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1 Introduction

It is well known that the traditional method of using Feynman diagrams to calculate scattering
amplitudes becomes unwieldy as one considers higher point functions and/or higher loop
diagrams. This growth in the number of diagrams is one of the reasons why the perturbative
expansion of interacting quantum field theories is at best asymptotic and in some cases
not Borel summable. Perturbative renormalizability of many quantum field theories is not
sufficient to tame this growth and new non-perturbative techniques have been developed
to understand this aspect of the perturbation theory.

A striking aspect of the Feynman diagram technique is that for an n-point amplitude at
any loop level it has several diagrams contributing to the scattering amplitude and each one
of them generically leads to a complicated expression. However, the final scattering amplitude
can be written in surprisingly compact form when written in terms of the spinor helicity
variables [1-4]. This observation about four decades ago has led to a continued activity in
unearthing the hidden beauty of the scattering amplitudes. The on-shell techniques developed



a couple of decades ago has been developing rapidly since then [5, 6]. Although initially
these techniques were suitable for computations involving massless fields, over the years
this method has been extended to incorporate massive particles as well [7-27]. The BCFW
recursion relations developed for massless fields have been generalized to massive theories
as well [9, 28-31]. While the BCFW recursion relations help generate arbitrary point tree
amplitudes in an efficient way, a care is needed in generalizing such a recursion relation at
loop level. To build complicated diagrams starting from simpler ones, the BCFW bridge plays
a pivotal role [32-36]. One defines new objects called on-shell functions where one considers
three point amplitudes joined by on-shell internal legs with integration over their Lorentz
invariant phase space. These objects have an intimate relationship with maximal cuts on
loop-amplitudes. The BCFW bridge introduces two vertices on adjacent external legs of the
on-shell function and an on-shell internal line joins these vertices. Introduction of this bridge
corresponds to adding two vertices and adding three internal propagators. Introduction of
such a BCFW bridge amounts to deforming the external momenta and the pole of the original
diagram without the bridge. The residue on this deformed pole unifies different factorisation
channels, leading to a relationship between amplitudes and on-shell functions.

On-shell functions with the BCFW bridge construction allowed one to obtain a recursive
relation for L-loop integrands of planar massless N' = 4 super-Yang-Mills theory(sYM) [33]
that lead to the remarkable discovery of the amplituhedron [37]. This was preceeded by a
series of works that computed various loop integral coeflicients and illustrated that amplitudes
of N'=4 sYM theory are the simplest amplitudes [38]. A natural progression of this program
was to extend it in two possible directions, one is to look for the next simplest theory [39]
and the other is to extend the formalism from massless theory to massive theory. One way to
study this excursion in the Coulomb branch of the N'= 4 sYM theory is by giving vacuum
expectation value(vev) to some of the adjoint scalars. The small vevs correspond to light
masses and this can be treated perturbatively using the massless theory formalism [40-42]
which is not manifestly little group covariant. This is simply because the massless spinor
helicity variables do not transform covariantly under the little group of the massive particles.
A formalism which is manifestly little group covariant was developed in terms of new massive
spinor helicity variables [7] which can be expressed in terms of two massless spinor helicity
variables, which transform between each other under the SU(2) little group. Tree amplitudes
in supersymmetric theories, in particular for the Coulomb branch of N' = 4 SYM were
constructed in [8, 9]. Follwing this, recently, the authors of this paper computed loop
amplitudes of this theory by using the unitarity method in [43].} To compute more general
loop amplitudes on the Coulomb branch, we need to use the technology of generalised unitarity
cuts [38, 46-49]. Obtaining the BCFW bridge construction will pave the way for this, as
it helps us calculate maximal cuts of loop amplitudes.

In this manuscript we will generalise the BCFW bridge construction to massive particles
and apply it to computations of the on-shell functions of N' = 4 super-Yang-Mills theory on
the Coulomb branch. As is well known, at a generic point in the Coulomb branch the gauge
symmetry is broken to its Cartan subalgebra, and at certain loci, the gauge symmetry breaks
as U(Zf:1 N;) — I1; U(V;). Consider a simple example, where the gauge group breaks as

!Component loop amplitudes of this theory were constructed in [44, 45].



UN + M) — U(N) x U(M). At the loci in the Coulomb branch where such a symmetry
breaking occurs, we find 2N M particles are massive along with their supersymmetry partners,
and N2 + M? which represent the unbroken symmetry remain massless. Unlike at the origin
of the Coulomb branch where the BCFW bridge necessarily involves massless bridge, at an
arbitrary point in the Coulomb branch away from the origin, we can have both massive as
well as massless bridges. In this work, the BCFW bridge has been generalised to massive
particles, a set up suitable for computing the diagrams in the Coulomb moduli space away
from the origin. For this we need two type of bridges, massless-massive bridge as well as
massive-massive bridge. We use these BCFW bridges to construct higher on-shell functions
by attaching an appropriate number of BCFW bridges to the lower ones. We then work
out the systematics of the massive and massless BCFW bridge in the ladder diagrams. The
manuscript is organized as follows:

In section 2, we will begin with a review of the on-shell techniques and the BCFW
shift. We will first discuss the BCFW bridge construction for massless legs and then review
the BCFW shifts for amplitudes involving massless as well as massive legs. In section 3,
we study on-shell diagrams for scattering amplitudes for massive particles. We use both
the massless-massive and the massive-massive bridge for computation of on-shell diagrams.
Depending on the external particles we find that we need a variety of bridges to get all possible
higher functions. This includes massless bridge on a pair of massless as well as massive legs
or on one massless and one massive legs. We require massive bridge on a pair of massive legs
as well. Another way of constructing the on-shell functions is by employing maximal cut
protocol. For example, a four point one-loop diagram can be obtained by using quadruple
cut and tree level three point amplitudes. Section 4 deals with the maximal cut method and
demonstrates it for one loop and higher loop box diagrams. Massless sYM theory possesses
certain invariance with respece to permutations of external legs. The square move is one of
the equivalence which help us compute the reduced on-shell functions up to permutations of
external legs. This invariance owes its allegiance to the Yangian symmetry which is at the core
of the integrability of the sYM theory. At a non-trivial point in the Coulomb branch there
is an explicit scale due to the vacuum expectation value and the dual conformal invariance
which is a part of the Yangian symmetry is explicitly broken. Nevertheless one can modify
the conformal transformation generators by using the mass parameters and recover the dual
conformal symmetry. A consequence of this is that the square move can be generalized to the
massive box diagrams. Section 5 focusses on the permutation and square move equivalences.
In ection 6 we summarise our results and speculate on their application for future projects.
Appendix A contains the convention used in this manuscript. In particular, we cover in detail
description of the Lorentz invariant phase space in terms of the spinor helicity variables.
Appendix B contains the bridge construction and the computation of the maximal cut for
the box diagram using non-covariant spinor helicity variables.

2 Review: on-shell diagrams and BCFW shifts

In this section, we review some of the relevant concepts, starting with the BCFW bridge con-
struction for the massless particles [33] in the supersymmetric ' = 4 and non-supersymmetric



case. Afterward, we shall review the BCFW shifts for various mass configurations [9, 28, 29, 31].
We shall give on-shell diagram configurations for the same in later sections.

2.1 BCFW bridge for sYM

One of the key elements in discovering the amplituhedron for sYM is defining new objects
in quantum field theory called ‘on-shell functions’ [32, 33]. The crucial idea is to take the
smallest possible blocks, the three-point amplitudes, and join them together such that all the
internal legs are on-shell legs. As a consequence, one is always working with only on-shell
particles and gauge invariant objects.

One begins with the observation that the theory contains two independent three-point
super-amplitudes, MHV, and anti-MHV, represented below with ‘black’ and ‘white’ dots.

G G
G G
(2.1)
G G
MHV: [1]  |2] o |3] anti-MHV: |1) o |2)  |3)

On-shell functions are then defined as a product of these three-point functions with the
Lorentz invariant phase space integrals for the intermediate on-shell legs. The resulting object
is gauge invariant, as it is constructed in terms of gauge invariant three-point amplitudes
and integration over the on-shell space of internal legs. A natural question to ask is how
the on-shell functions are related to the familiar quantities in quantum field theory, such
as the scattering amplitude.

The simplest non-trivial on-shell function that one can consider beyond three points, is a
four-point one which joins an MHV and an anti-MHV three-point super-amplitude.?

a d
(2.2)

b c

The internal momentum of the horizontal leg is determined in terms of the external momenta
using the momentum-conserving delta functions of the three-point amplitudes, along with
overall momentum conservation for the diagram. The on-shell LIPS integral for the internal
legs, therefore, sets a combination of external momentum on-shell as,

/d4p1 5(p) 8@ (pa + vy + p1) 6 (pe + pe — p1)

= 5((pa + pb)?) 6 (pa + po + pe + 1a), (2.3)

where pq, Py, Pe, pa are the external momenta. Thus we can see that we have a factorization
channel of the four-point amplitude, where we have replaced the propagator 1/(pa + ppy)?
by a delta function.

2Throughout this manuscript, including the review section, we will focus on planar amplitudes. Color
ordering is implicitly assumed.



fo(...,a,é,..‘)

Figure 1. A BCFW bridge construction: given an on-shell function fy, we construct a bridge over
legs a and b to obtain the on-shell function f.

The key idea of on-shell methods for scattering amplitudes is to recover all the information
about the scattering amplitudes without relying on any off-shell objects like propagators. We
shall see that the relationship between on-shell functions and scattering amplitudes extends
well beyond representing factorization channels. Attaching more of the basic building blocks,
the three-point amplitudes, we can construct bigger on-shell functions. We can represent
tree and loop amplitudes as on-shell functions using this approach.

Consider an on-shell function fp having an arbitrary number of external legs. Let a and
b be two adjacent external legs. Now, let us attach an internal leg I connecting a and b
as shown in figure 1. The three-point amplitudes on either side can be chosen to be MHV
and anti-MHYV or vice versa. We refer to this construction as a bridge. The resulting bigger
on-shell function is denoted by f.

Bridges are the simplest constructions over the existing on-shell diagrams. The massless
bridges have been widely studied and they correspond to a BCFW deformation. @ and b are
precisely the BCFW deformations of a and b. To see this, let us explicitly calculate the on-shell
function f from figure 1. We integrate over on-shell momenta d*p §(p?) = d3LIPS(p), and
we sum over all the possible particles that can flow in the internal legs. For supersymmetric
theories, the latter amounts to integrating over the Grassmann variable 1 associated with the
internal legs. In figure 1, the internal legs are a,band I , thus we have

(. ab,...) = [T LIPS (w) 'y | AP (a, —1, —a) AP (b, I, -b)
uef{a,b,I}
X fo(...,a,b,...). (2.4)

The left and right three-point amplitudes are denoted as A% and AU respectively.

Let us remind ourselves that since all the relevant legs are massless here, we are using the
familiar chiral basis where the supersymmetric coherent state is parametrized by Grassmann
variables 77;4, with A =1,...,4. We are using the following analytic continuation to obtain
the variables for opposite momenta:

| —p) =1ilp), | —p] =ilp], N—p) = iN(p) (2.5)

Let us take the left three-point amplitude to be anti-MHV, and the right three-point
amplitude to be MHV. So we have,

1

AR 10 = T

§*(lad] ey + [al] ngy + Tal @) 6" (pa — pa — p1),



AB@G T )= —
oI 15 ()

Note that the amplitudes contain explicit momentum-conserving delta functions.

3 (byne) + ey — 1B)my) 8* (oo — vy, + p1). (2.6)

We can perform the LIPS integral for the legs ps and p; by solving for them using the
left and the right momentum conserving delta functions in (2.6), analogous to what we did
in (2.3). This would give us two delta functions, 6(2pg - pr)o(2py - pr). Combined with the
on-shell delta function in the LIPS integral for p;, this gives us three delta functions for
the four-momentum p;. Thus p; is determined up to one unknown parameter, which shall
precisely be the BCFW deformation parameter z.

Ip = I1 4°LIPS(u) 6*(pa — pa — p1) 6* (6 — Py + 1)
uE{d,I;,I}
= [ ELIPS(1) 62, - p1) 62y ). (2.7)

We have solved for p; and p; using momenta conserving delta functions. Hence we have
determined spinor variables for p; and p; up to their little group redundancies. For instance,

pa = —la)(al = —[a)[a] + [I)[I]. (2.8)
The left three-point amplitude being anti-MHV imposes |a)  |a). Fixing this proportionality
constant to be 1 fixes the little group redundancy of p;, so that we have,
2) = lo). (2.9
Similarly, for the Ag, we have |b]  |I], so let us fix the little group such that we have,
6] = |b] . (2.10)
Momentum conservation on the right side imposes the following constraint:
6] (6] = [b] (bl + [1](1] . (2.11)

To carry out the integral (2.7), let us write Zp in terms of spinor helicity variables. As
explained in appendix A.1, let us write the measure d>LIPS(I) as follows:

d3LIPS(I) = d?|T) d?|I] 6({rI) — (ra)) (ra). (2.12)

In order to fix the redundancy in the definition of angle and square brackets due to the little
group, we ‘gauge fix’ the little group for p; using the delta function, and the factor (ra) is
the appropriate Jacobian associated with it. We have chosen 6((rI) — (ra)), for (ra) # 0 as
the little group fixing. Since on the left side, we have |a) o< |I), the motivation for this little
group fixing is to set the proportionality constant to be 1, so that we shall have |I) = |a).
The following equations make it clear,

Ty = RN 1) 6((r1) — (ra)) (ra) 8 (al)(aD)) 6(BI) 1))

o / dlad] d[bI] d{al) d{rI)
[ab] (ra)

o / dlad] d[bI] d{al) d{rI)
[ab] (ra)

(ra)((rl) — (ra)) 6([al](al)) 6 ([bI)(bT))

<mwwnww@pwma%mm> (2.13)



Note to obtain the last equality, we have chosen [al] # 0 and (bI) # 0. This choice is equivalent
to choosing Ay, as anti-MHV and Agr as MHV. Had we written ([al](al)) = 6([al])/{al),
we would have imposed Ar to be MHV.

AR e
Ip= / b 5([o1)) [ad] (bT) /d< D A(rD) o((r1) — (ra)) d((al)) (2.14)
__ fdlef 1
- / o] T8O nco ™ onmirar. o (2.15)
__ 1 dlaf]
= tat@r ] el Ly oo (210
Now, since [bI] = 0, we have |I] = —z|b] and [al] = —z[ab].
1 dz
e ab{ab) / z [I)=la), [I]=—=2|b] (2.17)

Let us use this solution for p; to solve for the spinor variables of a and b as follows:

@) = |a), |a] = |a] + z[b] (2.18)
6) = [b) — zla) , 18] = 2] (2.19)

Recall that we have used the little group fixing for é@ and b from (2.9) and (2.10) respectively.
Let us summarize what we have done:

Tp = / dPLIPS(a, b, I) 6*(pa — po — pr) 6*(py — py, + pr)
_ 1 / dz
2pa.-Do z

In (2.4), along with the LIPS integrals, we have 1 integrals over the Grassmann delta

(2.20)

( @) = la), |I>=Z|a>7|3>=A|b>2|a>>
|a] = [a] + 2[0], 1] = [b], 6] = [0]

functions as well. Let us focus on that,
Jp= / d*nepy d*na) d477(g) 5% ([ad] n(ry + [al] ney + ] ngay) 8° (1b)nw) + [ Dnery — ’5>77(1;))
= / d*nepy d*na) d477(;;) & (2[ab] nery + [abl ey — [abl n(a))

x 8 (b)) — zlahmr) — 1B)ng, + laimg). (2.21)

where we have used the solutions for spinor-helicity variables from the bosonic delta functions.
Note that the R-symmetry indices A, B,... =1,...,4 for né) are suppressed throughout.

We can integrate out né) using the first four Grassmann delta functions, to obtain,

)

N(a)="(a) T2N(1)

Jp = [ab}4/d4?7(1) d477(i,) 5% (1b)nw) — zlayna — b)1g) + 2la)n )

1
= [ab}4/d477(1) d477(z§) <ab>454((ab)n(b) — {ab)n) 54 (= z(ba)nry + z(ba)n g ),

= 24 [ab)* (ab)? (2.22)

(77(@) = N(a) + 20) > (1) = N0) > My = ﬂ(b))



where from the first line to the second, we have projected the Grassmann delta functions

along different SL(2,C) spinor directions, and from the second line to the third, we have

integrated the Grassmann variables for pr, p; by using the Grassmann delta functions.
Plugging both the integrals and the three-point kinematic factors back in (2.4), we get,

a = dz ! ! ! 2 ab)*[ab]? a,b
St = [ S e Gommie, LU W ol bee)

Factors from Az Factor from Jp

(2.23)

The above integral is evaluated at the support of the following conditions that we obtained
previously:

@) = |a), |T) = —z[a), |b)
|a] = |a] + z[0],  [1] = |b], 0] = |b] (2.24)
N@) = Ma) T 200wy > M) =Nw)s M) = M)

[b) — zla)

>

Thus the kinematic factor from the three-point amplitudes becomes,
1 1 1

[aal[@l][Ia] (bI)(10)(Bb)  2*[ab] (ab)? (2.25)
Factors from A3
Thus, we have:
f("'va7bv"‘):/(szo(...,d,l;,...) (2.26)

This is the striking result of the BCFW bridge construction [33] where one obtains the on-shell
function f by using a BCFW shifted fo(...,a, b,.. .) and performing the BCFW integral.
This also allows us to obtain an on-shell function representation of the tree amplitudes.
For instance, consider fy to be a four-point factorization channel, (2.2). Then, building a
bridge over this fy is equivalent to doing the usual BCFW computation for a four-point tree
amplitude. f in this case shall be a box diagram. Thus, the four-point tree amplitude can be
represented as a box constructed out of four three-point superamplitudes, with integrations
over the LIPS of the internal momenta. It is also clear from (2.7) that the BCFW bridge
is equivalent to performing three cuts on a loop momentum. The absence of a residue at
z — oo indicates that there is no triangle contribution at one-loop for the theory [38].

2.2 Non supersymmetric case

Let us take a moment to appreciate the fact that supersymmetry is not crucial for the
construction of a BCFW bridge. We can have similar structures for pure YM theory, though
not all helicity configurations lead to a valid BCFW shift. Let us consider the following setup,

| | '+ —
Da & + — & Db Da » x Db
1 - 1 ! + - |
b - - - = - —-——— 4 = @»——> ———————— <« - - - (227)
l PI l Y ¢ pro
ba § + —4 Py —Da Y +T_pé



For the configuration depicted in (2.27), the d3LIPS() integrals are identical to the super-
symmetric case dealt with earlier and we have the following solution:

@) =la),  |1)=—=a), [5) = [b) - 2a)
<|&]:|a]+z|b], 1] = |b], 1] = |b] > (2.28)

We can calculate the shifted on-shell function as follows:

Cpde 1 P () L
f(...,a,b,...)_/ - <ab>[ab] aulllal oy PG abe) (2.29)
AL AR

/ — fol. ) (2.30)

This corresponds to the [+—) shift. Such constructions do not have information regarding
the validity of the shifts.> Note that unlike the A/ = 4 case, we will have various possible
configurations, corresponding to various shifts.

Note that the new on-shell function has the same dz/z factor for all kinds of shifts,
regardless of their validity. The validity of a shift is reflected in the large z behavior of the
shifted on-shell function fy(...,a, b,.. e

To illustrate the fact that the configuration (2.27) leads to an invalid shift, let us take f
to be a particular four-point factorization channel, as shown in (2.31).

'+ —
Pa i s Py
I — "‘ !
SRR < -l-- . 2.31
‘ P ‘ (2.31)
Pd ¥ — + ¥ Pc

Using the shifts (2.28), the shifted on-shell function has the following form,

I .
PO, ot - o) AD P i, ot = LD [eF]
Z—Zp zZ—zp (d >[Pb][bc]

d)®

zp  [bd]
zp — z (ad

/\@‘)/\

a){a
< ] (2.32)
> > :—P{,—Pc

Note the presence of 1/(z — zp). This simple pole is equivalent to the holomorphic delta
function imposing the on-shell condition for P. Since <5d) ~ z, we conclude that the shifted

factorization channel scales as 22 rendering the [+—) shift invalid.

2.3 BCFW shifts involving massive particles

Originally BCFW deformation was an on-shell technique to compute amplitudes for massless
particles. However, over time, there have been BCFW deformations suggested for massive
particles as well. The massive spinor helicity variables introduced in [7] facilitate these

3Singularities of on-shell functions for theories without maximal supersymmetry has been studied recently
in [50].



computations. Here, we shall review the BCFW shifts for the cases when one of the shifted
legs is massless and the other is massive [29], and when both the legs are massive [9, 31].
It will be useful to refer back to these equations when we construct the on-shell diagram
formulation for these shifts in the later sections.

Let us first consider the massless-massive shift introduced in [29]. Let us consider the
case with m, = mg = 0 = my and my = my = m. The BCFW conditions require,

2pa - p1 =0,
2py - p1 =0, (2.33)

such that we can pick the poles from the intermediate legs correctly. A solution is given by,

a)=1a), 1) =1a), [br) = [br)+—[a){ab)
a] = la]— = [br](b"a), 1= —[br)(b"a). b:]= [bx), (2.34)

where we have gotten the (bra] shift. We would have gotten (ab;| shift, had we chosen
|a] < |I] x |a] in the beginning. In terms of the on-shell diagram formulation to be given later,
this corresponds to choosing the left three-point amplitude on the bridge to be anti-MHV
or MHV respectively.

For the massive-massive shift introduced in [9], a key feature is that one has to break the
little group covariance, as there are no natural massless spinor-helicity variables to provide
the BCFW shift. A little group frame can be fixed by using,?

lat) := g\bl b?) (2.35)

)=
1,_@(11 2 2
pli= 2], =

where, o= —pg.pp+ \/ Pa-Pb)2 — m2m? (2.37)

a?) (2.36)

which we have elaborated upon in appendix A.2. In this special frame, the BCFW shift
is given by,

DPa = Pa — DI, Dy = Pb + DI,
pr = —z|a®)(b?. (2.38)

As discussed earlier, the shift breaks little group covariance. However, in [31], auxiliary SU(2)
doublets were defined to write the massive BCFW shift in a form where one can choose any
little group frame. Given two massive legs with momenta p;,p; and masses m;, m;, they
define two SU(2) doublets n! and ¢, such that (;|i’] is shifted and not 7;|i’] and vice versa
for spinor-helicity variables of the leg j. While these doublets give us massless spinors to
work with, one still has to impose p, - pr = 0 = pp - Pr for the shift momentum p;. This
gives conditions on these doublets which are solved in [31] by using massless spinor helicity

4Q0ur little group frame is equivalent to the one in [9], although we have chosen different spinors to be
proportional to each other.

,10,



representation of massive momentum. We will also use some elements of this analysis when we
analyze the LIPS integrals for the BCFW bridge description of massive BCFW. Interestingly,
we will see that the doublets above have a natural interpretation in terms of the three-particle
special kinematics u-variables given in [9, 51].

3 On-shell diagram formulation of BCFW shifts for massive amplitudes

In this section, we will provide the BCFW bridge construction over the Coulomb branch of
N = 4. These bridges shall correspond to the massive BCFW shifts reviewed in the previous
section. Just like the sYM, the basic building blocks are the three-point amplitudes for the
Coulomb branch. We shall write down the three-point amplitudes below.

Note that for the Coulomb branch, the massless super-multiplet G is written in the
non-chiral Grassmann variables, 7°(c = 1,2), %% being the R-symmetry indices that
are suppressed. The following are the usual sYM three-point massless amplitudes in the
non-chiral basis [9, 42],

1
AMNY G (pa), G(ps) , Glpe)] = Tab) e (ca) & (’a> N(a) +10) Ny +1c) W(C))

x 52 ((ab) n(TC) +(bc) nga) +(ca) ngb)) 6% (pa+po+pe) (3.1)

1
e’ (la)nf,y +18]mlyy + Il

x 62 ([ab] () + [be] o) +[cal ) ) 6 (pat-py+pe) (3.2)

.Am [G(pa) ’ G(pb) ) G(pc)] =

The three-point amplitudes involving massive particles are as follows:

A [W(pa)aw(pb)v G(pc)} = _% <qi>2 54(|aj] MNa)J — |bJ] n(b)]+ ‘C] 7726))

%62 ((al{ ~la”) mays = b7y )5+ 10V ne) }) 04 (-t potpe).

(3.3)
m is the mass of the p, and pp, and z is defined as xm|c] = py|c).
A [W(Pa)aW(Pb)aW(Pc)} = m54(|aj] MNa)J — \bj] NpyJ+ !CJ] 77(c)])
%02 (gl { ~1a”) nays = 07y nys = 1e"Y ey }) 84 (bt po+-pe)
(3.4)

For more details, refer to [9].

3.1 Massless bridge over massive and massless legs

Let us consider the first non-trivial bridge construction involving only one massive leg. Let
pe and pp be massless and massive external legs respectively for an on-shell diagram, and
consider a massless bridge py attached to these legs. For this construction, the relevant legs
are depicted in (3.5). Now, we wish to evaluate the new on-shell function f including the
bridge in terms of the older one fy. We shall see that just like the massless case, the new
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on-shell function is merely a BCFW deformation of the earlier on-shell function. As we shall
see, the deformation corresponding to this construction turns out to be the supersymmetrized
version of massive massless BCFW shift from [29].

Gra) Wy G Wi

Glpa) | W) Gl Y W(=p;)

As we described in the review, in order to evaluate an on-shell function, we integrate the
on-shell momenta and 7 variables for each internal leg and include all the building blocks,
the three-point amplitudes. Here, we have I, a,b as the internal legs, so we have

F.ab,..) = /dgLIPS(&’ b, 1) A0y ).

X AL[G(pa), G(pa), G(pr)] ARV (=p3), W(ps), G(p1)] fo(. .-, a,0,...).
(3.6)

There are two possibilities for the left three-point amplitude. It can either be MHV or
anti-MHV. The two choices lead to two different kinds of BCFW deformations. Let us choose
it to be anti-MHV implying |a) o |I) « |a). Consequently, the left and right three-point
amplitudes are as follows:

AL [G(p0). Glpa). Glopi)] = ozerso (lal = alnfy, = 1)
x 0 ([ad] 0y + [al] ne) + [La] 77(@)) 5*(pa — pa — 1) »
(3.7)
A [W(y). W0n). Glon)] = =6 (= 0}y + 8] + 1))
x 6% ((al { =167 gy + 167 gy, + 10} ) 4oy + pr — 1)
(3.8)

Let us reiterate that we are using the analytic continuation (A.2) with uniform i for
square and angle spinor variables. The z variable is defined as follows:

wmy|I] = py|I) - (3.9)

Plugging in the Ay g back in (3.6), we have d°LIPS() integrals and Grassmannian integrals
to perform. Let us address them one by one.

Phase space integral

The bosonic integral over momenta conserving delta functions from (3.6) is as follows:
Ip = /d3LIPS(fl’ b,I) 6*(pa — pa — pr) 8*(py + 1 — p;)
= /d3L1PS(I) d'pa 6(p3) d'py, 8(pF +miy) 8" (pa — pa — pr) 8" (Do + pr — ;)

- / APLIPS(I) 6(—2pa.pr) 6(2pb-pr) - (3.10)
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This analysis follows closely the usual massless massless bridge construction in section 2.1.
Since we have solved for p; and p; using momenta conserving delta functions, we have
determined spinor variables for p; and p; up to their little group redundancies. For instance,

pa = —la}[a] = ~la)la] + 1)[1]. (3.11)

The left three-point amplitude being anti-MHV imposes |a)  |a). Fixing this proportionality
constant to be 1 fixes the little group redundancy of p;, so that we have,

la) = |a) . (3.12)
Let us use the measure d3LIPS(I) from appendix A.1 and choose §({rI) — (ra)), for
(ra) # 0 as little group fixing. Rewriting the Zp in terms of spinor helicity variables, we have

Zo = [ @D N1  (ra))(ra) 6~ @Dlal) SO’ DIbsT) . (313

Now, since we know that (al) = 0, we have [al] # 0, so

= [ tra)a((e1) = ) a((an)) [ @] s (@' DB (314)

Projecting out |I) along |r) and |a) directions, we can integrate out |I):

/fd?yf><ra>5(<r1>-<ra>)5(<a1>):: Ury—ia) (3.15)

allowing us to write,

—/dQ\I] i5(<b=’l>[bﬂ]) . (3.16)
[al] I1)=|a)
Henceforth, all the expressions are understood to be evaluated at the solution of the delta
functions, namely, |I) = |a), and we shall be omitting |;y—q)-
There are two integrals and one delta function in (3.16), so we expect one undetermined
parameter worth of solutions for |I]. We claim that the undetermined parameter is precisely
the x variable from (3.9), and irrespective of the solution |I) = |a), the following equality holds

/wﬁ@m—;fwo:mm@ﬁwmy (3.17)

To check the validity of this, we can carry out the integral on lL.h.s. by projecting out the
delta function in |b1] and |be] directions:

/dx 5> <w|l] - —\bJ (b7 1) ) /dx [b1ba] 8 ( (b1 ] + (B21)) 6 (x [bod] — (' 1))
— —myd (—<b Dbad] = (') b1 1))
=my §((B7 1) [bs1)) . (3.18)

Using this information back in (3.16), we obtain the following:

_ */dQII] [all]/dx nibg? (M] - Tib|bJ}<sz>) : (3.19)

,13,



Recalling that |I) = |a), and integrating out |I],

1 1
Ip=—— [ de——
B [al]/ x:ﬂzmb

Before looking at the Grassmannian side of the story, let us recollect all the solutions:

1 dz
N=iomley 2PaPb ) T

(3.20)

D=la), |1 = ipb|a> (3.21)

6y =1la),  |a] =] - 1] = |a] - xlmbpbm (3.22)

Similarly for p;, we can fix the little group redundancy such that |65 = [bK], so as to have
the following solution for p;:

LayRay, ) = ] (3.23)

K\ _ pK\
) = ) -

Let us compare these solutions with (2.34). At this point, we notice that these solutions are

precisely the massless-massive shift from [29] with the deformation parameter z being z = 1/x.

Grassmannian integral

Let us have a look at the Grassmannian integral from (3.6):
Ip= / A0y .0 (1]l =1l nlsy = 11101) 62 ([ad] -+ [al] ma) + [Talngs) )
X (=67 ny s+ 16 ]y + 1110102 ((al { =167 ny s+ 167 )mgy,+10m} ) (3.24)

Here we refer to 7y as n for brevity. Note that we shall be using (3.21), (3.22), and (3.23)
throughout this computation. Let us integrate out the N5 by projecting out the following

delta function in |b'] and |b?] directions:

1
/d“n(;;) 3 (= 67wy + 07T mg), + H0T) = mp /d“n(;;) s* (775{ — () — mb[be]nT>

= mj. (3.25)
We have the following solution for 7;,
1
Niyx = MoK + TW@KCL)??T- (3.26)

Substituting this back and projecting another d* along |a] and |I] directions, and using
eq. (3.21), (3.22), and (3.23) we have,

Tr = [ ey aulyy a0 ] (lad) nfyy + [al) ') 62 ((Zaln,, — [Tl )

x 62 ([aa] n + [al] ) + [Ta] ngs) ) 52<< >[’7+177T+ab UWD

= m3[Ia]*(ga)>. (3.27)
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From the above four delta function constraints and using eq. (3.21), (3.22), and (3.23), we
have the following solutions for the Grassmann variables,

T [la] + B
o) = 7)) = Ny @) = ey T (3.28)
LU I S Y
T = e M@ = Mapy = "7"Na) xmb< b7 )by - (3.29)

After assembling all the integration results, we have the final on-shell function f in terms
of the shifted on-shell function fy as following,
_x A~

f(,a,b,):IBZFmb<qI>2[adH&IH[a]fo(,&,b,)
_ /d%mb[ 0 fol... ab,...)

" 20
/f fo(- by...). (3.30)

To get the last equality we use egs. (3.21), (3.22) and introduced z = 1/z to match with (2.34).
The following are the 1 deformations:

z
ey = My May = @) + 2 Mgy + %W ) 1v).1 (3.31)
z
Nbys = Me)s + e (bya) 772(1) : (3.32)

3.2 Massless bridge over massive and massive legs

For any spontaneous symmetry breaking scenarios on the Coulomb branch of N' = 4, there
are always massive as well as massless particles. Therefore, we can construct higher on-shell
functions using a massless bridge. We will now consider the case where BCFW bridge is
attached to two massive legs, the bridge momentum is massless. We could directly proceed
to the most general case ofcourse, but this case is of interest as it corresponds to the massive-
massive BCFW shifts introduced in [9]. As we shall see, the three-particle special kinematics
provide a crucial insight into the derivation of the BCF'W bridge using the x variables just
like in the previous section.

Discussions below also apply to BCFW computation of adjoint QCD amplitudes, in the
non-supersymmetric case. In our setup momenta p, and p; are massive with masses m, and
my respectively and the bridge momentum p; is taken to be massless. This intermediate
massless bridge connects two three point amplitudes with massive momenta p, and pg in the
left and with massive momenta p, and p; in the right. From color structure of the external
particles or from central charge conservation for the Coulomb branch amplitude, one obtains

Mg = Mg, my = my,. (3.33)

For concreteness, let p, be BPS, and p, be anti-BPS. The setup is depicted in (3.34).

W(pa) W(ps) W(pa) + W(ps)
(3.34)

T
|
|
|
|
|
A
|
|
|
|
|
L
|
|
|
Y
|
|
|
'
|
|
|
|
A
|
|
|

W(pa) W(p;) W(—pa) W(=p;)
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The shifted on-shell function written in terms of the original fy is as follows:

Flooab,..) :/d3LIPS(a,13,I) d*n ) .

x A [W(pa), W(=pa). G(=p1)| A™ [ W(=p). W(p).G(pr)] fol..a.b,...)
(3.35)

The left and right three-point amplitudes are as follows: (Note that for brevity, we refer
to 7y as n.)

A" {W(pa)aw(—pa),G(—pI)] = —:cri@(_ll»g54(faj] Ny — &’ neys — 1] n')

x 62 ((al {~1a” yna)s + 167 Ynays — [Dm}) 64(pa = pr = pa)

(3.36)
AR [W<_p(})vw(pb)a G(PI)] = —%IZ <q§>2 54( — [v”] NwyJ + ’BJ] Ny T 1] UT)
x 62 ((al {167 ynys + 167 gy + 110 }) 8* (oo + pr = py)
(3.37)

When we analytically continue spinor-helicity variables for momenta in opposite directions,
we do so with uniform ¢ factors for square and angle spinor variables.

Phase space integral, exploiting three-point special kinematics

Unlike the cases considered in the earlier sections, let us remind ourselves that the external
momenta here do not provide us with any natural massless spinor-helicity variable to describe
pr. In such a case, a natural thing to do is to express the massive momenta as linear
combination of two null momenta. Let us choose the two null momenta to be constructed
out of the massive spinor helicity variables for p, and p,. We refer to the process of choosing
this particular little group frame as simultaneous gauge fixing for the external spinor helicity
variables, as this gauge fixing can not be implemented consecutively on momenta p,, pp as
the square (angle) brackets of p, (p,) are fixed to be proportional to square brackets of p,
(pp) [9]. We elaborate on this in appendix A.2.

To obtain some hints regarding the relation between the BCFW bridge construction
and three particle special kinematics, let us relate the BCFW shift of [9], in the notation of
section 2.3 to the three particle special kinematics variables by explicit comparison. We have,

pa = |a')(a®| = [a®](a’ |
py = [B7)(0%] — [b°] (b
pr = —z|a®](b°[. (3.38)

We can choose the GL(1) little group of the massless momentum p; to fix,

1] = z|a%), 1) = |b?). (3.39)
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Note tha pg,ps, —pr follow three particle special kinematics of two equal mass and one
massless leg. They have an associated x-variable, originally defined in [7]. Explicitly,

2pq - pr = [I|pall) =0 = |I] < pall). (3.40)
Therefore, we can define,
xr pall] = —mall), xrmpll] = pp|I). (3.41)

We can act the momentum p,, pp on the spinor helicity variables from (3.39) and make use
of the simultaneous gauge fixing relations (A.32), (A.33) to obtain,

1va 1 my
_1 __Lm 3.42
L e TR z\/a (342)

Note that a combination of xy, and xg gives rise to the variable o which is determined in
terms of the external kinematic data:

T e
L . (3.43)
TR MeMyp
The variable « is a solution to the quadratic equation,
2 2,2 _
o+ a2pg - py+mgmy = 0. (3.44)

We saw the above equation as a solution to the simultaneous gauge fixing procedure in
appendix A.2. Let us try to understand this equation in terms of three particle kinematics.
The above quadratic equation implies the following relations on the three particle kinematics

variables:

2
(\/mambe B \/mambe> = 2pq - Pp — 2MgMmp = —Sgp- (3.45)
TR xr

In terms of the u-variables defined in [9], reviewed in appendix A, this relation is nothing
but the relation,

2
(u]%+u§_ - ungu]Lg_) = —Sabs (3.46)

where we have suppressed the subscript I for the internal bridge momentum p; to not confuse
it with the little group index, and for the little group we have taken the helicity projections
+, — appropriate for the massless limit. This three-particle special kinematics relation was
crucial in the calculation of the Coulomb branch tree amplitudes using BCFW. Thus we
just observed that the simultaneous gauge fixing condition, constructed for our convenience,
has a nice interpretation for the case of a massless bridge. Namely, three-particle special
kinematics tells us that when two three-point amplitudes, each having two equal mass legs,
share the same massless leg then the simultaneous little group frame above is preferred
due to the three-particle special kinematics. Namely, one can argue that the three particle
kinematics relation above already forces to have,

[u(L)u(R)] —0= <u(L)u(R)>’ (3.47)
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thus relating the spinor-helicity variables for the external momenta p,, pp and thereby forcing
us to choose a simultaneous gauge fixing condition.

We can now proceed to perform the LIPS integrals. The bosonic part of the LIPS
integrals reads,

A2 d3|1
1, — [ Eman

= | Yaemm) d(2pa-pr) 6(2ps-pr) (3.48)

Let us use the same technique as section 3.1 to write down the following relations:

/ dag 6@ <xR|1] + W) =myd ([ij] <IbJ>) :

my
[a(L)se (;Lm . 'J}nm) — ma ([Tas)iTa) (3.49)

Refer to (3.18) for the proof of these equations. Let us substitute these relations back in Zp,
and decompose d?|I) along two independent directions, |b'), [b?) to obtain the following,

1 2 m S
Ip = /dde (;L) d?|1] d<b<Ib>1212<>bI>5(mb - <b1]>)ﬁrbnb 5 (xR|I] + W)

e <1I> + MM) , (3.50)

L Mg

where we have gauge fixed the little group for p; by setting (b'I) = m;. We can now perform
the d?|I] integration to obtain,

Ty MaMp T T MaMPLR
R

To simplify the delta function above, we make use of the simultaneous gauge fixing for the
external spinor-helicity variables to obtain,

6(2) <1|I> _ ‘aJ>[anK]<bKI>> — 6(2) <1|I> . \/a|al><b21> T ]a2>mb>

Ty, MgMTR xr, MgMyTR Varg

) (1 + mam”) 5 <<b21> (1 + O‘)) (3.52)
rrL QTR T  MgMpTR

We can use the first delta function to integrate 1/xy in the bosonic phase space integral. We
can use the second delta function to integrate (b*I) to obtain,

1 dl‘R
Ty = / , (3.53)
VSab(Sab — 4mamp) J TR

where we have used (A.36) to write the answer in terms of generalized Mandelstam variables.
From the delta functions that we have used, we can see that we have,

1) = |8?)
2 m a2
1] = iil;; = —\/%‘mli (3.54)
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mp

Therefore, if we define z = then we indeed get,

- Vazg
1 dz
Ip = &< 3.55
B Sab(Sab — dmamy) )z (3.55)
with, |I) = \b2>, |I] = z\a2] — pr= —z|a2]<b2|. (3.56)

Alternate approach for the phase space integral

Here, we present an alternative approach to perform the LIPS integral over the momentum-
conserving delta functions:

Ty = / Q*LIPS(a, b, 1) 64 (pa — pr — pa) 8 (s + pr — ;)

= / d*LIPS(I) 6(2pa-p1) 5 (2ps-pr) (3.57)
Let us use the same little group fixing for p; as the earlier analysis so that we have,
APLIPS(T) = d?|1]d?|I) 6 ((Ib*) — (b*b")) (b'b%)
= L qm?y dpa' ) dje2n] (3.58)
Ma (1 I)=my
Let us employ the simultaneous little group fixing, (A.35) for p, and pp, such that all the

square variables |-] are in terms of |a’], and all the angle variables |-) are in terms of |b/).
Thus we can obtain:

—2pa.pr = (Ia”)[a;1] = —‘n/j (IbY)[a?1] + % (Iv*)[a' 1] (3.59)
2o = (V)oT) = = (1] + Y (1) (3.60)

Since we have gauge fixed (Ib'), we have three quantities to integrate over, (Ib?) and [a® I].
Plugging everything back in (3.57), we get:

Mg,

e (n)la'n)

) (:7/12 [a?T] + ;{f <Ib2>[alf]>
1

=L [au)ain (% 2]+ YL <1b2>[a1n>

S — / (%) dfa' 115 ({16)[a' 1)) (3.61)
— mgmy

(%

I = 1 d(Iv?) d[a' 1) d[a?1] 6 (\/& (@] +

Mg

[0 1]=— 222 (162) a1

The solution of the on-shell conditions dictates that [a?I] oc (Ib?)[a'I], which vanishes on the
support of the remaining delta function. Both [a?I] and [a'I] can not vanish, which would
imply that |I] = 0. Thus, § ((Ib%)[a'I]) implies that (Ib?) = 0. Thus we obtain the following:

Th— « dz
B —mzmz ) =
a''"b

B
B \/Sab(sab - 4mamb) z

(Ib2)=0, (b1 I)=myp, [a?I]=0, [a'I]:=—2mq

(3.62)
pr=—=2a?](b?|
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Note that we used (A.36) to obtain the last equality. The solution for p; is again: |I] = z|a?]
and |I) = [b?). It is evident that we have recovered the massive massive shift from [9].

Supercharge integral

Let us turn our attention to the Grassmann integrals from (3.35), which are as follows:

ZFE/d477(&) d477(13) d?nd?yf
5* (10”1 =18 nays = 11n') 8% ({al{ ~la” Yayo+1a” Yngays—|T)n )
64<—|bJ]n<b)J+\bJJ U(B)JHI]"? 502 (gl {~1b" yn@ys+16")ng),+10m} ) (3.63)

Let us have the following little group fixing for convenience: |a] := |aX] and [b5] := |b%].
We can carry out the 7 and i) integrals as follows:

. Ia
5*(la” I nays — la”] N@ays — ] nt) =m2 & (U(a)J — Nays + [mj] UT) ; (3.64)
. Ib;
54( - |bJ] NwyJ + |bJ} Noys + |1] WT) = m?, & (U(@)J = Nys + [mb] 77T> . (3.65)

Thus, we have (the following expression is evaluated at the solutions of already solved
delta functions.)

Ze = mimi [ a6 (tal {lo’ by — a7 ey + 11)n})
5 ({al {16" yn@ys — 67 gy, — 1m})
= mimi ) [ a2'* ((al {la” s + 16" s = 167 bnays = 07 gy, ) (3:66)

We can substitute the solutions for Na).(6) to simplify the argument of the last delta function
as follows:

. 2 . L
~1a? mars — 8 gy, = =107} (s + ot ) = [6°) (s + o Bl )

a

” o+ Mmgm
= o Yy — 1B )U(bJ—Z<b) Iyt (3.67)

mb\/&

To obtain the last equality, we used special three-body kinematics to write ps|/] and p;|I]
in terms of |I). Afterwards, we substitute 7, and zg from (3.42). Substituting (3.67) back
n (3.66), we can carry out the n! integral to obtain the following:

Ty = mim (q1)* 2 ()

mb\/&

Thus we have carried out the integral Zr and solved for the deformations of Grassmann

mg (gI)* 2% sap (3.68)

variables 7, ;). We can use (3.64), (3.65) and (3.67) to write down the expressions. Let us
remind ourselves that analogous to the deformation of spinor helicity variables preserving
total momentum, total supercharge is preserved by the deformation of Grassmann variables.
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The shifts that we obtain here Nay,(b) shall be the same as the ones from [9], though here
we have used a different little group fixing compared to [9].

Bringing all the ingredients together in (3.35), we can relate the two on-shell functions
f and fp as follows:

F(. ab,..) = IBIF( ;ZM) ( ;i ik )fo( b..)  (3.69)

Let us substitute Zp and Zp from (3.62) and (3.68) respectively, and zy/ from (3.42) to
obtain the following:

(... ‘/sab—4mamb/ folorah,.. ) (3.70)

We can also rewrite this result as follows:

Pa-Pb — mamb

,a,b,...). (3.71)
Pa-Pb + mamb

f(...,a,b,

Notice the presence of the factor depending on Mandelstam variables in front of dz/z. Once
we take the external masses to zero, this reverts back to the bridge construction for sYM
where the factor multiplying the integral above is one, as well as for the massless-massive
BCFW on-shell diagram which we considered in the previous section.

3.3 Massive bridge over massive and massive legs

Let us consider the massive bridge built over two massive legs coming out of an on-shell
function fo(..., W(pa), W(pp),...). We depict the relevant particles in figure (3.72).

W(pa) W(ps) W(m)* W(ps)

(3.72)

W(pa) Wi(p;) W(—=pa)

Wipr) | - +W(—p1) Wi(pr) W)
b

Naturally, in this setting, the masses of the external particles also get shifted as follows:

Pa = Pa — DI, P, = Db + DI, (3.73)

mg = Mq — My, my = my —my . (3.74)

To handle the little group redundancy in defining the spinor helicity variables, let us
gauge fix all the angle variables |-) as follows:

)= )i | ) (3.75)

1) = o), 112) = 1?) (3.76)

The gauge fixing for |I%) is tuned so as to have a well-defined m; — 0 limit.
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Inserting an integration measure, d®LIPS(-) d*., for each internal line, and relevant
three-point amplitudes for each vertex, we can compute the new on-shell function f(...)
in terms of the original fy(...) as follows:

f( <oy @, b? o ) - /dgLIPS<&7 67 I) d477(@)7(5)7(1) AL [W(_pl>7 W(pa)7w(_pd):|
AR {W(_pf))aw(pb)’ W(p[)} fO( -, a, 67 - ) : (377>

The three-point amplitudes involved are as follows:

1

AL [W(—p1), Wpa), W(—pa)] = ———— 6*(1a”} s — 1) enny — 16”1 mia
[ (—=p1); W(pa), W( p)} Ao pald (la” 1@y = 1T Inryg =187 1m08).7)
x 82 (<QWIJ>U(I)J—!a‘]>W(a)JH&JM(a)J}) 6*(Pa—pa—pI)
(3.78)
- 1 .
AR [W(—Pé)vw(]?b)aw(m)} = m 5*(16”] 77(13)J_|bj} U(b)J+|IJ] (1))
x 82 <<Q|{!3J>77(1;)J—|bJ>"7(b)J—\IJ>U(I)J}) 5* (py—py+pr) -
(3.79)

Let us compute the various integrals involved.

Phase space integral

Let us evaluate the integral over momentum conserving delta functions involved in the bridge:
Ip= /d3LIPS(&, b, 1) 6" (pa — pr — pa) 8* (0o + 1 — 13)
= /d3LIPS(I) §(=2pa.pr — 2mamy) 6(2py.pr — 2mymy) . (3.80)

Notice that the two delta functions are merely d(s,7)0(—spr). Recall that we have fixed the
little group redundancy for p; as (3.76), and this helps us to write d3LIPS(I) as follows:

d3LIPS(I) = myd31]. (3.81)

Refer to appendix A.1 for the details of d3LIPS(I). As we are expressing all the square
variables |-] in terms of |a®], let us do the same for [I*] as follows:

5] = Ti (1a'1(a21%] - |a?)[a’1¥7) = n}b (la]a? —aja'X) , (3.8

where, 47K = [aT17]. (3.83)

Now we can trade off the integration variable |I%] in favor of d/X:

d*1) = A} 1Y a?|1?) 6([I* 1Y) — my) = L oatas (1(511 %2 — a2 4% - m1> . (3.84)
m

2
a Mg,

Note that we have fixed the little group redundancies for p,, py (A.35), pa, p; (3.75), and
pr (3.76). Along with the aforementioned, using (3.82), we can readily calculate 2p,.p; and
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2pp-pr in terms of external data and d/

2ap1 = {asIx)[a’ IX] = mp 2% 412 —\/q 42!, (3.85)
[0
2
s pr = by L) B/ TK] = Y& qi2 ™ g2 3.86
pp-pr = (bylr)[b' I ] - my N ( )

Let us assemble different parts of Zp:

Tp = / dPLIPS(T) 6(—2pa.pr — 2mami) 8(2pp.pr — 2mymy)

1 1
=mi—s /d4d ) ((d“d?? —dlzq?) — m1> B <m1 Ta 12 _ /5 42 —|—2mam1>
a

Mg \/5
2
) <\/a mry 512 —ﬂ 521 —2mbm1> . (387)
My Va
The integral over 4'2 and 42! can be carried out in a straightforward way, and we obtain:
1 1 1
Ip=—1 /dzi“dd226 ((zill 422 —d12d21)—m1) . (3.88)
m2 Mg mrmy ( o _mamb)
MgMp !
and the solution for d4'2 and d?! satisfying the delta functions is as follows:
412 _ 2/ amgmy, 7 P 2/ amrmg, . (3.89)
o — mgmy o — Mmemy
For the d'! and 4% integrals, let us integrate 422, leading to:
a1 = myz, dzgzﬂw(a—i—mamby.
z \a—mgmy
my dz 1 1
= Ip=—= = ) 3.90
B mgma/ Z mrmy < o _mamb) ( )
MaMp o
Simplifying, and using the definition of a (A.34), we obtain the following,
1 d
Tp = (3.91)

\/Sab(sab - 4mamb) “
This is the same answer as the massless internal leg case, m; = 0, (3.62). So, the bosonic
integral Zp is independent of mj.

The solution for p; is as follows:

1 mr
— b2 1 d21— 2 dll _ b]. 12{22_ 2 512 3.92
pr= ) (a2 —(a?|d") == b ([at 47 ~[a?]4) (3.92)
Al = m,z2, g22 =" (S“b) : (3.93)
z \ Sgp—4memy
a—mgmyp o — MMMy .
2my 1 m? Sab
— B2V (a2 <b2 1t 2)_ 1 ( a >b1 1
o= =218} 0"+ e (P! ) e ) = (S Y b

(3.95)
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One can readily take the m; = 0 limit, to obtain p; = —2z[b?)[a?|, which matches the
earlier result (3.62).

Supercharge integral

Here, we perform the integration over all the supercharge conserving delta functions. Reading
from (3.77), we have,

IF:/d477(a G O (<CJ|{|I‘] N — \aJ>77aJ+|dJ>n&J}>
x 84 (Ja”] mays — 111y = 1671 ngay.r) 01 (1071 my s — 1671wy + 1171 )
X 62 ( (ql{|p”") ) 13ys — |bJ> by — 1%y J}) (3.96)

We can carry out the n; and 7; integrals as follows:

/d477a 5*(la”Tngays = 1T T nys — 167 Tne).g)

1 R .
= /d477a m3 6t (Tlﬁ( - <—[GK<1J}77(a)J + [GKIJ]T](I)J>>

a

_ 2
~Ma |”§:(_[&K‘1J] Nays + (@517 ) /ma (3.97)
e J J 2 A A
[ A8 (8 gy, = Vs + 110000 = 08 | s+ 51y - (3-98)
Plugging these back in (3.96), we get:
Ir = /d477(1) mm? 6 (<Q\{|IJ> nnyg — la) neys + la’) n(a)J})
x 62 ((al{16) gy, — V) s — 1TV mnys})  (3.99)
Let us plug in the solutions for n; and 7; to obtain:
— [y neryg + la”) neays = 187) ngays
1 K K 1 K K
= = (malT) + 2l D) maype = - (mala) + prla®]) e
—167) ngy + 167) nys + 117 iy
_ 1 K 1 K K
= —mb( mp| 1) + ppl|1 ]) I)K_Eb (m1|b ) —prIlb ]) Nb)K - (3.100)

Using these expressions back in (3.99), we get:

Ip = /d477(1) 5 (<CJ| {(ma\lK> +paIIK]) K + (m1|aK> +p1|aK]) Tl(a)K}>
« 52 ((q! {(=malT) + po| T57) e + (mr ") — pr[p]) n(b)K}) (3.101)

We can readily integrate this by changing the variables of integration from 7k to
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(q| (ma|1K> +pa\IK]> Nk and (q] (—mb|IK> +pb]IK]) Nk to obtain the following:

2
Zr = ((a (mal?") + pl1%) tal (~mulc) + o) )
= (gl (mamymr + ma prpy — mp Papr — M1 Paps) |q)? (3.102)

The solution for 7y can be obtained by solving the two Dirac delta functions in (3.101).

Looking back at (3.77), we have carried out all the integrals ((3.91) and (3.102)). Thus
we have the following:

f( a,b,...) = / % {q| (mamymr + mq prpy — My PaPI — M1 Pabb) |q)>
o z —(alprpalg)(q )

1

V/Sab(Sab — dmgmy)

fol...,a,b,...) (3.103)

Since the above expression is supposed to hold for all |¢) such that (urq) # 0 # (urq), we
can choose certain |¢) and calculate it. For the choices, |¢) oc [b!) or |g) o [b%), we obtain:

(q| (mampmy + ma PPy — ™Mb PaPr — M1 Paby) |)*
—(q|prpala){a lq)

Eventually, bringing everything together, we have the following result:

VGRS \/Tamb/fo b,...) (3.105)

Note that the multiplicative factor is independent of mj, and thus matches well with
the m; — 0 limit.
One key thing to notice in the massive bridge is that we can not set z — 0 to ‘turn

= 2MeMmypy — 2Da.Pp = Sab - (3.104)

off’ the shift: (3.95) has a term containing 1/z. This is because the massive bridge shifts
the momenta p, 5, such that the masses m,/, are changed as well. So, unlike the massless
case, the limit z — 0 of the deformed amplitude/on-shell function does not give us the
undeformed amplitude/on-shell function. Since the deformed amplitude/on-shell function
has legs with deformed masses, we need to take the limit m; — 0 as well. While all the
expressions have well-defined m; — 0 limits, since the masses are generated using SSB, the
bridge mass mj takes discrete values and there is no smooth way to take m; — 0 keeping
the vacuum expectation values of scalars fixed.

Note that the validity of this deformation is yet to be determined. We shall see in the
upcoming section that we can construct the four-point amplitude over the Coulomb branch
using this deformation. This is equivalent to the fact that there are no triangle contributions
at one loop for four-point amplitudes, as seen in [43]. However, the use of this deformation
for higher point amplitudes is yet to be checked. We leave this, proof of the validity or
invalidity of this deformation for future works.

3.3.1 Revisiting massive three-body special kinematics

Due to the lack of any insight from the special three-body kinematics, the analysis of the
massive bridge over both massive legs has not been very illuminating so far, especially (3.95).
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Refer to [9] for the details of all massive three-body special kinematics However, since we
are bridging together two three-body special kinematics together, let us analyze the special
kinematics, and see if we can learn something new about this mass-deforming shift.

Consider the right three-point amplitude involving (b, Z), I). Special three body kinematics
tell us that the following matrix should have zero determinant:

b7 15] — (7 1%) = ufyuft) - (3.106)

We can write all the spinor variables in terms of [b®) and |a®] using (A.33), (3.76) and (3.82).
Thus, we can explicitly calculate the aforementioned matrix:

Ul Ul
D] — 7 T) = ) = ( "

:( (Z\/a m (555 ) . (3.107)

a+megmy mimy [ a+megmy 2

oz—mamb) z/a (oc—mamb )

Note that, in principle, there is a GL(1) redundancy in definition of u,) and u(;). But this
is fixed by demanding that u(b)J]bJ) = U(I)J|IJ>. We can see that the following u) and
u(ry indeed satisfy all the requirements:

mi  (atmamy,
ugy = (uly u(zb)):( ENGE (a_mamb>) , (3.108)

v

1 9 mp a-+mgmy
W = (“(1) 7u(1)) = ( zv/a, o <a—mamb>> . (3.109)

m a+mem,
lur) = u@) s b”) = uy | 17) = ———= < b)lbl +/zva |b?), (3.110)

2y /a \@ Ml

m a+mem
‘UR]——U(b)J‘bJ]—U(I)J’IJ}—Tnl\/?(a mmz yl / ya . (3.111)

Let us repeat the same analysis for the left three point amplitude as well.

Ula ul ula ’LL2
(@7 1) + (0 1) = (ué Ll )ué”)
(@)=(I) “(a)™(1)

+ma
= . v (g_%%:)) (3.112)

N\ mamg (a+mamb) my (a+mamb)2

\/E a—MmMagMyp z a—mqgmy
_ (.1 2\ _ mr o+ mgmy
u(a) - (u(a) 9 u(a)) - \/ﬁ) \/7 <a — mamb)) 5 (3113)

L _ (.1 2\ _ Oé—l—mamb
ur(y = (um, U(I)) = \/> \\ 5 a—mamb)) : (3.114)

— 26 —



_ Iyl gy — T [V (et mamy -
luL) = uysla”) = ug ™) = —— (a—mamb Va

my \ 2
fur) = ugasla’] = ubp 1) = — % (a +m“mb) la'] + 1/ 2v/a |a?]. (3.116)

zy/a \O T Malp

From here, we can check the following:
1
\/ Sab

Let us emphasize that this form for p; is expected as the left three-point special kinematics

) BY) 4 may | —= %), (3.115)

pr = (lur)[ur| — |ur)[uL|) (3.117)

dictate that p; ~ |ur,)[e| + |e)[ur|, while the right three-body special kinematics dictate that
pr ~ |®)[ur|+|ur)[e|. Note that once pr is written as (3.117), it looks like there is no distinct
undetermined z factor, rather the special kinematics u spinors have that degree of freedom
in them, they are not completely determined in terms of p, and py.

A takeaway from (3.117) is that once we write p, as |ur)[a®|+|a™)[ur], in accord with [9],
the shift is along |a*) and |a"] directions. ps and p, share the same |ur) and |ug]. Similarly
the shift is along [0") and |[b*] directions on the right side. When the bridge is massless,
the above form continues to hold except that the two terms in (3.117) become equal to one
another. This then resembles the massive BCFW shift introduced in [31] with auxiliary little
group vectors. Here, the auxiliary little group vectors are given meaning in terms of the three
particle special kinematics variables from the bridge. Usage of auxiliary little group vectors to
define a BCFW shift can also be seen in the case of six dimensional BCFW construction [51].

In this section, we have considered cases with increasing generality to finally obtain the
most general BCFW bridge construction for on-shell functions on the Coulomb branch of
N =4 SYM. This natural construction of the BCFW bridge between smaller and bigger
on-shell functions leads to a novel BCFW shift where the shift momentum is massive and
external particle masses are therefore shifted. In the massless case, the BCFW bridge
construction allowed one to compute maximal cuts of scattering amplitudes. Further, it
also allowed one to relate various on-shell functions enabling an enumeration of on-shell
functions for ' =4 SYM. Thus the BCFW bridge construction allowed one to relate on-shell
functions to scattering amplitudes while also elucidating the redundancy in the on-shell
function data. In the next sections, we will use the above BCFW bridge construction as a
tool to compute maximal cuts for the Coulomb branch of A" =4 SYM as well as investigate
the redundancy in its on-shell functions.

4 Maximal cuts of loop amplitudes

The bridge construction for any generic mass configuration, considered in the previous section,
paves the way for the development of a wide class of on-shell functions. Note that the maximal
cut of any graph sets all the intermediate legs on-shell making it an on-shell function. In this
section, we apply the bridge construction to calculate maximal cuts of loop amplitudes in the
Coulomb branch of N'=4 SYM which are made out of box subgraphs. In this section, we
demonstrate the identical nature of the computation of the maximal cut of the one-loop box
diagram and the BCFW computation for four-point tree amplitude. In this process, we also
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Figure 2. Two possible diagrams for one loop four particle amplitude.

W) N W(ps)
W(pa) e - Bridge
W) W | )
M i, U T N

Figure 3. Quadruple cut for one loop four particle amplitude in the simplest possible symmetry

breaking case. Interpreting this maximal cut as a BCFW bridge over a factorization channel.

use the mass deforming shift from section 3.3 to calculate the tree amplitude. Later on, we
obtain a recursive relation for computing the maximal cut of an L loop ladder graph.

4.1 Quadruple cut for simplest SSB

Consider the simplest case of spontaneous symmetry breaking, U(n +m) — U(n) x U(m). In
the colored double-line notations, we refer to this situation as the presence of only two colors.
There are no three massive vertex or amplitude possible in this case, as color structure forbids
it. In this setting, let us explore various maximal cuts of a one-loop four-point function.

All massive external legs

Consider the four particle amplitude: .A[W(pa),W(pb),W(pc),W(pd)] at one loop. We can use the
Passarino Veltman reduction to express this one-loop amplitude in terms of scalar integrals.
For N/ = 4, and in the Coulomb branch, there are no tadpoles, bubbles, or triangle diagrams,
only the box diagram contributes. Since two possible colors can run in the loop, there are
two distinct diagrams as depicted in figure 2.

We are interested in the maximal cut of these one-loop amplitudes. Let us calculate one
representative quadruple cut for this class of on-shell functions, given in figure 3.

As depicted in the adjoined figure, the maximal cut for one loop amplitude is a bridge
over a factorization channel, which makes it a BCFW factorization. Thus we expect the
answer to be proportional to A and we wish to find the exact proportionality factor. Let
us remind ourselves that for massless sYM, the maximal cut of the box diagram is identically
equal to the four-point tree amplitude.

The maximal cut corresponding to figure 3 is as follows:

4
A= /H <d3LIPS(Zi) d477(li)) Arp Apr Arp ArT (4.1)
=1
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Here, Az, Arr, Arp and Agr refer to ‘Left Bottom’, ‘Left Top’, ‘Right Bottom’ and ‘Right
Top’ three-point amplitudes respectively. Let us make use of the BCFW bridge computation
from section 3.2, where we carry out the integrals for three internal legs. Note that the
notations and momentum labels are similar to section 3.2. Integrals over three loop legs
from A: d3LIPS(a) d3LIPS(b) d*LIPS(I) d*n; d*n; d*ny, are the same as (3.35), which have
been evaluated to get (3.70).

We have to carry out the integral only over the fourth leg, I. Thus, we can rewrite
A as follows,

A= / dLIPS(1) 2y dn]

Vo [ A DV (). Wi(pa). G(D] A V(o). W), G-, (42)

where the three-point amplitudes are,

«TL

AL W(pa), W(pa),G(1)] = — o~ <rl> (1a”1ngays —1d” Ingys+10nf) 6*(pa+pa+i)
62(<v~r{—\a> —ld s+ m}), (43)
Arz W (po), W(p;),G(~1)] = —;’;’2@64(cJ1n(C)J—|BJ]n(B)J—\l1 ) (g +pe—1)
2 ((rl{=leyneys— 16"y, ~m}) - (44)
Here T satisfy the following equations:
Topall] = mall),  Tapyll) = my) (45)

Solving momenta constraints

With a maximal cut, all the internal loop momenta are completely determined. Let us focus
on the bosonic momentum conserving delta functions in order to determine z:

d
Ap = [ ZdLIPS() 8" (pa+ pa+ 1) 65y + pe— D)
- /7 A" 6(12) 6" (pa + pa + 1) 6 (py + pe — 1)
= / > 6((pa +pd)2)54(19& + pj + Pe + Pa)
4 dz
=9 (pa+pb+pc+pd)/75(—2p1.pd—sad)- (4.6)
Using the solution of p; from (3.62), we have
—2pr.pa = —[I|d|I) = —z[a®|d|b?). (4.7)

Plugging this in the expression of maximal cut we obtain
d
AB = (54 (sz) / 25 ( [aQ\d|b2> — 3ad>
=5 (Sn) o

(4.8)

Sad |z=—s4q/[a2|d[b?)
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It will be convenient to express pg and p. in terms of |a”] and o), just like all the rest
of the momenta,
2
m m
pa = dix|b")[a’|, di1day — dyadyy = —4— = —. (4.9)

meMy my

The latter condition is the consequence of py being on-shell, pz = —mfl = —m2. Now we
have [a?|d|b?) = mgmydi.

Note that apart from the on-shell condition, pd = —m2, there is a further constraint
on pg, the on-shell condition for p.: p? = (—ps — p» — pa)? = —mi. The counting for the
on-shell degrees of freedom in four particle scattering is as follows: 4 x 4 (four 4-vectors) —
4 (momentum conservation) — 4 (four on-shell conditions) = 8. Out of these 8, |a®] and
|b%) (with constraints (b'b%) = my, and [a%a'] = m,) comprises of 6 of them, two on-shell
4-vectors worth. Thus, py is supposed to have the rest of the two kinematic degrees of freedom.
pz = —mb leads to the following constraint on djg:

o+ m? o+ m? my  me  (a+m2)(a+m3d)
do1 —d12 =——— = (4.10)
mpy/a Mg/ mg My MMy

Determining z in terms of external momenta determines p; in terms of external momenta,

and henceforth we can use this information to solve for ! in terms of external momenta:
l=—pa —Pa= —Pa—Pd+PprI

Va gy 201 1 I K ( Sad 2 2)
=—|—-——10b b — (drk|b _ b 4.11
(mﬂnr+frnr (arsp)ia) + (fat)e?) (@)
We have made use of the (A.35) for p,. Now, with some algebra, we can show that we
can write [ as follows:

I=— {d11|b1> + <$& + dm) |b2>] l[a1| _ di (*n/j _ d12> [aﬂ i (412)

Thus we have solved for all the internal loop momenta in terms of external momenta. Also
since we have fixed the quantities in the square braces as |l) and |I], there is no further
little group redundancy associated with [.

Now, we wish to solve for Ty, (4.5). Let us compute py|l] to determine Zp:

pmzwmmw+memQﬂ—l<ﬁ—m)ﬁ>

dip \ my
=dpn|p")m di <\/5 — d12> + dra|bYma, (4.13)
which yields
WlLapd ] = d11|b1>dl (;ﬁ _ d12> 4 d21|b2>d11 (ﬁ _ d12> oty + dast?)
dl va {d L[6Yy + (% +d21) |b2>] - dl;/j ). (4.14)
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Since we have ZTp, pg|l] = mgl|l), we have
mp

\/a

Similarly, to find Zg, let us calculate p; |I] as follows,

T = d11 (415)

py 11l = (po + p1) |1]

= (- Tt S o) (1) o (- ) )

= —% b1 my, + d11 ——|b?) + \/f’b2> madl <\/a — d12> (4.16)

We can write 2p,.pg, and hence s44, in terms of djx. Afterwards, using the relation (4.10),
we can show that we get the following expression,

Mgy 1

. l 4.17

pll) =~ . (a.17)
Since we have Tgp;|l] = my|l), we can read off T,

Tr = —di1 \/a . (4.18)

Mg

For future purposes, we note that

L el (4.19)

TR e

Supercharge conservation

Let us collect all the supercharge conserving delta functions, and integrate over nl(T) from (4.2).
Then we obtain,

Ap= [ @ndl 6 (e~ 14 I +1000) 8 (o1 {~1a" s ~1d s+ 0m })
5* (16 1y =16 ngsy =10} 8% (41 { =1 meers =167 sy, =1 })
=(rl) /d2 (" n(ays —1d" Iy +1e” Ineey. = 16710, )

0 (1 Ingeys = 1671y — )02 (el { =10 Yncays =1 Yy s = e iy =167y s })

(4.20)
Since the shifts preserve supercharge, we have
(@ Tnays — 16710y, = la”1nys = 6710w, (4.21)
@Yy — 155 = —la” ey — 6 (4.22)
Using the above equations, Apr becomes
Ap = (0?61 (Q) 8 ((r1QT) [ ] 6 (e s — W ngy, — 10m). (423)
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Performing nlT integrals we get

Ar = (r1)28" (@) 8 ((r1Q") [ dn] 6'(Qr)
1
= (1”5 (@ 0* (1) [ Pl s
1

= —16°(Q) & ((rlQ") 8 (UlpclQr]) / &l 8% ((rlpe|Qr)).- (4.24)

b

52(<”p0‘QR]) 62(<T’p0’QRD

In order to obtain the last equality, we note that (I|p. o [I|, and thus (r|p.|Qg] o< [QF] is
independent of an. Integrating the 77;, we then obtain the following,

Ar = =8 (Q) & ((r1Q1) 8 (UpelQal) (rlpcl?

I i
=@ ((rlQ) 62 ({11pe|Qr)) ()’
- <lr)22;2 54 (Q) 8 ((r|Q") 6* ((llpel Q) - (4.25)

my Ig

We can manipulate 62 ((I|p.|Qr]) as follows. Using special kinematics, we have (I|p. = Tr my [[|
and (l|pg = —Trmg[l|. Therefore,

(UpelQr] = 2 (1]pg| Q] (4.26)

T

On support of 6*(Q), we have Qr + Qr = 0. This lets us write,

(pelQi) = 22 (1pa|Qr) =~ (1| Q)
- (1 + ;”;R) (el Qu] = (lpelQr) = 2 lpal Q1) (4.27)

Special three body kinematics leads to the fact that not all of the supercharges @ and Qf
are independent and they are related as follows, [9]

(pal Q1) = maIQL),  {lIpelQr] = —mp{IQF). (4.28)
From the above equations we obtain,
(1 + “’”L) (UpelQr) = (lplQr) = 2 (Ulpal Q1] = ~=ma(IQF) — my(1Q]) = —my(iQT)
TR Mg,
=\ —1
= (lpc|Qr] = —my <1 + Z) QM. (4.29)

Using the above relation eq. (4.25) simplifies to

— -2
ar =00 5@ 6 (@) (14 22) T s(aQ1)

IR

.y %2 (1 + “) Q) ot (). (4.30)

TR
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Maximal cut

Collecting all the ingredients, eq. (4.2) takes the form
Sab r, Tr 1 1 4 >
A=, —2 (=2~ ) —§*(P
Sab_4mamb< Mo M <7"l>4> <3ad P)
1 Iy -2
D= (1+==) & (Q) ¢*(QF
x (<r> 2 (113) @@

_ b Sab ( L ‘”) (1 + "’“’L) 5P 5(Q) 8 (@). @3

Sad \ Sab — 4magmpy \mgmy TR TR

Using (4.19), we can check that the following equation holds,

1 =z z\ 2 1
- “(H“) =— (4.32)

MeMp TR TR Sab

Thus, finally we get the following expression for the maximal cut of four point one loop

Coulomb branch amplitude, A}l 100p7

Sab 1 4 4 4 (At
A= 0*(P)é 0
Sab — 4maMmp SapSad (P)OQ) (Q )
_ Sab tree
Sab — 4mgmy A
= SapSag ATCLS(I2%). (4.33)

The leading singularity of the four point one loop scalar box master integral, LS(IP°%) =

1 Sab
SabSad Sab—4mamy’

result perfectly matches with the earlier double cut result for one loop Coulomb branch

is nothing but the maximal cut of the scalar master integral, IP°%. This

amplitude [43] and gives the correct box coefficient in the Veltman-Passarino reduction,
Double Cut (A} ) = sup500.A5 [Double Cut (IP%)]. (4.34)

The maximal cut becomes A = A with zero external masses, m, = my = 0. This simple
configuration with all the vanishing external masses dictates that the quadruple cut of one
loop N' = 4 Coulomb branch box diagram also matches with the leading singularity in
massless N = 4 sYM theory [52].

4.2 All massive box maximal cut

Let us calculate the maximal cut for a one-loop box diagram with all external and internal
legs massive. All the external masses are kept arbitrary. Specifying the mass for one of the
internal lines fixes the mass in all of the internal lines due to central charge conservation.
The statement is equivalent to choosing one color running in the internal loop, that fixes
the masses in all of the internal legs. Figure 4 depicts the setup. We can imagine any one
of the internal lines as a bridge. Thus, the maximal cut of a massive one-loop diagram is
equivalent to a massive bridge over a factorization channel. Let us spell out all the mass
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Figure 4. Quadruple cut for arbitrary one loop four particle amplitude. Interpreting this maximal
cut as a BCFW bridge over a factorization channel.

relations due to the central charge conservation,
Mg — mp +me —mg =0,

mg = Mg — My,

(4.35)
my =mp —Mmy,
m; = mjy — My + Me = M] — Mg + Myg.
We are interested in calculating the maximal cut, given by
A= /H d3LIPS(l; ) AL ALt ARB ART. (4.36)

Note that this setup and all the conventions are exactly the same as the massive bridge from
section 3.3. So, we can readily use the results from there and write A as follows,

A= / PLIPS(l) dby | — b
Sap — dmgmy,

L Aus W), Wi(pa), WD) Ars W), W) WD) (4.37)

In the last subsection, we worked out the Grassmann integral for the intermediate leg in
detail. However, it is clear that the Grassmann computation is identical to the BCFW
computation for four-point tree-level amplitude. Omitting the details of the total supercharge
conservation, which one can find in the BCFW computation in [9], we argue that the following
equalities hold,

/d4771 -ALB [W(p&)aw(pd)a W(l)] ARB [W(pc),W(pI;),W(—l)]
— — 54Q)5(@") 5P) 5 pa + pa+ )
= $ad A 0" (pa +pa+1). (4.38)

Note that we are keeping explicit momentum-conserving delta functions throughout. The
above relation merely relies on the fact that shifts preserve momenta and supercharges. For
instance, using the momenta conservation and mass relations (4.35), we can check that

Sai = —2Pa-py + 2mamy = —2pg.py + 2maMmp = Sap - (4.39)

a
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Thus, making use of (4.38), we have

Sab tree (42 03 4
A= ad A d’LIPS(I) 0% (pa l
sab—4mamb5d * /z (1) 0°(pa +pa+1)

tree Sab dz 2 2
= [ 2 22 s5((pr —p, — _
AL Sad PP e / z ((pr — pa — Pa)” + (mp — My +mq)?)
S dz
Y\ L — / —6( = 2pr.pa + 2magms — Sqa). (4.40)
Sab — dmegmy z

Note that to obtain the last equality, we have used the fact that p; satisfies 2p,.pr+2mgsmr = 0.
Using the expression for p; from (3.95), we can calculate pr.pg, and proceed to calculate
the z integral® as follows,

2p4. 2m 1 m? s
Pd-P1 = ! (d12 + dgl) +zdi1 + — L ( ab ) dos (4.41)
MMy v/ Sap — dmgmy, Z MgMyp \ Sap — dmgmy

Thus, we can rewrite the A as

A:AP%MM&w/d%<A+B+Ca, (4.42)
Sap — dmgmyp z z

PR .

Sap — dmgmy

where we define

2mrmegmy

d d (4.43)
5 — Aoy _4mamb( 12 + 21)7

B =2mmg — Sqq —
C = —MgagMmy d11 .

We carry out the z integral as follows:
A
/dzzé(z+B+C’z> :/dz5(A—|-Bz+C’z2)
= é/dzé((z —21)(z — 22)) (4.44)

Note that there are two poles (holomorphic delta functions) in z, and the leading singularity
is the residue around the pole, which gives the correct massless limit [53]. Thus, we have:

dz A 1 1 1
dz +B+C>: _ 4.45
/ z <z i Clz1— 2| B2—-4AC (4.45)

Upon substituting (4.43) in the above equation, we can see that B2 — AC' depends only on
di2, do1 and the product di1dss. Since we have the relation di1dos — diodar = mfl/(mamb),
we can express B2 — 4AC only in terms of di2 and do;. Now we claim that dq and do; are

®Recall from the appendix A.2 that for p. = cix|b’)[a®| and ps = drx|b?)[a®|, we have 2pc.ps =
—MaMp C[KdIK = mamb(—cudgg — cood11 + c12do1 + Czldlg). This leads to the fact that —mi = pi =
mamp(—di1daa + di2d21).
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Figure 5. Generic one loop box diagram.

in fact not independent and can be determined in terms of s.4.
Pc = —Pa — Pb — Pd

= —dy1 |bY)[a'| + ( +—= - d12> b")[a?|

- (:7;& + n\/f + d21> 162 al| — daa|b?)[a?|. (4.46)

This implies

m? Va o omy m Va
¢ =dy1d — 4+ ——d a d
Tamy 11d22 + (mb + Jo 12 ﬂ+ e + d21

mg+m, —m 2 m2 o m m, «
(ma +my —ma)” My +d12d21+<‘r+b—d12>< “+\F+d21>
MMy MaMyp my  Ja va o mg

_ M va  mp\ (me Vo Vo my
—maﬁlb+<mb+\/a) <\/a+ma>+d2l(m + )

—dio <% + ;{f) . (4.47)

Similarly, we can write s,q in terms of djx as follows,

(0% m
Sad = —2Pa-Pd + 2MaMa = Mg (:/n;dm - \/26112> + 2mqamyg. (4.48)

Thus, we can use the two linear equations for dio and do;: eq. (4.47) and eq. (4.48), to write
dy2 and dy; in terms of external masses, o and s,q. Hence we can express B2 —4AC in terms
of the external data as well. Thus, upon simplification we obtain,

Sab 1
A= A s . = Aj°X, 4.49
1 ad Sap — dmemp /B2 — 4AC 4 ( )
where x is defined as
Y- SabSad ) (4.50)
SabSad — 4MaMmjSad — 4mpmysap

Let us take a step back and relabel all the legs in the box diagram as figure 5. The maximal
cut for the diagram reads as,

Maximal Cut (.Al loop box) =A= A S12%1 (4.51)
4 b\ si814—4my mygs1o—4my,my, s1a
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The beauty of the (4.51) is that it manifests the cyclic symmetry of the amplitude and the on-
shell function. We can equally well see any of the loop leg [; to be a bridge over a factorization
channel. For instance, let 4 be the massless bridge, then the proportionality factor becomes

\/ s14/(s14 — 4my,my,), which is what we expect from the massless bridge analysis. Roughly
we can state that this proportionality factor is cyclic generalization of the massless case:

s12 — 4dmy,my, 512814 — 4my, My, 812 — 4my,my, S14 s14 — 4my,my,
(4.52)

S12 cyclic gen. \/ S$12514 cyclic gen. S14

Note that the maximal cut of one loop box is proportional to the leading singularity of
the box (scalar master integral). We can look back at our analysis of the massive bridge
and the massive box, and isolate the leading singularity corresponding to the generic box
diagram from figure 5:

LS (1P) = ! \/ o12514 (4.53)

512514 \| s12514 — 4my, My, 812 — 4my,my, 514

Thus, using the tedious route of generalized unitarity, we have obtained the coefficient of
the box diagram in Veltman-Passarino reduction of four point one loop amplitude, which
shall be the ratio of (4.51) and (4.53), namely, s12514 Ay, This coefficient matches well
with our earlier (unitarity) two-cut analysis from [43]. Note that unitarity two-cut analysis
is oblivious to the explicit answer for leading singularity, (4.53).

4.3 Bigger on-shell functions

We have all the ingredients to calculate bigger on-shell functions readily. With the techniques
developed in earlier sections, we can in principle calculate the maximal cut of any loop
graph made purely of box subgraphs, for example, arbitrary ladder diagrams. Afterward,
we can employ the generalized unitarity to calculate the coefficients of higher loop scalar
integrals. For instance, here we shall show that for arbitrary n loops, the coefficient of s
channel ladder graph is s7;sq4.

Two loops

Let us calculate the maximal cut of a two-loop diagram depicted in figure 6.

Looking at figure 6, the maximal cut of a two-loop graph is one extra BCFW bridge
attached to the shifted maximal cut of a one-loop graph. The bigger on-shell function is
merely one extra rung attached to the smaller one.

Using the mass deforming shift from section 3.3, we can write the following,

oxes Sab dz oxia 3
Max Cut (AZ boxes(q b, ¢, d]) =, /W/Z Max Cut (A}l box(4, b, c, d]) (4.54)
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Figure 6. Maximal cut of two loop box diagram is equivalent to a bridge over smaller on-shell function.

We use the expression for the maximal cut of the one-loop graph from (4.51),

Max Cut (A2 boxes[g b, ¢, d])

dz - SabSad
1/ / — Ar[a, b, c, d] .
4mamb SabSad — 4My, My Sqp — 4My, My, Sad

Sab dz sqq SabSad
:Affee[a,b,c, d] — % [ == aa
SabSad

Sab — 4mamb Z Sad — 4mllm13 Sab — 4m12 ml4 Sad

— Atree Sab Sad 1

d
k / dz (4.55)
VSab = 2MaMp ] 2 \/ Sad (SabSad — 4mi,miySqp — 4Mi,my, Sad)

Note that to obtain the second equality, we use the fact that the shifts preserve supercharge
and momentum, leading to AY®[a, b, ¢,d] = A¥[a,b, ¢, d] saq/saq. Unlike the cases with
simple poles that we have encountered so far, we have a branch cut here in z. Instead of
grappling with this integral, we note that if we are interested in finding the coefficient to this
particular scalar graph, then we don’t need to calculate the explicit integral. Since the dz/z
integrals are essentially due to the momentum d3LIPS(-) integrals, they appear identically
in the leading singularities of the scalar integrals.

To calculate the leading singularity for the scalar master integral, we need to look at
the Zp part of the bridge integral only, namely (3.91).

1 dz A
LS (I3 *>*[a,b,c,d]) = / — LS (I} "*[a,b,c,d
( 4 [aa e ]) \/Sab(sab — 4mamb) P ( 4 [av ) G ])

1 dz 1 Sab Sad
VSab(Sap — dmamy) ) 2 SapSad \| SabSad — 4mi iy Sep — 4mi,my, Sad
dz 1
Ny z
SabV Sab — *Malll Sad (SabSad — 4mi,MiySqp — 4Mi,Mi, Sad)

(4.56)

Comparing (4.55) and (4.56), we conclude that once we expand the full two-loop amplitude
in scalar integrals, the coefficient of the diagram 6 is szbsad. This matches well with the
unitarity two-cut analysis from [43].
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Higher loops

Repeating the same procedure, and making use of the following recursive structure, we
can calculate the maximal cuts and leading singularities (of the scalar master integrals)
for arbitrary ladder diagrams.

n a, d n—1)r. 7
Max Cut (AE1 )[a, b, c, d]) = ,/m / 72 Max Cut (Ag 1)[a, b, c, d]) (4.57)

n 1 dz n—1)r~ 7
LS (1™7a,b, c,d]) = /—LS 1" Ve b e.d 4,58
(b d) = —meemees [ 18 (I Plabied])  (459)

Let us recall that I in) denotes the ladder graph with n boxes (loops). This corresponds
to a ladder with n + 1 rungs. We already have the (n = 1) results, (4.51) and (4.52), to
start the recursion:

Max Cut (AY[a, b, ¢, d]) = Alree S 459

ax Cu (A4 [a, e ]) A4 512514 — 4mllm13812 — 4m12ml4314 ( )
1 512814

Ls (1™ ab,c,d]) = 4.60

( il D $12514 \| S12814 — dmy,mygs12 — Amy,my, S14 o

From here, we can prove via induction that the coefficient for s, channel ladder diagram is
going to be s, 5,4, where n is the number of boxes in the ladder.

The above statements can be illustrated neatly for the simplest symmetry-breaking case,
where all the rungs of the ladder are massless. For instance, in (4.55), it corresponds to
setting m;, = my, = my = 0. In this case, we merely have dz/z x 1/s44, and the massless
shift is such that 1/sz4 only has a simple pole. Thus we can carry out the z integral as (4.8):

dz 1
Z Sad

_ (4.61)

mr=0 Sad

Thus, using the above integral and the recursive equation (4.58), we can obtain the leading
singularities for ladders with massless rungs as follows:

a . d 1

| LSm=0) _ - (4.62)
b —— ¢ a
C LS ! &
P R B VSab(Sap — 4mamy) J 2 Sad
1 1
= — 4.63
VSab(Sap — 4mamyp) Sad (4.63)
a T ] ] ] d
T LS — 1 2i (4.64)
b L L I I c [Sab(sab - 4mamb)]n/ Sad

The above result is in agreement with the leading singularity calculation done in [53].
Along with the fact that the shifts keep the supercharges invariant and s.; = sap, we
make use of the following identity for the massless shifts to calculate the maximal cut of
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a ladder with massless rungs:

d . a
[Carabed| = Arabed [
z

m1:0 < S[ld

= A°[a, b, c, d] (4.65)

1/2

o MaxCut =) Aela,b,c,d] (4.66)

Alla,b,c,d]  (4.67)

a d 1 .

a d

n/2
MaxCut(”):<sab> Ala,b,c,d] (4.68)

Sap — dmaemy,

C

Comparing the maximal cuts for loop amplitude and the leading singularity of the scalar
integral graph, it is evident that the coefficient is s7;s4q-

Looking back at the expression for maximal cut for two-box diagram, (4.55), note that
the branch cut in the integral goes away if either m;, = 0 or m;;, = 0. So, if we also have
a massless bridge, m; = 0, we merely have a pole in z in the form of 1/s34. Thus, for
the following diagram,

ml4
a ] ] d
| | (4.69)
b 1 1 C
mi,
we obtain the following maximal cut,
MaxC t(n’:Q) _ Sab Atree — Sab Atree 4.70
axiu VSap — Amampr/Sap — dmy,my, 4 (Sap — 4mgmyp) 4 ( )

To obtain the last equality, we make use of the observation that m;, = m; and m;, = m,.
Thus, extending this idea to bigger on-shell functions, we have,

a ‘ d Sab n/2
Max Cut R = <a> Al®la, b, ¢, d] (4.71)

b Sab — dmgmy

a d 1 1
LS . _ S — (4.72)
b c [sab(sab - 4mamb)]n/ Sad

Notice that the maximal cuts and leading singularities of these particular diagrams are
insensitive to the mass of one massive rung.

We can also calculate the ladder on-shell function with two massive rungs, using the
phase space integral (4.45) for an all-massive box diagram. For instance, in (4.55), if m;, =0,
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but m; # 0, then we need to use (4.45) for the z integral. Thus, we can obtain the leading
singularities and maximal cut corresponding to the following graphs,

a ‘ ‘ d
R (4.73)
b ‘ : c
Omitting the details, we have the following:
a la d
Max Cut | I3 i . 3 I
b 1 l4 1 C
t Snl{Q Sad
= A < 4.74
4 (Sap — 4my,my, ) (n=1)/2 \/sabsad — Amy,my, Sad — 4my, Mg Sap ( )
a Iy d
LS| I3 ) h
b 4 c
1 Sad
= /2 : (4.75)
Sad S5ep° (Sap — dmyymy,)n=D/2 | SabSad — 41,1, Sad — 4Mu, Mg Sab

Note that n is the number of ‘boxes’ in the graph.

The above result is of interest as it applies to a particularly interesting symmetry breaking
scenario on the Coulomb branch. Consider the gauge group breaking U(M + N) — U(M) x
U(N), and an amplitude with U(M) gauge fields as the external particles, such that N > M.
For such amplitudes the IR divergence properties are suppressed and they are known to have
exact extended dual conformal invariance [45]. These are precisely the graphs from (4.73)
once all the external masses are set to zero. Further, these graphs are also closely related to
the amplitudes that correspond to the deformed amplituhedron discussed recently in [54].

5 Permutations, equivalences of on-shell functions

As we have seen in the earlier sections, on-shell functions have an intimate relationship with
scattering amplitudes. In particular, we have discussed the on-shell diagram representation of
the tree amplitudes on the Coulomb branch of N' = 4 SYM. Beyond their utility in formulating
BCFW and calculating maximal cuts for loop amplitudes, an attractive feature of the on-shell
functions for sYM is that the set of the inequivalent and reduced on-shell diagrams for a given
number of external legs is isomorphic to the permutations of the external legs. Reduction is
the process of making bubbles wherever possible through equivalence transformations, and
afterward deleting them. The equivalences are imposed by square moves and mergers.
The isomorphism with permutations has far-reaching consequences tied together to the
integrability of the planar maximal sYM, owing to the underlying Yangian symmetry. The
explicit presence of vacuum expectation values and hence masses in the Coulomb branch
breaks the super-conformal symmetry, and we don’t expect it to have Yangian invariance.
However, dual superconformal invariance is expected to be true on the Coulomb branch, as
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one can argue that the amplitudes are dimensional reductions of amplitudes in six-dimensional
(1,1) SYM which is known to be dual superconformal invariant [55]. Moreover, as discussed
in the previous section, one can have symmetry-breaking scenarios where the unbroken group
is U(M) x U(N) with N > M, and then the U(M) gauge boson amplitudes in this theory
have exact dual superconformal symmetry [45]. Very recently, a deformed amplituhedron
structure was also discovered for a related gauge group breaking scenario [54]. These scenarios
provide a way of probing the dual superconformal invariance at the origin of the moduli
space as well, in the small mass limit, by treating the Coulomb branch as a regulator that
does not break dual superconformal invariance [44].

In this section, we review some of the on-shell functions that we computed earlier and
we study their equivalences, generalization of the square move, and present some thoughts on
the general structures of on-shell functions in spontaneously broken gauge theories. For many
of these cases, it is useful to consider the gauge group breaking U(M + N) — U(M) x U(N),
and some simplifications happen upon taking the limit N > M.

No mergers, and reduction

At the origin of moduli space, the three-point amplitudes are either MHV (black dot) or
anti-MHV (white dot). If one joins two dots of the same color then one can merge the
vertices, as it doesn’t matter in which ‘channel’ one joins them. One can also transform
an on-shell function without a bubble into another one with a bubble by using this merger.
To see if these properties hold on the Coulomb branch, let us first consider the case of the
simplest symmetry breaking, U(M + N) — U(M) x U(N). Here, in addition to MHV and
anti-MHYV massless three-point amplitudes, one also has a WW G three-point amplitude. Any
three-point amplitude with a massive particle can not be labeled black or white. In fact,
this WWG amplitude reproduces both MHV and anti-MHV amplitudes in the high-energy
limit. As (5.1) depicts, the one corresponding to s-channel imposes s12 = 0, whereas the
one corresponding to t-channel imposes s14 = O.

Note that in the massless case, with two black dots being merged, we have |1] o< |2] o< |3] o [4],
hence p1.p2 = p1.p3 = p1.p4 = 0. This leads to the equivalence of the two factorization
channels. But for the on-shell diagrams above, this is not true and they calculate distinct
factorization channels. Hence we can not merge and re-expand vertices with massive particles.
This reflects the fact that in the massless limit, the WW G three-point amplitude has both
the MHV and anti-MHV contained.

Note that a bubble on a line is merely a bridge attached at two points of a single line. So,
just like for sYM, we shall still be able to do bubble deletion, as bubble deletion is essentially
equivalent to the omission of the (-)dz/z factor due to the bridge. This helps us to reduce
the on-shell function. However, without a merger, we can’t morph on-shell functions without
bubbles into the ones with bubbles. Thus, we can’t reduce a generic Coulomb branch on-shell
function into a smaller function, unless it has bubbles to begin with.
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Square move

In our BCFW bridge construction, we see in (4.51) that we can calculate the box on-shell
diagram for an arbitrary box on the Coulomb branch. However, unlike the massless case,
there is a non-trivial kinematic factor that accompanies the integration over z. The box
graph carries information regarding the mass in the on-shell function internal lines. However,
note that, when we consider two different on-shell functions with the same external masses
but different internal masses, they are equivalent as one merely needs to replace their mass
values which are parameters that don’t affect the LIPS integral. We can write this as

1 mi, 2 1> my o2

miyy mi, = ml4 mi, (52)

4.7 my N\ 3 47 my, N3 (mll — my, My, —>ml2>

mp, — mlg , My, — WM

We can therefore say that square on-shell functions with the same external mass are
equivalent, even as subgraphs.

Square move in Coulomb branch: miy || | iy are equivalent V. (5.3)

But we should be cautious, as there are crucial proportionality factors, which are trivially
1 in the massless case. If we have box on-shell functions with some of the masses set to
zero, the replacement of mass parameters does not follow in a straightforward manner. For
instance, consider the box diagrams in the simplest symmetry-breaking case,

1 .2
tree 512
= e 5.4
4 S12 — 4m2 (5-4)
4 N3

B o eyt (5.5)

We can not merely replace the masses in this case. Though, we have the following equivalence,

1N -2 M
_ \/812 (514 — 4m?) i ! (5.6)
514 (812 — 4m? \ ! ’ )
4/ 7N 1oz ) 4N

Now, when these box diagrams are present as subgraphs in a bigger on-shell function, the

\V)

proportionality factor is to be integrated inside the LIPS integrals for legs p1,...,ps. So, we
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Figure 7. An on-shell function [WGGGWGG]. Associating a permutation to it: along with left
right rules, we take a U-turn once we hit a massive line.

can not replace mass parameters in the integrated expression for the on-shell function to
obtain another one with a rotated subgraph. However, such a move exists for an integrated
on-shell function with all massive particles.

Note that if we consider N > M, and massless external legs for U(M) gluons, then
one of the above diagrams is sub-dominant and therefore, we do not need to worry about
the square move.

Revisiting the permutations

Let us consider the simplest symmetry-breaking case, with only two colors. There are no
WWW amplitudes in this case, hence a massive line is not branching out into two massive
lines. The presence of any such massive line divides the on-shell diagram into two regions,
and all the diagrams are two-colorable. Note that these statements are based purely on color
structure, and also hold for non-supersymmetric symmetry broken gauge theory amplitudes
and on-shell diagrams, as explained in section 2 of [43]. This can be seen in a simple manner
by considering the double-lined graphs where different colors represent different unbroken
gauge groups. Since the masses of W excitations are determined by the spontaneous symmetry
breaking, the color structure dictates the masses and thus the consistent color structure is
equivalent to the central charge conservation.

In the massless N' = 4, the space of on-shell functions is isomorphic to the set of
permutations of the external legs. One can associate a unique permutation to an on-shell
function using the so-called left right rules. We refer the readers to [33] for details. For the
Coulomb branch on-shell functions, motivated by the fact that a massive line divides the
on-shell function into two different regions, we can associate a permutation to each colored
region of the on-shell function as follows: along with the usual left right rules, we take a
U-turn once we hit a massive line. Figure 7 illustrates one such case.

Note that the primitive rules mentioned here do not prescribe any permutations for the
massive legs. Also, we reiterate the fact that massless particles in a given colored region are
mapped to other massless particles in the same colored region. The use of a square move
defined earlier preserves the associated permutation. Figure 8 depicts this.

Unlike the massless case, we do not expect to have a bijection between the space of
permutations and the reduced on-shell functions. We can see that this is indeed the case
with the crude permutation rules we have set up. Figure 9 depicts this. The region R in
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Figure 8. Illustrating the use of square move on an on-shell function WWGWWG. Note that it
preserves the permutation.

.

fozs

.

Figure 9. The permutation rules are insensitive to the island region R, which can have arbitrary struc-
ture.

\
Y,

Figure 10. A generic symmetry breaking on-shell function WGWGGWG.

the figure can have any arbitrary structure, without affecting the associated permutations of
the external particles. Such an island can be an on-shell function in its own right, with an
arbitrary number of legs, and can have other color subregions inside it. Thus the space of all
possible on-shell functions is much larger in the Coulomb branch compared to massless sYM.

For an arbitrary symmetry breaking: G — [[;-; H;, i.e., the presence of n colors
corresponding to each H;, the on-shell function will be n-colorable. We can extend our
rudimentary permutation rules to associate permutation with each color region. We speculate
that the underlying geometric structures present at the origin of the moduli space may have
been split down into different colored components. Figure 10 depicts a generic on-shell
function for G — H; x Hy x Hj.
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6 Discussion

The BCFW recursion relation has played a critical role in uncovering underlying structure of
on-shell amplitudes for massless theories. These techniques have been generalised to study loop
amplitudes as well as have been extended to study massive theories. Although this recursion
relation has simplified computation of higher point functions, computation of arbitrary
higher point functions is still quite involved. The BCFW bridge provides an elegant way of
implementing the recursion not only for higher point functions but also for loop amplitudes.

Like the original BCFW recursion, the bridge was also designed for deriving higher
on-shell functions from the lower ones. It has been generalised to massive theories as well
which in turn provides an unified approach to deriving on-shell functions. In this paper we
studied massless BCFW bridge joining one massless and one massive leg, a massless bridge
joining two massive legs as well as a massive BCFW bridge joining massive legs. The basic
formulation of the bridge involves three particle kinematics and we show that using the
u-spinor description the structure of the bridge can be elucidated. We also note that the
massive bridge joining two massive legs is the most general form of the BCFW bridge and
other bridges can be obtained by taking appropriate limits of the bridge or of the external legs.

We used these bridges to study loop amplitudes in the A" = 4 sYM theory at certain
loci in the Coulomb branch of the U(NN) theory. The loci we considered for example break
U(N) to [T; U(N;). We used the bridge to study the box diagrams, with massless and massive
internal legs as well as all massive internal legs, using quadruple cuts. Again the expression
of the all massive internal legs box diagram contains information about massive-massless and
massless box diagrams in appropriate limits. We also computed ladder diagrams with two
massive particles connected by massless internal legs using the maximal cut prescription.

The computation of on-shell diagrams can be streamlined by using certain equivalences
generated by mergers and square moves. These are related to the dual conformal symmetry
of the theory at the origin of the Coulomb moduli space. Prima facie, this symmetry does
not exist away from the origin of the moduli space, however, in the Coulomb branch massive
states are BPS, which are supposed to be massless states in higher dimensions. If the
symmetry breaking pattern is U(N + M) — U(N) x U(M) then it corresponds to two
dimensionful parameters (vevs), which can be interpreted in terms of momenta p4 and ps of
the six dimensional massless theory. Since six dimensional (1,1) sYM theory possesses dual
conformal invariance, the on-shell diagrams in four dimensional theory in the Coulomb branch
can inherit that invariance [40, 41]. This requires appropiately modifying the conformal
generators using ps and ps or equivalently two dimensionful parameters. We then showed
that the massive square move gives the most general equivalence relation and other square
moves can be derived by setting internal leg masses to zero. For more general symmetry
breaking patterns, it will be interesting to see the relation of the four dimensional theory
by embedding it into ten dimensional N' = 1 sYM and studying the implications of the
associated dual conformal invariance [56].
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A Conventions

We will note down a few essential conventions here. Throughout the text, we make use of
generalised Mandelstam variables, defined as,

Sab = _2pa *Pb + 2mamba (Al)

where the sign is minus if the central charges are of the same sign, and plus otherwise.
For spinor-helicity variables, we follow the same conventions as the appendix of [43]. In
particular, when we consider spinor-helicity variables for opposite momenta, we relate them
by the following analytic continuation:

= P =[P}, - PY) = ilP7), o s = ine. (A.2)

In the text, we make use of the two equal mass, one massless three particle special kinematics
x variable defined in [7]. For a threee particle process with momenta p1, p2, ps with masses
m1 = mo = m,mg = 0, the x variable is defined as,

xm|3] = pa|3) = —p1]3). (A.3)

When we consider three particle kinematics of three legs that satisfy central charge conser-
vation, we make use of special little group frame wu-spinors defined in [9]. The key fact is
that in such a case, the matrix [i’j”] 4 (i) has vanishing determinant due to the central
charge conservation. One then defines,

[i757] £ (i 57) = uu, (A.4)
and we have,
ur|1'] = —usr|2'] = usr|37],
urr[1") = ugr|2) = ugs[3%), (A.5)

where we have taken the second leg to be anti-BPS for illustration. The u-variables provide
massless spinor helicity variables for massive amplitudes when the masses obey central charge
conservation.® In the special case when ms = 0 we have the condition

usr|3'] = us, 3], wsr|3) — us_[3). (A.6)

In a particular little group frame we can choose uzy = ++/mx and vz = +,/7. For
details, see [9, 10].

5In non-supersymmetric adjoint QCD, the same relation holds as a consequence of the color structure,
where the above u variables are again useful.
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A.1 Lorentz invariant phase space (LIPS)
We define the d®LIPS(p), for some generic p as follows:

d3LIPS(p) = d4po‘ﬁ d(detp — m2) = dpy dps des dps 0(p1p4 — paip3 — m2)
1
= d(pl dgpg d(pg —, (A7)
®1
where, p"‘B = ((Pl 902) . (A.8)
©3 P4
LIPS measure for massless momentum

We can decompose the momentum matrix p of Into the spinor helicity variables as follows:

' 1
P = <Z:1’> Wz%zz/%) N (i;?i) (t t<P2/<P1> = <=§i2) ([p|1 [P|2> (A.9)

Note that (123 are the three degrees of freedom for onshell momenta, and ¢ is the little
group redundancy. Since we have the spinor helicity variables in terms of the momentum
matrix elements, we can calculate the Jacobian to obtain the following:

1 dt
d?[p) d?|p] = dip1 dipa deps o (A.10)
Comparing with (A.7), we get the following:
d?|p) d?|p] = d*LIPS(p) dt/t = d3LIPS(p) Vol GL(1) (A.11)
d?|p) d*|p]
d3LIPS(p) = ——~—— A.12
N ) = orGro) (A-12)

One way to handle the volume of little group in the denominator is to fix the little group
redundancy in the definition of spinor helicity variables. A convenient way to gauge fix is by
introducing §(¢ — (bp)) along with d?|p) d?|p]. One can check that this is a ‘good’ gauge fixing
condition: it intersects each gauge orbit only once. Note that b is some arbitrary momentum,
such that (bp) # 0. We can equally well insert §(¢ — [bp]) according to our convenience. Let
us work out the corresponding Jacobian factor:

d3LIPS(p) = d?|p) d?|p] 6(¢ — (bp)) (Jacobian) (A.13)

The unknown Jacobian factor may depend on the p spinor variables. We can obtain this
factor by evaluating the following:

d(ap) d(bp)
(ab)

We wish to change the variables of integrals to ¢1 2 3:

a2[p) 5(¢C — (bp)) = —d{ap) &2

2 2 _ =
d*|p) d”[p] 6(¢ — (bp)) (ab)

(A.14)

(bp)=¢

C= (o) = )" I) — ID20) = ) s/t — 2/t = b= (D) s — 1))

(A.15)

el
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o1 (ap) = |b)l s/t — [b)2¢p1/t
g2 | — ' =t : (A.16)

2 _
& P = tez/n t=L(b) pa—18)21)

Differentiating, taking determinant, we obtain the following Jacobian factor:

(ab)

= &lp]d{ap)|(ppy=c = dp1 dpades Cor (A.17)
= &) Pp](¢ — (b)) ¢ = dpr dpades Spll = d’LIPS(p) (A.18)
Thus, we shall be using the following form for massless LIPS integral:
d3LIPS(p) = d?|p) d*|p] 5(“?) — > , (A.19)
or equivalently, d*LIPS(p) = d?|p) d*|p] 5<[b§] — 1) (A.20)

LIPS measure for massive momentum

o = (301 302) — MM ("01 ‘”) (A.21)
3 P4/ qet—m?2 3 P4/ qet—m?

Assuming that detM = m, we can identify M as |p!)%:

p .
= [p")*[p1]” (A.22)
3 P4] get—m?

I

Since M is by construction invertible, it is an element of SL(2,C). Strictly speaking, M/\/m
has determinant 1, and belongs to SL(2,C).
Let us define the integral measures of massive spinor helicity variables as follows:

d*p) =d®|p)* =d|p") d|p?) d|p")*d|p?)? 5 (det|p) —m) = d*|p’) 6 (det|p") —m) (A.23)
d®pl = d*[prla = dIp1]; d[pal; dp1]s dlpals 6 (det|pr]—m) = d*|pr] 6 (det|p] —m) (A.24)

Since we have constructed |ps] such that it contains entire information about p, we can
change variables of integration from [ps]s to ¢1.23. This will relate d®p] to d>LIPS(p). We
can employ Mathematica to obtain this Jacobian factor, and obtain the following:

1
d*p] = de1 dpz ds dips —d(det p —m?) (A.25)

Note that d®p] and d3p) have mass dimensions +1, as is clear from (A.23), (A.24). Thus,
if we gauge fix p!) to some spinor, we have the following:

d’LIPS(p) = md’p] = m d’p] d*p)6*(|p") — [b")) (A.26)
One could have equivalently gauge fixed |p;] to obtain the following:
d’LIPS(p) = m d’p) = md’p] d°p) 8°(|ps] — |br]) (A.27)

Note that we have defined 63(|p’) — |b7)) such that d®p)s3(|p’) — [b!)) = 1.
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A.2 Simultaneous massive little group fixing

To evaluate the phase space integrals, we need to deal with the little group freedom in
defining the spinor helicity variables. One way to sort this out is by fixing the redundancy in
spinor helicity variables. For massive particles, the little group is SU(2), and either one of
|p!] or |p!) can be gauged out completely. For our purpose, we have p, and p. Let us fix
the little group such that all the angle variables |-) are in terms of [b%), and all the square
variables |-] are in terms of |a®]. So, let us have,

1 _ 1 2y _ 1M 9 1,2\ _
a’) =Clb), |a>—<mb\b> = (@ a”) =ma, (A.28)
17 _ g1 o 1my o 2,17 _
0] = ¢&la’], |b]_gma‘“] = b =my, (A.29)
= 2pq.pp = (arby)[a’b7] = —(a®b")[a'b’] — (a'%)[a?D']
_ _2ma_€m — Cmy. Ema (A.30)
_ Pa-DPb
= E + (€ = 2mamb (A.31)

There are no further constraints on the definitions of spinor helicity variables, thus we choose
one particular solution:

. @ 1 q2) = Ma 2
|a®) == o 05, o) = \/a\b )5 (A.32)
=], = T (2.3
where, o= —pg.pp+ \/ Pa-Pb)? — m2m? (A.34)
Thus, we have:
paz—\r{glbl)[ 2|+ f|b2>[ ) sz—%\blﬂ a’| + \FWH | (A.35)

We have essentially abandoned the little group covariant massive spinor helicity variables
in favor of the old massive spinor helicity, where a massive vector is written as sum of two
massless vectors: |b')[a?| and [b?)[al].

Some useful relations are as follows:

(a — mamb) [ Sab — Amamy,
o+ memy Sab

Ja o1

a+ mgmy \/Sab
1
Voo (A.36)
a—memy  /Sap — dmgmy

Now that we can express any momenta in terms of [b%) and |a’], the following

identities will come in handy. For p. = cix|b')[a®| and pgy = dik|b?)[a’]|, we have
2pepd = —mamyp crd! ™ = memy(—ci1das — cadi1 + c1aday + ca1dy2). This leads to the
fact that —m2 = p2 = mamp(—di1dae + di2da1).
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B Bridge and leading singularity using projective approach

In this section, we will deal with the bridge construction and the leading singularity compu-
tation by using non-covariant massive spinor helicity variables. We write massive momenta
as sum of two massless momenta, and the LIPS integrals are performed by using massless
spinor helicity techniques where one has integration over CP! variables [57]. The results of
this section provide important consistency checks for the results in section 3.3.

B.1 Massive loop with massive external states

Let the massive external momenta are p1, pe2, ps and py satisfying pl2 = —m?, Vi. All external
momenta are taken to be outgoing. The loop momentum flows anticlockwise and we choose to
label the momentum of the internal propagator between external legs 1 and 2 as ¢ with mass m.

P2 L,m p1

mi s

b3 ml2 D4
(B.1)

If we denote the internal masses as m,m), mh, mjs (in anticlockwise fashion) then BPS
constraint implies

my —miy +m =0,
—mo —m +mj =0,
m3 —m} +mh =0,
—myg —mb +mh = 0. (B.2)
In this case we have chosen first and third states to be BPS and second and fourth to be
anti-BPS, such that m; — mo + m3 — myg = 0.

We can expand the massive momenta in the basis of two massless momenta, k; and
ko as follows:

p1 = k1 + aka, po = ko + bky. (B.3)

The above equations imply

2 2

mi ma
M p——_ "2 B.4
T Tk k) 2 k1 - ko (B4)

Now taking the scalar product of the two massive momenta, we obtain

P1 P2 = (1+ab) k‘l ']4}2 = le 'k‘2 =D1 'p2:|:\/(p1 ']02)2 —m%m% (B.5)

The solution with the relative negative sign vanishes when the external states are taken
massless. Demanding that a and b to vanish in the massless limit, we can pick the solution
with the positive sign. We define

2k k= =p1-p2+ \/(pl - pa)? —m3m3. (B.6)
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Note that, the variable above is related to the variable a defined in (A.34) as, v = _mimg

«
We note that the null momenta can be expressed in terms of the massive external momenta,

_ g _ g
k1 = 2 mind (7171 + m1p2) ko = = mmd (7292 + m2p1) (B.7)

We can parameterize the massive loop momentum as sum of two null vectors in the fol-
lowing way,

(=10+2q, (B.8)
where we define
laa = t{ID)2 + pI2) 21 + B+ pBI2 [} s dac = [2)allle, (B.9)
where k; o4 = |i)alila. From the above equation we can check,
20-q=—ty. (B.10)
From eq. (B.8) the measure can be worked out as follows,
d'0 = dzd'i6) () (20 q) = dz td(fdd)[ial) (20 q) = d= tdtydpdB (20-q),  (B.11)

where the measures (£d¢) and [(d/] are SL(2,C) covariant measures on CP*. We have from
the above,

destH) (EQ + m2) = dz tdtydpdf (2(7- q) 5 (22[7- q+ m2) = dz tdtydpdpB § (z — 7:';:

(B.12)
Leading singularity for box diagram is obtained by putting all the internal propagators on-shell,

(-2) 59 (= -02) 59 ((E=pap?-2)
+)(€—|—p1 +m3)
(+

. / a5 (2 4m?) 64 (20-py+-2mms)

5+

Apsly — / d4est)

(20-p3—2ps-p3+2mms —2mams) 6 (20-p1 +2mmy) . (B.13)

To obtain second equality we have used eq. (B.2).
We can solve for p and 8 using the second and fourth delta functions in eq. (B.13),

2mmy 2mmes
_ ’ f=—"-—"-—"°" ", B.14
a t(y —mima) t(y —mima) ( )

A Jacobian factor of #2 (y2 — m?m3) from the two delta functions. Putting all the factors

together, we then obtain

2

vy dt ( C>

Argly=—— | =6 At+ B+ —

LS4 72_m%m%/ + +t
2 S(t—t

v /dt( +)

42— mim3 2At+ B’

(B.15)
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where we have defined

A= <113y2]
B = { (2k2 - pamy + 2k1 - p3ma) — 2p2 - p3 + 2mmg — 2m2m3}’y,
Y — mima
o= (ot mma) S (213[1]m (B.16)
(v — m1m2)

The above equations can be simplified by observing
(v £ mima)? = 27 (p1 - p2 = mymy) . (B.17)

There are two solutions to the delta function constraints in eq. (B.15), which are t4 =
—B+VB?—4AC
2A

the limit where external states and internal propagators are massless, we find ¢, — 0. This

. If we include both the poles, the integration vanishes. However, considering

solution is inconsistent with the massless case analyzed in the previous section. Contribution
from ¢t = t_ gives

7 1
v2 —m2m2 /B2 — 4AC"

Arsly = — (B.18)

This is nothing but the result obtained in (4.49). Therefore (4.51) is the result for the leading
singularity. We consider two sub cases below where the analysis differs in some details.

B.2 Massive loop with massless external states

In this case we can consider
p1 = k1, po = ko. (B.19)
Delta functions furnish the following set of equations
20 - k1 =0, 20 - ko = 0. (B.20)

This will give p = § = 0. Substituting these values in the remaining delta function will yield

dt C 1
b /t6<t+ +t) B —4AC’ (B21)

where we define
A =2k - ko(13]2], B = —4ky - ko ky - ks, C = (2|3|]1]m>. (B.22)

B.3 Massless loop and massless external states

The massless loop momentum can be parameterized by
log = thadas (B.23)

where we choose

Ao = Do +al2)a, Ao = [2]a + B4 (B.24)
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Measure for the phase space integral becomes

atest) (¢2) = tdt(x dN)[A dA] = ytdtdpds. (B.25)
After finding p = 8 = 0 from the delta functions, the ¢ integral gives,
1 1 (23) 1
A I:f/dt 6(15— ): . B.26
R BTG TETD) (13)) ~ s12514 (B-26)

Thus it matches the expected leading singularity in the massless case.
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