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1 Introduction

Accurate simulations have become the theoretical cornerstone of many physics analyses at
the Large Hadron Collider (LHC) today. They are mandatory not only in the context of
precise Standard-Model (SM) measurements, but also instrumental for new-physics searches,
especially when looking for small deviations or when providing cross-section limits on beyond-
SM (BSM) signatures.

The last ten years have seen an enormous progress in the development of hadron-level
event generators that include already corrections up to next-to-next-to-leading order (NNLO)
in QCD perturbation theory. To this end, several methods have been developed to match
NNLO QCD calculations with parton showers (NNLO+PS). The two main approaches today
are the MINNLOpg [1, 2] and GENEVA [3-5] ones. Among the existing NNLO+PS methods



the MINNLOpg one is a notable exception, as it was not only applied to several complex
colour-singlet processes [6—13], but it was also extended to the case of heavy-quark pair
production [14-16], i.e. processes with colour charges both in the initial and in the final state.
Nevertheless, there are several other classes of processes for which NNLO-+PS predictions
are becoming absolutely crucial in view of the vast progression of the LHC data taking by
the experiments. One important class of processes is the one that includes light jets in the
final state, such as colour-singlet plus jet production. Although NNLO predictions have
been known for this type of processes for several years, in particular for Higgs+jet [17-20],
V+jet [21-25], V H+jet [26] (V being a vector boson), and even yvy+jet [27], the consistent
combination with parton showers is still an open problem.

Current NNLO+PS approaches, such as MINNLOpg [1, 2] or GENEVA [3-5], rely on
a suitable jet-resolution variable to separate events at the respective Born level from those
with one extra radiation, similar to those NNLO approaches that perform a slicing in
such jet-resolution variable to reach NNLO accuracy, like g subtraction [28] or N-jettiness
subtraction [29, 30], or the more recent subtraction based on pr-veto [31]. In order to
formulate an NNLO(4PS) method, the resummation ingredients of the jet-resolution variable
need to be known to a sufficiently large order in the logarithmic expansion. In principle,
there is a suitable jet-resolution variable for colour-singlet plus jet processes, namely 1-
jettiness (77), for which a factorization theorem has been derived using soft-collinear effective
theory (SCET) [32-36] and whose resummation is know at N3LL [37], using the resummation
ingredients obtained in refs. [30, 38-41]. In fact, 77 has already been used to obtain NNLO
predictions through slicing for this class of processes [17, 18, 21, 24, 25]. Although the use of
jettiness-like observables in the context of a fully exclusive Monte-Carlo simulation poses some
challenges, especially related to preserving the parton shower accuracy, at the moment 77 is
the only observable for which all the resummation ingredients for an NNLO+PS matching are
currently available. Therefore, it provides our best chance to obtain NNLO-+PS predictions
for colour-singlet plus jet production in a relatively short time period.

As a first step, it is instructive to derive an NNLO+PS approach for inclusive colour-
singlet production based on the 0-jettiness (7p) variable. This variable has been used to
achieve NNLO+PS accuracy within the GENEVA formalism for a variety of processes [42-48].
In this paper, we reformulate the MINNLOpg method in terms of 7y as an alternative to the
transverse momentum of the colour-singlet final state (pr), and obtain a new implementation
for Higgs-boson and vector-boson production at NNLO4PS accuracy. Our results can
be compared directly to the previous MINNLOpg generators that were built using pr
resummation [1, 2]. We will show that, despite the fact that for MINNLOpg-Ty the leading
logarithmic accuracy in our showered predictions is not fully preserved, we find remarkable
agreement for vector-boson production before and after including parton-shower effects. For
Higgs-boson production, on the other hand, only NNLO quantities, i.e. the Higgs rapidity,
are in good agreement, while we find larger differences in jet-related quantities (formally
described at NLO QCD accuracy). In addition, we also compare our predictions to results
obtained using the GENEVA method (both for 7y and py), finding very good agreement in all
NNLO quantities. The development of a MINNLOpg framework for 77 closely parallels our
derivation for 7Tg, and we provide the corresponding derivation and formulae in appendix C.



The result for 77 introduces additional complications due to the extra radiation, which
generates logarithmic terms that are absent in the cases of Ty or pr.

This paper is organized as follows: First, we briefly recall the MINNLOpg formalism
based on pr in section 2. Then, we derive a new formulation of MINNLOpg using 7y in
section 3, where we review the factorization/resummation formula for 7y (section 3.1), recast
it into a form suitable for the MINNLOpg approach (section 3.2), obtain the MINNLOpg
master formula for 7y (section 3.3) and discuss the shower accuracy (section 3.4). In section 4,
after presenting our setup (section 4.1), we compare our new MINNLOpg-7j results against
MINNLOpg-pr predictions (section 4.2) for vector-boson and Higgs-boson production, study
the difference between MINNLOpg and GENEVA predictions using both resummation variables
for vector-boson production (section 4.3) and present a comparison to ATLAS and CMS
data (section 4.4). We summarize our findings in section 5. In appendix A all relevant
resummation ingredients for 7Tg are provided, in appendix B we discuss how higher-order
resummation terms are spread over the inclusive phase space, and in appendix C we present
the derivation of the MINNLOpg approach for 7i.

2 MINNLOpg in a nutshell

The MINNLOpg method [1, 2] formulates a fully differential calculation in the Born phase
space ®r at NNLO QCD accuracy of a produced final state F with invariant mass ) and
combines it consistently with multi-parton radiation effects from parton shower. MINNLOpg
has been formulated thus far for colour-singlet production [1, 2] and for heavy-quark pair
production [14, 15], based on the transverse momentum (pr) of F as a matching variable
in both cases. Here, we focus on the colour-singlet case and, when specific to the original
formulation based on pr resummation, we will refer to it as MINNLOpg-pr from now on.

MINNLOpg starts from a differential description of the production of the colour singlet
and a jet (FJ) at NLO matched to parton showers, which is obtained via the POWHEG
approach [49-51] as

do
dPr,

(2.1)

— R (P 9 (I)ra
- B((I)FJ) X {prg(prg) + /d(I)radprg(pT,rad)(FJd)} )

B(®y)

where MINNLOpg modifies the content of the MINLO’ B(®g,) function [52], which generates
the first radiation (inclusive over the second one), to achieve NNLO QCD accuracy. By
contrast, the content of the curly brackets, which describes the exclusive generation of the
second radiation according to the POWHEG method, is not modified by the MINNLOpg
procedure. Here, ®; denotes the FJ phase space, and B and R are the squared tree-level
matrix elements for FJ and FJJ production, respectively. Apyg is the usual POWHEG
Sudakov form factor [49] (with a lower cutoff of Aywe = 0.89 GeV) and the phase space
(transverse momentum) of the second radiation is denoted as ®paq (Pr.aa). Extra radiation
beyond the second one is added by the consistent matching to the parton shower achieved
through POWHEG.

The modification of the B(®p,) function is the central ingredient of MINNLOpg. For
MINNLOpg-pr, its derivation [1] stems from the description of the NNLO cross section



differential in the py of the colour singlet and in the Born phase space ®p, which can be
expressed as

do d < 5 Ry (pr)
= — ) L +R = ) D + = ,
Bodpr — s { exp[—=S(pr)] (pT)} £(pr) = exp[=S(pr)] { (pr) oxp—S (pr)]
(2.2)
where Ry contains the non-singular terms in the pr — 0 limit, and
dS(pr) dL(pr)
D = - L + . 2.3
(pr) dpr (pr) dps (2.3)

S(pr) represents the Sudakov form factor in py, while £(py) contains the parton luminosities,
the squared hard matrix elements for the underlying F production process up to two loops
as well as the collinear coefficient functions at NNLO (see ref. [1] for further details). A
crucial feature of the MINNLOpg-pr procedure is that the renormalization and factorization
scales are set to pur ~ pp ~ pr.

Let us introduce the NLO differential cross section for FJ production as

do(y _ 2olpr) [ dow }<l>+<as(pT))2{ o, }(2) (2.4
d®,dp o |d®edpr o d®pdpr] '

with [X ](i) being the coefficient of the i-th term in the perturbative expansion of the quantity
X, so that we can write the non-singular terms as

(NLO) 3 o 5
Ry =900 0 Lo Spnn)]) - (“2) ool 0]

Now, we can rewrite eq. (2.2) as

10 eS| 2 [ Ao ] (1 x5, 0)

d®rdpr 2 dPrdpr 27
as(pr)\* [ dog; 1 as(pr as(pr)\?
#(S2) [z [ - S o - (420 i)

+regular terms of O(ag’)}. (2.6)

This formula includes all relevant terms needed to reach NNLO QCD accuracy. In particular,
upon integration over pr from scales of the order of the Landau pole A to the kinematic upper
bound, it reproduces the fully differential NNLO cross section up to terms beyond accuracy.

Each term of eq. (2.6) contributes to the integrated cross section with scales ug ~ pp ~ Q
according to the power counting formula

@ 1 m n Q S ~ mfnTH
/A dep—TaS (pr)In p—Texp(—S(pT)) ~ 0 (as (Q)) ) (2.7)

Here, it is crucial to understand that for MINNLOpg-pr at most an extra single logarithm
appears in the formula due to the choice ugr ~ ur ~ pr, therefore n < 1. As a consequence,



the truncation of (2.6) beyond second order, i.e. all terms including those up to o2(py), is
NLO accurate in the @5 phase space, which corresponds to MINLO' [52] accuracy, while the
terms at third order in as(pr) and beyond in the square brackets are the crucial ingredients
to reach NNLO accuracy in ®,. Moreover, one can expand the square bracket in the second
line of eq. (2.6) and neglect terms that produce N3LO corrections or beyond upon integration
over pr, to any inclusive observable in ®r. One can therefore, in principle, truncate the
second line of eq. (2.6) to third order in as(pr)

2
DE 0 = Dipr) — L D))~ (PL2)) (D)

o (2.8)
:(sm)[mmmw+mﬁmm.

27
Nevertheless, in order to preserve the full total derivative of our starting equation eq. (2.2),
and to keep terms beyond accuracy generated by the total derivative, it is preferable not to
perform such a truncation, although formally valid, as pointed out in ref. [2].
The MINNLOpg-pr procedure can be applied directly at the fully differential level in
the ®p, phase space to the B(®y;) function in eq. (2.1) [1]:

Bian) = w1 { ) [99)" (1. 0 50510)

2m dPr, 2T
Qg (pT) 2 |:dO'FJ :| @ (>3) corr }
i ( 2m ) Ay, | D=2 (pr) F (@) (2.9)

where the factor F™(®g;) encodes a suitable function needed to spread the correction
D(=3) (pr), which intrinsically depends only on pr and ®g, on the full ®5; phase space, as
discussed in detail in section 3 of ref. [1].

3 Formulation of the MINNLOpg method using 0-jettiness

In this section, we derive the MINNLOpg master formula for colour-singlet production using
To factorization and resummation as formulated in SCET. From now on, we will refer to this
new formulation of the MINNLOpg method as MINNLOpg-7y. Our derivation follows the
strategy of the MINNLOpg method based on pr. In order to perform the MINNLOpg-Ty
derivation we start by reviewing 7Ty factorization and resummation as formulated in SCET
in section 3.1. Then, in section 3.2, we bring it into a form that makes it suitable to make
contact with the MINNLOpg approach and we derive the MINNLOpg-7y master formula in
section 3.3. Finally, we discuss the accuracy of the parton shower in section 3.4.

3.1 Review of 7y factorization and evolution

We begin by reviewing the SCET resummation formalism for 0-jettiness (7p), also known as
beam thrust. The infrared-safe 0-jet resolution variable 7y was originally introduced in ref. [53],
and extended to N-jet processes in ref. [54]. Following the notation of ref. [55], it is defined as

. [2qa-Pr 2qp - Dk
T — { , } 31
0= 2 min TG 7Ty, (3




Here, the sum runs over all hadronic final states (excluding decay products of the identified
colour-singlet final state), pp are their momenta, and ¢, and ¢, are the momenta of the
colliding partons. Aligning the incoming hadrons along the directions

n* =(1,0,0,1),  @n*=(1,0,0,—1), (3.2)

the incoming parton momenta can be written as
nt _y nt
27 27

where () and Y are the invariant mass and rapidity of the colour-singlet final state, respectively.

gt = Qe¥ q =Qe (3.3)

Finally, Q. in eq. (3.1) are normalization factors giving rise to different definitions of 7p.
The most common choices are [53, 54]

leptonic Ty : Q.=Qy=0Q, 761619 = Z min{e™n-py, e n-pi},
k

hadronic 7 : Qap = QetY | T = Z min{n - py,n-pi}. (3.4)
k

It has been shown that the power corrections to the hadronic definition are exponentially
enhanced in Y [56-58]. This is compensated for in the leptonic definition by the explicit Y
factors, which is thus the preferred choice and which we will use throughout this paper.
In the kinematic limit 75 — 0, all hadronic momenta p;, must be either soft or collinear
to the incoming partons to yield a negligible contribution to the sum in eq. (3.1). Based
on this observation, a factorization formula! was derived in refs. [53, 54] using SCET. It

can be written as

do do.sing
A®.dT,  d®.dT x [1+0((To/Q)™)] (3.5)
dUSing d’Mab‘Q / ( ta tb )
e ——H, , dt,dty Be(ta, Ta, 1) By (ty, p, 1)S _ e _ ’ ’
a0 dT; 2 ap, (@4 o Balta: 20, 1) B(to, 20, 1) (To = 5= = 5ok

where we are differential both in 7y and in the Born phase space ®. As indicated, the
factorization holds up to power corrections in 75/Q, with m = 1 for inclusive processes
without any cuts and m = 1/2 for selection cuts which break azimuthal symmetry, see for
instance ref. [60]. The sum runs over all flavour combinations a and b contributing to the
Born process, where M, is the corresponding matrix element and the hard function Hyg,
encodes virtual corrections to it. The beam functions B,; encode the effect of radiation
close the incoming protons, and they are convolved (integral over ¢, and t;) against the soft
function S encoding soft radiation. The soft function differs between quark and gluon-induced
processes, which is kept implicit in eq. (3.5), but it is independent of the quark flavour in the
massless case. Finally, x4, = Qe /Een are the Bjorken variables in the Born kinematics,
and the renormalization and factorization scales are denoted by u. Note that all perturbative
ingredients depend on the process under consideration (quark versus gluon initiated), but the
form of the equations is the same, therefore we leave this dependence implicit.?

!Starting at O(a3), the factorization is violated by Glauber contributions [59].
%In the case of pr factorization there are additional collinear correlation functions [61] for gluon-initiated
processes starting at NNLO, which are absent in the case of 7o due to the scalar nature of this observable.



While it is standard in the literature to discuss 7y in momentum space, here we perform
a Fourier transform with respect to y = y — i0 to turn the convolution in eq. (3.5) into a
simple product, similar to the usual treatment in p; factorization. This yields

zzbd’ﬁfb‘j’ @) [ 528, (2o B (o) Sun) (30

do_sing
d®rd7y

where the Fourier transformed beam and soft functions are defined as
Bi(gap) = [dte B, Seo= [dTeTIST). (30)

Note that the arguments of B; and S have different mass dimensions due to geometric
measures, which in eq. (3.6) we have put back into the arguments of the beam functions.

In Fourier space, the hard, beam and soft functions obey the following renormalization
group equations (RGEs):?

d 2
dln In Hop(Q, 1) = yu(Q% 1) = 2c[os(p)] In 222 +yulas(p)]
d Y _ y _ yu?
i (g e) = (o) = 2relentlin 5 4ol
d
dlng InS(y,p) =vs(y.p) = —A4lclas(w)]In yfl: +slas(w)]. (3.8)

Here, I'c is the cusp anomalous dimension, and vy p s are the hard, beam and soft non-cusp
anomalous dimensions, respectively. For brevity, we also defined the constant

appearing in the logarithms, where vg is the Euler-Mascheroni constant. Note that due to
the Fourier transform, the beam anomalous dimension explicitly depends on the measure
@;, which in momentum space only appears in the convolution in eq. (3.5). Finally, the
overall u independence implies that

Y (as) + 2vp(as) +ys(as) =0, (3.10)

as well as Q,Qp = Q2, which is fulfilled for both hadronic and leptonic 7y.
It is clear from eq. (3.8) that the hard, beam and soft functions contain large logarithms
that can be minimized using the scale choices

[Qyo Yo
HH:Qa HB = 7:‘//~LH/~L , s = —, (3‘11)

)

for H, B and 5, respectively. Note that for generic measures @, # @5, this would leave
potentially large logarithms In(Q/Q;) in the individual beam functions B;, which however
is absent for our preferred choice 7616p. By solving eq. (3.8), we can evolve all functions

3For processes such as Higgs production, My, also carries a scale dependence, which would be compensated
by changing ym accordingly. Alternatively, which shall be our default choice in this work, one can always
simultaneously evolve |./\/lab|2 and H,p, which leaves vy unchanged.



appearing in eq. (3.6) from their natural scales in eq. (3.11) to a common scale p, which
resums large logarithms In(Q/7y) appearing in the cross section. The resummed cross section
is then given by

do®™  rdy g7~ d M) (y ) (y )
3G, a7 5 ¢ % 15, Hop(Q, ) Ba Qa,xa,/iB By Qb,ﬂfmuB S(y, ps)
WEH dﬂl , 2
xexp = [ S |aTclan ()] n 35 + o (1)
up M
ks du’ /
x exp{— / dw {—41“@[045(;/)] m Y +fys[as(u’)]“ , (3.12)
wp M Yo

where the two exponentials evolve the hard and soft functions from their natural scales g
and pg to the beam scale up, respectively.

To bring this into a form suitable for the MINNLOpg method, we first notice that for
the hard and soft functions, using their natural scales, the coefficients in the perturbative
expansion are constant,* i.e.

Huyp(Q) = Hop(Q, iy = Q) = i [O‘S(Q)]HHCEZ) :

n=0 2
S(yo/y) = Sy, us = yo/y) = i [a(gfr/y)r s, (3.13)
n=0

We introduced the barred notation to define the series expansion of the hard and soft functions
evaluated at their canonical scales, where the dependence on the scale is entirely contained
in the running coupling. We can then express the first line in eq. (3.12) at a common scale,
as used in the MINNLOpg method. Since the beam scale pp enters the nonperturbative
parton distribution functions (PDFs), it is natural to choose pp as this common scale.

Thus, with some abuse of notation (H,(Q) = Hup[as(Q)] and S(yo/y) = Slas(yo/y)]), we
rewrite eq. (3.13) as

7 3 @ dy ’
Ha(@Q) = Halus)exp | [~ Loaglanu)]
up M
_ _ vo/y dy’ ,
S(/y) = Stus)exp | [ Loaglan)] (3.14)
KB 1%
where the induced anomalous dimensions are given by
dIn F(a FO /a2
Vi) = 2B(as)da( s) _ —4m o5 (2;> +0(a?), (3.15)

for F = Hy, or F = S. B(as) represents the QCD /3 function as defined in (A.1), and By it’s
first order coefficient given in (A.2). The beam functions can be related to the PDFs as

Bi(Lown) =% [ ey (Lwn) 5 (Son) =€ n(foru)z @10
J

4For 2 — 2 or more complicated processes, the hard function constants actually have a nontrivial dependence

on ®r, which we keep implicit.



where the C;; are perturbatively calculable coefficients. At their canonical scale, they read
s () = (Gommn) = 3 [222] e (3.17)
TNQiT) Qi 1B = 2r u ’ '

with all dependence on y arising through as(up). Similar to the treatment commonly used
in pr resummation, where the beam and soft functions are combined into a transverse-
momentum dependent PDF (TMDPDF), we absorb the 7y soft function with the beam
function, and define

Cij (glw> = Cij (51qu> S(us) - (3.18)
Using egs. (3.14)—(3.18) to rewrite eq. (3.12), we arrive at our final expression
dosing dy W To yo/y)
‘ 1
do. dTo /2 L(yo/y) e~ (3.19)

where the luminosity and Sudakov factor are defined as

Loty = S ML 515 (€ © Palar ) (C © Pl s)

b d®r
H ! 2
St/ =2 % o i L+ Bala ) (3.20)
ref” ij‘ Alaw(i)] In (yj{y) T Bslas()]

In what follows, we will keep the dependence of the PDFs on the momentum fractions z,

and xp and on pup implicit. Following the standard naming conventions in MINNLOpg,

the anomalous dimensions are labeled as A and B. They are related to the anomalous

dimensions in eq. (3.8) by

dIn F(ay)
day

where F' = H for the hard function and F = S for the soft function. Note that the structure
of S contains two distinct evolution kernels, and as such its structure differs from the Sudakov

A(as) =Tc(as), Br(as) = %w(ozs) — B(as) (3.21)

for pr resummation, which can be written as a single kernel.
We expand the coefficients in eq. (3.21) as

Al) = 3 AD (;)n . Brlay) = nf:l B (;‘W)n | (3.22)

n=1

Explicit results for all required coefficients are collected in appendix A.

3.2 Making contact with the MINNLOpg method

We have already brought the Ty resummation formula into a form that is suitable to make
contact with the MINNLOpg method, see egs. (3.19) and (3.20). We begin by taking the
cumulant of eq. (3.19),

daslng(,ﬁ)) :/ d76/ Y 1y75 E(yo/y) yo/y) (3.23>
d‘I)F 0



which we expand around yo/y ~ 7o in order to evaluate analytically the Fourier transform
over dy. More precisely, we define our expansion through

L,=1In Toy < 1. (3.24)
Yo

Expanding the luminosity and Sudakov yields
1
L(yo/y) = L(To) + Ly L'(To) + §L§ L'(To) + -+,

' 1 1
e SWI) = STI-L ST 1 12 80(Ty) — LIES(To) | (325)

where the derivatives of an arbitrary function f are defined as

d"f d"f )
(n) — —(—1)" 1= ) e — £(2) g1 = £(3)
19 = Gy =V gy vt S =10 =0 = 3)
By evaluating the integral of the cumulant using
To dy ! / 6_7E$,
1| 29 iToyrn,—S'Ly _ (_1\n n )
/0 d76/27r€ 0¥ Lye v=(-1)"0% 7F(1+8’)’ (3.27)
and by truncating eq. (3.23) at NNLO accuracy, we obtain
dasmg(TO) _ _=8(T0) Yoo, Log am | 1oa jome
T{)F = e 0 |:,C(7E]) (1 — 58815 + 688/8 + gaS/(S ) )
/ _ 1 3 //) 1 2 N 3 ei’yESl
+£(76)< Os + ;088" ) + S0%L (75)+0(a5)}r<1+8,). (3.28)

Here we used that the power counting in terms of the strong coupling constant is given by:

S'=0(as), 8" =0(as), S8"=0(?, £ =0, L'=0(@?. (3.29)

S S

Expanding also the Gamma factor in eq. (3.28) and taking the partial derivatives with
respect to S’, we arrive at

dosing(T; / 1 ren O " "
T s ) (1- LU - o) - G5+ e 4 Ss)

The terms in square brackets are to be understood as an expansion in as(up) with up = v/QTo,
since pp defined in eq. (3.11) has also been expanded around 7.

Before proceeding, we note that eq. (3.30) has a much richer structure than its counterpart
in MINNLOpg-pr. The reason is that the analog of eq. (3.27) in p; has a much simpler
expansion itself. Most notably, for MINNLOpg-pr one does not encounter the £” term,
which will have a significant impact on our final formula, and there are fewer S’ terms in
the coefficients of £ and L’.

Our goal is to write eq. (3.30) in the form

dUsing (76)

-7 —=5(7o) 1
o = LT, (331)
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which has the same structure as the singular part of the starting formula in eq. (2.2) of the
MINNLOpg-pr method. Thus, bringing the 7y resummation formula into that form allows
us to follow the same subsequent steps when deriving the MINNLOpg-7j formalism. Similar
to MINNLOpg-pr this can be achieved by absorbing the additional terms in square brackets
in eq. (3.30) into a redefinition of the Sudakov factor and the luminosity. Evaluating the
derivatives of S in eq. (3.30), we obtain the expression

do’ireg (T, _ O g\ 2
d(}%(?(]) —e S(To) {ﬁ(%) [1 + %CLO + <27‘(‘> (CQQL%— + Cg,lLT + 0270)

+ L'(To) { (1L + ¢ 0)}
+ L"(To)ep o + O(a )} (3.32)

Here and in the following, we always use the abbreviations

1 Q
s = (\/Q%) . Lr=ghg (3.33)
The constants appearing in eq. (3.32) are given by
o=AW¢,
= —8[4VPG,

= —8[A<”] <3 +440¢ (B - BY) + 878040¢
3 2
20 = GA® + JADPG, + 2A<”< (B9 - B) - 2 (88 - B

+ 7B [4AD ¢ + ¢o(BY — 3BY)]
2 4 1,
_ A(2)<2 I [A(l)]Z <4<4 X é:;) _ <2€) + 2780 (A(1)<3 — Bgl)gg + 261,0) )
o =240 G+ G(BY - BY),
CLI - 4A CQ 9
i _% . (3.34)

Furthermore, we require the first and second derivative of £ up to o and a2, respectively.
They are given by

2
o) =Y L1 b p) gyt (@0 0]+ 02, (3.35)
a,b ¥
L£'(To) =3 d‘ﬁé,“"‘ {(P& fa(P@ fly—(P'@ flafy
a,b F
+(PR®PQ flafo}+(ab)] +0(ad),, (3.36)
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where the regularised splitting function ]57;]- can be expanded as
: o p) g (s
Pywa) =Y P (52) (3.37)

and its derivative is given by

N d
P s = —
Zj('l'?a (/’I’B)) dln%

It is possible to absorb all terms in the first line of eq. (3.32) into a redefinition of the

_ (as(eB)\', . 50 3
Py anlun) = (P22 ) 2mpuP) (@) + O(ad).  (339)

Sudakov and the luminosity. However, the asLy term in the second line of eq. (3.32) can
not be absorbed into a redefinition of the Sudakov without reintroducing such a term in the
first line as well. Similarly, the first term in eq. (3.36) can not be factorized such that it
can be absorbed into a redefinition of the beam function matching kernels C_’ij. Therefore,

we can express our final result as

do"%(T;)

_ ST

by defining the final luminosity factor through

A d‘Mab‘Q r7 ~ ~ /e, A
L(To) = - =™ Ha(15)[(C® N)a (C ® flo+2¢55(P & fa (P© 1]
a,b F

dIMaw? (as\? [(pO p0) O(o?
_ZT or ) €l T[( ® fa fo+ fa( ®f)b]+ (az).  (3.40)
a,b ¥ &
Here, the second line arises from the corresponding term in eq. (3.36), and can not be
absorbed into a redefinition of the kernels C;;, while the last line contains an explicit Ly
term. All non-logarithmic terms in eq. (3.32) are absorbed into the modified hard function
and matching kernels, which are given by

~ _ a a 2
™ 2
Cij(z, up) = Cij(x, up)
2
Qg ~ N .
_ (%) [—c{{,o (PO g P(o>)ij(:c) + (¢l 0 + 2¢§ omBo) pg))(x)} +0(3). (3.42)

In the original MINNLOpg-pr implementation, the remaining terms appearing in the
equivalent of eq. (3.32) were absored into a redefinition of the Sudakov form factor (specifically,
by redefining the B coefficients). In our default implementation of MINNLOpg-Ty we do
not perform such a redefinition.

Finally, we note that for the practical implementation it is convenient to combine the
two integrals in eq. (3.20) into a single integral,

S(To) = 2 /0 Ve de{24[as(Qe"))e + 24[as (Toc )16

+ Bulos(Qe™)] = Bslaw(Toe)] } - (3.43)
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For completeness, we also quote the expansion of the Sudakov,

S(To) = O‘SéiB) 44013 + 21 (BY - BY)|

2
N [as(/;B)} [4L27 (A@) — 7B(BY + Bg1>)) +2L7(BY ~ Bé@)}

2
+ [QS(UB) K
2

2
S (rG (AL + (B - BY)
+ L% [449) — 8728, (B + BY) — 8xBo (B + BY)|

+2Lr(BY — Bf;”))] +0(ad). (3.44)

We note that the MINNLOpg formulation contains the same ingredients as those entering
in a NNLL’ computation, but does not need to retain its formal logarithmic accuracy in
order to guarantee that the final result is NNLO accurate.

3.3 Derivation of the MINNLOpg master formula for Ty

With the resummation formula in a suitable form we are now ready to derive the MINNLOpg-
7o master formula. We start from the resummed cumulative cross section in eq. (3.31),

do.sing (76)

— AT e—S(T0)
3, L(To)e , (3.45)

where all the ingredients have been derived in detail in the previous section. We obtain
the NNLO cross section differential in 7y and in the Born phase space ®r by taking the
total derivative and then matching the ensuing differential cross section at small Ty with
the fixed-order cross section valid at large 7y

oz = = el-s() E(TO)} + Ry(T)
e Ry(T)
~ x-S {DTs) + s (3.46)

Here, R; contains terms that are non-singular in the 7o — 0 limit, and we have defined

dS(7o)

dL(To)
dTo '

D(T) = - o

L(To) +

(3.47)

A central feature of the MINNLOpg method is that the renormalization and factorization
scales are evaluated at the low scale, i.e. the typical scale of the resummation.” For Ty
resummation there are two relevant low scales, namely us = To and up = +/To @, as discussed
above. We select ug ~ ur ~ pp as the common low scale at which to evaluate all terms in
eq. (3.46), especially because the PDFs are naturally evaluated at that scale. The logarithms

5Note that this is not a strict requirement of the MINNLOpg method and other choices are possible in
general, but it has been introduced as the default setting within the MINNLOpg approach so far.
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to be resummed are then given by either In(Q/up) = In/Q/To or In(To/up) = In/To/Q.

To simplify the notation in the following, we will always use

1
pus =/QTo = Qe 7, Lr= 3 ln% , (3.48)
which is the natural extension of eq. (3.33) to the 7y spectrum. In particular, we express all
derivatives w.r.t. 7o as derivatives w.r.t. Ly. This induces a Jacobian in eq. (3.47),

1
D(To) = 57

dS(To) dL(To)

L, L(T0) T ] , (3.49)

but simplifies the expressions for derivatives of S and £ evaluated below.
As in eq. (2.4) for MINNLOpg-pr, we introduce the NLO differential cross section
for FJ production

doty"?  ay(up) [ dor, r” . (as(u3)>2 [ dor, ]@ (3.50)
d®.d7y 27 [d®dT o d®.dT, ' '
so that we can write the finite remainder Ry at this order as
Ry = 975 0sB) (s DT (““‘B)) exp[—S(To)1D(Ts))
f = A®,d T, o XP 0 0 or Xp 0 0 .
(3.51)

This allows us to rewrite eq. (3.46) as

o el sm) @) [ A7 (1 ol i)

d®rd 7, 2 d®rd 7, 2
N 21 dopy 1@ s a ?
+(2hm)y | | i) - Qo) 0 — () [Dm)]@)]

+regular terms of O(ag)} . (3.52)

Here, D(7p) is the term from eq. (3.46) without any further expansion, while the other terms
arise from expanding R;/e~S using eq. (3.51).5 Using eq. (3.49), the [D(75)]™ coefficients
are given by

(1) ¢ (1)
ot~ {56 - (1]}
1 1S @ 4 ds(7)1" dZ(75) 1™
[D(Ton@—m{[ 2| e+ S o - [ }

5Note that, when deriving D(7o) all resummation ingredients need to be included to an order such that the
cumulative cross section in eq. (3.45) is accurate at relative O(a?), in particular that means two-loop order in
the hard, beam and the soft functions. This is necessary to ensure NNLO accuracy of the MINNLOpg approach.
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The expansion of the derivative of the Sudakov form factor with respect to Ly are given by

ds 1M . .
[dLT} =2(4A0L7 + By - BY)),
s 2 @ _ 5@ D2 p)

while the fixed-order terms of £(75) and their derivatives follow from eq. (3.40),

~ 2
L(T0) @ =" d‘ﬁf;"‘ fafs, (3.55)
a,b F
B0 = Y M (00 gy (€06 )+ 12 (O 8 1)
a,b F
2
2@ =y WA 000 6 . g+ 1@V 0 ) + B 15y
a,b F

+(é ®f)afb+fa( ®f)
+(CW @ f)q (CY ®f>b—cz< ® fla (PO @ )

— LT [(PO® o fy + fua (P }}
A (1)
AL(To) | _ g~ dIMa 5(0) 5(0)
Ir| "X ae D{(PV @ fafo+ fu (PO © o
A (2)
dﬁ(%) _ d|/\/lab|2 H(1) A(1)
AL, —% . (—2){(P @ fafo+ fa (PY @ [y

n (ﬁm n 1;) (PO f)a fot Fa (PO & f)]
+ (PO ), (CYefy+(CY & £, (PO f),
+(C 1)®P(0 @ fafo + fo (CV @ PO g f),

— 2180 [HD fufy + (€ & fa fo + fa (€D @ f)y] } :

The scale dependence is implemented as in appendix D of ref. [1], which directly generalizes
from the pr to the 7y case up to the required accuracy, as we have made sure that our
starting equation has the identical structure. We note that [D(75)]") does not depend on
the renormalization and factorization scale factors Ky and Ky, while for [D(75)]® one has

A (1)
(DTN (K, K) = [D(T5)]® — 2807 [dma)] K2

In —% . 3.56
d7o K32 ( )

By construction, eq. (3.52) yields the NNLO cross section fully differential in ®r when
integrating over 7j, which can be understood as follows: Our starting equation eq. (3.46)
is computed at exactly that accuracy, provided that we take into account all relevant
contributions up to two-loop level in the computation of the cumulant in eq. (3.45). Given
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that we have not expanded D(7p) in eq. (3.52) the total derivative w.r.t. 7o in eq. (3.46), and
therefore in D(7p), is kept intact. As a result, eq. (3.52) retains NNLO accuracy in @ (when
integrating over 7p). By contrast, if we were to truncate D(7p) beyond O(a?2), for instance,
we would neglect large logarithmic terms proportional to L7 at higher orders. Depending
on their power n, these missing logarithmic terms could spoil the NNLO accuracy upon
integration over 7g. In the case of MINNLOps-pr expanding D(pr) up to O(a?) would be
sufficient to retain NNLO accuracy, but in the case of 7y higher powers n of the logarithms
appear, which would require an expansion even beyond O(a?). This renders it crucial to
keep the full unexpanded D(7p) for MINNLOpg-7.

We can now apply the MINNLOpg-7g procedure directly at the fully differential level
in the ®; phase space to the POWHEG FJ calculation, as given in eq. (2.1), by replacing
the corresponding B(®y;) function through

_ « OrJ ) Qs
B(®g,) = exp[—S(%ﬂ{ S(F) [gq)m] (1 T (27?\/77-0)

[3(70)](1>>

N 2l doe, 1
+< s(\/QfTo)> E@ﬂ +D<>3)(7-0)Fcorr(cpm)}, (3.57)

The factor F (®y,) encodes a suitable function to spread the correction D3 (7p), which
intrinsically depends only 7y and ®, on the full ®,; phase space, as discussed in detail
in appendix B.

3.4 Matching with the shower

So far, we presented how to reach NNLO accuracy within the MINNLOpg method using
To as a resolution variable. We now discuss how to match our MINNLOpg-7( predictions
with a parton shower. In both MINNLOpg-pr and MINNLOpg-7g, the matching with the
parton shower relies on the POWHEG formalism. In particular, the non-emission probability
associated to the first and to the second emissions are encoded in the MINNLOpg and
POWHEG Sudakov form factors, given in eq. (3.43) for MINNLOps-To (eq. (2.9) of [1] for
MINNLOpg-pr) and eq. (2.1), respectively. In the original MINNLOpg-py formulation, these
Sudakov form factors are both associated to transverse-momentum like observables, and they
match the leading-logarithmic structure of a transverse-momentum ordered parton shower.
This implies that, as long as the emissions generated by the shower are ordered in transverse
momentum and vetoed according to the POWHEG procedure, the leading-logarithmic
accuracy of the shower is preserved. In this case, the corresponding Lund plane [62] is filled
without leaving any empty areas and without covering the same area twice, which would
constitute a leading-logarithmic violation. By contrast, in the MINNLOpg-7y approach the
MINNLOpg Sudakov form factor is associated to a different variable, 7y, whose resummation
has a different leading-logarithmic structure. Thus, the matching with a parton shower
becomes a delicate point. Filling correctly the Lund plane is now highly non trivial, since
applying the standard POWHEG formalism can lead to empty areas or regions that are
accounted for two times (thus wrongly suppressed).

To address these issues, one should modify the POWHEG mapping (for instance
extending the mapping described in ref. [63] to deal initial state) and/or rely on a truncated-
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Figure 1. Transverse-momentum distribution of the lepton pair in Drell-Yan production. Left plot:
comparison of MINNLOpg-pr at LHE level (brown, dashed) and after parton showering (blue, solid);
right plot: comparison of MINNLOpg-7y at LHE level (pink, solid) and after parton showering (green,
dashed). The ratio plots show the relative effect of the parton shower.

vetoed shower [49] to properly fill the Lund plane. More concretely, this implies a substantial
modification of the POWHEG code. We note that analogue modifications would be needed to
implement a matching with NLL-accurate parton showers, which are being actively developed
at the time of writing [64-71]. Since the main goal of this paper is to define the theoretical
framework of the new MINNLOpg formalism based on jettiness-like observables, we prefer to
postpone a detailed discussion on the matching to a future paper. We believe that studying
this problem in a separate work would be optimal, in view of the construction of an NNLO
Monte Carlo event generator consistently matched to an NLL parton shower. Therefore,
in this paper we do not implement these modifications, which means that in our matched
results the accuracy of the parton shower is not fully preserved. However, in section 4.2,
we will show more quantitatively that the numerical effect of this choice is rather small by
comparing our MINNLOpg-7g and MINNLOpg-pr results after showering. This comparison
provides us with an estimate of the size of the neglected terms needed to formally preserve
the shower accuracy. Moreover, the impact of the parton shower is almost identical for
MINNLOpg-pr and MINNLOpg-75. This can be observed from the two ratio panels of
figure 1 that show the showered result divided by the Les-Houches-Event (LHE) level one
for the example case of the transverse momentum distribution of the Z boson in Drell-Yan
production. We find an analogous behaviour for all distributions we considered in Higgs-boson
and Drell-Yan production. In conclusion, despite the fact that the logarithmic accuracy of
the parton shower is not formally preserved in the MINNLOpg-7 case, its effect in the two
MINNLOpg formulations is almost identical.

4 Validation and phenomenological results

In this section we present phenomenological results for Drell-Yan production (pp — £747)
and on-shell Higgs-boson production (pp — H) in the heavy-top limit. For our practical

,17,



implementation we use as a starting point the MINNLOpg-pr generators in POWHEG-
BOX-V2 developed in refs. [1, 2], which are based on the POWHEG computations of
H+jet [72] and Z+jet [73] production, and we apply the MINNLOpg-7p formalism discussed
in the previous section. The relevant input parameters are discussed in section 4.1. First, we
validate our MINNLOpg-Ty predictions against the MINNLOpg-pr ones [1, 2] in section 4.2.
Then, we present the first comparison between results from the MINNLOpg and GENEVA [4]
generators in section 4.3. Finally, we compare our predictions against high-precision data
from ATLAS [74] and CMS [75] for Drell-Yan production at 13 TeV in section 4.4.

4.1 Setup

We consider proton-proton collisions at the LHC with a center-of-mass energy of 13 TeV.
We use the G, scheme with cos® Oy = m¥,/m% and a = V2G,m¥, sin? 03, /7 and we
set the electroweak (EW) inputs to their PDG [76] values: Gr = 1.16639 x 1075 GeV 2,
my = 80.385 GeV, I'yy = 2.0854 GeV, myz = 91.1876 GeV, I'z = 2.4952 GeV, my = 125 GeV.
We set the on-shell top-quark mass to m; = 173.2 GeV. Our choice for the parton densities
is the NNLO set of NNPDF3.1 [77] with ag = 0.118, which is obtained via the LHAPDF
interface [78]. The PDFs are read by LHAPDF and evolved internally through HOPPET [79] as
described in ref. [1]. The central factorization and renormalization scales are set following
the MINNLOpg procedure, as described before. For Higgs-boson production the overall
two powers of the strong coupling are evaluated at the scale ,ugg) = my. We estimate the
uncertainties due to missing higher-order corrections through the usual variations of up
and pug around their central value by a factor of two in each direction with the constraint
0.5 < pr/pr < 2 while keeping the minimal and maximal values of the cross section.
Resummation effects at large 7y are switched off by replacing the nominal logarithm L with
the modified logarithm L7 = 1/pIn(1 + (/Q/T)P). For our predictions, we set p = 6, to
ensure that they vanish sufficiently fast. We have checked that our final predictions depend
only mildly on the value of p used. For all predictions presented in this paper we make use of
the PYTHIAS parton shower [80] and we employ a variation of the MONASH tune [81] adapted

by CMS to improve the description of the Drell-Yan transverse-momentum spectrum.’

We validate our MINNLOpg-7y implementation for Drell-Yan and Higgs production
against reference predictions from the MINNLOpg-pr generators developed in refs. [1, 2] using
the identical input settings. Moreover, we present a first comparison between MINNLOpg
and GENEVA predictions for Drell-Yan production. The GENEVA results correspond to those
presented in ref. [4], and we refer the reader to that paper for the respective input parameters
and settings. Finally, we compare our predictions with experimental measurements by both
the ATLAS [74] and the CMS collaboration [75]. In order to provide the most realistic
comparison to experimental data, our showered predictions always include effects from
hadronization and multi-particle interactions (MPI). We do not require any lepton dressing,
as we do not include any QED showering effects.

"We thank Kenneth Long for providing us with the settings.
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pp — H (on-shell) pp — Z — 474

o [pb] 0 /ONNLO o [fb] 0 /ONNLO
NNLO 40.32(2)107%  1.000 1919(1)799%  1.000
MINNLOps-pr 39.33(1)T132%  0.975 1907(2)"1 3% 0.994
MINNLOps-To 41.56(2) 9% 1.031 1925(1)"12%¢ 1003

Table 1. Predictions of the total inclusive cross section for Higgs-boson production and the DY
process at NNLO obtained with MATRIX [82], and using the MINNLOpg-pr and MINNLOpg-Ty
implementations. The second and fourth columns show the ratio to the NNLO cross section.

4.2 Comparison and validation against MINNLOpg-pr results

We start the presentation of the phenomenological results by comparing our MINNLOpg-7
predictions with MINNLOpg-pr ones. The MINNLOpg-pr generators have been tested
extensively against fixed-order predictions in ref. [2]. They therefore serve us as reference
predictions to validate our MINNLOpg-7y implementations in this section.

4.2.1 Total cross section

Table 1 compares MINNLOpg-7y and MINNLOpg-pr predictions for the total inclusive cross
sections for Higgs-boson production and for Drell-Yan production (with an invariant-mass
window of 66 GeV < my,, < 116 GeV). One should bear in mind that, despite both being
NNLO accurate, these predictions differ by terms beyond NNLO accuracy. This is the case as
they use different matching observables in their expansion and different scale settings. As a
result, those predictions should agree within the quoted perturbative uncertainties. Indeed, as
one can see, the predicted rates from MINNLOpg-Ty and MINNLOpg-py are fully consistent
with each other within the uncertainties from scale variation.

4.2.2 NNLO accuracy in distributions of the colour-singlet final states

We continue by considering differential distributions of the colour-singlet final states in
Higgs-boson and Drell-Yan production. Since the results at Les Houches event (LHE) level
are similar to the showered ones for all the distributions discussed in this section, we only show
results including shower effects as well as hadronisation and multi-parton interactions (MPT).
For on-shell Higgs-boson production the only formally NNLO-accurate observable is the
rapidity of the Higgs boson, whose distribution is shown in figure 2. The predictions from the
MINNLOps-To (green, dashed) and MINNLOpg-pr (blue, solid) generators are in complete
agreement within the given uncertainty bands. This is a numerical confirmation of the
NNLO accuracy of our new MINNLOpg-7y implementation for Higgs boson production.
Similarly, we present a validation of NNLO-accurate observables in the phase space of the
final-state leptons in Drell-Yan production in figure 3. In particular, the distributions in
the rapidity (y.) and invariant-mass (m,,) of the lepton pair, as well as the rapidity (y,+)
and the transverse-momentum (pr,+) of the positively charged lepton are shown. In all
cases, we find a remarkable agreement between the MINNLOpg-7g and MINNLOpg-pr
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Figure 2. Comparison of MINNLOpg-Ty (green, dashed) and MINNLOpg-pr (blue, solid) predictions
for the rapidity distribution of the Higgs boson.

results, especially considering the very small scale uncertainties of this process, which are
of order ~ 1%. Only for pr+ 2 myz/2 the uncertainty bands increase to 5-10% and the
two predictions differ by about 5% from each other (i.e. again within those uncertainties).
This behaviour is well understood and can be traced back to a phase-space effect [83], which
requires the two (back-to-back) leptons at LO to share the available energy of m, ~ myz
among them, effectively restricting their transverse momentum spectra to pr, < mz/2. As
a result, the pr ,+ distribution, even in an NNLO calculation, becomes formally only NLO
accurate above the myz/2 threshold, which explains both the increased uncertainty band and
the larger differences between the MINNLOpg-7g and MINNLOpg-pr predictions.

4.2.3 NLO accuracy in exclusive distributions in the one-jet phase space

We finish the validation of our MINNLOpg-7y implementation by considering distributions
that require the presence of at least one jet in the final state. Such distributions, by
construction, are only NLO accurate, and accordingly MINNLOpg predictions have the
same formal accuracy as MINLO’ ones. However, since the kinematical origin of the NNLO
corrections added through the MINNLOpg procedure corresponds to that of the Born phase
space without any extra jets, building a consistent NNLO+PS generator requires some
form of spreading of these distributions in one-jet phase space. Indeed, such spreading is
implemented in the MINNLOpg method for both the pr and the 7y matching, see F™ (Pg;)
in eq. (2.9) and eq. (3.57), respectively. It is obvious that such spreading for MINNLOpg-pr
and MINNLOpg-7o may have different effects in the one-jet phase space. Nevertheless, the
predictions are expected to be in reasonable agreement with each other and with the MINLO’
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Figure 3. Comparison of MINNLOpg-Ty (green, dashed) and MINNLOpg-pr (blue, solid) predictions
for differential distributions in the phase-space of the leptons in Drell-Yan production.

ones within the respective scale uncertainties. While such validation has been performed (for
various processes) for the MINNLOpg-pr implementation by comparing to MINLO' results,
here we need to perform such validation also for our new MINNLOpg-7¢ implementation.

To this end, we compare MINNLOpg-7q predictions to MINNLOpg-pr ones for distribu-
tions in the one-jet phase space in figure 4 for both Higgs-boson production and Drell-Yan
production. In both cases, we also show predictions at NNLO accuracy obtained using
MATRIX. In particular, we show the distribution in the transverse momentum (pr; ) and
rapidity (y;,) of the leading jet. The results for Higgs and Drell-Yan production turn out to
be rather different. While for Drell-Yan, by and large, MINNLOpg-Ty and MINNLOpg-pr
are consistent with each other within uncertainties, with acceptable (and not unexpected)
differences in terms of shape, for Higgs-boson production we observe much larger differences
between the two predictions. These different behaviours can be qualitatively explained by the
fact that relative size of the cross-section which is spread in the one-jet phase space is much
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Figure 4. Comparison of MINNLOpg-Ty (green, dashed) and MINNLOpg-pr (blue, solid) predictions
for differential distributions involving the hardest jet for Higgs (left) and Drell-Yan (right) production.
For reference, we also include predictions at NNLO accuracy obtained with MATRIX (red, dot-dashed).

larger in the Higgs case, thus enhancing the differences between the two formulations. In par-
ticular, we observe that the MINNLOpg-7p prediction is about 20% larger at pr; > 70 GeV
and at central rapidities of the leading jet. Those differences are not fully covered by the
scale uncertainty bands, which are at the 10% level, and they are already present at the
LHE level, i.e. before shower effects are included. We found that modifying the spreading
function of the inclusive NNLO correction for MINNLOpg-Tp in the one-jet phase space can
have an impact on those distributions in the case of Higgs-boson production. However, while
variations of the spreading function partially mitigate the differences with MINNLOpg-pr,
they do not eliminate them completely. For reference, we also show predictions obtained
with MATRIX both in Drell-Yan and in Higgs production. In the case of pr; we see that
MINNLOpg-pr results approach the NLO-accurate predictions earlier than the corresponding
MINNLOpg-Tp result, although by pr; 2 150 GeV the three results are in broad agreement
within their respective uncertainties. In the case of the jet rapidity we observe a qualitatively
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better agreement between the shape of the MATRIX predictions and those of MINNLOpg-pr,
especially in the Higgs case. In the Drell-Yan case the MATRIX result is about 10% lower
than both the MINNLOpg-pr and the MINNLOpg-7g ones at central rapidity. At larger jet
rapidities the MATRIX prediction gets progressively close to the MINNLOpg-pr one, while
maintaining an O(10%) difference with respect to the MINNLOpg-Tj result.

We would like to stress that as far as NNLO accuracy is concerned, the MINNLOpg-Tg
implementation provides correct results also for Higgs-boson production. However, since our
aim is a full fledged NNLO+PS Monte-Carlo generator, the issues observed in jet-related
quantities of the MINNLOpg-7p matching pose a certain level of concern for Higgs-boson
production. Nevertheless, we reckon that the new results for Drell-Yan production are very
encouraging and make a MINNLOpg implementation based on jettiness worthwhile, also
in view of moving towards higher jet multiplicities. Moreover, one should bear in mind
that the present paper should be considered a first step towards NNLO+PS matching for
processes with an extra jet in the final state. Eventually, the relevant ingredients for NNLO
matching for new one-jet resolution variables will become available, which renders the present
and forthcoming studies crucial.

4.2.4 Results for the Tg distribution

Finally, in this section we compare the results obtained for the 7Ty distribution between
MINNLOpg-Tp and MINNLOpg-pr. The results are shown in figure 5 at NNLO+PS level.
We stress that despite the MINNLOpg-7( results are obtained starting from a NNLO+PS
formulation which contains the ingredients entering a NNLL’ resummation for 7y they
do not retain any formal accuracy, even before showering the results. We recall that at
NNLO+PS level our predictions always include effects from hadronization and multi-particle
interactions (MPI), which are particularly large for N-jettiness observables, see [59]. In
particular, the inclusion of MPI distorts significantly the shape of the distribution with
respect to the results at parton level, broadening it and shifting the peak of the distribution
towards higher values of 7y3. We observe an overall reasonable agreement between the results
of MINNLOpg-T and those of MINNLOpg-pr, both for the Higgs case and for the Drell-Yan
case; in both cases, the spectrum obtained with MINNLOpg-Ty is slightly harder, with
O(10%) (0(20%)) differences for the Drell-Yan (Higgs) case. Let us now focus on the
large To region, where we expect the two predictions to agree as the effect of resummation
decreases. In the Drell-Yan case, the two predictions are indeed in good agreement starting
from 7o 2 200GeV. In the Higgs case, the agreement between MINNLOpg-7y and the
MINNLOps-pr distributions at large 7y is delayed, with the two predictions getting closer
to each other only for Ty 2 300 GeV. We observe very good agreement from 7y = 150 GeV
between the predictions when removing MPI and hadronization effects, indicating that the
behaviour in figure 5 in the Higgs case is an interplay of the different scale choices in the two
calculations (pp-based or Tp-based) with MPI and hadronization effects. We finally observe
that the MINNLOpg-pr scale uncertainty band is rather symmetric in the whole range,
while the MINNLOpg-T7y one presents some degree of shrinking and is more asymmetric,
especially in the Higgs case.
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Figure 5. Comparison of MINNLOps-7 (green, dashed) and MINNLOpg-pr (blue, solid) predictions
for the Ty distribution for Higgs (left) and Drell-Yan (right) production.

4.3 Comparison to GENEVA results for Drell-Yan production

We continue our study of phenomenological results by presenting a first direct comparison
between the predictions from our MINNLOpg generators to the ones from the GENEVA
generators [3, 4]. Also in the case of the GENEVA method there exist two different implemen-
tations for the Drell-Yan process, one using 7y as the matching variable (the default choice for
GENEVA predictions so far) [3] and one using pr as the matching variable. The GENEVA-py
implementation employs the resummed p; spectrum obtained through RADISH [84, 85]
by means of an interpolation of a grid fully differential in the degrees of freedom of the
Born phase space as well as in pr.

Figures 6 and 7 show the comparison of MINNLOpg and GENEVA predictions in the
phase space of the two final-state leptons using as matching variables 7o and pr, respectively.
Given that MINNLOpg and GENEVA treat terms beyond accuracy differently, we do not
expect a one-to-one correspondence between their results, but rather that their NNLO
predictions agree within the associated scale uncertainties. Indeed, we observe for both the
To and pr results that MINNLOpg and GENEVA predictions are in full agreement within
uncertainties. Note that for Born-level observables the public version of GENEVA-Tj allows one
to calculate the uncertainty only with a three-scale variation as described in ref. [42], which
explains why the GENEVA-Tj uncertainties are somewhat smaller than the MINNLOpg-Tg
ones. Similarly to before, the largest relative differences appear for py,+ > myz/2, with a
visible shape distortion around the threshold, which is sensitive to soft-gluon effects and
therefore to the specific matching scheme. We recall that these differences as well as the
widening of the uncertainty bands for py ,+ > myz/2 is expected, since the accuracy of the
predictions is effectively reduced to NLO.

Finally, in figure 8 we perform a comparison between the results obtained with
MINNLOpg and GENEVA for the 7y distribution. In order to not overcrowd the plots,
we show on the left panel the comparison between the two NNLO+PS computations using 7g
as resolution variable and on the right plot a comparison between the two results using pr.
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Figure 6. Comparison of MINNLOps-7; (green, dashed) and GENEVA-T, (purple, dot-dashed)
predictions for differential distributions in the phase-space of the leptons in Drell-Yan production.

In the left panel we also show, as reference, the result at NNLO+NNLL’ accuracy obtained
using GENEVA [42]. As discussed in section 4.2.4, the inclusion of MPI has a substantial
effect on the 7y distribution, which at NNLO+PS level has a completely different shape with
respect to the parton-level NNLO+NNLL' results. After the inclusion of MPI effects the
results of MINNLOpg and GENEVA are qualitatively in agreement, but retain important
differences both at low and at relatively large 7y values. The peak of the MINNLOpg
distribution is shifted towards larger values of 7y with respect to the GENEVA predictions.
Differences persist also at larger values of 7Tg, which are however partially driven by the
different choice of scales in the two calculations; in particular, the GENEVA predictions
used here [4] employ renormalization and factorization scales sensitive to the transverse
momentum of the radiation, which are responsible for lowering the tail of the distribution.
We finally note that the shape of the 7y distribution after the matching with the shower
is largely driven by the tune used in the parton shower, which is not the same in the two
calculations. We have checked that by using the same settings as in the GENEVA predictions
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Figure 7. Comparison of MINNLOpg-py (blue, solid) and GENEVA-py (red, dotted) predictions for
differential distributions in the phase-space of the leptons in Drell-Yan production.

the peak of the MINNLOpg one shifts towards smaller values of T, improving significantly
the agreement of the two predictions.

4.4 Comparison against ATLAS and CMS data for Drell-Yan production

In this section we compare our MINNLOpg predictions for Drell-Yan production against
ATLAS and CMS data. We consider the recent ATLAS analysis presented in ref. [74], where
results for the transverse momentum of the dilepton system (pr ) and a variation of the
Collins-Soper angle (¢*) are shown. The angle ¢* is defined as

—A A
¢* = tan (WT(ﬁ) sin (0*) , cos(0*) = tanh (%) , (4.1)
where An and A¢ are the differences in pseudorapidity and azimuthal angle between the

two leptons. As for the CMS data, we consider the analysis presented in ref. [75] where,
besides results for pr,, and ¢*, also the rapidity distribution of the dilepton system (y,,) is
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ATLAS [74] | CMS [75]
pre > 27GeV pre > 25 GeV
7| < 2.5 Ine| < 2.4

66 GeV < my, < 116 GeV | |my — mz| GeV < 15 GeV

Table 2. Fiducial cuts used in the ATLAS and CMS analyses.

shown. The two analyses use similar fiducial cuts, which are reported in table 2. In figure 9
we present a comparison between MINNLOpg-pr (blue, solid) and MINNLOps-7j (green,
dashed) predictions with ATLAS data. As for the transverse momentum of the dilepton
system, our MINNLOpg predictions are in good agreement with data throughout the entire
spectrum. For very small values of pr (pr. < 10GeV), we observe a slight difference in
shape between the MINNLOpg curves and data, which is however not unexpected as this
region is sensitive to soft-collinear radiation and requires an accurate resummation of large
logarithmic terms. At large pr, values, both generators are NLO accurate only, which is
reflected in the enlarged theory uncertainty bands. In this high-pr ,, region theory predictions
tend to overestimate data but the agreement remains good, at 1-2 o level. As for the angle
¢*, we observe that both generators agree rather well with data (1-2 o level), but data tend
to fall more sharply at large ¢* values. In figure 10 we present a comparison with CMS data.
In this comparison we observe the same relative behaviour as with ATLAS data for both
pree and ¢*, so the same conclusions hold. Moreover, we present results for the rapidity
distribution of the reconstructed Z boson y,,, for which we observe an excellent description of
the data with both MINNLOpg-pr and MINNLOpg-7g, with a discrepancy of a few percent
only, relatively flat across the whole rapidity range.
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5 Conclusions

We have presented the derivation of the MINNLOpg formalism using jettiness as resummation
variable. This calculation opens the door to consider NNLO+PS matching for processes
with additional jets in the final state. As a proof-of-concept we have performed a complete
implementation of the MINNLOpg approach using the 0-jettiness variable for colour-singlet
production. Specifically, we have considered Higgs-boson production and Drell-Yan production
as a first implementation.

We have validated our MINNLOpg-7g implementation against the existing MINNLOpg-
pr generators, finding excellent agreement among their predictions within uncertainties for
NNLO-accurate observables, including the total inclusive cross section and differential distri-
butions, both for Higgs-boson and Drell-Yan production. On the other hand, for jet-related
quantities in Higgs-boson production we observe larger differences between MINNLOpg-7g
and MINNLOpg-pr predictions. Those are present both at Les-Houches-Event level and after
the inclusion of parton shower effects, but their relative difference remains almost identical
before and after showering. The corresponding jet-related results for the Drell-Yan process
are in good agreement between the MINNLOpg-7yp and MINNLOpg-pr implementations.

We then continued by presenting the first direct comparison of MINNLOpg predictions
with existing results from the GENEVA generators for Drell-Yan production. For this process
both MINNLOpg and GENEVA implementations exist using 7o and pr as a matching variable.
We have shown that for NNLO-accurate quantities MINNLOpg and GENEVA results are in
excellent agreement within the respective higher-order uncertainties, which is not unexpected
given that both approaches yield NNLO accurate predictions.

Finally, we have compared MINNLOpg-7y and MINNLOpg-pr predictions to Drell-Yan
data recorded by the ATLAS and by the CMS collaboration. By and large, we have found
MINNLOpg predictions to be in remarkable agreement with the experimental data, with
differences mostly within one standard deviation.

This work is a first important step towards NNLO+PS matching for processes with
massless partons in the final state, such as Higgs plus jet and vector boson plus jet production,
which has not been achieved for any such process to date. The implementation of the
MINNLOpg approach based on 7y has been fully worked out, implemented and validated.
We have also fully worked out all necessary formulae to obtain NNLO+PS accurate predictions
for colour singlet plus jet production using 77 as a resummation variable. All equations
are reported in appendix C. The complete implementation for 7; and application to a
corresponding process, such as Higgs plus jet or Drell-Yan plus jet production, is left to

future work.
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A Explicit formulae for MINNLOps-To

In this appendix, we collect explicit formulae of relevant perturbative ingredients we used
or obtained in the main sections of this paper.

Notation. The QCD S function is expanded in terms of the strong coupling oy as

das(p ) +1
S n S n 9 A'l
Bla()] = 10 535 (A1)
where the coefficients (3, are given by [86, 87]
11Cs — 20y
Bo = o
8 = 17C%4 — (5Ca + 3Cp)ny
b 2472 ’
P 2857C% + (54CF — 615C4Cp — 1415C%)ny + (66CF + 79Ca)n} (A2)
2 = :

345673
The DGLAP evolution kernels are defined by
Ofi(x, p) Ldz
T =S [ Pttty (o). (A3)
with the expansion of the splitting function given in eq. (3.37). We refer to ref. [1] for explicit
expressions for the coefficients P (z).

Given a generic function F' depending on the renormalization scale y through the running
coupling «g, we define its perturbative expansion in terms of ag/(27) as:

:gﬂmmﬂ@?r. (A4)

We note that this convention differs from the standard one used in the SCET literature. For
a collection of all required ingredients in the standard SCET notation, see e.g. ref. [88].

To Sudakov form factor. The MINNLOpg-7y Sudakov form factor presented in (3.20)
depends on the A and B coefficients defined as in (3.21)

dln F(a)
dag

() — Blow)

Aas) =Tc(as), Br(as)= 5

(A.5)

where F can either be related to the hard or the soft functions. These coefficients admit
the following perturbative expansion:

oo n o n oo o n
n=1 n=1
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The A coefficient is identical to the cusp anomalous dimension. Up to three loops, its
coefficients obey Casimir scaling, i.e. Fg ) x C , where C' is the Casimir of the given repre-
sentation, for any given perturbative order n. Up to the third order, the coefficients A

are given by [89-91]
AW =1l =20,

67 10
Ca (9 _ 2@) _ nf} ,

A = F(C%) =C
9

245 268 22 209 20 14
A® =1 = C[Cfx < - =g G+ =G+ 11(4) + Cany < + §C2 - 3C3)

12 18 6 54
55 2
+ Can (—12 + 4(3) — 27nf:| , (A.7)

where C' = CF for quark-induced processes and C' = C'4 for gluon-induced processes. Note

that A and A® agree with the corresponding expressions for pp resummation given in

ref. [1], while the expression of A®) differs from the one for pr resummation, as given in ref. [1].
The B coefficient for the hard function reads

dIn Hap(ow)

A8
dog ’ (A-8)

Bp(as) = 2yu(as) — B(as)

where Hyy, is the hard function and 7y is the hard anomalous dimension, with vz = Y5 (YY)
for quarks (gluons). To the required order, they read [92-96]

274" = —3Cr, (A.9)
) 3 11 961 65

21 — Cp |Cp <6C2 —12¢5 — 4> +Ca (—2<2 +13¢3 — 108) +ny (Cz + 54” :

2y = —anpy, (A.10)
) 11 346 64 G

The fixed-order expansion of eq. (A.8) thus reads
1 1
B =24y,
BY =2y 4 2xB HO (A.11)

where H( refers to the one-loop coefficient of the corresponding hard function, which is
given below for Higgs-boson and Drell-Yan production.
For the 7y soft function, the B coefficient is defined as

dln S(ay)

A2
=2, (A12)

Bgs(a) = %’)/S(Oés) — Blas)

where 7g is the anomalous dimension of the soft function S. Up to second order, its expansion

coefficients obey Casimir scaling and read

v =0, (A.13)
@ _ 1 _404> (56_2 )]
W =cloa(Farta- )+ (5 -5e)]
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The fixed-order expansion of eq. (A.12) reads

By =0,
BY =C [CA (743 - 196) — 21, (2(2 + 28)] . (A.14)

Here, we used the one-loop result for S given in eq. (A.20).

We now present explicit expressions for the hard, beam and soft functions.

To hard function. The hard function is defined in eq. (3.13) as

as(Q) 2

+ 2(Q) - ] HY +0(?). (A.15)

Hab(QaM:Q> =1 o7

qY) + [
The coefficients H(1) and H® for Higgs and Drell-Yan production are identical to those
used in ref. [1] without including the shift AH®?) from momentum-space resummation. For
completeness, we repeat them here.

The hard function for Higgs production in the m; — oo limit is obtained by combining
the IR-finite gluon form factor, which is known up to three loops [97-102], with the Wilson
coefficient from integrating out the top quark, which itself is known up to four loops [103-105].
Here, we only need the results up to two loops, which are given by

7
1 2
H{) =Cy <5+6w ) —3CF,

7 m 755m2  143¢3 37wt 23827
H?) = ( . 2 ) 1 -
b5 c? CACF +2Cpny ) log 2 +C% 5 T = oIS

145 7, 23 25 , 2255) 5}
+Ca CF< 6 2”)””( 9% 736" " 324 ) 2
41\ 1
+Cp 9C’F+nf <4<3_6> — 3} . (A.16)

For Drell-Yan, the hard function is obtained from the IR-finite quark vector form factor which
is known up to three loops [98-102, 106-109]. Starting at O(a?) there are also nonvanishing
singlet contributions from the axial anomaly, which are known to have a small effect on the
cross section [110, 111] and are thus neglected here. (For a detailed discussion of its inclusion
in the hard function, see e.g. ref. [112].) The hard function coefficients are

qq

83 67 511 1061 313 9 51157
H? _ 2(_2_1 O 4 ) ( R Y N I )
a = Cr|—pm ~BG+ g™ 75 ) TOACr g™ g 57 1296

o, G 4085)
53 290 Al
+0Ff( 108" T e (A-17)

7Y = op (g# _ 8) :

Setting N, = 3 and ny = 5, egs. (A.16) and (A.17) reproduce egs. (B.10) and (B.12) in ref. [1].
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To beam functions. The beam functions for leptonic 7y are defined in egs. (3.16) and (3.17)

(v _ 1“(@/)(96 )
BZ(Q'):CHU’B)_;/J; fL’ICU anqu f] x,auB ’

Ozs(luB):|nC(n) (Z) ’ (A18)

2T i

as

éij(xvﬂB) = Cij <é12’x’MB> = (52']'5(1 — z) -+ Z
n=1

where g = /Qyo/y is fixed to minimize all logarithms in Fourier space. At two loops, the
beam functions have been calculated in refs. [39, 40, 95| in momentum space. To obtain the
functions éij, one has to first perform the Fourier transform as defined in eq. (3.7), and then
choose g = +/Quo/y to eliminate explicit logarithms. Alternatively, one can obtain them
directly from the results provided in ref. [113] in Fourier space upon setting the logarithm
Ly,=0in there.® It is then trivial to combine the results for @ij with the soft function given
below to obtain the coefficients C_'Z-j as defined in eq. (3.18). Since the C_ij are rather lengthy
and provided as Mathematica files with ref. [113], we do not provide explicit expressions here.

To soft function. The soft function is defined in eq. (3.13) as

S(yo/y) =1+ O‘S(gfr/y)s“) + {O‘(gfr/y)r S 4 0. (A.19)

The two loop results have been calculated in momentum space in refs. [114-117]. Taking

cross terms induced by the Fourier transform into account, we obtain

+C, (A.20)

2 1 1
5@ = ¢ [CA (—” bl 60) + 4By <—777r2 + g’gg - 257>

4
T 2
9 30 27 +80’

where C' = CF for quark annihilation and C' = C4 for gluon fusion.

B Phase space parametrisation for the D3 [Tg] term

In this appendix we discuss the parametrisation of the factor F™ (®g;) in eq. (3.57). The
starting point is the POWHEG projection of the FJ phase space ®r; onto the F phase
space O for initial state radiation. The ®gj phase space can be expressed in the following
factorised form (see 5.1.1 of [50] for additional details)

dPr; = dPrd®,aq, d®raq = iidﬁdﬁédy (B.1)

(4m)P 1—¢
where s is the square of the total incoming energy and we have introduced the variables

210
\/g b

8Note that the results in ref. [113] are expanded in /7 instead of as/(27).

= y=cosf, ki= 252(1—y2), (B.2)
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where k°, 6 and ¢ are the energy, the scattering angle and the azimuth of the radiated parton,
respectively, defined in the centre-of-mass frame of the FJ system.
For a single real emission the definition of 7y in eq. (3.1) yields

To = kpe 1Yl (B.3)

where 7, is the rapidity of the emission in the laboratory frame. Using the relation

1, x1(1+y)
= -t B.4
A R (B.4)
we obtain
_ 1. z1(1+vy)
= kpe~AY W) AY(y)=-In2—" _y B.
76 T€E ) (y) 2 1 ZL‘2(1 — y) 3 ( 5)

in terms of the momentum fractions of the two initial-state partons in the ®p; phase space
x1,2 and the rapidity of the colour-singlet system Y. In eq. (B.5), it is important to note that
kr and x1 2 themselves depend on & and y. Making all of this dependence manifest, we obtain

Q¢ V1—y? AV @)l
2 VI-¢
L 14+yz2-§1-y)

AY (21,2,6,y) = §ln 1—yz22-¢&(1+vy)

To = —

—Y, (B.6)

where the barred momentum fractions are
2-¢((1+y) 2-§6(1—vy)
r1v1—¢ =91 —&| —— (B.7)
E(1—vy) 2-&6(1+vy)
and @ is the invariant mass of the colour-singlet system.
B.1 Evaluation of F;/°™
The factor F(®g,) is defined as

Jo(Pry)
ZZ’ qu)rad‘]gl( ) (76 - 76,) ’

where ®4; = 4] B!, —dp whereas Jy(®Ppy) is an arbitrary function of ®py. In our implemen-
tation we use the expressions (A.13) and (A.14) of ref. [1].
Using eq. (B.5), we then obtain

Fyo (®py) = (B.8)

Ju(®ry) <1> £ L &s ﬁ

which is the straightforward extension of eq. (A.6) in [1] for 7y. After re-arranging the §
function and using eq. (B.6) we have

Jo(®r3)  To =/ § 477 & 1—y?
Fforr<(bFJ) - (27T)2 ;/dfdyJe/(q)FJ) (1 _5)25 ( Q2 1 —§62|AY(51,27§7Z~/)| . (B.IO)
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In order to solve the d, we change the integration variables from (&,y) to (kr,nx) using
the relations

_Q V1—y? Lo [21l1+y2-¢§(1—y)

kr = — =—In|— B.11
r=o8 A= T ST e ey (B.11)
The Jacobian of this variable transformation is given by
2(1-¢6) 5
In terms of these variables, the FKS radiation phase space reads
S £ 2 2
d®q = ——-——dédepdy = ——=dk7dnede. B.1
ad (47_(_)31_5 g QS Yy (47T)3 TANk QS ( 3)
Applying this together with eq. (B.3) to eq. (B.8), we obtain
Jf(q)FJ) / / z/ —|Yy—
—a - AP o (Phy)8(To — kpe ¥ =l
Fgorr(q)FJ) ; d o FJ) ( 0 T )
dk2dny, =, y—
:;/ oy (@3 (T~ kre Y=l
=y LOQ / dnge Jor (Bhg)e?Y =l (B.14)
% 8T

In order to evaluate Jy we now need to find the kinematic bounds of 7, and express y
and ¢ as a function of kp and 7. To see that the inverse of eq. (B.11) is unique, consider that

gy, _ 4—26(1+y?)
dy A1 -y =)+ (1 —y?)%¢

where the inequality follows since —1 < y < 1 and 0 < £ < 1. It is useful to introduce

>0, (B.15)

the parameters

= 2
_ P2 om 20— -9 1+s 1 @ B.16
K Ele e , B + N + P (B.16)
through which we can express £ and y as
1 k—1 2
521_7]&’ y= 1(1—). (B.17)
1+ 85k K+ B

Note that x > 0 and 8 > 2, and hence eq. (B.17) always obeys the obvious bounds 0 < £ < 1
and —1 < y < 1. In order to identify the kinematic bounds on kp,n; we insert eq. (B.17)
into eq. (B.7),

T (VI+ &+ enl/?)
T12 (\/ 14+€2+ eei(nkfy)) , (B.18>

12

,35,



where € = kr/Q. Eq. (B.18) clearly implies x12 > Z; 2, so we only need to solve for the
constraints x12 < 1. Since z12 are monotonically growing with €, we easily find

L 1—(1-r)2? -/~
€= 6T < €max, €max — min { - ) (jl — T2, K — ’%_1) : (B19>

- z1(1 — k)

Inserting this constraint into eq. (B.14), we obtain

JZ((I)FJ / / Q\Y ( Qemax )
= dny Jor ( mlQ -1). B.20
Fcorr((I)FJ Mk é 76e|Y k| ( )

B.2 Analytic solution of the phase-space constraints

We can finally derive an analytic solution to this phase space bound. Defining

To ko _jp -

Q

the phase space bound from eq. (B.18) can be written as

T =1T1 (Toe"”“_Y| etY) L1+ T§€2|"’“Y|> <1,
Ly = To (7-06|77k_y| e~ m=Y) /1 4 TgeQInk—Y|> <1. (B.22)

By using Y = %ln(a_cl/a_cg), we can write Zj9 = VZ1zoeTY . Thus, we obtain the symmet-

FY
k=Y ,£(m—Y) 22|k —Y| €
Toe e + 1+ gemY < ———. (B.23)
VIX1T9

Defining s = sgn(n, — YY), the two cases s = +1 can be combined as

(B.21)

rical result

7sY
2|k =Y| 1 2m,-Y] < =
Toe +4/1+ 72e = c(+s),
0 ris (+s)

e
70+ /1 + 7gem Y] < — = ¢(—s). B.24

For brevity, we defined c(s) = (\/:E@gesy)fl such that

c(+1) = (\/ﬁey)_l = i, c(—1) = (@e’y)_l =

T1

1
To

(B.25)

Since the constraints in eq. (B.24) are monotonically increasing with |n; — Y|, we can solve
them fairly easily. We obtain

Mk — Y| < AYmax[sgn(ne — Y)], (B.26)

70 + 2¢(8) — /78 + 4c(s)To + 4 V2
AYmaX(S):min{;ln 0 (s) \/0 (s)10 lln [7—0 c( S)] 1}'

27’0 ’ 2 Tg
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For this bound to be positive, we have to impose that

c(s) >1 A |70 —c(—9)| > 1, (B.27)

where the first constraint is always fulfilled since ¢(£1) = % > 1. To construct the final

8

solution, consider both cases separately:

N > Y: e — Y < +AYmax(+1) = Mk <Y+ AYmax(+l) s
e <Y e —Y > —AYnax(—1) < > Y — AYpax(—1). (B.28)

In summary, we obtain that
Nmin < Mk < Tmax » (B.29)
with
Mhoin =Y = AVinax(=1), hnax = Y + A¥max(+1). (B.30)

To ensure that the solution is physical, we have to require that

7 —|>1 A T)min < Thmax - (B31)

1,2

For the actual numerical implementation we perform the variable transform
t =tanh(ny —Y), (B.32)

which maps 7, € (—o00,00) into the finite range t € (—1,1). Taking the Jacobian into
account, we find

Ju(®ry) /t“’a" dt 1+t Jo (&)
F§om(@py) win L= 21—t 7O
tmax —
Jor (P} B.33
S ot [ S @), (5.33)
and the integration bounds are given by
Tin — 1
tmin = tanh[—AYpax(—1)] = ——— |
[~ Ao (<D)] = 72
¢ tanh[+AYax (+1)] Tmax — 1 (B.34)
= tan = ==, .
max max Tmax + 1

where Ay = AYpax(£1) and

)

2
Tmin

,71 .
1 — 2AYmax(=D] — nin {7’0 +2Z5 0 — /T + 475 1 + 4 [To P o1 }
27’0 76

) 2

o422 — e+ AT o+ 4 [ — 552 -1
Tnax = €2AYmax(F0] — iy { ! 0 ! [ =2, | . (B.35)
219 TH
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The solution is physical if and only if
Toin >0 A Thax >0 A Thyin < Thax, (B.36)
or equivalently
1 <tmn<-1 AN —1<tmax<-1 A tmin < tmax - (B.37)

Finally, note that with this change of variables

mw=Y) _ L+t

— X
h=e 1—¢°

(B.38)

with which eq. (B.17) becomes
1 2 1+ ¢
=1-—-7 =t|l1—= =242 ——= B.39
E=1-1r5m v=t(l-5). s=2em/iTn. (B3

k’2
2 T

-5

with

(B.40)

B.3 Application to pr

We finally note that we can obtain a simpler result than the one in appendix A of [1]
starting from the relation

lm] L -lv-m [J@w

Fgorr(@FJ) B cmorr(q)FJ)‘|76:pTe—Y—nk

_ é% / e To (®1)0 (Qemax — pr) - (B.41)

The © constraint is different from the one in eq. (B.14) due to the missing factor /¥ ~l. We
can actually solve this bound analytically. Using eq. (B.19), the constraint reads

1—(1— k)22 -k X 6<\/1—(1—/(1)925—\&?1

- i‘l(l — /i) i‘g(l — H_l) (B'42>

Where here k = e?" 5 /71 and € = pr/Q. Both constraints are monotonic with #, so solving
for equality gives the bounds on 7. The quadratic equations are solved easily and yield

1 1—Zov1+ €2 1 1—21vV1+ €2 (B.43)
min iz, o mex N
These solutions are only physical if
V1I—T12
e ———— A Nmin < Nmax - (B44)

T1,2
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With these constraints, eq. (B.41) becomes

Tmax

Jo(Pry) pr / =/
—_ = — dng Jp (PRq) . B.45
[Fgorr(éFJ) o ; 871'2 . N Je ( FJ) ( )

'min

In practice, it is useful to restrict to perform a variable transformation in eq. (B.47) to have
a finite integration range. We choose the transform

t:(—o0,00) = (=1,1), mn~ t(n) =tanh(n). (B.46)

Taking the Jacobian into account, eq. (B.45) becomes

J (bF T tmax dt _
lFfﬁf(r@l)J)LT R fo o), (B.47)
with the integration bounds given by
62T]min _ 1
tmin = tanh Tmin = m y
eZMmax _ |
tmax = tanh Tmax = m . (B48>

C MiINNLOpg for colour-singlet plus jet production using 1-jettiness

Here, we briefly review 1-jettiness factorization and the associated evolution equations, and
derive the MINNLOpg method based on 7. The steps proceed analogously to the case
of Ty that was presented in detail in section 3, to which we refer for more details on key

steps of the derivation.

C.1 Review of 77 factorization and evolution

We begin by reviewing the resummation formalism for 1-jettiness 77 [54]. We denote the
underlying 1-jet Born process and corresponding momenta as

a(qa) +0(qs) = F(q) +3(q5) (C.1)

where a and b label the incoming partons with momenta ¢, and g, respectively, j is the
parton initiating the outgoing jet with momentum g¢;, and F is the colour-singlet final
state of total momentum ¢. For an event with M > 1 final-state partons, one requires an
infrared-safe projection onto the 1-jet configuration in eq. (C.1). The projection determines
a 1-jet kinematics of the form in eq. (C.1) with massless reference vectors ¢! = E;(1,7;),
where the incoming momenta g, ; are always aligned along the beam axes. Following ref. [55],

we define 77 as

. QQi'pk} ) 290 PE 29 - PE 295 - Pk
T = min { = min , , , C.2
P iefaby U Qi zk: { Qa o Qj (C.2)

9If the jet clustering yields massive jets, one can trivially construct massless reference vectors as ¢/ = E;n}
with n! = (1, P;/|P;|), where E; and P; are the energy and momentum of the jet, respectively.
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where the sum runs over all final-state hadronic momenta py, and ¢; are the Born-like reference
momenta as described above. The normalization factors Q; in eq. (C.2) allow for different
definitions of 1-jettiness. Different choices of the ); and algorithms for determining the ¢;
only affect power corrections to the factorization theorem, but not its functional form. For
later convenience, we also define normalized directions and their scalar products as

m
N . .. 2qi-qj

b , i =20 - G = 22 11 C.3
q; 0; ij qi - 4 Qsz ( )

Note that all g; correspond to physical momenta, and hence all ¢; - g; > 0.
1-jettiness obeys a factorization theorem in the limit 73 — 0 [54],

dasing — Z d|MH‘2
dPpyd7i 4~ dPpy

X Sn (7-1 - Z Cgi', {(jz}’:u’> . (C4>

HH((I)FJ7 /J,) / dtadtbdt] Ba (tav Ta, :u’)Bb<tb7 Tp, M)J] (tjv M)

Here, the sum runs over all flavour structures x = {a,b, j} contributing to the process in
eq. (C.1), and M, and H, denote the corresponding matrix element and hard function,
respectively. In eq. (C.4), By are the same beam functions appearing for 7o, J; is the jet
function, and Sy is the 77 soft function. Note that the jet function only differs between quarks
and gluons, while the soft function is sensitive to the full flavour structure x of the process,
as well as the Born reference momenta {g;} and the normalization factors @;. Performing
the same Fourier transform as in eq. (3.7),

Bi(y, v, p) = /dt e WBi(t,x, 1),
Ty = [ dte gy p)

Suly: {diko) = [ AT e TIS(T (aiko). (€35)

eq. (C.4) can be written as

dosing d|M,|? /dy T ( y ) ( y > y
= HI-C q) ) 761}/ IBOL 1 La, B - LTh, J A 0
W dT, ~ 2 by @) [ 5 Qo T it) B\ gy mm) Ji\ gt

X Sﬁ(ya {qAZ}a M) . (CG>

In Fourier space, the RGEs of the hard, beam, jet and soft functions are given by

I Ho(®rs ) = v (aih ), Sy (i} 1) = 75w L} 1)

dlnp dln p

d y (Y d Yy (v
— B (1: ): ; ( ) ——InJ =)= (L), (C7
dlnp Q1) B g dlnp 9\ Q") T\ Q" (©1)
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In eq. (C.7) we have made explicit the flavour index i, j for initial and final state legs for
clarity. We write the anomalous dimensions as [118]

2
Vi ({gih 1) = (2Cr + ngCa)l clas ()] In ffz s ah o)

. ; 2 ]
o (yu> — 2T [as ()] In % +v5[Qi, s ()]

Q
= (&u) :

5. {@i}, 1) = —2(ngCr + ngCa)lefas()] In ‘7;75 +5Hdi}, as(w)]- (C.8)

Here, as before yp = —ie™ 7%, n, and ny denote the number of quarks and gluons for the
flavour structure of x, respectively, and I'¢ is the colour-stripped cusp anomalous dimension.
The noncusp anomalous dimensions read

2 ({01} ) = ~To(ae) S (Ts - Ty) In 2‘”Q;qk 5 ().
i#k

(@i, ) = Thfora ()] In gz Ty (as).

v5({@i}, @) = Telas ()] S(T; - T) In 25?@1’“ + 5 () (C.9)
ik v

The T; are the colour-charge operators, and the appearing products can be evaluated using
1

which follows from colour conservation of the 2 — 1 process. Here, 74 (cvs), 7% (as) and v (as)
are the standard noncusp anomalous dimensions, while the logarithmic terms encode the
measure dependence. The hard and soft anomalous dimensions are reported in appendix A,
whereas the noncusp anomalous dimension of the beam function, which is identical to that
of the jet function, read, up to two loops [92—-96]

75 =30, (C.11)
@ A 1172 1769 ( B 3) 1214 6n?

vg  =CF -CA < 20(¢3 + 13 +7108 +Cp(12(3— 7 -|-4 nf754 ,

'Y%(l) — 47TBOa (0.12)
5@ _ o Loy (Cag - 170 588 s g0 gy]

7B =Ca _CA< 86— T 57 ) T o7 (?m 92) Crng .

To minimize the logarithms in eq. (C.8), we choose the same canonical resummation
scales as in eq. (3.11),

Qo VRS, ps= 2. (C.13)

w = Q, Ha = [y = g = [ —— =
Yy Yy
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Furthermore, we also evolve the hard and soft functions such that they are evaluated in
terms of as(up). To be precise, we first define the hard, jet and soft functions at their
respective canonical scales as

Hy(Pry, Q) = Ho(Pry, pr = Q) = i -a;(f)]nﬂ,g”)(@m):
n=0
g (3 "“) - (5@’“ ) ‘“) -3 [ e,
Selldid /) = Sely @ ns =w/y) = 3 [0 s0qy, e
n=0 *

where &y encodes the dependence on the kinematics of the Born F'+jet configuration. For
clarity, we use the modified symbols H, and S, to distinguish these functions from the
original hard and soft functions H, and S,. Importantly, the right-hand side depends on
the scale only through the coupling, and do not contain explicit logarithmic terms.'® We
can now evolve these functions to the beam scale similar to eq. (3.14),

H,(Ppj, Q) = Hy(Ppy, uB) exp [/“Q fo/’mﬁ [®ry, as(1)]]
_ _ Yo/y dy
Se({@i},wo/y) = Se({di}, pB) exp MB 5 [{di}, es (W] (C.15)

where the anomalous dimensions are given by

dIn H, (®py, 1) (<I>FJ) s(1)
—dmp ‘4”50 ( JJ }w”

dInSe({di}, 1) _

Vi, [Pry, as(p)] =

v [ ()] = w W;[ )] Lo}, (C.16)

dln {Qz}
By making the choice in eq. (C.13) and evolving all functions to the common scale p = up,
we obtain
do.sing y T yo/y
! 1
ddp; dTy Z/Q Ly:(yo/y)e” (C.17)

Here, the canonical luminosity is defined as

2
ﬁn(yo/y)—d('ij(\;ﬁ‘ H (‘I)FJ,MB) (Qa xa:ﬂB) Bb (5 »Tby B J( 7,UB> gn({ﬁz‘},ﬂB)
2
/Zb/d’M | w(Pry, 18)(C® f)a (Qa waqu> (CR [ (S ba,U«B>
Q Se({di}, 1nB)
x Jj <Q],,u )S(MB) : (C.18)

1OS‘clrictly speaking, H,i")(q)m) also depends on @ through ®gj.
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In the second step, we divided the 77 soft function S, by the 7o soft function S as defined in
eq. (3.13), such that the Cj; are the same matching coefficients of the beam functions onto
the PDFs as in eq. (3.18). The canonical Sudakov form factor is defined as

Q / 2
Sk(yo/y) =2 dflf {An[as(u’)] In % + By [Py, as(u’)]}

\VQyo/y M

0/
+2 \j%o/yd: {An[as(ul)] In (you/y> + BE[{ai}, s (1 )]}. (C.19)

Here, the first exponential is the hard evolution, while the second is the soft evolution. The
A and B coefficients are given by

Au(0) = 5(1,Cr +nyCa)le(0),
By (@rs,05) = gk ({aih09) — 57, (B, 0),
BE({di}, 0s) = 37&({ai} 00) — 375, (e}, ). (C.20)

Comparing egs. (C.18) and (C.19) to eq. (3.20), we see that the overall structure of the
resummed 77 spectrum is very similar to that of 7g. The key difference is the explicit
dependence of the hard and soft functions and their anomalous dimensions on the flavour
channel k, as well as the additional jet function.

We complete this section by presenting explicit expressions for the jet and soft func-

tions for 7j.

T1 jet function. The jet function RGE in eq. (C.8) predicts that

] i as(:u) [L i(1) i(1) z:|
J1<Qj,u> 1+ o r +27J + 1

9 C

{g IAE Ifl“ic(l)< ;( ) 4 7750)

- Iﬁ{r A %vﬁ»(l)(ﬁ(l) +47rﬁo)]

+ % [+ 51 (05 + 4 o) +j§} +0(a)).  (C21)

Here, we define L; = In[yu?/(Q;y0)], and i = g, g distinguishes between quarks and gluons.
The cusp anomalous dimension is given in eq. (A.7), the 3, are given in eq. (A.2), and
the noncusp anomalous dimensions are provided in eq. (C.11). The jet-function constants
ji are known up to three loops [119, 120], and are collected up to two loops in ref. [30].
They are commonly expressed in momentum space, where instead of the logarithms L; in
eq. (C.21) one obtains plus distributions. The conversion between these induces additional
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terms. Taking these into account they are given by

7 w2
q _ _
]1_CF<2 3>7

1 12 23472 — 4057
j3 = Cr lCA (—% — oa? (775 4 377) + o3 9) | (234 )y

2 720 2592 1296
3¢ 6lxt 205 97x2
C _ C.22
+F<2+360+32 48 (C.22)
for the quark case, while for gluons they read
1 omn
g Lo _ony
i =15 (67— 67%) Ca 5
3 = CA (~9504¢5 + 1537 — 43447 + 40430) b Can (6772 — 7265 — T60)
27 1206 108 4"
55 n%

The coefficients J(")(Q/Qj) in eq. (C.14) are obtained from eq. (C.21) by setting L; =
In(Q/Q;).

T1 soft function. The fixed-order structure of the single-differential soft function can be
found in ref. [30], where it is expanded as

2n—1

Sk, {Qi}, 1) = Enj {Oﬁ]n [ o )+ Z <k>] : (C.24)

"

Here, the Sé% are those given in ref. [30], which uses different conventions than in this
work. We require the Fourier-transformed soft function at its natural scale p = pus = yo/y
as defined in eq. (C.14),

Sﬂ({él}? yO/y) = Sﬂ(@/? {(11}7 Hns = yO/y)

1+ W0 an + [0 soqan so@d.  ©29
Evaluating the Fourier transform using eq. (3.7) and adjusting to our conventions, we obtain
1 R 2
SO ({ai}) = 55&5({@}) -Crve,
o 2
1 A (1 A(1 8 1) ™ A2
O(a) = o= (CTY) + CTY [—2F8>L43 S - s - S or
SCON S P (O B Y C RN

+ (L) |58 + (L) | + 52, ({aih), (C.26)

where S’(f)_l({q}} can extracted from refs. [38, 41] (an independent calculation of the two-loop
coefficients has been used in ref. [29]) and

2 ..
cC= Y G, L= (T, Tyt (C.27)
ic{a,b,j} ik QiQk
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C.2 MiINNLOps formalism based on T7

Due to the similarity between the resummed 7y and 77 formulae, the derivation of the
MINNLOpg method using 7y, presented in detail in section 3.2, carries over to the case
of 71 almost unchanged. Thus, here we only briefly review the key steps, while referring
for more details to section 3.2.

The starting point for the MINNLOpg method is the cumulant of eq. (C.17),

dgsmg 71) d Y VT —Sk(yo/y)
" 2
BT E/ d7/ L Le(yo/y) e (C.28)

We expand it around yo/y ~ Ti, i.e. in Ly, = In(T1y/yo) < 1. By keeping only S.(71)
exponentiated and expanding all other terms at NNLO accuracy, we obtain [cf. eq. (3.30)]

do™™8(Ty) _ —Sx(Th) €2/ N eSS 4 3§4 Y g3 »
o = 35 [ () (1= LU - 821 - oSt + sy + st
<2

K

+ LL(T)(GS) + GSY) = S LA(T) + O0a)) | (C.29)

where the derivatives are defined in eq. (3.26). Next, we evaluate all derivatives in eq. (C.29)
and exponentiate all resulting logarithms, while the remaining terms are absorbed by redefining
the luminosity. This yields

do.smg 7'1

5 ~Sx(Ti)
BT ;E (C.30)

Defining up = Q71 and Ly = %ln(Q/ T1), the modified luminosity is defined similar to
eq. (3.40) as

dIM,[* - Se({di}, ns)
d(I)FJ H ((I)FJMUJB) (QJ’M ) S(,LLB)

(C® alwa, 1) (C © (s, np)

— (P falwa, p) (P @ (s, 1p)]

La(Th) =

_dM,?
dPr;

as\? ~
<27r> L7 (PO @ fa(wa, 1) fols, 15)

+ fal@ar 18) (PO @ f)y(ap, 1) (C.31)

where the modified hard function and matching coefficients follow from eq. (3.41),

2
. _ o «
H(®r1,8) = B, am) |1+ 5250+ (52) o + 0] (€32

Cij(z, up) = Cij(z, i)

<27r> [CQ (P(O) ® P(O)) (;1;) (Cl 0— C27TB0)P( )( )} + O(Ozg). (C.33)
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The Sudakov factor is given by
a
VaT 1
T dy
+2 / &

VQT1 M

where the A, coefficients are given in eq. (C.20) and the B ¢ are defined in eq. (C.20). The
constants cy, ,, and ¢, appearing in eqgs. (C.31)-(C.32) are identical to those in eq. (3.34),

Q2

S(h) =2 Aglors(1)] In el Bir[®ry, Oés(//)]]

2
Ayfas(u)]In (fiﬁ +B§Hqi},as<u’)]] . (039

up to changing the A and B coefficients to those in eq. (C.20). In particular, they inherit
the dependence of the A, and Bj ¢ coefficients on the flavour channel x and the phase
space @y, which is kept implicit.
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