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Experimental data on NR-transition FFs
The experiments have been carried out in JLab, MAMI,
ELSA...
Experimentalists study the electroproduction of the resonances
with spins 1/2, 3/2 and 5/2: ∆(1232), N(1440), N(1520),
N(1535), N(1680)...
The available data:

I inclusive: for ∆(1232) up to Q2 = 9 GeV2, N(1535) up
to Q2 = 20 GeV2;

I exclusive: for ∆(1232) up to Q2 = 8 GeV2, for
N(1440), N(1520), N(1535) up to Q2 = 4 GeV2, for
N(1680) up to Q2 = 1.5 GeV2.

Expected data:
I new measurements up to Q2 = 12—16 GeV2 (JLab);

I time-like FFs (SLAC).
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Two subproblems

1. It is necessary to find a mathematically consistent
Lagrangian of nucleon interactions with higher-spin baryon
resonances, photons, pions, and vector mesons. The Lagrangian
and FFs should be defined unambiguously by symmetry
conditions. This should determine polynomial Q2-dependencies
in the observables.

2. The Q2-dependencies of the FFs should be reproduced in
some particular dynamical model.
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Covariant constraints for the RS fields

Nucleon resonances with spin J = `+ 1
2 > 3

2 are described as
the symmetric tensor-spinor Rarita—Schwinger (RS) fields
Ψµ1...µ` . The spin content of the RS field Ψµ1...µ` :

J,

(
J − 1

2

)±
, . . .

(
1
2

)±
.

To eliminate redundant degrees of freedom, subsidiary
conditions are imposed on the field:

∂λΨλµ2...µ` = 0 transversality

γλΨλµ2...µ` = 0 tracelessness
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Free spin-3/2 field

The free-field Lagrangian for the vector-spinor field Ψµ:

Lff(A) = Ψ̄µ
[
iΓµνλ(A)∂λ −MΓµν(A)

]
Ψν ,

Γµνλ(A) = gµνγλ −A∗γµgνλ −Aγνgµλ +
(

3
2
|A|2 − ReA+

1
2

)
γλγν ,

Γµν(A) = gµν −
(
3|A|2 − 3 ReA+ 1

)
γµγν ,

where A 6= 1
2 is a complex parameter.

Free field equation and constraints:

(iγλ∂λ −M)Ψµ = 0,

∂λΨλ = 0 = γλΨλ.



Symmetries of the free spin-3/2 field

The free-field Lagrangian for the vector-spinor field Ψµ:

Lff(A) = Ψ̄µ
[
iΓµνλ(A)∂λ −MΓµν(A)

]
Ψν .

Point invariance of the equivalent class of the Lagrangians:

Gauge invariance of the RS field in the massless limit:

Ψ′µ = Ψµ + ∂µθ(x) for γµ∂
µθ(x) = 0,

L ′
ff(A) = Lff(A).
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Constraints for the interacting RS fields

Minimal EM coupling

Lint = −eAλΨ̄µγλΨµ

breaks the free-field symmetries, modifies the constraints
reducing their number, which leads to the excitation of
unphysical DsOF and different pathologies.
G. Velo, D. Zwanziger, Phys. Rev. 186 (1969) 1337;
K. Johnson, E.C.G. Sudarshan, Ann. Phys. (N.Y.) 13 (1961) 126;
V. Pascalutsa, Phys. Rev. D 58 (1998) 096002.

For the trilinear nucleon-resonance interactions with pions,
photons, and vector mesons we can solve all consistency
problems by requiring invariance of the Lagrangian under the
point and gauge transformations Ψ′µ = Ψµ + ∂µθ1(x) + γµθ2, i.e.
the vector-spinor source Jµ should be traceless and transversal,
γλJ

λ = 0 = ∂λJ
λ.
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Nucleon-resonance interaction Lagrangian

NRV -Lagrangian (spin-3/2) consists of invariants such as

Ψ̄µν,ᾱΓ[µν][λσ]ᾱβ̄N
,β̄V λσ, where Ψµν = ∂µΨν − ∂νΨµ,

ᾱ, β̄ are multi-indicies.

Symmetry properties of the coupling
matrices:

Γ[µν][λσ]ᾱβ̄ = −Γ[νµ][λσ]ᾱβ̄ = −Γ[µν][σλ]ᾱβ̄,

γµΓ[µν][λσ]ᾱβ̄ = 0 (tracelessness of the coupling matrix).

The coupling matrix for the spin-3
2 :

Γ[µν][λσ] = −1
6

(σµνσλσ + 3σλσσµν) .
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Ψ̄µν,ᾱΓ[µν][λσ]ᾱβ̄N
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NRV -Lagrangian (JR = 3/2)

L =
ig1

2M2
N

Ψ̄µνΓ[µν][λσ]γRNV
λσ +

g2

2M2
NMR

Ψ̄µν,ρΓ[µν][λσ]γργRNV
λσ +

+
ig3

2M2
NM

2
R

Ψ̄µν,ρ
(
Γ[µν][λρ]gσω − Γ[µν][σρ]gλω + Γ[µν][λω]gσρ

− Γ[µν][σω]gλρ − Γ[µν][λσ]gρω
)
γRN

,ωV λσ

The consequences of the point and gauge invariance:
I all terms of the Lagrangian are defined uniquely;
I there is only one universal matrix as a symmetry “carrier”;
I classification of the Lagrangian vertexes in terms of

differential order.
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NRπ-vertex (JR = 3/2)

NRπ-Lagrangian is also defined uniquely by the symmetry:

L =
f

mπM2
R

Ψ̄[µν],λΓ[µν][λσ]γRγ5Nπ
,σ;

V. Shklyar, H. Lenske, Phys. Rev. C 80 (2009) 058201



Field tensor-spinors for arbitrarily high spin

Gauge-invariant RS field tensor spinors:

` = 1 : Ψ[µ1ν1] = ∂µ1Ψν1 − ∂ν1Ψµ1 ;

` = 2 : Ψ([µ1ν1][µ2ν2]) =
1
2
(
∂µ1∂µ2Ψν1ν2 − ∂µ1∂ν2Ψν1µ2 −

− ∂ν1∂µ2Ψµ1ν2 − ∂ν1∂ν2Ψµ1µ2
)
;

` : Ψ([µ1ν1][µ2ν2]...[µ`ν`]) =
1

2`−1
(∂µ1∂µ2 · · · ∂µ`Ψν1ν2...ν` + . . . ) .

Some multi-indices:

Aa = [µaνa]
Ā = ([µ1ν1][µ2ν2] . . . [µ`ν`]),
Āa = ([µ1ν1] . . . [µa−1νa−1][µa+1νa+1] . . . [µ`ν`]).
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The couplings for arbitrary spin

The expansion of the traceless coupling:

ΓĀᾱ = Γ(`)

ĀB̄

[
RB̄ ᾱ + γρS

ρB̄
ᾱ + σρωT[ρω]B̄

ᾱ

]
.

Recurrence relation for the coupling matrix (arbitrary `):

Γ(`)

ĀB̄
=

3
2(2`+ 1)`2

∑̀
a,b=1

[
(`+ 1)Γ(`−1)

ĀaB̄b
Γ(1)

AaBb
+

+ (`− 1)Γ(`−1)

ĀaB̄b
Γ(1)

BbAa
+
∑̀
b 6=c=1

Γ(`−1)

ĀaAaB̄bc
Γ(1)

BbBc

]
.
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NRV -Lagrangian for an arbitrary `

L1 =
i3`+2g1

2M3`−1
N

Ψ̄Ā,λ2...λ`Γ(`)

ĀB̄
γRN

,σ2...σ`V λ1σ1 ,

L2 =
i3`+3g2

2M3`−1
N MR

Ψ̄Ā,λ2...λ`ρΓ(`)

ĀB̄
γργRN

,σ2...σ`V λ1σ1 ,

L3 =
i3`+2g3

2M3`−1
N M2

R

Ψ̄Ā,λ2...λ`ρ
(
Γ(`)

ĀB̄1λ1ρ
gσ1ω − Γ(`)

ĀB̄1σ1ρ
gλ1ω

+ Γ(`)

ĀB̄1[λ1ω]
gσ1ρ − Γ(`)

ĀB̄1[σ1ω]
gλ1ρ − Γ(`)

ĀB̄1[λ1σ]
gρω1

)
×

×N ,σ2...σ`ωV λ1σ1 .

The consequences of the point and gauge invariance:
I all terms of the Lagrangian are defined uniquely;
I there is only one universal matrix as a symmetry “carrier”;
I classification of the Lagrangian vertexes in terms of

differential order;
I unified Lagrangian structure for an arbitrary high

resonance spins.



NRV -Lagrangian for an arbitrary `

L1 =
i3`+2g1

2M3`−1
N
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Helicity amplitudes

A3/2 = ∓
√
N`

[(
Q2 ± µ±MN

)
F1 + µ±MRF2 −

(
Q2 + µ±MR

)
F3

]
,

A1/2 = −
√

`N`

`+ 2

[
µ±MRF1 +

(
Q2 ± µ±MN

)
F2 ∓ µ±MNF3

]
,

S1/2 = ∓

√
`N`

2(`+ 2)
Q+Q−

[
F1 − F2 +

Q2 +M2
R +M2

N

2M2
R

F3

]
,

where N`(Q2) =
2`(`!)2παQ

2(`−1)
± Q2`

∓

(2`)!M4`+1
N (M2

R −M2
N )
,

µ± = MR ±MN , Q± =
√
Q2 + µ2

±.

The upper and bottom signs correspond to
JP = (3/2)±, (5/2)∓, ...



pQCD constraints

A3/2(Q2) ∼ 1
Q5Ln1(Q2)

, A1/2(Q2) ∼ 1
Q3Ln2(Q2)

,

S1/2(Q2) ∼ 1
Q3Ln3(Q2)

,

where Lnf (Q2) = lnnf (Q2/Λ2) and n2 − n3 ≈ 2 (Idilbi 2004,
Carlson 1986).
For J = `+ 1/2 we get:

F1(Q2) ∼ 1
Q6+2`Ln1(Q2)

, F2(Q2) ∼ 1
Q4+2`Ln2(Q2)

,

F3(Q2) ∼ 1
Q6+2`Ln3(Q2)

.



pQCD constraints

It is interesting that the following asymptotic identities hold:

A3/2(Q2) = ∓
√
N`(Q2)Q2F1(Q2),

A1/2(Q2) = −
√
`N`(Q2)
`+ 2

Q2F2(Q2),

S1/2(Q2) = ∓

√
`N`(Q2)
2(`+ 2)

Q4

2M2
R

F3(Q2)

for n3 > n1.



Elastic nucleon FFs
The Lagrangian:

L = e
∑
V

g1(V )N̄γµV
µN − i

2MN

∑
V

g2(V )N̄σµνV
µνN.

Sachs FFs, the Dirac and Pauli FFs:

GM (Q2) = F1(Q2) + F2(Q2), GE(Q2) = F1(Q2)− Q2

4M2
N

F2(Q2);

Ff (Q2) =
∑
V

gf(V )m
2
V

Q2 +m2
V

.

High-Q2 asymptotic relations:

GM (Q2) = F1(Q2), GE(Q2) =
Q2

2M2
N

F2(Q2),

F1(Q2) ∼ 1
Q4 ln2 (Q2/Λ2)

, F2(Q2) ∼ 1
Q6

.
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Multi-pole vector-meson–dominance model

Формфакторы:

F
(p,n)
f (Q2) =

1
2

 K∑
k=1

κ(ω)
kf (Q2)m2

(ω)k

Q2 +m2
(ω)k

±
K∑
k=1

κ(ρ)
kf (Q2)m2

(ρ)k

Q2 +m2
(ρ)k

 .
ρω-meson families (PDG):

ρ(770) ω(782), ρ(1450) ω(1420), ρ(1700) ω(1650),
ρ(1900)ω(1960), ρ(2150) ω(2205).



pQCD constraints on the model

Q2-dependence of meson-baryon couplings is chosen a universal
phenomelogical logarithmic function

κ(ω, ρ)
kf (Q2) ≡

κ(ω, ρ)
kf (0)

L
(ω, ρ)
f (Q2)

,

где

L
(ω ρ)
f =

[
1 + b

(ω, ρ)
f ln

(
1 +

Q2

Λ2

)
+ a

(ω, ρ)
f ln

(
1 +

Q2

Λ2

)2
]nf

2

.



pQCD constraints on the model

Ff (Q2) =
1

Lf (Q2)

K∑
k=1

κkf (0)m2
k

Q2 +m2
k

=

=
1

Lf (Q2)

[
K∑
k=1

κkf (0)− 1
Q2

K∑
k=1

m2
kκkf (0) + . . .

]
,

The superconvergence relations for the meson parameters

K∑
k=1

m2n
(ω, ρ)kκ

(ω, ρ)
kf (0) = 0,

где n = 2, 3, . . . 4 + ` при f = 1, 3 и n = 2, . . . 3 + ` при f = 2
для электророждения резонансов со спином J = `+ 1

2 .



N∆(1232)-transition

∆∗(1232): JP = 3
2
+

Magnetic FF:

G
∗
M = −

[
M3

N (M2
R −M

2
N )

2πα(MR +MN )2Q2
−

]1/2

×

×
(
A1/2 +

√
3A3/2

)
,

The ratio of the electric and Coulomb
amplitudes to the magnetic one:

REM =
A1/2 − A3/2/

√
3

A1/2 +
√

3A3/2
,

RSM =

√
2S1/2

A1/2 +
√

3A3/2
.
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The N ∗(1520) and N ∗(1680)
N∗(1520): JP = 3
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The N ∗(1440) and N ∗(1535)
Helicity amplitudes:

A1/2(Q2) =
√

2N
[
Q2F1(Q2) +MN (MR ±MN )F2(Q2)

]
,

S1/2(Q2) = ±
√
N
Q+Q−
2MR

[
(MR ±MN )F1(Q2)−MNF2(Q2)

]
,

where N =
πα[Q2 + (MR ∓MN )2]

M5
N (M2

R −M2
N )

.

Upper signs are for JP = 1
2

+, bottom ones are for JP = 1
2

−.
pQCD scaling (n1 − n2 ≈ 2):

F1(Q2) ∼ 1
Q6Ln1(Q2)

, F2(Q2) ∼ 1
Q6Ln2(Q2)

.

Asymptotic relations:

A1/2(Q2) ∼
√

2NQ2F1(Q2), S1/2(Q2) ∼ ±
√
N

Q2

2MR
F2(Q2).



The N ∗(1440) and N ∗(1535)
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N∆(1232)-transition

∆∗(1232): JP = 3
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2
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−
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×

×
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√
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)
,

The ratio of the electric and Coulomb
amplitudes to the magnetic one:

REM =
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√
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“Scaling” of the ratios of the elastic form factors
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N∆(1232)-transition
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Results and conclusions

I We have constructed effective Lagrangians for the
NRV -interactions that possess the gauge and point
invariance of the RS field. The symmetry ensures
mathematical coherence of the theory and fixes all three
terms of the minimally local Lagrangian. The point and
gauge invariance unifies the structure and properties of the
Lagrangians for arbitrarily high spins.

I The multi-pole vector-meson–dominance model constrained
by high-Q2 pQCD predictions is in a good agreement with
the available data on the transitions to the resonances
∆(1232), N(1440), N(1535), N(1520), and N(1680).



Results and conclusions

I The ratios of the point and gauge invariant form factors
N → ∆(1232) exhibit asymptotic scaling behavior at
momentum transfers as low as 0.4 GeV2. While the high-Q2

scaling of the FFs is well understood as a consequence of
the asymptotic freedom, the dynamics leading to the
low-Q2 scaling of the FF ratios in the nonperturbative
domain of QCD is still to be established both qualitatively
and quantitatively.
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