
Heavy Quarkonium Physics
selected applications of effective �eld theories

Antonio Vairo

University of Milano and INFN

http://cern.ch/vairo


Summary

1. Spectra

1.1 Heavy quark masses

1.2 Lowest lying resonances

1.3 Higher resonances and lattice

2. Inclusive annihilations

2.1 Lowest lying resonances: electromagnetic decays

2.2 Higher resonances: NRQCD and pNRQCD factorizations

3. Radiative transitions



Effective �eld theories for heavy quark bound states

Non-relativistic bound states are characterized by

at least three energy scales, hierarchically ordered by v:

m , mv, mv2

A way to disentangle rigorously these scales is

by substituting QCD scale by scale with simpler but

equivalent Effective Field Theories.

mv2

m

perturbative matching
(short-range quarkonium)

nonperturbative matching
(long-range quarkonium)

mv

m

m

perturbative matching perturbative matching

QCD

NRQCD

pNRQCD

see talk by Soto



1. Spectra



Low lying Q �Q
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Low lying Q �Q states are assumed to realize the hierarchy:

m � 1=r � mv � � QCD

At a scale � such that mv � � � mv 2 the EFT is

weakly coupled pNRQCD; its degrees of freedom are

Q- �Q (singlet and octet): E � � QCD , mv 2 ; p <
�

mv

Gluons: E � p � � QCD , mv 2



Low lying Q �Q
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Low lying Q �Q states are assumed to realize the hierarchy:

m � 1=r � mv � � QCD

At a scale � such that mv � � � mv 2 the EFT is

weakly coupled pNRQCD; its degrees of freedom are

Q- �Q (singlet and octet): E � � QCD , mv 2 ; p <
�

mv

Gluons: E � p � � QCD , mv 2

The quarkonium spectrum at O(m� 5
s ) is

En = hnjH s (� ) jni � i
g2

3N c

Z 1

0
dt hnjr eit ( E (0)

n � H o ) r jni hE (t ) E (0) i (� )



c and b masses

reference order mb(mb) (GeV)

Beneke Signer 99 NNLO�� 4:24 � 0:09

Hoang 98 NNLO 4:21 � 0:09

Pineda 01 NNNLO� 4:210 � 0:090 � 0:025

Brambilla et al 01 NNLO +charm 4:190 � 0:020 � 0:025

Penin Steinhauser 02 NNNLO� 4:349 � 0:070

Lee 03 NNNLO� 4:20 � 0:04

Contreras et al 03 NNNLO� 4:241 � 0:070

Pineda Signer 06 NLL� 4:19 � 0:06

reference order mc (mc ) (GeV)

Brambilla et al 01 NNLO 1:24 � 0:020



Bc mass

State expt lattice04 BV00 BSV01 BSV02

B c mass (MeV)

11S0 6400(400) 6304(16) 6326(29) 6324(22) 6307(17)

Brambilla Sumino Vairo 01 02, Brambilla Vairo 00, HPQCD-FNA L-UKQCD 04

In 2005, CDF found B c in B c ! J= � .

)2 Mass (GeV/cp y J/
6.2 6.25 6.3 6.35 6.4 6.45

2
C

an
di

da
te

s 
in

 5
 M

eV
/c

0
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6

-1CDF Run 2 Preliminary          360 pb

+p y J/® cB
20.0048 GeV/c± Mass = 6.2870cB
2

Resolution (fixed) = 15.5 MeV/c

under peak
 1.4 evts±Mean exp. backgd.: 10.0 

 5.7 events±Signal: 18.9 

M B c = 6287 � 4:8 � 1:1 MeV



hfs and� b mass
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� s from the� system

The discovery of the � b may provide new observables from which to extract � s(mb) in a reliable way.
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hfs of theBc ground state
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Penin Pineda Smirnov Steinhauser 04



1P bottomonium splitting at NLO
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see also Brambilla Sumino Vairo 01, Penin Smirnov Steinhauser 05



Low lying QQq
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v r

1=� QCD �

R = ( x1 + x2 )=2

m r = m=2

mR = 2 m



Low lying QQq
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Low lying QQq
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1=� QCD �

R = ( x1 + x2 )=2

m r = m=2

mR = 2 m

Low lying QQq states are assumed to realize the hierarchy:

m � 1=r � mv � � QCD

At a scale � such that mv � � � mv 2 the EFT is

weakly coupled pNRQCD; its degrees of freedom are

Q-Q (antitriplet and sextet): E � � QCD , mv 2 ; p <
�

mv

Gluons and light quarks: E � p � � QCD , mv 2



Hyper�ne splittings at NLO

s B

m

�
�
�
�

s B

m

�
�
�
�

cancel in the matching

/ external energies / p2=m ) contribute to h.o. operators

� L hfs =
cF (� )

2m

�
1 + O(� 2

s )
�

T y � (1) + � (2)

2
gB a T a

�3 T



Hyper�ne splittings formula

Consider heavy-light mesons. We call PQ and P �
Q the �Qu or �Qd spin 0 or spin 1 states.

Consider the S-wave ground state of a doubly heavy baryon. Since an (anti)triplet state is antisymmetric in

colour, due to the Fermi statistics, the two heavy quarks are allowed only in a spin 1 (symmetric) state. The

lowest energy states for QQu or QQd are called � QQ (� �
QQ ) for spin 1=2 (3=2).

M � �
QQ

� M � QQ =
3 mQ 0

4 mQ

c( Q )
F

c( Q 0)
F

�
M P �

Q 0
� M PQ 0

�
"

1 + O

 

� 2
s ;

� QCD

mQ
;

� QCD

mQ 0

!#

Savage Wise 90, Brambilla R ösch Vairo 05, Fleming Mehen 05



Hyper�ne splittings ofccqandbbqbaryons

M � �
cc

� M � cc = 120 � 40 MeV

M � �
bb

� M � bb = 34 � 4 MeV

Brambilla R ösch Vairo 05



Hyper�ne splittings ofccqandbbqbaryons

M � �
cc

� M � cc = 120 � 40 MeV

M � �
bb

� M � bb = 34 � 4 MeV

Brambilla R ösch Vairo 05

To be compared with the lattice results:

M � �
cc

� M � cc = 89 � 15 MeV

Flynn Mescia Tariq 03 - quenched QCD

M � �
cc

� M � cc = 80 � 10+3
� 7 MeV

Lewis Mathur Woloshyn 01 - quenched QCD

M � �
bb

� M � bb = 20 � 6+2
� 3 MeV

Ali Khan et al. 99 - quenched NRQCD

M � �
bb

� M � bb = 20 � 6+3
� 4 MeV

Mathur Lewis Woloshyn 02 - quenched NRQCD



Higher resonances

Higher Q �Q resonances are better studied on the lattice.

� QCD (ma � 1)

� NRQCD (coarse lattices, ma � 1, no a ! 0)

� pNRQCD (coarse lattices, no a ! 0)

0.01 0.1
a (fm)

10
-3

10
-2

10
-1

10
0

dC
(m

Q
a)

L

NRQCD b = _ . _ .

NRQCD c = _ . _ .

Fermilab b = _ _ _

Fermilab c = _ _ _

extrapolation b = ___

extrapolation c = ___

Kronfeld 03



Spectrum from lattice NRQCD
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* Radial splittings up to
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Spectrum in the Fermilab formulation

Gottlieb et al. 05



pNRQCD on the lattice

� A proper lattice formulation of pNRQCD does not exist yet.

� In the quenched approximation and for higher resonances (mv � � QCD ) only the
singlet quarkonium �eld is dynamical:

L = Tr
�

Sy
�

i@0 �
p 2

m
� Vs

�
S

�

� The idea is to calculate once for ever the potentials on the lattice and determine
the spectrum by solving the Schrödinger equation.



Static potential

V (0)
s = lim

T !1

i

T
lnh(r � T )i = lim

T !1

i

T
ln
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Bali Schilling Wachter 97



1=m potential

V (1)
s = �

1
2

Z 1

0
dt t

E

Brambilla Pineda Soto Vairo 00

Koma, Koma and Wittig 06



Spin-dependent potentials
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0.03

0.02
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0 d� � hhB y (r ; 0)Ez (r ; � ) ii
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Bali et al 97, Koma et al 05, see talk by Koma



States near or above threshold

� In general, for states near or above threshold a systematic treatment does not
exist so far. Also lattice calculations are inadequate. Most of the existing analyses
rely on models (e.g. the Cornell coupled channel model).

� However in some cases one may develop an EFT owing to special dynamical
conditions.

� An example is the X (3872) intepreted as a D 0 �D � 0 or �D 0 D � 0 molecule. In
this case, one may take advantage of the unnaturally (and accidentally) large
D 0 �D � 0 scattering length. Braaten Kusunoki 03



2. Annihilations



Electromagnetic widths of 1S states

The natural framework is weakly coupled pNRQCD.
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Penin Pineda Smirnov Steinhauser 04



Electromagnetic widths on the lattice
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NRQCD factorization

For higher resonances (mv � � QCD ) the natural framework is NRQCD ...

� (H ! LH) =
X

n

2 Im f ( n )

mdn � 4
hH j yK ( n ) �� yK 0( n )  jH i

� (H ! EM) =
X

n

2 Im f em
( n )

mdn � 4
hH j yK ( n ) � jvacihvacj� yK 0( n )  jH i

H H
f

Bodwin et al 95



NRQCD matrix elements

� By �tting charmonium P -wave decay data
hO1 (1P1 )i h c (1 P ) � 8:1 � 10� 2 GeV5 and hO8 (1S0 )i h c (1 P ) � 5:3 � 10� 3 GeV3

in MS and at the factorization scale of 1.5 GeV.
Maltoni 00

� In quenched lattice simulations
hO1 (1P1 )i h c (1 P ) � 8:0 � 10� 2 GeV5 , hO8 (1S0 )i h c (1 P ) � 4:7 � 10� 3 GeV3 and

hO1 (1S0 )i � c (1 S ) � 0:33 GeV3

in MS and at the factorization scale of 1.3 GeV.
Bodwin Sinclair Kim 96

� In lattice simulations with three light-quark �avors (extrapolation)
hO1 (1S0 )i � b (1 S ) � 4:1 GeV3 , hO1 (1P1 )i h b (1 P ) � 3:3 GeV5 and

hO8 (1S0 )i h b (1 P ) � 5:9 � 10� 3 GeV3

in MS and at the factorization scale of 4.3 GeV.
Bodwin Sinclair Kim 01

Some further recent (quenched) determinations are in Bodwin Lee Sinclair 05



pNRQCD factorization

... or strongly coupled pNRQCD.

hH j yK ( n ) �� yK 0( n )  jH i = jR(0) j2 �
Z

dtt n hG(t)G(0) i

HH

H H

GG

Brambilla Eiras Pineda Soto Vairo 02 03



P-wave decays atO(mv5)
� NRQCD

� (� J ! LH) = 9 Im f 1

�
�
�R0(0)

�
�
�
2

�m 4
+

2 Im f 8

m2
h� jO8 (1S0 )j� i

� (� J ! 

 ) = 9 Im f 



�
�
�R0(0)

�
�
�
2

�m 4
J = 0 ; 2

* Bottomonium and charmonium P-wave decays depend on 6 non-perturbative parameters.



P-wave decays atO(mv5)
� NRQCD

� (� J ! LH) = 9 Im f 1

�
�
�R0(0)

�
�
�
2

�m 4
+

2 Im f 8

m2
h� jO8 (1S0 )j� i

� (� J ! 

 ) = 9 Im f 



�
�
�R0(0)

�
�
�
2

�m 4
J = 0 ; 2

* Bottomonium and charmonium P-wave decays depend on 6 non-perturbative parameters.

� pNRQCD

h� jO8 (1S0 )j� i =

�
�
�R0(0)

�
�
�
2

18�m 2
E; E �

Z 1

0
dt t 3 hTr( gE(t ) gE (0)) i

* The quarkonium state dependence factorizes.

* Bottomonium and charmonium P-wave decays depend on 4 non-perturbative parameters.



BottomoniumP-wave decays
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�

� � b0 =� � b1

NLO

LO

� (� b0 (1P ) ! LH)
� (� b1 (1P ) ! LH)

=
� (� b0 (2P ) ! LH)
� (� b1 (2P ) ! LH)

= 8 :0 � 1:3

(CleoIII 02) = 19 :3 � 9:8

Brambilla Eiras Pineda Soto Vairo 01, Vairo 02, CLEO/QWG 04



Charmonium P-wave decays

Ratio PDG04 PDG00 LO NLO
�( � c0 ! 

 )

�( � c2 ! 

 )
5.1� 1.1 13� 10 3.75 � 5.43

�( � c2 ! l:h: ) � �( � c1 ! l:h: )

�( � c0 ! 

 )
410� 100 270� 200 � 347 � 383

�( � c0 ! l:h: ) � �( � c1 ! l:h: )

�( � c0 ! 

 )
3600� 700 3500� 2500 � 1300 � 2781

�( � c0 ! l:h: ) � �( � c2 ! l:h: )

�( � c2 ! l:h: ) � �( � c1 ! l:h: )
7.9� 1.5 12.1� 3.2 2.75 � 6.63

�( � c0 ! l:h: ) � �( � c1 ! l:h: )

�( � c2 ! l:h: ) � �( � c1 ! l:h: )
8.9� 1.1 13.1� 3.3 3.75 � 7.63

mc = 1.5 GeV � s(2mc ) = 0.245
mainly from E835 ( � c0 , total width and 

 )
also from Belle ( � c0 ! 

 ) and CLEO, BES

QWG CERN report 04



S-wave octet matrix elements

At leading order in the v and � QCD =m expansion:

hV jO8 (3S1 )jV i = hP jO8 (1S0 )jP i = 3
jR(0) j2

2�

 

�
E(2)

3

9m2

!

hV jO8 (1S0 )jV i =
hP jO8 (3S1 )jP i

3
= 3

jR(0) j2

2�

 

�
c2

F B1

18m2

!

hV jO8 (3PJ )jV i
2J + 1

=
hP jO8 (1P1 )jP i

9
= 3

jR(0) j2

2�

�
�

E1

54

�

h� jO8 (1S0 )j� i =
1

6

jR0(0) j2

�m 2
E3

hV jP 1 (3S1 )jV i = hP jP 1 (1S0 )jP i = hV jP EM (3S1 )jV i

= hP jP EM (1S0 )jP i = 3
jR(0) j2

2�

�
mE (0)

n 0 � E1

�

Brambilla Eiras Pineda Soto Vairo 01



S-wave decays

�

RV
n �

� (V (nS) ! LH )

� (V (nS) ! e+ e� )
RP

n �
� (P (nS) ! LH )

� (P (nS) ! 

 )

It is a prediction of pNRQCD that the wave-function dependence drops out.

�

RV
n

RV
m

= 1 +
�

Im g1 (3S1 )

Im f 1 (3S1 )
�

Im gee (3S1 )

Im f ee (3S1 )

�
M n � M m

m
;

RP
n

RP
m

= 1 +
�

Im g1 (1S0 )

Im f 1 (1S0 )
�

Im g

 (1S0 )

Im f 

 (1S0 )

�
M n � M m

m
:

For mb = 5 GeV, R �
2 =R�

3 ' 1:3 [pdg ' 1:4]

Im g1 (1S0 )=Im f 1 (1S0 ) � Im g

 (1S0 )=Im f 

 (1S0 ) � � s

) up to O(v3 ) , RP
n is equal for all radial excitations.

Brambilla Eiras Pineda Soto Vairo 01



3. Radiative transitions



Radiative transitions: basics

Two dominant single-photon-transition processes:
(1) electric dipole transitions (E1)
(2) magnetic dipole transitions (M1)

H

g

H

PH = ( M H ; 0)

PH 0 =
� q

k2

 + M 2

H 0; � k
�

(k
 ; k )



Radiative transitions: basics

Two dominant single-photon-transition processes:
(1) electric dipole transitions (E1)
(2) magnetic dipole transitions (M1)

In the non-relativistic limit

� M1
n 3 S1 ! n 01 S0 
 =

4
3

� e 2
Q

k3



m2

�
�
�
�

Z 1

0
dr r 2 Rn 00 (r ) Rn 0 (r ) j 0

�
k
 r

2

� �
�
�
�

2

If k
 hr i � 1 j 0 (k
 r=2) = 1 � (k
 r )2=24 + : : :

� n = n0 allowed transitions k
 � mv 4 (r � 1=mv)

� n 6= n0 hindered transitions k
 � mv 2 (r � 1=mv)



J= ! � c


Only one direct experimental measure:

�( J= ! � c 
 ) = (1 :14 � 0:23) keV Crystal Ball 86

Moreover, there are several measurements of the BR J= ! � c 
 ! ��
 and one
independent measurement of � c ! �� (Belle 03 ). From them one obtains

�( J= ! � c 
 ) = (2 :9 � 1:5) keV

Combining both

�( J= ! � c 
 ) = (1 :18 � 0:36) keV PDG 04

� �( J= ! � c 
 ) enters into many charmonium BR.
Its 30% uncertainty sets typically their experimental errors.



J= ! � c


�( J= ! � c 
 )

�( J= )
= 0 :013 � 0:004 )

1 + � c

mc
jM i :f j = 0 :40 � 0:05 GeV

if jM i :f j = 1 this implies:

� � c = 0 , mc = 2 :3 � 0:3 GeV

� � c = � 0:28 � 0:09, mc = 1 :8 GeV

� large relativistic corrections to the S-state wave functions

Eichten/QWG 02
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First resolved radiative transition from a D-wave state:

B( (3770) ! � c1 
 ) = (3 :2 � 0:6 � 0:4) � 10� 3

CLEO 05
� �(1 D ) transitions have been observed in the cascade:

�(3 S) ! � b(2P )
; � b(2P ) ! �(1 D ) 
; �(1 D ) ! � b(1P )
; � b(1P ) ! �(1 S) 


CLEO 04



� b search
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� Search through �(3 S) ! � b(1S) 
 (M1 hindered transition)
Potentially promising due to high 
 energy (k)
� better resolution
� � / k3

� Other (observed) transitions �(3 S) ! � b(2PJ ) 
 ! �(1 S) 


CLEO 02
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�(2 S) ! � b(1S)
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The (non) observed transition rates are becoming problematic for most models.

CLEO/QWG 04



�(3 S) ! � b(2S)


U(3S)5g h b(2S)

330 340 350 360 370 380 390
Eg (MeV)

0

1

2

3

B
ra

nc
hi

ng
 R

at
io

 in
 u

ni
ts

 o
f 1

0-3

From the top dashed lineJ

Zambetakis,Byers,83

Godfrey-Isgur,85A

Godfrey-Isgur,85B

Ebert,Faustov,Galkin,03

Lahde,Nyfalt,Riska B,99

Lahde,Nyfalt,Riska A,99

90Y  CL UL CLEOIII

CLEO/QWG 04



Several model determinations exist.
Grotch Owen Sebastian 84



Several model determinations exist.
Grotch Owen Sebastian 84

However, one would like to

� understand to which extent these determinations are consistent with QCD;

� what is their range of applicability;

� what is the error of the theoretical determinations;

� how to improve them in a systematic way.



Degrees of freedom and EFT

� At a scale � such that mv � � � mv 2 the degrees of freedom are:

Q- �Q states, with energy � � QCD , mv 2 and momentum <
�

mv

) (i) singlet S (ii) octet O (if mv � � QCD )

Gluons with energy and momentum � � QCD , mv 2 (if mv � � QCD )

Photons of energy and momentum lower than mv .

� Power counting:

p �
1

r
� mv ;

all gauge fields are multipole expanded: A(R; r; t ) = A(R; t ) + r � r A (R; t ) + : : :
and scale like (� QCD or mv 2 )dimension .

� Lagrangian:

L = L pNRQCD (SU(3) � U(1)) + L 




L 


L 
 = Tr

(

V em
A Sy r � eeQ E em S

+
1

2m
V1

n
Sy ; � � eeQ B em

o
S

+
1

2m
V1

n
Oy ; � � eeQ B em

o
O (if mv � � QCD )

+
1

4m2

V2

r

n
Sy ; � �

�
r̂ �

�
r̂ � eeQ B em �� o

S

+
1

4m2

V3

r

n
Sy ; � � eeQ B em

o
S

+
1

4m3
V4

n
Sy ; � � eeQ B em

o
r 2

r S + � � �

)



Matching

In general, the matching coef�cents V get contributions from

� hard modes (� m):

� (iD= � m) !  y
�

iD 0 +
D 2

2m
+

cem
F

2m
� � eeQ B em + � � �

�
 

From HQET:

cem
F � 1 + � = 1 + 2

� s

3�
+ O(� 2

s )

is the quark magnetic moment.

� soft modes (� mv ).



M1 operator atO(1)

V1

�
Sy ;

� � eB em

2m

�
S

V1 =

 

hard

!

�

 

soft

!

�

 

hard

!

= cem
F = 1 +

2� s(mc )

3�
+ � � �

� Since � � eB em (R ) behaves like the identity operator
to all orders V1 does not get soft contributions.



+ +

=

cem
F

� � eeQ B em

2m

t f

t1

t

t2

t i

Z t f

t i

dt

Z t f

t i

dt

Diagrammatic factorization of the magnetic dipole coupling in the SU(3)f limit.

� The argument is similar to the factorization of the QCD corrections in b ! u e� �� e , which leads to

L e� = � 4GF =
p

2 Vub �eL 
 � � L �uL 
 � bL to all orders in � s.



M1 operator atO(1)

V1

�
Sy ;

� � eB em

2m

�
S

� V1 = 1 +
2� s(mc )

3�
+ � � �

� No large quarkonium anomalous magnetic moment!
(see also the lattice calculation of Dudek Edwards Richards 06 )



M1 operators atO(v2)

V4

�
Sy ;

� � eB em

4m3

�
r 2

r S

V4 =

 

hard

!

�

 

soft

!

�

 

hard

!

= 1 due to reparametrization invariance Manohar 97

� V4 = 1 + O(� s soft contributions)



M1 operators atO(v2)

1

4m2

V2

r

n
Sy ; � �

�
r̂ �

�
r̂ � eeQ B em �� o

S

�
�
�
�

�
�
�
�

+ ...+

cF � � B =m

A � A em =m cs � � (A em � E )=m2

=

 

hard

!

�

 

soft

!

� to all orders

 

hard

!

= 2 cF � cs = 1 ;

 

soft

!

= r 2V 0
s =2

(due to reparametrization/Poincaré invariance) Brambilla Gromes Vairo 03

� Therefore V2 = r 2V 0
s =2 and V3 = 0

� No scalar interaction!



J= ! � c


� J= ! � c 
 =
Z

d3k

(2� )3
(2� )� (E J= 

p � k � E � c
k )jh
 (k)� c jL 
 jJ= i j2



O(v2) corrections to the quarkonium states

Coupling of photons with octets: V1

�
Oy ;

� � eB em

2m

�
O (if mv � � QCD )

r � gE

� �Z H = 0+ + +

� If mv 2 � � QCD the above graphs are potentially of order � 2
QCD =(mv )2 � v2 .

� The contribution vanishes because � � eB em (R ) behaves like the identity
operator.

� There are no non-perturbative contributions at O(v2 )!



J= ! � c


Up to order v2 the transition J= ! � c 
 is completely accessible by perturbation theory.

�( J= ! � c 
 ) =
16

3
�e 2

c
k3




M 2
J= 

�
1 + CF

� s(M J= =2)

�
�

2

3
(CF � s(pJ= ))2

�

The normalization scale for the � s inherited from � c is the charm mass
(� s(M J= =2) � 0:35 � v2 ), and for the � s, which comes from the Coulomb potential, is
the typical momentum transfer pJ= � mC F � s(pJ= )=2 � 0:8 GeV � mv.

�( J= ! � c 
 ) = (1 :5 � 1:0) keV:



� �(1 S)! � b
 and� �(2 S)! � b(2S) 
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Brambilla Jia Vairo 05



M1 hindered transitions

� Two new operators contribute:

�
1

16m2
cem

S

h
Sy ; � �

�
� i r � ; eeQ E em � i

S

and

�
1

16m2
cem

S

h
Sy ; � �

�
� i r r � ; r i (r i eeQ E em )

� i
S

� Two new wave function corrections contribute:

(1) induced by the spin-spin potential;

(2) recoil correction induced by the spin-orbit potential;
Due to the recoil, the �nal state develops a nonzero P -wave component suppressed by a factor

v k 
 =m, which, in a n3S1 ! n01S0 
 transition, can be reached from the initial 3S1 state

through a 1=v enhanced E1 transition.
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� hb(1P )! � b0 (1P ) 
 , � hb(1P )! � b1 (1P ) 
 and� � b2 (1P )! hb(1P ) 
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� h b (1 P ) ! � b0 (1 P ) 
 (keV) � h b (1 P ) ! � b1 (1 P ) 
 (keV)

� � b2 (1 P ) ! h b (1 P ) 
 (keV)

� h b (1 P ) ! � b0 (1 P ) 
 = 1 � 0:2 keV

� h b (1 P ) ! � b1 (1 P ) 
 = 17 � 4 eV

� � b2 (1 P ) ! h b (1 P ) 
 = 90 � 20 eV



Conclusions

Many new data on heavy quark bound states are provided in these years by the
B-factories, CLEO, BES and the Tevatron experiments. Many more will come in the
future from the LHC and GSI.

They will show new (exotic?) states, new production and decay mechanisms. What
makes all this interesting is that we may investigate a wide range of heavy quarkonium
observables in a systematic fashion and in the realm of QCD.

Still challenging is the construction of a systematic approach to describe near or above

threshold states.



http://www.qwg.to.infn.it

QWG IV workshop: 27-30 June 2006 @ BNL
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