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We study the use of higher-order resummation for transverse observables to achieve NNLO+PS

matching within the GENEVA framework.

In particular, we embed ¢r resummation for colour-

singlet production at N3LL obtained via soft-collinear effective theory and implemented in the
library SCETLIB within GENEVA. We also study for the first time the use of the generalised N-
jettiness variable in parton shower matching, and achieve the resummation of the one-jettiness
defined with transverse measures up to NLL’ accuracy. As a case study, we use these resummed
calculations to construct a GENEVA NNLO+PS generator for Higgs boson production in heavy-quark
annihilation (with beauty or charm-quarks in the initial state). The use of transverse measures
facilitates the matching to showers ordered in transverse momentum, and opens the door to possible
future extensions of this approach to the production of colour singlets in association with final-state

jets.

I. INTRODUCTION

The success of the experimental programme at the
LHC demands theoretical tools at the highest possible ac-
curacy. While fully-differential calculations at fixed-order
in perturbation theory have reached N3LO for simple
processes [IH4], state-of-the-art for predictions matched
to parton shower generators is currently next-to-next-
to-leading order (NNLO+PS). Two main approaches ex-
ist to achieve this accuracy [5] [6], while a third, rather
different approach, is currently under active develop-
ment [7, [8].

An interesting question relevant to the construction of
NNLO-+PS generators concerns the choice of resolution
variables, which partition the phase space into jet bins
of differing multiplicity and which must be resummed to
high logarithmic accuracies. While many choices are in
principle possible, the predictions for exclusive observ-
ables will depend on said choice, introducing a source
of systematic uncertainty. A natural way to gauge the
size of this uncertainty would be to compare the predic-
tions of generators constructed using the same method
but different variables. In addition, the availability of
higher-accuracy parton shower algorithms [9HIZ] means
that one may wish to explore novel variable choices to
ensure the preservation of the shower accuracy in match-
ing.

In this work, we implement a new combination of res-
olution variables in the GENEVA approach. The origi-
nal formulation of GENEVA [I3] used the zero- and one-
jettiness [I4] to separate the 0/1- and 1/2- jet bins re-
spectively, and indeed many electroweak processes have
since been examined in this context [I5H2I]. The jettiness
variable has the advantage of considerable simplicity, ad-
mitting a simple factorisation structure in SCET-I which
facilitates resummation [22] 23]. However, the fact that
the usual definition of the jettiness involves an invari-
ant mass-like measure complicates the matching to com-
monly employed parton shower algorithms, which tend to

be ordered in transverse momentum. An alternative for-
mulation using the colour-singlet transverse momentum
gr to separate the 0/1-jet bins was studied in ref. [24],
with g7 resummation at N3LL provided by the RADISH
formalism [25] 26]. The 1/2-jet separation variable re-
mained, however, the one-jettiness. In ref. [27], a gen-
erator for W+ W™ production was constructed using the
hardest and second-hardest jet transverse momenta as
variables and SCET-based resummation [28, 29]. With
these choices, the need for truncated showering tech-
niques [30] in GENEVA was obviated. A summary of the
currently available GENEVA implementations is presented
in tab. [

The new class of generators we initiate in this work
uses transverse observables to separate all jet bins, as
in ref. [27]. As in ref. [24], we use ¢r as the primary
resolution variable, though exploiting analytic SCET-II
resummation provided by SCETLIB [31] rather than the
RADISH approach previously taken. As a secondary res-
olution variable, we choose a generalisation of the one-
jettiness which uses a transverse momentum-like mea-
sure. Though the definition of this observable was in-
troduced in the original N-jettiness paper over 15 years
ago [I4], to our knowledge this is the first time that
its resummation has been accomplished beyond leading
logarithmic order. E| The observable is interesting not
merely because it facilitates matching for colour singlet
processes, but because of the promise it holds for achiev-
ing NNLO+PS matching for colour-singlet production in
association with additional jets. The work we present
here takes a very first step in this direction, achieving
resummation at NLL'.

As a case study, we consider the production of a
Higgs boson through heavy-quark annihilation (cé, bb —

1 We note that a similar generalisation of the jettiness has more
recently been proposed in ref. [32].



H). The requisite gr resummation for this process was
achieved at N3LL in ref. [33], and an NNLO+PS gen-
erator for the bbH process in the 5-flavour scheme was
constructed in ref. [34] using the MINNLOPS formalism.
As detailed in e.g. ref. [35], measurements of the Higgs
boson gr spectrum could be used in conjunction with
precision theory predictions for bbH to extract a value
for the bottom Yukawa coupling v,. Generalisations to
other colour-singlet processes, though time-consuming,
are in principle straightforward.

The rest of this paper is arranged as follows. In sec-
tion [[I} we provide a brief recap of the GENEVA method
for matching NNLO calculations to parton shower, while
sectionm summarises gr resummation in SCET. In sec-
tion [[V] we briefly review the definition of the generalised
jettiness for unacquainted readers, before detailing the
resummation of a specific choice of measures at NLL'.
We present NNLO+PS matched results for bbH and ccH
in section [V] before concluding in section [V}

II. THE GENEVA METHOD

The GENEVA method [5] [13] relies on defining infrared
(IR) safe events at a specific perturbative order, which
are obtained by combining fixed-order and resummed cal-
culations. This is achieved by converting IR-divergent fi-
nal states with M partons into IR-finite final states with
N partonic jets, where M > N, ensuring that the diver-
gences cancel on an event-by-event basis. The conversion
is performed using N-jet resolution variables ry to define
slicing parameters r4'*, which divide the phase space into

J

regions with different numbers of resolved emissions: ®q
where there is no additional jet, ®; with one jet and ®o
with two or more jets in the final state.

To define the GENEVA differential cross sections with
zero, one and two jets, we begin by introducing the fol-
lowing short-hand notation

dO.NLOO .
d(I)O ( (C)u ) BO(®O) + Vb((ﬁo)
d®
/71 B1(®1) 0(ro < r§™), (1)
dO.NLol
13, (r§") =By (®1) + Vi(®1)
dd
de By(®2) 0(r1 < 15", (2)
dolO2
T{)Q =B3(®2). (3)

where Bj; and V), represent the tree-level and one-loop
contributions with M partons in the final state, and we
defined

d®n11
dd

= d®p 41 0[Py — Dy (Pr1)] (4)

to indicate the integration over the ®y; phase space
points that are projected on ®x by the Dy mapping.
Following the method first developed in ref. [27], the dif-
ferential cross sections with zero, one and two additional
jets are then defined as

dg(l)vlc cut dgNaLLTO cut dGNsLLT dO'NLOO cut
qwg 0 =gy 6 T T, 08|+ gm0 8
NLOg
dgi\/IC cut dO‘NSLLTO da‘NSLLro
") = - U (P cut
dq)l (Tl ) dq)() dTO dq)o dTO POHl( ) 1( 1,7 )
dO'NLOl ¢ dJNLL; dO_NLL; .
. T ad. —(r" 0 > cut
Ao, (ri™) + T (ri™) — @, (rSut) (ro > g™
NLO,
LO;
g < i
doMP doN'LLry  goN'LLy, /
Dy - ©,) U, (P o
s d®o dro d®g dro Po-1(P1) Uy (P1,71) Prosa(P2)
dJL02 dO—NLLIrl dO'NLL/Tl
" de * d®, dry  dd, dr P1yo(P2) p O(r1 > r§") O(ro > r§™)
2 147y vdro | o
ddﬁgfproj cut eut
+T¢’29(r1 < i) 0(ro > rg™). -
[
In the above equations, do™ “orn MLy /ddy (ry) and  do™ P NHy /4y dry are respectively the cumulant



and spectrum of the ry N3LL or NLL' resummed cross
section and the notation \(N)LOM indicates their fixed-
order expansion at the (N)LO order of the process with
M final-state partons. Furthermore, Uy (®q,71) denotes
the NLL r; Sudakov form factor, Ui (®1,71) its derivative
with respect to r1, and the functions Py n4+1(Pni1)
(called splitting functions in the GENEVA literature) are
used to spread the resummed 7y spectrum over the ® 1
phase space. They are defined such that

d®py 1

mPNﬁN+1(®N+1) =1 (8)

Finally, the ‘nonproj’ label is used to indicate the ® 41
phase space points that do not have a ®y projection
through the ®x mapping.

The ®; mapping is constructed in such a way that it
preserves the value of rg, i.e.

7o(P1(P2)) = ro(P2), 9)

which is crucial to ensure that the r; resummation does
not spoil the resummed 7y spectrum. Since we use
ro = qr in this work, we require a gp-preserving map-
ping in our NLO; calculation. Mappings which satisfy
this criterion have been previously used in refs. [13 [24].
In this work, we construct a new hybrid mapping by com-
bining the ISR part of the Ty — gr preserving mapping
from ref. [13] with the FSR part of the mapping used in
ref. [27] which preserves the transverse momentum of the
jet, pjﬁt This has better numerical performance com-
pared to the gr preserving mapping of ref. [24] while still
avoiding unphysical artefacts in exclusive distributions,
which are caused by the FSR part of the 7y — gr map-
ping.

The integration measure introduced in eq. is de-
fined as

d® N4

—— =d® Oy — Dy (P
1B drr N+10[PN — PN (PN 1))

X 0ry —rn(Pn41)] (10)

and indicates the integration over the ® 1 phase space
points whose value of the N-jet resolution variable is
rn and which are projected on ®y by the ® 5 mapping
(called splitting mapping in the GENEVA literature). The
® v mapping does not need to coincide with ® . Indeed,
to simplify the implementation of the P;_,» functions,
in this work we employ a splitting mapping ®n # Py,
whose details are discussed in section [[V.Cl

III. RESUMMATION OF TRANSVERSE
MOMENTUM IN SCET

The factorisation of the leading-power gr spectrum
was first established in refs. [36H38], and extended in
refs. [39H41]. In this paper, we adopt the SCET frame-
work [42H46], where gr factorisation was formulated in

refs. [47H50]. In particular, we employ rapidity renor-
malisation [49] [5I] using the exponential regulator [50].
In this formulation, the singular cross section for colour-
singlet production can be written as

do.sing

— =N Hu (90 a2k, d2ky, d2k, 11
g dy = 2 o) [ R, (1)

x d(qr — |Ea — Eb — ES|)Ba(xa7Ea;u,u/wa)
x By (wy, ki pt, v/wp) Sap (s 11, v) .

The hard function H,, is process-dependent and de-
scribes the hard interaction producing the colour sin-
glet ab — F, where a,b denote the available par-
tonic channels at leading order. The beam functions
B, describe collinear radiation with total transverse

momentum Emb and longitudinal momentum fractions
Tap = (m/Eem)e®Y (for colour-singlet mass m, rapid-
ity Y and hadronic centre-of-mass energy FE.,), with
Wa,b = Za,bFem. The soft function S, describes soft ra-

diation with total transverse momentum k. Finally, the
scales p and v denote the virtuality and rapidity renor-
malisation scales.

To achieve all-order resummation, each of the functions
in eq. (L1) is first evaluated at its natural scale(s) um, 5,5,
vp. s, and then evolved to a common set of scales p, v by
solving a coupled system of renormalisation group equa-
tions. As shown in ref. [52], the exact solution of said
equations in gr space in terms of distributions is equiv-
alent to the canonical solution in by space appropriately
transformed. In this work we follow common practice and
employ the latter solution. For details see refs. [52H54].

While the resummed cross section in eq. is appro-
priate when describing events at low ¢, for higher values
it is no longer adequate and we must rely on a calcula-
tion at fixed order in perturbation theory. The match-
ing of resummed and fixed order calculations is achieved
additively as detailed in sec. [[I — we are still required,
however, to specify a prescription which switches off the
resummation at large gr to ensure a smooth transition
between the resummed and fixed-order parts of the cal-
culation. This is achieved using hybrid profile scales [55-
57, which allow up,up, s to take different values in
the resummation region (required to minimise the size
of large logarithms), but which flow to a common scale
with increasing ¢p, thus naturally ending RG evolution
for qp ~ Q.

The framework described above is sufficiently general
to describe the production of any colour-singlet final state
(given an appropriate hard function). However, imple-
mentation details are in general process-dependent. In
particular, the shape of the profile scales which deter-
mine the transition between resummation and fixed-order
regions of phase space is normally chosen based on the
relative size of the singular and nonsingular contributions
as a function of g and differs between e.g. Drell-Yan and
Higgs boson production. In our specific case of Higgs bo-
son production in heavy-quark annihilation, these con-



siderations were examined in ref. [33]. Since we directly
interface the SCETLIB g7 module [58] used in that work
to GENEVA, we employ the same central scale choices and
profile shapes as used there. We also estimate our un-
certainties via profile scale variation in the same manner.
We note that just as in ref. [21], this allows us to sepa-
rate dependence on the beam and factorisation scales up
and pp, allowing us to perform 7-point scale variations
for inclusive observables. For the sake of completeness,
we detail our profile scale choices, transition points and
variation prescription in app. [A]

IV. RESUMMATION OF ONE-JETTINESS
WITH GENERALISED MEASURES

A. Observable definition

The N-jettiness observable is most often defined as
TN:zmm{m}, (12)
= Qe

where the sum runs over the four-momenta of all coloured
particles p!, the minimisation over m runs over all beam
and jet reference momenta ¢# , and the factors @, are
normalisation factors. This definition uses an invariant
mass-like measure and obeys a SCET-I type factorisa-
tion, which has been well-studied in the literature.

It was remarked in the original N-jettiness paper, how-
ever, that the definition in eq. can be extended to
use generic measures in each beam or jet region [I4].
Moreover, N-jettiness can be thought of not merely as
an event-shape, but as a way to define an exclusive jet
algorithm which partitions the phase space into two beam
and N jet regions, to which emissions are assigned. The
measure factors which are used to assign emissions to
each region need not be identical to the value which the
observable returns. In general, therefore, we must de-
fine separate distance measures d,(p;) which assign the
emission ¢ to one of the N + 2 regions m if

i (pi) = min {d1(p;), ..., dn(pi), da(ps), do(pi) }, (13)

and the resulting observable f,,, which is returned by that
emission once it falls into the region m,

T(m) — Z S (ni, #i)pTi 5 (14)

ieEm

where 7;, ¢; and pr; denote the pseudorapidity, azimuth
and transverse momentum associated with 7. We remark
that the definitions of the jet regions d; for j € {1,..., N}
are themselves dependent on a determination of the jet
axes, which may be performed either by running an ex-
clusive jet algorithm (e.g. anti-kr) over the final state,
or by a minimisation of the N-jettiness over all possible
axes. The latter definition has the advantage of guar-
anteeing insensitivity to soft-recoil effects, whose correct

treatment requires the introduction of additional trans-
verse momentum convolutions in the factorisation for-
mula. At one-loop, it is equivalent to using the winner-
take-all (WTA) axis [59], in that the jet direction is de-
termined solely by the ‘hardest’ emission.

This generalised definition of the N-jettiness has also
been well-studied in the literature, and the choice of the
measures has important consequences for the structure of
the factorisation. The XCone algorithm implements pre-
cisely the procedure described above to act as an exclu-
sive jet algorithm, and in that context a number of differ-
ent measure choices have been studied [60]. ref. [6I] com-
pleted the study of factorisation types (i.e., all possible
combinations of SCET-I/SCET-II measures for beams
and jets) and provided the one-loop soft functions rele-
vant for colour singlet production in association with a
single jet. In addition, the N-subjettiness observable, in-
troduced in ref. [62] as a way to study jet substructure,
uses choices of the f,;, which are transverse momentum-
like by default.

In this work, we will make specific choices for both
the d,, and f,, and use N = 1, thus defining a gener-
alised one-jettiness observable which we refer to as 7/".
Specifically, we choose the conical measure [60} [63] for
the region assignment, which (for isolated jets) clusters
in a manner equivalent to the anti-kp algorithm:

R2
R?

do(pi) = 1, dm>1(pi) = (15)

In the above equation, we have defined a single beam
measure,

do(pi) = min{d,(pi), dv(pi)} , (16)

and introduced the distance

Rim =/ (i — 1) + (¢ — bm)? (17)

and (constant) jet radius R. For the measurement itself,
defining

T _ Pr,i IB(ni),
= XZ: {pT,i fa(ni, &3),

for dB(pi) < d.](pi)v

for dy (1) < da(ps), )

we choose the boost-invariant generalisation of broaden-
ing [61], [64] for the jet region,

Fr(miséi) = /2 cosh(n; — ny) — 2cos(p; — d)
= RZ‘J (19)

where the distance is measured with respect to the jet
axis J, and the transverse energy for the beam region,

fe(ni)=1. (20)

Both observables are of SCET-II type — the setup de-
scribed above corresponds to one of the choices made in



ref. [61], for which the one-loop soft function was calcu-
lated. It was shown in that work that the cross section
then factorises as

do, _
i = 0w | (Hd’“ )
S <T1pT - Zkiv{nm}»{dm},ﬂa ;)

X Bna (kaaxaaﬂv V) Bnb (kbvmbv/ia V)
Wq Wy

14
X ‘]Kj <kj7.ua w) ’ (21>
J

where the channel index £ = {Kq, ks, K;} runs over all
possible flavours of incoming and outgoing partons.

B. Ingredients and resummation at NLL’

At NLL' accuracy, each of the hard, soft, beam and
jet functions are required at one-loop accuracy as are the
noncusp anomalous dimensions, while the cusp anoma-
lous dimension is needed one order higher. The hard
function is easily obtained from the corresponding one-
loop QCD amplitudeﬂ It satisfies an evolution equation

d K
M@IHHH(‘I’MN) =7 (P1, 1) (22)
where the hard anomalous dimension is of the form
o w26_2’”
Vi (@1, 1) = Tensplevs ()] | T3 In 2
w2 2n w2
T?1 T2 n—4
e -+ (2coshn,)?u ]
+ virles ()] (23)
Yirlas ()] = (ng +ng)ylas(w)] + ngy?las(w)] . (24)

where ngy and ng4 label respectively the number of quarks
and gluons in the channel x.

The relevant soft function was calculated in ref. [61].
Its evolution equation reads

d v
/’Ldi‘s’lﬁ (k.%q)h//w ) =
1 I
! K / v / v
/dkS’y[L S <ks - kS’cI)lvliv ) Sn <ks,(I>1,,u, )
’ 1 f
(25)

where we have suppressed the dependence on the d,, for
brevity and translated the dependence on the reference

2 Although in general both hard and soft functions are matrices in
colour space, for the case of N = 1 the colour algebra diagonalises
and it is possible to rewrite the factorisation in the form eq. (21)).

directions n,, into a dependence on the phase space ®;.
The soft virtuality anomalous dimension is given to all
orders by

v
’YS,S <k57 Dy, p, /14) =2l cusp [avs (12)] 0(Ks)

X [— (TZ+T§+T?)1n%

+ T? In(2 coshny) +

+slas ()] 6(ks) (26)

(Ti - Tg)’?J

where the noncusp term fyl'f g.)) [as(1)] = 0 at one-loop.

The soft function also obeys a rapidity evolution equation

v—3_5

d v
d n<k57(1)17:u7) -
v 7

1%
[kt (ks = Ko . (ks o1, u) (27)

where the rapidity anomalous dimension at one-loop or-
der is given by

K s k
D ks ) = 2, 2 {(Ti + T+ T5) co ( Sﬂ
™ o
(28)

and the plus distribution L£o(z) is defined as in app.
The collinear beam functions relevant for the observ-

able are those calculated at one-loop in e.g. refs. [28] [65]

60] while the recoil-free broadening jet function was cal-

culated in ref. [59]. Both beam and jet functions obey a
set of similar evolution equations,

udiBi (kB,x,u, 5) =

/ B%B
(i) -

/dkB%B
“d Ji (k”“’ V)

/dkfﬂ,i,J (lw — Ky, g) Ji( f]auag) , (31)
v L (kJ,M ”)

dv
/ ko% J

where the virtuality anomalous dimensions take the

v v
_k/a 7*>Bi(/a ) 7*)a
B My BTy

(29)

— K1) By (kg a1, = )+ (30)

— Ky, 1) Ji (J:l% ), (32)



forms loop rapidity anomalous dimensions are instead given by
. Qg 1 k
| , 2 . hashe ) = -2 w2 g (B2) o
Vi (koo = ) = {2T3 eusp log = + vl ()] } O(k) o
. Qg
(33) Yok p) = —2P0T:T?;£0 (;) . (36)
. v v .
’YL,J (kJa My *) = {2T§Fcu8p log — + ’Y?][O‘s(/i)]} 6(ks), . . . .
w w (34) The evolution equations in x4 and v are most easily solved
by transforming to Laplace space, first evolving from
vx — v at fixed pux and subsequently from ux — p
_ ‘ (for X € {B,S,J}). At NLL, the solution for the soft
and at one loop ’y?% [os(p)] = =29 M[as(1)]. The one-  function can be written analytically as

J

Sk (ks,q’h#a V> =
1

exp {2(0,% + Cr, + Ck,; ) Kr(ps, 1) + [2(0,% — Cyy) g +2C,; In(2coshny) +2(Ck, + Cy, +Cy,)In M—VS} nr(us, ,u)}

x [ kv (s — k) . (k’s,@hus,zz) , (37)
ns = 2Ws)or 0 v+ 0 (2 (38)
S Ar Ka Kb Kj Vg )

where the function V, (k, i) is defined in app. [B|and the quadratic Casimir factors C; = T?. Similarly, the solution
for the beam and jet functions can be written as

Bi (k'B7x7Ma K) =
w

v v
exp {K’Y(FLBv /1,) + 202 In ; nF(MB7 M)} /dk;i’vnjg (kB - lev :U/B) Bz (k/Bv Z, LB, Li) ) (39)
% as(/”'B) v
=——"=2C;In|{ — |, 40
nB 471' 0 n (I/B> ( )
Ji (kJa L, K) =
w
v vy
exp {Kw(w, w) +2Ci In = e (g, u)} /dk}Vng(kJ =kl ) J; <k}, 1, W) ; (41)
iy = =) op o () (42)
47 vy
oY [fb] SusHi g =1GeV ¢ =5GeV ¢t = 10GeV
W =mng 543.5+0.5 544.3 + 1.0 544.9 + 0.8 548.6 + 0.4
uw=mmu/2 518.0 = 0.5 5185+ 1.1 517.8 £ 0.8 5184+ 0.5
w="2mg 581.7 £ 0.6 583.3+ 0.9 585.1 £ 0.7 591.4+04

TABLE I: Comparison between SUSHI and GENEVA of predictions for the NNLO total cross section in bb — H.

GENEVA predictions at various values of ¢5"* are shown, and at various values of y = ugr = pp.

For convenience, we reproduce the one-loop expressions for soft, beam and jet functions in app. [C} We note that



while it is possible to write down the solutions of the
evolution equations analytically at NLL (NLL') order,
extending the above solutions to higher resummed or-
ders seems challenging. The underlying reason for this
is a combination of the facts that the evolution equa-
tions are solved in Laplace space and that the rapid-
ity anomalous dimensions have a non-trivial dependence
on kp g .. At one-loop order, this necessitates taking
an inverse Laplace transform of functions of the form
exp(—alnz), for constant a. While this is still possible
analytically at this order, the appearance of higher pow-
ers of the logarithm in the exponent (arising ultimately
from higher plus distributions £; 2, . in 7,) hinders an
analytic treatment starting at NNLL. Resummation at
this order is therefore likely to require a numerical im-
plementation of the inverse integral transform, as is nor-
mally performed for g resummation.

C. Splitting mappings

To generate events that are distributed according to
the NLL/ 7" resummed spectrum, GENEVA assigns the
events a weight obtained by multiplying the spectrum
by a function (called splitting function in the GENEVA
literature) of the d®, phase space that integrates to 1 for
every underlying ®; phase space point and 7{” value:

d®s _
/W Piy2 (P2) = 1. (43)

The details of the numeric implementation and the func-
tional forms of the splitting functions used by GENEVA
are provided in refs. [21] [67].

This procedure requires introducing a projection ®;
(called a splitting mapping in the GENEVA literature)
from the phase space d®, to the underlying phase space
d®;. The choice of such a projection is constrained by
the requirement of infrared safety that univocally fixes
the splitting mapping in the limit of small 777" At large
TP", instead, the choice is largely arbitrary, to the point
that not all the phase space points are even required to
be projectable (a non-projectable ®5 phase space point
would simply imply that P;_,o(®2) = 0). The arbitrari-
ness of this choice might appear to translate into a large
theoretical uncertainty in the final distributions. This,
however, is not the case, since the splitting functions al-
ways multiply differences between resummed spectra and
their truncated perturbative expansion, which, at large
values of 7", are beyond the accuracy of the calculation.
In other words, different choices of splitting mappings in-
troduce distortions in the distributions of the generated
events, whose size is formally subleading with respect to
the claimed NNLO accuracy.

For some distributions of particular importance, how-
ever, it might be preferable to avoid these kinds of effects
entirely. To that purpose, we can exploit the freedom in
the choice of the mapping to enforce the preservation of

a set of observables O;, for which
0;(®3) =0y (Cf)l(@)g)) . (44)

For these observables, the 7" resummation can be im-
plemented in a unitary fashion, such that their distribu-
tions remain unaffected.

In this work, we require the splitting mapping to pre-
serve the entire colour singlet four-momentum. This
guarantees that the NNLO accuracy of the Higgs ra-
pidity distribution and the N3LL’ accuracy of the Higgs
transverse momentum distribution are not spoiled. This
condition still leaves one degree of freedom that we fix
with the further constraint that the splitting mapping
also preserves the rapidity of the ‘hardest’ final-state par-
ton (i.e., the one that defines the jet direction in the
WTA clustering). The choice of 7" as 1-jet resolu-
tion variable does not constrain the mapping, but affects
the numeric implementation of the splitting functions.
Guaranteeing that eq. is satisfied indeed requires
an analytic computation of the integration limits on ®9
at fixed ®; = ®(®) and 77, as well as the measure
d®y/dP, ATL”.

V. RESULTS

In this section, we present our numerical results for
the ¢q¢§ — H process in a proton-proton scattering. We
use the following input parameters: F., = 13TeV,
Higgs boson mass my = 125 GeV and strong coupling
as(mz) = 0.118 with myz = 91.1876 GeV. Unless oth-
erwise indicated we use the MSHT20nnlo PDF set [6§].
The Yukawa couplings are computed by evolving the MS
quark masses my(my) to the desired scale. The input
values are (M) = 4.18 GeV and m.(m.) = 1.27 GeV
[69]. Finally, we set the Higgs vacuum expectation value
to v = 246.22 GeV.

A. Fixed order validation

We begin by validating our results at fixed order in per-
turbation theory. Before presenting our numerical com-
parisons, we take this opportunity to remind the reader
of a subtlety in choosing the renormalisation scale in a
resummed calculation, which will affect our results. The
profile scales which we employ in GENEVA are functions
of the resolution variable gr. The consequence of this
is that the operations of setting the scale and integrat-
ing the gr spectrum to obtain the total cross section (or
an inclusive distribution such as the colour singlet rapid-
ity) do not commute. This leaves some freedom in how
we present our results — we can either set scales in the
spectrum and obtain inclusive quantities by integration,
or instead set scales in the integrated cross section and
obtain the spectrum by differentiation. The two options
differ by formally higher-order terms, which however can
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FIG. 1: Comparison between MCFM and GENEVA for
the NNLO Higgs boson rapidity spectrum in bb — H.
Uncertainty bands are obtained via a 7-pt. scale
variation procedure.

be numerically sizeable. The first choice is more natu-
ral when one is interested in the gy spectrum, since it
matches what one would normally do in a resummed cal-
culation. The latter instead guarantees that the results
of a fixed order calculation (say, the NNLO cross sec-
tion) are recovered, but may result in distortions of the
qr spectrum.

In ref. [I3], a compromise was proposed. The key idea
is to set scales in the spectrum, but to add back a higher-
order term which is given by the difference of the spec-
trum and the gp-derivative of the cumulant. This is fur-
ther modulated by an interpolating function k(gr), which
limits the activity of the term to the small gp region. In
this way, one obtains the correct fixed order normalisa-
tion for inclusive quantities while minimising any distor-
tions of the gy spectrum. In this work, we have chosen
not to adopt this approach. For the bb — H process in
particular, the difference between spectrum and cumu-
lant scale setting is a numerically large effect (in con-
trast to e.g. Drell-Yan), and our predictions would be
extremely sensitive to the exact way in which the cross
section fix was implemented. In the rest of this subsec-
tion, we have set scales in the cumulant (which facilitates
the comparison of our results with fixed order codes). In
following subsections, however (and in particular when
examining exclusive distributions such as the qr spec-
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FIG. 2: Comparison between SCETLIB and GENEVA
for the N3LL Higgs boson g7 spectrum in bb — H.
Uncertainty bands are obtained as explained in app. @

trum), we have instead adopted spectrum scale setting.
This is in general more appropriate for Higgs boson pro-
duction in heavy-quark fusion, since measurements of the
Higgs boson g spectrum are likely to be one of the few
ways in which this process can be probed — spectrum
scale setting will therefore lead to the ‘best’ description
for this observable.

The GENEVA predictions for the inclusive cross section
at various values of ¢5"* are shown in tab. |} and compared
to NNLO predictions obtained from SusHI [70]. The ab-
sence of a fully local NNLO subtraction means that the
implementation of eq. in GENEVA is done only in
an approximate fashion, dropping all fixed order NNLO
terms and relying on the singular approximation to the
cross section at leading power to provide the two-loop in-
formation [I3}[15]. This is exactly equivalent to an NNLO
calculation in the limit ¢5** — 0; however, for finite val-
ues one misses O(a?) power corrections below ¢, Tt is
therefore desirable to set the cut as small as possible to
minimise the effect of these inclusive nonsingular terms.
The differences we observe with respect to the exact cal-
culation implemented in SUSHI are minor, reaching only
1% even at very large values ¢5"* = 10 GeV: moreover,
for ¢5** =1 GeV the GENEVA cross section is equivalent
to that returned by SUsSHI to within the statistical pre-
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FIG. 5: Higgs boson rapidity spectrum in bb — H.
Results are shown at parton level and after showering.

cision of the calculation (~ 0.2%). In the following we
therefore will use ¢5"* = 1 GeV as our default choice. We
also remark that, as in several previous implementations
of GENEVA for colour singlet production [21], 24] 27], we
do not need to employ a reweighting procedure to account
for missing nonsingular terms below r°"*. This need has
in any case been recently obviated by the development of
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FIG. 4: Resummed 77" spectrum for bb — H.

improved subtraction techniques in GENEVA, which com-
bine the projection-to-Born method with slicing to allow
very small values of r°"* to be reached while correctly
accounting for fiducial power corrections [71].

In fig. [[] we validate our predictions for the NNLO
Higgs boson rapidity spectrum against an independent
calculation from MCFM, obtained using zero-jettiness
slicing [72, [73]. Note that compatibility with MCFM
requires us to set in this case (and in this case alone)
urp = mg/4, ur = mpy and to use the CT14NNLO PDF
set [T4]. We observe excellent agreement between the
two calculations, both for the central value and for the
7-point scale variation bands.

B. Resummed validation

The GENEVA method relies on an additive matching
procedure of resummed and fixed-order calculations. It
should therefore be the case that predictions for the 0—jet
resolution variable (in this case, ¢r) from the event gener-
ator are exactly N3LL accurate by construction, at least
at parton level. In fig. [J] we confirm this explicitly by
comparison with a separate run of SCETLIB. We ob-
serve complete agreement for both central value and un-
certainty bands, thus corroborating the correctness of our
implementation.

C. The 1/2—jet bin separation

A novel feature of this work is the use of 7" as a
resolution variable to separate the 1— and 2—jet bins.
We remind the reader that, in addition to the resum-
mation of this variable at NLL’, the implementation of
this variable in the event generator has required us to
develop appropriate mappings for the splitting functions
which spread the resummation over the higher multiplic-
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Results are shown at parton level and after
showering.

ity phase space. Both issues are detailed in sec. [[V]

In fig. [3| we verify that our implementation of eq. (21))
does indeed have the correct logarithmic structure in the
TF" — 0 limit. We plot the nonsingular difference be-
tween the leading power expansion of the factorisation
formula and an exact fixed-order calculation at NLOq
accuracy (where the subscript indicates the number of
final state partons). We observe that the double loga-
rithmic plot correctly shows a linear suppression of the
nonsingular remnant, which approaches zero with falling
TPT. Fig. |4 shows the resummed 777 distribution at
NLL’ accuracy (for gr > 10 GeV), which exhibits the
characteristic Sudakov peak. In the following, we will
set the value of (7F")°"* appearing in the 1- and 2-jet
GENEVA differential cross sections of eqs. @ and ([7) to
1GeV, and the jet radius R appearing in eq. to 0.4.

D. Effect of showering

One of the advantages of using 7{7 instead of Tp
as 1-jet resolution variable is that it facilitates the
matching to showers ordered in transverse momentum.
In this work, we shower the partonic events with the
pr-ordered PYTHIA8 shower [75], setting the option
SpaceShower:dipoleRecoil=on. This option ensures
that the recoil momentum of ISR emissions is distributed
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within the colour dipole whenever kinematically possible
(for FSR emissions, this is the default behaviour), thus
reducing the impact of the shower on the colour singlet
momentum.

In fig. [6] we show the effect of showering on the sole
inclusive and differential quantity for bb — H, i.e. the
Higgs boson rapidity. We observe that, as expected, the
shower does not alter the distribution.

Moving to more exclusive quantities, in figs[6] and [7] we
show the Higgs boson ¢ spectrum in bb — H and c¢ —
H respectively, again comparing parton-level predictions
with those after showering. We observe extremely good
agreement between our partonic results (which are for-
mally N3LL+NNLO accurate) and our showered results
— indeed, the two distributions coincide exactly to within
Monte Carlo error. While we cannot argue formally that
this constitutes N?LL+NNLO accuracy for this distribu-
tion after showering, the fact remains that the results are
for all intents and purposes indistinguishable.

In figs[§] and [0 we show the rapidity and transverse
momentum of the hardest jet in bb — H respectively.
The hardest jet is defined as the jet with the largest
transverse momentum among the jets with transverse
momentum larger than 30 GeV obtained clustering the
final-state partons with an anti-kr jet algorithm with jet
radius R = 0.4. The effect of showering on these exclu-
sive distributions is greater, reaching up to ~ 15% on the
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central value.

VI. CONCLUSIONS

In this work we have investigated the use of trans-
verse resolution variables to achieve NNLO+PS match-
ing within the GENEVA framework. In particular, we
combine gr resummation at N3LL, obtained via an in-
terface to the SCETLIB library, with 7" resummation
at NLL'. This combination of variables facilitates match-
ing to transverse momentum ordered showers while also
providing high accuracy predictions for the colour singlet
transverse momentum. We have tested our framework on
Higgs boson production in heavy-quark annihilation, in
particular examining the bb — H channel, finding good
agreement with independent fixed order calculations and
verifying that the resummed accuracy of the gr distri-
bution is preserved after showering to within the Monte
Carlo error of the calculation.

In the future, the methods developed here could be
extended to the production of other colour singlet pro-
cesses. This could for example be useful in the context
of My, extractions — for example, in ref. [70], differential
distributions for W and Z boson production obtained
using the MINNLOPS generator [6] are reweighted to
N3LL+NNLO accuracy with SCETLIB. Extending the
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generators we have developed here to the Drell-Yan case
would remove the need for this reweighting step, since
we interface SCETLIB directly and reach N3LL+NNLO
accuracy in the gp distribution by construction.

Another interesting direction to pursue is the exten-
sion of the resummation accuracy in 77" to NNLL’. This
would allow matching fixed-order calculations for colour
singlet production in association with a hard jet to par-
ton shower algorithms. Although at present the most
promising route to this goal seems to be using the nor-
mal, invariant mass definition of the one-jettiness (and
indeed, both the required fixed-order and resummed cal-
culations for the Z + j process are now implemented in
GENEVA [71},[71]), as in the colour singlet case the trans-
verse nature of 77 is likely to facilitate matching to
transverse momentum-ordered showers. Extension of the
resummation accuracy would require the computation of
an appropriate 2-loop soft function, which could for ex-
ample be achieved using SOFTSERVE [78-80].

Finally, an important topic in perturbative calcula-
tions is the consistent estimation of theoretical uncer-
tainties related to missing higher orders. Approaches
based on theory nuisance parameters (TNPs) have shown
promise in both resummed and fixed order calcula-
tions [81] [82] and how similar techniques could be ap-
plied to the event generation case is an interesting open



question. The fact that a direct application of the TNP
approach to the resummed g7 spectrum has already been
presented in ref. [81] perhaps suggests that generators of
the kind we have presented in this work (using SCET-
based resummation and gr as resolution variable) may
provide a starting point. We leave this to future work.
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Appendix A: Profile scales and scale variation

The canonical boundary scales in by space are given
by

virtuality:  pg =mg, wpp="bo/br, ps="bo/br,
py =bo/br, po=bo/br,
rapidity: VB = mpy, vs = bo/br,
(A1)

where by = 2772 & 1.12291, ugy, (us,vs), and (us,vs)
are the boundary scales for the hard, beam, and soft func-
tions, and py is the scale at which the PDF's inside the
beam functions are evaluated. The rapidity anomalous
dimension must also be resummed and pg is its associ-
ated boundary scale. Evolution of each of the functions
in eq. from these scales to common scales u, v re-
sums all canonical bp-space logarithms In"[(by/br)/mg].
The corresponding resummed result in g7 space is then
obtained via inverse Fourier transform.

Choosing scales which are functions of the variable be-
ing resummed facilitates deactivation of the resummation
in the fixed-order region of phase space. We choose hy-
brid profile scales, depending on both by and qr, as

HH = VB = UFO = MH ,
qgr 1

b .
KX =My frun |:77 — M« (inu?m)] )
Mg myg br

bo ;
Ho = Hs (b*, uB“‘“) :
T
where pux € {uB,ps,vs, ptf}. The function p,. speci-
fies our nonperturbative prescription, which prevents the

(A2)

12

beam and soft scales reaching values 1/br < Agep and
allows the inverse Fourier transform to gr space to be
performed. It is given by

ps (2, y) = Va? + y? (A3)
frun is the hybrid profile function given by [57]
fran(7,y) = 1+ grun(2)(y — 1), (A4)

where grun(x) determines the transition as a function of
T =qr/mu,

1 O <z S 1,
(fﬂ—rl)Z
~ G 41 <T S22,
grun(ﬂ?) = ((IIE;:}L,)(wsfwl) 1 2 (A5)
(@s—a1)(ws—22) xg <z <3,
0 r3 <z,

with transition points z; for i € {1,2,3}. The parameters

x1 and x3 determine the start and end of the transition

and z3 = (21 + x3)/2 corresponds to the turning point.

We use [x1, 22, 23] = [0.1,0.45,0.8] as our central values.
The profile scales are varied as follows:

pH = pro = 2“0 my ,
vy qr

VB = UFO fvar};(i) ,
mpy

min

qr qgr 1 bo p
KX = HFO f:;r)}i <7)frun |: /J/*( X
mmp

) 7 v )
myg My br QWFOfV;r)}(,

for px € {pn,ps,vs},
min

gr 1 by Ky
=2WrF run ’ * ( ) ) )
Wy my f, [ o Ta H by’ 2wr }

b )
to = u*(bi,ué“ll‘) :
T

(A6)

Resummation uncertainties are gauged by varying the
exponents V., Uy, Uug, and v, about their central
values v; = 0 by £1. The function

2(1 — 2%/23) 0<z<ux3/2,
1-2(1—x/23)? x3/2<x<u3,
1 wSva

fvary (-T) = (A?)

with ¢ = g7 /mpy controls the size of the variations, rang-
ing from a factor of 2 for z = 0 to 1 for x > x3. Note that
both the resummation itself and the associated resum-
mation uncertainty is deactivated for gr > x3mpy. The
combined resummation uncertainty A, is calculated by
enveloping 36 variations of suitable combinations of the
v;. For details, we refer the reader to ref. [53].

For the fixed-order uncertainty Aggp, we vary pro by
a factor of 2 by taking wpo = {—1,0,+1} everywhere.
A separate uncertainty A, is related to the DGLAP
running of the PDFs, for which we vary the PDF scale
wy by taking wp = {-1,0,+1}. In the nonsingular
and fixed-order cross sections, this corresponds to tak-
ing uy = pr = 2“Fmpy. The resulting Apo and A,



are then given by the maximum envelope of the respec-
tive variations. Finally, a matching uncertainty Apatch
is obtained by varying x5 in the range [0.2,0.6].

The total perturbative uncertainty for exclusive quan-
tities is obtained by quadrature sum of the individual
contributions, viz.

Atotaul - A FO + A2 + A2 -+ Amatch

res

(A8)

For inclusive quantities, we instead take the conventional
7-point scale variation band.

Appendix B: Plus distributions

Following ref. [55], we define plus distributions of di-
mensionless arguments as

£y = [Cl2le]
JF
Oz — f)In" In"*!
g e S

(B1)

:L.lfa

{(M Fo— ) 1} . (B2)

gl-a a

Lot = [@u)L

= lim
B—0

Solutions to the evolution equations for 7;"" are conve-
niently expressed in terms of the function V,(z), which
is defined as

Vi(2) = % al® (@) + 8(2)] ,
Valko) = Vs (i) . (B3)

The V, satisfy a number of useful identities,

/de

Vb(k k M) Va-&-b(k;’ /’L) ’ (B4)

/

Vo) = (1) Valhst). (B5)

iVa(k,M) = —aVy(k, ). (B6)

"

Appendix C: One-loop expressions for 777 soft,
beam and jet functions

Each of the soft, beam and jet functions admits a per-
turbative expansion in «; of the form

Fi(i‘?)nﬂ”) (C1)
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FIG. 10: Parton-level Higgs boson gr spectrum in
bb — H for spectrum and cumulant scale settings.

for F € {5, B, J}. Furthermore, the beam function can
be written as a convolution between the normal parton
distribution functions and perturbative kernels as

)

where it is the kernels Z that possess an expansion in ag.
The one-loop expressions necessary for the 77" beam
function at NLL’ are given by

B(k‘xu, Lim kzu, )fm(gu)

(C2)

W (2) = 6,6(1 — 2) LY (QCiFOLg + 7,}‘};)

— 2L P (2) + I5)(2), (C3)
Igé)(z) =z, (C4)
I (z)=1- (C5)
I)(2) = 22 (1 — z) (C6)

where the logarithms are defined as

I

L =lnk, :lng. (C7)

The quark and gluon jet functions at one loop are given



by
(1) 272
Jy (kyp,v)=Cp| | 7— N 6log2 | o(k)

+ <6 +8log 5) Lo (k g) ] (C8)

and

1
I (k, pyv) =

+ {250 1 8C 4 log g} Lo (k g) .

(C9)

The soft function at one-loop order was calculated in
ref. [61I]. While the full expression is rather lengthy (and
can be found in that reference after setting 5 = v = 1),
the term proportional to §(kg) is given by

71.2
s = ~(CatCh+Cy) &

—2C log” Ry 2+ O(Ry —1)] (C10)
where we have neglected power-suppressed terms in R?.
These have been shown to have at worst a moderate nu-

merical impact, even for values of the jet radius Ry up
to 1.5 [61].

Appendix D: Effect of scale setting choices on the gr
spectrum

_In fig[i0] we show the Higgs boson g¢r spectrum in
bb — H for spectrum (blue) and cumulant (red) scale
settings. These different scale choices were discussed in

25 27?2 17

14

detail in sec. [VA] We observe that both spectra are in
good agreement in the peak and the tail region. In par-
ticular for the tail of distribution, this behaviour is ex-
pected as both distributions are matched to the same
fixed-order prediction and therefore must agree in the
fixed-order limit. In the transition region, however, the
higher order terms have a significant effect which can be
as large as 40%. The large size of this effect is peculiar to
the bb — H process, and its origin is discussed in detail
in ref. [33].

Appendix E: Flavour structure of Geneva

The GENEVA method is sufficiently general that a num-
ber of different choices for the resolution variables rg and
r1 may be made, each resulting in an NNLO+PS accu-
rate generator. To date, choices for r¢ include the trans-
verse momentum of the colour singlet ¢r, the 0—jettiness
To and the hardest jet transverse momentum p7] .., while
choices for r; include the conventional 1—jettiness T,
the second jet transverse momentum pJ ;. and, as of this
work, the 1—jettiness with transverse momentum mea-
sures TF7. It is clear that the number of different per-
mutations now available may cause confusion when one
wishes to refer to a specific implementation of GENEVA.
Inspired by the origins of the term ‘flavour’ in parti-
cle physics (due to Gell-Mann), we therefore propose a
nomenclature which should serve to clarify exactly which
choice of resolution variables has been made in a given
case. This appears in tab. [[I]

Flavour H ro T [ Reference
Vanilla (V) To T 13
Raspberry ripple (RR)|| gr T1 24
Tutti frutti (TF) Pirpyr| 27
Mint choc chip (MCC)|| ¢r 7'117T This work

TABLE II: Flavours of GENEVA implementation.
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