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ABSTRACT: The search for new interactions and particles in high-energy collider physics
relies on precise background predictions. This has led to many advances in combining
precise fixed-order cross-section calculations with detailed event generator simulations. In
recent years, fixed-order QCD calculations of inclusive cross sections at N3LO precision
have emerged, followed by an impressive progress at producing differential results. Once
differential results become publicly available, it would be prudent to embed these into
event generators to allow the community to leverage these advances. This note offers some
concrete thoughts on ME+4PS matching at third order in QCD. As a method for testing
these thoughts, a toy calculation of ee™ — wu at O(a?) is constructed, and combined
with an event generator through unitary matching. The toy implementation may serve also
as blueprint for high-precision QCD predictions at future lepton colliders. As a byproduct
of the N3LO matching formula, a new NNLO+PS formula for processes with “additional”
jets is obtained.
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1 General introduction

High-energy collider physics tries to provide insights into a consistent quantum field the-
ory of nature by accumulating immense amounts of experimental data, and confronting it
with precision calculations — the expectation being that enough data on as many scatter-
ing processes as possible might expose flaws in our current understanding. Unfortunately,



since calculations in the Standard Model of particle physics quickly become tedious, hints
of new interactions are often explained by phenomena that were omitted in the background
calculation. This has resulted a large and vibrant sub-community producing precise and
detailed calculations of background processes — especially for experiments at the Large
Hadron Collider. The typical model for calculations used by experimentalists is a com-
bination of higher-order QCD (or electroweak) fixed-order calculations (to obtain the best
available prediction of the highest-energy scattering process), combined with an event gen-
erator handling the evolution of the high-energy particles into composite hadrons, energetic
jets and other remnants of the colliding beams.

The first general methods to improve the precision and/or accuracy of such a com-
putational model emerged at the turn of the century, when the matching of NLO QCD
calculations with event generators [1-3] and the merging of multiple leading-order multi-
jet calculations [4-8] were formulated. This kick-started steady progress of incorporating
higher QCD orders and/or a more accurate treatment of the other SM interactions [9-31].
Apart from a few impressive examples [32, 33], this progress has slowed in recent years, and
is being complemented with improvements of all-order parton showers. Parton showers form
the backbone of matching fixed-order calculations to event generators, by e.g. furnishing
differential subtractions to make unweighted (or unweightable) fixed-order event genera-
tion by Monte-Carlo methods possible. Fully-differential matching procedures are presently
only available in NLO QCD, since the (fully differential) singularity-structure of QCD is not
yet captured by any available parton shower. This has however not prevented several suc-
cessful combinations of NNLO predictions and event generators [31, 34-46]. Phase-space
slicing inspired unitarized merging methods offer a convenient stepping stone towards high
accuracy.

Recent years have seen impressive progress in calculating QCD corrections at N3LO,
both to inclusive cross sections [47-51] and even at differential level [52-60]. Most of
the latter results ([53-56, 58—60]) rely on the subdivision (“slicing”) of phase space into
individually manageable sub-calculations. Such a strategy has already proven successful
in combining NNLO calculations with parton showering [34, 35|, suggesting that a simi-
lar strategy might be successful also at N3LO precision. This hope is further compounded
by [61], which presented a method to match N3LO calculations to (analytic) jet-veto resum-
mation, and by the very recent progress [58-60] combining N3LO inclusive cross sections
with (analytic) transverse-momentum resummation.

This note aims to present ideas towards matching N3LO QCD calculations to event
generators. The overall philosophy of the approach is straight-forward and based on en-
forcing the desired target precision through all-order subtractions inspired by the unitarity
of parton showers. This allows to combine several calculations executed with minimal
phase-space cuts (to avoid the most singular regions) into a precise matched calculation,
similar in spirit to e.g. ¢ [62—-67] or Njettiness-sliced [68-73] fixed-order results. Section 2
will be used to set the scene for the third-order! method from a pedagogic angle, while

The somewhat ill-defined term “third-order” will be used to avoid the impression that N3LO-accurate
results are presented in this note.



section 3 explains the construction of a toy fized-order calculation. In the absence of differ-
ential N3LO calculations that produce finite-weight events, it is convenient to work with a
toy example to validate the third-order matching in a very controlled environment. Details
about third-order matching are set out in section 4, and the suggestions are studied with
the help of the toy calculation in section 5. The note also contains detailed appendices with
background information on parton showers and the implementation of matching factors.

2 Introduction to matching up to NNLO precision

Integrating fixed-order calculations into event generators almost always requires removing
the overlap between the parton shower approximation embedded in the event generator
and the fixed-order result. This overlap can be removed by subtraction or by diving phase
space into disjoint fixed-order and shower regions. Both cases yield the benefit of allowing
for event generation, i.e. the production and storage of finite-weight phase-space points
allowing an analysis independent of the computational details. For the purposes of this
note, it is convenient to take the perspective of a (conventional) parton-shower calculation.
This entails that

e n-parton phase-space points ®,, can be obtained from parton-shower evolution; the
parton shower sums logarithmic enhancements in perturbation theory

e the “separation” of partons is determined by the parton-shower ordering variable
t calculated from their four-momenta; a sequence of ordering variables (as is nec-
essary to assign parton-shower factors) is defined through a parton-shower his-
tory from the lowest- to the highest-multiplicity state; if necessary to determine
an ordering sequence, one amongst all possible histories is chosen probabilisti-
cally (cf. appendix B.2); the entries in a sequence of ordering variables are called
t(Pp),t(P1)...t(Py,) or abbreviated to,t; .. .1,

e unitarity of the evolution holds, i.e. the action of the parton shower does not change
inclusive cross sections; due to unitarity, parton-shower resummation assigns finite (or
vanishing) cross sections even to phase-space points with collinear or soft partons;
parton-shower all-order factors can be used to regularize fixed-order cross sections
evaluated at phase-space points containing collinear or soft partons.

The aim of matching a fixed-order calculation to a parton shower is to combine the strengths
of either approximation, while ensuring that the resulting combination is fixed-order ac-
curate and does not impair the accuracy of the parton-shower resummation. The term
“accuracy of the parton shower” is not immediately obvious. The heavily constraining
definition applied in this note is given in appendix B.3. Before diving into specifics of
matching, figure 1 introduces the features of the notation used throughout this note.
Some examples of this notation that will appear repeatedly are given in table 2. Using
this notation, the action F of the parton-shower on an ensemble of particles &, with
distribution do'”(®,) either leads to no change in any observable O (i.e. O will be still
evaluated at the phase-space point ®,, i.e. O = O(®,) = O,), or to the decay of one or



perturbative order; the order is defined relative to the lowest order necessary to define the function f; combinations may
be used; e.g. (0 + 1) signifies the Born contributions and first-order corrections; a value oo signifies an all-order factor

! l : additional tag to further specify the func-
function of interest; typically, the differential f (i:[Aﬁ\ tion; e.g. [inc] for ”inclusive” or [t.] for
: n

[ ) . C
( ”) : ”exclusive, with veto on real emissions

cross section o, or the Sudakov factor A

above t.”; tags will be defined in the text.

phase space point ¢ at which
the function is evaluated.

parton multiplicity; the number of additional partons is defined relative to the lowest-
multiplicity process; e.g. ete~™ — w entails n = 0, ete™ — uiig means n = 1...

Figure 1. Reference for the sub- and superscript notation used in this note.

more particles:
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where P(t, z, ¢) is the sum of naive parton-shower branching kernels,? and A,, (¢, ,t_) is the
Sudakov factor encapsulating the no-branching rate. The evolution of incoming partons
typically introduces ratios of parton-distribution functions [74]. Such ratios are suppressed
for the sake for readability in this note. The second equality (2.2) is due to the exponential
form of the Sudakov factor,

i+
dt s
Anltsrt) = exp |- f " 12468 Pt 2. 0w (@) (2.3)

t_

t+

dt s
- 1—Jtdzd¢“2§f)P<t, 2 s (Br) (141
t_

2For the sake of not obfuscating the arguments and derivations, the summation over different decay
channels in the parton shower is, though relevant for any implementation, suppressed in the notation of the
main text. In appendix B, the sums are being made explicit when necessary. Furthermore, the fact that
limits of the z-integral may depend on the specific branching is also suppressed.



The notation wy+1(Pp41)An(t4,t) is a symbolic representation of the actual parton-shower
result, which includes a sum over all possible “paths” to arrive at the real-emission phase
space point. Details of parton-shower factors are given in appendix B.7. The main text
will use the shorter, symbolic notation, to avoid over-crowding.

Equation (2.3) shows that by construction, no interval [t;,¢_] will add to the overall
cross section — simply because the integrated radiation pattern between any two scales is
subtracted from the semi-exclusive lowest-multiplicity contribution, such that integrating
over the last line will lead to the original distribution do{” (®,). Viewed slightly differently,
this “parton-shower unitarity” can also be interpreted as calculating a radiation pattern in
the collinear approximation, regularizing the radiation pattern through all-order Sudakov
factors (i.e. the second line of eq. (2.2)), and subtracting the regularized radiation pattern
from the next-lower multiplicity (i.e. the first line of eq. (2.2)). This reasoning can be
exploited to obtain a more precise calculation, by following the steps

1. Choose a precise target lowest-multiplicity prediction

2. Correct the radiation pattern to the desired accuracy, regularize with Sudakov factors
and remove undesired higher orders introduced by this reweighting

3. Subtract the integrated form of the improved radiation pattern from the lowest-

multiplicity contribution

Table 1. The three main steps of unitarized matching/merging.

This “unitarized merging” approach [21, 24, 27| can be performed for an arbitrary ¢_
value. The details of this procedure can become rather intricate — but are manageable,
as elaborated on in appendix B. The unitarized merging paradigm rests on the assump-
tion that the parton shower does not change the inclusive cross section. Certain types of
threshold enhancements are known to violate this condition [75], and are thus typically not
included. However, an appropriate redefinition of the “target prediction” may circumvent
this concern.

As a first example of unitarized matching, it is possible to obtain an NLO-correct

calculation from the previous result, by performing the operations?

dUSLO)(q)n) S do 0+1)[INC}((I>n)

n

do O (@y)as(w)P(t,2,0)/t — do\l” @@, 40)

n

where do DN (®y,) is the inclusive NLO cross section differential (only) in the variables

®,,. The regularization cut Q,+1 > Q. is necessary to regularize a tree-level calculation
of the real-emission configurations. Any functional form of @, that isolates the single-
unresolved limits (of one parton becoming soft, or collinear to another parton) is allowed in
principle, see discussion below eq. (2.4) below. For ease of notation, it will be assumed that
@n+1 — 0 in the single-unresolved limits. The physical interpretation of the “inclusive cross

3These rules are symbolic. In particular, the second replacement rule is only correct up to constants and
Jacobian factors. The complete replacement rule can be found in the dipole factorization formulae in [77].



Q(®n) > Qe

da(o)[Q(@") > Q] ((ﬁn)

n

ALIPS 1)

A (ta, 1)

w;;f% (Prt1)

wg:nk)l (Prt1)

d07(L0+1)[INC] ((I’n>

Q(Pn) < Qe

do,,

M[Qn > Qe A Qni1 < Q]

(®n)

constraint on phase space points ®,: P, should lead to @Q-values
above Q. (cf. appendix B). The notation @, = Q(®,,) will also be
used, for brevity.

the leading-order fully differential cross section to produce the phase-
space point ®,,, under the constraint that the phase-space point ®,,
should pass the @Q-cut with minimal value Q.

the parton-shower Sudakov factor enforcing that the particle ensem-
ble ®,, did not change (via decay) between the scales t,, = t(®,) and

t.. For example, if ®,, consists of the three particles {q, g, g}, then
tn

P _j%dquﬁaéff) (qu+qu+ng+qu) s

te
with the splitting kernels P;; defined in [76]. Unless expressly neces-

AP, 1) =

sary, the abbreviated symbol Ay, (n,t.) will be used synonymously.

the mth term in the expansion of the parton-shower Sudakov factor
pertaining to no emission off the particle ensemble ®,, between the
scales t, and ..

the combination of all parton-shower all-order factors except Su-
dakov factors that the shower would have applied to the ensemble
®,, 1. For ete™ — jets annihilation, wiﬁf%(@nﬂ) = as(tny1)/as(p),
where p is a fixed value of the renormalization scale. For brevity,

the notation wp4+1(®p+1) will be used synonymously.
the mth term in the expansion of the combination above.

the inclusive NLO cross section to produce n additional partons,
differential only in the variables ®,. The real-emission correction
is integrated over the single-parton phase space. The B-cross sec-
tions in the POWHEG method [3] fall under this category. Sym-
bolically, do'y VN (@,) = dol(®,)+ (dag”(@n) + Zn(<1>n)) +
{Z i d@[li] (dcrr(l[ﬁ[f](@nﬂ) - Sﬂrl(&’n, @[Ii]))} where I is the set of
i€l
all singular limits of the real corrections. Sincq;nvarious treatments of
singular limits are possible, this may lead to slightly different defini-
tions of the inclusive cross section. The matching method developed
in this note should be flexible enough to handle differing definitions.

constraint that ®,, should lead to Q-values below Q. (cf. appendix B)

is the exclusive NLO correction, i.e. the NLO rate excluding hard real-
emission corrections with @, +1 > Q.. The cross section is again only
differential in the variables ®,,.

Table 2. Some symbols that will feature heavily in this note. More details on (inclusive and
exclusive) fixed-order cross sections can be found in appendix B.1.



section” should not be over-stretched, since it only provides a suitable model for observables
that cannot resolve any effect of an additional real-emission parton, irrespective of its
hardness. Only very few measurements in a realistic environment have this trait. However,
inclusive cross sections serve, together with differential real-emission cross sections, as
building blocks for more realistic predictions. The steps in table 1 for example suggest
that an NLO matched rate is given by

]_-7(100)[UNLOPS] ((I)m ty, t,)
ty
do PN (@) — J d1do ) (@) 1 (B ) At 1) | O
t_
Ty

+ f dD1do )7 O (@1 Y1 (Pst) A (s b)) FO) (Pt tgr o) (2.4)

t_

where &1 = {t;,4+1, 2, ¢} and ®,,11 = {®,, NP1 }. From this form, it becomes clear that the
most natural functional definition of the cut is @ = (parton shower evolution variable),
making for the most natural value Q). = t_. In this case, the division into an O,-component
and a .7-"7210% (Ppt1,tny1,t—) is — by virtue of eq. (2.2) — completely equivalent to the par-
ton shower result. However, eq. (2.4) is still appropriate if Qn4+1 # tn+1 and the parton
shower has (effectively) vanishing support for Q,+1 < Q.. This means that the calcula-
tion is sub-divided into an n-parton contribution and an n+ > 1 part. The latter are
only included fully differentially above ()., so that ). should be chosen as small as pos-
sible. The presence of many high-energy n-parton contributions might lead to spuriously
large hadronization effects, since these parton ensembles are directly hadronized, with-
out dressing the states with further soft or collinear radiation. Similar concerns may be
raised in any event generator prediction that employs a parton-shower cut-off, since the
no-emission contribution in eq. (2.1) also consists of high-energy few-parton states. In that
case, though, no-emission events are typically rare, such that their hadronization only pro-
duces marginal effects. In eq. (2.4), two contributions that are numerically sampled with
many events cancel to produce a small effective no-emission event count. This procedure
may lead to a higher sensitivity to statistical outliers in the hadronization procedure, i.e.
concerns about hadronization are of technical, not theoretical nature. Nevertheless, for
jet observables that guarantee that states with no emissions or emissions with Q,11 < Q.
are treated inclusively, it is permissible to replace O, with the action of a parton shower
f,soo’Q”KQC)((I)n,tJr,t,) that omits emissions with Q41 > Q.. This might improve the
transition to the non-perturbative regime. This note will continue to use the notation
“0y,”, leaving the possibility of such a replacement implicit. Further comments on this
“sliced” or “binned” approach are given in appendix C.

The extension to a unitarized NNLO matching scheme is possible once an NLO-accurate
rate beyond lowest multiplicity is available. This can be combined with an inclusive NNLO

cross section do’T' PN (,,) that is differential (only) in the lowest-multiplicity variables



®,,. It is useful to introduce the short notation*

t+

§Ui+1(‘1’i+1) = Jd‘bl Ot(®iy1) —t7] Ot — t(®iy1)] oig1(Pig1)
d
1 = {tit1, zit1, it1}, Pip1 = {0 NP1}
for the integrations in the all-order subtraction terms. Assuming that O; is a measurement

of all degrees of freedom of the phase-space point ®; (so that the second integral in eq. (2.4)
can be omitted for lighter notation), the UN?LOPS matching formula then reads

FNNLOY (@, 4,8 ) = [ doPTHIIN (@) (2.5)

t+

—j( dagﬁ[{g““ g QC]((I)nH) (1 —w(y (®n41) — AS)(H,tn+1))An(t+ytn+1) wgf%(q>n+l)

t—
tT

~ f do {10 = (@, 1) WD) (@n1)Anltstasr) | On

ha
+ dUT(zOJZ[lQnH > (Pnt1) (1 — i) (@ns1) — AD (84, tn+1)> Ap(ts,tnt1) wygoﬂ(q)n—s—l)

+do ()10 > QN 1) W) (Bnsn) Ante, tas)

n
tT

0)[Qn+2 > Qe o S
_§d‘7§~2[2 - ]((I’n+2) W (@ )W) (Prg2) An (b, tnr1) Angr (tni, tat2) | Ont1
ha
0)[Qni2 > Q. oo oo
+ dUT(L+)[2 " }((I)n+2) W) (Prg )WY (Prit2) An (b, tns1) Ans (g1, o)

® ‘Fr(zi—og(q)nﬁ—% tn+2a t—) .

Upon integration over both one- and two-parton states, the terms in (and multiplying) the
boxes -, - and - cancel pairwise, leaving only the desired NNLO inclusive cross section.
Integrating only over two-parton states, the terms in - cancel, so that for observables that
require (n + 1)-parton ensembles, NLO precision is guaranteed. Note that for these (n+1)-
parton observables, the impact of (parton-shower) resummation at higher orders remains
if t4 > t, 11, as desired. The accuracy of the resummation procedure is not jeopardized by
the matching, as the all-order factors are only shifted by finite, multiplicative, fixed-order
factors (e.g. daf}l[l@"“ > Q] (®541)). Also, no assumption on the logarithmic accuracy of the
parton shower needs to be made.

4The method to numerically generate such ¢ integrals is based on the parton shower, and is described
in appendix B.4.



To avoid over-complicating the discussion at this point, eq. (2.5) assumes that all two-
parton states admit an interpretation as ordered sequence of parton-shower transitions at
scales t,,41 and t,42 < tp41. This assumption heavily depends on the details of the parton-
shower, as well as the hard-scattering process, and does not necessarily hold in all regions of
phase space. The bulk of the cross section is captured by configurations with parton-shower
interpretation, but additional “non-shower” configurations (called unordered in [23, 78], and
exceptional in [34]) need to be considered for an accurate prediction of sub-dominant phase-
space regions. This complication (and related complications when matching three-parton
states) are neglected in the main text, as well as the for the closure test in section 5. A
detailed discussion based on parton-shower ideas is given in appendix C.1. In a full-fledged
matching implementation, the treatment of non-shower configurations will also depend on
the details of the necessary fixed-order (input) calculations.

The use of inclusive cross sections allows for particularly simple pairwise cancella-
tion between configurations differing always by one parton. However, cross sections like
dol0TIINC(p ) or dolPTHFIINC () are often difficult to obtain due to the required integra-
tions over the real-emission phase space. While inclusive cross sections are not available,
it is easy to adjust the unitarized prescription to rely on “jet-vetoed” (“exclusive”) cross
sections instead.” If the veto scale is sufficiently small, these can be obtained by expanding
resummed analytic calculations. A sufficiently small veto scale further allows to combine
these jet-vetoed cross sections with higher-multiplicity cross sections to form precise results
that differ from the exact fixed-order results only by very small power corrections. This
strategy is e.g. employed by ¢ - or Njettiness-sliced fixed-order calculations. When using
only jet-vetoed cross sections, and introducing another short-hand,

-

j%g oit2(Pit2) =

rhd

Jd‘l’l Ot (Piy1) —t7] Ot — t(Pi11)] Jd% Ot(Piva) —t7] Ot — t(Pi12)] 0it2(Piva)

where ®1 = {tiy1, 2i41, dir1}, P1 = {tit2, zi42, dira}, Pig1 = {®i NP1}, iy = {Pip1 N
®,}, the unitarized NNLO matching prescription becomes

.FT(LOO)[UN2LOPS] ((I)na e, t_) — d0.7(10+1+2)[Qn+1 < Qe AQui2 < Qc ((I)n)
t+
+§ do = w0
hetl

12 = (1= w8 @ns2) = AL 1) ) At b1} (@)

5As was the case for “inclusive cross sections”, the physical meaning of “exclusive cross section” should
not be over-stated. Exclusive cross sections are employed as one component of a realistic prediction.
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t—
tT

0 n+2 c n oo n
+% d0—1(1—+)-[2Q =@ }((I)n-l-Q) []ln+2 - w’51+%(¢n+1)An(t+7t?’l"‘l)]l'ni? ] On

rad

0)[Qn e oo
+ dcT,(l_,)_[lQ e ](q)nﬂ) (1 —wi) ) (Bni1) — AS)(H,tn+1))An(t+7tn+1)w£+i(‘1’n+1)
1]@Qn Qe N Qn Qe oo
+ dO'T(H)_[l e s ](<I)n+1) wSLJri((I)nle)An(tJrvtnle)
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- <)(I) 1 ()Q zAt t ]A ]t ]t ) O
wn ]( n+ )wn 2( n+) n(+7 n+) n+(n+7n+) n+1

0 Qn > Qc oo e}
+d07(1—4)-[2 +2 ]((I)n+2) w'£1+:)l(¢n+1)wi+;(®n+2)An(t+;tn+1)An+l(tn+1;tn+2)

® qu(f%(q)mrz, tnt2,t-). (2.6)

The main difference to the previous result is that the improved radiation patterns are only
partially subtracted from the lower-multiplicity configurations, so that the full inclusive
cross section is recovered upon integration. The coupling-independent kinematic factors
]12+j ~ 1 ensure that the method to generate complementary i-parton contributions from
1 + j-parton contributions does not introduce ®;-dependent biases that are not present
in an inclusive fixed-order calculation. These factors need to be included to reconcile
the requirement that the parton-shower accuracy is preserved (see appendix B.3 for the
definition of “shower accuracy”), and the requirement that the result is unbiased when
expanded to fixed order. It is sufficient to think of ]liﬂ =1 on first reading.b

The cancellation mechanism between matched contributions in eq. (2.6) is now slightly
more involved than in eq. (2.5), since the two-jet contributions - now also cancel between
one- and zero-jet observables. Note that eq. (2.6) deviates slightly from the matching
formula presented in [34], since the original proposition builds on an MC@NLO-matched
one-jet radiation pattern, and handles the running QCD coupling differently. The matching

5The reason for non-unity ]lf'j factors is explained in appendix B.4. While inclusive predictions us-
ing eq. (2.6) are prone to methodological bias (since exact complements need to be generated), exclusive
predictions using eq. (2.5) can exhibit related issues, since the first term in the expansion of the unitarity
subtraction should remove integrated hard jet configurations — which again has should avoid unwanted
bias. Any unitary matching or merging method is prone to these issues. The similarity of using unitarity
subtractions to the subtractions in the recent Projection-to-Born method [79] suggests that, if a selection
between several Born-level states were required in that method, similar considerations may also become
relevant. An assessment of ILZ:H factors required for the present note is given in appendix B.5.

~10 -



formula (2.6) is closely related to the UNLOPS-PC prescription in [80]. Either method has
benefits and down-sides, as discussed in appendix C.

Generalizations of the unitarized matching procedure to higher precision will also follow
the logic suggested in table 1. Section 4 employs this reasoning to introduce a third-order
prescription, reusing eq. (2.6) in the process.

3 Constructing a toy fixed-order implementation for closure testing

To extend the precision of an event generator calculation to higher order, precise fixed-
order calculations are required. This serves both as testing ground for new developments
as well as physics deliverable. This note will only be concerned with the testing aspect
of the method, since no differential N3LO calculations are available at present. A very
controlled testing environment is in itself quite useful when developing a concrete matching
implementation. To this end, a toy third-order calculation is constructed by combining and
rescaling readily available tree-level results. This allows maximal control, and enables tests
that would not be possible in a theoretically more rigorous calculation.

Gluonic corrections to ete™ — uu form the simplest laboratory for third-order match-
ing ideas, due to the uncolored, non-composite initial state. To be applicable to hadron
collider predictions, the matching prescription presented in section 4 would require a de-
tailed — and currently absent — understanding of the interplay between the factorization
of parton distribution functions (PDFs) and renormalization within parton shower resum-
mation.” The toy third-order calculation for ete™ — uiw is constructed by

1. Producing tree-level event samples do'(()o)((I)o), da%o)[s(q)l) - SC](@l), do’éo)[s(%) ” SC](CIDQ)

(0)[S(®3) > S.] (‘I)g)

and dos for ete™ — uu + ng where 0 < n < 3. For n > 0, very

minimal regularization cuts S(®,,) > S, are applied on the projection of the (sum of)
gluon four-momenta onto the four-momenta of the other partons, see appendix B.5.

2. Constructing a sequence of toy fixed-order calculations. A toy exclusive NLO calcula-
tion for four-parton states is constructed from do{”®(*2>%)(@,) and do{?*(*)>5)(¢,) by

dg§0+1)[TOY] () (3.1)
- { J d(p2do.é0)[5(‘1>2) > Se A Q(P2) > Qc] (®)

s G G G
: {1 + o (agqué + a5” ygg1 + a3 Yags + 3% Yag, + a3 yag, + aggygg)}

_ f d¢3d0§0)[5<¢‘3) > Se A Q(22) > QC](q)B) } 02

+ J d@3d0§0)[5(‘?3) > Se AQ(P2) > Qe A Q(P3) < Qc](q)s) 02

7 Also, current N3LO calculations for hadron collider processes employ NNLO PDF fits (as N3LO PDF fits
are not yet available), leading to further PDF-related ambiguities, see e.g. [51]. Lepton colliders provide a
more solid environment for developing N3LO-+PS methods.

- 11 -



_ fd(I)Q{ dJéO+1)[TOYINC]((I)2)

_ f d(I)Rdgéo)[S(‘I’s) > Se AQ(P2) > Qe A Q(P3) > Qcl (®3) } 09 (32)

~ d0§0+1)[Q(‘I’2) > Qe A Q(P3) < Qc) (@2) ’

where the “TOYINC” contribution is a short-hand for term oc g2 [---], d®g are the
degrees of freedom for one additional parton, and y;; = 2p;p; /MZ%. The method
to produce d®g integrals and the application of Q)-constraints are explained in ap-
pendix B.5. The term in - serves as proxy of logarithmic contributions of loop
integrals, the - term as real contribution below the jet veto scale, and the rescaling

Qs

2w
between real and virtual corrections. The [-] term in eq. (3.2) only depends on five-

[- - - ] mimics the deformation of the spectra at NLO, after cancellation of logarithms

parton states away from the phase space boundaries (since Q(®2) > Q. AQ(P3) > Q.)
— the cancellation of real and virtual corrections close to the boundary is explicit,
as is the miscancellation away from the boundary due to the veto condition. This
also means that a dependence on the regularization criterion S(®,,) is effectively ab-
sent. Overall, this toy prediction has features typical for fixed-order jet-vetoed cross
sections, e.g. a strongly negative contribution.

A toy NNLO calculation for three-parton states is constructed from do{?*(*1>5(¢,)
and do_é0+1)[TOYINC]((I)2) by

d0_§0+1+2)[TOY} (1) (3.3)
— { J d@ldago)[s@l) > Sc A Q(2P1) > Qc] (®1)

Qs

2

Qs G 7 2 a -
: [1 + m (a({qué +afyqg + a‘{gy@) + ( ) (b({qué + b1%yqg + bggyég)}

_ fd%daéo“)novmc,cz@l)>Qc](¢2) }01
4 fdq)zdaéoJrl)[TOYINC,Q(‘Pl)>Qc/\Q(‘1>2)<Qc](q)2) O,

= J d@l{ do{H1FAITOVING (g (3.4)

o J d@RdUéU—H)[TOYINC,Q(@l) > Qe A Q(P2) > Qc]((I,Q) } 0,

~ d0_§0+1+2)[Q(‘1’1) > Qe NQ(P2) < Qe ANQ(P3) < Qc](q)l) )

Again, the term in - approximates loop integrals, the - term implements jet-
vetoed real-contributions, and a rescaling that mimics finite NNLO corrections is

- 12 —



included. Again, the miscancellation due to the veto condition is again explicit.
Finally, the toy N3LO calculation for two-parton states is assembled from do”(®)
and d0_§0+1+2)[TOYINC] (@) by

do_(()0+1+2+3)[TOY] (Do) (3.5)

_ { f d®odo” (®o)

: {1 + ;7 (a8 yqe + al yae) + (

Qs

2 —
27r> (68" (1 = yge) I yge + b5 (1 — yge) In e

as\? G .
+ (ﬁ) (cgeyqe oS 27Yqe + o Yge SIN 27que)]

- fdq)1d0_50+1+2)[TOYINC]((I>1) }OO

+ Jdq)ldogouu)[TOYINc,Q(cbl)<QCJ(¢1) Oo

_ fdq)o{do_(()0+1+2+3)[TOYINC](Cbo) (3.6)

. JdQRdU§0+1+3)[TOYINC,Q(<I>1) > Qu](q)l) } OO

~ d080+1+2+3)[Q(‘I’1) < Qe AQ(P2) < Qe A Q(P3) < Q] ((DO) )

The argument for including the terms in colored boxes is identical to the previous
cross sections. The peculiar functional dependences multiplying the coefficients ag,
by or ¢ would never arise from QCD corrections, but are chosen to allow for very
clean closure testing.

X bX

-, b7 and 05( in the toy calculation to produce exaggerated

3. Choosing the coefficients a
higher-order effects. The reproduction of these effects in the full third-order matched
calculation will serve as affirmation of the correctness of the matching implementa-

tion. Explicit values are given in table 5.

The resulting toy calculations exhibit the typical features of jet-vetoed cross sections, and
thus serve as a realistic laboratory to test third-order matching ideas.

4 Third-order matching

Having constructed a toy third-order calculation, one step towards concrete third-order
event generators has been taken. This calculation should now be combined with parton
shower evolution in a manner that guarantees that neither the accuracy of the fixed-order
inputs nor of the parton shower are impaired. A unitarized matching ansatz offers a
convenient route, since it does not put stringent (and not yet obtainable) restrictions on the
parton shower implementation. The only relevant constraint is that on-shell intermediate
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states should exist at each step in the parton shower evolution, and that the parton-shower
rate of any (pre-generated) phase-space point can be calculated numerically. The outlook
in section 6 will theorize on other potential third-order matching methods. A third-order
matching method should fulfill the criteria

1. 3rd-order precision for inclusive zero-jet observables

2. 2nd-order precision for one-jet observables, combined with resummation when the
jet becomes unresolved

3. 1st-order precision for two-jet observables, combined with resummed effects when
either of the two jets becomes unresolved individually

4. Oth-order precision for three-jet observables, combined with resummed effects
when any of the three jets become unresolved individually

5. parton-shower resummation of any observable sensitive to unresolved partons
should not be impaired

Table 3. The criteria for a consistent N3LO matching method.

The starting point for a simple third-order matching is the availability of an NNLO+PS-

2
matched +1-parton calculation ]-‘flfl)[UN LOPS, Q(®1) > Qc]

and the availability of an N3LO jet-vetoed +0-jet cross section

(®y,t4,t—) performed using eq. (2.6),

do(OHIF2E3[Q(E) < QoA Q(®2) < QA Q) <QJ() (= doOTIT2HIIEXC] (G ) for brevity).

The recent emergence of N3LO differential cross sections in ¢ subtraction and Projection-
to-Born methods suggests that this is not a particularly far-fetched requirement. The
construction of the simple third-order matching method proceeds in the same spirit as the
UN?LOPS matching prescription. Concretely, the method is constructed in the following
steps:

A. Regularize a one-jet UN?LOPS calculation with A, (¢4,t,41) factors so that the
hardest jet can become unresolved.

B. Remove unwanted NNLO terms from the regularized one-jet spectrum.

C. Unitarize, i.e. subtract one-jet spectrum from zero-jet terms.

D. Include an N3LO jet-vetoed zero-jet cross section.

The result is a valid third-order matching method, and will be referred to as TOMTE (for
third-order matched transition events). It should be noted that the prescription does not
depend on the toy fixed-order calculation introduced before — the TOMTE method would
yield an N3LO-+PS prediction given appropriate inputs. Furthermore, the scheme does not
depend on the details of the parton shower, meaning that improved showers with reduced
uncertainty will directly improve the TOMTE method and decrease its uncertainty in regions
dominated by partons becoming unresolved.
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4.1 Constructing the improved radiation pattern

The baseline for producing a precise radiation pattern is eq. (2.6) after performing
the shift n — n 4+ 1. In this case, NNLO accuracy means that no unwanted terms

are introduced at O(a?). Conversely, this means that reweighting most contributions
. (00)[UN2LOPS]
m F,

sult in O(a$) shifts. There are two terms that, when reweighted, threaten to intro-

duce undesirable contributions. The first is the is the jet-vetoed 1-parton cross section
(0+142)[Qn+2 < Qe A Qnis < Qc]

(®nt1,t4,t-) with Sudakov- and running-coupling factors will only re-

do, (®n+1). The potentially problematic term can be isolated by
04+142)[Qn+2 c n+3 c
do-'r(L—:rlJr NQni2 < Qe AQuy <Q}((I>n+1) (41)

= do\Z) e =9 @ <@ ) 4 do (0 TN (@) + dol )y (@)
Any reweighting of the first term will only introduce terms of O(a?) or higher, while the
second term requires careful consideration. Further unsafe terms are highlighted through
* in eq. (2.6). An appropriate weighting strategy is outlined in section 4.2. Performing the
replacement in eq. (4.1), and introducing the placeholders u;, us, u3 and uy for the correct
weights of dangerous terms, the one-jet contribution for TOMTE can be written as

J—_-T(Liol)[UNzLOPSleOMTE](@TH—I’ ts, t_)

(2)[Qn+2 < Qe AQnys < Qc]

= Ont1 do, i3 (Pnt1) wiﬁi(q)n-&-l)An(t-htn-&-l)
0)|Qn Qe 1)|Qn Qe
oy N @) w0 @) 0
-
0)|Qn c
i § dafwi[zQ e ](‘I’n+2) us
hd
o+

(1)|Qn+2 > Qe AN Qny3 < Qc o0
+ § don+[2 i " ](q)nJr?) wi+i(®n+1)A”(t+a tn+1)
he

® [1007 — wiTh(@nt2)Antt (tH(@rs1, tns2) |

t+
(0)[Qn+3 > Qe oo
+ % dUn+[3 I ](q)n+3) w1(1+i((1)n+1)An(t+7tn+1)
pht
® [1073 — wi)(®nt2)Antiltnr, tare) - 1073 |
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0)|Qn Qe
+ On+2 dO’il[Q +2 > }(¢n+2) U4

(D[Qnt2 > Qe A Qnis < Qc]

+ doy, s (Pnt2)
® W) (Pt )W (Prt2) An(te, tnt1)Ant1 (HPrt1, tnta)
t+

(0)|Q@n+3 > Qe
+ é d0n+L " ](CI)”+3)|: wgboﬂ(‘I’n+1)w£ﬁ;(q’n+2)An(t+,tn+1)An+1(tn+1,tn+2) . JIZIS

a
W1 (Prg1)Wnt2(Prt2) Wnts(Pria) An(ts, tnt1) Anta(tns1, tns2) Anio(tnta, tnts)

b 0> (g, )

® Wnt1(Prg1)Wnr2(Prt2)Wnt3(Prt3) An (s tnt1) ADnt1 (Ent1, tat2) Anta(tnre, tnrs)

& FLH (@i tugsit-) (4.2)
where t,+1 was chosen as upper scale in A, to ensure non-overlapping resummation
regions, as required to maintain the parton-shower accuracy.

4.2 Removing undesirable O(a?) terms from the radiation pattern

To obtain an appropriate radiation pattern, a correct weighting strategy for the terms
proportional to

daﬁg)_[QQnm > Q) ((I)n+2) and (4.3)
do'\V V@ = 9N @, ) = dol) (@ 0) + dol ) <0 (@) (4.4)

has to be established. This weighting should not introduce unwanted O(a?) terms, while
ensuring that the resulting terms are regularized as Q. — 0. Luckily, the O,1 contribution
to the UN?LOPS matching formula for n-parton processes (eq. (2.6)) can act as a blueprint,
since that calculation can be regarded as an approximation to the O, contribution in
TOMTE. In the O,41 contribution of UN2LOPS, the tree-level components are multiplied
by the subtracted parton-shower factors
1 1

{1 —wl )y (Pnyr) — AD(t, tn+1)}An(t+7 by 1) W) (i)
to avoid over-counting universal virtual corrections [34]. The same logic can be applied to
the parton-shower reweighting for the O(a?) contributions to eq. (4.4), i.e.

o <,
B0 o) = (@) Aty tagn)wlT] (@)
repair O ai weights 2 .
P SO W o ) S 9N @) Aty g )0 (Papr)  (45)

[1 — ) (@) — AD (1, tnﬂ)} .

This determines us.
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The weighting of the O(al) pieces of eq. (4.4) also need careful consideration. Starting
from eq. (2.6), reweighting with subtracted parton-shower factors is appropriate. However,
the subtracted parton-shower terms need to be expanded to second order to avoid spurious
O(a?) terms. This suggests the shifts

do%) (Bp41)

“CD o)) (@nir) At tugr) W) (Prsr)

: {1 - wﬁl@nﬂ) — AW, tn+1)}

repair O(a?) weights

do®) (@n11) Aty tns) W) (@ni1) (4.6)

@ [1=wly (@n1) =l (@ni1) = AD (b tnsn) = AR (1, i)

2 2
+ (AWt b))+ (0l (@) + wl) (@) AD (Er )]

to ensure an appropriately weighted NLO cross section for exclusive (n + 1)-parton config-
urations. The last line removes undesirable O(a?2) terms in the expansion of the all-order-
reweighted O(al) subtractions, and determines ;.

Finally, the two-jet leading-order contribution (eq. (4.3)) requires care, since it appears
with observable dependence O, 12, and, through unitarization and to complement the jet-
vetoed cross section, with O,41 dependence. This leads to several boundary conditions on
suitable weights, as discussed in appendix C. A suitable strategy is to use

Onta dol5 > @ (@ 10) wg = Opya dol5 > (@, 19) (4.7)
@ At togt) At (bt tos2) T (@1 )T (Prrra)

® (1 - wr(zlll(q)nﬂ) - w511422(‘1)n+2) — APty b)) — A7(11—&)—1(tn+1atn+2)) ;

as contribution to O,42 observables, fixing us. The contribution to O,41 cross sections
contains the complement to a jet-vetoed cross section, and the unitarity subtraction of the
Op42 contribution. Thus,

Ons1 do' i+ > L@, 10) ug = Opy do 052> ¥ (@,,15) (4.8)
® [ At b 0T (@ag) - (1= wply (@nin) = AD (b4, tag))
— Ap(ty, tn+1)w7(~bﬁ (Pry1)Ansi(tny, tn+2)w,(ff% (Pny2)
(1= 0l @) — 0y (@ar2) = AD (4 tarn) = ALt tm))] .

This then defines uz, and concludes the discussion of terms that cannot be trivially
reweighted. After these considerations, the complete (n 4 1)-parton spectrum for TOMTE
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is finally given by

(00)[UN2LOPS 4 TOMTE
‘Fn+1[ }((b7l+17t+a t*) =
On+1
(2)|Qnt2 < Qe A Qn+3 < Qc o
do'3m e 29,0 Aulte )0l (@)

+ dol®) (Prs1) Anltr,tnr)w T (Poti)

® [1 —wl (@r1) = 02 (@ng1) = AL (b tngr) — AP (4, tng)

2 2
+ (AD (4, b)) + (wﬁ}jl(cbnﬂ)) + wfﬁl(@nﬂmg})(m,tnﬂ)}

D)|Qn < Qe o)
+ ot N = @) At b)) (@) © [1 —wil) (Pia) - A;“m,tnﬂ)}
t+

0 Qn > QC
+ fdafl_f_[z 2 ](<I>n+2) An(t+,tn+1)w£l°ﬂ(<1>n+1)

ha
@ | (1=l @) = ALt b)) - 1213
_ (1 — w;l_,)_l(q)nJrl) = ws_?_g(@n+2) = Ag}l)(t+7tn+1) = Agllll(tn+1,tn+2))
® A7L+1(tn+1:tn+2)w£zo-f%(q)n+2)]
o

D|Qnt2 > Qe N Qp < Q¢ o
+ fdailé + = (@ 10) Anlty, tas )l (@nsa)
e
® [ﬂzﬁ - wﬁ%(q’mz)ﬁnﬂ(t(q’nﬂ,tn+2)]
t+

(0)|Qn+3 > Qe [SS)
+ j%ﬁd%é 279, 10) Anltr i) wl) (@)

yau
@ |10 —  wl(Prnr2)Ansi(tnst, tnrz) - 10 LS ]
(0)|Qn > Qe
+ Opga | dol?om (e, 1)
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® Aty tni1)Ania(tnsr, tns2)wl) (o)) (Pnta)

® [1 — ) (®Bni1) — w8y (Bry2) — AL (4, bnr) — Agllll(tnﬂ,tnﬁ)}

n da&)[;zn“ > Qe AQnys < Qcl (@ns2)

®  An(tr,tnt1)Anii (tnit, tng2)wie) (Bri1 )W Th(Pi2)
o+

+ f d0n+L +3 ](CI)n+3) An(t4, tnt1)Angi(tnt, tn+2)w£+?{(q)n+l)w§l+% (Prg2) - Itnig

a
= Ants tnt1) Angi (o1, tnr2) Angz (fnt2,s tnts) Wt (Prt1) Wtz (Prt2) Wnt3(Pys)

0)[Q@nis > Qe
+ d0n+[3 o ](‘1>n+3)

&  An(ts,tnr1)Ant1 (g1, tnr2) Anga(tnre, tnt3)Wni1 (Pra1)Wni2(Pryo)Wng3(Prys)
® f,(zo_:%(q’n+3,tn+37t7) . (49)

Although a somewhat more complicated combination than the UN?LOPS prescription
in eq. (2.6), the only two new factors that need to be calculated are w(’) (®,+1) and
AP (ty,tar1). Both factors are simple to generate in the absence of incoming hadrons.
Were PDFs to enter the parton-shower evolution, then the generation would become more
cumbersome.® However, it might be feasible to evaluate the pieces for color-singlet produc-
tion processes at hadron colliders, since the terms are related to the evolution of zero-parton
configurations and dynamical scale choices for the one-jet contributions alone. For example,
a hybrid approach similar to the MINLO method [81] could be possible: employ analytical
Sudakov factors and their expansion for the factors related to the evolution of zero-jet con-
figurations (A,(IOO), AS), Aff)), and use numerical parton-shower results everywhere else.
It should be noted that eq. (4.9) is an NNLO+PS matching formula for processes with an
“additional” parton. The benefits of eq. (4.9) over, e.g., UN*LOPS matching are that the
additional parton is allowed to become soft, or collinear to another parton. Furthermore,
eq. (4.9) offers a clear, resummation-based, strategy for setting the argument of the running
coupling for ®,,41 states.

8The appearance of ratios of PDFs in the Sudakov exponents would lead to contributions from the first-
order expansion of the Sudakov factor mixing with the first-order expanded PDF evolution, the product of
first-order expanded running-coupling factors with the first-order expansion of PDF evaluations at dynamical
factorization scales, and the second-order expansion of PDFs evaluated at dynamical factorization scales.
The latter depends on the treatment of running couplings within the PDF fitting/evolution procedure.
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4.3 Unitarizing

After constructing an appropriate radiation pattern, unitarization is necessary to ensure
that the target inclusive N3LO zero-jet is retained after matching. Unitarization further
embeds the effects of parton-shower resummation at higher orders into zero-jet exclusive
predictions. To this end, all observables in eq. (4.9) are replaced with O,,, and the whole
contribution is subtracted from the previous result. Using O, in eq. (4.9) triggers, as
desired, the cancellation between the terms highlighted in -, -, - and -. After this, the

prototype subtraction for unitarization reads”

do(BUPT(@,) = O,

t+
(2)|Qn42 < Qe AN Qn+3 < Qc oo
- f N M = (,00) An(ty, tus) ) (@nsa)
4
t+

- f o)y (Pni1) Dn(tr, tar)wis) (@ni1)
J

® [1 —wl) (@ng1) — ) (Bng1) = AV (b togr) = AP (t1 tga)

2 2
(A s tns1)” + (00 @nrn)) + 0l @) AL (b1 1)

t+
- § do—nJr[l i ](CI>"+1) |:1 - w'leil(q)n+1) - A'ELI)(t+atn+l):| An(t+7tn+1)w£1+i(¢'n+1)
z
t+
0 Qn QC
- ﬁg dafll[z = ](‘1’n+2) {1 —wy (Pnia) — Agzl)(t+7tn+1)} An (b, tap )W) (Prar)
ya
t+
1)|Qn Qc N Qn Qc
— P do R @ Qs < Qe At b)) (@)
yid
t+
0)|Qn Qc oo
- f}%ﬁ daijg v Qg At tns)wl) (@nin) o - (4.10)
pr

~ Using @1 = {tiy1,zit1, Pit1}, Oy = {tit2,zi42,Gir2}, P1 = {tiys, zigs, dirs}, Piy1 = {®i N
D1}, Pigo = {Pix1 NP1} and Pijy3 = {Diy2 NP1}, and defining the notation
tt

ﬁ%@ oi3(Pivs) = qu’l Ot(®ir1) —t7] Ot — t(®i11)] fd%l Ot(Piv2) — ] Ot — t(Pir2)]

-

qu’l Ot(Pits) —t7] Ot — t(Piys)] oita(Pnia).
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4.4 Completing the N3LO cross section to obtain the matching formula

The last step in construction the TOMTE matching method is to complement the match-
ing formula with an N3LO exclusive cross section do’"' ™2 EX (¢ ) and to ensure that
the complementary parts (with real-emission configurations above the veto scale Q.) are
correctly included. This can be achieved by shifting the unitarization subtraction to not
remove the necessary terms:

da7(100) [SUBT] ((I)n)

N do_(oo)[SUBT+COMPLEMENT]((I)n) = O,

t+

" o 2)[@ni2 < Qe AQuis < Qe
ff [ﬂnﬂf An(t+,tn+1w£+i(¢>n+1)} d"fw)[l +2 " }(¢n+1)
ha
o+

+ f [0 = At @) (1= 0l @) = 0 (@) = AL (b4 i)
2
2 2
= APt ) + (A (1) (0 @a1)) T+ 0l @) A 0 1 10) )| Ao (@)

t+

n oo 1|@n+2 < Qc
+ é []171“ — At tap) Wl (@ng) (1_w£zl-)-1(q)n+l)_A'Etl)(t-l»,tn-{»l))il dGEH)_[l i ](@n.H)
hl
t+

n—+2 [e') (0) Qn > Qc
+ fﬁ; [n,ﬁz— Anty tns)wl) (Brir) (1—wgﬁl@nﬂ)—A;1>(t+,tn+1))} doOlome> g )

e
t+
n oo 1 QTL QC Qn Qc
+ ﬁ; [1n+2_ An(t+,tn+1)w£+;(®n+1)} do'fH)_[Q +2 > AQn+3 < ](¢n+2)
s
t+
n+4: oo 0)|Qn+: Qc
i 7%@ [ 17— At b0l (@) do "3 2, 1) (4.11)
-

where the necessary factors to complement the exclusive cross sections are highlighted
in red. It should be stressed that these factors are introduced because the combination
with a jet-vetoed N3LO cross section is foreseen. The combination with an inclusive N3LO
calculation can be accommodated by simply ignoring the highlighted factors.

Combining do{" ™ *TEX (@) with eq. (4.11) and eq. (4.9) allows to construct the
TOMTE matching formula. As before, pairwise canceling terms will indicated with identical

(hyperlinked) boxes. This acts as visual help to allow the reader to confirm that the criteria
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listed in table 3 are indeed fulfilled. The final TOMTE matching formula reads

]_-T(Loo)[TOMTE] (q)m te, t_)

dor (01 +2+3) [EXC] (®n)

o+
2)[Qn ¢ AQn . n oo
+ j( do PNz < Qen @ <@l |t | At )l (@)
ha
o+
+ j§ dof),(@ni1)
ha
Aty tns)wT) (nir)
® ﬂz+1 _ . (1 — wfllJ)rl(@n_,_l) — wfll(cbm_l) — A,Ell)(t+,tn+1) - A,E?) (t+,tn+1)
2 2
+ [AD (g tag)] + |:w£L14)—1((I>n+1)] +wﬂl(q’n+1)A£})(t+7tn+1))
o+
1 Qn QC
+ jg do[@me < lig
ha
@ | 1 = | An(ttas)w(T) (@nta) (1 —wl) (@ni1) — Aﬁl)(twtn“))
o+
O Qn QC
i ﬁg dgfnl[z =g, )
phe
(9] l ]IZ‘FQ _ An(t+7tn+1)w,(;fi(fl>n+1) (1 — wél_,)_l(q)n+1) — A’l('Ll) (t+,tn+l)) ]121? ‘|
o+
H[@n ¢ A Qn .
i j%g dail[zQ 27 @@= @ ](‘I’n+2)
phe
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This is the main result of this note. As is always the case when matching fixed-order
calculations to parton showers, this is not necessarily the only possible N3LO+PS matching
scheme, provoking the question if the matching scheme uncertainty will outweigh renormal-
ization scale uncertainties at N3LO. Scale variations in leading-order parton showers can be
large [82-85], so that non-inclusive observables can be burdened with large uncertainties.
By design, eq. (4.12) will immediately apply also when using higher-accuracy showers,
since its derivation did not make assumptions on the shower accuracy. Thus, the scale
uncertainties will immediately be reduced once higher-order showers become available.
Matching scheme variations related to choices of the functional form of renormalization
scales have been observed to introduce uncertainties in NLO merging [80]. Similarly, fixed-
order NNLO calculations have been shown to exhibit a dependence on the functional form
of renormalization scales that may be larger than conventional renormalization scale vari-
ations by constant factors [86]. The TOMTE method employs very specific functional form
of renormalization scales inherited from parton-shower resummation. Other scale setting
mechanisms might be possible in N3LO+PS matching, potentially leading to non-negligible
scheme dependence. At present, there is no sound way to assess this issue, without first
building some intuition about matching at N3LO. Thus, to allow for toy studies, the match-
ing formula (4.12) has been implemented in the DIRE plugin to the PYTHIA event generator.
The fixed-order methods presented in [55, 56] appear particularly interesting for a future
full-fledged N3LO-+PS implementation, as do the fixed-order components of the resummed
calculations [59, 60]. Since [56] partly relies on an inclusive N3LO calculation, appendix D
documents a rearrangement of eq. (4.12) using an inclusive N3LO calculation for n-parton
states.

5 Numerical closure test

The toy fixed-order calculation constructed in section 3 allows for detailed tests of the im-
plementation of the matching formula eq. (4.12). All the conditions for N3LO+PS accuracy
listed in table 3 can be tested in a controlled environment. These tests are presented in fig-
ure 2.10 The toy fixed-order calculation makes use of the renormalization scale y = § = M2
and a(p) = 0.118, while all parton-shower factors use the running coupling

_ (pradiator . pemission) (pemission : precoiler)
as(t) = as (4 .
(pradiator : pemission) + (pemission : precoiler) + (pradiator : precoiler)

10Matched results use inputs with tighter Q(®,) cuts. Directly using S(®,)-regularized toy fixed-order
calculations for matching leads to identical TOMTE results, but is less practical for efficiency reasons, due
to an excessively high Sudakov rejection rate: any contribution with Q(®,) < Q. (identifying (). with the
parton-shower cut-off) will be removed by the application of vanishing A,_1(¢,t,) factors.
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The prefactor in the argument of «y is chosen so that as(t) — as(u) in fixed-order domi-
nated phase-space regions.

That the tree-level result for observables requiring three or more additional partons
is recovered is illustrated by figure 2a. This shows that for well-separated jets, the fixed-
order result is approached adequately. However, the agreement is largely accidental, since
the pure fixed-order region is exceedingly small: the whole distribution receives signifi-
cant Sudakov suppression (as illustrated by the dashed gray curve in figure 2a), and the
running-coupling effects present in the matched calculation have a significant impact also
for well-separated configurations. When approaching phase-space regions with unresolved
partons, the all-order factors included in the matched calculation produce a physically
meaningful regularization of the cross-section. In conclusion, the matched calculation be-
haves as expected, combining fixed-order accuracy with parton-shower resummation. The
NLO accuracy of observables requiring two additional partons is assessed in figure 2b. Again,
the inclusive fixed-order result is approached as desired, although the pure fixed-order re-
gion (measured with the absence of Sudakov effects) is small, and running-coupling effects
are large. As before, the matched calculation exhibits the desired Sudakov suppression
when approaching phase-space regions containing unresolved partons. The two extremes
are again consistently matched. The same conclusions can also be drawn for the NNLO
accuracy of inclusive observables requiring at least one additional parton (as shown in fig-
ure 2¢), for which the fixed-order region is larger, and the agreement in the hard region
is sound. Finally, the N3LO accuracy of inclusive observables relying only on the particles
present at Born level is checked in figure 2d. For such observables, the matched calculation
should recover the toy N3LO calculation exactly, since no parton-shower factors rescale the
inclusive lowest-multiplicity prediction. This is indeed the case, confirming that the imple-
mentation of the TOMTE N3LO+PS matching method is consistent. Auxiliary distributions
are discussed in appendix A. Extensions to hadron collisions are conceivable, and would
benefit from similar closure tests.

6 Summary and outlook

This note introduces a straight-forward method to match N3LO calculations to parton
shower resummation, thus allowing for the construction of N3LO-precise event generators.
The construction of the method is based on the simple idea of unitary matching, and is an
extension of the UN?LOPS method. The final formula eq. (4.12) appears a bit daunting at
first glance, but should be easy to understand with the visual help of pairwise cancelling
boxes. The TOMTE matching formula had been implemented in the PYyTHIA 4+ DIRE
generator, assuming that the fixed-order results can be supplied by external calculations.
A toy fixed-order calculation was constructed, and a closure test of the matching scheme
was performed.

Although the necessity for N3LO+PS accurate event generators is not completely ob-
vious, the development might be an interesting alternative to other avenues of improving
event generators. In particular, given the limited application of NLO-merged predictions
combining more than three NLO calculations in experimental analyses, it could be argued
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Figure 2. Comparison of toy fixed-order curves (with conservative S(®,,) regularization), toy
matching applying only Sudakov factors, and full TOMTE results. Plots were produced with
RIVET [87]. Bars denote statistical errors.

that there is little need for merging more than two NNLO calculations. If so, then it would
seem that an N3LO+PS matching method would be adequate for the foreseeable future.
However, if the goal of improved event generators is a decreased uncertainty throughout
the spectrum, then improving the fixed-order precision only should not be considered an
end on its own, but rather be accompanied by a better understanding of all-order pertur-
bative effects. The derivation of the TOMTE matching formula requires no reference to the
actual logarithmic accuracy of the parton shower. Thus, eq. (4.12) is a valid method to
combine N3LO calculations with high-precision analytic resummation.

This note offers a first proof of concept for N3LO+PS matching. Future research could
apply the TOMTE method to processes of interest, using realistic sliced fixed-order calcu-
lations. The current proposal could be improved with ease by using an MC@NLO-matched
2-jet component, or tailored to (in spirit similar) Projection-to-Born calculations. Is is also
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potentially possible to employ a fully differential NNLO+PS calculation as one-jet compo-
nent. No fully-differential NNLO+PS methods for such processes exist to date, since they
would require the parton shower to recover the complete singularity structure of QCD at
O(a}?). Nevertheless, such improvements could materialize within the next years.

In any case, for simple processes, N3LO+PS matching is feasible with our current un-
derstanding of event generators.
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A Further distributions

The observables discussed in section 5 are chosen to illustrate the consistency of the TOMTE
method, and confirm the correctness of the implementation. They do, however, by no means
exhaust potential comparisons of N3LO+PS matched results. The current section hopes to
highlight other aspects, by discussing further distributions.

The p distribution of jets shown in figure 3a (created by clustering to exactly two jets,
and histogramming the p; of both jets) should allow to verify that the TOMTE method
yields N3LO accurate results for two-parton observables. This expectation is confirmed
away from the kinematic boundaries. However, for both very low and very high values of
P+, TOMTE results do not match the toy N3LO calculation. The difference stems from using
the E-scheme!! in the jet clustering algorithm. For TOMTE contributions containing more
than two partons, the F-scheme may lead to massive jets, whereas the toy N3LO calculation
only contains two-parton configurations, which will be associated with two massless jets.
The observable thus serves as a reminder that even well-separated n-parton states only
approximate n-jet states within certain regions. Given this caveat, the agreement between
the toy N3LO calculation and the TOMTE results is promising.

A similar effect can be observed in the A¢ distribution (when clustering to exactly
three jets) in figure 3b. Any value # 7 signals the presence of a third jet, such that A¢ is
a proxy of a three-jet observable. The agreement of the two calculations is excellent over
all of phase space, except very close to the two-jet limit A¢ — w. As before, the difference
is due to the use of the F-scheme in the jet clustering algorithm leading to massive jets for
some TOMTE configurations, and three strictly massless jets — one for each parton — in
the toy fixed-order calculation.

Figures 3¢ and 3d employ “non-standard” measures of the distance between jets. This
allows to verify that TOMTE results agree with the relevant toy fixed-order calculations
also for jets not defined through the Durham algorithm. Figure 3c reports results on the
Njettiness [89] ratio 732. The ratio is constructed by clustering all particles into one jet,
and then extracting the value of 730 from that jet. Non-zero values require configurations
with at least four parton, i.e. 730 may act as four-jet observable. In the fixed-order regime
732 — 1, matched and fixed-order results agree, whereas for 730 — 0, the resummation

'1See [88] for an enlightening discussion of recombination schemes.
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Figure 3. Comparison of toy fixed-order curves (with conservative S(®,,) regularization) and full
TOMTE results. Bars denote statistical errors. See main text for details.

effects in TOMTE produce the expected Sudakov suppression. Figure 3d shows the jet
separation at which the fourth- and fifth-hardest jets would be clustered when using the
JADE jet algorithm [90]. Again, the matched result agrees well with the toy calculation
in the “fixed-order” region. As noted above (see dicussion of figure 2a), the significance
of this agreement should not be over-stated, given that the whole distribution receives
non-negligible all-order corrections.

Overall, the quality of agreement is similar to the findings of section 5. It is thus rea-
sonable to conclude that TOMTE describes jet observables as expected, and independently
of the details of the jet definition.

B Details of an implementation

The main text assumed that all factors in the various matching formulae (egs. (2.4), (2.6)
and (4.12)) are known and can be generated numerically. The main aim of this appendix is
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to assess and confirm this assumption for all parton-shower-related terms. The availability
of appropriate fixed-order results is still left assumed.

B.1 Fixed-order cross sections

The formulae in the main text rely on differential fixed-order predictions, which are then
combined with each other and the parton shower to obtained matched predictions. This
section gives symbolic definitions of such calculations. Unless explicitly stated otherwise,
n-parton configurations will be assumed to only contain well-separated phase-space re-
gions, i.e.

dU£LO+1+... )[qualiﬁer] ((pn) = dO,§L0+1+... )[qualiﬁer} ((Dn)g (Qn—l—l o Qc) . (Bl)
The inclusive NLO cross section is given by

dO’SL()Jrl)[INC]((I)n) dU(O)( )+ dO'( )[INC}((I)H)

n

= do"(@,) + (dof) (@) + T(®n) )

+ J d(I)l <w5$1(¢n+1, q)n)dU,(,LO*)_l((I)n+1) — Sn+l(%n7 (Dl)) (B2)

where Z,, is the analytically integrated analogue of the real-emission subtraction Sp41.
The projection rate wggl (P41, D) for replacing real-emission kinematics with underlying-
Born-kinematics is discussed in appendix B.4. The exclusive (jet-vetoed) next-to-leading
order cross section can be obtained from its inclusive counter-part by restricting the phase-
space for real-emission contributions:

do-§L0+1)[Qn+l < Qc](q)n) _ 0)( ®,) + da( )@nt1 < Qe }(q)n)

O(@0) + (o) (®0) + Zu(®0))

+J d®dq (wzgl(@n+17 2)do ) (®n51)0 (Qe — Q1) — Snt1 (P, ‘1)1))-
(B.3)

Note that the regularizing subtractions should be unaffected by the phase-space constraint.
At NNLO, the inclusive cross section is given, symbolically, by

do (0+1+2)[INC]( ) do ()( )+da( )[INc](q)n)+dU£L2)[INc]((I)n)
dO'T(L INC (dO'(Q) +IVV )

[ 0 (1,00 0101) - S B 0)
+ J d®, (w522(<1>n+2, 3,)do ), (Drs2) — SHTo (P, <I>2)) (B.4)

where it is assumed that the subtractions S&Y 1 SRR o and the integrated subtractions vV

add to zero in infrared-safe observables. The exclusive (jet-vetoed) counterpart can be
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obtained from the inclusive cross section by restricting the phase-space for real-emission
contributions:

d0.7(10+1+2)[Q71+1 <QeAQnyia <Qc ((:Dn)

_ da’,slo) (@n) n d0'7(11)[Q"+1 < Q. ((I)n) + dO’g)[QnH < Qe AQnyz < Q] (q)n)
d0_7(12)[Qn+1 < Qe NQniz < QC] ((pn) (B5)

= (Ao (@) + 1)V (@)
+ f dq)l (wsJorl(q)n-&-l: )dan+1( n+1)® (Qc - Qn+1) - Srl}Xl(%m (I’l))
+ f d®s (w}i?g(@m,cb )do %)y (®n12)0 (Qc — Qni1) © (Qc — Qn2) 75552@”,@2))-

The same relation between inclusive and exclusive cross sections persists at N3LO. In this
case, the inclusive N3LO cross section is given, symbolically, by

do (0+1+2+3)[INC]( ) ()( )+d0_(1)[INC]( )era( )[INC}( n)+dU£L3)[INC]((I)n)

do
Ao (@) = (do®)(®,) + IYVV (,)
[ 0 (w01, @10 011) - S B 0)
+ J 03 (D (B2, D)oy (@) — S (B, 02))
+ f Ay (w3 (s, B)do (B 43) — S (B, 09)), (B.6)

where the subtractions SEYY, SRR, SRR and the integrated subtractions ZVV add to
zero for infrared-safe observables. The exclusive cross-section then reads

d0g0+1+2+3) [Qnt1 < Qe AQuiz < Qe AQuys < Qc]( n) (B?)

= do0(®,) 4+ do(V@w+1 <Ql(p, ) 4 doPQn+1 < QA Quiz <Ql(p )
+do-()[Q+1<Q/\Q+2<Q/\Q+3<Q]( )

where
QoI <@ < @@ <(@,) = (doD(®,) + 1YV (2,)) (B5)
+ f A1 (WE1 (i1, B)do 2y (@042)0 (Qc = Qi) = ST (B, 01))
+ f d<I>2(wS$2(<1>n+z, o) (@042)0 (Qe — Q1) © (Qe — Qura) — SEBY @,%))

+ f d®3 (Wi Ls(Pnts, ®n)do )y (Pn13)0 (Qe — Qni1) © (Qe — Qni2) © (Qe — Quis)
— SE (@, @3))
B.2 Histories

Parton-shower histories are crucial for calculating the matching terms. This note also
employs parton-shower histories for the construction of cuts and integrated contributions
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Figure 4. Histories for one additional parton: the gluon can be recombined with the other partons
in two distinct ways.

in the toy fixed-order calculation described in section 3. Some background on histories may
thus be helpful.

Showers generate multi-parton configurations through a sequence of parton branchings.
A key realization of shower-centered matching — and, particularly, merging — methods is
to invert this picture when treating fixed-order calculations that contain multiple partons
as input to the event generator. This leads to the concept of parton-shower histories, which
are then utilized for many of the necessary tasks.

A parton shower history is the set of all possible sequences of branchings that may
have lead to the multi-parton state. Figure 4 shows the shower history for the production
of a qgq final state: two distinct sequences — starting from different states CDM, and
transitioning at different evolution variable tll — can lead to the same final state ;.
Thus, the parton-shower prediction for an observable Oy is an admixture of the rate of two
paths. Assuming that ®; can be parametrized by the dimensionless variables (7, ¢, ¢), and
that the phase-space points fulfill 7 < 7+, then the prediction reads,

OFS(®y) = J a7 f dcj < (B.9)
o, (t1(7)) s (1) PPV (0))

as(w)  2m ¢?U(7)

s (2(7)) s (1) PP(=12(0))
as(p) 2 ¢R(F)

® TH A (), (7))

‘ 2

Ii [ Mo(@f)

+ 3 |Mo@f] 7 80(e(r+), £ (7)

with the symbols defined in table 4. Note that a spurious ag(u)-factor was inserted for
later convenience. Equation (B.9) highlights that parton-shower resummation produces
a particular admixture of functional forms of the argument of oy, and of Sudakov factors
with differing integration regions ([t(7 1), t!(7)] vs. [t(T), t/(7)]). The same admixture of
all-order factors should be employed when calculating parton-shower factors for fixed-order
matching. The parton-shower accuracy of the prediction may otherwise be in danger.
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superscript “[1]”

superscript “[2]”

ENE
Mo(®y)

factors pertaining to transitions where parton “1” emits (- in fig-
ure 4)

factors pertaining to transitions where parton “2” emits (- in fig-
ure 4)

the lowest-multiplicity transition probability, evaluated at the phase
space point @g]

other factors (of §, 7. ..) such that the combination with |/\/lg(<I>g])|2

results in O'(()O)

Jacobian factors to the phase-space mapping (Dg] NnA{r¢p}t —
@g] N {tll, 211 o} — ®;, and other factors to ensure that the split-
ting kernel Pl (2[1(¢)) will be divided by the wvirtuality of the in-
termediate propagator ¢2l(7). This note employs the mapping
ol A (¢l 211 o} — B of [76]

the evolution scale assigned to parton ¢ emitting at integration point
7. This note uses the definition of ¢ found in [76]

the auxiliary variable (e.g. the light-cone momentum fraction) as-
signed to parton ¢ emitting at integration point . The definition of
2l in terms of two-particle invariants is taken from [76]

the (dimensionless) splitting kernel determining the rate of emissions
off parton 1.

Table 4. Definition of the symbols used in eq. (B.9).

For a clear picture of how to generate parton-shower factors for matching, it is useful

to perform a “matrix-element correction” shift on the splitting kernels

PU(LI(C))
#(7)

—

PMECRI(Q)

(B.10)

Pl(2l1(¢)) My (1)

¢?li(7)

% o PPIGEIQ)
2m q221(7)

A ®
2 — 2 1], 1]
g2l (7) ‘Mo(q,gu) as() Py ( (c))+‘MO(¢g2J)

2m q2l(7)

After this shift, the parton shower will recover the complete tree-level transition probability
| M1 (®1)|> when starting from the prior distribution \./\/lo(fbg})\Q,

) . 4
> i |2 s () PUIMEC (I (())
i=1 ‘MO(CI)O ) 2m g2l (7)

= M1 (D7)
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Introducing the shift (B.10) in (B.9) leads to

O1%(@1) =Jd%fdcj %@!M@m? (B.11)
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Mo(2h)

® jo[l]jl[l]AO (t(T+), 1 (7)) Qs (t[l] (7))

ors (1) [ Mo (@l * as) PRI

2 (11, 11]
as(p) Pr(z (C))+ MO((I)[O2])

o7 20 (7) 2 2RI(F)
2 21, 12]
[2] as(p) P (z(0)
(27 Mo(®4) 2R
[2] (2] +y 420 =y Qs (E7(T)) . 2PI(R)
+ \.70 Jl Aﬂ(t(T )7t (T)) a.s(u) 1] 2 @) Pl[ll(z[l](C)) 2] 2 s (1) Pl[Q](Z[2](C))
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It is now permissible to assume that the phase-space points ®; were originally distributed
according to the tree-level transition probability |M;(®1)|2. Then, eq. (B.11) gives a unique
prescription for obtaining the correct (admixture of) parton-shower factors for ®;:

e Construct the parton-shower history in figure 4.

e Calculate the factors highlighted by - and -, and include the factors for both paths
according to these proportions. For example, this can be achieved by probabilistically

picking one path according to these factors.?

o Calculate the Ag(t(r), ¢l (7"))%(]()%)) for the chosen path (i), and include this as

as(p
rescaling of the cross section for the phase-space point ®;.

This reasoning extends beyond this one-emission example [5, 23]. Relevant histories for
two-gluon and three-gluon states are shown in figure 5 and figure 6, respectively. The
weight of a path in a history for more than one additional parton is given by the product of
the weights for all the individual transitions in the path, potentially including shifted rates
due to matching or merging fixed-order matrix elements, and including matrix-element
correction factors and ordering constraints [78]. If the history H(®,,) is the collection of all
paths po, p1,...,pm from any ®y to ®,,, then the mixing weight for path p, becomes

Pi[Pa] zl[pa]
oy P (o8 ()
o plPo] Z[pb}) :

(B.12)

> Mo (@) T, W
prH(‘I)n) q;
[r]

, I

from CIJK]T All parton-shower factors necessary for matching n-parton configurations are

where the variables z; ' and qi2 are calculated from ®; and knowledge of its production
calculated by constructing the full parton-shower history of ®,, and employing the method
above. For example, the calculation of the - terms in eq. (4.12) require sequences (Pg, t4) —
(®1,t1) — (P2, t2), while the calculation of the - terms assumes knowledge of (®g,t;) —

(P1,t1) = (P2, t2) — (P3,13).

12Explicit summation is also possible, though computationally more intensive, since more higher-order
factors need to be evaluated per phase-space point.
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Figure 5. Histories for two additional gluons: an individual gluon can be recombined with the
other partons in several ways, leading to several underlying states with one additional gluons. Each
of these underlying states leads to a parton shower history illustrated by figure 4, i.e. the history
exhibits a recursive structure.
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Figure 6. Histories for three additional gluons: an individual gluon can be recombined with the
other partons in several ways, leading to several underlying states with two additional gluons. Each
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of these underlying states leads to a parton shower history illustrated by figure 5.

The sequences for products of all-order factors are thus constructed in analogy to the
CKKW-L merging scheme [5], as admixture of contributions from all paths in the history.
Subtracted factors (e.g. - in eq. (4.12)) also rely on the construction of the parton-shower
history, since the all-order factors being subtracted are determined from the history. More
details on parton-shower factors can be found in appendix B.7.

B.3 Definition of parton-shower accuracy

The logarithmic accuracy of parton showers is notoriously difficult to define, since parton
showers are tools to produce event samples, i.e. are not observable-specific. Thus, defin-
ing the accuracy by discussing individual observables or small sets of observables can be
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misleading. Furthermore, the parton shower is, ultimately, a numerical algorithm. This
algorithm should remain self-consistent even in matching procedures.

This note thus employs an operational definition of the term “parton-shower accuracy”
that is of algorithmic nature, and stricter than typical log-counting arguments: the all-order
factors of the parton-shower should be reproduced exactly, such that no measurement could
distinguish the parton-shower and the matched prediction if all fixed-order cross section
were calculated using the same approximations employed to derive parton-shower splitting
kernels. When using exact fixed-order calculations, three levels of defining a criterion for
“maintaining the parton-shower accuracy” may be considered:

1. Strict parton-shower accuracy criterion.

All parton-shower all-order factors are reproduced identically, particularly including
their admixture (cf. eqs. (B.11) and (B.12)), and their (approximated fixed-order)
prefactors. No other sources of higher-order contributions exist. This would also
entail that sub-leading or finite fixed-order contributions should not multiply all-
order factors, and could only enter as corrections at a fixed coupling power. This
strict condition may be considered undesirable, since it e.g. ignores arguments about
the treatment of hard virtual corrections [91]. Consequently, no matching or merging
method in the literature fulfills this overly strict condition. This strict criterion is
not used in this note.

2. Balanced parton-shower accuracy criterion.

All parton-shower all-order factors are reproduced identically, particularly includ-
ing their admixture (cf. egs. (B.11) and (B.12)). The fixed-order prefactors of all-
order factors may differ from strict parton-shower result by sub-leading contributions.
Thus, complete fixed-order calculations (including finite and power-suppressed contri-
butions) may multiply parton-shower all-order factors. This is the norm for matching
methods. This note will apply this criterion when assessing changes to the all-order
behavior due to matching.

3. Weak parton-shower accuracy criterion.

Parton-shower all-order factors are reproduced in the strongly ordered limit, where
a single parton-shower path saturates the rate to produce the configuration. This
condition allows subtleties about the admixture of all-order factors, and is thus closely
related to an accuracy definition by enumerating logarithms of the shower evolution
variable. In this approximation, it may be possible to replace numerical parton-
shower factors by analytic expressions, as e.g. advocated in [4]. This weak criterion
is not invoked in this note.
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This note will employ the balanced parton-shower accuracy criterion. It follows that the
“symbolic parton-shower factor notation” of the main text is defined by

n+m
IT At tip)wiS (@ir1)

i=n

plral Z[m])

B Z ‘./\/ln ((I)%’a]) ‘2 H:L:tﬁl quﬁ
e e (o) e )

2|p
PoEH(Prym) q; 2

® Ap(te, t(@P ) A, (@) (@) - AL @ ) @l )
@ Wi (@ wlTy@Fe) - wlT) @k ). (B.13)

Terms multiplied by an expansion of shower factors should be calculated by multiplying
each term in the sum by its own expansion.

In order to claim compliance with parton-shower accuracy, the value of such “parton-
shower factors” for a fixed ®;4; should be numerically identical, irrespective of ®;; having
been sampled by the shower, or if ®;,; had been pretabulated (by a fixed-order calculation)
prior to showering, and the “shower factor” had been calculated post facto.

B.4 Generation of real-emission integrals and bias correction factors

Understanding the mixed weighting of the “radiation pattern” |Mi(®1)|? in eq. (B.11)
also leads to a definite method how to generate the (all-order) subtractions necessary for
unitary matching. Since the shower produces an admixture of factors for fixed emission
states @1, and the mixture is applied when matching an externally generated radiation
pattern, the mixing should also be employed when projecting ®; onto lower-multiplicity
phase space points @g]. This ensures eq. (2.4) (as an extension of eq. (2.2)) are accurately
reproduced. The integration over the spectrum that is necessary to produce the ¢ (and £,
§f) integrals in subtractions for unitarization, and to produce the [d®R integrations for
the toy fixed-order calculation are thus produced numerically. To give a concrete example,
the (n + 1)-parton dependence of the third-to-last line of eq. (2.6) (highlighted by ) can
be obtained by

a) tabulating two-gluon phase space points and constructing the history in figure 5,

b) calculating the probability w; 1o of each path ¢, and picking a path according to its
probability,

¢) multiplying the all-order factors for the chosen path p, and performing the replace-
ment ®,,40 — (IDBDL, and subtracting the result.
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This method will lead to the desired result

tT

j{; dUSLg)-[ZQn“ = ((I)n+2) wgzoi%(q)n-i-l)wﬁzoi%((pn-i-Q)An (t+, tn-i-l)An-i-l (tn—I—la tn+2) On+1
ha

k 00 0
— [ar@iy) Y wh @) ull @0l @sa) (B.14)
pEH(Pn42)

Ap(ty, t(¢1[f]+1))An+1 (t(¢1[f]+1)a t(Pn12)) Ont1 (‘1)211) .

Note that the requirement to recover the correct admixture relies on the weights w} ,,
which depend on the details of both the (n + 1)- and the (n + 2)-parton configurations.
That the probability to assign an (n + 1)-parton states depends on the (n + 1)-parton
configuration is necessary from the shower perspective. However, this is not appropriate
for generating the complements to exclusive cross sections, since it can introduce artificial
deformations of inclusive spectra. Take - in eq. (2.6) as an example. Since the sum of
all w? 4o is unity, any method to assign (n + 1)-parton states is equivalent if the degrees
of freedom of the(n + 1)th parton are integrated over. This is however not the case for
differential distributions. In fact, using eq. (B.12) to assign underlying states will favor
(n + 1)-parton states with small inter-parton separation, due to collinear enhancements.
Thus, the transverse momentum spectrum of the (n + 1)th parton will be deformed such
that low transverse momenta become more likely than high values. Similar deformations
were observed in [27], and erroneously attributed to mismatched phase-space mappings,
casting doubt on that implementation. Furthermore, in the integration of real corrections
to form B-cross sections in the POWHEG method, similar artifacts may naively arise when
using Catani-Seymour subtraction, and if the Born matrix element values vary significantly
across phase space, and would have to be regularized [3].

The introduction of correction factors ]IZH allows to overcome such issues. These
factors should ensure that a) inclusive fixed-order i-parton cross sections do not accumulate
undue biases, and that b) a potential admixture of all-order factors for transitions from 0
to 7 additional partons is identical for all contributions to the inclusive cross section. For
example, the factor ]lﬁig in the - terms in eq. (4.12) arranges that the integration matches
the real-emission integral in the fixed-order prefactors of - terms. At the same time, it
establishes that the method to produce all-order factors in - and - is equivalent.

It will be assumed that all parton-shower factors multiplying a specific fixed-order
contribution will be calculated simultaneously. This calculation will proceed by construct-
ing the history of phase-space points entering the fixed-order term. To obtain the correct
admixture of shower factors, a path is chosen probabilistically according to eq. (B.12). If
the path is also used to replace phase-space points with underlying configurations (e.g. for
the sake of creating a subtraction), then an undesirable bias (relative to the fixed-order in-
clusive calculation) has been introduced. For TOMTE matching, the bias correction factors
1t gnt2 rs 12 1048 and 17775 have to be defined.

The most straight-forward bias-correction factors is 17+1, since its coefficients in

eq. (4.12) does not include parton-shower factors. Introducing the symbol wk?,, for the
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rate at which a real-emission phase-space point ®,,, would have been replaced by an un-
derlying phase-space point @T[{D lin an inclusive fixed-order calculation, this bias correction is

why (‘I)n+17 @L{’])

S wl (@41) 8 (cbif] - <I>,[$]>

qEH(®Ppn 1)

17+ = (B.15)

This is obtained by reading off from the expected w¥© weighting of the complementary low-
separation real-emission contributions in dm(l Q@n > Qe A Qnia < Qe }(<I>[p]) and dividing by the
rate at which the shower method would have suggested the replacement ®,,,, — @Ef ). The
sum in the denominator is necessary if multiple shower paths might lead to the underlying
state <I>[p 113 5o that the sum of the paths needs to be replaced.

The coefficients of the factors 1772 and 173 do not contain parton-shower factors

either. They depend on the details of how the inclusive N3LO prediction in defined, and

FO »

. . . “
in particular on whether new functions “w,7,,

are used. In the toy calculation described
in section 3, no new fixed-order biases beyond w!? Ym are introduced, since the generation

proceeds in successive multiplicity steps. This means that 1772 and 17+3 take the forms

Wk, (%2, q»ﬂl) Wi (@L 1 @m)

+2 _
L= a (] bl gldl (B.16)
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Wn+3 (q)n+37q>n+2) n+2 (q)n+23 nt ) n+1( n+17 )
173 = , (B.17)
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qu(¢n+3)

which are again obtained by dividing the expected w"© weighting by the rate at which the
shower method would have replaced the state.
n3, 1773 1719) should also guarantee the correctly

weighted mixture of parton-shower factors for the underlying states. This is luckily already

All other bias-correction factors (1

guaranteed by analogous definitions

nt2 wnta (tbn% <I>£§’]H)
112 = S (B.18)
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]1n+3 _
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13For example, both paths figure 4 may lead to the leftmost underlying state in figure 5.
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This can be seen by combining the rate with which the parton-shower would have “mixed
in” the chosen path and bias-correction factor, for example leading to

2
wf;” (Pry2) BZL

’U}p ((I) 2
= wpfs ((I)n+2aq)7[€4]rl) otz (Prt2)

Wi (Bn2)d (o —ait))
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o <f1>n+2, ol 1) wpiﬂ (@L]ﬂ)

TRONPACHCE

= wydy (‘I)n+2,‘1’ﬂl) o (<I>

n+1

pGH ((I)[P]

Wy 42Wyp 11 nH) ((I)E;-]&-l)v

by virtue of eq. (B.12), thus leading to the desired result. The same conclusion applies
to 1713 nio and ]IZI‘Z’ While the factors ]12:+j guarantee the correct fixed-order behavior,
they unfortunately complicate the assessment of changes to the parton-shower accuracy
for exclusive (i > m)-parton observables. To determine their impact, it is useful to note

that terms related to ]l?rj typically enter exclusive predictions in the form

t+
jg do (2 (@) [177 £ (@) — 15 (@) 155 (@i1)] (B.21)
: tt tt
jédofﬁj( i) (A = 1) @ £ (@) + fdom( i) 17 (@) [1 = £57 (i)
t— t—

with fi(oo)(@),;) a placeholder for parton-shower factors relating to transitions from O-
additional-parton to (at most) i-additional-parton configurations, and fl-(f;»)(@ﬂ) for fac-
tors for transitions from i- to (i + j)-additional-parton states.

The [-] term is the typical parton-shower contribution, for which the first term in the
expansion of fi(ﬁ)(tbiﬂ) removes hard real-emission terms, while the remaining higher
orders resum the effect of the jet veto. Thus, this term does not impair the accuracy.
The (]léﬂ — 1) factor does not contain any large logarithms. It measures the difference
between the fixed-order bias and the admixture of shower paths, and would vanish for
an ideal fixed-order calculation that employs the method of appendix B.2 to produce the
real-emission integrals in the inclusive cross sections, or if there is a single dominant path

[p]

from a phase-space point ®;” to ®;4;. Thus, log-counting suggests that the term can be
omitted when discussing the all-order accuracy of exclusive observables. The term however
changes the “accuracy of the parton shower” in the strictest sense, i.e. when requiring that
the admixture of all-order factors is completely equivalent to the shower. The [-| term

basically suggests that in a matched calculation, the definition of a fixed-order exclusive
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cross section should ideally be determined by the parton-shower method. Thus, the change
in all-order accuracy is at the same level as attaching parton-shower resummation to finite
parts of fixed-order cross sections — and may thus be deemed acceptable. A detailed
study of the impact of different ®;-selection procedures could be an interesting addition to
a future publication.

The functional form of the wZF_g factor may differ between fixed-order methods that
produce inclusive cross sections. The toy calculation described in appendix B.5 will employ
a non-trivial wzFfj to allow the validation of the correctness of the ]IZH implementations.

B.5 Details on generating the toy fixed-order calculation

The toy third-order calculation used in this note in constructed from tree-level event sam-
ples generated with MADGRAPHS__AMC@NLO. It should again be stressed that this is a toy
calculation that only serves to assess the implementation of the TOMTE formula eq. (4.12).
Since tree-level events are used, the generation of samples containing additional gluons
requires regularization cuts S(®,) > S.. Thus, minimal cuts are applied on the projection
of the (sum of) gluon four-momenta onto the four-momenta of the other partons. The
notation S(®,) > S. implies very inclusive cuts,

pupgiapﬁpgmpgipgj# > SC; 1 S Za] S n
Pu(Pg; +pgj#i)’pﬂ(pgi ergj;éi)v (Pgs + Pgisin +pgj;£i,k)/2 > Se, 1<4,5,k<n
pu(pgi;éj,k —"_pgj;éi,k +pgk¢i,j)7pﬂ(pgi¢j,k +pgj;éi,k +pgk;ﬁi,j) > SC; 1 S i,j, k S n,

with S, = 0.1 GeV2. These cuts should be minimal enough to ensure that the majority
of the radiation spectra is retained, and allow to assemble reasonable approximations for
jet-vetoed fixed-order calculations.

These tree-level samples are then used to construct the toy jet-vetoed cross sections
defined in egs. (3.2), (3.4) and (3.6). Parton-shower histories are used to perform the d®g
integration, and to apply the jet veto constraints Q(®,) > Q.:'*

1. A small value of Q. is chosen. The results in section 5 use Q. = 1 GeV?2,

2. The parton-shower history for a pre-tabulated phase-space point ®,, is constructed
(cf. appendix B.2 and figures 4, 5 and 6)

3. Ounly paths that satisty ¢, > (). are retained, where ¢, is the parton-shower evolution
variable assigned to the transition ‘I)[ri]—1 — ®,.1° Note that this criterion depends
on the path.

! Note that the final form of the toy calculations only depend on constraints Q(®,,) > Q. that remove
configurations too close to the phase-space boundaries.

15 Another strategy would be to ignore this constraint and retain the paths, resulting in all phase-space
points passing the slicing cut. The state would then be employed in matching, and reweighted with parton-
shower factors. At this stage, the path selection weight in eq. (B.12) would favor paths with ¢, < Q.,
so that no-emission factors A, (tstart, t(Pn)< Q.) would multiply ®, states. Such contributions would
be absent in the parton shower if Q. is identified with the parton-shower cut-off (as is assumed in this
note), since the evolution would have terminated before being able to produce an emission at t(®,), i.e.
Ap (tstart, 1(Pn)< Qc) = 0 when applied to @, states. Thus, retaining the paths will have no impact on the
final, matched result for ®,, states, nor on their unitarity subtraction. The path may still contribute to the
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ad? = —50, a3 =10, af” =50, ai =10,  ai” =50, a3? =100
al® =50,  af’ =100, ai’=100, bI7=0, b{? = —7000, Y = —7000
ad® =2, ad® =10, b= -100, b3 =100, cI°=10000, cI°= 10000

Table 5. Values of the coefficients a, b and ¢ used in egs. (3.2), (3.4) and (3.6).

4. If no paths exist that fulfill the constraint, the event is discarded.

5. If valid paths exist, and no further constraints should be applied, and the event should
not be processed further, then include the phase-space point in the toy calculation.

6. If valid paths exist, and the further cut Q(®,—1) > Q. should be applied (to produce
the [] integrals in egs. (3.2), (3.4) and (3.6)), then retain only the paths that satisfy
the constraint. If no paths exist that fulfill the constraint, the event is discarded.
Otherwise, the d®g integral is performed and an appropriate phase-space point ®,,_{
included in the toy calculation.

The d®g integrals are obtained with the method described in appendix B.4, but omitting

bias correction factors. To avoid undue dependence on the parton shower splitting kernels,

[ 1 2

the requested ®,,° ; points are chosen amongst {®,-,,®,",...} according to the simpler

weights

(B.22)

[Pl [p]Y /¢lo]
wk© (0, 0) = D
>, Pi(lal) 4l

where the variables 2"l and ¢l are calculated from ®,, and knowledge of its production

[r]

from @, ,, and >, sums over all possible replacements. This differs slightly from the
prescription for producing unitarity subtractions, since the latter mixes underlying states
according to the weight in eq. (B.12). The prescription (B.22) is chosen to be less sensitive
to the details of lower-multiplicity phase-space points, to allow non-trivial validation, and
to increase the similarity to other methods for generating toy calculations such as [92].

The [] contribution to eq. (3.2) offers a tangible example for the d®g integration.
This contribution can be obtained by a) tabulating three-gluon phase space points, b)
constructing the history in figure 6, ¢) retaining only histories for which the Q-constraints
are fulfilled (see discussion above), d) calculating the weight (B.22) of each valid <I>[2q], e)
picking one <I>£p ] probabilistically, f) performing the replacement ®3 — @5” ], and subtracting
the result.

For the matching implementation, it is further useful to retain the clustering scale ¢!
for each <I>7[f]71. Otherwise, it is challenging to match the Sudakov reweighting between

reweighted (toy) fixed-order inputs and TOMTE-produced complements. The generation of

complement for exclusive (n—m)-parton calculations (where 0 < m < n), if tn—m > Q. holds. Inspecting the
definitions of exclusive cross sections in section 3 reveals that the effect of including these contributions to
the complements is to cancel contributions to the exclusive cross section derived from paths with ¢(®,)< Q..
Thus, the final result is identical to systematically discarding such paths. Only the selection of paths with
tn > Q. will lead to a non-vanishing shower weight, i.e. contribute to the final result. The validity of this
argument has been verified with the toy implementation to sub-percent level, for several tens of observables.
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the latter proceeds simultaneously to the generation of other ®,-dependent factors, of which
some require selecting parton shower paths of ordered emission sequences to ®,. Thus, to
produce matching Sudakov factors for complements and unitarity subtractions, the former
should sum over the same paths. To obtain an exact match of the all-order factors generated
when reweighting (toy) fixed-order inputs and their complements, the reweighting of the
former should consider the value of the clustering scale tP! when selecting valid shower
paths. For the closure test calculation used in this note, not invoking the constraint can lead
to < 5% differences when approaching phase-space regions with multiple collinear partons.
Retaining an additional clustering scale information is uncomfortable, since it can blurs
the line between the fixed-order and the shower programs. However, the documentation of
this scale in an inclusive fixed-order calculation should be technically feasible, and allowed
within the accuracy of the calculation. Note that auxiliary (veto or shower starting) scale
information is routinely deemed acceptable in POWHEG and MC@NLO matching.

B.6 Assessing the impact of bias correction factors

The sample generation discussed at the end of the previous section also allows non-trivial
studies of the spectrum deformation effects (and the correction via 13 factors) discussed
at the end of appendix B.2. The current section will focus on such deformations for
one instructive example. For other lepton (hadron) collider processes, deformations of
similar (larger) size are expected. Figure 7a highlights that, given qgggg states, the method
to assign underlying ggqgg configurations does indeed lead to a non-negligible bias. The
differences are similar in size to the naive expectation for NLO corrections. The deformation
of the spectra is somewhat unexpected. Using (B.22) results smaller y34 jet separation than
the democratic clustering approach, yet the naive expectation is that the probability-based
clustering removes the least-separated partons first, potentially yielding harder four-parton
states. The bias introduced by eq. (B.12) is not completely obvious either, since it produces
larger y34 separation, while the naive expectation is that the dependence of eq. (B.12) on
(an approximation of) the four-parton matrix element would tilt the spectrum in favor of
less separated partons. The clustering bias is non-trivial.

These undesirable biases can be removed by including appropriate corrective weights,

]l%(PS) _ 1/number of possible replacements of a 5—par£c(])n stat? ]With a 4-parton state (B.23)
Z w;IL+3 (Prys)d (‘I)f-‘-z - (Dr?+2)
qEH(®Prn43)
]l%(FO) _ 1/number of possible replacements of a 5-parton state with a 4-parton state , (B.24)

wi?g ((I’n+3a ‘I’Eﬂq)

as shown in figure 7b, where different strategies are mapped to a democratic selection
baseline. Any corrective weight, to convert mapping strategies into each other, may be
obtained once the parton-shower history has been constructed. The price to pay for this
flexibility is, as the comparison between figures 7a and 7b indicates, a slower statistical
convergence (given an identical number of events) in the latter due to an additional source
of event weights. This is acceptable, since the weights are necessary to reinstate formal
correctness. In the development of the PYTHIA4+DIRE implementation of TOMTE, the
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removal of biases can explicitly be verified, due to having full control over the toy fixed-order
calculations. Overall, it would seem prudent to assess the bias (potentially) introduced by
the unitarization strategy also for other unitarized matching and merging approaches.

B.7 Parton-shower factors and trial showers

Parton-shower histories are paramount in defining the boundary conditions under which
parton-shower and matching factors can be calculated. This appendix will be concerned
with the technical implementation of the matching factors appearing in eq. (4.12). For the
sake of brevity, the main text uses a symbolic notation for parton-shower factors. This sym-
bolic notation for products of parton-shower factors fnoo)(Q)n) fécfl)(@nﬂ) e féf%(@n+m)
is, as required by the balanced parton-shower accuracy criterion, defined by the mixture

£ @) £ (@) - L0 (B (B.25)
[pal (', [pal
vt (o) P, )
= 2 - pls] [pb])

Pa€EH(Prym) prH(q) ‘/\/l (@Lpb )‘ H?t?}rl iq?[:;

® fé“)(@r[?“])féd( oy 1) (@l

where the sums extend over all possible parton shower paths. A detailed example for one
contribution in eq. (4.12) is
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This mixture can be constructed with the algorithm given in appendix B.2. From here
on, the discussion will assume that a particular path p, of transitions has been chosen,
and the path index p, will be omitted. The sequence of reconstructed states will be
&y — ¢ — .-+ = Dy, and the evolution scales at which transitions occur are t4,t1,...,t,
(where ¢t is a parton-shower starting scale). The factors wgoo)(q)i) implement the effect of
the running coupling, and are thus straight-forward to calculate,

wi™ (@) = as(ti)/as(p), (B.26)

)
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Projecting uiiggg final states onto uiigg (uncorrected) Projecting uiiggg final states onto uiigg (bias-corrected)

%: 107" ET T T T [ T T T [ T T T T[T T T T[T T TT El E E S A I L B
:5 r ] :i L 1
2107 E = 107 =
&0 E E &0 E E
2 C 7 2 = 3
o [ ] < L ]

s 5
B 107 = kU = —+— Democratic selection 3
= £ B > E —+— Selection via PS admixture, B
r . X B = eq. (B12), corrected with eq. (B23) R
104 Democratic selection — 104 = —+— Selection via fixed-order bias, =
—+— Selection via Ps admixture, eq. (B12) 3 E eq. (B22), corrected with eq. (B24) 3
—+— Selection via fixed-order bias, eq. (B22) q E ]

1.3 R 1.3

1.2
1.1

f

Ratio
n
O\ [TTTTTTATTHRTTT \‘HH T \HHH‘

8
£ Bl i
0.9 Mog:
0.8 0.8?
o B L o L
- -5 4 3 2 -1 -6 5 -4 3 2 -1
logy(ya4) logy(y34)
(a) (b)

Figure 7. Assessment of clustering strategies and bias corrections. (a) Impact of different clustering
strategies on four-parton observables. (b) Four-parton observable results, using 13 factors to map
onto a democratic clustering strategy.

where p = M% is used. For second-order running, the expansion of this term reads

w(O)(q)i) =1, w(l)(@i) = as(ﬂ)%ln (Z) (B.27)

wz@)(q)i) = (wgl)(@i))Q + <0¢Z(:)>2 51 1n <f) .

)

The second-order expansion always appears in the combination

—w®(®,) + (wz(l)(q%))Q _ (as(ﬂ))2B1 . <“> _ (B.28)

CAm t;
For first-order running, the Si-dependent term can be omitted. All w;-related factors are
simple analytical expressions.

The calculation of parton-shower Sudakov factors using analytic results is typically
tedious, due to complicated z-integration limits in eq. (2.3). Luckily, since the sequence
of states and evolution scales is known, it is possible to use trial showering to generate
Sudakov factors and their expansions. The factors A,,(t4+,t_) may be generated by:

1) Initialize Aty = 0, and define the number of trial shower sampling
points N.

2) Initialize the parton-shower on the state ®,,, and with a maximal evo-
lution scale ..

3) Generate a parton-shower sequence. If the first parton-shower emission
occurs at an evolution scale t < t_, shift Aol — Atrial + 1.

4) Discard the sequence, and repeat steps 2)—4) a total of N times. Finally,
set Am(t+,t_) = Atrial/N'
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Trial showering allows access to the details of individual parton-shower emissions that
produce A, (t4,t_), and thus also allows to generate terms in the expansion of Sudakov
factors. The most prevalent term required for TOMTE matching is

iy

dt ()

AgrlL) (t+, t—) =

(t, z, ) (B.29)

t_

where P(©) (t,z,¢) is the sum of the first-order expansion of all parton-shower splitting
kernels that may lead to a transition from ®,,.16 Note the evaluation of g at the reference
scale pu. This term can be generated by extracting the average number of emissions from
the trial shower [27]:

1) Initialize AErl)al = 0, and define the number of trial shower sampling

points N.

2) Initialize the parton-shower on the state ®,,, and with a maximal evo-
lution scale ¢ .

3) Generate a parton-shower emission. If the emission occurs at an evolu-
tion scale tey > t_, shift AL AW + = L where + = 2 The

trial trial w as(tem)
ratio of couplings is necessary if the trial shower is performed with dy-

namic oy argument, and guarantees that the desired fixed-a(u)-result
is extracted.

4) Discard the emission, reset the maximal evolution scale to ten and re-
peat step 3) until t4 < _.

5) Repeat steps 2)—4) for a total of N times. Finally, set Al )(t+, t_) =
—A(l.) N
trial / '

This method is employed heavily in NLO merging methods, which also feature first-order
shower expansions. The TOMTE matching method further requires the generation of the
second-order expansion

ty ty 2
APty ) = Jdtd d¢( (:)) P(”(t,z,d>)+% Jdtd g ( )P(O)( )

- i

t4

Jdtd d¢( (7T)) Po, (?) PO, 2, ¢) . (B.30)

t_

For gluons emissions from a quark line, the leading-order DIRE parton shower employs the splitting
kernel Pyq = (1 + 5= K) 2(1-2)/ ((1 —2)%+ t/mﬁipole) — (1+2), where K is chosen to recover the second-
order corrections to soft-gluon emission. Consequently, P(0>(t, z,0) =21 —2)/ ((1 —2)%+ t/m(leipole) —
(1+2), and P(1>(t,z,¢) =2K(1-2)/ ((1 — 2)? +t/m§ipole).
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This term always appears in combination with two other subtractions,

2
~AD (4 b)) + {A%I)(t+atn+l)} + wgl@nﬂ)Ag)(fhtnﬂ)

ty ty 2
dt s 2 1 dt s
_ f tdzd¢(a2(:)> PO, 2, ¢) + 5 Jtdzcwa;f)P(t,z,(ﬁ)
tnt1 tn+1
ty )
dt as(1)\~ Bo K
+ f ?dzdd) ( o ) 5 In (t) P(t,z,¢)
tni1
th ,
dt as(w)\” Bo H
— f ?dZde < o ) ? In (tn+1> P(t, Z, qf))
tnt1
ty )
dt s
- f tdqus(a;f)) POt 2, ¢) (B.31)
tnt1
iy b
+ rdtdzdgbas('u)P(t,z,gb)f dldzdas%(“)P(E,z, &)
J t 2w t 2
fipALil tn+1
t_f: )
dt as()\” Bo,  (tn+1
+ ) tdzd¢< 5. ) 2111( ; >P(t,z,¢)
tnt1

47 —



The first term is most easily generated jointly with (B.29), since this avoids separating
the splitting kernel into two components. The calculation of the term highlighted by -
is a straight-forward extension of generating the average number of emissions — only the

replacement % — ;:zgé‘n)]) “;ST“) % In (tp41/tem) is necessary to produce the contribution. The

term in - is the rate of an emission with ¢ € [t,¢,,+1] given a previous emission at evolution
scale t with ¢ € [t4,t,41]. This may also be extracted from generating trial emissions:

1) Define the number sampling points N, initialize DE = 0, and ini-
tialize an empty set etyial

2) Initialize the parton-shower on the state ®,,,, and with a maximal evo-
lution scale ..

3) Generate a parton-shower emission. If the emission occurs at an evolu-
tion scale tem > tp41, insert the weight % = % at the end of the
set, €trial — €trial [ %

4) Discard the emission, reset the maximal evolution scale to ten and re-
peat step 3) until t4 < t,41.

5) Shift

n(etrial) n(etrial)

DEtrial = Z et(;gal ® Z egi)al

1=1,i€€¢rial Jj=i+1

6) Repeat steps 2)-5) for a total of N times. Finally, set * = DEyyq / N.

For later convenience, it is useful to collect the complete form of the O(a?) subtraction
that is required for all-order weighted tree-level n + 1-parton cross section dafloll(@nﬂ),
which reads

2 2
—wily (Ppg) + [wﬂl(@nﬂ)} + )y (a4 )AL by tag1) — AP (b tngr) + [AD (b b))

2 4 2
_ as (1) 2 dt as(p) " Bo . (tot1
= _ <47r> B1In <tn+1) + J tdzdd)( 5 ) 5 In (T) P(t,z,9) (B.32)
tn41
ty t B ty 5
d . dt o _ d .
+ J :dzd¢>a2(:)P(t,z,¢)J Ttdquso‘zig‘)zﬂ(t,z,qsw J %dqu& <O‘2(7f‘)> PO (t,2,¢).
tnt1 tnt1 tnt1

C Auxiliary discussions on matching

Matching fixed-order results and parton showering always leads to a certain matching
scheme dependence, in particular due to choices in the treatment of terms beyond the
all-order parton-shower accuracy. This appendix offers supplementary arguments for the
choices in the main text, and provides additional details on the accuracy of the TOMTE

matching formula.
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Ordering Interpretation Treatment

ay) ty >t(P,41) : Potentially unresolved Sudakov between ¢ty and ¢(®,41)

emission

b1) t(®Pp41) >ty : Hard jet Fixed-order contribution for ®,, 1

Table 6. Possible evolution variable orderings for one-parton states. For eTe™ — jets, only the
ordering in red applies, while any ordering is possible for generic hadron-collider processes.

C.1 Configurations without ordered parton-shower interpretation

Although the phase-space generation of modern parton showers is based on exact phase-
space factorization formulae, and thus should allow full coverage, there are various re-
strictions that prevent parton showers from reaching all phase space regions. Possible
restrictions are due to the parton-shower starting scale ¢y, and due to the requirement
that parton-shower emissions are ordered by decreasing values of the evolution variable.
The former restriction is absent for ete™ — jets, since the starting scale is typically chosen
to be 5 = (p.+ + pe-)?. The ordering constraint is ameliorated if the shower includes the
emission of multi-parton clusters, since the partons within one such cluster need not adhere
to specific ordering constraints. This is e.g. the case for the two-parton emission clusters
of the NLO parton shower presented in [93, 94]. Configurations that cannot be reached by
the parton shower will be called non-shower configurations.

Configurations that cannot be reached by showering require special considerations
when matching to the parton shower. For N3LO+PS matching, configurations with one,
two or three additional partons need to be considered. Possible one-parton states are listed
in table 6. In states with evolution variable above the shower starting scale (t(®,41) >
t1), the additional parton cannot become unresolved, so that no Sudakov resummation is
necessary. Thus, the b; contributions enter as fixed-order corrections. However, a sensible
scale choice for the argument of a, is mandatory. The factorization scale value also needs
to be considered carefully, since it doubles as the starting scale of a subsequent shower. A
detailed scale setting mechanism for generic multi-parton states that is independent of the
shower accuracy and is suitable for matched calculations can be found in [78].

Beyond these consideration — which apply irrespective of the desired accuracy — it
is important to determine how non-shower states contribute the fixed-order prediction. If
e.g. non-shower configurations are included in inclusive fixed-order cross sections, then a
double-counting of the contributions when matching several multiplicities can be avoided
by simply including non-shower configurations in the unitarization procedure. The by
contributions in table 6 would e.g. by projected onto a ®,, phase-space point, and included
as fixed-order subtraction. Alternatively, if non-shower states are not (or should not) be
included in inclusive fixed-order predictions, then the contributions can be included without
explicit unitarization.

States with two additional partons allow for many more evolution scale orderings, see
table 7. Non-shower states with one and two partons need to be considered, as well as
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Ordering Interpretation Treatment

az) ti > t(®y41) > : Two ordered poten- Sudakov between ¢y and t(®p41),
t(Prt2) tially unresolved emis- and t(®,1) and t(®,12)
sions

by) t(Pp41) > ty > : Hard jet and single Fixed-order contribution for

t(Prr2) potentially unresolved @,,11, Sudakov between t(®, 1)
emission and t(®p42)

dy) t(Ppy2) > ty > : Two hard jets Fixed-order contribution for ®,, 5
t(Pnt1)

e) ty > t(P,y2) > : Potentially unresolved Sudakov for double-
t(Ppt1) double emission emission  between t;  and

tet (L(Prt1), t(Pny2))

f2) t(®Ppt1) > : Two hard jets Fixed-order contribution for @,
t(Pri2) >t

g2) t(Ppi2) > : Two hard jets Fixed-order contribution for ®,, 9
t(Ppt1) >ty

Table 7. Possible evolution variable orderings for two-parton states. For eTe™ — jets, only the
ordering sequences in red apply, while any ordering is possible for generic hadron-collider processes.

the emission of a “soft” two-parton cluster. The former again demand suitable choices of
renormalization and factorization scales. The effective scales introduced in [78] can serve
this purpose. The evolution variable of double-emission contributions in an NLO parton
shower offers a theoretically appealing scale definition for configurations with t(®,492) >
t(®p41), since it may be applied irrespective of the value of ¢. In table 7, it was assumed
that showering off hard ®,,; corrections would be initiated at ¢(®,1), and that any scale
hierarchies above ¢, are not large enough to warrant resummation. The latter assumption
could easily be relaxed.

The inclusion of non-shower configurations with two hard jets (da, f2, g2) in inclusive
predictions follows similar arguments as outlined for one-parton states above. If the contri-
butions are included, in integrated form, in inclusive cross sections, then the contributions
should be included in the unitarization procedure. For the configurations fo and go, a fixed-
order subtraction would have to be generated by projected the configurations onto ®,,;
phase-space points, and then subtracting. Similarly, an all-order subtraction of o should
be generated with ®,41 dependence. Note that as an all-order reweighted contribution, by
should enter on equal footing to the other two-parton tree-level contributions in eq. (4.12),
i.e. the Sudakov factor ¢(®,11) and t(P,2) should be subtracted appropriately. The two-
jet configurations dy include ®,,;9 states are fully resolved, while ¢4 > ¢(®,,4+1) may pro-
duce unresolved (n 4 1)-parton states. Guidance on their treatment can be obtained from
the double-emission shower of [93, 94], which allows ¢(®,,12) > t(®y+1). There, the impact
of double-emission clusters on inclusive observables cancels between n- and (n + 2)-parton
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states, since both emissions become unresolved simultaneously. Similarly, configuration ds
may be regarded as emission of a hard two-parton cluster. Consequently, the necessary
fixed-order subtraction for dy should be generated with ®,, dependence. Other treatments
of dy are conceivable, and might become relevant when NNLO+PS and N3LO+PS matching
mature. If inclusive fixed-order corrections do not contain non-shower states, then non-
shower two-jet contributions can be included without explicit unitarization. Configurations
az and ey are reachable by an NLO parton shower and thus do not require special attention.

States with three additional partons allow for yet more evolution scale orderings (ta-
ble 8). Note that table 8 assumes that showers off hard &, corrections would com-
mence at t(P,1), and showering from hard two-jet configurations was started at ¢(®,42)
or te(t(Pp41),t(Pry2)). Furthermore, any scale hierarchies above ¢ are not considered
large enough to warrant resummation.

Multiple ordering combinations reachable by showering (a3, ds, ns, g3, t3, ws) are
possible. Several of these would only be accessible in an NNLO parton shower that includes
the emission of correlated triple-parton clusters. Although this is currently beyond reach,
the extension of [93, 94] suggests that the evolution variable of correlated triple-emission
may be o¢ pa(p1+p2+p3)pe(p1+p2+p3)/(Pabs), where p, and py, are the momenta of (high-
energy) radiator and recoiler after the branching, and p; 23 are the emission momenta.
Such a definition would constitute an appealing renormalization, factorization, and shower
starting scale for non-shower configurations with three hard jets. Alternatively, the method
of [78] might be used irrespectively of the shower accuracy.

The treatment of non-shower states with one or two partons was discussed above.
Similar configurations appear also at three-parton level (b3, c3, es, f3, s3), and will be
weighted by all-order Sudakov factors. The latter will depend on the (effective) scales
assigned to the fixed-order configurations. If inclusive fixed-order cross sections include
these non-shower configurations in integrated form, then unitarization through all-order
subtraction is necessary. This proceeds by subtracting the contributions after projection
onto (n + 2)-parton states, with the notable exception of s3. That contribution contains
potentially unresolved (n + 2)- and (n + 3)-parton configurations with ¢(®,4+3) > t(Pp12).
Again taking guidance from NLO parton showering, the impact of these configurations on
inclusive observables should cancel between (n + 3)- and (n + 1)-parton configurations, so
that the necessary all-order subtraction should be generated with ®,,,;-dependence.

Finally, configurations containing three hard jets can be treated as fixed-order correc-
tions. If such configurations were included (again in integrated form) in inclusive cross
sections, then fixed-order unitarity subtractions are required to retain the correct inclusive
results. Depending on the ordering, these subtractions enter with ®,,9-dependence (g3,
hs, j3, 03, 13), ®,11-dependence (ks, v3), or ®,-dependence (is, I3, ms, ps, us, x3). The
last treatment is inspired by a hypothetical NNLO shower that would include the emission
of internally disordered triple-parton clusters.

C.2 Differences in matching at NNLO

Comments on eq. (2.6). This note used the NNLO+PS matching formula eq. (2.6) as a
starting point to derive N3LO-+PS matching. This equation differs slightly from the UN?LOPS
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a3)

b3)

03)

ds)

63)

f3)

g3)

h3)

i3)

J3)

?7,3)

03)

P3)

Q3)

Ordering
t+ > t(q)n+1) > t(¢’n+2) > t(®n,+3)

t(Pny1) >t > H(Pri2) > H(Prys)

t(Pry2) >ty > H(Prt1) > t(Prys)

ty > tH(Ppio) > tH(Prs1) > H(Pris)

tH(Prt1) > U Prt2) >ty > t(Prys)

H(Pry2) > t(Png1) >t > t(Prys)

H(Prt2) > U Pnt1) > tH(Prys) >ty
HPrt1) > U Pri2) > U Pnys) > 4
HPrts) > U Pri2) > U Pny1) >ty
t(Pry2) > t(Prys) > U Prt1) >ty
HPrg1) > t(Prts) > t(Priz) > 14
HPrts) > U Pri1) > U Pny2) >ty
t(Ppts) >ty > t(Ppg2) > t(Prt1)

te > t(Pnys) > L(Ppt2) > 6(Prg1)

t(Pni2) > t(Pnts) >ty > U(Pry1)
t(@n+3) > t(q)n+2) >ty > t(q)n+1)

ty > tH(Ppio) > tH(Pris) > t(Pni1)

Interpretation

Three
potentially unre-

ordered

solved emissions

Hard jet + two or-
dered potentially
unresolved emis-
sions

Two hard jets +
potentially unre-
solved emission

Potentially  un-
double
emission, followed

resolved

by potentially un-
resolved emission

Two hard jets +
potentially unre-
solved emission

Two hard jets +
potentially unre-
solved emission

Three hard jets

Three hard jets

Three hard jets

Three hard jets

Three hard jets

Three hard jets

Three hard jets

Potentially unre-
solved triple emis-
sion

Three hard jets

Three hard jets

Potentially unre-
solved triple emis-
sion

~ 52—

Treatment

Sudakov between ¢4 and ¢(®,41),
t(¢n+1) and t(q)71+2), and t(q)n+2)
and t(q)n+3)

Fixed-order  contribution for
Py y1, Sudakov between ¢(Prn41)
and t(®n42) and t(Pn42) and
t(Pnys)

Fixed-order contribution
for ®,42, Sudakov between
teft (U(Prt1), U(Pry2)) and
L(Prt3)

Sudakov from ty to
teﬂ(t(¢n+1)?t(¢n+2))7 and
bt (@1, H(@ps2) and
t(Pnys)

Fixed-order contribution for
D42, Sudakov between ¢(Pn42)
and t(®n43)

Fixed-order contribution
for ®,42, Sudakov between
tet (H(Pn+1), tH(Prs2)) and
t(Pn+3)

Fixed-order  contribution for
(I)n+3
Fixed-order  contribution for
q>n+3
Fixed-order  contribution for
Dts
Fixed-order  contribution for
(I)n+3
Fixed-order  contribution for
<I>n+3

Fixed-order contribution for

Dts
Fixed-order  contribution for
Drts
Sudakov for triple-
emission  between t; and

teﬁ(t(q)nJrl), t(Prt2), H(Prys))

Fixed-order contribution for

(I)n+3
Fixed-order  contribution for
<I)n+3
Sudakov for triple-
emission  between t;  and

teﬁ(t(q)nJrl), t(¢'n+2)7 t((I)n+3))




r3) t(Ppy2) > t4 > t(Pnts) > t(Prt1) :  Three hard jets Fixed-order contribution for

(I)n+3
s3)  tH(Pnt1) > t4 > t(Prts3) > t(Pny2) :  Hard jet 4+ poten- Fixed-order contribution for
tially unresolved ®,41, Sudakov for double-
double emission emission between t,4+1 and
tet (H(Prt2), tH(Prts))
t3) ty > t(Ppy1) > t(Prgs) > t(Pry2) :  Potentially unre- Sudakov  between ¢4  and

solved emission, t,4+1, and Sudakov for double-
followed by poten-  emission between ¢(®,+1) and
tially unresolved  teg(t(Pnt2), t(Pr+3))

double emission

uz)  t(Ppyz) > H(Prng1) > t+ > t(Pry2) : Three hard jets Fixed-order contribution for
<I)n+3
v3)  t(Ppi1) > U Pnys) >ty > t(Pny2) : Three hard jets Fixed-order  contribution for
I
wsz) b4 > tH(DPpys) > H(Ppg1) > t(Prt2) ¢ Potentially unre-  Sudakov for triple-
solved triple emis- emission  between ¢ty and
sion et (@ o1), H®as2), HBss)
x3)  t(Pny3) >ty > t(Pry1) > t(Pny2) : Three hard jets Fixed-order  contribution for
q>n+3

Table 8. Possible evolution variable orderings for three-parton states. For eTe™ — jets, only the
ordering sequences in red apply, while any ordering is possible for generic hadron-collider processes.

prescriptions in the literature. The first change is the more abundant inclusion of running-
coupling factors, especially the running-coupling rescaling of virtual and real corrections
if additional partons were already present at tree-level. The reason for this choice is en-
capsulated in egs. (2.2) and (2.4). These define the relation between the emission pattern
and the no-emission (Sudakov) factor: the latter is determined by the difference of the
integral of the former and unity. Conversely, the integral of the emission pattern is deter-
mined by the difference of the Sudakov factor from unity. Theoretical arguments strongly
favor a dynamic coupling evaluation in the Sudakov exponent [95]. The same is true if the
Sudakov factor is produced from an emission spectrum via explicit unitarization. Hence,
the integrated emission spectrum should employ a dynamic coupling evaluation. This also
applies to (N)NLO fixed-order results. Thus, it is arguably more consistent with eq. (2.2) to
include running-coupling factors in the rescaling of virtual and real corrections — though
the inclusion of running-coupling effects is beyond the formal accuracy of the method.
The second change relative to [34] is that eq. (2.6) demands an exclusive n + 1-
parton NLO cross section, which is complemented by tree-level n + 2-parton distributions,
whereas [34] employed an MC@NLO-matched n + 1-parton calculation. The main rea-
son for this differences is technical: the fixed-order cross sections in eq. (2.6) are not
dependent on the parton shower, so that it is straight-forward to produce toy fixed-order
calculations for the inputs to eq. (2.6). The sliced approach of eq. (2.6) admits a more
dynamical scale-setting method for n + 2-parton contributions than would be possible in
an MCQ@NLO calculation, potentially resulting in a more “physical” result especially in the
presence of large hardness hierarchies in n + 2-parton states. On the other hand, using an
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MC@NLO-matched calculation avoids the slicing of n + 1-parton configurations into two
disjoint “bins”.

Comments on fixed-multiplicity “bins” in the matching formula. The matching formulae
used in this note (egs. (2.4), (2.6), (4.12)) are combinations of weighted n-parton, n +
1-parton and possibly n + 2-parton and n + 3-parton states. This is indicated by the
“observable dependence” O,, (m = n...n + 3). The highest parton multiplicity sample
will be distributed over even higher multiplicities by the action of the parton shower.
In all other cases, there is no “smearing” of the description of m-parton states to higher
multiplicities m+1. This “binned” approach is common for matching [27, 29, 34]. However,
it has the disadvantage that virtual corrections for m-parton states naively do not migrate
to real-emission observables, at odds with the arguments of [91]. The implementation in
this note accepts this feature. A method to ameliorate the “binned” behavior was discussed
in [35].

C.3 Accuracy of the TOMTE matching formula

The formula eq. (4.12) allows the combination of N3LO calculations with parton showering,
and hence with event generation. It fulfills all the criteria set out in table 3. This appendix
provides a more fine-grained discussion of the choices leading to the TOMTE method, and
of its accuracy. Any confirmation of the desired accuracy relies on accurately reproducing
fixed-order results for inclusive cross sections, and producing a combination of fixed-order
and resummed results for exclusive cross sections.

More details on matching the tree-level two-jet contribution. The matching of this con-
tribution relies on its interplay with several other contributions, and thus requires careful
consideration of any terms beyond the formal accuracy that are introduced by parton-
shower factors. Firstly, the term forms the Born contribution to the two-parton NLO cross
section. This suggests that it should contain all-order prefactors matching the prefactors
of the real- and virtual corrections, i.e. dynamic arguments of «; for both partons, and Su-
dakov factors to ensure a suitable description in the presence of scale hierarchies between

the partons. On the other hand, the term should complement the exclusive one-parton
D[Q@n+2 < Qc]
n+1

factors identical to the latter (i.e. dynamic arguments for one power of as, and only one

NLO cross section do (®,41) after integration, and should thus contain all-order
Sudakov factor). Finally, the unitarization of O,9 terms should result in an appropriate
Sudakov factor to make the Oy, contribution exclusive. Thus, any all-order weighting of
the tree-level two-jet contribution is seriously constrained, leading to egs. (4.8) and (4.9).
Some more discussion can also be found in the following points.

Three-additional-parton observables are LO+PS accurate. Only the last term in eq. (4.12),

dUg)JZ[??nH > ((I)n+3) ® Ap (t—l-: tn+l)An+1 (tn-l—l: tn+2)An+2 (tn+27 tn+3) (Cl)

@ Wnt 1 (Prt1)Wn2(Pri2)Wn3(Pri3) ® féf%(q)mg,tms,t—)?
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contributes to O,4+3 observables. The unitarity of the parton shower guarantees that for
inclusive observables, this reduces to

D,43) ® Ap(te, tn1) Ang1(tngt, tnr2) Ao (tng2, thes)
® wn+1(q)n+1)wn+2(¢)n+2)wn+3(¢)n+3)
— do 0> @@, ) % (14 0(ay)) . (C.2)

da_q(’g)_an+3 > Qc](

For exclusive n+3-parton observables (i.e. when vetoing n+4-parton states with separation
larger than @.), the action of the parton shower eq. (2.1) attaches an additional Sudakov
factor Ay13(tnts, te),
0)[Qn+3 c
dO',EH)_[f @ }((I)n—i—?)) & A (t+7 n+1)An+1(tn+17 tn+2)An+2 (tn+27 tn+3)

& Wn+t1 ((I)nJrl )wn+2 ((I)n+2)wn+3 ((I)nJrS) 2 f»r(Li_og (Cbn+37 tn+3, t*)

= do 5 (@) (C.3)
® A (t+a n+1)An+1 (t’n+la tn+2)An+2 (tn+2a tn+3)An+3 (tn+3a tc)
® Wt 1(Prt1)Wny2(Prt2)Wnt3(Prys) s (C4)

and thus reproduces the correct parton-shower resummation of the jet veto. Hence, three-
parton states are described at LO+PS accuracy.

Two-additional-parton observables are NLO+PS accurate. The description of two-parton
states in TOMTE is very similar to the UN?LOPS scheme. For inclusive n 4+ 2-parton observ-
ables, the terms in - in eq. (4.12) cancel by construction, resulting in a O,,42 contribution

do-(o) [Qn+2 > Q<~'] (¢TL+2)

© Aty b)) D1 (bns s b 2) 0 (B )0 T (Bry2)

® [1 - 7(1421(@71—0—1) - w7(11422(q)n+2) — APty tyyr) — A’I(’Llll(tn+17tn+2):|

dU(l)[Q"“ > Qe AQnys < Qcl ((I)n+2)

@ Aty i) An i (bng1s ts2) T} (@)W (@ i2)
t+

b g anllf @
)

@ Aty tns) Dngt (brst, bg2) T (@ Jw i) (@) 1075 (C.5)
After expanding all shower factors, this gives

Aol N @aga) - (14 0(ad)) 4+ dolli?e > @09 2@ ) - (14 O(a))
" f do 022> (@, 4y (14 O(ay))

= do ()19 > 4, 1), (C.6)
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such that the NLO cross section is recovered. Note that the factor ]IZig ensures that the
(n + 3)-parton contribution combines with the (n + 2)-parton contributions in the correct
manner, to produce an unbiased [-integration. In order to assess how eq. (C.5) influences
the all-order description (for one parton becoming unresolved, or both partons becoming
unresolved in a strongly ordered manner), it is useful to reorder the terms into a “parton-

shower prediction” and a “remnant term” [34],

Ea. (C.5) = [do{5 7 9 @,19) + dol 5™ (@19)] (C.7)
© Antr b)) At (s tos2) w0 (1w (Bn2)

where

dar(LlJZ[QREM](CI)nH) = dar(LlJz[gQHQ g QC]((I)n+2) (C.8)

0)[@nt2 > Qe
+ d0-7(1_|)_[2 " ]((I)n+2) (*wfblll(q)nﬂ) - wglg(‘bnw) — APty tngr) — A.(nlll(tn+l7tn+2)) .

The first term in eq. (C.7) is the desired parton-shower result. The remnant term in (C.7)
consists of an all-order factor multiplying an O(a?) correction (eq. (C.8)). This correc-
tion contains all non-universal NLO corrections, since all universal parts (as defined by the
shower approximation) are removed from the complete NLO corrections. Thus, the “rem-
nant” does not impair the shower accuracy. Instead, it can be considered favorable, since
it allows to view the cross section (C.7) as separated into a “hard” coefficient (in brackets),
dressed with identical all-order factors encapsulating the evolution of the state.

For exclusive (n+2)-parton observables, the terms in - in eq. (4.12) do no longer cancel
since (n + 3)-parton states with separation larger than Q. are vetoed. The (n + 3)-parton
contribution can be written as

t-‘r
§ doO2w > L@, ) At 1) Dt (b1, Ers) 0 5) (B ) (@)
J
[ (ﬂﬁg - 1) + (1= Anga(tnia, tn+3)wn+1(@n+1)wn+2(¢’n+2))] (C.9)

~ jﬁ do O+ > (@, VAL (s s 1) At (g 1 g 2) 0] (B )l (@ o)

[ 1 — Apga(tnt2, tne3)Wn i1 (Pnr1)Wnro(Pri2) ] . (C.10)

The expansion - term removes hard (n 4 3)-parton events at lowest order. At all orders,
it combines (by virtue of eq. (2.1)) with the other contributions to form a Sudakov factor
reproducing the parton-shower resummation of the jet veto. As argued in appendix B.4 the
(]12]3 — 1) term does not impair the accuracy according to the balanced parton shower
accuracy criterion, and has thus been dropped in eq. (C.10). In conclusion, two-parton
states are described at NLO-+PS accuracy.
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One-additional-parton observables are NNLO+PS accurate. The description of n + 1-
parton observables O,4;1 contains some of the most interesting features of the TOMTE
method. In inclusive n + 1-parton observables, the construction (4.12) enforces a can-
cellation of the terms in -, -, -, as well as in -. After these simplifications, the O,41
prediction is

2 n c n c 1 n c
(dail[f? 2 @en @ <@ ) e S @) (1wl @) - A ()
+ dol’), (Pni1) [1w£ﬁl<@n+1>wﬁl<¢>n+l)A;1><t+,tn+1>A?m,tm)

2 2
+ [A,(f)(tJr,th)} + |:w'511-§)—1<q)n+1):| Fwl) (@ne) A (L tog)

) An(tes tor )i} (Pna)
tt tt

D|Qn+t2 > Qe NQny3 < Qe n 0)[Qn+3 > Qc n4-:
+ j( do' i o=@ oyt + %da; @nes>Qdg  yprts(C11)
t— t—
++
(0)|Qn+2 > Qe
+ jgdanJQ 7 @0) L= 0@ = AL Gt [T | Auer trsn)ulTh (@)
J
(2)[@nt2 < Qe AQnys < Q] (D)[@nt2 < Qc]

N doyy (Pnt1) - (1+0(as)) + do, 5 (®ni1)- (1+0(a?))

+ dol) (®g) - (1+0(ad))

+ J do )N (®,,12) - (14 O(a)) + Jdo%@"“>Q4(<1>n+2>-(1+0<a3>)
= do®H PN (@, 41) - (14 O(ay)). (C.12)

where the ]lﬁi% and ]lﬁrz’ correction factors enforce an unbiased [-integrations. The inclu-
sive NNLO cross section is thus reproduced correctly. The influence of the matching on the
all-order prediction — if the parton becomes unresolved — is best discussed by rewriting

eq. (C.12) in terms of a parton-shower prediction and remnant term,

eq. (C.12) = (dagﬁl(@nﬂ) + da&)_[lREM] (Prt1) + daf_‘)_[lREM] (q>n+1))An(t+7 tn+1)w£fii (Pry1) 5

(C.13)
where
do ()TN (@ 40) = daill[lQ"H <a] (Prt1) + J dgg[zQ"H > @] (Prt2)
+ o0y (@) (—0lldy (@arn) = A (04 t0)), (C.14)
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and with the second-order remnant term defined in eq. (C.15). This again permits in-
terpreting the matched result as a hard production coefficient (in brackets in eq. (C.13)),
dressed with the effect of soft- and collinear radiation. In the remnant term (C.14), all
universal corrections are again subtracted, such that only non-universal corrections remain.
An identical term appears in the UN?LOPS prescription. Thus, this term does not threaten
the parton-shower accuracy of the matched result.

The second-order remnant is given by

do (2T (@,41) (C.15)

2)|Qn+2 < Qe AN Qnys < Qe 1)|Qn42 > Qe 0)|Q@n+3 > Qc
= goPl2n w<Qlg o f dolome >l g vy ﬂ a0 %@, )

+ J daff%Qn+2 g QC](¢n+2) (*w(l+>1(q’n+1) - A%I)(t+atn+1))

(1)|Q@n+2 < Qc
+ dO’n+[1 " }((I)"Jrl) (_will-ﬁ)-l(q)’fﬂrl) - A'Ell)(t+atn+l))

2 2
+ dr (@) (= 0 (@ni) = AP (t tain) + [AD(E b)) + [0l (@0i)]
0l (@AY (1 b))

These contributions are all interconnected, such that the impact of the second-order rem-
nant on the all-order result is more subtle than for the first-order remnant. However, using
egs. (B.29) and (B.33) as well as the identifications

C
do BN (B, ,2)

2)[@Qn+2 < Qe AQny3 < Qe 1)|@nt2 > Qc 0)|@n43 > Qc
= dafl_‘)_[l +2 e }((I’n-u) + f dar(H)-[Q 2 ](<Dn+2) + ff dar(ﬂ)—:[s h }(an-&-S)

do NN (@)

(1) Q'VL < QC (O) Q”L > QC
= doMr <@gyt f doOL@me2 > Celig Ly

the second-order remnant may suggestively be written as

do @M () = do@IN (g, ) (C.16)
iy
as(1) Bo 14 (1)[INC] (0) dt as(p)
— o 3111 (th) dO'n+1 (q)n+2) + dUn+1((I>n+1) ?dzd¢7P(t,z,¢)
tn+1
t
n i dt \ s @) o), doWINCl (@ v g (g Qs (foy p
7 zdg o (7Z7¢) On+1 ( n+2) Un+1( n+1) o ? n ? +P(0)
tn+1
t+ t B
) dt as(1) 50 dt . cas(B) 55 = 7
én - —P <y - ——P )~y
+ dol), (@np1) J L dzdo S POt 2, 0) | Tdzdp~5 PO (1, 2,9)
tn+1 tn+1

— do®

o)\ B, (_»
n+1((bn+1)( - ) zln (tnﬂ)

The NNLO cross section do?)l'™(®,,.») contains all the other terms, which consequently act

to remove universal higher orders from the NNLO result. More specifically, in the bracket
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in the first line, only universal [y-dependent terms remain. These, together with the
prefactor, act to remove SBg-dependent terms from the NNLO result. Similarly, the bracket
in the second line does not contain universal NLO corrections to soft gluon couplings,'” so
that only Sudakov-like effects remain. Multiplied with the prefactor, this factor acts to
remove further universal terms. The remaining terms again remove universal contributions
to the NNLO cross section. Thus, in total, do@"*(®,,,) contains — from the viewpoint
of the parton shower — only non-universal terms, meaning that including do "™ (®,,41)
as prefactor to all-order terms does not impair the desired parton-shower accuracy.

Finally, for exclusive n + 1-parton observables (i.e. sensitive to exactly one additional
parton), several all-order terms in eq. (4.12) do no longer cancel since n + 2-parton states
with separation larger than Q. are vetoed. These uncanceled terms mirror, by design,
the inclusive n + 2-parton prediction exactly. The latter provide an NLO+PS accurate
description when one of the two additional partons becomes much softer (or more collinear)
than the other. Thus, the uncanceled all-order terms in exclusive n + 1-parton observables
provide a parton-shower accurate resummation of the jet veto.

In conclusion, n + 1-parton observables are described with NNLO+PS accuracy. In-
cidentally, this also means that omitting the n-parton contribution to TOMTE yields an
improved NNLO+PS matching for n + 1 parton processes.

Zero-additional-parton observables are N3LO+PS accurate. In the prediction of inclusive
n-parton observables O,,, the cancellation between higher-multiplicity predictions and all-
order subtractions take maximal effect. After replacing all observables in eq. (4.12) with
O,, (since inclusive n-parton observables are by definition insensitive to additional partons),
the matching formula reduces to

J,—_;(loo)[TOMTE] ((I)nu te, t_) (Cl?)

~0, {da£0+1+2+3>[EXC] (@) + dUT(L():llJrz)[Qnm < QcAQnts < Qu](q)nﬂ) + do_i(iaan+2 > Q] (@nso)

+ o[> @@ <@gy g Ol @l g } — 0, doOHFHIINC g

Thus, the inclusive N3LO cross section is recovered without any higher-order corrections.
For exclusive n-parton observables, the all-order subtraction to balance the n + 1-parton
prediction observables remains uncanceled, and thus produces a resummation of the jet
veto. The inclusive n + 1-parton spectrum recovers the parton-shower resummation when
the additional parton becomes soft or collinear. By virtue of the mechanism in eq. (2.2),
this means that the all-order subtractions correctly reproduce the jet veto resummation
for exclusive n-parton observables. To summarize, n-parton observables are described with
N3LO-+PS accuracy.

7Provided that ]3<1)/P(0> reproduces the two-loop cusp-anomalous dimension at the inclusive level, as
is the case in most modern showers.
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D Matching inclusive N3LO calculations to parton showers

The TOMTE matching method developed in the main text relies on exclusive fixed-order
calculations. The rationale behind this assumption is that exclusive fixed-order calculations
might be easier to calculate or approximate. The UN?LOPS method [34, 35] for example
employed well-known results from analytic resummation to construct exclusive cross sec-
tions. It is however also straight-forward to rearrange the TOMTE method to rely on (a
mix of exclusive and) inclusive cross sections. This opens many avenues to re-use known
results to construct a matched calculation. Using an inclusive N3LO calculation may be the
most relevant re-arrangement. In this case, the TOMTE formula reads

fT(loo)[iTonrt'l'E]((I)n’ t+,t_) =0,

do_T(L0+1+2+3)[INC] (@)

tt+

(2)|Qnt2 < Qe A Qny3 < Qc
- § dUn+[1 " " ](‘I’nﬂ) An (b, tnp )W) (Prar)

- § it

Aty tng)wlY) (nia)

Q| - (1 —wl ) (@ng1) = wi)y (Pagr) = AV (b tngr) = AP (t4,tnga)

2 2
+ (AP (tr )]+ {wﬁ)l(q’nﬂ)} +wﬂl(q’nﬂ)ﬁg)(t%tnﬂ))

t-‘r

(1)|Q@n+2 < Qe
- §d0n+[l +2 ](‘bm—l)

he

© | Anltrtar)wl T @ns) (1= 0l (@ni1) = ALt ) )

t+

(0)|@n+2 > Qe
- %damrg - ](‘anr?)

rad

® At o) @) (1= 00 (@nt1) = AL 4 tnr) ) 1213
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tT

_ W[Q@nt2 > Qc AQn
% do, 5 o <@ (Pn+2)
pht
1n+2

& Ap(ts, tn+1)wi°_ﬂ(‘1>n+1) n+1

tT

B (0) [Qn > Qe
%ﬁ Aoy i3 b ](@n+3)

i

®  An(ts tnt1)wlT) (Pnr)Ints

L0 ()[Q@nt2 < Qe AQnts < Qe
n+1 4o, (1 " Q/]((I)nJrl)

® | Anlty, tnp)wl) (@ns)

+ da,(g)_l(‘l)wrl)

An(ty, tog )W) (®nsr)

(1~ w® (2)
® ( Wy 14 (Pry1) — W Ly (Pryr) — AP (4 ts1) = AP (4 tr1)

+[a® St ) ’
[ (t+>tn+1)} + wn+l(¢"+1)i| +wizl-s)-l(q)"“)Agll)(t*’t"“))

(1)[Qn < Qc
+ doy oyt J@n11)

® {1—111(1) D,p1) — ALY
n+1( nt1) n (t+7tn+l)}An(t+vth)wf—ii(‘i'"“)

t+

(0)|@n c
+ § dan+[2 e ](¢"+2)
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@ Aty tap )W) (Pnta)
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® | (1- @) = A s, torn) ) 1313
- An+l(tn+17tn+2)wiloi%(<bn+2)
® (1 — w1 (Brt1) — Wy (Bnya) — AP (4, tns1) — AL (tnt1, tn+2)) ]
.
e ¢ AQnis < Qe
+ § d"il[f 27 QehQuis <@ ](q>n+2)
l
® | Aty tay)wlT) (@n) 10T
— An(t+,tn+1)An+1(tn+1,tn+2)w,(fii('i‘n-‘-l)wioi%(q)n-;-z)
t+
(0)|Q@n+3 > Qc
i ﬁﬁ d”mg +3 ](‘I’n+3)
yhd
& An(t+,tn+1)w§fi(¢n+1)12ﬁ
= At tng1) A (gt tng2) W) (@1 )T (@raa) 1ol
(0)[Qntz > Qe
+ Opgz { doll2me2 > %lg, )
® An(t+ytn+1)An+l(tn+17tn+2)w.sloii(q)n+1)w,(ii;(q)n+2)
® [1 — ) (®nt1) — Wy (®nt2) — AL (s, tnts) — AL (s, tm)]
e N .
+ dUr(H)LQ 42> Qe AQni3 < Q ](‘I)n+2)

&  An(tt,tnt1)Ansi(tnri, tn+2)wfloii (Prt1 )w,(loj; (Prt2)
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T

(0)|Qn > Qc oo () n
+ § d0n+[3 +3 ](q)n+3) An(ts,tnt1)Anii(tnta, tn+2)wi+}(<I>n+1)wfl+;(<1>n+2)lni§

b
= An(tstnt1)Dnt1 (Ent1, tat2) Anta(tnte, tn3)Wnt 1 (Prt1) Wit 2 (Prt2)Wn3(Pnsts)
(0)[Qn+3 > Qe
+ dolre 7 g, )
Q@  An(tt,tntr1)Anti(tnris tnr2) Anto(tnt2, tnt3)Wnt1(Prt1)wWnt2(Prt2)Wnts(Pnts)

® FiT(@nsa,tnra,t) - (D.1)

This is trivially obtained from eq. (4.12) by setting 17! = 172 = 173 = (. Other
combinations of inclusive with exclusive calculations may be obtained in a similar manner.

This simple change does, however, not guarantee that exclusive fixed-order cross sections

are recovered exactly, since the unitarity subtractions might introduce biases. This was the

reason why the use of exclusive cross-sections was prioritized in the main text. It would

be valuable to assess and address the bias when using inclusive calculations in the future.
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