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1 Introduction

Event-shape variables in eTe™ annihilation are among the most studied QCD observables.
Since they are very sensitive to the pattern of QCD radiation, they have been widely used in
the past to measure the QCD coupling constant, and to test non-perturbative hadronization
models (see e.g. ref. [1] and references therein). The study of event shapes also led to
important advances in the understanding of all-order properties of QCD radiation, for
instance through the “discovery” of non-global logarithms [2-4]. Fixed order predictions
for observables involving up to three jets in eTe™ collisions have been available up to
next-to-next-to-leading order (NNLO) [5-8] for some years. While fixed order calculations
provide a good approximation of hard radiation, which contributes to the region where
event shapes have rather large values, resummed calculations are required where the bulk
of data lies, i.e. in the region dominated by multiple soft-collinear emissions. Next-to-
leading logarithmic (NLL) resummations, that include all terms O(af L") in the exponent
of integrated distributions are available for specific observables [9-22]. In ref. [23] a semi-
numerical approach was presented to compute the NLL resummation for all event shapes
and jet rates that are recursive infrared and collinear (rIRC) safe and are continuously
global. Most NLL resummations have been performed for observables that satisfy these
minimal requirements. Some recent works address the problem of resumming ratios of
angularities which happen to be not IR safe, but still resummable [24]. Their resummations
rely on factorisation theorems for double differential distributions of angularities [25, 26].
The method of ref. [23] was subsequently extended and implemented in the computer
program CAESAR [27], that also verifies whether a given observable satisfies these properties.
This led to a first systematic study of event shapes in hadronic dijet production at NLL
accuracy matched to next-to-leading order (NLO) results at hadron colliders [28, 29].

More recently, some observables have been resummed beyond NLL accuracy. These
resummations have been so far obtained through observable-dependent factorisation theo-
rems which lead to a full decomposition of the cross section in the infrared limit in terms
of different kinematical subprocesses (i.e. soft, collinear, hard) which are then resummed
individually through evolution equations. Despite being systematically extendable to all
orders, this approach is strictly observable-dependent and requires that the observable can
be factorised in some conjugate space. In particular, full next-to-next-to-leading logarith-
mic (NNLL) predictions are available for a number of event shapes at lepton colliders like
thrust 1—7" [30, 31], heavy jet mass pg [32], jet broadenings By, By [33], C-parameter [34]
and energy-energy-correlation [35].) For 1 — T and py all N3LL corrections but the four-
loop cusp anomalous dimension are also known. Similar observables have been resummed
at the same accuracy also in deep inelastic scattering [37-39]. For hadronic collisions,
full NNLL resummations are available for processes where a colour singlet is produced at
Born level, specifically for the boson’s transverse momentum [36, 40] and ¢* [41], the beam
thrust [42, 43] and the leading jet’s transverse momentum [44-47], and for heavy quark

Note that the NNLL A® coefficient in ref. [35] is incomplete. The correct coefficient has been derived
in ref. [36].



pair’s transverse momentum [48, 49]. For an arbitrary number of legs, a NNLL accurate
resummation is available for the N-jettiness variable [50, 51].

Currently most of the phenomenological interest is devoted to hadron-hadron collisions.
However, in view of a possible future e™e™ machine (see e.g. [52, 53]), it is desirable to im-
prove our description of generic eTe™ event shapes to next-to-next-to-leading logarithmic
(NNLL) level, matched to exact next-to-next-to-leading order (NNLO) results. Further-
more, ete” observables provide a simpler laboratory in which to develop new methods,
compared to jet production in hadronic collisions. Therefore, in this work we focus on
ete™ collisions, with the aim to extend the method suggested here to hadron colliders in
a future publication.

In this article we derive a general and systematic method to compute NNLL correc-
tions to event shape distributions in e*e™ collisions. The method is flexible and can handle
any rIRC safe observable which is continuously global, without any additional requirement
on factorisability of the observable into kinematic subprocesses. The method relies on a
semi-numerical approach in which all real corrections can be expressed in terms of four-
dimensional phase space integrals to all orders, and can be efficiently implemented using
Monte Carlo techniques. The remaining analytic ingredient is a Sudakov form factor, i.e.
the exponential of the so-called “radiator”. In the present paper we do not derive a general
expression for the NNLL radiator, but we show that the only unknown contribution is uni-
versal for classes of observables which scale in the same fashion for a single soft-collinear
emission. The latter property allows us to resum a number of observables by using the
radiator of those for which a NNLL resummation was previously known. We derive the
method and describe its numerical implementation in the program ARES (Automated Re-
summation for Event Shapes). In the present article we limit ourselves to the resummation
of NNLL terms, nevertheless the technique described here can be extended systematically
to higher logarithmic orders.

The paper is structured as follows. In section 2 we recall the NLL method of ref. [23]
in detail, revisiting all the approximations that lead to the derivation of the master re-
summation formula. In section 3 we describe all NNLL corrections, showing how to derive
them systematically. We then apply the resummation method to the following seven event-
shape observables: the thrust 1 —7T', the C-parameter, the heavy-jet mass pg, the total and
wide-jet broadenings By, By, the thrust-major T, and the oblateness O, for which data
from LEP are available. In section 4 we test the resummation program by expanding the
resummed cross section to fixed order in the strong coupling. For observables for which an
analytic NNLL resummation was previously available in the literature (i.e. thrust, heavy
jet mass and jet broadenings), we check our results against the analytic ones up to (and
including) O(a32). For the remaining observables, for which a NNLL analytic result was
not available so far (i.e. C-parameter, thrust-major Th; and oblateness O) we check the
expansion of the resummed result against the NLO generator Event2 [54]. In the second
part of section 4 we perform a matching to the NNLO distributions obtained with the
event generator EERAD3 [55]. Our conclusions are reported in section 5. A definition of
the observables studied here can be found in appendix A. All analytic ingredients used in
this article are reported in appendix B. In appendix C we show that for a class of additive



observables (e.g. 1 — T, C and pg), all the necessary NNLL corrections can be computed
analytically, and we give explicit analytic results. The numerical implementation of our
method in a Monte Carlo code is discussed in appendix D.

2 Review of NLL resummation

We consider the resummation of a generic continuously global, recursive infrared and
collinear (rIRC) safe event-shape observable V, a function of all final-state momenta, in
ete” annihilation. We review here the next-to-leading logarithmic (NLL) resummation for
these observables. This section is largely inspired by section 2 of ref. [27], which contains
a detailed derivation of the NLL resummation for generic event shapes within the CAESAR
approach.

At Born level, the final state consists of a quark p; and an antiquark ps, which are
back-to-back. All event shapes we consider vanish in the Born limit, i.e. V ({1, p2}) = 0.2
Beyond Born level, further radiation (of gluons or gluons splitting into quarks) is present
and the final state consists in general of n secondary emissions, ki,...,k,, and of the
primary quark and antiquark which recoil against these additional emissions. We denote
the value of an event shape by V({p}, k1,. .., kn), with {p} = {p1,p2}.

For any final state event, it is possible to use the thrust axis 7y to define two like-light
vectors, p; and po as

b1 = %(LﬁT)v b2 = 7(15 _ﬁT)v (21)

where () denotes the total centre of mass energy of the collision. At Born level clearly py
and po coincide with p; and po.

In order to compute the resummed distribution for an observable V', it is useful to
parametrise each emission k; and its phase-space in terms of Sudakov variables:

(1) 2)

ki = z; 'p1+ 2 P2+ ke, (2'2)

where r;; is a space-like four-vector, orthogonal to p; and ps. In the reference frame in
which p; and ps are given by eq. (2.1), each x;; has no time-like component and can be

written as k; = (0, Et,i), such that H%ﬂ» = _th, ;- Notice that since k; is massless
o _ 2(p1ki)2(p2ki)
b 2(p1p2)

We recall that the thrust axis divides each event in two hemispheres H() and H?). If all
emissions are soft and/or collinear, p; and py belong to different hemispheres. We denote
by H) the hemisphere containing p;. Finally, we introduce the emission’s rapidity 7; with
respect to the thrust axis, which is given by

1)
_ 1oz - Q
=g In @ with || < In Ty (2.3)

0

where the boundary for n; is obtained by imposing 2z, < 1 for any leg ¢ = 1, 2.

2In the case of the thrust, the resummation is actually performed for r =1 —1T.



We consider observables V that obey the following general parametrisation® for a single
soft emission k collinear to leg ¢ (i.e. parton py):

Ve ({5}, k) = de 9e(9) (2) et (2.4)

where n() = 5 and 7® = —p, and ¢ is the angle that the transverse momentum Ky forms
with a fixed reference vector 7 orthogonal to the thrust axis. Collinear and infrared safety
imposes that a > 0 and b, > —a.

In order to build the NLL resummed cumulative distribution 3(v)

Y(v) = i/ov dv’dad(vqj/), (2.5)

it is enough to consider an ensemble of soft-collinear partons, emitted independently off
the hard legs, together with the corresponding virtual corrections, as follows:

S(0) = H@) Y / TT (kM2 (k) © (v — V({5 vy - o)) - (2.6)
n=0 i

Here H(Q?) represents virtual corrections to the Born process, normalised to the total
cross section o, and [dk]M?(k) is the one-gluon emission probability

(2)@‘&?5 L(1),(2) k2 @™V (k) Cr 2 pgy(z1) 2 pgy (:3)
2 k:t2 4 Cr Crp ’
(2.7)

[dk]M? (k) = dzVdz

with?

1+ (1—2)2
—
Notice that aSMW(k;) is the QCD coupling in the CMW scheme [57]. In this scheme the
QCD coupling is defined as the strength of the soft radiation, inclusive in its branchings,

Pgq(2) = Cr (2.8)

and is related to the coupling in the MS scheme (o = oM5) by

Oés(k?t)
2

aCMW (1Y = o (i) <1 + K> 10 (adk), K= <67 _ ”2> Ca—2ns. (29)

18 6 9

The constant K is a remainder of the cancellation of infrared and collinear singularities
between unresolved real emissions® and virtual corrections. This term gives NLL con-
tributions starting at order a?L?, which are universal for all rIRC safe observables, and
proportional to the two-loop cusp anomalous dimension [27]. The CMW scheme is an
effective way of incorporating such corrections into a redefinition of the coupling.

3 All event shapes for which a NLL resummation is known obey this form.

4The azimuthal dependence of the squared amplitude can be ignored in the quark-initiated branching. In
hadron-hadron and hadron-lepton collisions the primary branching g — gg may occur, and the correspond-
ing azimuth-unaveraged splitting functions must be used for a NNLL resummation [56]. However, in special
configurations like colour-singlet production, this azimuthal dependence contributes at most at N3LL.

®For a definition of resolved and unresolved emissions see text after eq. (2.11).



The soft-collinear limit of eq. (2.7) is obtained by taking the limit 21 22 - 0, giving

CMW (1) dk d
i = Y 20,5 006 (1 () <)o )52 (20

T k T
=12 t t

where Cj is the Casimir relative to leg ¢ (Cr in the present case) and n(¥) is the rapidity
with respect to leg ¢, as defined after eq. (2.4).

Notice that all integrals in eq. (2.6), as well as the function H(Q?), are to be considered
as suitably regulated, for instance using dimensional regularisation. At NLL the observable
is well approximated by its soft-collinear scaling (2.4). We thus decide to rewrite eq. (2.6) as

20) = H@) Y o [ THARIM0) (0 (0 = Ve () s i)
n=0 7
L0 (0= VB K1, k) = O (0 — Viel{Bh bty k)], (211)

where Vi ({p}, k1, ..., k) denotes the observable with all emissions treated as if they were
soft and collinear. We decide to divide the integrals in the real term into a contribution due
to emissions with Vi.({p}, k) > ev (that we refer to as resolved), and one due to emissions
with Vie({p}, k) < ev (that we refer to as unresolved). Here € is a small parameter, that can
be chosen such that € < 1 with In(1/€) < In(1/v). Because of rIRC safety, the latter can
be ignored in computing the observable, up to power-suppressed corrections O(v). Due to
the factorised form of the multi-gluon matrix element in egs. (2.6) and (2.11), at NLL the
contribution of unresolved emissions fully exponentiates, leading to

S(v) = H(QY)e TR H % / [ [ldki] a2 (ki) 0 (v = Ve {5} B, - - - o)
n=0 YU 4
+[©(w—-V{p} ki, kn)) — O (v — Vae({P}, k1, - .- E0))] T (2.12)

where we have used the shorthand notations
[ a2 = [k 30) © (c0 - Vi) )

R . N (2.13)
[ Ltk a2 (i) = T [ ldhi] M2(ki) © (Vee ({5}, ki) = ev)

The combination of the unresolved emissions with the virtual corrections in H(Q?) gives
rise to a Sudakov exponent, representing the probability of having no emissions with
Vie({P}, ki) > ev, which at NLL accuracy (i.e. neglecting corrections of relative order )
reads

H(Q2)e) " IKIM? () o o~ Rlev) (2.14)

where
v

R(ev) = / [dk] M2 (k) © (Vae({p}, k) — ev) = R(v) + / [dk] M3 (k) . (2.15)

€V



In egs. (2.12), (2.13), (2.14) and (2.15) any integral over the single-emission’s matrix ele-
ment [dk]M?(k) has to be interpreted as follows

[dE]M?(k)© (Vi ({P}, k) — ©) = [dk]MZ.(k o(d B\ b e(n")
p by (deao) () )et

dk} d=0 s(k7) o [ d AN
B

(=12

where in the second line we made the replacement e~ = f /(Qz%). Furthermore, the
two step functions in eq. (2.16) have to be expanded in order to avoid power suppressed
contributions and undesired subleading logarithmic terms. At NLL, one can perform the
following approximations in computing the radiator:

e (de 9¢(0) (g)aebmm > ~ 0 < <g> e—ben® _ lnv)

4 <ln (’S) b _ 1—)> Indege($),  (2.17)

e (d‘f %@ <g>am - v) ~ © <ln (g)aw - hw) . (2.18)

This gives
R(v) ~ RninL(v) = /dk‘ M2 (K Z © ( ( ) emben® _ 1nv> o(n")
(=12
k¢ —byn(®
/dk IMZ(k) > Indys <ln<Q> ben —lnv> o) (219
(=12
dkt s (k2) AN
+ ) CiBy o @((Q) -v],
(=1,2
where
_ 27 d¢
Ind, = / 2 i (dege(6)) (2.20)
0 T
and
L dz
CyBy = ~ (2pgq(2) — 2CY) . (2.21)
0
In our case CyBy = —3/2CF. Rnpp(v) can be parametrised as
RNLL(U) = —Lgl()\) — gg()\) , (2.22)

where L =1In(1/v), A = as(Q)BoL and o = (11N, — 4n;Tr)/(12m). The functions g; and
g2 can be written in terms of the constants a, by, dy and the functions gy(¢) and are given
in appendix B.® We notice that all integrals over real emissions in eq. (2.12) involve an

In appendix B we use a modified definition of L = In(zy /v), and hence of ), in order to estimate
theoretical uncertainties from higher-order logarithmic corrections by varying zv .



upper and a lower bound on each Vi ({p}, ki) such that ev < Vie({p}, ki) < v. We remind
the reader that € is a small parameter satisfying € < 1 and In(1/e) < In(1/v). The upper
bound comes implicitly from the constraint that the observable is smaller than v. Therefore
the real-emission phase space is at most single-logarithmic, unlike the corresponding phase
space region considered in the radiator R(v), which is double logarithmic. As a conse-
quence, for real emissions, at NLL accuracy, one can consider only the soft-collinear matrix
element (i.e. the first line of eq. (2.16)) and replace the observable with its soft-collinear
approximation, i.e. neglect the term in the second line of eq. (2.12). This leads to

S(v) = e~ RxLL() o= 4 akIM, va/ Hdk: O (v — Vac{P}, k1, Kn)) -

(2.23)

Here the second exponential factor provides the unresolved emissions that cancel the de-

pendence on the cutoff € in the resolved real emissions, so that the result is finite and
independent of e. This gives

N(v) o e BN By (2.24)

where the function F(v) contains NLL corrections due to an ensemble of soft and collinear
gluons, widely separated in rapidity [27],” and reads

Flo) = e~ Sl k>z / Hdk; |M2(:) © (v~ Vae( (B} k.- kn)) - (2.25)

Although the above expression has all ingredients necessary to achieve NLL accuracy, it
contains also subleading effects. We will first explain how to eliminate them, if one seeks
a pure NLL result, and then discuss how they can be computed at NNLL accuracy in the
next section.

We parametrise the phase space in terms of v; = Vi.({p}, ki), i.e. the value that the
event shape has in the presence of each individual emission k; (eq. (2.4)). First, it is
convenient to divide the phase space according to whether an emission is collinear to p;
(m > 0) or collinear to p2 (n; < 0). For each emission k; we introduce the rapidity fractions

( = 77z / nmax defined as the emission’s rapidity divided by the largest available rapidity

()

for a given value of v;. Mmax is defined as

@ _ 1 ng£(¢i)de
i = ST, (2.26)
We introduce the two functions
4 - = 2 m)3(¢ — &) v6 (v — Vae ({5}, :
m ( a ) = [ 26 — 608 (0~ Vil (5. 10 800 .
R, (dw)) = [ARME®) @36 - 6) w5 (0 — Vie (B} 1) O(-0).

"The contribution from a phase space region where two gluons are close in rapidity is suppressed by one
power of the logarithm, hence it contributes only to NNLL and will be discussed later.



Finally, we introduce R'(v, ¢), defined as

Rw.6) = (d gv<<z>>> R (ng2«¢>> | (2:28)

Using this parametrisation, we can recast the matrix element for each emission as follows

kM2 (k) = D90 S getg - ol R, ()

(% 27 =12 dfigf-; (¢l)
_ dGi doi 7 () () () Giv (2.29)
G 2m _212 dgi O —&TOET, (dﬁ ge; (¢z>>

where ¢; = v;/v is defined as the ratio of the observable’s value corresponding to the "
emission to the actual observable’s value v.

We can now exploit a fundamental property of event shapes. Given a set of emissions
{k1,...,kn}, as long as one keeps v;, ¢; and the leg ¢; to which k; is collinear fixed, the value
of an event shape does not depend on fiei , which can be then integrated out analytically.
This makes it possible to simplify F(v) as follows

o0

Flo) = e T8I ER G Z LT

] /6 g / o dg;

x > R, <d£ o (¢Z)> O (v — Veel{B}, K1y Kn)) ,  (2:30)

£;=1,2

where k1,...,k, are now soft and collinear emissions with an arbitrary rapidity fraction.
As a last simplification, we can expand each R} around v
dR/),(v)

/ Cu Y 1" "__ 0
R (dggz(gb)) = Rg(’l)) + O(RZ> Rg = Uidv 5 (231)

and neglect all contributions of order Rj. These constitute a NNLL leftover that will be
specifically addressed in section 3.3.1. Notice that

ri(0) = [T s (v - D) g

does not depend on ¢ and on dy any more. This function can be further split as Rj(v) =
R1no(v) +0Rynrp ¢ (v), where Rypy o and d Ry, o are defined in egs. (B.10) and (B.11),
respectively. The NNLL term 5R{\INLL’ ¢, contains running coupling effects as well as the con-
tribution of the cusp anomalous dimension through the CMW scheme. This, as explained
earlier, encodes the contribution of an inclusive soft-gluon splitting. At NNLL one has to
take into account the non-inclusive nature of the observable in the presence of the branching
of a soft gluon. This non-inclusive correction is contained in the full set of NNLL contribu-
tions (see section 3.3.4), therefore the choice of the CMW scheme in the resolved real emis-
sion becomes irrelevant (see section 3.3.4). With this simplification, F(v) ~ FniL(A) where

AL = / AZ[{Ryir. k)] © (1 - Sc({”{k})) (2.32)

U—)O



and subleading terms have been neglected. In eq. (2.32) we have introduced the average
of a function G({p}, {ki}) over the measure dZ:

/ dZ[{Rirr,0, kY GURY, (i)
o o (2.33)
ZERNLLZ:AH/ dC’/ doi Z Riur o GUPY koK)
n=0 i=1"¢

4;=1,2

where Ry = RE\ILLJ + RE\ILL,T Note that the dependence on the regulator e cancels in
eq. (2.33). The limit v — 0 in eq. (2.32) is necessary to remove contributions that are power
suppressed in v. The existence of this limit in the step function of eq. (2.32) is guaranteed by
the rIRC safety property of event shapes here considered, which implies that the quantity
Vasc({P}, k1, - - -, kn) /v is independent of v, with corrections that scale as a power of v. To
conclude, neglecting all terms beyond NLL accuracy, we can write 3(v) in the form

N(v) = el M+ £ () (2.34)

3 NNLL resummation

In this section we extend the above treatment to NNLL, illustrating how the various cor-
rections arise. We will first discuss the general structure of the NNLL resummation and
then derive the relevant corrections.

3.1 Logarithmic counting for the resolved real emissions

Before extending the above treatment to NNLL, it is worth recalling how, given rIRC safety
of the observable, one can define a logarithmic hierarchy in the resolved real emissions, and
hence give a precise definition of the multiple emissions function F(v) at a given logarithmic
order. We start by considering an ensemble of n soft emissions. The squared matrix element
can be expressed iteratively as a sum of products of matrix elements with a lower number
of emissions (from 1 to n — 1) plus an irreducible remainder M?(ky, ..., k,). The first few
steps of this iterative definition read

M?(ky) = M? (k1)
M2 (ki ko) = M*(ky) M?(ky) + M?(ky, ko),
M?(ky, ko, k3) = M?(ky) M? (ko) M?(k3) + (M?(ky, ko) M?(k3) 4 perm.) + M?(k1, ko, k3) ,
M2 (k1. k) = .. (3.1)

The product of single-emission matrix elements clearly defines the abelian contribution,
while non-abelian colour factors are associated with the M 2(k1, ..., km) squared ampli-
tudes. This makes each single M in the above decomposition invariant under gauge trans-
formations. The M 2(k1,. .., k;y) matrix elements for more than one emission describe the
probability of emitting m colour-connected soft partons, and they are therefore suppressed
if the involved emissions are very far in rapidity from each other. We will refer to M2 (ky, k)
as the double-correlated contribution to the squared amplitude for multiple emissions. We

~10 -



will label the correlated squared matrix elements with more than two emissions in an anal-
ogous fashion. We now study the logarithmic structure of each of the terms in egs. (3.1).
Each resolved real emission (i.e. an emission that contributes to the observable) is defined
by requiring that Vi ({p}, ki) > ev, where € is independent of v because of rIRC safety.
This condition poses a lower bound on the resolved emission’s phase space which can po-
tentially only give rise to a single logarithm of v (see for instance eq. (2.29)). When several
emissions are considered, the same argument applies, so that each emission can at most
contribute with a single logarithm. This is ensured by rIRC safety since this condition
implies that the observable will have the same scaling independently of the number of
emissions, and therefore the condition Vi.({p}, k;) > ev will still impose a lower cutoff for
all resolved emissions. The unresolved emissions below this limit (i.e. Vic({p}, ki) < ev)
can be ignored in the observable evaluation and their role is simply to cancel the virtual
IRC singularities. They contribute exclusively to the Sudakov radiator and therefore we
do not need to consider them here. With the above property we can immediately see that
a product of n independent emission matrix elements in eq. (3.1) gives rise at most to a
alL™ (i.e. a NLL) contribution, where L =In1/v.

We now consider the double-correlated M 2(k1, ko) term. It involves a soft-gluon split-
ting into either a ¢g or gg pair and it could potentially give rise to a a2L3 term (asL
associated with the emission of the parent gluon, and at most two extra logarithms coming
from its splitting). However, again due to rIRC safety (see for instance section 2.2.4 of
ref. [27] for the relevant properties), one can see that the splitting of the parent gluon
does not give rise to additional logarithms, leaving us with a NNLL term «?L. The same
argument can be applied to terms with more than two correlated partons, and can be used
to show that they are at most N3LL. Therefore, the sole rIRC safety property of the ob-
servable allows one to define a logarithmic hierarchy in the multiple emissions function and
to define the relevant configurations that contribute to a given logarithmic order. The very
same argument applies to the case of one or more emissions emitted collinearly to the Born
leg with high momentum. Therefore, if we want to limit ourselves to, for instance, NLL (i.e.
al L™ terms in the multiple emissions function F(v)) it is sufficient to consider an ensemble
of soft-collinear independent emissions, since any configuration beyond this one would just
be at most NNLL. For a NNLL treatment, in addition, one has to include the contribution
of a single splitting of a soft gluon (following the above argument it is easy to see that
configurations with more than one splitting are subleading), and a single hard collinear
emission. This treatment can be extended to higher orders in a very systematic way.

In addition to the matrix element approximation, we would like to approximate the
resolved emission’s phase space in order to neglect any effects in F(v) which are beyond the
logarithmic accuracy that we want to achieve. We stress that this class of approximations
is not strictly necessary for the resummation, since their only purpose is to ensure that
F(v) is free of any contamination from subleading effects. For instance, at NLL, we can
approximate the rapidities of all soft-collinear emissions with the kinematic limit as done in
section 2, and treat the observable in the pure soft-collinear approximation, all corrections
being at most NNLL. For a NNLL resummation, these approximations are of course not
valid anymore and one has to repeat the calculation without making them. Alternatively,
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one can simply compute the NNLL corrections associated with these approximations with
respect to the NLL function Fnrr,(A), as it will be explained in detail in the next section.

The last ingredient that one needs to go beyond NLL is the Sudakov radiator. This
function has the role of cancelling the infrared and collinear singularities associated with
the unresolved emissions (i.e. Vi.({p}, ki) < ev) against the virtual corrections. At NLL
its structure is remarkably simple since the unresolved real emissions fully exponentiate in
the observable’s space and the cancellation of singularities is explicit. Beyond this order,
one needs to work out the exact details of real-virtual cancellations (for instance, through
renormalisation group evolution equations). We will not present a general expression for
the radiator in this article, but we will limit ourselves to show that it only depends on the
scaling of the observable in the presence of a single soft and collinear dressed (i.e. inclusive
in its branchings) emission. Therefore, we will show that it is universal for all observables
which have the same soft-collinear parametrisation in the single emission case, i.e. the same
a and by coefficients in eq. (2.4).

3.2 Structure of the NNLL resummation

Using the arguments outlined in the previous section, we now derive the general form of
NNLL corrections. We start by recalling the procedure which lead to the NLL result. On
the one hand, we approximated the matrix element and the phase space in all emissions
appearing in the multiple emissions function of eq. (2.25), neglecting subleading correc-
tions due to the exact rapidity bound for each resolved soft and collinear emission (see
eq. (2.31)), and the correct description of the hard-collinear region (neglecting the second
line of eq. (2.16)). On the other hand, we replaced the observable with its soft-collinear
parametrisation Vg, neglecting the second line of eq. (2.23). We remark that, at NNLL
accuracy, these approximations have to be relaxed for a single emission at a time, since
relaxing each approximation gives rise a correction of relative order «s. This implies that
configurations in which we correct more than one emission lead to contributions beyond
NNLL, that can be neglected accordingly.

A set of NNLL corrections arises from the first line of eq. (2.12):
_ o) — [? | ~
o~ RNLL(v) o= [ [dk]M (’“)Zom/wn[dki]MQ(ki)G(v —Veel{ph K1y Rn)) . (3.2)

where Rnpy, is defined in eq. (2.22). Besides the NLL multiple emissions function Fnrr, () of
eq. (2.32) derived in section 2, eq. (3.2) contains corrections due both to the hard-collinear
term of the matrix element (given by the second line of eq. (2.16)), and to the correct
rapidity bounds, which at NLL are the same for all emissions (see eq. (2.31)). Such correc-
tions result in the two NNLL contributions 0Fy. (section 3.3.2) and 0F. (section 3.3.1),
respectively.

- 12 —



Another category of NNLL corrections is contained in the second line of eq. (2.12),
namely

CRair (0) — [ =1 8
o~ BxiL(v), fw[dklMi(k)Zn!/ H[dki]M2(k:i) © (v —V{p}, ki,...,Ekn))
n=0 S

-0 (U - %C({ﬁ}v kl’ SRR kn))] )

where we need to relax the soft-collinear approximation made for the observable when an

(3.3)

arbitrary emission becomes hard-collinear or is emitted at small rapidities (large angles).
We stress that, at NNLL accuracy, it is enough to consider an ensemble of soft and collinear
emissions, plus a single extra emission which is free to probe both the hard-collinear and
the soft-wide-angle region of the phase space. Configurations containing more than one
soft-wide-angle or hard-collinear real emission are subleading. We can then expand further
the first step function in eq. (3.3) in order to take into account the correct behaviour of
the observable in these limits for a single emission of the ensemble. The corresponding
NNLL corrections are: a recoil correction §Fye. (computed in section 3.3.2) which is due
to the exact kinematics of a hard-collinear emission which recoils against the soft-collinear
ensemble; a soft-wide-angle correction 0Fy, (computed in section 3.3.3) which is due to a
soft emission that spans the whole rapidity range; a correlated correction § Fcorrel (computed
in section 3.3.4) to the inclusive treatment of the soft gluon decay in the matrix element
(encoded in the scheme of the running coupling in the radiator R(v)). An important point
to stress is that the soft-collinear approximation Vi.({p},k1,...,k,) guarantees that all
NNLL corrections arising from eq. (3.3) are well defined and finite when the corrected
emission becomes unresolved.

One last NNLL contribution is due to the correction to the NLL Sudakov radiator of
eq. (2.19). At NLL, the radiator encodes the contribution of unresolved real emissions k;
with Vie({p}, ki) < ev and corresponding virtual corrections. Moreover, each emission is
considered to be inclusive in its two-parton branchings. Analogously, the NNLL Sudakov
radiator has to include the effect of the inclusive soft three-parton correlation, which can
be absorbed in a redefinition of the running coupling analogously to what is done at NLL,
together with the correct matrix element for an inclusive double collinear emission. Fur-
thermore, it contains exact O(as) corrections surviving the poles cancellation between real
and virtual corrections. In formulae, we introduce a NNLL radiator Rynir(v) through the

replacement
H(Q?)el " RIM () _y =R (o) + 1 [dRM (k) (3.4)
where
Ry (v) = [1dMER)O (Ve (5}, 1) —v) (3.5)
dk} [ dz as(k?) . [ dege(e) (ke *T as(Q)
+£§2/kt2/0 7(2}?@(2’)—20@) o © zbl (Q) -V +Th()\)

The function a4(Q)h(A)/7 contains the contribution of the triple-correlated splitting, the
double hard-collinear correction and additional O(«as) constant terms arising from real-
virtual cancellations, and corresponding running coupling effects. Eq. (3.5) contains some
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power suppressed terms due to the integration limits of the non-singular phase space vari-
ables, i.e. ¢ in the soft limit and ¢, z in the hard-collinear limit. In order to neglect these
terms we have relaxed the lower bound in the z integration relative to the hard-collinear
limit, and set it to zero (the physical bound being z > k;/Q). Moreover, in order to ne-
glect power-suppressed and subleading contributions, we can expand the two ©-functions
of eq. (3.5) as follows:®

) <dz ge(9) <%)“ e_b“’m — 11> ~ O (ln (%)a e_b“"(e) — lnv)

+6 <ln (%)“ emben _ lnv) Ind, ge(¢) + %5/ <ln (%)“ emben _ lnv) In® de ge() , (3.6)

a+by a+by a+by
S} <dé§;(¢) <%> — v) ~ 0 <1n (%) — lnv) +46 <1n (%) — lnv) In dzgfgﬁ((]ﬁ)' (3.7)

We observe that the dependence on the normalisation dygs(¢) is a local rescaling of the
observable. This induces a local shift of the logarithm In1/v and gives rise to subleading
contributions at each logarithmic order. This implies that, at NNLL accuracy, the depen-
dence on dygs(¢) in the Sudakov radiator is completely encoded in the first two integrals
of eq. (3.5), and it corresponds to a shift in the logarithms of the NLL radiator (before az-
imuthal integration). An important consequence of this is that the function h(\) depends
exclusively on the scaling in 7 (or equivalently z) and k; through the a and by coefficients.
By exploiting this property, one can conclude that the resummations of all observables
which have the same soft-collinear scaling in k; and 7 (i.e. the same a and by coefficients)
will have the same h(A) function. For example, the function h(A) will be the same for
thrust 1 — T, C' parameter, and heavy jet mass pg, and it can be taken from [30, 31].
Analogously, the function A(\) for the jet broadenings By, By, thrust major Th; and
oblateness O is identical to the one relative to the k; resummation (which we take from
ref. [46] after replacing the constant one-loop virtual corrections with the corresponding
ones in ete™ — hadrons). Practically, the function h()\) can be obtained by computing the
resummation for the reference observable (e.g. the thrust) leaving h(A) unspecified, and
fixing it by equating the resummation obtained here to the known result in the literature.
This is similar in spirit to what has been done for the jet-veto in refs. [46, 58].
We parametrise the final NNLL Sudakov radiator as

RnNLL(v) = —Lg1(A) — g2(A) — ——=g3(}) . (3.8)

The relevant expressions for the g1, g2, and g3 functions are reported in appendix B. Once
all these corrections have been computed, the NNLL expression for ¥(v) becomes

E(U) _ 6L910\)4‘920‘)"‘%93(}‘) FNLL()\) + as(Q) 5‘FNNLL(>\) . (39)
™

The function
5]:NNLL = 5]:sc + 5]:hc + 5-7:rec + 5]:W;1 + 5]:correl ’ (310)

8For the NLL radiator, it was sufficient to consider the first two terms in the r.h.s. of eq. (3.6), and the
first in the r.h.s. of eq. (3.7), respectively.
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represents NNLL corrections due to real radiation, and it will be extensively discussed in
the rest of this section.

Before deriving the relevant NNLL corrections to the real radiation it is worth making
an important remark. The whole resummation procedure defined in the present section
depends on a specific choice of the variable on which the cutoff € is applied. This choice
is reflected in the exponentiated part of the resummed cross section. Our default choice is
to define unresolved emissions as those for which Vi.({p}, k) < ev, where V. is defined by
eq. (2.4). This choice is clearly arbitrary and one could equally derive the same resummed
results (that will be anyway independent of the cutoff €) with a different definition for the
unresolved contributions. Different choices will simply lead to different NLL terms (and
beyond) in the Sudakov exponent and in the real corrections described by the multiple
emissions function, but will not affect the final result which does not depend on such a
definition. In the present article we decide to work in the soft-collinear prescription in
which the cutoff € is applied on the soft-collinear approximation of the observable for a
generic emission k;. This prescription has two advantages. On the one hand it allows
one to expand the multiple emissions function around the NLL result, which is simply
determined by the soft-collinear approximation (meaning that the V. approximation of
eq. (2.4) is enough to account for all NLL contributions). It also ensures that all NNLL
corrections to the multiple emissions function are finite without further regulators since the
singularities of any unresolved emission are encoded in the soft-collinear approximation.
On the other hand it allows us to define the NNLL function h()) in such a way that it is
independent of the observable’s normalisation dyge(¢) and it only depends on the a and
by coefficients. As stated above, this implies that the function A(\) is universal for all
observables which have the same a and b, scaling in the soft-collinear region.

3.3 NNLL contributions due to resolved emissions

In this section we explicitly derive all corrections to the multiple emission function F(v)
necessary to achieve NNLL accuracy for the cumulative distribution ¥(v) for a generic
event-shape observable v. In order to do this we have to recall the basic assumptions used
to obtain eq. (2.34). They are:

e gluon splitting in R(v) is treated inclusively;

e cach real emission k; contributing to F(v) is soft, collinear, and such that ev <
Vee({P}, ki) < v;

e the rapidity bound of all emissions contributing to F(v) is the same.

By relaxing any of these approximations valid at NLL accuracy, we obtain a number of
NNLL corrections induced by real radiation, and introduced in the previous section. We
will derive them in the following order:

1. exact rapidity bound and running coupling corrections to the soft and collinear func-
tion F(v) (6Fsc);
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2. one of the emissions k; is collinear but not soft, generating hard-collinear (§.Fy.) and
recoil (0Frec) corrections;

3. one of the emissions k; is soft but at wide angle (§Fya);

4. gluon decay is treated non-inclusively, giving rise to a correlated-emission correction
(6~Fcorrel)-

The necessary amplitudes to compute dFNNLL are given by the independent emission
probability of eq. (2.7), and the probability of a soft gluon branching into either two
gluons or a quark-antiquark pair (correlated emission). In fact, for the real ensemble the
observable’s value V ({p}, {k;}) is bound both from above and from below. This reduces
the phase space of the real emissions to a strip which contributes with one fewer logarithm
at each order of o with respect to the Sudakov radiator. Therefore, to obtain the whole
set of NNLL real corrections, it is enough to use the same probability amplitudes which
appear in the definition of the Sudakov exponent at NLL, i.e. the independent soft and/or
collinear emission probability, and the correlated soft-gluon splitting.

3.3.1 Soft-collinear NNLL contributions

The first NNLL correction we consider arises from F(v), when we take into account the

exact rapidity bounds for a single emission in the generated soft-collinear ensemble. At
NLL, the correct rapidity limit for the emission k;,

. 1 i)d

) < In 9e(pi)dy

a + by, Gv
was effectively replaced by 1/(a + by,) In(1/v) through the expansion of eq. (2.31). NNLL
corrections to this approximation are obtained by considering the next term in the expan-

, (3.11)

sion of Rj, both in real and in virtual corrections, as follows

Cv > dege(o)
R, ( ~ R, v) + OR; v) + R (v) In /=~ . 3.12
\ 20e(0) NLL, (V) NNLLe (V) + Ry (v) c (3.12)
This gives
R / 1 dd’ 1 1 /1.2 1
f('l)) ~ ¢"NLL | 1 — Z 5RNNLL,Z + R@ % hl(dggg(d))) In ; — 5 Z Re In g X
¢ [
— 1 17 [d¢ [*" de; dg, 9, (s
T[T [ T (Bane + 6, + 1 P02
n=0 = §=1"¢€ ¢ J0 6=12 ¢
x O (1 — lim Veeliph: s - k”)> ~ Fnin(A) + M<SJTSC(A). (3.13)
v—0 v s

We can simplify the above equation by keeping only terms in the sum which are linear in

R\xip or Ity i.e. by correcting one emission at a time. The latter approximation ensures

that no contributions beyond NNLL are included. Moreover, we can express the virtual

correction in eq. (3.13) as the integral over an extra dummy emission as follows:

1 Ld I bde. 1

In-= —C, i e —Clnf. (3.14)
€ Je € 2 e Jo ¢ ¢
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The final form of the soft-collinear correction then reads

¢ [*™d d
0Fee(X) = — / C/ 0 Z <5Rf\INLL,z+RZ In W) /dz[{Ri\ILL,Zwki}]x

y [@ (1 ~lim sc({p} k, {ki };)12 o1 — ()0 (1 i ({p}*{k})ﬂ (3.15)

where the average of a function over the measure dZ is defined in eq. (2.33). In the first

v—>0

term of eq. (3.15), k = k((,¢,£) represents an additional real emission, and the second
term corresponds to virtual corrections. In eq. (3.15) we have set the ¢ lower integration
limit to zero, because singular contributions for ¢ — 0 exactly cancel between real and
virtual corrections.

3.3.2 Recoil and hard-collinear NNLL contributions

Another source of NNLL contributions arises when one of the emissions is collinear to any
of the legs and hard, i.e. it carries a sizable fraction of emitter’s longitudinal momentum.
The matrix element squared M, f(k) for the emission of a gluon k collinear to leg £ is given by

CoaSW k() do d(k")?

M) = == g oy 2 re ), (3.16)

where, in our case, py(z) = pgq(2), given in eq. (2.8) and C; = Cp, for £ = 1,2. In the
7.(0)

above equation k;”’ is the relative transverse momentum between the emitted gluon and

7.(0)

the final state parton p,. The vectors k,”’ satisty

(k‘(l)) (plk) (p2k) (]5(2))2 _ 2(p1k)2(132k) .

2(p1p2) ! 2(p1p2) (3:17)

In eq. (3.16), we have identified the energy fraction relative to the splitting with the Su-
dakov variable z(9 defined in eq. (2.2). This is justified by the fact that all remaining
emissions are soft and hence do not change the energy fraction in an appreciable way.

7.(0)

Due to recoil, the generated transverse momentum k; ’ is different from the Sudakov
transverse momentum k; of eq. (2.2), which is relative to the thrust axis. In order to
compute reliably V({p}, k,k1,...,k,) we need to relate ]%156) and k;. For simplicity we
consider the case £ = 1 and rename lzrt(l) — k¢. We start from the Sudakov parametrisation

of k with respect to p1 and p1, respectively
k=2Wp +2Ppy + k5 = 2Wp + 2py + 5y, (3.18)

where ; and &; are space-like vectors with k7 = —k? and &? = —IthQ . They can be related
to the Sudakov parametrisation in the thrust axis reference frame (2.2) by plugging in the
parametrisation of the recoiled momentum p; in terms of the Born momenta p; and po
2
Pia

pr=2p+2Pp+my,  wi=-pl, 2= g (3.19)
p
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and requiring the resulting decomposition to be equal to the initial parametrisation
eq. (2.2), obtaining
Pt

o)

Z;t = Et — Z(l)

(3.20)

From energy-momentum conservation and the fundamental property of the thrust axis,
i.e. that transverse momentum is conserved separately in each hemisphere, one has

zz(,l) ~1-— Z zgl)— PO QIO , D1 = —Z Et,i — Et. (3.21)
ieH D) ieH®)

(1)

Substituting the expressions of zpl and py 1 in eq. (3.20) we obtain

-

C 7, . 1 . . k,—2Wp)
~ Pl A S R _ T E P
kt >~ kt z 1_ z(l) kt + 1_ 2(1) (Dkt’Z + k‘t 1_ 2;(1) s (322)
1€H

where

15}/,1 == Z ki (3.23)

ieH®)
is the recoil due to all soft and collinear emissions. Defining also Et/ =k — z(l)ﬁ;l we have

that k, = &, /(1 — (). Since k; and k, are related by a simple rescaling, in the collinear
matrix element squared of eq. (3.16) we can replace dk?/k? with dk/?/k/2. We then obtain
the relation between the transverse momentum with respect to the thrust axis Et and the
transverse momentum Et/ which enters the collinear emission phase space:

ke =k + 25 . (3.24)

This implies that the input momentum k& becomes a function of Et,, ﬁ;;l, 2. For the sake
of simplicity, we drop the vector superscript from now on.

We have two NNLL contributions coming from hard-collinear radiation. The first
comes from eq. (3.3), in which we have to take into account the exact expression of the
observable when a single emission is hard and collinear:

ORI ! g [ dk? ok
&wheMW%“Zmﬂ]mmeZAwmwﬁzwké;ﬂx
n=0 %=1 t

(=12

x [@ (v—Vh(f)({ﬁ}, K[k, D00 2], K, - ,kn)>—@(v—VSC({ﬁ}, k(K] g, 0], K, - ,kn))} .(3.25)

In the above expression, Vh(ck ) ({p},k, k1,...,k,) denotes the expression of the observable
V' where all emissions but k are treated in the soft-collinear approximation. In the second
term, the one containing Vi.({p}, k, k1,...,kn), also emission k has been treated as if it
were soft and collinear, so that its transverse momentum with respect to the emitting leg
k; is equal to k;. Notice that, in eq. (3.25) we can replace k; with k; in the integration
since this variable is integrated over, and use the short-hand notation

K =klke,pi 1. 2],  k=klke,p},0].
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To NNLL accuracy it is possible to further simplify the phase-space for k. Introducing

o Lda@) (m)“*"f | (3.26)

v zbe Q

we have, at NNLL accuracy

0 0] _ (G Co/ (@) Qs _ a0 dc
k? 27 m(a + by) ¢~ wla+b) ¢ '

In fact, rIRC safety constrains the variable ¢ to be of order one, so that further terms

arising from the expansion of the QCD coupling around v'/(@+20)Q are of relative order a?

hence at most N3LL.
Following what we did in sections 2 and 3.3.1, we eliminate all subleading contributions
and obtain Frec(v) ~ (as(Q)/m)0Frec(A), where

B as( /(a—&—by dC 27 d¢
% rec<A>—£¥2a<Q><a+bg L 5 et ki 52

' ({p} K {ki}) . sc({p} k, {ki})
X /0 dzpe(z) |© (1—11)1H0 ) 9(1—1}%0 >]

The second NNLL contribution coming from hard collinear radiation arises from eq. (3.2):

v mdp [ dk2 ok
Feollinear (V) =€~ oo lAIM Z / H [dk; M2 Z / dzpe(z /0 % kat 2(7rt) X
t

(=1,2
x[©(v- %C({ﬁ},k,kl,--.,kn)) - @(v — Veel{p}: K15 Kn)) © (v = Vee({P}, K))] 5 (3:29)

where the second term in the square brackets represents virtual corrections. From the
above equation we see that, if £ is also soft, i.e. z — 0, the function Feopinear(v) contains
configurations that have been already taken into account in the function F(v) of eq. (2.25).
We eliminate this double counting by subtracting the NLL contribution

‘Fgglllji.near(v):e ;; [d¥] M2 k)zn On'fevHZ ldk fOQﬂ—Cle: dk 0‘5 Zf 122CZI1 dzz
X [@ ('U_VSC({p}? k Ky, ... 7kn))_@ (1}— SC({p}v klv ) kn)) S (U—VSC({p}, k))] : (3'30)

Performing the same manipulations as for F,e. we arrive at:

.Fcollinear( ) chtl)llll)lnear( ) = aser) 5‘ic(>‘) ) (331)
where
B ( l/(a+bg)Q d( 27 d¢
5]:hc()\) - Z W N / /dz {RNLLZ 7k }]
=12 (3.32)

X/Ol%(m(z)iw o (1t P D)y g (1 gy VellBh U6 6y )]

v—>0
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3.3.3 Soft wide-angle NNLL contributions

This contribution arises when one of the soft gluons is emitted at wide angles. We can
parametrise the observable dependence on the momentum of this extra gluon k as

V{5 k) = (g)afwam, 9. (3.33)

In general, when 7 is close to zero (wide angles), the above expression might differ from
the expression of the observable after a soft and collinear emission k

Vsc({ﬁ}7 k) = <g> fsc(777 ¢) ) fsc(nv ¢> = dle_blngl (¢)@(77) + d2€b27792(¢>@(_77) .
(3.34)
For a fixed wvalue of ki n,¢ for an extra emission k, we denote with
Vv\(,l;)({ﬁ},k, ki,...,ky) the observable computed by keeping the full n,¢ dependence of
emission k, and using the soft-collinear approximation for all other emissions.
This gives rise to the following correction

2T
Foalv) = fw[dkMsc(kZ /Hdk 0207 / dktas / / d¢

(k) =
v—r

v v—0 [

We can modify the phase space integration for the extra soft gluon as follows:

%O‘sa‘;t) _ %QS((CU)UGQ) N %O‘S(UUGQ)

k = am ¢ am ’

= % (g)a (3.37)

is constrained to be of order one for rIRC safe observables. This ensures that the ap-

(3.36)

where

proximation in eq. (3.36) is valid, up to corrections beyond NNLL accuracy. This gives
Foa(v) = (as(Q)/7)0 Fwa(N), where

) = as;j%? [ L[5 fetns

@<1_ <{p}k{k}>> @(1 ; sc<{p}k{k}>>]
U‘>0 v~>0

3.3.4 Soft correlated emission

(3.38)
X

Unlike the hard-collinear and soft large-angle emissions, an arbitrary amount of soft and
collinear emissions contribute to ¥ (v). Primary gluons emitted off the hard Born legs can
give rise to subsequent branchings which need to be taken into account already at NLL
accuracy [27]. However, at this accuracy any rIRC observable can be treated inclusively
with respect to subsequent branchings of the soft gluons. This results just in a redefinition
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of the scheme for the QCD running coupling, which is now defined as the strength of the
inclusive soft radiation [57]. Each soft and collinear emission contributing to NLL accuracy
is thus to be interpreted as fully inclusive in its branchings.

A generic event-shape variable is commonly non-inclusive for such splittings. However,
for rIRC observables, non-inclusiveness only matters starting from NNLL accuracy [27].
At NNLL, the observable is sensitive to the details of the secondary soft splitting, so
we need to undo the inclusive branching in order to compute the corresponding NNLL
correction. Once again, in order to achieve NNLL accuracy, only a single non-inclusive
splitting can be considered. The NNLL correlated correction has been already written in
eq. (D.5) of ref. [27], and reads

n

8 Feorrar(v) = e JeuldHIM k>z / Hdk M2 (k / [dho][dlp) M2 (K, k) X

(3.39)
x [0 (v = Vs ({P}, ka,k‘b,k‘u o kn)) — 0 (v = Vae{P}, ka + ks b1, -, k)]
where M?(k,, k) is a two-parton correlated matrix element, defined by
N (kay ko) = M (ka ky) — M? (ko) M (ky) - (3.40)

To show explicitly that this contribution starts from NNLL accuracy, we first express the
two-parton correlated emission matrix element and phase space as

. M2 (kq, k)
2 _ 2 2 as 'vb
[dkq|[dkp)| M= (kq, kp) = [dkq) [dkb]MSC(ka)MSC(kb)MSQC(k:a)MSQC(kb) . (3.41)
Neglecting terms beyond NNLL accuracy, we rewrite the k, integration as follows:
dv, d¢a kia _ (£a)
2 _ 2 B be, (L)
ko) M (k) = 2 / (dha] M2 (ko) % 040 <va <Q> >@ (i)
d¢, do i k (€a) (342)
~ 26 7a 2 [ Ma) —bema (€a)
= funis S (o= () )0 ().

where, in the last line, we have defined {, = v,/v, and neglected terms beyond NNLL
accuracy, using the fact that rIRC safety constrains (, to be of order one.

We then parametrise the phase space of the emission kj in terms of the variables
k = kep/kta, 1 = M — Ne and ¢ = ¢, — ¢,. Notice that this is a convenient choice
since the correlated matrix element M2 (kq, ky) /(M2 (kq) M2 (ky)) explicitly depends on the
correlated momenta through these variables. This leads to

() = (2R ) Pyl o (2R ) Kogant?

T 2T T

where in the last step we have set k;j, ~ ki ,. The latter approximation is valid for rIRC
safe observables only, with corrections beyond NNLL accuracy.
Therefore, eq. (3.41) can be rewritten as

kR 31 ko, ) = 2500 5™ <2CZ“AR2 (v )) W) s (., 6), (3.44)

Ca 21 =, am By
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where

e (3.45)
and
Jazmem (22 os (o () enn) < 22,
/ (K] M2 (k)0 (—y) [ 2Cn0alhe) (R @ 2CFA (340
o () - (3) ) -

We are now in a position to write the final expression for the NNLL correlated correction
as 0 Fcorrel (V) =~ as(Q) /70 Feorrel(A), where

_ [T dCa [T dea 20, ARy (V) [ dr [, [T dé 1
5FC0”61()\)_/(; CT 0 2m ZZ < aﬂo QS(Q)>/O ?/;oodn\/o %icab(ﬁ/v"ﬁ(b)x

w=1,2

(3.47)
X /dZ[{Rg\ILL,ZW kz}] [@ (U — ‘/;C({Lﬁ}v ka, kv, {kl})) -0 (U - V;,C({ﬁ}v ka + kb, {kl}))} )

where, as usual, the observable’s value does not depend on emissions’ rapidities, with the
only exception of kp, given by

1 be (La)

a » &a

La . . Lo a a o

ky = £ k) (cosh(na +n), cos(@a+6), sin(da+ ), sinh(na+1), ki) =Qug T
(3.48)
Furthermore, in order to eliminate subleading effects, in the calculation of the observable we

assume that k; belongs to the same hemisphere as k,, neglecting de facto the contribution
of two emissions falling into two different hemispheres.

It is worth commenting on the connection between eq. (3.47) and the CMW scheme
for the running coupling defined in eq. (2.9). As already explained in section 2, the term K
in eq. (2.9) encodes the contribution of the splitting of a soft gluon into either a ¢ or a gg
pair. This gives rise to NLL terms in the Sudakov radiator which are universal for all rIRC
safe observables. In the multiple emissions function F(v), the CMW scheme gives rise to
NNLL contributions which are contained in soft-collinear corrections (3.15). In the latter
contribution, the branching of a soft gluon is in fact treated inclusively. This approximation
is subsequently subtracted in the second theta function in the correlated correction (3.47),
which takes into account the correct non-inclusive nature of the observable. Therefore,
the choice of the CMW scheme in the multiple-emission function F(v) is irrelevant at
all logarithmic orders, since the appropriate non-inclusive treatment of the observable is
guaranteed once one adds up all resolved real emission corrections.

4 Validation and matched results

In this section we apply the algorithm described in section 3 to the following set of seven
event-shape variables: thrust 1 — 7', heavy jet mass py, total and wide broadening By,
By, C-parameter, thrust-major T, and oblateness O. For the two observables Ty, O an
NNLL resummation was not previously available. For ', a numerical result was presented
in [34]. On the other hand, for the remaining four event shapes, analytic results can be
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found in the literature (1 — 7" [30], pg [32], Br, Bw [33]). As described in the previous
section, we use the h(\) function of thrust 1 — 7" also for the resummation of both the
C-parameter and heavy jet mass py. For 1 — T, we compare our resummation formulae
to the analytic result of ref. [31], and extract the corresponding h(\) function, reported in
eq. (B.14). For py we then obtained the same resummed result of [32]. Analogously, for Br
and By we have compared our numerical expansion to the relative analytic expressions of
ref. [33] and found full agreement up to (and including) terms of order a2 L?. To check the
resummation for the observables for which we provide new results (i.e. Ty, O) and for C,
we subtract the numerical expansion for the differential distributions from the predictions
obtained by generating three-jet NLO distributions with Event2 [54]. In order to get more
stable distributions, we compute differences of observables, and plot the following quantity:

NNLL
1 dJNLO 1 do ‘expanded

_ ) —{v1 — va2}. (4.1)

o0 dln% 00 dln%

A(Ul, UQ) = (

The results are shown in figure 1. There we see that A(v1,v2) tends to zero for v — 0,
providing a check of the validity of the NNLL resummation up to O(a2). In order to
check the expansion to O(a?) one would have to produce either NNLO 3-jet or NLO 4-jet
distributions which are sufficiently stable in the deep infrared region. This can be achieved
through long runs e.g. with the generators EERAD3 [55], however, we have not been able to
obtain distributions that were stable enough. Alternatively, one could use NLOJET++ [59]
to generate four-jet distributions at NLO and consider differences of observables. On the
other hand, the checks against the analytic results for py, By and By at O(a2) provide
us with a proof of the validity of our NNLL resummation at this order.

As a last step, we match the resummed NNLL distributions to NNLO fixed-order
differential cross sections obtained with EERAD3 [55]. The matching is performed according
to the log-R scheme [10, 31]. As it is customary in resummed calculations, to probe the
size of subleading logarithmic terms we introduce a rescaling constant xy as

1
In- =Y —Inzy, (4.2)
v v

and expand the cross section around In zy /v neglecting subleading terms.? Eventually we
modify the resummed logarithm In zy /v in order to impose that the total cross section is
reproduced at the kinematical endpoint vmax

p
mxulln(H(W)p_(fcv)). (4.3)
v p v Umax

Here, p denotes a positive number which controls how quickly the logarithms are switched

off close to the endpoint. In the following we use p = 1.
To obtain our central predictions we set ur = Q = My, corresponding to as(ur) =

0.118, and [28, 60]
In vV = *1 E Ind /27 — ]ng ((Z)) (4 4)
' (=1,2 ‘ 0 g ' '

9For details about how the resummed formula and the expansion coefficients change see e.g. ref. [31]
where one has to replace Inxrp — —Inzy.
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Figure 1. Difference between the NLO differential distributions of pairs of observables after sub-
tracting the expansion of the NNLL resummation formula up to (and including) O(a2L?) (see
eq. (4.1)). To obtain these distributions we used about 10! events.

We then construct the uncertainty bands by varying ur and xy individually by a factor
of two in either direction. Figure 2 shows the comparison of the NNLL4+NNLO prediction
(red bands) to the pure fixed order at NNLO accuracy (light blue bands) for the thrust (1 —
T), C-parameter, heavy-jet mass (pg), wide- and total-broadening (By, Br) and thrust
major (Ths). As expected, at large values of the observables the matched results approach
smoothly the fixed order distributions. On the other hand we observe large corrections
at small values of the observables, where the NNLO distributions tend to diverge, while
the NNLL+NNLO results have a smooth Sudakov behaviour. We also notice that at
small/intermediate values of the observables the fixed-order uncertainties are artificially
small, and that the matched results are not within the fixed-order uncertainty bands.
In figure 3 we compare the NNLL+NNLO distributions to NLL+NNLO distributions for
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Figure 2. Differential distributions for six of the event-shape observables considered in the article
at NNLL+NNLO (red band) and NNLO (light blue band).

the same set of observables. In the hard region, NNLL effects are small, NNLL+NNLO
and NLL+NNLO bands overlap, and the uncertainties shown are those of the NNLO
distribution. On the other hand, close to the peak of the distributions NNLL effects are
important. In general NNLL corrections tend to make the spectrum harder, and we find
that uncertainties are reduced when going from NLL4+NNLO to NNLL+NNLO. This can
be appreciated by looking at the lower panel of each plot of figure 3, representing the
ratio of the NLL+NNLO and NNLL+NNLO bands to the corresponding central values.
The oblateness distribution, not shown in figures 2 and 3, has the particular feature that
it is defined as a difference of two observables. This implies that for sufficiently small
values of O the cross section is dominated by cancellations between soft-collinear real
emissions (corresponding to single logarithmic contributions) rather than by the double
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Figure 3. Matched distributions for six of the event-shape observables considered in the article at
NNLL+NNLO (red band) and NLL+NNLO (light blue band). The lower panel of each plot shows
the ratio of the NNLL4+NNLO and NLL+NNLO bands to the corresponding central values.

logarithms present in the Sudakov radiator. As a consequence, the real corrections in
the multiple emission function grow faster than their virtual counterpart, resulting in a
divergence at Ry = R, ~ 2 [27]. In correspondence of this value of Ry, the normal
hierarchy of logarithms is reversed, and one ends up neglecting subleading logarithmic
terms which are actually numerically dominant. A correct treatment of this region would
require a resummation of such contributions to all logarithmic orders [61]. The divergence
at Ry, = R, is close to the peak of the distribution, where the bulk of the cross section is.
Therefore, one can rely on the resummation only in the tail region, sufficiently away from
the singularity. Moreover, the singularity is pushed towards higher values of the oblateness
for higher values of xy, thus one finds a large theory uncertainty due to the xy variation.

Despite spoiling the resummation, the above singularity does not affect the expansion in
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powers of the strong coupling, so that our method can still be used to compute correctly

the coefficients of the expansion to all orders in a.'°

5 Conclusions

We presented a novel method for automated resummation of event-shape distributions
to NNLL accuracy. The method is fully general and it can be applied to any global and
recursive infrared and collinear safe event shape. Neither the factorisation of the observable
into kinematical subprocesses nor an analytic definition is required for the method to be
applied. We implemented the algorithm in the fast and stable numerical code ARES which
will be publicly released soon. For the time being, the method relies on the fact that
the NNLL Sudakov radiator is universal for all observables which have the same scaling
properties for a single soft-collinear emission. Therefore, for the observables analysed in this
article, we could extract the relevant unknown terms of the NNLL radiator from known
resummations. Specifically, using the known result for thrust 1 — 7" we can reproduce
the known resummation for the heavy jet mass py and the C' parameter. Analogously,
we extract the missing term from the k; resummations in colour singlet production in
hadronic collisions, re-derive the known results for jet broadenings Br, By, and obtain
new predictions for both thrust-major Ty and oblateness O. The calculation of the NNLL
radiator for a generic observable will be addressed in future work.

We performed checks of our results by expanding known resummed distributions up
to O(a?) and comparing them to the results in the literature. For observables for which a
NNLL resummation was not previously known, we compare their O(a?) expansion to the
fixed order generator Event2. We then presented NNLL+NNLO matched results, where the
NNLO results were obtained using the code EERAD3. We observed that NNLL corrections
are in general sizable and hence play a role in precise determinations of the strong coupling
constant using eTe™ data. A simultaneous fit using distributions of several observables will
help disentangle perturbative effects from non-perturbative ones. In fact while perturbative
effects are now well-understood and described at NNLL+NNLO or beyond, some deeper
understanding is still required to model non-perturbative corrections, which are quite siz-
able at LEP energies. These corrections will be much more moderate at future lepton
colliders. In these conditions, the potential of NNLL resummations can be fully exploited
and even data close or at the peak of the distributions can be included in the fit region.

The work presented here represents a first step towards a fully automated resummation
of generic global and rIRC observables. Future work includes the calculation of the NNLL
radiator in the generic case, the treatment of jet resolution parameters, as well as the
extension to observables at hadron colliders. Furthermore, the method could also be applied
to derive corrections beyond NNLL.

Note added. When this work was being finalised ref. [62] appeared, where an analytic
resummation for the C' parameter is presented. We compared their formulae to our analytic
result for the C' parameter, and found full agreement at NNLL.

10 Analogously to what is observed for both Ths and C, the oblateness, which has d; = 2, receives sizable
NNLL corrections.
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A Observables definition
In this appendix we recall the definition of the event shapes that we considered in this work.

e Thrust:

szaxw, T=1-T, (A.1)
7i Q

where () is the centre-of-mass energy and the vector 7 that maximizes the sum
defines the direction of the thrust axis, 7i. The thrust axis divides each event into
two hemispheres, H() and H?).

o Heavy-jet mass:

Y S » A2
P = max oy P = P (A2)
FEH
e C-parameter:
1 (pi - pj)*
c=3(1--S" L A) ) A3
22 - Q) Y

where Q* is the total four-momentum.

e Total broadening:
Br = B, + Bp, (A4)

where

_ |pi x n7| _ |Pi x nr|
BL:ZT’ Br = ZT (A.5)

ieH® icH(?)
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e Wide broadening;:
Bw = max{Br, Br}.

e Thrust-major:
Ty = max 721 P - n\)
fi-np=0 Q

(A.6)

(A7)

where the vector 71 for which the sum is maximised defines the thrust-major axis.

e Oblateness:
0= TM — Tm,

where |
Tw = 71-52@ ,

(A.8)

(A.9)

and where x is the direction perpendicular to both the thrust and the thrust-major

axes.

B Sudakov radiator

The Sudakov radiator can be parametrised as
o
R(v) = =Lg1(A) — g2(A) — —3(A) + ...

We introduce the resummation scale xy such that

1 Ty
In-=In— —lnzy =
v v asBo

—lnl'v,

where A\ = a0 Inxy /v. The functions g1, g2 and g3 can be parametrised as

an =3 g0

=12

()

where g, can be expressed in terms of scaling parameters a and by as follows:
— 22 ) (g — _2)
O A (atbe—29m(1-2) (a2 (1 - 2))
! TrbeBo X )
g(f)()\) = A2 (aln( _ %) _ (a+bE) In (1 B a?:l\’l’«)) + Biln (1 - aikbe)
’ 872be o 47y
Lo (Bu(at+bom? (1 - 27) +261(a+bhn (1 2)))
87rbgﬁ03
A In (1 — %) (aﬂl ln( — %) 4 2a51)
' 8be B>
+ o (ln (1 _ “i/\b@) —log (1~ %D In 22
47by B Ly
4 (n(1-:3;) -m(1-2)) .
27Tb[60 £
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1By ((a +be)In (1 - %bz) + 2/\>
B 2602 (a + by — 2))
Aof (a2(a+br—20) I (1= 2) = (a+br)*(a— 2 In (1- ) + 65,02
87beBo>(a — 2X)(a + by — 2))
Ay (B (a+be(a— 20 In? (1= 72 ) = 4beX? (B + 51%))
8Dy B0t (a — 2X)(a + by — 2))
adArln (1 —22) (260B2(a — 2\) + aBi’In (1 — 2) + 45,°))
8befo*(a — 2X)
Arfa+b)m (1~ am) (BoBa(a+ by — 2)) + 25,%)
4beBo (@ + by — 2))
TaBo’B1 + A (A2Bo — 21 (A181 + Bo°Br)) (B.6)
4780 (a — 20)(a + by — 2))
4181 ((a+bo)a =20 (1= 2) —a(a+b - 20) n (1 - 2))
4beBo?(a — 2X)(a + by — 2\)

A1 " Al
2(a — 2)\)(a + by — 2)) Ind7 + 2(a — 2)\)(a + by — 2))
B TaBo’ By + A (A2By — 2 (A181 + Bo”B1))
21 Bo%(a — 2\)(a + by — 2))
ABr (a(a+ by — 2\) In (2 —2) _(a+b)(a—2\)In (1 2 )) i
20502 (a — 2))(a + by — 2))
T 1

+

_|_

+

_ Al 1112 2
8(a — 2\)(a + by — 2)\)

+

2
In z73,

IndyIn :E%/

Ind,

_|_

where Ind} = fozﬂ 99 10" (dyge(¢)) and O(bg) = 1(0) for by > 0 (b; = 0). The renormalisation
scale dependence can be restored using the following replacements in eq. (B.1)

g1(A) = g1(N),
2

I
92(0) = 92 + N (V) In 55 (B.7)
)\ )\ )\/ 131)\2/ )\ 1 2 )\2/ )\ BO)\3 //)\ IZI’I’R
93(A) = g3(A) + 7 | BoAga(A) + 5 1(A) H@HT FoA"g1(A) + 5 A% (V) o
The coefficients of the QCD § function used above are defined as
lch—an 17CA—5CAnf—3CFTLf
_ B.
ﬁ[) 197 ) 51 247_[_2 ( 8)
B 2857C3 + (54C% — 615CFCy — 1415CA)nf + (GGC'F + 79C'A)n3£ B9
2T 34567 (B9)
The following functions are also used in the text
Ay 1--2-)—In(1-2)
Rf\ILL,z(U) = ( ( +b ) ) (B.10)

27be Bo ’
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Arfr (a(a Hbe—2)0)1n (1= 2) = (a+be)(a—2))In (1 _ 2 ) + 2bg/\)

/ _ as(Q) - a+by
ORnLLe(v) = = 20002 (a — 27\)(a + be — 2))
Al wh Ax 2
Tt b—2n) M0 T 2(a—20(a+ b —2n) MOV
Ao
* SrBola— 2N (a + be = 2>\)} ! (B-11)
Ry (v) = 2@ A (B.12)

7 (a—2X\)(a+be—2)\) "

The limit by — 0 (relevant for jet broadenings, thrust major and oblateness) is finite and
well defined for all the above expressions. The function A(\), implicitly defined in eq. (3.5),
is extracted from the resummed expression of

Y(v) = i/ov dv’dadgjj/), (B.13)

(where o is the total cross section for eTe™ — hadrons) for the two reference observables
(i.e. ky and thrust 1 — T') leading to

h(l—T)()\) _ _A01-T) A2 (1-T) A

58m2B2(1—20)(2—2)) % 8mBo(1—N)

B.14
ot o (LY o (0 T .
For1—ox ""F\a " 12)1-x "\ Ty Taa™ )
and
22 X A
Rk (N = —Agkt) _ gk
28)2(1—2)\)2 2 4mfBo(1 — 2\
8m250°(1 — 2X) 7Bo( ) (B.15)

1 2 1 9 7,
+CF <4—24> 1_2)\+CF <—8+247T> .
Note that the above expressions imply that g3(0) # 0. This means that constant terms

appear in the exponent, which can be expanded to O(«y) neglecting subleading terms.
The anomalous dimensions A; and B; used in the above expressions are:

Ay = 2CF, (B.16)
B, = —-3CFp, (B.17)
67 72 10
Ao — D B.1
- or(en(5-5) ). o

the coefficient A, defines the running coupling in the CMW scheme used in the definition
of the soft emission probability. The coefficients By and A3 are observable dependent in
our study. The expressions for the two reference observables read (with Tp = 1/2)

2 2
BT = 2 (C,% (—1 +34 6(3) +CpCa (11” T 3<3> + CrTrny <—é - 373)) ,(B.19)

2 8 18 24 9
Békt) _ BéliT)+2ﬂ'ﬁo§QCF, (B20)
0-1) _ cper (24567 o 1122 55 ) B
Ay = CrCj < TR + 3 (3 + 5 ¢ | + CrTrny 5 + 8(3 27Tan
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209 20 28 808 224
+CATF’I’Lf (7? + ﬁ71—2 — §<5> + TFﬂ()CF (CA (W — 28C5> — T?Tan) s (B21)

ALY = AT 8r?B20,Cr . (B.22)

C Analytic NNLL results for additive observables

Some event shapes have the property that they are additive, meaning that for soft emissions

VY ke kn) = Y VHBY ki) + O(V?), (C.1)

i=1

while for a hard emission k collinear to leg ¢, the corresponding V ({p}, k) has to be replaced
by V) ({5}, k[k;, p) 07 2(0]), as defined in section 3.3.2. This is the case for instance for the
thrust, the C-parameter and the heavy-jet masses. For this simpler class of observables, the
NNLL corrections can be simplified significantly. In this appendix we work out the NNLL
corrections of section 3 for these additive observables analytically. This provides a check
of the numerical implementation of our method. We also show that for these observables
the corresponding NNLL correction d Fynir, factorises in a coefficient that multiplies the
NLL function Fnirr(A), that for an additive observable reads

/
e E Rywr,

./TNLL()\) ==
(1 + Rypp)

(C.2)

C.1 Soft-collinear correction

We consider first the soft-collinear contribution 0 Fg. of eq. (3.15), and use the fact that for
additive observables

Vee{P}, b {Ri}) = CU+KC({15} {ki}). (C.3)
6‘7'-5(;()\) = d< (JRNNLL ¢+ R[ In d/ + R;;/ In — ) /dz[{R;\TLL,Zi s kl}} X

i OM)} L (C.4)

v—

¢

{ (1 - Uiomsc({Pi})v{ki}>_9(1—g)e <1

where we used the fact that for additive observables the integral over ¢ can be performed
analytically.

We can define rescaled momenta l;:l, e ,l;:n in the second theta function such that
Ve ({P}, ki) = Vae({B}, ki) /(1 — ¢). Recursive IRC safety of V guarantees that

Vee( B}, {ki}) = (1 = Q) Vee {3}, {Ri}) - (C.5)
Using the explicit expression for dZ, and defining ¢; = Vi.({p}, /;:) / v, one gets

*<d
C <5RNNLL ¢+ R, Ind; + Ry In - > o Z 7l H > B,

1=1,2 i=14;=1,2

déi ( vLOVSC{p}{k}) / i (—ggov“{p}{’“})}

0Fsc(A) =

[ e [/
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We can then rearrange the above equation to reconstruct the function Fyrr,(A). This gives

0Fsc(A) = Fnrn(A Q)/ a >

<5RNNLLZ+R lndz-i-R In C) ((1 Q NLL_ )
(=1,2

_ —fNLL(/\)a 7(TQ) > ((MiquLL,,Z + Ry Indy) (¢(0)(1 + Rip) + 7E>
8 =12
B (w0 4 R 2 (14 R+
+7l ((U) (1+RNLL)+’YE> - (1+RNLL)+6>> . (C.7)

C.2 Recoil correction

Let us now consider the recoil contribution §Fec of eq. (3.28). Considering a hard emission
collinear to leg ¢, for an additive observable one has

K) = KN 0 _

V) ((p) K (ki)) = (Q> FOEO,6) + Vie (5} (ki) (©8)
and . wibs

Ve (5. . {hi}) = (C;) FO0,6) + Vie () (k) (C.9)

where the presence of &/, rather than k, denotes that the full recoil has been taken into
account in the calculation of the observable.
Using the above equations in eq. (3.28) we get

1/(a+bz 27 1
0Frec(A) = Z aly Q) /0 dC/ do dZ[{ Ry, 7743}]/0 dzpy(z)x (C.10)

2, a@atbr)
V(7)) o ( Val(F. )]

O (1-¢f9(z,¢)—lim

UHO UHO

x [@ <1—<f“><z,¢>— I

where ( is defined in eq. (3.26). We can define rescaled momenta ki,...,ky in the second
theta function such that Vie({p}, k) = Vi ({}, ki) /(1 — Cf(z)( ,®)). Recursive IRC safety
of V guarantees that

Viel{Bh b, kn) = (1= (D (2, 0))Vae (B) B ). (C.11)
Analogously, we define soft and collinear momenta INc’l, ey I;:; in the theta function contain-
ing f¥)(z, $)) such that

Vie{B}, ks ki) = (1= CF O (2, ) Vae ({8, KL - B0 - (C.12)

Using the explicit expression for dZ, one gets

B ( 1/( llerg)Q dC /27r RNLL oo i n /27\. d¢1
FeN) = Y oy /o dng En 1;[ RNLL,Q 5

£=1,2

ou-¢/) [ Lig (52 - 7()) o (1 i V(7). ... -»’550)

o (! 1-¢fO(z v—0 v

—0(1-Cf (= ))/0 dg@ (c - 1(:;(@()) ) (1 ~ lim %C({ﬁ}"z""’k"))} . (Ca3)
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We can then rearrange the above equation to reconstruct the function Fyrr,(A). This gives

_ o H0Q) 27 do
SFrclX) = P (d) 3 STt ), o dz““

< [T% [(1—cf“><z,<z>>>%@<1—cf“)(z,qzs)) (1= ¢ (2, o) ™01 — ¢ (=, 0))]
0

as(v 1/(a+bg)Q) 27 d¢ (ﬁ)(z ¢)

= Farn(A ;:2 (@ aerz)/o o dng( )In L2 259 (C.14)
As an example, we consider the thrust. One can show that its expression in terms of
Sudakov variables is

N 2
N | (Zz‘eH@) kéf))
1—T:;ée |"l|+@z ok

=121— Zie?—l@) Z

(C.15)

Suppose k is collinear to leg p;. Using the Sudakov parametrisation of eq. (3.18) we then
have

1—T ~ Z i e Imil 4 K + k¢ — Zn: kti i, + ki C16
— (1)Q2 (1— Z(l))Q2 - - 56 z(l)(l — z(l))Q2 , (C.16)

where we have used the fact that the hard-collinear k; is larger than all soft-collinear k;,
and therefore k; ~ kj. A hard collinear emission gives an additive contribution to the
observable, so that we can apply eq. (C.14) with

f(z)(z(e),gb):m? fsC (Z(€)7¢):M

This gives

0Frec(A) = FNopL(A)20p ————= QS(WQ) /0 dz (—{_(12_2)2) In(1 — z)

2(13(@)
_ Cras(v7Q) (5  =° (17
N =" s (Q) 4 3)°

This result holds also for the C-parameter and the heavy-jet mass, which behave as 1—-T
in the collinear region.
C.3 Hard-collinear correction

In a similar way, we compute here the hard-collinear function 6 F.(A) of eq. (3.32). Using
eq. (C.9) we obtain

§Fne(N) =Y as(0/@H0Q) [ d / 2pe(z) — 2Cy) / dZ[{RypLg, ki}]x

Py as(Q)(a+by)
x[@(l_g_v-%mm @(1_06(1_ LRV oy

v—)O
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Rescaling the momenta in a similar way as we have done in the previous section we get

(a+by) 2m
as (I Q) d(/ e % (zpelz) — 2Cp) %
0

§Fnc(N) = Faen(A) Y

P S<Q><a Th)
X {(1 — e (1-¢)— 01— ()] = FneL(A) g;g Wx (C.19)
x CZBK/OldCC [(1 — )P 1} .
For thrust, using the explicit expression for Fyrr, (C.2) we obtain
o7iu0) = “TDS (5014 Big) + ) . (.20

C.4 Soft wide-angle correction

We consider now the case of a NNLL correction induced by a soft large-angle emission,
eq. (3.38) . Then we have

Bk, (ki) = (Q) Fuals 8) + Ve 15}, (i} (C.21)
Ve ({5}, k. {hi}) = (g) Fuolms @) + Ve (45}, (i) (C.22)

where fs.(n,¢) and fya(n, @) are defined in egs. (3.33) and (3.34). Performing a similar
rescaling as for the recoil correction one finds

5 Fun(N) = Fp (1) 207 2:(02Q) /02” © [ iy $=09) (C.23)

as(Q) 2r ) fwa(n, o)

For the thrust and the heavy-jet mass:

fwa(n,8) = fse(n, ¢) = eI ) (C.24)

so that §Fwa(A) = 0. In the case of the C-parameter instead we have

Fualn,9) = ooy and - fucln, 8) = 67, (C.25)
This gives
00 2
dFwa(A) = Fnrn(A)2CE a(zi(CQCi) /Oodn In(2 cosh nefw) = Fnen(A)Cr a;i(cg) 7;((; .

where C is the value of the C-parameter.
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C.5 Soft correlated correction

The correlated correction presented in eq. (3.47) depends on the difference
© (U - %C({ﬁ}v ka7 kb7 kl; s 7kn)) -0 (U - %C({ﬁ}? ka + kb? klv s 7kn)) ’ (027)

which is in general non-zero for additive observables. However, the above correction van-
ishes if the observable Vg is inclusive, i.e. Vic(kq, kp) = Vie(kq + kp). There are observables
which are inclusive in particular regions of the phase space. As an example, the thrust
T happens to be inclusive only for emissions that propagate into the same hemisphere
(defined by the thrust axis itself). In this case, the difference (C.27) is non-zero if the two
correlated soft partons kq,, k; move into opposite hemispheres. However, this configuration
requires the parent gluon to be emitted at small rapidities, which in the limit 7" — 1 gives
rise to a correction which is at most N3LL, and can be neglected accordingly. The other
additive observables treated in this article are also inclusive in the relevant phase space
regions, so we can conclude that for T', C, and pp, at NNLL

5~Fcorrel()\> =0. (C28)

D DMonte Carlo determination of real emission corrections

Both the NLL function Fnpp(A\) and the NNLL correction 0 FnnrL(A) can be computed
efficiently with a Monte Carlo procedure. In this appendix we recall the procedure devised
in ref. [23], simplifying the notation so that it can be easily adapted to the NNLL case. We
then discuss the MC determination of all NNLL corrections.

D.1 The function Fnr1,

We now recall the procedure of ref. [27] to efficiently compute the function Fnrr(A) via a
Monte Carlo procedure. The first observation is that in the sum in egs. (2.32) and (2.33)

Fxie. Second, in all other

the term with zero emissions is negligibly small due to the factor e
terms we can pick up the hardest emission k; (the one for which Vi.({p}, k1) is the largest
of all Vi.({p}, k;)) and neglect all emissions k; with v; < evy, with corrections suppressed

by powers of v; ~ v. This gives

, 0o d<1 R 2w d<Z>1
Farr(V) = et Y R oL NLL/ R
NLL(A) 2, NLLa | G . 2n

00 1 n+1 ) G dC@ ot
D=1 | IR /
n eC1 C’L 0

=0 = i=2¢;=1,2

(D.1)

C;(bl e) (1 _ lim ‘/SC({p}7k17 e 7kn+1)) .
T

v—0 v

We now introduce ¢; = (;/¢1, with corresponding momenta k; such that Vie ({f}, ki) = vi/C1.
Since V is rIRC safe we have

Ve ({BY K1y - kng1) = QVee({B) k1, oo Bng1) - (D.2)
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Substituting into eq. (D.1) we have

00 n+1 dC 2 d¢
FNLL(A) =€ NLLZ H Z RNLLZ/ Z/ :
n=0 'z 26_122 ] ] (D.3)
*dC Ry /7r dpr sc({ﬁ} ki, .. kny1)
X R, —=(; NLL 1-— l e .
f—zm LA o G Cl 0 27 S v
1=41,
The (7 integration can be trivially performed to get
N / dor
41 1.2 Ry
n+1 1 dé—' 27 d¢ \Va ({~} ]; ]2 ) (D4)
XERNLLZ ZI_IQZ_ZIQRNLLZ/ 5; ; 27: exp (*Rf\ILLlngig%) seAP) 11;"" ot ) .

D.2 The function dF,

We now extend the procedure devised in section D.1 so as to be able to efficiently compute
0Fs with a Monte Carlo procedure. First we observe that without any secondary emission
there is no contribution to dFs.. We isolate the hardest emission ki among ki, ..., k.

We first consider the case in which the special emission is not the hardest of all,
i.e. ¢ < (1. This gives

< _ s 2 o & R{\ILL 2m d¢1 G dC 2 d¢ ’ /1 dlg€(¢) ) )
0Fse= )] Q) hZ;JRNLL,zl/O & ¢ / / / * 2, (5RNNLL,4 +R, In (7C X
oo n+1 ) 27 )
[ s e [ 4]

=0 " i=240;=1,2

§ [@ (1 i VecllPh b, .,knm) et (1 iy Yellh s .,kn+1>>] o3

v v

We now rescale all momenta as in section D.1, and obtain

dgl i > dpy dc 2 dqs ( , " (degz(¢)>>
6Fsc= 2N SR RY1n | 2949/
/ / / ™ 2, NNLL,¢ 1T In 13 x
n+1 27
[RNLL Z IT > B / dCL dqﬁ,] (D.6)
! i=2 £;=1,2
% |:® (1 _ (1 113% sc({p}7 kal’zl, cey kn+1)) _ @(1 — Clé)@ (1 — Cl 111)1%) ‘/SC({I;L kl’l; . ~7kn+1)>:| .

Performing the (; integration we get

oo n+1

S > 12RNLL “ / / & /2” do [RNLLZ 1S Fawe / e %d@]

NLL =0 'z 24;=1,2

X |:Z ((5R§\1NLL,/3 + Ry ( ! +In (dégé(¢)> +1In lir% Vee({P}, b, ]z)l’ - "k"H))) X
v—r
0=1,2

/
RNLL

v

— ((SR{\INLL,Z + Ry < ! +1n (dzgg(é)) + Inmax {57 gli% Vsc({ﬁ}’kl’“.’knﬂ)})) X

/
Ryrw v

Vee ({5}, B, Kn, - .,;;M))

X exp (—R{VLL In 11}13%
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v

X exp (7Ri\ILL In max |:é—" 3% %C({ﬁ}vlglw . a]%n+1):|)):| ) (D?)

The second contribution arises when the special emission is the hardest of all, i.e.
¢ > (1. This gives

> ™ dC RNLL 7925 / " d£g€(¢)
=i T 5 3 (s i (4421 ) 5

£=1,2

(
NLL - 1 < dC ’m d¢i
[R ngn— _Z RNLLE /C a ), 2711 X (D.8)

y ( lli% },k,kl,...,kn))79(1709(1igm%c({ﬁ},k1,...,kn))}.

v v

Defining now Q:Z = (;/C we obtain

Fa = a:(rQ £ P / > (5R&NLL,Z + R/ In (dfgé(@)) x
oo n 2
« leRNLL Z i] H RNLL “ / dCz d¢z] (Dg)
n=0 i=14;,=
o [@ (1 ~(lim Vsc({ﬁ ,k,vkl,...,kn)) _ei-0e (1 - Clim %C({ﬁ},?,...,kn))} _

We can now perform the integration over ¢ to obtain

7r 1 T dg R dg do;
5]'"5::%@)3{\]“/0 o eNLLZ uHZRNLLe/ /

— i=14,=
1 Ve ({B}, ks o1y oo o Een
< [ Y7 | 0B 1L+ R | 57— +In (dege(6))+1n lim <({P}, b +1) )
(=12 Ry v—0 v
X exp (RE\ILL In lim ‘/;C({p}aka kl? ) knJrl))
v—0 v

1 Vee (P}, Bt B
— <5R£\INLL,Z+RZ (R’ +1In (dpge(¢))+1n max [1, lig% ({p}, k1 +1)] )) «
NLL v

v
X eXp (‘Rf\ILL In max lla}g% VeeltPh By knﬂ)] ))

. (D.10)

Of course, the NNLL correction 6Fs. = dF + 6.F 5.

D.3 The function 6 Fic

We start from eq. (3.32), and select ki, the emission with the largest value among the ¢;.
We consider first the case ¢ < (3. This gives

d¢y R 2 d SLde [ d v Ydz
6Fm = Y R 41/ %CFNLL/ ¢1/ C/ (b - :Ci (zpe(z) — 2Ce) x
£1=1,2 1 =12 0)
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N Sde [ des
% [6RNLL Z m H RNLL 7 / C ¢
n=0 =2 ;=1,2
x [@ (1 ~ lim YeeUPE: Py kl""’k”“)) —0(1-0)© (1 — lim %C({p}’kl"“’k““)ﬂ . (D.11)
v—0 v v—0 v

We now define ¢ = (/¢ and G = ¢i/C1- Using the rIRC safety properties of the
observable we get

, ®d¢ Ry, [T do dc; 2w (va¥5 Q
6]:h<c: Z RNLL,el o 71 R / 1/ / =, ﬁ/ o (zpe(z)f2Cg)><

£1=1,2

[eS) n+1 1 47 27
, dg; do
[RNLLZ 1Y A [ % f] x (D.12)
=0 i=2 £;=1,2 € Cl 0 i

% |:® (1 _ <1 11_}1% %C({ﬁ}7k7k17...,kn+l)> _ @(1 _Clg)(_) (1 _ Cl 11_>H6 ‘/so({ﬁ},k17...,kn+1)):| '

v v

This allows us to perform the integration with respect to {; and obtain

BRI SR e
. i TS R / G /2” do
L n=0 'z 2 4;=1,2 - '
X |exp (—R&LL In lim %C({ﬁ}’k’ks7"'akn+1)>
—exp <—RE\ILL In max f,ij_% %C({ﬁ}’%z""%n-&-l)])] _ (D.13)

We next consider the case ( > (7. This gives

gy, [T~ os(0TTQ) [N
W 2 NLL - as(vTTE) dz B
ic /0 q ¢ /0 2w 621;2 aS(Q)(a 4 bg) /0 > (pr(z) QCg)X

2m
x NLLva H > RNLLK/ dQ/ 40 (D.14)

i=1¢,=1,2

<o (1t PR B R ) 60 g6 <1_nm ek BB

v—0 v v—0 v

Defining ¢; = ¢ /¢ and exploiting the rIRC safety properties of the observable, we find
d 27'r v atbe
6]-"h>c—/ % RNLL/ Z (0 aﬁi)/ E (2pe(2) — 2C0)x

X leR&LL i % H RNLL 0 / dCl 2” d@] (D.15)

n=0 i=1£;=1,2
N {@ (1—@‘1}13% Vee({P ,l%,vlél,...,kn)) _e(-0e (1_45% SC({ﬁ},iil,...,ign))} .
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This allows us to perform the integration with respect to ¢, to obtain

o = 1
SF = ! /0 e > OM/O @(Zpe(z)—%’e)x

R{\ILL 2m £ ™ as(Q)(a + by) z

| ST w2 742

=0 i=14;=1,2 (D.16)
‘/;C({ﬁ}a ka k17 ey ];‘n)>

v

iy O]

v—0 v

X |exp <—R{\ILL In 11}11)1(1)

—exp ( R\pp, In max

D.4 The function 6 Frec

We start from eq. (3.28), and again pick up k1, the emission with the largest value among
the (;. For ¢ < {1 we have

oo dCl R 27 d¢1 1/(a+bg)Q / /(1 d<— /271' d¢
< __ / > NLL _r=
6-Frec - Z RNLL,El o Cl <1 A o Z a ¥ bl dzpé

£01=1,2 1=1,2 as(

n+1 Ie] dC 27 d¢
R} i i
[ NLL § n‘ | | E RNLLE /641 o ) o X (D.17)

n=0 =2 £;=1,2

(K (rs 1 -
® <1 — lim th ({p }7k 7k17"'7kn+1)> e (1 _ lim ‘/sc({p}7k7k1,...,l€n+1)):| .

X

v—0 (% v—0 v

As usual, defining (; = ¢ /C1, and integrating over (j, we get

5fr<ec _ NLL 51/ d(bl Z 1/(a+—b:)b62)) /ldzpe / dc /271' d(f)
— as a {4

R}
6=12 NLL

o0 ntl 1 d~i 27 do;
| HZ%W/EA;

L = n! =2 £;=1,2 (D18)
AN TS
x |exp <_RE\ILL 1111];11}'%) ({p }7 s vl ) +1)>

Vsc({ﬁ}a ];a ];31, ceey ];:nJrl))] )

[

— exp <_Ri\ILL In 11)13[1)
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Similarly, for ¢ > ¢; we define ¢; = ¢ /¢ and integrate over ¢, thus obtaining

1 a (Ul/(a+bg)Q) 1 27 do
6F . = z / dzpe(z / —X
N 521;2 as(Q)(a+be) Jo o42) 0o 27

0o n 2w
X ER&LLZ%H Z RNLLZ/ dCZ/ doi

L n=0 i=1¢,=1,2 (Dlg)
A% K k1. .. ky
X |exp (—R&LL In iir% he ({ DILATGTSERRTC) )

v;c<{ﬁ},é,/%1,...,/%n>>] |

v

—exp (—R{\ILL In 11}11}1(1)

D.5 The function 6 Fy,

We start from eq. (3.38), and repeat the above procedure obtaining the two contributions

SFS, = RNLL Ry / dir / d¢ /2” do 2Cr 0, ('/°Q) / i
" N o a  as(Q) ) o
o n+1 2
dCZ d¢z
X NLLZ H Z RNLLE/ /
L = i=2 ;=12 (D.20)
X |exp (‘RNLL In lin% Vwa ({p}7k7k17"~7kn+1)>
vV v

v

— exp (RE\ILL ln})g% ‘/SC({p}>k7k1> .. 'aknJrl))] :

and

1 2m 2 < 1/a 00
5-7:;;1 / dqu’Fa(vQ)/ dn
0 —

B R{\ILL 2T a as(Q) o
dCz T dg;
x | efiie Z H Z Ryiny, / /
n=0 ! i=14;=1,2

. (D.21)

X | exp (RNLL In })135 Vwa ({p}, k{)kl, RN k;n)>

— exp (RE\TLL 111})11)1(1) ‘/SC({p}7k7k1w . 7kn)>] '

v

D.6 The function d Fcorrel

We start from eq. (3.47), and pick up ki, the emission with the largest value among the (.
We also restrict x to be less than one, getting rid of the factor 1/2! in front of Cyy(k, 7, ).
We consider first the case {, < (7. This gives

> d¢y R T den GdGa [T dqsa 2C, A Ry (v)
5]:C<0rre C NLL/ -l R/ / / a a %
oG 0o 27 &Zm A S, abo as(@Q)
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1 dk 00 2 d
X/ / d77/ ﬁcab(’{a"%gb)x
0 K Jow Jo 27

L1 Gdg [* dg
GRNLL Z ﬁ H NLL A / / X (D22)

1
n=0 =2 ;=12
X [@ (U - ‘/SC({p}a kaa kba k17 R kn+1)) - (U - VvsC({ﬁ}v ka + kba kla ) kn+1))] .

We now define ¢, = Ca/C1, and G = ¢i/¢, and correspondingly we define the rescaled
momenta kg, k, and k;. Notice that k,m and ¢ stay unchanged in the rescaling process.
Integrating over (; we get

o R! o 9 R
SFS = / d¢1 NLL ANLLe / dCa / d% Co, A ea(v)x
0

27r 1 2 NLL aﬁo as(Q)

x/ld”’/ dn/% (o1, 6)

a:

0 n+1 s o
i dgi do;
| LTy m [ [T 0.2
| = i=2 £;=1,2 Gi
| - VeeBY, kas ko K, Egn)
_n! ) I I ) )
X exp( Ryi ln11}1_>n% ”

Vie ({p}, ka + l;‘b,lth-u,];?ml))] '

—exp (—R{\ILL In 11}13% = ”

Similarly, for {, > (3 we define Q:l = (;/(q, and integrate over (, to obtain

1 20, Ry /2“ déq / dk / /2“
6‘Fcorre a_“ab C 7, ¢)
b Ri\ILL 421:2 afo as(Q

SIS o [ [T

X |exp <—R{\ILL lniljii’)% Vee1P}, ka’]zb’kl’ e kn))

—exp (—R&LL In lim VeellPh bo ¥ By by kn)>] :
v—>
E Expansion to O(Oéz)

To conclude, we give the numerical expansion of the multiple emissions function for the
observables analysed in the article. We recall the form of the resummed cross section

Z(v):6L91<A>+92(A)+—“S,5Q>ggu) Fain (M) as(Q) sFonV| (E.1)
v
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T C pH Br Bw T 0
Fos | -23.394(6) | -23.394(6) | -11.697(4) | -74.121(6) | -27.332(7) | -53.287(7) | 42.975(9)
T3 | -208.252(3) | -208.252(3) | -119.324(2) | -724.49(2) | -371.76(2) | -563.24(7) | 513.96(8)
Fio | -5.4396 -1.0532 -5.4396 0 0 0 0
For | -19.951(7) | -70.157(1) | -20.401(9) | 61.45(2) | 59.65(2) | -10.080(9) | 80.79(5)
Tz | -463.51(6) | -1427.72(5) | -247.79(4) | -717.1(1) | 335.8(9) | -1287.0(8) | -79.(5)

Table 1. Expansion coefficients for the multiple emissions function at NLL (Fa2, F33), and NNLL
(Fi0, Fa1, and F3z) up to (’)(ag’). The error is meant to be on the digit in brackets. The numbers
shown are just indicative, and the numerical precision can be increased.

where we expand the multiple emissions contribution as

FNLL(A) + aszQ)

QNG
SFNNLL(A) = sz:fij (i) L. (E.2)
In order to perform the matching to NNLO, we need the F;; coefficients up to (’)(a‘z’). The
results are summarized in table 1.
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