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The difference between fixed-order (FO) and contour-improved (CI) formulations of QCD perturbation
theory limits the precision of the strong coupling determined from the hadronic decay of the z lepton.
Recently, several attempts to understand the mathematical origin of the difference and to solve it by
subtracting the dominant infrared renormalon divergence have been made. Motivated by these studies, we
review in this paper an improved perturbative QCD expansion, defined some time ago, which also exploits
the renormalons by means of a suitable conformal mapping of the Borel plane. In particular, we revisit the
convergence of the new expansion by completing the proof presented in a previous paper and showing that
the domain of convergence is larger than stated before. We also check the validity of the convergence
conditions for the Adler function and the CI and FO expansions of the 7z hadronic spectral function
moments, and compare the approach based on conformal mapping with recent solutions to the
FO and CI QCD perturbation theory discrepancy proposed in the literature.
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I. INTRODUCTION

The hadronic decay of the 7 lepton is known to provide
an important method of extracting the strong coupling a, at
a relatively low scale, m, = 1.777 GeV. However, there
is a significant difference between results obtained using
the so-called fixed-order (FOPT) and contour-improved
(CIPT) QCD perturbation theory, such that analyses based
on CIPT generally arrive at larger values of a,(m?2) than
those based on FOPT [1]. The inconsistency between these
two representations of the QCD corrections limits the
precision to which the strong coupling can be determined
from this process.

A large number of works investigated this problem
during the last decades [2—17]. An important point that
cannot be overlooked in these analyses is the fact, first
pointed out by Dyson [18], that the perturbative expansions
in quantum field theories are divergent series, which can be
at most asymptotic to the expanded functions. In QCD, the
expansions of the Green functions are not only divergent
but also Borel nonsummable [19], because some of the
singularities in the Borel plane, the so-called infrared
renormalons, prevent the unambiguous reconstruction of
the original function by means of the Laplace-Borel
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integral [20]. As a consequence, nonperturbative terms
must be added to the perturbative series in order to obtain a
definite result.

In a series of recent papers [11-17], the difference
between FO and CI expansions of the spectral moments
in 7 decay was shown to be due to a strong sensitivity to
the infrared renormalons, especially the gluon condensate
renormalon. Moreover, ways to resolve the discrepancy by
subtracting the infrared renormalon divergence related to
the gluon condensate have been proposed in [13,14,17].
The goal is to reduce the main source of theoretical
uncertainty and to improve the precision of «, determi-
nation from hadronic 7 decays.

In this context, it is useful to recall that modified
perturbative expansions that also incorporate information
about renormalons, and moreover have a tamed large-order
behavior, can be obtained by the method of conformal
mapping. It is known that by using a suitable conformal
mapping one can accelerate the convergence of a power
series and achieve its analytic continuation outside the
original disk of convergence. In particle physics, the
method was applied for the first time in [21,22] for
the analytic continuation of hadronic scattering amplitudes.
In QCD, it turns out that the method cannot be applied to
the perturbative expansions of the Green functions in
powers of the strong coupling, because they are singular
at the expansion point. But the method can be used for the
expansion of the Borel transform in the Borel plane.

The use of a conformal mapping of the Borel plane was
suggested in [23] and applied in [24] as a technique to

Published by the American Physical Society


https://orcid.org/0000-0003-3343-3200
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.114031&domain=pdf&date_stamp=2023-12-29
https://doi.org/10.1103/PhysRevD.108.114031
https://doi.org/10.1103/PhysRevD.108.114031
https://doi.org/10.1103/PhysRevD.108.114031
https://doi.org/10.1103/PhysRevD.108.114031
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

IRINEL CAPRINI

PHYS. REV. D 108, 114031 (2023)

handle the ambiguities of the QCD perturbative series due
to the large momenta in the Feynman integrals, which are
harmless. The conformal mapping proposed in these works
takes into account only the ultraviolet renormalons. An
important step forward was achieved in [25], where the
optimal conformal mapping, which has the best conver-
gence rate, was found for the QCD Adler function. The
optimal mapping transforms the whole Borel plane, with
cuts along the real axis due to both ultraviolet and infrared
renormalons, into the unit disk in a new complex plane. In
this framework, the Borel transform of the Adler function,
or of the spectral moments, is expanded in powers of this
optimal variable, and the expanded function is recovered
from the Borel transform by Laplace-Borel integral regu-
larized with the principal value (PV) prescription.

The modified QCD perturbative expansions based on the
conformal mapping of the Borel plane have been applied
in [26-35] to physical problems, in particular to the CI and
FO expansions for the description of the z-lepton decays.
The mathematical properties of the modified expansions
based on conformal mapping have been also investigated in
detail. Thus, in [26] it was shown that these expansions
converge when several conditions are fulfilled, in [27] the
properties of the expansion functions were investigated,
and in [31] the increase of the convergence rate by
conformal mappings was demonstrated.

In the present paper we revisit the proof of convergence
given in [26]. We complete and improve the arguments
presented in [26], showing that the convergence domain is
larger than previously stated. We also make some general-
izations of interest for phenomenological applications. The
work was motivated by the modified perturbative expansions
based on renormalon subtraction, proposed recently in
[13,14,17]. We thought it may be of interest to bring into
attention the modified expansions based on conformal
mapping of the Borel plane, which exploit the renormalons
in a different way. The aim is to better understand the CIPT
and FOPT expansions in this framework.

The outline of the paper is as follows: in the next section we
briefly review the FO and CI expansions of the Adler function
and the moments of the 7 hadronic spectral function. In
Sec. III, we define modified perturbative expansions based on
the conformal mapping of the Borel plane. In Sec. IV we
complete and generalize the proof of convergence given in
[26], and in Sec. V we check the validity of the convergence
conditions for the CI and FO expansions of the Adler function
and the moments. Finally, Sec. VI contains a summary of the
work and a brief comparison with recent related works.

II. ADLER FUNCTION AND SPECTRAL
MOMENTS

We consider the reduced Adler function [7]

D(s) =42*D(s) - 1, (2.1)

where D(s) = —sdll(s)/ds is the logarithmic derivative of

the invariant amplitude I1(s) of the two-current correlation

tensor. From general principles of field theory, it is known

that D(s) is an analytic function of real type; i.e., it satisfies

the Schwarz reflection property, D(s*) = D*(s), in the

complex s plane cut along the timelike axis for s > 4m2.
In QCD perturbation theory, D(s) is expanded as

D(s) = Slad)' S kenulin(=s/u2)). (2.2)
k=1

n>1

in powers of the renormalized strong coupling a,(u?) =
a,(u?)/x, defined in a certain renormalization scheme at
the renormalization scale p.

The coefficients ¢, ; in (2.2) are obtained from the
calculation of Feynman diagrams, while c,; with k > 1
are expressed in terms of ¢, ; with m <n and the
perturbative coefficients f, of the f function, which
governs the variation of the QCD coupling with the scale
u in each renormalization scheme:

dag
du

=pla) =Y Puart!. (2.3)

n>1

For large spacelike values s < 0, one can choose in (2.2)
the scale u?> = —s, and obtain the renormalization-group
improved expansion

D(s) = S enlag(=s)]",

n>1

(2.4)

where a,(—s) = a,(—s)/z is the running coupling. The
expansions (2.2) and (2.4) are often used also for complex
values of s, outside the timelike axis s > 0 where the QCD
perturbation theory fails to describe the strong interactions
of hadrons. In these applications, in particular in the
calculation of the spectral function moments, the perturba-
tive expansions (2.2) and (2.4) are traditionally called
FOPT and CIPT, respectively.

The Adler function has been calculated in the MS
scheme to order a! (see [36] and references therein).
On the other hand, it is known that at high orders n, the
coefficients increase factorially, c, ; ~ n! [20]. Therefore,
the series (2.4) has zero radius of convergence and can be
interpreted only as an asymptotic expansion to D(s) for
a;, — 0. This indicates the fact that the Adler function,
viewed as a function of the strong coupling ay, is singular at
the origin a; = 0 of the coupling plane.

In some cases, the expanded functions can be recovered
from their divergent expansions through Borel summation.
The Borel transform of the Adler function is defined by the
power series

Bp(u) = zoo: b,u",

n=0

(2.5)
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where the coefficients b, are related to the perturbative
coefficients ¢, ; by

_ Cny1
n — n N
pyn!

Here we used the standard notation S, = f#,/2, and in our
convention S, = 9/4.

The large-order increase of the coefficients of the
perturbation series is encoded in the singularities of the
Borel transform in the complex u plane. In the present case,
it is known that B (u) has singularities at integer values
of u for u >?2 and u < —1, denoted as infrared (IR) and
ultraviolet (UV) renormalons, respectively (we neglect the
instantons, which are situated at larger u > 0) [20]. In a
specific limit of perturbative QCD, known as large-f3,
approximation [37-39], the singularities are poles, but
beyond this limit they are branch points. For our study it
is important that some information is available on the
nature of the leading singularities: namely, near the first
branch points u = —1 and u = 2, By (u) behaves like

Bp(u) ~

(2.6)

r
(I 4+un

)
(1—u/2)’

respectively, where the residues r; and r, are not known,
but the exponents y; and y, have been estimated from
renormalization-group invariance [7].

From the definition (2.5), it follows that the function
D(s) defined by (2.4) can be recovered formally from the
Borel transform Bj,(u) by the Laplace-Borel integral

D(s) = ﬁlo 7 exp ( ﬁoa:(u_s)>Bb(u)du. (2.8)

Actually, due to the singularities of Bp(u) for u > 2, the
integral (2.8) is not defined and requires a regularization.
As shown in [40], the PV prescription, where the integral
(2.8) is defined as the semisum of the integrals along two
lines, slightly above and below the real positive axis u > 0,
is consistent with some of the analytic properties of the true
function D(s), in particular Schwarz reflection property
and the absence of cuts on the spacelike axis s < 0 outside
the Landau region. Therefore, we shall adopt this pre-
scription in what follows.

We shall consider also the spectral moments M,(sy),
defined as weighted integrals of the spectral function
ImII(s) along the finite range 0 < s < s of the timelike
axis. By exploiting the analytic properties of I1(s), they can
be expressed as integrals of the Adler function along a
contour in the complex s plane, chosen for convenience to
be the circle |s| = s¢:

3 b eils/s0D)

2ri
[s]=so

and Bp(u)~ (2.7)

M;(so) = (2.9)

where the weights w;(s) are analytic in the s plane. In
phenomenological applications to the hadronic 7 decay, the
usual choice is s, = m2, but lower values of s, have been
also considered.

By inserting in (2.9) the series (2.2), one defines the
FO expansion

M;ro(so) = Z[as(so)]" Z key g j-1.is (2.10)
>l =1
with
1 ds
Jei= i ?wi(s/so)lnk(—s/so)- (2.11)

[s|=s0

Alternatively, by inserting in (2.9) the series (2.4), one
defines the CI expansion

M;ci(s0) = Zcm

n>1

74 Co(s/solar(=s))", (212)

IS\ 50

where the running coupling a,(—s) is computed by
integrating along the circle the solution of the
renormalization-group equation (2.3), known at present
to five loops [41].

Borel representations for the moments can be derived
also. By inserting the Laplace-Borel representation (2.8) of
the Adler function into the integral (2.9) and permutting the
integrals we obtain

[Se]

lCI / i)

0

/d¢w( n/z)em, (2.13)

where —s = sgexp(i(¢ — x)).
On the other hand, starting from the FO expansion (2.10),
one can define the Borel transform

0

BM FO bntun’ (214)
=0

n

where

nt_ n 'E kcnk']klt

Then M, gg is recovered from its Borel transform by the
Laplace-Borel integral

1 y —u
M;ro = —PV —|B du, 2.16
i,FO Bo [exp<ﬂoas(so)) M,-.FO(M) u ( )

(2.15)
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where we adopted the PV prescription, anticipating the
presence of singularities in the Borel transform B, go (1) on
the integration axis.

In the large-f}, limit, the Borel transform B po(u)
defined in (2.14) can be expressed in a simple way
in terms of the Borel transform Bp(u) of the Adler
function. The relation is found starting from the CI
representation (2.13) and noting that the integral upon ¢
can be performed exactly in the one-loop approximation of
the coupling, when

! = ! +In <—_s)
Poas(—s) B Poas(so) so)’

the last term being equal to i(¢ — r). Then, the comparison
with (2.16) leads to

(2.17)

By ro(u) = LL /2” d¢a)i(ei¢)e—iu(¢—ﬂ):|Bﬁ(u).

2.18
) (2.18)
The integral can be calculated exactly for polynomial
weights ;, when (2.18) can be written as [7,33]

1sinzu

) Bl (2.19)

By, po(u) =

where P;(u) is a polynomial. For instance, for w;(s/sq) =
(s/sg)" one has P;(u) = (u—n), and for the weight
w.(s/s9) = (1 —5/s50)*(1 + s/5s0), which appears in the
expression of = hadronic width, P;(u) = u(u —1)(u —3)
(u—4)/12 (for more examples see [33]).

From (2.19) it follows that By po(u) inherits from
Bp(u) the singularities at integer values of u. However,
these singularities are partly compensated by the zeros of
sin zu, except for those corresponding to the zeros of the
polynomial P;(u). In particular, if this polynomial does not
vanish at u = —1 and u =2 (as is the case with the
kinematical weight @), the nature of the leading renorma-
lons of By, po(u), obtained from (2.7), is given by the
exponents y; — 1 and y, — 1, respectively.

Beyond the large-f, approximation, the exact nature of
the first singularities of Bj po(u) cannot be established
exactly. Therefore, a conjecture is necessary in applications
that exploit this nature.

III. CONFORMAL MAPPING
OF THE BOREL PLANE

The method of conformal mappings is known in math-
ematics as a technique for “series acceleration,” i.e., for
increasing the rate of convergence of power series. By
expanding a function in powers of the variable that maps its
analyticity domain onto a disk, the new series converges
in a larger region, beyond the convergence domain of the

Almu

e
N

FIG. 1. Borel plane of the Adler function. The circle indicates
the convergence domain of the series (2.5).

Convergence clrcle

Reu

[t

original expansion, and has an increased asymptotic con-
vergence rate compared to the original series inside this
domain. The method can be applied actually only if the
expanded function is analytic in a region around the
expansion point. Therefore, it cannot be used in QCD
for the standard perturbative series in powers of the
coupling, since the expanded functions are singular at
the origin of the coupling plane. However, the conditions of
applicability are satisfied by the Borel transforms, like the
function Bp(u) defined in (2.5).

As indicated in Fig. 1, the series (2.5) converges in the
disk |u| < 1, limited by the first UV renormalon at u = —1.
On the other hand, the Laplace-Borel integral (2.8) includes
the range u > 1, where the series (2.5) is divergent. This is
the reason of the divergence of the original series (2.4),
obtained formally by inserting (2.5) in (2.8) and integrating
term by term.

As discussed above, the domain of convergence can be
enlarged by reexpanding the function B, (u) in powers of
the variable that achieves the conformal mapping of the
original complex u plane onto the unit disk of a new
complex plane. This mapping, written for the first time
in [25], has the form

1 —/1—u/2
) = VLU=V Z w2 (3.1)
VItu+/T-u/2
and its inverse reads
8 8
i(w) v v (3.2)

T3-2wit3w? 3w-Ow-20)

where ¢ = (v/2 +i)/(v/2 — i) and its complex conjugate
¢* are the images of # = oo on the unit circle in the w plane.

One can check that the function w(u) maps the complex
u plane cut along the real axis for u > 2 and u < —1 onto
the interior of the circle |w| =1 in the complex plane
w=w(u), such that the origin u =0 of the u plane

114031-4
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Almw

FIG. 2. The w plane obtained by the conformal mapping (3.1).
The IR and UV renormalons are mapped on the boundary of the
unit disk.

corresponds to the origin w = 0 of the w plane, and the
upper (lower) edges of the cuts are mapped onto the
upper (lower) semicircles in the w plane (see Fig. 2).
By the mapping (3.1), all the singularities of the Borel
transform, the UV and IR renormalons, are pushed to the
boundary of the unit disk in the w plane, at equal distance
from the origin.

Consider now the expansion of B (u) in powers of the
variable w:

Bp(u) = chw”, w

W),  (3.3)

where the coefficients ¢, can be obtained from the
coefficients b;, k < n, using Eqgs. (2.5) and (3.1). By
expanding Bj(u) according to (3.3), one makes full use
of its holomorphy domain, because the known part of it
(the first Riemann sheet) is mapped onto the convergence
disk. Therefore, the series (3.3) converges in the whole u
complex plane up to the cuts, i.e., in a much larger domain
than the original series (2.5). Moreover, as shown in [31],
this expansion has the best asymptotic convergence rate
compared to other expansions, based on conformal map-
pings which map a part of the holomorphy domain onto
the unit disk.

The expansion (3.3) can be further improved by exploit-
ing the known behavior of the expanded function near the
first branch points, discussed below Eq. (2.7). This is done
by expanding in powers of w the product of Bj(u) with a
suitable factor S(u), which compensates the singularities at
u = —1 and u = 2. Actually, the product has still singu-
larities (branch points) at ¥ = —1 and u = 2, generated by
the terms of B (u), which are holomorphic at these points,
but they are milder than the original ones (the singularities
are “softened”). Therefore, the modified expansion

I o=

Bp(u) = S Z e (3.4)

is expected to converge faster than the original expan-
sion (3.3).

As emphasized in [27,30,31], while the optimal con-

formal mapping (3.1) is unique, the factorization of the

singular factor 1/S5(u) is not. We only require that S(u) is
analytic in the holomorphy domain of Bj,(u) and vanishes

at u = —1 and u = 2. Simple expressions, like

S(u) ~ (14 u)1(1—u/2)r (3.5)
or

S(u) ~ (1 +w)2i(1 —w)r, (3.6)

have been investigated in [27,30,31].

In a similar way, we consider expansions in powers of w
of the Borel transform By, o of the FO expansion of the
moments, defined in (2.14). In the large-f, approximation,
using (2.19) and the expansion (3.4), we have

By ro(u) = %nﬁ; Cpw (3.7)

where P;(u) is a polynomial, S(u) the softening factor, and
¢, the coefficients of the expansion (3.4).

In the general case, beyond the one-loop approximation,
by expanding in powers of w the Borel transform defined
in (2.14), we write

By, ro(u) = Zen,iwn’ (3.8)

n=0

where ¢, ; are obtained from the coefficients b, ; defined
in (2.15). One can include also a softening factor, as for the
Adler function in (3.4), with a suitable assumption about
the nature of the first singularities, as mentioned at the end
of Sec. II.

By inserting the expansions (3.3) or (3.4) of the Borel
transform in the Borel-Laplace integral (2.8), we obtain
new perturbative series for the Adler function in the
complex s plane. For convenience, we use below the
notation from [26], writing

1

D(s) = ;I(ﬂoa s(=5)). (3.9)
0
Here I denotes the series
I(a) = icnln(a), (3.10)
n=0
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where the coefficients ¢, appear in (3.3) and the expansion
functions are

I(a) = PV/oo whevlagy, (3.11)
0
Alternatively,
I(a) =Y _&,l,(a). (3.12)
n=0

where the coefficients ¢, appear in (3.4) and the expansion
functions are

n

~ W
1 =PV —ulady,
() /0 Sy

(3.13)

Returning to moments, the CI version is obtained by
inserting the above expansions of the Adler function in
the contour integral (2.9). For instance, using (3.9)—(3.11),
we write

Mialso) =Y cus s § S onls/soluBoas(=s))

n>1
[s|=s0

(3.14)

where we permuted the order of integration and summation
since, as we will show below, the series (3.10) is absolutely
convergent.

In the FO version, the moments are expressed as

Miro(s0) = ﬁioI(ﬂoas(so)),

where, in the large-f, approximation obtained from (3.7),
I denotes the series

(3.15)

I(a) Zii‘n?n(a), (3.16)
n=0

with coefficients ¢,, defined in (3.4) and expansion functions

sin u

Ia)=pv [T BT npwlagy, (317
e =V [ e G
while in the general case

I(a) = Z enily(a), (3.18)

n=0

where the coefficients ¢, ; appear in the expansion (3.8) and
the expansion functions /,, are defined in (3.11).

The analytic properties of the expansion functions
defined above have been discussed in detail in [27], where

it was shown that the functions /,(a) [denoted there as
W,(a)] are analytic in the complex a plane and bounded
for Rea > 0, but exhibit a cut along the axis @ < 0 and an
essential singularity [~exp(—1/a)] at the origin a = 0.
As a consequence, when expanded in powers of a, I,(a)
have divergent expansions, with coefficients exhibiting
factorial growth. On the other hand, as we will show in
the next section, the expansion (3.10) is convergent under
certain conditions.

IV. CONVERGENCE OF THE MODIFIED
EXPANSIONS

A. Method of steepest descent

We first briefly review the main steps of the method
of steepest descent applied in [26] for the estimation of
the quantities 7,(a) at large n. We recall that the Borel
transform B, (u) is a function of real type, which satisfies
B} (u) = Bp(u*). Therefore, the coefficients b, of the
expansion (2.5), as well as the coefficients ¢, of the
expansion (3.3) are real. We consider the expansion (3.10)
for complex values of a of the general form a = |ale™,
where y = arga is the phase of a.

By writing the PV prescription in an explicit way,
we first express (3.11) as

I,(a) = %/e_ﬁ(fv(u))"du —|—%/e‘ﬁ(fv(u))”du, (4.1)

c, [

forn=0,1,2,..., where C, (C_) are lines parallel to the
real positive axis, slightly above (below) it, and w(u) is
defined in (3.1).

The contribution to (4.1) of the integral along the contour
C, can be written as

If(a) = /e‘F"(“)du, (4.2)
c,
where
u
F,(u) =——nlInw(u). (4.3)
a

We evaluate the integral (4.2) for large n by applying the
method of steepest descent [42]. The saddle points are
given by the equation

S (4.4)

which has four solutions, having at large n the form

—-1+i —1—i

1+1i
S van, XL van.

1—i
W\/ an, W\/ an,

(4.5)
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Of interest for the evaluation of (4.2) is the point u, closest
to the line C,

uy = 2741 + i)/an = |ugle™, (4.6)
with
luo| = 2'/4\/aln. a:%—l—%. (4.7)

In our application to the Adler function, a = fya,(—s), and
from (2.17) it follows that in the one-loop limit cos y > 0,
which means that

T
wl <3 (4.8)
Therefore, the point u, defined in (4.6) and (4.7) is situated
in the first quadrant of the u plane.

In order to evaluate the integral (4.2), we first rotate the
contour C, in the trigonometric direction in the upper half-
plane, until it becomes a line C’, passing through the origin
and the saddle point uy. The rotation is possible since the
function w(u) has no singularities outside the real axis, and
the arc of the circle at infinity gives a vanishing contribu-
tion, as can be easily verified. Near the point ug, F,(u«) can
be expanded as

1
= F,(ug) + = Fp(ug)(u—up)* +---.

F(w) 5

(4.9)

By using the expansion of w(u) for large u in the upper half

plane [W(u)~ (1 —iv2/u), where { = (/2 +1)/(v/2=i)],

we obtain after a straightforward calculation

23/4
_Flz<u0> ~ n 1 —
cme ( a

: (VA
+i)\/an

~ O 6—23/4(1+i)\/§’ (4.10)
and
2141 =i :
Fiug) » =D prug)let,  (@1)
na
where
23/4 T 3y
Flil'(ug)| = , p=—-———. 4.12
Then (4.2) becomes
(4.13)

N/ |F(uo)l
I (@) m e IV / T - gy
C/

We further deform the integration line into the path of
steepest descent without going outside the two valleys near
the saddle point u, by taking

=g % /2] [Filug) e %

with real p. The phase of (u — u,)? exactly compensates the
phase of F!/(uy), making the exponent of the integrand
in (4.13) real. The integrand can be written as e~ and the
integral done explicitly gives

(4.14)

N —ip/2
Ia)m e Vi T VI )
|Fa(uo)l/2 2
i.e., up to a constant independent of n
Ii(a)~ n%g“"e_23/4<1+i)\/g. (4.16)

The evaluation of the integral along the contour C_
in (4.1) proceeds in a similar way. The saddle point of
interest is

uly = 27141 = i)y/an = 24/ |a|ne~ (2,

which is situated in the fourth quadrant of the complex u
plane for y in the range given in (4.8). Instead of (4.13),
we have now

(4.17)

- ZACAI ,
I (a) m (gyre ™ 070VE / T i gy, (418)
cL

where f/ = x/4 —3w/2 and C_ is a contour rotated in
the lower half-plane up to the point u;, which we further
deform into the steepest descent path to obtain
I (a) m i (C)re 2 0-VE, (4.19)
Adding the two terms written in (4.16) and (4.19), we
obtain the large-n behavior
1,(a) mni¢ne 2 HVE L gheryne 2 0-0VE (4.20)
of the functions defined in (4.1). In the next subsection we

shall use the above estimate for discussing the convergence
of the series (3.10).

B. Proof of convergence

Before starting the discussion of convergence, we shall
briefly comment on an additional technical assumption
made in [26]. Specifically, in that paper it was assumed that
the line rotated according to (4.14) must not cross the real
axis of the u plane, in order to avoid hitting the singularities
of the Borel transform. From this condition, the constraint
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lw| < z/6 was derived, where y is the phase of a [see
Egs. (36) and (39) of [26]]. This is a rather strong
constraint, but actually it turns out to be not necessary.
Indeed, the integral in (3.11) involves only the function
w(u), which has a branch point at « =2 and no other
singularities for u > 0. This means that, if the line of
steepest descent (4.14) reaches the axis u = 0, it hits no
singularities, but enters smoothly into the second Riemann
sheet of the function w(u). Therefore, the constraint
|| < #/6 mentioned in [26] is not necessary.

We point out that extensive numerical calculations for
mathematical toy models reported in [30-34] indicated
convergence in large regions of the coupling plane, not
limited by the constraint 7| < z/6. The argument given
above explains these results. Restrictions on the domain in
the coupling plane arise only from the criteria of con-
vergence discussed below.

By inserting the expression (4.20) in (3.10), I(a) is
written as a sum of two series, which in particular ensures
the fact that the result is real when a is real. For the study of
convergence, we shall treat separately each of the two
series. Assuming, as in [26], that a positive constant ¢ exists
such that, at large n

lc,| ~ eV, (4.21)
we obtain the estimate
e, I, (a)| = Kn'/4e=sv7, (4.22)
where K is a constant independent of n and
E=Re2¥*(1 +i)a™"? - c. (4.23)

The convergence of the expansion (3.10) has been
studied in [26] by considering the ratio

.l (a)
Cn—llrer—l(a)

, (4.24)

and requiring that it must be less than 1 for large n.
However, it is easy to check that the limit of the ratio for
n — oo equals 1, and in this case the test is inconclusive,
the series may converge or diverge. Cauchy’s root
test is also inconclusive, since one can show that
limn—mo |CnIiJ1r(a)|l/n =1

The absolute convergence of the series can be estab-
lished nevertheless using a direct comparison test. Namely,
let us consider the inequality

1
le i (a)] < =, (4.25)
n
which, using (4.22), is equivalent to
Kn®* < eV, (4.26)

This inequality is clearly true for large n if

E=Re2Y*(1 +i)a ' —c>0. (4.27)
Since the series > 1/n? is absolutely convergent, the
comparison test implies that the series »_ ¢,/ (a) is also
absolutely convergent, if the condition (4.27) is satisfied.
By treating in the same way the series > c,I,(a),
we write finally the convergence condition in the
compact form'
Re[2¥/4(1 4+ i)a™"/?] — ¢ > 0. (4.28)
As noted in [26], if the coefficients ¢, grow less than any
exponential, ¢, < expley/n] for an arbitrarily small €, then
the condition of convergence is
Re[(1 £ i)a™'?] > 0. (4.29)
If, on the other hand, the coefficients grow faster than any
exp|cy/n], the series (3.10) will be divergent. Note that such
a behavior of ¢, is not excluded for expansions like (3.3),
with radius of convergence equal to 1.

C. Generalizations

The arguments presented in the previous subsections can
be easily generalized to other cases not treated in [26]. We
consider first the alternative expansion (3.12), involving a
singularity-softening factor S(u). Instead of (4.2), we must
evaluate now the large-n behavior of the quantity

7:(61) — /e_FnO‘)ﬂ

Sl (4.30)

c,

where convenient choices for S(u) are given in (3.5) and (3.6).

From the steps described in Sec. IVA, it is clear that the
main contribution to the integral is brought by the vicinity
of the saddle point u,. Since S(u) is assumed to be a
smooth function, we can apply the mean value theorem and
factor out 1/S(ug) in front of the integral. Then, instead
of (4.15), we have now

2 /a

&' (i Vi
|[Fa(u)l/2 2

S(ug) €

From (3.5) and (3.6) it follows that S(u,) behaves either as
a power of u, or a constant. Recalling that u, ~ \/n at large
n, we can write, up to a constant independent of n

Ii(a)~

(4.31)

Tt (a) m ndgne " VG, (4.32)

"This corrects two typos in Eq. (45) of [26], where the factor
23/4 was missing and the sign in front of ¢ was wrong.
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where ¢ is a real exponent. One can use then this estimate in
the direct comparison test by simply adapting the argu-
ments presented below (4.25). Assume, like in (4.21), that
at large n

|C,| ~ eV, (4.33)
where the coefficients ¢, appear in (3.7) and (3.12). It
follows that the series (3.12) converges in the domains
described by (4.28) or (4.29).

In a similar way, one can establish the large-n behavior
of the quantities 7;; (a) defined in (3.17), entering the FO
expansion of the moments in the large-f, approximation.
It is convenient to consider separately the two terms of
sinzu = (e™ — ¢~")/2i, and combine them with the
parameter a by defining 1/a = 1/a + iz. Then the steps

presented in Sec. IVA, performed with a replaced by a,
lead to the estimate

If(a) ~ nJ’C"e—23/4(l+i>‘/ﬁ\/#_m. (4.34)
Here the exponent y includes the contribution of the factor
P;(uy)S(ug), which depends on the weight in the contour
integral (2.9) and the softening factors, as seen in (3.7).
Using further the direct comparison test as in Sec. [V B, we
can prove the convergence of the series (3.16), provided the
conditions

Re2¥4(1 £ i)(1/a tin)'?]—c >0  (4.35)
are satisfied, where a = fya,(sy)/7 and the constant ¢ is
related by (4.21) to the behavior of the coefficients ¢, or
by (4.33) to the behavior of the coefficients ¢,,.

Finally, it is easy to see that for the general FO expansion
(3.18), the condition of convergence will have the form
(4.28), where a = fya,(sy)/7 and the constant ¢ is found
from the growth of the coefficients ¢, ; by

|2, < exp(cv/n). (4.36)

V. CONVERGENCE TESTS FOR THE CI
AND FO EXPANSIONS

In this section we shall investigate the fulfillment of the
convergence conditions established above for the expan-
sions used in the study of z hadronic decay. We consider
first the perturbative expansion of the Adler function in
the complex s plane. As seen from (3.9), in this case the
parameter a is related to the running coupling by
a = poa,(—s)/x. Therefore, the conditions (4.28) or (4.29)
can be viewed as defining regions of convergence of the
perturbative expansion of the Adler function in the complex
s plane. For the calculation of the spectral moments, it is of

3

FIG. 3. The quantities Re[(1+ i)a™'/?] (red) and Re[(1 —
i)a='/?] (blue), for a = fya,(—s)/x and s = m2e?, as functions

of ¢.

interest to check the validity of the convergence conditions
along the circle |s| = m2.

As a first example, we take the Borel transform of a
simple pole form Bj(u) =1/(2—u). In this case, the
coefficients ¢, of the expansion (3.3) in powers of the
conformal variable w have the simple form c, = 2n/3,
which grows less than any exponential at large n.
Therefore, we must test the validity of the condition (4.29).
In the calculation, we used the one-loop coupling from
(2.17), set s, = m? and the value a,(m?) = 0.32, consistent
with recent determinations (cf. [1] and references therein).
In Fig. 3 we plot the expressions on the lhs of (4.29)
calculated with this input along the circle |s| = m2. Both
quantities are positive, as required by the convergence
condition, which shows that the expansion (3.10) of the
Adler function is convergent along the circle |s| = m2, for a
simple renormalon pole at u = 2.

For a generic term of the form 1/(p — u)*, with integer
p >2 and real a, expected to be present in the Borel
transform By, (u), the coefficients ¢, of the expansion (3.3)
cannot be calculated analytically exact in general.
However, we checked numerically that they satisfy the
condition |c,| < exp(y/n) at large n. For instance, for p = 2
and @ = 1.5 the ratio |c,,|/ exp(y/n) is equal to 5 x 10~ for
n = 1000 and to 4 x 10~'* for n = 2000. For larger values
of p, the growth of the coefficients c, slightly slows down.
For instance, for ¢ =15 and n = 2000, the ratios
lc,|/ exp(y/n) are 4.5x 107" for p =3, 8§ x 10720 for
p=4,and 1 x 1072 for p = 5.

We considered also negative values of «, relevant for the
expansion of the product Bp(u)S(u) after softening the
lowest singularities as in (3.4). As expected, because
the residual singularity in the product is mild, the growth
of the coefficients ¢, is less dramatic than for positive a.
For instance, for p=2 and a = -1.5, the ratio
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4

FIG. 4. The quantities Re[2¥*(1+i)a~'/?] -1 (red) and
Re[2¥4(1 —i)a='/?] =1 (blue), for a = pya,(~s)/z and
s = m2e'®, as functions of ¢.

|¢,|/ exp(y/n) is equal to 5 x 10713 for n = 1000 and to
2 x 10718 for n = 2000.

From the numerical studies, we conclude that the
conditions |c,| < exp(y/n) and |¢,| < exp(y/n) are satis-
fied at large n for any finite sum of poles or branch points
in the Borel transform B (u). The analysis presented in
Sec. IV, shows that in this case convergence is ensured by
the inequalities (4.28) with ¢ = 1. In Fig. 4 we plot the
expressions in the lhs of (4.28) for ¢ = 1, calculated with
the one-loop coupling along the circle |s| = m2. Both
quantities are positive, as required by the convergence
condition, which means that the expansions of the Adler
function given in (3.9)—(3.13) are convergent along the
circle, for the generic case of a Borel transform consisting
from a finite sum of infrared renormalons.

The above results imply that the CI expansions of the
spectral moments are also convergent. Indeed, by inserting
in (2.9) the relations (3.9)—(3.13) and using the fact that the
expansions (3.10) and (3.12) are absolutely convergent, we
can permute the order of summation and integration and
conclude that the CI expansion written in (3.14), and the
similar one involving &, and I,, are convergent.

We note that the convergence of the CI expansions based
on conformal mapping of the Borel plane for the Adler
function in the complex s plane and the moments was
confirmed by numerical calculations on mathematical
models in previous papers (see for instance Figs. 2, 4,
and 8 from [30]).

As concerns FOPT, we shall consider first the large-f,
approximation, when the expansions of the moments are
defined by (3.15)—(3.17), with coefficients ¢, from the
expansion (3.4). As shown in Sec. IV C, the convergence
condition is represented by the inequalities (4.35), where
now a = fya,(m?)/x and c is the constant appearing
in (4.33). From the above analysis of the Adler function,

it follows that for Borel transforms with poles and branch
points we can take ¢ = 1. We checked that for this choice
of ¢ and a;(m?) = 0.32 the inequalities (4.35) are satisfied
(the left sides are equal either to 3.9 or to 1.5). The
conclusion of these tests is that the FO expansions of
the moments in the large-f, approximation, given in
Egs. (3.15)—(3.17), converge for Borel transforms consist-
ing from a finite sum of infrared renormalons.

We consider now the general FO expansion (3.18),
derived starting from (2.10). These expansions include
potentially large terms from the analytic continuation into
the complex s plane of the logarithms appearing in (2.2),
which may affect the convergence. This is confirmed
by numerical calculations of the Adler function in the
complex plane: see for instance Figs. 6 and 10 from [30],
which show that the convergence is poor near the timelike
axis. As a consequence, for the moments, a good con-
vergence is expected only if the weights w; suppress
this region.

To check this expectation, we considered as examples
the kinematical weight w,(s/sg) = (1 —s/50)>(1 + s/s¢)
and the weight (s/sy) = (1 = s/sy)?, which both vanish
at s = sy, and also the weight w(s/sq) = (1 —2s/s¢),
which does not suppress the region near s,. The coefficients
¢, have been generated by taking Bp(u) = 1/(2 — u).
The numerical calculations show that the coefficients ¢, ; of
the expansion (3.8) exhibit now a more pronounced
increase, and satisfy the inequality (4.36) with ¢ = 3.
For instance, the ratio |¢35,|/ exp(3v/35) is equal to 0.11
and 1.52 for the first two weights, and to 15.6 for the third.
Unfortunately, for higher n the accuracy of the calculations
is no longer satisfactory, but the above values are an
indication that for weights suppressing the region near
the timelike axis the convergence is better. Recalling that
in this case the condition of convergence is the inequality
(4.28) with a = Bya,(m?)/x, we checked that it is satisfied
for ¢ = 3 (the lhs is equal to 0.5).

Numerical calculations on mathematical models, per-
formed in [30-32,34], confirm the tamed behavior of the
FO expansions for moments with weights that suppress
the region near the timelike axis. They confirm also that in
this framework the CI expansions converge better. The
reason is that the CI expansions implement simultaneously
the acceleration of the perturbative series and the
renormalization-group improved coupling, while the FO
expansions accelerate the perturbative series but do not sum
the potentially large terms from the analytic continuation of
logarithms into the complex plane. Thus, in the framework
based on the conformal mapping of the Borel plane, CIPT
has a more solid theoretical basis.

VI. SUMMARY AND CONCLUSIONS

In the present work we revisited the convergence of
the modified QCD perturbative expansions based on the
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optimal conformal mapping of the Borel plane, proposed
in [25] and investigated further in [26,27,30-35]. Our
analysis brings some improvements to the proof of con-
vergence presented in [26]. Thus, we showed that a technical
assumption adopted in [26] is not necessary, which leads to a
considerably larger domain of convergence. We also com-
pleted the proof given in [26], using instead of the ratio
criterion, which gives inconclusive results at n — oo, the
direct comparison test. Moreover, we generalized the proof
to expansions with singularity softening, and to the pertur-
bative expansions of the z hadronic spectral moments.
Finally, we performed a detailed analysis of the convergence
conditions (4.28), (4.29), and (4.35), checking that they are
satisfied along the circle |s| = m2, for Borel transforms
consisting from a finite number of poles and branch points.
The results are important because they provide a mathemati-
cal basis to the numerical calculations performed in previous
papers [30-32,34,35], where the behavior of the CI and FO
expansions was investigated up to orders of about 20 using
models based on renormalons for generating the higher-
order perturbative coefficients.

The present work was motivated by the recent papers
[11-17], which investigated the mathematical origin of the
difference between the FO and CI expansions of the 7
hadronic spectral moments, relating it to the sensitivity to
the infrared renormalons.” In particular, in [13,14,17], the
discrepancy was solved by subtracting the infrared renor-
malon divergence related to the gluon condensate, which
amounts to a simultaneous redefinition of the perturbative
series and of the condensate.

In this context, we thought to be useful to bring into
attention the method of conformal mapping of the Borel
plane, which amounts also to a redefinition of the pertur-
bative series by exploiting the renormalons. Therefore, we
can say that this approach is conceptually close to the
methods proposed in [13,14,17], although the practical
implementation is different. We note in particular that
the method of conformal mapping does not require the

In[11,12] it was even assumed that the CT and FO expansions
correspond to different Borel sums, based on different prescrip-
tions of regularizing the ill-defined Laplace-Borel integral due to
IR renormalons. We shall not discuss here this assumption.

normalization of the dominant infrared renormalon (the
Stokes constant) and has no free parameters.

In the framework based on conformal mapping, the CI
expansions and the FO expansions (for moments with
weights suppressing the region near the timelike axis) exhibit
a tamed asymptotic behavior, so the difference between
their predictions is expected to be small, especially at high
orders. This feature was confirmed by previous numerical
calculations on realistic models in [30-32,34,35]. A similar
behavior is obtained in [13,14,17] after the subtraction of
the gluon condensate renormalon (compare for instance
Fig. 3 from [34] with Fig. 4 from [13] and Fig. 2 from [17]).
So, the method of conformal mapping of the Borel plane,
as an alternative way of implementing information on
renormalons in the perturbation series, is consistent with
the methods proposed in [13,14,17] for solving the CIPT-
FOPT discrepancy.

We end with a few remarks about the nonperturbative
corrections in the operator product expansion (OPE). In
[11-17] it was argued that CIPT is incompatible with the
standard OPE. This is one of the reasons for which FOPT
was preferred already in [7,8]. The redefinition of the
perturbative series proposed in [13,14,17], which solves the
CIPT-FOPT discrepancy, comes with a simultaneous
redefinition of the OPE, in particular of the gluon con-
densate, such that both CI and FO expansions are consistent
with OPE.

In the approach based on conformal mapping, the original
perturbative expansions in powers of the coupling are
replaced by convergent series in terms of the expansion
functions defined in (3.11), (3.13), and (3.17) as Laplace-
Borel integrals with PV prescription. As we mentioned at the
end of Sec. III, these functions are singular at the origin of
the coupling plane, exhibiting a nonperturbative behavior.
Therefore, it is expected that the contribution of the additional
nonperturbative terms, entering through the OPE, will be
different from those in the standard OPE. Actually, the fact
that the method of conformal mapping represents a realization
of a renormalon-free OPE scheme, and in particular a
renormalon-free gluon condensate scheme, was already
remarked in the literature (see footnote 8 of [13]). The
effective form of the OPE corrections to the perturbative
expansions based on conformal mapping deserves further
attention and will be studied in a future work.
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