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We present the resummation of one-jettiness for the color-singlet plus jet production process pp —
(y*/Z — £¢7) +jet at hadron colliders up to the fourth logarithmic order (NLL). This is the first
resummation at this order for processes involving three colored partons at the Born level. We match our
resummation formula to the corresponding fixed-order predictions, extending the validity of our results to
regions of the phase space where further hard emissions are present. This result paves the way for the
construction of next-to-next-to-leading order simulations for color-singlet plus jet production matched to

parton showers in the GENEVA framework.
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I. INTRODUCTION

The study of the production of a color singlet system at
large recoil is of crucial importance for the physics
programme at the Large Hadron Collider. In particular,
theoretical predictions for y*/Z + jet production are
needed at higher precision to match the accuracy reached
by experimental measurements of the Z boson transverse
momentum (gr) spectrum. Combining next-to-next-to-
leading order (NNLO) predictions for y*/Z + jet [1-6]
with g; resummation [7—15] provides an accurate descrip-
tion of this distribution over the whole kinematic range and
can be used to extract @, [16] and as a background for new
physics searches.

The one-jettiness variable is a suitable event shape for
color singlet (L) + jet production which does not suffer
from superleading or nonglobal logarithms. It is a specific
case of N-jettiness [17], and has been used to perform
slicing calculations at NNLO [18-22]. Resummation of the
jettiness has been performed for various N [23-27], and
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this was exploited to match NNLO calculations to parton
shower algorithms for color singlet production in GENEVA
[23,25,28-33]. In this work, we resum the one-jettiness up
to N®LL accuracy, providing state-of-the-art predictions for
this variable, which was only previously known up to
NNLL [26]. In order to obtain this accurate result, we rely
on higher-order perturbative ingredients which have only
become available in the last few years. In particular, the
structure of the hard anomalous dimensions that is relevant
for N°LL resummation was derived in Ref. [34] together
with the direct evaluation of the four-loop cusp anomalous
dimension in Refs. [35,36]. N°LL resummation also
requires the knowledge of two-loop soft boundary terms
which were first evaluated in Refs [37,38] and recomputed
for this paper with a refined treatment of the small and large
angle regions [39].
We define the one-jettiness resolution variable as [17]

20 . - 20, - 20 -
Tl—Zmin{ qa Pk’ q» Pky q pk}7 (1)
A Qa Qb QJ

with  q,p = XqpEecmlap/2 = Eqpna, and g, = Ejny,
where E; is the jet energy. The beam directions are n, ;, =
(1,0,0,41) while the massless jet direction is n; =
(1,7;). In Eq. (1) the sum runs over the four-momenta
p;. of all partons which are part of the hadronic final state.
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We use a geometric measure where Q; = 2p;E; with i = a,
b, J is proportional to the energy of the beam or jet
momenta. This particular choice is preferable because it is
independent of the total jet energy, but makes the one-
jettiness definition frame dependent. Results in frames that
differ by a longitudinal boost can be obtained by making
different choices for p;. In this work we show results for 7
in the laboratory frame (LAB) and in the frame where the
color singlet system has zero rapidity (CS). The LAB frame
definition is obtained by setting p; = 1 and evaluating the
jet energy and the directions of the partonic momenta in the
laboratory. In order to obtain the CS frame definition we
instead set

_ LY _ ¥
Pa=€", pPp =€ ",

py=(e"1qy +e"iy)/2E,),

where ¥, is the rapidity of L in the laboratory. The
quantities ¢ = ¢} F §3 and E; are the light cone com-
ponents and energy of the reconstructed massless jet four-
momentum ¢, in the laboratory frame respectively. In this
way the longitudinal boost between the two frames is
absorbed by a redefinition of the p;.

The manuscript is organized as follows. In Sec. II we
introduce the factorization formula, detailing its ingredients
and their renormalization group (RG) evolution. We present
a final resummed formula valid up to N3LL accuracy and
we match it with the appropriate fixed-order calculation in
order to extend the description of the one-jettiness spectrum
also in regions where more than one hard jet is present. In
Sec. III we discuss the details of the implementation and
present our results for the one-jettiness distribution. We
also study the nonsingular contribution in different frames
and provide predictions matched to the appropriate fixed-
order (FO) distributions. We finally draw our conclusions
in Sec. IV. Further details about the derivation of the
resummed results are described in the appendices.

II. FACTORIZATION AND RESUMMATION

A general factorization formula for the N-jettiness
distribution was derived in Refs. [40,41]. For the case of
one-jettiness in hadronic collisions it reads

d
T = Y@ [ drdnds,

d®,dT,

X BKa (ta’ xa’/’l)BKb(tb’ Xb> ﬂ)JK‘] (SJ’ ﬂ)

t, 1, s
XSK(”a'nJ’Tl_Q__Q—bb_Q_J’Iu)’ (2)
a J

where x, , = (Qr;/Ecn) exp{£Y,} and Q;; is the invari-
ant mass of the color-singlet plus jet system (LJ). The
index set k = {k,,k,,k;} runs over all allowed partonic
channels and «,, k,, k; denote the individual parton types.

@, is the phase space for the LJ system and n,-n; =
(I —cos@,;) measures the angle between the jet and the
rightward beam direction in the laboratory frame. In
general, for L 4 jet production all permitted partonic
channels contribute, i.e. x.k,k;€{qq9, 999,999, ...},
where we have indicated all the crossing and charge-
conjugated processes within the dots. For the pp —
(r*/Z - ¢*¢7) + jet + X case we consider in this work,
the ggg and ggqg channels (plus their crossing and charge-
conjugated ones) appear at Born level. The ggg channel
instead begins to contribute only at O(a3).

In Eq. (2) the hard functions H, are defined as the square
of the Wilson coefficients of the effective theory operators
defined in soft-collinear effective theory (SCET). They
can be obtained from the UV- and IR-finite relevant
amplitudes in full QCD. The beam B, " and the jet J,,

functions describe collinear emissions along the beam and
jet directions respectively. The functions S, describe
isotropic soft emissions from soft Wilson lines and depend
on the angle between the beam and jet directions.

The differential cross section in 7'} for a typical multi-
scale process such as y*/Z + jet depends on logarithms of
the ratios of different energy scales

Hua =/ m12+17 + Q%v ug =u; =\ a1, us =T,

which are the characteristic scales of the hard, beam, jet,
and soft functions. In the regions of phase space which are
dominated by soft or collinear radiation, these energy scales
assume a strong ordering uy > pp ~ u; > pg such that
large logarithms of the ratios of these scales may arise. This
spoils the convergence of fixed-order perturbation theory
and requires the resummation of these logarithms to all
orders. In the SCET framework this is achieved through RG
evolution.

All the functions appearing in the factorization formula
are evolved from their characteristic energy scales
(ux,X = H, S, B, J) to the common scale y by separately
solving their associated RG evolution equations. The
accuracy of the resummed predictions is systematically
improvable by including higher-order terms in the fixed-
order expansions of the hard, soft, beam and jet functions as
well as in their corresponding anomalous dimensions. To
achieve N3LL accuracy one needs the boundary conditions
of the hard, soft, beam and jet functions up to two loops.
The coefficients of the scale-dependent and kinematic-
dependent logarithmic terms in the anomalous dimension
and the QCD beta function need to be evaluated up to four
loops. Finally, nonlogarithmic noncusp terms in the anoma-
lous dimension need to be evaluated up to three loops. The
power of the logarithms that are resummed at each different
resummation order and the corresponding ingredients can
be found, for example, in Ref. [42].
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In the rest of this section we will present the functions
appearing in the factorization formula (2) and their evo-
lution separately and derive the final resummed formula in
Sec. IID.

A. Hard functions for pp — (y*/Z — €*¢7) + jet

The hard function for the channel « satisfies the follow-
ing RG equation (RGE)

d

dlog,uH"(ch’”) =Dy (W) H (@ p). (3)
J

Ie(u) =Tl
= {Fw‘l;(a‘) |:(Cc - Ca - Cb) ln(

v
)

with I'f,(u) = 2Re{I'(1)}. Here we have already
exploited the fact that for the color-singlet plus jet pro-
duction process, the color structure is trivial, i.e., the
anomalous dimensions of the Wilson coefficient I'{.(u)
[or equivalently the anomalous dimension of the hard
function I';(u)] is diagonal in color space, as we show
below. For ease of notation we use in this section the
abbreviations a =«k,, b =k, and ¢ = k;. Writing the
anomalous dimension I'{.(x#) in full generality as a matrix
in color space and using its explicit expression up to N’LL
given in Ref. [34], we find

2
+ cyclic permutations}

CZ
7 + 7l + rela) + P @€+ Gt €Ol

+Z|:_f Tllj]+ Zg

R=F A

where the sums run over all the external hard parton pairs
with i # j and C, is the quadratic Casimir invariant for the
parton i in the color representation R;. The symbol 1
denotes the identity element in color space. The cusp
I eusp(@;) and noncusp y¢(a,) anomalous dimensions are
given in Appendix A of Ref. [34] for both quark and gluon
cases.” We have Ceusp(@s) = D52 (32)"T,, with T, the
universal cusp anomalous dimens1on coefficients. The
symmetrized color structures that appear in Eq. (4) are
defined as

T = F e (TETITETY)
DYy, = d I TeTI T, (5)

where (T7'...T{"), =55, T (1

malized sum of all possible permutations z of the n color
operators and

a
...T;" denotes the nor-
nn

iy = Trp(T ... T%)

ZT ). (6)

The functions f(a,) and g®(a;) (R = F for the funda-
mental and R = A for the adJ01nt representation) start at
O(a?) and O(a) respectively. The explicit expressions can
be derived from Refs. [34-36]; we report them below for
completeness

'In the notation of Ref. [34] they read Ty (@) = Veusp (@)
and y(a;) = 7'(ay).

R R &
(3D, + 4D, )1 (SU—IO)]HO( o), )
[

fla) =165+ 266:) (52 '+ Ota

128 256 1280 4
gF(aS) _ Tan( 371 _ 3C3 _ : 55) (Z_ﬂ)
+0(a))

)= (-

3968
64, ——Cz + 473 - 19243

+200) (£2) + ota), )

The terms proportional to these functions start contribut-
ing only at N°LL accuracy. In particular, similar to the
Leusp (@) case, g®(a;) needs to be known one order higher
than f(a,) since it multiplies a scale logarithm.

It is possible to show using color conservation relations
(X i—ape TilM) =0) and the symmetry properties of
d<d that a symmetric combination of the term propor-
tional to g®(@,) can be rewritten in terms of quartic
Casimirs

dabcddabcd
C4(R;,R) = TEDiR’ (8)
R:

i

associated to the external legs, where Np. is the dimension
of the color representation R; (i.e., Np = N. and N, =
N2 — 1 for the fundamental and adjoint representations of
SU(N,) respectively). The explicit form of the D is
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(N —6N2 + 18)(N? 1)

Dpp = ,
Fr 96N?
D, _ Ne+6)(Ni-1)
FA — 48 s
N (N2 +6)
Dyp=—"0 "7
AF 48 7
N%(N? +36)
Dy, — e ) 9
AA o )

Similar relations can also be found by exploiting consis-
tency relations among anomalous dimensions. Explicitly,
when acting on the color states we find

R R
3(D11U + D]]u

= (DkR —Dig

) +4(DF; + D)

- D)1, (10)

where i # j # k. These relations have a similar structure to
the quadratic Casimir case, where for three colored partons
one finds for example identities of the type T, T, =
[T2 — T2 —T2]/2. The only relevant difference is the
appearance of the index R which labels the fundamental
and adjoint representations. This is due to the presence of
different partons in the internal loops. We have verified that
these relations hold by directly evaluating the action of the
color insertion operators on the possible color states in the
color-space formalism. We have further checked these
relations using the COLORMATH package [43].

By employing these expressions, the logarithmic term of
the hard anomalous dimension in Eq. (4) can be further
simplified and rewritten in terms of quartic Casimirs. In
order to do so we define

F=citcitef=—(C,+C,+C)/2, (11)

o =Ly + ¢SL, + cfL,, (12)
with
s =T, Ty, =T, T, cf=T,-T.. (13)

We also introduce an arbitrary hard scale Q to separate the
cusp and noncusp terms and use the abbreviations

—s . —1i0

L, = 1ns“5721 — 2% _ig,
She Sac
“hgr B

By analogy to the quadratic case, we also define the sum of
the quartic Casimirs of the external colored legs as

EZR = Dgyg + Dypg + Dg. (14)

For the quartic Casimir terms the kinematic dependence is
encoded by

ey =R+ SRL, + GFL,. (15)
where

K,R
¢4y = Dug + Dpr — Deg,

Cif_ aR+DcR_DbR»
04,, Dyp + D.g — Dyp. (16)

Using all the above definitions the anomalous dimension of
the Wilson coefficient for each channel x can be written in a
fully diagonal form in color space as

K _x. %
FC(”) = |:_ cusp Z C4R9R :| ln,u_

R=F.A
+ ) vilay) + flag)es — e e lay)
i=a,b,c
+ D 9 (a)egy (17)
R=F.A

where the last missing ingredient appearing in the noncusp
anomalous dimensions is

c_ |G (M|T ;I M)
cf——{TAc +;—<M|M> ] (18)

This again requires an explicit evaluation of the action of
the color insertion operators on the possible color states.
We remind the reader that for three colored partons the
result of the color insertion operators must be diagonal and
proportional to the identity by Schur’s lemma. Therefore,
we consider their action on the amplitude in color space
| M) for each partonic channel k. The color amplitude | M)
is the same for all quark channels, | M) = 1%]ija) where
the 79, are the Gell-Mann matrices and the quantum
numbers i(j) denote the color of the quark (antiquark)
and a that of the gluon respectively. We proceed by
calculating separately for each channel the action of the
color operators as a function of the number of colors V..
For x = gqg we find

<M|Tiijj|M>_ 1
(ZJ; M ) 2T aaza) T4 T gge)) - (19)

where we used the abbreviation (77;;,) =
and the relations

<M|Tt/kl|M>
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3

?qu> :ECFN

1
= <Tgyxx> :_CFNE(Ng +4)7

<TXX_[]_(]> 16

x=q,q. (20)

The normalization factor corresponds to the color factor of
the Born amplitude (M| M) = CpN...

For the k = ggq channel it is crucial to properly take into
account whether the quark is in the initial state or in the
final state, since it uniquely defines the action of the color
operators on the color states. We do so by using the notation
q; (q) for the initial (final) state quark. We find

(M|T 5, M) 1
Z _

My o AT

qi‘{iqqu> + 4<T’1i11i!1!1>)’

(i)
(21)
|

Ul (ups 1) = exp [4c"K1—CUEP (s 1)

+ (ZC4 ng ,uHs

R=F.A

-4 Xk,

R=F A

>an

+2 Z K}/‘C</’£H’”> +2C;Kf(:anu)

i=a,b,c

where we have used the definitions

a(w) da a  da
K (M ’ﬂ):/ . rx(as)/ > s
S a,(un) B(as) a,(un) P(5)

a) da,
nr, (1 ,ﬂ)—/ ——=T'(ay),
: . (ﬂﬁ)ﬁ(af)

as(1) d
K ) = [ S ) (24)
and
a,(1) da a  do
K r s = s 5 ,s 5
i) /WH) Ba)? @ )/ o Plal)
ﬂgR(/‘Hn“) E/U;M) ﬁ( S) ( )
o) da,
K (o) = / e ). (25)

The latter are identically zero at lower orders since ¢®(a;)
and f(ay) start at O(a?) and O(a3) respectively.

The hard function admits a perturbative expansion
whose coefficients H,E"> are defined by

— 2Re{c} }br,, (um. 1) +

where we used

3
<Tq,-qiqqu> = <ququiqz> CpNe— 16’
N7 +4 ,
(T 44000) =T g94,4,) = CpN; 16 x=if. (22)

Finally, the x = ggg can be obtained trivially from the
Kk = qgq results simply by applying charge conjugation and
replacing the quark with an antiquark. Some of these color
factors also appear in the calculation of the threshold three-
loop soft function in Ref. [44], for which we find complete
agreement.

Everything is now in place to write the solution of the
RGE for the hard Wilson coefficient. Indicating with p its
canonical scale, the evolution kernel for the hard function

Usy(uu. 1) = Ue(pp. ) |* reads

2

0
w(bprs ) 2¢nr,,,, (Hu- 1) In=-
Hu

> 2Re{& (g )

R=F A

(23)

HK<q)1,ﬂ

H>:423;(5:)Z(asfff))nHﬁ”(@l,uH), (26)

n=0

where d; is the dimension of the color representation of
parton i. Up to N3LL we only need the first two coef-
ficients. They can be extracted from the two-loop helicity
amplitudes calculated in Refs. [45,46], using the methods
described in Ref. [47]. In addition, we include the one-loop
axial corrections due to the difference between massive top
and massless bottom triangle loops, which were computed
in Ref. [48]. At present, our implementation neglects the
O(a?) axial contributions to the ¢gg and ggg channels,
which have only been recently calculated in Ref. [49].
Their contributions is expected to be extremely small for
the one-jettiness distribution.

We constructed the hard functions from the known UV-
and IR-finite helicity amplitudes for Z + jet [45-47],
adding the Z/y* interference and the decay into massless
leptons, producing the final squared matrix elements in an
analytical form. They have been obtained by rewriting
products of spinor brackets in terms of the kinematic
invariants, writing them in terms of five parity-even
invariants and one parity-odd invariant which is given by
the contraction of the Levi-Civita tensor with four of
the external momenta. Since they are too lengthy to be
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presented here, we refrain from including them in the
manuscript.

B. N-jettiness beam and jet functions

The beam and jet functions that enter Eq. (2) are the
same in the factorization formula for every N [41]. The
former can be written as convolutions of perturbatively
calculable kernels with the standard parton distribution
functions (PDFs). The beam and jet functions satisfy the
RGE:s [40,50]

d
g Baltox) = / ATt~ ¢ W)By(Foxop).  (27)

d
pgpdeloun) = [T = s (). (29

where a, ¢ can be a quark or a gluon. Formulas for the
second beam function are easily obtained by substituting
a — b. The anomalous dimensions in Egs. (27) and (28)
read

Carcusp<as) + 2 Z DaRgR(as)

L R=F A -

+75(a;)o(1),

I4(t,p) =2

F;(S7ﬂ) =-2 Ccrcusp(as) +2 Z DcRgR(as) ‘CO(s’ﬂz)

L R=FA

+75(a)8(s), (30)

where we denote the standard plus distributions by [51]
|

e<x>1n"<x/w>} | a1

R

where m is an integer equal to the mass dimension of x. In
order to solve both RGEs we find it convenient to cast
Eqgs. (27) and (28) in Laplace space, where momentum
convolutions turn into simple products. We denote the
Laplace space conjugate functions with a tilde

BQ(QB,X,,M) :/dte_t/(QﬂeyEgB)Ba(t’xvﬂ)’ (32)

Toleron) = / dse= /@) (s, 0),  (33)

where the measures O, and Q; are those introduced in the
definition of 7, in Eq. (1). The RGEs for the beam and jet
functions can be written as

d -
M@ln Bu (ngx: :u) =-2 |:Carcusp(as) + ZR;ADuRgR(as)]

x ln(Q;fB> +75(ay),

d. -
ﬂ@lﬂ]c(gj, ﬂ) =-2 |:Ccr‘cusp(as) +2 Z DcRgR(as):|
R=F A

x In (Q;fj) +75(ay).

The solutions of Egs. (34) and (35) yield the resummed
beam and jet functions in Laplace space

(34)

(35)

Ba(gB’x’ Iu) = exp |:4CaKFCusp(ﬂB’M) + 8 Z DaRKgR(MB’ /’t) + Ky; (/’[Bnu):|
R=F.A

= Q.8
X B(d,?B,x,,uB)< 28
HBp

)

, (36)
Np==2[Cullreys, (Hp ’”)+ZZR:F,AD“R}7§R (upm)]

Je(son) = exp |:4CCKFCuSp (uyop) +8 Z DK g (py. 1) + Ky (ﬂjvﬂ)}

<300, (%5)"

J

R=F A

, (37)

1y==2[Celreyg, (s '”)+ZZR:1-‘,ADM”(/R (uy-m)]

where they are evolved from their canonical scales g and u; to an arbitrary scale u. By performing the inverse Laplace

transform, we obtain them in momentum space

B,(t,x,u) = exp {4C0Krmp (g 1) +8 Y DarK e (pg. pt) + Koo (g 1)

x B(0,,.x. up)

e VENB | <
C(np) t \pz

R=F.A

: (38)

15==2(Callr ey (H5-1)F2Y gy 4 Darlk (15.:4)]

-
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Te(s. 1) = exp {4C0Krmp (1) +8 Y DegK (g pt) + Ky (g, 1)

Similar to the hard functions in Eq. (26), the perturbative
components of the beam and jet functions admit an
expansion in terms of powers of the strong coupling
constant and perturbatively calculable coefficients. For
the beam functions these have been recently calculated
up to N*LO [50,52-55] while for the jet functions they have
been known for some time [56-62]. For our N3LL
predictions we only need the beam and jet coefficients
up to O(a?).

C. One-jettiness soft functions

The soft function for exclusive N-jet production was first
calculated at NLO in Ref. [63]. There, results were
presented for the fully differential soft function in 77,
where i labels the beam and jet regions, i = a, b, J, ..., Jy.
In our case, the NLO soft function appearing in Eq. (2) can
be obtained from these results by specifying N =1 and
projecting the soft momenta from each region to a single
variable,

S(T4.p)

— [ ka0l S5 (k) 0T = =k =), (40)
where we have left implicit any angular dependence of
the soft functions on the jet directions, i.e., (77, u) =
S*(ng - ny, T4, pu) introduced in Eq. (2). It satisfies the
following RGE

d
ﬂ@Sk(Tw):/dﬁg(ﬁ—f’ﬂ)sk(f’ﬂ)’ (41)

with the anomalous dimensions I'{(7}, u) related to those
of the fully differential soft function S§,_,({k;}.u) by an
analogous projection of the soft momentum from each
region to a single variable,

(T3, u)
- / b,k dk, TS, (kb 0)B(T ] —ka—ky— k). (42)

Explicit expressions for both the fully differential

%5, ({ki},p) and S§_; ({k;}, ) at O(a,) can be found
in Ref. [63]. Note that in Eqs. (40) and (41) we have
exploited the fact that, for the present case, the soft function
and its anomalous dimensions are trivial matrices in color

R=F A

- e_yEnjl Ky ny
X J(()m,ﬂl) 1—\(]71) ; /l_%

(39)

11==2[C Moy (1 H)+2D o Dertlgr (1y:4)]

[

space. The consistency of the factorization formula, Eq. (2),
implies that the anomalous dimensions of $*(73, u) can be
related to those of the hard, beam, and jet functions by

(TS u) = =0 04(0, T3, 1) — QpT3(0 T 1)

= O,15(Qy T4, p) — 2Re[E(u)I6(TH).  (43)

Using known identities of the plus distributions £,, [51], we
find

T5(77. 1)

=4 |:_E cusp

E:CKRR

R=F A

} o(T1. 1)
K 2T KL XL KL
+ 7SN:l (as) + Cusp(as)(cs ab + Cilge + Cy bc)

-2 Z K(a

RLab + CZ:bec + Czllebc)] 5(751)’
R=F.A

(44)

where the noncusp anomalous dimensions of the fully
differential soft function [63] are given by

YSNI s——ZZ]/C - rg(ay)
i=a,b,c
- 7%(“5) - y;(as) - ZC]KCf(O{S), (45)
and we use an abbreviated form for the logarithms
2a.-q;
L;=Ins,. with & =—29 ()
0:0;

Eq. (41) dictates the evolution of the soft function
S*(7+.u) from its canonical scale ug to an arbitrary pu.
In addition, it determines its distributional structure in 75,
up to a boundary term that necessitates explicit computa-
tion. Here, we exploit this in order to solve for the O(a?)
soft function coefficient. We start by noting that I'§(77, u)
in Eq. (44) has the same distributional form as the zero-
jettiness soft function anomalous dimensions [40]. Thus,
we can directly use the known solutions of the zero-
jettiness soft function as long as we properly account for
the different anomalous dimension coefficients. The log-
arithmic contributions to the zero-jettiness soft function
were calculated up to N3LO in Ref. [64] and in the
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following we use the conventions therein. We expand the
soft function in momentum space as

s(r =3 (42 s, @)

n=0

and write the perturbative coefficients in terms of delta
functions and plus distributions,

S (T, p) = 5 L(T50). (48

ST + Y S
We find that the O(a,) coefficients read

s = _2(C, + €, + C)TY,
SEV = Z2(cXLyy + XLy + 5Ly )T,

while at O(a?) they read

Sy = 213(C, + Cp + C)%
S5 = 2ry(C, + Cy + C,)
x [Bo + 3To(cSLap + cfLae + ciLpc)],
S = AT2[(XLyy + KLy + 5Ly )?
- (C+Cy+ C)?
+ 21280 (¢§ Ly + € Lo + ciLye)
—(C,+ Cy +C)s*M] =21y (C, + C, + C,),
S62) = dT3(C, + Cp + CI3(Ca+ Cy + C.)
= 8o(§Lap + fLge + Clilpe)) =75, 1 — 255
—2(Cos* D + T ) (5L gy + f Ly + c5Lye).

Note that the functions f(a,) ~ O(a}) and g% (a,) ~ O(a}),
and therefore they enter in the fixed-order expansion of
S(7%,u) starting only at N°LL’ accuracy.

The boundary terms s*(") are not predicted by the RGE
and they necessitate an explicit computation. At LO they
are still trivial,

<O =1, (49)

while at O(a;) they have been analytically calculated for
arbitrary N and distance measures Q; in Ref. [63]. In the
case of one-jettiness they read

”2
SK(I) — 2C§ |:L3b - —+ Z(Iab,c + Iba.c):|

6

2

T
+ 2C,t< |:L§c -

6 + 2(Iac.b + Ica,b>:|

2
=+ ZCZ |:Lic - ﬂ_ + 2(Ibc,a + ch.a):| ’ (50)

6

where we use the abbreviation for the finite integrals

Lijm = 1o <S]m Sm) In-" + 1 (S]m SAl—m) (51)
Sij S5/ Sy Sij Sij
with expressions for /Iy (a, ) given in Ref. [63]. In our
predictions we evaluate Eq. (50) for each phase space point
on-the-fly in the corresponding reference frame.

The O(a?) boundary term s<) was evaluated in
Refs. [37,38] in the LAB frame, where the parameters
p; = 1. The result is numeric, and the authors of Ref. [38]
provide useful fit functions for the complete NNLO
correction for all partonic channels. Nevertheless, in this
work, we use a new evaluation of the soft function
performed by a subset of the authors of Ref. [39]. This
calculation is based on an extension of the Soft SERVE
framework [65-67] to soft functions with an arbitrary
number of lightlike Wilson lines. This approach relies
on a universal parametrization of the phase-space integrals,
which is used to isolate the singularities of the soft function
in Laplace space. The observable-dependent integrations
are then performed numerically.

The soft function in the CS frame is then related to that in
the LAB frame by a boost along the beam direction. While
the invariants n; - n; are frame-independent, the soft func-
tion implicitly depends on the quantities §;; defined in
Eq. (46), which are frame-dependent. Specifically, in the
LAB and CS frame they are related by

ng,-ny
2

~LAB __ ACS ALAB _
Sab 1 Saj

= papsSci. (52)
which implies that events with moderately sized 357 may
require us to evaluate the LAB-frame soft function at
exceedingly small values of 3B, depending on the size of
the boost-induced factor p,p,;. We therefore supplement our
numerical calculation with analytic results that can be
derived in the asymptotic limit of a jet approaching one of
the beam directions, i.e., where 3148 < 1 (or 3:0B < 1),
to leading power in 3L/B s]b“fB) (details are given in
Ref. [39]).

Specifically, we use the symmetry of the soft function
under the exchange of the two beam directions to restrict
the phase space to configurations with §L28 < 1/2. We
then divide the phase space into four regions with
SLAB < 10712, 3LABe[10712,1078], 35LABe[1078,1074),
and 328 € [107*,1/2]. In the first reglon we use the novel
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analytic leading-power expressions. As power corrections

are expected to scale as O(1/3L48) (modulo logarithms),
this means that the accuracy of the leading-power approxi-
mation should be at subpercent level in this region. For the
remaining three regions, we construct Chebyshev interpo-
lations of numerical grids, consisting of 4, 9, and 43
sampling points respectively, directly in Laplace space.
We construct these interpolations for each interval sepa-
rately before putting them together.

Following similar considerations as in Sec. II B, we now
turn to the resummed soft function in Laplace space which
is defined as

S'K(gs,,“) — /dTnie—Ti/(ﬂEgs)SK(T.i"ﬂ)’ (53)

S‘K(c.;S? /’l) = exp{z(chuh + clt(Lac + Cthc)r] TCeusp MS /’t

+4¢* Ky, (s, 1)
R=F.A

Hs

e ¢ 215
) (ans’ﬂS> <_S>

and satisfies the multiplicative RGE

d. -
,ud—lnS"(gS,,u)
y

=2 |:_C cusp as

sl

+ |:7/SN l(a )+2Fcu9p( )(C L h+ctLac +C Lhc)

_zzg

Loy + ¢y RLpe+ cy uLbc):| (54)
R=F.A

The solution of Eq. (54) is given by

—2) (4

R=F A

ah + CZ:fLac + CZ:{EL;,C)?’]!]R (ﬂS» :u)

43 K plson) + Ky;ws,m}

: (55)

— —K,R
Ns==28Nr oy (s )2 8550 (spt)

and by performing the inverse transform we obtain it in momentum space

SK(Ti’/’t) = exp{Z(c’§Lab + C,;Lac =+ chbc> Teusp ,uS /"

+ 4K, (us. 1)

R=F.A

~ e~ 2rels T3\ 2
XS(%’”S)F(Z%) (us>

Ns==28Nr gy (s ) H2Y) o T35 (s on)

—2) (4

R=F.A

ab + C4 t Lac + C4 uLbc>ng (”S ﬂ)

—4> T K (s ) + Ky (ﬂs,ﬂ)}

(56)

D. Final resummed and matched formulas

Combining all the previous ingredients together and using the following definitions

I{;,ml = —2)’1 K g (Ius,//l]_]) + 2(ng - 3

+ (ng =2 = ng ) Ky (uy. pg) +

)Kyg(ﬂSaﬂH) -
(ng - 3)

(ny— ”;J)Kyg (s pB) = ngKyj (us.pr)

Ko (us. ny) + 25K s (. ps). (57)

where n,, is the total number of gluons and ry’ the number of gluons in the final state, we arrive at the resummation formula

which, when evaluated at N°LL accuracy, reads
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- 2CCLJ}/IFcu;p (,UJ’ HH) -

= ZCXP{4(Ca + Cy)Kr,,, (s uu) +4C Ky, (uypr) —2(Co + Cp + C)Kr (M5, prr)

2(C LB + CbLIB)’/IFcusp (/’tB’/’tH) + KY&Q[

2 2
+ |:Ca In (Q ) + C, 1 (Qb ) + C’le <Qtl{ts> + (Ca + Cb + Cc)LS:| ﬂrcusp(ﬂs,ﬂ[-})

+ Z |:8(D11R + Dyr)K g (ups fpr) + 8D crK o (py. pirr)

R=F.A
—4(Dug + Dyr + Deg)K r (ps. i)

— 4D gLy (py, o) —4(D

arLp + DprLp)nx (g, )

2 2, 2
+2 [DaR In (Qsatu) + DprIn (Q ) + D.gln (QJS> + (Dag + Dpr + DCR)LSj| Nyr (/"Sa/"H)] }

X HK(‘DhMH)SK(anS + Lg. us) B,

o Q_’hol ntote_VE'hm
T D(1 4 gy)”

where the terms

ns = =22r, (us- 1) +2 Y & e (us. p).
R=F A

]’]B — _2 Cfl;/]rcusp (MB» + 2 Z DaanR(ﬂB9 )
L R=F A

Cuiir,,, (B, 1) +2 Z Dyt (pgs 1)
I R=FA .

Cllro, (M) +2 Y Degngr (g, 1)
L R=F A -

are combined as

Mot = N + Mg + 1y + 205,

and we have also introduced the definitions

2
LH—ln<Q ) Ly=In (Q“Q>, L'B=1n<Q”2Q>,
Wiy K Hp
2
L;=In (Q’Q), Lg=1In <Q>
/41 /45
In the previous equation all the Ky and 7y evolution
functions are evaluated at N3LL accuracy and the boundary
terms of the hard, soft, beam, and jet functions in the
second to last line are implicitly expanded up to relative
O(a?). The complete formula with the boundary terms
expanded out is presented in Appendix C.
While Sudakov logarithms at small 7 ; invalidate the
perturbative convergence and call for their resummation at

all orders, as 7| approaches the hard scale they are no
longer considered large. In this regime, the spectrum is

(a +LB’ unuB) (a

+ L. xp. up) ., (0,, + Ly piy)

(58)

correctly described by fixed-order predictions. In addition,
T, is subject to the constraint 7 /7, <1—1/N, with
N =2 (N = 3) at NLO (NNLO). Therefore, in order to
achieve a proper description throughout the 7 spectrum
while satisfying the 7', /7, constraint, we construct two-
dimensional (2D) profile scales that modulate the transition
to the FO region as a function of both 7| /urg and 7, /7,
with upo the fixed-order scale. These profile scales cor-
rectly implement the phase space constraint in 7,/7,
reducing to 7 ;-dependent profile scales when it is satisfied
and asymptoting to ppg when it is violated. A detailed
discussion of our 2D profile scale construction is given in
Sec. I B.

A reliable theoretical prediction must include a thorough
uncertainty estimate by exploring the entire space of
possible scale variations. In our analysis, we achieve this
by means of 7 profile scale variations, see e.g. Ref. [28].
Specifically, our final uncertainty is obtained by separately
estimating the uncertainties related to resummation and the
FO perturbative expansion. Since these are considered to be
uncorrelated, we sum them in quadrature. A breakdown of
the various components is presented in Appendix B.

In order to achieve a valid description also in the tail
region of the one-jettiness distribution, the resummed cross
section is matched to the full fixed order results using a
standard additive matching prescription

d 6N3 LL+NLO, d 6N3 LL doNons
= + , (59)
d®,d7T, d®,d7, d®,d7,
where the nonsingular contribution is defined as
doNons doNNLO, d N3LL
c _ o _do (60)
d®,d7, d®d7, dPdT|p,.
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doNLO

Here 46,7,

refers to the full fixed-order result in pertur-

bation theory and % |0(a2) 18 the singular contribution at
NNLO. When computing the nonsingular correction we
use the fact that for 7; > 0the Z/y* + 1 jet cross section at
NNLO; is identical to the next-to-leading order cross
section for Z/y*+2 jets (NLO,), and we therefore

determine the nonsingular corrections from

d 6N3 LL

dGNonS do‘NL02
do,d7, (dd)ldTl © do,dT,

>9(71). (61)

0(a?)

The NLO, predictions for Z/y* + 2 jets are obtained from
GENEVA, which implements a local FKS subtraction [68],
using tree-level and one-loop amplitudes from OpenLoops2
[69]. We note that for this reason in Eq. (59) we have
written the highest accuracy as N°LL 4+ NLO, (even if it is
identical to N°LL + NNLO; because Eq. (60) and Eq. (61)
both exactly vanish at 7| = 0.). The formula in Eq. (59)
can therefore also be safely used for quantities integrated
over 7 ;. Similar formulas for the matching readily apply at
lower orders.

We also note that there is some freedom when evaluating
T, on events with two or three partons. In this work, we use
N-jettiness as a jet algorithm [70] and minimize over all
possible jet directions n; obtained by an exclusive cluster-
ing procedure T = min, 7. This means that we recur-
sively cluster together emissions in the E-scheme using the
T, metric in Eq. (1) until we are left with exactly one jet.
The resulting jet is then made massless by rescaling its
energy to match the modulus of its three-momentum; the jet
direction is then taken to be 77,. We stress that this choice is
intrinsically different from determining the jet axis a priori
by employing an inclusive jet clustering, as done for
example in refs. [19-22].

This difference has also the interesting consequence that
one has to be careful when defining 7, via the exclusive jet
clustering procedure in a frame which depends on the jet
momentum. There are indeed choices of the clustering
metric that render the 7, variable so defined infrared (IR)
unsafe. A particular example is given by the frame where
the system of the color-singlet and the jet has zero rapidity
Y;; = 0 (underlying-Born frame) which was instead pre-
viously studied for the inclusive jet definition [22]. A
detailed discussion of these features and a comparison of
the size of nonsingular power corrections for these alter-
native 7 definitions is beyond the scope of this work and
will be presented elsewhere.

III. NUMERICAL IMPLEMENTATION
AND RESULTS

We consider the process

pp = (V)2 = ¢7¢7) +jet + X,

aty/S = 13 TeV and use the NNPDF31_nnlo_as_ 0118
PDF set [71].

The factorization and renormalization scales are set
equal to each other and equal to the dilepton transverse

mass,
HR = HF = Hpo = M7 = 4/ m2.,- + q7. (62)

which we also use as hard scale for the process, i.e.
Uy = Hro- At this stage, we also fix Q% = s,,.

Here we report the numerical parameters used in the
predictions, for ease of reproducibility. We set the follow-
ing nonzero mass and width parameters

my = 91.1876 GeV,
my = 80.379 GeV,
m, = 173.1 GeV.

I, = 2.4952 GeV,
Iy = 2.0850 GeV,

In the plots presented in this section, we apply either a cut
To > 50 GeV or gr > 100 GeV in order to have a well-
defined Born cross section with a hard jet. However, since
our predictions depend on the choice of the cut that defines
a finite Born cross section, we study different variables and
values to cut upon in Sec. III D.

A. Resummed and matched predictions

In the upper panel of Fig. 1 we show the absolute values
of the spectra for fixed-order, singular and nonsingular
contributions with 75 > 50 GeV at different orders in the
strong coupling. We plot on a logarithmic scale in the
dimensionless 7; = 7 | /my variable, which is the argument
of the logarithms appearing in the cross section for our
choice of yy = my. In the lower panel of the same figure
we compare the nonsingular contributions in the LAB and
CS frames on a linear scale. At both orders one can see how
the singular spectrum reproduces the fixed-order result at
small values of 7; and how the nonsingular spectrum has
the expected suppressed behavior in the z; — 0 limit. As
anticipated, the nonsingular contribution in the CS frame is
consistently smaller than that evaluated in the laboratory
frame. Due to the smaller power corrections in the non-
singular contribution, from now on we only focus on and
present results in the color-singlet frame (though the
formalism adopted is able to deal with any frame definition
related by a longitudinal boost). Similar results for g; cuts
are reported in Sec. III D.

In the left panel of Fig. 2 (Fig. 3) we show our resummed
predictions in the peak region of the 7| spectrum in the CS
frame, with a cut 75> 50 GeV (gy > 100 GeV). We
observe good perturbative convergence between different
orders. Starting from NNLL', the inclusion of NNLO
boundary conditions together with NLO x NLO mixed-
terms in the factorization formula results in a large impact
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Statistical errors from Monte Carlo integration, shown as thin vertical error bars, become sizeable at extremely low z; values.

on the central values and in a sizeable decrease of the
theoretical uncertainty bands. We also notice that the
differences between the N3LL and the NNLL' predictions
are minor, suggesting that, unlike at lower-orders, the
N3LL evolution does not change considerably the NNLL'
results.

In the right panel of Fig. 2 we present our final results
after additive matching to the fixed-order predictions. In
order to better highlight the effects in the resummation
region (7| <30 GeV), the plot is shown on a linear 7,
scale up to 30 GeV and a logarithmic scale above. In this
case, the addition of the nonsingular contributions sub-
stantially modifies the resummed predictions, both in the
fixed-order (7, = 30 GeV) but also in the resummation
region. This can be better appreciated by looking at Fig. 4,
which compares the values of the resummed and non-
singular predictions at NNLL 4 LO, (left panel) and at
N3LL + NLO, (right panel). The relative size of each
contribution to the corresponding matched predictions is
shown in the lower inset. We note that this poor con-
vergence is also present when cutting on the vector boson
transverse momentum ¢ > 100 GeV in the right panel of
Fig. 3 and the difference between orders grows larger when
the cut is reduced (see Sec. III D).

However, since these are the first nontrivial corrections
to the 7, spectrum, their large size is not completely
unexpected and further motivates their inclusion.

B. Two-dimensional profile scales

A final state with N particles is subject to the kinematical
constraint

N—1{Uz N=2 ()

Ti(@y) N-1_
TO(CDN) - N 2/3, N - 3

where we explicitly specify the possible upper bounds that
T /7T can have for the NNLO calculation of color-singlet
plus one jet. Our goal in this section is to formulate profile
scales that force the resummed prediction to satisfy the
phase space constraint in Eq. (63) and at the same time to
have the appropriate scaling at small and large 7, i.e.,

us(T1 < pro) ~ 711,
/45(71 ~ MFO) ~ HFo,
ﬂs(Tl/TON(N— 1)/N)NﬂFO- (64)
Both requirements in Eqs. (63) and (64) can be satisfied by

formulating two-dimensional profile scales in 7| /purq and
T,/7T,. To this end, we choose the soft profile scale to be

ﬂs(Tl/ﬂFo,Tl/To)
= pro[(frun(T1/pr0) = 1)sPO(T /T o) + 1] (65)
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where f,, is the same as that appearing in 7, profile scales
used in previous GENEVA implementations, see, e.g.,

Ref. [28], while s is a logistic function

1

(p.k) =
s (T,/T,) 1 + ePKT1/To=1/p)"

(66)

that behaves like a smooth theta function and controls the
transition to upg for a target 7 /7 value. It depends on
the parameters k and p. The former fixes the slope of the
transition between canonical and fixed-order scaling, while
the latter determines the transition point where this hap-
pens. For our final predictions we use p = 2 and k = 100.
In Appendix A we further investigate the dependence of the
resummed results on the way the resummation is switched
off in the 7,/7 direction.

Finally, it is straightforward to get the beam and jet
function profile scales since they are tied to the corre-
sponding soft profiles by

ug(T1/upo. T1/To) = \//‘FO/"S(TI//‘F&TI/TO)’ (67)

ﬂJ(Tl/ﬂF@Tl/To) = \/ﬂFO/"S(Tl/ﬂF@Tl/TO)’ (68)

and for this process we set the hard scale to be

Hi = ppo = myp = \/m3. . + qF. (69)

When calculating scale variations we vary pgq by a factor
of two in either direction. The soft, jet and beam scales
variations are then calculated as detailed in Ref. [28] and
summed in quadrature to the hard variations.

Having discussed the implementation of the resummed
predictions, some freedom remains in how to treat the O(a})
singular resummed-expanded term. Since for 7 > 7 /2
only the real contribution O(a}) with three particles can
contribute in the fixed-order, one can decide to completely
neglect both the resummed and the resummed-expanded
terms above that threshold. Alternatively, one can keep them
both on, but with the 2D profile scales we have chosen the
resummed predictions will naturally match the singular ones
for 7, 2 7,/2 and the two contributions will cancel again
in the matched predictions, leaving only the fixed-order real
contribution of O(a?). This behavior is shown in Fig. 5,
where we plot the NLO, fixed-order predictions for the
T,/T, ratio, together with the N3’LL resummed and
singular ones. We include two copies of the resummed
and singular predictions obtained with and without a hard
cut at 7,/7 ¢ = 1/2 on the O(a?) singular contribution.
This is immediately evident from the fact that the singular
prediction with this cut is zero above 7,/7, = 1/2. The
corresponding resummed prediction does not have the same
sharp jump because of the smoothing of the profile scale, but
it still experiences a drastic reduction on a short 7 ;/7,
range. We also notice that the singular prediction without the
hard cut manifests a sudden jump: this is a consequence of
the fact that for 7, /7, < 1/2 both the O(a?) and O(a)
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FIG. 5. Comparisons between resummed N3LL results, fixed-

order NLO, and singular ones for 7, > 50 GeV with or without
a hard cut at 7,/7 < 0.5 on the O(a?) singular contribution.

terms contribute, while above we only have the O(a?) terms.
The instability of this Sudakov shoulder region is also
evident in the fixed-order predictions, showing the typical
miscancellation between soft and collinear O(a?) real
emissions in the region 7,/7, > 1/2. These are not
compensated by their virtual counterparts, which are con-
fined to the 7 /7, < 1/2 region.

For the predictions obtained in this work we have chosen
to allow the singular contribution at order O(a?) above
T,/Ty > 1/2up to the true kinematic limit 7 /7, = 2/3.
In principle this choice affects the size of the O(a3)
nonsingular contribution across the whole 7| spectrum.
Therefore we have carefully checked that our choice does
not produce numerically significant differences with the
choice of imposing 7 /7, < 1/2. In fact, for the plots
shown in Fig. 1 we could only spot a very minor difference
in the largest bins of the 7; distribution.

C. Effects of the inclusion of the
gg loop-induced channel

In this subsection we investigate the effect of the inclusion
of the NLL resummation of the gg loop-induced channel in
addition to the N3LL + NLO, matched predictions. Since
the gg loop-induced channel starts to contribute at O(a} ) itis
formally necessary to include it already when the resumma-
tion of the other channels is performed at NNLL' accuracy.
However, as can be seen in Fig. 6, its contribution is
extremely small across the whole 7', spectrum, reaching a

— N3LL + NLO,
== NBLL + NLO; + NLLg,

0 f—‘%

H
2
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50 < My+,-/GeV < 150

VS8 =13 TeV; Ty > 50 GeV
CS frame

L
i

1 é 1I0 2I0 30 5I0
T [GeV]

10~4¢

10-5— :
o.o04 f [T
0.002 _l
0.000 fFF l

—0.002
—0.004

el
§ E T 1““““”1

——

ratio — 1

100 200 300 500
FIG. 6. Effects of the inclusion of the NLL resummation of the

gg loop-induced channel on top of the N°LL + NLO, matched
predictions.

maximum deviation of around one per mille between 10 and
20 GeV. The fact that this deviation is smaller than the
numerical uncertainty associated with the Monte Carlo
integration allows one to safely neglect this contribution.

D. Results with different 7, and ¢, cuts

The resummation of one-jettiness requires the presence
of a hard jet to have a well-defined Born cross section. In
order to investigate the effect of the selection of the hard jet
here we discuss the behavior of our predictions for different
values of the 7, cut. We also present results obtained by
requiring that the color singlet has a substantial transverse
momentum g7, which is equivalent to requiring the
presence of at least one hard jet with a large k7 imbalance
compared with other potential jets. Lowering the 7, cut
value to 10 or 1 GeV, we observe a worsening of the
convergence of the resummed predictions. Moreover, the
nonsingular contribution increases with the lowering of
the 7 cut value and the distance between the O(a?) and
O(a?) contributions widens when reaching the region
To~7T, < Q. This behavior can be easily explained by
considering that the factorization formula in Eq. (2) has
been derived assuming 7| < 7, ~ Q. A thorough treat-
ment of this region would necessitate a multidifferential
resummation of 7, and 7 |, which is beyond the current
state of the art [72,73]. If we define the hard jet by placing a
cut on the g7 of the color singlet system, we observe a
similar behavior when the cut is reduced. In Fig. 7 we show
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the nonsingular contributions at O(a?) and O(a}) with a
gr > 50 GeV cut. Compared to the same plot for the 7, >
50 GeV cut in Fig. 1 we observe a reduced difference
between the size of the power corrections for 7', definitions
in the two different frames.

Finally, in Fig. 8 we show the resummed predictions
matched to the fixed-order in the peak region for the
additional cuts ¢y > 50 GeV and g7 > 10 GeV. We
observe that the predictions are very sensitive to the cut
value, and the perturbative convergence is rapidly lost when
decreasing the cut value too much.

IV. CONCLUSIONS

In this work, we presented novel predictions for the 7,
spectrum of the process pp — (y*/Z — £7¢7) +jet at
NNLL' and N3LL accuracy in resummed perturbation
theory. By matching these results to the appropriate
fixed-order calculation, we obtained an accurate descrip-
tion of the spectrum across the entire kinematic range. This
is the first time that results at this accuracy have been
presented for a process with three colored partons at Born
level. Our calculation includes all two-loop singular terms
as 7, — 0, off-shell effects of the vector bosons, the Z/y*
interference, as well as spin correlations.

The resummed predictions in the color-singlet frame
exhibit a good perturbative convergence, with a significant
reduction of theoretical uncertainties as the perturbative
order is increased. Notably, the inclusion of N3LL evolu-
tion has only a minor effect on our final results. The
matching to the fixed-order calculation was achieved by
switching off the resummation in the hard region of phase
space by means of two-dimensional profile scales, which
allow for the kinematic restrictions on the one-jettiness
variable to be enforced consistently. Our matched results
indicate that the inclusion of the O(a}) nonsingular terms is
important due to their large size.

In order to assess the consistency of our implementation,
we checked the explicit cancellation of the arbitrary u
dependence which appears in the separate evolution of each
of the ingredients in the factorization formula and that the
singular structure of the resummed expanded results
matches that of the relative fixed order. We found that, in
accordance with observations in the literature, the definition
of 7| in the laboratory frame is subject to larger nonsingular
contributions. These arise due to the dependence of the
observable on the longitudinal boost between the hadronic
and the partonic center-of-mass frames. To mitigate their
impact, we found that a different definition of 7', (which
incorporates a longitudinal boost to the frame where the
vector boson has zero rapidity) receives smaller power
corrections. This makes it suitable for slicing calculations
at NNLO and for use in Monte Carlo event generators which
match fixed order predictions to parton shower programs.

The N-jettiness variable is particularly useful in the
context of constructing higher-order event generators, since
it is able to act as a resolution variable which divides
the phase space into exclusive jet bins. In this context, the
NNLL' resummed zero-jettiness spectrum has enabled the
construction of NNLO + PS generators for color-singlet
production using the GENEVA method. The availability of an
equally accurate prediction for 7 in hadronic collisions
will now enable these generators to be extended to cover
the case of color singlet production in association with a jet.
The predictions presented in this work will be made public
in a future release of GENEVA.
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APPENDIX A: ALTERNATIVE PROFILE
SCALE CHOICES

In this appendix we study the dependence of the resummed
results on the profile scale definition in the (7 /my, 7 1/7 )
plane. We start by showing the functional form of yg for the
default 2D profile scales in Fig. 9. As observed, when the
LO, kinematical constraint Eq. (63) is satisfied, the factor
sZ100(T, /Ty <1/2) = 1 in Eq. (65) and therefore the
scaling of ug is entirely dictated by f,,,, depending only on
the value of 7| / pgo. On the other hand, when the 7, /7, <
1/2 condition is violated, s®19(7,/7T(>1/2) -0,
which implies that ug = upg. This is a crucial asymptotic
limit, since for 7 /7, 2 1/2 the fixed-order and singular
cross sections pass a kinematical boundary. Therefore, since
the fixed-order corrections are extremely relevant in that
region, care must be taken to switch off the 7 resummation
before passing the same threshold.

In Fig. 10 we show resummed predictions obtained using
2D profiles with p =3 and k& = 10, which results in a
earlier and smoother switch-off of the resummation around
T,/Toy~1/3. As one can see by comparing the results
with the left panel of Fig. 2, by doing so the convergence of
successive perturbative orders is slightly worsened.
Alternatively, we have explored the usage of 1D profile
scales, either by removing the suppression in the 7 /7,
direction, see Fig. 11, or by switching off the resummation
inthe 7, /7 direction by means of a 1D hybrid profile, see
Fig. 12. The hybrid profile approach has previously been
successfully used in enforcing multidifferential profile
scales switch-offs [74]. In our case it is defined by

ﬂS(Tl/,uFO’ 71/70)

= profrn(T1/T0) + T1(1 = frn(T1/T0)), (Al)
where now the argument of f,,, is the ratio 7| /7, rather
than 7 | /uro. The formula in Eq. (A1) smoothly interpo-
lates between 7, and upg on a diagonal slice of the

0.0 g0

FIG. 9. Functional form of the two-dimensional soft profile
scale.
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FIG. 12. Resummed results for one-jettiness distribution with
Ty > 50 GeV at increasing accuracy, for the 1D hybrid profile
discussed in the text.

(T,/To,T,/my) plane. In Fig. 11 we observe that
removing the 71/7 suppression has very small effects
on the 77, distribution, maintaining a good perturbative
convergence across orders. This, however, does not provide
the correct suppression of the resummation effects past the
kinematic endpoint in the 7|/7 direction. The usage of
the hybrid profile shows instead a much poorer conver-
gence (see Fig. 12). In particular, we notice a change
in the resummed predictions also in the peak region,
which should follow a canonical scaling. This is easily
explained by the fact that for the hybrid profiles in
Eq. (A1) the ug behavior at low 7 is changed from 7
to (14 my/7T )7, which is still a canonical scaling but
includes small artificial leftover logarithms.

APPENDIX B: UNCERTAINTY BUDGET

In this appendix we study the size of the variation bands
associated with the possible sources of theoretical uncer-
tainties for our best predictions. In Fig. 13 we show the
resummation uncertainty for the calculation of the 7,
resummed spectrum at N3LL accuracy normalized to its
central value. In the same plot we also show the uncer-
tainties stemming from the separate variations of the fixed-
order scale ppg, the beam pp, the jet p; and the soft pg
scales. We remind the reader that the final uncertainty is
obtained by summing in quadrature the ypg variations and

30

—= Total N3LL
—* pro variations
== pp variations

pg variations

pp = L+ + X
50 < Mj+p-/GeV < 150
VS =13 TeV; Ty > 50 GeV
CS frame

— s variations

N
=

Resummation Uncertainty %
=
o

FIG. 13. Uncertainty budget for the N3LL resummed calcu-
lation of the one-jettiness distribution with 7 > 50 GeV.

the symmetrized convolution of all the other resummation
variations. In the plot we show the maximum distance on
the uncertainty band from the central prediction. Due to the
use of the profile scales described in Sec. IIIB, all
resummation scales flow to uy for large values of 7.
The region where the soft or beam scales play an important
role in the total uncertainty budget is therefore limited to
the peak region, as expected. It should also be noted that for
extremely low values of 7 both the soft and the fixed-
order variations become large, signalling a deterioration in
the convergence of the perturbation theory also for the
resummed calculation.

The uncertainty budget for the calculation of the 7
matched spectrum at N®LL + NLO, accuracy is instead
shown in Fig. 14, now normalized to its central value.
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FIG. 14. Uncertainty budget for the N’LL + NLO, matched
calculation of the one-jettiness distribution with 7 > 50 GeV.
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In this case the pupg variations become dominant for
moderately small values of 7. Even at very small values
around 2 GeV, the uncertainty stemming from the non-
singular contribution is of similar size (or larger) than that
coming from the resummed part, highlighting the need for
an accurate description of both contributions.

—2C Ly, Wy ) = 2(CuLp + CbLB)nII\i ]:L(ﬂBvﬂH) + K%LL

cusp

su

APPENDIX C: RESUMMED FORMULA
AT N°LL ACCURACY

In this section we report the full formula for the N3LL
resummation with the explicit combination of the hard,
soft, beam, and jet boundary terms, evaluated at the
appropriate order, for completeness. It reads
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