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∫L(LHCb) ~ 3 fb-1 (~ 25 fb-1 for ATLAS and CMS)

⇒ the LHC is a Quarkonia Factory !
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LHCb : a Quarkonia Detector/2

4

L0Muon : PT > 1.5 GeV + HLT (soft)	


Impact parameter resolution (high pT tracks) : 20µm	


Decay time resolution : 45 fs (for Bs → J/ψ φ and for Bs → Ds π)	


µ ID efficiency : 97% (1-3% π-µ mis-ID)	


J/Ψ (µµ) mass resolution : 8 MeV (B → J/Ψ X with constrains)

JHEP 06(2013)064EPJ C72(2012)2100

1% of the total stat.



P. Ghez BEACH 2014

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Y(3915)

established cc states

predicted, undiscovered

neutral XYZ mesons

X(3940)

X(4160)

charged XYZ mesons

Zc(3900)+

Z(4430)+

Z1(4050)+

Z2(4250)+

MD+MD*

_

Outline

5

arX
iv:1403.1254 ηb(11S0)

ϒ(13S1)

ϒ(23S1)

ϒ(13D1)

hb(11P1)
χb0(13P0)

χb1(13P1) χb2(13P2)

ηb(21S0)

9.4

9.6

9.8

10.0

2MB

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

ϒ(53S1)

χb0(23P0) χb1(23P1) χb2(23P2)hb(21P1)

ϒ(33S1)

10.2

10.4

10.6

10.8

χb1(33P1)

ηb(31S0)

established bb states

recently found bb states 

ϒ(10890)

MB+MB*

2MB*

Zb(10610)+

Zb(10650)+

ϒ(43S1)

π-π-

π+

π+

π+
_

_

charged bb states 
_



P. Ghez BEACH 2014

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Y(3915)

established cc states

predicted, undiscovered

neutral XYZ mesons

X(3940)

X(4160)

charged XYZ mesons

Zc(3900)+

Z(4430)+

Z1(4050)+

Z2(4250)+

MD+MD*

_

Outline

5

arX
iv:1403.1254

ψ′(23S1)

X(3872)

Z(4430)+

Polarisation

Nature

Nature

ηb(11S0)
ϒ(13S1)

ϒ(23S1)

ϒ(13D1)

hb(11P1)
χb0(13P0)

χb1(13P1) χb2(13P2)

ηb(21S0)

9.4

9.6

9.8

10.0

2MB

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

ϒ(53S1)

χb0(23P0) χb1(23P1) χb2(23P2)hb(21P1)

ϒ(33S1)

10.2

10.4

10.6

10.8

χb1(33P1)

ηb(31S0)

established bb states

recently found bb states 

ϒ(10890)

MB+MB*

2MB*

Zb(10610)+

Zb(10650)+

ϒ(43S1)

π-π-

π+

π+

π+
_

_

charged bb states 
_



P. Ghez BEACH 2014

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

ψ(23D1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Y(3915)

established cc states

predicted, undiscovered

neutral XYZ mesons

X(3940)

X(4160)

charged XYZ mesons

Zc(3900)+

Z(4430)+

Z1(4050)+

Z2(4250)+

MD+MD*

_

Outline

5

arX
iv:1403.1254

ψ′(23S1)

X(3872)

Z(4430)+

Polarisation

Nature

Nature

ηb(11S0)
ϒ(13S1)

ϒ(23S1)

ϒ(13D1)

hb(11P1)
χb0(13P0)

χb1(13P1) χb2(13P2)

ηb(21S0)

9.4

9.6

9.8

10.0

2MB

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

ϒ(53S1)

χb0(23P0) χb1(23P1) χb2(23P2)hb(21P1)

ϒ(33S1)

10.2

10.4

10.6

10.8

χb1(33P1)

ηb(31S0)

established bb states

recently found bb states 

ϒ(10890)

MB+MB*

2MB*

Zb(10610)+

Zb(10650)+

ϒ(43S1)

π-π-

π+

π+

π+
_

_

charged bb states 
_

Production	

&Decays

𝛘b1(13P1)

𝛘b1(23P1)

𝛘b1(33P1)

𝛘b0(13P0)
𝛘b2(13P2)

𝛘b0(23P1)
𝛘b2(23P1)



P. Ghez BEACH 2014

Prompt Ψ’ polarisation/1

6

EPJ C73(2013)11 
arXiv:1403.1339



P. Ghez BEACH 2014

• Question : polarized ?
- QCD or xQCD unable to describe production & polarisation

Prompt Ψ’ polarisation/1

6

EPJ C73(2013)11 
arXiv:1403.1339



P. Ghez BEACH 2014

• Question : polarized ?
- QCD or xQCD unable to describe production & polarisation

• The Ψ’(or Ψ(2S) 1- -) physics case
- (LHC) production : hard-scatter. / higher mass feed-down / b decay

Prompt Ψ’ polarisation/1

6

EPJ C73(2013)11 
arXiv:1403.1339



P. Ghez BEACH 2014

• Question : polarized ?
- QCD or xQCD unable to describe production & polarisation

• The Ψ’(or Ψ(2S) 1- -) physics case
- (LHC) production : hard-scatter. / higher mass feed-down / b decay

- (λθ, λφ, λθφ) pol. angles from Ψ’→µµ (η,pT) bins

Prompt Ψ’ polarisation/1

6

EPJ C73(2013)11 
arXiv:1403.1339

Quantization Axis



P. Ghez BEACH 2014

• Question : polarized ?
- QCD or xQCD unable to describe production & polarisation

• The Ψ’(or Ψ(2S) 1- -) physics case
- (LHC) production : hard-scatter. / higher mass feed-down / b decay

- (λθ, λφ, λθφ) pol. angles from Ψ’→µµ (η,pT) bins

- use HX AND CS (≠ ε )
- λinv = (λθ + λφ)/(1-λφ) frame independent and (theory) predicted

Prompt Ψ’ polarisation/1

6

EPJ C73(2013)11 
arXiv:1403.1339

Quantization Axis
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Prompt Ψ’ polarisation/2
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EPJ C73(2013)11 
arXiv:1403.1339
7 TeV / 1fb-1
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it an unlikely conventional charmonium candidate, and no consensus 
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Exotics : X(3872) nature/1
• Question : what is it ?
« The X(3872) occupies a unique niche in the menagerie (…) as both the first 
and the most intriguing (…)quantum numbers, mass, and decay patterns make 

it an unlikely conventional charmonium candidate, and no consensus 
explanation has been found. »  (Brambilla et al. (2011) EPJ C71(2011)1534)  

 

• The X(3872) physics case	

- born in 2003 (Belle - PRL 91(2003)262001)	


- JPC=1++ , possible interpretation : ccūu,̄ D0D0*,ccḡ, …	


- RΨγ = Br(X→Ψ’γ (to be confirmed)) / Br(X→J/Ψγ) to discriminate 	


- this analysis : B+→X K+  with X→(Ψ’ or J/Ψ)(→µµ) γ	

- this analysis : extract signal yields from mass fits (ε corrections very ≠)

8

arXiv:1404.0275
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Exotics : X(3872) nature/2
B+→XK+

X→J/Ψγ X→Ψ’γ

B+→XK+

7+8 TeV / 3 fb-1
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Exotics : X(3872) nature/2

X→Ψ’γ confirmed 

RΨγ = Br(X→Ψ’γ)/Br(X→J/Ψγ) = 2.46 ± 0.64 (stat.) ± 0.29 (syst.)  

DD̄* molecule ruled out

7+8 TeV / 3 fb-1
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Exotics : Z(4430) nature/1

• Question : if it exists, what is it ?  
 

• The Z(4430) physics case	

- born in 2007 (Belle - PRL100(2008)142001 - but not BaBar (2009))	

- JP = 1+ favored / minimal quark content : ccd̄u̅ !	

- this analysis :  B0→Ψ’→µµ π- K+	


- this analysis : 4D amplitude = (m2K+π-, m2Ψ’π-,cosθΨ’,φ) fit (à la Belle)	

- B0→Z-K+ + B0→Ψ’K*0 (all known K*0→ K+π- included)	


- each resonance = BW	

- etc …

10

PRL 112(2014)222002
arXiv:1404.1903
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PRL 112(2014)222002
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arXiv:1404.1903
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Exotics : Z(4430)  nature/3

12

)L ln 2(-∆
-200 0 200 400

Ps
eu

do
-e

xp
er

im
en

ts 
/ 1

0.
0

0

50

100

150

200

250

300

Data
Simulated
experiments

− = 0Z
PJ

Simulated
experiments

+ = 1Z
PJ

LHCb

PRL 112(2014)222002

7+8 TeV / 3 fb-1
arXiv:1404.1903



P. Ghez BEACH 2014

Exotics : Z(4430)  nature/3
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Exotics : Z(4430)  nature/3
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 confirm Z existence : no Z : p𝜒2 < 2x10-6  / with Z : p𝜒2 = 12% 

confirm (≥ 10σ ) JP = 1+ 

M(Z)[MeV] =  4475 ± 7 +15-25 , Γ(Z)[MeV] =  172 ± 13 +37-34 

establish : Z is a (4-quarks) resonant state !!!
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#
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χb’s production & decays/1

• Question : feed-down contributions of (P) to (S) quarkonia ?	

- mandatory to compare exp./theo. for prompt (S) production	

- possible impact on (S) polarisation interpretation	

#

• The χb physics case	

- S = 1, L = 1 → J = (0,1,2) → (χb0,χb1,χb2)	

- (1P , 2P) found and …	

- χb1(33P1) : born in 2011(ATLAS - PRL 108(2012)152001)	


- first particle discovered @ LHC ! 

- radiative decays : χb(mP) → ϒ(nS) (n,m = 1,2,3) → ϒ’s origin

13
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χb’s production & decays/2
• the « method » :

- calorimetric γ : « high » stat. / « low » resol.
- b0 neglected, b1 and b2 fitted simultaneously (assume Δm12 and Nb2/Nb1)
- main systematics : fit model and γ reconstruction
- analysis with converted γ (« low » stat. / « high » resol.) coming soon …

14

+  γ  →

LHCb-PAPER-2014-031
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χb’s production & decays/3
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first measurement
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χb’s production & decays/3

15

LHCb-PAPER-2014-031

 6 χb(mP) → Y(nS) feed-down fractions 

including (first) χb(3P) → ϒ(3S) 

→ ~ > 30% of Y’s are coming from χb’s 

mχb1(3P) = 10 511.3 ± 1.7 ± 2.4 MeV/c2 

~ 50% !!! 
first measurement

7+8 TeV / 3 fb-1

Preliminary

Preliminary
Preliminary
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Charmonium Bottomonium

This is Wikipedia !!! 
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Comparison of mass resolutions (with Υ) 6
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IV. CROSS SECTION DETERMINATION

Differential ! cross sections are measured according to
the relation

d2"

dpTdy
!Brð!!#þ#$Þ¼ N!R

Ldt!!pT!!jyj ; (1)

where Brð! ! #þ#$Þ represents the appropriate branch-
ing fraction of the !ðnSÞ to dimuons,

R
Ldt is the inte-

grated luminosity, !pT and !jyj are the bin sizes in !
transverse momentum and rapidity, respectively, and N! is
the corrected number of observed !ð1SÞ, !ð2SÞ, or !ð3SÞ
mesons in a bin. Corrections are applied to account for
selection efficiencies, bin migration effects due to finite
detector resolution, and, in the case of corrected cross
section measurements, acceptance.

Determination of the cross sections proceeds through
several steps. First, a weight is determined for each se-
lected dimuon candidate equal to the inverse of the total
efficiency for the candidate. Second, a fit is performed to
the distribution of weighted events binned in dimuon in-
variant mass, m##, to determine the number of !ðnSÞ
mesons (with n ¼ 1, 2, 3) produced in each ðp##

T ; y##Þ
bin. Third, these values are corrected for ðp##

T ; y##Þ bin
migrations. Finally, the differential cross section multi-
plied by the ! ! #þ#$ branching fraction is calculated
for each state using the integrated luminosity and the pT

and y bin widths as in Eq. (1).
The weight, w, for each ! candidate includes the frac-

tion of produced ! ! #þ#$ decays with both muons
falling into the kinematic region p#

T > 4 GeV and j$#j<
2:3 (the acceptance, A, is used only in calculating cor-
rected cross sections), the probability that a candidate

falling within the acceptance passes the offline reconstruc-
tion requirements (the reconstruction efficiency, "reco), and
the probability that a reconstructed event passes the trigger
selection (the trigger efficiency, "trig). The weights as-
signed to a given candidate when calculating the fiducial
(wfid) and corrected (wtot) cross sections are then given by

wfid¼ð"reco '"trigÞ$1; wtot¼ðA '"reco '"trigÞ$1: (2)

A. Acceptance

The kinematic acceptance AðpT; yÞ is the probability
that the muons from an ! with transverse momentum pT

and rapidity y fall into the fiducial volume of the detector
defined by the p#

T > 4 GeV and j$#j< 2:3 selection ap-
plied to each muon in the dimuon pair. In order to calculate
the acceptance as a function of the rapidity and transverse
momentum of each of the ! states, taking into account
possible angular dependences in their decays, we use an
analytic formula describing the decay of ! states in their
decay frame [24],

d2N

d cos %(d&( / 1þ '%cos
2%( þ '&sin

2%( cos 2&(

þ '%& sin 2%( cos&(: (3)

The helicity frame is used, where %( is the polar angle
between the #þ momentum in the ! decay frame and the
direction of the ! momentum in the laboratory frame.
The corresponding azimuthal angle &( is the angle
between the quarkonium production plane (defined in the
quarkonium decay frame by the two momenta of the
incoming protons in that frame) and the quarkonium decay
plane in the lab frame.
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FIG. 1 (color online). The dimuon invariant mass spectum for events used in this analysis. Separate spectra are shown for
those events with the dimuon candidate (left) in the central region of the detector (jy##j< 1:2) and (right) in the forward region
(1:2 ) jy##j< 2:25). Overlaid are individual shapes of the fitted !ðnSÞ signals (shaded regions), background-only fit (dashed curve),
and the total signal plus background shape (solid curve). The background shape is modeled here by a fourth-order polynomial and the
signal peaks each modeled by a single Gaussian. Also quoted are the fitted mass resolutions of each of the three signal peaks,
determined from the fit with a common resolution parameter scaling with invariant mass.
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Figure 2. Invariant mass distribution of the selected ⌥ ! µ

+
µ

� candidates in the range pT <

15 GeV/c and 2.0 < y < 4.5. The three peaks correspond to the ⌥ (1S), ⌥ (2S) and ⌥ (3S) meson
signals (from left to right). The superimposed curve and the signal yields (dotted) are the result of
the fit described in the text.

Correlated between bins

Mass fits 0.7 to 2.2

Radiative tail 1.0

Muon identification 1.3

Tracking e�ciency 0.9

Vertexing 1.0

Trigger 4.0

Luminosity 5.0

B(J/ ! µ

+

µ

�) 1.0

Uncorrelated between bins

Production model 1.0 to 6.0

tz fit, for J/ from b 1.0 to 12.0

Table 2. Relative systematic uncertainties (in %) on the J/ and ⌥ cross-section results and on
the fraction of J/ from b.

by the LHCb [42] and ALICE [43] collaborations, in a kinematic range similar to that used

in this analysis, and the ⌥ polarisation has been measured by CMS [44] at large p

T

and

central rapidity. They were both found to be small. Therefore, in this paper results are

quoted under the assumption of zero polarisation and no corresponding systematic uncer-

tainty is assigned on the cross-section for this e↵ect. All other systematic uncertainties are

summarised in table 2.

Uncertainties related to the mass model describing the shape of the dimuon mass

distribution are estimated by fitting the invariant mass distributions for the J/ and ⌥

mesons with the sum of two Crystal Ball functions. The relative di↵erence in the number

of signal events (0.7–2.2%) is taken as a systematic uncertainty. A fraction of events

has a lower invariant mass because of the energy lost through bremsstrahlung. Based on

simulation studies, about 4% of the signal events are estimated to be outside the analysis

– 6 –

J. Catmore is NOT  
a member of LHCb 
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Ψ’
Quantization Axis
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Ψ’

HX frame :  for J/Ψ from B+ →J/Ψ K+	


(J/Ψ long. polar. in B+ rest frame)	


Ratio : after reweighting for B+ and J/Ψ kinematics	

remaining ≠ : detector response modeling
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Ψ’
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X(3872)
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X(3872)
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Z(4430)
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Z(4430)
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Z(4430)
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χb’s

with m* Y(nS)γ = mY(nS)γ - (mY(nS) - m0Y(nS)) -  m0Y(nS) from PDG
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