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Motivation

∆ and N baryons are the lowest lying baryons that have
spin-3/2 and 1/2 respectively.
Form factors are important quantities describing hadrons
(e.g. their shape and size)
Axial vector form factors can be probed by e.g. ν’s or π
Tensor form factors can be related to spin-dependent
generalized parton distributions.
They need to be calculated using non-perturbative
methods
In Light Cone QCD sum rules, the form factors can be
expressed in terms of the distribution amplitudes of the
corresponding hadron.
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Consider the correlation function

ΠBB′
Γ (p,q) = i

∫
d4xeiqx〈0|T [ηB′(0)AΓ(x)]|B(p)〉,

Inserting a complete set of hadronic states, it becomes

ΠBB′
Γ (p,q) =

∑
h

〈0|ηB′ |h(p + q)〉
(p + q)2 −m2

h
〈h(p + q)|AΓ|B(q)〉

To calculate form factors describing the matrix element
〈B′(p + q)|AΓ|B(p)〉, choose a current ηB′ such that
〈0|ηB′ |B′(p + q)〉 6= 0 (the larger this matrix element, the
better it is)
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In the case of axial-vector nucleon form factors

Aµ = q̄τ3γµγ5q

ηN = 2εabc
2∑
`=1

(uaT (x)CJ`1db(x))J`2uc(x)

〈0|ηN |N(p′)〉 = λNu(p′)

〈N(p′)|Aµ|N(p)〉 = ū(p′)
[
γµγ5GA(q2) +

qµ

2mN
γ5GP(q2)

]
u(p),

where J1
1 = I, J2

1 = J1
2 = γ5 and J2

2 = β is an arbitrary
parameter.
β = −1 corresponds to Ioffe current
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In terms of the form factors, the correlation function
becomes:

Π = λN
GA

m2
N − p′2

6qγµγ5u(p) + λN
GP

m2
N − p′2

qµ 6qγ5u(p) + · · ·

The coefficients of the structures 6qγµγ5 and qµ 6qγ5 give
us the form factors GA and GP respectively.
The correlation function can also be calculated using
holography (see talk by F. Bigazzi), lattice, or OPE.
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In terms of the QCD parameter, in the p2,p′2 → −∞ limit,
the correlation function can be calculated using OPE:

ΠB
µ =

1
2

∫
d4xeiqx

2∑
`=1{

c1(CJ`1)αγ
[
J`2S(−x)γµγ5

]
ρβ

4εabc〈0|qa
1α(0)qb

2β(x)qc
3γ(0)|B〉

+c2(J`2)ρα
[
(CJ`1)T S(−x)γµγ5

]
γβ

4εabc〈0|qa
1α(x)qb

2β(0)qc
3γ(0)|B〉

+c3(J`2)ρβ
[
CJ`1S(−x)γµγ5

]
αγ

4εabc〈0|qa
1α(0)qb

2β(0)qc
3γ(x)|B〉

}
,

where

GN : {c1 = c2 = 1, c3 = −1, q1 → u, q2 → u, q3 → d},
GΣ : {c1 = c2 = 1, c3 = 0, q1 → u, q2 → u, q3 → s},
GΞ : {c1 = c2 = 0, c3 = 1, q1 → s, q2 → s, q3 → d},

A. Özpineci Iso-vector Form Factors of the Delta and Nucleon in QCD Sum Rules



Outline
Form Factors in Light Cone QCD Sum Rules

Results and Conclusion

The matrix elements 4εabc〈0|ua
α(a1x)ub

β(a2x)dc
γ (a3x)|N〉

are calculated by V. Braun, et al.. They can be written as:

= S1mNCαβ(γ5N)γ + S2m2
NCαβ( 6xγ5N)γ +(

V1 +
x2m2

N
4
VM

1

)
( 6pC)αβ(γ5N)γ + · · ·

where S1 =
∫
Dxie−i

∑
i ai xi p·xS1(xi), etc.

S1(xi), etc. describe how the quarks are distributed in the
nucleon
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Contributions of higher states and continuum are
subtracted using quark hadron duality
To eliminate unknown polynomials in the spectral
representation and to suppress contributions of higher
states and continuum, Borel transformation is applied

1
m2 − p′2

→ e−m2/M2

Sum rules for the form factors can be obtained from the
integral

λN f (Q2)e−
m2

N
M2 =

∫ s0

0
e−

s
M2 ρQCD(s; Q2)

where ρQCD can be expressed in terms of the QCD
parameters only
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Results

β = tan θ

Dependence of Form Factors on cos θ
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Figure : M2 = 2 GeV 2 and s0 = 2.25 GeV 2
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Dependence of Form Factors on Q2
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FIG. 2: GA,B(Q2) of N , Σ and Ξ as a function of Q2 for the
Ioffe current (dashed) and for the stable region of mixing pa-
rameter (solid). The diamonds mark the lattice-QCD results
for GA,B(0), namely axial charges of the N , Σ and Ξ. The
dot-dashed curves show the fit function to an exponential form
from three regions: Q2 > 1 GeV2 (upper), Q2 > 1.5 GeV2

(middle) and Q2 > 2 GeV2 (lower).

with respect to a change in the mixing parameter can be
found around cos θ ∼0. In further analysis, we concen-
trate on this stable region and compare the results with
those obtained using Ioffe current.

In Fig. 2, we plot the GA,B(Q2) of N , Σ and Ξ as a
function of Q2 in the region Q2 ≥1 GeV2 1, for the Ioffe
current (β = −1) and for the stable region of mixing
parameter (cos θ ∼ 0). The qualitative behavior of the
form factors agree with our expectations: The values of
the axial-vector couplings fall off quickly as we increase
the momentum transfer. While there is a considerable
discrepancy between the Ioffe and the stable regions for
nucleon form factors at low momentum transfers, the re-

1 The predictions of LCQSR are not reliable at Q2 ! 0, but are
reliable for Q2 larger then a few GeV2.
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FIG. 3: Same as Fig. 2 but for GP,B of N and Σ.

sults for the form factors are very close to each other in
the case of Σ and Ξ. Particularly for Ξ form factor the
two regions produce practically the same results.

For comparison, we also give the lattice-QCD results
for GA,B(0), namely axial charges of the N , Σ and Ξ [22].
It was found in Ref [22] that the axial charges have rather
weak quark-mass dependence and the breaking in SU(3)-
flavor symmetry is small. Furthermore, the QCDSR re-
sults are not yet precise enough to resolve the small varia-
tion of axial charges as a function of quark mass in avail-
able lattice-QCD data. Therefore we show the values
from SU(3)-flavor symmetric point only.

GA is usually parameterized in terms of a dipole form

GA,B(Q2) = gA,B/(1 + Q2/Λ2
B)2. (12)

A global average of the nucleon axial mass is deter-
mined from neutrino scattering by Budd et al. [37],
ΛN = 1.001 ± 0.020 GeV, is in good agreement with the
theoretically corrected value from pion electroproduction
as ΛN = 1.014 ± 0.016 GeV [12]. A different predic-
tion is made by the K2K Collaboration from quasielastic
νµn → µ−p scattering as ΛN = 1.20 ± 0.12 GeV [38].
To extrapolate the sum-rules results to low-momentum–
transfer region, we have first tried a two-parameter fit
to the dipole form. However this procedure fails to
give a good description of data. Instead we fix gA,N

to the experimental value and make one parameter fit
from 2 GeV2 region. Inserting the experimental value
gA,N = 1.2694(28) for nucleon and fitting to the dipole
form in Eq. (12), our sum rules in the stable region of β
produce ΛN = 1.41 GeV, a value slightly above the ex-
perimental result. We make a similar analysis for Σ and Ξ
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sults for the form factors are very close to each other in
the case of Σ and Ξ. Particularly for Ξ form factor the
two regions produce practically the same results.

For comparison, we also give the lattice-QCD results
for GA,B(0), namely axial charges of the N , Σ and Ξ [22].
It was found in Ref [22] that the axial charges have rather
weak quark-mass dependence and the breaking in SU(3)-
flavor symmetry is small. Furthermore, the QCDSR re-
sults are not yet precise enough to resolve the small varia-
tion of axial charges as a function of quark mass in avail-
able lattice-QCD data. Therefore we show the values
from SU(3)-flavor symmetric point only.

GA is usually parameterized in terms of a dipole form

GA,B(Q2) = gA,B/(1 + Q2/Λ2
B)2. (12)

A global average of the nucleon axial mass is deter-
mined from neutrino scattering by Budd et al. [37],
ΛN = 1.001 ± 0.020 GeV, is in good agreement with the
theoretically corrected value from pion electroproduction
as ΛN = 1.014 ± 0.016 GeV [12]. A different predic-
tion is made by the K2K Collaboration from quasielastic
νµn → µ−p scattering as ΛN = 1.20 ± 0.12 GeV [38].
To extrapolate the sum-rules results to low-momentum–
transfer region, we have first tried a two-parameter fit
to the dipole form. However this procedure fails to
give a good description of data. Instead we fix gA,N

to the experimental value and make one parameter fit
from 2 GeV2 region. Inserting the experimental value
gA,N = 1.2694(28) for nucleon and fitting to the dipole
form in Eq. (12), our sum rules in the stable region of β
produce ΛN = 1.41 GeV, a value slightly above the ex-
perimental result. We make a similar analysis for Σ and Ξ
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Extrapolation
Extrapolation function used to extrapolate the predictions on gA out of
the validity region of sum rules:

GA,B = gA,Be−Q2/m2
A,B

Neither dipole nor exponential fit function describes predictions well
for gP .

Fit parameters
Baryon Fit Region (GeV2) gA,B mA,B (GeV) gA,B(Exp) gA,B(Lattice)

[1.0-10] 1.68 1.20
N [1.5-10] 1.24 1.33 1.2694(28) 1.280(15)

[2.0-10] 0.97 1.42

[1.0-10] 1.11 1.32
Σ [1.5-10] 0.92 1.40 0.998(14)

[2.0-10] 0.77 1.48

[1.0-10] 0.46 1.25
Ξ [1.5-10] 0.41 1.29 0.282(6)

[2.0-10] 0.35 1.35
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Nucleon Tensor Form Factors

The tensor current is defined as:

Tµν = ūiσµνu − d̄ iσµνd

The tensor form factors are:

〈N(p′)|Tµν |N(p)〉 = ū(p′)
[
iσµνHT (q2)

+
γµqν − γνqµ

2mN
ET (q2) +

Pµqν − Pνqµ
2m2

N
H̃T (q2)

]
u(p),

where P = p′ + p and q = p′ − p
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Tensor Form Factors
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Figure : cos θ = 0, M2 = 2 GeV 2, and s0 = 2.25 GeV 2
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Exponential Fit Parameters

Form Factor Fit Region (GeV2) FT (0) mT (GeV)
[2.0-10] 1.15 1.35

HT [1.5-10] 1.52 1.25
[1.0-10] 2.11 1.13

[2.0-10] 0.96 1.11
ET [1.5-10] 1.33 1.03

[1.0-10] 1.92 0.94

[2.0-10] 0.43 1.10
H̃T [1.5-10] 0.63 1.01

[1.0-10] 0.97 0.91
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∆→ N Axial Vector Form Factors

jµ∆ = 1√
3
εabc[2(uaT Cγµdb)uc(x) + (uaT Cγµub)dc]

The form factors are defined as:

〈∆(p′, s′)|Aν(x)|N(p, s)〉 = iυλ(p′, s′)[{
CA

3 (q2)

MN
γµ +

CA
4 (q2)

M2
N

p′µ

}
(gλνgρµ − gλρgµν)qρ +

CA
5 (q2)gλν +

CA
6 (q2)

M2
N

qλqν

]
u(p)

BUT.....
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〈0|j∆|s = 1
2(p′)〉 6= 0, i.e. (lighter) spin-1/2 particles also

contribute to the correlation function
In general

〈0|jµ∆|s = 1/2(p′)〉 = (Ap′µ + Bγµ)u(p′)

hence all the contribution from spin-1/2 baryons are either
proportional to p′µ or have γµ at the far left
Other Dirac structures do not receive contributions from
spin-1/2 baryons.

A. Özpineci Iso-vector Form Factors of the Delta and Nucleon in QCD Sum Rules



Outline
Form Factors in Light Cone QCD Sum Rules

Results and Conclusion

Nucleon Axial Vector Form Factors
Nucleon Tensor Form Factors
∆ → N Axial Vector Form Factors
Axial Vector ∆ Form Factors

Monte Carlo Analysis of Uncertainties Due to Input
Parameters

Proposed by D. Leinweber 1995 (for mass sum rules)

λN f (Q2)e−
m2

N
M2 =

∫ s0
0 e−

s
M2 ρQCD(s; Q2)

For each value of Q2, choose a random value for the input
parameters (normally distributed) within their uncertainties
and obtain f (Q2)

Fit the distribution of f (Q2) to a normal distribution to
obtain its mean and variation.
M2 and s0 are randomly chosen (in the working region)
with a flat distribution
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Histogram For C3(2 GeV 2)
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Fit Function

f (Q2) = f (0)
(1+Q2/m2)2

Fit Parameters

f (0) m(GeV )

C3 0.049 2.10
C4 0.448 1.24
C5 1.11 1.52
C6 -1.66 1.40
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The Axial Vector ∆ baryon vertex is defined as:

〈∆(p′, s′)|Aν(x)|∆(p, s)〉 =

−i
2
υα(p′, s′)

[
gαβ

(
g1(q2)γνγ5 + g3(q2)

qνγ5

2M∆

)
+

qαqβ

4M2
∆

(
h1(q2)γνγ5 + h3(q2)

qνγ5

2M∆

)]
υβ(p, s)

Only the leading twist distribution amplitudes of the ∆
baryon are calculated (C.E. Carlson and J. L. Poor, 1988)
Leading twist is not enough to calculate h1 and h3 form
factors due to additional factors of q in their coefficients.
Calculation of ∆→ N form factors using ∆ distribution
amplitudes can give an idea on how well the leading twist
DA describes the ∆ baryon.
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Fit Function:

f (Q2) = f (0)(
1+ Q2

m2

)2

Fit Parameters

f (0) m (GeV )

g1 -5.45 0.85
g3 -24.21 0.81
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Conclusions

Nucleon and Delta isovector form factors are presented
Baryon mass corrections are important.
Need more information of ∆ baryon DAs.
Uncertainties due to the input parameters, fit region are
analyzed
Using M2 dependent s0 might reduce the uncertainty? (to
be done, see next talk)
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