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Abstract

The decomposition of Feynman integrals into a basis of independent mas-
ter integrals is an essential ingredient of high-precision theoretical predictions,
that often represents a major bottleneck when processes with a high number
of loops and legs are involved. In this thesis we present a new algorithm for
the decomposition of Feynman integrals into master integrals with the formal-
ism of intersection theory. Intersection theory is a novel approach that allows
to decompose Feynman integrals into master integrals via projections, based
on a scalar product between Feynman integrals called intersection number.
We propose a new purely rational algorithm for the calculation of intersec-
tion numbers of differential n—forms that avoids the presence of algebraic
extensions. We show how expansions around non-rational poles, which are a
bottleneck of existing algorithms for intersection numbers, can be avoided by
performing an expansion in series around a rational polynomial irreducible
over Q, that we refer to as p(z)—adic expansion. The algorithm we developed
has been implemented and tested on several diagrams, both at one and two
loops.
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1 Introduction

Particle physics studies the tiniest building blocks of the universe: par-
ticles and their interactions. From a theoretical point of view, particles are
described as excited quantum states of physical fields. By now, their inter-
acting nature can be described only perturbatively, within the framework
of Quantum Field Theory (QFT). Within QFT, a special role is played by
gauge theories, that describe fields and their interactions following a sym-
metry group. So far, the most accurate description of particles and their
interactions is the Standard Model (SM) of particle physics. In a nutshell, it
is a gauge theory based on the symmetry group SU(3)c @ SU(2), ® U(1)y,
where SU(3)¢ contains the description of strong interactions with the theory
of Quantum Chromodynamics (QCD) and SU(2), ® U(1)y describes electro-
weak interactions, that combine Quantum Electro-Dynamics (QED) and weak
interactions. While SU(3)¢ is an exact symmetry of nature, SU(2), @U(1)y
is broken into U (1) gy via the Higgs mechanism, that is responsible for giving
mass to all the particles in nature.

The discovery of the Higgs boson at the Large Hadron Collider (LHC)
[1, 9] is only the last of the innumerable verifications of the Standard Model.
Behind this enormous success, however, there are also many aspects that are
not accounted for and therefore we cannot regard at it as our final answer to
the mysteries of the subatomic world. The most obvious example is that it
fails in incorporating a description of gravity into the framework of QFT, but
it also does not address the problem of the observed neutrino oscillations, the
asymmetry between matter and antimatter and the existence of dark matter
and dark energy. It is therefore of extreme importance to obtain precise
theoretical predictions to be compared with experimental data. This necessity
is twofold, in order to both investigate with high accuracy the properties of
known particles, such as the top quark and the Higgs boson, and to look for
deviations from experimental data, in order to see clearly where the theory
deviates from reality and seek signals of new physics.

The main tool to investigate fundamental interactions, both at the the-
oretical and at the experimental level, are scattering processes. The proba-



8 INTRODUCTION

bility for a certain process to happen is encoded in the so-called S-matriz,
or scattering matrix, that contains as its main ingredient the scattering am-
plitude. Therefore, scattering amplitudes are a topic of central importance.
From the theoretical point of view, they help in enclosing hidden properties
of the theory that are not manifest in the Lagrangian formulation. From
a phenomenological point of view, they constitute the bridge between the-
ory and experiment, allowing to make theoretical predictions that can be
falsified against the experimental data. For a given order in perturbation
theory, scattering amplitudes are calculated as the sum of the Feynman di-
agrams contributing to the process at study, with each diagram associated
to a corresponding Feynman integral. Depending on the process, one can
count hundreds or thousands of Feynman integrals that need to be calcu-
lated. This seemingly insurmountable task is actually simplified by noticing
that Feynman integrals obey linear relations, and therefore not all of them are
independent. The task, in the end, reduces to the calculation of the minimal
set of independent integrals, that are known as master integrals (MI). It is
therefore of extreme importance to have efficient methods that perform the
decomposition of Feynman integrals into master integrals and for the calcula-
tion of the latter. The current state of the art for Feynman integrals decom-
position is given by the Laporta algorithm [25], that performs the reduction
of a set of Feynman integrals via the solution of a large system of identities,
known as integration-by-parts (IBP) system. This method is computationally
challenging when applied to integrals corresponding to diagrams with a large
number of loops and legs, that is precisely what happens when one considers
high-precision predictions. Because of the upcoming High Luminosity phase
at LHC, the accuracy that needs to be reached in order to be comparable
with the experiments corresponds to percent level |7, 50, 15| which usually
corresponds to at least Next-to-Next-to-Leading-Order (NNLO).

It is extremely interesting to look for alternative methods relying on direct
decompositions and bypassing the resolution of large linear systems. The use
of intersection theory is a recent proposal in this direction. Its approach is
purely algebraic and stems from a recent branch of algebraic geometry and
topology, namely intersection theory of differential forms applied to the study
of Aomoto-Gel’'fand hypergeometric functions [12, 34, 35, 2|. This class of
multivalued functions has the property that their integrand vanishes on the
boundary of the integration contour, exactly as Feynman integrals in dimen-
sional regularization. Via a change of variables (in this thesis we will use the
so-called Baikov representation) it is possible to cast the Feynman integral
in consideration in a form that reflects the one of a generic hypergeometric
integral, allowing us to exploit the tools of intersection theory for its study.



The most important property of hypergeometric integrals that can be used to
obtain a new strategy of decomposition of Feynman integrals is the fact that
they obey a vector space structure. Identifying the basis vectors as the master
integrals, we can reduce the problem of decomposition into master integrals
into the problem of projecting an element belonging to a vector space into
the space basis. To do this, we introduce a scalar product between Feynman
integrals called intersection number. In this way we find a strategy that can
be used on a single Feynman integral at time and that bypasses completely
the creation and the solution of a large system of identities. In this approach
it suffices to build the metric matrix of scalar products between the basis
vectors, that is, between the master integrals, and decompose the Feynman
integral in consideration by finding the coefficients of the projection. Our
problem therefore reduces to the computation of the intersection numbers
between the Feynman integral and each one of the master integrals.

The standard procedure to carry out intersection numbers is based on
a recursive algorithm [17, 16| that considers at each step univariate inte-
grations, even if recent progresses are paving a way for new strategies that
directly carry out a multivariate integration [10]. At the time of the writing,
these algorithms present as a downside the appearance of non-rational poles
in intermediate steps. There have been attempts in proposing algorithms
that avoid non-rational poles [56] but at the price of introducing complicated
integral transformations in order to satisfy certain conditions on the nature
of poles of the functions appearing in the algorithm.

In this thesis we propose a new approach that solves the problem of find-
ing a purely rational algorithm without posing conditions on the order of the
poles of the function and without the need of changes of bases or integral
transformations. The main novelty in our proposal is constituted by the con-
cept of series expansion of a rational function around a polynomial irreducible
over Q, that we refer to as p(z)—adic expansion. It allows us to consider the
contribution to the intersection number of all the non-rational poles satis-
fying a certain irreducible rational polynomial equation at once, completely
avoiding the explicit appearance of non-rational poles which are the roots of
such polynomial. The results presented here show that the algorithm is in
agreement with the results obtained with the traditional Laporta method and
is a promising candidate to be implemented on frameworks based on finite
fields. The latter is a technology that can be used to efficiently implement
rational algorithms and that in the last years has seen many applications in
the field of high-energy physics (see [42] and reference therein).

The algorithm that we are going to present is the first example of a purely
rational algorithm for the computation of intersection numbers for Feynman
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integrals decomposition that does not rely on complex integral transforma-
tions or changes of bases. Its full-automation can open the possibility of
using these novel techniques for integrals decomposition for future precision
calculations.

The thesis is organized as follows. In Ch. 2 we give a brief overview of
Feynman integrals and their properties, introducing some terminology that
will be used throughout this work. We also summarize the main steps of
the Laporta algorithm. In Ch. 3 we introduce the formalism of intersection
theory for Feynman integrals. We define a scalar product between Feynman
integrals and the necessary tools to obtain a decomposition into master inte-
grals. We describe how to obtain a representation of Feynman integrals that
mirrors the one of hypergeometric integrals. In particular, we focus on the
strategies used to find the number of elements in the vector space and we
propose a new procedure that we refer to as master monomial analysis. In
Ch. 4 we present the main novelty of this thesis. We describe our rational
algorithm, the procedure to obtain the p(z)—adic expansion of a rational
function and its usage in computing intersection numbers. In Ch. 5 we apply
our new algorithm to several examples at one and two loops and we check
them against the decomposition obtained via the Laporta algorithm. The
appendices complement the work by giving insights on various aspects of
algebraic geometry (App. A), on Baikov representation (App. B), on the de-
composition into basis vectors via intersection theory (App. C), on the main
formula used to compute intersection numbers (App. E) and on finite fields
technology (App. F).



2 Feynman integrals

The very advanced counting
system used by elementary
particle theorists for counting
the loops is: ‘One, two, many,’

E. Remiddi [57]

We introduce the main object of study of this thesis, namely scalar Feyn-
man integrals, starting from their definition and discussing their properties.
We expand on the procedure of decomposing them into a linearly independent
set of master integrals and on the state of the art to conduct this procedure,
the Laporta algorithm. We set the main notation used throughout the work.
In the following, we assume the reader to be familiar with Quantum Field
Theory (QFT) concepts and we do not attempt in making an exhaustive
review of the subject, which can be found in many textbooks [46, 44].

2.1 Feynman integrals

Multiloop Feynman integrals are an essential ingredient to make theo-
retical predictions about scattering processes via perturbative QFT. Every
scattering process is in turn characterized by a cross section, an important
constituent of which is the scattering amplitude, that encodes the probabil-
ity for a certain asymptotic initial state to evolve into another in the distant
future. Scattering amplitudes are computed at a given order in perturbation
theory as the sum of all the Feynman diagrams contributing to the process
at study. The number of diagrams and their complexity increases with the
order in perturbation theory and the number of external particles involved
in the process. Therefore Feynman diagrams, and the associated Feynman
integrals, are the building blocks of scattering amplitudes. In order to reach a
certain level of precision in theoretical calculations, that can be compared to
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the experimental one, we need to consider diagrams presenting an increasing
number of loops and legs.

As opposed to tree level diagrams, when dealing with diagrams presenting
loops, we are faced with the problem of them being divergent. Such divergen-
cies need to be accounted for by introducing a regularization prescription. For
the purposes of our work we will consider Feynman integrals in dimensional
regularization, analytically continuing the number of spacetime dimensions
from 4 to d. This allows us to avoid the divergencies that manifest when
integrating over loop momenta in 4 spacetime dimensions and to exploit the
properties obeyed by Feynman integrals in dimensional regularization.

As we have seen, the calculation of scattering amplitudes leads to multi-
loop Feynman integrals. As an example, consider an L loop Feynman dia-
gram with E + 1 external legs. We indicate with py,...,pg the independent
external momenta, their number being E as one is fixed by momentum con-
servation. The associated Feynman integral can be written as

L
N(K
d %
/ Hd kiw, (21)
=1

2]

where the numerator N (k!) presents an arbitrary complicated tensor struc-
ture that we can write as

N = ko R R R (2.2)
The denominators z;, or inverse propagators, have a quadratic structure
Zi = ‘PiQ - Mi27 (23>

where P; and M; are respectively linear combinations of momenta k1, ..., kr,
p1, - - -, pe and masses imposed by the structure of the diagram in considera-
tion. We indicate with ¢’ the number of propagators appearing the integral,
out of which ¢ are independent.

It is desirable to write such a complicated integral in a simpler form in
order to manipulate it and ultimately solving it. The standard procedure
for dealing with the tensorial structure of multiloop Feynman integrals goes
under the name of tensor reduction and consists in factoring out the tensorial
part, leaving the full dependence on loop momenta in scalar factors, called
scalar Feynman integrals. The amplitude therefore takes the form

where the coefficients a; are rational functions of the kinematic invariants
and of the dimensional regulator. This can be done in several ways: with
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Passarino-Veltman [40] reduction, decomposition into tensors and form fac-
tors or integrand reduction [37, 19, 32, 4, 58, 33|. After this procedure, we
obtain the factorization of the tensorial multiloop integral in the product
of two terms, one containing the whole tensorial structure, whose form is
only determined by Lorentz invariance and symmetry considerations, and
the other consisting in scalar integrals with the entire dependence on loop
variables. The scalar Feynman integral takes the form

= 1
/ [Ta% 0 (2.5)
i:]- 1 DY nn

where n is the number of independent scalar products between loop momenta
and external momenta and between the loop momenta themselves. Scalar
Feynman integrals presents also n — t auxiliary propagators, or irreducible
scalar products, that we will define in Sect. 2.1.1. Scalar Feynman inte-
grals in dimensional regularization obey a set of linear relations classified in
integration-by-parts identities (IBP), Lorentz invariance identities (LI) and
symmetry relations (SR) that allow to write a generic scalar Feynman inte-
gral in terms of a smaller set of integrals, called master integrals. It is of great
importance to solve these relations in order to perform the decomposition of
a generic Feynman integral into master integrals for a variety of reasons, most
notably:

e only after the reduction to master integrals certain properties of the
theory, such as gauge invariance, are manifest and can be effectively
checked;

e typically, when calculating an amplitude, one is faced with the compu-
tation of a large number of scalar Feynman integrals. It is desirable
to reduce the ones to be effectively calculated to a smaller set of in-
dependent integrals that usually present a less complicated and more
manageable structure;

e these relations allow to write linear first-order differential equations for
the master integrals with respect to the kinematic invariants. Solving
the differential equations is the most effective strategy to calculate the
master integrals as opposed to a direct integration.

We therefore concentrate on how to obtain these relations and how to apply
them in a suitable way in order to decompose a generic Feynman integral
into master integrals. The endpoint of this Chapter is the description of the
Laporta algorithm, the by-now standard procedure used for the decomposi-
tion into master integrals. Before starting, we introduce a bit of terminology,
to set a common ground for the rest of the work.
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2.1.1 Families and sectors

We begin by introducing a classification of integrals that is useful to orga-
nize a calculation. For clarity, we rewrite our generic scalar Feynman integral
with L loops, E + 1 external legs in d dimensions [3]

Ioa, .., o /"I[(ij;) .fZ#J (2.6)

We recall that only E external momenta are independent because of momen-
tum conservation and we indicate them with py, ..., pg. We suppose that the
integral presents t independent propagators, their number determined by the
structure of the diagram under study. We recall that propagators are objects
defined as

1
-, 2.7
2.)
the z; are therefore inverse propagators, with the quadratic structure
=P} — M7, (2.8)

with P; a combination of loop and external momenta and M; internal masses.
Within scalar Feynman integrals, the propagators alone are often not enough
to express every scalar product between loop momenta or loop momenta
and external momenta. In fact, we can have n independent scalar products
between any independent external momenta and a loop momenta, or between
two internal loop momenta, obtained as:

ki-p;  1<i<L, 1<j<E,

2.9
k; - k; 1<i<j<L. (2.9)
n can be therefore calculated as
L(L+1
n:LE+%, (2.10)

where the first term takes into account the total number of possible scalar
product between independent external momenta and a loop momenta, whereas
the second term calculates the combinatorics for the scalar products between
two loop momenta.

Therefore, t of the n the scalar products can be written in terms of the
inverse propagators, the remaining ¢ = n — ¢ are called irreducible scalar
products or ISPs and will be used as auxiliary variables. We can divide the
denominators appearing in eq. (2.6) as

dk; 1
[[ala... / H ( 7Td/2) Q1 Za"’ (211)

AR
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with

>0 i=1,...,t
= T e , (2.12)
<0 i=t+1,...,n

The only difference between irreducible scalar products and denominators
(“true” propagators) is therefore the sign of the exponent. Here and in the
following we will refer to both ISPs and denominators as propagators, without
distinction.

Example 2.1.1. For example, considering the massless double box integral
(fig. 2.1, all figures in this thesis were drawn with Jaxodraw [5] based on
Axodraw [51]) we have

e [ =2loops, £+ 1 =4 external momenta and N =2-3+(2-3)/2=9
independent scalar products;

e it counts 7 propagators, therefore we need to add 2 irreducible scalar
products.

<1 <5

29 24 <6

<3 <

FIGURE 2.1: Massless double box diagram with indicated the seven propagators
Z1ye-ny 27

The scalar integral in consideration is identified by a vector of integer
indices a = (g, ..., ap).

We introduce the concept of family of Feynman integrals:

Family [29]: A family of Feynman integrals is identified with integrals having
the same complete set of propagators {z1, ..., z,}.

As an example, the box integral lies in the same family of the four-points
bubble integral, that is in fact obtained from the box by “pinching” (removing)
two propagators (fig. 2.2). We will make use of the following:
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AX

FIGURE 2.2: Box diagram and four-points bubble.

Dot notation [3]: the presence of n dots on a certain propagator indicates
that it is elevated to the power n + 1.

<3

Z2 24

<1

FIGURE 2.3: Box diagram where the propagator z; is elevated to the power 2 and
the propagator z3 to the power 3.

Finally, we define what we mean by “cutting” a propagator:

Cut of a propagator: To cut a propagator z; means imposing on it the
on-shell condition, that corresponds to the substitution:

L o) (2.13)

<

The configuration where all the denominators are on the cut corresponds to
the so-called mazimal cut.

We now define the concept of sectors:

Sector [29]: Two integrals belong to the same sector if and only if their
subset of propagators with positive powers is the same, i.e. if they have the
same denominators, possibly raised to different powers and/or with different
irreducible scalar products.
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R
\_/

FIGURE 2.4: Sunrise diagram on the max cut.

For each a we define a vector @ = (6, ..., 0,) where the §; are set to one
if and only if o;; > 0 and zero otherwise [29]:

0; = © (ai - 1), (2.14)

where © is Heaviside step function. All scalar integrals within one sector
lead to the same 6.

Corner integral [29] The scalar integral for which ac = 0(a¢) is called
the corner integral of the sector.

The corner integral of a sector is then the integral presenting no numera-
tors and all denominators elevated to 1. If n is the total number of generalized
propagators, the total number of sectors is 2".

We are now equipped with a “vocabulary” that is useful in the organization
of calculations and algorithms involving many Feynman integrals. The next
step is the introduction of some numbers giving us an idea of the complexity
of each Feynman integral, in order to identify the more complex ones and
express them as a function of the simpler ones using the linear relations. To

this end, we define the vector of positive propagators powers (1, ..., 7;) which
is obtained from a by removing all non-positive indices while preserving the
order and the vector of negative propagators powers, (si,...,S,_;), again

taken from a while preserving the order. We formally define ¢, the number
of independent propagators, as

t= ane (2.15)
=1

Within a given sector, we define the sum of all positive powers and the nega-
tive sum of all non-positive powers to be a measure of the complexity of an
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integral [29]. To this end, we define:

n—t

t
r:Zﬁ, s = —Zsi. (2.16)
i=1

=1

We further notice that the number of dots of an integral is given by
Ndots = T — L. (217)

It is generally understood that the higher r, s and ¢ are, the more complicated
is the integral. Before reducing to master integrals, we must introduce a
weight associated to each integral, which indicates how “complicated” we
perceive that integral. The basis integrals present the lowest weight, as we
prefer to express every other integral as a function of them. Whenever we
solve any linear system satisfied by Feynman integrals we therefore express
integrals with higher weight in terms of those with lower weight. Associating
a weight to an integral means creating an ordering between them. The
ordering is arbitrary, and therefore the list of master integrals is not unique,
but every ordering yields the same number of master integrals. It is equivalent
to the choice of the basis of a vector space. Some bases may be more effective
than others, depending on the particular problem we are considering, but the
dimension of the vector space, therefore the number of elements in the basis,
stays the same. Examples of orderings can be found in [42, 29, 30].

We finally highlight that there exists also other criteria of ordering, such
as finiteness [38] or analytic properties which make integration easier |22|.

2.2 Reduction to master integrals

After introducing the necessary terminology to organize Feynman inte-
grals and some numbers that gauge their complexity, we turn to the de-
scription of the linear relations obeyed by Feynman integrals in dimensional
regularization and to the algorithm that exploits them to obtain their decom-
position into master integrals.

Each integral in the set constituting our amplitude obeys a set of linear
relations, making the integrals in the set not all linearly independent. We
want to write all of them as linear combinations of a smaller set of indepen-
dent integrals in order to reduce the number of them to be computed. This
procedure is called reduction to master integrals, which is the name we give
to the integrals in the minimal, linearly independent set. Linear relations
between Feynman integrals are classified in
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e integration-by-parts identities (IBP)
e Lorentz invariance identities (LI)
e symmetry relations (SR)

We will describe how to obtain each of them in the following sections.

2.2.1 Integration-by-parts identities

Integration-by-parts identities were first proposed around 1980 by Chetyrkin
and Tkachov [11, 49| and are a remarkable property of dimensionally regu-
lated Feynman integrals. The core idea is the extension to arbitrary d di-
mensions of Gauss’ theorem for the vanishing of the integral of a divergence.
Integration-by-parts identities derive from the vanishing of total derivatives
in dimensional regularization, which can be derived following [59, 55].

Exploiting the Poincaré invariance of a generic loop integral | d% f(k)
in dimensional regularization under loop momentum shift by an arbitrary
momentum k — k + p

/ddkf(k+p):/ddkf(k), (2.18)

and expanding around small values of the shift p,

/ddkf(k: + p) z/ddkf(k)er“/ddkaaf—k(j)JrO(ﬁ). (2.19)

That implies the vanishing of total derivatives

)
/ ddk%f(k:) = 0. (2.20)

Therefore we can find linear relations between Feynman integrals by applying
integration-by-parts identities. We consider a complete set of identities which
take the following form

s, i
d d _ J _
/dkld kL@kf (Z;“...Z?VN) 0,
(2.21)
{kf...kg

o

—

Yj

where we omitted the normalization of the integrals as it is not relevant to
our discussion.
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After the differentiation, one has to express the scalar products in terms
of the denominators and of the chosen irreducible scalar products to obtain
a set of relations of the form [47]

Z Ci][a/l —+ 61‘71, e, O + ﬁz,n] - O, (222)

%

with ¢; being polynomials depending on the dimensional regulator d, kine-
matic invariants, masses and indices, while I[a, ..., a,]| are Feynman inte-
grals of the same sector or of subsectors, if some of the indices are zero or
negative. By solving these relations, one can express a generic Feynman inte-
gral in terms of a linear combination of linearly independent master integrals.
It has been proved [47| that the number of master integrals is finite. In gen-
eral, the reduction to master integrals is not a unique process, since, as we
said, there is arbitrariness in choosing an ordering and one usually tries to
reduce the integral and calls master integrals the ones that cannot be reduced
further.

2.2.2 Lorentz invariance identities

We review Lorentz invariance identities following [3, 48|. Lorentz invari-
ance identities arise by exploiting the nature of Lorentz scalars of the inte-
grals in consideration. Considering an infinitesimal Lorentz transformation
on the external momenta pi' — pf' + 0p!" with dp! = w*’p;, and w" a totally
antisymmetric tensor, we have

olaq, ..., ap
[[Oél,...,Oén] :[[@1,...,()711]4-2%
Ollaq, ..., ap) (2:23)

— [[&1, C.. 7CYn] ‘l’wuyzpnua—pua

therefore

0 0
Z (pnua_pl, - pnua_pg)I[Oél, Ce ,Oén] = 0, (224)

n

to be contracted with all possible antisymmetric combinations of the form
Py oy — ol Y, (2.25)

that leads to E(E—1)/2 equations between integrals with shifted indices. For
example, following [3, 48], consider the three-points and four-points functions
(respectively known as “vertex” and “box” topologies, fig. 2.5). In the former
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case, we have two independent momenta, p; and p,. We can build only one
LI identity for I erex,

2
5 5 0 0
(plfp2 - plpg) ; (piua_p;, - ina_péL) Lyertex = 0. (2'26)
While for the four-points function I, we have three independent momenta,
p1, p2 and p3. We can therefore build 3 LlIs,

3
v 0 9]
(Pi'ps — piph) E (pi“_ap;f - pw—apéi) Thox = 0,

i=1

3
v v 0 0
(s — i) > (pi“a_pg - pi”a_p“> Tpox = 0, (2.27)

i=1 i

3
v v 0 0
(pgpii - p2p§> Z <pzua_p,/ - pwa_pp,> Ibox =0.

i=1 i

Since it has been proved that LIs [26] are not linearly independent from IBPs,
in principle we could avoid using Lorentz invariance identities in the Laporta
algorithm. LIs can be reproduced with only IBPs by generating and solving
a larger system of IBPs identities. This, however, would make the procedure
computationally much more expensive, therefore it is not reasonable to avoid

using LlIs.
D1 b1 D3
o
D2 P2 P4

F1GURE 2.5: Vertex and box topologies.

2.2.3 Symmetry relations

In general, other identities between Feynman integrals emerge when it
is possible to shift the loop momenta such that the integral value does not
change, but its integrand is expressed as a combination of different integrands.
Then, considering the original integral and imposing its equivalence with the
combination of integrals obtained via the shift, it is possible to write identities
between integrals belonging to the same sector or even to different ones.
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As an example, considering the one loop bubble

Iy, an] = / ddk<k2 s ((;+p)2 o (2.28)
we have the symmetry relation
Iay, ag] = I[ag, aq], (2.29)
corresponding to the momentum shift
k— k*=—k—p. (2.30)

In general, symmetry relations can be derived from loop momentum shifts
L E ‘
k= Mk + 3 c'py, i=(1,..., L), My, € {0,£1}.  (2.31)
j=1 j=1

Applying it to an integral containing also negative powers (ISPs elevated to
nonzero exponents) results in a linear combination of integrals. Symmetries
that relate integrals within the same sector are referred to as sector symme-
tries. Those relating different sectors of the same or of different families are
called sector mappings. We also highlight an observation about symmetry
relations obtained for diagrams presenting symmetries with respect to per-
mutations of external legs, i.e. symmetries involving permutations of external
momenta preserving the kinematic invariants [42]. For these diagrams we call
normal mappings the shift of loop momenta mapping a sector into another
one. We call generalized mappings a permutation of external momenta that
preserves the kinematic invariants that can be or cannot be followed by a shift
of loop momenta. It has been verified [42] that for a given set of seed integrals
(see the definition of seed integrals in Sect. 2.3) the identities generated for
a generalized mapped sector are not all covered by the identities generated,
for the same set of seed integrals, by combining the sector mappings with
identities generated for the unmapped sectors. The missing identities can be
recovered by adding more seed integrals in the unique and mapped sectors
and therefore complicating the system of equations. It is therefore reason-
able to include IBPs,LIs and SRs obtained for sectors that are “generalized”
mapped in our system of identities.

2.2.4 Identification of trivial sectors

Another important step when dealing with a huge system of identities
is the possibility of a-priori identification of integrals yielding zero. In fact,
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within dimensional regularization, scaleless integrals are set to zero. We
can prove it by exploiting the property of scaling of the measure under a
transformation of the type k — sk

/ A4 kk** = / d? (sk)(sk)* = s*H2e / d? kk*, (2.32)

therefore
/ d kk* = 0. (2.33)

Which implies that for generic a and s, [ k** = 0. This implies that whenever
we find a scaleless integral, we can safely ignore it in all our identities.

An important clue to look for is the vanishing of the corner integral of a
given sector. To test it, a possible strategy consists in performing a reduction
for it and see whether it is zero. If it is, then all other integrals belonging
to the sector are zero as well [27]. A sector whose corner integral is zero is
called trivial sector or zero sector.

2.3 Laporta algorithm

By exploiting the properties of dimensionally regulated Feynman integrals,
we end up with large sets of linear identities among integrals, with rational
coefficients depending on the dimension d and on the kinematic invariants.
Not all integrals are independent in the sense of these identities and therefore
can be expressed as linear combinations of a minimal set of integrals, called
master integrals.

At first glance, the solution of such a system of identities may look easy,
but in reality the number of equations can grow up to hundreds, or thousands,
or even millions, depending on the process under study. High-performance
computer algebra is needed to handle the complexity of the expressions ob-
tained and, even with that, the size of the intermediate expressions makes
difficult the inversion of such enormous system.

Recent progresses in this direction include approaches based on finite
fields to sidestep the appearance of large intermediate expressions [43, 31].

The Laporta algorithm constitutes the standard procedure used for per-
forming Feynman integrals decomposition. It exploits a huge system of iden-
tities, called IBP system, in order to express complex Feynman integrals to
master integrals. The procedure works as follows. It first builds the IBP
system obeyed by the set of integrals we want to decompose. To create these
identities, it exploits integration-by-parts identities, Lorentz invariance iden-
tities and symmetry relations. The identities are written for integrals of the
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form (2.6) with symbolic exponents «; and the equations obtained are called
template equations. Then, it evaluates the «;s on explicit numerical values,
called seeds. The key point is that the system eventually “closes”, presenting
more equations than unknowns and can therefore be solved for the set of
integrals we want to reduce. It is also interesting to point out that, when
writing down the equations for the seed integrals, other integrals not in the
set to be reduced may appear. They are known as auxiliary integrals. We
can summarize the entire procedure in three points:

e creation of the IBP identities made of template equations;

e for a set of seeds, evaluation of the template equations for explicit nu-
merical values for the a;s and generation of the system of seed equations;

e solution of the system of seed equations with the chosen ordering.

At the end of the procedure the integrals {I;} in the set to be decomposed
are expressed as linear combinations of a few master integrals {G;}

J

2.3.1  Example: one loop Bubble /,, ,,

We propose a simple example of reduction to master integrals. We con-
sider the so-called “bubble” diagram with a massive loop in d-dimensions, also
known as the two-points one loop topology [3]:

<2

<1

FIGURE 2.6: “Bubble” diagram.

We write a generic bubble integral as

; 1
I[on, o) = / d k(/{;Q — ) (k- p)2 — m2)™

1
:/ddk e
Rl %9

(2.35)
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It is parametrized by the powers a; and «sy of the two propagators. For
convenience we adopt the notation I[ay, as] = I, .4, The vanishing of the
total derivative is given by the following two integration-by-parts identities,
obtained by considering the total derivative with respect to the internal mo-
mentum &, contracted either with the loop momentum (first IBP) or with
the external momentum (second IBP):

/ a2 ( = )‘0 J kg () =0
Ok, \ 27" 25° fddk:% % —0’ (2.36)
vy = ks Dy

Thanks to the IBPs we can show that the generic I, o, can be written as
a linear combination of two master integrals: the bubble I, ; and tadpole
I o. The other tadpole, identified by Iy is mapped to I, o with a symmetry
relation (see Sect. 2.2.3), that amounts to shifting the loop momentum k, —
ky — pyu.

We build the system of template equations for generic exponents aq, s
by calculating the IBPs in eq. (2.36). The first template equation, that we
indicate with [bubble;], is obtained from the first IBP:

0 k+
— | —=—= =0 2.37
[ 3 () -0 237
and gives

/W—/M—/”(Wﬁﬂma —0,  (238)

al o 1 1
2] 1 2 2 Z?1+ 232 Z?IZ§£2+

while the second template equation, [bubbles], is obtained from the second

IBP: 5 .
p

~ =0 2.39

/ ok, (z‘f‘lz;”) ’ ( )

g — « ar(p? — 2 as(z1 — p?
/ 2a1 azl _/ 18194-1 a22) _/ 2((111 O[Q-‘f)l) = 0 (240}
71 %2 21 % Z1 %9
We can now give explicit values to oy and as in order to build explicit relations
between integrals of the bubble and tadpole families. We consider the seeds:

we obtain:

o] = 0, Qg = 1,
a; =1, a0 =0, (2.41)

CY1:17042:1.
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For ay = 0, a5 = 1 we obtain

d—1 2m? — p?
/ _/ M# -0 [bubble,],
2 2 (2.42)
1 21— D
—/ — +/ 5— =0 [bubbles)] .
That allows us to we find the following relation (fig. 2.7)
1 1
om® [ S =(d-2) | —. 2.43
m [ Z=a-2 [ (2.43)
FIGURE 2.7: Diagrammatic identity for eq. (2.43).
For a; = 1, as = 0 we obtain
d—2 2m?
/ - / =0 [bubble, ] ,
“ D “ (2.44)
/ S L [bubble,] .
<1

That allows us to find the same identity of eq. (2.43) for the propagator z;.
This is a consequence of the fact that, as we said, I; o and I; are mapped
and therefore satisfy the same identities. For ay = 1, a5 = 1 we obtain

d— 4m? 2 1
/ 3—/ ;”+/ P 5=0 [bubble, ],
Z1%9 172 Z1%5 Z5 (2 45>
1 1 )
5. 5 = 0 [bUbbleg] .

That allows us to find the identities (fig. 2.

8)
L / %L (2.46)

2175 Z1 %9

and (fig. 2.9)

(4m2—p2)/$:(d—3)/$—/zi%. (2.47)
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OO

FIGURE 2.8: Diagrammatic identity for eq. (2.46).

(4m? — ) M\QW (dg)m@WQ

FIGURE 2.9: Diagrammatic identity for eq. (2.47).

We generated enough identities and relations that can be used to decom-
pose, for example, I[1,2] as a function of the two master integrals I[1, 1] and
111,0]

d—3 1 d—2
I — Iio. 2.48
am2 —p2 Mt am2 —p2 2m2 M (2:48)
Giving more values to a; and s and generating more identities allows to
decompose integrals presenting more dots in the propagators.

L=

2.4 | Differential equations

Feynman integrals decomposition into master integrals is also used to
obtain differential equations for the master integrals, in order to compute
them without recurring to a direct integration. We follow [48, 3| for a brief
review of this approach.

The differential-equations method consists in using IBPs to derive linear
first-order differential equations in the external kinematic invariants satisfied
by MIs. It is one of the most successful and effective methods devised to
tackle the problem of evaluation of Feynman integrals without employing
direct integration. Historically, it was first proposed by Kotikov [24], who
considered only differential equations with respect to the internal masses and
was then extended and generalized to differential equations with respect to
all external invariants by Remiddi and Gehrmann [45, 18|, who made this
method feasible to be applied to diagrams with massless internal propagators.
For clarity, let us refer to a process with £+ 1 external legs with independent
external momenta p1,...,pg. At any loop order the process depends up to
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(E + 1)E/2 kinematic invariants, i.e. s;; = p; - p;. Following [48] we adopt
the notation

X = (.1}17. - ;xE(E—i-l)/Q) = (511,. .., S1E, - .,SEE). (249)

We can write E relations using the chain rule:
Oz; 0
=1,...,F). 2.50
=X ooy (=L (2.50)

That can be contracted with any of external momenta producing E? scalar
equations:

Oox; 0
=1,...,F). 2.51
kzapuaxj 7k ) ) ) ( 5)

The relations in eq. (2.51) can be inverted to re-express E(E+1)/2 derivatives
in the external invariants as linear combinations of derivatives in the external
momenta. The system is often overcostrained since

(E+1)E  E(E -

E? — 5 = 21)20 V(E+1) > 2. (2.52)

Lorentz invariance —see Sect. 2.2.2— provide E(E — 1)/2 relations among
the derivatives with respect to the external momenta. Using LIs one can
prove that these different representations are all equivalent to one another.
All these considerations are independent of the loop order we are considering,
but only depend on the Lorentz invariance properties of the process. Once a
choice is made, we end up with

B, a
oz, %:A "o (2.53)

with AE? rational functions in the dimensional regulator € and of the E(E +
1)/2 external invariants x. Considering any scalar integral I we can then
write its derivative with respect to invariants as

or 0 O
—=) :Aﬁ o 2.54
axj — ik pl apéi ( )

We can apply this procedure to write differential equations for a set of master
integrals {G;}

oG, v, 0G,
J ik i
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where the right hand side (r.h.s.), having undergone derivatives, it is not
expressed as a linear combination of master integrals. This does not pose a
problem since we can now decompose the integrals appearing on the r.h.s.
into master integrals and substitute them again in eq. (2.55). In this way we
obtain a differential equation for the MIs

oG,
8:1:]-

=Y " MEG (n=1,.. ). (2.56)
k

To summarize, the method of differential equations consists of:
e writing down derivatives of the MIs with respect to external invariants;
e reducing to MIs the right hand side;

e obtaining a system of differential equations for the MlIs.
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3 Intersection Theory

One of the most remarkable
discoveries in elementary
particle physics has been that of
the existence of the complex
plane

R.J. Eden, P.V. Landshoff, D.I.
Olive, J.C. Polkinghorne [14]

In this Chapter we introduce the formalism of intersection theory and
its applications to the decomposition of multiloop Feynman integrals in mas-
ter integrals. We include the presentation of a novel procedure to analyze
the number of master integrals for a given diagram. Throughout the whole
chapter we closely follow the presentation developed in [17, 16].

3.1 Overview

Intersection theory of differential forms is a branch of algebraic geometry
and topology, originally developed to study Aomoto-Gel’fand hypergeometric
functions [12, 34, 36| and only recently its techniques have been borrowed
and applied to the study of Feynman integrals [17, 16, 35|. By drawing
a connection between Feynman integrals and hypergeometric functions, it
allows to describe in a pure algebraic way the problem of decomposition
of a Feynman integral into master integrals. This rather novel procedure
is an alternative to the regularly used Laporta method. It presents as its
main asset the direct decomposition of multiloop integrals and therefore the
advantage of sidestepping the solution of large and sparse systems of IBP
identities. This is done by noticing that Feynman integrals obey a vector
space structure and therefore, after having identified the vector space basis
with the master integrals, their decomposition turns into the projection of a
vector into the vector space basis. In order to show that Feynman integrals
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obey a vector space structure, it is necessary to change their representation
from the commonly used momentum parametrization to one that mirrors
the structure of an hypergeometric function. In our work we choose the
Baikov representation, where integration variables are changed from loop
momenta to generalized propagators. Other alternatives are possibles, such as
representations that integrate over Lorentz invariant scalar products [8]. The
vector space is called twisted cohomology and it consists of equivalence classes
of Feynman integrals. The equivalence relation is conveniently expressed as
an integration-by-parts identity. That is, in our case, we consider Feynman
integrals whose integrands are equivalent up to an IBP in Baikov space.

To summarize, first we write Feynman integrals in a suitable represen-
tation to be used with the formalism of intersection theory. Then, we de-
compose them into a basis of master integrals via the calculation of several
scalar products, called intersection numbers. The main point in the calcula-
tion of intersection numbers consists in summing over the residues, calculated
around a set of poles, of the product of two functions, one of them being the
solution of a differential equation around each pole in consideration. The
calculation of intersection numbers of differential n—forms is done via a re-
cursive procedure.

3.2 Hypergeometric functions vector space

As we anticipated, intersection theory allows for a direct decomposition of
Feynman integrals into master integrals in terms of projections into a basis,
bypassing the resolution of large systems of identities. In this section we
expand on the Feynman integrals parametrization we use in order to perform
intersection theory calculations and on the decomposition strategies. There
are various ways in which we can represent a generic Feynman integral. As
discussed in Ch. 2, the usual representation we use for an L loop Feynman
integral in d-dimensions is the momentum parametrization, that we rewrite
here for convenience

L

dk; 1
flon, .o :/ (H iwd/2>zf“...zﬁf”’ 3

i=1

where z; are generalized inverse propagators of the form z; = P? — M? as
described in Ch. 2. We first look at the so called Aomoto-Gel’fand general-
ized hypergeometric integrals, in order to find a representation for Feynman
integrals mimicking their structure. Our goal is to take advantage of the
properties obeyed by generalized hypergeometric integrals to decompose our
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Feynman integrals written in a convenient representation. We closely fol-
low [16, 17]. Aomoto-Gel’fand hypergeometric functions are integrals of the

type

1= [ weta) (3.2)

where u is a multivalued function, called twist. In the context of Feynman
integrals decomposition it takes the form

u=[]8", (3.3)

with 7; “generic” exponents. ¢ is a rational single-valued and holomorphic
differential n-form. Both u and ¢ depend on n variables z = (z,. .., z,). We
indicate ¢ as

f(2)

Qn

f(z)
o dzy A--- Adzy, = g

o(z) = d"z, (3.4)
with f(z) a rational function and «; € Z.
A key assumption is that u regulates all the poles present in .

u(z) p(z) M finite. (3.5)
Within Feynman integrals, this assumption is often violated and, in order to
accommodate for it, we need to introduce some regulators, as we explain in
Sect. 3.4
Another fundamental assumption is for the function u(z) to vanish on the
boundary of C:
u(0C) = 0. (3.6)
This property is the key to give rise to the vector space structure, that is in
turn the key object of the decomposition via intersection theory. We consider
the integral of the total derivative of the product of two functions, u, which
is our multivalued function, and & which is a differential (m — 1)—form.
By Stokes’ theorem and eq. 3.6, the integral is zero:

/C dlug] = /80 ue = 0. (3.7)

Expanding the differential we obtain

/Cd[uf]:/cdu/\ﬁ—i-udf
:/Cu[d—;/\—i-d}f (3.8)

= [uv.e
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For ease of notation we introduce the function w and we rewrite all inside
the brackets as a covariant derivative V,,

d
Uu:dloguzw, Vo=d+wA. (3.9)

Therefore we find that the integral of the product of the multivalued function
u and the covariant derivative of a differential (m — 1)-form, V& (which is
an m—form), is zero:

/ uV,€ = 0. (3.10)

So we can see that if we have an integral of a certain v and an m—form ¢ we
can add to the integrand the product of u times the covariant derivative of
any (m — 1)—form and the integral remains the same. This is equivalent to
say that two integrands are the same up to integration-by-parts identities.

This leads us to define the concept of twisted cohomology class, namely
the class of functions (| integrating to the same result and that differ by a
total covariant derivative:

p~ o+ Vot (3.11)

The functions ¢ modulo the equivalence class obey a vector space structure
called twisted cohomology, where the word “twisted” comes from the replacing
of the usual derivative by the twisted version represented by the covariant
derivative V. This is the same generalization that happens when considering
the gauge transformation in an abelian gauge theory, like QED, and gener-
alizing it to a non abelian one, like QCD [54]. We indicate the equivalence
class of ¢ with the bra notation:

wlol { Y36, v+ Vul =0}, (3.12)

and the twisted cohomology group with H.

In the same fashion we can define a twisted homology group consisting of
the equivalence classes of contours of integration that give rise to the same
result. It can be seen that it also obeys a vector space structure, this time
indicated with H¥, with its members identified by the square ket notation
IC].

Here and in the following we will not be interested in the homology group,
as in order to have integration-by-parts identities it is not necessary to specify
the contour of integration, it suffices to just choose integrands obeying certain
properties, such as the vanishing of u on the boundaries. Therefore we focus
our discussion only on the twisted cohomology group and its properties.



Hypergeometric functions vector space 35

It is now manifest that hypergeometric integrals can be seen as bilinear
pairings between an element of the twisted cohomology and one of the twisted
homology, the result being independent of the representative chosen:

1= [ w@en = e (3.13)

The pairing means that in practice we have to perform an integration over
the contour C of the product between ¢ and wu.

Fixing the contour of integration C, we can see that the integral I =
(| C] inherits the vector space structure of the (p|. As we will present in
the following sections, connections are made between integrals I and the
multiloop Feynman integrals we are interested in decomposing. The fact
that I obeys a vector space structure opens up the possibility to perform the
decomposition into master integrals via a direct projection into the vector
space basis.

In order to perform projections into the vector space basis we need to
define a scalar product and therefore firstly introduce a dual vector space.
This is done by introducing a dual integral:

r= [ wte =i, (3.14)
where we consider the following covariant derivative:

V_,=d—wA, w=dlogu, (3.15)
which just switches w — —w since the dual integral presents u~! instead of
u. The equivalence classes of ¢* are therefore given by

©* ~ @+ V_, £ (3.16)

We can define the dual twisted cohomology vector space as the vector space
of the equivalence classes:

%), {38, P+ Vo =9 ). (3.17)

We will indicate the dual twisted cohomology vector space with (H")* = H"
and its members with |p*).

As above, the equivalence relation can also be found between duals of inte-
gration contours, obtaining the dual twisted homology vector space (H¥)* =
H_ with its members indicated with [C*|.

This ultimately leads to the interpretation of the dual integral as a pairing
between two equivalence classes, belonging respectively to the dual twisted
homology and cohomology vector spaces.

w
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Having introduced a vector space and its dual we can now proceed to
define a scalar product between the two spaces. As mentioned before, we
will focus on the twisted cohomology group, leaving the contour of integration
constant.

Given two integrals I = (¢p|C| and I* = [C* |pg), the scalar product
between ¢, belonging to the twisted cohomology vector space and @i be-
longing to its dual is called intersection number and is defined by Cho and
Matsumoto as [12]

1
(erlen). = s | ulon) Ao (3.18)

where we used the L and R notation instead of the x one in order to recognize
the s from their position in the bra-ket product. the contour of integration
X represent the whole complex space C" stripped of the poles of w. ¢, (¢r) [6]
performs a regularization on ¢ by mapping it to an equivalent form (so the
value of the integral is unchanged) with compact support. Since both ¢, and
@gr are holomorphic on the domain of integration X, omitting the mapping
1, would cause the intersection number to vanish. Following [6] we report a
brief justification of why this is true and so this prescription actually yields
an integral that is nonzero.

We focus on the 1—dimensional case in the variable z € C. X is therefore
C without the points corresponding to the poles of w. We can always decom-
pose any function f(z,y) over C in its real and imaginary part f(z,y) = u+iv.
By introducing the following change of variables

{z:x—i-iy (3.19)

we end up with a function f(z,%). Because of the Cauchy-Riemann condi-
tions, if a function f is holomorphic, then its dependence on z, z reduces to
f(2). In general, any 1—form ¢ can be decomposed as

o = p.dz + pzdz. (3.20)

When doing the wedge product between two forms, because of the antisym-
metric nature of the wedge product, only the term proportional to dz A dz
survives. If although the forms are holomorphic, then they are decomposed
as ¢ = , dz giving rise to only terms proportional to dz A dz that inevitably
vanish.

In the multivariate case, the integration over X is done by iteration, split-
ting it into one-dimensional fibers and proceeding one variable at time, con-
sidering the others as constant parameters.

Intersection numbers obey interesting properties such as
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e independence from the representative chosen for each equivalence class
of the twisted and dual twisted cohomology groups

(prler) = (PLler) = (prlbr) = (FLl¥R), (3.21)

with i
o =L+ VL,

5 3.22
Or = ¢r + V_u&R, (3.22)

where the (n — 1)-differential forms £, and g are chosen so that they
have poles regulated by u;

e obey the symmetry relation
(prler), = (=1)" (¢rler)_, - (3.23)

To summarize, in this section we introduced hypergeometric integrals as bi-
linear pairings between cohomology and homology classes of equivalence, we
gave a brief account of their properties, the most important one being the fact
that hypergeometric integrals with the same contour of integration obey a
vector space structure. We introduced a dual vector space in order to perform
scalar products and ultimately projections. Now we turn to the description
of the dimension of the vector space, ultimately corresponding to the number
of master integrals.

3.3  Dimension of twisted cohomology group

An important characteristic in the description of the twisted cohomology
vector space is its dimension, that we indicate with v and can be calculated
in different ways. The first way is presented in [16], and we report it for
completeness: using the complex Morse (Picard-Lefschetz) theory, we can
determine v as the number of critical points of the function logu(z) [28].
Critical points are defined as the solutions of ., logu(z) = 0, which can be
expressed more conveniently using w. Since w = dlog(u), then

0z; U

& 1 :
=1

Therefore counting the number of critical points means counting the number
of solutions of

w; = 0., logu(z) =0, (i=1,...,n). (3.25)
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A strategy based on the Shape Lemma (see App. A) allows to count the
number of solutions without explicitly solving the system. Since in our appli-
cations to the decomposition of Feynman integrals the function u takes the
form

u=[]87. (3.26)

J

eq. (3.25) turns into

w=dlog (u) = Z v; log (B;), (3.27)

where each @; is given by

~ ale .
@i=> v Bjj, (i=1,....n). (3.28)

J

Then, assuming we do not have critical points at infinity, the number of
solutions equals the dimension of the quotient space of the ideal Z:

i#]

where the f3; are the numerators of each term in the sum constituting w;. The
last term with the additional variable zg

o[B8 -1, (3.30)
J

is introduced in order to exclude from the solutions of the system the case
for any of the B, to be zero (as they appear in the denominator of the &;).
The Shape Lemma ensures that the number of zeroes of Z, and therefore
the number of solutions of eq. (3.29), is the dimension of the quotient ring
(App. A)

v =dim(V(Z)/1), (3.31)

where we need to consider the ideal Z as generated by a Grobner basis Gz
and we indicate with V(Z) the algebraic variety of polynomials vanishing on
the zeroes of 7.

We now present our strategy to find the dimension of the twisted coho-
mology group.
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3.3.1  Master monomial analysis

In our work we use a method inspired by the Laporta algorithm to calcu-
late the dimension of the twisted cohomology group, that we name master
monomials analysis.

As we anticipated and we will explain thoroughly in Sect. 3.4.2, in our
applications the function u has the form

u=[]8}. (3.32)

J

In particular

u=[]=8B", (3.33)
J

where B is the Baikov polynomial and zfj are denominators elevated to pa-
rameters p; acting as regulators of the poles of w. As the Shape Lemma
ensures, the basis of the quotient ring V(Z)/Z is given by the number of
points in V(Z), therefore we are looking for the solution of the system gener-
ated by the generators of the ideal Z. The generators are the ones appearing
in eq. (3.29)

(B Uiz ][ B =1} with B =3 %080 ]| B (3.34)

i#j

Suppose our Feynman diagram in Baikov representation counts n propaga-
tors, nip of which are irreducible scalar products. As we will show later,
irreducible scalar products do not need to be regulated by any p;. Therefore
we have three types of equations to put to zero in our system.

The first one is the case in which the variable z; is a propagator that needs
to be regulated. In that case w; gives:

. Pn—n;
pP1 Pi isp 1y
0., (zl 2 2y B )

~

Wi =

p1 pi Pr—nisp
2 F e 2 BY
Pl pi—1 Pr—nisp 4o~ P1 Pi Pn—nisp y
oAz BT Ay, 0B
- L; pi Pr—nisp p1 pi Pr—nisp
Zl P ZZ Cr o An—nigp B’Y Zl ... Z’L Cr o An—nigp B’Y (3'35)
-1
_ Py vB770,,B
Zi B
_ piB+720..8B

ZZ'B'Y



40 INTERSECTION THEORY

The second case is when z; is an irreducible scalar product, in that case wy
simplifies with respect to the previous equation as:

P1 Pn—njsp Y
0., <Z1 e, B )

Pn—n;
p1 isp
21+ Fnengg By

p'lL*"L'
p1 isp y
Atz 0., B

TN —Nisp

P gy (3.36)

B9, B
=
_70.,B
=5

W =

2.

While the third case is an equation, indicated with @we.s.q, that we add in
order to prevent the appearance of solutions as B; = 0 for any j:

n—"Nisp

Geatra =20 || 2B — 1. (3.37)
j=1

Our goal is then to determine the number of solutions of the system

(2)1:0 (izl,...,n—nisp)
W =0 (k=n—nisp,...,n) (3.38)
d}e:ctra =0
that reads
piB + v2,0.,B =0 (t=1,...,n—ngp)
70, B =0 (k=n—nigp,...,n) . (3.39)
20 H;:fmp z;)j BY—1=0
That is a multivariate polynomial system in the variables zq, ..., z,. To solve

this system of equations we adopt the following strategy. We see a polynomial
equation as a linear relation satisfied by monomials, which relates monomi-
als elevated to different powers. Following this reasoning, the monomials
appearing in the equations are not all linearly independent (in the sense of
the relations drawn by the polynomial equations). We look for the number
of independent monomials, which corresponds to the number of solutions of
the system and, therefore, to the dimension of the quotient space. Consider
the following example
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Example 3.3.1. The polynomial equation
22+ bz+c=0, (3.40)

can be seen as a linear relation between the monomials 22, 2 and 1. We can
write a template equation for symbolic n for eq. (3.40) by multiplying it for
an arbitrary monomial 2"

2" b2 4 e = 0. (3.41)

By giving several seeds (explicit values) to n, we build a system of equations.
Its solution yields that any z"(n > 2) can be expressed as linear combination
of a factor linear in z and a term of order 0 in z. Therefore, the linearly inde-
pendent quantities with respect to the relation (3.41) are z and 1. A possible
monomial basis contains two “master monomials” and can be identified with
the set {z,1}. In fact, eq. (3.40) has usually two solutions.

Therefore, in order to find the number of solution of eq. (3.39), we generate
more polynomial equations, called template equations, by multiplying the
equations in the system (3.39) by monomials elevated to arbitrary powers,
that is

2%(piB 4+ v2,0.,B8) =0

2%(v0,,B) =0 . (3.42)
2 <Zo [T= =) B — 1) =0

For clarity of notation, we indicate a monomial elevated to arbitrary powers
Qi,...,q, in the variables zq, ..., z, with z* where both z and « are vectors
with n components,z = (z1,...,2,) and @ = (aq,...,®,), and the expanded
notation reads:

24 =202 (3.43)

n

We then set the symbolic powers « in the seed equations (3.42) to integer
numbers to obtain a large number of equations called seed equations. As in
the Laporta procedure, we generate a large number of identities and then we
solve them in order to find the independent variables. In this case we solve the
system of seed equations we generated in order to find the master monomials.
Their number corresponds to the dimension of the twisted cohomology vector
space.

Before solving it we need to specify an order for the monomials, to express
which are the criteria for the monomials we prefer to have in our basis. For
this procedure we implemented a MATHEMATICA routine which relies on the
framework FINITEFLOW [42, 43| in order to generate the seed equations and
solve them.
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3.3.2  Basis projection

Considering the twisted cohomology group H equipped with a basis of

master forms {(ei1|,..., (e, |} and the dual twisted cohomology group H",
with the dual master forms’ basis {|h1),...,|h,)}, we can decompose any
vector (p|:

<<10| = Z Ci <6,| ) Ci = Z <90|h3> (C—l)ji’ (344>

i=1
and any dual vector |p*):

v

|#") = ZCI hy, =) (CT), el (3.45)

Jj=1

Therefore, pairing the (¢| (|¢*)) with a constant contour |C] ([C*|), we can
write the decomposition of any hypergeometric integral I (I*) in terms of the
basis integrals J; (J7).

= (3.46)
F=Yan r=cly) =0t
=1

The basis integrals will correspond to the master integrals when dealing with
Feynman integrals decompositon. In eqq. (3.44),(3.45) we introduced the
metric C;; as the v X v matrix of intersections of the master forms:

Cij = <€Z|h]> s (347)

which in general differs from the identity, as we will not be using orthonormal
bases. We also used the resolution of the identity in the cohomology space

L= k) (C), (el (3.48)

ij=1

We give an account for the formulae used for the decomposition of a vector
of the (dual) twisted cohomology space into its (dual) basis in App. C. The
same reasoning can be applied to the twisted homology vector space, defining
a scalar product between representatives of the twisted homology and its dual.

As we have seen, linear relations between elements of the cohomology
vector space translate into vector decomposition and ultimately in integrals
decomposition by keeping constant the integration contour.
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3.4 Feynman Integrals decomposition

The intersection-theory approach allows us to identify Feynman integrals
with elements of the twisted cohomology vector space, I = (¢|C], the master
integrals being identified with integration over the same contour of the basis
forms J; = (e;|C]. Within this framework, we see the problem of decompo-
sition into master integrals as finding the coefficients of the projection of a
vector into its basis elements via the scalar product we defined in Sect. 3.2.

Since we want to decompose a Feynman integral [ into a basis of Mls
{J;}¢_,, we first need to put the Feynman Integrals into a suitable represen-
tation to be used in combination with intersection theory. In the following
we describe two possibilities, which do not exhaust all the possible strategies
but are the ones used in our work.

Throughout this work we performed calculations starting from Feynman
integrals in Baikov representation.

3.4.1 Baikov representation

One way to transform our Feynman integrals so they look like an hy-
pergeometric function is by means of the Baikov representation, which was
invented recently, in the 1990s.

We follow closely the treatment presented in [21, 55, 39]. We consider an
L loop Feynman integral with £ + 1 external legs in d = 4 — 2¢ dimensions.
We label loop momenta as ki, ..., kr. Because of momentum conservation,
only E of the external momenta will be linearly independent and we indicate
them with py,...,peg. We collectively indicate loop and external momenta
as q with ¢; = ki, i =1,...,Land qo; = pi, i = 1,..., E. As we said in
Ch. 2 we have n = L(L + 1)/2 + LE independent scalar products that can
be obtained as:

ki-pj 1<i<L, 1<j<E,

3.49
kiok;  1<i<j<L. (3.49)

and we will collectively indicate them as s; ; = ¢;-¢; with s; ; = s;,;. For clarity
we report the form of the Feynman integral in consideration in momentum
parametrization, that is written as

L

d?k; 1
I, ..., o) :/(H i7rd/2>zf‘1...zan’ (3.50)

1=1

with z; = P? — M?, P, and M; respectively indicating a combination of mo-
menta and masses imposed by the kinematics of the diagram in consideration.
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The main idea behind Baikov representation is to switch integration vari-
able from the loop momenta to the denominators:

(kY = {ahien (3.51)
After the change of variables the integral takes the form

dZ .. .dZ D-—L-E—1
1 n BT

Iag,...,0n] = K , (3.52)

a1 o
C Zl ...Znn

where B is the Baikov polynomial calculated as a determinant of the Gram
matrix of scalar products g¢; - ¢;

B =G(q,.-.,q,) = Det(q; - q5), (3.53)

K is a constant prefactor depending on the kinematic invariants and on the
regulator d and C is an integration contour such that the Baikov polynomial
vanishes on its boundaries. From this representation we can recognize the
structure of an hypergeometric integral by writing

I[ozl,...,ozn]:K/ugp, (3.54)
c
with 4 1
e B # (3.55)
Z1 .. zom

More details on the Baikov representation and how to obtain it can be found
in App. B. Cuts of propagators are implemented in Baikov representation
simply setting the cut propagators z;s to zero in the Baikov polynomial. For
example, cutting the set of propagators 7 = {z1 ... z,,} we get

u, = u(z) : (3.56)
2, €T—0
The cut prescription in Baikov representation coincides with the replacement

LI T (3.57)

2

inside the ¢, when the diagram in consideration has no dots on the cut
propagator. The integration contour, on the other hand, is deformed into

Crout =O1 A+ On AC, (3.58)
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where (; indicates a small circle in the complex plane around the pole at
2 = 0 and C is given by the intersection of the original domain with the
on-shell conditions z; =0,(i =1,...,m)

C'=({==0}nC (3.59)

Z;ET

Integrating out the cut variables, the hypergeometric integrals takes the form

~ / uwp. (3.60)
Tcut ¢’

I[al,...,an]

u =u , o =@ d"Mz, A"z =d" T2 AL Ad" 2. (3.61)

z; €T, 2;=0

where ¢ has an expression accommodating for the presence of dotted cut

propagators
o [, 2) 1 m agioérl)u
90 - Za'm+1 - H m . (362)

o
m+1 ...Znn u i=1

We expand a bit on eq. (3.62). The complicated expression actually just
indicates the treatment that the function ¢ needs to undergo in order to
apply the cut prescription in the form of eq. (3.57) whenever it presents one
or more dots on the cut propagator. For clarity, we propose an example to
explicitly see what happens when the cut propagator has one dot.

Example 3.4.1. We consider the box diagram with one dot on the propaga-
tor 2o, indicated with I[1,2,1,1].

1

21232324

I11,2,1,1] = / d*zu (3.63)
C

Suppose we want to decompose this diagram but on the cut {2,4}. We can
not do it directly because the prescription of eq. (3.57) is limited to un-dotted
propagators. Therefore, we need to recast the integral in a suitable form such
that it keeps the hypergeometric structure of the integrand while removing
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the dot. By integrations by parts identities we get

1
11,2,1,1] :/d4zu—2
c R1R5 %324
1
Ry P
c Z1R923%4
. 4 . (3.64)
=0 4 ae, ) ———
21222324 | g, C 21222324
1
:—0+/d4zaz2(u)—,
c 212923724

where the last passage is justified by the vanishing of boundary terms in
dimensional regularization. We write the remaining term in the form wu - ¢’

/d423z2(u)—1 I/d4zu822(u) 1
c c

VAR YRY! u 212923724

1
- [ el
C

(3.65)

R1%223%4

So that we can apply the cut prescription. Therefore we have that the differ-
ential form associated to I[1,2,1, 1] on the cut {2,4} reads

, O log(u
o = g(u)

2224

dzo A dzy. (3.66)

zo=2z4=0

The procedure for the presence of a higher number of dots is the same, just
repeated, and leads to the expression for ¢ given in eq. (3.62)

3.4.2  Decomposition strategies

Our goal is finding the coefficients ¢; of the decomposition of a generic
Feynman integral I in a basis of master integrals {.J;}

I=> ¢ (3.67)

In [16] three strategies are presented: we report here the two we use through-
out the work. We start by describing the first step, common to all the strate-
gies, that consists in finding the master integrals.
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Finding the MIs

We label the propagators of the Feynman integral in consideration with
integer numbers and indicate the set with .

Any sector (following the definition given in Ch. 2) of the integral in
consideration is identified by its denominators, which form a subset o of X.
Considering a sector of a given integral means cutting all z; € . This means
that we have to operate on u by sending to zero all the z; € o

Uy = u(z) ) (3.68)
z;€0—0
where u is the Baikov polynomial to the power . In order to find the number
of master integrals we analyze all sectors of the integral family in consider-
ation following one of the procedure outlined in Sect. 3.3. In particular,
we follow the master monomial analysis presented in Sect. 3.3.1. The total
number of MIs is given by the sum of the MIs in each sector

v=> U, (3.69)

where symmetry relations are not taken into account, therefore the number
is usually higher than the one found via Laporta algorithm. The master
integrals are then arbitrarily chosen and identified with the pairing

J; = (ei] C]. (3.70)

Straight decomposition

We directly decompose the integral I following eq. (3.67), that expanded
looks like

[:/ug0:<g0|C]:Zci <ei\C}:Zci/uei:ZCiJi, (3.71)
¢ i=1 i=1 7€ i=1

where ¢; are given by the decomposition as seen in eq. (3.44). This ap-
proach takes the Feynman integral and directly decomposes it into the basis
of chosen master integrals. It implies that one needs to calculate intersec-
tion numbers of (ngen + nisp)—differential forms, since all Baikov variables
are taken into account, making it the approach that needs to calculate the
intersection numbers with higher n and is therefore the one computationally
more demanding.

In the definition of hypergeometric functions in Sect. 3.2, we said that u
must regulate all poles of . This assumption is often violated in Feynman
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integrals, and is taken care of via the introduction of a regulated u, denoted
by u, that contains all the monomials z{* for each non regulated pole present
in the differential form ¢

u, = (H zf) u(z). (3.72)

w takes the regulated form, w,

(3.73)

> —W+Zp1 P

€D v

w, = dlog(u,) = dlog(u) + Z pi
iex
Intersection numbers calculated through the regulated u, and w, lead to a set
of coefficients that are a function of the regulators, ¢;(px). The coefficients ¢;

appearing in eq. (3.67) are obtained taking the limit

i = lim ei(pr) = lim > (olhi), (C;Y) 0 (G = eilhy), - (374)
j=1

Bottom up decomposition

For this strategy, called bottom up approach, we first need to make some
definitions, following [16]. We define a spanning set of cuts as the minimal
set of cuts in which each master integral appears at least once and we denote
an element of the set, called a spanning cut, with 7.

The bottom up approach consist in performing the decomposition on the
set of spanning cuts of the integral in consideration. This implies calculating
intersection number of n forms with n being the number of propagators and
irreducible scalar products on the set of cuts in consideration. Clearly, n <
Nden + Nisp, therefore making this approach less computationally demanding
than the straight decomposition.

Considering a spanning cut 7 we indicate with S, the set of sectors sur-
viving on the cut 7, namely the sectors that contain all the denominators
that are on the cut on 7

S;={c|oc C T} (3.75)

On the spanning cut 7, u becomes

u, = u(z) , (3.76)

z; €T—0
and the decomposition is performed considering u, instead of u. The coeffi-
cient ¢; . obtained are identical to those appearing in the straight decompo-
sition as coefficients are invariants under cuts in unitarity-based approaches.
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The coefficients obtained from the straight decomposition can be obtained
combining all the coefficients obtained from all 7 in the set of spanning cuts.
Integral decomposition on the spanning cut 7 takes the form

I :/ Ur Pr = <(PT‘CT]
Cr

Vs, Vs,

= Zci (eir|Cr] = Z C; / Ur € 7 (3.77)
i=1 =1 T
Vs,

- § & Ji,T?
=1

where vg_ is the number of MIs surviving on the spanning cut. The coeffi-
cients are given by

Vs,

G = Z (prlhjr) (C;l)ji? (CT)ij = (eir|hjr) - (3.78)

J=1

Also in this case we need to introduce a regularized u,, indicated with u,,
whenever ¢, presents poles non regulated by u,. The decomposition takes
the form analogous to the one obtained in the case of straight decomposition,
but everything is considered on the cut 7. We report for clarity the form of
the functions u, ,

Ur ), = H 2P s, (3.79)

1€X\T

and w; ,

dZi dZi
wrp = dlog(ur,) =dlog(ur) + 3 pi— =wr+ >, pi—.  (380)
i€\t ! i€\t ¢

The coefficients obtained after taking the limit

Vs,
Y Y -1 _
¢ = lim ci(py) = lim, Zl (orlhin), (Crp) i (Crp)y = (eilhis), -
‘7:

(3.81)

3.5 Calculation of Intersection numbers

We finally turn to the description of the actual calculation of intersec-
tion numbers and their properties. We follow [16, 17|, highlighting that the
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method hereby described leads to the appearance of non-rational poles in
intermediate steps of the calculation. In Ch. 4 we propose a novel approach
that allows to avoid the presence of non-rational poles. We start by describ-
ing how to calculate intersection numbers in the univariate case as the sum
of residues around a set of poles of the product of two functions. For each
residue, we express one of the functions as the local solution of a differen-
tial equation around the pole in consideration. For the multivariate case we
introduce a recursive approach.

3.5.1 Univariate case

We start by describing how to calculate intersection numbers of differen-
tial one-forms, or one-forms intersection numbers.

Given two differential one-forms (¢pp| = ¢rdz and |pr) = @rdz, re-
spectively associated to the integral I = fc dzup and the dual integral
= o dz u~! pr, we calculate their intersection number as

(rler) = D Res.—p(tor), (3.82)

pE’Pw

where the sum is extended over p € P,:
P, ={z]|zis a pole of w} U {0}, w = dlogu. (3.83)

A more detailed derivation of eq. (3.82) can be found in App. E. 9 is the
local solution around the point p of the differential equation

Vo = i, (3.84)
with the covariant derivative defined as

Vo = % + wih. (3.85)

As it is not necessary (and most of the times it is not even possible) to find a
global solution, it is preferable to look for ¢ as a Laurent expansion around

z=Dp:

max

=Y calz=p) +0(z—p""), (3.86)

t=min

by plugging the ansatz in eq. (3.84) and solving for ¢;.
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Endpoints of the expansion: univariate case

We make a brief digression over the maximum and the minimum orders
in the expansion of ¥ in eq. (3.86). We use the following notation: for a
function f(z) we indicate with

ord, f(2), (3.87)

the order of the first term of the expansion of f(z) around a point p. We
indicate with
end, f(2), (3.88)

the maximum order we are interested in when considering the expansion of
f(2) around the point p. Considering the expansion of 1, for the minimum,
min, we need to expand 1 so that the left hand side of eq. (3.84) has the
same order as ¢y around p, otherwise the system is impossible, so we want
that

minford,(¢) — 1, ord,(w) + ord,(¢)] = ord,(¢r). (3.89)

Since w in the case of 1—forms can only have simple poles, because it is a
logarithmic form, we have that

ord,(w) + ord,(¢) = ord,(v)) — 1, (3.90)

that is the same result obtained for the term under the derivative. w can only
have simple poles because it is defined as w = u/(z)/u(z). In fact, suppose
u(z) ~ O(1™), then v/(2) ~ O("!) and therefore

w~O(T7h). (3.91)
So we have that
ord,(¢) — 1 = ord,(¢y), (3.92)
therefore
ord,(¢) = ord,(pr) + 1. (3.93)

For the maximum, maz, we need to expand v so that the product ¥ygr
presents a pole in order to have a residue different from zero, that is:

end,(v) + ord,(pr) = —1,
end,(¢) = —1 — ord,(¢r).

These consideration bring up the following formulae for the orders of the
expansion of the ansatz of ¢

(3.94)

min = ord,(¢r) + 1, (3.95)
max = —1 — ord,(¢r). '
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The calculation of any residue around p therefore presents as a preliminary
step the calculation of the orders of the functions ¢y, ¢ and w and proceeds
through if and only if it is satisfied the requirement max > min.

3.5.2 Multivariate case

We then proceed to the generalization of the procedure outlined in the
previous section to the calculation of intersection numbers of two differential

n—forms. As before, we start from two differential n-forms, <g0(L")’ associated
to I:

=pr(z1, .y zp)dzr Ao Adzy = 021, .0, 20) A"z,

(3.96)
I—/ d"z w(z1, .. z0) on(21, oo 2Zn),
c(n)
and ’gpg) associated to I*
‘gog)> =@r(z1,. ., zn)dzy Ao ANdzy, = pr(21, ..., 2,) d"2,
(3.97)

]* — /( : dnz U_l(zh..-;zn) SOR(Zl?“'?'Zn)-
Cc(n)*

To extend the univariate procedure, we first need to take into account the
fact that, being n-forms, they depend on n variables and not just one. The
recursive procedure we are going to outline was first presented in [35]. We
follow the description presented in [16]. The recursive procedure proceeds
through one variable at time and, during the calculation, considers the other
variables as constant parameters. It divides the problem in the calculation
of intersection numbers in zq, ..., 2,_; and then the intersection number de-
pending only on z,. Each passage turns out to be a sort of generalization of
the 1—forms algorithm presented in Sect. 3.5.1 with an additional step.

Variables’ ordering

First of all, since we will proceed one variable at time, we need to order the
n variables from the innermost (the first to be integrated) to the outermost
(the last to be integrated) and proceed to calculate the intersection number
following this ordering. For clarity, let’s assume that our n variables are
ordered from the innermost to the outermost as

21— R —> > Zp.

e } (3.98)

mner outer
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Imagine we are integrating the variable z;, the dimension of the vector space
is given by considering the variable we are integrating (z;) and the ones in the
inner layers with respect to it {z; };<; and calculating the number of solutions
of the system

{@ = 0,,w =0, with k |z, < z;, (3.99)

or by calculating the number of master monomials in the variables {z;},;<;
following the procedure outlined in Sect. 3.3.1, which is the one we follow.

Algorithm

After having ordered the variables and calculated the number of MIs for
each step, in order to calculate the intersection numbers of two n-forms we
turn to the recursive procedure that relies on the intersection numbers of
(n—1)-forms, that are assumed to be known, and consists in a generalization
of the intersection numbers of 1—forms for the variable we are considering
where in the final part it is added a resolution of a differential equation that
generalize the one present in the 1—forms algorithm.

We first have to make a distinction between the inner and the outer space,
the inner space consisting of the variables from the 1-st one to the (n — 1)-
th one, with dimension v(,_;) where we introduce the basis of master forms

{<e§n71) ey <e(y7;11)) } and the dual basis { h§n71)> e h&?:l)>>}. The

outer space instead consists of the n-th variable we are considering, say z,,
and has dimension v,.

21— 29— o Zpel —  Zn (3.100)
~~ d ~~~
inner space outer space

The differential n-forms <g0(Ln)

and ‘gog)> can be projected onto the (n —

1)-forms space as

V(n—1)
(] 5 s
i=1
Vo) (3.101)
‘ng)> = Z PR, hin_1)> A dzm
i=1
with
i= i\Zn),
Pri = Prilzn) (3.102)

YR = Pr.i(Zn),
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and the sums

= (3.103)

are the decomposition on the inner space of <90 I 2

, ‘gpgfl)>. The coefhi-

cients are obtained via a projection similar to the one used for the intersec-
tions of 1-forms: we first introduce a metric on the inner space formed by
the intersection numbers of the inner space basis and dual basis vectors:

(C("_l))ij - <6§n_1)

and we calculate the coeflicients as

h§"‘”> , (3.104)

OLi dzn — <90(Ln)

(n—1) -1
m ) (Cotn)
ji
_ (- (n-1)
onsdzn = (i), (4

The intersection number of two n—forms is given by

< > Z ReSzn—p< (C(nq))ij SOR,]-> : (3.106)

pe Qn
¢Z«(n), analogously to the 1-forms case, is the local solution around the pole p
of the equation

(3.105)

D+ =pp, (i=1,...,0). (3.107)

This time is an v(,_1)—dimensional vector. In order to apply eq. (3.106)
it is not necessary to find a global solution but it is sufficient to have an
ansatz of it as a holomorphic Laurent series expansion around the pole p in
consideration:

global-max
(n)

) Z Cki(zn . p)z + O((Zn . p)global—maXle)' (3108)

i=global-min

957) is an v(,_1y X Y(n—1) matrix defined as

QW = <(a2n + wp el h,ﬁ”’l)> (C(;j_l))ki. (3.109)

Je
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And the sum in eq. (3.106) runs over the set P,:
Pan = {z| zis a pole of QM™} U {0}, (3.110)

Combining eq. (3.105) and eq. (3.106) we notice that we can rewrite the
formula for the intersection of two n-forms as

<<P(Ln) 903:?)> Z Res.,—p (7/}z(n) <e§n—1)
P,

rEPan
Endpoints of the expansion: multivariate case

<p§’§)>). (3.111)

In order to find a local solution for 1™ we need to expand it as we did in
the case of 1-forms. There is an additional complication due to the fact that
eq. (3.107) is a vectorial equation. Each term wfn) enters all the equations
because of the product 1™ - Q™. A conservative solution can be found
by expanding each 1/)1@) with the same maximum and minimum, that are
found as global maximum, global-maz, and global minimum, global-min, of
the equations.

The global-min is given by the same procedure outlined in Sect. 3.5.1,
that we can summarize as

minford,(¢;) — 1, ord,(Q;;) + ord,(¢;)] = ord,(vL,), (3.112)

this time €2;; can have higher poles than simple ones and since we look for a
common global minimum for each component of v, we can calculate it as

ord,(1;) = ming[ord,(pr )] — maxy;[ord,(Q%;)], (4,7, k=1,...,n).
(3.113)

while for the global-max we need to expand each 1/12(”) so that its product with
(C(n_l))ij ¢r,; has a pole. So that:

end, (1) = max; [(C(n_l))kj %j}, G k=1,....0).  (3.114)
and the sum over j is implicit.

3.5.3  Summary

We summarize the necessary steps in order to calculate the intersection
numbers of two differential forms, starting from the univariate case.
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Univariate case

Suppose we are integrating in the variable z:

find the poles of the function w;

consider the order of ¢y, pr and w around each one of the poles and
calculate the orders for the 1) expansion;

if max<min, then the contribution of the considered pole to the inter-
section number is zero. Otherwise, build the differential eq. (3.84) and
solve it close to the pole using the ansatz in eq. (3.86);

calculate the residue of the product ¥¢g around the pole in considera-
tion.

Multivariate case

We need a preliminary step:

order the variables from the innermost to the outermost;

for each “layer” calculate the number of master forms.

Then, one can calculate intersection numbers of two n—forms by relying on
the already-calculated intersection numbers of (n — 1)—forms

project go(Ln) and gogl) on the basis of (n — 1)—forms;

find the poles of the function Q;

for each pole calculate the order of each term in ¢y ;, pr,; and QE?)
Calculate global-max and global-min. If global-max<global-min, the
the contribution of the considered pole to the intersection number is
Z€ero;

if not, build the differential eq. (3.106) and solve it close to the pole
using the ansatz in eq. (3.108);

the contribution to the intersection number is given by the residue of
the product ¢ - oz around the pole in consideration.



4 A Rational algorithm for in-
tersection numbers

In this chapter we introduce the main novelty presented in this thesis: a
purely rational algorithm for the computation of intersection numbers. We
give an account of the key ideas behind the algorithm and discuss the im-
plementation details. The algorithm is implemented in a MATHEMATICA
routine and has been successfully tested on a variety of diagrams, as summa-
rized in Ch. 5.

4.1 Eluding non-rational poles

The algorithm for the calculation of intersection numbers presented in
Ch. 2 allows for the presence of non-rational contributions, such as square
roots, appearing when looking at the poles of the functions w and €2 and
entering the calculations because at a certain stage we write the solution of
a differential equation as an expansion in series around them. The intersec-
tion number resulting from the calculation, instead, is a rational function
of the kinematic invariants and of the dimensional regulator. Therefore, a
cancellation of the non-rational terms must happen in intermediate stages of
the calculation. In computer algebra systems, if possible, it is preferable to
work with algorithms avoiding the presence of square roots, to have better
computational efficiency and performance. Such algorithms are called purely
rational, as they do not present algebraic extensions in any step of the calcu-
lation. Another reason is the possibility to use purely rational algorithms in
combination with finite-fields based technologies (see App. F), a widely used
tool to achieve analytical results in a fast and exact way, that recently has
found applications in the context of theoretical predictions in high energy
physics [42, 43, 31, 23, 29|. Before presenting our rational algorithm we first
need to introduce some tools that are necessary to avoid the explicit appear-
ance of non-rational contributions. In the calculation of intersection numbers
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we are faced with the necessity to calculate the sum of the residues of the
product of two functions, one of them, ¢, being the solution of a differential
equation, calculated as the series expansion around the poles of the function
w (or © in the multivariate case). The alarming point is that these poles can
be non-rational. To avoid dealing with them explicitly we instead consider
the fact that they combine in order to satisfy rational polynomial equations
in the form p(z) = 0. We therefore try to calculate the contribution to
the residues of the non-rational poles “all at once” by considering expansions
around the rational polynomial they satisfy. In order to do this, we exploit
techniques such as the calculation of the polynomial reminder modulo p(z),
the univariate global residue theorem and we draw an analogy from p—adic
numbers to obtain an expansion of a generic rational function with respect
to polynomials prime over the field of rational numbers.

4.1.1 = Polynomial reminder modulo p(z)

Since it is a concept that we will make large use of, we begin by introducing
the concept of polynomial reminder modulo a univariate polynomial p(z) in
the variable z. We consider, as an example, a polynomial p(z) of degree
deg p = 2, so that it can be explicitly written as p(z) = az? + bz + ¢, with
a,b,c € Q. Moreover, we assume it has two distinct real solutions, z; and
2z, that can be non-rational. The polynomial reminder modulo p(z) of a
function f(z) consists in the recursive substitution of

by —
.y (4.1)
a

which is valid on the solutions of p(z), namely when evaluating f(z;) and
f(z2). This means that whenever we find terms with degree > 2 in z we
substitute eq. (4.1) until we end up with terms that are at most linear in z.
For example, if we have a term proportional to z® we need to substitute two
times:

2=z 2 eq. (4.1)
=z- <ﬂ) :—b—ZQ—% eq. (4.1)
a a a
b (—bz—c cz (4.2)
B _E(T> Ca
b’z +bc cz
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We introduce the following notation for the polynomial reminder modulo p(z)
of a generic function f(z)

Lf(2)]pz) = f(2) modp(2). (4.3)

The polynomial reminder modulo p(z) can be generalized to the case when
f(2) is a rational function, f(z) = n(z)/d(z). It consists in rewriting 1/d(z)
as its so called multiplicative inverse, namely a function J(z) that multiplied
by d(z) gives 1 modulo p(z)

1 ~
d(z) = 8 modp(z) <= d(z)d(z) =1 modp(z). (4.4)
z
For a more in-depth explanation of polynomial division and the multiplicative
inverse see App. A.

4.1.2 A case study

We consider an explicit example with the intent of showing that, in order
to calculate the contribution of a given set of irrational poles to the intersec-
tion number, it is not necessary to know the exact position of the irrational
poles, but it suffices to know the rational polynomial they satisfy. A more gen-
eral and systematic approach for achieving this will be presented in Sect. 4.3.
We highlight that all the calculations are performed by keeping the irrational
poles symbolic, without giving them an explicit numerical value, and only at
the end we will see how they combine giving rise to rational quantities that
are effectively evaluated.

For simplicity, we consider the case of univariate intersection numbers in
the variable z. Suppose we have at most a single pole with respect to the
solutions zi, zo of p(2) in all the functions of our interest w, ¢y, pg. In that
case, we can write w, ¢, pr as

T a-a)E- )
YL YL
L= pgz) ~a(z - 217)(2 — 29) (4:5)
YR YR
YR

() az—z2)(z—z)

The expansion highlights the order of the poles of the functions around the
solutions of p(z) in the denominator. Considering the expansion around one
of the solutions of p(z), for example z = z; (but the exact same reasoning can
be applied to z = z3), we make the substitution 7 = z — 2. ¥ is expanded
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around 7 with endpoints max = min = 0, and we can write ¢ = ¢y + O(7).
We get the following differential equation:

(d )wo SOLT T=2—2, (4.6)
dr

where we wrote w, = w/(z — 2z2) and ¢, = ¢1/(z — 22) because of the T
expansion. Notice that in these expansions we are not considering the explicit
value of the pole z; (z3) but we are treating them as symbolic quantities.

Then v is obtained as

e orn(x1)
Yo = = olm) (4.7)

where the last equivalence comes from the fact that in this case we had a
simple pole in both functions and this lead to the cancellation of the factors
(z — 2z3). Then the residue is expressed as

Res.—., ((2)r(2)) = Res.—, (W) e )

a(z — z1)(z — 22)
_ Pr(21)
= %—a(z1 ) (4.8)
_ pr(z1)pr(21)
aw(z1)(z1 — 29)

Then, we perform the polynomial reminder modulo p(z;) on the function
(Pr Pr)/@ to obtain |@rL@rW'|,(.), Where & is the multiplicative inverse of
1/@. This step is necessary since, when quantities that have already undergo
polynomial division with respect to p(z) are multiplied, we can have the
appearance of terms proportional to 22, that still need to undergo polynomial
division. After this passage, we obtain an expression linear in z;:

PLPRY |p(2)|._
RGSZ:zl(. . ) = L Jp( ) }Z—Zl — o + ‘G171 Cp, C1 € Q (49)

a(zy — 22) a(z — 22)’

Doing the same reasoning again around the pole z = 25, we get an analogous
expression, this time linear in 2z = 25. In the end, as prescribed by the
algorithm, we need to sum over the contributions from the solutions of p(z)
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and therefore we sum the two terms

PL(z)Pr(z) | Cr(z)er(z) _ Pron ol | 190 e |,

aw(z1)(z1 — z2)  aw(z2)(z2 — 21) a(z; — z2) a(ze — 21)
. Co + C121 Co + C1%29
a(zy — z2)  a(ze — 21)
=—

(4.10)
In the end we see that the only terms containing non-rational poles are pro-
portional to z; — z and they simplify against the denominator. This allows
us to have our intersection number written as a combination of only ratio-
nal factors, without introducing explicitly the non-rational solutions. This
can be done in computer algebra systems by the calculation of polynomial
reminders modulo p(z) and symbolically introducing the solutions z; and z»
without giving their explicit expression that contains square roots. After suc-
cessive polynomial division the expression simplifies in a way that does not
contain the single solutions but only rational combinations of them.

This example explicitly shows how non-rational poles combine to give
rise to rational contributions to the intersection number and that the exact
position of the non-rational poles it is not a necessary information in order to
calculate their contribution to the intersection number. We now generalize
this example to ultimately obtain a rational algorithm calculating intersection
numbers. The generalization conceptually is the same as the example hereby
presented, and has as its core step the definition of expansion of a rational
function with respect to a polynomial irreducible over Q, that we refer to
as p(z)—adic expansion. We define this operation in analogy to the p—adic
expansion of a rational number, of which we now give a brief account.

4.2 p—adic numbers

We review a few concepts about p—adic numbers, well-known mathemati-
cal objects that have recently found some applications in loop calculations [13|
and that we use as foundations for building an analogy justifying the proce-
dure of expansion of a rational function in series of polynomials. We indicate
the field of p—adic numbers with Q,, where p indicates a prime number. The
p—adic expansion of any integer number can be written as a finite expan-
sion that is equal to its representation in base p. For example, the 7—adic
expansion of 18 can be written as

18=4+2-7, (4.11)
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so 18 = 24 in 7—adics. Instead, considering rational numbers r = n/d, their
p—adic representation can be written as a formal series in p with integer
coefficients

r= ap' =a_gp "4+ Fap ttagtap+ ..., (4.12)

i=—

where the integers ;s lie in the range [0, p— 1]. The expansion is obtained by
first checking whether r presents factors of p the denominator or if ged(p, d) =
1. In the former case, we factor out the power p* in the denominator to get
an expression of the form r = p‘kg. Then, we use repeated division with
reminder on n/d to obtain the coefficient of the expansion. The division step
is given by first calculating the multiplicative inverse of 1/d with the extended
Euclidean algorithm. It exploits the Bézout identity, which, starting from

r = 2 with p,d coprime, implies that exists u,t that satisfy td + up = 1.

d
Therefore we can write r as
n o n un
r=—=-(td+up)=tn+p— (4.13)

Then, we do the Euclidean division of nt by p obtaining
nt = qp + a, (4.14)

with reminder 0 < a < p. So the first term in the expansion is given by a

un
r=(gp+a)+pr
d
—a+pl +un (4.15)
d
=a+pr.

The iteration proceeds considering the quotient r’ as the new r and repeating
the procedure. We present an example to clarify the procedure.

Example 4.2.1. We calculate the first terms of the 5—adic expansion of %,
following [20]. Since 2 and 5 are coprime we can use the Bézout identity to
find wu,t such that

2t + 5u =1, (4.16)
that is satisfied for t = 3 and u = —1 since
2.3-5-1=6-5=1. (4.17)
Therefore we can easily divide % by 5 as

1 1

-1
Z=2(3.2—-5)= —. 4.1
5 2(3 5) 5 5+ 3, (4.18)
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and we take 3 as the first term in the expansion. We continue treating the
quotient —1/2 as the new rational number to expand. We find the Bézout
identity for —1/2

— 2+ 5u=1, (4.19)
satisfied for t =2, u =1
—2.245=-4+5=1, (4.20)
then we can divide —1/2 by 5 to obtain
1 1 —1
- —=_2(=9.9 = . 2. 4.21
5 5 +5) =45+ (4.21)

Therefore, the second term in the expansion is 2. The second quotient is
again —1/2 so successive division will always lead to reminder 2. We can
therefore write the 5—adic expansion of 1/2 as

1 2 k
5=3+2:5+2:5 +---:3+zk:2-5. (4.22)

This may seem strange but notice that it works: if we multiply by 2 we get
1 on the left hand side while on the right hand side we obtain 2 -3 = 6 but
the coeflicient of the expansion must lie in the range [0, 4] so we write 1 and
carry a 1 to be added to the successive terms. In the second term we get
2-241 = 5 so again we write 0 and we carry 1. The same for the third term
and for all the successive.

4.3 = p(z)—adic rational functions

In close analogy to p—adic numbers, we build a procedure for the expan-
sion of rational functions with respect to a polynomial p(z) prime over Q, that
is, irreducible over Q. In this thesis we refer to it as p(z)—adic expansion of
rational functions or simply as polynomial expansion.

Consider a function f(z) and a polynomial p(z) irreducible over Q with
degree deg p. We want to express f(z) as a series expansion with respect to
p(z), in the form

o0

F2) =Y al)p'(2), (4.23)

i=min
where the coefficients ¢;(2) are given by

deg p—1

ci(z) = Z cij?". (4.24)

0

<
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To compute this, we start with the case where f(z) is a polynomial. We use
repeated polynomial division with reminder to obtain the coefficients of the
expansion. To obtain the first term in the expansion, cy(2), it is sufficient to
write f(z) as

f(z) = co(2) + @ (2)p(2), (4.25)
where ¢(z) is the quotient of the division of f(z) modulo p(z) and cy(2) is
the remainder. Then, we consider ¢;(z) as our “new” f(z) and we repeat the
polynomial division to get the successive terms

01(2) = c1(2) + @2(2)p(2), (4.26)

where ¢ (z) is the term of order O(p(z)) in the expansion. We continue with
the same procedure on ¢(z) and so on

12(2) = c2(2) + gs(2)p(2),
c3(2) + qa(2)p(2), (4.27)

This procedure allows us to compute the coefficients ¢;(z) up to the order we
need in our expansion.
If, instead, the function f(z) is a rational function, we can write it as

d(z)’

If the assumption ged(d(z), p(z)) = 1 is not satisfied, and therefore f(z) has
a singularity in p(z), we first need to write it in the form

f(z) = assuming ged(d(z),p(z)) = 1. (4.28)

n(z) 1
d(z) p(2)*’

obtained by factoring out the singularity in the denominator. Then, we can
calculate its polynomial expansion by exploiting the concept of multiplicative
inverse modulo a polynomial p(z) and successive divisions with respect to p(z)
. The multiplicative inverse can be calculated via the Euclidean algorithm
or through an ansatz and allows us to write 1/d(2) as

f(z) =

(4.29)

d(z) = % mod p(2) (4.30)

with d(z) a polynomial of degree deg p — 1 (for more details see App. A).
Then we can write f(z) as

f(z) modp(z) = n(z)d(z) modp(z), (4.31)
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and calling
f(z) = f(z) modp(2), (4.32)
we can write

f(2)d(z) modp(z) =n(z) modp(z). (4.33)

Therefore, we can write the numerator n(z) decomposed as

n(2) = f(2)d(z) + a(2)p(z), (4.34)

where ¢(z) is the quotient of the division of n(z) — f(2)d(z) with respect to
the polynomial p(z). In this way we obtained the first term of the expansion

of f(z), namely f(z),

n(z) _ f(2)d(z) +q(2)p(z) _ 5z, 4Z)p(z)

in the case of f(z) being a rational function.

We now look at the expansion we want to obtain as showed in eq. (4.23).

Since we factored out the terms proportional to p(z) in d(z), we have that

d(z) and p(z) satisfy ged(d(z),p(z)) = 1, so the first term in the expansion
is of order O(p(2)°)

fz) = Z ci(2)p'(2). (4.36)

=0

The first term can be obtained as

~—

co(z) = ZE—; mod p(z), (4.37)

~—

so we can write n(z) following eq. (4.34)
n(z) = co(2)d(2) + a1 (2)p(2), (4.38)
and we can calculate the difference between f(z) and ¢y(z), that amounts to

_ _ n(2) —c(2)d(z) _ a(2)p(z)
f(2) —co(z) = M —co(2) = ) = i)

(4.39)

mod p(z), (4.40)
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that amounts to considering ¢;(z)/d(z) as the new f(z). We can calculate
the difference between ¢;(z)/d(z) and ¢;(z) as

0 - 0 —alE)iE) _ eEe)

) ) a W
that allows us to obtain cy(2)
_ q2(2)
co(z) = a02) mod p(z). (4.42)

We can iterate this procedure to obtain all the terms we need in our expansion.
Then, for the purpose of our calculations, we consider the limit of our expan-
sion for p(z) — 0. This is because in the calculation of intersection numbers
we often need to expand around the poles of either w or €2. The irrational
poles, that we ultimately want to avoid, satisfy polynomials p(z) irreducible
over Q. Therefore our expansion around p(z) for p(z) — 0 ultimately means
to consider the expansion of a function near all the poles satisfying p(z) =0
at once.

4.3.1 Symbolic shortcut

The repeated divisions can be avoided by means of a shortcut to compute
the p(z)—adic expansion of a rational function. Assume the degree of the
polynomial p(z) is n. The whole procedure explained above can be easily
done in two steps. We first perform the polynomial reminder with respect
to p(z) — 0 where ¢ represent a symbolic small quantity that will later be
expanded in series around 0. In this way what we really are doing to calculate
the polynomial reminder is to recursively substitute each 2™ with

PP e e SO U 0, (4.43)
an an dn

so we will obtain an expression that has a dependence on ¢ and whose degree
with respect to z is less or equal to n — 1. We highlight that this procedure
actually amounts to a simple redefinition of p(z) = ¢'. In this way we can
expand in series for arbitrary small p(z) by expanding in series around ¢ — 0.
The notation for the polynomial reminder introduced in Sect. 4.1 in this case
becomes

LF(2)]pz)—s = f(2) modp(z) =0, (4.44)

!This redefinition eliminates the explicit dependence of p(z) from z, therefore needs to
be done with care. For example, when we need to calculate the p(z)—adic expansion of
the derivative in z of a function f(z) we first need to perform the derivative and then take
the polynomial reminder with respect to p(z) — 0.




Application to intersection numbers 67

and effectively amounts to the substitution p(z) = §. We then expand the
obtained expression in series for small ¢,

max deg p—1

Lf(Z)Jp(Z)fé = Z Z Ciij(Si + O(5max+1). (4.45)

i =0

In this way we obtained the p(z)—adic expansion of a generic rational function
around p(z) up to the order we need.

We summarize the two steps necessary to implement the shortcut for the
p(z)—adic expansion of a rational function f(z):

e from f(z) obtain | f(2)]p)-s by taking the polynomial reminder w.r.t.
p(z) — 0, i.e. substituting p(z) with d;

e expansion of | f(2)],(:)—s for small 6§ up to O(§™a+1).

This procedure is in close analogy with the p—adic expansion of a rational
number. For p—adic numbers we expand a rational number with respect
to a prime p, our expansion allows to expand a rational function f(z) with
respect to a polynomial p(z) that is prime over Q. We can thus formally
take the limit p(z) — 0, considering at once the expansion around all the
z; satisfying p(z) = 0. The point is that such expansion can be used when
dealing with a polynomial presenting non-rational roots in its solutions. We
consider the expansion around the whole polynomial, and, for the limit of
vanishing polynomial, we effectively account for all the solutions at once,
instead of multiple expansions around its non-rational roots.

4.4  Application to intersection numbers

The generic outline of the algorithm for calculating n-forms intersection
numbers remains similar but with some modifications when looking for the
poles of the functions w and 2 and in the operations carried out for calculating
the residue of the product of ¥¢gr (or ¢ - ¢r), that varies depending on the
nature of the pole in consideration. Let us first consider the part concerning
the search of the poles of the functions w and ). Suppose we are integrating
the variable z. If we are in the univariate case, since w is a function, we
simply factor its denominator over Q. If, instead, we are in the multivariate
case, since () is a matrix, we run through all of its entries and we factor over
Q the denominator of each one of them. We thus group all distinct factors.
In both cases we end up with a list of factors that are irreducible over Q. For
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convenience we call each factor p;(z) and the whole list, both in the univariate
and in the multivariate case, takes the form

factors = {p1(2),...,pn(2)}. (4.46)

We calculate the intersection number (pr|¢r) as the sum of all the contri-
butions from all the factors p;(z) in the list. We indicate the contribution
given from the factor p;(2) with (¢r[¢r),,(.), where we highlight that looking
at the contribution from p;(z) means that we are, at once, considering the
contribution of all its roots,

(prler) = Z <¢L|90R>pi(z)~ (4.47)

p;(z)€Efactor

We then check each p;(z) to see what is its degree with respect to z. We
consider all other variables as constant parameters just like the dimensional
regulator, the regulators p; and the kinematic invariants. We have two pos-
sibilities, namely whether the p;(z) we are considering is linear or not in the
integration variable z. For convenience, in the following we call a generic

factor p;(z) simply p(z).

Factor linear in z

If p(z) is linear with respect to z then it has the form

p(2) =z — qo, (4.48)

where qq is a rational number. This case does not need any further inquiry and
we can safely proceed with the algorithm described in Sect. 3.5, calculating
the contribution that this rational pole gives to the sum of the residues for
the intersection number in consideration.

Factor non linear in 2z

The other possibility consist in p(z) having a degree higher than 1 in
the integration variable z. Heuristically, we have noticed that the degree is
usually 2, but there are no reasons we should restrict to this case. Supposing
the factor p(z) has degree n, we can write it in the form

p(z) = 2" + Q12" L+ 4 qo, (4.49)

where each ¢; is a rational number. This is the case where the factoriza-
tion over R or C would lead to the presence of algebraic extensions, as the
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factorization over Q could not reduce the polynomial to the product of lin-
ear factors. This is the case where we need to make some changes in the
algorithm in order to prevent the appearance of non-rational contributions.
As explained above, our general line of reasoning will be to consider sep-
arately each p(z), which is a polynomial irreducible over Q, and expand our
functions of interest with respect to it, using the concept of p(z)—adic expan-
sion explained in Sect. 4.3. We will then exploit the univariate global residue
theorem [56] (for more details see App. A) in order to obtain the residue of
the product ¥¢r (or ¥;¢r; in the multivariate case) around the non-rational
solutions of the polynomial in consideration. The univariate global residue
theorem [56] allows us to do it without ever explicitly write the solutions.
We begin by describing what happens in the univariate case. We first
check whether the irreducible factor p(z) presents a leading coefficient, .,
different than 1 in front of its higher degree variable, z". If so, we save it for

later use,
le = qn. (4.50)

We then find the order of the p(z)—adic expansion of the functions ¢, ¢r
and w with respect to z, obtained by first taking the polynomial reminder
with respect to the polynomial p(z) — ¢, where ¢ is an auxiliary parameter,
as we explained in Sect. 4.3.1 and then expanding in series for small §. We
find the endpoints max and min in the univariate case given by

min = O(SOL) - O(Cd)7

max = —O(¢r) — 1. (4:51)

So that in the univariate case the expansion for ¢ in terms of p(z) looks like

max deg p—1

=Y Y edpi(z) + Op(z)m ). (4.52)

i=min j=0

We build the univariate differential equation, eq. (3.84), that for convenience
we rewrite here

B
ooVt =, (4.53)

and we perform a p(z)—adic expansion around p(z) — 0 (as explained in
Sect. 4.3.1) in order to obtain

0
9 s = s 4.54
bszW)é + [wPlpe) s = Lvrlpe)-s (4.54)
Then, we expand in series for 6 — 0 and we solve it for the coefficients c;;.
We substitute the obtained solutions for ¢;; in |]p(;)—s and we multiply it by
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vr. We p(z)—adic expand the product YR, namely we take the polynomial
reminder of the product |¢],:)—s ¥r = [V@YR]p:)—s and we expand in series
for small § up to order O(4° )

—1 deg p—1

[or) s = D Z &, 28" + 0(8%), (4.55)

where the sum over ¢ starts from the order of [Ypr|p:)—s around § — 0.
Following the univariate global residue theorem [56], we calculate the residue
of the product ¥ ¢g around the solutions of p(z) by taking in the term of order
O(671) (that corresponds to the term of order O(p(z)~!)) the coefficient of
term proportional to 29 P~! and dividing it by the leading coefficient. The
contribution to the intersection number around the irreducible polynomial
p(2) is therefore

éfl,de —1
(prlenr)yey = —7— 2 (4.56)

In the multivariate case the situation is analogous, the main difference
being the vectorial nature of ¢, $r and ¥ and the fact that Q™ is a matrix.
We begin by considering the order of each one of the p(z)—adic expansion of
all each entry of ¢ ;,0r,; and QE?) and calculate global-max and global-min
as follows

global-min = min;(O(pr;)) — max;; (O(Qg)»’ (4.57)

global-max = max;(—O(¢g;) — 1),

where ¢ and j run over the number of MIs in the inner space. Remember that
in the multivariate case we have ¢r; = C;j¢r ;. Then, the expansion of each
Yy, in terms of p(z) looks like

global-max deg p—1

w= > Z Crig 2D ( (4.58)

i=global-min

We build the multivariate differential equation, eq. (3.107), that we rewrite
here for convenience

8 n n n
&%‘ '+ 1/1]( )Q§'¢) = QL) (4.59)

and we apply to it the p(z)—adic expansion around p(z) — ¢ (as explained in
Sect. 4.3.1) in order to obtain

d (n) n) o) _
L%% Jp(z)—é + Wj ‘jS Jp(Z)ftS = L@L,in(Z)*‘S' (4.60)
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Then, we expand around 6 — 0 in all the terms constituting our differen-
tial equation and we solve it for the coefficients c;;. We then substitute

the obtained expressions for c;; in L@Dz(n)J p(z)—s and we multiply it by @g;.
We then take the polynomial reminder of the product Lwi(")j p(2)—6PRi =
L@bg")@R,in(z),g and we expand it for § — 0,

—1 deg p—1
[ Prilpr-s =D D ald +0O(d%). (4.61)
i =1

Again, following the univariate global residue theorem [56|, we calculate the
residue of the product v; ¢r; around the solutions of p(z) by taking, in the
term of order O(671), the coefficient of the term proportional to 29 P~! and
dividing it for the leading coefficient. The contribution to the intersection
number around the irreducible polynomial p(z) is therefore

<90(L")

After calculating for each factor in the list of eq. (4.46) its contribution
to the intersection number, we sum all the contributions to obtain the value
of the intersection number.

p(2) le
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5 Applications to Feynman in-
tegrals

In the following we use the new method presented in Ch. 4 to compute
the decomposition of several Feynman integrals belonging to different families,
both at one and two loops. All these results have been checked against the
decomposition obtained with the traditional Laporta approach implemented
on the framework FINITEFLOW. For each family we report the relevant
master forms considered at each layer of the recursive algorithm.

5.1 One Loop cases

We begin with some examples of Feynman integrals at one loop.

5.1.1  Triangle with a massive loop

AVAVAVAVAVAVAV
Z3
Z2
<1
AVAVAVAVAVAVAY

FIGURE 5.1: Massive triangle at one loop.

We compute the decomposition of several integrals belonging to the family
of massive one loop triangle. We begin with an overview of the kinematics.
The family has one Mandelstam invariant,

s =2p; - pa. (5.1)
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For the external momenta we have
p; =0,p5=0,
b3 = —pP1 — P2

(5.2)

We identify the propagators with

n=k*—m? z=(k+p)-m? zm=Fk+tp +pm)?-—m> (53)
therefore we are computing intersection numbers of differential 3—forms. The
Baikov polynomial is given by

1

B = —Zs(mQS + 525 — (21 — 22) (22 — 23)). (5.4)

Therefore the regularized twist takes the form
_nStorpp
u, =B 7 22528, (5.5)

We consider the following ordering for the integration variables, from the
innermost to the outermost:

2o — 23 — 2. (56)

The dimension and the choice for the master forms in the inner spaces found
as illustrated in Sect. 3.3.1 are given by

integration in zj: {1, l},
T (5.7)
integration in zj3: {1, —, —}
R3 <273
For the outermost integration we have that master forms correspond to mas-
ter integrals and we make the following choice (fig. 5.2)

[tri = Il,l,la [bub = [1,0,17 [tad = [0,0,1' (58)
Z1 z3
— =

FIGURE 5.2: Master integrals for the massive triangle.
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Following the procedure outlined in Sect. 3.5.2, we calculate the metric
C, given by the intersection numbers between the master integrals

<[tri‘[tri> <Itri’[bub> <[tri|Itad>
C, = | Towllui) Ibub/lbub)  (Ibublltaa) | , (5.9)
(Itaa| Itri)  (Ltad|Toub)  (Ltad|Ttad)

where each intersection number is given by

Ge

Iuillyi) = 55—
e ) p°(2€ = 3p)

(5.10)

€S
<[tri|jbub> - 2 (511)

p*(2¢ — 3p)(2e — 3p+ 1)’

es(4m?(2¢* + €(3 — 9p) + (1 — 3p)?) + ps(e — 2p + 1))

Iri Ia = - ’

uilliaa) p?(2¢ —3p+1)(2e — 3p + 2)(2€2 + €(2 — 9p) + 3p(3p — 1))
(5.12)

€s
Lo Tusi) = , 5.13
ol i) = e 3 — 1)(2e — 30) (513)
es(€%(s — 4m?) + 2ep(9Im? — 25) + 2p?(2s — 9Im?))
{(Toub| loub) = ——

p2(2¢ —3p)(2e — 3p+ 1)(2¢2 —e(9p + 1) + 3p(3p+ 1))’
(5.14)

1
2¢ —3p+1)(2e —3p+2)(2¢2 + ¢(2 —9) + 3p(3p — 1))
1 203 2
-8
22 —€(9p+1) +3pB3p+ 1)) (63 (e5(s = &m’)
+ 2(2m?(24p — 5) — 6ps + s) — 2e(m*(48p* — 20p + 1)

+20(1 = 3p)s) + pl(m?(63p — 39 + 4) + 4p(1 — 20)s)) ), (5.15)

[bu [a =
(Toub| Ltad) P

es(ps(—e+2p+ 1) — 4m?(2¢* — 3e(3p + 1) + (3p + 1)?))
p*e—3p—1)(2e —3p—2)(2¢ —3p—1)(2e — 3p)
(5.16)

<]tad |Itri> -
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1

ple —3p—1)(2¢ —3p —2)(2¢ — 3p)(2¢ — 3p + 1)
1 2.3 2

(22— €(9p+ 1) +3p(3p + 1)) (“ (eX(s —8m7)

+2(2m?(24p 4+ 5) — (6p + 1)s) — 2em?(48p* + 20p + 1)

+dep(3p + 1)s + p(mP(63p> + 39p + 4) — 4p(2p + 1)5))), (5.17)

<Itad‘jbub> =

1
(e—3p—1)(2¢ —3p—2)(2¢e —3p+1)(2¢e — 3p+2)

1
(2¢24+€(2—9p) +3r(3p—1))(2¢2 —€(9p+ 1) + 3p(3p + 1))
(esz(—SQ(e —2p)2(€2 — dep + 4p? — 1) + mt(—48¢!
4 360€3p — 28€%(36p% — 1) + 6ep(207p? — 17) — 567p*
+99p? — 4) + 2m?s(6e* — 47¢%p + €2(139p* — 6)

+e(23p — 183p%) + 90p* — 22p2))), (5.18)

<Itad|ltad> -

and we use it to perform the decomposition of the following integrals following
the straight decomposition procedure outlined in Sect. 3.4.2

[1,2,17 [1,1,27 [2,1,17 (519)

where the coefficients are obtained following eq. (3.74) after taking the limit
p — 0. We successfully computed the decomposition of

(—2€* + 3¢ — 1)
mis

Iip1 = Liaa + 5 Tou = — Lusi. (5.20)

2,72 _ €s _ 3em® | es | m?
(€2m : -5+ E)

Itad

m#s?

6o
m-s 1

1
6 _— =
(—22_2 Iywh = 121 1. (5.21)

2¢
m=s 1
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5.1.2  Massless box diagram

<3

29 2z

?1

FIGURE 5.3: Massless box at one loop.

We compute the decomposition of several integrals belonging to the family
of massless one loop box. We begin with an overview of the kinematics. The
family has two Mandelstam invariants

S12 = 2p1 - pa, S13 = 2p1 - ps3. (5.22)
For the external momenta we have

pi=0,p5=0,p5=0,p; =0,
P4 = —P1 — P2 — Ps3.

(5.23)

We identify propagators with

2 =k 2= (k+p1)?, z3 = (k+p1+p2)?,

5.24
2= (k+p1+p2+ps)*. (5:24)

The Baikov polynomial is given by

1
B = T (s‘l’L2 + 2855 (S13 — 21 + 20 — 23 + 24) + 879(555 + 2513(—221 + 20 — 223 + 24)

+ (21 — 22+ 23 — 24)2) — 2519813(s13(21 + 23) — Z% + 21(22 + 24)

+ 2pzs — 2292y — 25 + 2324) + S25(21 — 23)2>.
(5.25)

Therefore the regularized twist u takes the form

U, = B%zfzgzngf. (5.26)
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From the master monomials analysis, performed out of the cut, we find three
master integrals, that we identify as

Ihox = 11111,
Lyab1 = Lio,1,0, (5.27)

Tyuv2 = 101,01

Z1 22
z3 24

FIGURE 5.4: Master integrals for the massless box.

We consider the decomposition of the following integrals

Iy, Lo, Lii21, (5.28)

Iiiao, Lo

We follow the bottom-up decomposition as presented in Sect. 3.4.2, based
on spanning-cuts. Since the decomposition of a generic integral, performed
without cuts, can be written as

I'= colpox + cilpunt + C2lpune- (5.29)

we need two spanning cuts to obtain all the coefficients of the decomposition:
the cut {1, 3} corresponding to the cut of propagators z; and z3 and the cut
{2,4} where we cut the propagators zs, z4. These two set of cuts allow us to
find the coefficients

cut {1,3}: I = colhox + Cc1lbunr,

5.30
cut {2,4} : I = colpox + Calpuna- ( )

By combining the results obtained in these two sets of cuts, we are able to
recover all the coefficients of the decomposition.

Spanning cut {1, 3}

In the spanning cut {1,3} the regularized twist takes the form

d—>5
_ 7 PP
Up7173 — B173 Z2Z4. (5.31)
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where B 3 is the Baikov polynomial on the cut {1, 3}

1
Bl,3 = 1_6 (34112 + 28:;’2(813 + 29 + 24) + 332(5%3

(5.32)
+ 2813(2’2 + 24) + (—22 — 2’4)2) + 48128132’224) .

we calculate 2—forms intersection numbers in the variables zo, z,. We con-
sider the following ordering from the innermost to the outermost

29 —> Z4. (533)
with the following internal master forms in 2,
1
integration in zo: {1, —}. (5.34)
Z2

We write the integrals we want to decompose as (following the cut prescrip-
tion for dotted propagators explained in Sect. 3.4.1)

1 1
11,2,1,1 = Up1,375 s ]1,1,1,2 = Up 1,3~ 5>

0,, log(u 0. log(u
12,1,1,1 :/Up,173;g(> ) 11,1,2,1 :/up,l,S;g()

z1=23=0 z1=23=0
0., log(u
Lo = / Up,1,3%g() (5.35)
224 z1=23=0
As explained above, this gives us ¢y and ¢y.
Spanning cut {2,4}
In the spanning cut {2,4} the regularized twist takes the form
d—5
Upoa = By} 2725 (5.36)

where By 4 is the Baikov polynomial on the cut {2,4}

1
By, = 16 (34112 + 2535 (s13 — 21 — 23) + 515(575

+ 2813(—221 — 223) + (2’1 + 23)2) — 2812813(813(2’1 + 23) (537)

= = )+ shy(n - x)?).

we have 2—forms intersection numbers in the variables z1, z3. We consider
the following ordering for the variables from the innermost to the outermost

21 — 23. (538)
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with the following internal master forms in z;

1
integration in z;: {1, —}. (5.39)
21

Similarly to the previous cut, we write the integrals that we decompose as

29=24=0 ?1%3 29=24=0
1 1
[2,1,1,1 = / Up2,4—, [1,1,2,1 = Up2,4—,
2123 Z1%3
0., log(u)
2
Ii221 Z/Up,2,4 3 (5.40)
le3 zo=24=0

This cut yields the coefficients ¢y and ¢;. Combined with the previous one
we obtain

Loy = (8¢ —2) I
1211 €5Yy + €535813 + 3y + sTy513 o
(—2¢—1)
+ — I ox — I ' D41
812 + S13 b b | |
; B (2 — 8¢?) I
2,1,1,1 = 68;1:,2 + 268%2813 + 63123%3 + 3?2 + 28%2813 + 8128%3 bub2
2¢e+1
+ g ]box = ]1717271. (542>
S12
(—4€? — 6e — 2) (16¢* —4)
T = ox -3 1 u
el sty + 12813 " st shsis
16€? — 4
( ) — Loz, (5.43)

4 3 2 2

5.2 Two Loops cases

We present the results obtained in the decomposition of several Feynman
integrals at two loops.
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5.2.1  Massless boxtriangle diagram

<1

<5

z2 Z4

<6

<3
FIGURE 5.5: Massless boxtriangle.
We compute the decomposition of several integrals belonging to the family

of massless boxtriangle. We begin with an overview of the kinematics. The
family has one Mandelstam invariant,

S12 = 2p1 - po. (5.44)

For the external momenta we have

P3 = —pP1 — P2-
We identify the propagators with
21 = k%, 29 = (/ﬁ —P1)2, <3 = (k’l — D1 —p2)2,
z= (b — k) =k, 2= (k2—p1—p2)’, (5.46)
&7 = (kz - p1)2-
The master integrals are
Ini = 1o,1,0,1,1,1,05 Iz = 110,101,105 (5.47)

Iz = 11,0,0,1,0,1,05 Ina = 190,1,1,1,00-
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21 Z5
25
Z2
26
Z3 <6
21 Z3
/W -

FIGURE 5.6: Master integrals for the massless boxtriangle.

We compute the decomposition of the following integrals, using the span-
ning cuts approach,

Laiii,-1, Liiii1,-2, Iyii111,-1,
Liii21,1,-2, Liioia,-1, Lioi1,1,0s (5.48)
Lioi121,10 Iyi1211,0,-1-

Since the decomposition of a generic integral can be written as
I =ciln + colno + 3z + cala. (5.49)

It is sufficient to consider the following spanning cuts: {2,4,5,6}, {1,3,5,6},
{1,4,6} and {3,4,5} to get all the coefficients of the decomposition of a
generic Feynman integral belonging to the boxtriangle family. In particular
we see the coefficient corresponding to each spanning cuts are

cut {2,4,5,6}: I =cil,
cut {1,3,5,6}: I = colno,
cut {1,4,6} : I = c3ly3,
cut {3,4,5}: I =cylpa.

(5.50)

At the end of the section we report the integrals for which we calculated all
the coefficients of the decomposition.
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Spanning cut {2,4,5,6}

We compute 3—forms intersection numbers in the variables z7, z1, z3. We
chose the ordering, from the innermost to the outermost, as

27 — 21 —7 23. (551)

with the following choice for the internal master forms

integration in z7: {1},
(5.52)

1
integration in zj: {1, —}
21

Spanning cut {1,3,5,6}

We compute 3—forms intersection numbers in the variables z7, z5, 4. We
chose the ordering, from the innermost to the outermost, as

27— Zo — 24, (553)

with the following choice for the internal master forms

integration in z7: {Z7},
(5.54)

1
integration in zj: {—}
22

Spanning cut {1,4,6}

We compute 4—forms intersection numbers in the variables z7, 29, 25, 23.
We chose the ordering, from the innermost to the outermost, as

27— %9 — Z5 —r 23, (555)
with the following choice for the internal master forms
integration in z7: {1},

3 (5.56)

1
integration in zs: {—}
2925

&=

integration in zo: {
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Spanning cut {3,4,5}

We compute 4—forms intersection numbers in the variables zy, 29, 24, 27.

We chose the ordering, from the innermost to the outermost, as

27— 9 — Zg —r 21,
with the following choice for the internal master forms
integration in z7: {27},

1
integration in zo: {—},
<2

1
integration in zg: {—}
<6

We report the complete decompositions

Liiiaan,—1=
2(6€* — be + 1) /
o e(2e—1)s;p, ™
2(263519 — 3€2819 + €519)
a €2(2e — 1)s%, "2
2(—9¢> + 18¢* — 11e + 2)
a €2(2¢ — 1)s2,
2(—9¢3 + 18¢% — 11e + 2)
a €2(2e — 1)s%,

-[In3

Liiiaa1,-2 =

(I —2¢)(2¢ —1)
(e —1)e L

(26 — 1)(26812 — 62812)
2(6 — 1)62812
(2¢ — 1)(3€* — 8¢ + 4)
- Im3
2(e — 1)€e2s19
(26 — 1)(3¢® — 8¢ + 4)

— Iy
2(6 — 1)62812 4

m2

777777

Iy

(5.57)

(5.58)

(5.59)

(5.60)
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3(2¢ +1)(6€® + €2 — de + 1)
e(e +1)2(2¢ — 1)s3,
(26 -+ 1)(465812 —+ 264812 — 663812 — 262812 -+ 26812)
- -[mZ
e2(e +1)2(2¢ — 1)s3,

(2¢ + 1)(—54€® + 108¢* — 93€> + 66¢> — 33¢ + 6)

Irnl

_ I,
e2(e+1)2(2e — 1)s3, ’
3(2¢ + 1)(9¢* — 9¢3 — Te? + 9e — 2
(2¢ +1)(9e € € %3— € )Im4. (5.61)
Liia2i1,-2 =
2(2¢ + 1)(6€* — e + 1) I
6(26 — 1)812 ml
(2 + 1)(2e*s1y — 3€3519 — 3€s15 + 2€512)
- Im2
e2(e + 1)2(2¢ — 1)s3,
(2¢ + 1)(18€° — 72¢* + 85¢3 — 21€% — 12¢ + 4)
- P} ]m3
e2(e+1)%(2e — 1)s3,
2¢ + 1)(18¢> — 72¢* 3 212 — 12¢ + 4
~ (2e+1)(18e> — T2¢* + 85¢ € €+ )[m4- (5.62)

e2(e+1)2(2e — 1)s3,

5.2.2  Massless doublebox diagram

21 25

Z2 Z4 <6

23 27

FIGURE 5.7: Massless doublebox.

We consider the decomposition of several integrals of the doublebox family
with massless propagators. We first give a brief review of the kinematics. We
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have two Mandelstam invariants,

S12 = P1 P2, S13 = P1 - P3, (5-63)
while for the external momenta we have
pr=0,i=1,...,4),

3
Py = — sz’-
i=1

We indicate the loop momenta with k; and ks. The denominators zy,..., 27
and the ISPs zg, z9 are

(5.64)

2= (ki —p)?% 2= (ki —p—p),
ka)?, 2 = k3,
p1—p2—ps3)’, (5.65)
b1 — P2)2,

Z8 = (kl —P1— P2 —p3)27 Z9 = (/fz —p1)2-
We consider the decomposition of a set of integrals on three different cuts, as
illustrated below.

2 = k2,

2y = (k1 —
26 = (ko —
27 = (kg —

Maximal cut

We analyze the integrals first on the maximal cut, which corresponds
to the calculations of 2—forms intersection numbers in zg,z9. The Baikov
polynomial on the maximal cut is given by

1
Brax cut = 1—68122829(ng + S12(S13 + 28 + 29) + 2829), (5.66)

and the regularized twist takes the form
d—6
Up,max cut = Bm?xx CutZng. (567>

The master monomials analysis on the max cut yields two master integrals

Liaia11100 = Lo, Iiiaa11,0-1=1-1. (5.68)

29

FIGURE 5.8: Master integrals for the massless double box on the max cut.
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We calculate intersection numbers of differential 2—forms with the order-
ing

29 — 28, (569)
with the following internal master forms
integration in zg: {1, 29} (5.70)
We consider the decomposition of the following integrals
Laiiaia,-1,-1, Laiiaia-2-1, Laii211,-1,-2,
haiiaa,-2-2, ipa111100s hoiiaa,-1,-1, (5.71)

Laiia12,-2-1.
We obtain the following decompositions,

S12(S12 + s 3s
Liiiiaii,-1,-1 = — i2( 122 12) Iy — ( 212> I,. (5.72)

(3¢ — 1)s%5(s12 + 513)

]1,1,1,1,1,1,1,—2,—1 = 2<26 — 1) To
512((762—@36)8_121)— 2¢513) I, (5.73)
Laitiiia-1,-2= (B¢ = Dsiplona + 512) Io
7777777 ; 2(2¢ — 1)
512((762—@36)8_121)— 2€513) I (5.74)

[1,1,1,1,1,1,1,72,72 =
_ S%2<812 + 513)<<762 — 6¢ -+ 1)812 -+ (—262 + 3e — 1)813)

I
2(1 — 2¢)? 0
(36 — 1)s95((5e — 3)s12 + (3 — 4€)s13)
_ 1. .
2(1 — 2¢)? ! (5.75)
6e? + He + 1 2¢(2¢ + 1)
I = — — I_4. 5.76
1.2,1,1,1,1,1,0,0 (6 —+ 1)(812 + 813) 0 (6 -+ 1)812(812 + 813) ! ( )
[1,2,1,1,1,1,1,71,71 =2el_;. (5-77)
I . 6(36 — 1)812(812 + 813) I
1,1,1,1,1,1,2,-2,—-1 = % — 1 0
€((7e — 3)s12 — 2€s13) I, (5.78)

2¢ — 1
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Maximal cut —z5

We then consider the family of massles doublebox where all the denomi-
nators are on the cut except z5. The master integrals on this cut are the same
that we found in the maximal cut, namely I, and /_;. We calculate intersec-
tion numbers of differential 3—forms with the ordering (from the innermost
to the outermost)

29 — 28 — Zs. (5.79)

We choose the following internal master forms

integration in zy: {1},

(5.80)
integration in zg: {1, Zg}.
We consider the decomposition of the following integrals
Latiiia-1,-1, Laii011,-1,-1 Niaii211,-1,-1,
Liaai211,-2-1 Liaai210,-2-2 Iaiiaia,-1,-1, (5.81)

Ipii,0,1,-1,—2

The decomposition obtained for 77 111.1,1,1,-1,—1 is in agreement with the one

shytytydydydsy

obtained on the maximal cut. The other decompositions yield

Lii1011,-1,-1=0. (5.82)
Nianizig,-1,-1= —€(s12+813) lo — 3e [ 4 (5.83)
Iaiiaiaa,-1,-1 = —€(s12+ 513) Lo — 3 I_4. (5.84)

€(3e — 1)s12(812 + 513) I+ €((Te — 3)s12 — 2€513) 7
0

2% — 1 2% — 1 -t

Liii1211,-2-1=

(5.85)

812(812 + 813)((762 — be + 1)812 + (—262 + 3€ — 1)813)
2 —4e
(36 — 1)812((56 — 3)812 + (3 — 46)813)
+ 2 — 4e

Iy

Liii1211,-2-2=

I, (5.86)

6(36 — 1)812(512 + 813) IO 1 6((76 — 3)812 — 26813)

1.
2¢ — 1 2¢ — 1

(5.87)

Iyiiaa0,1,-1,-2 =
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Maximal cut —z5 — z3

We then consider the massles doublebox where all the denominators are
on the cut except z5 and z3. The master integrals on this cut are

I—l; IOv

[1,1,0,1,0,1,1,0,0 = [diag-

(5.88)

21

29 <6
29

=7

FIGURE 5.9: Master integrals for the massless double box where the denominators
z5, z3 are not on the cut.

We calculate intersection numbers of differential 4—forms with the vari-
ables’ ordering (from the innermost to the outermost)

28 —> 23 — 25 — Z9. (589)

We choose the following internal master forms
integration in zg: {1},

1
integration in z3: {—}, (5.90)
Z3

1 1
integration in zs: {1, —, —}
%5 23

We calculate the decomposition of the following integrals

Liaaaia,0,-1,-1, Liiai010,-1,-1, Liiaii210,-1,-1, (5.91)
Liia21,0,-2,-2, Iiagi,0,-1,-2-
Obtaining:
1 1 2812 + 9813
Liaiaiai,-1,-1 = —=512(512 + 513) Lo — =(3512) I-1 + ———— Idiag-
2 2 2512

(5.92)
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(s12 + 813)(262812 — 3es1a — 3€s13 + S12 + S13)

I -1 = Liiae-
1,1,1,1,0,1,1,—1,—1 (662 “het 1)313 diag
(5.93)
3(3es13 + s
Liii1211,-1-1 = —€(s12+ s13) lo — 3e 1 + —( ;32 13) Lgiag.  (5.94)
12
812(812 + 813)((762 — be + 1)812 + (-262 + 3€ — 1)813)
Liii1211,-2-2= Iy
2 —4e
(36 - 1)812((56 - 3)812 + (3 - 46)813)
- I
2 —4e
1
4€® — 6e + 2)s°
+ 2(662 — be+ 1)512813 << ¢ et )812
+ 2(2€* — 9¢ + 3) 57,813 + (135€° — 171¢
+ 45 — 1)s128% + 3(— 186 + 27€% — 16¢ + 3)s§’3) Liing.
(5.95)
. 6(36 — 1)812(812 + 813) 6((76 — 3)812 — 26813)
Iyiiaa0,1,-1,—2 = I I,
2¢ — 1 2¢ —1
1

4% — 6e + 2)s?
(262 +e— 1)812813 (E(( ¢ et )812

FA(2 — de + 1)s19513 — 3(T€ + 8¢ — 3)s§3)) Liing. (5.96)

5.2.3  Massless pentabox diagram

%1

<6

29 Z4

z
23 7
<8

FIGURE 5.10: Massless pentabox.
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We consider the decomposition of several diagrams of the pentabox topol-
ogy with massless propagators. The kinematics presents five external mo-
menta, p1, ..., ps of which only p1, ps, p3, ps are independent due to momen-
tum conservation

pr=0,(i=1,...,5),
4
p5:_zpi~
=1

There are 5 Mandelstam invariants s;; = p; - pj, that we chose cyclically as

(5.97)

S12 = P1 P2, S23 =DP2° P3, S34 = P3- P4,

(5.98)
S45 = P4 - P5, S51 = P5 - P1-
We indicate the loop momenta with k; and ks. The propagators zq, ..., 25
and the ISPs zy, 219, 211 are identified as
21 = k%, 29 = (/ﬁ —P1)2> 3 = (k‘1 — D1 —PQ)Q,
24 = (kl - k2)2, 25 = k;
26 = (k2 — p1 — p2 — p3 — pa)’,
B 5 B 9 (5.99)
27 = (k?2 —P1— P2 —p3) y R8 = (k’2 — D1 —p2) )
29 = (/ﬁ —DP1—DP2—DP3 —p4)2,

210 = (k1 —p1 —pa — p3)®, 2= (k2 —p1)*

Working on the maximal cut where all the “real” propagators are set to zero,
we are left with only the ISPs,zg, 210, 211, and, therefore, with the calculation
of 3-forms intersection numbers. Since we work on the maximal cut, for
simplicity we adopt the notation:

N1 1010005 = Lagasas (5.100)

We find as master integrals

1
IO,O, - )
R1222372425262T7%8
210
Ip_10= , (5.101)
Z1R22324R526R728
. 211
0,0,—1 =

R1R923R425R62728 .
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210

211

FIGURE 5.11: Master integrals for the massless penta box on the max cut.

And we calculate the decomposition into master integrals of the following
integrals

I 10,0, I 1y, Iy 2y,
171,71,717 171,71,727 171,72,717 (5102>
I5 4 1.

We choose the following ordering of variables, from the innermost to the
outermost
210 = 29 = 211 (5.103)

And the internal master forms as

integration in zpg: {1 },
(5.104)
integration in zg: {1}

We find the following decompositions. In our calculation with the intersec-
tion theory approach we set the Mandelstam invariants to random numerical
values, keeping the € dependence analytic. We report the analytic form of
decompositions as obtained with the reconstruction performed with FINITE-
FLow by solving the Laporta system, which is in agreement with our numer-
ical results.

I 1 1=
1
2(26 — 1)(812 -+ So3 — S45

) <6812$23(—38%2 — 812(2823 — 3834 — 3845
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+ S51) + 2893534 + Sa5(S51 — 3834))) Ipo0

+

1
- <€(3S%2 — 3512(834 + Sa5) + 834845)> Top,—1

1

357 2500 — 3
+ (26 — 1)(812 + So3 — 845) (6512( S19 + 512( 593 S34

— 3845 + 2551) — 2523534 + S23551 + 3534545 — 2845851)> Iy 1.

(5.105)

I 1 _10=
1
2(26 — 1)(812 + So3 — 545)
— 2€834 — 2€S45 + €551 + S93 — S34 — Sa5) — (€ 4+ 1)S23534

+ 545(2€s34 — €551 + 834))) Io 0,0

<823((2€ + 1)8%2 + 812(6823

1
* 2 —4e <(2€ +1)(s12 = s34 = 345)) To0,—1
1
— 2 1 2 o _9
-+ (26 — 1)(812 + So3 — 345) ( (( €+ )812) 312(6323 €S34

— 2€S45 + €S51 + So3 — S34 — S45 + S51) + So3(€S34 + S34 — S51)

+ 545(—2€834 + €851 — 834 + 551)) Io, 1. (5.106)

Iy, 20 =
1

2(26 — 1)(512 — S34 + 851)

(523((26 + 1)3%2 + 312(6823 — 2€S34 — 2€5y5

+ €551 + So3 — S34 — Su5) — (€ + 1)S23534 + €545(2534 — 551))) Ipoo
1
_ %+ 1 _ S — ) oo
2(26 — 1) (512 — 531+ 551) (( €+ 1)(s12 + Sa3 — S45)(S12 — S34 — S45) ) Lo.0,-1
1
26 — 1)(812 — S34 -+ 851)

- ( ( — ((26 4+ 1)83,) + 512(2€834 + 2€545 — 2€551
_ 2823 + S34 + 845) + 26345(851 — 834) + 323(2334 — 351)> IO,—LO-
(5.107)

I 100=
1

2(s12 + S23 — S45

) <312($51 - 323) + 593834 — 345851) Io,o,o
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S12 — S34 + Ss51
S12 + So3 — Sa5

Io,—10- (5.108)

Iy 91 =
1
4(2€? — 3€ 4 1)(s12 + S23 — S45)(S12 — S34 + S51)
+ 5%, (2€(5523 — 9534 — 9545 + 5551) + 6534 + 6545 — 5551) + 529(2(€ + 1)555
— 593(€(20834 + 10845 — 9551) + 2851) + (9¢ — 3)s3, + 534(34es45 — 10es5;
— 12545 + 5551) + 9es25 — 20€545551 + 2€52, — 3525 + 10545551 — 52;)
+ s12(—((€ + 1)s35(4s3a — 851)) + €523(10s3,
+ 18534845 — 9834551 — 9545551 + 52,)
+ (6 — 16€)524545 + 534545((6 — 16€)545
+9(2¢ — 1)s51) + (2¢ — 1) 545851 (5S45 — 2551)
+ 2593551 (534 + 545)) + (€ + 1)553534 (2534 — 551) — 523545 (€(855, — Ts34551 + 53,)
+ 834851) + 555((7€ — 3) 53, + (4 — 8€)s34851 + (26 — 1)52)))) Lo0.0+
1
 4(2€ — 3e+ 1) (512 — 534 + 551) (€((9¢ = 3)si,
+ 5%, ((4e 4 2) 593 + (6 — 18€)534 — 18€545 + Tess, + 6545 — 4551)
+ 875 (—(2€ + 1)893(4834 + 2545 — 851) + (9€ — 3)s3, + 534(28€545 — Tessi
— 10845 + 4551) + S45(9€s45 — 14ess; — 3845 + 8551)) + S12((2€ + 1)823(834
+ 545) (2534 — S51) + S45((4 — 10€)53, + (4 — 10€) 534545
+ (8¢ — 5)s34851 + (7€ — 4)s45551)) + (€ — 1)834575(534 — 551))) Loo, 1+
1 4
2(2€2 — 3+ 1) (512 + 523 — 545) (512 — 534 + 551) (es12((9€ = 3)s1,
+ 53, (€(10593 — 18534 — 18545 + 13551) + 6(s34
+ 545 — 851)) + 525(2(€ + 1)855 — 523(€(20834 + 10545 — 13551) + 2551)
+ (9€ — 3)s3, + s34(34es45 — 13€s51 — 12545 + 6s51)
+ 9esly — 26€s4555) + 4es2, — 3535 4+ 12545551 — 252,) + s12(—2(€ 4 1)535(2534
— 551) + €593(1083, + 18534545 — 13834551 — 13545551 + 352;) + (6 — 16¢€)53,545
+ 534845((6 — 16€) 845 + (24€ — 11)851) + 45851 ((13€ — 6) 45
+ (4 — 8€)851) + 2523851 (534 + 545)) + 555(2(e + 1)s3,
— 2(€ 4 1)534851 + 52, ) — S23545(€(853, — 11534851

(
+ 3531) + S34551) 4 S35(530 — 551)((Te — 3)s34 4 (2 — 4€)s51))) Lo, —1.0-
(5.109)

(6812823((96 3)512

I o 11 =
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1
102 37 (o T om o)’ (6812523<<9€ —3)s1y
+ 57, ((13€ — 6)s93 + (6 — 18¢) s34 — 18€545 + Tess1 + 6545 + S51)
+ 5%, ((4e — 2) 555 + 593((12 — 26€) 534 — 13€545 + Ses51 + 6545) + (9 — 3)s3,
+ 534(34e€s45 — Tessy — 12845 — s51) + es7s — 1desysss) + €53,
— 3895 — 2845551 + 52,) + S12(855(—8€534 + €851 + 4834 + 551) + S23((13€ — 6)53,
+ (24€ — 11) 834545 — S€s34551 + €551(551 — 8843)) + 545((6 — 16€)52,
+ 2534((3 — 8€)s45 + 6€S51 + S51) + S51(T€S45 — 2(€ + 1)S51 + Su5)))
+ 833534 ((4€ — 2)s34 — (€ + 1)851) + 523545((5 — 11€)s3, + 534(6€s51 + S51)

— es?)) + 35 ((Te = 3)s3, — saa(essy + 551) + (¢ +1)s2)) ) Joos
1

+ 4(2€? — 3¢ + 1)(s12 + S23 — Su5) (6((3 — 9¢)s1y

— 55, ((Te — 4) 593 + 2((3 — 9€) 534 — esy5 + 2€551 + 3545 + 551))

+ 5%, (593(2(7€ — 4)834 + Tesys — 2es51 — 4545 — S51)

+(3— 96)834 + 2834 (—14€s45 + 2€851 + 5sy5 + S51) + Sas(—9€S45

+ 8€s51 + 3545 + 4851)) + s12(523((4 — Te)s3, + s34(—8esus

+ 2€851 + 5845 + S51) + (26 + 1)845851) + 2845(834 + Sa5)((5e — 2) 834

— (264 1)s51)) + (€ — 1)53,545(523 — 845))) Lo,0,-1
1
T 202 — 3¢+ 1)(512 + 595 — 5332 (esn2((96 = 3)st
+ 5%, ((13€ — 6)s93 + 2((3 — 9€) 534 — Yes45 + Hess1 + 3545))
+ 575 ((4e — 2) 555 + 593((12 — 26€) 534 — 13€s545 + 13€s5,
+ 6545 — 2851) + (9 — 3) 53, + 2834(17€s45 — Hessy — 65y5) + Yesis
— 20€8y5551 + 2652, — 3575 + 252,) + 512(555((4 — 8¢€)s34
+ 3ess1) + s23((13€ — 6)s3, + (24€ — 11) 534845 + (2 — 13€) 534851
+ (2 — 13¢€) 845551 + 2(€ + 1)82,) — 2545((8¢ — 3)s3,
+ (8¢ — 3) 834845 — 9€834851 + S51(—DHesys + 2€851 + 2851)))
+ 554((4e — 2)s3, — 3€s34551 + 52,) — Sa3545((11€ — 5)s3,

+ s34(s51 — 1lessy) + 2(e + 1)s3)) + s35((7e — 3)s3,
— 86834851 + 2(6 + 1)8%1))> [0’,1’0. (5110)

I 1 _9=
1

4(2¢ — 1)(s12 + S23 — S45)(S12 — S34 — Sa5)

(812823((96 — 3)5%2
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+ 55, ((7€ — 3)s23 — 2((9€ — 3) s34 + es45 — 26551 — 3545 + 551))

+ 575 ((6 — 14€)s93534 + (3 — Te) 523545 + 2(€ — 1)893551 + (9¢ — 3)s3,
+ (28€ — 9) 534545 + (2 — 4€)s34851 + (9€ — 3)s75 + (4 — 8€)3845551)

+ 512(503((Te — 3) 52, + (8¢ — 3) 534545 — 2(€ — 1834551

—2(e — 1)845851) — S45(834 + S45)((10€ — 3) s34

+ (2 — 4€)s51)) + €534545(545 — 323))) lo0,0

1
3 — 9¢)s] 3 (—
* 4(2¢ — 1)(S12 — S34 — Sa5) <( €)1y + 515(—€s23

+ 6(36 — 1)534 -+ 186845 — €S51 + Sa3 — 6845 + 851)
+ 575((€ — 1)893(2834 + 845) + (3 — 9€)s3, + (7 — 22€) 834545
+ (e — 1)s34851 + (3 — 96)325 +2(e — 1)s45851)

+ 512(S23534(—€S34 + S34 + Sa5) + Sa5((4e — 1)334 + s34(4€545

— S45 + 851) - (6 - 1)845851)) + 6534845(345(834 - 851) - 823834)> Io,o,—l
1

+ 2(2¢ — 1)(s12 + S23 — S45)(S12 — S34 — Su5) (Slz((S — 9€)so

+ 55,((3 — T€)s3 4+ 6(3€ — 1)534 + 18545 — Tess, — 6545

+ 3551) + 835(523(2(7€ — 3) s34 + Tesys — Hessy — 3845

+3851) + (3 — 9¢) 53, + 534(—28¢845 + Tessy + 9545 — 3551)

+ 545(—9€sy5 + 14ess) + 3545 — 6551)) + 512(503((3 — Te)s3,

+ (3 — 8¢)s34845 + (5€ — 3) 834551 + (He — 3)845851)

+ 845((10€ — 3)s3, + (10€ — 3)834845 + (3 — 8¢€) 534551

+ (3 — 76)845851)) + 6834845(823 — 545)(834 — S51))> [07_1,0. (5111)




6 Conclusions

Scattering amplitudes are a fundamental object in the study of funda-
mental interactions. They enter in the calculation of the S-matrix, whose
modulus squared represents the probability of a certain process to occur and
therefore plays a fundamental role in the connection between theory and ex-
periment. Moreover, their theoretical study allows to unveil properties of the
theory that are not manifest in the Lagrangian formulation. Their building
blocks are the Feynman diagrams participating in the process, thus making
the study of the associated Feynman integrals of primary importance. Among
the several aspects to be considered when dealing with the so-called Feynman
integrals calculus, in this thesis we focused on the techniques to perform the
decomposition of Feynman integrals into a minimal, linearly independent set,
the so-called master integrals.

The importance of decomposing Feynman integrals into master integrals
lies in the possibility of reducing the number of integrals to be effectively cal-
culated from hundreds or thousands into a smaller set. Up to now, the main
decomposition strategy has been the one based on the Laporta algorithm,
which exploits linear relations obeyed by Feynman integrals in order to build
a large system of identities, whose resolution yields the decomposition of the
set of needed Feynman integrals into master integrals. The solution of such
a system is a major bottleneck in terms of computational resources when
diagrams with an high number of loops and legs are involved. It is therefore
very interesting to look for decomposition strategies that avoid large systems
of identities, preferring direct approaches. Intersection theory is a purely al-
gebraic approach to the decomposition of Feynman integrals, that exploits
their nature of elements of a vector space. It allows to reduce any Feynman
integral into a basis of master integrals in the same way a vector is decom-
posed into its basis elements via projections. This is made possible by the
introduction of a scalar product in the space of Feynman integrals, called
intersection number, that is a rational function of the kinematic invariants
and of the dimensional regulator. The state of the art for decomposition via
intersection theory is given by a recursive algorithm in which non-rational
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poles explicitly appear in intermediate stages. In order to compute intersec-
tion numbers several steps need to be carried out for each pole of a function:
it is necessary to solve a differential equation around it, followed by taking
the residue of the product of two functions, one of which being the solution
of the differential equation.

In this thesis we focused on the implementation of a purely rational algo-
rithm that avoids the explicit use of non-rational poles. In order to do so, we
introduced the concept of p(z)—adic expansion of a rational function, in anal-
ogy to the already known concept of p—adic expansion of a rational number,
that allowed us to expand any rational function in terms of the polynomial
irreducible over QQ, whose zeroes are the non-rational poles. The final result
consists in an algorithm that treats non-rational solutions satisfying the same
rational polynomial equation “all at once” and calculates their contribution
to the intersection number by expanding around the irreducible polynomial
in consideration. The algorithm has been implemented on a MATHEMAT-
ICA routine and has been tested on the decomposition of several Feynman
integrals, both at one and two loops. The results have been checked against
the decomposition obtained using the traditional Laporta algorithm in the
framework FINITEFLOW.

It is the first time that a purely rational algorithm for the computation
of intersection numbers that does not require complex transformations of the
integrals or any change of basis is presented. We see this as a promising result,
that can lead, in the future, to an effective implementation of the algorithm
in frameworks based on finite fields, such as FINITEFLOW. This and similar
tools allow very efficient implementations of rational algorithms, and have
already been used for cutting-edge calculations in high energy physics. The
results presented in this thesis thus opened up the possibility of using this
technology for computing intersection numbers between Feynman integrals
in the context of multi-loop predictions. In conclusion, the effective full-
automation of the algorithm and its distribution could lead to improvements
in making cutting-edge predictions for theoretical high energy physics.



A A short tour of Algebraic Ge-
ometry

In this Appendix we review some basic concepts about algebraic geometry.
We don’t seek mathematical rigorousness, preferring to focus on ideas and
concepts. We closely follow the presentation in Appendix B of [41].

Algebraic geometry is the branch of mathematics studying polynomial
equations and their solutions. We indicate with P[z] = P[z1,..., z,] the ring
of polynomials in the variables z = {z;}!, over the field F, which is usually
Q, R, Cor Z/p.

We recall some basic definitions about polynomials and rational functions,
following [43]. We indicate a monomial in the variables z = 2, ..., z, with

z% = ﬁzf‘z, (A.1)

with o = (ay,. .., a,) an n-dimensional vector with «; > 0. Its total degree
is defined as

o] =) (A.2)

i=1
A polynomial in z is defined as a finite linear combination of monomials
with coefficients in a field F. The set of polynomials in the variables z with
coefficients in F forms a ring that we indicate with F[z]. Any polynomial
f € Flz] is uniquely identified by a set of exponents {a} and coefficients

o €F
f(z) = Z CaZ”. (A.3)
We indicate with F(z) the field of rational functions in the variables z
with coefficients in F. Any rational function f € F(z) can be expressed as
the ratio of two polynomials p,q € F[z]

P(2) _ 2o Na,ds € F. (A.4)

fl=) = q(z) Y oydpz’’
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A.1  Polynomial ideals

An important concept in algebraic geometry is the ideal. Suppose we have
a set of polynomials p = {p1,...,p,} in the variables z = (z1,...,2,). We
define the ideal J generated by p as the set of linear combination of generic
polynomials hy(z) € P[z] multiplied by elements of p:

J =<Dp1,- o Pm >= {i hi(z)pr(2), hi(z) € P[Z]}‘ (A.5)

Notice that if z* is a solution of the set of polynomials p, that is,
z¥| pi(z*)=0,...,pn(2z*) =0, (A.6)
then all elements of J are zero on z*
Vge J, q(z*)=0. (A.7)

The inverse is not always true: if a polynomial vanishes on all the solutions
of the system p = 0 it doesn’t necessarily belong to the ideal J.

Given an ideal J, we call algebraic variety the set of points on which all
the polynomials of the ideal vanish:

V(J)=A{z] q(z)=0, Yge T} (A.8)

The algebraic variety is associated to the generators of the ideal [J. The set
of polynomials vanishing on the elements of an algebraic variety V is itself
an ideal and we call it Z(V):

Z(V)={h € Plz]| h(z)=0,Vze V}. (A.9)
For any ideal J we can see that
J SIV(I)). (A.10)

That is, the ideal is contained in the set of polynomials that vanish on the
zeroes of the ideal. But, as we said, these two sets are not always equal. The

equality is reached when the ideal J has a certain property and is called
radical. The radical of an ideal is indicated as VJ and is defined as

VT = {p € Plz]|p* € J for some integer k > 0}. (A.11)

Therefore an ideal is called radical if it is true that /7 = J.
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An important theorem is Hilbert’s Nullstellensatz: it proves the equality
between an ideal and the set of polynomials vanishing on the elements of the
algebraic variety associated to that ideal. The theorem states

W) =VT. (A.12)
It is obvious that, if J is radical we have
IV(J) =J. (A.13)

In the case when the variety V(J) = &, that is, the system of equations
p1(z) = - -+ = pm(z) = 0 generated by the ideal J has zero solutions, it holds
the weak version of Hilbert’s Nullstellensatz theorem:

m

V(J) =@ <= 3hi,... hy € Plz]| Y hi(z)pi(z) = 1. (A.14)

=1

If the conditions of Hilbert’s weak Nullstellensatz are satisfied, then [J =
Plz] and any polynomial p in P|z]| can be written as a linear combination of
the generators of 7.

A.2  Monomial ordering

Given a polynomial ring P[z], it is important to fix an ordering between
the monomials. In one variable it is easy as there is only one possible ordering,
but when it comes to more than one variable there are several possibilities.
A monomial order, or monomial ordering, in the ring of polynomials P|z] is
a total order relation in the set of monomials of the ring that satisfies

e if m; < my then m;ms < mgms,
e VYmy # 1 then my; > 1.

with my, mg, m3 monomials in P[z]. In the case of univariate polynomials in
the variable z the only monomial ordering satisfying these conditions is

l<z<22< ...

In the case of multivariate polynomials in the variables zi,...,z, several
orderings can be defined, such as the lexicographical order and the degree
reverse lexicographical order(see [41] for more details).



102 A SHORT TOUR OF ALGEBRAIC GEOMETRY

A.3 Polynomial division

Given a set of polynomials {py, ..., pn,} in the variables z and a monomial
ordering, the polynomial division algorithm allows to write any polynomial
f € Plz| as

f(z) = Q(z) + R(z),  with Q(z) = Z%(Z)pi(Z)- (A.15)

Q(z) and R(z) respectively identified as the quotient and the reminder of the
polynomial division. Notice that, following what we have defined, Q(z) € J,
J =< p1,...,pm >. It is also said that f is reduced to R modulo the
polynomials {p1,...,p,} or:

f(z) =R(z) mod{p;}",. (A.16)

Unfortunately, this decomposition is in general not unique and the quotient
and the reminder can depend on the order in which the polynomials p, are
taken. Moreover, the reminder could be different from zero even if f belongs
to the ideal 7, a situation that we necessarily want to avoid. These downsides
can be avoided by introducing the concept of Grobner basis, defined as the
set {g1,-..,g¢} satisfying the following:

e generates J
J =<plyo P >=<G1,. -, Qs >; (A.17)

e the reminder of the polynomial division modulo {g;}{_, is unique once
the monomial ordering is fixed. In particular:

— the reminder of the division modulo the Grébner basis Rg, de-
pends only the ideal J and on the dividend f;

— Rg,(z) = 0 if and only if the dividend is a member of the ideal,
feJg.

It can be shown that every ideal has a Grobner basis. In general the number
of its elements can be different from the number of the generators used to
define the ideal, i.e. ¢ # m. In the univariate case the polynomial division
has already the “good properties” that we obtain using a Grébner basis in the
multivariate case. Having introduced the Grobner basis in the multivariate
case, we now can talk, both in the univariate and in the multivariate case,
of reduction modulo a polynomial ideal. Consider a polynomial ring Pz, an
ideal J and a Grobner basis G7. A polynomial f(z) is said to be reduced
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to R(z) modulo J if R(z) is the reminder of the polynomial division of f(z)
modulo the Grébner basis G7. We indicate the reduced f with | f| 7 and the
definition takes the form

Lflz=F  modGys. (A.18)

In Pz], for any ideal J, we can define an equivalence relation ~ 7 between
polynomials: two polynomials p(z), ¢(z) are in the same class of equivalence
if their difference belongs to the ideal J

p~rq = p—q€eJ. (A.19)

Another way to say this is that polynomials are equivalent if the reduction
of their difference modulo a Grobner basis of J is zero.

It can be shown that the set of equivalence classes defined by ~ 7 is a
polynomial ring, called quotient ring and denoted by

Ple]/J = {lpls |p € Plzl]}- (A.20)

We can perform algebraic operation between classes by doing that operation
on the representative (as the result does not depend on the representative).
The most natural way to identify an equivalence class with a representative
is by doing

[ply < Lpls (A.21)

That is, each equivalence class is identified with the reminder of a represen-
tative modulo G 7. This reasoning allows us to perform operation between
polynomials in the quotient ring using the same concepts of modular arith-
metic. For each nonzero polynomial ¢(z) € P[z], assuming ¢(z) and each
generator of the ideal have no common zeroes, we can define the multiplica-
tive inverse modulo the ideal J generated by the Grébner basis {g;(z)}¢_;.
By Hilbert’s Nullstellensatz, in fact, there exist polynomials §(z), {7:(z)}_;

such that ,

i(#)a(2) + 3 Gi(2)gi(z) = 1 (A22)

that is,

4(z) = — modGy (A.23)
or, in other words

4(z)q(z) =1 modGys (A.24)

The multiplicative inverse can be calculated via the Euclidean algorithm or
through an ansatz.
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A.4  Zero-dimensional ideals

We collect some result that we use as hidden hypotheses when performing
the master monomials analysis in Sect. 3.3.1. Statements of theorems are
reported from [41]. We begin with the Finiteness theorem.

Theorem A.4.1. Finiteness. Let J be an ideal in Plz]. The following two
conditions are equivalent:

e Plz]/TJ is a finite-dimensional space;
e V(J) is a finite set.

If the conditions in the Finiteness Theorem are satisfied, the ideal J is
said to be zero dimensional. The following proposition holds:

Lemma A.4.2. Let J be a zero-dimensional ideal.
(j = \/7) <= every solution in V(J) has multiplicity 1. (A.25)

We now turn to the Shape Lemma which is the theorem used to prove
the dimension of the twisted cohomology vector space.

Theorem A.4.3. Shape Lemma. Let [J be a zero dimensional radical ideal
in Plz]. Then, the following condition is satisfied: if V(J) has ns points,
then the quotient ring P|z]/J is ns—dimensional, i.e. admits a basis of n
monomials.

To summarize, if a system {p;(z) = 0} has ng solutions with multiplicity
1, then the dimension of the quotient ring Plz]/J (J =< p; >) is ns. This
justifies our procedure of counting the number of master integrals presented
in Sect. 3.3.1.

A.5 Univariate global residue

We give an account of the univariate global residue theorem as reported
in [56], that is the main result we use to calculate intersection numbers
through the rational algorithm proposed in Ch. 4.

The result is obtained for one variable, indicated with z, and it suits our
needs as intersection numbers are calculated proceeding with one variable at
time, leaving the other variables as constant parameters at each passage.
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Given a polynomial p(z) € K[z] and f(z) € K(z) we denote the ideal
generated by p(z) with < p >. Let f(z) be rational function (in our algorithm,
K = Q) that we write as

1o =5

We want to compute the global residue

Resps (f(2)), (A.27)

where the global residue of a function f(z) is defined as

Respe ()= 3 Res ( ”>. (A.28)

2, EV(<p>) ( )

That is, the residue computed on all the zeroes of the ideal generated by p(z)
of the function f(z)/p(z). Since f(z) is rational, assuming ged(d(z), p(z)) =
1, we can calculate the inverse of d(z) modulo p(z) exploiting the concept of
multiplicative inverse. We denote it with d(z). This procedure allows us to
write the global residue as

Resps (f(2)) = Resps (n(z)d(z)). (A.29)

That allows us to replace a calculation with rational functions with a calcu-
lation with polynomials. This can be proved as follows: because of Hilbert’s
Nullstellensaz there exist two polynomials in z, denoted with j(z) and d(z)
such that

n(z),d(z) € K[z], withged(n(z),d(z))=1.  (A.26)

p2)p(2) + d(2)d(z) = 1, (A.30)
so we can multiply f(z) by 1 and substituting the Lh.s. of eq. (A.30) in the

definition of global residue
= es M = es n(z) L

ReS<p>(f(Z)) - Z R z=2z; (p(z)) E;}» R z=2z; (d(z) p(z))

(2)

n(z) 1 /. 7
] (Z) o (0 (P +C02))
B n(z) . = 1
- ziei;zb) oS (d(z)p(z> * n(Z)d(Z)m)
- Z@;@ Res.., <n 2)d(z )ﬁ) = Rescys (n(2)d()).
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where in the last expression the first term has been removed because it gives
zero contribution to the residue as it is an holomorphic function for all z; and,
as we assumed, ged(d(z),p(z)) = 1. We have the following proposition [56],
that we refer to as univariate global residue theorem

Theorem A.5.1. Univariate global residue. Let p(z),n(z),d(z) € P[z] with
ged(p(z),d(z)) = ged(n(z),d(z)) = 1. Let degp = n and let d(z) be the
multiplicative inverse of d(z) with respect to the ideal < p >. Then

Res<p>(28> - “2:. (A.32)

where a,_y is the coefficient of 2"~ in the reduction of n(z)d(z) modulo p(z)
and ¢, is the coefficient of 2" of p(z) (namely, its leading coefficient).



B Baikov representation

We write more in detail the derivation of Baikov representation, following
closely [21, 55]. Starting from an L loop Feynman diagram in d dimensions
with £/ + 1 external legs and py, ..., pp independent external momenta, we
can write its momentum parametrization as

L

d?k; 1
/ (H mdm) N (B

with z; = P? — M?, with P; and M; respectively indicating a combination of
momenta (both internal and external) and masses, dictated by the structure
of the diagram in consideration. Let ¢; = k1, ..., kr,p1,...,pr. We introduce
the following notation for scalar products

Sij = 4i * 45, (Z7J:1a7L+E)7 ]ZZ (B2)

where the last condition is added to take into account that s;; = s;; and
we consider only the independent scalar products. Since we have L loop mo-
menta and £ independent external momenta, the number of independent s; ;
corresponds to the number of independent Lorentz invariant scalar products
involving loop momenta and is n = L(L +1)/2 + LE.

The basic idea behind Baikov representation consists in splitting each
loop momentum into two sets, where the integrand of (B.1) depends trivially
on one set and not trivially on the other. In the former case the strategy is to
integrate over the trivial-dependence set, in the latter one needs to perform
a change of variables to the Baikov variables. We split each loop momentum
k; in a parallel and orthogonal space

So that
k2 = k3 + K2, (B.4)

il
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where the parallel component of k; lies in the subspace spanned by

kl\\ € Span<ki+17"'7kLap17'"apE>' (B5>
The integration measure becomes

A%, A%y ... d%;

— dEJrLflkl dd*E*LJrlk1 dE+L72k2 dd*E’*LJer2 o dEdedekL
i B.6)
— HdE+L_iki|| dd_E_LJrik‘Z‘L.

i=1

We now have to treat separately the integration over the parallel and the
orthogonal spaces, starting from the parallel. We can write each volume
element d¥ Tk as

, ds; ;i1 ...ds;
E+L—1 ,0+1 i, L+E
d + kz” - 1/2, (B?)
G(kiy1, .. kp,p1,...DE)
where
G(v1,...,v,) = Det(v; - vj). (B.8)

On the other hand, we can write the orthogonal space measure for each k;
by going in spherical coordinates

d—F—L+i _ 1.d—E—L+i—1
d ‘kip = ki| Tdki Qi By

1 d—FE—L+i—2 (B9>

=3 (kin) 2 Ak} Qg 14

where €2, is the n—dimensional sphere volume. Then, noticing that
kD =k — ki, (B.10)

we see that s;; = k7 hence dk?, = ds; ;.
Computing k2, as a function of k;, ..., kr,p1,...,pr one can show

/{2 _ G(kf“ .. .,]{ZL7p1, . 7]9E>
o G(kiJrlv-"7kL7p17~--7pE)’

(B.11)

therefore

d—E—L+i—2

2
) dSm’ Qa—p—r+i-
(B.12)

d—E—L+ip,
d kil =

( G(kia"'7kL7p17"'7pE)

1
2 G(ki+1? . '7kL7p17 <. >PE)
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Therefore we can rewrite eq. (B.1) as

/ ﬁ A%k, 1
L1 ypd/2 |00 zom

=1

_ 1 / d8172d8173 e d817L+E dSL,L—l—l e dSL,L—l—E
(iﬂd/Q)L G(kZa--->kL7p17"'7pE)1/2 G(pla"'apE)1/2
d—E—L-1
1 G(kfl,.‘.,k’L,pl,...,pE) 2
X =Q4_p_ d
2 r L+1(G<k27”'akL7p17'"upE) oLt
1 Glhppi,..pp)\ 1
0, LyFly---»VE d
9 E( G(p1,...,pE) SLL 21t 2o

2’L7Td/2 <H Qd E— L+Z> (pla cee 7pE)(_d+E+1)/2
L L+FE

1
/ (H H dsi,j) G(kla SR kvalv s apE)(d_E_L_l)/Q o an
AR A

i=1 j=1

(B.13)
Then we can exchange variables from the s;; to the denominators. Since
we said that the independent scalar products are n, we can indicate the n
independent s; ; as oy, k = (1,...,n), in order to write the generalized inverse
propagators as

z=Y_ Ciyo;+ fi, (B.14)
j=1

where we introduced the n X n matrix C' and the term f; is independent of
the loop momenta. We can invert the relation in order to go into the Baikov

variables
o =Y (C iz = f), (B.15)
j
and we therefore have an additional jacobian that takes into account this
change of variables
L L+E
H H ds;; =doy ...do, = Det(C")dz; ... dz,. (B.16)
i=1 j=1
Rewriting everything we have the Baikov representation written as

—d+E+1)/2

(pb <. ,pE)(
2@7rd/2 (H Qa-p- L+Z> DetC

dz ...dz, Bl
X / I—G(klv'"7k'L7p1?"'7pE)(d B-L-1)/2

a1 o
27t 20

(B.17)
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We now give a brief justification for the expression of the integration measures
in eqq. (B.11),(B.7) starting from the expression of dk; in eq. (B.7). Since
for each k; we treat the “outer” loop momenta k;,1,...,k; as if they were
additional external momenta, it is sufficient to prove that the formula holds
at one loop. The generalization to more loops comes naturally by simply
considering a larger set of external momenta that includes the additional

kii1,...,kr. For simplicity we indicate k! = k*.
The vector kl‘l‘ can be written as linear combinaton of py,...,pg as
E

=D el (B.18)

=1

We first change the variables to ¢; and later to s; = k| - p;.

we need to compute the Jacobian .J
J=D 8k:|’|‘ B.20
= Det| —" )
with ak‘ﬁL /Oc; seen as a matrix with indices p,i. It is easier to compute
Ok ok
J? = Det [ & B.21
¢ < 801- (%j ’ ( )
with matrix indices 4, j. Since
okt u
= pt B.22
e, b (B.22)
then
J2 = Det(pl . p]) = G(pb N ,pE), (B23)
and therefore
J=+G(p,...,pp)"% (B.24)
Now we change the variables to the s;
dEk’” :dclch|J| :d81d8E|JJ/|, (B25>

with the jacobian J’ given by

J = Det(aci) S (B.26)
0s; Det(g—Z)
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where 0s;/0c; is a matrix with indices 1, j

0s; 0
dc; 80]-( l p) Pi - Dy ( )
and so
1

J
From eq. (B.25), replacing J and J’

1

d"k =ds;...ds, .
' G(plu"'va)1/2

(B.29)

Now for the orthogonal measure we prove eq. (B.11). Also in this case it
is sufficient to prove it at one loop and we use the notation k' = k*. We
expand k" as

k* = Kk + K
I (B.30)
k\lr =D s GiD;
where we observe the vanishing of the scalar products
and therefore
k-k, =k, (B.32)

Because of eq. (B.30) k, k1 ,p1,...,pr are linearly dependent and therefore

G(]CL,k,pl,,pE) = 0. (B33)
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Expanding it, we obtain

K ki-k ki-po... kLope
k’LkZ ]{72 ]Cpl ka
G(ky,k,p1,...,pg)=Det | kL-p1 k-m pi .. DP1°DPE
ki-pe k-pg piovE ... Dy
G
ki k? k-pr ... k-pg
—Det| 0 k-p P% ... D1°DE
: : (B.34)
0O k-pg pr-pE - p2E
2 .
B kiDet p1 S 41 'pE
0 pi-pg ... D%
= kiG(k’,pl, e ,pE) — kjl_G(pl, PN ,pE) = 0
Therefore Ck )
yP1,---,PE
kK2 = , B.35
* Glp,---.pE) (B.35)

which proves eq. (B.11).



C Master decomposition formula

After introducing a basis for the space of twisted cocycles, {(e1], ..., (e.|},
a basis for the dual space of twisted cocycles {|h1),...,|h,)} and a metric
Ci; = (e;|h;) we now look at finding the decomposition formula for arbitrary
(o] and |¢*) in terms of the basis vectors. We follow closely the treatment
presented in [16].

We build the (v +1) X (v + 1) matrix M of intersection numbers, for
arbitrary (p| and |¢*), defined as

<90|s0’;> <90|f;Ll> <s0|f;Lu>
- <el|zso> <| ) 5 <el|E V) E(«o]r;w f(\;), (C.1)
(ev]™) (ev|h1) ... (ev|h)

The second equivalence re-express the matrix M using the column vectors
A; = (plhi), Bi = (ei¢*) with i = (1,...,v) and the metric C;; = (e;|h;).

Since we assume the dimension of the twisted cocycles space to be v and
that each entry of M is bilinear, then the determinant of M vanishes. Using
the identity for the determinant of a block matrix we get

Det M = Det C((gp]cp*> - ATCle) =0, (C.2)
because the metric matrix is nonzero. Therefore,
(pl¢*) — ATC™'B =0, (C.3)
that can be rewritten as
(plp*) = ATCT'B. (C4)

This last equivalence can be expanded to get the decomposition of a generic
intersection number in terms of intersection numbers between basis vectors
1%

(el = (plhy) (C71), eile™) - (C.5)

ij=1
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Given the arbitrariness of (¢| and |¢*) we can extract from eq. (C.5) some
really important relations:

e because of the equivalence between the r.h.s and the 1.h.s. we have the
expression of identity operator in the cohomology space

14

(Pl = > (plhy) (C7),, (el ™) - (C.6)

1,7=1

obtained by stripping the r.h.s. and the L.h.s. of (| and |p*) because
of their arbitrariness and getting:

L= |h) (C7),, el (eky

ij=1

e because of the arbitrariness of |¢*) we can strip it out of eq. (C.5) and
obtain the decomposition of (¢| in terms of the basis vectors {(e;|}1_;

(el = 325 (elhy) (C7) el (€8)

i=1 j=1
N -~ 7

Cq

where we isolated the coefficients c¢;;

e the same reasoning can be applied to strip out (p| from eq. (C.5) and
obtain the decomposition of |p*) in terms of the dual basis vectors

{h) Y o
)= 230 (), el ), (©9)

i=1 j=1

~
*
G

where we isolated the coefficients c].



D Derivation of €2

We closely follow [16] to give a brief account on how the connection €2
appears in the algorithm for multivariate intersection numbers.

We start from the univariate case in the variable z;, recalling how we
obtain the univariate connection w = Q) = d, logu. It comes from the
total derivative of the product of u = u(z;) and an (n — 1)-differential form

§=¢(=1)
0= [ dutew) = [ (@t +dylogungu
¢ ¢ (D.1)
:/CVQ<1>§U: (VaméC],

where we used a new notation Vga) that corresponds to V,: Vo) =d,, +
Q) = d,, +w = V. Now we extend the reasoning to n-forms in the variables
z=(z1,...,2n), with u = u(z), considering the integral I

=™ = [t
c(n)

V(in-1)
(n—1)
= i(Zn e; Z1yeeey Zp)U
> Lo eted [z g

Y(n—1)

=3 [t (e )
=1 Jcm

(n—1)

where the role of u in the univariate case is now played by <ei

c<n—1>} .

In principle there exist many 1—forms ¢;(z,) integrating to the same re-
sult. In particular, we consider the vanishing of the total derivative in z, of

<e§n_1)‘ C(”*l)] times the function (0-form) &;(z,)

o= [, da (st (7)), 3
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and <e§n_1)

C (”_1)} satisfies the differential equation in z,

d, <e(»n71

with 2 a v,_1) X v(,_1) matrix. Inserting (D.4) in (D.3) we get

-] = ) (e

1 J

d%ﬂ, (D.4)

0=/ (3t 29 (e )]
a (D.5)
e / (VQ(n))wé,L(zn) <6§-n_1)) C(n—l)i| ’
o)
where we define the connection at the n-th integration step in z,
Vam =1d,, + Q™. (D.6)

And the matrix Q™ is obtained as

dzn <€§n—1)‘ C(n—l):| =d, / €; (Zla ey Zn)u
c(n—-1)
:/ (ds,ei(z1, .- 2n) +ds, logu A ei(2z1,...,2,))u
C(n 1)
= / (d,, + waN)ei(21, .., 20)u
(n—1)

- <(dzn + wn/\)ez(‘n_l) (nil)}

Y

(D.7)
with w, = d,, logu. We can employ the decomposition formula into basis
vectors to further simplify the last line and obtain

) (Cin),, (57

<(dzn +wpA)el" Y| =

<(dzn+wn )el™™ Y

, (D.8)

and we can identify Q)

s&”:<m%+wn ‘“><<;U%f (D.9)



E Intersection numbers of dif-
ferential 1—forms

We give a brief account on the justification for the formula presented in
eq. (3.82) that is used for the calculation of intersection numbers of differential
1—forms. We closely follow the treatment presented in [6]. We consider a
1—form ¢, and we indicate its poles with z; € C. We will show how, from the
definition of intersection number given in eq. (3.18) we end up in eq. (3.82).
In order to do so, we need to build the compactification ¢, (¢): the key point
will be the definition of circular regions around each pole z;.

We consider V; and U; to be two discs centered in z; such that V; C U;.
Each disc is defined such that U; N U; = @ if ¢ # j. Then, for each i we
consider

e ;, a holomorphic function satisfying

vw¢i = @L, (El)
on U; \ {z}.
e &, a function such that
1 onVj;
& = 4 0 <& < 1lsmooth interpolation onU; \ V;; . (E.2)
0 out of U;.

Then we can write the mapped function ¢, (¢r), a function lying in the same
cohomology class as ¢y, as the difference between ¢, and the covariant deriva-
tive of a 0—form (that is, a function)

to(or) = o1 — Z V(&) = o1 Z (d&wy; + hiVaty).  (E3)

Notice a few things:
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e since & = 0 out of U;, we are not modifying ¢, in that region, (i.e.
t(pr) = ¢, outside U;);

e since, inside V;, & = 1, the whole [ is subtracted around the singular
poles. Therefore ¢,(¢r) = 0 in the innermost region V;;

e in the intermediate ring U; \ V; we subtract ¢ smoothly and moreover
it’s the only region where the term d&;v; # 0.

It can be proved that a function ; satisfying eq. (E.1) exists and is unique [6].
We can rewrite the intersection number (pr|¢g)  as

(Ller), =

The second equality is obtained by noticing that
e v, A g =0 leads the first and the third term to vanish;
e the second term survives only where d¢; # 0, that is on the ring U; \ V;;

e it holds
d&ii AN or = d(&ivr), (E.5)

because both &;dy; A pr and &;dpg vanish as dy; and ¢ are both
holomorphic and g is a closed form.

We can rewrite eq. (E.4) using Stokes’ theorem

<()0L|90R>w = _ZLMZ/U\Vd(fzwzQOR - Z/U\V)gzwzgpl%

(E.6)

and, since Vj is a closed path, we can rewrite the last term as a sum of residues

<90L|90R ZReSz Zi ¢Z¢R) (E7>

obtaining eq. (3.82).



F Finite fields technology

-We give a brief review of finite fields technology, nowadays widely em-
ployed [42, 43, 23, 31, 29| for performing cutting-edge calculations relevant
for high-precision theoretical predictions. In this thesis we use the framework
FINITEFLOW for two reasons:

e to solve the linear system of equations necessary for the “master mono-
mials” analysis;

e to obtain independently the decomposition of Feynman integrals with
the Laporta algorithm, in order to check the results obtained via inter-
section theory.

Moreover, the rational algorithm described in Ch. 4 is suitable for a future
implementation over finite fields. We start by introducing what are finite
fields and we then give a brief review of the framework FINITEFLOW referring
for further details to [42, 43].

Finite fields are fields with a finite number of elements. We indicate with
Z, the set of non-negative integers smaller than n

Zn={0,1,...,n—1}. (F.1)

In Z, one can define arithmetic operations such as addition,multiplication
and subtractions using modular arithmetic: they are done by performing the
operation over the field of integer numbers Z and taking the reminder of the
integer division of the result modulo n. In particular, FINITEFLOW employs
finite fields of integer numbers modulo a prime number p, indicated with Z,.

We can also define the inverse a=! of an element a € Z,,a # 0, with
respect to multiplication if and only if @ and n are coprime. The multiplicative
inverse is an element b € Z,, such that

a 'modn=0b <= (ab)modn = 1. (F.2)

Since FINITEFLOW uses finite fields modulo a prime number p, Z,, the
existence of an inverse is always guaranteed for every non-vanishing element
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of Z,. The multiplicative inverse is calculated using the extended Euclidean
algorithm (for more details refer to [43], Appendix A.1). Therefore, Z, is a
field where all rational operations are well-defined.

The existence of multiplicative inverse allows us to define a non-invertible
map between rational numbers Q and elements of the finite field Z,

Q —_ Ly,

F.3
= % — gmodp, (F3)

where the map is defined as
gmodp = (a X (b’l modp)) mod p. (F.4)

This implies that polynomials and rational functions are well defined objects.
In particular, we refer to the definition of polynomials and rational func-
tions presented in App. A. Therefore, any numerical algorithm consisting
in a sequence of rational operations, can be implemented over finite fields
Z,. The map between rational numbers and a finite field is not invertible,
as Q is infinite and Z, is not. However, one can exploit an important result
in modular arithmetic, Wang’s rational reconstruction algorithm [52, 53]. It
allows, under certain assumptions, to successfully invert the map between Q
and Z,, therefore allowing to reconstruct ¢ from its images over Z, with n
sufficiently large. More in detail, given a rational number ¢ = a/b, Wang’s
algorithm is successful in reconstructing ¢ from its image in Z,, if and only
if |a|, |b] < y/n/2. However, since the main reason for the use of finite fields
is the possibility of performing calculations efficiently using machine size in-
tegers, the prime numbers p considered are bounded from above, namely
p < 2% since most modern machines have integers with a size of 64 bits.
This can seem a problem for the usability of the rational reconstruction al-
gorithm, but it is a limitation that can be easily sidestepped by means of
the Chinese reminder theorem. In fact, the latter allows to deduce a number
a € Zy, where n = [],n;, from its images a; € Z,,, where it is required
that the integers n; have no common factors. Within FINITEFLOW, one can
deduce the image of a number over Z,,,, . from its images over several prime

fields Zy, ,Zy,,.... Therefore, once the product of the selected sequence of
primes {p1,...,p,} is large enough, Wang’s reconstruction algorithm will be
successful.

More in detail, the algorithm works as follows: the coefficients of any
reconstructed rational function, n, and d,, are mapped to the rational field
using Wang’s algorithm. The result is checked numerically against evalua-
tions of the reconstructed function over finite fields not used for the recon-
struction, if it’s successful, the algorithm reaches the terminating condition.
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If the check is unsuccessful, the reconstruction is done again over more finite
fields Z,, and the results are combined using the Chinese reminder theorem,
in order to obtain a new result over Z,,,, = that will be mapped to Q.

Before performing the rational reconstruction of the coefficients of the ra-
tional function, it is necessary to reconstruct the rational function itself over
Zy,(z). This is done via a multivariate functional reconstruction algorithm
described in detail in [42]. This algorithm solves the so-called black box inter-
polation problem (F.5), that is, the problem of inferring with very high prob-
ability the analytic expression of a function from its numerical evaluations.
In this case, these evaluations are performed over finite fields. Assuming we
have a procedure to evaluate an n-variate rational function f of which we do
not know the analytic form, the procedure takes as input numerical values
for z and a prime p and returns the function evaluated over the finite field
Z, at the point z. The evaluation may fail in some points called bad points,
or singular points, that do not necessarily correspond to singularities in the
analytic expression of f, but may also due to spurious singularities appearing
in intermediate steps of the evaluation. When a bad point is encountered, it
is replaced with a different one. In realistic cases, however, the occurrence
of these points is extremely rare. The functional reconstruction algorithm
allows to identify the monomials appearing in the analytic expression of f
and the value of their coefficients n,, and d,,

(z,p) —| f |— f(z)modp. (F.5)

FINITEFLOW allows to reconstruct the analytic expression of a function by
exploiting first a multivariate functional reconstruction algorithm, that al-
lows to obtain the monomials and the coefficients evaluated over the finite
field in consideration, followed by Wang’s rational reconstruction algorithm,
that maps the coefficients over the finite field into their rational expression.
This procedure reduces the problem of computing any multivariate and mul-
tivalued rational function to the one of providing a numerical implementation
of it over finite fields. FINITEFLOW is characterized by good flexibility and
performance. It has more the structure of a framework rather than of a single-
use specialized program. It relies on a special kind of computational graphs,
known as dataflow graphs, in order to allow the user to build any needed
numerical algorithm by concatenating basic operations whose algorithms are
encoded in low-level languages. To be more clear, dataflow graphs are di-
rected acyclic graphs used to represent a numerical calculation. Any graph
is made of nodes (see fig. F.1) and arrows. The latter represents data (in the
case of FINITEFLOW, numerical values) and the former represents algorithms
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operating on the data received as inputs (identified by incoming arrows) and
producing data as output (identified by outgoing arrows). In FINITEFLOW
an arrow represents a list of values and a node a basic numerical algorithm.
A node can have zero or more incoming arrows but only one outgoing arrow

as output.
/ nputs

output

FiGURE F.1: Node presenting three input arrows and only one output arrow.
Image taken from [42].

Nodes represent basic algorithms that are implemented once and for all
in a low level language such as C+-. Such algorithms include the ones for
the evaluation of rational functions, dense and sparse linear solvers, matrix
multiplication (useful for linear substitutions), and the ones to perform linear
fits and Laurent expansions. The user can define more complex algorithms
by combining the nodes into a computational graph representing a complete
calculation, chaining the nodes so that the output of each building block is
used as input for the others. This allows the user to define algorithms using
the built-in algorithms as building blocks without concerning about the low-
level details of the numerical implementation. In this sense, FINITEFLOW
can be seen as a toolkit that provides the user with the necessary instruments
to build any rational algorithm.
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