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The big picture in a nutshell 
Hadron	
  formaEon…	
  a	
  mystery	
  within	
  the	
  SM;	
  
“QCD	
  is	
  full	
  of	
  surprises	
  and	
  challenges”	
  (J.	
  Lykken)	
  

Quarkonium	
  producEon	
  is	
  an	
  ideal	
  probe	
  to	
  study	
  
hadron	
  formaEon,	
  part	
  of	
  the	
  non-­‐perturbaEve	
  QCD	
  
sector	
  	
  how	
  do	
  quarks	
  combine	
  into	
  a	
  bound	
  state?	
  

Quarkonia	
  are	
  bound	
  states	
  of	
  a	
  heavy	
  quark	
  and	
  a	
  
it‘s	
  anEquark	
  (cc,	
  bb)	
  and	
  exist	
  in	
  “families”	
  of	
  	
  several	
  	
  
states	
  (colorless,	
  neutral	
  mesons)	
  

ProperEes	
  of	
  QCD	
  can	
  be	
  probed	
  through	
  several	
  
quarkonium	
  proucEon	
  measurements,	
  including	
  
 	
  ProducEon	
  cross	
  secEons	
  
 	
  PolarizaEons	
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Almost all the visible matter in 
the universe is made of hadrons; 
the Higgs mechanism deals with 

only 0.1% of the total mass…  


2	
  

_	
   _	
  



The big picture in a nutshell 3	
  

Hadron	
  formaEon…	
  a	
  mystery	
  within	
  the	
  SM;	
  
“QCD	
  is	
  full	
  of	
  surprises	
  and	
  challenges”	
  (J.	
  Lykken)	
  

Quarkonium	
  producEon	
  is	
  an	
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  probe	
  to	
  study	
  
hadron	
  formaEon,	
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  of	
  the	
  non-­‐perturbaEve	
  QCD	
  
sector	
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  how	
  do	
  quarks	
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  into	
  a	
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Quarkonia	
  are	
  bound	
  states	
  of	
  a	
  heavy	
  quark	
  and	
  a	
  
it‘s	
  anEquark	
  (cc,	
  bb)	
  and	
  exist	
  in	
  “families”	
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  several	
  	
  
states	
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  mesons)	
  

ProperEes	
  of	
  QCD	
  can	
  be	
  probed	
  through	
  several	
  
quarkonium	
  proucEon	
  measurements,	
  including	
  
 	
  ProducEon	
  cross	
  secEons	
  
 	
  PolarizaEons	
  

NRQCD	
  calculaEons	
  fit	
  pT-­‐differenEal	
  cross	
  secEons	
  	
  
to	
  extract	
  long-­‐distance	
  matrix	
  elements	
  (LDMEs)	
  	
  
and	
  then	
  predict	
  the	
  quarkonium	
  polarizaEon	
  	
  
 	
  “Quarkonium	
  polarizaEon	
  puzzle”	
  

The	
  pre-­‐LHC	
  polarizaEon	
  measurements	
  -­‐	
  affected	
  by	
  
some	
  inconsistencies	
  -­‐	
  were	
  le`	
  out	
  of	
  the	
  LDME	
  fits	
  

LHC	
  cross	
  secEons	
  and	
  polarizaEons	
  can	
  provide	
  
significant	
  improvements,	
  due	
  to	
  more	
  reliable	
  analysis	
  
methods	
  and	
  higher	
  pT	
  reach	
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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.
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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-
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is an auxiliary quantity, which is entitled to take on either

sign and receives no contribution from the 1S½8%0 channel.
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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
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PRL 108, 172002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

172002-3

Butenschön, Kniehl
PRL 106, 022003 (2011)

Butenschön, Kniehl
PRL 108, 172002 (2012)

_	
   _	
  



Feed-­‐down	
  consideraEons	
  Quarkonium spectra & Feed-down considerations 4	
  

cc	
  
_	
  

non-­‐prompt	
  
(b-­‐hadrons)	
  

directly	
  produced	
  

ψ’	
  	
  

χc2	
  
χc1	
  

J/ψ	
  

Charmonium	
  

1-­‐-­‐	
  

non-­‐prompt	
  
(b-­‐hadrons)	
  

directly	
  produced	
  ψ‘	
  

Prompt	
  contribu9on	
  =	
  Direct	
  producEon	
  +	
  charmonium	
  feed-­‐down	
  

CDF	
  data	
   CDF	
  data	
  



1-­‐-­‐	
  

Feed-­‐down	
  consideraEons	
  Quarkonium spectra & Feed-down considerations 5	
  

BoOomonium	
  bb	
  
_	
  

1-­‐-­‐	
  

χbj(2P)	
  
χbj(1P)	
  

ϒ(2S,3S)	
  

directly	
  produced	
  ϒ(1S)	
  

χbj(3P)	
  
χbj(2P)	
  

ϒ(3S)	
  

directly	
  produced	
  ϒ(2S)	
  

χbj(3P)	
  

χbJ(3P)	
  

directly	
  produced	
  ϒ(3S)	
  

χbj(3P)	
  

35-­‐45%	
  

LHCb-PAPER-2013-031 
CDF	
  data	
   arbitr.	
  fracEons	
  



]2  [GeV/c!J/
PDG + m-µ +µ - m-µ +µ "m

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4

2
Ev

en
ts

 / 
5 

M
eV

/c

0

50

100

150

200

250

300

350

400
CMS Preliminary

 = 7 TeVspp, 
-1L = 4.62 fb

) < 13 GeV! (J/
T

11 GeV < p

Pseudo-proper lifetime [mm]
0 0.5 1 1.5 2

m
Ev

en
ts

 / 
20

 

10

2
10

3
10

4
10

Sum
Prompt
Nonprompt
Background

J/
 < 20 GeV

T
18 < p
|y| < 0.6

CMS
 = 7 TeVspp

-1L = 4.9 fb

2.5

 [GeV]Dimuon mass
9 9.5 10 10.5 11

Ev
en

ts
 / 

10
 M

eV

0

2000

4000

6000

8000

10000

12000

CMS preliminary
s = 7 TeVpp

(1S)

(2S)

(3S)

-1 = 4.9 fbint               L

CMS: excellent performance in quarkonium reconstruction 6	
  

Υ ➝ µ+µ- 

Photon	
  ene
rgy	
  

resoluEon	
  

Dimuon	
  mass	
  

resoluEon	
   χc ➝	
  J/ψ + γ 

Vertexing	
  a
nd	
  

decay	
  lengt
h	
  

resoluEon	
  

J/ψ ➝ µ+µ- 

 [GeV]
T

p
10 20 30 40 50 60 70 80 90 100

]
/d

p

-6
10

-5
10

-410

-3
10

-210

-110

1

10

210

 [p
b 

/ G
eV

T

CMS preliminary

-1L = 4.9 fb

 = 7 TeVspp

(1S)

0.1(2S)

0.01(3S)

)| < 0.6|y(

Luminosity unc. (4%) not shown

B
 d

High-­‐pT	
  

coverage	
  

Υ ➝ µ+µ- 

Huge	
  silicon	
  tracker	
  

Very	
  strong	
  field	
  

Broad	
  acceptance	
  

Flexible	
  trigger	
  

Powerful	
  DAQ	
  
CMS PAS-BPH-12-006 

CMS PAS-BPH-12-006 

PLB 727 (2013) 382 

EPJC 72 (2012) 2251 

 χc2    

 χc1    

 χc0    



]2  [GeV/c!J/
PDG + m-µ +µ - m-µ +µ "m

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4

2
Ev

en
ts

 / 
5 

M
eV

/c

0

50

100

150

200

250

300

350

400
CMS Preliminary

 = 7 TeVspp, 
-1L = 4.62 fb

) < 13 GeV! (J/
T

11 GeV < p

CMS: S-wave cross sections and P-wave ratios 7	
  

The	
  Y(nS)	
  differenEal	
  cross	
  secEons	
  were	
  
measured	
  in	
  the	
  pT	
  range	
  10–100	
  GeV	
  
for	
  |y|	
  <	
  0.6	
  

Acceptance	
  correcEons	
  depend	
  on	
  polarizaEon;	
  
using	
  the	
  measured	
  polarizaEons	
  reduced	
  the	
  
biggest	
  uncertainty	
  of	
  previous	
  measurements	
  

The	
  three	
  S	
  states	
  show	
  similar	
  paperns;	
  	
  
P-­‐wave	
  feed-­‐down	
  contribuEon	
  does	
  not	
  	
  
seem	
  to	
  significantly	
  affect	
  the	
  pT	
  trends	
  

EPJC 72 (2012) 2251 

The	
  photons	
  emiped	
  in	
  χ	
  decays	
  have	
  ~1%	
  
probability	
  to	
  convert	
  and	
  be	
  reconstructed	
  in	
  
the	
  silicon	
  tracker	
  

The	
  e+e-	
  tracking	
  provides	
  ≈5	
  MeV	
  mass	
  
resoluEon,	
  crucial	
  to	
  resolve	
  the	
  two	
  states	
  

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

Efficiencies	
  cancel	
  almost	
  completely	
  in	
  the	
  	
  
χ2	
  /	
  χ1	
  cross-­‐secEon	
  raEos	
   [GeV]

T
p

10 20 30 40 50 60 70 80 90 100

]
/d

p

-6
10

-5
10

-410

-3
10

-210

-110

1

10

210

 [p
b 

/ G
eV

T

CMS preliminary

-1L = 4.9 fb

 = 7 TeVspp

(1S)

0.1(2S)

0.01(3S)

)| < 0.6|y(

Luminosity unc. (4%) not shown

B
 d

Υ ➝ µ+µ- 

CMS PAS-BPH-12-006 

χc ➝	
  J/ψ + γ 

 χc2    

 χc1    

 χc0    



LHC: Quarkonium cross sections 8	
  

DifferenEal	
  cross	
  secEons	
  at	
  mid-­‐rapidity,	
  for	
  7	
  different	
  quarkonium	
  states,	
  measured	
  by	
  CMS	
  
and	
  ATLAS,	
  as	
  funcEon	
  of	
  pT/M(*)	
  

Shapes	
  are	
  well	
  described	
  by	
  a	
  single	
  empirical	
  power-­‐law	
  (for	
  pT/M>3),	
  common	
  to	
  all	
  
considered	
  results	
  (5	
  S-­‐wave	
  and	
  2	
  P-­‐wave	
  
states,	
  with	
  highly	
  varying	
  feed-­‐down	
  
characterisEcs)	
  

This	
  strongly	
  suggests	
  quarkonium	
  producEon	
  
is	
  dominated	
  by	
  1	
  single	
  producEon	
  
mechanism,	
  common	
  to	
  all	
  S	
  and	
  P-­‐wave	
  
quarkonia	
  

Compila9on	
  by	
  P.	
  Faccioli	
  et	
  al.,	
  
arXiv:1403.3970	
  (2014)	
  

solid:	
  fit	
  to	
  CMS	
  J/ψ	
  data	
  
dashed:	
  replicas	
  with	
  adjusted	
  normalizaEons	
  

(*)pT	
  is	
  mass-­‐rescaled	
  to	
  equalize	
  the	
  kinemaEc	
  
effects	
  of	
  different	
  average	
  parton	
  momenta	
  and	
  
phase	
  spaces	
  

 / M
T
p

0 2 4 6 8 10 12 14 16

  [
nb

 / 
G

eV
]

Tpdy
 / 

d
2
!d

-510

-410

-310

-210

-110

1

10

210 | < 0.9y: CMS, |"J/
| < 0.75y: ATLAS, |"J/

)| < 0.75"(J/y: ATLAS, |
c1
#

)| < 0.75"(J/y: ATLAS, |
c2
#

| < 1.2y(2S): CMS, |"

| < 1.2y(1S): ATLAS, |$
| < 1.2y(2S): ATLAS, |$
| < 1.2y(3S): ATLAS, |$

| < 0.6y(1S): CMS, |$
| < 0.6y(2S): CMS, |$
| < 0.6y(3S): CMS, |$

"J/
c1
#

c2
#

(2S)"

(nS)$

 = 7 TeVs

, ndf) = 55%2#P(
 / ndf = 75 / 772#

JHEP 02  (2012) 011 NPB 850 (2011) 387 ATLAS, CONF‐2013-095  PRD  87 (2013) 052004  CMS PAS-BPH-12-006 



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

CMS: Quarkonium polarization analyses 9	
  

Jz = ± 1 

Jz = 0 
λθ  = -1 	



λθ  = +1 	



Quarkonium	
  polarizaEons	
  are	
  measured	
  from	
  the	
  
angular	
  decay	
  distribuEons	
  in	
  dimuon	
  decays	
  

Quarkonium	
  

rest	
  frame	
  

producEon	
  
plane	
  

yx

z

ℓ	
  +	
  
Quan<za<on	
  axis	
  z	
  

Transverse	
  

Longitudinal	
  

EPJC C69 (2010) 657 

Frame-­‐invariant:	
  



CMS: Quarkonium polarization analyses 10	
  

M [GeV]
2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3

Ev
en

ts
 / 

5 
M

eV

0

2

4

6

8

10

12

14

310

J/

|y| < 0.6
 < 20 GeVT

18 < p
Signal+background

Background

CMS 
pp

-1L = 4.9 fb

s   = 7 TeV

Signal region

Sideband regions

M [GeV]
3.4 3.5 3.6 3.7 3.8 3.9 4

Ev
en

ts
 / 

5 
M

eV

0

0.2

0.4

0.6

0.8

1

1.2

310

Signal+background

Background

(2S)

|y| < 0.6
 < 22 GeVT

18 < p

CMS
pp

-1L = 4.9 fb

s   = 7 TeV

Signal region

Sideband regions

Pseudo-proper lifetime [mm]
0 0.5 1 1.5 2

m
Ev

en
ts

 / 
20

 

10

2
10

3
10

4
10

Sum
Prompt
Nonprompt
Background

J/
 < 20 GeV

T
18 < p
|y| < 0.6

CMS
 = 7 TeVspp

-1L = 4.9 fb

2.5

Dimuon mass [GeV]
9 9.5 10 10.5 11

C
ou

nt
s 

pe
r 4

0 
M

eV

0

10

20

30

40

50

| < 0.6y|

| < 1.2y0.6 < |

CMS

-1L = 4.9 fb

 = 7 TeVspp    

3x 10
Quarkonium	
  polarizaEons	
  are	
  measured	
  from	
  the	
  
angular	
  decay	
  distribuEons	
  in	
  dimuon	
  decays	
  

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

PLB 727 (2013) 382 

Y(1S)	
  

Y(2S)	
  

Y(3S)	
  

PRL 110 (2013) 081802 

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



!"
-1 -0.5 0 0.5 1

#"

-1

-0.5

0

0.5

1
CS, 68.3% CL
CS, 99.7% CL
PX, 68.3% CL
PX, 99.7% CL

-1 = 7 TeV    L = 4.9 fbsCMS   pp  

$J/
|y| < 0.6

 < 20 GeV
T

18 < p

CMS: Quarkonium polarization analyses 11	
  

single muon transverse momentum [GeV]
0 5 10 15 20 25 30 35 40 45 50

si
ng

le
 m

uo
n 

ef
fic

ie
nc

y

0.5

0.6

0.7

0.8

0.9

1

1.1

 = 7 TeVspp
CMS

)| < 0.2(|

)| < 1.0(0.8 < |

)| < 1.6(1.4 < |

Quarkonium	
  polarizaEons	
  are	
  measured	
  from	
  the	
  
angular	
  decay	
  distribuEons	
  in	
  dimuon	
  decays	
  

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

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

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

UncertainEes	
  are	
  dominated	
  by	
  systemaEcs	
  at	
  low	
  pT	
  	
  
and	
  by	
  staEsEcs	
  at	
  high	
  pT	
  

PRL 110 (2013) 081802 

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



 [GeV]
T
p

0 10 20 30 40 50 60 70

-1

-0.5

0

0.5

1

 CMS, |y| < 0.6!J/
 CMS, 0.6 < |y| < 1.2!J/
 ALICE, 2.5 < y < 4.0!J/
 LHCb, 2.0 < y < 2.5!J/
 LHCb, 2.5 < y < 3.0!J/
 LHCb, 3.0 < y < 3.5!J/
 LHCb, 3.5 < y < 4.0!J/
 LHCb, 4.0 < y < 4.5!J/

HX frame
!J/

"
#

LHC: Quarkonium polarization results 12	
  

Charmonia	
  

Good	
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  between	
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  Previous	
  experimental	
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overcome	
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Total	
  uncertainEes	
  at	
  68.3%	
  CL	
  

Charmonia	
   Bopomonia	
  

PRL 110 (2013) 081802 PRL 108 (2012) 151802 

PRL 108 (2012) 082001 PLB 727 (2013) 382 EPJC 73 (2013) 2631 EPJC 74 (2014) 2872 

Good	
  consistency	
  between	
  CMS,	
  LHCb,	
  ALICE	
  and	
  CDF.	
  Previous	
  experimental	
  inconsistencies	
  
overcome	
  due	
  to	
  novel	
  and	
  more	
  robust	
  analysis	
  techniques	
  (EPJC	
  C69	
  (2010)	
  657).	
  

No	
  strong	
  polarizaEons	
  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	
  characterisEcs	
  
 	
  no	
  evident	
  differences	
  between	
  charmonium	
  and	
  bopomonium	
  states	
  



 [GeV]
T
p

0 10 20 30 40 50

-1

-0.5

0

0.5

1

(1S) CMS, |y| < 0.6!

(1S) CMS,  0.6 < |y| < 1.2!

(1S) CDF, |y| < 0.6!
(2S) CMS, |y| < 0.6!

(2S) CMS, 0.6 < |y| < 1.2!

(2S) CDF, |y| < 0.6!
(3S) CMS, |y| < 0.6!

(3S) CMS, 0.6 < |y| < 1.2!
(3S) CDF, |y| < 0.6!

HX frame
(2S)!(1S) + !

"
#

 [GeV]
T
p

0 10 20 30 40 50 60 70

-1

-0.5

0

0.5

1

 CMS, |y| < 0.6!J/
 CMS, 0.6 < |y| < 1.2!J/
 ALICE, 2.5 < y < 4.0!J/
 LHCb, 2.0 < y < 2.5!J/
 LHCb, 2.5 < y < 3.0!J/
 LHCb, 3.0 < y < 3.5!J/
 LHCb, 3.5 < y < 4.0!J/
 LHCb, 4.0 < y < 4.5!J/

(2S) CMS, |y| < 0.6!

(2S) CMS, 0.6 < |y| < 1.2!

(2S) CMS, 1.2 < |y| < 1.5!

(2S) LHCb, 2.0 < y < 2.5!

(2S) LHCb, 2.5 < y < 3.0!

(2S) LHCb, 3.0 < y < 3.5!

(2S) LHCb, 3.5 < y < 4.0!

(2S) LHCb, 4.0 < y < 4.5!

HX frame
(2S)! + !J/

"
#

LHC: Quarkonium polarization results 15	
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Total	
  uncertainEes	
  at	
  68.3%	
  CL	
  

Charmonia	
   Bopomonia	
  

PRL 110 (2013) 081802 PRL 108 (2012) 151802 

Good	
  consistency	
  between	
  CMS,	
  LHCb,	
  ALICE	
  and	
  CDF.	
  Previous	
  experimental	
  inconsistencies	
  
overcome	
  due	
  to	
  novel	
  and	
  more	
  robust	
  analysis	
  techniques	
  (EPJC	
  C69	
  (2010)	
  657).	
  

No	
  strong	
  polarizaEons	
  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	
  characterisEcs	
  
 	
  no	
  evident	
  differences	
  between	
  charmonium	
  and	
  bopomonium	
  states	
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PRL 108 (2012) 082001 PLB 727 (2013) 382 EPJC 73 (2013) 2631 EPJC 74 (2014) 2872 

Total	
  uncertainEes	
  at	
  68.3%	
  CL	
  

Charmonia	
   Bopomonia	
  

PRL 110 (2013) 081802 PRL 108 (2012) 151802 

Good	
  consistency	
  between	
  CMS,	
  LHCb,	
  ALICE	
  and	
  CDF.	
  Previous	
  experimental	
  inconsistencies	
  
overcome	
  due	
  to	
  novel	
  and	
  more	
  robust	
  analysis	
  techniques	
  (EPJC	
  C69	
  (2010)	
  657).	
  

No	
  strong	
  polarizaEons	
  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	
  characterisEcs	
  
 	
  no	
  evident	
  differences	
  between	
  charmonium	
  and	
  bopomonium	
  states	
  



NRQCD	
  is	
  an	
  effecEve	
  field	
  theory	
  that	
  factorizes	
  quarkonium	
  producEon	
  in	
  two	
  steps:	
  
1)  producEon	
  of	
  the	
  iniEal	
  quark-­‐anEquark	
  pair	
  (perturbaEve	
  QCD)	
  
2)  hadronizaEon	
  of	
  the	
  quark	
  pair	
  into	
  a	
  bound	
  quarkonium	
  state	
  (non-­‐perturbaEve	
  QCD)	
  

NRQCD	
  predicts	
  the	
  existence	
  of	
  intermediate	
  color-­‐octet	
  (CO)	
  states	
  in	
  nature,	
  that	
  subsequently	
  evolve	
  
into	
  physical	
  color-­‐singlet	
  (CS)	
  quarkonia	
  by	
  non-­‐perturbaEve	
  emission	
  of	
  so`	
  gluons.	
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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)	
  perturba9ve	
  phase	
  

_	
  

green	
  

anE	
  
blue	
  

2)	
  non-­‐perturba9ve	
  evoluEon	
  
to	
  the	
  observed	
  bound	
  state	
  
Quantum	
  numbers	
  change!	
  

	
  	
  red	
   quarkonium	
  (	
  	
  	
  	
  	
  	
  )	
  

anE	
  
red	
  

Cartoon	
  by	
  P.	
  Faccioli	
  

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



NRQCD	
  is	
  an	
  effecEve	
  field	
  theory	
  that	
  factorizes	
  quarkonium	
  producEon	
  in	
  two	
  steps:	
  
1)  producEon	
  of	
  the	
  iniEal	
  quark-­‐anEquark	
  pair	
  (perturbaEve	
  QCD)	
  
2)  hadronizaEon	
  of	
  the	
  quark	
  pair	
  into	
  a	
  bound	
  quarkonium	
  state	
  (non-­‐perturbaEve	
  QCD)	
  

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

	
  CS	
  term	
  3S1[1]	
  (same	
  	
  	
  	
  	
  	
  as	
  	
  	
  	
  	
  	
  	
  )	
  
	
  CO	
  terms:	
  1S0[8],	
  3S1[8]	
  and	
  3PJ[8]	
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  =	
  2S+1LJ[C]	
  	
  ,	
  	
  C	
  =	
  1,8	
  
Quantum	
  numbers	
  of	
  the	
  heavy	
  quark	
  pair	
  

S,	
  L,	
  J	
  =	
  spin,	
  orbital	
  and	
  total	
  ang.	
  momentum	
  

Short-­‐distance	
  coefficients	
  (SDC)	
   Long-­‐distance	
  matrix	
  elements	
  (LDME)	
  Short-­‐distance	
  coefficients	
  (SDCs)	
  
• 	
  Cross	
  secEon	
  of	
  partonic	
  processes	
  to	
  form	
  

QQ	
  in	
  state	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PDF	
  
• 	
  Process-­‐dependent	
  funcEons	
  of	
  kinemaEcs	
  

• 	
  Can	
  be	
  calculated	
  perturbaEvely	
  (expansion	
  in	
  αs)	
  	
  

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

quarkonium	
  state	
  	
  
• 	
  Universal	
  constants	
  (independent	
  of	
  kinemaEcs)	
  

• 	
  	
  Determined	
  from	
  fits	
  to	
  experimental	
  data	
  

_	
  
_	
  

Every	
  term	
  has	
  a	
  specific	
  polariza9on:	
  
3S1[1]	
  	
  λθ  ≈ -0.9 (longitudinal) 
1S0[8]	
  	
  λθ  = 0 (isotropic)	


3S1[8]	
  	
  λθ  ≈ +1 (transverse)	
  
3PJ[8]	
  	
  λθ  >> +1 (“hyper-­‐transverse“)	
  

@NLO, approximations, HX frame 
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Butenschön	
  and	
  Kniehl	
  use	
  hadro-­‐	
  and	
  photo-­‐producEon	
  data,	
  	
  
excluding	
  polarizaEon	
  results,	
  to	
  fit	
  the	
  color	
  octet	
  LDMEs;	
  
feed-­‐down	
  decays	
  are	
  not	
  accounted	
  for	
  

The	
  3S1	
  and	
  3PJ	
  octet	
  terms	
  dominate	
  dσ/dpT	
  at	
  high	
  pT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  transverse	
  polarizaEon	
  is	
  predicted	
  

This	
  predicEon	
  fails	
  to	
  describe	
  the	
  CMS	
  measurements	
  

O(3S1[1])	
  =	
  1.32	
  GeV3	
  	
  

O(1S0[8])	
  =	
  0.0497	
  GeV3	
  	
  

O(3S1[8])	
  =	
  0.00224	
  GeV3	
  	
  

O(3PJ[8])	
  =	
  -0.0161	
  GeV5	
  	
  

Butenschön	
  and	
  Kniehl	
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PRL 108 (2012) 172002 + private communication Butenschön	
  and	
  Kniehl	
  use	
  hadro-­‐	
  and	
  photo-­‐producEon	
  data,	
  	
  
excluding	
  polarizaEon	
  results,	
  to	
  fit	
  the	
  color	
  octet	
  LDMEs;	
  
ψ(2S)	
  is	
  the	
  only	
  S-­‐wave	
  quarkonium	
  unaffected	
  by	
  feed-­‐down	
  decays	
  

The	
  3S1	
  octet	
  term	
  dominates	
  dσ/dpT	
  at	
  high	
  pT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  transverse	
  polarizaEon	
  is	
  predicted	
  

This	
  predicEon	
  fails	
  to	
  describe	
  the	
  CMS	
  measurements	
  
The	
  1S0[8]	
  and	
  3PJ[8]	
  terms	
  have	
  nega&ve	
  SDC	
  x	
  LDME	
  	
  

O(3S1[1])	
  =	
  0.76	
  GeV3	
  	
  

O(1S0[8])	
  =	
  -0.00247	
  GeV3	
  	
  

O(3S1[8])	
  =	
  0.00280	
  GeV3	
  	
  

O(3PJ[8])	
  =	
  0.00168	
  GeV5	
  	
  

Butenschön	
  and	
  Kniehl	
  	
  



CMS data vs. NLO NRQCD: ϒ(nS)	

 21	
  

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

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

NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

 = 7 TeVspp  
HX frame
|y| < 0.6

(1S)!

"#

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

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

NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

 = 7 TeVspp  
HX frame
|y| < 0.6

(2S)!

"#

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

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

NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

 = 7 TeVspp  
HX frame
|y| < 0.6

(3S)!

"#

Gong	
  et	
  al.	
  use	
  hadroproducEon	
  data,	
  including	
  the	
  
CMS	
  ϒ(nS)	
  polarizaEon	
  results,	
  to	
  fit	
  the	
  CO	
  LDMEs	
  

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

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

λθ	



λθ	

 λθ	
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New	
  analysis	
  by	
  P.	
  Faccioli	
  et	
  al.	
  takes	
  a	
  data-­‐driven	
  
approach,	
  moving	
  polarizaEon	
  to	
  the	
  center	
  of	
  the	
  
study	
  

Considers	
  all	
  LHC	
  ψ(2S)	
  and	
  ϒ(3S)	
  cross	
  secEon	
  and	
  
polarizaEon	
  results	
  -­‐	
  assumed	
  to	
  be	
  feed-­‐down	
  free	
  
(χb(3P)	
  feed-­‐down	
  to	
  ϒ(3S)	
  is	
  neglected)	
  

3PJ[8]	
  CO	
  component	
  has	
  negligible	
  impact	
  

Experimental	
  and	
  theoreEcal	
  uncertainEes	
  taken	
  
into	
  account	
  within	
  the	
  fit	
  procedure,	
  which	
  also	
  
recalculates	
  acceptance	
  correcEons	
  for	
  each	
  
calculated	
  polarizaEon	
  
	
  First	
  internally	
  consistent	
  NRQCD	
  analysis	
  

KinemaEc	
  scan,	
  removing	
  low	
  pT	
  data	
  reveals	
  that	
  
NRQCD@NLO	
  gives	
  a	
  very	
  good	
  descripEon	
  of	
  all	
  
data,	
  when	
  restricEng	
  the	
  fit	
  to	
  data	
  with	
  pT/M	
  >	
  3	
  
 	
  Domain	
  of	
  validity	
  of	
  NLO	
  NRQCD?	
  

Unpolarized	
  1S0[8]	
  CO	
  component	
  dominates	
  
quarkonium	
  producEon	
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New	
  analysis	
  by	
  P.	
  Faccioli	
  et	
  al.	
  takes	
  a	
  data-­‐driven	
  
approach,	
  moving	
  polarizaEon	
  to	
  the	
  center	
  of	
  the	
  
study	
  

Considers	
  all	
  LHC	
  ψ(2S)	
  and	
  ϒ(3S)	
  cross	
  secEon	
  and	
  
polarizaEon	
  results	
  -­‐	
  assumed	
  to	
  be	
  feed-­‐down	
  free	
  
(χb(3P)	
  feed-­‐down	
  to	
  ϒ(3S)	
  is	
  neglected)	
  

3PJ[8]	
  CO	
  component	
  has	
  negligible	
  impact	
  

Experimental	
  and	
  theoreEcal	
  uncertainEes	
  taken	
  
into	
  account	
  within	
  the	
  fit	
  procedure,	
  which	
  also	
  
recalculates	
  acceptance	
  correcEons	
  for	
  each	
  
calculated	
  polarizaEon	
  
	
  First	
  internally	
  consistent	
  NRQCD	
  analysis	
  

KinemaEc	
  scan,	
  removing	
  low	
  pT	
  data	
  reveals	
  that	
  
NRQCD@NLO	
  gives	
  a	
  very	
  good	
  descripEon	
  of	
  all	
  
data,	
  when	
  restricEng	
  the	
  fit	
  to	
  data	
  with	
  pT/M	
  >	
  3	
  
 	
  Domain	
  of	
  validity	
  of	
  NLO	
  NRQCD?	
  

Unpolarized	
  1S0[8]	
  CO	
  component	
  dominates	
  
quarkonium	
  producEon	
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CMS	
  measured	
  cross	
  secEons	
  and	
  polarizaEons	
  of	
  five	
  S-­‐wave	
  quarkonia	
  in	
  pp	
  collisions	
  at	
  √s	
  =	
  7	
  TeV	
  

The	
  χc2	
  /	
  χc1	
  and	
  χb2(1P)	
  /	
  χb1(1P)	
  cross-­‐secEon	
  raEos	
  have	
  also	
  been	
  measured	
  

The	
  quality	
  of	
  the	
  (consistent)	
  LHC	
  measurements	
  allows	
  us	
  to	
  give	
  priority	
  to	
  the	
  polarizaEon	
  results:	
  

=	
  more	
  reliable	
  theory	
  understanding	
  than	
  cross	
  secEons,	
  and	
  down	
  to	
  lower	
  pT	
  values	
  

=	
  much	
  beper	
  at	
  resolving	
  the	
  several	
  possible	
  (singlet	
  and	
  octet)	
  “pre-­‐resonant	
  states”	
  

➝	
  The	
  absence	
  of	
  strong	
  polarizaEons	
  in	
  all	
  five	
  S-­‐wave	
  states	
  strongly	
  suggests	
  that	
  	
  
	
  	
  	
  	
  	
  quarkonium	
  producEon	
  dominantly	
  proceeds	
  through	
  the	
  1S0

[8]	
  transiEon	
  

Several	
  more	
  results	
  will	
  come	
  from	
  ongoing	
  studies	
  of	
  2012	
  data	
  

The	
  LHC	
  run	
  2	
  will	
  allow	
  us	
  to	
  further	
  extend	
  the	
  pT	
  reach	
  of	
  quarkonium	
  measurements	
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J/ψ and ψ(2S) production cross sections"
CMS, EPJC 71 (2011) 1575 [L = 314 nb-1, 7 TeV]"
CMS, JHEP 02 (2012) 011 [L = 37 pb−1, 7 TeV]"
ATLAS, NPB 850 (2011) 387 [2.3 pb-1, 7 TeV]"

χc1 and χc2 production cross sections"
ATLAS, CONF‐2013-095 [L = 4.5 fb−1, 7 TeV]"

Υ(nS) production cross section"
CMS, PRD 83 (2011) 112004 [L = 3 pb−1, 7 TeV]"
CMS, CMS PAS-BPH-12-006 [4.9 fb-1, 7 TeV]"
ATLAS,  PRD  87 (2013) 052004 [1.8 fb-1, 7 TeV]"

Relative production rate of χc2 and χc1  
CMS, EPJC 72 (2012) 2251 [4.6fb-1, 7 TeV]"

Relative production rate of χb2(1P) and χb1(1P) 
CMS, CMS PAS‐BPH‐13‐005 [20.7 fb-1, 8 TeV]"

J/ψ and ψ(2S) polarizations"
ALICE: PRL 108 (2012) 082001 [100 nb-1, 7 TeV]"
CMS, PLB 727 (2013) 382 [4.9 fb-1, 7 TeV]"
LHCb: EPJC 73 (2013) 2631 [0.37 fb-1, 7 TeV]"
LHCb: EPJC 74 (2014) 2872 [1 fb-1, 7 TeV]"

Υ(nS) polarizations"
CMS, PRL 110 (2013) 081802 [4.9 fb-1, 7 TeV]"
CDF, PRL 108 (2012) 151802 [6.7 fb-1, 1.96 TeV]"

NEW Phenomenology studies of ψ(nS) and Y(nS)  
cross sections and polarizations"
M. Butenschön and B. Kniehl, PRL 108 (2012) 172002 
B. Gong et al., PRL 112 (2014) 032001"
P. Faccioli et al., arXiv:1403.3970 (PLB, in Print)"

all CMS public results in: 

twiki/bin/view/CMSPublic/PhysicsResultsBPH 
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The	
  χc2	
  /	
  χc1	
  cross-­‐secEon	
  raEo	
  has	
  been	
  measured	
  vs.	
  pT,	
  up	
  to	
  much	
  higher	
  pT	
  and	
  with	
  smaller	
  
uncertainEes	
  than	
  previous	
  measurements	
  
SystemaEc	
  uncertainEes	
  are	
  dominated	
  by	
  fit	
  to	
  mass	
  distribuEon	
  
Cross-­‐secEon	
  raEo	
  seems	
  to	
  be	
  rather	
  flat	
  with	
  pT	
  	
  	
  

To	
  compare	
  with	
  theory	
  calculaEons:	
  
-­‐	
  care	
  is	
  needed	
  regarding	
  assumed	
  polarizaEons,	
  that	
  can	
  significantly	
  change	
  the	
  result	
  

 B χc2    
 B χc1    

|y(J/ψ)| < 1.0 
pT(γ) > 0 GeV 

band:	
  syst.	
  uncertainty	
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The	
  χb2(1P)	
  /	
  χb1(1P)	
  cross-­‐secEon	
  raEo	
  has	
  been	
  measured	
  vs.	
  pT,	
  for	
  the	
  first	
  Eme	
  in	
  a	
  hadron	
  collider	
  
SystemaEc	
  uncertainEes	
  are	
  dominated	
  by	
  fit	
  to	
  mass	
  distribuEon	
  
Mass	
  resoluEon	
  of	
  5	
  MeV	
  resolves	
  the	
  two	
  peaks,	
  separated	
  by	
  only	
  19	
  MeV	
  
Cross-­‐secEon	
  raEo	
  seems	
  to	
  be	
  rather	
  flat	
  with	
  pT	
  	
  	
  

No	
  low-­‐pT	
  increase,	
  contrary	
  to	
  the	
  theory	
  predicEon	
  of	
  Likhoded	
  et	
  al.,	
  PRD	
  86	
  (2012)	
  074027	
  

PRD 86 (2012) 084027 
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