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ABSTRACT: We use an abelian model to study linear power corrections which arise from

infrared renormalons and affect event shapes in eTe™ annihilation into hadrons. While
previous studies explored power corrections in the two-jet region, in this paper we focus
on the three-jet region, which is the most relevant one for the determination of the
strong coupling constant. We show that for a broad class of shape variables, linear power
corrections can be written in a factorised form, that involves an analytically-calculable
function, that characterises changes in the shape variable when a soft parton is emitted,
and a constant universal factor. This universal factor is proportional to the so-called Milan
factor, introduced in earlier literature to describe linear power corrections in the two-jet
region. We find that the power corrections in the two-jet and in the three-jet regions are
different, a result which is bound to have important consequences for the determination
of the strong coupling constant from event shapes. As a further illustration of the power
of the approach developed in this paper, we provide explicit analytic expressions for the
leading power corrections to the C-parameter and the thrust distributions in the N-jet

region for arbitrary NV, albeit in the abelian model.
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1 Introduction

The goal of this paper is to investigate non-perturbative power-suppressed corrections to
shape variable distributions in e™e™ annihilation into hadrons in the three-jet region and
beyond (we will refer to shape variables in e*e™ annihilation into hadrons as EESV from now
on). This is interesting for at least two reasons. First, three-jet production in e*e™ collisions
is proportional to the strong coupling constant o, making it an important process for its
determination. Second, even if currently other methods seem to be more promising for this
purpose [1], studying three-jet production in eTe™ collisions remains important from a the-
oretical perspective. Indeed, it allows us to explore the interplay between perturbative and
non-perturbative effects in jet-production processes in the simplest possible setting and, hope-
fully, understand how to extend such studies to the more complex case of hadronic collisions.

Leading power-suppressed corrections to shape variable distributions are typically linear,
i.e. they are of order Aqcp/Q, where Agep is a hadronic energy scale and @ is the hard
scale of the process under consideration. For typical eTe™ collider energies these corrections
are expected to be of the order of few percent; therefore, they must be included in the
calculation of EESV. Power corrections can be estimated either using Monte Carlo event
generators [2—4], or with the help of analytic models [5—12]. The Monte Carlo approach
is certainly the most practical, but it is also very difficult to justify it theoretically in a
convincing way. Analytic models are conceptually more appealing, since they make contact
with certain specific features that the full theory should have, such as infrared renormalons.
Unfortunately, analytic calculations of linear power corrections are typically performed
in the two-jet limit [13-28] and then extrapolated to the three-jet region. When applied
to the determination of the strong coupling constant from event shape observables, this
procedure leads to values of o that are several standard deviations lower than the world
average, as(M,) = 0.1179(1) [1]. Significant ambiguities in the extrapolation of the power
corrections from the two-jet to the three-jet region have been pointed out as a possible
reason for this discrepancy [29].

The study presented in this paper is the continuation of ref. [30] written by some of us
recently. The main result of that reference can be summarised as follows: an observable that
is inclusive with respect to soft QCD radiation does not exhibit linear power corrections.
Later we will review the assumptions required to reach this conclusion, but for now we
emphasise that it has important implications for the computation of EESV. Indeed, as shown
in ref. [30], this result implies that no linear power corrections are induced by the recoil of
hard partons caused by the emission of a soft parton.! In ref. [30] we have exploited this
observation to compute numerically the linear power corrections to both the C-parameter
and the thrust distributions in the three-jet region.

In the present paper we build upon the results of ref. [30] and further examine power
corrections to EESV. Our first goal is to obtain an analytic expression for the linear power

"We note that in practical implementations of recoil effects, as done e.g. in parton shower Monte Carlo
programs, certain loose requirements must be satisfied to ensure the validity of this result. Several, but not
all, commonly used recoil schemes do satisfy these requirements, see ref. [30]. We will comment more on this
point in section 6.2.



corrections to the C-parameter, in an abelian model, for the generic three-jet final state. In
ref. [30] we performed an analytic computation of these corrections only for an unrealistic
scenario, where the shape variable was defined by first clustering the gg pair that originated
from the gluon splitting.? In this paper we do not make this simplifying assumption, derive
analytic results accounting for the g* — g splitting and use the quark and anti-quark
momenta to compute the changes in the shape variables. The availability of analytical
results is very helpful for obtaining robust phenomenological predictions in an efficient way
since, in contrast to the numerical computations described in ref. [30], they do not require
a numerical extrapolation to small gluon masses. Moreover, we will show that the analytic
computation allows us to uncover peculiar structures in our results, that may be interesting
to explore further in a field-theoretic context.

We use the approach described in ref. [30] to construct a contribution to the C-parameter
of the process v* — ¢+ ¢+ v+ (¢* — ¢q) which can lead to linear power corrections.
We then compute the linear power correction to the C-parameter by integrating over the
energy of the virtual soft gluon. Although this direct calculation is quite complex, as
it involves non-trivial elliptic integrals, the final result is remarkably simple, suggesting
that an alternative way to compute it should exist. We then explain how to perform the
computation in such a way that the simplicity of the final result becomes apparent. We
show that linear power corrections to the C-parameter are given by a factorised expression,
where one factor depends on the properties of the shape variable and the kinematics of soft
partons, and the second factor is a universal constant that only depends on the radiation
dynamics. At this point, it becomes apparent that the factorisation property found for the
C-parameter is actually valid for a large class of shape variables, and that the constant
factor is the same for all of them.

We formulate the conditions that an observable should satisfy for this factorisation to
happen, and demonstrate its power by computing linear power corrections to the thrust
distribution in the three-jet region, in addition to the C-parameter. We then extend these
results to the general case where N hard jets are produced in eTe™ annihilation. While
studies of the C-parameter and the thrust with N-jet final states, for N > 3, have limited
scope, they can still be useful for phenomenology [31-33]. Furthermore, we believe that the
relative ease with which power corrections to the N-jet case can be computed is a strong
indicator of the efficacy of our approach.

We can also apply our procedure to the computation of shape variables in the two-jet
region. Upon doing so, we obtain the same result as in refs. [21, 22] and, thus, find that
the universal constant factor that we identify in the context of the three-jet calculations is
related to the so called “Milan factor” of refs. [21, 22]. We note that, in the literature, the
constant “Milan factor” is often presented as a correction factor that should be applied to
calculations of EESV performed with massive gluons but neglecting the gluon splitting into
qq pairs and the impact of such a splitting on the observables. In fact, this way of describing
it, although justified by its historical development, is slightly misleading. Computing power

2This procedure only regards the analytic calculations. Numerical calculations were instead performed
including the splitting.



corrections to shape variables by considering the emission of a massive gluon leads to wrong
answers. In fact, the deficiency of this approach can already be seen from the fact that
the results depend upon ambiguities in the definitions of shape variables when there are
massive partons in the final state.? These ambiguities do not arise if the universal factor is
applied to corrections to shape variables caused by an emission of a massless soft parton in
a particular kinematic, as we will explain in this paper.*

The remainder of this paper is organised as follows. In section 2 we review the results
obtained in ref. [30] and set up the notation. In section 3 we study linear power corrections
to the C-parameter in the three-jet region. In section 3.1 we begin by computing these
corrections using direct analytic integration with a cut-off on the energy of the virtual
gluon. This calculation involves elliptic integrals and it is highly non-trivial. In principle, it
can be performed using the formalism of elliptic polylogarithms [35-40] and we show how
to do this in appendix C. It turns out, however, that the same calculation can be done
without resorting to this technology and we explain how to do this in the remaining part of
the section.

Although, as we mentioned earlier, the computation of power-corrections to the C-
parameter in the three-jet region is quite demanding, its result is so simple that an
explanation is called for. We provide such an explanation in section 3.2 where we show how
linear power corrections naturally factorise into a process-dependent part and a universal
factor that can be easily computed. We discuss subtleties related to this factorisation, since
it leads to divergent expressions whose regularisation needs to be understood.

In section 4 we show that the factorisation of power corrections to the C-parameter
found in section 3.2 applies to a broader class of observables. In section 4.1, we formulate
the conditions that the observables must satisfy for this factorisation to happen, and in
section 4.1.1 we show in detail how they are satisfied in the case of the C-parameter. In
section 4.2 we discuss the relation between our approach and that of refs. [21, 22] where
the Milan factor was originally introduced.

In section 5, we use our approach to compute linear power corrections to thrust in the
three-jet region (section 5.1), and then to both the C-parameter and thrust for a generic
N-jet final state (section 5.2).

In section 6, we perform preliminary phenomenological studies of the power corrections
in the three-jet region. First, in section 6.1 we validate the analytic results against the
numerical ones of ref. [30]. We then conjecture how to generalise our results, which are
only valid for gg~v final states, to the phenomenologically interesting case of QCD jets. In
section 6.2 we present phenomenological predictions for the C-parameter and the thrust
distributions in the three-jet region, and compare results for the C-parameter with the
findings of ref. [29]. We conclude in section 7.

3See for example the discussion around eq. (5.56) in ref. [34].

In fact, the definition of Milan factor in the two-jet and symmetric three-jet limit of ref. [22] is fully
consistent with ours, so our novelty claim only regards factorisation in the generic three-jet region. However,
in our discussion, the Milan factor emerges rigorously in the context of the large-ny framework, where it
is seen clearly that the final state with just a massive gluon plays no role in the computation of power
corrections.



Before continuing, we note that several parts of this paper present complex calculations
that rely on the use of sophisticated analytic techniques. Although we believe that these
techniques are both interesting from a formal point of view and potentially useful for
calculations of other observables, their detailed presentation may obscure the main results
of the paper. For this reason, we would like to suggest an alternative way to read this paper
that avoids many technicalities, yet makes our main result and message clear.

A reader not interested in technicalities should begin with reading section 2 and the
beginning of section 3 up to eq. (3.3) and then move to eq. (3.19) where a remarkably simple
result for power corrections to the C-parameter in the three-jet region is shown. One then
continues with the reading of section 3.2 and, especially, section 3.2.1, where the phase space
parametrisation that clarifies the origin of the factorisation property is introduced. The
factorisation formula derived in section 3.2.1 is divergent and ill-defined. In section 3.2.2 a
regularisation procedure is introduced that allows for the full analytic calculation of the
constant universal factor. Alternatively, one can study section 3.2.3, where a different
regularisation procedure is presented which, besides showing that the universal factor is
a constant, also explains how to write it as a finite integral that can be easily computed
numerically. Then, the reader should move to section 4 where section 4.1 illustrates how to
compute the observable-dependent coefficient by expressing it as a finite integral, which is
easily evaluated numerically. In the subsequent section 4.1.1 this procedure is illustrated
in full detail using the C-parameter as an example. After that the reader can move to
section 6 where phenomenological predictions in the three-jet region are discussed.

2 Generalities and linear power corrections to shape variables

Renormalons provide a robust framework for studying non-perturbative corrections to QCD
observables (see ref. [34] for a review). Linear power corrections O(Aqcp/@Q) arising from
renormalons can be computed in a rigorous way in the so called large-n; approximation,
i.e. in the limit where the number of light flavours is taken large and negative so that
ag|ng| = 1. Working within this framework, in ref. [30] we have developed a formalism for
studying linear power corrections to ete~ shape variables in the three-jet region.® In this
section, we briefly recall the main results of ref. [30] and set the stage for further analysis.

We are interested in linear power corrections to the cumulant 3 of a shape variable V.
We define the cumulant as

S(0) = Z/dap OV () — v), 2.1)
F

where I stands for a particular final state, ®» denotes the phase-space point of the state F’
and V(®p) is the value of the shape variable at the point ®r. We assume that the shape
variable is defined in such a way that it vanishes for a two-parton final state.® We note

5We emphasise that “three-jet” refers to an abelian model where a hard final state gluon is replaced by
a photon.

SFor the C-parameter this feature follows from its definition. For the thrust T we consider T =1 — T to
ensure it.



that we define the cumulant as the cross section for producing a final state with the value
of the shape variable V larger than a constant v, while it is common in the literature to
define it as the cross section for V' < v. Thanks to this choice, the two-jet region does not
contribute to the cumulant and, since we are only interested in the three-jet region, this
simplifies the discussion.

According to refs. [30, 41], power corrections to eq. (2.1) are obtained by computing

= (0; ) /dcb [ d@bb) dai@b)]e /ch> do? ( )H(V(@A)—v)

4o,
A do?9(@q)
_Iwg/d@qqd@w(ﬂmfm_)\z) [G(V(quq)—v)—ﬁ(V((D;‘*)—v)} . (2.2)

where ®y, is the Born phase space (i.e. the ¢gvy phase space in our case) and o is the
corresponding cross section. In addition, oy describes corrections to the cross section due
to the exchange of a virtual gluon with mass A; @2‘* is the phase space that describes the
emission of such a gluon, and oi* is the corresponding cross section. Finally, ®4; is the
phase space that contains a ¢q pair with invariant mass mgg, and 0% is the corresponding
cross section. We have also defined the beta function coefficient in the large-ny limit

nfTR
3r

bo,f = — (2.3)

Eq. (2.2) is the main ingredient for the computation of renormalon contribution to the cross
section, as illustrated in more detail in appendix A.

We will refer to the momenta of the primary quark, antiquark and photon as p1, pa,
ps3, respectively, and to the momenta of quarks which arise from the gluon splitting as [, I.
Introducing the notation

d3p
= - 2.4
we define the phase space factors as follows
d®y, = [dpy][dpo][dps](27)* 6™ (p1 + p2 + ps — q), (2.5)
a3, = [dp1][dpa]ldps][dk] (27)*5D (p1 + o + ps + k — q), (2.6)
d®,q = [dp1][dps] [dps][Al][dl] (27) '8 (p1 + pa +ps + 1 +1— ), (2.7)

where ¢ is the momentum of the eTe™ system, and all momenta are light-like except for k,
that has k? = A\2. The normalisation factor on the third line of eq. (2.2) is such that

X / [dl}[dl_](w(zw)‘*a(‘*)(zn_k)_ %_

_ 2.
bo.rcts By T do, (2:8)

Terms linear in A that are implicitly present in eq. (2.2) are associated with renormalons
and lead to linear power corrections O(Aqcp/Q). It was shown in ref. [30] that there are
no O(A) terms in the expansion of the virtual corrections in powers of A. Furthermore, from



eq. (2.8) it follows that the contribution proportional to H(V(q)g*) — v) cancels in eq. (2.2)
among the second and third terms. Thus, corrections linear in A can only arise from the
term proportional to H(V(@;‘q) — ). As explained in ref. [30], for observables that satisfy
certain criteria to be described later, these power corrections can be found by studying the
emission of a soft qq pair.

It is convenient to describe soft emissions by introducing a mapping between the
final state momenta with no extra emission, denoted as pi, p» and ps, and I, I, to the
four-momenta {py, p2, p3, 1, [} of the full five-particle final state,

ﬁ19ﬁ27ﬁ37 la l_<_>p17p27p37 la l_ (29)
Momentum conservation yields the constraints
q=Ppr1+P2+p3=p1+p2t+ps+i+1 (2.10)

In the following, we will refer to the p; momenta as the underlying Born momenta. The
final state momenta p; differ from the underlying Born momenta by recoil effects, that are

of the order of the momenta [, . We consider mappings of the form [30]

pi:pi({ﬁ},k), 1= 1,...,3, (211)

where {p} denotes the set {1, p2,p3}, and k = [+ [. We will also use the notation {p} to
denote {p1,p2,p3}.

We consider mappings that are collinear-safe with respect to the directions of the
radiating partons. This means that in the collinear limit k£ o p; we must have p; = k + p1,
D23 = p2.3, and analogous relations for k o pp. Furthermore, we require that for small &

the mapping is linear in k, i.e.”

Pl =B + R ({BHR + 0 () - (2.12)
To expose linear power corrections, we follow ref. [30] and introduce an operator Ty
that extracts the O(A) terms from a given expression. Then, writing

R o)
2wy pos APy

M ({p},1,1)|* = (2.13)

we obtain

T[S )] = Ta [ [ A 2m sz, - XM )LD (V(Lp) LD - v)] NCAT)

Expanding the # function around V ({p},l,1) = V({p}), we find
2
TSN =Ta | [ dbyq2m3(miy—2) ({010 0V ({h)-v)

+T5 [ [a®ag2romz 3 [M{p)LLD[ 6 (V{5) -v) [V<{p},z,z‘>—V<{ﬁ}>}] :
(2.15)

"We stress that these requirements do not restrict the generality of our results. Indeed, it is always
possible [30] to explicitly construct recoil schemes with the above properties. The main reason for working
with this class of mappings is that they simplify the investigation of linear power corrections [30].



As shown in ref. [30], if the mapping eq. (2.9) satisfies eq. (2.12), terms involving an
inclusive integration at fixed underlying Born momenta do not produce O(\) contributions.
This implies that no terms linear in A can arise in the first term on the right-hand side
of eq. (2.15), and thus the T, operator projects this term to zero. The second term on
the right-hand side of eq. (2.15), is not inclusive and, therefore, may induce linear power
corrections. We observe that this term involves a factor V ({p},1,1) — V/({p}), that vanishes
in the collinear and soft limits for any IR-safe observable V. Under these circumstances, a
linear term in A can only arise from the infrared-singular part of [M|?. We are thus allowed

to use the leading soft approximation and replace

A
A~

Tr [l*y“l_fy”] , (2.16)

M ({p}, LD = N ==

doP(®y) JEJV
do, A2

where p = Y% pa, d®y, is the underlying Born phase space
ddy, = [dpn][dpo][dps] (2m) 8 (B1 + P2 + B3 — @), (2.17)

J# is the eikonal current for the emission of a soft gluon with momentum k&
g ~p
D1 Py
JH = — -, 2.18
@k @b (215)

and the trace arises from the inclusion of the gluon decay into a quark-antiquark pair. The

normalisation factor N introduced in eq. (2.16) evaluates to

N = [ ] x g2Cp x ¢*Trny = 247%asCr. (2.19)

B 27Tb07f045

We use the phase-space factorisation in the soft limit and arrive at [30]

~ O-b T v
7200 0] = [0 s v (17) )75 [0 (e - 0

x [ldnjanEn) s -1~ DT [fvdy] [V(htD) - V)] ] :

(2.20)

Note that we introduced a cut-off wyax on the energy of the intermediate gluon in the rest
frame of ¢ to regulate the UV divergence of the eikonal integral and make eq. (2.20) well
defined. Linear power corrections do not depend on this regulator [30].

To further simplify eq. (2.20), we note that it is natural to expect that the change of
the shape variable due to the emission of the two soft partons and the change due to recoil
effects separate as follows

V({py,1,0) = V{BH = [V({BL LD = VD] + [V - VD] + O(kF).  (2.21)

We will elaborate more on this point in section 4.1. For now, we just note that, as explained
in ref. [30], both the C-parameter and the thrust satisfy this condition [30]. If the separation
as in eq. (2.21) is possible, one can expand the second term on the r.h.s. in &k using eq. (2.12).



In ref. [30] it was shown that no linear terms in A arise from an unrestricted integral in
the radiation variables at fixed underlying Born kinematics even if we multiply the cross
section by an expression linear in k. Thus, if we insert eq. (2.21) into eq. (2.20) the second
term does not lead to any linear power correction, and eq. (2.20) can be further simplified
by replacing

V({p},1.0) = V{B}) = V({p}, 1) = V({p})- (2.22)

One then obtains

)= [ o @)V (AN ~ o) x (NN | (229

where we have introduced

Iv({p}, A) = / [dF] Ji‘zjye <wmax - %) / [dl][dl](2m)* 6™ (k — 1 — 1)

x Tr {fv“lafy”} [V({ﬁ}, 1,1) — V({ﬁ})} .

(2.24)

Egs. (2.23), (2.24) provide the starting point for the analytic investigations described in the
next section.

3 Power corrections to the C-parameter in the three-jet region

In this section, we obtain an analytic result for linear power corrections to the C-parameter
distribution in the three-jet region. We consider the process

7" (q) = q(p1) + q(p2) +v(p3), (3.1)

and assume that all final-state particles are resolved. For a process with N massless
final-state particles with momenta p; . n, the C-parameter is given by

_3—32 p’pj (3.2)

= (i) (pia)’

where ¢ = Zf\il p; is the momentum of the decaying virtual photon. We need to apply
this formula to the case N = 5, with py = [ and p5 = [. From eq. (3.2), it is easy to see
that the C-parameter satisfies the condition shown in eq. (2.21). To compute linear power
corrections to the cumulant, we can then use egs. (2.23), (2.24).

As mentioned in the introduction, we use two different approaches to perform the
analytic computation. First, in section 3.1 we directly integrate eq. (2.23). Conceptually,
this way of obtaining linear power corrections is straightforward as it follows directly from
the results of ref. [30]. This result then provides a solid benchmark for the following
investigations.

The direct analytic integration of eq. (2.23) is quite interesting from a technical point
of view. As mentioned in the introduction, it involves elliptic structures and it is highly
non trivial, yet it yields a remarkably simple result. It turns out that the complexity of



the calculation is a direct consequence of the way in which the integral over virtual-gluon
energy is regulated, cf. eq. (2.23). Indeed, while the explicit wmax regulator in eq. (2.23)
arises naturally in the formalism of ref. [30], it is not optimal. We investigate this issue in
section 3.2, where we show that it is possible to set up the calculation in a fully factorised
way, which both dramatically simplifies it and allows us to generalise our results to a wide
class of observables. We study such generalisation in section 4, where we also comment on
the relation between results obtained in this paper and calculations in the two-jet and in
the symmetric three-jet limits performed within the Milan-factor approach of refs. [21, 22].

3.1 Direct integration with an explicit energy cut-off

We wish to analytically integrate Iy ({p}, A) defined in eq. (2.24), for V = C. For ease of
notation, from now on we will replace p; — p; in all expressions, since the p; momenta,
i =1,2,3, do not appear in the calculation any longer.

We begin with the integration over the phase space of the emitted quarks, keeping &
and ¢ fixed. It is convenient to perform this integration in the rest frame of the decaying
gluon with momentum k. After that, we integrate over the direction of the vector k in the
rest frame of ¢, keeping p1 2 3 fixed, and leaving the integration over the gluon’s energy to
be done at the end. Since the angular integrations are straightforward,® we do not discuss
them further and just quote the result. We write

I (plap27p37 - 47T3 ZI xya ) (33)
where
Bmax
0

In eq. (3.3), ¢ = v/¢2, B is the velocity of the massive gluon in the ¢ rest frame, Bpax =
V1= X2/w?2 . and the two variables x and y parameterise the three-jet kinematics. They
are defined in terms of the scalar products gp;, ¢ = 1,2, 3, as follows

7
qp; = 5(1 — i), (3.5)

so that 23: zi = 1. We then parameterise 2123 as z1 =2y, 22 =2(l —y), z3 =1 — z.
Thé_el)(plicit expressions for the functions G; are rather lengthy. We report them in
appendix B. A glance at these functions shows that they are quite complex and difficult to
integrate. This happens for two reasons. First, when taken separately, the G; functions
exhibit very strong singularities at 8 = 0 and moderately strong singularities at § = 1.
The = 0 singularities are unphysical, and cancel in the sum. The § = 1 singularities
are physical and reflect the fact that the integral in eq. (2.24) diverges at large values of

the gluon energy, necessitating the cut-off wmax or Bmax. Second, the integrand exhibits

8 All such integrations can be performed in four dimensions as the gluon mass protects from both soft
and collinear divergences.



an elliptic structure. Indeed, a glance at G35 shows the appearance of square roots of a

degree-four polynomial, \/(1 — B2)(1 — 2,82), where ¢}y = 1 — 535 = cos?(012/2) and ;3 is
the relative angle between three-momenta p; and ps in the g rest frame. It is well known
that integration of square roots of degree-four polynomials leads to elliptic integrals.

In principle, methods exist that allow one to integrate over § systematically. To this
end one defines a class of elliptic polylogarithms with kernels which close under integration
by parts. Integration then becomes an algebraic problem and can be performed in a
(relatively) straightforward way. We report such a calculation in appendix C. Unfortunately,
the result of such integration is very complicated. It involves both generalised and elliptic
polylogarithms, and its simplification is non-trivial.”

It turns out, however, that one can integrate over § in a different way, bypassing entirely
the need for elliptic polylogarithms. We illustrate this point by using the function G5 as an
example. This allows us to expose all the key features of the method, while keeping the
discussion relatively short.

The explicit expression for G5 is presented in appendix B, but we display it here one

more time for convenience,
/1 2 148 V/1-B2ct,+Bs12
5 In ( ) (\/1 528%2 leg)
6438s10x(x(y — 1) + 1) (zy — 1)4/1 — 323,

x (5%[1-2@ —Dy+a (—4y2 tdy — 5) +5] + Bz (54y2 — Bdy — 17) (3.6)

—212%(y — 1)y + 552 — 38] + 5322 (—24y + 24y + 5)

Gs =

+ 112y — 1)y — 172 +12] = 35(z — 2) (+*(y — Dy + 2 - 1) ).

We note that G5 is integrable at 8 = 1 but not at 5 = 0. Hence, we can set Spax to 1 in Is,
but we need to consider the regulated integral

s = / dB Gs (8, ,y). (3.7)
/Blﬂll’]

With a slight abuse of notation, we will drop the “reg” superscript in what follows.

The function G35 contains two logarithms of 3, two (B-dependent square roots and
a rational function of 5. To integrate over 3, it is convenient to introduce an integral
representation for the two logarithms in eq. (3.6). We write them as

In

1
+8 dr
—ﬁ_zﬁ/l—r%’?’

11— 8%, +8 e
]n( C12 312) = 2Bs124/1 — 32 012/ BZAT

1 — B%c3, — Bsia

9We explain how to do it in appendix C.
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where A is a function of &, A = y/c2, + 52,62, After this transformation, eq. (3.7) has the
structure

1 1

Is = /dr de¢ / dp /1 — 2 R(B* 12, %), (3.9)
0 Brin

where R(32,72,£?) is a rational function of its variables whose dependence on z and y is

suppressed. We note that, thanks to the integral representations shown in eq. (3.8), one

of the two -dependent square roots has disappeared from the integrand in eq. (3.9). To

remove the second root, we write 8 = sin ¢ and obtain

1 /2
I — / dr dé / de cos?() R(sin?(¢), 2, €2), (3.10)
0 Pmin

where @pin = arcsin(Smin)-

Since the integrand depends on squares of cos ¢ and sin ¢, it is convenient to change
variables one more time and write ¢ = 1/2, so that 0 < @1 < 7, cos?(p1/2) = (1+cos 1) /2,
sin(¢1/2) = (1 — cosp1)/2. We find

™

1

1

Iy = §/dr d¢ / dg1 Ry(cos p1,72, %), (3.11)
0 2<pmin

where R; is another rational function of its arguments. To proceed further, we perform the

partial fractioning of Ry with respect to cos ¢ and obtain

— B(r2,¢) Pa(r2,€2) P.(r2,€2)

Ri= ) oo +
lii:_3(1—cosg01)" A2—7r2 | (2—=A24+A2%cos¢1)  (2—1r2+712c0s¢p1) |’

(3.12)

where P_3 _5 _1(r? &%) and Pa,(r% ¢?) are polynomials in r* and £2. As indicated in
eq. (3.12) these polynomials only contain even powers of r and &, a property that will be
important for what follows.

Integrating over ¢ is straightforward for all of the five terms shown in eq. (3.12). In
fact, as far as the first three terms are concerned, we perform a trivial integration over
1 and expand in SBnin. The resulting expressions can be integrated over £ and 7 in a
straightforward way. We do not show the results of such an integration since they are not
very illuminating; the important point, however, is that they are easy to obtain. We then
focus on the last two terms in eq. (3.12) and study

1 ™
1 d(pl
45
I5_§/drd§ / AT
0

2Samin

PA(T27§2) P’/‘(r27€2)
2—- A2+ AZ2cosp; 2—124+1r2cosp |

(3.13)

Both terms in eq. (3.13) are integrable at @1 = 0 which corresponds to 5 = 0. Hence, we

can set @min — 0. Using
s

dp T
— .14
O/a—bcosnp VaZ — 2’ (3.14)

- 11 -



we obtain the following result

45 _
I:° =

© [ drde lPA(T2752) P.(r*, &%) (3.15)

40 AZ —r2 | /T A2 V1— 12

An apparent feature of the integrand in eq. (3.15) is the singularity at A = r. This
singularity is fake; indeed, using the explicit form of the two polynomials Pa (72, £2) and
P.(r?%,£?), one can check that the expression in the square brackets in eq. (3.15) vanishes
at A =r.

Although the singularity at A = r and the way it is regulated in eq. (3.15) suggest that
one has to integrate both terms in eq. (3.15) at once, it turns out to be beneficial to integrate
them separately. This requires introducing a regulator, and we do this by moving the pole
at A = r away from the real axis, i.e. we write 1/(A% —r2) — 1/(A? — 72 +i0). Once the
regulator is introduced, we can deal with the two terms in eq. (3.15) separately. We focus
on the first one to illustrate the next step. Changing variables £ = th(u), r = th(w), we find

1 00
/ drd¢é  Pa(r’,€%) 1 [ dudw ch(u) Pa(th?(u), th*(w))
A2 ‘

= 3.16
—1r24140 V1I—AZ  si2 / ch?(u) — s35ch?(w) + i0 (3.16)

We observe that the integrand in the above equation is an even function of u. Hence,
we extend the u-integration region to the whole real axis, change the integration variable
u — z = sh(u) and arrive at an integral that can be readily evaluated using Cauchy’s
residue theorem. We are then left with a one-dimensional integral in w. An analogous
calculation can be done for the second term of eq. (3.15), only in this case we integrate over
w using Cauchy’s theorem and we are left with a one-dimensional integral in w.

We then map the integration regions of the two remaining one-dimensional integrals on
the interval [sq2, 1] by performing the change of variable ¢ = 1/ch(w) for the first term of
eq. (3.15) and ¢t = 1/ch(u) for the second one. Combining the two terms, we obtain a result
of the form

1
dt
I = / 2,) + B,y + 1w, )t + ()10 (3.17)
[ .
where we have re-introduced the dependence on z,y to stress that I35 depends non-trivially

on the underlying Born kinematics. It is straightforward to integrate over ¢ in eq. (3.17).
The result can be expressed through the two complete elliptic integrals

:0/ T E(z):o i (3.18)

We do not present this result here since it is not very illuminating; in fact it is significantly

more complex than the result for the full function I that we will show below.
Summarising the key steps, we note that we were able to obtain this relatively simple

result by a) using an integral representation for the logarithms in eq. (3.6), which also

- 12 —



removes one of the square roots; b) performing a change of variables to linearise the other
square root in eq. (3.6); ¢) using a different integration strategy for the two terms in
eq. (3.15), which required introducing a regulator at intermediate stages.

All other contributions I; of eq. (3.4) can be computed along similar lines. Interestingly,
none of the results for the other contributions contains elliptic functions. When all the
different contributions are put together, we obtain a rather cumbersome result for I which
is function of the underlying Born kinematics and fpax. However, we observe that O(\)
terms simplify dramatically. In fact, we find that for a generic three-jet configuration all the
terms that do not contain elliptic integrals cancel and the result assumes the remarkably
simple form

3
Tilie = e (5) [OZZS)K () - (1= 22)8 ()] (3.19)
We note that when writing eq. (3.19), we switched back to the zj 2 3 variables, defined in
eq. (3.5), and used

52, = = 25“(31 — (3.20)

Using eq. (2.23) we can immediately translate this result into a shift in the cumulant

distribution for a generic three-jet configuration

TAE(e )] = [ o (@)5(V (@)~ v)

X asCF457T 512 [(1 —223)]{ (0%2) — (1= 2z129)E (0%2)} <2> .

In the two-jet limit, ¢1o = 0, 22 — 0 and 23 + 23 — 1 (or, equivalently z; — 0 and

(3.21)

z9 + z3 — 1), and we reproduce the well-known result [42, 43]

Tx[2(0,N)] 15 (/\)
= —— — . 3.22
do/dCle—y 16" \q)™ (3.22)
At the symmetric point, when the three jets are produced with equal energies, z; = 29 =
z3 = 1/3, 12 = 1/2 and we obtain

Th[EB/4,N)] 15

do/dCl._s 32 3m[3K (1/4) —4E (1/4)] (2) as, (3.23)

which agrees with the result of ref. [29], adapted to our v* — ¢ + ¢ + 7y case and corrected
for the ny — oo limit. We note that we have used

do
/da 5V — ) = 5 (3.24)
in the above equations.

It is interesting to note that in ref. [29] the calculation of the power correction was
performed within the so-called Milan-factor approach, i.e. by multiplying the result of a
simplified computation that only involves the emission of a single massless gluon by a
universal factor to correct for gluon splitting. It is clear that the above computation neither
explains the simplicity of the final result, nor its relation to the Milan-factor approach. In
order to find an explanation, we need to change the way we approach the integration in

eq. (2.23), as we discuss in what follows.
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3.2 Factorised form of the power correction to the C-parameter

Similar to the previous section, our starting point is eq. (2.24) with V' = C. However, at
variance with what we did before, we now remove the #-function that provides the upper
limit for the gluon energy and consider

1ok, 3) = [1an7 55 [lanaen s -1 - D)
< I [0] [C((p). D) - C((p))] (3.25)

As in the previous section, we will replace p; — p; since there is no room for ambiguity.
We note that, since we removed the gluon energy cut-off, eq. (3.25) is ill-defined. In what
follows, we will introduce a suitable regularisation that, on the one hand, makes it finite
and, on the other hand, allows for its straightforward computation.

Before discussing the regularisation, we simplify eq. (3.25) by computing the trace and
inserting the definition of the C-parameter. We obtain

Ty
)\2

138 — 24 / [dk] / [dl][dl] (2m)*6@ (k—1-1)C*" l(jg; l—wz”—g“”ﬂ , (3.26)

where we have dropped the arguments of I5;"“® to shorten the notation. To obtain eq. (3.26),
we have used [ = k — [ and k,J# = 0 to discard terms proportional to k that originate from

the trace. We have also defined a new rank-two tensor C’aﬁ that reads

~ i p?‘pﬂg
Cop = L=t (3.27)
= (pig)
and accounted for the fact that the contributions of the quark and the antiquark to the
C-parameter are equal.
To proceed further, we find it convenient to use p1 2 as the basis vectors and employ a
Sudakov parametrisation for [

iz Iz 27
n— e PL g e P2 g _ dndl
" =le N + lie s +1, [d] 2n) (3.28)

where s = 2(p1p2) and [y = |l1|. In terms of these variables, the quark-antiquark phase
space reads

[dn)[l] (2m)*6 @ (k — 1 = 1) = 2x[dl]oy ((k—1)?) = S%dn Ldldgd (A2 = 2(KD)) ,  (3.29)

where ¢ is the azimuthal angle of [. We would like to remove the d-function in the above
equation by integrating over the absolute value of the quark transverse momentum [;. Since,
according to eq. (3.28), I* is proportional to I, it is straightforward to do so. We introduce
the rescaled vector p p

- " p p

M= = 71677 + 726_77 + n/‘j 3.30
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where n# = 1! /1;, and find

[l [dl)(2m) W (k —1—1) = L and s l _ N (3.31)
8r2 1 (ardy’ "ok ‘
Using eq. (3.31), we write the function I¢ given in eq. (3.26) in the following way
I = We x AF(p1, pa, D), (3.32)
where 6
B dnde & lo‘l
3/227r oL (3.33)
and . .
~ Judy == A gt A
F(p1,p2,l) =16 /}w K o — — . 3.34
(P, p2, 1) = 167 [ldk] =35 { (2k1)5 2(2klf‘} (3:34)

The function I can be written as a product of two terms: one term, F', that is observable-
independent and involves the integration over the gluon momentum, and another term that
involves the integration over the rapidity and azimuthal angle of the quark with momentum
[ and contains the dependence on the observable. As indicated in eq. (3.34), F may depend
upon p1, p2 and [. However, as we will show in the next section it is actually a constant.
We conclude this section by stressing that eqs. (3.32), (3.34) are ill-defined. However,
as we will explain below, it is possible to introduce a regularisation scheme that allows us
to compute F' and I¢ in a relatively straightforward way. As we will show, the observable-
independent constant F' can be associated with the Milan factor of refs. [21, 22].

3.2.1 The observable-independent factor F
We now discuss how to compute function F' in eq. (3.34). We introduce a Sudakov

parametrisation of the gluon momentum k&

» s
kF = me™ == + mye” ™ = 4+ k) 3.35
Vs Vs (3:35)
where we have defined k; = |k, | and m; = \/k? + A\2. Using eq. (3.28) and eq. (3.35), it is
straightforward to obtain
kel = my ch(ng) — ki cos(or),
2(p1p2) _ _i (J [p)2 _ 4 ShQ(nk‘l) (3.36)
(p1k)(p2k) — mi’ ! mi

where ng; = N — 1, Yr = @k — . These relations allow us to write the function F' defined

Tt = —

in eq. (3.34) as follows
A3
F:—j/HMMI%

Ty — / dny d% —\?sh? () n 1
[my ch(

(3.37)
M) — ke cos(or)]”  [mech(ni) — ke cos(op)]? }
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3.2.2 Regularisation procedure for F

To regulate F', we multiply the integrand by the factor k¢ and write

)\3

F=—
472

o0

/ dk; kT2 Ty, (3.38)
0

We will explain why this regularisation can be chosen at the end of this section; for now, we
assume that it does indeed regulate all divergences present in eq. (3.37). Before explicitly
computing F', we note that the integrand in eq. (3.37) only depends on the difference of
two rapidities ng; and on the difference of two azimuthal angles ;. Since we integrate over
all possible gluon rapidities and over all azimuthal angles, F is independent of I. Hence, as
pointed out at the end of the previous section, F' is a constant.

To compute F', we change variables np — ni; = x and ¢ — @g;. It is straightforward to
integrate over @g;. We use eq. (3.14) and compute an appropriate number of derivatives with
respect to a, to obtain an expression for the integrals of 1/(a—bcos())? and 1/(a—bcos(p))>.
We find the following result

o

A% Ji £ f(&)
= dz [ dé¢ , (3.39)
1%”;4 b e [+ D) -]

where ¢ = k2/\? and the function f(¢, x) reads
(€, x) = (& +1)ch(6z) + 4(1 — 2€)(€ + 1)ch(4x)
— (967 + 862 — 23¢ — 16) ch(2z) + 2 (467 + 7€* + 14€ + 6)

(3.40)

To integrate over &, we change variables & — r, with ¢ = [r — ch?(z)]/[ch?(x) — 1], and find

2 F x ® r— ChQ(x) ‘ f(x,r)
F:£Ml/ﬁﬁﬁm /‘“( w_nlw ’ (3.41)

-0 ch?(z)

where
flz,r) = (—8r2 + 40r — 35) ch(4x) + 4 (87“3 — 447 4+ 70r — 35) ch(2x) (3.42)
46473 — 19272 + 2407 — 105. '

The integration over r can now be performed in a straightforward way and the result can
be written in terms of hypergeometric functions. We obtain

)\26 3 n dz
F=—T(=-—¢€]|T 1
18907‘(3/2 (2 6) (6+ )O/Sh2+2€(l’) ChB—QE(x)
3 5 1 63
h? h(2 N Foy (1,2 —¢ = —(2e —
x{630c () (ch(2x) +2) 21<,2 6’2’ch2(x) +8(€ 3)

x [ (1662 + 8(2¢ + 3)ch(2z) + 3ch(4z) + 21

SN—
5
=
»—*/\\_/
[—

5
2
5 7
2 .
+ 4sh”(z)(4e + ch(2z) + 3) Fa (2, 5 6% hQ(x)>

~16 —



where we used the fact that the integrand is a symmetric function of = to restrict the
integration region to the positive real axis.

The integrand of the above expression has a quadratic singularity at x = 0. We need
to extract this singularity before integrating over z. We do this by subtracting a suitable
limiting form of the integrand in the z — 0 limit, computed for finite €, and add it back.
The difference is integrable and can be expanded in € while the subtracted term is simple
enough to be integrated for arbitrary e. Following this discussion, we write F' as the sum of
two terms

F=F@ 4 p®), (3.44)

To obtain the subtraction term F(®), we let ch(x) — 1 in eq. (3.41), keeping the 1/sh**2¢(z)
term as it is and find

pl@ = A b =D o)
- 2567 / h2+26 / r 7.9/2

NPT+ (§ - .
- 673/2< ) 3 — e(1—26)] O/M

(3.45)

The regular piece F( is given by the difference between F in eq. (3.43) and F(®. Since
this difference is integrable at x = 0, we can expand it in e. Moreover, it is convenient to
change the integration variable from z to t = €%, 1 <t < co. We obtain

F@:l/&

™

_ sr 1
o 64 4]

It remains to compute F(@. In order to do that, we change the integration variable using
z =Int and find

B+ +3t2)lnt+1 (3 4 6t + 1412 + 613 + 3t4)
32t3 t—1 16¢2(1 + t)?

(3.46)

| =

o

/ de 22%/ dt t1+2¢ _ 21+2Er(f1 —26)I'(1+¢) (3.47)
Sh2+2€($) (t2 _ 1)2+26 F(—E) ’ '

1

We note that despite the original integral being ill-defined for ¢ = 0, this result has a smooth
€ — 0 limit. We then use eq. (3.47) in the expression for F(®) given in eq. (3.45), take the

€ — 0 limit and obtain 1

E-
Combining the results for F(® and F® in eq. (3.46) and eq. (3.48), we derive the final
result for the factor F'

Fl) = _ (3.48)

F=——. A4
ol (3.49)

We conclude this section with a discussion of the regulator that we employed to
regularise the large-k; divergence, cf. eq. (3.37). To justify the introduction of the analytic
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regulator, we note that the large-k; region in eq. (3.37) does not lead to linear terms
in A\. Since the result with the analytic regulator should be proportional to A!*2¢ for
dimensional reasons, terms independent of A are forced to vanish. Hence, the analytic
regulator “projects” the integral in eq. (3.37) on O(\) terms which are of interest to us,
and removes all A-independent terms that exhibit divergences but are irrelevant for the
discussion of power corrections.

3.2.3 Alternative procedure to evaluate F

We now examine an alternative procedure to evaluate F' that, besides showing that F' is
a constant, allows us to express it in terms of a convergent integral amenable to a direct
numerical evaluation.!”

If we look at Zjs in eq. (3.37), we notice that for small values of A both terms in the
square bracket diverge when 7;; and ¢g; become small at the same time. We are expecting
this divergence, since for small A there is a collinear singularity when the quark and gluon
momenta are parallel to each other.

For ni; =~ ¢p; =~ 0 the following equation holds

_ 2 —k k : :
mych(n) — krcospr my (mrzitt) + g2 g,

Since the integral in eq. (3.37) is dominated by the region where ny; and ¢y, are of order
A/my, for large k; we can further substitute in the integrand

1 < 9 ) 1
S (2) x , 3.51
mych(ng) — ki cos g ki) N2JkE 4 @3 4+ n2 (3:51)

as neglected terms only lead to O(A\2/k2) corrections. Using this and changing variables
{1, o1} = {rye cos Oy, yp sin by, }, we can write

A2\ 72, cos?0 8/k? 8 1
In z/rwdrwdew —32 <k7> i 1 ki | = 3—; X (352)
) (eprgz,) (e meen,) ¢
up to O(N\%/k?) corrections. It follows that the expression
(reg) )\3 7 8w
0

yields a convergent ki-integration. In fact, the integral in eq. (3.53) can be computed
numerically confirming the analytic result in eq. (3.49).

Notice that using eq. (3.49) we can provide yet another argument to justify the use of
the regularisation procedure employed in the previous section. In fact, since the integral
in F(**®) is convergent, we can introduce the analytic regulator k2¢ in the integrand of

That we did in fact carry out as a further check of the analytic result shown in eq. (3.49).
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eq. (3.53) and treat the two terms separately. Thanks to the properties of the analytic
regulator, the subtraction term vanishes

/ dkki T2€ = 0, (3.54)

and the first term in eq. (3.53) yields the analytically-regulated expression, cf. eq. (3.38),
which was used in this section to compute the constant F'.

3.2.4 The observable-dependent part

We now discuss the observable-dependent term We defined in eq. (3.33). To make the
integral well-behaved, we introduce the analytic regulator el where 1q is the rapidity
of ¢ in the dipole rest frame and write

dnde Cagl s o—cln—
We = —3/ €= 3.55
22n)  (lg) (3.55)

A justification for this procedure is provided further down in this section.
Given the structure of the tensor Cyg, cf. eq. (3.27), Wc in eq. (3.55) naturally splits

into the sum of three terms. They read

3 (%) , )2
833 Z with W@ — /dndSO @efﬁln*nql. (3.56)
T~ (p

2(lq)

zq

We first discuss Wé3). We write ps = q¢ — p12, where p13 = p1 + p2 and obtain

dnde 1, ~ =12 _eln—
w® — — 1(ql) — (p1al) |~ e~€In=mal
¢ 2(Iq) [ ]
dndy

2(lq)

Among the three terms that appear in the last integral, the first two involve a scalar product

(3.57)
{(lq) — 2(p12l)(lg) + (szﬂ e~ cln=al,

(Iq) that cancels the 1/(lq) factor; we will now show that the resulting integrals do not
contribute to the final result. Indeed, upon averaging over the azimuthal angle ¢, both of
these terms involve integrals of the form

b 1 1
dne—€ln—nal g1 — Enq ( — ) = . .
/ ne e e T e 1-< O(e) (3.58)

Hence, taking the e — 0 limit, we find that the two integrals without 1/(Iq) in eq. (3.57) do
not contribute to Wg’). We, therefore, re-write Wg)) as

W =wi + w@ +aw, (3.59)
with | | | |
—eln—n ~ —emn=n
AW — / dndp e T o / dndw c 7 (3.60)
2(lg) T2
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In the last step, we have used 2(p1l)(p2l) = s/2. To proceed, we introduce a Sudakov
decomposition for ¢ in the p1ps dipole rest frame

g =my e M4 ql, (3.61)

Py
21 Nq
q \/ge +mtq\[

where my , = \/¢% + ¢? and ¢; = |q, |. Writing AWég) in terms of these variables and of the
azimuthal angle ¢, of ¢, we find

W dndep el / dny el
4 my,qgch(n —ng) — g cos(p — ¢q) \/mt th2 n="1g) — qt

- 2\/m / \/ch2 — 2y ) \/q2 +qf 0/ \/ChQ(fE) —

where c12 = ¢;/1/¢? + ¢? and in the second line we have set ¢ = 0 because the integral is
finite.!! We then change the integration variable z = arcch(1/£) and use

(3.62)

= K(c3y), (3.63)

7° dz :/1 de
bl (@) =y g /(1= €)(1 - che?)

where K is the complete elliptic integral of the first kind. The final result for AWg)) reads

T K(). (3.64)
VP + @

We continue with the calculation of W( ), Proceeding in the same way as in the

AW =

calculation of AWé ), we obtain

1) /dnd(p e*ﬁ|7l Nql e~ ST 7 d,)7 @*E|77*77q| 67277
= (fa) 4\/m700 \/Ch2(77 —1q) — ¢1

The integral in eq. (3.65) diverges. To extract the divergence, we change the integration

(3.65)

variable n = 1, — 2« and map the integration region over x to the positive semi-axis. We find

efe:v 2:v + 6721>

ST / dx
WP+ a chz( — ¢}
We now perform the same change of variables as before, x = arcch(1/¢), and obtain
dge? (1+1-¢7) " (4- 26
4\/(1 +ai / 1—62)(1—01 &%)

1We note that c12 defined here is indeed the cosine of the half angle between the direction of p; and p2 in

Wi =

(3.66)

W =

(3.67)

the g rest frame, cf. section 3.1. Indeed, the cosine of the half-angle can be computed in a frame-independent
way using ¢y = 1 — (p1p2)¢*/(p1q)(p2q)/2, which evaluates to q?/miq in the dipole rest frame.
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The above integral has a power divergence at £ = 0. However, there is no logarithmic
divergence at £ = 0 since the Taylor expansion of the integrand at small £ proceeds in
powers of £2. This implies that no 1/e contributions are generated upon integration over
& and that, therefore, the factor (1 + m) ~° can be dropped as it changes the result

only at O(e). Hence, we write

e (14 T-¢7) " (4-2¢)

=70+ 7%, 3.68
/ Ja—@)1- e L .
where
/ dé €72 (4 — 482
1— 2 1_ 2
\/ & ‘i f) (3.69)

\/1—52 1-¢2 52 51— )1 - he?) ’

and we set € = 0 in Z? because the corresponding integral is finite and does not require a

regulator.
To compute Z§{, we integrate by parts, recognise that boundary terms do not contribute
and obtain
5 R i d (4 452)
Zl:e—l 2 76—1/56 d{ 2
VA=) (1 - 382 |y V1= €)(1 - 82
. (3.70)

o d¢
4(1 C12)O/ m (1 _ 0%2.52)3/2

where E is the complete elliptic integral of the second kind. Putting everything together,

= _4E(C%2)7

we find
sme 2N

2\/¢* + qf

It is clear that W( ) is described by a similar formula, except that the factor e=2"
should be replaced with e?". Therefore

W = (K(c) —2B(c)) (3.71)

smeNa

2\/ +qf
It is straightforward to combine egs. (3.56), (3.59), (3.64), (3.71), (3.72) to obtain the full

result for W¢. Written in terms of the z; variables introduced in eq. (3.5), it reads

3 535 {(1 + 23)
272q (1 — z3) 2

W = (K(c) —2B(c)) (3.72)

We = — K(2) — (1— zlzg)E(c%Q)] . (3.73)

Multiplying W and F', given in egs. (3.73) and (3.49) respectively, we reproduce the result
of the direct calculation shown in eq. (3.19).
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Before concluding this section, we note that W¢ in eq. (3.33) has an interesting
interpretation. Indeed, consider the emission of a soft massless gluon in the process
v*(q) = q(p1) + 4(p2) + v(p3) and compute its contribution to the C-parameter. Denoting
the momentum of the soft gluon as [, writing it using a Sudakov decomposition with p1 o
as two basis vectors, and considering contributions up to some value of the transverse
momentum [}, we obtain

l,dl,dnd Copl®lP
o) —3/t t”‘PJJ( pryZap’ T (3.74)
(lg)
Using
gt —7 (3.75)
t
we find
dGe(1}) / dnde C, ﬁz 18
et =12 . 3.76
i |, 2(2m)3  (Iq) (3.76)

t

Hence, although [ in eq. (3.33) is the quark momentum, we can compute the kinematic
dependence of the power corrections, including the gluon splitting to quarks, by considering
the contribution of a massless soft gluon to the C-parameter at zero transverse momentum
since

dGe(l})

We = Adi;

(3.77)

1;=0

In other words, we can use a gluon with a small transverse momentum as a technical proxy
for our calculation, even though this replacement does not have any particular physical
significance in our formalism. We note that this replacement only works if an observable
is linear in the momentum of the soft emissions. We will return to this point in the next
section, when we will discuss how to generalise our analysis to a broader class of observables.

4 Generalisation of the factorised approach

In the previous section we have focused on the C-parameter. This was done in the interest
of clarity but it is clear that many features of the factorised approach discussed there are
applicable to a broader class of observables. In this section we identify the properties that
a shape variable should satisfy for the factorisation result to be applicable.

As we will show, this generalisation bears striking similarities to the Milan-factor ap-
proach of refs. [21, 22], which was successfully applied to study non-perturbative corrections
near singular kinematic configurations. We explore the connections between our formalism
and the one of refs. [21, 22] in section 4.2, where we show that our findings both confirm
and generalise the Milan-factor approach.
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4.1 Recoil, observables and factorised form of linear power corrections

We now study in more detail the role of recoil effects on shape variables. As shown in
ref. [30] and reviewed in section 2, to compute linear power correction to an observable V/
we need to consider the difference V ({p},1,1) — V({p}), that we now examine including all
recoil effects. We find

N {OV(gE, 1,1) ava(l;{p}) } LS E + 0k, (4.1)

where we assume summation over the repeated indices p, v and i. The term in the curly
bracket on the right-hand side of eq. (4.1) is suppressed in the soft limit, and, since it is
multiplied by k", can be dropped. Many interesting observables are linear with respect to
soft emissions.'? In this case, we have

V{p} L0 = V{pY) =V{B}.L1) - VB D + V{p} 1) - V()
~V({ph 1) - v{ph + V{B) ) - V{5, (4.2)

leading to

aV({p})

V({p}, 1.0 = V{p}) = V({B}.) = V({p}) + (B

VLD - VI + ‘w({”} ) p

r () (4.3)
were we have neglected terms of higher order in [.'? If the observable V and the mapping
procedure satisfy the linearity condition eq. (4.3), the effect of the emission of two soft
massless partons (arising from the decay of a virtual gluon) splits into the sum of two
equivalent contributions, one for each massless parton, where in each one of them the recoil
effect is computed as if only one parton was emitted.

In what follows, we assume that our observable is linear in the soft limit — in the sense
of eq. (4.3) — and thus focus on modifications to the shape variable due to the emission of
a single massless parton. Calling [ the momentum of the emitted soft parton, and ¢, n, [
its azimuthal angle, rapidity and transverse momentum in the emitting dipole rest frame,
we expect that the shape variable is described by the following equation at small I, = |1} |

V({p}l) - V{p}) = *hv(ﬁ ®). (4.4)

This expression obviously vanishes in the soft limit. In order for it to vanish also in the
collinear limit, the function hy should be bounded for large 1 and arbitrary ¢. In fact, since
the rapidity is limited by a logarithm of Q)/l;, an exponential behaviour in n may ultimately
lead to powers of Q/l; (where @ is the hard scale in the process) thus canceling the I,

2The definition of linearity implies V ({p},1,1) = V({p}) + V&' ({p}, 1) I, + VI {p}, 1) I,
13For ease of notation, we omit to indicate these higher order terms in the following.
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suppression. For our purposes, however, this is not sufficient. We work under the assumption
that no linear power corrections can arise from hard collinear divergences (see ref. [30] for
more details). Thus, hy must also be suppressed for large 1.'* In the case of emission
from a gq dipole, the collinear divergence does not depend upon the azimuth of the emitted
parton, so that we may rely upon the weaker condition that [ dphy (1, ¢) vanishes for large
1. When generalising our result to the emission from qg dipoles, however, we may have
to worry about azimuthal-dependent collinear divergences, caused by terms proportional
to /1% in the splitting function. These terms are even in ¢, i.e. they are invariant under
the transformation ¢ — m — . We thus make the slightly stronger requirement that
hv(n,¢) + hy(n, ™ — ¢) must be integrable for —oo < n < co.

The conditions highlighted above are sufficient to generalise the factorised approach
of the previous section to a wider class of observables. More specifically, if the observable
and mapping are such that for soft emissions the linearity condition eq. (4.3) is satisfied;
and the observable modification due single emission can be cast in the form eq. (4.4), and
hv(n,¢) + hv(n, ™ — ¢) is integrable for —oo < 1 < oo; then an expression for linear power
corrections similar to eq. (3.32) can be obtained along the lines described in the previous
section for the C-parameter.'> We write

I‘I}nreg =Wy x AF, (4.5)
where

_ [ dnde hy(n,¢)
22m)*  q 7

Wy (4.6)

and hy is defined in eq. (4.4). As we have shown in section 3.2.1, the singularities in F'
can be dealt with an analytic regularisation as in section 3.2.2, or by subtraction as in
section 3.2.3. Under the assumptions listed above, the Wy, integral of eq. (4.6) is convergent
and no regularisation is needed. Using eq. (2.23) we arrive at our final formula for the
linear power corrections to the cumulant

W F (¢gWv)]
(4.7)

A
q
AJ_15
q 64

15 d
[ a,mCr / dnf;ohv(n, 90)} .
v

We now observe that rather than using the full expression for the shape variable,
including recoil effects, we can simply compute

b

. fl(n, ©). (4.8)

V{ph D -V{p}) =

1Not all shape variables satisfy this requirement, jet-broadening being one such case.

5Examples of such observables are the thrust, the heavy jet mass, the jet mass difference, the sum of the
jet masses, and the wide jet broadening. The narrow jet and total broadening do not satisfy the condition of
integrability in 7, since they are proportional to the absolute value of the transverse momentum relative to
the thrust axis, with no rapidity suppression. Clustering algorithms that have a tendency to cluster the soft
particles together, like the Durham algorithm, may violate the linearity condition in multiple soft emissions,
and thus may lead to a modification of the Milan factor [44].
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We now know that l;4 must differ from I,k by terms linear in the components of [, i.e. we
must have

h(n, ©) — h(n,p) = Ae" + Be™ + C cos ¢ + Dsin ¢, (4.9)
where A and B must be the same for all acceptable mappings, and C and D at the end do

not contribute. Thus, we can complete the calculation of the shape variable contribution by
replacing

[ﬁ(n, ©) + h(n, ™ — cp)] — Ae"" — Be™ ", (4.10)

M\H

h(n,¢) —

with A and B chosen to cancel the n — +o0o0 and n — —oo behaviour of the first term.
Alternatively, if we use the analytic regulator introduced in eq. (3.55) these subtraction
terms give a vanishing contribution, thus yielding a further justification to the procedure
introduced there.

As a last observation, we remark that in ref. [30] it was pointed out that underlying
Born mappings that are not linear in k, but that are such that the non-linear term has
the form &, g(n) (e.g. the Catani-Seymour dipole scheme [45]), share the same feature of
linear schemes as far as the absence of linear power corrections is concerned. These schemes,
however, do not satisfy the property of eq. (4.2), and therefore are not suitable for the
analytic arguments that we presented here. We stress that this does not imply that such
schemes are pathological in any sense, and indeed we have used them for the numerical
checks of section 6.1.

4.1.1 The example of the C-parameter

We now illustrate the construction of the previous section by considering the case of the
C-parameter. Its variation caused by the emission of one soft massless parton is given by

(pipj)* (pip;)? ,
00 =-3 T3 7—3 +0@13), (411
i>jz::173 (pia)(p;jq) i>jz::173 (i) (Bjq) jzlzg qu (o) (4.11)

where we introduced the notation 6C = C({p},l) — C({p}). We adopt a dipole-local
mapping defined for small [ as follows

_ (p2l) . 1
— _ e _7l ,
b1 ( 1102)201 B €
_ (pl) . 1
=y — 2 51, 4.12
P2=P2 = s 5k (4.12)
P3 = P3-

We note that the mapping (4.12), besides being accurate up to terms of order l%, is
also accurate in the hard collinear region up to terms of order 2. In fact, it fully satisfies
momentum conservation, and it preserves the on-shell properties of p; and py up to terms
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of order [?. Defining

NORNA

with @ = exp(n) and 8 = exp(—n) and s = 2(p1p2), a straightforward but tedious computa-

2(pi
o — (PQQ),

q
. _psal [ =) (1 - 2)
TP l—as
=12 01,2540,

tion leads to the following result:

I
5C = éhc(n, ),

5
6 1—x3)2 - 2
hotng) = sl gl e e ¢
T3 T] x5 Bxo + axy + 2cos prsy/1 — a3
(1 — 22)(1 — 23)*(Bxa — aw1) cos
Bxo + ax1 + 2cospryy/1 — a3
n (L‘lxg(l — wg)%(xl + X9 — 2.%'1332)
Bxo + axy + 2cos przy/1 — a3 '

This has the form of eq. (4.4). We can see that the first and third term in the curly bracket
vanish exponentially for large |7|. This is not the case of the central term, that for large

+7“3

(4.13)

|n| is proportional to cos p. However ho(n, ¢) + ho(n, ™ — @) is suppressed for large 7, so
our convergence requirements are satisfied, and formula (4.13) can be inserted in eq. (4.6),
yielding a finite integral that can be performed numerically.

It is interesting to compute separately the recoil contribution to hA¢, i.e. the contribution
coming from the first two terms of eq. (4.11). It reads

3

h&C(n,¢) = 55— {27’3(1—3:1)(1—302) [Bz1xo—z1(1—21) —22(1—22)] cosp
(4.14)

Tr1T2

\/1—1’3

While this contribution does not lead to linear power corrections [30], it is not suppressed at

+ [ﬁazl(1—x1)2+a:c2(1—m2)2+x3(1—x3)2(a+5)]}.

large rapidities. Hence, if we neglect recoil when computing the shape-variable modification,
we are left with the quantity h¢?™ = he — h§€ that is ill-behaved at large rapidities. On the
other hand, the terms proportional to cos ¢ drop out of hg?™® after azimuthal integration,
and we can get rid of the terms growing with 7 using eq. (4.10), with the coefficients A and
B tuned to exactly cancel the large 1 behaviour. Alternatively, as shown in section 3.2.4,
we can regulate the rapidity integral with the analytic regulator

dn — dpe=<n—"al, (4.15)

where 7, is the rapidity of ¢ in the emitting-dipole rest frame. It is straightforward to see
that with this regulator the contribution of the recoil eq. (4.14) vanishes.
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4.2 Relation to the Milan-factor approach

In this section, we investigate the connections between our approach and results already
available in the literature, namely the Milan-factor formalism of refs. [21, 22].

Historically, the calculation of linear corrections to shape variables was first formulated
under the assumption that it was sufficient to compute corrections due to the emission of a
massive gluon, neglecting the effect of gluon splitting into a ¢g pair [13, 14, 46, 47]. This
was very early proved to be incorrect [16], and in ref. [21] it was shown how to include the
effects of gluon splitting. The result was expressed in terms of a correction factor, dubbed
Milan factor, to be applied to previous calculations where the splitting was ignored. The
universality of this procedure was investigated in ref. [22], and an analytic form for the
Milan factor was extracted from explicit calculations for the C-parameter in the two-jet
limit in refs. [42, 43]. Until recently, the Milan-factor approach has only been used to
compute non-perturbative corrections near the two-jet limit. In ref. [29] it was also applied
to the study of the C-parameter near the symmetric three-jet configuration ¢ = 3/4.

To make a connection between the Milan-factor approach and our formalism, we
now briefly sketch the main features of the former. According to refs. [21, 22|, one can
obtain linear power corrections to the cumulant of an observable V' by first computing its
modification induced by the emission of a soft massless gluon, dubbed “gluer”,

dlt |: Cks(lt)CF

55 (v) = —/dabé(V@b)—v)/lt 4 b

t de
dn —2h . 4.16
q/ P v(n,¢) (4.16)

2T

In eq. (4.16), I; is the transverse momentum of the gluer in the emitting-dipole rest frame.'®

To account for gluon splitting, one then “corrects” eq. (4.16) by multiplying it by the Milan
factor M, which in the large-n limit reads [42, 43]

_ 1572

= —. 4.1
128 (4.17)

In refs. [21, 22] it was argued that this is sufficient to obtain linear power corrections in
regions where recoil effects are strongly suppressed, i.e. where different recoil prescriptions
lead to modifications of the observable which are at least quadratic in the gluer momentum.
This requirement implies that the Milan-factor approach cannot be naively applied to
generic three-jet configurations, since in the non-degenerate three-jet region recoil will
typically induce a linear dependence on the gluer momentum.

We now compare the Milan-factor formalism to our approach for obtaining linear
power corrections. For observables satisfying the requirements listed in section 4.1, it is
summarised by eq. (4.7), which can be written as

TSN = - [das(V(@n) — o) [Mxa%5E] 2 [angZhvine). (1)

We note that, in the context of large-n; formalism, we obtain the final result from eq. (4.18)
by replacing A\ with the integral of an effective coupling (cf. eq. (C.1) in ref. [30], and

161f there is more than one emitting dipole, contributions from each dipole are summed.
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eq. (3.83) in ref. [34]). In the Milan-factor approach, the non-perturbative correction is also
modeled as the integral over an effective coupling. We then immediately see that in the
two-jet and symmetric three-jet limit our result is formally equivalent to the Milan-factor
one.!” However, our approach is valid for generic three-jet configurations, at least in the
large-ny limit and for observables of the type discussed in section 4.1. It follows that our
large-ny derivation both confirms and generalises the Milan-factor formalism.

However, we would like to stress that the formulation of our result is quite different
from the one in refs. [21, 22]. First, we note that the standard presentation of the Milan-
factor approach as a correction to a naive soft gluon result is perhaps justified from the
historical perspective, but did cause misunderstanding in the past. In fact, although it is
quite clear from ref. [22] that the Milan factor is to be applied to the computation of the
non-perturbative effect due to the emission of a massless gluon, it is sometimes understood
as the correction to be applied to calculations performed using a massive gluon. From our
calculation, it is apparent that there are no contributions to the power corrections that
arise from the emission of a massive gluon.'® Furthermore, the effect of a massive gluon
emission also depends upon ambiguities that arise when the definition of the shape variable
is extended to the case of massive partons, see footnote 3. What determines the power
correction is the behaviour of the shape variable under the emission of a soft massless
parton. The reason why this is the case has to do with the fact that for shape variables
of the kind discussed in section 4.1 the variation of the observable under the emission of
two massless partons splits into the sum of two independent contributions, one for each
emission, that can be computed in terms of the differential distribution of just one of the
two partons arising from gluon splitting. This distribution turns out to be invariant (in the
radiating dipole rest frame) under boosts along the dipole direction, and even under the
azimuthal angle of the emitted parton. This is sufficient to guarantee that the result has
the same form as if the parton was just a soft (massless!) gluon emitted by the radiating
dipole. However, in our formalism there is no compelling reason to express this result as a
correction factor to the effect computed with the emission of a massless gluon.

5 Applications of the factorised approach

In this section, we will apply the factorised formalism developed in section 4 to the
computation of linear power corrections to observables other than the C-parameter in the
three-jet region. Specifically, in section 5.1 we will study the thrust distribution in the
three-jet region, which is of great phenomenological interest.

In section 5.2 we will instead show that our results for the power corrections to the
C-parameter and thrust can be generalised to final states with N > 3 jets with relative
ease. This case is less relevant phenomenologically than the three-jet one, because the

Tn this spirit, the calculation of section 3.2.1 can be viewed as an analytical derivation of the Milan
factor from first principles which, at variance with the original computations [42, 43], does not depend on
any specific observable or kinematic configuration.

!8Tn ref. [30] we have presented a calculation of the linear correction to the C-parameter induced by the
emission of a gluon with mass A\. However, that calculation had only illustrative purposes, and physical
results including the g — ¢g splitting were instead computed numerically.
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requirement of having at least four unresolved jets restricts the available phase space for the
C-parameter and thrust to the regions ¢ > 3/4, 1 —t < 1/3, respectively.!” Nevertheless,
we present the corresponding calculation here since we believe that the study of the N-jet
case illustrates the flexibility and robustness of our approach.

5.1 Power corrections to thrust in the three-jet region

We consider linear power corrections to the thrust distribution. If all final-state particles
are massless, the thrust shape variable T' is defined as

|72 - pil
)

- (5.1)

T = max
P2
where 71 is a unit vector, i runs over all final-state particles and p; is the momentum of
the ¢-th particle. For ease of notation, we use 7, to denote the vector which maximises
eq. (5.1). From the definition eq. (5.1) it follows that in the two-jet limit 7" = 1. Since we
are not interested in the two-jet region we find it convenient to consider the distribution in

T =1-—T. We then study the cumulant
S (BN = Z/dap 0 (T(2r) 7). (5.2)
F

see eq. (2.1).
It is easy to see that thrust satisfies all the requirements presented in section 4.1.
Therefore, linear power corrections to the cumulant distribution can be written as (cf.

eq. (4.7))

T [2(E )] = / daba(T(éb)—t)Z Easch?*qWT : (5.3)
where
_1 [ dndp o 7
Wr = 2 3mE | l|. (5.4)

As in section 4.1, [ denotes the momentum of a massless soft parton, and n, ¢, l; are its
rapidity, azimuthal angle and absolute value of transverse momentum in the emitting dipole
rest frame. Also, [ = 1/l;. The different overall sign in eq. (5.3) with respect to eq. (4.7) is
because we consider the distribution in T =1 — T. In eq. (5.4), the analytic regularisation
of eq. (4.15) is implicitly assumed.

To compute eq. (5.4), we find it convenient to introduce a Sudakov parametrisation for
the four-vector ny, = (0, 7iy,). We write

Nm = ap1 + /8p2 + N, 1, (55)

where, as usual, (p12nm, 1) = 0. Since ny, is a unit space-like vector in the rest frame of g,

n2 = —1 in an arbitrary frame. This implies

= (2p1t)(2pat)
Nmt = | m,i| = \/1 + (2]91]92) . (56)

19We note however that four- and five-jet regions are also used for o, determinations, see e.g. refs. [31-33].
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In terms of Sudakov variables, the scalar product between ny, and [ reads
-2 (ﬁm : 7) = 2(npl) = /se™" (a + Be* — \/g b en cos goln) : (5.7)

where s = 2(p1p2) and ¢y, = ¢ — @p,,. Introducing the notation w = €, the scalar product
can be written as

2(npl) = —Pw), with Pw)=pw—ws)lw—w-), (5.8)
w
and
TNt COS Py, + \/1 —n2 ,sin? oy, )
wi = : 5.9
V'sp (
In deriving this expression, we have used n? = affs — n?mt = —1.

To proceed further, we note that the analytically-regulated measure, introduced in
eq. (4.15), can be written in terms of w as

dn e—€ln—nql — %, dwreg = dw {(w) 0(w — wy) + (w) O(wq — w)] ,  (5.10)

w Wq Wq

where w, = €. Using eqs. (5.7), (5.8), (5.10), we obtain the following result for Wy as
defined in eq. (5.4)

-2
W= ol /dwregdgow P(w)]. (5.11)

From eq. (5.9) it follows that to explicitly write |P(w)| we need to consider two different
cases: case A with ny ¢ < 1 and case B with ny, ¢ > 1. In case A, the roots of P(w) are
real-valued for all values of ¢y,. Also, in this case

\/1 —nZ, ;sin? pp, > [nmg cos i, (5.12)

so that wy > 0 and w_ < 0 for all values of ¢;,. In case B on the other hand the two roots
are real-valued only for |sin ¢p,| < 1/nm . Also,

\/1 — g, 1 sin% g, < [Nt €S i, (5.13)

provided that a real-valued root exists. Eq. (5.13) implies that if cos ¢y, is negative, both
roots w+ are negative and if cos ¢y, is positive, both roots are positive.
We now write eq. (5.11) as

Wr = /dchT, with XT—/dwregw 2|P(w)], (5.14)

32m3q

and study X7 in cases A and B.
For case A, we write

XA —/dwregw P(w /dwregw 2P(w), (5.15)

W
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or, equivalently,

X4 = 2/dwregw P(w /dwregw 2P(w)
W
oy (5.16)

=-2 / dwyeg w2 P(w) + /dwreg w 2P(w).
0 0
For case B we find

le? /dwregw P(w), cos pp, < 0,

Xijpg = —2/dwregw P(w —i—/dwregw P( ), cos o, > 0. (5.17)

A straightforward calculation leads to

2B(wy +w-)

: +O(e). (5.18)

o
/dwreg w2 Pw)=—
0

We note that the O(1/¢€) term in the above expression vanishes upon azimuthal integration
since w4 + w_ o cos ¢y,. Hence, we can drop all terms from egs. (5.16), (5.17) where the
w integration is unrestricted. As a consequence, in case B we only need to consider the
situation cos ¢y, > 0.

We now consider case A. If w, < wy, we use the representation in the first line of
eq. (5.16). If wy > wy we use instead the one in the second line. In either case, integrating
over w and expanding in € we obtain

X4 =28 [w+w:tw(w++w)lnw+] , (5.19)

€ Wy

where the £ refers to w, < w4 and wy > w4, respectively. Neglecting terms that vanish
after azimuthal integration, we can re-write eq. (5.19) as

XA — 28wy —w_ —(wy+w_)Inwy]

4 - - (5.20)
— —% [1 /1 —nrzn,t sin2 ©in—Nom,¢ COS Py In (nmt cos i, +14/1 —n%mt sin2 @ln)] .

Inserting this result into eq. (5.14), changing variables from ¢ to ¢y, and performing a
straightforward azimuthal integration we obtain

Y
s 1
Wilase s = i [ donXf = =2 [PB(A) - K(2,)). (521)
0

Case B can be dealt with in a similar way. As we mentioned earlier, we only need to
consider the situation cos gy, > 0, i.e. the second line of eq. (5.17). After dropping the
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second term on the right hand side, we note that the integral is convergent so we can set
€ — 0. After performing the w integration, we find

Xf = =28 2w —wo) ~ oy +oo ) n 2

w—

4 P Tn £ COS i+ /1 =ng,  sin® g
=——=[2y/1—ng, ;SIn" Q1 — N 1 COS 1 In

Vs N, ¢ COS Pl — 1—7”0;211,1& sin? Oln

] (5.22)

Inserting XTB into eq. (5.14), changing variable ¢ — ¢, and recalling the reality condition
| sin @y, | < 1/nmt, we obtain

Pmax $Pmax
Vs B Vs B
WT|Case B = 32’/’1’3(] / dpp Xp = 167r3q / dpim X7, (5'23)
—@max

with ¢max = arcsin(1/nm ). The azimuthal integration is straightforward, and yields

T, ¢ 1 2npy — 1 1
W B=—=-|FE — : K . 5.24
e 3 = 1 [ (n;> ok (o (5.21)

To understand when the results for the A,B cases are applicable, we note that in a

three-jet event the thrust axis in the ¢ rest frame coincides with the three-momentum of
the most energetic particle in the event. If ny, is aligned with the momentum of either p;
or po, then min(z1, 22, 23) # 23, where z; is the variable introduced in eq. (3.5), and

2, = A% max(z1, 22) < L. (5.25)
’ Z3

n
This implies that if 77, o p; or 7, o po, case A applies. If on the other hand 7, « p3,
then min(z1, 22, 23) = 23 and

s mz(l+ 23)? z§(1 + 23)?
m,t 23(1 — 2’3)2 23(1 — 23)2

> 1, (5.26)

so case B applies.

We note that in the three-jet case ny, ¢ # 1. Indeed, ny, ¢ = 1 only if 7, is orthogonal
to either p) or pa, see eq. (5.6). However, in the three-jet case the thrust axis is aligned
with the direction of the most energetic particle, hence momentum conservation implies
that none of the two remaining particles can be orthogonal to it. Summarising our findings,
we can write

TISEN)] = /dabé(T(CDb) ~7)

1573 {WTycase A, if min(ey, 22, 23) # 23 (5.27)

X OZSCF)\i X

8 WT’C&S(B B, lf min(zl, 22’ 23) = 23.

In the two-jet limit, we can assume for example min(z1, 22, 23) = 21 = 0 and 23 + 23 = 1.
This yields the well-known result

TSN _ 57 (A
do/dT|_, 8 (q) : (529
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In the symmetric limit z; = z9 = 23 = 1/3, so that the thrust axis is not uniquely defined.
In this case, the result is obtained by averaging over the three possible alignments of the
thrust axis, i.e.

Tmumwn_aﬁﬂwﬁx(2 o @
do/dTl_yys 8 3 30

() =52 (5) r o () 5 (D] ()

5.2 Power corrections to shape variables for IN-jet final states

WT’C&SG A+

(5.29)

In this section, we present results for the C-parameter and the thrust in a generic N-jet final

state. We note that in order to avoid the contribution of singular configurations with one or

more unresolved partons, an appropriate cut must be imposed upon the shape variable. For

example, for N = 4 we must require ¢ > 3/4 for the C-parameter and ¢ > 1/3 for thrust.
Similar to the three-jet case, we start with eq. (3.25)

Iv({p}A) = / [dE] J;L;] / (1] (2m) 6@ (k — 1 — 1)
x Tr [lyiy] [V({5) 1D~ V({))] (5.30)

where V = C or V =1 —T and the regularisation discussed in section 3.2 is assumed. The
radiation of a soft gluon with momentum k off a final state with N hard partons with

momenta p;, ¢ = 1,..., N is described by the current
N py
JrP=Y Q;——, 5.31
2 % im) 31

where Q; is the gauge charge of particle i.2° Charge neutrality of the final state implies
N

> Q; = 0. Using this, we can write the product of the two soft currents J#J" in eq. (5.30)
i=1

as a sum over N (N — 1)/2 dipoles

N v v 14
g o3 Qu@s [ iR ke ) (5.32)
Z 2 | @k @k) T k) (k)

Repeating the steps that led to eq. (3.32), we obtain

1 QiQ;

Iy = —\F 5

Wi, (5.33)
i#]

where F' is the universal factor given in eq. (3.49) and W‘l} is a function that describes the
contribution to the observable V' due to an emission by an (i — j) dipole, similar to the
one in eq. (4.6). We stress that to compute W‘Z} for a given dipole, we need to perform the

20For photon emission in QED, Q; is the electric charge of the outgoing particle/antiparticle i. To properly
define gauge charges in QCD, we need to use the colour-space formalism reviewed for example in ref. [45].
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Sudakov decomposition of (all) particles’ momenta with respect to the four-momenta of p;
and p;. Explicitly, we write

I F

(&
\/2(pips) \ 2(pipj)
I p; p? 1
P = pra— ™ e M, KEN, kA4 (5.34)
\/ 2(pip;) \/2(pipy)
o 1
P

e M+ nH,

where (np; ;) =0, prt = |[pr.L], meq = \/¢*> + ¢? and ¢ = |q.|. Linear power corrections
are then written as

TA[E(v; )] 15ma _QiQ
WAV = 6l q/da S(V X J; : (5.35)

see eq. (4.7). Eq. (5.35) holds for any observable that satisfies the requirements described in
section 4.1.2! In the rest of this section, we will present results for V.=C and V =1 —T.

It is straightforward to write Wg for the C-parameter. It reads

N i7,(k)
Wl = Si Z We . with W& /d dg *f"?*%'. (5.36)

We stress that both 7 and ¢ in this equation implicitly depend on the choice of i and
j through the Sudakov decomposition eq. (5.34). Although Wg ) 1o0ks similar to W
of eq. (3.56), we cannot directly use the results of section 3.2.4. Indeed, there we used
momentum conservation to simplify the calculation, cf. the discussion around eq. (3.57).
This simplification does not work anymore in the N-jet case and, for this reason, we have
to consider the general case carefully. We describe the calculation in detail in appendix E.
Here we limit ourselves to the presentation of the final result, which is remarkably compact.
Introducing the variables

2
q q*(2pip;) qt e
Sis = ——— = T YNEEE Cig — — = 1—54'7 537
Y mg (2piq)(2pjq) Y mug Y (5:37)

and

_q
n e 9
3 2qu (qpicj)) (apk)’ 2 = (qpi)(qp;)(apk)

2
i) EN: ( ) Qi (pirk) (Pipk) (5.38)

213We remind the reader that we are not yet able to deal with the full non-abelian case in a rigorous way.
As a consequence, technically our result is solid only if all emitting dipoles are qq ones. We will discuss in
section 6 a conjectured generalisation to processes involving gg and gg dipoles.
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we obtain

: 5oy 2) st — g2 (i) ij (i) _ i
ch B _47-‘-20‘47161{[((6”) |:SZJ szj (3_77/3] —37’LJ> -+ (n3] _n3>:|
J y (5.39)
2 o i e —ni
+2B(cy) |1+ ng” ey — 2nif ) ,
ij
with | |
.. ) j
né@]) = M (5.40)

2

Given the result in eq. (5.39), one may worry that Wg diverges in kinematics configurations
where ¢;; — 0 or s;; — 0. However, it is simple to check that this is not the case and
eq. (5.39) actually yields a finite result for any kinematic configuration. It is also easy to
verify that in the N = 3 case eq. (5.39) reduces to eq. (3.73).
We continue with the thrust variable. In this case, the observable-dependent function
W}] reads
ij 1 [ dnde
gt 2(2m)
and the only dependence on 7,5 is through the definition of 7 and ¢. We note that eq. (5.41)

1), (5.41)

is formally identical to eq. (5.4). We can then immediately read-off the N-jet result from
egs. (5.21), (5.24):

g Wij| ij when (2pinm) (2pjnm) <0,
le“] = T nnjl,t<1 ! (542)

W}]|n$ 51 when (2p;nm) (2pjnm) > 0,
where
g 1 o o
| _ 1], v],
Welos <1 = ~5.3, 28 (n37) = K (mhd)]
Wil o1 =——=- |E g2 | ) K g2 |-
mt ™q Nt 2nm,t Mt
and
ngt _ \/1 + ( pznm)( p]nm). (5.44)
’ (2pip;)

If multiple thrust axes exist in a given kinematic configuration, the calculation is repeated for
each of them and then averaged over their number to obtain the effective power correction
to thrust, in analogy to what we did in section 5.1 for the symmetric three-jet limit.

The expressions for W? in eq. (5.43) diverge when ngt = 1. From eq. (5.44) it is
apparent that this can only happen if the thrust axis is orthogonal to the direction of one
of the external particles. We now show that this cannot occur in a generic N-jet case. We
work in the event center of mass frame and write

|7 - pi

7= S P 5 2 0,0) = max 7,0, (5.45)
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Here, E; is the energy of particle ¢ and

fi(0,9) = \/(COSQCOS 0; + cos(¢ — ;) sin O sin 6;)2, (5.46)

where (0;, ¢;) are the polar and azimuthal angles of parton i and (6, ¢) are angular variables
for the vector 7. We now assume that the vector 7 is orthogonal to pi;. Without loss

of generality, we choose our axis such that p; = F12 and 77 = %, i.e. we set #; = 0 and
(0,¢) = (7/2,0). We find

N
E,
To(m/2,0) = —sinb; [cos ;] . (5.47)
= q
=2

We now investigate what happens if we move away from the 7 L p7 configuration. More
precisely, we consider the case (6, ¢) = (7/2 — 06, ¢), with |00 < 1. We then write

B El N Ez A|COS§0¢| 2
Tn(m/2 — 360,0) — Ty (7/2,0) = ?\59\ +380) Vi 0; o g + O(66%). (5.48)

i=2 i

Keeping in mind that E; > 0, it is clear that the first term in eq. (5.48) is positive and
independent of the sign of 6. As for the second term, the coefficient of 66 can take either
positive or negative values. We can then make a choice of 46 with appropriate sign such
that the second term is positive as well leading to an increase in thrust compared to the
orthogonal case. Hence, we conclude that the 7 | p) configuration does not maximise an
expression for T, which implies that the thrust axis n, cannot be orthogonal to p; and,
since parton ¢ = 1 plays no special role in our analysis, to any other hard parton as well.

6 Phenomenological predictions in the three-jet region

We now apply the formalism described in this paper to obtain predictions for linear power
corrections to the C-parameter and thrust cumulative distribution in the three-jet region.
Here, we follow ref. [30] and conjecture that our results can be extended to processes
involving gluons at the Born level by modifying QCD charges of the corresponding dipoles.
This allows us to consider the phenomenologically interesting e™e™ — ggg process.

The rest of this section is organised as follows. In section 6.1 we validate the analytic
results obtained in this paper against numerical ones obtained with the formalism of ref. [30].
We find that the analytic results allow us to obtain phenomenological predictions in a
very efficient way, eliminating the practical shortcomings of the numerical approach. In
section 6.2, we compare our results to the ones of ref. [29]. In particular, we show that our
formalism resolves an ambiguity present there, and sheds light on its origin.

6.1 Comparison of analytic and numerical results for C-parameter and thrust

We validate the analytic results derived in this paper by comparing them with the numerical
ones obtained using the method of ref. [30].
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Non-perturbative corrections are often presented as a shift with respect to the pertur-
bative result [20]. More precisely, one writes the full, “hadronic” cumulant as [20]

1 do

shad(y) = B(v — dnp(v) = S(v) — — e (), (6.1)
where the perturbative cumulant is defined as
= 1 e do
Y(v)=— [ dV—. 6.2
(= [ aviZ (62

Taking into account the definition of X, cf. eq. (2.1), and the fact that the total cross section
o is free from linear power corrections, we obtain

_ TSN

onp(v) = do/dV (6.3)

Since we are mostly interested in the dependence of non-perturbative corrections on
kinematics, we parameterise dxp as

5Np(v) = hC(U), h= 5Np(0). (64)

It follows that ¢(0) = 1. In what follows, we will discuss the function ((v).
We start by considering the process v*(q) — ¢(p1) + ¢(p2) + v(ps), as in the previous
sections. In this case the only emitting dipole is the gq system. We then write

0% = higq(v), (6.5)

with (43(0) = 1 as before. We note that, since for v = 0 the ggy configuration approaches a
two-parton ¢¢ configuration, A must correspond in this case to the non-perturbative shift
computed in previous literature for the two-jet configuration. Thus, for the C-parameter,
we have h = —(\/q)as x 1572 /16, while for the thrust h = —(\/q)as x 57/8, see egs. (3.22)
and (5.28).

In figure 1 analytic and numerical results [30] are compared for (4, for both the
(C-parameter and the thrust. We take ¢ = 100 GeV. For the numerical results, we consider
three different values of the gluon mass A = 1, 0.5, 0.1 GeV. We observe that the numerical
result converges to the analytic one, to a good approximation. However, it is apparent from
these figures that the agreement is not perfect and that even smaller values of A should
be chosen in numerical computations to improve the situation. Unfortunately, it is quite
difficult to do so. This is because the numerical results contain extra quadratic terms in A
that can also be enhanced by powers of In A. We also note that the analytic and numerical
results tend to depart from each other at small v, for both the C-parameter and the thrust.
This is because, in this region, the effective hard scale is reduced, so that the expansion
parameter for power corrections is no longer A/q, but rather A divided by the reduced
scale. In contrast, the analytic calculation only contains linear power corrections, and is
not affected by these numerical issues.
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Figure 1. The function (,4(v) for the C-parameter (left panel) and the thrust T =1 — T (right
panel), evaluated numerically using ¢ = 100 GeV and A = 0.1, 0.5, 1GeV, compared to the analytic
computation (solid line). In the lower panels we reported the ratio plot of each numerical curve
with respect to the analytic one.

To generalise the analytic result to the QCD case, v*(q) — q(p1) + q@(p2) + g(p3), we
consider radiation off the three dipoles ¢, qg and qg and account for the relevant color
factors, see ref. [30] for more detail. We write

_ _ _ Cr—C C
M=), o0 =LA G0, 6

where we have assumed that the gg and gg dipoles contribute equally. In eq. (6.6), (4q
is identical to the contribution of the gg-dipole correction considered in this paper. The
function (44 is as (43 except that the gluon plays the role of an anti-quark. We note that it
follows that (,4(0) = 1/2 [30] and, hence, ¢9%9(0) = 1.

In order to get a more realistic prediction, the value of the constant h should be
corrected to include also the effects of the gluon splitting into two gluons, as it is commonly
done in the dispersive model [21, 22, 43|, but this is irrelevant for us since we only report
results for the ¢ function.

We compare analytic and numerical results for (4 in figure 2. We observe that also
in this case the numerical result converges towards the analytic one, and that features
discussed in connection with figure 1 are also present for the gg dipole. We note that it
is evident from figure 2 that the numerical result for the gg dipole is less stable than the
result for the ¢gq one, so that the availability of the analytic computation in this case is
especially welcome.

6.2 Results for the C-parameter and the thrust in the three-jet region and
comparison with existing literature

Having validated the analytic result against the numerical ones of ref. [30], we can compare
our predictions to the results in the literature. In figure 3, we show our prediction for (99 for
both the C-parameter (left) and the thrust (right) distributions using eq. (6.6). In those fig-
ures the grey shaded areas show the kinematic regions that are typically excluded from high-
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Figure 3. Same as figure 1, but for the sum of all the dipoles, where each contribution is
supplemented with the proper colour factor, as in eq. (6.6). The grey shading shows the region
which is usually excluded from «, determinations [29].

precision extractions of a; [29]. We observe that for both the C-parameter and the thrust
the shape of non-perturbative corrections in the bulk of the three-jet region is non-trivial.
It is interesting to compare our result for the C-parameter with the predictions of
ref. [29]. Using egs. (3.22), (3.23), it is straightforward to check that our results agree with
those of ref. [29] at the endpoints ¢ = 0, 3/4.22 However, in the bulk of the three-jet region
the formalism of ref. [29] does not lead to an unambiguous prediction. Instead, the authors
of ref. [29] adopted an agnostic approach and obtained different results depending on the
assumption they made for the recoil due to the emission of a soft massless gluon, see their
figure 3. It is interesting to note that most of the recoil schemes considered in ref. [29]
(Catani-Seymour [45], PanLocal (antenna variant) and PanGlobal [48]) gave the same result.
It turns out that this result is also compatible with our prediction based on eq. (6.6).2 The
FHP (Forshaw-Holguin-Plétzer) scheme of ref. [49] however led to a different prediction.

22We note that our definition of %9 and ¢ in ref. [29] differ by a factor 37.
ZWe are grateful to the authors of ref. [29] for providing the input data for their figure 3.
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Our formalism provides a clear explanation of why this is the case. Indeed, the Catani-
Seymour, PanLocal, and PanGlobal schemes all satisfy the smoothness requirement in the
soft limit that is needed in order for the recoil effects not to contribute to linear power
corrections [30]. In other words, if one uses these schemes, then a naive soft analysis leads
to the correct result for linear power corrections to the C-parameter, without additional
contributions. This is not the case for the FHP scheme, which does not satisfy the
smoothness requirements.?* We elaborate on this remark in what follows.

We start by analysing the PanLocal (antenna) mapping. It is dipole-local, which means
that it preserves the four-momentum of the radiating dipole. It is defined by

p1 = aqp1 + Bip2 — fli, p2 = aop1 + Pape — (1 — f)lL, (6.7)

where [ is the momentum of the radiated soft gluon and « and § are specified by the
momentum-conservation and on-shell requirements

p1+p2+1=p1+p2, Pije = 203 (pipa) + O(11) = 0. (6.8)

These two equations can be satisfied only if either §1 = ag = 0 or 2 = a1 = 0 up to terms
of order li. Assuming the first assignment, eq. (6.7) implies

(Ip2)

alz]-_ ~ ~ b} ﬁQZ]—_ ~ ~ 9 6'9
(P1P2) (P1P2) (6.9)
so, in the soft limit the PanLocal scheme has the form
Ip N Ip N
p1= (1— (Np?) ) p1— flu, p2 = (1— (Np}) ) p2— (1= f)lL. (6.10)
(D1P2) (P1P2)
The PanLocal choice for f is
ezﬁk
f=1T0m ST (6.11)
where 7, is a rapidity-type variable, defined as
_ 1. (p2)(P1g)
| == In 2 P 6.12
=2 ) () (042)

Thus the PanLocal mapping is non-linear in the soft limit. However, the non linear
term is proportional to !/ with an azimuthally-independent coefficient. Hence, when
computing recoil effects using this mapping, the non-linear term always cancels after
azimuthal integration, and the PanLocal mapping satisfies the smoothness criteria [30]. The
Catani-Seymour mapping is also non-linear, but again the non-linear term vanishes after
azimuthal integration for a similar reason.

The PanGlobal mapping is defined as follows. First, one introduces the intermediate

P = (1 U ) P, Da= (1 _ Up) > Ps. (6.13)

(P1P2) (P1P2)

variables

24We however stress that this does not impact the logarithmic accuracy of a dipole shower based on such
a recoil.
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Then one finds a boost B followed by a rescaling R to be applied to pi, p2, p3 such that
pij2 = RBpyj,  p3s = RBp3, ' = RBI. (6.14)

In the small-l limit, it is easy to see that this yields the mapping

Dol D l
p1L~pL— (~p2~) p1— (pIQq) L - ( L2q> P1,
(P1P2) q q
(D) . (P29) (lLq) .
~ Py — 5 I — , 6.15
D2 & D2 (p1p2)p2 PR e D2 (6.15)
(P3q) p3-lL (lLg) .

P3 R p3 — 2 L+ 2 1T b
This is fully linear, and it satisfies the requirements of ref. [30]. As we have said, this
implies that with these recoil schemes a naive soft analysis completely captures linear power
corrections.
The FHP mapping is similar to the PanGlobal one, but only one side of the dipole is
rescaled. In practice, one parametrises the intermediate momenta

with probability f(7;), where f and 7; are given in eqs. (6.11) and (6.12) and coincide with
the PanLocal/PanGlobal ones. The parametrisation

p1 =P, p2 = (1 - (}p}) ) P2, (6.17)
(P1P2)
is instead selected with probability 1— f(7;). Then the kinematic reconstruction proceeds as
in PanGlobal, where all the momenta are rescaled to preserve the mass of the total system,
and then boosted in the original event frame. It is thus clear that the soft limit is non-linear
in the longitudinal components of the momenta of the radiated parton and, therefore, it
does not satisfy the requirements [30]. As a consequence, an analysis of soft emissions is not
sufficient to compute the linear power corrections if one were to use this recoil scheme. This
is exactly what is seen in figure 3 of ref. [29]. We conclude this section by noting that at the
endpoints ¢ = 0, ¢ = 3/4 all recoil schemes yield the same result. This is expected since in
these regions the sensitivity of the shape variable to recoil effects is strongly suppressed [29].

7 Conclusions

The goal of this paper was to continue exploration of linear power corrections to shape
variables in eTe™ annihilation to hadrons that we started in ref. [30]. We performed explicit
analytic computations for the C-parameter and the thrust distributions and showed that
our considerations apply to a large class of shape variables.

Our results can be briefly summarised as follows: linear power corrections which affect
cumulants of shape variables in the three-jet region are proportional to a universal, constant
factor times a function which characterises the behaviour of the shape variable under the
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emission of a single soft massless parton. Our result applies a fortiori to the two-jet region
where, however, an equivalent result has been formulated long ago [22].

Our calculations are performed in the large-n; model of QCD, but with a final state
qq~ rather than ¢gg. The linear renormalon contribution to shape variables associated
with the power correction can be exactly calculated in this framework. It arises from the
emission of a soft virtual gluon that can both fluctuate into virtual ¢g pairs and eventually
decay into one of them.

Since renormalons can be studied using soft emissions, we can speculate that, in the real-
istic case of a gqg final state, linear power corrections can be obtained by summing up the soft
emissions off all three colour dipoles, g¢, gg and gg, multiplied by the corresponding colour
factor. By doing this, we obtain a theoretical prediction that can be confronted with data.

These assumptions are essentially the same ones that underlie the so called dispersive
model of power corrections [21, 22]. This model is fully consistent with the large-n s limit of
QCD, and it was recently applied to the calculation of power corrections to the C-parameter
near the three-jet symmetric point [29].

It is useful to briefly summarise the reasons that allow for the computation of power
corrections in the two-jet region, in the three-jet symmetric limit for the C-parameter [29]
and in the generic three-jet configuration as described in this paper. In general, we can
write the cumulant of a shape variable as

£) = [ oo () —v) + [dolip. OV ({pk =0), (1)

where {p} denote the hard final state momenta when no soft particles are emitted, p denote
the hard momenta in the final state that are accompanied by the emission of a soft gluon,
and by k we denote generically the momenta of the final state particles arising from the
radiated soft gluon. Furthermore, we assume that o({p}) also includes the virtual soft gluon
corrections, so that the left-hand side of eq. (7.1) includes all relevant corrections to the
cumulant. By V/({p}) and V({p, k}) we denote the value of the shape variable computed for
the hard partons final state (without soft gluon emission) and for the final state including
the gluon emission with its decay products.

In the two-jet region v — 0, the final state consists of two back-to-back partons. Thus
V({p}) is constant, and we can manipulate eq. (7.1) as follows

2) = | [ dot{ah) + [ dotipkh)] 607 ((H) ~ v
+ [[datip. ) BV ({p kD) — o) — 6V ({5)) —0)] (7:2)

We can see now that the first line of eq. (7.2) is proportional to the total cross section, and
thus is free from linear infrared renormalons. In the second term, on the other hand, the
factor in the square bracket vanishes in the soft limit, so that the soft approximation to
do({p, k}) is all what is needed for the computation, that can then be carried out along the
lines of refs. [21, 22].
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If we consider the C-parameter near the three-jet symmetric point, the crucial observa-
tion is that the contribution to C from the hard partons is given by [29]
3 81

Chard = =

1 1—6(62 + eqeq + 63—) + (’)(63), (7.3)

where €,g) = 2Eyy)/E —2/3 and E = /¢? is the total energy. If we apply eq. (7.1) for ¢
very near 3/4, the momenta {p} will be forced to approach the symmetric limit, and C'{p}
is nearly constant there. So, we can again carry out the manipulation that led to eq. (7.2)
with V' = C. Again, the first term is proportional to a cross section that is inclusive in the
radiation of the soft gluon, and can be assumed to be free of linear renormalon [30]. Because
of eq. (7.3), we can replace C({p(p, k), k}) —c) = C({p, k}) — ¢) in the square bracket, and
because of the ensuing soft suppression, we can again resort to the soft approximation to
perform the computation, as it was done in ref. [29]. Hence, we see that the derivation in
both the two-jet and symmetric three-jet cases discussed above crucially relies on recoil
effects being strongly suppressed. As a consequence, it is not immediately clear how to
generalise these constructions to the three-jet region beyond the symmetric point.

Let us now see how this problem is solved in this paper. Assuming, for the sake of
discussion, that the soft emission originates from a single dipole, we introduce a mapping
p(p, k) that, for small k, is linear in k and that is collinear-safe when the gluon is collinear
to the partons constituting the dipole. Then, for a generic shape variable and for generic
momenta we write eq. (7.1) as

£(0) = [ [do({5)) + do({p(5, ). KD]O(V({5H) ~ v)
+ [ ol o) DB (b5 1). ) —0) —0(V({EH — )] (7.)

Now the first term involves an inclusive integral of the cross section at fixed underlying
Born momenta, with the underlying Born defined by a mapping that is linear in %k for small
k. It was shown in ref. [30] that such integrals do not yield linear power corrections. Hence,
we can drop the first line in eq. (7.4) and consider only the second line, that again can be
evaluated in the soft approximation leading to the results discussed in this paper.
Although the phenomenological consequences of our results are yet to be fully explored,
we can make a few statements using the results of ref. [29]. There, in the framework of the
dispersive model for power corrections which employs a single non-perturbative parameter
related to the low-scale value of the strong coupling constant, several interpolations of the
non-perturbative corrections to the C-parameter distribution between the two- and three-jet
symmetric points were considered, and for each of them a fit of the strong coupling constant
was performed. For some of the extrapolations it was found that the fitted value of ag
was larger than the one obtained using the conventional assumption that non-perturbative
corrections are constant and, therefore, are fixed by their value in the two-jet region. Our
results clearly show that the non-perturbative effects in the three-jet region are kinematic-
dependent. In fact, our result agrees with the lowest curves in figure 3 of ref. [29] that, in
turn, are below the line labeled as (; 3 there. From table 2 in that reference, we see that
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the use of (3 in the aj fit yields the value of 0.1167 that is larger than the a, = 0.1121
value obtained by assuming that the non-perturbative coefficient is constant.

In view of these observations, a conservative conclusion from the results of the present
paper is that the error on s determination that employs constant non-perturbative correc-
tions should be considerably enlarged towards the upper side. A more aggressive conclusion
would be that the central value should be shifted in the upper direction. However, in the
latter case, in view of the fact that several assumptions underlie our findings, chief of which
is an Abelian nature of the large-n; calculation, a more refined theoretical understanding
and comparison with data should be needed to validate the approach.
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A Renormalon structure of the large-n; result

The exact prediction for the cumulant ¥(v) eq. (2.1) computed in the large-n s approximation
reads

o, f s (1) (A1)

A2e—C

5(0) = S(v) —

rctan
™ dA 1+ by, pas(p) log

1 /‘X’ dA dX(v; A)
— 77&
bo, ras() Jo

where ¥, (v) is the LO prediction, ¥(v; A) and by ¢ are given in egs. (2.2), (2.3) and C' = 5/3.
We note that the factor ay in the denominator in front of the integral cancels the factor
of as in X(v; A). Eq. (A.1) is well-known (see for example ref. [34]) as far as the virtual
corrections and the inclusive real corrections are concerned, but we are not aware of a
reference before [41] where also the ¢q splitting term is cast in the same form. In appendix B
of ref. [41] a complete derivation of eq. (A.1) formula is also given. Examples of real and
virtual Feynmann graphs contributing to eq. (A.1) are illustrated in figure 4, where the
solid blob insertion in the gluon propagator represents the inclusion of all corrections given
by a fermion loop, as represented by the recursive graphic equation

W = 00000, + &QQQQ/‘\QQ/ (A.2)
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Figure 4. An example of a virtual, a real gluon emission and a real ¢gq emission graph contributing
to the large-ny correction to the process v* — ggy. The right graph, with a g — ¢g splitting, must
be included, since the sum over final state quark flavour leads to a factor of ny.

The linear power corrections arise in eq. (A.1) from the leading term in the small-A
expansion of ¥(v; A), that leads to

S(o: 1 " .
Y(v) &~ Xp(v) — {d(v,)\)] 7/ ¢ Qarctan mbo,s s (1) = (o (A.3)
dd - Dizo | bosas(p) Jo o 7 L+ b pos (i) log 2

where po = pe®/?. The upper limit of integration is chosen for convenience, since the
renormalon structure arises from the region where the denominator in the arctangent
vanishes, corresponding to the Landau pole. Thus, any upper limit comprising the Landau
pole is acceptable.

The renormalon structure of the expression in the curly bracket of eq. (A.3), according
to the result presented in appendix A of ref. [50], is

1 ro d\ mho pas (1)
7/ — arctan : 32
boyos(p) Jo 7 1+ b, pors(p) log L
o qpexp (_4) N (A.4)
- Mo P/ — 2o.sasW)) | Cnp 2D |y analytic terms in a,(p).
bo, s (1) o T 1-t p
In the last term, Aqcp is the QCD (large-ny) scale, defined by the equation
1
as(p) = e (A.5)
0.f 108 AQQCD
so that
1 AQCD
exp | — = . A6
( 2bo, pvs (1) ) K (4.6)

In ref. [50] a further term of the form of eq. (A.6), arising from the discontinuity of the
integrand in eq. (A.3) at the Landau pole, is added to the principal value part. If a suitable
theta function is added to the integrand in (A.3) such term is not present. The important
point, however, is that an ambiguity remains depending upon the handling of the Landau
pole. Such ambiguity is related to the residue of the integral at ¢ = 1, and thus has the
form of eq. (A.6). In eq. (A.4) we parametrize this ambiguity in terms of an (uncalculable)
coefficient Cnyp. We also note that the factorial growth in the asymptotic expansion of the
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Borel sum in eq. (A.4) is due to the singularity at ¢ = 1. Thus its u dependence cancels
against the puo factor, and so does the u dependence of the Cnp term. See appendix A in
ref. [50] for more details.

In some phenomenological approaches the expression in the curly bracket of eq. (A.3)
is interpreted as an effective coupling, that in the full theory should be replaced by a QCD
effective coupling that also includes non-perturbative effects [15].

B The functions G, 5

The functions G, 5 were introduced in eq. (3.4). They read

(1—p%) """ 6o 3y a2
G = 223y (424 + 8442 — 421y + 379
: 4856@@_1)“)2(@_1)2[&(xy( v 84y 421y +379)
+292% (y—1)%y% + 22 (1706y2 — 1706y — 271) ta (—948y2 1948y + 542) - 271)
+p ( — 15924 (y — 1)%y2 + 223y (187y3 — 37492 + 1203y — 1016)
+a? (—4542y? + 4542y + 749 ) + 20 (12557 — 1255y — 749) + 749) (B.1)
45432 (47:64(3/ —1)%2 + 223y (—50y3 +100y% — 271y + 221)
116522 (6y2 — 6y — 1) tz (—548y2 1548y + 330) - 165)
—105 <m4(y— 1)2y% — 223y (y3 —2? +5y—4> + 322 (6y2 — 6y — 1)
+x(—10y2+10y+6)—3>},
\/1—52(1'—1)1112(%)
Gy =
27 32B8(x(y—1) + 1)2(zy — 1)?
x [ﬁ4 (2% (11752 + 117y +34) +832%(y — 1)y — 532 +19) (B.2)
—1082 (22 (—295% +29y+8) + 212 (y — 1)y — 112 +3)
+35<x2(—7y2—|—7y+2)+5x3(y—1)y—3x+1>},
In \/1—/3%%24—/3512
Gy = V1=B2c2,—Bs12

B 9657 (1 —62)3/2 s1w/1— B2ty (x(y—1)+1)(zy—1)

x [ﬁsm (29m2(y —Dy+x (—84y2 + 84y + 15) - 15)
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—28° (22 (~229y? + 229y +51) +942%(y — 1)y — 1862 +135) (B.3)
+8* (22 (— 8747 + 874y +232) + 3942 (y — 1)y — 758z + 526)

—1082 (22 (=T1y?+T1y+25) +342° (y— 1)y — 782+ 53)

+105(x —2) (xQ(y—l)y-i-Jf—l)}a

In (12
Gy= 3/2 <17ﬁ) [5895 <3x4(y—1)2y2

9687 (1— B2)* a(w(y—1)+1)2(zy — 1)2

— 623y (2y3 — dy? 45Ty — 55) 12 (758y2 758y — 113)

ta (—428y2+428y+226> - 113) — 648 <1lx5(y 1)2y?

Taty (—29y3 1582 — 479y +450) T (1046y2 — 1046y — 171) (B.4)

+2? (—596y2+596y+387) —261:c+45> 1244 (114x5(y— 1)2y?

+aty (—261y3 1522y — 3187y + 2926) +82° (848y2 848y — 139)

+ 22 (—3858y2 + 3858y + 2487) — 1638z + 263) —1032 (27;1:5(y —1)2y?

+aty (=57y° + 114y — 607y +550) +2° (1278y? — 1278y — 211)

+ 22 (—728y2 + 728y+475) 317z + 53> +105 (x5(y —1)%2
—ozdy (y3 —2y2+10y—9) 728 (6y2 6y — 1) 842 (3y2 —3y—2) - 11x+2)],

—321n (148 1-B2cty+Bs12
VI=FIn (1 hl(\%—ﬁ%fg—ﬁ&z

6438s102(z(y—1)+1)(zy —1)1/1— 322,

X [ﬂ% (:L‘Q(y —Dy+z (—4y2 +4y — 5) +5) + 4 (x2 (543/2 — 54y — 17)

Gs =

—2123(y — 1)y + 55z — 38) + 532 (332 (—24y2 +24y+5) (B.5)
F1123(y—1)y— 17z + 12) ~35(z—2) (22 (y—1)y+2—1) ] .

C Elliptic integration

The goal of the discussion in this appendix is to explain how the integrals in eq. (3.4) can be
calculated in a systematic way using state-of-the-art technology. First, in appendix C.1 we
will show how the integration can be recast so that the elliptic multiple polylogarithms [35, 36]
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appear naturally. This will allow us to obtain an analytic expression for I; in eq. (3.4),
albeit a quite complicated one. To simplify it, in appendix C.2 we will express it in terms of
the so-called T integrals (see refs. [35-40]) and note that for the purposes of our calculation
we only require kernels evaluated at special, rational points. This will allow us to rewrite
our result in terms of iterated Eisenstein integrals, and observe a significant simplification
in the final expression. In this appendix, we will assume that the reader is familiar with the
elliptic polylogarithms literature. For convenience, we will provide a minimal background
necessary to follow the relevant steps in appendix D.

C.1 Set-up of the calculation and result in terms of MPLs and eMPLs

The functions G, .. 5 displayed in appendix B contain the integration variable S under the
square roots /1 — 52 and /1 — B%c3,. In particular, Gy 24 only contains the first square
root, while Gi3 5 contain both. We consider the integration of G124 first.

To rewrite the integrand in a form suitable for the integration with multiple polyloga-
rithmic kernels, we rationalise the square root with a variable transformation [51, 52]

2z

=— C.1
b 14 2% (C.1)
so that
2 (122
g = (7’22) dz (C.2)
(1+2?)
The new integration limits are
Wmax — )\
O0<z<y|——. C.3
: wmax + )\ ( )
We note that each integral
ﬁmax
I; = /d,BGZ», i=1,...,5, (C4)
0

is divergent at 8 = 0 but their sum is finite. Since we will compute all the different integrals
separately, we will need to introduce a lower integration boundary (B,i,. This implies that
the lower integration boundary for the variable z is

P /Bmin
1+\/1_ r2nin

We note that care has to be taken that the expansion in zy, is done properly for each

(C.5)

individual expression up to finite terms. Similarly, as we are interested only in O())
contribution to the C-parameter, we need to compute each term G; only up to (9()\0)
since we already have a global factor \/q in front of the integral in eq. (3.4). The change
of variable in eq. (C.1) allows us to express the result for I1 24 in terms of the multiple
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polylogarithmic functions (MPLs) of refs. [53, 54]. After expanding around Sy, = 0 and
A = 0, we obtain

7 Wmax 20z —1) (32%(y — Dy + 2 (—4y* + 4y + 1) — 1)
o 3y — 1) + D(ay — 1)?
1 7

4 2,2 3, (3 2
2 16(x(y — 1) + 1)2(zy — 1)2 {”3 (y—1)%" — 2z y(y y? + 5y )

1322 (Gy — 6y — 1) tz (—10y2 10y + 6) - 3}
+ Hllm 28802y 1) i 2y~ 1)2 [31x4(y —1)%y2 + 223y (—37y3 + 74y%  (C.6)
—9227y + 190) + 14122 (6y2 — 6y — 1) ta (—4663/2 | 466y + 282) - 141}
1 1

Prin 384(x(y — 1) + 1)2(5Uy - 1)2
—1239y + 1168) + 22 (5286y2 — 5286y — 817)

[27x4(y —1)%2 + 223y (—71y3 + 142¢?

x (—2950y2 12950y + 1634) - 817} :

1 7(x—1) 523y — Dy +2? (-Ty* + Ty +2) — 3z + 1)

S Sae(y — 1) + 12(ey — 12
1 5((x—1) (21723 (y — 1)y + 2® (—=299y> + 299y + 82) — 111z + 29))
hin 144 (z(x(y — 1) +1)(zy — 1)?)
N 1 (z—1)(412123(y? — y) — 2 (5875(y? — y) — 1754) — 2895z + 1141) 1)
Bmin 576z (x(y — 1) + 1)%(xy — 1)2 '
7 (x — 1) (8523 (y — 1)y + 2% (—127y? + 127y + 42) — 83z + 41)
256 (z(z(y — 1) + 1)?(zy — 1)?) ’
Iy = nllm 6a(a(y = 1) _7|_ 2(zy — 1) [mS(y — 1%y — 22y (y3 — 2y + 10y — 9)

+723 (Gy — 6y — 1) — 822 (3y2 — 3y — 2) —1lz + 2}
TSGR TGy [ U T ()
112y — 11) + 2 (1878(y —y) - 305) (1064 g2 —y) — 668) 491z + 58}

1 1
81 —1)%y* -2 213y%(y —2) (C.8

+ Bumin 1152z (z(y — 1) + 1)2(zy — )2 [ 2*(y — 1%y — 2 y( y(y—2) (C8)
+7838y — 7625) + 2 (35850(y? — y) — 5959) — 2002? (103(y* — y) — 71)
—105232 + 2282]
L wmax 40— 2) (2%~ 30%)(° — y) + (1~ 2)°) (log s+ 1)

A 3x(xy — 1)%(xy —x 4+ 1)2

7.[.2

5, 2 2 4 3 4 9
1024z (zy — 1)2(zy — x + 1)2 [39: y (I —y)” — 22"y (y — 2) — 53627y

+534xy 4+ (127823 — T4422) (y* — y) — 2052 + 4922% — 369z + 82] .
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We now turn to the discussion of I3 5. These cannot be written in terms of MPLs since
the corresponding integrands G 5 involve the second square root /1 — c2,32. To deal with
this case, we find it convenient to introduce another variable transformation, namely

2z
(1 + 812) + (1 — 812) 32’

B = Ze(0,1). (C.9)

With this transformation, the second square root rationalises
1+ 512) — (1 — 512) 32
NI - C.10
126 (14 s12) + (1 —s12) 22 (C-10)
while the quadratic term under the first one turns into a quartic polynomial in 2

1—p2 = = 312)1+(5112— R VE—a)(E—a2)(— @) —a). (C.11)

The branch points read

I+ s12
C1—s1o

_1+812

e (C.12)

@ = —1, =1 q

q1 =

Integrals containing a square root of a degree four polynomial can be written in terms of
elliptic multiple polylogarithms (eMPLs) [35, 36], see appendix D.1 for a quick review. We

obtain??

I 1 7(z—2) 1 5 (31a3y? — 3123y — Tday? + Tday + 2322 — 81z + 58)
ST 16 3 288(x(zy — )(zy —x + 1))

min min
812°(y — 1)2y2 + 22y (—213y3 + 426y

1 1
Bmin 1152z (z(y — 1) + 1)2(zy — 1)2 {
+404y — 617) + 23 (—4134y2 + 4134y + 1057) + 4a2 (725y2 — 725y — 1099)

_l’_

Wmax 4 A
56212 — 2282 ~h 1 1 C.13
+5621z [+ =55 {Ogm ® Yomax ] (©.13)
(z—1)

1602y* — 3202%y® + 1602y* + 1922%y
+512812$(9€y—1)3($y—m+1)3( vy ry” 4 1607y 4 19227y

2 1
—1920%y — 682%y? + 682%y + 3722 + 452 — 82) {7; e <0, ?2 j; : 1)
— 912

1 -1 1 -1 1
-G (02250 1) B (o e s1.q) ~ Ba (s 1.0)
s12 — 1 1—s12 s12—1

-1 1 . -1 1 2 11 B
+Eg| ¢ s2tt51,G) —Ea| ¢ s2#151,9 +E4<m_1;1,q>
1=s12 s12—1

“E (L HE (T 5L9) —E4(01};1,q4)},

25We point out that the combinations of the elliptic functions in eq. (C.13) in fact evaluates to polyloga-
rithmic functions only. More precisely, the term in the curly bracket evaluates to 7> /2. This non-trivial
simplification can be derived by going to the iterated Eisenstein series representation.
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and?6

[ 7(x—2)+ 1 53123 (y—1)y+a? (—74y?+ 74y +23) —81x+58)
TR 16 3 288z (x(y—1)+1)(zy—1)

min min
— 8125 (y—1)%y2+22%y (213y3 — 426>

1 1
+ﬁmin 1152z (x(y—1)+1)%(xy—1)2 {
—404y+617)+2? (4134y2 — 4134y — 1057) + a2 (—2900y2+2900y+4396)
2 (z—1)2
1024s19x(z(y—1)+1)3(zy—1)3
x (1602 (y—1)?y?+1922% (y—1)y+a? (—68y>+ 68y +37) + 450 82)
1
+ ;|
1024z (zy—1)2(zy—x+1)2
—|—194x4y+430x3y2—430x3y—37x3—236x2y2+236x2y—8m2+127x—82} X
-1 1 -1 1 s12+1
X |:—4E4( 0 }i‘212,1,q)+4E4< 0 —1:—:.51122717(])_4(}(0’1—31271)
sia+1, sr*(x—1)* (a*(y—Dy+1) m
+4G(0 >+ ]+E 1, m
s1g—1’ i 1(§:1,4) 8s1ox(z(y—1)+1)%(xy—1)2 wy
+57T2(£E—1)2 (224 (y—1)2y? + 723 (y—1)y+2? (—8y*+8y+3) —5x+2)
965122 (x(y—1)+1)3(xy—1)3
—1)%(2*(y—1)y+1 —1)?(2*(y—1)y+1 -
L B @y—Dy+l) | Se=1) (22 (y—1y+1) E4<£613+1;1,§>
8s12z(z(y—1)+1)2(zy—1)2  8z(x(y—1)+1)2(xy—1)2 =512
(- 5(z—1)2 (22(y—1)y+1) _5(x—1)2(w2(y—1)y+1) y
8s10(z(y—1)+1)*(zy—1)* 8x(x(y—1)+1)*(zy—1)?
_ V2 (20
XE4(oj s1;+1;1,§)+ 5(:E 1) (x (y 1)y+1)
s12-1 8s19x(z(y—1)+1)%(zy—1)2
=323 (y—1)y+2?% (29> —2y+37) —1152+78 B (_1 1. ~)
256x(m(y—1)+1)(my—1) oo —1354
1 2y%+2y— 115z —
2 3(y—1)y+a? (—2y?+2y—37) +1152 78 (C.14)
256z (x(y—1)+1)(zy—1)
_ 5(a=1)* (@ (y—1)y+1) 5(z—1)% (a%y® 2’y +1)
8s1pz(x(y—1)+1)%(xy—1)%2 | 16s10x(zy—1)?(xy—xz+1)2

—5621x+2282} —

3%yt —62°y° +32°y% — 22yt + 40t yP — 1962y

+E4( ! %a17

o0

1-s19 1—-s19 s12—1 1—s19

X [E4<8122+1 i1_23+1 1 q) +E4(3122+1 812+1 ;1 q) +E4(3122+1 81_21+1 1 q)

2
—By (2221 s12+1 LQ)+Ea (A L0 B (2 51,0 -Ba (3 151,9)

s192—1 s
s12+1 812+1'1> G(S12+1 812—1-1'1)_71'2
812—1’812—17 1—812,1—8127 12

+E4 (3 11,9+ Z4(1) (G(

?We note that eq. (C.14) contains terms which are individually ill-defined, e.g. E4 (3 1;1,3). Upon
introducing regularised functions and extracting the divergent pieces, it is straightforward to show that all

divergent terms cancel and that the final expression is finite.
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si2t1 s1o+1 > (812+1 s12+1 > 11
-G , ,1)-G , i1 E L1
(1—812 s12—1 s19—1"1—s819 +Es(1 11:1,9)

)

_E4(% %717(D>

where Z,, wy and n; are defined for a generic elliptic curve in egs. (D.9), (D.12), (D.14). In
our case they read
2w

2 2 1+ 53
Zy(1) = P 2K(cfy), n= E(ciy) — 3

K(c3,), (C.15)

where K and F are the complete elliptic integrals of the first and second kind, see eq. (3.18).

Combining the five contributions egs. (C.6), (C.7), (C.8), (C.13), (C.14), we observe
that terms that are singular in the limit S, — 0 cancel out so that this limit can be taken
safely. Unfortunately, apart from this, no significant simplifications are observed and we
are left with a complicated linear combination of elliptic multiple polylogarithms Eg4.

C.2 Result in terms of Eisenstein integrals

To proceed further, we rewrite the result of the previous section in terms of the so-called T
iterated integrals

z
P nm ) = / A2/ g™ (2 — 2y, ) D(22 o 7, (C.16)
0

see refs. [35—40] for details and appendix D.2 for a quick overview. Here, 7 is the ratio of
the periods of the torus associated with the elliptic curve — see eq. (D.20) — and the g(")
functions are integration kernels whose exact form is irrelevant for our discussion. What
is important is that in our case the kernels only have to be evaluated at specific, rational
points. Indeed, upon inspection we find that in our calculation we only need to consider
the origin and three half periods

T T 1 1
Zq =0, Rgp = 9’ Rq3 = 9 + 9 gy = 9 (C.17)
as well as three additional points
1 7 1 1
ZO — Z _.I_ 5, ZOO = Z’ Z*OO = Z (018)

Because of this, major simplifications happen. Indeed, the full result can be written as an
integral of modular forms and can be expressed in terms of the so-called iterated Eisenstein
integrals

T /
I(f1, oo fu;7) = ;l—;fl(T')I(fg,...,fn;T’), (C.19)
100
see refs. [37, 40, 55-58] for details and appendix D.2 for a brief review. In terms of these
functions, we can write our result for the linear A term of I in eq. (3.3) as

3 A
Tallcl = _ma(tl + tg + t3), (C.20)
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with
5(x =1 (2*(y— Dy +1)

b= Am2wysiox(x(y — 1) + 1)%(zy — 1)2
x {1(1 W) 5 7) (—2w1(312 n 1)9(1><11177> _9(2)@’7)
+g(2><—im> +wi(si2 + 1)2) (C.21)
+aml h4,170, ) < 1)<1,T> +g(1)(i,7> + w1812 —I—w1)
+z'7rI(h 3 72,7) ( (; + % ) —g(l)<; + i,T) + wi(s12 — 1))] )
B 38477'81%1‘ (2(y — )y +z—1)
X l— 6C1zly - 11: izy 1) (Mg(l) (411’ T) (s12(@(y — 1) + 1)(zy — 1)x
x(z(z((3z — 2)(y — 1)y — 37) + 115) — 78) — 160(z — 1)? (xZ(y — 1y + 1))
+80(x —1)? (x2(y -1y + 1) (g(z) (; - i,’l‘) —g? (72- + i,’l’))) (C.22)
+3Cwi(s12 + D(x(y — 1) + 1)(zy — 1) (s12(x(y — 1) + 1)(zy — 1) x
x(z(z((3z — 2)(y — 1)y — 37) + 115) — 78) — 160(z — 1)? (g;?(y — Dy + 1))
5 — 1)* (12m(a(y — 1) + )y — 1) (P ~ Dy +1)
+wi(2(@((y — Dy(e(22(y — 1y +7) = 8) +3) = 5) + 2))
ty = — ! (1,555, 7) %

12872wy s10z (22(y — 1)y + 2 — 1)

< |29 (3.7) (or2faly = 1) + Doy — D(a(a((3a - 2)(y ~ 1y - 37)

+115) = 78)) = 160(x — 1) (#3(y — Dy + 1) x (C.23)
() () )

+wi(s1 +1) (160(x — 1) (22 (y — Dy +1)

12y — 1)+ 1)(ay — 1(a(e((3z - 2)(y - 1)y — 37) + 115) - 78)) ] |

In these equations, hg\?)r . are specific kernels of the iterated integrals (labeled generically
fi in eq. (C.19), see appendix D.2 for their definition) and C' ~ 0.915966 stands for the
Catalan constant.

Expressing our result in terms of iterated Eisenstein integrals serves two purposes: on
the one hand, it allows us to write E, integrals in terms of integrals for which rapidly-
convergent series representations exist and, on the other hand, it may allow us to find
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non-trivial relations between E4 integrals that may lead to significant simplifications in the
above expressions. This is because the kernel g(”) evaluated at rational points are related
to the periods of the elliptic curve. In our case, we find the following relations

ey C)l ) _ _%wl(m +1), (C.24)

4 (g N i’7> _ 0 (72' N 2’7) — i (s12 = 1), (C.25)
e (g _ 177> e (; . iJ), (C.26)
o) <_11177> _ 4 (2”)’ (C.27)
9”(1#) _ _9(1)@7)' (C.28)

Upon using these relations all iterated Eisenstein integrals cancel out and we obtain a
remarkably simple expression shown in eq. (3.19).

D Brief introduction to elliptic multiple polylogarithms

In this appendix, we give a very brief overview of the techniques that we have used for
the calculation in appendix C. First, in appendix D.1 we recall the definition of multiple
polylogarithms and their elliptic generalisation, and discuss some properties of the latter.
Then, in appendix D.2 we discuss the so-called ' representation and the simplifications
that occur if one only needs to evaluate I iterated integrals at special points, as is the case
in our calculation.

D.1 Multiple polylogarithms and elliptic multiple polylogarithms
Multiple polylogarithms (MPLs) are by-now standards in the high-energy physics community.
They can be defined recursively as iterated integrals of the form [53, 54]

1
t—a1

G(a1,...,an;2) :/dt G (ag,...,an;t). (D.1)
0

To terminate the recursion, we require G (;¢') = 1. In the special case when all indices a;,
j < n are equal to zero, we define

G (6n;t) = %logn t, (D.2)

where 0,, is a set of n zeroes. Public tools for efficiently dealing with MPLs are available [59,
60]. For our calculations, we used the PolyLogTools package [60].

Multiple polylogarithms, as defined above, can be used to compute integrals I, I» and
I,. To this end, we need to write In[(1 + 2)/(1 — 2)] and In?[(1 + 2)/(1 — 2)] in terms of
MPLs, do a partial fractioning with respect to z and then integrate the resulting expressions
using eq. (D.1). If the required integrals are not in the canonical form, we integrate by
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parts several times until the canonical form is reached. Applying this procedure to the
calculation of functions I1 24, we obtain a result written in terms of MPLs which depends
upon A/wmax and Ppin. However, since both of these quantities only appear in the final
result because of the z-integration boundaries, it is relatively straightforward to derive an
expansion of the integrals I 2 4 in these parameters.

As we have already mentioned, if an additional square root is present as is the case
for G5 and (&, it is not possible to write the result of the integration in terms of multiple
polylogarithms and the so-called elliptic multiple polylogarithms (eMPLs) are needed.
Although elliptic functions are well-known in the mathematical community, they are
relatively new to particle theorists and their application to particle physics problems was
started being explored only recently. For further reading and additional references, we refer
the reader to refs. [35-40]. Below we give a brief review on elliptic multiple polylogarithms.

Elliptic curves are characterised by either a cubic or a quartic polynomial under the
square root. In the calculation of Feynman integrals, the quartic case is much more common
and for this reason we will focus on it in what follows. Similarly to MPLs, eMPLs [35, 36]
can be defined recursively using the following equation

z
Eyq (2L tmsz,q) = /dtwm(C1,t,(j)E4(’Z§ et q), (D.3)
0

where the recursion terminates with E4 (;¢,¢) = 1. We discuss the kernels ¢, (c1,t, ) below.
It is clear that these kernels should contain a square root of a quartic polynomial that we
denote as Py(z). To simplify the notation, we define an “elliptic curve”

v = Py(x) = (& —q1) (& —g2) (& — g3) (x — qa) - (D.4)
For our case, cf. eq. (C.12), all roots are real. We enumerate them in such a way that

q1 < q2 < g3 < qa, (D.5)

and define a vector ¢ = (q1, g2, g3, q4). We note that the ordering eq. (D.5) applies if s12 > 0,
which is always the case in our situation.

In spite of the fact that we are interested in integration over the real axis, it is important
to consider the integration in definition eq. (D.3) in the complex plane. To define an analytic
function in the complex plane, we require three cuts and we choose them as cuts along the
real axis at the intervals [g4, +00], [g2, g3] and [—00, q1]. The integration contour is then
defined through the following values of the elliptic curve on these intervals [39]

-1 z< 1 Vo > q,

y=/Pila) = fira) < {

1<% <@,

1 1 (D.6)
Q2 <X < g3,
i g3 <T =< g4

The choice of kernels 1 is dictated by the fact that we should parameterise all relevant

independent integrands that we can face in our computation, modulo integration by parts.
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It turns out that for our purposes the following kernels are sufficient

c 1
¢0(0;337C7):547 wl(c’.x,@:x—C’
Ye 5Oc Cq
¢—1 CGT,4)= —F——~ — — ¢1 o0, T, q :*Z4.1', D.7
(0.0 = Sl =2 (e md) = 2 Zu(a) (0.7
X 1 600
1/1—1(007337@) = §7 1/}2(673:7@ = T CZ4($) - @4(%) - 7Z4(0)7
where we defined the following quantities
1
Ye = P4(C), Cq = 5\/(113%4, 4i; = 4i — 4qj, (D-S)
’ . 1
Zy(z) = /dx'CI>4 (2", Dy(x) = Py(x) + 404%*, (D.9)
q 1y
1 o A 1A 4
Dy(x)=— [22-= i+ = i il D.10
a( ) 1y 2;(] 6;(] ;% ( )

We also note that the kernel ¥4 (c, z, ¢) can be identified as the usual polylogarithmic kernel
and that MPLs that we defined in the preceding section form a subset of eMPLs. Explicitly,

we have

-

By (L:2,q) = G (Gns 2)- (D.11)

&

Finally, we note that integrals of the function y(z) between its various roots are called
periods and quasi-periods. They are defined as

q3

d
W = m/ﬁ = 2K(p), (D.12)
q2 Y
q2 d
Wy = 2(:4/3 = 2K(1 - p), (D.13)
q1 Y
q3
1 ~ 2—p
m =3 [ deds(w) = E(p) - ="K (p) (D.14)
q2
17 1+
h=—3 /da:@(x) = —iB(1-p)+i—LK(1-p), (D.15)
q1
where
p= %4‘]23’ (D.16)
q13924

and the complete elliptic integrals of the first and second kind read

1
B dx V1 — px?
K(p) = 0/ N (e et /dwi (D.17)
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A relation which we will use later is the so-called Legendre equation which relates the
elliptic periods to the elliptic quasi-periods:

Wity — Wt = —1m. (D.18)

We note that with this formalism, it is straightforward to integrate G3 and G5 over
B (or z) in a fully-algorithmic way. The integration amounts to an identification of the
iterative structures as in eq. (D.3) and writing the resulting integrals in the canonical form.
This way, the problem of integration is mapped into a much simpler algebraic one. There
are currently no public tools to deal with eMPL functions. We employ our own codes to
perform the integrations involving elliptic functions. These build on an extended version of
the PolyLogTools package [60].2

D.2 From eMPLs to iterated Eisenstein integrals

There is a profound connection between elliptic multiple polylogarithms and the geometry
of the torus, and there exists a particular representation of these functions, called T
representation, that is related to this geometry. In the following we summarise key properties
of the T representation and explain why it is useful for simplifying elliptic integrals E4
discussed in the preceding section. We refer to the literature for additional details [35-40].

The connection between the torus geometry and elliptic curves is most clearly illustrated
by the Weierstrass function defined on a torus. To introduce this function, we define a torus
as a two-dimensional lattice

A =Z+7Zt ={m+nt|im,n € Z}, (D.19)

where 7 is a complex number given by the ratio of two elliptic periods wy 2, cf. egs. (D.12),
(D.13)
w2
T=—. (D.20)
w1
A torus is double-periodic with the periods one and 7. One can think about points on a
torus as points on a complex plane subject to double-periodicity conditions.

The Weierstrass function g is defined on the torus. It reads

1 1 1 1
R - . D.21
p(Z) w% 22 (m,n%é:(o,o) <(Z +m+ nT)2 (m + TL’T)2> ( )

This function is double-periodic with respect to shifts z — z +m +n7 for n,m € Z. It is an
even function p(—z) = p(z) and has a double pole at each lattice point in A;. In contrast
to this, its derivative @’ is an odd function and has a triple pole at each lattice point. For
convenience, we introduce a re-scaled derivative of the Weierstrass function ¢'(z) defined as

L (D.22)

gy _ 21
§lz) = N 3 z3+ Z )(z—{—m—l—nr)

(m.n)#(0,0

*"We are grateful to the authors of [60] for making it available.
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The important role of the Weierstrass function and its derivative is emphasised by the

so-called Weierstrass equation®®

§%(2) =4(p(2) — 1) (p(2) — p2) (p(2) — p3),  with 1+ @2+ p3 =0, (D.23)

which is indeed very similar to an elliptic curve described by a cubic polynomial

V' =4(z—q)(@—q@)(@—g), with §+d+d=0. (D.24)
To make this connection explicit, we identify x with (z) and y with ¢/(z), which
defines a map from a point on the torus z to a point on an elliptic curve

(z,9) = (p(2),6(2)) , (D.25)

with p; = G, ¢ = 1,2,3. This transformation is convenient, as it allows us to express elliptic
integrals involving dx/y directly as a simple integral between two points on the torus

@ / dz. (D.26)
Yy

As outlined in the previous section, we need several kernels to construct a basis for elliptic
integrals, so it is important to understand whether all of these kernels can be simplified by
introducing the mapping as in eq. (D.25). To show that this is indeed possible, we consider
the cubic elliptic curve as in eq. (D.24) and discuss the following integral

dr y.
=% Y (D.27)
Yy r—-c
Using the mapping in eq. (D.25), we re-write it as
' (2c)
I:/dz,uz, wz) = ——=5—. D.28
o= ) ) = ot (D:2)

The point z. is defined implicitly by the equation ¢ = p(z).

We now discuss properties of the integrand in eq. (D.28). It is clear that u(z) is a
double-periodic function of z with a simple pole at z.. In fact, since the function p(z) is
an even function of z, there is also a pole at z = —z.. By expanding around z = £z, and
using the fact that the derivative is an odd function of z, one can show that the residue at
z = £z, is 1. Therefore, we can write u(z) as

r(2, 2, T)
z—20) (2 +20)]

He) = ¢ (D29)

where the function r(z, 2., 7) is regular in z and has a double zero at z = 0.2 We now need
to look for a suitable function on the torus that allows us to parameterise u(z). For this,

Gpecifically, p1 = ©(1/2), p2 = p(7/2) and p3 = p((l + 7')/2).
29T0 see this, we note that o(z) scales as 1/2? in eq. (D.21). Therefore, 7 (z, z, T) scales as o 2%22.
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we introduce the periodic function E(z) that has a simple pole at z = 0 with residue +1. It

is defined as®® ]

E()=> ————. (D.30)
() (z+m+n1)

Taking into account the two poles at z = £z, and the corresponding residues, we can write
p(z) as

w(z) = E(z — 2.) — E(z + z.) + d(z2), (D.31)
where d(z) is a regular function. It is straightforward to verify that, thanks to the relative
sign between two E(z) functions, the first two terms on the right hand side of eq. (D.31),
when taken together, are indeed double-periodic under shifts of z. What remains to be
done, is to determine the function d(z). Since all functions except d(z) in eq. (D.31) are
double-periodic, d(z) must be double-periodic as well. The function d(z) has no poles.
Since this is an elliptic function, it must have the same number of poles as the number of
zeroes. Since d(z) has no poles and no zeroes, it must be a constant and its value can be
determined from the boundary condition 1(0) = 0. Hence, we obtain

wz) =FE(z— z.) — E(z+ 2z¢) + 2E(z.), (D.32)

where we used the fact that E(—z.) = —FE(z.). It follows that for the integral I, in
eq. (D.27), the function E(z) defines a suitable kernel on the torus.

One can generalise this procedure to other elliptic kernels by introducing functions on
the torus that exhibit higher-order poles. The corresponding functions are given by the
g™ kernels which are the coefficients of the so-called Kronecker-Eisenstein series F(z, a, 7).
They read

n —aV (E:(2) = G.
F(z,a,7)= l Zg(n)(Z’T)O% — lexp _Z ( 0‘) (E5(2) : i(2)) 7 (D.33)
X520 wpoooa j>1 wi J
where
1 1
Ei(z) = —— Gj(2) = _ (D.34)
! (mzm) (z4+m+nt)’ ! (mm%é:(O,O) (m + nt)’

Similar to our earlier discussion, sums that define function E; 2 and G2 do not commute.
In these cases, one first performs the sum over m and then the sum over n.3! Making use

39Note that one has to choose a particular order of the sums as they do not commute. If the summation
over m is performed first, F(z) is periodic with respects to shifts z — z + m but not with respect to shifts
z = z+ n7. In the latter case, E(z) acquires an additional term —2wns.

31For completeness, we give below the generic structure of the g-kernels [38, 61-63]

g(O)(Z’T) =1,
oo oo
g (z,7) = meot w2 + 4x Z sin (2772) Z q'?,
r=1 p=1
even =2 |G+ 220 57 cos (2mr2) 102007
g(n)(Zﬂ') _ (n—1)! r=1 p=1

oddn -2 Eiﬂ—?; :';1 sin (27rz) Z:il p"Tlg"P,

2miT

with g =e
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of these kernels, we can rewrite the integral in eq. (D.27) that we discussed earlier as

dr ye
x—c

/dz (1 (2 = 2e,7) — gV (2 + 26, 7) + 29D (2, )) . (D.35)

Finally, we can use the g-kernels to define the so-called T iterated integrals. They read
L(ot - m. s /dz’ (”1 (2 — 21, 7)T(22 s 2 7). (D.36)

These integrals are identical to elliptic E4-integrals introduced earlier except that our
discussion so far was limited to elliptic curves defined by cubic polynomials of a particular
type, cf. eq. (D.24).
To generalise this discussion to quartic elliptic curves, we follow refs. [35, 38] and map
each point on an elliptic curve onto a point on a torus via the Abel map
z /
2y = “ di, mod A;. (D.37)

w1 Yy
q1

Then, we can use a mapping that is similar but more complex than the one shown in
eq. (D.25), to connect y(z) and = with functions of z [35, 38] and in this way relate Ey4
integrals with T integrals also for quartic elliptic curves.

Although, in general, working with I' integrals does not offer particular advantages
as compared to elliptic E4-integrals,*? we deal with a special case since, upon inspection,
we find that to compute O(\) corrections to the C-parameter, we only need to know I
functions at rational points on the torus, see egs. (C.17), (C.18). Although it is not obvious
from eq. (D.36) that to compute I at rational points we only need to know kernels ¢(™ at
rational points, it is actually true. To see this, we note that the total derivative of the r
integrals with respect to 7 can be schematically represented as follows [37]

df ( @ 3 20, 7') A = =
Zd7— NZ g(nl)(’z77—) XF(”ZL;'Z(%T)? (D38)
where 77 and Z’ describe original vectors 7i and Z with one entry removed, and Z stands for
various points shown in eqs. (C.17), (C.18) and their combinations. Eq. (D.38) confirms
that the g-kernels required to compute dT’ /dr are evaluated at rational points of the form
Z=r/N+s7/N with 0 <r,s < N. A straightforward integration of eq. (D.38) over 7 gives

. o dr zo(7'), 7'
(2 20,7) :Cusp(F(g;zo,T)) +/ ( i )dT/ ) dr’, (D.39)

100

where the additional term on the right-hand side is called the cusp which accounts for
differences between z and 7 integration boundaries. It follows from eq. (D.39) that the
cusp is given by lim; ;00 f(’}; 20, 7). To evaluate it, we can go back to the z-representation

32We note, however, that in contrast to E4-integrals, I" integrals can be represented by convergent series
which simplifies their numerical evaluation.
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for I' integrals, cf. eq. (D.36), and make use of the fact that, in the 7 — ico limit, all the
g-kernels simplify making calculation of the cusp a relatively straightforward endeavor.

The benefit of the representation eq. (D.39) can be seen from the fact that g-kernels at
rational points can be written as an expansion

T S " (—2mis)” n—k
g( )<N + NTw T> = Z ( k:'Nk) th,r,s)(T)7 (D'4O)
k=0 '
(n)

where hy . ,(7) are the so-called Eisenstein series functions. They are defined as follows

o (bs—ar)

W) () = = T (D.41)
N,r, (a,%éZQ (aT +b)
(a.5)#(0,0)

It should be clear from egs. (D.38), (D.39), (D.40) that the integration over 7 has an iterative
structure and that kernels of iterated integrals can be associated with the Eisenstein series
functions. To accommodate this iterative structure, we define the iterated Eisenstein
integrals. They read

T d ’
(i fuim) = | = fT) (o fui T, (D42)

where the recursion starts with I(;7) = 1 and the kernels f; stand for the hg\?) functions.

TS
These integrals belong to the special class of iterated integrals of modular forms. For further
details and applications, we refer to the literature [37, 40, 55-58]. The important point for
us is that the above construction allows us to rewrite all E4 integrals in terms of iterated

Eisenstein integrals in a systematic manner.

E Power corrections to the C-parameter for IN-jet final states

In this appendix, we provide further detail on how we obtain the result of eq. (5.39) for the
linear power corrections to the C-parameter in the generic N-jet region. Our starting point
is the quantity Wg R i eq. (5.36), with momenta parametrised as in eq. (5.34). Using the
following expressions for scalar products

(prl) = pr¢(cosh (n —m) — cos (v — pr)),

3 q E.1
(lg) = ;(cosh (n —mn4q) — cijcos (¢ — ¢q)), (=)
i
with s;; and ¢;; defined in eq. (5.37), we can write Wg(k) as
2 o 2
ng(k) _ P t5ij /d (cosh (17 — nk) — COS (80 - @k)) e—e|n—nq\' (E2)
2q cosh (n — nq) — Ci; COS (p— <Pq)

We note that py+ implicitly depends on ¢j through the decomposition eq. (5.34).
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To proceed further, it is convenient to shift the integration variables
=i+, @ — @+, (E.3)
and define the following quantities
Mgk =Tg — ks Pak = Pq — Pk (E.4)

to simplify the integrand in eq. (E.2). We find

k) pkt ij / /dN (cosh (7] + 1) — cos (¢ + (qu)) e—€ll
c (cosh ) — ¢j; cos @) .

We now integrate eq. (E.5) over ¢. Using
2

dp 21
= E.6
O/a—bcosgb Va2 —p2’ (E.6)

and neglecting all odd terms that vanish upon 7 integration, we arrive at

oo
W k) - pkt el : dn [ — cosh 7](cos 2pgr, — 2¢i5 cos pqi, cosh 1y,
ij
+ ! — 2. cos 21, + 2¢2; cosh? 7 sinh? 1), — 2¢2; sinh? 7.,
2,/cosh? 7 - N ! N ! Y ET)

+ 2(: cosh? 7j cosh? Nk + c — 4c;j cos Py, cosh? 7j cosh Mgk

+ 2 cos 24, cosh? ﬁ)] e~ell.

It is straightforward to see that the first term in the integrand in eq. (E.7) vanishes
upon integration over 7 thanks to the analytic regulator. For the other terms, we use the
symmetry of the integrand to restrict the integral to the positive semi-axis, and write

p TS,
W 3,(k) kt Y / < — c ; COS 204, + 20 cosh? 7j sinh? Mgk
z]q w/cosh2
cij sinh? Mgk + 2cl~j cosh? ncosh Nk + cfj (E.8)

— 4c;j cos pgi; cosh? 7j cosh Ngk + 2 ¢0s 24k cosh? 77) .

To proceed further, we change variable

(E.9)
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and find an expression that is very similar to the three-jet case. We write it as

21+ yi-e)

- 2 o
Wg’(k) :pkgquw d V1—€2./1 - C?j& % <A + 523) ' (E.10)

where the two &-independent quantities A and B read
A= 20% sinh? Mgk + 2c?j cosh? Ngk — 4¢ij cos Pgr, cosh Ny + 2 cos 2@, (E.11)
B = —20% sinh? 1,5 — C?j cos 2pqr, + c?j. (E.12)

Using egs. (3.69), (3.70), we can further write eq. (E.10) as

2 2
” Di4TSij (A A+ B Dk 4T Sij
i _ Phemi ( zoy ATB Z;) — Dt {(A+ BK () — AE(Zy)|. (E.13)

Putting everything together, we obtain the following result for Wg (k)

2
.. D1, ;TS
Wg’(k) = k'; &l [K (C?j) <20?j cosh? Ngk — 4C;j COS Pyl cosh Mgy,
i
+ (2 - c?j) oS 2pqk + c%) + E(C?j) ( - 2022]- cosh 214, (E.14)

+ 4c;j cos g, cosh 1y, — 2 cos 2<qu>

)

through sines and cosines of the angles between the directions of the hard partons in the

It turns out that the expression for Wg ) in eq. (E.14) can be simplified if written

rest frame of ¢. To introduce them, we take the four-momenta of two partons, k and m,
and write

(PkPm) = ErEm(1 — oS Oppm) = 2B, By, sin?(Ogm /2) = 2ELEpst,,, (E.15)
where energies and angles are defined in the ¢ rest frame. Since Ej ,,, = (prq)/v/¢?, we find

2(prq)(Pma) o

(Pkpm) = Tskm. (E.16)
Similar to the three-jet case, we parameterise energy fractions of the various partons as
follows
q° al
(Prq) = 5(1 —xp), Y (L—a) =2, (E.17)
k=1
to obtain )
(prpin) = 5 (1= @) (1 = ) s (E.18)

We can employ the relative half-angles s;; to parameterise the various quantities that appear
in the expression for the function W/ (k) eq. (E.14). We obtain
2 2
Sik Sk

1 52 s2 + 52, — s2
2 2 2 ik ik ik iJ
P =q° (1 — z , Mg ==log|[ 2], cospp=——"—". E.19
ke =4 ( ) s2; E) (.932,) e 2Cij8ik 5 jk (E.19)
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We use these expressions in eq. (E.14) and finally find

ij ij (1 i
WCJ,(k) _ 4msij ;c‘.l. zy)’ W Js (k) (E.20)
ij

where

W = k()

4, 2 4, 4 2 | 2 2 2
i) | Sij T 53 (1 + s + 55 — 4 (Sik + Sjk) + Gsiksjk>

F(a- ) | em(@) B 0 A - dede)  ma

2 2\2

85, — 8%

4 4 2 2 2 .2 (zk Jk)
—Sik—Sjk—sik_sjk+43ik5jk+T .
ij

We are now in position to evaluate Wg, cf. eq. (5.36). It can be written as

. 3 s N - ik
W4 = 20T =z ) WE®. E.22
C 87T2q el &= 1( xk) C ( )

Inspecting eq. (E.22), we observe that we need to evaluate the following sums

hE

N
(1—x) =2, Z 1 — ) s(” =1,
k=1 k=1
N
Z (1

(E.23)
(1—a) S?i,j)k = ng(]),

hE

— xk) zksk—n4,

k=1

where ng(j ) and nij are defined in eq. (5.38). Using these relations, it is straightforward to

obtain our final result eq. (5.39).
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