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Hadronic Physics

At low energies, Perturbation 
Theory for QCD is no longer 
valid (αs >> 1) and VEV becomes 
highly nontrivial giving rise to 
the Condensates. 

αs

low energy high energy
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ΛQCD

QCD
Quarks are always CONFINED 
within hadrons.

At high energies, quarks behave 
like free particles since the 
coupling αs is quite small 
(Asymptotic Freedom).

αs (Q2) = 12π

(33 - 2Nf) Ln(Q2/Λ2)

Hadrons are made of quarks 
and gluons held together by 
the strong interactions.



QCD SUM RULES
M.A. Shifman, A.I. Vainshtein, V.I. Zakharov 
Nucl. Phys. B147 (1979) 385

“QCD as a Theory of Hadrons - from partons to confinement”
S. Narison (2004) - Cambridge Press

non-pertubative theoretical 
model to study hadrons



QCD Sum Rules
 Π(q) = i ∫d x e ⟨                           <0| T[J(x) J(0)] |0>4 iqx _ = g  (q F1 + F2)^µµν ν µν

Principle of Duality says that we can describe a 
hadron at both quark and hadronic level.

Π(q)  =  Π(q)
QCD Phen

Quarks and gluons 
Wilson OPE

<qq> and <G2> Condensates
Dispersion Relation

Mesons and Baryons
Hadronic parameters
Phenomenology
Dispersion Relation

Masses

_
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Theoretical predictions are in a much better agreement with CDF!!

 Ωb Baryon
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And here we can see the importance of theoretical models to 
support one or another experimental observation.
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* why not study (QQQ) Tryply HB ?

* predictions for (QQs) Doubly HB

* expectative for more experimental results...

* good tests for QCDSR !
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Exotic States

REVIEWS:

1) S. Godfrey, S.L. Olsen. arXiv:0801.3867
Ann. Rev. Nucl. Part. Science, Vol. 58: 51-73 (2008).

2) N. Brambilla et al. arXiv: 1010.5827 
Eur. Phys. Journal C71: 1534 (2011).



Exotic States
charmonium spectroscopy before the B-factories
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Exotic States

DD threshold
(3729 MeV)

1--JPC

_

Y(4660)
Y(4630)

Y(4360)

ψ(3770)

ψ(4035)
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χc2(3930)
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Y(4160)

Y(4140)

X(3940)

X(3915)

(0,1,2)++ ???

What are these 
new states?

charmonium spectroscopy after the B-factories



Exotic States What are these 
new states?

Y(4140) as DsDs molecular 
state, with JPC = 0++.

_
**

J = (sa γ ca) (cb γ  sb)µ
µ

_ _

M = 4.14 ± 0.09 GeV
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Exotic States What are these 
new states?

M = 4.65 ± 0.10 GeV

BaBar and Belle:

Y(4660) ⟶ ψ(2S) π+π-

Y(4660) as [cs]s=0[cs]s=1 tetraquark state, with JPC = 1--__

J = ∊abc∊dec  [ (sa Cγ5 cb)(sdγ γ5  ce ) + (sa Cγ5 γ cb)(sdγ5 C ce ) ]µ µ
TT _ TT_

µ
_ _

2√

Mexp = (4664 ± 11 ± 5) MeV



Exotic States What are these 
new states?

Another possibility are the molecular states:

M = 4.67 ± 0.09 GeV M = 4.63 ± 0.10 GeV

J/ψ - σ(600)
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Y(4660) ⟶ ψ(2S) π+π-

Mexp = (4664 ± 11 ± 5) MeV



Exotic States
Besides, there is evidence for new cc states 
with eletric charge!!

Z(4430)+ ⟶ ψ(2S) π+

Z1(4050)+ ⟶ χc π+

Z2(4250)+ ⟶ χc  π+

’

’

• must have quark exotic constituents [c c u d]
• first decay channel can be observed at LHC.

_ _

_



b-Sector
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Beginning of new exotic states in bb spectroscopy? 
_

Zb, Zb’



b-Sector

Tetraquarks, in a P-wave scalar-diquark scalar-antidiquark 
configuration, could explain this new state?

[bs][bs]
_ _

[bq][bq]
__

M = 10.97 ± 0.10 GeV M = 10.91 ± 0.07 GeV
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Yb(10890) ⟶ Υ(nS) π+π- Mexp = (10888.4 ± 2.7 ± 1.2) MeV



b-Sector

Molecular States

[bs][bs]
_ _

[bq][bq]
__

M = 10.75 ± 0.12 GeV M = 10.74 ± 0.09 GeV

Yb(10890) ⟶ Υ(nS) π+π- Mexp = (10888.4 ± 2.7 ± 1.2) MeV

Υ - f0(980) Υ- σ(600)
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Summary

More 
Experimental Data

?
LHC

CDF D0/

FAIR

Selex

RHIC

Tevatron

• a lot of particles to be seen.

• unders tand which s tructure: 
hybrids, molecules, tetraquarks, 
hadro-charmonium, something else... 
fits better the hadronic spectroscopy.

• All these states could belong to the 
same puzzle inside the theory of 
hadrons? Some unknown mechanism?

• good test for the model to predict 
hadronic masses.



THANKS !!!



JΩ   = ∊abc (Qa Cγ   Qb)Qc
QQQ

*
µ µT

TRIPLY HB

Y(4140)

• reproduce the hadrons quantum numbers
• have the correct content of the quark fields
• we work with the lowest dimension, which means: 
  without derivative terms.

Currents

Y(4660)

J = (sa γ ca) (cb γ  sb)µ
µ

_ _

J = ∊abc∊dec  [ (sa Cγ5 cb)(sdγ γ5  ce ) + (sa Cγ5 γ cb)(sdγ5 C ce ) ]µ µ
TT _ TT_

µ
_ _

2√



SVZ 
Sum Rules: mh ≃ 

 ∫ ds e  Im F2(S)
-Sτ

tq

tc

 ∫ ds e  Im F1(S)
-Sτ

tq

tc ≡   21

q

mh ≃ 2

where 
i = 1,2

≡   i

q ∫ ds s e  Im Fi (S)
-Sτ

tq

tc

 ∫ ds e  Im Fi (S)
-Sτ

tq

tc

• These quantities have been used for getting the  hadron          
  masses and lead to a typical uncertainty of 10% - 15%

tq = 4mQ

tc = continuum threshold

τ = Sum rule parameter

2

QCD Sum Rules
 Π(q) = i ∫d x e ⟨                           <0| T[J(x) J(0)] |0>4 iqx _ = g  (q F1 + F2)^µµν ν µν



• Optimization criteria from Quantum Mechanics
S. Narison, NPB Proc. Suppl. 207-208, 315 (2010).

QCD Sum Rules

Exact1

OPE

min R (!N)

!N

R 
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N) /
 E
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all levels 
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Breakdown  
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Stability 
ground state 
dominance

Figure 1: Ratio of moments R(τ) in Eq. (3) versus the sum rule vari-
able τ: a) harmonic oscillator. b) charmonium.

reasonnable corrections. Numerically, the argument is
handwaving as the percent of contribution to be fixed
is arbitrary. In a series of papers, Bell and Bertlmann
[9, 20] have investigated this problem using the har-
monic oscillator within the exponential moment sum
rules. The sum rule variable τ is here an imaginary time
variable. The analysis of the ratio of moments R(τ) de-
fined in Eq. (3) is shown in Fig. 1a), where one can
observe that the exact solution (ground state energy E0)
is reached when more and more terms of the series are
added and the optimal information is reached at the min-
imum of τ for a truncated series. The position of this
minimum coı̈cınde with the SVZ sum rule window but
more rigourous. For a comparison, the case of the J/ψ
mass is shown in Fig. 1b).
Another free parameter in the phenomenological anal-
ysis is the value of the continuum threshold tc. Many
authors adjust its value at the intuitive mass of the next
radial hadron excitation. This procedure can be false
as the QCD continuum only smears all high mass ra-
dial excitations, and what is important is the area in the
sum rule integral. As the value of tc is like the sum rule

variable an external parameter, one can also require that
the physical observables (the lowest resonance parame-
ters) are insensitive to its change. In some cases, this tc
stability is not reached due to the simplest form of the
ansatz in Eq. (12). In this case, the complementary use
of FESR is useful due to the correlation of tc with the
mass of the lowest resonance (but not with the one of
the radial excitation) [28].
4.2. Renormalizations and radiative corrections
SVZ original works have been done to lowest order in
αs. There have been intensive activities for improving
the SVZ during the period of 80-90 :

• Inclusion of the PT αs corrections to the exponential sum
rules reveals inverse Laplace transform properties rather
than a Borel one [21].

• Mixing of operators under renormalization and evalua-
tion of their anomalous dimensions give a more precise
meaning of the condensates where some combinations
have been found to be renormalization group invariant
[29, 44].

• Absorption of the light quark mass singularities into the
condensates leads to the definition of normal or non-
normal ordered quark condensate [21, 29, 45].

• Evaluation of the contributions of high-dimension con-
densates for testing the convergence of the OPE [46].

• Evaluation of the higher order PT corrections [47, 48]
and of the ones of the Wilson coefficients of the conden-
sates in some channels [49].

However, despite these large amounts of efforts in the
past, it is disappointing to note that most of the recent
applications of QSSR only limit to the LO in αs.
5. Traditional QSSR phenomenology
Since the original work of SVZ [1], the rich conven-
tional phenomenology of QSSR has been reviewed in
[2, 3, 6–14]. The different talks given in this session
indicate the continuous and wide range of activities in
this field. I flash below a panorama of its impressive
applications in hadron physics 3:

• ρ meson, gluon condensate, charm mass since 1979 [1]

• Meson spectroscopy since 1981 [10]

• Light quark masses since 1981 [21, 52]

• Corrections to π and K PCAC since 1981 [3, 31, 53]

• Heavy quark masses since 1979 [1, 54–58]

3The approach has been also applied to other QCD-like models
like composite models [50] and supersymmetry [51].

4

Exact1

OPE

min R (!N)

!N

R 
(!

N) /
 E

0

Small times 
all levels 

contribute

Breakdown  
of OPE

Stability 
ground state 
dominance

Figure 1: Ratio of moments R(τ) in Eq. (3) versus the sum rule vari-
able τ: a) harmonic oscillator. b) charmonium.

reasonnable corrections. Numerically, the argument is
handwaving as the percent of contribution to be fixed
is arbitrary. In a series of papers, Bell and Bertlmann
[9, 20] have investigated this problem using the har-
monic oscillator within the exponential moment sum
rules. The sum rule variable τ is here an imaginary time
variable. The analysis of the ratio of moments R(τ) de-
fined in Eq. (3) is shown in Fig. 1a), where one can
observe that the exact solution (ground state energy E0)
is reached when more and more terms of the series are
added and the optimal information is reached at the min-
imum of τ for a truncated series. The position of this
minimum coı̈cınde with the SVZ sum rule window but
more rigourous. For a comparison, the case of the J/ψ
mass is shown in Fig. 1b).
Another free parameter in the phenomenological anal-
ysis is the value of the continuum threshold tc. Many
authors adjust its value at the intuitive mass of the next
radial hadron excitation. This procedure can be false
as the QCD continuum only smears all high mass ra-
dial excitations, and what is important is the area in the
sum rule integral. As the value of tc is like the sum rule

variable an external parameter, one can also require that
the physical observables (the lowest resonance parame-
ters) are insensitive to its change. In some cases, this tc
stability is not reached due to the simplest form of the
ansatz in Eq. (12). In this case, the complementary use
of FESR is useful due to the correlation of tc with the
mass of the lowest resonance (but not with the one of
the radial excitation) [28].
4.2. Renormalizations and radiative corrections
SVZ original works have been done to lowest order in
αs. There have been intensive activities for improving
the SVZ during the period of 80-90 :

• Inclusion of the PT αs corrections to the exponential sum
rules reveals inverse Laplace transform properties rather
than a Borel one [21].

• Mixing of operators under renormalization and evalua-
tion of their anomalous dimensions give a more precise
meaning of the condensates where some combinations
have been found to be renormalization group invariant
[29, 44].

• Absorption of the light quark mass singularities into the
condensates leads to the definition of normal or non-
normal ordered quark condensate [21, 29, 45].

• Evaluation of the contributions of high-dimension con-
densates for testing the convergence of the OPE [46].

• Evaluation of the higher order PT corrections [47, 48]
and of the ones of the Wilson coefficients of the conden-
sates in some channels [49].

However, despite these large amounts of efforts in the
past, it is disappointing to note that most of the recent
applications of QSSR only limit to the LO in αs.
5. Traditional QSSR phenomenology
Since the original work of SVZ [1], the rich conven-
tional phenomenology of QSSR has been reviewed in
[2, 3, 6–14]. The different talks given in this session
indicate the continuous and wide range of activities in
this field. I flash below a panorama of its impressive
applications in hadron physics 3:

• ρ meson, gluon condensate, charm mass since 1979 [1]

• Meson spectroscopy since 1981 [10]

• Light quark masses since 1981 [21, 52]

• Corrections to π and K PCAC since 1981 [3, 31, 53]

• Heavy quark masses since 1979 [1, 54–58]

3The approach has been also applied to other QCD-like models
like composite models [50] and supersymmetry [51].

4

• Then, we expect that SR must have τ-stability  
under Ground State Dominance (GSD).
• In GSD, we also expect tc-stability.

Harmonic Oscillator


