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QCD—non-perturbative at low energies

✤  Quantum ChromoDynamics—the theory of the strong interaction

Aymptotic freedom—
Nobel prize in physics 2004

Low energy: non-perturbative
                      problematic

High energy: perturbative QCD
                       successful
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QCD—non-perturbative at low energies

✤  Quantum ChromoDynamics—the theory of the strong interaction

Aymptotic freedom—
Nobel prize in physics 2004

Low energy: non-perturbative
                      problematic

High energy: perturbative QCD
                       successful

Solution: effective field theories 
or models
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Effective field theory: (Weinberg 1979)

l Expansion in powers of external energy/momenta Q over the large scale    

    (instead of expansion in terms of the running coupling constant)

l There exists a natural cutoff, which allows for a 
separation of scales such that:

üAll high-energy dynamics can be integrated 
out à contact interactions

üOne only needs to care about low-energy dof’s

C, encoding short distance physics, should be of           — naturalness    
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Chiral symmetry and its breaking (I) 

Up, down, and strange quarks are light

Charm, bottom, and top quarks are heavy

✤  Idealized world:
(chirally symmetric)

✤  Quark mass hierarchy:

vs., e.g.,  

mu=md=ms=0 mc=mb=mt=∞,  decouple

Saturday, November 5, 11



✤ The vacuum is invariant under the vector charge：

✤ The vacuum is not invariant under the axial charge:

– Spontaneous symmetry breaking (Nobel prize in physics, 2008)

– 8  massless Nambu-Goldstone bosons, i.e., 

✤  Real world:              are not massless—explicit symmetry breaking 

All these features combined with the idea of effective field theory leads 
to Chiral Perturbation Theory!

Chiral symmetry and its breaking (II) 

small: perturbative treatment
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l ChPT exploits the symmetry of the QCD Lagrangian and its ground state; in 

practice, one solves in a perturbative manner the constraints imposed by chiral 

symmetry and unitarity by expanding the Green functions in powers of the external 

momenta and of the quark masses. (J. Gasser, 2003)

Chiral Perturbation Theory (ChPT) in essence

l Maps quark (u, d, s) dof’s to those of the asymptotic states, hadrons

For further details and reviews, look for the following names:  S. Weinberg, H. Leutwyler,  J. 
Gasser, Ulf-G Meissner, V. Vernard, N. Kaiser, A. Pich, S. Scherer, and many others.…
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• ChPT  very successful in the study of Nanbu-Goldstone boson self-interactions. 

(at least in SU(2))

• In the one-baryon sector, things become problematic because of the nonzero 

(large) baryon mass in the chiral limit,  which leads to the fact that high-order 

loops contribute to lower-order results, i.e., a systematic power counting is lost!

Power-counting-breaking (PCB) in the one-baryon sector

Chiral order =

red dots denote possible 
PCB terms

J. Gasser et al.,
NPB 307, 779(1988)
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Nucleon mass up to O(p3)
3

(a) (b) (c)

(f)(e)(d)

FIG. 1: Feynman diagrams contributing to the octet- and decuplet-baryons (B and D respectively) up to O(p3) in χPT. The
solid lines correspond to octet-baryons, double lines to decuplet-baryons and dashed lines to mesons. The black dotes indicate
1st-order couplings while boxes, 2nd-order couplings (LECs).

matrix elements of the pion and strangeness sigma commutators defined respectively as:

σπB =
m

2MB
〈B|ūu + d̄d|B〉 (13)

σsB =
ms

2MB
〈B|s̄s|B〉 (14)

(15)

where B may denote an octet or decuplet baryon. The sigma terms can be obtained from the chiral corrections to
the baryon masses through the Hellman-Feynman theorem (Refs.!!!)

σπB = m
∂MB

∂m
(16)

σsB = ms
∂MB

∂ms
(17)

Up to the order considered in this work, the Eqs. (7) hold and we can express these sigma elements as

σπB =
m2

π

2

(

1

mπ

∂MB

∂mπ
+

1

2mK

∂MB

∂mK
+

1

3mη

∂MB

∂mη

)

(18)

σsB =

(

m2
K −

m2
π

2

) (

1

2mK

∂MB

∂mK
+

2

3mη

∂MB

∂mη

)

(19)

III. RESULTS

In the Figure 1 we show the Feynman diagrams that contribute in χPT up to O(p3) to the self-energy of the octet-
baryons and of the decuplet-resonances. Up to O(p2) there are only the tree-level contributions (a) that introduce
the dependence of the masses on the unknown LECs bD, bF and b0 from the Lagrangian (5) for the octet and γ0 and

Naively 
(no PCB)

However

Chiral order =
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III. RESULTS

In the Figure 1 we show the Feynman diagrams that contribute in χPT up to O(p3) to the self-energy of the octet-
baryons and of the decuplet-resonances. Up to O(p2) there are only the tree-level contributions (a) that introduce
the dependence of the masses on the unknown LECs bD, bF and b0 from the Lagrangian (5) for the octet and γ0 and

Naively 
(no PCB)

However

No need to calculate, simply recall that M0~O(p0) 

Chiral order =

Saturday, November 5, 11



Power-counting-restoration methods
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Power-counting-restoration methods
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Extended-on-Mass-Shell (EOMS)

tree = M0 + bm2
⇡

• “Throw away” the PCB terms

+
⇓
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Extended-on-Mass-Shell (EOMS)

tree = M0 + bm2
⇡

• “Throw away” the PCB terms

+
⇓

• Equivalent to redefinition of the LECs

tree = M0 + bm2
⇡ +
⇓
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Extended-on-Mass-Shell (EOMS)

tree = M0 + bm2
⇡

• “Throw away” the PCB terms

+
⇓

• Equivalent to redefinition of the LECs

tree = M0 + bm2
⇡ +
⇓

ChPT contains all possible terms allowed by symmetries, therefore 
whatever analytical terms come out from a loop amplitude, they must 

have a corresponding LEC
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HB vs. Infrared vs. EOMS

• Heavy baryon ChPT

- non-relativistic

- breaks analyticity of loop amplitudes

- converges slowly (particularly in three-flavor space)

• Infrared ChPT

- breaks analyticity of loop amplitudes 

- converges slowly (particularly in three-flavor space)

• EOMS ChPT

- satisfies all symmetry and analyticity constraints

- converges relatively faster--an appealing feature
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The nucleon scalar form factor at q3

EOMS(IR)

HB

t=4 mП
2

S. Scherer, Prog.Part.Nucl.Phys.64:1-60,2010

Figure 17: Contributions to the nucleon self energy at O(q4). The number n in the interaction blobs

refers to L(n)
πN . The Lagrangian L(2)

πN does not produce a contribution to the πNN vertex.

5.1 Nucleon mass and sigma term at O(q4)

A full one-loop calculation of the nucleon mass also includes O(q4) terms (see Fig. 17). The quark-mass
expansion up to and including O(q4) is given by

mN = m + k1M
2 + k2M

3 + k3M
4 ln

(
M

m

)
+ k4M

4 + O(M5), (244)

where the coefficients ki in the EOMS scheme read [Fuchs et al., 2003a]

k1 = −4c1, k2 = − 3gA
2

32πF 2
, k3 = − 3

32π2F 2m

(
g

2
A − 8c1m + c2m + 4c3m

)
,

k4 =
3gA

2

32π2F 2m
(1 + 4c1m) +

3

128π2F 2
c2 − ê1. (245)

Here, ê1 = 16e38 + 2e115 + 2e116 is a linear combination of O(q4) coefficients [Fettes et al., 2000]. A
comparison with the results using the infrared regularization [Becher and Leutwyler, 1999] shows that
the lowest-order correction (k1 term) and those terms which are non-analytic in the quark mass m̂ (k2

and k3 terms) coincide. On the other hand, the analytic k4 term (∼ M4) is different. This is not
surprising; although both renormalization schemes satisfy the power counting specified in Sec. 4.2.2,
the use of different renormalization conditions is compensated by different values of the renormalized
parameters.

For an estimate of the various contributions of Eq. (244) to the nucleon mass, we make use of the
parameter set

c1 = −0.9 m−1
N , c2 = 2.5 m−1

N , c3 = −4.2 m−1
N , c4 = 2.3 m−1

N , (246)

which was obtained in Ref. [Becher and Leutwyler, 2001] from a (tree-level) fit to the πN scattering
threshold parameters. Using the numerical values

gA = 1.267, Fπ = 92.4 MeV, mN = mp = 938.3 MeV, Mπ = Mπ+ = 139.6 MeV, (247)

one obtains for the mass of nucleon in the chiral limit (at fixed ms #= 0):

m = mN −∆m = [938.3 − 74.8 + 15.3 + 4.7 + 1.6 − 2.3 ± 4] MeV = (883 ± 4) MeV (248)

with ∆m = (55.5±4) MeV. Here, we have made use of an estimate for ê1M4 = (2.3±4) MeV obtained
from the σ term. (Note that errors due to higher-order corrections are not taken into account.) In
terms of the SU(2)L×SU(2)R-chiral-symmetry-breaking mass term of the QCD Hamiltonian,

Hsb = m̂(ūu + d̄d), (249)

the pion-nucleon σ term is defined as the proton matrix element

σ =
1

2mp
〈p(p, s)|Hsb(0)|p(p, s)〉 (250)
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Figure 18: Pion mass dependence of the term k5M5 ln(M/mN) (solid line) for M < 400 MeV. For
comparison also the term k2M3 (dashed line) is shown.

shows the pion mass dependence of the term k5M5 ln(M/mN ) (solid line) in comparison with the
term k2M3 (dashed line) for pion masses below 400 MeV which is considered a region where chiral
extrapolations are valid (see, e.g., Refs. [Meißner, 2006], [Djukanovic et al., 2006]). We see that already
at M ≈ 360 MeV the term k5M5 ln(M/mN ) becomes as large as the leading non-analytic term at one-
loop order, k2M3, indicating the importance of the fifth-order terms at unphysical pion masses. Our
results for the renormalization-scheme-independent terms agree with the heavy-baryon ChPT results of
Ref. [McGovern and Birse, 1999].

5.3 Form factors of the nucleon

5.3.1 Scalar form factor

The pion-nucleon σ term corresponds to the kinematical point t = 0 of the scalar form factor which is
defined as

〈p(p′, s′)|Hsb(0)|p(p, s)〉 = ū(p′, s′)u(p, s)σ(t), t = (p′ − p)2.

The numerical results for the real and imaginary parts of the scalar form factor at O(q4) are shown
in Fig. 19 for the extended on-mass-shell scheme (solid lines) and the infrared regularization scheme
(dashed lines). While the imaginary parts are identical in both schemes, the differences in the real parts
are practically indistinguishable. Note that for both calculations σ(0) and ∆σ ≡ σ(2M2

π) − σ(0) have
been adjusted to the dispersion results of Ref. [Gasser et al., 1991], ∆σ = (15.2 ± 0.4) MeV.

Figure 20 contains an enlargement near t ≈ 4M2
π for the results at O(q3) which clearly displays how

the heavy-baryon calculation fails to produce the correct analytic behavior not only at the tree level
but also in higher-order loop diagrams. Both real and imaginary parts diverge as t → 4M2

π .

5.3.2 Electromagnetic form factors

Imposing the relevant symmetries such as translational invariance, Lorentz covariance, the discrete sym-
metries, and current conservation, the nucleon matrix element of the electromagnetic current operator
J µ(x),

J µ(x) =
2

3
ū(x)γµu(x) − 1

3
d̄(x)γµd(x),

68

t

Saturday, November 5, 11



V. Pascalutsa et al., Phys.Lett.B600:239-247,2004. 

EOMS

Proton and neutron magnetic moments: chiral extrapolation
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✤ Octet (decuplet) baryon magnetic moments:                                 

 Phys.Rev.Lett.101:222002,2008;                                    

 Phys.Lett.B676:63-68,2009;  Phys.Rev.D80:034027,2009

✤ Hyperon vector coupling f1(0)   

Phys.Rev.D79:094022,2009

✤ Nucleon-Delta axial coupling                      

Phys.Rev.D78:014011,2008

✤ Octet and Decuplet baryon masses     

Phys.Rev.D82:074504,2010; Phys.Rev.D84:074024,2011

Successful applications of Covariant baryon ChPT 
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Baryon masses, Sigma terms  and lattice QCD  calculations

Phys.Rev. D82 (2010) 074504 
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Origin of baryon masses

1) Mass of its constituents—quarks
      In SM, due to the Higgs mechanism à LHC@CERN

2)Strong interaction—lattice QCD
     mass of proton (940 MeV) ≠ sum of current quark masses (~10 MeV). 

LHC@CERN

S. Durr et al., Science 322, 1224(2008).

BMW
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Recent 2+1 f lQCD calculation of the baryon masses

l BMW (S. Durr et al.),  Science 322, 1224(2008).
−2+1 improved Wilson fermions,
−mPS ≥ 190 MeV

l PACS-CS (S. Aoki et al.),  Phys.Rev.D79:034503, 2009.
−2+1 impr. Wilson fermions,
−mPS ≥ 160 MeV no systematic error incl.

l HSC (Huey-Wen Lin et al.), Phys.Rev.D79:034502, 2009.
−2+1 anistropic Clover fermions,
−mPS ≥ 370 MeV no systematic error incl.

l LHP (A. Walker-Loud et al.),  Phys.Rev.D79:054502, 2009.
−MA: 2+1 stagg. sea/DWF valence,
−mPS ≥ 300 MeV

l ETM  (C. Alexandrou et al.),  Phys.Rev.D80:114503, 2009. 
2 twisted mass fermions,
mPS ≥ 270 MeV

✤ Unphysical quark (u&d) masses

✤ Physical-point simulations
• PACS-CS (S. Aoki et al.), Phys.Rev.D81:074503,2010

−2+1 improved Wilson quark actions

In the present work, we will concentrate on the 2009 PACS-CS data.
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Motivation—interplay  between lQCD and ChPT 

✤ LQCD: numerical implementation of QCD
−Most results so far have been obtained using unphysical quark masses
  and have to be extrapolated to the physical point using ChPT

✤ ChPT: low-energy effective field theory of QCD
−Powerful but with (many) unknown low-energy-constants (LECs)
−One can use lQCD quark-mass dependent results to determine the values of 
the LECs and then make predictions  for physical observables that are 
described by the same LECs

Main purpose:  use the covariant ChPT to study the lattice 
masses, determine the relevant LECs and make predictions 

for the baryon Sigma terms.
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Chiral extrapolations of baryon masses
ü Pioneering works in 2-flavor space—successful:

−Massimiliano Procura, Thomas R. Hemmert, Wolfram Weise,  Phys.Rev.D69:034505,2004. 
−M. Procura, B.U. Musch, T. Wollenweber, T.R. Hemmert, W. Weise, Phys.Rev.D73:114510,2006.

Phys.Rev.D69:034505,2004. 
Phys.Rev.D73:114510,2006.

✓ Recent studies of the latest 2+1 flavor lQCD results using NLO HBChPT 
have failed miserably, however!
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Problems reported in SU(3) HBChPT (1)

l LHPC (A. Walker-Loud et al.),  Phys.Rev.D79:054502, 2009.

 C=1.2(2), D=0.715(50), F=0.453(50)
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Problems reported in SU(3) HBChPT (II)

l PACS-CS (K.-I. Ishikawa), Phys.Rev.D80:054502 (2009),  
  PACS-CS (S. Aoki et al.), Phys.Rev.D79:034503, 2009.  
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The first covariant ChPT study

Feynmann diagrams:

Lagrangians:
Baryon masses in the 
chiral limit

LO (tree-level) SU(3) –
breaking corrections

Consistent spin 3/2 
couplings

NLO SU(3)-breaking 
corrections

Octet:

Decuplet:

 D=0.8
 F=0.46
 C=1.0
 H=1.13
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Description of the PACS-CS data

1. EOMS describes much better the 
PACS results, but not as well as 
the LO

2. However, EOMS describes better 
the physical masses.

3. HB performs badly, confirming 
previous studies

Chiral logs still play a role even for m as small as 160 MeV, only 20 MeV from 
the physical point.
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Determination of the LECs

LEC Physical masses + lQCD data

mB0 760(32)
b0 -0.979(38)
bD 0.199(4) 0.192(25)
bF -0.530(2) -0.520(20)
mD0 957(37)
t0 -1.05(8)

tD -0.694(2) -0.683(20)

Ø 4 cannot be determined using only the physical masses: mB0, b0, mD0, t0.

Ø 3 can be determined either way, bD, bF, and tD , we obtained consistent values

Ø One can then use these LECs to make predictions

Seven LECs determined in the present work:
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Predictions: baryon Sigma terms

Our predictions

           is a few tens not hundreds MeV—important consequences (see, e.g., 
Joel Giedt, Anthony W. Thomas, Ross D. Young, Phys.Rev.Lett.103:201802,2009.) 

pion-nucleonscattering
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Inconsistent with scattering data?

• A recent analysis showed that the more 
latest scattering data set prefers a larger  

3

latter we include the errors given there. The fits are done from
the lowest CM energies above threshold,Wth ! 1.08GeV, up
toWmax = 1.2 GeV which is below the ∆(1232) region (the
EM analysis only reachesWmax ! 1.16 GeV). The parame-
ters gA,MN ,M∆, mπ and fπ are fixed to their experimental
values [28]. The N∆ axial coupling can be determined using
the∆(1232)width. Since we want to compare this value with
the one resulting by fitting directly the PW phase shifts we use
the value of the Breit-Wigner width, Γ∆ = 118(2)MeV [39],
giving hA = 2.90(2) [32].
The main results on physical observables are shown in Ta-

ble I. The errors quoted there are only of statistical origin and
additional theoretical uncertainties are to be added. In Fig. 1
we plot the phase shifts of the S- and P -waves given by the
πN scattering amplitude in the EOMS scheme and at O(p3)
in the δ-counting, fitted to the GW solution (circles) [9] up to
Wmax = 1.2 GeV. Similar plots can be obtained for the KH
and EM solutions. The figure shows that the description for
the lowest PWs is very accurate up to energies just below the
∆-resonance region, covering a range of energies larger than
in previous perturbative analyses [20, 22, 27, 28]. The quality
of the description is reflected by the small χ2

d.o.f. listed in the
second column of Table I, which furthermore shows that the
description of GW and EM PW analyses is better than the KH
one. It is also worth remarking that the problems encountered
by the IR prescription to describe the P11 wave of the GW
group [28] disappear in the present analysis. This can be at-
tributed to the problems of the IR scheme mentioned above,
to which the P11 wave is particularly sensitive.
As one can infer from the third column of Table I, only

the GW solution gives a result on hA that is perfectly com-
patible with the determination from the ∆ width. However,
this value is not compatible with the larger one that results
from studying KH, given in Table I. It is known that the
KH solution gives a broader width as compared with the cur-
rent experimental value [11, 39]. An accurate description of
this observable is not expected for the EM analysis since it
does not cover the ∆-resonance region. In the fourth column,
we show the values obtained for the πN coupling that, com-
pared with the axial coupling gA, gives the GT discrepancy
∆GT in the fifth column (see Ref. [28] for details). The re-
sults extracted from the KH, GW and EM PWs are indeed
perfectly compatible with the values reported by these col-
laborations [8, 9, 38]. However, the KH result is in clear
disagreement with the numbers independently extracted from
NN -scattering (gπN ! 13.0) [40] and pionic atom (gπN =
13.12(9)) [41] data, leading to a∆GT that may be considered
too large [26]. Finally, it is important to highlight that the
EOMS representation does not suffer the problems of the IR
one in∆GT . We have checked that the relativistic corrections
giving rise to the large violation in IR (∼20%) are very small
(∼0.2%) in the EOMS scheme. We conclude, then, that this
problem on the GT discrepancy is due to the analyticity issues
induced by the IR method [30, 31] and not to a problematic
convergence of BχPT.
Results for the isoscalar (a+0+) and isovector (a

−

0+) scat-
tering lengths are shown in the last two columns of Table I.
Minding that changes of 5-10% can be easily expected from

higher-order and isospin corrections [42], we can check that
these values are consistent with those reported by the respec-
tive groups. These scattering parameters are interesting be-
cause they can be compared with the values independently ex-
tracted from pionic-atom data. Moreover, a+0+, as a parameter
enclosing information on the isoscalar scattering amplitude, is
tightly connected with σπN [10, 43]. In this regard, the latest
analyses of pionic-atom data clearly favor positive values for
this observable, a+0+ = 0.0076(31)m−1

π [41]. The values dis-
played in Table I show that only the GW and EM analyses are
compatible with a+0+ > 0. The impact that the pionic-atom
result for a+0+ has on the value of σπN is addressed below. In
case of the isovector length, KH and GW are consistent with
the pionic-atom value a−0+ = 0.0861(9) [41]. For a thought-
ful discussion on the discrepancy of the isovector scattering
length extracted from the low-energy scattering data by the
EM analyses, a−0+ = 0.0797(11)m−1

π , see Ref. [38].

TABLE II: Values of theO(p2) LECs in units of GeV−1 and of σπN

in MeV obtained from the different πN PW analyses.

c1 c2 c3 c4 σπN

KH −0.80(6) 1.12(13) −2.96(15) 2.00(7) 43(5)
GW −1.00(4) 1.01(4) −3.04(2) 2.02(1) 59(4)
EM −1.00(1) 0.58(3) −2.51(4) 1.77(2) 59(2)

As mentioned above, the isoscalar πN scattering ampli-
tude is related with σπN through the LEC c1. In the first
columns of Table II, we show the fitted values for the O(p2)
LECs. The values and errors quoted there correspond to the
mean and standard deviation obtained after considering fits
to the KH and GW PW phase shifts for variousWmax, from
1.14 GeV to 1.2 GeV in intervals of 0.01 GeV. For the EM
analysis we perform the same study up to its maximum CM
energy ∼ 1.16 GeV. The purpose of this strategy is to take
into account the dispersion of the values of these LECs (and
of σπN ) against the data set included in the fits. As we can
see, our results remain stable to the increase of the maximum
energy and to the particular analysis used as experimental in-
put. This is in remarkable contrast with the strong sensitivity
of the values of the LECs obtained in theO(ε3) study done in
HBχPT-SSE [22].
On the other hand, the results in Table II are quite differ-

ent to the ones we obtain without the explicit inclusion of
the ∆. In this case, we can describe the GW phase shifts
up to Wmax ! 1.14 GeV (χ2

d.o.f. = 0.62) and we ob-
tain c1 = −1.54(5), c2 = 3.92(6), c3 = −6.87(6) and
c4 = 3.79(3) (all in units of GeV−1). Comparing with the
values in Table II, we see that the contribution of the ∆ to
the O(p2) LECs c2−4 is compatible with the one estimated
by resonance saturation hypothesis [44], c∆2 = 1.9 . . .3.8,
c∆3 = −3.8 . . . − 3 and c∆4 = 1.4 . . . 2.0 (in GeV−1). For
the c1 counter-term the ∆ contribution is negligible [24, 44].
We interpret the difference, of around 0.5 GeV−1, between
our result in the second row of Table II including the ∆ and
that without this resonance as a clear indication that the LECs
are stabilized once the tree-level∆ exchange contributions are

2

TABLE I: Main physical observables obtained from the O(p3) πN
scattering amplitude in the EOMS renormalization scheme fitted to
different PW analyses up toWmax = 1.2 GeV (Wmax = 1.16 GeV
for EM). Results of the scattering lengths are in units of 10−2 m−1

π .

χ2
d.o.f. hA gπN ∆GT [%] a+

0+ a−

0+

KH [8] 0.75 3.02(4) 13.51(10) 4.9(8) −1.2(8) 8.7(2)
GW [9] 0.23 2.87(4) 13.15(10) 2.1(8) −0.4(7) 8.2(2)
EM [38] 0.11 2.99(2) 13.12(5) 1.9(4) 0.2(3) 7.7(1)

from the∆(1232) resonance and the results for the σπN were
not accurate, being typically too large. The inclusion of the
∆ as an explicit degree of freedom in the so-called small-
scale-expansion (SSE) [21] (that counts ε = M∆ −MN ∼ p)
up to O(ε3) [22], offers a noticeably increase in the range
of energies described compared with HBχPT at O(p3) [19].
Nonetheless, there is a strong dependence on the fitted values
of the LECs with the PW analysis used as input that prevents a
direct extraction of σπN by fitting scattering data [22]. After
these difficulties, the conclusion was that the chiral conver-
gence was not fast enough in the physical region so to extract
useful information on σπN from the PW phase shifts [23].
It has been shown that the non-relativistic expansion imple-

mented in HB approach does not converge in part of the low
energy region [14, 24, 25]. This led to the studies in the man-
ifestly Lorentz covariant infrared (IR) BχPT [24, 26–28]. In
this case, the amplitude up to O(p4) without the∆ as explicit
degree of freedom, shows an accurate and rapidly convergent
description in the subthreshold region but fails to connect it to
the physical one [26], confirming the conclusions about σπN
drawn from the previous works in HB. Above threshold, the
IR amplitudes up to O(p3) (without ∆ degrees of freedom)
also give a good description of the PWs at low-energies [28],
although they predict an unphysically too large violation of
about 20% in the Goldberger-Treiman (GT) relation [27, 28].
This problem, which arises from the resummation of relativis-
tic corrections performed by the IR method, clearly jeopar-
dizes the applicability of χPT to the πN system.
In this paper, we present a χPT analysis of the πN -

scattering amplitude up to O(p3) accuracy that includes two
main improvements over previous work. In the first place, we
use Lorentz covariant BχPT with a consistent power count-
ing obtained via the extended-on-mass-shell (EOMS) renor-
malization scheme [29]. The reason for using this prescrip-
tion, instead of IR, is that the latter introduces unphysical cuts
that may influence the low-energy region [16, 30, 31]. In the
present case, this problem of analyticity afflicts the crossed
channel of the πN scattering amplitude [28]. As we will see
below, the large GT discrepancy found in Refs. [27, 28] can
be traced back to the analyticity issues of the IR method rather
than to a breaking of the chiral convergence in the πN sys-
tem. In addition, we obtain amplitudes independent of the
renormalization scale, which is not the case for those given by
IR [24, 26–28]. Secondly, we explicitly include the ∆ taking
into account that, below the resonance region, the diagrams
with the ∆ are suppressed in comparison with those with the

-14
-12
-10

-8
-6
-4
-2
 0

 1.08  1.1  1.12  1.14  1.16  1.18  1.2
 2
 3
 4
 5
 6
 7
 8
 9

 10
 11

 1.08  1.1  1.12  1.14  1.16  1.18  1.2

-4
-3.5

-3
-2.5

-2
-1.5

-1
-0.5

 0
 0.5

 1.08  1.1  1.12  1.14  1.16  1.18  1.2
-1.2

-1
-0.8
-0.6
-0.4
-0.2

 0
 0.2

 1.08  1.1  1.12  1.14  1.16  1.18  1.2

 0
 10
 20
 30
 40
 50
 60

 1.08  1.1  1.12  1.14  1.16  1.18  1.2
-2

-1.5
-1

-0.5
 0

 0.5

 1.08  1.1  1.12  1.14  1.16  1.18  1.2
W [GeV]W [GeV]

W [GeV]W [GeV]

W [GeV]W [GeV]

S
1
1

S
3
1

P
1
1

P
1
3

P
3
1

P
3
3

FIG. 1: (Color on-line) Phase shifts given by the Lorentz covariant
O(p3) πN scattering amplitude in the EOMS scheme fitted to the
GW solution (circles) [9] up toWmax = 1.2 GeV.

nucleon. This can be implemented in the so-called δ-counting
by assigning an extra fractional suppression of O(p1/2) to
the ∆-propagators in the Feynman diagrams [32, 33]. For
the N∆ chiral Lagrangians, we use the consistent formu-
lation of Pascalutsa [33–35] which filters the unphysical com-
ponents of the relativistic spin-3/2 spinors and eliminate the
dependence on off-shell parameters that the conventional ver-
tices have. The technical details of this calculation and the
complete results derived thereafter will be presented in detail
elsewhere [36]. In the following, we outline the analysis and
show its main results on the πN phase shifts, the GT discrep-
ancy, the πN and πN∆ couplings, the πN scattering lengths
and the pion-nucleon sigma term.
The calculation proceeds as in Ref. [28] but with the loops

in Fig. 1 of that reference treated in the EOMS scheme. This
is achieved by canceling the UV divergences obtained in di-
mensional regularization such that the power-counting break-
ing pieces of the loops are absorbed into the O(p) LECs, gA
(axial coupling of the nucleon) andMN , and into the 4O(p2)
LECs, c1, c2, c3, c4. The 5 combinations of O(p3) LECs,
d1 + d2, d3, d5, d14 − d15 and d18 are renormalized in the
MS scheme. Besides that, we also include the Born-term
with an intermediate ∆(1232) resonance and leading O(p)
vertices given by theN∆ axial coupling hA (Born-terms with
O(p2) N∆ couplings [22, 37] have also been considered but
they give a negligible contribution and have been omitted in
the present study), whereas the corresponding loops with ∆
propagators are of higher-order.
We fix the values of the LECs fitting the center-of-mass

(CM) energy dependence of the 2 S- and 4 P -wave phase
shifts obtained from the chiral amplitude to the latest solutions
of the KH [8] and GW [9] groups. In addition, we include
the analysis of the Matsinos’ group (EM) [38] which focuses
on the PW parameterization of the data at very low energies
without imposing dispersive constraints from the high-energy
region. We follow the logic of Ref. [28] to assign errors to the
first two analyses (they do not provide errors) while for the
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Vus ,CKM unitarity, and the f1(0)    

Particularly, an accurate value of Vus is crucial in determinations of the other parameters  

and in tests of CKM unitarity,   e.g.,  the 1st row unitarity: 

Cabibbo-Kobayashi-Maskawa (CKM) matrix  plays a very important role in our study 

and understanding of flavor physics

Vub : small, can be neglected at the present precision                         

Vud : superallowed nuclear beta-decays, neutron decays, pion decays  

Vus : kaon decays, tau decays, hyperon decays f1(0)
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Vus from hyperon decays and the Ademollo-Gatto theorem  

✤ To determine Vus  from hyperon decays, one must know the hyperon vector coupling    

   f1(0)  since experimentally only |Vus f1(0)| is accessible. 

✤ Theoretically, f1(0) is known up to SU(3) breaking effects due to the hypothesis of 

   Conservation of  Vector Current (CVC). To obtain an accurate f1(0), one then needs 

   to know the size of SU(3) breaking, which could be (naively) ~30%.

✤ On the other hand,  the Ademollo-Gatto theorem tells that

   which  1) implies that SU(3) breaking corrections are of ~10%;

              2) has an important consequence for a ChPT study

M. Ademollo and R. Gatto, 
PRL 13, 264 (1964).
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Theoretical determination of  SU(3) breaking corrections to f1(0)  

Theoretical methods used to calculate f1(0) :

l Quark models:  J. F. Donoghue et al., 1987; F. Schlumpf,1995; 

                                A. Faessler et al., 2008, etc.

l Large Nc         :   R. Flores-Mendieta, 2004.

l   Lattice QCD   :   D. Guadagnoli et al., 2007;  S. Sasaki et al., 2008.

l   ChPT               :  A. Krause, 1990; J. Anderson et al., 1993;  N. Kaiser, 2001; 

                                 G. Villadoro, 2006; A. Lacour et al., 2007.

Purpose of the present study:
          to calculate SU(3) breaking corrections to f1(0) using covariant ChPT 

Two improvements compared to earlier ChPT studies:
Removal of power-counting-restoration (PCR) dependence

First covariant, order 4, taking into account dynamical decuplet contributions
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AG theorem’s implication and the 1st novelty of the present work  

No analytical terms breaking SU(3) symmetry with chiral order 

less than or equal to 4 in ChPT, both at tree- and loop- levels 

No need to apply any power-counting restoration (PCR) procedures (e.g.,

HB or IR),  which thus removes the PCR dependence.

The first improvement is possible, because according to the Ademollo-Gatto theorem
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2nd improvement: contributions of dynamical decuplet baryons

Second, we have taken into account the contributions of virtual decuplet 

baryons.

uThey are important because mD-mB~0.231 GeV is similar to pion mass and   

    smaller than kaon (eta) mass. Therefore, in SU(3) ChPT, the exclusion of    

    decuplet  baryons is not well justified.

uAs I will show, the decuplet baryons do provide sizable contributions that  

    completely change the results obtained with only dynamical octet baryons

m(GeV)

0.36 GeV

m(GeV)

0.231 GeV
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We will parameterize the SU(3)-breaking corrections order-by-order in the 

covariant chiral expansion as follows:

where        and         are the LO and NLO SU(3)-breaking corrections induced 

by loops, corresponding to              and              chiral calculations.

 

Baryon vector form factors as probed by the charged            weak current 

Definition of f1(0) and notations used in this work

Note :two order schemes, SU(3) breaking and chiral
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 Dynamical octet and decuplet contributions

WF normalization diagrams not shown

Virtual Octet

Virtual decuplet
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 Comparison with the results of other approaches

Consistent with the large Nc results and those of chiral quark models

Agree marginally with the quenched LQCD results

[3]   R. Flores-Mendieta, PRD 70, 114036 (2004).
[11] J. F. Donoghue et al., P.RD 35, 934 (1987).
[12] F. Schlumpf, PRD 51, 2262 (1995).
[13] A. Faessler et al., PRD 78, 094005 (2008).
[19] D. Guadagnoli  et al., NPB 761, 63 (2007)
[20] S. Sasaki et al., arXiv:0811.1406 [hep-ph].
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Implications for the value of Vus

uFull analysis using all data sets is complicated.

uA simple (naive) calculation

lUsing only experimental decay rates and g1/f1 ratios

lUsing SU(3) symmetric values of g2=0 and f2

lUsing our calculated f1(0)

lWe obtain

Dr. Nicola Cabibbo et al. have performed a similar calculation but  have used 

SU(3) symmetric f1(0), they obtained

uComparing these two numbers, one can easily see the importance of  f1(0).

uOf course, both numbers should be taken with caution.

PRL 92, 251803 (2004) 
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Baryon magnetic moments in EOMS BChPT

Phys.Rev.Lett.101:222002,2008.
Phys.Lett.B676:63-68,2009. 
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Why baryon magnetic moments?

✤ Magnetic moment, a measure of the strength of a system’s net magnetic source,  

is a fundamental concept in physics, but it is also widely applied in other fields, 

such as chemistry, electrical engineering, etc.

✤ Elementary particles have intrinsic magnetic moments; All point-like charged

Dirac particles should have a g-factor ~2 and all neutral ones should have

gS~0; the contrary indicates that the particles have an internal structure.

For instance, the measured proton gS = 5.58 and neutron gS = −3.82 show

that they are not point-like particles– a clear indication of their composite

nature. Nowadays, we know they are composed of 3 (constituent) quarks.

✤ Measuring and understanding magnetic moments of hadrons have played

and will continue to play an important role in our understanding of their

properties.
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Octet baryon magnetic moments

Phys.Rev.Lett.101:222002,2008. 
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Magnetic moments of the baryon octet and SU(3) flavor symmetry

A natural question:
How to implement SU(3) breaking in a systematic and well-controlled way– Chiral 
Perturbation Theory.
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ChPT and the baryon octet MMs—a puzzle of 30 years!

✤ The ChPT study of the leading SU(3) breaking effects on the MMs of the baryon 

octet has a long history, which spans over 30 years:

l Pioneering works of Caldi and Pagels on leading chiral corrections (1974).

l Systematic HBChPT calculations of Jenkins et al. (1993), Meissner et al.

   (1997), and others, up to NNLO.

l Infrared relativistic BChPT by Kubis and Meissner (2001), up to NNLO.

✤ All the early attempts found: The leading SU(3) breaking effects induced by

loops are too large and always worsen the SU(3) symmetric description.

✤ Many possibilities have been explored to understand this “apparent’’ failure of ChPT

But as we will show in this talk, analyticity and relativity play 

a very important role!
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MMs of the baryon octet in ChPT: formalism
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EOMS BChPT results: Analytical

 The M2  terms break power counting, and have to be removed .
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EOMS vs. HBChPT and IR BChPT
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EOMS BChPT results: Numerical

üThe EOMS NLO-calculation improves the C-G relations!

üBetter convergence: NLO/LO ~50%; vs. ~70% and  ~300% in HB and IR!
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EOMS BChPT results: Chiral and SU(3) evolution
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Decuplet baryon magnetic moments

Phys.Rev.D80:034027,2009. 
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✤ Renewed interests in the MDMs of  Δ++ and Δ+, 

l Experiments: e.g.,  Kotulla (2008)

l Lattice QCD: Leinweber et al. (1992), Lee et al. (2005), Aubin et 

al. (2008), Alexandrou et al. (2009), Boinepalli et al. (2009), ...

✤ There exist many theoretical predictions, such as Quark models, QCD sum 

rules, large Nc , HBChPT,

Renewed interests in the MM’s  of the decuplet baryons

The MM of  Ω- is well measured 

2.020.05µn
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Definitions and Feynman diagrams

Magnetic dipole FF:

Magnetic moment:

Diagrams
up to NLO
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Lagrangians and parameter values

C is fixed to reproduce  the  Δ width

H is fixed by its large Nc relation with gA

gd is fixed in such a way that the Ω- MM is reproduced

In order to calculate the previously shown diagrams, one needs 

2.02±0.05µn
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Numerical results 

Compared to 2nd order and HB results, our NLO EOMS results seem to be more 

consistent with current  experimental data

−Uncertainties solely due to varying µ from 0.7 to 1.3 GeV

−Higher-order contributions, (naively), can be as large as 50% of the NLO
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Covariant ChPT for heavy-light systems

✤ SU(3) breaking corrections to D(B) decay constants
arXiv:1109.0460 [hep-ph]

✤ Light quark mass dependence of the D and Ds decay constants
Phys.Lett. B696 (2011) 390-395 

✤ Low-energy interactions of Nambu-Goldstone bosons with D mesons
Phys.Rev. D82 (2010) 054022 

fDs [MeV]

fD [MeV]

mu,d/ms

l HPQCD 
simulations Covariant vs.

HM ChPT
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Summary

❖ We have shown in a number of cases that covariant ChPT is 

superior to its non-relativistic counterpart

❖ We have studied some hot topics of current interests

- Masses, hyperon vector couplings (Vus), magnetic moments, decay 

constants, scattering lengths, etc.
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Outlook

• Further applications of covariant ChPT to the one-baryon 

sector/heavy-light systems look quite promising:  

- baryon semileptonic decays-Vus

- meson-baryon interactions

- coupled-channel effects in heavy-light systems

- precision B physics

- ......
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