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Abstract

We determine an approximate expression for the O(a?) contribution Y3 to the kernel of
the BFKL equation, which includes all collinear and anticollinear singular contributions.
This is derived using recent results on the relation between the GLAP and BFKL kernels
(including running-coupling effects to all orders) and on small-z factorization schemes. We
present the result in various schemes, relevant both for applications to the BFKL equation
and to small-x evolution of parton distributions.
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1. The BFKL equation beyond next-to-leading order

Higher order calculations in perturbative QCD, both at fixed order and at the resummed
level, are playing an increasingly important role in precision collider physics [1]. Fixed-
order and resummed results pose important constraints on each other. On the one hand,
fixed-order computations determine an infinite number of coefficients of resummed ex-
pressions: in the soft (e.g. large-z) limit [2,3], the resummed hard cross-section can be
determined to any desired logarithmic order by a finite fixed-order computation of suit-
ably high accuracy, while at high energy (e.g. small z) there is a duality [4] such that
a finite-order computation of the GLAP kernel determines an all-order resummation of
the BFKL kernel and conversely. On the other hand, available resummed results de-
termine partly higher fixed-order expressions and allow an approximate reconstruction of
their form: in fact, approximate determinations of the next-to-next-to-leading order GLAP
splitting functions [5], which played a useful role phenomenological until the exact expres-
sions became available[6], are significantly constrained by knowledge of the large-z and
small-x behaviour from resummed results.

The interplay of finite-order and resummed results is especially interesting for the high-
energy (small-z) limit of hard cross-sections, which behave as genuine two-scale processes.
The dependence on the hard scale (henceforth 2, for definiteness) and the energy scale
(actually, the dimensionless ratio, x for definiteness, that controls the energy dependence)
are governed by a pair of evolution equations, the GLAP and BFKL equations, respectively,
whose kernels are related by a duality relation which was recently shown to hold to all
orders at the running—coupling level [7]. This duality relation determines the resummed
expansion of either kernel in terms of the fixed-order expansion of the other. Hence, even
when the symmetry between the two scales is broken by the running of the coupling (and/or
by kinematics) knowledge of either of the two kernels at fixed orders enables an all-order
resummation of the other kernel.

These results have been mainly used to perform small-z resummation of GLAP evolu-
tion (see refs. [8,9] and refs. therein, and refs. [10,11] for phenomenological applications),
i.e. to learn about higher-order contributions to the GLAP kernel. However, they can also
be used to determine higher-order contributions to the BFKL kernel: indeed, they provided
a nontrivial check on the next-to-leading order determination of the BFKL kernel [12,13].
Their use to determine corrections to the BFKL kernel beyond next-to-leading order, which
are hitherto unknown, has been hampered by two difficulties. First, whereas some next-
to-next-to leading order duality relations have been worked out some time ago [14], they
didn’t include the full next-to-leading order running of the coupling, nor the informa-
tion contained in the then unknown NNLO GLAP kernel. In fact, the inclusion of these
contributions is quite hard if the running—coupling duality relations are solved by brute
force, even using computer algebra as in Ref. [14]. Second, beyond leading order both
fixed-order and resummed results, or, equivalently, both the BFKL kernel and the GLAP
kernel depend on a choice of factorization scheme. Factorization schemes at small-x were
determined explicitly in refs. [15,16] and their implications for the GLAP-BFKL duality
were worked out in refs. [17,10], but only up to next-to-leading order.

Recent results solve both difficulties. In ref. [7] a general method has been developed
which allows an efficient determination of duality relations by purely algebraic techniques,
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with full inclusion of the running of the coupling to any desired order. Thanks to the
full computation of the GLAP splitting functions to next-to-next-to leading order, [6] a
computation of all the singular contributions to the next-to-next-to leading order BFKL
kernel x2 is now possible. Furthemore in ref. [18] small-z scheme changes have been
discussed to all orders. Even though in ref. [18] the scheme change required for the BFKL-
GLAP is determined explicitly only up to NLO, it turns out that its determination up to
NNLO is possible from available results, as we shall discuss below, at least for the terms
which affect the singular contributions to the NNLO BFKL kernel. The purpose of the
present paper is to perform these computations, and use them to construct an approximate
form of the x2 kernel.

A determination of the BFKL kernel to NNLO is of theoretical and phenomenological
interest for various reasons. It is well-known that NLO corrections to the BFKL kernel
are large and in fact change completely its qualitative shape. The determination of the
NNLO contribution is thus motivated not only by the slow convergence of the perturbative
expansion of the BFKL kernel, but also by the expectation that (because of the alternating
sign of the dominant contributions) the NNLO approximation has a minimum like the LO,
and thus better stability properties than the NLO. Also, it is unclear whether a direct
extraction of the NNLO BFKL kernel from the high-energy behaviour of parton-parton
scattering amplitudes analogous to the NLO computation of Ref. [12] is feasible, because
it is unclear whether beyond NLO some form of “reggeization” holds, i.e. whether the
exchange of an effective colorless multigluon state is universal [19,20]. If this is not the
case, a derivation of the NNLO BFKL kernel from high-energy factorization may be the
only viable option.

This paper will be organized as follows. In the next section we will summarize the
formalism of Ref. [7] for the algebraic resolution of duality relations between the GLAP
and BFKL kernel, and describe specifically its application to the extraction of all available
information on the NNLO BFKL kernel from the known NNLO GLAP result. Then in
Section 3 we will turn to the issue of scheme dependence at small x at NNLO: after
summarizing the general results of ref. [18], we will describe its application to NNLO
duality. In Section 4 we will finally determine explicitly the approximate NNLO x5 kernel
in various relevant factorization schemes, discuss its features and estimate the accuracy
of our approximation. Technical results on higher-order dualities and on the so-called Qg
scheme at NNLO are collected in the appendices.

2. The GLAP-BFKL duality

Duality is the statement that the solutions to the GLAP and BFKL equations coincide up
to higher-twist corrections provided their kernels are suitably matched. Its consequence is
that the leading-twist part of each kernel is determined by the other kernel. This result is
straightforward to establish at fixed coupling [21,4,22], but rather more subtle when the
coupling runs [23,7]. Here we summarize the main results, while referring to Ref. [7] for a
more comprehensive treatment.

We discuss evolution equations for a parton distribution G(z,Q?), which can be
thought of simply as the gluon density, or as an eigenvector of a two-by-two evolution
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matrix in the singlet sector. The kinematic variables  and Q2 can be thought of as the
standard DIS variables, or more generally the perturbative scale and a dimensionless scale
ratio such that 0 < x < 1. We will not consider the dependence on other kinematic vari-
ables, such as transverse momentum and rapidity, i.e. we will consider standard parton
distributions, for which ordinary collinear factorization applies. We will therefore limit
ourselves to angular-averaged quantities at the leading-twist level. We express the parton
density as a function of the logs of the relevant kinematic variables:

G=GEt): e=logt t=lg% (2.1)
- » Y] _ng7 _Ogu27 M

and define the Mellin transform with respect to either (or both) of the kinematic variables:

G(N,t)z/oodge—NﬁG(g,t), (2.2)
0
G(&, M) = / T dteMiG(e 1), (2.3)

Note that, by slight abuse of notation, we denote with the same symbol the parton distri-
butions G(N,t), G(§, M), and G(N, M), although they are of course different functions of
the respective arguments.

The GLAP equation and BFKL equations express respectively the ¢ or £ dependence
of G. They take the form

%G( N, 1) = v(as(t), NYG(N, 1), (2.4)
d%c@, M) = x(6s, M)G(E, M), (2:5)

where a,(t) is the running coupling, which upon Mellin transformation becomes the oper-
ator &g, obtained by replacing t — —% in the expression for a,(t). For example, at the
leading-log level, where a(t) = as/(1 + Boast),
~ g
g = —————, (2.6)
- ﬁo%%
with as = a4(0).
At fized coupling it is easy to show that if the kernels y and  are related by

N = X(as:’)/(a&N))? (27)
M = y(as, x(0ra, M)), (2.8)
then the BFKL and GLAP equation admit the same solution. This relation is straightfor-
ward to derive [24,22] from the observation that the leading-twist behaviour of G(N, M)
is determined by its pole in the (M, N) plane, and that egs. (2.7) and (2.8) express the
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position of this pole. This duality maps the expansion of x(as, M) in powers of o, at fixed
M onto the expansion of v(as, N) in powers of ay at fixed ag/N, and the expansion of
~v(as, N) in powers of ay at fixed N onto the expansion of x(as, M) in powers of ay at
fixed as /M.

At the running—coupling level, duality relations can be derived order by order by
solving eqgs. (2.4) and (2.5) perturbatively and matching the respective solutions [14]. That
this is possible beyond next-to-leading order is highly nontrivial, and it can be proven to
all orders using operator methods [7]. Namely, one shows that at the running—coupling
level, the BFKL and GLAP solutions coincide if the respective kernels, viewed as operators
in (M, N) space, are the inverse of each other when acting on physical states, i.e. such
that if

MG(N, M) = ~(és, N)G(N, M), (2.9)

then
NG(N,M) = x(as, M)G(N, M), (2.10)

and conversely. Note that the conditions eq. (2.9) and (2.10) should be viewed as conditions
on the action of the operators (&g, N) and x(&s, M) on physical states: specifically,
they are not just the Mellin transforms of eqs. (2.4),(2.5), which depend on a boundary
condition, but rather, they express a property of the leading—twist Green function of
perturbative GLAP or BFKL evolution [7].

The inversion is nontrivial because the operators involved do not commute. Indeed,
we can start with eq. (2.9) and construct x(é&s, M) as a series in M such that

(b, v(6s, N))G(N, M) = NG(N, M). (2.11)

Because &5 and N commute, x(&s, M) coincides with the inverse function of v i.e. the
fixed-coupling (or naive) dual eq. (2.7): it is the same power series in M. However, because
~v(és, N) and M do not commute, we cannot use eq. (2.9) to identify v(é&s, N) with M in
eq. (2.11), and thus obtain the desired equation (2.10).

The problem can be formalized as follows: given an operator equation of the form

4G = PG, (2.12)
and given a function f(§), determine the function g such that using eq. (2.12) one gets

()G =g9()G. (2.13)

It is easy to see that when p and ¢ do not commute, the functions f and g do not coincide:
in fact they can be determined in terms of each other using the expansion of the Baker-
Campbell-Hausdorff formula [25] to lowest nontrivial order:

F@G={f®) —3f"®)p.dl +-..}G, (2.14)

so that
9(®) = fB)— 5" ®) [b.d + ... (2.15)
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Expressions up to third order are derived in ref. [7], and higher-order expressions (up to
fifth order) are given in Appendix A.
Hence, if we identify
p=M, q=(&s, N), (2.16)

and then choose f = X, we may use eq. (2.15) (and its higher-order generalizations) to
determine x(d&s,y(és, N)) on the Lh.s. of eq. (2.11) as a function of M, which we then
identify with the sought-for BFKL kernel x(é&s, M). The computation of x(é&s, M) is thus
reduced by eq. (2.14) to the determination of commutators, which in our case can all be
obtained from the basic commutator

[a5", M] = =0 + b + . .-, (2.17)

where the QCD beta function is given by

Blas) = =Poa(1+ frevs) + .. .. (2.18)

Using this commutator in eq. (2.14), to lowest nontrivial order we get

NG(N, M) = |x(as, M)+ 6oa (@, N) X" (a5, M)| G(N, M) + O(43),  (2.19)

0
S a ~
where primes denote derivatives with respect to the second argument (M or N).

In order for the r.h.s. of eq. (2.19) to provide us with an expression for x(&s, M) we
must eliminate the residual N dependence in it. This can be done in two steps. First,
we can back-substitute the lower-order expressions for N given by eq. (2.19) in its higher-
order terms: for example, eq. (2.19) tells us that we can just replace the leading order
expression Y (&g, M) for the N dependence of the next-to-leading order O((p) term, up to

O(&2) corrections:

NG(N, M) = | x(as, M) + 50a y(Gs, X (s, M)) X (s, M) | G(N, M) + O(&2).

(2.20)
Of course, beyond next-to-leading order this back-substitution becomes nontrivial, and it
must be performed by keeping into account the commutation properties of the operators
involved.

The dependence of the result eq. (2.20) on y(és, X(Gs, M)) and its derivatives can be
finally expressed using the duality relation eq. (2.8) in terms of M and of derivatives of the
fixed-coupling dual y of v: e.g. differentiating eq. (2.8) with respect to s or with respect
to M gives respectively

B i o B
BT"/S’Y(O‘S:X(Q/S: M)) + Y (OéS,X(OéS, )>80és

’7/<O‘57>2(O‘S7M))>~<,(0557M) =1, (222)

0
saA

X(as, M) =0, (2.21)

and so on. Using this, the right-hand side of eq. (2.20) gives us finally an expression for
X(G&s, M) in terms of x(&s, M), i.e. for the running—coupling dual BFKL kernel in terms of
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the naive dual one, which in turn can be determined from the anomalous dimension v using
fixed-coupling duality eq. (2.7). To lowest nontrivial order this gives the well-known [26,24]

result
1 X (s, M)

X(ds7M) = )2(6557 M) - 55064556(@57]\4) )2/(@ M) + O(&2)7 (223)

where we made use of the fact that the kernels start at order &g, so Ox(as, M)/0bs =
a;tx(as, M) + O(és). Equation (2.23) expresses the BFKL kernel y which is dual to the
given GLAP anomalous dimension v, in terms of the fixed-coupling dual x determined
from ~ using eq. (2.7).

Analogously, one can construct the GLAP anomalous dimension « which is dual to a
given x in terms of the fixed-coupling dual 4 determined from x using eq. (2.8):

X" (Gs, (s, N))
[X'(Gs,¥(ds, N))]

. o 1. . . .
v(és, N) =4(as,N) — §ﬁoasx(as,7(as,N)) s +0(62), (2.24)

S

where x(&s,75(é&s, N)) can be further expressed in terms of (ds, N) and its derivatives
differentiating the duality relation between y and 4, analogously to eqgs. (2.21),(2.22). It is
important to note that 4 and y are not the fixed-coupling dual of each other: rather each
of them is the fixed-coupling dual of (respectively) x and 7y, which are related by running—
coupling duality. It is sometimes convenient [8] (and it will be useful for our discussion
of scheme changes) to view x as an effective x kernel: namely, once v is determined from
a given y using eq. (2.23), we also define ¥ which is the fixed-coupling dual of this ~
eq. (2.23).

In ref. [7] we have used this approach to derive the running—coupling corrections to the
small-z resummation of the GLAP kernel which one obtains from BFKL, i.e. essentially
eq. (2.24), up to next-to-next-to-leading order. In the sequel of this paper, we will use it to
derive the running coupling contributions to the next-to-next-to leading order BFKL kernel
obtained starting from the GLAP kernel, i.e. essentially eq. (2.23). Various higher-order
running—coupling duality relations are derived and collected in Appendix A.

Because running—coupling corrections to duality are given as a series in «a  of terms
each of which is a function of the fixed-coupling dual expression, also at the running-
coupling level duality maps the expansion of y(as, M) in powers of ay at fixed M onto
the expansion of y(as, N) in powers of a; at fixed as /N, and conversely. This means that
knowledge of v up to next-to-next-to leading order allows us to determine all collinear
(M ~ 0) singular contributions to x up to next-to-next-to leading level. Specifically, if we
expand

and then
Ci,—i—1 | Ci,—i
(M) =St Sty (2.26)

for some coefficients ¢; ;, we can determine the first three orders of the expansion eq. (2.26)
of xi(M) for all ¢, i.e. ¢; ; for all ¢ and j = —i — 1, —i, —i + 1. Furthermore, the symmetry
properties of x allow us to determine its expansion about M = 1 from knowledge of the
coefficients of the expansion about M = 0. This procedure requires some care in the
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Figure 1: Comparison of the exact and approximate expressions of the leading—order
and next-to-leading—order contributions to the BFKL kernels xo(M) and x1(M). The
approximate expressions (given explicitly in appendix D) are obtained by symmetrizing
the third-order collinear expansion about M = 0 of the kernel, as discussed in section 4.
The upper two plots are the leading-order xo, while the lower are the next-to-leading-
order xi: in each case on the left we compare the exact (dot-dash) and approximate
(solid red) expressions as a function of M, while on the right we show the relative differ-
ence (exact — approximate)/exact. See section 4 for a full discussion of the construction
of the approximation and its scheme dependence.

treatment of the running of the coupling, which affects the way the symmetry is realized,
and it will be discussed in sect. 4. In the specific case of 2, knowledge of v up to NNLO
allows us thus to determine all the singular contributions to x2 at M =0 and M =1, i.e.
all the collinear and “anticollinear” singularities respectively.

Because o and x; are known exactly, we can test the accuracy of the approximation to
them which is obtained by retaining only the first three terms of their expansion about M =
0 and M = 1 (and subtracting the double-counting between the two expansions). This
comparison is displayed in figure 1 for the leading and next-to-leading order contributions
xo and x; to the BFKL kernel, where it is seen that the approximation is exceedingly
good. The percentage accuracy of the approximate expression is better than 0.8% at
leading order and better than 1.5% at next-to-leading order.

This motivates us to consider the construction of a similar approximation to xs. Before
doing this, however, we must turn to issues of factorization scheme dependence.
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3. Factorization schemes at small z

Running—coupling duality, reviewed in the previous section, implies that, up to higher-
twist corrections, the solution to a GLAP-like equation (2.4) can also be obtained as the
solution to a BFKL-like equation (2.5), and it tells us how the evolution kernels of the two
equations are related. However, as is well known, beyond leading order, both the GLAP
and BFKL kernels are only defined up to a choice of factorization scheme. Namely, if the
normalization of G(&,t) is redefined by a subleading function Z(as, N) = 1 + O(as), the
evolution kernel beyond leading order changes: hence, the kernel is uniquely defined only
once the normalization is fixed.

In general, of course, factorization schemes can mix the singlet quark and gluon with
each other. Here, however, we will only consider factorization-scheme changes of the single
parton distribution G(&,t) which enters both the GLAP and BFKL equations: because
only one eigenvector of the anomalous dimension matrix has leading small-z singularities,
the BFKL equation is one-dimensional, and mixing is irrelevant for duality. The general
matching of scheme changes which have effect at small x with those which do involve
operator mixing (relevant for phenomenology) is discussed in detail in refs. [17,10]. The
most general factorization-scheme change is then obtained by redefining

A

G'(t,N) = Z., (as, N) Ziw (a5, N) G(t, N), (3.1)

where the large-x and small-z scheme change functions have respectively the form

Ziu (005, N) = 14 0, Z4,(N) + O(a?) (3:2)
Zow (00, 52 ) = 20 (52) + 00 2L, (52) + O(02), (3.3)

with the constraint that Z%, (0) = 1. Upon scheme change, the leading-order contributions
in the expansion of the BFKL and GLAP kernel in powers of a; remain unchanged, while
higher-order terms are modified. It is interesting to observe that the lowest-order nontrivial

small-z scheme change Z2, (%) (which affects the NLO BFKL kernel x1 (V) in eq. (2.25))
amounts to a leading-order redefinition of the normalization of gluon, i.e. it starts at order
o) in the expansion of Z in powers of o at fixed & [17].

A further related complication is due to the fact that the BFKL equation is, in its
most general form, given for a k, -dependent parton distribution, and its form eq. (2.5) is
obtained from angular averaging of this k) -dependent parton distribution. This angular
averaging leads to an “unintegrated” parton distribution G(V,t), which is the derivative

of the usual parton distribution G(N,t): G(N,t) = %G(N, t) i.e., in Mellin space,
G(N,M)= MG(N,M). (3.4)

Because of eq. (2.17), the evolution kernels x (&5, M) and x;(é&s, M) for the BFKL equations
satisfied by respectively G(M, N) and G(M, N) do not coincide, and are related by

x(Gg, M) = My;(Gg, M)M ™. (3.5)
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Hence, if the BFKL kernel is determined for the unintegrated gluon distribution G(N,t),
while the GLAP anomalous dimension refers to the standard integrated quantity G(NV,t),
there are extra contributions to the duality relation, due to the non-commutativity of M
and &g in eq. (3.5). The relation between integrated and unintegrated parton distributions
eq. (3.4) can be viewed as a scheme change by using the (N, t) space form of the GLAP
equation (2.4) to relate G to G, namely:

G(N,t) = y(as(t), N)G(N, t). (3.6)

Note that this is not a proper scheme change eq. (3.3) because it does not reduce to the
identity in the limit oy — 0. Note also that just as the evolution kernels for G and G do
not coincide, similarly the anomalous dimension for their evolution differ: in fact, from
eq. (3.4) and the GLAP equation (2.4) one finds that G satisfies

LGN, 1) = 7ulas(t), NYG(N, ), (37)
where p
Tula(0),N) = 9(as(t), N) + 5 In by (e (8), V). (33)

Henceforth, we shall denote by ~ the anomalous dimension at the integrated level, and
by x the kernel at the unintegrated level, and by ~, and y; the unintegrated anomalous
dimension and integrated kernel.

Let us now come to the scheme choices which are relevant for the explicit determi-
nation of vy(as, N) and x(as, M). The normalization of the parton distribution which
appears in the GLAP equation (2.4) is fixed by the standard factorization of collinear sin-
gularities [27], and a choice of subtraction prescription such as e.g. dimensional regulariza-
tion and the MS prescription. This defines anomalous dimensions in the MS factorization
scheme. Duality then implicitly defines a corresponding factorization scheme for the BFKL
equation. However, the direct computation of the next-to-leading order BFKL kernel is
based on the determination [12,13,28] of the gluon Green function in the high-energy limit.
The extraction of the large energy behavior of the gluon Green function, and the resum-
mation of its large-energy logs through the BFKL equation are based (explicitly [13] or
implicitly [12,28]) on a factorization of cross-sections in terms of a high-energy parton dis-
tribution (the so-called k, factorization [29]) which is compatible with the usual collinear
factorization, but differs from it by a computable scheme change.

This is due to the fact that the usual parton distribution which enters the collinear-
factorized GLAP equation, and the gluon density which enters the &, -factorization formula
are normalized differently. This means that, even though the gluon Green-function itself
is computed in the MS scheme, the evolution kernel extracted from it corresponds to a
scheme which is not MS, because it describes evolution of a quantity which differs from
the MS parton distribution by a normalization factor, i.e., it can be obtained from the MS
parton distribution by a suitable scheme-change function Zs, eq. (3.3). This scheme-change
function defines the so-called Qo factorization scheme [16]. Furthermore, the quantity
which naturally enters k| -factorization formulae is the unintegrated parton distribution
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G(N,t), so Qo scheme results are usually given for this quantity, though, of course, Qg
scheme results can also be given for the integrated parton distribution by using eq. (3.5)
and the corresponding relation eq. (3.7) between anomalous dimensions.

The normalization mismatch between k| factorization and collinear factorization, and
thus the precise definition of the ()¢ scheme, has been determined in ref. [29] at leading
nontrivial order, i.e. at the level of Z% eq. (3.3), which affects the definition of y; in
the expansion eq. (2.25) of the BFKL kernel y, and therefor its dual GLAP anomalous
dimension 7 up to next-to-leading order (order 7,;) in the expansion of v(ay, N) in powers
of o at fixed F:

A Qg
e, N) =7 (52) + s (55) - (3.9)
The scheme change at the next order (relevant for ys and 7sss) has been recently derived
in ref. [18].1

The main result of ref. [18], which we shall use in what follows, is an expression (proven
up to NNLO, but conjectured to hold in general) which relates the ¢ dependence of the
integrated parton distributions G(N,t) (as defined in standard collinear factorization) in
the MS and Qg scheme. This relation is expressed in terms of the BFKL kernel for the
unintegrated distribution G(N,t). Specifically, the ¢ dependence can be written in terms
of a saddle-point evolution factor E(t,tg), a running—coupling duality correction N (N, t),
and a normalization factor R(tg) which is characteristic of the way minimal subtraction
with dimensional regularization is defined by continuation of the anomalous dimensions in
d dimensions.

The saddle-point evolution factor is obtained by solving the running-coupling BFKL
equation for the unintegrated distribution in the saddle-point approximation: this can
be shown [30,26,23] to lead to evolution driven by the anomalous dimension 7, (as(t), N),
obtained from the unintegrated BFKL kernel using naive (fixed-coupling) duality eq. (2.7),
but with as = a,(t),

t
E(t,ty) = exp U Fulas(t'), N) dt’} . (3.10)
to
The running—coupling correction to duality discussed in the previous section can be
combined with the factor eq. (3.6) which relates the integrated and unintegrated parton
distributions. This gives

N(N: tO) 7(as(t)7N>

= e { [ lan(t).3) - ety M1t }.

to

NN,t) _ y(as(to), N) exp {/t [yulas(t'), N) = Fu(as(t), N)] dt’ }

(3.11)

! Note that in ref. [18] (and elsewhere) the scheme change effected by Z2, is referred to as
a leading-log = scheme change, essentially because it is a leading-order redefinition of the gluon

normalization, whereas we will call it a NLO scheme change, because it affects the NLO kernel

X1-
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Note that lim,, .o N(N,t) = 1 so this can be viewed as a scheme change in the proper
sense.

Finally, the normalization factor R is due to the fact that in the MS scheme the
anomalous dimension is defined as the residue of the simple € pole in the partonic cross
section, which in turn is given by

s = (1—5<a5>+---) (10 N) + (0, N) +...)

Blas,€) Qe OLgE
(3.12)
_ O; (V(QS,N) - ij:%(as,zv) +) ,

where in MS (3(as, ) = ase+ [(as) is the d-dimensional 8 function, v(as, ) is the anoma-
lous dimension obtained using duality from a d-dimensional BFKL kernel, which has been
expanded as

Y(as, N,e) = y(as, N) + e (s, N) + O(?). (3.13)

It follows that the anomalous dimension determined from duality differs from the MS
result through the terms beyond the first on the r.h.s. of eq. (3.12), and thus MS evolution
requires an additional factor

R(N,t)
R [ / Boa () (a(t'), N)dt' + 0(a?)] | (3.14)
where we have used B(ay) = —fFpa2 + .. ..

Combining all these factors, the result of ref. [18] takes the form:
G (N, t) = N(N,H)E(t, to)R(N, to) GM (N, to) (3.15)

This equation gives the scale dependence of the parton distribution in either scheme in
terms of a boundary condition determined in the other scheme: therefore, it fully spec-
ifies both the relation between the two schemes, and the scale dependence in either of
them. Letting t = to in eq. (3.15) immediately gives the relation between G?°(N,t) and

GM_S(N ,1), through the function
R(N,t) = N(N,t)R(N, ). (3.16)

The scale dependence of the parton distribution in the )¢ scheme is found by keeping
to fixed in eq. (3.15) and varying t: thus

G (N, t) = A%E(t,to)GQO(N, to)
L (3.17)
— exp u as(t), )dt}GQO(N o).

11
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Figure 2: Schematic relation between BFKL kernels x and GLAP anomalous dimensions
v in various schemes. Horizontal lines denote duality relations while vertical lines denote
scheme transformations. The diagonal lines express the identities eq. (3.21) and (3.22).

So the integrated parton distribution in the (g scheme evolves with the anomalous dimen-
sion (N, t) which is related to the starting unintegrated BFKL kernel by running—coupling
duality combined with the transformation to the integrated level.

The scale dependence in the MS scheme is instead given by

R(N, to)
R(N, 1)
R(N, to)

- e | [ o). i | GHN.1o),

(3.18)

namely, the integrated parton distribution in the MS scheme evolves with an anomalous
dimension which is closely related to the fixed-coupling dual 7,(N,t) of the starting (un-
integrated) BFKL kernel, and only differs from it through the scale dependence of the R
factor eq. (3.14). In this respect the MS scheme is remarkably simple.

In fact it is possible, and useful, to define an auxiliary scheme, M—S*, which differs
from MS by a factor R(N,t): namely

GMS (N, 1) = R(N, )GMS(N, 1) (3.19)

In this MS™ scheme the parton distribution evolves with the naive dual anomalous dimen-
sion:

M5 (N, 1)) = exp [ / tl%(as(t), N)dt| M5 (N, t). (3.20)

to
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The relations between different quantities in various schemes, which will be computed
in the next section, are summarized in figure 2. In the figure, horizontal lines denote
duality: either at the running—coupling level, relating x to -, or at the fixed-coupling,
relating v to x. Vertical lines denote relations between schemes, specifically the Qq, MS
and MS schemes. Equation (3.20) means that the anomalous dimension in the MS" scheme
coincides with the naive dual of the Qg scheme BFKL kernel (at the unintegrated level):

3 (0, N) = 4 (@, N), (3.21)
and thus, by duality, also that
X;VIS (aS7M) = XQO(O‘87M)7 (322)

where )Nd\/[_s* (as, M) is the naive dual of the standard GLAP anomalous dimension in

the MS" scheme, while XQO(as, M) is the kernel for the BFKL equation satisfied by the
unintegrated parton distribution in the Qy scheme. This further implies that if we interpret
dels* (as, M) as an operator by letting oy — ¢, and order it canonically (i.e. in the same
way as x9°(&s, M)), then it is related by running-coupling duality to Y2 (ay, N). These
relations are denoted by diagonal lines in the figure, and will turn out to be useful in
relating results obtained in various schemes in the next section.

4. The NNLO BFKL kernel

The construction of the NNLO BFKL kernel proceeds in three steps. First, we collect the
results discussed in the previous sections to get expressions of the BFKL kernels which are
related by either running—coupling duality (x(&s, M)) or fixed-coupling duality (x(as, M))
to a given GLAP kernel v(as, N) to NNLO in various schemes. Then, we use the known
expression of the GLAP anomalous dimensions up to next-to-next-to leading order to
determine the first three coefficients of the expansion eq. (2.26) of the leading xo(é&s, M),
next-to-leading x1(d&s, M), and next-to-next-to-leading x2(ds, M) order BFKL kernels in
powers of M about M = 0. Finally, we use the underlying symmetry of the high-energy
gluon emission diagrams to determine the corresponding coefficients of the expansion of
Xo(&s, M), x1(&s, M) and x2(&s, M), about M = 1.

Because all duality relations are expressed in terms of naive (fixed-coupling) dual
kernels, our starting point is the determination of the BFKL kernel x(«as, M) which is
obtained from the NNLO GLAP anomalous dimension using the fixed-coupling duality
equation (2.8). Expanding x(«as, M) in powers of ay at fixed as/M as

X(as, M) = Xs(as/M) + osXss(os /M) + ... (4.1)
we have

M
4.2
oy’ (4.2)

Yo (XS(OCS/M)) =
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Y1 (XS(QS/M))

Xl M) = = (o A) o
)Zsss(as/M) = _7(,)(X (; /M)) [72(X5(058/M)) +71 (XS(O‘S/M))XSS(O‘S/M)
+ 579 (s /) (s s/ M) . (14

Expanding out both ~; and X, ¢ = 1,2,3 up to third order in their respective ar-
guments, eqs. (4.2)-(4.4) determine the coefficients of these expansions in terms of each
other. Starting with the expansion of v

0(N) = B 4 g0+ goa N + O(N?), (4.5)
N(N) = Lt 4 g1+ O(N), (4.6)
ya(N) = 9]2\};2 + 927]\;1 +O(NY), (4.7)

we get
(M) = Lt 0(u?), (4.8)
(M) = B0 o Bty ggi’_‘f +O(M), (4.9)
TL(M) = (90,—1)290,1]\}-390,—1(90,0)2 N 91,090,—1]\}‘290,091,—1 n 92,]\4—1 + O(M),(4.10)

where the superscript ¢ reminds us that all these quantities are defined at the integrated
level. The values of the coefficients g; ; up to NNLO in the MS scheme can be extracted
from the known GLAP anomalous dimensions [31], and are listed in appendix B. Using
these expressions of g; ;, egs. (4.8)-(4.10) give the first three terms in the expansion of the

naive dual kernel X in the same scheme: this corresponds to relation between ’yM_S and

M5 in figure 2. Note that the vanishing of leading singularities of v at NLO and NNLO,
g1,—2 = g2,—3 = 0, implies the well-known vanishing of the constant and linear term in the
LO BFKL kernel (4.8).

Starting from the naive dual kernel x% eq. (4.8)-(4.10) we can determine the BFKL
kernel in the same approximation in various factorization schemes. For the sake of com-
parison with direct diagrammatic computations, the Qy scheme is most relevant, because a
direct computation using minimal subtraction at the level of the BFKL equation gives the
kernel in this scheme: indeed, available expressions [12,13,28] of the next-to-leading kernel
x1 provide the result in the Qp scheme. Using duality, this kernel can be obtained from
the MS GLAP anomalous dimension by exploiting eq. (3.21) (see figure 2), which states

that 2 is the naive dual of the (integrated) anomalous dimension Y% . Hence, we can
obtain xQ° by first transforming the anomalous dimension to the MS~ scheme through the
R scheme change eq. (3.14) and then using naive duality eqgs. (4.8)-(4.10).

14



The scheme change which takes the anomalous dimension to MS" can be determined,
using eq. (3.14), from the expression of the GLAP splitting functions in d = 4 — 2¢ di-

mensions (N, e), as explained in Appendix C. The MS~ anomalous dimension is given
by

’Y(W (N) = g(}’\;l + go.0 + 901N + O(N?), (4.11)
N (V) = Tt + g0 + O(N), (4.12)
MS* _92,—2  g2,-1 0

v (N) = 2 + N + O(NY), (4.13)

where all coefficients are the same as in the MS eqgs. (4.5)-(4.7) except

91,0 = 91,0 — 090,05 G2.—1 =921~ Bodn.—1 — Bado.—1- (4.14)

The coefficients gg0 and gog,—1 are determined by the d-dimensional LO splitting func-
tions; their values are given in Appendix C. The coefficient §; _; is determined by the
d-dimensional NLO GLAP kernel which is as yet unknown. This is the only term con-
tributing to the singular part of the NNLO BFKL kernel that we have not been able to
calculate explicitly: we will estimate below the uncertainty related to our ignorance of this
contribution to the scheme change.

The BFKL kernel in the Qg scheme is thus given in terms of the naive dual kernel
eq. (4.8)-(4.10) by

X° (M) = (M), (4.15)
XS (M) = %4 (M) + O(M), (4.16)
(90,—1)290,1 + go,—1(go,0)2 91,090,—1 + 90,091,—1

+ 2214 o) (4.17)

Q
X2O<M) M2 M

_|_

M3

We can also determine the BFKL kernel in the MS scheme, by observing that it is
related by running-coupling duality to the MS anomalous dimension; note that this now
gives the kernel at the integrated level (figure 2 again). Hence, we add to eqs. (4.8)-(4.10)
the running—coupling corrections discussed in Sect. 2, and explicitly given in appendix A,
egs. (A.13)-(A.15) in terms of the naive dual expressions computed above. Defining

AMSY(M) = M (M) - XL (), (4.18)

and expanding about M = 0 we get

AMS (M) =0 (4.19)
_ do.—

AMSx1 (M) = By §421 (4.20)
MS 390,090,-1 . 291,-1 = 292,—2 90,—1 9o,—1

AV, (M) :ﬁ()( o0t S0 gO_lM) +20 %l 4 2L (a.01)
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Using eqs.(4.19)-(4.21) in eq. (4.18) we get the BFKL kernel in the MS scheme at
the integrated level. The expression at the unintegrated level, to be compared to the
unintegrated Qo scheme result of eqgs. (4.15)-(4.17) can be obtained using using eq. (3.4),
which implies

d
220(6, M) = (@ux0 + 62 + ave — [as, M] 32 — [a2,M] 33+ 0(64)) 6(¢, M),

d& M
(4.22)
so the kernels x! at the integrated level and y; at the unintegrated level are related by
X0 = Xo»
i X6
X1 =x1- P (4.23)

i Xi X1
X2 = X2 — 5051M0 — Qﬁoﬁ-

So far, we have exploited the information from the GLAP anomalous dimension to
determine the first few terms in the expansion of the BFKL kernel about M = 0 (the
collinear region). However, we can further use the underlying symmetry of the BFKL
kernel to determine the corresponding terms in the expansion of the BFKL kernel about
M =1 (the anticollinear region). At LO and NLO this leads to an approximation to the
BFKL kernel which, when tested on the known LO and NLO kernels, turns out to be
accurate to better than 2% in the whole physical region 0 < M < 1, as shown in figure 1.
Indeed, the underlying Feynman diagrams which determine the unintegrated BFKL kernel
are symmetric upon the exchange of the incoming and outgoing gluon. This means that the
dimensionless BFKL kernel K (s, k2, Q?), related to x(ds, M) by Mellin transformation

00 dQZ Q2 -M
X(as: M) = / 2yl (_2 K (a87 k27 QQ) ) (424)
o @ \k
is symmetric upon the interchange of the virtualities of the incoming gluons Q? and k?:
1 1
@K(O‘87k27Q2> = EK(O‘S7Q27I€2>' (425)

This symmetry, in turn, implies that the BFKL kernel x(as, M) is symmetric upon the
interchange M «— 1 — M [12].

However, the kernel is symmetric only if one chooses a symmetric argument for the
running coupling, and if the N-Mellin eq. (2.2) does not break the symmetry between
the two scales Q2 and p? which enter the definition eq. (2.3) of the M-Mellin transform.
In deep—inelastic scattering both symmetries are broken: the argument of the running
coupling is 2, and ¢ = In(s/Q?). Hence, the BFKL kernel which is obtained from the
GLAP anomalous dimensions incorporates these symmetry-breaking effects. The symme-
try breaking must be undone before the symmetry can be exploited. After symmetrizing
one can revert to nonsymmetric variables and argument of the coupling in order to get an
expression of the dual x which is accurate for all M.
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A symmetric choice of variables is for example £ = In(s/\/Q%k?). As is well
known [12], the kernel x*(és, M) which corresponds to this choice is related to the kernel
xS (é,, M) which corresponds to DIS variables by the implicit equation

X (g, M) = XP'5 (G5, M + L% (65, M) . (4.26)

A symmetric choice of argument for the running coupling is such that eq. (4.25) also
holds when the argument p? of the running coupling a,(u?) is expressed as a function
of Q% and k?, u? = p%(Q?k?), and p?(Q? k) = p?(k? Q?). Examples of symmetric
choices for the running of the coupling are pu? = |Q? — k?| or p? = Max(Q?, k?). Upon
Mellin transformation, different choices of arguments of the running coupling correspond
to different orderings of the running—coupling operator. For instance, it is easy to check
that the Mellin transform of

Kolon 1, Q%) = Pay@t) - & (4.27)
0\Cs, ) T s |Q2 — k’2| .
is dsxo(M), where
Ca
Xo(M) = ——= [{(M) + (1 = M) = 2¢(1)] (4.28)
is the standard leading-order BFKL kernel, while the Mellin transform of
Ca Q*
Ko(as, k?, Q%) = ——as(k?) —=5o—s 4.2
0(a7 7Q) ﬂ_Oé( )|Q2_k2| ( 9)

is xo(M)ds.

Note finally that the integration which takes us from the unintegrated to the integrated
distribution also breaks the symmetry, as eq. (3.5) explicitly shows: it follows that the
symmetry which holds at the unintegrated level is broken at the integrated level.

Because the diagrammatic computation of the BFKL kernel yields the result in the
Qo scheme at the unintegrated level, once symmetric variables and symmetric running of
the coupling have been chosen the kernel is symmetric when determined in this scheme.
Whether the symmetry is preserved or not in other schemes depends of course on the par-
ticular scheme change. Specifically, it is easy to see that a scheme change through R(N,t)
preserves the symmetry at leading nontrivial order (i.e. at the order of x7) but not be-
yond, essentially because it is entirely determined by y( and its d-dimensional continuation,
which is symmetric (see appendix C), whereas a scheme change through AV'(N,t) breaks the
symmetry already at leading nontrivial order, because the first nontrivial running—coupling
duality correction eq. (2.23) is manifestly not symmetric.

As discussed already, use of naive duality on the MS" GLAP anomalous dimension
eqs. (4.11)-(4.13) gives us the expansion egs. (4.15)-(4.17) of the Q¢ scheme BFKL kernel
for the unintegrated parton distribution. This result is clearly in DIS variables and can be
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turned into symmetric variables by expanding out eq. (4.26). Substituting the expansion
eq. (2.25) of the kernel we get

X (G, M) = Ggxo (M + Sasxg(M) + 1a2x5 (M)

+agx (M + 56:x0(M)) + ddxa(M) + O(65) (4.30)
= disxo (M + 56sx5(M)) + 6dxo (M + 56:x5(M)) 5x3 (M)
+a2x1 (M) + aix1 (M) 5x5 (M) + adx2(M) + O(ay). (4.31)

where on the right-hand side we have dropped the DIS index of eq. (4.26).

The first term on the right-hand side of eq. (4.31) must be computed by carefully
keeping operator ordering into account. This can be done by using a technique akin to
that of ref. [7], summarized in section 2: namely, by computing

OlsXO(]w)i 1 M, Olon(M) 2+
e ] P20 (M + N)|azo
( (M, Gsx§ (M) xg (M) + $a2x53 (M) xg (M) + O(a3)
(M)xo(M) = §Boa2x§(M)xg (M) + $a2x5* (M)x( (M) + O(63).

Xo(M) = xg° (M), (4.33)
X (M) = xR0 (M) + Ixp @ (M)x (M), 4.34)
X5(M) = xS (M) + x4 D (M)x§° (M) + S ¥ (M)x 3 (M)

X (M) + Iy @ ()X (M) — L Byxy @ (M)x G2 (M), (4.35)

where on the right-hand side we have denotes the result in DIS variables by Xk , since in
practice we will use the Qg-scheme result in DIS variables of eqgs. (4.15)-(4.17).

In order to determine the constant term of y; and the simple pole of 2 in symmetric
variables we have substituted the expansion of yo up to O(M?). In principle the linear
term of x; is needed too, but its dependence cancels out in the expression for ys. Using
the expressions eq. (4.15)-(4.17) for the unintegrated Qop—scheme kernels X?O we finally get

X6(M) = _g(;{; +0(M?), (4.36)
(90 —1)2 go,090,—-1 , 9g1,—-1 |, 92,-2 9
S(M) = ——== L : ’ 3 oM 4.37
X1 (M) s T oo T +go7_1+go,_1C( )+O(M), (4.37)
S(M) = (90,—1)3 _ 390,0(90,—1)2 + 50(90,—1)2 + (90,0)290,—1 + gO,l(QO,—1)2 — 90,—191,—1
X2 2M5 9M* M3
1 — _
4 Z292-2+ 90,0911 F §o1910 | g2.-1 260(g90,-1)*¢(3) Lo, (4.38)

M? M
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We can now exploit the symmetry of the kernel with symmetric coupling, which implies
that x(&s, M) must admit an expansion of the form

X(ésy M) = Gax (M) + 6x7 (M) + 65x3(M) + O(&5) (4.39)
= X0"" (G, M) + X377 (65, M) 425" (65, M) + O(65) (4.40)

where x;Y"(&s, M) are the symmetrized functions

sym -A ]' 1 A~ A ~ A
xo!™ (G, M) = ¢o,—1 asM + mas} + G5c0,0 +con [@sM + (1 — M)as]
+ o [asM? + (1 — M)?a,] + O(M?), (4.41)

r 1 1 1 1
sym . 2 ~92 ~2 ~2
X1 (s, M) = c1,-3 RIERRT M)s%} t o2 {O‘s ME T Ao

1 1 ~92 A A2 A2
+c1-1 [%M + T Mas] + ascr0+cia [asM +(1 M)ozs}
+ O(M?), (4.42)
1 1
sym _ § : A3 0
X2 ((]55, M) - 627_.7 [O&S M-] + (1 - M) :| + O(M ) (443)

j=1,5

Given the expression of x;V" eq. (4.40) it is straightforward to determine the sym-
metrized kernel when &, is “canonically” ordered to the left, which corresponds to the
choice of argument of the running coupling oy = a5(Q?):

asXo”" (M) = xo"™ (&s, M), (4.44)
Az (M) = xi"" (s, M) — AQBO( M) + Boé2(co1 +2c02) + O(M),  (4.45)

A3VEY™ (M sym &3 243 Co,—1

Qs X2 ( ) X2 (065, ) 5051 ( M) + 50 7( M)'?’
C1,—1 C1—-2 C1-3
= 206800 T g — 46260 g — 84300 oy + O(MP).(4.46)
(1—M)? (1—M)3 (1—M)*
In ¥V the symmetry is broken by the running of the coupling only.

We can finally determine all coefficients ¢;; in egs. (4.41)-(4.43) by expanding the
symmetrized kernel eqs. (4.44)-(4.46) in Laurent series about M = 0 and equating to the
expansion of the unsymmetrized kernels x; egs. (4.36)-(4.38), which is accurate to the
stated power of M. Because the anticollinear terms with poles at M = 1 in eqs. (4.41)-
(4.43) are regular in M = 0, the symmetrized x;Y"" have the same M = 0 poles as
their unsymmetrized counterparts x?, and their coefficients can be read off eq. (4.36)-
(4.38). However, the anticollinear terms do contribute to all regular contributions in the
expansion of x; about M = 0. This is why higher-order regular terms must be included
in the right-hand side of eqs. (4.41),(4.42): specifically, symmetric terms up to O(M?)
must be included in x§(M) in order for its expansion to coincide with that of xp”"™" (M)
up to and including O(M), and terms up to and including O(M) in x5 (M) in order for its
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Figure 3: The approximate expression of the NNLO contribution to the BFKL kernel for
the unintegrated distribution eq. (4.46) in the Qo scheme, symmetric variables, as(Q?).
See appendix D for the values of all coefficients. The uncertainty band is obtained
varying the unknown scheme—fixing coefficient —5 < g1,-1 < 5 (top to bottom).
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Figure 4: The relative uncertainty in the NNLO contribution to the BFKL kernel for
the unintegrated distribution shown in figure 3, due to the uncertainty in the unknown
scheme—fixing coefficient ¢1,—1, here taking the values —5,—1,1,5 (top to bottom).
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Figure 5: The full BFKL kernel at leading, next-to-leading, and next-to-next-to leading
order obtained combining tyhe known expressions for the LO and NLO contributions
(as shown in figure 2) and our approximate expression (with ¢;,—1 = 0) for NNLO (as
shown in figure 3), with &s — 0.2. All expressions are in the Qo factorization scheme,
at the unintegrated level with symmetric variables, and as = as(Q?). The symmetry
about M = % is only broken by the argument of the running coupling.

sym

expansion to coincide with that of x7¥™ (M) up to O(MY). No addition is necessary for
X2 because the known coefficients in its expansion about M = 0 are all singular.

Summarizing, all singular coefficients in eqs. (4.41)-(4.43) can be read off eq. (4.36)-
(4.38), while for the nonsingular ones we get

3 1
€0,0 = —590,—1, co,1 =0, €0,2 = 590,—1, (4.47)

g2,—2

€1,0 = 4o, + (90,—1)2«3)7 1,1 = %(go,—l)z — 90,-190,0 — g1,-1-

Using these results in eqs. (4.44)-(4.46) we get our approximate expression for the BFKL
kernel up to NNLO, at the unintegrated level in the Qg scheme in symmetric variables,
with a; = a,(Q?). The LO kernel of course does not depend on either scheme, the choice
of variables, or the running of the coupling. The NLO kernel corresponds to the widely
used form of the kernel as given in ref. [12], eq. (14) of that reference. Indeed, it can
be straightforwardly checked that the Laurent expansion of eq. (4.45) coincides with the
result of ref. [12] up to and including O(M?). The NNLO kernel eq. (4.46) is a new result.
The expressions for the kernel in DIS variables can be obtained straightforwardly from
egs. (4.44)-(4.46) by inverting egs. (4.34)-(4.35), and the kernel at the integrated level is

found using eq. (4.23). The MS scheme expressions are found using eqgs. (4.20)-(4.21) in
eq. (4.18).
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Figure 6: The BFKL intercept c(as) at leading, next-to-leading, and next-to-next-to-
leading order, obtained from the x as shown in figure 5, with a symmetric argument for
the running coupling, and evaluated at M =

1
5.

The full expression for the kernel up to NNLO in the Qg scheme is given in Ap-
pendix D, both in symmetric and DIS variables, at the unintegrated and integrated level.
The approximate expressions of the LO and NLO kernels compared to the exact kernels
in figure 1 correspond to the expressions eq. (4.44)-(4.45) (Qo scheme, unintegrated, sym-
metric variables, a4(Q?)). The approximate expression of y» is displayed in figure 3, in
the Qo scheme, in symmetric variables, at the unintegrated level and with the canonical
argument of the coupling a,(Q?). As discussed above, eq. (4.14) (see also Appendix C)
one of the coefficients which determine the next-to-next-to-leading order scheme change
between the MS and MS" (and thus Qp), namely §;,_1, is unknown. This coefficient affects
the simple (sub-subleading) poles, and has therefore a moderate impact. Noting that all
the scheme-change coefficients (see Appendix C, eq. (C.7)) are of order one or smaller,
and indeed all coefficients g; ; (see Appendix B, eq. (B.2)) are at most of order of a few,
we estimate the uncertainty related to this coefficient by varying —5 < ¢;, -1 < 5. The
corresponding uncertainty is displayed in figure 3, and the relative uncertainty in figure 4:
it is seen to be similar to the uncertainty of a few percent that we expect (on the basis of
the LO and NLO results of figure 1) to affect our approximate form of ys.

In figure 5 we display the full NNLO BFKL kernel x(ds, M) = dsxo(M)+a&2x1 (M) +
a3xo(M), with the same scheme and variable choices using the exact expressions up to
NLO and the approximate expression to NNLO, with &; — 0.2. The slow convergence
properties of the expansion of the BFKL kernel, driven by the increasingly dominant
collinear and anti-collinear singularities at M = 0 and M = 1, are very apparent in this
figure. Although the o contribution restores the minimum near M = %, the convergence
of the expansion in the vicinity of the minimum is still rather slow.
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This is made more explicit in figure 6, where we plot the intercept ¢(a;) as a function
of a,. This is calculated by using the same expression for x as in figure 5, but with the
coupling chosen to be symmetric, so that all the curves are symmetric about M = %, and
then defining (o) = x(as, 1), ie the value of x the stationary point. While the fixed
order perturbation series is clearly good for very small o, say as S 0.05, with o ~ 0.1
there are signs that the series has yet to converge. For yet larger values of as (as would be
appropriate for phenomenological studies) the results from the fixed order series are clearly
not very useful, and a resummation of collinear and anti-collinear singularities along the
lines discussed in Ref. [33,9,22,8] becomes necessary.

5. Outlook

In this paper we have presented an approximate determination of the NNLO contri-
bution to the BFKL kernel. In the process, we have provided a full treatment to this order
of various issues which affect the determination of the BFKL kernel: the relation between
the MS and Qg factorization schemes, the duality relations which connect the BFKL kernel
to the GLAP anomalous dimension, specifically in the presence of running coupling, the
choice of kinematic variables in the definition of the BFKL kernel, the relation between
the form of the BFKL kernel and the argument of the running coupling, and the relation
between BFKL kernels for integrated and unintegrated parton distributions. All these
issues become rather nontrivial to next-to-next-to leading order, and require full control
of factorization scheme and running coupling.

Because the perturbative expansion of the BFKL kernel in both the collinear and
anticollinear regions is alternating in sign, a knowledge of NNLO corrections is necessary
for an accurate assessment of the uncertainty involved in a fixed—order determination of the
kernel: indeed, whereas the qualitative features of the NLO kernel are completely different
from those of the LO, the NNLO result is qualitatively similar, though we have shown
that it is quantitatively not so reliable because of the slow convergence of the perturbative
expansion, even in the central region away from the singularities.

Fixed—order BFKL kernels have been widely used recently in studies of nonlinear

(saturation) corrections to the BFKL equation and their phenomenological implications
for RHIC and the LHC (see e.g. [34] and ref. therein). Also, they are the foundation
of numerical approaches to the BFKL equation (see [35] and ref. therein), which in turn
are relevant for Monte Carlo simulations (see e.g. ref. [36] and ref. therein). Because
of the slow convergence of the perturbative expansion, the determination of the NNLO
BFKL kernel presented here is useful in assessing the reliability of these calculations.
Finally, the approximate form of the LO and NLO kernels given here are extremely accurate
while having a very simple analytic form, and are thus amenable to simple numerical and
phenomenological implementations.
Acknowledgement: We thank T. Binoth, V. del Duca, G. Ridolfi and A. Vicini for
various discussions during the course of this work. S. M. is supported through a SUPA
graduate studentship. S. F. was partly supported by a PPARC visiting fellowship and a
PRIN2004 grant (Italy).
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Appendix A. Higher—order duality

Higher-order duality relations can be obtained by pursuing to higher orders the ex-
pansion of the Baker-Campbell-Hausdorff equation for a pair of non-commuting operators
P, ¢ which act in the same way on a state G, according to eq. (2.12). To fifth order we get

F@GIN, M) = | f(B) - 3f®) [p.dl + L) 4. [a,p)] +

+3f0)" [, [l + & F®)Y 4. (4, 1. Pl +

+ 1) (4,16, [p. dll) — LB b, [, B, a)l) + A1)
+ L)V - L)Y 5,d 14 16, 5] + '
— SV 14,1, 8)) [p.d) — 355" 1,4 [, [B, 4] +

— 50 B, [l [p.d] — S (B, d]° + O(Gd)|G(N, M) .

We can now obtain higher-order generalizations of the BFKL-like equation obtained
starting from a GLAP equation by a suitable identification of p and ¢. Because, as well-
known (see e.g. [7]) at the fixed-coupling level the dual of the expansion of x(as, M) in
powers of ay at fixed M is the expansion of y(as, N) in powers of ay at fixed a/N, it is
convenient to expand

(s, Na7h) = vs(Nag ) + Gsvss(Nag ) + ... (A.2)

We then perform the identification eq. (2.16) of p and ¢ and use eq. (A.1) with f(p) =
X(&s, p), where
%(é,7(@, Na~) = Na~L, (A3)

Namely, y(d&s, M) = &; 1x(ds, M), where ¥ is the naive (fixed-coupling) dual of 7, so that
X(&, M) = Xo(M) 4 ax1 (M) + &*x2 (M) + ... (A.4)

Using eq. (A.1) we then get

NaT GV, M) = {x(@ M) — §IMAIR (6 M) — G, M AT (0, M)+ .
+ 2 B MUY (8, M) + 3 M3 (6, M) JGON, M),

where primes denote derivatives with respect to M, and we define 4 = v(&4, Nag1).
All commutators can now be determined explicitly using the expression

= L0 (—anh s - e ) 40l (A
Oy = o OBM 1 O OaM B Qs 00 OM2 Qg .

S
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of the running coupling at the operator level:

A NG—1
[’3/, M] = —(Nﬂo _i_NﬂOOAésﬁl)a’y(Oés,NOés )

ONag
+ a2 210 N0 o), (A7)
5 .M = 0(a) (A5)
M, .3 = (v P TR ) o) (A9)
(o0 = (v (210220 0) s oad). (A.10)

Substituting the commutators (A.7)-(A.10) in eq. (A.5) and back-substituting order
by order the low-order expansion of the enduing equation in the higher-order terms one
may remove all the N dependence from the right-hand side of eq. (A.5), with the result:

K(6, MY (60, M)

Na7'G = { M@, M) - Sa.

2 X' (65, %)
1’ 2
. X (as,9 X(&s, M)X" (s, M
—|—a§[%ﬂozx(as,7))§, - 7) —%5051X( = )AX (A )—i-
X (Gs,9) X (Gs,9)
X(ds, M) o Al
o0 M (455 (6, 2 (A1)
24y (asy, M)
— 7X (A, )X (Ges MY (6, M)+ 3(X (A, MR (G, M) )+
ox(as, M)
- %ﬁo 8@3 X (aS7M)] }G
Identifying the term in curly brackets in eq. (A.11) with the BFKL kernel
X(dS7M) :@SXO(M>+@SX1(M>+OA‘§X2(M>+"" (A'12)

and expanding y as in eq. (A.4), eq (A.11) gives an order-by-order expression of the
running—coupling dual in terms of the naive dual. Up to NNLO we get

o = %o (A.13)
A/
Xl — 5&1 ﬂo XOXO (A14)
Yo = ﬁoﬁl XoXo
5 o . -
60( 0> 12 (x6)" = 14x6%0 X0 +3 (00)° XV ) +
(X )
X X )2 X )2 )Z//X/
2 0~/ 1 . ﬁ 1 0 %ﬁ(} 0~/0 21
Xo Xo (Xo)
1go Xo_ (5ot om oo A5
+ 350 XoXo (Xo) ) ( . )
(Xo)
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where all y; and x; are functions of M and the prime denotes differentiation with respect
to M.

By inverting this relation (i.e. expressing order by order x in terms of x), this result
can be used to determine the running—coupling corrections to the anomalous dimension ~
determined from a given BFKL kernel y. These corrections up to NNLO were first derived
in ref. [14], and then reproduced more recently in refs. [18],[7]. However in both cases only
the leading-order kernel xo and leading-order running of the coupling were included. For
completeness, we derive them here consistently including the running of the coupling up
to NLO.

Namely, we start from a given BFKL kernel y(&s, N) and determine first the GLAP
anomalous dimension J(as, Naj ') which is obtained from it using naive duality, which
we then expand according to eq. (A.2). We wish to determine the anomalous dimension
y(és, Nag 1) which is related through running—coupling duality to the starting y. We
observe that the naive-duality relations between y and 4 and between x and v imply that

Njas = x(as, (s, N/as)) = x(as, (s, N/as)). (A.16)

Note that in eq. (A.16) it is immaterial whether «; is considered to be an operator or not,
because [&s, N| = 0 anyway. Defining

AX(@Sv M) = X(d&M) - X(d/s,M)

(A.17)
Ay (as, Nag ') = (s, Nagt) — (@, Nag ),
and expanding eq. (A.16) in powers of as we get
Ax1 = —XoAss
0 (A.18)

Axz = =X08sss = X18%ss" = X1 085 + 5X0AVss” + X0AVss Ass,

where Ax;(M) and Av;(Na;1) are respectively the coefficients of the expansion of
Ax(ég, M) and A~y(és, Na1) in powers of &g, and on the left-hand side all Ay; are
evaluated as functions Ay;(¥(as, Nagt)).

Furthermore, inverting eq. (A.15) we can determine the coefficients Ay; of the expan-
sion of Ax(as, M) in powers of o, in terms of x (all y; functions of M):

"
XoX
Axy = %50 7 L
Xo
XoX6 Xox4 X1X0 XoX0X1
Axz = 36001 =5+ + 360=5+ + Bo=5> — 360~ -5 (A.19)
0 Xo X0 (x0)

L o (X0)2 ( 13 o N2 . IV 14,2 X0 72
— g2 \X0) (g ~10 3 ) 1g2 X0 "%
+ 2450 (xh)* (x0) XoXoXo +3(Xo0)” Xo + 150 (xy)? Xo

Equating the right-hand side of each of egs. (A.18) to the corresponding equa-
tions (A.19) we determine finally

1

XoX
A’Yss = _%50 ,20 ‘ .
XO M=7s

(A.20)
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and

Avess = Ay + AY{L) + B1Avss, (A.21)
where we have defined
1 5 (x0)” 3 >
o) _ _ ~ 2 A NN / v
AIYSSS - 2450 <X6)5 (15 (XO) 16XOXOXO +3 (XO) X0 ) ‘M—:Ys <A22)
and
AV = (L Boxoxols + 2 BoxoxX i + Boxox17L + L Boxoxs T Ass) ‘M—ﬁ . (A.23)

The full NNLO running coupling correction eq. (A.21) is given here for the first time.
In particular, the term A%(Bl, which depends only on yo and 3y, was already derived

in ref. [14] (eq. (14) of that reference) and later confirmed in ref. [18] [eq. (4.16) of this
reference, which gives N'(N,t) eq. (3.11)]. However, the terms A<, which are due to the
next-to-leading order kernel x1, and the last term on the right-hand side of eq. (A.20), due
to the next-to-leading order running of the coupling were never computed before.

Appendix B. Expansion of the GLAP anomalous dimensions

The coefficients of the expansion eqs. (4.5)-(4.7) of the leading, next-to-leading and
next-to-next-to-leading GLAP anomalous dimensions in powers of N are easily determined

by recalling that - is the large eigenvalue of the 2 x 2 anomalous dimension matrix, given
by

= % [’Ygg + Yqq + \/('Ygg —Y4a)* + 4V9qVag | > (B.1)

and using the expressions of 7;; given in Refs. [31,32,6]. In the MS scheme we get

— Ca
go,—1 = —;
. IICA 1
gOvO - 127 + ( + 37TCA> nf
_ _ Camw 67Ca 11Cpny 2
go1 = 6 + 36 367Ca + 97rC3 + 187r02 ny

_ (13Cr _ 23C,
gi1,-1 = ( 1872 3672 ) n

- 2{(3)CA 1643C2 110A 43C4 | Cp _ 547Cp C3
gi,0 = t 3i6.7 +\ 52 T T8 — 2m6e2 T 47r2CA nf
L 180p 13C% 2 (B2)
10872Cx  5an2C% ) 'f
_ ¢y | 110y 3950 C4  T1CL  CpCa | T1CrCa
92,—2 = 5 + 108> 1T (367 — 087 i8r T “pins ) VS
_143¢(3)C%  29mCY 389C%H i 73091C% n _11¢(3)cy  Cch
92,-1 = 2473 720 1327 250273 1273 o

301C% | 8¢(3)CrCa |, 35CpCa  28853CwCa  2C%((3) |, 11C%
+817r3 + 373 + 108w 259273 ~ ~ 379 + 127r3 ny

+ ( 59Ca 65CF

64873 324#3) nf
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Appendix C. The R scheme change to next-to-next-to-leading order.

The R scheme change [15,37,18] is related to the fact that the MS anomalous dimen-
sion contains interference terms between collinear poles and the 3 function in d dimen-
sions. The factorization of collinear singularities for a d—dimensional partonic cross section
& which depends on a single dimensionful variable Q? can be written as

) as(1?)
- (%asm?),zv,e) =0V(Q a0, N, &) exp [/ da%] -

where a4(p?) is the dimensionless renormalized coupling, g is the bare coupling,
o0 (Q?, ag, N, €) is the regularized cross section and 0((3—22, as(p?), N, ) is free of collinear
singularities. The factorization scale is u? and ~y(as, N,¢) and B(as,€) are respectively
the d—dimensional anomalous dimension and beta function. The former is defined as the
Mellin transform of the d-dimensional Altarelli-Parisi splitting function. The latter is
given by

Blas, e) = ase + Blas) (C.2)
in terms of the usual four—-dimensional § function
Blas) = —Boc(1+ b +...). (C.3)

The MS anomalous dimension is the residue of the simple pole in ¢ in the integrand
of the exponential in eq. (C.1), namely

MS s 57N7
M3 (o, N) = Res. [—a (o 6)}

Qs, €
s Blax)\? e
=v(as, N) — a Ao, N) + ( o 2 ) Y(as, N) + ...,
where the various coefficients are defined through the Taylor expansion
v(ag, N,e) = y(as, N) + e¥(as, N) + e25(N) + ... (C.5)

The MS anomalous dimension thus receives two different classes of contributions: pure
collinear singularities and interference terms between the e-dependent anomalous dimen-
sion and the poles arising from the expansion of the d-dimensional G-function. In particular
up to next-to-next-to leading order we have

’7(1)\/IS =70,
M = 41 + Boo (C.6)
318 = 73 + BoBio + B350 + Boi-

The R scheme change, which appears in the relation between MS and Qg schemes
eq. (3.15), takes us from the MS scheme to the MS  scheme where the anomalous dimension
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*

is simply given by v(as, N,0), i.e. vo(N), v1(N), etc. Thus in order to compute Y™ we
have to subtract from the MS anomalous dimension eq. (C.6) the contributions coming from
the interference between the d-dimensional kernel and the (§ function, which are in turn
determined from the knowledge of the d-dimensional anomalous dimension v(as, IV, €).

The d dimensional leading order splitting functions have been known for a long time,
at least for x < 1 [38]:

Py (z,e) =CFp i —133)5 [11";2 —e(1— x)] + agq(x,e)d(1 — ),
B 1 [14+(1—a)?
Pyy(z,e) =CF 1= { . - 593} ,

1 11—z
qu(w,g)—TRm |:1—2£C1_6:| y

1 { x 1—=2
+

ng(as,e) = QCA (1 — x)a

11— 2 . +1‘(1—x)} +agy(x,e)0(1 — ).

The end-point contribution aqq (agq) can be extracted from any process with collinear
radiation from incoming quarks, such as Drell-Yan, or gluons, such as Higgs production
from gluon fusion: the O(ay) coefficient of the §(1 — x) provides a determination of the
end—point term in the splitting function after factoring a simple € pole and the Born cross
section (and a factor of two when there are two incoming partons). Using the known NLO
corrections for Drell-Yan [39] and Higgs [40] production we get

QCA 1lC’A—4nfTR
€ + 6 B

(C.8)

agq(e) = en? + 0(£?).

The simple € pole cancels against that coming from the expansion of (1 — :z:)_(H'E) =
%5(1 — ) + ... in the splitting functions P,, and P,,, thereby providing a check of the
result.

Using the splitting functions (C.7)-(C.8) we can now determine the coefficients of the
expansion in powers of N of the large eigenvalue of the e-dependent GLAP anomalous
dimension matrix: we find

Go(N) = 2022 4 901y o O,

Nz N (C.9)
Ho(N) = go’—]\;l +O(N)
with
go,—2 =0, go,—1 =0,
90,0 “1or 81 9o, 1= 715"



The next-to-leading order d dimensional splitting function is not available, though in
principle it could be extracted from d-dimensional splitting amplitudes [41]. However, the
R scheme change has been determined long ago [15] to the level of the next-to-leading
N = 0 singularities, i.e. for vss(as/N) eq. (3.9). This corresponds to the O(e) correction
to the leading N = 0 singularities, because [18]

MS
fys = 757
(C.11)

’)’i\gs = Yss + BoYs,

where we have used a notation similar to that of eq. (C.5) but for the expansion eq. (3.9)
of the anomalous dimension. Hence, if we let

g1,-2 | 91,1
N2 + N

. 01,-3
71 - N3

+ + O(NY). (C.12)

the coeflicients ¢1,_3 and g1 _2 can be extracted using eq. (C.11) from the scheme change
of ref. [15].

Equation (C.11) implies that 7, is left unaffected by the scheme change, so it follows
from eq. (C.6) that go_; = go,—1 = §1,—3 = 0 thereby confirming the result of eq. (C.10).

Also, the scheme change [15] of s starts at O (Oés (%)3>

s (%) — 2((3) (%)3 4O ((%)4) . (C.13)

Collecting everything we get
g1,-3=0; g1,—2=0, (C.14)

while the sub-subleading coefficient ¢; —; remains undetermined: it would require knowl-
edge of the O(g) correction to the simple N—pole contribution to v1 (as, N, €).
Summarizing, the MS" anomalous dimension is given in terms of the coefficients

eq. (B.2) of the expansion of the MS anomalous dimension and of the scheme change
coefficients egs. (C.10),(C.14) by

Ms* _ 90,-1

T =Ty + goo + go.1N + O(N?),
AMST 91—]\;1 + G0+ O(N), (C.15)
MSY 92,-2 | g2,-1 0
= & =1L O(N
’72 N2 + N + ( )7

where

91,0 = 91,0 — 5090,0 5
(C.16)

G2.—1=go,—1 — Bodr,—1 — B do,—1 -
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Appendix D. The BFKL kernel in the Qy scheme

In this appendix we give explicit expressions for our approximation to the NNLO
BFKL kernel in the Qg factorization scheme. The kernel for evolution of the unintegrated
distribution, with the argument of the strong coupling chosen as a;(Q?), and the symmetric
choice of kinematic variables eq. (4.24) is given by

Xo(M) = S (57 + =y — 1 — M(1 = M)); (D.1)
(M) = —£4 (g + i) + S (= 852 — B+ £ (3 + )
B TAﬂO(l—M)z + (13108%1]« B 23366‘17?-;%)(L + ﬁ)
+ (G0 ch ok amch o RGO 02
%fﬁ?+%%Hé%4%h%%——+%ﬁ)
- (131%*ng - 233%?;1]«) - gﬁO

(M) = 525 e + i) — g (— M8 = 5+ S+ ) e+ )

ci 1 @ _110A__ Crng\2

+ 46072 (1I—M)* + [( 127 + 37rCA)
+ C_A( _ Clzc'nf + Can _ IIC’FTLf . Cam + 67CA) _ (13C’F7’Lf . QSCA’I’Lf)]

T QC3 ISC2 36C AT 6 367 1872 3672

A lch 2Can 1
(M3 + (1— M)3) + 254060 (ﬁ + + 37Ca )(1—M)3
C%¢(3) |, 1105  395C% | Cing 71cinf CaCrny | T1C4Crng

+ [_ 5( 273 + 727 10873 + 36w 10873 18« + 5473 )

. lch _nr Can IBCan . QBCAnf
+ ( 127 6T + 37TCA)( 1872 3672 )

CF’I’Lf 547CF7’Lf 13Can

Ca _2C(3)CA 164303 11cA 43Cany
+ ( + T St 31672 | 108720,

us

21672
Ciny; _ 13CEnj 67 | Tny 3¢(3)Ch71( 1 1
+ o, T 5472C% + 50(m + 8171')) T =5 }(W + (1—M)2)

- ﬁo(%& + 2(13165;;gf - 233%?? )) (1—%\4)2

143¢(3)0%  29xC% 38005 | 7309105  11C%3¢(3)ny  Cing
+ [_ 2ax% 720 a32n 259248 1273 T T on
301C3n; |, 8((3)CaCrns , 35CaCpny , 59Can}  28853CACrng
+ St 373 + —0sr T emo T T 20270
2¢(3)C2 65Crn; | 11C2 3)C?
- <(3)7r3an - 324F7rSf + 12§gf Bogr—1 ""50 12 250 < ) A] (ﬁ + 1—1 )
(D.3)
Substituting the numerical values of the Casimirs C'4 = 3 and Cp = % we get
3(1 1
XO(M):;(H‘Fm—l_M(l_M)), (D.4)
_ 9 (1 1 33 ny \ 1 33 _ 4ng 1 103ns ¢ 1 1
x1(M) = —55 (3 + (1—M)3) — (a2t 1852) 3 — (502 — 971'2)(1 M)Z ~ 108n2 (27 + =1)
11 ny 143 4Tny 27C(3) 33
T %t 18 T 12 T ez T2 +M(_4n2+2n2)
(D.5)
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(M) = (g + ) + (8 + 26) e + (32 - 2 b

n [1167 n ?Emf ny 9} 1y [1893 23ny T} 9} 1

1673 875 ¥ 108:3 — 2+ 717 T6x5 T On8 — 3675 27 (1—M)3

377n 5n2 5n 243¢(3
+[1653 f ¥ +196S3r+ f C()] 1

1678 T 43275 64877 247 4r3 | 'M?
2
1653 5049 881n 933n;  21lnj}
+ |:167r3 8(33—2ny)m3 + 14473 + 8(33—2nj)m3 64873 (DG)
2
_ 19n; + 99 + Snp 243((3)} 1
4(33—2ny)m3 167 247 473 (1—M)?2
+ [g _ lny | onj 4 73091 _ G126m; Unf 389 _ 1141,
192 144 T 432 T 9673 64873 194473 ~ 167 4w
8ng  groany 87w _ 1683¢(3) | 457TnsC(3)1 1 , 1
T o T T er 80 85 T 10873 }(M + 1—M)'

The expression of the NNLO kernel in DIS variables can be obtained by inverting
eqs. (4.30)-(4.31), with the result

DIs _ (_ 9 1167 _ llny ny 1 863 33 54¢(3) | 235ny
X2 = ( 27 T 1605 ~ 1275 T 1087r3)W + (167r3 + Ix 75 T 132.7
2 .
+ 2ny 9Ny )L + (& 4 73091 _ 87w _ 389 _ 11g1-1  1287¢(3)
o 648m3 ) M? 192 9673 80 167 47 813

. 2 2
_1lng 8ny  6125n; gi—1ng 133n£¢(3) ny 11n% 1
taa t 27 64873 + 67 + 10873 + 432 + 19447r3)ﬁ
54 1683 _ 3lng 1
+ (1—M)>x3 + ( 83 473 )(1—M)4

9 , 1893 , 65my  7Tn} 1 (D7)
+ ( ~ 27 T T6x8 T 127 T 367r3) (1-M)3

2
33 | 2137 _ 135¢(3) , Tny , 38lln; _ 21In} 1
+ (877 + 1673 273 + 367 + 43273 648773) (1-M)2

121 | 73091 _ 389 _ 87w _ 11gi_1 _ 1287¢(3) _ 1llny | 8ny
+ (163 + +

9673 167 80 4m 873 144 27w

. 2
. 6125n ¢ gi—ings 1331’Lf<(3) 117’Lf ny 1
64873 + 67 + 10873 + 194473 + 432) 1-M"

Finally, the kernel for the evolution of the integrated parton density can be obtained
from the unintegrated one through eq. (4.23). Using DIS kinematics the difference at
NNLO is given by

i w 55n 5n% 3(—33+2n
Xa(M) = x5 (M) = (_ T8 T 277rf3)ﬁ + ( 273 - (1—1M)3

12393—4938n;+206n7 | +—15147+1182nf—16n§ 1

6481 1087 1—
4 3 M?2 3 M)?2

+ gagirs [ — 703890 + 37974n ; + 284n7 + 20403 (D.8)

— 1584n % — 12n37m? + 96228((3) — 5832n;((3)] 4

24543+705n;—109n7 |
o 32473 I-M"
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