PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: July 26, 2017
REVISED: December 28, 2017
ACCEPTED: February 1, 2018

PUBLISHED: February 19, 2018

Momentum-space resummation for transverse
observables and the Higgs p, at N°LL+NNLO

Wojciech Bizon,* Pier Francesco Monni,’ Emanuele Re,’* Luca Rottoli® and
Paolo Torrielli?
@ Rudolf Peierls Centre for Theoretical Physics, University of Ozford,
Keble Road, Ozford OX1 8NP, U.K.
YCERN, Theoretical Physics Department,
CH-1211 Geneva 23, Switzerland
¢LAPTh, CNRS, Université Savoie Mont Blanc,
BP110, F-74941 Annecy-le-Vieur Cedex, France
¢ Dipartimento di Fisica, Universita di Torino and INFN, Sezione di Torino,
Via P. Giuria 1, I-10125 Turin, Italy
E-mail: wojciech.bizon®@physics.ox.ac.uk, pier.monni@cern.ch,
emanuele.re@lapth.cnrs.fr, luca.rottoli@physics.ox.ac.uk,
torriell@to.infn.it

ABSTRACT: We present an approach to the momentum-space resummation of global, re-
cursively infrared and collinear safe observables that can vanish away from the Sudakov
region. We focus on the hadro-production of a generic colour singlet, and we consider the
class of observables that depend only upon the total transverse momentum of the radia-
tion, prime examples being the transverse momentum of the singlet, and ¢* in Drell-Yan
pair production. We derive a resummation formula valid up to next-to-next-to-next-to-
leading-logarithmic accuracy for the considered class of observables. We use this result
to compute state-of-the-art predictions for the Higgs-boson transverse-momentum spec-
trum at the LHC at next-to-next-to-next-to-leading-logarithmic accuracy matched to fixed
next-to-next-to-leading order. Our resummation formula reduces exactly to the customary
resummation performed in impact-parameter space in the known cases, and it also pre-
dicts the correct power-behaved scaling of the cross section in the limit of small value of
the observable. We show how this formalism is efficiently implemented by means of Monte
Carlo techniques in a fully exclusive generator that allows one to apply arbitrary cuts on
the Born variables for any colour singlet, as well as to automatically match the resummed
results to fixed-order calculations.
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1 Introduction

After the discovery of the Higgs boson [1, 2|, the precise measurements from Run 2 of

the LHC programme have so far confirmed the Standard Model with remarkable precision.

Given that signals of new physics will most likely be elusive, it is important to define and

study observables that can be both experimentally measured and theoretically predicted

with a few-percent uncertainty. In this scenario, a prominent role is played by processes

featuring the production of a colour singlet of high invariant mass, for instance gluon-

fusion Higgs and Drell-Yan, where quantities like the transverse momentum of the singlet

or angular observables defined on its decay products have been studied with increasing

accuracy in the last decades.



The differential study of these processes not only is important from a purely phe-
nomenological perspective, but also because it represents the ideal baseline for a more
fundamental understanding of the underlying theory. Their structural simplicity indeed
allows one to provide predictions that include several orders of perturbative corrections,
hence probing in depth many non-trivial features of QCD.

In this paper, we consider the hadro-production of a heavy colour singlet, and we study
the class of observables, henceforth denoted by the symbol v, which are both transverse
(i.e. which do not depend on the rapidity of the radiation) and inclusive (i.e. that depend
only upon the total momentum of the radiation). As such, they only depend on the total
transverse momentum of the radiation. Specifically, we concentrate on the transverse-
momentum distribution of a Higgs boson in gluon fusion, but we stress that the same
formulae hold for the whole class of transverse and inclusive observables, for instance the
¢* angle in Drell-Yan pair production. Moreover, although we limit ourselves to inclusive
observables, the formalism presented in this work can be systematically extended to all
transverse observables in colour-singlet hadro-production.

Inclusive and differential distributions for gluon-fusion Higgs production are nowadays
known with very high precision. The inclusive cross section is now known at next-to-
next-to-next-to-leading-order (N3LO) accuracy in QCD [3, 4] in the heavy top-quark limit.
The N3LO correction amounts to a few percent of the total cross section, indicating that
the perturbative series has started to manifest convergence and that missing higher-order
corrections are now getting under theoretical control. Current estimates show that they are
very moderate in size [5]. The state-of-the-art results for the Higgs transverse-momentum
spectrum in fixed-order perturbation theory are the next-to-next-to-leading-order (NNLO)
computations of refs. [6-9], which have been obtained in the heavy top-quark limit. The
impact of quark masses on differential distributions in the large-transverse-momentum limit
is still poorly known beyond leading order, while in the moderate-p; region, next-to-leading-
order (NLO) QCD corrections to the top-bottom interference contribution were recently
computed [10-12].

Although fixed-order results are crucial to obtain reliable theoretical predictions away
from the soft and collinear regions of the phase space (v ~ 1), it is well known that regions
dominated by soft and collinear QCD radiation — which give rise to the bulk of the total
cross section — are affected by large logarithmic terms of the form a? In*(1/v)/v, with
k < 2n—1, which spoil the convergence of the perturbative series at small v. In order to have
a finite calculation in this limit, the subtraction of the infrared and collinear divergences
requires an all-order resummation of the logarithmically divergent terms. The logarithmic
accuracy is commonly defined in terms of the perturbative series of the logarithm of the
cumulative cross section X as

v do (V)
ln/O dv v
= Z {O (o ln"+1(1/v)) + O (af In™(1/v)) + O (o ln"_l(l/v)) +... ). (1)
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One refers to the dominant terms o?In"*1(1/v) as leading logarithmic (LL), to terms
a?1In"(1/v) as next-to-leading logarithmic (NLL), to a?In""!(1/v) as next-to-next-to-
leading logarithmic (NNLL), and so on.

The resummation of the p; spectrum of a heavy colour singlet was first analysed in the
seminal work by Parisi and Petronzio [13], where it was shown that in the low-p; region
the spectrum vanishes as do/dp; ~ py, instead of vanishing exponentially as suggested
by Sudakov suppression. This power-law behaviour is due to configurations in which p;
vanishes due to cancellations among the non-vanishing transverse momenta of all emissions.
Around and below the peak of the distribution, this mechanism dominates with respect to
kinematical configurations where p; becomes small due to all the emissions having a small
transverse momentum, i.e. the configurations which would yield an exponential suppression.
In order to properly deal with these two competing mechanisms, in ref. [14] it was proposed
to perform the resummation in the impact-parameter (b) space, where both effects leading
to a vanishing p; are handled through a Fourier transform.

Using the b-space formulation, the Higgs p; spectrum was resummed at NNLL accuracy
in [15, 16] using the formalism developed in [14, 17], as well as in [18] by means of a
soft-collinear-effective-theory (SCET) approach [19, 20]. A study of the related theory
uncertainties in the SCET formulation was presented in ref. [21]. More recently, all the
necessary ingredients for the N3LL resummation were computed [22-26], with the exception
of the four-loop cusp anomalous dimension which is currently unknown. This paves the way
to more precise predictions for transverse observables in the infrared region. The impact
of both threshold and high-energy resummation on the small-transverse-momentum region
was also studied in detail in refs. [27-35].

The problem of the resummation of the transverse momentum distribution in direct (p;)
space received substantial attention throughout the years [36-38], but remained unsolved
until recently. Due to the vectorial nature of these observables, it is indeed not possible
to define a resummed cross section at a given logarithmic accuracy in direct space that is
simultaneously free of any subleading logarithmic contributions and of spurious singularities
at finite values of p; > 0. Last year some of us proposed a solution to this problem by
formulating a resummation formalism in direct space up to NNLL order [39], and used
it to match the NNLL resummation to the NNLO Higgs p; spectrum. The problem of
direct-space resummation for the transverse-momentum distribution was also considered
more recently in ref. [40] following a SCET approach, where the renormalisation-group
evolution is addressed directly in momentum space. In this article we explain in detail
the formalism introduced in [39]. Furthermore, we extend it to N3LL, and formulate it in
general terms, so that a direct application at this logarithmic accuracy to all transverse,
inclusive observables is possible. We point out that our final result lacks the contribution
of the unknown four-loop cusp anomalous dimension, which is set to zero in the following.

The paper is structured as follows: in section 2.1 we sketch the main features of our
formalism, based on and extending the one developed in ref. [41], through the derivation
of a simplified NLL formula relevant to the case of scale-independent parton densities.
Section 2.2 discusses the choice of the resolution variable and kinematic ordering in the
evolution of the radiation. In section 2.3 we discuss the structure of higher-order cor-



rections, and in particular in section 2.3.2 we treat the inclusion of parton densities and
of hard-collinear radiation, thereby making our formalism fully capable of dealing with
initial-state radiation. In section 2.4 we prove that our method is formally equivalent to
the more common b-space formulation of transverse-momentum resummation. Section 3
shows how to evaluate our formula to N3LL order and in section 3.2 we present a study of
the scaling property of the differential distribution in the p; — 0 limit, and compare our
findings to the classic result by Parisi and Petronzio [13]. Finally, in section 4 we discuss
the matching to NNLO, and in section 4.4 we present N3LL accurate predictions for the
Higgs-boson transverse momentum spectrum at the LHC, matched to NNLO.

In appendix A we show that, at NLL, the approach used here is equivalent to a
backward-evolution algorithm for this class of observables, while appendix B collects some
of the relevant equations used in the article.

2 Derivation of the master formula

We consider the resummation of a continuously global, recursive infrared and collinear
(rIRC) safe [41] observable V' in the reaction pp — B, B being a generic colourless system
with high invariant mass M. It is instructive to work out in detail the case of NLL resum-
mation first. This will be done in section 2.1, where we assume that the parton densities
are independent of the scale. We then discuss the inclusion of higher-order corrections
in section 2.3, and the correct treatment of the parton luminosity will be dealt with in
section 2.3.2. Finally, in section 2.4, we discuss the connection to the impact-parameter
space formulation for transverse-momentum resummation.

2.1 Cancellation of IRC divergences and NLL resummation

In the present subsection we assume that the parton densities are independent of the scale
and set to one for the sake of simplicity. To set up the notation we work in the rest frame
of the produced colour singlet, and we introduce two reference light-like momenta that will
serve to parametrise the radiation

- M . M

P = 7(1,0,0, 1), Po = 7(1,0,0, -1), (2.1)
where M is the invariant mass of the colour singlet with momentum pp that in this frame
reads

pB = P1+ P2 (2.2)

The directions of the two momenta in eq. (2.1) coincide with the beam axis at the Born
level. Beyond the Born level, radiation of gluons and quarks takes place, so that the final
state consists in general of n partons with outgoing momenta ki, ..., k,, and of the colour
singlet. Due to this radiation, the singlet acquires a transverse momentum with respect
to the beam direction. We express the final-state momenta by means of the Sudakov
parametrisation

ki = (1= y)p1 + (1 =y + R (2.3)

i



where Ky are space-like four-vectors, orthogonal to both p; and po. In the reference
frame (2.1) each Ry has no time component, and can be written as &y = (0, l;ti), such
that /%?Z = —k:fi. Notice that since k; is massless

2(p1ki)2(p2k:)

]%th = (1 - yz(l))(l - y(2))M2 = 2(p1p2)

i

In the chosen parametrisation, the emission’s (pseudo-)rapidity 7; in this frame is

(1)
1 11—y,
7 == Iln— . (2.4)
2 1_ yz@)

The observable V' is in general a function of all momenta, and we denote it by
V({p}, k1, ..., kn); without loss of generality we assume that it vanishes in Born-like kine-
matic configurations. The transverse observables considered in this paper are those which
obey the following general parametrisation for a single soft emission k collinear to leg ¢:

V()R = V) = diare) (55 ) (25)

where k; is the transverse momentum with respect to the beam axis, gy(¢) is a generic
function of the angle ¢ that Et forms with a fixed reference vector 7 orthogonal to the
beam axis, dy is a normalisation factor, and a > 0 due to collinear and infrared safety. In
particular, in this work we focus on the family of inclusive observables that will be defined
in the next section. Examples of such observables are the transverse momentum of the
colour-singlet system (corresponding to dy = gy(¢) = a = 1),! and ¢* [42] (corresponding
todp=a=1, gi(¢) = |sin(¢)|). In the latter case, the reference vector 7 is chosen along
the direction of the dilepton system in the rest frame of the Z boson.

The transverse momentum of the parametrisation (2.3) is related to the one relative to
the beam axis, which enters the definition of the observable, by recoil effects due to hard-
collinear emissions off the same leg ¢. To find the relationship, we consider the radiation
collinear to p1. The momentum of the initial-state parton before any radiation p; is related
to the latter as follows

pr=p1+ Y kj (2.6)
jel
where the notation j € 1 indicates all emissions k; radiated off leg 1. The above equation
can be recast as

p= 13—y 5+ >0 yPm+ > Ry (2.7)
jel Jjel jel

We can use the above equation to express p; as a function of p;. By plugging the resulting
equation into eq. (2.3), we find that the transverse momentum of emission k; with respect

"Without loss of generality we have introduced a dimensionless version of the transverse momentum by
dividing by the singlet’s mass.



to pp is

11—y

1+ -y \ 5
Jj€el

Kei = ki — ki | - (2.8)

Generalising the above equation for k; emitted off any leg £ = 1,2 we obtain

1-— yz@

VA
1+ -y 5
jeL

ki = ki —

kej | (2.9)

where with the notation j € ¢ we refer to partons that are emitted off the same leg p; as
k;. When only one emission is present, the above relation reduces to

(2.10)

In the soft approximation the two quantities coincide as yi(g) ~ 1. In the present section we
work under the assumption of soft kinematics in order to introduce the notation and derive
the NLL result. The treatment of hard-collinear emissions will be discussed in detail in
section 2.3.2, where we extend the results derived here to the general case of initial-state

radiation.

The central quantity under study is the resummed cumulative cross section for V'
smaller than some value v, ¥(v), defined as

S(v) = /O v 47 (2.11)

In the infrared and collinear (IRC) limit, ¥(v) receives contributions from both vir-
tual corrections and soft and/or collinear real emissions. The IRC divergences of the
UV-renormalised virtual corrections to the form factor exponentiate at all orders (see, for
instance, refs. [43, 44] and references therein), and we denote them by V(®p) in the fol-
lowing discussion, where ®p is the phase space of the underlying Born. Therefore we can
recast eq. (2.11) as follows

S(v) = /d<I>BV<<I>B)Z/H[dkiHM(ﬁl,m,kl,...,kn>|2@<v—V({ﬁ},kl,...,kn» :
n=0 1=1

(2.12)
where M is the matrix element for n real emissions (the case with n = 0 reduces to the Born
matrix element), and [dk;] denotes the phase space for the emission k;. The O function
represents the measurement function for the observable under consideration.



The renormalised squared amplitude for n real emissions (pp — B + n gluons) can be
conveniently decomposed as?

- - 117
| M (f1, P2, ki, - - kn)|* = [MB (P, P2)|? *,H M (k) | +
(.

1 i o |- 2
S M(k; ‘M " ‘
12 ey | T 1M | |9 G )|+
a>b z;é:alb
TS Db Sy gy § VPSS Ol T
(n_4)|2| J 1 ay vb cy vd
a>b c>d =1
c,d#a,b i#a,b,c,d
1 i o | |- 2
- M(k; ‘Mk:a,k,kc N 2.1
+Z(n3)!1_[1()| (kas iy )|+ | + (2.13)

a>b>c Ci=
i#a,b,c

where we have introduced the n-particle correlated matrix elements squared

|M (kq, ..., kn)|?, which are defined recursively as follows
"~ M(ﬁl ]52 ka)|2
V()2 = MPL P2 R e
M (k) |Mp(p1,p2)|? M (ko)
~ M(ﬁl)ﬁQakaukb)P 1
M (ko k 2_ | Rkl — — M (k) |?| M (kp)|?, 2.14
~ M (p1, Pa, ka, ki, ke)? 1
Mka,k;,k:c?:’ O T 20 — | M (ko) 2| M (k) |?| M (k,)|?

— M (ka ko) [P[ M (ke)[* — [ M (ka, ke) [ M (o) > — | M (ky, ke) | M (k)|

and so on. These represent the contributions to the n-particle squared matrix element that
vanish in strongly-ordered kinematic configurations, that can not be factorised in terms of
lower-multiplicity squared amplitudes. Each of the correlated squared amplitudes admits
a perturbative expansion

o0 n+j
M (hay o ko) = S <a(“)> APCY (ka, ... k), (2.15)
= 27

where p is a common renormalisation scale, and «a; is the strong coupling constant in the
MS scheme. The notation nPC in eq. (2.13) stands for “n-particle correlated” and it will
be used throughout the article.

The rIRC safety of the observables considered here guarantees a hierarchy between the
different blocks in the decomposition (2.13), in the sense that, generally, correlated blocks

with n particles start contributing at one logarithmic order higher than correlated blocks

2The decomposition above can be extended to the case in which some of the n emissions are quarks by
properly changing the multiplicity factors in front of each term.



with n — 1 particles [41, 45]. In the present article, we focus on the family of inclusive
observables V' for which

V{p} ki, k) = VPR + - + k). (2.16)

In this case, we can integrate the nPC blocks for n > 1 inclusively prior to evaluating the
observable. Hence, starting from eq. (2.13) for the pure gluonic case, we can replace it with
the following squared amplitude

(o)
S M By, pa, by - k)P — | M (1, p2) |

n=0

x> % {H (’M(’fi)’Q + /[dka][dkbﬂM(km k)26 (Kt + Ky — Kes)0 (Yap — Vi)
n=0 1

i=

+ /[dka] [dk)[dke)| M (K, Ky, ko) |20 (i + Ky + Fre — k)0 (Yape — Vi) + - .. ) }

~ ~ o 1 n
= [Mp(p1,p2)* Y I [T 1% (2.17)
n=0 " i=1

where Y. is the rapidity of the k, + ky + kc. + ... system in the centre-of-mass frame
of the collision. We refer to this treatment of the squared amplitude as to the inclusive
approzimation.> With the above notation, we can rewrite eq. (2.12) as

20) = [ d@alMa(r 5 V@) Y o [ TIARIME) O 0= VB )
n=0 Y =1

(2.18)
where | M (k;)|?

£ ¢ 1s defined in eq. (2.17).

Once the logarithmic counting for the squared amplitude has been set up, as a next
step we need to discuss the cancellation of the exponentiated divergences of virtual origin
against the real ones. At all perturbative orders at a given logarithmic accuracy, we need
to single out the IRC singularities of the real matrix elements, which can again be achieved
by exploiting [41, 45, 47] the rIRC safety of the observable V ({p}, k1, ..., k,) that we are
computing.

We then order the inclusive blocks described by |M(k;)|2,. according to their
contribution to the observable V(k;), i.e. V(k1) > V(k2) > --- > V(ky). We consider
2

configurations where the radiation corresponding to the first (hardest) block |M (k1)l;,.
has occurred, where we use the fact that the contribution with n = 0 in eq. (2.18) (which
does not have any real emissions) vanishes since it is infinitely suppressed by the pure
virtual corrections V(®p) The rIRC safety of the observable allows us to introduce a

resolution parameter € < 1 independent of the observable such that all inclusive blocks

3For non-inclusive observables, namely the ones that do not fulfil eq. (2.16), this reorganisation is not
correct starting at NNLL. Therefore in that case one must correct for the non-inclusive nature of the
observables. The full set of NNLL corrections for a generic global, rIRC safe observable is defined in
refs. [45, 46]. In the rest of this article we refer to observables of the type (2.16).



with V(k;) < €V(k1) can be neglected in the computation of the observable up to
power-suppressed corrections O(ePV (k1)), that eventually will vanish once we take the
limit € — 0. Therefore, we classify inclusive blocks k as resolved if V (k) > eV (k1), and
as unresolved if V (k) < €V (k1). This definition is collinear safe at all perturbative orders.
With this separation eq. (2.18) becomes

E(v)= /d‘l’B|MB(]51,ﬁ2)|2V(<I>B) (2.19)

I+1

< [lamprk, Zl, / L1113 ) OV 1)V 1)

m+1
<Z /H [dk;)| M (k:)|2,.©(V (k:i)eV(kl))@(vV({ﬁ},kl,...,km+1))>.

The phase space of the unresolved real ensemble is now solely constrained by the upper
resolution scale, since it does not contribute to the evaluation of the observable. As a
consequence, it can be exponentiated directly in eq. (2.19) and employed to cancel the
divergences of the virtual corrections V(®p).

We can now proceed with an explicit evaluation of eq. (2.19) at NLL order. As we
mentioned earlier, at different logarithmic orders the cross section will receive contribu-
tions from different classes of correlated blocks. This, for instance, means that double-
logarithmic terms of the form o In?"(1/v) entirely arise from 1PC(® blocks, in particular
from their soft-collinear part. If one wants to control all the leading-logarithmic terms of
order o In"*1(1/v) in In(X(v)) (eq. (1.1)) then the leading (soft-collinear) term of the
1PCM and 2PC® blocks must be included as well. In particular, within the inclusive
approximation defined in eq. (2.17) we find that

| M (k) e = [M (k)[* + /[dk J[dks] | M (Ka, k) [26®) (Fia + Fip — Ki)3(Yap — Y)

™

— 0‘82(/‘)1Pc<0>(k) <1 + as(p) (/30 1nztz + g) + .. ) , (2.20)

where [y is the leading term of the QCD beta function (see appendix B). Moreover, the
QCD coupling is renormalised in the MS scheme. The contribution of the one-loop cusp
anomalous dimension K, defined as

67 2 5
K= (2_T _2 9.91
(18 G)CA 9"/ (2.21)

enters at NLL order, and it will be considered later in this section. Up to, and including, the
NLL term proportional to K in eq. (2.20), one can integrate inclusively over the invariant
mass of the 2PC(©) block, while keeping the bounds on the rapidity ¥ as computed from
the massless kinematics. This approximation neglects terms which are at most NNLL, and
are denoted by the ellipsis in the second line of eq. (2.20).

We notice that the leading soft-collinear terms proportional to 5y in eq. (2.20) can be
entirely encoded in the running of the coupling of the single-emission squared amplitude



1PC(O)(k) through a proper choice of the scale p at which the latter is evaluated. It is
indeed easy to see from eq. (2.20) that this is achieved by setting p to the k; (equal to ky
for soft radiation) of each emission k in the parametrisation (2.3) [48, 49]. The inclusive
matrix element squared and phase space controlling all o In"*1(1/v) terms are thus

o(ke) dley dz®)
™ kt 1-— Z(

AR R) B = (KM (R) = 3 20, 50((1-20) —k/ar) 0L
=12 T

(2.22)

where we use M. (k) to denote the amplitude in the soft approximation. We denoted by

Cy the Casimir relative to the emitting leg (Cy = CF for quarks, and Cy = Cy4 for gluons).

For initial-state radiation, 1 — z() is the fraction of the incoming momentum (entering

the emission vertex) that is carried by the emitted parton. This will in general differ from

the y® fractions of the Sudakov parametrisation (2.3) when some emissions are not soft.

In particular, while (1 — 2(9) < 1, this is not true in general for the (1 —y(¥)) appearing in

our initial parametrisation. However, in the soft limit, the energy of the emission is much

()

smaller than the singlet’s mass M, which restricts g, to positive values in this limit. For

a single emission, the two variables are related by

o _ 1— 20

11—y = —"— 2.23

from which is clear that in the soft limit z(Y) ~ 1 one has z(9) ~ y(e). The upper bound for

0

2 in the single-emission case can be worked out by imposing that y© < 1 — ky /M, and

subsequently relating k; to k; relative to the beam axis. This yields
2O <1 —ke/M + O(K2). (2.24)

To extend the above discussion to all NLL terms of order o In"(1/v) in the logarithm
of ¥(v), we must include the less singular part of the 1IPC(1) and 2PC(©® blocks in the soft
limit, that is the term proportional to K in eq. (2.20) that was previously ignored. This
simply amounts to replacing the inclusive (soft) matrix element in the r.h.s. of (2.22) with

2 _ as(ke) as(ke) dky d21" _ L0y (0,99
[dk}MCMW(k:)_LZ;ng - <1+ b ) 1—2(@@((1 20 k:t/M>@(z )5
(2.25)

The above operation is also known as the Catani-Marchesini-Webber (CMW) scheme [50]
for the running coupling.*

At this logarithmic order the cross section also receives contributions from the hard-
collinear part of the 1IPC(?) block, that we ignored so far. Thus, one has to modify eq. (2.25)
as

[dk]| M (k) e = [dk] My (k) (2.26)

inc

di? dz9  do o (ky) ,
ke a9 %s 1— 2OV pO) L0y _ 1 1 — 20ypO)(,©®
* Z;Q 2102 27 \(U72)PRET) - tm (3= 2P )} ’

4 Although in the present article we are considering only inclusive observables, it can be shown [41, 45, 47]
that for all rIRC safe observables (also non-inclusive ones) the inclusive approximation is accurate at NLL
order.

~10 -



where P(O)(z(g)) is the leading-order unregularised splitting function, reported in ap-
pendix B.> At NLL order, the above hard-collinear contribution can be treated by ne-
glecting the effect of recoil both in the phase-space boundaries of other emissions and in
the observable, both of which enter at NNLL order. Therefore, also for this contribu-
tion we can use the soft kinematics derived in the first part of this section. Moreover,
in colour-singlet production, we can use the azimuthally averaged splitting functions (see
appendix B) up to NNLL accuracy. At N3®LL, corrections from azimuthal correlations
arise [51], and they will be introduced in section 2.3.3.

We insert eq. (2.26) back into eq. (2.19). At NLL accuracy, we can neglect the constant
terms of the virtual corrections. The remaining singular structure of the virtual corrections
only depends upon the invariant mass of the singlet M?

V(®p) ~ V(M?) = exp {—/[dk“M(k) ?nc} at NLL. (2.27)

The combination of unresolved real and virtual contributions is thus finite and gives rise
to a Sudakov suppression factor

V(M) exp { [k, eV ) - v<kz>>}
~exp {— Jamvwcom - ev<k1>>} S RO (908)

where R is the radiator which at this order reads [41, 45]
— 2 kt @
R(v) ~ RnLL(v) = [ [dk]Méyw (k)O ( In i) - Inv

+ /[dk]M(%MW(k) Indy 0 <1n (J’f;)a —In v) (2.29)
+ 3 CZBZ/CZC;QZ(?)@ (m (E)a —lnv) ,

=12
where
_ 2T d¢
In dz = / —1In dggg(gf)) N (230)
0 271'
and
1 ()
CyBy = / = (12 0y pOO) iy [(1 - zm)P(O)(z(f))] . (2.31)
0 1—20 2051

The next and final step is to treat the resolved real blocks k; for which V (k;) > €V (k1).
It is therefore necessary to work out the kinematics and phase space in the presence of

SFor emissions off gluonic legs, P(*) receives contributions from both Pg((g)) and Pég), as it will be discussed
in section 2.3.3. In this case, we implicitly exploit the symmetry of Pg(g) under z <+ 1 — z to recast it such
that it has only a z — 1 singularity.
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additional radiation, which modifies the relations (2.23) and (2.24) obtained in the single-
emission case. For this we use the fact that the radiation is ordered in V'(k;). For a given
inclusive block of total momentum k;, one then has®

©
10 = 1——Z7
000

(2.32)

where emissions ki, ks, ..., k;—1 have been radiated off the same hard leg before k;. In gen-
eral, this implies that the phase space available for each emissions is changed by the previous
resolved radiation. At the NLL order considered in this section, as already stressed, the
real-radiation kinematics can be approximated with its soft limit [41, 45]. This allows us
to approximate yy) ~ zi(e) and k; ~ k; for all real emissions and therefore the phase space
of each emission becomes in fact independent of the remaining radiation in the event.
The squared matrix element (2.26) and phase space for a resolved real emission can

be parametrised by introducing the functions

(v V66— B) 06 (0 — @ _ 0
B () = I 0 (271806 = 8) b (0 = V() 0 —410). v

(v V(b — 306 (0 — L) _ @)
By (25 ) = IR (271306 — )b (0 = V() B ~ 4.

and

R(v,6) = R, (W) LR, (W) | (2.30)

From the generic form of the rIRC safe observable V' (k) (2.5), it is easy to verify that
the R’ functions only depend upon the ratio v/(dyge(¢)) up to regular terms, which are
neglected [41, 45]. Indeed, the only non-trivial integration in egs. (2.33) is the one over
the rapidity of k, which can be performed inclusively since the observable V (k) does not
depend on it (see eq. (2.5)). Then the final integral only depends on the ratio of the two
remaining scales, i.e. the invariant mass of the singlet M, and its transverse momentum
that is set to (v/(dege($)))Y/*M by the constraint § (v — V(k)). Upon inclusive integration
over the rapidity of momentum k, by using eq. (2.26), we can parametrise the inclusive
squared amplitude and its phase space as

dv; do; / v; _ dG; do; / Givt
(k]| M (k) e = v 2m &:ZLZR& (W) G 2w £§2R (de 9t (d%)) (2:35)

where we defined v; = V(k;) and ¢; = V(k;)/V (k1).
With the above considerations, eq. (2.19) finally becomes

/ww{/ d@,qmm)Ej <Wﬂa@ﬂ>x (2.36)

o

S e[y 5 8 (gartan) O VU br)

ge, (@

6See also discussion in the appendix E of ref. [41].
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where we introduced the total Born cross section
o0 = / d® g|Mgs(p1, po)|?- (2.37)

Eq. (2.36) resembles equation (2.34) of ref. [41] which after a number of approximations
leads to the general NLL formula of the CAESAR method for global rIRC observables in
processes with two hard legs. We remind the reader that additional corrections coming
from the parton luminosities start at NLL order, and they will be discussed in section 2.3.2.

Eq. (2.36) can be directly evaluated using Monte-Carlo (MC) techniques since it is
finite in four dimensions. However, as it is formulated now it contains effects that are
logarithmically subleading with respect to the formal NLL accuracy we are considering
in this section. For observables that vanish only in the Sudakov limit, these subleading
effects can be systematically disposed of by means of a few approximations, as described
in ref. [41]. We now briefly review such approximations on eq. (2.36), and show that in
the case of observables that vanish away from the Sudakov region they lead to a divergent
result, hence they cannot be trivially performed.

In order to neglect subleading corrections from eq. (2.36), we need to consistently treat
the resolved squared amplitude and the corresponding Sudakov radiator. In particular, with
NLL accuracy, ref. [41] suggests to perform the following Taylor expansions in eq. (2.36)

R(ev1) = R(v) + diﬁ% In—— +0 (ln2 U) ,

€Vl €V,
/ (% o Udéig£¢(¢i)

This is motivated by the fact that at NLL the resolved real emissions are such that v; ~
v1 ~ v, and hence the terms neglected in the above expansions are at most NNLL. Only by
expanding consistently (i.e. to the same logarithmic order) the e dependence in the Sudakov
and in the resolved real emissions we are sure that the result is completely e-independent.
We observe that, since we expanded out the ¢; dependence in R/, we have
R(v)/dIn(1/v) = >, R)(v) and eq. (2.36) becomes

/dm/ dor o R(©) ,~ e Ry Z R, (v

01=1,2

o0

n+1
Z 11 / d@/ S By () O (0~ V({h ki k) - (2:39)

2—12

At this stage, the integration over v, can be performed analytically, and eq. (2.39) repro-
duces exactly the known CAESAR formula.”

"Some extra simplifications can be made at NLL: in the resolved real squared matrix elements R} one
can keep only the term proportional to M2 as remaining terms are subleading. In order to guarantee
the cancellation of the divergences in the e regulator, the same approximation has to be made in the
term Y, Ry(v) In -5, coming from the expansion of the Sudakov radiator. Finally, the observable can be
treated in its soft-collinear approximation given that, at NLL, the real emissions constitute an ensemble of
soft-collinear gluons.
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However, in order to perform the latter expansions about the observable’s value v, one
has to make sure that the ratio v; /v remains of order one in the real-emission phase space.
rIRC safety ensures that emissions with v; < v do not contribute to the observable, and are
fully exponentiated and accounted for in the Sudakov radiator. Therefore, the condition
v;/v ~ 1 is fulfilled only if configurations in which v; > v never occur.

While the latter condition holds true for most rIRC observables, it is clearly violated
for observables that vanish away from the Sudakov limit. An example is given by the
transverse momentum of a colour singlet, which can vanish even in the presence of several
emissions with a finite (non-zero) transverse momentum. In that case, as shown in ref. [39],
eq. (2.39) has a divergence at ), Rj(v) ~ 2. For a different observable vanishing away from
the Sudakov limit, the divergence will occur at a different, non-zero value of v.

For such observables, eq. (2.36) cannot be expanded around v. As we will discuss in
detail in section 3.1, we suggest to perform the following alternative expansion about the
observable’s value of the hardest block vq

R(evy) = R(v1) + Cm ln% +0 <1n2 1> ’
) v; - v1dy, gr, (9:)
() < Ry 0 () o

In this way, the rIRC safety of the observable guarantees that v; ~ v; ({; ~ 1) and
therefore the terms neglected in egs. (2.40) are at most NNLL. However, a class of higher-
order terms still remains in eq. (2.40) through the dependence of the considered terms on v;.
These higher-order terms cannot be disposed of entirely, as they regularise the divergence
discussed above. Therefore, while the resulting equation is finite and accurate at NLL
order also for rIRC-safe observables that vanish away from the Sudakov limit, subleading
corrections beyond NLL cannot be entirely removed.

The above approximations make the evaluation of eq. (2.36) considerably simpler than
its original form, as it will be shown in section 3. Its implementation can be carried out
efficiently with MC methods as described in detail in section 4.3.

2.2 Choice of the resolution and ordering variable

The derivation that we carried out for the resummation formalism relies to a large extent
on the introduction of a resolution variable that separates resolved real blocks from unre-
solved ones as discussed in the previous section. This resolution variable acts on the total
momentum of each of the correlated blocks.

One has some freedom in choosing the resolution variable. In principle, the only
necessary property for a good resolution variable is that it must guarantee, at all orders,
the cancellation of the IRC divergences of the exponentiated virtual corrections, and hence
has to be rIRC safe. A particular choice is motivated by convenience in formulating the
calculation. For instance, choosing a variable that shares the same leading logarithms with
the resummed observable allows for a much easier implementation of the all-order result, as
it will be discussed in section 3. A natural choice, which fulfils the above requirements, is the
value of observable in its soft-collinear approximation, as discussed in refs. [41, 45, 46, 52].
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However, we note that for the whole class of transverse observables (that scale like
eq. (2.5) for a single emission), a more convenient choice for the resolution variable is
V (k) = (ki/M)*, k being the sum of the four-momenta in each correlated block. While
this exactly coincides with the above prescription for observables with dy = ge(¢) = 1, it
is a legitimate choice also for observables with dy # 1, g¢(¢) # 1 since the dependence on
dege(®) first enters at NLL order, hence the leading logarithms of the resolution variable
are the same as for the resummed observable.

The advantage of the latter choice, besides the simplifications in the implementation
to be discussed in section 3, is that it leads to a universal Sudakov radiator for all ob-
servables with the same a in the parametrisation (2.5), while the resolved real radiation
will correctly encode the full observable dependence through the measurement function
©(v—V{p},k1,...,knt1)). In the present article, we adopt this choice, and we present
explicitly the case for a = 1. The generalisation to any a > 0 is straightforward following
our derivation. With this choice, eq. (2.36) reads

dkn [*" do1 _per,
S(v) = o0 / dhe /0 D1k S Ry (k) x (2.41)

k
t1 (=12

o0

1 n+1 1 dC’L 2 d¢z / )
X ;ng Z:HQ/E Cz‘/o o zz Ry (Cikn) © (v —V({p}. k1, kng1))

i=1,2

where, with a little abuse of notation, we redefined (; = ky;/ku. As it will be described
in section 4.3, the above equation can be efficiently evaluated as a simplified shower of
primary emissions off the initial-state legs, ordered in transverse momentum. This choice
of the ordering variable is dictated by the choice of the resolution scale, that in turn leads
to the Sudakov radiator for a k; ordered evolution in eq. (2.41).

2.3 Structure of higher-order corrections

In deriving the main result of the previous section, eq. (2.36), we made two approximations.
Firstly, we ignored nPC correlated blocks with n > 2 in the squared amplitudes (2.17).
Secondly, we did not specify a complete treatment of hard-collinear radiation. Indeed, the
only hard-collinear contribution entering at NLL (in eq. (2.26)) has been treated with soft
kinematics. We discuss how to relax both approximations in the next two subsections.

2.3.1 Correlated blocks at higher-logarithmic order

Higher-order corrections require the inclusion of higher-multiplicity and higher-order blocks
with respect to those relevant to eq. (2.36). The relevant blocks necessary to a given order
are summarised in table 1. For instance, at NNLL, for the observables (2.16), one has to
include 2PC() (i.e. the fully correlated double emission), and 1PC() both in the soft and in
the hard-collinear limit, and 3PC(©, 2PCM) | and 1PC®@ blocks in the soft-collinear limit.
Given the inclusive nature of the observables (2.16) that we are treating in this article, the
inclusion of higher-order blocks can be done in a simple systematic way by adding more
terms to the r.h.s. of eq. (2.17).
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Logarithmic order Blocks required
LL {1PC<0> (sc)}
NLL {1PC® 1PCW (sc)}; {2PCO (sc)}
NNLL {1PCtm=D) 1PC® (sc)}; {2PCO), 2PCW) (sc)};
{3PCO) (sc)}
N3LL {1pCtm=2) 1pC® (sc)}' {2PCm=l) 2PC® (sc)};
{3pC), 3pct (sc)} {4PCO (sc)}
NFLL {1PCm=k=1) 1pCk) (sc)}; --- 5 {(k+ 1)PCO (sc)}
Table 1. Blocks to be included in the squared-amplitude decomposition at a given logarithmic
order. At each order, the higher-rank blocks are to be included in the soft-collinear limit (“sc” in
the table).

We remind the reader of the fact that, while at NLL the bounds for rapidity Y; of
the inclusive block |M (k;)|?
and comments below it), starting at NNLL the integration over the rapidity Y; must be

£ can be approximated with their massless limit (see eq. (2.20)

performed exactly.

2.3.2 Hard-collinear emissions and treatment of recoil

In order to repeat the procedure that led to eq. (2.36) at higher logarithmic accuracy,
we need to handle the phase space in the multiple-emission kinematics. In the NLL case
derived in the previous section, indeed, all resolved real emissions are soft and collinear and
therefore they do not modify each other’s phase space. However, starting at NNLL one
or more real emissions can be hard and collinear to the emitting leg and this changes the
available phase space for subsequent real emissions. More precisely, at NNLL we need to
work out the corrections due to a single hard-collinear resolved emission within an ensemble
of soft-collinear radiation. Similarly, at N3LL, one has to consider up to two resolved hard-
collinear emissions embedded in an ensemble of soft-collinear radiation. The kinematics
and the proper treatment of hard-collinear emissions, still missing in our formulation, will
be discussed in this section.

To correctly include the evolution of the hard-collinear radiation in our formulation,
we first consider how initial-state radiation modifies the real-emission kernels, illustrating
this in the single-emission case for the sake of clarity. Throughout this section and in the
rest of this article we use the tree-level splitting functions as reported in appendix B.

We start by formulating the single-emission probability for a gluon-initiated process.
We express the probability of emitting either a gluon or a quark off leg 1 (an analogous
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term can be written for an emission off leg 2), for an observable v, as

dk; o d
E(U) = ’MBlgg/dxld.rg(s(xles—MZ)/kttﬂ;:

1—ke/M (0)
x < / dz [Qng <y (ke 2)
. z z

1

+ P (2) (o (ior %) +f (o, %)) ]fg(umm)@(v —v(k))

z

1—ke/M
— /0 dz [Pg(g)(z) + anq(g)(z)} folpr, 1) fo(pr, 2)

— (P @ f,) @) fyurw2) = (P2 @ ) () fo )

_ (Pg(g) ® fq) (uF,xl)fg(uF,x2)> + constant terms, (2.42)

where fy(r, x) is the gluon density renormalised in the MS scheme, evaluated at a factori-
sation scale up, and P denotes the regularised splitting function. Since Pg(g)(z) = Pg(g)(z)

1 [{3al]

(see appendix B), the regularised labe applies only to Pg(g). The second, third, and
fourth line of eq. (2.42) denote the real emission, the virtual corrections, and collinear coun-
terterm, respectively. For the virtual correction, we simply use the first-order expansion
of the UV-renormalised resummed form factor V(®p) [43] expressed in terms of leading-
order splitting functions, of which we take the limit in four dimensions. The unregulated
soft and collinear divergences of the four-dimensional virtual corrections manifestly cancel
against the ones in the real emissions at the integrand level. We stress once again that
in colour-singlet production we can use the azimuthally averaged splitting functions (see
appendix B) up to NNLL accuracy. At N®LL, corrections from azimuthal correlations
arise [51], and they will be introduced in section 2.3.3.

In general, the upper bound of the z integration in the virtual corrections is different
from the one in the real correction when more than one hard-collinear emission is present,
since the available phase space for the real emissions is changed by the presence of the
hard-collinear radiation. However, for the single-emission case treated in eq. (2.42), the
upper bound, derived in eq. (2.24), is identical for the real and virtual contributions.

Eq. (2.42) also contains constant contributions arising from both the finite terms of
the virtual form factor in MS, and the O(a;) collinear coefficient functions. For the sake
of simplicity, in the following discussion we neglect these NNLL constant terms, which we
will however include in our final formula.

We now add and subtract the term

by o, do

Mp|? — M?
| B|gg/dx1d:c25(m1xgs )/ b 7 o

1—kt /M
x / dz [P (2) + g P (2)] folr, 2) fylur,22)0(0 = (), (2.43)
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and recast eq. (2.42) as

dk; as d
E(U) = ’MB@Q/CZ%ld:CQ(;(mles — MZ) k;ttTer

1—ke/M (0)
x ( / | 427 p (. ™) £y ap 2000 — (k)

1 p0)
Pag' (2) L1
- [ g () S,

1—ke/M

— /0 dz [Pg(g)(z) + anq(g)(Z)} fo(pr, w1) fo(ur, 22)0(v — v(k))
1—ke/M

+ /0 dz [P (2) + g P ()] folr,2) o, 2) (O(v = v(k) = 1)
1

+ [ as T (g (e ) oy (e 22 ) i) (60— w() — 1)

(0)
Pgq (2)

~ /1 ikt/M d= =2 (fy (s ) +fa (06, ) ) Solpr s 22)0(0 - v(k))). (2.44)

z

By using the symmetry of the P,  splitting function under z <+ 1 — z, one finds that

1 0), 1
/ szng ( )fg (py,%) —/0 dz <P§2)(z) —i—an(l(g)(z)) fo(pr, x1) (2.45)

z
1 pl0)
P, T
:/ dZ‘gg (Z)fg (/’LF771> I
- z z
which allows us to recast the previous equation as

dk; o d
E(U) = ‘Mng/d:Eldxg(s(a?les — Mz) kttﬂ-;j

x { / 1 dP(O)()f (17, ™) Syl w2) (O(w = w(k)) — 1)

z

1—ky/M
+ /0 dz [P)(2) + 1P (2)] folr, o) fyur,2) (Ov = v(k) = 1)

z

1 P(D)(Z) -
_ /1kt/M dz (2 992 fg (Mz«w;) Jo(pr, x2)
— [PD) + ng PO Syl 20) fo s 2)

Py (2) (fq (MF, %) +fa (MF, %)) fg(,uF,332)> Ov — U(k))} : (2.46)

o[ aECD (5 (. )y () ) (000 — 0 - 1)

+
z
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Analogously, it is straightforward to show that the logarithmic part for a quark-initiated
process with an emission off the leg 1 reads

dk, ovg d
2(”) = ’MB’?]q/dJIld:L’Q(S(a:les — Mz) k:ﬂ;ﬁ

| T (i, ) falur,w2) (O — v(k)) ~ 1)

i z

1—ke/M
+/0 dqu(g)(z)fq(MF, r1) fa(pr, v2) (O(v — v(k)) — 1)

z

T A T
s [ a0 g (1 2 fatur ) (000 = ol — 1)

—ke/M

1 0), T
- /1 dz (quz()fq (,U«F7 71> fq(MF7ﬂ?2) - Pég)(z)fq(ﬂﬂJfl)fq(MF,m)

(0) z X
Lo (2) )fg (MF, j) f@(ﬂvam)) Ov - ”(’f))} ) (2.47)

z

where we have set Pq(g)(z) = Pq(g)(z).

In egs. (2.46) and (2.47), the last integral from 1 —k;/M to 1 gives rise to regular terms
and can therefore be neglected. As far as the remaining terms are concerned, we notice
that the squared matrix element for an initial-state emission, which corresponds to the
terms containing a © function in egs. (2.46) and (2.47), can be separated into two pieces:

e The first one, encoded in the third line of eqs. (2.46) and (2.47), modifies neither
the flavour nor the momentum fraction of the incoming partons, and the bounds of
the relative z integration are those of the corresponding virtual phase space. This
contribution is fully analogous to the case treated in section 2.3, that gives rise to R’
in eq. (2.36). When evaluating this term explicitly, we can further split it, as done in
eq. (2.26), into a soft term and a hard-collinear contribution. The exact upper bound
of the z integral is only relevant in the soft contribution, while it can be extended
up to 1 in the hard-collinear term up to regular (non logarithmic) terms. In the
following, we will refer to this term as the R’ contribution.

e The second one (second and fourth lines of eqs. (2.46) and (2.47)) does modify both
flavour and momentum fraction. This contribution corresponds to an exclusive step
of DGLAP evolution. The corresponding z integration can be extended up to the soft
limit (z = 1) as this limit is regularised by the plus distribution in the corresponding
splitting function. We stress once again that the latter extension of the upper bound
of the z integration in the hard-collinear radiation’s phase space is correct up to
regular terms that are ignored in our treatment. We will refer to this term as the
exclusive DGLAP evolution step.

This decomposition is only a convenient way of expressing the squared amplitude and phase
space for an initial-state emission, and only the sum of all logarithmic terms in egs. (2.46)
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and (2.47) is physically well defined. The considerations above will be useful in the rest of
this section when the all-order kinematics is discussed.

As anticipated in the beginning of this subsection, in order to achieve N®LL accuracy,
one has to consider configurations with up to two resolved hard-collinear emissions together
with any number of soft-collinear partons in the final state. We therefore study how the
presence of hard-collinear emissions affects the phase space of the remaining radiation in the
all-order picture.® We consider again the emissions ordered according to their transverse
momentum. In this picture, the relation between the z() variable and the Sudakov variable
y for a given emission k will be modified by the radiation that occurred before k as
described in eq. (2.32).

We consider the case of an ensemble of resolved emissions off a leg £ of which a single
one is hard and collinear, while all the remaining radiation is soft. We can group the
emissions into the following three sets: the soft emissions that occur before the hard-
collinear parton is emitted (i.e. at larger transverse momenta), the hard-collinear emission
itself, and the soft emissions that occur after the hard-collinear one (at smaller transverse
momenta). The soft radiation emitted before the hard-collinear emission has zi(é) o~ yz@ ~1
and therefore ki ~ l;:m-, so its phase space boundaries are as described in section 2.1. For

the hard-collinear emission k" the relation between z,(f;) and ygc) is reported in eq. (2.23)

and the corresponding zﬁfc) integration bound is in eq. (2.24). Finally, soft emissions that

occur after the hard-collinear one will again have k;; ~ k;; but now 1— yi(z) ~ (1— zl.(z)) / z}(fc).

()

The upper bound of their z; integral is therefore

zl@) <1l- Z}(Léc)kti/M. (2.48)

From the above equation we see that the phase space of the soft radiation emitted after
the hard-collinear emission is modified by the presence of the latter. However, the squared
amplitude and phase space for emissions in the soft limit only depend on zy) through
dzi([) /(1 — zy)). Therefore, using the relation

dzy) dylm
o= Ok (2.49)
1—2z 11—y,

(0)

and using the fact that ky; ~ ky; for these emissions, we can replace the integral over z;

()

with an integral over y,”” whose upper bound is given by

yf” <1—ky/M. (2.50)

This allows one to disentangle the phase space of all emissions in the considered kinematic
configuration and, hence, to iterate the procedure at all orders.

The remaining kinematic configuration to be considered in a N®LL resummation is
given by an ensemble of soft-collinear emissions accompanied by two hard-collinear ones.
We label the two hard collinear emissions by k' and k2¢ and we assume, without any loss of

8We thank A. Banfi for fruitful discussions on this point.
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generality, that k{w is emitted before k?c (hence it has a larger transverse momentum in our
picture). The upper bounds of the corresponding 2 integrals for the real contribution
will now be complicated functions of the transverse momenta k!¢ and kfs that can be
obtained starting from eqgs. (2.9), (2.32). However, things are much simplified if we use the
decomposition described in the first part of this section, as follows. We recall that the real
matrix element can be decomposed as a sum of the R’ contribution (that does not modify
the momentum fraction of the emitter, and whose kinematics is soft by construction), and
an exclusive DGLAP step that modifies the momentum fraction of the emitting leg, as
shown in eqs. (2.46), (2.47). In the latter term, the upper bound of the z() integration
can be extended to 1 (hence it becomes independent of the kinematics of the rest of the
event) since the soft limit is regularised by the plus prescription in the corresponding
splitting functions. As for the R’ contributions relative to k¢ and k5¢, they can be further
decomposed into a soft-collinear term and a term that contains the hard-collinear part of
the matrix element (which however does not modify the momentum fraction of the emitting
leg). Once again, in the latter contribution the 2 integration can be extended to 1, while
in the soft-collinear contribution one can simply replace the z(¥) integral with an integral
over y© by means of eq. (2.49). Moreover, using the fact that for a soft emission ki ~ ky,
the corresponding upper bound of the y(® integral can be replaced by 1 — k; /M.

This procedure allows one to disentangle completely the phase space of the R’ con-
tributions (whose kinematics is soft by construction) from that of the exclusive DGLAP
evolution step which are by construction hard and collinear. The lower bounds in the z(®)
integrals of multiple resolved DGLAP evolution steps are entangled as each of them modi-
fies significantly the momentum available for the subsequent hard-collinear ones, resulting
in a convolution between the splitting kernels and the corresponding parton density.

The above treatment of the double-hard-collinear case is valid up to regular terms.
In this section we neglected the constant terms that arise from the finite part of the
renormalised form factor, and from the collinear coefficient functions, which are relevant
already for a NNLL resummation. For inclusive observables considered in this article, the
collinear coefficient functions factorise in front of the Sudakov factor and, for the processes
considered here, they were computed to O(a?) in refs. [22-24]. These will be introduced
in the following section when we iterate the arguments discussed here at all perturbative
orders in o.

2.3.3 Resummed formula for initial-state radiation

The arguments derived in the previous section can be used to formulate the structure of the
cross section at all orders by iterating the single-emission picture defined above. Given the
inclusive nature of the observables studied here, the inclusion of higher-order logarithmic
corrections can be achieved in a simple way by just adding the relevant correlated blocks
(as reported in table 1) in the inclusive approximation (2.17). The contribution to the
cross section from each inclusive block, in turn, can be split into an R’-type contribution
(which does not modify either the momentum fraction or the flavour of the emitting leg),
and a DGLAP step (inclusive in the content of each correlated block, but differential in its
transverse momentum), and hence it can be treated in a fully analogous way to what done
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for single emissions in the previous subsection. This simple prescription allows us to discuss
the inclusion of the parton densities by referring to emissions (for the sake of simplicity),
while keeping in mind that they are to be thought of as inclusive sums of correlated blocks
as defined in eq. (2.17).

To show how the parton densities are accounted for, we start by evaluating them at
a scale pg that is assumed to be smaller than all transverse momenta in the event. We
consider the situation in which the emissions are ordered in transverse momentum, and
the hardest (resolved) emission k; occurred. The phase-space diagram for any secondary
emission k; with ¢ > 1 is depicted in figure 1 in the In(k;/M) — n (Lund) plane, where
now 7) denotes the rapidity in the centre-of-mass frame of the incoming partons which are
extracted from the proton at a factorisation scale ug, and the transverse momentum k; is
taken with respect to the beam direction. As stated in section 2.1, due to rIRC safety, only
emissions that take place in the strip between eky; and k¢ (labelled with “REAL EMIS-
SIONS” in figure 1) modify the observable significantly and are resolved. The remaining
unresolved real emissions (ky; < €ky1) are combined with the virtual corrections, which pop-
ulate the whole region below the two diagonal lines that denote the upper rapidity limits.
The result of this combination is indeed the Sudakov form factor associated with the first
emission that vetoes secondary emissions in the yellow region (labelled with “SUDAKOV
SUPPRESSION” in figure 1) of the Lund plane. In addition, the combination of virtual
and unresolved emissions gives also rise to a constant term that multiplies the Sudakov
and encodes both the finite part of the virtual corrections and the constant contribution
due to soft and/or collinear emissions exactly at the edges of their phase space, encoded
in the collinear coeflicient functions.

In the initial-state-radiation case at hand, hard-collinear emissions define the evolu-
tion of the parton densities. These emissions occur on a strip (labelled with “DGLAP” in
figure 1) along the upper rapidity bounds, and their evolution is encoded in the DGLAP
equations. In the unresolved region (ky; < €ky1), the DGLAP evolution can be performed
inclusively since emissions in this phase-space region do not affect the value of the observ-
able. On the other hand, when k;1 > ki > €ky the corresponding hard-collinear emis-
sions modify significantly the observable’s value and therefore must be treated exclusively,
namely unintegrated in k;.

In addition to the parton densities, starting at O(as), one needs to include the coeffi-
cient functions that emerge from their renormalisation, and originate from emissions that
occur at the edges of the phase space in figure 1. The coefficient functions contribute to
the logarithmic structure only through the scale of their running coupling, which is the
transverse momentum of the emission(s) they are associated with. As done for the parton
densities, one can evaluate them initially at a scale gy smaller than any transverse momen-
tum in the event, and subsequently evolve them inclusively up to the resolution scale €ky;.
Their evolution must be instead treated exclusively in the resolved strip ki > ki > ekyr.

In order to introduce the all-order result, it is convenient to simplify the flavour struc-
ture of the evolution for the time being. We neglect real-emission kernels that modify
the flavour of the emitting leg, namely those that do not have a soft singularity F,, and
P,y. This ensures that the flavour of the initial parton densities is only modified by the
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Figure 1. Phase space for a secondary real emission.

coefficient functions and is conserved by the resolved real radiation. This approximation
is made without any loss of generality, and for the only sake of simplicity. The extension
to the full flavour case will be trivial once the final formula is obtained.

For the remaining part of the section, it is useful to introduce a matrix notation
to simplify the structure of our expressions in flavour space. We define f as the array
containing the 2n; + 1 partonic densities, where ny denotes the number of active flavours.
To handle different Born configurations with different incoming flavours ¢y, we then define
the coeflicient-function matrix C* as a (2ny + 1) x (2ns + 1) diagonal matrix in flavour
space whose entries are

[C*ab = Ce,y(a)dabs (2.51)

where Cj; are the collinear coefficient functions, ¢, is the flavour of the leg ¢ entering the
Born process, and f(a) is the flavour corresponding to the a-th entry of the parton-density
array. For instance, we explicitly show the above convention in the case of Higgs production,
considering only a single quark flavour ¢. By defining the array f = (f, fy, f2)¥, the matrix
CY reads

Cyg 0 0
c'=|0cC, 0 |. (2.52)
0 0 Cy
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The evolution of (2.51) between two scales is entirely encoded in the evolution of the
running coupling. By introducing the corresponding anomalous-dimension matrix I'(¢)

d1n C(as(kt))
das(kt) ’

T (s (k) = 28(0 (k) (2.53)
we can write the Renormalisation-Group evolution (RGE) of the coefficient function
matrix as

cttai) =exo{ = [ b | 0 a0, (2.54)
u ki

In principle, the matrix I'©) should also explicitly carry a label ¢, to specify that it evolves
the coefficient function C* associated with the Born flavour ¢,. We omit this label as the
notation in what follows is unambiguous. We stress however that the flavour of the coeffi-
cient function is not modified by its RG evolution, indeed it is manifestly flavour diagonal.

The iterative structure of the squared amplitudes appears more transparent if we work
in Mellin space, where convolutions become products. We therefore introduce the Mellin
transform of a function g(x) as

1
gn, E/ dz xNetg(z). (2.55)
0

The DGLAP [53-55] evolution of the parton-density vector f can be conveniently
written in Mellin space as

) = Pexp { — [ A0y (0 0) g o) (2.56)
poo Rt T

In the previous equation P is the path-ordering symbol, and the matrix I'" is defined as

! 14 - OCS(.U) "
[T v, (s ()] 4 :/0 dz 2N Pray (2, s (1)) = Wgip(ar) = D <27r > ngg);f(a)f(b)’

n=0
(2.57)
where Pf(a) #(b) are the regularised splitting functions (see appendix B). We stress that,
within the simplifying assumption made above on flavour-conserving real-emission kernels,
no splitting functions involving a real quark emission are included, therefore the matrix T’
is diagonal. Within this assumption, the path ordering in eq. (2.56) can be lifted.
With this notation, the hadronic cumulative cross section, differential with respect to
the Born phase space ® g, can be written as

dN dNo> _ B d|Mp|?,, o
) :/ 1/ 2, N1 N2 Z |d(1)|12fT (1 0)2]\}1”?\[2(1))fN2(u0)7 (2.58)
Cl CQ B

211 2m
C1,C2

where the sum runs over all possible Born configurations and we employed a double inverse
Mellin transform. The contours C; and Co are understood to lie along the imaginary axis
to the right of all singularities of the integrand.

The matrix 3 encodes the effect of the all-order radiation that evolves the partonic
cross section and the corresponding parton densities. To write down an all-order expression
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for 32 for the observables (2.16), we need to iterate the single-emission probability derived in
the previous section. Given that the phase space of the R’ contributions and the exclusive
DGLAP evolution steps are completely disentangled in the resolved real radiation, this
operation can be performed straightforwardly in Mellin space, yielding

M 2w
£, 0) = (O8] xu) Hum) €, o)) [ G2 [T

ey
_Riekys 2L/ (10 dky o (k) o dky (o)
i C )exp{—;(/ tl?t - FNe(as(kt))—i-/tl o FNe (as(kt))>
x Z <Rgl (et + (k >er (s (k) + T (as(kﬂ))>

ek k

41=1

[o%e) n+1 o

Zn‘ H/ dCz/ d¢z Z (Rg ktz (ktl)rN[i(Oés(k'ti))‘i‘r( )(as(ktz))>
X G)(U_V({ﬁ}7k17“'7kn+1))v (259)

where now (; = ky;/ky1 since we are using the transverse momentum as a resolution and
ordering variable. R is a diagonal matrix in flavour space: given the flavour ¢, of the Born
leg ¢, it describes the flavour-conserving resolved radiation off leg ¢. It is defined as

[RY]ab = Rdab, (2.60)

and R is defined in eq. (2.33). The Sudakov operator R is then defined as

2

dky
R(ch) = ; / R (k) (2.61)

The terms proportional to R’ in eq. (2.59) encode the contribution of the radiation which
is flavour-diagonal, and does not modify the momentum fraction of the incoming partons.
This is the analogue of what has been derived in section 2.1 in the case of scale-independent
parton densities. In addition, the real emission probability now involves the exclusive
evolution for the parton densities and coefficient functions.

The matrices 32 are diagonal in flavour space within the flavour assump-
tion that we are making here. The first line of eq. (2.59) contains the factor
[Cﬁ\}iT(as(uo))H(uR)CﬁQ (ozs(,uo))} that encodes the hard-virtual corrections to the form
tactor and the collinear coefficient functions. Explicit expressions for these quantities will
be given later (see section 3.1 and references therein). As discussed above, the coupling of
the coefficient functions here is evaluated at pg and subsequently evolved up to ek by the
operator containing the diagonal matrix I‘g\(,’;) in the second line of (2.59). Similarly, the
parton densities are evolved from gy up to ek;1. As it was shown in ref. [51], starting at a
given order in perturbation theory one needs to include the contribution from the collinear
coefficient functions G, that describe the azimuthal correlations with the initial-state glu-
ons. Such a contribution starts at O(a?) (i.e. N®LL) for gluon-fusion processes, and at yet
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higher orders for quark-initiated ones. It is included in the above formulation by simply
adding to eq. (2.59) an analogous term where one makes the replacements

Cii (s (1)) H (ur)C2, (s (n0)) | = |G (0 (10)) H (1) G, (o (o)) | . (2.62)

and
TR (k) = T (s (ko). (2.63)

where I‘g\i) is defined analogously to eq. (2.53), and the flavour structure of G is analogous
to the one of the C matrix. In what follows this contribution, whenever not reported, is
understood.

Eq. (2.59) has been derived by iterating the single-emission probability. As discussed
above, higher-order logarithmic corrections are simply included by adding higher-order cor-
related blocks. Specifically, this amounts to including higher-order logarithmic corrections
to the radiator R and its derivative R/, as well as in the anomalous dimensions which drive
the evolution of the parton densities and coefficient functions.

We conclude the discussion by pointing out that even if the all-order formulation has
been conveniently obtained in Mellin space, it is possible to evaluate eq. (2.58) directly
in momentum space at any given logarithmic order. We will describe how to do this in
section 3.1. Eq. (2.59) holds for all inclusive observables (see definition in section 2.3)
that do not depend on the rapidity of the initial-state radiation. In the remaining part
of this article we specialise to the study of the transverse-momentum case, but analogous
conclusions will apply to other observables of the same class.

2.4 Equivalence with impact-parameter-space formulation

In this section we show how to relate our eq. (2.58) to the impact-parameter-space formu-
lation of [13]. We show the equivalence for the differential partonic cross section (2.59) in
the case of the transverse momentum p;. An analogous proof can be carried out in the case
of the ¢*.

Our starting point is the differential partonic cross section, where we now set pg =
pr = M without loss of generality:

d ope " . dkuy [* déy
77 20w () = R (as (M) H(M)C, (os(M / kttll/ :
2 M
_ dky cug(ky) dk
R(eks1) _ 2 Zs M) tr( )
X e exp{ ; </€kt1 [ N, (s (k) +/Im et ( s(kt))
(kﬂ) (©)
X Z Ry, (kn) + Iy, (as(ktl))ﬁLFNzl (as(ke1))
=1
0 n+1 o2
1 ag; doi ki
ST Z (R, )+ 250 )+ 148 1)
n=0 " i=2"¢ ;=1
% 5@ (ﬁt _ (,;ﬂ R kt(n—l—l))) , (2.64)
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We transform the 0 function into b-space as

5(2>< (kt1+ +Et(n+1)>) / —prtﬁe’bktz (2.65)

and we evaluate the azimuthal integrals, which simply amounts to replacing each of the
factors ekt with a Bessel function Jo(bk:). It is now straightforward to see that the sum
in eq. (2.64) gives rise to an exponential function, yielding

M
dZtZR}ff%(pt) Ot (s (M) H(M)CE, (a5 (M) py /bdeo(ptb) /0 CZT (2.66)
X Z <R€1 (kt) + ("‘7 )FNZ (s (k) + T (as(kﬂ))> Jo(bksy)

{1=1

xexp{ Z /k B (Re ) + 2y (0 0) + T () Jo(bkt)}

X exp{ Z/k d’? <R€ (k) + (kt)I‘NZ(as(kt))+I‘§€)(a5(k:t))> (1- Jo(bk:t))}.

We finally notice that we can set ¢ — 0 in the above formula, given that now the cancellation
of divergences is manifest. The k;; integrand is a total derivative and it integrates to one,
leaving

S5 ) = R (@ (M) HONCE, (M) [odbulod (267)

dpt
xexp{ Z / B (Re )+ 2y (0ti) + T () ) <1Jo<bkt>>}.

We now insert the resulting partonic cross section back into the definition of the hadronic
cross section (2.58), and use the second and third terms in the exponent of eq. (2.67) to
evolve the parton densities and the coefficient functions down to bg/b, with by = 2e~7E.
After performing the inverse Mellin transform, and neglecting N*LL corrections, we obtain
(hereafter we simplify the notation for the parton densities by omitting their x; and o
dependence, which is determined by the Born kinematics ®p)

2 (% .
o - AMelescs o) £ (o 5O (s o0 H MY, s o )£ )

Xexp{ Z/ dkth ke) (1— Jo(bkt))}. (2.68)

Eq. (2.68) represents indeed the b-space formulation of transverse-momentum resummation.
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Commonly, it is expressed in the equivalent form [14]°

PS(v) _ > dMpP2,.,

bdb pJo(peb) £ (bo /B)CET (s (b /b)) Hess (M
d® pdp; ddp / peJo(ped) £ (bo/b)Cy,” (vs(bo /b)) Hess (M)

c1,c2

x C, (as(bo/b))f (bo/b) exp{ Z/ dh css,e (k) © <k‘t— b;)} (2.69)

where R’CSW and Hcgs(M) are the Sudakov and hard function commonly used for a
b-space formulation [14]. As shown in ref. [51], and as already stressed above, both
egs. (2.68) and (2.69) receive an extra contribution due to the azimuthal correlations
which are parametrised by the G coefficient functions. We omit them in this comparison
for the sake of simplicity, however it is clear that analogous considerations apply in that
case. The comparison between eqs. (2.68) and (2.69) allows us to extract the N3LL
ingredients from the latter formulation as obtained in refs. [22, 23, 25, 26|, that will be
reported in the next section.

We start by using the relation'”

3
(1= Jo(bky)) ~ © <kt b) + f‘;aln(ﬁb/b{])@ (kt bb°> TR (2.70)

where we ignored N*LL terms. In the above formula the derivative in the second term of
the right-hand-side is meant to act on the integral whose bounds are set by O(k; — %0).
This yields, at N3LL,

dQE(U) Z d‘MB‘zlcz

bdbpsJo(peb) £1 (b /b
o otz [ydbprda(pit) 7 o0

C1,C2

x CHT (s (bo /b)) H(M)CSZ, (s (bo /)£ (bo /)

: dk; (s 93 dk,
X exp {_ Z </b0/b ERZ (Kt) + 12m /bo/b > —R) (k:t)> } . (2.71)

(=1

The second term in the exponent of eq. (2.71) starts at N3LL, so up to NNLL the two
definitions (the one in terms of a Jp and the one in terms of the theta function) are
manifestly equivalent. To relate the two formulations we recall the definition of R’ in
eq. (2.60) and we express the Sudakov radiators as (2.61)

2
Z [ eni Z [ (e e mown) e

ki ki i
dk dk M?
Ress (b Z/bo/b k,t css,e (kt) Z/O/b k: <ACSS e(as(ke))In —5- e + Bess e(as(k‘t))>

9This corresponds to a change of scheme of the type discussed in ref. [56].
198ee appendix of ref. [57] for a derivation.
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The anomalous dimensions A, and By relative to leg £ and the hard function H admit an
expansion in the strong coupling as

4 - 3 2 /4 (M)\"
n _ — i (n)
Z( )A By(as) Z( ) ) H(M) H?;( o ) H™ (M),
(2.73)
The relation between the coefficients that enter at N3LL can be deducted by equating
egs. (2.68) and (2.69), obtaining

A = Al o~ 32A‘” 636,
B(g) B(CS)S /. 16A 2BOC37

m%m—%&<w—m&2A (2.74)

The above equations constitute the ingredients for our N®LL resummation. Physically, the
extra terms proportional to (3 arise from the fact that the O(a?) terms proportional to
0(1—z) in the coefficient functions in momentum space differ from their b-space counterpart.
This difference precisely amounts to the new contributions in eqs. (2.74). We stress that

only the combination of Aé4), Bég),

H® and C®@ is resummation-scheme invariant, hence
our choice of absorbing the new terms into Agl) , Bf’), H® is indeed arbitrary. One could
analogously define an alternative scheme in which the extra terms are directly absorbed

into the O(a?) coefficient functions, thus leaving the two-loop form factor unchanged.

3 Evaluation up to N3LL

In this section we evaluate our all-order master formulae (2.58) and (2.59) explicitly up
to N3LL accuracy. The latter equations can already be evaluated as they are by means
of Monte Carlo techniques; however, at any given logarithmic order it is possible, and
convenient, to further manipulate them in order to evaluate them directly in momentum
space, without the need of the Mellin transform.

3.1 Momentum-space formulation

We firstly focus on the partonic cross section (2.59). There are three main ingredients: the
Sudakov radiator and its derivative, the block containing coefficient functions C(«;) and
hard-virtual corrections to the form factor H(ur), and the anomalous dimensions that rule
the evolution of parton densities and coefficient functions.

For colour-singlet production, the coefficients entering the Sudakov radiator satisfy
Agn) = Aén) = A(")/Z, and Bgn) = Bén) = B(”)/2. Coefficients A, A®) AG) 1) BE
have been known for several years [19, 58, 59], and they are collected, for instance, in
the appendix of ref. [57]. The N3LL coefficient B®) can be extracted from the recent
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result [25, 26]. For gluon processes it reads:

B _c3 <22¢3@ | T99C  5m%Cs 2533(s TTC 31974 610972 34219)

2 _

3 81 9 54 12 2%~ T0z0 T Toaa T Tom
o <10352 202¢s  5¢;  AlTt 59972 10637)

AN -

81 27 6 ' 540 972 1944

72 241
C4C 2Wy————F—
+Aan(<4 1 +72)

2g3 572 529
CF”f+CA”f< 27 ' 162 1944)

A —492.908 — 32C 412 B2 ¢, (3.1)

11
— %Cpn?c —32047%B2¢3

while for quark processes

2
BB _ C%CF<22C3C2 799G UnTG N 2207(3

3 81 9 54
77 83mt 716372 151571
B 1754 — 106 - SE;:) B 194: T 73838 )
+C3 (4”3@’ — 17¢3 + 605 — 2? - ?’f - if)
+Chny (3243 +20y — 757; - 127: + f’)

81 27 6 180 972 243

10¢3  5r? 1115
2 (10¢s 577 1115
+CF"f<27 54+972>

— 320pm? B2 ~ —116.685 — 32CFm>B2(s. (3.2)

(103g2 128(3 5C4 N 1174 N 129772 3331)

The remaining N3LL anomalous dimension A® is currently incomplete given that the
four-loop cusp anomalous dimension is still unknown. Here we compute A(®) according to
eq. (71) of ref. [19] or eq. (4.6) of ref. [60], using the results of refs. [25, 26] for the soft
anomalous dimension, and setting the four-loop cusp anomalous dimension to zero. For
gluon-initiated processes we get

121 8789C2 19093C;  847¢, 3761815
@t (2L _ 5761815
A < 662~ 6 54 21 1326 e
2731@ | 4955 11, 31186
3 -= — 240 — ——
+ Cany ( 662 T 76 5 6 SRYE:

272(5 7351 103¢;  47¢s | 5¢i | 13819
2 2,2

38(3 215 3 4¢3 232 313
+ CACan ( 9 24 + 21 > + CAnf ( 9 799 64C 47 B0<3
~ —2675.68 — 64C 473 B3 (3, (3.3)
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while for quark-initiated ones

121 8789C;  19093C;  847¢s 3761815

4 _ o3 2l - 1 2o

AT =CaCr ( 62~ 6 54 21 1326 6

273142 L 4955G; , 116, 31186

2
_zz e 27
+CaCrny < 62 16 5 6 % o

272s 7351 103¢, 47¢;  5Cy 13819
2 oY 2 ( _ tho SUr Y
+CACF”f( LTy > +CACF”J‘( ST 2 6 0 om

9 24
~ —1189.19 — 64CrmB3¢3. (3.4)

+ C}%nfe (—38(:3 — 20 + 215) + C’Fni’c (—4@ — 232> — 64CF7T3,83C3

We have left the additional terms arising from eq. (2.74) unexpanded to facilitate the
comparison to the existing literature. The remaining quantities are evaluated with ny = 5.
The expression of the Sudakov radiator is analogous to the b-space one, i.e.

2

dk dk M

Rek) =Y [ Wop 1 = Z / T (At G
=1

ekl ke1

2

; Bg<as<kt>>> (3.5)

and, as above, we define R’ as the logarithmic derivative of R

dRy(k1)
R)(ky) = ——2 3.6
[( tl) dL 9 ( )
h
where we defined Y
L=In— (3.7)
ku

In order to make the numerical evaluation of our master formula eq. (2.59) more
efficient, we can make a further approximation on the integrand without spoiling the log-
arithmic accuracy of the result. Before we describe the procedure in detail, we stress that
this additional manipulation is not strictly necessary and one could in principle implement
directly eq. (2.59) in a Monte-Carlo program.

Since the ratios ky;/ky1 for all resolved blocks are of order 1, we can expand R and its
derivative about ki, retaining terms that contribute at the desired logarithmic accuracy.
At N3LL one has

11 11 1
R(eks1) = R(key) + R (k1) In -+ 5R”(kﬂ) In? -+ gR’”(kﬂ) In® —t

1 1 1
Z + ER/,/(k?tl) 1112 E + ... 5 (38)

where the dots denote N*LL terms, and we have employed the usual notation ¢; = ky; /K.

R/(kti) = R/(kﬂ) + R”(l{itl) In

We recall that the transverse momenta of blocks in the resolved ensemble are paramet-
rically of the same order. This is because rIRC safety ensures that blocks k with k; < k¢
do not contribute to the observable and are encoded in the Sudakov radiator. Therefore,
since In(1/¢;) in the above formula is the logarithm of an O(1) quantity, each term in the
right-hand-side of eq. (3.8) is logarithmically subleading with respect to the one to its left.
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The logarithms In(1/¢€) in the first line of eq. (3.8) are a parametrisation of the IRC
divergences arising from the combination of real-unresolved blocks and virtual corrections,
expanded at a given logarithmic order. The ¢ dependence exactly cancels against the
corresponding terms in the resolved real corrections (denoted by the same-order derivative
of R) upon integration over (;, as it will be shown below. This is a convenient way to recast
the subtraction of IRC divergences at each logarithmic order in our formulation.

The terms proportional to R'(ks1) are to be retained starting at NLL, those propor-
tional to R”(ky ) contribute at NNLL and, finally, the ones proportional to R" (k) are
needed at N3LL. Starting from the NLL ensemble, we note that correcting a single block
with respect to its R'(k¢1) approximation (i.e. including for that block the subleading terms
of eq. (3.8)) gives rise at most to a NNLL correction of order O(a?L" 1) in our counting.
Modifying two blocks would lead to a relative correction of order O(a?L"~2), i.e. N3LL,
and so on. Therefore, at any given logarithmic order, it is sufficient to keep terms beyond
the R/(ku) approximation only for a finite number of blocks (namely a single block at
NNLL, two blocks at N3LL, and so forth). Consistently, one has to expand out the corre-
sponding terms in the Sudakov that cancel the € divergences of the modified real blocks to
the given logarithmic order. This prescription has been derived and discussed in detail at
NNLL in ref. [45], and will be used later in this section.

As a next step we address the evolution of the parton densities and relative coefficient
functions encoded in eq. (2.59), whose anomalous dimensions I'y and FE\?) have been
defined in egs. (2.56), and (2.54). Only a finite number of terms in their perturbative
series needs to be retained at a given logarithmic accuracy: in particular, contributions
from the O(a®) term in I'y enter for a N**LL resummation (we recall that the series
of 'y starts at O(a?), hence these terms start contributing at NLL). On the other hand,
the contribution of the coefficient functions, and therefore of the corresponding anomalous
dimension, starts at NNLL. Therefore the O(a]") term in Fg\?)

since its expansion starts at O(as).

is necessary at N *!LL,

We can then perform the same expansion about k;; for the terms in eq. (2.59) con-

(@)

taining T' and T'(“). Up to N3LL we expand the exponent of the evolution operators as

/”0 %QS(kt)I‘Ne(%(kt)) - /HO %QS(kt)FNe(as(kt))

ke k?t s k1 k?t T
d Ko dkt Oés(k‘t) 1
— — r s(kt))In —
A A GV ES
1 d2 Ko dk‘t Oés(k‘t) 2 1
—— — r s(kt))In® — 4+ ... 3.9
2 dL2 by Kt T N (s (k) In c + (3.9)
Ho dEk c Ho dF c
| Dt = [ k)
ERt1 t1
d [ dki ) 1
2O (k) In = £ 3.10
A e A (3.10)
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and the corresponding resolved real-emission kernels as

aS(ktj)FNe(Oés(k:tj)) = asf“)rm(as(kﬂ)) + jLO‘sf“)rNé(as(kﬂ)) ln; +... (3.11)
J
T8 (s (ki) = TN (s (k) + - (3.12)

where as usual L = In(M/ky). The first terms on the right-hand side of egs. (3.9),
and (3.10) represent the evolution operator that runs the parton densities and the coefficient
functions, respectively, from pg up to k;;. The remaining terms describe the exclusive
evolution of the parton densities and of the coefficient functions in the resolved strip. In
particular, the e-dependent terms completely cancel against the corresponding terms in the
real-emission kernel of egs. (3.11), and (3.12) upon integration over the resolved-radiation
phase space.

At NLL the coefficient functions are an identity matrix in flavour space, and therefore
their evolution operator is trivial. The contribution of the I'y in the exponent starts
at NLL, while the exclusive evolution of the parton densities in the resolved strip starts
at NNLL since it corresponds to emissions in the hard-collinear edge of the phase space.
Therefore, at NLL one only needs to retain the first term in the right-hand side of eq. (3.9),
and ignore everything else in egs. (3.9), (3.10), (3.11), and (3.12), which corresponds to
evaluating the parton densities at up = ky1. At this order, the evolution can be carried

out by means of the tree-level anomalous dimension 7](\(,)).

Similarly, at NNLL one needs to take into account the second term in the r.h.s. of
eq. (3.9) and the first term in the r.h.s. of eq. (3.11), where now the anomalous dimension
I'y is evaluated at one-loop accuracy (i.e. including *y](\})). At this order also the coefficient
functions start contributing with their inclusive evolution, therefore one needs to add the
first term in the r.h.s. of eq. (3.10). The corresponding exclusive evolution of the coefficient
functions in the resolved strip, encoded in the r.h.s. of eq. (3.12) only starts at N3LL. At
higher orders, one simply needs to add subsequent terms from the above equations, and
evaluate the anomalous dimensions at the appropriate perturbative accuracy.

As discussed above for the Sudakov radiator, at any given logarithmic order beyond
NLL, it is sufficient to include the extra e-dependent terms from eqs. (3.9), (3.10) in the
exponent, and the corresponding terms in the resolved real radiation from egs. (3.11), (3.12)
only for a finite number of emissions, namely a single emission at NNLL, two emissions at

N3LL, and so forth.

Finally, we need to deal with the block Ci}iT(as(uo))H(uR)Cf@Q (as(pp)) in eq. (2.59).
As discussed in the previous section, for a generic process this block receives a contribution
from the gluon collinear correlations G, as in eq. (2.63). Since the contribution of the G
functions starts at N3LL, at this order one can drop the e dependence in their evolution;
namely, in the analogue of eq. (3.10) with I‘g\?) — I‘ﬁ\c,;), only the first term on the right-
hand side needs to be retained. This amounts to evaluating the coupling of the G coefficient

functions at k.
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With the expansions detailed above, eq. (2.59) becomes

M ke /2” doy

B0, (0) = O (000 H ) 5 (o)) [ G

e—Iukﬂ)—kaﬂ)hl7—41y%kﬂ)hﬁ1 F R (k1) In® Ly

X
2 mo Jk o
t s (ki) d / dky as(ky) 1
X exp { — — Ty (as(k)) + — aky T x (s (k) In -
p{ ; </]€t1 kt T NZ( ( t)) dL ktl kt T Ng( ( t)) c
1 d2 [ro dk, as (k) , 1
21 dL2 I, r s(kt))In® — 4. ..
2dL2 Jy, ki N (s (ke)) In® = +

1o dky () d (" dki ) 1
[ et + g7 [ )

t1 t1
2

X Z (R@l (ktl) as(:tl)FNel (as(ktl)) + Fg\ii (as(ktl))>

l=

e’} n+1

dCl " d¢z 1 ///

" “sft”m (0 (ki) + % <“S<7f‘“>

rNei(as(kﬂ))) 1nC1 o

%

TR, (os(k)) + - }@ (0 = V) b1 ko) +{C = GiTO S T@) . (3.13)

Following the procedure of ref. [45], we can express the In(1/¢) singularities in the exponent
of eq. (3.13) as integrals over dummy real emissions as follows

1
i dﬁ, L2l dC L Lyt 1 dC121

e Jo ¢ 2T e 31 e 2). ¢t

and subsequently expand out the divergent part of the exponent, retaining the terms

(3.14)

necessary at a given logarithmic order. We further introduce the average of a function
G({p}, {k:}) over the measure dZ

, 00 n+1 dC o d¢
[ ezt stk =03 T / L[ SR )G} ).
(3.15)
where we simplified the notation by using
R(kn) = > Rj(kn). (3.16)

=12

The dependence on the regulator € cancels exactly in eq. (3.15).
We can plug eq. (3.13) into the definition of the hadronic cross section (2.58). We
define the derivatives of the parton densities by means of the DGLAP evolution equation

821(1/;,;) _ 0457(T )/x %P(z as(p) f (M’ g), (3.17)
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where P(z, as(p1)) is the regularised splitting function

Pz as(u)) = PO + S poy ) 4 <as(“)>2 PO+ ... (3.18)

27 27
Moreover, we introduce the following parton luminosities

Exun () = Y PPl o by ) o). (3.19)

c,c/

dM d d
,CNNLL(]Cﬂ) ‘ B‘CC Z/ Zl/ ﬁf'z <l€t17 >fg <kt17j§>

)

X <5ciac,j5(1 —21)8(1—29) <1+0*§;®H<1>(MR)>

as(1r) 1
27 1—2as(pur)BoL

d|M dz dz
Ly (ki) = ‘d<I>BB‘ / 1/ 2fz<kt1> )fg (ktb 2>

Q) 0 )+ S8 1) )

2 (27

_l’_

(C(Eil)(m)é(l —29)0pj + {21 ¢ 250,10 > c’j}) ) : (3.20)

X {5&'(50/]‘(5(1 —Z1)5(1 —22) <1 +

as(1r) 1 <1 A )ﬁlln(l 2a3(uR)ﬁoL)>
27 1—2as(pur)BoL Bo 1—2as(ur)BoL

% (CP 31 =22)00+{21 0 mici ¢}

_l’_

o(pr) 1 @ 0y M ) R
+ (277)2 (1_2%(/“%)%[/)2((0@' (21)_27T50Cci (21)In M% 6(1 22)5(:']

o . ag(uR) 1
+{z1<—>22707’5<—>073}>+ (2m)? (1—2as(ur)BoL)?

% (€ ()C8) (22)+ 67 (21)GY) (22)

2
-I—MH(I)(M ) (Cég)(z1)5(1—22)5c/j+{z1 <—>22;c,i<—>c/,j}>}, (3.21)

(2m)2 B 20, (ur)BoL
where
M M
r1 = $6Y7 T = ﬁeiy, (322)

and Y is the rapidity of the colour singlet in the centre-of-mass frame of the collision
at the Born level. |[Mp|?, is the Born squared matrix element, and L = In(1/v;), with
v1 = kn/M, v = p/M. We transform back to momentum space, thus abandoning the
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matrix notation used so far, by means of the following identities, valid up to N3LL

d|Mpl7,, 2 sk
|d<§,|5?12f£1(k“) (Z : (WH)FNZ (as(ktl))> £, (k1) (3.23)
=1
as(ktl) A _
- p P(z,05(k11)) @ Lnir (ke ) = =0 L (ki)

2 2 o
i g ) O3 ) 1) (3 (2 ()
=1

+FS€) (Oés(k?tl))> ) C?@ (as(kﬂ))fN2 (k1) = —0rL(ks)

dMp2,., .r 20 d fag(kn) Bo 20, 5
ZI7 Bleica g 5 T f 9 PO
Ty '~y (Ke1) ;:1 a7\ N (s (k) ) En, (Ke) = Was(ktl) ® LNLL (k1)

o2(kn) A 2
87(T2t1) PO PO @ Ly (ki)

2 2
C%J;l@fT (k1) (Z as(:tl)l"Néi (as(k:tl))) (Z as(:tl)rwj (as(ktl))> i, (k1) —

=1 ;=1

2
. . k . .
P(z,as(k)) @ P(z,a5(ku ) @ LNLL (k1) ~ aszQtl) PO @ PO @ Ly (k)

+

2
k
N as( tl)

T2

where we defined 07, = d/dL. Since we evaluated explicitly the sum over the emitting legs
Z;, the convolution of a regularised splitting kernel PO with the NLL parton luminosity is
now defined as

. dMp|*, ( /-
PO @ Ly (k) =) w{ (P(O) ® f)c (ker, 1) feor(kn, z2)

+ fe(ker, 1) (p(O) ® f>c/ (ke1, x2) } (3.24)

The term P @ PO g Lnpr (k1) is to be interpreted in the same way.
Including terms up to N3LL, we can therefore recast egs. (3.13), (2.58) as

D) [y (—e ) Ly (k) [ AZ IR IO 0=V ()R )

1
+/dkt1 491 e Blk) /dZ[{R/,ki}] dcscwss{<R/(kt1)»CNNLL(kt1)_aL[fNNLL(ktl))

ki 271' o Cs 2m

y <R”(l<:t1)ln R”’(k ) In2 1)

™

G, CS
1
2(ki) 4 .
n aS(Ztl) PO g pO) ®ENLL(kt1)}

X {@(v—V({ﬁ},kl,...,kn+1,ks))—@(v—V({ﬁ},kl,...,kn+1))}
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1 [ dkn dd1 g / / /1 d¢s1 deps1 /1 d¢so dss
— | ——— dz k; k
+2/kt1 5 © R ki}] T 2r )y T 5, 1t (ke)

1 1 1 1
X {cNLLUm) (R”(kﬂ))Zlnaln—2 —0rLnus (ke )R (K1) <ln<1 —l—lnc2>

a3 (ku) -

+ = PO g pO) ®£NLL(kt1)}

X {@(U—V({ﬁ},kl,..-,kn+1,k51,k52)) —OWw=V{BY k1, kni1,ka))
—@(U—V({ﬁ},kl,. . .,kn+1,k32)> —‘r@(U—V({ﬁ},k‘l, .. .,kn+1)) }

1
+0 <a§ In?n—6 U> : (3.25)

Until now we have explicitly considered the case of flavour-conserving real emissions, for
which we derived eq. (3.25). We now turn to the inclusion of the flavour-changing split-
ting kernels, that enter purely in the hard-collinear limit and contribute to the DGLAP
evolution.

We observe that at a given logarithmic order only a finite number of hard-collinear
emissions are actually necessary. As we mentioned several times in the above sections,
at N3LL one needs to account for the effect of up to two hard-collinear resolved partons.
Therefore, the inclusion of the flavour-changing kernels can be done directly at the level of
the splitting functions and parton luminosities in eq. (3.25).

In the above expressions for the luminosity we have used the following expansions in
powers of the strong coupling for the functions C, H and G, up to N3LL:

2

Calarti) =800 - 2+ 3 (“52)" o) (3.26)
n=1

2
2 n
i) =143 (2} ), (327
n=1
Gaploa(i)) = 2 g ), (3.28)

2

where 1 is the same scale at which the parton densities are evaluated, and pugr is the
renormalisation scale.

The expressions for C) and H™M have been known for a long time, and are collected,
for instance, in the appendix of ref. [57]. The hard-virtual coefficient H(up) is defined as
the finite part of the renormalised QCD form factor in the MS renormalisation scheme,
divided by the underlying Born squared matrix element. The hard coefficients for gluonic
processes up to O(a?) evaluated at the invariant mass of the colour singlet H™ (M) and
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H®) (M) read [61-63]

7
HM(M) = Ca (5 + 6772) — 3CF, (3.29)
5359 137 . m?2, 1679 37 499 16
(2) _ 2999 WOl My 0T o S0 4 299 10 _
H;" (M) 2 T ng g "t g C3 CA37T50C37 ng=2>5,

(2)

where the last term in Hy~’ was deliberately left symbolic to stress its origin from eq. (2.74).

Analogously, for quark-initiated reactions one has [64—66]

7
HM(M) = Cp (—8 + 67r2> :

57433 281 , 22 , 1178

@) (M) = 178 _
Hy™ (M) orz 12" Tt 43+CF WBoCs, ny=>5. (3.30)

q

The renormalisation-scale dependence of the first two hard-function coefficients is given by

2

HD () = HO(M) + 2dpnfoln L& M?’ (3.31)
1+d 2
H®(up) = HA (M) + 4dp ( i B 1252 In? ]’;‘4@ + 7261 In 5;2)
2(1+dg) 7fo ln H( )(M), (3.32)

where dp is the strong-coupling order of the Born squared amplitude (e.g. dp = 2 for Higgs
production).

The C® and G functions for gluon-fusion processes are obtained in refs. [22, 24],
while for quark-induced processes they are derived in ref. [23]. In the present work we
extract their expressions using the results of refs. [22, 23]. For gluon-fusion processes, the
C’éz) and C’éz) coefficients normalised as in eq. (3.26) are extracted from egs. (30) and (32)
of ref. [22], respectively, where we use the hard coefficients of eqs. (3.29) without the new
term proportional to By in the Hg(2) (M) coefficient.'! The coefficient GW is taken from
eq. (13) of ref. [22]. Similarly, for quark-initiated processes, we extract C’,gf,) and C(SZ) from
egs. (32) and (34) of ref. [23], respectively, where we use the hard coefficients from egs. (3.30)
without the new term proportional to 5y in the Hf)(M ) coefficient. The remaining quark
coefficient function C’(g?, C’é? and Céz,) are extracted from eq. (35) of the same article.

Eq. (3.25) resums all logarithmic towers of In(1/v) (with v = p;/M) up to N3LL,
therefore neglecting subleading-logarithmic terms of order o In?"~%(1/v). Constant terms
of order O(a?) relative to the Born will be extracted automatically from a matching to the
N3LO cumulative cross section in section 4. This will allow us to control all terms of order
o In*"~%(1/v) in the matched cross section, therefore neglecting terms O (a2 In*"~"(1/v)).
We have split the result into a sum of three terms. The first term (first line of eq. (3.25))
starts at LL and contains the full NLL corrections. The second term of eq. (3.25) (second
to fourth lines) is necessary to achieve NNLL accuracy, while the third term (fifth to ninth
lines) is purely N3LL.

" These must be replaced by HY — H® /2 and H® — H® /4 to match the convention of refs. [22, 23].
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Since eq. (3.25) still contains subleading-logarithmic terms (i.e. starting at N*LL in
In(M/p;)), one could, even if not strictly required, perform further expansions on each
of the terms of eq. (3.25) in order to neglect at least some of the corrections beyond the
desired logarithmic order. For instance, for a N3LL resummation, the full N3LL radiator
is necessary in the first term of eq. (3.25), while the radiator can be evaluated at NNLL
in the second term, and at NLL in third term. Analogously, for a NNLL resummation,
the NLL radiator suffices in the second term of eq. (3.25). Furthermore, at NNLL, one
could split R'(k;) into the sum of a NLL term R'(ky) and a NNLL one 6R'(ky), and
expand eq. (3.25) about the former retaining only contributions linear in 0R’(k;;). The
last two considerations relate eq. (3.25) to eq. (9) of ref. [39] where this approach was first
formulated at NNLL for the Higgs-boson transverse-momentum distribution.

Eq. (3.25) can be evaluated in its present form with fast Monte Carlo techniques, as
we will discuss in section 4.

We performed numerous tests to verify the correctness of eq. (3.25). Firstly, we per-
formed the expansion of eq. (3.25) to O(a?) relative to the Born for the transverse momen-
tum of the boson as well as for the ¢* distribution in Drell-Yan production, and compared
it to the corresponding result from the b-space formulation, finding full agreement for the
NS3LL terms. This is a highly non-trivial test of the logarithmic structure of eq. (3.25). The
differential O(a?) expansion for both observables was also compared to MCFM [67] and we
found that the difference between the two predictions vanishes in the logarithmic region.
Finally, we checked numerically that the coefficient of the scaling ¥(p;) oc p? in the small-p;
limit of eq. (3.25) agrees with the prediction obtained with the b-space formulation. The
agreement of the NNLL prediction obtained using our formula (3.25) with the b-space result
from the program HqT [16] across the spectrum was shown in ref. [39].

3.2 Perturbative scaling in the p; — 0 regime

In this section we show that our formulation of the transverse-momentum resummation
of eq. (3.25) reproduces the correct scaling in the p; — 0 limit as first observed in [13].
Moreover, we obtain a correspondence between the logarithmic accuracy and the pertur-
bative accuracy in this limit. To perform a comparison with the results of [13], we consider
NLL resummation and neglect the evolution of the parton densities with the energy scale.
However the same procedure can be easily extended to the general case. We have

d*%(v) 0) dki1 o1 Rk,
X /dZ[{R', ki 1o (ﬁt - (Etl +-F ];:t(n—l—l))) ;
where

_ do©
= ddp’

and dZ[{R', k;}] is defined in eq. (3.15). In order to evaluate the integral over dZ[{R’, k;}]
analytically we proceed as in section 2.4. After integrating over the azimuthal direction of

O (@) (3.34)
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Py we obtain

&) _ o

dky

t

X exp {—R’ (k1) /Ok” dkkt (1— Jo(bkt))} (3.35)

Before proceeding to the evaluation of eq. (3.35), a remark is in order. At NLL one would
be tempted to perform the replacement (see section 2.4)

(1— Jo(bky)) ~ © <kt - b;) .., (3.36)

and recast eq. (3.35) as

) R/ (k1)
d“X(v) = O(®p)p, /bdeg(ptb)/dkkt1 _R(k“)R'(kﬂ)Jo(bkﬂ)( % )

dpd®p 1 bk
R/ (k1) 1—R/ (k1)
0 (®p) Pt/ Ahis e~ B R (Jyy) <bo> < 1-R/(k1)/2
kn (p? + th) —R/(kt1)/
T (1 — R/ (ktl) /2) 2F1 2 — R, (ktl) 1— R/ (k'tl) 1 4ptk' (3 37)
T(R (ki) /2) 4 4T k)

The above result is singular for R’ (k;1) > 2, owing to the fact that the integrand scales as
b1=F' (k1) in the b — 0 limit. This singular behaviour is however entirely due to the ap-
proximation in eq. (3.36), where all power-suppressed terms are neglected, while eq. (3.35)
is regular, as the integral in its exponent vanishes as O(b?) for small b. Therefore, when
using eq. (3.36) one must regularise the b — 0 limit, for instance by means of modified
logarithms as in ref. [15]. In our formalism, instead, eq. (3.35) is evaluated numerically
without further approximations so that the b — 0 region is correctly described.

It is interesting to study the scaling of eq. (3.35) in the small-p; limit. In this limit,
the dominant mechanism that produces a vanishing p; involves several soft and collinear
emissions with finite transverse momentum that mutually balance in the transverse plane.
In this kinematic configuration one has k¢ > p;, thus expanding k; about p; in eq. (3.35)
is not allowed: such an operation would give rise to spurious singularities at R'(p;) > 2, as
reported several times in the literature [19, 37, 39, 40, 52, 68].

We therefore evaluate the b integral of eq. (3.35) and observe that in the limit where
M > ki > py it gives

72

R’(k )’

kt1
/bdeo(ptb)Jg(bktl)exp{—R’ (ke) /0 dklit(l—Jo(bkt))} 4

(3.38)

namely it is constant in p; in first approximation. In this regime eq. (3.35) becomes

2
d"3(v) — 44500 )(@B)pt/dkktl —R(ku1) (3.39)
1
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In order to directly compare with the result of ref. [13], we specialise to the case of the
Drell-Yan process, and compute R(k;;) at the lowest order using the leading-order running
coupling expressed in terms of the QCD scale Aqcp (with ny = 4),

(k) 12 1
as(ky) = —m——5—5——.
25" In(k7 /A3 cp)
We obtain (A" = 2CF in this case)
In 22
2 A2 - 2
R(kﬂ)zgln ];4 In ;jQCD —EIHMT.
25 Moo | In b 25 k2
QCD

We now integrate over k;; in eq. (3.39) from Agcp up to the invariant mass of the Drell-Yan
pair, obtaining

16 1., 41

=2 1In
a2y M gk A2 25 M 16
W) _ 460 (@) py / R —Ru) 950 (@ 5)p, [ 22D C 340)
Aqcp kpy M

that reproduces the scaling of ref. [13].1? We stress that this power-like scaling is not due,
by any means, to higher-order effects that one would be missing in performing the naive
expansion of k;; about py, but rather to a collective kinematical effect that requires the
presence of any number of emissions. Indeed, the expansion of eq. (3.35) to any order in
the strong coupling only gives rise to logarithmic effects and no terms scaling as O(p;)
arise. To reproduce the correct scaling an all-order treatment is necessary.

In order to study how this result is modified by the inclusion of higher-order logarithmic
corrections, we evaluate eq. (3.39) in the fixed-coupling-constant approximation. This is a

simple toy model for the more complicated running coupling case. At lowest order one has
Os

R(ky) = AW =12 (3.41)

s

with A = 2¢C (with C' = C}y for gluons and C' = CFp for quarks), and L = In M /ky;. In
the perturbative regime eq. (3.39) therefore reads

d*¥(v) py T eXas NS
— 2 40O (D)L= (1 Ef< )) 3.42
sy =185 amas \ B agas (3.42)

Eq. (3.42) shows that in the small-p; limit the differential spectrum features a non-
13)

perturbative scaling in a; (see also eq. (2.12) of ref. [13]*°). However, the coefficient of this
scaling can be systematically improved in perturbation theory: the inclusion of NLL terms
a L™ in the right-hand side of eq. (3.39) contributes an O(1) correction to the right-hand
side of eq. (3.42). Analogously, NNLL terms o?L"~! will produce an O(ca) correction rel-

ative to the non-perturbative factor ™/ (2¢as) /v2Cas, and so on. In particular, with our

12Tp the last step we have neglected a factor of 1/A2QCD 1n(M2/A2QCD)7 as done in ref. [13].
13Please note that only the leading contribution for a, < 1 is reported in the right-hand side of that
equation.
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N3LL calculation we have control over the terms of relative order O(a?). From this scal-
ing we deduce that the correspondence L ~ 1/aj is still valid in the deep infrared regime.
However, this does not mean that the above prediction is accurate in this limit: indeed non-
perturbative effects due to soft-gluon radiation below Aqgcp, as well as due to the intrinsic
transverse momentum of the partons in the proton, feature a similar scaling. This is be-
cause the colour singlet’s transverse momentum is sensitive to non-perturbative dynamics
only through kinematical recoil, that is the same mechanism that drives the scaling (3.40).

4 Numerical implementation

In order to have a prediction that is valid accross different kinematic regions of the spec-
trum, one needs to match the resummed calculation, valid in the small-v limit, to a fixed-
order calculation that describes the hard (large-v) region. In this section we discuss the
matching of the result described in the previous sections, in particular eq. (3.25), to a
fixed-order prediction that is NNLO accurate in the hard region of the phase space. We
then describe how to evaluate eq. (3.25) exactly using a Monte Carlo Markov process, and
discuss the implementation in a parton-level generator that is fully differential in the Born
kinematics.

4.1 Normalisation constraint and resummation-scale dependence

In order to match the resummed calculation to a fixed-order prediction one has to ensure
that the hard region of the phase space receives no contamination from resummation effects.
We therefore need to modify eq. (3.25) so that at large v (v = p;/M in the transverse-
momentum case) all resummation effects vanish. At N3LL, it reduces to

dx
) Lo r)l-o, (a.1)

where Lys1y, is defined in eq. (3.21). The normalisation constraint (4.1) can be implemented
in several ways; in what follows we impose it by modifying the structure of the logarithms
L everywhere in eq. (3.25), as commonly done for this observable in the literature.

Before defining the modified logarithms, it is convenient to have a way to estimate
the resummation uncertainties due to higher-order logarithmic corrections that are not
included in the calculation. To this aim, we introduce the dimensionless resummation
scale xg by using the identity

1 zQ
L=In— =In— —Inzg, (4.2)

U1 U1
and then we expand the right-hand side about In(zg/vi) to the nominal logarithmic
accuracy (in terms of In(zg/v1)), neglecting subleading corrections. In the transverse-
momentum case one has v; = ky /M and zg = Q/M, where @), the resummation scale,
has dimension of a mass. A variation of xg will therefore provide an estimate of the size

of higher-order logarithmic corrections.
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The normalisation constraint can now be imposed by replacing the resummed loga-
rithms In(zg/v1) by

- 1 p
$—>L:In(<m> +1>, (4.3)
U1 p U1

where the positive real parameter p is chosen in such a way that resummation effects vanish
rapidly enough at v; ~ zg. Eq. (4.3) amounts to imposing unitarity by introducing in the
resummed logarithms power-suppressed terms that scale as (zq/v1)P, which ultimately give
rise to terms of order v™? in the cumulative cross section ¥(v). Given that the differential
spectrum tends to zero with a power law (~ v~ with positive n) at large v, it follows that
one should have p > n — 1 in order not to affect the correct fixed-order scaling at large v.
However, since we are interested in turning off the resummation at transverse momentum
values of the order of the singlet’s mass, the relevant scaling n to be considered in the choice
of p is the one relative to the differential distribution in this region. We stress, finally, that
the prescription (4.3) is only one of the possible ways of turning off resummation effects in
the hard regions of the spectrum. For instance one could, analogously, directly constrain
the first block to have ky; < @, which would naturally suppress radiation effects at large
v. This solution would however lead to more complicated integrals in the expansion of
the resummation formula used in the matching to fixed order. For this reason, we stick to
prescription (4.3) while leaving the study of alternative solutions for future work.

We notice that, with the prescription (4.3), the single-emission event in the first line
of eq. (3.25) is not a total derivative any longer. One can however restore this property by
introducing the jacobian factor

J(v1/zq,p) = (ff)p <1 + (ff)p)_l (4.4)

in all integrals over v; = ky1 /M in eq. (3.25). This jacobian tends to one at small v; and
therefore does not modify the logarithmic structure. Moreover, in the large-v region where
the single-emission event dominates, this prescription prevents the proliferation of power-
suppressed terms. The prescription (4.3) effectively maps the point at which the logarithms
are turned off onto infinity. This also gives us the freedom to extend the upper bound of the
integration over ky; from M to oo in eq. (3.25) without spoiling the logarithmic accuracy.

We therefore implement the prescription (4.3) in the Sudakov radiator and its deriva-
tives. We denote all modified quantities by a ‘~’ superscript. The expansion about
In(xzg/v) induces some constant terms in the Sudakov radiator that are expanded out

up to O(a?) and included in the hard-function coefficients. The modified quantities in
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eq. (3.25) are

(k) =~ g (0s(p) D)~ g2l () D)~ SV g 0 () ) — P g0 ) )
HY(upxg)=HM (ug)+ <;A(1)lnxé+3(l)> Ina?,
A (upaq)=H? (ug)+ <A(81)>2 It a2 — <A(1)QB(1) N Ag) 7r50> n® 23 (4.5)
+ <_A(2) + (B(l))2 + 7B < —i—A(l) In ]2\/[2>> In? x2Q
2 12

51:2 M?

1
( B® 1 BMWarg)In =2 > lnxé—l—H(l)(uR)lnxQQ <—2A(1)IH$QQ+B(1)> ,

'UR

where the functions g; are given in appendix B. All derivatives of the R function are to be
consistently replaced by derivatives of R with respect to L. Notice that no constant terms
are present in the radiator and therefore g;(0) = 0.

The same replacement must be consistently performed in the parton densities. In
addition, it is convenient to have the latter evaluated at a common factorisation scale pp
at large v1, in order to match the fixed-order convention. Both steps can be implemented
by expressing the parton densities f at the scale u Fe_i, and expanding out the difference
between f (,upe_’i, x) and f(ksu,x) neglecting regular terms as well as logarithmic terms
beyond N3LL. The relevant terms in this expansion can be absorbed into a redefinition of
the coefficient functions C'¥)(z), thereby introducing an explicit dependence upon pp and
xg. We obtain

e Wy pO) oy SeM
ij (z,1p,2qQ) = Cij (Z)+Pij (z)In M% )
~ x2 M? r2M?  z2M?
CZ-(]-Q)(Z,,UF>$Q) = C(Q)( )+ 7o P ( )<ln2Qz—an Q2 In Q2 )
HE Hr Hr
. 2 M? 1 . x2 M?
+P(z)In C;Q +5 (PO @ PO);(z)n?
F KR
. x2 M? x2 M?
(CW & PO);(2)In =Ly 2104 (2) In = (4.6)
HE HR

Finally, we also approximate the strong coupling in the terms proportional to a2 (k)
in eq. (3.25), featuring the convolution of one and two splitting functions with the NLL
luminosity, by retaining only terms relevant to N3LL as

as(pR) _
1 —2a5(pr)BoL

as(ker) >~ (4.7)
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Summarising, the final formula that we employ in the matching to fixed order will be
eq. (3.25) with the following replacements:

~ dk dk
L— L, A%j(vl/xQ p)—ot,
ki ki1
R— R, R — dR/dL, R' = dR'/dL, R" — dR"/dL,
Lnrr — Lxin,  LNNLL — £NNLL, Lysrr — Lnsi- (4.8)

Moreover the coupling is treated according to eq. (4.7) in the terms PO @ Lyir, and
PO g pO) g ENLL, and the upper bound of the k;; integration in eq. (3.25) is extended to
infinity. The modified luminosity factors appearing in the previous equation are defined as
~ d|M. B _I
Lxin (ki) 22 |d<1> e fc( ,xl) fe (uFe L,w2)7 (4.9)

c,C

~ d|M dz dz o i T
Lanen(ka) = d(I)BB’CC 2/ 1/ 2fz<MF€ 7211> fi <,UF€ L»gj)

X ((562-(56/3-5(1 —21)0(1—z9) <1+ aS(MR)ﬁ(l)(MR,:rQ)>

+

as(r) 1 ~(1) o
= Coi (21,17, 2Q)0(1 — 22)00rj + {21 ¢ 225¢,1 . (4.10
o207 1_2as(/LR)ﬁOL ( ci (21 HF JTQ) ( 22) g {21 29;C,1 C]}) ( )
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Lyspy (k) = |d<I>B;CC Z/ 1/ 2fz< le> i </~LF€ L;i)
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as(pR) 1 5 In (1 205(uR 50[/
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+ B FW (g, (W (21, up, 20)5(1 — 22)505
amp 1 ln mQ)l—Qas(MR)BOL( o (211, 2Q)0 (1= 22)0e;

+{=1 <—>z2;c,i<—>c/,j}>}. (4.11)

4.2 Matching to fixed order

To match the above result to a fixed-order calculation we design a scheme belonging to
the class of multiplicative matchings [68, 69]. This, at present, is preferable to the more
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common additive R scheme [48], since the O(a?2) constant terms of the cumulative cross

S
section are currently unknown analytically (except for the three-loop corrections to the form
factor that were computed in refs. [70-72]) and they can therefore be recovered numerically
from our matching procedure. This ensures that our matched prediction controls all terms
up to and including O(a? In?"~%(1/v)). Moreover, the multiplicative scheme has the feature
of being less sensitive to numerical instabilities of the fixed-order prediction close to the
infrared and collinear regions.

However, the multiplicative scheme in hadronic collisions can give rise to higher-order
terms in the high-p; tail, due to the cross product of parton luminosities. These are
effectively subleading and therefore they never spoil the perturbative accuracy, nevertheless
they can be numerically non-negligible, especially for processes featuring large K factors

like Higgs production. In order to suppress such spurious terms, we introduce a factor Z

defined as .
Z = <1 - (;) > O (v — v), (4.12)

where vg is the point at which the fixed-order is recovered, while h and u are positive pa-
rameters. h should be larger than two in order to avoid small kinks in the differential distri-
bution. In our predictions below we set vy = 1/2 and h = 3, and check that the variations
vop = 1 and h = 1,2 do not produce sizeable differences. The parameter u will be discussed
shortly. In what follows, with a slight abuse of notation, we denote by ¥(v, ® ) the generic
exclusive cross section d¥(v)/d®p. We therefore define the matched cross section as

EF()(U, (I)B>
(Sexp(v, ®5))7

where Yo is the fixed-order cross section at order af differential in the Born kinematics,

Syar(v, ®5) = (Sres(v, ®5))7 (4.13)

and Ygxp is the expansion of the resummed cross section Xggs to O(a?). The factor Z
ensures that the resummation is smoothly turned off for v > vg. We stress that at small
v the factor Z leads to extra terms which are suppressed as (v/vg)". Therefore u can
be chosen in order to make these terms arbitrarily small, although they are already very
suppressed in the small-v region. In our case we simply set u = 1.

Up to N3LO we now express the fixed-order and the expanded cross sections as

Sro(v, ®p) Zz (v, ®p),

as\ (o, p)

/

S0 (v, ®p) = o (@p) — / @’ = 0@D(®p) + S8 (v, Bp),

. dv

EEXP 'U CI)B ZEEXP v, (I)B (414)

where E(FO(%(U, dp) =0, Eg)))@(v, ®p) = 00, and we defined o) (®p) = do /d®p as the
i-th order of the total cross section differential in the Born kinematics

3
=> o(®p). (4.15)
=0
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With this notation, eq. (4.13) becomes
by v, P d _
Sunos) = (Y00 o0 50000 - 254000
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2 o) (®p)

+0D (@) + & (v,05) - 25D (v, 05) +

oD (@) + S (v, D)

1
ST

1+ 2)(2+2) (Eg))(P(Ua ®p))?
6 (0O(25))?
oD(@p)+ 4 (v,2p)
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— 7258 (0, 8p)

201+ 2) () o () + 5L (v, 25)
+ I (B (0.05) (00(@p))2
(14 2) S (v, <I>B> <2><¢>B>—2<F%<v,<1>3)}
0)(5)

+ 250 (v, ) , (4.16)

where terms contributing at different orders in «, are separated by an extra blank line in
the above equation.

To work out the expansion, we start from the three contributions of eq. (3.25) with the
replacements discussed in section 4.1. The first contribution starts with a single emission,
the second features at least two emissions, and the third contributes to events with at
least three emissions. The single-emission term can be worked out analytically, since the
integrand is a total derivative, while the remaning terms can be expanded to O(a3) at
the integrand level and integrated over the real-emission phase space. When the integrand
is expanded out, one can safely set ¢ = 0 as the cancellation of all singularities is now
manifest. The expanded result can be expressed as a linear combination in terms of the
following three classes of integrals (we write them in terms of vy = ki /M):

x {@ v~ ({p} k:l,ka)) ({p} km}

/ /2” d¢1/ G /2” dgo 0 dCs

des3 1 w1
X/o o J(vi/zq, p) (ln C + In CS)
x {0(v = V({p}, k1, k2, k3)) — O(v = V({p}, k1, k2))
— O(v = V{{p}, k1, k3)) + O(v = V({p}, k1)) },

/ /%d(ﬁl/ dCQ/ dopz / dC3/2“d¢3 T (0120, p) L ln<121n€13

X {@ 1) - ({p}7 k1, k2, k3)) - 6( - ({p}7k17 k2))
- @(U_V({ﬁ}aklaki’»)) +@(U_V({ﬁ}akl))}¢ (417)
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where L and 7 are defined in eqs. (4.3) and (4.4), respectively. We stress that we extended
the upper bound of the integration over v; to infinity, following the discussion of section 4.1.
The integral over v; can be evaluated analytically. The remaining integrations are carried
out numerically and the final results are tabulated with fine grids as a function of v/z¢.

4.3 Event generation

Before presenting a phenomenological application of this formalism, we comment briefly
on how eq. (3.25) is implemented numerically using a Monte Carlo method. We follow a
variant of the procedure used in refs. [41, 45, 52]. For the first emission we generate v;
uniformly according to the integration measure dvi/v1J(v1/xq,p), and assign it a weight
in terms of the Sudakov radiator and parton luminosities. All the identical emissions
belonging to the ensemble dZ[{R’, k;}] are generated via a shower ordered in v;. This is
done by expressing the term e? (k1) ag

Gi—1
G, (4.18)

n+2 ,
o~ R/(ke)In L _ H o (k1) In

=2
with (; = 1 and (42 = €. Each emission in dZ[{R’, k;}| now has a weight

) / Ci—1

and therefore it can be generated by solving for (; the equation

)

e_R’(ktl)ln%l =, (4.19)
with r being a random number extracted uniformly in the range [0, 1]. The above equation
has no solution for (; > (;_1, therefore this amounts to a shower ordered in (; (or, equiva-
lently, in v;). The procedure is stopped as soon as a (; < € is generated. The azimuthal an-
gles are generated uniformly in the range [0, 27] for all emissions. Finally, the special emis-
sions, denoted by the subscript s in eq. (3.25), do not have an associated Sudakov suppres-
sion since their contribution is always finite in four dimensions. Therefore we generate them
according to their phase-space measure and weight as they appear in the master formula.

This recipe is sufficient to evaluate eq. (3.25), and it can be implemented in a fast
numerical code. We stress that it is an exact procedure, meaning that no truncation at
any perturbative order is involved. The algorithm leads to the generation of an arbitrary
number of emissions with (; > €, while all unresolved emissions with (; < € are accounted
for analytically in the Sudakov radiator. This ensures that the whole singular part of
the radiation phase space and all perturbative orders are treated exactly. We choose
conservatively € = e~2" for our tests, although we observe that a much larger value (e.g.
€ ~ e~ ") can be chosen in practice given that emissions below this threshold will be very
soft and/or collinear, hence improving slightly the efficiency of the event generation.

We generate Born events using the LO matrix elements and phase-space-integrator
routines of MCFM [67], and we use HOPPET [73] to handle the evolution of the parton densities
and the convolution with the various coefficient functions.
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For each Born event we run the above algorithm to produce the initial-state radiation,
and fill the histograms on the fly, thereby yielding d¥grgs(v)/d®p. As a byproduct, this
allows us to have exclusive events with N3LL accuracy for the observables treated in this
article. For each Born event we also generate a histogram filled with the expansion coun-
terterm, which is computed as described in the previous section. After the generation, the
two histograms are combined with the corresponding fixed-order cumulative distribution
according to eq. (4.16).

We point out that the Sudakov radiator has a singularity in correspondence of the
Landau pole at 2as(ur) BoL =1 (see expressions in appendix B). One could use different
prescriptions to handle this singularity, all differing by power-suppressed terms in the
perturbative expansion. We choose to set the result to zero below the singularity which,
anyway, occurs at very small p; values. We stress that other schemes can be adopted, and
that this choice has no consequences above the scale of the singularity.

The resummation and matching as described above are implemented in the program
RadISH that can simulate the production of any colour singlet with arbitrary phase-space
cuts on the Born kinematics. The code will be released in due course.

4.4 Predictions for Higgs-boson production at 13 TeV pp collisions

We now apply the method described in the previous sections to obtain the inclusive
transverse-momentum distribution of the Higgs boson at the LHC. We stress that the
results shown in the following are to be considered as a proof of concept of our method,
and a more detailed phenomenology discussion on the precise choice of the matching scheme
as well as on the theory uncertainties will be the subject of a forthcoming publication.

We perform the calculation in the large-top-mass limit, and we match our N3LL result
to the NNLO distribution that was computed in refs. [6, 7, 9]. In particular, here we use
results obtained with the code of ref. [8] with a cut on the Higgs transverse momentum
at 5 GeV. The matched distribution integrates to the inclusive N3LO cross section that is
taken from ref. [3].

We consider 13 TeV collisions, and we use parton densities from the PDFALHC15 nnlo_mc
set [74-79]. The value of the parameter p appearing in the modified logarithms L is chosen
considering the scaling of the spectrum in the hard region, in order to make the matching to
the fixed order smooth in this region. On the other hand, its value should not be too large,
in order to prevent the peak of the distribution from being artificially pushed upwards
due to the normalisation constraint. We therefore set p = 2 as our reference value, but
nevertheless checked that the choice p = 3 induces negligible differences.

As central scales we employ g = pip = mpy, and xg = Q/mpy = 1/2. The perturbative
uncertainty is estimated by performing a seven-scale variation of ugr, ur by a factor of two
in either direction, while keeping 1/2 < pr/pr < 2 and zg = 1/2; moreover, for central
pur and pp scales, xg is varied around its central value in a range that we now turn to
discuss. The total error is defined as the envelope of all above variations.
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In the case of the transverse momentum k;; of a colour singlet of mass M, the resum-
mation scale () is introduced by splitting the resummed logarithms as

M M
In— =1In @ +In—, (4.20)

k1 k1 Q

and subsequently assuming that

hrlg > lnM. (4.21)

ki Q

The latter condition is true at small ky;, and it allows one to expand In(M/ksy) about
In(Q/ky1), retaining only terms relevant to a given logarithmic accuracy. In this case,
variations of ) give a handle to estimate the size of subleading-logarithmic terms in the
region where all-order effects are important.

However, in the matching region ky ~ M/2, condition (4.21) is violated for
ki1 2 Q?/M. In this regime, the variation of the resummation scale is physically meaning-
less, since the logarithmic hierarchy it is based upon is not valid at these scales. In particu-
lar, for Higgs production, a variation of @ by a factor of two around m /2 can have a couple
of drawbacks. On the one hand, for Q = my /4, it leads to values of Q?/my which are below
the peak of the distribution, implying that the corresponding resummation-scale variation
is technically reliable only to the left of the peak. On the other hand, for Q = my, resum-
mation effects are allowed to survive up to the Higgs scale, which is a fairly hard region of
the phase space, where one expects to be predictive with the sole fixed-order calculation. In
practice, however, in our matching procedure the resummed contribution is subtracted up
to the perturbative order one is matching to, which ensures that the residual variations of
@ away from the region of large logarithms induce effects that are numerically very small.

For these two reasons, we believe that a more suitable variation range is given by
Q € [mmu/3,3mp/4], which corresponds to a variation by a factor of 3/2 around the
central value @Q = my /2. This range, that was already adopted in ref. [80], ensures that
the resummation-scale variation is reliable in the peak region and that resummation effects
are turned off well below the hard scale of the reaction, hence avoiding artifacts in the
matched spectrum.

To study the impact of this choice, in the left panel of figure 2 we show the comparison
between the pure resummed N3LL normalised spectra with two uncertainty prescriptions:
in the green coarse-textured band, @ is varied by a factor of two around my /2, while the
red fine-textured band involves the aforementioned reduced variation by a factor of 3/2;
in both cases ur and ur undergo the seven-point variation described above. As expected,
the choice Q) € [mp/3,3mp /4] reduces the impact of the resummation-scale uncertainty
in the matching region where the logarithms are not large, while leaving the uncertainty
unchanged in the small-p; regime where the all-order treatment is necessary.

The right panel of figure 2 shows the comparison between the two prescriptions for
the matched N3LL+NLO distribution.!* In the NLO matching, the resummed component
is subtracted up to and including O(a?) terms relative to the Born. Therefore, in the
region where the logarithms are moderate in size, the issues due to the large scale variation

“Preliminary results at N*LL+NLO for this observable have been also shown at [81].
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Figure 2. Comparison between two different prescriptions for the resummation-scale-variation
range, as described in the text. The comparison is shown both at the resummation level (left) and
with a matching to NLO (right).

are suppressed by O(a2), and we indeed observe that the two bands differ negligibly at
intermediate p; values.

We conclude that the resummation-scale variation by a factor of 3/2 still provides a
wide enough variation range to probe the size of subleading-logarithmic corrections, while
avoiding that some moderate resummation effects persist away from the region where the
logarithms are large. We therefore adopt the modified variation in our prescription to
estimate the perturbative uncertainty.

We next turn to the comparison with NNLL. The left panel of figure 3 shows a com-
parison between the pure resummed predictions for the normalised spectrum at N3LL and
NNLL. In this plot, the NNLL curve is normalised to the NLO total cross section, while the
N3LL curve is normalised to the NNLO total cross section. The plot shows that the inclu-
sion of the N3LL corrections leads to a reduction in the scale uncertainty of the resummed
prediction compared to the NNLL result.!?

The right plot of figure 3 shows the matching of the NNLL and N®LL predictions
to NLO. Both curves are now normalised to the NNLO total cross section. We observe
that at the matched level, the N3LL corrections amount to ~ 10% around the peak of
the spectrum, and they get slightly larger for smaller p; values (< 10 GeV). A substantial
reduction of the total scale uncertainty is observed for p; < 10 GeV.

We notice that, at the matched level, the impact of the N3LL corrections is reduced
with respect to the sole resummation shown in the left plot of figure 3. This is to a
good extent due to the matching scheme that we chose here. Indeed, in a multiplicative
scheme we include the O(a?) constant terms already at NNLL, although they are formally
of higher-order accuracy. While these terms enter at N3LL, they are numerically size-
able and therefore their inclusion reduces the difference between the NLL+NLO and the
NNLL+NLO predictions.

15 An identical reduction in size is observed when varying Q by a factor of two around its central value.
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Figure 3. Left: comparison between the resummed distributions at N®LL and NNLL; the lower
panel shows the ratio of the two distributions. Right: comparison between the matched N3LL+NLO
and the NNLL+NLO predictions for the inclusive Higgs spectrum; the lower panel shows the ratio
of each distribution to its central value.

To conclude this section, in figure 4 we report the N®LL+NNLO prediction for the
normalised distribution. The latter is compared both to NNLL+NNLO and to the pure
NNLO result. All curves in the plot are now normalised to the total N3LO cross section.
When matched to NNLO, the N3LL corrections give rise to a few-percent shift of the central
value with respect to the NNLL+NNLO prediction around the peak of the distributions,
while they have a somewhat larger effect for p; < 10 GeV. We recall that some of the N3LL
effects are already included in the NNLL+NNLO prediction by means of the multiplicative
matching scheme that we adopt here. As a consequence, this reduces the difference between
the N3LL4+NNLO and the NNLL+NNLO curves. We also observe that the matched N3LL
and NNLL predictions are only moderately different in their theoretical-uncertainty bands.
While this is of course expected in the hard region of the spectrum, we point out that,
in the region p; < 30GeV, the latter feature is due (and increasingly so at smaller p;)
to numerical instabilities of the fixed-order runs with one of the scales (ug or pup) set to
mp /2. As we already observed at NLO, it is indeed necessary to have stable fixed-order
predictions for p; < 10 GeV in order to benefit from the uncertainty reduction due to the
higher-order resummation. We leave this for future work.

5 Conclusions

In this article we presented a formulation of the momentum-space resummation for global,
recursive infrared and collinear safe observables that vanish far from the Sudakov limit
because of kinematic cancellations implicit in the observable’s definition. In particular, we
studied the class of inclusive observables that do not depend on the rapidity of the QCD
radiation. Members of this class are, among others, the transverse momentum of a heavy
colour singlet and the ¢* observable in Drell-Yan pair production. We obtained an all-order
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Figure 4. Comparison among the matched normalised distributions at N3LL+NNLO,
NNLL+NNLO, and NNLO. The uncertainties are obtained as described in the text.

formula that is valid for all observables belonging to this class, and we explicitly evaluated
it to N3LL up to effects due to the yet unknown four-loop cusp anomalous dimension. In
the case of the transverse momentum of a colour singlet, we proved that our formulation is
equivalent to the more common solution in impact-parameter space at this accuracy. This
evidence is also supported by the numerous checks that we have documented. This equiv-
alence allowed us to extract the ingredients necessary to compute the Sudakov radiator at
NSLL using the recently computed B®) coefficient [25, 26]. The radiator is universal for
all observables of this class [45], which can therefore be resummed to this accuracy with
our approach. The all-order result was shown to reproduce the correct power-like scaling
in the small-p; limit, where the perturbative component of the coefficient of the intercept
can be systematically improved by including higher-order logarithmic corrections. We im-
plemented our results in the exclusive generator RadISH, which performs the resummation
and the matching to fixed order, and allows the user to apply arbitrary kinematic cuts on
the Born phase space. Although we explicitly treated the case of Higgs production, the
code developed here can automatically handle any colour-singlet system.

As a phenomenological application, we computed the Higgs transverse-momentum
spectrum at the LHC. In comparison to the NNLL+NLO prediction, we find that
N3LL+NLO effects are moderate in size, and lead to O(10%) corrections near the peak
< 10 GeV. The scale uncertainty

~

of the distribution and they are somewhat larger for p;
of the matched calculation is reduced by the inclusion of the N3LL corrections in the
small transverse-momentum region. When matched to NNLO, the effect of the N3LL is
pushed towards lower p; values, leading to a few percent correction to the previously known
NNLL+NNLO prediction [39] around the peak, and to more sizeable effects at smaller p,
values. In order to further improve the theoretical control in the small-medium transverse
momentum region, it will be necessary to consider the deviations from the large-m; approx-
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imation. Recently, progress has been made in this respect by computing the NLO correc-
tions to the top-bottom interference [12]. Higher-order effects due to the leading tower of
logarithms of p;/my, were addressed in ref. [82] and were found to be moderate in size. The
procedure for the inclusion of mass effects in the context of transverse-momentum resum-
mation is a debated topic. While some prescriptions are available [83, 84|, further studies
are necessary to estimate these effects in the logarithmic region at this level of accuracy.
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A Connection with the backward-evolution algorithm at NLL

It is interesting to relate our formulation for the transverse-momentum resummation to a
NLL-accurate backward-evolution algorithm [85-87]. We start from eq. (2.59), that was
deduced by considering only flavour-conserving real splitting kernels, for the sake of clarity.
We briefly comment on the general flavour case below.

After neglecting the effect of the hard and coefficient functions, which starts at NNLL,
we recast the NLL partonic cross section as

M o 2
NC1,C c1,c dktl dd)l —hule
21\1,1’7]2\,2(1)):1( 1, 2)/0 k:tl/o 5 ¢ R( k“)exp{— E

/uo dktozs(kt)FNZ(as(kt))}

1 Jekn Koo
2 oo n+l .1 27
sk 1 dg; do;
> (RE )+ 2 ) ) L TT [ [T
=1 n=0 i=27€¢ >

™

2 .
3 (R ) + B0y, ) J0 0= V) Bt i), (A)
;=1

where 1(¢1:¢2) enforces the flavour of the two parton densities to be identical to that entering
the Born process, i.e. fl1(c1.e2)f — fey fes- At NLL order, the emission probabilities involve
only tree-level splitting functions, whose coupling we evaluate in the CMW scheme, as
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discussed in section 2.1:

as(ke) . ag™W (k) _ as(ky) (1 + ()‘52(7]:'5)[() , (A.2)

s s s

where K is defined in eq. (2.21). In order to perform the inverse Mellin transform of
eq. (A.1), we observe that, when inverted into z space, each of the real-emission probabilities
acts on a generic parton distribution f(z,) as described in section 2.3.3:

Qg kz
(1, )+ 250 ) ) v, (0 (A3
CMW (7., I—ky/M _ 1 | POy, v
o (k) ( / 221 PO (Y £ (11 ) + / dz") ((ez) ) o % 7
7T 0 @y, zi i : i

where we reintroduced the regular terms in the hard-collinear contribution to Rj, whose
2 upper limit was set to 1 in section 2.3.2.

Similarly, we can now restore the remaining power-suppressed terms in the single-

emission probability that we neglected in our discussion of section 2.3.2, and recast the

right-hand side of eq. (A.3) in terms of the unregularised splitting function as'®

agMW(kti) 1=Ky /M ) P(O)(zyi)) xy,

We furthermore introduce the shower Sudakov form factor A(Q;), that at NLL reads

2 Qi 1—k¢/M CMW
mwwm{Z/‘fA <w%%bww}, (A5)
(=1 " €rt1

k T

such that A(M) = exp {—Rnrr(€ku)} up to non-logarithmic terms included in A but not
in exp {—R}.

As shown in the main text, in the all-order picture, the correct z(©) bounds for each
emission depend on the radiation that was emitted before it. Following the discussion of
section 2.1, however, we recall that these effects contribute beyond NLL accuracy, and
therefore can be neglected in the present case. We then plug eq. (A.1) into eq. (2.58) and

16We recall that eq. (A.4) in the case of g — gg splitting also requires an extra symmetry factor of 2 to
account for the fact that the total probability to find a gluon with momentum fraction z*) is the sum of
the probability to find either of the two gluons involved in the branching, as in eq. (2.45).
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perform the inverse Mellin transform as just described, obtaining

dE(U) d’MB’clcg

d®p
/ dktl /27r dpr A 22:/1k“/MdZ(él)asCMW(ktl)P(O)(Zigl))
0 Y !

ktl 27 A ktl 51:1 g, ™ zgl)

00 n+1

I

Alh) g 11760 0 o2 k) PO
‘ )

fer (k1 Z1) fe, (€kin, T2)

A(ky) = e Zi(&-
X O (w—V{p} ki, knt1)), (A.6)
with A(eky) =1 and
n+1 nt1
wy, = xy,/ H 2(2) , T =1/ sz(-ej) , To = 1o/ Hz](.gj) . (A7)
o=, ) I=

We stress again that the zi(e)

limits in eq. (A.6) are obtained in the approximation of soft
kinematics which is valid at NLL accuracy. To implement eq. (A.6) in a Markov process we
can now impose an ordering in the transverse momentum of the emissions, which amounts

to performing the following replacement in eq. (A.6) (we remind that ¢; = ky;/ki1)

n+1

. H/ g / dga E@ dgs _‘/f" an+1. (A.8)

<n+1

With this replacement, eq. (A.6) reproduces the backward-evolution equation for a shower
of primary gluons emitted off the two initial-state legs (see e.g. eq. (49) of ref. [87]), ordered
in transverse momentum. The only relevant difference with the common parton-shower for-
mulation is in the fact that, unlike a parton shower, eq. (A.6) does not contain a no-emission
event. This term is indeed infinitely suppressed in our case and therefore it does not con-
tribute to the final result. As a consequence, the cutoff (represented by ek;; in our formula)
is replaced by a fixed cut (g in the trasverse momentum of the emissions. In order for
eq. (A.6) to be NLL accurate for the transverse-momentum distribution, the recoil of all
initial-state emissions must be entirely absorbed by the colour singlet. This shows that a
branching algorithm for initial-state radiation that fulfils the above conditions is NLL accu-
rate for this observable (see also [50]). Analogous considerations apply to other rIRC safe,
global observables of the type (2.5). To extend the above discussion to the generic flavour
case, one is forced to relax the assumption of k; ordering in order to implement the above so-
lution in a Markov-chain Monte-Carlo program.'” Indeed, if some soft radiation occurs after
the flavour-changing collinear emission has taken place, then it becomes quite cumbersome

1"We are grateful to A. Banfi for a discussion about this aspect.
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to determine the correct colour factor for the former. This is because coherence guarantees
that a soft gluon feels the effective colour charge of the radiation at smaller angles, which
now may involve combinations of different flavours. A correct solution to this problem
requires to reformulate the evolution by ordering the radiation in angle. This ensures that
the hard-collinear emissions contributing to the DGLAP evolution happen at last (see also
the discussion in appendix E.2 of ref. [41]), and the colour structure of the soft radiation is
easily determined. It is possible to show that the backward-evolution algorithm reproduces
the resulting evolution formula in that case as well, and it is therefore NLL accurate.

B Analytic formulae for the N3LL radiator

In this appendix we report the expressions for some of the quantities used in the article.
The RGE equation for the QCD coupling reads

dos(p)
dln p?

= B(as) = —as (,80(13 + 51043 + BQO&E + ﬁgag + .. ) . (B.1)

The coefficients of the 8 function (with n; active flavours) are
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The lowest-order regularised Altarelli-Parisi splitting functions in four dimensions are

o 22
PO(2) = O [(fjm 2601 z)] 7

POG) = 5 [+ -2,

. 1+ (1—2)2
0
Pg(q)(Z) = CF#’

z 1—2

PO () =20, [ + +2(1— z)} + 27600(1 — 2), (B.5)

99 (I—2)+ z

where the plus prescription is defined as

R (ORI L OB 1)
/odz(l—Z)Jr_/o d T, (B.6)

The corresponding unregularised Altarelli-Parisi splitting functions in four dimensions are

1+ 22
1—2’

1
PR(2) = 5 [+ (1-2)7,
1+ (1—2)?
0 —
P(z) = Cr————",

z +1—zz+z(1_z)}_>CA[21jz+z(1—z) , (B.7)

0 _
Pq(q)(z) = CF

P)(z) = Ca T
where in the last step we exploited the symmetry of the Pg(g)(z) splitting function in
z—1—z.

Next we report the functions that enter the definition of the Sudakov radiator (eq. (4.5))
up to NNLL. To simplify the notation we set A = as(ur)BoL. They read

AN 2\ +1In(1 — 2))

e , B.
g1 (Oé ) 7"—60 2 ( 8)
1 AP 22X\ + (1 —2))In(1 —2))
L) = ——In(1 —2)) [ AV In— + BW | —
92(a ) 27rﬂ0 H( ) ( n x% + 47.(.268 1—2X\
LA (B (1= 202X~ 1)In(1 - 2)) —2) — 42
47-‘-58 1—-2\
_ _ B 2
_ 1 @0 - -20))+In(1-2)) ’ (B.9)
27 5o 1—2\ g, M?
1 A 2 B1 22 +1In(1 — 2))
_ 1)1y 1) — ad e
g3(asL) <A In 3322 +B ) < 1—2\ In xéMZ * 23 1—2A >
1\ 1 A® W
LA (LG DHEA-DIn(1-2)) 1 N
4nf} (1-2))? mho (1= 2X)%  agy M

— H8 —



AW <)\ (BoB2(1 = 3X) + BEX) (1 —2X\)In(1 — 2)) (BoB2(1 — 2X) 4+ 283))
Ba(1 —2))? 265(1 — 2))2
B} (1—4))In*(1—2)) N e kR
455 (1—20)2 ERCEEIVERN Ve
Br (2A(1 —2X) + (1 —4X) In(1 — 2))) I
o e In 962@}\42) (B.10)
The new N3LL g4 coefficient reads
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