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It has been suggested that the production of a heavy quarkonium near threshold in electron-proton
scattering can shed light on the origin of the proton mass via the QCD trace anomaly. We study the
photoproduction of J/y off the proton using gauge/string duality and demonstrate that the r dependence of
the differential cross section do/dt at small ¢ is a sensitive probe of the trace anomaly.
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I. INTRODUCTION

From the early days of QCD, the origin of hadron masses
has been a profound puzzle. At the most naive level, one
asks the question: How can the QCD Lagrangian, written in
terms of massless gluons and nearly massless quarks, give
rise to the mass of the proton M ~ 1 GeV? More seriously,
knowing that energy and mass are equivalent in special
relativity, one asks whether the “missing mass” comes from
the relativistic orbital motion of quarks and gluons inside
the proton. These kinetic energy contributions can be
unambiguously defined and have been measured in deep
inelastic scattering experiments [1] as well as in lattice
QCD simulations [2—4]. However, they are not sufficient to
account for the total mass. The fundamental reason the
proton has a nonvanishing mass in the first place is because
the approximate conformal symmetry of the classical QCD
Lagrangian is broken by the quantum effects. This is
quantified by the trace anomaly of the energy-momentum
tensor TH

B9)  ra
T””ZZ—gFZF””+"" (1)
where f(g) is the QCD beta function. The full decom-
position formula thus reads [5]

M=M,+M,+M, +M,, (2)

where M, is the kinetic energy of quarks/gluons which
comes from the traceless part of 7#¥, M,, is the current
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quark mass and M, « (P|T}|P) is the trace anomaly
contribution. The decomposition (2) is gauge invariant
and well defined, but is not entirely without controversy
(see, e.g., Refs. [6,7]).

Recently, there has been a lot of interest among the
nucleon structure community in determining the anomaly
contribution M, [8] as a key to understanding the origin of
the proton mass. Experiments dedicated to this goal have
been proposed at the Jefferson Laboratory [9], and the
subject will likely continue to be discussed in the era of the
future Electron-Ion Collider (EIC). Specifically, it has been
proposed, based on some theory suggestions [10], that one
can access M, via the exclusive production of heavy
quarkonium states such as J/y at threshold in electron-
proton scattering ep — €'y*p — €' p'J/y [11-18]. Heavy
quarkonia are useful here because they only couple to
gluons, not light quarks, and are therefore sensitive to the
gluonic structure of the proton. However, a formula which
relates the actual cross section to the trace anomaly has not
been explicitly written down in the literature, although such
a formula is crucial for the proper interpretation of the data.
The main obstacle, from the perturbative QCD point of
view, is that the QCD factorization for the twist- four
operator F*F,, is difficult to establish despite the presence
of a hard scale—the heavy quark mass. In view of this, one
may seek alternative approaches which do not rely on the
weak coupling/factorization framework.

In this paper, we use the gauge/string duality to calculate
the J/w cross section in ep collisions and study its
connection to the trace :':momaly.1 This approach allows
us to bypass the issue of factorization and directly evaluate
the scattering amplitude in string/gravity theory dual to
QCD (or QCD-like theories). The original version of the

1 . . .

Vector-meson production at high energy has been previously
studied in holographic frameworks [19-21], but not in connection
with the proton mass problem.
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duality is for conformal theories in which particles are
massless and 7" is traceless. Subsequently, it has been
generalized to theories with conformal symmetry breaking so
that the problem of the proton mass can be addressed. Our
work is distinct from the previous works on the application of
gauge/string duality to high-energy, lepton-hadron deep
inelastic scattering (see e.g., Refs. [22-33]) where scattering
amplitudes are dominated by the exchange of the graviton.
Because of its spin-2 nature, the graviton exchange predicts a
too steep rise of cross sections with increasing energy to be
compatible with the experimental data.” Here instead,
we apply gauge/string duality to low-energy scattering where
the relevant momentum scales are on the order of a few GeV.
Near the threshold, the cross section rises from zero, and
our idea is to explain this behavior using the graviton
exchange picture. An interesting complication in this regime
is that the contribution from other supergravity modes can
become equally important. In particular, we shall be inter-
ested in the exchange of the dilaton which, according to the
AdS/CFT correspondence, is dual to the operator F*F,,
in (1).

We work in the simplest setup to introduce heavy quarks
(the so-called “D3/D7 model” [34]) and compute the cross
section of the subprocess yp — p'J/w in the photopro-
duction limit. We consider both the graviton and dilaton
exchanges in an asymptotically anti—de Sitter (AdS) space,
and relate this amplitude to the matrix elements of the
traceless and trace parts of the energy-momentum tensor.
Our goal is to write down a formula for the differential cross
section do/dt which explicitly depends on the gluon
condensate (P|F*F,,|P), and quantitatively study its
impact on the shape of the ¢ distribution.

This paper is structured as follows. In Sec. II, we give
a brief review of the nucleon mass sum rule (2) and
discuss the nonforward matrix element of the QCD
energy-momentum tensor. In Sec. III, we explain the basic
kinematics of the yp — J/ywp’ process. In Sec. TV, we
compute the cross section by using gauge/string duality
and numerically evaluate the differential cross section
do/dt. We then conclude in Sec. V.

II. NUCLEON MASS AND THE QCD
ENERGY-MOMENTUM TENSOR

A. Nucleon mass decomposition

We begin by briefly reviewing how the formula (2) is
derived from the QCD energy-momentum tensor. Consider
the standard matrix elements

(P|T*|P) = 2P*P, (P|T*,|P) =2M?,  (3)

*This problem may be cured by modifying the graviton or
adding unitarity corrections. We do not pursue these directions in
the present paper.

where the proton single-particle state is normalized as
(P'|P) = 2P°(27)35®) (P — P'). We write the energy-
momentum tensor in the form

i
THY — —FZ/IFWA + %FZ/}F(‘}/} + ili/}’(”D”)ll/
=Ty +TY, (4)

where ¥ = (1,—1, -1, —1).3 Throughout this paper, we
use the notation AWBY) = ABHAE A s well known, the
trace of this energy-momentum tensor contains the QCD
trace anomaly,

a ﬁ(g) af ~a —
T a = TgFa/Faﬁ+m(] +ym)l//l//’ (5)

3

— g 1IN, znf :
where B(g) = — 4> (5—35) +--- is the QCD beta
function, m is the current quark mass, and y,, is the
anomalous dimension of the mass operator. One can
decompose the tensor into the traceless and trace parts

(in d = 4 dimensions)

n n T

T = (T ——T% ) +-T% =T +T". (6)
d d

The traceless part 7# can be further decomposed into the

quark and gluon parts 7% = T'%; + T}, which can be

interpreted as the kinetic energy contributions. Also, the

trace part (5) is a sum of the mass and anomaly contribu-

tions 7% = T + T". We can thus write
H
+ Tg,kin

™ =T

' kin + T + T4 (7)

From Lorentz symmetry, their matrix elements can be
parametrized as

(PITlP) =200 (P ="00) 9
(PIT™1P) = 2(1 - a(s)) (P”P” - ”4£M2>, 9)

(PT3|P) = - b(u? ) M2, (10)

N —

(PITE|P) = (1 = b(u) )" M2, (11)

| =

where 4 is the renormalization scale. Let us now work in
the rest frame and define the Hamiltonian H; = [ d*xT%.
We can then write

*We shall use this “mostly minus” metric throughout this
paper, differently from most of the literature on gauge/string
duality.
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M=M,+M,+M, +M,, (12)
where
(P|H,|P) 3a
Mo="ppy — 4™ (13)
_ (P[Hy|P) 3(1 —a)
ey s M
M :MZQM (15)
oo () 4T
_(P|H,|P) 1-b
My= g =5 M (16)

(Note that (P|P) = 2M [ d°x.) We see that the trace part
M,, + M, accounts for a quarter of the proton mass. Ji
proposed a slightly different decomposition [5] by reshuf-
fling terms in Eq. (12). From the equation of motion, one
can write

. m _
Toin = WDy = iy + -
= L 3m_
:zwD-yl//—i-Tl//l//—i----. (17)

It is more reasonable to interpret the last term as a part of
the quark mass contribution. By moving this term into 79,
one gets an alternative decomposition

M=M,+M,+M,+M, (18)

where

RN AL BEYRRT S P

TPy 4\ 147,
- <P<|;1|,;|>P> _ 2‘1‘1;’: M. (21)
- ) 1=ty e

The parameter a(u?) is related to the matrix element of the
quark and gluon twist-two operators, and can be extracted
from the experimental data of deep inelastic scattering. It is
more difficult to access the parameter b(u?). Being asso-
ciated with the twist-four operator F2, any dependence on b
is strongly suppressed in high-energy scattering. Instead,
one should look at low-energy scattering.

B. Nonforward proton matrix element

In the actual experimental process ep — ¢'p'J/y, one
cannot directly access the forward matrix element
(P|T"|P) because it is kinematically impossible. In prac-
tice, experimentalists measure the nonforward matrix
element (P'|T*“|P) and extrapolate it to the forward
limit A# = P’ — P#* — (. The general parametrization of
the nonforward matrix element of 7%, for a spin- hadron
is [35]

PicVeA,

PP =a(P) |4 o

q,gy(”Pl/) +Byy

AHAY — g/wA2

+Cos—3;

+ qugMW] u(P)

PP
M BQ-Q

=i(P') [(Aq,ngBq,g)y(ﬂP”) -

AHAY _guuAZ

+Coy—0s

+ Cq,gMnﬂ”] u(P), (23)

where P+ = P”TP'“. In the second line we used the Gordon
identity. A, B, C, C all depend on A? = ¢ (and also on the
renormalization scale). In the literature, often the notation
D, ,(t) =4C, (1) is used, and is called the “D-term.”
Multiplying both sides by 0* ~ A¥, we see that all terms
on the right-hand side except the C‘q,g term vanish
(0,Tiy) ~ A*C, . Since the sum T4" + T4 is conserved,
C,+C,=0.
Taking the trace of Eq. (23) we find*

(PI(T,1P) = (P (ﬂz(—? Fo, P mymw) P)

— (DI B!] 2 Az a
= a(P) [AM + 5 A2 =370C, 4 4C,M

x u(P). (24)

From this we can deduce that

Blg) v
NI pa pH
5L )
2
= ’Z(P,) (Ag - YmAq)M + (Bg - VmBq) m
A _ _
- 3ﬁ (Cy=vmCy) +4(Cy =y, C )M |u(P). (25)

Comparing with Egs. (8)—(11), we find the following
relations:

4 . . . . .
In dimensional regularization, the anomaly entirely comes
from the gluon part T; see, e.g., Ref. [36].
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A0)=a  A0)=1-a, (26)

and

b= (A4(0) +4C,(0)(1+7,),

1=b=(A,00) +4C,0) (X +7m) =vm-  (27)

For a later purpose, let us define the “transverse-
traceless™ part of T%". First consider the transverse part
of T4

™ =1y ! 8"8 Ty ! 8”8 i
gl =19 T H a I atyg
v g
—aﬂa 0,047, (28)

where [1 = 90, such that (Z,T’;’i = 0. Its matrix element

can be readily inferred from Eq. (23)
P'|\T" |P) = (P'|| T} ! AFA, T ! AYA,TH
<|gJ_|>_< | g‘p ag_p al g

1
+ g A, A,,T"/”)|P>

o pupy
= ﬁ(P/) l:(Ag + Bg)y(ﬂpl/) —739

+ (Aﬁz C, - CgM> (AZ?D -~ nfw)] u(P).

We then define the transverse-traceless (TT) part by making
T"" traceless while preserving its transverse property

WY __ U 8/481/ v a
Tyr =T, —|— I\ Ty . (29)
This has the following matrix element:

PP

(P TPy = (") | (4, + By P -

Note that the forward limit is ambiguous as it depends on
the angle of A.

M? [ AFAY
tim (P1751) = im2a, (epe P (S50 =) )

II. EXCLUSIVE PHOTOPRODUCTION
OF J/y IN ep SCATTERING

In this section we briefly review the basic kinematics of
the process ep — e'y*p — €'p'J/y which will be studied
at the Jefferson Laboratory and possibly at the future EIC
[9]. The connection to the trace anomaly will be discussed
in the next section. The electron part can be factored out, so
in practice one considers the subprocess y*(q)p(P) —
p(P")J/y (k). The cross section is given by the formula

d3 P

olrp = i) = g [ 35 (2
- v/
ONP = PUV) = 4MK | 2E,(27) 2E (27)°
x 8W(P + g — P —k)(Ple - J(0)|P'k)
x (P'k|e* - J(0)|P)
%k
—_tem [ aQ(Ple- J|P'k
G4 MKW (Ple-JIP'K)
x (P'k|e* - J|P) (32)
where K:%: WM and W? = (P + ¢)* is the

virtual photon-proton c.m. energy (Q> = —g?). Since the
integral is Lorentz invariant, it can be conveniently evalu-
ated in the photon-proton c.m. frame, which was done in
the second line. We also defined

- O POt 0?)

as the J/y momentum in the c.m. frame. (M,, denotes the
mass of J/y.) Switching back to the Lorentz-invariant
variable t=(P—P')?>=2M?—2(EE'—|P||p|cos) we get

o(yp—p'J/w)
e
S Ple-J|P'k)(P'k P 4
~ g APl AP P (4
where
W4 _ zw2 M2 _ N2 M2 2\2

4w?
is the incoming proton momentum in the c.m. frame. In the

photoproduction limit g> = —Q% — 0, only the transverse
polarizations survive and we find

o(rp = p'I/w)
1 2
Wz—waz/ ((Ple; - JO)IP')

x (P'klej - J(0)[P). (36)

074003-4
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The ¢ integral in Eq. (36) is for 0 > f,;, > 1 > fax
Ideally, one would like to study the forward matrix
element # = 0, but this is kinematically not allowed. In
practice one has to extrapolate the amplitude from ¢ < #,,;,
tor— 0.

To find ¢,,;, we again work in the c.m. frame and take the

_ W2-m?

photoproduction limit Q> — 0. Then P, = S and

= (\/Pgm+M2_ \/kgm_l'[vp)z_(ﬁcm‘|'lgcm)2

2
< (\/Pczzm +M2 - \/kgm +M2) - (‘Pcm| - |kcm|)2 = Iin-
(37)

This gives a complicated function of W. At the threshold
W=W, =M+M,~404 GeV, we get

MM?
to=—— ¥ ~—(1.5 GeV)? 38
e TEn s L AV
where we used M ~ 0.94 GeV and M, ~ 3.10 GeV. At
large W, on the other hand, we find

MM,
Tin = — w4 + -,

e = ~W2 4. (39)

In Fig. 1, we plot |A iy | = /= Tmin and |Ajax| = /—Fimax a8
a function of W > W,,. Away from the threshold, A,
decreases rapidly and becomes negligible compared to the
other mass scales.

We shall be interested in the “threshold region” which
we loosely define as W,;, < W < 6 GeV, or in terms of the
photon energy in the proton rest frame,

W2, —M?

L ~82GeV <E £20GeV.  (40)

S~

4.5 5.0 5.5 6.0

FIG. 1. |Apu| = v/=Tmax (upper curve) and |A | = /=i
(lower curve) in units of GeV as a function of W > W,, with
M =0.94 GeV and M,, = 3.1 GeV.

While the considered energy range is rather narrow, it is
actually sufficient to discuss the effect of the trace anomaly,
as we shall demonstrate in the following.

IV. HOLOGRAPHIC COMPUTATION
OF THE CROSS SECTION

A. Setup

In the cross section formula (36), the difficult part is the
nonperturbative matrix element

(Plei(q)-J(q)|P'k)
=)' (P+q—P' = k)(Plei(q) - J(0)|P'k). (41)

In this section we evaluate this using holography. Our setup
is as follows. The four-dimensional Minkowski space is
located at the boundary of a five-dimensional, asymptoti-
cally AdS space with the metric

ds® = gyndxMdxV

M dx,dx, — dz?
QRZ””Z—Z, (zx0)  (42)

where R is the AdS radius. z denotes the fifth dimension
and the boundary is at z = 0. In the infrared region (large z),
the metric is modified such that the dual theory breaks
conformal symmetry and contains light quarks/hadrons.
The precise way in which these modifications are done is
not important for our purpose. We simply assume that the
theory contains baryons which are described by an unspeci-
fied bulk action Sg. (We have in mind models such as, e.g.,
those in Refs. [37-39].)

We introduce ‘“charm” quarks in the theory by adding
one D7 brane with the action

SD7 = _TD7 / d856_¢\/— det(Gab + 27Talfab)

/\2
=—TD7/dSEe‘¢\/I<1+(2ﬂZ)

]—'ab}'ab+...>’

(43)

where Tp; = (327%g%a’*)~! denotes the D7-brane tension,
¢ is the dilaton and G, = gj; Né?;me 8;:be is the induced
metric. In addition, &) denote the world-volume coor-
dinates on the D7 branes, while x¥() represent the ten-
dimensional spacetime coordinates in AdSs x S°. The
worldvolume of the D7 brane wraps S° € §° and extends
into the fifth dimension from z = 0 to z = z,, where z,, is

inversely proportional to the heavy quark mass m, as

I = 735,:: Explicitly, the induced metric reads

074003-5
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R2 R2 Z2
dst, = ?n,wdx"dx” - ﬁdzz - (1 - Z_2> R%*dQ3.

Z(l—— -m

(44)

An important point to emphasize is that the supports of Sp
and Sp; are well separated in the z direction: z,, is much
smaller than the typical z values of the baryon wave
function. The latter is a normalizable mode localized
around z ~ 1/Agcp.

In Eq. (43), F represents the field strength coming from
gauge field fluctuations. It can be decomposed into two
parts,

F=F+F. (45)

where A# and A* correspond to heavy vector mesons (such
as J/y) and the electromagnetic gauge field (photon),
respectively. The wave function of an on-shell photon with
momentum ¢* (g> = 0) is simply a plane wave

A, xe,e'*, (46)
where ¢“(q) is the polarization vector with the property
€-q = 0. The spectrum of vector mesons is well under-

stood in this model [34]. They are characterized by the
normalizable bulk wave function

AM & éyd)n,l(z)e_ik.xYl(S:i)’ (47)

and their masses are given by

Mn,l:Z\/(n+l+Zl)(n+l+2). (48)

& is the vector-meson polarization vector which satisfies
E(k) -k =0, and Y’ is the spherical harmonics on S°. We
may identify the lightest state n = [ = 0 with J/y. It has

4 27m . . .
mass M, = M = —ZN" and its wave function is
<“m q ¢
2
Z
Pr=i=0 = - (49)
Zm

We have not specified the proportionality constant in
Egs. (46) and (47) (see, however, Refs. [25,31,40]). Fixing
this amounts to fixing the strength of the coupling 2 ~ FF
between the photon and J/w, and hence the overall
normalization of the cross section. Instead of introducing
extra assumptions, we treat the overall factor as a free
parameter to be fitted to the experimental data. Our
prediction, then, is the ¢ dependence of the differential
cross section do/dt. As we demonstrate in what follows,
the shape of do/dt is sensitive to the QCD trace anomaly.

B. Scattering amplitude

We now explain how we evaluate the matrix element
(Ple - J|P'k). In the framework of gauge/string duality, the
current insertion J(g) on the boundary field theory creates a
gauge field excitation in the bulk AdS space. This scatters
off the bulk proton field via graviton and dilaton exchanges.
This amplitude, the so-called Witten diagram, is evaluated
as (see e.g., Refs. [22,25,38,41])

(Ple-J(q)|P'k)

:i/d4xdzei(q—k)'x/d4x/dz/ei(P—P’)~x’

Ty
oS Lk, 8Sg(P, P,
% D7(q Z) GMNM’N’ (XZ, x/Z/) B( Z)
Ogmn Ogm'N'
0Sp7 oSy
D(xz,x'7 , 50
T “)5¢<x’z’)> G0

where Gyyyn and D are the graviton and dilaton bulk-to-
bulk propagators, respectively. f,, is the decay constant
defined as (0|0}, (0)|k) = f,,&", where O, is an interpolat-
ing operator of J/y. The notation 8S/8gyy (or 8S/6¢)
means that after the coupling to the graviton (or dilaton) is
extracted, the action is evaluated with the on-shell bulk
wave functions of the external states [including the polari-
zation part ¢, &, u(P), u(P')]. The plane-wave phases are
trivial and have been factored out in Eq. (50).

Since 6S/8gyn is covariantly conserved, the amplitude
is gauge (diffeomorphism) invariant and can be evaluated in
any convenient gauge. For our purpose, it is crucial to work
in the TT gauge [42]

gy, =0, Sqy = V, 89" =0, (51)
for the metric fluctuations
gun = 9un + O9un- (52)

In this gauge, only the MN = pv components in Eq. (50)
survive. Moreover, all the components dg,,, are decoupled
in the equation of motion. We argue that in this gauge one
can make a connection between Eq. (50) and the matrix
element of 7#*. (See Ref. [43] for a related discussion.) To
see this, note that the z integral in Eq. (50) is restricted to a
small region z < z,, near the boundary. In this region, the
bulk-to-bulk propagators Gyyyar and D essentially
become the boundary-to-bulk propagators up to a propor-
tionality constant « z*. The latter are associated with the
so-called non-normalizable modes which are excited by the
insertion of dual boundary operators 7 and F*F,,,
respectively. In the graviton sector, such a direct connection
is most transparent in the TT gauge where the M, N = z
components of the propagator are eliminated. The details of
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this “matching” is presented in the Appendix. Based on
this, we rewrite Eq. (50) as

(Ple-J(0)[P'k)
S /Zmd 8Sp7(q.k,z) 2> R?
0

(P|T"|P)

fl,,R3 0y 4
262 3 [ 8Spr(q.k.z)zt, |1
d - P|-F{'F4 P, (53
A L)

2 . . . . .
where 2x* = %R3 is the five-dimensional gravitational
c

constant. T’;’}T is the transverse-traceless part of the gluon
energy-momentum tensor introduced in the previous sec-
tion. We have removed the momentum-conserving delta
function (27)*5(P + q — P’ — k). Note that only the gluon
part of T# appears. This is because the graviton has been
emitted by a J/w, and we know in QCD that heavy
quarkonia only couple to gluons, not light quarks.
Holographically, this is manifested by the fact that the
quarkonium-graviton coupling occurs in the asymptotically
AdS region z~0 where the theory is dual to pure
gluodynamics and heavy quarks, while the light quark
degrees of freedom reside at much larger values of z°

It is important to mention that after the approximation
mentioned above, the amplitude (53) now depends on the
matrix element of local gluonic operators. This is indeed
what one expects in the low-energy, near-threshold region
[14,16]. At high energy, on the other hand, the amplitude is
sensitive to nonlocal gluonic operators and the correspond-
ing generalized parton distributions.

C. Graviton and dilaton couplings

Next we proceed to compute the graviton and dilaton
couplings to the external states. It is straightforward to
evaluate the photon-vector meson-graviton coupling
08p7/6G,,. Similarly to Ref. [41], we find

RS Z2
5SD7 = _KD7 / dQ%Yl(SS) / d4de—5 <1 ——2>
Z m

_ _ HY _
x [(F”/’F”p + PE, - '77 FaﬂFa/”> 5
gZZ _ _
- FogF g, + 2FZPF"p5gZﬂ} , (54)

/)2
where Ky EMRB and we used F# = 0. Note

that F#*F* ,=GH*GPPF (yG**F,=(2/ R)* " nP F yyn*F .
In the TT gauge, we only have to consider &g, and find

°Note also that T% ~O(N,) is subleading compared to
T4 ~ O(N?) in the large-N,. limit.

0Sp7 / b4 22
-2K dQ2Y(S3) = 1——
S22k, [ a2t (1-5
&
X (H””——naﬂ4 n ”>, (55)
where

H/“/(q’ k) = q(ﬂky)e . §+ €(/"§D>q . k
— gk -e— ke g - €. (56)

The proportionality symbol in Eq. (55) is because of the
normalization issue mentioned below Eq. (49). The term
proportional to ##* in Eq. (55) drops out when contracted
with the traceless tensor T%T in Eq. (53).

On the other hand, computing the photon-vector meson-
dilaton coupling 6Sp7/0¢ requires some care. This is
because the coupling with the dilaton depends on the
frame (string or Einstein frame). If one switches to the ten-
dimensional Einstein frame G%,, = ¢™#/2G;y in Eq. (43)

Sp7 = —N;Tp; / dB&e?/ —GE

/2
X <1 + (2”:{) eV F p Fb + - '>, (57)

one finds that the relevant coupling vanishes. However, we
actually work in the five-dimensional Einstein frame

iy = e *3gyy in the background AdSs space

1 4
Ssugra = 2_K2/ ddx \% _gE (ER —-12- g (v¢)2) ) (58)

and in this frame the dilaton coupling is nonvanishing. To
get this, we write the S° part of the ten-dimensional metric
in the form

dQ2 = R*(d6” + sin® 0dQ3 + cos® 0di?).  (59)

The G_, component of the brane-induced metric is then
[cf. Eq. (44)]

Gzz =0 T (829)2969
_ R_22 (1 n 22R4(?chos 0)2)
Z sin-0

:-f-j(uiz). (60)

I —2

This means that the ten-dimensional string frame and five-
dimensional Einstein frame are related as
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sz = 64[/)/392 + (8z9)2950 ==

A0/3R2
7 <

. o—4/3 Z2>
2 —-2)
(61)
for this particular component, and we find

eI/=GS(F yFP)S

R\5 Z2>3/2< e—4¢/3Z2 _
— —(/)/3R3 - _ 14+ F Fa/i E
e . .
(Z) ( Zm =7 (FapF™)

(62)
This leads to
04 (V=G5 (F o) )‘4)
-3 B
- —GE< %)(Famﬁ). (63)

From this, we obtain the effective coupling

5S 2 2
o~ [ ar 22 (1-2) (1+3)

X (il A .
(§

D. Results

Collecting all the factors we write
(Ple - J|P'k) = a(P')(XTI*T,, + YILT)u(P),  (65)
where [see Egs. (30) and (25)]

PrPY
B
M g

1 [A*AY A?

g By—ymBy
r=—9 (@, -y, A )M+ 20_Tm7a 5
26(g) <( / ) M
2

A
-3=(C,
M

I = (Ag 4 Bg),,(ﬂi)!/) -

—rnC,) +4(C, yqu)M> (67)

and

K Zm 2
X:c"Rm/dQZYI 0(53)/0 dzz3¢(z)<1——;n),
(68)

K’K _
T RD; / dQ3Y'=0(5%)

. 2 2
X / dzz3¢(2) <1 —Z2> <1 —|—2§) (69)
0 Zm Tm

c is a parameter which absorbs the unknown prefactors. As
already mentioned, we shall fix this by fitting the exper-
imental data. Using the wave function (49) and also the

Y=-c

formula [ @QY'=0(S%) = /27, we find
2r Zn
X = CWKQKD7 R2 s (70)
11 4 11
IPRELEL I B LB (71)

1920 b1 R2 80

The differential and total cross sections are computed
from Eq. (65) as

do
E W2 Mzzzz Z| Ple- J|Pk
pol ~ spin

max dJ
Ot = dt— 72
e [ (72)

min

The first sum is over the photon and J/y polarizations.
This can be done according to the formula

Zeﬂe*p_) ;,]/w Zéﬂé*u_ 7,]/41/

s=12 =123

(73)

The second sum is over the initial and final proton spins.
Defining 1" = Hﬁze‘lfﬁ, we get

L= ") |(Ple- JIP'K)P

pol spin

= Tr[(XTL4T,,

X (XIFV9T ), + Y(IV)9T) (P + M)]
k/’ kY

+ Y (), TP + M)

- Tr[(XTIT,, + Y ()T (P + M)
1//

X (XTI ST,y + Y(T)4T) (P + M) (74)

We computed Eq. (74) using FEYNCALC and expressed the
result in terms of W? = M? +2P - g and t = M;, — 2q - k.
(Note that P' = P+ g —k and P - k = W=M") The full
analytical expression turns out to be too lengthy to be
reproduced here, but the following points are worth noting.
(i) Formally, the result can be Laurent expanded in ¢ as
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o(nb)

E _—
1 "

os0f I ¢ 1
¢ Cornell(1975)
0.10 SLAC(1975)
W(GeV
45 5.0 5.5 60 V(G

1000

o(nb)
10*

100

10 s $g§d !‘iiif.

i\

+ Cornell(1975) * SLAC(1975)

¢ FermiLab/E516(1983)

* FermiLab/E401(1981)

 FermiLab/E687(1993) * HERA(2002)

7
5 10 20 W(GeV)

FIG. 2. The total cross section in units of nb as a function of W. Upper red curve: Maximal anomaly contribution. Lower blue curve:

Zero anomaly contribution.

AZMAMEX? A MPMX
== + —
’ 972 361
X [AX(24M* + 16M* (M}, — 3W?) + 5M,,
— 24M,W? + 24W*) 4 2B My X + 96MM;, YT

+ O(1%). (75)
One immediately recognizes an apparent singularity 1/7>
and might worry that such a rapid behavior of do/dt at
small 7 is at odds with the experimental data. However, this
is totally innocuous. In practice |¢| cannot be smaller than
the value determined from Eq. (37), and when t = ¢, the
“singular” terms in Eq. (75) are numerically comparable,
or even smaller than the other “nonsingular” terms.’ (i) If
one expands I, in W2, one finds that the highest power is
W8, When combined with the prefactor 1/W* in Eq. (72),
this gives a very strong energy dependence do/dt ~ s> at
large s = W2, This is an artifact of the graviton exchange
which is a spin-2 particle. We are not concerned about this
asymptotic behavior, since our focus is near the threshold
region W =2 W, where the graviton and dilaton contribu-
tions are comparable.
For a numerical evaluation, we use M = 0.94 GeV,
=3.1 GeV and assume the dipole form for the
grav1tatlonal form factors’

_ A0
Aol =T a7
= l:izm B Ay(o) =
O =u =gy =G0 09

®One might wonder why poles in 1/ appear although there is
no divergence in the limit A — 0 at the amplitude level (66). The
answer is that the limit A — 0 has to be taken together with the
(unphysical) limit Mw — 0 in order to be kinematically consis-
tent. Note that poles in 1/t are proportional to M,,.

"While the dipole form for A, /(¢) is commonly used (see e.g.,
Ref. [17]), we are not aware of any literature which discusses the ¢
dependence of C ¢~ Equation (76) is just an assumption which
should be used w1th care at large 1.

with A* = 0.71 GeV2. We fix A,(0) =0.43 =1-A4,(0)
[4] and vary the parameter 1 > b > 0. As seen in Eq. (16),
when b = 0 the trace anomaly contributes maximally to the
proton mass, whereas b =1 corresponds to a vanishing
anomaly contribution. A recent model calculation has
found a rather small value for C,(0)=-C,(0)~O(1072)
[44]. As for B,(t), we simply neglect it following indica-
tions [2,3,45] that B,(0) = —B,(0) happens to be numeri-
cally very small. Unfortunately, almost nothing is known
about C,(t), or the gluon D-term D,(t) = 4C,(t). We
employ a simple model inspired by the asymptotic behavior
and the quark counting rule [46]8 (ny =3 here)

16 16 -04

Cq(t) = _Cq(t) = Em,

3, (77)

where the value 4C,(0) = D,(0) ~ —1.6 is taken from

Ref. [47]. As one might expect from the explicit A = ¢
factor in the coefficient (67), the effect of the C, term is

minor in the small-¢ region, \/|f| < 1 GeV, whereas it
becomes significant at large /|7 > 1 GeV. Very close to

the threshold, /|fmia| ~ 1 GeV (see Fig. 1), so the uncer-
tainties in C, should not be underestimated. Finally, we
assume fixed coupling g = 2 (o, ~ 0.32) with N, = n; =3
in the one-loop beta function so that the prefactor in
Eq. (67) becomes =L 35~ ~ —2.2. The mass anomalous dimen-

sion evaluated at the same order is y,, :%zO.Z. Of
course, all these form factors should be modeled in a more
sophisticated manner [38,45,48-50]. We leave this to
future work.

We first plot in Fig. 2 the total cross section o, as a
function of W and compare with the experimental data from

*Incidentally, in the present model , behaves as £°C2(r) at
large ¢, so the strong falloff C, ~ 1/ t3 as predicted by the
counting rule [46] is needed to ensure that d(r/ dtisa decreasmg
function of ¢ at large 7. On the other hand, in the small-¢ region,
different powers of 7, or even the exponential form C,(t) ~ e’ are

indistinguishable in practice [17].
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o(nb)

0.100
0.050

0.010
0.005

0.001

W(GeV)

4.1 4.2 4.3 4.4

FIG. 3. The total cross section very close to the threshold.

Cornell [11], SLAC [12], Fermilab [13] and HERA [15] as
summarized in Ref. [18]. The overall normalization factor
has been fixed by performing a y? fit of the low-energy
(W < 6 GeV) data points. The upper red curve corresponds
to b =0 (maximal anomaly) and the lower blue curve
corresponds to b = 1 (zero anomaly). The y? per degree of
freedom is 0.53 and 0.81 in the two cases. The effect of the
trace anomaly is visible only near the threshold
W <5 GeV. As expected, the graviton exchange gives a
too strong rise of the cross section o, ~ W* = 52 in the
high-energy region where the experimental data show a
much milder growth. This is due to the different nature of
the “Pomeron” between QCD and gravity theories, and
there are many attempts in the literature to correct for this
difference. Our focus, instead, is on the low-energy regime
where the W dependence in the SLAC region is roughly
reproduced. However, we have difficulty in fitting the
Cornell data points which are almost flat in W. It should be
kept in mind that these old data points suffer from low
statistics and the lack of exclusivity, and should be revised
in future experiments [9]. We hope to redo our fit when new
data become available. Figure 3 shows o, very close to the
threshold W < 4.5 GeV. In this regime, the trace anomaly
can enhance the cross section by a factor of 2 or more.
Next we plot do/dt as a function of t at W = 4.3 GeV
(Fig. 4). On the right panel, we artificially set C,(¢) = 0 to
see the impact of this poorly constrained function. We
clearly see the effect of the trace anomaly on the shape of

d—“( b/GeV?)

de "o
0.12
0.10
0.08
0.06
0.04
0.02

—t(GeV?)
3.0

1.0 1.5 2.0 2.5

FIG. 4.

The differential cross section at W =

do,
4f
3F
2F
1k
45 50 55 60
FIG. 5. The ratio (78) evaluated at t = 7,;,.

the distribution do/dt. With the anomaly (upper curve),
do/dt is enhanced at small 7, and it falls off more rapidly
with |7|. This tendency is more pronounced as one
decreases W and approaches the threshold. Note however,
that closer to the threshold the uncertainty due to the C,(t)
term also becomes larger. Although this mostly affects the
overall normalization rather than the shape, more serious
models of C,(#) in this region are certainly welcome.
Finally, in Fig. 5 we plot the following ratio:

: (78)

evaluated at ¢ = 7,;, as a function of W. This plot shows
that the effect of the trace anomaly is largest when W =
4.06 GeV where it enhances the peak value of do/dt by a
factor of about 4. In order to explore the peak region in
Fig. 5, one should tune the collision energy W to be less
than 4.5 GeV (or £, < 10 GeV in the proton rest frame). At

larger energies, the ratio flattens but stays larger than unity.

V. CONCLUSIONS

In this paper we have undertaken the first study of the
detailed relation between the J/y production cross section
and the QCD trace anomaly from holography. The key

d—“( b/GeV?)
dt n €
0.15
0.10
0.05
—t(GeV?)
1.0 1.5 2.0 2.5 3.0

4.3 GeV, for C, # 0 (left) and C, = 0 (right).
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observation is that the trace anomaly enters the cross
section via the dilaton exchange, and we have shown
how it is related to the matrix element of 7#*. Our findings
carry important messages to the experimentalists who are
planning to measure this process. First, the center-of-mass
energy W should be W <4.5 GeV, in order to clearly see
the effect of the trace anomaly. At higher energies the
dilaton contribution is overwhelmed by the graviton con-
tribution. Once the energy is chosen in this regime, the
shape of the differential cross section contains information
about the trace anomaly. Of course, in reality one cannot
turn the anomaly contribution on and off to see the
difference. But at least one can compare with model
predictions without the trace anomaly to see if there are
noticeable differences, especially in the peak value of
do/dt at t = t;,. One caveat is that if W is too close to
the threshold, uncertainties in the C, term (or the gluon
D-term) become large. More theoretical work is needed to
constrain this form factor.

Our study also shows that the ¢ dependence is not the
exponential form do/dt ~ €' as is often assumed. It is not
purely that of the square of some form factors [17], either.
The cross section does contain the square of various
gravitational form factors, but they are multiplied by
complicated (but rational) functions of ¢t. Moreover, our
result for do/dt cannot be naively extrapolated to 1 — 0
because of the presence of the 1/¢> term. Nevertheless, if
one knows the t dependence of various nucleon form
factors, one can extract the trace anomaly parameter b from
the experimental results at finite ¢.

There are many directions for future studies. We have
used the simplest setup, namely, D7 branes embedded in an
asymptotically AdSs space, or the “D3/D7 model.” It
would be very interesting to study the present process
in more realistic AdS/QCD models. More precise para-
metrizations of the form factors Ag, B, ... are certainly
important to confront the experimental data. These gluonic
form factors are difficult to access, but there has been
steady progress in the QCD community toward this goal.
Also, 1/N, corrections have to be taken into account in
order to be more realistic, though in general these
corrections are rather hard to estimate in gauge/string
duality. Finally, it is important, but quite challenging to
include the stringy effects beyond the supergravity
approximation. Once the stringy effects are included,
we would expect the amplitude to become complex
valued [23,24]. An extensive discussion of the case of
deeply virtual Compton scattering can be found in
Refs. [31,51]. The present process could also be studied
in such a framework.
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APPENDIX: PROPAGATORS IN AdS

Consider the massless scalar (dilaton) action in the AdSs
background

Sy =

- 2x? (Al)

1
d5x\/—g§(v¢)2,
where ¢ is some constant and 2x% = 8’1’3—53. In the five-

dimensional Einstein frame, ¢ = % The bulk-to-bulk propa-
gator is

D(xzi'?) = ((x2)p(x)
2% 31 5 2
S U Y

where

(=) - =X)?
= 277 ’ (A3)

is the chordal distance in AdSs. Taking the limit z — 0,
we find

2k%i 3 77 4
D(x, 0,X7)rv—=—— . A4
(2> 0,x'7) cR3 272 <z’2—(x—x’)2+i€ (A4)
Now consider the gauge theory matrix element

(P|;Fa’F4,(x)|P'). The insertion of the operator F? at
the boundary point x excites a dilaton field excitation in
the bulk

6i / 4
Pe) = ;7; (Z'Z “(x fx')z ¥ ie> - Ay

[This is normalized as ¢(x'z’ — 0) = 6* (x — x').] The
point is that Egs. (A4) and (AS) are simply proportional
to each other. Thanks to this, we may approximate the
proton side of the amplitude [ d*x'dz'D(xz,x'7')5Sp/5¢
by (P|1F?|P') after taking into account the difference in
the prefactor ~z*.
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Specifically, the expectation value of F? is given by the
variation of the on-shell dilaton action in the presence of a
source (proton) [52]9

oS 3
% R asl . (as)

IJP/ 3
P = Sp(z=0) 227 Tl

1
P|-F¥F
(Pl

The bulk field ¢ is determined by solving the equation of
motion

Sp _

oo (A9)

0
2 2\/— 2¢+

%Since the relative sign between the graviton and dilaton
exchanges is important, let us quickly check the sign in Eq. (AS).
The D3 brane action is

Sp3 = —Tps / d*xe=?Tr\/—det(G + 2nd'F)
2
~— / d*xe=?/ —G—zTrF’“’FW
/d4xe_¢v F”DF,‘L,, (A6)

where Tp; = 8” - and 4zg, = ¢*. F here denotes the SU(V,)

gauge field. In the Tast line we rescaled F /g — F which is the
standard normalization in QCD used in earlier sections. We thus
find

1 oS
ZF#DF;;D :ﬂ (A7)

with the solution
4 g 'l 5SB
d(xz) = | d*X'd7iD(xz,x'z )E (A10)

Substituting this into Eq. (A8) and noting that

1 4
Z—382D(xz,x'z’) —4D(xz x'7), (A11)
because D(z,7') xz* as z — 0, we find the following

correspondence:

1 c¢R3 4 oS
F2|P) ~ d*x'd7'iD B
<| |P') ~ 2 A 7 (xzxz)5¢

Similarly, the bulk-to-bulk graviton propagator can be
approximately replaced by the expectation value of 7,
The metric perturbation due to the source term Sp is

(A12)

5Sp

Im'N'

6gMN(xZ) _/d4x/dZ/iGMN,M’N’5 (A13)

From this one can read off the matrix element of the energy-
momentum tensor via the “holographic renormalization”

[53]
R3 4 (7?
(Tyw) = —=—=lim (ﬁ 59”,,) .

Al4
2K z—»OZ ( )

[The minus sign is because we use the mostly minus
metric 7 = (1,-1,-1,-1).]
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