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We study deep inelastic scattering at large 't Hooft coupling and finite x from gauge/string duality
beyond single-hadron final states, which gives the leading large-N,. contribution. Within the supergravity
approximation, we calculate the subleading large-N, contribution by introducing an extra hadron into the
final states. We find that the contribution from these double-hadron final states will dominate in the Bjorken
limit g> — co compared with the single-hadron states. We discuss the implications of our results.
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I. INTRODUCTION

The gauge/string correspondence, since first conjectured
[1-3], has been used widely in studying nonperturbative
aspects of QCD. As the first application to deep inelastic
scattering (DIS), Polchinski and Strassler [4] employed the
correspondence to calculate the structure functions for
hadrons in the large-’t Hooft coupling and large-N,. limits
by introducing an infrared cutoff in the fifth dimension to
mimic the confinement. Since then, there have been many
further investigations [5—23] in this direction. Compared to
QCD, these studies show that the hadron structures in the
strong-coupling limit bear very different features at finite x,
while sharing similar features at small x. It turns out that the
structure functions in the strong-coupling regime are all
power suppressed at finite x, implying that few of the
partons gain a finite amount of longitudinal momentum
from the target hadron, and that almost all of the partons are
squeezed into the small-x region. However, such conclu-
sions can be arrived at only in the large-N,. limit from the
contribution of single-hadron final states. It is valuable to
investigate the structure functions beyond this limit, which
is the major concern of the current work.

It is a nontrivial task to obtain complete contributions to
the structure functions at subleading order in large N, from
gauge/string duality. For simplicity, we will restrict our-
selves to the supergravity approximation, considering
subleading contributions from the processes with only
two scalar hadrons involved in final states. Through the
specific calculation and power analysis, we find that in the
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large-N, expansion (compared with leading contribution)
the subleading contribution can be less suppressed in the
power expansion of 1/¢g. Thus the subleading contribution
will dominate in the Bjorken limit ¢ — oo, which implies
that the large-N. limit and the Bjorken limit do not
commute with each other.

The paper is organized as follows. In Sec. I we formulate
the DIS on a scalar target in the gauge/string correspondence.
In Sec. III we evaluate successively the transition amplitudes,
the hadronic tensor, and the structure functions for the DIS
process under the supergravity approximation. In Sec. IV we
analyze the power dependence on 1/¢ for various channels
and phase spaces and extract the leading contribution for the
structure functions in the Bjorken limit ¢ — 0. In Sec. V we
discuss our results and give a summary.

II. DIS FROM THE GAUGE/STRING DUALITY

In the one-photon exchange approximation for DIS, the
initial lepton interacts with the hadron target by the exchange
of a virtual photon, and the hadron absorbs the photon and
decays into the final states. The cross section is determined
by the hadronic tensor W which is defined as

wee = 3" 2a)*8(p + g = Px) (H|#(0)[X) (X|7*(0)]| H).

(1)

where J* is the electromagnetic current, g is the momentum
of the virtual photon, p# denotes the momentum of the initial
hadron H, and Py denotes the total momentum of the final
hadron states X. For the spinless or spin-averaged hadrons,
the hadronic tensor can be decomposed into
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All the information for the hadron structure is encoded in the
structure functions F;(x, ¢?) and F(x, ¢*).

In the gauge/string duality, scalar hadrons corres-
pond to normalizable supergravity modes of the dilaton
and the electromagnetic current corresponds to a non-
normalizable mode of a Kaluza-Klein gauge field at the
boundary of the anti—de Sitter (AdS) space, AdSs. The
mass gap of hadrons can be generated by breaking
the conformal invariance through introducing a sharp
cutoff 0 < z < zg=1/A. The metric in AdSs space can
be written as

1
ds* = 2 (n,dy*dy” + dz?), (3)

where 7, = (= +,+,+) is the flat-space metric at the
boundary. The initial/final dilaton wave function sat-
isfies the Klein-Gorden equation in AdSs and the
corresponding normalizable solution with the boundary
condition ®(y,zy) =0 is given by

D(y.2) = P22 (M, 2), (4)

where « = A — 2 with A being the conformal dimension
of the state, M, ,z, denotes the nth zero point of the
Bessel function J, and ¢, is the normalization factor,

V2

C = .
o Z0|Jl<+l (MK.HZ0)|

(5)

In order to calculate the subleading large-N,. contribu-
tion from the final multiple-hadron states, we need the
bulk-to-bulk propagator of dilatons in AdSs space,
which is given by

k.
G(y.z;y.7) = — =ik (y-)
. zy.7) /(27[)46
x/oo dw*zzJK((oz)z’zJK(wz’).
0 @* 4+ k* —ie
(6)

When considering the boundary condition, the accurate
propagator should take the discrete form

d4k . M C2
Gy, z;y.7)=—- ik (=)~ knCrn
(v z:y.2) /<2ﬂ>4e ZM%,,,Jrkz—ie

Mx.n

X 220 (M y2)2 T (M ,2). (7)
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FIG. 1. Leading large-N,. contribution from the single-hadron
final states.

The gauge field corresponding to the current satisfies
the Maxwell equations in AdSs space, and the non-
normalizable solution with the boundary condition
A,(y, ) = n,e” (where n, is the virtual photon
polarization vector) and the Lorentz-like gauge fixing
0,A¥+20,(A,/z)=0 is given by

A, = n,e'”qzK,(qz), A, =in-qe"VzK(qz), (8)
where K; and K, are both modified Bessel functions.

When we were working in the leading large-N,
approximation, only a single hadron in the final states
was needed. The corresponding Witten diagram for the
hadronic tensor is represented in Fig. 1, in which the
dashed line denotes the final states. In our present
work, we will devote ourselves to calculating the
subleading large-N_. contribution and analyzing the
power dependence of 1/g. It should be mentioned that
the complete subleading contribution of large N, can
come from different sources; however, in this paper we
will restrict ourselves to considering the contribution by
introducing an extra hadron into the final states. Doing
such a calculation is mainly inspired by the discussion
of Polchinski and Strassler in Ref. [4], while it should
be emphasized that it is possible that the ignored terms
could cancel the leading 1/¢g contribution or that they
may have even more important contributions in 1/¢g
than those found in the present work. For simplicity,
we will ignore these complexities in the following
discussion.

For further simplicity, we will only consider the
spinless hadron and the final states that include two
dilatons, in which the gauge propagator and gravity
propagator do not contribute. The relevant supergravity
interaction is
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FIG. 2.
states.

s-channel contribution from the double-hadron final
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FIG. 3.
states.

t-channel contribution from the double-hadron final

S = /de,/—[Z D"®,D,, &t + Zpﬂ@*cp + 2D, D507 + /1<I>*<I>2<I>3}

/ d®x\/=g [Z o"®,;0,,®7 + Z;ﬂ@*@ + A™A,, 23: QX P
=1

+iA™ Z Qi(®;0,,0 — ©:0,,®;) + AP, P3P} + ,1@7@2@3} , 9)

i=1

where we have introduced three different dilatons
(i=1,2,3) which have different charges Q; (with
Q4+ Q,+0Q3=0) and five-dimensional mass w7 =
A;(A; —4)/R?, where A, is the conformal dimension of
the states and R is the AdS radius. It should be explained
that the above action is mainly based on phenomenological
considerations, and we assign the parameters Q; and 1 as
small, free coupling constants.

It follows that the subleading contributions of large N Cl
with two dilatons in the final states come from the Witten
|

MY:in/deds "N =g(x)\/—g(x' )P (
—in/d5xd5x’\/—g(x)\/—g(x/)[an)

the 7-channel amplitude,

I

diagrams in Figs. 2, 3, and 4, and from the other six
crossed-channel diagrams which have not been displayed
here. The Witten diagrams with a cutline actually represent
the squared amplitudes: the transition amplitude is to the
left of the cut line, while the complex conjugate is to the
right. Therefore, in order to calculate the hadronic tensor
we first need to calculate the transition amplitudes. From
the action given in Eq. (9), it is straightforward to write
down all the transition amplitudes corresponding to differ-
ent channels: the s-channel amplitude,

0)[On G (x, 1) @3 (x) @5 (x)

M(x)G (x. x) 23 (') 25 (x'): (10)

'In supergravity, the loop corrections are always equivalent to 1/N-suppressed corrections. This is because the action of interest to us
[e.g., Eq. (9)] will have an overall coupling-constant factor which is proportional to N? (for brevity, we have suppressed this overall
factor in this paper). Hence, similar to the argument in large-N,. QCD, we can find that the additional loops or external lines will result in

an additional suppression of 1/N.
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M, = -iQ, / Pxdx'\/=g(x)/=g(x') D, (x) §(x)[0), G (x. x')|AM (x') D3 (')
+iQ / Pxdx'\/=g(x)/—g(x") D (x) 2§ (x) G (x. x)AY (x') [0}, 3 (') ; (11)

and the u-channel amplitude,

M, =—iQ; / Pxdx'\/=g(x)/—g(x') ; (x) 3 (x)[0), G (x. x')|AM (x') 5 (x')

+iQ; / Pxdx'\/=g(x)/—g(x") @ (x) @3 (x) G (x. x)AM (x') [0}, @5 (). (12)

where x = (y, z),x’ = (y/,x), and
Af(x) = n*e¥ gz K, (qz),

D5 (x) = 2%, (Maz)e ™,

For brevity, we have used the shorthand ¢;, M;(i = 1,2, 3)
for ¢(jyux and M ;), x, where k labels the conformal weight
and n labels the state.

The main task of the remaining parts of this work is to
calculate the above transition amplitudes, square them to
obtain the hadronic tensor, and finally extract the structure
functions.

III. CALCULATION OF THE
STRUCTURE FUNCTIONS

Substituting the wave functions of the initial or final
states in Eq. (13) into the transition amplitudes and
integrating out the boundary coordinates y and y’ yields

FIG. 4.
states.

u-channel contribution from the double-hadron final

A¥(x) = in- ge'V 2} Ky (qz).
®3(x) = 322, (M3z)e™ ™. (13)

Dy(x) = €12/ (M2)e'?™,

1
M, = Qieiey63(20)*8 (p+q—p' = q')n- (217 +xq>

x [ dzdz G0, (20K (42)6 (2. )0 (M32)
X Jo,(M32') = Q2n)*8" (p+q—-p' —q')n-q

1
XE/dZ’Z’ZJKI (M\2)K (g2 )], (M2 )], (M52)),
(14)

1
M, = Qycicre32n)* 6 (p+q—p' —q')n- <2q’ + ;q>

x [ dzz L, (00,2)3, (432G, 2. 2K 02

3

X Jo,(My?') + Q(27)*8 (p+q—p' —q')n-q

><é/dzzzl,<1 (M2)K(q2)J,(M32)J ., (M52),
(15)

1

M, = Qsci166327)* 8 (p+q—p' —q')n- (217' + QQ>
x / dzdz/gJ,q (M12)J, (M)2)G, (2. 2)K 1 (g2)
X Jo,(M32') + Q3(27)*8* (p+q—p' —q')n-q

« é / dz22) (M1 2)K 1 (92)] ,(Ma2) ] (M52),
(16)

where we have defined three scalar variables,
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and the reduced bulk-to-bulk propagators in the holo-
graphic radial coordinate, which are given by

o wc?
G,(z,7) = —/ dw s
(&%) o @+ (pt+q)’-

x 220, (wz)2?J, (02)). (18)

wc?

G,(z,7 z—/ooda)
t( ) o w2+(p/_p>2_

x 22, (02) 2%, (02), (19)

wcl

G,(z.7 z—/mdw
(z2) 0 o+ (P —q)* -

x 2 (@2) 2, (02, (20)

which correspond to the s-channel, #-channel, and u-
channel, respectively. It should be noted that for brevity
we will use the integral notation instead of the sum notation

|

M= M;+ M, +M,

PHYSICAL REVIEW D 90, 075018 (2014)

in the propagator. In order to be consistent with the cutoff
in the AdS space, we have introduced the normalization
factors ¢y, ¢;, and ¢, which are given (respectively) by

) V3

“ = @) T a2V
) Vi

‘= @)+ @) 2

¢ = v2 (23)

20(eg+1(@20)] + [V, (020) 1)

The above normalization is very proper because it is always
finite and will reduce to the usual normalization (5) when
the propagator is on-shell.

The total transition amplitude is obtained by summing
over all the contributions from different channels,

1 1 1
=cie2e32n)* 8 (p+q-p' —4) [n : (ZP +;q) Cy+n- (2q’ +;q) C,+n- (217’ +;q) Cu], (24)

where we have defined

€= Q1 [ dedz §0,,(M12)K (420G, 202 (2 (M52, (25)
€= Qs [ dzdz L, (M,2)1,(M52)G 2.2 Ky (0, (017, (26)
Co= Qs [ dzd L0, (M,2)7,, (:2)Gu (22K (02 (M:2). @)

From the relation between the hadronic tensor and the squared transition amplitude,

v —
nn'W,, =

MM, (28)

and the definitions of the structure functions in Eq. (2), we can extract the structure functions in the Bjorken limit ¢ — oo

with x fixed,

3 i

d’q

Fi(x,¢?) =c1)_ Y che / 527)* (p+q-1p'~4)
‘Mz M3 ) 2E, (27:32E (27)}

X 2q2{[l)u + 4)6 (Us : vu) }Cucz +

3 !

dq
—0122 C3/2E (273 2E, (2n)

2 3

x dxg*{[v? + 12x*v}H C,C: +
+ [Urz + 12x2<”t : vs>2]CtC;K +
+ [vg - v, + 12x*(v

[Ut + 4x2(vx : v,)z]C,C;‘—i—[vu S U+ 4x2(vs :

[v2 + 12x*(v
[US * Uy + 12x2(v, : Us)v%](cscf + CIC;F)
u’ US)’U?](CA'CZ =+ CL¢C§)+[UL¢ “ U+ 12)62(’[}, : US)(UM : Us)](CuC;K + CtC;:)}7 (30)

Uu)(vs ' 'Ut)](cuc;K + CtC;)}’
(29)

s ) (p+qg-p' —4)

u’ Us)z]CuCZ
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where we have defined the three vectors

1 q* 1 q* 1 q*
f=—(p'+-], = I f=—g"+2=). 31
’ q<p +ZX> ’ 61<p +2X> o 61<q "oy G

In order to extract the leading contribution in the Bjorken limit ¢ — oo with x fixed, it is convenient to define the following
scaled variables:

pr=r"/q,  §¢"=q"/q. @=o0/q, =gz, =47 (32)

With these scaled variables, we can rewrite the structure functions as

dSA/ 3@/ e
Fing) =3 /‘ a5 (p+ 4 - — )
IMZ M3 2E,(2n)3 2E/(27)3

2 PO A ~” A a A
X E{[Ui + 4x2(vs : UM)Z]CMCZ + [Ut2 + 4x2(vs : ”t)z]ctcj"i_[vu v+ 4x2(vs : ”u)(vs : Ut>]<cucj + CtCZ)}7

d% / 3('\1/ i
Far,?) =33 /' Qaf(p+a— - )
R M; 2E,(27)3 2E,, (27)?

4 A A A
X _)66{[1)3 + 12x21)‘§]CSC§ + [Uﬁ + 12x2<vu : US)Z]CMCZ
q

+ [07 + 1222 (v, - 0,))|C,CF + [0 - v, + 1222 (v, - 0)13](C,Cf + C,C3)
+ [Us C U, + 12x2( US)USKC C* + C C*) [Uu " U+ 12)62(1], ' US)(UM : vs)](éuéf + étéZ)}7 (34)

where
C, =9, / dzd? — JK] (M\2)K,(2)G,(2.2)] ., (M2 (M52)), (35)
~ 1 N ~ ~ N
C= Qs [ 2! L3, (20, (21600 ) K (), (32, (36)
c—%/wﬁ (B1,2)0,, (F132)G, (2. 2K, (), (,2). (37)
with
A~ (aoal RN C?)C% 22 A a\al2 Al
G,(2,2) = —/ did—————22J (02)2%] (@), (38)
0 W —5§—1le
NN © DG o g (s
G(2.2)=— [ do5——2T,(@2)7"], (@), (39)
0 w-—1t—1le
G, (2.2) = - / "ao o P 20, (@2)270, (@2). (40)
0 &)2 — it —ie ! :

It can be noticed that we need to deal with the integrals over triple Bessel functions, which in general cannot be calculated
analytically. However, we can choose some special cases, e.g., we can set k; = 1, k, = 0, and k3 = 1 and use the integral
formula [24],

075018-6



STRUCTURE FUNCTIONS IN DEEP INELASTIC ... PHYSICAL REVIEW D 90, 075018 (2014)
2V2(a* + b* + 1)

T 45220 (a2) o (bE)K, (2) = , 41
|7 azaaznea Ty T T (41)
&) 8\/50[9
dz52J,(a2)J, (b3)K,(2) = , 42
[T e e = s B @)
/oo 0257, (a2) ], (b3)Jo(c) = V2(a* +b* = c*)O(a+b—c)O(c —|a—b|) 43)
0 : : 0 m2ab|(a + b)? — c2[c? — (a — b)?]? ’
We then have
& /M3+M2dA oc? 8\/§M1&) \/E[M%+&)2—M%]
s — @ ~ . ~ 3. A~ 3 A ~ ~ ~ ~ )
it @ =8 —ie[(M; + @)% + 13[(M, — @) + 1] M3o[(M5 + §,)? — @*[@* — (M5 — M)z
(44)
o /M3+M1 ” ic? V2[M3 + M — 7 2V2(M3 + @ +1)
! ? Nty @F =1 — i€ M1, [(B1, + B5)2 — @PPla? — (B, — M) 2P (W + @)% + 1[0, — @)2 + 1]}
(45)
& -0 /Mw e V(B3 + &* — i3] 8V2M;>
u = - 3 @ A A . A A A 1 A A 1 A
\#1,~51, | “)2_”_161‘41@[(1‘/[2+Ml)2—67)2]7[67)2—(Mz—Ml)z}E [(M3+Cb)2+1] (M5 — &) + ]%
(46)

Now let us choose the center-of-mass frame of the initial dilaton and virtual photon, where

. ( —ZX)q 4
i <2\/x 1—x) 2\/x 0. 0>' (47)

P= <2\/x(ql —x)’2\/x(q1 —x)’0’0>’

It follows that

cdsalp’| | A P
Fl(x,QZ)ZZZ 42m;| | 1_x/desme{v +4x*(vg - v,)*]C,Ch + [v7 + 4x% (v, - v,)?]C,C;

+[vu S U+ 4X2(1}S : Uu)(vs : Ut)]<éué;k =+ CICZ)}v (48)

ZZ”ZC*“")‘,/ al /desine
7 21q° 1—x

X {[vS + 122203 C, Ch 4 [02 + 122 (v,, - v,)1]C,Ch + [0 + 12x% (v, - v,)?]C,C;
+ [Uu “U 12x2(7)t : Us)(Uu ' Us)](éué;k + CICZ)
+ [0y v, + 1202 (v, - 0) 03 (CCF + C,C) v, - v, + 1222 (v, - 0,)3)(C,Co + C,CD)Y (49)

where |p’| is determined by

1 - N
x A/2_|_M2_|_ [A)/Z—FM%. (50)
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IV. POWER ANALYSIS

In order to extract the leading contribution in the Bjorken
limit ¢ — oo, we need to analyze the power dependence of
the structure functions on 1/¢ in different kinetic ranges. In
this work, we will always assume M, < 1 for the initial
hadron. Hence, we can classify the kinetic ranges into four
different parts according to the masses of the final hadrons:
My~1 &My~ 1, My <1 &My~ 1, My~ 1 &My <1,
and M, <1 & 1\713 < 1. Now let us deal with them one
by one.

AM,~1&M;~1
In this region, we can reduce the integrals in Egs. (44)—(46)
to

. 160, (¥4t D
Cy %—Qlc%A—l/ T de 2 A a) ~2 3
M3 | V5=, | (w - 8= l(:')(a) + 1)
2+ o2 — i
X [ 3 +(U 2] , (51)

o=

[(M; + M,)? - @2]%[5)2 — (M5 — M,)?]

4 M5 (M3 + M3+ 1)

Ctz_QZC% ~ ~ 2 3 ~ A P 3 "D A27
[(My+M5)* +1[(My—M3)* + 112 (M3 1)

(52)
C NQ 02 167[1"\411"\431:\!
u~ Z3%u T~ ~ 3., ~ ~ 3, A~ NG
(M54 My)* + 13[(M5 = My)* +1]2(M5 - )
(53)

where we have simply extracted the normalization factors c2,

c?, and c2 and assigned them the values that will give a
dominant contribution,

TABLE L. M, ~1 & M5~ 1.

PHYSICAL REVIEW D 90, 075018 (2014)

V2

N (VA OV IR VAo R

. V2 69)
2o (Vo) + e (S TT20)])

v2 (56)

(e (VTlz0)| + Ve (VTlz0))

The normalization coefficient ¢; for the initial hadron in
Egs. (48) and (49) is always of order unity when M, <1,
while the normalization coefficients ¢, ~ q%, c3~ q% for the
final hadron states by using the asymptotic behavior of the
Bessel function. Besides, the sum over M, and M5 contribute
> M, 2_um, ~1.Inorder to obtain the final power behavior, we
need to divide this kinetic region further according to the
momenta of the internal propagators, which are given in
Table I. A detailed analysis can be found in Appendix B. It
should be pointed out that the subscripts in the structure
functions denote the contribution from different channels, e.g.,
F ,, means the contribution to the structure functions from the
term C,C*, F,, means the contribution from C,C* + C,C*,
and so on. Since the power dependencies for F'; and F', are the
same, we have suppressed the subscript 1 or 2. When there are
no corresponding terms, e.g., 'y, F,, and F, in F|, we will
only denote the contribution in F,. It is easy to show that
7+ &t ~ 1, which implies that we do not need to consider the
case where t < 1 and u < 1 at the same time.

~—

B.M,<1&M;~1

In this region, we can have

167ZMIM3S'

C ~ Q2 — < ,
I 1) (5 - 3)?

(57)

Kinetic region Cgy Cus C; c,, Cy, C, Phase space Structure functions
A 1 -
‘[|~1 Cy~q? CSNI F”N—% Fuu 4
~ 1 o .
i) ~ 1 Cur~ b C~1 [sin0do ~ 1 Fy~ e Foms
1 A 1 1
Cr~q? Ci~1 Fy ?’FWN?
A 1 2 1 1
‘t|<<1 Cy ™~ Qq? C_YNI F‘Y.\‘Nq_ﬁ Fuu~q_5
A~ 1 - . 1 1 1
\u|~1 Cy~q? C,~1 fsmGd ~y FttN?’FsuNF
> 1 1 1
¢, ~1 C;"g FSINE’FutNﬁ
A ) 1 2 1 1
‘[|N] cg~Qq? C,~1 Fs.qu_ia FuuN?
i < 1 ey~ 1 Cy~t [sin@dg ~ 1 Fu~t Fo~2
u u q2 q 1t q5’ su q7
1 > i 1
Cr~q? G ~1 For~— Fur~_
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TABLE II. M, <1 & M;~ 1.

PHYSICAL REVIEW D 90, 075018 (2014)

Kinetic region Cy, Cys C C » C R C Phase space Structure functions
g s» Cus Ct s Cus Gy p:
le Cqu% CSNI FsqulTvFuqulT
lit| ~ 1 Cum G C,~1 [sin6do ~ 1 Fy~d Fu~k
Cth% C,INI Fy #’Fm“‘%
7 <1 co~ gt C,~1 FsSNq]—S, F,,,,Nq]—5
|it| ~ 1 Cum G C,~1 Jsin6d6 ~ Fyr~ b Fonk
c~1 éz“‘é FszN#’FmN#
le Cqu% Cle Fsqul_SvFuu’Vql_‘)
o] < 1 cu~1 Curm e Jsin0do ~ % Fy~os Fo~g
| a
Cr~q? C, ~1 Fsth_ls’FutN%
A 8xM A
Cu ~ _Q3Ci ~ S = 3 C‘ ~ Q C2 16”M3M1u (61)
MI(M3+1) wr 3MM2 13M2— 2’
(M5 +1)° (M5 — u)
M%—M§+u+\/(M%—M§+u)2—4uM% R . o
x c 2 2 o2 ’ Cr=—Qci 7> 2
\/(Ml—Mz—i—u) — duM? M\ M3(M3 + 1)
(58) o — ——
B3+ 81— 1 =\ (B3 + 8% — 1)? — 4R35
N A X
A 4nM M, 02 1 K2 2 012 172 '
&~ -0t : (59) V(8 + 583 — 1 — 48583

(M3 + 1)* (M3 = 1)*

The normalization coefficients ¢, ~ 1, ¢3 ~ q% and the
sum over M, and M3 contribute ), >y ~q. A detailed
power analysis in different kinetic intervals is given in
Table II.

C.M;~1&M;<1

In this region, we can have

167M M55

(62)

The normalization coefficients ¢, ~ q%, c3~1 and the
sum over M, and M3 contribute ) ), >y ~q. A detailed
power analysis in different kinetic intervals is given in
Table III.

D. M, <1&M; <1

In this region, we can have

C, ~ Q2 (60) . , 162M, M
: s o 38 (2)2° C,~ Qic;———=, 63
(93 +1)°(5 = i13) Qe ©3)
TABLE IIl. M, ~1 & M; < 1.
Kinetic region Cyy Cyy C4 é‘b, é'u, C't Phase space Structure functions
3| ~ 1 co~ gt C.~1 Fo~l Fp 1
s s q 55 qﬁ’ uu qﬁ
N 1 - .
|| ~ 1 c,~q? Cu~é [sinfdo ~ 1 F, %, FWN#
1 - 1 1 1
Cr~q? Cr’“g Fst~?7Fut~$
5 1 I 1 1
‘t|<<l Cy ~ q? CSNQ stNﬁ’ Fuu~$
i ~1 : c,~1 in0do ~ 1 Fy~t Fo o~k
‘ul'\' Cy~(q u™%y fSIH ~y tquZ’ squB
; 2 1 1
¢ ~1 Ci~q FSINF’FMNF
1 > 1 1 1
‘t|~] Cs ~ q? CSNQ Fxx"’?a FuquT
. ;- 1 : 1 1 1
‘M|<<1 (,MNI CMNF fs1n9d9~3 F”"’?,FSMN?
1 - 1 1 1
Cr~q? Ct"’g FSIN77FMIN?
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TABLE IV. M, <1 & M; < 1.
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Kinetic region Cgy Cyy C4 o) 5 é’u, C, Phase space Structure functions
mN] Cqu% Cs“’é FssN#’ FMMN#
it ~ 1 Cum Cu~i [sin@do ~ 1 Fy~ s Foy~ s
| .
Cr~q? CIN% Fy #’FutN#
‘/t\| << l CS ~ q% C‘S Né F,Y.Y ~ q%’ Fltlt ~ qlg
|| ~ 1 Cum G Cu~i [ sin6d6 ~1 Fy~ids Fo~
¢ ~1 Cz"’qz FSIN#7FMIN#
MN] CSNCI% C.v“’i stNqL‘)’ FuquL‘)
lu| < 1 c, ~1 Cu~i [ sin6d6 ~1 Fyr~ds Fo~
| .
Cr~q? CtNé Fst"’#’FutN#
) 8ty I} = 803 4w+ /(613 — B13 + w)? — 4}
Cu ~ _Q3cu M N N N ’ (64)
1 \/(M% — M3 + u)* — 4ubl?
02 1 2 o2 1 12 2 072 12
. , 2& M1+M3—t—\/(M1+M3—f) — 4MiM3
C, = —=095c¢; YT = - — . (65)
1M VB + 883 — 12 — 4383513
I
The normalization coefficients ¢, ~ 1, ¢3 ~ 1 and the sum ) ) A\ 242
over M, and M3 contribute > ,, >, ~1. A detailed Fi(x.q7) =0, Falx.q’) = | — fx). - (67)
3 My £LiM; q

power analysis in different kinetic intervals is given in
Table IV.

E. The final dominant contribution

From the above analysis, we find that the dominant
contribution is from the #-channel, where M <1 M 31,
M, ~1 with |} <1 and |i|~ 1. Hence, the leading
contribution is given by

Fi(ng)~ (g) 1 P> (2) . (60

where we have extracted the power dependence and
lumped all the others into the functions f(x) and f,(x),
which are independent of g or at most dependent on g by
In g. Since we are most interested in the power dependence
in this work, we will not present the specific forms of f (x)

and f5(x).

V. DISCUSSION AND CONCLUSION

Now let us compare the results in Eq. (66) from the
subleading large-N,. contribution with those obtained
before from the leading large-N, contribution, which is
given by

By setting k; = 1 (to be consistent with our present specific
case), we have

Fite ) =0, Fang) (§)4f<x>. (68)

We notice two significant differences between them.
First, for the leading large-N,. contribution, the structure
function F,(x,q?) always vanishes, but it will obtain a
nonzero contribution at the subleading large-N, order. As
we all know, F,(x,q?) is proportional to the Casimir of
the scattered hadron under the Lorentz transformation, so
it is natural that F,(x,q?) vanishes when the virtual
photon hits the original scalar target hadron directly at
the leading large-N,. order. However, at the subleading
large-N . order, the scalar target hadron can split into two
scalar hadrons, and each hadron can have orbital angular
momentum and can lead to a nonvanishing F(x,q?)
when they are hit by the virtual photon. Such arguments
can be verified by Eq. (29), in which only the 7-channel
and u-channel contribute to F,(x, ¢*), and the s-channel
in which the target hadron interacts directly with the
virtual photon does not contribute at all. Second, the
subleading large-N, contribution from the double-hadron
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final states is less power-suppressed than the leading
large-N,. one. The power dependence of the structure
function is the same as that of the hadron 2 from the
leading large-N, contribution. This conclusion makes
sense, because in the dominant contribution (as discussed
above) the incoming hadron 1 splits into two hadrons 2
and 3; hadron 2 has the minimum twist x, = 0, which
propagates to the boundary of the AdS space z =0 and
interacts with the current. When 7 < 1, we can regard
hadron 2 as an almost on-shell hadron, and hence the
final power dependence should be controlled by the twist
of hadron 2. Our calculation and analysis verify this
argument, which was originally proposed in Ref. [4]. The
result that the subleading contribution in N, will domi-
nate in the Bjorken limit ¢g> — co implies that the large-
N, limit and the Bjorken limit do not commute with each
other. Such a conclusion can lead to very important
consequences in DIS from gauge/gravity duality. When
we are calculating within supergravity, we a priori take
the large-N, limit first, followed by the Bjorken limit;
however, when we are analyzing the process using
operator product expansion, we actually a priori take
the Bjorken limit first, followed by the large-N, limit. If
the large-N . limit and the Bjorken limit do not commute
with each other any more, this mutual comparison and

|

PHYSICAL REVIEW D 90, 075018 (2014)

analysis would lose valuable meaning. There is no doubt
that we need further investigation in this direction. We
postpone such an investigation for a future work.
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APPENDIX A: DERIVATION OF THE
TRANSITION AMPLITUDE

In this appendix, we will derive the transition amplitudes
in Egs. (10)—(12) from the action given in Eq. (9). As
opposed to the usual calculation of correlators for operators
in the conformal field theory that lives at the boundary of
the AdS space, here we are interested in the scattering
process of physical states. We will follow the ansatz made
by Polchinski and Strassler in Ref. [25] for the scattering of
gauge-invariant states. The equations of motion corre-
sponding to the action (9) read

1 —iQ, .

——0,(g""\/=90,®)) — 30| = —=0,,(\/—gA"®,) — iQ;A"D,, P, + 1D; D3, Al
=5 (g 90,®1) — iy =5 (V=9 1) 1 1 2773 (A1)
1 —iQ . .

g On0"V 00, %2) — 1%y = =20, (VA" ) — QA" 0, By 4D, (A2)
1 —iQ; .

——0,,(g" /=90, P3) — 43P = ——=20,,(,/—gA" ®3) — iQ3A"0,, 5 + 1D D, A3

N (9 90,®3) — 304 N (V=9 3) 3 3 192 (A3)

where we have suppressed the terms iQ?A™A,, ®; which are not relevant to the process we are considering. The solution up
to first order in the coupling of Q; or 1 is

D (x) = —in/dsx’G X, X0, [/ —g(xX)A™ (x") Dy (x')]

&X' \/=g( )G (x, X' ) [-i QA" (x) D, B (x') + AD5(x') B3 (x)]. (A4)
Integrating the first term by parts gives
B, (x) = in/d5 /=g, G (x, ¥ AT () ()
X' \/—g( )G (x, X' ) [-i QA (x)D,, By (x') + AD5(x') B5 (x)]. (AS)

The solution up to second order in the coupling of Q; or 4 is
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D, (x) :inl/ds "X/ —g(x')\/=g(x") D}, G (x, X ) A" (X )G (x, X" )5 (x") D5 (x)
_igll/dS IdS "o/ /_ X Gx x Am a;n (x',x”)tI);(x")CI)_é(x”)

—inl/dsxldS ", /_

NG (x, X )05 ()8, G(¥

XA () B3 ()

+iQ2/1/dsx’dsx”\/—g(x’)\/—g(x”)G(x,x’)<I>§(x’)G(x’,x”)A"’(x”)@ZﬁDE(x”)

—iQ3/1/d5 /dS n.o/_
+iQ3/1/d5 "X/ —

It follows that the transition amplitudes (10)—(12) can be
obtained by contracting the above expression with the
initial wave function in Eq. (13). In order to obtain the final
result, it should be noted that when ®;(x) is given in
Eq. (13) the following identity holds:

&Px'\/—g(x')G(x,x')P;(x')

The first and second terms correspond to the s-channel,
the third and fourth terms correspond to the t-channel,
and the last two terms are the u-channel. By using the
formalism proposed by Polchinski and Strssler in
Ref. [25] for the scattering process of gauge-invariant
states, we do not need to deal with the boundary value of
the fields. Hence we do not meet any UV issues in our
calculation. Besides, since what we are more interested
in is the power dependence rather than the overall
magnitude, UV issues are not very relevant in the present
work.

— o). (A7)

APPENDIX B: DETAILED ANALYSIS
OF THE POWER DEPENDENCE

In this appendix, we will take the first case where M, ~ 1
and M5 ~ 1 as an example and give a detailed analysis of
the power dependence. As we mentioned above, we will
always assign M, < 1 for the initial hadron. Due to the
kinematic constraint, the Mandelstam variable § is always
of order unity. First, let us consider the power dependence
from various of normalization factors: ¢y, ¢,, ¢3, ¢, ¢;, and
¢, Recalling the definitions of these factors in Egs. (5) and
(54), it is easy to see that M, < 1, |?| < 1, and || < 1,
ie, M|, <gq, |t| < ¢* and |u| < ¢* yield ¢; ~ 1, ¢, ~ 1,
and ¢, ~ 1, respectively. When we want to consider
My~1, My~1, §~1, |i|~1, or |a|~1, ie.,
My~q— 00, My~q — o0, s~q*>— o, |t| ~g*> = o,

x")G(x, x") @5 (x")D;,G(x

X"G(x,x") @5 (X )G(x', x")A

x//)Am (x//)¢>3k (x/l)

" () O @3 (x7). (A6)

or |u| ~g* = oo, we need the asymptotic behavior of the
Bessel function J,(z) in the limit |z| — oo,

2 VT W
J,(z) ~ meosla-5 7))

2n+ 1)z +45+
4+ 7. With this asymptotic expression, M2 ~1, M3 ~1,
c3~ q%’ Cy ™~ q%’
cp~ q%. andc, ~ q%. respectively. From the expressions for C‘S
inEq.(51),5 ~ 1yields C; ~ ¢2M, ~ 1.Fromtheexpressions
for C, in Eq. (52), we have C, ~ ¢2M . Then |7| ~ 1 and |7| <
lyieldC, ~ 1and C, ~ é, respectively, and || ~ 1 and |@| ~ 1

(B1)
When 7 — oo, the nth zero point z,, ~

§~1, ||~ 1. and |it] ~ 1 yield ¢, ~ g2,

yield C, ~ c2M, ~ 1 and C, ~ c¢2M, ~ 1, respectively. In a
similar way, from the expressions for C . in Eq. (53) we have
C,~ciM,. Then |it| ~1 and |i| < 1 yield C, ~1 and
C,~ #, respectively. It is very straightforward (but tedious)

to verify that the factors involving v2, v?, v2, v - v, U, - U,

and v, - v, in Egs. (48) and (49) can be of order unity. Itis very
easy to show that |p’| can always be of order unity. Hence,
every termin F(x, ¢*) or F,(x, ¢*) from different channels
behaves as

Fop~

C CZC3

- / d0sin0(C,Cj+ C4Cy).  (B2)

2

where both « and f denote the different types of channels (s, ,
and u). Since the hadrons with M, ~ 1 and M5 ~ 1 are very
limited, the sum over M, and M contributes 5y, >y, ~1.
The integral over the phase space f d@ sin € depends on the
interval of 7 or i. |7| ~ 1 and |&| ~ 1 yield [ d@sin6 ~ 1, and
7| ~ 1and |it] < 1or|@t| ~ 1and |7| < 1yieldfd6’sin6’~$.
Putting all of these together, we can finally obtain the results in
Table L.

075018-12



STRUCTURE FUNCTIONS IN DEEP INELASTIC ...

[1] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)
[Int. J. Theor. Phys. 38, 1113 (1999)].
[2] E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998).
[31 S.S. Gubser, I.R. Klebanov, and A.M. Polyakov,
Phys. Lett. B 428, 105 (1998).
[4] J. Polchinski and M. J. Strassler, J. High Energy Phys. 05
(2003) 012.
[5] R. C. Brower, M. J. Strassler, and C. 1. Tan, J. High Energy
Phys. 03 (2009) 092.
[6] R. C. Brower, J. Polchinski, M. J. Strassler, and C. 1. Tan,
J. High Energy Phys. 12 (2007) 005.
[7] C. A. Ballon Bayona, H. Boschi-Filho, and N. R. F. Braga,
J. High Energy Phys. 09 (2008) 114.
[8] C. A. Ballon Bayona, H. Boschi-Filho, and N. R. F. Braga,
J. High Energy Phys. 10 (2008) 088.
[9] C. A. Ballon Bayona, H. Boschi-Filho, and N. R. F. Braga,
J. High Energy Phys. 03 (2008) 064.
[10] B. Pire, C. Roiesnel, L. Szymanowski, and S. Wallon,
Phys. Lett. B 670, 84 (2008).
[11] L. Cornalba and M. S. Costa, Phys. Rev. D 78, 096010 (2008).
[12] J. L. Albacete, Y. V. Kovchegov, and A. Taliotis, J. High
Energy Phys. 07 (2008) 074.
[13] E. Levin, J. Miller, B.Z. Kopeliovich, and I. Schmidt,
J. High Energy Phys. 02 (2009) 048.

PHYSICAL REVIEW D 90, 075018 (2014)

[14] Y. V. Kovchegov, Z. Lu, and A. H. Rezaeian, Phys. Rev. D
80, 074023 (2009).

[15] J.H. Gao and B.W. Xiao, Phys. Rev. D 80, 015025
(2009).

[16] Y. Hatta, T. Ueda, and B. W. Xiao, J. High Energy Phys. 08
(2009) 007.

[17] J. H. Gao and Z. G. Mou, Phys. Rev. D 81, 096006 (2010).

[18] M. A. Betemps, V.P. Goncalves, and J.T. de Santana
Amaral, Phys. Rev. D 81, 094012 (2010).

[19] L. Cornalba, M. S. Costa, and J. Penedones, Phys. Rev. Lett.
105, 072003 (2010).

[20] L. Agozzino, P. Castorina, and P. Colangelo, Phys. Rev.
Lett. 112, 041601 (2014).

[21] E. Koile, S. Macaluso, and M. Schvellinger, J. High Energy
Phys. 02 (2012) 103.

[22] E. Koile, S. Macaluso, and M. Schvellinger, J. High Energy
Phys. 01 (2014) 166.

[23] M. S. Costa, M. Djuri, and N. Evans, J. High Energy Phys.
09 (2013) 084.

[24] 1. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series
and Products, edited by A. Jeffrey and D. Zwillinger
(Academic Press, Waltham, MA, 2007).

[25] J. Polchinski and M. J. Strassler, Phys. Rev. Lett. 88, 031601
(2002).

075018-13


http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1088/1126-6708/2003/05/012
http://dx.doi.org/10.1088/1126-6708/2003/05/012
http://dx.doi.org/10.1088/1126-6708/2009/03/092
http://dx.doi.org/10.1088/1126-6708/2009/03/092
http://dx.doi.org/10.1088/1126-6708/2007/12/005
http://dx.doi.org/10.1088/1126-6708/2008/09/114
http://dx.doi.org/10.1088/1126-6708/2008/10/088
http://dx.doi.org/10.1088/1126-6708/2008/03/064
http://dx.doi.org/10.1016/j.physletb.2008.10.026
http://dx.doi.org/10.1103/PhysRevD.78.096010
http://dx.doi.org/10.1088/1126-6708/2008/07/074
http://dx.doi.org/10.1088/1126-6708/2008/07/074
http://dx.doi.org/10.1088/1126-6708/2009/02/048
http://dx.doi.org/10.1103/PhysRevD.80.074023
http://dx.doi.org/10.1103/PhysRevD.80.074023
http://dx.doi.org/10.1103/PhysRevD.80.015025
http://dx.doi.org/10.1103/PhysRevD.80.015025
http://dx.doi.org/10.1088/1126-6708/2009/08/007
http://dx.doi.org/10.1088/1126-6708/2009/08/007
http://dx.doi.org/10.1103/PhysRevD.81.096006
http://dx.doi.org/10.1103/PhysRevD.81.094012
http://dx.doi.org/10.1103/PhysRevLett.105.072003
http://dx.doi.org/10.1103/PhysRevLett.105.072003
http://dx.doi.org/10.1103/PhysRevLett.112.041601
http://dx.doi.org/10.1103/PhysRevLett.112.041601
http://dx.doi.org/10.1007/JHEP02(2012)103
http://dx.doi.org/10.1007/JHEP02(2012)103
http://dx.doi.org/10.1007/JHEP01(2014)166
http://dx.doi.org/10.1007/JHEP01(2014)166
http://dx.doi.org/10.1007/JHEP09(2013)084
http://dx.doi.org/10.1007/JHEP09(2013)084
http://dx.doi.org/10.1103/PhysRevLett.88.031601
http://dx.doi.org/10.1103/PhysRevLett.88.031601

