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Introduction

The infrared structure of on-shell amplitudes in gauge theory has been a topic of continued

interest for several decades, as discussed from different perspectives in several textbooks

and reviews [1-8].

The origin of these singularities has long been understood at the

level of individual Feynman integrals with on-shell external momenta, using the Landau

equations [9-16]. The solutions of these equations identify manifolds in the space of



loop momentum integration where the Feynman integrand diverges, and in addition, the
integration contour is pinched, generating potential singularities for the integral. These
manifolds are called pinch surfaces, and they completely capture the infrared singularity
structure of Feynman integrals.

Insight regarding the infrared singularity structure of Feynman integrals may also be
gained using the method of regions (MoR). This technique provides a systematic way to
compute Feynman integrals involving multiple kinematic scales. The main statement is
that a Feynman integral Z can be approximated, and even reproduced, by summing over
integrals that are expanded in certain regions {R;}, i.e.

T =7F)  p(Be) o 4 7(Bn) (1.1)

Pioneered by Smirnov in momentum space, the MoR was first established for the
large mass and momentum expansions in Euclidean space [17, 18]. In particular, Smirnov
showed that each of the regions in this expansion corresponds to a specific assignment
of large loop momenta in a certain subgraph. These subgraphs have been referred to as
asymptotically irreducible subgraphs.! Prior to Smirnov’s work, it was known since the
80s [20-28] that an asymptotic expansion may be performed by identifying subgraphs whose
loop momenta are of the same order of magnitude as the large masses or external momenta
one expands in. This identification also facilitated uncovering a deep connection with
forest formulas such as Bogoliubov’s R-operation [29-31] and its infrared generalisation in
Euclidean space, the so-called R*-operation [32, 33]. This connection also opened the way
to proving the convergence of the large-momentum and large-mass expansions [17], putting
these expansions on a more rigorous footing.

While the expansion-by-subgraph interpretation was limited to Euclidean space, the
MoR is applicable also in Minkowski space. First examples included the threshold limit
q? — 4m? for two-loop self-energy and vertex graphs [34], the Sudakov limits for two-loop
vertex graphs [35], etc. The departure from Euclidean space, and, in particular, the presence
of lightlike external momenta, introduces new regions such as soft and collinear regions.
Furthermore, in certain kinematic configurations, additional regions such as potential and
Glauber? show up [40, 41]. The identification of these regions has been made on a case-
by-case basis, often using heuristic methods based on examples and experience. In recent
years, detailed explanations of how the MoR would work in general has been provided by
Jantzen [42], and the MoR has been implemented in the formalism of loop-tree duality by
Plenter and Rodrigo [43]. Meanwhile, effective field theories, notably Heavy Quark Effective
Theory (HQET) and Soft-Collinear Effective Theory (SCET), have been developed based
on the complete characterisation of the regions appearing in particular kinematic situations.

Another way to understand the regions that appear in kinematic expansions, is to
interpret them as certain scaling vectors in the parameter representation of a given Feynman

!The asymptotically irreducible subgraphs are the same as motic graphs [19], a notion used in more
recent literature. We will revisit this concept in more detail in section 4.

2Experience shows that Glauber modes do not appear in wide-angle scattering. In particular, the infrared
structure of gauge-theory scattering amplitudes is governed solely by soft and collinear modes. This has
been found early on [6, 10-13] and forms the basis for the study of the soft anomalous dimension at the
multi-loop level [36-39] as well as for Soft Collinear Effective Theory, see e.g. [8].



graph G [44-49]. In particular, for the Lee-Pomeransky representation [50], which will be
central for our analysis, each region is considered as the vector normal to a so-called lower
facet of the Newton polytope,? which is defined as the convex hull of the exponent vectors of
the sum, P(x; s), of the Symanzik polynomials, P = U + F. This approach can be applied
directly when the monomials of P(x;s) are all of the same sign [45, 49]. Instead, when
the monomials of P(x; s) are of indefinite signs (possibly leading to a potential region or a
Glauber region), a change of integration variables may be required before constructing the
Newton polytope [46-48]. Based on these observations, computer codes such as Asy2 [46] (as
part of the program FIESTA [54-58]), ASPIRE [48] and pySecDec [49] have been developed
to identify the complete set of regions.

A key observation we make here is that the regions of the MoR have a clear physical
interpretation in terms of the infrared structure. Specifically, we expect that each of the
aforementioned lower facets of the Newton polytope realises a particular solution of the
Landau equations, namely a pinch surface.

In order to make a precise connection between the regions of the MoR and the solutions
of the Landau equations, we focus in this paper on the special case of on-shell expansion of
wide-angle scattering. To this end we consider Feynman integrals contributing to off-shell
Green’s functions with massless fields in Minkowski spacetime. Starting with (K + L)
non-exceptional external momenta, pY,...,phk, ¢, ..., ¢}, we define the on-shell expansion
by considering the limit where all p? become small while all other Lorentz invariants remain
large. More precisely, introducing a scaling variable A < 1 and a hard scale @2, we have

on-shell:  p? ~AQ? (i=1,...,K),
off-shell: q]2- ~Q? (j=1,...,L), (1.2)
wide-angle: pe -~ Q% (k#1).

As we shall see, in this case, the MoR expresses any Feynman integral as a sum of a single
hard region and a set of infrared regions. Each of the regions gives rise to an infinite series
in powers of p?/Q?* ~ . The infrared regions all correspond to nontrivial solutions of the
Landau equations, which are characterised by infrared subgraphs, having propagators that
become collinear with the external p;, as well as ones that become soft when A — 0. Any
such infrared region can be described by figure 1.

Having interpreted the individual regions in the MoR in terms of the infrared subgraphs,
we thus generalise the notion of asymptotically irreducible graphs introduced in Euclidean
space by Smirnov, to Minkowski space.

This paper is organised as follows. In section 2 we introduce the parameter representa-
tion approach to the method of regions, and relate the solutions of the Landau equations
to the region vectors. Section 3 then identifies necessary and sufficient conditions for a
solution of the Landau equations to be a region of the on-shell expansion. We then turn to
discuss two applications of these results. In section 4 we derive a graph-theoretic algorithm

3Besides the MoR, approaches based on the geometry of parametric representations of Feynman integrals,
e.g. the Newton polytopes corresponding to the &/ and F polynomials or their Minkowski sum, have also
been applied in the context of sector decomposition, tropical geometry, UV/IR divergences, maximal cut of
Feynman graphs, etc. [51-53].
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Figure 1. The partitioning of a generic wide-angle scattering graph into infrared subgraphs
corresponding to a particular pinch surface appearing in the on-shell expansion, eq. (1.2). The
doubled lines connecting different blobs represent any number of propagators.

to construct generic regions. In section 5 we investigate the analytic structure of certain
on-shell expansions, and derive conditions for the cases where multiple expansions commute.
Finally, section 6 summarises the results and discusses potential future research.

Some detailed analyses are presented in the appendices. Explicitly, in appendix A
we study a nonplanar double-box graph, and show that although there are positive and
negative kinematic invariants in the F polynomial for this specific example, there are no
regions due to cancellation between terms. In appendix B we review the relation between
the Schwinger and Lee-Pomeransky representations and demonstrate that the same scaling
law for the respective parameters corresponding to hard, jet and soft propagators applies
for the integrand in these two representations in any infrared region. In appendix C we
present the detailed proof of the main statement of section 3.3, regarding the requirements
of the subgraphs H, J and S.

2 The on-shell expansion in the parameter representation

While initially formulated in momentum space, the MoR has been further developed
in parameter space, where it reached rather general algorithmic formulations [44-49].
Specifically, this paper will be primarily based on the formulation in ref. [49] using the
Lee-Pomeransky representation, where regions can be identified geometrically as specific
facets of the corresponding Newton polytope.

In section 2.1 we present the general setup for the MoR in parameter representation,
where we define the expansion operator and introduce notations we shall use in this paper.
Then, in section 2.2 we determine the regions geometrically by identifying them with certain
facets of the Newton polytope, following the method of ref. [49]. Finally, we relate the



regions of the on-shell expansion to the particular solutions of the Landau equations in
section 2.3, and propose that they stand in one-to-one correspondence.

2.1 General setup

In this section we explain how the MoR is viewed in the Lee-Pomeransky representation. We
first introduce our notation and define expansion operators associated to a given kinematic
limit. We then demonstrate this general notation using the one-loop Sudakov form factor
as an example.

Throughout this paper, we will use G to denote a wide-angle scattering graph, and
N, L and V to denote respectively the numbers of propagators, loops and vertices of G.
Similarly, for any subgraph v C @, the numbers of propagators, loops and vertices are
separately N(v), L(y) and V(7).

We further denote the dimensionally-regularised Feynman integral in D = 4 — 2¢
spacetime dimensions corresponding to a graph G as Z(G). In the Lee-Pomeransky repre-

sentation,

B L r'(D/2) 00 dz. '
I(G)_/[da:] I(z;8) = ST DD2 1) Heecr(ue)/o (E[G o ) I(x;s), (2.1)

where v, is the exponent of the denominator associated to the propagator e, and v = 3 4 Ve.
The integration measure [dx] is defined through the equation above, where the product goes
over all the edges e € G with z, being the Lee-Pomeransky parameters. We denote the set
(or vector) of N Lee-Pomeransky parameters by . We also denote the set (or vector) of
Lorentz invariants (Mandelstam variables) by s, which consists of scalar products formed
amongst the momenta p{, ..., ph. ¢}, ..., q}. Since the integral Z(G) is a function of s, we
will occasionally use the notation Z(s). The corresponding integrand I(x; s) reads

_D/2

Iwis) = ([[ar ] (Plass)) . Plass) =U(w)+ Flass),  (22)
ecG

where P(x; s) is the Lee-Pomeransky polynomial, and U (x) and F(x;s) are the first and

second Symanzik polynomials, given by:

U(x) = Z H Ze, F(x;s) = —ZSTQ H Te —l—Ll(ac)Zmixe. (2.3)
T e¢T? T2 e¢T? e

The notations 7' and T? respectively denote a spanning tree and a spanning 2-tree of

the graph G. The symbol s, is the square of the momentum flowing into each of the

components of the spanning 2-tree 72. In this paper we consider only massless propagators,

and hence we set all the internal masses to zero, so eq. (2.3) can be simplified to

U(x) = Z H Ze, Flx;s) = _ZSTQ H Te. (2.4)
T2

T! e¢T! e¢T?

“In our paper we only discuss scalar integrals, for example, in eqs. (2.1) and (2.7). This can be extended
to more generic Feynman integrals with nontrivial numerators, because any Feynman integral can be reduced
to a sum over scalar integrals [59], each of which has the same Lee-Pomeransky polynomial P(x; s).



Later we will also use the Feynman parameterised integral in momentum space, which
may be written as

I(S):He:cfw/ (Hdae Ve~ 1) (Zae—1> /[dk]w, (2.5)

eeG

where we introduced k = {k.}, p = {pi}, ¢ = {¢;} and o = {a.}. Here the integration

measure [dk] = [[_; dPk,/(27)P, and the function in the denominator reads
D(k,p,q;0) = Y ae (~12(k,p,q) + mZ — ic) , (2:6)
ecG

where . is the Feynman parameter associated to propagator e and the corresponding
momentum [# is a linear combination of the internal loop momenta k# and the external
momenta p and q;% . After integrating over the loop momenta, one obtains the Feynman
parameter representation of Z(s):

v o) [P —(L+DD/2

eeG eeG ['F(a?s)]y LD/2

Note that the Feynman and Lee-Pomeransky representations can be obtained from each
other via the following change of variables

Ze
T+ T+ TN

Qe = (2.8)
Starting from eq. (2.1), one can first insert 1 = [0 (> .cqxe — X)dX, and then change
the variables . = X, according to (2.8). At this point we use the homogeneity properties
of the Symanzik polynomials in (2.3), noting that the & polynomial scales as X while the
F polynomial scales as X *1, allowing us to integrate over X and obtain a ratio of gamma
functions. The result is exactly (2.7).

We now consider the expansion of eq. (2.1) around the kinematic limit where the
Mandelstam variables ¢ C s become small. To this end it is convenient to introduce a
scaling vector w; in the space of Mandelstam variables s:

wy = (Wi, w2, w3, ...). (2.9)

For each i, w; = 1 if s; € t and w; = 0 otherwise. In the on-shell limit shown in eq. (1.2), we
have s — A"ts, or equivalently, s; — A"is; for every ¢. Here, we have introduced notation
for the raising of a scalar to the power of a vector and for the (Hadamard/component-
wise) product of two vectors. Given a scalar A and two vectors a = (a1, a2,as,...) and

b = (by,bo,bs,...) we define
Aa = (Wrag, A2ay, \%as, .. .). (2.10)
We will also use the following definition for the raising of a vector to the power of a vector

ab = (a?l,agz,a?...). (2.11)



The MoR states that in order to obtain the correct asymptotic expansion, one needs to
sum over a finite set of regions, which we denote by R(Z(s),t). In each region R € R(Z(s),t),
the relevant contribution arises from the scaling of the Lee-Pomeransky parameters x; —
A% x; together with the external kinematic variables s; — A"is;. The Lee-Pomeransky
integrand in eq. (2.2) is then expanded in powers of A, and the integral in eq. (2.1) is
performed term by term. Note that A\ serves as a bookkeeping parameter and is finally
set to 1.

We can express the Feynman integral Z(s) as a sum over contributions from each region:

I(s)=TiZ(s)= S IW, 7B = TR 1(s), (2.12)
RER(Z(s),t)

where the operator 7;(R) produces a Taylor expansion in A by acting on the integrand:

T2(s) = [lda) T, (N PeO (s A ) (2.13)

A=1

The symbol ~ in eq. (2.12) is used to indicate that 7T¢Z(s) is an approximation to Z(s)
when the Taylor expansion is truncated, while it becomes an equality when the expansion
is summed up to all orders. In eq. (2.13) we have rescaled the kinematic variables as well
as the Feynman parameters according to

s — A\Ys and x — AR, (2.14)

where w is defined in (2.9) and up is called the region vector (we will see one method for
determining region vectors in section 2.2). We have also assumed in eq. (2.13) that the
asymptotic behaviour of the integrand in the region R is

TR s A9 s) — NPRE [ (g g (2.15)

as A — 0, where the exponent pp(e€) is a linear function of the dimensional regularisation
parameter €, and I represents the leading-order (in \) approximation of the integrand in
the region R. Then, by multiplying the rescaled integrand I(A*Ex; \™s) by A PR we can
take in eq. (2.13) a regular Taylor expansion:

< 1 d
Th=)Y AN'Tan, Tan(--+) = EW()

. (2.16)
n=0 A=0

It is convenient to define the Lee-Pomeransky polynomial corresponding to the leading
behaviour of eq. (2.15) in region R as PSR)(:B; s). In each region, this polynomial contains
only a subset of the monomials of the original Lee-Pomeransky polynomial P(x; s).

We stress the following key aspects [41, 42, 47] concerning egs. (2.12) and (2.13). First,
the regions in the set R(Z(s),t) should be defined such that each point in the space of
integration belongs to exactly one of them. Second, despite the fact that the expansion of the
integrand in eq. (2.13) is a valid approximation only within the region R, the integral T
in eq. (2.12) is taken over the entire space. This relies on using dimensional regularisation,

where any scaleless integral is set to zero, namely,
(R) : (R)( u (R)
/[da:][o (z;8)=0 it IV (c"x;s) =1y (x;8), (2.17)

for some ¢,q € R (¢ # 1) and u € RV,



To summarise, the MoR in egs. (2.12) and (2.13) states that

I(s) = TZ(s) = . / [dz] T (A‘pR(e)I()\“Raz;)\’”s))‘ . (2.18)
ReR(I(G),t)

At a given order n in the expansion we have

Tin= Y T, TWIs) = / (da) Ty, (NPROTO 2 X0s))| L (2.19)

RER(Z,t)

Let us demonstrate the above definitions using a simple example relevant to the one-loop
Sudakov form factor. Consider the triangle graph,

q1

&
I

(2.20)

b1 D2

whose external momenta pY, p and ¢}’ = —p} — ph satisfy |p?| ~ [p3| < |¢?|. We consider
the expansion where the external momenta p|’ and py become on-shell, so the relevant sets
of small and large Mandelstam invariants are

t=(pi,p3) C s=(pi,p3.q}), (2.21)

the scaling vector of eq. (2.9) is w = (1,1,0), so A¥s = (A'p?, A1p2, \%?), and the Symanzik
polynomials of eq. (2.4) are

U=ux1+x9+ 23, F = (—p%):clxg + (—p%)$2$3 + (—q%)xlwg. (2.22)

Consider the specific case where v1 = 15 = v3 = 1, and then the Lee-Pomeransky integrand,
according to eq. (2.2), is

I(x; s) = x1x0x3(T1 + T2 + T3 — p%xlxg — pgmgxg — q%xlxg)_Dﬂ. (2.23)

As we will see in section 2.2, there are four associated regions, which are defined by the
following N-dimensional scaling vectors, ug,

Hard (H) : uy = (0,0,0),
Collinear1 (C7) : we, = (—1,0,-1), (2.24)
Collinear 2 (C2) : wuc, = (0,—1,-1),
Soft (.5) : ug = (—1,—-1,-2).
The MoR then claims that, for this example,
I(s) = T;01(s) + TLV2(s) + T.9L(s) + T2 1(s). (2.25)



To determine the leading contribution from each of the four regions in eq. (2.24), consider
rescaling the integration parameters in eq. (2.1) according to s — A"s and & — A\"Ex. Since
the integration measure in eq. (2.1) is rescaling invariant, only the integrand of eq. (2.23)
changes under the rescaling. Consider for instance the case R = S, where ug = (-1, —1, —2).
The rescaled integrand for D = 4 — 2¢ reads

TS A¥s) = T(A oy, Ao, A 225 A2, Alp3, ¢2)
€e—2
= "tz 2013 (A_l(m + x2) + A 2(23 — plarws — piroxs — (J%m.’m))

_ A‘2Ex1x2x3(77(()s)(w; SN2 (2.26)

where in the last expression we neglected terms that are suppressed by powers of A, and
identified the Lee-Pomeransky polynomial in the soft region, R = S, as

PN @ s) = a3 + (—pD)aras + (—pH)waws + (—)a122. (2.27)

It follows from eq. (2.26) that pg(€) = —2e. Hence, according to eqgs. (2.13) and (2.19), the
soft expansion operator acts on the integral Z as follows:

TO1(s) = /[dm} Ty ()\261()\%93; AWS))‘

A=1
> €—2 €e—2—n
= Z <n,)n /[dw]$1$29€3 (z1 4+ 22)" (1‘3 - p%$19€3 —p§x2m3 - Q%JHUCQ) )
n=0 :
(2.28)

where we have inserted the rescaled integrand of eq. (2.26) and expanded in A to all orders.
Here (),, denotes the falling factorial, i.e. (a), = a(a —1)---(a —n + 1). The right-hand
side of the second equality of eq. (2.28) represents a sum over the terms 7;?5)1 (s). The
same procedure can be carried out analogously for the other three regions H, C7 and Cj.
In particular we obtain

pua(e) =0,  po(€)=—€  po,(e)=—€,  pgle) =—2€, (2.29)

reflecting a different analytic behaviour characteristic to each of the regions for small p?.
We shall return to analyse this in section 5.

2.2 Region vectors from the Newton polytope

In this section, we briefly summarise the geometric formulation of the MoR in parameter
space, following ref. [49]. We review how the region vectors, v, which are used to rescale
the Lee-Pomeransky parameters «, in each region R, can be obtained by considering certain
facets of a Newton polytope associated to the integral. We then revisit our previous example,
the one-loop Sudakov form factor, to demonstrate how the regions are obtained directly
from a geometric point of view.

In order to define the Newton polytope of the integral Z(G) given by egs. (2.1) and (2.2),
we first consider the polynomial P(x, \"s) obtained from P(x, s) by rescaling all of the



Mandelstam variables by s — A"s. In general, the polynomials we will consider are of

the form:
m m
P(x; \Vs) = ZQ‘(S) TN ATV = Zci(s) x"i \TEN+L (2.30)
i=1 1=1
where 7; ; € {0,1} for any i = 1,...,m with m being the number of terms (monomials) in
the Lee-Pomeransky polynomial, and j = 1,..., N 4+ 1. (In the case of massive propagators,

ri; € {0,1,2}.) We define the (N + 1)-dimensional exponent vectors as 7; = (74; 75 N+1) =
(Pidy o Ti NG r@NH) and for the work presented here, we assume 7; y41 = 0 or 1. For the
description of the geometric method below, we also demand ¢; > 0 V 4, which forbids sets
of monomials from cancelling each other at any point in the integration domain z; > 0 V i.
The method can be applied with some ¢; < 0, provided the cancellation of monomials does
not lead to new regions. Generally speaking, the geometric method will identify only the
regions that are present when all ¢; > 0. These regions correspond to endpoint singularities
in parameter space.

The Newton polytope can now be defined as the convex hull of the vertices (dimension-0
faces) given by the polynomial exponent vectors

AWNFVIP] = convHull(ry, ..., 7)) = {Z ;i | a; = 0A Zai = 1} , (2.31)

or, alternatively, as an intersection of half-spaces,

ANP = N {pe R |povp+ap >0},  apeZ Y, (2.32)
feF

where F' is the set of facets (codimension 1 faces) of the polytope and each vy is an
inward-pointing vector normal to facet f. The vectors vy take the form of eq. (2.34). Let
facets with an inward-pointing normal vector with a positive component in the A direction
(i.e. with component vs n41 > 0) be called lower facets, and let us denote the set of all such
facets F'y.. The region vectors of the contributing regions are given by these lower facets, i.e.
{vr} ={vy, V f € F}. Several computer packages exist for computing Newton polytopes
(or convex hulls) and their representation in terms of facets, see for example refs. [60, 61].

According to eq. (2.31), the Newton polytope AN+t [P] is thus an (N + 1)-dimensional
polytope enclosing all points defined by the exponent vectors ;. The first N dimensions
correspond to the Lee-Pomeransky parameters x1,...,xy, which are integrated over, while
the (N + 1)-th dimension corresponds to the exponent of the expansion parameter, A, which
emerges from rescaling the external invariants s — A%'s. Starting from eq. (2.30), in each
region, we will consider a polynomial of the form

m
Zci(s) )\uR.f' wi‘ ATHN+L — Zci(s) A\VRT xi’

=1 =1

A~ Y ¢y (s) NURTHAR o (2.33)

i=1

P(A“Ex; \¥s)

~

~10 -



where

vR = (up;vrN+1) = (urs1). (2.34)

Here have made identification of the first N components of vy as up of eq. (2.13), while
the last component, is set to one: vg ny+1 = 1, representing the fact that R corresponds to
a lower facet.

The leading monomials in P(A“Ex, \”s), i.e. the ones having the smallest power of A,
are those that minimise vy - r. Since each region vector is normal to a particular facet f,
of the Newton polytope, by comparing egs. (2.32) and (2.33) we see that the leading
monomials, i.e. those satisfying vr - r + ag = 0, lie on and span the facet f, while all
other points have vy - r + ag > 0. Crucially, after expanding in A, we will obtain exactly
the monomials which lie on the facet f. By definition, facets have codimension 1, and so
polynomials obtained from each region vector will thus live on an N-dimensional subspace
of the Newton polytope.

We emphasise that in general, not all regions of the MoR are associated with facets [45].
It is generally accepted that the following holds. The regions contributing to the MoR fall
into two categories, ones that are due to cancellations between terms of the Lee-Pomeransky
polynomial P, and ones that can be associated with facets of the corresponding Newton
polytope AW H)[P]. The latter are identified with scaling vectors v, the normal vectors of
the lower facets, and in present paper, focusing on wide-angle scattering, we will assume
that these are the only regions that are present. We briefly comment on the former at the
end of this subsection.

In principle, as well as the facets of the Newton polytope, we could also consider lower
dimensional faces (i.e. faces of codimension > 1), such faces correspond to intersections of
the higher dimensional faces. The normal vectors corresponding to faces of codimension
> 1 select leading monomials in P(x;s), which span a face of dimension less than N.
From eq. (2.17) it follows that if the dimension of a lower face is less than N, then the
corresponding dimensionally-regularised Feynman integral is scaleless, and therefore vanishes.
Thus only facets contribute to the MoR.

Let us note that the lower facets of the Newton polytope obtained from the Lee-
Pomeransky polynomial P(x;s) = U(x) + F(x; s) are in one-to-one correspondence with
the lower facets of the Newton polytope obtained using the product U (x)F (x;s). This
implies that the region vectors obtained in the Feynman and Lee-Pomeransky representations
are equivalent [47], differing only by constant shifts of the form (n1,0) with n € R. The
Symanzik polynomials U (x) and F(x;s) are homogeneous functions of & with degree L
and L + 1, respectively. This means that in the & coordinates their Newton polytopes
lie on separated parallel hyperplanes. In this case, it follows from a geometric theorem
known as the Cayley trick, that the Newton polytope defined by the intersection of a
hyperplane parallel to the U(x) and F(x; s) hyperplanes with the Newton polytope of the
sum U(x) + F(x; s) has the same convex hull, up to a rescaling, as the Newton polytope
of the product U(x)F(x;s). We demonstrate the use of the Cayley trick in the example
below, see, in particular, figure 2b.

As an example of the geometric procedure for determining regions, let us apply it to
the one-loop triangle integral in the limit p? ~ p3 < ¢? defined in eq. (2.22). Note that
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in this case the monomials in P = U + F are all of the same sign provided we choose all
kinematic invariants to be spacelike. In such Euclidean kinematics we can clearly exclude
cancellations between terms in P and focus exclusively on the facets of the Newton polytope.
The Newton polytope is 4-dimensional and depends on (r;1,7i2,7i3;7i4), which are the
exponents of the variables (z1,z2,z3; ). It is given by

AN Y(G) + F(G)] = convHull(Uy, Uy, Us, Fy, Fy, F3), (2.35)

where the vertices U; = (1,0,0,0), Us = (0,1,0,0), Us = (0,0, 1,0) correspond to monomials
in U(G) and the vertices F; = (1,0,1,1), F» = (0,1,1,1), F3 = (1,1,0,0) correspond to
monomials in F(G). Calculating the normal vector of each facet of the 4-dimensional
Newton polytope and selecting those with a positive A component (i.e. the lower facets)
immediately yields the region vectors,

vy = (0,0,0;1), vg = (—1,-1,-2;1), (2.36)
vo, = (=1,0,-1;1),  wve, = (0,-1,-1;1), (2.37)

which match those stated in eq. (2.24) with the additional component vg y41 = 1, according
to eq. (2.34).

In order to visualise these regions, in figure 2a we display a 3-dimensional projection
of the Newton polytope, neglecting the A direction. The colour of the vertices indicates
whether they have a zero A\ exponent (black) or a nonzero A exponent (red). The blue face
corresponds to the U(G) polynomial and the green face corresponds to the F(G) polynomial.
The vertices of the Newton polytope obtained from the product of the Symanzik polynomials,
ANV (G)F(G)], lie, up to a rescaling, on the edges connecting the vertices of the U(G)
and F(G) faces, as depicted by the grey hexagon in figure 2b. We use the notation U;Fj
to denote the vertex obtained by taking the product of the ith term in U(G) with the jth
term in F(G).

In figure 2¢ we define a new 2 2% coordinate system on the U(G)F(G) hyper-surface.
Note that because the U(G)F(G) polynomial is homogeneous in the variables {x1, z9, x5}
its corresponding hyper-surface is 3-dimensional (rather than 4-dimensional). In figure 2d
we display the U(G)F(G) polytope in the new coordinates and also show the X direction.
Here the lower facets of the Newton polytope, which correspond to the different regions, are
displayed in colour. As we will demonstrate in the following sections, the upward-pointing
light blue facet corresponds to the hard region (H), the red facet corresponds to the soft
region (S) and the two green and yellow facets correspond to the collinear (jet) regions (Ch)
and (Cy), respectively.

Before concluding, let us emphasise once more that the geometric approach we just
described is not guaranteed in general to identify all regions. The regions it identifies are
only those corresponding to facets, i.e. those associated with a scaling vector, x — A\*Rx,
such that for A — 0 the singularity occur at the boundary of the domain of integration.
These singularities are therefore all of the endpoint type. Other potential singularities,
associated with cancellation between terms in P, are non-endpoint, and would not be
identified as potential regions in this approach.
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(a) U + F Newton polytope.
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L
U\F3 a1
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Uik
1
(c) UF face. (d) Facets of UF Newton polytope.

Figure 2. The geometry of the one-loop triangle graph G3. The black (red) dots indicate that the
vertices correspond to a term with an overall factor of A% (A!). In figures 2a and 2b, the blue face is
defined by the exponents of the & polynomial and the green face is defined by the exponents of the
F polynomial. Figures 2b and 2c show how the Cayley trick can be used to obtain the UF polytope
by slicing the U + F polytope. In figure 2d we display the facets of the U F polytope corresponding
to the different regions, as we will argue later, the blue facet corresponds to a hard region H, the
red facet corresponds to a soft region S, and the green and yellow facets correspond to collinear
regions C7 and C5, respectively.

We stress that there is a wide class of region expansions for which scaling vectors are
sufficient to classify all the required regions. First of all, this class encompasses all the
kinematic limits that can be approached in Euclidean kinematics. In such cases, all the
coefficients in the Lee-Pomeransky polynomial are positive definite, so the only way for
an overall scaling with A to appear is by having homogeneous scaling of every leading
monomial in the sum. When an expansion cannot be associated with Euclidean kinematics,
the coefficients in the Lee-Pomeransky polynomial may have different signs. In this case,
a region could be associated with cancellations between different terms, e.g. the Glauber
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regions in the Regge limit [46-48]. However, there are also expansions for which all the
regions are given by facets even though the coefficients cannot always be chosen to have equal
signs. Based on experience it is generally believed that the on-shell expansion for wide-angle
scattering, on which we focus here, belongs to this category. For instance, in appendix A we
examine the nonplanar double-box graph, where the coefficients are necessarily of different
signs in the on-shell limit. We show that regions due to cancellations do not emerge in this
case. In an upcoming publication [62], we will provide ample evidence that such regions do
not occur in wide angle 2 — 2 scattering based on a Landau singularity analysis.

2.3 Region vectors from the Landau equations

The Newton polytope approach provides us with a systematic way to determine the regions
for a given Feynman graph G. In this section, focusing on wide-angle scattering, we endow
the regions that appear in the expansion to any order in A with a physical interpretation
and relate them to the solutions of the Landau equations. The proposition is that for the
on-shell expansion in wide-angle scattering, the general form for the region vectors v, is

VR = (uR,17uR,2,---,UR,N;1)7 URe € {Oa_L_Q}a

URe = —1 & eEJEUfilJi
uR,e:—2 & ee S

meaning that each edge e falls into one of three possible categories, hard, jet and soft, and
moreover, the region vectors must conform with the separation of the graph to subgraphs
as in figure 1, which manifests particular partitions of the set of propagators into H (hard),
Ji,...,JJk (jets), and S (soft). We will refer to all the Lee-Pomeransky parameters z.
where e € H as z!f]. Similarly, we use 2zl and 215 to denote, respectively, parameters
with e € J and e € S. Thus for A — 0, eq. (2.38) implies the following scaling of the
Lee-Pomeransky parameters:

2 o X0 PICI DN a5l o A2 (2.39)

We note that the number of propagators of each type are denoted as N(H), N(J) and N(S),
with N(H)+ N(J)+ N(S) = N.

Let us now recall the formulation of the Landau equations [9]. Considering the Feynman
parameterised integral (2.5) with all the internal propagators massless, the combined
denominator function D reads

D(kapaq; Oé) = Z Qe (_lg(k7p7 Q) - ZE) : (240)
ecG

The Landau equations are then:
ael?(k,p,q) =0 Ve € G (2.41a)

8(2‘ D (k,p,q;a) =0 Vae{l,...,L}. (2.41b)
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Here the first Landau equation, (2.41a), states that each propagator of G is either on-shell,
or associated with a vanishing Feynman parameter. This implies in particular that D = 0
and the integrand diverges. The second Landau condition, eq. (2.41b), requires in addition
that the integration contour would be pinched, that is, it is trapped between singularities.
Each solution of this set of equations identifies a specific pinch surface o of the Feynman
integral Z in eq. (2.5), where infrared singularities may arise. Below we explain the grounds
for the proposition in eq. (2.38) (or eq. (2.39)).

The hard region, where all line momenta are off-shell, is defined by accounting for the
scaling of the external Mandelstam invariants with respect to the expansion parameter A
in the integrand, without modifying the Feynman parameters, i.e. alffl ~ A\, The region
vector in eq. (2.38) is then:

vy = (0,0,...,0;1). (2.42)
NGRS
N
This region does not correspond to a solution of the Landau equations. Interpreting this
region according to figure 1 amounts to N(J) = N(S) = 0.

Let us now discuss the region vectors of the form (2.38) for which N(J) 4+ N(S) > 1.
We will refer to them as infrared region vectors, and show below that the corresponding
regions of Z in eq. (2.5) can be viewed as describing the specific scaling of the Feynman
parameters « in the vicinity of a solution of the Landau equations.

In detail, we take the momenta p!’ slightly off-shell, i.e. p? ~ AQ? as in eq. (1.2), and
consider the neighbourhood of the pinch surface o. The three relevant scalings of loop
momenta in this neighbourhood are known to be [10, 11, 16, 63, 64]

Hard: kY, = (K, k5, kY, k) ~ Q(1,1,1,1), (2.43a)
Jet: Ky = (kg - Bis k- Bis k- Bin) ~ Q (1,0 012) (2.43b)
Soft: ki = (Kb, k&, k%, k%) ~ QA A A, N). (2.43¢)

In the scaling of the jet loop momenta, we have used light-cone coordinates, where ! is
a null vector in the direction of the jet p!’, defined as g = %(1, ¥;) where v; is the unit

three-velocity of the jet. For each 8!, we also define 3 = %(1, —;), so that 3; - 3; = 1.5
For a given graph G and a region R, the scaling of the loop momenta according to eq. (2.43)
translates uniquely into the scaling of each of the line momenta of G, that is, each edge I¥
is either soft, jet-like or hard, as in eq. (2.43). The precise relation has been illustrated in

section 3 of ref. [63].
From eq. (2.43) we can therefore find the scaling of the virtuality of each propagator:
U2~ X% @2~ Al @)~ N2 (2.44)

e

From the Schwinger representation of the propagator

: /Oo e T s.2(kpa)
o7 . — — e Tele (KD, , 245
(12(k,p,q))™ 0 Ze DI(ve) (2.45)

5For example, suppose the i-th jet is in the direction of the z-axis, then B = ( ' BT, Y, 67) =
(1,0,0,1)/v/2 and B, = (1,0,0,—1)/y/2. For any vector k*, k-3, = (k' + k*)/v2 and k- B; = (k' — k*)//2.
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one sees that the scaling limit of the Schwinger parameter Z. is related to the scaling of the
corresponding propagator virtuality as (see ref. [65] for example):

b
12(k,p,q)

Here we have further stated that the very same scaling applies also to the Lee-Pomeransky

Lo ~ Fe ~ AU (2.46)

parameter x.. This is shown in appendix B, where we relate the Schwinger and Lee-
Pomeransky representations and demonstrate that the region vectors ug in the two are
the same. From eqgs. (2.44) and (2.46) we can immediately read off the scaling of the
Lee-Pomeransky parameters for hard (H), jet (J) and soft (S) propagators as summarised
by eq. (2.39). With this we have established the scaling rule of eq. (2.39) based on the
scaling of the momentum modes (2.43).

Using the relation in eq. (2.8) we can also deduce the scaling of the Feynman parame-
ter a. To this end we must distinguish between two cases: infrared regions which feature
soft propagators (N(S) > 1) versus those that have only jet and hard ones (N(S) = 0).
Using egs. (2.39) and (2.8) we find

N(J) =1, N(S) =
N(J), N(S)

Y N S RN L (2.47a)
1: ol N2 ol ol ol N0, (2.47b)

WV

Note that in either of these cases the propagators with the smallest virtuality (cf. eq. (2.44))
are of order O(A?), which is necessary for the condition Y. ae = 1 to be satisfied.

In the remainder of this subsection we investigate the relation between pinch surfaces
and infrared regions of the MoR. We begin in section 2.3.1 by introducing the concept of a
neighbourhood of the pinch surface associated with the on-shell expansion. This allows us
to study what constraints are imposed on the structure of infrared regions, making use of
the Coleman-Norton analysis. Then in section 2.3.2 we formulate our general proposition
for the structure of the region vectors and discuss its applicability.

2.3.1 The neighbourhood of pinch surfaces and infrared regions

The scaling of the momenta and the Feynman parameters discussed above naturally leads
us to a definition of a neighbourhood of a pinch surface associated with the expansion in A
by the following modified Landau equations:

aol?(k,p,q) ~ NP Vee G (2.48a)

o
oD (hp.gi0) < A2 vae{l,... L}, (2.48D)

where p in eq. (2.48a) is fixed according to the scaling of the line momentum with the
smallest virtuality 2 ~ \P: according to eq. (2.44), for infrared regions R which feature soft
propagators, we have p = 2, while for regions that feature only jet and hard propagators,
p = 1. In eq. (2.48b) the notation < A/2 should be interpreted as allowing for scaling
~ A with ¢ > 1/2. This is the weakest condition to be placed on the derivative, so as to
reproduce eq. (2.41b) in the limit A — 0.
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While the Landau equations (2.41) describe the pinch surfaces themselves, i.e. the
manifolds where the integral is singular, the modified ones in eq. (2.48) aim to capture the
vicinity of pinch surfaces, describing the scaling of momenta and Feynman parameters when
approaching the singularity as A tends to zero. The precise modification of the first Landau
equation (2.48a) immediately follows from the discussion above (egs. (2.44) and (2.47)).

Let us now discuss the interpretation of eq. (2.48). A first, key observation is that for a
given pinch surface that corresponds to an infrared region of Z(G), all the terms ael? in
the combined denominator function D of eq. (2.40) are characterised by a uniform scaling.
From the geometric formulation of the MoR, excluding the possibility that some ./ is

6 amounts to excluding lower-dimensional faces of the Newton polytope of G,

strictly zero,
which lead to vanishing scaleless integrals.

Eq. (2.48b) requires that the derivatives vanish as A'/2 (or faster) as A — 0, and places
constraints on what configuration of hard, jet and soft momenta may constitute a region.
As we shall see below, these constraints relate to the Coleman-Norton interpretation of
pinch surfaces [66].

Consider first the case N(J) > 1, N(S) = 0, where the denominator function of eq. (2.6)

can be rewritten as:

D=— > oA - oI i (2.49)

ecH ecJ

Given a jet J; with the external momentum p!' ~ Qp!, where the null vector ! is defined
below eq. (2.43), then for any jet loop momentum kg, admitting (2.43b), the second Landau
equation (2.48b), OD/akW < A2 implies

S o ol 4 N op QT < AVE = S o oIl < AV20(2.50)
eeH eeJ; ecJ;

The coefficients 7,, are either 0 or +1, depending on how the loop momentum £k, enters
[H] l[‘] il

the line momenta [¢ In deriving the second inequality, we have used the fact that
olf] ~ X, We stress that the condition in eq. (2.50) must be satisfied for any component g,
and below we analyze each component separately.

For the small lightcone component of any jet line momentum, l[e‘]i] - Bi (~ A), and the
transverse one {1 - Bil (~ A/?), eq. (2.50) is automatically satisfied due to the scaling of the
momentum components in eq. (2.43b). For the large lightcone component, lLJi] B (~ A9,
eq. (2.50) provides a genuine constraint, as it requires cancellations between different
terms in the sum, up to terms of (’)(/\1/ 2). As we have pointed out above, this constraint
corresponds to the Coleman-Norton analysis: each jet vertex a can be associated to a
“position vector” z#, where any jet line e in eq. (2.50) can be seen to represent a massless
particle propagating freely between the vertices a and b, such that o}’ — z# = a.lt + O\/?),
This sets a definite order of the jet vertices along the jet momentum flow in J;, from the
hard vertices to the final on-shell parton i. This allows us to view the propagation of jets
as a classical process, constraining the configurations infrared regions may have.

5We note that a.r = 0 may correspond to a region of a simpler graph where the propagator ¢’ has
been contracted.
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Figure 3. The restriction of the regions from the Coleman-Norton interpretation. For a wide-angle
scattering process 1 — p1,p2,¢2 on the left-hand side, where p/ and p} are on-shell, and ¢} and
¢y are off-shell, both the configurations in (i) and (ii) on the right-hand side satisfy eqs. (2.43)
and (2.48a), but (ii) is ruled out because it does not satisfy (2.48b).

One consequence of the Coleman-Norton analysis is that, after two jets depart from a
hard subgraph, at vertices z# and xff respectively, :Uff —ah ~ A, cannot be connected by
propagators e such that a.l# < \°. Thus, a hard propagator connecting them is excluded.
For example, in the 1 — 3 decay process with external momenta ¢, ¢4, p} and p, both
the configurations in figures 3(i) and 3(ii) are allowed by eq. (2.47a). However, figure 3(ii)
is forbidden by the Coleman-Norton analysis, which implies that after the two jets Jy
and Jo depart from the hard subgraph Hi, they should propagate in different directions
and should not interact at any other hard vertices again. Disconnected hard subgraphs are
thus excluded.

Another consequence of the Coleman-Norton analysis concerns the internal structure of
any jet. Examples are provided in figure 4 where (a) is consistent with the Coleman-Norton
analysis, while (b) and (¢) are inconsistent, and therefore cannot appear as part of an
infrared region. Specifically, suppose two jet momenta ¥ (e = 1,2) both connect two of
the jet vertices a and b, as is shown in figure 4(b). Then upon considering the edge e = 1,
according to the Coleman-Norton analysis, one can associate z# to a and z} to b such that
eq. (2.50) becomes x} — z# = a;l} + O(A\'/?). For the large lightcone component (suppose
it is the + direction), one then obtains z;7 > x. However, the same reasoning works for
the edge e = 2, which yields x} > m;r This contradiction forbids the configuration of
figure 4(b). A similar analysis can be carried out for figure 4(c), where the soft lines do not
change the argument, since the soft momenta are negligible compared to the large lightcone
component of the jet.

Consider now the case N(J), N(S) > 1 where the denominator function of eq. (2.6)
can be rewritten as:

D= olf(Il)? - 5" 1) - 3 o1l — e (2.51)

ecH ecJ ecS

In this case, the second Landau equation (2.48b) automatically holds, because it is of the
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Figure 4. Some configurations of the jet J; that are allowed or forbidden by eq. (2.48b), according to
the Coleman-Norton analysis (the conclusion is not affected by the presence of the soft lines). (a) an
allowed jet configuration. (b) a configuration of J; that is forbidden, because a connected component
of J; is attached to the hard process only. (¢) another configuration of J; that is forbidden, because
the jet contains a “tadpole” component upon removing the soft lines.

following possible forms:

aﬁ)ﬂ SN2 37 ampead TR S A2, (2.52a)
ak“# ecH
D n

g 7 SA2 e 3 2 a4 ST a0 N, (2.52b)
akau ecH 1=1ecJ;
e R PULED SEYRILILTES 39 DEYNLILTES SEYMLL L P
aklm ecH i=1eelJ; ecS

(2.52¢)

In each of the relations above, the coefficients 7),, are either 0 or +1, depending on how the

B3 p 1597 The three relations in eq. (2.52)

loop momentum k, enters the line momenta [
can be justified immediately based on the momentum scaling of eq. (2.47b). Nevertheless,
we can always restrict the Landau equation analysis to the subset of propagators containing
the hard and the jet momenta only. (This can be demonstrated by starting with a Feynman
parameterisation of these propagators, and leaving out all the soft ones.) The outcome of
this analysis would lead to the same constraints we have seen in eq. (2.50) in the case of
N(J) > 0,N(S) = 0. This is equivalent to the argument used in the discussion of figure 4,
where soft lines can be removed when obtaining the constraints on the configuration of an

infrared region from the second Landau condition.

2.3.2 The region vectors in the on-shell expansion

Summarising the analysis above, we propose that the solutions of the Landau equations
for massless wide-angle scattering are all endpoint singularities which stand in one-to-one
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correspondence with the regions in the on-shell expansion associated with the facets of the
Newton polytope AN+1) [P]. This leads to the following proposition, which we present
without a formal proof.

Proposition 1. In the on-shell expansion for any wide-angle scattering graph, all regions
are given by region vectors which take the form of eq. (2.38), where the entries 0, —1 and —2
correspond to the propagators in the hard (H), jet (J1,...,Jx) and soft (S) subgraphs
separately. Moreover, these subgraphs meet the following basic requirements.

1. H, to which all the off-shell external momenta qj‘ are attached, is a connected subgraph.

2. Foreachi=1,...,K, J; is a connected subgraph attached to H, and its only external
momentum is the pf' line.

3. S is a subgraph without external momenta, and each connected component of S is
attached to H U J, where J = UK | J;.

While the basic requirements set out above are necessary for any infrared region, it
is clear at the outset that additional requirements on the configurations of jets arise from
the Coleman-Norton analysis, as shown in figure 4. This amounts to excluding certain
candidates for regions, which yield scaleless integrals. We will return to study this aspect in
section 3.3, where we formulate the precise requirements for the momentum configuration
in any infrared regions.

It is natural to ask what the precise conditions are for the applicability of this proposition,
as the momentum scalings of eq. (2.43) may be relevant beyond the scope of the on-shell
expansion in wide-angle scattering, for which it has been formulated. The reality is, that
depending on the kinematic setup and on the expansion considered, different regions
may arise, going far beyond this simple picture. We will give below three examples to
illustrate this.

Consider first the mass expansion described in figure 5 where we assume the hierarchy
p? =m? < M? = Q? ~ Q3. Here the following two region vectors (amongst others) can
be found:

Ry: vgp, =(0,—-1,-1,-1,-1,-2,—-1,-2,-3,1);
Ry: vp, = (0,—-1,-1,—-1,—-1,-1,—-1,-2,-2,1).

In momentum space, the loop momenta in the regions R; and Rs are respectively:
Ri: K = (b ki ki) ~ (LAY2), B~ X, RS = (kb ) ~ AL A AV2);
Ro: kY = (K k7 ki) ~ (1L, AY2), BY ~ X K ~

There is an essential difference between the scaling of the two regions R; and Rs. While
the latter is fully consistent with eq. (2.43), the former departs from it in that k4 does
not correspond to any of the expected scalings we have discussed. This illustrates the
fact that the scaling vectors of eq. (2.38) may not suffice to describe all the regions in a

generic expansion.
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Figure 5. The mass expansion example.

A second example illustrates the fact that some solutions of the Landau equations may
not correspond to facets of the Newton polytope, but to lower dimensional faces, in which
case they would not appear as regions. As a consequence, only a subset of the pinch surfaces
would be represented as regions. This occurs for example in the threshold expansion for
Drell-Yan or Higgs production. Specifically, refs. [67, 68] computed the mixed real and
virtual corrections at N3LO using the threshold expansion where the emitted partons are
soft. For certain integrals the regions were found (using a somewhat heuristic method)
to correspond to only a subset of the soft and collinear momentum scalings of the form
of eq. (2.38).

Another scenario where more complex regions emerge is upon departing from wide-angle
scattering kinematics. As explained in section 2.2, we expect that all the regions appearing
in the wide-angle scattering are given by the facets of AN*D[P]. This does not hold,
however, for other processes such as the forward scattering, where Glauber modes exist.
Also in this case, solutions of the Landau equations are expected to be useful in identifying
regions, but some of these may arise from cancellation between terms in P rather then from
scaling vectors associated with the facets of AN+D[P].

To summarise, we determined the general form of region vectors that arise in the on-shell
expansion in wide-angle scattering. In the following sections we will show that vectors of
the form of eq. (2.38) correspond to regions, if and only if certain extra requirements on
H, J and S are satisfied. These requirements will be spelt out and proven in section 3.3.
Based on these, we formulate in section 4 a graph-finding algorithm. Furthermore, using
this algorithm we verify proposition 1 up to five loops, showing that it produces precisely
the regions found via the geometric approach of section 2.2.

3 Regions in the on-shell expansion

In this section we explore the properties of the region vectors in the on-shell expansion of
wide-angle scattering, which take the form of eq. (2.38) as proposed above. Our motivation
is to formulate and prove the precise conditions under which such a vector corresponds

to a region of a given Feynman integral, namely, a lower facet of the associated Newton
polytope ANTD[P].
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This section is organised as follows. We begin in section 3.1 by deriving the conditions
for the existence of the hard region of the integral Z(s) corresponding to a graph G. To
this end we introduce a vector space that is spanned by r; — r;, the difference between the
exponents of any two different monomials in the &/ polynomial, each of which is associated
with a specific spanning tree of the graph. If this space is IN-dimensional, then there is a
hard region. In section 3.2 we investigate the generic form of monomials that may appear
in the leading Lee-Pomeransky polynomial PéR)(m; 8), in a generic infrared region R. Based
on these results, we prove in section 3.3 that any vector of the form of eq. (2.38) defines a
region vector of the Newton polytope ANTD[P(@)], if and only if some extra requirements
on the subgraphs of G are satisfied, eliminating any potential scaleless integrals.

A few notations are introduced here for convenience. Recall that we use 7! and T2 to
denote, respectively, a spanning tree and a spanning 2-tree of G. Similarly, for any subgraph
v C G, T(vy) and T?(v) are used to denote, respectively, a spanning tree and a spanning
2-tree of 7. We further denote the monomials in F carrying a kinematic factor p? ~ \ as
F®) terms, and those carrying a kinematic factor qj2~ or py, - p; (k # 1), which scale as A,
as F@) terms. In a region R, the U, F®) and F*) terms that appear in the leading
Lee-Pomeransky polynomial P(()R)(w; s) (defined below eq. (2.16)) are denoted respectively
as U, F@iR) and F@*R) terms.

3.1 Spanning trees

For any connected graph ~, we denote the parameter subspace that is spanned by the
points corresponding to T (7) as W,. By definition, W, is generated by vectors of the form
Ar;j = r; — rj, where r; and r; are any two points corresponding to two spanning trees
T!(v) and le (7). Here we aim to derive the dimension, dim(W,), by obtaining a set of
basis vectors of W,.

We recall that a graph is one-vertez irreducible (1VI) if it remains connected after any
one of its vertices is removed. (In graph theory, a 1VI graph is also called a biconnected
graph.) Let us consider the case where «y is 1VI, and derive the following theorem.

Theorem 1. For any 1VI graph v, the parameter subspace W, which contains all the
points corresponding to the spanning trees of v, satisfies

dim(W,) = N(y) — 1, (3.1)

where N () is the number of propagators of ~v. Furthermore, the (N(vy) — 1) independent
basis vectors of W, can be expressed as:

(1,—1,0,...,0;0), (1,0,—1,0,...,0;0), (1,0,...,0,—1;0). (3.2)
N() N() N(v)

Proof. First recall that vectors defining the monomials in U(x) take the form of r; =
(ria,...,7min;0), where r; . = 1 for each edge e that has been removed in forming the
corresponding spanning tree, while the other entries are 0.
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Figure 6. The procedure in the proof of theorem 1.

It immediately follows from the definition above that dim(W,) < N(y). Assume
now that + contains L(y) loops. In order to form a spanning tree of v, we must remove
exactly one propagator per loop from <, hence every point in W, satisfies the constraint
> ey Tie = L(7). Thus, we can tighten the upper bound on the dimension:

dim(W,) < N(v) — 1. (3.3)

Below we aim to prove dim(W,) > N(v) — 1, by finding the basis vectors shown in eq. (3.2).

Since « is 1VI, a result in graph theory is that for any two propagators of v there is
a loop containing them both [69]. So for any 4,j € {1,...,N(v)}, we consider a loop L;;
that simultaneously contains e; and ej. We now aim to obtain a subgraph 4" C +, which
includes all the vertices of v and contains exactly one loop, L;;.

The subgraph 4/ can be obtained through the following operations. Define V) as the set
of vertices of L;; and V) as the set of vertices of v\ L;j. Since v is connected, there must
be an edge €] in 7 that connects a vertex vy € Vy and v € V. The graph v = L;; U €] is
then also a connected subgraph of 7, which still contains exactly one loop L;;. We then
define V; to be the set of vertices of 71, and V] as the set of vertices of v\ 71. Now there
must be another edge € joining a vertex v; € V; and v{ € V|. The graph v, = L;; Uej Ué),
is again a connected subgraph of v that contains exactly one loop L;;. This procedure can
be carried out recursively as above, terminating with the final graph 7' = L;; Uej U---Ue],,
with n = V(y) — V(L;;j). An example illustrating this procedure is shown in figure 6.

From the construction above, we can obtain a spanning tree of v by removing any edge
of L;; from +/. We consider the spanning trees T} =+’ \ e; and T]l ="\ ¢j. These two
spanning trees correspond respectively to two points 7; and r; in the parameter space, and
Ar;j=r; —r;is

Ar;j = (0,...,0,1,0,...,0,—1,0,...,0;0). (3.4)

N()
We can parameterise the graph v in specific ways such that ¢ = 1 and 7 = 2,..., N(v).
Then all the vectors in eq. (3.2) are obtained, and there are N(vy) — 1 of them. Thus
dim(W,) > N(y) — 1. Combining this with eq. (3.3) above, we have determined the
dimension of W, which is (3.1). O
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Note that every connected graph can be seen as the union of several 1VI graphs. Then
theorem 1 could be directly generalised to any connected graph ~, i.e.

Corollary 1.1. Suppose a graph v has n 1VI components, v1,%2,-..,vn, then we have

W, = W, (35)
=1

dim(17,) = 3 (N () — 1) (36)
=1

Proof. First, it is a result of graph theory that each spanning tree of 7 is the union of
the spanning trees of the 7; (¢ = 1,...,n), and vice versa. Then since W, is the space
that contains all the points corresponding to the spanning trees of v, we immediately have
eq. (3.5). Eq. (3.6) then follows directly from eq. (3.1). O

Note that for any 1VI component ~; with a single propagator, then N(;) —1 =0, and
7 does not contribute to dim(W,). We can define the nontrivial 1VI components as those
containing at least one loop, so that the word “1VI components” could get replaced by
“nontrivial 1VI components” in corollary 1.1.

From this observation, we construct a simpler form of every graph G and call it
the reduced form of G. It is obtained from G by contracting each of its nontrivial 1VI
components into a vertex. If two nontrivial 1VI components ; and - share a vertex, we
add an auxiliary propagator connecting ~; and -5 before contracting them. The reduced
form of G is denoted by Gyeq, Which is always a tree graph.

Some examples of the reduced form of G are given in figure 7. Here we note a relation
between the edges of G and Gyeq:

n

N(G> = N(Gred) + ZN('Yz)a (37)
i=1
where n is the number of nontrivial 1VI components of GG, and N (Gred) is the number of
edges that are in both Geq and G (i.e. the non-auxiliary edges of Gieq).
The concept of the reduced form enables us to obtain a necessary and sufficient condition
that G has a hard region, which can be seen as another corollary of theorem 1.

Corollary 1.2. The hard vector vy is normal to a lower facet of ANTV[P(G))], if and
only if all the internal propagators of Greq are off-shell.

Proof. First we show that if all the propagators of Gyeq are off-shell, then vy is normal to a
lower facet. Suppose there are n nontrivial 1VI components of G. We can parameterise the
propagators of G such that the first > ;' ; N(;) parameters correspond to the propagators
of the n nontrivial 1VI components, and the next (and the last) N(Geq) parameters
correspond to the propagators that are in both G,eq and G. According to corollary 1.1, we
can find the following > i (N (7;) — 1) linearly independent vectors of the form:

(0.0 L0,...,0,-1,0,..,0, 0,0 ,0,...,00), (3.8)
——— ——— ——
N(y1)+++N(vi-1) N(v) N(vit1)++Nm)  N(Gred)
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Figure 7. Some examples of the reduced forms of certain 2 — 2 scattering graphs. Top: the original
Feynman graphs. Bottom: the corresponding reduced forms.

and the dimension of the space spanned by the vectors above is 31" ; N(7;) — n. According
to eq. (3.7), we still need to find another n + N(Gyeq) vectors that are linearly independent
of them, in order to show that the lower face normal to vy is IN-dimensional, hence a
lower facet.

For the spanning tree T corresponding to a given term in U(z), the associated point
in the parameter space is of the following form:

_ (M (1) (n) (n) .
rl—(al s ANy 01 ,...,aN(vn),O,...,O,()), (3.9)
N('Yl) N(’Yn) N(Gred)

where for each ¢ = 1,...,n, there are L(+y;) entries with value 1 and N(~;) — L(~;) entries

with value 0 in {agi), e ,ag\?(%)}. ‘We now consider the spanning 2-tree corresponding to

an F@) term by removing one propagator from 7. Since every line momentum of G.eq
is off-shell, this propagator can either be in Gyeq, or in the n nontrivial 1VI components.
The point 79 that is associated to this spanning 2-tree, is identical to 7 except for one
entry, which is 0 in 71 and 1 in 5. As a result, the vector ro — 71 may take one of the two
following forms:

( 0,....,0 ,0,...,0,1,0,...,0, 0,...,0 ,0,...,0,;0), (3.10a)
~— ~—— ~——
N(y1)+++N(vi-1) N(7i) N@it1)++NOn)  N(Greq)
( 0,...,0 ,0,...,0,1,0,...,0;0). (3.10b)
——
N(y1)+++N(n) N(Grea)

In each of the vectors above, there is exactly one entry with value 1, while all the others are 0.
Note that in (3.10a), we may choose the entry 1 at n distinct positions, each corresponding
to removing some off-shell propagator in a different nontrivial 1VI component 7; with
1 < 7 < n; these are bound to be independent. In (3.10b), we may choose the entry 1 at any
of the last N (Greq) entries, each corresponding to removing a different internal propagator
in Greqa. It is straightforward to check that the vectors in egs. (3.8) and (3.10) are linearly
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independent, and their total number is N(G), hence they constitute a set of basis vectors
of the hard facet.

Let us now consider the case where there is a propagator ¢ € G,eq that carries an
on-shell momentum (either lightlike or vanishing). In this case, such a basis cannot be
constructed. For example, if one propagator of Geq carries a momentum p‘f , then removing
it from a spanning tree, yields a F ) term, rather than a F (a%) term, which is not in the
hard facet. O

As an example, all the propagators in the reduced form of figures 7a and 7d carry
off-shell momenta, so the hard region is present in those graphs; meanwhile the reduced
form in figures 7b and 7c contains propagators that carry vanishing or lightlike momenta,
respectively, so there are no hard regions for these graphs.

With theorem 1 and its corollaries, we can proceed with the study of the space generated
by the polynomial P[gR) (z; s) for a given infrared region R. This will be our objective in
the rest of this section.

3.2 Leading terms in the infrared regions

We now focus on the infrared regions by investigating the generic properties of the terms
of PéR)(a:; s), where R is a given infrared region characterised by the region vector vp.
By definition, these terms correspond to the points 7 of the Newton polytope with the
minimum of r - vg. Below we will see that these terms can be classified into four types
having distinct features.

We start with two examples of infrared regions from figure 8, which describes a hard
process with one off-shell external momentum Q* and three nearly on-shell external momenta
pl! for i =1,2,3. In the on-shell expansion, we assume that p? ~ AQ? with A < 1, while the
hard scales sy = (p + p;)? and Q2 are all of the same order of magnitude. By definition,
the Lee-Pomeransky polynomial P(x;s) is

P(x;8) = r1x2 + 1123 + X125 + T1T6 + Toxs + To2Xy
+ Lo + T3T4 + 2375 + 45 + T4x6 + T5T6 + (—QP) T 2073
+ (—p}) (12274 + T12324 + T1T4T5 + T1T4T6 + T125T6)
+(-p
+(=p
+ (=

512)T1%26 + (—523)T2x3x4 + (—513)T12325. (3.11)

%) (z12275 + Tox3T5 + ToTaT5 + ToX4Te + T2T5T6)
2
3)(

T1T3Tg + ToX3Le + T3L4T6 + L3T5T6 + .%'3%43?5)

The two regions we focus on are denoted by SS and C;S. In the SS-region, the two loop
momenta are soft; in the C;S-region, the loop momentum running through the propagators
4,5,2 and 1 is collinear to p/’, while the other loop momentum is soft. Using eq. (2.39), the
Lee-Pomeransky parameters in these regions scale as follows:

SS: xi, @, w3~ AL x,ms, w6 ~ AT (3.12a)

018: €T ~ )\0, T1,X3,T4,T5 ~ )\_1, Te ~ )\_2. (3.12b)

— 96 —



Figure 8. A two-loop four-point wide-angle scattering example with three nearly on-shell external
momenta p!' (i = 1,2,3) and one off-shell external momentum Q*.

The leading Lee-Pomeransky polynomial 'PSR)(:B; s), with R = SS reads:

SS
Pé )(:I:; 8) = myxs + 1426 + T5x6 + (—p2) (12475 + T1T4T6 + T12576) (3.13)
+ (—p3) (wawaws + Tox4we + Tox576) 4+ (—p3) (r37475 + T3T4T6 + T3T5T6)

+ (—s12)z17016 + (—S23)T2x3204 + (—S13) 710375,

while the leading polynomial P(()R) (z;s) with R = C;S is:
Pécls)(a:; 8) = x1x6 + T4T + T5Te + (—p%)(m1w4x6 + x12576) (3.14)

+ (—p2)(z1236 + 37476 + T37576) + (—812)T1T0x6 + (—813) 12375

Note that in the polynomials (3.13) and (3.14) we used colour coding to identify the
parameters associated with hard (blue), jet (green) and soft (red), respectively. In each
of these polynomials, the first three terms are the U terms, the terms carrying (—p?)
dependence are the FP}.R) terms, e.g. F@}C18) — (—p?) (217426 + 717576), and those
carrying si; dependence are Fl@R) terms, e.g. F@2Ci8) = (—s12)x12976 + (—S13)T 12375,
Using eq. (3.12), one can verify that all the terms in (3.13) scale as A~% while all the terms
in (3.14) scale as A~3. Note that the remaining terms in (3.11), which have been dropped
in PSSS) and Pécls), would be sub-leading in A.

In the two polynomials above, one observes that only certain combinations of hard,
jet and soft parameters can be consistent with aforementioned A scaling. Specifically, for
R =SS in (3.13), every term in /(®) has two soft parameters, every term in F (r"R) has two
soft and one jet parameters, and every term in F (@*R) has one soft and two jet parameters.
For R = C;S in (3.14), every term in U (R) has one soft and one jet parameters, every term
in F**R) has one soft and two jet parameters. In this case we note that there are two types
of terms in F(@*R): one of them (s1210276) has one soft, one jet and one hard parameters,
while the other (s13712525) has three jet parameters.

Motivated by these observations, we consider a generic region with hard, jet and soft
propagators. In order to study the terms of ")) and F) and classify them into different
types, we define the subgraphs H, J; (i =1,...,K) and S, as a partition of G, such that
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(a) A hard subgraph H. (b) A contracted jet graph J;. (c) A contracted soft graph S.

Figure 9. The H, jl and S graphs. The pink vertex in the jl (or §) graph is a newly introduced
vertex, which identifies all the vertices of H (or H U .J) that J; (or S) is attached to. Note that what
is contracted is the rest of the graph, not the J or S themselves.

every edge and vertex in G can be uniquely associated to exactly one of them. Furthermore,
we associate edges and vertices to these subgraphs such that:

e An edge is contained in H, J; (i = 1,...,K) and S respectively if and only if its
momentum is hard, collinear to p;, or soft.

e A vertex is in S if and only if it connects to soft edges only. A vertex is in J; if and
only if it connects to at least one edge in J; and possibly edges in .S but no edges
from H nor J; with j # 4. All the other vertices are in H.

Note that from the definitions above, the subgraph containing the endpoint of an edge may
be different to the subgraph containing the edge itself. For example, the endpoints of a
soft propagator can be jet vertices, and one endpoint of a jet propagator can be a hard
vertex. Thus, what we are calling a subgraph in this section is subtly different from the
strict notion of a subgraph in graph theory.

Next, let us define the contracted graphs J; and S that are constructed from the
subgraphs J; and S. The contracted soft subgraph S is obtained from S by contracting to
a point all the vertices of H and J into which soft momenta flow, and replacing them by a
new soft vertex, which we will refer to as the auxiliary soft vertez. Similarly, J; is obtained
from J; by contracting to a point all the vertices of H into which the J; momenta flow,
and replacing them by a new vertex of J; (the auziliary J; vertezx). In figure 9 we show an
illustration of the hard subgraphs H and the contracted subgraphs J; and S that would be
obtained from the generic scattering graph shown in figure 1. By definition, for each of the
contracted graphs S and J; (1=1,..., K), there is one more vertex than the corresponding
subgraph S and J;. The contracted graphs can also be viewed as follows: S = G/(H U J)
and J; = (G \ 8)/(H Uy Ji)-

The introduction of the contracted graphs is convenient for the following reason. We
observe that the total” number of the independent hard, jet and soft loop momenta in Z(G)

"Note that the number of loops in each of the graphs separately is not the same between the original and
the contracted graphs. For example, S has more loops than S.
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is equal to the number of loops in H, J and S , respectively. It then follows that

L(G) = L(G\ S) + L(9)
K
= L(H)+ Y L(J;) + L(S). (3.15)
=1

Another benefit of defining the contracted subgraphs is that we can use this concept to
describe the leading polynomials. As we will see below, the polynomials /() and F(*®) can
be classified into certain types, according to the structures of H, J and S.

P(gR) is obtained either from a spanning tree or a spanning 2-tree of G,

Any term of
which we denote as T'. Further, let there be ny (n;, ng) hard (jet, soft) propagators in the
complement of T'. The following fundamental constraints on the values of n; and ng can
be observed:

ng > L(H), ng < L(S). (3.16)

The first inequality n, > L(H) must hold, because we need to remove at least L(H)

propagators in the hard subgraph to turn G into a spanning tree. To arrive at ng < L(S5)
let us construct a proof by contradiction. To this end we assume that ng > L(S) and show
that it is inconsistent. First of all, ng > L(g ) implies that the graph Vg = SN T would
be disconnected.® One of its components consists exclusively of soft edges which do not
attach to H or J in G. Since by definition (see point 3 of proposition 1), the soft subgraph
S does not attach to any external momenta, momentum conservation of this disconnected
component implies that the total momentum flowing into it vanish, and hence it would not
contribute to the Symanzik polynomials. We have thus established eq. (3.16).

With the observations above, one can derive the generic form of the terms in P(®)
by considering all the possible cases. We first focus on any term of U, denoting the
corresponding spanning tree 7. The U®) polynomial is a homogeneous, degree L(G)
polynomial, which implies that ng +ny +ng = L(H) + S5, L(J;) + L(S). Recall that a
facet contains the points that minimise r - v, as follows from eq. (2.33). Because for the U
terms r-vr =7 - ug (i.e. 7y 41 = 0), r - vR corresponds to summing the subset of entries
of vp associated with edges e, for which r. =1 (see eq. (2.30)). Since the hard, jet and soft
propagators have a corresponding 0, —1, or —2 entry in vg respectively, in order to achieve
the minimum of 7 - vg, the value of ny must be minimised while the value of ng must be
maximised. With this in mind, eq. (3.16) implies:

ny = L(H), ny = L(J), ng = L(S5). (3.17)
This implies that each of the subgraphs, HNT?, J;NT?! for each i € {1,..., K}, and STt
are spanning trees of H, J; and S , respectively. This configuration is depicted in figure 10(a).
Here the notation ST stands for a spanning tree. Note that it is the contracted graphs that
should be considered, namely, vy N T is a spanning tree of v, for v = H, J~1, e J~K, S.

$This can be understood from Euler’s theorem. For S we have V(g) — N(g) + L(g) = 1. After removing
L(S) +z edges from S we obtain 7z for which Euler’s theorem yields V(S) = (N(S)—L(S)—z) + L(vz) =k
and k denotes the number of disjoint connected components of V5 Combining these equations one obtains
k= L(’yfsv) +2 41> 1 as long as z > 0 proving that v is disconnected.
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Figure 10. The graphic descriptions of the terms of () (x) and F9(x;s) with R being an
infrared region. The lines connecting different blobs represent any number of propagators, and the
notation ST (S2T) stands for spanning trees (spanning 2-trees). The labels (ST, S2T, one-loop) imply
that the contracted graphs H, J and S is respectively a (spanning tree, spanning 2-tree, one-loop
graph) in the corresponding terms. Any of the terms in PéR) is of one of the following four types:
(a) the terms of U®) (x); (b) the terms of F#¥-R) (x; s), note that the spanning 2-tree structure can
be within any one of the jet subgraphs; (¢) one possibility for the terms of F (qz’R)(a:; s), denoted as
the ]-"I(qz’R) terms, where H NT is a spanning 2-tree of H, identifying an off-shell momentum ¢*
flowing between its components; (d) another possibility for the terms of F (qz’R)(w; s), denoted as
the }'I(IqQ’R) terms, where for two of the jet graphs J; and jj (i=1and j = K in the figure), JiNT
and jj NT are spanning 2-trees of J; and jj respectively. While in (a), (b) and (c) the graph SNT
is a spanning tree of S, in (d) this graph has (exactly) one loop.
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For the analysis that follows, it is useful to examine the structure of the soft subgraph
in more detail. Suppose there are n connected components of S, denoted by S1,...,S,,
corresponding to the n 1VI components of S L ie Sy, ,§n, which all share the auxiliary
soft vertex. As illustrated above, SN T7 is a spanning tree of S. Then recall corollary 1.1,
S;NT! is a spanning tree of S; for i = 1,...,n. Eq. (3.17) can hence be rewritten in a

more precise way as

ny, =L(J;) (i=1,...,K),
ng, =L(Sk) (k=1,...,n). (3.18)

Using the graph theoretical knowledge that the combination of any chosen spanning
tree of H, J; and S is also a spanning tree of G, along with eq. (3.18), we can deduce
a useful property: upon denoting the parameters x that are associated with edges in H,
Ji, and S = Up_, Sy by xl] 2l and 28] respectively, the polynomial 2 (x) can be

factorised as follows
U () = (HZ/{J N) - s, (3.19)

where Uy (2!H)), Uy, (2!7]) and Us (2!%)) = [T7_; Us, (z!°+]) are the polynomials that contain
only the parameters z#], 2!/l and 28], and correspond to the spanning trees of the graphs
H, J; and S respectlvely For example, in eq. (3.13) we have Uy (x!")) = U, (x!7]) =1,
and Z/{S(CL'[S]) = x4x5 + 476 + T526. Meanwhile in eq. (3.14) we can see that UH(az[H]) =1,
Uy, () = 2y + 24 + x5, Uy (2i]) = 1 (i # 1), and Us(x!]) = .

Note that eq. (3.17) can also be viewed as a result of the uniqueness of minimum
spanning trees in graph theory, i.e. by associating a weight to each edge of a given graph,
the set of weights in a minimum spanning tree of this graph is uniquely determined. In
the case under consideration, these weights are 0, —1 and —2 for hard, jet and soft edges,
respectively. The minimum of r - vg, where r corresponds to any term in PSR)(:IJ; s), can
then be directly read from (3.17):

min (7 - vg) = —2L(S) — L(J). (3.20)

Now we study the terms in F (R)(m; s). We denote their corresponding spanning 2-trees
as T?. Here we have ny +n; +ng = L(H) + L(J) + L(S) + 1. Using the fundamental
constraint, eq. (3.16), all the possible values of ny, n; and ng can be summarised as follows:

ng = L(H)+k, ny;=LJ)+k +1—k, ng=L(S)— ko, (3.21)

where k; and ko are non-negative integers (kj, ks € Ny). Below we discuss three cases of
ki and ko, and show that they enumerate all possible F() terms, which correspond to,
respectively, figures 10b, 10c and 10d.

I. k1 = k2 = 0 (figure 10b). In this case, we have

ng = L(H), n; = L(J)+1, ng = L(S). (3.22)
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This relation implies that HNT? and SNT? are spanning trees of H and S respectively.
The subgraph Jn T2, on the other hand, is a spanning 2-tree of J. More precisely,
for a specific jet i € {1,..., K}, J; N'T? is a spanning 2-tree of .J;, while all the
subgraphs J~] N T? with j # i are spanning trees of J~] This configuration is then
depicted in figure 10b, where the notation S2T is the abbreviation of spanning 2-
trees. In this configuration, one component of 72 only has a single nearly on-shell
external momentum p!', hence it corresponds to F (p?)(m; $). Similar to the analysis
above (3.18), S, N T is a spanning tree of Sy, for k = 1,...,n. Therefore, eq. (3.22)
can be written as:

f(p?’R)(w;s) :ny = L(H),
ng,=L(L)+1, ny;=L(J;) (G#i,i=1,..,K),

ng, =L(Sk) (k=1,...,n). (3.23)
It remains to be shown that these terms are associated with the same minimum of r-vg
as in eq. (3.20). In comparison with the terms of U(®)(x), which are characterised
by (3.18), there is an extra —1 from the jet parameter contribution to r - vg, and an
extra +1 from the kinematic contribution, which is the (N + 1)-th entry of r (see
eq. (2.33)). The terms of F#:-F)(x; s) are thus described by figure 10b.

We note that a factorisation formula, similar to eq. (3.19), also applies to the F (#}.R)
terms, namely,

FO (2 8) = Uy () - FID (217 (HUJ @) )'Us(iﬂ[s])- (3.24)
JFi

The polynomials Uy (xH)), Uy, (xl7i]) and Us(x!%]) correspond to the spanning trees
of H, J; and S , respectively. The polynomial F (py )(m[‘]i]) depends on the parameters
z[7il only, and corresponds to the spanning 2-trees of J;. Moreover, the momentum
flowing between the two connected components is exactly pt. As in the case of
eq. (3.19), this factorisation reflects a graph-theoretical property: by combining any
set of spanning trees of H, jj (j #1) and S , together with a p; spanning 2-tree of ji,
one obtains a p; spanning 2-tree of G.

k1 =1, ko = 0 (figure 10c). In this case, we have

ng = L(H)+1, n; = L(J), ng = L(S). (3.25)

In the example of eq. (3.14) as we showed above, the term sjox 2916 is of this type.
More generically, for a given r corresponding to a term of this form, we first examine
the value of r - vg, using eq. (2.33), obtaining

r-vg = —2L(S) — L(J) 4+ ryi1, (3.26)

where 41 = 0 or 1 is the contribution from the kinematic prefactor of the term (i.e.
a factor of A\ or A! generated by the rescaling of the kinematic invariants s — A\%s).

~32 -



I11.

In order that a term satisfying (3.25) is in FU?(x; s), we must have ry; = 0, which
means that T2 corresponds to a term of F(4*F) (z; s) in this case. We denote these
terms as ]-"I(qQ’R)(:B; s). In each T? that corresponds to a term in }"I(qQ’R)(m; s), the
graph H NT? is a spanning 2-tree of H, such that the momentum flowing between its
components of T2 is ¢, which is off shell. In contrast, the remaining subgraphs in 72
are spanning trees. In particular, JiNT?is a spanning tree of J; for anyt=1,..., K,
and §k NT? is a spanning tree of §k for any k£ = 1,...,n. With this analysis, we may
rewrite (3.25) as

fl(qz’R)(w; s):nyg=L(H)+1,
ny, =L(J) (i=1,...,K),
ng, = L(Sk) (k=1,...,n). (3.27)

The configuration of T2 in this case is depicted in figure 10c. The polynomial of fl(q2)
can be factorised as follows

2 2
O (@:8) = Fif )y (@™, al”) - s (), (8.28)

where the polynomial fﬁ?i?](w[H], x!7]) consists of all the spanning 2-trees of H U .J

such that the momentum flowing between its components is ¢*. In comparison with
2

the previous factorisation formulas, eqs. (3.19) and (3.24), we note that F }?U)J cannot

be factorised any further.

k1 =0, k2 = 1 (figure 10d). In this case, we have

ng = L(H), n; = L(J)+2, ng = L(S) — 1. (3.29)
In the example of eq. (3.14) as we showed above, the term sjz3x 2325 is of this type.
In generic cases, we first examine the value of r - vg as above, which is

r-vp=—2(L(S) —1) = (L(J) +2) + v = —2L(S) — L(J) + rns1,  (3.30)
where rnyy1 = 0 or 1 is the kinematic contribution. In order for a term satisfying
eq. (3.29) to appear in F&) (z;s), we must have ry41 = 0, which means that this
case corresponds to another contribution to F (QQ’R)(:B; s), distinct from case IT above.
We denote the polynomial consisting of these terms as ]:I(IR ) (x; s).

To understand the configuration of T? in this case, we first notice that eq. (3.29)
implies that H NT? is a spanning tree of H, and S NT? contains one loop. If the
auxiliary soft vertex were not part of this loop, then 7?2 would have contained this
loop as well, which contradicts 72 being a spanning 2-tree. Therefore, the loop of
S NT? must correspond to a path P that consists of soft propagators, joining two
distinct vertices A and B in H U.J. From the definition of S , this path becomes a
loop of S upon contracting H U J and introducing the auxiliary soft vertex.

Now we argue that A and B must be in two different jets J; and J;. Notice that
n; = L(J) + 2 implies that J N T? has three connected components, two of which
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have nearly on-shell external momenta p; and p;, respectively. If the path P were
not connecting them, then at least one would have been a component of 72, thus an
FP}.R) term, in conflict with the conclusion above.

Therefore, in the configuration of T2 there is a path of soft propagators that joins
two of the nearly on-shell external momenta, say p; and p;. We denote the connected
component of S that contains this path as Sy j, and ¢;; = p; + p;. The graph
:S’vk[,»J] N T? then contains exactly one loop, and the graphs J; N T2 and jj NT? are
spanning 2-trees of J; and J;. That is,

2
F P (ass) s ny = L(H),
ny=L(Ji)+1, n; =L(J;)+1, ny=L(JL) (V#ij),
gy = Lkig) =1, ng, = L(Sk) (Vk # ki, j]). (3.31)

The configuration of T2 in this case is depicted in figure 10(d). Similar to the previous
2
three cases, the ]-"I(Iq R) polynomial can be factorised as follows
(¢7;,R) .
Fi? (x?s):uH(m[H]) Z(]:J uJ; us(@ al ]am[J]]aCC[S])' H qu(i”[Jk]))- (3.32)

] k#i,j
. (a3;) . .
Here the polynomial F J;U8 consists of the spanning 2-trees of the graph J; UJ; US,
such that the momentum flowing between the components is exactly ¢;; = p; + p;.

We note that the three cases above have covered all the possibilities of the terms of
FB) (z; s), because for any other values of k1 and ks in (3.21), we have kj + ko > 2, and
the corresponding value of r - vg is

rovg=—2L(S) —ky) — (L(J) + ko + 1 — k1) +rnyg1
—L(J)+ka+ki —1+rnp
— L(J), (3.33)

where rxy11 is the kinematic contribution of the point r, satisfying ry11 = 0 or 1. We
emphasise that (3.33) is a strict inequality. The right-hand side is min(r - vg), which is
attained for all of the four cases above. It follows that cases with k1 + k2 > 2 do not
correspond to any potential terms of 73( )( s).

We conclude that the following theorem must hold.

Theorem 2. For any region R in the on-shell expansion of a wide-angle scattering graph
G, the leading Lee-Pomeransky polynomial takes the form

p(()R)( . ):Z/{(R)( )+ FU) (z; 5) (3.34)
Z}" (x;9) —i—]—"(q ) (2 5) + Z ]_—sz &

i>j5=1

(x; s) (3.35)
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ng Ny eeey Mg NSy ,.--,NS,
U L(H) L(J),...,L(Jk) L(51),...,L(S,)
FELR) | L(H) LN, ..., L(J) +1,...,L(Jk) L(S1),...,L(S,)
FOR | L) +1 L(J), ... L(Jx) L(S1), ..., L(Sy)
}_I(quj,R) L(H) L(H),L(J1)ees L(T) 4 Lo L(T) 410, L(T i) | L(S1)s wory L(Skpig))—1, s L(Sn)

Table 1. The number of parameters associated with each subgraph H, J;, Sy, in each of the U,
2 2
FWiR), }"I(q ) and }"I(Iq ) terms in eq. (3.36).

These polynomials factorise as follows

U () = x!) (HUJ [l )-L{S(m[s}),
FOER (2;8) = U () - FI (@ (HuJ A - Us (),
J#i (3.36)

]_-I(q B (g; 5) = fl(j‘[IU)J(m[H]’m[J]) Us (2!,

(¢7,,R) (a7;) .
Fu? (s s) :Z/{H(CC[H]) ]:J UJ; us(@ [J} H Uy, (z Jk]

k#i,j

Corollary 2.1. Let us denote the number of parameters which each monomial contains in
H, J; and Sy, as ng, nj, and ng,, respectively. These numbers are summarised in table 1:

3.3 The infrared regions in wide-angle scattering

As is discussed above, any infrared region R contributing to the MoR in the on-shell
expansion of a wide-angle graph G, may be described by figure 1 with the subgraphs
H, Ji,...,JKk, S satisfying the set of basic requirements stated in proposition 1. Our goal is
to fully characterise the possible structure of these subgraphs. To this end, we must exclude
any configuration that passes these basic requirements and yet produces a scaleless integral,
which therefore does not contribute to the MoR. In order to avoid these pathological
configurations, some extra requirements on H, J and S would be needed. We will show
that the following three requirements provide a necessary and sufficient condition for any
configuration satisfying proposition 1 to be an infrared region.

e Requirement of H: all the internal propagators of Hyeq, which is the reduced form
of H, are off-shell.

e Requirement of J: all the internal propagators of ji,red, which is the reduced form of
the contracted graph J;, carry exactly the momentum pf'.

e Requirement of S: every connected component of S must connect at least two different
jet subgraphs J; and J;.
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To understand these requirements, we recall the concept of the reduced form of a graph,
which is introduced in section 3.1. The reduced form of H is obtained by contracting each
of the nontrivial 1VI components of H to a vertex, and if two nontrivial 1VI components
v, and o share a vertex, we add an auxiliary propagator connecting v, and o before
contracting them. The same construction applies to any of the contracted jet graphs J;.
Similar to eq. (3.7), we can further derive the following relations:

N(H) = N(Hyeq) + z NG, N(J;) = N(Jiea) + Z N (vf% (3.37)
j=1 j=1

where ’yJH denotes the 1VI components of H and N (Hpeq) the number of edges that are in

~

both Hyeq and H (i.e. N(Hred) excludes the auxiliary edges that have been introduced upon
separating nontrivial 1VI components when constructing H,eq). Similarly, fyj“-]i represents
the nontrivial 1VI components of ji, where N (j,-’red) is the number of edges that are in
both jz‘,red and J;.

The requirement of H can be seen as a generalisation of corollary 1.2. The requirement
of J follows directly from the second Landau condition, eq. (2.48b). Namely, for example,
the jet configurations in figure 4(a) are allowed, while those in figure 4(b) and (c) instead
lead to scaleless integrals over some jet loop momenta, and are hence forbidden in any
infrared region. Finally, the requirement of S rules out the configurations where a connected
component of S is only attached to the hard subgraph and/or one of the jets. In other
words, allowed soft subgraphs must connect at least two jets. As we show in appendix C,
for any configuration satisfying proposition 1, the requirements of H, J and S above provide
a necessary and sufficient condition for the existence of a corresponding region R, such that
v is normal to a lower facet of the Newton polytope ANTD[P(G)]. Should any of the
requirements be violated, such a configuration may correspond to a face with dimension
less than N, rather than a facet.

4 A graph-finding algorithm for regions

In the last section we classified the configurations of the hard and infrared regions, where
the latter emerge as specific solutions of the Landau equations. The subgraphs H, J and S
introduced in proposition 1, supplemented with the extra requirements in section 3.3, allow
us to identify precisely the infrared regions of the Feynman integral Z(G). The purpose
of this section is to construct an algorithm which would identify all the infrared regions
of a graph G directly, without referring to the geometric MoR polytope construction. To
this end, we will translate the properties of H, J and S into a strict graph-theoretical
description of the infrared regions.

In section 4.1 we propose a set of graph-theoretical conditions for the subgraphs of G
and show that these conditions are equivalent to the extra requirements in section 3.3. In
section 4.2 we then construct a general algorithm for the regions, which ensures that the
properties in proposition 1 as well as the requirements in section 3.3 are satisfied. Finally
in section 4.3, we apply this algorithm to a variety of wide-angle massless scattering graph
examples including all graphs having up to 5 loops and 3 external legs, and verify that it
agrees with the geometric algorithm of ref. [49].
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(a) Both motic and mojetic. (b) Both motic and mojetic.
467 -
—
(c) Motic but not mojetic. (d) Neither motic nor mojetic.

Figure 11. Examples of motic and mojetic graphs. The pink vertex is introduced to connect all
external lines to a single point.

4.1 Graph-theoretical conditions of infrared subgraphs

A useful concept in the classification of Euclidean infrared subgraphs, due to Brown [19],
is that of a motic subgraph (or asymptotically irreducible graph by Smirnov [41]) which
can be used to define the infrared-cograph, or hard subgraph. A motic subgraph may be
defined as a subgraph whose connected components each become 1PI after connecting all the
external lines to an auxiliary vertex. In the original work by Brown [19] subgraphs only
inherit external momenta if all external momenta of the parent graph are incident on the
subgraph. Here we allow a subgraph to inherit any of the external momenta which enter
any of its vertices.

The concept of motic subgraphs is useful in at least two ways. The first is that it
facilitates the construction of a simple algorithm for finding infrared subgraphs [70]. The
second is that motic subgraphs are associated with a Hopf algebra structure [71], which
has been important in placing the R*-operation [72], an operation which subtracts both
infrared and ultraviolet divergences from any Euclidean Feynman integral, onto a firmer
mathematical ground.

We find that a small but essential modification of the notion of motic graphs is useful
in the classification of Minkowskian infrared subgraphs, and specifically, those appearing in
the on-shell expansion. In particular, we define a graph to be mojetic if it becomes 1VI after
connecting all of its external edges to an auziliary verter (a mojetic graph is necessarily
motic). It turns out that mojetic is equivalent to connected, motic and scaleful (i.e. free of
scaleless subgraphs) for the case under consideration. As we will see below, the notion of
mojetic graphs is useful for the construction of a Minkowskian infrared-subgraph finder. In
figure 11 we show a few examples to illustrate the concepts of motic and mojetic graphs.

With the help of these concepts, we claim that the requirements regarding H and
J in section 3.3, are equivalent to the requirement that all the K subgraphs H U J \ J;
(i =1,...,K) are mojetic. Therefore, the following theorem characterising the infrared
regions of G may be formulated.
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Theorem 3. Any configuration of subgraphs in G compatible with proposition 1 is an
infrared region of G, if and only if the following graph-theoretical conditions for H, J and
S are satisfied:

1. Foranyi=1,...,K, the subgraph H U J \ J; is mojetic.

2. Ewvery connected component of S must connect at least two jet subgraphs J; and J;
for some i # j.

Note that the second condition in the theorem above is identical to the requirement of
S stated in section 3.3. Below we will prove that the first condition is equivalent to the
requirements regarding H and J in section 3.3.

Proof. First, we show that as long as the requirements of H and J of section 3.3 are satisfied,
each of the subgraphs HU J \ J; (i =1,..., K) is mojetic. Equivalently, we show that for
any vertex v € H U J \ J;, the graph (H U J \ J;) \ v is connected after we connect all its
external momenta to an auxiliary vertex.

In order to show this, we first define a certain type of vertex of the hard subgraph H:
a hard-hard vertex is a vertex that is shared by two 1VI components of H, or attached to
an external off-shell momentum g;.

From the requirement of H in section 3.3, i.e. the internal propagators of Hyeq are
off-shell, it follows that each 1VI component in H is one of the following types (see
figure 12b):

(1) it has two or more hard-hard vertices (and any number of jet edges attached);
(2) it has one hard-hard vertex, and it attaches to jet edges of at least two different jets;
(3) it has no hard-hard vertices, and it attaches to jet edges of at least four different jets.

This is because Hyeq is a tree graph, and every 1VI component of H is either an edge or a
vertex of H,eq, hence for the propagators of H..q to be off-shell, momentum conservation
requires one of the configurations listed above. For example, in figure 12b 5 and 3 have at
least two hard-hard vertices (marked black), and 7 and -4 each have one hard-hard vertex,
and are attached to jet edges of two different jets (through the yellow vertices).

It then follows that upon removing all the edges from a specific jet J;, every 1VI
component of H is one of the following types (see figure 12c):

(1) it has two or more hard-hard vertices (and any number of jet edges attached);
(2) it has one hard-hard vertex, and it attaches to at least one jet;
(3) it has no hard-hard vertices, and it attaches to jet edges of at least three different jets.

This observation implies that each 1VI component of H can be connected to two external
momenta of H U J \ J;, through some distinct paths P, and Py, respectively, where P; and
P, do not share any vertices. For example, in figure 12¢ which depicts H U J \ Jj, the 1VI
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ngQ]

lgjl] li[z,JZ] l[QJﬂ l‘[ljii]

a1 q q1
(a) An example of Hyeq, and the (b) A possible H corresponding (¢) H and its attached jet and
jet and external momenta at- to Hrea and its attached jet and external momenta, where J; is
tached to it. external momenta. removed from G.

Figure 12. An example illustrating the structure of the hard subgraph and the momenta attached
to it (discarding soft momenta), where ¢y is the off-shell external momentum of G, while ng1] and l[2J1]
are momenta of propagators belonging to the jet Jp, ng] is the momentum of a propagator of Js,
and ZLJS] of J3. The subgraphs ~v; (i=1,...,4) are the 1VI components of H.

Figure 13. The reduced form of any contracted jet subgraphs that satisfy the requirement on J.

component 7, can be connected to the external momentum ps (the external momentum of
jet Jo) via P (the magenta path), and to ¢; via P (the orange path), where P, and P, do
not share any vertices. Similar conclusions hold for other 1VI components vz, v3 and -4 for
some external momenta in each case.

Moreover, from the requirement of J in section 3.3, i.e. that every internal propagator
of jj’red carries exactly the momentum p;, we deduce that the configuration of jﬁed must
be described by figure 13. Since every jet attaches to H, we know that each 1VI component
of J; can also be connected to two external momenta in H U J \ J; (with i # j), one of
which is p; while the other connects via a path going through the hard subgraph H. These
two paths do not share any vertex.

As a result, by removing any vertex v € H U J \ J;, one may break the path P; or
the path P5, but never both. Thus, there exists no v € G, such that (H U J\ J;) \ v is
disconnected after we connect all the external momenta to an auxiliary vertex. Thus, by
definition, H U J \ J; is mojetic for any i.

Finally, we show that H U J \ J; being mojetic for any ¢ = 1,..., K implies the
requirements of H and J in section 3.3. Let us demonstrate this by contradiction, i.e.
assume that there is an edge e € H,¢q that carries an on-shell momentum p;, and then
show that the graph H U J \ J; is not mojetic. In the case that e € H, i.e. e is not an
auxiliary propagator of Hyeq, then e itself is a (trivial) 1VI component of H U J \ J;. After
we connect all the external momenta of H U J \ J; to an auxiliary vertex, e remains a 1VI
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component: since the momentum it carries is p;, and p; is not an external momentum of
H U J\ J;, the branch of Heq to which e belongs does not get connected to the auxiliary
vertex. It then follows that H U J \ J; is not mojetic. In the case that e ¢ H, i.e. e is
an auxiliary propagator, then there must be a nontrivial 1VI component v# C H that is
connected to e, and the total momentum flowing into (and out of) v is exactly p; (by
the contradiction assumption). Using the same reasoning as above, one can claim that
remains a 1VI component of H U J \ J;, even after all the external momenta are connected
to an auxiliary vertex. Hence H U J \ J; is not mojetic. We conclude that all the edges
of Hoq must carry off-shell momenta. The same reasoning allows one to prove that ﬁred
must carry exactly the momentum p;. (The only other possibility for edges in ji’red would
be that they carry zero momentum, as in a dead-end structure, which is incompatible with
H U J\ J; being mojetic.) O

4.2 An algorithm for regions

In this section we develop an algorithmic way to construct all the infrared regions for the
on-shell expansion of a generic wide-angle scattering graph GG. Throughout the construction
and with the help of theorem 3 above, we will see that the Landau equation as well as the
three requirements in section 3.3 are all satisfied automatically.

Before doing so, we introduce the following concept that is helpful in the construction
of the jet subgraphs. Consider drawing a cut through a set of edges {e.} which disconnects
a graph G into two connected subgraphs, one of which, denoted by #%;, contains only a single
external momentum p;, compatible with a unitarity cut on the p; channel (see for example
refs. [73-75]). Furthermore, 5; must include any vertex whose removal disconnects pf’. We
define the one-external subgraph in the p; channel ~; = 7; U {e.}. From this construction, it
follows that a one-external subgraph in the p; channel, ~;, satisfies

(1) ~; is connected;
(2) every edge of 7; satisfies either

(i) both endpoints are in ~;;
(ii) one endpoint is in ; while the other is in G \ ;.

Our algorithm for constructing the regions can then be described by the following steps.

o Step 1: for each nearly on-shell external momentum p; (i =1,..., K), construct the
one-external subgraph «; in the p; channel, such that the subgraph H; = G \ v; is

mojetic.

o Step 2: consider all possible sets {71,...,7vx}. For each such set focus on each edge
e € G. If e has been assigned to two or more ~;, it belongs to the soft subgraph S;
if e has been assigned to exactly one 7;, it belongs to the jet subgraph J;; if e has not
been assigned to any 7;, it belongs to H. We also denote J = UfilJi.

e Step 3: we now require that the result obtained in Step 2 satisfies the following three
further constraints: (i) each jet subgraph J; is connected; (ii) each hard subgraph H
is connected; (iii) each of the K subgraphs H U J \ J; (i =1,..., K) is mojetic. The
region would be ruled out if any of these conditions are not satisfied.
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In the steps above, we have associated every edge e € G to a specific subgraph. Let us
recall the association of vertices, v € G, to these subgraphs. According to the definitions
in section 3.2, any vertex v € S if and only if it connects to soft edges only; v € J; if
and only if it connects to at least one edge in J; but no edges from H nor J; with j # 4;
otherwise v € H. A special case of v € H occurs when v is met by two different jets J;
and J; simultaneously.

In the following we will consider a few examples to demonstrate the workings of the
algorithm. Let us start with the one-loop triangle example G5 with one off-shell external
momentum ¢; and two nearly on-shell external momenta p; and po:

q1

p1 D2

The algorithm above can generate a single one-external subgraph in the p; channel, which
we denote by 71, and another one in the py channel denoted by s:

Y1t % Y2 . (4.2)

p1 : D2 p1

Note that ~; (i = 1,2) denotes the green subgraph that is enclosed by the cut (the dotted
curve) that contains p;, including the cut propagators. For each of these one-external
subgraphs we now check whether or not H; = G3 \ 7; is mojetic. Let us explicitly check
this for G3 \ 71,

q1

G\ = ; (G \ 1], = ' (4.3)

b2

Here, in the second equation, we have added an auxiliary (pink) vertex connecting the edges
carrying the external momenta p; and ¢;. This graph, which we denote by [G3 \ 71]., is
evidently 1VI, so G3 \ 71 is mojetic. By symmetry, Gs \ 72 is also mojetic. This concludes
Step 1 of the algorithm.
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In Step 2 we combine the subgraphs v, and 72, by an overlay operation which we denote

by the symbol LI. The resulting graph ~; Ll s is
q1

~v1 Unyg (4.4)

p1 P2

The edge connecting p; and ¢; belongs only to 1, and hence is part of J;. Similarly, the
edge connecting p2 and q; is part of Jo. The edge connecting p; and ps belongs to both v
and 79, and hence is part of S. Note that we have used different shades of green to denote
different jets, and a red dashed line to denote the soft edge, while the hard subgraph is
drawn in blue. We will keep using the same colour scheme for all examples.

Step 3 then demands that we check that the resulting graph ~; LI vo satisfies three
properties. The first two properties about the connectivity of each J; and H are clearly
satisfied. The third property requires for all HU.J\ J; to be mojetic, which in this particular
example coincides with the check in eq. (4.3).

We note that the unitarity cuts that construct the one-external subgraphs can be
“crossed”,” i.e. there can be vertices v € y; N 7, for i # j. Indeed, such crossed untarity cuts
are necessary to generate soft vertices. A three-loop example is given by:

Tt =y U

b1 b1

We now show an example of a candidate region that is incompatible with the mojetic
criterion in Step 1. Consider the following graph with external momenta pi, ps and ¢;:

D2

Y2 [G\ ], = (4.6)

N\

b1 q1

Tt is interesting to note that in the context of computing iterated discontinuities, crossed cuts of this
type are excluded, see ref. [75].
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The subgraph G \ 2, which is the complement of the jet subgraph 72 above is not mojetic,
since [G'\ 2], is not 1VI. (Note that here .J; corresponds to a trivial jet, containing only
the external massless momentum p;.) Therefore this choice of 75 is ruled out in Step 1.

Above we have introduced an algorithm to construct the regions that appear in the
on-shell expansion of a given wide-angle scattering graph G, and explained it using some
low-order examples. We now show that this algorithm constructs exactly those regions
satisfying the two conditions in theorem 3, i.e. H U J \ J; is mojetic for every ¢, and every
connected component of S is attached to at least two different jets.

Let us begin by showing that any given region obtained from the algorithm above
satisfies these two conditions. First, in Step 3 we have discarded all the unqualified regions
that violate the property that H U J \ J; are mojetic. Second, since all the soft edges are
obtained from the intersection of different jet edges, and each jet is internally connected
(from Step 3), it follows that any connected component of S necessarily connects at least
two different jets. So both conditions in theorem 3 are automatically satisfied.

We now show that any region R satisfying proposition 1 and the conditions of theorem 3
can be obtained from a suitable choice of {'yi(R)} fori=1,..., K, each of which is a one-
external subgraph in the p; channel. To construct these ’yl-(R), we first denote by S; the union
of the connected components of the soft subgraph S that are attached to J;. The vertices
of G are then automatically partitioned into the following two types: those within J; U S;
and those within G \ (J; U S;). It follows that S; U J; has the following properties: (1) any
(internal) edge e in S; U J; connects to at least one vertex within J; U S;; (2) it has a single
external momentum p;. These properties imply that S; U J; is a one-external subgraph in
R) =S5, UJ;. Since S = U;S; and SUJ = Ui(Ji U SZ), it

follows that any region R can be obtained from a set of «;. This completes the proof that

the p; channel, and we define %‘(

the algorithm reproduces all possible regions satisfying the conditions in theorem 3.

4.3 More examples and implementation

As another example, we show below how to find the regions for the following 3 x 2
fishnet graph.

We first consider the condition that the momenta at the diagonal positions 1 and 3
are nearly on-shell (in different directions), and those at 2 and 4 are off-shell, i.e. using the
conventions above, the external momenta of G2 are p1, p3, g2 and q4. Using the algorithm
of section 4.2, one possible choice for the one-external subgraphs +; and ~3 is highlighted
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with thinner green lines in the following:

b1 q2 b1 q2

T ’ V3 (48)

44 D3 qa ps3

The graphs ; and 3 do not overlap so there are no soft propagators when we combine
(overlay) them:
p1 a2

Y1 U3 (4.9)

qa p3

One can readily check that the hard subgraph (thick-blue edges and vertices) fulfills all the
required criteria in Step 3 of the algorithm and thus contributes a valid region.
The following example illustrates an invalid choice of ;.

p1 q2

v (4.10)

q4 ps3

The reason is that 74 does not correspond to a one-external subgraph in the ps channel,
since there is no unitarity cut that would be consistent with 5.

Furthermore, any choices with overlapping edges between ;1 and 3 (71 N7y3 # &) cannot
be candidates for regions in this case, because that would imply that the subgraph JU S
separates the two off-shell momenta ¢s and gy, creating two disconnected hard components,
which do not qualify as a hard subgraph H.

We then consider another kinematic configuration, where p; and po are nearly on-shell
while g3 and g4 are off-shell. One choice for v; and s is:

b1 D2 b1 D2

M : Y2 : (4.11)

q4 q3 q4 q3
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In this case we do have a nontrivial overlap between v, and 79, namely, v; N2 # <. Hence
overlaying the two we obtain the following graph, which also includes soft lines (the red
dashed lines):

p1 P2

71Uy T (4.12)

/7
qa q3

One may verify H U J; and H U Js are both mojetic.
Finally, we consider the kinematic configuration where all the external momenta are
on-shell. In particular let us choose of the following four one-external subgraphs 1, v2, 73

and 4.
p1 P2 p1 b2
T Y2 -
P4 p3 P4 p3
(4.13)
b1 P2 b1 b2
V3 - Y4 -
2 b3 2 p3
By overlaying all four we obtain
b1 P2
y1 Uy Uy Ly : : S ‘ (4.14)
P4 b3

where the soft subgraph consists of four disconnected components. Note that each of the
H U J\ J; is mojetic.

We have implemented the new graph-finding algorithm of section 4.2 in Maple [76] and
checked that the result of the program agrees with the output of pySecDec [49] in a scalar
theory containing three- and four-point interactions. The library can be obtained from the
public Git repository [77]. It includes a short tutorial explaining how to run the code and
requires Maple 15 or later to run.
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Figure 14. All the regions required for the expansion of this four-point integral around the limit
where the three green external legs become on-shell. As before, blue denotes the hard subgraph,
three shades of green represent the three jets, while red represents the soft subgraph.

In particular, we verified that the two algorithms agree for all possible three-point
graphs up to five loops and four-point graphs up to four loops, where, in both cases, we
expanded around different on-shell limits, including the case of any n — 1 — as well as
all n — external momenta becoming on-shell. For the case of n — 1 external momenta we
also checked all five-point graphs with up to three loops. For a particular three-loop graph
with one off-shell momentum and three on-shell ones we display the complete list of regions
in figure 14, as obtained both with the Maple implementation of our new algorithm and
with pySecDec.

In terms of performance we find that the graph-finding algorithm implemented in
Maple is considerably faster than pySecDec, especially for more complicated problems at
five loops and beyond. This is despite the Maple program not being highly optimised. Of
course, the pySecDec program is far more general in the sense that it can deal with a large
set of region expansions, while the Maple implementation has been developed specifically
for the on-shell expansion in wide-angle scattering. The graph-finding algorithm does not
refer to any particular representation of the integral and can thus be used in momentum
and/or parameter space. Another advantage of having a graph-finding algorithm is that it
can simplify the development of the region expansion for Feynman integrals in a general
quantum field theory, without first reducing them to scalar integrals.

5 Analytic structure and commutativity of multiple on-shell expansions

In this section we discuss the commutativity of multiple on-shell expansions, and its
connection with the analytic properties of wide-angle scattering graphs. This can be viewed
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as another application of the results in section 3. To motivate this analysis we start with
an analytic expression for the three-mass triangle,

q1

Gy = , (5.1)

b1 D2

which is originally derived in refs. [78, 79]. The explicit expression for the corresponding
integral, whose integrand we defined in eq. (2.23), can be written as:

I(Gs) = I)(G3) + IO (G3) + T (G3) + I9)(G3) (5.2)
with
n v
I(H)(Gg) =c3 Fy (1,14—6,14—6,14—6;;,3) : (5.3a)
a9
p2 € p2 pz
7C(G3) = —e3 (%) Fy <1, 1—el—€l+e—3, g) ; (5.3b)
a7 a7 47
p2 € p2 p2
7©)(G3) = —c3 (g) Fy <1, 1—el+el—e=2, g) ; (5.3c)
a7 a7 4
2,2\ ¢ 2 .2
IO(Gy) = caes [ D2) Fy1-2e1—e1-¢1—gd 2] (5.3d)
(a1) a1 491
vhere 2(1 - gr(1+ o) (149001 - 20
I'“(1—¢e)I'(1+¢ I'(l14+¢e)I'(1 — 2¢
2\—1—e
— (- .= , 4
“ (—a1) er(1—2¢ ¢ NGNS (54)

and Fy is one of Appell’s hypergeometric functions. Its series representation around the
point x = 0 = y, which is valid as long as \/z + /y < 1, is given by

e (a) (m+n) (B) (m+n) 2 yn

F4 01,57%’}’/?55;9 = T >
( ) m%::() I ml ol

(5.5)

with the rising factorial defined as (z)(™ = I'(z + n)/I'(z). For the on-shell expansion

i/ ai| ~ |3/ a5) ~ A < 1, (5.6)

egs. (5.3a)—(5.3d), as suggested by their notations, can be identified with the hard, collinear-
to-p1, collinear-to-ps and soft regions, respectively.

Egs. (5.2)-(5.5) make manifest the analytic behaviour associated with the contribution
of each region around the limit p? /q3 — 0. Specifically, in each region, the non-analytic
behaviour is associated with a particular power of (p?/q?)¢, which multiplies a function
with a regular Taylor expansion in powers of p?/q?, having a finite radius of convergence.
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The latter is therefore an analytic function of both p?/¢? and p3/q? in the vicinity of the
origin. Note that the characteristic power of the expansion parameter associated with each
region can be seen directly from the scaling of the integrand, as summarised in eq. (2.29).
The scaling with \ is associated to scaling with p?/q?, or with p3/¢?, or with both, in line
with eq. (5.6).

We further observe that the above analytic structure implies that expansions of Z(G3)
in p? /3 and p3/q? commute. In fact, we will show that the above properties — that the non-
analytic p?-dependence can be factorised in each region, and the remaining function of p? has
a regular multivariate Taylor expansion near the origin, leading to a commuting expansion
in different p? — hold for the on-shell expansion of a broad range of graphs, including
any Sudakov form factor and any planar graph of wide-angle scattering. Meanwhile,
commutativity may break down for nonplanar graphs having three or more external legs
taken on shell, for regions which contain nontrivial soft subgraphs with at least one soft
vertex. An example is provided by the graph in figure 8 with all three p? simultaneously
taken to the on-shell limit. Integrals arising in these soft regions may involve dependence
on composite variables such as'®
4212293213
Xtzh) = (212 + 223 + 213)?

2pi - pj

with Zii =
Yo pin?

(5.7)
Given the homogeneity of this function, a simultaneous expansion in all three p? preserves
it, X ({2ij}) ~ A°, while a further expansion in, say p? ~ p} (assuming they are both taken
to be smaller than p%) would necessarily introduce negative powers of p%, and hence does
not commute with the expansion where p3 is taken to zero first.

In what follows we will study the analytic structure of a specific kind of region, which
we call jet-pairing soft regions, where every connected component of the soft subgraph only
interacts with two jets. For such regions we can explicitly describe the factorisation of
non-analytic dependence on pg, and show that it leaves behind a function with a regular
Taylor expansion. We formulate and prove this result in section 5.1. On this basis we prove
the commutativity of multiple on-shell expansions in certain cases in section 5.2.

5.1 The analytic structure of jet-pairing soft regions

In this section we focus on on-shell expansions in wide-angle scattering for a specific kind
of region, one in which every connected component of the corresponding soft subgraph
connects to exactly two jets. We call them the jet-pairing soft regions. Note that regions
with no soft propagators also belong to this class. The key result of this subsection is
summarised in the following theorem.

Theorem 4. If R is a jet-pairing soft region that appears in the on-shell expansion of a
wide-angle scattering graph G, then the all-order expansion of Z(G) in this region can be
written as follows:

7;(R)I(S) _ ( H (p?)pR,i(e)) . Z ( H (—p?)k’) fg}:]), (s\t), (5.8)

plet ki, ki >0 p2et

%Tn the graph of figure 8 such dependence appears in the SS region of eq. (3.12).
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where pri(€) is a linear function of €, k; are non-negative integer powers and jf{llj])» (s\t) is
a function of the off-shell kinematics, independent of any p? € t.

The essence of this theorem is that the non-analytic dependence on the virtualities p?
involves only powers of (—p?)¢, and it factorises from the rest of the integral, which admits

a regular multivariate Taylor expansion in p?.

Proof of theorem 4. We first focus on the leading contribution of ’7;(R)I (G), according to
the definitions in section 2.1. Namely,

T(R /daz BIE ( (x; s))_D/Q, (5.9)

eeG

with

K
P(R)( s) = Z/I(R)(w) + Z]:(p?’R)(m; s) + ]-'I(q2 R) (x;s) + Z ]-'HW x;s), (5.10)
=1 1>j5=1
where the terms on the right-hand side factorise according to eq. (3.36).

In the case that R is a jet-pairing soft region, every connected component of the soft
subgraph S is attached to exactly two jets by definition. In other words, every parameter
corresponding to a soft edge is associated to an (i, j) pair, with ¢ > j = 1,..., K labelling
the jets. We denote these parameters by z[5i]. We then rescale the integration variables as

follows:
—p2)(—p2
o/ = ], /Uil = —Q2 Vil (i=1,... K), o9 = ((]9_122(2)];])93[&]'], (5.11)
where |Q?| > |p?| can be any large kinematic scale, Q* € s\ t. One can check that,

(R)

according to corollary 2.1, under this specific rescaling, each monomial of Py (x; s) has
the same factor of Hfil(—p? / — Q%) "ri where R, are non-negative integers. Specifically,

K 9 —L(J)=Y ., L(Si)
R —p; J#i
P (s 5) = P )(w’;S\t)‘H(_Q2> , (5.12)
=1

where the polynomial f(()R) ('; s\ t) is defined by factoring out of P(ER) (x; s) the dependence

on p? after the rescaling, hence obtaining a polynomial that only depends on the kinematic
variables in s\ t. Under the same rescaling of the integration variables in eq. (5.9), 7;((? )T (G)
can be rewritten as

K

TG = (~@2yme [Tty [1da) [] @y (P ws 1) P2 (513)

i=1 ecG

P (L(ji) + ZL(@-]-))D/Q Y- Y w, (5.14a)

Ve ecJ; JFi CESZ']'
PRO= D Vet2) Ve (5.14b)
ecJ ecS
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Note that the integral of eq. (5.13) does not depend on the kinematic variables in ¢, which
indicates that we have verified theorem 4 at the leading order. We now include all the other
(higher-order) terms of 7;(R)I, ie.

7;(R)I(G) = Z /[dm]TAvn ()\_pR(e)I()\“Rm; A“’s)) L (5.15)
= Z/daz Hx”e Trn [)\ Pre )(P(A”Rw;)\“’s))_D/ﬂ
ecG A=1
Defining
AP (w; 5) = Pla:s) - Py (3 8) (5.16)

to capture the non-leading terms of P(«;s) in the region R, we may write (5.15) as follows

AP (P (\trg; A 5)) P2

7;(R Z/dw H:J; Tyn

eeG

APR) (\VrRp: \W —D/2
(1 4 &7 Qe '”) (5.17)
Py (APrx; AWs) 1
Eq. (5.17) is equivalent to the Taylor expansion
° D/2 / (R) —D/2 APE) (z; s) !
Z [dz] H zle ) (Py 7 (x5 8)) ——21 , (5.18)
- (GGG e) PSR)(:B;S)

where (), denotes the falling factorial. For each fixed n, (AP (z;s))" is a polynomial
of , so by expanding (AP®)(x; 5))", one can view (5.18) as a sum over integrals of the
following form:

ﬁ(R)I(G) _ i Zcml /[dw]( H xge)(péR)(m; s))*D/z .

n=0 1 ecG (P(SR) (z; 3))717

pn,l qn,l
— (5.19)

where [ enumerates the different terms, while C,,; denote multinomial coefficients. sPr.ian.!
is the product of n monomials from AP (z; s) and the powers Py, and q,,; are vectors of

(B) it follows that the n-th order term in

non-negative integers. From the definition of AP
eq. (5.19) is suppressed by n powers of the expansion parameter. We note that eq. (5.19) is
completely general, and in particular it is valid for any region.

In the case of jet-pairing soft regions we can use the rescaling of x as in eq. (5.11) to

make this suppression manifest in terms of powers of p?/Q?, namely,

(”) om0 Tl 2\pRs , sve\ (ms(R) —p/2
TZG) = (@ [[ (w2 Yo 3 € [lda!)( [] o) (PP (atis\ 1)
i=1 n=0 | eeG

s\ aPhearte e
(f(()R)(:B’;s\ 1}( Q2> ' (520)
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Aside from the sum over n and [, the first line of eq. (5.20) is identical to eq. (5.13), while
the second line contains subleading powers, which emerge from the last factor in eq. (5.19).
Note that all the powers k;(n,[) are non-negative integers, such that S.% | k;(n,1) = n. The
powers p;%l are vectors of non-negative integers, which characterise the dependence on the
off-shell external kinematic variables s\ t. We note that the non-analytic dependence on p?
factors out of the sum over n and [, and the remaining part is a regular Taylor expansion in
all p? € t. This is exactly the statement of eq. (5.8). Hence we have proved theorem 4. [J

Theorem 4 can be used to investigate the commutativity of multiple on-shell expansions.
We study this in the next subsection.

5.2 Commutativity of multiple on-shell expansions

Given a graph G, we say that two region expansions, associated to sets of kinematic
invariants t; and to respectively, commute at the n-th order if and only if

721Ut27nI(G) = Z 7;1,”17;277’L2I(G) = Z 722,n17;1,n21'(G)7 (5.21)
ni+nz2=n ni+nz2=n
where the expansion operators 7 are defined as in section 2.1, where in each case T
represents an expansion in the limit in which all elements of ¢ are simultaneously taken
small, of order A, while all other scales, s\ ¢, are kept fixed. Eq. (5.21) means that we can
either first expand in t; and then in 9 or vice versa or just immediately do the expansion
in set t; U tg; all these three expansions should agree for the n-th order term.
Let us consider the special case where t; = {p?} and t; = {p3}. In this case we can
identify their series expansions in \ with expansions in p? and p3, respectively:

TenI= Y. TWT  fori=12. (5.22)
ReER(Z,t;)

Considering now a general term in the double expansion in p? and p3, we thus obtain

TomTomI= Y Y 7HITT, (5.23)

2,12
R2€R2 R1€R1(R2)

where Ra = R(Z,t2) is the set of regions of 7 expanding in ¢3, and Ri(R2) = R(ﬁ(R2)I, t)

2,12

is the set of regions of '7; )T expanding in ;.

n
Naturally, we can assi)cfate this double sum in p? and p3 to the limit [p?| < |p3| < |@Q?,
since we first expanded in p3 assuming |p3| < |Q?| (where Q? is some hard scale) and
then assumed |p?| < |p3| in the second expansion. In other words, this is the limit where
the double expansion is expected to converge well. Were we to consider the other order,
Tty ns Tty .y L, we would get a similar double sum in p? and p3 that would naively converge
only for |p3| < |p?| < |@?|. Only if the two expansions commute would Tz, », Tz, n,Z and
Tty.ns Ttr 0, L be identical for any given n; and ny. Therefore, eq. (5.21) is a nontrivial identity.
We point out that if all the regions of a graph G are jet-pairing soft, then from theorem 4,

the entire region expansion can be written as

TZ(s)= Y. Y [[@)rmor T (s\¢). (5.24)

RER([ t) ki,.. 7k‘t|>0p1 ct
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(a) Sudakov form factor. (b) planar wide-angle scattering.

Figure 15. Examples of graphs whose regions are all jet-pairing soft: (a) Sudakov form factor, (b)
planar wide-angle scattering. Note that in (b), every soft component connects exactly two jets.

Eq. (5.24) implies that 7¢Z(s) can be written as a sum over terms, where in each of them,
the non-analytic dependence on pg — 0, which is characteristic of the region, factors out of
the expansion. Eq. (5.3) provides a simple example of this, which is hence also an example
of the commutativity of expansions (in p? and p3). Namely, Ti,n, Tty i Z = Tty 1 TtonaZ
for any given n; and ng, because the non-analytic behaviour near p? — 0 is associated
exclusively with powers of (p?/¢?)¢ in each term of eq. (5.2).

We conclude that, in general, all graphs for which all regions are jet-pairing soft, satisfy
eq. (5.24), and hence the commutativity relation (5.21). A wide range of graphs satisfy
this criterion. For example, since all Sudakov form factor graphs contain at most two jets
(see figure 15a) they are automatically jet-pairing soft. Additionally, any planar wide-angle
scattering graph (figure 15b) is jet-pairing soft since the addition of a soft component that
interacts with three or more jets would make the graph nonplanar. Indeed, in both these
cases, every connected component of the soft subgraph interacts with exactly two jets, hence
all the regions must be jet-pairing soft.

Note that these commutativity relations also provide us with a simple means to check
when eq. (5.24) does not hold. For instance, the nonplanar two-loop graph shown in figure 8
contains a soft region whose connected component connects 3 jets. We will discuss this
example in more details in the following subsection.

5.3 Non-commuting example

As discussed above, multiple on-shell expansions commute for large classes of graphs, hence
non-commuting examples are by nature nontrivial. The first such example appears as a
nonplanar two-loop graph with four external legs in an on-shell expansions of at least three
external legs. We already met such a graph in figure 8 where the regions in the on-shell
expansion in the set tio3 = {p%,p%,p%} were investigated. Our expectation is that the
expansion in t123 would not lead to a factorising dependence on the p% but that there would
remain nontrivial dependence on scaleless ratios of the form p?/ p?, such that subsequent
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expansions in subsets of 103 would lead to further simpler regions. A special feature of this
particular example is that the leading term in the expansion in ti93 is of order A7!, i.e. it is
super-leading. The region expansion at this order is given by a single (double-soft) region,
whose corresponding region vector is vgg = (—1,—1,—1, -2, -2, —2; 1) with the labeling
corresponding to that in figure 8. The soft subgraph of this double-soft region connects to
all three jets, and SS is therefore not a jet-pairing soft region. Its properties are thus not
dictated by theorem 4.

The leading Lee-Pomeransky polynomial in this region was already provided in eq. (3.13).
We rewrite it here in a slightly more compact form, after simplifying its kinematic dependence
by rescaling z; — x;/(—p?) for i = 1,2, 3,

P(()SS) (z;8) = (vaxs + zaxs + w576) (1 + 21 + 22 + X3) (5.25)

+ 212T1T2x6 + 223X2T34 + 213X1T3T5,

which depends only on the kinematic variables

o (=si)
= ) (5:26)

The corresponding Feynman integral I(()SS)(G4np) can be shown to depend, nontrivially, only
on two ratios of the z;; variables as one of them can be scaled out (this can be seen by
dimensional analysis). The integral can thus be expressed in the form

(SS) 219 =(SS)
T2 (Gany) = 77 (t13, ta3) | 5.27
0 ( 4 p) p%p%pg 0 ( 13 23) ( )

where the dimensionless ratios t13 and 93 are given by

_ _n2 _ 2
by = 23 = (Zo1s)(ona) pg>, P I ) G 1) p;) : (5.28)
212 (—s12)(—p3) zi2 (—s12)(—p3)
and iéss) admits the following integral representation:
- o0 +aota1w2) 1 (w3t wytawsws) 1
T (413, ta3:€) = T(1+2¢ / g & o (5.29
o (f13,tasi€) =T ) 0 1+tigziwg+ta3rars (5.29)

with d*z = dzy dzo dos dzy.

Note that the two ratios in eq. (5.28) have no overall scaling in the corresponding region
expansion parameter A ~ p?. Direct integration in terms of generalised polylogarithms (e.g.
using HyperInt [80]) is obstructed by a square root of a cubic polynomial, which contains
dependence on the variable of eq. (5.7) above, namely,

4tq3t
X= B (5.30)
(1 +t13 + ta3)
One can thus expect that this integral falls into the class of elliptic multiple polylogarithms,
which has been studied extensively in recent years, see for instance [81-86] and [87] for a
recent review and references therein. Here we shall not pursue such analytic integration,

but rather investigate the region expansion numerically.
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Figure 16. The solid (black) curve corresponds to the right-hand side of eq. (5.32) while the
dotted (red) curve corresponds to the left-hand side. The dashed (orange) curve includes also the
next-to-leading power (x!') term, which is not considered in eq. (5.32).

To demonstrate that the dependence on t;; in iéSS) (t13,t23;€) does indeed feature
non-commuting expansions, we studied the subsequent on-shell expansion in t; = {p?}.
The program pySecDec reveals three further regions:

VH = (0,0,0,0,0,0; 1),

ve, = (=1,0,0, -1, —1, ~1;1); (5.31)
VC,C = (_170705 _17070; 1)>

which are all present within the double soft region of £123. Summing up these three regions
we then demonstrate numerically that

7;1707;123,01.(G47Lp) 7é 72123,01-((;47127)' (5'32)

This may be contrasted with the properties of multiple expansions for jet-pairing soft
regions, taking the form of eq. (5.20), where a simultaneous on-shell expansion in some
{p?} is regular in each of the pzz, so a further expansion in any of them does not have any
effect whatsoever. This is very different in the case considered here, where a subsequent
expansion in p? yields new regions, eq. (5.31).

The numerical results are plotted in figure 16, which shows that the difference between
the two sides of eq. (5.32) grows with increasing = p?/p3. While the left-hand side of
eq. (5.32) is only expected to provide a good approximation at small x, we observe that the
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difference remains only of the order of a few percent even at x = 1. The figure also shows
that the next-to-leading power term in the z-expansion yields an improved convergence,
giving further evidence that both the numerical integration and convergence of the series
are reliable. We have thus obtained direct evidence that the respective region expansions
do not commute for this integral, according to the definition in eq. (5.21).

We thus see that the simplest example that departs from the conditions of Theorem 4
already displays a non-commutative behaviour, which suggests that the theorem may well
be in its strongest possible form. From an analytic perspective, it is interesting to note that
the simplest non-commuting case already falls into the class of elliptic polylogarithms. It is
intriguing that there seems to be a rapidly converging series approximation for this elliptic
integral whose radius of convergence is surprisingly large. We will leave further exploration
of these questions to future work.

6 Conclusions and outlook

In this paper, we have studied the application of the MoR to the expansion of wide-angle
scattering Feynman integrals about the on-shell limit of any subset of their external momenta.
For these integrals, we provide a complete picture of the regions that arise to any order
in the power expansion, which we have described in both momentum space and in the
Lee-Pomeransky parameter space.

We began our analysis using the geometric approach to the MoR, where each region
contributing to the expansion is identified as a facet of the Newton polytope in the Lee-
Pomeransky parameter space. The regions consist of a hard region, where the on-shell limit
is applied at the integrand level, and infrared regions, which are each characterised by a
particular rescaling of the Lee-Pomeransky parameters. Each rescaling can be associated
with a region vector, which is perpendicular to a given facet of the Newton polytope. The
integrals considered here do not all feature a Euclidean region, and therefore it is not obvious
at the outset that all regions in the MoR are associated with facets. We nevertheless believe
this to be the case for the on-shell expansion of any wide-angle scattering graph.

A key observation is that the aforementioned infrared regions stand in one-to-one
correspondence with particular solutions of the Landau equations, which characterise infrared
singularities of the given integral. We described the neighbourhood of the singularities in
both momentum space and parameter space and formulated this relation in terms of a
suitably-deformed version of the Landau equations. In momentum space, each infrared-
sensitive region is identified by a particular partitioning of the graph into hard, jet, and
soft subgraphs, as shown in figure 1. Thus, in a given region, every propagator in the
graph carries a characteristic momentum scaling (hard, jet, or soft) according to eq. (2.43).
This immediately restricts the form of the region vectors that arise in parameter space.
Specifically, in the Lee-Pomeransky space, entries of the region vectors are 0, —1, and —2
for propagators that are hard, jet-like, or soft, respectively. It is known that the second
Landau equation restricts the form of potential infrared-sensitive momentum configurations,
according to the Coleman-Norton analysis [66]. We investigated how this further constrains
the possible region vectors, by imposing certain restrictions on the hard and jet subgraphs.
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The Landau-equation-based analysis of section 2.3 culminated in proposition 1 which
identifies the infrared regions at the Feynman graph level.

In section 3, we identified the complete set of requirements for a configuration of
momentum scalings (satisfying proposition 1) to correspond to a region, i.e. to be a facet of
the Newton polytope. The key issue is that certain configurations of momentum scalings
end up yielding scaleless integrals, which vanish in dimensional regularisation. From the
geometric MoR perspective such integrals correspond to lower-dimensional faces, rather
than to facets of the Newton polytope, and hence do not contribute. In order to fully
characterise the facets contributing to the MoR in terms of the subgraphs (H, J and S), we
classified in theorem 2 all possible terms which can be part of the leading Lee-Pomeransky
polynomial P(()R) (z;s). We showed that these fall into four classes, each admitting particular
factorisation properties given in eq. (3.36). Using this classification, we formulated, in
section 3.3, the precise requirements under which the subgraphs H, J and S of proposition 1
qualify as a region.

In section 4 we translated these requirements into a purely graph-theoretical language,
given in theorem 3. On this basis, we constructed a graph-finding algorithm to obtain all
the regions appearing in the on-shell expansion of generic wide-angle scattering graphs.
This algorithm is entirely graph-theoretical and as such it does not directly involve any
particular representation of the integrand. We verified that this algorithm generates
precisely the set of regions that are expected based on the Newton polytope construction of
ref. [49]. The algorithm has been implemented in Maple and can be obtained from a public
Git repository [77].

Finally, we studied the analytic structure of the on-shell expansions for a specific
class of regions, which we call jet-pairing soft regions. In such regions, any connected
component of the soft subgraph couples to precisely two jets, and thus it follows (theorem 4)
that the non-analytic behaviour in the on-shell limit factors out and involves exclusively
powers of (p?)e, while the remaining expansion is regular in all p?. This further implies the
commutativity of multiple on-shell expansions in graphs where all the regions are jet-pairing
soft. Such graphs include any Sudakov form factors and any planar wide-angle scattering
processes. Conversely, the non-commutativity of multiple on-shell expansions requires
nonplanar graphs with at least three external momenta that are taken on-shell, and may
arise only from regions with a nontrivial soft subgraph containing at least one soft vertex.

We emphasise that the geometric MoR is only expected to capture all the regions in cases
where there exists an analytic continuation from a Euclidean domain, where all invariants
have the same sign, and thus infrared singularities due to cancellations between terms in
the Lee-Pomeransky polynomial are immediately excluded. In this case, all singularities
correspond to endpoint singularities in parameter space. While wide-angle scattering
of massless particles, as analysed here, does not always satisfy this strict requirement
(e.g. 2 — 2 massless scattering, where momentum conservation precludes Mandelstam
invariants with equal signs), we nevertheless expect that no new regions appear due to
the aforementioned cancellations, and all the singularities are captured by the facets we
have constructed. We have not provided a proof of this, but we fully expect that all
regions, whether described by facets or not, should be related to some solutions of the
Landau equations.
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Our work may be related to ref. [63], which constructs a forest-based infrared subtraction
method (at the integrand level) for wide-angle scattering amplitudes [88, 89]. In this context,
it is useful to recall that Smirnov [17] has proven that the MoR remainder — the difference
between an original Euclidean Feynman integral and the truncated n-th order MoR expansion
around some small mass (momentum) — can be identified with the ultraviolet- (infrared-
)subtracted result, according to a variant of Zimmermann’s forest formula. If a similar
relation can be constructed between the on-shell expansion studied in this paper and the
infrared forest formula, one may rigorously establish the completeness of the set of regions,
and furthermore, derive a proof of convergence of the MoR. expansion.

In this paper we focused exclusively on scalar Feynman integrals in the on-shell
expansion. A natural application of this work is the study of the singularities of Feynman
graphs and complete amplitudes in gauge theory. In particular, considering the leading
power of the on-shell expansion for an ultraviolet-finite wide-angle scattering integral,
we have

I(s) =T (s \ 1) + Y T(s), (6.1)
ReIR
where the sum in the second term goes over all infrared regions, while the hard region
contribution at leading power, ZH) (s \ t), is the integral with all p? € ¢ set strictly on shell.
The latter is of course infrared divergent, and one may wish to explore its singularities,
which appear as poles in the dimensional regularisation parameter €. Since the off-shell
integral Z(s) on left hand side of (6.1) is finite, one finds that the singularities may be
expressed as
I (s\t)=— 3 TF)(s) + O("), (6.2)
ReIR
where in each infrared region R, the off-shell parameters p? € t act as infrared regulators.
The logarithmic dependence on these parameters cancels between the infrared regions.
These region integrals do of course have ultraviolet divergences in € (which were not present
in Z(s)), making eq. (6.2) consistent up to finite O(¢®) terms. This decomposition of the
integral, along with the detailed characterisation of the regions provided in this paper,
may be useful for a range of applications, including the program of constructing bases
of quasi-finite integrals [90, 91], studying infrared singularities in wide-angle scattering
amplitudes [36-39] and in the context of infrared subtraction in cross sections.

This work may also help with the study of factorisation and its violation, in particular
within Soft-Collinear Effective Theory (SCET) [7, 8, 92-95], for which the MoR is the
foundation. Processes involving QCD jets can usually be described by so-called SCET] [7],
where the fields are of either collinear or ultrasoft. These correspond precisely to the jet
and soft momentum scalings of eq. (2.43) above. Our findings regarding the requirements
the subgraphs H, J; and S must admit are valid to all orders in the power expansion, and
can therefore feed directly into the analysis of wide-angle scattering using SCET.

The extension of this work beyond the on-shell expansion and beyond the context of
wide-angle scattering would be very interesting. Different kinematics, involving propagator
masses, or forward limits, as well as different expansions, such as threshold or mass
expansions, may give rise to different requirements on what constitutes a facet, as well as
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new types of regions, such as e.g. potential and Glauber regions. Such regions may still be
captured using the Newton polytope approach [46—48], provided all potential cancellations
are identified. The analysis of the Landau equations could play a key in systematising this.
Further developing purely graph-theoretical rules characterising the regions beyond the
realm of the on-shell expansion in wide-angle scattering, would also be highly desirable.
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A The possible regions in the nonplanar double-box graph

In this appendix we focus on the nonplanar double-box graph shown in figure 17. We
will show that although there are positive and negative kinematic invariants in the F
polynomial, there are no regions due to cancellation between terms. In other words, all the
regions appearing in this specific graph in the on-shell expansion are of the endpoint type,
which is in accordance with our more general statement regarding wide-angle scattering
in section 2.2.

From the Feynman parameterisation shown in figure 17, the F polynomial is

Flass) = p% [arae(ayg + as + ag + ar) + asagar]

(—
(—p5
(—p3
(—pi
(—
+ (=

41s) [aas(ay + as + ag + a7) + azauar + ajasag)
2
1

)
) [aeas(as + as + ag + ar) + asasag)

) [ouas(aq + ag + ag + ag + ar) + arasar + asaaog)
)

[ 6@7(041 + a2+ a3+ ayg + Ct5) + arag0g + 043(15047]

+ o+ 4+ o+

¢ oasar + (—qi,)asayas. (A.1)
We choose a special frame of reference such that
(_p%)a (_p%)7 (_pg)v (_pi)7 (_Q%2)7 (_Q%S) > 07 (_Q%4) <0. (A2)

Moreover, the on-shell limit indicates |p?| < |q]2k| for any p; and g;, above.
We further assume that all the regions (except the hard region) should be characterised
by the Landau equations, which are

Fla;s) =0, (A.3a)
Vi, o; =0 or 0F/0a; =0. (A.3Db)

Note that this is the “third representation” of the Landau equations according to ref. [1].
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Figure 17. The nonplanar double-box graph, where all the four momenta are nearly on-shell,
denoted by p; (i = 1,2,3,4). The red numbers label the Feynman parameters.

Suppose there is a solution of the Landau equation above, such that there are both
positive and negative terms in F. Since the term (—¢?;)asayag is the only negative one,
according to eq. (A.3a) we must have

o; 0 for i = 2,4, 6, (A.4)

and hence from (A.3b),
0F/0a; =0  fori=24,6. (A.5)

The equation OF /Oag = 0 then yields

4

D (=P )i + (—gis)asar + (—qiy)asas = 0, (A.6)
=1

where (---); denotes a polynomial of the Feynman parameters. In the limit |p?|/ ]q?k| — 0,
we further derive from above

a5, Q7 75 0. (A7)

The same reasoning applies to 0F /0ay = 0 and 9F /O = 0, which gives
a1, 3 7& 0. (A8)

To summarise, for this specific example we have found that if there is a region due to
cancellation between terms in F, we must have a; # 0, and hence, 0F /da; = 0 for any i.
Specifically, the equation 0F /Ja; = 0 yields

4

Z<_p12)( )i+ (—qu) [ag(ay + a5 + ag + a7) + asag] = 0, (A.9)
=1

where the first term vanishes in the on-shell limit, and we observe that the second term is
nonzero, and hence the condition for the Landau singularity, eq. (A.3b), is not satisfied.
This implies that all the regions must be of the endpoint type, and are associated to the
facets of the Newton polytope.
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B Relation between Schwinger and Lee-Pomeransky representation
The Schwinger representation of the integral Z(G) is

o0 die @V \ e 7/
I(G) _A (eE[G fe F(l/e)> Z/[D/2 9 (Bl)

where we use the standard definition of the Symanzik polynomials from eq. (2.3). Multipli-

oo 77 ~(L+1)D/2—v ~
1 :/ dfy Y eV (B.2)
o gI'(L+1)D/2—-v)

together with a rescaling of the integration variables Z. in eq. (B.1) according to

cation by

Te =Yz, Veeld (B.3)

results in

0 dr. xve 1 0 dy gP/? —§(1+F/U
IG:/ e —/T yA+F/U), B.4
= (HG e F<u6>>uD/2 o 5T+ 0DE- )" (B4)

Here we used the homogeneity properties
Uie}) =g U{ze}),  F{Ze);s) = 7" F({ae)s s).

After rescaling the integration variable ¢ as

~ Y
=TT T B.5
YTy R (B.5)
we recognise the integral over y as the integral representation of I'(D/2), leading to
I'(D/2) /00 dx. xle 1 1
(G) = = B.6
@ I(L+1)D/2=v) Jo I;IG ze T(ve) ) UP/2(1+ F/U)P/2” (B-6)

which is the Lee-Pomeransky representation of Z(G) as defined in egs. (2.1) and (2.2).
Consider now a specific region R. The Schwinger representation of the propagator (2.45),
along with the scaling of the virtualities in eq. (2.44), imply that the Schwinger parameters
scale according to
T o ; ~ )\ﬁR,e

12(k,p. q) ’
where up is the scaling vector of the Schwinger parameters in region R. Specifically, it

(B.7)

follow that the Schwinger parameters . in the integrand of eq. (B.1) corresponding to hard,
jet and soft edges scale as follows:

FHL N0 ot 8T o z2 (B.8)

Starting with the Schwinger representation of the rescaled integrand for region R, namely

e exp | —F(\4rE; \s) [U(\ER )
By~ [ di. (A“R’%e)ye) p[
@) = | (H T I . @9

eeG
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and repeating the derivation above, we obtain the following Lee-Pomeransky representation
of region R, in terms of the same Symanzik polynomials, now written in terms of the
rescaled Lee-Pomeransky variables z.,

r(%)
7(6) = r((L+ 1?’3 —v

Nl|s]

UR,€E Ve _
/OO (H mmm) (UOrz) + F(A ra; As)) 7
) 0 el Te F(Ve)

(B.10)
where in the final step we made the identification of the region vectors: wgr = ur. The
conclusion is thus, that the region vectors ugr of the Lee-Pomeransky representation are
the same as in the Schwinger representation, as summarised by eq. (2.46). In particular,
given hard, jet and soft momentum modes (2.43), we have established the scaling rule of

the Lee-Pomeransky parameters in eq. (2.39).

C A proof of the requirements for an infrared region

In this appendix we prove that for any configuration satisfying proposition 1, the require-
ments of H,J and S formulated in section 3.3 provide a necessary and sufficient condition
for the existence of a corresponding region R, such that vg is normal to a lower facet of
the Newton polytope AN+TD[P(Q)].

We first show that these requirements are sufficient, i.e. dim(fr) = N if the requirements
of H, J and S are satisfied, where fg is the lower face that contains the points 7 corresponding
to the minimum of r - vg. We aim to find the following vectors in fg:

Ar=(0,...,0,1,0,...,0, 0,...,0 ;0); (C.1a)
———
N(H) N(J)+N(S)
Ar ;= (0,...,0,0...,0,1,0,...0,0,...,0; —1); (C.1b)
1= y Nl
N(H) N(J) N($)
Arig=(0,...,0 ,0,...,0,1,0,...,0;—2), (C.1c)
——
N(H)+N(J) N(S)

where we have parameterised the propagators of G such that the first N(H) parameters
correspond to hard edges, the next N(J) correspond to jet edges, and the final N(S)
correspond to soft edges. One can check that the vectors in eq. (C.1) are linearly independent
of each other, and all are perpendicular to vg. Therefore, it suffices to find all the vectors
above in order to justify that fg is a facet.

The existence of N(H) vectors Ar[ H]" Here we show that if all the propagators of
H,cq are off-shell, then the vectors Ar[ ) are in fr. As introduced above, we have supposed
that there are n nontrivial 1VI components of H, denoted as yi7,... ~H.

From the factorisation property of U/ (R)(:c), eq. (3.19), any U (B) term can be obtained
by combining any chosen spanning trees of H, jl, e J, x and S , SO we can consider a

(R)

specific set of U\ terms having a common set of spanning trees of Ji,...,Jg and S, but
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each having a distinct spanning tree of H, denoted as T (H). As in eq. (3.8), it follows
that the differences of these /(F) terms take the form:

( 0,...,0 ,1,0,...,0,—1,0,...,0,  0,...,0 ,o,...,o,o,...,o;o). (C.2)
~—— ~—— —_—— Y

N ++NGE) N(yH) N )4 AN R(Hyeq) NO+N(S)

For the first N(H) entries of the vector above, we have chosen a specific parameterisation:
the first N (7{7) entries correspond to the edges of v{7, the next N(44!) entries correspond
to the edges of 75{ , etc.; the last N (Hyeq) entries are the edges of the graph Hi.q that are
also in H. There are two nonzero entries in eq. (C.2): 1 appears in the first entry associated
to the edges of 7;{ , while —1 may appear in any of the other entries. It follows that there
are Zglzl(N(yjH) 1) =374 N(WJH) — n vectors in total in eq. (C.2).

In line with eq. (3.37), we still need to find another n + N (Hyeq) vectors that are linear
combinations of Ar (g and independent of eq. (C.2). For any of the U (R) terms mentioned
above, we denote the corresponding spanning tree by 7"'. We now consider the spanning
2-tree T2 obtained from T by removing one off-shell edge e € T (H) from it. According to
table 1, we know that these spanning 2-trees correspond to the ]-'I(qQ’R) terms. Following
the same argument in section 3.1, we can show that the vector ro — 1, where r1 and ry are

the points associated to 7' and T? respectively, may take one of the following two forms:

( 0,...,0 ,0,...,0,1,0,...,0, 0,...,0 ,0,...,0;0), (C.3a)
~——— ——— ———
N({h)++N(v ) N(vih) NOE )+ +NGH)+N(Hyea) NHN(S)
( 0,...,0  ,0,...,0,1,0,...,0, o,...,o;o). (C.3b)
~— ~—
N (v )4+ N (i) N (Hrea) N(J)+N(S)

In each of the vectors above, there is exactly one entry with value 1, while all the others
are 0. Note that in eq. (C.3a), we may choose the entry 1 at n distinct positions, each
corresponding to removing some off-shell propagator in a different nontrivial 1VI component
’yJH withi=1,...,n; tilese are bound to be independent. In eq. (C.3b), we may choose the
entry 1 at any of the N(Hyeq) entries, each corresponding to removing a different internal
propagator in Hyeq N H. Therefore, we have found another n + N (Hyeq) vectors that are
independent of those in (C.2), and proven that all the vectors Ar;, shown in (C.1a) exist.

The existence of N (J) vectors Ar[ a We now show that if all the internal propagators

of ji,red carry exactly the momentum p!’, then the vectors taking the form of Ar[ J] in
eq. (C.1b) exist in fr. The requirement that all internal propagators carry exactly the
jet momentum is equivalent to excluding jet subgraphs that include dead-end structures.
Note that such may appear in jmed due to auxiliary propagators that are introduced upon
separating nontrivial 1VI components.

Without loss of generality, we take ¢ = 1 and study the jet subgraph J; below. As
above, we have assumed that 'yif oo ,7% are the n; nontrivial 1VI components of Jh.

Now consider a set of U terms sharing common spanning trees of H, jQ, ce J, K
and S, but each having a distinct spanning tree of Ji. Theorem 1 then indicates that the
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following vectors can be found in fg, which are the differences of these A" terms:

(0,...,0, 0,...,0 ,1,0,...,0,—1,0,...,0,
N—— ~——

NI NG eV (L) NG
0,...,0 ,0,...,0, 0,...,0 :0),  (CA)
NOZ 4Ny MO sea) MU=t N HN(S)
where j =1,...,n1. One may verify that these vectors are linearly independent, and the

total number of them is Z?;l (N(fyfl) - ) = Z’;;l N('y]‘-h) —n1. From eq. (3.37), we still

need to identify ni + N (jl’red) additional independent vectors in fr. These take one of the
following two forms:

(0,...,0, 0,...,0 ,0,...,0,1,0,...,0,
N—— N——
N(H) N(y1)+-+N(vj-1) N(vj)
0,...,0 ,0,...,0, 0,...,0 ,—1), (C.5a)
N—— N—— ———
N@j+1)++NOm1) N(Jy rea) N2)++N(Ik)+N(S5)
(0,...,0, 0,...,0 ,0,...,0,1,0,...,0, 0,...,0 ;—1). (C.5b)
N—— ——— ———
N(H)  N(y)++N(n;) R (Tpred) N(Jo)+++N(Jx)+N(S)

In each of the vectors above, there is exactly one entry with value 1, while all the others
associated to the Lee-Pomeransky parameters are 0. The last entry is —1. Note that
in eq. (C.3a), we may choose the entry 1 at n distinct positions, each corresponding to
removing some jet edge in a different nontrivial 1VI component 'yj‘.]l with j = 1,...,nq;
these are bound to be independent. In (C.3b), we may choose the entry 1 at any of the
N (jued) entries, each corresponding to removing a different edge in <71,red~

We now explain how these vectors can be obtained under the condition that all the
internal propagators of jl,red carry the same momentum p;. In this case, the configuration
of jl’red must be as shown in figure 13. Recall that the contracted graph jl contains a single
auxiliary vertex. In any given spanning tree of Ji denoted by T l(jl), there is a unique path
connecting this auxiliary vertex with the external momentum p;. In line with figure 13,
this path must contain at least one edge from each nontrivial 1VI component of J1, and all
the edges of jl,red. By removing any edge from this path, one obtains a spanning 2-tree of
J1 denoted by T2(.J;).

We now take any spanning trees of the graphs H, jg, ...,Jg and S , and consider
the union of these spanning trees with 77(J;) and T2(J;) respectively. The results are a
spanning tree 7' and a spanning 2-tree 72 of G, which correspond to the points r; and 7
of the following form:

r1—< ) ,ag”,...,aﬁf,...,aﬁ””,...,a%‘;j,o,...,o, ;O)7 (C.6a)
~ — —_———— ; —_—
N(H) N1 Nn, N N(Ja) 4+ N(Jg)+N(S)

r2=( ,b&”,...,bﬁf,...,bﬁ”l),...,bm, L b, ;1). (C.6b)
M~ ——— —_— —_———
N(H) Ny Ny N N(J2)+-+N(Jg)+N(S)
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(R) term, while 79 corresponds to a FP1.R) term. In the

Note that 1 corresponds to a U
equations above, we have used N; (j =1,...,n1) as the abbreviations for N (*y}]l), and N’
as the abbreviation for N (jl,red). Each of the parameter entries is either 0 or 1. From
the analysis of the previous paragraph, the vectors r; and 79 are identical except for two
entries: one of the first NV entries is 0 in 71 and 1 in 79, and the last entry is 0 in 7y and 1
in r9. Clearly r2 — r; exhausts all the vectors in eq. (C.5), thus we have obtained another
ny + N (jl,red) vectors that are independent of those in (C.2).

In summary, we proved that the requirement on J is sufficient for the existence of N(J)
vectors AT[J].

The existence of N(S) vectors A7g. Finally, we show that if every connected
component of S connects at least two jet subgraphs J; and J;, then the all the vectors
Ar[s] in eq. (C.1c) exist in fr. Without loss of generality, we consider the graph Sj, which
can be any connected component of S. By definition, its corresponding contracted graph
S, is a nontrivial 1VI graph.

We then consider the set of ) terms sharing common spanning trees of H, T, Jk
and Ss, ..., §n, but each having a distinct spanning tree of Sy Again, from corollary 1.1,
the following vectors below can be found in fg:

( 0,...,0 ,1,0,...,0,—1,0,...,0, 0,...,0 ;0). (C.7)
——— ——
N(H)+N(J) N(S1) N(S2)+-+N(Sy)

These vectors are obtained as differences between 4% terms, where we have parameterised
the soft propagators in a way that the first N(S7) entries of them are associated to the
edges of S1, the next N(S2) entries are associated to the edges of So, etc. For any given
U term, we denote the corresponding spanning tree by T0. Having assumed that S;
connects at least two jet subgraphs J; and J;, there is an edge ey € Sy \ T, such that in the
unique loop of the graph T U eg, there are edges from Si, J; and J;j. We then remove an
edge e; € J; and e; € J; from it, and the result 72 =T Ueg \ (¢; Ue;) is a spanning 2-tree.
From corollary 2.1, T? corresponds to an .7:1({12’R) term. The vector Ar’ = r{ — ro, where
r1 and 7 are the points corresponding to 7" and T2 respectively, takes the following form

Ar' = (0,...,0,0,...,0,—1,0,...,0,—1,0,...,0,0,...,0,1,0,...,0;0), (C.8)
———

N(H) N(J) N(S)

where the —1 values are associated to the jet propagators e; and e; respectively, and 1 is
associated to the soft propagator eg, as we have explained above. First of all, the vector Ar’
is in fr because both 1 and r9 correspond to PSR) terms. Meanwhile, since we have already
proved that all the vectors Ar(j in eq. (C.1b) exist in fgr, we can pick two other vectors in
fr, Ar; and Arj, such that the respective entries e; and e; are those that evaluate to 1.

The vector Ar = A7’ + Ar; + A7, then takes the following form

Ar:(O,...,0,0,...,0,1,0,...,0, 0,...,0 ;—2), (C.9)
——— ———
N(H)+N(J) N(S1) N(S2)+++N(Sn)
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where the only entry with the value 1 is associated to ey. Since S; can be any connected
component of S, we can obtain further n — 1 vectors in fr that are similar to eq. (C.9),
where the value 1 is associated to a specific propagator of Sy (k = 2,...,n). Therefore, we
have shown that all the vectors Arg in (C.1c) exist in fg.

In conclusion, we have shown that the requirements of H, J and S introduced in
section 3.3, are sufficient for fr to be N-dimensional, hence a facet. We still need to show
that these requirements are necessary, which we will prove by contradiction below.

First, we suppose that the requirement of H is not satisfied. In other words, there is
an edge e € Hyoq whose momentum is p; or 0. We further suppose that e € G, i.e. e is
not an auxiliary propagator of H..q. Then we will show that in every term of P(gR), the
corresponding spanning (2-)tree contains e. To see this, recall from theorem 2 that, for a
spanning (2-)tree T corresponding to any U (R F (P}.R) or ]-'I(Iq it term, HN7T is a spanning
tree of H. (This follows from the factorisation property in eq. (3.36).) This indicates that
e € HNT in these terms. In the case that 1" corresponds to an fl(q2’R) term, H NT is a
spanning 2-tree, and the momentum flowing between its components must be off-shell. If
e ¢ HNT, then since e € Hyeq, which has a tree structure, the momentum flowing between
the components of T' must be the same momentum carried by e itself, which is p; or 0 based
on our contradiction assumption. As a result, e € H N'T for any T that corresponds to a
term of PSR)(m; 8). In other words, the parameter z. is absent in all the terms of PéR)(:c; s).
This implies that all the points » € fgr, in addition to admitting the defining constraint
that r - vp is fixed at some (minimum) value, admit an extra constraint that the entry of
the vector r that corresponds to x. is always 0. This extra constraint makes the dimension
of fr less than IV, thus fr cannot be a lower facet.

An argument can be made also if e is an auxiliary propagator of H,.q, carrying
momentum p; or 0. In this case, this propagator connects to a subgraph consisting of at
PéR)(:c; s).
Second, suppose that the requirement of J is not satisfied, i.e. there is an edge e € jmed

least one loop, which is scaleless in the limit pl2 — 0, and thus cannot be part of

with zero momentum, then we can use the analysis above to show that dim(fr) < N, which
implies that fr is not a lower facet.

Third, suppose that the requirement of S is not satisfied, i.e. one connected component
Sy is attached to only the jet J; and/or H. We will show below that for every spanning
(2-)tree T that corresponds to a P(()R) term, S1 N7 is a spanning tree of Sy. This follows

directly from theorem 2 if T' corresponds to a U F 7R or ]-"I(qQ’R) term. For T(= T?)

2. R
that corresponds to an .7-"1(1(1 i)

term, we recall the discussion in section 3.2, that 72 can
be obtained from a U term T! by the following operations. We first add a soft edge to
T, and then in the loop formed we remove two edges from different jets. However, this
procedure cannot be realised if the soft edge is from 57, since S; is not attached to two

. . . (qlzj,R)
different jets. As a result, in any Ji;

term, the aforementioned soft edge must be part
of S\ S1, and then this operation does not affect S; N7, which must remain as a spanning
tree of S; as in the original UP) term. This implies an extra constraint on the points
r € fr: the sum over all the entries of r, which correspond to the edges of Si, is fixed as
L(§1), as seen in corollary 2.1. As above, this extra constraint makes the dimension of fr

less than N.
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In summary, we have proved that the requirements proposed in section 3.3 regarding
the subgraphs H, J and S provide a necessary and sufficient condition that vy is normal to
a lower facet of the Newton polytope ANTD[P(@)].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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