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(weak decays of heavy flavors: see Tom Browder’s talk)
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Birth of heavy flavor: November revolution 1974

Log-scale!

e+e−
→ hadrons pBe→ e+e− X

ψ J

Burton 
Richter

Samuel 
Ting

Nobel Prize, 1976
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Charmonium – narrow (i.e. long-lived) states

• Simple positronium-like level structure:
– Relative importance of fine and hyperfine 

splitting magnified by (αs/α)2~103 

– Non-degenerate 2S,1P energies (not a 
Coulomb potential)

• Masses precisely reproducible with simple 
phenomenological potentials

• Gluon annihilation widths roughly 
predictable via perturbative QCD
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• Quark Model and qq hypothesis for mesons firmly established!

1974 November revolution:
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Bottomonium – narrow states
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• More long-lived states

• The spin-averaged mass splitting 
of lowest excitations are as 
expected from charmonium and 
flavor independence of strong 
interactions

• Decreased magnitude of fine and 
hyperfine splitting reflects 
decrease of magnetic effects due 
to the slower quark speeds

• Major photon transition rates 
predictable without relativistic 
corrections
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Heavy flavors and theory
• Semiclassical approach with purely phenomenological potential models in 

early years
• Effective Field Theories in recent years:

Q QCDm Λ�
Separation of scales leads to factorization:

Perturbative QCD at 

heavy parton level

Nonperturbative low-energy terms 

(extracted from the data, phenomenological 
models or lattice QCD) 

Heavy Quark Symmetry (HQS):
Properties of bound states independent of Q flavor and its 

spin orientation Qm → ∞Qq

1/ ,1/Qm υ

QQ
2( ) ,~Q Q Q QCDm m mυ υ> > Λ�

Momentum transfer
between partons

NRQCD

Kinetic and potential 
(i.e. binding) energy

corrections( Potential NRQCD )

correctionsHQET 1/ Qm

sαexpansion in 

• In recent years also full lattice calculations for charm quarks without the 
factorization approach (bottom too heavy for present sizes of lattice 
spacing).
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QQ states and their energy scales

1S

4S

1S

1P
2S

3S

1P

1/ Qm υ∼

non-perturbative corrections

1/r

r

Open flavor

Breakdown of NRQCD due to couplings to new 
degrees of freedom (open flavor decays, 

molecules, possibly tertraquarks, hybrids etc.)
small large

3S
2S,2P

bb

cc
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WAY BELOW OPEN FLAVOR 
THRESHOLD STATES

(αs,mQ determinations 
�Kronfeld’s talk)
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Mass of ηηηηb(1S)
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ISR 

e+e- →
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χbJ(2P)→γ ϒ(1S)

ϒϒϒϒ(3S) →→→→γ γ γ γ ηηηηb

π 0
bkg

(Assuming Γ(ηb)=10 MeV )

BaBar
PRL 101, 071801 (2008)
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Belle
PRL 109, 232002 (2012)
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Hyperfine splitting of bb(1S)

1S

PDG 2014

R. J. Dowdall et al. 
PRD89, 031502 (2014)

Now good agreement with the predictions. Theory error larger than the experimental. 

nf=2+1+1
non-pert. 4q inter.
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Hyperfine splitting of bb(2S)
Belle
PRL 109, 232002 (2012)

hb(2P)→→→→γ ηγ ηγ ηγ ηb(2S)

Hadrons (…π0..)

g    g

E1

γ

“5S”

π+π−

4.8σ
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η

η
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= = ±
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0.425 0.025±
R. J. Dowdall et al. (HPQCD)
PRD89, 031502 (2014)

Good agreement with the theory. 

Experimental error is large compared to 

theoretical one. 

HSR

Dangers of open 

access to the raw 

data!
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BELOW OPEN FLAVOR THRESHOLD 
STATES
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Singlet bb(1,2P) states 

• Studies of π+π− transitions at “ϒ(5S)” led also to the first 
observations of hb(1

1P1),hb(2
1P1) states

(background subtracted)

Belle
PRL 108, 032001 (2012)

Mrecoil(π
+π−)
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Masses of bottomonium states from Lattice NRQCD 

A. Gray, I. Allison, C.T.H. Davies, Emel Dalgic, G.P. Lepage, J. Shigemitsu, M. Wingate

(HPQCD and UKQCD collaborations) PRD,72, 094507 (2005) 

nf=2+1

Quenched

Fine structure
Radial and orbital excitations

(hyperfine splitting in states other than S-
states is consistent with zero both 
experimentally and theoretically)
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NEAR OPEN FLAVOR THRESHOLD 
STATES
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Recent results on long-lived bb states: 3P

ATLAS, PRL 108, 152001 (2012)   4.4 fb-1
C

a
n
d
id

a
te

s
/2

5
 M

e
V

°°°°(1S) γγγγ

°°°°(2S) γγγγ

°°°°(2S) γγγγ

°°°°(1S) γγγγ

°°°°(1S) γγγγ

°°°°(3S) γγγγ

°°°°(3S) γγγγ

C
a
n
d
id

a
te

s
/2

0
 M

e
V

C
a
n
d
id

a
te

s
/2

0
 M

e
V

2 fb-1

1 fb-1

1 fb-1

1 fb-1

2 fb-1

2 fb-1

χχχχbbbb(3P)χχχχbbbb(2P)
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Confirmed by D0 with larger errors
D0, PRD86, 031103 (2012) 

LHCb 
Eur.Phys.J. C74, 3092 (2014)
LHCb-PAPER-2014-031
arXiv::1407.7734 

new

Photons 

detected in 

calorimeters

°°°°(1S)

°°°°(2S)

°°°°(3S)

Better statistics and 
resolution.

Fit J=1,2 lines instead 
of a single Gaussian.
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Recently measured long-lived bb state: 3P Converted

photons

LHCb 
JHEP 1410, 88 (2014)
LHCb-PAPER-2014-040
arXiv::1409.1408 

new
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Better statistics and 
resolution.

Fit J=1,2 lines instead 
of a single Gaussian.

Fine structure of χb(33P1,2)  states not resolved –
constrained from the expectations in the fit.
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Masses of χχχχb(3P) states 
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• All measurements are consistent

• The new LHCb measurements have much improved errors

• The measured mass of the χb(3
3P1) state is within a few MeV of the potential model 

predictions which are up to 26 years old !
– Some theoretical models predict large mass shifts from couplings to virtual B(*)B(*) pairs due 

to the proximity of the open flavor threshold (e.g. Ferretti, Galata, arXiv:1401.4431)

– It appears that such corrections are either small or well absorbed into an effective potential 
adjusted to the experimental data on the other bb states

– Karliner, Rosner arXiv:1410.7729 (posted today!) think that χb(3
3P1) could have a 

substantial Xb I=0 (analog of X(3872)) component, which may affect its decays. High 
statistics studies on 3P states needed to clarify this. 
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Recently discovered long-lived cc state: ψψψψ2222(1D)

• The mass is above the DD threshold, but below DD*. This state is expected 
to be narrow since JPC=2− − cannot decay to DD

1cB Kγχ→

3
2(1 D )

3823.1 1.8 0.7 MeVM
ψ

= ± ±

Belle
PRL 111, 032001 (2013)

Visible peak width is consistent with the detector resolution.

3.8σ
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Masses of charmonium states from lattice QCD

DD experiment
DD lattice

s sD D

23P1 23P2

X(3872)13D2

13P1

13P211P1

13P0

13S1

11S0

11D213D1

23S1

*DD

23S0

ηc
ψ ψηc hc

χc χc χc

• Reasonably accurate predictions for the long-
lived states

• Discrepancies with the data above the open 
flavor threshold

13D3
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rt
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iv
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e

d

measured predicted

Hadron Spectrum 

Collaboration (L. 

Liua, G.M.M. 

Peardona, S.M. 

Ryana, 
C.E.Thomasa, 

P.Vilasecaa,

J.J. Dudek, R.G. 

Edwards, B.Joob, 

D.G. Richards.)
JHEP 1207, 126 
(2012).

Unquenched with dynamical charm quarks. Sensitive to hybrid (qqg) contributions but 
not to 4-quark structures.

Mass shifted χc(2
3P1) or a 4-quark state?

OK

LHCb rules out 

2-+ for X(3872)

PRL 110, 222001 (2013)

nf=2+1+1.
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Radiative decays of X(3872) in LHCb

• The LHCb results are consistent with, but more precise than, the BaBar
and Belle results

• The results are not consistent with the expectations for pure molecular 
X(3872)

3.6σ, 3.5σ

Signal significance: 

ψ(2S)γ, J/ψγ

0.4σ, 4.9σ90% CL UL

Signal events: 

B+→X(3872)K+, 

X(3872)→ψ(2S)γ, J/ψγ

25.4 7.3, 23.0 6.4± ±

11.9 8.2

11.0 7.45.0 , 30.0+ +

− −

LHCb 2014
36.4 9.0, 591.0 48.0± ± 4.4σ, 12σLHCb

BR(X(3872)→ψ(2S)γ)/BR(X(3872)→J/ψγ)

= 2.48±0.64±0.29

X(3872)→ψ(2S)γ

LHCb NP B886, 665 (2014) arXiv:1404.0275

4.4σ
Measurement of 

Rψγ=BR(X(3872)→ψ(2S)γ)/BR(X(3872)→J/ψγ)   
a good probe for internal structure of X(3872) 

new
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Status of X(3872)

• Not a (pure) cc state:
– Mass coincides with the M(D0)+M(D0*)

– BR(X(3872)→ρ0J/ψ) ~ BR(X(3872)→ωJ/ψ)
• extreme case of isospin violation

– Mass too low?

• Not a (pure) D0D*0 molecule:
– Sizeable prompt production at Tevatron & LHC

– BR(X(3872)→γψ(2S)) ~ BR(X(3872)→γJ/ψ)

• X(3872) is likely a mixture of a χc1(2
3P1++)  charmonium state 

and of D0D*0 molecule or cusp (phenomenological model of 
such mixing have been constructed)

• Recently at least one lattice QCD calculation [S. Prelovsek L. 

Leskovec, PRL 111, 192001 (2013) ] found evidence for X(3872) in 
I=0 state when both cc and dimeson operators are included 
in the simulations:
– More work is needed to clarify if tertra-quark (tight QQqq bound state) 

operators should be included as well  
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More mass peaks near the open flavor thresholds

BESIII
PRL 110, 
252001 (2013)

Belle
PRL 108, 
122001 (2012)

" (5 )" ( ( ))b be e S hπ γηπ+ − ±→ ϒ → →∓ (4260) ( )/e e Y Jπ ψπ+ − ±→ → ∓

Zb(10610)+

Zb(10650)+
Zc(3900)+

From N. Brambilla et al.
arXiv:1404.3723 

Can’t be QQ!

2*MB*    =10650

MB+MB*=10604 MeV
MD0+MD+*=3865 MeV
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WAY ABOVE OPEN FLAVOR THRESHOLD 
STATES
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First-discovered charged four-quark candidate: Zc(4430)+
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=
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JP=1+ preferred by >3.4σ

LHCb 2014

JP=1+ preferred by >9.7σ

Z(4430)+

K*→Kπ+

bkg.

Belle

amplitu
de

phase

Bre
it-

W
ig

ner

data

Argand diagram

Consistent with a 

resonant amplitude

LHCb 
PRL 112, 222002 (2014)

PRL 100, 142001

PRD88, 074026

new
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Zc(4430)+ companion : Zc(4200)+ 

B→J/ψπ+K-

Z+ K*0

Belle
arXiv:1408.6457

new

Updated Oct.16!

Zc(4200)+ 

Zc(4430)+ 

Zc(4200)+ 

Zc(4430)+ 

JP(4200)=1+ preferred

by >8.6σ

31 17

29

70 7

13

0

70 132

M(4200) 4196 Me

(4200) 370 MeV
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−

+ +

−

+

−

−Γ =

=

Zc(4200)+ Zc(4200)+ 
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Zc
+(4430) as rescattering effect?

• Such models should be put into amplitude fits by experimentalists, to 
see if can be discriminated against resonant interpretation

P. Paklov, T. Uglov
arXiv:1408.5295 (2014)

Phase running in 

opposite way to Breit-

Wigner.

The same rescattering

mechanism can be used 

to generate 1+ structure 

at lower masses 

(�Zc
+(4200) ) 

phase
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More mass peaks well above the open flavor thresholds

From N. Brambilla et al.
arXiv:1404.3723

Plethora of mass states

near or above the open 

flavor thresholds!

Many need confirmation.

Many of them can’t be 

QQ states (charged!)

They require survey of 

their decay channels 

and, broad ones, high 

statistics phase studies 

to clarify if they originate 

from dimeson rescattring

or 4-quark (molecular or 

tetraquark) bound-

states.Hybrids may be 

present too. 

Need improvements in 
theoretical framework 

as well.

See also S. Olsen talk!
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News in heavy-light sector

��2
∗(2573)−

��J
∗(2860)−

��J
∗(2860)−��2

∗(2573)−

Pure J=2

confirmed

The 2860 peak resolved into  J=1 and 3 

resonances (first J=3 state observed in B decays)

Good experimental and theoretical understanding of Qq states is necessary 

for sorting out XYZ states

LHCb 
PRL 113, 162001 (2014)

PRD90, 072003 (2014)

new

Dalitz analysis of

1D1,3

states

1P2

state
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Lattice simulations of Ds states

• Improvements in lattice calculations are needed (couplings to 4-quarks missing)

LHCb 
PRL 113, 162001 (2014)

PRD90, 072003 (2014)

G. Moir, M. Peardon, S.M. Ryan, C.E. Thomas, L. Liu 
JHEP 1305, 021 (2013) nf=2+1+1

Ds1*(2860) Ds3*(2860)

Ds2*(2573)
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Excited Bc
+ state (cb)

5.2σ

ATLAS 

arXiv::1407.1032

new

6842 ± 4 ± 5 MeV6275.6 ± 1.1 MeV

566 ± 6 MeVSplitting bc:

π+π−

Quarkonium like 

spectrum

except no annihilation 

corrections

Need lattice QCD calculations!bb   601 ± 6 MeVcc   655.8 ± 1.5 MeV( )

Potential model by:

D. Ebert, R. N. Faustov, V. O. Galkin

Phys.Rev.D67:014027 (2003)

cc 609 bb 593 bc 565 MeV

Bc
+ (11S0) Bc

+ (21S0)
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Production of quarkonium states

• Assume NRQCD factorization 
applies

– Additional energy scale in the 
considerations: pt

Process dependent

short-distance partonic

cross-sections

Universal (?)

long-distance 

probabilities (“LDMEs”)

of evolving from partons

to given bound state
(theory)

(data,models,…)
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Global fits of LDMEs in NLO NRQCD
Great

Success

in 

describing 

measured 

cross-

sections

with 

Universal 

LDMEs

Great

failure in 

reproducing

polarization

data

From N. Brambilla et al.
arXiv:1404.3723
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Polarization and other measurements from LHC

• Many other new production measurements from the LHC 

experiments: J/ψ, ψ(2S), χcJ(1P), X(3872), Y(1,2,3S), 

χbJ(1,2,3S), Bc, doublecharm…

• The data should help to deal with cross-feed between various 

excitations and to improve the theory
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Summary

Light hadrons

1950-

3x3=
8+1

qq,

qqq,

…

1964

Long-lived 

charm & beauty onia

1974- qq !

Precision 
spectroscopy from 
the fundamental 

theory:
lattice (NR)QCD

XYZ states 

2003-

Back to the ZOO:
we still have to face 

all the consequences 
of the Quark Model 

and strongly coupled 
QCD  

Heavy flavor hadrons

(QQ,QQqq,QQg) offer the best 

playground to face this 

challenge

…,
qqqq

qqg?

Pentaquarks

…,
qqqqq?
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Future
• Roadmap out of the new ZOO:

– Experiments:
• clean-up and survey of new states

• precision phase evolution studies (amplitude fits) as improvement over 
peakology (though there are also dangers of fitology…)

• pursue heavy-light spectroscopy since it impacts heavy-heavy states above 
the open flavor threshold

• Bc
+ spectroscopy vs heavy onia spectroscopy will expose role of annihilation 

corrections in the latter  

• The past record shows that all existing and new facilities will contribute (higher 
luminosity charm and beauty e+e-, upgraded LHCb,…)

– Theory:

• phenomenological models are helpful, 

especially if they have predictive rather than 

postdictive power, but…

• need serious effort to move lattice QCD with 

dynamical charm quarks way above the 

open flavor threshold

• overcoming NRQCD limitations in failure to 

account for onia polarization measurements 

in inclusive production        

(OCD – Obsessive Compulsive Disorder)

Q


