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Abstract

Magnetic dipole moment form factor, G
(2)
M (Q2), describing the radial excitation of decu-

plet baryons to octet baryons electromagnetic transitions as well as the ratios, RSM =

− 1
4m2

2

√
4m2

2Q
2 + (m2

2 −Q2 −m2
1)

2G
(2)
C

(Q2)

G
(2)
M

(Q2)
and REM = −

G
(2)
E

(Q2)

G
(2)
M

(Q2)
are calculated in the framework

of light-cone sum rules. We also estimate the degree of the violation of U-spin symmetry. The

obtained results for the multipole form factors can be useful in searching the properties of radially

excited baryon states.
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I. INTRODUCTION

The considerable progress in studying the spectrum of hadrons and obtaining useful

information about their inner structure using experimental data with the electromagnetic

interaction has essentially extended our knowledge about the QCD dynamics at low energies.

The properties of the excited states essentially depend on the properties of QCD at low

energy.

Many baryon states predicted by the quark model have been observed, and their prop-

erties (masses, decay widths, quantum numbers) are carefully studied [1]. However, part

of the baryons predicted by the quark model have not been discovered in experiments yet.

These states are called “missing-states” [2]. Searching for these baryons constitutes one of

the main motivations for future studies in the physics program of Jefferson Lab, BATE, and

MAMI facilities, namely investigation of the spectrum of baryons containing strange quarks.

Considering the potential of these facilities, it is expected that these investigations will en-

rich our knowledge on the application of QCD in this direction, and more information will be

acquired about the properties of hadrons around their first excitations via electromagnetic

probes.

In literature, there are many studies in this area. For instance, the electroproduction

of the first radial excitation of ∆ baryon is investigated in the framework of the light-front

model [3], and the effect of ∆(1600) is studied in [4]. Moreover, the transition γ∗N →

∆(1232), ∆(1600) is analyzed within a diquark-diquark and covariant constituent of the

quark model in [5, 6], correspondingly. The transition form factors γ∗N → ∆(1600) within

light-cone sum rules is studied in [7]. In this study, the form factors of the other members of

the radial excitations decuplet baryons in reactions γ∗Σ → Σ∗ and γ∗Ξ → Ξ∗ are calculated

within the light-cone sum rules (LCSR). Here γ∗ means virtual photon, and B∗ is the radial

excitation of ground-state decuplet baryons. Note that the form factors γ∗N → ∆(1232)

and γ∗ octet → decuplet baryon transition within the same approach is studied in [8] and

[9], respectively.

The paper is organized as follows. In section II, we derive the sum rules for the multipole

form factors responsible for γ∗B → B∗ transition. In section III, the numerical analysis of

the derived sum rules for multipole form factors is performed. The summary and conclusion

of the study are presented in the last section.
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II. LIGHT-CONE SUM RULES FOR THE γ∗B → B∗
TRANSITION FORM FAC-

TORS

In this section, the light-cone sum rules for the γ∗B → B∗ transition form factors is

obtained. These form factors are defined by the matrix element of the electromagnetic

current jelµ = eq1 q̄1γµq1 + eq2 q̄2γµq2 + eq3 q̄3γµq3 between the initial ground octet and first

radial excitations of decuplet baryon states, i.e., 〈B∗(p′)|jelµ |B(p)〉. In general form, this

matrix element can be written as

〈B∗(p′)jelµ |B(p)〉 = ūβ(p
′)Γβµu(p). (1)

The main issue is defining constraint-free and gauge-invariant form factors from this matrix

element. This problem is solved in [10], and the matrix element in Eq. (1) is determined as

〈B∗(p′)|jelµ |B(p)〉 =

2∑

i=1

ūβ(p
′)
{
G

(i)
1 (Q2)(−qβγµ + /qgβµ) +G

(i)
2 (Q2)(−qβPµ + (qP)gβµ)

+G
(i)
3 (qβqµ − q2gβµ)

}
γ5u(p),

(2)

where i = 1(2) corresponds to the ground (first radial excitation) state decuplet baryons,

q = p− p′, Pα = 1
2
(p+ p′)α, and uβ(p

′) is the Rarita-Schwinger spinor for spin 3/2 baryons.

From the experimental point of view, the multipole form factors are more convenient to

study. The relations among form factors Gi(Q
2) and multipole magnetic dipole G

(2)
M (Q2),

electric quadrupole, G
(2)
E (Q2), and Coulomb quadrupole, G

(2)
C (Q2) form factors are obtained

in [10, 11].

G
(i)
M (Q2) =

m0

3(m0 +mi)

[
(3(mi +m0)(mi +m0) +Q2)

G
(i)
1 (Q2)

mi

+ (m2
i −m2

0)G
(i)
2 (Q2)− 2Q2G

(i)
3 (Q2)

]
,

G
(i)
E (Q2) =

m0

3(m0 +mi)

[(
mi −m2

0 −Q2)
G

(i)
1 (Q2)

mi

+ (m2
i −m2

0)G
(i)
2 − 2Q2G

(i)
3 (Q2)

]
,

G
(i)
C (Q2) =

2m0

3(m0 +mi)

[
2miG

(i)
1 (Q2) +

1

2
(3m2

i +m2
0 +Q2)G

(i)
2 (Q2)

+ (m2
i −m2

0 −Q2)G
(i)
3 (Q2)

]
,

(3)

where m0, m1 and m2 are the mass of the ground state 1/2 baryons, ground and first

radial excitations of decuplet baryons, respectively. Instead of studying these multipole
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form factors, in the present work, we analyze the magnetic dipole, G
(2)
M (Q2), form factor as

well as the ratios of the multipole form factors RSM and REM [8], which are more convenient

for analyzing the experimental data

RSM = −
1

4m2
2

√
4m2

2Q
2 + (m2

2 −Q2 −m2
N )

2
G

(2)
C (Q2)

G
(2)
M (Q2)

,

REM = −
G

(2)
E (Q2)

G
(2)
M Q2

.

(4)

The main problem is the calculation of these (Gi or GM , GE and GC) form factors. For this

purpose, we implement light cone QCD sum rules. According to the LCSR methodology,

we start our calculations by considering the following correlation function

Πβµ(p, q) = i

∫
d4xeiqx〈0|T{ηβ(0)|j

el
µ (x)}|B(p)〉, (5)

where B(p) is the common notation for octet Σ and Ξ baryons, ηβ is the interpolating

current for ground or radial excitations of the decuplet baryons, and jelµ =
∑

q eq q̄γµq is

the electromagnetic current. Here q denotes light quark, and eq is its electric charge. The

interpolating current for decuplet baryons in a general form can be written as

ηβ = Nǫabc
[
(qa1

TCγβq
b
2)q

c
3 + (qa2

TCγβq
b
3)q

c
1 + (qa3

TCγβq
b
1)q

c
2

]
, (6)

where a, b, c are color indices, and C is the charge conjugation operator. The quark content

of the considered decuplet baryons and the value of the normalization factor is presented

in Table I. To derive sum rules for the considered form factors, the correlation function

is calculated in two different kinematical domains. In a time like domain, its expressions

can be obtained by inserting the complete set of hadron states which carry the same quan-

tum numbers as the interpolating current, and then the considered state is isolated. The

phenomenological part of the correlation function can also be calculated in the deep Eu-

clidean region Q2 << 0 with the operator product expansion (OPE). In LCSR, the OPE

is performed over twist. One can then obtain the relevant sum rules by matching these

two representations of the correlator functions via dispersion relation. Finally, performing

Borel transformation and subtracting the continuum contribution, we get the result for the

considered problem.

Let us first calculate the phenomenological part of the correlation function. Inserting

the hadronic states with quantum number JP = 3
2

+
and isolating the contributions of the

ground and first radial excitations of decuplet baryons we get,
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N q1 q2 q3

Σ∗+
√

1
3 u u s

Σ∗0
√

2
3 u d s

Σ∗−
√

1
3 d d s

Ξ∗0
√

1
3 s s u

Ξ∗−
√

1
3 s s d

TABLE I. The quark content and the normalization factor of the decuplet baryons are presented.

Πβµ(p, q) =
2∑

i=1

〈0|ηβ(0)|B
∗
i 〉〈B

∗
i |j

el
µ |B(p)〉

m2
i − p′2

+ ..., (7)

where i = 1(2) describe ground (first) radial excitation baryon and ... corresponds to the

contributions of continuum and higher states. The matrix element, 〈0|ηβ|β
∗
i 〉, is defined as;

〈0|ηβ|B
∗
i 〉 = λiuβ(p

′), (8)

where uα(p
′) is the Rarita-Schwinger spinor, λi is its residue and p′ = p − q. The second

matrix element is given in Eq. (2). Performing summation over the spins of Rarita-Schwinger

spinors using the formula,

∑

s

u(s)
α (p′)ū

(s)
β (p′) = −(/p

′ +mi)
{
gαβ −

1

3
γαγβ −

2p′αp
′
β

3m2
i

+
p′αγβ − p′βγα

3mi

}
(9)

for the correlation function from hadronic part, we get

Παµ =−
∑

i

λi

m2
i − p′2

(/p
′ +mi)

{
gαβ −

1

3
γαγβ −

2p′αp
′
β

3m2
i

+
p′αγβ − p′βγα

3mi

}

{
Gi

1(−qβγµ + gβµ/q) +Gi
2(−qβPµ + gβµqP) +Gi

3(qβqµ − gβµq
2)
}
γ5uN(p).

(10)

It should be noted that we face with the following drawbacks. The interpolating current

ηα couples not only to spin 3/2 state but also to spin (1/2)− one. The matrix element of

the interpolating current between vacuum and spin (1/2)− state in general is determined as

〈0|ηα|
1

2
(p′)〉 = (Aγα +Bp′α)u(p

′). (11)
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Multiplying both side to γα and using γαηα = 0, we get

〈0|ηα|
1

2
(p′)〉 =

B

4
(−mγα + 4p′α)u(p

′). (12)

From Eq. (12), we see that the structures proportional to γα or p′α contain the contributions

of 1
2

−
states. Hence, to take into account only the contributions of 3

2
states, these structures

should be removed. Considering this fact, it follows from Eq. (10) that contribution of the

spin-3/2 term is solely due to the term gαβ.

There is another unpleasant situation, namely, the fact that all structures being not inde-

pendent. To obtain independent structures, we need an ordering procedure. In the present

work, we choose the ordering of Dirac matrices as γα/p
′/qγµγ5. Taking into account all the

aforementioned circumstances, the hadronic part of the correlation function for describing

3/2 decuplet baryons (radial excitations) to octet baryon transitions containing only the

contributions of spin 3/2 states can be written as follows.

Παµ =−
λ1

m2
1 − p′2

(/p
′ +m1)

[
G

(1)
1 (−qαγµ + gαµ/q)

+G
(1)
2 [−qα(p

′ + q/2)µ + q · (p′ + q/2)gαµ] +G
(1)
3 [qαqµ − q2gαµ]γ5uN(p)

]

−
λ2

m2
2 − p′2

(/p
′ +m2)

[
G

(2)
1 (−qαγµ + gαµ/q)

+G
(2)
2 [−qα(p

′ + q/2)µ + q · (p′ + q/2)gαµ] +G
(2)
3 [qαqµ − q2gαµ]γ5uN(p)

]
.

(13)

where m1(m2), G
(i)
1 (G

(i)
2 ) are the mass of ground (radial excitation) 3/2 state and form

factors describing the transitions 3/2 (radial excitation) → 1/2, respectively.

This equation contains six form factors. Three of them correspond to the ground, and

the other three correspond to radial excited state decuplet baryons to ground state octet

baryon transition. To determine these six form factors, we need six independent Lorentz

structures.

From Eq. (13), we see that the correlation function can be written in terms of the six

independent structures in the following way.

Παµ = Π1/p
′
/qγ5gαµ +Π2/qγ5gαµ +Π3/p

′γ5p
′
µqα +Π4γ5p

′
µqα +Π5/p

′γ5qαqµ

+Π6γ5qαqµ + other structures
(14)

Equating the coefficients of the relevant Lorentz structures from Eqs. (13) and (14), we
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get,

Π1 = −
λ1G

(1)
1

m2
1 − p′2

−
λ2G

(2)
1

m2
2 − p′2

,

Π2 = −
λ1m1G

(1)
1

m2
1 − p′2

−
λ2m2G

(2)
1

m2
2 − p′2

,

Π3 =
λ1G

(1)
2

m2
1 − p′2

+
λ2G

(2)
2

m2
2 − p′2

,

Π4 =
λ1m1G

(1)
2

m2
1 − p′2

+
λ2m2G

(2)
2

m2
2 − p′2

,

Π5 =
λ1

m2
1 − p′2

[
G

(1)
2

2
−G

(1)
3 ] +

λ2

m2
2 − p′2

[
G

(2)
2

2
−G

(2)
3 ],

Π6 =
λ1m1

m2
1 − p′2

[
G

(1)
2

2
−G

(1)
3 ] +

λ2m2

m2
2 − p′2

[
G

(2)
2

2
−G

(2)
3 ].

(15)

Solving these equations for our goal to determine the form factors G
(2)
1 , G

(2)
2 , and G

(2)
3 , which

describe the transition of the radial excitation of decuplet baryons to the ground state octet

baryons, we get

−m1Π1 +Π2 = −
λ2G

(2)
1

m2
2 − p′2

(m2 −m1),

−m1Π3 +Π4 =
λ2G

(2)
2

m2
2 − p′2

(m2 −m1),

−m1Π5 +Π6 =
λ2

m2
2 − p′2

(m2 −m1)[
G

(2)
2

2
−G

(2)
3 ].

(16)

From this equation, it follows that to obtain the sum rules for the form factors G
(2)
i , the

expression of the correlation function from the OPE part is needed. The OPE part of the

correlation function can be obtained by inserting the expression of the interpolating current

given in Eq. (6) into Eq. (5) and using the Wick theorem. As a result, one can get the

expressions of invariant functions in the deep Euclidean domain p′2 = (p − q)2 << 0. In

the LCSR method, the OPE part of the correlation function for the considered problem

is expressed in terms of octet baryon distribution amplitudes (DA’s). The distribution

amplitudes of the octet baryons appear in matrix element of three quark non-local operator

between vacuum and members of the octet baryons

ǫabc〈0|qa1α(a1x)q
b
2β(a2x)q

c
3γ(a3x)|O(p)〉. (17)
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Using the spin and parity of the baryons as well as the Lorentz covariance, the general

Lorentz composition of this matrix element can be written as

4ǫabc〈0|qa1α(a1x)q
b
2β(a2x)q

c
3γ(a3x)|O(p)〉 =

∑

i

FiΓ
1i
αβ(Γ

2iu(p))γ (18)

where Γ1(2)i are concrete Dirac matrices, Fi = S,Pi,Ai,Vi and Ti are the DA’s having no

definite twists. The decomposition of Eq. (12) in terms of Fi is given in [8]. The DA’s with

definite twists are defined as

4ǫabc〈0|qa1α(a1x)q
b
2β(a2x)q

c
3γ(a3x|O(p)〉 =

∑

i

FiΓ
1i
αβ(Γ

2iu(p))γ. (19)

where Fi = S, Pi, Ai, Vi and Ti. The relations among the two sets of DA’s is given in [8] and

for completeness presented in Appendix A. The DA’s, which are the main non-perturbative

ingredient, and up to twist-6 are calculated in [8, 12–17].

Using the expressions of the DAs of the octet baryons, the invariant functions Πi is

calculated straightforward. The general form of the expressions of the invariant functions

can be written as

Πi

(
(p− q)2, q2) =

3∑

n=1

∫ 1

0

ρ
(n)
i

(
x, q2, (p− q)2

)
(
(q − px)2

)n (20)

where ρni are spectral densities. Explicit expressions for ρni for the considered transitions

are presented in Appendix B. Using the quark-hadron duality ansatz and performing Borel

transformation from both side of Eq. (16) with respect to −p′2 = −(p− q)2 to enhance the

contributions of first radial excitations as well as suppressing the contributions of higher

states and continuum, we arrive the desired sum rules for the transition form factors of

γ∗octet → first radial excitations of decuplet baryons.

−λ2G
(2)
1 (Q2)(m2 −m1)e

−m
2

2/M
2

= −m1I1(M
2, Q2, s0) + I2(Q

2,M2, s0),

λ2G
(2)
2 (Q2)(m2 −m1)e

−m
2

2/M
2

= −m1I3(M
2, Q2, s0) + I4(Q

2,M2, s0),

λ2(
G

(2)
2 (Q2)

2
−G

(2)
3 (Q2))(m2 −m1)e

−m
2

2/M
2

= −m1I5(M
2, Q2, s0) + I6(Q

2,M2, s0),

(21)

where the functions Ii(, Q
2,M2, s0) are (see [18] and [19])

Ii =
3∑

n=1

∫ 1

x0

dxe−s/M2 1

(n− 1)!

ρ
(n)
i

xn(M2)n−1

− e−s0/M2

[
(−1)n−1

(n− 1)!

n−1∑

j=1

1

(M2)n−j−1

1

s′
( d

dx

1

s′
)j−1ρ

(n)
i

xn

]

|x=x0

,

(22)
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where s =
m2

0x̄x+Q2x̄

x
, x̄ = 1−x, s′ = ds

dx
, and x0 is the solution of s0 = s equation in which m0

is the ground state baryon mass. It follows from Eq. (21) that to determine the transition

form factors, the residues of the radial excitations of decuplet baryons are needed. The mass

and residues of these baryons within QCD sum rules are estimated in [20], and the results

are: m2 = 1.389 GeV , λ2 = 0.045 GeV 3 (for Σ∗ baryon), m2 = 1.577 GeV , λ2 = 0.045 GeV 3

(for Ξ∗ baryon).

Once the form factors, G
(2)
i , are calculated from the sum rule presented in Eq. (21) then

using Eq. (2) we can calculate the multipole form factors G
(2)
M (Q2), G

(2)
E (Q2), and G

(2)
C (Q2).

III. NUMERICAL ANALYSIS

In the present section, the numerical calculations are done for the multipole form factors

as well as REM and RSM . As we already noted, the main non-perturbative inputs are DAs

of the octet baryons. These DA’s are presented in [12–17]. In these works, the values of

the parameters entering the expressions of DA’s are also depicted. To predict the form

factors reliably, the working regions of two auxiliary parameters, the Borel mass M2 and the

continuum threshold s0, should be specified. The working regions of these parameters are

determined in a standard way. The working window for M2 is determined by demanding

the following criteria:

1. The lower bound ofM2 is obtained by requiring that, the higher states and continuum’s

contributions should be by less than say 40% of the total result.

2. The upper limit is determined from the condition that the higher twist conditions

should be smaller than the leading twist one. Our numerical analysis leads to the con-

clusion that these conditions are satisfied in the regions shown below for the considered

transitions.

1.5 GeV 2 ≤ M2 ≤ 3.5 GeV 2 (for γ∗Σ → Σ∗)

1.5 GeV 2 ≤ M2 ≤ 3.5 GeV 2 (for γ∗Ξ → Ξ∗)

2.0 GeV 2 ≤ M2 ≤ 4.0 GeV 2 (for γ∗Ξ → Ξ∗)

(23)

Besides, the continuum threshold s0 is obtained by requiring that the mass sum rules within

10% accuracy reproduce the mass of Σ∗(1.727) and Ξ∗(1.965) states. From these conditions,

9



we get s0 = (2.6 ± 0.1)2 GeV2 and (s0 = 2.9 ± 0.1)2 GeV2 for γ∗Σ → Σ∗ and γ∗Ξ → Ξ∗

transitions, respectively.

Having the values of all the input parameters, we can start performing numerical calcu-

lations. In Figures 1 to 5, we depict the dependency of the magnetic dipole form factors

GM(Q2) on Q2 for the considered transitions at the fixed values of s0 and M2. From these

figures, we can classify the results for the γ∗Σ → Σ∗ and γ∗Ξ → Ξ∗ transitions using the

magnitudes of the dipole form factors GM as

• large: for γ∗Σ+ → Σ+∗, γΣ0 → Σ0∗ and γΞ0 → Σ0∗

• small: for γ∗Σ− → Σ−∗ and γ∗Ξ− → Ξ−∗.

This classification is similar to the ground state decuplet octet transitions, with only one

exception. In the last transitions, the magnitude of GM(Q2) for γ∗Σ0 → Σ0∗ transition is

moderate, but in our case, its magnitude is comparable with γ∗Σ+ → Σ+∗ and γ∗Ξ0 → Ξ0∗

transitions. This can be explained as a consequence of U-spin symmetry [21].

Let us consider the following ratio T = |
G

(2)
M

Σ+

G
(2)
M

Ξ0 − 1|. In the U-spin symmetry case, this

factor must be equal to zero. However, from our findings, we observe that the U − spin

symmetry is broken about 15%. Similar results can be inferred for the T -factor of the

γ∗Σ− → Σ−∗ and γ∗Ξ− → Ξ−∗ transitions.

Instead of studying the behavior of G
(2)
E (Q2) and G

(2)
C (Q2) on Q2, we study the dependen-

cies of REM and RSM on Q2 since these quantities are related with G
(2)
E (Q2) and G

(2)
C (Q2)

(see Eq. (4)). The dependencies of these quantities on Q2 are presented in Figs. 6 and 7,

respectively. From these figures, we get the following domains of variation of REM and

RSM : For comparison, we also present the results of these quantities for the ground state

decuplet to ground state octet baryons in Table III. From Table II, it follows that the values

of REM(Q2) for γ∗Σ± → Σ±∗ and γ∗Ξ0 → Ξ0∗ in magnitude very close to each other as a

consequence of U − spin symmetry. The large value of REM for γ∗Ξ− → Ξ−∗ channel is due

to the large value of G
(2)
E (Q2). The magnitude of RSM(Q2) for the channels γ∗Σ− → Σ−∗,

γ∗Σ+ → Σ+∗ and γ∗Ξ0 → Ξ0∗ are very close to each other likewise for the magnitudes.

Similar situation takes place for γ∗Σ0 → Σ0∗ and γ∗Ξ− → Ξ−∗ channels too. Comparing

the results in Table II and III, we observe that the values of RSM for the first radial decuplet

to octet baryons are close to the corresponding results for the ground state decuplet to octet

10



REM (Q2) RSM (Q2)

γ∗Σ0 → Σ0∗ 0.28 ÷ 0.55 −0.1÷−0.5

γ∗Σ− → Σ−∗ 0.4 ÷ 0.8 0.15 ÷ 0.30

γ∗Σ+ → Σ+∗ 0.50 ÷ 0.85 −0.25 ÷ 0.25

γ∗Ξ0 → Ξ0∗ −0.50 ÷−0.75 −0.2÷ 0.4

γ∗Ξ− → Ξ−∗ 1.3 ÷ 1.4 −0.2÷ 0.5

TABLE II. The obtained results of REM and RSM for the considered transitions are shown with

respect to the variation of Q2.

REM (Q2) RSM (Q2)

γ∗Σ0 → Σ0∗ 0.21÷ 0.2 −0.3÷−0.5

γ∗Σ− → Σ−∗ −0.35 ÷ 0.6 practically zero

γ∗Σ+ → Σ+∗ 0.1 ÷ 0.2 −0.25 ÷−0.3

γ∗Ξ0 → Ξ0∗ −0.1÷ 0 −0.35 ÷−0.4

γ∗Ξ− → Ξ−∗ −0.5÷ 0.8 −0.1÷ 0

TABLE III. The results for the ground state decuplet to ground state octet baryons are shown [9].

baryon transitions except the results for γ∗Σ− → Σ−∗ and γ∗Ξ− → Ξ−∗. On the other hand,

for REM(Q2), we find that the results are close only for γ∗Σ− → Σ−∗ channels.

IV. CONCLUSION

In this work, we studied the electromagnetic transitions among the first radial excita-

tions of decuplet baryons to ground state baryons using the light-cone QCD sum rules.

The magnetic dipole form factors G
(2)
M (Q2) as well as the ratios REM = −

G
(2)
E

(Q2)

G
(2)
M

(Q2)
and

11



RSM = − 1
4m2

1

√
4m2

1Q
2 + (m2

1 −Q2 −m2
N )

2G
(2)
C

(Q2)

G
(2)
M

(Q2)
are calculated when Q2 varies in the do-

main 1 GeV2 ≤ Q2 ≤ 10 GeV2. We observe that the results of theG
(2)
M (Q2) for the transitions

γ∗Σ+ → Σ∗+, γ∗Ξ− → Ξ−∗ are very close to each other as a result of the SU(3) symmetry.

We also find that the results for RSM(Q2) for the first radial decuplet excitation state to

octet baryons are close to each other except the results for the γΣ− → Σ−∗ and γ∗Ξ− → Ξ−∗

transitions. For the quantity REM , we see that the result only for γ∗Σ− → Σ−∗ and more

or less for γ∗Ξ− → Ξ−∗ channels to considered transitions are close to each other.

The results of the multipole form factors for the γ∗B → B∗ octet to the first radial

excitation of decuplet baryons transition can be very useful and play a critical role for studies

of the properties of the excited baryon spectrum and their properties in future experiments.

G
(2
)

M
(Q

2
)

Q2 (GeV 2)

s0 = 5.0 GeV 2, M2 = 3.0 GeV 2

γΣ+ → Σ+∗

10.09.08.07.06.05.04.03.02.01.0

1.5

1.0

0.5

0.0

FIG. 1. The dependency of the G
(2)
M (Q2) on Q2 at a fixed values of s0 and M2 for γΣ+ → Σ+∗.
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G
(2
)

M
(Q

2
)

Q2 (GeV 2)

s0 = 5.0 GeV 2, M2 = 3.0 GeV 2

γΣ0 → Σ0∗

10.09.08.07.06.05.04.03.02.01.0

2.5

2.0

1.5

1.0

0.5

0.0

FIG. 2. The same as in Fig. 1, but for γΣ0 → Σ0∗.

G
(2
)
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)

Q2 (GeV 2)

s0 = 5.0 GeV 2, M2 = 3.0 GeV 2

γΣ− → Σ−∗
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0.00
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-0.15

-0.20

-0.25

-0.30

FIG. 3. The same as in Fig. 1, but for γΣ− → Σ−∗.
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G
(2
)

M
(Q

2
)

Q2 (GeV 2)

s0 = 7.0 GeV 2, M2 = 4.0 GeV 2

γΞ0 → Ξ0∗

10.09.08.07.06.05.04.03.02.01.0
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0.0

FIG. 4. The same as in Fig. 1, but for γΞ0 → Ξ0∗ .
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FIG. 5. The same as in Fig. 1, but for γΞ− → Ξ−∗ .
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γΞ− → Ξ−∗

γΞ0 → Ξ0∗

γΣ0 → Σ0∗

γΣ+ → Σ+∗

γΣ− → Σ−∗
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(2
)

E
M
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FIG. 6. The dependency of the REM(Q2) on Q2 at s0 = 5 GeV2 andM2 = 3 GeV2 for γΣ+ → Σ+∗,

γΣ− → Σ−∗, and γΣ0 → Σ0∗ and s0 = 7 GeV2 and M2 = 4 GeV2 for γΞ0 → Ξ0∗ and γΞ− → Ξ−∗

γΞ− → Ξ−∗

γΞ0 → Ξ0∗

γΣ0 → Σ0∗

γΣ+ → Σ+∗

γΣ− → Σ−∗
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FIG. 7. Same as in Fig. 6 but for RSM .
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APPENDIX

Relations between two sets of octet baryon distribution amplitudes are given below

(see [17]).

S1 = S1 , (2P ·x)S2 = S1 − S2 ,

P1 = P1 , (2P ·x)P2 = P2 − P1 ,

V1 = V1 , (2P ·x)V2 = V1 − V2 − V3 ,

2V3 = V3 , (4P ·x)V4 = −2V1 + V3 + V4 + 2V5 ,

(4P ·x)V5 = V4 − V3 , (2P ·x)2 V6 = −V1 + V2 + V3 + V4 + V5 − V6 ,

A1 = A1 , (2P ·x)A2 = −A1 + A2 − A3 ,

2A3 = A3 , (4P ·x)A4 = −2A1 − A3 − A4 + 2A5 ,

(4P ·x)A5 = A3 − A4 , (2P ·x)2A6 = A1 − A2 + A3 + A4 − A5 + A6 ,

T1 = T1 , (2P ·x) T2 = T1 + T2 − 2T3 ,

2T3 = T7 , (2P ·x) T4 = T1 − T2 − 2T7 ,

(2P ·x) T5 = −T1 + T5 + 2T8 , (2P ·x)2 T6 = 2T2 − 2T3 − 2T4 + 2T5 + 2T7 + 2T8 ,

(4P ·x) T7 = T7 − T8 , (2P ·x)2 T8 = −T1 + T2 + T5 − T6 + 2T7 + 2T8 .

Explicit expressions of DAs Si, Pi, Ai, Vi and Ti at the leading order of conformal spin

expansion can be found in [8, 12–17].

APPENDIX B

In this appendix, we present the expressions for the functions ρ
(i)
1 , ρ

(i)
2 and ρ

(i)
3 which

appear in the sum rules for G
(2)
1 (Q2), G

(2)
2 (Q2), and

G
(2)
2 (Q2)

2
−G

(2)
3 (Q2), for the γ∗Σ+ → Σ∗+

transition.
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FUNCTIONS ρ
(n)
i FOR THE FORM FACTOR G

(2)
1

ρ
(3)
1 (x) = 0

ρ
(3)
2 (x) =

8(1− x)

x
eq2m

2
0mq2(x

2m2
0 +Q2)

˜̃
B6

ρ
(2)
1 (x) = −4eq3m0(m0

̂̂
B6 − 2mq3B̂4) + 8eq2m0mq2B̃2

− 8eq2m
2
0

∫ x̄

0

dx1(T1
M − A1

M)(x1, x, 1− x1 − x)

+ 8eq3m
2
0

∫ x̄

0

dx1T1
M(x1, 1− x1 − x, x)

ρ
(2)
2 (x) = −

4m0

x

{
− eq1

[
(x− 1)(x2m2

0 +Q2)Č2 + 2x(x+ 1)Ď2

]

+ eq2

[
x3m2

0B̃2 + x3m2
0B̃4 + (x− 1)(x2m2

0 +Q2)D̃2 − (x− 1)(x2m2
0 +Q2)C̃2

− x2m2
0B̃2 − x2m2

0B̃4 − 2x2m0mq2H̃1 + 2x2m0mq2B̃5 + 2x2m0mq2B̃7

+ 2(x− 1)xm2
0
˜̃
B8 + 2xm0mq2H̃1 − 2xm0mq2B̃5 − 2xm0mq2B̃7 − xm0mq2

˜̃
B6

+ xQ2B̃2 + xQ2B̃4 − 2m0mq2
˜̃
B6 −Q2B̃2 −Q2B̃4

]

+ xeq3m0

[
(x− 1)

(
m0(

̂̂
D6 − 2

̂̂
C6) +mq3(D̂5 − 2Ĉ5 + 2B̂5 + 4B̂7)

)
+mq3

̂̂
B6

]}

ρ
(1)
1 (x) = −eq2

∫ x̄

0

dx1(8B1 − 8D1)(x1, x, 1− x1 − x) + 8eq3

∫ x̄

0

dx1B1(x1, 1− x1 − x, x)

ρ
(1)
2 (x) =

4m0

x

[
eq2(D̃2 − C̃2 + B̃2 + B̃4)− eq1(xĎ2 + Č2)

]

+ 4(x− 1)eq1m0

∫ x̄

0

dx3(C3 −D3)(x, 1− x− x3, x3)

− 4eq2(x− 1)m0

∫ x̄

0

dx1

[
(D3 − C3 + 2P1 − 2S1)− 8mq2B1

]
(x1, x, 1− x1 − x)

+ 4eq3(x− 1)m0

∫ x̄

0

dx1

[
(D3 − 2C3)− 8mq3B1

]
(x1, 1− x1 − x, x)

(1)
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FUNCTIONS ρi FOR THE FORM FACTOR G
(2)
2

ρ
(3)
3 (x) = 64(x− 1)x2eq1m

3
0
ˇ̌C6 + 16xeq2m

2
0

[
4(x− 1)xm0(

˜̃
C6 − 2

˜̃
B8)−mq2

˜̃
B6

]

+ 16xeq3m
2
0

[
mq3

̂̂
B6 − 2(x− 1)xm0(

̂̂
D6 − 2

̂̂
C6 + 2

̂̂
B8)

]

ρ
(3)
4 (x) = 32(x− 1)eq2m

2
0

[
(x2m2

0 + 2xQ2 −Q2)
˜̃
B6 + xm0mq2

˜̃
B8

]

+ 16(x− 1)eq3m
2
0

[
2x(xm2

0 +Q2)
̂̂
B6 − xm0mq3(

̂̂
D6 + 2

̂̂
C6)

]

ρ
(2)
3 (x) = −8(1− 2x)xeq1m0Č2 + 8xeq2m0

[
(2x− 1)C̃2 + 2(1− 2x)B̃4 − D̃2 − 2B̃2

]

− 8xeq3m0

[
xD̂2 − 2xĈ2 + 2(x− 1)B̂4

]

ρ
(2)
4 (x) = −8(x− 1)xeq1m

2
0(Ď5 − Č4)− 8eq2m0

{
(x− 1)xm0

[
D̃5 − C̃4 − 2(H̃1 + Ẽ1 − B̃5)

]

+ (4x− 3)m0
˜̃
B6 + 2xmq2B̃4 +mq2(B̃2 − B̃4)

}
+ 8xeq3m0

[
(x− 1)m0(D̂5 + 2Ĉ5 − 2B̂5)

+mq3(D̂2 + 2Ĉ2)
]
+ 8(2x− 1)eq1m

2
0

∫ x̄

0

dx3V1
M(x, 1− x− x3, x3)

− 8eq2m
2
0

∫ x̄

0

dx1

[
A1

M + (1− 2x)V1
M + 2(x− 1)T1

M
]
(x1, x, 1− x1 − x)

− 16xeq3m
2
0

∫ x̄

0

dx1T1
M(x1, 1− x1 − x, x)

ρ
(1)
3 (x) = 0

ρ
(1)
4 (x) = 8(2x− 1)eq1

∫ x̄

0

dx3C1(x, 1− x− x3, x3)

− 8eq2

∫ x̄

0

dx1

[
D1 − (2x− 1)C1 + 2(x− 1)B1

]
(x1, x, 1− x1 − x)

− 16xeq3

∫ x̄

0

dx1B1(x1, 1− x1 − x, x)

(2)

19



FUNCTIONS ρi FOR THE FORM FACTOR
G

(2)
2
2 −G

(2)
3

ρ
(3)
5 (x) = −64(x− 1)2xeq1m

3
0
ˇ̌C6 − 16(x− 1)eq2m

2
0

[
4(x− 1)xm0(

˜̃
C6 − 2

˜̃
B8)− 2mq2

˜̃
B6

]

− 16(x− 1)eq3m
2
0

[
2(x− 1)xm0(2C6 −

̂̂
D6 − 2

̂̂
B8) +mq3

̂̂
B6

]

ρ
(3)
6 (x) =

−32(x− 1)2

x
eq2m

2
0

[
(x2m2

0 + 2xQ2 −Q2)
˜̃
B6 + xm0mq2

˜̃
B8

]

−
16(x− 1)2

x
eq3m

2
0

[
2x(xm2

0 +Q2)
̂̂
B6 − xm0mq3(2C6 +

̂̂
D6)

]

ρ
(2)
5 (x) = −16(x− 1)xeq1m0Č2 + 16(x− 1)eq2m0(−xC̃2 + 2xB̃4 + D̃2 + B̃2)

+ 8(x− 1)eq3m0

[
xD̂2 − 2xĈ2 + 2(x− 1)B̂4

]

ρ
(2)
6 (x) = 8(x− 1)2eq1m

2
0(Ď5 − Č4) +

8(x− 1)

x
eq2m0

{
(x− 1)xm0

[
D̃5 − C̃4 − 2(H̃1 + Ẽ1 − B̃5)

]

+ 4(x− 1)m0
˜̃
B6 + 2xmq2B̃4

}

− 8(x− 1)eq3m0

[
(x− 1)m0(D̂5 + 2Ĉ5 − 2B̂5) +mq3(D̂2 + 2Ĉ2)

]

− 16(x− 1)eq1m
2
0

∫ x̄

0

dx3V1
M(x, 1− x− x3, x3)

− 16(x− 1)eq2m
2
0

∫ x̄

0

dx1(V1
M − T1

M)(x1, x, 1− x1 − x)

+ 16(x− 1)eq3m
2
0

∫ x̄

0

dxM
T1
(x1, 1− x1 − x, x)

ρ
(1)
5 (x) = 0

ρ
(1)
6 (x) = −16(x− 1)eq1

∫ x̄

0

dx3C1(x, 1− x− x3, x3)

− 16(x− 1)eq2

∫ x̄

0

dx1(C1 − B1)(x1, x, 1− x1 − x)

+ 16(x− 1)eq3

∫ x̄

0

dx1B1(x1, 1− x1 − x, x)

(3)

where q1 = u, q2 = u, and q3 = d, respectively.

In the above expressions for ρ2, ρ4, and ρ6 the functions F(xi) are defined in the following

way:

F̌(x1)=

∫ x1

1

dx
′

1

∫ 1−x
′

1

0

dx3 F(x
′

1, 1− x
′

1 − x3, x3) ,
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ˇ̌F(x1)=

∫ x1

1

dx
′

1

∫ x
′

1

1

dx
′′

1

∫ 1−x
′′

1

0

dx3F(x
′′

1 , 1− x
′′

1 − x3, x3) ,

F̃(x2)=

∫ x2

1

dx
′

2

∫ 1−x
′

2

0

dx1 F(x1, x
′

2, 1− x1 − x
′

2) ,

˜̃
F(x2)=

∫ x2

1

dx
′

2

∫ x
′

2

1

dx
′′

2

∫ 1−x
′′

2

0

dx1F(x1, x
′′

2 , 1− x1 − x
′′

2) ,

F̂(x3)=

∫ x3

1

dx
′

3

∫ 1−x
′

3

0

dx1 F(x1, 1− x1 − x
′

3, x
′

3) ,

̂̂
F(x3)=

∫ x3

1

dx
′

3

∫ x
′

3

1

dx
′′

3

∫ 1−x
′′

3

0

dx1F(x1, 1− x1 − x
′′

3 , x
′′

3) .

Definitions of the functions Bi, Ci, Di, E1 and H1 that appear in the expressions for ρ
(n)
i (x)

are given as follows:

B2=T1 + T2 − 2T3 ,

B4=T1 − T2 − 2T7 ,

B5=−T1 + T5 + 2T8 ,

B6=2T1 − 2T3 − 2T4 + 2T5 + 2T7 + 2T8 ,

B7=T7 − T8 ,

B8=−T1 + T2 + T5 − T6 + 2T7 + 2T8 ,

C2=V1 − V2 − V3 ,

C4=−2V1 + V3 + V4 + 2V5 ,

C5=V4 − V3 ,

C6=−V1 + V2 + V3 + V4 + V5 − V6 ,

D2=−A1 + A2 − A3 ,

D4=−2A1 − A3 − A4 + 2A5 ,

D5=A3 −A4 ,

D6=A1 −A2 + A3 + A4 − A5 + A6 ,

E1=S1 − S2 ,

H1=P2 − P1 .

The expressions of the functions Vi, Ai, Ti, Si and Pi are presented in Appendix A.
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