the
helicity frame, while NRQCD clearly predicts transverse
polarization, with purity and precision steadily increasing
with the value of pT . A few caveats are in order here. While
the CDF data cover prompt production, including the feed
down from the heavier $cJ and c 0 mesons, our predictions
refer to direct production, devoid of feed down. However,
the inclusion of feed down was found to have a minor effect
on the pT distribution of !" at LO in NRQCD [21], which
is expected to carry over to NLO. For pT < 12 GeV, the
measurements from Tevatron runs I [14] and II [15] are
mutually incompatible, a feature that has never been sat-
isfactorily clarified by the CDF Collaboration. Fortunately,

the four LHC experiments are in a position to measure the
J=c polarization with unprecedented precision, and
ALICE has already presented the first results for !" and
!# [16], both in the helicity and Collins-Soper frames. We

compare them with our NLO-NRQCD predictions in
Figs. 1(b) and 1(c), respectively, leaving out one data point
in the pT bin 2–3 GeV in each of the four cases. The degree
of agreement is encouraging. All data points are at most 1
standard deviation away from the theoretical error bands;
four of them even overlap with the latter. The agreement
tends to improve with the value of pT increasing, as the
influence of uncontrolled corrections beyond NLO fades.
Except in the low-pT bin of !" in the helicity frame, the
data clearly favor NRQCD over the CSM at NLO.
However, these comparisons also have to be taken with a
grain of salt, since, unlike our predictions, the ALICE data
[16] also include J=c mesons from feed down and
B-meson decays. The fraction of J=c mesons from the
b-quark origin was measured by the LHCb Collaboration
for unpolarized production to be below 15% in the pT

range considered here [22], so that their omission should
have an effect negligible against the theoretical
uncertainty.
In order to assess the relative importance of the individ-

ual c !c Fock states n for !" and !# in the helicity and

Collins-Soper frames, we detail their contributions to
d%00, d%11, and d%1;"1 in Fig. 2. Note that the unpolarized

cross section is recovered as d%00 þ 2d%11, while d%1;"1

is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.

As anticipated above, the previously unknown 3P½8%
J con-

tributions play a dominant role in this game, and their
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FIG. 1 (color online). NLO-NRQCD predictions (solid lines) for !" and !# as functions of pT in the helicity and Collins-Soper
frames including theoretical uncertainties (shaded/yellow bands) compared to CDF [14,15] and ALICE [16] data. For comparison, the
NLO CSM (dot-dashed lines) predictions including theoretical uncertainties (hatched/blue bands) as well as the LO NRQCD (dashed
lines) and LO CSM (dotted lines) ones are also shown.
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• Quarkonium production has the potential to clarify (non-perturbative) hadron

formation and other QCD features

• However, after decades of theoretical and experimental research, quarkonium

production remains a mystery

• Best theory candidate - NRQCD: effective field theory, treats quarkonia as

non-relativistic systems (heavy quark masses)

Eq. (1) for direct photoproduction emerges by replacing
fi=AðxÞ by the photon flux function f!=eðxÞ and fixing i ¼ !.

We checked analytically that all appearing singularities
cancel. As for the ultraviolet singularities, we renormalize
the charm-quark mass and the wave functions of the ex-
ternal particles according to the on-shell scheme and the
strong-coupling constant according to the modified
minimal-subtraction scheme. The infrared (IR) singular-
ities are canceled similarly as described in Ref. [6]. In

particular, the 3P½8%
J short-distance cross sections produce

two new classes of soft singularities, named soft #2 and
soft #3 terms, on top of the soft #1 terms familiar from the
S-wave channels. The soft #2 terms do not factorize to LO
cross sections; they cancel against the IR singularities of
the virtual corrections left over upon the usual cancellation
against the soft #1 terms. The soft #3 terms cancel against
the IR singularities from the radiative corrections to the

hOJ=c ð3S½1%1 Þi and hOJ=c ð3S½8%1 Þi LDMEs.
We now describe our theoretical input and the kinematic

conditions for our numerical analysis. We set mc ¼
1:5 GeV, adopt the values of me, ", and the branching
ratios BðJ=c ! eþe'Þ and BðJ=c ! #þ#'Þ from
Ref. [11], and use the one-loop (two-loop) formula for

"
ðnfÞ
s ð#Þ, with nf ¼ 4 active quark flavors, at LO (NLO).

As for the proton parton distribution functions, we use set

CTEQ6L1 (CTEQ6M) [12] at LO (NLO), which comes

with an asymptotic scale parameter of !ð4Þ
QCD ¼ 215 MeV

(326 MeV). We evaluate the photon flux function by using
Eq. (5) of Ref. [13] with the cutoff Q2

max ¼ 2:5 GeV2 [14]
on the photon virtuality. As for the CS LDME, we adopt the

value hOJ=c ð3S½1%1 Þi ¼ 1:32 GeV3 from Ref. [15]. Our de-
fault choices for the renormalization, factorization, and
NRQCD scales are #r ¼ #f ¼ mT and #! ¼ mc, respec-

tively, where mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þ 4m2

c

q
is the J=c transverse

mass.
Our strategy for testing NRQCD factorization in J=c

production at NLO is as follows. We first perform a com-
mon fit of the CO LDMEs to the pT distributions measured
by CDF in hadroproduction at Tevatron run II [16] and by
H1 in photoproduction at HERA1 [17] and HERA2 [14]
(see Table I and Fig. 1). We then compare the pT distribu-
tions measured by PHENIX at RHIC [18] and CMS at the
LHC [19] as well as theW and z distributions measured by

TABLE I. NLO fit results for the J=c CO LDMEs.

hOJ=c ð1S½8%0 Þi ð4:50( 0:72Þ ) 10'2 GeV3

hOJ=c ð3S½8%1 Þi ð3:12( 0:93Þ ) 10'3 GeV3

hOJ=c ð3P½8%
0 Þi ð'1:21( 0:35Þ ) 10'2 GeV5
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FIG. 1 (color online). NLO NRQCD predictions of J=c hadro- and photoproduction resulting from the fit compared to the CDF [16]

and H1 [14,17] input data. The coding of the lines in part (f) of the figure is the same as in part (c). The seeming singularity of the 3P½8%
J

contribution in part (c) is an artifact of the logarithmic scale on the vertical axis.
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that, for pT ! 2mc, the results are fairly stable when
passing from the Tevatron to the LHC and from the central
(jyj< 0:6) to the forward (2:5< y< 4) rapidity region, as
long as one stays in the helicity frame. However, switching
from the helicity to the Collins-Soper frame has a radical
impact on the various pT distributions, as the comparison
of Figs. 1(b) and 1(c) reveals. The most striking effect
appears for !", where the NLO CSM and NRQCD results
are, roughly speaking, inverted. As for !#, the Collins-

Soper frame clearly outperforms the helicity frame with
regard to the power of NRQCD versus CSM discrimina-
tion. As expected, the theoretical uncertainties due to scale
variations steadily decrease as the value of pT increases,
which just reflects asymptotic freedom.

Let us now compare experiment and theory. The
Tevatron I data for !" [14] systematically fall below the
NLO-NRQCD prediction and, unlike the latter, exhibit a
downward trend for pT * 10 GeV, but their errors are too
large for a firm conclusion. This is quite different for the
Tevatron II data [15], which are rather precise and indicate
that the J=c mesons are essentially unpolarized in the
helicity frame, while NRQCD clearly predicts transverse
polarization, with purity and precision steadily increasing
with the value of pT . A few caveats are in order here. While
the CDF data cover prompt production, including the feed
down from the heavier $cJ and c 0 mesons, our predictions
refer to direct production, devoid of feed down. However,
the inclusion of feed down was found to have a minor effect
on the pT distribution of !" at LO in NRQCD [21], which
is expected to carry over to NLO. For pT < 12 GeV, the
measurements from Tevatron runs I [14] and II [15] are
mutually incompatible, a feature that has never been sat-
isfactorily clarified by the CDF Collaboration. Fortunately,

the four LHC experiments are in a position to measure the
J=c polarization with unprecedented precision, and
ALICE has already presented the first results for !" and
!# [16], both in the helicity and Collins-Soper frames. We

compare them with our NLO-NRQCD predictions in
Figs. 1(b) and 1(c), respectively, leaving out one data point
in the pT bin 2–3 GeV in each of the four cases. The degree
of agreement is encouraging. All data points are at most 1
standard deviation away from the theoretical error bands;
four of them even overlap with the latter. The agreement
tends to improve with the value of pT increasing, as the
influence of uncontrolled corrections beyond NLO fades.
Except in the low-pT bin of !" in the helicity frame, the
data clearly favor NRQCD over the CSM at NLO.
However, these comparisons also have to be taken with a
grain of salt, since, unlike our predictions, the ALICE data
[16] also include J=c mesons from feed down and
B-meson decays. The fraction of J=c mesons from the
b-quark origin was measured by the LHCb Collaboration
for unpolarized production to be below 15% in the pT

range considered here [22], so that their omission should
have an effect negligible against the theoretical
uncertainty.
In order to assess the relative importance of the individ-

ual c !c Fock states n for !" and !# in the helicity and

Collins-Soper frames, we detail their contributions to
d%00, d%11, and d%1;"1 in Fig. 2. Note that the unpolarized

cross section is recovered as d%00 þ 2d%11, while d%1;"1

is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.

As anticipated above, the previously unknown 3P½8%
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tributions play a dominant role in this game, and their
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FIG. 1 (color online). NLO-NRQCD predictions (solid lines) for !" and !# as functions of pT in the helicity and Collins-Soper
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• 	  The	  pre-‐LHC	  NRQCD	  analyses	  fi_ed	  the	  LDMEs	  from	  
quarkonium	  cross	  secCons...	  

	  →	  CO	  processes	  realized	  in	  nature!	  

...and	  then	  predicted	  the	  polarizaCons	  
	  →	  Quarkonia	  transversely	  polarized	  at	  high	  pT	  

• 	  The	  CDF	  J/ψ	  and	  ψ(2S)	  polarizaCon	  measurements	  
disagreed	  with	  the	  predicCon:	  puzzle	  !	  

	  →	  Measured	  cross	  secCons	  and	  polarizaCons	  cannot	  
	  	  	  	  	  	  be	  reproduced	  simultaneously	  	  

• 	  But	  Tevatron	  data	  are	  inconsistent	  

• 	  Feed-‐down	  effects	  blur	  the	  J/ψ	  picture	  

• 	  ψ(2S)	  λθ	  has	  very	  large	  errors	  

→	  Theorists	  remained	  skepCcal	  regarding	  the	  
	  	  	  	  	  	  existence	  of	  a	  fundamental	  problem...	  



1.   We	  need	  “beVer“	  data!	  

→  Quarkonium	  polariza.on:	  
•  	  More	  reliable	  analysis	  techniques	  
•  	  Consistent	  experimental	  picture	  
•  	  PolarizaCon	  of	  S-‐wave	  and	  P-‐wave	  states	  

→  Quarkonium	  produc.on	  cross	  sec.ons:	  
•  	  Up	  to	  the	  highest	  possible	  pT	  
•  	  Cross	  secCons	  of	  S-‐wave	  and	  P-‐wave	  states	  

Missions to be accomplished in the LHC-era 9	  

2.	  We	  need	  “beVer”	  theory!	  

→  	  Improved	  understanding	  of	  pQCD	  inputs	  
→  	  Consistent	  NRQCD	  model	  vs.	  data	  comparisons	  



1)  MoCvaCon	  &	  introducCon:	  the	  pre-‐LHC	  puzzles	  

2)  	  Quarkonium	  produc.on	  measurements	  at	  CMS	  
3)  InterpretaCon	  of	  the	  results:	  a	  polarized	  perspecCve	  
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The CMS detector: quarkonium performance 
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Charming and beautiful CMS measurements: S states 
ϒ ➝ µ+µ- 
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Figure 1: Invariant mass distribution of the selected Υ → µ+µ− candidates in the range
pT < 15 GeV/c and 2.0 < y < 4.5. The three peaks correspond to the Υ (1S), Υ (2S) and Υ (3S)
signals (from left to right). The superimposed curves are the result of the fit as described in the
text.
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with fCB = fCB(m;M, σ, a, n), where M and σ are the mean and width of the gaussian.
The parameters a and n describing the radiative tail of the Υ mass distribution are fixed
to describe a tail dominated by QED photon emission, as confirmed by simulation. The
distribution in Fig. 1 shows the results of the fit performed in the full range of pT and y.
The signal yields obtained from the fit are Υ (1S) = 26 410 ± 212, Υ (2S) = 6726 ± 142
and Υ (3S) = 3260 ± 112 events. The mass resolution of the Υ (1S) peak is σ = 53.9 ±
0.5 MeV/c2. The resolutions of the Υ (2S) and Υ (3S) peaks are fixed to the resolution
of the Υ (1S), scaled by the ratio of the masses, as expected from resolution effects. The
masses are allowed to vary in the fit and are measured to be M(Υ (1S)) = 9448.3 ±
0.5 MeV/c2, M(Υ (2S)) = 10 010.4±1.4 MeV/c2 and M(Υ (3S)) = 10 338.7±2.6 MeV/c2,
where the quoted uncertainties are statistical only. The fit is repeated independently for
each of the bins in pT and y. When fitting the individual bins, due to the reduced dataset,
the masses and widths of the three Υ states in the fit are fixed to the values obtained
when fitting the full range. Bins with fewer than 36 entries are excluded from the analysis.
The total efficiency ε entering the cross-section expression of Eq. (1) is the product of the
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Very	  good	  dimuon	  mass	  resoluCon	  
	  	  be_er	  than	  ATLAS;	  worse	  than	  LHCb	  

High	  pT	  dimuon	  coverage	  
	  	  much	  be_er	  than	  LHCb;	  similar	  to	  ATLAS	  

Excellent	  secondary	  vertexing	  
	  	  Crucial	  to	  remove	  non-‐prompt	  charmonia	  
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6 5 Results

5 Results
After correcting the prompt signal yields for the detection efficiencies, the dimuon acceptance,
the integrated luminosity, and the widths of the pT and |y| bins, one obtains the double differ-
ential cross sections of promptly produced charmonia in the dimuon channel, B × d2σ/dpTdy,
where B stands for the J/ψ or ψ(2S) branching fraction in the dimuon decay channel. Figure 5
shows the obtained results, for both charmonia, taking the acceptance corrections calculated in
the unpolarized scenario. The cross sections in the 0.6 < |y| < 0.9 bin are only ≈ 5% smaller
than in the most mid-rapidity bin, |y| < 0.3, while in the 0.9 < |y| < 1.2 bin the drop reaches
≈ 15%. The relative systematic and statistical uncertainties are displayed in Fig. 6, for each
rapidity bin and charmonium state.

The charmonium production cross sections have also been measured in the integrated rapid-
ity range, |y| < 1.2, the advantage being that this result has an increased statistical accuracy,
so that the measurement can be further extended towards higher pT values, where compar-
isons with theory calculations should be particularly informative. Figure 7 shows the obtained
rapidity-integrated cross sections, after correcting for the branching fraction of the dimuon de-
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Figure 5: The J/ψ and ψ(2S) production cross sections, in the dimuon decay channel, as a
function of pT and in four rapidity bins (left) or integrated in the range |y| < 1.2 (right).
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After correcting the prompt signal yields for the detection efficiencies, the dimuon acceptance,
the integrated luminosity, and the widths of the pT and |y| bins, one obtains the double differ-
ential cross sections of promptly produced charmonia in the dimuon channel, B × d2σ/dpTdy,
where B stands for the J/ψ or ψ(2S) branching fraction in the dimuon decay channel. Figure 5
shows the obtained results, for both charmonia, taking the acceptance corrections calculated in
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than in the most mid-rapidity bin, |y| < 0.3, while in the 0.9 < |y| < 1.2 bin the drop reaches
≈ 15%. The relative systematic and statistical uncertainties are displayed in Fig. 6, for each
rapidity bin and charmonium state.
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Figure 5: The J/ψ and ψ(2S) production cross sections, in the dimuon decay channel, as a
function of pT and in four rapidity bins (left) or integrated in the range |y| < 1.2 (right).
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Figure 2: Distribution of m∗(µ+µ−γ) ≡ m(µ+µ−γ)−m(µ+µ−) +m(Υ ) for χb candidates with
fit projections overlaid for (a) χb(1P ) → Υ (1S)γ, (b) χb(2P ) → Υ (1S)γ, (c,e) χb(3P ) → Υ (1S)γ
and (d,f) χb(3P ) → Υ (2S)γ channels. The result of the simultaneous fit to the χb(3P ) → Υ (1S)γ
and χb(3P ) → Υ (2S)γ mass distributions is shown in (e) and (f). The cyan dotted line shows
the non-Υ background, the magenta dashed line shows the combinatorial background, the red
dashed line the χb1 contribution, the green dash-dotted line the χb2 contribution, and the blue
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χc ➝	  J/ψ + γ 
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χb1(1P)	  	  
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Unique	  at	  a	  
hadron	  collider!	  
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χb2(1P)	  

Low	  energy	  photon	  conversions	  
	  	  „Sub-‐opCmal“	  efficiency	  
	  	  Excellent	  mass	  resoluCon	  (≈5	  MeV	  )	  

Current	  CMS	  results	  limited	  to	  measurements	  
of	  the	  χc2	  /	  χc1	  and	  χb2(1P)	  /	  χb1(1P)	  	  
cross-‐secCon	  raCos	  



Charming and beautiful CMS measurements: P states 

) [GeV](J/
T

p
10 15 20 25

/ B
)

c1
(

B
)

c2
(

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

CMS
 = 7 TeVspp

-1L = 4.6 fb

) > 0(
T

)| < 1.0, p|y(J/

) = (0, 0)
c2

,m
c1

(m
2)1,) = (

c2

,m
c1

(m

|y(J/ψ)| < 1.0 
pT(γ) > 0 GeV 

band:	  syst.	  uncertainty	  

 [GeV]Tp
10 15 20 25 30 35 40

)
b1

(

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

9% BR uncertainty not shown

CMS Preliminary

 = 8 TeVspp
-1L = 20.7 fb

| < 1.5|y
| < 1|

Unpolarized

) 
b2

(
/

PRD 86 (2012) 084027 

 [GeV]Tp
10 15 20 25 30 35 40

)
b1

(

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

9% BR uncertainty not shown

CMS Preliminary

 = 8 TeVspp
-1L = 20.7 fb

| < 1.5|y
| < 1|

Unpolarized

) 
b2

(
/

band:	  total	  uncertainty	  

12	  

Future	  CMS	  measurements	  will	  include	  
„absolute“	  cross	  secCons	  of	  the	  P-‐wave	  
charmonium	  and	  bo_omonium	  systems	  

Low	  energy	  photon	  conversions	  
	  	  „Sub-‐opCmal“	  efficiency	  
	  	  Excellent	  mass	  resoluCon	  (≈5	  MeV	  )	  

Current	  CMS	  results	  limited	  to	  measurements	  
of	  the	  χc2	  /	  χc1	  and	  χb2(1P)	  /	  χb1(1P)	  	  
cross-‐secCon	  raCos	  
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This	  strongly	  suggests	  that	  	  
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Quarkonium	  polarizaCons	  are	  measured	  from	  the	  
angular	  decay	  distribuCons	  in	  dimuon	  decays	  

We	  measure	  the	  full	  angular	  distribuCon	  and	  report	  the	  
λθ,	  λφ	  and	  λθφ	  polarizaCon	  parameters	  (in	  3	  frames)	  
for	  five	  S	  states,	  vs.	  pT	  and	  in	  several	  |y|	  ranges.	  
We	  further	  measure	  the	  frame-‐invariant	  parameter	  	  

The	  underlying	  conCnuum	  background	  is	  removed	  
using	  the	  invariant	  mass	  distribuCon;	  	  
and	  the	  non-‐prompt	  charmonia	  using	  the	  decay	  length	  
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for	  five	  S	  states,	  vs.	  pT	  and	  in	  several	  |y|	  ranges.	  
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The	  underlying	  conCnuum	  background	  is	  removed	  
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for	  five	  S	  states,	  vs.	  pT	  and	  in	  several	  |y|	  ranges.	  
We	  further	  measure	  the	  frame-‐invariant	  parameter	  	  

The	  underlying	  conCnuum	  background	  is	  removed	  
using	  the	  invariant	  mass	  distribuCon;	  	  
and	  the	  non-‐prompt	  charmonia	  using	  the	  decay	  length	  

We	  calculate	  the	  mulC-‐dimensional	  posterior	  
probability	  density	  as	  result	  of	  the	  analysis	  

Main	  experimental	  challenges:	  
 reliable	  background	  modeling	  (sidebands)	  
 precise	  mapping	  of	  (di)muon	  efficiencies	  (T&P)	  

UncertainCes	  are	  dominated	  by	  systemaCcs	  at	  low	  pT	  	  
and	  by	  staCsCcs	  at	  high	  pT	  
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Good	  consistency	  between	  CMS,	  LHCb,	  ALICE	  and	  CDF.	  Previous	  experimental	  inconsistencies	  
overcome	  due	  to	  novel	  and	  more	  robust	  analysis	  techniques	  (EPJC	  69	  (2010)	  657).	  

No	  strong	  polarizaCons	  seen	  in	  any	  of	  the	  measurements	  

 	  no	  dependencies	  on	  pT	  or	  rapidity	  
 	  no	  strong	  changes	  between	  S-‐states	  with	  very	  different	  P-‐wave	  feed-‐down	  characterisCcs	  
 	  no	  evident	  differences	  between	  charmonium	  and	  bo_omonium	  states	  
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Lessons from the LHC: Two data-driven observations 16	  

1.   Cross	  sec.on	  data	  
 	  „pT/M	  scaling”:	  All	  quarkonium	  states	  
are	  produced	  in	  a	  very	  similar	  way	  
 	  	  Likely	  dominated	  by	  one	  color	  octet	  
mechanism	  
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2.	  Quarkonium	  polariza.on	  data	  
 	  	  All	  S-‐wave	  quarkonia	  are	  produced	  
unpolarized	  
 	  The	  dominaCng	  CO	  contribuCon	  is	  
suspected	  to	  be	  the	  unpolarized	  1S0[8]	  term	  
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1)  MoCvaCon	  &	  introducCon:	  the	  pre-‐LHC	  puzzles	  
2)  	  Quarkonium	  producCon	  measurements	  at	  CMS	  

3)  	  Interpreta.on	  of	  the	  results:	  a	  polarized	  perspec.ve	  
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GWWZ	  Fit:	  HadroproducCon	  data,	  including	  
CMS	  ϒ(nS)	  polarizaCon	  results,	  to	  fit	  the	  LDMEs	  

The	  ϒ(1S)	  and	  ϒ(2S)	  predicCons	  include	  the	  feed-‐
down	  decays	  of	  P-‐wave	  states,	  while	  the	  ϒ(3S)	  is	  
assumed	  to	  be	  100%	  directly	  produced	  

The	  unknown	  feed-‐down	  fracCons	  and	  
polarizaCons	  of	  the	  P	  states	  give	  the	  model	  the	  
freedom	  needed	  to	  fit	  the	  ϒ(1S)	  and	  ϒ(2S)	  data	  

KinemaCc	  region:	  pT	  >	  8	  GeV	  
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LHC-era state-of-the-art NRQCD analyses: ψ(nS) 18	  

BK	  Fit:	  Hadro-‐	  and	  photoproducCon	  data,	  
not	  including	  polarizaCon	  data,	  
not	  including	  feed-‐down	  decays	  to	  fit	  the	  LDMEs	  
KinemaCc	  region:	  pT	  >	  3	  GeV	  

GWWZ	  Fit:	  HadroproducCon	  data,	  
not	  including	  polarizaCon	  data,	  
including	  feed-‐down	  decays	  to	  fit	  the	  LDMEs	  
KinemaCc	  region:	  pT	  >	  7	  GeV	  

CMSWZ	  Fit:	  HadroproducCon	  data,	  
including	  polarizaCon	  data,	  
not	  including	  feed-‐down	  decays	  to	  fit	  the	  LDMEs	  
KinemaCc	  region:	  pT	  >	  7	  GeV	  

PRL 108 (2012) 172002 
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State-‐of-‐the-‐art	  NRQCD	  analyses	  
 	  StarCng	  from	  compaCble	  pQCD	  inputs	  
 	  Various	  differences	  in	  the	  LDME	  fit	  
 	  Contradictory	  results	  
 	  Completely	  different	  physics	  conclusions!	  

NLO	  NRQCD	  ≠	  NLO	  NRQCD...?	  
What	  is	  going	  on?	  

Ilse Krätschmer (Hephy Vienna)20 July 2013
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• CMS results disagree with the NLO NRQCD calculations

• Calculations use a global fit of color octet matrix elements 
to photo- as well as hadroproduction data

• Theory predicts polarization only for directly produced J/!’s

CMS Preliminary, L = 4.9 fb-1, total uncert. 68.3% CL CMS Preliminary, L = 4.9 fb-1, total uncert. 68.3% CL



A matter of NRQCD validity domain? 19	  

  The	  crucial	  hypothesis	  of	  NRQCD:	  factorizaCon	  

It	  is	  well	  known	  that	  factorizaCon	  and	  pQCD	  calculaCons	  are	  only	  valid	  for	  pT	  >>	  M	  

Most	  NRQCD	  analyses	  use	  data	  down	  to	  rather	  low	  values	  of pT	  /	  M	  

	  GWWZ	  :	  	   	  ψ(nS)  pT	  /	  M	  >	  2 	   	  ϒ(nS)	   	  pT	  /	  M	  >	  0.8	  

	  CMSWZ	  :	   	  ψ(nS)  pT	  /	  M	  >	  2	  

	  BK	  :	  	   	   	  J/ψ   pT	  /	  M	  >	  0.95	  

ImplicaCons	  of	  these	  choices	  have	  not	  been	  tested!	  

Problem:	  Lowest-‐pT	  data	  points	  have	  smallest	  uncertainCes	  	  determine	  the	  LDME	  fit	  results	  
	  	  Are	  the	  fi_ed	  LDME	  values	  very	  sensiCve	  to	  the	  exact	  value	  of	  pT,min	  ?	  

The	  high-‐pT	  reach	  of	  the	  LHC	  measurements	  allows	  us	  to	  progressively	  exclude	  the	  lowest-‐pT	  data	  

	  Search	  for	  the	  domain	  of	  validity	  of	  NRQCD	  calcula.ons!	  



Towards better NRQCD global fits 20	  
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“Technical”	  choices:	  

Cross	  secCons	  and	  polarizaCons	  are	  simultaneously	  used	  in	  the	  fit	  

Experimental	  correlated	  uncertainCes	  (e.g.	  luminosity)	  and	  polarizaCon-‐dependent	  acceptances	  are	  
accounted	  for,	  correlaCng	  the	  individual	  observables	  and	  measurements	  (never	  done	  before)	  

TheoreCcal	  uncertainCes	  are	  accounted	  for	  directly	  in	  the	  fit,	  as	  difference	  between	  LO	  and	  NLO	  
calculaCons,	  correlaCng	  the	  individual	  quarkonium	  states	  (never	  done	  before)	  

The	  pQCD	  inputs	  are	  taken	  from	  the	  NLO	  calculaCons	  of	  Butenschön	  and	  Kniehl	  

Strategic	  choices:	  

Only	  LHC	  measurements	  are	  used;	  earlier	  results	  were	  ambiguous,	  incomplete	  or	  at	  too	  low	  pT	  

The	  analysis	  is	  restricted	  to	  the	  ψ(2S)	  and	  ϒ(3S)	  data,	  to	  minimise	  the	  number	  of	  free	  LDMEs;	  
we	  neglect	  the	  χb(3P)	  feed-‐down	  contaminaCon	  in	  the	  ϒ(3S)	  

To	  get	  more	  reliable	  results,	  the	  “wild”	  3PJ
[8] octet	  is	  not	  included	  in	  the	  iniCal	  fits	  

When	  we	  include	  it,	  the	  fit	  quality	  does	  not	  improve	  and	  the	  results	  are	  not	  affected	  
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1.8E-37 P(χ2)	  

PolarizaCon	  d
ata	  	  

included	  in	  fit
!	  

Illustration of a ψ(2S) fit, starting from 3 GeV	


•  3S1[8]	  dominates	  
•  1S0[8]	  small	  and	  nega&ve	  

21	  



0.67E-32 P(χ2)	  
•  3S1[8]	  loses	  importance	  
•  1S0[8]	  becomes	  posiCve	  

Illustration of a ψ(2S) fit, starting from 5 GeV	
 21	  



1.1E-23 P(χ2)	  
•  3S1[8]	  and	  1S0[8]	  start	  exchanging	  their	  roles	  
•  polarizaCon	  is	  decreasing	  

Illustration of a ψ(2S) fit, starting from 6 GeV	
 21	  



1.6E-17 P(χ2)	  
•  1S0[8]	  is	  now	  the	  main	  contribuCon	  
•  polarizaCon	  gets	  closer	  to	  the	  data	  

Illustration of a ψ(2S) fit, starting from 7 GeV	
 21	  



0.96E-3 P(χ2)	  
•  1S0[8]	  dominates	  
•  polarizaCon	  agrees	  with	  the	  data	  

LHCb	  data	  
not	  used	  

Illustration of a ψ(2S) fit, starting from 10 GeV	
 21	  



10% P(χ2)	  
•  1S0[8]	  dominates	  
•  polarizaCon	  agrees	  with	  the	  data	  

Illustration of a ψ(2S) fit, starting from 12 GeV	
 21	  



P(χ2)	   18% 
•  1S0[8]	  dominates	  
•  polarizaCon	  agrees	  with	  the	  data	  

Illustration of a ψ(2S) fit, starting from 13 GeV	
 21	  
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And	  the	  3S1
[8]	  dominance	  turns	  into	  1S0

[8]	  dominance	  
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PLB 736 (2014) 98 Fit	  quality	  improves	  drasCcally	  	  
when	  removing	  low	  pT/M	  data	  

For	  pT/M	  >	  3	  the	  fit	  gets	  stable	  

Good	  descripCon	  of	  ψ(2S)	  and	  ϒ(3S)	  	  
cross	  secCons	  and	  polarizaCons	  



The end of the quarkonium polarization puzzle 
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PLB 736 (2014) 98 Moving	  polarizaCon	  data	  to	  the	  center	  of	  the	  study	  
Looking	  only	  inside	  the	  NRQCD	  domain	  of	  validity	  	  
	  Color	  channels	  3S1[1]	  	  ,	  3S1[8]	  and	  3PJ

[8]
	  	  are	  negligible	  	  

	  The	  1S0
[8]	  octet	  dominates	  



What happens at higher pT? 
The	  3S1

[8]	  term	  could	  be	  dominant	  at	  higher	  pT/M	  values	  than	  currently	  covered	  

At	  very	  high	  pT	  ,	  ϒ(3S)	  should	  tend	  to	  be	  transversely	  polarized	  (but:	  neglected	  the	  χb(3P)	  decays...)	  
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According	  to	  NRQCD	  velocity-‐scaling	  rules,	  
LDMEs	  are	  of	  similar	  magnitude:	  

It	  is	  remarkable	  to	  see	  that	  the	  3S1
[8]	  LDME	  

is	  less	  than	  6%	  of	  the	  1S0
[8]	  LDME,	  at	  95%	  CL	  

The	  3S1
[8]	  transiCon	  is	  pracCcally	  forbidden	  

Cross	  check:	  fits	  including	  the	  3PJ
[8]	  octet	  →	  Small	  (and	  nega&ve...)	  contribuCon:	  

→	  the	  fit	  quality	  is	  not	  improved,	  the	  results	  not	  affected	  

This	  analysis	  suggests	  a	  strong	  internal	  hierarchy	  between	  the	  three	  LDMEs,	  for	  the	  ψ(2S)	  and	  ϒ(3S):	  

These	  are	  non-‐trivial	  observaCons,	  important	  to	  understand	  how	  the	  quarks	  interact	  with	  each	  other	  
➝	  the	  QQbar	  bound	  states	  are	  preferably	  formed	  from	  two	  quarks	  of:	  
1)	  different	  colours	  (rather	  than	  in	  an	  already	  neutral	  configuraCon)	  
2)	  smaller	  relaCve	  angular	  momentum	  and	  spin	  than	  the	  ones	  of	  the	  bound	  state	  

An unexpected hierarchy 
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All quarkonia are equal (?) 
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Can	  we	  generalize	  these	  findings?	  
Are	  these	  new	  hierarchies	  valid	  for	  all	  quarkonia?	  
...and	  even	  for	  hadrons	  in	  general?	  

The	  ψ(2S)	  and	  ϒ(3S)	  LDMEs	  are	  	  
independent	  free	  parameters	  in	  the	  fit	  
	  Consistent	  with	  being	  idenCcal:	  

Analysis	  work	  in	  progress:	  
“All-‐charmonium”	  global	  phenomenological	  interpretaCon	  
 	  Simultaneous	  fit	  of	  all	  LHC	  data	  of	  	  J/ψ,	  ψ(2S),	  χc1,	  χc2	  cross	  secCons	  and	  polarizaCons	  
 	  Including	  all	  feed-‐down	  cascades	  
 	  LDMEs	  of	  P-‐wave	  states	  +	  direct	  J/ψ	  
 	  Missing	  experimental	  input:	  χcJ	  polarizaCons	  

“All-‐boVomonium”	  global	  analysis	  requires	  more	  data	  from	  the	  LHC:	  χbJ(nP)	  
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Tevatron-‐era:	  Quarkonium	  producCon	  through	  color	  singlet:	  not	  enough!	  Color	  octet	  required	  

Quarkonium	  polariza.on	  puzzle:	  NRQCD	  	  transverse	  polarizaCon,	  not	  seen	  in	  Tevatron	  data...	  
	  	  But:	  Data	  inconsistent	  and	  ambiguous	  

Quarkonium	  produc.on	  at	  the	  LHC:	  Improved	  analysis	  methodologies,	  higher	  pT	  reach	  
	  	  Cross	  sec.on	  data:	  pT/M	  -‐	  scaling,	  „all	  quarkonia	  produced	  similarly,	  through	  one	  CO	  process“	  
	  	  Polariza.on	  data:	  Experimental	  consistency!	  Data	  unpolarized	  	  „dominant	  1S0[8]	  term“	  

NRQCD	  analyses	  with	  LHC	  data:	  	  
Same	  pQCD	  inputs	  	  very	  different	  results!	  

New	  phenomenological	  approach:	  
A	  data-‐driven	  polarized	  perspec.ve!	  

	  Domain	  of	  validity	  of	  NRQCD	  pQCD	  
calculaCons	  idenCfied	  (high	  pT/M)	  

 	  Quarkonium	  producCon	  dominated	  by	  
1S0[8]	  intermediate	  state	  (for	  ψ(2S)	  and	  ϒ(3S))	  
 	  SoluCon	  to	  the	  „polarizaCon	  puzzle“	  

Unexpected	  hierarchies	  allow	  us	  to	  formulate	  
conjectures	  about	  QCD	  bound	  state	  formaCon	  

What have we learned so far? 27	  
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• Quarkonium production has the potential to clarify (non-perturbative) hadron

formation and other QCD features

• However, after decades of theoretical and experimental research, quarkonium

production remains a mystery

• Best theory candidate - NRQCD: effective field theory, treats quarkonia as

non-relativistic systems (heavy quark masses)

Eq. (1) for direct photoproduction emerges by replacing
fi=AðxÞ by the photon flux function f!=eðxÞ and fixing i ¼ !.

We checked analytically that all appearing singularities
cancel. As for the ultraviolet singularities, we renormalize
the charm-quark mass and the wave functions of the ex-
ternal particles according to the on-shell scheme and the
strong-coupling constant according to the modified
minimal-subtraction scheme. The infrared (IR) singular-
ities are canceled similarly as described in Ref. [6]. In

particular, the 3P½8%
J short-distance cross sections produce

two new classes of soft singularities, named soft #2 and
soft #3 terms, on top of the soft #1 terms familiar from the
S-wave channels. The soft #2 terms do not factorize to LO
cross sections; they cancel against the IR singularities of
the virtual corrections left over upon the usual cancellation
against the soft #1 terms. The soft #3 terms cancel against
the IR singularities from the radiative corrections to the

hOJ=c ð3S½1%1 Þi and hOJ=c ð3S½8%1 Þi LDMEs.
We now describe our theoretical input and the kinematic

conditions for our numerical analysis. We set mc ¼
1:5 GeV, adopt the values of me, ", and the branching
ratios BðJ=c ! eþe'Þ and BðJ=c ! #þ#'Þ from
Ref. [11], and use the one-loop (two-loop) formula for

"
ðnfÞ
s ð#Þ, with nf ¼ 4 active quark flavors, at LO (NLO).

As for the proton parton distribution functions, we use set

CTEQ6L1 (CTEQ6M) [12] at LO (NLO), which comes

with an asymptotic scale parameter of !ð4Þ
QCD ¼ 215 MeV

(326 MeV). We evaluate the photon flux function by using
Eq. (5) of Ref. [13] with the cutoff Q2

max ¼ 2:5 GeV2 [14]
on the photon virtuality. As for the CS LDME, we adopt the

value hOJ=c ð3S½1%1 Þi ¼ 1:32 GeV3 from Ref. [15]. Our de-
fault choices for the renormalization, factorization, and
NRQCD scales are #r ¼ #f ¼ mT and #! ¼ mc, respec-

tively, where mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þ 4m2

c

q
is the J=c transverse

mass.
Our strategy for testing NRQCD factorization in J=c

production at NLO is as follows. We first perform a com-
mon fit of the CO LDMEs to the pT distributions measured
by CDF in hadroproduction at Tevatron run II [16] and by
H1 in photoproduction at HERA1 [17] and HERA2 [14]
(see Table I and Fig. 1). We then compare the pT distribu-
tions measured by PHENIX at RHIC [18] and CMS at the
LHC [19] as well as theW and z distributions measured by

TABLE I. NLO fit results for the J=c CO LDMEs.

hOJ=c ð1S½8%0 Þi ð4:50( 0:72Þ ) 10'2 GeV3

hOJ=c ð3S½8%1 Þi ð3:12( 0:93Þ ) 10'3 GeV3

hOJ=c ð3P½8%
0 Þi ð'1:21( 0:35Þ ) 10'2 GeV5
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FIG. 1 (color online). NLO NRQCD predictions of J=c hadro- and photoproduction resulting from the fit compared to the CDF [16]

and H1 [14,17] input data. The coding of the lines in part (f) of the figure is the same as in part (c). The seeming singularity of the 3P½8%
J

contribution in part (c) is an artifact of the logarithmic scale on the vertical axis.
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that, for pT ! 2mc, the results are fairly stable when
passing from the Tevatron to the LHC and from the central
(jyj< 0:6) to the forward (2:5< y< 4) rapidity region, as
long as one stays in the helicity frame. However, switching
from the helicity to the Collins-Soper frame has a radical
impact on the various pT distributions, as the comparison
of Figs. 1(b) and 1(c) reveals. The most striking effect
appears for !", where the NLO CSM and NRQCD results
are, roughly speaking, inverted. As for !#, the Collins-

Soper frame clearly outperforms the helicity frame with
regard to the power of NRQCD versus CSM discrimina-
tion. As expected, the theoretical uncertainties due to scale
variations steadily decrease as the value of pT increases,
which just reflects asymptotic freedom.

Let us now compare experiment and theory. The
Tevatron I data for !" [14] systematically fall below the
NLO-NRQCD prediction and, unlike the latter, exhibit a
downward trend for pT * 10 GeV, but their errors are too
large for a firm conclusion. This is quite different for the
Tevatron II data [15], which are rather precise and indicate
that the J=c mesons are essentially unpolarized in the
helicity frame, while NRQCD clearly predicts transverse
polarization, with purity and precision steadily increasing
with the value of pT . A few caveats are in order here. While
the CDF data cover prompt production, including the feed
down from the heavier $cJ and c 0 mesons, our predictions
refer to direct production, devoid of feed down. However,
the inclusion of feed down was found to have a minor effect
on the pT distribution of !" at LO in NRQCD [21], which
is expected to carry over to NLO. For pT < 12 GeV, the
measurements from Tevatron runs I [14] and II [15] are
mutually incompatible, a feature that has never been sat-
isfactorily clarified by the CDF Collaboration. Fortunately,

the four LHC experiments are in a position to measure the
J=c polarization with unprecedented precision, and
ALICE has already presented the first results for !" and
!# [16], both in the helicity and Collins-Soper frames. We

compare them with our NLO-NRQCD predictions in
Figs. 1(b) and 1(c), respectively, leaving out one data point
in the pT bin 2–3 GeV in each of the four cases. The degree
of agreement is encouraging. All data points are at most 1
standard deviation away from the theoretical error bands;
four of them even overlap with the latter. The agreement
tends to improve with the value of pT increasing, as the
influence of uncontrolled corrections beyond NLO fades.
Except in the low-pT bin of !" in the helicity frame, the
data clearly favor NRQCD over the CSM at NLO.
However, these comparisons also have to be taken with a
grain of salt, since, unlike our predictions, the ALICE data
[16] also include J=c mesons from feed down and
B-meson decays. The fraction of J=c mesons from the
b-quark origin was measured by the LHCb Collaboration
for unpolarized production to be below 15% in the pT

range considered here [22], so that their omission should
have an effect negligible against the theoretical
uncertainty.
In order to assess the relative importance of the individ-

ual c !c Fock states n for !" and !# in the helicity and

Collins-Soper frames, we detail their contributions to
d%00, d%11, and d%1;"1 in Fig. 2. Note that the unpolarized

cross section is recovered as d%00 þ 2d%11, while d%1;"1

is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.

As anticipated above, the previously unknown 3P½8%
J con-

tributions play a dominant role in this game, and their
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FIG. 1 (color online). NLO-NRQCD predictions (solid lines) for !" and !# as functions of pT in the helicity and Collins-Soper
frames including theoretical uncertainties (shaded/yellow bands) compared to CDF [14,15] and ALICE [16] data. For comparison, the
NLO CSM (dot-dashed lines) predictions including theoretical uncertainties (hatched/blue bands) as well as the LO NRQCD (dashed
lines) and LO CSM (dotted lines) ones are also shown.
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A	  data-‐driven	  polarized	  perspec.ve!	  

	  Domain	  of	  validity	  of	  NRQCD	  pQCD	  
calculaCons	  idenCfied	  (high	  pT/M)	  

 	  Quarkonium	  producCon	  dominated	  by	  
1S0[8]	  intermediate	  state	  (for	  ψ(2S)	  and	  ϒ(3S))	  
 	  SoluCon	  to	  the	  „polarizaCon	  puzzle“	  

Unexpected	  hierarchies	  allow	  us	  to	  formulate	  
conjectures	  about	  QCD	  bound	  state	  formaCon	  

What have we learned so far? 
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Tevatron-‐era:	  Quarkonium	  producCon	  through	  color	  singlet:	  not	  enough!	  Color	  octet	  required	  

Quarkonium	  polariza.on	  puzzle:	  NRQCD	  	  transverse	  polarizaCon,	  not	  seen	  in	  Tevatron	  data...	  
	  	  But:	  Data	  inconsistent	  and	  ambiguous	  

Quarkonium	  produc.on	  at	  the	  LHC:	  Improved	  analysis	  methodologies,	  higher	  pT	  reach	  
	  	  Cross	  sec.on	  data:	  pT/M	  -‐	  scaling,	  „all	  quarkonia	  produced	  similarly,	  through	  one	  CO	  process“	  
	  	  Polariza.on	  data:	  Experimental	  consistency!	  Data	  unpolarized	  	  „dominant	  1S0[8]	  term“	  

NRQCD	  analyses	  with	  LHC	  data:	  	  
Same	  pQCD	  inputs	  	  very	  different	  results!	  

New	  phenomenological	  approach:	  
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1S0[8]	  intermediate	  state	  (for	  ψ(2S)	  and	  ϒ(3S))	  
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conjectures	  about	  QCD	  bound	  state	  formaCon	  
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New	  hierarchies	  found	  in	  ψ(2S)	  and	  ϒ(3S)	  data	  have	  to	  be	  tested	  on	  other	  states	  (S-‐	  and	  P-‐wave)	  

Essen.al	  measurements	  to	  study	  charmonium	  LDMEs	  
• 	  J/ψ	  and	  ψ(2S)	  cross	  secCons	  up	  to	  very	  high	  pT:	  ≈100	  GeV	  reached	  by	  CMS,	  to	  be	  published	  soon	  
• 	  	  χc1	  and	  χc2	  polarizaCons	  to	  be	  expected	  from	  CMS	  in	  2015,	  first	  measurement	  of	  this	  kind	  
• 	  	  χc1	  and	  χc2	  cross	  secCons	  up	  to	  the	  highest	  possible	  pT	  

Essen.al	  measurements	  to	  study	  boVomonium	  LDMEs	  
• 	  ϒ(nS)	  cross	  secCons	  up	  to	  very	  high	  pT:	  ≈100	  GeV	  reached	  by	  CMS,	  200	  GeV	  desirabe	  
• 	  	  χbJ(nP)	  cross	  secCons	  and	  feed-‐down	  fracCons	  into	  ϒ(nS)	  ,	  up	  to	  high	  pT	  
• 	  	  χb(1P)	  polarizaCon,	  very	  challenging	  

The	  2012	  CMS	  dataset	  has	  not	  been	  exploited	  yet	  for	  quarkonium	  studies	  	  many	  results	  to	  be	  expected	  
LHC	  RunII	  will	  significantly	  increase	  the	  pT	  reach,	  but	  more	  complicated	  analyses	  
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 [GeV]!M
3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7

pu
ll

-4
-2
0
2
4

 [GeV]!M
3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7

Ev
en

ts
 / 

5 
M

eV

2

4

6

8

10

12

14

16

18

20

310"

sum
BG

c0
!

c1
!

c2
!

| < 1.2!|y
 < 100 GeV

T

!10 < p
 all! SR, #J/

/ndf = 160.8 / 672!

 = 58604
c1
!
SR1N

 = 0.37BG
SR1f

 = 21970
c2
!
SR2N

 = 0.54BG
SR2f

  =  331708data
Totn

 0.002±  =  0.676 BG#

!f

 0.004±  =  0.677 
c1
!
Sigf

 0.1 MeV±  =  3506.1 
c1
!m

 0.07 MeV±  =  5.86 
c1
!$

 0.009±  =  0.555 
c1
!
CB%

 0.015±  =  0.465 
c2
!
CB%

 0.0003±  =  -0.2449 BG
1

p

M3H3

χcJ ➝	  J/ψ + γ 



New	  hierarchies	  found	  in	  ψ(2S)	  and	  ϒ(3S)	  data	  have	  to	  be	  tested	  on	  other	  states	  (S-‐	  and	  P-‐wave)	  

Essen.al	  measurements	  to	  study	  charmonium	  LDMEs	  
• 	  J/ψ	  and	  ψ(2S)	  cross	  secCons	  up	  to	  very	  high	  pT:	  ≈100	  GeV	  reached	  by	  CMS,	  to	  be	  published	  soon	  
• 	  	  χc1	  and	  χc2	  polarizaCons	  to	  be	  expected	  from	  CMS	  in	  2015,	  first	  measurement	  of	  this	  kind	  
• 	  	  χc1	  and	  χc2	  cross	  secCons	  up	  to	  the	  highest	  possible	  pT	  

Essen.al	  measurements	  to	  study	  boVomonium	  LDMEs	  
• 	  ϒ(nS)	  cross	  secCons	  up	  to	  very	  high	  pT:	  ≈100	  GeV	  reached	  by	  CMS,	  200	  GeV	  desirabe	  
• 	  	  χbJ(nP)	  cross	  secCons	  and	  feed-‐down	  fracCons	  into	  ϒ(nS)	  ,	  up	  to	  high	  pT	  
• 	  	  χb(1P)	  polarizaCon,	  very	  challenging	  

The	  2012	  CMS	  dataset	  has	  not	  been	  exploited	  yet	  for	  quarkonium	  studies	  	  many	  results	  to	  be	  expected	  	  
LHC	  RunII	  will	  significantly	  increase	  the	  pT	  reach,	  but	  more	  complicated	  analyses	  

What’s next? 

 [GeV]!M
3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7

pu
ll

-4
-2
0
2
4

 [GeV]!M
3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7

Ev
en

ts
 / 

5 
M

eV

2

4

6

8

10

12

14

16

18

20

310"

sum
BG

c0
!

c1
!

c2
!

| < 1.2!|y
 < 100 GeV

T

!10 < p
 all! SR, #J/

/ndf = 160.8 / 672!

 = 58604
c1
!
SR1N

 = 0.37BG
SR1f

 = 21970
c2
!
SR2N

 = 0.54BG
SR2f

  =  331708data
Totn

 0.002±  =  0.676 BG#

!f

 0.004±  =  0.677 
c1
!
Sigf

 0.1 MeV±  =  3506.1 
c1
!m

 0.07 MeV±  =  5.86 
c1
!$

 0.009±  =  0.555 
c1
!
CB%

 0.015±  =  0.465 
c2
!
CB%

 0.0003±  =  -0.2449 BG
1

p

M3H3

χcJ ➝	  J/ψ + γ 

28	  



Associated	  produc.on:	  Quarkonia	  +	  VB	  /	  γ /	  Jets	  
	  „Orthogonal“	  informaCon	  to	  polarizaCon	  and	  producCon	  data	  

Higgs-‐qq	  couplings:	  The	  decay	  Higgs	  to	  quarkonium	  +	  γ	  is	  the	  only	  means	  to	  measure	  Hcc	  and	  Hbb	  
couplings	  directly	  at	  the	  LHC	  

	  	  Understanding	  quarkonium	  producCon	  is	  essenCal	  to	  interpret	  these	  measurements	  
	  	  Seeing	  H	  →	  Υ	  +	  γ	  would	  imply	  new	  physics:	  large	  deviaCons	  of	  the	  Hqq	  coupling	  from	  its	  SM	  value	  

LDME	  universality:	  Crucial	  predicCon	  of	  NRQCD,	  cannot	  be	  tested	  in	  pp	  collisions	  
	  Same	  behavior	  for	  any	  qq	  pair,	  produced	  in	  pp,	  ee,	  pA,	  AA	  collisions	  or	  through	  Higgs	  decays...	  

Quarkonia at 13 TeV and beyond 29	  

Ilse Krätschmer7 March 2014

The Far Future: HL-LHC

Make precision measurements of the Higgs couplings to Standard Model 
particles: 

• The decay Higgs to quarkonium + ɣ is the only means to measure Hqq 
couplings directly at the LHC 
→ Need to know about formation of quarkonium  
Seeing H → ! + ɣ would imply new physics: large deviations of the Hqq 
coupling from its SM value 

!
!
!
!
!
!

• Probe the HZZ coupling through H → Z+Z* → Z + J/" or Z + !
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FIG. 1: The relative deviations in the branching ratios for H → J/ψ γ (left panel) and H →
Υ(1S) γ (right panel) as functions of the scaling parameters κQ, which are defined in Eq. (1).

Now let us investigate whether the J/ψγ decay mode is visible over the continuum

H → µ
+
µ
−γ decay mode. We estimate the continuum background by integrating the

continuum production rate [26] over the range mµ+µ− ∈ [mJψ − 0.05GeV,mJψ + 0.05GeV].

The integration range is consistent with the experimental resolution, which is discussed in

the next section. We find that

BRcont(H → µ
+
µ
−γ) = 2.3× 10−7

, (19)

which is comparable in size to BRSM(H → J/ψ γ)BR(J/ψ → µ
+
µ
−). Our conclusion is that

the J/ψγ mode should be visible over the continuum background.

III. EXPERIMENTAL PERSPECTIVES

The ATLAS and CMS collaborations can search for the V γ decay channels by using the

single-lepton, di-lepton or lepton-plus-photon triggers. The Higgs-to-V γ decay is character-

ized by a high-pT photon recoiling against a lepton-antilepton pair from the V decay. The

vector quarkonium state will be highly boosted, causing the two leptons to be close to each

other in angle, with their momenta transverse to the boost axis anti-correlated. On the

basis of these event characteristics and the current performance of the ATLAS and CMS

detectors and event reconstruction, the following conclusions can be drawn.

1. The resolution of the invariant mass of the lepton and antilepton is almost independent

of their kinematics. The average lepton momentum is expected to be around 30GeV.

Therefore, the resolution of the muon transverse momenta (µ+
µ
− invariant mass) can

be as good as 1.3% (1.8%) [27].

2. The resolution of the photon energy is around 1% [28].
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CombinaCon	  of	  
	  High	  quality	  measurements	  of	  quarkonium	  producCon	  at	  the	  LHC	  	  
	  Data-‐driven	  physics	  interpretaCons	  of	  the	  LHC	  measurements	  

	  turn	  quarkonium	  data	  into	  high-‐precision	  studies	  of	  (non-‐perturba.ve)	  QCD	  
 	  open	  new	  paths	  to	  finally	  address	  the	  interes.ng	  ques.ons	  about	  hadron	  forma.on	  

Conclusion 30	  
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Is	  the	  QQbar	  immediately	  
produced	  colour	  neutral?	  

Or	  does	  it	  undergo	  transiCons	  changing	  	  
colour	  (and	  angular-‐momentum)?	  

Which	  ones?	  
With	  what	  hierarchies?	  

With	  what	  dependences	  	  
on	  quark	  mass,	  
binding	  energy,	  	  

angular	  momentum	  
and	  spin?	  

We	  have	  learned	  a	  lot,	  but	  even	  more	  remains	  to	  be	  understood!	  


