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Deuteron electromagnetic form factors and tensor polarization observables
in the framework of the hard-wall AdS/QCD model
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Abstract: We study the electromagnetic form factors and tensor polarization observables of the deuteron in the
framework of the hard-wall AdS/QCD model. We find a profile function for the bulk twist 7 = 6 vector field, which
describes the deuteron on the boundary and fix the infrared boundary cut-off of AdS space in accordance with the
ground state mass of the deuteron. We obtain the deuteron charge monopole, quadrupole, and magnetic dipole form
factors and tensor polarization observables from the bulk Lagrangians for the deuteron and photon field interactions.
We plot the momentum transfer dependence of the form factors and tensor polarization observables and compare our
numerical results with those in the soft-wall model and experimental data.

Keywords: deuteron, electromagnetic form factors, structure functions, tensor polarization observables,

hard-wall model

DOI: 10.1088/1674-1137/ac957a

I. INTRODUCTION

The deuteron is formed mainly by ionizing deuterium
with the emission of a photon: d+vy — d. It also forms as
a result of the capture of a neutron by a free proton in hy-
drogen contained matter, accompanied by the emission of
a photon: p+n— d+vy. The interaction vertex of these
processes is described by electromagnetic (EM) form
factors, which include the charge monopole G¢(Q?),
quadrupole GQ(QZ), and magnetic dipole G(Q?) form
factors of the deuteron. We study the EM form factors
and tensor polarization observables of the deuteron
through the e+d — e +d electron-deuteron elastic scatter-
ing process.

The EM form factors [1-28] and tensor polarization
observables [3, 17, 19, 21, 24, 29-32] of the deuteron
have been studied experimentally [33, 34] and in the
framework of several theoretical approaches. For in-
stance, there are different relativistic models that de-
scribe deuteron EM form factors, which are based on
phenomenological potential models, such as Nijmegen,
JISP-16, CD-Bonn, Paris, Moscow, and Argonne [11, 12,
15, 16, 28]. Deuteron EM form factors and tensor polariz-
ation observables have been calculated within the Born

approximation approach (see Refs. [1, 14, 17]) and stud-
ied theoretically within the effective Lagrangian [4, 5]
and phenomenological Lagrangian approaches [3, 7, 9].
In Ref. [8], deuteron EM form factors were investigated
within a modified version of Weinberg's chiral effective
field theory approach applied to a two-nucleon system. In
Ref. [10], the EM form factors and low-energy observ-
ables of the deuteron were studied within the lightfront
approach, where the deuteron is regarded as a weakly
bound state of a proton and neutron. In Ref. [18], the
asymptotics of the EM form factors of the deuteron in the
nuclear model and JLAB experiment were studied, where
the deuteron was considered a two-nucleon system. After
the introduction of holographic quantum chromodynam-
ics (QCD), the EM form factors and tensor polarization
observables of the deuteron were studied within the soft-
wall model of anti-de Sitter (AdS)/QCD in Refs. [19, 20].
AdS/QCD models have been successfully applied to the
study of the different couplings and form factors of had-
rons [19, 20, 35—47]. The holographic duality principle
connects gauge theory in d-dimensional space with grav-
itational theory in (d + 1)-dimensional space and has great
importance in solving many problems of QCD. Unlike
quantum field theory, AdS/QCD models are used without
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restrictions on the momentum transfer when solving
problems involving strong interactions. For this reason,
AdS/QCD models have been successfully used in the
study of strongly interacting quark-gluon plasma, as well
as in the calculation of the strong interaction constants
and form factors of hadrons.

Additionally, over the last decade, the soft-wall and
hard-wall AdS/QCD models have improved through the
consideration of appropriate Lagrangian terms or gravity
background [48—65], for example, by considering the in-
frared (IR)-modified five-dimensional (5D) conformal
mass and Yukawa coupling of the bulk baryon field with
the bulk meson field, which has been shown to provide a
consistent prediction for the mass spectra of mesons. A
soft-wall AdS/QCD model with a modified 5D metric at
the IR region was constructed to obtain a nontrivial
dilaton solution, which incorporates chiral symmetry
breaking and linear confinement. By taking the pion mass
and decay constant as two input mass scales, the result-
ing predictions for the resonance states of mesons con-
curred remarkably with the experimentally confirmed res-
onance states; hence, this model can lead to a consistent
prediction for the mass spectra of resonance states in
pseudoscalar, scalar, vector, and axial-vector mesons
[51- 53, 64]. To implement confinement, the sign of
dilaton in the IR soft-wall AdS/QCD model is changed,
where the deformed model exhibits interesting properties,
especially in describing chiral symmetry breaking [48]. In
Ref. [49], the predictive soft-wall AdS/QCD model with
a modified 5D metric in the IR region was constructed to
obtain a non-trivial dilaton solution for three flavor
quarks, u, d, and s, incorporating both chiral symmetry
breaking and linear confinement. The thermal mass spec-
tra of scalar and pseudoscalar mesons have also been
studied within the IR-improved soft-wall AdS/QCD mod-
el in Ref. [50].

The principal idea of AdS/QCD is to set up models
based on AdS/conformal field theory (CFT) that include
key non-perturbative properties, such as chiral symmetry
breaking and confinement in four-dimensional (4D)
space. It is reasonable to also investigate these form
factors and polarization moments in the framework of the
hard-wall model. Therefore, in this study, we consider the
profile function, EM form factors, and tensor polariza-
tion observables of the deuteron within the hard-wall
model of AdS/QCD. In the hard-wall model, the confine-
ment and chiral symmetry breaking properties of QCD
and the finiteness condition of the 5D action are provided
by cutoff AdS space at the IR boundary [35—41].

In Section II, we present the basic elements of the
hard-wall model of the deuteron. We introduce a vector
field with twist 7 =6 describing the deuteron, derive an
equation of motion (EOM) for this field, and find a pro-
file function by solving it. We also fix the IR boundary
value according to the ground state mass of the deuteron.

In Section III, we introduce an effective action for the
bulk field interactions, derive matrix elements for the
deuteron EM current, and find the charge monopole,
quadrupole, and magnetic dipole form factors and tensor
polarization observables of the deuteron. In Section IV,
we plot the momentum square Q® dependence of these
form factors and tensor polarization observables and
compare our results with the experimental data and soft-
wall model results. In Section V, we summarize our res-
ults on deuteron EM form factors and tensor polarization
observables.

II. HARD-WALL MODEL OF ADS/QCD

The finiteness condition of 5D action in AdS space is
provided by cutoff at the IR boundary in the hard-wall
model. The confinement and chiral symmetry breaking
properties of QCD are ensured by this cut-off. The action
for the hard-wall model is expressed as [35—41]

S = f Cdtxdz VG L(x,2), (1)
0

where G = |detgyy| is the determinant of the g,y metric
of the AdS space (M,N =0,1,2,3,5), L(x,7) is the Lag-
rangian, and the z coordinate varies in the range
€ <7<z, (e = 0), where € — 0 is ultraviolet (UV), and z,,
is the IR boundary of AdS space. The AdSs metric in
Poincare coordinates is written as

RZ
ds? =Z—2 (—d22 + nﬂvdx”,udx") = gpvdxMdx,

1wy =0,1,2,3, ©)

where 7, = diag(1,—-1,-1,-1) is a 4D Minkowski metric.

A. Vector field bulk-to-boundary propagator
The bulk-to-boundary propagator of the vector field
in the framework of the hard-wall AdS/QCD model is
given in Refs. [35-39]. A vector field in the bulk is intro-
duced as a sum of the gauge fields AY and AY, which
transform as left and right chiral fields under the
SUQR)LxSUQ2)g chiral symmetry group of the model

[35-39]: VM = % (Ay +AM ) The UV boundary value of

the vector field corresponds to the photon wave function.
The 5D bulk action for the free vector field sector is writ-
ten as [35-39]

< 1
S = fo de\/E(—F]Tr(FMNFMN), 3)

85

where Fyy =0y Vy—0nVy 1s a field stress tensor of an
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EM field, Vy=V{*, t*=0%/2, and o are Pauli
matrices, g2 = 127%/N, is the 5D coupling constant, and
for the dual boundary SU(2) gauge group gs =2x, N, is
the number of colors [35-39].

For the V, =0 gauge choice, the EOM obtained from
the action in Eq. (3) for the Fourier components Vﬁ(q,z)
is [35-39]

1 — _
20; (—@V,f(q,z)) +4°Vi(q,2) =0. “)
Z

For the Vﬁ(q,z) =Vi(q)V(q,z) separation, the V(g,0)=1
UV and V’(¢,z0) = 0 IR boundary conditions are imposed
on the solution of Eq. (4) for the vector field. By solving
the EOM in Eq. (4), the bulk-to-boundary propagator of
the vector field is found as [35, 37-39]

Yo (qzm
Vi(g,2) = ng %h (g2)-Y1(q2)|, Q)

where Y, (gz,) and Y (qz) are second kind Bessel func-
tions, Jo(gz,) and J;(gz) are first kind Bessel functions,
and ¢ is the 4D momentum. The solution (5) in the
¢* = —0? < 0 domain acquires the form [35]

Ko(Qzn
V(Q.2) = g&(%h 0)+K(Q)]. ()

where Ky (Qz,) and K; (Qz) are second kind Bessel func-
tions, and Iy(Qz,) and I;(Qz) are first kind modified
Bessel functions.

B. Deuteron profile function

In this subsection, we find the deuteron profile func-
tion within the hard-wall AdS/QCD model. Similar to the
deuteron description in the soft-wall model [19, 20], we
express an action for another bulk vector field F with the
twist 7 = 6, which has a UV boundary value correspond-
ing to the deuteron wavefunction:

T
S = f d*xdz VG| - (DM Fy)* (x,2) DuF" (x.2)
0

+12F (2 FY (x,2) ], (7

where DM =9M —ieVM (x,7) is a covariant derivative,
VM (x,7) is vector field dual to the EM field,

, (A-1D(A-3) (T+L-D(T+L-3)
(L+5)(L+3)
R

is the 5D mass, A =7+ L is the conformal dimension of
the FV (x,z) field, and L is the orbital angular momentum.

We use the axial gauge condition for the F field
F*(x,2) =0. For the free deuteron field, the Lagrange-
Euler EOM is

oL oL
0 ~arE =0 ®)
R[a(aRFg)J oF;
# 10 (L+4P-1], .
[’@Ta_z*z—z}’” (,2) = Mp, F" (2. (9)

Note that in Eq. (9), the 0,05F” (x,2)n% =—M12)’nF Y (x,2)
4D EOM is applied.

Kaluza-Klein (KK) decomposition of the F' deuteron
field

F'(x2)=exp ™ ) Fr(0®,() (10)

is used along with the F) (x) tower of KK components
dual to deuteron states with the radial quantum number 7.

Thus, we obtain a Schrodinger-type EOM for the
@, (z) bulk profile.

2 4(L+4)7-1
N kil

iz | @) =M}, 0,(), (11

where M, is the mass spectrum of the deuteron. Solving
this equation for L = 1, we find the profile function of the
n-th mode @, (z) deuteron.

@, (2) = by VzJs(Mpz) + by Vz¥s (Mp ,z), (12)

where Js(Mp,z) and Ys(Mp,z) are the Bessel functions
of the first and second kinds, respectively. The UV
boundary condition requests b, to be b, =0, and the nor-
malization condition gives us the b, constant as

by = 1 (13)

VI dzlJs (Mp)P?

Thus, the profile function of the deuteron in the frame-
work of the hard-wall AdS/QCD model accepts the fol-
lowing form:

VzJs5 (Mpz)
Iy dzlJs (Mp2)I?

O(z) = (14)

The IR boundary condition leads to Js(Mpz,)=
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Js(ap) =0, where Mp is the ground state deuteron mass
(Mp =1,876 GeV =9.508 fm~!) and ay is the first zero of
Js (ap=8.77). We fix the value of the IR boundary at

2= 20 _ 46756 GeV-! =0.9225 fm.
Mp

III. DEUTERON EM FORM-FACTORS AND
TENSOR POLARIZATION OBSERVABLES

WITHIN THE HARD-WALL ADS/QCD
MODEL

A. Effective action for the bulk interaction

Here, we derive the deuteron EM form factors and
tensor polarization observables in the framework of the
hard-wall model. Hence, we present an effective action,
which includes all interactions between the EM and deu-
teron fields in the bulk of AdS space. For clarity, we sep-
arately present all bulk Lagrangian terms used in the
Refs. [19, 20] that contribute to the invariant form factors

G1(Q%). G2(@?), and G3(Q?):
1) A minimal bulk gauge action term SV, which de-

scribes the minimal gauge interaction of the EM field
with the deuteron,

S(l) = fd4x fZM dZ VE[—DMFIG(X,Z)DMFN(x’Z)]? (15)
0

2) the action term S®, which leads to the magnetic
dipole form factor of the deuteron,

N :fd“x fZMdz@[—iczFMN(x,z)F,J‘}(X,Z)FN(X,Z)],
0
(16)

3) a non-minimal bulk gauge action term S, which
was introduced in [19, 20] and contributes to the charge
monopole and quadrupole form factors of the deuteron,

M
§3 = f d*x f dz VG~ exp™ @ oM FVK (x,2)
A aM2

X [0k Fy; (x,2) Fy (x,2) —

- Fy,(x,2)i0gFy (x,2) +H.C.]. an

The general bulk action for the interaction will be a sum
of these terms.

Sin=8SV4+5@ 483, (18)

After performing several calculations, the action terms
accept the following form:

s = fd4x fZM dz VGeV, (x,2) [i0"F} (x,2) F” (x,2) — F} (x,2)i0" F” (x,2)], (19)
0

§@ :fd4x fZM dz VGe, [iav(x,z) Vi (x,2) F** (x,2) FY (x,2) = 0, (x,2) Vy (6, 2) F** (5, 2) FY (x,2) 1, (20)
0

M
§® = fd4x f dz \/Ezcﬁ S [—ZB”HVVK (x,2)eViFy (x,2) Fy (x,2) -0'"VE (x,2) Fy (x,2)10kFy (x,2)
0 D

+2049VY (x,72) F;; (x,2)eVi(x,2) F, (x,2) + 80" VE (x,2) ic’)kF;' (x,2) Fy (x,2) = #*V” (x,2) i(?kF; (x,2)F,(x,2)
+ 30V (x,2) Fji (x,2)i04F, (x,2) = 2010V (x,2) Fy (x,2) Vi (x,2) F} (x,2)

+20"0"VE (x,2) eVi (x,2) F (x,2) F} (x,2) = 0" V¥ (x,2) F, (x,2) 10 ) (x,2)

+ 1OV (x,2) Fy (x,2) 104 F (x,2) + 0 V* (x,2) 10, F , (x,2) F} (x,2) = 0V (x,2) 10k F (x,2) Fy (x,2) 1.

€2y
We perform the decomposition (10) in Egs. (19)—(21) and .
apply a Fourier transformation to the vector V(x,z) and Fo(x) = f d*p e P, (p) (23)
deuteron F, (x), F; (x) fields. @t
d4q —igx d4p/ ip'x ’
o= [ Shep voves. @ Fiw= [ Sheme ), 24)
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where p and p’ are the four-momenta, and € and €* are
the polarizations of the initial and final deuterons, re-
spectively. Substituting Egs. (10) and (22)—(24) into Eqs.
(19)—(21), we obtain action terms for the bulk deuteron-
EM field interactions.

4 1
oot [ e
§Y=-(2nm) 2t ) @) @ st (p+q-p')

x eV, (q) f 02V (. D Q) € (P )e(p) (p+ P Y, o

d4r
s =o' [ [ 5 [soes
2 (2m) 2t ) @) @ Hp+q-p')

X V(@) f A2V (.2 () (e () " (p)q

—e™M(pHep)-@(p,.p')s

(26)

d4p d4p/ f d4q 64 .,
e e (p+q-p")

><Vu(q)deV(q,z)GJZ(z)e*(p’)~q6(p)-q(p+p’)“-

27)

RO 4 €3
=(2n) w2 | onf

Action terms (25)—(27) contribute to the G, (Qz), G, (Qz),
and G; (QZ) form factors of the deuteron.

B. EM current, matrix element, and
EM form-factors

According to AdS/CFT correspondence, the deuteron
EM current can be found by taking a variation from the
generating functional Z = elS» over the vector field V,(¢)
[38].

6eisml

H(pp ) =- (28)

According to Eq. (28), the action terms of Egs. (25)—(27)
give the corresponding current terms,

JO(p,p'y =~ f dzV(0,2)¢* @) €' (p)-e(p)(p+p'V

==Gi(Q)e" () -eP)(p+ PV, (29)

JF(p,p)=-c2 f dzV (0,2)¢* ) (e“(p)e*(p') - q

- (pe(p)-q)

=-G1(Q?) (e (P € (p)-q— €M (Pe(p) - q),
(30)

PO, = 2M2 = [aveadoen)

-qe(p)-q(p+p'Y

G(2) , ,
= W €(p')-qe(p)-qlp+p'y. (3D

The current conservation and P- and C-invariances
provide three EM form factors of the deuteron, known as
the charge monopole G¢(Q?), quadrupole Go(Q?%), and
magnetic dipole G (Q?) form factors.

The EM current of a e+d — e+d electron-deuteron
elastic scattering process is written in terms of Gi(Qz)
form factors:

G5 (0?
J(p.p")==|G1(Q%) " (P) - €(p) - ;Lz)
D

€ (p)-qe(p)-q

X(p+p'V -Ga(Q%)

X (e“(p) e (p')-q— €™ (pe(p)-q).
(32)

According to AdS/CFT correspondence, the sum of
current terms in Egs. (29)—(31) is identified in the current
form (32).

Gy (Q2>, G2<Q2), and G (QZ) are deuteron form
factors that depend only on the virtual photonfour-mo-
mentum. Moreover, assuming hermiticity, they are real.
The explicit expressions of these form factors are found
by comparing Egs. (29)—(31) with Eq. (32).

Gi1(QY) = f dzV (Q,2) ¥*(2),
G2(0%) =c2 f dzV(Q,2) ®*(2),

Ga(0%) =c3 f 42V (0,2 D (2). (33)

The charge monopole G¢(Q?), quadrupole Go(Q?),
and magnetic G(Q?) form factors are related to the
G1(0%), G2(0%), and G3(Q?) form-factors as [3, 17, 19,
20]

Gc(Q)=Gi(QY)+3 UdGQ(Q )

Go(Q) =G(0H) - Gz(Qz) +(1+12)G3(0%),
Gu(Q) =G2(0%), (34)

2

0
where ==
My

Ge(0?), quadrupole Go(Q?), and magnetic dipole
Gu(Q? form factors are normalized experimentally as

At (Q%>=0, the charge monopole
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follows [17]:

Gc(0) =1,

Go(0) =M% Qp = 25.83,
M

Gu(0) =—2up = 1.714, (35)
my

where my is the nucleon mass, Qp is a quadrupole, and
up 1s the magnetic moment of the deuteron. Using rela-
tion (34) and the normalization of the Go(Q?) and
Gu(Q?) form-factors at 0> =0 in Eq. (35), we fix the
value of the constants ¢, and c¢3 as ¢y =1.67066 and
c3 =22.507, respectively.

C. Tensor polarization observables of the deuteron

In elastic e+d — e+d electron-deuteron scattering,
two unpolarized elastic structure functions, A(Q?) and
B(Q?), are applied in the description of the scattering pro-
cess. The two unpolarized elastic structure functions are
defined using the Gc(Q?), Go(Q?), and Gy (Q*) form
factors as follows [3, 17, 19, 21, 22, 24, 29]:

2 8
AQ*) = G + 314G (@) + 53 G (),

4
B(QY) = (1 +12)G3,(0%). (36)

The B(Q?) unpolarized elastic structure function de-
pends only on the G3,(Q% form factor. Therefore, this
form factor can be determined by a Rosenbluth separa-
tion of A(Q?) and B(Q?) [3, 17],

do do
do - (E)MonS (Qz)’ 7

or by a cross section measurement at 6= 180°, where

do . . .
(—) is the Mott cross section, @ is the electron scat-
dQ Mott

tering angle, and S = A(Q?)+ B(Q?%) [3, 17]. Because the
first unpolarized elastic structure function A(Q?) depends
on all three form factors, only a quadratic combination of
Gc(0%) and G(Q?) can be determined from the unpolar-
ized cross section. A complete separation of the form
factors requires the measurement of at least one tensor
polarization observation, such as Ty, T2;, and T, and
all of the polarization observables depend on the mo-
mentum square Q° and scattering angle 6 [3, 17, 19, 21,
24,29-31].

1 8 8 1 6
T20(Q%,0) = - N [gnd(Qz)Gc(Qz)GQ(Qz) + g(@HGH(Q) +§nd<Q2>(1 +2(1+74(Q%)tan” E)GM<Q2>},
2o 2 > . 5 0\Gu(QHG (0%
Ta(Q%0) == = (@) 1014102 sin E)T’
2
1
6pi1T2(0%,0) = — ————na(0*G2,(0%).
[6p11722(Q”.6) =~ \/gS(Qz)nd(Q) (0

Because the first 759 measurement [32] was performed
close to 8 =70°, observables are quoted at this angle. For
experiments not performed at 70°, the Ty observable is
extrapolated to this angle using the structure functions. It
is useful to use an alternative quantity, T>0(Q?), which is
independent of scattering angle 6 and thus depends only
on Q% [17, 19, 31].

_na(Q%) 3B(0%) +na(Q%)

T2(Q?) = ,
B V2 gﬂz(Qanf,(Qz)

Go(0?) Oc(@)+ZGo(@?)
" Go®)

Ta0r(0%) ) (39

8
G2(Q%) + 5niGH(Q)

(38)

Gc(0%)
Gu(0?)
poleand magnetic dipole EM form factorsof a deuteron,
and Tor(0?) = 1, normalized at Q% = 0.

where B(Q?) = is the ratio of the charge mono-

IV. NUMERICAL RESULTS FOR THE DEUTER-
ON FORM FACTORS

We numerically calculate integrals for GC(QZ),
Go (Qz), and Gy (Qz) and present their Q dependence for
the EM form factors of the deuteron in Fig. 1. We also
numerically calculate integrals for the T5o (Qz), Taor (QZ),
To (QZ), and T»» (Q2> tensor polarization observables and
present their O dependence for these observables in

Fig. 2. To perform numerical integration, we fix the IR
boundary value z,, within the hard-wall AdS/QCD model
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Fig. 1. (color online) G¢ (QZ) charge monopole, G (Qz) quadrupole, and %GM (QZ) magnetic dipole deuteron form factors.
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Fig. 2. (color online) T (Qz), Taor (Qz), Ta (Qz), and T (QZ) deuteron tensor-polarized moments.

from the zeros of the first kind Bessel function Js as
Zm = 0.9225 fm. The value §=70° is taken from experi-
ments [33, 34], and the values of the nucleon and deuter-
on masses are my = 4.764 fm~! and Mp =9.508 fm™!, re-
spectively.

As identified from Fig. 1, the hard-wall results for the
Ge (Q2), GQ(Q2), and GM(QZ) form factor O depend-
ences exhibit the shape of 1/0Q" dependence. Such a de-
pendence is typical of deuteron form factors [1-28]. Ex-
isting experimental data on the G¢ (Q2), Go (Qz), and
GM(Q2) form factors and tensor polarization observables
of the deuteron in Refs. [33, 34] are in the ~0.86 <
Q(fm’l) < 6.64 interval of Q. For a detailed analysis, we
conduct a comparison with experimental data and soft-
wall model results. These data are represented in Fig. 1
and Fig. 2 as dark dots. In the graphs, the blue solid lines
represent the soft-wall model results obtained in Ref.
[19], and the red solid lines are our hard-wall model res-
ults.

V. SUMMARY AND CONCLUSION

In this study, we calculate the EM form-factors and
tensor polarization observables of the deuteron in the
framework of the hard-wall AdS/QCD model and com-
pare the numerical results with those obtained within the
soft-wall model. The graphs of the hard-wall form factors
results exhibit similar shapes to those of existing experi-
mental data and the results of the soft-wall model. Re-
garding the values, the dependencies presented in the
form factor graphs exhibit shifts with data and the results.
The graphs of Ty and Tog are similar to the soft-wall
results, whereas the graphs of T,; and Ty, differ from the
soft-wall results. As known from studies to date, no holo-
graphic model can completely describe all phenomenolo-
gical quantities. The results of the same quantity often
differ significantly between different holographic models
[66]. Therefore, probing both the soft and hard-wall mod-
els for such problems will be useful.
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