
Triply Heavy Baryons
in QCD Sum Rules

Raphael M. de Albuquerque

RETINHA 2011
São Paulo, Brasil

$ Financial
 Support $Wher

e I
 wo

rk:

M. Nielsen
S. Narison

terça-feira, 22 de fevereiro de 2011



• INTRODUCTION
  Heavy-Baryons
  Experimental Background
  Doubly Heavy-Baryons
  Triply Heavy-Baryons

• QCD SUM RULES
Double Ratio Sum Rules
Currents

  Heavy Quark Condensate <QQ>
  NLO Corrections

Outline

• RESULTS
Integrals and Discussions

• SUMMARY

-

terça-feira, 22 de fevereiro de 2011



FERMILAB
* First c-Baryon

CERN
* First b-Baryon

Λc

76

Σc

80

Ξc

Ωc

83

Λb

91

Σc*

95

Ξc*
Ξc‘

99

Ωc*

06

Σb

Ξb

Σb*

07

Ωb

08 Years

CDF and D0
* Recent researches

Heavy-Baryons

terça-feira, 22 de fevereiro de 2011



Experimental Background
for Ωb

terça-feira, 22 de fevereiro de 2011



CDF

D0
6054.4 ± 6.8

6165 ± 10

QCDSR 6076 ± 37

Lattice

QM

1/Nc

ref.

6006 ± 10

6052.1 ± 5.6

6039.1 ± 8.3

PRD 80 (2009) 72003

PRL 101 (2008) 232002

Albuquerque, Narison, Nielsen
PLB 684 (2010) 236

R. Lewis et al.
PRD 79 (2009) 014502

Karliner et al.
arXiv: 0806.4951

E. Jenkins
PRD 77 (2008) 034012

Ωb
(MeV)m  

* Theoretical predictions are in a 
much better agreement with CDF.

/CDF, D0 Collab.

terça-feira, 22 de fevereiro de 2011



SU(3) Mass-Splittings of Heavy-Baryons in QCD
R.M. Albuquerque, S. Narison, M. Nielsen, PLB 684 (2010)

New Heavy-baryons and Hyperfine Mass-Splittings:
Analysis from QCD Sum Rules

R.M. Albuquerque, S. Narison and M. Nielsen

Instituto de F́ısica, Universidade de São Paulo, Brazil

Laboratory of Theoretical Physics and Astroparticles, Université de Montpellier II, France

Introduction

• Since the discovery of the first heavy baryon Λc, observed at Fermilab in
1976, many experiments were developed to explore this important topic
on hadronic physics: Heavy-Baryons.

•With increase of the energy in the particle accelerators, it became possible
to produce new heavy baryons, confirming many theoretical predictions
and discarding many others.

• For charmed baryons (Λc,Σc,Ξc,Ωc, · · ·), we see in the figure below that
the experimental researches occured in a progressive way. Theoretically,
many models have been utilized to calculate the charmed baryons masses,
such as quark models, Lattice QCD, HQET, QCD Sum Rules and others.

• For bottom baryons, the Λb was the first observed at the CERN ISR in
1991. It was confirmed by several collaborations. After a long period
without discoveries, in 2007 the new bottom baryons were observed by
experiments carried out by CDF and D0 Collaborations.

•The Σb and Σ∗
b were observed by CDF in the decay channel:

• Following this discovery, the D0 Collaboration reported the observation
of the Ξ−b baryon in the decay channel Ξ−b → J/ψ Ξ−, which was soon
confirmed by the CDF Collaboration.

•Actually, the Ω−
b was first observed by the D0 Collaboration. The mass

obtained is much higher than expected and is higher than the predic-
tions from diferent theoretical calculations. However, a new observation
of the Ω−

b , from CDF Collaboration, measured a mass in a much better
agreement with the predictions.

•Our Work: We extract directly, for the first time, the charmed (C = 1)
and bottom (B = −1) heavy-baryons (spin 1/2 and spin 3/2) mass-
splitings due to SU(3) breaking using Double Ratios of QCD Spectral
Sum Rules (QSSR) in full QCD. Our predictions for the not yet observed
states Ξ′b, Ξ

∗
b and Ω∗

b can serve in a near future as a test of the QSSR
approach.

Double Ratio of QCD Sum Rules

The starting point for constructing a QCD sum rule to evaluate the mass of
the spin 3/2 baryonic states is the correlator function

Πµν(q) = i

∫

d4x eiq.x〈0| T [η̄µ(x)ην(0)] |0〉

≡ gµν (q̂F1 + F2) + · · · (1)

where we work with the lowest dimension general currents ηµ(x). A schema
of QCD Sum Rules could be shown as follows:

Correlator Function Πµν(q)

Phenomenological OPE
intermediate states quark and gluon fields

leading order in αs
〈0|ηµ|h〉 = λ u condensates up to D-dimension

linear terms in ms

Πphen(q2) = q̂ +mh

m2
h−q2

λ2 +
∞
∫

0
ds ρcont(s)

s−q2 Πope(q2) =
∞
∫

tq

dsρ
ope(s)
s−q2

ρcont(s) = ρope(s)Θ(s− tc) ρope(s) = 1
π Im[q̂F1 + F2]

Borel Transform

λ2mh e−m2
hτ = 1

π

tc
∫

tq
ds e−sτ Im F2(s)

λ2 e−m2
hτ = 1

π

tc
∫

tq
ds e−sτ Im F1(s)

Baryon Masses

mh )
∫ tc
tq
ds e−sτ Im F2(s)

∫ tc
tq
ds e−sτ Im F1(s)

≡ Rq
21

m2
h )

∫ tc
tq
ds s e−sτ Im Fi(s)

∫ tc
tq
ds e−sτ Im Fi(s)

≡ Rq
i

These quantities have been used in the literature for getting the baryon
masses and lead to a typical uncertainty of 15-20%. In order to circumvent
these problems, we work with:

Double Ratio (DR)

rsdi ≡
√

Rs
i

Rd
i

rsd21 ≡
Rs

21

Rd
21

which take directly into account the SU(3) breaking effects. These quan-
tities are obviously less sensitive to the choice of the heavy quark masses,
to the perturbative radiative corrections and to the value of the continuum
threshold than the simple ratios Ri and R21. The τ and tc stabilities will
determine the best ratio to obtain a reliable result from DR.

Results for Heavy-Baryons

Hadronic Currents

ηΞ′
b
=

εabc√
2

[

(sTa Cγ5Qb)qc + (qTa Cγ5Qb)sc

+ b
(

(sTa CQb)γ5qc + (qTa CQb)γ5sc
)]

ηµΞ∗
b
=

√

2

3
εabc

[

(qTa CγµQb)sc + (sTa CγµQb)qc + (qTa Cγµsb)Qc

]

ηµΩ∗
b
=

1√
2
ηµΞ∗

b
(q → s)

In the following, we do a analysis for the Ξ′b which could be extended for the
others Ξ∗b and Ω∗

b baryons.

The mass of the Ξ′b (bsq)
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Fig.1. Ξ′

b/Σb: a) τ -behaviour of DR given b = 0 and tc = 60 GeV2: rds1 dashed-dotted (blue), rds2 dotted

(green), rds21 continuous (red); b) tc-behaviour of r
ds
2 given b = 0 and τ = 0.5 GeV−2. We have used κ = 0.74.

- τ -stabilities: we choice in Fig. 1a) the sum rules rsd1 and rsd2 because we
obtain, in two cases, a good τ -stability.

- tc-stabilities: we see a good tc-behaviour in both curves in Fig. 1b).
Then we conclude that the results are less affected by the higher state
contributions.

-Results: we obtain the mean from rsd1 and rsd2 :

rsdΞ′
b
=

MΞ′
b

MΣb

= 1.014(3.4)(5)(1.7)(0.5)(2)(0.5)(3) , (2)

where the sources of the errors are τ = (0.5 ± 0.1)GeV−2, mb, ms, ρ,
b = (0.0 ± 0.2), and κ. The last error comes from the choice of the sum
rules. Using the experimental value of MΣb

, we predict:

MΞ′
b
= (5893± 42)MeV . (3)

The mass of the Ξ∗b (bsq)

We repeat the previous DR analysis for the case of the Ξ∗b . We deduce the
optimal value:

rsdΞ∗
b
=

MΞ∗
b

MΣ∗
b

= 1.022(2)(2)(0.5)(1)(2) . (4)

The sources of the errors are due to the values of τ = (0.25± 0.05)GeV−2,
mb, ms, ρ and κ = 0.74 ± 0.03. The ones due to some others parameters
are negligible. Using the averaged data of MΣ∗

b
, we predict:

MΞ∗
b
= (5961± 21)MeV . (5)

The mass of the Ω∗
b (bss)

Analogously, for the case of the Ω∗
b , we deduce:

rsdΩ∗
b
=

MΩ∗
b

MΣ∗
b

= 1.040(4)(2)(4.6)(0.2)(6) . (6)

The sources of the errors are due to the values of τ = (0.30± 0.05)GeV−2,
mb, ms, ρ and κ. Using the averaged data of MΣ∗

b
, we predict:

MΩ∗
b
= (6066± 49)MeV . (7)

Table 1

QSSR predictions of the strange heavy baryons masses from the double ratio (DR) of sum

rules with the QCD input parameters and using as input the observed masses of the asso-

ciated non-strange heavy baryons.

Baryons I rsdB∗
Q

Mass (MeV) Data (MeV)

JP = 1

2

+

Ξc(cqs)
1

2
input 2467.9± 0.4 [PDG]

Ωc(css) 0 input 2697.5± 2.6 [PDG]
Ξb(bqs)

1

2
input 5792.4± 3.0 [PDG]

Ξ′
c(cqs)

1

2
1.043(10) 2559(25) 2575.7± 3.1 [PDG]

Ξ′
b(bqs)

1

2
1.014(7) 5893(42) −

Ωb(bss) 0 1.0455(64) 6076(37) 6165.0± 13 [D0]
6054.4± 6.9 [CDF]

JP = 3

2

+

Ξ∗
c(cqs)

1

2
1.049(8) 2641(21) 2646.1± 1.3 [PDG]

Ω∗
c(css) 0 1.109(17) 2792(38) 2768.3± 3.0 [PDG]

Ξ∗
b(bqs)

1

2
1.024(8) 5961(21) −

Ω∗
b(bss) 0 1.040(9) 6066(49) −

Summary and Conclusions

•Combining the results for spin 1/2 and 3/2 given in Table 1, we can deduce
the values of the hyperfine mass-spilittings. A future precise measurement
of the Ξ′b, Ξ

∗
b and Ω∗

b will shed light on the quark mass behaviour of these
mass-differences, which we also plan to study in a future work.

Table 2

QSSR predictions of the strange heavy baryon hyperfine splittings. We have added the

errors quadratically.

Hyperfine Splittings Data
MΞ∗

c
−MΞc=173(21) 179(1)

MΞ∗
c
−MΞ′

c
=82(33) 70(3)

MΩ∗
c
−MΩc=95(38) 70(3)

MΞ∗
b
−MΞb=169(21) −

MΞ∗
b
−MΞ′

b
=68(47) −

MΩ∗
b
−MΩb

=-10(61) MΣ∗
b
−MΣb

= 22

•Remarking that the leading term controlling the mass-splitings is, in most
of the cases, the ratio κ ≡ 〈s̄s〉/〈q̄q〉 of the condensate rather than the
running mass ms, we use as input the observed masses of the Ξc,b and Ωc,
for extracting κ. We obtain the mean value:

κ = 0.738(29) , (8)

which we can consider as an improved estimate of this quantity compared
with the existing one κ = 0.7± 0.1 from the light mesons and baryons.

•Using this value of κ, we give predictions of the Ξ′c,b, Ωb and spin 3/2
baryon masses which are summarised in Table 2. These predictions are in
good agreement with the experimental masses and can be considered as
improvements of existing QSSR results based on the simple ratio moments.

•Our result for the Ωb favours the one observed by CDF but disagrees
within 2.4σ with the one from D0.

•R.M. Albuquerque, S. Narison, M. Nielsen,
Phys. Lett. B 684 (2010) 236-245
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•Our Work: We extract directly, for the first time, the charmed (C = 1)
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∫
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h−q2
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∞
∫

0
ds ρcont(s)
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∫

tq

dsρ
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π Im[q̂F1 + F2]
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π
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These quantities have been used in the literature for getting the baryon
masses and lead to a typical uncertainty of 15-20%. In order to circumvent
these problems, we work with:
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rsdi ≡
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Rs
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Rd
i
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which take directly into account the SU(3) breaking effects. These quan-
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b/Σb: a) τ -behaviour of DR given b = 0 and tc = 60 GeV2: rds1 dashed-dotted (blue), rds2 dotted
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ds
2 given b = 0 and τ = 0.5 GeV−2. We have used κ = 0.74.

- τ -stabilities: we choice in Fig. 1a) the sum rules rsd1 and rsd2 because we
obtain, in two cases, a good τ -stability.

- tc-stabilities: we see a good tc-behaviour in both curves in Fig. 1b).
Then we conclude that the results are less affected by the higher state
contributions.

-Results: we obtain the mean from rsd1 and rsd2 :

rsdΞ′
b
=

MΞ′
b

MΣb

= 1.014(3.4)(5)(1.7)(0.5)(2)(0.5)(3) , (2)

where the sources of the errors are τ = (0.5 ± 0.1)GeV−2, mb, ms, ρ,
b = (0.0 ± 0.2), and κ. The last error comes from the choice of the sum
rules. Using the experimental value of MΣb

, we predict:

MΞ′
b
= (5893± 42)MeV . (3)

The mass of the Ξ∗b (bsq)

We repeat the previous DR analysis for the case of the Ξ∗b . We deduce the
optimal value:

rsdΞ∗
b
=

MΞ∗
b

MΣ∗
b

= 1.022(2)(2)(0.5)(1)(2) . (4)

The sources of the errors are due to the values of τ = (0.25± 0.05)GeV−2,
mb, ms, ρ and κ = 0.74 ± 0.03. The ones due to some others parameters
are negligible. Using the averaged data of MΣ∗

b
, we predict:

MΞ∗
b
= (5961± 21)MeV . (5)

The mass of the Ω∗
b (bss)

Analogously, for the case of the Ω∗
b , we deduce:

rsdΩ∗
b
=

MΩ∗
b

MΣ∗
b

= 1.040(4)(2)(4.6)(0.2)(6) . (6)

The sources of the errors are due to the values of τ = (0.30± 0.05)GeV−2,
mb, ms, ρ and κ. Using the averaged data of MΣ∗

b
, we predict:

MΩ∗
b
= (6066± 49)MeV . (7)

Table 1

QSSR predictions of the strange heavy baryons masses from the double ratio (DR) of sum

rules with the QCD input parameters and using as input the observed masses of the asso-

ciated non-strange heavy baryons.

Baryons I rsdB∗
Q

Mass (MeV) Data (MeV)

JP = 1

2

+

Ξc(cqs)
1

2
input 2467.9± 0.4 [PDG]

Ωc(css) 0 input 2697.5± 2.6 [PDG]
Ξb(bqs)

1

2
input 5792.4± 3.0 [PDG]

Ξ′
c(cqs)

1

2
1.043(10) 2559(25) 2575.7± 3.1 [PDG]

Ξ′
b(bqs)

1

2
1.014(7) 5893(42) −

Ωb(bss) 0 1.0455(64) 6076(37) 6165.0± 13 [D0]
6054.4± 6.9 [CDF]

JP = 3

2

+

Ξ∗
c(cqs)

1

2
1.049(8) 2641(21) 2646.1± 1.3 [PDG]

Ω∗
c(css) 0 1.109(17) 2792(38) 2768.3± 3.0 [PDG]

Ξ∗
b(bqs)

1

2
1.024(8) 5961(21) −

Ω∗
b(bss) 0 1.040(9) 6066(49) −

Summary and Conclusions

•Combining the results for spin 1/2 and 3/2 given in Table 1, we can deduce
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of the Ξ′b, Ξ
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running mass ms, we use as input the observed masses of the Ξc,b and Ωc,
for extracting κ. We obtain the mean value:
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baryon masses which are summarised in Table 2. These predictions are in
good agreement with the experimental masses and can be considered as
improvements of existing QSSR results based on the simple ratio moments.

•Our result for the Ωb favours the one observed by CDF but disagrees
within 2.4σ with the one from D0.

•R.M. Albuquerque, S. Narison, M. Nielsen,
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c

Ξb(bqs)
′

c

Ξb(bqs)
′

c

Ξb(bqs)
′

1.024(8) 5961(21)
1.014(7) 5893(42)

) 0 1.0455(64) 6076(37) 6165
1.014(7) 5893(42)

) 0 1.0455(64) 6076(37) 6165
1.014(7) 5893(42)
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−

) 0 1.0455(64) 6076(37) 6165
−
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Baryons

Ξ′
c(cqs)

Ξ′
b(bqs)

Mass (MeV) Data (MeV)
±

1.043(10) 2559(25) 2575.7± 3.1 [PDG]
1.014(7) 5893(42) − ±

input 5792.4± 3.0 [PDG]
b

Ωb(bss) 0 1.0455(64) 6076(37) 6165

Ξ∗
c(cqs)

Ω∗
c(css) 0 1.109(17) 2792(38) 2768

Ξ∗
b(bqs)

Ω∗
b(bss) 0 1.040(9) 6066(49)

1.049(8) 2641(21) 2646.1± 1.3 [PDG]
) 0 1.109(17) 2792(38) 2768.3± 3.0 [PDG]

1.024(8) 5961(21) −
) 0 1.040(9) 6066(49) −

−
) 0 1.0455(64) 6076(37) 6165.0± 13 [D0]

6054.4± 6.9 [CDF]

′
b

Ωb(bss) 0 1.0455(64) 6076(37) 6165

From the light mesons 
and baryons, we have:

κ = 0.7 ± 0.1

• New bottom-Baryons predictions!

• Improvement of the ratio:
- -κ ≡ <ss>/<qq> = 0.738 (29)

Our Previous Work
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FNAL SELEX Collab.
PRL 89 (2002) 112001

Bagan, Chabab, Narison
PLB 306 (1993) 350

Ξcc• 1st observation 

Ξcc
m  = 3480 ± 60 MeV Ξcc

m  = 3519 ± 1 MeV
exp

Ξcc , Ξcc , Λbc
*

• Predictions for QQq:

Ξbb , Ξbb
*

*

Searches for HB

4 First Observation of Ξ+
cc

→ Ξ+
c
π+π−

SELEX published [13] the first observation of the Cabibbo-suppressed decay of Ξ+
c →

pK−π+; this is the same final state as we used before for the reconstruction of the
Λ+

c . Our sample of Ξ+
c in the mode is much smaller than our Λ+

c sample, but the
branching fraction of Ξ+

cc → Ξ+
c π+π− should be larger than to Λ+

c K−π+. We applied
the same cuts and procedure as to the previously described analyzes, and obtained [14]
the Ξ+

c π+π− invariant mass distribution shown in fig. 5. A clear peak at about
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Figure 5: Left: pK−π+ invariant distribution and Ξ+
c sample (yellow) used. Right:

Ξ+
c π+π− invariant mass distribution. The green histogram is our estimate of the

combinatoric background.

3520 MeV/c2 is seen in the figure. This constitutes the first observation of this decay
mode of the Ξ+

cc(3520).

5 Summary

SELEX is still the only experiment observing double charm baryons. We published ob-
servations on two different decays modes, Ξ+

cc → Λ+
c K−π+ [5] and Ξ+

cc → pD+K− [12].
After a re-analysis of our full data set, with improved efficiency and resolution, we
presented here a higher-statistics observation of Ξ+

cc → Λ+
c K−π+, and a re-analysis of

the Ξcc(3780)++. The new analysis also allows access to additional decay modes, and
we presented here the first observation of Ξ+

cc → Ξ+
c π−π+.

SELEX will continue the line of analysis, by first publishing these preliminary
results. We will try to measure the lifetime of the Ξ+

cc. We will also seek the isospin-
partner of the Ξ+

cc, the Ξ++
cc in all corresponding decay modes around 3500 MeV/c.
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Mass-Splittings of Doubly Heavy-Baryons in QCD
R.M. Albuquerque, S. Narison, PLB 694 (2010)

• An extension of QQq work, made with the change mq -> ms .

• SU(3) Mass-splittings between the spin 1/2 and 3/2 baryons;
• which are essentially due to radiative corrections.

Our Previous Work

Table 2
QSSR predictions for the doubly heavy baryons mass ratios and splittings, which we
compare with the Potential Model (PM) range of results in [10,15]. The PM predic-
tion for the spin 3/2 is an average with the one for spin 1/2. The mass inputs are
in GeV and the mass-splittings are in MeV.

Mass ratios Mass inputs Mass splittings PM

Ξ∗
cc/Ξcc = 1.0167(19) Ξcc = 3.52 [13] Ξ∗

cc − Ξcc = 59(7) 70–93

Ξ∗
bb/Ξbb = 1.0019(3) Ξbb = 9.94 [9] Ξ∗

bb − Ξbb = 19(3) 30–38

Ωcc/Ξcc = 1.0260(70) Ξcc = 3.52 [13] Ωcc − Ξcc = 92(24) 90–102

Ωbb/Ξbb = 1.0049(13) Ξbb = 9.94 [9] Ωbb − Ξbb = 49(13) 60–73

Ω∗
cc/Ξ

∗
cc = 1.0260(75) Ξ∗

cc = 3.58* Ω∗
cc − Ξ∗

cc = 94(27) 91–100

Ω∗
bb/Ξ

∗
bb = 1.0050(15) Ξ∗

bb = 9.96* Ω∗
bb − Ξ∗

bb = 50(15) 60–72

Ωbc/Ξbc = 1.0060(17) Ξbc = 6.86 [10] Ωbc − Ξbc = 41(7) 70–89

*

terça-feira, 22 de fevereiro de 2011



* why not study (QQQ) Tryply HB ?

* predictions for (QQs) Doubly HB

* expectative for more 
experimental results...

* good tests for QCDSR !

Albuquerque, NarisonPLB 694 (2010)

??

Ξb‘
Ξb
*
Ωb
*

Ωcc

Ωcc
*

Ωbc

Ξcc

Ξcc
*
Λbc

Ξbb

Ξbb
*

Ωbb

Ωbb
*

Λc

76

Σc

80

Ξc

Ωc

83

Λb

91

Σc*

95

Ξc*
Ξc‘

99

Ωc*

06

Σb
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Σb*

07

Ωb

08 Years

Motivation

ΩbbcΩccb

ΩbbbΩccc

Ωbbc
*Ωccb

*

in progress

Good concise review: “Baryon Spectroscopy”
E. Klempt, J-M. Richard, Rev.Mod.Phys. 82 (2010) 1095
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QCD SUM RULES

M.A. Shifman, A.I. Vainshtein, V.I. Zakharov,
Nucl. Phys. B147 (1979) 385
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 Π(q) = i ∫d x e ⟨             <0| T[J(x)J(0)] |0>4 iqx _
= q F1 + F2^

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

Condensates
Dispersion Relation

Mesons and Baryons
Hadronic parameters
Phenomenology
Dispersion Relation

Masses

QCD Sum Rules
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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

 Π(q) = i ∫d x e ⟨             <0| T[J(x)J(0)] |0>4 iqx _
= q F1 + F2^

• 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 = Borel parameter

2

QCD Sum Rules
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Double Ratio (DR)

rsdi ≡
√

Rs
i

Rd
i

rsd21 ≡
Rs

21

Rd
21

• To improve the QCDSR predictions, we should work with quantities 
which are less sensitive to the choice of the mQ and to the value of 
the tc. For this, we have the:  

mh ≃ 
 ∫ ds e  Im F2 (S)

-Sτ
tq

tc

≡  21

q

 ∫ ds e  Im F1 (S)
-Sτ

tq

tc
mh ≃ 

 ∫ ds s e  Im Fi (S)
-Sτ

tq

tc

≡  i

q

 ∫ ds e  Im Fi (S)
-Sτ

tq

tc

2

QCD Sum Rules

• at least one hadron mass should be known.
(preferentially from experimental data)

R.M. Albuquerque, S. Narison / Physics Letters B 694 (2010) 217–225 221

for the spin 1/2 (resp. 3/2) baryons [17], one can generically write
the PT expressions of the moment sum rule defined in Eq. (13) to
leading order in t/m2

Q , which is a crude approximation but very
informative:

Fi(τ )|pert ≈
(
αs(τ )

)− γ
β1 Aiτ

−3
(
1+ Ki

αs

π

)
, (24)

where β1 is the first coefficient of the β-function; Ai is a known
LO expression; Ki is the radiative correction which is known in
some cases of light and heavy baryons [17,41]. From the previous
expression in Eq. (24), one can derive the ratio of sum rules de-
fined in Eq. (14) and then the DRSR in Eq. (18):

r3/1i

∣∣NLO
pert # r3/1i

∣∣LO
pert ×

[
1+ 2

9
αs

π
+ O

(
α2
s ,M

2
Q τ

)]
. (25)

It is important to notice for r3/1i that the radiative correction has
been only induced by the ones due to the anomalous dimensions,
while the one due to Ki cancels out to this order. This is not the
case of r3/112 where the radiative correction is only due to K2 − K1
and needs to be evaluated which is beyond the aim of this Let-
ter. Therefore, in the following, we shall only consider the results
from r3/1i . In our numerical analysis, we shall include the αs cor-
rection into the complete LO expressions of the correlators. We
show the τ -dependence of the DRSR in Fig. 6. We shall take the
range of τ -values where the LO expressions have τ -stability which
is (0.7–1) GeV−2 for charm and (0.5–0.8) GeV−2 for bottom (see
Figs. 2 and 4). One can also notice that the NLO DRSR for charm
presents a τ -extremum in the above range (0.7–1) GeV−2 of τ ren-
dering its prediction more reliable than for the bottom channel
case. We can deduce:

MΞ∗
cc

MΞcc

= 1.0167(10)αs (16)mc ,

MΞ∗
bb

MΞbb

= 1.0019(3)αs (2)mb . (26)

This would correspond to the mass-splittings (in units of MeV):

MΞ∗
cc

− MΞcc = 59(7), MΞ∗
bb

− MΞbb = 19(3), (27)

if one uses the experimental value 3.52 GeV of the Ξcc mass which
agrees with the QSSR prediction in Eq. (1). For the Ξbb mass, we
have used the central value 9.94 GeV in Eq. (1). The ccq mass-
splitting is comparable with the one of about 70 MeV from po-
tential models [10,14] but larger than the one of about 24 MeV
obtained in [16]. The bbq mass-splitting also agrees with poten-
tial models and seems to indicate a 1/Mb behaviour which is also
seen on the lattice [42]. Our result excludes the possibility that
MΞ∗

QQ
! MΞQQ +mπ , indicating that it can only decay electromag-

netically:

MΞ∗
QQ

→ MΞQQγ , MΞ∗
QQ

'→ MΞQQπ . (28)

A future discovery of the Ξ∗
cc and Ξ∗

bb can infirm or support our
predictions given to that order of QCD perturbative series. We con-
sider the previous results as an improvement of the former ones
deduced from the mass values in Eq. (1) obtained by [9]:

MΞ∗
cc

MΞcc

# 1.03± 0.03,
MΞ∗

bb

MΞbb

= 1.04± 0.23. (29)

Fig. 5. Bottom quark: tc -behaviour of r3/11 : dot-dashed line (red in the web ver-

sion) and r3/12 : continuous line (green in the web version) with b = −0.35 and
τ = 0.6 GeV−2.

(a)

(b)

Fig. 6. Charm quark: (a) τ -behaviour of r3/11 : dot-dashed line (red in the web

version) and r3/12 : continuous line (green in the web version) with b = −0.35,
tc = 25 GeV2 where radiative corrections have been included. Bottom quark: (b)
the same as in (a) but for the bottom quark. We use b = −0.35 and tc = 100 GeV2.

6. The ΩQQ/ΞQQ mass ratio

We use the DRSR in Eq. (18) where their QCD expressions can
be obtained from the one of the two-point correlator in [9] and the
new quark mass corrections in Eq. (10). One can also deduce from
Eq. (24) that the light-flavour independent radiative corrections in-
cluding the one due to the anomalous dimensions disappear in the
SU(3) breaking DRSR, while the most relevant radiative corrections
are the one corresponding to the ms and 〈s̄s〉 terms which are be-
yond the scope of the LO analysis in this Letter. We show in Fig. 7a
the τ -behaviour of the DRSR for mc = 1.26 GeV and b = −0.35
for a given tc = 10 GeV2. We have not shown rsd12(cc) which is the
lesser stable among the three. We see that the most stable result
is given by rsd1 (cc). We show in Fig. 7b the tc-behaviour of rsd1 (cc)
for a given τ = 1 GeV−2. We deduce from the previous analysis:

rsd1 (cc) ≡ MΩcc

MΞcc

= 1.026(5)mc (2)s̄s(4)ms , (30)

where the sub-indices indicate the different sources of errors (the
parameters not mentioned induce negligible errors). This ratio cor-
responds to:
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Fig. 6. Charm quark: (a) τ -behaviour of r3/11 : dot-dashed line (red in the web

version) and r3/12 : continuous line (green in the web version) with b = −0.35,
tc = 25 GeV2 where radiative corrections have been included. Bottom quark: (b)
the same as in (a) but for the bottom quark. We use b = −0.35 and tc = 100 GeV2.

6. The ΩQQ/ΞQQ mass ratio

We use the DRSR in Eq. (18) where their QCD expressions can
be obtained from the one of the two-point correlator in [9] and the
new quark mass corrections in Eq. (10). One can also deduce from
Eq. (24) that the light-flavour independent radiative corrections in-
cluding the one due to the anomalous dimensions disappear in the
SU(3) breaking DRSR, while the most relevant radiative corrections
are the one corresponding to the ms and 〈s̄s〉 terms which are be-
yond the scope of the LO analysis in this Letter. We show in Fig. 7a
the τ -behaviour of the DRSR for mc = 1.26 GeV and b = −0.35
for a given tc = 10 GeV2. We have not shown rsd12(cc) which is the
lesser stable among the three. We see that the most stable result
is given by rsd1 (cc). We show in Fig. 7b the tc-behaviour of rsd1 (cc)
for a given τ = 1 GeV−2. We deduce from the previous analysis:
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where the sub-indices indicate the different sources of errors (the
parameters not mentioned induce negligible errors). This ratio cor-
responds to:
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(a)

(b)

Fig. 2. Charm quark: (a) τ -behaviour of r3/11 : dot-dashed line (red in the web ver-

sion), r3/12 : continuous line (green in the web version) and r3/112 dashed line (blue in
the web version) with b = −0.35 and tc = 25 GeV2. (b) the same as (a) but when
the mixed condensate is included.

Fig. 3. Charm quark: tc -behaviour of r3/11 : dot-dashed line (red in the web ver-

sion) and r3/12 : continuous line (green in the web version) with b = −0.35 and
τ = 0.8 GeV−2.

include the effect of the mixed condensate (if necessary) for con-
trolling the accuracy of the approach or for improving the τ or/and
tc stability of the analysis.

• The charm quark channel to lowest order in αs . Fixing τ =
0.8 GeV−2 and tc = 25 GeV2, which are inside the τ - and tc-stabi-
lity regions (see Figs. 2 and 3), we show in Fig. 1 the b-behaviour
of r3/1 which shows that r3/11 and r3/12 are very stable but not r3/112 .

We then disfavour r3/112 . Some common solutions are obtained for:

b " −0.35 and b " +0.2, (21)

which are inside the range given in Eq. (5). For definiteness, we
fix b = −0.35 (the other value b = 0.2 gives the same result) and
study the τ -dependence of the result in Fig. 2. We have checked
in Fig. 2b that the inclusion of the mixed condensate contribution
does not affect the result from r3/1i (i = 1,2) obtained by retain-
ing only the dimension-4 condensates (Fig. 2a) but affects the one
from r3/112 . Therefore, we shall only retain the results from r3/1i
(i = 1,2) and show their tc-dependence in Fig. 3. The large sta-

(a)

(b)

Fig. 4. Bottom quark: (a) τ -behaviour of r3/11 : dot-dashed line (red in the web ver-

sion), r3/12 : continuous line (green in the web version) and r3/112 : dashed line (blue
in the web version) with b = −0.35 and tc = 100 GeV2; (b) the same as (a) but
when the mixed condensate is included into the OPE.

bility in tc confirms our expectation of the weak tc-dependence
of the DRSR and then on the non-sensitivity of the results on the
exact form of the QCD continuum including an eventual slight t-
dependence of tc advocated in [23]. In these figures, we have used
mc = 1.26 GeV. We have also checked that the results are insensi-
tive to the change of the charm mass to mc = 1.47 GeV. From these
previous analysis, we deduce to lowest order from r3/1i (i = 1,2):

MΞ∗
cc

MΞcc

= 0.9994(3). (22)

The tiny error is the quadratic sum due to 〈αsG2〉, mc and αs .

• The bottom quark channel to lowest order in αs . We extend
the analysis to the case of the bottom quark. The corresponding
curves are qualitatively similar to the charm quark one. We take
b = −0.35 like in the case of the charm quark. The τ -stability is
reached for τ ! 0.6 GeV−2 as shown in Fig. 4, where we also see
that r3/112 is more affected by the mixed condensate contributions

than r3/1i . Therefore, we shall eliminate it from our choice. Another
argument raised later about some partial cancellation of radiative
corrections does not also favour r3/112 . In Fig. 5, we study the tc-

stability of r3/1i which is reached for tc ! 95 GeV2. Within these

optimal conditions, one deduces from r3/1i to lowest order:

MΞ∗
bb

MΞbb

= 1.0000. (23)

• Estimate of the O(αs) corrections. Radiative corrections due to
αs are known to be large in the baryon two-point correlators
[17,41]. However, one can easily inspect that in the simple ratios
R3

i and R1
i these huge corrections cancel out, while its only re-

main the one induced by the anomalous dimension of the baryon
operators. Including the anomalous dimension γ = 2 (resp. −2/3)
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(a)

(b)

Fig. 7. Ωcc/Ξcc: (a) τ -behaviour of rsd2 (cc): continuous line (green in the web ver-
sion) and rsd1 (cc): dot-dashed line (red in the web version) in the charm quark
channel for b = −0.35, tc = 12 GeV2 and mc = 1.26 GeV. (b) tc -behaviour of rsd1 (cc)
for τ = 1 GeV−2: dot-dashed line (red in the web version).

MΩcc − MΞcc = 92(24) MeV, (31)

where we have taken the experimental value MΞcc " 3.52 GeV
from [13]. We perform an analogous analysis in the b-channel,
which we show in Fig. 8. In this case, we obtain:

rsd(bb) " 1.0049(7)mb (3)s̄s(10)ms , (32)

which corresponds to:

MΩbb − MΞbb = 49(13) MeV, (33)

when we take the value MΞbb " 9.94 GeV from [9]. Our results in-
dicate an approximate decrease like 1/mQ of the mass splittings
from the c to the b quark channels. This behaviour can be qualita-
tively understood from the QCD expressions of the corresponding
correlator, where the ms corrections enter like ms/mQ , and which
can be checked using some alternative methods.

7. The Ω∗
QQ/Ξ∗

QQ mass ratio

We pursue our analysis for the spin 3/2 baryons. The QCD ex-
pression of the ratios of moments can be obtained from the ones of
the two-point correlator in [9] and the new mass corrections given
in Eq. (11). Including the contributions of the dimension-4 conden-
sates, we show your analysis in Fig. 9. One can see in Fig. 9a that
rsd1 and rsd2 are quite stable versus τ from τ ! 0.4 GeV−2. In Fig. 9b,
we show the tc-behaviour of rsd1 and rsd2 given τ . We deduce at the
stability regions:

rsd(cc)∗ ≡ MΩ∗
cc

MΞ∗
cc

= 1.026(4)s̄s(4)ms (6)mc (1)tc , (34)

where the errors coming from other parameters than s̄s are negli-
gible. This implies:

MΩ∗
cc

− MΞ∗
cc

= 94(27) MeV, (35)

(a)

(b)

Fig. 8. Ωbb/Ξbb: (a) τ -behaviour of rsd1 (bb): dot-dashed line (red in the web version)
in the bottom quark channel for b = −0.35, tc = 100 GeV2 and mb = 4.22 GeV.
(b) tc -behaviour of rsd1 (bb) for τ = 0.5 GeV−2: dot-dashed line (green in the web
version).

where we have used MΞ∗
cc

" 3.58 GeV from Eq. (31) and the exper-
imental value of MΞcc . We show in Fig. 10 the analogous analysis
for the bottom channel. We deduce:

rsd(bb)∗ ≡
MΩ∗

bb

MΞ∗
bb

= 1.0050(3)s̄s(10)ms (4)τ (10)mb , (36)

where the error is again mainly due to 〈s̄s〉, the others being neg-
ligible. This implies:

MΩ∗
bb

− MΞ∗
bb

= 50(15) MeV, (37)

where we have used MΞ∗
bb

" 9.96 GeV using our prediction in the
previous section. This result agrees with the potential model one
of about 60 MeV given in [10]. Again like in the case of spin 1/2
baryons, the SU(3) mass-differences appears to behave like the in-
verse of the heavy quark masses, which can be inspected from the
QCD expressions of the two-point correlator. One can also observe
that the mass-splittings are almost the same for the spin 1/2 and
spin 3/2 baryons.

8. The Ωbc/Ξbc mass ratio

The Ξ(bc) and the Ω(bc) spin 1/2 baryons can be described
by the corresponding currents:

JΞbc = εαβλ

[(
cTαCγ5dβ

)
+ k

(
cTαCdβ

)
γ5

]
bλ,

JΩbc = JΛbc (d → s), (38)

where d, s are light quark fields, c, b are heavy quark fields and
k is a priori an arbitrary mixing parameter. The expression of the
corresponding two-point correlator has been obtained in the chiral
limit md = ms = 0 by Refs. [9,10]. We have checked these expres-
sions which we complete here by adding the ms-corrections for the
PT and quark condensate contributions. The expressions of these
corrections are:
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(a)

(b)

Fig. 9. Ω∗
cc/Ξ

∗
cc: (a) τ -behaviour of rsd1 (cc)∗: dot-dashed line (red in the web version)

and rsd2 (cc)∗: continuous line (green in the web version) in the charm quark channel
for tc = 20 GeV2 and mc = 1.26 GeV. (b) tc -behaviour of rsd1 (cc)∗ and rsd2 (cc)∗ for
τ = 0.7 GeV−2.

(a)

(b)

Fig. 10. Ω∗
bb/Ξ

∗
bb: (a) τ -behaviour of rsd1 (bb)∗: dot-dashed line (red in the web ver-

sion) and of rsd2 (bc): continuous line (green in the web version) in the bottom
quark channel for tc = 100 GeV2 and mb = 4.22 GeV. (b) tc -behaviour of rsd1 (bb)∗

for τ = 0.5 GeV−2.

Im Fms
1
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pert = −msmc(1 − k2)

128π3t2
[
6L1

[(
m2

c t
2 − 2m4

bm
2
c
)]

+ 6L2m2
c t

2 − λbc
[
2t2 +

(
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]]
.

Fig. 11. Ωbc/Ξbc : b behaviour of rsd1 (bc): dot-dashed line (red in the web version);
rsd2 (bc): continuous line (green in the web version), and rsd12(bc): dashed line (blue
in the web version) for tc = 50 GeV2, τ = 0.8 GeV−2, mc = 1.26 GeV and mb =
4.22 GeV.

Im Fms
1

∣∣
s̄s = ms〈s̄s〉(1 + k2)

32πt3

[
λbc

[
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t
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]
, (39)

Im Fms
2
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pert = −3msmcmb(1+ k2)
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16πt2

[
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1
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]
, (40)

where:

v =
√√√√1 − 4m2

bm
2
c

(
t −m2

b −m2
c
)2 , λ

1/2
bc =

(
t −m2

b −m2
c
)
v,

L1 = 1
2
log

1+ v
1− v

,

L2 = log

(
m2

b +m2
c
)
t +

(
m2

b −m2
c
)(

λ
1/2
bc −m2

b +m2
c
)

2mbmct
. (41)

Like in previous sections, we study the different ratios of moments
in Figs. 11 and 12. As one can see in Fig. 11a, rsd1 (bc) and rsd2 (bc)
are quite stable in k and present common solutions for:

k = ±0.05, (42)

inside the range given in Eq. (5), while rsd12(bc) does not intersect
with the other DRSR. The τ and tc behaviours given in Fig. 12a,b
are also very stable from which we deduce the DRSR:

rsd(bc) ≡ MΩbc

MΞbc

= 1.006(0.2)s̄s(1.4)ms (1)mQ , (43)

where the errors coming from other parameters are negligible. This
implies:

MΩbc − MΞbc = 41(7) MeV, (44)

where we have used the QSSR central value MΞbc & 6.86 GeV in
Eq. (2). The size of the mass-splitting can be compared with the
potential model prediction about (70–89) MeV given in [10,15].
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• Optimization criteria from Quantum Mechanics
S. Narison, arXiv:1010.1959

QCD Sum Rules

Exact1
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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].
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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).
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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].
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• tc is a free parameter, then the SR must be tc-independent.

The question is, how one can extract an optimal 
information on hadronic properties from the sum rules and 
in the same time the OPE remains convergent.

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

Currents
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JΩ   = ∊abc (Qa Cγ   Qb)QcQQQ

*
µ µT

Currents

• We adopt the Ioffe current form;
• Assuming the diquark-quark configuration (QQ)-Q

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

ν

T
µ ν

T
µ

µν

Π(q) =  2i  ∫dx dp1 dp2 dp3 e   Saa’ (p1) 

      x [ Tr(γ C Sbb’ (p2) Cγ Scc’ (p3)) + 2 γ C Sbb’ (p2) Cγ Scc’ (p3) ]

8
___
(2π)

4 4 4 iqx4
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Heavy Quark Condensate <QQ>
_

Propagator

<0|: Q(x)Q(0) :|0> = - ___
_

<QQ>
6m2 (i∂+m)/

_ J1(m√x )_________
√x2

__
2

F(k) function

∫d k e ⟨                          F(k) = --i(k.x)4
_

<QQ>
6m2
___ J1(m√x )_________

√x2

__
2

in the limit x -> 0, we obtain the usual light quark condensate:   -<qq>
_
___
12

More details: E. Bagan, M.R. Ahmady, V. Elias, T.G. Steele, PLB 305 (1993)
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Heavy Quark Condensate <QQ>
_

A study of the <QQ> expansion gives:

MQ <QQ> = -
_

1 <αsG>2__
12π

_

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

Propagator

<0|: Q(x)Q(0) :|0> = - ___
_

<QQ>
6m2 (i∂+m)/

_ J1(m√x )_________
√x2

__
2
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Heavy Quark Condensate <QQ>
_

• Including the propagator in the correlator we get new integrals to 
be solved by dimensional regularization, for example:

• After, we can calculate the mass with the <QQ> contribution. 

• This has not been considered by chinese groups in theirs 
calculations (yet!!).

_

dp dk            F(k)______
d(2π)

d

2∫ d(2π)
__________________
[(p-k) - m ][(p-q) - m ]

d

ν4-d

2 2 2

dp dk         (p.k) F(k)______
d(2π)

d

2∫ d(2π)
__________________
[(p-k) - m ][(p-q) - m ]

d

ν4-d

2 2 2

...
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NLO Corrections

• radiative corrections due to αs are known to be 
large in the baryon two-point correlators.

• we pursue the following analysis (in progress):
“Heavy Baryon properties with NLO accuracy in perturbative QCD”
S. Groote, J.G. Korner, A.A. Pivovarov, Eur.Phys.J C58 (2008) 355
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RESULTS

• Up to now, every integrals have been solved.

• Its application to the Sum Rules, will be done in this 
week, in collaboration with S. Narison and M. Nielsen.
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Study of Triply Heavy-Baryons 
with QCDSR

Summary

More 
Experimental Data

• Expectatives

a lot of particles 
to be seen

in general, 
good agreement 
with PM (2HB)

Improvement of 
QCDSR

<QQ> Condensate contribution
_

NLO Corrections 

Anomalous 
Dimensions effects

• Sum Rules scenario:

?
LHCCDF

D0/

FAIR
Tevatron

SelexRHIC
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