
71 

Journal of Holography Applications in Physics 

Volume 3, Issue 1, Winter 2023, 71-79  

© Available online at http://jhap.du.ac.ir 
DOI: 10.22128/jhap.2023.653.1040 

Online ISSN: 2783-3518 

Journal of 
Holography 
Applications in 
Physics 

 

  Regular article 
 

 

Electromagnetic structure of the nucleon and the Roper resonance in hard wall 

AdS/QCD model 

 
Shahnaz Taghiyeva1, Shahin Mamedov2  
1 Theoretical Physics Department, Physics Faculty, Baku State University, Z.Khalilov street 23, 

Baku, AZ-1148, Azerbaijan;  
1 Shamakhy Astrophysical Observatory, Azerbaijan Republic, The Ministry of Science and 

Education, H.Javid 115, Baku, AZ 1000, Azerbaijan; 

Corresponding author email: taghievashahnaz@gmail.com 

2 Institute for Physical Problems, Baku State University, Z. Khalilov street 23, Baku, AZ-1148, 

Azerbaijan;  
2 Theoretical Physics Department, Physics Faculty, Baku State University, Z.Khalilov street 23, 

Baku, AZ-1148, Azerbaijan; 
2 Institute of Physics, Azerbaijan National Academy of Sciences, H. Javid avenue 33, Baku, AZ-

1143 Azerbaijan; 

Email: sh.mamedov62@gmail.com 

 

Received: January 25, 2023; Revised: March 03, 2023; Accepted: March 20, 2023 

 

 

Abstract. The electromagnetic structure of the nucleon and the second radial 

excitation of the nucleon is studied using hard-wall AdS/QCD model. We plot 

the Dirac, and Pauli form factors and helicity amplitudes dependencies on 

transferred momentum square. N + γ∗ → R(1710) transition electromagnetic 

form factors and both the transverse 𝐴1/2  and longitudinal 𝑆1/2  helicity 

amplitudes are calculated resulting in good agreement with data, with the 

MAID parametrization and nonrelativistic quark model at some point. 
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1   Introduction 

Understanding the internal structure of the nucleon as a composite system, built up 

of quarks and gluons, is one of the most important unsolved problems in hadron 

physics. Studying the internal structure of nucleons plays an important role in solving 

this problem. Several theoretical models have been proposed to interpret the nucleon 

resonance spectrum and the information associated with its internal structure.  

The Roper resonance was first considered in the context of AdS/QCD in Refs. [1-4], 

where the Dirac form factor for the electromagnetic nucleon-Roper transition was 

calculated in light-front holographic QCD.  

Nucleon resonances have also   been discussed in the AdS soft-wall approach in Refs. 

[1-4]. In Ref. [1] the Dirac form factor for the electromagnetic nucleon-Roper 

transition was calculated in light-front holographic QCD. In addition, in Ref. [2], a 

formalism for the study of all nucleon resonances in soft-wall AdS/QCD has been 

proposed and a detailed description of Roper-nucleon transition properties (form 

factors, helicity amplitudes and transition charge radii) was performed.  

The data extracted from experiments in facilities such as Jefferson Lab (JLab) and 

MAMI (Mainz), allow us to extract the electromagnetic transition form factors of 

resonant states in the region 𝑄2 < 𝐺𝑒𝑉2(𝑄2 =-𝑞2), corresponding to the first and 

second resonance region  𝑊 < 1.6𝐺𝑒𝑉, with 𝑊 being the 𝛾∗𝑁 invariant mass [5,6]. 

The planned JLab 12-GeV upgrade will enable us to make a detailed study of the 

resonances in the third-resonance region (W ≈ 1.7 GeV) [6, 7].  

N + γ∗ → R(1535) transition form factors are studied as a negative parity resonance 

within the covariant spectator quark model [8]. In Ref. [4] authors presented a 

description of electromagnetic properties of the nucleon and the Roper at small finite 

temperatures using the formalism developed in Ref. [9]. 

In this work we discuss the N𝛾∗ → N* transition electromagnetic form factors for 

resonances N* with positive parity using hard-wall AdS/QCD model.  

The paper is organized as follows. In Sec.2 we introduce the profile function for 

nucleons and vector field. In Sec.3 we present the analytical calculation and the 

numerical analysis of electromagnetic form factors and helicity amplitudes of the 

nucleon and the Roper framework soft-wall AdS/QCD model. Finally, Sec.4 contains 

our numerical results and conclusions.  

2   Profile functions for nucleons and vector field 
 

As known, the minimal bulk action for the spinor field is written as follows: 
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𝑆𝑁 = ∫ 𝑑5𝑥 √𝑔(𝑖𝑁̅1𝑒𝐴
𝑀𝛤𝐴 𝐷𝑀𝑁1 − 𝑚5𝑁̅1𝑁1),                                                                (1) 

where 𝑔- is the determinant of the AdS metric, 𝛤𝐴 −are the Dirac matrices. The 

Lorentz and gauge-covariant derivative is defined in the below form: 

 𝐷𝑀 = 𝜕𝑀 −
𝑖

4
𝜔𝑀 𝐵𝐶𝛴𝐵𝐶 .                                                                                         (2) 

 

Equation of motion obtained from the action (1) has an explicit form: 

(𝑖𝑧ð + 𝑧𝛾5𝜕𝑧 − 2𝛾5 − 𝑚5)𝑁1 = 0.                                                                         (3) 

Then the Dirac equation (3) will be written as equations for the profile functions  

𝐹1,2,𝐿,𝑅: 

(𝜕𝑧
2 −

4

𝑧
𝜕𝑧 +

(6−𝑚5−𝑚5
2)

𝑧2 ) 𝑓1𝑅(𝑝, 𝑧) = −|𝑃|2𝑓1𝑅(𝑝, 𝑧),                                             (4) 

(𝜕𝑧
2 −

4

𝑧
𝜕𝑧 +

(6+𝑚5−𝑚5
2)

𝑧2 ) 𝑓1𝐿(𝑝, 𝑧) = −|𝑃|2𝑓1𝐿(𝑝, 𝑧).                                             (5) 

Solutions to the equations (4), (5) are expressed in terms of Bessel functions 𝐽2,3  

[10,11]: 

𝑓1𝐿
𝑛 (𝑧) = 𝑐1

𝑛𝑧
5

2𝐽2(𝑚𝑛𝑧),                                                                                            (6) 

𝑓1𝑅
𝑛 (𝑧) = 𝑐1

𝑛𝑧
5

2𝐽3(𝑚𝑛𝑧),                                                                                            (7) 

𝑓2𝐿
𝑛 (𝑧) = −𝑐2

𝑛𝑧
5

2𝐽3(𝑚𝑛𝑧),                                                                                         (8) 

𝑓2𝑅
𝑛 (𝑧) = 𝑐2

𝑛𝑧
5

2𝐽2(𝑚𝑛𝑧),                                                                                           (9) 

where 𝑐1,2 are constants were found from the normalization conditions as below: 

𝑐1,2 = |
√2

𝑧𝑚𝐽2(𝑚𝑛𝑧𝑚)
|.                                                                                                (10) 

Action for the 5-dimensional vector field VM corresponding to the photon field in 

the boundary theory is written in the form: 

𝑆𝑉 = −
1

2𝑔5
2 ∫ 𝑑5𝑥√𝑔  𝑇𝑟𝐹𝑀𝑁

2 .                                                                                 (11) 

If the Fourier transform of the vector field is written in (11) action, the equation of 

motion can be expressed as follow for bulk-to-boundary propagator: 

𝜕𝑧 (
1

𝑧
𝜕𝑧𝑉(𝑞, 𝑧)) +

𝑞2

𝑧
𝑉(𝑞, 𝑧) = 0.                                                                         (12) 
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The solution of the equation (12) is written in terms of the Bessel function [12]: 

𝑉(𝑞, 𝑧) =
𝜋

2
𝑧𝑞 (

𝑌0(𝑞,𝑧0)

𝐽0(𝑞,𝑧0)
𝐽1(𝑞𝑧) − 𝑌1(𝑞𝑧)).                                                             (13) 

 

3   Electromagnetic form factors. Helicity amplitudes 
 

The action must be written to obtain electromagnetic form factors of the 𝑁 + 𝛾∗ → 𝑅 

transition in bulk AdS spacetime, 

𝑆𝑖𝑛𝑡 = ∫ 𝑑4𝑥𝑑𝑧√𝑔𝐿𝑖𝑛𝑡(𝑥, 𝑧)
𝑧𝑚

0
,                                                                             (14) 

where 𝐿𝑖𝑛𝑡(𝑥, 𝑧)  is the interaction lagrangian of two fields (holographically 

corresponding to hadron nucleon and the Roper nucleon) and vector field 

(holographical corresponding to the electromagnetic field): 

𝐿𝑖𝑛𝑡(𝑥, 𝑧) = ∑ 𝑐𝜏
𝑅𝑁𝜓𝑖,𝜏

𝑅 (𝑥, 𝑧)𝑉̂𝑖(𝑥, 𝑧)𝜓𝑖,𝜏
𝑁 (𝑥, 𝑧)𝑖=+,+;𝜏 ,                                            (15) 

𝑉̂±(𝑥, 𝑧) = 𝜏3𝛤𝑀𝑉𝑀(𝑥, 𝑧) ±
𝑖

4
𝜂

𝑉[𝛤𝑀𝛤𝑁
]𝑉𝑀𝑁(𝑥, 𝑧) ± 𝑔𝑉𝜏3𝛤𝑀𝑖𝛤𝑧𝑉𝑀(𝑥, 𝑧).            (16) 

According to AdS/CFT correspondence generating function is equal exponent of 

classical bulk action 𝑆𝑖𝑛𝑡: 

𝑍𝐴𝑑𝑆 = 𝑒𝑖𝑆𝑖𝑛𝑡 .                                                                                                          (17) 

The vacuum expectation value of the nucleon’s vector current is defined as below in 

holographic principle 

〈𝐽𝜇
〉 = −𝑖

𝛿𝑍𝑄𝐶𝐷

𝛿𝑉𝜇(𝑞)
|𝑉𝜇=0 = −𝑖

𝛿𝑒𝑖𝑆𝑖𝑛𝑡

𝛿𝑉𝜇(𝑞)
|𝑉𝜇=0.                                                                   (18) 

Electromagnetic form factors for the 𝑁 + 𝛾∗ → 𝑅(1710) reaction will be written in 

terms of integrals over the z variable from the comparison of the electromagnetic 

current of the Roper-nucleon transitions with the nucleon vector current [13]: 

𝐺1(𝑄2) =
1

2
∫ 𝑑𝑧𝑉(𝑄, 𝑧)

𝑧𝑚

0
∑ 𝑐𝜏

𝑅𝑁(𝐹𝜏,0
𝐿 (𝑧)𝐹𝜏,1

𝐿 (𝑧) + 𝐹𝜏,0
𝑅 (𝑧)𝐹𝜏,1

𝑅 (𝑧))        𝜏              (19) 

𝐺2(𝑄2) =
1

2
∫ 𝑑𝑧𝑉(𝑄, 𝑧)

𝑧𝑚

0
∑ 𝑐𝜏

𝑅𝑁(𝐹𝜏,0
𝑅 (𝑧)𝐹𝜏,1

𝑅 (𝑧) − 𝐹𝜏,0
𝐿 (𝑧)𝐹𝜏,1

𝐿 (𝑧))        𝜏              (20) 

𝐺3(𝑄2) =
1

2
∫ 𝑑𝑧𝜕𝑧𝑉(𝑄, 𝑧)

𝑧𝑚

0
∑ 𝑐𝜏

𝑅𝑁(𝐹𝜏,0
𝐿 (𝑧)𝐹𝜏,1

𝐿 (𝑧) − 𝐹𝜏,0
𝑅 (𝑧)𝐹𝜏,1

𝑅 (𝑧))        𝜏          (21) 

𝐺4(𝑄2) =
𝑀

2
∫ 𝑑𝑧𝑉(𝑄, 𝑧)

𝑧𝑚

0
∑ 𝑐𝜏

𝑅𝑁(𝐹𝜏,0
𝐿 (𝑧)𝐹𝜏,1

𝑅 (𝑧) + 𝐹𝜏,1
𝐿 (𝑧)𝐹𝜏,0

𝑅 (𝑧))        𝜏             (22) 
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Pauli and Dirac form factors of the 𝑁 + 𝛾∗ → 𝑅(1710) can be expressed as following 

using (19-22) integral formulas:  

𝐹1(𝑄2) = 𝐺1(𝑄2) + 𝑔𝑉𝐺2(𝑄2) + 𝜂𝑉𝐺3(𝑄2),                                                        (23) 

𝐹2(𝑄2) = 𝜂𝑉𝐺4(𝑄2).                                                                                              (24) 

From time to time the functions 𝐹1(𝑄2)  and 𝐹2(𝑄2) are called respectively, the 

charge and moment form factors of the nucleon. The helicity amplitudes, 𝐴1/2 and 

𝑆1/2 can be defined within the form factors 𝐹1(𝑄2)  and 𝐹2(𝑄2) [14]: 

𝐴1/2(𝑄2) = 𝑅( 𝐹1(𝑄2) + 𝐹2(𝑄2)),                                                                       (25) 

𝑆1/2 =
𝑅

√2
|𝑞|

𝑀𝑅+𝑀

𝑄2
{ 𝐹1(𝑄2) − 𝜏𝐹2(𝑄2)},                                                              (26) 

where  

𝜏 =
𝑄2

(𝑀𝑅+𝑀)2, 

and  

𝑅 =
𝑒

2
√

𝑄−
2

𝑀𝑅𝑀𝐾
. 

4   Numerical results 
We shall present the numerical calculations for the 𝑁 + 𝛾∗ → 𝑅(1710) transition 

electromagnetic form factors according to the (25) and (26) formulas.  

The parameters and constants in these formulas are fixed as 𝑐3
𝑅𝑁 = 0.72, 𝜂𝑃 = 0.453 

[2] and 𝑧𝑚 =
1

𝛬𝑄𝐶𝐷
= 0.205 𝐺𝑒𝑉.  

The form factors results for the 𝑁 + 𝛾∗ → 𝑅(1710) transition are presented in Figs. 

1, 2 and compared to the data from CLAS [15], MAID [16] experimental data, the 

nonrelativistic quark model [17]. Our results for the Pauli and Dirac form factors are 

close to these experimental data.  

The hard-wall results for the 𝐴1/2(𝑄2) and 𝑆1/2(𝑄2) helicity amplitudes for this 

transition are given in Figs. 3, 4. The graphs of these amplitudes are close to the 

experimental data at some points. It is interesting to see in the figure that, the hard 

wall model describes very well the CLAS and MAID data Dirac form factor 𝐹1(𝑄2) 

for 𝑄2 < 1 𝐺𝑒𝑉2.  

In general, we can see from the figures that our results are close experimental data in 

the 0 ≤ 𝑄2 ≤ 1  interval.  
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Figure 1: 𝑁 + 𝛾∗ → 𝑅(1710) transition Dirac form factor (red lines) compared with 

CLAS experimental data (squares with error bars) [15], MAID fit (dashed lines) [16] 

and nonrelativistic quark model (green lines) [17]. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of 

this article.) 

 

Figure 2: 𝑁 + 𝛾∗ → 𝑅(1710) transition Pauli form factor (red lines) compared with 

CLAS experimental data (squares with error bars) [15], MAID fit (dashed lines) [16] 

and nonrelativistic quark model (green lines) [17]. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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Figure 3: 𝑁 + 𝛾∗ → 𝑅(1710) 𝐴1/2(𝑄2) helicity amplitude in units of 10-1 GeV-1/2 

(red lines) is compared with CLAS experimental data (squares with error bars) [15], 

MAID fit (dashed lines) [16] and nonrelativistic quark model (green lines) [17]. (For 

interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 

 

Figure 4: 𝑁 + 𝛾∗ → 𝑅(1710)  𝑆1/2(𝑄2) helicity amplitudes in units of 10-1 GeV-1/2 

(red lines) is compared with CLAS experimental data (squares with error bars) [15], 

MAID fit (dashed lines) [16] and nonrelativistic quark model (green lines) [17]. (For 

interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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5   Conclusion 
 

In this work, we have used the hard-wall AdS/QCD model, to predict the transition 

form factors and the helicity amplitudes for the 𝑁 + 𝛾∗ → 𝑅(1710)  reaction. The 

hard-wall results are close to experimental data and nonrelativistic quark model at 

some points. Therefore, the future measurements of the helicity amplitudes in the 

large  𝑄2 region can be used to test the assumption that the 𝑁(1710) state is the 

second radial excitation of the nucleon and this model can be used to study the radial 

excited states in the 𝛥 sector (isospin 3/2), and also in the strange baryon sector, as 

well as. 
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