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1 Introduction

The transverse momentum spectra of electroweak bosons produced in hadronic collisions are
flagship observables of the LHC precision program, and have been measured to astonishing
accuracy by the ATLAS [1-6], CMS [7-11], and LHCb collaborations [12, 13]. The pr
spectrum of the Z boson, measured in the experimentally pristine Drell-Yan dilepton channel,
is of particular importance as an irreducible background to many searches for physics beyond
the Standard Model, see e.g. ref. [14], and likewise features great sensitivity to key Standard
Model parameters like the strong coupling [15, 16]. On the other hand, the pr spectrum of
the W boson, while much harder to access experimentally, is a critical input to measurements
of the W boson mass [17-21] that rely on Jacobian peaks — smeared out by the pYW spectrum



— to achieve sensitivity. Lastly, recent progress in understanding the complex interplay of
fiducial experimental selection cuts and QCD perturbation theory has revealed that even
seemingly inclusive quantities like (fiducial) rapidity spectra can feature sensitivity to small-pp
physics, requiring a precise understanding of the underlying pr spectrum as well [22-26]. In
turn, a thorough understanding of these percent-level effects on fiducial rapidity spectra is
required e.g. to deliver constraining power on collinear parton distribution functions (PDFs),
whose determination has advanced to approximate N3LO accuracy [27-31].

The phenomenological importance of the p% and p%v spectra has motivated a large-scale
effort by the theory community to provide precision predictions for them, in turn making
them crucial tests of our understanding of QCD and the electroweak sector of the Standard
Model. Fixed-order predictions in QCD perturbation theory at finite p%’w have reached an
impressive O(a?) accuracy [32-40], i.e., NNLO; relative to the tree-level LO; process where
one hard parton is radiated into the final state. On the other hand, at small transverse
momenta p¥ < my, where the vector boson V recoils against soft and collinear radiation,
the infrared singularities of gauge theory enhance the contribution to the cross section at each
perturbative order by large double logarithms o In?" (p¥./my ), upsetting the convergence
and validity of the fixed-order series. The all-order resummation of these dominant singular
terms, which is based on factorization theorems and the renormalization group, has in the
meantime been achieved at N3LL' [15, 23, 41-43] and approximate N*LL order [40, 44-46] by
several groups. The analytic resummation at this order also provides an important ingredient
to extend the combination of high-order calculations with parton showers to N3LO-+PS using
the methods of refs. [47, 48]. (Another ingredient is the NNLL/ or N3LL resummation for
the V + 1 jet process [49].) The region of even smaller transverse momenta p¥. < Aqcep
close to the QCD confinement scale is of particular interest because it provides access to
the nonperturbative transverse momentum-dependent (TMD) dynamics of partons within
the proton, see e.g. refs. [45, 50, 51]. Beyond (non)perturbative QCD, mixed strong and
weak or electromagnetic corrections have been studied both at fixed order [52-58] and to
all orders in the limit of small transverse momentum [59-62].

In this paper, we present predictions for the resummed and matched ¢ = p;V Z spectrum
as implemented in SCET1ib [63], a C++ library for numerical calculations in QCD and Soft-
Collinear effective theory (SCET). Our emphasis lies on consistently combining all information
from across the spectrum, ranging from nonperturbative to fixed-order scales, where we
in particular go beyond the status of the literature by including a thorough assessment
of the associated matching uncertainties. This is part of an overall, careful estimate of
the magnitude of residual perturbative uncertainties, which we supplement with detailed
studies of the parametric strong coupling, PDF, and nonperturbative TMD uncertainties. We
further present a novel way of rigorously defining effective nonperturbative TMD functions
for resonant p¥ and multi-differential spectra, which has served as an important ingredient
of the theoretical model underlying the recent CMS measurement of the W boson mass [21].
As another application of our predictions, we consider the possibility of constraining collinear
PDFs at complete three-loop accuracy using the cumulative p% distribution.

The paper is structured as follows: in section 2, we review the factorization theorem
underlying the resummation, give an overview of the perturbative ingredients entering



our predictions, and introduce our matching formalism that unifies the nonperturbative
limit, the perturbative resummation, and the fixed-order tail. In section 3, we review
the nonperturbative structure of the factorization theorem, and develop our framework
of effective nonperturbative functions. In section 4 we present our predictions for the p%
spectrum, discussing the perturbative uncertainty, the impact of nonperturbative physics the
parametric ag, and the parametric PDF uncertainties in turn, before showcasing the impact
of approximate N?LO PDFs and N*LL Sudakov ingredients on the predicted p% spectrum.
In section 5, we discuss the cumulative fiducial cross section and its sensitivity to PDFs as
an immediate application. In section 6, we present our results for the pIVY spectrum. We
conclude and summarize our results in section 7.

2 Factorization, perturbative ingredients, and matching

2.1 Review of factorization

We consider the production of a dilepton pair through Z/~* or of a lepton-neutrino final
state through a W boson at the LHC. At leading order in the electromagnetic interaction,
the fiducial cross section differential in the total transverse momentum gp of the respective
vector boson, qr = p4 = p% or qr = p¥Y = p¥, is given by [22]

1 do(©) _
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where ¢ is the momentum carried by the (generally off-shell) vector boson with invariant
mass Q% = ¢ and rapidity Y. Here we have decomposed the hadronic tensor into nine
scalar hadronic structure functions W,y v/ (q, Pa, B), with ¢ = —1,0,...,7, and summed
over the possible vector bosons V, V' interfering with each other. The W,y encode the
hadronic production dynamics. They depend on the vector boson momentum ¢* and the
incoming proton momenta P, ;, and can be interpreted as entries in the 3 x 3 spin density
matrix for the polarization of the vector boson. By contrast, the leptonic tensor projections
L;vvi(q,0) that describe the propagation and decay of the vector boson only depend on the
intermediate momentum ¢ and the set of fiducial acceptance cuts applied on the dilepton
or lepton-neutrino final state, which we collectively denote by ©. Explicitly, the leptonic
tensor projections are given by

3 1 2T N
Livvi(q,0) = E[ld0059/0 dep ©(q,0,¢) Liiyvvi(g,0,9)gi(0,¢), (2.2)

where cosf and ¢ are spherical coordinates parametrizing the momentum of the matter
particle (i.e., the negatively charged lepton, or the neutrino) in a suitable vector boson rest
frame, which we take to be the Collins-Soper frame [64]. The prefactors L, ;v contain
the vector-boson propagator and leptonic couplings and depend on whether the hadronic
structure function is parity even, +(i) = + for : = —1,0,1,2,5,6, or parity-odd, (i) = —
for i = 3,4,7. It is convenient to also define the so-called helicity cross sections

dO’i

1
diq = 2EZ. > Liyvvi(@®) Wivvi(q, Pa, Py) (2.3)

cm V,V/



multiplying the spherical harmonics g; at the level of the six-fold differential cross section

do 3 do;
—_— = — Y 2 g:(0,9). 2.4
digdcosfd¢ 167 Z d4q 9:(6:¢) (24)

1

Only the parity-even structure functions contribute to the p% spectrum as long as fiducial cuts
are applied independent of lepton charges, while all structure functions in general contribute
to the p7W spectrum due to the cuts generically being asymmetric under ¢ <+ v. The ¢;(6, )
are real spherical harmonics that describe the distribution of decay products for a given
intermediate polarization state. Finally, (:)(q,ﬂ, ) encodes the action of the fiducial cuts
on a dilepton phase-space point parametrized by the two rest-frame angles 6 and ¢, and an
additional total boost by ¢ from the lab frame.! One notable special case is © = 1, which
corresponds to the inclusive gr spectrum proportional to the linear combination Wi, = W_1+
Wo/2, where g_1 0 = 1 & cos? . Another important special case is 6 = sgn(Y)[O(cos ) —
O(— cos )], which projects out g4 = cos¥, i.e., the forward-backward asymmetry App(q)
sgn(Y) Wy /Wiy differential in the vector boson kinematics (but applying no additional
fiducial cuts). We stress that while it is convenient to parametrize the decay kinematics in
a definite frame, the corresponding projectors acting on the hadronic tensor can in fact be
defined in a fully covariant way [22], such that the W,y are genuine Lorentz scalars.

We are interested in the region of small transverse momentum, ¢r < (). In this limit, the
hadronic structure functions corresponding to the inclusive g spectrum and the gp-dependent
forward-backward asymmetry satisfy the following factorization theorem [65-76], which is
valid for ¢ = —1 and ¢ = 4,

Wivy: = Wi/ (g, Pa, Py)

2 A2
ol %)

= Hivv a(Q*, 11) [BaBpS|(Q?, Ta, 21, 1, 12)
a,b

Q2 Q2

1+(’)<q% AéCD)], (2.5)

where z,;, = Q/FEcm etY . As indicated, the factorization receives power corrections in
(qr/Q)?* and (Aqep/Q)?, but remains valid in the nonperturbative regime gr ~ Aqcp.
We will exploit this in section 3 by explicitly parametrizing the leading nonperturbative
corrections O(AéCD /¢>) at small g in a way consistent with the field-theoretic structure of
the factorization theorem, and by capturing yet higher corrections through model functions.

In ref. [22], it was shown that all linear power corrections O(qr/Q) to the fiducial gr
spectrum can be predicted from factorization and resummed to all orders by retaining the
exact dependence of the leptonic tensor projections L;(q,©) on gr, which naively would

Note that this specifies the vector boson rest frame only up to Wigner rotations. The Collins-Soper frame
specifically is defined by first performing a longitudinal boost along the beam axis into the frame where the
vector boson has vanishing rapidity, followed by a transverse boost by gr. In the limit of massless protons (and
only in this limit [22]), this definition is equivalent to demanding that the incoming protons lie in the plane
spanned by the x and z axis of the rest frame, and that they have equal and opposite angles to the z axis.



be power suppressed,
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where the WiL‘fv, for i = —1,4 are given in eq. (2.5). As discussed in ref. [22], this in fact

holds for a broader class of observables that are azimuthally symmetric at leading power,
and also generalizes to so-called leptonic power corrections that arise for leptonic observables
sensitive to the edge of Born phase space.

The first set of power corrections in eq. (2.6) arises from the quadratic power corrections
to the i = —1,4 structure functions, whose leptonic coefficient functions scale as L_j 4y v+ ~
(qr/Q)°, as well as from the hadronic structure functions for i = 0,1,3,5,6,7 that start at
most at linear order in ¢r/Q, but whose leptonic coefficients are all in addition suppressed
by (gr/Q). The second set of power corrections, indicated by the subscript “DBM” for
Double Boer-Mulders effect, arises from the two structure functions W 5yy7. These have a
linearly suppressed leptonic coefficient Lo 5y ~ qr/Q, but only receive a contribution at
leading power in ¢r/Q from the product of two Boer-Mulders functions, which in turn are
suppressed by one power of Aqcp/qr each in the case of massless ny =5 QCD [77], and by
at least two powers of ag each for massive quarks [78]. The region where both expansion
parameters Aqcp/gr and ¢r/Q are not small is negligible for resonant Z or W production

at the LHC, and we therefore ignore this contribution.?

We now return to the individual ingredients in eq. (2.5). Here H;y 4, denotes the
hard function, which encodes virtual corrections to the production amplitudes ab — V, V' in
the underlying hard interaction. The MS result for H;yv 45 can, for instance, be obtained
as the IR-finite part of the corresponding quark form factors squared, using dimensional
regularization to regulate IR divergences. Explicit expressions for the leptonic prefactors
L vy and the hard functions in terms of IR-finite parts of quark form factors (i.e., SCET
Wilson coefficients) can be found in the appendices of ref. [22]. At our working order in this
paper, we require the complete three-loop results for the hard function. This involves the
three-loop results for the quark nonsinglet form factor [79, 80]. In addition, starting at two
loops, there are contributions to the quark singlet axial and vector form factors from closed
fermion loops [81-85], which we discuss in more detail in section 2.3.

2This is further supported by the observation in section 4.2 that the dominant estimated nonperturbative
contribution arises from the Collins-Soper (or rapidity) evolution, which is common to both i = —1,4 and
i =2,5. See also footnote 12 for the case of leptonic observables directly sensitive to low scales, such as ¢; or
the p% spectrum near the Jacobian peak.



The second term in eq. (2.5) encodes physics at the low scale y ~ gr, and can be written
in two prototypical forms,

[BaBbS] (Q27 La, Ly, q_'Ta ILI/)

1 [ N . -
= 27r/0 dbr brJo(brgr) Ba(Ta, br, pt, v/wa) Be(xe, br, p, v /we) S(br, 1, v) (2.7a)

1 [ ~ ~
%/0 de bTJU(quT) fa(xaabT):U’a Q2) fb(fEb,bT,,u, Q2) . (27b)

In eq. (2.7a), the beam functions B;(x, kr, u, v/w) describe the extraction of an unpolarized
parton ¢ with longitudinal momentum fraction x and transverse momentum kr from an
unpolarized proton, where we have taken a Fourier transform from momentum (ET) to
position (ET) space. Similarly, the soft function S (ET, i, v) encodes wide-angle soft radiation
with total transverse momentum ET, which is again Fourier conjugate to I;T. Evaluating the
two beam functions and the soft function at a common argument Z;T and taking the inverse
Fourier transform as above implements momentum conservation in position space. We have
also used the fact that the quark beam and soft functions (TMD PDFs) only depend on
the magnitude of br to freely integrate the Fourier phase ¢br@r over the azimuth of br in
eq. (2.7), yielding a zeroth-order Bessel function Jy(brgr) of the first kind.

Equivalently, one can write this as shown in eq. (2.7b), where the transverse-momentum
dependent beam and soft functions have been combined into transverse-momentum dependent
PDFs (TMD PDFs)

- - v
fi(xaanu’a C) = Bi<$7bTaM7 \/Z) S(bTaM7V)° (28)
A key feature of transverse-momentum dependent factorization is the explicit dependence
of the low-energy matrix elements on the energy of the colliding parton, encoded either in
its lightcone momentum w or in the Collins-Soper scale (, where

Wa,b
a, eiY

B ) Wa,b = Q) C(Z,b x wiba (wawb)2 = Caé-b = Q4 ’ (29)

Lab =

and E.p, is the total hadronic center-of-mass energy. This explicit energy dependence sets
the TMD PDF apart from the usual collinear PDFs, which only depend on the momentum
fraction x, and is a remnant of so-called rapidity divergences [65, 73-75, 86-88]. Regulating
and renormalizing them separately in the individual beam and soft functions in eq. (2.7a)
introduces an additional scale v, which is analogous to the MS scale i from renormalizing
UV divergences. The dependence on v (or equivalently, the rapidity divergences in the
bare objects) cancels between the beam and soft function in the TMD PDF, leaving behind
the explicit dependence on w (or ¢). Since both ways of writing eq. (2.7) are frequently
encountered in the literature, we will continue to present e.g. the construction of our central
profile scale functions in both notations for the benefit of the reader.

The beam and soft functions (and thus the TMD PDFs) are defined as proton and
vacuum matrix elements of renormalized operators without making reference to perturbation
theory, and thus allow for a rigorous field-theoretic treatment of the ¢r spectrum in the
nonperturbative regime qr ~ Aqcp. For perturbative |ET] ~ 1/br > Aqcp, they can



be matched onto collinear PDFs and soft vacuum condensates by performing an operator
product expansion [67, 89],

- v dz ~ v T
B; (m,bT,,u, w> = XJ:/ 71@‘ (Z,bTa#, w) Ii <27M> + O(AéCDb%) )
g(bT; M, V) = Spert(bTv My V) +0 (AE}CDb%> ’

- dz =~ x
fi(-ra bTa H, C) = Z/ 7 CZ](Za bTv My C) f] <Z’ M) + O(AéCDb%) ) (210)
J
where the perturbatively calculable matching coefficients are related by

C’ij(zabT7,u7C) ::z.lj (ZabTvuv k) Spert(bT7/J'7V) . (211>

The perturbative soft, beam functions and TMD PDF matching coefficients are all known to
three loops [90-96, 96-100], as required at our perturbative working order in this paper. Our
treatment of the nonperturbative corrections to eq. (2.10) is described in section 3.

In practice, we find it important to be able to evaluate the PDFs in eq. (2.10) at a scale
that is potentially different from (but still parametrically similar to) the overall scale of the
beam function or TMD PDF. In this case we have

(x by, pu,v/w) = Z/dz i (z bT,u,—, )fj< ,;Lf> —{—O(AQCDbT) (2.12)

where we analytically evaluate the Mellin convolution

Iz] (Z bT,M, 7 ) Z/ ( ,7bT7M’ )Uk] <Z Hy ILZ)> (213)

consistently reexpanding and truncating in as(p1), and Uy (2', 1, p7 /1) is the DGLAP evolution
operator that evolves the PDF from py to p, likewise expanded in terms of powers of ov(p).

2.2 Renormalization group evolution

For observables like g that are sensitive to soft and collinear radiation, higher-order per-
turbative corrections induce double-logarithmic terms o In™ ¢r/Q, m < 2n in the hadronic
structure functions W; . In the singular limit, gr — 0, these logarithms grow arbitrarily
large and invalidate its perturbative convergence. The factorization theorem in eq. (2.7a),
effectively splits these logarithms according to their dominant contribution from the respective
physical modes, resulting in single-scale functions. By solving the renormalization group
equations (RGEs), each function is evaluated at its intrinsic (canonical) p or v scale and
evolved to a common overall p and v, resumming the logarithically enhanced terms to all
orders in perturbation theory. A standard way to obtain the solutions of the RGEs is to
make use of the bp-space form of the cross section in eq. (2.7a), where the RGEs assume
a simple multiplicative form and the boundary scales that eliminate all large logarithms
have the canonical scaling

A R R T e (2.14)



where pg is the scale at which the boundary condition of the resummed rapidity anomalous
dimension or Collins-Soper kernel is evaluated (see below), and the factor of by = 2e™ 7% ~
1.12292 is conventional. In practice, this amounts to setting the scales in position space, per-
forming the evolution, and finally transforming back to (momentum) gr-space by numerically
integrating over bp. An exactly equivalent way of obtaining the same resummed result is
by setting the boundary scales for the TMD PDFs in eq. (2.7b) as

e = = e = o = 2 (2.15)
T

and evolve them to the overall pgna = v/Cinal = Q. This approach bypasses unphysical
singularities [101] that arise when naively setting scales or counting logarithms in momentum
space, although approaches to momentum-space resummation exist [102, 103]; the formal
momentum-space RG solutions of ref. [103] are equivalent to the bp-space approach up to
differences in the fixed-order boundary conditions. Recently, similar unphysical singularities
were pointed out for the first time in the resummation of an observable not involving transverse
momentum [104] (the heavy-jet mass distribution near the Sudakov shoulder), and a successful
resolution using position-space scale setting was demonstrated in ref. [105].

To implement the resummation of rapidity logarithms in the individual beam and soft
functions in eq. (2.7a), we employ the exponential regulator [76] together with the rapidity
renormalization group framework [75]. In b space, the quark beam and soft functions
satisfy the virtuality RGEs,

d ~ - Voo
/.La In Bq(l', bTa 22 V/(.U) = 7}13 (,LL, Z//W) - 21—‘gusp [O{S(/J’):I In ; + 7}13 [as(ﬂ)] )

d . 5 ~ -
prg 1Bt o) = () = ATl s ()] I £+ 5tlas(m). (2.16)

Here the cusp anomalous dimension I'¢, [as(12)] is in the fundamental representation. Its
coefficients are known analytically to four loops [106-115] (see ref. [113] for a complete
list of earlier references), which are necessary for the N3*LL and N3LL’ Sudakov evolution
together with the four-loop QCD beta function [116-119]. At N*LL, we in addition require
the five-loop beta [120] and cusp coefficient, where the latter is currently known only
approximately [121]. The soft noncusp anomalous dimension 5[ ()] in the exponential
regulator scheme is directly related to the soft threshold noncusp anomalous dimension, which
is known to four loops [110, 122-125]. The beam noncusp anomalous dimension §%[cs ()]
then follows from consistency, since the MS hard anomalous dimension is likewise known
to four loops [115, 126]. In turn, these noncusp anomalous dimensions are also related
through consistency relations [127] to those of the inclusive jet function (or the 0-jettiness
beam function) and the thrust and 0-jettiness soft functions, which have been independently
obtained by direct calculations up to three loops [128, 129].
The rapidity RGEs that the soft and beam functions satisfy are given by

20 By, br, 1, v/) = v Sy, 1) = A4, ). (2.17)
where the p and v anomalous dimensions satisfy an all-order integrability condition,
d _ d _
p b 1) = ~AThy o) = v o780 (218)



Eq. (2.18) predicts the all-order logarithmic (by) structure of the rapidity anomalous dimension
in perturbation theory,

’73(bT7 :u) = _477%(1“37 M) + :Yg(bTv :uD) + O(b%) )

Nd'u/
Mo) = [ BT fas), (219)
po M

up to the fixed-order boundary term 34 (br, ip) that necessitates an explicit calculation and
is currently known to four loops [93, 96, 130-132]. The four-loop result has been obtained
in refs. [131, 132] using an expansion around the critical number of dimensions where QCD
is conformal [130], such that the four-loop rapidity anomalous dimension can be evaluated
in terms of the four-loop soft threshold noncusp anomalous dimension [110, 122-125] and a
correction term that involves explicit calculations of the three-loop threshold soft function to
subleading order in the dimensional regulator [131-133]. In addition, the above expression,
which holds for pu 2 ug ~ 1/bp, receives nonperturbative power corrections of (’)(AéCDbQT)
to which we return in section 3.

Solving the coupled system in egs. (2.16) and (2.17) yields the resummed beam and
soft functions,

/
Bq (ﬂs, br, i, :) = Bq <a:7 br, up, Ij) exp {—; In I;’yg(bT,,uB)} exp {/}; d;f’y%(,u/, y/w)} ,

& & v B d/‘, ~ /

Su(brosv) = Sy(br s, vs) exp|ln -~ (br. ns) | exp | [ s %] BRCED
where the exponentials correspond to the Sudakov evolution kernels via which resummation
is achieved. Crucially, choosing appropriately the boundary scales py g s and vp g, the
hard, beam, and soft functions are free of large (double) logarithms which results in their
well-behaved perturbative convergence, and allows for their evaluation at fixed-order. The
beam and soft functions up to N3LO have been obtained in refs. [96, 99, 100, 134, 135] and
are collected in our notation in ref. [127]. The flavor nonsinglet contribution to the massless
quark (vector or axial) form factor, which determines the hard function in eq. (2.5), is likewise
known to N3LO [79, 80, 136]. Explicit expressions for the hard functions and nonsinglet
matching coefficients in our notation can be found in refs. [22, 134].

In eq. (2.20) we choose to perform the evolution first in v and then in p. We stress that
any other resummation path in the two-dimensional (u,v) plane is equivalent as a result of
the RG consistency relations that the anomalous dimensions satisfy.

It has been shown that the evaluation of the Sudakov evolution kernels in egs. (2.19)
and (2.20) based on approximate analytical methods can lead to a numerical discrepancy
that can no longer be considered a higher-order effect [61], see also refs. [137, 138], and in
addition upsets the so-called closure condition, i.e., the group property of the renormalization
group evolution, and the exact path independence in the (p, ) plane. Recently, in ref. [139]
an exact solution for the evolution kernels and for the running of the strong coupling was
derived by recasting the original integrands in a form amenable to partial fractioning and
the residue theorem. In our N3LL’ predictions we use these exact analytic solutions for the



B function and Sudakov kernels, which implies that all RGE running is exact and free of

any of the usually employed approximations.?

2.3 Flavor-singlet hard matching coefficients

SCET Wilson coefficients are the building blocks of the hard function H;y 4. They are
obtained by matching the full-QCD quark form factors for the underlying hard process
ab — V, V' onto SCET. Specifically, for the neutral current Drell-Yan process (V, V' = Z/v*),
the QCD corrections to the form factors are categorized differently depending on whether
a,b directly couple to V, V' or if a quark loop of possibly different flavor couples to V, V',
The former contribution is referred to as the (flavor) nonsinglet matching coefficient, and
the latter as the singlet matching coefficient. While the nonsinglet coefficient is the same for
axial and vector terms due to chirality and the fact that the external quarks are massless at
the hard scale, the axial and vector singlet coefficients differ from each other.

Using the notation of ref. [22], the axial singlet matching coefficient summed over all
quark flavors in the Standard Model running in the loop is given by

2
Zafcaf(qzvm?ﬁ,u)—atACatb(q mt7 )+O<q )7 (221)
f

where the contributions from the other (approximately massless) generations cancel exactly.

The two-loop coefficient AC! t)b(q m?) is well known [81, 82], including its exact dependence

on my [83, 85]. We extract the three-loop expression for AC! t)b(q m?, 1) from the recent

calculation of all three-loop singlet contributions to the quark form factors in refs. [84, 85].
Our notation relates to that of ref. [85] as ACy ¢y = .7:; — F!4 where Fl4 is the axial singlet
contribution to the quark form factor computed in pure dlmensmnal regularization and with
infrared poles subtracted in MS. We account for the one-loop decoupling relation between
al? (1) and al? (1) to extract the individual coefficients AC’E’E) in a truncated expansion

in the five-flavor running coupling ag5) (). We have checked that the result satisfies the
renormalization group running expected from consistency with an effective quark-antiquark
operator in SCET with ny = 5 massless quark flavors. We stress the necessity of using
the three-loop massless axial vector coefficient [84] together with the corresponding massive
piece [85] to ensure that their u dependence properly cancels. The vector singlet coefficient
starts at O(a?) and receives contributions from all massless quark flavors, which can readily
be extracted from the term multiplying the Ngy coefficient in ref. [79]. In addition, there are
contributions from closed top-quark loops at O(a2@Q?/(4m?)), which were likewise calculated
in ref. [85]. Here the m; dependence is purely power suppressed and not logarithmically
enhanced since it results from the matching of the conserved vector current. However, based
on the observed, negligible numerical effect of the corresponding O(Q?/(4m?)) corrections

3An exception are the predictions in figure 11, 12 and 13. There, we consistently employ the approximate
unexpanded analytic evolution kernels (or “iterative” solutions) [61] extended to this order for simplicity,
see appendix A, although in principle, the method for obtaining their exact solution [139] should also be
applicable at N*LL. In this case we also consistently use the iterative solutions at lower orders to ensure that
comparisons to lower orders are one to one.
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Figure 1. Relative impact of the singlet contributions to the combined inclusive hard function and
leptonic coefficient Ly H_1 yq = Y vy L+ vv Hivvr ua (left) and the resummed cross section (right)
for neutral-current Drell-Yan as a function of the dilepton invariant mass Q.

in the axial coefficient (discussed below), we choose to ignore the latter contribution for
simplicity and work to leading power in @Q/(2my).

In the left panel of figure 1 we illustrate the numerical impact of the singlet contributions
to the hard function for the i = —1 (unpolarized) helicity channel in the uu flavor channel
at NNLO and at N3LO. Excluding the vector and axial vector singlet terms at both orders
results in a ~ 0.5% deviation from the exact result, especially in the region Q ~ my where
the relative impact of the latter terms is enhanced due to the Z resonance. On the other
hand, it is evident that the power corrections to the axial coeflicient between the exact and
the LP @ < m, result are negligible in the range of @ of interest. This justifies using the LP
expressions for both the axial and vector singlet contributions. In the right panel of figure 1
we perform the same comparison at the level of the resummed cross section at NNLL’ and
N3LL'. The contributions of the axial singlet coefficient to the hard function for up-type
and down-type quarks have opposite sign because the axial singlet coefficient is interfered
with the nonsinglet one weighted with the respective opposite weak charges. This leads to
a large degree of cancellation at the level of the cross section that leaves behind a relative
effect of 0.1%. Despite the small size we nevertheless include the full set of singlet coefficients
(to leading power in @ < 2m;) in our nominal predictions, since (a) they are a part of the
nominal NNLL’ and N3LL’ accuracy, respectively, and (b) the degree of cancellation between
flavor channels is contingent on the underlying collinear PDF set, and also in general different
for the 7 = 4 helicity cross section, i.e., the forward-backward asymmetry.

We stress that keeping these virtual terms to improve the resummed singular cross
section is not inconsistent with dropping the corresponding real contributions in fixed-order
predictions used to extract the nonsingular cross section as long as one restricts to a range in
qr where the latter is still power-suppressed and numerically small (see the next section).
In general, these contributions arise from heavy-quark pair production or from hard gluon
radiation out of heavy-quark loops. To leading power in @, g7 < 2m; the only contribution of
this kind, starting at O(a?), comes from the three-parton real-emission amplitudes involving
the effective operator from integrating out the axial contribution of the top quark.
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Figure 2. Left: relative contributions from the nonsingular cross section coefficients at different fixed
orders to the total fiducial g spectrum at N3LL’ + O(a?). We use the ATLAS 13 TeV fiducial cuts for
definiteness, see eq. (4.1). Right: impact of parametric PDF variations and alternate PDF sets on the
O(a,) nonsingular cross section with the central MSHT20nnlo result as baseline, likewise normalized
to the total fiducial g7 spectrum at N3LL’ + O(a2). The PDF variations around the solid red line on
the right, which give an upper estimate of the corresponding effect on the nonsingular cross section
coefficient at O(a?) and O(a?), can be thought of as dressing the lines in the plot on the left in the
same units (but note the difference in vertical scale).

2.4 Nonsingular cross section

While the singular cross section in eq. (2.6) dominates the spectrum as gr — 0 and captures
all singularities d(¢r) and o In™(¢r/Q)/qr, it corresponds only to the leading term in the
expansion of the full cross section in this limit. To include the remaining tower of power-
suppressed contributions of O(¢g%/Q?) and higher, usually referred to as the nonsingular
cross section, and extend the prediction into the fixed-order (FO) region, we perform an
additive matching. In practice, the nonsingular cross section (or “the nonsingular”, for short)
is obtained by a differential gy subtraction [140, 141],

donons _

dgr

doro . dUsing

, 9.9
dgr  dgr LT>0 (2.22)

where dopo /dgr is the FO cross section for the Z/W*4-1 parton configuration, and dosing/dgr
is the singular cross section at the appropriate perturbative order. Both are, in practice,
calculated using strict twist-2 collinear factorization, i.e., in terms of standard leading-twist
collinear PDFs. Since the outcome of the subtraction in eq. (2.22) is suppressed by q% /Q?% ie.
numerically significantly smaller in the resummation region qr < @, it typically is sufficient
to evaluate it at a fixed scale u ~ pupo ~ @ and ignore the shape effect due to its (unknown)
all-order resummation. We will further restrict most of our predictions in this paper to a
range of gr < 60 — 65 GeV, on which we empirically find that the nonsingular cross section —
extracted as described in the next paragraphs — only amounts to a few-percent contribution
to the total qr spectrum, see the left panel of figure 2. This has the substantial benefit that
the nonsingular cross section, e.g. when evaluating parametric PDF uncertainties, may simply
be kept at the central member of the PDF set in question (or may even use another, fixed
PDF set), since propagating these changes into the nonsingular amounts only to a few-percent
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change on top of a few-percent contribution. This substantially reduces the numerical effort
involved in obtaining the nonsingular cross section. To make this approximation quantitative,
the right panel of figure 2 shows the impact of PDF variations and alternate PDF sets on
the O(a,) nonsingular cross section, where we normalize the difference to the central O(as)
MSHT20nnlo nonsingular cross section to our best prediction for the total gr spectrum. The
impact of these variations, which are computed as described in section 4.3, amounts to less
than two permille for ¢ < 30 GeV, and less than a percent for gr < 65 GeV. This effect on
the leading O(a;) nonsingular cross section (where PDF variations are computationally cheap
to perform, and fully retained in all our predictions later on) can serve as an upper estimate
of the error one makes when neglecting PDF variations in the smaller contributions from
the O(a?) and O(a?) nonsingular coefficients, and thus fully justifies this approximation,
e.g. when comparing to our final estimate of the total perturbative uncertainty in figure 6,
which reaches 1% in the range 5 < g7 < 30GeV. Several additional approximations to
the nonsingular cross section, which we describe in the following, can be performed by a
similar argument without affecting the overall accuracy. We note that these manipulations
are not justified when extending the prediction into the far tail where the complete FO
prediction must be recovered, and in particular parametric variations must consistently be
propagated everywhere. (In appendix B we present such predictions valid for all ¢p for
a fixed reference PDF set.)

At O(as) we obtain the full cross section for gr > 0, including arbitrary cuts or
measurements on the leptonic decay products, from an in-house implementation of the
analytic LO; structure functions [142-144]. The O(a?2) coefficient is obtained from dedicated,
high-precision runs of the publicly available Monte-Carlo program MCFM [145, 146]. For the
evaluation of both coefficients we employ the MSHT20nnlo PDF set [147], which we will also
use as our default PDF set in final predictions.

For Z + jet production with the ATLAS 13 TeV cuts at O(a?), we use publicly available,
high-precision FO data from the NNLOjet collaboration [43]. In these, we observe that the
NNLO; K-factor, K = doxnro,/doNLO,, is quite small for ¢r 2 20GeV and follows an

~

almost constant trend with K ~ 0.08. We furthermore find that the model function

Frons(ar) = O(ar — @& (q 2L 4 yln? qf) , (2.23)
qr qr

captures reasonably well the g7 dependence of the ratio

dUI(13O)Ils /dQT

Anons/ 4T 2.24
donro, /dgr (224)

which we use to perform a fit of the coefficients c1 2. By multiplying the fitted fhons with
donLo,/dqr, we obtain an approximate O(a?) nonsingular coefficient that in particular is
free of the bin-to-bin statistical fluctuations visible in the raw nonsingular result. Note that
we use NNLOjet data [43] that employ the NNPDF40nnlo set [148] for the estimation of the
model function, which we then multiply with doxnpo/dgr evaluated using the MSHT20nnlo
PDF set to obtain an approximate nonsingular for the latter (default) set.

The specific choice for the parametrization of fyons(gr) is motivated by the expected
functional form of the nonsingular cross section. Specifically, the g7 spectrum receives Sudakov
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double logarithms at each order in o, at any order in the power expansion. At N3LO, there
are at most two extra powers of the logarithm when dividing out the NNLO full cross section,
which we expect to dominate the shape of the ratio. Another notable feature of the model
function in eq. (2.23) is that we set the O(a?) nonsingular coefficient to zero at qr < ¢4 to
avoid biasing the shape of the spectrum through the unresummed logarithms of ¢r/Q in the
nonsingular at very small values of ¢p. A priori, such a modification is not compatible with
maintaining (even approximate) N3LO accuracy on the normalization of the spectrum, since
it effectively amounts to performing a gr subtraction with an unreasonably high technical
cutoff, which in turn is known to substantially bias the total integral. In the present case,
however, we rely on a remarkable feature of the available fixed-order data [43], which indicate
that the O(a?) nonsingular coefficient undergoes a sign change around g7 = 2 GeV such that
its integral up to ¢7 = 8 GeV is in fact compatible with zero within the quoted numerical
uncertainty. Specifically, we find that the integral of the O(a?) nonsingular coefficient between
the actual technical cutoff of ref. [43] at ¢5"* = 0.447 GeV and ¢} = 8 GeV amounts to only

G dohs 9 dotons
/TdQT 2 m/quT Tnons _ (0,34 + 0.76) pb, (2.25)
0 dgr ggut dgr

which should be compared to the integral of the prediction at N3LL'+O(a?) over the reference
range gr € [0,65] GeV, for which we find 673.4 pb, see table 2. Conveniently, this choice
of g7 therefore lets us preserve both an unbiased shape of the matched spectrum at small
qr < ¢ as well as the approximate N3LO accuracy of its normalization up to gr ~ 70 GeV,
i.e., within the approximations in the choice of model function, and accounting for the fact
that we use fpons to port the nonsingular from one PDF set to another.

For the extraction of ¢; 2 in eq. (2.23) we perform a two-parameter fit at fixed ¢ = 8 GeV
to the data for the O(a?) nonsingular coefficient at gr > ¢4. While the lower end of the
fit window in ¢p is thus fixed, it is still important to assess the impact of the choice of
upper endpoint in the fitting procedure. This is because the FO data, and hence also the
corresponding nonsingular, are more precise for larger values of gr since they carry smaller
relative statistical uncertainties. On the other hand, increasing the range to gr values that are
too large carries the risk of overfitting and exceeding the physical validity range of the model.
To address this, we perform multiple fits of ¢; 2 by gradually extending the g7 fit window
while inspecting the values of the R? statistic, which provides a convenient goodness-of-fit
measure. We find that the optimal fitting range is 8 GeV < qr < 77.5 GeV, resulting in

c1 = —0.02097 4+ 0.00149, ¢ = —0.005737 4+ 0.000804, R* = 0.994. (2.26)

The best-fit model function and the original data are shown in the top left panel of figure 3,
where we also indicate the perturbative uncertainty on the nonsingular cross section at NLO{
(estimated as described in section 4.1) for comparison.

We stress that the fit we perform here does not meet the level of rigor found in state-of-
the-art nonsingular fits that can actually guarantee a given fixed-order accuracy on the total
cross section in the context of gp or Ty subtractions. These fits in particular allow one to
thoroughly assess the uncertainty from extrapolating the nonsingular down to gy — 0, see
refs. [23, 43, 149, 150], but necessarily involve a fit function whose functional form contains
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Figure 3. Comparison of the fitted approximate O(a?) nonsingular coefficient against NNLOjet
data [43] for the neutral (top left) and the charged-current (bottom) Drell-Yan process. We normalize
to the total O(a?) (NLO;) fixed-order g7 spectrum, as also done in the fit functional form in eq. (2.24).
The red and blue bands indicate the error due to our approximate treatment of the O(a?) nonsingular
coefficient, which is estimated by conservatively scaling up the error obtained from fitting to the
nonsingular model function for the Z case, as described in the text. As a point of reference, the
yellow bands indicate the total perturbative uncertainty on the NLO; nonsingular cross section, see
section 4.1. The top right panel shows the same estimated approximation error as the red and blue
bands in the other plots, respectively, but normalized to show the relative impact of the error on the
final matched prediction at N3LL' + O(a?). Vertical dashed gray lines indicate ¢5 = 8 GeV and the
upper edge 65 GeV (60 GeV) of the range on which we provide predictions for the Z (the W¥).

all logarithmic terms present in the O(¢2%/Q?) and O(q7/Q*) terms of the nonsingular at
a given order, possibly using analytic knowledge of the highest logarithms to reduce the
number of free parameters. Instead, our goal here is to obtain an approximate form of the
nonsingular that is convenient to use, appropriately captures the physical few-percent effect
for gr = 20-60 GeV, and smoothens out statistical fluctuations at the level of the finely-binned
qr spectrum, while still roughly maintaining the fixed-order accuracy of the total integral.

Ready-to-use fixed-order data at O(a?) of similar quality are not yet available for W+
production, inclusive Z production, or fiducial Z production with CMS 13 TeV cuts.* With
the same goal for the nonsingular in mind as above, and in line with the overall focus of
this paper on the state-of-the-art resummed physics, we continue to make use of our model
function in eq. (2.23) to obtain an approximate O(a?) nonsingular cross sections also for these

“We note that a public implementation of Z + jet production at O(a?) has in the meantime become
available [40], but requires substantial computing resources.
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processes. Specifically, in these cases we apply foons(¢r), which we take to be universal, to the
NLO; full cross section for the respective process obtained from our in-house implementation
at O(as) and from MCFM at O(a2). For W production, we are able to qualitatively compare
our approximate O(a?) nonsingular coefficient to the data provided in the ancillary files of
ref. [151] as a cross check, using the fiducial cuts given in that reference.” The comparison is
shown in the bottom two panels figure 3. We observe reasonable agreement on the shape,
sign, and magnitude of the nonsingular cross section, in particular at gy > 20 GeV, giving us
confidence that the dominant physics of the nonsingular cross section for V + jet production
are indeed captured by eq. (2.24).

To conclude this section, we estimate the error associated with this approximate treatment
of the O(a?) nonsingular cross section coefficient, specifically the error affecting the shape of
the spectrum at g7 > ¢7, and propagate it into our final predictions. To do so, we propagate
the fit uncertainty on the parameters ¢; and co of the nonsingular model function frons into an
uncertainty Ay, on the O(a2) nonsingular cross section coefficient. We then conservatively
scale this uncertainty up by a factor of 3 in the case of the Z boson to reflect the fact that the
functional form of the model only captures the nonsingular coefficient in a simplified way. The
result is shown as a red band in the top left panel of figure 3. In the case of the W=, we scale
Ay, ... up by a factor of 10 to in addition reflect the fact that it was ported from one (related)
process to another. The result is shown as a blue band in the bottom two panels of figure 3.
We find that with these scaling factors, our estimate of the approximation error covers both
the scatter of the nonsingular data and its residual deviations from our approximate model
for the W+ to a reasonable degree on the range of 20 < g7 < 60 GeV, where both the data
and the model can be considered reliable. The top right panel shows the same two bands,
but instead normalized to our final prediction at N3LL/ 4+ O(a2). It is instructive to already
at this point compare the estimated approximation error to the final perturbative uncertainty
Apert, see figure 5, 6 and 17. Focussing on the range of 10 < gr < 20 GeV, where Aper
reaches the level of 1%, we find that the approximation is fully justified for the Z boson, with
the relative approximation error (red) reaching at most a level of 0.2%, and indeed mainly
serves to smoothen out the nonsingular data. For the W&, the estimated approximation
error of ~ 0.6% (blue) does not constitute a bottleneck at the present time, but dedicated
high-statistics Monte-Carlo campaigns for the nonsingular cross section, or more efficient
techniques to evaluate it, would certainly be desirable in the future.

2.5 Matching and profile scale choices

The final matched prediction is obtained as

domatch _ dores n domons _ dores i doro . dasing : (2'27>
dgr dgr dgr dgr ~ dgr dgr

where doe is the differential resummed cross section obtained from a numerical Bessel
transform, as given by the first line of the right-hand side of eq. (2.6), and dopons is the

>We did not attempt a dedicated fit to these data for W* production because no statistical uncertainties
were provided with ref. [151]. Note that to produce the bottom two panels of figure 3, we also extracted the
overall normalization of the full fixed-order data in ref. [151] by adjusting it to recover the expected power
suppression of the nonsingular as gr — 0.
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Figure 4. Left: illustration of the hybrid profile scales and the Landau pole treatment, using the
soft virtuality scale ug as an example. The bands indicate pg variations entering the resummation
uncertainty estimate as described in section 4.1. Right: difference of the resummed and the fixed-order
singular cumulative inclusive cross section (i.e., without fiducial cuts) at various orders. The difference
is compatible with zero as ¢p®* — @ within the relevant combined resummation and matching
uncertainty Ares ® Amateh, which is estimated as described in section 4.1.

nonsingular cross section evaluated at fixed order, as defined in eq. (2.22). At large qr, the
resummation in does must be turned off to ensure that it cancels the fixed-order singular
cross section doging and the total fixed-order prediction is recovered.%” Thus in practice, the
scales in egs. (2.14) and (2.15) need to be modified to perform the fixed-order matching at
large gr. We achieve this using hybrid profile scales [153],

UB = UFO f <qT l'u (bo Mmin)) VB = Uro
run Q ’ Q * bT, B 5 >
ps = HFo fi <qT l,U/ (bO Mmin)) vs = Uro f; (qT l,U/ (bo Vmin))
run Q ) Q * bT’ S ’ run Q ) Q * bT, S s
bO i qr 1 (bo ) ))
= Hx| 7 o ) = run s ~ x| T, e 2.28
Ho M(bTMO ) = ne ) (Q o'\ 1 (2.28)

50n a practical note, recovering the fixed-order spectrum exactly also requires expanding the different
fixed-order boundary conditions in the resummed cross section against each other, and truncating in the
overall number of powers of «, (also at different scales).

"Note that the resummed cross section also contains all leading nonperturbative effects of O[Aggg (g7Q™)]
with m = 0,1, as discussed in section 3. These corrections are absent in the nonsingular cross section, which
is calculated using strict leading-twist collinear factorization, and could thus potentially also upset the
cancellation between the resummed and singular cross sections at large gr. However, the scaling of even the
most severe O(AQQCD/q%) correction, which is maintained by the Bessel transform [152], is such that their
numerical effect already at gr ~ 30 GeV is negligible. For performance reasons we in practice stop using the
numerical Bessel transform altogether when the resummation is fully turned off for all scale and matching
parameter variations and for all points in the considered @) intervals, which amounts to gr > 125 GeV for the
numerical results presented in this paper.
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where upo = prp = pg = @ is the central fixed-order scale used in our predictions, and

frun(@:y) =1+ grun(2) (y = 1), (2.20)
1 ’ O < Xz S "El y
_ (@mm)®
run () = 1- oz (@s—a1)? T1<Z < a9,
run % < o
(r3—z1)(x3—22) ? x9 r <ux3,
0, r3 <,

ensures that the scales evaluate to the canonical bp-space scales for x = ¢r/Q < x1, and
smoothly transition to constant fixed values upo as * — x3, as illustrated in the left panel of
figure 4.8 Based on the observed size of the nonsingular cross section, we choose

(331,1'2,3?3) = (0.3,0.6,0.9) (2.30)

for our central predictions. This choice of matching points has the important property that
the integral of the resummed and matched inclusive spectrum indeed recovers the fixed-order
result, as it must because fiducial resummation effects [22] are absent in that case. We verify
this property in the right panel of figure 4, where we show the difference

max

gmax dgincl q doincl
/ T qu match / T qu FO
dgr dgr

max
T

q¥ax do_incl q do‘ind
- / dgr % B / dgr 8 = Ores(q7™) — Using(qilrgax) (2.31)
qr T

of the resummed and the fixed-order singular cumulative inclusive cross section as a function
of the upper integral cutoff ¢7'** at different orders. To give a sense of the effect size, we
normalize the difference to the leading-order inclusive Drell-Yan cross section, which evaluates
to a}fg = 1182.8 pb for our settings. (The nonsingular cross section exactly drops out in the
difference, and therefore need not be included.) We find that within the relevant combined
resummation and matching uncertainty Ares ® Amatch estimated as described in section 4.1,
the integral of the resummed cross section indeed recovers the fixed-order result. While more
complicated implementations of the matching such as cumulant scales or the so-called Bolzano
algorithm [154] exist that would make the agreement exact, we conclude that the hybrid
(spectrum) scales we use here already ensure the fixed-order integral property to a sufficient
degree. This behavior of spectrum scales strongly differs e.g. from that of the thrust observable
considered in ref. [154], and is due to the fact that for the bulk of the cross section in the peak,
the bp-space scales are in fact canonical and independent of gy in our construction, such that
up to fiducial resummation effects, the cumulant integral can directly be taken at the level of

the Bessel integral kernel in eq. (2.7) without having to integrate the scales by parts.

8An alternative way of implementing the transition is by raising y to a power as f2 (z,) = y9r (@) which
directly translates to controlling the size of the resummed logarithms since y ultimately appears as a ratio
of scales in the resummed cross section. We have verified that this alternative choice leads to predictions
that show quantitatively similar behavior in the transition region and are completely compatible with the
above within the matching uncertainty defined in section 4.1. All numerical predictions given in this paper are
obtained using eq. (2.29).
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The central profile scales in eq. (2.28) serve the additional purpose of freezing out the
scales at which the perturbative components in eq. (2.28) are evaluated before by/br reaches
the Landau pole of QCD. This is implemented through the function p, appearing in the
second argument of fyy, in eq. (2.28) and controlled by, in general, four additional parameters
i u?in, ngnin, u}nin ~ 1 GeV. The function u.(a,b) must be a monotonic function of a and
in addition have the following asymptotic behavior,

a>b: ,u*(a,b):a{l—k(’)(bi)},

a<b: pi(a,b) = b[l +0 (ZZ)] , (2.32)

where p,q > 0 are positive powers. This ensures that at perturbative by/br > Aqcp (and
qr < Q, specifically g7 < 21Q), the profile scales in eq. (2.28) indeed evaluate to the canonical
scales in eq. (2.14) up to power corrections of (Aqcpbr)P. In the opposite limit by /br < Aqep
it ensures that the profile scales remain bounded from below by the respective minimum scale.

Various choices for p, have been considered in the literature. One common choice going
back to Collins and Soper [66] is to use

pP(a,b) = Va2 + b2, (2.33)

which results in p = ¢ = 2. Here, p > 2 is desirable because it ensures that the Landau
pole prescription does not introduce spurious power corrections with stronger scaling than
the genuine AéCDbQT power corrections to the leading term of the OPEs in eq. (2.10). As
discussed in ref. [152], this scheme may be extended to ensure that also higher powers in the
OPE are not contaminated by the Landau pole prescription. Two simple options are

4 a,b) = (a* + Y1, (2.34a)
-1
1— — 2| <20,
P (a,b) = a{ eXp( 20/ “‘1” ¢ : (2.34b)
a, a>2b.

leading to p = ¢ = 4 and p = q = oo, respectively. The emphasis of our analysis is on the
treatment of the O(AéCDbQT) power corrections, so the S5 prescription that guarantees
their direct field-theoretic interpretation in terms of higher-twist matrix elements is sufficient
for our purposes, and we thus adopt it throughout our numerical results.” We pick the

minimum scales as
pmin — gmin _min _ ) Gey | yRin — (2.35)

For ,ulj?in we pick the maximum of the () value of the respective PDF set, i.e., down to which
value of Q)g < p the LHAPDF interpolation grid is provided, and the value of the charm quark
mass as quoted in the PDF set. This avoids both extrapolation outside of the LHAPDF grid
and large effects from the charm threshold, which is effectively screened by this prescription.

9We note that the Pavia prescription pt*v#(a,b) = b[l — e><p(—b4/a4)]_i introduced in ref. [155] also has
p=4>2 (and ¢ = 0).
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At the same time, it allows us to resum Sudakov logarithms to the largest extent possible
by letting the scales relevant for it (up, us, vs) decrease further until 1 GeV.

Following this prescription in practice, we set u?in = 1.65GeV (Qq) for the NNLO
PDF sets by the NNPDF collaboration [148, 156], whereas for the aN3LO [28] set we use
,u}nin = 1.51 GeV (charm mass). For all sets produced by the MSHT collaboration [27, 147] we set
,u}nin = 1.40 GeV (charm mass), and for sets by the CTEQ collaboration [157] ,u;nin = 1.30 GeV
(charm mass).

For the convenience of the reader, we again present the equivalent profile scales in terms
of TMD boundary scales, which are a ready-to-use implementation of large-qr fixed-order
matching for general TMD studies (suitably adjusting the p, function to recover existing
scale choices at small gr). The explicit relations for the central scale choices are

ik = 100 /. (qT L (bo Mm))
init FO Jrun QvQ * bT7 init )

[ ., — ar l (bo / min))
let HFO frun( Q ) QM* bT’ init )

Lfin = V/Cfin = VB = [FO , (2.36)

where pg is common to both approaches, and identifying a combined TMD PDF requires

setting 3" = /¢ and pi = it = 20 such that vg = /Gt and pp = pg for central

scales. It is also instructive to discuss how the above prescription relates to standard, so-called
b* prescriptions. Assuming an identical functional form of p,, a “local” b* prescription acting
only on boundary scales is obtained by setting

i i i i min bo
pp = gt =gt = o = pp = pinie = VG = (2.37)

bmax,lo cal

Note that some implementations that only act on virtuality scales entering the strong
coupling or the PDFs may instead require Vsmin = (0 = (, corresponding to our earlier
choice. By contrast, a “global” b* prescription amounts to globally replacing by by a suitable
function b*(br) of the form bg/ . such that b*(br) — bmaxglobal s by — co. Specifically, this
replacement is performed everywhere under the Fourier integral in eq. (2.7) except for the

integral kernel, including in particular the by arguments of the TMDs themselves, i.e.,
[BaBbS] (Q27 Ly T, JT; /Jﬁn) ’global

1 o0 3 * * r * *
= %/0 dbr brJo(brar) fa(Za, be, finit (07), Cinit (b)) fo (@b, b, tinit (), Cinit (b7))

X U2 (Hinit(b*)a Cinit(b*)v Hfin, Cﬁn = :U'{zin) ’ (238)

where U is the combined quark TMD PDF evolution kernel. The scales puinit(b*) and (it (b*)
may still be chosen as above to implement the fixed-order matching using hybrid profile
scales (but without an additional Landau prescription at the level of the scales, which would
be redundant in this case).
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3 Nonperturbative TMD dynamics

3.1 Sources of nonperturbative contributions

The resummed unpolarized TMD PDFs entering the factorized cross section in eq. (2.6),
including all possible nonperturbative effects allowed by the structure of TMD factorization,
take the following form [158]:

fi(x,br, 1, €) = FP" (2, by, finit, Ginit) Ui (tinit, 14, Ginit) Vi (07, s Cinit, €) fiP(x,b7)  (3.1)

Here fP " denotes the leading term in the OPE in eq. (2.10) evaluated at boundary scales fiini
and (i using a Landau pole prescription such as in eq. (2.28),'9 U; denotes the virtuality
evolution of the TMD PDF at a fixed CS scale (which is purely perturbative by consistency
with the hard function), and V; denotes the CS evolution kernel at fixed p, which contains a
nonperturbative component discussed below. Finally, fl-np(:v, br) denotes the nonperturbative
contribution to the TMD PDF boundary condition, which can be interpreted as the intrinsic
transverse momentum spectrum of partons within the proton.
The CS evolution factor V; in eq. (3.1) is obtained by solving [15§]

i d <
(b ) = 2 gy In i, b o, )
d - B 1,
— _dln]/ lnBi(anua V) - +§m In Si(bT, L, l/) = §fyy(bT’ M) , (32)

where 72 is known as the Collins-Soper kernel, and we have included its relation to the beam
and soft rapidity anomalous dimensions in the rapidity renormalization group approach [75, 8§]
for reference. (Note that as in ref. [127], we reserve the symbol 7% for the soft rapidity
anomalous dimension, in contrast to section 4.5 of ref. [158].) Similar to the TMD PDFs in
eq. (3.1), the CS kernel contains an evolution term resumming logarithms of ubr, a fixed-
order boundary condition evaluated at o ~ by for by/br > Aqcp, and a nonperturbative
contribution, which in this case are all additive [158],

Fe(br, 1) = —2ni(no, 1) + FE(br, o) + 7 (br) - (3.3)

Expressions for the fixed-order boundary condition ’yé(bT, o) and a recursive analytic solution
for 17{; to N*LL are given in appendix A, while the exact analytic solution for the latter to
N3LL is given in ref. [139]. Following the split of perturbative and nonperturbative physics
in ’yé, we accordingly define their exponentials as

¢
Cinit

which together make up the total CS kernel. For later convenience we also define

1.
‘/i(bTv 122) Cini‘m g) = €xp |:2/7€ (bT) :U’) ln(

)] = VP (b, 1, Ginit O) VP (b Ginies ©) (3.4
fi(ZEa bT7 122 C) = fipert (x? br, M, <) Vinp(bTv Cinita C) finp(x, bT)
= P (@ b, 1, €) TP (2, br) (3.5)

10The additional deformation of the scales to implement the fixed-order matching for gr — @ is not relevant

here, since it is of higher order in ¢r/Q@ than the formal accuracy of the TMD factorization itself.
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i.e., the purely perturbative TMD PDF fzpert including the U; evolution to g and the
perturbative component of the CS evolution from (it to ¢, and the TMD PDF flp erinpe
including in addition the nonperturbative part of the CS evolution (but still excluding the
nonperturbative TMD boundary condition).

We remind the reader of the well-known fact that f;'®(x,br), 'yg’np(bT), and the entire
notion of “splitting” perturbative and nonperturbative physics are defined with respect to
a given choice of boundary scales (i.e. in particular, a given Landau pole prescription), for
which many choices are available in the literature, see e.g. refs. [66, 155, 159]. Meaningful
comparisons and conversions between them must therefore be performed at the level of the
complete TMD PDF in eq. (3.1). Nevertheless, the interpretation of the nonperturbative
functions can be made more straightforward if the Landau pole prescription in pini and pg
(and possibly Ginit) is of O(AQcpby) with p > 2 [152]. In this case the power expansions of the
model functions are in direct correspondence to the first subleading terms in the OPEs of the
TMD PDF and the CS kernel in egs. (2.10) and (2.19). Combining them, they read as follows,

i, by 1,€) = [; [ ZCstebranc 5(Zon)]

2 [ A(2) 1 2 b2T7C 4 4
X |14+ b7 ( A7 () + =75 In + O(Agepbr) | (3.6)
’ 2 G b()
and relate to the nonperturbative functions introduced above as
~1,n 2 n 2
AP (br) =8+ OWGenbl) s FP(a,br) = 1+ AP B4+ O(Abepbh) . (37)
Here *yéi) is a single number given by a gluon vacuum condensate [160], and Al@) (x) is a

function of x and the flavor ¢ given by a normalized combination of twist-4 collinear matrix
elements. If the Landau pole prescription instead starts at p = 2, the relation must include
total derivatives of the perturbative piece with respect to by in addition, and analogously
for higher terms in the OPE and Landau pole prescriptions of higher order. Here we ignore
— as is common in the literature — the possible presence of anomalous powers of Aqcp
from the RG evolution of the condensate and the higher-twist matrix elements that is not
captured by that of the twist-2 ingredients. I.e., taking the nonperturbative function to be
analytic at by = 0 appropriately captures the higher-twist contributions for Aqcp br < 1
when working to leading order for their Wilson coefficient and ignoring their running. Finally,
we note that while the leading O(AéCDb%) renormalons in the CS kernel and TMD PDFs
are known to be nonzero [161], we do not include any renormalon subtractions, which is
motivated a posteriori by the excellent convergence we observe in our predictions towards
higher perturbative orders, see sections 4, 5 and 6.

We note that while we mostly choose to work in TMD notation in this section for
definiteness and to make contact with the literature, one can indeed express all results
in a completely equivalent way by introducing nonperturbative functions B? P(z,br) and
\/@ (br) for the beam and soft functions at their respective boundary scales, where one may
choose S{® = 1 and f;®(x,br) = B}®(z,br) without loss of generality through a suitable
rapidity renormalization scheme. In our final predictions based on egs. (3.19) and (3.27)
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(which in practice will use effective models, but the same could be done with a more detailed
model for the underlying fz-np), we evaluate the evolved perturbative TMD PDF dressing the
nonperturbative model functions in the more general form of the rapidity renormalization
framework as in eq. (2.20), explicitly,

~pert+n
fipe i ('7}7 bTv H, C) (38>
Bpert(ﬂc br, p B>e p[ L1 L5 (b, )| e p[/“ i (u’ 2 )]
- 7 yUTYyUBy — 7= X A — " uy\VTy 4B X R =
\fC 2 vp “B w B \/Z

S 1 v 1 e dy
x \/@(bT,us,Vs)eXp[z In VS'Y;Z/(bTaMS)} eXp[z/ —lif ’yfg(,u’,u)] :
o

S

1%

which in particular may involve independent p1p s and/or vp g variations, as described in
section 4.1. Here BP*"" and SP®"* are defined as the respective leading term of the OPEs in
eq. (2.10), and the nonperturbative component of the resummed CS kernel at its (implicit)
boundary scale pp in eq. (3.3) is, of course, exactly equivalent to that of the rapidity
anomalous dimension in eq. (3.8), see eq. (3.9) below.

3.2 Modeling the CS kernel

We consider the following simple nonperturbative model for the quark rapidity anomalous
dimension, i.e., the CS kernel in the fundamental representation,

2

wl/
905 ) = sen(ch) B+ O(0denth), (39)

1
A (br) = 5hap(br) = ctanh

2

defined with respect to our preferred Landau-pole prescription in egs. (2.34a) and (2.35). The
above two-parameter model is useful for two reasons. First, it asymptotes to a constant ¢, as
br — 00, so the total CS kernel also becomes flat (up to logarithmic terms) in the large-br
limit, as suggested in ref. [162].}! The absence of at least linear power-law growth has in
the meantime also been confirmed by first-principles calculations on the lattice [163-167],
and we will give an illustrative range over which our model parameters are varied based on
the spread of these lattice results in section 4.2. In addition, the most recent global TMD
fits [45, 50, 51, 168] also point to a functional form of this kind. (However, since these fits use
LHC Drell-Yan data, we cannot include them in an a priori estimate of the nonperturbative
impact.) Second, the sign of the whole model and the height of the plateau at large by are
controlled through ¢, in a way independent of the w, parameter that governs the strength of
the quadratic term and thus the onset of nonperturbative physics. For ease of illustrating
the impact of variations around it, we take

(c,wiq) = (—0.05,0.25 GeV) (3.10)

as our default values used in all our numerical results unless otherwise noted.

min min

'We note that these potentially large logarithms of uJ"br as br — oo from having o — pg™ in our
“local” Landau-pole prescription, like the renormalons of the TMD ingredients, are another possible source of
unstable behavior as the perturbative logarithmic order increases. While we find no drastic lack of convergence
(again a posteriori) even at very small gr, removing these terms explicitly provides one way of improving the
stability of the fit between different orders when model parameters are extracted from data, which we plan to
address in the future.

— 23 —



3.3 Effective rapidity-dependent models for multi-differential Drell-Yan

We first consider the impact of nonperturbative TMD physics on a generic multi-differential
Drell-Yan measurement, which can be expressed in terms of their contributions to the helicity
cross sections ¢ = —1,4 that factorize in terms of leading-power unpolarized TMD PDFs
as in eq. (2.7). We may rewrite the latter as

dUZ' 1

o0 . pert+n n n
dig ~ g/o dbr br Jo(brar) ZazabJr "(Q,Y, br) fiP(xa,br) fyP (. br),  (3.11)
a,b

where the nonperturbative TMD boundary conditions are weighted by a function

_pert+n 1
Uf,zb Q.Y br) = TR > Lo (Q) Hivvr an(Q%, 1)
cm V7V/

~ t4 - -
X 591' np((l‘aaanquQ) lf)er np((ﬂjb’bTmu?QQ) (312)

that contains the electroweak couplings, hard functions, and all other parts of the evolved
TMD PDFs, i.e., all its perturbative components and the nonperturbative CS evolution as
in eq. (3.5). Note that this weight function (like the definitions derived from it below) also
depend on the collider beams and center-of-mass energy E., as well as the type of boson
(Z/v*, W+, or W), all of which we suppress in the following. We now simply let

_pert+n n “n
Sap i Q.Y br) fiP (e, br) i (20, br)
_pert+n
Za,b O—Eab i (Q7 Y7 bT)

FP(Q,Y,br) = (3.13)

which satisfies F;" (Q,Y,br) = 1 + O(AéCDb?p) by construction. Note that ¢ = —1,4 in
this case labels helicity cross sections, not parton species u,d,u,... as in the TMD PDF
nonperturbative function in eq. (3.1). Inserting eq. (3.13) into eq. (3.11), we have

dO’i

_pert+n —n
g Yate QY. br) | FP(QY,br). (314

a,b

1 o0
= — dbr b b
27r/0 7 br Jo(brar)

This is precisely in the spirit of ref. [152], where an approach was proposed to extract effective,
flavor-averaged nonperturbative parameters at O(AéCDb%), but generalized to all powers
in Aqcp. Specifically, the — in general complicated — flavor and x dependence of the
underlying TMD PDFs is transformed into effective, flavor-averaged model functions that
are both minimal and sufficient to describe the nonperturbative TMD physics contained
in a given process at a given collider, as relevant when using one process at a time to e.g.
extract fundamental parameters like as(mz) or myy .

The above result can be simplified further for resonant Drell-Yan (integrated over Q) by
noting that the weight factor in eq. (3.14) is strongly dominated by @ ~ my, with my = my
or myy, whereas the resonant enhancement cancels in eq. (3.13), leaving behind only the
slowly varying x and logarithmic ) dependence of the resummed perturbative TMD PDFs.
It is then reasonable to approximate

F°(Q,Y,br) ~ F;"(my,Y,br) = F; (Y, br) (3.15)
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by a simpler, two-dimensional function of just Y and bp. We stress that cross terms between
the finite vector boson width and the nonperturbative TMD boundary conditions encoded in
fgp (Y,br) are in fact retained and treated exactly in our numerics, i.e., the width is kept
exact in & z abt+ ¢ in our final eq. (3.19). The above manipulations using the narrow width
thus only limit the degree to which our model predictions deviate from the most general
form of nonperturbative dynamics allowed by TMD factorization (similar to the impact
of picking any given functional form for the model), with the residual model dependence
starting at O[(AéCDFV)/(q%mV)] in this case.

Fixing Q = my also simplifies the averaging procedure, since in this case the perturbative
u evolution and the (non)perturbative CS evolution cancel exactly between numerator and
denominator,

Za ba—fcebzt(mZ7 K bT) fa(xa; bT7 M, Q2) fb(xb7 bT7 M, QQ)
Yab oy (Mmz, Y, br)

F°(Y,br) = (3.16)

i.e., the nonperturbative model for 'yC decouples from the averaging procedure, allowing us
to drop the superscript np,. If we further ignore the numerically tiny effect of singlet hard
Wilson coefficients, see section 2.3, the higher-order corrections to the hard function also
cancel, leaving behind the simple formula

Zabaz ab(mz) fpert fpert (ﬂ?a,bT) fl?p(xbubT)

t t
Za b az ab(mz) foer fper 7

F(Y,bp) = (3.17)

where

0
Ufab 2Q2 > Ly (Q%) HiPv (3.18)
Vv

is the Born cross section in the given helicity channel, containing the quark and lepton
electroweak charges (see appendix A in ref. [22]), and the perturbative TMD PDFs are
evaluated at x4p, b1, finit, Cinit With 245 = mz/Eem etY . To low perturbative accuracy one
may even approximate ﬁ(x, br, init, Ginit) Dy a collinear PDF f;(z, pinit), yielding a very
simple pocket formula that can be evaluated quickly to convert between effective and general
nonperturbative models.

Based on the above discussion, our final, recommended nonperturbative TMD model
for multi-differential resonant Drell-Yan studies reads

dO’i

_pert+n —n
d4q — Y i Q.Y br) | FP(Y,br), (3.19)

a,b

= / dbr br Jo(brar)

where ~Zp ZJF ¢ includes the contribution from the nonperturbative Collins-Soper kernel

modeled e.g. as in eq. (3.9). We stress that for Z boson production, the F;"(Y,br) for
i = —1,4 (i.e., the inclusive cross section and the forward-backward asymmetry) will in
general differ from each other due to the different ways flavors are weighted with electroweak
charges. Nevertheless, the two functions exactly coincide for W+ and W~ production due
to the V' — A structure of the weak current, leading to a large degree of universality. (Note
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that the effective model functions for each of W' and W™~ are not equal to each other in
general due to e.g. a different u vs. d valence TMD PDF contributing to each). To predict
their degree of correlation, or their correlation(s) across different colliders and bosons, one
necessarily has to resort to a more complete model of the TMD PDF boundary condition
and perform the conversion using eq. (3.17).12

On the other hand, based on the argument above, we find that one can make F;(Y,br)
the primary target of the TMD nonperturbative modelling effort when considering multi-
differential Drell-Yan distributions for one boson at a time, with the understanding that they
are defined with respect to a definite choice of boundary scales, just like the underlying flavor
and z-dependent model would be. For definiteness, one may pick the following flexible model,

FP(Y,bp) = [1+ Nio(Y) 3] exp[—2A;.4(Y) b3] (3.20)
with power expansion
—n J— 72 J—
FiP(Y,br) =14 Mo (V) b7 4 [Ajo(Y) — Aia(Y)]bT + O(AdepbT) | (3.21)

where the coefficient of the quadratic term A;(Y) ~ AéCD may take either sign as long
as Aja(Y) ~ AéCD is positive. The functions A;,(Y) must be even functions of Y for pp
collisions and may, again for definiteness, be chosen as

KNin(Y) = Ni + AN Y2 (3.22)

We stress that the parameters of the model upon expansion have a direct field-theoretic
interpretation in terms of (averaged and normalized) entries in the OPE of the TMD PDFs,
accounting for the effect of the Landau-pole prescription starting at O(AéCDb‘lT). Since the

2We note that in principle, the result in eq. (3.19) for the case of the i = 2 helicity cross section of the
Z boson should be extended by another effective function of Y and br starting at O(A%CDI)QT) that encodes
the flavor-weighted contribution from the product of two Boer-Mulders functions, possibly supplemented by
their known twist-3 matching [169]. (The Double Boer-Mulders (DBM) contribution is suppressed by the
width and/or the size of singlet contributions for ¢ = 5 in the Z case, and vanishes altogether for ¢ = 2,5 in
the case of W¥ due to the V — A structure of the current [170, 171], such that none of this affects direct mu
measurements that do not rely on tuning to the Z.) As shown in ref. [22], this DBM contribution can in
fact become leading in general multi-differential Drell-Yan studies when leptonic observables p;, approach
pL ~ qr ~ Aqcp. Examples with nonzero DBM contributions in this regime analyzed in ref. [22] are pr, = ¢;,Q
and, indeed, the distance pr, = Q — 2p% to the Jacobian peak in the p% spectrum as relevant for my -like mz
measurements.

At this point we like to remark that our statements in this section about the dimensionality of the effective
function space are actually unaffected by the presence of the DBM effect because the approximate leptonic
tensors for pr, ~ gr < @ in ref. [22] can be recast as effective integral functionals acting directly on the br
space integrand upon performing the gr integral, following the approach of ref. [172], which in turn preserve
the power counting of terms of O(Agcpbr) as O(Agep/pr). Thus one still only requires one nonperturbative
function of Y to describe the total net nonperturbative effect at each power in A%cp/p7, and a single number
if no rapidity-differential information (n; or Y) is retained. Details on this point will be given elsewhere.

Finally, we note that introducing an explicit DBM model function, just like decorrelating the nonperturbative
models between ¢ = —1 and i = 4 for the Z, is not easy to reconcile with the commonly chosen approach in
mw measurements, where the angular coefficients (as ratios of helicity cross sections) are evaluated at fixed
order, and would first require introducing dedicated resummed components into the description of at least the
leading-power helicity cross sections i = —1,2,4 (and ¢ = 5 for full generality).
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x dependence of the collinear twist-2 PDFs has been divided out, we generally expect a
slowly varying Y dependence and thus no need to include terms of O(Y*) or choose a more
complicated functional form for the rapidity dependence.

3.4 Effective models for fiducial gr spectra

We can take the averaging procedure further by also including the rapidity integral in it,
as relevant for the single-differential fiducial ¢y spectra that are the main focus of this
paper. To do so, it is necessary to also consider the action of fiducial cuts ©, since they
shape the contributing rapidity region in this case. Up to corrections of O[A(QQCD /(qrQ)],
which are small for ¢y spectra in resonant Drell-Yan production, we may simply ignore the
qr dependence of the leptonic tensors when acting on the nonperturbative model, i.e., we
evaluate L;yy/(gq,0) in eq. (2.6) at ¢r = 0. This results in a formula similar to eq. (3.19),

LdULP(@)

mqr  dqr
1 o0

= — dbr b b
27T/o 7 br Jo(brar)

(3.23)

F(0,br),

> [aQtay e Q.Y 0,01)
a,b

where the leading-power fiducial perturbative cross section in by space is defined as

_LP,pert+ 3 _pert+ 1 A
g, " NQ,Y,0,br) = 5 S b QY bT)/ldCOSHQZ-(G) 6 (Q,Y,0), (3.24)
i=—1,4 -
with (:)LP(Q,Y,@) the acceptance function (:)(q,H, ¢) of the fiducial cuts © evaluated for
gr = 0, which implies that the ¢ dependence also drops out [22]. The corresponding averaged
(effective) nonperturbative model is given by

Yup S Y 08 (my, Y, ©) frert PPN FOP (2, br) fiP (20, b7)

F™(0,by) = 7 3.25
(©:01) Yap [ AY ol (my,Y,0) 7 [ 329
where the fiducial Born cross section is defined in terms of eq. (3.18) as
3 1 N
o5(QY,0) =5 Y Ufab(Q)/ldcosﬁgi(H) O (Q,Y,0), (3.26)
i=—1,4 -

the perturbative TMD PDFs are again evaluated at x4y, b7, finit, Cinit, and we have made
use of @ ~ my as before such that the (non)perturbative CS evolution, hard functions,
and p evolution drop out.

Our final predictions for the resummed contribution to fiducial gr spectra are then
obtained by inserting this model back as an overall common factor to all factorized helicity
cross sections into the factorization formula with exact leptonic kinematics,

1 doyes(0) 1 / ) 1 /OO
= d@"dY Livvi(q,0)=— |  dbrbrJo(b
mqr dqr AE2 Q i:z;A ‘;/:, vv(q )27r 0 7 brJo(brqr)

~pert+n ~pert+n
X [Z Hivvran( Q%) fa 2 (@an by it Q) F 0 (i, by 1, Q)
a,b

x F'P(0,br), (3.27)
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which also follows e.g. from egs. (3.19), (3.20) and (3.22) by setting A_;, = A4, and
AA_1, = 0, i.e., dropping the Y dependence. We stress that as for the narrow-width
approximation already used above, cross terms of (’)[AéCD /(qr@)] between nonperturbative
and linear fiducial power corrections are indeed retained exactly in our final predictions
through the exact kinematic dependence of L;y v/ (g, ®), and it is only the degree of model
(in)dependence that is qualified by the approximations we make. In particular, the final
formula in eq. (3.27) still retains all the exact linear power corrections dressing the perturbative
resummation.

In order to illustrate the effect of the nonperturbative TMD boundary condition on the
predictions at the highest perturbative orders that we present in this paper, we make the
following, simple Gaussian choice for the model function,

F™(0,br) = exp(—2Qubr) = 1 — 203b7 + 2Q3:b7 + O(Adcpb) (3.28)

and we include a subscript V = Z, WT, W~ to remind the reader that the parameter is
decorrelated between bosons (and their associated fiducial phase-space volumes 0). We note
that while this is numerically equivalent to assuming a common Gaussian width €y for all
quark and antiquark flavors, it is much more rigorously justified through our effective model
approach, where the existence of the model is well-defined, minimal, and sufficient, and only
in a second step does one pick a specific form for it. Again, in order to be able to easily
showcase the impact of variations around it, we will take

Qy =0.5GeV (3.29)
as our default central value.

Discussion. Egs. (3.19) and (3.27) make precise the intuitive notion that a one-dimensional
gr (two-dimensional Y and ¢r) spectrum contains only information about a single effective one-
dimensional (two-dimensional) nonperturbative model function of by (Y and br), independent
of the underlying complexity of the flavor and z-dependent TMD PDF nonperturbative
boundary conditions. In particular, upon expansion in Aqcp br (or Aqep/qr), the results
imply that only a single number (or a single one-dimensional function of Y') is required in
addition to the first correction to the CS kernel in order to completely describe the leading
nonperturbative effect. Eq. (3.25) generalizes the formula derived in ref. [152] for the effective
parameter K(Q) appearing in the (’)(AéCD / q%) term in the fiducial spectrum to all powers in
AQCD.13 (As a downside of extending to all powers in Aqcp, the manifestly linear impact of
the leading nonperturbative term in ref. [152] is lost, and dedicated numerics like in this paper
are required to obtain fit templates for each set of parameters describing an.) Conversely,
no additional information about the underlying TMD nonperturbative structure beyond
F’(Y,br) or F'?(©,br) can be extracted from resonant Drell-Yan spectra. This formally
explains the observations of ref. [51], which found that the combination of Drell-Yan and
semi-inclusive deep-inelastic scattering data for different hadron species was crucial to achieve
flavor separation of the TMDs. Of course, in the context of a global, flavor-dependent TMD

3Note that eq. (4.11) in ref. [152] misses a factor of 2 in the denominator).
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Figure 5. Predictions for the normalized inclusive pZ spectrum at the 13 TeV LHC (top left), its
relative difference to the highest-order prediction (top right), and the complete perturbative uncertainty
breakdown of the N3LL’ + O(a?) result in terms of each contributing source (bottom).

‘ NNLL+O(as) ‘ N3LL+0(a?) ‘ NSLL/ + O(a?)
765 [Pb] \ 1813.5 \ 1806.9 \ 1787.3

Table 1. Normalization factors for the inclusive pZ spectra with MSHT20nnlo shown in figure 5.

| NNLL+0(as) | N*LL+0(a2) | NSLL! + O(o?)
ATLAS cuts [5] 682.1 682.6 673.4
CMS cuts [11] 673.1 673.9 664.9

65 [pb]

Table 2. Normalization factors for the fiducial p% spectra with MSHT20nnlo shown in figure 6.

fit or if a more granular model is desired and e.g. explicit flavor ratios are known from the
lattice, one can always revert to instead using the product fIP(zq,br) f;* (zp, br) on the last
line of eq. (3.27) and pulling it back under the flavor sums and (Q,Y") integral.

4 Results for the inclusive and fiducial p% spectrum

In figure 5 and 6 we present our predictions for the inclusive and fiducial Z-boson transverse-
momentum spectrum at different orders in resummed and matched perturbation theory up
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Figure 6. Predictions for the normalized fiducial pZ spectrum at the 13 TeV LHC (top row),
its relative difference to the highest-order prediction (middle row), and the complete perturbative
uncertainty breakdown of the N3LL’ + O(a?) result in terms of each contributing source (bottom row).
In the left (right) column, we compare to the ATLAS 13 TeV [5] (CMS 13 TeV [11]) measurement,
using the respective set of fiducial cuts.

to N3LL/+0O(a?). We use the MSHT20nnlo PDF set [147] as our default with the attendant
value of as(myz) = 0.118. We consider two sets of fiducial cuts on the dilepton pair, as used
in the ATLAS [5] and CMS [11] 13 TeV measurements, respectively,

ATLAS cuts: P > 27GeV Ine| < 2.5
CMS cuts: Py > 25GeV Ine| < 2.4, (4.1)
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which are applied to both the lepton and the antilepton. For ref. [5], we compare to the result
obtained for Born leptons after combining the electron and muon channels. For ref. [11], we
compare to the result obtained using dressed leptons, again from a combination of electron
and muon channels.™

Our electroweak inputs are as follows, see ref. [22] for details,

my = 91.1535GeV,  I'y = 2.4943 GeV,

my = 80.3580 GeV , Iy = 2.0843 GeV, (4.2)
Gp = 1.1663787 x 107° GeV 2,
Via Vus Vi 0.97446  0.22452 0.00365
Verm = | Vig Ves Vi | = | 0.22438 097359 0.04214 | ,
Via Vis Vi 0.00896 0.04133 0.999105
sin® 6, = 0.22284, aem:m;W‘ (4.3)

The numerical treatment of the oscillatory Bessel integral and our semi-analytic evaluation
of the leptonic phase-space integrals are also described in section (4.1) of ref. [22].

To easily study the uncertainties in the p% spectrum and compare to the (most often
normalized) experimental data, we find it convenient to normalize the spectrum on the range
0 < gr < 65GeV,'> where we empirically found that nonsingular contributions are small.
For reference, the total integrals of our predictions as used for the normalization, which we
denote by o¢s5, are reported in tables 1 and 2. From the data comparisons in figure 6 we
observe that our predictions with the default PDF set and default nonperturbative parameters
closely track the fiducial ATLAS [5] and CMS [11] data over a wide range of ¢r, but residual
differences are well visible. In the following subsections, we assess the impact of various
sources of uncertainties and different physical effects on our predictions.

4.1 Scale variations, convergence, and estimated matching uncertainties

Predictions in either fixed-order or resummation-improved perturbation theory are necessarily
subject to an uncertainty from missing higher-order terms. A commonly used approach to
assess these is to vary the scales at which various objects appearing in the prediction are
renormalized. Since the dependence on any individual scale is beyond the working order in
a factorized cross section, these variations can indicate the typical size of missing higher-
order terms. While they do not offer any handle on the correlations between perturbative
uncertainties e.g. between different bins, scale variations nevertheless can serve, and are
heavily used, as a crude estimate of the truncation uncertainty based on the available
lower-order data. For this reason, we do present estimates of the perturbative uncertainty
within the scale variation paradigm in this section. (For an alternative that overcomes all

We note that at least as of version 2, the HEPData entry for ref. [11] had an incorrect total integral (# 1)
for the normalized p% spectrum, while relative uncertainties in each bin were correct. The correct result is
obtained by dividing by the total integral once more. We thank Aram Apyan for help with this issue.

Y Experimental data are re-normalized on this range by dividing by the central value of the norm and
maintaining the relative uncertainties in each bin. We ignore possible correlations between individual bins and
the norm that are negligible compared to the original relative uncertainties in each (narrow) bin.
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the shortcomings, see refs. [173, 174].) To do so in the most reliable and granular fashion
possible within the conventional paradigm, we refine the profile scale variation setup of
ref. [22], which in turn was based on ref. [175]. We here give a self-contained description of
the profile scale variations we perform, commenting on the improvements and differences to
ref. [22] along the way. The profile scales and variations originally designed in the course
of preparing the present manuscript have recently been applied already in ref. [176], where
the ability to separately freeze out the PDF scale u; proved particularly useful for heavy
flavor-induced processes like bb — H.

For the resummed cross section, the task is to vary the central boundary scales given in
eq. (2.28) around their central values by (up to) the conventional factor of 2 in all possible
ways such that the variations (a) do not induce undue sensitivity to the Landau pole and
(b) smoothly transition into a set of conventional fixed-order scale variations in the tail at
qr ~ Q. We achieve this task by varying them as

central QWFO
)

HH = HFO

__ ,central owpo qar 1 bo /“L%lin
B — 2 f Vi ( < )
19 HFO ary Jrun Q Q ’ Juro fvary

__ . central qw Uvp
vB = Hro 20 fary

ps = MG 2070 feif (T o (bo = ))
run ) * ?
Y Q'Q by’ 2uro fvary

[

v qr 1 bo yin
vg = Mcentral QWFO f S : n( - ( R R — ,
FO vary Jru Q Q pro fvary
central v QT 1 bO H }mn
where ,ucentral uﬁ?mral = () are the central fixed-order renormalization and factorization

scales. The central scales are recovered for
Vpp = Vug = Upg = Vyg = WFO = Uy, = 0. (4.5)

The boundary scale pg of the rapidity anomalous dimension is held fixed at its central value
since its variations would be double counted with the explicit vz ¢ variations [175]. Here
fvary = feary(qr/Q) governs the strength of those variations that must turn off as ¢r/Q — 1,
fvary — 1, where we choose

2(1 — 22 /23), 0<z<um3/2,
Jrary(#) = S 1+2(1 —z/23)? , w3/2 <z <73, (4.6)
L, r3 < T.

For gr > z3Q, the above variations thus all reduce to

central 2wFo

B = VB = s = Vs = UFD pup = pgEr 2t (4.7)

which exactly matches the variations we perform on the renormalization and factorization
scale in the nonsingular cross section (and thus on the whole prediction in the far tail),

LR = Mceéltral QWFO ’ LF = Mcentral 2vuf (48)
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We note the appearance of factors like 2¥F0, 2°“f  or f:;r)f, in the argument of the u, func-
tions in eq. (4.4). These ensure that scale variations are also frozen out at long distances as
br — 1/Aqcp, which in turns ensures that no scales < 1 GeV are probed by the variations, see
the bands in the left panel of figure 4. Like the addition of the minimum scales implemented
through the p, functions themselves, this change compared to ref. [22] is necessary because
unlike ref. [22] (which simply froze out the coupling and PDFs), we aim to maintain a straight-
forward OPE interpretation of the nonperturbative functions we introduced in section 3.

We now describe how the above variation flags are grouped into subsets of joint and
individual variations that each estimate a distinct source of uncertainty, as shown in the
bottom rows of figure 5 and 6.

Resummation uncertainty A,es. A first set of variations concerns those independent scales
that emerge in the canonical resummation region gr < @, and estimates the perturbative
uncertainty on (mainly) the shape of the resummed Sudakov spectrum. In eq. (4.4), they
are controlled by v, vuy, Vg, Vvg, Which we vary as

(U#BvUVBvUMs’UVs)GV}eS:{Ta_>_a_)( - )( aTa )7(_ _a_aT)
(=== (= ,i, =) (== =) (== ),
(1= =) (=1 =), (1, - )7(T7 ;=4 (= -,
(=1 T7 ) (=1 = 1), (= ,T,i, =) (= =),
(==, (=0t (= h =0, (=06 =) = =),
=b =) b= =) =), (=), (= 1),
(41 =), (14— )7( D (= 46D, 1 =),
&=L =)D, L LD (4.9)

where we write 1 (|, —) for v = +1 (v = —1, v = 0) for brevity. The set of variations
in eq. (4.9) is defined by considering all 3* — 1 = 80 possible variations of the four v, and
removing all the ones where the argument of a logarithm exponentiated by the renormalization
group evolution between terms would be varied by a factor of four [175]. The final uncertainty
estimate is obtained by taking the symmetrized envelope of all tuples ¢ of variations above,

Ares = max |d0v dacentral’ . (410)

UEVres

It has been noted in refs. [22, 175] that while the set of variations in eq. (4.9) appears
large, keeping all combinations under the envelope is often important to prevent accidental
underestimates when several scale variations at once cross the central value at some point
in gr. For definiteness, we take each individual variation to be fully correlated between
each bin and the total integral when normalizing the spectrum. This effect on the total
integral is responsible for the nonzero (but subdominant) contribution of A, also at large
qr > 60 GeV in figure 5 and 6 where the underlying variations are largely turned off already
at the level of the unnormalized spectrum. We note at this point that while eq. (2.7a) with
separately finite soft and beam functions can easily be translated into suitably evolved TMD
PDFs for central scales, see eq. (3.8), the rapidity renormalization group does provide a
larger set of possible nontrivial scale variations, which we here make use of for our estimate
of the perturbative uncertainties.
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Fixed-order uncertainty Apo. A second set of variations, which affects the spectrum
everywhere and can be thought of as (mainly) varying its normalization, concerns the overall
choice of fixed-order renormalization scale entering in particular the strong coupling,

UFO = M%%ltral 9QWFO , (411>
which we vary as follows, taking the uncertainty estimate to be the symmetrized envelope,

wro € Vro = {—l—l, —1}, App = max |dawFo — dUcentra1| . (4.12)
wro€VFO

Variations of wro, which we take to be fully correlated when normalizing the spectrum, are
consistently propagated into the resummed and nonsingular cross sections through egs. (4.4)
and (4.8), which involve factors of 2*FO in front of all renormalization-like scales. Compared
to the most common approaches to estimate the total truncation uncertainty in fixed-order
perturbation theory for hadronic processes, we yet have to include an uncertainty component
from variations of the factorization scale, which we turn to next.

DGLAP (factorization scale) uncertainty Apgrap. While it is challenging in general
to identify common underlying sources of uncertainty for different regions of the spectrum,
one source can in fact be readily identified as the truncation uncertainty in the DGLAP
evolution of the twist-2 collinear PDF that feature as a common ingredient everywhere. To
estimate it, we perform a common variation of the scales entering the PDFs everywhere
in the prediction as follows,

(S Vbgrap = {+1, -1}, ApGLAap = max ‘dO'Uu — dUcentral| . (4.13)

Uy €VDALAP f

Variations of v, which we take to be fully correlated when normalizing the spectrum, are
again consistently propagated into the resummed and nonsingular cross sections through
egs. (4.4) and (4.8). We recall that in the resummed cross section, only the beam function
matching coefficient is evaluated at up, while the underlying PDF is evaluated (in general)
at ug # pp using our dedicated implementation of eq. (2.12), which precisely induces a set
of compensating logarithmic terms in y1¢/pup whose difference to the central value probes the
residual dependence on pf. Note that in contrast to pp, whose variations are damped by
fvary at large g7 in eq. (4.4), the variations of pf stay fully turned on all the way into the
tail, as is required to recover a standard pp variation of the fixed-order result in that region.
Compared to refs. [22, 175], having a dedicated uncertainty component Apgpap is new for
a resummed and matched prediction; both references effectively only considered common
diagonal variations of pupo and ,u‘li?ntral, which then were inherited by the respective up = puy
in the resummed cross section when computing the total Apo quoted in those references. We
would also like to point out that in our present setup, ur and pp variations are effectively
combined in quadrature in the final perturbative uncertainty estimate also in the fixed-order
region, see eq. (4.18). In our case, this choice of separating out Apgpap (rather than moving
it under a common envelope) is motivated by the special role of PDF evolution affecting
the spectrum everywhere. We point out that the mildly oscillatory behavior of Apgpap in
figure 5 and 6 is induced by the discontinuity of the PDF at the my threshold, which in turn
spreads over the entire ¢r range by the inverse bp-integral with a period of Agp ~ my.
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Matching uncertainty Aatch- The profile scales that implement the transition from
the canonical to the fixed-order region involve three transition points x; that determine the
onset, midpoint, and endpoint of the transition. While the values of these transition points
are based on a quantitative assessment of the size of nonsingular terms [22], they are not
uniquely determined by this criterion, and the associated uncertainty must be assessed. As
in refs. [22, 175], we thus compute a matching uncertainty Apatcn as follows,

(x1, %9, 23) € Vinaten = {(0.4,0.75,1.1), (0.2,0.45,0.7), (0.4,0.55,0.7), (0.2,0.65,1.1)} ,

Amatch = _max |U:i‘ - O'central| ) (4'14)
ZT€ Vmatch

where we take the variations to be fully correlated when normalizing the spectrum. At the
level of the unnormalized spectrum, the matching uncertainty vanishes for gr < 27"Q and
qr > 7%Q, where 2" and 2% are the minimum or maximum value taken by z1 and
x3, respectively. The 0.5% effect visible at small g7 in the normalized spectra in figure 5
and 6, on the other hand, is precisely due to the residual effect of the matching variations
on the total integral, which is not guaranteed to be preserved by either the central x; or
their variations in eq. (4.14). We note that if a symmetric impact of variations entering the
matching uncertainty is desired, an alternative scheme is to simply vary the midpoint s
of the profile up and down by a suitable amount [176].

Recoil uncertainty A ccoil- A final contribution to our total perturbative uncertainty
estimate is not related to any specific scale choice, but — like the matching uncertainty —
still concerns the split between resummed and fixed-order terms.

Specifically, when decomposing the fiducial g7 spectrum (or any observable sensitive to
the differential lepton-antilepton distribution) as in eq. (2.6), a choice is made in which frame
to decompose the hadronic tensor in terms of helicity cross sections, where subsequently the
leading-power ones are resummed to all orders while dressing them with the exact lepton
kinematics to ensure the exact treatment of linear or leptonic (“fiducial”) power corrections.
Making these choices explicit, we compute the resummed and fixed-order singular cross
sections using the following formula,

1 dox(O) 1 / 9 x Lpx
- d d¥ Lz ! ’@ WZ v 7Pa)P ) 4.15
mqr  dgr 2E2 @ 2_:14 VEV: vy (2,0) Wiy (g ) (4.15)

where X, affecting both the leptonic prefactors and the structure functions, indicates the
choice of frame, and X = CS (the Collins-Soper frame) for our central prediction. While
these frame choices are subject to the constraint that their z# axes coincide with the beam
axis as qgr — 0, this does not uniquely specify them, and different choices for the structure
function decomposition (i.e., the choice of Z rest frame, i.e., the choice of a specific recoil
prescription) differ by moving a set of terms of O(¢2/Q?) [22] between the leading-power
and subleading-power structure functions. This means that as soon as the leading-power
resummation is performed, they will differ by whether these terms are resummed to all orders
or evaluated at fixed order. In order to assess the potential presence of an ambiguity due to
this choice, we here perform — to our knowledge, for the first time — an explicit variation
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of the choice of structure function decomposition in a resummed and matched prediction. !

Specifically, we consider the two extreme cases
X € erecoil = {GJ 7m} . (416)

Here the decomposition is performed in either the Gottfried-Jackson (X = GJ) frame [177],
where the z# axis is aligned with the hadron incoming along the positive z{, direction,
or performed in the “anti-Gottfried Jackson” frame (X = GJ) where the opposite hadron
is chosen as reference; our default value X = CS amounts to a certain symmetric choice
between the two that has compact covariant expressions [22] and a particularly simple power
expansion [171]. The associated uncertainty is then computed by taking the envelope,

Amatch = max !dO'X — dUcentral| . (4.17)
X €Viecoil
Like e.g. the matching uncertainty, Aecoii vanishes by construction at the level of the
unnormalized spectrum since it amounts to reexpanding certain O(¢%/Q?) terms. We
nevertheless point out that for the normalized fiducial spectra shown in figure 6, its impact
instead again tends to a constant as gr — 0 due to its residual effect on the total matched
fiducial cross section. From this observation, we find it interesting to note that this uncertainty
on the total fiducial cross section is in fact under excellent control, where we may read off its
relative size from the uncertainty breakdown plots in figure 6 at gr — 0 as roughly a permille.

Combined perturbative uncertainty Apers. The final perturbative uncertainty estimate
Apert, which provides the bands at different orders in the ratio plots in figure 5 and 6 and is
indicated by a solid black line in the uncertainty breakdown plots, is computed by adding
the uncertainties from all individual sources in quadrature,

Apert = Ares ® Aro © ApcLAP © Amatch D Arecoil - (418)

As can be seen from the top right panel in figure 5 and the center row of panels in figure 6,
where we show ratios of predictions at different orders to the highest order, the resulting
uncertainty estimate features excellent perturbative coverage, i.e., higher orders are well
contained within the lower-order uncertainty estimates. We note that while the convergence
at the level of the central value seems to be more rapid than the uncertainty estimates would
allow for, we see no justification for reducing the estimate after the fact.

4.2 Impact of nonperturbative TMD physics

We next consider the impact of the nonperturbative model functions introduced in section 3
on our predictions. We do so by performing illustrative variations of the model parameters
to determine which regions in the spectrum are affected by nonperturbative physics, and
to which extent. While this already helps to assess whether residual differences to the

16 A distinct issue is how the choice of frame for computing the singular cross section affects the efficiency of
differential gr subtractions, see ref. [22]. The two issues are related because they both hinge on the size of the
remaining fixed-order nonsingular, but our study here concerns the potential scheme dependence of fiducial
resummation effects that remain present even after taking all technical cutoffs to zero.
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The gray vertical line indicates a distance of by = 1 GeV ™' & 0.197 fm for reference. The right panel
shows a close-up in the small-br region.
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Figure 8. Impact of parameter variations in the nonperturbative TMD models at N3LL' + O(a?)
compared to ATLAS 13 TeV [5] (left) and CMS 13 TeV [11] (right) measurements. For illustration, we
also compare to the estimated size Ape¢ of the perturbative uncertainty.

data may be of nonperturbative origin, we leave a dedicated fit of the nonperturbative
contributions to future work.

We vary the parameters entering the model for the Collins-Soper kernel (i.e., the rapidity
anomalous dimension) in eq. (3.9) as follows,

(¢4, wyq) € {(—0.15,0.433 GeV), (0.05,0.25 GeV),
(0.5,0.15GeV), (—0.5,0.37 GeV)} . (4.19)

The result for the total CS kernel at N3LL/ (i.e., retaining the complete three-loop boundary
condition and four-loop cusp evolution) is shown in figure 7 with the default set of model
parameters (¢, w, 4) = (—0.05,0.25 GeV) shown as a solid black line. The first two variations
(indicated by long and short-dashed dark blue lines) are chosen such that they predominantly
affect the CS kernel at short transverse distances by < 0.197 fm ~ 1 GeV ! by varying the
quadratic coefficient in the OPE down or up, as illustrated in the right panel of figure 7

Since we expect the impact of the quadratic coefficient to be linear at gr = 5 GeV, we choose
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the magnitude of w, , and the sign of ¢ such that the variations they induce on the leading
quadratic coefficient sgn(c?)wz, € {—0.1875 GeVZ2, +0.0625 GeV?} are symmetric around
the central value of —0.0625 GeV?2.

By contrast, the third and fourth variation in eq. (4.19) are chosen such that they
only change the quadratic coefficient in the CS kernel by a smaller amount, and instead
predominantly affect the behavior of the CS kernel at long distances by varying the sign
sgn(c?) and height |c?| of the plateau in the model function, as illustrated in the left panel
of figure 7. Here we choose the magnitude of the variation such that it covers the spread
of available lattice results as reviewed in ref. [178].17

For the effective nonperturbative one-parameter model for the TMD boundary conditions
in eq. (3.28) we choose the following illustrative variations,

Qz € {0,0.707 GeV} . (4.20)

Compared to our default central value of 2z = 0.5 GeV, these again amount to a symmetric
variation of the leading quadratic coefficient 92 € {0,0.5 GeV?} around the central value
of 0.25GeV2. We thus again expect the impact of these variations to be linear for gp >
5GeV [152].

Our results for the impact of the above nonperturbative parameter variations on the
fiducial p% spectrum N3LL' + O(a?) are shown in figure 8. We indeed observe the expected
symmetric opposite-sign impact of the short-distance down/up variations in the CS kernel and
the variations of 1z, respectively, at gr = 5 GeV. We furthermore observe that the impact of
the short-distance variations of the CS kernel dominates over the long-distance variation for
all bins at the LHC (including the very first one, which we clipped for readability), suggesting
that the strong Sudakov suppression of the br-space cross section for resonant Drell-Yan makes
it challenging to access the genuine long-distance behavior. We also note that the impact of
the nonperturbative parameter variations, which we chose for illustration, is comparable to the
estimated total perturbative uncertainty Aper;, which is shown as the yellow band in figure 8
for reference. It is interesting to note that the corresponding variations in the underlying
model functions, see e.g. figure 7, exceed the typical uncertainties obtained in TMD global
fits [45, 51], which however do not account for perturbative uncertainties in the fit.

Comparing to the experimental data, it seems likely — based on the first few bins — that
the data in fact prefer weaker nonperturbative effects than our default choices (e.g. Q7 =0,
solid green). However, the fact that the prediction for our default PDF set overshoots the
data at gr 2 20 GeV cannot be addressed by the nonperturbative model since this region lies
well outside of its effective range, i.e., because of the fact that the leading nonperturbative
effects in the OPE have to fall off as 1/¢2 upon Fourier transform [152].
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Figure 9. Impact of parametric strong coupling variations (top) and parametric PDF variations
(bottom), as well as alternate PDF sets, on the normalized p% spectrum at N3*LL’ + O(a?) compared
to the ATLAS 13 TeV [5] (left) and CMS 13 TeV [11] (right) measurements.

‘ CT18NNLO | NNPDF31nnlo | NNPDF40nnlo
ATLAS cuts [5] | 659.2 678.1 691.3
CMS cuts [11] |  650.1 669.9 682.9

65 [pb]

Table 3. Normalization factors for the central N*LL’ + O(a3) fiducial p% spectra shown in figure 9.
The corresponding one for MSHT20nnlo is given in table 2.

4.3 Parametric oy and PDF uncertainties

We next estimate the parametric uncertainties related to the strong coupling constant and the
collinear PDFs on our prediction using standard methods, closely following those described
in ref. [180]. In practical terms, both variations are performed only in the resummed singular
cross section and the O(a,) nonsingular coefficient while keeping the O(a?) and O(a?)
nonsingular coefficients at central values and at the reference PDF set, as already discussed
in section 2.4. This strategy for the uncertainty estimation avoids performing CPU-intensive

"While high-precision lattice results at physical pion masses have recently become available [167], we leave
it to future work to incorporate them directly in our prediction. Doing so in particular requires one to include
and smoothly match the known perturbative bottom quark mass effects in the CS kernel [179] in order to
correctly transition from the ny = 5 massless limit to the precision results of ref. [167], which feature three
light and one massive (charm) flavor.
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runs for the FO nonsingular coefficients and is justified by the smallness of the O(a?) and
the O(a?) nonsingular coefficients for g7 < 65 GeV.

~

For the uncertainty related to ag, we perform variations of
as(mz) =0.118 £ 0.001, (4.21)

properly taking into account its effect on the DGLAP running and on PDF determinations by
using the PDF set that consistently employs the corresponding value of as(myz). Eq. (4.21)
roughly corresponds to the currently quoted PDG 2023 uncertainty [181]. The associated
parametric ag uncertainty is computed as

1

Ao, = —= {(daa up — dUcentral>2 + (daa down — do’central)ﬂ v .
S \/5 Sy Sy

(4.22)

The resulting uncertainty on the normalized fiducial p% spectrum is shown in the top
row of figure 9 (orange band). On the range 5 < gr < 30GeV, the uncertainty is on par
with Apert (light yellow band) at this order. Neither of them is able to remedy the overshoot
of the prediction compared to the data at (¢r 2 15GeV). Curiously, we find that a lower
value of the strong coupling, as(myz) = 0.114 (short-dashed green), captures the data trend
much more closely over a wide range of ¢r, including in particular the region qr > 20 GeV
where nonperturbative effects are already negligible, see section 4.2. While this observation
did not result from an «; fit, it is interesting to note since similarly low «; values have been
extracted in the past [182, 183] from other resummation-sensitive observables, specifically
eTe™ event shapes. We stress, however, that a complete fit of a5 to hadron-collider p% data
must include profiling over the PDF set, as done e.g. in refs. [15, 16], and in section 4.4 we
will indeed confirm that the inclusion of approximate N3LO effects in the PDF set in fact
yields much closer agreement with the data for as(myz) = 0.118 from the start.

For the uncertainty related to the collinear PDFs, we show results for CT18NNLO [157],
NNPDF31innlo [148], NNPDF40nnlo [148], and for our default set MSHT20nnlo [147]. Since these
collaborations in general employ different methodologies in estimating an uncertainty from the
fit, we follow the respective collaboration’s nominal formula for calculating the corresponding
uncertainty on our prediction. For Hessian sets such as CT18NNLO and MSHT20nnlo we use

1/2
sian 1 Trep
Ag]%b]?‘a - ﬁ Z(dal - do‘central)2 . (423)

)

The index ¢ runs over the set of n,, different replicas provided by each collaboration and
docentral (do;) denotes the prediction evaluated using the central member (ith member) of the
PDF set. Compared to eq. (20) of ref. [180], the relative factor of 1/1/2 in eq. (4.23) avoids the
possible double counting induced by replicas of opposite eigenvectors in the symmetric limit.
We note that we in addition rescale the resulting uncertainty for the CT18NNLO set to account
for the difference in their quoted confidence level (CL, 90%) to our common target CL of 68%

for all PDF sets. For Monte-Carlo (MC) sets such as NNPDF31nnlo and NNPD40nnlo, we use

1 Nrep 1/2

Z(daz - dacentral)2 y (424)

Nrep — 1 ;

MC __
APDF -

where for docentral Wwe use the averaged PDF replica provided by each set.
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Figure 10. Impact of parametric strong coupling variations (left) and parametric PDF variations
(right), as well as alternate PDF sets, on the unnormalized p% spectrum at N3LL’ + O(a3).

Turning to the bottom row of figure 9, we show the respective central values and
parametric PDF uncertainties for CT18NNLO [157] (solid green), NNPDF31nnlo [156] (dashed
blue) and NNPDF40nnlo [148] (solid blue) for the normalized p% spectrum, with the associated
normalization factors given in table 3. Specifically, we show relative deviations from our
default choice, MSHT20nnlo [147] (red). It is worth noting that all sets agree at the level of
the normalized p% spectrum well within the uncertainties of the CT18NNLO and MSHT20nnlo
predictions, while the MSHT20nnlo and CT18NNLO central values fall on the upper edge
or outside of the NNPDF40nnlo, respectively. In particular, none of the PDF parametric
uncertainties, and no alternate choice of central set at this PDF order (NNLO), is able to
capture the discrepancy to the data at gr > 15 GeV. We have checked that this behavior
of NNLO PDF sets, with a characteristic overshoot above the data at ¢r > 15GeV, in
fact persists for the p% spectrum as measured in bins of the Z boson rapidity at 8 TeV by
the ATLAS collaboration [4].

Concerning the nonperturbative region of ¢r < 5GeV, it has been pointed out in
ref. [168] that fits of nonperturbative TMD physics are subject to a sizable bias due to the
choice of reference collinear PDF set. We find this surprising in light of the small (< 1%)
relative differences between modern PDF sets that we observe in this region for common
nonperturbative inputs at the level of the self-consistently normalized p% spectrum. We
hasten to add, however, that while the TMD fit of ref. [168] like other fits heavily relies on
LHC data for resonant Drell-Yan, the latter are, of course, not the only data set entering
the fit, and by our own universality arguments in section 3.4 insufficient to determine the
individual TMDs or, indeed, fully assess the presence of bias due to the collinear PDFs.

We find it interesting to also consider the impact of the parametric uncertainties on the
unnormalized p% spectrum, which we show in figure 10 for reference. Since the data sets for
unnormalized spectra are more limited, we simply show our predictions on their own here,
using the ATLAS cuts for definiteness; in section 5 we will perform direct comparisons to
available data at the level of the unnormalized cumulative cross section, i.e., the piece of
information orthogonal to the normalized spectrum. Interestingly, while the various PDF
sets were in close agreement on the shape of the normalized spectrum, the agreement worsens
at the level of the unnormalized spectrum, see the right panel of figure 10. Together with
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Figure 11. Impact of aN*LO PDFs (blue) and of N*LL Sudakov effects (red/yellow, with overall
aN4LL+0O(a3) accuracy) on the fiducial pZ spectrum relative to our baseline prediction (black/gray)
using an NNLO PDF set at N3LL' 4+ O(a?) compared to the ATLAS 13 TeV measurement [5]. Here we
compare the MSHT20nnlo and MSHT20an31lo PDF sets produced by the MSHT collaboration [27, 147].
Predictions on the left (right) are dressed with the perturbative (parametric PDF) uncertainty. The
top (bottom) row shows the impact on the normalized (unnormalized) pZ% spectrum.

‘ MSHT20an3lo | NNPDF40an3lo
aN4LL+0(a3) 675.975 691.963
N3LL' + O(a?) 675.979 691.969

o65 [Pb]

Table 4. Normalization factors for the additional fiducial pZ spectra shown in figure 11 and 12.
Normalization factors for the respective baseline NNLO PDF sets are given in tables 2 and 3.

our findings on the impact of nonperturbative physics and the size of the nonsingular cross
section, this suggests an attractive strategy to distinguish between PDF sets at complete
three-loop accuracy using the cumulative cross section, see section 5, which precisely retain
the PDF sensitivity that usually cancels to a large extent in normalized spectra.

4.4 Impact of N*LL Sudakov effects and approximate N3LO PDFs

While all of our highest-order predictions so far involved partonic cross sections at complete
three-loop accuracy, they employed NNLO PDFs determined using NNLO (three-loop)
DGLAP evolution and NNLO theory predictions in the fit, which until recently constituted
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Figure 12. Same as figure 11, but comparing the NNPDF40nnlo and NNPDF40an3lo PDF sets produced
by the NNPDF collaboration [28, 148].
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Figure 13. Impact of parameter variations in the nonperturbative TMD models at N3LL' + O(a?)
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the state-of-the-art. Lately, both the MSHT and the NNPDF collaboration exploited the rapidly
growing body of knowledge [184-188] on the N3LO DGLAP and mass decoupling kernels in
order to produce approximate N3LO (aN3LO) PDF sets [27-31]. Notably, in ref. [27] both
the set of unknown N3LO K factors for the relevant physical processes and the few remaining
unknown N3LO DGLAP ingredients are promoted to nuisance parameters [173, 174]. In
addition, this allows for an improved uncertainty estimation of the PDF set, in principle also
addressing common obstacles such as correlations between missing higher-order uncertainties
in the fit and in predictions that use the PDF set.

Importantly, the DGLAP kernels also enter as a key set of noncusp anomalous dimensions
in resummed predictions for the ¢r spectrum, since they govern the evolution of the collinear
PDFs from their input scale to the beam function scale up ~ qr ~ 1/bp. Specifically, since
the input scale is effectively set by the weak scale my,z ~ @ in modern PDF sets due
to the wealth of LHC data entering the fits, this evolution indeed resums a large single
logarithm and cannot be bypassed when attempting to achieve N*LL accuracy in any TMD or
resummed prediction that uses collinear PDFs as input. Therefore, achieving (approximate)
N3LO DGLAP evolution provides the last missing ingredients for achieving (approximate)
N“LL accuracy at the level of the resummed spectrum. This is thanks to dedicated previous
efforts to calculate (or numerically estimate) the five-loop /5 function [120], the five-loop
cusp anomalous dimension [121], the four-loop rapidity anomalous dimension [131, 132], and
the four-loop virtuality anomalous dimensions [115, 126], all of which are also necessary
ingredients at this order. We collectively refer to these as “N*LL Sudakov effects”, as opposed
to the purely single-logarithmic DGLAP evolution. Conversely, since all of these contributions
are known either fully analytically or, in the case of the five-loop cusp anomalous dimension,
estimated to sufficient precision given its small overall impact a resulting approximate
N4LL (aN“LL) resummed prediction will be “approximate” precisely in the sense that the
underlying PDF set is aN3LO.

It is clearly of key interest to determine the size of the effect that N®LO evolution and
N3LO fixed-order contributions in PDF fits have on the extremely precisely measured p%
spectrum at the LHC, and similarly for N*LL Sudakov effects. To do so, we have performed
a complete implementation of the additional N*LL Sudakov effects in SCET1ib and interfaced
them with the recent aN3LO PDF sets to achieve aNLL accuracy. Numerical results produced
with this further upgraded setup are shown in figure 11 and 12, with normalization factors
reported in table 4. Specifically, beginning with the MSHT sets, we show predictions at
NALL+0(a3) (red) and N3LL/ 4+ O(a?) (dashed blue) with the MSHT20an31o0 set, normalized
to the N3LL/ + O(a?) results with the MSHT20nnlo set (dotted black) in figure 11. All
predictions consistently employ the approximate unexpanded analytic RGE solutions [61]
at the corresponding order, which are summarized in appendix A.

The effect of the approximate N3LO PDF set is quite significant, leading to differences
of up to ~ 5% to the corresponding NNLO PDF set in the low-gr region and, crucially,
a decrease of the prediction by 1 — 2% in the region at g7 > 15 GeV where we previously
observed an irreconcilable disagreement with the data. This implies that the three-loop
ingredients that were included during the fitting procedure have a nontrivial impact, even at
this high perturbative order. The much improved agreement in the region ¢r > 15 GeV is
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particularly remarkable in light of the fact that the shape of the p% spectrum at values of
gr < 30 GeV has never been used as an input for any PDF fits, cf. ref. [189] for its uses in the
large p% fixed-order region. These findings are confirmed almost entirely by performing the
analogous comparison between the two relevant NNPDF sets, as shown in figure 12, with only a
slightly reduced change going from NNLO to aN3LO in the region g7 > 15 GeV compared to
MSHT. A similarly striking change from including aN3LO PDF information into the prediction
for the gp spectrum has previously been reported in ref. [40], and the MSHT20an31o has in the
meantime also been adopted as the reference set for the as(mz) determination in ref. [16].

Turning to the N4LL Sudakov effects, we find that their additional effect on top of
the aN®LO PDFs at aN*LL is completely marginal in comparison. Specifically, in figure 11
the resummed and matched NLL prediction (red) only exhibits marginal differences to
N3LL' (dashed blue) for the same PDF set (MSHT20an310). As expected, the uncertainty
band of the former is contained within that of the latter, while their central values mildly
differ (< 0.5%) only in the first bin, indicating that the impact of the four-loop rapidity
boundary term is not large.

Returning to the comparison to the data in the region ¢r < 10 GeV we find that the
agreement of even the aN3LO PDF results (or, equivalently, the predictions at overall aN*LL)
with the data in this region is not optimal for our default nonperturbative model parameters.
Since our nonperturbative parameters were chosen mainly for illustration, it is interesting to
ask whether varying them further improves the agreement with the data and allows one to
resolve the residual differences in the region where the nonperturbative model is effective.
In figure 13 we thus show the same nonperturbative variations as in section 4.2, again at
N3LL' + O(a?), but in this case using the MSHT20an31o (left) and NNPDF40an31o sets (right).
Taken at face value, no single parameter variation follows the entire data trend, but the
typical size of the effect of short-distance variations in the Collins-Soper kernel and the TMD
PDF effective model easily accounts for the remaining differences.

5 Results for cumulative fiducial pZ cross sections

Our earlier observation of differences between PDF sets at the level of the unnormalized
spectrum leads us to consider the cumulative p% cross section, defined in terms of the fiducial
p:% spectrum as follows,

o™ = [ dar 5= 6.1
ar

which can readily be computed in our framework by accumulating over bins in our previous
predictions. To estimate perturbative uncertainties in this case, we perform the envelopes
defined in section 4.1 after accumulating over bins, i.e., we treat the individual variations
entering the envelope as fully correlated across bins. We stress that while this amounts to an
ad-hoc assumption on the profile scale variations of section 4.1, it is, of course, a well-defined
procedure for the parametric nonperturbative, a,, and collinear PDF variations described
in sections 4.2 and 4.3. The correct correlations of the perturbative uncertainties in gy can
be fully accounted for using the approach of refs. [173, 174].
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Figure 15. Left: breakdown of perturbative uncertainties contributing to the cumulative fiducial
cross section at N®LL’ + O(a?). Right: impact of parameter variations in the nonperturbative TMD
models on the cumulative fiducial cross section at N3LL’ 4+ O(a32). For illustration, we also compare
to the estimated size Aper¢ of the total perturbative uncertainty.

We compare our predictions to the CMS 13 TeV measurement in the pp~ channel [11]
using dressed muons. Both the unnormalized fiducial spectrum and its complete experimen-
tal covariance matrix were reported for this channel, allowing us to fully reconstruct the
experimental uncertainty on the cumulative cross section as a function of ¢7**. Our results
are shown in figure 14. We again observe excellent perturbative coverage and convergence,
this time at the level of the cumulative cross section, with the total perturbative uncertainty
estimate below the percent level at N3LL/ + O(a2), on par with the experimental uncertainty
if one excludes the common overall luminosity uncertainty. The prediction for our default
MSHT20nnlo PDF set overshoots the data, but the difference can easily be accounted for, as
we will see below, by the spread between NNLO PDF sets.

To substantiate the percent-level perturbative precision of the N3LL/ + O(a2) result,
we consider the breakdown of the perturbative uncertainty in the left panel of figure 15.

We find that the matching uncertainty, which increases with ¢7'**, plays a crucial role in
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fiducial cross section at N3LL' 4+ O(a2), compared to the CMS 13 TeV measurement [11]. The black
(gray) bars indicate the experimental uncertainty excluding (including) the luminosity uncertainty.

stabilizing the uncertainty estimate towards the fixed-order region. While an uncertainty of
< 0.6% at ¢F** > 30 GeV may seem aggressive even for a three-loop prediction, we believe
that our careful estimate derived from a large number of sources is reliable (and indeed could
be considered conservative at the level of the spectrum). In the right panel of figure 15
we consider the impact of the same model parameter variations encoding nonperturbative
TMD that we previously introduced in section 4.2. We find that the relative impact of any
reasonably sized variations is at the permille level already for ¢p** > 25 GeV, as expected
from their (1/¢#2)? falloff. This suggests that while the cumulative cross section in this
region is still sensitive to the effects of perturbative resummation, it is essentially unaffected
by genuinely nonperturbative physics, implying that it is fully predicted in terms of the
strong coupling and the collinear PDFs.

Turning now to the top left panel of figure 16, we see that the impact of strong coupling
variations of 0.118 £+ 0.001 on the cumulative cross section is small and roughly of O(1%),
which should be contrasted with the much stronger impact of s on the shape of the spectrum,
see the top left panel of figure 9. The most interesting observation of this section is found in
the top right and bottom panels of figure 16, where we compare the impact of alternate PDF
choices and PDF parametric uncertainties on the prediction for NNLO PDFs and aN3LO
PDFs, respectively. Keeping in mind the < 1% perturbative accuracy of our predictions,
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| NNLL+0O(as) | N*LL+0(a2) | NSLL' + O(?)
Wt 4294.6 4277.6 4230.3
W 32815 3257.8 3220.1

o0 [pb]
Table 5. Normalization factors for the fiducial p'¥ spectra shown in figure 17.

we find that our prediction together with the similarly precise experimental data can easily
distinguish between both NNLO and aN3LO PDF sets, and also constrain them further to
a fraction of their currently quoted uncertainties.

Discussion. Our findings for the cumulative cross section suggest an appealing strategy to
perform PDF fits at complete three-loop accuracy using our predictions here. Specifically, one
could envision a scheme where the nonsingular cross sections at O(a?) and O(a?), which are
numerically extremely expensive but small, are computed only once at a reference PDF set
and then treated as a fixed bias correction while propagating the PDF through the orders of
magnitude cheaper resummed cross section during the fit. The latter has complete three-loop
accuracy, but much more beneficial scaling of computational cost with the loop order. Such a
scheme is particularly attractive given that PDF fit templates at complete N3LO accuracy, as
required to further improve on the existing aN3LO PDF fits [27-31], are still lacking beyond
total inclusive cross sections [190], and have to be extrapolated to fiducial quantities using
K factors. By contrast, the scheme we propose here could even be extended easily to the
cumulative cross section differential in rapidity at negligible additional cost (mainly due
to the more differential reference nonsingular). Importantly, our findings for the impact of
nonperturbative TMD physics confirm that while resummation sensitive, the cumulative
cross section for the ¢p®* values of interest is in fact nearly free of nonperturbative effects
and well suited for a perturbative QCD fit at leading twist.

6 Results for the fiducial p,_,"Y * spectrum

We finally use our setup to provide predictions for the transverse momentum spectrum of
W and W~ bosons at the LHC. We apply the following set of reference fiducial cuts,

pr > 25GeV me| < 2.5, p§>25GeV,  mpw > 50GeV (6.1)

where the definition of a “transverse mass” often used in W analyses reads
2 L 2 S0 v 2
mrw = (pr +p7)” — (Or + D7) (6.2)

and it is understood that the magnitude and direction of P are reconstructed from the missing
transverse energy and transverse momentum in the event. Our results for the normalized
pgy spectrum, its perturbative uncertainty, and the perturbative uncertainty breakdown, are
shown in figure 17. To account for the slightly larger nonsingular cross section due to the
lower effective value of @), we here choose to normalize our predictions to a reference range of
0 < gr < 60GeV, with normalization factors given in table 5. We find that most features of
the prediction, notably including the perturbative convergence and coverage, closely resemble
those we found for the p% spectrum. An interesting difference between the two is found when
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Figure 17. The normalized transverse momentum spectrum (top), its relative difference to the
highest-order prediction (middle), and the complete perturbative uncertainty decomposition in terms
of each conributing source (bottom) for W (left) and W~ (right) production.

considering the “factorization scale” uncertainty Apgrap, see eq. (4.13), which has a much
more pronounced peak at gr ~ 12GeV in this case, reaching a peak height of about 2%.
As previously found for the Z, these oscillations are due to the discontinuity of the PDF p
dependence at the bottom quark threshold, and in this case — to our understanding — are
more pronounced because the sea and heavy quark channels (strange and charm) relevant
here are more susceptible than valence quarks to the discontinuous change in the gluon
PDF. We note that an alternate, more direct way of assessing these kinds of secondary
heavy-quark effects would consist of performing variations of the bottom-quark decoupling
scale up away from the canonical pp, = my.
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Figure 18. Impact of parameter variations in the nonperturbative TMD models on the normalized
W (left) and W~ (right) pr spectrum at N3LL’ + O(a?). For illustration, we also compare to the
estimated size Apere of the perturbative uncertainty.

Finally, the impact of the nonperturbative parameter variations described in section 4.2
on the pi,W spectra is shown in figure 18. While the W and W~ cases closely resemble each
other and the Z results in figure 8, we remind the reader that the interpretation and value
of the effective parameter {2y, encoding the TMD PDF boundary conditions is in principle
different for each of V.= Z, W+, W™, and correlations between them must necessarily be
predicted from a full TMD flavor model. By contrast, for an analysis as in ref. [21] involving
only W bosons, but no tuning to the Z, effective (rapidity-dependent) nonperturbative
functions are fully sufficient, as we proved in sections 3.3 and 3.4.

7 Summary and conclusions

In this paper, we have provided state-of-the-art QCD precision predictions for the transverse
momentum (gr) spectra of electroweak bosons at the LHC up to N3LL/ and approximate
N*LL in resummation-improved perturbation theory, matched to available O(a?) fixed-order
results. Our predictions fully account for the effect of realistic fiducial selection cuts on the
decay leptons, incorporate the entire relevant and available perturbative information at three,
four, and five-loop order in QCD, and feature a rigorously defined field-theoretic description of
the nonperturbative TMD physics at small g7 2 Aqcp. We have placed particular emphasis
on careful estimates of the magnitude of residual perturbative uncertainties on our predictions,
also assessing in detail the impact of scheme choices made to perform the matching between
nonperturbative, resummed perturbative, and fixed-order contributions to the spectrum. This
makes our predictions the first of their kind to consistently incorporate all information from
the nonperturbative region of gr 2 Aqcp all the way up to the fixed-order tail gr ~ mz, my
with a complete assessment of the associated matching uncertainties. In addition, we have
studied the parametric strong coupling and PDF uncertainties in detail, finding that NNLO
PDF sets consistently overshoot the data at intermediate g, a mismatch that is successfully
resolved a priori by the recent aN3LO PDF determinations. By contrast, the additional N*LL
Sudakov resummation ingredients at overall aN4LL accuracy only have a negligible impact
beyond the baseline N3LL/ prediction. Our predictions are made possible by a fast, modular,
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and well-tested implementation of N*LL resummation with fiducial cuts in the SCET1ib
numerical C++ library. This scetlib-qT module, for which a public release is foreseen, has
in the meantime already found several applications [21, 26, 78, 174], in particular as a key
ingredient of the recent CMS my measurement [21].

Regarding the treatment of nonperturbative TMD physics, our analysis for the first
time clarifies in detail under what conditions the — in general very complicated — flavor
and Bjorken-x dependence of the nonperturbative quark TMD PDFs can be captured by
a much simpler effective nonperturbative function for a given process. Indeed, we are able
to formally derive the intuitive notion that all nonperturbative effects in the p¥. transverse
momentum and rapidity spectrum of a given resonantly produced electroweak boson V at a
given collider configuration can be captured by a single effective one-dimensional function
of the transverse distance bp. We also showed simple pocket formulas to convert back to
general flavor-dependent TMD models. A similar result holds for the effective two-dimensional
function if the rapidity of V' (or the pseudorapidity of a decay lepton) is measured in addition.
The complexity reduces further to a single nonperturbative number (or a one-dimensional
function of the rapidity) if only the leading quadratic correction of O(AéCDb%) is considered,
generalizing the approach of ref. [152]. While at face value this may seem like a step backward
from the desired goal of TMD universality as assessed by global TMD fits, our insights in
fact have two important uses:

(a) If a self-contained analysis of a single process is performed, e.g. when extracting the
strong coupling from resonant Z production or the W mass from W boson data alone,
our analysis clarifies the most general form of the nonperturbative physics that must be
included in this case. In fact, all of our predictions in this paper for single-differential
resonant p% and pYW spectra make heavy use of this, since it allows us to illustrate
the most general effect of TMD physics (beyond that of the Collins-Soper kernel) by
varying a single parameter {2y in each case.

(b) Conversely, our statements about the validity of effective models can be read as precisely
specifying the maximum information on nonperturbative TMD physics that can be
extracted from a given p¥. spectrum in the context of a global fit. Specifically, in the
idealized limit where the spectrum is measured and perturbatively predicted to perfect
precision, it reduces the most general TMD nonperturbative parameter space by exactly
one dimension at each order in (Aqcpbr)?”.

As an exciting immediate application of our predictions, we have identified a strong
sensitivity of the unnormalized cumulative p% cross section to the physics of collinear PDFs,
with differences between recent PDF sets easily resolved within our three-loop perturbative
and the typical experimental uncertainties. Our framework also allows us to fully assess the
impact of nonperturbative physics on the cumulative cross section, indicating that it is at
the permille level already for a cumulative cut at ¢7®* = 20 GeV. Making use of the power
expansion in (pZ/mz)? valid in this region, we furthermore expect that the small — but
numerically extremely expensive — nonsingular cross section can be treated as a fixed bias
correction in future PDF fits to this observable, while the PDF can easily be propagated exactly
through the much cheaper three-loop resummed cross section during the fit, also differential
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in rapidity. Fits to the cumulative fiducial p% cross section at a value of ¢p®* = 20 — 30 GeV
thus provide a very promising avenue for a numerically inexpensive, but nevertheless fully
three-loop accurate theory template for future improvements to approximate N3LO PDF sets.

In summary, the predictions and conceptual advances in this paper constitute another
important step towards a rigorous and comprehensive study of transverse momentum spectra
at hadron colliders. We look forward to future applications of our results to precision QCD
and electroweak physics at the LHC.
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A Renormalization group solutions at N*LL

The four-loop boundary condition for the rapidity anomalous dimension at a general scale
w ~ 1/br is easily derived from eq. (2.18) in terms of the cusp anomalous dimension and
the recently calculated four-loop constant term 7’4 at pu = bo/by [132, 133]. Using the
conventions and notation of ref. [127], it reads

y 1 s i D - '
P (br, ) = ~Li5 83T + L (B30 — 5 oBiTh — 263T)
5 » L . . .
+ Lj (Qﬂom;o +3637,1 — BTy — 2617 — 350F%)

+ Ly (BoAl o + 261741 + 3BoAk s — 2T%) + 4L, (A.1)

where Ly, = In(b3.u2/b3).
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Next, using the conventions and nomenclature of ref. [61], the N4LL iterative solution
for the running of the strong coupling reads

a(po) a(po) a(po)? ( X-1 21—X+lnX>
= by In X b b
a(n) gy X e (T
Sa(uo)i%[ X?2-1 (1—X 1nX> 3(1—X)2—1n2X]
+€ (471‘)3 b3 92X 2 +boby e +X2 b 5%2
100 L e (X2 X 16X 1)y 2(X X - 212
e o |0 )bt = 6(X — 1)bby +2(X> +X ~2)b3
+(AX? 4+ X 1)bibg — 2(X2 4 X +1)ba ) +6b (X — 1)} + (1= X)biby +b3) In X
3(b 4 262y) In® X + 26 In® X} , (A.2)
where b, = 3,/f0, X =1+ 25 “0) Boln(u/mo), and € = 1 is a bookkeeping parameter for the

order of the expansion. Flnally, using again the techniques and notation of ref. [61], the N*LL
iterative solutions for the building blocks of the Sudakov evolution kernels are given by
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Figure 19. Same as the center left panel of figure 6, but normalizing to the whole kinematic range of
0 < gr < 2.5TeV instead. For the purposes of this plot, we in addition switched to the NNPDF40nnlo
PDF set as baseline, cf. figure 9, and turned off the nonperturbative model for use as a reference. Further
modifications are described in the text. The prediction at the highest order still visibly overshoots
the data for gr > 20 GeV with these settings, and is not compatible with it within uncertainty.

| NNLL+0O(a,) | N3LL+0(a2) | NSLL + O(a?)
o [pb] |

724.01 \ 728.9 \ 792.1

Table 6. Normalization factors for the fiducial pZ spectrum shown in figure 19.
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where in addition T, = I',/To, 0 = Yn/7%0, and 7 = as(p)/as(po).

B Reference results for spectra normalized to the full gr range

In this appendix we provide reference results for the fiducial p% spectrum normalized on the
whole kinematic range, i.e., extending all the way into the far fixed-order tail. To do so, we
directly use the fixed-order data from ref. [43] to perform the matching without additional
modification, also adopting the original slicing cut of ¢g§"* = 0.447 GeV used in that reference,
and switch to NNPDF40nnlo as the baseline PDF set. For consistency and ease of comparison
with the resummed component of ref. [43] (and the integrated counterterm, i.e., the fixed-order
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singular cross section, in the N3LO results of ref. [43]), we furthermore switch off all singlet
terms in the hard function and switch off the nonperturbative model by setting

wyg=07=0. (B.1)

Our results with these settings are shown in figure 19, with normalization factors (i.e., total
fiducial Drell-Yan cross sections) reported in table 6. As further consistency checks against
the fixed-order results reported in ref. [43], we have verified that the LO cross section agrees in
all significant digits, and that the O(a?) increment to the fixed-order cross section, reported
as —18.7(1.1) pb in ref. [43], is in numerical agreement with our result of —19.0(1.1) pb

within numerical uncertainty.'®
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