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1 Introduction

Algebraic geometry has been introduced to the multi-loop amplitude computation in recent
years, responding to the demand of Next-to-Leading-Order or Next-Next-to-Leading-order
precision correction for collider experiments. Many attempts have been taken towards the
purpose of implementing a systematic and automatic algorithm for two-loop and three-loop
amplitude computations, in the language of complex algebraic geometry.

The basic idea of this approach is to generalize traditional concepts, such as integral
reduction [1-5] and unitarity cut [6-9], from one-loop to multi-loop amplitudes. It is well-
known that unitarity can be applied to the computation of one-loop amplitudes from tree
amplitudes [10-12], while it is possible now to compute the tree amplitudes very efficiently
via the Britto-Cachazo-Feng-Witten recursion relation [13, 14]. Moreover, one-loop inte-
grals can be algebraically reduced to a linear combination of scalar integrals in the integral
basis. The integral basis is a set of a finite number of integrals. For one-loop amplitudes,
it only contains scalar box, triangle, bubble integrals in four-dimension, additional scalar
pentagon integral in D-dimension, and tadpole integral for massive internal momenta. A
scalar integral is an integral whose numerator of integrand is one. All one-loop integrals



with a tensor structure in the numerator can be reduced by, e.g., Passarino-Veltman re-
duction [2, 3], to scalar integral basis. Starting from a general integral for a Feynman
diagram, we can perform the reduction procedure and keep track of all kinematic factors
in each step. Then the coefficients of integral basis can be obtained as a consequence of
reduction procedure. However, there is a simpler way of computing the coefficients from
tree amplitudes, by matching the discontinuity of integrals under unitarity cuts [15-17]
or generalized unitarity cuts [18, 19]. Assuming that the integral basis is already known,
which is indeed the case for one-loop amplitudes, we can formally expand an one-loop in-
tegral as a linear combination of integrals in the basis with unknown coefficients. The box,
triangle, bubble integrals under unitarity cuts apparently have different signatures, which
can be used to identify the kinematic factors of signatures as coefficients of integral basis
correspondingly. In the integrand level, the coefficients can also be extracted by reduction
methods algebraically [20], with the help of quadruple, triple and double unitarity cuts.
This has been extensively suited with numerical implementations [21-26].

The difficulty of generalizing the one-loop algorithm to multi-loop amplitudes is ob-
vious. First of all, the integral basis is generally unknown. It is known that the integral
basis contains not only scalar integrals, but also tensor structure of loop momentum in
the numerator. Even for some simple diagrams such as a four-point two-loop double-box
diagram where the integral basis is already known [27], unitarity cut method is not directly
applicable for determining the coefficients of the integral basis. Algebraic geometric tech-
niques are introduced to overcome these difficulties, and they provide a new interpretation
of unitarity cut for multi-loop amplitudes. It is applied both to integrand reduction and
integral reduction.

For multi-loop amplitude computations in the language of algebraic geometry, the con-
cept of maximal unitarity cut is replaced by the simultaneous solution of on-shell equations
of propagators, instead of delta function constraints. The on-shell equations form the ba-
sis of an ideal, and the simultaneous solution set defines the variety of the ideal. In the
integrand level [28, 29], the Grobner basis of the ideal is used as divisors, and polynomial
division over these divisors provides a finite set of algebraically independent monomials,
which defines the integrand basis of a given diagram, in principle, to any loop orders.
The primary decomposition method is applied to study the irreducible components of the
ideal and the variety, which is useful for determining coefficients of integrand basis through
branch-by-branch polynomial fitting method. These algebraic geometry techniques have
already been applied to the study of integrand basis and structure of varieties of all four-
dimensional two-loop diagrams, and for explicitly computing some two-loop amplitudes
and three-loop amplitudes [30-38].

In the integral level, the Integration-by-Parts(IBP) method [39-42] is a traditional
way of determining the integral basis from the integrand basis. Recently, an attempt of
determining integral basis by unitarity cut method and spinor integration technique has
also been presented [43]. Determining the integral basis of multi-loop amplitudes is a
non-trivial problem, and one of the bottlenecks is that the computation is time-consuming
even with a computer. Thus it deserves more studies at both theoretical [44, 45] and
computational levels. Once the integral basis is determined for a given diagram, algebraic



geometry can be applied to the computation of their expansion coefficients [46]. Again, this
is realized by considering a simple fact that integration of a delta function [dz §(z) in R is
equivalent to a contour integration § dz—z in C by Cauchy’s integral theorem. The latter is in
fact the computation of residues at poles surrounded by chosen contours. In order for it to
be applied to multi-loop amplitude computations, it should be generalized to multivariate
analytic functions, which leads to the computation of multivariate residues at global poles.
The global poles are determined by the simultaneous solution of on-shell equations of
propagators, and it requires the study of ideal and variety of on-shell equations. The
coefficients of integral basis are computed as a linear combination of contour integrations
at some chosen global poles determined by the global structure of variety. This method
has already been applied extensively to four-dimensional two-loop double-box integral and
crossed-box integral, and to the study of three-loop integrals and also integrals with doubled
propagators [47-54].

In both multi-loop integral reduction and integrand reduction through an algebraic
geometric approach, we can see that the equivalent description of maximal unitarity cut,
i.e., the simultaneous solution (variety) of on-shell equations of propagators (ideal), plays
fundamental role. Although, in principle, such an algebraic geometric approach can be
applied to any loops, the explicit application is still limited to a few two-loop and three-
loop diagrams due to the complexity of computation. Thus, before a wider application to
other two-loop and three-loop diagrams, it would be better as an initial step to study the
global structure of varieties for all two-loop and three-loop diagrams.

A four-dimensional L-loop amplitude has 4L degrees of freedom, and it defines an
integral in C** complex plane in the algebraic geometry framework. By Hilbert’s Nullstel-
lensatz, the number of propagators can be reduced to n < 4L. The polynomials of n prop-
agators for a given diagram define an ideal I = (f1, fa,..., fn) in the polynomial ring
Clxi,...,x41). If n = 4L, the ideal is zero-dimensional, and the corresponding variety is
a finite set of points in C**. If n = 4L — 1, the ideal is one-dimensional, and the corre-
sponding variety is an algebraic curve. This curve may be reducible, and could consist of
several irreducible curves. However, the algebraic curve can be universally characterized
by its geometric genus, which is a topological invariant. For a specific diagram with 4L — 1
propagators, if the algebraic curve defined by the variety has genus k, then the global
structure of variety is described by a k-fold torus or its degenerate pictures. If n < 4L —1,
the ideal is higher-dimensional and the corresponding higher-dimensional variety is more
complicated to study.

In [55], the arithmetic genus and singular points of an algebraic curve are introduced to
study the geometric genus of curves defined by one-loop, two-loop and some of three-loop
diagrams. In this paper, we generalize the study of global structure to all four-dimensional
three-loop diagrams with eleven propagators. The Riemann-Hurwitz formula is applied
to the study of genus, and an algorithm based on numerical algebraic geometry [56, 57]
is implemented to compute necessary terms in the Riemann-Hurwitz formula. With this
algorithm, it is possible to study the global structure of curves defined by four-loop diagrams
efficiently. For some three-loop diagrams, a recursive formula derived from the Riemann-
Hurwitz formula is presented to study the genus of three-loop diagrams recursively from



the genus of two-loop diagrams, where a lattice convex polytope method is adopted. As of
theoretical interests, some interesting phenomena regarding the genus of any loop orders
are explored. We hope that these results could be useful for the integral and integrand
reduction of three-loop amplitudes via algebraic geometry in the near future.

The remainder of this paper is organized as follows. In section 2, we introduce the
Riemann-Hurwitz formula for the computation of geometric genus. An algorithm based on
numerical algebraic geometry is also discussed for numerically computing the genus of any
algebraic curve. In section 3, we re-study the global structure of curves of two-loop diagrams
by the Riemann-Hurwitz formula, and in section 4, we generalize the analysis to curves of
certain three-loop diagrams whose sub-two-loop diagram is double-box or crossed-box. A
recursive formula derived from the Riemann-Hurwitz formula is presented for recursively
computing genus of curve defined by three-loop diagrams from genus of curve defined by
two-loop diagrams. A proof of the recursive formula is provided based on convex polytope
techniques. In section 5, the genus of curves defined by the remaining three-loop diagrams
is analyzed by the algorithm. The genus of curves defined by an infinite series of White-
house diagrams to any loop orders is also studied as an example of recursive formula for
higher loop diagrams. In section 6, we summarize the results and discuss generalizations
for future work.

2 Preliminary

2.1 The Riemann-Hurwitz formula and geometric genus

The Riemann-Hurwitz formula describes the relation of the Euler characteristic between
two surfaces when one is a ramified covering of the other. It is often applied to the
theory of Riemann surfaces and algebraic curves for finding the genus of a complicated
Riemann surface that maps to a simpler surface (for more mathematical details, definition
of geometric genus, properties of algebraic curve and other relevant definitions see, e.g.,
the books [58, 59]).

The Euler characteristic x is a topological invariant. For an orientable surface, it is
given by x = 2 — 2g, where ¢ is the genus. A covering map is a continuous function f from
a topological space S’ to another topological space S

f: 88

such that each point in S has an open neighborhood evenly covered by f. In the case of
an unramified covering map f which is surjective and of degree deg|f], we have formula

x5 = deg[f] - xs - (2.1)

The ramification, roughly speaking, is the case when sheets come together. The covering
map f is said to be ramified at point P in S’ if there exist analytic coordinates near P and
f(P) such that f takes the form f(z) = 2™, n > 1. The number n is the ramification index
ep at point P. The ramification of covering map at some points introduces a correction to



the above formula as

Xsr = deg[f]-xs — Y (ep— 1), (2.2)

Pes’

known as the Riemann-Hurwitz formula. Applying this formula to the case of algebraic
curves, for a curve C' of genus ger and another curve C of genus g¢, there is a (ramified)
covering map

f: C—c,
and the genus of two curves are related by

290 — 2 = deg[f](29c — 2) + > _(ep — 1) . (2.3)
pPec’

Note that ramification can also happen at infinity. Knowing the degree of covering map,
the genus of curve C and the ramification points, it is possible to compute the genus of
curve C'.

A special version of (2.3) is that the covering map f maps a curve C to a curve of genus
zero. In this case, deg[f] = deg[C], and the Riemann-Hurwitz formula (2.3) is rewritten as

1
ge = —deg[C] +1+3 (poo + Pzejcpp> : (2.4)

where pp = ep — 1.

We can either use formula (2.3) or formula (2.4) for the genus analysis. For an algebraic
curve C’ defined by several polynomial equations, simplifications can be made when a subset
of polynomial equations contain fewer variables which also define a curve C. In this case,
we can compute the degree of the covering map f : ' — C and the ramification points.
The computation is relatively simpler than the case of mapping to a curve of genus zero,
especially for the curves defined by the maximal unitarity cut of multi-loop diagrams,
where analytic study is possible. However, it is always possible to compute the genus of
any algebraic systems of curves by formula (2.4), although the computation would become
very complicated. In the next subsection, we will describe an algorithm for computing the
geometric genus by formula (2.4), based on numerical algebraic geometry.

2.2 An algorithm for computing the geometric genus

The algorithm for numerically computing the geometric genus of a curve presented in [60]
(see also [61, § 2.6] and [56, § 15.1,§ 16.5.2]) follows from the Riemann-Hurwitz formula
using numerical algebraic geometry techniques to compute the necessary items in the for-
mula. The following provides a short description of the techniques needed to describe this
algorithm, namely witness sets, computing a superset of the branchpoints, and monodromy,
with the books [56, 62] providing more details.

The input for the algorithm of [60] to compute the geometric genus of an irreducible
curve C C C" is a witness set for C. Let f be a system of polynomials in n variables such



that C is an irreducible component of the set V(f) = {x | f(z) = 0}. A witness set for C
is the triple {f, ¢, W} where ¢ is a general linear polynomial and W = C N V(¢). The set
W is called a witness point set for C with deg[C] = |W|. The concept of witness sets was
described in particle and string theory frameworks in [57, 63, 64].

By, for example, isosingular deflation [65], we can assume that C has multiplicity 1
with respect to f.

Given a system f, we are interested in computing a witness set for each curve C that
is an irreducible component V(f). To accomplish this, we first select a general linear
polynomial ¢ and compute the set of isolated points W in V(f,¢), which is the union of the
witness points sets W¢ for each such curve. For example, one could use regeneration [66, 67
and the local dimension test [68] to yield such a set.

The set W is partitioned into the various We, for example, using many random mon-
odromy loops with the decomposition confirmed using the trace test [69]. Since performing
a monodromy loop is a key aspect of computing the geometric genus, we will summarize
the computation here for curves. Let H define a loop of general hyperplanes in C™ with
H(0) = H(1) = V(¢). Thus, V(f) N H(t) defines a collection of smooth paths z(t) with
2(0), z(1) € W. Since the points z(0) and z(1) must lie on the same irreducible component,
this monodromy loop provides information about how to partition W when z(0) # z(1).

Suppose that {f,¢, W} is a witness set for an irreducible curve C. Let 7 : C" — C be
a general linear projection defined by m(x) = a -z for a € C". As shown in [60], a finite
superset of the branchpoints of C with respect to 7 is sufficient since the contribution in the
Riemann-Hurwitz formula from points which are not branchpoints is zero. In particular,
such a superset is the finite set of points B¢ C C such that

Jf(w)]

(67

is rank deficient, where J is the Jacobian matrix of the system f(z). The set Be can be
computed from a witness set for C using regeneration extension [70] with [71].

For each distinct number in 7(B¢) = {n(b) | b € B¢}, we need to compute the contribu-
tion pr() for each 7(b) in the Riemann-Hurwitz formula. A monodromy loop surrounding
7(b) that does not include any other point in 7(B¢) \ 7(b) yields a decomposition of the
deg[C] points into v« sets with pr) = deg[C] — vz(5). One also needs to perform a mon-
odromy loop which surrounds every point in 7(B) to compute the contribution ps at co.
Thus, the geometric genus of C is

1
ge = —deg[C]+1+ 5 (poo + ) Pn(b))-
m(b)en(Bec)

Remark 1 If one performs the algorithm described above for an input witness set { f, ¢, W'}
of a curve C which is not irreducible, then the output is

gC1++ng_k+1

where C1, . ..,Ci are the irreducible components of C. This value could be negative.!

"We thank Andrew Sommese for communicating this remark to us.



2.3 Curves of three-loop diagrams

In this subsection, we classify all the three-loop diagrams whose maximal unitarity cuts
yield an algebraic system that defines a non-trivial curve. Naively, there are a large num-
ber of three-loop diagrams in four-dimension, with the total number of propagators up
to twelve. Diagrams with more than twelve propagators are over-determined, i.e., the
number of propagators ny, ¢, is larger than the independent parametrization variables of
loop momenta. Thus, they can be reduced to diagrams with twelve propagators or lower.
Similarly, the number of propagators containing only two of the loop momenta ny,¢,, 1,0,
or ny, ¢, should be smaller than eight, and the number of propagators containing only one
loop momentum ny, , ng, or ng, should be smaller than four. If there are no shared propa-
gators between any two loops, i.e., different loops only be connected at vertices, then the
integral of three-loop diagrams can be rewritten as product of an one-loop integral and a
two-loop integral, or product of three one-loop integrals. So, the topology defined by these
diagrams is the same as the one defined by two-loop diagrams or one-loop diagrams. We
are only interested in the non-trivial three-loop diagrams with loops being connected by
shared propagators.

Basically, there are two types of non-trivial three-loop diagrams as shown in figure 1.
Type I diagram is the ladder type diagram, where loops (¢1, ¢2), ({2, ¢3) have shared propa-
gators, while (¢1, ¢3) do not have shared propagators. Type II diagram is the Mercedes-logo
type diagram, where any two loops have shared propagators. These diagrams could be
planar or non-planar diagrams, according to the value of n;, where n; is the number of
propagators along the dashed lines in figure 1. In the current paper, we are interested in
the topologies whose maximal unitarity cuts define a curve. So we require the number of
propagators to be Z?:1 n; = 11.

For type I diagram, we take the convention that the left loop is ¢1, the middle loop
is £o and the right loop is £3. Then we have the following inequalities for n;,

Ngey =M1 +n2+n5+ng <8, Npypy =N3+ng4+n5+ng < 8.

Of course we have assumed every 1 < n; < 4 except 0 < n5 < 4, in order to generate all
ladder type diagrams. However, due to the symmetries of diagrams, there will be over-
counting from the solution of above inequalities. In order to remove the over-counting, we
further require that

ny>mn , Ng=ng, Ng=Ns. (2.5)

These inequalities remove the over-counting from symmetries inside each left loop, middle
loop and right loop. However, there is still symmetry between the left and right loops. The
over-counting of this symmetry can be removed by following two sets of inequalities

(1) ni=mn4 , na>ng, (2) ng>nyg. (2.6)
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Type I

Figure 1. Basic topologies of three-loop ladder type diagrams and Mercedes-logo type diagrams.
n; is the number of propagators along the dashed line. All external momenta are massive, and all
vertices are attached by external legs, which are not explicitly drawn in the figure.

The above inequalities generate 36 diagrams, denoted by (ni,ng, n3, n4, ns, ng) as

(2,2,1,2,0,4), (2,2,1,2,1,3), (2,2,1,2,2,2), (2,2,2,2,0,3), (2,2,2,2,1,2),
(3,1,1,2,0,4), (3,1,1,2,1,3), (3,1,1,2,2,2), (3,1,1,3,0,3), (3,1,1,3,1,2),
(3,1,2,2,0,3), (3,1,2,2,1,2), (3,2,1,2,0,3), (3,2,1,2,1,2), (3,2,1,3,0,2),
(3,2,1,3,1,1), (3,2,2,2,0,2), (3,2,2,2,1,1), (3,2,2,3,0,1), (3,3,1,2,0,2),
(3,3,1,2,1,1), (3,3,1,3,0,1), (3,3,2,2,0,1), (4,1,1,2,0,3), (4,1,1,2,1,2),
(4,1,1,3,0,2), (4,1,1,3,1,1), (4,1,1,4,0,1), (4,1,2,2,0,2), (4,1,2,2,1,1),
(4,1,2,3,0,1), (4,2,1,2,0,2), (4,2,1,2,1,1), (4,2,1,3,0,1), (4,2,2,2,0,1),
(4,3,1,2,0,1)

However, if any ny,, = 4, then the corresponding loop momentum ¢; can be completed
determined by the equations of unitarity cuts. So this loop momentum is effectively the
external momentum for the remaining loops. In this case, the curve associated with three-
loop diagram is reduced to the curve associated with two-loop diagram. Similarly, if any
nge; = 8, then the corresponding loop momenta ¢;, ; can be completely determined. The
curve is reduced to the one associated with one-loop diagram. Among the 36 diagrams,
there are still 13 diagrams whose curves can not be reduced to the ones associated with
one-loop or two-loop diagrams. We shall study the topologies of these diagrams in the
following sections.

For type II diagram, we take the convention that the left-top loop is ¢1, the right-top
loop is #5 and the bottom loop is £3. Again we have

Npos =M1 +n2+n4 <8, Npypy =n9+n3+n5 <8, ngep =n1+n3+ns <8 .

Also we have 1 < n; < 4. This type of diagrams has symmetries by exchanging (n; <>
ng,ng <> ns), or (N2 <> ng,ng < ng) or (n; <> ng,ne <> ns). By considering these



symmetries, we can generate 15 diagrams, denoted by (n1, ng, ns, n4, ns,ng) as

(2,2,3,1,1,2), (2,2,3,2,1,1), (2,1,3,2,1,2), (2,1,3,2,2,1), (2,2,2,2,2,1),
(37273717171)7 (37 173727 171)7 (37 1737]‘7]‘72)’ (17273737 17 1)7 (37 1747 17 171)7
(1,1,4,3,1,1), (2,2,4,1,1,1), (2,1,4,1,2,1), (2,1,4,1,1,2), (2,1,4,2,1,1) .

For diagrams with nee; = 8 or ng, = 4, the curves are reduced to the ones associated
with one-loop triangle, two-loop double-box or crossed-box diagrams. Among the 15 dia-
grams, there are eight diagrams which can not be reduced. These are the eight three-loop
Mercedes-logo diagrams which we will study in the following sections.

In summary, there are in total 13 4+ 8 = 21 three-loop diagrams generating algebraic
systems defining non-trivial curves. Among them, 16 diagrams have a sub-two-loop dia-
gram whose maximal unitarity cuts also define curves. For these diagrams, we will present
a recursive formula based on Riemann-Hurwitz formula, to compute the genus recursively
from two-loop diagrams. The remaining five diagrams can not be computed by the re-
cursive formula, so we will use the algorithm based on numerical algebraic geometry to
study the genus.

3 Counting the ramified points of two-loop diagrams

As a warm-up exercise for three-loop analysis, let us briefly go through the study of two-
loop diagrams in the framework of Riemann-Hurwitz formula (2.3). There are two diagrams
whose equations of maximal unitarity cuts define non-trivial irreducible curves. As it is well
studied in the literature [31, 46, 48, 50|, the curve associated with the double-box diagram
has genus one and the curve associated with the crossed-box diagram has genus three,
obtained by directly computing the arithmetic genus and singular points of the curves, or
inferred from the picture of Riemann spheres in the limit of degenerate kinematics.

Notice that these two diagrams can be constructed from a box diagram and a triangle
diagram as shown in figure 2, by opening the vertex in the triangle diagram marked as
red circle and connecting the two legs to the box diagram at the vertices marked as black
dots respectively. If ignoring all equations from the box diagram, the equation system
associated with a triangle diagram itself defines a curve. Referring to the Riemann-Hurwitz
formula, the genus of the curve associated with the double-box diagram or crossed-box
diagram is related to the genus of curve associated with triangle diagram, by considering
the covering map

f: Cm—CaA or f: CrCa. (3.1)
The cut equations of triangle diagram are given by
=0, -K)YP-0FP=0, (-K -Ky)*-¢*=0.

The latter two equations are linear in ¢, so there is only one quadratic equation after some
algebraic manipulation of above three equations. By solving two variables with two linear
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Figure 2. Two-loop double-box diagram and crossed-box diagram constructed from one-loop box
and triangle diagrams by connecting them in two different ways.

equations, the remaining quadratic equation becomes equation of conics, and it is topolog-
ical equivalent to genus zero Riemann sphere. So, the only lacking data for computing the
genus of double-box or crossed-box diagram is the ramified points of covering map (3.1).
Since these two-loop diagrams have been separated into two parts Ca and Pg, for any
given point P; in the curve Ca, the four equations of Pn define points {P; 1, P;2,..., Pim}
in Cq or Crry. This means that the covering map (3.1) maps

P Pig,.. ., Pim}t > Py

from curves of two-loop diagrams to curve of triangle diagram. If all {P;1, P;2,..., P;m}
are the same point, then the map f is ramified at the point P;, and the ramification
index is m.

We need to compute the ramified points and their ramification indices in the cover-
ing map (3.1). We use the same parametrization of loop momenta as in [31], and define
x = {1,290, 23,24} and y = {y1,y2, Y3, y4} as the parametrization variables of ¢; and /o
respectively. A function h(a™b"™?) with argument a™ b™2 denotes a function whose high-
est degree monomials are terms of [ [}, a;, [[;2% b;

where a;, , b;, could be any elements

k? 1k
in a,b. So h(x?) is a quadratic function of ;, while h(xy) is also a quadratic function of
x;y;, but a linear function with respect to x; or y; individually. Among the seven equations
of maximal unitarity cuts, there are four linear equations and three quadratic equations.
Using the linear equations, we can always solve two of x;’s and two of y;’s. Define the
remaining variables as x5 = {x1,22},ys = {y1,y2}, then the remaining three quadratic

equations are equations of x; and ys. The covering map (3.1) actually maps

(Q1(x2) =0 (Q1(x2) =0
Ll(X) = 0 Ll(X) = 0
Ly(x) =0 Q2(xy) =0 Q3(y*) =0
Co Qa2(xy) =0 or Cp La(x,y) =0 — Ca Ls(y)=0 (3.2)
Q3(y*) =0 Q3(y*) =0 Ly(y) =0
Li(y) =0 L3(y) =0
Li(y)=0 Li(y)=0

,10,



Solving the linear equations in double-box or crossed-box diagram, we get
X—Xs, Y=Ys O X2 X5,¥s, YYs-

So we can simplify the covering map as

Ql(xg) =0 Ql(xgaXSYSayg) =0
CI:D Q2(XSYS =0 or C|Z> : Q2(Xs}’37yz) =0 = Ca Q3(y§) =0 . (3'3)
Qs(y3) =0 Qs(y3) =0

Since ()1 is quadratic in x5 but @2 is linear in x;, they define two covering sheets over
Riemann sphere Ca, so the covering map is a double cover. For any given point P; =
{yf, £} in the curve Ca, the joint equations Q1 = Q2 = 0 can be used to solve {z1, 12},
and it has two solutions because of its quadratic property. Generally the two solutions are
distinct, however when the discriminant equals to zero, they coincide in the same point
and produce a ramified point with ramification index ep = 2.

Let us generically consider two equations

alx% + asx120 + agl‘% + agr1 +asxo +ag =0, byxy+boxo+by=0.
The discriminant A is

A = a%bg — 4a1a3b(2) + 4&3(14()061 — 2&2@5()01)1 — 4(10&31)% + a%bf

—2asa4boby + 4ayasbobs + 4dagasb1by — 2a4a5b1by — 4(10&1()% + aib% . (3.4)

A given point P; in curve Ca : Q3(y?) = 0 should also follow the constraint A(yy,y2) = 0, if
it is a ramified point. So these two equations completely determine the location of ramified
points. In the double-box case, all a;’s are independent of y,, while b;’s are linear functions
of ys, so the discriminant is a generic quadratic function of y,. By Bézout’s theorem, the
two equations define 2 x 2 = 4 distinct points, which are the ramified points with index
ep = 2. In the crossed-box case, a1, as, a3 are independent of yg, a4, as, b1, bo are linear in
vs and ag, by are quadratic in yg, so A(y1,y2) is a generic function of degree four in ys,.
These two equations define 2 x 4 = 8 ramified points with ramification index ep = 2. Using
Riemann-Hurwitz formula, we get

29 —2=2Q2ga -2)+4(2-1) — gm=1,
20 —2=2(290 —2)+8(2-1) = g =3,

which agree with the known results in the literature [31, 46, 48, 50].

To summarize, in order to compute the genus of curve associated with two-loop dia-
grams from genus of curve associated with one-loop diagram, we separate the equations of
maximal unitarity cuts into P and Ca. For given point in Ca, equations of P always
give two distinct solutions unless the discriminant of Pg is zero. This additional constraint
together with curve equations Ca provide all information about the ramified points.

— 11 —



4 Counting the ramified points of three-loop diagrams

The same discussion can be generalized to compute the genus of curves associated with
three-loop diagrams from genus of curves associated with two-loop diagrams, if the three-
loop diagram has a sub-two-loop which also defines a curve. For these three-loop diagrams,
we can always separate cut equations into Py together with Cy or Czy. Since g3 and
Jo are known, the only data we need to know is the ramified points. For ladder type
diagrams, among the eleven cut equations, there are five quadratic equations and six linear
equations, while for Mercedes-logo type diagrams, there are six quadratic equations and
five linear equations.

We will discuss how to count the ramified points for these two types of diagrams in
this section. Defining x = {z1, 22, 23,24}, ¥ = {y1,y2,y3,v4} and z = {21, 22, 23,24} as
parametrization variables for ¢, o, {5 respectively, where ¢ is the loop momentum in box
diagram, the number of ramified points is given by

N = 8u(1 = maz + (Mey + maz)(1 —uw)) (1 +my) (4.1)
+8uv(Mmgy + my2) (1 + m;ﬂ) + 811(1 — Mgy + (May + My ) (1 — uv))(l +m’) .

where u = ngy — Mgy, v = Ny, — My, and the ramification indices are ep = 2. ng, ny,
Nz, Mgy, Nz, Ny. are the number of equations containing {x}, {y}, {z}, {x,y}, {x 2},
{y.z} respectively, and mg, my, m., Mgy, Myz, My, are the number of linear equations
containing {x}, {y}, {z}, {x,¥}, {x,2}, {y, 2} respectively. Also

3 3 3
mfy:{ meJ , m;:{ szJ ’ m;Z:L 2myZJ’

where |a| is the floor function giving the integer part of a.

4.1 Ladder type diagrams

The ladder type diagrams can be constructed from inserting box diagram into two-loop
diagrams at the vertices marked as red circles as shown in figure 3. Depending on the way
of opening the vertices, there are in total seven different ways connecting to the two-loop
diagrams, marked as black dots in the seven diagrams in figure 3. For this type diagrams,
we take the convention that ¢1, ¢ have shared propagators, thus u = 1,v = 0. Then the
formula (4.1) is simplified to

N = 8(1 +myy)(1+my) . (4.2)

/
Y

It is also interesting to notice that N picks up no information in the /3 loop. In fact, since
(1+m)=0ifm=0and (1 +m)=21if m =1, we can artificially write (1 +m) = 2™.
Then (4.2) can be expressed as

Since Mgy, m;, can either be one or zero, from (4.2) we see that N could be 8,16 and 32.

N = 8 x 2Mav x 2™y | (4.3)

This reformulation provides a diagrammatic meaning for the counting of ramified points
which we will show below.
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Figure 3. Different ways of connecting one-loop box diagram and two-loop double-box, crossed-
box diagrams to construct three-loop ladder type diagrams. Vertices of two-loop diagrams marked
as red circles are opened, and the corresponding internal lines are connected to the one-loop box
diagram at the vertices marked as black dots.

For the ladder type diagrams, the covering map from curves associated with three-loop
diagrams to curves associated with two-loop diagrams is given by

Q1(x%) =0

Q2(xy) =0

Ly=0 Q3(y*) =0

L, =0 Q4(yz) =0

Qs(y*) =0 Qs(2°) =0
Coprmp: § @ubyz) =0 »Cmr: § L= . (4.4)

Q5(Z2) =0 L2 =0

Li=0 Ls=0

Lo=0 L, =

Ls3=0

Ly=0

Although Q2(xy) = 0 is a quadratic equation, it is linear in x, so there is only one quadratic
equation in x. Anyway, equations Q1(x?) = Q2(xy) = L} = L, = 0 define two covering
sheets over Riemann surface Crj or Cry, just as in the analysis of mapping two-loop
diagrams to one-loop diagrams. So it is a double cover. Points in the curve defined by
Q3=0Q4=0Q5=0,L; =0,2=1,2,3,4 become ramified points if they follow the additional
constraint A(y1,y2, 21, z2) = 0, which is the discriminant (3.4) of Q1 = Q2 = L} = L, = 0.

Equations A = Q3 = Q4 = Q5 = 0, L; = 0,7 = 1,2,3,4 define a zero-dimensional
ideal I = (A, Q3,Q4,Qs5, L1, Lo, Ls, Ly) in polynomial ring Cy1, y2, y3, Y4, 21, 22, 23, 24], and
the number of distinct solutions equals to the degree of ideal. The up-bound of distinct
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point solutions is deg[A]deg[@s]deg[Q4]deg[@s]. Numerically, the degree of ideal can be
computed by the Grobner basis of ideal, which is the degree of leading term in Grobner
basis, by many algorithms (e.g., using Macaulay?2 [72]). However, we want to compute the
ramified points without explicit computations. Notice that among the seven cut equations
of sub-two-loop part, only the four linear equations are different. The linear equations of
seven diagrams in figure 3 are given by

L‘ﬁl(y)=0 L£2(y,Z):0 Lﬁ‘”’(Y):O
Ly'(y)=0 Ly*(y,z) =0 Ly3(y) =0
Liz) =0 ) L§*(z) =0 ' | L{%(z)=0"
Li(z) =0 L{*(z) =0 Li%(z) =0
and
L7 (y) =0 L% (y) =0 L% (y) =0 LY (y) =0
Lfl(y):O sz(y,z =0 LzB3(y):O LQB4(y,z =0
Pz)=0 7 L@ =0 ' |L¥=) =0 ' L=z =0
L4B1 (y,z) =0 sz (z) =0 Lf3 (y,z) =0 Lf“ (z)=0
It is clear that for Ay, A3, By, B3, m = 0 and for Ay, By, By, m;, = 1. We can assign a
factor
N@ =1 to Al,Ag,Bl,B3 5 N@I2 to AQ,BQ,B4, (45)

in figure 3. For the box diagram part, we have m,, = 0 for Pg and m,, = 1 for Py. So we
can assign a factor

No=1 to P7 and No=2 to Py . (4.6)

The genus of curves associated with these three-loop ladder type diagrams can be
computed from genus of curves associated with two-loop double-box or crossed-box diagram
via Riemann-Hurwitz formula as

IO = 29 — 1+ 401+ may) (1 +my), (4.7)

or diagrammatically as

gD,Q—i—D:‘,@ = 29[‘:‘7@ —1 -+ 4NO X N@ . (48)

The computation can be done by just looking at the diagrams.

To finish this subsection, let us present the results for ladder type diagrams. There
are 13 diagrams whose cut equations define non-trivial curves. Twelve of them have a
sub-two-loop double-box or crossed-box diagram, denoted by (n1, na, ns, n4, ns, ng) as

(2727272727 1)7 (37 17 17372’ 1)7 (3’ ]"2’2727 ]‘)’ (37271737 ]" 1)7 (37272727 1’ 1)7
(2,2,2,2,0,3), (3,1,1,3,0,3), (3,1,2,2,0,3), (3,2,1,3,0,2), (3,2,2,2,0,2),
(3,3,1,3,0,1), (3,3,2,2,0,1) .
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Figure 4. Three-loop ladder type diagrams constructed from one-loop box diagram and two-loop
double-box, crossed-box diagrams. Every vertex is attached by massive external legs, which are
not explicitly shown in the figure. Diagrams (¢ + A;) and (O + By) are the same, while diagrams
(O + A3z) and (O + Bs) are also the same. So there are in total twelve distinct diagrams.

Genus of these twelve diagrams can be computed by the recursive formula (4.7) or (4.8).
The construction of these diagrams are shown in figure 4. With the known results g = 1
and gy = 3, using formula (4.7), we can compute the genus as

A1 AQ Ag Bl B2 BS B4
U 5 9 5 9 13 9 13
O 9 17 9 13 21 13 21

Note that diagram (O + A;) and (O 4+ Bj) are the same diagram, while diagram (¢ + As)
and (4 Bs) are also the same diagram.

4.2 Mercedes-logo type diagrams

The Mercedes-logo type diagrams can be constructed by inserting box-diagram into double-
box diagram or crossed-box diagram at the vertices marked as red circles in figure 5. There
are four different ways of connecting to the two-loop diagrams and three different ways of
connecting to the box diagram, as shown in figure 5. They are connected at the vertices
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Figure 5. Different ways of connecting one-loop box diagram and two-loop double-box, crossed-
box diagrams to construct three-loop Mercedes-logo type diagrams. Vertices of two-loop diagrams
marked as red circles are opened, and the internal lines are connected to the one-loop box diagram
at the vertices marked as dots, corresponding to the color of dots.

marked as dots, corresponding to the color of dots. Discussion on the equations of sub-
two-loop diagram has no difference from ladder type diagrams. However, equations in the
Po part become different. There are three quadratic equations Q1(x2?) = 0, Q2(xy) = 0
and @3(xz) = 0, but only one linear equation. The covering map from Mercedes-logo type
diagram to double-box or crossed-box diagram is then given by

Q1(x%) =0
Q2(xy) =0
Q3(xz) =0 ( Qi(y*) =0
L1 =0 Qs(yz) =0
Qu(y*) =0 Qs(z%) =0
Cp+c;: { @Qs(yz) =0 = Cmr: (Li1=0 . (4.9)
Qs(z%) =0 Ly=0
L1 =0 L3=0
L2 =0 L L4 =0
L3 =0
( La=0
Since equations Q2 = Q3 = L} = 0 are always linear in x, there is in fact only one quadratic

equation in x, and it defines two covering sheets over Cj zy. For any given point in the
curve, equations Q1 = Q2 = Q3 = L} = 0 gives two solutions. Only when the discriminant
equals to zero, these two solutions coincide to each other. In this case the point P becomes
ramified point with ramification index ep = 2. In our convention, u = v = 1, then the
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number of ramified points is given by
N = 8(2 4 mj, +m), + myy(m,, —m.) + ma.(m,, —my)) . (4.10)

As noted before, at most one of my,,, m,. could be one. If my, = m,, =0, then N = 8(2+
m; +m). If myy =1,my, =0, then N = 8(2—i—m;—|—mgz). Similarly, if mgzy = 0,mg. =1,
then N = 8(2+m’z+m?’ﬂ). So for given number of each propagators, N could be 16, 24 or 32.

For the sub-two-loop diagram, the four linear equations of four diagrams in figure 5
are given by

Li*(y) =0 Li*(y) =0 Li*(y) =0 Li*(y) =0
LS (y) =0 LS*(y) =0 LS*(y,2) =0 LS4 (z) =0
L$'z)=0 ) L (y,2)=0 = ) L$P(z)=0 | L$'(y,2)=0
L (z) =0 L$*(y,2z) =0 L3 (z) =0 L (y,2) =0
So we have
Ch m;—O,m'Z—O,m'yz—l , Oy m;—O,m;—l,m'yz— ,
Cs m;—l,m'Z:O,m;Z—l , Oy ;— , L= ,m;Z—
For the box part, we have
Di:mgy =0, mgp=0 , Da: mgy=0, me=1 , D3g: mgyy =1, my.=0.

With above information, we can simply write down the genus of Mercedes-logo type dia-
grams by Riemann-Hurwitz formula. The recursive formula is given by

9oi+n; =29mMro — 1+ 42+ My + M+ My (i, —m’) +mg.(m;, — m;)) . (4.11)
To finish this subsection, we present the results for Mercedes-logo type diagrams. By

naively combining Cj, D;, there are in total twelve diagrams, as shown in figure 6. The
genus is given by

1 Co Cs Cy
Dy 9 13 17 21
Do 13 13 17 17
Ds | 13 9 21 17

However, by loop momenta redefinition, we find that there are in fact only four different
diagrams in figure 6, denoted by (n1,ns,ns, n4, ns, ng) as

(2,2,3,1,1,2), (2,1,3,2,1,2), (3,2,3,1,1,1), (3,1,3,2,1,1) .

Diagrams with the same genus in above table are the same diagram after loop momenta
redefinition.
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Figure 6. Three-loop Mercedes-logo type diagrams constructed from one-loop box diagram and
two-loop double-box, crossed-box diagrams. Every vertex is attached by massive external legs,
which are not explicitly shown in the figure. By loop momentum redefinition, there are only four
distinct diagrams among the twelve diagrams.

4.3 The derivation of formula

In order to have a general discussion, let us write the eleven equations of maximal unitarity
cuts in a generic form. We always assume to have already reduced as many equations as
possible to linear equations by algebraic manipulation of performing D; — Dj.

The four equations of box diagram can be expressed as

fi =0=z122 + 192, (4.12)
4
fo = 0= z1y8 + oyt + syl + wayh + Y ai(wi — i) +ao, (4.13)
i=1
4
f3 = 0=x125 + xo2] + 2324 + T425 + Z bi(xi + 2{) + bo , (4.14)
i=1
fa = 0=ciz1 + caxa + c3x3 + caxg + w(y"*v,2"**) 4+ o, (4.15)

where u = (ngy —Mgy), v = (Ngz — My.) are the number of quadratic equations containing
{x,y} and {x,z} respectively. Since the box diagram part contains four propagators, we
have n; + ngy + ngz. = 4. The function

wly™,2") =Y iyl + ) (4.16)

i=1
is a linear function of either y or z, since my,, m,. can take the value of one or zero, but
they can not take the value of one simultaneously. Consequently, equation f; = 0 could
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be a linear function of either {x}, {x,y} or {x,z}. Note that in our convention, there will
always be a quadratic equation of {x,y}, so u = 1. We keep it undefined just for generality.
The cut equations for two-loop diagram part can be expressed as

91 =0=1y1y2 + y3ya, (4.17)
go =0 = 2120+ 2324, (4.18)
4
93 =0=1y122 + Y221 +ysza +yazs + Y _ di(yi + ) + do,, (4.19)
i=1

together with other four linear equations g4 = g5 = g6 = g7 = 0 of {y, z}.

The ramified points are defined by above seven equations of sub-two-loop part together
with the discriminant of x computed from box diagram part. It is a zero-dimensional
ideal, and always has finite number of point solutions. Let us start from the analysis of
discriminant. By solving three z;’s with equations fo = f3 = f4 = 0, we can write f; = 0 as
a quadratic equation of remaining one variable ;. It is simple to compute the discriminant
of this quadratic equation, although the explicit expression is too tedious to write down.
The result takes the schematic form

A = hy (y2uz2v) + th(YQuZ%) + w2h3(y2uz2v) , (4.20)

where h;’s are generic polynomials of {y,z} with the degree dependence as shown in the
argument. Note that we do not explicitly write down the dependence of lower degree
monomials in h;’s. It is clear that if

v=0, Mgy = Mgz =0, A = A(y?) of degree 2,

v=0, Mgy OF My, =1, A = A(y?2mavg®maz) of degree 4,
v=1, Mgy = My, =0, A = A(y?*2z?%) of degree 4,

v=1, Mgy OF My, =1, A = A(y?T2mayg2t2maz) of degree 6 .

If other equations g; = 0 are general, then above information of {y,z} dependence in A
is sufficient to determine the number of point solutions by convex hull polytope method.
However, given the special form g1, g2, g3 in (4.17), (4.18) and (4.19), there are non-trivial
cancelation in A we need to explore. The cancelation happens when v = v = 1. Naively,
in this case h3(vi,Yi,2j; 2j,) is a degree four polynomial. All monomials of degree four in
hs are given by

(y122 + y221 + Y324 + y4z3)2 — 4(y1y2 + y3ya) (2122 + 2324) .

We can rewrite it as

4 4 2
93— 293<Zdi(yi +2i) + do) + <Zdi(yi + 2i) +do> —4g9192 -

i=1 i=1
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So if g1 = go = g3 = 0, it reduces to a polynomial of degree two. Similarly, all monomials
of degree three in hg can be rewritten as

4 4
Z 2a;(zig3 — 2yig2) + Z 2b;(yigs — 22z;91) + lower degree monomial .
i=1 i=1
So it can also be reduced to lower degree monomials provided g1 = g2 = g3 = 0. In this
case, h3(y?,yz,z?) is actually a generic polynomial of degree two. The same cancelation
happens for ho. All monomials of degree four in function ho can be rewritten as

4 4
(Z az‘.%) > 2¢i(zigs — 2uig0)
i=1 i=1

4 4
— (Z bizi> Z 2¢;(yig3 — 22;g1) + lower degree monomial .
i=1 i=1

So when considering g1 = g2 = g3 = 0, hg is a generic polynomial of degree three
hs(y?z,yz?). The discriminant A can at most be degree four when w is y or z-dependent.

A further observation on f; shows that, the dependence of linear terms in fs, f3, f1 are
in fact not arbitrary. For example, when v = 1, in the quadratic polynomial fs, the eight
linear terms have only four arbitrary pre-factors a;,7 = 1,2, 3,4, and (x; —y;) always appear
together. It is the same for f3 when v = 1, (x; + z;) will always appear as one single item,
and there are only four arbitrary pre-factors. Also in f4, we always have (z; —y, "™ + z]"**)
as a single item appearing in the linear equation. This observation leads to non-trivial
reformulation for the discriminant when combined with equations g = go = g3 = 0, while
w is y or z-dependent. More explicitly, when v = v = 1 and my, = 1,m;. = 0, the
discriminant (4.20) becomes a polynomial of degree four, while the highest degree of y is
four and the highest degree of z is two. If we redefine z; = z; — ¥;, then the discriminant

can be rewritten as
4 4 N
A= hii(y)ZEZ + Y hoi(y®)z + ha(y?) .
ij=1 i=1

It can be found that 7‘23()’4) = (y1y2 + y3y4) 5 (y?), so it vanishes in case that g; = 0. The
ha; does not vanish individually, however the summation Z?:l h27i(y3)(yi + z;) vanishes
when combined with the equations g1 = g2 = g3 = 0. So finally the discriminant can be

expressed as

4
A=Y by i+ 2) (Y5 + 2) = Aly*(y +2)?) .
i,7=1

Similarly, when mg, = 0, m,. = 1, the discriminant can be expressed as

4
A=Y hiii(2) (i + 2) (Y + 2) = A2 (y +2)°) .
ij=1
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We have explored all the hidden structures in the discriminant A under given equations
g1 =92 = g3 =01in (4.17), (4.18) and (4.19). The degree dependence in A is determined
by u,v and mg,, m;., and can be summarized as

A(y2u(lfmzz+(m:cy+mzz)(1*1‘4”))(y + Z)2uv(mzy+mzz)z2v((lfmzy)+(mzy+mzz)(1*’uv))) . (421)

For any given u,v, mgy, m,. from cut equations of box diagram part, it is a degree four
polynomial, and the degree dependence of y,z and (y + z) is explicitly shown. We want
to emphasize that, A is expressed as the above form such that at most two terms in y,z
or (y +z) could appear at the same time. For all possible values of u, v, mg,, m,, from cut
equations, the discriminant can be

Aly?) , AY , Az, A(zY) , A (y+2)?) ., AZ(y +2)°)

Then it is possible to compute the mixed volume of polytopes defined by polynomials
A, g;,i=1,...,7. Naively, these polynomials are associated with 8-dimensional polytope,
and it is not easy to compute the 8-dimensional volume. However, since there are four linear
equations, we can solve four variables, and the remaining four equations are associated with
4-dimensional volume. It is still not easy to compute arbitrary 4-dimensional volume. But
if we always choose to solve {ys,y4, 23,24} from four liner equations, then the remaining
four variables {ys,zs} = {v1,92, 21, 22} are symmetric among {y1,y2} or {z1,22}. Then
we can treat ys or z; as a lattice line whose segment coordinate equals to the area of
triangle in {y1,y2} or {21, z2}-plane. An example is shown in the first diagram of figure 7.
The length oa; = ob; = 17, oGy = oby = %, oaz = oby = %, etc. Instead of computing
the 4-dimensional volume directly, we compute the 2-dimensional area but with a scaled
coordinate. The polytope shown in the first diagram of figure 7 then has area

oas +bict  ——  bier 4+ baco
_ X _|_ - - @@ =

5 oby 5 x (oby — oby)
_22/2422)2 y 12 N 22/24+12/2 y 2217\ 23
B 2 2 2 2 2/ 8"

Special attention should be paid to the case when discriminant is given by A(y?(y+z)?)
or A(z?(y+z)?). Because of the dependence of (y+z), we should treat (y+z) as a variable.
So when A = A(y?(y + 2z)?), we should transform the variables z — z — y such that the
discriminant become A(y?z?). Similarly, when A = A(z?(y + z)?), we should transform
the variables y — ¥ —z such that the discriminant become A(y?z2). Then we can compute
the 4-dimensional mixed volume accordingly. Let us take mg, = m;. = 0 for example.
In this case the discriminant is A(y2%(1=me=)z2v(1=mey)) 56 we do not need to transform
variables. The solution of linear equations can be formally written as

/

my m’,
Y'_>y$;zs I Z’—>Zs,ys N

In this case, the three quadratic equation Q(y?), Q(yz) and Q(z?) become

2 m! 2m! 1 / 1+m/ 2 ’ om/
Qll(y57YSZSy7ZS y) ) Q/Q(ys+mz7yszsazs y) ) Qé(zsvyznzzsvysmz) .
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Figure 7. Lattice convex polytopes associated with polynomial equations. The coordinate is scaled
by k?/2, where k is the coordinate of lattice segments.

The discriminant can be expressed as

Al(y§u+2vmlz 7 Z§v+2um’y) .
The polytopes associated with these polynomials are plotted in figure 7. New(A') is drawn
explicitly with given u,v for computation purpose, and the coordinate of vertices of poly-
topes are marked along the axes. Although these polytopes are plotted universally as
triangles, we should note that they depend on the value of m;,m’z For example, if
my, = 0, New(Q}) is a trapezoid. Given the four polytopes New(A'), New(Q7), New(Q5)
and New(Qj) with their coordinates, it is straightforward to draw the Minkowski sum
among them. Then we can compute the mixed volume according to formula (A.6). We
find that the mixed volume for m;, = m,, = 0 is given by

M(A,QY,QY, Q3) = 8(u + v + umy, + vm) . (4.22)

Similarly, when mg, = 1,m,, = 0,u = v = 1, we have variables y,z. The solution of linear
equations are given by

’ ’

~my, ~ ~ my.
Yy —=Ys, Zs y, ZVtr7Zs, Vs .
In this case, we have

/ ’ / ’ /
2m 14+m;, . ~ ~1+mj 2my,., )
’

9 ~m 9  m .~
Qll(ys’yszsyvzs y) ’ Q/Q(YS Y y Ysls, Zs ) ) Qé(zsaysy Zs,Ys
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242ml,, ~2+42m) . .
and A’ (ySJr myz,zs+ ™). So the same computation shows that the mixed volume of four

polytopes is given by
M(A,Q,Q5,Q3) = 8(2 4 my, +m,) . (4.23)

Finally, if mg. = 1,mgy, = 0,4 = v = 1, we have variables z,y. The solution of linear
equations is given by

/

~ ~ m. ~mm/!
Yz m
y'_>y$7zs Y Z'_>Z87ysz
In this case, we have

~9 m! 2m! 1+m’ ~ ~1 ’ 2 ~m. ~2m/
Qll(ysvzs Vs, Zs yz) s Q/Q(Zs Y, 25y s, S+mz) ) Qé(zsazs}’gnza smz)’

- L 249m!
and A/(ya "=, z." "%) Then we get

MA@, Q5, Q%) = 8(2+m +my,) . (4.24)

Summarizing above discussions, we can express the number of ramified points, which equals
to the mixed volume of four polytopes, as

N = 8u(l — maz + (May + mg.)(1 — uv)) (1 + mj)
F8uv(Mgy + My2) (1 +my, ) + 80 (1 — may + (May + my2) (1 —uw)) (1 +m?),

which has already been shown in the beginning of this section.

5 More diagrams

5.1 The other three-loop diagrams

In previous section, we have presented a recursive formula for the study of genus of three-
loop diagrams whose sub-two-loop diagram also defines a curve. There are still five di-
agrams which can not be included in this category. They are four Mercedes-logo type
diagrams as shown in figure 8(1) to figure 8(4), and one ladder type diagram as shown
in figure 8(5). Since the sub-two-loop diagram or sub-one-loop diagram does not define
curve, there is no covering map from the original curve to the curve of lower-loop diagram.
Because of the highly complexity of algebraic system, it is quite difficult to compute the
genus directly. Thus we introduce an algorithm to systematically study the genus based
on numerical algebraic geometry. Given an algebraic system of maximal unitarity cuts of
three-loop diagrams with arbitrary setup of numeric external momenta, it is possible to
compute the genus within seconds by this algorithm. It also provides an opportunity of
studying the global structure of maximal unitarity cuts of four-loop and even higher loop
diagrams, where analytic study is almost impossible.

Let us apply the algorithm to the computation of five three-loop diagrams considered
in this subsection. For each diagram, the corresponding polynomial system of maximal
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(4) (5)

Figure 8. Remaining three-loop diagrams whose equations of maximal unitarity cuts define curves
while their sub-two-loop diagrams do not define curves. Every vertex is attached by massive external
legs, which are not explicitly shown in the figure.

unitarity cuts defines an irreducible curve C; with each contribution prp) = 1 for every

b € Be, and py = 0. Thus, Riemann-Hurwitz formula reduces to

‘Bci‘

gc, = —deg[Ci] + 1 + 5

By computing the degree of the curve and the number of branchpoints using numerical
algebraic geometry via Bertini [73], we can obtain the genus by above formula,

e For diagram (8.1), we have deg|C] = 44, and |B¢| = 152, so the genus is g = 33.
e For diagram (8.2), we also have deg[C] = 44, but |B¢| = 176, so the genus is g = 45.
e For diagram (8.3), we have deg|C| = 40, and |B¢| = 136, so the genus is g = 29.

e Diagram (8.4) has the most complicated global structure among three-loop diagrams.
The curve associated with this diagram has degree deg|[C] = 52, and |B¢| = 212, so
the genus is g = 55.

e For the last ladder type diagram (8.5), we have deg[C] = 32, and |B¢| = 128, so the
genus is g = 33.
5.2 The White-house diagram

An interesting series of diagrams is shown in figure 9 to any loop orders. If n = 1, we
get the one-loop triangle diagram, which has g{"# = 0. If n = 2, we get the two-loop
double-box diagram, which has g5 = 1. The three-loop diagram is the first diagram
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Figure 9. Infinite series of white-house diagrams. Every vertex is attached by massive external
legs, which are not explicitly shown in the figure.

resembling the White-house, and it has ggV H — 5. Because of its resemblance between
(n— 1)-loop and n-loop diagrams, it is interesting to ask if we can compute the genus of n-
loop diagram from the information of (n—1)-loop diagram. Define xx = {zg1, Tr2, Tk3, Tk, }
as the parametrization variables of the k-th loop. From figure 9 we can see that there are
always two linear equations for each loop, so we can solve two variables in xj using these
linear equations and get xx — X}, where x} = {1, zx2}. Then we can compute the genus
of n-loop white-house diagram by Riemann-Hurwitz formula from the covering map

Q1(x1?) =0 Q3(xh%) =0
QQ(X1X2) =0 Q4(x5x5) =0
wr ) Li(a) = wia )
C, 7 Lo(x1) — = Cpi Q2n73(X’n_12) _0 (5.1)
* Q2n—2(xp_1%y) =0
ot Qon—1(x4,%) =0

As usual, equations Q1 = Q2 = L1 = Ly = 0 of box diagram part define a double
covering map, and the ramified points have ramiﬁcation index ep = 2, determined by the
discriminant equation A = 0 for given points in curve C}V . For the box diagram part, since
May = My, = 0, u=1,v =0, the discriminant is given by A(xh %). So the ramified points
are determined by (2n—2) equations in (2n—2) variables in C2"~2. It is easy to compute the
number of ramified points for white-house diagrams. Since A(x5%) = Q3(x5?) = 0 are two
generic quadratic equations in two variables x5 = {221,922}, by Bézout’s theorem, it has
four distinct solutions. For each solution {257, 253}, equations Qu(x4X%) = Q5(x5?) = 0 are
two generic equations in x5 of degree one and two, so they have two solutions in {x31, z32}.
In total we get 4 x 2 = 8 solutions in {21, 722, ¥31, 32 }. Recursively, we get 4 x 272 = 2n
distinct solutions in {x91, x99, ..., Zn1,Tn2}. Above argument is based on the facts that
different loops only share common propagators adjacently in a chain and the solution of

linear equations only maps xi — X} itself. So the Riemann-Hurwitz is given by
297V — 2 =2(2gWH —2) 4 om (5.2)

Given the first entry gi" = 0, it is not hard to solve above recursive formula and get

g = (n—2)2n "t 41, (5.3)
It indeed produces glV# = 0, gV = 1, gf# = 5 and also an infinite series of genus
such as gXVH =17, ggVH =49, ggVH = 129, etc. The genus grows exponentially to infinity
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with the increasing of loops, which indicates the complexity of computation in higher-loop

amplitudes.

6 Conclusion

To systematically study integrand reduction or integral reduction of multi-loop amplitudes
via algebraic geometry method, the equations derived from propagators on-shell and their
correspoinding variety (solution space) plays a very important role. These on-shell equa-
tions are the generating equations of ideal and Grobner basis, which are the central objects
in determining the set of independent integrand basis. The solution of each irreducible com-
ponent of reducible ideal determines the parametrization of loop momenta, which greatly
affects the evaluation of coefficients for integrand or integral basis. Thus, the study on the
global structure of on-shell equations is the first step in the process of multi-loop reduction
method, and provides a birds-eye view for further explicit computation.

In order to explicitly apply algebraic geometry method to the computation of three-
loop integrand or integral reduction, it is necessary as an initial step to elaborate the global
structure of the on-shell equations. Since a four-dimensional three-loop integral has twelve
parametrization variables for loop momenta, the first category of non-trivial varieties is
defined by on-shell equations of three-loop diagrams with eleven propagators. The ideal
defined by these diagrams is complex one-dimensional, and it defines an algebraic curve,
which is topological equivalent to a Riemann surface. The global structure is completely
characterized by the geometric genus of the curve. Since these diagrams are the simplest
three-loop diagrams with non-trivial solution space of on-shell equations, they would be
the first candidate for applying algebraic geometric methods to the explicit computation of
three-loop diagrams. Thus, a thorough study on the global structure of three-loop diagrams
with eleven propagators can be served as a seed for the further computation of three-loop
integrand and integral reduction.

In this paper, we provide a systematic study on the genus of curves defined by maximal
unitarity cuts of three-loop diagrams with eleven propagators, generalizing the research
in [55]. The Riemann-Hurwitz formula is used throughout the study. Among the 21 total
diagrams. 16 diagrams have a sub-two-loop diagram whose equations of maximal unitarity
cut also define curves. For these diagrams, the genus can be recursively computed from
the genus of two-loop double-box and crossed-box diagrams together with the knowledge
of ramified points. The recursive formula is given by

N

> (6.1)

9=29me — 1+

where
N = 8u(l — mgs + (May + maz) (1 — w)) (1 + my,)
+8uv(myy + maz) (1 + m;Z) + 81}(1 — Mgy + (Magy +mg)(1 — uv))(l +m’) .

Note that above formula is general and independent of the convention of loop momenta.
The number N can be obtained by counting the number of corresponding propagators.
Thus, the genus can be evaluated by just looking at the diagrams.
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Besides, there are still five diagrams which can not be analyzed by the recursive formula
from information of two-loop diagrams. For these diagrams, we implement an algorithm for
the Riemann-Hurwitz formula based on numerical algebraic geometry. This algorithm also
provides the possibility of studying more complicated algebraic system of four-loop or even
higher loop diagrams in the future. It can also be applied to the analysis of the previous
16 diagrams, and we find that the results of the recursive formula and the algorithm agree.

The genus of 13 ladder type diagrams is given by

Diagramﬁ@@%@@m@@ﬁ@@@

Genus 5 5 9 9 9 13 13 |13 | 13 | 17 | 21 | 21 | 33

The genus of 8 Mercedes-logo type diagrams is given by

Diagram@@@@@@%@

Genus 9 13 17 | 21 29 33 | 45 55

In general terms, the higher the genus is, the more complicated the algebraic system will
be. So, a first direct application of above result would be the judgement of the complexity
of three-loop diagrams we would like to evaluate. Different from two-loop diagrams where
the highest genus is only three, the genus for three-loop diagrams can be as high as 55. This
indicates highly complex nature of three-loop diagrams compared to two-loop diagrams.
Curves of different diagrams with the same genus are topological equivalent to each other,
we expect that this equivalence would also play a role in relating those different diagrams.

We also present an example beyond three-loop diagrams, by generalizing the simplest
g = 5 white-house diagram 0 to any loops. The genus of n-loop white-house diagram is

gVH — (n—2)2" 1 41,

Hence, ggV H — 5 gXVH = 17, ggVH = 49, etc. In particular, it is possible for the genus
to grow without bound. Interestingly, the genus of n-loop white-house diagram equals to
the genus of (n + 2)-dimensional hypercube. This relates the algebraic system of maximal
unitarity cuts of multi-loop diagrams directly to well-known geometric objects.

An interesting phenomenon is observed in [55] that the genus is always an odd integer.
This is further verified by results presented here. We can claim that the genus of curve
defined by maximal unitarity cuts of any multi-loop diagrams is an odd integer. This
can be shown by looking at the on-shell equations of degenerate limit where one external
momentum is massless. Assuming that after solving linear equations, the algebraic curve
is given by I = (Q1,Q2,...,Qy) with (n + 1) variables. It is always possible to take one
external momentum as massless, and the corresponding quadratic equation factorizes as
Q1 = f1fo = 0, where f1, fo are linear. The linear polynomials f1, fo are two equivalent
branches of quadratic polynomial ()1, and ideal I can be primary decomposed into two
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equivalent irreducible ideals I1 = (f1,Qa,...,Qn) and Is = (f2,Q2,...,Qy). So, the genus
g1 of curve defined by I; equals to the genus of the curve defined by I,. If there are N
intersecting points between two curves, then the genus of original curve defined by [ is
given by ¢ = 291 + N — 1. The number N is in fact the number of distinct solutions of
zero-dimensional ideal I' = (f1, f2,Q2,...,Qn). In projective space, according to Bézout’s
theorem, N is given by the products of degree of each polynomial in I’, which is an even
integer. This guarantees that the genus is an odd integer, and explains the puzzle in [55].

As we have mentioned, information of global structure of on-shell equations is the first
step to the integrand or integral reduction of multi-loop integrals. The genus is a powerful
concept that connects the algebraic system of maximal unitarity cuts to geometric objects,
as hinted in the White-house example. Since so far only a few explicit computation of
three-loop integral reduction is done, we still need to wait for more three-loop examples to
reveal the connection and also the possible equivalence of different diagrams with the same
genus. With the algorithm based on numerical algebraic geometry presented in this paper,
it is possible to work out the global structure of curves defined by maximal unitarity cuts
of four-loop diagrams. However, this information is not urgent, since integrand or integral
reduction of four-loop integral is still far from practice. We hope that in future there will
be more results of three-loop integrand reduction showing up, so that we can clarify the
underlining power of genus. Then it can be similarly generalized to higher loop diagrams.

The global structure of higher-dimensional varieties, defined by the maximal unitarity
cuts of L-loop diagram with n < (4L — 2) propagators, is still unclear even for two-loop
diagrams. This information is important for the computation of two-loop diagrams besides
double-box and crossed-box. We hope that both computational and numerical algebraic
geometry can play a similar role in the analysis of global structure for those diagrams in
the future.
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A Solving polynomial equations using convex polytope

An algebraic system of n polynomial equations in n variables is expected to define a zero-
dimensional ideal. When n = 2, if the algebraic system has finite many zeros in C?, then
Bézout’s theorem states that the number of zeros is at most deg[fi]deg|f2]. Generaliza-
tion to arbitrary n polynomial equations can be similarly understood. If there are finitely
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many zeros in C" for f; = 0,7 = 1,...,n, then the upper bound on the number of solu-
tions is [[;"; deg[f;], which is sharp for generic polynomials. For sparse polynomials, this
bound is typically not sharp. For illustration, we take a similar example given in [74].
The two polynomials

filz,y) = a1+ asx + azzy +asy . fo(3,y) = by + boz?y + bszy® + baz® + bsy® (A1)

have four distinct zeros in C? for generic coefficients a;, b;’s. However, Bézout’s theorem
provides an upper bound of deg[fi]deg[f2] = 6. In order to predict the actual number 4
instead of 6, we need to go from Bézout’s theorem to Bernstein’s theorem. Bernstein’s
theorem states that for two bivariate polynomials fi and fo, the number of zeros fi =
fo = 0 in (C*)? is bounded above by the mized area of the two corresponding Newton
polytopes M(New( f1), New(fz)). Here, C* = C\ {0}. To understand this theorem, one
should first associate a convex polytope to polynomial. A polytope is a subset of R™
which is the convex hull of a finite size of points. For example, in R?, the convex hull
conv{(0,0),(0,1),(1,0),(1,1)} is a square. For a given polynomial

f = Clwalyﬁl + C2$a2yﬁ2 4+ -+ mea’lnyﬁ'rn ,
we can associate a Newton convex polytope

New(f) = conv{ (a1, 81), (a2, B2), ..., (am, Bm)} - (A.2)

Since «;, B;’s are always non-negative integers, it is a lattice convex polytope. Given two
polytopes P, P», the Minkowski sum is given by

P+ Py={pi+p2:p € Pr,p2 € P2} . (A.3)
Then the mixed area M(Py, P5) is given by
M(Py, Py) = area(P; + P») — area(P;) — area(Fs) . (A.4)

We can apply the convex polytope method to the example polynomials (A.1), which is
shown in figure 10. The mixed area is given by

M(New(f1), New(f2)) = g - g 1=4.

Following Bernstein’s theorem, the number of zeros for f; = fo = 0 with general coefficients
in (C*)? is exactly 4. In case, the bound can be trivially lifted from (C*)? to C2. One
remark is that, in computing the mixed area, the two polynomials should be independent.
For example, two polynomials f| = f1, f5 = fo +y>f1 have the same zeros as f; = fo = 0.
However, if we include the vanishing term v f; in f} as vertices in polytope New(f3), then
we get the wrong result. Before computing the area, we should remove the redundant
terms such as y3f in f3.

Bernstein’s theorem can be generalized to higher dimension. The number of solutions
in (C*)™ of n polynomials in n variables is bounded above by the mixed volume of n Newton

polytopes. The mixed volume of Pj, Ps, ..., P, in R" is given by formula
M(P,. P)y= Y (v ~volume(z Pj> : (A.5)
JC{1,2,...,n} jeJ
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New(f,) v New(f) t New(f1 + f) *

Figure 10. Lattice convex polytopes associated with polynomials, and the computation of mixed
area. Each segment of lattice is length 1.

where J is a non-empty subsets of {1,2,...,n} and ny = 1,2,...,n is the length of J. The
volume is Euclidean volume in R”. For example, in R*, the mixed volume is

M(Py, Py, Ps, Py) = volume(Py + Py + Ps+ Py) — > volume(P; + Pj + P)
1<i<j<k<4
+ Z volume(P; + Pj) Z volume(F;) . (A.6)
1<i<j<4 1<i<4
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