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We present an improved study of the electromagnetic form factors of the nucleon and of the
Roper-nucleon transition using an extended version of the effective action of soft-wall AdS/QCD. We
include novel contribution from additional nonminimal terms, which do not renormalize the charge and
do not change the normalization of the corresponding form factors, but the inclusion of these terms
results in an important contribution to the momentum dependence of the form factors and helicity

amplitudes.
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I. INTRODUCTION

Originally the soft-wall AdS/QCD action for the nucleon
was proposed in Ref. [1]. It included a term describing the
nucleon confining dynamics and the electromagnetic field,
and their minimal and nonminimal couplings Qy =
diag(1,0) (nucleon charge matrix) and ny = diag(n,,.7,)
(nucleon matrix of anomalous magnetic moments), respec-
tively. The use of the nonminimal couplings is essential to
generate the Pauli spin-flip form factors. Later, in Ref. [2],
this action was used for the calculation of generalized
parton distributions of the nucleon. In Ref. [3] it was
extended to take into account higher Fock states in the
nucleon and additional couplings with the electromagnetic
field in consistency with QCD constituent counting rules
[4] for the power scaling of hadronic form factors at large
values of the momentum transfer squared in the Euclidean
region. In Ref. [5] soft-wall AdS/QCD was developed for
the description of baryons with adjustable quantum num-
bers n, J, L, and S. In another development, in Refs. [6-8],
the nucleon properties have been analyzed using a
Hamiltonian formalism. However, their calculation of the
nucleon electromagnetic properties ignored the contribu-
tion of the nonminimal coupling to the Dirac form factors,
and therefore, the analysis done in Refs. [6-8], is in our
opinion not fully consistent. In Ref. [7] the ideas of Ref. [6]
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has been extended by the inclusion of higher Fock states in
the nucleon, in order to calculate nucleon electromagnetic
form factors in light-front holographic QCD. In this
paper the Pauli form factor is again introduced by hand,
using the overlap of the L =0 and L = 1 nucleon wave
function. Additionally, the expression for the neutron Dirac
form factor has been multiplied by hand by a free
parameter r.

In a series of papers [9-11] we have developed a light-
front quark-diquark approach for the nucleon structure,
describing nucleon parton distributions and form factors
from a unified point of view. In particular, in a recent paper
[11] we derived nucleon light-front wave functions, ana-
lytically matching the results of global fits to the quark
parton distributions in the nucleon at the initial scale
u~1GeV. We also showed that the distributions obey
the correct Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evo-
lution [12] to high scales. Using these constrained nucleon
wave functions we get a reasonable description of data on
nucleon electromagnetic form factors. We also predict the
transverse parton, Wigner and Husimi distributions from a
unified point of view, using our light-front wave functions
and expressing them in terms of the parton distributions
q,(x) and 8¢, (x). In the context of the nucleon form factors
it is also important to mention a recent paper [13], where
the y* — p transition form factor has been calculated in
soft-wall AdS/QCD. Here it was shown that the form factor
is consistent with quark counting rules for differential cross
sections with single and double vector meson production. It

scales as 1/+/ Q2 and, therefore, it contributes to the
electromagnetic form factors of the nucleons at subleading
order.
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The nucleon resonances can be also discussed within this
same formalism. E.g., the Roper resonance (the first
radially excited state of the nucleon) was first considered
in the context of AdS/QCD in Ref. [14], where the Dirac
form factor for the electromagnetic nucleon-Roper tran-
sition was calculated in light-front holographic QCD. Later,
in Ref. [15], the formalism for the study of nucleon
resonances in soft-wall AdS/QCD has been developed,
and the first application for a detailed description of Roper-
nucleon transition properties (form factors, helicity ampli-
tudes and transition charge radii) was performed. In
Refs. [16,17] the formalism proposed in [15] was used,
with a different set of parameters. An overview of the
application of other theoretical approaches can be found in
Refs. [15,18]. This includes recent novel ideas about
considering additional degrees of freedom for this state,
such as a molecular nucleon-scalar ¢ meson component
[19,20], for a realistic description of current data on Roper
electroproduction performed by the CLAS Collaboration at
JLab [21-23].

In the present paper we include additional nonminimal
couplings of the vector field (dual to the electromagnetic
field) with fermions (dual to the nucleon and Roper). Such
terms do not renormalize the charge, but gives an important
contribution to the momentum dependence of the nucleon
and Roper-nucleon transition form factors (helicity ampli-
tudes). The inclusion of these terms helps to improve the
description of data. The paper is organized as follows. In
Sec. II we briefly discuss our formalism. In Sec. III we
present the analytical calculation and the numerical analy-
sis of electromagnetic form factors and helicity amplitudes
of the nucleon and the Roper. Finally, Sec. IV contains our
summary and conclusions.

II. FORMALISM

In this section we briefly review our approach. We start
with definition of the conformal metric

1
N = ey ednapxMxN = = (dx,dx* — dz*) (1)

Z

M
GUuNX "X

where €4, = &},/z is the vielbein and g = |det(gyy)| =
1/z' is the magnitude of the determinant of the g,y.

The soft-wall AdS/QCD action § for the study
of the nucleon N = (p,n) and Roper R = (R, R,) reso-
nance including photons is constructed in terms dual
spin-1/2 fermion and vector fields, which have constrained
(confined) dynamics in AdS space due to presence of
background field—dilaton field ¢(z) = x?z2, where « is its
scale parameter. The action S contains a free part S,
describing the confined dynamics of AdS fields, and inter-
action part S;,,, describing interactions of fermions with
vector field with

S =S80+ Sines
Sy = / d*xdz\/ge "I { Ly (x,z) + Lz (x,2)
+ Ly(x,2)},
Sint = /d4XdZ\/§€_(”(Z){~CVNN(xv 2) + Lyrr(x.2)
+ Lyry(x.2)}- (2)

Ly, Lr, Ly(x,z) and Lyyy(x,z), Lyrr(x. 2), Lyrn(x,2)
are the free and interaction Lagrangians, respectively, and are
written as

- Y b

i=+,—7

(2l (x,2),

1
Ly(x,z) = 2 Vi (x, Z)VMN(% 2),

EVBB X, Z Z CTl//lT X, Z (x’ Z)y/f‘r(‘x’ Z)’
i=+,—

Lyry(x.2) Z VR (x, 2) VY (x, 2yl (x, 2)
i=+,—7
+ H.c., (3)

where B = N, R and

A e i
Di(z) = EFMaM - gFMw%’[Faan] F (v +Ur(2)),
A i
Vil(x, 2) = 0TV y(x,2) + an[errN]VMN(xa z)
Zl: éﬂgzz[FM, FN]aKaKVMN(x, Z)
£ gfTMir*V y (x, 2) + {2 OV iy (x, 2)
+ f{/]zFMiFZaNVMN(x, Z),
H=N,R,RN. (4)

Here u is the five-dimensional mass of the spin—% AdS fermion
u =3/2+ L, with L being the orbital angular momentum;
Ur(z) = ¢(z) is the dilaton potential; Q = diag(1, 0) is the
nucleon (Roper) charge matrix; VMN =0y VN —0yVy is
the stress tensor for the vector field; @4? = (54,8% — 65,69)/z
is the spin connection term; ¢V = [FM , V] is the commu-
tator of the Dirac matrices in AdS space, which are defined as
™ = MM and T = (y#, —ipY).

The action (2) is constructed in terms of the 5D AdS
fermion fields y (x.z), ¥ (x,z), and the vector field
Vi (x,z). Fermion fields are duals to the left- and right-
handed chiral doublets of nucleons and Roper resonance
Ob = (B, BY)T and OF = (B, BX)" with B, = p, R,
and B, =n, R,. These fields are in the fundamental
representations of the chiral SU, (2) and SUg(2) subgroups
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and are holographic analogues of the nucleon N and Roper
resonance R, respectively.

The 5D AdS fields w% ,(x,z) are products of the left/
right 4D spinor fields

5

L/R (x):l:Fy

Wloa 5 V=01 (x), (5)

with spin 1/2 and the bulk profiles

Fi{io.l (z) = szf.{alio,l (2) (6)
with twist 7 depending on the holographic (scale)
variable z:

1 L/R R/L
v (x.2) = S F" (@) 2wl @ ()
1 L/R R/L
VE(v2) = AR @ £vERT @)L )
where
2 2,2
L _ T 1—1/2 ,—Kk*7°/2
T,O F(T)K Z e El
2 2,2
R _ 7—1,7-3/2 ,—k*z°/2
0=\ TE-nt ¢
L _ 2 K’z’_l/z(r _ K2Z2)e—x2z2/2
ol I(z+1) ’
R _ 2 7—1,7-3/2 2,2\ ,—Kk*z%/2
e (- 1-kz)e - (8)

Here the nucleon is identified as the ground state with
n = 0 and the Roper resonance as the first radially excited
state with n = 1. In case of vector field we work in the axial
gauge V, = 0 and perform a Fourier transformation of the
vector field V,(x,z) with respect to the Minkowski
coordinate

V,(x,2) = / (621;)14 eV, (q)V(q.z). )

We derive an EOM for the vector bulk-to-boundary
propagator V(q,z) dual to the g>-dependent electromag-
netic current

e~ #(@) e~ (@)
az( ; 8ZV(q,z))+q2 : V(g.z) =0. (10)

The solution of this equation in terms of the gamma I'(n)
and Tricomi U(a, b, z) functions reads

V(g.z) = F(l —%) U(—q—2 0,K2z2>. (11)

4x2’

In the Euclidean region (Q> = —g? > 0) it is convenient to
use the integral representation for V(Q, z) [24]

1 d .
v<Q,z>—K2Z2/ (1 >— (12)
— X

0

where x is the light-cone momentum fraction and a =
0%/(4k%).

The set of parameters ¢V, c®, and ¢ induce mixing of
the contribution of AdS fields with different twist dimen-
sion. In Refs. [3,15] we showed that the parameters c? are
constrained by the condition Y _cZ = 1 in order to get the
correct normalization of the kinetic term ,, (x)idy, (x) of
the four-dimensional spinor field. This condition is also
consistent with electromagnetic gauge invariance.

The couplings G¥f = diag(Gl\',I‘ ,Gy?),where G =1, 4, g,
¢, & Hi=p, Ry, Rypand H, = n, R,,, R,n are fixed
from the magnetic moments, slopes, and form factors of
both the nucleon and Roper, while the couplings ¢V are
fixed from the normalization of the Roper-nucleon helicity
amplitudes. The terms proportional to the couplings A7, ¢,
and & express novel nonminimal couplings of the fer-
mions with the vector field. It does not renormalize the
charge and does not change the corresponding form factor
normalizations, but gives an important contribution to the
momentum dependence of the form factors and helicity
amplitudes.

The nucleon and Roper masses are identified with the
expressions [3,15]

My =2y ¥Vr—1,  Mg=2%)» cfyz. (13)

As we mentioned the set of mixing parameters ¢ R s

constrained by the correct normalization of the kinetic term
of the four-dimensional spinor field and by charge con-
servation as (see detail in Ref. [3]):

> ¥R =1. (14)

Baryon form factors are calculated analytically using bulk
profiles of fermion fields and the bulk-to-boundary propa-
gator V(Q, z) of the vector field (see exact expressions in the
next section). Calculation technique was described in detail
in Refs. [3,15] and is briefly discussed in Appendix A).

III. ELECTROMAGNETIC FORM FACTORS OF
NUCLEON, ROPER AND ROPER-NUCLEON
TRANSITIONS

The electromagnetic form factors of the nucleon, Roper
and Roper-nucleon transitions are defined by the following
matrix elements, due to Lorentz and gauge invariance,
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_ [ o o
N — N: M*(py,21; P2, Aa) = fin(pa, o) [P FY (—¢7) — io* mlﬂz\,(—qz)} un(pi, A1),
. _ [ o
R = R M (p11ds o ) = (s 2 | FE(-7) = 0% 2 PR (1,0,
_ [ w4
R = N: MH(py, 25 pashp) = lin(pa 2a) [V FTN (=¢7) — ic* 71‘?]\/(—42)} ur(p1, ), (15)
L Mz + My
|
where ¥\ = v* — ¢*4/q*, ¢ = p1 — pa, and A, Ay, and 1 0 02
are the helicities of the initial, final baryon and photon, Hyp = —;(FFN M, — F}N ﬁ)
obeying the relation A; = 4, — A. Q !
We recall the deﬁnitions of the nucleon Sachs form M
_ RN | RN M4
factors G}/, (Q?), Q% = —¢ and the electromagnetic radii Hoyy =—/20- (F ) E) (18)

(ri/p)" in terms of the Dirac F)'(Q?) and Pauli FY(Q?)
form factors

0’

GH(0) = FY(0%) ~ 10 FY(0P)
GY(0%) = FY(@%) + FY(@)
2w dGE(Q?)
(rg)" =—6 d0? oy
2w 6 dGy(Q°)
A N7 IS

where G3;(0) = py is the nucleon magnetic moment.

Now we introduce the helicity amplitudes H,_;, which in
turn can be related to the invariant form factors FV (see
details in Refs. [25-28]. The pertinent relation is

H,, :Mﬂ(plﬁ/ll;p21j’2)€*ﬂ(Q’j')’ (17)
where €*#(q, 4) is the polarization vector of the outgoing

photon. A straightforward calculation gives [25-28]
|

nucleon-nucleon transition,

where Mi = M] :th, Qi = Mzt + Q2.

In the case of the Roper-nucleon transition there exists
the alternative set of helicity amplitudes (A, /. S} ») related
to the set (Hy, Hy;) by [29-33]

A1/2 — —bH%l, S1/2 — b HIO, (19)
\/Q
where
V0.0 ma
M=, i, @
R +M_My

and @ = 1/137.036 is the fine-structure constant.

Expressions for the electromagnetic form factors of the
nucleons, Roper, and Roper-nucleon transitions are given
as follows:

FP(Q?%) = C1(Q%) + gy Ca(Q%) + 1y C3(Q%) + A,C4(Q%) + {7.Cs(Q%) + E7C(0?),
Fi(Q%) = gvC2(Q%) +ny C5(Q) + A7C4(Q) + {.C5(Q%) + &.C6(Q%),
F5(Q%) = nyC(Q%) + Ay Cs(Q%),
F3(Q%) =y C1(Q%) + 45 C5(Q%). (21)
Roper-nucleon transition,
F{""(Q%) =D (Qz) + 9v"' Da(Q) + 1y 7" D3(Q%) + Ay Da(Q%) + £y Ds(02) + &y De(07),
FI"(0%) = gy Dy(Q%) + 15" D3(Q?) + Ay Da(Q2) + £y Ds(Q%) + &7 De(02),
FY(Q?) = f”’D 1(0%) + 4y Dy (0?).
F3"™"(Q%) = ny""Ds(Q%) + 47" Dy (Q2). (22)
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Roper-Roper transition,

R

FU(Q?) =
F(Q%) =
F57(Q%) = ny " E7(Q%) + Ay Eg(Q2).
F3"(Q%) = 0" E7(Q%) + Ay E5(Q?).

The structure integrals C;(Q?), D;(Q?), and E;(Q?) are
given by the analytical expressions (see in Appendix B).
All calculated form factors are consistent with QCD
constituent counting rules [4] for the power scaling of
hadronic form factors at large values of the momentum
transfer squared in the Euclidean region. Note, the expres-
sions for the transition form factors are generated by the
effective action (2) with taking into account of decom-
position of electromagnetic matrix elements on relativistic
form factors (15) and using calculation technique (see
Refs. [3,15] and Appendix A). In case of nucleon-nucleon
and Roper-nucleon transitions form factors contain the
pieces calculated before in Refs. [3,15] and new ones,
generated by the novel terms in effective action and
proportional to the couplings A, ¢V, ). The results for
the Roper-Roper transition form factors are derived here for
the first time.

The parameters, which will be used in the numerical
evaluations, are fixed as follows: we use the universal
dilaton parameter of x = 383 MeV fixed before in
Refs. [3,15], the sets of twist mixing parameters are fixed
from data on masses of nucleon

N =1800, o =-1042, ¥ =0242 (24)
and Roper
F=0820, cf=-0242, F=0422. (25

At fixed x =383 MeV and baryon masses My =
938.27 MeV and My = 1440 MeV only two parameters
from the set of six twist mixing parameters are free. E.g.,
parameters cﬁ”R and cgv R can be fixed through the
parameters cév’R and ratios My using the matching
conditions (13) and (14). The parameters n"} = 0.2988
and 5y, = —0.3188 are analytically fixed from data on

nucleon magnetic moments:

= () -0 = (o) e €9

where p, =2.793 n.m. and y, = —1.913 n.m. [34].
The other parameters are fixed from a best fit to data on
momentum dependence of electromagnetic nucleon form

E\(Q%) + gy Ey(Q?) + ny " E5(Q2) + Ay" E4(Q2) + £y Es(Q2) + &7 E(02),
IR Ey(Q2) + i E3(Q2) + 2 E4(Q) + (i Es(Q?) + £ Ee(0),

(23)

factors and Roper-nucleon transition helicity amplitudes. In
particular, the set on the nucleon parameters

D —-2001, g =1731,
¢h = —0.109, n = 0.101,
£h = —0.166, n = 0.174,
A =-00005, A% =0.0012 (27)

is fixed from data on electromagnetic radii and form factors
of nucleons. The set of Roper-nucleon parameters

N'=0.142, N = -3.942, N =3.449,
gy’ =-10095,  ny’ = —0.551,
P =0.020, £ =-0.770 (28)

is fixed from data on Roper-nucleon transition data. For
simplicity we put /IV”P = 0. Our results for quark and
nucleon electromagnetic form factors are shown in
Figs. 1-9. We compare our results with data [35-84]
and the dipole fit Gp(Q?) = 1/(1+ Q?/A?)%. As scale
parameter A we use two values A =+/0.71 GeV and

= 1/0.66 GeV, corresponding to the root-mean-square
(rms) radius r, = 0.81 fm and r, = 0.84 fm, respectively.
In particular, in Fig. 1 and 2 we present our results for the
Dirac and Pauli u (left panel) and d (right panel) quark form
factors. Here data are taken from Refs. [35,36].

In Fig. 3 we display the Dirac proton form factor
multiplied by Q% (left panel) and the ratio
Q?FY(Q?)/F?(Q?) (right panel). In Fig. 4 we show results
for the Dirac neutron form factor multiplied by Q* (left
panel) and ratio u,G%(Q?%)/GY,(Q*) in comparison with
global fits (Fit I and Fit IT) proposed in Ref. [37]. In our
analysis we take the central values of the results for a global

fit of the charge and magnetic proton form factors
from Ref. [37].

Fit I:
1+ aET
GP 2 ,
=09 = 1+ bEz + cFr? + db
1
Gl (0%) = oy (29)

1+ b¥e 4 el + dif’
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Q% (GeV?) 0% (GeV?)

25 30

FIG. 1. Dirac u and d quark form factors multiplied by Q*.

o S
% %

< <

& &

S| S

<t

ST kS

0 5 10 15 20 25 30
0* (GeV?) 0* (GeV?)

FIG. 2. Pauli u and d quark form factors multiplied by Q*.

1.0 T T T T T T SFT T T
[ 3 .
08} : 3 1 { ]
B ]
<} 0.6 - -
S ]
j: 04+ 4
S ]
0.2: 4
U S S S R S S T S S SR ST S N ST S ST SR S S ST S (T S S St ] (U U S ST S N S ST S S N SR ST SN SN SN SN S ST SN SN S TN TN SN NN A ST S s |
0'00 5 10 15 20 25 30 0 5 10 15 20 25 30
0* (GeV?) 0 (GeV?)
FIG. 3. Dirac proton form factor multiplied by Q* and ratio Q*F5(Q?)/F}(Q?).
where Fit II: 1+ afr
GP 2\ 2 ,
£(Q) 1+ bt + ke + dbd
af =-0.21, bF=1221, cf =126, df =230, 1+ aMy
P (02) — 2
a¥ = 0058, b =1085 =199, a¥ =44, On( Q) =T s e rare G

30
(30 where
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0’ (GeV?) 0’ (GeV?)

FIG. 4. Dirac neutron form factor multiplied by Q* and ratio x,G7(Q%)/G%,(Q?) in comparison with global Fit I and Fit IL

1.0

o
[

0.8

N N
S S
& 06 S 06
2 L = L
=9 =9 F
& 04 o 04

0.2 0'2'

0? (GeV?) Q? (GeV?)

FIG.5. Ratio GH(Q?)/Gp(Q?) in comparison with global Fit I and Fit II for dipole scale parameter A> = 0.71 GeV? (left panel) and
A? = 0.66 GeV? (right panel).

Gy (0M)/(1p Gp(Q))

Fit I

E PR T SR N T N TR TR SR SR S SN S S n 4 L P PR IR S N T [N YN S SR SR SN SO ST SN SN SN ST SN SN N SO ST S Y 3

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
0” (GeV?) 0” (GeV?)

FIG. 6. Ratio G},(0%)/(u,Gp(Q?)) in comparison with global Fit I and Fit II for dipole scale parameter A* = 0.71 GeV? (left panel)
and A2 = 0.66 GeV? (right panel).

af =001, bE=1216, E=97 dE =370, In Figs. 5 and 6 we present the ratios G(0Q?)/Gp(0Q?)
P (02 24y ; : :

A =0.093, b =1107, =191 a¥ =56 and Gy (Q")/ (u, Gp(Q”)) iin comparison with the global

Fit I and Fit II [37] for the dipole scale parameter A~ =

(32)  0.71 GeV? (left panel) and A> = 0.66 GeV? (right panel).

A detailed comparison of different ratios of the nucleon

Here 7 = Q?/(4M%). Sachs form factors is shown in Fig. 7-9. Here we use the
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S
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S
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0.50
0.25 . . . . . 0 . . .
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Q* (GeV?) Q* (GeV?)
FIG. 7. Ratio G/(Q?)/Gp(Q?) and charge neutron form factor G%(Q?) in comparison with data.
1.2 T T T T T T T T T 1
7 Eden et al. [45] % Bermuth et al. [61]
@ Herberg et al. [46) O Warren et al. [62]
X Passchier et al. [43] M Glazier et al. [63]
1.0 O Zhuet al. [52) O Plaster ef al. [64]
0.8f /\ Riordan et al. [54] A Geis et al. [65]
: ® Schlimme et al. [66]
a0 —
0.8 X
S5 o
- = 0.6}
2 o)
&> 061 —
(o]
< S5
. SR oa4f
G G
SR S

Punjabi et al. [55]
Gayou et al. [56]
Ron et al. [57)

A
[ ]
o 0.2f
0.2} O Puckett et al. [37] +7|r
/\ Puckett et al. [58] $
< Zhan et al. [59]
O Paolone et al. [60]
0 + + + + + . L . . 0 - . .
0 2 4 6 8 10 0 1 2 3 4

Q? (GeV?) Q* (GeV?)

FIG. 8. Ratios p,GL(0%)/Gh(0?) and p,G1(Q?)/Gh(Q?) in comparison with data.

dipole function G (Q?) with A> = 0.71 GeV?. The Roper-nucleon transition form factors and helicity amplitudes are
shown in Figs. 10 and 11. Our predictions for the Roper-nucleon helicity amplitudes are compared with experimental data
of the CLAS (JLab) [23] and A1 (MAMI) [85] Collaborations, and with the MAID parametrization [86]

A?)(Q%) = —0.0614 GeV™'2 (1 -122 GeV2Q* - 0.55 GeV* Q) exp[~1.51 GeV2Q?],

S§7,(0%) = 0.0042 GeV~'/2 (1440 GeV7Q? + 1.5 GeV*Q®) exp[-1.75 GeV2Q?, (33)

and with the parametrization proposed by us. We find that the present data on helicity amplitudes can be fitted with the use
of the formulas
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TABLE I. Electromagnetic properties of nucleons and Roper.
Quantity Our results Data [34]
Hp (in n.m.) 2.793 2.793
u, (in n.m.) —1.913 -1.913
rh (fm) 0.832 0.84087 £ 0.00039
0.8751 £ 0.0061
(r3)" (fm?) —0.116 —0.1161 £ 0.0022
rhy (fm) 0.793 0.78 £ 0.04
riy (fm) 0.813 0,864jg;ggg
Af/z(O) (GeV~1/2) —0.061 —0.060 £ 0.004
§7,(0) (Gev~'/%) 0.008
Al (Q2) = AL 0) —— T4
1/2 V2T 4 4,07 + a30* + a,0°°
1 + S Q2
Q%) = 87,(0 : 34
where
Af/2(0) = —0.064 GeV~'/2,
§7,(0) = 0.010 GeV~'/2, (35)
and

a; = —2.03556 GeV=2,
a; = —0.90673 GeV™,
s; = 16.59500 GeV~2,
53 = 3.91487 GeV~4,

a, = 1.24891 GeV=2,
ay = 0.41896 GeVS,
5, = 1.75908 GeV~2,
s, = —0.15289 GeV=°. (36)

Our results for magnetic moments, slope radii and Roper-
nucleon transition helicity amplitudes at g> = 0 are sum-
marized in Table I.

IV. SUMMARY

In the present paper we extended a soft-wall AdS/QCD
action by inclusion of novel contributions from additional
non-minimal terms. These terms do not renormalize the
charge, do not change the normalization of the correspond-
ing form factors and give important contributions to the
momentum dependence of the form factors and helicity
amplitudes characterizing nucleon and Roper. Extended
version of soft-wall AdS/QCD model developed here gives
significant improvement of the description of both the
nucleon and the Roper structure in comparison with
previous versions. In the future we plan to extend our
formalism to the study of other nucleon resonances.
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APPENDIX A: CALCULATION TECHNIQUE

In this Appendix we briefly discuss calculation tech-
nique of electromagnetic form factors of baryons in soft-
wall AdS/QCD model. We illustrate the algorithm for
calculating the baryon form factors, considering a particular
case of the Dirac form factor of proton F,;(Q?), which is
generated by the minimal coupling of vector and fermion
AdS fields

X Z Nl (. )TV (x, 2)y (x, 2)
i=+,—7

(A1)

First we substitute expressions (5)—(7) and (9) for fermion
and vector fields into the interaction action (2) and get

4
S = [ dsiorvl) [ 55

eV, (q)FT (=q?)
(A2)

where

=3t [ V@t + 5
(A3)

is identified with the form factor contributing to the Dirac
proton form factor.

The matrix element generating by the action (A2) is

iy (P2, )V F1 (=q)up(p1sdr),s (A4)
where u,(p,4) is a proton spinor with momentum p and
helicity 4; ¢ = p; — p».

Form factor F{(Q?) can be presented in terms of the
Beta function B(m,n) =T'(m)['(n)/T(m + n) after inte-
gration over holographic variable z. In particular, substitut-
ing Eq. (8) and (12) in Eq. (A3) we get
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F( Qz):Z cy deZT 9r—1 .Integration over vaﬁables t and x is performed using
1 r'(7) Jo integral representation for Gamma I'(m) and Beta

B(m, n) functions, respectively:
Iodx —x22/(1- 2.2
X (7x“e /(=2 (7 1 4+x%22).  (AS)
0

—x)? 00
1—x) F(m) _ / dirm=le
0
. . 2.2 _ . 1
Changing the variable k“z* — #(1 — x) we obtain B(m, n) / dxx1 (1 = x)r!. (A7)
0
FP (02 cr 1d 1 2 Finall t
= al —x)™ inally, we ge
I(Q ) ZZF(T)A XX ( x) y g
x /oo dir-le7'(t—1+t(1-x)). (A6) F{(Q%) = ZCNB +1,7) (T + 2) (A8)
0

|
APPENDIX B: THE STRUCTURE INTEGRALS C;(0?), D;(Q%), AND E;(Q?)

Functions C;(Q?), D;(Q?%), and E;(Q?) are given by the analytical expressions

Ci(Q%) =D NcH(0?),

C{(Q2):B(a+1,z)(r+g>,
c5(0%) =4 “Bla+1,7),

C5(Q%) = aBa+ 1,7+ 1)@,

Ci(0*) =2a[(zr—1)Bla+1,7)=2Q2c = 1)B(a+ 1,7+ 1) +3(t+ 1)B(a+ 1,7+ 2)
+2(?=1DB(a+2,7+1)=2(t+ 1)(z +2)B(a + 2,7 +2)],
C5(0?) = —al(r— D)Bla+ 1,7) + 125 = D)B(a+ 1,7+ 1) + 2e(s + DB(a+ 1,7 +2)],
7

Ci(Q*) =—a|(t—=1)Bla+ 1,7) +7(2c=3)Bla+ 1,7+ 1) = 27(c + 1)B(a + 1,7 + 2)],
Cy(Q?) = ZA;IN(a—Fl—I—T)\/T— 1B(a+1,7+1),
Cy( 2)=4MNan/r—1[B(a+1,T+1)+2(1+1)B(a+1,r+2)}, (B1)

?) = chFNDf(Q2>,
Bla+ 1,7+ 1){ﬁ<

) +\f]
Di(Q*) ==B(a+ 1,7+ 1){\/—1( ) ]

D3(Q%) = al(z = 1)*B(a + 1, r)—r(\f+¢7—“>3( + L+ 1)+ (c+1)VaBla+ 1,7 +2)],

D(0Q%) =2ale(z = 12Bla+ 1,7+ 1) + 22 ((1 =2)\/t(t = 1) =t = 1)B(a+ 1,7+ 2) — (t+ 1)\/2(z = 1) (2(z + 1)
X Vi—1+(4r=1)yO)Bla+1,7+3) + (t+ 1)(t +2)v/z(3 + 41+ 2\/2(t = 1))B(a + 1,7 + 4)
-2(z+1)(t+2)(t +3)vzB(a + 1,7+ 5)],

Di(Q%) = —al(t—1)*?B(a+ 1.7) + 2(v/t+ VT —1(2c =3))B(a+ 1.7+ 1)

+ ViV = VT =12z + 1)B(a+ 1,74+ 2) = 2/z(z + 1)(z + 2)B(a + 1,7 + 3)],

Di(Q%) =

NI NS
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Di(0%) = —a[(r=1)*?B(a+ 1,7) —2(v/T =V —1(2t=3))Bla+ 1,7+ 1)

— ViV + Ve —1)(z +

M M
D5(Q%) = =5

B(a+1,742) +2y7(t+ 1)(z +2)B(a + 1,7+ 3)],
o (a+ 1,7+ Da(z=1)—7—=1+a\/z(z - 1)],

DE(0%) — Ma\/}(\/}+ Ve 1)/t = DBla+ 1,7+ 1)

+(rt+ 12z —=1) =

and

= cREN0QY),

DB(a+1.7+2)=2(c+ 1)(t+2)B(a+ 1.7+ 3)], (B2)

ET(Q?) :%[(1— 1)?B(a+1,7—=1)+7(2-7)B(a+1,7)—t(z+1)B(a+ 1,7+ 1)+ (z+1)(t +2)B(a+1,7+2)],

E(Q%)

E5(Q*) =al(r—1)’B(a+1,7)+7(2=37)B(a+ 1,7+ 1)+ 37(c+1)B(a+ 1,7 +2) —
1)2B(a+1,7+2)+7(20° = 67> =47+ 5)B(a+1,7+3)

Ey(Q%)

2a(t+1)[z(z -
+(z4+2)(z+3)(12e> + 10t —4)B(a+ 1,7 +5) —
+2(z+2)(z+3)(r+4)(r+5)Bla+1,7+7)],

—al(=

—al(r
+2(z+1)(z+2)Bla+ 1,7+ 3)],

E5(0%) = 2R /afe(e— 1)Bla+1,7) -

E5(Q?)
E(Q?)

-1)
-1)

E§(0) =

%[(1— 1)?B(a+1,7—1)+7(2-37)B(a+1,7)+37(z+1)Bla+ 1,7+ 1) -

B(a+1,7)+2z(z—=1)B(a+1,7+1)—
B(a+1,7)+27(z=2)B(a+1,7+1)—

(z+1)(z+2)Bla+1,7+2)],

(t+1)(z+2)B(a+1.7+3)],
—7(r+2)(822 =2t —13)B(a+1,7+4)

(824 7)(r+2)(z+3)(z+4)B(a+1,7+6)

+1)Bla+1,74+2)=2(z+1)(z+2)B(a+1,743)],
+1)(4r—1)B(a+1,7+2)

(z+1)2r=1)Bla+1,7+1)+(z+1)(z+2)B(a+1,7+2)],

MR o Je(e+ D e(e=1)B(a+1,742) + (22 —dr+1) (e +2)B(a+ 1,7+3)

+(3—-47)(r+2)(z+3)Bla+1,74+4) +2(r+2)(r+3)(t+4)B(a+1,7+5)]. (B3)
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