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We apply a nonperturbative soft-wall AdS/QCD approach to the description of deuteron structure
functions and tensor polarized properties. Present work is a completion of our previous study on
electromagnetic form factors. By the appropriate choice of two couplings in the effective action we are able
to reproduce both the form factors and structure functions in full consistency with model-independent
constraints set by perturbative QCD. Our framework is based on a five-dimensional action in AdS space
formulated in terms of vector fields dual to the deuteron and the electromagnetic fields. The AdS fields
depend on four Minkowski and one holographic coordinate z. The scale dependence of the form factors and
structure functions is consistent with quark counting rules implying the 1/Q'° behavior of the charge form
factor G(Q?), structure functions A(Q?) and B(Q?), and the 1/Q'? behavior of the magnetic G,,(Q?) and

quadrupole G,(Q?) form factors.
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I. INTRODUCTION

The study of electron-deuteron scattering gives a unique
insight into the structure of the deuteron. The structure
information is contained in the gauge-invariant matrix
element describing the interaction of the deuteron with
the electromagnetic field, which reads as

M;;xp,p'):—(Gl<Q2>e*<p'>-e<p>

2
- G;;% )e*(p’) ~qe(p)- 4) (p+p )

-G,(0?) (e"(ﬂ)e* (p")-q—€e*(pe(p) -q>
(1)

where e(e*) and p(p’) are the polarization and four-
momentum of the initial (final) deuteron, g = p’ — p is
the momentum transfer and M is the deuteron mass.

The three electromagnetic (EM) form factors G, 3 of
the deuteron are related to the charge G, quadrupole G,
and magnetic G, form factors by

2
GC = G] +§TdGQ’ GM = GZ’

Q2

Go=G,-G 1 G, =—.
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The form factors are normalized at Q% = 0 as

M
Gy (0) :M—]‘iyd =1.714, (3)

where M, is the nucleon mass, Q, = 7.3424 GeV~2 and
1y = 0.8574 are the quadrupole and magnetic moments of
the deuteron.

The set of the three form factors (G¢(Q?), Gy (Q?),
G(0?)) and their combinations—structure functions

2 8
A(Q*) = G¢(Q%) + gTdGzzw(Qz) + §T¢ZiG2Q(Q2),
4
3

B(Q?) = (1 +74)G3,(0Q%). (4)

are the main observables defining the electromagnetic
structure of the deuteron (for a recent review on the
experimental and theoretical progress see Refs. [1-4]).
In Refs. [5-7] model-independent relations between the
deuteron form factors and their individual scalings imposed

by perturbative QCD at large Euclidean values of Q? have
been derived. In particular, in Ref. [5] it was shown that

\/A(Q?) can be factorized in terms of the nucleon form
factor Fy(Q?/4) and the so-called “reduced” nuclear form
factor f,(Q?) as
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\A(Q?) = fa(Q*)F3,(Q%/4). (5)

VA(Q?) scales as 1/Q'° in agreement with quark counting
rules, since the deuteron has six constituent quarks.
Reference [6] contains a derivation of the high Q> QCD
prediction for the following relation between the charge
and quadrupole form factors

2

GC(QZ) - 3

TdGQ(Q2>- (6)

In Ref. [7] this relation has been extended by including the
next-to-leading term in the form

Gel@) = (3ru=1)Gol@d. )

In addition it was shown that the three deuteron form
factors and structure functions scale at large Q7 as

Gel@):6u(@):6o(0?) = (Gra=1):2: -1,

1

B(0?):A(Q%):GE(Q) = 4:1: 3. (8)

Using these results of Refs. [5—7] one concludes that the
individual deuteron form factors and structure functions
scale at large Q? as

VA(Q?) ~\[B0) ~ Ge(0?) ~§,

Gu(Q%) ~ Gy (0?) ~é. 9)

The cross section for elastic electron-deuteron scattering is
defined by the Rosenbluth formula

S(0%) =A%) + B(@)aY,  (10)

where o), is the Mott cross section and 6 is the electron
scattering angle.

Other important characteristics of the deuteron are the
deuteron tensor-polarized observables (tensor analyzing
powers) T, Ty and T, which are expressed in terms
of the three form factors (G¢(Q?), Gy (Q?), Go(Q?)) and
scattering angle 6 as
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T(0%.0) = 5 s |30 0)Go(0)
+§T§G2Q( 2) +T3—d <1 +2(1 +rd)tan2§>
< Gl 2)], (1)
GM 2 2
) (chngg(Q ) 12)
2
T1(02.0) = —mu%(gz). (13)

As shown in Ref. [8] it is useful to define the quantity

7 o 1 2 6
with the use of the factor
_ B(QY) 1 20
= 50) [2(1 oy 5} 15)

in order to eliminate the dependence of T, on Gy, and 6:

74 3P(Q°) + 74

Ty(Q%) = _\/EW’ (16)

where f(0?%) = G¢(0?)/Gy(Q?) is the ratio of G and G
form factors. By further elimination of the leading Q2
dependence one can introduce the reduced quantity

- 3 .
THr(Q%) = —mTzo(Qz)
d
_ Gol0?) GelQ) +%Gy(0?)
Go(0) GE(Q?) +§73Gp(0%)’

(17)

which is normalized as Tg(0) = 1 for Q2 = 0.

Using the power scalings of the deuteron form factors (9)
one can derive large Q7 scalings for the tensor-polarized
observables [7] as
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1 + tan??2
\/E 2

Ty(Q%) ~ — mNO(l)v
tan 4
Tm(Q2)~fv§11;%%i;gvaX1L
2
V3 1
AN ~ 2
T (0Q?%) 20,1 1 dan’? T dan’? o(1/0%),
Ty(0%) ~—V2~0(1),
~ 3
Tor(Q?) O(1/0%). (18)

- 4TdGQ (O) ~

In the present paper we further improve the calculation
on the deuteron form factors in a soft-wall AdS/QCD
approach [9-12], started in Ref. [4]. We present in addition
the results for the structure functions and the tensor-
polarized variables. Our approach is based on the use of
a phenomenological action constructed in five-dimensional
AdS space, which allows the nonperturbative calculation
of QCD quantities at both small and large energies/
momentum transfer squared. It is achieved because the
calculated matrix elements are defined in terms of bulk
|
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profiles ®(z) and bulk-to-boundary propagators V(Q, z) of
AdS fields dual to hadrons and external fields, which are
valid in the whole region of holographic (scale) coordinate
z and transfer momentum squared Q? (in the case of the
bulk-to-boundary propagators). As a result the calculated
quantities obey the power (quark counting) scaling rules at
large Q?, which are in analytical agreement with leading-
order results of pQCD. The main advantage of our
framework is that it gives a description of the deuteron
electromagnetic form factors in the full Q* regime and
therefore guarantees the correct power scaling of form
factors and structure functions at large Q2. Notice that this
important property of AdS/CFT and AdS/QCD approaches
was originally found in Ref. [13] and was later confirmed in
Refs. [4,10-12].

II. FORMALISM AND NUMERICAL RESULTS

The formalism is based on an effective action given in
terms of the AdS fields d™(x, z) and V™ (x, z). These fields
are dual to the Fock component contributing to the deuteron
with twist 7 = 6 and the electromagnetic field, respectively.
The action is given by

1 .
S = / d*xdz./ge=?1?) [—ZFMNFMN — DM, DydV — ic,(z) FMN ) dy

c3(2)

+ 2L AR OM FNK (iDy ) dy — diyiDydy + Hec.) + djy (4 + U(z))d™ |, (19)

4M;

where g = |detg,,y| = ¢'*® and A(z) = log(R/z); FMN
is the stress tensor of vector field VM; DM is the covariant
derivative including V™; u?R?> = (A —1)(A - 3) is the
five-dimensional mass; R is the AdS radius, ¢(z) = x*z?
is the background dilaton field and x is the scale
parameter; A =7+ 1 is the dimension of the d(x,z)
field; M, is the deuteron mass and U(z) = Uyp(z)/R? is
the confinement potential, where the constant U, is fixed
by the value of the deuteron mass. We work in the axial
gauge for both vector fields d*(x, z) = 0 and V¥(x,z) = 0.
The z-dependent couplings c¢,(z) and c3(z) are con-
strained by the normalization and the large Q? scaling
of the deuteron electromagnetic form factors (see dis-
cussion below).

This updated action is an extension of the deuteron
action suggested in Ref. [4]. The main difference is that
now we incorporate the z-dependence of the AdS/QCD
couplings ¢, and cs:

cz(z) = e_ﬂ(ﬂ(Z) [cél) + ng)eGZ lOg(/’(Z)]’

c3(2) = cze Prltaslogo(d) (20)

[

where the couplings cgl), ng) and c; are fixed from the

normalization of Gy, (Q?), Gy(Q?) and the asymptotics of
Gy (Q?) at large Q:

(1) o 1 (1 —X)s
62“24‘“U+ﬁu—wr’

2 n M 1
i’ = Go0) = i = g -y,

M
c3 = G3(0) = M30, -1 +M—dﬂd- (21)
N

The parameters a,, @3 and f should satisfy the conditions

>0, a>1. B0 (22)

to guarantee the scaling behavior (9) of the deuteron form
factors and structure function. Their numerical values are
optimized in a best fit to data:

w =025 a=11 f=12. (23
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Our calculation of deuteron form factors proceeds in
several steps. First, we perform a Kaluza-Klein (KK)
decomposition of the vector AdS field dual to the
deuteron @ (x,z) = exp|(¢(z) — A(2))/2]3,dn(x)®,(2) .
where d),(x) is the tower of KK fields dual to the deuteron
fields with radial quantum number n and twist-dimension
7 = 6, and @, (z) are their bulk profiles in the fifth direction
of the AdS space.

Second, we derive a Schrodinger-type equation of
motion (EOM) for the profile ®,,(z)

a9, )
S KT U 0,(2) = M3, 0,0 (24

which is solved analytically

27[! 2.2
o _ 11/2=2/2] 5,272
a(2) ”(n+5)” (k°2%),

U
M@—4KP+3+4ﬂ (25)

where L}(x) are the generalized Laguerre polynomials.
Restricting our considerations to the ground state n = 0 we

getM,; = 2k4/3 +

for the deuteron mass M, = 1.875613 GeV and setting the
parameter x = 190 MeV (obtained from a fit to the data
of the electromagnetic deuteron form factors), we fix
Uy = 85.4494. One should stress that the electromagnetic
deuteron form factors do not depend on the deuteron mass
M, and the parameter U, in the confinement potential.
Note that the deuteron scale parameter is two times smaller
than the analogous parameter x, = 380 MeV entering in
the description of the nucleon—mass and electromagnetic
form factors [11,12]. 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 about 2 times larger than the
nucleon.

Third, we perform a Fourier transformation of the vector
field V(x,z) with respect to the Minkowski coordinate

. Using the central experimental value

4
V) = [ Shemvavias @8

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

e 9 e~ ()
0.(“ o)) + P via

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

z2)=0. (27
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2 2

q q
V(q,Z):F(l—“-—Kz>U<—F,0K ) (28)

In the Euclidean region it is convenient to use the integral
representation for V(Q,z) [14]

1 dx 2,2 x
V(0, — 22/ oK T, 29
(0.2) =’z | (1_x)2xe (29)

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

With the present setup the deuteron form factors can be
easily calculated as:

G1(0Y) = / ® :B()V(0.2).

0

Gi(Qz)ZAoochi(z)CI%(z)V(Q,z), i=2.3. (30)

For a detailed discussion on the calculational technique see
for example Ref. [4]. The explicit expressions for the form
factors are

G,(0?) = T(a+ 1DI(7)

Ta+7) °
2
G,(0?) = ¢ I}l((QO)) + e Iiz((QO)) :
G3(Q?) = ¢; I;j(QO)) . (31)
where
CTA+A) [T, (1—x)
1@ =S [ e
A =0, Ay = ay,
Ay=a;, ) =21,(0). (32)

Note that the scaling of our form factors, structure functions
and tensor-polarized observables obtained in nonperturba-
tive soft-wall AdS/QCD approach is fully consistent with
the leading-order results of perturbative QCD [5-7]. Of
course, our approach does not pretend to be a systematic
expansion of QCD quantities in powers of the strong
coupling constant .

In particular, the structure functions A(Q?), B(Q?) and
the charge form factor G-(Q?) have the correct power-
scaling 1/Q'0 at large Q% — oo, while the magnetic and
quadrupole form factors scale as 1/Q'? at large Q. Our
results for the charge G¢(Q?), quadrupole G,(Q?%) and
magnetic G, (Q?) form factors, structure functions A(Q?)
and B(Q?), tensor-polarized quantities T(Q?), Toor(0?),
T,,(Q?) and Ty, (Q?) are shown in Figs. 1-3. Results are
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FIG. 1. Charge G(Q?), quadrupole G, (Q?%) and magnetic (my/mp)Gy(Q?) deuteron form factor.
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FIG. 2. Deuteron structure functions A(Q?) and B(Q?).

compared to data taken from Refs. [1,15] and references
within. The shaded bands correspond to values for the scale
parameter « in the range of 150-250 MeV. An increase of
the parameter x leads to an enhancement of the form
factors. The best description of the data on the deuteron

T50(Q)

form factors is obtained for x = 190 MeV and is shown
by the solid line. We also determine the deuteron

charge r¢ = (—6dGc(Q?)/dQ% p2—)"/* and magnetic
ry = (—6dGyy(0?)/dQ%| yr_y/Gyy(0))"/?  radii, which

T r(Q)

721(Q)

~1.0 n n n n L L
0

Q(fm™)

FIG. 3. Deuteron tensor-polarized structures T»(Q?), Toor(0?), T»;(0Q?) and T»,(0?).
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FIG.4. Results for the charge form factor G(Q?) with the parameters in the range of 0 < # < 2 (solid line corresponds to the # = 1.2)
and for the fixed values a, = 0.25, a3 = 1.1: exact result (left panel) and truncated result G(QZ) (right panel).
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FIG. 5. Quadrupole G,(Q?) and magnetic (my/mp)Gy(Q?)

corresponds to the f = 1.2) and a, = 0.25, a3 = 1.1.

for k =190 MeV are equal to 1.92 fm and 2.26 fm,
respectively. These values compare well with the data of
re =2.13+0.01 fm and ry; = 1.90 & 0.14 fm.

In the soft-wall AdS/QCD approach we are able to
describe of full Q2 behavior of the electromagnetic struc-
ture of the deuteron including the tensor-polarized observ-
ables. One exception is the tensor analyzing power T
where discrepancies between prediction and data occur for
Q larger than 4 fm~'. This mismatch can be traced to the
behavior of G¢(Q?), where the prediction overestimates
the data for large Q. The predicted behavior of G(Q?) can
further be linked to the electromagnetic form factor G, (Q?)
contributing in the form

deuteron form factors for the parameters 0 < <2 (solid line

Ge=G| + %TdGQ. (33)
While the prediction for G| (Q?) is positive for all values of
Q?, the corresponding data of G, require a G; which
should cross zero around Q ~ 4 fm~'. As an illustration in
Fig. 4 we present two plots for G-—the exact result (left
panel) and where the form factor G, is dropped (right
panel), i.e. G¢ = GC = %TdGQ with a k of 190 MeV and a
variation in £ from 0 to 2. Similar plots for the magnetic,
quadrupole form factors and the structure functions are
shown in Figs. 5 and 6. In all plots an increasing f value
leads to increase of all observables in the Q? dependence.

0.01 4
S 1074 F
< %
1070 F E
1078 . . . . . . .
0 1 2 3 4 5 6 7 1 2 3 4 5 6 7
Q(fm™) Q(fm™")

FIG. 6. Structure functions A(Q?) and B(Q?) for the parameters 0 < # < 2 (solid line corresponds to the # = 1.2) and a, = 0.25,

a3 = 1.1.
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Ge(0%)

Q(fm™)

FIG.7. Results for the charge form factor G(Q?) with the parameters 0 < a, < 1, 1 < a3 < 2 (solid line corresponds to the a, = 0.25
and a3 = 1.1) and = 1.2: exact result (left panel) and truncated result G(Q?) (right panel).

Q(fm™)

o1
E
=
3 0.01
~ 01+
3
=
0.001 F
0 1 2 3 4 5 6 7
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FIG. 8. Quadrupole G,(Q?) and magnetic (my/mp)Gy(Q*) deuteron form factors with the parameters 0 <, <1, 1 <a3 <2
(solid line corresponds to the @, = 0.25 and a3 = 1.1) and f = 1.2.

0.01F
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1 2 3 4 5 6 7
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FIG.9. Structure functions A(Q?) and B(Q?) with the parameters 0 < @, < 1, 1 < a3 < 2 (solid line corresponds to the a, = 0.25 and

ay=1.1)and = 12.

From Fig. 4 it is apparent that the form factor G,(Q?)
should cross zero around Q =4 fm~! in order to suppress
the contribution of the G, form factor in Ge.

Finally, in Figs. 7-9 we show the sensitivity of all form
factors and structure functions on the variation of the
parameters a, and a3: 0 <ap, < 1,1 <az <2.
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