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On-shell supersymmetry for massive multiplets
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The consequences of on-shell supersymmetry are studied for scattering amplitudes with massive
particles in four dimensions. Using the massive version of the spinor-helicity formalism, the supersym-
metry transformations relating products of on-shell states are derived directly from the on-shell
supersymmetry algebra for any massive representation. Solutions to the resulting Ward identities can
be constructed as functions on the on-shell superspaces that are obtained from the coherent-state method.
In simple cases, it is shown that these superspaces allow one to construct explicitly supersymmetric
scattering amplitudes. Supersymmetric on-shell recursion relations for tree-level superamplitudes with
massive particles are introduced. As examples, simple supersymmetric amplitudes are constructed in
Supersymmetric Quantum Chromodynamics (SQCD), the Abelian Higgs model, the Coulomb branch of

N =4, QCD with an effective Higgs-gluon coupling and for massive vector-boson currents.
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I. INTRODUCTION

Recent developments inspired by insights into the
twistor-space structure of scattering amplitudes in gauge
theories [1] led both to the discoveries of new symmetries
and dualities of maximally supersymmetric Yang-Mills
theory [2,3] and to the development of new methods for
the calculations of multiparticle processes relevant for
physics at hadron colliders such as Tevatron or the LHC
[4]. A prominent example of the simplicity of scattering
amplitudes are the maximally helicity violating (MHV)
amplitudes in massless gauge theories [5-7]. In supersym-
metric theories, amplitudes with different field content are
related by on-shell supersymmetry Ward identities (SWIs)
[8,9] that allow to show, for instance, that the helicity equal
amplitudes of massless particles in supersymmetric theo-
ries vanish to all orders in the coupling constant. SW1Is are
also useful in order to obtain certain amplitudes in non-
supersymmetric theories [6,7,10,11]. In maximally super-
symmetric N = 4 Yang-Mills, the use of an on-shell
superspace allows to solve the SWIs and combine the
MHYV amplitudes with different external field content into
a “‘supervertex,” [12] nowadays known as a superampli-
tude. This on-shell superspace was the basis of the twistor-
string theory of [1] and also plays an important role in
recent developments in N = 4 Yang-Mills theory such as
dual superconformal symmetry [2,13] as well as the super-
symmetrized on-shell recursions relations [14,15]. At a
practical level, these are spaces with the coordinates given
by the momentum eigenvalue and a number of Grassmann-
valued parameters 7;. On these spaces, a superfield admits
an expansion in the fermionic variables
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such that typically the components are fields with a well-
defined Lorentz quantum-number (helicity in the massless
case). A scattering amplitude becomes a function of the
combined supersymmetric variable k,, n; for each leg.
Specific component amplitudes can be isolated by fermi-
onic integration. As noted in [15], the action of half of the
supercharges can be diagonalized using a coherent-state
representation, resulting in a useful method to simplify
sums over the states of the supermultiplets in unitarity
cuts and on-shell recursion relations.

It is an interesting question to which extent the simple
structures of scattering amplitudes uncovered in massless
theories survive once massive particles are included. In
addition to being directly relevant for collider processes
involving top quarks or electroweak gauge bosons, for
instance, amplitudes with massive particles also arise in
N =4 and N = 2 gauge theories away from the usually
studied conformal point (see e.g., [16,17] and references
therein) or from compactifications of higher-dimensional
field theories. The extension of several of the new methods
for the calculation of scattering amplitudes developed in
the wake of [1] to massive particles has been achieved. For
instance, on-shell recursion relations [18,19] have been
generalized for amplitudes which involve massive scalars,
quarks, or vector bosons [20-22] or to higher-dimensional
theories [23]. Furthermore, the MHV vertex rules [24] have
been extended to amplitudes with external Higgs [25]
particles and electroweak gauge bosons [26] as well as
propagating massive scalars and quarks [27-30] and spon-
taneously broken gauge theories [31]. More recently, the
“constructability” of amplitudes in theories with massive
particles was studied in [32]. The extension of spinor-
helicity methods to higher dimensions is discussed in
[33-36].
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Following the example of the MHV amplitudes in mass-
less theories, an interesting starting point for the study of
amplitudes with massive particles is the simplest nonvan-
ishing scattering amplitudes which contain a pair of mas-
sive particles in the fundamental representation together
with equal-helicity gluons. A closed all-multiplicity ex-
pression for massive scalars and positive-helicity gluons
has been found first in [37] while a particular compact form
has been given in [38]:

AlDY. 83, by)
QHIMTZ5 00— kiky Pl —1)—)
Y12Y13+-Y1a-2(23)(34) - {(n =2)(n = 1))’
2)

— l'2n/271m2

where y ; = ki ; — m* with k; ; = ky + ... k;. The analo-
gous amplitudes with a pair of massive quarks can be
obtained from (2) using SWIs [39]. For amplitudes with
a single negative helicity gluon, [22,37] similar SWIs are
also useful. Up to now, no result of a similar simplicity as
(2) is available for all-multiplicity amplitudes of massive
vector bosons and general kinematics (some earlier works
discussed amplitudes in the high-energy limit [40,41] or
for special kinematic configurations [42]).

The main aim of this article is to provide a complete
discussion of on-shell supersymmetry for particles in mas-
sive supermultiplets, parallel to the discussion to massless
particles. To this end, a covariant form is derived of on-
shell supersymmetry (SUSY) transformations for any mas-
sive representation of the SUSY algebra in four dimensions
in the framework of the spinor-helicity formalism. This
follows the treatment of SUSY in higher dimensions in [34]
which highlighted a covariant construction of the repre-
sentations of the SUSY algebra in a general Lorentz frame.
The results reproduce the expressions for the massive
quark multiplet obtained in [39] from an explicit analysis
of the representation of the SUSY algebra on field opera-
tors and generalizes directly to all massive representations
including the massive vector multiplet. As emphasized in
[15], the on-shell superspaces for massless particles arise
as fermionic and covariant coherent-state representations
of the on-shell SUSY algebra. Hence, our analysis allows
us to construct on-shell superspaces for massive particles
which in turn leads directly to the formulation of super-
symmetric amplitudes. This allows us, for instance, to
demonstrate neatly the vanishing of some classes of am-
plitudes. Several explicit examples of superamplitudes in a
variety of theories with massive particles will be provided.
A general method for solving the supersymmetric Ward
identities is provided as well as a general analysis of
supersymmetric on-shell recursion relations. Note that a
related discussion of BPS states in extended SUSY gauge
theories in four dimensions has appeared in [43] while
coherent states for massless N = 1 and N = 2 super-
multiplets have been discussed in [44-46]. In the N = 4
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case, there is a broad parallel to superspaces for the stress-
energy multiplet as discussed in [47,48].

In detail, this article is structured as follows. In Sec. II,
we review the construction of polarization vectors for
massive particles [49] within the spinor-helicity formalism
by defining the spin with respect to a fixed quantization
axis. In Sec. III, the SUSY-transformations for the general
massive N = 1 multiplet in an arbitrary Lorentz frame in
the massive spinor-helicity framework are derived. This
includes the transformation of the massive quark multiplet
[39] as a special case. Section IV employs the coherent-
state approach for constructing on-shell superspaces of
massive SUSY representations and uses it to establish the
vanishing of the analog of the all-helicity equal amplitude
for four-dimensional spontaneously broken Yang-Mills
theories. Some applications of the superspace technology
to specific examples of amplitudes in gauge theories with
massive particles are investigated in Sec. V. Theories
studied there include super QCD with massive scalars
and quarks, the Abelian Higgs model, effective Higgs-
gluon couplings as well as vector-boson currents.
Section VI contains a discussion of supersymmetric on-
shell recursion relations, including an analysis of so-called
large BCFW shifts in SQCD. Conclusions are reached and
a discussion ensues. Appendix A contains an overview of
our conventions, Appendix B details some of the models
studied, and Appendix C shows the results of the calcu-
lation of a three-point supervertex with arbitrary spin axes.

II. MASSIVE SPINOR-HELICITY FORMALISM

In this article, massive spinor-helicity methods will be
used to treat the polarization states of massive vector
bosons and massive quarks. While this material is treated
in the literature [49] (see also, e.g., [50-53]), in this sec-
tion, a concise introduction is provided to set up the
notation and framework used in Sec. III for the construc-
tion of the SUSY multiplets. The quantization of massive
one-particle states with a choice of spin-quantization
axis is reviewed first. This will lead to massive quark
spinors and polarization vectors of massive spin-one bo-
sons. A summary of our spinor conventions is given in
Appendix A.

A. Massive one-particle states with a fixed spin axis

Massive one-particle representations of the Poincaré
group are specified by one vector and two half-integer
numbers: the momentum £k, total spin s and projected
spin quantum-number s, for a spin-quantization axis n.
These are defined by the conditions

P,k s, s,) = k,lk s, s,), 3)
W2k, s, s,y = —m?s(s + 1|k, s, s,,), 4)
R, |k, s, 5,) = s,lk, s, 5,), (5)
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where W? is the length of the Pauli-Lubanski vector (A9).
Further, the operator R,, is given by
R, = —%nMW“, 6)
with a spacelike spin axis n* (n> = —1) orthogonal to k.
There are several possible choices of the spin axis n for
massive particles. A massive two-component spinor for-
malism based on helicity eigenstates is discussed in [49].
Since helicity is not a Lorentz-invariant concept for mas-
sive particles, in this article the spin axis for a particle with
momentum k will be fixed instead in a covariant way
following [51] by introducing a lightlike vector g:

Iu—k”’ mq:u
ng =——

e (7)
Here, the reference vector g is arbitrary up to the require-
ment (g - k) # 0. Because of this constraint, some care has
to be taken in the choice of ¢ in order to obtain a smooth
massless limit. Note that scattering amplitudes defined in
terms of the external states |k, s, an> will in general ex-

plicitly depend on the spin-quantization axis (7) and hence
on the reference vector g. The Lorentz-generator which
implements rotations around the axis (7) has a manifestly
well-defined massless limit. Acting on single-particle mo-
mentum eigenstates, it reads

L quWE erog PM,,
g P 2(q - P)

In the following, all legs of an amplitude are assumed to
share the same polarization axis ¢, unless explicitly stated
otherwise.

In order to incorporate massive particles into the spinor-
helicity formalism, it is useful to decompose the massive
momenta into two lightlike vectors using the same refer-
ence vector ¢ used to define the spin axis [49]:

R

®)

2
2(q - k)

A massive momentum can therefore be expressed in terms
of four two-component Weyl spinors k%, k2 and ¢, ¢, c.f.
(A1). For spinor products associated to massive momenta,
the notation (ijy = (k? k}’) will be used. For the later treat-
ment of the SUSY algebra, note these spinors form a basis
of the dotted and undotted spinors. Hence, any undotted
(dotted) spinor can be expanded into the basis spanned by

m
kg’ ~0[ = Q{}’
{ T ™ legy

respectively. This will be important below.

e

q*. ()]

{kt.a. = [qik]qa}, (10)

1. Polarization spinors of massive spin one-half particles

For spin one-half particles, the generator of rotations
around the spin axis (8) is represented as
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1
R, = %y%qk (11)
[c.f. (A10) and (A11)]. In the literature on helicity ampli-
tudes, usually all momenta are treated as outgoing.
Therefore, consider antiparticle spinors and conjugate par-
ticle spinors labeled by their eigenvalues of the projectors
an(a') =30+ oyn,):

i(k, O')an (o)=iik, o), P,,q((r)v(k, o)=v(k o). (12)

Since on-shell spinors satisfy the Dirac equation, the ei-
genvalues of the rotation generator in Eq. (11) are given by
o /2 for the v spinors and —o/2 for the u-spinors. Writing
the Dirac spinors in terms of two-component Weyl spinors
as v = (v,, v¥)" and i = (u® u,), these conditions re-
duce to

v,k +)= inq;advd(k, +), u®(k, =)= Fug(k, i)ng‘“.

(13)

It is easily seen that this is satisfied by the massive spinors
in the conventions of [39]:

a(k,+)=(@ik>q“,kz), a(k,—>=(k““,iqa), (14)

[qk]
__m_ o ké
v(k,+)=< ot ) v(k,—)=<_ﬁqd>. (15)

2. Polarization vectors of massive spin-one bosons
Polarization vectors for massive vector bosons are de-
fined by the condition
(R,,)s €"(k, —0) = oet(k, —0), (16)

where o € {0, =1}. The reversed label arises because
again all particles are considered to be outgoing. The
action of the generator R,, on four-vectors is obtained

using the vector representation of the Lorentz-generators
(M*?),, = i(8}, 6}, — 64 8}). Translating the vector indi-
ces to bi-spinor notation using the identity (A7) for the
totally antisymmetric tensor, gives the explicit condition
q k" (kP egpk, 0)gP)
[qk"Xk" )
kP q%(qP e gk, )K" F)
(k> q)qk"]
= —oge(k, o). (17)

1 L
_ aa BB =
2(an)ﬁﬁe (k, o)

This condition is satisfied by the polarization vectors [49]

Qakb nga
€,k +) =214 €,k —) = J2-21%
(gk®) [k°q]
1 m?
(k,0) = —(k2kb — ) 1
€aalk, 0) m( aki = 5 g dadi (18)
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that are transverse, k - €(k, o) = 0, normalized according
to €(k, o) - e(k, —o) = 1, and span the space perpendicu-
lar to k:

kM k”

e

Z elu,(k; U')f,,(k, _0-) = " 8ur +
o€{0,x1}

The positive and negative helicity polarization vectors are
direct generalizations of the massless polarization vectors
in the spinor-helicity formalism. However, in the massless
case, the choice of the spinors ¢ corresponds to a physi-
cally irrelevant gauge choice, whereas in the massive case,
it corresponds to a choice of the spin axis which is physical.
The basis of polarization vectors just constructed obeys the
simple but powerful equations

€.k, +)et(k;, +) = €,(k;, —)e*(k;, =) =0  (20)

for polarization vectors of two different particles i, j if the
same reference vector ¢ is used to define the polarization
axis for these fields.

3. Special choice of frame

As a useful illustration, let us make the above consid-
erations more concrete by fixing a special reference frame.
There is always a frame such that the reference vector ¢
reads

g* = (1,00, —1). (21)

For a massive particle, one could transform to the rest-
frame of the particle. To allow for a smooth massless limit,
it is more useful however to boost to the frame such that the
spacial component of the momentum is directed along the
z-axis singled out by the choice of ¢,

k* = (k°,0,0, &%), (22)

with the mass-shell condition k* = m?. We will assume
q-k#0,so0

(q-k) =k + K. (23)

In this frame, the light-cone projection of the massive
momentum is given by
K+ i
kb = %(1, 0,0,1). (24)
The spin axis (7) agrees with the helicity axis n; mentioned
above:

nt = —(k3 0,0, k°). (25)

In the rest-frame, the spin vector simply becomes the
unit vector along the z axis: nj = (0, €,) so the operator
R, = J, generates rotations around the z axis as expected.

It is also easy to determine the basis spinors used in (10)
from the explicit expressions for ¢ and k. Up to the usual
scaling ambiguity, the spinors can be written as
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@ m() —JHTE(10),

1

—m o (®) s =" T
Qa—@%— ko k3< ) 9 [qk]qd ko k3(0 1)-
(26)

The final expressions are well-defined both in the mass-
less limit ky — k3 and in the rest-frame. Note that the
other natural such limit, k) — —ks3, runs afoul of the
constraint (23).

In the special frame where the massive vector-boson
moves along the z-axis and the elements of the spinor basis
are given by (26), one recovers the familiar expressions

E’u(k +) - _(0, 1) Il; O)y

7 € (k,0) ——(k3, 0,0,k°%). (27)

B. Lorentz-invariance constraints on amplitudes

For helicity amplitudes of massless particles, Lorentz-
invariance implies the constraint

L0 »
(ki ok ki aka) Goonplhilksy), . .)
- A ), ) o)

To generalize this constraint to the massive spin states (3),
consider Lorentz-rotations around the spin-quantization
axis n defined by the matrix

Wppy = m €uvp

NPk (29)
Under these transformations, the spin states acquire only a
phase given by the projection of the spin on the quantiza-
tion axis:

e P00 M 5, 5,) = el 5, 5,) = €00 k. 5,5,). (30)

For the spin quantization axis n, defined in (7), scattering
amplitudes can be expressed entirely in terms of the basis
spinors |k =) and |g; =) for each particle. The action of the
generator of rotations around the spin axis in the spin one-
half representation (11) on these basis spinors is given by
R, Ik %) = 1Sk ) = 1 [k ),
e 4(q - k)
€19

R, lqg=) = — Vkglgx) =+ |q+>

1
Mgk
so that the Lorentz-rotations around the spin axis of the

basis spinors are given by

e*i@Rnlkbi>:eiiﬁ/2|kbi>’ 67.

g=) = 2g, %),
(32)
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Consistency with the transformation law of the spin-states
(30) then implies the generalization of the constraint (28)
to amplitudes with massive particles (see also [32]):

ad ad )

.0 .
k= g+ g — k) ‘)A...,
( i ak!z,oz q, 8q? qi aq;y i ak}:,a ( k; )

= =25, AC.., P .0), (33)

where the minus sign on the right-hand side is due to the
convention to treat all particles as outgoing. The only
dependence in Feynman diagrams on the g spinors can
arise through the external polarization vectors and spinors
and through the decomposition of momenta into lightlike
vectors (9). Since these expressions are homogeneous of
degree zero in the spinors g, and g9, it follows that the
same property is shared by scattering amplitudes so that the
g-dependent terms in (33) always drop out.

III. COVARIANT REPRESENTATION THEORY
OF THE N =1, D = 4 SUSY ALGEBRA

Recall that in the textbook treatment the massive repre-
sentations in the rest-frame are constructed by acting with
specific components (e.g., Qi,2 /~/2m) of the SUSY gener-
ators on a ““Clifford vacuum” state |{)) annihilated by the
conjugate generators (see e.g., [54] for a detailed textbook
discussion). Since our objective is to formulate the repre-
sentation theory of the algebra directly in an arbitrary
Lorentz frame, the supercharges Q, and Q% should be
projected on operators with a well-defined quantum-number
of the operator R,, used to define the states (3). In this
section, it will be shown that the massive spinor-helicity
methods from Sec. II allow to accomplish this in a simple
way. The approach used here is inspired by the treatment of
generic massless representations in higher dimensions by
one of the present authors [34]. With this approach, the
results for the SUSY transformation massive quark multiplet
obtained in [39] from LSZ reduction are easily recovered
and generalized to any massive multiplet. Our conventions
for the SUSY algebra are summarized in Appendix A 2.

A. Spin decomposition of the SUSY generators

The key observation in order to make contact with the
massive spinor-helicity methods discussed in Sec. II is to
note that the supercharges can be expanded in the basis
spanned by the spinors c] and k as in (10):

— 9o b b
(o5 e >< )+ e ><61Q> 4o Q+ tkoO-, (34
~ _ Y k* b
04s= [k ][Q ]+ [kb ][QC]] G Q- +ki04. (35)

Here, the components of the supercharges have been in-
troduced,
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_k*Q)y 5 _[0K"] _qQ 5 _[04]
Q+ - m ’ Q* - m ’ Q* _<qk|,>r Q+ _[kbq]’
(36)

that have a well-defined spin quantum-number as will be
shown shortly. The convenience of the decomposition of
the generators is seen when inserting the decompositions
(34) into the SUSY algebra {Q,, Q4} = —20%k, and
using (9) for the right-hand side:

GaGel0+, O-} + k5G,{0-, O }+q~ak3{Q+, 0.}
+ kok2{0-, O} = —2(k5kE + Guda)- (37)

Since the four lightlike Lorentz vectors on the left-hand
side form a (“lightlike’’) basis of four-dimensional space,
from this expression, the anticommutators for the gener-
ators Q-, Q. can be read off,

(6°5) ©763)--( 2 o

The action of the SUSY charges Q. and Q. on the
eigenstates of the Lorentz-generator R, can be obtained in
an analogous way starting from the commutation relations
of the SUSY charges with the generators of the Lorentz-
transformations (A13) and inserting the decomposition
(34). Using the (anti-) self-duality relations (A6), the com-
mutators of the SUSY charges with the generators of the
rotation around the spin axis can be evaluated as

1 1
[an’ Qa] = _Fq)qlLkv(a-MV)ngB =§(QQQ+ - kzl;Qf)’
(39)
| = -
[Roy 0°1= G 0kl 50P =500, =01,

(40)

Inserting the decomposition (34) on the left-hand side and
comparing the coefficients of the basis spinors can be read
off from the commutation relations

1 - 1 -

[an, Q.]== EQt’ [an, Q.]== EQi 41)
Therefore, as anticipated by the notation, Q. and Q. raise
the spin quantum-number s, by 1/2 while Q_ and O_
lower it by one-half. Therefore a covariant definition of
SUSY generators has been obtained that have a well-
defined spin quantum number with respect to the spin
axis n, in (7). By the close relation to the usual rest-frame
analysis, it should come as no surprise that these generators
can be used to construct the massive representations, which
will be done in Sec. III B.

A general SUSY transformation parameterized by two
Grassmann-valued spinors 8¢ and 6, is expressed in terms
of the supercharges (36) as
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0(0)=60"0,+0,0%
[0q] -
m o._.
[qk"]
(42)

(0q)
(kb q)

=(0k")Q - +[0k"]0 +m Q.+

This operator has a well-defined massless limit. Note that
if the supersymmetry variation is directed along the light-
cone vector g used to define the polarization axis

0, = 0q, 0% = 0q*, (43)

with a Grassmann number 6, the form of the algebra is
exactly equivalent to the massless case, generalizing the
findings of [39] to arbitrary representations.

B. General massive representations in
an arbitrary frame

After the covariant analysis of the SUSY algebra its
representations can be studied on generic massive one-
particle states which have definite quantum numbers s,
under the R, operator defined above in (3). Since the

operators Q- and Q- raise and lower the value of s, by
one-half, their action on the basis states of the multiplets
can be determined along the lines of the usual analysis of
the rest-frame algebra. The action of a general supersym-
metry transformation on a state in an arbitrary frame is then
obtained from the operator (42).

Following the usual treatment in the rest-frame, a set
of2s% + 1 states [Qg, s9) = |k, 5% s0) can be defined
(the “Clifford vacuum™) annihilated by Q_ and Q. :

0-19Q0, 59 = 0410, s5) = 0. (44)

Such a state can be constructed from any state with R,
eigenvalue s by multiplying with Q_Q, (or e.g., by
multiplying by Q_ in case that the state is already annihi-
lated

by Q). Using the fact that O raises s,, by one-half and
O_ lowers it by one-half, the following states can be
defined (up to a phase choice)

1 1 -
Q.5+ §> = \/—iQﬂQo, SO0
/0 1 - 0 (45)
|(2 y Sp) = EQ—Q-%—'QO’ sn>’

which are eigenstates of the generator of rotations around
the spin axis with quantum numbers R,, QL) =

(sp £1Q2) and R, |Qf) = sp1Qp). In the following,
the spin labels on the states will be suppressed when no
confusion can arise. The action of the remaining generators

on the ket-states is completely fixed by the SUSY algebra:
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FIG. 1. Sketch of the states in the massive multiplet and the
action of the supercharges.

1
7§Q¢|Q:> = —[Q), (46a)
1 -
750-102) = F10)) (46b)
1

_Qi|Q6> = :|Qt>’ (460¢)

where all other combinations of generators and states
vanish. Therefore, as sketched in Fig. 1, acting with the
generators Q. and Q. moves around within the states
(Q4, Qq, O, Q_) so they form an irreducible representa-
tion of the SUSY algebra. The states |, ) and [{)_) are in
general superpositions of states with spin s® = %

1 1 1 1
Q) =ciyt k,s0+§,s2+§>+c_+ k, s —§,s2+2>,
1 1 1 1
Q. )=c__ k,so—z,s2—§>+c+_ k,s0+2,s2—§>,
47)
with the Clebsch-Gordan coefficients
A A 1 A
— 0 + = 0 + n 0o 0 - n .
Cap, <s RN EEEE S 2) (48)

The spin decomposition of these states is identical to that in
the rest-frame since for a Lorentz boost from the rest-frame
the states transform as U(A)|k, s, s.) = |Ak, s, s7) without
a Wigner rotation. Explicit examples for the states (). for
5% = 0 and s) = =1 will be given below.

The action of a general SUSY transformation (42) pa-
rameterized by the Grassmann-valued spinors 6, and 6¢
on the four states of the massive multiplet can now be
worked out. Since the same results can be obtained in the
superfield formalism to be introduced below [see (84)],
the results will not be recorded here.

It is also useful to record the definitions of the out-states
explicitly. The conjugate states satisfying the conditions
(Q.IR, = (5 = )(Q.] and < WlR,, = 59 < Qp| are
defined as
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<Qi) Sg + l

1
2 = __<QO; s}(’JLlQI;

! V2 (49)
<Q/» sgl = §<QO’ Sng_ Q+’

which is consistent with the algebra (38) and the definition
of the conjugate Clifford vacuum satisfying (Q|Q- = 0.
The action of the SUSY charges on the bra-spinors (49) is
obtained from (46) using the complex conjugation of the
supercharges QJr =0-.

1. Massive quark multiplet

The simplest massive representation is based on a scalar
Clifford vacuum |Q,, 0) = |k, 0, 0). In this case, the super—
positions (47) in the definitions of the states |[Q., * 2)
collapse to a single state with spin s° + é = +§
Therefore, the multiplet includes two spin-states of a mas-
sive Majorana fermion |Q.) = |k}, = 1) and the states
| Q) and |Q)f)) of a complex scalar. For a massive multiplet
in the fundamental representation of SU(N), the fermion
necessarily must be a Dirac fermion so one has to double
the number of states and include two complex scalar
fields. The on-shell SUSY-transformations of the spin-
states with the external spinors (14) have been obtained
in [39] from the transformations of the field operator. In
order to make contact with the conventions used in that
reference, the following identifications for the out-states
must be made:

(Qol = (60,01 =(B1, (] =k 0,01 =(B7 |,
1] -, oy B0
<n+|=(k,§,§|=<gk|, <n|=(k,§,—§|=<gk|,

where the notation follows that of the fermion spinors,
i.e., the states with a bar denote outgoing particles. An
analogous on-shell multiplet of states O~ and ¢~ denoting
outgoing antiparticles is not displayed here.

2. Massive vector multiplet

Apart from the quark multiplet, the other massive mul-
tiplets most relevant for globally supersymmetric field
theories are based on Clifford vacua with spin one-half,
|Q, 1) = |k, 1, = 1). Starting from the 59 = 1 states, one
obtains the multiplet containing two 1nequ1valent massive
“wino” states y with spin projection + % , a massive vector-
boson W with spin projection +1 and a linear combination

of a longitudinal massive vector-boson and a scalar:

I |, 11 S\
Q°’§>_ kzz)" X Q°’§> _> X

|Q+)1>:|k) 1’1>E|Wk >x (51)

1 _Lgwo
|Q—y0>_\/§(|ky1,0>+|k)0»0>)_\/§(|wk>+|ch>)-
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The states with the negative spin-projections are obtained
from the Clifford vacuum with s% = —J and include the
orthogonal linear combination of the longitudinal vector
and the scalar

0o, —

1
Q) - =

(52)
124, 0) = 7§(|W’8> = D),

|Q_, —1) =1k 1, —1) = |[W).

C. Extended supersymmetry and BPS multiplets

Massive representations of extended supersymmetry can
also be studied with the above methods. Without central
charges, the analysis simply reduces to multiple copies of
the 2N = 1 case. The most interesting example for a field
theory in this class is the massive fundamental multiplet of
N = 2, which contains a massive vector-boson, 5 real
scalars, and 2 Dirac fermions.

This multiplet can be reinterpreted [55] as a BPS repre-
sentation of N = 4. As pointed out in [55], there is a close
link between the massive Dirac equation and BPS condi-
tions. In the language and notation of this paper, this link
reads:

. 1, -,
keeQl, = — EZ5QM (BPS condition). (53)
The Z} can be identified with the central charges as fol-

lows. Multiplying both sides with kg, and summing gives,

1 zr _
0f = ~5kpa— 0", (54)
so that
(kaak$)
{0, }—— Kas Z{QL“ Bt =zpot =55
= ZI",EaB. (55)

The conjugate equation follows easily as well. For
comparison to the usual rest-frame analysis of BPS
multiplets, one can insert the expansion of the SUSY
generators, Eq. (34), into Eq. (53). This gives
‘ y 1, - o
m(kQ!, — g*Ql) = =3 Z)(q°0" + K 0l). (56)
Since the spinors form a complete basis of the spinor space,
condition (53) implies

1

_ 1 _
mQ!, = =704 mQL =27,01  (57)

for the rest-frame generators. This is the usual BPS condi-
tion: the supercharges are eigenvectors (up to complex
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conjugation) under the central charges with eigenvalue
equal to the mass. The representation theory of these
representations is seen to reduce to that of massive
supersymmetry for a part of the algebra. Hence, BPS
representations of N = (2 or 4) SUSY, for instance,
are isomorphic to complex massive representations of
N =(1 or 2). Of course, this can all be framed in
terms of Dirac spinors with complex masses. Doing this
yields immediately the 4D BPS analysis of [43].

IV. ON-SHELL SUPERSPACES FOR THE MASSES

In this section, on-shell superspaces for general massive
representations will be constructed using the set-up intro-
duced in Sec. III. The main observation is that these on-
shell superspaces can always be obtained as a fermionic
coherent-state representation since the above analysis re-
duces the supersymmetry algebra to copies of the fermi-
onic harmonic oscillator. After a reminder on the properties
of the coherent-state representation of massless simple
supersymmetry, the generalization to the massive case
will be presented below. This parallels the construction in
higher dimensions [34] and N = 4 SUSY gauge theory
on the Coulomb branch [43]. Some general properties of
the massive superamplitudes which follow will be ob-
tained. In particular, this includes the vanishing of some
simple amplitudes for appropriate choices of the spin axes
of the massive particles, generalizing results for SQCD
obtained from explicit calculations and SWIs [39] and
from diagrammatic arguments reviewed briefly below.

Impatient readers familiar with massless superspaces
can skip ahead directly to a short-cut to on-shell super-
spaces for massive particles described in Sec. . A quick
reminder of massless on-shell four-dimensional superspa-
ces is contained in Sec. .

A. Coherent states for massless N =1 SUSY

In order to set the stage, first recall the coherent states for
massless, 4D N = 1 representations in a notation suitable
for generalization to the massive case. From the decom-
position of the SUSY generator (42), one sees that in the
massless limit only the charges Q _ and Q, appear and the
massive representation splits into two massless supermul-
tiplets. The algebra of the Q_ and Q. is isomorphic to the
creation and annihilation operators of a fermionic oscilla-
tor, which motivates the introduction of coherent states that
are eigenstates of one of the supercharges.

For the supermultiplets containing the states of maxi-
mal- and minimal-helicity s* and s~, one can define the
coherent states by

s*, m) = e~ /V2MQ-|g+) = |s*) + g

st — %), (58)

'In this section, the in-states will be considered so that the
helicity labels are reversed compared to [15].
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_ - 1
57, ) = e AP0 = [y |5 4 5). (59

Here and in the following, momentum labels have been
suppressed. The individual spin-states in the multiplet can
be obtained from the coherent-state representation by ap-
propriate integrations over the Grassmann parameters. The
representation used for the maximal-helicity multiplet in
(58) will be denoted as the n-representation and that for
the minimal-helicity multiplet as the -representation.
Alternatively to the description chosen above, one could
e.g., use the 1 description for both multiplets by defining
the states

L n) — o~ (Bmo-
2’

sT+ %) (60)

These two equivalent representations are related by fermi-
onic Fourier transform,

Im) = [ e 7). (61)

In complete analogy to the coherent states of a (fermi-
onic) harmonic oscillato_r, the two states defined above are
eigenstates of Q_ and Q. , respectively,

1~ 1
—=0:m=—nqln), =019 =—7l%). (62
ﬁQ+ m = —nln) ﬁQ n) = —qln). (62
Therefore, the 1 representation diagonalizes the action of
the Q. operator, while a SUSY transformation using the
remaining SUSY charge shifts the eigenvalue:

N /ﬁ)gdgdl n) = o 1/V2)16K10.+ In) = en[ek]m), 63)
€<1/\/§)0aQ“|7]> _ e(l/ﬁ)(0k>Q— 1) = |p — (Ok)).

The action on the 7 representation has the roles of the two
SUSY generators exchanged:

VND0.0% |y = |7 — [0K]),  e1/V20“0u| ) = £TOR)| ),
(64)

1. Representing the SUSY generators on fields
on on-shell superspace

The above can be given a more geometrical interpreta-
tion. For this, one maps the states to fields on the super-
space spanned by the momentum k, and one fermionic
variable 7. By the above, the action of the Q. generator on
the superfield is represented by fermionic multiplication,
while the action of the Q_ operator on the superfield is
given by differentiation,

0.=In 0 = —ﬁ%. (65)
It can be checked directly that this forms a representation
of the supersymmetry algebra since
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_ 0

(0.0=2nl= 2 (66)
an

In other words, fermionic multiplication and differentia-

tion form a natural representation of the fermionic har-

monic oscillator. Since for massless states

Qu = ko0, Qa = kaQJr (67)
holds by Eq. (42), we obtain

0u= i Qu=kin (69
as a representation of the supersymmetry generators acting
on fields on an on-shell superspace. Note that for a choice
of on-shell superspace spanned by variables k and 7, the
fermionic multiplication and differentiation are swapped
between the chiral and antichiral generators. This is
naturally encoded in the fermionic Fourier transform of
Eq. (61). Fields on the massless on-shell superspace have a
finite expansion in 7,

d)(k/u 7’) = d)O(k) + ¢+ m, (69)

where the + on the field ¢ serves as a reminder it has
helicity +% compared to the field ¢. The extension to
multiple copies of the massless SUSY algebra needed to
describe extended supersymmetry is obvious.

B. Coherent states for massive N = 1 SUSY

In the massive N' = 1 case in four dimensions, the QO .
and Q_ components in the decompositions (34) do not
decouple so two copies of the algebra of the fermionic
oscillator are encountered, {Q_, 0.} and {Q_, Q. }. Since
any of the states of the supersymmetric multiplet can be
used as a top-state of a coherent-state representation, there
are four possible parameterizations:

n-representation: Analogously to the massless case, the
coherent-state in the 7 representation is obtained by acting
on the top-state ), of the massive multiplet with an
exponential of the “lowering” operators Q_ and Q_ and
is parameterized by two Grassmann-valued eigenvalues 7
and ¢ of the “raising” operators Q. and Q,:

Ik, s, m, 1) = e~ 1/NDMO-+10|Q sy (70)

Here, s, = s, + % is the maximal spin in the supermulti-
plet based on the Clifford vacuum [Qy, s,) = |k, s, 5,,). For
the applications to scattering amplitudes, only outgoing
states will be considered. For those, the conjugate coherent
states are relevant:

kst o =(Qy, s;r|e—(1/x/§)(Q+n+Q+L)_ (71)

1) representation: Alternatively, a massive 7) representation
can be introduced by acting with the operators O, and Q

on the states with minimal spin s, = s, — %:
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|k, 57, 7, ) = e~ 1/VD@0+104)|() s.), (72)

with the conjugate state given by
k, sy, 7,1l =(Q_, s;|e—(l/\/5)(Q7ﬁ+QJ). (73)

In the following, the spin- and momentum labels will be
suppressed if no confusion can arise. As in the massless
case, the two representations are related by a Fourier trans-
formation,

|9, 1) = /did”i]efz‘ef’_’nl”?], o),
(714)
|5, 1) = [dndw“eﬁnln, L).
“mixed” representations: The remaining two represen-
tations are constructed based on the Clifford vacuum or its
conjugate. These “mixed” 7t and 7t coherent-state rep-

resentations can be obtained e.g., from a partial Fourier
transform of the 7 representation:

|7, L>=/dnei’”|n, v, In,E>=deez‘|n,L>. (75)

Explicitly, the in- and out-states in the two mixed repre-
sentations are given by

Ik, s,, 7, L) = e—(l/ﬁ)(ﬁQﬁLQl)moy 5,),
Ik, s, 0, T) = _e—(l/ﬁ)(nQ7+iQ+)|Q{), S0

(76)

(k, 5, 7, L = (Qy, 5, e I/VDQ-1+0:0),

o (77)
(K, 8, 1, 8l = —(Q, sn|e—(1/ﬁ>(Q+n+Qi)_

The coherent states diagonalize the action of two of the
four SUSY generators: the raising operators O and Q. in
case of the n-representation, the lowering operators Q_
and Q_ in the case of the 7-representation, and the SUSY
charge Q% (Q,) in case of the 7t (#t) representation.
Acting with the Q and Q SUSY-transformations using
the decomposition (34), the explicit form of the transfor-
mations in the 1 and 7 representations is found to read:

(n, eIV Cu = (3, /| 708),
(m, | eWNDOO — (] o=em((0aD/ (K D),

(78)
(7, 1| VVDICu — (!, 7|0/ (0

<’F), Ile(l/ﬁ)eagd = <77” Z/leﬁ[f)kb]’

where the shifted coherent-state parameters are given by

' =7+ [0k"], =1+ m—<‘9|9q> ,
(k> q) (79)
I o [0q]
"= 7+ (0k"), '=i- :
7' =7 +(0k") VM
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The transformations of the parameters 7 (%) are identical
to those of the massless coherent states while those of ¢ (7)
vanish for SUSY transformation parameters proportional
to the reference spinors as in (43).

The analogous transformations in the two mixed repre-
sentations are given by

(m, Tl NDIQL = (| 0K +Tm((9a)) /(K" a)),

(m, Z|e(1/\/§)0aQ” = (9,7,

(80)

(7, 1|10 = (g /|,

(7, | VNP0 — (| oALOK1=um((0gD/ (K" q))

The fact that the states in the mixed representations are
eigenstates of all components of the SUSY charges Q,, or
Q% will be useful to implement supermomentum conser-
vation in the construction of superamplitudes below. A
related observation for six-dimensional massless particles
has been made in [56].

1. Representing the SUSY generators on fields
on on-shell superspace

Just as was done in the massless case, one can immedi-
ately obtain from the above a representation of the massive
supersymmetry algebra acting on fields on a superspace
whose coordinates are the momentum with two additional
fermionic directions. The SUSY generators will corre-
spond to fermionic multiplication and differentiation on
this space. Just as above, four choices are possible here,
depending on which representation of the SUSY algebra
one wishes to use.

In the 7t representation, we obtain

0. \/_kbn+\/_<kb
5 — S0 9
04 ﬁkaan f[ %

(81)

as a representation of the supersymmetry generators acting
on fields on an on-shell superspace. Note that it can again
be checked directly that this is a representation of the
massive on-shell supersymmetry algebra. The other three
possibilities for choices of fermionic multiplication and
differentiation are obtained from the above by fermionic
Fourier transform.

A field in the 7t representation can be expanded into
components according to

Ok, m, 1) =—¢y+ it — d_n+ ¢oni, (82)

where the labels refer to the states in the massive multiplet
discussed in Sec. III B. The phase factors in the definition
of the states have been chosen in order to be compatible
with the definition of the coherent state (77). Defining the
SUSY transformation of the superfield by

PHYSICAL REVIEW D 84, 065006 (2011)

1
Sy ®(k, m, 1) = N Q(0)P(k, 1, 1) (83)

and evaluating the action of the differential operators, the
transformations of the component fields can be read off:

(09)
Sycho = b (OK") + ¢_m<k;i]>,
S0y = —b [0k — b om 0
[k°q]
[64] (89
dob- = BIOK') + dom
(0q)

- _ b1 — 4/
09+ BolOk"] ¢°m<kbq>'
These results can be shown to be consistent with the trans-
formations obtained using the direct definitions of the
states from Sec. III or the expansion of the coherent states.
These transformations generalize the result of [39] to
arbitrary massive representations.

C. Superamplitudes

Having defined the coherent states that are labeled by the
particle momentum k, the spin of the top-state and two
Grassmann-valued parameters, it is natural to define super-
amplitudes as functions of these parameters,

A({ki) Srt-! ni Li}! {kjr S;j’ f]]’ Z]}) {kk’ Sgk’ Nk zk}r {kl) Sg[’ ’ﬁl; Ll})'
(85)

Here, the particles with index i are in the n-representation,
the ones with index j in the 7 representation, particles with
index k in the mixed 7t representation, and the index /
denotes particles in the ¢ representation. For the massive
particles, the amplitude depends on the spin axes n;, which
are defined through the reference vectors g;. For ampli-
tudes including both massive and massless supermultiplets,
the same notation is used with the understanding that the
variables ¢; and z; vanish for the massless particles. Several
properties of the massive superamplitudes will be demon-
strated in this subsection.

1. SUSY-invariance

First of all, scattering amplitudes must be invariant
under the chiral and antichiral supersymmetry transforma-
tions. For amplitudes with particles in the 1 and % repre-
sentations, the transformations (78) imply the relations

anekb>+anm,(<0q,>)/(<k“’q,>)
A({nv z} {77]’ j}) =e'

X A({n, &) (7 50,

>k ]- ZL mi([0g;1)/ (k! q;)
A({TIV L } {77]: L]}) =e/

X A}, o} {7 ), (86)
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where the spin and momentum labels are again suppressed.
These identities encode the SUSY-Ward identities of he-
licity amplitudes that can be extracted performing appro-
priate integrals over the Grassmann parameters. This
relation will be used in Sec. IV D to show the vanishing
of the analog of the all-plus and one-minus amplitudes for
appropriate choices of the spin axes. If the same spin axis
defined by a reference vector ¢ is used for all massive
particles and for a SUSY transformation aligned with the
spin axis, the invariance relation resembles that in the
massless case [15]:

> ni0(gk? )+ 7,00qk:]
Ay, e A7 Tlg=g = €7 7

X A({”If’ Li}’ {7’;’ Zj})lqi=q' (87)

For amplitudes with all legs in one of the mixed repre-
sentations, the SUSY-transformations of the coherent
states are given by (80) so the invariance of the super-
amplitudes takes the form

Al 2 070 o) S 0k} )+ Tmi (090)/ (K 1)
N Lk AN Lig) = €5

XA, 0h A b,

Al 20 5 o)) S0k 1= umi(0q,)/(k a:)
Ni Lk N Lig) = €f

X Alng O AT ud) (88)

Again, this identity simplifies to a form analogous to the
massless case if the SUSY transformation is aligned with
the common reference spinors of the external legs.

2. Supersymmetric momentum conservation

In [15], it was shown that for massless multiplets in the
coherent-state formulation there is a supersymmetric part-
ner of the momentum conserving delta-function which (for
the case of extended SUSY with 2N supercharges) can be
written as

- (3 ik (89)
i=1

Note the number of manifestly conserved charges here,
which is twice the number of fermionic generators. This is
related to the fact that for massless fields, the helicity equal
and one-helicity unequal amplitudes vanish: one needs
2N integrations to get a nonzero answer. Repeating the
same reasoning as in [15], the question is under which
supersymmetry transformations a coherent-state amplitude
(for definiteness consider the case with all particles in the 0
representation) only acquires a phase under a chiral SUSY
transformation, e.g.,

A, v, ki}) — el mekiDO A({m, 0, k), (90)

for some function f. In other words, the coherent-state
variables must remain unshifted. In the massless case,
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this is true for all chiral transformations if all particles
are in the same coherent-state representation. If the condi-
tion (90) is satisfied, one can infer that the amplitude must
be proportional to a delta-function 82(f,({n;, ¢, k;})), in
analogy to (89). In the massive case, this is no longer true
in general for all representations.

An inspection of the invariance conditions (86) and (88)
shows that a condition of the form (90) is satisfied for the
chiral transformation if all particles are in the nt repre-
sentation and for the antichiral transformation if all parti-
cles are in the 7t representation. For the fundamental
massive multiplet, this means that the top-state is one of
the two scalars. In general, with massive particles in the nt
representation and massless fields in the 1 representation,
one obtains a delta-function of the type

P(Q)=309) =22 O

where the conserved fermionic momentum reads

— 9k«
Q.= (n kp, + tomg ) (92)
zk: Kk ‘ k(’q&%)

This naturally incorporates amplitudes with some massless
particles in the 7 representation where the corresponding
my, vanish. The @-SUSY is manifest through the delta-
function while the remaining SUSY-transformations re-
quire that the vertex is annihilated by the operator

_ 9 om; 0
C =N -kt — gt . (93
2 Z boom; & [kPq;] 0t ©9)

The invariance of the delta-function under the Q operator
is a consequence of momentum conservation. This is most
easily seen using the SUSY algebra:

[Qa Q4071 = 23 kiaa Q" =0. (94

Analogously, the 7¢ representation will lead to the natu-
rally conjugate delta-function

o

Ad _ ~ o ba _ 4k
o) Z(nkkk Lkmk[kzqk]). (95)

k

82(99),

The situation is more involved if all particles are in the
nu or 7 t representation. In order to obtain a SUSY trans-
formation where the superamplitudes only pick up a phase
as required by (90), it is necessary to use the same spin axis
for all external particles and restrict to chiral SUSY-
transformations aligned to the spin-quantization axis,
6, = 0q,. In this case, the phase is given by the function

Fa{mi k1O =D 1,6(qk?). (96)
i=1

Hence, the supersymmetric partner of the momentum
conserving delta-function for massive particles in the
n-representation reads
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5(; niak) ©7)

In this case, the delta-function restricts only half of the
SUSY parameters. Moreover, it is not invariant under the
full supersymmetry algebra. An analogous argument using
an antichiral transformation shows that amplitudes in the
) T representation involve the delta-function

5@1 lak!]). (98)

From these results, it can be seen immediately that the
n-and 7) representations are less suitable for the construc-
tion of a manifestly supersymmetric formalism than the
mixed representations.

The arguments given here extend also to massive repre-
sentations of N extended SUSY where coherent states in a
formalism similar to the one used here have been con-
structed in [43]. In this case, there are 2N coherent-state
parameters n’ and ! with I =1,... N, the conserved
supermomentum (92) is generalized to N objects Q7
and the delta-function is extended to

N (Qw =] %(Q’Q’) (99)
1

Similarly, in the 7t representation, the delta-function is
given by

o (3 wltak). (100)
i=1
where it is seen that only half of the SUSY-transformations

are constrained. Again, this delta-function is not a solution
to the SUSY-Ward identities.

3. Superspin constraints

The superamplitudes are further constrained by the
Lorentz-invariance condition (33). In analogy to the mass-
less case (e.g., [3]), it is useful to supersymmetrize this
constraint by assigning a superfield the spin of the top-
state. This implies that the Grassmann variables (7, ¢) and
(7, ©) are assigned the spin § and — 3, respectively. The
superamplitudes therefore satisfy the identity (suppressing
the Grassmann variables and the distinction among the
various representations)

S Ak 50, }) = —2s5 Ak, 50, D), (101)
where the superspin operator is given by
d , 0 ad ad
o=k e g g O
ok, dk;* an; 97;
ad ad
52— L (102)
abi abi

As mentioned before, all amplitudes that will be consid-
ered here are homogeneous of degree zero in the reference
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spinors. Hence, the g-dependent terms in (33) always drop
out and have not been included in the expression above.

4. Sums over supermultiplets

One application of on-shell superspaces used often for
massless particles is to simplify sums over spectra of on-
shell particles. These sums appear, for instance, after tak-
ing unitarity cuts of scattering amplitudes at loop level or at
a kinematic pole of a tree-level amplitude. Typically, this
will take the form of

Y o A AP SDA{=P s} ),

sEspecies,spins

(103)

where A; and Ap appear on both sides of the tree-level
kinematic pole of an amplitude, for instance. The momen-
tum P is on-shell, P> = m?2. The sum over s ranges over all
states which can appear in the theory with this particular
mass. Hence, it ranges over particle species as well as all
values of the quantum-number s (helicity or spin) which
can appear. The flip in sign occurs due to the difference in
incoming and outcoming momentum.

Using an on-shell superspace, the discrete sum can be
replaced by a continuous fermionic integral. Consider
for simplicity first the fundamental massive multiplet.
Expanding out the fermionic components of

f AndiA, (... AP, 1 DARA=P, m,T}..),  (104)

for instance, shows clearly all the different terms appear-
ing. For more complicated representations than the funda-
mental one, a sum over the different superfields has to be
included. For the massive vector multiplet in N = 1, for
instance, which consists of two massive superfields, one
should write

2
Y [dndia (. P.n 3)AU—Pn T, (105
i=1

where the sum over i ranges over the two (naturally con-
jugate!) superfields.

D. Vanishing all-multiplicity amplitudes

The compact form of the SWIs in the coherent-state
formalism (86) will now be applied to derive the vanishing
of some classes of massive amplitudes by generalizing the
discussion of the massless case in [15]. For massive parti-
cles, this will be seen in general to require special choices
of the spin axes of the external particles. For multigluon
amplitudes with massive quarks or scalars, some explicit
results are available in[37-39], and for amplitudes with
massive vector-bosons, diagrammatic arguments following
[7,34] can be used to cross-check our findings.
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1. All particles in maximal spin-state

As a generalization of massless amplitudes with all
external particles in the same helicity state, consider am-
plitudes where all particles are in the state of either maxi-
mal or minimal spin of their SUSY multiplet. At this stage,
the Clifford vacuum of the representations is kept arbitrary
so this includes amplitudes with all particles in the massive
vector or quark multiplets as well as mixed amplitudes. For
definiteness, consider the case were all particles are in the
state of maximal-spin. This amplitude can be extracted
from the superamplitude with all particles in the # repre-
sentation by the integral

Atk sTh = [ [T@edn)ad, 2,50, (106)
=1

For a common choice of spin axis, the invariance under
SUSY-transformations aligned with the spin axis implies
the identity (87). Using a transformation (78) with 6, =
—11q4/{qk?) and 6% = 0, the variable 7, can be shifted
to zero, resulting in the following representation of the
amplitude:

A((k; 57 Dly =4 :[ ) (dt;dn )A((k1,0,20),{k;, 7 T D4 =
=1

=0. (107)
The amplitude vanishes upon performing the 7, integral
since the only dependence of the amplitude on 7, is
through the shifted 1‘;} variables and can be absorbed by
a shift of the integration variables. The preceding argument
is essentially the same as in the massless example [15],
however for massive particles, it was necessary to pick the
same spin axis and choose a special SUSY transformation
in order to avoid an 7;-dependent phase factor involving
the ¢ variables in (86).

These findings are in agreement with the explicit result
that the amplitudes with two massive quarks [38,39] and an
arbitrary number of positive-helicity gluons vanishes if the
two quarks have positive spin with respect to the same
axes. For amplitudes with only massive or massless gauge
bosons, the vanishing of the amplitudes with equal spin
labels can be checked at tree-level by a diagrammatic
argument using the simple but powerful observation (20).
Since this argument is analogous to that for unbroken
Yang-Mills theory in four dimensions [7] and higher di-
mensions [34], we will be very brief. Working in the
Feynman-’t Hooft gauge (R;—; gauge), momenta in the
numerator of Feynman diagrams can only arise through
three-point vertices of gauge bosons coupling to them-
selves and scalars that contain at most one power of the
momentum. Since there are at most n — 2 three-point
vertices in an n-point amplitude, each diagram must con-
tain at least one contraction of polarization vectors €;" * €

J
that vanishes according to (20), provided the same
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spin axis is used for all massive vector bosons. The vanish-
ing of the all-plus and all-minus amplitudes for spontane-
ously broken gauge theories is mentioned in [53].

For the representation (52) based on a spin one-half
Clifford vacuum [, — %}, the maximal representation is
actually the state [, 0) = 715 (IW?) — |®,)) so this yields
an identity of an amplitude of a longitudinal vector and a
massive scalar.

2. One-particle in minimal spin-state

The next amplitudes to be considered are those with
n — 1 particles in the maximal spin-state of their multiplet
and one-particle (say particle n) in the minimal spin-state.
These amplitudes can be expressed as an integral over a
superamplitude where particles one to n — 1 are in the
7)-representation and particle » is in the 7 representation:

Ak, 57, (e 57)

n—1
— f (dE;d 7 ) dnudi))AQK, 7T (ki 1 1)
=1

J

(108)

Both %, and 7, can be transformed to zero using a chiral
SUSY transformation with

kS o1 = K o7
017, = LB SN 109
12, <k5ki’> ( )

Under this transformation, the amplitude becomes
A{ij S}L}’ (km S;)

n—1 i
_ ] T (d,d5,) (A, ye st 0 Koy
=1

XA(ker’ Z1)’ (kZ’ Or ZZ)r {k > 7773’ l_‘j}7 (kn’ nm L:’l)’ (1 10)

with 7)) = 7; + 01k}, 1), = ¢, + m, GR.

In the massless case considered in [15], the amplitude
depends on 7/, only through the 7‘79 that are integrated
over and through the phase involving (6,,k.). This spinor
product is of the form a; 7, + a,%,, where the coefficients
a 5 follow from (109). Changing the 7, and 7, integration
variables to the linear combinations 7+ = a;7; * a,7,,
the amplitude vanishes upon the #_ integration. Once
some particles are massive, the dependence of the ampli-
tude on 7; and 7, is more involved. However, the argu-
ment used in the massless case still applies if a common
spin-quantization axis g; , = k., is chosen for all massive
particles, except for the maximal-spin particle n. For this
choice, as in the massless case, the amplitude depends on
71/, only through (k2 6,,) = 7 and through the shifted Ul
and ¢}, that are integrated over so that the amplitude van-
ishes after integrating over 7_:
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Ak 57 G5, 0, = O

This result generalizes observations based on SWIs or
diagrammatic arguments for specific multiplets. In [39],
it was shown that the amplitude of a pair of massive quarks
with spin + 1, one negative helicity gluon, and an arbitrary
number of positive-helicity gluons vanishes only if the
chiral reference spinor used in the definition of the massive
quarks is chosen as the momentum spinor of the negative
helicity gluon. For amplitudes with external vector bosons
only, the diagrammatic argument given above for the all-
plus amplitude can be used in the present case as well
since for the choice ¢q;, = k};,a as reference spinor for
all positive-helicity polarization vectors e;-r, the identity
€' (k;) - € (k,) is satisfied in addition to (20) (for the
related higher-dimensional case see [34]).

For the choice of a common but arbitrary spin-
quantization axis for all particles, the amplitude does not
vanish, but a simple SWI can be derived from the identity
(87) for SUSY-transformations aligned with the spin axis.
Projecting out the auxiliary amplitude A(sj-r, ...sY) with
<Q), 59 from the superamplitude and using SUSY-
invariance results in:

A({kj’ S]J‘r}’ (krz’ Sg/))

(111)

n—1
= [ Ttz @udn,)n,alh. 1,5 G )
j=1

n_l1 Zﬁje[qkﬂ
= -/‘l_[(dﬁjdzj)(dl'ndnn)nnel

Jj=1

X A(k;, 7, T} (kyy M0 t0)- (112)

Expanding the exponential and performing the integrals
generates a sum of amplitudes where one of the negative-
spin-states is replaced by (s%|:

f...(dﬁ,-d[l-)...ﬁi...A(...,{ki, 0 Tifen.)
= —(=1)YA(...(k;,s?)...), (113)

as can be seen from the definition of the coherent states
(73). Here, x; counts the fermionic states s;’ with j <.

Shifting the 7, integral to 7, = 1,, — 0[gk%] results in the
SWI

[gk:IAWk;, 573, (K, 57)

n—1
=Y (=DY[gkbJA((ky, s7), ... (kj,59), ... (K, s9). (114)
j=1

V. APPLICATIONS TO SUSY MODELS WITH
MASSIVE PARTICLES

In this section, the on-shell superspace techniques de-
veloped in the previous section are applied to a series of
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examples. Particular attention is paid to the three-point
vertices as they are crucial in the application of super-
symmetric on-shell recursion relations to be presented in
the next section.

A. SQCD with massive matter

As a first example, consider SQCD with a massive
matter multiplet in the fundamental representation. The
SUSY-Ward identities of helicity amplitudes in this model
have been studied previously in [39]. The Lagrangian
and the on-shell three-point vertices are summarized in
Appendix B 1. In the on-shell superspace formulation,
the ingredients are massive superfields @ in the fundamen-
tal of SU(N), massive superfields ® in the antifundamen-
tal, and massless superfields including the positive and
negative helicity gluon and gluinos. In the 9t representa-
tion for the massive superfields and the 5 representation
for the massless superfields, they read

O(n, 1) =—¢~ + 10" — 10" + nig”,
O(n,1)=—¢ + 70 — 10" + nig",
G (n)=A"+ng, G (p)=g" +nA".

(115)

From the representation of the component fields in terms
of polarization vectors and spinors, it is seen that the
superfield G* has superspin 1 while the field G~ has
superspin — 3.

1. Three-point superamplitudes

There are two three-point supervertices of matter fields
and the gluon multiplet that can be constructed out of
the superfields (115): those with field content ®G~ P and
®OG*®. For definiteness, let us express the superampli-
tudes in the nt representation. From the general argument
in the previous section, both these amplitudes should be
proportional to the supermomentum-conserving delta-
function® of Eq. (91). Therefore, the three-point super-
amplitudes take the form™:

A3(D), G5, ®3) = 8H(Q ) F=(m;, Ty, (i), (iq))
with the explicit form of the Grassmann delta-function

2 = 1 n. @ T,
#(Qu) = 3 (3 tmm, + msiini)

(116)

(117)

The functions F can be expressed entirely in terms of
angular spinor brakets as can be derived by exploiting

2As will be shown explicitly further on, a subtlety which arises
for massless fields in the case of three-point kinematics does not
arise in the massive case.

In the discussion of SQCD, we will consider color-ordered
vertices with the color structures and gauge coupling stripped
off. All the reference spinors will be chosen equal.
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the on-shell three-point kinematics. As a result of momen-
tum conservation, one can obtain the relation

23] [31] [12]

= = . 118
(g Qo Ga) (e
Furthermore, the on-shell conditions
2k2 ‘ k3 = (kz + k3)2 - m2 = (k1)2 - m2 =0 (119)
imply the identity
(g2)q2] _ (31)[31]
23)|23 m? m? 120
BB = =~ ey 120

and an analogous relation for (21)[21]. Since the vertex
should be homogeneous of degree zero in the reference
spinors, the conjugate equation of (118) allows to eliminate
ratios of square spinor brakets involving auxiliary spinors.
Taken together, these results therefore can be used to
express the three-point amplitudes entirely in terms of
angular spinor brakets.

A similar representation of the vertices can be written
down in the conjugate superspace (the 7j¢-representation)
where they are conventionally expressed through square
brakets:

A3(D, G5, ®3)l,5, = 82(QN)F* (7, v, [if] [ig]). (121)

The vertices in the mi-representation are related to that
in the conjugate superspace by a Grassmann-Fourier-
transform:

A(D), G5, ®3)l

=P ([ ) [Tl TTaerme 2@

j=13

(122)

Hence, fixing one three-point amplitude also fixes the
conjugate amplitude. The functions F and F are subject
to certain requirements. In a renormalizable theory, the
vertex must have mass dimension one, since the coupling
constant is dimensionless and the vertices are either pro-
portional to a momentum and dimensionless external
wave-functions or involve two external quark spinors
with mass dimension one-half. Since the Grassmann
delta-function has mass dimension one, the function F
must be dimensionless. The three-point supervertices
must also satisfy constraints implied by the Lorentz-
invariance condition (101). Since S;Q, =0, the
Grassmann-delta-function is annihilated by the superspin
operator and the spin information is carried by the function
F alone. Finally, as argued before, the vertex should be
homogeneous of degree zero in the auxiliary spinors q.
The relation between the representations (116) and (121)
can be used to show that the functions F and F are at most
linear in the Grassmann variables. To see this, note that the
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fermionic Fourier transform of the Qd-delta—function has
fermionic weight 3 in the mt representation, while the
Q ,-delta-function has degree two. Since a Grassmann-
parameter dependent function F can only lower the degree
in the mt representation, this implies that the maximum
fermionic weight for the functions F and F is one. The
most general ansatz is therefore of the form F =
Fy + 3 (cim; + d;t;). Because of the supersymmetric
delta-function, it is possible to eliminate two of these terms
by adding a term proportional to (£ @ ) for some spinor £. For
the case of two massive legs, this leaves a possible depen-
dence on three Grassmann parameters. There are then three
possible nontrivial solutions to the condition OF =0:

Fi{@) = Y ¢, with Z ———c; =0, (123a)
=13 [k ]

Fy({n;}) = m[23] + n,[31] + ns[12], (123b)

Fs # Fs(n, ). (123¢)

However, due to the identity (118), the case F, is actually
proportional to (g Q ) which annihilates the fermionic delta-
function by construction. The solution to the SUSY con-
straints for different reference spinors of the three legs is
discussed in Appendix C. From this analysis, it also follows
that an in principle possible solution involving the two
variables and one of the m-variables is excluded if all
reference spinors are chosen equal.

Let us now take the spin-constraint on the solutions F
into account. These functions can depend on six spinor
products so they are not completely determined by the
three spin-constraints S;F = —2s,F. Taking also the re-
quirement of equal powers of the reference spinors in
numerator and denominator into account, there are two
free degrees of freedom left. Consider the function Fj first.
Taking the two independent parameters to be the exponents
of (g1) and {g3), the solution of the superspin constraints
can be written as

) {g1)P1(g3)P
(q2)P11hs
(124)

Fy = gip3(12)®+Bs(23)aitAi(3 ]y =(Bi+ 5

where Ay = 81 — 8§y — 83, &p = 8§ — §3 — S5, and a3 =
s3 — 81 — 8§, are the solutions in the massless case [57]
and the g;;, are constants of mass dimension —Y ;a;

=Y ;s;. At tree-level, only natural numbers can arise for
the coefﬁ01ents a; and 3; since the vertices must be equiva-
lent to expressions obtained by contracting the Feynman
rules with polarization vectors and spinors. Since it is not
possible to fix the exponents B; from this symmetry argu-
ment, the requirement to reproduce the correct massless
results must be imposed to uniquely determine the form of
the vertices. Turning to the solutions F; of the SWIs,
for the vertices considered here with m; = m3 = m,
m, =0, the solution is proportional to F; ~,[g1]—t3[¢3].
Taking the spin constraints into account, the general form is
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F = hyp3(12)as+ B+ (1/2)(23)ar+ A1 +(1/2) (31 Yo = (B +83)—(1/2)

X<q1>ﬂ'<q3>ﬁ3( L0 )

(q2)Brths B (125)

12) (23)

where the h;;;, are constants of mass dimension % =35
Here, the conjugate equation of (118) has been used to write
the result entirely in terms of angular brackets.

The above constraints can now be applied to the
vertexA;(®,, G5, ®3), where s; =s3=0 and s, = —1/2.
It is seen that a vertex of the form (124) requires half-
integer exponents of the spinor brakets that have been
excluded above while the solution (124) leads to integer
exponents. It can be checked that the solution with 8; = 0,

£,(23) — 13(12)
(31)

1 » 1,(23) — 13(12)
= E%QJW;‘W%

A3(ci)l’ G;: (I)S) = 52('Q,a)

fmy (ig)2q) (126)

Tq)3gy Mt

leads to the correct massless limit for the scalar-gluon
vertex:

A3(d_)17, gz_, d);—) - _A3(CT)1’ Gz_’ (I)3)|7lz"1353 - %

(127)

In the second line of (126), momentum conservation has
been used to simplify the z-dependent terms. This vertex
reproduces the three-point amplitudes for the component
fields [39] collected in Appendix B 1.

The interaction with the positive-helicity gluon multi-
plet can be either obtained from symmetry arguments as
above or by a Grassmann-Fourier transform from the 7¢
representation. It is instructive to follow the second ap-
proach here. The three-point amplitude with the positive-
helicity gluon multiplet 7¢-representation is obtained by
taking the complex conjugate of the result (126):

01[23] — 15[ 12]

A3(‘i>1, G2+: cI)3)|7-,L = 52(Qd) [31] ,

(128)

where the positive-helicity gluon superfield in the 7 rep-
resentation is

G*(7) = A* + 7g*. (129)

The vertex in the nt-representation is obtained by a Fourier
transformation
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A3(D), G5, D3)|,; :'/-l_[df]idl’iemﬁie_LiEiA.’:((i)lyG;—rq)3)|i]l,
i

_ Eijkl:%[ij]nk E3[23%3_1 ]51[12]
oLial2q] ]
IENKE

It can be checked from this form easily that the component
vertices obtained from this vertex reproduce the compo-
nent vertices in Appendix B 1.

According to the general discussion, it should be pos-
sible to write the last line of Eq. (130) in the general form
(116) where the SUSY-invariance is manifest. Indeed,
using (120) to extract a common prefactor between the

‘n?’ and ‘nt’ type terms, the vertex can be written as

31
(12)(23)°

This result is in agreement with (124) for s; = s3 = 0 and
s, = 1. Equations. (126) and (131) contain the two super-
symmetric three-point amplitudes in massive SQCD, in
addition to the two known three-point amplitudes which
involve only gluons.

Note that in the formulation (131) the nonvanishing of
the MHV-type vertices

A3(0F. g5, 05) and As(o), g7, ¢7)

in the massless limit is not manifest, but holds due to (120).
In contrast, the form (130) has a massless limit in agree-
ment with the form of the MHV-three-point supervertices
in massless maximally supersymmetric theories [14,15],
where the degenerate on-shell three-point kinematics
only allows to extract a reduced SUSY-conserving delta-
function 8(7,[23] + 1,[31] + n5[12]).

+ (130)

A3(Dy, G5, D3)],; = 6H(Q )m (131)

(132)

2. All-multiplicity amplitudes with
positive-helicity gluons

Using the result that the amplitudes in the 0t represen-
tation are proportional to the Grassmann-delta function
(91), it is easy to write down the supersymmetric version
of the massive scalar amplitude coupled to gluons given in
Eq. (2):

A(D,,GS,...G_,,®,)=8%(Q,)

AlD).83. - bu)
p .

(133)

Integrating out 1, and t; gives back the original amplitude.
Integrating out z; and 7,, gives the amplitude with massive
quarks:
5 __f(ng) - -
A(Ql*,g;,...g;_l,Qn)=<1q>A(¢+,g;,...,¢n ). (134)
This reproduces the result in [39] obtained from a more
conventional use of the Ward identities. Integrating out two
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7 variables or z; and 7); yields the remaining nonvanishing
component amplitudes:

- 1
A(Qli:g;:"'g:,rf]’ Qn) < n>A(¢] ’gZ ree ¢l;))
A(Ql‘,g;,.--A,-*,gip---,ﬁ)—< >A(¢1,g2,---,¢;),
AQF.83 .- Al gl )= t q>A(¢+,gz+~--y¢;)-

(1g)
(135)

B. Three-point vertices with massive and
massless vector bosons

The symmetry analysis in Sec. V A can also be applied to
vertices with two massive vector bosons and a massless
one. This provides a template for the W* W™y vertex in
(a supersymmetrized extension of) the standard model.
Here, however, the concrete model will be left unspecified.
The ingredients are two superfields containing the positive
and negative helicity “photons”

AT(n)=AT+nA", A (m=A"+nA", (136)
and two massive superfields for charged vector fields W,
two Dirac fermions y and ¥, and scalars H, as contained in
the supermultiplets (51) and (52):

Wh(no)=—x*+ nL(WO +H)— Wt + iyt
V2
1 (137)
() T)— — v -_7 0_
W-(nt)=—x +nW Lﬁ(W
There are analogous superfields in the conjugate represen-
tation of the unbroken gauge group denoted by a bar. Note
that the scalars are charged under the unbroken gauge
group with massless gauge bosons A and should not be
confused with the Higgs bosons responsible for symmetry
breaking. The corresponding Higgs-superfields would
have to be added in a complete model.

Since the two superfields W= are needed to describe all
spin-states of the massive vector bosons, there are two
MHV-type vertices with the field content Wrﬂ{ Wy
(and the analog with the "W plus-minus labels exchanged)
and W, AJ W . For the first vertex, the superspin con-
straint (101) holds with s,/,3 = i% for the W*-legs, and
s, = —1/2 for the A~ leg. As in the case of the matter
supermultiplet, there is no solution involving a Grassmann-
parameter independent function F3 with integer coeffi-
cients «;, and one is led to an expression similar to (126):

(23)
(12)(31)°
(138)
For the second MHV-type vertex with s; = 53 = —%,

s, = 1, a Grassmann-parameter independent solution is
available

H)+niy.

A3(W+,J’42,W )—52(Q )(01<23> L3<12>)
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(13)?

As(Wi, Af, W3) = Q) ayny (139

It can be seen that these two vertices include the correct
MH V-type triple gauge boson vertices that are identical to
the massless case. It is also seen that the (1,z;) and (153)
coefficients of (139) yield the correct helicity-flip vertices
for massive fermions

o e - - (13)?
A3(x, ,A;,X3 )=As(¥; ,g;,)@ )= _mm (140)
and a vertex involving a longitudinal gauge boson
_ 1 13)?
AW, AL, WO) = 2 L) _(13) (141)

(3g) (12)(23)

that agrees with an explicit computation.

The conjugate supervertices can either be obtained by a
Fourier transformation from the 7 representation or from
symmetry considerations and matching to the massless
limit. The results are

VR (g3) (31)
A (Wi, A7, W) = 52<Qa)m<q—1> s 142

- 4 - +\ <612>2 i 43
AW, Ay, W) = 52@&)“%(«—» E)'
(143)

C. Abelian Higgs model

As the simplest toy model for a theory with massive
vector bosons, consider the supersymmetric Abelian Higgs
model of a vector multiplet (A,, A, D) and a chiral multi-
plet (¢, ¥, F) with a Fayet-Illopolus term. This model was
first constructed in [58]. The Lagrangian of the model
is discussed in Appendix B 2. In the broken phase, the
physical spectrum of the model contains a Dirac fermion
V= (y_, )" = (, —iA")T, a vector-boson A, and a
scalar H with a common mass m. In this minimal form, the
model is not anomaly free, which does, however, not affect
the tree amplitudes discussed in the following.

In order to match the physical spectrum of the model to
the massive vector multiplet described in Sec. III B 2, the
antifermion degrees of freedom have to be treated as
independent from the fermion states. From (84), it is seen
that the spin one-half state (Q° 1| is the superpartner
of the maximal-spin-state (Q0*, 1| in the massless limit.
Therefore, it has to be identified with the right-handed
antiparticle state created by the field ¢, = —iAT: (¢ | =
(Qg, $|. Similarly, the left-handed particle state created by
i _ = i) is identified with the superpartner of the minimal
spin-state, i.e., (¢ 7| = (Q), — % |. In superfield notation,
the physical states of the model are contained in the two
supermultiplets in the nt-representation:
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At(p)=—¢ +n— (A0 +H)—tAT + iy,
V2 (144)

- 1
—¢+ A" —1—=(A"—

A ()= 7

H) +nty

1. Three-point superamplitudes
The three-point amplitudes of the model are contained in
two supervertices with the field content A; A7 A7 and
A7 A5 AT For the first vertex, the superspin constraint
(101) applies with 5,3 = —1/2and s, = 1/2. Demanding
integer exponents of the spinor brakets leads to an expres-
sion similar to (126):

(13)
(12)23)°
(145)

Ay(AT, AT, A7) = 87(Q4)(01(23) — 15(12)) oo

The precise form of the solution to the 9-SUSY-invariance
condition has been fixed by the requirement of the absence
of a triple gauge boson interaction in this Abelian model,
which implies that the vertex must not depend on ,. This
results also in the absence of vertices involving " and
two fields with a minus label, which agrees with the
explicit vertices obtained in Appendix B 2.

The second vertex takes its natural form in the 7¢
representation, where it is given by

[13]
[12]23]

(146)

Ay (AT, A7 AN = 6%(Q,)(u[23] - ;3[12) =5

Fourier-transforming to the nt-representation results in

A(AL A Ay

— o Sl @02+ w23z,
—m%nmk[[ ][1[2]% ]L2+[23]I3+[12]21]]
_ n:{12) —15(23)  [31]_
—52(Qa)(lT+7L2). (147)
As in the case of (131), in the last line, the

Q-supersymmetry has been made manifest. The
Q -supersymmetry can be checked to hold as a result of
the Schouten identity and (118). Note that (120) does not
hold for three massive legs, so it is not possible to argue
that the three-point vertices can be expressed entirely in
terms of angular bra-kets. Instead, the on-shell conditions
and momentum conservation imply the identity
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0= (p; +p3)*—m?

_ (g3)q3] | (gDlq1]
=331+ e 1+ {ahal] <q3>[q3]]
L [@2F [P

= (13)[31]—m?> =m

[¢31[g1] [12][23] (148)

that can be used to verify the equivalence of the two
expressions for the vertex.

Note that both three-point vertices are antisymmetric
under interchange of the two legs with equal quantum
numbers. This reflects the simple fact that the lowest
components of the A-superfields are fermions. This
should be contrasted with the usual massless three-point
vertices in Yang-Mills: due to the structure constant the
color-ordered three-point amplitudes are antisymmetric
under interchange of bosonic legs with equal quantum
numbers.

2. Results for scattering amplitudes

As a result of the general discussion of Sec. IV D, the
amplitudes with only vector bosons in the maximal or
minimal spin-state vanish, as in the massless case. For
amplitudes with one vector-boson in the opposite spin-state,
the general discussion allows to conclude that they vanish
only for a special choice of the spin axes, c.f. (111). In the
Abelian Higgs model, however, it is possible to show
diagrammatically that these amplitudes vanish even for
arbitrary choices of the spin axes. This is discussed in
Appendix B 2. Therefore, the simplest nonvanishing
“maximally spin violating” amplitudes are, in analogy to
massless non-Abelian gauge theories, those with two oppo-
site spin labels. Concretely, picking particles one and two to
be polarized opposite to the rest, for instance, the following
n-point amplitude is obtained from the Feynman graphs,

A

MSV/MSV
M2 ek ke ni ) (€5 Ky ai)
:l'(zl'g)anmZ (( 2i "1,2i—1 2i+1 "1,2i )
perm%,__,n) l:[ l 2i—1 _mz)(kl 2 M )

Wit Calin)
(kn-’_kl)z_’n2 '

(149)

where k; ; = X.I_, k;. Details can be found in the appendix.
This amplitude should be generated by a solution to the
SWIs which on the superspace in 7t representation should
have weight 4. The above amplitude, for instance, is the
coefficient of 1;¢;m,t,. We have been unable however to
find the general superamplitude on this space which repro-
duces the above amplitude.

The amplitudes (149) are related to amplitudes with
fermions by the SWI
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(qkDAL(AT,AF, .. AT, .. A))
= (gk?YA(VT, AS, . A7, ..., W)
+(gkP)A, (AT AS, . W, L W) (150)

Amplitudes with two outgoing antifermions W™ generated
by the SWI obviously vanish due to fermion number
conservation and have been dropped. Using the results
from Appendix B 2, this identity can be checked at the
four-point level. The four-point vector-boson amplitude is
found to be

(g1)[29Kg3)[44]

ﬂ 4(A];], A/;Z’ Al;’ A/:;) = l%(zgl’l”l)2 m

1 1
(e )
(151)
The result for the fermion amplitude is
AV ALALYT)
_ i3(2gm)2[q2]<3q>[<q —lk34lg—) (g + ks —k Iq+>]
[q1Kqg2)[3qK4q)L (ki,—m?) (k3 3 —m?)
(152)

Adding the contribution from the second fermionic ampli-
tude that is obtained by exchanging k; < k3, the SWI
(150) is manifestly satisfied.

D. Massive N = 2 superfields on the Coulomb
branch of N =4

The minimal massive multiplet in four dimensions with
N =2 supersymmetry is the massive vector multiplet.
Hence, any theory which contains this type of multiplet
must be a spontaneously broken gauge theory. These fall in
two classes: those which became massive by giving a
vacuum expectation value to a scalar in a massless gauge
multiplet (Coulomb branch), or by giving a vacuum expec-
tation value (vev) to a scalar in a matter multiplet (Higgs
branch). In this subsection, we briefly consider the former.
Typically, these theories arise as a generalized dimensional
reduction of a six-dimensional theory (see [43] for an
explicit description of this map). However, the multiplets
which arise this way are BPS multiplets. As described in
Sec. III C, BPS representations of N' = 4 can be treated as
massive N = 2 multiplets. In the following, only this
N = 2 will be made explicit.

In an N = 2 framework, one can introduce an on-shell
massive vector-boson superfield V

V=ao¢+ g+, +V g+ vi? + ¢lim!
+ Py g’ + P T + gl 'y’ (153)

and the N = 2 positive-helicity gluonic superfield
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Gt =g" +vin' +sn'n? (154)
as well as a negative helicity superfield,
G =5+vin+g n'nt (155)

All capital roman letters run from 1 to 2. These superfields
are in a different phase convention than the previous ones.
All fields are in the 0t representation. On this superspace,
the minimal solution to the SUSY-Ward identities is the
supermomentum-conserving delta-function and hence

A~ 8%(QL) (156)

for every amplitude in this representation.

1. Three-point superamplitudes

In addition to the known three-point amplitudes for
the Yang-Mills fields, there are three superamplitudes
which involve the massive vectors. Note that two massive
vectors are needed by six-dimensional momentum conser-
vation. The simplest of these is simply proportional to the
delta-function,

31
(12%(23)

which can be easily checked by integrating out both 7z on
the last leg, for instance, and using the identity (120). The
conjugate to this amplitude reads

[31]
[12][23]

on the conjugate superspace. The triple massive vector-
boson vertex (which has weight 6 and is self-dual under
fermionic Fourier transform) will not be needed here as it
only arises for symmetry-breaking patterns which involve
more than 2 unbroken subgroups. Note though that with
one supersymmetry in the 1t and the other in the 7
representation

A(V,G", V) = 54(Q%),

(157)

AV, G, V) = 84(QL) (158)

3
AWV, V, V) S (h? + 212)8%(Q1)6%(Q2)  (159)

i=1

is a solution to the Ward identities. Integrating out all
fermionic variables on the first leg and '¢? on the second,
for instance, from this guess yields after a short calculation

my[1g1(12)
[¢2]

Since one expects this to be the usual amplitude of a
complex scalar coupled to gluon, one has to divide the
proposed three-point function in Eq. (159) by m,. The field
identification follows from a double-fermionic Fourier
transform on the second supersymmetry of the multiplet
in Eq. (153). The explicit appearance of the mass m,,
however, makes it difficult to turn this three-point ampli-
tude into a generic amplitude on the Coulomb branch of

A(PIV™¢3) ~ (160)
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N = 4 as only for equal masses one can make a symmet-
ric amplitude out of Eq. (159). This does, however, make it
a prime candidate for the JN° = 2 three-point coupling in
the Abelian Higgs model. Note that as a special feature,
(159) is a solution to the SUSY-Ward identities for arbi-
trary spin axes on the three different legs.

2. All-multiplicity superamplitudes

In the following, we will study the symmetry-breaking
pattern U(N) — U(N;) ® U(N,). The naturally massive
vector bosons are charged in the bi-fundamental while
the gluons are taken to transform in one of the two U(N;)
factors. The simplest amplitude follows by almost trivial
extension of the above results in SQCD to N =2
supersymmetry,

Gl gt i)

A(Vl’ G2+r . G; 1’ n) = 54(9,{1) m2

(161)

Note that the fields in the massive multiplets remain
charged in the fundamental and antifundamental of the
U(N,) gauge group, while the multiplet now incorporates
a massive vector-boson. An interesting component ampli-
tude follows by integrating out the @i, 3 and m)n3
coordinates:

AVE ghr . gr 0 Vi) = (i’j—gi)wr, R

(162)

which is the natural extension of Eq. (134). It contains two
massive vector-boson components, one with positive and
one with negative-spin with respect to the common spin
axis defined by gq.

To verify that (161) is correct, one can consider one
component amplitude which involves the massive scalar
pair. By dimensional reduction from six dimensions, it is
seen that the part of the action of the symmetry broken field
theory relevant for this amplitude agrees with the action
used to compute the all-multiplicity amplitude of massive
scalars in QCD (2). Since Eq. (161) is invariant under on-
shell N = 2 supersymmetry and reproduces one compo-
nent amplitude, it is indeed the correct amplitude on the
Coulomb branch. Note that the other superamplitudes
where some or all of the massless matter is charged under
the other gauge group are related to the above one by the
usual Kleiss-Kuijf relations [59], applied in the six-
dimensional parent theory. For instance,

A(G;’Cbl: G2+; n lyq) )
:A((_DI,G;,Gz,. n— lJ(D )
+A((i)], G;’ G:‘;) n l)q) )

+--+AD,G;,...G_,GL, ®,)  (163)

PHYSICAL REVIEW D 84, 065006 (2011)

follows. Note that the supermomentum-conserving delta-
function always factors out of these sums as it is com-
pletely symmetric.

E. Effective Higgs-gluon couplings

In the standard model, one can consider effective Higgs-
gluon couplings obtained by integrating out a top quark
loop in the limit of large top mass. In this limit, the
effective interaction is given by the following local mass

dimension 5 operators added to the Yang-Mills action
[60,61],

(164)

SHee = tr [ d*x[HF? + AFF),

6m

which can be rewritten as

Stgs = g 5 [ 5@+ BIF + (8~ BIFF] (165)

= 6“—SU r [ P HFE + GF2] (166)
Here, H = ¢ + ¢ is the real Higgs field decomposed into
two chiral scalar fields, A = ¢ — ¢ the would-be axion
field, F, and F_ denote the self-dual and anti-self-dual
field strengths, respectively, and v ~ 246 GeV [25]. Of
course, the Higgs and axion fields are uncharged under
the strong gauge group. As shown in [25], the scattering
amplitudes of either ¢ or ¢ fields display an “almost”
MHYV or MHV form, e.g.,

al™ (ij)

6mv (23)...(n2y (167)

Al g5 -8 -8 --8n)=
for an amplitude with n — 1 gluons. In addition to the
MHV-type amplitude, the model under study has one
more simple amplitude: the amplitude with all negative
helicity gluons,

a,n 2 m4

6mv [23]...[n2]

The difference to the actual MHV amplitude is in the
momentum conserving delta-function which now includes
the momentum of the chiral Higgs field ¢. For the field ¢,
there is a corresponding natural anti-MHV-type amplitude.
As shown in [28], there is actually a tower of these ampli-
tudes with an arbitrary number of insertions of either ¢ or
¢ fields (but none of mixed type), as well as a natural
generalization to higher dimension operators. Here, we
will focus on the example of a single ¢ or ¢ field and
the operator in Eq. (164) for clarity, the generalization
should be obvious.

The above model can be embedded into a supersymmet-
ric field theory [25]. This will generically turn the Higgs
field into a massive multiplet of the N' = 1 algebra

P(n,1)=—¢ + " — Ty~ + nig.

Alp, gy ...8,) = (168)

(169)
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Hence, the field content of this model is very similar to that
studied for supersymmetric QCD but the action and sym-
metry properties are different. The Ward identities of the
massless Higgs case were discussed in [25]. Using the
technology developed above, it is easy to generalize
to massive Higgs particles. In particular, a SUSY argu-
ment for the vanishing of amplitudes of the form
A(p, g5 ...87 ... &) for a massive Higgs can be con-
structed along the lines of Sec. IV D.

1. Three-point amplitudes

There are two nonvanishing three-point amplitudes
which involve the massive Higgs field. For instance, in
the 7t representation, we have

A((I)I,GE,G; = + kz + k3)
(170)
for a ¢ F2 type coupling as well as
A(®y, G5, + ky + k3)
(171)

in the 7 representation for a ¢ F2 type coupling. Here, the
scalar superfield in the 7¢ representation is denoted by
O, 1) = ¢ + 7t + vp™ — Gugp. It is straightforward
to check that these solve the supersymmetric Ward identi-
ties. Note that @ now also includes the supermomentum of
the chiral Higgs fields.

2. All-multiplicity superamplitudes of MHV-type

From the three-point amplitudes, it is easily guessed that
the n-point amplitudes with MHV-type configuration reads

an 2 <l]>3

G =m0 3.

8%(Q,).
(172)

A(®,G"...G; ...G; ..

Integrating out 1; and 7n; gives back the known component
amplitude of Eq. (167). Similarly, one can immediately
write down the conjugate amplitude on the conjugate
superspace

ﬁ [ijF

G ) = v [23]...[12]

82(Q9).
(173)

AD,G™...G} .G} ..

These are both solutions to the supersymmetric Ward
identities and reproduce one component amplitude.
Hence, they must be the correct superamplitudes. From
these expressions, explicit forms of amplitudes which in-
volve a Higgsino and a gaugino can be easily calculated.
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3. All-multiplicity superamplitudes of N™*MH V-type

The other simple amplitude, i.e.,, the one from Eq. (168)
, can also easily be written as a superamplitude. Since the
amplitude in Eq. (168) has an arbitrary number of minus
helicity gluons, it is natural to work on the conjugate
superspace. The simplest guess reads

3
_ anZ

G5 =

" e 2

(174)
The component amplitude in (168) follows by integrating
out the fermionic ¢; and 7, coordinates. Of course, there is
a conjugate superamplitude involving large numbers of G*
fields in the conjugate representation as well,

+ + ay : m3 2
A@.GY, o G = o 55 8%(Qa),

(175)

These superamplitudes solve the supersymmetric Ward
identities by construction. Note that by applying a fermi-
onic Fourier transform to all legs, the conjugate represen-
tation can be obtained. This will have a total fermionic
weight n.

4. Extension to /N = 4 and its string
theory interpretation

It is easy to extend the above amplitudes at least to
theories which involve more supersymmetry, leading, for
instance, to an N = 2 amplitude with a massive vector-
boson. Adding even more supersymmetry will lead to
multiplets which involve massive states with higher spins.
In the 7t representation N = 4, supersymmetry leads to
perhaps the simplest generalization of the MHV amplitude,

ay” 2 8(O1
AD,G,...,G) = 60 (33).. < >6 (1)
I=1,...4 (176)

This displays explicit N = 4 supersymmetry. Integrating
out the obvious fermionic coordinates yields back the
amplitudes Eq. (167) and (the conjugate of) Eq. (168). A
conjugate amplitude to this (in the 7¢ representation) also
exists. The N =4 multiplet stretches all the way to
massive spin 2 fields which are physically problematic in
field theory. On-shell methods could be, however, useful
here to evade complications of a Lagrangian description, as
advocated in [57]. There might also be an application to
correlation functions, see also the next subsection.

In string theory, a massive N = 4 scalar multiplet in
four dimensions arises by restricting the momentum of the
first Regge excitation to lie in a chosen four dimensions.
One can choose all momenta of the fields in an amplitude
in the superstring to have this type of four-dimensional
kinematics. The chiral couplings written in (166) appear,
for instance, in a certain rewriting [62] of the Dirac-Born-
Infeld action in four dimensions inspired by string field
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theory. Hence, one can map the Higgs-gluon coupling
amplitudes to amplitudes in the superstring.

The three-point version of the amplitude in Eq. (176),
for instance, can neatly be compared to the complete string
amplitude in four-dimensional kinematics written in
equation (V.107) of [63] after application of the appropri-
ate fermionic integrations. The dimensionful constant v is
exchanged for Va', while the mass scale is also set by this
constant, m? ~ 5 From one of the explicit four-point
results in [63], it follows that the full four-point string
superamplitude with one massive state in four-dimensional
kinematics is a Veneziano-type factor times the above
amplitude, i.e.,

; 1
Vol (23)(34)(42) 2%(Qz)

I'l —a's)I' — a't)
'l —ao's—a't)

A(q)) G) G) G)l”l]f =

(177)

up to some numerical constant and 7 still runs from 1 to 4.
This form reproduces one color-ordered component ampli-
tude and is invariant under the on-shell SUSY algebra, so it
must be the full answer. Note that in the case of one
massive leg the four-point MHV-like and MHV-like am-
plitude, e.g.,

_ : 1 -
AP, G, G, G)|f,L = Em 58(Q.£)

I'(l — a's)I'(1 — a'r)
I'a—a's—a't)y ’

(178)

are not dual to each other under fermionic Fourier trans-
form as in the massless case. One of these amplitudes is
natural in the 77 and the other in the 7t representation.
Simply counting fermionic weight shows that the fermi-
onic Fourier transform of one of these four-point ampli-
tudes to the conjugate representation will yield a function
with fermionic weight 12 instead of 8. This can, therefore,
not be the other superamplitude. Hence, the four-point
amplitude with four-dimensional kinematics has both an
MHYV and a MHYV like configuration with one massive leg.
We strongly suspect the three- and four-point superampli-
tudes reproduce all amplitudes in [63] of this type by
integrating out appropriate fermionic variables. To make
a precise comparison would require to properly identify
the lower-spin-states in the N = 4 supermultiplet with
maximal-spin 2 that will be in general superpositions of
states with equal spin projection but different total spin
[c.f. (47)], analogous to the spin zero states in the vector
multiplet (51). For higher multiplicities, the string theory
amplitudes with four-dimensional kinematics and one
massive leg should reduce to Eq. (176) in the &' — 0 limit.
We leave many interesting questions and obvious guesses
which are raised by these short paragraphs to future work.
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F. Incorporating off-shell elements:
Vector-boson currents

Although the main focus of this article is on on-shell
states, it is an interesting question how the technology
developed here can be extended to incorporate elements
of off-shell states as well. After all, the difference between
on-shell and off-shell for massive states is not as big as for
massless states, see, for instance, the parallel between the
space considered in [47,48] for the N = 4 stress-energy
multiplet and the N = 4 massive multiplet considered
above. Another prime example of this are vector-boson
currents, discussed in the context of CSW rules in [26],
for instance. These are the currents for an electroweak
vector-boson coupled to quarks which in turn couple to
glue. All states apart from the electroweak vector-boson
are put on-shell.

As calculated by the ancients [64], this type of current
has a particularly nice form if the gluons are all of positive-
helicity while the quarks are of positive and negative type,

nBPgdn“

12y A{(n— Dn)’
(179)

JUfT 83 g S IPY) = CV2

Here, C is an unimportant numerical constant. In this color-
ordered current, particles 1 and n correspond to the funda-
mental quarks with indicated helicities and Py is the
momentum flowing through the off-shell vector-boson
leg. Note that the current is transverse P{/J, =0, as it
should. In four dimensions, this implies the current can be
expanded into a basis of the transverse space. A natural
basis for us is given in Eq. (18) and consists of the polar-
ization vectors for the massive vector-boson with mass P%,.
In particular, the mass of the vector-boson is not set to its
physical value. This results in

JYf 85, 8 [u |Py) = €%y + e%%cy + ef%cy
(180)
with
Py (gn)*
_ , 181
QT 1 =y D
o <an>2
=S = Dy (182
P2
-y (pynXngi[P} 1)

(PvgX12)...A(n = Dn)’

What is important for us is that the c; coefficients can be
interpreted as specific scattering amplitudes for massive
vector bosons. It is this interpretation which can be incor-
porated neatly into the on-shell framework advocated
above.

Since the problem under study contains a massive
vector-boson, it is natural to try to use a JN' = 2 massive
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on-shell superspace as in Sec. VD. We will, in addition,

need a massless quark superfield M charged in the

fundamental and a similar superfield M charged in the

antifundamental,

M=¢E +mm'+ €'’ M=E +imm'+ & n'n’
(184)

By analogy to the MHV amplitude case, it is easy to
suspect that the components of the current (180) will arise
as the simplest solution to the SUSY-Ward identities: i.e.,
the ones which have no fermionic weight beyond the delta-
function. This leads to

1
{12)...{(n — n)

AM,, G},...,G",M,|V)=C

(185)

Integrating out both 7 variables on the massive vector-
boson leg and both 7 variables on the antifundamental
scalar leg gives,

(pyn)*
12)..A(n—Dny

which is exactly equivalent to coefficient ¢,. Instead, in-
tegrating out both ¢ variables on the vector-boson leg and
both 7 variables on the antifundamental scalar leg gives,

A(fy 85, &nop [n IPY)
o™ (qn)?
(gpy)* (12).. A(n — Dn)’

which is exactly equivalent to coefficient c¢;, when taking
into account the relation m> = P%. The last coefficient
follows from

A(ff 85 g fn IPY)

1 ]
_ f i (T +d T, DAM. G, G 1Y)

A(ff. g3, g1 fulPy)=C (186)

(187)

(188)

(pyn)ng)m
(pyv@)12).. A(n — D)n)’
which is the final coefficient, c;.

With these observations, a supercurrent can be con-
structed:

)

(189)

JMG™...GTM|Py) = e$%¢| + e%4¢, +e§4¢;,  (190)
with
¢ = [dn{,dn%,A(M, G, ...,GT, M|V), (191)
cy = [ dtl,di?AM,G™,...,G*, M|V), (192)

54(Q4).
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1 _
c3=\/—§<|:/d77{,dz%, +fdn%/d5{,])A(M,G*,...,G*,MIV).
(193)

Note that this supercurrent is more like a component part of
a natural function on superspace. As such, it is not com-
pletely annihilated by the on-shell superspace supersym-
metry generators. Similar supercurrents can be constructed
for the scalar and fermionic fields in the massive vector-
boson multiplet.

The calculation in this subsection shows that off-shell
elements like currents can be encoded into an essentially
on-shell approach using the massive on-shell superspace.
The prescription is to expand the current into a complete
set of solution to the free field equations. The coefficients
of this expansion can then be treated as amplitudes with
massive legs whose P> does not equal their physical mass.
However, when expressed into the original currents along
the lines of Eq. (190), the explicit supersymmetry becomes
obscured. It would be very interesting to find a formulation
which yields a more supersymmetric form of the super-
currents. This should arise from blending an off-shell
superfield formalism with the above on-shell framework.
Although interesting, this is far beyond the scope of this
article.

1. Three-point “supercurrent’”

For completeness, let us list the three-point supercurrent,

1

AM,, My|V) = C<12>

54(Q4), (194)

which is just the three-point version of Eq. (185).

VI. SOLVING THE SUSY-WARD
IDENTITIES THROUGH SUPERSYMMETRIC
ON-SHELL RECURSION

A natural question from the previous section is how one
should calculate generic superamplitudes at tree-level
without resorting to off-shell techniques. In the massless
case, the answer to this question is the existence of super-
symmetric on-shell recursion relations [14] which are a
supersymmetric version of Britto-Cachazo-Feng-Witten
(BCFW) [18,19] on-shell recursion. These relations allow
one to calculate a superamplitude at tree-level with any
number of legs from lower point amplitudes. Hence, this
reduces the problem down to calculating three-point super-
amplitudes, which were found explicitly in the previous
section for various different theories. Recursion relations
which involve BCFW shifts of massive legs have been
discussed in [20-22].
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A. Constructing BCFW supershifts for
massive particles

A key ingredient in the BCFW relations is the concept of
a shift of two in principle arbitrarily chosen legs which
turns an amplitude of interest into a function of a single
complex parameter z,

kl d El = kl + n, k2 i kAz = k2 — Zn. (195)
If the vector n satisfies
n-ki=n-k,=n-n=0, (196)

this shift keeps the masses of particles one and two invari-
ant. This shift is known as a BCFW shift. To construct this
shift for massive particles in terms of spinors, note that two
massive momenta k; and k, can always be decomposed
into

m " m3
2% kb O AT kb

ky =kt + kp,  (197)
where ki and k5 are massless. A BCFW shift vector n
which satisfies Eq. (196) can be written in terms of the
b-spinors as

Nao = kiakog O Nay = kyokyg (198)

up to a proportionality constant. Here and below in this
section, for notational convenience, the spinors have been
written without b. Picking the first solution in Eq. (198),
the shifted momenta can be written as

2

ki e = kialky g + 2k g) + e kagkog,

l,aa 1,01( 1,a& Z Z,a) <12>[21] 20" 2a

. m2 (199)
ky g = (koo — 2k ko o4 + ——==k| ki 4-

2 ad (2,0( < l,a) 2,a <12>[21] La™l,a

This way of writing the momenta is manifestly consistent
with the massless limits. Since for the chosen shift

(12)[12] = (12)[12]

holds, these spinors can be used just as above to construct
supersymmetric amplitudes: the BCFW shift reduces again
to studying shifted spinors. Care should be taken though
that the reference vectors of legs 1 and 2 are not shifted,
but kept fixed at ké’ and k{’, respectively. We will employ an
on-shell superspace for the two massive legs for which the
SUSY generators can be written as

(200)

1
- E(Ql,a + Q2,a) = kl,anl <12> k2al'l + (1 - 2)

201)
Lo + 0 g k + 12
\/_E(Ql,d QZ,d) la [21] 2a _ ( )

(202)
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Note that in this step we have chosen a spin-polarization
axis for both of the shifted legs. As explained above, if the
same type of superspace is used for all the legs throughout
an amplitude, that amplitude is proportional to a super-
momentum conserving delta-function,

A(1,2,X) ~8%(Q,) = 52<771k1,a Ry <12> kZa + Mky
m
+ zzﬁk1 .+ QM), (203)

where @y, stands for the appropriate supermomentum of
the rest of the diagram. Note that this does not imply a
choice of spin-polarization axis for the remaining particles,
but only a choice of representation of the SUSY algebra.
Under the shift of the momenta given in Eq. (199), the
supermomentum & , is not invariant but shifts linearly4

Qo= Q4 (204)

The supermomentum can be made invariant under the
BCFW shift by an additional shift of the fermionic varia-
bles 7,

- Z772k1,a~

n =Nt . (205)

More general possibilities to cancel the z-dependence of Q
involving a shift of 7, would in general not permit a
massless limit and will therefore not be considered here.
The resulting combined shift of Eq. (199) together with
(205) will be referred to as a supershift in the following.

B. Supersymmetric on-shell recursion relations

As BCFW observed, the original amplitude one wishes
to study arises as
A
a0 = § 4O
=0 <

where the contour integral is around a small contour cir-
cling zero and will include a normalization factor of 5 571 Y
convention. Pulling the contour to infinity gives a sum over
simple poles at finite values of z whose residue is the
product of tree-level amplitudes summed over species
and spins, with, in addition, a possible pole at infinity,

a0=- S (ZAL(T...,{ﬁ,s})ﬁ

(206)

finite z poles SESESS,SS - !
X Ag({—P, —s}, ..., 2)) + Res(z = o0). (207)

Here, P; is the sum over undeformed momenta of all
known particles into the A; amplitude and M the mass of
the intermediate particle with momentum P;. Hence,
if the residue at infinity vanishes, then an on-shell recursion

“Recall that the terms ~7 in the supermomentum arise from
the reference spinors and are not shifted.

065006-24



ON-SHELL SUPERSYMMETRY FOR MASSIVE MULTIPLETS

relation is obtained. From the discussion around Eq. (104),
it follows that the sums over spins and to some extend the
sum over species can be replaced by fermionic integrations
on superamplitudes,

A== (Z/andzPAL(i---’{IS: Mp, Lpks)

finite zpoles * s

1 R R
X—s——5Ag({=P,np, Tp}—g -, 2)) +Res(z=0),
P —my,

(208)

where the sum s runs over the possible superfields. Here, a
choice of spin axis for the “cut” leg can still be made.

It is instructive to verify that the relation in Eq. (208)
produces a solution to the on-shell SUSY-Ward identities.
In fact, it does so term-by-term, assuming the lower order
terms satisfy the Ward identities.” To see this, pick one
particular term of the sum over finite poles in Eq. (208). For
this term, we would like to verify

Qa([dTIPdEPALAR):O: Qd([andEPALAR)- (209)

Since both these operators leave the invariant,

1
SR—
Pp—mp

this has been stripped off. Now by construction of the
supershift,

Q,=9L+9k=0~5+ 0F (210)

The shifted QL/ R almost annihilates the amplitudes, apart
from the missing “cut’-leg term,

P
A _ Mpqgy
QLA = (”ﬂpl’g +ip &T)AL' (211)

Choosing the spinor momentum of the leg with momentum
—P to be —p&, the other amplitude yields

A mpq”
0 kAp = (—nppz ~ % f—qp)AR, (212)
(r°q")
and hence

The other operator can be written
Q,=Q5+ Q% (214)
From the explicit form of the above shift:
For the theories under study in this article, the necessary

“three point amplitude” base step for this proof by induction has
been shown explicitly in Sec. V.
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M= Nt M=,
N = 1 (215)
kig— kigtzkys = kAl,o’z

holds, which leads to

0 ( 0 J ) 0 J

==t =) ==

I, 97 a7 any 9N
so that

d 0 d 0 d
kig—=+ kz,aa— =kia—t kz,a( tz )

I M2 a1, a1, a7
~ 0 J
=kio thkya (217)
a1, a1,
and hence
0L+ 0%=0,+05 218)

Now the operators on the right-hand side of this equation
acton A; and Ay, respectively. The Ward identities of both
these superamplitudes then can be used to show that one
obtains a fermionic derivative on the cut leg in both cases.
This total derivative under the fermionic integral vanishes
trivially. This completes the proof that the finite z residues
in (208) satisfy the supersymmetric Ward identities term-
by-term. In passing, we note that this implies also that the
residue at infinity satisfies the supersymmetric Ward iden-
tities even if it is not zero.

C. Residues at infinity: General case

To have a constructive method of solving the Ward
identities, the residue at infinity has to be understood
properly. This residue will first be studied in the generic
case of the supershift contained in Egs. (199) and (205). In
particular, we allow these legs to be either massive or
massless. Since the BCFW shift involves a momentum
which will become large compared to any fixed scale,
one might naively expect that masses do not change the
analysis of large BCFW shifts in field theory compared to
the massless case. However, the shift involves complex
momenta which may invalidate this hand-waving argu-
ment. Also, for massive particles, new helicity combina-
tions are allowed which can lead to complications. This
will be checked explicitly below in the example of SQCD.

We study the shifts for a general superfield in the
nt-representation (82). The z-dependence of the amplitude
is contained in both the momentum as well as the coherent-
state parameter 7},

A(R) = Aky, 7y, 0 {ko m LX) (219)

The point of this representation is that just as in the gluonic
massless case discussed in [15], there is a supersymmetry
transformation which shifts #; and 7, to zero, while it
itself is independent of z. Any spinor &, can be expanded,

065006-25



RUTGER H. BOELS AND CHRISTIAN SCHWINN

_ kAlc‘v‘fl — ks _ ka1 — k2,o‘z§2
[12] [12] '

& (220)

where we have defined

E,=6& ). (221)

Consider now the supersymmetry transformations gener-
ated by [£Q]. These shift the fermionic variables on legs
1 and 2 as

o FE =0+ &=+ + &)+ &

M — My +[E2] =, + &,

_ M — ™ 222
[21][52] Ly é:l’ ( )

=1 _%[fl] =1 —[T—zz]gz-

Ly — L

Note that not all spinors are shifted, since some are part of
the definition of the spin axis of the other leg [see Eq. (199)].
To shift#); and 5, to zero, set
&1="—m, &H=—n. (223)
This SUSY transformation is manifestly independent of
z from the second expression in Eq. (220).
Schematically, the amplitude now reads
A(z) ~ Ak, 0,71, 1y, 0, T, X), (224)
where the proportionality factor and the transformed field
content X are independent of z (but dependent on 0, 1,).
Expanding out this superamplitude over f; and 7, then
yields the result that the supershifted amplitude is propor-
tional to a sum over four amplitudes,

Ak, 0,7, }.{k,0,5,}, X)
=A({p) {0} X) + LA(PHL D1 X)

+i1A({¢+}’{¢6}’X)+flf2A({¢+}:{¢+}’X)) (225)
with all the z-dependence in the momenta of the first two
particles in each of the component amplitudes. Hence, the
large-z behavior of the supershifted amplitudes can be
obtained from studying the ordinary BCFW shifts of
the component amplitudes of the states with spin s% and
sO+ % The latter can be done through various means and
the outcome depends on the field content of the theory
under study. Note that there can be no cancellations be-
tween the four different amplitudes in the above equation
since they are multiplied by the z; variables. These are the
only places ¢, and t, occur in the full superamplitude. One
can take a massless limit of the above shifts without prob-
lems: in practice, this means that one sets either ¢, or z, or
both to zero in the equation just derived.
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TABLE I. Estimate of the leading asymptotic power in z~* of
the adjacent BCFW supershift of all superfields in a tree ampli-
tude in SQCD.

1\2 G* G~ P
G* +1 -2 -1
G~ +1 +1 -1
® +1 -1 -1

D. Residues at infinity: SQCD example

The shifts of tree-level amplitudes in (225) can be
studied in any theory which one might be interested in.
BCFW shifts at tree-level with at least one massless leg in
quite a large class of theories have been studied in [65].
Here, we will confine ourselves to an initial study of the
example of supersymmetric QCD, already considered
above as the first example theory in Sec. V. While the
generalization of the results of this subsection to other
minimally coupled supersymmetric theories with massive
matter is immediate, a systematic study of supersymmetric
theories with massive gauge bosons (or higher spins) is
beyond the scope of this article.

First, consider the case of two shifted and color-adjacent
massless legs. For the fields in the fundamental, color-
adjacent is taken to mean on opposite ends of the same
color structure, while for mixed adjoint-fundamental type
shifts, this means that the adjoint field appears next to the
fundamental in color-ordering. In this case, there are four
possibilities depending on the choice of which massless
superfields are shifted:

AGT,GT,..),
AGT,G™,..),

AG,GT,.),

A A 226
AGT,G,..). (220

By the analysis just presented, this implies we need to
study

Alg*, gt ..),
A(g+7 Ai; . ')y

AN, gt .0,

227
AA™, A7, ., (20

respectively. An analysis of the shifts of these amplitudes
can be found, for instance, in Appendix B of [66], see also
[65] for a slightly different tree-level analysis.® This leads
to the massless sector of Table I whose structure in this
sector might also have been guessed by familiarity with the
usual result. By the results in the table, supershifts exist
such that there are supersymmetric on-shell recursion re-
lations without boundary contributions.

°It can be checked that the analysis in [66] goes through
basically unchanged if massive fermions charged in the funda-
mental are added. QCD with massive fermions has also been
analyzed in [22].
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There are four possible supershifts for cases with one
massive and one massless leg.

AG, D, ..)
AD,G*, .. ).

A

AGH, D, ..)

A A 228
AP, G, ..) (228)

By the analysis above, this reduces to the study of shifts of

{Ag", ¢....). A(g", 07, .. )}

(229)
{AA=, b, ..), A(A7, 07, .. )}

{A(d, A=, . ), A(QF A7, )}
Al g",..), A(Q7, g7, .. )

Since these amplitudes multiply different fermionic weight
functions in (225), the total shift is determined by the
“worst behaving” shift of the two-component amplitudes.
As observed in [23], there is a natural gauge to study shifts
in the light-cone gauge with gauge vector ¢ from the
BCFW shift. In this gauge, one can perform a quick
analysis which graphs contribute at leading order in the
shift parameter z. The leading graphs, for instance, invari-
ably include those where the shifted legs end on the same
vertex. Here, a difference arises between the massive
and massless cases: in the massive case the Yukawa
couplings behave differently since a helicity violating
A~ Q7 ¢-vertex is allowed [c.f. (B4)]. This analysis results
in the entries involving G and ®-fields in Table I. A more
refined analyis might improve the behavior for some of
these shifts from z' to z°.

The shift of two massive legs is easier to analyze as there
is only one possibility for a shift. By Eq. (225), we need to
study the component amplitudes

(230)

{A(¢’ ¢’ ce ')’ A(¢’ Q+’ b ')’ A(Q+’ ¢’ b ‘)’ A(Q+’ Q+’ b ')}'

231)

From diagrams which involve the Yukawa couplings be-
tween matter and vector multiplet, the third amplitude in
this list, for instance, scales as z.

Hence, on-shell recursion relations work with massive
multiplets in SQCD in general, provided one shifts at least
one massless leg with the shifts indicated on the first
column of Table I. This coincides with the conclusion of
[65] for tree-level amplitudes. Of course, in case there
is a residue at infinity, one could still use on-shell recursion
relations to calculate as long as the residue is known.
Alternatively, one could also pursue the use of shifts of
more than two legs, for instance, amplitudes with only
massive quark legs can be constructed with three-line
shifts [22]. Note also that all-leg shifts have been consid-
ered recently in [32]. There is one interesting exceptional
case of this type which is interesting in its own right.
This is the case of a massive fundamental scalar/
antiscalar pair coupled to all-plus glue which will be dis-
cussed below.
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It should be noted that the results of Table I can be
improved if other shifts than adjacent ones are considered.
For the adjoint-valued fields, this means non-color-
adjacent shifts which generically scale one order of % better
than the adjacent shift. For the mixed case, i.e., a shifted
fundamental and adjoint valued field, a similar result is
expected to hold, as well as for two shifted fundamental/
antifundamental pairs which appear on different color
structures. The latter possibility only arises of course
when more than one fundamental/antifundamental pair is
involved in the amplitude.

1. Massive scalar pair with only positive-helicity gluons

In this particular case, the amplitude is known in a
particularly nice form as was mentioned in the introduction
in Eq. (2). In this case, it can be checked explicitly that the
residue at infinity vanishes under a BCFW shift of both
massive legs. This can also be understood from power-
counting in the special light-cone gauge: the leading dia-
gram for a shift of the massive legs involves the scalar pair
coupled directly to a single gluonic current which involves
only plus gluons. This current has been calculated long ago
in [67] and reads

Py
(€3)(34).. . né)’

where the spinor ¢ is a light cone gauge choice. For the
case at hand, with the gauge choice that £¥£% = p%® =
kSk¢, itis easy to check that the diagram with two off-shell
scalars contracted into this current through a three vertex
vanishes. This follows as from the explicit form of the first
solution for the BCFW shift from Eq. (198)

Jee(3% 4% ") (232)

v e m2
“gB(ks )2 = —(1+

2
Y
( 2ky - ky

)kg”kf(kgkz, 5+ kik p)
)kgk?[lz] ~n®d (233)

where on the last line we have identified the vector as the first
solution from Eq. (198). Note that the same result would
have been obtained for the other solution in Eq. (198).
Hence, this current is orthogonal to all momenta appearing
in the three vertex coupling. Moreover, the subleading graph
with two scalars attached to the four vertex also vanishes as
it involves contracting two all-plus currents together with a
metric. Therefore, the large BCFW shift of the two massive
legs of a scalar pair amplitude with all-plus glue vanishes. In
particular, these amplitudes can be calculated through on-
shell recursion.

By simple extension of the above, the N = 1 super-
amplitude version of the above scalar pair amplitude (133)
also scales as % under a large BCFW shift on the massive
legs, simply because the supermomentum-conserving delta-
function is invariant under the supershift by construction.
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The same holds for the N = 2 extension of this amplitude
discussed above in Eq. (161).

VII. DISCUSSION AND CONCLUSIONS

This article should be viewed as another step in extend-
ing recent analytic results on scattering amplitudes which
involve massless particles to particles with mass in four
dimensions. This step consists of a full covariant treatment
of massive representations of the supersymmetry algebra
which is a natural extension of [9] to the massive case. The
Ward identities which follow from this should hold to any
loop order as their derivation is based on algebra alone and,
in particular, does not depend on any coupling constants. It
is particularly illuminating to see the Ward identities de-
rived in [39] from an off-shell point of view reappear here
from an on-shell point of view. Our on-shell treatment is
completely general and can be applied to any theory with
unbroken supersymmetry and particles in any massive or
massless representation of the four-dimensional supersym-
metry algebra.

A particularly useful tool in recent developments in the
study of amplitudes with massless particles has been the
on-shell massless superspaces originally pioneered in [12].
As explained in [15], these can be understood as covariant
coherent-state representations of the on-shell supersymme-
try algebra. This point of view was used above to construct
on-shell superspaces for the massive representations. A
prime application of on-shell superspaces in the massless
case is to provide a method for obtaining solutions to
the supersymmetric Ward identities, usually implemented
through BCFW on-shell recursion. In several example
amplitudes in several example theories with massive par-
ticles, we have shown how this works in practice. A formal
solution to the Ward identities in terms of amplitudes alone
was also obtained in terms of on-shell recursion. To turn
this into an actual solution one needs an analysis of allowed
BCFW shifts for the theory one is interested in. For shifts
of one or more massless particles, on-shell recursion is
expected to work generically. The question of other shifts
was studied for SQCD above, a corresponding analysis for
other theories with massive particles is left to future work.

In general it would be interesting to see if the methods
described in this paper can be applied to yield more ex-
amples of supersymmetric scattering amplitudes. The
maximal-spin violating amplitudes in the Abelian Higgs
model show, for instance, that there certainly is scope for
the appearance of simple results for amplitudes in seem-
ingly complicated theories. Usually these results are indica-
tive of an unappreciated underlying symmetry which would
be interesting to find. A further worthwhile avenue to
explore is the interpretation of massive representations of
the SUSY algebra as off-shell states. Some baby-steps along
these lines were taken above in the example of off-shell
vector-boson currents but there is clearly a lot more which
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may be done here, especially considering recent work on
form factors at weak [68,69] and strong [70] coupling.

One interesting research direction leading closer to
experiment would be to investigate what happens to the
SUSY-Ward identities in scenario’s where supersymmetry
is (spontaneously) broken. The basic derivation of the
transformations will hold there as well, but the Ward
identity will change as the vacuum is not invariant under
the supersymmetry any more. Note that the analog of an
Adler zero has already been utilized in the context of
spontaneously broken supersymmetry in [71], and it would
be interesting to explore this further. A further direction
which stands out is the study of nonperturbative correc-
tions to the Ward identities. The vanishing of the all-plus
amplitude for the massless sector, for instance, depends on
the existence of a U(1); symmetry which is known to be
broken by instanton effects. In favorable circumstances,
these corrections can be calculated and presumably also
analyzed in an amplitude type of approach.
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APPENDIX A: NOTATION AND CONVENTIONS

1. Spinor conventions and collection of useful results

In this article, the conventions of [39] have been used
which will be summarized here for convenience. The
sigma matrices are defined as 0'5 5= (1, =), greP =
(1,5) where ¢ = (o, 0y, ;) are the Pauli matrices.
Four-vectors x* are mapped to bi-spinors according to

Y= 0_/,,' _ XO_X3, _X1+iX2
oo KT aa —X; — iX2 X0 + X3 ’
. (A1)
xda = x 0—./1,;1:'(0( — X0 + X3, X 71X
m x; tix, X9 — X
1 2 0 3

so that 2x*y,, = x,,y**. The two-dimensional antisym-
metric tensor is defined by

L 0 1
Saﬁzgaﬁzsaﬁzsdﬁz(_l O) (A2)

Indices of two-component Weyl spinors are raised and
lowered as follows:
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a — Sa'Bk'B, @ — sdﬁkﬁ,

. . (A3)
k,g:k Eapr kB:k Eqp-
In the bra-ket notation, spinor products are denoted as

(pg)=(p—lg+)= p“qu Ad)
[gqp] ={q + |p—) = qsp*.

We also make use of the matrices

1 B B _ 1 _
oH’ = Z(a’“a”’ — oV at), oH’ = Z(a’“a"’ — g’ot),

(AS)

that satisfy the relations (using the convention €123 = 1)
i i

HT = DT, R = ey, (AG)

It is useful to recall the translation of the totally antisym-
metric tensor to spinor notation:

EHIPT o5 g@BPYYSS — f(gaygBOgdd gBY

— g¥0 By g gh?) (A7)
For the Dirac matrices, the representation
0 ot 1 0
“_ 501,23
Y ((.T,L 0), Y =ity vty (0 _1), (A8)
will be used.
2. Super Poincaré algebra
The Pauli-Lubanski vector is given by
1
WH = —EG“VP‘TP,,MP(,, (A9)
where M,, are the generators of the Lorentz-

transformations. For a massive particle in the rest-frame,
the Pauli-Lubanski vector reduces to W0 = 0, Wi =mJ =

%éijkM k- The generators of Lorentz-transformations in the
Dirac representation are given by M, = %2 up With

i 2igH? 0
wY = [k ] =
The relations (A6) imply the identity
i
YIIPY = 3 eFPTS (A11)

The SUSY algebra in four dimensions without central
charges reads in the conventions of [39]

{Qw Qd}= —20'gdkw {Qd, Qa}= _254"’&0{](’“. (A12)

The commutation relations of the Lorentz-generators with
the supercharges are
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[M#,0,1= ~i(a" )0y [M*, 0% = ~il#")50".
(A13)

APPENDIX B: SUSY MODELS WITH
MASSIVE PARTICLES

This appendix contains some details on the models of
SUSY gauge theories with massive particles considered
in the main text.

1. SQCD with massive matter

A supersymmetrized model of QCD with a massive
quark can be obtained by coupling super-Yang-Mills
multiplet(A’;L, A%, D%) to a chiral multiplet ® = (¢, o, F)
in the fundamental and ® = (&, ¢, F) in the antifunda-
mental representation of the gauge group. The Lagrangian
with a superpotential m®® reads after elimination of the
D and F terms

1 i- -
£ = _Z(F‘Z“V)z + EAa')/’U’DZbAb + l\lf'yMDlu\I}
+ (D, )N (D) + (D, p ) (DFp)
~ V28l AT+ AT
o Q_S,/_\‘iT“;bJr - lszAafTad’Jr]
1 - _
~ PG T G~ - T'.)2
where the covariant derivative in the fundamental and
adjoint representation is given by
D, =d, —igT"Aq, ij’ =0, — gf"bCA;. (B1)

Here, the following notation for the relation of two-
component and four-component spinors is used,

qf=(‘”)z("’), V=) =B,

ot
W o B2)

A= A\ (A- A=(ir—iAH)=(A_A,)
—iAt) \ALS ’ .

The plus and minus labels are chosen such that e.g.,
creates an antiquark with positive helicity and thus differ
from the notation in [39]. The scalar fields have been
relabeled according to

b=d¢_. d=¢_

with the convention (¢.)t = ¢-.

The color-ordered three-point amplitudes obtained from
(B1) can be found in [39]. In addition to the usual vertices
of massive scalars and quarks with gluons, there are the
Yukawa couplings of scalars, quarks, and gluinos that read

(B3)
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V(OF, ¢5, AT)=—i2[13],
V(Or. b3, A7) =i2(13),

o (12)
V(OT 7. A7) = —i2m=s,

b gt A-) i3k 2]
V(Q ’ ¢2 b A ) l\/_m[23]

) (B4)
V(dT. 05, A5)=iv2(23),
V(dy, 05, AT)=—iv2[23]

o [12]
V(¢l rQQ 5A'3 \/— [31]

B (12)
V(¢] 7Q2)A ) l\/_ <13>

2. Abelian Higgs model

The simplest supersymmetric version of the Abelian
Higgs model was first constructed in [58]. After elimina-
tion of the auxiliary fields, the Lagrangian reads

1
Lo = =7 (Fu)? +ixte*a, A+ iytatD, g

+ (D) (DH¢) = V2igldtay — yTatg]
1
— (gt + €2,
with D, = 9, — igA,. Because of the axial anomaly, this

model is not a consistent quantum field theory but it is
adequate as a simple example for the study of amplitudes

at tree-level. For & <0, the scalar develops a vev, (¢) =

= J/|€]/g. The mass eigenstates can be introduced by
decomposing the scalar as

1
(v+H+ip)

v

and introducing the Dirac fermion

(B5)

AW A NN
\If—(_m>—(¢+), T=(r g = §.). (B6)

In terms of the mass eigenstates and adding a gauge fixing
term  Lgg = — 5-(3,A* — amep)® with m = gv, the
Lagrangian is given by

1 1 1
Laumicr= —Z(FW)Z - E(GMA”)z + E[(m +gH)?

1 1
+8*0? A AP+ =0 H> + 20,
2# 2 #
—am?@*+ gA“(gogﬂH) —§(2vH-i-H2 + @?)?
Fip Gty Fih 0P D

—(m+gH)WYY +igeVy V. (B7)
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The physical particles A, H, ¥ all acquire the common
mass m so they form a massive supermultiplet as expected,
while the field ¢ is the unphysical Goldstone boson that
cancels the gauge dependent pole at am? in the massive
vector propagator.

a. Three-point amplitudes

The nonvanishing three-point amplitudes with external
physical states obtained from the Lagrangian (B7) using
the external massive spinors and polarization vectors of
Sec. II are given by

s 15 =i 33
MO A = RO
A3(AY, Hy, A3) = ’T<13>qu%

A3(AY, Hy, AY) = 2igm(€) - €)).

The nonvanishing vertices involving fermions and vector
bosons read

A3(0F,A5,07)=—iN2g (237

G
A3(0F.45,07) = —iﬁgmgf;g;’i,
As(07,43.03)= _i%([lz]<23> - Bgézzi) (B9)
A3(0F,A,0F) =ig[13]
40747, 0) = ~Wa L
A3(07.A7,05) = —iﬁgm%%.

Note that the chiral interaction of the fermions with the
vector bosons results in the absence of the amplitudes
A3(07, Ay, OF) and A3(Q;, A, OF). Also the form of
the ““helicity-flip” vertices differs from those in a nonchiral
theory. The coupling of fermions to the Higgs boson are
given by

A;(0F, Hy, 07) = ig[31],

) 3 23

A3(QF, Hy, Q3) = im [éqli 212;]’

A3(0y. Hy, 03) = ig(31), .
i 12 1

A3(07, Hy, 0F) = img[% - %]

065006-30



ON-SHELL SUPERSYMMETRY FOR MASSIVE MULTIPLETS

b. Maximally spin violating amplitudes

Let us now examine some examples of scattering am-
plitudes with only external massive vectors and their rela-
tion to fermionic amplitudes through SUSY. Throughout
this section, the same reference spinors |g=) for all the
external massive states will be used. Furthermore, unless
stated otherwise the Feynman- "t Hooft gauge (with & = 1)
will be employed so that all poles of the propagators appear
at p> = m?. From the vertices obtained from (B7), it is
seen that A-lines in the massive vector-boson amplitudes
must couple either to a HA2 or A(pdH) cubic vertex,
where only the former does not conserve the number of
scalars, or trough quartic vertices.

The only contributions to the four vector-boson ampli-
tude arise from the exchange of an H boson:

AL Ay, Ay Arys Ar,)

= Cign? 3 (e " ei)

TES,

X (Ek,,(3) : fkm))),

i
(ko) T+ kp@)? — m?

(B11)

where one sums over all the permutations o of the external
momenta. This amplitude vanishes in the limit m — 0, as it
should. From the expression, it is straightforward to derive
scattering amplitudes for all the states of the massive
vector-boson. From Eq. (20), it follows that the following
amplitudes (and the ones with plus and minus labels ex-
changed) simply vanish,

A (AT, AT AT AT) = A(A, AT, AT, AT

=A(A°AT,AT,AT)=0. (B12)
The vanishing of the amplitudes with one unequal helicity
for arbitrary spin axes is a special property of the Abelian
Higgs model and does not follow from the general analysis
of Sec. IV D. The only nonvanishing four-point amplitude
that does not involve longitudinal polarizations is the ana-
log of the MHV amplitude, A4(A], A5, A7, AJ) and per-
mutations thereof. For this amplitude, there are only two
distinct nonzero contributions in the permutation sum in
Eq. (B11), leading to the explicit result quoted in (151).
The SWI (150) relates the four-point Maximally Spin
Violating (MSV) amplitude to a sum of two fermionic
amplitudes. It is seen that each of the fermionic amplitudes

s
(a): %g (b):

|
T
H ¢ H H H

FIG. 2. Example topologies contributing to the six-point am-
plitudes of massive vectors in the Abelian Higgs model.
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receives a nonvanishing contribution from a Higgs ex-
change diagram and a diagram with a fermion propagator:

ALV AL ALY
= GigPalky, ) Al +)(*52) f,(f“f "l; #ks, —)
34 M

1 + 75 if(k2! +) : 6(k3’ _)
X( 2 )_ 2, — )

]v(k4, +),  (B13)

where the diagram with exchanged photon attachments
vanishes for the given spin assignments. Inserting the
external wave-functions results in the expression quoted
in (152).

The above observation on the vanishing of vector-boson
amplitudes with one unequal spin label can be extended to
an arbitrary number of legs. As a first example, consider
the six-point amplitude of massive vector bosons where
diagrams of two different topologies with only cubic
vertices contribute, as shown in Fig. 2, and additional
diagrams with quartic vertices not shown. It can be seen
that diagrams of class (b) only contribute to amplitudes
with at most three different external spin-states since
otherwise they involve at least one product E]:: . e,:r, =

The same conclusion holds for diagrams with quartic
couplings. The only contributions to diagrams with one
or two negative helicity labels therefore arise from class (a)
and read explicitly

AL A, A = Y a0 A, (B14)
€S,
with
aé“)(Akl, oAy =i(28) m* (g, - €4,)
(€k3 'kl,z) (€k4 'k1,3) (€k5 : Gkﬁ) (B15)

2 _ 212 _ .22 _ 2"
kip—m® kiz—m* kis—m

Again, at least two polarization vectors with a different
polarization than the remaining ones are required for a
nonvanishing result so that the vector-boson amplitudes
with one negative helicity vanish.

The topologies contributing to n-point amplitudes with
at most two unequal spins are the direct generalization
of Fig. 2(a), i.e., involve one line of alternating H and ¢
propagators. Again, they are nonvanishing only for the
“maximally spin violating” amplitudes with two unequal
spins. This is based on the fact that at least two AAH
vertices are needed to soak up the scalar degrees of free-
dom at tree-level. This will require at least 2 vectors having
a different polarization from the others. In particular, the
all-plus and all-minus amplitudes vanish, just as the one-
minus and one-plus amplitudes. Furthermore, all vertices
except AH¢ will lead to an additional contraction of
polarization vectors: in other words, these contribute to
NMSYV and onward. With the particular set of vertices in
the Abelian Higgs model, there is just one (sum over
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permutations of one) diagram for MSV amplitudes that
generalizes (B15), as quoted in (149).

APPENDIX C: THREE PARTICLE VERTICES IN
SQCD WITH ARBITRARY POLARIZATION AXES

The results for three-point vertices obtained in Sec. VA
in supersymmetric QCD can be generalized to the case of
arbitrary polarization axes. The vertices for the case of the
equal polarization axes can be found in Egs. (126) and
(131), reproduced here for the readers’ convenience:

t1[g1] — 73[g3]
[42] ’
(31)
(12)(23)°

In the case of unequal polarization axes, these expressions
change slightly. Let us first classify the solutions to the
Ward identities. These either have fermionic weight two or
three and should reduce to the above if the axes are chosen
to coincide. Of course, both of these are proportional to the
delta-function,

A3 (D), G5, @3) = 6%(Q,)

A3(q_)l’ G;—’ (D3)1]Z = 82(Qa)m

Ay = 8%(Q,)F(1,2,3). (C1)

Hence, in the weight two case, only one component am-
plitude needs to be calculated. It is convenient to let this
amplitude be ¢g™ ¢ as in this case

Al g* &) = f dnadisAs(Dy, GF, ®s), = mF(1,2,3)

(C2)
holds. Hence, in the case of unequal polarization axes
F A(¢’ g+’ d_))
A3 (D, G;“, c1)3)m = 62(Qa>T
E2,K
= 8%(Qa) (C3)
C) )

holds for one of the vertices. The other one can in general
be written as

As(D,, Gy, ®3) = 8%(Q)(c1my + camy + 313

+ C4l_,1 + C5Z3) (C4)
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for some coefficients ¢;. To this linear polynomial, one
can always add multiples of (£9Q) for some spinor &.
This allows one to eliminate two of the five coefficients,
leading to

A3(D, G, @3) = 8%(Q,)(Em, + &4T) + E513)  (C5)
for some new coefficients ¢. Now, we demand invariance
under Q. This leads to,

m

Eokd + &y ——q% + &5 —=—=q% =0,
R PR AR PRETRE

which constitutes two linear equations. These can be iso-
lated by contracting once with ¢g; and once with g3,

(Co)

m

Col2g3] + ¢4 (1] [q193]1 =0, (C7

¢ol2q,]+ ¢ [(21—3][61341] =0. (C8)

Hence, the superamplitude has to be proportional to

A3(Dy, Gy, @3) ~ 6%(Q ) (mlq1q31m, — [2¢5][q 1]z,
+ [2411[¢33]23) (C9)

to solve the SUSY-Ward identity constraints. The answer
here was rescaled to display a smooth ¢; — ¢ limit. This
leaves the determination of the prefactor. This can be
obtained by comparing to the ¢g~ ¢ amplitude,

fdzaK?d

[é2] -
(C10)

Al g™ )= [dﬂzdﬁ3d53A3(‘i)1’ G,, ®3)=

This yields

_ 1 o'zzaKad
Ay(®y, G5, D) = )(f i

2
(g 1113)Bgs D\ [£2] )5 (Q.)
X (mlg1q3]m, — [2¢3][q: 117,

+ [24111933]73). (C11)

Unequal masses can be incorporated into the above calcu-
lation without essential difficulty.
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