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ABSTRACT: Multi-loop Feynman integrals are key objects for the high-order correction
computations in high energy phenomenology. These integrals with multiple scales may
have complicated symbol structures, and we show that twistor geometries of closely related
dual conformal integrals shed light on their alphabet and symbol structures. In this paper,
first, as a cutting-edge example, we derive the two-loop four-external-mass Feynman inte-
grals with uniform transcendental (UT) weights, based on the latest developments on UT
integrals. Then we find that all the symbol letters of these integrals can be explained non-
trivially by studying the so-called Schubert problem of certain dual conformal integrals with
a point at infinity. Certain properties of the symbol such as first two entries and extended
Steinmann relations are also studied from analogous properties of dual conformal integrals.
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1 Introduction

With the start of the run III stage of the Large Hadron Collider (LHC), demands for the
high-order perturbative computations of the precision physics get higher. For the high-
order perturbation computations in quantum field theory, multiloop Feynman integrals are
the key objects which are difficult to reduce or evaluate.

Frequently multiloop Feynman integrals with multiple scales (Mandelstam variables or
mass parameters) appear in high-order perturbative computations. These integrals, even
if they can be expressed in term of polylogarithm functions, their symbol structure [1]
would be very complicated: the alphabet (the list of symbol letters) may be very long and
contains complicated square roots of the kinematics variables; the adjacency condition of
letters in the symbols can be intricate. On the other hand, the information on the alphabet
and symbol of multi-loop Feynman integrals are invaluable. It enables the simplification



algorithm of polylogarithm functions [1-3], the bootstrap of supersymmetric Yang-Mills
amplitudes [4-8], the bootstrap of Feynman integrals [9], the finite-field interpolation of
the canonical differential equation [10] and a lot of other important applications. Therefore,
it is of great interests to study the alphabet and symbol structures of multi-loop Feynman
integrals.

In the literature there are many interesting studies of the theoretical properties of
alphabet and symbol structures, for example, the so-called first entry-condition [11], the
relation between symbols and Landau Singularity [12, 13], the relation between the second
entry condition and the Steinmann relation [7, 14], and the final entry condition [15].
The cluster algebra structure was applied for the computation of the symbol structure
in N/ = 4 SYM theory [16, 17]. Recently, the refs. [18-20] studied multi-loop Feynman
integrals’ alphabet from the cluster algebra structure. Besides these exciting developments,
the multi-scale multi-loop Feynman integrals’ alphabet and symbol structures still have a
lot of mysteries. In this paper, we try to illustrate the alphabet and symbol structures for
Feynman integrals with uniform transcendental (UT) weight [21, 22], from the viewpoint
of dual conformal symmetry [23-26].

The method [21, 22] of applying UT Feynman integrals and the corresponding differ-
ential equation is currently a standard way of evaluating Feynman integrals analytically. In
this paper, we derive a cutting-edge example of the UT Feynman integral basis for the two-
loop double box diagrams with four different massive external legs, and then show that its
alphabet and symbol structure can be well understood from the dual conformal properties.
This family is particularly interesting because it is a sub-family of the two-loop eight-point
massless diagrams, and also a sub-family of the two-loop five-point diagrams with three
massive external legs. So, this family is important both for formal theories like N = 4
SYM and also the phenomenology. It contains two Mandelstam variables as well as four
mass parameters, thus the kinematics is very complicated. It is not an easy task to find the
corresponding UT basis, so we turn to the latest UT basis determination methods [27, 28]
with the leading singularity analysis in the Baikov representation. The complete UT basis
for this family is found, and the canonical differential equation is calculated analytically
via the finite-field method [10]. From the canonical differential equation, we obtained the
full alphabet. Furthermore, the symbols of these UT integrals are calculated. As expected
for other UT integrals with multiple scales, the alphabet is long and contains many square
roots in the kinematic variables. The symbol structure for this family is also complicated.

Therefore, in this paper, we propose to analyze the symbology of these Feynman
integrals, namely the alphabet and properties of the symbols, from certain dual conformal
invariant (DCI) Feynman integrals [29] with a dual point at infinity. Similar considerations
have appeared in [18] for one-mass five-point process, whose symbology is closely related
to that of eight-point DCI integrals. The symbology of DCI integrals, strictly in D = 4, is
much better understood by explicit computations [30-35] as well as by Landau analysis [12,
13, 36, 37], considerations based on cluster algebras [18-20, 38| etc. Moreover, properties of
the symbols such as conditions on first two entries and (extended) Steinmann relations have
also been studied more extensively for DCI integrals (see [39] and references therein). By
sending a generic dual point, which are not null separated from adjacent points, to infinity,



we obtain non-DCI integrals if the latter are finite. There is strong evidence [18] that such
non-DCI limits are still relevant for IR divergent integrals in dimensional regularization,
and we find it very rewarding to further study the implications of DCI results in D = 4
for more general Feynman integrals in D = 4 — 2e. The method of symbology in this
paper, which was proposed very recently in [40, 41], is based on analysis of geometric
configurations of DCI integrals in (momentum-)twistor space, known as Schubert problems.
It has been successfully applied for predicting alphabets of DCI integrals and amplitudes up
ton = 9 [40], as well as those of multi-loop Feynman integrals in dimensional regularization.

For our integrals with four external masses, it is necessary to consider fully massive
DCI pentagon kinematics, which depends on five cross-ratios and reduces to four-mass
(non-DCI) kinematics by sending any dual point to infinity. In such limits, the five cross-
ratios reduce to ratios of kinematic invariants, s,t,m?2,--- ,m3. It is highly non-trivial that
all the 68 letters can be explained from Schubert problems of such DCI integrals in D = 4.
Out of all 12 non-trivial rational letters, 11 of them turn out to be (the square of) leading
singularities associated with one- and two-loop DCI integrals, including four-mass boxes
and double-boxes (the last one is a Gram determinant which can be obtained from following
odd letters). The remaining 50 letters are parity odd with respect to the 11 square roots,
which fall into two classes. There are 16 of them that has only one square root, which can
all be identified with algebraic letters of four-mass boxes and two-loop generalizations; for
the 34 “mixed” odd letters that depends on two square roots, we find their origin from
twistor geometries of corresponding one- and two-loop DCI integrals. The appearance of
these letters in the matrix of canonical DE also exhibit nice patterns. Moreover, we also
find that, to all orders in €, the first two entries of the symbols of such integrals can always
be written as linear combinations of 5 four-mass box functions (and loglog terms), which
provides an explanation of the first-two entry conditions. Relatedly, we have also checked
that extended Steinmann relations are satisfied by all the integrals, which follows from
properties of canonical DE.

This paper is organized as: in section 2 we review the UT integrals, canonical differen-
tial equation and symbol. In section 3, we introduce the main example of two-loop double
box diagram with four different external mass, derive the UT basis, canonical differential
equation and the symbols. In section 4, we will first review basics of DCI integrals, focusing
on one- and two-loop integrals which depend on fully-massive pentagon kinematics; we then
explain that by taking any dual point to infinity, letters of DCI integrals nicely become
those of double-box etc., including all square roots and odd letters; finally, we will comment
on how certain properties of the symbols can be explained from DCI considerations. In
section 5, we summarize this paper and provide an outlook for the future application of
the DCI properties on the multi-loop UT integrals. More technical details are given in the
appendices of this paper.

2 A review of differential equations, UT integrals and symbol

2.1 The canonical differential equation

Differential equation method is one of the most popular method of evaluating Feynman in-
tegrals [42—44]. The differential equation of a Feynman integral basis I, via the integration-



/(@) T(/(2)) /(@) T(/(2))
rational number 0 rational function 0

T 1 Log(x) 1

Cn n Li, () n
H(ay, -+ ,apn;x) n G(ay, -+ ,an;x) n

Table 1. Transcendental weight of some functions.

by-parts reduction, reads

0
axi

where x;’s are kinematic variables and A;’s are matrices for the differential equations.

I = Ai(e,z)], (2.1)

Usually, solving the differential equation in (2.1) is difficult. A better choice of the
integral basis will make it dramatically easier. One of the best choices of integral basis
consists of integrals with uniformal transcendental (UT) weights [21]. These UT integrals
have the following form in terms of € expansion as,

I=¢ Z 1M (2.2)
=0

where I(™) is a pure weight-n transcendental function, i.e. 7(I(™) = n and T(a%l(")) =
n — 1, where 7 stands for the transcendental weight of a function. The transcendental
weight of some common functions are shown in table 1, where Li,(z), H({a1,...an}, )
and G({a1,...an},x) are, respectively, the weight n classical, harmonic and Goncharov
polylogarithm functions.

The differential equations for a basis formed by UT integrals (2.2) are called canonical
differential equations. For the matrices of canonical differential equations, the e parameter
factorizes out as [21],

0
8.1/‘1'

This is called the canonical differential equation. Consequently, we can solve the differential

I =¢€A;(x)I. (2.3)

equations order by order in € expansion as,

0
I = A, 7k 2.4
o2, (2.4)
From the integrability condition, the canonical differential equation matrices for UT basis
satisfies,
0 0
[A;,Aj] =0, ——A;——A;=0. (2.5)

axi J 8$j

From the second property, we know that,




where the matrix A takes the form as
3 N
A=Y ajlog(Wy), (2.7)
i=1

where a;’s are matrices of rational numbers, and W;’s are algebraic functions of x;’s, called
symbol letters. With the form of (2.7), the canonical equation (2.3) can be solved analyt-
ically with the information of the boundary condition. On the other hand, one can easily
derive the symbol [1] of the solutions of the differential equation.

The symbol S of a function is defined as,

S(logR) = S[R], (2.8)
and
S(F) = Z CZS(FZ) & S[RZ], (29)
if
dF = c;Fdlog R;, (2.10)

where R and R; are rational functions and S[Ri,---,Ry,] ® S[R] o S[Ri,---, Ry, R].

With these, one can immediately derive the symbols of the solutions from the canonical
differential equations as

SI™y = 3" a,-a, IOSW,, .. W], (2.11)

i1, in=1
2.2 UT integral determination

For applying the method of canonical differential equation, finding a corresponding UT
basis is not a trivial task. There are many methods and algorithms designed for determining
a UT basis, including the leading singularity analysis [21, 22, 27], the Magnus and Dyson
Series [45], the dlog integrand construction [46-49], the intersection theory [50-53], the
initial algorithm [54], the Lee’s algorithm [55-57] and so on. Based on these methods or
algorithms, some public available packages were designed including CANONICA [58, 59],
FucHsiA [60], EPSILON [61], INITIAL [54] and LIBRA [57]. In this paper, we are using the
leading singularity analysis method in Baikov representation [27, 28, 48, 62] as well as other
methods to determine a UT basis.

Here we briefly introduce the leading singularity method in Baikov representation [63—
65]. For a Feynman integral defined as

L dPy, 1
Gaoy ooy = / , 2.12
Qi ,an z:l_[l inD/2 DI Dy ( )
in the Baikov representation, it is
E—D+1 D—L-—FE—-1 1
Gah“. Q= CEU 2 /Qd.21 ce dZnP(Z) 2 W (213)



In this representation, £ and L are the number of independent external momenta and loop
momenta respectively, Cé is a constant irrelevant to kinematic variables, and U and P are
Gram diterminants as

U:deta(pl’“'pE), (2.14)

b1, ... PE
oo s prs

P=detG [V P PR (2.15)
by, ... lp,p1, ... PE

The idea of using Baikov leading singularity method to determine UT integrals is based
on an conjecture [51] that an integral with constant leading singularity should be a UT
integral. In the Baikov representation, the leading singularity of an integral can be derived
using the cut [66-68], which is to replace the integration by taking residues at z; — 0,
schematically as

D-L-E—1 1

LS = 7{ dzy---denP(2) 2 L (2.16)
z;i—0

Zlal e Znan

For multi-loop integrals, a more practical way to derive the leading singularities is the
loop-by-loop Baikov representations [68, 69]. Take the double box with 4 external masses
diagram (to be introduced in section 3.2 in detail) as an example. The propagator and
kinematic information are given in (3.1) and (3.9). Consider the scalar integral in the top

sector in (3.10), which is
dP1y, dPly 1
= 2.17
. /mD/2 ixDR2 Dy - Dy’ (2.17)

one can compute the leading singularity from full Baikov representation introduced

in (2.13). In comparison, a more computationally economical way is to derive the Baikov
representation loop by loop: first we treat [; as loop momentum and ls, p1, p2, and pyg as
external momenta, so that

J _/ dDZQ 1 /lel 1
'™ ) ixD2 DyDsDg ] inP/2 DyDyD3D7

D (2.18)
= C/delUEg+1 / dz1dzodzsdzr P, (z)DiLQE?l#
n i7TD/2 D4D5D6 1 Q 18eafestarid 2122232’7‘
Here, E =3, L =1, D =4, C is some constant irrelevant to kinematics and
l b ) ) l
P=detq | VPP 2] (2.19)
l17 b1, p2, l2
Then the leading singularity for the “left” loop integral is
D-L-E-1 1 4
dz1dzodz3dzy P, _ = — 2.20
A1azdzstar 1(2) ’ Z12923%7 ZX’ ( )
where ]
A% = (miD? + (m3Ds — sDy) ? — 2mi Dy (m3Dg + sDy) ) (2.21)



With the definition Dy = (I3 — p1)?, we can similarly derive the leading singularity for the
“right” loop as

LS(J)—LS(/ h 4 )
v inwD2 DyDs DA

(2.22)
= %dz dzsdzdzg P (z)D_LgEA; _ 16
o rReeReees2 z42526A(2)  srp’
where
r? = 522 — 2stmim3 + mimg — 2stm3am3 — 2mimimim3 + mamy. (2.23)

Requiring the leading singularity of this integral to be constant, we guess that sriJj is a
UT integral candidate. Later, from the differential equations, we verify that it indeed has
the uniform transcendental weights.

3 Feynman integrals with four different external masses

In this paper, we study the one and two-loop Feynman integrals with four different external
masses. These integrals are interesting because they appear in the eight-point massless
scattering processes which is the focus of the amplitude study of formal theories, and also
in the five-point scattering processes with three external masses. These integrals have rich
structures related to dual conformal invariance.

The kinematic condition for these integrals is

p% = m%a p% = mgﬂ p% - m§7 pz21 = m?}a (pl +p2)2 =S, (p2 +p3)2 = t) (31)

with p1 +p2 +p3 +ps = 0.

3.1 One loop UT integral basis

The propagators of one-loop Feynman integral family with four different external masses
are:

Di=1, Dy=(l—p1)? Ds=(1—pi—p2)’ Di=(l+ps)* (3.2)

There are 11 master integrals after the IBP reduction.

Gii11, G1,1,1,05 G1,1,0,1, G1,0,1,1, Go,1,1,1,

PRk it ] PRk ekl PRk iat]

G1,2,00, G'1,0,2,05 G1,0,0,2 Go,1,2,0 Go,1,0,2, Go,0,1,2- (3.3)

These master integrals are almost UT integrals up to some rational function factors in
kinematic variables. It is not difficult to determine these factor by looking at the differential
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Figure 1. 1-loop diagram with 4 external massive legs.

equation, then the UT integral basis of this four masses box diagram family is:

I =nmGi1,, I =1r2G11,10, I3 =1r3G1101, (3.4)
2
msG
1G1,2,0,0
Iy =1r4Grp1,1, Is = r5Go11,1, Is = — (3.5)
2 2
5G'1,0,2,0 miG1,0,0,2 m5Go1,2,0
I7 = : 5 I8 = 5 IQ = ) (36)
€ € €
tGo,1,0,2 m3Go0.1.2
110:7;’ =, 111:767 = (37)

Where we used the following roots, r; ~ 5,

r? = %t — 2stmim3 + milmé — 2stm3am3 — 2mimimim3 + m%mi,
r% =5%— ZSm% + mil — 2smg — Qm%mg + m%,
r3 =12 — 2tm3 + m{ — 2tm3 — 2mIm3 + mj, (3.8)

ri =s%— 2sm§ + m% — 2sm?1 — 2m§mi + mﬁi,
r2 =% — 2tm3 + mj — 2tm3 — 2m3m3 + m3.
3.2 Two loop UT integral basis

The propagators of two-loop Feynman integral family with four different external masses

are:
Dy =13, Dy = (l1 —p1)?, D3 = (l1 — p1 — pa2)?,
Dy = (ly +p1 + pa2)?, Ds = (Ia + p1 + p2 + p3)?, Dg =13,
D7 = (Iy +19)% Ds = (I3 — p1 — pa — p3)?, Dy = (I +p1)* (3.9)

The top sector, (1,1,1,1,1,1,1,0,0) for this family, is a double box diagram shown
in figure 2. Here Dg and Dy are irreducible scalar products (ISPs). From the stand IBP
reduction procedure, we see that the number of master integrals for this family is 74. The
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Figure 2. 2-loop diagram with 4 external massive legs.

diagrams for all master integrals are given in the appendix A. Some of the master integrals
in the family were calculated in [70].

Using the Baikov leading singularity analysis techniques described in the previous
section, as well as other methods that will be explained later, we have derived the UT
basis for this diagram, as follows:

I =sr1G1,1,1,1,1,1,1,0,0, (3.10)
2 p
—72:7"4(*m1G1,1,1,0,1,1,1,0,0*m2G1,1,1,1,1,0,1,0,0+SG1,1,1,1,1,1,1,0,—1)7 (3.11)
P 2
Is=ry (—m3G0,1,1,1,1,1,1,0,0—m4G1,1,0,1,1,1,1,0,0+SGL1,1,1,1,1,1,—1,0) ) (3.12)
I,=5G L -m3)G
4=S 1,1,1,1,1,1,1,—1,—1—1'53 S—m1—my)G11,1,1,1,1,1,-1,0
1
2 9
+§S(S—ms—m4)G1,1,1,1,1,1,1,0,—1+--- (3.13)
Is=79G0,1,1,1,1,1,1,0,0, 16 =78G'1,1,0,1,1,1,1,0,0, L7 =711G1,1,1,0,1,1,1,0,0 (3.14)
r1G0,1,0,1,1,1,2,0,0
Is=110G1,1,1,1,1,0,1,0,0, Lo =7274G1,1,1,1,1,1,0,0,0, [10 = . , (3.15)
P 2
~14Go201,1,1,1,0-1 ,  maraGo1201,1,1,00 ,  M5r3G0,2,1,0,1,1,1,0,0
I = 1= J13= ; (3.16)
€ € €
P 2
mir2G0,1,1,0,1,2,1,0,0 mir5G0,1,1,0,2,1,1,0,0 r1G0,1,1,0,1,1,2,0,0
L= Ii5= yJi6= ; (3.17)
€ € €
Ir=76G0,1,1,0,1,1,1,0,0, (3.18)
2.9, 2 9 2,2\, 2
7 (st—mimg+mimi) Goa,1,01,1200  (s—mi+m3)miGo,,1,0,1,2,1,0,0
18=— -
2¢ €
2 2,2 2,92
m3 (s—m3+mi) Go1,201,1,100 | $Mm3m1G01,20,12,1,00
— + 5 , (3.19)
€ €
2
m5r4G0,1,2,1,1,1,0,0,0
g =72G0,1,1,1,0,1,1,0,0, 120 =75G0,1,1,1,1,0,1,0,0, 121 = . ; (3.20)
Io=714G1,0,1,0,1,1,1,0,0,123=74G1,0,1,1,1,0,1,0,0, 124 = 574G1,0,1,1,1,1,1,0,0, (3.21)



P
mi14G2.1,0,1,1,0,1,0,0

Is =73G1,1,0,0,1,1,1,0,0, 126 =72G'1,1,0,1,0,1,1,0,0, 127 = . ; (3.22)
2 2 2
- mirsG1201,1,0,1,00 ™M372G11021,01,00 ;  M373G11,0,1,2,0,1,0,0
Iog = Iog= I30= , (3.23)
€ € €
r1G1,1,0,1,1,0,2,0,0
I3 = . 32 =77G1,1,0,1,1,0,1,0,05 (3.24)
2,2 2,2 2 2 2
[ — (stEmimg—mymi) Gi1,0,1,1,0200  (s+mi—m3)m5Gi,1021,0,1,00
33— — -
2€ €
2 2 2 2,2
mi (s+m3—mi) G2,101,101,00 | sm1M3G2,1,0,21,01,00 395
- + 92 ) ( . )
€ €
2
mirsG12,0,1,1,1,0,0,0 r1G1,1,1,0,1,0,2,0,0 r2G1,1,1,0,2,0,1,—1,0
Izg= A35= I36= , (3.26)
€ € €
2 2
mi1r2G1,1,1,0,2,1,0,0,0 m312G1,1,1,2,1,0,0,0,0
I3y = . 138 =512G1,1,1,1,0,1,1,0,0, 39 = ¢ ’ (3:27)
2 2 2
74G0,0,1,0,1,1,2,0,0 sm3G0,0,201,1,200 3(s+m3—mi)Go0,1,01.1.200
Iyo= Ao = 5 - , (3.28)
€ € €
2 2 2
7, 136010011200 ;1116020011200 3(t+mf—m3)Go1,00,1,1,200
1= g = 5 - : (3.29)
€ € €
2.2 2 2
72G0,1,0,1,0,1,2,0,0 mim35Go20,1,01200 3(—=s+mi+m3)Go,1,010,1,200
Tu= Li5= - (3.30)
b 2 )
€ € €
2 2 2
70— 756010110200 ;1156020110200 3(t+m3—m3)Go1,01,1,0200
46 = s a7 = 3 - , (3.31)
€ € €
2 2 2
r2G0,1,1,0,0,1,2,0,0 sm7Go,1,1002200 3(s+mf—m3)Go1100,1,200
Iys= Iy= — (332)
9 2 b
€ € €
2 2 2
75G0,1,1,0,1,0,2,0,0 tm3G0,1,10.20200 3(t—m3+m3)Go,1,101,0200
Iso= 51 = - : (3.33)
2
€ € €
2,2 2 2,2
7o, = Mam3G021,021000 ;_ $Mm3G0.121,02000 5 M51m5G02,1,12,0000 4
52 = 5 1 I53= 5 WEYES 5 ) (3.34)
€ € €
2 2 2
r4G1,0,0,1,1,0,2,0,0 sm3G20,01,1,0200 3(s—m3+mi)G10,1,10200
Iss= 156 = - : (3.35)
2
€ € €
2.2 2 2
74G1,0,1,0,1,0,2,0,0 m3m3G101,020200 3(=s+m3+mi)G10101,0200
jAn- g — - (3.36)
b 2 b
€ € €
2 2 2
I ~ sm5G20,1,0,2,1,0,0,0 o8 G1,0,2,1,0,2,0,0,0 7 ~ sm3G2,0,1,1,2,0,0,0,0
59= 3 s Teo = 5 Ae1= 3 ; (3.37)
€ € €
2 2 2
73G1,1,0,0,1,0,2,0,0 tm3G11,0020200 3(t—mi+m3)G11001,0200
Igo= I3 = - (3.38)
b 2 )
€ € €
2,2
mim;G1,2,0,0,2,1,0,0,0 r2G'1,1,0,1,0,0,2,0,0
Isy= Is5= (3.39)
2 b )
€ €
2 2 2
sm5G1,1,0200200 3(s—mi+m3)G110,1,00200
Iss= - (3.40)
2 )
€ €
2 2,2 2
7o 516210201000 ; _ Mim3G1201.20000 ; _ 13G002020,100 41
67= 3 s Tes = 5 s Le9 = 5 ; (3.41)
€ € €
2 2
~ 1G02,0,0,2,0,1,0,0 ~ m5G0,2,0,2,0,0,1,0,0 ~ m3G20,0,0,2,0,1,0,0
Iy=—"""5"—""—",In= 5 I = 5 ; (3.42)
€ € €
2
5G0,0,2,0,0,2,1,0,0 m1G0.2,0,0,0,2,1,0,0
17326—2,174: 2 . (343)
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In order to define the UT basis, besides the roots appearing in the one-loop integrals,

we need other 6 roots, rg ~ rq1,

1 =% 425t + 12 —2sm? —2tmI +mf —2sm3 —2tm3 +2mIm3 +mi —4m3m3,  (3.44)
72 =52 25t + 12 — 2sm3 — 2tm3 +ma — 4m3im3 — 2sm3 — 2tmi +2mimi+my,  (3.45)
7'% =s2% — 282tm% + st% + 23tm%mi — 23mi‘m421 — 2stm%mi + 25m%m%mi

—4smim3m3i +mimi —2mimam}i +mamj, (3.46)
rd = 5%t — 25%tm3 + 32m§1 —2stm¥m3 4 2stm3m3 +2sm3imim3 — 23m§m§

+mims —2m2mims +mama —4smamam3, (3.47)
T%O =52t — 232tm§ + 2stm§m§ — 4sm%m§m§ + 82m§l - 2sm§m§ + m%m%

— 2stm3m3 4 2smimim?3 — 2mamam3 + mimj, (3.48)

ri = st — 25tm%m§ + m%mé —25%tm3 4 2stm3m3 — 4dsmimim3 + ZSm%mgmi

—2mim3m?3 + s®mj — 2smimi+mimi. (3.49)

Here we remark on how we find this UT integral bases:

1. Use the standard IBP programs [71, 72|, we derived the analytic differential equation

for the master integrals. For instance, with FIRE6 [72], the computation took about

two days with a node of 50 cores. The resulting differential equation is saved for the

latter computation to determine some sub-sector the UT integral candidates.

2. Apply the Baikov leading singularity method to determine the UT integrals in the

sectors with 7, 6 and 5 propagators.

o (Top sector) The top sector is (1,1,1,1,1,1,1,0,0) and there are 4 master in-
tegrals in this sector. From the experience between UT integrals and the UV
finiteness condition, we tend to use

Gi1,1,1,1,1,1,00, Gii11,1,11,-1,00 Gii,1,1,1,0-1, Giiii,1,1,0,-1,—1 (3.50)

as UT integral candidates. If necessary, some subsector integrals would also be
used.

From the Baikov leading singularity example (2.22) in the previous section, we
estimate that sr1G1111.11.1

sty by tydydydy

0,0 is a UT integral. To make a UT integral candi-
date from G1,1,1,1,1,1,1,—1,0, based on the experience from [27], we can consider

ytsLytydydydy

the Baikov integral with the sub-maximal cut. Given G11,1,1,1,1,1,—1,0, the ansatz

[t Rk bt bt Rt}

for a UT integral can be set as,

fiGiia,,1,1,-1,0 + f2Go1,1,1,1,1,1,00 + 3G1,0,1,1,1,1,1,0,0 + f4G1,1,0,1,1,1,1,0,0

+ f5G1,1,1,0,1,1,1,00 + f6G1,1,1,1,0,1,1,0,0 + f7G1,1,1,1,1,0,1,0,0 + f8G1,1,1,1,1,1,0,0,0 -

We use right-to-left Baikov representation on this ansatz to simplify the calcu-
lation of leading singularities. Require the leading singularities to be rational
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numbers, and then the coefficients fi; ~ fg are fixed up to some constants:

2 2
fi = ciras, fa = —cirams, f3 = carys, fa = —ciramj
f5s = cari, fe6 = caras, fr = cs710, fs = cerary .

c1 ~ c¢g are rational numbers, and c¢; # 0 since this ansatz is from
G1’171 1,1,1,1,—1,0- We can set co ~ ¢g to 0, and ¢; = 1 for the simplicity. Fi-

)

nally, we get a UT integral candidate:
2 2
I3 =1 (—m3G0,1,1,1,1,1,1,0,0 —m3G1,1,0,1,1,1,1,0,0 + SG1,1,1,1,1,1,1,71,0) . (3.51)

With the leading singularity analysis in the Baikov representation, it is also easy
to see that

Iy =sG11111,1,1

It Rt hat Eat et )

1,-1+ %8 (s —mi — m%) G1,1,1,1,1,1,1,-1,0

+ %S (S —mj — mi) G1,1,1,1,1,1,1,0,—1 (3.52)
has constant leading singularities, from the mazimal cut of the Baikov represen-
tation. However, later on, from the differential equation computation, we see Iy
itself is not a UT integral. To upgrade I to a UT integral, subsector integrals
should be added. It is a nontrivial computation to determine those subsector
integrals, so we keep I at this stage and later describe how to get subsector
integrals.

We remark that the D = 4 leading singularity analysis of integrals in this sector
was calculated in the ref. [73].

(6-propagator sector) It is straightforward to find the UT candidates for 6-
propagator sectors by the Baikov leading singularity analysis. For example, the
sector (0,1,1,1,1,1,1,0,0) contains one master integral Go1,1,1,1,1,1,00- By a

sty dtydydydy

maximal cut of the loop by loop Baikov representation of Go1.1,1,1,1,1,00, it’s
easy to get a UT integral candidate,
Is = r9Go,1,1,1,1,1,1,0,0- (3.53)

(5-propagator sector) We take the sector (1,1,0,1,1,0,1,0,0) as an example.

This sector contains 7 master integrals, which is the sector with the largest

number of master integrals in this family. To find all the corresponding 7 UT

integrals would be challenging. From the loop-by-loop Baikov leading singularity

analysis, it is easy to see that

77G'1,1,0,1,1,0,1,0,0
€

Iy = (3.54)

is a UT integral candidate. Furthermore, based on the algorithm in [27], we can
look for reducible integrals in the super sectors of the sector (1,1,0,1,1,0,1,0,0).
In this way, we obtained 6 UT integrals candidates, namely I;, j =
27,...,32. To get the last UT candidate for this sector, we start with Isg =
sm%mgGg,Log 170717070/62, an integral with two double propagators. Later on,

)<y

from the differential equation, we upgrade I3 to a UT integral.
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3. For sectors with 3 or 4 propagators, it is relatively easy to find the UT integral
candidates. We apply the strategy from [21, 22] to add double propagators and an
extra factor e~! for each bubble sub-diagram, in order to get UT candidates.

4. Then we transfer the original DE to a DE for the 74 UT integral candidates. The
computation for this transformation is difficult, due to the complicated kinematics.
Here our strategy in the transformation, is to set s, t, m1, ma, m3 and my as some ran-
dom integer values while keep € analytically. Then we can identify the entries of the
differential equation matrix which are not proportional to e. Explicitly, such entries
are located in the row and columns of the new differential equation corresponding to
Iy and I33. This indicates that I, and I35 should be upgraded to UT real integrals.

We observe that entries in the DE matrix’s 33-rd row, which correspond to Is3,
are either proportional to € or has the form a + be. For the latter form, a simple
transformation like that in [58],

74
Ly=lp+ > I / (Agggyﬁo) day, (3.55)
J=27,j7#33
can remove all the €V terms in the 33rd row. Here 1, ...,z stand for the variables

s, t, mi, mo, mg and my. A,EZ-) is the differential equation matrix element for
the derivative in x,. To apply this transformation, we need to first evaluate AEZ)

analytically for ¢ = 33. The resulting integral,

2.2 2.2 2 2 2
(st + mim3 —mimi) G1,10,1,10200 (s +mi —m3) m3G1,1,02101,00
2¢ €
2 2 2 2,2
_mi (s +m3 —mj) G2,1,0,1,1,0,1,0,0 L $mam3G1021,0100 (3.56)

€ €2

I33 = —

is indeed a UT integral.

The upgrading of I, is more involved. The DE matrix’s 4-th row contains several en-
tries which are not linear in €, so a transformation like (3.55) is not enough to make the
DE canonical. Here our strategy is an induction over the number of mass parameters.
We take the limit when some or all of the mass parameter to zero, and reduce I, to the
known UT integral basis [21, 27, 74] in this limit. The reduction coefficients are not all
rational constants, so we can by-hand add some integrals to I; to make the coefficients
to be constants, in the partially massless or completely massless limit. After this, the
resulting integral should be “closer” to a UT integral and indeed the corresponding
DE matrix row is completely linear in e. Then we use a similarity transformation
like (3.55) again, to make the whole differential equation matrix proportional to e.

The computer readable UT integrals definitions, as well as the corresponding definition
of the square roots, can be found in the “output” folder of the auxiliary files, named
“dbox4m_ UT.txt” and “rootdef.txt”, respectively.
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3.3 Canonical differential equations and the alphabet

With I, and Is3 upgraded, numerically, we see that the differential equation is canonical.
Then the next computation is to get the analytic canonical differential equation. Here we
apply the finite-field package FINITEFLOW [10] for this computation, since it is well known
that the canonical DE usually has much simpler coefficients than the ordinary DE and the
finite field reconstruction is extremely efficient. For this family, the canonical differential
equation reconstruction with FINITEFLOW only takes about 14 seconds on a workstation
with 50 cores. The analytic expressions of the differential equations can be found in the
“output” folder of the auxiliary files, named “ UTDE.txt”, which is a list of 6 differential
equations, with respect to the kinematic variables s, t, and m? ~ m2, respectively.
Schematically, the canonical differential equations for the UT basis can be written as

O, I = (0, A, (3.57)

where

A=Y a;log(W;). (3.58)

Here a;’s are matrices of rational numbers irrelevant to x;’s. W, are the symbol letters.
After integrating the expressions of the differential equations, we derived A. We found that
it contains 68 symbol letters. Among the letters, W7 ~ Wig are even letters, which are
polynomials of the 6 kinematic variables. The rest 50 letters are odd under the simultaneous
sign change of all square roots r1,...,711. Letters Wig ~ W34 contains one square root
each, and W35 ~ Wss contains 2 square roots each. Specifically, the even letters are

2 2 2 2
leml, W2:m2, W3:m3, W4:m4, W5:S, WGZt,
2 2 2 2 2 2
We =rg, Wy =13, Wy =13, Wig = ry, Wi = r7, Wiz = 15,

2 2 2 2 2
W13 = Tl, W14 = T87 W15 = Tg, Wlﬁ = 7"10, W17 = Tll?

(3.59)
Wig = %t + st — stm% - stm% + sm%m% — stm% — sm%m% - tm%m% + ’m‘llmg
+ tm%m% - m%m%mg + m%mg - stmi + tm%mi - sm%mi - tmgmi
- m%m%mi + mgmi + smgmi — m%m%mz — m%mgmi + m%mi,
The odd letters that contain one square root are,
Ji9 + 76 foo + 17 far + 12 fo2 + 14
Wi =", Way = F——, Wy = T——, Way = ——,
J19 — 76 Jao — 77 Jo1 — 72 Jo2 — 14
Jaz + 15 foa+13 Jos + 11
Was = ; Woy = T——, Woys = ——,
foz =15 foa —13 fos — 11
fa6 + (mf —m3) ro for + (m3 —m3) r4
Wae = 5 5 War = N
fas = (mi —m3) r2 for = (m3 —m3j) ry
fas + (m3 —m3) 15 _ foo+ (mf —mi)rs
W28 - p) 2 W29 - 2 2 )
fos = (m3 —m3) s fag = (mf —mi)rs
2,2 2,2
%% f30 + (m1m3 — m2m4) "1 (3 60)
30 = — (2.2 2 2 ) :
fs0 — (mim3 — m3mg) ry
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W f31 + (st — 5m3 + m2m§ m3m3) 1o
31 = PI) )
fa1 — (st — sm3 + QO3 m3m3) r10
fa2 + (—st +mim3 + sm3 — mim3) riy
Wia = 2,2 2 2,2 )
f32 — (—st+ m1m3 + sm4 —mim3) ri
f33 + (st — sml + m1m4 m3m3) rs
W33 = D) 5 o 5
fa3 — (st —sm3 + m1m4 m3m3) rs
faa + (—st + sm3 + mimi — m3m3) rg
Wiy = 2 ) 2. 9 )
f34 — (—=st 4+ sm3 + mim3 — mim3) ro
where
2 2 2 2 2 2
fi9=—s—t+mi+m3, foo=—5—t+my+mj, for =s—m7 —mj,
2 2 2 2 2 2
foo = s —m3 —my, fo3 =t —m5—m3, fog =t —mi —my,
2 2 2 9
fas = st —mim3 — mymy,
fos = —sm% + ml sm2 2m1m2 + mz,
2
for = —sm3 + m3 — sm4 - 2m3m4 + m4,
fos = —tm% + m% — tm% — 2m§m§ + m%,
2 4 2 2 9 4
fo9 = —tmi +m7 —tmji — 2mimy + my,
f30 = —stm3m3 + mimj — stmam3 — 2m1m§m3m4 + mamy, (3.61)
fa1 = s°t2 282tm3 + 23tm2m3 2sm1m%m3 + 52 m3 2sm3 m3 + mgmé
— 25tm2m4 + 25m2m3m4 2m2m3m4 =+ mémi,
f3o = 8*t? — 2stm3m3 + m1m3 — 232tm4 + 2stmim3 — 2smimam3
+ 2sm1m3m4 2m1m§m4 + 5* m4 — 25m1m4 + m‘llmi,
f3z = s%t? — 25%tm? + s* ml + 2stm3mj — 2sm1m4 — 2stm3m3 + 2smim3ms;
2 44
— 28m1m3m4 + m1m4 2m1m2m4 + m2m4,
fas = 522 — 25%tm3 + s*mj — 2stm2m3 + 2stmam3 + 2smimam3 — 23m2m3
+ m‘llmg) 2m1m%m3 + m2m3 2sm%m§mi.
The odd letters that contain 2 square roots are
f35+1ary f36+1rars f37+rare f3g+rar3
Wys="—"— Wyp="—""—, Wiyp="—"—  Wy=""—"" 1 (3.62)
f35—1rary f36—rars’ f3r—rare f3g —rar3
f39+1rar7 fao+r3ry Ja1+rare Jao +rars
W9 =" Wy = Wy ="——— Wyo = " (3.63)
f39—rar7’ Jao—r3ra’ fa1 —rarg’ Jag —rars’
fag+rary faa+rarg fas+rars fag+rire
Wyg="—— Wy="——"—" Wip="——"— Wi="—"7(3.64)
fag—rar7 faa —mrary fa5 —rarg’ fa6 — 7172
far+mrar10 fag+mor11 fag+rarn1 fs0+7rario
Wy="r—"— Wyg="—"— Wyy="——  Wyp="—"—, (3.65)
Jar—rario’ Jag—rarin’ fa9—rarin’ f50—rario’
fs1+riry fs2+rars f53+rarg fra+r3rs
We =20 o Wgg="———— Wgy =" Wey =" (3.66)
fs1—rirs’ Js2—rars’ f53—rary’ fsa—rsrs’
f55+ 7576 f56+17376 fs7+151r7 fsg+13ry
Wes="—"—, Wyp="r—"—, Wy="r——"— Wig="or"  (3.67)
f55— 1576 f56—13re Js7 =517 fs8 —r3r7



_ fsg+rirs _ Jeo+T75T9 _ fer+7s710 _ fea+r1r3

Wsg = , 60 = , 61 = ; 62 = ; 3.68
fso—1175 feo—rsrg fe1—rsr10 Je2 —1173 (3:68)
37 737 ™r T17T
W63:f63+ TS _ Jeatrs LR _ festm S W _ Jestm 9 (3.69)
fez—r3rs fea—rari Jes — 7178 Je6 — 7179
fer+ririo fes+riri
Wer="—"""—, Wes=7T""—. (3.70)
fer—ririo fes—riri

The definition of the polynomials f35 ~ fgs is in the appendix B.
The computer readable results of the symbol letters and A can be found in the “output”
folder of the auxiliary files, named “letterdef.txt” and “Atilde.txt”, respectively.

3.4 Symbol structures

The result of the canonical differential equations (3.58) are derived in the last subsection.
The integration to get the analytic expressions for the UT integrals is not easy due to
the boundary condition. However, deriving the corresponding symbol letters are relatively
easier, which can already help us to acquire interesting properties of the analytic expres-
sions.The integrals’ symbols can be easily derived from (3.58), using (2.11), or equivalently,
the recursion

SI™Y) = 3 (an)i (SU™) @ S[Wi)), (3.71)
k
with the lowest order boundary condition

STy =19, (3.72)

(2

Having the specific results for the constant matrices a; defined in (3.58), in order to derive

Ii(o). These are the coefficients

the symbols for the integrals, we also need the results for
at the order e 2L, being rational constants, where L is the loop order.
The coefficients IZ-(O) can be derived analytically from the infrared and collinear regions

of Feynman integrals. The resulting coefficients at ¢~% order, namely IZ-(O) satisfy that
19 =3 19— 1 for
4 = T4 =

i € {18,33,41,43,45,47,49,51 ~ 54,56, 58 ~ 61,63, 64,66 ~ 74}, (3.73)

and [ i(o) = 0 for other choices of i. These coefficients are consistent with the numeric results
obtained using FIESTA [72, 75, 76].

With results of IZ-(O) and a; defined in (3.58), we can use (3.71) and (3.72) to derive the
symbols of the UT integrals and higher € orders. Using this method, we derived the symbol
letters of the UT integrals up to the weight-4 order. The result can be found in “output”
folder of the auxiliary files, named “UTSymbols.txt”, where “UTSymbol[k]” stands for I Z-(k).
From the results, we have observed the following phenomena: firstly, the complexity of the
symbol expressions goes rapidly up while the order increases. At the weight-1 order , the
symbols are quite simple. There are only 28 integrals having non-zero symbols at this order
with totally 64 terms. For example, we have S(L&l)) = 3S5[W5] with 1 term. Among the
symbols at this order, the ones with most terms are

S(IE) = S[W1] — S[Wa] + S[Ws] — S[W4] — 2S[W3) (3.74)
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and

S(I)) = —S[WA] + S[Wa] — S[W3] + S[Wa] — 25[Ws), (3.75)
with 5 terms each. At the weight-2 order, there are 56 integrals of non-zero symbols with
totally 360 terms. The symbols having the most number of terms are S(I g)) and § (I?E?),
with 31 terms each. At the weight-3 order, there are 56 integrals of non-zero symbols
with totally 2898 terms. The symbols having the most number of terms are also S (Il(g))
and S(I. ég)), with 213 terms each. At the weight-2 order, there are 74 integrals of non-zero
symbols with totally 35673 terms. The symbols having the most number of terms are again
S(Ig)) and S(Iz,(é)), with 2139 terms each.

Secondly, many integrals have vanishing symbols at certain € orders. At the weight-1
order, we have shown that only 28 integrals are with non-zero symbols. Integrals with
the zero symbol at the weight-0 order also have the zero symbol at the order the weight-1
order. The integrals with the zero symbol at weight 1 and 2, are I; for

i€{l~3,5~17,19 ~ 32,34 ~ 40,42,44,46, 48,50, 55,57,62,65}. (3.76)
At the weight-2 order only 18 integrals have the zero symbol. They are I; for
ie{l~35~91719,20,22 ~ 26,32,38}. (3.77)

These integral also have the zero symbol at the weight-3 order. At the weight-4 order, all
integrals have nonzero symbols. Note that, (3.77) is a subset of (3.76).

Thirdly, letters cannot appear at arbitrary positions of the symbols. To state this, we
the following terminology: the symbols of UT integrals consists of terms proportional to
some S[W;,, Wi,, - -], of which we call W;, the first letter (or letter at the first entry), W,
the second letter (or letter at second entry) and so on. As we can see from the results,
among the 68 symbol letters, only W7 ~ Wy can appear at the first entries, which are
exactly the 6 kinematic variables s, t, m%, m3, m3 and m?. The letters appearing at the
second entries are Wy ~ Wy and Way ~ Wyg.

Moreover, some pairs of letters can never be next to each other in the symbols. We
can explain this from (3.71). For constant matrices a; and aj, if a; aj = a; a; = 0, then
according to (3.71), W; and W; cannot appear at adjacent entries, which means, symbols
of the UT integrals contain no term like S[--- ,W;, Wj,---] or S[--- ,W;,W;,---], at all
orders of e. Then we call that the adjacency between letters W; and W; is forbidden.
Among all possible adjacencies of 68 letters, which are 68 x 69/2 = 2346 in total, only 919
of them are allowed and the rest 1427 are forbidden. The explicit allowed and forbidden
letter pairs can be found in “output” folder of the auxiliary files, named “AdjLetters.txt”
and “NonAdjLetters.txt”, respectively.

3.5 Check with known dual conformal invariant integral result

Some of the symbol derived from canonical differential equations in section 3.4 can be veri-
fied with results from the dual conformal invariance (DCI) point of view. (An introduction
to DCI integrals is to be given in the next section.) We take I (3.10), which is the scalar
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double-box integral (proportional to G[1,1,1,1,1,1,1,0,0]) as an example. Such a ladder
integral has been derived previously (see refs. [20, 70]) as

2L ml(—1)m(log(—22))2—m
=8 - N

m=L

(Lim(2) — Lim(2)). (3.78)

From this result we can derive the corresponding symbols.

Taking the loop number L = 2, we get the scalar double box UT integral ) at the
right hand side. In (3.78), the integral is in two variables z and z. They are related to the
kinematic variables s, t, and mi ~ my4 as

2z  xiud, 1  xfads (3.79)
-~ 9 N 5 .
(1-2)(1—-2) afsz3; (1-2)(1-2) a3,
where
x%S = m%? 1’%7 = m%? x%&'} =S, x%? =t, x%? = m?lv (L'§5 = m% (380)

Thus, we are able to derive the symbol expressions for f(2) in terms of z and z and use
the relations above to rewrite it in terms of s, ¢, and mq ~ my. Before this, we need to
mention that the DCI result (3.78) is derived at dimension d = 4 and this integral is UV
and IR finite. From the expression (3.78), we can derive S(f(?). In the right hand side
of (3.78), the presenting transcendental functions are logarithm functions log(z) and poly

logarithm functions Li,,(z). The corresponding symbols are
S(log(z)) = Sl (3.81)

and
S(Lip(z)) = =S[1—2z,2,---,2]. (3.82)

(m—1)

To derive the symbol S(f®)) from the symbols of above functions, we may need the fol-
lowing properties of symbols: for two functions f; and fo whose symbols are

S(fi) = Z%‘Sz'j[---]» (3.83)

where i = 1,2, we have the following relations

S(fi+ f2) =S(f1) +S(f2), (3.84)
S(flfg) = Z C15C25 Shufﬂe(Su[. .. ], ng[. .. ]) (3.85)
2%
The operation shuffle for two symbol monomials S[ai,...,a;] and [b1,...,b,] results in

a summation of symbol monomials with a sequence of (m + n) letters which are some
permutations of {aj,...,am,b1,...,b,} keeping the relative orders of a’s and b’s unchanged.
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Using (3.81)~(3.85), as well as (3.78), we can calculate the symbol of £ as

S(fP) =81 —2,2,2,2+S[1 —2,2,2,2] —S[1 — 2,2,2,2| + S[1 — 2,2, 2, 2]
—S[l—2,2,2,2] = S[1 —2,2,2, 2] + S[z,1 — 2,2,2] — S[z,1 — 2, 2, Z]
—Slz,1—2,2z,2] — Slz,2,1 — z,2] + S[z,2,1 — 2,2 + S[z,1 — Z, 2, Z]

+ Sz, 1—2,2,2] — S[z,1 —2,2,2] — S[z,2,1 — 2,2] + S[z2,2,1 — 2, Z] (3.86)
+S[1—2,2,2,2z|+S[1—2,2,2,2] - S[1 — 2,2,2,2| + S[1 — 2,2, 2, 2]
—S[1—2,2,2,2] —S[1—2,2,2,2) + S[z,1 — 2z,2,2] — S[z,1 — 2, 2, Z]
—S[z2,1 —2,2,2] — S[z,2,1 — z,2] + S[z,2,1 — 2, 2] + S[z,1 — Z, 2, Z]
+S[z1—2722 — Sz, 1—222 - S[z,21— 2,2 + Sz, 21 - 22

This result can also be found in “output” folder of the auxiliary files, named “f2Symbol.txt”.

In order to compare with the symbol from DCI with that from the canonical differ-
ential equations of the section 3.4, we consider the relations between the two languages
introduced in (3.79) and (3.80). After some simple calculations, we get the relations of the
corresponding symbols,

1
dlog(2) = 5 (dlogW1 + dlogWs—dlogWy — dloghVy — dlogW25),
1 1
dlog(1 - 2) = 3 (dlogWs + dlogWs—dloghV — dlogWs ) + 1 (dlogWso—dlogWas ), .
. .
dlog(2) = 3 (dlogW1 + dlogWs + dlogWas—dlogWs — dlogW4),

1 1
dlog(1 - 2) = 3 (dlogW5 + dlogWs—dlogWy — dlogW4) +3 (dlogW%—dlogWgo),

where the letters W; are defined in section 3.3. With these relations we can rewrite S(f(?))

in terms of W;’s, considering the symbol property that
S[al, ey Ai—15 Qg Ajg- 1y« - - ,am] = ZCjS[CLl, ey i1, bij,aiJrl, e ,am], (388)
J

if
dlog(a;) = _ ¢;dlog(bs;). (3.89)
J

After the variable replacement using (3.87) to (3.89), S(f®) is written in a summation
of 474 terms of symbols formed by letters W1 ~ Wy, Was and Wso. This expression is
identical to the symbol of I {4) calculated in the section 3.4.

4 The symbology from twistor geometries of DCI integrals

In this section, we move to the study of the alphabet as well as certain properties of the
symbols from the so-called Schubert problem, namely by studying geometric configurations
in momentum twistor space associated with (leading singularities of) DCI integrals. This
is part of a on-going program towards understanding the symbology of DCI integrals, first
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from cluster algebras (directly related to quiver diagrams of the kinematics) [19, 20, 38]
and then from Schubert problems or twistor geometries as mentioned above [40]. Most
recently, [41] extends the twistor-geometry method to non-DCI integrals. In the following,
we will first give a quick review of DCI integrals, focusing on those relevant for our studies,
and then explain the complete alphabet from twistor geometries, as well as certain proper-
ties of the symbol. We will mainly follow the analysis in [40] for predicting the alphabet of
10-point double-box integral, which corresponds to the alphabet in section 3.3 after taking
non-DCI limits. Readers can refer to [40, 41] for a systematic discussion of the method,
for both DCI and general Feynman integrals.

4.1 Review of relevant DCI integrals

Recall that for a n-point massless planar integral, we can first introduce dual points {x;}
such that z;y1 — x; = p; with 41 = x1 to make the momentum conservation manifest,
and then the integral only depends on planar variables, which are also the first entries:

2

x; ;= (i — zj)?

= (pi+-+pi-1)>
It is convenient to further introduce momentum twistors Z; € P? such that each dual point
x; is associated with a bi-twistor Z; 1 A Z; and planar variables become

9 Zi_l/\Zi/\Zj_l/\Zj <i—1ij—1j>

(.’BZ'—J}]‘) - (Zi—l/\Zi/\Ioo)(Zj—l /\Zj/\IOO) - <i— 1i00><j— 1jOO>’

where (ijkl) := det(Z;Z;Z,7;) and I is the infinity bi-twistor. In terms of momentum
twistors, the massless conditions (w;11 — z;)?> = p? = 0 are automatically solved, and
conformal transformations of dual momenta become SL(4) linear transformations of {Z;}
together with rescaling Z; — t;Z;. We say that an integral is dual conformal invariant if it
only depends on cross-ratios of planar variables (or four-brackets (i —1ij — 17)) and do
not depend on the infinity bitwistor /.

Note that for a general planar integral with m (possibly massive) legs, the kinematics
can be described by a subset of n > m dual points as above, by identifying each massive
momentum with two (or more) massless legs [18]. For example, a one-mass triangle kine-
matics depends on 3 of 4 dual points, e.g. x2, 23,24 (but not x1), and a four-mass box
kinematics depends on 4 of 8 dual points, e.g. x2, x4, g, 3. Moreover, if we start with a
DCI integral which has at least one dual point which is not null separated from adjacent
ones, we can arrive at a non-DCI integral by simply sending it to infinity, or identifying this
bi-twistor with /. As explained in [19], a general DCI kinematics with n—2m massless
legs and m massive legs has dimension 3n—2m—15.! By sending a point (between two
massive legs) to infinity, this is exactly the dimension of a non-DCI kinematics with m—1
massive legs and n—2m massless ones: we have 3 degree of freedoms for each massless leg,
and 4 for each massive one, minus the dimension of Poincare group —10 and an overall
scaling, 3 X (n—2m) 4+ 4 x (m—1) — 10 — 1.

!Except for the special case n = 8, m = 4 which has dimension 2 instead of 1.
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For our purpose, we start with a DCI kinematics that depends on five generic dual
points (fully massive pentagon) with n = 10,m = 5:

110
Z2 I10
2 9
3 8
T4 xIrs
4 T 7
5 6

which depends on 3 x 10 — 2 x 5 — 15 = 5 cross-ratios

2 .2 2 .2 2 .2 2 .2 2 .2

L41076,8 _ TosTye _ T8 10%46 _ T24%68 _ T210%46

5 5y U2 = o 92 1 — ﬁa’l& - 5 5
L2674,8 L4,876,10

Uy =

(4.1)

2 2 2 .2 M= 9 o -
L6,10%4,8 L3 6L4,8 L36%4,10

At one-loop level, any integral with this pentagon kinematics can be reduced to five four-
mass boxes

I4m(47 67 87 10)7 I4m<27 47 67 10)7 I4m(27 47 87 10)7 I4m(27 67 87 10)7 I4m(27 47 67 8)7 (42)

where each DCI four-mass box integral gives

Lq

1

abed

Iym(a,b,c,d)= xp Tqg =

. . _ 1 Zabed
<L12(1 - Zabcd) _L12(1 - Zabcd) + 5 lOg(Uabcd) log < 7a E ) > .
=z Zabed

c

We have seen that Iy, only depends two DCI variables

2 .2

2
T, T xro T
abec,d - a,db,c . -
Uabcd = ~5 3 - Rabcd?abed;  Vabed = —5 o - (1 - Zabcd)(l - Zabcd)7
'xa,cxbd xa,cxbd

and it involves a square root,

Aabcd = \/(1 — Ugbed — Uabcd)2 — QUgpedVabed-

Note that their {u,v} are related to the five cross-ratios (4.1) as

V9 V1V2 U3 U1 uiug
{Uh’l}l},{’dg,},{ }7{ }7{“27”2}

Uy 'U/l’UQ’ Uz u2’ Uz

respectively. In order to arrive at non-DCI kinematics, one can send any one of the five
dual points to infinity and identify the resulting massive corners with four massive legs of
four-mass non-DCI kinematics. As shown in the following subsection, this limit induces
a map between cross-ratios (4.1) and kinematics variables {s,t,m?};—1... 4, and reveals
connections between DCI and non-DCI letters for one-loop integrals. In fact, this is nothing
but the well-known example that in such limits, a DCI four-box becomes a (non-DCI)
massive triangle integral (literally the box with a point at infinity).
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Similarly, we can move to two loops, and the prototype of DCI integrals are 10-point
double-box of the form:

5) 6

Note that this DCI integral has not been computed directly, though a similar 9-point double
box (with leg 10 removed) has been computed. However, alphabets of such integrals can
be predicted by considering twistor geometries associated with leading singularities (or the
Schubert problems) as first proposed by N. Arkani-Hamed and worked out for numerous
one- and two-loop examples in [40]. We will not review the details of such a method, but
just to outline the basic idea as follows.

The Schubert problem concerns geometric configurations of intersecting lines in mo-
mentum twistor space, which are associated with maximal cuts, or leading singularities of
(four-dimensional) integrals [29]. By representing each loop and external dual point as a
line in twistor space, each cut propagator corresponds to intersecting two lines, and it is a
beautiful problem for determining the intersections on internal or external lines. Whenever
there are at least four points on such a line, the only DCI quantities one can write down are
cross-ratios of such points. Remarkably, as shown in [40], such cross-ratios lead to symbol
letters of DCI integrals! The classical example include As, Eg alphabets for n = 6,7 [16]
and the 9 4+ 9 algebraic letters for n = 8 two-loop integrals [77].

It is straightforward to apply Schubert-problem-based method to 10-point double box
(similar computation has been done for 9-point case in [40]), as we will demonstrate soon.
Here we first give the result for its leading singularity, which is proportional to (inverse of)

AQZ\/(1—U1—UQ+U1U3)2—4U1U2.

As we will see, by sending certain dual point x; to infinity, this gives remaining square
roots for non-DCI integrals, in addition to those from one-loop leading singularities.

4.2 The alphabet explained by limits of DCI integrals

4.2.1 Even letters

To reduce the DCI kinematics to non-DCI four-mass kinematics, we take the non-DCI limit
xo — 0o in the DCI fully massive pentagon, then we get a non-DCI box

X2 10 (Pl) 10 (P4)
— @4 g
T4 xTrs
Zg
6 (P2) (Ps)
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and we can represent massive legs by P = 2104, P» = 46, P3 = 268 and Py = 2519. In
this limit, finite planar variables become

:Ug,m — (P, + P2)2 =s, 3342178 = (P + P3)2 =t,

2 2

4.3)
2 2 2 2 2 2 2 2 2 2 (4.
zy0 — Pr =mj, e — Py =ms, agg3— Py=m3, x5, — P =mj,

and other infinite azg* cancel as 3 /23 ; — 1 in cross-ratios {uapcd, Vabed}- For example,

2 2 2
x m x t
8,10 1 1,8
U24810 = —5— —> —5, V24810 > 5 —F —3» (4.4)
L410 mjy L4,10 mj
and we can also see that
A 1 2 02 _ Apm2 = 13 4
24810 = —5\/ (M{ —t —m3)? —4tmj = —, (4.5)
my my

so Agyg10 becomes r3 up to a factor m?! Similarly, the square roots of five four-mass boxes
in eq. (4.2) give {r1,r2,73,74,75} (defined in eq. (3.8)) in this limit respectively.

Note that we can also set another x; to oo with certain identification of massive legs,
then the same four-mass square root may correspond to another one-loop square root. For
example, sending xg — 00, Ag4g1g gives 75 by identifying P = x¢,10, P2 = %102, P3 = 724
and Py = x46. In addition, under any identification Agsgio always gives r1 when sending
x¢ — 00. The same four-mass square root may also correspond to different forms of the
same square root under different non-DCI limits. For example, if we take x4 — oo and set
Py =102, P> = 226, P3 = 76,8, P4 = 3,10, then

1 1 T3
2 2 2 2 2 2,2 _
Anagio — 2 \/(1’2,8 — 2210 — 1’8,10)2 — 22,1078,10 — ;\/(t —mi —mj)? —dmimy = 7
2,8
(4.6)

Two limits x9 — oo and x4 — oo coincidentally give the same square root r3 since the
four-mass box Iy (2,4, 8,10) becomes the same triangle

10 (F1) (Py)
I V
v (P2) (Ps)
In a word, five four-mass square roots always give the set {r1,...,7r5}, no matter how we

take the limit x; — co and how we identify external massive legs.
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For two-loop cases, we again send x9 — 0o, then

2 1 10 9 3 10 9

5 6 6

Now we have different choices to label the massive corners as the non-DCI massive legs.
For example, if we still identify Py = x104, > = %46, P3 = 268 and Py = xg10, then
Ay — é’l“g. Similarly, if we identify P3 = w104, P4 = %46, P1 = w68 and P> = w310,
AQ — %TH.

Here we list all the proper limits and corresponding identifications to get the other
square roots:

r¢ : sending x¢ — oo with the identification P = z102, P> = w24, P3 = 748 and
Py = xg 10,

r7 : sending ¢ — oo with the identification Py = z102, Pi = x24, P» = 748 and
Py = xg 10;

rg : sending xg — oo with the identification P» = z192, P3 = %24, P4 = 746 and
Py = 610,

r1o : sending xg — oo with the identification Py = w102, P1 = %24, P» = 246 and
P3 = w6 10;

Note that we can also reproduce the six two-loop roots starting from other double-box
integrals with the same topology but the external legs cyclically rotated.
A nice consequence of such identifications is that the roots always take the form r? :=

Af — 4B;, where A; and B; are polynomials in kinematic variables. We we record them as

T% = (st — m%m% — m%mi)2 — 4m%m%m§mi,
2 2 272 2 92 2 2 212 2 92
ry = (s —mi —m3)* —4mims, r3 = (t—mj—mg)” —dmimj,
2 2 212 2 9 2 2 212 2 9
ry = (s —m3—my)° —4dm3my, 15 = (t—my—m3)° —dmam;,
2 2 212 2 92 2 2 212 2 92
re = (s +t—mj] —m3)° —4dmamy, 17 =(s+t—ms—mi)* —4dmims, (47)
2 _ 2 2\ 2 (t 22 _ demZmm? :
rs = ((m] —my)myg + s(t —m7))” — dsmimzmy,
2 2 2\ 2 2\1\2 2 92 9
rg = ((mg —my)m3 + s(t —m3))° — dsmam3zmy,
2 2 2\ 2 2\1\2 2 2 9
10 = ((m3 —mj)m3 + s(t —mg3))” — dsmimyms,
2 _ 2 2\ 2 2112 2 92 9
r11 = ((my —m3)my + s(t — my))” — dsmimamy,
where r9,--- , 75 form a cyclic orbit, so do rg, 77 and rg,--- ,711. We can write “one-loop”
square roots 72 for i = 1,...,5 as A? — 4B; in different ways, e.g.
r2 = (t —m? —m?3)? —4mimi = (m? —t —m3)? — 4tm?, (4.8)
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which reflect the fact that there are different choices to take limits for the one-loop case.
Note that no matter how we write it, B; is always a monomial which is positive when all
kinematic variables are positive. Furthermore, since the DCI square root is positive for any
positive DCI kinematic point, these square roots stay positive in non-DCI limit for such
positive regions.

We have one more comment on the Wig and its positivity. Note that there exists a
DCI letter

2 2 2 2 2 2 2
W = ujugus — ujug — ujuz — uju3V2 + ujuz — U1Uus — U UUIVT + U UUZ + UTULV]
+ U1U2V2 + ULUL + UTUIVLV2 + ULUIVT + UTUIV2 — ULUS + UTVIV2 — UV + UV1V2

— UV — U%UQ - vlvg + v1v9 (4.9)

whose non-DCI limits are always proportional to Wig, independent of the dual point z; we
send to infinity. For example, the DCI letter becomes
2

~ m
Whis, W — ——3_Wis, 4.10

. mim3
53 5

when sending x2 — 0o or x4 — 0o respectively, and similar for the other 3 non-DCI limits.
The crucial point is that W is positive definite in the positive region G4 (4,10), as can be

checked by any positive parameterization [78]. It is believed that W is a letter of 10-point
double-box integral.

4.2.2 0Odd letters

Next we study algebraic or odd letters, i.e. those that involve square roots, and their log flip
signs when we take flip the sign of a square root. The discussion above directly motivates
us to relate odd letters that only involve one square root, i.e. Wig, Woy, ..., W34, to similar
odd letters for DCI integrals. For one-loop case, it is well known that odd letters of four-
mass box (and higher-loop generalizations such as ladder integrals) take the form z;/z; and
(1 —2)/(1 —%). In the “non-DCI” limit xp — oo with P = x194, P» = 246, P3 = Z6 3
and P; = xg 10, the five z’s obtained from limits of one-loop case take the form

1 m2?m2 —m2m2 —r 1 m2—s+r 1 m2—t+r
2= 4 -3 24 1, 2227—1—2722, 23:,_,_4723’
2 2st 2 2my 2 2my (4.11)
1 —m3+mi—r 1 m2—mi—r '
Zyg =5+ 3 4 4, 25:*+2—35,
2 2s 2 2t
and z; := z;(r; — —r;). Remarkably, we find that the 10 odd letters from four-mass boxes,
zi/ziand (1 —2;)/(1—2%;) fori =1,--- 5 are nothing but (multiplicative combinations of)
Wai, ..., Wsq; precisely we have
Z9 1—2454 1—2525 23 1—2121 1—2’2 252
Way=—Wep=—"—, =——— Woy=— Wy=———, 6:( — | —,
Z9 1—24 24 1—25 25 3 1-z1x 1—29/) 2o
1—24 24 1—25 25 1—23\ 23 1-z1 71
Wy = ———, = , Wag = —, Wso= —. (4.12)
1—2424 1—25 25 1—23/) Zz3 1l—2z1 21
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For the remaining 6 odd letters with single square roots obtained from two-loop diagrams,
they cannot be interpreted as odd letters of a four-mass box, but it is straightforward to
introduce analogous z’s

1+s—n@+m 1+t—m$H7
26 =— — —Jj& zr = — B E———
ST 2T 2(t—m?) T2 2(s—md)’
1 m? —m3)ym? +r 1 m3 —m?)m2 +r
=1y M ﬁé LI ”3 2, (4.13)
2 2s (t —m3) 2 2s (t —m3)
1 m3 —m2)m2 + rio 1 m2 —m2)m?2 + ry
Zlo=*+( 3 1) 22 ’ 211:*‘1'( 4 5) 12
2 2s (t —m3) 2 2s (t —mj)

which nicely simplify them as (note there is no letters of the form (1 — 2)/(1 — 2)):

_ _ 2 _ 2 2 2
Z6 Z7 210 Zn 28 Zg
—, Wog = —, W31 = (_> , Wao = () , Wsg = (_> s W3y = () -
26 27 Z10 211 Zg 29

Thus all odd letters with single square root can be explained from those for DCI integrals.

Wig =

Now we turn to the other 34 odd letters Wis, ..., Wss involving two square roots,
which take the form
a =+ 1Ty
a — 1T

with a being generally involved polynomials in kinematic variables, and we call them mixed
algebraic letters to distinguish them from those letters with only one square root. Mixed
algebraic letters only show up as two-loop letters. We can generate them from the approach
of Schubert problems and the alphabet of 10-point double-box integral above.

To be explicit, we consider 5 lines, (12), (34), (56), (78), (9 10) in momentum twistor
space, which correspond to dual points {xg, x4, 6, 23,210} respectively. Following the
procedure in [40], for each DCI four-mass-box Iy (i, 7, k, 1), two solutions (AB);EJ-&Z from
its maximal cut produce 8 intersections on its 4 external lines, which will be denoted
as {aijkyl,ﬁﬁk’l,vfj’k’l,6;5.7,671} on {(i—1i),(j—14), (k—1k), (I—11)} respectively. Further-
more, after cutting all propagators of the 10-point double-box integral, i.e. looking for two
lines (CD) and (EF) such that (C'D) intersects with (12), (34), (56) (E'F), and (E'F) inter-
sects with (C'D), (56), (78), (9 10), we have two pairs of solutions {(CD);, (FF);}i=+, and
each external line contains two new intersections, which we denote them as {Gf}k:274,6,8710
on xi. Note that no matter i = + or i = —, three lines (CD); (EF); and (56) share a
same intersection €}, thus (56) has only two new intersections on it as well.

i—1 j—1 k—1 I—1

(CD)(CD)_ \ (EF){(EF)-
(AB);FJ‘ k.l
O‘;Z‘,k,z Bz‘—f_j,k,l ’Vi—i_j,k,l 5:_j,k,l 1
. - - (AB) 3 7
ai:jykzl Bi’j’k’l /yi’j’kal i7j7k7l 5
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Similar to the 9-point case in [40], now we can construct possible DCI letters for 10-
point two-loop double-box integral from the intersections on external lines, once a line
has four distinct points on it. The upshot is that all 34 mixed algebraic letters here are
non-DCI limits of certain DCI letters constructed in this approach!

For instance, to generate W35, which involves two one-loop square roots ro and r4. We
consider four distinct intersections

_ o+ - _ .+ -
{X1 = (346,100 X2 = Q3 4610) X3 = Qg 6810, X4 = a2,6,8,10} (4.14)

on the line (12). Since each X; is an individual momentum twistor, we can construct the
following cross-ratio

(X1, X3)(X2, Xa) (X1 X3I)(XoX,I)

(X1, X4)(Xo, X3) = (X1 X4I)(X2X3I)

from this configuration. Here I is a reference line (bitwistor) in momentum twistor space
that does not intersect with (12). It can be directly checked that such a cross-ratio is DCI
and actually independent of I. Moreover, after taking its non-DCI limit zo — oo and
identifying P = x10.4, P» = %46, P3 = w63, P1 = 2310, this cross-ratio yields the mixed
algebraic letter Wss! Furthermore, W37, involving a one-loop square root ro and a two-loop
square root rg, can also be constructed from this approach. In this case we take four points
on (56) as

{Xi= €g7X2 =€, X3 = '72+46

»Ey3Yy

100 X4 = 7i4,6,10}a (4.15)

and consider % again. Non-DCI limit xg — oo of this letter with the identifi-

cation Py = w192, P» = 224, P3 = w48 and P, = g 10 then gives W37 as we want.

In the rest of this subsection, we list all the configurations we use to construct 34 mixed
algebraic letters. We first classify 34 mixed algebraic letters according to different square
roots, e.g. letters with only one-loop square roots and letters with various two-loop roots.
For each group we fix a non-DCI limit and the corresponding identification of external
legs, and present one possible choice { X7, X3, X3, X4} to construct each individual letter.
We stick to the cross-ratio % from each configuration and consider its non-DCI
limit in each case. Note that the configurations we present here are not unique and these

mixed algebraic letters can be generated by many different choices.

1. letters with only one-loop square roots r; ~ rs5: this group of letters consists of Wjs,
Wsg, Was, Wy, Wao and W5y with only triangle roots, and Wyg, Ws1, Wsg, Wee with
r1. To generate them, we keep the non-DCI limit zo2 — oo and the identification
Py = z104, P> = 246, P3 = 268, P4+ = 2310. As we have pointed out, five square
roots of DCI four-mass boxes in (4.1) give {ry, 72,73, 74,75} respectively. Then the
configurations we need are

NPes - + - P - + -

Wss {a2,4,6,1()a%,4,6,10»042,6,8,1070‘2,6,8,10}7 Wi : {%,4,6,107@2,4,6,10’ a2,4,6,8aa2,4,6,8}
NP - + - NPes - + -

Wss {a2,4,6,1()a0‘2,4,6,10»(12,4,8,1070‘2,4,8,10}7 Wi : {a2,4,8,107a2,4,8,10’ a2,6,8,10’a2,6,8,10}

NP - + - ot - + -
Wi {%,6,8,1Ov 96,8100 %2.4,6,8 a2,4,6,8}7 Wss: {a2,4,8,107 9481012468 O‘2,4,6,8}’
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for those with only triangle square roots, and

LIS+ — + — LIS+ — + —
Wi : {54,6,8,107 4,6,8,10’52,4,6,10’ 2,4,6,10}7 Ws1 {64,6,8,10’ 4,6,8,10762,6,8,10’52,6,8,10}

At — + — At — + —
Wiy : {’74,6,8,10774,6,8,10772,4,6,8772,4,6,8}> W2 : {74,6,8,10774,6,8,107V2,4,8,1o”Y2,4,8,10}
for those with one triangle square root ro ~ r5 and one 7.

. letters with g or r7: letters involving r¢ consists of W37, Wy1, Wss, Wse, and similarly
those with r7 are W39, Wy3, Ws7 and Wss. Sending x¢ — oo with the identification
Py =102, P» = 294, P3 = x48 and Py = 2319 (note that under this limit five square
roots of DCI four-mass boxes (4.1) give {rq,r9,71,73,75} respectively), we can then
recover the four letters from (56) as

At - + - . rpt+ - + -
Wz : {72,4,6,10a’72,4,6,107 €6 €6 }> Wi - {64,6,8,10754,6,8,107 €6 €6 }»

Tt - + - . rpt+ - + -
Wss - {’72,4,6,87 72,4,6,81 €6 » €6 } Wse : {62,6,8,107 52,6,8,107 €6 »€6 }-

On the other hand, if we keep ¢ — 0o but change the identification to Py = 2192,
Py =294, Py = x48 and P3 = 2519 (five square roots of DCI four-mass boxes (4.1)
give {rs,rs, 1,74, 72} Tespectively), we will get the four letters with r7 from the four
configurations instead.

. letters with rg or rig: letters involving rg consists of Wys, Wsa, Wgs Wes. Sending
xg — oo with the identification P> = x192, P3 = 224, P4+ = 246 and P; = 6,10 (five
square roots of DCI four-mass boxes (4.1) give {rs,r1, 75, r2, 74} respectively), we can
then recover these four letters from

AT - + - st - + -
Was - {72,6,8,10> 72,6,8,105 €8 5 €8 H W {52,4,6,87 52,4,6,8’ €5, €5 I

At - + - st - + =
Wes {74,6,8,107’7476,87107 €858 ) Wes : {52,4,6,10a 52,4,6,10a €10: €107+

On the other hand, if we keep g — 0o but change the identification to Py = 2192,
Py =294, Py =146 and P3 = x6 10 (five square roots of DCI four-mass boxes (4.1)
give {rs, 71,73, 74,72} Tespectively), we will get the four letters Wy, W59, We1 and
We7 with 719 from the four configurations instead.

. letters with rg or rq1: letters involving rg consists of Wy, W53, Wso and Wegg. Sending
x9 — oo with the identification P = 2104, P> = 246, P3 = w68, P4 = 23,10 (same
limit and identification as that for the first group), we can then recover these four
letters from

At — + - it — + -
Wiy {042,4,6,107 3 46,100 €2 5 €2 b Ws3 {az,ﬁ,&ma 96,8107 €2 1 €2 I3

At — + - st - + -
Weo : {O‘2,4,6,8’ Q946,85 €25 €2 b Wee : {64,6,8,10764,6,8,10’ €10s €10 -

On the other hand, if we change the identification to Py = 104, P4+ = %46, P1 = 68
and Py = zg 10 (five square roots of DCI four-mass boxes (4.1) give {ry, ra,rs,r2,r3}),
we recover letters Wyg, Wyg, Wes and Weg with r17.
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Note that the appearance of algebraic letters with two-loop square roots has cer-
tain pattern. For instance, on the 17th row of the DE (Ii7 = rG0,1,1,0,1,1,1,0,0,
which is finite), there are five off-diagonal elements which are just the five odd letters
{Who, Wsz, Wa1, Wss, Wse} with rg. Furthermore, these are exactly the last entries of I17
at O(e)! Similar phenomenon applies to double-triangle I3, with r7 and box-triangles I5,
Ig, I7, Is with rg,--- , 711, respectively: at leading order, there are exactly 5 last entries,
namely those 5 odd letters containing r;, for each of these integrals.

Last but not least, we note that the product of numerator and denominator of each
mixed algebraic letter is always proportional to the last rational letter, which was shown
to be the Gram determinant, and other factors of this product are just kinematic variables
m?,...,m3,s,t. For example, the product of numerator and denominator of Wsg is

(f36 + r2r5)(fas — rars) = 4m3Wis. (4.16)
Therefore, any mixed odd letters are positive in the positive region.

4.3 Properties of the symbols

In this section, we investigate some analytic structures of these integrals from their symbols,
which can be nicely understood from DCI integrals.

From canonical differential equations dI; = €}, dlog A;j I;, we can construct symbols
of integrals in the basis by

Ic(lw) - Z Ii(;l}_l) & Aaiw = Z Ii(lo)Aizi1 ® Ai3i2 K- ® Aiwiwfl ® Aaiw? (4'17)

Tw 115--5tw

where I,gw) is the series coefficient of Ix(e) = 3,59 I,E;w)e“’*A‘

One can easily check the
solution (4.17) by series expansion of the canonical differential equations.

The starting point is to understand branch points, or the first entries of the symbol,
and corresponding physical discontinuities. For any planar integral, branch points must
correspond to planar variables s; . := (pi +piy1+--- +pr)? = 0. In our cases, this means

that first entries of I, should be

2 2 92 9
{s,t,m{, m5, mg,mi},

/O

which can be directly verified from ), A,;I;. The corresponding physical discontinuity

for the channel x =0 is
Disc,—o(I(")) = > Ii(lo) Discy—0(log Aigi, ) Aigis @ -+ @ Aqgi,, - (4.18)
Bl yeeeylw

Then we consider double discontinuities. The corresponding physical constrains are
Steinmann relations, which say that the double discontinuities taken in overlapping chan-
nels of any planar integrals should vanish. In our cases, the only overlapping channels are
s =0 and t = 0. We consider the combination

Xoe = Ape ® Aap, (4.19)
b
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such that Ii(w) can be written as -, | Xp ,®Y; ;o where Y, , are symbols of weight-(w —2),
then
Discs—o Disct:()(Ii(w)) = Z Discs—o Disci—o(Xp,q)Yip,q- (4.20)
Psa

The double discontinuity of X, is just

Discg—q Disci—g Xge = Z Discs—o(log Agp) Disci—o(log Ape), (4.21)
b

the product of two discontinuity matrix. We check that both Discs—g Disci—g Xq4e and
Discy—g Discg—g X4 vanish.

Steinmann relations constrain first-two entries of the symbol of ng), we could further
consider the same constrains on any adjacent entries of the symbol, which are known as

)

the extended Steinmann relations. For the symbol of ng , these constrains are

Z Ii(lo)Abil Q- ®Aikik—1 ®Aik+1ik @ ®Aaiw Discs—g Disci—g Xik_,_l,ik_l =0 (4.22)

i17-~-7ik---,iw

and

0 - - . .
Z Iz(l )Aigil Q- ®Aikik—1 ®Aik+1ik Q- - '®Aaiw DlSCt:() DISCS:() Xik+1aik—1 = 0, (423)

L1yeeey ’Lk/Lw

for any k£ and the only overlapping channels s = 0 and ¢ = 0. Therefore, Steinmann
relations for X also guarantee the extended Steinmann relations of Iéw).

In [39], it’s conjectured from first entry condition and Steinmann relations that the
first-two entries of DCI integrals can only be linear combination of one-loop box functions
and some trivial loglog functions. For any order of € of L(Lw), we also find that the first-two
entries of I; can only be linear combinations of

{log($)27 IOg(t)Qa log(mzz) log(s)v log(mZQ) IOg(t), log(mg) log(mg), F(Zka 2k)}i,j=l,...,4,k:=1,...57

(4.24)
where F'(zy, z,) are (normalized) four-mass box function whose symbol is
- _ z _ 1-=2
S[F(z,Z2)] = ((1—z)(1—z))®§ —(22) ® T3 (4.25)

Therefore, the first two entries are also box functions (after taking one dual point to infinity)
except loglog functions.

5 Summary and outlook

In this paper, we study multi-loop Feynman integrals and their symbology. The symbols of
UT integrals, in principle, can be derived from the differential equations of the UT integral
basis. As shown in this paper, the symbols of some integrals can be very complicated.
Also, the symbols are with many “mysterious” structures. We provide insights for their
symbology by considering closely-related DCI integrals in D = 4, whose symbology can be
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explained in terms of Schubert problems. Meanwhile, the corresponding symbol structures
can also be analyzed. This gives us an insight about some properties of the symbols,
before we comply the canonical differential equation computation, in future studies for
new Feynman integrals.

To explain the above specifically, in this paper, we studied a cutting-edge example, the
two-loop double box diagram with 4 different external masses. We determine its UT integral
basis mainly using loop-by-loop analysis of leading singularity in Baikov representation.
The analytic derivation of corresponding differential equations is nontrivial and we use the
package FINITEFLOW based on the finite-field method for this computation.

From the differential equations, we derived the symbols of the UT integrals from order
e 4 to €Y. The symbols consist of 68 letters. Among the letters, there are 18 even letters
being rational functions, 16 odd letters containing one square root each, and 34 odd letters
containing 2 square roots each. The symbols for the 74 integrals are derived using the
differential equations. We found their properties that: 1) The letters that can appear
at the first and the second entries of the symbols are limited. 2) A large number of the
possible letter pairs that can appear at two adjacent entries are forbidden, read from the
letter structure of differential equations.

We have shown that all symbol letters of these integrals have clear origin from those
of DCI integrals, which have been studied extensively and exhibit rich mathematical struc-
tures. Both even and odd letters are obtained by taking a dual point to infinity, of the
letters for one- and two-loop DCI integrals with generic pentagon kinematics. Not only do
the square roots correspond to one- and two-loop leading singularities, but we determine
all complicated mixed odd letters from associated twistor geometries, which are also “last
entries” for corresponding finite, two-loop integrals. We find it satisfying that one CAN
obtain all letters by considering mathematical structure of DCI integrals without actually
computing them, and we leave a more systematic study of this phenomenon to a future
work. Last but not least, we find that important properties of DCI integrals nicely carry
over to UT integrals we consider in this paper: the first two entries come from one-loop
DCI box functions, and extended Steinmann relations further constrain any two adjacent
entries to any order in €. It would be highly desirable to understand further how structures
of their symbols follow from properties of these DCI integrals.
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A Diagram of the two-loop master integrals

In this appendix, we list the diagrams for the two-loop Feynman integrals with four external
massive legs of every sector with master integrals. They are shown in figure 3.

2 3 3 4 2 3 5
N/ \\}7 2 \r 1 \r 3
4 -
R T e
{1,2,3,4,5,6,7} {2,3,4,5,6,7}  {1,2,4,5,6,7}  {1,2,3,4,5,7}  {1,2,3,5,6,7}
4 Mls. 1 ML 1 ML 1 ML 1 ML
2 3
{2,4,5,6,7} 2,3,5,7} {1,2,3,4,5,6}
2 MIs. QBH& 1 ML
1 2 2 3 2 3

D PR BN
TR A

4 1
{2,3,5,6, 7} {1,2,4,5,7} {2,3,4,5,7} {1,2,5,6, 7}
7 MIs. 7 MIs. 1 MI. 1 MI.
3 1 1 ,4 3 1
2 3 1 4
4 2
{1,3,4,5,7} {1,2,4,6,7} {1,3,5,6,7} {2,3,4,6,7}
1 MI. 1 MI. 1 MI. 1 MI.
2
\\4
{2,3,4,5,6} 2,3,4,5} {1,2,4,5,6} 2,3,5,6}
1 MI. 1 MI. 1 MI. 1 MI.
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2 4
— 3
4
{1,3,4,5,6} {1,2,3,4,6}
1 MI. 1 MI.
4 3 2 1 2
2 1 4 2 4
. P .
e
1 4 = 3 NGB 3
{3,5,6,7} {2,4,5,7} {1,3,5,6,7} {1,2,5,7} {2,4,6,7}
2 MIs. 2 MIs. 2 MIs. 2 MIs. 2 MIs.
3 2 2 1 3
2 4 4 2 2
3 ‘3
4 3 4
{174? 577} {2737 57 7} {1’2747 7} {27 57 6? 7} {17 37 57 7}
2 MIs. 2 MIs. 2 MIs. 2 MIs. 2 MIs.
2 4 1 3 2 2 4 1 3
3 | 2
1 4 1 4 3 1 4
{2,3,5,6} {2,3,4,5} {1,2,5,6} {1,2,4,5} {1,3,4,6}
1 MI. 1 MI. 1 MI. 1 MI. 1 MI.

B Polynomials for the definition of the symbol letters

The definition of polynomials f35 ~ fgs that appear in the odd letters with 2 square roots,
shown in (3.62) ~ (3.70), are as follows.

f35 = —s% — 25t + sm? + sm3 + sm3 + mimi — mim3 + sm3 — mim3 +mami, (B.1)
s = —st 1t — sm3 — tm3 — w33 + md 1 sm3 — miPmd — mm3 + 2mdmd,  (B.2)
far = —s% — st + 25m% + tm% — miL + smg — tm% + m%m% + sm§ — m%mg

— mam3 + 2mim3, (B.3)
fss = —st — smi — tmi +mf] +tm3 — mim3 + 2mim3 + smj — mimi — m3m3, (B.4)
fa9 = —s — st + sm? — tm? + 2sm3 + tm3 + mim3 — m% + Qm%mg + sm?

— m2m3 — m3m3, (B.5)
fi0 = —st + sm3 +tm3 — m3im3 — sm3 — tm3 — mim3 + 2m3m3 — m3m3 + mji, (B.6)
fa1 = —s% — st + sm% + 23m§ + tmg — m%m% — m§ + smi — tmi — m%mi

+ 2m3m3 + mim3, (B.7)
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{2,3,4,6} {1,3,5,6} {1,3,4,5}
1 ML 1 ML 1 ML

3

1 . 2 4 1 4 ‘4 1
2 7 1 . \&3 3 P
3 3 }Y ) 2

{1,2,4,6}
1 ML

3

2 \J/ 4

32{1 11\ 4
p

P P

{3,5,7} {2,5,7} {1,5,7}
1 ML 1 ML 1 ML
2 1 3 1
{2,5,7} {1,4,7}
1 ML 1 ML

\1

{2,4,7}
1 MI.

Figure 3. Diagrams for the two-loop master integrals with four external massive legs.
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fa5
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150

2

2

— 34 —

2, .2

—st + sm3 — sm3 — tm3 + 2mim3 — mima + mj + tm3 — mim3 —m3m3, (B.8)

2,2

— st + sm% + sm% — tm% + Qm%m:)) — m%m% + 2smi + tmi — mamy

+m3m3 —mj, (B.9)
—s%t + stm% - stg - stm% - sm%m% + smél + smfm% — m‘llmg + sm%mg
+ 2mimam3 — mam3 4 2smim3, (B.10)
—s%t — st% - stm% + sm‘lL + stm% — smf’m% + 23m%m§ + sm%mi — m‘llm?1
m2 + 2m2m3m3 — mam3, (B.11)

s%t + stm% + stm% - QSm%m% + sm%m% - m‘llmg + m%m%mg + sm%mi
+ m2mim? — mim3, (B.12)
—s%t + stm% + Stmg — QSm%mg + s2m§ — Sm%mg — 25m%m§ — m%m%m%
+ mam3 + sm3m2 + m2mim? — mim?, (B.13)
—s%t + stm% + Stmg - 25m%m% + sm%m% - m%m% + m%m%mg + SQmE
— 2sm2m3 + mim3 — sm3m3 — mimam3, (B.14)
—s%t + Stmg + Sm%mg — m%mé — SQmZ - stmi + Sm%mi + QSm%mi
— sm3m3 + 2mimim3 + smj — mim], (B.15)
—s%t — Sng - stm% + QSm%mg + Sm%m% + sm§ - m%mé + stmi + sm%mi
— smam3 + 2mamim3 — m3my, (B.16)



f51

fr2

f53

f54
f55

f56

fs7

f58

f59

feo

fe1

fo2

fe3

Joa

fes

fe6

fe7

fes

= —s%t + stm3 + smim3 — m%mé + stm3 + smam3 — 2smim3 + mimim?

2,2 2 2,4
+mamamy — mamy,
= —s%t + s°m? + stmg - sm%mg + stm3 — 2smimi + smam3 — 23m§mi

2. 92 2 2 2 92 2 4 2. 4
— mimzmy + mamsmy + mimy — mymy,

= —s%t + s°m3 + stmg + sm%mg - 25m%m§ — m%mg + m%mé + stm

— sm%mi — 25m§mi + m%m%mi - m%m%mi,
= —2st —t* + tm% + tmg - m%m% + tm% + m%mg + tmi + m%mi - m%mi,
= —st—1* + tm% - sm% + tm% - m%m% + sm% + 2tm§ — m%m% + m%m%
= —st —t> 4+ sm? + 2tm? — m$ + tmi — mim3 — sm3 + tm3 + mim3

+ Qm%mi - m%mi,
= —st —t> 4+ sm3 + 2tm3 — mj — sm3 4+ tm3 + 2mim3 + mim3 + tm3

2,2 2,2
— Moy — Mgy,
= —st — t* — sm? +tm3 +tm3 — mim3 + 2mim3 + sm3 + 2tm3 + m3im3

2 2 4
— Moy — My,

= st + stmg + stm% + tm%mg - 2tm%m§ + m%m%m% - m%mg + tmgmi
- mgmi + m%mgmi,

= st + 25tm§ - smé1 + stmg + tm%mg + sm%m% - tmgmg - m%m%mg
+ mam3 — mimi — mims + 2mimim?,

= —st? + stm% + 25tm§ + sm%mg — tm%m% + 2m%m%m§ - m%m% - 8m§
+ mgmé + tm%mi - m%mi - m%m%mi,

= —st? + stm% + tm%m% — m‘llmg + Stmi — 2tm%mi + tmgmi + m%m%mi
+ m%m%mi - m%mi,

= —st? + 2stm? — sm] + stmi + sm%mi - tm%mi + m%mi + tm%m?l
= mimgmi + 2mimami — mimy — mjmy,

= —st? + stm% + t’m%m% — m%m% + 2stmi + sm%mi - tm%mi — m‘llm?l
+ Qm%mgmi — m%mgmi — smi + m%mi,

= Sth% + stm%m% — sm%m% - stm%mi + QStmgmi - sm%m%mi
+ QSm%mgmi - m%m%mi + m%m%m%mi +mim3mi — mamy,

= 5’ + Sth% + 2stm%m§ — stm%mg - sm%m%m% - mzllmé + m%m%mé
+ Stm%mi — sm%mi + QSm%mgmi + m%m%mgmi - mgmgmi,

= 5’ + Sthg + Stm%mg - stmgmg + QSm%mgmg - sm%mg - m%m%mg
+ 2stm%mi — sm%m%mi + m%m%m%mi + mém%mi - m%mi,

= 5’ + 25tm%m§ — m‘llmél + s%tm3 — stmim3 4 stmam3 + 2smimim>

- sm%m%mi + milmgmi + m%m%mgmi - sm%mﬁi - m%m%mﬁ
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