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1 Introduction

In the light of prospects for increasingly high-statistics data from the Large Hadron Col-
lider and proposed facilities, the need for precision in perturbative calculations of collider
cross sections is widely recognized [1-3]. A recurring theme in these discussions has been
the possibility of carrying out calculations directly in four dimensions [4—6]. For physical
observables like cross sections, this involves canceling infrared (IR) singularities at the level of
integrands, resulting in expressions amenable to numerical calculation [7-15]. The potential
for such an approach is implicit in formal proofs of the infrared safety of jet and related
weighted cross sections [16, 17], based on light-cone ordered perturbation theory, and in
proofs of factorization based on time-ordered perturbation theory (TOPT) [18-21]. In each
case, cancellations of infrared divergences locally in momentum space become manifest after



integration over loop energies or light-cone variables. The same fundamental observation
is found in refs. [8] - [15], which carry out energy integrals using the technique of Loop
Tree Duality [4, 22]. In this paper, inspired by these results and by the general analyses
of perturbation theory in refs. [23-26], we return to time-ordered perturbation theory, to
provide a complementary perspective on these important results.

We will reconsider infrared (IR) safe cross sections for hadronic states produced in lepton
pair annihilation from this point of view. In this case, unitarity implies that cross sections
can be computed as sums over the final states that correspond to cuts of vacuum polarization
diagrams. The contribution of any fixed cut, of course, includes infrared divergences, which
cancel in the sum over cuts. The result of our analysis is a manifestly power-counting
finite expression for such a cross section, given as a sum over time-ordered, cut vacuum
polarization diagrams. All terms coming from a given diagram to this sum are evaluated as
one three-dimensional integration per loop of the original uncut diagram, without change
of variables as we sum over the cuts (states) of the diagram.

In the course of our discussion in TOPT, we will encounter apparent, unphysical contribu-
tions to the cross section, associated with the vanishing of energy denominators corresponding
to cuts that divide the diagram into more than two parts. We’ll see how these unphysical
contributions cancel in the sum over time orders. This observation opens the door to a
reformulation of TOPT, in which unphysical energy denominators are altogether absent.
Such a form, in fact, has already been derived in ref. [26], from a distinct but related point
of view. We will present an alternative derivation, based on what we will call partially
time-ordered perturbation theory (PTOPT). These results, like those in ref. [26], are quite
general, and provide a reformulation for arbitrary amplitudes, and to light-cone- as well
as time-ordered perturbation theory.

In section 2 we will review some properties of time-ordered perturbation theory, and we
will observe that within a single time-ordered diagram, many contributions to the imaginary
part are unphysical, involving the disconnected production of finite-energy particles out of the
vacuum. We will show, however, that upon summing over time orders, these contributions
cancel among themselves at the amplitude level. In section 3 we construct a locally IR finite
formula for weighted cross sections in TOPT for leptonic annihilation to hadrons. Each such
expression is closely related to the imaginary part of the vacuum polarization amplitude for
the current that couples to quantum chromodynamics in the Standard Model. We will derive
the analogs of Landau equations for this class of cross sections, along with power counting
at the “pinch surfaces” where these equations are satisfied.

In subsequent sections, we show how to reorganize TOPT to eliminate unphysical
singularities manifestly, by developing partially time-ordered perturbation theory, with
results similar to those of ref. [26]. These partial sums over time orders can be carried out
algorithmically, and in effect reduce the number of terms necessary to compute amplitudes
and cross sections. To this end, in section 4, we will recall a mathematical structure that
underlies each time order: the partially ordered set (poset), and show by examples how
partial ordering can be used to eliminate unphysical cuts.

Section 5 is dedicated to combining the full TOPT contributions associated with each
poset, implementing the constraints associated with the poset. In doing so, we will sum over



all time orders consistent with a poset. Finally, in section 6, we will return to weighted cross
sections in leptonic annihilation, and adapt our formulas for the weighted cross section case.
We conclude with a short summary and comments on future directions.

2 Time-ordered perturbation theory and leptonic annihilation

Time-ordered perturbation theory provides a systematic method for integrating all loop
energies in an arbitrary diagram [20, 21]. For the treatment of electroweak annihilation, the
diagrams of interest are two-point correlators of electroweak currents. More generally, we can
consider any amplitude A (qg», qi), where g; represents a set of incoming momenta, and qg- a
set of outgoing momenta, any or all of which may be off-shell. In time-ordered perturbation
theory, the expression for such an amplitude is of the form
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(2.1)

where G 4 represents the set of graphs in Lorentz-invariant perturbation theory that contribute
to the amplitude and 7¢ represents the time orders of the Vi vertices of each graph G, with
Ng lines. Each ordering, 7 of the vertices specifies a set of states, labeled s =1... Vg — 1,
whose total energy is the sum of the on-shell energies of all the particles in that state, defined
to flow from earlier to later times. The denominators in eq. (2.1) are “energy deficits”, for
each state s, the difference between the sum of the on-shell energies w; = {/p? + m? for lines
of mass m; in state s and the external energy, E, that has flowed into the diagram before
state s. The external net energy of each state depends on the specific ordering 7.

In eq. (2.1), [ dLq represents the spatial loop momentum space of the graph G, which
is the same for every time order. Each line momentum pj is a linear function of loop and
external momenta, which in this way determine the energies w;. The factor N, represents
the perturbative numerator, consisting of overall constants and spin-dependent momentum
factors, with the energies of every line evaluated on-shell, that is with energies w; defined as
above. The signs of these energies are always positive for flow from the earlier to later vertex
connected by the line in question. In this way, the numerator factor depends on the time order.

As an illustration of TOPT rules, figure 1 (a), (b) presents the two time orders of the
one-loop vacuum polarization in QED, which illustrates all of these rules. The two terms
represent the ordering of times for the vertices labelled p and p’ in the figure, and are given by
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(2.2)

As indicated, the numerator factors include vector indices associated with the external vertices.
For positive external energy ¢, only the denominator of the “physical” order 7 = a can
vanish, corresponding to a physical intermediate state. The order-dependent numerator



Figure 1. Time orders for the one-loop vacuum polarization in QED. The single state for each
diagram is indicated by the dashed line. Momenta are defined to flow in the direction of the arrows
on the fermion lines.

functions N;, with 7 = a,b are given explicitly by

N = e Tr [y (w(@+ B)y° = (7+F) -7 +m) 4 (—w@)® = (k) -7 +m)],

N’;“/ = i’ Tr [V“ (—w((f—k E)’yo — (§+ E) -y + m) A (w(lg)yo - (E) -y + m)} . (2.3)
where we have absorbed the couplings and other overall factors into the numerators. As
anticipated, the numerators are identical except for the signs of the energy terms, reflecting
flow in each case from earlier to later times.

2.1 Cross sections in TOPT

We consider annihilation cross sections for leptons to hadrons, at lowest order in electroweak

couplings. In this case, we can represent our cross sections as

o(Q) = (2m)'6" (q — Pn) [{0| T(0) N)?, (2.4)
N
where the J represents an electroweak current, implicitly contracted with tree-level leptonic
tensors and vector boson propagators, which we suppress, and where ¢> = Q2. The latter will
play no role in these arguments, and we will consistently absorb them into the currents. As a
total cross section, o(Q) is related by the optical theorem to a forward-scattering amplitude,
here a two-point correlation function of the currents 7,

(Q) = ImTI(Q),
Q) =i [ dtee = (OIT(7(0)7 ()]0) (2.5)

In this paper, we will use time-ordered perturbation theory to derive expressions for sets
of weighted cross sections that generalize eq. (2.4),

S[f,Q =) (2m)'6t (g — Pn) F(N) (0] T(0)[N)[?, (2.6)

N

with f(NN) a function of the kinematic variables that describe state N, and with currents
normalized as for the total cross section, eq. (2.4). Our goal will be to derive a set of expressions



that exhibit manifestly the cancellation of infrared divergences in such quantities [16, 17, 27].
First, however, we will discuss a bit more how the general relations (2.4) and (2.5) are
realized in TOPT.

In the notation of eq. (2.1), for the two-point correlation function of eq. (2.5), a single
momentum ¢ flows into and out of the diagram, and we may choose to work in its rest frame,
¢" = (Q,0). In this case, our vacuum polarization diagram II(Q) is given by
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where the sum is now over the set of diagrams Gpy that contribute to the two-point correlation
function that mediates the leptonic annihilation process. We have suppressed vector indices
of the currents associated with the decay of the mediating vector bosons. In this expression,
the state-dependent factor A enforces the condition that the net external energy in state s is
positive only when state s occurs after momentum ¢ flows into the diagram, here and below
at vertex ¢, and before the same energy flows out, here and below at vertex o,

As =1, 0>s82>1,
As=—-1, 1>s>0
=0, otherwise. (2.8)

In eq. (2.7), the set of states s depends implicitly on the time order, 7. Finally, we notice that
energy denominators are negative semi-definite for massless particles and negative definite
for massive particles except when o > s > 1.

Each covariant diagram with Vi vertices provides V! terms, the sum over 7¢ in eq. (2.7),
each with Vi — 1 denominators. The vanishing of a subset of these denominators results
in a branch cut in the function I1(Q). Each such branch cut corresponds to an on-shell
intermediate state that is at or above threshold. These are the physical, or unitarity cuts of
the underlying diagram. In time-ordered perturbation theory, such states separate a vacuum
polarization diagram G into a connected amplitude and complex-conjugate amplitude, where
external momentum flows into the amplitude and out of the complex conjugate. Clearly,
such cuts are possible only in orderings for which the vertex i is earlier than vertex o. By
unitarity in the form of the optical theorem, the sum of these singularities gives the total
cross section for leptonic annihilation or equivalently the decay width of the relevant off-shell
electroweak boson. We shall see below, however, that even when o > i in the uncut diagram,
many cuts of m,, in eq. (2.7) are actually unphysical, corresponding to the production of
particles out of the vacuum. One of the aims of our discussion is to reorganize the sum of
time orders to show how these unphysical singularities always cancel. In sections 4 and 5,
we will show how to reorganize the time-ordered series, reducing the number of terms and
eliminating unphysical singularities without having to rely on this cancellation.

Setting aside for a moment the cancellation of unphysical cuts, let us write the imaginary
part of the amplitude II(Q), eq. (2.7), as a sum over its intermediate states, and generalize



the resulting sum over final states to more general weighted cross sections. To do so, we will
need first to write the TOPT expression for II(Q)) as a sum over fixed states, given by cuts
C of an arbitrary diagram. Here each C' is a particular state s in eq. (2.7) that is set on
shell. Summing over C, we know from the optical theorem that we reconstruct the imaginary
part of the forward scattering graph in eq. (2.7),

ImH Z Z Z Z 7T7’L [¢/c1YTRIG/C) (Q)

G C TL[G/C) TR[G/C)

©) N 1 Va—1 i
"6/l UTR[G/C](Q) B /dEG Nre Zl;[ 2w; 5:16’_[+1 QAs — Djes wj — i€
Cc-1 i
x(2m)o | Q — wj —, (2.9)
gj / H QAs — D jes wj + i€

where 77g/c] represents the time orders of the graph G on the left of the cut, C, and
Tr[c/c) represents the time orders of the graph G on the right of cut C'. The union of these
orders, T7q/c1 U TR|G/c], uniquely specifies an ordering, 7¢ of the full diagram, with all
vertices in the conjugate after all vertices in the amplitude.! For a given underlying diagram,
G, orderings 77g/c] and Tg(q/c) specify diagrammatic contributions to the amplitude and
complex conjugate amplitude, respectively, to produce final state C' by the action of current
J. As above, the function N, absorbs overall factors associated with vertices, and the
overall factor of ¢ in eq. (2.5), all of which we do not exhibit. We note, however, that each
vertex is associated with a factor of ¢, and that when all denominators are real and nonzero,
the diagram is real. Note that to satisfy the delta function we must have A\¢ = +1, so
that the external momentum must flow into the diagram in the amplitude (s < C) and
out from the complex conjugate (s > C). Then A\; = 0 or 1, and not —1, in both the
amplitude and complex conjugate.

A complete discussion of the proof of eq. (2.9), including symmetry factors, is given in
ref. [20], but here we observe that it involves the relationship between time orders of the
full diagram and of amplitudes separated by its cuts,

2.0=2 2. 2 (2.10)

¢ C C TLiG/C] TRIG/C]

which the summations satisfy by definition. A subtle feature of the sums is that the diagrams
L[G/C] and R[G/C] specified by these orderings need not be connected on the left and
right of the cut. As a result, eq. (2.9) includes unphysical terms that are not found on the
right-hand side of eq. (2.4), which defines the cross section in terms of connected amplitudes.
In the next sub-section, we show how such contributions occur, and that they always cancel
in the sum over time orders, as they must by the optical theorem. Notice further that
many of the final states C' on both sides of this relation do not contribute to the imaginary
part, because they correspond to states for which A\s equals 0 or —1 in eq. (2.8). The full

n eq. (2.9) and below, factors associated with later times in the uncut diagram are written to the left,
following time ordering conventions. In all figures, however, we will choose our final states to the right of
initial states. Thus, 77[g /¢ refers to time orders on the left of the cut diagram.



cross section, of course, involves a leptonic tensor, and depends on the specific electroweak
currents at the vertices we have labeled ¢ and 0. As noted above, for simplicity, we have
suppressed these familiar factors, which play no direct role in our discussion, and refer to
expressions like eq. (2.9) as cross sections.

We now consider a weighted lepton annihilation cross section where the sum over final
states C' is weighted by a set of functions fc(p;), which depend only on particle momenta
appearing in state C. The relevant TOPT energy factors, denominators, and energy delta
function for this weighted cross section can be organized as

NG 1
“EX Y % [ata Mo I g o onmeralh Lel
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where we understand that 7¢ = 77iq/0) U Trig/c)- Here fo({@i}) is a weight function,
depending in general on the spatial momenta, {¢;} = {qi ...k, } and masses of particles in
the state C. This expression differs from the corresponding factor in the imaginary part
of the forward scattering graph only by the weight function fo, and setting fo = 1, gives
back eq. (2.9). At this point, we observe that the sum over time orders in eq. (2.11) can be
thought of as generated from connected diagrams only, so that the sum does not include
the disconnected diagrams encountered in eq. (2.9). Because, as we observed above and
will show in the next section, these contributions cancel among themselves, the sums are
nevertheless effectively identical.
In what follows, we will study infrared safe weight functions, for which

felqy, G G180 Gy - Gke) = foy (@ L+ )G G-t Ggrs - Gre) . (2:12)

for any real & > —1, where C'/j denotes a state with k¢ — 1 particles. Such weights are
unchanged by the emission of zero-momentum particles (¢ = 0) or by the emission or
recombination of massless collinear particles. This is a familiar condition, of course, which
ensures the cancellation of soft and collinear (collectively, infrared) singularities. Requirements
on the manner in which the weight functions approach the equalities of eq. (2.12) are discussed
in refs. [17, 27].

Our goal below is to exhibit an expression for such a weighted cross section in which the
cancellations implied by eq. (2.12) can be made explicit, so that all cancellations take place
in four dimensions, without infrared regularization. First, however, we resolve the apparent
difference between the sums over time-ordered diagrams in the unitarity condition, eq. (2.9),
and in the corresponding expression for weighted cross sections, eq. (2.11).

2.2 Unphysical cuts in TOPT

Let us now turn our attention to unphysical cuts in time-ordered perturbation theory. By
unphysical cuts, we refer to states that contribute to the forward-scattering diagram but



Figure 2. An example of a graph with unphysical cuts of two types. Here, no external momentum is
ordered earlier than state C, while momentum () enters prior to state Cy. The state C; is a vacuum
cut and the state C5 is a pseudo-physical cut.

which, when they go on-shell (that is, when the corresponding denominator vanishes), do
not separate the diagram into connected diagrams to the right and left. Such cuts of the
diagram do not appear in the sum over final states in the optical theorem, eq. (2.5). What we
will show is that the sum over all time-ordered diagrams that share any specific unphysical
cut vanishes. This result appears to be the analog in TOPT of the cancellation of so-called
spurious singularities in loop-tree duality [15].

To establish some notation, we say the vertices are in the set V' = {4, b1, bo, b3, ...by, 0},
and ¢, o are the vertices where the external momentum ¢ flows in and out respectively. We
take (bp,,bp,,...,bp, ,) to represent an arbitrary time order labeled by the permutation P.
The way in which unphysicsl cuts appear in TOPT is illustrated by the low-order example
in figure 2. In TOPT, intermediate states may include particles created from the vacuum,
with no available external energy. If such a state precedes the vertex at which momentum
flows into the diagram, as in state C; of the figure, the corresponding energy denominator is
negative semi-definite, vanishing only if all particles are massless, and then only on the set of
zero measure where all particles carry zero spatial momentum. All denominators in states

such as this are of the form ﬁ We shall refer to such states as “vacuum states”.
S o

State C'y in figure 2 describes the amplitude for the same production of particles from the

vacuum, which, however, appears mixed with particles that share the energy flowing into the
diagram. Denominators like those of state Cy can be of the form oY wyrie

mixed denominators can vanish in this configuration and can contribute to the imaginary

. The resulting

part of the specific time-ordered diagram. We refer to these states as “pseudo-physical”.

We now prove that the cross section evaluated on a pseudo-physical cut is identically
zero. To do so, we start with the expression for the denominators, s, of the amplitude
aria/c (Q,EL[G/C}), C > s for any final state C of diagram G, eq. (2.9) summed over
its time orders,

C .
271'5(@—2&}) a’L[G/C] Q?‘CL[G/C] = 271'(5(@—200) Z H ! ]
P j ( ) = J s QNs — J;s wj; + 1€

(2.13)



where we exhibit as well the energy-conserving delta function of final state C. (Note that C
denotes both the final state and the integer label on the vertex that immediately precedes the
final state.) At this point, diagram ay, may or may not be connected. What we will show is
that if it is not connected, the sum over its time orderings vanishes when state C' is on-shell.

A useful technique in our analysis, here and below, will be a representation of the

denominators in terms of integrals over times,

. (ap) .
27 <Q — Z wj) aric/c] = Z H /tap+1 dtape_z(‘;ap,iQ +n; (w—m)) o (2.14)
jeC P(L[G/C)) ap=1
Here, we have written the sum over time orders as the sum over all ordered permutations,
P(L[G/C]), of the set of C time variables {t,} associated with the vertices a of diagram
L|G/C]. For each order, P, we define 77](.0”3 ) as the incidence matrix of the vertex ap, defined
in a given time order by

77](0‘1”) =1, line j enters vertex ap,
n](ap) = —1, line j leaves vertex ap,
nJ(O‘P) =0, otherwise. (2.15)

All lines are emitted and then absorbed, except for lines that appear in (final) state C'. As
a result, we have in eq. (2.14), for any state s < C,

S o0 =0, j¢s,

ap<s

S =1, jes. (2.16)

ap<s
The term 04, ;Q in eq. (2.14) contributes the energy flowing into the diagram at vertex i,
which must always be in the diagram specified by the time order 77,g/¢j, for the final state
C' to be on-shell. Using this result and eq. (2.16), we readily see that each ap time integral
produces the TOPT denominator in eq. (2.13) for the state immediately following it, times a
phase whose exponent is proportional to the following time, t,,+1. We define tc41 = oo, for
the final integral in each order, which produces the delta function that enforces the condition
that the energy flowing in, @, equals the energy flowing out (3;cc wj)-

For every ordering P(L) in eq. (2.14), the energy-conservation delta function is generated
by the final time integral, which is unbounded on both sides: [*°_ dtc. The vertex associated
with this integral depends, of course, on the specific time order. At this point, it will be
useful to rewrite (2.14) by introducing an auxiliary maximum time, tmyax that is the same
for all orders. We do this by using the following identity for each order P(L),

/ dic e—z 6CZQ+7]( )(w7—ze) tc H /“+1 a1Q+77 (WJ_ZE))

max —1 i (©) (4;—ie
-P@zwf%q%w@ww~w

jec —o©
o1 ti+1 —1 6041' + (a) i —1i€ ta
x H/ dto e 1< Qs ”) . (2.17)
a=17 ">



On the right-hand side of this equation, the integral over tc produces a denominator that
cancels the overall factor of —i(Q — ZC @;) in eq. (2.17), while the new, tma.x, integral
reproduces the energy conservation delt]; function, of the same argument. We can implement
this identity for all time the orders, P in eq. (2.14).

In the case when the amplitude breaks up into two (or more) disconnected pieces, G; and
(G2, we may write it as the product of two factors, with ny and no vertices each, ny +no = C,
with a sum over time orders, or permutations P) and P3| of the independent disconnected
vertices, whose times can be integrated independently to ¢pyax in eq. (2.17). For definiteness,
we assume that vertex ¢, at which external energy flows in, attaches to the subdiagram G,
with ny vertices. For such a diagram, we then have in place of eq. (2.14), the equivalent form

aLiG/c] (Q» ﬁL[G/C]) 2mo (Q - Wj) =[=i(Q — > wj)] / " dtas
jeC jec —oe

N . (epmy),
1 tat1 -1 604P(1),75Q+7]j (wjfle) ta

ST dtae

"2 elaqr —Z'(WJ(QP(Q))(WJ'—“)){Q
dte , (2.18)

where now we have defined t,,4+1 = tn,+1 = tmax. Note that because of this independence,
the number of terms in the sums of permutations is ni!ng!, down from C! = (ny + n2)!.

The connected subdiagrams each possess the properties of the sums over vertices in
eq. (2.16). As a result, the final time integral t;,,x inherits the same energy-conservation
phase, and the integrals in (2.18) can be done explicitly, giving for each choice of PM and
P@ | the factor

jec jecC so=1

jEsa JEs1

(2.19)

where s; and s label states within the two disconnected factors, and where Ay is defined by
analogy to eq. (2.8), this time for the diagram with ny vertices, through which the external
energy () flows. Recall that in the case of an amplitude, A; = 1 or 0 only. Reorganized in this
fashion, the time integrals in eq. (2.18) and the denominators that appear in eq. (2.19) lack a
denominator that cancels the overall factor @ — >_,ccwj. For fixed time orders of the full
diagram, such a denominator is always present, but it cancels in the sum over time orders,
and the integrand vanishes almost everywhere in phase space because energy is conserved.

In summary, we have found that in every term, eq. (2.19) that results from the sum over
the relative time orders of the two disconnected diagrams while keeping their internal time
orders fixed, the energy conservation delta function is multiplied by its own argument. It
is easy to check that when the argument of the delta function vanishes, the cut denomina-
tors are generically finite (except in a region with vanishing measure) while the quantity
(Q -3 jec (Dj) multiplies the delta function, forcing the integral over the phase space to zero.

,10,



3 Local infrared safety

Our interest here is in IR safe weighted cross sections, inclusive cross sections in which the
IR singularities of their exclusive channels cancel among themselves. In this section, we
construct a general expression that implements this cancellation locally in momentum space.
In principle, this can eliminate the need for infrared regularization.

3.1 Reorganized cross sections

When integrated over loop momenta as it stands, the arbitrary weighted cross section
eq. (2.11) is a sum of infrared divergent terms in general, which, however, cancel in the
sum over final states C for each time ordering 7. To make this cancellation manifest, we
use the distribution identity,

v ]

21d(z) = (3.1)

r+ie T —1€
to rewrite the TOPT expression for a general weighted cross section, X[f, @], eq. (2.11).
Recalling the identity for sums over states in eq. (2.10), we express X[f, Q] as

[, Q) = Zz/d.cGNm

G TG zl

ot 1, Lal - (3.2)

TL(G/C]YTRIG/C]

In this expression, we sum over all cuts of the vacuum diagram G at fixed time-order 7 and
have used the independence of N, from the choice of C'. As noted above, the full set of cuts
of any diagram will include in general unphysical cuts, that is, cuts that include disconnected
subdiagrams to the left and/or right of the cut. In the previous section we have shown,
however, that all such terms cancel once the sum over time orders is carried out. In fact, in
section 6 we will show that we can re-express the cross section in a diagrammatic form in which
all such cuts are absent. For now, however, we continue with this expression, in the knowledge
that further cancellations will occur in a result that we will show is already infrared finite.
We now apply the identity, eq. (3.1) to the integrand of (3.2), using (2.11) to get,

n n+1 .
©) ¢ o o
Z O G/C]UTR[G/C] f:EGa Z H Z w_ZEfC((J]_(ZkC)
Cc=1 C s= C+1 JjE€S I

i i
X — — .
(Q)\s — > jecwj t i€ QAs — X jecwj — ze)

2
. H Qs — X jesw; + i€ (3:3)

Then, simply collecting terms with a fixed denominator structure yields,

n+1 .
1
g faEGa = - f +1
Z TLG/CUTRG/C[ Q] <81_[1 Q)‘S_Zjeswj—"_ZG n

n+1

+ 3 L (fo—fo) (3.4)

ET1 smo1 @As — Ljeswy — e

C . n+1 .

2 1
X I | — | — | I - .
QAs —Zjeswjﬂe) S NGRS S p—l 1)

s=1 s=1
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In this equality, we have suppressed the arguments of the functions fc, which are the momenta
of individual particle lines, and hence linear combinations of the spatial loop momenta of
diagram G. We notice that if all weight functions fo were indeed equal to unity, we would
get back the imaginary part of the forward scattering graph. The first and last terms in
this expression have the analytic structure of the vacuum polarization diagram and its
complex conjugate and hence are individually IR finite [16]. Although eq. (3.4) is a simple
reorganization of a standard expression, we will show that it provides a locally finite expression
for the set of leptonic annihilation cross sections under consideration so long as the weight
function satisfies the usual criteria for infrared safety in eq. (2.12). We are not aware of
such an expression in the previous literature.

In eq. (3.4), the sum of terms labeled C' = 1...n are somewhat unusual, having no
energy-conserving delta function. Rather, they are given entirely by products of denominators
with opposite ie prescriptions. We will refer to the product of denominators with +ie as the
“generalized amplitude”, and the product with —ie as the “generalized conjugate amplitude”.
In the following subsection, we will study how infrared singularities can arise in TOPT
generally, and in the product of generalized amplitudes and complex conjugates, and go
on to verify that the sum in eq. (3.4) is infrared safe locally in momentum space without
the need for infrared regularization.

3.2 Analysis of pinch surfaces

The individual terms in eq. (3.4) have the same infrared singularities that are found in cross
sections for fixed final states, which have explicit energy-conservation delta functions. In that
case, singularities can be identified from solutions to the Landau equations for the amplitude
and complex conjugate for each point in final-state phase space. These solutions are satisfied
on subspaces of momentum space sometimes referred to as pinch surfaces [21].

The analysis leading to pinch surfaces in amplitudes can be applied to the spatial
integrals in eq. (3.2) for each choice of order, 7, and cut, C in the form of eq. (3.4), to
derive the Landau equations. We begin by combining state denominators via a Feynman
parametrization, chosen so that the imaginary parts all add with the same sign at every
point in parameter space. This requires that we factor out a (—1) for each denominator
in the generalized conjugate amplitude, with a —ie,

n+1 i C i
/dﬁ N o (fc — fot) s:lc—'[H Q= w; —ic 51;11 Q=5 tie
/ d‘CG TG (fC - fC-‘rl) (_1)7170 [das]n—H (35)
Hz 1 2w; ZC— Qg (Q Z]ES w]) — Z;H'é_H Qg (Q — Zjes w]‘) + ie)nJrl

where, as usual,

n+1
[das]n+1 = n! / daniq...dag d (1 - Z ozs> ) (3.6)
s=1

We would like to show that for any infrared safe weight function f, eq. (3.5) is finite without
infrared regularization. To do so, we must identify the origin and strength of IR singularities
in these TOPT expressions.
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As in covariant perturbation theory, infrared singularities in eq. (3.5) can arise whenever
the loop integrals are pinched between coalescing singularities. In this case, of course, we
have three integrals per loop remaining. Singularities arise from two sources, the product
of particle energies w;, and from the full parameterized denominator. We note that each
energy factor, w; depends quadratically on the spatial loop momenta of particle ¢, and always
produces a pinch at the point w; = 0, for line ¢ massless.

The identification of pinches from sets of on-shell denominators with lines of nonzero
energy in eq. (3.5) requires a time-ordered perturbation theory version of Landau equations,
which follow the same pattern as for integrals in covariant perturbation theory. In the
parameterized form, an off-shell denominator D; # 0 must have oz = 0. Derivatives with
respect to each loop momentum component of denominators with Dy = 0 must vanish,

o C n+1
o Z Ol (Z wi> — Z o ij =0. (3.7)
s=1 €S s=C+1 JEs

Because the derivative of the energy w; of a line with respect to its momentum gives its
velocity, 8; = Ow;/0p;, the Landau equations are given as linear sums in velocities. For an
arbitrary loop momentum [, we can thus write

C n+1
S (zm,im)— S o[ S| —o. (3.5
s=1

1ES s=C+1 JjEs
with the 7;; = +1,0 incidence matrices,
opt!
Mi = e AW A (3.9)

To be specific, we define the momenta p!' to be in the direction of energy flow, so that
P = w(p;) > 0. Note that for the amplitude this is the direction toward the final state, C.

The equations (3.8) can be satisfied for any loop that appears in a subset of denominators
{ti},i=1...k, with t; <tc and t; > C + 1, because such terms include denominators with
both “ie” prescriptions. A loop whose on-shell states appear only with +ie or only with
—ie cannot give a solution to eq. (3.8), unless all lines that carry this loop have collinear
momenta. We can think of such a loop as internal to a jet of collinear moving particles. These
solutions can be given a physical interpretation in the sense of Coleman and Norton [21, 28],
by identifying the Feynman parameters o as times so that their products with velocities are
translations. The Landau equation for any loop then describes a sum of translations relative
to the origin, in the direction of the velocities of lines carried by that loop.

For loops that are internal to a given jet, their contributions to eq. (3.8) cancel within each
state, because 1;; = —mny if the line flows forward along line ¢ within the jet and back along
line i’. For loops that extend over states with s < C to states with s > C, eq. (3.8) requires
that the contribution of states in these two categories cancel for the two jets individually.
Thus, for the jet along which the loop flows forward, we have

C n+1
das— Y a,=0, (3.10)
s=1 s=C+1
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which has the interpretation that the jet flows forward away from the origin through a
sequence of states up to state C, and then backward to the origin for the same amount of time
in the same direction. Thus, for such terms, the only momentum configurations that produce
pinch singularities are those in which on-shell states differ only by the rearrangement of
collinear momenta and the emission or absorption of lines with zero momentum. These states
are characterized by “jets” of fixed total momentum, accompanied by arbitrary numbers of
soft lines. The succession of on-shell states with different numbers of jets always results in at
least one internal loop of the amplitude or complex conjugate that flows between two jets.
For such a loop, the two jet velocities in eq. (3.8) appear times parameters with only positive
or only negative signs, which is inconsistent with a pinch. The only exception is for loops
that carry zero momentum between different jets. Such “soft” loops are unconstrained by
the Landau equations, in both TOPT and covariant perturbation theory, although as noted
above, there is a pinch whenever any line carries exactly zero momentum [29].

We now turn to the role of off-shell states. Let us refer to the full set of states {s;}
for time order 7 of vacuum polarization diagram G as S = {s1...S,+1}. At a given pinch
jes; wj = 0, or off-shell, @ — 3¢, wj # 0.
These simple considerations limit how off-shell states can appear at a pinch surface. First of

surface, states in S are either on-shell, with @) — >

all, states adjacent to the external vertices (i and o above) at which momenta flow into and
out of the forward-scattering diagram, can always be off-shell. These states correspond to

the “hard part” of the scattering cross section. For an arbitrary pinch surface, ( there is thus
(<]

an “earliest” state, s;;, > s1, at which the relevant set of jets first appears, and a “latest”

state, ng]aX < Sp+1, in the complex conjugate amplitude, where they last appear.
We next examine when a subset of states can be off-shell at pinch surface (. Let us
denote such an ordered subset as T} = {O'Z[C]} CS, O'I[C] = Ux[ﬁ]in x I[%X, and assume that

all of these states are off-shell, that is, Q) — Zjeo_[g] wj # 0, and consecutlve. There may be

a number of these sets; first, let us consider the case with only a single such set, T'l¢). For
any such set of off-shell states, 'Yl we must have two sets of on-shell states: on-shell states
{sl}po with slfl]in <sld< Ur[ﬂn that are before the off-shell states, and similarly another set

of on-shell states, {SK]}P>, all of whose elements are between O'I[g}ax and slg]ax.

Because states are ordered, the off-shell states of I'll may be either entirely in the
generalized amplitude or in the generalized conjugate amplitude, or may extend between
them both. In all cases, however, one of the two sets of states, {sl}p. and {slI}p_ will
have only +ie or only —ie in its denominators. We use these considerations to show that
at the pinch surface, ¢, no sets of lines that appear in the states of T} can carry finite
momentum between any pair of distinct jets of pinch surface (.

To see why, consider the case that I'l¥) is in the amphtude (all 4ie in its denominators).
We suppose the two jets in question have velocities ﬁa and ,Bb, in different directions. Let
us suppose that some set of lines carries finite momenta and connects these two jets. We
will then be able to find at least one loop consisting of lines within the two jets in all the
on-shell states of {sm}p<, closing the loop with the lines of finite momentum that appear
in the states of Tl and lines that appear only in the off-shell states, s < sﬁ]in. The Landau
equation for this loop would have no contributions from the states in 'l or from states
with s < SK]

min» because the Feynman parameters of off-shell states are all zero. They do of
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course get contributions from the on-shell states, {s/</}p.. We can always define the loop in
question to flow through one line of jet a in the direction of the a-jet energy flow for each
on-shell state. The velocity of all such lines is the same as the jet velocity, Ba. The loop then
flows back, against the direction of the b-jet, for which the corresponding particle velocities
are all Bb. The resulting Landau equations, eq. (3.8), are then

> o (f-B) =0, (3.11)

SE{S[C]}F<

Because Ea and Eb are in different directions, there can be no solution to eq. (3.11) for nonzero
parameters a;. As a result, ¢ is not a pinch surface after all. The generalization of this result
to sets T¢) in the complex conjugate amplitude or between the amplitude and conjugate is
immediate. Several sequences of off-shell states also follow the same pattern.

The only remaining possibility for an off-shell T is one for which some set of off-shell
states is associated with one or more internal loop momenta of a jet, which are not in the
direction of the jet. Such a loop will also take a set of consecutive states o<l off-shell. We
will therefore need to consider this possibility in our discussion of local finiteness.

3.3 Logarithmic singularities and cancellation

To identify which pinch surfaces result in actual infrared singularities in individual terms, we
must recall the power counting analysis of covariant perturbation theory [30, 31]. Rather
than repeating the details of this analysis, we can rely on the basic result. For a pinch
surface of a cut vacuum polarization diagram, we identify the space of “normal” variables,
which parameterize the space perpendicular to the pinch surface, and assign a dimensionless
scaling variable (conventionally denoted by A) so that each normal variable vanishes linearly
as the scaling variable vanishes. The fundamental starting point of this analysis, when
applied to leptonic annihilation, which shows that singularities are at worst logarithmic,
can be summarized as

2L;+4Lg 4 pnum — Nj —2Ng > 0, (3.12)

where L and Nj are the total number of loops and lines in jet subdiagrams, respectively,
while Lg and Ng are the soft loops and lines, and ppum is the scaling dimension of numerator
factors at the pinch surface in question. We will see an example below.

We can apply eq. (3.12) to TOPT expressions like eq. (3.5) in a straightforward fashion.
First, using the graphical Euler identity in the form

Ly+Ls=N;j+Ng—V+1, (3.13)
we see immediately that eq. (3.12) may be written equivalently as
L;+3Ls+ ppum — Ns— (V —1) >0, (3.14)

where here V' is the total number of vertices in the on-shell TOPT diagram found by
contracting all states that are off-shell at this pinch surface. This is also the number of states
that are pinched on-shell. In this expression, of course, L; remains the total number of
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internal loops of all jets, and Lg is the number of loops that carry zero momentum in all
three remaining components. For leptonic annihilation [30], the natural normal variables
are all three remaining components of the Lg soft loops, l_;oft ~ A, and for each jet loop
momentum Eet, lijet ~ A. The dependence of all denominators is then linear in . Because
the number of denominators is V' — 1, the inequality of eq. (3.14) ensures that divergences
in TOPT are at worst logarithmic, just as in covariant perturbation theory.

Notice that it is necessary to saturate the inequality (3.14) for a specific time order and
pinch surface to contribute to an infrared divergence. This eliminates infrared divergences for
time orders where a vertex that connects on-shell jet lines and/or soft lines appears between
off-shell denominators, simply because choosing such an order sacrifices at least one on-shell
state for an off-shell state. For this reason, in identifying pinch surfaces, we may capture
their leading infrared behavior by their reduced diagrams, found by shrinking any loop
momenta internal to the jets but not in the jet direction to points. The resulting time-ordered
reduced diagrams automatically have the maximum number of on-shell denominators. The
logarithmic nature of infrared divergences applies to each term in the original expression
of the weighted cross section, eq. (2.11) as well as to its linear combinations in eq. (3.4)
and (3.5) for an arbitrary weight function, fc.

In summary, a general weighted cross section encounters at worst logarithmic singularities
in individual terms in the sum found by combining egs. (3.2) and (3.4),

NG 1 n+1 i
X[f,Q] = ZZ /dEG NTG 2% (H O —Zjeswj+i€fn+l

G TG s=1
n n+1 i ;
T —(fc — foi1) :
Cz:ls lc_‘[+1 Zjes wj — e H Q)\ Zjes wj + 1€
n—+1 i
— —f1] - (3.15
g Q)\S_Zjeswj‘—ZG )

In this form, we can use the properties of infrared safe weight functions fc, eq. (2.12) to
show that this expression is locally finite in loop momentum space if the sum over C' is
carried out before integration.

We first observe that the first and third terms in parentheses are infrared finite because
their denominators can produce no pinches, just as for the total cross section. For the
remaining terms in the sum, which involve denominators with both ie signs, let us start by
considering a “leading” pinch surface, at which every state in eq. (3.15) is pinched on-shell.
Each pinch surface (leading or not) is at worst logarithmically divergent in the integral
over normal variables. Differences fo — fo41 then need only vanish as any power of the
normal variables for the Lg integrals to be finite. This is precisely the condition for IR safety
found in refs. [17, 27]. For any infrared safe weight function, by eq. (2.12), the value of any
fo is the same for every state that is pinched on shell. This ensures that the difference
fo — foy1 in eq. (3.15) vanishes as a power of the normal variables. The integral in eq. (3.15)
is then finite for all leading pinch surfaces. To extend this result to pinch surfaces with
intermediate off-shell states, we simply note that for an off-shell state old, the corresponding
denominator D is real, and the terms proportional to f, ¢ cancel between conjugate terms
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n (3.15). The sum of all terms in eq. (3.15) is thus finite at an arbitrary pinch surface.
This is what we set out to demonstrate.

It is worth noting that a special class of event weights are those that count jet final
states. These weights take the value unity when the state satisfies some criterion, and zero
elsewhere. For IR safe jet algorithms, the weights will be identical for all states associated
with a given pinch surface [30]. For such states, the differences fo — fo41 are exactly zero
for the full range of momentum space where the weight function is unity for both states,
a range that includes all pinch surfaces.

3.4 All-order example: energy in a “cone”

It is useful to give an explicit example that illustrates the local finiteness of eq. (3.4) for a
specific infrared safe cross section at all orders. To this end, we begin by introducing an
abbreviated notation for energy denominators,

Dy=E;—> wj, (3.16)
Jj€Es
where in our case, Fs = QAg, with A = +1,0. In these terms, a contribution to the integrand
for a general weighted cross section, eq. (3.4) becomes

n+1 (C) ntl n_ o ntl ¢ i
szl [f,[,G’Q] = H D T fn+1+cz:ls ]J+l ic fC fCH)Sl;[le‘i‘iE

n+1 .
— H ) : (3.17)

—ZE

To illustrate how eq. (3.17) provides a locally finite sum, we consider the example of a “cone”
weight, defined as the energy flowing into a cone fixed in space,

= wi. (3.18)

€582

Here, ¢ €, {2 means that particle ¢ flows into angular region €2 in state s. For simplicity, we
consider angular region €2 to be fixed, so that this quantity is not a jet cross section in the
usual sense. Clearly, this weight for state s is related to the denominator Dy by

=Q — ) w — Dy, (3.19)
it sQ

where }° ., , sums the on-shell energies of all the particles of state s that are outside cone
Q). This leads to a relation between weights in consecutive final states,

fém —fé?l = Dcy1 — Do + Z w; — Z wj
it o102 itoQ
= Dcy1 — Do + §Wwe, (3.20)

where in the first relation we use (3.19), and in the second we define the quantity §@wc.
As we see from its definition, 6¢)we counts the energy of particles that are radiated outside
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the cone in the transition from state C' to state C' 4+ 1, or that was outside the cone in
state C', but whose energy is absorbed into the cone in the transition. We then have, from
the general relation, eq. (3.17),

n+1 n+1 .
(,21 Uﬁg)[f(m,ﬁc,Q] = (H D, +Ze< Z wi — n+1>
- Z¢n+1ﬂ
n ntl @ C i
+C’lel;’[+1D — (DC+1—D0+(5 wc>51;[1Ds—l—ie

_"f[l '—ze (Q B igzwi - Dl)) : (3.21)

On the right, all terms D; cancel, using the distribution identity,
7 7

D. _
! <Di—i€ D; + i€

) = D; 276 (D;) = 0. (3.22)

We thus have for the cone cross section an expression that depends on energies flowing into
the cone in the first and last state, and on the energy transfer variables, dwc,

n+1 n+1 i n+1 .
PRCIENE l_IlDSH.e(Q— > i) - 15, “(e- X w)
- s§= Z¢n+1ﬂ $= j¢1Q
n n+1 C .
) 1
+CZIS ];[+1 — ZE we 1;[1 I (3.23)

For this expression, we recall that at an arbitrary pinch surface, all finite energy is carried
in jets of exactly collinear particles. For any such configuration, if state C' and state C' + 1
are both on-shell, §Ywe = 0 because consecutive states have exactly the same energy flow.
That is, the quantities 6(Pwe vanish for every such final state C. The contributions of
these terms are integrable.

For nonzero values of any set of 6w in eq. (3.23), following the general argument of
the previous subsection, we consider a set of states Tl¥l, that are off-shell at an arbitrary
pinch surface ¢, due to loop momenta circulating in the subdiagram of a jet or between
soft lines. As above, on-shell states appear both before and after T'l¥l. Since all jets must
appear with the same total cone energy in each on-shell state at the pinch surface, all nonzero
contributions to Y we must cancel as we sum over off-shell states '), Thus, the product of
off-shell denominators associated with states I'l¥l is multiplied by a sum of energy transfers
8@ we that cancel at the pinch surface.

It is worth noting that in the special case where ) grows to the entire two-sphere, there
is no radiation outside the cone and all the §()we are zero, and we find

n+1 n+1 . n+1

> ol =e 1l b U b

C=1 s:l

(3.24)

o —ie|

This, as expected, is the energy times the imaginary part of the uncut TOPT diagram, in
our notation, the total cross section.
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q—k

(a) (b)

Figure 3. Two loop vacuum polarization diagrams: (a) vector exchange, (b) fermion self-energy.

3.5 Low-order example

To illustrate the formalism further with an explicit example, we consider the two next-to-
lowest-order vacuum polarization diagrams in figure 3.

For simplicity, we take the trace on the external vector current indices, and we do not
consider color in our examples. From the discussion above, the contributions of these diagrams
to a general weighted cross section are given by

d3k: B3K N; 1 1
Silf, Q] = ig / (57;1 + 02 )

271' 3 24wk Wo—k Wg! WE—F! 2wq_k./ 2wk

x[ fz’A _ fif‘ _ Jiz’B__fiA_’_ n fic — fiB ]7 (3.25)
D D D DiC DiB D’iA Dic DiB DiA DZC D D

where i = 1 refers to the gluon exchange diagram and i = 2 to the fermion self energy diagram.?

In terms of the momentum assignments shown in the figure, energy denominators in
eq. (3.25) are given by

DlB = DlB—Q—wk—wk/—wk,k/:tie,
ch = Q—Zwk/j:ie,
D2C = Q — 2wy, T €. (3.26)

The numerators simplify significantly in TOPT, where we must evaluate line momenta
on-shell, k2 = k' = 0, and the N; in eq. (3.25) become

Ny = -32(K - (k—q)) (k- (K —q),
Ny = —32k-kq-k. (3.27)

2The case where the two-particle weights fa and fo and the three-particle state weight fp are defined to
give unity for a two-jet final state and zero otherwise, is of interest. An example is the original cone jet cross
section of ref. [32] at this order. Using the symmetry between the two-particle states, A and C, the expression,
eq. (3.25) is readily seen to reduce to the total cross section minus the three-jet cross section, as noted early
on in ref. [33], due to the exact cancellation of three- and two-particle momentum configurations in the two-jet
region. At this order, the resulting expression needs no infrared regularization.
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To exhibit the pinch surfaces of these diagrams, we can choose spherical coordinates,
with k in the 2 (r = 0) direction, and the polar angle, €' of K measured relative to 2. It
is now natural to use the notation k = |k| = wy, and k' = |[F'| = w}, but to leave wy_p
to represent |k — &'|, which is given by

W = VK2 + k'2 — 2kk/ cos 0/
= /(k — k)2 + 2kk! (1 — cos 9'). (3.28)

We assume that our weight functions can be expressed in terms of these variables only.

In eq. (3.25), the first and second terms in square brackets are free of collinear pinches
altogether, simply because their energy denominators enter with the same sign for the ies.
We denote the remaining, potentially singular, terms as 331 and 3. For f]l, corresponding
to gluon exchange, figure 3 (a), we have

k"-(q—k’)k-(q—k’)
Wi —k!
[ fip(k, k') — fia(k)
(Q—2K —ie)(Q—k — K — wy_py — i€) (Q — 2k + ic)
fic(K') = fip(k, k")
+(Q — 2K —ie) (Q —k — k' — wy—p +i€) (Q — 2k + ie) |’ (3.29)

where we have indicated the momentum dependence of the weight functions. For non-zero

R 2 oo 1
$H[f, Q] :ig—/ dk:dk:// dcosd
874 Jo -1

X

numerators, this integral has both collinear and soft pinches. There is a collinear pinch at
k=Q/2, 6 =0, with |[k| > |F'|, between the second and third denominators of the first
term in square brackets. Similarly, a pinch appears at ¥’ = Q/2, 8/ = 0 with |E’ | > ]E|
between the first and second denominators of the second term in square brackets. These
limits correspond to the gluon parallel to the quark (when k& = @/2) or the antiquark (when

= @/2). The soft pinch, at which all three denominators vanish, appears in both terms
when k and k' both approach Q/2 with ¢/ = 0.

All of these pinches lead to logarithmically divergent power counting, corresponding to
two denominators vanishing while two variables (k or k' and €') approach the endpoints
of their integration regions. In all three cases, of course, the differences of the weight
functions in the numerators vanish, so long as they depend only on overall energy flow.
A simple example would be a weight function like the thrust, for which f4 = 1, while
fB~1-2k-(k—FK)/Q* ~1—2kk'(1 — cos®)/Q? near 0 = 0.

For 22, since the states A and C are identical for diagram 2, we can write

Shlf, Q] = / dk:dk:’/ deosg FEPQL — cost)
87T4 Wh— k!
{ fop(k, k') — foa(k)
(Q—2k —ie) (Q — k — K — wi_pr — i€) (Q — 2k + i€)
foa(k) — fop(k, k') }
(Q —2k —ie) (Q — k — k' — wi_pr +1€) (Q — 2k + i€)

/2 _ /
- / dkdk’/ deos THTQL = cost)

W—k/
" {f2B (k, k') — faa(k)
(Wh—p — (k= K))?

X

_l’_

(2mi)0 (Q — k — k' — wi— k;’)]- (3.30)
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In the second relation, we have used the delta function to evaluate the squared denominator,
@ — 2k. This denominator is negative semi-definite and vanishes only at the integration
endpoint, cos® — 1, where k' is collinear to k. Although it has an apparent double pole
at 2k = @, the explicit numerator factor of 1 — cosf’ reduces this to a single pole, and
logarithmic power counting. This relative suppression is a contribution “41” to the term pyum
to infrared power counting in eq. (3.12), applied to the pinch surface where the self-energy
consists of two collinear lines. Here again, in eq. (3.30), the difference of weight functions
in the numerator vanishes for any infrared safe weight and renders the integral finite. This
confirms that in the original form of the integration, the two- and three-particle singularities
cancel. For this example, the suppression appears locally in loop momentum space, with the
standard form of the self energy subdiagram. At higher orders, however, the suppression
requires in general integration over the internal loop momentum of the uncut self-energies (&’
here), to realize their contributions to the suppression factor pyum in eq. (3.12). For diagrams
with more than a single self-energy on cut lines, we believe it will be natural to use alternative
integrands for self-energies and their counterterms, which eliminate higher-order poles for
the single-particle final state, as described for amplitudes in refs. [5, 6].

4 Posets in TOPT

We now return to the question of pseudo-physical cuts in TOPT. We recall that a pseudo-
physical cut of a time-ordered graph disconnects the diagram into more than two connected
parts. In section 2.2, we saw that the cross section evaluated on any pseudo-physical cut
vanishes upon summing over time orders for the fixed cut. In this section, we develop a
poset formalism in order to show how pseudo-physical cuts can be avoided entirely. We
note that posets have also been useful in discussions of eikonal exponentiation [34] and
coordinate-space amplitudes [35].

The treatment that follows has much in common with the recent discussion of “flow-
oriented” [25] and “cross-free” representations of perturbation theory [26]. Here, we work
directly from TOPT to find a number of related results, which, we believe, will provide
intuition for applications, one of which we discuss in section 6.

In this section, we will review some standard poset terminology, introduce our method,
and show how it works in representative examples involving vacuum polarization diagrams.
A general discussion will be provided in section 5.

4.1 Definitions

The method we will use to reorganize TOPT is based on the construction of partially ordered
sets (posets) on the vertices of the diagrams. To do so, we impose a binary relationship
among the vertices, which partitions the set of time orders into distinct posets. A poset is
a set together with a binary relationship. For any TOPT diagram, our binary relation can
be defined from the incidence matrix introduced in the integral for an arbitrary amplitude

in eq. (2.14) and defined in eq. (2.15). We denote the incidence matrix by nj(b), where the

superscript (b) represents a vertex and the subscript j represents a line. Entry n](-b) is +1

if the line j enters vertex b, —1 if the line j exits vertex b and, zero otherwise. Consider a
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Figure 4. A sample diagram to illustrate the poset structure of TOPT. The poset ordering explained
in the text relates entirely to positions of vertices from left to right, with times increasing to the right.
To be specific, we have included two external lines as in a vacuum polarization, showing a diagram
with external momentum flowing in at vertex ¢ and out at vertex o, where o > i in poset notation. As
explained in the text, however, the poset terminology applies to any amplitude, and external momenta
may in principle flow in or out at any vertex of the diagram.

TOPT diagram, given in the notation of eq. (2.14), represented so that vertices are arranged
in the order of their times. An example is given in figure 4. If there is a line joining vertices
bi, bj, and tp, > 1y, for each line k connecting both b;, bj, n,gbi) =1= —n,gbj). On the other

(bj) =1=

hand, if ¢, > t, for each line k between b;, b;, n;, —n,gbi). For example, in figure 4, if

(d, c) represents the line connecting vertices d and ¢, n((g?c) =1= _77((3,)@'
We proceed by defining formally an ordering between the vertices >, V ={b;,bs,bs ..., b,}

of a Feynman graph . This ordering satisfies:

o If b; and b; are connected directly by one or more lines, then either b; > b; or b; > b;,
i.e., b; and b; are ordered by >. The ordering >, abstracted from time ordering is
transitive, a > b, b > ¢ — a > c. It follows from the transitivity of the binary that if
two vertices b; and b; are related by a sequence of increasing times, they are ordered by
>. Thus, in figure 4, we have, for example, both 0 > ¢ > i and 0 > b > 1.

o If b; and b; are not connected by a line or a sequence of vertices that are increasing, then
b; 2 bj and b; # b;, i.e., b; and b; are not ordered by >. It will be useful to introduce
the notation b; ~ b;, to mean b; #? b; and b; 2 b;.3 In figure 4, we have d ~ i,b, and a,
and a ~ o.

We will say that b; > b; if b; > b; and b; # b; i.e., we require that b;, b; are distinct
in addition to being related.

Having introduced the binary relation, we are ready to define the posets. A poset D
is the ordered pair D = (V, >), where the set V is the set of vertices of a Feynman graph,
taken together with the binary relationship >.

It is clear that multiple time orders are compatible with a given poset, and in each time
order, we can uniquely identify an underlying poset. Therefore, posets partition the set of

3We shall assume that our TOPT diagrams do not include lowest-order tadpole subdiagrams, in which
a single line emerges and is absorbed at a single vertex. Such lines, which are removed by normal ordering,
cannot be assigned a poset (or time) order.
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all time orders. Again, in our example, figure 4, in addition to the particular time-ordering
represented in the figure, we also include both the orders in which ¢ both precedes and follows
d in time, and likewise for a¢ and o, in addition to all relative orders between c and b.

Our posets have the same information as the incidence matrix in the TOPT amplitudes,
egs. (2.14), (2.16). It is clear that it is possible to read off a poset, given an incidence
matrix. Also notice that since the integrand in eq. (2.14) only depends on the incidence
matrix, this is also fixed by the poset. Therefore, posets are in one-to-one correspondence
with incidence matrices.

Let us make a few more definitions that relate to posets in order to develop this language
more fully. An idea that we will find use for in what follows is that of minimal/maximal
elements. An element b; is said to be a minimal element of a poset D if Vb; € D,b; > b;
or b; ~ b;. A sequence of decreasing vertices, starting from any vertex, always ends at a
minimal element. In figure 4, vertices d and ¢ are the two minimal vertices.

An element b; is said to be a maximal element of a poset D if Vb; € D, b; > bj or b; ~ b;.
A sequence of increasing vertices, starting from any vertex, always ends at a maximal element.
In figure 4, vertices a and o are the two maximal vertices.

We will also find it useful to distinguish how two elements are related to each other. In
particular if @ < b, then either there exists a single line between the vertices a and b or there
exists a sequence of increasing, connected vertices that starts at a and ends at b. It will be
useful to reserve the symbol < for the first scenario when a and b are directly connected
through a line. It is therefore natural to define a “covering relation”. For elements z,y € V,
we say that y covers z if y > x and there is no z € V such that y > z > x. We will denote
this by © < y. Thus, in figure 4, d < c and b < a. In a given graph, if z < y, then z,y are
vertices that are directly connected by one or more lines, while y > x includes the possibility
that x,y are vertices that are connected by a sequence of lines.

Having defined our posets, we will now go on to show how to use them to eliminate pseudo-
physical cuts in some explicit examples of vacuum polarization diagrams. A generalization to
all processes at arbitrary loops will be given subsequently in section 5.

4.2 Examples in vacuum polarization diagrams

Let us now look at some low order examples that will show how the time integrals over minimal
and maximal vertices can be carried out explicitly within a given poset. For definiteness, our
examples will be drawn from the vacuum polarization diagrams of the lepton annihilation
processes. They illustrate features of quite general application and open the way to an
analogous development for general amplitudes and Green functions in the next section.

For vacuum polarization diagrams, we label vertices by permutations of the list, V =
(i,b1,b2,...,by,0), where the external momentum flows into the diagram at vertex i, and
out at vertex o. We can then divide all posets into four classes.

e Posets with o > i for which the external energy arrives at vertex ¢ before it leaves at
vertex o.

e Posets with ¢ > o for which the external energy leaves at vertex o before it arrives at
vertex 1
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e Posets with o ~ ¢, which split into two sub-classes by the imposition of an additional
relationship in a time order: ¢, > t; and t; > t,. At the level of the poset, there is
no definite order among the vertices i(0), where the external energy enters(leaves).
However, imposing the additional relationship ¢, > ¢; restricts us to time orders within
the poset where the external energy arrives at vertex i before it leaves at vertex o.

As we will see, there are unphysical cuts that one would like to eliminate in all four
classes of posets. In what follows we will focus on time orders that satisfy ¢, > ¢;. These
are all time orders in posets with o > i, and in posets with o ~ i, with time orders ¢, > t;.
These time orders carry at least one physical cut but contain both physical and unphysical
cuts in general. There are no denominator singularities in time orders with t; > t,, and the
integrand is completely real (and negative semi-definite).

Using the notation introduced in eq. (2.7), we consider here diagrammatic integrands,
including numerator factors, written as sums over time orders 7 of vacuum polarization
integrands for an arbitrary diagram, G,

76[Q, La] = Y Npg 17 (Q, La) - (4.1)

We observe that although the notation N, suggests that the numerator factor depends on
the time order, it is the same for all time orders within a poset D. The numerator factor of a
graph in covariant perturbation theory is derived from the Feynman rules and the numerator
factor in TOPT is obtained by replacing the energy of a line j by the on-shell value of the
energy +wj, where the sign is determined by the direction of the line alone. Therefore, the
numerator factor is the same for all time orders within a given poset. We will henceforth use
the notation Np to emphasize the dependence of the numerator factor.

Given that posets partition time orders into non-overlapping subsets, we may write
e in eq. (4.1) as

m6(Q,Lc) = Y Np 14(Q, Lq)

=Y Np Y m,(Q,Lc), (4.2)
D ™D

where the second equality follows from the fact that the sum of all time orders 7¢ of graph G
is the sum over posets, D, and within each poset the sum over time orders contained in D,

; =>> . (4.3)

D 7o

Our interest is in obtaining an expression for mp(Q, L) that is free of pseudo-physical cuts.
We first notice that if a poset D has a single minimum i (where the external momentum
flows in), and a single maximum o (where the external momentum flows out), every time
order we induce on the poset exclusively carries physical cuts. To see this, we argue that
in an arbitrary time order, and on any cut C' of that time order, we may start at vertex
v that lies to the left of C, and follow a sequence of vertices that are less than v (in the
poset ordering) to reach the unique minimum i. Therefore every vertex on the left of the
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cut C' is ordered with respect to i. A similar argument shows that every vertex to the right
of such a cut is also ordered with respect to the unique maximum o. There may or may
not be more than one time order for such a poset, depending on the incidence matrix, but
every cut of such a time-ordered diagram will be physical.

If, on the other hand, there is more than one extremum in a poset, the poset is guaranteed
to include time orders that differ by exchanging the relative positions of the minima or maxima
among themselves. Our strategy in handling posets without a unique minimum or a unique
maximum element is to reduce the problem to one where there exists a unique extremum. This
will involve combining time orders that exchange extrema and other unordered pairs of vertices.

As a warm-up consider an example with a unique maximum but two minima, the three
loop graph in figure 5. Although the figure shows a particular time order of its six vertices, 4,
o, and by ... by, it represents only the poset structure. We recall that in TOPT every line
carries energy forward in time (to the right in a TOPT diagram). This information provides
us with an incidence matrix, and hence a poset. In this case, the relevant binary relations are

1 <bg<by<o,

by < by < by,

by < b3,

by~ 1,

by ~ i, b3 . (4.4)

Within this poset, there are two minima, b; and 7. Vertex b; is covered by both by and bs.
There are five time orders. Two time orders have t;, > t3,, which we label by permutation as

ty, <t (1i3240),
t; < tp, (i13240) . (4.5)

The other three time orders, which have t;, > t;,, are given by

b <ty <tp, < tbg (’i12340) ,
ty, <t < Tp, < lpy (1i2340) ,
ty, < tpy, <3 <tp, (122340) . (4.6)

In TOPT, after time integration, each of these orderings gives one or more pseudo-physical
cuts. For example, the contribution of (i13240) can be written as

, to , ) ty, , , tyy ) .
T(i13240) = et / dty, e~ (Wen—watiolty, / dty, e~ (Wes mwntic)ts, / dty, e~ (Wag—wsFic)toy
—0o0 —0o0 —o

thg ) ) ty, ) )
X dtbl 671(7w€fg+l€)tb1 / dtiefl(waab‘FLe)ti
—00 —0o0
Q — wpg + i€ Q — wpep, + i€ Q — Wycef + 1€ Q — Wapefg + i€ Q — Wy + 1€
where for compactness we use the notation
Wab..c = Wa +wp + -+ + we . (4.8)
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We have also set the outgoing energy Q' to equal @, to suppress the phase that provides the
energy conserving delta function after the integral over ¢, in this case. In this representative
TOPT term, the denominator () — wgpefy corresponds to a pseudo-physical final state because
the amplitude with this final state consists of two disconnected parts, one that includes vertex
1 and provides particles a¢ and b in the final state, and one in which particles e, f, and g¢
emerge from the vacuum into the final state. We shall see, however, that such singularities
are absent in an evaluation of integrals based on the poset. In other words, pseudo-physical
denominators all cancel in the sum over the time orderings that make up the poset. This will
be the case separately for the combinations of time orders in eq. (4.5) and (4.6).

The case of the two orders in eq. (4.5) is particularly simple. Adding the two orders
together, we find that times ¢;, and ¢; integrate independently to t;,, and the pseudo-
physical cut disappears in TOPT, even though each of these orderings gives one or more
pseudo-physical cuts,

. to . . tb4 . .
@t —t(Wep —wqt1i€)t —t(We £ —wp+1i€)t
T(i13210) T T(1i3240) = €' 0% diy, e~ (Wen = )b4/ dty, e (Wer ~ontiOln,
—00 —00
by . )
x [ dty, eito et (4.9)
—00
tb3

t
dty e~ eso i, / " gt 1(@wartic)t
—0oQ

X
—0o0

i i i i i
_<Q—wbd+ieQ—wbch+i6 Q — Wheef + i€ Q—wab—i-ie) —Wefg

where the rightmost fraction, which is negative semi-definite for massless lines, is the re-
tbg . .

sult of the integral [ dtie"—wero i)l The remainder of the integral gives the factor
—o0

in parentheses, consisting of four denominators, each of which provides a unitarity cut,

corresponding to a physical final state.

A representation of the diagram after the ¢, integral is given in figure 6(a), which
i

includes a modified vertex, which absorbs the fraction — —. This vertex, the denominator
combined with coupling constants, is real and is effectivelgy local in time (in this case at
thy). At this stage, all remaining vertices are ordered between ¢ and o in the poset. We have
thus achieved what we set out to do, reduce the diagram in figure 5 to one with a unique
maximum and unique minimum. The cuts of the modified diagram in figure 6(a) do not
disconnect the graph into more than two connected subdiagrams, and are therefore unitarity
cuts, that is, physical cuts of the forward scattering graph.

We can now turn to the other possibility, ¢,, > t,, the component of this poset given
by the orders in eq. (4.6). Rather than reproducing the four-dimensional time integral as in
the previous case, we shall simply show the integrals over minimum vertices. Examining the
ranges of integrations possible in eq. (4.6), we find that we can carry out the ¢; integral from
—o0 to to independently of the value of t;. This gives the to-dependent factor

to .
/ dtl e—i(—wefg—‘rie)tl — L 6—i(—wefg+i6)t2‘ (410)
e —Wefg
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Figure 5. A three loop example of a graph with two minima. Vertices 1 and 7 are both minima of
this graph, and our procedure eliminates the minimum 1, through the process of successive integration.
This graph is to be understood as a poset graph rather than a time-ordered graph.

Figure 6. (a) The poset ordered graph in figure 5. after integrating out the minimum vertex 1, with
the choice 2 > 3. Here the black dot represents the composite, modified vertex 3. (b) Integrating
the time of vertex 1, making the choice 3 > 2. The composite vertex 2 is represented with a black
dot. 2 is still a minimum of the new poset. (¢) The time of the composite vertex 2, which was a new
minimum in the choice 3 > 2, has been integrated. The new composite vertex 3 is represented with a
black dot. Here, all vertices lie between i, o.

The composite graph obtained after integrating out vertex 1 is shown in figure 6(b). In this
case, the vertex 2 is still a minimum of the poset, and we would like to carry out the ¢
integral as well. We can do this because in the combination of time orders in eq. (4.6), the
upper limit of the ¢y integral is t3, independent of ¢;. We thus find,

t3 .
/ dtQ e—i(—wefg—l-ie)tge—i(wef—wh—l-ie)tQ _ _Z) - e—i(—wgh-‘riE)tg. (411)
g
—00
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1
Figure 7. A two loop example of a graph with two minima and two maxima. Vertices 1 and i are
both minima of this graph, and vertices 2 and o are both maxima of this graph.

A graphical representation of the diagram that results after this step is shown in figure 6(c).
The complete result for the time orders in eq. (4.6), analogous to eq. (4.9) for the time
orders of eq. (4.5), is now easily found to be

1 1 1 1 1
T(i12340) T T(1i2340) T T(12i340) = (Q gt ic QO — g +ic O — wap + i€ ) —ouh —werg
(4.12)

Together, the two negative semi-definite denominators combine with couplings to form the
composite vertex 3 in figure 6(c). Again, the remaining denominators are either physical
(in parentheses) or negative semi-definite. The full expression for this poset (D), mp, is
given by the sum of this result with eq. (4.9).

For the next example, consider the two loop graph in figure 7. In this example, at the
level of the poset, there exists no unique minimum or unique maximum. QOur process of
eliminating the additional extrema starts with eliminating the vertex we have labeled 1. The
minimum vertex, 1 is connected to mutually un-ordered vertices 2 and o. To integrate out
the minimum 1, we will order these vertices as before. The two choices in ordering are t, > to
and t9 > t,, and as before, we must sum over both choices. Making the choice t, > to and
integrating ¢;, we obtain a unique minimum ¢ and a unique maximum o, giving

ty ,
/ dty e "Waeetit — _ e~ waectie)tu (4.13)
s —Wdec

where the upper limit ¢, is to if t, > to and t, if to > t,. Having made the choice t, > t2, the
rest of the graph is fully ordered and we may use TOPT for the remaining denominators,
1 < ) ) > )
TTH' = . . . 4.14
b Q — Wge T+ 1€ Q — Wab T 1€/ —Weed ( )
The ordered graph that yields these denominators is shown in figure 8(a).

The choice of ordering to > t,, leaves us with a single maximum vertex 2, which is not
0. We would therefore like to integrate the maximum time, to, from ¢, to oo,

o .
/ dt? e—i(wbed—ie)tg — L e_i(wbed_iﬁ)to‘ (415)
; —Whed
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(a) (b) (c)

Figure 8. (a) The poset ordered graph in figure 7. after integrating the time of the minimum
vertex, 1, with the choice o > 2. Here the black dot represents the composite, modified vertex 2.
(b) Integrating t;, making the choice 2 > 0. The composite vertex o is represented with a black dot.
Vertex 2 is the new maximum of the poset. However, since the maximum is not o, we continue by
integrating the time for vertex 2. (c) The composite vertex o, after t5 has been integrated. The new
composite vertex o is represented with a black dot.

This procedure is represented diagrammatically in figures 8(b), 8(c). What remains is the
integral of ¢; in the range —oo to t, which is easily carried out. The contribution of the
order to > t, to the poset denominator is

ﬂg>:( i ) Lo (4.16)

Q — Wap T 1€) —Whed —Weed

As before, the full expression for the integrand from this poset is the sum of the two choices
in orderings included in the poset, 7p = ﬂg) + ﬂ'g).

As a final example, consider the poset graph in figure 9, which has both a minimum
(vertex 1) and a maximum (vertex 2). This example captures our procedure at four loops. In

this poset, time 1 is bounded from above by ¢ if to < t3, and by t3 if t3 < t9. In either case,

tu .

/ dty e wigktiot _:“k e Hwijktie)te (4.17)
J

—0o0

where the upper limit t, is t9 if t3 > to and t3 if {5 > t3. Making the first choice, t3 > to,
confines every remaining vertex to lie between ¢ and o. A graphical representation of this
reduced graph is in figure 10(a). It is now fully ordered and as above, we can reconstruct
the remaining integrals from the rules of TOPT, to find.

71'8): ( ] ] 7 7 ] 7 > ] 7 (418)

Q — Waf Q — Wkae Q — Wadjk Q — Wghad Q — Wged Q — Wab | —Wijk

where we have suppressed the +ie terms present in each physical denominator.
Making the other choice, to > t3, and integrating the minimum time, ¢; from —oo to
t3 leaves 2 as a maximum element. The reduced graph we obtain at this stage is shown
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Figure 9. A four loop example of a graph with two minima and two maxima. Vertices 1 and i are
both minima of this graph, and vertices 2 and o are both maxima of this graph.

Figure 10. (a) The poset ordered graph in figure 9 after integrating the time of the minimum
vertex 1, with the choice 3 > 2. Here the black dot represents the composite, modified vertex 2. (b)
Integrating vertex 1, making the choice 2 > 3. The composite vertex 3 is represented with a black
dot. Vertex 2 is a new maximum of the poset. However, since the maximum is not o, we continue
integrating out vertex 2. (c) The vertex 2, which was the new maximum in the choice 2 > 3, after o
has been integrated. The new composite vertex 3 is represented with a black dot.

in figure 10(b). We can now integrate over t,

o0 .
/dtQ e—i(wigh—zf)tg — L e—i(wigh—ie)tg,‘ (419)
i —Wigh

The reduced graph we obtain is shown in figure 10(c). This is a fully ordered diagram, for
which every vertex lies between i and 0. We can proceed using TOPT rules for the new
diagram, giving the final result

Fg):< i i i i i ) i i (4.20)

Q- Wa f Q — Wrae @ — Wghad Q- Wycd Q — wap —Wigh —Wijk

where again we suppress +ie terms in all the denominators. The full poset integrand is
once again mp = Wg) + Wg).
Let us summarize the process of integrating out of extrema that we have seen so far in

these examples. We first identify a minimum vertex, v ( v # i), and order the vertices that
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cover v. We then integrate out the minimum, at the cost of adding the energy carried by v into
the next vertex, say v + 1. If there were more than one minimum, we will sequentially repeat
these steps for all minima. We continue this process until each vertex that remains is greater
than ¢. We use an identical procedure with maxima, integrating them to generate negative
definite denominators. After the elimination of both minima and maxima, the remaining
vertices are all ordered relative to ¢ and o and therefore carry only physical cuts of the graph.

We have seen in these examples that the resulting ordered diagrams include composite
vertices with multiple lines emanating from or flowing into them. At each stage, the graph
with composite vertices yields a new time-ordered graph, with fewer pseudo-physical cuts
but the same physical cuts as in the original graph. The new graph thus obtained has
fewer vertices and a modified incidence matrix. The composite vertex denotes a factorized
expression for long time processes that were initiated in the vacuum and do not affect the
cuts of the short distance process. The composite vertices may be interpreted intuitively
as effective vertices in the short distance function, where all the long distance behavior has
been absorbed into factorized, negative semi-definite, vacuum denominators. We next turn
to a general implementation of these methods.

5 PTOPT: TOPT without unphysical singularities

In this section, we describe a generalization to arbitrary order of the examples of the previous
section, based on graphs’ poset structures. We will term this approach, “partially time-ordered
perturbation theory” (PTOPT). We will construct an algorithm that enables us to re-express
the sum over time-ordered diagrams of any graph into a sum with fewer terms, all of whose
denominators are either negative semi-definite, or physical. In this construction, all pseudo-
physical cuts will be eliminated. We will present our discussion for an arbitrary amplitude
with any numbers of incoming and outgoing momenta. Our result, given in eq. (5.37) below,
is essentially equivalent to that given ref. [26]. In the following section, we show how PTOPT
can be applied to cross sections written as sums over cuts, as in the weighted cross sections of
section 2, to provide expressions that involve only physical singularities, and which separate
universal and process-dependent dynamics.

In this construction, it will be useful to turn our attention to integral representation
eq. (2.14) for the time-ordered denominators of functions like 7, in eq. (4.1), written as
sums over posets. Compared to eq. (2.14), however, we associated with every vertex a an
external energy E,, defined to flow into that vertex. In a multiloop diagram, with a fixed
number of external lines, most FE, are zero. For an outgoing physical momentum flowing
out of vertex «, E, is negative. The resulting functions are then not limited to vacuum
polarizations and may represent any scattering configuration, with arbitrary numbers of
incoming and outgoing lines. To emphasize the generality of these considerations, we denote
our functions as Fg({Ea}, Lg) for graph G, and Fp({E,}, Lg) for poset D. When we return
to the analysis of vacuum polarizations, we revert to the notation of ng or np.
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In these terms, our expression for the integral associated with an arbitrary graph G
with n vertices at fixed spatial loop momenta is

2”‘5(2 E) Fo({Eo}, Lc) = YN, ﬁ / gt e iEatl T i)t

a T a=177">
- 2W(;Ea) SR (Bl £0) (5.1)
= 2m$<ZEa> > > NpFrpy ({Ea}, La)

D Tp

_ 2775(20;Ea> gND Fp ({Ea}, La) |

where we define, t,,+1 = 0o in the first equality. The final, ¢,,, integral gives the delta function
that enforces the energy conservation in G. Here, n](-Ta) is the incidence matrix of the vertex
br,, in the time order labeled by 7. The second equality defines F’- as the coefficient of the
energy-conserving delta function from the full integral associated with time order 7. In the
third, we reorganize the sum over time orders into a sum over posets, D, as in eq. (4.2),
recalling that every time order is associated with a single poset. Finally, the fourth equality
defines Fp as the complete contribution to Fg from all the time orders within poset D. The
functions Fp will be the subject of the following discussion.

5.1 Time integrals of extremal vertices; the covering set

We consider the time integrals allowed within a given partial order for an arbitrary graph.
Again, in this section, we will not restrict to forward scattering graphs that one encounters
in leptonic annihilation. Rather, we treat graphs with a generic flow of external momenta.
We will label this general partially-ordered diagram, or poset diagram, as D, defined on a
set of vertices V' with ordering >. In the following, we will use D to refer both to the poset
and to the ordered diagram. Note that we will only encounter vertices that are local in time,
whose time integrals we will carry out. After our first time integral, however, the composite
vertices we encounter generally will not be local in space.

The object of interest is the function Fp fo(r )a fixed poset D = (V,>), which as we have

(0%

noted before, is fixed by an incidence matrix n; - (For compactness of notation, we do not

label 77](»0‘) by D.) We represent schematically the multidimensional region of vertex times
restricted to the orders associated with a specific poset D as

n \4
—i(FEq (.a) w;—1€))to
) (Z Ea> Fp({Ea} Lo) =[] /XD dtoe " Fatn; (@i —iO)ta (5.2)
a=1 a=1

where we have formally carried out the sum over time orders consistent with poset D,
corresponding to the integral of times over a region labeled by Xp. We let |V| represent
the number of vertices. The region Xp is defined by

XD:{(tht?”'tW\)‘bk ij = tk Zt]‘}. (53)

The union of all possible regions Xp is the full set of time integrals in eq. (5.1).
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For a given poset D, we can identify a unique set M 11) of embedded extrema (minima and
maxima) of D. We define an embedded vertex v € M}, as one whose removal leaves behind
a connected diagram consisting of vertices V/v. Every connected diagram has a non-empty
set of embedded vertices (see appendix A) . The time integrals of minima in Xp extend
independently to negative infinity, and those of maxima to positive infinity. We can always
begin the integration process for Xp by picking a subset of embedded extremal vertices that
form an anti-chain (mutually incomparable elements). We will do so for a subset of the
extremal embedded vertices, chosen to have the largest number of such vertices that form
an anti-chain. Such a subset may include both maxima and minima, because the minima
may not be ordered with respect to all maxima, and vice-versa.

Let us call this set the first extremal antichain, A', defined to satisfy,

Al = {z e MYz,yc A' = z~y}
- {b1,17 .. ‘7b1,1”1 ) dl,la L 7d1,81} = {617i} ) (54)

where we denote by r; the number of minimal elements, by ;, in Al and by s; the number of
maximal elements, di ;, and where e; ; labels these vertices collectively, with j = 1...71 + s7.
Al represents a set of vertices whose times can be integrated simultaneously and independently
of each other.* Clearly, each of these integrals must extend from a fixed upper (lower) limit
to infinity (negative infinity). We now turn to the determination of these limits.

Having identified the set A', we identify a companion set, C!, of vertices that cover the
minimal vertices in A! or are covered by the maximal vertices in A!, that is, vertices that
are connected to one or more elements of A! by single line(s) with no intervening vertices,

Cl={zeV|IweA: (v<z)or(z<v)}

r1 S1
= U Chy., U Cdlw (5.5)
i=1 j=1

where we have defined the covering set for each element in A' by

Cbu = {x € V|bl,i < x},
Cdl,i = {l‘ € V|$ < dl,i}~ (5.6)

By construction, vertices in C'! are connected to extrema by lines that either emerge directly
from minima or flow directly into maxima, as denoted by the covering relation <, defined
in section 4.1. If there are several such vertices for any given extremal vertex, they form
an anti-chain, that is, they are not mutually ordered within the poset D. We note as well
that a single element of C'! can cover more than a single extremum. We will refer to the
elements of C! as the first covering set for the first extremal antichain, A'. We will use
the covering set C'! to organize the time integrals for the extremal vertices in A'. This will
enable us to begin a recursive analysis over induced poset diagrams and to do all subsequent
time integrals in the same way as the first.

4This choice for A’ is not unique, and we need not adhere to A' being the largest possible antichain in any
one step.
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In the time integral over X p, corresponding to the partially ordered diagram D, eq. (5.2),
we must include all choices within poset D of the earliest covering vertices for all minimum
elements of A' and of the latest covered vertex for all maximum elements. Region Xp, and
thus our integral, is given by a sum over these choices, which we will denote as v ¢ C'. It
is worth pointing out that it is possible to construct the full list of compatible choices !
of next-to-extremal covering vertices systematically, by summing over available choices of
covering (covered) vertices for each minimum (maximum) in turn. Because next-to-extremal
vertices may cover more than one extremum, the number of resulting sets is not a simple
product of the number of covering vertices for the extrema. For a concrete algorithm to
generate all consistent v!, see appendix B.

Given a choice of next-to-extremal vertices, the integration range of each extremal vertex
is -0o to the time of its earliest covering vertex for a minimum, and from the time of its
latest covered vertex to oo for each maximum. We shall describe these choices collectively
as sets of next-to-extremal covering vertices, and label them among the elements of C' as

€1.4 . . . €e1.4
a:g “), where index eq; identifies the extremal vertex connected to the vertex zq Li)

, while
index a identifies the choice of covering (covered) vertex in set Ce, ; that covers (is covered
by) the minimal (maximal) vertex ej ;.

In terms of the next-to-extremal covering elements, v' is given by

= {Ueizl...r1+sl l‘t(zel'i)} . (5.7)

Whenever two extrema, say ej; and ey 7, have the same next-to-extremal covering vertex,

i) (eq,i7)

we have o V" = x o - The number of elements in ’yl is therefore less than or equal to the
number of elements in C'. In this notation, once we choose v', the integrals over the times of
all extremal vertices in set A', minima and maxima, can be done explicitly and independently.

To relate the integration region for each v! to the original integration region Xp for poset
D in eq. (5.3), we proceed as follows. As noted above, the next-to-extremal vertices for any
e1,; form an antichain (mutually incomparable vertices) and therefore need additional ordering
at the poset level to specify the ranges of the e;; time integrals. This additional ordering we
impose is fixed by our choice in :L‘Efl’i) . For each choice of !, we construct a partial order on

the antichains in C', by defining a new binary relation, denoted >.1 over the set V' by

If @ > b, thena >, b,

b1,
Yy € Cbl,i Ty Z,yl I((I 1) >t bl,ia

Vy € Cqy, 1 dii > i) >0 Y- (5.8)

Here, the subscript on >.1 reflects the ordering that remains after we identify each extremal

. . . €1.4 . .
vertex e1; with its corresponding vertex xé 14) € Ce, ., in the covering set '

The relations, eq. (5.8) that define the ordering >.1 identify new posets, whose mutually-

disjoint integration regions allow us to integrate the times ., , explicitly. Again, although we

formally have constructed >.1 as a “stronger” binary relationship than the original ordering

> of the poset, it is the natural ordering inherited from > when every extremum eq; is

identified with the specific covering element :C((fl’i), that is, contracting the vertex ey ; onto

the corresponding a;éel’i) in v!. We, therefore, think of a new, lower-order graph with all
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e1,; removed from the set of vertices. Every line that previously emanated from a minimum

b1,:) i) (b1 z)

b1
b1, and was not absorbed at vertex z, now emanates from x, ', and therefore x4

“less than” every other vertex of C' that was connected to b1 i, since after the contraction of
by,; onto x((lbl’i) there is at least one line starting from x,(lb“) and ending on any such vertex.
Maxima are contracted on their nearest covered vertices in an exactly analogous fashion.

The combination of the new, contracted vertex and the induced order defines a new poset,
b [71} - {V hl] ; Zvl} oV {’71] =V \Uie, (5.9)

with >.1 defined by eq. (5.8). The integration region for post D[y'], analogous to the original
region, eq. (5.3), is given by

XD[,yl] = {(tl,tg .. .tAel_yl .. 'tA€1,r1+sl . t|V|)|bk 271 bj == tp > tj} s (510)

where feu means that fe, ; is excluded from the list. Again, the notation Xpj,1 identifies the
subregion of Xp where the vertices in 4! are the full set of next-to-extremal covering vertices.

It is clear that any time order in region Xp has a unique set v', and that distinct
choices of v correspond to different time orders. Therefore, when we sum over all choices,
of v!, we exhaust all time orders within Xp. Explicitly, we may represent the full poset
integration region, Xp as

T1 S1
XD = UXD['YI} X U (_Oo’tx(blﬂ')) X U (tx(dlﬁ,oo), (511)
! tbi,l “ tdi,l ¢
i=1 =1

where again, v! is specified, as in eq. (5.7), as the choice of next-to-extremal elements xq 1),

In summary, for a given choice of ¥, we can carry out the te, ; integrals up to (or down to)
the times ¢ (., ;) € y'. We can thus rewrite the full integral for Fp, eq. (5.2) using eq. (5.11) as
Tq

VIl

216 (ZE > Fp ({Eq}, L) = Z H / e Bt =i

Xpv']
(@ 1 z)

O (s
X ﬁ/t[x dti;e ( o m wjﬂe))”

. (dy,4) .
o0 —1 EiJFZ-T]- i wj—ie) )t
% I I1 /t[xul,i)] dtyie ( o ) - (5.12)
1= a

Here we have labeled the times of the extremal vertices, over which we are integrating, with
the subscripts of the corresponding vertices e;; themselves, and the times of the next-to-
extremal covering vertices xg 1) iy a hopefully obvious notation. We note that each of
the limits in the integrals over extremal vertices are times that appear in the remaining
integration measure of Xpp,1;.

In eq. (5.12), the time integrals for minima all take the form

(b1,4) by 4 ) . ) b1,i . i
tlxg "] —i <Eb1i+2j ,7; 1, )(wjfle))tlyi 1 —i (EbliJrZ]- n](. 1, )(ijze))t[ L(ll )]
dti ;e ~ 7€ '

- 5.13
o ’ Apy ) o1
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where we define

Ab“ =5y, — Z‘ (0.0

wj + i€ . (5.14)

(lz)

We note that every nonzero n; = —1, since they all correspond to minimum vertices,

which only emit particles. Such a denominator has the standard form of an energy deficit
in the channel of vertex by ;, where external energy Fj, , flows in. We will refer to the set
of lines, j for which n](.bl’i)
the “cut” of diagram D that separates it into two diagrams, one consisting of vertex by ;
and one with the remaining vertices, V'\ by ;. Since all by ; are embedded vertices, all the

diagrams V' \ b1; are connected.

= —1, all of whose on-shell energies flow out of vertex by ;, as

Similarly, for all the time integrals for maxima in eq. (5.12) we have

o0 dt ‘ 72(Ed11+27 n;dl,i)(wj7i6)>t17i B Z 771(Ed11+2 ,r]( 1 1>(w] ZE)) [ (dy z)] 5 15
(dl i) 1,16 - 1 € * ( N )
tzg "] Adl,ih/ ]
In this case we define
17 _ (d1,3) .
Adl,i [7 ] = - (Edu + an wj — 7’6)
J

di .

= (—-Eq,) — an b )wj + i€, (5.16)

J
where in the second equality we use that n(%.4) is either zero or 1 for maximum vertices.
When —Ey, ; is a positive energy flowing out of vertex dj ;, we again have a standard energy
deficit form in the channel of vertex dj;. As for minimal vertices, will refer to the set of

(dl 1)

lines, j for which 7, = 1, as the “cut” of diagram D that separates vertex d; ; from a

connected diagram with vertices V' \ dy ;.

Substituting the integrals in eqgs. (5.13) to (5.16) into the expression for Fp, eq. (5.12),
we now have

216 (ZE ) Fp ({Ea}, La)

r . s1 . Virl

= ! Ea"l"ﬂ( >(W'—i€))ta
o dte
Z 1:[ Abu [71] 1;[ Adl i H /XD[’Y ¢ ’ ’

. (b1,4) (b1,4) (dy4) . (d1,4)
e —i(Buy <wj—ze>)t[z1 )2 —i(Bay 5 (g0 ) )
<]le I1e :

i=1 i=1

(5.17)

e1,i)

In this expression, every next-to-extremal vertex zq "/ appears in the product over the
vertices (o) of diagram D[y!]. The integral may thus be written in a more compact form

by combining these contributions in the phases, using the definitions

T1 S1
E[’Yl]a = Eq + Z Ebl,i 5a x<b1,i> + Z Edm 60: I(dl,i>
i=1 e i=1

"wa

r1 51
b i d 7
77[71]1(1(1) = 773(‘&) + 277]‘ b )5a RCRY + Zn]( B )5a Ll (5~18>
,: »wa 'i:l

wa
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An important feature of the new incidence matrix n[71]§a) is that every line j for which
it takes a non-zero value is connected to vertex a in D[y!], either directly or through an
embedded extremal vertex whose time has been integrated up to the time of vertex a.

We can now write the full poset integral as

27r5<zn: )FD ({Ba}, Lo) = ZH

HAdl][ }

=1 blz
'w (BB a1 (w5 —i6)
X dt g~ ED atnb 17 (@ =io)te (5 1)
al;[l /XD[’YI]

In this form, the original integral for poset D is expressed as a sum over y' (which is
constructed explicitly in appendix B) of products of energy deficit denominators multiplied
by an integral of the original form, eq. (5.2), this time for the poset diagram D[y!], with a
reduced number of time integrals remaining. The energy deficit denominators correspond
to the cuts of D associated with each of the embedded extremal vertices in the set A.
Because these vertices make up an antichain, these cuts have no lines in common. Finally,
we recall from eq. (5.9) that the original list of vertices, V is given by the union of V[y!]
with the extremal vertices,

r1 s1
1] H U b17i H Udljj =V. (5.20)
i=1 j=1

We will encounter generalizations of all of these features below.

Equation (5.19) already exhibits the basic structure of our results. Let us summarize its
essential features. The new, induced, poset diagram D[y!], defined by eqs. (5.8) and (5.9), is
a connected diagram with a set of vertices V[y!], all of which are local in time. The number
of vertices has decreased by identifying pairs of embedded extremal and next-to-extremal
vertices, with the resulting “composite” vertices inheriting the next-to-extremal times t[ (ex, 1)].
The extremal vertices of D[y!] can be labeled {ba;,ds;}.

For these induced, embedded minimal vertices, the new incidence matrix defined in
eq. (5.18), n[fyl]g-bQ’i) takes only the values 0, —1, with only outgoing lines, although now these
lines may have been emitted originally by the first round of vertices, {e;;}, over whose times
we have already integrated. These lines thus emerge from a subdiagram of the original poset
D that is connected. Similar considerations apply to maximal extrema in D[y!], for which

n[’yl]g-dQ’i) = 0,+1. In the new diagram, by analogy to egs. (5.5) and (5.6) we can identify

the set of next-to-extremal vertices, C* = {C¢,,}, which will be labeled o2,

Examples of this process are given above in the integrations from figure 5 to figure 6(a)
and to figure 6(b), which correspond to different choices of 4! in this case. The explicit
denominators of eq. (5.19) provide the results of the time integrals of the chosen antichain
Al of embedded extremal vertices. By construction, they correspond to non-overlapping
cuts, each separating the original diagram into two connected parts. As such, they are all
“physical” denominators, in the sense we have identified above. The poset D[y!] and the
integral over the region X p,1) in eq. (5.19) have all the properties of the original poset D and
integral over region Xp of eq. (5.2) that we used in the forgoing analysis. In the following
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subsection, we use this recursive structure to derive a general expression for Fp in which
all unphysical denominators are eliminated.

5.2 Integrals of induced extrema

The relation, eq. (5.19) clearly carries fewer time integrals, and the remaining time integrals
are in the same form that we encountered in eq. (5.2). It is therefore straightforward to
extend the reasoning recursively in order to carry out all the time integrals.

Let us assume that we are given the result after k — 1 iterations of the procedure outlined
above. Each step consists of integration over the induced embedded extrema of an induced
poset. We assume that the result takes the form

k—1 m

216 (i )FD ({Ea}. Lo) = 3 1T 11 1 ' l] ﬂlAdli.[vl} (5.21)

Ah=1 =1 i=1 bury

Vv
< 1] dt e~ ED* atnb 1 =it

a=1 Xp [’yk_l]

This integral has a set of properties that hold in the initial case, eq. (5.19), corresponding
to k = 2, and which will remain true recursively.

(1) Poset structure. D[y*~1] is a poset with integration region X ppyk-1]; Where R s

specified by a set of vertices from the original diagram D, and all vertices in Vp k-1
are local in time. That is, each remaining vertex « is associated with a time integral
over to. As for any such diagram, among the vertices of D[y*~1], there is a non-empty
set M* of embedded extremal vertices, {bki,dr i}, each with a corresponding covering

set, ck =y,Ck

g of potential next-to-extremal vertices, C’fk .= {x((f'”)}

(2) Inductive functional dependence. In eq. (5.21), the explicit denominators and phases
are defined by

_ _14(bys )
An 7] = B 77 = 3l U s + e (5.22)
J
and
_ dy; .
Adl,ihl] = (_Edl,i[’yl 1]) - Znhl 1]5 § )wj +€, (5.23)
J

in terms of the inductive relations

71
Ealy] = Baly™ '+ 3 o [0 o + Z Ea 018 s
<: b} Z 1 a

« —17( L —1+(by 4 _1+(dy 5
A = = 4+ Sy l’)5w<bl,i>+2nhl i) s - (5.24)

Q,Tq

The expressions, egs. (5.22), (5.23) and (5.24) are direct generalizations of (5.13), (5.15)
and (5.18), with 4! replaced by ~!, and el by eg;.
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(3) Denominators, cuts, and merged sets. The explicit denominators, A, (e = b,d) in
eq. (5.21), with < k — 1 all correspond to cuts of the original diagram, D, each of
which separates D into exactly two connected components. One of these components
is associated with an embedded extremal vertex, e;; € AL of D[’yl_l], and with a
connected set of vertices, Ae;;] of the original diagram. We will refer to Ale;;] as the
“merged set” of vertices for ¢ ;, corresponding to one or more series of time integrals
that terminate at t, ;. It may be a minimum or maximum. In either case, its merged
set is given by

Aeii] = e,

/\[el,i] = {el,i H U)‘[el’,j]

g

a/

VL [y 1} , (5.25)

where the range of index ¢ depends on the set 4/~!. That is, the merged set of extremal
vertex e;; is found by merging all the merged sets of extremal vertices ey ;, I’ < 1—1 for
which the vertex e;; is the nearest vertex in its covering set. For a minimal extremal
vertex in D[y'~!], all lines that cross the cut Ay, [7'] emerge from the minimum b;;
and are absorbed in D[y!~1]\ b;;. For a maximal extremal vertex, lines that cross the
cut Ag,,[7'] emerge from D[y'~!]\ d;; and are absorbed at d;;. In both cases, in terms
of the original poset diagram D, the lines of each cut connect Ale;;] with D\ e ],
both of which are connected.

(4) Partial nesting. Any set of vertices picked from different A[by ;] form an antichain, and
similarly for maximal sets A[dj;]. Together, they satisfy the following properties, which
may be described as partial nesting [26],

e i) C Ale,, ] or ey ) N A[e, o] = 0,0 < g,
Mevi ] N Alers,] = 0,41 # 2,
VIV TT UAlbes) TT U Mdid) = V. (5.26)
i I

Taken together, these conditions imply that the sets of vertices Ale; ;] are either nested,
according to index I, or disjoint, and that, together with V [y¥], they include all the
vertices of the original diagram D. This implies that the cuts represented by the
denominators A, ; do not cross, since this would lead to a non-nested relationship
between at least two successive sets Ale;;] and A[e;;1 ;). Comparing to eq. (5.20) above
for the first set of integrals, we observe that indeed A[by ;] = b1 ; and A[dy ;] = d14, as in
eq. (5.25).

The specific manner in which the posets and the sets v~ and Aeg,i] appear will emerge
from the following analysis, where we describe how to carry out the kth iteration, the next
set of time integrals in eq. (5.21). We will see that all of the features (1)-(4) of D[y*~!] are
inherited by the resulting expression in terms of a poset D[vk].

We begin by characterizing the extremal time integrals in eq. (5.21). In fact, we need
only repeat the steps in egs. (5.4) to (5.9) that we applied to the original integral form for
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Fp({Ew}, Lg) in eq. (5.2). We can do so because these steps depend only on the poset
structure of the diagram D[y*~1].

To organize the kth set of integrals, given the poset D[y*~!], we identify the set of
its embedded extrema M* (See appendix A). Next, we pick a maximal antichain (a set of
extrema that are not related pairwise), which we label Ak Generically, it contains both
embedded minima and embedded maxima. We denote the number of minima in A* by 7,
and the number of maxima by si. Analogous to eq. (5.4), we can write

AP = {z e MFz,ye AF — z~y)
= {bk,ly .. 'abk‘ﬂ’k ; dk‘,la s 7dk,sk} = {ek’,i} ) (527)

where, as before, in eq. (5.27) the by ; represent the minima in AF and the dy; represent the
maxima in A*¥. We use the symbol e, to represent elements of the combined set.

Next, we identify a companion set C¥, which is the set of next-to-extremal vertices.
Analogous to egs. (5.5) and (5.6) we define

ck = {x e VY| 3we 4r: (v =yk-1 @) or (T < k-1 v)}

Tk Sk
= U Chy. U Cdk,j’ (5.28)
i=1 j=1
where we have defined the covering (or covered) set for each element in A* by

Cp . = {ﬂf e Vi

bkﬂ' ‘<,yk—1 JZ},

Ci.. = {w e Vi

X -<7k71 dk,z} . (5.29)

As before, we identify every consistent set of next-to extremal elements. We label the
next-to-extremal element of e ; by :r((fk’i). As above, the index a labels different choices
in the next-to-extremal element x, given the choice in next-to-extremal elements for all
elm, | <k—1,m < r;+s;, as well as eg ,, m < i —1 (See appendix B for more details). We
can now define the object * representing one of the consistent choices for next-to-extremal

vertices, up to the stage k,
TkTSk ( )
— €L.q
=1

We now observe that a choice in 4* naturally induces a poset structure on the set of vertices
1% [’yk}, which is defined by analogy to eq. (5.9) as

TL+Sk

VI =V [N U e (5.31)

The corresponding binary relationship for the set of vertices V[y*] is uniquely defined by

b.,i)

requiring that the chosen covering vertex of a given minimum, by ;, say xé , is itself a
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(dk,i)

minimum in the set Cj, , and the chosen covered vertex of a given maximum, di ;, say x ;
is itself a maximum in the set Cy, .. We may therefore conclude that the new binary relation,
constructed by analogy to eq. (5.8), and labeled >k, is given by

for a, b € V[y*], and a > k-1 b, then a >k b

Vy € Cy, iy 2o @ ;'”) >k bli s

Vy € Cay,, & dii >k wg ki) >k Y- (5.32)

Together with the set of vertices, V¥, the binary relation >;, defines a new poset D[y¥].

With the new poset structure in place, we can carry out the time integrals corresponding
to the extrema ey ;. To do so, we rewrite eq. (5.21), separating out the integrals over extremal
elements in A, in analogy with eq. (5.12). As before such a decomposition will enable us
to carry out the extremal integrals, here in

k—1 7

27”5(2 )FD ({FakLe) =2 111 5 ' l] l—IlAdli.['Vl]

S I=1i=1 Ay iy

VI
X / dtae—i(Eh’“’lla+n[wk*1]§“)(wj—ie))ta
Xp[v¥]

a=1
(bk 1)

Tk —1 Jyk—1 k-1 (bk’i)urfie ;
XH/ dtkz (Bl 12, 1 (g0 s

ok oo i Bl a1 (i) )t
X H Am(dk7i>} dtk,z e ( J J J ) .
(5.33)

We can repeat the steps from egs. (5.13) to (5.16) to perform extremal time integrals and
define the denominators that arise at this stage of the integration procedure. The results
are of exactly the same form as for the case k = 2, and reproduce the inductive forms of
momentum dependence in denominators and phases in eqs. (5.22) to (5.24),

2@(% )FD{E}ﬁc ZHH HAd”]

Ak I=1i=1 Ay i1y

VI e
< 11 / dt e ED ot Y @miO)ta (5 34)
Xp[v*] “

a=1

Comparing the expression in eq. (5.34) with the form of the integral after k¥ — 1 time integrals
in eq. (5.21), and the four conditions that follow that expression, we can check that we have
completed an inductive construction of eq. (5.34) with the quantities Ay, [v*], Ag, [v¥] and

Ea['yk],n[vk]ga) defined recursively through egs. (5.22), (5.23) and (5.24) respectively. We
also see that the four conditions that follow eq. (5.21) remain true after the kth integral.

(1) Poset structure. By construction D[y*] is a new poset, which again represents a diagram
with all vertices local in time, with a non-empty set of embedded extremal vertices
MEFL
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(2)

3)

Functional dependence. The time integrals in eq. (5.33) leading to eq. (5.34) give
precisely the results for denominators and phases specified by egs. (5.22)—(5.24), with
l=k.

Denominators, cuts, and merged sets. The new denominators Ab;m- and Adk,i arise
from the time integrals of embedded extremal vertices in the chosen set A¥ of D[y*~1].
Their explicit expressions in eq. (5.22) show that they have the standard forms of
energy deficits. We can verify that they correspond to cuts of the original diagram, D
that separate D into two connected components as follows. Consider first the minimal
vertices, by ; of D[y*~1]. Each emits lines from the set of vertices in the merged set,
Albki], all of whose elements are unordered with respect to the vertices in any other
merged set A[by;], 7 # 4. As a result, all vertices in A[by;] are connected to the
remainder of the original diagram D only through lines emitted by vertex by ;, which
may connect to any non-minimal vertices in D[y*~!]. Then, cutting all lines emitted
by by ; separates all vertices in A[by ;| from the remainder of the diagram D. But A[by ;]
is connected by construction, and so is V[yk_l] \ bi; since by ; is by construction an
embedded minimal vertex. Thus, cutting the set of lines emerging from any by ; cuts
the diagram into two connected components. Identical considerations apply to the
embedded maximal vertices, dy; of D[y*71]. Lines emerging from (for minimal) or
absorbed into (for maximal) extremal vertices of the next poset D[y*], labeled ey 1,
are emitted or absorbed by sets of merged vertices, which we label Aleg41 ], of the
original diagram, D. These sets are defined. as in eq. (5.25), by

Nek+1,i] = {€k+1,i H UA[ew ;]

ek/,j

xﬁfk’vf) = ept14, K <k— 1} , (5.35)

where index ¢ varies over all choices of the set 7*.

Partial nesting. Finally, the sets A[egy1,], given by eq. (5.35), associated with posets
D[v¥], have the same properties as the A[ey ;] associated with the posets D[y*~1], as
described in eq. (5.26). The nesting features of eq. (5.26) are inherited by the sets defined
by eq. (5.35) precisely because the A[eyy; ;] are disjoint unions of smaller sets that
satisfy (5.26). A consequence is that elements from different A[bj1;]s are unordered
(form an antichain), and similarly for elements in different A[di41;]. In addition, the
k + 1st layer of merged sets satisfy the same relation as the kth, eq. (5.26),

VIV UAbrra] [T UAldigra] =V, (5.36)
i !

because the difference between the set V[y¥] and the corresponding quantity V[y*~1]

in eq. (5.26) is precisely the chosen set of embedded extremal vertices of D[y*~1], A¥~1,
which are identified with the new vertices in the sets A[ej1,]. Thus, any vertices that
are in V[y*~1] but not in V[y*] are absorbed into the union of the A[ey1 ], along with
all of the Aley ;].
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In summary, all of the recursive features of the integrals of extrema have been confirmed.
In making the steps from the (k — 1)st to kth sets of time integrals, we used only the partial
ordering and the existence of at least one embedded extremal vertex at each step. Starting
with any finite-order diagram, however, it is clear that eventually, the process terminates at
k = k, when the poset D[y"] consists of a single vertex, e,;. Such a vertex will connect
to no internal lines (none remain) but will connect to all external energies, F,. Its time
integral yields the momentum conserving delta function in eq. (5.1).

The general form for an arbitrary poset D is thus the energy conserving delta function
in eq. (5.2), times the amplitude function,

Eo}, Lc) i
() e ;zHquEb“[ = X by

! , 5.37
R0 L Ty g 37

wj + 1€

where we have used the explicit forms of denominators in egs. (5.22) and (5.23). Here all
denominators correspond to cuts that divide the graph into exactly two connected components,
and the sum over " represents all complete, recursive choices of next-to-extremal sets, starting
with those of the original embedded extremal vertices of D. Each denominator is of the
form of an energy deficit, either with respect to a sum of energies flowing out of or into the
diagram. In contrast to the normal TOPT form, however, singularities associated with any
diagram are all physical, in that they divide the diagram into two connected subdiagrams.

In practical cases, most external energies are zero to begin with (corresponding to
collections of internal vertices). Such denominators are negative semi-definite even for massless
theories. An intriguing feature of eq. (5.37) is that denominators for which E;[y*] = 0 are
universal, in the sense that they are independent of the underlying process. Such denominators
describe a series of states that emerge from the vacuum, and which couple diagrammatically
to the process described by amplitude F' at composite vertices of the sort illustrated in
figures 6 and 10 above. We shall not pursue this concept of universality here, and leave
it as a subject for future work.

As noted above, an equivalent expression for a general amplitude has been derived in
ref. [26] by a somewhat different graphical analysis. In the next section, we apply the method
developed above to study weighted cross sections in leptonic annihilation.

We close this section by remarking briefly on the application of these methods to light-
cone ordered perturbation theory (LCOPT) [36-38]. In LCOPT, vacuum orderings are absent
altogether. The method here may be applied, however, whenever there are more than two
external momenta, which leads, as in time ordering, to pseudo-physical cuts. The result is just
of the form of eq. (5.37), with the F; and w; replaced by external and on-shell minus momenta,
respectively (in 2 ordering). In this way, pseudo-physical cuts are again eliminated.
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6 Vacuum polarization graphs, leptonic annihilation, and weighted cross
sections

In this section, we will adapt the general result for poset contributions to amplitudes, eq. (5.37),
to lepton annihilation processes, and their weighted cross sections. The essential feature of
this analysis is that it eliminates the pseudo-physical denominators altogether. A specific
diagram in the form of eq. (5.37), however, does not have a manifest ordering between
potential physical cuts. To provide such an order, we will adapt our procedure to the process
at hand, in this case, leptonic annihilation.

Given a vacuum polarization graph G, we single out two vertices ¢ and o, where the
current carries positive and negative energy into the diagram, respectively. As in the vacuum
polarization diagrams of section 2, the external energies of all vertices o vanish, with the

exception of i and o,

Ea - Q(Soci - Q,daﬂ? (6'1>

where energy conservation will require Q = @Q’. Next, we define the first set of embedded
extrema M, using the extremal set § = (Min(D) U Max(D))\ {i,0}. We then continue with
our process of integrating out the largest antichain in M*. The main idea is to remove the two
extrema ¢, 0 at each stage in the procedure keeping all other extrema, whose time integrations
result in vacuum denominators (and soft pinches) only. This separates out, at the level of the
integrand, long time processes that only carry soft singularities in the IR from short time
processes that have the interpretation of taking place at the “hard scale”. As in section 5,
we define a set of next-to-extremal vertices v, and carry out the first set of integrals. In
general, M contains r; embedded minima and s; embedded maxima, and we find

27?5(Q—Q/)7TD(Qa£G):ZH~ Z H~ Z

< 11 / dt e Fat s 0w =ie)ta. (6.2)
Xply]

where we have used notation identical to that introduced in section 5. The difference from
eq. (5.17), however is that E,[y'] = E,, given in eq. (6.1), by construction. This follows
from our choice to integrate out a set of vertices that do not carry external energy. As a
consequence, the denominators Abm and Adm are of the “vacuum” form,

Abu [’71] _ Z ’n§b1,i)
J

wj . (63)

for minima and
A n_ (dl,z‘) . 6.4
d1,¢['7]_ an Wy, ( . )
J

for maxima, where once again we observe that the difference from eqs. (5.14) and (5.16) is
simply the absence of external energy. These denominators therefore do not vanish anywhere
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except when all lines in the state carry zero momenta (which is a genuine pinch surface in
massless theories). In egs. (6.3) and (6.4) we have explicitly dropped the ie’s to emphasize
the reality of these state denominators.

We now continue the process that we have described in section 5, but continue to leave out
vertices i, 0 at each stage, until these are the only extrema remaining. We emphasize that at
each stage we only generate denominators of the kind we encountered in egs. (6.3), (6.4). The
process terminates after k1 steps, when the set of embedded extrema is empty, Mt =g,
This does not mean that all vertices have been exhausted since we have explicitly excluded ¢
and o from the set of extrema at each stage and non-embedded extremal vertices may also
remain. We thus can write for the poset integrand mp,

210 (Q — Q') p (@, La) = 1 i [ !
;lHMHl—zk\ I ng—zm i e

[VIy=t]| , (@) ,
x H dt e~ {Batnly™ ] (wj—ie)ta (6.5)
a=1

“1]

Having separated the vacuum denominators we would like to order the remaining integrand
of the vacuum polarization poset diagram. The poset X p[y"!] has no tadpole subdiagrams,
lacking external momenta and connected to the remaining diagram by a single vertex only.
This is because, as shown in appendix A, any nontrivial tadpole has an embedded extremal
vertex. But the times of all embedded extrema except 7 and o have been integrated over
in arriving at eq. (6.5).

By construction, the remaining diagram has at most two embedded extremal vertices, ¢
and o. Any additional extremal vertices must be non-embedded. Each non-embedded vertex,
whether extremal or not, connects two internally connected subdiagrams, one of which must
include ¢ and the other o. This is because there are no tadpole subdiagrams.

We have three possibilities,

1. ¢ S’Yﬁl 0,
2.0 S'y"l i,
3.0 k1 1.

These three situations have been represented diagrammatically in figure 11.

Let us analyze cases (1), (2) first. Since we have integrated out all embedded extrema
excluding i, 0, one of 7,0 is an embedded extremum. Suppose i <,~; 0, and i were not a
minimum. This would imply there exists a minimal vertex x <~ ¢ which is not embedded.
By definition the cut succeeding x, A, would split the graph into two or more disconnected
subdiagrams, say Vi...V;, k > 2. Because z is a minimum, vertices in different V; are
all mutually unordered. Then %,0 would be in the same disconnected component, say V7,
since ¢ < s 0. This would therefore imply that all the other components V> ...V}, carry no
external momenta, that is, that there are tadpole subdiagrams, which we have shown cannot
be present in D[y"!]. The same reasoning shows that ¢ is itself an embedded minimum and
that there are no other minima in the poset D[y"!]. A similar argument reveals that o is
the unique maximum in D[y"1] for case (1).
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(c) (d)

Figure 11. (a) A poset ordered graph after k; steps representing the situation when i < o. Here, G is
any graph containing no extrema. (b) A poset ordered graph after k, steps representing the situation
when o < i. Here, G’ is any graph containing no extrema. (c) A poset ordered graph with i ~ o.
Here 4 is a minimum and o is a maximum, but ¢ € o and G1,G3 and G3 are subgraphs containing no
embedded extrema other than possibly ¢ or o. This represents a situation with two non-embedded
extrema. Generically, 7,0 are either minima or maxima and there may be an arbitrary number of
intervening non-embedded extrema. (d) An example of a poset ordered graph with i ~ 0 in QED at
three loops. Integrating the times of vertices 4, 1 yields a poset of the type in figure 11(c).

One can use similar reasoning to argue that if o <, ¢, ¢ is the unique maximum and
o is the unique minimum in D[y*!] . In cases (1), (2) we can either impose any total order
(time order) or continue along the lines of the arguments made in section 5. The remaining
integrals in eq. (6.5) can therefore be carried out either by constructing new posets or through
the imposition of a sum of time orders. Every time-ordered graph in cases (1) and (2) has a
unique minimum and a unique maximum. Carrying out the procedure outlined in section 5
is exactly equivalent to generating all possible time orders.

Turning to case (3), we treat the possibility that o ~s i. It is easy to see using the
arguments made for the first two cases that both 4,0 are embedded extrema of the graph,
using the absence of tadpole subgraphs. Suppose o was an embedded extremum and ¢ was not
an extremal element. This means there is an € (MinD[y"']) and y € Max(D[v"']) such that
x < m 1@ <y y. By assumption, both z,y are not embedded, and therefore, in the absence of
tadpole subdiagrams, x divides the graph into precisely two additional components, V; and Va,
with ¢ and y in the same component, say V1, and o € Va. However, this means y cannot divide
the graph into two components without a tadpole subgraph. Thus, ¥ must have been an
embedded extremum, contrary to our assumption. Thus, ¢ must be an embedded extremum.

In summary, we learn that in all three cases, 7,0 are both unique embedded extrema.
In cases (1) and (2), vertices 7 and o are in a single, connected diagram, in which they are
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the only extremal vertices. That is, there are no non-embedded extrema. In these cases,
any other vertex y satisfies

i <yx1 Yy <ym 0, case (1),

0 <ym1 Yy <411, case (2). (6.6)
Suppose we integrate ¢; first, (up or down) to time ¢ <~1+1) In the resulting poset, D[y*171],
any remaining vertices y continue to satisfy the same inequalities. That is,
xl(,m“) <yrtt Y <gmpt1 0, case (1),
0 < i1 Y <omptl :E(, 1 case (2). (6.7)
Therefore, vertex a:( #171) is now an embedded extremum. The argument that :c(m+ ) is also

an embedded extremum for case (3) in which ¢ and o are in different subdiagrams, follows
the same pattern, using the fact that ¢ and o are unique embedded extrema.

In order to now be able to order the resulting expressions diagrammatically, we will
only integrate the embedded extremum i (and not o). Following the procedure outlined
in section 5, we integrate over a single-element M*+! = {i}. After integrating the time t;,
we will find a new extremal i’ with external energy @) flowing into it. Because there are
no additional embedded extremal vertices other than vertices ¢ and o, this will also be an
embedded extremal vertex, although it may be a minimum or a maximum. If we again choose
k to represent the total number of sequences in the process, the procedure terminates after
k — k1 + 1 steps (including the final integral that gives the energy delta function). At each
integration step k1 + 1 <1 < k, there is a single time integral only, corresponding to the
sequence that begins with vertex ¢ at step k1 + 1. This results in the formula,

K1 T . S

p(Q,Lg) = Z HH : (br,s) H [Z }(dl,j)w

YL I=li= 1_Zn‘77 [’Yl]n’ Wn j=1 =21 Vn

X Z H , (6.8)

v |'y"1 = H,l-‘rlA ’Y]+Z€

where the sum over v* is restricted to sets of next-to-extremal vertices consistent with the
choice v** (see appendix B). Here ¢; is defined to be the vertex that satisfies E, Y =Q>0
in the notation of eq. (5.24), and the denominator is defined by

Ao V] = 2e,Q — Z‘n

(6.9)

where A\, = +1 when vertex ¢; is a minimum, and —1 when it is a maximum. In the latter
case, the state denominators represented by Ael are negative definite. We note that as [
increases, the denominators change sign when vertex e; reaches a previously non-embedded
extremal vertex (in case (3) above), which then becomes embedded. We also notice that
the denominators A in eq. (6.9) are defined slightly differently from the definition of A in
egs. (5.14) and (5.16) in order to explicitly display the ie.
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Having obtained the expression for the forward scattering locally in phase space, we
immediately write down the contribution of a poset D to the ete™ total cross section’s
integrand, in terms of a sum over ordered final states, C,

K1 T . Sm

m [7p(Q, Lc) = Y. TI1I Zl]a)l,i) I1 wicw

YR l=11i= 1_271‘77[7 n Wn, jzl_znn[’yl]n7)wn

Cc-1 .
i
X Yy §: H —210(Ac) [ —— (6.10)
AR |yFL C=k1+1 1=C+1 [7] i€ 1= 11 Dey (V] + ie

This result is equivalent to the TOPT expression in eq. (2.9), but has been reorganized
through partial ordering to eliminate all pseudo-physical cuts.

We recall that to get the total cross section as defined in eq. (2.5), we multiply the
expression in eq. (6.10) by the poset numerator factor, sum over posets and finally over
graphs, giving the integrand

K1 Tl

Q 'CG’ ZZND H 2wz Z HH il](bl,i) Wk

Y1 I=1i=1 —Zn’n [V!]n

Sl

1
<11 dr
1

j=1 =20 [Yln
Cc-1

x> Z H 2nd(Ac) ] APt (6.11)

A1 1 =041 B te I=r1+1

n

This is the analog of the TOPT expression for the integrand of the cross section, again
without pseudo-physical cuts.

It is now straightforward to obtain a new expression for the integrand of the weighted cross
section defined in eq. (2.11). The relation (6.11) is fully local in loop momenta L, and hence
specifies all contributions to the squared amplitude from each final state, C'. We thus have

K1 T

E[f,Q]—ZG:/dEGH DRI Z’

by
A1 =1 = 1—Zn’77 [’yl]le’) wn,
S

o | e i) DD DI | g 2m5(Ac)

= S I o A et 1=C M—“
RS RSP U Wi i
<ol i) (F5¢) T 5 (6.12)
¢ 2 I=r+1 Dey (V'] + ie

In eq. (6.12) we have inserted a factor of (%) to set the weight of cuts with negative
external energy, and hence \., = —1, to zero. We can also keep them, but they will always
give zero because the argument of the energy conservation delta function is negative definite
for such states. In the sum over posets D, only those posets with i < s 0 or i ~=1 0
can have A\, = 1.
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Using eq. (6.12) and the 0 function identity in eq. (3.1) we can collect terms with the
same denominator structure to write the analog of eq. (3.4)

NG 1 K1 T

X[f,Ql = Z/dﬁg 155 2 N> TITI ‘ [Zl](bl,i) - (6.13)

W’illlzl_znn"}/n n

S1 i Kk—1 k—1 i
At S (S T s

=1~ 2n Wn ytys1 \ C=k14+1j=C+1
L L (14 A L 1+ Aees c i
X<fC(QI---(Jk: )( C>_fC+1(QI---Qk )(*)) [ —
: 2 o 2 immr1 e[y + e
- L L (14
- 11 A 7] fl(Q1-~Qk1)( 5 el)
Jj=r1+1 6J’y — i€

_ ﬁ [’Y.] +Z€fn(q_'1---q_’kﬁ)<H2)\e’“>>.

This represents our final result for leptonic annihilation cross sections. It carries no unphysical
singularities and is power counting finite everywhere in the region of integration. It is a
sum of terms corresponding to all cuts of a vacuum polarization diagram with, in general,
elementary vertices and composite vertices that include vacuum denominators. Examples
can be found in figures 10(a) and 10(c) of section 4. As in the original form of eq. (3.21), the
final two terms in this expression only require contour deformations to manifest finiteness.

7 Summary

In this work, we have used TOPT to re-express infrared safe cross sections in electroweak
annihilation in a form that is manifestly power-counnting finite in four dimensions. We
observed that contributions to cross sections, in which the amplitude or complex conjugate
are disconnected, vanish after a sum over appropriate time orders. Generalizing to arbitrary
amplitudes, we reorganized TOPT expression using their poset structure, to derive results
similar to ref. [26]. We then applied this formalism to electroweak annihilation, to derive a
locally finite diagrammatic expression in which all pseudo-physical cuts are eliminated.

We anticipate that it will be possible to use an expression like eq. (6.13) as the starting
point for the numerical evaluation of weighted cross sections in leptonic annihilation, com-
plementing the loop-tree duality treatments of refs. [13]-[15]. This, of course, will require
a systematic method to use contour deformation or related methods to avoid or cancel
non-pinched singularities [39]. Beyond leptonic annihilation, the methods described here
may complement those of refs. [5, 6] to control infrared singularities locally in hadronic
cross sections.

A Embedded extrema

We would like to show that every connected, finite-order poset diagram has at least one
embedded extremal vertex.
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First, we recall that embedded vertex, v in poset diagram D is one whose elimination from
D leaves the remaining diagram, D \ v, connected. If, on the contrary, u is a “non-embedded”

]

vertex u and are otherwise disconnected. This is the case whether v is an extremum or not.

vertex, we must have D \ u = UfilDl[u , with p,, the number of subdiagrams of D that share

We begin our argument by picking an arbitrary extremum, ey, which for definiteness
we may choose to be a minimum. Say eg is not embedded. Then, starting at eg, we choose
arbitrarily a path z1,22..., that follows the relation x;;1 > x;. We refer to this as an
“increasing” path. Because D is finite-order, this path must terminate at some maximum
vertex, ej. Either e; is embedded, or not. If not, we know that D\ e; = Uf:lDEel]. We repeat
the process for vertex e; in subdiagram, Dz[el] C D, chosen arbitrarily, where ey & plel 1f el

fe1] !

, , we can again follow an increasing path in the Dle1l to a second

]

reach a minimum. In either case, the extremum, es at which we arrive may or may not be

is not a maximum in D
maximum. If e; happens to be a maximum in DZ[»61 , we can follow a decreasing path until we
embedded. If it is not embedded we repeat the process by choosing any of the subdiagrams
DJ[-GQ] C D£61]7 e1 & D}eQ]. Because the complete poset D is of finite order,

0 < |DI#l) < |plel] (A.1)

and this sequence of steps must terminate at an extremal vertex, e, in some subdiagram

]

D,[f"_l], whose removal does not disconnect D,[:”_l . This is because eq. (A.1) represents the
first two terms in a sequence of strictly reducing positive integers. Such a sequence must
terminate at 0. The extremal vertex at which the sequence terminates is embedded.”

We conclude by observing that the arguments above apply to diagrams that are of the
tadpole topology: no external momenta and connected to the remainder of the diagram by
only a single vertex, which may or may not be extremal. Thus, as observed in section 6, every
tadpole has an embedded extremal vertex, by definition without an external momentum. In
the intermediate expression of eq. (6.5), all such time integrals have been carried out, and

in the process all tadpoles subdiagrams have been eliminated in poset D[y"1].

B An explicit algorithm to identify ~**!

In this appendix, we would like to present one explicit algorithm to identify all the possible con-

k+1 as defined for instance in eq. (5.7), given a poset D[y*] = {V[v¥], >k}

sistent choices in y
and a choice in maximal embedded anti-chain A1 = {0rr1,1 bt i1 -+ dig1syy
= {ek+1,}. We emphasize that the ordering of extremal elements in A1 is arbitrary. As

in section 5.1 we define next-to-extremal sets,
Cbk+1,j = {$ eV [fyk} ‘ bk+1,j %,Yk :E},

Clyyr; = {reV [’yk}

Tk+1 Sk+1

cHt = Corry U Caprrr- (B.1)
j=1 =1

T ‘<,Yk dk+1,j},

5Notice that extremum e,_1 is considered part of D,[:"_l].
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We also define a set of next-to-extremal vertices,

w=U U ae (B.2)
g€[1,k] a€[1,7q(k,i)]

where

rq(k,i) =rq+sqifge [1,k—1],
re(k,i) =iifqg=Fk. (B.3)

In the notation of eq. (B.3), D[y%] = D[y*], with D[y*] defined in terms of the bilinear
relation after the kth set of time integrals, eq. (5.32). We start with D[y*] and construct the
full explicit sum over D[y**1], one extremal vertex at a time. We will iteratively define the

k:+1]

sum over D[y in terms of a sum over intermediate posets leading to D[%’fk+ i)

Suppose we are given the poset D[y¥], which is, as usual, a set of vertices D[y], and a
binary relation >, defined by direct analogy to eq. (5.32). To identify the poset D[ijrl], we
would like the minimum (maximum) ey ;41 to be covered by (to cover) a unique element

x§.e’°“’”1). To do this, we find the set

= k o
C€k+1,z‘+1 = {x ev [’Yi—i-l} €k+1,i+1 ~<,ng¢ SU} if 14+1<rg

C€k+1,i+1 = {x ev [fyﬁrl}

_ (er+1,i+1)  (en+1,i+1) (ek41,i+1)
= {a;l , T S AR (B.4)

T -<,ygc €k+17i+1} if 1+ 1> Thk+1-
7

We notice that generically, C. is distinct from C, because we use the binary >k in eq. (B.1)
while we use the binary 2%@ in eq. (B.4). In fact, one generally finds C, C C, since we
use the more restrictive binary >_x. We understand this to follow from the observation
that having identified unique coverling (covered) vertices for the extrema eyi1; j € [1,1],
there are fewer consistent covering (covered) vertices for ejyq,;+1. We now define a new
binary ~% , that satisfies

e Ifa 275 b, then a Z,Yk b

i+1
. . (ew,i+1) = . (ek,it1)
o I~f2+1 < rk+1, we choose the earliest element LM Cepinisn 0 Y 2%@“ T ,Vy €
Cek+1,i+17
. (erit1) - A ) (er,it1)
o If i+ 1> rp41, we choose the latest element T € Cepinisn 'Y< 2 Wy €
C€k+1,i+1 .

With this definition of the binary relationship 'yf;l, we have identified a unique element
that provides a limit of integration for the extremum element ej ;4. We may now define

an intermediate poset D [yﬁl},
i+1

D [’Yfﬂ} =4V {Wk} \ U €k,j ,Z%k“ . (B.5)
j=1
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k+1

Using this definition, we can start from 4§ and recursively find ~y It is clear

= ’Yfk+1+3k+1 :
from these definitions, that every consistent set of next to extremal vertices is generated.
An inductive proof of this follows from assuming the result for 7%, and demonstrating that
it follows for ~F, ;.

It is now possible to define a recursive notation that makes explicit the many sums

over sets ¥ in the main text,

({00 ) 5 (0T ) e

m=1 [=1 Jerptsp=1  Jrk2=1jk1=1 m=1 [=1

In eq. (B.6) F is any function of the next-to-extremal vertices and ¢y ; is the number of
elements in the companion set Cj; as in eq. (B.4). Notice that the sum in eq. (B.6) is a
nested sum where the outer summations depend on the inner summations. The summation

over v* depends also on our choice in anti-chain A*.
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