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Abstract

The scattering equations, a system of algebraic equations connecting the space
of kinematic invariants and the moduli space of punctured Riemann spheres,
provide a new way to construct scattering amplitudes. In this novel framework,
the tree-level S-matrix in many quantum field theories can be reformulated as a
multiple integral that is entirely localized on the zeroes of the scattering equa-
tions. The aim of this thesis is to deepen our understanding of the physical and
mathematical structures underlying the scattering equations and to broaden the
scope for their applications. In particular, we analyze and extend the scatter-
ing equations to on-shell amplitudes in several effective field theories and form
factors that carry off-shell momenta in gauge theory. We also study the asymp-
totic behavior of the scattering equations in various Regge kinematic regimes
and derive the corresponding factorizations of amplitudes in gauge theory and
gravity. Finally, we propose the physical homotopy continuation of the scat-
tering equations and develop an efficient method to solve these equations.
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1 Introduction

“Like the silicon chips of more recent years, the Feynman
diagram was bringing computation to the masses.”

Julian Schwinger (1918 —1994)

Scattering amplitudes (S-matrix elements), which are sometimes referred to
as “the most perfect microscopic structures in the universe” [1], are the most
fundamental quantities in quantum field theory (QFT). They allow us to make
predictions for physical observables for particle scattering and decays that can
be measured in high-energy experiments such as the Large Hadron Collider
(LHC) at CERN. In particular, calculating scattering amplitudes efficiently has
become crucially important in order to understand the properties of the Brout-
Englert-Higgs boson more precisely and to search for new physics beyond the
Standard Model (SM) since the start of the LHC. From a more theoretical
perspective, scattering amplitudes have a remarkably rich structure. A good
understanding of the mathematical structures of amplitudes often leads to a
deeper understanding of quantum field theory, as well as new ideas enhancing
our ability to compute amplitudes.

Traditionally, scattering amplitudes are calculated using Feynman diagrams in
the framework of perturbative quantum field theory. Feynman diagrams pro-
vide a systematic procedure to generate amplitudes order by order (see stan-
dard textbooks, e.g. [2-4]). However, the Feynman diagram technique is not
always efficient, because the number of diagrams increases rapidly with the
number of external particles involved in a scattering process or the number of
closed loops at higher orders. As aresult, a large number of Feynman diagrams
makes the calculation particularly difficult. However, the final results are usu-
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ally simple. This implies that substantial simplifications and hidden structures
for scattering amplitudes are invisible in Feynman diagrams.

A famous example is the Parke-Taylor formula of maximal helicity-violating
(MHV) amplitudes' [5-7],

(12)*
(12) 23) - (n1)’

An(g g 9" g7) = (1.1)
which describes the tree-level interaction between two negative-helicity glu-
ons and an arbitrary number of positive-helicity ones in non-Abelian gauge
theory. A sum of a huge number of Feynman diagrams can be simplified into
an astonishingly simple expression, as shown in (1.1). This surprising sim-
plicity has been profoundly influential in an attempt to reformulate quantum
field theory. More precisely, it has motivated theorists to look for alternative
methods to calculate amplitudes without Feynman diagrams, and revolution-
ary advances have been made in this regard, during the past three decades.
Significant among these developments is Witten’s twistor string theory that
provides a world-sheet description for tree-level scattering amplitudes in max-
imally supersymmetric Yang-Mills (SYM) [8]. In particular, by performing a
half-Fourier transform from momentum space to twistor space, the MHV am-
plitude is supported on a curve of genus zero and degree one. This explains
from a certain point of view why the MHV amplitudes take an exceptionally
simple form.

Witten’s prominent work has inspired the discovery of many alternative formu-
lations and novel techniques of calculating scattering amplitudes, especially at
tree level (see e.g. [9—12] for thorough reviews). These include Feynman-like
MHYV rules [13] and on-shell recursion relations [14, 15], which not only lead
to new compact results but have changed the way we construct amplitudes
from first principles instead of Feynman diagrams. Most relevantly, Roiban,
Spradlin and Volovich (RSW) obtained in 2004 the compact formula that ex-
presses any A/ = 4 SYM amplitude as a localized integral over the moduli
space of punctured Riemann spheres [16] via transforming Witten’s formula
back to momentum space. Similarly, two different formulas for tree-level am-

'In the case where at most one gluon has a negative helicity, the tree-level amplitude van-
ishes. The first non-zero amplitudes are then those where exactly two gluons carry negative
helicity, and they are referred to as maximal helicity-violating (MHV) amplitudes.
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plitudes in N = 8 supergravity (SUGRA) were proposed in [17, 18], and later
derived from a new twistor string theory [19,20] in 2012.

More recently, Cachazo, He and Yuan (CHY) in 2013 introduced a generali-
sation of the Witten-RSV formalism [8, 16] and analogs [17-21]. In the CHY
formalism, the tree-level amplitude of n massless particles is reformulated as
a multiple integral over the moduli space of Riemann spheres with n marked
points for a variety of theories in generic spacetime dimensions [22-25]. The
integral is completely localized on the zeroes of a set of theory-independent
algebraic equations as follows:

fazzkakl) :O7 a€{1’27,,,7n}. (12)

Oq—0
bta a b

They are named as the scattering equations. This system of equations has a
SL(2, C) redundancy. More details on them will be clarified later.

Various world-sheet models for the CHY formulalism have also been con-
structed based on so-called ambitwistor strings [26-30]. It is also particularly
noteworthy that Geyer, Lipstein and Mason (GLM) obtained the new alterna-
tive formulation for amplitudes in A'=4 SYM and N =8 SUGRA from four-
dimensional ambitwistor string models [28], like the Witten-RSV formula of
N =4 SYM amplitudes. The ambitwistor string theory has also provided a
systematic approach to generalize the CHY formalism to loop level [31-37].
We suggest interested readers to [38] for a thorough review entitled “Twistor
theory at fifty: from contour integrals to twistor strings”.

The CHY formalism, twistor-string- and ambitwistor-string-inspired formu-
lations share the same structure: a n-point on-shell amplitude can be calcu-
lated through a multiple contour integral over the moduli space of n-punctured
spheres, where the contour is entirely determined by the zeros of some alge-
braic equations. Here we do not show the precise form for the equations that
appear in the twistor-/ambitwistor-string formula of amplitudes, and we refer
to them as the four-dimensional scattering equations. We also thus collectively
refer to these formulations as the scattering equation formalism.

The discovery of the scattering equation formalism represents a major step to-
wards reformulating scattering amplitudes and even QFT, “quantum field the-
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ory without the quantum fields” [39]. A notable feature is that for a multipar-
ticle process summing thousands, or even hundreds of thousands, of Feynman
diagrams, is equal to a one-line contour integral. The advantages of this feature
are obvious. First, having a compact formula may allow one to discover and
study properties of amplitudes that are not visible in Feynman diagrams. Sec-
ond, on a more practical level, the contour integral representation may allow
one to find new and more efficient ways to evaluate amplitudes numerically. It
was also noteworthy that the scattering equations have also established a link
between quantum field theory, string theory and algebraic geometry.

This work aims at advancing our knowledge on the aspects of the scattering
equations with a focus on both theoretical explorations and potential phe-
nomenological applications.

We summarize the content of the remaining chapters as follows. Chapter 2
provides a minimal introduction to the scattering amplitudes in various theo-
ries under consideration in this work. After first presenting a brief review on
the basic aspects of the scattering equations and Cachazo-He-Yuan formalism
of scattering amplitudes in arbitrary-dimensional spacetime in Chapter 3, our
discussion moves to four-dimensional spacetime in Chapter 4. We clarify that
in the spinor-helicity formalism the scattering equations in four dimensions can
be decomposed into “helicity sectors” and are equivalent to four-dimensional
scattering equations appearing in the Witten-RSV or GLM formula. We also
show how the two four-dimensional formulations are related to each other.

Chapter 5 focuses on some effective field theories with spontaneously bro-
ken symmetries in four dimensions, including the maximally supersymmet-
ric Dirac-Born-Infeld-Volkov-Akulov (DBI-VA) theory, the U (V) non-linear
sigma model (NLSM) and a special Galileon theory. We propose new com-
pact formulas for all tree-level amplitudes in these theories in four-dimensional
spacetime. Moreover, we apply the formulas to derive various universal double-
soft limits of amplitudes in these theories as well as in maximally gauge and
gravity theories.

While new representations of tree-level amplitudes have been constructed in
a large number of massless theories, it is expected that this success story can
be repeated beyond on-shell amplitudes of massless particles. We extend the
scattering equation formalism to form factors in Chapter 6. Unlike on-shell
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amplitudes, a n-point form factor is given by the overlap of a composite opera-
tor with off-shell momentum and n on-shell states with on-shell momenta. We
develop new compact formulas for super form factors with chiral stress-tensor
multiplet operator and bosonic form factors with scalar operators Tr(¢™) for
arbitrary m in N'=4 SYM.

The representation of a tree-level scattering amplitude as a contour integral
also makes manifest the properties of the amplitude in certain singular limits
of kinematics. Indeed, the scattering equation formalism has been success-
fully applied to derive the factorized form of scattering amplitudes beyond
leading order in single [40—43] and double [44-46] soft limits, as well as in
the collinear limit [47]. One of the main aims of this work is to show that the
scattering equations formalism also presents a very natural framework to study
other kinematical limits of tree-level amplitudes, namely the so-called Regge
limits of a 2-to-(n—2) scattering where the final state particles are ordered in
rapidity while having comparable transverse momenta. Of particular interest
in this context is multi-Regge kinematics (MRK) where all produced gluons
are strongly ordered in rapidity. By relaxing the strong ordering among the
rapidities of the produced particles, one can define a tower of new kinematical
limits, known as quasi-multi-Regge kinematics (QMRK).

In Chapter 7, we study the asymptotic behavior of the scattering equations
in the QMRK. Through a numerical study of the solutions to the scattering
equations in various quasi-multi-Regge regimes, we observe that in all cases
the solutions present the same hierarchy as the rapidity ordering that defines
the limit (if the SL(2, C) redundancy is fixed in a certain way). We conjecture
that this feature holds in general, independently of the helicity configuration
and the number of external legs.

While we do currently not have a rigorous mathematical proof of our con-
jecture, we show that the conjecture implies the correct factorization of ampli-
tudes in gauge theory and gravity in certain quasi-multi-Regge limits. In Chap-
ter 8, we show that in MRK our conjecture implies that the four-dimensional
scattering equations have a unique solution in each “helicity configuration”,
and we determine this solution explicitly for arbitrary multiplicities. By lo-
calizing the contour integral to the unique solution in MRK, we derive the
correct fully-factorized form of tree-level amplitudes for both Yang-Mills and
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Einstein gravity. In Chapter 9, we show that when combined our conjecture
with the CHY-type representation of gluon amplitudes, it reproduces the ex-
pected factorization in certain quasi-multi-Regge limits. While consistent with
all known results for tree-level amplitudes, so far, the factorization of tree-
level amplitudes in gauge theory and gravity in (quasi-)MRK remains partly
conjectural and has only been proven to hold for arbitrary multiplicities for the
simplest non-zero helicity amplitudes of gluons [48]. These give very strong
support to the validity of our conjecture.

Due to the importance, it is crucial to solving the scattering equations. Notwith-
standing efforts have been made to solve the scattering equations or evaluate
the CHY formulas [23,49-66], a good method is still missing. In Chapter 10,
we develop an efficient technique to solve the scattering equations based on the
numerical algebraic geometry. The cornerstone of our method is the concept
of the physical homotopy continuation between different points in the space of
kinematic invariants, which naturally induces a homotopy continuation of the
scattering equations. As a result, the solutions of the scattering equations with
different points in the kinematic space can be tracked from each other. Finally,
with the help of soft limits, all solutions can be bootstrapped from the known
solution for the four-particle scattering.

This thesis is based on the following publications:

e S.He, Z. Liuand J.-B. Wu, Scattering equations, twistor-string formulas
and double-soft limits in four dimensions, JHEP 1607 (2016) 060;

e S. He and Z. Liu, A note on connected formula for form factors, JHEP
1612 (2016) 006;

e C. Duhr and Z. Liu, Multi-Regge kinematics and the scattering equa-
tions, JHEP 1901 (2019) 146;

e 7. Liu, Gravitational scattering in the high-energy limit, JHEP 1902
(2019) 112;

e Z. Liu and X. Zhao, Bootstrapping solutions of scattering equations,
JHEP 1902 (2019) 071.



2 Preliminaries

This chapter provides a short introduction to scattering amplitudes in various
theories under consideration in this work.

2.1 Yang-Mills theory

Yang-Mills theory is a gauge theory based on a non-Abelian Lie group G. Here
we consider G = SU(N) and follow ref. [67]. We start with a multiplet of
fermionic (or scalar) fields

Y1)
Y(z) = : ) (2.1)
Yn(z)

which transforms into one another under a local gauge transformation
Y(x) — U(x)yp(x), Ulx)= U(a(:v)) = el (@)t 2.2)

where t* are the fundamental representations of generators of SU(N), and
satisfy the following commutation relation

[t2, 7] = dfebere. (2.3)

It is easy to see that the derivative of the fermion field 9,1 (x) transforms
differently from ¢ () itself under the local gauge transformation (2.2). Let us
introduce a gauge covariant derivative D,

Dy = 0, —igAjt* = 0, —igAu, Ay = ALY, 2.4)
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such that D7) (z) has the same transformation behavior with ¢(z), i.e.,

Dyip(z) — U(z)(Dy(x)). (2.5)

This leads to the transformation behavior of the gauge field A*,
- i -
Ay — A =UA U — E(G#U)U Y (2.6)
under the local gauge transformation. Using the covariant derivative D,,, we
can define the gauge field strength as follows:

F. = - [Dy, D,| = 8,A, — 0,4, —ig[A,, A)] = Fit*  (2.7)

L
g
where
Ff, = 0,A% — 0,A% + gf* A, A, (2.8)
From (2.6) it is easy to verify the gauge field strength behaviors as
F,, — F}, = U(x)F,,U(x)™" (2.9)
under the local gauge transformation. Now it is very clear to construct an local

gauge invariant Lagrangian [68]

1 1
ﬁYang-Mills = _5 Tr (F,uz/Flw) = —ZF;,/F(WV, (2.10)

where one takes the normalization convention Tr(t%t) = 5.

In addition to pure gauge field, the complete Lagrangian can also include the
matter (e.g. fermionic) fields 1),

1 T
L= EYang-Mills + Ematter - _ZF;ZVFGMV + 1/)(W“Du - ’I?’L)Q/) (211)
When the gauge group takes SU(3), this is the theory of strong interactions
between quarks and gluons, i.e. quantum chromodynamics (QCD). When G =
U(1), it is reduced to the Lagrangian of quantum electrodynamics.
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When the coupling constant is small enough, the scattering amplitudes may
be calculated perturbatively. For example, an amplitude with n gluons in pure
Yang-Mills or QCD can be expanded as a perturbative series with respect to
the coupling constants g,

dy = g" 2O + gV + gD (2.12)

In this expansion, each ;%SZ) can be given by a sum of Feynman diagrams
with n external legs and ¢ loops in accordance with specific rules, so-called
Feynman rules. 1t is straightforward to derive Feynman rules from a given La-
grangian, for example, Yang-Mills Lagrangian in eq. (2.10), using the standard
textbook method, such as the path integral technique (c.f. any standard QFT
textbook, e.g. [2—4]). This work is mostly focused on the leading order of the
perturbation expansion, %n(o), which has no loops and is called the tree-level
amplitude. For simplicity, we will omit the superscript (£ =0) of Y in the
following.

In Yang-Mills theory, amplitudes depend not only on external kinematics but
also on color information. From the Lagrangian (2.10), it is easy to see that
there are two types of group theory objects that enter the amplitude, i.e. the
structure constants ¢ and generator matrices ¢ in the fundamental repre-
sentation of SU (V). It has been known that one can decompose a tree-level
gluon amplitude into purely-kinematic part and color part which can be writ-
ten in terms of either t® or £, More priviously, any tree-level amplitude of 7

gluons carrying colors ay, as, . . ., an, (a; = 1,..., N>—1), can be represented
as [69, 70]
oy = Z Tr (T 7%z - T% ) An(1, pa, - . ., pn), (2.13)
peSn—l
or [71,72]

oy, = Z (Fapz Fs ... Fapn—l)
PESn—2

An(lap2>~--»,0n—1,n)7 (214)

aijan

where 7% = /2t® by QCD-literature convention and (F%),, = if®°, p =
(p2,-..,pn)or p=(p2,...,pn—1) denotes the permutation of {2,...,n} or
{2,...,n—1}. In both representations (2.13) and (2.14), A,, are same and
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called color-ordered amplitudes, or partial amplitudes, which depend only on
kinematic information, but not colors. Color-ordered amplitudes are gauge
invariant. There also exist linear relations among partial amplitudes, such
as cyclicity, Kleiss-Kuijf relations [72, 73] and fundamental Bern-Carrasco-
Johansson relations [74] (see also e.g. [9, 11] for review).

The partial amplitudes have simpler analytic structures than the full amplitude
[75]. They have only multi-particle poles where a sum of cyclically adjacent
momenta goes on-shell. More precisely, in the limit p%m = (k1 +kpm)? —
0, the amplitude A, (1, ..., n) behaves as

An(1,...,n) (2.15)
1
— Z A1 (1, ce, M, —ph) —5—An—m+1 (p_h, m—+1,..., n),
h==+1 Pim

where p1 ;,, and h are the momentum and the helicity of the intermediate state
respectively. This analytic property of amplitudes are very important, and they
are often used to do consistency checks of the correctness of new results. It
also plays a crucial role in deriving on-shell BCFW recursion relations [14,15].
It is worth underlining that the similar property also appears in amplitudes in
other theories, which is directly related to locality in perturbation field theory.

In the case m = 2, (ky +k:2)2 — 0 implies that two momenta k1 and k2 become
parallel, or collinear. Let z describe the longitudinal momentum sharing of the
two collinear momenta, and then one can parametrize the limit as

K ||ko2 = ki — zp, ka — (1—2)p, (2.16)
and the partial amplitude of gluons factorizes as

An(1,2,3,...,n)

S, ST sp1ity (1,2) Aot (07,3, ), 2.17)
h==+1

where p = k1 + ko and h are momentum and helicity of the intermediate state
respectively, Split is the tree-level splitting amplitude (or splitting function)
that describes the splitting g — gg of a gluon into two collinear gluons [5, 6,
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76-78]:
: + ot 1
Split_(17,27) = ——F——,
(12) \/z(1—=2)
split, (17,2%) = 0,
122 (2.18)
Split, (17,27) = —%,
(12) \/z(1-2)
22

Split_(11,27) =

[12]/z(1—2)

Besides the multi-particle factorization (including collinear limit), the partial
amplitude of gluons also displays a universal behavior when one or more glu-
ons become soft. Here we consider the case of the emission of a single soft
gluon with momentum k;. In the limit ks — 0, the partial amplitude takes the
following factorziaed form [79]

An(...,a,s,b,...)
= S8™(a,5,b) A1 (... a,b,...) + O(KD), (2.19)

with
kq - €s ky - €5

ko ks Ky ks

where €5 denotes the the polarization vector of the soft gluon. In the spinor-

S™(a,s,b) = (2.20)

helicity variables (c.f. Appendix A), they can written in a more familiar form

(ab) [a b]
(as)(sb)’ [as][sb]

They are called eikonal factors and independent of the helicities of the two

S™M(qa,sT,b) = S™(a,s7,b) = (2.21)

adjacent gluons a and b, reflecting the classical origin of soft radiation. The
subleading term has also been derived in [80, 81]. The universal factorized
hebavior of the scattering amplitude in the soft limit is also often called the
soft theorem in the literature.
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2.2 Einstein gravity theory

In this section, we turn to introduce the Einstein gravity theory. Einstein’s the-
ory provides an elegant geometric description of the fundamental interaction
of gravitation. Here we discuss gravity from a purely field theoretical point
of view: Einstein gravity is equivalent to the quantum theory of a massless,
self-interacting, spin-2 field [82]. Here we mainly follow ref. [83] (we also
suggest interested readers to [8§4—89] for recent or classical review papers and
lecture notes).

Our starting point is the Einstein-Hilbert action

1
SEinstein-Hilbert = /dD:L' V—g <2/€2(R - 2A) + Ematter) 5 (222)

where Lpayer describes the matter part appearing in the theory, A is the cosmo-
logical constant, g = det(g,, ) is the determinant of the metric tensor, R is the
Ricci scalar, and k2 = 87G y with Gy Newton’s gravitational constant. One
can derive the famous Einstein field equation from the Einstein-Hilbert action.

In the weak field limit, we may expand the metric field g, (z) around flat
spacetime, i.e.,

g,ul,(ﬂf) = N + ’ih;w(x)a (2.23)

where hy, (x) is the symmetric rank-2 tensor which spans a representation of
the Lorentz group. We regard this fluctuating field as the graviton field. Plug-
ging (2.23) into \/—¢g and R, one can get an infinite series in «. In particular,
the expansion of \/—g does not contain derivatives of the graviton field /.
This explains why the cosmological constant term does not affect the dynamics
of the theory [90]. In the following, we consider only the pure graviton field
by setting Lyayer and A to zero.

We see the diffeomorphism invariance of the theory, which is sometimes con-
sidered as gauge symmetry from a QFT viewpoint. Let us consider an infinites-
imal coordinate transformation:

ot — () = 2+ ef(x), e <1, (2.24)



2.2. Einstein gravity theory 13

under which the metric transforms as a covariant rank-2 tensor

- - 0z Ozl
g/w(x) — g;w(x) = @@ga@(x). (2.25)

Using eq. (2.23) and eq. (2.24), one find that the metric transformation (2.25)
is equivalent to the gauge transformation of the graviton field:

hw — by = hyy — Ouey — Oye, + O(2). (2.26)

Given the Lagrangian and its symmetries, using the standard textbook method,
one can derive Feynman rules to compute amplitudes. Gravity has an infinite
number of higher-point interaction vertices, and even the simplest cubic vertex
has a much more complicated structure than Yang-Mills. Here we do not list
Feynman rules since we never calculate any graviton amplitude from Feynman
diagrams in this work. Instead, we understand graviton amplitudes from a
modern perspective — gravity as a double copy of Yang-Mills [74,91,92].

More than three decades ago, Kawai, Lewellen and Tye (KLT) derived that a
closed string amplitude can be written in terms of a sum of the square of open
string amplitudes at tree level [91]. In field theory limit, it is reduced to a sim-
ilar relation between graviton amplitudes and color-ordered gluon amplitudes.
To be clear, let us see some lower-point examples

Ms = A3(123) A3(123),
./\/l4 = —S12A4(1234)A4(1243), (2.27)

Ms = 812834./45(12345)./45(14352) + 513824./45(13245)./45(14253).

Here from each M,, a overall factor ™2 has been stripped off. More gener-
ally, for arbitrary multiplicity, one has [93]

My = (1" 3" An(n—1,n,0,1) S[a|lr, An(L, 8,n—1,n), (2.28)

a:BESnfiﬁ



14 2. Preliminaries

where S[a| ] is called the momentum kernel defined as [94]

k k
Slivy - yikliv - -odnly, = 1 <sit1 —|—Z€(it,iq)sm~q> . (2.29)

t=1 q>t

where 6(it,i,) is zero when the pair (i,%,) has same ordering at both sets
{i1,...,ix} and {41, ..., i}, but otherwise it is unity.

As a simple application, a combination of the soft (collinear) limit of color-
ordered gluon amplitudes and the KLT relations may lead to the soft (collinear)
factorization of graviton amplitudes [83, 92, 95, 96]. In the collinear limit
(2.16), any n-graviton amplitude takes the following factorized form [83,92]

Mok, ko) 202 5™ g, (ph) spraed™iv(1,2),  (2:30)
h=+2

where the gravity splitting amplitude is simply just a product of two gluon
splitting amplitudes, i.e.,

SpLit¥™ % (1,2) = —s12Splity(1,2) x Split,(2,1). (2.31)

In [92], it was argued that the gravity splitting amplitude doesn’t receive higher
loop corrections. Similarly, in the soft limit k,, — 0, for graviton amplitudes
one has [97]

My (kn) = SFY M,y + O(ky), (2.32)

where the soft factor also can be obtained as the double copy of eikonal factors

n—1
SENY (nF) = 3" 500 S™M(z,nE, i) SM(y, 0, 0), (2.33)

a=1

where x and y are arbitrary reference spinors. The leading soft factorization of
graviton amplitudes is uncorrected to all loop orders, and is called “Weinberg
theorem” [97,98]. Very interestingly, the subleading [99-102] and subsub-
leading [102] terms also exhibit universal structure in the soft limit.

In 2008, Bern, Carrasco and Johansson (BCJ) discovered a new realization of
the double copy relation between gauge and gravity theories, known as “color-
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kinematics duality” [74,103]. We illustrate this remarkable duality using tree-
level amplitudes. Like the color decomposition (2.14) of gluon amplitudes,
one can reorganize gluon amplitudes in terms of cubic graphs

=gy Cg?, (2.34)

where the sum is over all possible cubic graphs, D; denote inverse propaga-
tors that can be straightforwardly read off from the graph, c; and n; denote
corresponding color factors and kinematic numerators respectively. In such a
decomposition, one needs that kinematic numerators n; obey the same Jacobi
relations and symmetry properties as the color factors c¢;. Then the gravity
amplitudes can be obtained by simply replacing the color factors of gluon am-
plitude with the numerator factors, i.e.,

My = K2 % (2.35)
X 7
1

This work focuses mostly on the scattering equations. We will show in the next
chapters that the scattering equations also provide a new elegant description of
the double copy relation between gauge and gravity amplitudes.

2.3 Effective field theories

As just shown in previous sections, the amplitude in gauge theory and gravity
displays a universal factorized behavior in the single soft limit. In this sec-
tion, we discuss some effective field theories (EFT), in which the scattering
amplitudes vanish when emitting a single soft particle.

Dirac-Born-Infeld Let us begin with the Born-Infeld (BI) theory whose La-
grangian in four dimensions reads

L = 72 <1 — /-~ det (1, EFW)> , (2.36)

where / is the coupling constant. The BI model is a non-linear generalization
of Maxwell theory. The Dirac-Born-Infeld (DBI) theory is a generalization of
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the BI theory to include scalars, i.e.,

Lppr = 2 <1 - \/— det (1 — (20,010, ¢T — EFW)> : (2.37)

where [ are flavor indices. Expanding the Lagrangian in ¢ yields an infinite
series of local operators. For example, in four dimensions, the pure BI La-
grangian (2.36) can be expanded as [104]

1
Lo = Ip + %I, {1 2L, + 0 (Ig - §14) + 0(66)} : (2.38)

where Io = — %FWFW is the Maxwell Lagrangian, and all higher order terms
are proportional to I defined as follows:

1 e 1 N2 1 2/ (N2
1y ::—§<FWF FaﬁFﬂu_ i(FWFM ) ) = _g(F(—H) (F( )) » (2.39)

with
1
FE*=F++F, *F'" = 3" Fpe. (2.40)

Similarly, for the pure scalar sector of DBI, in the case of one flavor one has

2 2\ 2 4 2\ 3
LDBI scalar = %(8@2 +% <(8f> > + % <(a;s) ) + 0. (2.41)

NLSM Next, we consider the low-energy effective theory of the Goldstone
bosons corresponding to the spontaneous symmetry breaking U (N)xU (N) —
U(N). It is referred to as U(V) non-linear sigma model (NLSM) and gov-
erned by [105, 106]
F2
ﬁNLSM = T Tr (@LUO’*UT), (2.42)

where F' is a constant with mass dimension 1 in four dimensions, and ¢ =
2¢%t* with t® the fundamental representations of generators of U(N). In the
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so-called Cayley parameterization, U can be written as an infinite series

U=1+2 (Zgb)m (2.43)
mzl oF

Plugging U into the Lagrangian (2.42), one can extract Feynman rules order by
order and find that only terms with the even number of fields are non-vanishing.
Like Yang-Mills, the amplitude of scalars in the NLSM has a similar color
decomposition, as shown in eq. (2.13).

sGal Let us also see a special Galileon theory (sGal). Galileon theories
are effective field theories of scalars in the decoupling limit of massive grav-
ity [107,108] and Dvali-Gabadadze-Porrati model [109]. The Lagrangian of
the general Galileon theory reads

1 o0
Laatieon = 5(99)° + Y em L), (2.44)

m=3

with

£m) . — Z (—1)ghvar ghavas .. ghmVam@ D, 0o D, (2.45)
OéESm

where o = (v, ..., ) denotes the permutation of {1,...,m} and (—1)*
is its sign, and ®,,, = 0,0,¢. The special Galileon theory is a special case
of Galileon theory that has an enhanced soft limit compared to the generic
Galileon [110, 111]. Such enhanced soft limit fixes the coefficients ¢,,, in the
Lagrangian (2.44). Here we do not give the explicit form of ¢,, (c.f. [110-112]
for detail), but just to emphasize that c,,, vanishes for odd m in the sGal.

Volkov-Akulov Lastly, we consider a fermionic theory — Volkov-Akulov (VA)
model [113,114]

1 —

where v is the Weyl fermion which describes the Goldstino, and p is a constant
with mass dimension —2. The VA model is the low-energy effective theory of
Goldstinos associated with the spontaneous breaking of supersymmetry.
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In summary, a notable feature is that all these effective theories have only non-
zero amplitudes with even number of external legs. This is consistent with they
have Adler’s zeros [115, 116]. More precisely, in the single soft limit ks — 0,

Az = O(K), (2.47)

where m is a non-negative integer characterizing the soft behavior of theory,
which has been used to classify scalar effective field theories in [111,117].

Unlike Yang-Mills and gravity, it is currently not very clear how to apply stan-
dard techniques such as on-shell recursions [14,15] to efficiently calculate am-
plitudes in these effective field theories. In Chapter 5, we develop new rep-
resentations for tree-level amplitudes in these theories based on the scattering
equations and show that these new formulas can be nicely used to produce
various double soft theorems.



3 The scattering equations
in arbitrary-dimensional spacetime

This chapter provides a short review on the basics of the scattering equations
and the Cachazo-He-Yuan (CHY) representation of tree-level scattering am-
plitudes in arbitrary spacetime dimensions.

3.1 The scattering equations from a rational map

Let us start with a rational map from the moduli space'of Riemann spheres
with n marked points 9 ,, to the space of momenta for n massless particle
scattering [22,23]

kb = — ?{ dzwh(z) (3.1)

with

() = 3ot P (32)

—z—oa |laoi(z—04)

where o, € CP! denote the marked points in the M ,,. It is clear that PH(2)
is a polynomial of degree n—2 for each Lorentz index 4 =0, ..., D—1.

In order to determine the positions of the marked points, one has to impose
additional conditions on the map. One can show that P(c,)? = 0 for all

'The moduli space of Riemann spheres with . marked points, denoted by 90, is defined
as the quotient of the configuration space of n distinct points (1, ..., 0,) € (CP')™ modulo
Mobius transformations.

19
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Figure 3.1: The rational map from the Riemann sphere to the null cone.

marked points because of the fact that all particles are massless and on-shell. It
is natural to impose a requirement that the P#(z) remains null for any z € CP!
in the sphere, as shown in Figure 3.1. Indeed, we show that this leads to a
set of constraints that fix all marked points consistently below. Consider the
following meromorphic function

1 2kq - k
w(2)® = wu(2)w'(z) = Y > U‘; , (3.3)

zZ — 0,
a ab;éa

which has only simple pole at each z = o, and no pole at z = oo due to
momentum conservation. Then by using the residue theorem, one can imme-
diately get the constraints to determine the marked points oy, i.e.,

1 -
0= 7{ dzw(z)? = ng_kabb, ac{l,...,n}, (3.4)

o Ami
|z—0oa|=€ bFa
which are named the scattering equations [22], and are the core object of this
work. We refer to them as the D-dimensional scattering equations since they
are valid for arbitrary spacetime dimension D.

Before discussing the properties of these equations in subsequent sections, here
we would like to give some historical remarks on the scattering equations.
These equations have made an appearance in previous literature in different
contexts [118-124]. Cachazo, He and Yuan rediscovered them in order to de-
velop new representations for S-matrices in arbitrary-dimensional spacetime,
as will be shown in the last section of this chapter. Very recently, the scattering
equations have also been generalized to different contexts, e.g. [125-128].
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3.2 The properties of the scattering equations

In this section we discuss the properties of the scattering equations defined in
(3.4) or (1.2). For convenience, let us rewrite them here

ko - k
falo) = > "2 =0,  a={1,2...n}, (3.5)
bta Oab
with o, = 04 — 0p. As will be detailed below, this system of algebraic

equations owns a global SL(2, C) symmetry, and thus only n—3 out of the n
equations are independent.

Let us define the M6bius transformation as

. aog + 8
— = — ={1,2,... 3.6
Oqa Oq ’YO'a+57 a { ) 4y 7”}7 (3.6)
where o, 5,7, € C sastifying ad — 8y = 1. The system of the scattering

equations in (3.5) is invariant under Mobius transformations. Namely, if 0 =

(01,...,0p) is a solution of the system of the scattering equations, then 6 =
(61,...,0y)is also its solution. More precisely, this can be seen from a simple
calculation

fa(2)

ko - kp
#Za&a—@

_ (10a+ 0 ka-ky  Y(y0a +90)
 ad—py b#zaaa—ab ad — By b#zak o

= (v04 +6)* fal0), (3.7)

where one has used momentum conservation in the second line. This exactly
shows that the a-th equation, f, = 0, just picks up a factor (yo,+0)? under the
SL(2, C) transformation (3.6). In fact, there exist three extra relations among
the scattering equations, i.e.,

> fa= 0afa=> 0lfa=0. (3.8)
a=1 a=1 a=1

Consequently, only n—3 of the n equations in (3.5) are independent linearly.
Moreover, we can fix three of the variables o, using SL(2,C) redundancy.
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For instance, we can fix three variables as (o1, 02,03) — (0,00,1) via the
following Mobius transformation

(0i —01)(03 — 02)
(0i — 02)(03 —01)

o; — 3.9

In the following, we show the Md&bius invariance of the scattering equations
from the viewpoint of Lie algebras. In [51], Dolan and Goddard show that the
scattering equations (3.5) are equivalent to a system of homogeneous polyno-
mial equations defining as:

h(2) = 0, 2<m<n—2, (3.10)
with
fzm(z) = Z Sjoyg, S| = Z Sij, O = H(Ti. (3.11)
Ic{1,..,n},|I|l=m i<jel i€l

Let us define the generators of the sl(2,C) algebra that act on a polynomial
ring C[o] [129]

LO = _Zgaa+§v
1

- 0
_ )
Ly = aE:l Oq Uaaaa, 3.12)
"9
L, =— E 0.
a=1

It is easy to verify that they satisfy the following commutation relations:

[L1,L_1] = 2Lg, [Lo,L+1] = FL41. (3.13)
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In the following we show that the polynomial system of the scattering equa-
tions in (3.11) forms a representation of the s((2, C).

Lihy = (m —1) by, Lihp—2 = 0,

Loyhy = —(n—m —1)hpm1, L_1hy =0, (3.14)

~ 1
Loh,, = 5(” — 2m) P
The Casimir invariant is

C = (Lo)* - = (LiL_y + L_1Ly), (3.15)

1
2

N 1 1 -
Chy, = <2n—1) (2n—2> - (3.16)

These explicitly show that the system of polynomials B with 2 < m < n—2
spans an irreducible (n—3)-dimensional representation of the s((2, C) [129].

3.3 The solutions of the scattering equations

We discuss the solutions of the scattering equations in this section. Let us start
by asking how many independent solutions do the scattering equations have.
In order to answer this question, we first consider the polynomial equations
(3.10). We fix two of n variables, e.g. (01, 0y,) — (0, 00), using the SL(2, C)
redundancy according to [51]

hm
By = lim -7 — > Syul 01 (3.17)

On—00  Op
I1c{2,....,n—1},[I|=m

where 1 < m < n—3. After fixing the two variables, the system still leaves a
rescaling redundancy, i.e.,

Oq = Aog =  hp — Ny, AeCr. (3.18)

The equations in (3.17) are equivalent to the scattering equations (3.5) and
(3.10) up to fixing the two variables according to (o1, 0,) — (0,00). A re-
markable property is that each h,,, is a homogeneous polynomial of degree m
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and linear in the variables o9, ..., o,—1. Therefore one can conclude that the
upper bound of the number of independent solutions to the scattering equations
is (n—3)! by Bézout’s theorem. In fact, this number is exactly the number of
independent solutions, as proven in [23]. Here we follow ref. [23] and give a
brief review.

The idea is to consider the single soft limit. For example, we take k,, — €k,
with ¢ — 0. In this limit, the scattering equations (3.5) become

ko ky ke kn
+ €

fo=> =0, a€{l,...,n-1},  (3.19

v Ca—0Ob O0q—0n
b#a
B _ n—1 E -k
fo=efn=0, fu=)d 2 (3.20)
b—1 On—0p

We can easily observe that the first n—1 equations in (3.19) naturally get re-
duced to the scattering equations for n—1 particle scattering without soft mo-
menta. We assume they have f(n—1) independent solutions. In addition, we
find that the last equation, f,, in eq.(3.20), is invariant in the soft limit up
to the soft parameter €, namely f,, = ¢ fn. We can find the value of o,
from equation f,, = 0. After fixing the SL(2, C) redundancy according to
e.g. (01,02,03) — (0,00,1), f,, = 0 is equivalent to a polynomial equation
of degree n—3 in o, and thus has (n—3) solutions. Therefore, the number of
independent solutions to the complete n-point scattering equations is

{n) = (n—3)5(n—1) = (n—3), (3.21)

where we have used also the fact that the three-point scattering equations have
a unique solution that is fully fixed by the Mobius symmetry.

This shows that the number of independent solutions of the scattering equa-
tions grows factorially with the number of external legs. In general, it is very
challenging to exactly obtain all (n—3)! solutions to be valid for generic kine-
matical data for arbitrary multiplicities. It is only possible to solve the scat-
tering equations for special kinematics or to obtain some special solutions for
arbitrary kinematics. In four dimensions, a special solution for any multiplicity
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is [118,119,122] (c.f. also refs. [50,51])

kO + k3
O'a:m, Cl:].,...,n (322)
It is easy to check that the valves of o, given in (3.22) satisfy the scattering
equations (3.5), and the complex conjugate of this solution also solves the
equations. In the literature, this particular solution is commonly referred to as
the MHYV solution since it is responsible for MHV amplitudes shown in (1.1).

In Chapters 7, 8 and 9, we show the scattering equations simplifies vastly in
Regge kinematics, where the final state particles are ordered in rapidity. In par-
ticular, in the multi-Regge kinematics, we can determine exactly all solutions
to the scattering equations for any multiplicity. For generic kinematics, we also
develop an efficient technique to solve the scattering equations numerically in
Chapter 10.

3.4 From the scattering equations to scattering amplitudes

There are numerous different ways to compute tree-level amplitudes. In this
work we are mostly interested in the scattering equation formalism, where
an on-shell tree-level amplitude with n massless particles is expressed as a
multiple integral over the moduli space Mg ,, [24,25],

Ay = [ Mamidoe 1750057 3.23
n 7ol SL(2.0) 116(fa) Zn (3.23)
Since tree-level amplitudes are rational functions, the integrand is completely
localized by the d-functions whose arguments are the scattering equations. As
shown in the previous section, three of the n equations are redundant because
of the SL(2, C) invariance of the scattering equations. We define

H;é (fa) = (or—0p)(op—0g)(0g—07) H 6 (fa), (3.24)

a¢r7p’q

which is independent of the choice of {r,p, ¢} [24,25]. As shown exactly in
eq. (3.7), each scattering equation f,, just picks up an overall factor (yo, + §)?
under the Mobius transformation (3.6). Thus it is easy to show that under the
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Mobius transformation (3.6) the delta-functions defined in (3.24) behave as

n

H;5(fa) — (H(vawé))_ H;é(fa). (3.25)

b=1

In this case, we say the delta-functions have weight —2 under the SL(2,C)
transformation.

Note that the invariant measure on the Mobius group can be defined as

do;dojdoy

)
0ij0;101;

(3.26)

where it is free to choose {i,7,l}. So we can verify that the measure in the
CHY formula (3.23) transforms as under the Mobius transformation (3.6),

—2
[lo—1 doa - [la—1doa
_tra=1 " "% ai' 27
Wl SL(2,C) 61;[1(7”” R B, SL(2,C) 3-27)

Therefore the measure has weight “—2” under SL(2, C) transformation (3.6).

The last ingredient of the CHY formula (3.23) is the integrand function Z,, (o)
which encodes the information on the dynamics of the theory. In order that the
integral formula (3.23) remains invariant under the SL(2, C) transformation,
the function Z,, (o) must have weight 4, namely

n

4

Zo(0) — <H<’Y‘7a + 5)) Z.(o). (3.28)
a=1

CHY integrands for gauge theory and gravity

To be more precise, we take an example of the CHY integrands for gauge and
gravity amplitudes.

Let us first define some building blocks. We introduce 2n x 2n Skew-symmetric

T
U = <g _g ) (3.29)

matrix as:
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where A, B and C are n X n antisymmetric matrices:

kg - K €q - €
b7 a#b> b’ a7&b7
Aab == Uab Bab = Uab
07 a:b7 0, a:b,
a’ k
e a#b,
Tab
Cay = 0 ke (3.30)
—Z , a=mbo.
Oac
c#a

Here €!'(k;) denotes the polarization vector with momentum k;. Then we can
define?

_1)td .
ED™ pe (g, (3.32)

/ —

Py = 2 P i
where \I'g means two columns and two rows 1 < ¢, 57 < n have been deleted
from the matrix ¥. The reduced pfaffian Pf’ ¥ defined above is permutation
invariant and independent of the choice of labels {7, j} [24]. Let us make
some comments about the properties of this ingredient. First, it has weight
2 under the SL(2, C) transformation (3.6). Second, it is manifestly linear in
each polarization vector ¢,. More physically, it is gauge invariant. This can be
seen from the fact that a-th and (a+n)-th columns of ¥ become identical if
we replace any €, by momentum k.

Another ingredient related to gauge and gravity amplitudes is the so-called
Parke-Taylor factor

1
Clp) = : (3.33)

OpapoOpaps ™" O ppnpa

The pfaffian of a skew-symmetric 2n x 2n matrix N can be defined recursively as

2n
PE(N) =Y (1) DN PE(NZ),  PE(Noxo) := 1, (3.31)
=
where index ¢ can be selected arbitrarily, 6(i—7) is the Heaviside step function, NZ JJ denotes
the matrix /N with both the ¢-th and j-th rows and columns removed. The square of the Pfaffian
of a matrix gives the determinant of the matrix, i.e. det(N) = Pf(N)?. Moreover, pfaffians
share many similar properties with determinants.
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where the ordering 1 = (p1, . .., ptn,) is a permutation of {1,...,n}. Itis easy
to check that the Parke-Taylor factor has weight 2 under the Mobius transfor-
mation.

Given two ingredients defined in egs. (3.32) and (3.33), the integrand for tree-
level color-ordered amplitudes of gluons is [24]

ZOM(1,...,n) = C(1,...,n) P U(0, k,e). (3.34)
The integrand for graviton amplitudes takes [24]
TOR — det'T = Pt (o, k, €) Pt U(o, k, €). (3.35)

It is easy to see that the two integrands defined in (3.34) and (3.35) have the
correct weight under SL(2, C) transformation. Furthermore, they satisfy the
primary physical constraints, such as mass dimensionality, Lorentz invariance,
gauge invariance and multilinearity in polarization vectors or tensors.

In addition, using these two ingredients we can define another function that
has weight 4 under the SL(2, C) transformations,

79 (ulp) = C(u) C(p). (3.36)

Here the use of superscript “¢>” indicates that this function really describes ¢3
interactions [25]. More precisely, the CHY formula with the integrand (3.36)
computes the double color-ordered amplitude of a massless cubic scalar theory
in the adjoint of the color group U(N) x U(N).

An interesting observation is one has an elegant description for the double
copy relation between amplitudes in Yang-Mills and gravity (denote as “GR =
YM ® YM”) [24,25]. The scattering equations are universal for all theories,
and we can obtain the CHY integrand for gravity by taking two copies of the
CHY integrand for Yang-Mills, and divided by that of bi-adjoint ¢3 theory.
More precisely,

e _ () x ()

(3.37)
n 3
97 (ulp)
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More interestingly, the CHY representations for some other theories may also
be derived from the double copy relation in a similar way [130] (see also Chap-
ter 5).

Let us conclude this section with some remarks on the CHY representation of
amplitudes. More generally, for the theory that admits a CHY representation,
the integrand function takes a factorized form Z,, = LSL) I,(lR). We refer to I,(ZL)
or Z7(1R) as the “half integrand” that transforms with weight 2 under the Mobius
transformation. This makes it possible to construct CHY representations for
more theories with fewer ingredients. So far, the CHY integrands for a variety
of theories have been obtained, such as Yang-Mills, Einstein gravity, bi-adjoint
scalar, Yang-Mills-scalar, Einstein-Maxwell-scalar, Born-Infeld, Dirac-Born-
Infeld, Non-linear sigma model and a special Galileon theory [23-25,125,130—
137].






4 The scattering equations
in four-dimensional spacetime

In this chapter, we show that in four dimensions in the spinor-helicity for-
malism, the scattering equations can be decomposed into different “helicity
sectors”. We also review two types of four-dimensional formulations of am-
plitudes that were derived from Witten’s twistor string and ambitwistor string
models respectively and clarify the equivalence between them.

4.1 The helicity scattering equations

Let us recall the map from the n-punctured spheres to the space of momenta

PH(z) = <22_0a> <H(z—ab)>. (4.1)

a=1 b=1

PH(z) is a null vector. In four dimensions, it can be expressed in spinor vari-
ables (c.f. Appendix A) as follows:

PY(z) = X\*(2)\%(2), (4.2)

where \%(z) and A%(z) are spinor-valued polynomials in z of degree d and d
respectively, d,d € {1,...,n—3} and d + d = n—2. As will be explained
later, the polynomials A(z) and A\(z) may be constructed as follows:

A(z) = (H(zaa)> S A

aEN IG‘JIZ_UI 43)

_ tiA '
3y = (Ll —oa)so B
aeP iep — 0
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where 91 is any subset of {1,...,n} with length 2 < k& < n—2 and ‘B is
the correspondlng complement. Therefore A(z) has degree d = k—1, while
)\( ) has degree d = n—k—1. In (4.3), we have also introduced n additional
variables t, € CP! with a € {1,...,n}. As will be immediately seen below,
these variables can be fixed by additional equations consistently.

Plugging (4.3) into (4.2), one finds [132, 138]

Po%(z) = X¥(2)AY(2) (4.4)
_ ali[l 2 — 04) %%tﬁf ARG < _10[ _ Z_lai> Jliai
~1G-ow >y Zz_m |

a=1 Iem iem Iem

where (ab) := (04, — 0p)/(taty) and we used partial fraction decomposition
in the third line. A simple comparison with the original definition of the map
P(z) in (4.1) gives

AT

Y& 5‘? _ . a _ .
AI—Z(“)fo,Ie‘ﬁ, )\i—z(”)fo,zeq& (4.5)
iep Ien

We see that in four dimensions the scattering equations fall into different sec-
tors characterized by k£ = |91 € {2,...,n—2}. As expected, we obtain 2n
equations that can be used to determine o’s as well as n extra ¢, variables.

The two spinor-valued maps in (4.3) have introduced an overall rescaling re-
dundancy, i.e.

{)\(z),j\(z)} — {cA(z),c_lﬂ(z)} with ¢ € C* (4.6)

leaves P(z) = A(z)A(z) invariant. Thus the system of spinor-valued equations
in (4.5) has a global GL(2,C) = SL(2,C) x GL(1,C) redundancy. To be
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clear, let us perform a GL(2, C) transform as follows [139]:

_ aog + 3
— = — e{l,...

Oaq Oq ’YO'a‘l‘&’ a {7 7”}
. 5 — Byt

PO A el ) LU 4.7)

Yo+ 0

~ t

tr — tr = , IeMn

! ! yor+96

where «, 3,7, € C sastifying ad — By # 0. It is then apparent that any
cir = 1/(i1) with i € P and I € N is variant under the transformation
defined in (4.7). As a consequence, we can fix 4 of 2n variables using the
GL(2, C) redundancy. For example, in the case of {1,2} C N, by performing
the transformation (4.7) with

1 o1 1 02
a t17 B tl ) ’y t27 t2) ( )
we can fix four variables (o1, 02, t1, t2) as
01=0, t1=-1, t9=09— 0. 4.9)

Accordingly, only 2n—4 of the 2n equations in (4.5) are independent. In fact,
these equations imply momentum conservation [139, 140]. In other words,
we can identify four redundant equations with the momentum conservation
constraint. More precisely, for any {1, J} C 91, one has

\&
(]

52<X? -3 (?Z)) 52<x3 -3 (fm) = J>264<ZHZAZ‘X:}>. (4.10)
a=1

icp 1€P

Similarly, for for any {7, j} C 33, one has

52<A? -3 5%) 62<)\§“ -y 5%) = [ij]254<2Ang>. @.11)

Ien Ien

We put the detailed derivation in Appendix B.
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The equations in (4.5) were originally derived from the four-dimensional am-
bitwistor string model by Geyer, Lipstein and Masin (GLM) in [28]. They
have also appeared much earlier in the context of open twistor string the-
ory [139]. As mentioned in the introduction chapter, there was another contour
integral representation for supersymmetric gauge theory amplitudes in four-
dimensional spacetime, which was derived from Witten’s twistor string [8] by
Roiban, Spradlin and Volovich (RSV) [16]. A crucial ingredient of the Witten-
RSV formalism is a set of equations as follows

n
D taoh'AG =0, m=0,1,....d,
o=l 4.12)

Compared to the system of equations (4.5), there are more equations and more
variables, p% (m = 0,...,d), are involved besides o, and ¢,. Like the equa-
tions (4.5), the system of equations in (4.12) is characterised by an integer
d = k—1. Unlike (4.5), the equations in (4.12) are manifestly permutation
invariant on particle labels {1,2,...,n}.

The number of independent solutions for the scattering equations in both (4.5)
and (4.12) in sector k is given by the Eulerian number <Z:g> [22,141]. It is
well-known that [142]

n—2
3 <Z B ;’> = (n—3)! (4.13)
k=2

in agreement with the fact that the D-dimensional scattering equations in (3.5)
have (n—3)! independent solutions. As we will show in the following, for
both gauge and gravity theories exactly the sector-k (or d = k—1) equations
are needed for the amplitudes in helicity sector k (e.g. those with &k negative-
helicity gluons or gravitons). Because of this reason, we refer to them as also
(four-dimensional) helicity scattering equations. Moreover, we call each divi-
sion of particle labels into 91 and ‘P the “helicity configuration” of the helicity
scattering equations in (4.5).
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Equivalence between (4.5) and (4.12)

A natural and important question is about the equivalence between the two
forms of helicity scattering equations, (4.5) and (4.12). We discuss the relation
between them in the following. This part is based on the paper [132].

It was first pointed out in [143] that the equations in (4.12) can be viewed
as the constraints on ¢’s through those on the so-called Veronese form of the
Grassmannian (i.e. £ x n matrix up to GL(k) transformation). From (4.12),
we see that the form of the matrix (the “C-matrix”) reads [143]

Cmt1,a = teoy', for m=0,...,d, a=1,...,n. 4.14)

Viewing A&, 5\3‘ both as n x 2 matrices, and pS, as 2 X k matrix, the Witten-
RSV scattering equations (4.12) become

C-A=0, X'—p.C =0. (4.15)

Here the dot “-” and symbol “T” denote matrix multiplication and transpose
respectively. Geometrically speaking, this means that the k-plane C is or-
thogonal to 2-plane )\, and it contains the 2-plane A. For our purpose it is
actually more convenient to rewrite the latter constraints as the statement that
the orthogonal complement of C, denoted by C+ (which is a (n—k)-plane or
a (n—k) X n matrix), is orthogonal to the A-plane. Thus (4.12) becomes

C-A=0, ct-A=0. (4.16)

To relate this form to the equations in (4.5) simply requires a GL(k) transfor-
mation such that a k x k submatrix of C' becomes the identity. For convenience,
without loss generality, we try to transform the first £ columns and rows of the
C into the identity, i.e.,

C=LC= (Lpxk|Crxtnr)- (4.17)

The k£ x k matrix L has been exactly worked out [132]

-1
Ly = (tf I1 UIK) Y1, (4.18)

K#T
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where Y7 is the degree k—J terms of the following polynomial:

o= [J(-ox) (4.19)

K#I

Substituting eq. (4.18) with (4.19) into eq. (4.17) gives

. “1
Cra = > LisCra = (“ 11 "fL) (ta 11 UaJ) (420

= LAI J#I

A simple algebra shows that C;; = d;7, as expected. The remaining part
has been previously spelled out as the so-called link-representation form [140,
144]:

tillyzroia

Cri =
ot [ksrox

. k<i<n. 4.21)

Note that after the fixing it is trivial to write C* (see below). By performing
the transformation

- - 1 .
ti = tifi, i1 = PR with 8; = [[ois, Br = [[ o, 4.22)
11 7 K#I

we can absorb an overall factor in (4.21), and the variables C;; become
trt;

Ol

Cri =

(4.23)

Let us spell out the constraints C - A =CL -\ =0inthis gauge-fixed form:
(Lexcr | Chx(ni)) - A = Opxa,

(( =) sy | ﬂ(n—k)x(n—k)) A = Om—k)x2;

which are exactly the GLM helicity scattering equations (4.5) up to rename ¢,
as t,. Therefore, we have shown precisely that the GLM scattering equations

(4.24)

(4.5) are nothing but the gauge-fixed or link-representation form of the Witten-
RSV scattering equations (4.12).
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4.2 From helicity scattering equations to helicity amplitudes

In the previous section, we have shown that in four-dimensional spacetime
in the spinor-helicity formalism the scattering equations are reduced to two
forms of helicity scattering equations, given in (4.5) and (4.12) respectively.
We turn to the formulas for the scattering amplitudes based these equations in
this section. As a warm-up, we focus on the maximally supersymmetric Yang-
Mill and Einstein gravity theories in this section. We systematically discuss the
effective field theories, including DBI, NLSM and a special Galileon theory,
in the next chapter.

On-shell superspace

In order to proceed, let us first provide a very brief introduction to the on-
shell superspace. N = 4 super Yang-Mills has 2* = 16 on-shell degrees
of freedom: two gluons, 4 gluinos and 8 scalars, which transform into each
other according to supersymmetric generators. By introducing Grassmann odd
variables n (A = 1,2, 3,4) which transform in a fundamental representation
of the SU (4) R-symmetry, we can assemble the 16 states into a single on-shell
sperfield [145, 146]

1
M () = g" + 0 Ta+ n'n"6as
! (4.25)

1 = -

+ g1 eapenl” + ntntn’n' g~

It turns out that it is convenient to assign the helicity h = 1/2 to each n* such
that the on-shell superfield ® has a uniform helicity h = 1. We define the
space parameterized by (A$', 5\20‘, 77;4) as the on-shell super(-momentum) space

where the on-shell superfield ®; lives in. In the on-shell superspace, one can
define the supersymmetry generators as

. !
= N, gt =

i 8777 (4.26)

which satisfy the SUSY algebra:

{a74, a5} = 0 ATXY. (4.27)
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In the on-shell superspace, we define the superamplitude as

Mn({Ala S\ia 771}) = <(I)1()‘17 5\17 771) e CDTL()‘TH 5\n7 7771)> ) (428)

which is invariant under the supersymmetry generators in (4.26). Its external
legs are on-shell superfields and, thus it packages all component amplitudes
into a single object. According to the on-shell superfield (4.25), a superampli-
tude can be expanded as a sum of polynomials in n*

n—2

(i) =Y Sk (mi), (4.29)
k=2

where .27, j, has Grassmann degree 4k and is referred to as the superamplitude
of sector k since it incorporates all n-point N*~2MHYV amplitudes. Component
helicity amplitudes with gluons, fermions or scalars can be read off from the
n-expansion of the superamplitude.

Similarly, the 256 on-shell states of the supermultiplet in A/ = 8 supergravity
can be organized into a single on-shell field:

1 1
D (n) = hT + A4+ o0 n'nPuap + gnAnB n°XaBc
1 : : (4.30)
+ E”AnBUCnDSABCD + ey

where A =1, ..., 8 are fundamental indices of the SU(8) R-symmetry.

Superamplitudes

Given the superspace, supersymmetry dictates that we include fermionic delta
functions for n’s in the same form as those for N’s. Now we can write down
the formulas of superamplitudes in A" =4 SYM or N' = 8 SUGRA and see
how the measures and integrands of these two forms transform between each
other. Let us start with the GLM form

i = [ DT ), (431
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where for convenience, without loss generality, we take 0t = {1, ..., k}
d W) . H d*5, ﬁ 2|V )\ | zn: titi ()\’ )
/’LnJ@ = VOl GL 1 771 A Ol (3 7’7/
I=1 i=k+1
n k 7
t;t
H ( -y )\1> : 4.32)
04l
i=k—+ I=1

with d?G, = doadt,/ts. In (4.31), o, is considered to be n-point super-
amplitude of k-sector in A'=4 SYM or ' =8 SUGRA. As we will see why
shortly, we have indicated the explicit dependence of the rational-form inte-
grand on ¢;, t;. Performing the transformation in (4.22) and keeping track of
the Jacobians, we get

N) i TT 4 -
Jz{mk :/dgfz,k)(vk)4 N< H B; 2) (H 62 t4>I(GLM) Bits, fB%I)’ (4.33)
i=k+1

where the GL(k) transformation is performed and we have defined the Jaco-
bian

Vi = <fI[’ff> ( I1 UJK), (4.34)

J#K

as well as the Witten-RSV-form measure with N supersymmetries

W) _ a1 d?oa 2N
A = vol GL(2,C) H o (Zt % )\ ) )
n d
X /d%p H 52 (ta Z PmOy — >\a> , (4.35)
a=1 m=0

where d = k — 1 and d?0, = doadta/tz. From (4.33), we find that the
integrand with Witten-RSV scattering equations (4.12) is related to the one
with the GLM scattering equations (4.5) in a simple way:

Ig,z;f\’)(ta) = (Vk)4N< H @2) (H 32 t1> (GLM)(Bz N m) (4.36)

i=k+1
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To summarize, we have exactly shown how the two types of formulas for am-
plitudes that are based on two kinds of four-dimensional helicity scattering
equations are related to each other. These are part of the main results of this
work, which have been published in [132].

Superamplitudes in A'=4 SYM and N =8 supergravity

Now we show the precise formulas for N' = 4 SYM and N' = 8 SUGRA
amplitudes by writing out explicit integrand Z,, j.

From (4.36), a remarkable property is the formulas with two forms of the he-
licity scattering equations have identical integrands for ' = 4 SYM. This
integrand is just the Parke-Taylor factor [28]

1

PEW) = o) aarma) - Gngin) (437

Thus for color-ordered superamplitudes in ' =4 SYM, we have

SYM _ (N=4) 1
A (1,...,n) = /d,un’k (12)(23) - (n1) (4.38)
_ (V=4) 1
- /dek 3 (4.39)

For N'=8 SUGRA amplitudes, the formula with the GLM scattering equations
reads [28]:

MR — / A=) det'Hy det'H, ., (4.40)

where det’ denotes the minor with any one column and one row removed (since
the rows and columns add up to zero), and H and H are k x k and (n — k) x
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(n — k) matrices of the form:

b
H,p = (ab) fora b, Huy = —ZHQI,, a,beN;

(ad) ’ et
. (4.41)
Hy = lat) fora # b, ﬁaa:—Zﬁab, a,be’P.
(abd) e
b#a

Note that the integrand det’Hl, det'H,,_;, is not permutation invariant, but
when we rewrite the formula with the Witten-RSV form of scattering equa-
tions, the integrand obtained from (4.36) becomes those in [17, 18], which are
permutation invariant. Henceforth for simplicity, we will only write the for-
mula with the scattering equations (4.5) explicitly, the formula using Witten-
RSV form can get from (4.36).

Interestingly, the formula for double-partial amplitudes in the bi-adjoint ¢3
theory has been obtained with the help of the Witten-RSV scattering equations
in [147]. By (4.36) we can translate it into a formula with the GLM scattering
equations (4.5):

(1) PT(v)
442
M’V Z/ nkdet deet Hn k ( )

where we have Parke-Taylor factors with orderings p, v and the determinants
appeared in the gravity formula (4.40). It is interesting to see that the formula
for the bi-adjoint ¢3 theory in (4.42) is more complicated than A" = 4 SYM
as well as /' = 8 SUGRA, especially in that one has to sum over all sectors.
Each k sector gives contributions (“scalar blocks” [147]) with unphysical poles
which only cancel each other in the sum over sectors.

As we have shown for general-dimensional case in Chapter 3, the formula for
gravity can also be derived from the double-copy of Yang-Mills, divided by ¢>.
From the observation of [147], a nice feature of the four-dimensional formulas
is that this double-copy procedure works for each k-sector individually: one
can easily derive (4.40) from (4.38) and (4.42) for each k [147].

We end this chapter by evaluating amplitudes by the scattering equations in
the simplest sector. At the MHV sector, <”83> = 1, thus the helicity scattering
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equations have only one independent solutions. By using GL(2,C) redun-
dancy to fix four variables according to (4.9), then we can explicitly write
down this unique solution

—~

(1) = 42 (12)° (i j)

a2 D=y WS ey g ey

(4.43)

Plugging this solution into the formula (4.38) gives the MHV superamplitude
of N =4 SYM:

5 ()
Ap(1,2,...,n) = o8 (T} (4.44)

where p and ¢ denote total momenta and super-momenta respectively,
n n
P = D NN, ¢ =) At (4.45)
i=1 i=1

The nin?n3ninin3nins component of (4.44) gievs the MHV gluon amplitude,
as shown in (1.1). Similarly, by evaluating the gravity formula (4.40) in the
MHYV sector in a same way, we can obtain the MHV superamplitude in A" =8
SUGRA [148, 149].



5 EFT S-matrices
from the scattering equations

Being parallel to /=4 SYM and N/ = 8 SUGRA discussed in the previous
chapter, we develop new representations for the four-dimensional scattering
amplitudes in some effective field theories, including maximally supersymmet-
ric Dirac-Born-Infeld-Volkov-Akulov theory (DBI-VA), the U (V) non-linear
sigma model (NLSM) and a special Galileon (sGal) theory in this chapter.

While the formulas for amplitudes in the DBI, NLSM and sGal have been pro-
posed based on the D-dimensional scattering equations in [130], we develop
new representations for these theories using the four-dimensional helicity scat-
tering equations in this chapter. Our motivation is multifold. First, a signifi-
cant simplification appears in the helicity amplitudes in these theories in four
dimensions since only the middle sector k = n/2 is needed for amplitudes in
these theories, as pointed out in [130]. Second, we find that the formula for
DBI amplitudes begs to be put in the supersymmetric form in four dimensions.
This is parallel to the cases of gauge and gravity formulas in four dimensions,
which take nice forms as we include the supermultiplet and write them in a
manifestly supersymmetric manner [16—18], as have been shown in the previ-
ous chapter. The formula naturally leads us to find the maximally supersym-
metric completion of the usual DBI theory. Third, the new four-dimensional
formulas allow us to nicely derive the universal factorized form of amplitudes
in the case of the emission of two soft particles (known as “double soft theo-
rem”), in particular in the supersymmetric extension of the DBI theory. Soft
theorems play particularly important roles in these EFTs. For example, the
famous Adler’s zero means that the emission of a single soft Goldstone bo-
son gives vanishing amplitude [115, 150], and double-soft emission probes the

43
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coset algebra structure of the vacuum (c.f. [151] for double-soft-scalar emis-
sion in /' =8 SUGRA).

This chapter follows the paper [132]. In Section 2.3, we have provided a brief
introduction to the theories under consideration in this chapter. The rest of the
chapter is organized as follows. We present new formulas for all tree ampli-
tudes in the maximally supersymmetric extension of the DBI theory based on
the four-dimensional scattering equations; then we use the double copy rela-
tions to derive the formulas for amplitudes in the NLSM and the sGal in the
next section. We use the four-dimensional formulas to derive various double
soft emissions of amplitudes in various theories in Section 5.2.

5.1 New formulas for EFT amplitudes

Let us begin with the on-shell superfield of the N = 4 supersymmetric com-
pletion of the DBI theory

DBI-VA A 1 4
PN = 4T 4 ¢A+*2|77 n-SaB
' (5.1)

+ %nAnB nCeapcp®” +n'nn*nty,

which shares the same structure with ' = 4 SYM but has very different
particle contents. Gauge vectors, called “BI photon” or “photon” for short,
singlets in the SU(4) R-symmetry, are from the DBI theory (2.37). Scalars
Spa = —Sap are described by the DBI Lagrangian (2.37). The fermionic
sector is known to coincide with the Volkov-Akulov (VA) theory (2.46). In
the on-shell superfield (5.1), fermions 4 and scalars S4p carry fundamental
indices of SU(4) R-symmetry.

It is well known that for photon scattering in BI theory, only helicity-conserved
amplitudes with even multiplicity are non-vanishing. By supersymmetry this
generalizes to the superamplitude, thus we will only have the middle sector
k = n/2 for even n. Let us write out the measure with the helicity scattering
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equations in eq. (4.5)

n n/2
W) _ d*a oy 1
Uz = olGL(2,C) ,_lgﬂé <Az ; an
n/2 n
5 1 .
><H52W<(>\zlm)— 3 (U)wn»). 52)
I=1 =241

We will omit the subscript £ = n/2 of the measure in this chapter.

It turns out that we only need one more ingredient for writing down the formu-

las for amplitudes in all the three theories. We define an n X n antisymmetric

matrix X,, with entries

2k, - kp
(ab)

It has two null vectors and we define the reduced pfaffian and determinant as

Xoo =0, Xup = for a # b. (5.3)

_ )it .
prx, = ) pr il
(i7)

One can show that the rank of the matrix X, is less than n—2 when we plug

det'X,, == (Pf'X,)>. (5.4)

in the solutions of four-dimensional scattering equations in any sector except
the middle sector k& = n/2 [130]. Thus det’ X,, is only non-vanishing for the
sector & = n/2, which already suggests strongly that it should appear in the
formula for NV = 4 super-DBI-VA. The formula for the complete tree-level
S-matrix in this theory reads:

MperDBIVA / dpl) det'X,,. (5.5)
As shown in [130], one has double-copy relations for the special Galileon the-
ory and super-DBI-VA:

BI = YM ® NLSM, super-DBI-VA = SYM ® NLSM, (5.6)
sGal = NLSM ® NLSM, 5.7
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where in the first line the second relation follow from the first one by supersym-
metry. From these relations, it has become clear that the formula for NLSM
and sGal must take the form

1 det’ X
NLSM(1 9 :/ (0) L )
My (1,2,000,n) dpiy (12)(23)---(nl) H, ~’ ©-8)
det'X,,)?
M;Gal — /dM'I(’LO) (e];I)7 (59)

where we have defined H,, := det'H,, /> det'H,, 5. It should be noted that the
formula in (5.8) computes the color-ordered scalar amplitude in the BLSM.
Unlike the bi-adjoint ¢3 theory, these scalar amplitudes are only non-vanishing
for the & = n/2 sector of the solutions to four-dimensional scattering equa-
tions. This can be explained from the appearance of det’ X, as already noticed
in [130]. The double-copy relations (5.6) also specify to the middle sector in
four dimensions, where only the term k = n /2 in (4.42) is needed [147].

We have very strong evidence for the new formulas, (5.5), (5.8), (5.9), by com-
paring with their general-dimension CHY formulas, or by studying their fac-
torization properties directly. More explicitly, we have computed numerically
up to six points and verify that they give correct amplitudes. For example, by
directly evaluating (5.5) for n = 4 we find

super-DBI-VA 4 0|8 [3 4] ?
My =0"(p)6"°(q) 7 (5.10)
(12)
where
. 4 ~ . . 4 ~ .
P =D AN, =) el (5.11)
a=1 a=1

Similarly we have checked six-scalar amplitudes in all three theories, as well as
six-photon amplitudes [152], two-fermions-four-photon and two-scalar-four-
photon amplitudes [153], as well as six-fermion amplitudes' in A = 4 super
DBI-VA.

!The six-fermion amplitude in Volkov-Akulov theory was obtained in [154], and very re-
cently reproduced in [135] using a formula similar to our (5.5).
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5.2 Double soft theorems

In this section, as both consistency checks and important applications of our
new formulas proposed in the previous section, we derive the double soft the-
orems in N = 4 super-DBI-VA, NLSM, sGal. We also discuss some double
limits in /=4 SYM and V=8 SUGRA [28].

As shown in [44], in the simultaneous double soft limit, there are two types
of solutions to the scattering equations — those non-degenerate ones, i.e. all o’s
are distinct from each other, and a unique degenerate solution with the two
o’s of the soft legs coincide. We find the same conclusion for the solutions of
four-dimensional scattering equations (4.5).

The key observation [44] is that, when the contribution of the degenerate solu-
tion dominates over that of non-degenerate ones in the double soft limit, one
can derive double soft theorems by evaluating the formula for the degenerate
solution only. Here we will see that it is indeed the case for all superampli-
tudes in A/ =4 super-DBI-VA involving the emission of a pair of soft photons,
fermions or scalars.

Let us start with a (n+2)-point amplitude with even n in N'=4 super-DBI-VA
theory,

Myto = / ), det' X, 1o, (5.12)

and here we write the measure d,ugi)w as,

P2nt2), "2 aaf 5 i) Oglnp)
wiareo L’ (W'mhzggﬂ - )

214f /3 . - (5‘z|771) _ (5‘19’7719)
e ((Aq%) i:%ﬂ (ai)  (ap) ) -1

n/2 n/2

< AL #(-Xa5-)* (- Zon-o9)

i=n/2+1 I=1 I=1
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where I = n+2,1,...,n/2and i = n/2+1, ..., n, n+1. For the sake of brevity,
here and in the rest of this section we denote the indices n+1 and n+2 as p
and g respectively.

To be concrete, we perform anti-holomorphic and holomorphic soft limits for
the external legs p and g respectively, and introduce a small real parameter € to
control this simultaneous double soft limit:

Ap = py Ay = €Ny, (5.14)

while \,, 7, and )\, 7, stay finite [151]. In this limit, we have (ab) ~ O(1)
for non-degenerate solutions, while for the degenerate solution, (pq) ~ O(e).

Now we can study the scaling behavior of the formula in € for both degener-
ate and non-degenerate solutions. In the double soft limit (5.14), the bosonic

part of measure (5.13) behaves as dMS)J)rQ ~ O(e) for the degenerate solution

and duﬁf% ~ O(€") for non-degenerate solutions while det’ X,, .o ~ O(e?)
and det’ X, o ~ O(e?) for the degenerate solution and non-degenerate ones

respectively.

We also need to consider the scaling behavior from fermionic delta functions
in the measure (5.13), which strongly depends on the SU(4) flavors of the
soft particles. Let first recall the on-shell superfield (5.1) and the following
fermionic d-function in the measure (5.13)

n n/2 n
o4, N Mp o4, i Tp
’ (”q 2 T <qp>>H‘S (’” 2 3 <Ip>>‘ G

=241 I=1 =241

While it is obvious that for any pair of soft particles, it is O(1) for non-
degenerate solutions in the limit (5.14), the case for the degenerate solution
is more subtle. One needs to distinguish between two cases: (i) when the two
soft particles form a SU (4) flavor-singlet, i.e. (y*, v~) photon pair, (¢4, ¥*)
fermion pair, or (S4p, SAB ) scalar pair?, and (ii) when they do not form a sin-
glet, e.g. (v, ¥7) or (Sap, SPP).

?In the on-shell superfield with A" supersymmetries, fundamental indices of the SU(N/)
R-symmetry are raised and lowered using the Levi-Civita symbol. For example in N' = 4
super-DBI-VA, S48 = 1eABP g0 .
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e For the first case, the leading-order contribution comes from picking out
all nj,, ng from the last fermionic delta function of (5.15), and the remain-
der becomes exactly fermionic delta functions for n-point formula. The

2—2s

last fermionic delta function evaluates to 1/(p q) which behaves as

O(€%372), where “s” denotes the spin of the soft pair.

e For the second case, we also have one 7, from other fermionic delta
1-2s

functions, and the factor becomes 1/(p q)
When combining with the bosonic measure and integrand, for both cases, the
contribution from degenerate solution always dominates. The second case is
sub-leading compared to the first case, so we refer to the latter as the “leading-
order” double-soft theorems and the former as the “sub-leading” ones. We first
discuss the leading-order case and postpone the very interesting discussion of
the subleading case to the end of this subsection.

It is convenient to introduce the change of variable for the degenerate solu-
tion [44]

§ §

Op = P—€3, Uq:p+e§, (5.16)
with o4, = €£ ~ O(¢), and we have do,do, = edpd§. In these variables,
the integrand, det’X, can be written as

/ 2 qutgtg / 4
det' X140 = € Tdet Xn + O(€), 5.17)

and we can write the complete measure involving a pair of soft particles of
spin s in a unified form:

—2(1-s) .
aplll, = ¢ (‘Eg) s dpds o2 (€9)2(£5) dyi?) + O(e)
tptq tptq
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with
_ - | S
E&h = )\, — 2\ — P \a 5.18
1o @) e o1
i=n/2+1
n/2
1 tot
O =\ ¢ 4 B\ 5.1
=TGNt e 19

Our task is to perform the integral over ,,t,,{ and p by using the four addi-
tional delta functions above. For this purpose it is convenient to rewrite these
delta functions as

s&\ [pi] —~ [qi] t 1
52(5q) = tptq ( Z pq qu) (i;_l[qp]tpaqi +§>7
n/2 n/2
ol ENERA )

tptq (PQ) “— (qp) opI =
(5.20)

It is clear now that from the RHS of (5.20), we can use the two delta functions
without § to fix ¢, t4:

n/2 n .
71—2@’” a-y bl
th = tyh = Pl o (5.21)

{ap) opr’ i=n/2+1

After integrating out ¢, 4, the formula in the double soft limit (5.14) becomes
MgLSJ)rQ _ (_1)172S€1+28 / du1(14)det/Xn

/dpdf toty 2864 2s (fl) (f2)+0(€2+28)3 (5.22)
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where we used the superscript (s) for the spin of the soft pair. Here we also

denote
n ) n n/2
[QZ] t; 1 1 1 [ ‘q’[> trt; 1
=y mL Lo L Pall)trts | 1
i:7§rl lapl tp oqi € Spq i:%l ; OpIOgi £
(5.23)
/2 /2
£ = "Z<pf>t11_1 NN - el trti 1
= (rq) tgopr  § Spq i=m 1 1=1 Opl0yqi §

and in the second equality we have plugged in the solution for ¢,,t, given in
(5.21).

Now the problem of integrating over p and ¢ resembles that in deriving double
soft theorems in arbitrary dimensions in [44], and we recall the transformation
of the delta functions,

6(f1)6(f2) = —20(f1+ f2)d(f1 — fa). (5.24)

The key point here is to note that f; 4+ f5 can be simplified to particularly nice
form as a sum over {1,...,n}. Let us make a partial fraction decomposition
for 1/(oprogi), then fo + f can be written as

noon2 1\ i I
b= 2 (A - el

pa n/2+41I=1

:_1{ S L el oD

Spq p—0it (i 1)

i=n/2+1

n/2 n .
5 [z!<p+'q>f>}. 5.5
zn/2+1 (IZ)

By the scattering equations (4.5), the two inner sums simply give [i|p + ¢|7)
and [I|p + ¢|I) respectively, and then we obtain

Spq P = Oa

%,
ﬁ+ﬁ——§g—iﬁﬂ (5.26)
a=1
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The same technique works for f; — f5, and one obtains immediately the solu-
tion for £ from f; — fo = 0 as follows

n n/2 .
1 1 ) [il(p — q) |T)
¢ o %+1;< —a, p— oy (11)
— 1 w (5.27)
Spg == P —0a

Similarly, from eq. (5.21) and eq. (5.16) one can get a similar result for ¢,,¢,:

e no 2 1 i1
tpltql _ Z Z( _UI> [p(]ii_)tﬁ

g i= n/2+1] 1

_ b Z lpa] {aq) (5.28)

Spg S P~ Oa

Now we can package everything together. First we localize the ¢-integral by
0(f1 — f2), and regard the p-integral as a contour integral with contour C en-
circling the zeroes of f; + fo =0,

Mﬁz _ (—1)1‘2561+25/duﬁf)det’Xn

dp spq (tpty) 2 ¢~20-9) 242
X P — + O(e“7%). 5.29
fé 27 fi+ /o ( ) ( )

Plugging eqs. (5.26), (5.27), (5.28) into eq. (5.29) immediately gives

ME) g = (—e)tH2s / dpMdet' X, (5.30)
n[plalg))** n o hy(p—q) ) 217
dp (Za:l P“’a) (Zb:l =T ) 2425
X D & =+ 0(6 )
¢ 2mi Dt %

This integral do not receive the contribution from a simple pole at p = oo due
to momentum conservation in the numerator. Thus we only need to consider
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simple poles at p = o, witha = 1,2, ..., n and obtain by the residue theorem

), — varys o= P) TR0l ) anney (53
2ka : (p + Q) " . ‘

a=1

It is highly non-trivial that the combinations appeared, fi+ fa, f1 — f2 and t,,t,,
all become a sum over ¢ = 1, ..., n, which is what we need to derive the nice
soft theorems (5.31). The key for this to happen is the use of scattering equa-
tions (4.5). Note that these theorems now directly hold for superamplitudes in
four dimensions, i.e. hard particles can be any particles in supermultiplet (5.1).

The double soft photon limit (s = 1) and double soft scalar limit (s = 0) in the
DBI theory are obtained using CHY representations in [44], while the double
fermion limit for s = % without flavors is conjectured by studying six-fermion
amplitudes in Volkov-Akulov theory [155]. Here we have shown that these
seemingly different double soft theorems can be unified for superamplitudes
in N'=4 super DBI-VA and this unified form (5.31) certainly deserves further
study.

Sub-leading theorems in N = 4 super-DBI-VA

Now we turn to the case that the two soft particles are not in a flavor sin-
glet of SU(4), and for simplicity, we consider (14, ?) fermion-pair, and
(Sap, SBP) scalar-pair.

For convenience, let us first rewrite the fermionic -function (5.15) here

n n/2 n
0]4 _ o Ty 0[4 _ o N
’ (”q 2 W >H5 (”’ 2 T <Ip>>’

=L+ (ap) ) 1 =L+

and take a closer look. Unlike the single-flavor case, here we pick 77;,4 from
one of those J-functions with 77, and the remaining three 7’s, (772) g fors = %
or 775 (772) gp for s = 0, from the first J-function. The operation of extracting
77;)4 from those J-functions amounts to taking derivative d/0n; with a factor
1/(I p) and a sum over I. Furthermore, an additional 7 from the last §-function
must come from the sum ), 7;/(q4). To be more precise, by projecting upon
the relevant terms in the 7, and 7, one finds the fermionic part of the measure
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contributing to the leading soft limits,

n/2

Eé 2s—1 n 9 . )
_< tpt ) Z Z (qi)( 7713877 o )(]:n) +0(e*), (532)

S+11=1

where we denote the product of fermionic J-functions, and the SU (4) genera-
tor on the leg a as:

i 0
0 (F H504(’71 > (?i)>, (Ra)B;}EUaBanA- (5.33)

i=n/2+1

Performing a partial fraction decomposition for 1/(q1)(Ip), then (5.32) can be
written as

s n/2 n B
()2 | (tptg)* (™ ){ 1 Z i Oy

1-2s _ )
3 il et (¢ 1)
1 Lnfoy, (2n)
¢ 2n 2s
+ Z Z (”)f }5 (Fn) +O(®)  (5.34)
= n/2+1 I=1

Like the bosonic case, further simplification can be done for the two terms in
the curly brackets by using the following relations of Grassmann variables:

n

> L 4 A E/: 9 (5.35)
T =N . .
i=n/2+1 (I9) ! a771 87724

The first set of equations are sometimes referred to “fermionic scattering equa-
tions”. In the second set of equations, derivatives w.r.t. Grassmann variables
act on the fermionic d-functions §(>)(F,,) defined in (5.33), and these equa-
tions can be derived from the first set of equations. Finally, eq. (5.32) becomes

2(1—s) M B
—(—6)25_1 (tptgql)_zs Z (pR_a)UA 5(2n)(fn) 4 0(628). (5.36)
a=1 a

Note eq. (5.36) ~ O(e2*71) as we claimed, which means that the double-
soft behavior is sub-leading for non-singlet soft pair, compared to the singlet
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pair. However, recall behavior of du(?) and det’X, it is still the case that the

degenerate solution is dominant at this order, see also table 5.2 at the end of the

(s)

section. By eq. (5.36) and repeating the exact same derivation gives for M, ",

— (—e)2+2squ/d,u§lo)det/Xn

2s 1-2s
n a n g N (R.)B .
(B () 2
" ?{ 7/) =1 g c=1 +O(63+28).
c 2mi S kq-(p+9q)

—0,
=1 pP—04q

Similarly, performing the p-integral by encountering simple poles at p = o,
yields

n 1-2s 2s
() _ 2425 (ka - (g=p)) " Iplalg)™ 5 0 | 3+2s
Mn+2 =—¢ Spq ; Qka | (p+q) Na anaan =+ 0(6 )

(5.37)

for two soft fermions (14, 1)?) emission (s = %) and two soft scalars (S4p,
SBD) emission (s = 0) respectively. The result bears striking similarity with
the double soft scalar theorem in A/ = 8 SUGRA [151] (see [156-158] for
recent works on double soft behavior in N'=4 SYM). In that case, the theorem
directly probes the coset structure (E7(7)/SU(8)) of the vacua, and we hope
that our results here, which has a similar structure, can be useful for studying
the coset structure of A" =4 super-DBI-VA theory.

More double-soft theorems

Having established all double-soft theorems in super-DBI-VA, we now briefly
discuss double soft theorems for NLSM, sGal, as well as those in V=4 SYM
and N' = 8 SUGRA. For color-ordered amplitudes in SYM and NLSM, we
will focus on the case that the soft particles are adjacent.

All we need are the behavior of the Parke-Taylor factor and that for det'H det'H,
in the double soft limit. In the double soft limit (5.14), for non-degenerate so-
lutions, the Parke-Taylor factor has leading order behavior of O(1), while for
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the degenerate solution, it is straightforward to get

1
(12)--- (np)(pq)(ql)

_ 1 tlg (1 1 .
T2 e <p_an B p_m) +0().  (538)

Similarly, in the double limit, det'H det'H ~ O(€?) for non-degenerate solu-
tions, while for degenerate solution we have

det/Hk+1 detlﬁn,k+1

k n
= ¢ (— Zqu> det'H, (— > Hm-> det'H,—j, + O(¢?)

I=1 i=k+1

det'H, det'H,, 1, + O(€%)

n
2 [pla|q)
= —2tyt
€ pq;pg

= —€? 5y, det/Hy det'H,,_ + O(€), (5.39)

where the same trick as the case for f1 £ f5 and t,t, is nicely used again. Of
course, it also holds for k& = n/2 with n even, namely H,, 12 = —e2quHn +
O(€?) in the same limit.

We summarize the soft scaling behavior in € for all the (bosonic) building
blocks in table 5.1.

Building Block O(d) O(nd)
dp(©) 1 0
det’ X 2 4
Parke-Taylor factor -1 0
det’'H det'H 2 2

Table 5.1: Leading scaling behavior in soft parameter ¢ of the building blocks
in the double soft limit (5.14). Here “d” and “nd” stand for the degenerate and
non-degenerate solutions respectively.
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For U(N) NLSM and the special Galileon theory, let us recall the formula for
their amplitudes:

1 det/Xn+2

MNESM(1 npg —/d (0) . (5.40)
2 )= e ) ) pa) (@) Hoe
det’ X 2
sGal 0 n+2
MG, — /d 5;2(}[) (5.41)
n+2

By power counting of the soft parameter e for building blocks, again we find
the soft scalar limits at leading order only receive the contribution from the de-
generate solution. The same derivation as for super-DBI-VA gives the leading
double soft scalar theorems:

Mopia(1,...,n,p,q) = €"SM,(1,...,n) + O™, (5.42)

where m = 0 for NLSM and m = 3 for sGal, and soft factors are given
respectively by

SINLSM) _ kn - (p—q) k1-(q—p) (5.43)

2k, - (p+q)  2k1-(q+p)

2
(sGal) _ ) 44
S Spq Z e (pt+q) (5.44)

which coincide with the leading-order results of [44]. Note that single and
double scalar emissions in NLSM were also investigated in [106, 159, 160].

Finally, we make a classification of double soft theorems for N'=4 SYM and
N = 8 SUGRA. Unlike the case for the other three theories, the degenerate
solution does not always dominate for leading double soft limit in N'=4 SYM
and N = 8 SUGRA, as listed in table 5.2. For N’ = 4 SYM, the degener-
ate solution still dominates for the following three cases, giving double-soft
theorems:

Anta(...,Ta(p), T4(q)) (5.45)

_ 11/ plkala)  plkilg) 0
€y <2kn-(p—|—q) zkl'(p+Q)>An+O( )
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Api2(...,0a5(1p), *P(9)) (5.46)

11 (k -9 k(-0
2kn - (p+4q)  2k1-(p+q)

) du 0,

6 Spq

Ania (... dap(p), 9" (q)) (5.47)
_ 1< (RS (R)G
2%k

e\2k,-(p+q) 2ki-(p+q)

Similarly for A'=8 SUGRA, we find that for the following cases of double-
soft particles in the supermultiplet (4.30), the degenerate solution dominates

) A, 4+ O(Y).

and we have the corresponding double-soft theorems

Moia(. .., vap(p),7*2(9)) (5.48)
€ <~ I[plalg)® 2
= M, + O(2),
p-qaz_12ka~(p+Q) +OE)
M2 (- xape(®), X PC(q)) (5.49)
1 ko (p—q)plalg)
= —— M, + Oe),
Spq ; 2ka - (p+q) (©

Moia( -, xape®), ¥PPE(q)) (5.50)

_ 3 _lplde)
o ; o (p ) A M O,

Moia(. .., dapcp (@), 8PP (q)) (5.51)

11 K (ka0 —0)”
—Gqu 12k:( )M+O()

Muio(-..,¢apEr(p), <Z5BDEF(Q)) (5.52)

_ B
Z% p+q R.)B, My, + O(e).
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Now we have obtained, from formulas with the four-dimensional scattering
equations, all these universal double-soft theorems, among which some are
new, and others are known previously. The most famous one is the double
soft-scalar theorem (5.52) in /' = 8 SUGRA [151], and more recently, dou-
ble soft graviphotino (spin-1/2) theorems in supergravity were studied in four
dimensions as well as three dimensions in [155, 161]. The double soft gravi-
ton emission was also studied in arbitrary dimensions using the CHY formula
in [162]. In N =4 SYM, double scalar theorems (5.47) were obtained us-
ing BCFW recursions in [156, 158], and from string theory in [157]; double
gluino/scalar theorems, (5.45) and (5.46), were given in [163] from MHYV dia-
grams.

5.3 Discussions

Let us conclude this chapter with some discussions. While there has been
considerable progress for loop-level CHY formulas in general dimensions [31-
34,37,164, 165], it would be very interesting to do so for supersymmetric
theories in four dimensions (see [166] for a conjecture for N'=8 SUGRA). It
would be interesting to see what is special about these effective field theories
in four dimensions.

Just as double-scalar theorems in A/ = 8 SUGRA probing the coset struc-
ture of E7(7) symmetries, the double-fermion theorems in super-DBI-VA may
reveal the structures of non-linearly realized supersymmetries of the theory.
Indeed, significant progress has been made in the effect of non-linear (su-
per)symmetries on the S-matrix [167, 168] based on our results. It would
also be very fascinating to study sub-leading theorems similar to those in [44],
which involve bosonic derivatives (rather than fermionic ones in this work).
Perhaps by combining these two types of sub-leading theorems, one can asso-
ciate them to possible hidden symmetries and structures.
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Table 5.2: Leading scaling in e of the formulas of scattering amplitudes in the
double limit (5.14). For soft particle pairs with flavors indices, one demands
A # B which corresponds to two soft particles do not form a SU(N') flavor
singlet. Here the tick v* denotes that the degenerate solution is dominant at
leading order, and in these cases, we give the double-soft theorems.



6 From the scattering equations
to form factors

The study of the scattering equation formalism for on-shell scattering ampli-
tudes has received considerable attention during the past decade. Based on the
scattering equations, new representations of tree-level amplitudes have been
proposed for a large number of theories in arbitrary, four, and six dimensions,
as shown in previous chapters.

It is interesting and important to extend the modern methods for on-shell am-
plitudes to off-shell quantities. Form factors provide a bridge between on-shell
amplitudes and purely off-shell correlation functions. Thus they are perfect for
testing the applicability of on-shell techniques to off-shell generalizations. Re-
cent years have witnessed considerable advances in the study of form factors
in N'=4 SYM using on-shell methods and integrability, both at weak cou-
pling [169-202] and strong coupling [203,204] (see [205,206] for a review).
In particular, already at tree-level, form factors inherited remarkable structures
from amplitudes, such as recursion relations, Grassmannian and polytope pic-
tures (see [207] for a review); all these ideas are intimately related to twistor-
inspired prescription for amplitudes. Given the success of twistor-string and
scattering-equation-based construction for amplitudes, it is natural to study
their applications to form factors especially in ' =4 SYM, which is the sub-
ject of this chapter.

This chapter is based on the paper [208] and is outlined as follows. Section 6.1
provides a short introduction to form factors under consideration in this work,
including super form factors of the chiral part of the stress-tensor multiplet
operator and bosonic form factor with scalar operators O,, = Tr[(¢$12)"]
in A/ =4 SYM. We then present new representations for these form factors

61
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with the help of the four-dimensional scattering equations in Section 6.2. We
validate our results by evaluating the new formulas for some special examples
in Section 6.3.

6.1 Introduction

A n-point form factor is given by the overlap of a composite operator with off-
shell momentum ¢, and n on-shell states with on-shell momenta k1, ko, . . ., ky,
as illustrated below.

ki

To be exact, a form factor with operator O is defined as

A, .
Fo(l,...,n) = /(;ZW)4 e (1, .. n|O(z)[0)

= §*(P) (1,...,n|O(0)|0), (6.1)

where P = > | k; — ¢ and the number of fields in O cannot exceed the
number of external legs, n.

We consider bosonic form factors with scalar operators of O,, = Tr [(¢12)™],
where ¢2 is scalar in (4.25). For m = 2, Oy = Tr [(¢12)?] is the bottom
component of the chiral part of the stress-tensor multiplet operator 75. For
general m, O,, is the bottom component of half-BPS operators dual to Kaluza-
Klein modes in supergravity [180]. Since the O,, is composed of m scalar
fields, thus there must be m external states to be m external states of scalars to
contract with O,,. For simplicity, we consider the form factor with the operator
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O, and m scalars and n—m gluons with arbitrary helicities:

FOnm = 04(P) (g(k1) -~ draki) - d12(ki,,) - - g(kn) | Om(0) | 0) .
(6.2)

In on-shell superspace, the super form factor for the operator 73 is defined as
Fn = (1 ®n | T(0)]0), (6.3)

where external legs ®; = ®;(p;,n;) are N' = 4 on-shell superfields (4.25).

To = T (z,07, u) is the chiral part of the stress-tensor multiplet operator which

has the form in harmonic superspace’

T (2,0%,0_ = 0,u) (6.4)
— Tr (¢++¢++) +i 2\/503—11 Tr (w:a¢++)

+ 0 et Tr (wdwjm - z'\/iFa%++>
= 0P T (v Ty, — 9v2[00C b o)
4 1\3a a B | i [4+B T ca\ , 1 o4
= SO T (F5ut? +ig o7, dnc]u™®) + 5 (0%) L ().

Its (7)Y component is just the scalar operator, while the (§7)* component is
the chiral form of the A"=4 on-shell Lagrangian:

L= (_ % wsF? + V2 g G ap, vE]
| (6.5)

- §92 (642, 6“P] [pap, ¢CD]> -

Note that only the chiral half of the N'=4 multiplet, i.e. F ab 1/1£ and ¢ ap, is
needed for 7.

! ’
'"In harmonic superspace: 8% = Qﬁu:“, 0,4 = QﬁuA“ with a,a’ = 1,2, where

(u}®, u;”/) is the normalized harmonic matrix of SU(4). It is useful to work with harmonic
variables for the super form factor of chiral operator. For more details about A/ = 4 harmonic
superspace, c.f. [209,210]. (see also e.g. [171, 180, 205]).
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6.2 New representations for form factors

Evidently, the scattering equations shown in Chapter 3 and Chapter 4 are not
applicable for form factors since off-shell momenta are involved. Therefore, as
a first step towards introducing contour integral representation for form factors,
we have to find new scattering equations that contain off-shell momenta.

The scattering equations for chiral form factors

A natural idea is to modify the existing scattering equations to incorporate the
off-shell momentum. We first decompose ¢ into two null vectors %, and k,,
ie.,

q = —(ky+ky), ¢ = 2k, - ky. (6.6)

There is a minus sign on the right-hand side of the first equality because we
take a convention of considering all momenta outgoing. A physical interpre-
tation may be that the operator with ¢ is effectively described as two auxiliary
on-shell legs with momenta k., k,. It is thus natural to assign two additional
punctures oy’ and oy for them. For general chiral form factors, a modification
of the scattering equations in (4.5) was given in [133]

L ¥ L 3.
Ee=Da— Y =0, =X — L=,

o (@) = i) o
. bt AN A A '
Er=A—=) ==0, E=X\—) 0= — - =0,

o 1) o @D (i) (iy)

wherei € B, 1 € Mand N| = k € {0,...,n—2}. Werefer to these equations
as the chiral off-shell scattering equations of sector k. The anti-chiral case is
obtained by parity. The equations in (6.7) have been used to construct the
amplitude with one massive Higgs boson and any number of gluons, which is
equivalent to the form factor with operator H Tr(F2). In the following, we
show they also work for O,,, and 7>.
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Form factor with O,

Let us begin with the form factor with the scalar operator Oy = Tr [(¢12)2] :

Fonn = 64P) (g(k1) -~ d12(ki) -~ d12(kj) - - g(kn) | O (0) | 0) . (6.8)

Our proposal for this form factor takes a very similar form with gluon ampli-
tudes:

(NMHV) 4 ©) Ta(i, j;2,y)
f P _— .
F 0 o >/dun,k (12)-—-(n1)’ (6.9)

where the measure in k sector (note |9t = k and || = n — k) is defined as
B, = (H d202’> [To*E T, (6.10)
1=1 Ien ieP

It is beautiful that the punctures x, y do not enter the Parke-Taylor factor. In
addition, the integrand contains an additional factor that depends only on x, y
(operator O2) and 4, j (external scalars)

R )l ()
RlbJi0) = = G2 o PG g

6.11)

A remarkable property is that the function Z»(i, j; z,y) is independent of in-
formation of external gluon legs such that it has the exact same form for all
helicity sectors. In (6.9), one has fixed the four variables o3, 05‘ and pull out
their four delta functions as §4(P) when removing GL(2, C) redundancy.

Now we may generalize our formula (6.9) along two directions —one is to su-
persymmetrize it to for the super form factor (6.3), and the other is to extend it
to bosonic form factors (6.2).

Super form factor with 75

Let us address the super form factor first. In addition to the bosonic part, (6.10),
N =4 SUSY also requires fermionic delta functions which can be viewed as
the superpartner of the scattering equations. Our notation is that v¢, stands
for the Grassmann variable conjugate to 67 for 75 (there is no y~ because we
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only consider the chiral part of the stress tensor), and we introduce

Niai = UiyTa (6.12)

for each on-shell external leg 7. Thus the supermomentum )% can be written
as:

n n
QY = Va— D AMais Q% = Y A ai- (6.13)
=1 =1

Note that we need to split the indices of v into two parts by projecting it along
two directions,

Ay,aY$ Az,aV$
77+a,z = ZZ;.’E;—G’ 77+a,y :Z;y;_aa (614)

which imply that v = Azn4  + Ayn4+ . The fermionic delta functions for n’s
then take the same form as the delta functions for A. By combining the bosonic
and fermionic part, we obtain the supersymmetric measure in the k-sector:

k
duﬂ ::duﬂ 114" (mJ -3 ?;5) 5012 (77—,1 -3 ?;5)

I=1 iep iep
Ay,a Vs N+ Az, Vs N+
§012( Qv+ i | 5012 V- )
: ( (y) %()) ( (xy) me))
5012 T s012 =i ) 6.15
. (%(z)) (me)) (1)

To write down the complete formula, let us take a closer look at formula (6.9)
again. An interesting observation is that the function Z (4, j; x, y) (6.11) can
be understood as coming from the n-projection when we evaluate the fermionic
delta functions of the supersymmetric formula. To conclude, all we need for
the super form factor (6.3) is simply the Parke-Taylor factor

4
o>(NFMHV) ¢4 (4) (ry)
FR = 51(P) [y s (6.16)
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As we have mentioned, our new formula is very similar to that for superampli-
tude in N'=4 SYM - the only modification is to include two on-shell legs x, y
in a supersymmetric way, to represent the operator 7.

As discussed in Chapter 4, it is straightforward to translate the formula to a
manifestly permutation-invariant form, similar to the Witten-RSV formula for
SYM amplitudes [8, 16]. By applying the same procedure to (6.16), we obtain
an equivalent formula for the super form factor with 75

2
(*MHV) _ @ _ {wy
TN /dgm 021 (6.17)

with the supersymmetric measure dQEﬁc similar to the Witten-RSV form

d2n+4

k+1
g 2k—+4 2 .. mo__ oy,
st [ T #(n 3 mor-a)
k+1
x H52|2< (tzol Az + tyoy' Ay|0) —I—Ztl (Nl )) (6.18)

m=0 =1
k1

X H(52|2<txa (Aalnsa) +tyo (Nylnsy) +th AnH)
m=0

on+d . g2 12 noog2
where d o :=do,d?oy [ [, d°0;.

Form factors with O,,

Now we consider the bosonic form factor with the operator O,,, with m > 2.
A prior it is not apparent what to do for such operators with m > 2 fields: we
could either represent the operator using two on-shell legs as in (6.7) or using
m of them. We show that there is very strong evidence for the universality of
scattering equations for form factors with O,,, below.

The key observation is that no matter how many fields in the operator, we only
need two additional legs/punctures x,y, and dji, ;. (including delta functions
imposing (6.7)) is exactly the same as in the m = 2 case.

For O,,, all we need is a simple modification of Parke-Taylor factor which
takes into account the positions of the m on-shell scalars. This supports our
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general conjecture that all the information of the operator and external states
is encoded in the integrand of the formula. In other words, what we find is
that similar to m = 2 case, now we have a function Z,, that incorporates
the information of O, and m on-shell scalars. Our proposal is the following
formula

(NFMHV) <4 ©) I (i1, im; 2,Y)
FHIMEV) _ 5 (P)/dunvk D (6.19)

(0)

with the measure dy,, . is exactly same with the one for O3 (6.10), and

Im(ilv v ’im; x, y) = <$ y>m I—I(:rbl Zz(zal,)(sgily))Q’ (620)

a=1

which goes back to (6.11) when m = 2. The function Z,, takes a compact form
and incorporates the information of O,, and m external scalars, while being
independent of information of external gluon legs. Unlike O, when m > 2
it is still not clear how to supersymmetrize (6.19) to obtain new formulas for
super form factors with 7, which is a generalization of 75 and has O,, as its
bottom component.

6.3 Examples

As consistency checks for both formulas (6.16) and (6.19), we evaluate them
and compare with known results for some form factors. These include MHV
and maximally-non-MHYV super form factors for all multiplicities, as well as
some more complicated bosonic form factors.

MHV

First we consider the MHV sector which corresponds to £ = 0 in our notation.
The MHYV scattering equations have only a unique solution after fixing GL(2)-
redundancy, as shown in Chapter 4. It is convenient to fix the locations of the
two “additional” punctures o, o, in a similar way to (4.9), then the unique
solution for the MHV equations is given by:

oy lww o wy) o (e (i)
Ty O Y wagn e ey ¢
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Here the two-braket (7 j) are natural variables. Note that the integral measure
can be written nicely in terms of the 2n 2-brackets (ix), (iy)

[ &o: = ] diz) d(iy), (6.22)
=1 =1

and all the delta functions can be rewritten in terms of them,

O <z~sc<>€y<>;>2 s(n - 555) 810 535)
(6.23)

Plugging the solution (6.21) and the Jacobian for measure and delta-functions,
(6.22), (6.23), into (6.19) and (6.16) respectively, we obtain immediately the
correct result for the bosonic form factor

Fomn = 04(P) <i1<32;><§22i§>> — &)m : (6.24)

and similarly for the super form factor

5 (P) st (’Y+ - Z >\z‘77+,z‘> & (Z Am-,z)
j\MHV o =1 =1 )

Ten (12)(23)---(nl)

(6.25)

Maximally non-MHV

Similarly, it is also easy to get the MHV (usually called maximally non-MHV)
form factor with 72 by simply flipping the helicities of spinors for the MHV
formula, i.e.,

oy _ [ eyl
FHIV — / B ) (6.26)
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with
dfip, = <Hd2m)l—[52 <)\1—~; IA > (6.27)
. H o (s = G5 = (i) 0

The solution for this case is nothing but solution (6.21) by replacing (ij) —

[ij]. Imposing the unique solution and the Jacobian for the bosonic delta-
functions, one can immediately obtain

— 4
PR = ) g (629
X H 5002 <n+ {I ‘Z}]n — Eﬁm;;) 8% (n_1).

Its (1,:)°(n,)° component is the famous Sudakov form factor.

NMHV and NNMHV form factors

We have also evaluated our formulas for more involved examples where one
needs to sum over multiple solutions to scattering equations. For the form
factor of O, we have evaluated it numerically for four-point NMHYV, five-
point NMHV and NNMHYV, as well as six-point NMHV and NNMHYV cases.
This is done by first solving (6.7) and then summing over the resulting 4, 11,
11, 26 and 66 solutions respectively. In addition, for the form factor of Os,
we have checked up to five-point NMHYV case. These results can be computed
from MHYV rules or recursion relations as in [171], and in all these cases, we
find perfect agreement.

More interestingly, by following the same procedure of [140,211], we can
evaluate the following two NMHYV form factors analytically, and verified that
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they give correct results [171, 180]:

Fo, (¢12, $12:97,9754q) (6.29)
B 1 (14) (23) [242 | [14][23) (13)°
(41) [23]s34 < 5234 * S134 (13) [24]>’
Fo, (412612, 612,97:0) = it (630

To summarize, our news formulas (6.16) and (6.19) have reproduced correct
results for lower-point cases as well as the MHV form factors with any number
of external states. Remarkably, all final results depend only on ¢ but not on
individual momenta £, k,, as expected. These checks provide very strong
evidence that our new formulas are correct.

6.4 Discussions

We have initiated the investigation on the scattering-equation-based prescrip-
tion for tree-level form factors in N' = 4 SYM. Based on an off-shell exten-
sion of the scattering equations, we obtained the new formula (6.16) for forms
factors with the chiral part of stress-tensor multiplet operator 73, which has
Oy =Tr [(¢12)2] as its bottom component. More interestingly, we studied
generalizations to half-BPS operator O,,, for arbitrary m which are generally
no longer bilinear, and obtained again very compact formula (6.19). Our re-
sults strongly support the universality of the scattering equations (6.7) for chi-
ral form factors.

In [143], an interesting “duality” has been proposed, which relates the scatter-
ing equation formalism and G(k, n) Grassmannian description for amplitudes
in N'=4 SYM. By repeated use of the Global residue theorem, one can rewrite
the Witten-RSV formula as particular sums of residues of the Grassmannian
contour integral, which give tree amplitudes in the so-called link representa-
tion. The same conclusion holds for our formulas for form factors. In general,
the formula must admit link representation which is given by particular con-
tours for the integrals over G(k + 2,n + 2) (or G(k,n + 2) for the anti-chiral
form factors), where x,y do not enter the cyclic measure. This agrees with
the results in [187] and [201], and we expect a careful investigation can pick
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out the precise contour that gives the tree form factor. Generic residues of the
Grassmannian contour integral correspond to on-shell diagrams, which have
manifest symmetry properties and significance for loops. It would be very
tempting to see if our formulas shed new lights on these ideas for form factors.

We expect that our results can be generalized to form factors for general oper-
ators in N =4 SYM at tree level. In [212], a closed formula for all MHV form
factors with most general operators was given, and it is likely that with the
scattering-equation-based prescription that can be generalized to any N°MHV
sector. It would also be very interesting to compare with these recent works
on N/ =4 SYM form factors using twistor space method [213, 214], which
can help us understand better off-shell quantities in twistor space. It is plausi-
ble that the idea of connected prescriptions and twistor strings can be applied
to correlation functions in A/ = 4 SYM (see [215]). Last but not least, most
results have been restricted to four dimensions, but scattering-equation-based
construction can be useful for studying form factors in general dimensions as
well. Given the success of scattering equations at the loop level, a natural next
step would be applying them to loop-level form factors.



7 The scattering equations in
Regge kinematics

The representation of a tree-level amplitude as a residue integral also makes
manifest the properties of the amplitude in certain singular limits. As shown
exactly in Chapter 5, the scattering equation method provides a beautiful frame-
work to produce various double soft theorems in many theories (c.f. also [44,
132,162]). Similarly, in the single-soft limit, by expanding the scattering equa-
tions as well as other ingredients of the formulas for amplitudes around the soft
momentum, one can obtain various single soft theorems in many theories, for
example the soft graviton theorem up to sub-sub-leading order [24,40-43]. In
the framework of the scattering equations, the collinear factorization of the am-
plitudes was also investigated up to sub-leading order in Yang-Mills, gravity
and cubic scalar theories [47]. It was found that the solutions of the scattering
equations can be interpreted as the zeros of the Jacobi polynomials in a two-
parameter family of kinematics [49], and the amplitudes in Yang-Mills and
gravity can be obtained explicitly for any multiplicity. More interestingly, the
results in [49] have been used to study the black hole formation in a particular
high-energy regime [216].

In this chapter and the next two chapters, we show that the scattering equa-
tions also present a very natural framework to study other kinematical limits
of scattering amplitudes, namely the Regge limits of a 2-to-(n—2) scattering
where the final state particles are ordered in rapidity. It is well known that
in multi-Regge kinematics any tree-level amplitude in gauge theory factorizes
into a product of universal building blocks known as impact factors and Li-
patov vertices [217-219], connected by t-channel propagators. More interest-
ingly, in this kinematical regime, the tree-level amplitude in Einstein gravity
also takes a similar fully-factorized form with gluon amplitudes, where the

73
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universal building blocks are the double copies of impact factors or Lipatov
vertices. This is very surprising since gravity amplitudes are incredibly com-
plicated in general kinematics. In more general quasi-multi-Regge kinematics
(QMRK), the gauge theory amplitude is again expected to have a factorized
form [220].

One of the goals of this work is to use the scattering-equation-based repre-
sentation of amplitudes in both Yang-Mills and gravity to shed light on the
quasi-Regge factorization of amplitudes. To achieve the goal relies on a sys-
tematic investigation of the asymptotic behavior of the scattering equations in
MRK as well as various quasi-Regge regimes.

To be well-organized, we first perform a thorough analysis of the asymptotic
behavior of the scattering equations in various Regge limits in this chapter. In
the next chapter, we derive the factorization of the amplitude in both Yang-
Mills and Einstein gravity in MRK. Then we extend the analysis to various
quasi-multi-Regge limits, and we obtain CHY-type representations for the gen-
eralised impact factors and Lipatov vertices in Chapter 9.

7.1 Multi-Regge kinematics

In order to fix our notations and conventions, we give in this section a brief
review on the quasi-Multi-Regge kinematics.

For a 2 — (n—2) scattering, multi-Regge kinematics is defined as the regime
where the final-state particles are strongly ordered in rapidity while having
comparable transverse momenta, i.e.,

ys>ya> >y and kx|~ lkp| .=k, G

where k- denote the transverse momenta, and in four dimensions we define
the complexified transverse momenta as k- = k! + ik2. Employing lightcone
coordinates k, = (kf,k;, k1) with kF = kO 4 k2, the strong ordering in

rapidity is equivalent to a strong ordering in kT -components as follows:

ky >kf>- >k (7.2)
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It is convenient to work in the center-of-momentum frame where two incoming
particles are back-to-back on the z-axis,

ki = (0,—x;0), ka = (=x,0,0), x =5, (7.3)

where s is the square of the center-of-mass energy, and we take a convention
of considering all momenta outgoing.

In this kinematical regime, it is conjectured that the tree-level scattering am-
plitude in both Yang-Mills and Einstein gravity takes a surprisingly simple
factorized form: any n particle amplitude is given by only one Feynman graph
with effective vertices (see Figure 7.1).

Let us first see gauge theory amplitudes. In MRK every gluon amplitude fac-
torizes into a set of universal building blocks describing the emission of gluons
along a t-channel ladder [221,222], i.e.,

An(1,...,n) (7.4)

- ~1
T V(@n-1;n—1; qn)qT‘QC(l; n),

-1
~5C(2;3) 5 V(aa;4505) -+ g |
n—1 n

g3 2

where q, = Zg;% ky with 4 < a < n are the momenta exchanged in the
t-channel. We use the “~” sign to denote equality up to terms that are power-
suppressed in the limit. The quantities that appear in the right-hand side of

eq. (7.4) are the impact factors [48,217],
C(2T;3M)=C(27;37)=C(1T;nT) =C(17;n7) =0,

ci27;3N) =c(@2%37) =1, (7.5)

kL
C1nt) =CctinT)" =
and the Lipatov vertices [48,218,219],

1* 1
qq qa+1

AR (7.6)

V(4a;0T5qar1) = V(@i 1¢at1)” =
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2 3
4
n—1
1 n

Figure 7.1: The factorized form of a tree-level amplitude in MRK

Helicity is conserved by the impact factors, which forces some of the helicity
combinations in eq. (7.5) to vanish.

Now we turn to gravity amplitudes. In MRK, any n graviton amplitude takes
the same factorized structure as in gauge theory [221,222],

M, 7.7

~1 —1
~ —5% Cy(2;3) Vo(a1:4505) - - =15 Vo(tn—-1:n—130n) —175Co (L)
|71l |G |

-1
T
g3 2
We refer to C, and V), as the gravitational impact factor and gravitational

Lipatov vertex respectively. They can be written as the double copy of gauge
theory vertices. C, is simply given by c?,

Cy(2;3) = (C(2;3))°, Cy(1;n) = (C(1;n))°. (7.8)
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We see from (7.8) that helicity is conserved by the impact factors in gravity,
like in gauge theory. The gravitational Lipatov vertex is defined as

Vy(2a;a":qat1) = Vy(da;a™ 1 qas1)”

B o ey Ve (7.9)
B (k3)? '

It has also a double-copy construction, see Appendix C for detail. An interest-
ing feature is that only two types of effective three-point vertices are needed
for the multi-Regge limit of graviton scattering.

The (gravitational) impact factors and Lipatov vertices appearing in MRK are
entirely determined by the four- and five-point amplitudes in both gauge the-
ory and gravity. Since there are no non-MHV helicity configurations for four
and five particles, we see that in MRK any amplitude is determined by MH V-
type building blocks, independently of the helicity configuration. Although
consistent with all explicit results for tree-level amplitudes, eq. (7.4) was only
rigorously proven for arbitrary multiplicity for the simplest helicity configura-
tions [48]. One of the aims of this work is to explore how far the scattering
equations formalism can be used to shed light on the factorization of scattering
amplitudes in Regge kinematics.

Starting from the multi-Regge limit in eq. (7.1), one can define a tower of new
kinematic regimes, called quasi-multi-Regge kinematics (QMRK), by relaxing
the hierarchy among some of the rapidities of the produced particles, e.g.,

Y3 YRS Yl X N Y1 S U (7.10)

while all transverse components are of the same size. In QMRK the gauge
theory amplitude is conjectured to factorize in a way very similar to MRK in
eq. (7.4). For example, in the limit in eq. (7.10), the amplitude is expected to
factorize as follows:

An(1,...,n) (7.11)

- 1
~sC(2;3,--- ,k)7V(qk+1; k+1,---n—1; qn) qTC(l; n).

|44 12 i |
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Here the two building blocks C(2;3,--- ,k) and V(qq;a,- - - b;qp+1) are the
generalized impact factor and Lipatov vertex respectively. Impact factors for
the production of up to four particles have been computed in ref. [48,71] from
helicity amplitudes, and in ref. [223] using the effective action for high-energy
processes in QCD [224]. The Lipatov vertices are known for the emission of
up to four particles emitted in the center [48, 71,225]. We do not discuss the
quasi-multi-Regge limit of graviton amplitudes in this work.

7.2 The scattering equations in lightcone variables

As shown in the previous section, the multi-Regge limit is most naturally de-
fined in terms of lightcone variables. It is thus natural to write the scattering
equations in terms of lightcone coordinates. For general dimensional scatter-
ing equations, (3.5), only Mandelstam variables are needed:

sij = 2k kj = kTk; + ki kT — Kk — ke (7.12)

The four-dimensional scattering equations employ the spinor variables. In this
work we define two-component spinors (c.f. Appendix A) as [226]

)\1——5\1—<0>7 )\2——5\2_(\/¥>7
JX 0

1 + ~ 1 +
e (), e (), sz
kzz a k’a a

While one can get equations with lightcone moementa by simply substituting

(7.13)

(7.13) into the scattering equations (4.5), we show that one can obtain a nicer
form by fixing the redundancy and rescaling variables and equations below.
First, let us use the GL(2,C) redundancy to fix four variables according to
eq. (4.9), i.e.,

o] = 0, o2 = tg — 00, t1 = —1. (7.14)

Here we always use the convention where {1,2} C N, and we define N =
9M\{1,2}. Moreover, we follow the convention that elements of 3 and N
are denoted by small and capital letters respectively, e.g. i € 3 and I € N.
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Second, we perform a rescaling for the ¢, variables as follows:

kt \/ Xk
t = ”‘/?’ = YL (7.15)

Kt

Then let us also perform a rescaling for the scattering equations according to:

1 AL - S =5 =5
St=syel S=tren Sl=xd Si=N&

i (7.16)
5’115/\% _%, S_%E)\%E_f; 5‘215)\%5_21, 5’225/\%8_22.

As a consequence, we obtain a set of equations that contain only the terms
linear in k. Explicitly, they are

itk ktrno k TiTT

St=1+7— L —, SP=14 LT =0
(2 +7—7, IZG:O'Z—O'I ]{j}‘ ) 1 + k’LJ‘ O'Z k‘ZJ‘ 70'1—0'_[ )
_ .k .
St=kt =Y T pr=0, Si=kf - LY T oy,

o or—0o; kl iep O[—0;
,i Ti + 72 T3 1*
31:—2;/@. =0, Slz—x—Z;ki = 0;

iep " iep

Si=-—x-> mki =0, §=-mki" =0 (7.17)

ISPy 1EP

We would like to emphasize that no limit has been applied to these equations,
and they are completely equivalent to the scattering equations in (4.5), up to
fixing the GL(2, C) redundancy according to (7.14) and performing the rescal-
ing according to (7.15) and (7.16).

7.3 The scattering equations in Regge kinematics

Given the preparations in previous sections, this section aims to study the be-
haviour of the scattering equations in various quasi-multi-Regge limits.



80 7. The scattering equations in Regge kinematics

A warm-up: the MHV solution

Before we present in the next subsection a concise conjecture on the behaviour
of the solutions in these limits, we find it instructive to analyse in detail the
MHYV sector, £ = 2. We do this for two reasons. First, we have argued in
the previous section that in MRK any amplitude is determined by MHV-type
building blocks, so the MHV sector should capture a lot of information on the
multi-Regge limit. Second, while in general it is very hard, if not impossible,
to find exact analytic solutions to the scattering equations, in the MHV sector
one can solve the equations exactly and study their behaviour analytically.

As discussed in Chapter 3, there is a unique solution in the MHYV sector:

+

é for 4 <a<n, (7.18)

Oq —

here we use the SL(2, C) redundancy to fix three of the o, according to

_ kg

= . 7.19
pa (7.19)

g1 = 0 3 02 = OO, 03
The complex conjugate of this solution is the solution of the equations in the
MHYV sector k = n—2.

Let us now analyse what the MHYV solution becomes in a quasi-multi-Regge
limit. From eqs. (7.18), (7.19) and (7.10) it is easy to see that for the MHV
solution (and also for its complex conjugate) the o,, a > 2, are of the same
order of magnitude as the corresponding lightcone coordinates £, i.e. o, =
O(k;). More precisely, for the MHV solution in egs. (7.18) and (7.19) we
have

Re(o,) = O(kS) and Im(o,) = O(k)), 3<a<n. (7.20)

In other words, in QMRK the MHV solution admits the same strong ordering
as the rapidities. In particular, in MRK the MHV solution admits a hierarchy
very reminiscent of the MRK hierarchy in eq. (7.1),

|Re(o3)| > -+ > |Re(oy)| and |Im(os)| > --- > |Im(oy,)|. (7.21)
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Let us also look at the MHYV solution of the four-dimensional scattering equa-
tions in eq. (4.5). They do not only depend on the variables o, but also %,.
For concreteness, since we use the convention where {1,2} C 91, in the MHV
case we have 9t = {1,2}. We have given this solution in (4.43) in Chapter 4.
Here we rewrite it in terms of lightcone momenta:

k [k
Oq = é7 ta = - ?7 a Z 37 (722)

the other variables have been fixed by the GL(2, C) according to eq. (7.14) or
eq. (4.9). We see that, as expected, the o, behave again according to eq. (7.20).
The variables t; instead behave like

ta:(9<\/k[f/x> . a>3. (7.23)
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Main conjectures

Our previous analysis shows that in every quasi-multi-Regge limit, the MHV
solution admits the same hierarchy as the rapidities of the produced particles.
Here we extend this observation to the solutions of the scattering equations in
other sectors. More precisely, we propose the following conjecture:

Main Conjecture: In QMRK, if the SL(2, C) redundancy is fixed
according to eq.(7.19), then all solutions of the D-dimensional scat-
tering equations (3.5) satisfy the same hierarchy as the ordering of the
rapidities that defines the QMRK, i.e.,

Re(o,) =0 (k}), Im(c,) =0 (kf), 4<a<n. (724)

a a

This holds for all o, solutions of the four-dimensional scattering equa-
tions after fixing the GL(2, C) redundancy according to eq.(7.14). A
particular example is that in MRK, we conjecture

| Re(03)| > | Re(04)] > -+ > |Re(oyn)|

(7.25)
and |Im(o3)|> [Im(og)| > -+ > |Im(0y,)].

Furthermore, in QMRK for the four-dimensional scattering equations,
the two sets of solutions (%;);esz and (¢7)7em are individually ordered
according to the same hierarchy as the rapidities (though there may not
be any ordering between elements belonging to different sets).

We have performed a detailed numerical analysis of the scattering equations
for a set of external momenta which approach various different quasi-multi-
Regge regimes, both in their D and their four-dimensional guises. We can
approach a given quasi-multi-Regge limit numerically by choosing an appro-
priate numerical hierarchy between the lightcone components of the external
momenta. We have solved the D-dimensional scattering equations up to eight
points, and the four-dimensional scattering equations for all helicity sectors up
to seven external particles. All results of the numerical analyses agree with our
conjecture.
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We can formulate our conjecture more sharply and give the precise behaviour
of the solutions of the four-dimensional scattering equations. We observe that
in all cases, including for the non-MHYV sectors £ > 2, all solutions of the
scattering equations in eq. (4.5) or (7.17) behave in a similar way as the MHV
solution in egs. (7.20) and (7.23). Based on this study, we have led to state the
following conjecture:

Conjecture 4d: In QMRK, if {3,n} C ‘P and the GL(2, C) redun-
dancy is fixed according to eq.(7.14), then all solutions of the four-
dimensional scattering equations (4.5) behave as, with 3 < a < n,

Re(0q) = O (k}), Im(o,) = O (k}), ta=0 (\/ k‘iX“) )

(7.26)

where h, = 1 when a € 3, otherwise h, = —1.

We stress that the Conjecture 4d only holds in the case {3, n} C ‘B. For any he-
licity amplitude in Yang-Mills and gravity, it is always able to take {3,n} C P
as a convention. The reason is pretty simple. As an example, let us see the for-
mula for N'=4 SYM amplitudes. In (4.38), it is completely free to divide n
particle labels into two sets, 9 and % with [91| = k for the N*"2MHV su-
peramplitude. Therefore, we are always able to evaluate any superamplitude
using the formula (4.38) with fixing {3,n} C P as well as {1,2} C 9. The
all component (e.g. gluon) amplitudes can be extracted from the n-expansion
of the superamplitude according to the on-shell superfield. For the case of
{3,n} ¢ P, we have also performed a numerical analysis and found the so-
lutions ¢, have slightly different behaviour in QMRK. Here we do not show it
here explicitly and we suggest interested readers to appendix B of paper [138]
for details.

Finally, let us make a comment at this point. Equation (7.26) implies that the
variables o, scale in every helicity sector in the same way as in the MHV
sector, cf. eq. (7.22). The scaling of the variables ¢, in eq. (7.26), however,
depends on the “helicity configuration”. This is natural in the sense that, even
away from Regge kinematics the solutions o, are independent of the ways of
dividing n labels into two subsets 9t and B, M| = &, 2 < k < n—2, and these
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solutions form a subset of the (n—3)! solutions to the D-dimensional scattering
equations. Very differently, the variables ¢, are specific to the four-dimensional
scattering equations and take different values in different configurations for
given k.

7.4 Discussions

These conjectures are among the main results of this work. Although we do
currently not have any proof of our conjectures, we find it remarkable that in
all cases we have investigated the solutions to the scattering equations display
this universal asymptotic behaviour, independently of the helicity sector. In
the next two chapters, we explore the consequences of our conjectures. In par-
ticular, we will show that these conjectures imply the expected factorization
of tree-level amplitudes in quasi-multi-Regge limits when combined with the
contour integration representation of tree-level amplitudes. This result is im-
portant for two reasons: First, it gives support to our conjectures, because it
shows that they allow us to recover the expected behaviour of tree-level am-
plitudes in quasi-multi-Regge limits. Second, it reveals the origin of Regge
factorization from the angle of the scattering equations.



8 Multi-Regge factorization from the
scattering equations

In the previous chapter, we observed that in the QMRK the solutions to the
scattering equations admit the same hierarchy as the rapidity ordering, and we
conjectured that this behaviour holds independently of the number of external
legs. In this chapter, we apply the conjecture to the case of multi-Regge kine-
matics. In MRK, any amplitude in gauge and gravity theories takes a simple
factorized form which is determined by MHV-type building blocks, as shown
in detail in the first section of Chapter 7. We show that our conjecture implies
that in MRK the four-dimensional scattering equations have a unique solution.
The amplitude in MRK is then determined uniquely by this solution in both
Yang-Mills and Einstein gravity. This is very similar to MHV amplitudes,
where the CHY-type formula has support only on a single solution of the scat-
tering equations.

8.1 An exact solution of the scattering equations

Let us begin with the study of the four-dimensional scattering equations (4.5)
in multi-Regge kinematics.

We have shown that the equations (4.5) can be nicely rewritten in terms of
lightcone momenta, as shown in eq.(7.17) in the previous chapter. Accord-
ing to our conjecture, in MRK any solution to the scattering equations (7.17)
satisfies

1 1
~ — when a<b, 7, = O(k}). (8.1)

Ou—0p Oy @

85
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86
Expanding the scattering equations (7.17) to leading power in MRK according

to (8.1), they get significantly simplified

Sl =1+7 (1+ > Q) =0,

TeN;

S? =1+ (1— > n) =0,
(8.2)

]€ﬁ>i
St =ki+m > Gk =0,
iEP <
8= (ki) —¢ Y mlkb) =0,
1€P>

where M., (Ms,) denotes the subset of M of elements that are less (greater)

than a, and we have defined the rescaled variables

kI 7,
=———, 3<a<n (8.3)
Ga kt o
Let us rewrite the scattering equations (8.2) as:
Sl =1+4am=0, 8 =k)+b¢G=0,
. (8.4)
S =14¢6G=0, S =k+drr=0,
with short-handed notations
aizl—l—zg, b[E—ZTi(kiJ‘)*,
[€ﬁ<z 7:6§n>1
(8.5)
G =1-— ZT[, dry = ngf‘
IeNs, 1€P<r

We observe that in MRK the equations (S} ,_512) = 0 only depend on the vari-
ables 7; and ¢, while the equations (S?,S}) = 0 only depend on 77 and ¢;.
We also see that each equation in (8.4) is linear in one of the variables. We
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can use this very special structure to find an explicit analytic solution of the
scattering equations in MRK.

To start, we can use the fact that the equations S{* = 0 are linear in 7; and (; to
give

T = L G = —l- (8.6)

a; ’ C;
Inserting eq. (8.6) into the expressions for b; and d; in eq. (8.5), we find

kL * -1
mzz%f ZW%HZQ>,QE

. (A .
1€Ps 1E€P> g

JeEN;
kL -
ar = — {:_Zwo_zn>. (8.8)
g O = TN,

The b; are solely determined by the variables (7, and similarly the d; are de-
termined by the variables 7. In order to proceed, we write 9 = {I, tH<e<m
(m = k — 2) with Iy < Iy;1. The quantities by and d satisfy the recursions,
forl <r <m,

., -1
b, = by, + (1 + ZC11> (a1, — a141)" (8.9)
=1

1

dy, =dj,_, — (1 — an> (a7 — a1, +1)- (8.10)
l=r
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The recursion starts with by, , = dj, = q1,,,, = qry+1 = 0. Indeed, we have

—1
e ¥ (14 X0

1€P> 1, JEN<

(=5 )%r@+§jﬁjl

i6m>lr+1 ]T<i<IT+1 J€ﬁ<i

8.11)

, -1
= bIr+1 + <1 + Z CIl) Z (kzj_)*
=1

I <i<Ipy1

1

r

:%M+G+Z@>@h;¢mf
=1

The proof of the recursion for d, is similar. We can combine the recursions
for by and d; with the scattering equations and turn them into recursions for
77 and (7. We illustrate this procedure explicitly on d; and 77. The procedure
for by and (7 is similar. We start from the equation S}T = 0 and insert the
recursion in eq. (8.9). For r = 1, we find

0 =38 = ki +dnmn (8.12)

m -1 m
:—(1—2’7’]l> [—ki (1_2771)—’—7—[1(]}_1—&-1]'
=1

=2

This immediately leads to

1 m
T o= M, 1=y 8.13
= T T, | - (8.13)




8.1. An exact solution of the scattering equations &9

Similarly, using eq. (8.13) we obtain for r = 2,

0= 8) = kit i, (.14
ki m A\
= ki — TI, 7'7;1 + (1 - ZTIZ> (Q}; - Qﬁ+1)] (8.15)
1 =2

m \~! m
= (1 - ZTh) [k‘i (1 - Zm) - TI2Qi+1] ; (8.16)
1=2 1=3

and so we have

1 m
oy = 1-> 8.17
I, = T, | - (8.17)
=3

1
q[2+1

A similar formula holds for general 7, and the 77, satisfy the recursion,

k+ m
T, = — (1— Z nl> . (8.18)
91,41 I=r+1
The recursion starts with
ki,
Tl = —T - (8.19)
47, +1

It is easy to show by induction that the recursion admits the explicit solution

1 m 1L
ks, qs,

71 ., 1<r<m. (8.20)

T

1 1
47,41 I=r+1 9541

The explicit solution for the variables (;, can be obtained in the same way.
More precisely, one can show that there is a recursion

k1,

* r—1
(1, = <q1> <1+H<Il> , l<r<m, (8.21)
=1

I
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kLY
¢ = (j) : (8.22)
ar,

and the recursion admits the explicit solution

kJ- * T‘*lqj_ *
(= ( i) <H “1), l<r<m. (8.23)

1
=1 a1,

with

Together with egs. (8.6), (8.20) and (8.23) provide the explicit solution of the
scattering equations in MRK. We see that there is indeed a unique (indepen-
dent) solution to the four-dimensional scattering equations in MRK, which can
be traced back to the fact that at every step we only needed to solve linear equa-
tions. We can easily obtain explicit solutions for the coefficients ¢; and a; that
appear in eq. (8.6). For example, using eq. (8.18) and (8.20), we find

a=1-Y 7= H(ii (8.24)

I€ﬁ>2‘ I€ﬁ>i qI+1

We recall that we use the convention that products over empty ranges are unity.
Similarly for a;, we have

L *
ai—1+ZC1—<Hq;£1>. (8.25)

Hence, we find

1 \* L
Ti:_(H‘f) and ¢ = — ] L2 (8.26)
q

Iefe; ql"rl
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Finally, we can also write this solution in the original variables (t,, 0,) using
eqs. (7.15) and (8.3).

-1 1\"

( H %_I) 9 aema

VX TeMea 941

te = VEkd x (8.27)
1

ﬂ( 11 qf) aeM,

€L e
o1 \1chs, 91+1

1
q q
(H ) (H;),aem
et Iem<aq1+1 1M, 9141

Oy = S0 % (8.28)

k,J_
“ ko qa || ql || ql hp
9a41 a [€m<aq[+1 ]G‘ﬁ>aq1+l

Here we interpret a product over an empty range as 1. Let us make some

comments about this solution (referred to as the MRK solution). First, we im-
mediately see that the solution in egs. (8.27) and (8.28) has the same hierarchy
as the rapidities of the produced particles, in agreement with Conjecture 4d.

Second, we find it remarkable that in MRK we can explicitly solve the scat-
tering equations for arbitrary multiplicity and arbitrary helicity configuration.
For each configuration 91 of particle labels in sector k£, we find a solution of
the four-dimensional scattering equations (4.5). As shown in Chapter 4, the
solutions o, of the four-dimensional scattering equations also solve the D-
dimensional ones. It is very rare that one can solve the scattering equations for
arbitrary multiplicities, and so far this has only been done for the MHV sector.
We can recover the MHV solution of eq. (7.22) from eqs. (8.27) and (8.28) by
taking f = {3,--- ,n}. Indeed, in that case we have M., = N~, = 0, and
so the products in eqgs. (8.27) and (8.28) do not contribute, and we immediately
recover eq. (7.22).

Finally, in the following sections we will show that we can obtain the multi-
Regge factorization of amplitudes in both gauge and gravity theories by local-
izing the CHY-type integrals to the MRK solution.
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8.2 Gluonic scattering in multi-Regge kinematics

In the previous section, we have shown that our conjecture implies that in
MRK the four-dimensional scattering equations have a unique solution. In this
section, we show that the conjecture also implies that any n-gluon amplitude
in MRK can be written in the factorized form in eq.(7.4). Since egs. (8.27)
and (8.28) hold for arbitrary helicity configurations and multiplicities, this
shows that the MRK factorization holds independently of the helicity configu-
ration and the number of legs. This nicely complements the results of ref. [48],
where factorization was shown to hold for the simplest (MHV) helicity con-
figurations. We emphasise, however, that we cannot present at this point a
rigorous proof that multi-Regge factorization holds for arbitrary helicity con-
figurations because our derivation relies on the conjecture presented in the pre-
vious chapter. Finding a rigorous mathematical proof of our conjecture would
thus eventually imply an elegant proof of the factorization of tree-level gluon
amplitudes in MRK, for arbitrary multiplicities and helicity configurations.

We start by considering n-gluon scattering amplitudes in the case where the
two incoming gluons (labelled by 1 and 2 respectively) carry the same helic-
ity, and we comment on the case where they have different helicities at the
end of this section. The gluon amplitudes can be easily extracted from the
superamplitude (4.38). When we use 91 and ‘B to collect the labels of gluons
with negative and positive helicities respectively, the formula for pure gluon
amplitudes does not receive an additional contribution from the Grassmann
delta-functions in (4.32). As shown earlier, the scattering equations (4.5) can
be rewritten in terms of lightcone momenta by resacling ¢, variables acooring
to (7.15) and fixing the GL(2, C) redundancy according to eq.(7.14). Simi-
larly, using the new equations (7.17), a n gluon amplitude can be written as

~ dogdr, 1
A(17,27,m) = —s [ ] "T L — (8.29)
a=3 @

0 O0n—1,n0n

(L) Tt T

E€PIEN ™ ) ey 2y
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where we have eliminated four of the scattering equations and identify them
with the momentum conservation delta-functions (see Appendix B), i.e.,

52(83)52(85) = o (Z kg) : (8.30)
a=1

We would like to emphasise that eq. (8.29) is exact and no Regge limit has
been applied to it.

From Conjecture 4d, it follows that in MRK the solutions to the scattering
equations satisfy (8.1). Inserting it into eq. (8.29) and passing to the rescaled
variables defined in eqs. (7.15) and (8.3), we see that the formula for the am-
plitude in MRK can be reduced to

An(1_72_7°"’n) (831)
N dT,dd, 1 N i
:—s( 11 2;) ija?(si) I %S,
a=3 a‘a lem i Ieﬁ

where the arguments of the §-functions are given in eq. (8.2). We know that
these equations have a unique solution given by eqgs. (8.27) and (8.28). We
now show that when the integral in eq. (8.31) is localized on this solution, then
we recover the factorized form of a tree-level amplitude in MRK. We do this
by a procedure very similar to the one used in the previous section to find the
solution. The proof of eqs. (8.27) and (8.28) relies heavily on the fact that in
MRK the scattering equations decouple into a set of linear equations that can
be solved one-by-one. Here we use this fact to solve the J-functions in the
integrand of eq. (8.31) one at the time. All the manipulations are identical to
those performed in the previous section, so we will be brief on the derivation
and only highlight some aspects related to solving the J-functions.

We start by performing the integrations over the 7; and (;. From eq. (8.2) we
see that these integrations are independent from each other. We can localize



94 8. Multi-Regge factorization from the scattering equations

them completely using § (Sil) and ¢ (SZQ) , and we find

/dﬂa(s) /dﬂd( +am) = —1, (8.32)

Ti Ti
di; di;
Cf 5(87) = Cf §(1+ciGg) = —1. (8.33)

After this step all the variables 7; and (; have been integrated out.

Using the same reasoning as in the previous section, we see that the integra-
tions over 77 and (; are now independent of each other, and so we can discuss
the integrations over the 77 variables independently from the integrations over
the (s variables. Let us start with the 77-integrations. We use the é-functions
0 (5}) combined with the recursive procedure of the previous section to local-
ize all the 77 variables. In particular, we localize the 77 variables in increasing
order from I; to I,,. Let us look at the integration over 77,. We start from
eq. (8.12) to obtain

drr - drr, 1
/716(3}1):f7-1‘i
Iy c I 811
:%dTh 1—2;11le
C

L ki (1 - ZlWiQ Tfl) - Tllqi+1

1
1
-9 (8.34)

1 L
kll qfl-‘rl

where we have interpreted the integral over the -function as a contour integral
over a contour C encircling the zero of the argument of the j-function. The
remaining integrals over the 7; variables can be performed in the same way in
increasing order, with the simple result

. €L
/dﬁé(S}) - L (8.35)

Finally, we are left with the integrals over the (; variables to perform. The
procedure is the same as for the 77 variables, combined with the recursive
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procedure in the previous section. We find

dCI 1 a7, *
= . 8.36
a (SI) (kL ar ) (830

We see that we can perform all integrations one after the other. As a result, the
amplitude takes a completely factorized form, which has its origin in the fact
that in MRK all the integrations in the CHY-type formula decouple and can be
performed one-by-one. The final result takes the very simple factorized form
in eq. (7.4) and rewrite here

—1

gapCim)-

-1
ﬁV(Qn 1;,N— 1; Qn)

—1
T V(1545 ¢5) -
qn—l‘

Our conjecture thus implies the factorized form of the tree-level gluon ampli-
tude in MRK. Unlike previous derivations, we stress that our derivation is com-
pletely independent of the helicities of the produced particles, giving strong
support to the idea that MRK-factorization of tree-level amplitudes holds for
any multiplicity and for any helicity assignment.

Finally, we end discussions in this section with some comments on other he-
licity configurations and color orderings.

Let us first see what happens in the case where the incoming gluons 1 and
2 have opposite helicities, for example, when gluon 1 has positive helicity.
Since helicity is conserved by the impact factor C(1; n), we obtain a non-zero
result in MRK only when gluon n has negative helicity. According to the
formula for superamplitudes in (4.38), amplitudes A, (17,27,...,n") and
A, (17,27,...,n7) can be computed using the same formula (8.29), up to
adding an additional factor (1n)~* to the integrand. If the GL(2,C) redun-
dancy is fixed according to eq. (7.14), then this additional factor only depends
on the variables ¢,, and o,,. More precisely, we have,

1 tn kb k-
== — - Cn - (8.37)
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In MRK ¢, is uniquely fixed by the equation S2 = 1 + (,, = 0. Thus we have

kL \?
Cr=—1 - <(k£)*) . (8:39)

This factor combines with the impact factor C(17;n™) to give

1
(1n)?*

+ Fr \ ki +

C(17;n™) < o > = ——=C(1";n"). (8.39)
(k7 )* (k7 )*

We see that in the case where h; = —hg = +1, only the impact factor C(1;n)

changes, in agreement with the factorization of tree-level amplitudes in MRK.

Second, we discuss the case where the cyclic color ordering in partial gluon
amplitude is not aligned with the rapidity ordering. Previously, we have shown
how the MRK factorization of tree-level amplitudes where the cyclic color-
ordering is aligned with the rapidity ordering follows from the CHY-type rep-
resentation and Conjecture 4d. Here we show that all other cyclic color order-
ings are suppressed in MRK. This nicely complements the results of ref. [48],
where this result had been shown to hold only for the MHV sector.

We have seen that in MRK the scattering equations have a unique solution. As
a consequence, we can obtain a very simple relation between amplitudes in
MRK with different cyclic orderings,

AMRE (1= 97 g, ) = AMRR(™ 27 3 n) R[],  (8.40)

where AMRK is the n-point amplitude in MRK and (u3, . . ., fin,) is a permuta-
tion of (3,...,n) and we defined,
Rlp) =
OuspaOpaps " " Opn—1pn 9 pn |MRK solution (8.28)
n—1
= [ R L Ry = (8.41)

i—3 MRK solution (8.28) Opiprita
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Our conjecture implies that

1, i < fhiy1 1, i < ig1,
Ry, ~ - = (8.42)
oy M Pt O(k;/k;;ﬂ), i > i1
It is then easy to see that R[u] is suppressed in MRK kinematics unless the
cyclic color-ordering is aligned with the rapidity ordering, in agreement with

known results for MHV amplitudes [48].

8.3 Gravitational scattering in multi-Regge kinematics

In this section, we extend the analysis in the previous section from Yang-Mills
theory to Einstein gravity. While the framework presented in Sections 8.1
and 8.2 is applicable to graviton amplitudes because of the universality of the
scattering equations, this is still highly non-trivial since graviton amplitudes
have a rather complicated structure even in the MHV sector.

Using a similar way with Yang-Mills, the formula for tree-level N*~2MHV
graviton amplitude can be obtained from the superamplitude (4.40). Using
lightcone variables, it reads

n J_ b
M, = —s (/Qd7i§0“> <H (1213352(5?)) (8.43)

1
X (H Wfsz(szq))det’Hdet’ H.

Here we employ again the convention where particles 1 and 2 carry negative
helicity and use 91 and ‘3 to collect the babels of negative and positive helic-
ity gravitons. For convenience, we have rescaled the two matrices defined in
(4.41) according to

Hap := X 'Hygp for a,beM; Hgyp = xHy, for a,beP.  (8.44)
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More precisely, in MRK the entries of H are given by

T kT
Hiz =1, Hiy=——-L Hy=r1, (8.45)
or ki
TITj k}' k}'
Hrr = < < | forl 8.46
IJ or—0, <k’%‘ kj‘ or 7é ']7 ( )
Hoo =~ Y Hap a €, (8.47)
beEM, b£a
and for H we have
iy = L (k7kf = k) fori # 5, (8.48)
0;—0j
Hi = — ) Hy. (8.49)
jEM.ii

We emphasize that the formula (8.43) evaluate graviton amplitudes for arbi-
trary kinematics.

Similarly, according to our conjecture, o,—0p =~ g, for a < b in MRK, ex-
panding the formula (8.43) to leading power, it significantly simplified as

M, ~ —g ( / 11 d;zf) (HU‘“IL >252(5?‘)> (8.50)
a=3 4>a

Iem

1 o _
X (H (k4_)252(8i ))det/ Hdet'H,

ieP

where Sy and S; are given in eq.(8.2). The unique solution of the scattering
equations is given by eqgs. (8.20), (8.23) and (8.26), or by eq. (8.27) and (8.28)
in (04, t,) variables. Like in Yang-Mills case, we fix {3,n} C ‘P as a conven-
tion, and (, ~ 7,/0, is defined in (8.3). The matrices H and H of course also
get simplified and we will give their explicit expressions later.

In the following, we show that we can obtain the multi-Regge factorization of
graviton amplitudes, shown in eq. (7.7), by localizing integrals in (8.50) to the
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MRK solution. Let us begin by recalling the results for the gluon amplitude

d ad a v « 2
(J11ee) (M) ()
aTa i€R Ien
1 QILQIL—::l 1
= (=" oL gligl H/-TL . (85D
rem 1 9 94 ) \jep M

Form it we can conclude that for any function F (7, (,) of 7, and (, we have

/H dCadTa H52 SI H52 Sa Caﬂ'a)
a=3

CaTa pul Jep

qI q1+1
H | IL|2 Lx [l+1 ’F(CCHTG) (852)

MRK solution '

For gravitational scattering amplitudes, from (8.50) we can easily read that F
function takes

11 _ (k1)?
FOR _ 2 (H( T2 g, Z) det’'H (H o )det’H. (8.53)

Sy

The main task of the rest part of this section is to calculate this quantity on the
support of the unique solution of the four-dimensional scattering equations in
MRK.

MHYV sector

Let us first consider the F function defined in (8.53) in the MHV sector. The
experience from the MHYV sector will be useful for evaluating the determinants
in other N'MHV sectors.
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In this case, P = {3,...,n}, the solution in (8.26) becomes (; = 7; = —1,
and we have

Hij = (kj¢) (ki ) = (ki"kj) @ when i > j, (8.54)

Hij = (kiki)a; when i < j, (8.55)

Hi = — > Hy = (k)% (2 +vi), (8.56)
JEB,jF£I

where we define

ka ; _ kada —aaks
ki’ ‘T (ki)?

Tq =

(8.57)

Let us choose to delete the first column and row corresponding to the particle
label “3” from the matrix H. Then the reduced determinant can be written as

— 1 142 _
det'H = —— TTxD?) det &, (8.58)
(k'3 ) 1eP
with

T4+v4 x5 te Tn—1 Tn

Ts5 Ts+v5 - Tn—-1 Tn
¢ = (8.59)

Tn—1 Tp—1 ' Tp—11+Un—1 Tp

This matrix is nothing but the leading order approximation of Hodges” matrix!
[148,149] in MRK. We can observe a lot of nice properties. In particular, a
conspicuous feature is that the entries q@ij are equal when j < 7 for each i-th
row. As we now show in the following, this implies further simplification.

'For arbitrary external kinematics, in the MHV sector, the four-dimensional scattering equa-
tions have only one set of independent of solutions and the formula (8.43) is simply reduced
to Hodges’ formula where the MHV amplitude of gravitons is given by the determinant of a
symmetric matrix.
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By performing some elementary row/column transformations of the matrix,

we have
det ¢ = det ¢/, (8.60)
with
V4 T5—T4—V4 ' Tp—1—T4—V4 Tp—T4
0 Vs cre Tpo1—Ts Tp—T5
¢ =|: : : : . (86D
0 0 T Un—1 Tn—Tp—1
Ty 0 cee 0 Tn

This is almost an upper triangular matrix. We find it remarkable that we can
nicely compute its determinant by employing the so-called the matrix deter-
minant lemma. In order to proceed, let first us present this theorem in brief as
follows:

Matrix determinant lemma (MDL) Let A be an invertible matrix, u and v be
two vectors. Then the matrix determinant lemma states that [227,228]

det (A+u'v) = (1+vA~'u") det(A). (8.62)

Proof: Let us first see the special case of the identity matrix, i.e. A = 1.
Noting the following identity [228]

T T T
1 0 1+u'v u 1 O _ 1 u ., (8.63)
v 1 0 1 -v 1 0 1+vu

calculating the determinant of both sides ends the proof for the case of A = 1.
Then from

A+ul'v =A(1l+Au'v), (8.64)
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we can prove the lemme, i.e.,
det (A +u'v) = det (A)det (1 + A 'uv)
= det(A) (1 +vA~'ul). (8.65)
We first simply decompose the matrix ¢’ defined in (8.61) into an upper tri-

angular part and a matrix that has only non-zero element x,, in the lower left
corner. To be more precise, we write

¢ = p+ptv with p=(0,...,0,1), v = (2,,0,...,0),  (8.66)

where ¢ is nothing but the matrix ¢’ with replacing the first element of the last
row x, by zero. Then by making use of the matrix determinant lemma, we
have

det ¢’ = (det <p) (1 + wp_luT)
= vgvs vt 2 (T4 aa(9™), ) (8.67)

In general, it seems difficult to exactly find the inverse of the matrix . Fortu-
nately, it is not hard to obtain the entry (4,0*1)1,”_3 by induction (see Appendix
D for the detail of derivation),

_ ky + kit
(P ns = == (8.68)
n
Plugging it into (8.67) immediately gives
_ ka
det ¢ = —%M Vs Up1 T (8.69)

n

Noting

Vo(@i,iT qit1) = ¢ vigia, Vo(175nT) = a2, (8.70)
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and equations (8.69), (8.58), (8.53) and (8.52), we obtain
M, (17,27) (8.71)

1 _ -
Wvg(%,‘ﬁ,%) ch(l ;).
4 n

= —s2Cy(27;37)
In summary, we derived the correct multi-Regge factorization of any MHV
amplitude of gravitons. In order to extend the analysis in the MHV sector to
other helicity sectors, at this point let us summarize some key technical ideas
that have been used above. First, we can transform the matrix into a near
upper triangular form by some elementary row and column operations since
the matrix has a particular structure in MRK. Then the matrix determinant
lemma can be used to compute its determinant. We show in the next section
that this technique is useful for other helicity configurations.

All helicity configurations

Let us first consider the positive helicity part 3. In MRK, the entries of
(n—k) x (n—Fk) matrix H take

T T .
Hij = (ki ) (ki i) wj = (kitma) (ki G5) cijy cij = CZC.JTAJ, for i < j.
YK
For diagonal elements, we have
Hi=— > Hy- > Hy
JEP<i JEPB>i
= —(mki) DGR =GR YD Tk
JEP,j<i JEP,i>i
= ki > Ghi GRS D> Tk
JjeB,I<i eIt

= (ki"G) (ki) (i + wy), (8.73)
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where one has used the momentum conservation (8.30) in the third line, and
u; 1s defined as

B 7 kit G k+
u =y (Tik;xj—gkixi : (8.74)

JEP<i
Using the scattering equations (8.2) and their solution, one can further obtain

ket — qikE

()2 (8.75)

U; = V; =

Let us delete the first column and row corresponding to particle label “3”, then
the reduced determinant becomes

det'H = < IT &% Ti> detH', (8.76)

e, i£3
where
Uiyt iy Ciyig Ciyiz " Ciin
Liy Uiy +xi2 Cigig o Cign
—/
H = Lig Lig Vig +xi3 v Cign | . (877)

Here labels satisfy 3 < i1 < i3 < --- < n. In the case of the MHV sector,
since ¢;; = x; (1 < j), this matrix is identical to the matrix ¢ in (8.59). More
remarkably, they have a similar structure and share some useful properties. As
a consequence, we can use the same technique to calculate the determinant as
in the MHYV sector. We summarize the result as follows (see Appendix D for a
detailed derivation):

det'H = <H(kf)2ém) T e (8.78)
e (:I4 dn iep
1#£3,n
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Let us now discuss the k& x k matrix H. It is reasonable to expect that the sim-
ilar structure appears in this matrix such that we can compute its determinant
using the matrix determinant lemma. Let us first compute its entries as follows:

Hi2 = —1, Hir = =1, (8.79)
* I
Hi2 = (z171)a, Hor = corCr, cor = o (8.80)
Hiy = (z1mi¢s)a;, 1>J (8.81)
* T,
Hry = C[J(:E[T[CJ){EI, cry = Clij, I<J (8.82)
T1¢T
Hyp = —Hia — > Hyy, (8.83)
Iem
Hip = —Hir—Hor— Y Hiy— ) Hi (8.84)
J€ﬁ<1 J€ﬁ>]

By using the scattering equations (8.2) and their unique solution, it is easy to

obtain
a*
H22:1_ZTI = Hif ; (8.85)
Iem rem 1
Hrr = C1<1 - Z TJ) - Tl(l + Z CJ) = x1Qrrr (v + 27).
J€m>1 J€m<1

Then we have

det' H = (H xlCﬂI) det H’, (8.86)

Ien
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where one choose to remove the first column and row corresponding to particle
label “1”, and H’ is defined as

Hao  copy 21, e 21,
* * * * *
ry v tr ennxp ot CLILTr
!
H = 7, Ty, v, FTT, o CnnTl, | (8.87)
* * * * *
xr,., xy,. Z1,, U1, T2,

where I} < --- < I, € M, m = k—2. This matrix again displays a similar
structure with ¢ in (8.59). Hence we can calculate its determinant by a similar
technique based on the matrix determinant lemma. The final result is

det'H = (H WCITI) I v (8.88)

Ien Ient
The details of the derivation can be found in Appendix D.

Putting everything together, we obtain the fully-localized form of any N*MHV
amplitude of gravitons

-1

15 Volaas45g5) -
|4z
1 1
ﬂvg(%hl; n—1; Qn)WCQ(L n),
n—1 n

My, = —5%Cy(2;3)

with

1% (L 1* 1% 1\ L
q; (kz G — ki g )qi—i—l

Volainit,qiv1) = ¢ vigh, = o . (8.89)
— * * k q k q qL*
Volar, 1™ qr41) = qiviqi, = zal I(kh)l r) L (8.90)
I

in agreement with the Lipatov formula (7.7). Finally, we provide an elegant
derivation of the tree-level multi-Regge factorization of gravitational scattering
amplitudes.
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Let us conclude this section by making some comments. First, we have as-
sumed in previous sections that the two incoming particles 1 and 2 carry the
same helicity. Here we show that all conclusions hold for the case where the
gravitons 1 and 2 have opposite helicities. For example, let us consider ampli-
tude M,, with helicity configuration (17,27, n™,...). In this case, in MRK,
we have

1

+ o9 - _ — 9= o+
M, (17,27 ,n",...) = M,(17,27,n "”)<(1n)8

> . (8.91)
MRK

The factor (17)~® combines with the impact factor Cy(17;n7) to give

(o

Second, we would like to show that the helicity is conserved in gravitational

)Cg(l_;n+) = Cy(17;n )" = Cy(1F;n7). (8.92)
MRK

impact factors, like gauge theory. As an example, we consider amplitude
My, (17,27,37,47,...). In the multi-Regge limit, we have
Mp(17,27,37,4%,..)

= Mp(17,27,3%,47,..) <1

(34)° MRK> (893

= M,(17,27,37,47,..) ) e 1

This shows that the amplitude M,,(17,27,37,4™,...) is suppressed in MRK

since
1
(34)8

which is implied by our conjecture in the solutions of the scattering equations
in MRK.

> ~ o((kf /k9)"). (8.94)

MRK

Finally, let us see what happens in the case where particles with other spins
in supergravity multiplet are involved. For example, in case of one pair of
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gravitinos, i.e. (16;’ =

Ma(1Z0%, ) = Ma(17 0%, ) <(1_:L>

) . (8.95)
MRK

Similarly, a combination of the factor (1n)~! and the graviton impact factor
Cy(11;n7) gives

(o

which exactly agrees with the result in [221, 222]. It is also easy to obtain

C (17;71 ) — (”) =C (]_f;n~)7 (8.96)
MRK) I k"J{ e

the result for other cases where particles with other spins in the supergravity
multiplet are involved.

8.4 Conclusions

We have shown that our conjecture implies that the scattering equations, as
well as the CHY-type formulas for amplitudes in gauge theory and gravity,
simplify vastly in MRK. We have explicitly determined the unique solution (up
to GL(2, C) redundancy) of the four-dimensional scattering equations in MRK
for any multiplicity and any helicity configuration, and furthermore, derived
the expected multi-Regge factorization of the amplitudes by inserting the MRK
solution into the CHY-type formulas in both Yang-Mills and Einstein gravity
in this chapter. These give very strong support to the validity of our conjecture.

We will extend our investigation to the quasi-multi-Regge kinematics in the
following chapter.



9 AQuasi-multi-Regge factorization from
the scattering equations

In the previous chapter, we have shown that one can derive the factorization
of gluon and graviton amplitudes from the scattering equations baed on the
conjecture presented in Chapter 7. One feature of the derivation is indepen-
dent of the number n of external legs as well as their helicities. In this chapter,
we extend the analysis to quasi-multi-Regge regimes. More precisely, we in-
vestigate quasi-multi-Regge limits of gluon amplitudes. We will show that, in
agreement with expectations from Regge theory, in each of these two cases our
conjecture implies that the amplitude factorizes into a set of universal build-
ing blocks which are multi-particle generalisations of the impact factors and
Lipatov vertices in the case of MRK, independently of the multiplicity and
the helicities of the produced particles. As a byproduct, we obtain CHY-type
representations for these building blocks.

9.1 The first type of quasi-multi-Regge limits

The goal of this section is to show that our conjecture implies that in the quasi-
multi-Regge limit where

any tree-level gluon amplitude factorizes as

-1
An(Lieon) = sC(23,. .0, 7) ——— V(@i 1+l grya) -+ (92)
|Qr+1|
-1 -1
"X T V(gn-1;1—1;n) ﬁc(l;n%
qn—1| IQTL|

109
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where C(2;3,...,r) is a generalised impact factor that only depends on the
subset of momenta (ka,...,k,) and corresponding helicities. We will now
show that the generalised impact factors are universal, i.e., they do not depend
on the quantum numbers of the other particles involved in the scattering.

Let us start by analysing the case r = n—1. We assume without loss of gen-
erality that particles 1 and n have negative and positive helicities respectively.
For simplicity, we also assume that ho = —1. The case hy = +1 can be re-
covered by using the same argument described in the previous chapter. The
general logic will be similar to the MRK case, so we will be brief and we will
not describe all the steps in detail here. We start by fixing the GL(2, C) re-
dundancy as in eq. (7.14), and we apply Conjecture 4d to expand the scattering
equations to leading order in the limit. We observe that there is a subset of
scattering equations that become linear in 7,, and (,,

St a4 (1D ) o, (9.3)
Iem
Si=1+¢, =0, (9.4)

where we use the rescaled variables defined in eqs. (7.15) and (8.3). Note that
here we keep only the leading-power terms in the limit (9.1) with » = n—1.
We can easily evaluate the corresponding residues,

dTn an

§(Sh)o(SE) = (k)" =C(17;n™), (9.5)

where we have identified it with the impact factor C(1;n). The amplitude then
takes the expected factorized form

—1

An(17,27,...n") ~ sC(27:3,...,n—1) —— pRE

c(17;n™),  (9.6)
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where C(17;n™") is the same impact factor as in MRK, cf. eq. (7.5). The gen-
eralised impact factor C(27;3,...,n—1) admits a CHY-type representation,

C(27;3,...,n—1) 9.7)

"1 doLdra 1 k-
all,) Ta 0347 1 kfi

On—2n—10n—1 ) — K
e IEN

x H5<’ff2£ki+>

Ien ieP

J_ TIT; * (QT%)*
XH5<(k1 _7201 Uz i <I%I>

Ien 1€P

XH‘;(H”—ZGWQ kL> <1+C@ kLZ o )

ieP Iem

where 01 = M\ {2} and ¢, = 3"~ k, is the total momentum exchanged in
the t-channel. A similar formula can be derived when hy = +1. We have
checked that our formula correctly reproduces various known results in the
literature [71, 225, 229]. In particular, eq.(9.7) correctly reproduces known
results for the MHV-type impact factors C (2_; 3T, (n—1)+) for arbitrary
multiplicities. All results obtained are collected in Appendix E. Moreover, we
have checked that this formula reproduces the correct results forupton = 7
numerically.

In Appendix F, we also show the formula in eq.(9.7) has the factorization
properties expected from a gluon amplitude at tree level. In particular, if the
gluon ¢ becomes soft, k; — 0, the impact factor factorizes into an impact factor
with one particle less, times the usual eikonal factor [79]. For example, if the
soft gluon carries positive helicity, we have

C(2;3,...,a,i,b,...,n—1) :C(2;3,...,a,b,...,n1)<a<;>ll<)z>,b>, 9.8)

where (a,b) = (i—1,i+1) are the gluons adjacent to i for the chosen color-
ordering. Similarly, if two produced gluons, say ¢ and i+1, become collinear,
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~ C(2:3,...,i—1,p"i+2,...,n—1) Split_,(i,i+1), 9.9)

where p = k; + ki1 denotes the momentum of the parent gluon before the
splitting, and Split denotes the usual tree-level splitting function (c.f. eq. (2.18)
for explicit forms). Finally, in the case where particle n—1 has much smaller
rapidity as the other produced gluons, we have

-1

C(2:3,.n—1) = €23, n=2) o
I

V(gn—1;n—1;¢n), (9.10)

withg, = qn1+kn1 =ka+k3+-- + kp_1.

The previous considerations also imply that the amplitude has the expected fac-
torization behaviour in the quasi-multi-Regge limit where y3 ~ -+ ~ y, >
-+ > yn. Indeed, we can simply apply eq. (9.10) iteratively to add one large
rapidity gap at the time, and we immediately see that the amplitude takes the
factorized form given in eq.(9.2). We note that this factorization is a direct
consequence of Conjecture 4d and the CHY-type formulas of gluon ampli-
tudes, and it does not rely on any other assumptions. In particular, we see
that the factorized form holds for arbitrary multiplicities and helicity config-
urations. Moreover, we see that the impact factors are universal, in the sense
they do not depend on the quantum numbers of the other produced particles,
in agreement with general expectations.

9.2 The second type of quasi-multi-Regge limits

In this section, we study another type of quasi-multi-Regge limits

Ys > D Yp = 2 Ys > > Yn, 9.11)
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where the amplitude is expected to factorize as follows:

-1
An(L,... n) = sC(23) 5 V(a3 45 g5) - Wv(qr;h 83 Gs 1)

#11|2V(qn1;nl;qn)|q;|20(1;n)- 9.12)
We start by analysing the case (7, s) = (4,n—1), and we assume that (hy,h2) =
(—1,—1). Helicity conservation implies that we obtain a non-zero result only
if (hs, hy) = (4+1,+1), which we assume from now on. We proceed in the
usual way, and we use Conjecture 4d to expand the scattering equations to
leading order in the limit. We then observe that the equations S5 = S = 0
are linear in (; and 7, @ € {3, n}. We can thus localize the integrals over these
variables on the residues obtained by solving these linear equations. We arrive
at the following factorized form for the amplitude:

A,(17,27,3,...,n) (9.13)

-1 -1

]q4 2

where the generalised Lipatov vertices admit the following CHY-type repre-
sentation,

V(q4;4,...,n—1;qn)

’ﬁ doqdt, 1 1 ki
st ta Oas- - 1

Opn—2,n—10n-1 iepIen k5

titr tr
x [Tl k+ - kF + - 9.14
R R et I

Ien 1EP
* t t[ C[ *
X o\ k7 —
mﬂn (1 k}%m R I N ”)
Er titr
ALo(1-3 %(—12 Y]
iep Tem OiT01 k7 ki fem 0101
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Here 91 and P8 denote the subsets of {4, ... ,n—1} of particles with negative
and positive helicity respectively. In previous analyses, we always remove
the four delta-functions 6%(S¢)6%(SS') and identify them with the momentum
conservation constraint, cf. eq. (8.30). Alternatively, we can also use the equa-
tions S¢ = S& = 0 to localize the integrals over {3, T3, 0y, T, } and identify
§2(8)6%(S%) with the §-function expressing momentum conservation:

52(85) 6%(S2) = skiky & (Z kﬁj) . (9.15)
a=1

Consequently, this leads to the following alternatively equivalent formula for
the generalized Lipatov vertex:

V(Q4; 4,...,n—1; qn)

n H dgadTa 'j1,2;3,n ( H k[i)

On—2.n—10n— -
n—2n—19n—1 iep Tem Vi

< I1 5<k T Tm) ki — T[qn>
01 o; ;
ieP

Iem
1= }F TIT; 1= 1=
XH(S ki kia U—Qﬂ; ki —Crqa
Ien zE‘D =
k-‘r
x H5<1 e +Ti> ( o Z Ty Q)
; g;— k'[ Z 0;—0]
iep Ien Ien
(9.16)
where
—1 —1
Ti230 = 41 G (qi +) Cik‘f> (Qi* - Zﬂ‘@“) NCRVD
ieP (DY

We have checked that the two CHY-type formulas are consistent with known
results in the literature for generalised Lipatov vertices for the production up to
three particles, as well as for NMHV-type Lipatov vertices for the production
of up to four particles, see Appendix E for analytic results. In addition, we
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show in Appendix F that eq.(9.14) has the correct factorization properties.
In particular, if y4 (y,—1) is much greater (smaller) than the rapidities of all
the other emitted particles, then the Liptatov vertex itself factorizes. More
precisely, in the limit y4 > y; with 5 <7 <n-—1

1
V(ga;4,...,n—1;qn) =~ V(q4;4;Q5)WV(qa&---,n—l;qn), (9.18)
5

and in the limit y,,_; < y; with 4 < ¢ < n—2 we have

-1

= V(‘M; 4,...,n=2; Qn—l) IPRRET]
qn—1|

V(gn-1;n-1;¢5). (9.19)
Using these properties we can iterate the factorization and gradually approach
the quasi-multi-Regge limity3 > -+ > y, >~ - 2 ys > -+ > y,, and we
see that the amplitude takes the factorized form in eq. (9.12). We emphasise
again the factorization is a direct consequence of Conjecture 4d and the CHY-
type formulas for gluon amplitudes. In particular, we find that this factorization
holds for arbitrary helicity configurations and that the ensuing generalised Li-
patov vertices are universal and do not depend on the quantum numbers of the
other particles involved in the scattering.

9.3 Comments

In the previous sections we have studied two families of quasi-multi-Regge
limits, and we have shown that in those cases our conjecture implies that the
amplitude has the expected factorization into universal building blocks. In
principle, one could also consider more general quasi-multi-Regge limits, like
for example

Y3 Y ] DY Y D Y] e Yy (9.20)
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In this limit the amplitude is expected to factorize as

An(1,..,n) ~ sC(2;3,...,r — I)WV(qT;T, ey 83 Qst1)

x ———C(1;5+1,...,n). (9.21)
‘qs-i-l ’2

Unfortunately, we are currently not able to derive this factorization from Con-
jecture 4d and the CHY-type formula of the amplitude. The main obstacle is
that for these more general quasi-multi-Regge limits we cannot identify a set of
variables that enter the scattering equations linearly in the limit. This property,
however, was the cornerstone in previous sections to prove factorization in
(quasi-)multi-Regge limits. We stress that our inability to derive factorizations
for more general QMRKSs from Conjecture 4d and the CHY-type formula of the
amplitude does by no means imply that no such factorization exists. Indeed,
if we consider for example eq. (9.21) and we insert the CHY-type formulas for
the generalised impact factors and Lipatov vertices in egs. (9.7) and (9.14) we
obtain a representation for the amplitude in this limit that is consistent with the
known factorizations of the amplitude in all soft, collinear and multi-Regge
limits. We then find it hard to imagine that the amplitude could take any other
form in this limit than the one given in eq. (9.21).

A second comment is about amplitudes involving quarks. There are various
quasi-multi-Regge limits which involve one or more quark pairs in the final
state. For example, in the QMRK y3 >> y4 =~ y5 > yg, we have

As(1,2,3,44,54,6) ~ sC(2; 3)%12V(q4;4q, 57;96) —15C(1;6). (9.22)
91| |45

Since there are CHY-type formulas for tree-level amplitudes involving mass-
less quarks [133], and since the scattering equations are universal and do not
depend on the details of the theory, we can immediately extend our analysis to
these amplitudes and use our conjecture to derive their factorization in various
quasi-multi-Regge limits. Similarly, we can also obtain CHY-type represen-
tations for the corresponding generalised impact factors and Lipatov vertices,
and we have checked that in this case we are able to reproduce the known ana-
lytic expressions from the literature [48,71,225,230]. For example, we list the
analytic result for V(go; 4;{, 505 ¢1) in Appendix E.
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9.4 Conclusions and discussions

Together with the previous two chapters, we have initiated the study of Regge
kinematics through the lens of the scattering equations. Based on numerical
studies, we have formulated a precise conjecture about the behaviour of the
solutions to the scattering equations in the Regge limit, both in their D and
four-dimensional versions in Chapter 7. While we currently have no proof
of our conjecture, we have tested its validity by showing that we can derive
the expected factorization of the amplitudes when we combine the conjecture
with the four-dimensional CHY-type formulas. This is a highly non-trivial
prediction of our conjecture, which gives us confidence that it describes the
correct asymptotic behaviour of the solutions of the scattering equations in
QMRK.

Our conjecture is not only of formal interest, but it has concrete applications
to tree-level scattering amplitudes. In particular, we have applied our conjec-
ture to show that in MRK the four-dimensional scattering equations have a
unique solution (up to GL(2, C) redundancy), independently of the multiplic-
ity, and we have explicitly determined this MRK solution in Chapter §. We
find it remarkable that in MRK we may find the exact solution of the four-
dimensional scattering equations for any sector k for arbitrary multiplicities.
Indeed, so far this has only been achieved for the MHV sector. In QMRK we
cannot obtain exact solutions to the scattering equations anymore. Instead, we
have derived CHY-type formulas for the generalised impact factors and Lipa-
tov vertices valid for an arbitrary number of particles, and we have checked
that these formulas reproduce known analytic results from the literature for
low multiplicities in Chapter 9.

We see two possible directions for future research. First, it would be inter-
esting to find proof of our conjecture. This would not only clarify some new
mathematical property of the scattering equations, but it would have direct
implications for tree-level scattering amplitudes. Indeed, so far the factoriza-
tion of color-ordered helicity amplitudes has only been rigorously proven for
arbitrary multiplicities for the simplest helicity configurations. In this work,
we have shown that our conjecture implies the expected factorization for arbi-
trary helicity configurations. A rigorous mathematical proof of our conjecture
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would thus immediately lead to an elegant proof of the Regge factorization of
all tree-level amplitudes in Yang-Mills and gravity.

Second, while in this work we have focused exclusively on gluon and graviton
amplitudes, the scattering equations and the CHY-type formula are valid for
much larger classes of massless quantum field theories, and thus our conjec-
ture applies also to theories other than gauge theory and gravity. In particular,
since we have shown that our conjecture implies the factorization of gauge
theory amplitudes in various quasi-multi-Regge limits, it would be interesting
to investigate if similar factorizations can be derived for other massless quan-
tum field theories in QMRK. The study of Regge kinematics has so far mostly
focused on Yang-Mills and gravity, and it would be interesting to study the
implications for other theories.



10 Solving the scattering equations by
homotopy continuation

We present an efficient method to solve the scattering equations numerically
in this chapter. The content in this chapter is based on the paper [231].

10.1 Homotopy continuation

Let us first give a brief introduction to homotopy continuation [232, 233],
which is the primary method in numerical algebraic geometry that we will
use throughout this chapter. In order to solve a system of equations p(z) = 0
with p(z) = (p1(2),...,pn(2)) and z = (z1,..., 2n), the fundamental idea
is to introduce a continuous deformation (homotopy)

p(z) = p(z,t), te[0,1], (10.1)

which connects the farget system p(z,1) = p(z) with a start system p(z,0) = 0
whose solutions z(0) are known. Then the solutions z(1) of the target system
can be obtained from z(0) via smooth paths as the continuation parameter
t varies from 0 to 1. To be explicit, constructing a differentiable homotopy
p(z,t) and differentiating it with respect to ¢ lead to a system of ordinary
differential equations (ODEs) on z = z(t) as follows:
dpi(z,1) _ i Opi(z.1) dz(t) | Opil=.t)

dt 8zj dt 875

= 0. (10.2)
j=1
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Viewing this as a system of linear equations on dz;/dt, it can be transformed
into the following standard form:

() --(52) (%50) o

where terms in parentheses should be understood as matrices. Providing the
initial condition z(0), the desired solutions z(1) of the target system can be
obtained by integrating the system of the ODEs (10.3). Usually, numerical
algorithms for initial value problems [234] are applied to obtain an estimate for
z(1). This approximated solution serves as the initial guess of the true solution,
and are fed to the Newton method to improve its precision further [232].

10.2 The homotopy continuation of the scattering equations

The homotopy continuation method described above has been well-studied, in
particular for polynomial systems, during the past decades. Therefore, it is
natural to straightforwardly apply this technique to the polynomial form of the
scattering equations [51], as shown in (3.17). A frequently used homotopy in
the mathematics literature is

him(o,t) =thy(o) + (1=t)(oymo—1), i€ {l,...,n=3}. (10.4)

The advantage of such construction is that the start system has (n—3)! known
solutions and the number of solutions remains unchanged for any regular ¢.
Although such a homotopy can be used to solve the scattering equations in
principle, with some experimentations, we found that it is highly inefficient.
One reason is on the technical side, saying that the complexity of evaluating
ODEs (10.2) corresponding to the polynomial system is too high. Another
reason is that the initial system is significantly different from the target system;
this implies that a huge number of steps are spent to reach the target system.

In this work, we extend the homotopy continuation method to solve the frac-
tional scattering equations (3.5) by establishing an appropriate homotopy.

Instead of constructing the homotopy continuation for scattering equations di-
rectly, we propose the physical homotopy in the kinematic space /C,, (the space
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spanned by linearly independent Lorentz invariants s;; = 2k; - k; [235]), i.e.,
S = &, (10.5)

where S € IC,, denotes a set of kinematical variables. The momentum conser-
vation and on-shell conditions hold for S; at any ¢t. More explicitly, a simple
construction is:

5ij(t) = (1 —1t) 85 +t sy, (10.6)

where 5;; and s;; are two sets of Mandelstam variables belonging to the physi-
cal region of interest in /C,,. Clearly, as long as on-shell conditions and momen-
tum conservation are satisfied for 5;; and s;;, they are satisfied for s;; (t). By
abuse of terminology, we define the kinematic homotopy as a one-parameter
smooth path in the kinematic space C,,, shown by (10.5). The physical kine-
matic homotopy connects different points in /C,,, and this may be used to estab-
lish the connection between the physics quantities evaluated at different points.

The kinematic homotopy &; naturally induces a homotopy for the scattering
equations

Sablt
falt) = ;M — 0. (10.7)

Since the physical homotopy preserves on-shellness and momentum conserva-
tion, the system has exact (n—3)! solutions for any regular ¢. To proceed, let us
use the SL(2, C) redundancy to fix three punctures, for example (o1, 02, 0y,) —
(0,1, 00). The last equation f,, = 0 is then trivially satisfied [23]. Differenti-
ating other equations with respect to ¢ gives the following system of ODEs:

n—1
S @+ fl =0, ie{l,2,...,n-1} (10.8)
7j=3
with
L do;(t) _ fi(o,t) ; 0fi(o,t)
0 = ar (I)ZJ = T‘j7 fl = T (10.9)
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An important property is that the matrix ®(¢) has exactly rank n—3 at any
t [23]. This ensures that there is no singularity in our algorithm. To improve
numerical stability, we retain all (n—1) equations except f, = 0 which is satis-
fied trivially, and employ matrix decomposition methods [234] to generate the
standard form, like eq. (10.3). Therefore, once the solutions of the scattering
equations for 5;; is known, the solutions for s;; can be obtained by numerically
integrating the ODE:s in eq. (10.8).

10.3 Algorithm

However, so far the initial solutions (the solutions of the scattering equations
for kinematical invariants s;;(0) = §;;) are not readily available yet. We would
like to emphasize that it is highly non-trivial to obtain the initial solutions, in
particular when the multiplicity n is large. In order to initiate our program,
we develop an algorithm based on the properties of the scattering equations in
some special kinematical regions as well as the homotopy continuation tech-
nique. This algorithm will be described in detail in the following.

We employ the homotopy (10.6) again, i.e. s;;(t) = (1—t) 5;; + t5;;. Here the
kinematical invariants $;; satisfy

515 >0, 89, >0, §z’j >0, 1%,j€ {3, .. .,n—l}, (10.10)

which are referred to as the positive region denoted by K, in [236]. A remark-
able property is that all (n—3)! solutions of the scattering equations in K are
real if we fix the SL(2, C) acoording to (o1, 02,05,) — (0,1, 00) [236]. More
interestingly, all variables (o3, ...,0,—1) live inside the interval (0,1) and
distinct from each other for each solution. It is clear that due to this feature,
the scattering equations in K, can be solved much more quickly, compared
to generic kinematic regions. As will be detailed below, all (n—3)! real solu-
tions can be obtained using the homotopy continuation technique again.! Once
these solutions are readily available, they will serve as initial solutions, and we
can use the homotopy (10.6) and integrate the system of the ODEs (10.8) to
generate the solutions for general kinematics 5;;. It is also worth stressing that

'Tn [236], for the kinematics in the positive region, one kind of algorithms were proposed
based on interpreting the scattering equations as the equilibrium equations for a stable system
of n—3 particles on the real interval (0, 1).
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we may encounter singularities if we still adopt the real contour for ¢ from 0 to
1, since the starting and target points live in unphysical and physical regions of
IC,, respectively. A solution to avoiding singularities is to employ a complex
contour for ¢. In our program, we choose a simple contour consisting of two
line segments in the complex ¢ plane: 0 — 0.5 + 0.57 — 1.

Now the final task is to obtain all solutions to the scattering equations for one
point in C;t'. Inspired by the soft limit of the scattering equations, we propose
the following homotopy contnuation”

515(t) = 814, S2i(t) = 825, 3 <i<n—2
8ij(t) = 8ij, 3<i<j<n-2 (10.11)
San—1(t) = téan-1, 1<a<n-2.

We refer to it as the inverse soft homotopy. All the remaining kinematic invari-
ants can be easily obtained via on-shell conditions and momentum conserva-
tion. Clearly, this homotopy preserves the “positivity” of the kinematic region
K.F. Another remarkable property is that in the limit ¢ — 0 which defines the
soft limit k,,_; — 0, the kinematic space of n particles is reduced to (n—1)-
particle one which is still in the positive region. As shown in Section 3.3, in
this limit, f,,_1(¢) is invariant up to a factor ¢, i.e.,

n—2 .
s r3 Sa,n—1
n— = UJn— ) n— = — 10.12
fao1(t) =t faa(t), Faoa(®) ;%l_aa (10.12)

while other equations become nothing but the system of scattering equations
associated with (n—1) particles without the soft momentum in ;.

+

n—1°
homotopy (10.11) recursively until the four-particle case, whose unique solu-

In order to solve the scattering equations in K we can use the inverse soft
tion is known, i.e. 03 = —s12/s13 with gauge fixing (01, 02,04) — (0,1, 00).
The equation corresponding to the soft particle f,,—1 = 0 (referred to as the
soft equation) is equivalent to a polynomial equation of degree n—3 in op,_1.
For each solution of the scattering equations for the (n—1)-point system with-

out the soft particle, the n—3 zeroes of the soft equation f,,_1(0p,—1) = 0 are

*Based on the soft limit, one alternative algorithm was constructed and implemented in
Mathematica in [23].
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distributed in the n—3 sub-intervals of (0, 1), separated by o3, 04, - - -, op—2.
Thus simple numerical techniques such as the bisection method can be applied
to obtain all n—3 roots. For using the inverse soft homotopy (10.11) each
time, a similar method can be used to solve the soft equation. Here it should
be noted that the f,,_;(t) is always replaced by f,_1(t) when we employ the
inverse soft homotopy (10.11). Finally, we will obtain all (n—3)! solutions to
the scattering equations for any point in ;'

With the initial solutions from solving the scattering equations in KC,", by inte-
grating the corresponding differential equations given in (10.8), we can obtain
the solutions to the scattering equations for one point in /C,,.

To summarise, we have proposed a homotopy continuation method to solve
the scattering equations and given a workable framework in detail. As shown
schematically below (superscript (s) stands for the soft limit), our method con-
sists of two main steps.

10.11 10.11 10.11 10.6 10.6
J® UOAD,  (0ID yep) (OID yep (06) 40 (06) 4o

n

(10.13)

Step I Step I

The first step is to obtain the initial solutions, which consists of two substeps:
First, solve the scattering equations in ;I by using the inverse soft homotopy
(10.11) recursively. Then, with these solutions as initial solutions, we can
use the homotopy (10.6) to solve the scattering equations for one point in the
realistic target region. As the next step, once we have all (n—3)! solutions
to the scattering equations for one physically realistic point in the kinematic
space, we can track these solutions to any point in the kinematic space using
the homotopy (10.6). In the second step, the solutions of the start system can
be continued to the target system much more easily, since they both live in the
same physically realistic region.

The method presented above has been implemented into a C++ program. For
the numerical integration of differential equations, we adopt the Runge-Kutta-
Fehlberg method [237] provided by ODEINT [238], and for the numerical solu-
tion of linear equation system, we employ the Householder QR decomposition
with column pivoting provided by EIGEN [239]. In obtaining the initial solu-
tions, the local accuracy is set to be 10~ 1, while in the second step, the local
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accuracy is set to be 1077. In both steps, the Newton method is adopted to
increase the precision to 10715, The code is publicly available at

https : //github.com/zxrlha/sehomo.

In order to validate our algorithm, we consider the randomly selected non-
exceptional points in the phase space corresponding to 2 — n—2 scattering up
to n = 13. All tests were performed on a Macintosh laptop with a 2.7 GHz
processor. The results of the computation times are summarized in Table 10.1.
In the table, ¢,, are the computation times for obtaining all §(n) = (n—3)!
solutions, and ¢,, = t,,/(n—3)! represents the average time for each solution,
for solving the scattering equations with a set of prepared initial solutions in
the physically realistic region of KC,,. That is to say, they correspond to Step
II showed in (10.13). Here we would also like to note that our algorithm for
obtaining the initial solutions (i.e. the Step I in (10.13)) works well. More
precisely, in this step, the time cost is dominated by tracking solutions from
unphysical positive region to physically realistic region in /C,,, while solving
the scattering equations in the positive region recursively is very fast. For
example, it costs less than 30 minutes for n = 11 case.

As a consequence of the Newton method, all solutions can be obtained with an
accuracy of 1071°. We have also checked that all solutions are distinct from
each other; thus we can verify that no solution is missed.

We observed that the total time to obtain all solutions increases significantly
as n increases, mainly due to a factorial increase in the number of solutions.
On the other hand, the average time of obtaining one solution increases much
more slowly, and it is still at O(ms) level even for n = 13. It is noteworthy
that obtaining different solutions is completely independent, thus can be done
in parallel.

We also found that the time costs are dominated by solving the differential
equations. Therefore if higher precision on solutions is requested, only the last
step, i.e. the Newton iterations should be performed within higher precision,
which has an only small impact on the total time cost.
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n #(n) tn, t,, (ms)
5 2 1.3ms 0.7
6 6 5.0 ms 0.8
7 24 35ms 1.5
8 120 0.22s 1.8
9 720 1.3s 1.8
10 5040 13s 2.5
11 40320 2.3 min 3.2
12 362880 30 min 4.9
13 3628800 5.6 h 5.5

Table 10.1: The total time costs ¢,, of solving n-point scattering equations are
shown. The number of solutions as well as the averaged time per solution
tn = t,/(n — 3)! are also shown.

In addition, due to the property of the algorithm, for two neighbouring points
in the phase space, clearly it will be much easier to obtain the solutions of the
scattering equations from each other. Therefore, one could speed up the calcu-
lation through a book-keeping method: first the initial solutions are prepared
at several typical kinematic points rather than only one point, and the closest
point are adopted as the initial point when doing the actual calculation.

Lastly, we extend our method to solve the four-dimensional scattering equa-
tions. Here we consider 2 — (n—2) scattering. It is a good idea to work
with the equations in light-cone variables (7.17) since they are fully equivalent
to the four-dimensional scattering equations (4.5). Working in the center-of-
momentum frame (c.f. Section 7.1 for detail), we propose a homotopy contin-
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uation f0r momenta:
k() = (1=t pf +tp/,  ie{4,....n}

kF(t) = (1-t)pf +tp/f,  ie{3,....n}

k() = =Y (1-t)pF +tp;, (10.14)
=4

k3 (t) = =Y (1-t)pf +tp/],
=3

where p and p’ are two sets of momenta. The last two equations follow from the
momentum conservation. k; (¢) can be obtained using on-shell and momen-
tum conservation conditions and have a more complicated dependence on the
continuation parameter ¢. Fortunately, all k;” components are not needed since
they do not explicitly appear in (7.17). Substituting (10.14) into the equations
(7.17), it is straightforward to establish a system of ODEs. The initial condi-
tions can be obtained using a similar algorithm with D-dimensional case, as
shown previously.

We will not provide more details, but make a comparison with ref. [66], where
a method was introduced to solve the four-dimensional scattering equations
(4.5) and implemented in Mathematica. Overall, our algorithm is much
faster than the one in [66]. Here we identify some significant differences as
follows. As already pointed out, obtaining solutions is utterly independent
of each other in our method. In contrast, in [66] the solutions are obtained
sequentially, and as more solutions obtained, finding the next solution becomes
increasingly difficult. Consequently, we can easily obtain all solutions for high
points (e.g. n = 13), while even for n = 10 it is quite challenging to solve the
equations for all helicity sectors by the method developed in [66].

10.4 Conclusion and discussions

We have proposed the kinematic homotopy continuation, which connects dif-
ferent points in kinematic space. Such a deformation naturally induces a ho-
motopy continuation of the scattering equations. As a result, the solutions of
the scattering equations with different points in £, can be related to each other.
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We have developed an efficient algorithm to generate all numerical solutions of
the scattering equations. This opens a new window of opportunity for further
explorations in various prospectives.

First of all, this powerful method allows us to solve the scattering equations
with high accuracy and high efficiency in different contexts. It is interesting to
investigate the properties of the scattering equations and the CHY formulas in
various kinematical regions, such as collinear and multi-Regge limits. While
the discussion above is limed at the tree level, our method can be directly
generalized to solve the scattering equations at the loop level, which have been
derived from ambitwistor strings.

In practical terms, it allows one to develop a new framework to compute scat-
tering amplitudes at tree and loop level. Once one obtains all solutions to the
scattering equations, as a next step, it is straightforward to generate tree ampli-
tudes or loop integrands by summing up the contributions from these solutions.
For instance, since the scheme to extend the CHY formalism to loop level has
been developed at least for gauge and gravity theories, this may make possible
to compute the amplitudes in these theories up to the two-loop order.

More interestingly, the kinematic homotopy developed in this work has further
significance beyond solving the scattering equations. Intriguingly, the kine-
matic homotopy may provide an avenue to study various physical quantities,
such as scattering amplitudes and scattering forms [235,240,241], in the kine-
matic space directly.



11 Conclusions

Throughout this work, we have explored many aspects of the scattering equa-
tions. In this concluding chapter, we summarize the main results achieved and
make some comments on further avenues of research.

Our results have led to a deeper understanding of the mathematical struc-
tures underlying the scattering equations, which are universal for all massless
theories. First, we clarified the equivalence between two types of the four-
dimensional scattering equations and worked out how to exactly transform the
two corresponding formulations of S-matrices one another in Chapter 4. Sec-
ond, we have initiated the study of the asymptotic behavior of the scattering
equations in the high-energy limit in Chapters 7, 8 and 9. We observed that
the solutions to the scattering equations display the same hierarchy as the ra-
pidity ordering in various quasi-Regge regimes, and we conjectured that this
behaviour holds for any multiplicity. In particular, we explicitly solved the
four-dimensional scattering equations for any helicity configuration for any
multiplicity and derived the correct factorized form of tree amplitudes in Yang-
Mills and Einstein gravity in the multi-Regge kinematics. Our conjecture also
implies the expected factorization of the amplitude in Yang-Mills theory in
quasi-multi-Regge kinematics. Finally, a good understanding of the scattering
equations has also led us to develop efficient methods of solving the scattering
equations in Chapter 10. We introduced the physical homotopy continuation
of the scattering equations and designed an ingenious algorithm to generate all
numerical solutions of the scattering equations with high accuracy and high
efficiency based on the properties of the scattering equations in various kine-
matic regimes.

Our results also have broadened the scope of the applications of the scattering
equation formalism. Based on the four-dimensional scattering equations, we

129



130 11. Conclusions

have obtained the new representations for the complete tree-level S-matrix in
maximally supersymmetric DBI-VA theory as well as in the U (/N) NLSM and
a special Galileon theory in Chapter 5. These new formulas also have shown
the power of producing various double soft theorems. In Chapter 6, we have
also extended the scattering equation formalism designed for on-shell ampli-
tudes to form factors where a composite operator carries off-shell momentum.
With the help of a set of modified scattering equations, we constructed new
compact formulas for form factors with the chiral stress-tensor multiplet opera-
tor and a specific family of scalar operators inserted in N'=4 SYM. Our results
strongly support the availability and universality of the scattering-equation
method for form factors and also have initiated to study off-shell quantities
in this context. We expect that our results can be generalized to form factors
for general operators and even purely off-shell correlation functions in A/ =4
SYM.

While our research has focused primarily on the formal aspects of the scatter-
ing equations, we hope our results shed new light on particle phenomenology.
So far, only partial results for amplitudes with gluons and a few quark pairs
or/and massive bosons exist (see e.g. [133,242-2441]). Once one has a contour-
integral representation of scattering amplitudes in the full Standard Model, it
may be combined with the numerical algorithm presented in this work to de-
velop a faster and more reliable numerical evaluation of the tree-level S-matrix
of the SM than traditional results obtained by summing a prohibitively large
number of Feynman diagrams.

Another longstanding open question is how to generalize the scattering equa-
tions to loop-level amplitudes. Even though the impressive progress has been
made regarding constructing compact representations for loop amplitudes (in-
tegrands), in particular in supersymmetric theories, from the scattering equa-
tions based on ambitwistor strings [31-37], it is still highly non-trivial and
desirable to obtain new representations for loop amplitudes in realistic theo-
ries such as QCD. This is especially crucial to apply the scattering equations
to “simplify predictions and analyses of LHC experiments > [245].



A The spinor-helicity formalism

We provide a brief introduction to the spinor-helicity formalism in this ap-
pendix. We massively follow refs. [8,246,247] in the following.

Let us begin by relating a four-vector £ to the following matrix

0 3 1 1.2
KO+ k3 kD — ik ) A

kaa = kugga = < kL4 ik? KO _ g3

with k, = (k9 k) and 0 = (1gx2,5), where @ = (0,02, 0°) are Pauli
matrices. If k is light-like, the matrix k.4 is rank deficient since det(kqa) =
k? = 0. Hence it can be represented as

kad = )\a )\d) (A2)

where the two-component objects A and ) are known as spinors carrying dif-
ferent helicities respectively, as explained later. It is clear that for any given
null momentum £k, the A\, A\ are unique up to a little group transformation

(A, A) — (tA t71N), teC™. (A.3)

An explicit representation used in this work is

0 + —if +
e k] < e k]
Aa = 4772_ ( ki‘ ) 9 )\a - /7]{:;_ < ki‘* ) . (A'4)
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The A and X transform in the representations (1/2,0) and (0,1/2) of Lorentz
group respectively'. There is an invariant antisymmetric tensor

Ny 0 1
af _ aB _ — — .
€ € ( 1 ) = €a ﬁ = €. 3- (A6)

to raise and lower spinor indices. More precisely,

S
6)‘ , (A7)

5" hoku =K (A8)

)\a:eo‘ﬂ)\ﬁ, S\d:edﬁx, )\a:eaﬁ)\ﬁ, Xdzed

}_n

kaa — Aa)\a_ﬁaﬁ aﬁ ,u ]C 2

where 6# = (12492, —&") and one has used the following identities (c.f. [248])
cBedf — 56‘“0‘6’55 and Tr (0“6”) =Tr (6“0”) =29". (A9)

The kinematic invariants also be written in terms of spinors. Let us define
spinor products as follows:

(15) = €Phiadjs = MiaAS and [ij] = ePXiad 5 = Madd. (A10)

From the definition, it is easy to see (ij) = — (j4) and [ij] = —[j4]. For
two massless momenta k; = \;A\; and k; = A;\;, the Lorentz product can be
expressed as

sij = (ki +kj)? = 2k - k; = (i5) [ij]. (A.11)

It has also become clear that the representation of a null momentum k* as a
product of two spinors makes manifest the on-shell condition k2> = 0 since
(ii) = 0 = [ii]. By viewing spinors as two-component vectors in C2, we can
decompose any spinor A; as

NN

=R T )

'In four dimensions, the complexified Lorentz group is locally isomorphic to

ko= (ig) (KD + (k) (il) + (ki) (G1) = 0, (A.12)

SO(1,3,C) = SL(2,C) x SL(2,C), (A.5)

thus finite dimensional representations are classified as (7, j) with integers or half-integers i, j.
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which is known as the famous Schouten identity.

Here we give the physical interpretation of spinors A and . It is evident that
they satisfy the Weyl equations, i.e.,

k'6G%Aq = 0 and  kuoli A* =0, (A.13)

They clearly show that the spinor A\ (or M) is the wavefunction of a massless
particle of helicity —1/2 (or +1/2) in momentum space.

It is also natural to find an analogous description of wavefunctions for mass-
less vector bosons. For positive helicity and negative helicity vectors, one
has [249-254]

eh (A = Tete e (A7) = S (A.14)
n

where n and 7 are two arbitrary chosen reference spinors corresponding to
gauge freedom, often judiciously chosen to simplify expressions. This repre-
sentation was sometimes referred to “Chinese Magic”.

The wave functions of (massless) particles with other spins also can be built
in terms of spinor variables. In particular, a polarization tensor of graviton
can be expressed in terms of the symmetric-traceless tensor product of two
polarization vectors, e*” = e'€”. Therefore the graviton polarization tensor
can be written in terms of spinor variables’:

. AT A
, .

(A.15)

T S PV
SO O A Ay Ay) = SR DY (1 oy,

€

2

where x and y are arbitrary reference spinors.

Now we have constructed the wave functions (A, :\, h) in terms of the spinors
for massless particles with various spins, an interesting and important obser-

+,puv _— =1

*This representation for graviton polarization tensors satisfies €] - ¢; = ¢ oy =
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vation is

WO 0N
()\ W_)\ 65\0‘) w()\’)\’h) - Qhw()‘7)\7h) (A16)

Having established a unified description for the wave functions of massless
particles with various spins, we turn to see scattering amplitudes. From the
Feynman rules, it is easy to see that the amplitude must be a multi-linear func-
tion of the wave function ); corresponding to the external leg “s”, and also
depends on the momenta of external legs because of the propagators. There-
fore, any scattering amplitude can be regarded as a function of the spinors A\,

and 5\(1 as well as helicities hg, i.e.,
A ({0, Niy hi}). (A.17)

This is also the origin of the name of the helicity amplitude. Since the am-
plitude is linear in each external wave function v;, eq. (A.16) immediately
implies

@ 0 Y& 9 Y 3
(Ai e N 3/\?‘> An (s Aj hid) = =2hiAn({X, A, hi}), (A18)
for each particle ¢ with helicity h;. These conditions give strong constraints

on helicity amplitudes, and are very useful in bootstrapping amplitudes [255]
(see also [256]).



B Conservation of momentum

We show the four-dimensional scattering equations, egs. (4.5), imply momen-
tum conservation in detail in this appendix.

As shown in the previous appendix, for any spinor A\ we can decompose it
along two nonparallel spinors, e.g. A{ and \§

—~

[N]
~—
—~

la)
(12)

Then momentum conservation delta function can be represented as
S Y agAs | =a4 A7 [A“ + Z >Aa] + A5 [Aa +Z Xg]
a=1 a=3 < > a=3 >
(AD‘ a ) 52()\0‘ g) . (B.2)

<
In the following we prove

62<)\°‘ > en A )52<Aa > esiA ) = <1J>254<ixgxg>, (B.3)
a=1

P 1eP

AS =

a

‘11 A+ oA (B.1)

—~
[N}
~

for arbitrary {7, J} C N, where ¢;; = 1/(I 7). Without loss generality, we
consider the case of / = 1 and J = 2. By using the following equations

X4 T enAf + Ay +oads =0, 0N = MN\{1,2} (B.4)
Ien
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we have
1
i = <12>((2z‘> +ch <2[)), (B.5)
Ien
Coi = ( (Li)+ ) eni 1I> (B.6)
< Iem

Plugging them back into the delta functions on the left-hand side of (B.3) gives

52<5\? —Z c1i 5\?) = (52<;\? — Z <<12;>> A& — Z chz)\a>

ieP

iep Iem 16‘13
= 62<)\°‘ g) (B.7)
where we used the scattering equations
D enAd =AY, (B.8)

DY
Similarly we have

52(&% _Z C24 X?) = 52<)\0¢ + Z ~a> (B9)

S

A combination of eqs. (B.7), (B.9) and (B.2) yields

62<)\°‘ D euk >52<)\°‘ D oA ): >254<§:A35\§>.(B.IO)

e e a=1



C Lipatov formula for the Graviton
Reggeization

This appendix provides a review of the multi-Regge factorization of tree-level
gravitational scattering amplitudes.

In the multi-Regge kinematical regime, the compact formula for tree-level am-
plitudes with any number of external gravitons was obtained from ¢-channel
unitarity methods by Lev Nikolaevich Lipatov more than three decades ago
[221,222]. The formula takes a surprisingly simple factorized form: a product
of universal building blocks connected by t-channel propagators, as shown in
Figure 7.1 in Chapter 7. To be clear, here we rewrite it explicitly:

M, (C.1)

—1
~ —826g<2;3>T‘2vg(q4;4;q5> -

—1
Vo(@n—1;1—1;qn) —15C4(L;n).
g3 |G |

qr%flp

There are two types of universal building blocks, C, and V, (referred to as
gravitational impact factor and gravitational Lipatov vertex respectively). We
define them explicitly below.

The effective graviton-graviton-(Reggeized graviton) vertex reads

Luvas = Tpallvg +Tppliva, (C2)
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which is manifestly a double copy of the gluon-gluon-(Reggeized gluon') ver-
tex that is defined as

2kPES — EFE 2Kk
FQ%Z—TIW‘F (K4 25 3 1)+823sl21’ (C.3)
2kl k> — kLR 2kS kY

Similarly, the effective (Reggeized graviton)-(Reggeized graviton)-graviton ver-
tex can also be obtained as the double copy of gauge theory vertices:

T (gi,qiv1) = 2(CHCY — NENY), (C.5)

where the C* is the famous Lipatov vertex of (Reggeized gluon)-(Reggeized
gluon)-gluon in QCD [218]

C¥ (i, git1) (C.6)

242 S9; 202 sy
= (- G (22 (2 e gy

S14 S S9i S

with (¢+)* = (0,0; ¢*), while N* is the so-called QED Bremsstrahlung ver-

tex:
kK
Niu(qiaqurl) = m <$11 - S;) . (C.7
7 1

The contractions between vertices and the polarization tensors of external gravi-
tons give the gravitational impact factor and gravitational Lipatov vertex ap-
pearing in formula (7.7), i.e.,

Cy(2:3) = Tpuaplka, ks) e (ka)es” (ks),
Co(L;n) = Tppap(ks, kn) € (k1)e2? (ky), (C.8)

Vg(‘]i’ i) Qi+1) = Fi,/u}(qiv Qi+l) Gé“j(ki), 1€ {3) cee 7n}°

Here we translate these building blocks to the modern language, say spinor-
helicity variables. In four dimensions, in addition to momenta, the wavefunc-

"Reggeized gluon is often referred to as “Reggeon” in the literature.
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tions of massless particles (including graviton polarization tensors) may be
written in terms of two-component Weyl spinors, see Appendix A. Using the
spinor-helicity variables defined in egs. (7.13) and (A.15), it is easy to com-
pute the gravitational impact factors and Lipatov vertices defined in (C.8). A
straightforward calculation gives

Ce(2%537) =Cy(27;37) =Cy(175n™) =Cy(175n7) =0,

Ce(27537) =Cy(27:37) =1,

(C.9)
kjj-* 2
Cy(17;nT) =C(175n7)" = (;ﬁ) ’
and
Vo (ai3i%5qi1) = V(i 5qi41)”
_ 4 (4 G — 4% C.10)
(ki) '
_ 4 (kg — kg )a, e
(ki) ' '

We see from the first line in (C.9) that helicity is conserved by the impact
factors, like in gauge theory.

Finally, we would like to make some comments on the effective vertices (C.2)
and (C.5) in gravity in MRK. These effective vertices have also been derived
from an effective action (see e.g. [219, 257, 258]). It is extremely remark-
able that the double copy relation between gravity and gauge theories was
uncovered for the first time in multi-Regge kinematics. In general kinematics,
Kawai, Lewellen and Tye (KLT) found that a closed string amplitude can be
expressed in terms of sums of products of two open string amplitudes [91].
In the field theory limit, the KLT relation naturally implies the double copy
relation between amplitudes in gravity and Yang-Mills. More recently, Bern,
Carrasco and Johansson discovered that the amplitudes in gauge theory and
gravity can be related via the so-called “color-kinematics duality” [74, 103].






D Proof of the three identities
in Chapter 8

In this appendix, we prove three identities used to derive the multi-Regge
factorization of the graviton amplitudes in Chapter 8. They are eq.(8.68),
eq. (8.78) and eq. (8.88).

Identity in (8.68)

Here we focus on the following triangular matrix:

V4 Tp—T4—Vy ccc Tpo1—T4—VL Tp—T4
0 U5 e Tp_1—T5 Tp—T5
@ = (D.1)
0 0 e Un—1 Tp—Tn_1
0 0 e 0 T,
Our goal is to find (¢ ™1)1 3. Letus use & = (g, @, . . ., ) T to denote the

last column of the inverse of this matrix, then it satisfies the following equation

ea = (0,...,0,1)T. (D.2)

kb
ai:k—i*, i=n,n—1,...,5 (D.3)
ky + kit
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First, we can easily get from x,a, = 1

1 ki
an = — = 7 (D.5)

Then we assume all a; with j > 7 are given by (D.3), and let us solve «; from
the following equation:

vy + Z a; = 0. (D.6)

j=i+1

Plugging the values of a; (5 > %) given in (D.3) into this equation gives

kL
== Z aj = ot (D.7)

] =i+1

which agrees with eq. (D.3). Finally, solving the last equation gives

(0 Din-s =y = —1<Z(ﬂ? —T4) v4ZaJ>

=5

ki + Ky
= —%{T. (D.8)

n

Identity in (8.78)

In the following, we consider the reduced determinant of the Hy,»;, whose in-
dices take values from the set 3.

First fo all, it is useful to introduce a new notation related to particle labels:
Iy, € M denotes the smallest number that satisfies I,, > ¢ € ‘B. For example,
l3 = 1 because of 3 < I; € 1. Then, by abuse of multiple subscripts, we can
rewrite (; and 7; in terms of (; and 77 as follows:

ki ki
e ~—1 . -1 .
_q%i Cfe-’ 1< I, — TIZ , 1< Iy,
2; g £;
T = i L G = (D.9)

qu .
- H 1* 1> Imy
1<i<m 4+1
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Let us also rewrite the matrix (8.77):

Vi tTi Cigip 0 Cii, Cign
Tiy VigtTiy "+ Ciyi,  Cign
T/
H = : P s (D.10)
Ti, Ti, Vi, +Ti, Ciyn

where particle labels in *P3 have been reordered as 3 < i1 < --- < i, < n with
p = (n—k)—2. By performing some elementary row and column transforma-
tions, we have

—/ —/!
detH = detH, (D.11)
with
Vi Ciyig — T4, — U4y e Cilip_:’cil —Vy4 Ciyn—Li4,
0 Uiy U Cigip —Lig Cion—Tiqy
7// . . . .
H =] : : : : . (D.12)
0 0 ’Uz‘p cz-pn—xip
Ty 0 e 0 Ty

Using the matrix determinant lemma, we have

detH = Tn ( H vi> <1 + zn (5*1)171&1), (D.13)

1€P,i#£3,n

where ® is nothing but H” with replacing the first element of the last row x,,
by zero. Now our task becomes to calculate the entry in the upper right corner
of the inverse of the matrix ®. Let us denote the last column of the inverse of
O as:

(Qiys Qg - - - iy ) (D.14)
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Clearly, ovj; = (®71)1 p41. Then it can be determined by the following linear

equations:
® - (viy, Uiy 0) T = (0,0,...,1)T. (D.15)
The solution is
k+
@ =G, i<js<mn (D.16)
n
. (ks
o = X, kT_Cg —-1]. (D.17)

Plugging (D.16) into (D.13) immediately leads to
_ ik
detH = —z, H v; 7L (3713. (D.18)
i€P,i#3,n n
We immediately obtain (8.78) by inserting det H' into (8.76).

We show how to obtain (D.16) and (D.17) by induction in the following. First,
it is very easy to obtain ¢, from equation (D.15),

k.J_
= 7 = 0 o (D.19)
n
where one uses the solution of the MRK scattering equations, (,, = —1. As a

next step, we assume all «;’s (j > ) are given by (D.16), and then let us solve
a; which satisfies the following equation:

Vi + Z (CZ']' — :L'i)Oéj = 0, > 1. (D.20)
JEP,j>1
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Using the definition of ¢;; and a; given by (D.16), we have

GiTj ki ]l
Y. (=)o = > |- D TG
JEPB,j>i JEP,j>i von n
_ G Tk Gk
T L Z T + i G
nGEP,>i ! !
Gi Ti w2
ol G + o) (D.21)
where we denote
Ti= > mki,  Zi= ) Gk (D.22)
JEPB,I>i JEP,i>i

Next, we calculate these tow terms for two
bigger than the label of any negative-helicity

cases respectively: the label ¢ is
particle or not.

e We first consider the case of the label 7 is less than the largest label

carried by negative-helicity particles, i

2

JEPi<j<Iy,

Ti

L*
T; kj

T Z kj‘* +

’i<j<1gi

i<j<]gi
J_*
“Tibit1-

Here we used the scattering equations

.e.7 < I,,. In this case, we have

+ > Tk (D.23)
jER > 1,
J_*

. (D.24)
C1,, '
-7 qi‘ (D.25)

(D.26)

S2 = 0, (8.2), in the second line

(D.24), and the solution (D.9) in the third line (D.25). Similarly, for Z;
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we have

Zi=— ) Ghy

JEB,J<i
_ 1. 7.1
- Z Gky + Z Gk;
JEB,I<Iy, JEPi<i<Iy,

L

:@JFC. Sk
7T ' J

b JER <<y,

= —G q[ii + G Z ki

JEPi<j<lIy,
1
= —G dit1
o In the other case, i.e. 7 > I,,, it is easy to obtain

1 1
Ti =i Z ki = —Tigii1s

1<j<n

Zi=—G Y, ky = —Gaha

1<j<n

(D.27)

(D.28)

(D.29)

(D.30)

(D.31)

(D.32)

(D.33)

In both cases, as expected, we obtain the same results for 7; and Z;. By insert-

ing them into (D.21), we find

Gi T xZ; ki
Z (Cij_xi)aj:k#*<_7'i+ Cz ) kJ_*U’CZ

JEB,J>1

Finally, equation (D.20) can be solved exactly by

kJ_
kl* CZ)

oy = —

which proves (D.16).

(D.34)

(D.35)
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As a final step, we prove (D.17) via finding «;, which satisfies

Vi, O, + Z c“] Tiy — vil)aj +v,0p = 0. (D.36)
JEPB,I>n

Noting that

Gi Ti Z;
> (e —vi)ay = P | - ot (@ ) Tt
n 21

JER>in i
]jf* Vi, Cir, (D.37)
we have
g, = :j_l Gy —x), = —x, (Zi (373 + 1), (D.38)

which ends the proof.

Identity in (8.88)

Let us now discuss another part corresponding to the set 1. Our goal is to
evaluate the determinant of the following matrix:

Hao car, 21, e c21,,
* * * * *
xfl Ufl—l_xfl 611[2'r11 CIII7nx[1
* * * * *
H/ = :'EIQ 'rfz U12+x12 T CIQImxIQ (D39)
* * * * *
rr,, %, LT, L, T2,
with
1
q I CrTy
Ho =[] L cr=—=, cy=>= for I<J (D.40)

¢r’ 1187
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D. Proof of the three identities in Chapter 8

Using a little linear algebra, det H' becomes

Hoo  cor,—Ha2  car,—Hoo ca1,, —Ha22
* * * * *
0 vy, (01112—1)1:11 (chlm—l)wh — 7,21, V]
* * * *
0 0 vy, ((:Izlm—l)alcl2 —xy,xr,v7 |,
* *
0 0 Vi

(D.41)

By the matrix determinant lemma, we have

det H' = Hag ( 11 U?) (1 + 47, (¢_1)1,m+1)’ (D.42)

Ien
where
Hoo  cor,—H2o  car,—Hao a1, —Hao
0 vy, (cn,—1)x7, (cn1, =)@}, — a7, @1, 07,
o= 0 0 vy, (¢ro1,, —1)3:72 — 27, T1,V],
0 0 0 vi

(D.43)

Thus now our task is to calculate the last entry in the first row of the inverse
of this matrix. As we will see in the following, a similar technique used in
previous sections also works in this case.

Let us denote the first row of the inverse of the ¢ as:

(o, @1y -« oy Qi) (D.44)



149

They can be determined by the following linear equations:
(o, @1y ...y a,) @ = (1,0,...,0) (D.45)

The solution of this equation is

_ 1 q}_—&-l
Go = - = 1T+ (D.46)
22 il qI
Ien
0q = aoxy,71, for 1 <a<m, (D.47)
o = (a0 — 1)zp,,. (D.48)

In the following, we prove them by induction. First of all, it is straightforward
to obtain &g and & by solving the first two equations in (D.45). In next step,
we assume all ap’s (b < a) are given by (D.46) and (D.47), then let us solve
&, which satisfies the following equation:

a—1

v}, 00 + (car, — Haz)do + Y (cr,1, — 1)} ar = 0, (D.49)

r=1

for 1 < a < m. Here we first consider the second term on the left-hand side of
the equation. By observing the MRK, given by egs. (8.26), (8.20) and (8.23),
we find that Hyo and co7 can be written as

-1
Hy = T 4 _ @, a|| 7, D.50
22 = LT T | TLas (D.50)

e T+ =1 91,+1
1% fa—1 _1x
TI, q ar
Cor. = = o L7y, (D.51)
a C kJ_* L a
Ia I. \i=1 95,+1

Therefore we have

(car, — Ha2)ao = (ha — hiy) a0 21,71, (D.52)
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where
ki, (“_1 qt’ (2 gt
ha = 2053 ), h==(][T-) (@53
(ki ) =1 9n+1 kla =1 97,+1

Let us now turn to the last term on the left-hand side of (D.49). Comparing to
the solution of the MRK scattering equations in egs. (8.26), (8.20) and (8.23),
we have

k,L 1 a qJ_
I, = 7I£qlf+1 ( LI’ T1,, T <a. (D.54)
ki q q

I 1I+1 l=r+1 Il+1

This leads to

k1,41, T
_ * = +1 i
(C[T]a — l)xiar = (CITIG — 1)x1ra0 e H T I,
k
1.9+1 ;=41 941

= (fra = 9ra) (G0 x1,71,), (D.55)

where we introduce some short-handed notations:

Maa (17 @
gra =1 | [ =, (D.56)
I q]r“l‘l l=r+1 q[l+1
L1 i Lgl* 1* fa—1 _1*
Fra = k141,41 <ﬁ a1 >CII kg kg g, (al_[ 41, )
ra = 1 1 I rla = N2 |~ |-
kfa I4+1 \i= 41 90+ (k‘i ) (Jt = 941

Then equation (D.49) becomes

a—1

’U?ao_za + |:(ha - h‘:z) + Z (fra - gra)} (0_40 Z'Ia'r]a) =0 (D.57)

r=1
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for 1 < a < m. Then by performing a lot of straightforward calculations, we

obtain
“Z_l kfar,
ha*‘ ﬁﬂ - < a2’
r=1 (ki/)
a—1 q%
hZL_'_Zgra = kj_a*'
r=1 Ia

By plugging them into (D.57) gives immediately

Qg = Q0 X1,TI,-

As a final step, we can obtain &,,, by solving the following equation:

m—1 m—1

(D.58)

(D.59)

(D.60)

_ _ * = * * =
vy, O+ (CQ]m—HQQ)aQ + E (CITIm—l)ﬂijOér — E x7 wr, vy o = 0.

r=1 r=1

For the second and the third terms, we have

m—1

_ . .
(car,, — Haz)ao + E (¢t 1 — 1)@} Op = =V}, Q0 L1, TI,,-
r=1

For the last term, we have

m—1 m—1

E * * = 2 * * =
.TITCC[mUImOér = SUITLL']mUImO[Ol’[TT[T

r=1 r=1

m—1

— * 5

= vy QpTr, E TI, .
r=1

(D.61)

(D.62)

(D.63)

Using the scattering equations (8.2) and their unique solution in egs. (8.26),

(8.20) and (8.23), we have

m—1

* * = * =
g x7,%1,v], Qp = Up QO T], (1— H22—77m).
r=1

(D.64)
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Finally, we find
Qy = Qo g, (1 — H22) = X, (do - 1). (D.65)
Plugging it into (D.42) gives

detH = ] vr- (D.66)
Ien



E Explicit results for Lipatov vertices
and impact factors

As both consistency checks as well as applications of the CHY-type formulas
for the generalized Lipatov vertex and impact factor and obtained in Chapter
9, we analytically evaluate them and compare with known results for some
helicity configurations in this appendix. These include MHV and anti-MHV
sectors for any number of legs, as well as some more complicated examples
beyond the MHV sector.

MHV

First, we consider the MHV sector in which the four-dimensional scattering
equations have only one independent solution, as shown in previous chapters.
In this case, since the scattering equations have unique MHYV solution, it is
easy to obtain analytical results. Using the MHYV solution we have computed
the MHV amplitudes in Yang-Mills and MHV form factors for some certain
operators. Here we exactly evaluate our formulas in the MHV sector.

Let us first see the MHV Lipatov factor where 8 = {3,...,n} and 91 = 0.
For this object, the Jacobian (9.17) in formula (9.16) is just one, and the two
formulas for the Lipatov vertex, i.e. egs. (9.14) and (9.16), become identical in
MHYV sector. Simply substituting the MHV solution into the formula gives

Vn—4(q2'4+ o (n_l)-‘r.ql) _ Q%*Qf ka 1 C(E1)
Y ’ ki \ kS, (45) - (n—2n-1)
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Using formula (9.7) we can also obtain the MHV impact factor:

(h k?+ 1
kg kJr < > . <n_2 n_1> ’

Cos(2753%,...,(n-1)"1q1) = (E2)

Very similarly, it is also easy to evaluate our formulas for Lipatov vertices and

impact factors in the MHV sector.

NMHV and NNMHV

In the following, we evaluate analytically several more complicated examples
by following the similar procedure used in [140,211]. We illustrate this method
in the example below.

Let us first consider a NMHYV Lipatov vertex for g*g* — g™ ¢~ for which our
formula (9.16) gives

2kt dosdradosd
V(q2;4+,5_;q1) ’q ’ \q \ 5/ 0404T4A050T5

ki T4T5 04505
S¢)6%(S¢
(PSS gy
(a1 — Caky) (g + maky”)
where g1 = k1 + kg and go = —ko — k3 and the scattering equations are give
by
TATS /{+
Si=1-"25 47 E.4
4 0_45 ké‘ 7—4 ( )
/i'+ TATs
S?=1-42"2 E.5
4 kL o + (4, (E.5)
ci 1 757'4]@1r 1 1
S5 = ks + o — 75Caky ) + 7540, (E.6)

— 4 * k T57T. * *
S2 =k + (ki AL +§5T4> ki 4 g (E.7)
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We first introduce a new variable

2= AT (E.8)
045
Then we can observe that the three equations S}, S7 and Sg are linear in
variables o5, 75 and z. After fixing these three variables, the formula becomes
a one-dimensional contour integral over 74, where the contour is determined
by the zeros of 5’? = (, and we can evaluate it by residue theorem. The final
result is

Va(q2;47,575 1)
22 qiay (ki)
ss6124(y/T5 [45] + Taqi") (Vs (45) ki — Taksay”)
904 fh |q | ( )

V5 (45) ki (ki +k&) (/@5 (45) ki "+/Ta ke ks ") (ws| ki [2+aa|ke[2)

‘2 1*

=+

CU4|‘J1

e T T Bk + ) (VRS T vl

(E.9)

where x; = k" /(kf +k3) for i = 4,5. Our result exactly agrees with previ-
ously known results, including

Va(q2;47,575 1)
_ oy "ay " (ks + o)’
Kt (V5 (45) + VT al) (walki a3 [2 + aslk )

. 2y ?|gg 2 (kE)?
V5 (45) ki (ki + ka) (ws| kg |? + za] kg ]?)

3/2
n varas ity (E.10)
45) (x4 kJ‘—qJ‘ +.1‘5k‘J‘ ’
4 2 4

3/2
x4/ a4 q2l*

T w45 (b + k)
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which was computed by the CSW rules in [225], and another one obtained
earlier from the Feynman diagrams [71,220,229,259]

Va(g2;47,575q1) (E.11)

R (()lad P (k) lat P ssekikd
ki sa5 \ (kg +ks )k (kf+k)ky ky kT

ky ki

(e +)” gtk ((Rrks )kt (e Rk
5561 S45 '

In similar way, evaluating our formula for the Lipatov vertex of g*¢* — qq
gives

Va(q2;45 .5, 01)

23 ¢t |gf 2 (kd)®

(45) (ki +k) (ws |k |2 + 2alkg 2) (ws]ky 2 + wakg (ks ™+ i)

a3 gt [Plag

[45) ki (ki + k) (wa(ki™ — a3 ") + wski”)

VEiry gt (k) (b + o)
S561 (.T5k‘i‘* — :E4(ké‘*+ qf*)) ($5|/€i“2 + $4k§‘(k’é‘*+ Qf_*))

I

which also agrees with the known result [71,220,229,259]:

Vo (q2:45 .55 5 q1) (E.12)

R kP Rk ()
k;_ ki‘(kll_—i-kg).s% (k2_+k;_)845 ki_SlSG

L (Kt qf) (—kd (k" + g™) + ky k- — k")
S45 k‘4l845 ’
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Let us turn to study the next-to-next-to-leading impact factor which describes
g*g9 — ggg. By using a similar technique, our formula (9.7) also can obtain
this impact factor with various helicity configurations analytically. The results
are listed below. In these cases, we define z; = k" / (ki +k +kJ),i = 3,4,5.

C3(27:37,4%,5%: q1)
viai
(kL+kixy@§@5y+v@1@5>)
VT (zata5)3
V5 (45) k3 (

1‘4/€3 x4+x5)ki-)

\/T3T4T5

L (VEBY+ v e5)°
s345 (34) (45) (V@3 (35) + /24 (45) )

a8 (k)?

Ly Ty

- 3/2 n N N (E13)
T3' " S561 <3 4> (k3 + k4 ) (:L’4k3 + ($4+$5)k4 )
C3(27;3%,47,5%;q1)
_ vy %0} ot
V@4 (zatws) [45] kg (aa (34) + /75 (35) )
B a3 qf
V325 [34] (k3 + ki) (y/23 (35) + /z4 (45))
5
- wioi ot (E.14)
V5 (Tatas) (45) k3 (zaks + (vatas)ky)
Vazad (k)"

xi/28561 (34) l<:3l (k:3L + k:j) (ac4k:3L + (x4+:1c5)ki-)

. (v (34) — /75 (45))*
s345 (34) (45) (/24 (34) +/@5 (35) ) (V3 (35) +/74 (45) )
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C3(2753%,47,57; 1)

_ (w3+as)*|gr |?

VEsTs (34) (kg k1) (T3 [35] + a3 [45]) (v (34) — v/Eaaf)

_ A/ L4T5 [3 4]3qf‘
s315 [45](v23 [35] + 1 [45]) (@5 [34] ki + /@4 [35] k5
B i lgi|?
V5 (atas)[45] ks (ki + k) (V5 [45] + Taat )
1

B x5 [34] ki + /T4x5 [3 5] ké + /T34 kéqlﬁ

\/ T4 x% [34]3(]%((%34-1‘5)/@%*4- wgki*)
X ISR * I
sserky (k3 +ai ) (Vs [45] + /z1gi)

B a3 aq Qf*(klffyl
x5 (45) (ki+ks) (Vs (34) — Jza i) (Vs [34] ki + /24 [35] k) |
(E.15)

All these results agree with known results obtained using the CSW rule [225]
and helicity amplitudes [71] respectively. Moreover, we discuss the Regge
limit of these impact factors. Let us first see the last two objects given by
(E.14) and (E.15) respectively. In the limit y3 > y4 ~ y5, they behave as

C3(27;3%,4% 5% 1) ~ C(27;37) Vo(q2:4%,5%:q1),  (E.16)

ok
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where the leading impact factor C(27;3") = 1, as shown exactly in eq. (7.5),
while next-to-leading Lipatov factors are given by

Va(go; 47,575 q1)

$4 \q \ C.I2
[45] (k:j; + k3 )(afg, [45] + \/TaT5 qf-*)
. 1
wslkt |2 + zakg (k7 +af)

5/2 *
X( 2y 4t lag (ki)

Vs (45) ki (ki + kg) (w5]ki |2 + xal ks |?)

22 gt g3 (ki ) (ki —a3")
+\/ﬁ3561(k5 +q1 )(ﬁ[45]+\/ﬁq%*)>a (E.17)

22 g3 |? (k1)
/T4 (45) k:i(kL + k:g) (:n5|k4L|2 + :n4|l<:5i|2)

5
$4/ (h ‘I2

s (45) (kf — 74a])

3/2
Ly ql qz

ENAGICE S

at gz |2
ki k?(flz — k)

Va(go;47,5"q1) =

(E.18)

+

N v3ay (ki)?
zassor (k1 — g3 ) (ki — xaq3)’

which are complex conjugates of each other, and we have checked that they are
equivalent to formulas (E.9), (E.10) or (E.11). For the helicity impact factor
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C3(27;37,4™7,5%; q1), in limit y3 > y4 =~ ys, it behaves as

2
Cs(27:37,4% 5% 1) = (ki + k) V1 gt
B (k) \VZsas (45) (ki — zaq7)

oy o5l (ki + 1)

(45) ki kg (w5 kg |2 + 24l ks |?)

_l’_

N z4x3 (g3 )°
ki sse1 (ki — a3 ) (ki — 2agq°)

2 1
+ 8 ) , (E.19)

R (af — k1)

which is suppressed by the prefactor O((kj +k7 /k3)?). This is consistent
with the fact that the leading impact factor C(27;37) is vanishing.



F Factorizations of impact factors and
Lipatov vertices

In this appendix, we show that the generalised impact factors and Lipatov ver-
tices that appear in QMRK have the expected factorizations in soft, collinear
and Regge limits.

Soft limits

Let us start by discussing the soft limits of the impact factors and the Lipatov
vertices defined through the CHY-type formulas in egs. (9.7) and (9.14). The
argument is the same in both cases and follows the analysis of the soft limit of
the full amplitude in refs. [24,25] closely. In the following we only discuss the
case of the generalised Lipatov vertex V(q4;4, ...,n—1;qy).

Without loss of generality we assume that k5 — 0, and we assume that the soft
gluon has positive helicity. The argument in other cases is identical. Keeping
only the leading behaviour as k5 — 0 in eq. (9.14), we can write

<1 + 1> 5%(82) T s,

045 056

1 nl dogdr,
V(Q4747"'7n_17QTL) — % ali[4 T

(F.1)

161



162 F. Factorizations of impact factors and Lipatov vertices

where Z,,_5 collects the terms in the integrand of eq. (9.14) independent of o
and 73,

d\x L 1
q1)%q k
Tn-s = (92)'"ar I = (F2)
046067 """ On—2n—10n—1 e\ (5}, 1em i

<11 5(’# - > k= Qi>

Ien iepvgsy O1 7 L=2 semts

XH‘S(/’CI*—ki > Sk S qL*)

] - n
Ien ki ieP\{5} 910 L+ 2 sen s

it ki ki TiTI
1— SRR ] al
DRI oRC AR HE S SR

. 4 0;—
1eP\{5} Ien Ien

Let us write down S¢' explicitly:

1 I k;r
Sy=1+4m(1-) , (E3)

Ten 0o5—0] kf‘
EF (1 T
S =1tm ==Y . (F.4)
ks \ o5 o O5—07]

As a first step, let us use the delta function §(S3) in eq. (F.3) to fix 75. We then
obtain

V(gs;4,...,n—1;qn) (ES5)
1 " dold d 11
=0T H Mznsf % < + ) ;
5 a=dat5 O C ©5 \045 056

where the contour C is defined to encircle the zeros of 852, which is given by

-1
EF (1 T kT
2 5 1 I I
=1- — — 1-— — . (F
85‘351:0 k; ((75 Z JS_JI> ( Z o5—0] kL) (F.6)
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We apply the global residue theorem, which allows us to express the residue
at 85? = 0 in terms of the residues at 05 = 04 and o5 = 0. Even though the
computation depends on the helicity configuration of the two adjacent legs, the
final result does not, and a straightforward calculation gives

46
V(q4; 4,5,...,n—1; qn) ~ <4§)><g6) V(Q4; 4,6,...,n—1; qn). (ET)

Collinear limit

We now study the generalised impact factors and Lipatov vertices in the limit
where a pair of produced particles become collinear. We again restrict our-
selves to the study of Lipatov vertices, and we assume that the momenta k4 and
ks are collinear. We take the following parametrization for the two collinear
massless momenta [260],

ki = 2kt — 2e/2(1=2) (kT kD) + E(1=2)k]

ky = 2ky —ey/2(1=2) (k) kb + kL (k1)) (k) T2 4+ E(1=2)k;,
ki = 2kt — ev/2(1=2) (ki k) + K kD) (k3 k) T2 + E(1—2)k),
k= (1=2)k +2ey/2(1—2) (ki k) + 2k,

ky = (1=2)ky + ev/z2(1=2) (kD) k + k(b)) (ki k) % + 2k,

ky = (1=2)ky + ex/2(1—=2) (ky k| + kT k;) (k:k;)flm + 22k

(E.8)

The collinear limit is realised as ¢ — 0 and the collinear direction is X =
kg + ks = ky + O(€).

In ref. [47] it was shown that in the limit where two gluons become collinear
only those solutions contribute where o4 and o5 coincide in the limit. Like the
case of the double soft limit (see Chapter 5), it is then useful to perform the
change of variables from (o4, 05) to (p, &):

1 1
o4 = p+ 56{ + O(€?), o5 = p— 565 +O(é%), (F.9)
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such that that o4—05 = €& + O(¢?) and doydos = edédp. In these new
variables eq. (9.14) takes the form:

. k
V(ga;4,5,...,n—1;qn) = (a1) q#( 1T kj) (F.10)
ieplen

_ IT 62(S%) T 62(S
’hl dogdr, [ dédpdridrs  rem (57) iep (57)
Emats  (p—06)067 " On—2n—10n—1
We now show that after integrating out £ and some linear combination of 74
and 75 we can recover the expected factorized form of the Lipatov vertex in

the collinear limit. In order to proceed, we need to analyse separately the cases
where the collinear particles have either the same or opposite helicities.

® (ha,hs) = (+,+)

Let us first consider the case where the two particles have positive helicity. It is
convenient to perform the change of variables from (74, 75) to (7, 7,,) defined
by,

7o = 274+ (1-2)75 and 7, = \/2(1—2) (75 — 1), (F11)

such that

1
drydrs = ———=dT,dT,. (F.12)

z2(1—2)

Equation (F.10) then becomes,

Ly, L 1 k‘L
V5.t = S (z(l—z))3/2< 1 i)

ieP\{4,5},7eN ki

5%(S¢) T1 62(S¢
H daadTa/ dpdTw/ dédry 1, 16_[‘)1 ( ) H ( )

b
1475 (p—06)067 - - - O'an,nflUnfl



165

where the scattering equations are given below in detail. First, S?‘ become

) , €L
St=kt— Y k- Ak L1 0),
iep\{a5p 717 orp ~ 2ents

=9 * k"l‘ 7 *
Stoi Ly

T jepqasy 71770
k[+ TITe (1 Cr 1
- = k) — ——=——(q;,)" + O(e),

up to leading order in the collinear limit. While S{* with ¢ # 4,5 remain
unchanged, S and S5 become

kt
Sl=1 1— LG )f O(e2 F.13
4 + T4 Z <p_O_I 9 (,0—01)2 k%‘_ + (E )a ( )

i .
St=1+4m 1—Z<pr +§ I >f +0(%), (El4)

i \pmor 2 (pmor)? g
k)1 I 1—z (zy) (1 I
S2=14m-%-— + SR AR (e -
- 5<12 -y ”2> e +0(3), (F.15)
2\p* £, (p—or)

Next, we consider the following linear combinations,
Sy

Sy = Vz2(1-z) (-8F + 85). (F.18)

28§ + (1-2) 82, (F.17)
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such that 6 (5§)0% (S8) = 2(1—z) 6%(82)6? (S;“) Atleading order eq. (F.17)
reduces to

oo ) e
Tem P01 i1

(F.19)

1 ki
S=147, (p—z - )lffj+0(e).

o)
Iemﬂ 1 z

The interpretation of these equations is as follows: the collinear momenta have
been replaced by a new parent particle with momentum k, and positive helic-
ity, and to this particle we associate the variables (p, 7,.). The remaining step
is then to integrate out the variables (§, 7,) associated to the collinear splitting
using the equations S = 0 in eq. (F.18).

To leading order in € the equations S, = 0 are independent of &, so we need
to expand them to next-to-leading order,

§) = myhs — 5e (/A0 2m + (22 1), ) s + O(@),  (R20)

ki 1—22 (xy)
2 T
Sy = ké_{AgTy— <7‘w — z(l—z)Ty> i Age

+ g( z(1—2)1y + (QZ—I)Ty) A4e} +0(h),  (E21)

where we introduced the shorthands,

+ +
TI k[ TI k‘I
A =1- — -, Ay = —
;IP—UI kt ;t (p—01)? kt
(F22)
1 TI 1 TI
Ay = - — , A= —-S T
p %p—az p? I%; (p—or1)?

We use eq. (F.20) to fix 7y,

€€\/z2(1—2) Aa 7y (F23)

Ty - A1 - %6€<2Z—1)A2.
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Finaly, we use the global residue theorem to express the residue at 35 in terms
of the residues at £ = 0 and £ = co. The residue at £ = oo vanishes, and we
obtain

V(Q47 4+7 5+a s 7n_1a CITL)
1 1
e(ry) /2(1-2)

12

V(Q4;K+76> s 7n_17Qn)
1

= —Split_(47,5")V(qs; KT,6,...,n—1;qy) . (F.24)
€

b (h47h5) = (+7 _)

In the case where the collinear particles have opposite helicities, the general
philosophy is similar to the previous case, though some of the steps are tech-
nically more involved. We only highlight the main steps here. We perform the
following change of variables,

Ty = 274+ 75 and 7, = T (7'5 — (17,2)7'4) , (F.25)
—z

such that drydms = /=2 dr,dry, and eq. (F.10) reduces to

1k k%‘ 1-2\%?

z
ieP\ {4}
rem\{5}

H dO'adTa / dpdr, / dedr, Ile_[md (S7) zle_‘lné (57)

§mats (p—06)067 - On—2,n—10n—1

(F.26)
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The scattering equations entering eq. (F.26) can be cast in the form:

+ +
1 i1 kj TiTs ki

Ien\{5}
9 kX (T TiTI TiTs
S=1+14 (== > —————"=1)+0(), (F.28)
k- \ oi 0;—0] O0i—p
i Iem\{5}
Sh=kb— 3 g — Tkt var + O(e), (F.29)
or—0; ar—p
i€P\{4}
S g M S T Tk b )+ O(e)
L= 1 O1—0; ’ or—p Vo1 or <
ieP\{4}
(F.30)
kF ryrs ki
Sl=14m— L ) SR (E31)
' 16%2{5} prortyethi € ks
ki T4 T4TT T4T5
SZ_1+‘j< - Y — - : (F.32)
ki \p+eg/2 rems)y PO 8
Sh=tr- Y ;53661# 7524 K+ ars, (F33)
iep\a) P77
=5 A T5T; «  T5T4 T
SE=ki — > — k- 2Rk b ,
S = (ie‘BZ\M} p—0i— 3¢ e p—z€€
(F.34)
with
a:q4<1—ZtJ> . b=t <1+kai> , (E.35)
Jem Jen J

and by in eq. (F.30) is the leading order approximation of b in €.
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In the first step, we use §(S}) to fix 7,. Since S} = 0 is a quadratic equation
in 7, it has two solutions as follows:

(22—D)kd 7 + €€ZhE) £\ —dzechb b + (i, — ccZhi)?
2k \/2(1-2)

T, = ,

(F.36)
with
TI kT

1— - (E37)
1 1
Lo (5} p—o+5e€ kg

—_
—
—

Equation (F.26) then reduces to

¥ ki _
V(q4;4,5,...,n—1;qn) ~ (q1) qi( H k;li> (1 —2)1/2,2 3/2

ieP\{4}
Iem\{5}
dO’adTa dpdTy d§ Tz
A\T: — Al =
H / / vt v ) T =Ty
(F.38)
where
[T 2(SH) I (89
2\ 52 ) .
A 5(85%)02(S) iep\{4} Iem\{5} (F39)

(1 + T E) (p_06)067 0 O0p—2n—-10n—1

Finally, we again use the global residue theorem and integrate out £ by sum-
ming the residues at £ = 0 and £ = oo. The residue at £ = oo again vanishes,
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and we find

ieP\{4},TeMm\{5}

n—1
dogdt, dpdT,
T / = (Bl = Mlier-0m))

(F.40)

Let us analyse the contributions from the two terms in eq. (F.40) separately.
We start by considering the term containing A| (€7)=(0,7)" We have

z
%%r; = T[T (F41)

which implies 74 = 0 and 75 = 7,,. Inserting this into the scattering equations,

we obtain
i kb mme ki
Sl =1+7— TR Tl Be o F.42
i tri— > P —y N + O(e), (F42)
rem\{5}
ki i T
S? = 1+L(— s —”) +O(e), (F43)
k= \ o; 0;—0[  0;—p
1em\{5}
St=kt— > Tkt rdn+0), (F44)
) 01—0j
ieP\{4}

32 Ly k+ TIT; 1 /
S = (k) —kL( S T (k) 4 >+0() (F45)

iepay 717
ci ol TzTi g+ /
St = k! | > p_aikl + a1 + O(e) (F46)
ieP\{4}
S = (ki) — 23 S kR 0 )+ 0o (F47)
5 — T kL p—0; 7 p ) :

ToNiep\{4)
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-1
a’=q§<1—7x— T w) ,

JeM\ {5}

) (F.48)
b’zq%*<1+<x+ > g) .
JEN\{5}
In addition, in this case we have
1
1+nE =1, &= Ty O(e?). (F.49)

t _\/z(l—z) Ky

We see that S¢ only depends on k,, and not on k4 and ks separately. Thus, if
we let S& = Sg'v , we obtain the scattering equations associated with a single
parent particle with momentum k, and negative helicity, and we have

1 (1-2)?

— V(gs; K~,6,...,n—1;q, E.50
c@y) /a(—2) (g4 n—1; ) (F.50)

1
= —Split, (47,57)V(qs; K7,6,...,n—1;¢n). (E.51)
€

We can perform a similar analysis for the term A|(£ ) =(0,7)° and letting
. ) — My

St = 8} /k and S? = » 2 we obtain scattering equations for a parent parton

with momentum £, and positive helicity. This gives a contribution

1 22
V(ge; KT,6,...,n—1;qn F.52
vl /o) (g4 n) (F52)
1
= —Split_(4%,57)V(q; KT,6,...,n—1;q,). (F.53)
€

Quasi multi-Regge limits

In this section, we prove that our CHY-type formulas for the impact factors
and the Lipatov vertices have the expected factorization properties if the last
particle, with momentum k,,_1, has much smaller rapidity as the other parti-
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cles. A similar analysis can be performed in the case where the first particle
has much greater rapidity than the other.

Here we only discuss the impact factor C(2;3,...,n—1) and derive the fac-
torization in the limit y3 ~ --- ~ y,_9 > y,_1. The argument follows the
same lines as the derivation of the factorization of the amplitude in QMRK in
Section 9.1, so we will be brief. More precisely, we use the Conjecture 1 and
two d-functions to localize the integrals over 7,1 and (,_1. The derivation
depends on the helicity of the particle n—1, and we now discuss each case in
turn.

Let us first study the case where the gluon with momentum k,,_; has positive
helicity. The two equations S, ; = 0 are linear in (,,—1 and 7,—;. More
precisely, we have

S =1+71.1 (1 + Z C1> =0, S2,=14¢_1=0. (F54)
Ien

We can use these equations to fix (,—1 and 7,,_1. We obtain,

1

—_— F.55
1+ Zleﬁ Cr ( )

Cn—l = —1 and Th—1 =

We can insert eq. (F.55) into the remaining scattering equations 5'?, and we get

— TI[T;
St=kit- Y O_I’jkﬁ (F.56)
i€P\{n—1} !
_ « kT TIT; * (qL - kL—1)*
52 = | — 2L Lt - el (F.57)
+ iegp%l} or—0; L+ 5wl

After (,,—1 and 7,,—1 have been integrated out, we immediately find

-1

~ 6(2_,3,...,71—2) W
n—

V(tn-13n—1;qn), (F58)

where ¢,—1 = ¢» — kn—1, and the impact factor C(2*,37 el n—2) in the
right-hand side is given again by the CHY-type formula in eq. (9.7).
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Similarly, in another case where the gluon with momentum k,,_; has negative
helicity, we first use the equation

. 1*
Sk e — =0 (F59)
! ! 1+ Zjeﬁ CJ

to localize the integral over (,,_1, and the formula for the impact factor be-

comes
—k+ q da dr, 1 k+
1 n—1 n allaq b
X— —_
4n (kl ) (qn_ H CeeOp— H k-J‘

iep,IeM{n-1} *

or— Ui
Iem\{n 1} 16‘13
i (qL - k{1)*
5( Z T (kbyr = ¢ ol
—g; " 1
IeM\{n—1} or—e + E G

JeMm\{n—1}

< [T6(1+ mim K7 s( i :
T Z 0i—07 k.L +Gi — J_ Z — GiTn—1 -
Iem e

ieP

5<n1+7-n 1ZC1 )

1EP

Finally, we use the residue theorem to localize the integral over 7,,_; on the
residues at 7,,_1 = 0 and 75,1 = oo. The residue at 7,,_1 = oo vanishes,
and the residue at 7,1 = 0 immediately reproduces the desired factorization
formula.
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