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ABSTRACT: Using the approach based on conformal symmetry we calculate the two-loop coefficient
function for the vector flavor-nonsinglet contribution to deeply-virtual Compton scattering (DVCS).
The analytic expression for the coefficient function in momentum fraction space is presented in the
MS scheme. The corresponding next-to-next-to-leading order correction to the Compton form factor
‘H for a simple model of the generalized parton distribution appears to be rather large: a factor two
smaller than the next-to-leading order correction, approximately ~ 10% of the tree level result in
the bulk of the kinematic range, for Q? = 4 GeV?2.
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1 Introduction

With the JLAB 12 GeV upgrade completed [1] and the Electron Ion Collider (EIC) [2] proposal
having received a major boost last year, there are bright perspectives for new generation of hadron
physics studies in the coming decade and beyond. The foreseen very high luminosity of these new
machines will allow one to study hard exclusive and semi-inclusive reactions with identified particles
in the final state with unprecedented precision. Such processes are interesting as they allow one to
access hadron properties on a much more detailed level as compared to totally inclusive reactions.
In this way one hopes to understand the full three-dimensional proton structure by “holographic
imaging” of quark and gluon distributions in distance and momentum spaces.

Deeply-virtual Compton scattering (DVCS) [3-5] is generally accepted to be the “gold-plated”
process that would have the highest potential impact for the transverse distance imaging. The
general framework for the QCD description of DVCS is based on collinear factorization in terms
of generalized parton distributions (GPDs) [6, 7] and is well understood at the leading-twist level.
The main challenge of these studies is that the quantities of interest (GPDs) are functions of three
variables (apart from the scale dependence). Their extraction requires a massive amount of data
and very high precision for both experimental and theory inputs. In the ideal case one would like
to reach the same level of accuracy as in inclusive reactions. The next-to-next-to leading order
(NNLO) analysis of parton distributions and fragmentation functions has become the standard in
this field [8], so that the NNLO precision for DVCS is necessary as well.

The NNLO accuracy implies that one needs to derive three-loop evolution equations for GPDs
and also calculate the two-loop corrections to the coefficient functions (CFs) in the operator product
expansion (OPE) of the DVCS amplitude. The first part of this program, the three-loop evolution
equation for flavor-nonsinglet GPDs, is completed [9] and in this work we calculate the corresponding



two-loop CF for vector operators. The two-loop axial vector CF involves an additional subtlety of
dealing with the 5 matrix in off-forward reactions and will be considered in a separate publication.

From the theory point of view the main difference of DVCS from e.g. the classical case of
the deep-inelastic scattering (DIS) is that the target hadron has different momenta in the initial
and the final state. As a consequence, from the OPE point of view, one has to take into account
additional contributions of operators containing total derivatives. Such operators contribute both to
operator mixing and to the CFs. In conformal field theories the contributions of operators with total
derivatives are related to the contributions of the operators without total derivatives by symmetry
transformations and do not need to be calculated separately. Although conformal invariance of
QCD is broken by quantum corrections, one can hope that the symmetry of the Lagrangian can
be used in some way in order to simplify the calculation. The first (unsuccessful) attempt to
predict the NLO evolution kernel from conformal symmetry [10] was missing an important element:
the scheme-dependent difference between the dilatation and special conformal anomalies. This
problem was pointed out and solved by D. Miiller [11] who subsequently developed and applied
(with collaborators) the conformal symmetry based technique to DVCS and GPDs. In this way
the complete two-loop mixing matrix was calculated for twist-two operators in QCD [12-14] and
the two-loop evolution kernels derived for GPDs [15-17]. It was also shown [14] that conformal
symmetry allows one to obtain the one-loop CF in DVCS from the known CF in DIS. Thus the
complete NLO calculation of the DVCS amplitudes to the leading-twist accuracy is available. An
estimate of the NNLO contribution in a special renormalization scheme (“conformal scheme”) was
also attempted [18-20].

In Ref. [21] we suggested a somewhat different implementation of the same idea. Instead of
studying conformal symmetry breaking in the physical theory [12-14] we proposed to make use of
the eract conformal symmetry of large-n; QCD in d = 4 — 2¢ dimensions at the Wilson-Fischer
fixed point at critical coupling [22]. Due to specifics of the minimal subtraction scheme (MS) the
renormalization group equations (RGEs) in the physical four-dimensional theory inherit conformal
symmetry of the d = 4 — 2¢ theory so that the evolution kernel commutes with the generators
of conformal transformations. This symmetry is exact, however, the generators are modified by
quantum corrections and differ from their canonical form. The consistency relations that follow
from the conformal algebra can be used in order to restore the ¢-loop off-forward kernel from the
¢-loop anomalous dimensions and the (¢ — 1)-loop result for the deformation of the generators,
which is equivalent to the statement in Ref. [11]. The two-loop expression for the generator of
special conformal transformations for flavor-nonsinglet operators is obtained in [23] and is the main
ingredient in the calculation of the three-loop evolution kernel in Ref. [9]. For the flavor-singlet
case one had first to clarify the structure of the contributions of gauge non-invariant operators to
conformal Ward identities, see Ref. [22]. We used this result in [24] to derive the two-loop flavor-
singlet evolution equation for light-ray operators and confirmed in this way the expression for the
evolution kernel obtained originally in [16].

This work is devoted to the conformal symmetry based approach to the calculation of the
DVCS CFs. The presentation is organized as follows. Sect. 2 is introductory, it contains general
definitions, our notation and conventions. In Sect. 3 we present the general framework for the
calculation of CF's in the OPE of two electromagnetic currents using conformal symmetry of QCD
at the Wilson-Fischer fixed point in non-integer dimensions. The main statement is that calculation
of the ¢-loop off-forward CF can be reduced to the ¢-loop forward CF, known from DIS, and the
(¢ — 1)-loop calculation of the off-forward CF in 4 — 2¢ dimensions, including terms O(e‘~!). The
one-loop example for the application of this machinery is considered in Sect. 4 where we reproduce
the corresponding well-known expression [25]. The following Sect. 5 contains our main result:
the derivation of the two-loop CF for vector operators. The analytic expression for the CF is
presented in momentum fraction space in the MS scheme. We find that the CF in the conformal



scheme satisfies the reciprocity relation [26-29] that arises in the sum of many contributions and
provides one with a highly nontrivial check of the results, in particular for the two-loop conformal
anomaly [23]. Numerical estimates of the size of the NNLO correction for two popular GPD models
are presented in Sect. 6. We conclude in Sect. 7 with a short summary and outlook. Some useful
integrals are collected in the Appendix.

2 DVCS kinematics, notation and conventions

The amplitude of the DVCS process is given by a matrix element of the time-ordered product of
two electromagnetic currents

Ap(a,d'sp) = i / dh 19 ([T ()55 (0)} ) (2.1)

Here ¢, ¢’ are the momenta of the virtual (incoming) and real (outgoing) photons and p,p’ are the
target (nucleon) momenta in initial and final states. We use the photon momenta to define the
longitudinal plane spanned by two light-like vectors [30],

n=4q, n=—-q+ (1 —-7), (2.2)

where 7 = t/(Q% + 1), @* = —¢*. In the leading-twist approximation the DVCS amplitude can be

written as a sum of vector and axial-vector contributions !

A = =g,V +en,A+ ... (2.3)

where
1 . q#qllz +q:1,ql/ /i q2 1 1 a I3 2.4
gpy - g,u.l/ (QT q#qu (qq,)2 9 euy - (Tq/)eﬂl/aﬁq q . ( . )

The ellipses stand for the higher twist contributions of helicity-flip amplitudes and terms ~ qL,
which do not contribute to physics observables thanks to electromagnetic Ward identities.

In this work we will consider flavor-nonsinglet contributions to the vector amplitude V in the
leading-twist approximation. To this accuracy it can be written as a convolution of the CF with
the corresponding GPD

veoh =y [ 1 dfcu/f, Q3 /1) Fy(a, €1, 1) (2.5)

Heregld in what follows ¢ is a quark flavor, ¢ = u,d, s, ..., u stands for the factorization scale in
the MS scheme and we use established conventions for the kinematical variables

E=—-A,/2P;, t=A2?, A=p —p, P=(p+p)/2, ay = aunt. (2.6)

The GPD Fj, is defined by the appropriate matrix element of the light-ray quark-antiquark operator,

Oq(21n, z2n) = q(21n)h[z1n, 22n]q(22n) (2.7)

where [z1m, zon] is a Wilson line. The matrix element can, in general, be parameterized as

1
(P'10q(21, 22)|p) = 2Py / X N MR (2.8)

IFor the complete expression see [30].



The expression for F, depends on the spin of the target (e.g. nucleon vs. pion or *He nucleus)
whereas the CF is the same in all cases. For the most important case of DVCS off the nucleon, Fj
can further be decomposed in contributions of the standard GPDs, H, E, as follows [6]

ictVA,

2mN

Fq(x,g):i Hy (., )a(p Yy u(p) + Ey(e, €, Oa(p)) u(p)| . (2.9)

Note that only the charge conjugation even C' = +1 part of the GPDs F(1(+)(x7§,t) = Fy(z,6,t) —
F,(—x,£,t) can contribute to the vector amplitude, which is reflected in antisymmetry of the CF

C(-2/€,Q*/1?) = —C(x/€,Q*/11?). (2.10)

The CF can be calculated in perturbation theory

Clx/6, Q% /) = CO /&) + a,CV (2/€, Q% /1i®) + a2CP) (/€ Q*/p®) + ..., (2.11)
where
as = az(:) , (2.12)

and the first two terms in this series are well known (see e.g. [7])

(0) _ & ¢
co(:c/f)—g_x oo
2 j—
s @ = z(iFf [lan;ﬂ (3 o <§2£$)>

9 1. o 1 T 3¢E—ux x
fifgln 2+ [21n<1£)2£+$]1n(1€>} —(z+ —x). (2.13)

In this work we calculate the two-loop expression C?)(x/&, Q?/u?).

It is very important that the CFs only depend on the ratio z/¢ and are real functions at
|z/€] < 1 (ERBL region), and can be continued analytically to the DGLAP region |z/¢| > 1
using the & — £ — ie prescription. This property holds to all orders and allows one to simplify
the calculation assuming ¢ = 1 in which case the CF in DVCS coincides (after a redefinition of
kinematic variables) with the CF in the transition form factors v*y — meson with appropriate
quantum numbers. If the latter is known, the corresponding CF in DVCS is obtained with the
substitution = — x /(£ — ie).

3 General framework

The OPE for the product of currents has a generic form, schematically

T ()75 (0)) = D Cnkdi O (0) (3.1)

Nk

where Ox(0) are local operators of increasing dimension and Cyyj are the corresponding CFs.
For forward matrix elements, like in DIS, contributions of the operators with total derivatives
vanish identically and can be omitted. Thus only the sum over N remains and the necessary CF's
Cn = Cn k=0 are known to three-loop accuracy [31]. In off-forward reactions, like DVCS, operators
with total derivatives have to be included and one needs to calculate their coefficients, Cy  with
k # 0, as well. In conformal field theories a direct calculation is not needed since the CFs of
operators with total derivatives are related to the CFs of the operators without total derivatives by



the symmetry transformations (for the special choice of the operator basis Op). We will show how
to restore Cy, from C ¢ using conformal algebra in what follows.

QCD in four space-time dimensions, however, is not a conformal theory. The idea is to consider
QCD in non-integer d = 4 — 2¢ dimensions at the intermediate step, for the specially chosen
(critical) value of the coupling a* such that the S(a¥) = 0 (Wilson-Fisher fixed point). This
theory is conformally invariant [22] and all renormalization constants/anomalous dimensions for
composite operators in this theory in minimal subtraction schemes coincide with the renormalization
constants/anomalous dimensions of the corresponding operators for the “real” QCD in d = 4 [21].

One can consider, formally, the DVCS process in a generic 4 — 2e-dimensional theory. All
definitions in Sec. 2 can be taken over without modifications except for that the CFs acquire an
e-dependence so that

C(x/¢E, Q2/.u2a as) = C(z /¢, QZ/ﬂ27a87 €)

and their perturbative expansion involves e-dependent coefficients:

Clas, ) = Co +a;, CM(e) + a3 CP () + O(al)
CH(e) =W ec®D 1 20®D L O(). (3.2)

Note that the tree-level CF C'(°) does not depend on e.

We are interested in the CF in four dimensions (2.11) as a function of the coupling, whereas
methods of conformal field theories allow one to calculate C,, = C(a,€) on the line in the (e, o)
plane where S(a%) = 0 so that o = «a(e€) or, equivalently,

e = e(a?) = —(Boa® + fr(al)> +...) | %=%M—%w, (3.3)

with N, and ny the numbers of colors and light flavors, respectively. Trading the e-dependence for
the a¥ dependence one can write the CF at the critical point as an expansion in the coupling alone,

Cy(as) = Clas, &) = CO 4 a,cM + a2c® 1+ 0(a?), (3.4)
where, obviously,
o) =cW,
c® — @ _ g,ct) (3.5)

The coefficients C{¥) can be related to the known CFs for DIS (not without effort) thanks to
conformal invariance. Thus

c® =
c® =P + o). (3.6)

In other words, the one-loop CF in d = 4 coincides with the one-loop CF in conformal QCD in 4 —2¢
dimensions and in order to find the two-loop CF in d = 4 one needs to know the corresponding
result in conformal QCD and, in addition, terms of order € in the one-loop CF. Since all necessary
one-loop integrals can be calculated in terms of I'-functions for arbitrary space-time dimensions,
the latter calculation is rather straightforward and in what follows we will present the final result
only. The calculation of C£2) presents the main challenge and will be discussed in detail.

The expansion in Eq. (3.5) or (3.6) can obviously be continued to higher orders. The general
statement is that the ¢-loop off-forward CF in QCD in d = 4 in the MS scheme can be obtained
from the corresponding result in conformal theory (alias from the CF in the forward limit), adding
terms proportional to the QCD beta-function. Such extra terms require the calculation of the
corresponding ¢ — 1-loop off-forward CF in d = 4 — 2¢ dimensions to the ~ O(e’~1) accuracy.



3.1 Conformal OPE

Retaining the contributions of vector operators only, the most general expression for the OPE of
the product of two electromagnetic currents to the twist-two accuracy has the form

. . uoN ! 1 L 2zl y
T e} = Y e d“{—zAN<“> T, ) B
N,even

+ COn(u)afy0) — On(w)71,05 + DN(U)xfzafarZ}0?2'”””(%5‘1) ;B

where

oo _ _— u o _ =
ak_a:r‘“ Tio = T1 — T2, u=1-u, Xy = Uxe + uxy , (3.8)
k

and

ON“(y) = LTpy - Tuy Oljiflmmv (), (3.9)

where OR!#N (y) are the leading-twist conformal operators that transform in the proper way under
conformal transformations

0 0
+ 2ANY, + 2y7 (xﬂﬁxy - xufh‘“)) Ox“*(y). (3.10)

0
K,., 0% ()] = (2y#y” Ly

oy oy+

Here and below N is the operator spin, Ay is its scaling dimension, Ay = dy, + N — 2+ 5 where
dy = 4 — 2e,, ynv = yn(as) is the anomalous dimension, ty = 2 — €, — %VN(GS) is the twist and
N =N+1—c.+ %WN (as) is the conformal spin. We have separated in Eq. (3.7) the scale factor p»
to make the invariant functions Ay (u),..., Dy(u) dimensionless. Note that only vector operators
with even spin N contribute to the expansion.

The conditions of conformal invariance and current conservation 9*j,, = 0 lead to constraints
on the functional form and also certain relations between the invariant functions Ay (u), ..., Dy (u)
in Eq. (3.7). One obtains

An(u) = ay u/N taIn Tt By (u) = by wN et (3.11)

The remaining functions C(u) and Dy (u) are given by the following expressions:

1
e =1 [ e (o 1),

w U v

Dy (u) = —ﬁ /0 dofuny [e(v — ) (9)”1 +o@—a)

v

SRS

)] (o)

(3.12)

The coefficients ¢y and dy are not independent and are given in terms of ay and by by linear
relations

(jN—l) any = 2tn (CN—bN) ,
1 . .
2(tN — 1) dy = —§aN(N _]N) — ynby + (jN — 2—|—2tN)(CN — bN). (3.13)

Thus the form of the OPE of the product of two conserved spin-one currents in a conformal theory
is fixed up to two constants, an(as) and by (as), for each (even) spin N. In QCD the expansion of
an(as) starts at order O(as), so that also ey — by = O(as) and dy = O(as).



3.2 Relating DIS and DVCS

It is convenient to fix the normalization of the leading-twist conformal operators such that
OR N (0) = iV 1G(0)y 1M DR2 . DRV g(0) + total derivatives, (3.14)

where D* = 9" 4 igA* and {...} denotes the symmetrization of all enclosed Lorentz indices and
the subtraction of traces. In this way the forward matrix elements of these operators are related to
moments of quark parton distributions (PDF's)

(plON ™ (0)|p) = ptHr . pN fiy (3.15)

Using this parametrization and taking the Fourier transform of the forward matrix element of
Eq. (3.7) one obtains the OPE for the forward Compton tensor in a generic conformal theory

T(pyq) = i / ddxe*iqw<p\T<j,L<x>ju<0>|p>

2
N,even Q Q
(3.16)
where x5 = Q?/(2gp) is the Bjorken scaling variable and
TN +9w/2) [ty —1
— d/2978 B —-b
oy =ir (N, JN) Tin) oty N TN
(N 2 2N +d—ty — 1
CoN =1 wd/QZWNB(jN,jN)(_FiFm/) —by + + N an | . (3.17)
D(tn) 2t N
Here and below B(jn,jn) is the Euler Beta function.
The same expansion in QCD is usually written as [31]
2pq Qv Q2
,uu pa Z fN( ) |:(guu L Cr —5 s
N,even q M
42 2z Q?
- (g,uu - pupinQB - (p,uQV +puq;L)Qf) C2 <N7 Ea as):| ’ (318)

(we drop electromagnetic charges and the sum over flavors), so that we can identify

TN 2
CZN(as) (g) = CZ (N7 i227a8a6*> )

YN 2 2 2
cin(as) (g) = <N, %ae) yeN (N, 652,(13,6*> = <N, 222,@8,5*> . (3.19)

The coefficient functions Cy and Cf, contribute to the OPE for the structure functions F and Fp,
respectively, and are known to third order in the coupling.

Next, let us consider the DVCS process (2.1). In comparison to forward scattering there are
two modifications. First, the position of the operator Oy (uz) in Eq. (3.7) (we assume here z1 — z,
29+ 0) becomes relevant since

(0'|On (uz)|p) = e =D (1 |ON (0)[p) = @A) (p'|On (0)p) (3.20)



and effectively results in a shift of the momentum in the Fourier integral ¢ — ¢ — uA. Second, the
matrix element becomes more complicated and can be parameterized as

k
1 _ ,
Wi Oy O = 5 () SRS = P10
k

6= 1V, Y =rem. (3.21)
k
Hence one needs a more general Fourier integral
N k
1 , , [t
Z _ = ](\;9) /ddxefz(qqu)z [ N-] (.T . P)ka(x . A)k _
2 [—22 + ie]ty
k=0
[[iyn + N] [2Pq
iN-lown 4112
et () L. o

where we neglected all power-suppressed corrections A?/Q? and also used that to this accuracy
(¢ —ul)? = —uQ?.

Up to the obvious replacement p — P there are two differences to the forward case (DIS): an
extra factor 4~ N-2W , and the matrix element fy — fn(£). Note that the leading-twist DVCS
vector amplitude (2.3) corresponds to the Lorentz structure g, in Eq. (2.4) in the Compton tensor
(2.1), and can be traced by contributions ~ g,, (in momentum space). Starting from the position
space expression in Eq. (3.7), such terms can only originate from structures ~ g,, and ~ x,z,
which involve the invariant functions Ay (u) and By (u) with the same u-dependence (3.11). The

extra factor 4= N—27 , therefore, results in both cases in the following modification:

B(jn,jn) = /du (u)™> 1 /du(ua)jN—la—N—%w =B(jn, 2 -1), (3.23)

where (see above) jy = N + 1 — €, + 2yy. Since this modification affects the contribution of the
structures Ay (u) and By (u) in the same way, we actually do not need to consider them separately.
Thus the OPE for the DVCS amplitude V in conformal QCD in non-integer dimensions can be
written as

) 9Py N Q2 (¢ —-1)r2jn)
V(g Q%) = NZ In(®) <Qa> @ (N ’ ;ﬂ“) Fn TGn + 4 1)
) 1\ Q* r¢- 1)F(2jN)
- Ngm e ( ) “ (N’ e 6*) P(nT(N +§ = 1) .

and is completely determined by the forward-scattering coefficients C;(N) (in d = 4 — 2¢,). For
d = 4 the above expression agrees with [14, Eq. (22)]. In the next section we show how the
DVCS coefficient function in momentum fraction space (2.5) can be obtained starting from this
representation.

3.3 Coefficient function in momentum fraction space

GPDs are defined as matrix elements (2.8) of nonlocal light-ray operators (2.7) so that in order
to relate the CFs in position or momentum fraction space to the CFs in the OPE one needs an
expansion of the type

O(z1,22)] Z Ui (z1, 22) 05 [On (0)] . (3.25)



Here .. .] stands for renormalization in the MS scheme in d = 4—2¢, and On = ny,, ... 1, O Y
are conformal operators that satisfy the RGE

(10, + v (as) ) [Ox] = 0. (3.26)

We will tacitly assume that conformal operators are normalized as in Eq. (3.14). The light-ray
operator [O(z1, z2)], in turn, satisfies the RGE of the form

(k0 + H(a,)) [O(z1,22)] = 0, (3.27)

where H (evolution kernel) is an integral operator acting on the coordinates z1,z5. Conformal
symmetry ensures that H commutes with the generators of SL(2,R) subgroup of the conformal
group. Translation-invariant polynomials 28% = (21 — 2z2)" are eigenfunctions of the evolution
kernel and the corresponding eigenvalues define the anomalous dimensions

H(as)zfg_l = fYN(as)z{\;_l . (3.28)

The expansion coefficients ¥ in Eq. (3.25) are homogeneous polynomials in z1, zo of degree
N + k — 1 and are given by a repeated application of the generator of special conformal transfor-
mations S, to the coefficient of the conformal operator, Uy (21, 22) ~ S% zf}. The problem is that
S+ in the interacting theory in the MS scheme contains a rather complicated conformal anomaly
term 21224 [23] so that finding explicit expression for S¥ 21¥ is difficult.

The way out is to do a rotation to the “conformal scheme” at the intermediate step using a
similarity transformation defined in [9]

[0(21, 20)] = U[O(21, 22)] s H=U'HU, Sio=U"'SL,U. (3.29)

Note that H and H obviously have the same eigenvalues (anomalous dimensions). Going over to
the “boldface” operators can be thought of as a change of the renormalization scheme. The GPD
in the conformal scheme, F,, is related to the GPD F, in the MS scheme by the U-‘“rotation” 2

1 /

Pya.§) = UR)@.9) = [ U@ OF, @), (3.30)
and, similarly, for the CF in DVCS (2.5)
Clx/&,1?/Q%) = /11 CZ?C(W/&MQ/QQ)U(QJQ%S)- (3.31)
The “rotated” light-ray operator O(z1, z2) in d = 4 satisfies the RGE
(49 + H(a,))[O(z1, 22)] = 0. (3.32)
Looking for the operator U in the form
U=¢*, X(as) = asXV +a2X® 4 (3.33)
we require that the “boldface” generators do not include conformal anomaly terms,
S_ =59, (3.34a)
So =S — e, + %H (3.34b)
S, =59 1 (21 + ) (—e* + ;H> , (3.34¢)

2 Note that the kernel U(z, 2, €) in Egs. (3.30), (3.31) has to be taken in the momentum fraction representation.
The corresponding expressions can be derived from the results in Ref. [9], given in position space, but in fact are not
needed as we will find a possibility to avoid this step.



where
0 _ o5 _ 0) _ (0)
S =-0, —0.,, Sy =210: 420,42, Sy =270, +230., +2(z1+2), (3.35)

are the canonical generators. Explicit expressions for X(V) and X are given in [9].
With this choice, the generators S, on the subspace of the eigenfunctions of the operator H
with a given anomalous dimension ~yy take the canonical form with shifted conformal spin

1
Se(w) =8P + (21 + =) (—e* + 2’YN> : (3.36)

and the eigenfunctions of the rotated kernel, H¥ y; = yn ¥ yi, can be constructed explicitly [32]:
A T2jy 4k [ 1w
o= Ve~ ($:0w)" 7 = o L2 L gt @)
LlinITlin] Jo
For the forward matrix element of the light-ray operator one obtains, in our normalization,

-1

iN
(pllO(21,22)]Ip) = > mzm " pllOow]lp), (3.38)

N

and for the rotated light-ray operator

(p|[O(z1, 2)]Ip) = Z 212 Lon (pl[ON]Ip) (3.39)
N

where oy are the eigenvalues of U:
Uzll\é_l = UNZ{\;_l ) ON = UN(as) . (340)

The generalization of this expansion to include off-forward matrix elements is completely fixed by
conformal algebra and effectively amounts to the operator relation

N -1
Oler,22) = 3 rrmqypom ami(S () 215105 O (0). (3.41)
Nk .
where
__T@Nn) o B 1
INE = P 2jy + K jn=N+1-e+ w(as). (3.42)

This expression can be derived applying d4 to Eq. (3.39). On the one hand, taking a derivative
amounts to a shift ¥ — k — 1. On the other hand, it corresponds to an application of (—S_) and
using the commutation relation S_S¥z,™' = —k(2jn + &k — 1)S¥ 127" one gets a recurrence
relation ay x—1 = k(2j8 + k — 1)an k. The overall normalization (function of N) is fixed by the
condition an o = 1.

Taking a matrix element of Eq. (3.41) between states with fixed momenta and using that
(p'1050(0)|p) = (iA4)" (p'|O(0)|p) one obtains

V-1 oo
(P'[0(21, 22)[p) =Zmaw (V' |ON(0)[p) Y ank(iA )85 (vw)2y (3.43)
N ’ k=0

The sum over k can be evaluated with the help of Eq. (B.10) in Ref. [33] (for the special case n = 2):

e} 1 1 ]
DAY T anSE ()l = Sww (- / da e~ €Pr(ertmmen) pON) (2) (3.44)
k=0 -1
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where

() 122\ ™77 3 1
PNivl (l‘) = ( 4 ) CNN,1<37)3 AN = 5 — € + §’YN(G/S) R (345)

C} are Gegenbauer polynomials, and

(N = DIT(2in)(2AN)
Ty + 5HTGNTN —1+2)y)

WN = (346)

Using this representation and the parametrization of the matrix element in Eq. (3.21) we obtain

V101, 2} = P 3 OV (LYTL [ dreieriine pONG) - (a)
’ (N -1 \2¢ 2 1 N—1 ‘

This expression should be matched to the definition of the GPD in the rotated scheme
1
(p'|O(21, 22)|p) = 2Py / dp e Pl Emmt22@H R (g, ¢ 1) (3.48)
-1

Changing variables © — /£ one can bring the exponential factor in Eq. (3.47) to the same form
as in Eq. (3.48) and then try to interchange the order of summation and integration to obtain
the answer for the GPD as a series in contributions of local conformal operators. Attempting
this one would find, however, that F(x,&,t) vanishes outside the ERBL region |z| < &, which is
certainly wrong. This problem is well known and is caused by non-uniform convergence of a sum
representation for GPDs in the DGLAP region ¢ < |z|. It can be avoided, however, because the
CF in DVCS only depends on the ratio /£ so that for our purposes we can set £ = 1 and eliminate
the DGLAP region completely. In this way we obtain

Flot=1 =1 Z 2N UlN wN e = PN (@), (3.49)

and the DVCS (vector) amplitude is then given by

V(¢ /dxC’xQ Fy(z,£=1)= /dﬂchQ) g(z,6=1)
:4%:% _1/ dz Of, @) Py (). (3.50)

On the other hand, from the conformal OPE (3.24)

_ Lo 1\ Q° L(¢ - 1)I(2)n)
=L@ ZfN ( ) @ (N’ u?’“s’e*) T(in)TGn + 4 -1)° (351

Comparing the coefficients in front of fy (€ = 1) for these two representations we obtain

d _ 1 _
@, ) 20(5 = DEOw + )TN = 1+20) B

1
dz C(z, Q% as)P{™) C ( : ,
/—1 ( ) ( ) ! /142 ON F(Q)\N)F(]N —+ g — 1)

where d = 4 —2¢, and oy (3.40) are the eigenvalues of U on 2% . It remains to solve this equation

to obtain an explicit expression for the CF in momentum fraction space and, as the last step, to
go over from the “rotated” to the MS scheme. In the remaining part of this section we outline the
general procedure for this calculation.

— 11 -



To leading order (tree level) everything is simple. To this accuracy vy = 0, Ay = 3/2,
jNn =N +1 and C’fo) (N) =1 for even N and zero otherwise. Eq. (3.52) reduces to

1 2
1—
/ dz CO)(z) <4‘T> c@?(2) =1, N=24,..., (3.53)
—1
and is solved by
COz)=COz) = 1 (3.54)
l—z 1+2z2’

in agreement with Eq. (2.13). The problem is that beyond the leading order Ay depends on N in
a nontrivial way and the functions P](VA 7N1) (x) are not orthogonal for different N with some simple
weight function. Note, however, that they are eigenfunctions of the (exact) “rotated “ evolution
kernel

/dw’ H(z,z') P](\,)‘ivl) (') = *yNPI(VAfl) (x), (3.55)

and also eigenfunctions of the “rotated” SL(2) Casimir operator.
This property suggests the following ansatz for the CF:

C(z) = [ 11 dz' CO (2K («', z), (3.56)

where K (z,z') is the kernel of a certain SL(2)-invariant operator, [K, Sy o] = 0 (in momentum rep-
resentation). Since the polynomials PJ(\,)‘f’l) (z) are eigenfunctions of the quadratic Casimir operator,
they are also eigenfunctions of any SL(2)-invariant operator, in particular

/ do’ K (', 2) PO (2!) = K(N) POV (). (3.57)

Using the above ansatz one obtains
1 1 1
/dﬂmw$W@i/“¢7M“meamqu>
-1 -1 -1

= K(N) /_11 dz O (2)Py(z) = 2K(N)B(Ax + 3, Ax — 1). (3.58)

Comparing this expression with Eq. (3.52) we obtain

d : 1
K(N) =0 (N, i as,e*> 0;,11—‘(5 VLGN +Av = 3) (3.59)

2 T(Av — DGy +2-1)°

i.e., the spectrum of K is given directly in terms of moments of the DIS CF and the spectrum of
eigenvalues of the rotation operator U.

An SL(2)-invariant operator, i.e., an operator that commutes with the generators S o (3.34) of
SL(2,R) transformations, is fixed uniquely by its spectrum. Therefore, Eq. (3.59) unambiguously
defines the operator K and by virtue Egs. (3.56), (3.31) also the coefficient function C(z). In the
next two sections we describe this calculation for the one-loop and the two-loop CFs, respectively.

4 One-loop example

In this section we take p = @ as logarithmic terms lnk(ﬂ/ Q) in the CF can easily be restored from
the evolution equation. To one-loop accuracy one needs to expand Eq. (3.59) to order O(as) taking

- 12 —



into account that e, = —fBpas + .... Since the tree-level CF does not depend on the space-time
2
dimension, the e-dependence in C4 (N, %, as, e*) starts at order O(as) and can be neglected here.

Thus we only need the one-loop result for C;(N) in physical d = 4 dimensions, which can be taken
from [31, 34]:

Ci(N,as) =1+ a, (V) +. ..

S1(N)

NN P Ay .

M (N
cO(N) = Cp {251( ) — 285(N) — 2 =

where Sk, ..k, (N) are harmonic sums [35]. We also need the one-loop flavor-nonsinglet anomalous
dimension

75 _4CF[2SI( ) — N ! k (4.2)

N+1) 20

and the (one-loop) eigenvalues oy =1+ asaj(\}) + ... of the rotation matrix U = 1+ a, X" +... in
Eq. (3.33). This is the only new element that requires a calculation. From Ref. [9]

(X0 (a1, 22) = 205 [ da 2201, 22) = Flats22) — Flan, 51, (4.3
In order to calculate o we take f(z1,20) = 205" and get
XM N-1 = 4CF/dozh17a[ —aN RNt = O'](\}) Pr (4.4)
where
ol = =20k [SHN 1) + S(N 1)) . (4.5)

Collecting everything we obtain
K(N)=1+aKD(N)+...,

1
KONy =cD(N) - olP) + 57]&” Sy(N +1)

_ Si(N) 5 1 1 1 9
_SCF{Sf(N) TNNID 8N(NTD) ANENF1Z 8}

(3 )

in the last line is the one-loop anomalous dimension (4.2) stripped of the color factor,
=4C F%(\}). Note that the asymptotic expansion of the anomalous dimension '71(\}) and therefore
also K(l)(N) at large jy is symmetric under the substitution jy — 1 — jy, alias N —- —N — 1

(reciprocity relation). We will find that this relation holds to two-loops as well, in agreement with

where 'y( )|

(1)
Y

the general argumentation in [27-29], see the next Section.

As already mentioned, a SL(2)-invariant operator is completely determined by its spectrum. It
is easy to do in the case under consideration, because an invariant operator with eigenvalues "y](\}) is,
obviously, the one-loop evolution kernel, and 1/(N(N + 1)) is nothing else but the inverse Casimir

operator. The corresponding explicit expressions in position space are well known:
1
H()Nl [’H My — ]z{vzl—%(\})zﬁl,

N—-1 _ 1 SN-1
Hi 219 _7]\7(]\74—1) 12 > (4.7)
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where
1 @
[ f(21, 20) = /0 da /0 48 £, 21)
[Hf](21, 22) :/0 %[Qf(zhzg) — a(f(zfy, 22) +f(3172§1))}- (4.8)

These kernels commute with the canonical generators S(io,)o.
Thus the operator K can be written as

2
KV =20, KH“) + 3) 42, - 9} . (4.9)
2 2 2
The same expression holds in momentum fraction space, apart from that the kernels have to be
taken in the corresponding representation.
For the one-loop example considered here the transformation from position to momentum frac-
tion space is not difficult to do and the results are available from Ref. [36]:

/

Hy (W, w) =0(w— w')% +0(w —w)

At ) = ~0l =) | | 40 75 2] - - w) (4 ).

w —w! w—w

(4.10)

where w, w’ are rescaled momentum fractions, w = (1 — z)/2, and the plus distribution is defined

! L foy = J@) =T

w—w w—w

as

It remains to calculate the convolution of K" (z, z') with the leading-order CF (3.56) and “rotate”
the result to the MS scheme:

1
CV(z)=CcW(z)+ / dz' O ()XW (2 ). (4.11)

-1

The one-loop rotation kernel in momentum fraction space X() (z,2') can also be found explicitly,

xOf) = [ X ) ) = 205 I Ho (1 - )W) — i)

, w w—w

+ /wa oy, (1- K)M = %(1112 W+ In? w')f(w’)} L (412)

w

Here, as above, w = (1 — ), w’ = $(1 —1’) are rescaled momentum fractions. Collecting all terms
one reproduces after some algebra the well-known expression for the one-loop CF in Eq. (2.13).
Beyond one loop, the last part of this strategy — restoration of momentum fraction kernels
from the known position space results and taking the remaining convolution integrals — becomes
impractical because of very complicated expressions. It can be avoided, however, using the following
algorithm.
Let f(z) be a function of the momentum fraction x so that its position space analogue is

1
Fo,22) = / dr e~ (1= 0) =iz (L40) £ () (4.13)
—1
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The convolution of f(x) with the leading order CF C©)(z) can be rewritten as a position space
integral

/1 dz OO (z) f(z) = /OOO dz [f(—m)) — £(0, —iz)} . (4.14)

-1

Assume that the invariant operator K in position space can be written in the following form

K f](z1,22) = / do / " k(o B) (255251 (4.15)

where k(a, 8) is a certain weight function. Then

/lldx CO (2) [K f](z) = /dxf(x)/dadﬁ <a(1 — ’;(i ?(1 e 17)) . (4.16)

The (momentum fraction space) convolution of the leading order CF and K can therefore be written
directly in terms of the weight function k(«, )

/dw’C(O) (VK (2, ) = /01 da /Oa 43 <a(1 - :)(‘i ?(1 o -Ee —m)) . (4.17)

If K is given by a product of several kernels of the type (4.15), then the right hand side of Eq. (4.17)
can be written as a manyfold integral of the same type, e.g., for K = K; K5 one gets

ki(a,b)ka(a, B)
/d“db/do‘dﬂ ((da T2+ (Fat )it e 7 x)) ’ (4.18)

Integrals of this kind can be evaluated with the help of the Maple HyperInt package by E. Panzer [37]
in terms of harmonic polylogarithms, see e.g. [38]. In this way a very time consuming transformation
of beyond-one-loop kernels to the momentum fraction representation can be avoided.

For instance, instead of using the momentum fraction expression for X(\) in Eq. (4.12), its
convolution with C(9)(z) can be calculated using Eq. (4.17) directly from the position space repre-
sentation in Eq. (4.3). This leads to simple integrals

1
/d:r’C(O)(x’)X(l)(x',x) :CF/ daln—a <1 — ,i—i-l - 1, ) - (w— )
0

(07

1 [t Inaa @ Ina
= —_ d R — e — J— Y
CFw/O a( a +w1+aw/w> w=)

- %(Lig(l) + Lig(—w/w)> — (W), (4.19)

where w = (1 — x)/2. Beyond one loop, this simplification proves to be crucial.

5 Two-loop coefficient function

The spectrum of the invariant operator K(N) to two-loop accuracy is obtained by expanding
Eq. (3.59) to second order in the coupling. Since e, = O(as), to this end one needs the two-loop
CF in DIS in d = 4, and also terms O(e) in the one-loop DIS CF as inputs. The corresponding
expressions are available from Ref. [31, 39]. In addition we need to calculate the spectrum of
eigenvalues oy = 1+ asaj(\}) + agcrj(\?) + ... of the rotation operator (3.33) to the two-loop accuracy.
Explicit expressions for the corresponding kernels X are collected in Appendix B in Ref. [9] 3. The

3 1n [9, Eq. (B.9)] there is a typo. The second term in the first equation, ~ T has to be omitted.
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necessary integrals can be done analytically in terms of harmonic sums up to fourth order using
computer algebra packages [35, 40-43]. The resulting expressions are rather cumbersome and we
do not present them here. The final expressions for the CFs turn out to be considerably shorter
thanks to many cancellations.

The next step is to restore the invariant kernel K from its spectrum. This is not as simple
as at one loop, because the invariant kernel has to commute with deformed SU(3) generators
(3.34) (including O(as) terms) rather than the canonical generators (3.35). In other words, we are
looking now for the integral operator (with the given spectrum) with eigenfunctions PI(V’\_Nl) (z) where
Av =2+ a,(Bo+ %’y](\})) + ... rather than Ay = 3/2. All expressions can of course be truncated at
order a? so that for the second-order contributions to the spectrum, K(N) = ... + a?K(N)®, it
is sufficient to require canonical conformal invariance. However, we need to modify the first-order
kernel (4.9) KM — KM = KM + §KM) in such a way that K£(!) has eigenfunctions P](\,)‘jvl)(aj), ie.
it commutes with deformed generators S, in Eq. (3.34) (up to terms O(a?)). This can be achieved
by replacing

2 2
(1) _ 3 5, _9 1 _ = 3 5~ 9
K 2CFKH +5) A -5| = KO =20p ((H+3) 43R 5] 6D

where fl = " + O(as) is the complete two-loop evolution kernel (up to a normalization and some

terms discussed below) and 7—~L+ = Hy + O(ay) is the inverse to the deformed Casimir operator,

Hy ~[J(T—1)]! (to the required one-loop accuracy). The spectrum of eigenvalues of K1) will, of

course, differ from the spectrum of KM, KM(N) = KW (N) 4+ O(a,) and this difference will have

to be compensated by the corresponding change in K — K2 which is, however, straightforward.
The two-loop evolution kernel can be written as [9],

. 1
H(a,) = a,H® + o2H® + .. HE = B 4 TO (8, + §H(”) . (52)

where H(") is the one-loop kernel (4.7), (4.8), T™ is an integral operator defined in [9, Eq. (C.2)],
and H>™) is a certain canonically SL(2)-invariant operator, i.e. [H(Z) S(iO’)O] =0. It is easy to
see that

[Bi(a,), HO + 0,7 (5 + 5HO)] = 0(a2) (5.3)

so that they have the same eigenfunctions up to O(a?). In other words, by throwing away the
canonically invariant part H®Z™) of the two-loop evolution kernel the eigenfunctions remain the
same up to terms O(a?) that are not relevant to our accuracy. Thus, we can replace the full
evolution kernel in the expression for K; in Eq. (5.1) by its (canonically) non-invariant part

H= E(l)

_ 1 ~ ~
+aT (g0 30 BPQW —H(N) POY 4 0(),  (5.4)

where T = 4C’FT(1) and

H(N) = H (V) + o, T (W) (ﬁo + ;H“w) =30 . (B0 +20050)) A0 (55)
In addition, we need to find the inverse of the Casimir operator
J(J—1)=8:S_+So(So—1)
= Jo(Jo — 1) + (Br215 + Dazay + 1) ( et %H) n (— ot %H>2, (5.6)
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where
Jo(JO — 1) = SiO)S(_O) + S(()O)(Séo) — 1) = 81212(82221 + 1) = 82221(61212 + 1) . (57)

One can show that to the required accuracy
1 L) 2
3@ =D = 1= a (Rt Bo+Hy ) (Bo + HD) 4+ O(a) | Hy (5.8)

where H is defined in Eq. (4.8) and
1
Rif(e1,22) = (Ouna + 1) far,22) = [ daaf(za),
0

1
RQf(Zl, 2’2) = (82221 + 1)71f(2’1, 22) = / dOl O_éf(Zl, Zgl) . (59)
0

The term ~ Hi is a canonically invariant operator and can be dropped for the same reasons as
H(2v) in the evolution kernel. Thus, we choose

~ 1
Hy =Hy —a, (R1 + Rg) (Bo + 2]1—]1(1)> Hy, H PPN =H (NP +0(@?),  (5.10)

where

2

Hi(N) = m 5[1 N+1<50+20F7(1)>}. (5.11)

The terms O(a) in Egs. (5.5) and (5.11) modify the spectrum of eigenvalues of KM as compared

to KM and have to be subtracted from K(?)(N). Note, that the two-loop kernel has three color
structures

C
KEWN) = foCricy (N) + CERE (N) + o

C

KP (). (5.12)
and only the ~ C% term is affected by this subtraction. We obtain
2
@) (N ( © 2 8 2 -, 3
-9 — (= 2
Kg (V) = CVNJF?,(WNJ%) <9+7<2+N(N+1)+N2(N+1)2 TNty

BV P 2 N
76?8 N2(N+1)2 6 N(N+1)’

KE(0N) = SR +46OR P + 46 (114 g ) — 01Gsi + 3 - 2nsy
+2w2<3+14)51—27r2<4+ 2 + )
3N(N +1) 9 N(N+1) N2(N+1)
6 (64 14 )
NN + 1) 3 NN+1 N2N+1
E IR )
9 3NN+ 1)  NENF1E NP N—I— )3
11 137 25
* (8 TIBN(N 1) 6NZ(N 1) N4(N+ g >
K2 (N) = 165, (2517_2 - 5_3) — 1252, — 85_4 + 165155 + 4(25173 - 54) - NZ?/SL)
32(S_5 — 251 s 44 24 52
(N(N+1) ) (NQ(N—&-l)?+(N—2)(N+3)+N(N+1)+8> S-
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+ 22824 (- i - s ) I
371 N3(N+1)3 N2(N+1)2 3N(N+1)  9)7"

. 20 B 18 N 0 o)
3N2(N+1)2 9N(N+1)  (N—-2)(N+3) 4 N(N +1) 8
w4 229, 4 2 10

— T - 36(35) — ——— 4 - = 5.13
g @S T TNy T <3N2(N+1)2 TSN 9) ’ (5.13)

where S;z = S7 (V). It can be checked that these expressions satisfy the reciprocity relation [27—
29]: their asymptotic expansion at N — oo is symmetric under the substitution N — —N — 1.#

It remains to find an invariant operator () with the spectrum K(?(N). This is not very
hard to do since we only need canonical SL(2)-invariance, i.e. the operators in question have
to be diagonal in the basis of PJ(\;)’ / 21)(33) The SL(2)-invariant kernels with eigenvalues given by
the required harmonic sums are collected in Appendix A. Note, that in difference to anomalous
dimensions which grow logarithmically at large N to all orders in perturbation theory, 'y](\’f) ~1InN,
the kernel K (V) contains higher powers on the logarithm, up to In* N ~ S2¢(N), where ¢ is the
number of loops.

With the invariant operators at hand, the DVCS coefficient function in the rotated scheme is
obtained by the convolution with the leading-order CF

/ da' ¢ (2" K (2, ) / dz' ¢ (z {5(1‘ — )+ a, KD (' z) + 2 K@ (x’,x)] ,
(5.14)

and the CF in the MS scheme (so far still in conformal QCD at the critical point) recovered as

C(x) = /11 d' C(2') [5@ — )+ a X (@, 2) + o (%Xf + XQ) (@, 2)+... )} . (5.15)

In both cases one can follow the procedure described in the previous section and avoid a Fourier
transformation of the kernels to the momentum fraction space. All necessary integrals can be
computed using the HyperInt package [37] in terms of the harmonic polylogarithms [38]. The
two-loop CF contains contributions of three color structures

CP (@)= CA(z,a4,6.) = BoCr CP () + C2CP () + LB (2). (5.16)

We obtain

1 14 1 25 25
—%(H1+Ho)+<12w—9w)Ho <24 C2+C3>—(w—>o‘a),

1
o) (x) = " <6H0,0,0,0 —Hi0,00—2H20,0 —Hi,100 —Hi20—Ha1,0+ H1,1,1,0>

1 4 2 1
Ho,0,0<>H100+ Hpo + — H110
@ w @ @

13 19 3 11
— o=t )Hoo+ | =+ Hipo+ C2<H11—H2—H10—4H00>
20 3w o 3w

+ ( (21223 +5C, — 2<3) 1 (342 +16¢s — 3;)) H,

4The term ~ S_s in ICg,Q) may seem curious as such harmonic sums do not appear in two-loop planar diagrams.
This term arises from the two-loop contribution to o (3.40) and is related to the particular choice of the “rotation”
operator U in [9]. The definition of U involves certain ambiguity which does not affect, of course, the final answer.
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+ (701 + 128C, + 936(5 + 7243) (W),

L
48w
PN (@) = 6(1 — Qw){HZO —Hs+Hiio—Hio+ ¢ (HO - Hl) - 3<3}

3 3
+ 12<H1,0 —Hy —Hp —H; + C2) + EHO + EHl

1 3 5 73 3 2 1 4 1
(12622 - 26— L) —ZHypo— (2 -2 )H 2 _\m
+{w( G3 2(2 2(2 24> H200 (w w) 3,0+<w a)) 4

—(2—1)H2,1,0+(3—2)H2,2—(2—1)H3,1_5H3+5H270

wo@ w @ wo@ @ @

BT s M Y

; (i (15+5<2—3<3>+i(7< —f))HO—(wH@}, (5.17)

where w = (1 —2)/2, @ = (1 4+ x)/2, and H;z = Hp(w) are harmonic polylogarithms. We also
note that first two lines in the expression for oY (x) are entirely due to terms ~ 1/(N —2) in the
corresponding kernel.

Finally, the QCD result in d = 4 is recovered by adding the O(¢) correction to the one-loop
CF, cf. Eq. (3.6), which is easy to find by a direct calculation:

CP (@) = O (@) + foC (@),
1 2 4 2 3 1
cON(z) = —C’F%{18 — % - (5 -5 + 7;) Inw — 5% In®w + 3 ln?’w} —(we o). (5.18)

Note, that the contribution ~ Sy arises in our calculation as a sum of several terms: in the DIS CF,
in the rotation matrix U, and in C(*V)(z). This contribution can also be calculated directly from
the fermion bubble insertion ~ ny in the one-loop diagrams. We did this calculation and checked
that the results agree. Similar calculations of the ~ n fai terms exist in the literature, e.g., for the
axial-vector case [44].

The leading double-logarithmic asymptotic of the CF at w — 0 can easily be obtained to
two-loop accuracy from the explicit expressions given above. The result reads

1 1

C(z,as) ~ % (1 + CragIn®w + §(Cpas)2 In*w+ C’)(a‘;’)) ) (5.19)
w

suggesting that the series exponentiates. This expression does not agree with the resummed formula

obtained in Ref. [45].

5.1 Restoring the scale dependence

The scale-dependent ~ In Q/u terms in the CF are completely fixed by the RGE. Since the evolution
kernel in the MS scheme does not depend on ¢, H(as, €) = H(as), in a generic d-dimensional theory

(0, + Blas, 9a, )€ (Q*/1* asre) = C (Q*/n*, s ) @ Ha) (5.20)

where

CoH= /11 dr' C(2")YH(z', z) . (5.21)
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Solving this equation one obtains
O) (1) 20:(2) 1 L2 o
C(o,as,¢€) = (C +asC'V(e) +ailC (e)+) ® (1 - §lnaH(as) + gln cH (as)—i—...)
1 1
— Blas,€) (—201(6) Ino + Sa. In®sCy ® H(as)) + O(a?,a’¢,a.¢?). (5.22)
Here 0 = Q?/p? and C©,CM(e),C?(e) are the CFs in d dimensions (3.2) at p? = Q2, alias

o = 1. Note that the contribution in the second line vanishes at the critical point, 8(as,€ex) = 0.
For the physical case d = 4 one obtains

1 \
C(o,a5,e=0) = CO 4 q (C,El) -3 InoC© H<1>> + ai{cg ) 4 BycD)
ML o|cOgn® 420 (Bo - EH(”) + 26 0O g HO) (50 + 1IHI<1>) .
2 2 4 2
(5.23)

where the CFs in d = 4 are related to the ones at critical coupling as C™M(e = 0) = Cil) and
CA(e=0)= ) + B,CD) | see Eq. (3.6). In terms of the w-variable, w = (1 — z)/2,

1 1
o _- - _ -
¢ 2w 2w’
(1) _ IRV ST >
C, C’F(lenw 2(Dlnw 2w> (w+—>w). (5.24)

The functions C and O™V are given in Egs. (5.17) and (5.18), respectively.
Using explicit expressions for the one- and two-loop evolution kernels [9] we obtain

1 1 1
C(x,0) = CO(z) +a, (C’il)(x) - ElnaAl) + a? (C’g)(m) + BoC V) (z) — 3 Ino Ay + Zln2 aBg) ,

(5.25)
where
4, 2cF<1 <H0+2> (w H@)) ,
32=—2ﬁ00Fw(H0+ ) ( 0o+ Hoo+<w z)Ho—i—ij)—(wHw),
A2=2500£1>—2500F{ Hi o + (35 i})HO—i— ! <g2+) - (wHw)}

) (o 2) o2 - 1))

6 1 3 4
+2012:{ H110H000+<> Hoo +—Hip
w w
1 19 1 19 1 47
4 2 Ho + — -2 o) ¢ 2
These expressions represent our final result.

6 Numerical estimates

The numerical results in this section are obtained assuming the photon virtuality Q% = 4 GeV?
and the corresponding value of the strong coupling a,(4 GeV?) = a,(4 GeV?)/(47) = 0.02395. The
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Figure 1: The DVCS CF C(z/€) in Egs. (2.5), (2.11) at 4 = @ = 2 GeV in the ERBL region z < &.
The LO (tree-level), NLO (one-loop) and NNLO (two-loop) CF's are shown by the black solid, blue

dashed and blue dash-dotted curves on the left panel, respectively. The right panel shows the ratios
NLO/LO (dashed), NNLO/LO (dash-dotted) and NNLO/NLO (solid).

DVCS CF in the ERBL region (|z| < £) is given directly by the above expressions with an obvious
substitution x — x/£ and is obtained by the analytic continuation £ — £ — i€ in the DGLAP region
|x] > £ We have used the Mathematica package HPL-2.0 by D. Maitre [46, 47] for a numerical
evaluation of the harmonic polylogarithms at complex arguments.

The results are shown in Figs. 1 and 2, respectively. In the first figure, we also show on the
right panel the ratios of NLO and NNLO to the leading order (LO) contribution, NLO/LO and
NNLO/LO, and the ratio NNLO/NLO. It is seen that the NNLO (two-loop) and NLO (one-loop)
contributions to the CF have the same sign and are negative with respect to the LO (tree-level)
result in the bulk of the kinematic region apart from the end points |z| — |£| where the loop
corrections are positive and dominated by the contributions of threshold double-logarithms (5.19).
We observe that the NNLO contribution is significant. In the ERBL region, it is generally about
10% of the LO result (factor two below NLO). In the DGLAP region it is less important and in
fact negligible for the real part at x/£ > 2, and for the imaginary part at « > 4¢.

The relative size of the contributions of different origin to the NNLO CF is illustrated in Fig. 3.
We repeat the definitions for convenience:

CO(z) = BoCHV (z) + CP(z),

P (z) = BoCr CP () + C2CP7) (z) + %cﬁw (). (6.1)
Here C\?(z) defines the CF in conformal QCD at the critical point and the By C:V(z) term
describes the shift to integer d = 4 dimension. We show in Fig. 3 the ratio foC*?) /C?) by the black
solid, 5OCFC£2[3)/C(2) by the dashed, and C%CiQP)/C(Q) by the dash-dotted curves, respectively.
The C§2)/ C®@) ratio is shown by the red dashed curve; it includes also the contribution of non-
planar diagrams ~ CY which is very small numerically. We observe that C'®)(z) is dominated in
almost the entire range of = by the simplest contribution, By C"V)(z), that comes from the O(e)
correction to the one-loop diagrams. The CF in the conformal theory at € = €, is small as the
result of a strong cancellation between the contributions ~ C% of planar diagrams and the term
proportional to the QCD g function, SyCr C’Lw)(x), that arises at the critical point due to the
relation €, = —fBpas + .. ..
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Figure 3: Relative contributions of different structures to the NNLO CF: the black line

BoCHD /CP) | the red line C£2)/C(2), the dashed line ﬁOCFCIEzﬁ)/C(z) and the dot-dashed line
20" 10,

The dominance of the By C"Y)(z) term does not hold for very large /¢ > 0.95. In this region
C® changes sign so that the representation in Fig. 3 is not very informative. Asymptotically,
for /¢ — 1, the NNLO CF C® is dominated by the Sudakov-type double-logarithmic term
~ a2C%In*(1—x/€) in Eq. (5.19) that is part of the cP () contribution. This only happens very
close to the end-points, however, for /& = 0.99.

Physical observables in DVCS are Compton form factors, in particular

1
H(E) = / %O@/QH(x,s). (6.2)

-1

In order to estimate the size of the NNLO correction to the Compton form factor H(£) we use the
GPD model from Ref. [7, Eq. (3.331)], which is based on the so-called double-distributions ansatz
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Figure 4: The C-even part of the GPD model (taken from [7, Eq. (3.331)]) used for the calculation
of the Compton form factor .

and allows for a simple analytic representation:

2—n
1) = L o+ (155) 7 (@-eromea-n) - 0] 63

(An overall normalization is irrelevant for our purposes so we omit it). We use the value of the
parameter n = 1/2 which corresponds to a valence-like PDF g(x) ~ z~/2(1 — z)? in the forward
limit. The C-even part of the GPD (6.3), H(x,§) — H(—=,£), is shown in Fig. 4 for several values
of &.

For a numerical evaluation of the contribution to the integral in Eq. (6.2) from the DGLAP
region it proves to be convenient to shift the integration contour in the complex plane. We have
checked that the results do not depend on the shape of the integration contour, which is a good
test of numerical accuracy. The results are presented in Fig. 5. Following [20] we show the ratios
for the absolute value and the phase of the Compton form factor,

H(E) = R(&) ) (6.4)

calculated to NNLO and NLO accuracy and normalized to the LO. One sees that the NNLO
correction to the absolute value of the Compton form factor H is quite large: it is only about factor
two smaller than the NLO correction and decreases the Compton form factor by about 10% in the
whole kinematic range. The NNLO correction for the phase proves to be much smaller.

7  Summary

Using an approach based on conformal symmetry [21] we have calculated the two-loop CF in DVCS
in MS scheme for the flavor-nonsinglet vector contributions. Analytic expressions for the CF in
momentum fraction space at y = @ are presented in Egs. (5.17), (5.18) and in Sect. 5.1 for an
arbitrary scale. Numerical estimates in Sect. 6 suggest that the two-loop contribution gives rise to
a ~ 10% correction to the Compton form factor, which is significantly above the projected accuracy
at the JLAB 12 GeV facility and the Electron Ion Collider.
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Figure 5: Higher-order QCD corrections to the Compton form factor H () for the GPD model in
Eq. (6.3). The ratios of the Compton form factor calculated to the NNLO and NLO accuracy with
respect to the tree-level are shown for the absolute value and the phase of H(¢), Eq. (6.4), on the
left and the right panels, respectively.

We find an interesting hierarchy of different contributions to the two-loop CF, suggesting that
the perturbative series in conformal QCD at the critical coupling is converging much faster than in
the physical case. It would be interesting to check whether a similar hierarchy holds in other QCD
examples, where the first few terms in perturbative expansion are known. The corresponding study
goes beyond the tasks of this work.
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Appendices

A SU(2)-invariant kernels

We collect here the invariant kernels and their eigenvalues used in Sect. 5. Let

1 a
M,lw] = [ d dBw(r)(1 —a—p)" 1, T:O‘—@, A.
b= [ da [ apur—a=5) > (A1)
where n is even. One obtains
B 1 . _2855(n)+ G
M, [1] = m’ M, [Lig(7)] = n(n+ 1) )
_ 1 T _
Mn[—lnT]:m, Mn [EIDT} :Sg(n)—<3,
25 1
M,[—InT] = n(nl—(&—ni) , M, [-TIn7] = 25_3(n) — 451 _2(n) — 2(251(n) + 5{3 ,
My [7] = 25_2(n) + ¢z, (A.2)
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