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We present a high-quality description of the deuteron electromagnetic form factors in a soft-wall anti-de
Sitter/quantum chromodynamics approach. We first propose an effective action describing the dynamics of
the deuteron in the presence of an external vector field. Based on this action the deuteron electromagnetic
form factors are calculated, displaying the correct 1=Q10 power scaling for large Q2 values. This finding is
consistent with quark counting rules and the earlier observation that this result holds in confining
gauge/gravity duals. The Q2 dependence of the deuteron form factors is defined by a single and universal
scale parameter κ, which is fixed from data.
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The experimental and theoretical study of the deuteron is
one of the main focuses of hadronic physics during the last
decades (for detailed reviews see e.g. Refs. [1–4]). Many
theoretical approaches have been applied to the problem of
the deuteron form factors: perturbative QCD, chiral effec-
tive and phenomenological approaches, potential and quark
models (see e.g. Refs. [1–22]). For example, in potential
models the nonrelativistic impulse approximation [7,8] was
used. It leads to deuteron form factors factorized in terms of
the isoscalar combinations of the nucleon form factors.
These approaches are able to describe data up to 0.5 GeV2,
but deviate from data for higher Q2 and are not consistent
with quark counting rules. To include relativistic effects,
different types of relativistic nuclear models have been
developed. One possibility is based on taking into account
relativistic corrections in a v=c expansion of the non-
relativistic current (leading to so-called two-body interac-
tion current diagrams) [9–11]. Such approaches are limited
in their validity of the description of data up to 1–2 GeV2.
There is a group of models based on relativistic
Hamiltonian constraint dynamics, which uses certain phe-
nomenological potentials (Argonne, Nijmegen, etc.) and
three forms of quantization procedures (point, instant or
front form) (see e.g. Refs. [12,13]). Field-theoretical
methods formulated in terms of hadronic (mesons, nucle-
ons,Δ-isobars) degrees of freedom are used in a wide range
of approaches. These include models based on the solution
of a quasipotential [14] or on Bethe-Salpeter [16] equa-
tions. These methods also include field theories quantized

on the light cone [17,18], phenomenological Lagrangian
approaches [19] and effective field theories treating the
long-range dynamics explicitly while parametrizing the
short-distance effects by contact interactions (for recent
applications to deuteron form factors see e.g. Refs. [20]).
Another class of approaches supposes to treat the deuteron
in terms of fundamental degrees of freedom—quarks and
gluons: nonrelativistic quark models [21,22] and perturba-
tive QCD [6]. The analysis of Ref. [6] results in a prediction
for the asymptotic large-momentum-transfer behavior of
the deuteron form factors and the form of the deuteron
distribution amplitude at short distances. Later on in
Ref. [23] it was shown that field theories based on
gauge/gravity duality, as proposed in Refs. [24], produce
the correct power scaling of hadronic form factors at large
momentum transfer. This finding is consistent with the
quark counting rules.
The main advantage of our approach is that it gives a

description of the deuteron electromagnetic (EM) form
factors in terms of a single dimensional parameter κ with
the correct power scaling 1=Q10 at large Q2 as predicted by
perturbative QCD. Our approach is constructed as a holo-
graphic dual to perturbative QCD. It gives a good starting
point for studying more complicated many-body nuclear
systems.
Encouraged by this property we focus on soft-wall

anti-de Sitter/quantum chromodynamics (AdS/QCD)
[25–28]. It is a version of a bottom-up approach based
on the correspondence of string theory in AdS space and
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conformal field theory (CFT) in physical space-time. The
formalism in soft-wall AdS/QCD is based on an effective
action involving five-dimensional fields propagating in
AdS space, which are dual to the deuteron and the
electromagnetic field. We apply our formalism to the
calculation of the EM form factors of the deuteron.
The deuteron itself is simply considered as a proton-
neutron bound state.
Note that there are already some applications of

AdS=CFT and AdS/QCD to different problems in nuclear
physics: baryon matter at finite temperature and baryon

number density [29], cold nuclear matter [30], baryon-
charge chemical potential [31], ρ meson condensation at
finite isospin chemical potential [32], holographic nuclear
matter [33], heavy atomic nuclei [34], nuclear matter to
strange matter transition [35], self-bound dense objects
[36], and mean-field theory for baryon many-body systems
[37] (for reviews see e.g. Refs. [38–41]).
Our approach is based on an effective action, which in

terms of the AdS fields dMðx; zÞ and VMðx; zÞ, is dual to the
Fock component contributing to the deuteron with twist
τ ¼ 6, and the electromagnetic field, respectively, is given by

S ¼
Z

d4xdze−φðzÞ
�
−
1

4
FMNðx; zÞFMNðx; zÞ −DMd†Nðx; zÞDMdNðx; zÞ − ic2FMNðx; zÞd†Mðx; zÞdNðx; zÞ

þ c3
4M2

d

e2AðzÞ∂MFNKðx; zÞðiDKd
†
Mðx; zÞdNðx; zÞ − d†Mðx; zÞiDKdNðx; zÞ þ H:c:Þ þ d†Mðx; zÞðμ2 þ UðzÞÞdMðx; zÞ

�
;

ð1Þ

where AðzÞ ¼ logðR=zÞ, FMNðx; zÞ ¼ ∂MVNðx; zÞ −
∂NVMðx; zÞ is the stress tensor of the vector field
VMðx; zÞ, DM ¼ ∂M − ieVMðx; zÞ is the covariant deriva-
tive, μ2R2 ¼ ðΔ − 1ÞðΔ − 3Þ is the five-dimensional mass,
R is the AdS radius, φðzÞ ¼ κ2z2 is the background dilaton
field, Δ ¼ τ þ L is the dimension of the dMðx; zÞ field, L is
the orbital angular momentum, and Md is the deuteron
mass. UðzÞ is the confinement potential with

UðzÞ ¼ φðzÞ
R2

U0; ð2Þ

where the constant U0 is fixed by the value of the deuteron
mass. In the following we work in the axial gauge for both
vector fields dzðx; zÞ ¼ 0 and Vzðx; zÞ ¼ 0. In our consid-
eration we have two free parameters: κ and U0 (the latter
only relevant for the description of the deuteron mass). As it
will be shown later, the parameters c2 and c3 are con-
strained by normalization of the deuteron electromagnetic
form factors.
First we perform a Kaluza-Klein (KK) decomposition for

the vector AdS field dual to the deuteron

dμðx; zÞ ¼ exp

�
φðzÞ − AðzÞ

2

�X
n

dμnðxÞΦnðzÞ; ð3Þ

where dμnðxÞ is the tower of the KK fields dual to the
deuteron fields with radial quantum number n and twist-
dimension τ ¼ 6, and ΦnðzÞ are their bulk profiles.
Then we derive the Schrödinger-type equation of motion

(EOM) for the bulk profile ΦnðzÞ with
�
−
d2

dz2
þ4ðLþ4Þ2−1

4z2
þκ4z2þκ2U0

�
ΦnðzÞ¼M2

d;nΦnðzÞ:

ð4Þ

The analytical solutions of this EOM read

ΦnðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2n!
ðnþ Lþ 4Þ!

s
κLþ5zLþ9=2e−κ

2z2=2LLþ4
n ðκ2z2Þ;

M2
d;n ¼ 4κ2

�
nþ Lþ 5

2
þ U0

4

�
; ð5Þ

where Lm
n ðxÞ are the generalized Laguerre polynomials.

Restricting to the ground state ðn ¼ 0; L ¼ 0Þ we get

Md ¼ 2κ
ffiffiffiffiffiffiffiffiffiffiffiffi
5
2
þ U0

4

q
. Using the central value of data for the

deuteron mass Md ¼ 1.875613 GeV and κ ¼ 190 MeV
(fitted from data on electromagnetic deuteron form factors),
we fix U0 ¼ 87.4494. We can compare this value for the
deuteron scale parameter to the analogous one of κN
defining the nucleon properties—mass and electromagnetic
form factors. In Ref. [28] we fixed the value to
κN ≃ 380 MeV, which is 2 times bigger than the deuteron
scale parameter κ. The difference between the nucleon and
deuteron scale parameters can be related to the change of
size of the hadronic systems—the deuteron as a two-
nucleon bound state is 2 times larger than the nucleon.
In the case of the vector field dual to the electromagnetic

field we perform a Fourier transform with respect to the
Minkowski coordinate

Vμðx; zÞ ¼
Z

d4q
ð2πÞ4 e

−iqxVμðqÞVðq; zÞ ð6Þ

where Vðq; zÞ is its bulk profile obeying the following
EOM:

∂z

�
e−φðzÞ

z
∂zVðq; zÞ

�
þ q2

e−φðzÞ

z
Vðq; zÞ ¼ 0: ð7Þ
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Its analytical solution [25] can be written in the form of an integral representation introduced in Ref. [42],

VðQ; zÞ ¼ κ2z2
Z

1

0

dx
ð1 − xÞ2 e

−κ2z2x=ð1−xÞxa; a ¼ Q2

4κ2
; Q2 ¼ −q2: ð8Þ

The gauge-invariant matrix element describing the interaction of the deuteron with the external vector field (dual to the
electromagnetic field) reads

Mμ
invðp; p0Þ ¼ −

�
G1ðQ2Þϵ�ðp0Þ · ϵðpÞ −G3ðQ2Þ

2M2
d

ϵ�ðp0Þ · qϵðpÞ · q
�
ðpþ p0Þμ

−G2ðQ2ÞðϵμðpÞϵ�ðp0Þ · q − ϵ�μðp0ÞϵðpÞ · qÞ ð9Þ

where ϵ(ϵ�) and pðp0Þ are the polarization and four-momentum of the initial (final) deuteron, and q ¼ p0 − p is the
momentum transfer. The three EM form factors G1;2;3 of the deuteron are related to the charge GC, quadrupole GQ and
magnetic GM form factors by

GC ¼ G1 þ
2

3
τdGQ; GM ¼ G2; GQ ¼ G1 − G2 þ ð1þ τdÞG3; τd ¼

Q2

4M2
d

: ð10Þ

These form factors are normalized at zero recoil as

GCð0Þ ¼ 1; GQð0Þ ¼ M2
dQd ¼ 25.83; GMð0Þ ¼

Md

MN
μd ¼ 1.714; ð11Þ

where Md and MN are deuteron and nucleon masses, and Qd ¼ 7.3424 GeV−2 and μd ¼ 0.8574 are the quadrupole and
magnetic moments of the deuteron. Since the deuteron is a spin-1 particle it has three EM form factors in the one-photon-
exchange approximation, due to current conservation and the P and C invariance of the EM interaction.
We illustrate the algorithm for calculating the deuteron form factors, considering a particular case of the form factor

G1ðQ2Þ, which is generated by the second term in the effective action (1),

Sð1Þ ¼
Z

d4xdze−φðzÞeVμðx; zÞði∂μd†νðx; zÞdνðx; zÞ − d†νðx; zÞi∂μdνðx; zÞÞ: ð12Þ

Next we use the Kaluza-Klein decomposition (3) for the five-dimensional fields dνðx; zÞ and d†νðx; zÞ (restricting to the
contribution of the ground states with n ¼ 0) and perform the Fourier transform for dνðxÞ, d†νðxÞ,

dνðxÞ ¼
Z

d4p
ð2πÞ4 e

−ipxϵνðpÞ; d†νðxÞ ¼
Z

d4p0

ð2πÞ4 e
ip0xϵ�νðp0Þ ð13Þ

and Vμðx; zÞ [see Eq. (6)]. Substituting expressions (6) and (13) in action (12) and integrating over x and z, we get

Sð1Þ ¼ ð2πÞ4
Z

d4p
ð2πÞ4

Z
d4p0

ð2πÞ4
Z

d4q
ð2πÞ4 δ

4ðpþ q − p0ÞeVμðqÞMμ;ð1Þ
inv ðp; p0Þ ð14Þ

where Mμ;ð1Þ
inv ðp; p0Þ is part of the invariant matrix element of the dþ γ → d transition containing the contribution of the

form factor G1ðQ2Þ,

Mμ;ð1Þ
inv ðp; p0Þ ¼ −ðpþ p0Þμϵ�ðp0Þ · ϵðpÞG1ðQ2Þ: ð15Þ

In our approach the deuteron form factorG1ðQ2Þ ¼ FðQ2Þ, where FðQ2Þ is the twist-6 hadronic form factor, which is given
by the overlap of the square of the bulk profile dual to the deuteron wave function (twist-6 hadronic wave function) and the
confined electromagnetic current
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FðQ2Þ ¼
Z

∞

0

dzΦ2
0ðzÞVðQ; zÞ ¼ Γð6ÞΓðaþ 1Þ

Γðaþ 6Þ ð16Þ

where a ¼ Q2=ð4κ2Þ. This formula follows from the
general and universal formula for the hadronic form factor
with twist τ derived in Ref. [27] in terms of the bulk profile

ϕτðzÞ ¼
ffiffiffiffiffiffiffiffiffiffi

2
ðτ−2Þ!

q
κτ−1zτ−3=2e−κ

2z2=2 dual to the hadronic

wave function with twist τ:

FτðQ2Þ ¼
Z

∞

0

dzϕ2
τðzÞVðQ; zÞ ¼ ΓðτÞΓðaþ 1Þ

Γðaþ τÞ : ð17Þ

Therefore, Eq. (16) is the particular case of Eq. (17)
for τ ¼ 6.
By analogy we calculate the other two deuteron form

factors G2 and G3, which are expressed in terms of the
same universal factor FðQ2Þ:

GiðQ2Þ ¼ ciFðQ2Þ; i ¼ 2; 3: ð18Þ

The parameters c2 and c3 are defined by normalization of
the deuteron form factors as

c2 ¼ GMð0Þ ¼ 1.714;

c3 ¼ GMð0Þ þ GQð0Þ − 1 ¼ 26.544: ð19Þ

Note that the form factor FðQ2Þ has the correct power-
scaling FðQ2Þ ∼ 1=ðQ2Þ5 at large Q2 → ∞. It can also be
written in the Brodsky-Ji-Lepage form derived within
perturbative QCD. The deuteron form factor is factorized
in terms of the nucleon form factor FNðQ2=4Þ and the
so-called “reduced” nuclear form factor fdðQ2Þ [6]:
FdðQ2Þ ¼ fdðQ2ÞF2

NðQ2=4Þ. Our result reads

FdðQ2Þ≡ FðQ2Þ ¼ Γð6ÞΓðaþ 1Þ
Γðaþ 6Þ

¼ 5!

ðaþ 1Þ…ðaþ 5Þ ¼ fdðQ2ÞF2
NðQ2=4Þ ð20Þ

where our predictions for fdðQ2Þ and FNðQ2=4Þ are

fdðQ2Þ ¼ 30ðaþ 1Þðaþ 2Þ
ðaþ 3Þðaþ 4Þðaþ 5Þ ;

FNðQ2=4Þ ¼ 2

ðaþ 1Þðaþ 2Þ ð21Þ

where a ¼ Q2=ð4κ2Þ. Our results for the charge GCðQ2Þ,
quadrupoleGQðQ2Þ and magneticGMðQ2Þ form factors are
shown in Figs. 1–3. The shaded band corresponds to values
of the scale parameter κ in the range of 150 MeV <
κ < 250 MeV. An increase of the parameter κ leads to
an enhancement of the form factors. The best description
of the data on the deuteron form factors is obtained for
κ ¼ 190 MeV and is shown by the solid line. Data points
are taken from Refs. [2,4]. To quantify the quality of the
fit with κ ¼ 190 MeV we indicate the χ2 values for the
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FIG. 1 (color online). Charge deuteron form factor.
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FIG. 2 (color online). Quadrupole deuteron form factor.
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FIG. 3 (color online). Magnetic deuteron form factor.
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three deuteron form factors: χ2 ¼ 0.2 for (GC), χ2 ¼ 13.8
for (GQ) and χ2 ¼ 2.3 for (GM). We would also like
to point out that with κ ¼ 190 MeV our result for the deu-

teron charge radius rC ¼ ð−6dGCðQ2Þ=dQ2jQ2¼0Þ1=2 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
137
40κ2

−Qd

q
¼ 1.846 fm compares well with data, rC ¼

2.130� 0.010 fm [1].
In conclusion we stress again the main result of this

paper. Using the soft-wall AdS/QCD model we calculate
the deuteron electromagnetic form factors, which are given
by analytical expressions in terms of a universal twist-6
form factor FðQ2Þ relevant for the deuteron—hadronic
system with six partons. Our framework gives a description
of the deuteron in terms of two free parameters—the
dimensional parameter κ and the confinement parameter
U0. The parameter κ is fixed by the scale of the deuteron

form factors and the parameter U0 is fixed through the
deuteron mass.
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