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ABSTRACT: The “expansion by regions” is a method of asymptotic expansion developed
by Beneke and Smirnov in 1997. It expands the integrand according to the scaling pre-
scriptions of a set of regions and integrates all expanded terms over the whole integration
domain. This method has been applied successfully to many complicated loop integrals,
but a general proof for its correctness has still been missing.

This paper shows how the expansion by regions manages to reproduce the exact result
correctly in an expanded form and clarifies the conditions on the choice and completeness
of the considered regions. A generalized expression for the full result is presented that
involves additional overlap contributions. These extra pieces normally yield scaleless inte-
grals which are consistently set to zero, but they may be needed depending on the choice
of the regularization scheme.

While the main proofs and formulae are presented in a general and concise form,
a large portion of the paper is filled with simple, pedagogical one-loop examples which
illustrate the peculiarities of the expansion by regions, explain its application and show
how to evaluate contributions within this method.
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1 Introduction

When loop integrals involve many different scales from masses and kinematical parameters,
it can be hard or even impossible to evaluate them exactly. The integrand may be simplified
before integration by exploiting hierarchies of parameters and expanding in powers of small
parameter ratios. When these expansions are done naively, neglecting their breakdown in
certain parts of the integration domain, new singularities may be generated and important
contributions to the full result can be missed. A proper treatment requires sophisticated
methods of asymptotic expansions. One of them is the so-called “strategy of regions” or
“expansion by regions” developed by M. Beneke and V.A. Smirnov [1]. The recipe for
applying the expansion by regions to a loop integral reads as follows [1-4]:

1. Divide the space of the loop momenta into various regions and, in every region,
expand the integrand into a Taylor series with respect to the parameters that are
considered small there.

2. Integrate the integrand, expanded in the appropriate way in every region, over the
whole integration domain of the loop momenta.

3. Set to zero any scaleless integral.

The sum of these contributions yields the full result of the loop integral in an expanded
form. This recipe will be illustrated in the examples of the following sections.

However, despite the successful application of the expansion by regions in many loop
calculations, each of the steps in the recipe above raises questions:

e In step 2 all expanded terms are integrated over the whole integration domain, ne-
glecting the domains of convergence of the expansions. This generally leads to new
singularities which obviously must be cancelled between the contributions of the var-
ious regions. How is this cancellation ensured?

e In the original integral each point of the integration domain contributes exactly once.
According to step 2 each point of the integration domain contributes once per region.
How can this double- or multiple-counting of contributions be correct?

e How do we have to choose the regions in step 17 And how do we know that the
chosen set of regions is complete?

e Although it seems natural to eliminate scaleless integrals when using dimensional
or analytic regularization, we can ask: What is the role of the scaleless integrals in
step 37

These questions will be addressed in the current paper.

The developers of the expansion by regions have introduced their method using exam-
ples and “heuristic motivations” (e.g. related to analogies between the regions and degrees
of freedom in effective theories). They have shown the validity of the method for some types
of expansions (in particular Euclidean-type limits like off-shell large-momentum expansion



or large-mass expansion) through the agreement with existing and proven expansions by
subgraphs [4]. They admit, however, that they cannot give a general mathematical proof
of their prescriptions [1] and that “it is not guaranteed that expansion by regions works in
all situations” [4].

A practical problem in the application of the expansion by regions is the correct choice
of the regions. In the original paper [1] the authors determine the relevant regions from
the structure of the poles of the propagators in the loops. They close the contour of the
integration over the zero-component of the loop momentum and study its scaling at the
residues depending on the size of the spatial components. In general, relevant regions can
often be found by looking at the structure of the integrand and at singularities which arise
in the given parameter limit. It does not matter to consider more regions than necessary:
The irrelevant regions will simply produce scaleless contributions which are set to zero.
The tricky point here is to avoid double-counting of regions which look different but yield
equivalent expansions.

Alternatively, the expansion by regions has been applied to the alpha-parameter rep-
resentation of loop integrals [3, 4]. The double-counting of equivalent regions should not
occur here, but there exist at least some regions (in particular the “potential region” in
threshold expansions) which cannot easily be identified in the language of the alpha pa-
rameters. Based on this approach, an algorithm for finding the regions in alpha-parameter
representations has recently been developed [5]. In the present paper I stick exclusively to
the version of the expansion by regions which is applied directly to loop integrals because
I find this original variant of the method more natural. However, the formalism which
I present is general and can be applied to the asymptotic expansion of many types of
integrals, including alpha-parameter representations.

An important check for the completeness of the regions is the cancellation of singular-
ities. The sum of all contributions must not be more singular than the original integral,
and if additional singularities persist, then probably the contribution from another region
is missing. This check is, however, not sufficient to guarantee the completeness of regions,
because some regions or a subset of them can also yield non-singular contributions such
that their absence could remain undetected.

Another possibility of finding all relevant regions for an integral in a given parameter
limit is the one which I have successfully used in many calculations (e.g. [6-9]): Evaluate
the full integral with the propagators raised to generic powers in terms of as many Mellin-
Barnes representations [10] as needed. Extract the leading-order asymptotic expansion by
closing those Mellin-Barnes integrals which involve the expansion parameter and taking the
residue of the first pole next to the contour. This yields a sum of terms reproducing the
exact result up to higher powers of the expansion parameter than those already present.
The terms often still contain Mellin-Barnes integrals and may be too complicated to eval-
uate them further. But each term is characterized by a homogeneous dependence on the
expansion parameter raised to some power which is a function of the space-time dimen-
sion d = 4 — 2¢ and of the propagator powers. An examination of each term’s dependence
on the expansion parameter is usually able to tell the corresponding region needed for
producing this contribution. If the asymptotic expansion by Mellin-Barnes representations



is performed correctly, the prescription described here yields all the relevant regions for a
subsequent application of the expansion by regions.

The correspondence between the contributions of the expansion by regions and the
asymptotic expansion via Mellin-Barnes representations is, of course, as heuristic as the
derivations and justifications known so far for the expansion by regions. In the present
paper I follow a different approach: I start from a general integral for which an expansion
is required and transform the expression step by step, in a mathematically well-defined
way, into a sum of expansions which can be identified with the ones originating from the
expansion by regions. The resulting expression contains additional overlap contributions
which are absent in the usual prescription for the expansion by regions. While these extra
pieces normally yield scaleless integrals which are consistently set to zero according to
step 3 above, there are cases — depending on the choice of the regularization scheme —
where these overlap contributions are present and required for the correct result. Such
overlap contributions have also been introduced in effective-theory treatments as “zero-bin
subtractions” (see e.g. [11, 12]).

The basic idea of the formalism which I develop in this paper goes back to a one-
dimensional toy example [13] (see also section 3.2 of [4]). I do not treat this one-dimensional
toy integral, but start directly with a simple d-dimensional loop integral in section 2 before
presenting a first version of the formalism for general integrals in section 3. A generalized
version of the formalism is elaborated in section 5, where one restriction of the first version
is relaxed. Examples which illustrate the application of the formalism and explain the eval-
uation of loop integrals with the expansion by regions are shown in sections 4, 6 and 7. The
last of these examples demonstrates the relevance of overlap contributions under certain
circumstances. The main statements and formulae are summarized and discussed in the
conclusions of section 8. Details from the evaluation of the expanded loop integrals have
been shifted to appendix A. Finally appendix B treats an example with a finite integration
boundary which illustrates a subtlety raised in section 3.

The order of the general parts (sections 3, 5 and 8) and illustrating examples (sec-
tions 2, 6 and 7) has been chosen from a pedagogic viewpoint in order to facilitate the
understanding especially for readers who are not very familiar with the expansion by re-
gions. More experienced readers may skip the examples and concentrate on the general
sections for a quick study of the main statements. The examples, however, also show how
the general formalism can actually be applied to loop integrals and how its conditions
on the regions are checked. Later examples use notations and conventions introduced in

earlier examples.

2 Example: off-shell large-momentum expansion

The two-point one-loop integral of the first example is defined by the expression

F:/Dk:[ (2.1)



Figure 1. Two-point loop integral for off-shell large-momentum expansion.

with the integrand I = I,1s, the propagators

1 1 1
I = = d h=———F— 2.2
N (= N T o i R (e

and the integration measure

¢ o [ A%
/Dk: _ 2 e /mdﬂ 7 (2.3)

where d = 4 — 2¢ is the space-time dimension, pu is the scale of dimensional regularization,
and yg ~ 0.577216 is Euler’s constant. The usual infinitesimal imaginary part in the
Feynman propagators is understood and has been dropped in the notation for brevity.

The integral F' depends on the external momentum p and the mass m. We are inter-
ested in the off-shell large-momentum limit

p?| > m?

and look for an asymptotic expansion in powers of m?/p?. The integral also depends on the
propagator powers ni and ng, and we focus particularly on the case n; = 1, ng = 2 which
is depicted in figure 1 and for which the integral is finite for both small and large k. Exact
results for this integral can easily be obtained and expanded in m?/p? for comparison with
the asymptotic expansion.

In the following two subsections we first treat this loop integral according to the recipe
formulated in section 1 for the expansion by regions before proving the correctness of this
approach by independent mathematical transformations of the integral.

2.1 Expansion by regions in the large-momentum limit

The first propagator in (2.2) is characterized by the large momentum p, whereas the second
propagator is characterized by the small mass m. It is therefore natural to assume that
the two regions of relevance to this problem are

e the hard region (h), where k ~ p,

e and the soft region (s), where k ~ m.



By k ~ p we mean that all components of the loop momentum k are of the order of (“scale
like”) the (overall size of) the momentum p, and similarly for & ~ m. Instead of dividing
the integration domain into subdomains with explicit boundaries, the regions simply define
scaling prescriptions for the loop momentum on the basis of which we are able to perform
expansions of the integrand.

For the hard region we consider |k?| > m? and expand the second propagator in (2.2),
while the first propagator remains unchanged:

no): (m2)
L—-TML =1, IL—1" ZT Z(;)J(;iz)nzﬂ’ (2.4)
j=0 7

where T(") is the expansion operator of the hard region, and Tj(h)

generates its j-th order
expansion term. For the soft region we consider |k%| < [p?| and |2k - p| < |p?|, permitting

the expansion of the first propagator, while the second remains unchanged:

) = ()i, (K2 (=2k - p)2
hﬁTIlipjl Srln= Y S : :
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b%TUb:b, (2.5)

where
Jap=Jatis+ ... (2.6)

is introduced as a shorthand notation, which is also used for other symbols. Here Tj(s)
generates the j-th order expansion term of the soft region, and it is a priori not clear how
j relates to j; and jo because k? and 2k - p involve different powers of the soft momentum k.
So we postpone this question until after the loop integration when we will rearrange the
summation over j; and jo. Both the hard and the soft expansions have employed the

generic Taylor expansion

1 _ i (0)j1 4ot (—y1)7 - (=)™

— : : : , if |y;| < | X| V7,
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(2.7)

with the Pochhammer symbol (a); = I'(a + j)/T ().
According to step 2 of the recipe in section 1, each expanded term has to be integrated
over the whole integration domain. The j-th order contribution of the hard region reads

(h) _ hy_ (12)j a2 Dk
F, /ka jﬁ(m%l/«k+pyyl%%m“7 (2.8)

and the soft-region contribution with indices ji, jo is given by

F(S) — /Dk T(S) I = (nl)jm (_1)j1% /Dk (k2)j1 (2k 'p)j2 ] (29)

J1,J2 J1,J2 j1!j2! (pQ)nl—i-jlg (k2 _ m2)n2

These new integrals are simpler than the original integral (2.1): The hard contribu-
tions (2.8) are massless integrals and functions only of p?. And the soft contributions (2.9),



once each scalar product in the numerator has been separated into k - p = p,k#*, are mas-
sive tadpole tensor integrals of rank j and functions only of m?. These are all one-scale
integrals, and it is already clear at this step from a dimensional analysis that the hard and
soft contributions are homogeneous functions of m?/p? with
F oc (m2Y e E, o ()i e (2.00)

We also see that the expansions generate new singularities: The hard contributions (2.8)
will become infrared-singular (for k — 0) due to the increasing number of k?-terms in the
denominator, and the soft contributions (2.9) will become ultraviolet-singular (for k& — oo)
with more and more powers of the loop momentum in the numerator. In the particular
case n; = 1, no = 2, the original integral is finite, but all terms from the hard region
are infrared-singular and all terms from the soft region are ultraviolet-singular, even the
leading-order contributions with 7 =0 and j; = jo = 0.

The contributions (2.8) and (2.9) can easily be evaluated. The hard-region integrals
are straightforward by standard methods. They yield

2\ J
_; . _ _ m F(2—n1 —6)
F(h) 2e VB p—imnaz (. 2 i0 2—nig—e€ ( )
j (=p ) p? I'(ny) I'(n2)

F(n12—2+6+j)f‘(2—n2—e—j)

2.11
j!F(4—n12—26—j) ( )
and can be summed up to the all-order hard contribution
0 .
F(h) — ZF](h) _ M26 e€VB —imn12 (_pQ N iO)Q_n12_E
7=0
F(n12—2+e)F(2—n1 —6)F(2—n2—6)
['(n1) T'(n2) T'(4 — nia — 2¢)
m?
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p

where 9 F} is the hypergeometric function and “—i0” indicates the side of the branch cut
for the analytic continuation in the case p? > 0.

The soft-region contributions can e.g. be solved by tensor reduction (for jo > 0). The
integrals are only non-zero for even jo. We can identify j = j; + ]72 as the number of
additional powers of m?/p? compared to the leading order and rewrite

g N )
s) s
Z Fj1,j2 = ZFJ : (2.13)
J1,J2=0 j=0

An evaluation of the soft contributions (2.9) in closed form without the need for tensor
reduction is shown in appendix A.1.1. The result reads

- 2\ 7 I'(2—n; —e¢)
F(S) — ,,2€ eEVE T imn12 m2 2—ng—e 2 i0)™ ™ (m) 1

L(ny+7)T(ng —24¢€—j)
JIT2—=n1—e—7)

(2.14)



and, summed up to all orders,

F(?’LQ —2—1—6)
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The asymptotic expansion of the original integral (2.1) in powers of m?/p? is obtained
by adding the contributions of the hard and the soft region. Which of the terms F j(h) and
Fj(s) are of the same order in m?/p? depends on ny (and €). For the special choice ny = 1,
ny = 2, we have

i -5 (5 () TGS 0,
B = p12 (7;22)] (:;) eI (1(i)jé)j | (2.16)

)

All terms F j(h) are infrared-singular and all terms Fj(s are ultraviolet-singular, but only

the leading-order terms Fo(h) and FéS) exhibit an explicit 1/e singularity:

w11 —p? —i0 h 2 (m2\’ 1
Fé ) = - [—6+ln<u2>] +O(6), F;( ) == 5 (2 f+0(€),

P pP\p2) j
e L[ 10 po L (m\ L, 2.17
0 T2 e el (€), i T\ 3"‘ (), (217)

where the column to the right is valid for j > 1. The 1/e poles cancel each other such that
the complete expansion terms

=M pl) (2.18)

are all as finite in the limit ¢ — 0 as the original integral:

2 _ 2\ J
Fo—plzln(pmzlo> + O(e), Fj——p12 (7;2> ;—i—(’)(e), j>1. (2.19)
But remember that in Fj an infrared 1/e pole has been cancelled by an ultraviolet pole,
which looks unnatural. We will come back to this point in the next section.

The known exact result is reproduced by summing up all orders of the asymptotic
expansion, either from (2.19) or by expanding the summed contributions (2.12) and (2.15)
from the regions about € = 0:

F = iFj = plQ [111(4‘7;12“)) + ln<1 — Zf)] +O(e). (2.20)

Jj=0



For general n; and ns, the original integral can also be evaluated directly by standard
methods, yielding

I'2—n;—¢)(ni2—2+¢)
[(n2)T(2 —¢)

F = MQE ee'yE 6717TTL12 (m2)27n1276

2 .
0

><2F1<n1,n12—2+6;2—6;p +22 > . (2.21)

m

By applying the transformation formula for the hypergeometric function which inverses
its argument (see e.g. [14]), the sum of F(®) (2.12) and F(®) (2.15) is exactly recovered
from (2.21). Another check is obtained by evaluating the full integral with the help of
a Mellin-Barnes representation and extracting the complete series of residues with rising
powers of m?/p?. By doing so, the expansion terms (2.11) and (2.14) are reproduced.

As a final remark for this section I want to emphasize that — although the evaluation
of the integrals originating from the expansion by regions to all orders in the expansion
parameter can be quite tedious — it is usually rather easy to extract just the leading-
order contributions from all regions. This method is therefore particularly well suited for
obtaining the leading order or the first few terms of an asymptotic expansion.

2.2 Proof of the large-momentum expansion

While the previous section has introduced the use of the expansion by region, we restart
in this section from the original integral and transform it in a mathematically well-defined
way until we arrive at the expanded expressions which have already been employed and
evaluated in the previous section.

We want to use the expansions of the hard (2.4) and soft (2.5) region which, obvi-
ously, do not converge towards the original integrand throughout the complete integration
domain. But we can divide the integration domain into a hard domain Dj; and a soft
domain Dy,

Dy, ={keR": |kK*| > A?}, Dy ={keR": |k < A?}, (2.22)

with some intermediate scale A? chosen such that m? < A? < [p?|. These two domains
are non-intersecting and cover the complete integration domain:

DyNDs=10, DU D, =R%. (2.23)

When the loop momentum k is restricted to one of these domains, the corresponding
expansion converges absolutely and the integrand is identical to its series expansion as long
as the latter is summed to all orders:

[=TW1="T"I forke Dy,
J

[=791=3"T¥I forkeD,. (2.24)
J



For the soft expansion, the summation index 7 symbolically represents a proper combination
of the indices j; and jy in (2.5). The hard expansion T™ only requires |k?| > m? which
is certainly fulfilled for k& € Dj,. But the statement in (2.24) about the soft expansion 7(%)
is less trivial: While one of the conditions, |k?| < [p?|, surely holds for k € D;, the other
condition, |2k - p| < |p?|, can still be violated. We have to remember, though, that the
expansions are always performed under the loop integral [Dk. By tensor reduction, each
power of (k- p)? in the numerator of the soft-region integrals (2.9) gives a contribution
proportional to k?p?, while odd powers of k - p vanish under the integration. This is still
true if we restrict the integration by the Lorentz-invariant condition |k?| < A%, So we can
safely count |2k - p| ~ |k2p?|'/2, and the condition |2k - p| < |p?| holds under the integral
over the soft domain Dy.

Alternatively, for ensuring the convergence of T'%) within D,, one may choose a refer-
ence frame in which either the zero-component or the spatial components of the vector p
vanish, depending on the sign of p?, and define the boundaries of Dj, and D, appropriately in
this reference frame. Or, for p? < 0, one may perform a Wick rotation and define the bound-
aries of the domains as relations between positive-definite norms of Euclidean vectors.

A consequence of the absolute convergence of the expansions is that the summation j
commutes with the integration and can safely be pulled out of the integral if the latter is
restricted to the corresponding domain:

/k Dk:I—Z/ Dk T}" / DkI—Z/ DkT,1 . (2.25)
ED}L keDs

keDy, k€D

After these preliminaries we can start transforming the original integral by splitting the in-
tegration into the two domains and performing the appropriate expansions in each of them:

:/DkI:/ DkI—l—/ DET
keDy, keDg

_ Z/ Dk T h)1+2/ DT V1. (2.26)
j keDy,

keDg
With dimensional regularization at hand, we can also perform the integration of each

expanded term over the complete integration domain, but we have to compensate for this
by subtracting the surplus from the added domain:

/ Dij(h)I:/Dij(h)I—/ DETMT,
keDy, keDg

/ DM}?S)I:/DkT}S)I—/ DET1. (2.27)
k€Dg keDy,

Without the indication of a restriction, the integrations are understood as being performed
over the complete integration domain R?. Relation (2.25) also holds if the integrand I is
not the original one, but a term from a previous expansion, i.e. each expansion can be

,10,



applied to any integrand if the integral is restricted to the corresponding domain:

/ DkT I—E/ DkTh)T()
keDy,

keDy,
/ Dk T} I_Z/ DETITMT (2.28)
keDg keDg

Let us have a look at the newly generated double expansions. The order in which the
hard and soft expansions are applied is irrelevant because the doubly expanded integrand
is the same in both cases (written here with two separate indices for the soft expansion to
be specific):

M7 p =) gy - (12 (n)jrs (m?)' (=1)712 (2k - p)”

Tl = il gilge!l  (p?)mtinz (k2)neticin (2.29)

In such cases of commuting expansions, we label multiple expansions by a comma-separated
list in the round brackets:

76 — pEph) — plhes) (2.30)

After an appropriate relabelling of the summation indices, the two contributions with
double expansions can be added together,

ZZ/ Dk T" I+ZZ Dk T," I_Z/DkT I, (2.31)

keDs keDy,

arriving at an integral over the complete integration domain. The non-trivial point here
is that we have to exchange the order of the two summations in one of the contributions.
While e.g. in the first term with £ restricted to the soft domain Ds, the summation ) j
of the soft expansion is absolutely convergent, we cannot easily claim convergence for
the summation ), of the hard expansion when k& € D,. However, we are not summing
expanded integrands here, but integrals. And the only scale involved in the integrals
over the doubly-expanded integrand Ti(y?’s)l (2.29) originates from the boundary of the
integration domain, as all occurrences of the momentum p in the scalar products k - p
in the numerator can be pulled out of the integral. In fact, for dimensional reasons, we

know that
2\ ¢ A2 Ji+72/2
DET ) T o [p? ™ (A2)2 "2 (m) () : 2.32
/keDs ot st i (5z ) (7 (2.32)

because the only dimensionful parameter in the definition of the domain Dy is A%. By
the same reasoning, (2.32) holds if the integral is restricted to k € Dy, instead. As the
boundary has been chosen to obey m? < A? < [p?|, both the summations over i and over
J1,j2 in (2.32) converge absolutely, and their order can be exchanged at will.

We are now able to collect all pieces contributing to the integral F'. Writing

(h) _ (h) (s) _ () (hys) _ (h5)
F} _/Dij I, F _/Dij I, F _/D/.ch. I (2.33)

/L?]

— 11 —



for the individual contributions and

h) _ (h) ) _ (5) hys) _ (h.s)
FW=3"F" PO =3"F, P =N (2.34)
j j ij
for the summed-up series, we obtain
F=F® 4 pt) _ plhs) (2.35)

for the original integral after the above transformations. Note that all integrations involved
in (2.35) are performed over the whole integration domain R%. So all restrictions to the
two individual domains Dy, and Dy drop out and the final terms in (2.35) are individually
independent of the separating scale A%. Thus the exact position of the boundary between
the domains is irrelevant, and we could have defined the domains e.g. in the following way:

Dy, = {k e R?: |kK*| > m?}, Dy ={keR": |k} <m?}, (2.36)

where “<” is understood as the negation of “>>” such that D, Dy = () and D, UD, = R?
hold. In later examples we will not introduce specific boundaries between convergence
domains, but use rather “sloppy” specifications of the domains as above. It is understood,
however, that exact positions of the boundaries exist and could be specified if needed.
The first two terms in the final identity (2.35) correspond exactly to the contributions
from the hard (2.8) and soft (2.9) regions prescribed by the expansion by regions and
evaluated in the previous section. But now we have obtained a third term, subtracted from

(hss)

the first two. This additional overlap contribution F is absent in the recipe formulated

in section 1. Let us have a look at its terms:

(hs) _ (hs) 7 _ (M2)i (n1)j, (m?)' (=1)72 (2k-p)2
Fi7j1,j2 B /Dk Tivjl,jzl dl gyl (p2)mtie DE (k2)n2ti—ji 0. (2.:37)

These are scaleless integrals, which must consistently be set to zero when using dimen-
sional regularization. In fact, each of the integrals in (2.37) can be transformed by tensor
reduction into an integral [Dk (k?)~™ with some power n, and these massless tadpole in-
tegrals exhibit both ultraviolet and infrared singularities in such a way that they cancel
each other. (Individual parts of the integration have different convergence domains in the
complex plane of the space-time dimension d, but analytic continuation permits to combine
the pieces.) The integral

Dk 1 1
e — 2.38
/(162)2 €UV €IR (2:38)

is the only case in this class of integrals where ultraviolet poles 1/eyy or infrared poles
1/emr appear. In the special case ny = 1, ng = 2, where the original integral F' is finite, the
integrals of the overlap contribution (2.37) exhibit exactly those ultraviolet singularities to
cancel the ones in the soft contribution F(*) and those infrared singularities to cancel the
ones in the hard contribution . Although the overlap contribution £ is scaleless and
vanishes, it is this term which makes the complete result (2.35) separately ultraviolet-finite
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and infrared-finite. One can check explicitly (see appendix A.1.2) that the summed-up
overlap contributions (2.37) with ultraviolet and infrared 1/e poles separated cancel the
corresponding poles in (2.17).

Note that the overlap contribution terms (2.37) are the same as the doubly expanded
terms arising in an expansion by subgraphs [4].

(hss)

Having checked that the overlap contribution F is scaleless and vanishes, the orig-

inal integral is reproduced by
F=F® 4 p), (2.39)

This is exactly the sum of contributions which has been evaluated in section 2.1, where
we have assumed that we need these two regions (hard and soft) and evaluated them
according to the recipe of the expansion by regions. Now we have obtained the same
answer by mathematically transforming the original integral. Let us recapitulate what we
had to check on our way:

e For the two regions we had to find domains (D, and Ds) where their expansions
converge absolutely. These domains have to be non-intersecting (Dy N Dy = () and
cover the complete integration domain (D U Dy = R%).

e In the double expansion the order of the two expansions has to be irrelevant (“com-
muting expansions”).

e The overlap contribution from the double expansion involves only scaleless integrals.

These three points had to be proven explicitly for the example integral. The rest of the
transformations used in this section is general and applies to any other integral with a set
of regions and domains obeying analogous conditions. We will work this out in the next
section.

Note that we did not have to evaluate any of the integrals in F(")  F() or F(hs) in
order to prove the identity (2.35). It is sufficient to study the expansions at the integrand
level. And even for the form (2.39), where the scaleless overlap contribution has been
dropped, a look at the expanded integrand has been enough (although in other cases it can
be more involved to show that the overlap contributions are scaleless).

Remember how important it is within the framework of the expansion by regions that
scaleless integrals can be set to zero. In our example it is dimensional regularization which
regularizes scaleless integrals in such a way that they vanish. In some cases (see in particular
the examples in sections 6 and 7) this is not sufficient, and we have to use analytic regu-
larization as well. In the absence of such nicely behaved regularization schemes, however,
interesting patterns appear (see section 7.3 and appendix B) where overlap contributions
play an important role.

3 General formalism with commuting expansions

In this section the proof of section 2.2 is generalized to arbitrary integrals, with some
restrictions. Consider the following situation:

,13,



e We want to expand the integral

F—/Dk[, (3.1)

where the integrand I is integrated over the integration domain D. This can be a
one-loop integral (with D = R%), a multi-loop integral (D = R™?) or any arbitrary
integral.

e We have identified a set

R:{xl,...,x]\[} (3.2)
of N regions x;. Fach region x is characterized by an expansion
J

which, when applied to the integrand, replaces the latter by a series of expanded
terms. The summation index j can also represent a set of indices ji, jo, ..., but we
only write one index per expansion. These expansion operators also have to be defined
when they are applied to terms resulting from previous expansions (when multiple
expansions are generated). In such cases it may happen that a certain expansion
is an identity transformation and the set of summation indices represented by j is
empty.

e For each region x there is a domain D, C D such that the expansion T(*) converges
absolutely when the integration variable is restricted to k € D,.

Let us assume that the regions, expansions and domains fulfill the following conditions:

1. The domains are non-intersecting and cover the complete integration domain:

DyN Dy =0V # 2, | D.=D. (3.4)
T€ER

2. All expansions commute with each other:
TETE) = 7ETE) v o' € R. (3.5)
3. The original integral itself and all integrals over expanded terms — whether restricted
to some convergence domain D, or not — are regularized.

4. The series expansions T converge absolutely (or are properly regularized) even
when the expanded terms are integrated over the whole integration domain D instead
of just their convergence domain D,.

Condition 1 ensures that any integral over the complete integration domain can be split
into integrals restricted to the domains D

fri= /,@D’f—Z Pt o
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The consequence of this condition is that we might have to invent “auxiliary” regions
(which do not contribute to the final result) in order to cover the complete integration
domain D with the convergence domains D,.

Condition 2 is to be understood at the operator level of the expansions: Whatever
integrand the double expansion T@ 7)) i applied to, whether the original integrand I or
a term resulting from previous expansions, the order in which the expansions are performed
must be irrelevant, i.e. in all cases the same (multiple) series of doubly expanded integrand
terms is established. This condition, however, cannot be fulfilled in all cases where the
expansion by regions has been applied successfully. In section 5 this restriction will be
relaxed and the treatment of non-commuting expansions will be presented.

Condition 3 implies that we use a regularization prescription which provides a math-
ematically well-defined meaning to all integrals occurring in the formalism described in
this section. Usually this is dimensional regularization, eventually combined with analytic
regularization, but other schemes are possible.

Finally condition 4 requires a certain mechanism that makes series expansions converge
even outside their convergence domains. For loop integrals with dimensional regularization
this is usually the case. More generally, this mostly works for integrals where the boundaries
either lie at zero or at infinity such that they do not introduce new scales. Then the
integration over the complete domain D, although formally divergent, is regularized and
determined only by the scaleful parameters within the convergence domain, keeping the
series expansions as convergent as with integrals restricted to the convergence domains D,.
It is possible to apply the expansion by regions to other integrals, e.g. with domains D
involving finite boundaries, where condition 4 is possibly violated. But then the summation
of the series expansions has to be done with care, and it might be necessary to combine
certain terms which are individually divergent. This is a subtle issue in the expansion
by region and in the formalism presented here. Its consequences will be pointed out at
the relevant steps later in this section, and appendix B presents an example illustrating
this behaviour.

Let us introduce the notations to be used in this section. They have partially already
been defined for the example in section 2. Multiple expansions (replacing some integrand
first by its expansion terms according to one region and repeating this step with the re-
sulting terms for other regions) are denoted by

T =TT ) = 3T ), (3.7)

71,525

if the expansions are commuting, i.e. their order is irrelevant. The j-th order expanded
integral according to the region x is denoted by

@ — [pE7@®
F = [oerr, (3.8)

and its summation to all orders by

F@O=3N"F =% /Dk 1, (3.9)
: j

J
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where the integrals are performed over the complete integration domain D. Analogous
notations are used for multiple expansions:

(x » L ’) — ($ »L2;5e ) s L2yeen) — (x ;L 7)
F) = [Dernen, peee o ST EREO . )

J1,J25e-

The restriction of an integration to a domain D, is indicated by a lower index in
square brackets:

Fiyj = / DkI,  Fi)= / DET" I, ete. (3.11)
k€D, k€D, )

If the integration is performed over the combination of several domains, we write

n

_ (') _ N )
Floi btz = ZF[M ) Fj,...[x1+...+xn] = F [z,] (3.12)
i=1 =1

The absolute convergence of each expansion T®) within the corresponding domain D,
implies that we can safely replace any integrand I’ (the original integrand I or the re-
sult of previous expansions) by its expanded series if the integration variable is restricted
tok € D,:

T =N"TT fork € D, . (3.13)

Absolute convergence also implies that we can pull the summation of such an expansion
out of an adequately restricted integral, using the notation of (3.8)—(3.11):

(',...) (z,@,...)
Fiay = Fij —ZF @ Bl = 2B (3:14)
j

Now we can start with the original integral (3.1) and split the integration into the
N domains corresponding to the N regions, according to (3.6). In each domain we replace
the integral by its series expansion according to (3.14):

F= ZFM_Z [x] (3.15)
T€ER xER

The right-hand side of (3.15) involves a sum of N series expansions with each integral
restricted to the corresponding convergence domain. This is a special case (with n = 1) of

> R (3.16)

{z},...x},}CR

the expression

where the sum runs over all subsets of n distinct regions out of the N regions in R (1 <n <
N). Each integrand is multiply expanded according to these n regions, and the integrals
are performed over the combination of the n corresponding domains. Let us postpone for
a few lines the question whether the expression (3.16) is a convergent series expansion,
despite the fact that (for n > 1) the integrations are performed over larger domains than
the convergence domain of each of the n individual expansions.
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If n < N, i.e. if the integrations in (3.16) are not performed over the complete inte-
gration domain D yet, the regularization of the integrals (see condition 3 above) allows
to extend all these integrations to k € D when compensating for this by subtracting the
integrations over the additional domains:

Fliem) o § i)

[ ttah] © L Ttegn [ Al
jl"“’]n

_ (z)5esxh) (2!,...z")
N Z <Fj1"1"’j" N Z Fj1,.1..,jn [a:;H_l]) : (3‘17)

Jtseesdn CC;,L+1ER\{CC/1,...,Z‘;.L}

The subtraction terms are integrals performed over one domain D,/ ., each (where ],
runs over all regions which are absent in the subset {z],...,2],}). These subtraction terms
can be replaced by their expansions according to (3.14):

!

F(I/pm’x%) - Z F(93'17-4~@§L733n+1) 7 (3.18)

Jisesdn [1';1_‘_1] o J15esdnsdn+1 [$;1+1]
jn+l
where we have already used condition 2 above that the expansions commute. Now we sum
the individual terms in (3.17) separately and write

FEh) gl eah) 3 Fo ) (3.19)

T,
[ +... 4], [ 44]
oy, ER\{2y, 2}

This is a non-trivial step. Even if the complete expression (3.17) is a finite series expansion,
this does not necessarily mean that all summations in (3.19) are individually convergent.
Depending on the parameters involved, especially the boundaries of the complete domain D
and the boundaries between the individual domains D,, we might have to regularize the
summations in (3.17). We may e.g. think of truncating the summations by some upper
limit (j; < Jjmax Vi), thus limiting the accuracy of the expanded expressions, but dealing
only with finite sums. This truncation is removed (by jmax — 00) only in the end when
the summations have been combined into convergent ones (cf. condition 4 above).

For reproducing (3.16) we finally we have to sum (3.19) over all subsets of n regions
{z!,...,2),}. The subtraction terms yield summations over subsets of (n + 1) regions,
where each term appears (n + 1) times with different integration domains Dy o

n+1

(xllv---vx{rwxlrri»l) _ (xll""vwfrrkl)
) > Pl = 2 By
{#}, 2 YCR 2y, €R\{z],...,z1, } {#h, 2l JCRi=1
_ (xllv"'vw'/n+1)
- > Flott. val 11 (3.20)

{#h 2], JCR

This requires not only that the expansion commute (condition 2), but also that the order
of the series summations in (3.20) can be exchanged, which in turn requires their absolute
convergence. For the example presented in section 2.2 this has been shown explicitly.
I cannot provide a rigorous proof for this convergence issue in the general case treated
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here, but I am convinced that even divergent series in intermediate steps of this derivation
(which then have to be regularized) are not problematic when condition 4 ensures the
convergence of those sums which remain in the final result. Note that this problem only
arises when the series expansions are summed up to all orders. If an approximation with
limited accuracy is sought and the series expansions are truncated at some finite order of
the expansion parameter, then convergence problems of individual (intermediary or final)
terms are absent.
Combining all terms from (3.19) and (3.20), the expression (3.16) yields

> F[(x?/li.':fﬁcl] = ) F@em R F[(x?ij.'.’féi)l] - (3.21)
{z},....z),}CR {z},....2),}CR {#] sy, 1 JCR
The first term on the right-hand side consists of integrals performed over the complete
domain D. We want to keep such terms for the final result. The second term is exactly the
same as the one on the left-hand side, but with n replaced by (n+1) and with opposite sign.
Thus (3.21) represents a recursion formula which can be iterated from n = 1, as in (3.15),
up to n = N — 1. This allows us to write the original integral in the following form:

F=SF&_ Y peha) .y _(cpp 3 plfead)

xER {2}, 24}CR {z},....z),}CR
+ ... — ()N FEren) o (3.99)

This is the master identity for the expansion by regions in the formalism presented in this
section. It involves only integrations over the complete domain D, so at least the series
expansions in this final result are all convergent if condition 4 holds.

The master identity (3.22) involves single and multiple expansions, according to the
N regions z1,...,zyx and all of their combinations, with alternating signs. The recipe
for the expansion by regions presented in section 1 only knows about the first term on
the right-hand side of (3.22), where a single-expanded integrand according to each region
is integrated over the complete domain. This means that all other terms with multiple
expansions must vanish in “normal” situations for the recipe to be valid.

Indeed, if the regularization of a loop integral and the regions are chosen properly,
then each of the terms Fj(x) (i.e. the single-expanded terms present in the known recipe)
is a single-scale integral yielding a homogeneous function of the expansion parameter with
a unique scaling® (cf. section 2.1). Every further expansion of such a single-scale integral
according to a different region (which would yield a different scaling with the expansion pa-
rameter) makes the integral scaleless such that it is set to zero. This is why usually the terms
with multiple expansions do not contribute to the asymptotic expansion of loop integrals.

But the identity (3.22) is more general: It is independent of the chosen regularization
scheme, as long as all individual terms are mathematically well-defined (as required by

!This means that each term in the series of expanded integrals depends on the expansion parameter by a
simple power which is different for each region. If two regions share the same dependence on the expansion
parameter, then their overlap contribution does not have to be scaleless. Note that single-scale integrals as
understood above may exhibit a non-trivial dependence on additional parameters or ratios of O(1) which
are considered neither small nor large in the expansion.
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conditions 3 and 4). The identity (3.22) can also be applied to other types of integrals or to
loop integrals which use other regularizations than the standard dimensional and analytic
ones. In such cases the overlap contributions, i.e. the terms in (3.22) with expansions
according to more than one region, may become relevant.

While these overlap contributions arise naturally out of the formalism presented here,
they have already been noted in the context of effective theories and are called “zero-bin
subtractions” there (see e.g. [11, 12]). The overlap contributions in (3.22) have exactly the
same form of multiple expansions as what is — usually only to leading order — introduced
in the literature under the name zero-bin subtractions. The identity (3.22) clarifies the
whole picture of subtractions which are needed in the general case.

One example where overlap contributions (or zero-bin subtractions) are relevant is
provided in [12] where A-regulators are introduced which push all propagator denominators
artificially off-shell by some amount. These A-regulators introduce new scales into the
integrals. Therefore the contributions from each region are not homogeneous functions
of the expansion parameter and the overlap contributions are not scaleless. Note that the
authors of [12] only consider the overlap of each collinear region n,n with the soft region s,
in the language of this section F(™*) and F(™%)  The identity (3.22) would have told them
that the full result is (assuming that this set of regions is complete)

F=prm L p) L pls) _ pls) _ plas) _ pra) | pleis) (3.23)

But the soft expansion of their integral is identical to the combination of the two collinear
expansions, such that F®) = p(nn) — p(s) — ps) — p0uns) - Cancelling the last two
terms in (3.23), the result can be written as

F= <F(”) _ F(”’S)> + (F(ﬁ) _ F(W) + RO (3.24)
as they did, or by omitting the (irrelevant) soft region:
F=F" 4 p® _ phn) (3.25)

The master identity (3.22) is an exact relation for the original integral F. It involves
the summation of the single and multiple series expansions to all orders according to the
definitions (3.9) and (3.10). If instead only the leading terms of the right-hand side in (3.22)
are taken into account, then an approximation for the integral F' on the left-hand side is
obtained. The expansion parameter by whose powers higher-order terms are suppressed is
related to the parameter hierarchies exploited in the expansions 7@). While intermediate
expressions in the derivation of this formula involve the boundaries between the convergence
domains, the final result (3.22) is independent of these boundaries, and so are the series
expansions in the master identity.

A leading-order asymptotic expansion of the integral F' can also be obtained directly
without ever touching infinite series expansions. If, in the steps (3.15) and (3.18) above,
the integrands are simply replaced by their leading-order expansion terms according to the
regions x and 11, respectively,

() (] 7"'7$;L) (xl 7"'7$’ln.7x'ln. )
F— Z Fy [x]° Fo,..l.,o [z5,44] - Fo,..l.,o,o [I;MT ) (3.26)

,19,



Figure 2. Loop integral for the threshold expansion.

then higher-order terms are neglected which are suppressed either by powers of the expan-
sion parameter or by other small parameter ratios involving the boundaries between the
convergence domains. Remember that these expansions are only introduced when they are
absolutely convergent because the integration variable is restricted to the corresponding
domain, D, or D%H’ respectively. In the course of the derivation above, with all sum-
mations replaced by their leading terms, the contributions are combined such that any
dependence on the boundaries cancels out. Finally the leading-order approximation

R=SF"- S FR&e-cor S Ry

v€R {25} CR {2, }CR

+o = (FDONETY(3.27)

is obtained, which reproduces the original integral F' up to terms suppressed by powers of
the expansion parameter. The leading contributions from the different regions may start
at different powers of the expansion parameter such that only some of the terms in (3.27)
are actually leading-order contributions while others are suppressed.

The leading-order expression (3.27), although it may be derived from the all-order
result (3.22), has a value of its own because it still holds when the validity of condition 3
above cannot be verified for higher-order terms or when condition 4 is violated because
the summations do not converge individually. Appendix B illustrates such a behaviour
of the expansion by regions with an example involving a finite integration boundary and
non-converging series expansions.

4 Example: threshold expansion

Before generalizing the formalism of section 3 to non-commuting expansions, let us apply it
to another example. The threshold expansion of the one-loop three-point integral presented
here is also the first example treated in the original paper [1]. It is illustrated in figure 2.
We choose the loop-momentum parametrization which the authors of [1] only use for the
soft /ultrasoft region because this parametrization is better adapted for what we want to
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demonstrate here:

F= /Dk[, with [ = I1I2I3 and

1 1
(L+p+k)2—m2)"  (K+q-k+2p k)™’
1 1 1

I

((%—p—k)Q—Trﬂ)nz (k2 —q-k+2p k)2’ (4.1)

We will only evaluate this integral for ny = no = n3 = 1, but we need the general propagator
powers for the analytic regularization of some contributions. In the expressions (4.1) for
the propagators the on-shell conditions (% + p)? = m? have been used. These also imply
q-p=0and p? = m? — ¢*/4. We are interested in the threshold regime ¢* ~ (2m)?, where

¢ > |p?|. (4.2)

Let us choose as a specific reference frame the centre-of-mass system of the momen-
tum ¢, where

(¢") = (40,0) and (p*)=(0,7). (4.3)
The propagators then read

1 1
_[1 = = = 5 -[2 = =, = 9
(kg — k% + qoko — 27 k)™ (kg — k2 — qoko — 2P~ k)"
1

(kg — Ry

I3 = (4.4)

and we are looking for an expansion in powers of |p'|/qo < 1. The loop-momentum com-
ponents ko and k are multiplied with prefactors of different orders of magnitude in the
propagators I; and Iy. Thus it is natural that we also get a region which distinguishes
between kg and k. The three regions needed for this example are

e the hard region (h), characterized by kg ~ k ~ qo, with the expansion

0 , 25 - k)
T(h)ILQ — Z (n1,7‘2)j _’( p ) - fz‘v(h)_[3 _ 13 , (45)
=0 J: (k(% — k2 £ qoko)™1 21

converging absolutely within Dy, = {k € D : [k| > || V |ko| > |7},
e the soft region (s), characterized by ko ~ k ~ i, with the expansion

s s (—K2)I1 (K22 (25 - k)3
On,= Y (n1,2) 5125 (—Kg)”* (K7)72 (2P ()7 _
ha = Ji! g2l j3! (£qoko)m12tin2s ’ Ty =1s, (4.6)

J1,J2,93=0

converging absolutely within Dy = {k € D : k| < |kol < 171},
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e and the potential region (p), characterized by ko ~ §%/qo and k ~ P, with the
expansion

107, = 32 (1) (H3
’ « G (k2 qoko — 25 k)Mt

J

(n3); (=3 (47

T® [, — _ ’
3 IV (=k2)ns+i

M

i
=)

J
converging absolutely within D, = {k € D : |ko| < k| < 7},

where D = R? is the complete integration domain. We do not have to specify the exact
positions of the boundaries between the convergence domains, and the relation “<” is
understood as the negation of “>” like in (2.36). So condition 1 of the formalism in
section 3 holds:

DyNDs=D,ND,=DsND,=0, DyUDs;UD,=D. (4.8)

All expansions commute with each other (condition 2), and the multiple expansions read:

(hv 3) : T(h7S)Il,2 = T(S)Il,2 ) T(h’S)I3 = 13 ,
(hp): TOOL,= % (n.2)j, (ko)™ (20 k) e, W),
’ j1.ja—=0 Ji! ja! (—k2 + qoko)n1,2+J12
(s.p): TP, =T N, TCP L = TWI,
(hys,p): TSP =TT, T3Py = TP 5.

(4.9)

Appendix A.2.1 demonstrates that the expansions (4.5)—(4.7) converge absolutely when
the integration variable k is restricted to the corresponding domain. The domains Dy,
D, and D, have been chosen as large as possible within the convergence domains of the
expansions. They contain parts which do not correspond to the scaling of the loop momen-
tum components specified for each region. We may e.g. have |k| < |ko| within D,, which
contradicts k ~ ko ~ p. But by choosing such enlarged domains we avoid the introduction
of additional, artificial regions for covering the complete integration domain.
The expanded integrals read

) _ f: (1), (n2)j,
J1,52=0 jl!jQ!
. / Dk (25 - k)72
(kg — k2 + qoko)™ 71 (k3 — k2 — qoko)2+72 (k3 — K2)ns |
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F(s) _ i (nl)j123 (n2)j456
= Jil- - !
Jis--,J6=0
y / Dk (_kg)jm (];;2)j25 (25 - E)j% _’
(qoko + 10)™1 5123 (—qokq + i0)n2 456 (k% — k2)ns

o0

FO = 3 (n1)j1 (n2) s (13) 5

Jilga! gs!

J1,J2,J3=0

y / Dk (_k%)jlm
(—K2 + qoko — 25+ k)m+ir (—k2 — qoko — 2 k)rata2 (—k2)nstis

Fhs) = pls)

he o~ (M), (n2) )3, (na));
D B e

y / . Dk (—kg)jl% (275 - k)72 q
(_k2 + quQ)"1+j12 (_kQ — quO)N2+j34 (_k2)n3+j5

J15-,35=0

Fsp) — i (n1>j123 (n2>j456 (n3>j7

PR R |
J1se-sd7=0 Jr- J7
y / Dk (_k%)hw (EQ)j25 (27 - ];;)j%
(qoko + 10)™M+7123 (—qokg + 90)n2 456 (_E2)n3+j7 ’

F(hzszp) — F(S,p) . (410)

As we will see in a moment when evaluating the expressions in (4.10), the integrals there
are well-defined through dimensional and analytic regularization, and the summations are
absolutely convergent. So also conditions 3 and 4 of section 3 hold, and the original
integral (4.1) can be expressed through the master identity (3.22):

F=rW 4 p6) 4 pl) _ plhs) _ plhp) _ plsp) . plhisp) (4.11)

Now, independent of what the contributions F(¥) and F(*?) are, we can see that they
drop out because the hard expansion 7™ does not change the integrand if the latter has
been expanded via T®) before, i.e. F(1:5) = F(s) and Fhsp) — F(s2) | and therefore

(F(S) _ F(hvs)) — (F(Svp) — F(hvsvp)) =0. (412)

So all terms including the soft expansion in (4.11) do not contribute to the result.
Examining these terms nevertheless, we recognize them as scaleless contributions: Scal-
ing the loop momentum by kg — Akg and k — Ak in the integrals of F(*) and F(*?) in (4.10),
we notice that each of these integrals is identical to itself times \3—"1272n3+j1245-2¢  Within
dimensional regularization (e ¢ Z) and analytic regularization (n; ¢ Z), this factor is dif-
ferent from 1, so the integrals are scaleless, they either vanish or diverge. Without analytic
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regularization, the integrals of F(*) and F(P) are regularized by the (3—2¢)-dimensional k-
integration, but the one-dimensional kg-integration can still be divergent when it is consid-
ered separately and evaluated before the E—integration. In particular, the kg-integration is
then singular because the integration contour is pinched between two poles both at ky = 0,
but on different sides of the contour.? So, strictly speaking, we need analytic regularization
(through non-integer powers of the first two propagators) or some other additional regu-
larization here in order to make the integrals well-defined. Then the contributions F(%),
F(hs)  plsp) and FsP) are scaleless and must be set to zero.

A similar argument shows that the contribution F"P) in (4.10) is scaleless as well:
Scaling the loop momentum components by kg — A2ky and k— )\E, each of these integrals
is found to be identical to itself times \>~2m123+2j185=524=2¢ S also F(MP) vanishes.

Finally we obtain
F=FM 4 p®, (4.13)

The evaluation of these two remaining contributions is sketched in the appendices A.2.2
and A.2.3. For n; = ng = n3 = 1 the results read [1]

2\ € s 2\ J
) — 2 (4,u> e I'(e) Z (_4}7) &7
¢\ ¢ = ¢ g1+ 2e + 2j)

1 <u2yémﬁ+dﬁ‘

22— i0) \P? —i0 2

Note that the potential region only has a leading-order contribution, its higher-order in-

F®P) = (4.14)

tegrals vanish, cf. appendix A.2.3. The series expansion of the hard contribution F (h) g
absolutely convergent for |p?| < ¢? as required by condition 4 in section 3. The hard
contribution can be summed up and expressed through a hypergeometric function:

2 (4p2\° em T (e) 1 3 4p?
) — 2 (22 ) " p(1 — 4=+ —m|. 4.15
q2<q2> Tac Itz tagta—0s (4.15)

The original integral (4.1) can alternatively be solved by introducing a Mellin-Barnes
representation. For n; = no = n3z = 1 the Mellin-Barnes integral reads

2\ ¢ _evE 100 2 __ s Z _
F:1<4u> e / dz<4p 220) I( z)F(l—I—e—l—z)’ (4.16)

q® \ ¢2 € um q —%—e—z

—100

where the pole at z = —% — ¢ lies to the right of the integration contour. An asymptotic

expansion in powers of p?/¢? is obtained by closing the z-contour to the right. The residues
of the poles of I'(—z) reproduce the hard-region expansion F*) in (4.14), whereas the

residue at z = —% — ¢ yields the potential contribution F(®).

’In [1] the authors argue that the pinching of poles must be ignored in the soft region because these
poles have already been taken into account through the potential region. In the formalism developed here
we cannot use this argument because we have to take the integral as it arises from the expansions, and all
possible double-counting is eliminated via the subtractions of the overlap contributions.
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The Mellin-Barnes representation (4.16) also permits to perform an asymptotic expan-
sion in the opposite case, |p?| > ¢2, by closing the contour to the left. Here only one series
of residues, from the poles of T'(1 + € + z), contributes and is expressed through a single
hypergeometric function:

1 w2\ 13 —¢
Jo— D)oy (146, =0T ) 417
2p? <p2i0> eTrIe)2 1< TeyY T 0 (4.17)

Through analytic continuation of this result to ¢® > |p?| by inversing the argument of the
hypergeometric function (see e.g. [14]), the sum of F(" (4.15) and F(®) (4.14) is recovered.

5 Formalism for non-commuting expansions

Let us return to the general case. When introducing the general formalism in section 3,
we required (condition 2) that all expansions commute with each other. As we will see in
examples, this condition cannot always be fulfilled by a proper choice of the regions. In
the following paragraphs a generalized formalism is developed which relaxes this condition
to some extent.

We start with the same situation as described at the beginning of section 3: The
integral ' = [DkI with integration domain D shall be expanded. We have a set R of
N regions, R = {z1,...,zy}. Bach region z is characterized by an expansion T*) =
> y Tj(m) which converges absolutely within the domain D,. Conditions 1, 3 and 4 hold, i.e.
the domains are non-intersecting and cover the complete integration domain D, all integrals
over expanded terms are regularized, and the series expansions F'(*) (with integrals over
the complete domain D) converge absolutely.

Condition 2 is relaxed to the new condition 2a:

2a. All expansions corresponding to regions within some subset R, C R commute with
each other and with expansions of any other region in R:

T@TE) = 7T v e R, 2’ € R. (5.1)

In other words, two expansions can be interchanged if at least one of them belongs to a
region from the subset R.. Without loss of generality let the subset R. contain the first
N, regions from R:

R. ={z1,...,zNn.} C R, 0<N.<N. (5.2)
Let
RHCZR\RC:{.I’NC+1,...,.TUN} (5.3)

be the subset of regions with non-commuting expansions. Then two expansions are non-
commuting only if their corresponding regions both belong to Ry.. We do not specify how
small or large the set Ry, can be within R, but the formalism developed in the following
will only provide useful statements if there are still regions left within R.. Obviously the
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case N, = N — 1 is equivalent to N. = N because a single region within R,. would still
provide an expansion commuting with all others, as specified in condition 2a above.
The notations introduced in section 3 are used here as well, with one addition: Ac-

cording to (3.7), a multiple expansion T(*1:#2:) = D 1o TJ(E;?)

. rs . . . .
expansions TJ(Z ) commute with each other, i.e. at most one of them is a non-commuting

implies that all these

expansion of a region from R,.. Whenever two non-commuting expansions are applied
successively, the order of their application has to be specified. We define

) S i) plhead) = N pEen) gl 0l € Ry, (5.4)

J2,J1 J2 Ji J2,J1
J1,J2

as the operator which first expands according to the region ), then according to the
region ), indicated by the arrow in the superscript. Such a pair of non-commuting expan-
sions may be combined with further commuting ones corresponding to regions from R..
They are specified in a comma-separated list because the order of their application with
respect to each other and to the pair of non-commuting expansions is irrelevant:

TEC ) - PP p) ) e R (55)

J25715J35--- J2 J3 J3 J

Exactly as in section 3, we start by splitting the integration into the N domains and
expanding each restricted integral accordingly, see (3.15):

F=3 FY. (5.6)
z€ER

The right-hand side of (5.6) is a special case (for n = 1) of the expression

<RC+1> / / )
Yoo R (5.7)
{z!,...,®,, }CR

where each integrand is multiply expanded according to n regions and integrated over the
combination of the n corresponding domains. The sum runs over subsets of n distinct
regions, as in section 3. But the superscript (R, + 1) indicates that the sum is restricted to
such subsets which contain at most one region from Ry, with a non-commuting expansion:

(Re+1)
> - 0y =y 39
{z}, @ }CR {z,...2,}CR, {@], @1 }CRe,
{#], 2 JNRue=0 or {z} 2/, €R\{z},....x’,_,}
This restriction ensures that all expansions T*1), ... T@n) in (5.7) commute with each

other and that the multiple expansion can be written in the form (5.7). Obviously such
a restricted sum over subsets of regions excludes any pair of regions from R,. with non-
commuting expansions.

Following the steps of section 3 in (3.17)—(3.19), we extend the integrations in (5.7) to
the complete integration domain, compensating for this by subtraction terms:

F(xlv %) _F(xlv ST _ Z _Fw(x17 - n) (59)

[z1 4.+ (%5 41]
m',n,+1eR\{aj/177x’/n}
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Note that, in contrast to (3.19), the subtraction terms in (5.9) have not yet been expanded
according to the additional region z],, ;. We can perform this expansion T(”’C:LH), but we
have to distinguish two cases here: If {2, ..., 2], } C Rc or x;, | € Rc, then all expansions
T(l"/l), . ’T(%H) commute with each other and we proceed as in section 3:

/ /
T, ,T

F(Il17’z;’b) o F(J}i,, n+1) . (510)

[I;L-H] B [95;7,-5-1]
But if ], | € Ry and also {x], ..., 2] } already contains one region from R, (let us assume
without loss of generality that o) € Ry, and {a5,...,2),} C R.), then

F(l'llva-rln) o F(:Bil_‘_l%x/l,x/z,xfn)
) N Y ’
n+1 n+1

(5.11)

because the expansion 7*1) has been performed before Tnia), Summing these terms
according to (5.7) and (5.9), we get two contributions, one in analogy to (3.20) in section 3,
the other involving pairs of non-commuting expansions:

& Cy
2. 2. Ry

{#h,a, }CR ), €R\{2],....x }

(Re+1) n+1 (! ) (2}, 2! ")
— F 1o ¥n41 F 2 10T3 9 Tp41 )
2 Z 7 D INEDY > A
{z’l,...,x;Jrl}CR i=1 @) €ERne  wHERnc, {xé,...,ac;lJrl}CRc

A
F(x/17“"‘rln+l) 2
/ !

[$1+"-+mn+1}

(5.12)
We arrive at the following recursion formula for the expression (5.7):

(Rc+1) (Rc+1) (Rc+1)

(@507 E (2 ,eyzh) (@ 55y, 1)
— 1rbn/)

Z F[:Jc’1++mél] F 2 : F[x’1+...+x’n+1]

{z,....z},}CR {z,...x},}CR {af 2l JCR

@} @ €Rne, {252, 1 }JCRe
Ty FTY

The first two terms on the right-hand side of (5.13) look similar to the ones in (3.21), but
their sums are restricted to combinations of expansions which commute with each other.
The first term involves integrals performed over the complete domain D and will be kept
for the final result. The second term is reinserted on the left-hand side when the recursion
formula (5.13) is iterated from n =1 as in (5.6) to n = min{N, + 1, N — 1}. The recursion
ends when n = N.+1 because this is the maximal number of regions which can be combined
into a subset with commuting expansions, i.e. subsets containing all regions in R. plus one
region out of R, each. In the last step of the recursion, when n = N.+ 1, the second term
on the right-hand side of (5.13) is absent.

Finally the third term on the right-hand side of (5.13) sums over pairs of regions
with non-commuting expansions plus an arbitrary number of commuting expansions. The
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integrals in this term are performed over the convergence domain Dy, of the non-commuting
expansion applied last. Also these terms are kept unchanged for the final result, so no
combinations of more than two non-commuting expansions appear in this formalism.

The recursion results in the following expression for the original integral F:

(Rc+1) (Re+1)
F= Z F@ _ Z F@wee) () Z F@an)
zER {2}, x4}CR {z},...xl,}CR
+o (DN YT plteene
' €Rne

(zh+=h) n (zh+a,x,....xl)
+ > <—F[x,j V= (-1) >, R

@ ,x5 € Ruc, {a,...; 2" }C R,
! /
Ty ATy

+ .. = (=) F[(gcz%%mll’ml"“’z%v . (5.14)
This is the generalized master identity for the expansion by regions with non-commuting
expansions. The terms in the first two lines of (5.14) look familiar when compared to
the ones from section 3 in (3.22). The first term is exactly the same: single expansions
according to all regions, integrated over the complete integration domain, corresponding
to the known recipe of the expansion by regions.

Also the following terms in the first two lines of (5.14) are similar to the identity
from section 3: Multiple expansions integrated again over the complete domain. Here only
those combinations of expansions appear which commute with each other, but otherwise
these terms are the same as in (3.22). Whether they are scaleless or relevant contributions
depends on the same properties of the regularization and choice of regions as described in
section 3.

The terms in the last two lines of (5.14), however, are disturbing. Each of them is an
integral performed over the convergence domain Dx/2 of a non-commuting expansion. We
would not expect such terms to appear from the expansion by regions. And we cannot be
sure that the series expansions in these terms converge separately, because such restricted
integrals are not covered by condition 4 from section 3. So we have to clarify why and
under which circumstances these extra terms vanish.

There is a general argument why these extra terms should cancel among themselves
if we only have a small number of non-commuting regions such that the boundaries of
their convergence domains can be varied independently. The complete integral F' must
be independent of the boundaries between the convergence domains D,. But all integrals
in the large round brackets of (5.14) are only performed over the subdomain D, . 1If the
boundary of Dmé is varied infinitesimally without changing the boundaries of the other
regions from Ry, then the expression in the brackets and therefore the complete result
changes — unless the sum of all the integrands within the brackets vanishes close to the
boundary. And because the position of the boundary is quite arbitrary within some range,
we may expect that the sum of the integrands vanishes all over D, in order to make the
complete result independent of the boundary.
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In the following we use a different, more formal way to show that the extra terms
cancel. We impose an additional condition on the expansions:

5. For every combination of two non-commuting expansions, there is a region from R,
whose expansion does not further change the doubly expanded integrand:

Vo', o € Rue, @) # ab, Iz € Re : TE271:8) = pwa¢e) (5.15)

In every example with non-commuting regions which I have studied so far, this is indeed
the case. A few such examples are presented in sections 6 and 7 and in appendix B.2 of
this paper.

If condition 5 holds, then, for every pair 2,z € Ry, the extra terms in the round
brackets of (5.14) can be grouped in pairs of two, with and without this particular region
r € R, involved:

_ pl@peal) (ﬂf'zFx’pw)>

R e
_(_ n (IIQFI/hx/l/""?x%) _ (Ié(*xll,x’x,{’,,,,xfr{ )
(—1) 3 (F[x,ﬂ R +o (5.16)
{a?, s }C R\ {=}

With the equality of the expansions imposed in (5.15), these combinations of integrals
vanish at the integrand level, as

F(mé(—x’l,x) . F(xé(—x’l) F(wé(—m’l,m,w’l’,...,xg) _ F(wé(—m’l,m’{,,z%)

(3] T =) ’ [25)] (5] ’

(5.17)

and therefore all extra terms in the round brackets of (5.14) cancel with each other
and vanish.

We conclude: If condition 5 holds, the master identity for the expansion by regions
with non-commuting expansions reduces to

(Re+1) (Re+1)
F= Z Fl@) _ Z FELTh) (—1)" Z F@h)
zER {z 2 CR {z},....2!,}CR
+ ...+ (—I)Nc Z F@ e . (5.18)

z'€Rnc

which reproduces the identity (3.22) in section 3 with the difference that the sums over sets
of expansions are now restricted to such combinations which commute with each other.

Note that, as in section 3, it is possible to restrict the derivation of this identity to the
leading-order term in each expansion, yielding the leading-order approximation Fy (3.27)
for the integral F' with the same restrictions on the sums over regions as in (5.18).

6 Example: Sudakov form factor

A toy example for non-commuting expansions can be found in appendix B.2, where it
is discussed in the context of divergence problems with the series expansions. Let us
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Figure 3. Vertex correction to the Sudakov form factor.

study here as a “real” loop integral with non-commuting expansions the one-loop vertex
correction to the Sudakov form factor: a three-point function with one massive exchanged
particle where one leg is off shell by a large amount, whereas the other two are on shell
(and massless, for simplicity):

F= /Dk[, with I = 11,13 and

1 1
[ = T — ,
' ((k+p)2)™ (k> +2p1- k)™
1 1 1
I, = - Iy = (6.1)

((k+p2)2)™ (K24 2pg - k)n2’ (k2 —m2)ns’

with p? = p3 = 0 and (p1 — p2)? = —2p1 - p2 = —Q% < 0. This integral is illustrated in
figure 3. We consider the integral in the Sudakov limit

Q* > m?, (6.2)

so we want to expand it in powers of m?/Q?. We are particularly interested in the case
ny = ng = ng = 1, but we will use the propagator powers, especially n; and ns, as
analytic regulators.

In the Sudakov limit the integral (6.1) is characterized by the two light-like directions p;
and po. It is convenient to parametrize any momentum k through the light-cone coordinates

2
ki = épLQ . ]{2 (6.3)

and the perpendicular components k| such that

=k Dkt 2 4k withpro k=0, k2 =—K2. (6.4)

Q Q

In terms of these light-cone coordinates, scalar products are given by

R ke

k-t . —k 0, K=Kk -k, (6.5)
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the propagators read

1 1
. I = .
(k+k— — B2 + Qk*t)m 2T (ke — K2+ Qho)m
1
(k+k= — k2 —m2)nms

I =

I3 = (6.6)

and the integration measure (2.3) factorizes into

26 e€VE d2 n 3
/Dk— S /d kl/ dk* dk~ . (6.7)

When looking for the relevant regions of this integral, let us start with the known hard
and collinear types:

e the hard region (h), characterized by k* ~ k= ~ k| ~ Q, with the expansion

00 2\j
7MW, =1 (m’) 6.8
12=112, JZO ], (b — Ryt (6.8)

converging absolutely within D, = { keD: l;i > mQ},

e the I-collinear region (1c), characterized by kT ~ m?/Q, k= ~ Q and k|~ m, with
the expansion

oo RV (2 )2
(1e)7. (1e) 7 _ (n2)j1, (=kTE7) (k1)
Tha=ta,  THR= ), St @k 0 9
J1,J2=

converging absolutely within
Die={keD: k"< QAR <Qk~| AR <m?},

e and the 2-collinear region (2¢), characterized by k™ ~ Q, k= ~ m?/Q and k|~ m,
with the expansion

s ) Lt Vit (B2 Vd2
S )y (ZRZE R (B T 5 = I, (6.10)

converging absolutely within
Dy ={keD\Di.: k7| <Q Ak} < QK| A k2 <m?},

where D = R? is the complete integration domain. The domains Dy, D1, Do, have been
chosen to cover as much of each expansion’s convergence domain as possible, but in such
a way that they are non-intersecting. In particular, in the domain with I_c?_ < m? and
12:?_ /Q < |k*| < @, both collinear expansions 71 and 7% converge. Here this domain
is attributed to Di. and therefore explicitly excluded from Ds., but this is an arbitrary
choice, and the boundary between Di. and Ds. can be chosen differently.
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Figure 4. Convergence domains of the regions for the Sudakov form factor in the case I:;?_ < m?.

For the convergence of T™ we assume that |ktk~ — Eﬂ > m? can be obtained
whenever I_ﬁ > m?, through an appropriate bending of the integration contours away
from the real axes where necessary to avoid cancellations between the terms k*k~ and
I;i Such convergence issues have been checked explicitly for the threshold expansion in
appendix A.2.1.3

Before we search for further relevant regions, let us state why we do not need a soft
region here. The soft scaling is kT ~ k= ~ k 1 ~ m, and the corresponding expansion

le,2¢) - expanding both propagators I

is equivalent to the double collinear expansion, 7'¢
and I according to (6.9) and (6.10).* So a soft, i.e. double collinear expansion is involved
anyway, even if we do not add a soft region. Adding a soft region would not change the
result within our formalism. As T = 7(1e.20) — p(les) — 7(2es) — p(1e2es) a]] additional

terms would cancel each other:
(_1)71 (F(s,xl,...,xn) o F(lc,s,zl,...,rn) o F(20,s,x1,...,zn) + F(lc,?c,S,ml,...,mn)) =0, (61]_)

for any set of other regions with z; & {1¢, 2¢, s}.

To determine which further regions we need, we take a look at which parts of the
integration domain D = RY are already covered by Dy, Di. and Dsy.. The domain with
l;i > m? is identical to Dy. For k2 < m2, the partitioning of the |k*|-|k~|-plane is
schematically shown in figure 4. Two corners of this plane are not covered by Di. and Da.:
The domain where both |kT| and |k~| are small, of the order l;i /Q. And the opposite
corner where both |k*| are large, of the order ). We associate these two missing domains

*Based on the same reasoning, we could have included into Dj, the domain with |[kk~| > m? and
l_c'i < m?. But this only works as long as the term kTk™ is present in the denominator of the third
propagator. We also need a region where k™ and k™ are both small (see below), expanding I3 by eliminating
ETEk™ from its denominator. A second expansion according to the hard region is then impossible within this
domain where Ef_ < m?. So we choose to exclude this domain from Dj, and rather establish an additional
region especially dedicated to large k*.

“See the expanded integral (A.47) in appendix A.3.1 for details.
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to convergence domains of additional regions and establish the corresponding expansions.
To the list of regions we add

e the Glauber region (g), characterized by kT ~ k= ~ m2/Q and k. ~ m, with
the expansion

TW 5 = i (n1,2); (—kTET)
’ ; 4! (_ki + Qki)m,ﬁj ’

7@, — i (na); _ (ZkTk7) (6.12)
3 3 (—k2 = m2)nsti '

converging absolutely within D, = {k‘ € D: Qk*| < Ei < mQ},

e and the collinear-plane region (cp), characterized by k™ ~ k=~ ~ @ and l%_ ~ m, with
the expansion

e . i2 )j
T(Cp)I — (n172)] ( 1L i
2= LT G Qe
o . 2 \J1 2)J2
T(cp)I3 _ Z (n3).712 (kL) (m ) (613)

PN +L—\n3+j12 ’
iy ! (k*k™)

converging absolutely within Dy, = {k € D : [k*| 2 Q A l_% <m?}.
While the Glauber region has some physical meaning and can yield relevant contributions
for other integrals or with other regularization schemes, the collinear-plane region is com-

pletely artificial and just needed to cover the integration domain with convergence domains.
We now have five regions with non-intersecting convergence domains which fulfill

Dy, UchUDQCUDgUDCp =D. (6.14)

Most of the corresponding expansions commute with each other, as one can easily verify,
with one exception: The Glauber and collinear-plane expansions do not commute, their
double expansions read

T(CP<—Q)[ = i (nl)j12 (n2)j34 (n3)j5 (_k+k7>j135 (Ei)j%
J1rmd5=0 il Js! (Qk+)mi+iiz (Qk—)ratiss (—k3 — m2)natis
T(9ep) 1 — i (1) 15 (n2) 34 (13) 56 (—ktk—)is (];;i)jym (m?)% (6.15)
Sl @k Qi e ko
J1s5ee6=

So we have a situation where the formalism for non-commuting expansions developed
in section 5 is needed. The sets of commuting and non-commuting expansions are
R. = {h,1c,2c} and Ry, = {g,cp}, respectively. Condition 5 (p. 29) is easily satisfied,
there are always several regions whose expansions do not further change the doubly ex-
panded integrands:

T(ereg1e) — plepeg,2c) — plereg)

T(94=cp,h) — plgecp,le) — plgecp2c) — plgecp) (6.16)
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Therefore the extra terms in the identity (5.14) vanish:
- F(6p<—9) + F(cm—g,h) + F(6p<—g,16) + F(0p<—g,20)

[cp] [cp] [cp] [cp]
. F(cpeg,h,lc) . F(cp<—g,h,2c) . F(cp(—g,lc,Zc) + F(cp<—g,h,10,2c)
[cp] [cp] [cp] [cp]

=(-1+2-D)FI 9 (1-24 1) FF M =0 (6.17)

and

F(g%cp) +l[p(swezml“b) +l[,ﬂ(urwcp,lc) JrF(gH:p,%)

9] 9] 9] 9]
(g¢cp,h,1¢) (g¢cp,h,2¢) (g+cp,1c,2¢) (g¢cp,h,1c,2c)
—Fy ~ Fig —Fy + Fig
= (-14+3-3+1)F{" =0.  (6.18)

We are left with the terms of the identity (5.18),
F=Fh 4 plc | pe 4 ple) 4 plep) _ (F(hvlc) + p(h2e) 4 p(hg) 4 p(hiep)

4 ple2d) 4 plleg) 4 pllecp) 4 p(2eg) F(zc,cp))
+ F(hJC:QC) 4 F(h,lc,g) 4 F(h,lc,cp) 4 F(h’2079) 4 F(h:QC,Cp) 4 F(lCQC:g) 4 F(lc,QC,cp)

_ ( phle2eg) 4 F(h,lczc,cp)) , (6.19)

summing over all combinations of regions where the expansions commute with each other.
The evaluation of these contributions is described in appendix A.3. The first subsection,
appendix A.3.1, shows that the contributions F9) and F(¢?) from the Glauber and collinear-
plane regions are scaleless, and the same holds for all overlap contributions with multiple ex-
pansions. Omitting these scaleless contributions, the integral F' can be expressed as follows:

F=F® 4 pla 4 po (6.20)

Remember that we have used analytic regularization, and we actually need it for having
all scaleless contributions well-defined.

If we had introduced a soft region and added F®) to the result (6.20), according to the
recipe in section 1 for the expansion by regions, then nothing would have changed because
F(s) _ F(lc,2c) —0.

We also note that even if the collinear-plane region did not yield scaleless integrals,
all contributions involving the collinear-plane expansion in (6.19) would cancel each other.
This is because adding the hard expansion does not change the collinear-plane expansion,
T(hep) = 7(eP) (unless applied after T19)), which can be seen in the expressions (A.51) in
appendix A.3.1. So the contributions involving T(°?) can be grouped into pairs

(-1 (F(Cp”*’l ----- o) _ plhepai.. 1’")) =0, with {z1,...,2,} C{le,2¢},  (6.21)

which cancel each other.
The contributions remaining in the identity (6.20) read

(ng)j (m2)j/ Dk
J! (k2 + 2py - k)™ (k2 4 2py - k)2 (K2)nsti
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plle) — i (n2); / Dk (—k2)J |
= (k2 + 2p1 - k)™ (2pa - k)2 (k2 — m2)na
(20 _ N\~ (m); / Dk (—k?)
F ]Z(:) 4! (2p1 - k)m+I (k2 4 2po - k)72 (k2 — m2)ns (6.22)

based on the expansions T() (6.8), T(*) (6.9) and T(>?) (6.10), but rewriting the expres-
sions in a Lorentz-invariant way, for the collinear regions using (A.41). The evaluation of the
hard contribution F(" is straightforward with Feynman parameters (see appendix A.3.2).
The collinear contributions are calculated in appendix A.3.3. The integrals yield

Flh) — poe eTe etz (Q2)2 Mz i (_mQ>j L(ng +j) P(nizs — 2+ € +)
F(nl) F(nz) F(ng) = QQ j! F(4 — Mg — 26 — ])

x[(2—-—ni3—€e—75)T(2—nog3—€—7j),

2¢ LeVE ,—1iTN123 o0 2\ J
F(lc) _ pe € T)’L2 2—ni3—€ 2\—n2 (_m>
P T Ty @

L2 +5) T —ng = j) Dz =24 ¢ = j) T2 —ni — e+ )
j!F(Q—ng—e—j) ’
F(QC) 'u26 e e_iﬂ'nl% ( 2)2—n23—€ (Q2)_”1 i < m2 >j
j— m —_——
['(n1) L(n2) I'(n3) =\ @

" ['(ny+7)C(ne —ny —j)T(neg —24+€—4) (2 —no — e+ )
j!F(Q—TLl—E—j) )

(6.23)

Two remarks on these results are in order. First, all terms in the series expansions in (6.23)
are homogeneous functions of m? and Q?, where the leading-order terms scale as

d
2

Fy o (@),
Félc) x (mQ) —n13 (QQ)—M ,
Fy* oc (m2)2 =" (Q2) ™™ (6.24)

[S]ISW

[S]ISW

These scalings could have been obtained directly from the integrals (6.22), taking into ac-
count in each region the scaling of the integration measure and of each propagator with m?
and Q2. Using such scaling arguments, the contributions from the Glauber and collinear-
plane regions would scale as

F? oc (m?)2 t1omes (7)1,

Fy™ oc (m2)2~1 Q%)= (6.25)
if they were not scaleless. Each region’s scaling has a unique dependence on the regular-
ization parameters d and n1,ns, ng by which it differs from the other regions. The overlap

contributions originate from multiple expansions with different scalings, so we could have
expected all overlap contributions to be scaleless even without calculating them.
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Second, the two collinear contributions F(1¢) and F(29) in (6.23) are individually diver-
gent when nq and ns tend to integer numbers, in particular for the case ny =ng =ng =1
we are interested in. The Gamma functions I'(ny —ng — j) and I'(ng —ny — j), respectively,
provide single poles in the variable (n; — n2) once the expansion order j is large enough
(starting at j = 0 for n; = n2). So here analytic regularization is not only needed to make
scaleless contributions well-defined, but also to prevent contributing regions from yielding
ill-defined integrals.

Let us have a look at the particular case n; = ng = n3 = 1. We cannot simply set all
propagator powers to integer values, but we have to understand this as a limit. We use
the symmetric values n1 = 14 6 and no = 1 — § and expand both collinear contributions
in a Laurent expansion about § = 0 up to the finite order 6. This choice of the limit has
the advantage that the overall dimension of the integral is not changed, but any other way
to approach the point ny = no = 1 would yield the same result for the sum Feo) 4 p2e)
though not for the individual terms.

The hard contribution is not singular in the limit § — 0, so we can directly set
ni = ng = nz = 1 here. According to (A.54) and (A.56) in appendix A.3.2,

2\ ¢ e 2(_ 2
F(h>=—1<“> c?ET(1+ ) I 6)2F1<2611—|—6>

Q* \Q? I'(1—2€) Q?
B ) ) ()
+ O(e) . (6.26)

The original integral F' (6.1) is finite in four dimensions (i.e. for € = 0) when n; = ny =
n3 = 1, because there are no ultraviolet divergences and the infrared (soft and collinear)
divergences are absent due to the finite mass m of the exchanged particle. The hard
contribution F("), however, involves infrared singularities (single and double poles in ¢)
because the expansion, assuming large loop momenta, yields massless integrals. These
singularities in (6.26) have to be cancelled by the contributions from the collinear regions.

The collinear contributions are evaluated for ny = 1+ 6 and ny = 1 — §. The results
obtained in (A.62) and (A.65) in appendix A.3.3 read

ﬂm:_1<¢veofyemm@+®nyf—® (20)

Q2 m? I(1—e+9) I(1+9)
m2
><2F1<6—6,1—(5;1—25;Q2>

1 2N (11 Q? 2 1 2 2
- (&) (5 () ()] E e in(- &)
2 2 2 2 2 2
71 2<Q )+ln<32)1n<1—g2) —ln2<1—Q2) +Liz<gz> +517;>

+O(8) + Oe) . (6.27)
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The 2-collinear contribution is obtained by replacing § — —9¢:
1 [ 12\° 1 Q? m? 1 2 m?
FPo—_ (L - In —In{l—- = || -=+-In[1-—
2Q? <Q2> ( 5{ " (m? ) et U e
2 2 2 m2 m2 2
2 @ Q m 2 . %8
su(Z) e n(i- 1) -ue(1- 22 () + 55

+0O(6) + O(e) . (6.28)

When the two collinear contributions are added, the 1/§-singularities drop out. The total
collinear contribution is finite in the limit § — 0, i.e. in the case n; = no = ng = 1:

. . 12\ [ 1 2 2 Q?
pere = - (G) a0 ) (o)
QQ 2 2 2 5 2
s )1 o) (1 G ) +1ia(s) + T
+O(e). (6.29)

The total collinear contribution exhibits the same single and double poles in ¢ as the
hard contribution F") (6.26), just with opposite signs. So the sum of hard and collinear
contributions is finite in the limit ¢ — 0:

F=pF® 4 plo 4 p@e

_ _432 [ In 2<22> +1n<7?;>1 <1 - Q;) —Liz<g§> + WT +0().  (6.30)

This result agrees with a direct evaluation of the original integral F' (6.1) for n; = ny =
n3 = 1 via Feynman parameters without expanding in m? / Qz.

For general propagator powers ni 2 3 the following Mellin-Barnes representation of the
full integral F' (6.1) is found:

2e L€EVE ,—1TN123 100 d 2\ ?
pe "¢ 2\2—niog—e z (m
F= 123 dz fm- r r _ g

I'(n1) I(ng2) I'(n3) (@) /_ioo 2in (Q2> (n3 +2)I'(ni2s — 2+ e+ 2)

" D(—2)T(2—mi3—e—2)T(2—ng3 —e—2)
F(4—n123 — 26—2) '

(6.31)

An asymptotic expansion for m? < @Q? is obtained by closing the Mellin-Barnes integral
to the right and picking up the residues of the poles from the three I'(... — z) functions in
the numerator. If the difference (n; — n2) is non-integer, then each of these three Gamma
functions provides a series of single poles, and the three contributions F(", F(€) and F(2e)
in (6.23) are exactly reproduced. Otherwise, especially in the case n; = ng = 1, the poles
of two of the Gamma functions coincide, providing a series of double poles. For this reason
the contributions F(19) and F(29) cannot be individually finite in the case nqy = ng = 1, but
their finite sum, F(1¢) 4+ F(29 corresponds to the series of residues from the double poles.
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Figure 5. One-loop corrections to the forward-scattering amplitude with small momentum ex-
change 7.

If we go one step further and set ¢ = 0 in (6.31) in addition to n; = ns = n3 = 1, then a
series of triple poles arises which yields the finite result (6.30).

The residues of the Mellin-Barnes integrand (6.31) are in one-to-one correspondence
with the contributions from the (h), (1¢) and (2c¢) regions. This correspondence links
singularities arising in contributions from individual regions to coinciding poles of the
Mellin-Barnes integrand.

7 Example: forward scattering with small momentum exchange

Let us look at a last example which permits us to study the dependence of individual
contributions on different regularization schemes, in particular with and without analytic
regularization. It also is an example where overlap contributions turn out to be relevant
under certain circumstances. We evaluate a set of one-loop corrections to the forward-
scattering amplitude of two light-like particles with a large centre-of-mass energy, but
small momentum exchange between them.

The two contributing diagrams are displayed in figure 5. For reasons to be seen later
we symmetrize the loop integral under commutation of the momenta of the exchanged
particles, k <> (r — k), before specifying general propagator powers nj234. The loop
integral reads

1 1
"= / k2 ((r— k%)™ ((<p1 " (-t k>2)"3>

L 1
X (((p2+k;)2)n4 + (s +rk:)2)"4> . (7.1)

We are interested in the case n1 = no = n3z = ny = 1, but we will partly use the propagator
powers as analytic regulators.

All internal and external lines are massless. The on-shell conditions for the external
particles, p? = (p1 — )2 = p3 = (p2 +7)? = 0, imply 2p; - 7 = —2py - 7 = r2. The centre-
of-mass energy shall be much larger than the momentum exchange, Q> = (p; + p2)? =
2p1 - p2 > |r?|. We use the light-cone coordinates specified in (6.3) and (6.4) such that
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r¥ = 2p1o-1/Q = £r?/Q and r? = rTr~ — 72, The only independent kinematical

parameters are Q? and Ff with

Q%> 2. (7.2)
The dependent parameters r* are determined by
P2 _ e =2 2212
i T—rtr T (77) )
el 2D o(), 73
Q Q Q? (73)

In terms of the expansion parameter FJQ_ /@Q?, the exchanged momentum r thus has the
scaling of the Glauber region. The loop integral is written using light-cone coordinates:

25 EVE
5 ed/2 /dd 20 / Akt dk— T,
1T
1

1
T2 (ke — R2)m (k= rH) (k= — ) — (kL —71)2)™

1 1
) ((kﬂr(k —Q)—k)™ " (kT (k= —r= + Q) —rtk— — k2 + 27 - EL)"?’)

L 1
X <((k§+ + Q)k‘f — ];:i)nz; + ((k.+ _ r+ _ Q)k’f _ k’Jr’I"* B Eﬁ_ + 27’_‘l ] EL)TM) s (74)

where relation (7.3) has been used to cancel certain terms in the denominators.

7.1 Regions for the forward-scattering integral

One finds that the same regions as in the previous example of section 6 are relevant here,
with m replaced by ||| for the scaling prescriptions. The convergence domains D, (z =
h,1c,2¢, g, cp) are similar, but slightly more involved. They are illustrated in figure 6, where
the partitioning of the |k*|-|k~|-plane is shown for the cases |k, | > |71 | (left diagram)
and |k, | < || (right diagram).

In the present example we will study all expansions only to leading order in the ex-
pansion parameter f’f /@Q?. In detail the regions we need are

e the hard region (h), characterized by kt ~ k= ~ k| ~ @, with the (leading-order)
expansion
1 1

(h)
T,'1 = - =
0 2 (ktk— — ki)nﬁnz

" 1 n 1
(kt(k= = Q) —K2)™  (k+*(k~ +Q) —K2)™

X < ! + ! ) (7.5)
((*+ QK= = k)™ (k= Q& —k2)™ ) '

where the all-order expansion converges absolutely within

2
Dh_{keD k| > |7 A KT > Q} (7.6)
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Figure 6. Convergence domains of the regions for the forward scattering with small momentum
exchange.

e the I-collinear region (1c), characterized by k™ ~ 7 /Q, k= ~ Q and k| ~ 7|, with
the expansion
7o) 1 1 1

O T 2 etk — B2 (ke — )k — (kL — 71)2)™

1 1
’ ((m— —Q )" (ke Q) -k R 2 k))

g ((le—)m " (—Qllc—)M) ’ (7.7)

converging absolutely within

. 72 k2
Di,={keD: |Acl|>>|71|/\|1¢,+|5—L/\|k—|>>5l

v (um SIFA KT < QA K] > '”g okt < |k—|) } (7.8)

e the 2-collinear region (2c), characterized by k™ ~ Q, k= ~ 7% /Q and k| ~ 7|, with
the expansion

1 1 1

2 (ktk= — k)M (k+(k= —ry) — (kL —71)2)™

T3 =

: ((—Qlls+)n3 i (Qk1+)“3>

1 1
X = + = = ,
(((k+ +Qk — k)™ (kT —Q)k~ —ktrg —k? +27 - kL)"“>
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converging absolutely within

. =2 i2
Do, = {]{,‘ED: <|k]_| > P A BT S 'L A |k‘+| > 5)

- 7| |k
Vv <|kL| SIFL A BT < QA KT > MQL‘ A KT > |/<:_|> } (7.10)

e the Glauber region (g), characterized by k™ ~ k= ~ #2/Q and k| ~ 7., with the
expansion

X

k
1 1
X 7 n + 7 g n,
((—Qlﬁ—ki) P (QkT — k2 + 27 k) 3)
1 1
=7 + = =7 | (7.11)
(Qk_ — kﬁ_) (—Qk_ - ki + 277J_ . k‘J_)
converging absolutely within
., i2 72
Dy= ke D: il > Ful A KIS G A RTS S

-,

. ]{,‘2 T—.*2
VI ELL > 17 A RTTS 5 AETLS 5

v (um <R A R S “g”)} (7.12)

e and the collinear-plane region (cp), characterized by kT ~ k=~ ~ @ and I%_ ~ T,
with the expansion

() _ L 1 ! !
T"1 = 2 (kthk—)mitne <(k+(k; -Q)" + (k* (k- +Q))n3>

« ! + ! (7.13)
(kT +Q)k)"™  ((kt—Q)k)™ )’ '

converging absolutely within
Doy ={k € D: kil SIFLI A K5 2 Q) (7.14)

where D = R? is the complete integration domain and rgt = $Ff_ /@ is the leading-order
approximation of r* according to (7.3).

Note that without analytic regularization, i.e. setting n; = no = ng = ng = 1, the
Glauber contribution Fég ) = |/Dk Tég )T from (7.11) is only convergent because the integral
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has been symmetrized. Integrals over individual terms are divergent for |k™| — oo or
k| — oo like dk*/k™, but the leading term in each of the round brackets of (7.11) is
cancelled, making the integrals convergent at infinity like dk™ /(k*)2.

The convergence domains D, (z = h, le,2¢, g, cp) are non-intersecting and cover the
complete integration domain,

Dy UD1cUDyUDygUDy, =D. (7.15)

It might look strange that the domains of the collinear and Glauber regions extend into
the zone with |k, | > || (cf. left diagram of figure 6). But this is necessary if we do not
want to invent new artificial regions, because the hard convergence domain cannot cover
the complete |k ||k~ |-plane with |k, | > | |. The definitions of the convergence domains
given above ensure that for every region x and every point k£ € D, there is at least one
large term left by 7) in the denominator against which the smaller terms according to
the scaling of the region x can be expanded.

The multiple expansions are determined from the scaling prescriptions for the regions
given above; they are listed in appendix A.4.1. All expansions commute with each other
with the exception of T and T(<P):

T(Cp%g)f _ 1 _‘1 _ 1 < 1 1 )
0 2 (k%) (=(ky —71)2)™ \(=QkT)s CE

: ((kal—)m + (_Q,i_)m), (7.16)

(geen)p _ w11 ! 1
T Th=10T T =5 gy ((k+(k:— —Q)" TR+ Q))m)

! 1
X (((k+ +Q)k)™ + o —Q)k—)n4> . (7.17)

The expansion 79 does not alter the integrand when it is applied after T(P), because
the Glauber domain D, also contains a part with lky| > |7L| (so possibly |k.| > Q) and
k] ~ ];;3/@ or |k7| ~ Ei/Q Thus we cannot rely on |k*| < @ throughout D, and
have to leave (k* & Q) unexpanded in 7<) (7.17). When, however, T is applied to
the original integrand (7.4) or to the integrand expanded according to any other region
except (cp), the term £k~ in the denominators is always accompanied by Eﬁ_ So we can
use [kTk™| < l;:?_, which always holds within Dy, in order to perform the expansion T
as stated in (7.11). All other multiple expansions converge within the convergence domain
of the last expansion, whatever expansions have been applied before.

With the notations from section 5, the sets of regions with commuting and non-
commuting expansions are R, = {h,1lc,2c} and Ry. = {g,cp}, respectively, as in the
previous example of section 6. Condition 5 from p. 29 holds because the doubly expanded
integrand (7.16) is unchanged from further applications of 7019 or T(¢) and the expres-
sion (7.17) is invariant under the hard expansion T

Teregle) — plepeg.2c) — plereg)

T(g4=cp,h) _ plgcp) (7.18)
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So the identity (5.18) holds and has the same form as the identity (6.19) of the previous
example. Here we restrict ourselves to the leading-order contributions:

Fo=F" + F{" + F* 4+ FY + gl _ (Féh’lc) + B+ B9 4 B
n Fo(lc,Zc) + Félc,g) n Fo(lc’cp) 4 Fo(2c,g) I Fé%,cp))
. Fo(h,lc,2c) n Féh,lc,g) n Féh,lc,cp) n Féh,Zc,g) n Féh,Qc,cp) n Félc,Qc,g) n Félc,Qc,cp)
B (Féh,lc,%,g) I Féh,lcﬂc,cp)) . (7.19)

Then, as explained at the end of section 3, we just have to ensure that these leading-order
integrals are properly regularized (condition 3 of p. 14). And condition 4, concerning the
convergence of the expansions outside their corresponding domains, is irrelevant.

For the same reasons as in (6.21) we see that all contributions involving the collinear-
plane expansion 7(?) cancel each other.

Using scaling arguments, i.e. considering the scaling of the integration measure and the
propagators in each region, we predict how the leading-order contributions of the individual
regions depend on 72 and Q?* (this will be confirmed by explicit evaluations later):

R o (@),

) oc (773 (@),

Fo o (7)5 e (@)

Fy?) o ()8 Q7)1

Fécp) ~ (—»f)%fl (Q%) s (7.20)

When the propagator powers n; are used as analytic regulators, each region exhibits a
unique dependence on Ff and Q2, so we expect that all overlap contributions must be
scaleless. Without analytic regulators, however, i.e. for ny = no = n3 = ng = 1, the
scalings read

B o (@172,

Fy' o (7)1 (@),

F o (7)1 (@) 7

R o (F) 7 (@) 7

Fy o (7)) (@) (7.21)

We notice that the hard and collinear-plane contributions, Fg(h) and FécP ), are suppressed
with respect to the “true” leading-order contributions Félc ) Fézc) and Fég). And the

leading collinear and Glauber contributions share exactly the same dependence on FJQ_

and Q2. So there is no reason why the overlap contributions Félc’zc), Félc’g), Fé%’g) and
Fo(lc’2c’g) should be scaleless; we must be prepared for relevant contributions from these

multiple expansions.
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Altogether we expect that the leading-order result for the complete integral F' (7.4),
with or without analytic regulators (in any case for n; ~ 1Vi and € =~ 0) is given by

By = F') + B+ B — (%) 4 B9 4 BP0 4 Filo2o), (7.22)

where omitted contributions are either suppressed or scaleless, which is checked explicitly
in appendix A.4.

7.2 Evaluation with analytic regulators

The integrals contributing to (7.19) are evaluated in appendix A.4.1 using the propagator
powers n1 234 as analytic regulators. It is shown there that the Glauber contribution Fég ),
) and all overlap contributions are scaleless. For the
Fo(lc) and Fo(zc), the scaling with Ff and @Q? predicted
in (7.20) is confirmed. In the limit n; — 1V, i.e. when all propagator powers tend to 1, and

the collinear-plane contribution FéCp
non-vanishing contributions Fo(h),

close to d = 4 dimensions (e ~ 0), the hard contribution Féh) is suppressed with respect
to the collinear contributions by one power of 7'# /Q?. So the general expression (7.22) for
the leading-order result is confirmed. When analytic regularization is employed, all but
the first two terms are scaleless, and the leading-order result reads

Fy=F' + F®) (7.23)

These two collinear contributions are given in (A.77) and (A.79) of appendix A.4.1. They
both involve a factor which is singular for ng = n4, but the limits ny — 1 and ny — 1 are
well-defined. Let us evaluate the contributions for ny = no = 1, ng = 1+03 and ngy = 1+94:

2 € . .
R = s (L) (7275 @) e - e - 0
L Tl

eE F(l + e+ 53) FQ(—E — 53)

T(1+03) T(—2€ — 65 — 64)

c 1 /-L2 ‘ -2\ — — —iT —4T
R = i (B ) 6D (@) e T - )
L €

e BT (1 + e+ 64) T%(—e — 64)
F(l + 54) F(*26 — 03 — 54)

(7.24)

We are interested in the case ny = ny = ng = ng = 1, i.e. in the point d3 = 4 = 0. The two
collinear contributions individually depend on the direction in the d3—d4-plane by which
we approach this point. One possible choice is the antisymmetric case of approaching the
desired limit on the line 63 = —d4 = d:

2\ € 2\ 0
(1¢) _ L [n Q _ing
Ey ‘53,4:15 T Qe <E> (FE) (1 —e"™)I(26)
e T(1+e+46)I?(—e—0)
I'(1+96)T'(—2e)

im 2\ e I(1+e)T%(—¢)
() S o

U

<
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. 1 € 2\ —0 '
FSQ )‘53,4=i5 - QZ ("2) (Q2> (1 - GZW6)F(_26)

Yy
eEBT(1+e—6)T?(—e+96)
I'(1—6)T(—2¢)

1 m 2\ eB (14 €) T2 (—e)
| (B) TP

In the limit § — 0 both collinear contributions are equal. Note that each collinear con-

tribution is individually finite, which is due to a cancellation of 1/ singularities between
the two diagrams shown in figure 5, such that the factor (1 — e¥™) cancels the singularity
from I'(£29). The total result with n; = ng = n3 = ng = 1 reads

| o (”2>€ eI (1 4+ €)% (—e)
03,4= :|:5 QQQ =2 F(—QG) :

= lim F(lc)‘

Fo ni=l1 §—0 d3,

T hm F
(7.26)
Another choice for the analytic regularization consists in taking the limit d3 — O first:

2\ € ) e€VE ) T2(—¢
2 1Q2 <7ﬁ > (@)™ (e — 1)T(—04) - II“((i;;_)gﬁ( )’

(2¢) _
Fy 5= 0. (7.27)

"l
3=

The total result is then reproduced entirely by the 1-collinear contribution:

i 2\ e B T(1 4 €) T?(—e)
|63:0 T2 QQ —»2 F(—26) ’

(7.28)

Other choices are possible, but they all lead to the same total result. In fact, the analytic
regularization parameters can be expressed through d34 = A £ 6, isolating the singularity
in the variable §. The total result remains invariant upon subtracting the 1/6 terms from
each collinear contribution because these subtraction terms cancel each other:

2\ € eVE ,—IiTA
(1e) | gn(20) L N N
Fo - Fo }534 —Ass QZ(*Q) (L Q) [(—2e — 2A)
Q* ZirA —ins T(1+e+A+8)T2(—e— A —0)
ITA TN T(2
8 Kn (e e )I(29) T(1+A+4)

e 1T+ e+ A)T?(—e—A)
26 I'1+A)

+ (6= —0). (7.29)

Here the expression in the square brackets has a well-defined finite limit for 6 — 0 and
A — 0, independent of the way in which this limit is approached, which reproduces the
known result:

j 2N\ BT (1 4 €)T2(—¢
o (1e) | o(20) (e e (14+¢€) I (—¢)
= = Am[Fo T T F LMZAia_ 22 (”2) ['(—2¢) - (130)
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It is evident that lim,, ,; Fy must be independent of the order in which the propagator
powers nj 234 are sent to 1, because expression (7.23) is derived from the identity (7.19)
which is valid for any regularization scheme (as long as the conditions of the formalism
presented in sections 3 and 5 hold).

The result obtained with the expansion by regions can be checked by evaluating the
original integral F' (7.1) with the help of a Mellin-Barnes representation:

M26 eEVE o~ imN1234

F =
['(n1) ['(n2) T'(ns) T'(ng) I'(4 — n1234 — 2¢)
e dZ _ 2\z _ 2 5 2—7’11234—6—2 2 2 2—77,1234—6—2
< [ o (=) [(-@* = i0) (@47
oo 4T

x T(ny + 2)F'(ng + 2) T(ni23s — 2 + €+ 2)

XD(=2)T(2—nio3 —e—2)T(2 —njoa — e — 2). (7.31)

The asymptotic expansion for |r?| < Q? is obtained by closing the Mellin-Barnes integral to
the right and extracting the residues of the three Gamma functions in the last line of (7.31).
The (possibly) leading terms originate from the residues at z = 0, z = 2 — nj93 — € and
2 =2 —njg —e. Using —1r? ~ Fj and Q? + 2 = @Q?, they reproduce the contributions
from the hard (A.68), 1-collinear (A.77) and 2-collinear (A.79) regions, respectively.

7.3 Evaluation without analytic regulators

Now we would like to see how the contributions from the previous section 7.2 change when
we evaluate them without using analytic regulators. This means that we set all propagator
powers to the fixed values n1 = ny = ng = ng = 1 before performing the integrals.

The evaluation without analytic regularization of the integrals contributing to the
complete expression (7.19) is described in appendix A.4.2. The scaling of the contributions
Féh) (A91), Félc) (A.97), Fo(zc) (A.99) and Fo(g) (A.101) with the parameters 7? and Q?
as predicted in( §7.21) is confirmed by explicit calculation. This implies that the hard

contribution Foh is suppressed by one power of Ff /Q? with respect to the collinear and

Glauber contributions and does not contribute to the leading-order result Fy.
The collinear-plane contribution FO(CP ) (A.107) and all overlap contributions involving
the collinear-plane region are found to be scaleless via dimensional regularization, even

5

without analytic regulators.® Also the overlap contributions involving the hard region

yield scaleless integrals (A.111).

These results confirm the identity (7.22) for the complete leading-order result Fp,
made up of the contributions from the 1-collinear, 2-collinear and Glauber regions
including all their overlap contributions. The corresponding integrals are evaluated

°A subtle point concerning the regularization of poles pinching the integration contours at k* = 0 is
treated in appendix A.4.2.
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in (A.97), (A.99), (A.101), (A.103) and (A.106). They all yield identical results,
F(lc) _ FéZc) _ F(g) _ Félc,ZC) _ Félc,g) _ FU(ZC,g) _ Félc,2c,g)

0 0
o ,LLQ CemI(14 €)% (—¢) (7.32)
Q2 \i? I'(—2¢) ' '

This is very different from the contributions with analytic regularization determined in
section 7.2. In particular, the terms (7.32) involve finite and relevant overlap contributions.
The complete result, to leading order in Ff /Q?, reads

Fy = Félc) _|_F0(2c) + Fég) _ (Fo(lc,Qc) + Félc,g) +F(§2c,g)> + Fo(lc,Qc,g)

s /ﬁ € em I(1+¢) F2(—e)
TG

:(1+1+1—(1+1+1)+1)

I'(—2¢)
__ir (i) eFI14 9T
el T (7:39)

The total result obtained without analytic regularization agrees with the result from the
previous section, expressions (7.26), (7.28) or (7.30), where analytic regulators have been
used. But the partitioning of the contributions among the regions is completely different.
If we had omitted the overlap contributions from (7.33), the result would have been three
times too large.

At first sight it might seem to be just by chance that the cancellations between the
various contributions in (7.33) leave exactly once the individual contribution. But this
is a general feature whenever a certain set of regions (with commuting expansions) yields
identical contributions, including all overlap contributions from these regions. Assume that

FF) = / DRT)
=Fy Vai,...,2, e R={a1,...,25}, 1<n<N<N. (7.34)

Then the total (leading-order) contribution from these regions, including the multiple ex-

pansions, reads

N N
St S R < /Dk 1T - 759 | 1
n=1 {22l }CR i=1
N
= [1 -JJa-1| R =F, (7.35)
=1

where we have used [Dk (1-1)T = (1-1)F = 0 = (1—1)Fy. The individual contribution F
is left exactly once from all the cancellations.

The Mellin-Barnes representation (7.31) is also valid without analytic regularization.
For ny = no = n3 = ny = 1 it reads

2¢e eV 100 d
_ pe 72 oz N2 i\ —2—e—z 2 N D
"= I'(—2¢) /z'oo2i7r( r)T (@7 = 0) +(Q7 417

XxT2(142)T2+e+2)T(=2)T?(-1—e—2).  (7.36)
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Closing the Mellin-Barnes integral to the right, the leading-order asymptotic expansion in
72 /@Q? is extracted from the residue at z = —1 —¢. The z-integral has a double pole there,
and its residue yields the leading-order result (7.33), using —72 ~ Ff and Q2 + 2 ~ Q2.

8 Conclusions

Let us summarize the main statements of the general formalism introduced in section 3
and generalized in section 5.

The integral F = [Dk I with integration domain D shall be expanded in some limit.
We have defined a set R of N regions, R = {x1,...,xx}. Each region x is characterized
by an expansion T®*) = > j T](x) which converges absolutely when the integration variable
is restricted to the corresponding domain D,. The conditions for the applicability of the

formalism read:

1. The convergence domains are non-intersecting, D, N D, = () Vo # 2/, and cover the

complete integration domain, (J,cp Dz = D.

2a. All expansions corresponding to regions within some subset R, C R commute with
each other and with expansions of any other region in R:

TOTE) = 7ETE) v e R, 2/ € R.
We write R. = {x1,...,xn.} with 0 < N. < N and Ry = R\ Rc = {zN.41,.--,ZN}.
3. The original integral F' and all integrals over expanded terms,

(1" 71'/ 7) o ($,) (;1:’)
Fjl,}zf. —/Dijll Tjg2 T,

are well-defined within the chosen regularization scheme, even if these integrals are
not restricted to any convergence domain D,.

4. The series expansions

FE1ah.) — Z F(m’l,x’z,...)’

J1,J25e-
J1,J25e-

converge absolutely, although the expanded terms have been integrated over the
complete integration domain D.

5. For every combination of two non-commuting expansions, there is a region from R,
whose expansion does not further change the doubly expanded integrand:

Vi, &l € Rue, @) # 2, 3z € Re : TOTEITE) — 7lEa)p(h)

Note that this condition requires N, > 1.
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If all these conditions hold, then the original integral is reproduced exactly, i.e. to all orders
in the expansion, through the master identity (5.18):

(Re+1) (Re+1)
F= Z F) _ Z F@Lm) 4 (1) Z F@1h)
xER {2z}, 24}CR {z,....x),}CR

TR Co RN A N C I )

' €Rne

where the summations with superscript (R + 1) are defined in (5.8). They are restricted
to such subsets of regions with at most one region from R,.. This means that the iden-
tity (8.1) sums over exactly those combinations of regions whose expansions commute
with each other.

The first term on the right-hand side of (8.1) corresponds to the known recipe of
the expansion by regions presented in section 1. The following terms represent overlap
contributions originating from multiple expansions. These overlap contributions may be
relevant under certain circumstances, see the example from section 7 evaluated without
analytic regularization. In many cases, however, the usual recipe of the expansion by
regions is recovered, especially when dimensional and analytic regularization are used. If
the contributions F*) with single expansions yield homogeneous functions of the expansion
parameter in each order of the expansion and if this dependence on the expansion parameter
is unique for each region, then we expect all overlap contributions to be scaleless, and only
the usual contributions from each region survive.

This means that in situations where the expansion by regions has normally been
employed the known recipe [1-4] remains correct. The original authors of the method
have always stressed how important the homogeneity of the contributions is. Where non-
homogeneous contributions from individual regions appear, the formalism presented in this
paper may still be applied if its conditions hold, and overlap contributions might arise. But
it is usually preferable to change the choice of regions or regulators in order to obtain only
homogeneous contributions and get rid of overlap contributions. In any case, one can al-
ways check whether overlap contributions are relevant by simply evaluating them to see if
they vanish.

The original recipe of the expansion by regions [1-4] can be understood such that
any scaleless integral must be set to zero, whether it is well-defined through regularization
or not. However, this is not the approach of the formalism presented here. Throughout
the whole paper only such scaleless integrals are dropped which are mathematically well-
defined through some regularization (and analytic continuation) and which can explicitly
be shown to vanish (see appendix A.1.2 and other appendices). Wherever an integral is
ill-defined, a suitable regularization is added. Vanishing scaleless integrals thus are not
a requirement for this formalism, but simply a well-understood property of dimensional
regularization and analytic continuation which is used here.

The leading-order asymptotic expansion of the integral I’ is obtained by replacing
each series expansion in (8.1) with its leading-order term. Some of the leading-order terms
obtained in this way may be suppressed with respect to others and must be dropped from
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the leading-order result. For the leading-order approximation condition 4 above does not
apply, and condition 3 only needs to hold for the leading-order integrals.

The examples presented in this paper illustrate the application of the formalism to var-
ious integrals. This implies choosing the regions with corresponding expansions, covering
the integration domain with the convergence domains and checking the conditions listed
above. Most example integrals have alternatively been evaluated and expanded with the
help of a Mellin-Barnes representation. For these simple one-loop examples, the asymptotic
expansion via Mellin-Barnes integrals can be easier than the application of the expansion
by regions. My experience with more elaborate multi-loop integrals depending on several
small and large parameters, however, shows that the asymptotic expansion via multiple
Mellin-Barnes integrals is often more difficult than the expansion at the integrand level
within the strategy of regions.

What is the practical use of the formalism presented in this paper, apart from the gen-
eralization of the expansion by regions to cases where overlap contributions are needed? In
principle, it should be possible also for more complicated integrals to prove their asymp-
totic expansion by checking the conditions listed above. Most of these conditions can
indeed be checked in a straightforward way once the list of regions, expansions and con-
vergence domains is established. On the other hand, the first obstacle in getting there is
finding all relevant regions such that the convergence domains of their expansions cover
the complete integration domain. And this step might be quite tedious for complicated
multi-loop integrals. It can be easier to evaluate successfully the contributions from the
regions than to prove, using this formalism, that the evaluation is correct and complete.
In particular, the formalism may need extra regions with scaleless contributions in order
to cover the integration domain with convergence domains or to ensure the commutation
of the expansions.

Even with the formalism at hand, we will certainly not always want to prove its
applicability, if only for practical limitations. But I hope this paper will convince readers
that the expansion by regions is a well-founded method of asymptotic expansion and that
its applicability can at least in principle be proven case by case. The standard recipe of the
expansion by regions remains valid if overlap contributions are absent. So the formalism
and its conditions provide hints on the proper choice of regions and regularization schemes
which ensure the homogeneous and unique dependence of the individual contributions on
the expansion parameter. Finally, the present paper shows that the expansion by regions, in
its generalized form, can be applied to very different kinds of integrals, even such with finite
boundaries or scaleful regularization parameters where the contributions do not exhibit a
homogeneous dependence on the expansion parameter. Appendix B illustrates such an
example and points out possible convergence problems arising there.

Having obtained such knowledge on the foundation and generalization of the ex-
pansion by regions, this method is ready to be employed trustfully to various kinds of
asymptotic expansions.

— 50 —



Acknowledgments

This work is supported by the DFG Sonderforschungsbereich/Transregio 9 “Computer-
gestiitzte Theoretische Teilchenphysik”. Diagrams and figures have been drawn with
JaxoDraw [15] which is based on Axodraw [16].

I thank M. Beneke, J. Piclum, J. Rohrwild, P. Ruiz-Femenia and V.A. Smirnov for
stimulating and helpful discussions. I also thank M. Beneke, J. Piclum and V.A. Smirnov
for reading the manuscript and providing useful comments. Last but not least I thank
V.A. Smirnov for teaching me asymptotic expansions and many tricks for evaluating loop
integrals, and for encouraging me to pursue the research and publication of this work.

A Technical details of the evaluations

A.1 Large-momentum expansion

This appendix presents details of the evaluation of the off-shell large-momentum expansion
in section 2.

A.1.1 Large-momentum expansion: soft contributions

The soft-region integral

(k)7 (2 - p)?
Dk Al

/ (k2 — m? 4 i0)n2 (A1)
in (2.9) can be treated as an analytic function of the summation indices j; and j. We
first assume Re ji 2 < 0 and later analytically continue the result to positive values of ji .
Using alpha parameters

1 e—iT(TL/Z
(A+i0)»  T(n)

/ooda a1 eia(A+i0) ’ (AQ)
0

the integral (A.1) is written as

e—im(n2—ji12)/2

[(ng) T(=j1) T'(—j2

) /0 dOél dCMQ da3 0/112—1 a;]l*l ag]g—l elal(—mQ-l-ZO)
X /Dk: 6i(a12k2+2a3 p-k+i0) . (A3)
with the shorthand notation (2.6). The loop momentum is integrated via

d . ) . 2
/iﬂd/2 ez(ak2+2p.k+10) _ e—wrd/4 a—d/2 exp [Z (_]; + Z0>:| ’ (A4)

yielding the alpha-parameter representation

—im(na—ji2+2—€)/2 00 00 .
(& _ ; 24 —ji—1 —
2¢ o€7E ) / doy :?2 1 ewq( m —HO)/ das a; J1 a122+6
0 0

['(ng) I'(=j1) I'(—j2
00 ) 2
X / dazaz > exp [ia% (_p +i0>} (A.5)
0 Q12
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of the soft-region integral. After substituting as = ¢'/2 and evaluating the ¢-integral by
reversing (A.2), the ag-integral is solved using

> v—1 —p __ F(V) F(p - V) —v AU—
/0 daa” " (A+ Ba)™? = T BV AV (A.6)

followed by the aj-integral via reversing (A.2). The result reads
(126 MBI —52/2) (p2)2-n2—ekiitia/2 (L2 4 0)i2/2
r(—7)r(2—e+yl+”)r(n2—2+e—j1 _i

5
)
2T(n9) T'(—jo) r(2 et %) (A0

With the help of the doubling formula for the Gamma function (see e.g. [14]) we rewrite

r (—%) 2142 /7
M)~ r(i) -

Now we can safely perform the analytic continuation to ji 2 > 0. The factor I' (%) in the
denominator makes the result vanish for odd js, as it should due to the Lorentz structure

of tadpole tensor integrals. For even jo we can write

1 B (_1)j2/2 (1) B (_1)j2/2 jo! (A.9)
r(ge) - TG TR (g)
where the relation
, (o) T(1 — «) - T(a)
Na—-j)=(-1)) —/——F = (-1) ———— A.10
(=3 = VY F—ar s = G, (A.10)
for integer j has been used. Inserting the result into (2.9) we obtain, for even ja,
J1t+i2/2
Fj(i)h _ M2e e€VE o—imn12 (m2)27'ﬂ276 (_p2 o io)fnl <ZL2>
Pe—ctintg)T(m-24c—5-%) (122 + ) (A11)
X A1
(1) T(n2) it (3)r(2-e+ %)
and F*). = 0 for odd jo2. Rewriting the sum over ji,j2 as a sum over j = ji + ]2 and

1.2
gh = 3—2 according to (2.13), we calculate

ZJ: (—1)%T(ny + 7 + 7)
P =o' T(2 — e+ j5)

1 /1 — ENNG
= - _ da;:c”lJr]ll—xl"lE]g ( —x)72
TR —n—e=j) Jo 4= = \J2 (
=

_ P(ni+j)T(2—n1 —¢) (1—2)7
JIT2—n1—e—7)T(2—€e+))

and obtain the result (2.14) for Fj(s).

JéD
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A.1.2 Large-momentum expansion: overlap contributions

This appendix is dedicated to the extraction of ultraviolet and infrared 1/e poles from
the scaleless overlap contributions (2.37) in the particular case n; = 1, ng = 2 where the
complete integral F' is finite. We have to evaluate

) _ Fhs) _ Ly 2 | / DYl i T
ij§=0 o ij%:o( ) Jiljel  (p?)ttir (k2)2ti=n (4.12)

which only consists of vanishing scaleless integrals, but involves contributions of the form
(1/eyy — 1/er) which we want to extract. The loop integral can be solved in analogy
to the previous appendix A.1.1 by assuming Re jo < 0 before analytically continuing the
result to jo > 0:

(2k - p)P2 e—im(n—72)/2 /00 L i / o k2 s
D —_ n J2 D i(o1 k* 422 p-k+i0)
/ k (2 £ 0} )T (=2 Jo dagdag ™" ay ke

—im(n—j2+2—¢€)/2 oo (9] . 2
__ ,.2€ evE € / d n3+e/ d —j2—1 |: 2 (_p . ):|
= e - a1 a9 o exp |1 — +10

8 T T(—ga) Jo 000 Jy T PlreeTay

2 evg ,—im(n+2—ja/2—¢)/2 2 oi2/2 F<7]72) > n—3—j2/2+e€
= p2€ B oI (nF2-02/220) /2 (L2 4 )i/ 2F(n)I‘(—yg)/0 dag o . (A.13)
The prefactor is rewritten with the help of (A.8) and (A.9), vanishing for odd values of jo,
as it should. The «aq-integral is again scaleless. For extracting the singularities at a; — 0
and a; — oo we have to separate the integration at some intermediate scale A. Consider

the following integral for integer j:
[e's) A 00 j+e j+e
, . , \ \
/ daa? e = / daad—1te +/ da/ 1= 2 _ ° =0. (A.14)
0 0 A Jte Jte
— —

Ree>—j5 Ree<—j

The first term is ultraviolet-divergent for Ree < —j while the second term is infrared-
divergent for Ree > —j. The two terms are combined using analytic continuation, and
the integral vanishes. We are interested in the separate 1/e singularities, which only occur

for j =0:
o ; 1 1
/ da a9_1+€ = 05,0 < — > . (A.15)
0 €UV €IR
Plugging (A.15) into (A.13) we obtain
(2k - p)72 < 1 1 > ovjas2  J2!
Dk-~———"—=10,_9; _ /2 2 A.16
/ (k2)m 2,j2/2 oV €R (p”) I'(n) (%2)' ( )

for even jo and zero otherwise. Inserting this into (A.12) with n = 244 — j1, eliminating j;
with the Kronecker delta in (A.16) and replacing jo = 275 yields

7

L1 1\ (mA —1)% (i + jj)!
= () 2 () 0000 S e i o A0

€ € :
p* \euv  €r/ = =072
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The sum over ji can be evaluated in the following way:

i

— 1) (i + jb)! 1~ ([ T+ + )
3 ”(. )?,(Z,HQ)»/ = lim =y (-Z/>(—1)Jz ( ﬂ_lﬂz)
gt (@ — 5N (14 g5)! s—0 1! et Jh L2+ 554 6)

=

=0
= lim . /ldxxi (1—x)" ZZ: ' (—x)%2
550 dIT(1—i+0) Jo 7
J2

-
— lim Ta+o) (or
s~0 N1 —i4+06)I(2+1i+ )
1
= — 5270 .

T(1—d)(1+9)!

For fixed ¢ > 1 all terms in (A.17) cancel each other in the sum over jj, resulting in
1/T'(1 —¢) = 0. The only remaining contribution is from ¢ = 0, and we obtain

pos - L (L1 (A.18)
P2 €UV €IR

Combining the complete result F = F") 4 F() — f(h) (2.35) the poles in F%) cancel the
corresponding ones in (2.17): 1/eyy cancels the ultraviolet pole in Fés) and 1/eg cancels
the infrared pole in Féh).

A.2 Threshold expansion

Details of the threshold expansion in section 4 are dealt with in this appendix.

A.2.1 Threshold expansion: check of convergence

Let us check that the expansions (4.5)—(4.7) of the threshold expansion in section 4 really

converge within their corresponding domains:

e In the hard domain D), = {k € D : k| > 7] V [ko| > 7’|}, we either have k| > |7,
then |F- k| < |F||k| < k2. If this is not the case, then there is |k| < |F] < |kol,
which implies |5+ k| < |F7]2 < |qoko|. So |7 k| is small compared to either k2 or |goko|
in (4.5), and these two terms are present in the denominators even if 7" is applied
to TP, 5 where k3 has been eliminated from there before, cf. TP)I; 5 in (4.9).

It remains to be shown that [p - E\ is also small compared to the combination of
terms |k3 — k2 + qokol, which could be spoiled by a cancellation among the individual
terms. Keeping track of the infinitesimal imaginary part in the propagators expanded
with T we look for zeros of the denominators (k2 — k2= qoko+i0) and (k2 — k2 +i0)
in the complex kg-plane where the integration is performed along the real axis. These
zeros exclusively lie in the upper left and lower right quadrants of the complex plane.
For |l§ | > |p| zeros on different sides of the integration contour are well separated from
each other. So we can bypass all zeros by bending the contour of the kp-integration
away from the real axis near the zeros. For |k| < |F| the zeros may pinch the contour
near kg = 0. But then Dy, requires |kg| > [p|, where only two zeros, far apart from
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ecach other, are found. The same argument also works for the case when 7" is applied
to TWT 1,2. Therefore we can always choose the integration contour within Dj, such
that |7 k| < |[k2 — k2« qoko| in (4.5) and |5 k| < |—k2 = qokol| for TP T 5 in (4.9).

o In the soft domain Dy = {k € D : |k| < |ko| < [F]}, we have &2 < k2 < [5] kol <
|goko| and |p'- k| < |p||k| < |qoko|, so each of the factors in the numerator of (4.6) is
small compared to the denominator.

e In the potential domain D, = {k € D : |ko| < k| < 7’|}, there is kf < k2. For the
expansion TP [} 5 in (4.7), we additionally need k3 < |—k% + qoko — 27 - k|. Again
the two zeros of (—EQ + qoko — 29 k+ i0) exclusively lie in the upper left and lower
right quadrants of the complex kg-plane. The kg-contour is pinched at kg = 0 in the
limit |k| — 0, but as D,, requires |ko| < k|, we can discard this case when checking
the convergence of T, Otherwise the two zeros only pinch the kg-contour when
k2 + 2p - k— 0, which, for finite \l;|, requires a certain angular correlation between
k and 7. So the pinching can be avoided if the contour of the angular E—integration
is bent into its complex plane in order to bypass the zeros of K2+ 20 - k. The
unpinched kg-contour may bypass the zeros in the kg-plane by bending away from
the real axis. If T?) is applied to T T 1,2, then the ko-contour is only pinched in the
limit || — 0. So the integration contours within D,, can always be chosen such that
k2| < |—k2 + qoko — 25~ k| in (4.7) and |k2| < |—k2 £ qoko| for TPV I, 5 in (4.9).

A.2.2 Threshold expansion: hard contributions

In the hard-region integrals of F(" (4.10), the ko-integration converges for positive
ni,no,n3. We do not need the analytic regularization here and set ny = ny = ng = 1
from the start:

PO — 3 / Dk (25 )2
oo (3 = K2 + qoko +i0) 91 (k3 — k2 — qoko + i0)1+72 (K} — k2 + 0)
(A.19)

The first two propagators are combined with Feynman parameters, adding the third prop-
agator afterwards:

N2E e€VE

00 . 1
2 (1) dzdyz (1 —z)?y +J12
id/2 Z i1 751 (

“ J1,J2=0 Ji-J2: 0

o0 5 25 . k)12
></ dko /dd—lk; . (25 k) s (A20)
—o0 (k2 — k& — (2z — 1)yqoko — i0)” 7"

The E—integral is factorized into a radial ]E\—integration and an angular integration. For

h) —

the latter we use

1 o(d—2)/2
/del = /1d cosf (1 — cos? 9)(d_4)/2 /dez, /deZ = (L2 (A.21)
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to distinguish the direction of the external momentum 7, writing - k = |7 |E\ cosf. The
angular integral vanishes for odd jio, and for even ji5 the E—integral yields
1—e

1
4 2 2 9Y(12=1)/2 (1 _ cos2 )¢
T —o /0 d cos” 0 (cos* 0) (1 — cos*0)

2lp )"
> (E2)(1+j12)/276
X dk* — P
0 (k2 — k3 — (22 — 1)yqoko — i0)”7"
1+2]'12> F(3+2j12 + 6) 1
(2 -l-jlz)! (_kg o (2$ N l)yQOko - iO) (8+712)/24€ *
(A.22)

The ko-integral over the last factor in (A.22) is performed with a shift ky — k{, = ko +
1
(33 - §) Y4o-

G )

0 (3+j12)/2+e€
‘ 2

0 ((—1 —10) k62 + (:U — %) y2q8>

L
_ 7_[_176 (4]5»2)]12/2

ﬁl“ 1+e+ i —l—e—j
- <(> e S0 (e )

By introducing j = j12/2, the summation over ji, jo with even ji9 is rewritten as

F) = e /l ) (w)f L(3+4)T(1+e+y)
V(@) Jo ' =\ g (29)!
1 25
dx 27 . 94—
X/ e D <j1> (1 —x)?™h . (A24)
0 ‘l’— 5‘ 71=0
e+ (1—a)]2i=1

The z- and y-integrations are easily solved. By substituting
. 2% .
(2)! = ==T(3 +J) J! (A.25)

N3

the result F(" in (4.14) is obtained.

A.2.3 Threshold expansion: potential contributions

The potential-region integrals of F(®) (4.10) diverge at kg — 00 if jio3 > 0. For evaluating
the potential contribution to all orders in j1, jo, j3 we therefore need to keep general complex
propagator powers n; and ns as analytic regulators. The first two propagators of F'() (4.10)
are combined with Feynman parameters:

F(p) M2E e€VE e—iwn123
~ imd/2 T'(n1)T(ng)

E -7 1
! (n12 312) (n3)j3 / du xn1+j1—1 (1 x) a1
R
J1,J2,33=0 J1-J2-7J3: 0 no—+

d-17 00 2Y7j123
S P
(k2)nstis J o (k:2 +2p- k+ (1 — 2x)qoko — iO) e
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Partitioning the ko-integral into the two intervals (—oo,0) and (0, c0), we obtain

oo /{3(2]j123
/ dko - Lo ) niz2+ji2
0 ((k‘2 +2p-k—1i0)+ (1 -2z — z())qok:0>
00 (_k0)2j123
+/ d(_k()) - - ni2+ji2
0 ((k2 Y25k —i0) + (20— 1— iO)qo(—ko))
_ (2j123)! F(nlz —-1- j12 — 2j3) 1 1
T(n12 + ji2) (K2 + 25+ k& — i0)mz—1—ji2—2js ql+2h2s

1 1
X <(1 — 2 — 0) 1125123 N (1—2z+ 2-0)1+2j123> . (A.27)

Under the z-integral, this term extracts the residue at = %:

1
) ) 1 1
ni+j1—1 1 _ \n2t+j2—1 _
/0 dzx (]- 117) ((1 — 9 — 2'0)1+2j123 (1 — 27 + Z’O)1+2j123>

=1 (1 _ x)n2+j2—1

= —2im Res i 2x)1+2j123 B
-2
; 2123
= tn 9 1 nit+ji—1 /1 na+ja—1
T 40125 (2j193)! (at) (2+1) (z-1) L:O, (A.28)

with t = o — % The E—integration

A1k
/(E2 + 27 k— i0)m2—1=j12—2]3 (E2)n3+j3

(A.29)

is obviously scaleless if ny = ng = 1 and any of the ji, j2, j3 is larger than zero (cf. [1]). But
exactly in this case the Gamma function in the numerator of (A.27) would be ill-defined,
so we still need analytic regulators and continue the calculation with general ni,ns,ns.
Combining the two denominators with Feynman parameters, the E—integral yields

I'(ni23 — 1 — j123)
I'(nia — 1 = ji2 — 253) I'(ng + Js

1
) / dy yn12—2—j12—2j3 (1 _ y)ns—i-js—l
0

Ak
X — :
/((k + yﬁ)z 252 Z-O)n123—1—J123

d—1)/2 5 j
B 7-(-( )/ F(nIZ -3 +€— J123) (_ﬁQ o io)g—NI23—E+j123

- T(mz — 1= ji2 — 24j3) D(ng + js)

1
% / dy y37n1272n3726+]12 (1 _ y)n3+J3*1
0

@ D/2D (nygg — 5 + € — jiz3) T'(4 — n1a — 2n3 — 2¢ + ji12)
F(ni2 — 1 —ji2 — 243) I'(4 — n123 — 2€ + j123)

x (p? —i0)2 M2 —eties (A 30)
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This cancels the singularity from (A.27) when (n12 — 1 — jia2 — 2j3) is zero or a negative
integer. The complete contribution

2 S X
B \/(]72(1) _ Zo)n123—5/2+€ T(nl) F(’I’LQ)

y i (pz>j123 (n3)j; T(n12s — 5 + € — ji23) T(4 — n1g — 2ng — 2¢ + ji2)
4¢? g1t g2l 3! (4 — ni93 — 2€ + j123)

J1,j2,3=0

2es 1 ni+j1—1 /1 na+jo—1

is regularized dimensionally. We can switch off the analytic regularization at this point
and set n1 = ng = ng = 1:

F) — _ —_— < - )E f: (2?2)1123 (3 + e —gizs) T(—2¢ + ji2)
0)

¢ (p? —i0) \p* —i0 4q* Jilj2! T(1 = 2€ + ji23)

ON™ 1 i1 i
“\ 5 G+0)" (-1

Now it is obvious that the potential region gets no contributions from jj23 > 0: The

J1,J2,J3=0

(A.32)

t=0

maximal power of the polynomial in ¢ in the last line of (A.32) is (j1 +7j2), so this polynomial
vanishes upon the 2(j; + jo + j3) derivatives with respect to t. The only non-vanishing
contribution originates from j; = jo = j3 = 0 and is reported in (4.14).

The leading-order potential contribution (from j; = jo = j3 = 0) is well-defined
without analytic regularization. So for checking the result we can set ny = ng = ng =1
from the start. We solve the kg-integration by closing its contour in the imaginary infinity
and picking up one of the two poles:

) _ pFeem /dd g / dko
imd/? (qoko — k2 — 25 - k +i0) (qoko + k2 + 27+ k — i0)
1 p2€em 491k
g w2l /(E2 + 275 k —i0) k2
1 ( w2 )6 e“® \/m (L + €) T'(—2e¢)
22 (p? —i0) \p®—i0 (1 - 2¢) ’

using (A.30) with n; = ny = ng = 1 and j; = jo = j3 = 0. This agrees with the result
obtained from (A.32).

(A.33)

A.3 Sudakov form factor

This appendix sketches the evaluation of the contributions to the vertex correction in the
Sudakov limit from section 6.

A.3.1 Sudakov form factor: scaleless contributions

First we have a look at the contributions from the Glauber and collinear-plane regions
and at the overlap contributions which all turn out to be scaleless within dimensional and
analytic regularization.
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Glauber contribution. According to the expansion 79 (6.12) the Glauber contribution
reads

F(g) B ,UQG e€VE io: (nl)jl (n2)j2 (n3)j3 (_1)]'123/ ] dd—2]%’l
(—k7

= 9ind/2 AENEN _m2 14 i0)nsti
AmHE 0 J1tJ2'J3 m?2 4 i0)ns s

0 + (1.+)J123 0 — (}—)J123
XL/‘ Akt (k) ‘(/“ b (k) _(as
oo (=K + Q4+ i0)m i oo (—k2 + Qk + i0)nati2

The k*-integrals can be rewritten via t* = Qk* — /%3

/OO dkT (ki)jms 1 /00 4t (ti 4 Ei)jlzs
(

o (<2 + Qk* 1 i0ymatiie | QUram £ 4 0y 2T

J123 /. +
_ # Z J123 (EQ )jmﬂ. o0 dt
Q1 ti12s 7 L o (ti + Z’Q)m,z-i—ji,z—i ’
=0 -
(A.35)

These t*-integrals are scaleless, however. Within analytic regularization, we may assume
that Reny > 1+ jo3 and Reng > 1 + ji13 (separately for every term under the sum
Zjl:ijjS)’ which is required for the convergence of the t*-integrals and also allows to
close the integration contour in the upper half of the complex t*-plane. The only pole at
t* = —i0 and the branch cut slightly below the negative real axis are then located outside
of the closed contour. So both t*-integrals and therefore the k*-integrals vanish. The

k 1 -integral is regularized dimensionally. We get
F9 =g, (A.36)

Collinear-plane contribution. From T(?) (6.13) we get

2e LeVE 0 (n)(n)(n) ) . . A

plep) — H € 1)1 (102)55 (M3 )j3a /244, /dd_ka 72 s
2im/2 j % 0 Jil - jal (m?) 1 (k1)

1ye-J4=

oo dkT dk~
X —— TR T2 . — . (A.37)
—oo (kT (k= + Q) 4+ i0)" ™ (kT + Q)k— +i0) (ktk— 4 i0)nstisa
Here the k | -integral is scaleless:
[ @y = G [Ta g (38)
- F(l — 6) 0 . '

In the |k |-integral the singularities at |k, | — 0 and |k, | — oo are regularized dimension-
ally (by €) and cancel each other. The k*-k~-integral is regularized analytically. It yields
the contribution

e imm2s (—1)71234 T'(njeg + jroga — 1) T(1 — n1g — j134) T(1 — nog — jasa)

% . : , : . (A39
(Q?)m2stirzsa—l I'(ny + j1) T'(ng + j2) T'(2 — n123 — ji234) ( )

which is non-zero and well-defined for nj 23 ¢ Z. Altogether we have
Flr) =, (A.40)
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Hard-collinear overlap contributions. For a Lorentz-invariant integration, the 1-col-
linear expansion 709 (6.9) can be rewritten as

> 7.2 00 2\j
19y, — (m2) 1z (—kTk™ )]1 k‘ —k2)
V915 = Z ]1'j2' (Qk‘ n2+]12 Z ]' 2p2 k‘)”2+3 ) (A.41)

J1,J2=0 j=0

where terms in the numerator with the same j = j; + jo have been combined via the
binomial theorem. Putting (A.41) together with T (6.8), the overlap contribution reads

c > n2)5, \N3)j ; ;
F(h,l ) Z ( 1)7]11' 52' )]2 (_1)]1 (mQ)]2
J1,52=0

Dk
g .

We evaluate this loop integral for general propagator powers nq 23 with the help of alpha

(A.42)

parameters (A.2):

/ Dk
(k2 + 2p1 - k)nl (2p2 . ka)nz (kQ)?’Lg,
3 efiﬂ'ni/Z 0 -
= }_[1 F(nz)/o da; o' /Dk‘ exp {z <oz13k:2 + 2k - (a1p1 + a2p2)>] . (A.43)

Performing the loop integration via (A.4), the a-integral through reversing (A.2) and then
the aj-integral using (A.6), a scaleless az-integral remains:

e~ immst2n2+2=6)/2 P(n) — no)T(2 — ng — €)
(Q2)nz2 I'(n1)T(ng) (2 — ng —¢)

Plugging this result into (A.42) with ng — ng + j1 and ng — n3 + jo — j1, we obtain

o0
e erE / daga® 3T =0.  (A.44)
0

Fhle) — ¢, (A.45)

The two collinear regions are symmetric to each other via exchanging p; <+ ps and n; <> na.
Therefore we also have

Fh20) — (A.46)

Collinear-collinear overlap contribution. Rewriting both collinear expansions
719 (6.9) and T (6.10) via (A.41), the collinear-collinear overlap contribution reads

s . ) 2\J12
(1e,2¢) _ (nl)jl (nZ)J2 _1\J Dk (k )
B B Z S ) ( 1)312 (2]91 . k)n1+j1 (2]92 . k.)nz—i-jz (k2 _ m2)n3

=0 U2
00 J12 .
= Z M (_l)jm Z <j12> (mQ)jm—i
] .
J1,j2=0 Ji-J2: im0 N '

Dk

X /(2p1 . k)n1+j1 (2p2 - k)nz-i-jz (k2 _ m2)n3—i ) (A.47)
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where (k%)712 = ((k*—m?) +m2)j '? in the numerator is expanded according to the binomial
theorem. Again using alpha parameters (A.2),

3 irm
Dk e—imi/2 oo - ) )
= —_ doy; a1 | eies(=m?)
/ (2p1 - k)™ (2pa - k)2 (k2 — m2)ns (21211 T(n;) /0 Z )

X /Dk exp [z (a3k2 + 2k - (cip1 + agpg)ﬂ i

(A.48)
Performing the integrations over k, a; and asg, a scaleless as-integral remains,
o R 40 oo,
which is regularized analytically. Therefore
Flie2) — (A.50)

Other overlap contributions. The remaining overlap contributions in (6.19) are com-
binations of expansions which already individually lead to scaleless integrals. So it is

obvious that these contributions are scaleless as well:

e}

Flbic2) 3 (n1), (n2)j, (n3) s (=1)2 (m2)%s
J1!j2! j3!
J1,J2,J3=0

Dk
. /(2]71 : k)n1+j1 (2p2 : k)n2+j2 (kQ)n3+j3—j12 =0,

F(h:Q) — 'u2€ e i (nl)jl (712)]'2 (n3)j34 (_1)j123 (m2)j4 /ddzk‘l
2imd/2 g1l gl (—Ei)”3+j34

J15e,Ja=0
y /OO dkt (k+)j123 /OO dk— (k—)jms
oo (—K2 + Qkt i)t J oo (—K2 4 Qk~ + i0)n2ti2
pleg) — :u26 en i (nl)jl (n2)j23 (713)]'4 (_1)j124 / dd_2EJ- (Ei)JS
2id/2 g1l gl Qnatizs (_Ei — m2)ns+ia

jlv"'7j4:0

y /oo dkt (k+)j124 /oo dk— »
coo (—K2 + QEt + 0yt J_oo (k™ Fi0)2 =T T
Fe9) — [via symmetry related to F(lc’g)] ,

2e e€E

> 11) 1 (12)jag (123) 5y (—1 J1234 (1 2) s 492k
. Z(l)(?).(i’») (1) ()/( L

F(hvlcvg) — 'LL - =,
g1l js5! Qn2tizs _ki)n3+j45—j3

J1yee,35=0

y /oo dk+ (k+)j124 /00 dk— 0
oo (=K 4 Qht - i0)mti J oo (kT A+ i0)metdsmie

F("209) — (0 [via symmetry related to F(1¢9)]
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F(lc’267g) _ /1’26 e i (nl)jm (n2)j34 (n3)j5 (_1)j135 / dd_2ki (ki)j%
(

27j7rd/2 i o jll .. .j5! Qn12+j1234 _Ei _ m2)n3+j5
15--,J5=

0 Akt o dk~ o
X oo (KT + Z'())n1+j2*j35 oo (B + Z'())n2+j4*j15 o

F(h,lc,Qc,g) — 'u26 e e Z (nl)jm (n2)j34 (n3)j56 (_1)j12345 (mz)]ﬁ
T 9imd/2 g1l jg! Qriztiizza

y / A2k, /°° dk* /°° dk~ .
(_];i)ng—&-js@—j% oo (kT +40)ymtiz=dss | (k= + i0)n2tia—is T

Fher) — per) — 0 [same expansion]

2e LeVR e . . . _1)J2 2\Js
(le,ep) _ K€ (nl)ﬁ (n2)J23 (n3)J45 ( 1) (m ) d—27. (1.2 \J1:
F = 9ind/2 Z il s Qnatizs A%k (k)7
J10,5=0
} /°° dk* dik~ 0
o0 (k+(k_ +Q)+ iO)n1+j1 (k= 4 10)n2ti2s (ktk— + i0)nstiss—i2 7

F@eeP) — 0 [via symmetry related to F1P)]
Fhlec) — pllecp) — [same expansion] ,

F(h2eep) — p2ec) — (0 [same expansion]

2¢ €VE °° . . . —1)713 2\Jj6 o o
F(lc,2c,cp) _ p=e Z (nl)hz (n2)33f1 (n3)]56 ( ) (’ITL ) /dal—QkL (ki)3245

2imrd/2 P g1l jg! Qmi2tii234

00 dkt dk~ 0
X oo (BT + iO)”1+j2_j3 (k-— + Z’O)n2+j4—j1 (k-l—k— + Z’O)ﬂ3+j56 -

Fhle2ecp) — p(le2ecr) — () [same expansion] . (A.51)

These contributions are all well-defined and scaleless through dimensional and analytic
regularization.

A.3.2 Sudakov form factor: hard contribution

The hard-region integrals in F®) (6.22),

Dk
/(kQ +2p1 - k)™ (k2 4 2py - k)12 (K2)nstd

(A.52)

are easily evaluated using Feynman parameters, yielding

I'(ni23 + J)
['(n1) T'(ng) T(nz + j

1
ni—1 no—1 n3+j—1
) /0 doydegdes 6(1 — wi93) 2"~ 25? " xg

/ Dk
X —
((k + z1p1 + 22p2)? — 2122Q2)
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F(nios — 2+ €+ )
I'(n1) (ng) I'(ng + j)
l . . .
X / dzy dag deg 6(1 — 2123) 3:?”23_6_3 mé_””’_s_j :cg:”ﬂ_l . (A.53)
0

-~

I'(2—n23—e—j) I'(2—n13—e—j) ['(n3+j) /T (4—n123—2¢—7)

— M25 ewE e—i7rn123 (_l)j (Q2)2—n123—e—j

The complete contribution from the hard region is shown in (6.23). In the case n; = ng =
ng = 1 this is

L (12N e (7 TT(1+ e+ §)T%(—e — )
F'Y = Q2 <Q2> eV Z( Q2) T(1—2c—J)

j=0
L\ eI 4 M (=) o (m? 7 (20),
T2 (Q2> I'(1 — 2¢) JZB (Q2> A+e), (A.54)

2F1(26,1;14¢;m2/Q2)

For the hypergeometric function we use the representations

e o) — - j(a)j (B); () L )
2F1(04757’Y7Z)—j§02 M) _P(ﬁ)r(’y—,@)/odt 1= t2) (A.55)

and extract the singularity of the ¢-integral at t — 1:
(1 !
2F1(26,1;1+ € 2) = fi+e (/ dt (1 —¢t)<? {(1 —tz)7%* —(1— z)*ﬂ
0

I(e)
+(1—z)7% /Oldt (1— t)61>
— 92 /01 1d—tt 1n<11__t;> +(1—2)"*+ 0

—1-2In(l—2)+é (ln2(1 o 2L12(z)) +O(ES),  (A56)

where Lig is the dilogarithm function. Expanding also the prefactor in (A.54), the result
reported in (6.26) is produced.

A.3.3 Sudakov form factor: collinear contributions

The 1-collinear contribution F(1¢) in (6.22) reads

Dk
. /(k:2 +2p1 - k)™ (2pg - k)retd (k2 — m2)ns—i’

(A.57)

where (k?)7 = ((k? — m?) + mQ)j in the numerator has been expanded according to the
binomial theorem. We evaluate this loop integral for general propagator powers n 2 3 using
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alpha parameters (A.2):

3 L
Dk e_Zﬂ'n1/2 [e%) - 4 ,
— R d i ni— Z()zg(—m)
J e (E e AT )

X /Dk‘ exp {z <oz13k:2 + 2k - (c1p1 + a2p2)>] . (A.58)

The loop and alpha-parameter integrations are performed with (A.4), (A.2) and (A.6).
They yield

I(ny —n2)l(niz—24+¢)T(2—n1 —¢€) '

2€ eYg ,—imNn123 2\2—n13—¢€ 2\ —n2 A 59
eTE e m .
Plugging this result with no — ny + j and ng — ng — ¢ into (A.57), we obtain
i el —n, T(2—n1 —€) > rm2\’
F(lc) _ 2 VB g~ imn123 m2 2—n13—e€ 2\ —no <
. O T T Z @
r NT(n1 —na — §) <= [j —2
y (nz +]) TL1 no j ( ) n13 +€— ) ‘ (A.60)
JIT(2—ng —e—j) par I'(ng —1)
The sum over 7 is evaluated as follows:
i:() I(niz —2+¢€—1)
=0 P( ns Z)
1 1 J . i
- - d n1373+e o 1 n]—e
F(2n16)/g o g()( >
T —92 — D2 =n — N (eI (=)
— (cqp Hma =2t e ) T@=m — et ) (A.61)

I'(2—ny; —¢)T(n3) '

producing the result which is reported in (6.23). The 2-collinear contribution F(¢) can be
obtained from F(¢) by simply exchanging n; < na.

As explained in section 6, we need analytic regularization for the collinear contribu-
tions, and we choose to calculate the case ny =1+, no =1 — 9 and n3 = 1 in a Laurent

expansion about § = 0 up to the finite order 6°. Using the results from above, we obtain

ao_ L (A (@ e STLAY
P = (1) (55) r<1+6>r<1—6>;< %)
P(1—6+ ) T26 — )T(c+6— HTA—ec—b+7)

JIT(1—e+d—7)
-z <M> <QQ>6 e (e+9)I1—e—0) T(29)

Q? m? I'(1—e+9) I'(1+9)
= (m?\! (1-6); (e = 9);

2F1(e=6,1-6;1-26;m2 /Q?)
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Using the integral representation (A.55) the hypergeometric function is expanded about
9 = 0 like in (A.56):

oF1(e—06,1—-08;1—-20;2)=(1—2)"°¢ <1+5 In(1 - z)
Lt tz \ €
1) — |1—-|14 —
()
The 1-collinear contribution, expanded in 4, but valid for any e, reads
1 w2\ € m2\ (1 Q? m?
le) _ €

+/01it [1— <1+tQQ”12mQ>_E] —vE+w(e)—2w(1—e)>

+0(5), (A.64)

> +0(6%). (A.63)

where ¢(z) = I''(z)/I'(z) is the digamma function. We expand additionally about e = 0,
keeping the same prefactor (u2/Q?)¢ as in the hard contribution:

¢ 1 2\ (11 Q? 2 12 2
P () () (-] - Te(-5)
1 Q? Q? 2 2 2\ 5
() () (1) o ) 1)+ )

+O(5) + O(e) . (A.65)
Using the symmetry between the two collinear regions upon p; <+ p2 and nj <+ neo, the
2-collinear contribution F(2*) can be obtained from (A.65) by replacing § — —4.
A.4 Forward scattering

A.4.1 Forward scattering: evaluation with analytic regulators

In this appendix the evaluation of the contributions (7.19) to the forward-scattering in-
tegral (7.1) or (7.4) in section 7 is sketched, using the propagator powers nj 234 as ana-

lytic regulators.

Hard contribution. The integral over Téh)l (7.5) is written in a Lorentz-invariant way:

(hy 1 / Dk 1 1
FY =~ +
0 2 ) (K22 \ (k2 —2py - k) (k2 +2py - k)"

1 1
. ((k2 + 2py - k)na - (k2 —2py - k)"‘*)

h h
- F ey,

h Dk
F{)

: A.66
i / (k2)m12 (k2 — 2py - k)15 (k2 £ 2ps - k)4 (4.66)
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where terms including the factor (k2 +2p; - k) =" have been transformed via k — —k under
the integral. The two terms Fih()) directly correspond to the diagrams in figure 5 (p. 38).
They are evaluated in a straightforward way using Feynman parameters and yield

F:E:h()) — :u2€ eEVE e—iTW1234 (:FQ2 _ 2'0)2—711234—6

« F(n1234 -2+ 6) F(Q — N123 — 6) F(? — N124 — 6)

A.67
F(ng) F(n4) F(4 — N1234 — 26) ( )
The complete result reads
Fo(h) — M2€ eE’YE e—’iﬂ'n1234 (Q2)2—n1234—6 (1 + eiﬂ'(’n1234+6))
F(n1234 -2 + 6) F(2 — Nn123 — 6) F(2 — N124 — 6) (A 68)

['(ng) T'(ng) I'(4 — ni234 — 2€)

Collinear contributions. We also write the integral over To(lc)l (7.7) as a Lorentz-

invariant integral using the d-dimensional vector r; = r + (p; — p2)7?/Q? satisfying
p12-7r1 =0 and ri = —Ff. With this we express
- rtk™ +r kT
ﬂ-lﬁz—r-lw—; =-ry-k, (A.69)

using (6.5), and obtain the integral

(le) 1 Dk
=3 /(k2)"1 ((k=r1)? =207 /Q*) p2 - k)™

1 1
X + -
((kQ —=2p1-k)™ (K2 —2rp - k+2p1-k—2(r7/Q%) p2- k) 3)

1 1
) <(2p2 - k)na + (—2p3 - k)m) : (A.70)

Let us first evaluate only the contribution from the first term in each round bracket

of (A.70), which is separately well-defined through analytic regularization. Using alpha
parameters (A.2),

1 / Dk
2 () (k= r1)? =201 /Q%) pa - k)™ (k2 — 2p1 - k)" (2pa - k)

4 —imng/2
_ % (H er( n)/ /oodozi a?i1> piaz(r? +i0)
ng 0

i=1

2
X /Dk exp [z <a123k2 — 2k - {agm + asgp1 + <8§ g — a4> pg] + i0>
(A.71)

After performing the loop integral with (A.4) and the ay-integral via (A.2) we obtain

1 Iu2e e€VE e—iw(n123+2—e)/2
2 T(n1) T(ng) T(n3) (Q2 + i0

o0
ni—1 no—1 nz—ng—1 ng—2+e€
s /0 day dag das o o) o 093

X exp <z e m)) . (AT2)
123
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We can solve this integral by multiplying it with unity in the form of

[e.e]
1:/ dné(n—ch), with § # S € {1,2,3}, (A.73)
0 -
jJjeSs

where the sum of alpha parameters in the delta function runs over an arbitrary non-empty
subset of a2.3. Then, changing the order of integration, all alpha parameters are rescaled
as a; — na; under the n-integral and the delta function is rewritten as (1/1) 6(1—>_ g ;).
Performing the n-integral first using (A.2) yields

1 2€ €YE ,—iTN1234 2 cN\\2—n193—€ 2 LA\ — N4 F(?’leg —2 + 6)
5 ueE e (—ri —10) (—Q* —10) T'(n1) D(112) (13
o
X / day dagdagd <1 — Z og) Q] 2T T TE sl giasa—At2e (A7)
0

jes

Now the three-fold integral is of the form

= al+ .. o)ttt T+ + 1)

valid for any () £ S C {1,...,n}, and we obtain

1#26 eEVE e—iwn1234 (FJQ_)2_R123_6 (_QQ o ’L'O)_m‘ F(ng _ 7”L4)

2
F(?’ngg — 24 6) F(2 —Nn13 — 6) F(Q — N9o3 — 6)
I'(n1) T(ng) I'(ng) I'(4 — ni23q — 2€)

(A.76)

for the contribution from the first term in each factor of (A.70). Analytic regularization is
needed for this contribution, otherwise I'(n3 — n4) would be ill-defined.

The contribution from the first x second term in (A.70), i.e. with (—2ps2 - k)™"™ in-
stead of (2py - k)™™, can be calculated from (A.76) by replacing po» — —p2 and there-
fore Q2 — —Q?. (The combination py/Q? remains invariant under this transforma-
tion.) The remaining two contributions, involving the second term in the first round
bracket of (A.70), are obtained from the previous two contributions via the replacement
k—r + (7“3_ /Q%) p2 — k and ny <+ ng under the loop integral, which leaves the expres-
sion (A.76) invariant. The complete result reads

Fo(lc) _ MQE VB e—irrn1234 (Fi)2—n123_6 (QQ)—n4 (1 + eiwn4) F(ng - n4)

F(n123 — 2+ 6) F(? — N3 — 6) F(2 —N93 — 6)
I‘(nl) F(’I’Lg) F(ng) F(4 — N1234 — 26) '

(A.77)

The 2-collinear contribution,

(20 _ 1 Dk 1 1
fom =y /(1€2)"1 ((k=r0)?+2(r2/Q*) p1 - k)™ <(—2p1 - k)ns " (2p1 - k)”3>

1 1
. ((k2 + 2pg - k)na i (k2 —=2r, -k+2(r2/Q*)p1 -k —2ps - k)n4> ’
(A.78)
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results from (A.70) by exchanging p; <> —py and ng <> ng. It is thus obtained from (A.77)
via n3 <+ ng and reads

F0(2c) _ u?e eV e—mn1234 (FJZ_)Z—nlm—e (QQ)—ng (1 + eiwng) I‘(n4 o n3)

F(n124 — 2+ 6) F(Q — N4 — 6) F(? — N4 — 6)

A.79
F(nl) F(ng) I‘(n4) P(4 — N1234 — 26) ( )
Glauber contribution. The integral over To(g T (7.11) reads
F(Q) _ 1 M26 e€VE / dd—QEJ_
D2 2w ) (R (k- 7))
X / dk™ 14 + = ! =
—o0 (—Qkt — k2 +i0)"s  (QkT — k? + 27 - ki +i0)"s
o 1 1
X / dk™ = + = = . (A.80)
—o0 (Qk= — k2 +i0)™  (—Qk~ — k? + 27 - ki +i0)™

Analytic regularization makes the k*-integrations over the individual terms well-defined
and allows to assume Rengy4 > 1. Then we can close the integration contours at ico or
—1i00, choosing separately for each term the side where no pole and no branch cut lies within
the closed contour. So all k™- and k™ -integrals vanish as scaleless integrals, cf. (A.35). The
k | -integral is regularized dimensionally. Therefore,

F9=0. (A.81)

Collinear-plane contribution. Integrating over TéCp 7 (7.13) yields

plev LI o dk* dk-
0 2 2ird/2 k:*k: +i0)m2

1
8 <(k+(k:— — Q) +1i0)"™ (k+(k— +Q) + z‘o)"3>

L 1
’ <((k+ +Q)k~ +i0)™ - ((k+ — Qb + Z.O)m) : (A.82)

As the integrand is independent of k 1, the k | -integration is scaleless through dimensional
regularization, cf. (A.38). The k*-integrals are regularized analytically. So

Fi* =0. (A.83)

Hard-collinear overlap contributions. The hard-1-collinear overlap contribu-
tion reads

F(h,lc) _ 1/ Dk 1 n 1
0 2 ) (k2)mz \ (k2 —2py - k)" (k2 4 2py - k)7
1

1
X +
<(2P2 k) (—2py - k)na

) . (A.84)
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It corresponds to Fo(lc) (A.70) with r; = 0. According to (A.72), we get
M26 eVE e*’iﬂ'(n123+27€)/2
I'(n1) I(ng) I'(ns)

Féh,lc) _

«Q2+ﬂnﬂ”+%—Q2+im—M>

o
X / doy dog das 0/1”71 043271 04337"471 a?§§2+e
0

_ N2€ e€VE —im(n123+2—€)/2 (1 N e_mm) F(Q — N4 — 6) /oodag an12373+e
(Q2)ma [(n3) (2 —na —€) Jo ’

~0. (A.85)

This integral is scaleless by dimensional regularization. Analytic regularization is only
required if the asz-integration is performed first. Similarly, via the symmetry p; <> —p2
and ng <> ng,

F{ =0, (A.86)

Collinear-collinear overlap contribution. The 1-collinear-2-collinear overlap contri-
bution reads

(1e,2¢) 1 Dk 1 1
Fo 2 /(/‘32)"1 ((k—ry1)?)™ <(—2P1 - k)ns - (2py - /f)"3>

X

1
<<2p2 T (“2pe M

The first term of each round bracket yields the contribution

4 T
1 e imni/2 /oo . ) 5
= dos am—l elo2 (r7 +140)
s (I e

X /Dk exp ('L [0412]{2 — 2k - (0427]_ + a3pr — 044}?2) + ZO])

1 MZE €V e—iw(n123+2—e)/2 00 L
S 5 / dag ag® ™™
2T(n1) D(n2) I'(ns) (Q% +10)™ Jo

oo
X / dag dag ot a2t oM  exp (z a2 (r} + 10)> . (A88)
0 Q12

) . (A87)

The o 2-integrations are regularized dimensionally, while the as-integral is scaleless by
analytic regularization. The remaining contributions from (A.87) are obtained via p; —
—p1 and/or py — —po and vanish as well. Therefore,

Fi*?) =, (A.89)

Other overlap contributions. All other overlap contributions in (7.19) are expansions
of scaleless integrals evaluated above, so they are scaleless as well:

(hc2e) 1 Dk 1 1
F = -
0 2 /(k2)”12 <(—2p1 - k)ns - (2p1 - k)ns

1 1
X + =0,
((2}72 k) (—2pg - k)"“)
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) _ L p e / a2k,
0 2 2mwd/2 (_ki)nu

x / dk* L 4 !
—o0 (—Qkt — k2 +i0)"s  (Qk+ — k2 4+i0)ms

X / dk~ } + 1ﬁ =0,
—o0 (Qk— — k2 +i0)"  (—Qk— — k? 4+ i0)ms

(1e g) 1 NQE el 1 dd_ZEJ_
F 7 2 d/2 ng 7.2 . — 2\ 12
2imd/2 Q) (—k2)m (= (kL —71)?)

1 1
X / dk* = + = =
—o0 (—Qkt — k2 +i0)"s  (QkT —k? + 27 - ki +i0)"s

> 1 1
dk~ =0
: /_oo <(k‘ Ty (ke t iO)”‘*) ’

F(§2C’g) =0 [via symmetry related to Fo(lc’g)] ,

hic) _ } N26 eE 1 / dd_QEL
2 2imd/2 Qna (_Ei)mz

Fy

x / di+ L + !
—oo (—QkT — k2 +i0)"s  (QkT — k2 +i0)"s

>0 1 1
dk™ =0
) /_oo <(k‘ Ty (ke iO)”‘*) ’

(h, 1c7g)]

F0(h72cvg)

F(lczc,g) 1 p*e® 1 / 4?2k,
2 2! QU S (R (—(Ry — 7))

1 1
dk™
. /Oo <(—k:+ Fioys T +z’0)n3>
0 1 1
dk™ =0
. /oo ((k‘ +10)" - (k= + iO)’“) ’
.9 1 2e LeVE 1 d—27. e 1 1
F(hl R L /dq ko / at . n .
2 2ixd/2 Qs (—k2)m2 J o (—k+ +i0)ms  (k+ 4 i0)ns

o0 1 1
dk™ =0
. /_oo ((k T (h+ ww) ’

Féh,cp) _ FéCp) =0 [5ame expansion| ,

F(lC,Cp) 1 luzE eE’YE /dd Qk / k+ dk—
0 2 2imd/2 Qra (ktk= +i0)m2

=0 [via symmetry related to F

?

1
8 ((k+(k— - Q) +1i0)"™ * (kt (k= +Q) +zo)"3>

1 1
—0
. <(k— iy (ke —|—i0)”4> ’
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FéQc,cp) -0 (lc,cp)]

[via symmetry related to F ,

Féh’lc’Cp) = FO(IC’CP) =0 [same expansion],

Féh’%’cm = Fézc’Cp) =0 [same expansion],

plle2ecp) _ 1 g% e /dd 2%, / dkt dk~
0 2 2imd/2 Qnas (k+k= +i0)m2

) (<—k+ oy +zo>n3> ((k : oy (ke iz-o)m) -

Féh’lc’%’q)) = Fo(lc’%’q)) =0 [same expansion]. (A.90)

All these integrals are well-defined via dimensional and analytic regularization.

A.4.2 Forward scattering: evaluation without analytic regulators

Here the evaluation of the contributions (7.19) to the forward-scattering integral in section 7
is repeated with analytic regularization switched off. This means that the propagator
powers are set to the fixed values n; = ny = ng = ng = 1 from the start.

Hard contribution. The evaluation of the hard contribution in appendix A.4.1 is also
valid without analytic regularization. From (A.68) we get

i _ L (P e €FLR I )
A =g () 0+ = o

Collinear contributions. The 1-collinear contribution without analytic regulators reads

(o) 1 pPem / oy / Akt dk~
0 2Q 2ird/? (ktk= — K2 440) ((k+ — r)k= — (k1 — 71)? +140)

1
X +
<k+(k——Q)—ki+z‘0 btk + Q) —rd k= — k2 + 27 - kL—l—zO)

1 1
. A.92
X(k—+i0+—k—+io> (A.92)

The factor in the last line of (A.92) vanishes everywhere under the k™ -integral except for

the pole at £~ = 0 which lies below the real axis in the first term and above the real axis
in the second term. The only remaining contribution arises from the closed integration
contour around this pole, i.e. from the residue at k=~ = 0, which allows us to express
1 . 1 B 1 1
k= +i0  —k=+i0 k= +i0 k= —i0

The 1-collinear contribution becomes

F(lc)_ 1 M26657E/ dd—2EJ_
0 2Q 7 J 2 (kL —7)

= —2in8(k7). (A.93)

o0 1 1
x / dk*t _ + _ _ . (A.94)
oo —Qkt — k2 +i0  Qkt — K2 +27, -k +i0
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The kT-integral converges at |k*| — oo because the leading behaviour for large |k is
cancelled between the two terms, such that the integrand falls off like 1/(k*)? towards
infinity. We close the integration contour at +ioco or at —ico, taking into account the
residue of the one pole within the contour. In general, we get

o0 1 1 1m
+ _ =
/_Oodk <—QI<:++A+iO * Qk++B+i0) =0 (A.95)

for real A, B and ) > 0, which is in particular independent of A and B. The k | -integral

is solved using a Feynman parameter,

/ dd 2kl / / dd le
k: /ﬁ—m_ kJ_—IIITJ_ —i—x(l—a:)f’ff

=771+ e)/o dz (z(1 — z) ri)
al=¢ T'(1+4¢e)I2%(—¢)

= ) A.
PO T(-20) (4.96)
The complete 1-collinear contribution reads
' 2N e (14 €)T?(—e
(ley T K € ( + 6) ( )
O L) as

The 2-collinear contribution,

(20) 25 e€VE / d 2 / dk’+ dk—
0 2@ 2md/2 (ktk= — k2 +40) (k+ (k= —r5) — (k1L — 71)% +i0)

1
X + - -
((k++Q) k= — k2 40 (k;+—Q)k—k+r0—ki+2ﬂ-1ﬂ+io>

1 1
A.
X(—k++i0+k++i0>’ (4.98)
is obtained from Fo(lc) (A.92) by replacing k* <+ —k~ and ri — —r; = rd. So the same
result is reproduced,
. 2\ ¢ eET(1 2(—
20) _ p(1e) _ dm (pF\T eTET(1+e) I (—¢)
F,™ =Fy" = = . A.
W -n - () T 99

Glauber contribution. The Glauber-region integral (A.80) for nj =ng =n3 =ny =1
reads

F(g) _ 1 #26 eVE / dd_ng_
0 2 2i7d/2 Ei (ky —70)2

1 1
></ dkt - + - -
oo —Qkt — K2 40 Qkt — k2 + 27, - by + 10

o0 1 1
x / Ak~ - + - - . (A.100)
o Qk— — k2 +i0  —Qk— — k2 + 27, -k +i0
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The k*-integrals converge because the leading behaviour for |k*| — oo is cancelled between
the two terms of each round bracket. All integrals needed for (A.100) are known from (A.95)
and (A.96). The result is

; 2\ ¢ e 2(_

R = o (Lj?) Y (A.101)

T Q*\ 7T I'(—2¢)

Collinear-collinear overlap contribution.
c2e) 1 pPenm o[ dk* dk~
Fél’Z)ZQM'Zz/d“kL/ : 7
2Q? 2imd/ —oo (kTk= — K2 +i0) (k*k— — (k1 — 71)2 +10)
1 1 1 1

A.102
X<—k++i0+k++i0> <k—+i0+—kz—+i0>’ (4.102)

—2im 6(kt) —2im 6(k—)

where the two round brackets are replaced according to (A.93). Using (A.96), the
1-collinear—2-collinear overlap contribution yields

i 2\ e ET(1 I2(—¢
(1e2¢) _ im (po\ eTBT(14¢e)T?(—¢)
F, =T <Ff> F(—20 . (A.103)

Collinear-Glauber overlap contributions. The 1-collinear-Glauber overlap contribu-

A (e ——
0 2Q 2imd? ) B2 (ky —71)? J oo k=410 —k~ +10
o 1 1
X dk = + = = ) (A.104)
—s0 —Qkt — k¥ +i0  Qkt — k2 +27 -k +1i0

its symmetric counterpart Fé2c’g) (obtained via kT <+ —k7), and the threefold overlap

tion

contribution

g _ st [ (1
’ C 2@ 2w ) B2 (K —7)2 S kT +i0 " kT +140

> 1 1
x/_oodk (k+i0+_k+i0> (A.105)

are evaluated using the relations (A.93), (A.95) and (A.96). They yield identical results,

' 2\ e (1+e)T%(—
(1e.9) (2¢.9) (1e,2¢,9) m (K e (1+e)I7(—¢)
Fo " = Fy " = = . A.106
0 0 0 72 Q2 <Ff> I'(—2€) (A.106)

Contributions involving the collinear-plane region. The contributions FéCp ) (A.82)
and Féh,cp), Félc,cp)’ FéQc,cp)_: Féh,lc,cp)’ ‘Féh,2c,cp)7 Fo(lc,Zc,cp)’ Fo(h,lc,Qc,cp) (AQO) all involve
the scaleless integral [ d?2k, (with no further integrand) which vanishes through dimen-
sional regularization. This is still true without analytic regularization, when the propagator
powers are fixed to n; = ny = n3 = ny = 1. But the k*-integrals in these contributions
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are problematic without analytic regulators. The integrands fall off sufficiently fast at
|k*| — oo, but the collinear-plane expansion makes poles above and below the real k*-axis
collapse at k* = 0. So the integration contour is pinched between poles which are infinites-
imally close to each other. These k*-integrals are regularized analytically in the evaluation
of appendix A.4.1, but here they are singular.

We may regularize the pinching of poles in the k*-integrals without resorting to an-
alytic regularization by keeping a finite (instead of infinitesimal) imaginary part id (with
0 > 0) in all propagators, e.g.

F(CP) _ 1 Iu26 eG’YE/ d Qk / dk+ dk—
0 2 2ird/2 (kTk= +10)2

1
8 <k+(k——Q)+25 e (k—+Q)+i6>

1 1
8 <(k+ Tk 1@ (e —Q)k + ié) ' (A.107)

When ¢ is fixed at some finite positive value, the poles above and below the integration
contours are separated from each other and the collinear-plane integral is well-defined.
The result from the k*-integrations is singular in the limit § — 0, but it is multiplied
by the scaleless k | -integral, so the complete contribution vanishes. This is true for all
contributions involving the collinear-plane region:

F(Cp) _

0 _ Féh,cp) _ Félc,cp) _ FéQc,cp) _ Féh,lc,cp) _ Féhﬂc,cp) _ Félc,?c,cp)

= e — g (A.108)

For consistency, the same regularization by a finite imaginary part id should be applied to
the contributions from the other regions as well, but there the limit 6 — 0 (with § > 0) is
regular when it is performed before the limit d — 4 from dimensional regularization.

In addition, as we have already noted after the identity (7.19), all contributions involv-
ing the collinear-plane expansion 7??) cancel each other in pairs at the integrand level,
according to (6.21), because the hard expansion T does not change the integrand when
it is applied in addition to T(<P):

(FO(CP) B Féh’CP)) - (Fo(lc,cp) . F()(h,lC,Cp)) _ (FéQC,Cp) _ Fo(h,2c,cp))
+ (Félc,2C,Cp) _ Féh716720’0p)) — 0 . (A].Og)

So even if individual collinear-plane contributions were singular, their sum would vanish at
the integrand level. Also, the collinear-plane contribution Fj (eP) i parametrically of order
(72)17¢(Q%) 72 (7.21) and thus suppressed by two powers of 11/@2 with respect to F( )
FéQC) and Fo(g ). So it does not contribute to the leading-order result Fp.
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Overlap contributions involving the hard region. The overlap contributions involv-
ing the hard expansion and any of the collinear or Glauber regions read

phiie) _ 2 eTE /dd 27 / dkt dk~ 1 N 1
0 2@ 217Td/2 (k*k— — k2 +i0)2 \k~ +40 = —k~ +10
X —+ 1
k+(k—-@)-ki+zo (k= + Q) — k2 +i0 )
IR ey TNy Y (RS S
’ 2 2int? ] (k)2 J-oe —Qkt — k2 +i0  Qk+ — k2 40
X / dk — —
_ Qk— — k2 + 0 Qk= — K2 +i0
F(h,lc,Qc) . 2 grm / d Qk / dkt dk~
’ 2Q2 2wrd/2 (k+k~ — k2 +i0)2
X + 1
—k++z0 k++zo k= —I—ZO —k=+i0)"’
pleg) _ 1 p e /d”/%’ 1 /°° L 1 N 1
’ 2Q 2?2 ] (k2)2 Jooo \—QkT — K 400 QKT — K% +i0
o 1 1
8 /Oodk (k:— T —i—iO) ’
F(h,lc,2c,g) _ 1 'u26 e /ddQEJ_ /OO dkt 1 " 1
0 2Q? 2imd/? ()2 J —kt 4+i0 kT 440

> 1 1
x/oodk: (k+i0+_k+i0>, (A.110)

omitting the symmetric integrals Féh’Qc) and Fo(h’Qc’g) obtained from the integrals above via
(1c) — (2¢) with kT <» —k~. The k*-integrals are evaluated using (A.93) and (A.95). All

contributions in (A.110) identically yield

Fo(h,lc) _ F(h,Zc) _ F(gh,g) F(h lc 2(:) (h le,g) F(h ZC,g) (h 1¢,2¢,9)

0
; 2¢ evp d—2

S /dﬁhzoj (A.111)
QQ ml—e (ki>2

which is a scaleless integral through dimensional regularization.

B Expansion by regions with a finite boundary

This appendix illustrates the behaviour of the expansion by regions and the formalism
of sections 3 and 5 when a finite integration boundary is involved. Consider the one-
dimensional integral

1

B
F= dk I ith [ = d M <« B. B.1
/0 wi (- my (k1 30)° and 0<m< M<K (B.1)
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B.1 Direct evaluation with a finite boundary

The integration domain D = [0, B] in (B.1) involves the finite, non-zero boundary B, which
introduces an additional scale into the problem. Let us define two regions,

e the soft region (s), characterized by k ~ m, with the expansion

), (B (=17 kN
Z ]1 ’ lel I'= j1!M5+j1 (k+m)a’ (B2)

Jj1=0

converging absolutely for k € Dy = [0, A\] with m < A < M,

e and the hard region (h), characterized by k ~ M, with the expansion

(n) () _ (@) (=m)”2 1
X:OT ) Tj2 I= ! ketiz (k+ M)B’ (B.3)
J2

converging absolutely for k € Dy, = (\, B].

We have D; N Dy, =0, Ds U Dy, = D and

TOTH = TWTE) = 7 = §° (s:h)

J1.J2 7’
J1,j2=0
T(S,h)I = (ﬁ)jl (a)jg (—=1)r (—m)’2 1 (B.4)
gzt T g1l jo! MB+i kotiz=i - '

Also the integrals

= DG [P ki
J j1!M5+j1 0 (k+m)a’

oy _ (@), (=)= P dk

J2 J2! (k 4 M)/B
sh)  (B)ji (@)j, (=1)71 (—m)2 B 4k
Fu = 1] ' - (B.5)
J1,J2 ]1']2‘ Mﬁ+]l 0 ka+]27.71

are well-defined if we use the denominator power a as analytic regulator, choosing its
value for each of the integrals F j(Q) and F*" such that they converge at k — 0. So the

h)
1,32
conditions 1, 2 and 3 of the formalism in section 3 hold. But we have a problem with

the convergence of the summations as required in condition 4: The series > o 710 Fj(ls) and

Z;’f 0 F](ls ]2) (for fixed jo) diverge, because these two integrals involve contributions from
k ~ B producing powers (B/M)’ (with B/M > 1).5
With F&) and F&M being divergent and therefore condition 4 violated, we cannot

naively claim the master identity (3.22), here F = F() 4+ F(h) — p(sh) t0 be true. However,

®Note, however, that the series $°° Sy=0 Fj(f) and 37 F;f ]h; (for fixed j1) are convergent, although
contributions (m/k)72 with k — 0 are involved. But the analytic regularization prevents contributions from

the zero-boundary k = 0 and makes the integrals yield results scaling only with £k ~ M and k ~ B
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the difference F'®) — F(sh) ig finite when the terms are combined before summing over ;.
This can be seen by writing

/B dkki* /00 dk kit /OO dk k7
0 (k+m)a_ 0 (k+m)a B (k—i—m)a
_aTa—1-5) i () (=) /°° dk

F(a) me—1-7j1 jo! B kotiz—j1’

(B.6)
j2=0

using the power a as analytic regulator also at k — oo and expanding the second term
safely for m < B < k. The two contributions combined yield

5) = s (B)pTa—1—7j1) /1 myn
7 = ZFJ‘1,J’2 = T(a)meLMP <*M>

(B)s (1)t S~ (a)jp (=m) ([P dk > dk

j2=0 B

j2=0

The sum of the two integrals in the second line of (B.7) is zero (using analytic regulariza-
tion), because

B dk Bl—atji—j2
- = for Rea < 1+ ji — jo,
/0 katiz—i1 1—a+j1—7J2 or hea T2
00 dk RBl-atji—j2
- = for Reaw > 1+ j1 — Jja, B.8
/B kati2—i1 1l—a+j1—J2 or hea T2 ( )

or simply because the two integrals add up to a scaleless integral from 0 to oo.
The upper limit of the integrals F j(:) in (B.5) can be extended to oo like in (B.6), and
the second term is evaluated in analogy to (B.8). In total the result is

pe 3 (- n) e 3o

j1=0 J2=0 J2=0
L L & ()
- mo-lMB oz—ljlzzzo(M) ﬁ
L1 Tl-o)y Gﬁy2ﬂa+ﬁ_l+ﬁ)
Meta T () 2\ 7
1 > M\ 1 my (B)ju ()
- Batp-1 Z <_B> (_§> Jiljel (a+ B =1+ j12) (B9)

J1,52=0

The series expansions in (B.9) converge and reproduce the exact result of the integral F
in (B.1). Note that due to the finite integration boundary at k = B the individual integrals

](ls) and Fj (") in (B.5) do not yield homogeneous functions of m, M and B, and therefore
(s, )

the overlap oontrlbutlons F are not scaleless. Additional expansions of F *) and F;, (h)
in (B.6) are needed to arrive at the form (B.9) where all summation terms are homogeneous

functions of m, M and B.
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Individual terms in the result (B.9) are singular when « is a positive integer or when
(a+ B —1) is zero or a negative integer. One can check, however, that all these singularities
cancel between the terms in (B.9) such that the total result is finite as it should be.

The difficulties with the convergence of the expansions F®) and F(5") may be avoided
if one is only interested in a leading-order expansion. According to (3.27), the leading-order
approximation to F' is given by

B B B
() | pmh) (s _ 1 dk / dk 1 / dk
Fy=F" +F" - Fg" = ———t | - — [ —, (B.10
0= o+ 00 MB/O (k+m)> "~ Jo ke(k+M)»F  MP J, g (B10)

with the zeroth-order terms from (B.5). It does not require the convergence of the full series.
The first two contributions to the leading-order approximation F{ are not homogeneous
functions of m, M and B; they may be further approximated using (B.6) and keeping
only the leading term of the additional expansion. This leads to a different leading-order
approximation with homogeneous contributions:

F_l/oo dk +/°° dk _/°° dk _1/°°dk
0T MP Jy (k+m)e ")y ke(k+M)P Jp ketB T MP ), ke
1 1 1 Tl-a)T(a+8-1) 1 1

T eI MB o —1 + MotB—1 T(8) T BetB Lot g1’ (B.11)

which corresponds to the leading-order term (with j; = jo = 0) in (B.9).

B.2 Evaluation by extending to an infinite boundary

There is an alternative way to treat the integral (B.1) with finite boundaries in the ex-
pansion by regions, which, however, requires the formalism for non-commuting expansions
introduced in section 5.

Let us write the original integral as

0(B — k)

(k+m)e (k+ M)B’ (B.12)

F—/ dkI with [ =
0

with infinite upper boundary of the integration domain D = [0, 00), expressing the restric-
tion k < B through the Heaviside step function #. With a third factor and the new scale B
in the integrand I, we add a third region. Let us keep D, = [0, A], but redefine Dy, = (A, A]
with m < A < M < A < B. So, in the soft and hard regions, we have k < A < B, which
allows us to use

0B—k) =1, k<B, (B.13)

there.” So the soft and hard expansions of the new integrand, 7) and T as well as their

combined double expansion T*") exactly correspond to the known expressions (B.2), (B.3)

and (B.4). Additionally we now have

"Formally this is the expansion §(B — k) = 0(B) — ké§(B) + %5’(3) + ... =1 with (B) = 1 and
6W(B) =0 for B > 0 to all orders j.
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e the ultrahard region (uh), characterized by k ~ B, with the expansion

. . .
(uh) _ (uh) (wh) 7 (B)j (@)jo (M) (—=m)”2 6(B — k)
™= Z Tjhjz ’ Tjhjzl - j1!j2! fot+Btiz (B-14)
J1,92=0
converging absolutely for k € D, = (A, 00).
We have chosen the new convergence domains such that DsN Dy, = DsNDy, = DpNDyy, = 0
and Dy, U Dy U Dy, = D. The ultrahard expansion commutes with the hard expansion,

(R pluh) _ p(uh)p(h) — plhuh) — Z huh)

= 1,2
T} _ (B)j (@) ](1—'5\24‘ )t (=m)’2 ka+;+j12 , (B.15)
but not with the soft expansion:
TWh () = pluhes) — plsh)
T Wh) = plscuh) — plhuh) (B.16)

Therefore we need the formalism for non-commuting expansions as developed in section 5.
The subset of regions with non-commuting expansions is Ry. = {s,uh}, and condition 2a
(p. 25) holds with R, = {h}. Also condition 5 (p. 29) is fulfilled because the hard ex-
pansion does not further change the integrands which are already doubly expanded with
T) and T®h);

T(uh%s,h) — T(UhHS) , T(SH“h’h) — T(SF“h) . (Bl?)

The integrals needed within this formalism read

R GG = dki L (myr L
0

o g MBR (k +m) ~ me—1 B a—1(2-a),’

) _ (@i (—m)i2 [ dk
jo ; 0 fotie

M

J2 ]2! (k’ + M)B
B 1 (E)jz I'l—oa) DNa+5—1+j2)
T MetAiT\ M INGE) jo! ’
) _ (B3 (), (CMY! ()P [ 0(B ~ k)
J1,J2 g1! ja! 0 fo+B+i12

:_1<_M>jl<_m>j2 (B (@)},
Botp=t B B) jilj!(a+B—14j12)’

pon) _ (Bl (@) (=1) (=m)™ /°° dk
0

katie—gj 0,

J1,J2 g1! jo! MPB+5
) (MY (—=m)I2 e
plhan) _ (B (a)jy (M) (=m) &y, (B.18)
J2:01 71! ! o kothtin

i.e. all combinations of expansions which commute with each other. All integrals in (B.18)
are well-defined via the analytic regulator @ (condition 3), and the summations over j, jo
converge absolutely for m < M < B (condition 4).
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According to (5.14), the integral can be expressed as

F=rF6) L p) L pluh) _ p(sh) _ plhuh)

(uh<—s) (uh<—s,h) (s¢uh) (s¢uh,h)
B g plibesh) _ placul) | plicunt), (B.19)

As condition 5 holds, the extra terms in the second line of (B.19) cancel with each other.
So according to (5.18),
F=F® 4 pt) 4 pluh) _ plsh) _ plhuh) (B.20)

The first three terms with single expansions are series of homogeneous functions of m,
M and B, so the overlap contributions in the last two terms yield scaleless integrals and
vanish, see (B.18). The final result shortens to

F=F6 4 ph) 4 pluh) (B.21)

reproducing the result (B.9) from the previous calculation, when the expressions in (B.18)
are added together.
Let us have a short look at the extra terms in (B.19) which we have dropped:

(whees) _ uhesh) _ (B)j (@) (1) (=m)P2 [~ dk
J2.g1[uh] T 7 jaugu [uk] T 41! jo! MB+in A katiz—i

_ 1 <_A>Jl (_m>]‘2 (ﬂ)jl (a)jz
Ae—T B\ M A gl (—a+j —ja)

(s¢uh) _ p(s<uh,h) _ (ﬁ)h (a)jQ (_M)jl (_m)j2 /)\ dk
0

Jugels] — Tgug2ls] T j1! ja! fotB+ii2

B 1 M\, my i (8)j: (@),
T \atp-l <_/\> <_K> g1l go! (a er 3 —]1 +j12) (B.22)

The summations of these terms over j; diverge, because A/M > 1 and M/A > 1. So
by choosing to expand the integral F' (B.1) via extending its upper boundary to infinity

and introducing a third region, we still cannot completely avoid the problem of diverging
series expansions encountered in section B.1. But at least we have isolated the divergence
problems in terms which disappear from the final result (B.21) in a well-understood way.

Note that also other series expansions which appear in intermediate steps of the deriva-
tion, in particular 3 Fj(f,}z)[h} and > FJ(:;;?L],
aries touching both the soft and the ultrahard domain. So we can only sum the expansions

diverge because the domain Dj, has bound-

over j; up to oo once the terms have been combined into the integrals (B.18) performed
over the complete integration domain. For those the convergence of the series expansions
is required by condition 4 in section 3.
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