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Abstract

We use massive spinor helicity formalism to study scattering amplitudes in N/ = 2* super-
Yang-Mills theory in four dimensions. We compute the amplitudes at an arbitrary point in
the Coulomb branch of this theory. We compute amplitudes using projection from N = 4
theory and write three point amplitudes in a convenient form using special kinematics. We
then compute four point amplitudes by carrying out massive BCFW shift of the amplitudes.
We find some of the shifted amplitudes have a pole at z = co. Taking the residue at z = oo

into account ensures little group covariance of the final result.
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1 Introduction

The on-shell formulation of scattering amplitudes in quantum field theories has developed rapidly in
last couple of decades thanks to the clever use of the spinor helicity formalism for massless theories,
see [1-11] and references therein. In particular, it has become a powerful tool in studying amplitudes
in N' = 4 super-Yang-Mills(SYM) theories. It has also aided (super)gravity computations using
the double copy formalism [12|. This formalism has also been extended to theories with lower
supersymmetry, for some of the early works in this direction can be found in, e.g., [13] and [14].
The spinor helicity formalism is well suited to study amplitudes in theories involving massless fields.
However, for obvious reasons, it is important to extend this formalism to theories with massive fields,
and there have been several steps taken in this direction already [15-22].

A natural extension is to do an excursion in the Coulomb branch of the N' = 4 SYM theory
[23-25]. This is equivalent to studying amplitudes involving BPS states. Although BPS states
are massless states from the higher dimensional point of view, they are massive states in four
dimensions, and to accommodate them in the spinor helicity formalism one needs to double the
number of spinor helicity variables. As mentioned earlier original spinor helicity variables are ideal
for describing null momenta. The idea of doubling stems from the simple fact that any time-like
momentum can be described in terms of two null momenta. Since each null momentum needs a
pair of spinor helicity variables, we need doubling of the variables to describe the momenta of the
massive fields. A related idea has also been explored earlier where one utilises the fact that the long
multiplets of AN'/2-extended supersymmetry(SUSY) have the same number of states as the short
multiplet of N-extended SUSY algebra [17,18].

The N’ = 2 SYM theory is the next avenue to pursue in the increasing level of difficulty [13], but
these theories have much richer structure and many interesting ones have non-vanishing S-function,
see e.g., [26,27]. While it would be interesting to develop a general formalism which can encompass

this kind of rich variety, it is often easier to look at the closest cousins of the model that is well



understood. The N = 2* theory is beautifully perched between the reasonably well understood
N = 4 theory and the wild variety of N = 2 theories. The N = 2* theory is therefore a natural
meeting ground where one can test the generalised spinor helicity formalism before taking a plunge
into studying amplitudes in the N/ = 2 theory. With this motivation back in our mind, in this
paper, we address the problem of setting up an appropriate formalism for computing amplitudes
in N = 2* theory at an arbitrary point in the Coulomb branch. We explicitly compute three and
four point amplitudes in N/ = 2* theory. The N/ = 2* theory is obtained by writing N' = 4 SYM
multiplet in terms of NV = 2 vector multiplet and A/ = 2 adjoint hypermultiplet. If the adjoint
hypermultiplet is massless then we get N/ = 4 theory, but if the adjoint hypermultiplet is massive
then it breaks N' = 4 SUSY down to N' = 2. The resulting theory with a A/ = 2 vector multiplet
coupled to massive adjoint hypermultiplet is referred to as the A/ = 2* theory. This theory is in
some sense a close relative of the N/ = 4 Coulomb branch theory, in the sense that the techniques
required to study the massive theory amplitudes are similar to those of the N = 4 theory in the
Coulomb branch. However, there is a crucial difference that in the classical theory at the origin of
the Coulomb branch of the N' = 2* theory we have massless vector multiplet coupled to a massive
adjoint hypermultiplet, whereas in the Coulomb branch of the N’ = 4 theory we recover massless
N =4 SYM theory at the origin.

As emphasised above, one of our main motivations for studying amplitudes in N/ = 2* theory
comes from the fact that we can use its connection with A" =4 SYM to obtain useful lessons for
amplitudes in N/ = 2 theories. BCFW techniques for A/ = 2* theory studied in this paper may
be helpful for understanding recursion relations of amplitudes in ' = 2 theories. We employ two
different techniques to compute the amplitudes in the A/ = 2* theory. In section 2 we begin with
the characterisation of A/ = 2 multiplets, both massless and massive. We describe the massive
multiplets in the N-extended SUSY in terms of ‘long’ multiplets of N'/2 extended SUSY. We have
put the word long in quotes because, we employ the same technique for N' = 2 SUSY where the
N /2 extended SUSY is N/ = 1 SUSY, which does not possess long multiplets. However it does
possess multiplets with respect to SU(2) little group which helps organise the massive multiplets
of N = 2 SUSY. We also obtain N/ = 2 massive multiplets by projection of N' = 4 multiplets, a
method we use in the computation of three and four point amplitudes.

In section 3, we embark on the computation of three point amplitudes. After discussing the
special kinematics for three point amplitudes of BPS states 7], we derive three point amplitudes
using the method of projection from N = 4 theory. However, we find it convenient to write the

expressions in terms of the u-spinor variable, that arises in three point special BPS kinematics,



(see Eq.(3.9)) because this representation turns out to be suitable for carrying out the BCFW shift
which is done in section 5. In the N = 2* theory we have only two types of three point amplitudes,
one that involves three vectors or the other that involves one vector and two hypers. We derive both
using the projection from N = 4 theory. At the end of this section we discuss the band structure
of the scattering amplitudes. We note that, in three point amplitudes, besides the MHV and MHV
bands that appear in the massless theory, the massive theory also has an MHVxMHV band. In
section 4 we compute four point function using the method of projection. In the N = 2* theory
there are only 3 types of four point amplitudes involving the massive vector as well as massive
hyper, namely, a four massive vectors amplitude, four massive hypers amplitude, and the one with
two massive vectors and two massive hypers. We derive these amplitudes by taking appropriate
projections.

The BCFW shift in section 5 for the A/ = 2* theory does not follow from the AN/ = 4 theory
by projection in a straightforward way because the shifts involved in the A/ = 4 theory and those
required to implement BCFW in the A/ = 2* theory are different. In particular, the Grassmann
variable n? which is shifted in the N' = 4 theory is projected out in the A/ = 2* theory. As a
result, the BCFW shifts are different in the two cases. In general, the massive BCFW shifts are
not little group covariant. It is worth pointing out that this does not jeopardise the little group
covariance of the final amplitude. This situation, in some sense, is analogous to the light cone
gauge computations which do not maintain Lorentz covariance at every step but the final result
is Lorentz covariant. The little group non-covariance manifests itself in the form of the integrand,
as a function of the shift parameter z. One can therefore think of z parametrising the little group
non-covariance. In the N' = 2* case, we find that the amplitude containing gauge fields in the
external legs do have a pole at z = oo, and incorporating the residue from this pole is essential in
getting the little group covariant answer for the amplitudes. We, in fact, find that the little group
non-covariance is a blessing in disguise in the sense that the z dependence of the integrand induced
by it makes the non-covariant terms conspicuous. By accounting for the contribution of all the poles
it is easy to see that the little group non-covariant contributions to the amplitude cancel pairwise
and the final result is little group covariant. We turn this observation on its head to propose that
the covariant amplitude can be obtained by simply ignoring the z dependent parts of the integrand
and hence ignoring the resulting pole at z = co. We believe this may be an efficient way of pulling
out covariant expressions for amplitudes by leveraging the little group non-covariance. We end with
concluding remarks in the section 6 where we summarise our main results and speculate about

wider applicability our procedure. Our notation and conventions as well as other technical details



of some computations are relegated to appendices.

2  On-shell supermultiplets

In this section we will discuss the on-shell supermultiplets for N’ = 4 and N/ = 2 BPS multiplets.
The BPS condition is defined in (A.16) in Appendix-A where we have listed the spinor helicity
conventions relevant for this paper. Here we first recall the notation used for representation of BPS
multiplets in A/ = 4 super-Yang-Mills [18]. We then generalise it to construct BPS multiplets in
N = 2 theory. In the end we show that this same multiplet can be obtained by projection of the

N = 4 multiplet. We will use this method of projection in later sections.

2.1 N =4 SYM 1/2-BPS multiplet

To set the stage for N' = 2 massive on-shell supermultiplets, let us first discuss the construction
of N'=4 SYM 1/2-BPS multiplet [18]. We will utilise the supersymmetric massive spinor helicity
formalism in four dimensions developed in [17]. The basic idea behind this construction is to
capitalise the fact that the dimension of a short multiplet in the N extended supersymmetry is
same as that of the long multiplet in the A//2 extended supersymmetry. Therefore, to construct a
1/2-BPS representation in A -extended supersymmetry, one can use the long massive multiplets of
N /2 supersymmetry.

In the original N-extended supersymmetry, a 1/2-BPS representation has the same number of
degrees of freedom as a massless representation. Therefore, when we take the massless limit of the
1/2-BPS representation, it is merely a rearrangement of the components of the on-shell superfield for
the massless representation. This rearrangement can be understood from the fact when we consider
supersymmetry representations with the same maximum spin or helicity, the Clifford vacua for
the massive and for the massless theories are different. For instance, the helicity of the Clifford
vacuum for the massless hypermultiplet is hy = +1/2 whereas the Clifford vacuum for massive
hypermultiplet has spin sqg = 0. We will see that this basis change is implemented by a half Fourier
transform in the Grassmann variables that organise the on-shell supermultiplets.

The mapping between massless multiplets and massive 1/2-BPS multiplets can be implemented

by using following steps.

e Represent the massive 1/2-BPS multiplet in A-extended SUSY by using the massive long
multiplet in the N//2 SUSY.



e Take the massless limit of the superfield, by replacing the Grassmann variable ¢ (where a is
the A//2 SUSY index and I = =+ is the SU(2) little group index) for massive fields by a new

set variables n?, ij'® using the rule n* — 7 and ny — 7

e The massless N/ SUSY multiplet is then obtained by performing the half Fourier transform

from 71 to n'®.

The set (nt = n?, 1/®), are the appropriate Grassmann variables for the massless A” SUSY superfield,
and the half Fourier transform carried above achieves the necessary rearrangement of fields to change
from the Clifford vacuum with helicity sy to Clifford vacuum with helicity hy.

Let us now consider N' = 4 1/2-BPS SYM multiplet. In [18], this was represented as a long

massive vector multiplet! in ' = 2 supersymmetry which is given as,

1 a
3771an77‘] VI +nininin?é. (2.1)

W= ¢+7ﬁ¢ __77[77J( IJ¢ab +6abW[J)+
To understand how one obtains the massless SYM multiplet in the massless limit of above, let us
carry out the steps outlined earlier. By taking n® — n® and n¢ — 7', we obtain,
G= W‘ n% —n®nG —nte

~ta ~ta ~ta — 1 a — 1 a>
= ¢+ n"Y, + nT ¢(—1F _ n’f nbﬁb(ab) _ n‘r UbﬁabW(+ ) _ 577 UbﬁabW( — 5771‘ Tbe bw(++

9
Py + ity n?e. (22)

2 k-
+ SAain bt — 2

3
This representation is known as the non-chiral representation of the N' =4 SYM multiplet [28]. To
see this note that the helicity of the Clifford vacuum in the above superfield is so = 0. However,
we know that for the massless N' = 4 SYM representation theory, in the chiral representation, the

helicity of the Clifford vacuum is hg = 1. To achieve this rearrangement of fields, let us implement

a half Fourier transform of the Grassmann variables such that 777 to n’®. We get,

2
G = [ TI (are) @
a=1
=126 + e+ ey = nf 0t (G + W) = 0P (6 — W)

- 2 . 2 .9 a X
+ 00 sy — 'y + nt Pyt yPW T — WD 4 3" — oo by + S0t — n'n?e,

3 3
(2.3)
where we used €5 = —1. The above superfield has helicity hg = 1 as expected. We can now rewrite
the above by using (n = 1%, 7*) to obtain,
1 1 _
G=g"+n"N\a— 500" Sap — 0" nNipe — 0oy (2.4)

2 6
'We will interchangeably refer to the vector multiplet as the SYM multiplet in this paper.

6



where,

gt =W, g =-w, Si2 = =0, Sss = —¢,
Sis = =W — ), Sau = bz — W, S1e = —da), So3 = —P(22);
>‘1_23 = _gﬁzz_: /\2_34 = —1y, /\1_34 = =y, Aoy = _gﬁzf,
M =23t Yo =234, X = ¥, M=t
(2.5)

From the above, it becomes clear that the longitudinal mode of the massive W boson arises from
the scalar fields of the massless SYM multiplet. Thus (2.1), describes the Coulomb branch of
N =4 SYM. Note that even though the central charge structure is different for N' =4 and N' = 2
supersymmetry, this is not relevant when considering on-shell representations. In this spirit, we will
call massive multiplets in A/ = 1 supersymmetry as long multiplets even though the central charge
term is absent in A/ = 1 supersymmetry. This nomenclature is helpful as massive N’ = 1 multiplets
can be used to describe 1/2-BPS N = 2 multiplets analogous to how long A/ = 2 multiplet can be
used to represent 1/2-BPS N =4 SYM.

Before we proceed to construct N' = 2 supermultiplets using N' = 1 long multiplets, let us ask
what is the massless limit of the A/ = 2 SYM multiplet (2.1) within N' = 2 supersymmetry. To
perform this massless limit, we need to take n§ — n* and % — 7, where 7 organises the massless
limit of the long massive supermultiplet in terms of distinct massless supermultiplets. This leads

to,
a, ), — 1 a, b (=) ~a, )+ ~a, b ~a, b (+-) 2Aa b, . —
Wne sname e = @+ 0%, — S eaW T+, — ' Plaby — NN €W — 30 M,
1

NN 2 N T NN 7
— 50 W) 4 3 D’y — =0*Nan' 0 6. (2.6)

N —

Therefore, we can write the above massless limit in terms of three massless superfields as,

—_

Wins sname —he = ® + Ny = SV, (2.7)

\)

where the massless superfields are given as,

_ 1, L
=+, — —nNPea W,

2
_ 2 ~_
U= =0y — nleaW ) — gnbnb% :
4, 1, -
W =W — gn”w: = 51" (2.8)

It is clear from the above that ® and W) superfields describe an A/ = 2 SYM multiplet con-

structed in [14], and W describes a massless hypermultiplet. Notice that the longitudinal mode of

7



the W boson in the long N' = 2 multiplet originates from the massless hypermultiplet. Therefore if
we use (2.1) to describe a massive N’ = 2 theory, then we are likely to obtain the Higgs branch of
N =2 SYM. Notice that the on-shell hypermultiplet here occurs as a superfield which is a doublet
under R-symmetry with Clifford vacuum of helicity hy = 1/2 being a doublet of fermions. This
choice is appropriate as this organises the scalars in the hypermultiplet into a triplet and a singlet
under R-symmetry. This singlet is in fact the longitudinal mode of the W boson in the massive
theory. Therefore, the organisation of R-symmetry is consistent with the Higgs branch. However,
in this paper, we are interested in Coulomb branch amplitudes as we are considering N' = 2* theory

where the absence of massless hypermultiplets implies there is no Higgs branch.

2.2 N =2 Supersymmetry 1/2-BPS multiplets

To study the amplitudes in the Coulomb branch of N' = 2* theory, we need the 1/2-BPS on-shell
superfields for SYM as well as hypermultiplets. These representations are obtained by using N = 1
long massive multiplets as we show below. As before, the fact that central charge structures are
different for N-extended and N /2-extended supersymmetry is not relevant for studying the on-shell
representations. In our case, the N' = 1 long multiplets are those that were introduced in [17]. Here,
we will show that these reproduce the right massless limit when they are used to describe N' = 2

1/2-BPS multiplets.

2.2.1 N =2 hypermultiplet

We can now try to construct the N = 2 1/2-BPS hypermultiplet by using the long N' = 1 chiral

multiplet which is given as,

1 N
®=¢+nx — 577177[¢- (2.9)

Let us first implement 1_ — 7 and 1, — 7. We then get,
O =¢+nx +ix" +ine. (2.10)
Half Fourier transform from 7' to 1’ leads to,
&= [ dif (L4 )6+ e+ +itnd)
=16 —ni'x” +x* +no. (2.11)
We can now relabel the Grassmann variables as, n!' =7, n? = /. We then obtain,
O =\t +ntpa—n'n’x (2.12)
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where ¢4 = (¢, ¢). This clearly the ' = 2 massless hypermultiplet.

There is one subtlety here, which is that unlike the N = 4 SYM multiplet, the NV = 2 hypermul-
tiplet is not self conjugate due to SU(2) representation theory. This is complemented by the fact in
the original A" = 1 theory, if the fermion is Dirac then one needs an anti-superfield. Therefore ® and
its anti-superfield provide the massless N' = 2 hypermultiplet. Thus N’ = 2 massive hypermultiplet

is represented by ® from (2.9) as well as an anti-chiral superfield ® with the same structure.

2.2.2 N =2 SYM 1/2-BPS multiplet

To construct the 1/2-BPS N = 2 SYM multiplet, consider the N' = 1 massive SYM multiplet,

1 -
W= X 4 p'H +n,wd) — Qnﬂy‘]}\] (2.13)

We now have a doublet of on-shell superfields under the little group. Let us first consider the case

of Wt superfield. In n, 7" variables it reads,
W =Xt 4 (WD) + H) + W — gyt At (2.14)
Half Fourier transform yields,
W = / dif' (L' )X+ (W) o H) 7 W — gt d)
=)A= (WO 4 H) + WED ot (2.15)
Finally in the n = (1, ') variables,
WT =g + 924 — ', (2.16)

where Ay = (AT, A7), g = W& and o = (W) 4+ H). This is nothing but one of the on-shell
superfields that represent massless N’ = 2 SYM. Similarly, by considering the high energy limit of
W™, we can recover the full N/ = 2 massless SYM. We can see that the longitudinal component
for the massive W boson comes from the scalar in massless SYM. Therefore (2.13) is the 1/2—BPS
N =2 SYM on-shell superfield appropriate to describe the Coulomb branch of N = 2 (as well as
N =2%) SYM.

2.3 Projection from N = 4 supermultiplets to A/ = 2 supersymmetry

We will now discuss a very useful connection between the N' = 4 SYM theory and a theory with
N =2 SYM coupled to an adjoint AN/ = 2 hypermultiplet. For massless case, this connection has
been discussed and utilised to present amplitudes for the N' = 2 theory in [29,30]. For the massive

9



case, the relationship at the level of multiplets was discussed in the appendix of [18]. However, it
was not utilised to write the amplitudes for ' = 2* theory. We will discuss the massless and the
massive case below at the level of multiplets, which will help us write the amplitudes for N' = 2*
theory in future sections.

2.3.1 Massless supermultiplet projection

Let us first consider the massless case. The massless on-shell superfield for N =4 SYM is given as,

1 1
G = g+ + 77A)\A — EUAWBSAB - EUAUBUC)\ZBC - 7717727737749_a (2-17)

If we expand the above on-shell superfield in the Grassmann variables 7 and n?, we obtain,
Grnes = Glrey + P Opra + ' Prr—a — 10 Gy, (2.18)
where,

Gj\rf:Q =g" +7"A\0 — ' Sha,

1 _
Dprmg = A3 — 1" 34 — §n“nb/\3ab,
_ 1 -
Dp—g = Ay — 1" S4a — 577anb)‘4ab7
Grey = Sa + 1" A\g0, — 0079 (2.19)

These are the on-shell superfields for the N' =2 SYM and A = 2 hypermultiplet. To read off the
amplitudes in the N = 2 theory, begin with the N/ = 4 SYM amplitude and expand in terms of
n® and n?* variables. If there is no n® or n* corresponding to a particular external leg then that leg
corresponds to the superfield G},_,. Similarly, ®y— if there is only 7%, ®y_s if there is only n*
and Gj,_, if there is both 7?,n* corresponding to a particular external leg. Conversely, if one has
the N' = 2 superamplitudes, one can appropriately add them with factors of n® and 7n* to obtain
the N = 4 superamplitude.

2.3.2 Massive supermultiplet projection

Since the massless projection discussed above proved useful in writing down the tree level amplitudes
for N' = 2 SYM coupled to a massless N' = 2 hypermultiplet, it is natural to ask if such a connection
exists between the massive 1/2-BPS multiplets. Let us now see how this can be done.

We had represented N' = 4 SYM amplitude by using the N = 2 long multiplet given as,

1 1 ~ i
W = ¢+ ity = Sy (e” b + €W + SN P+ MR- (2.20)
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Here, a = 1,2. We can expand the above supermultiplet in terms of the Grassmann variables n? to

obtain,
1 _
W=+ W — 577?77361](1), (2.21)
where,

1
= ¢+ — =nnie’ o,

2
92 _
W =gl — oy + ) — S
_ 9 1 R
D = ¢y — gﬁ}dbé( - 577}(7&6[(%57 (2-22)

Clearly, the above decomposition yielded long massive N’ = 1 chiral and anti-chiral as well as long-
massive N/ = 1 SYM multiplet, which represent N/ = 2 massive hypermultiplet and N/ = 2 half-BPS
SYM multiplet respectively.

Therefore, we propose that amplitude for N’ = 2 SYM in the Coulomb branch with a massive
hypermultiplet can be obtained in non-chiral superspace by expanding the N' = 4 SYM Coulomb
branch amplitude in powers of n?. No 7? for a particular leg puts it in ®y—, a single n? for a

particular leg puts it in W and two n? for a particular leg puts it in ®—s.

3 Three point amplitudes

In this section, we will present the three point amplitudes for N/ = 2* theory. We will first review
massless and massive three point special kinematics. We will then review the computation of mass-
less three point amplitudes for N' =2 SYM coupled to an adjoint N/ = 2 hypermultiplet. Further,
we will consider the three point amplitudes of N' = 4 SYM to Coulomb branch to obtain three
point amplitudes for N' = 2* theory by projection. We will also elucidate the equivalence between
different forms of results obtained from the projection and we give the three point amplitudes in

terms of special u spinors that will prove particularly useful for BCFW analysis in the next section.

3.1 Three point special kinematics

Let us first review the well known massless three point special kinematics |7]. Consider three parti-
cles with momentum py, ps, p3 respectively. We will consider all external momenta to be outgoing.

Therefore, momentum conservation reads,
Py +ph +p5 = 0. (3.1)

11



This leads us to,

= (=p2—p3)> =2py - p3 = 0,
p3 = (—p1—p3)® =2p; - p3 =0,

p; = (=p1 = p2)* =2p1 - py = 0. (3.2)

From massless spinor helicity formalism, we have,

2p; - p; = (i7)[ij]- (3:3)

By using (3.2) and momentum conservation, we can see that we can have two consistent limits for

three particle special kinematics. Either,

[12] = [23] = [31] =0, (3.4)
or

(12) = (23) = (31) = 0. (3.5)

This is of course made possible by considering momenta to be complex, as for real momenta angle
and square spinors are related by conjugation. When (3.4) is imposed, one obtains amplitudes
written only in terms of angle spinors and vice versa for (3.5).

For massive particles, of interest to us is the three point special kinematics involving amplitudes
for BPS and anti-BPS multiplets. The BPS condition along with central charge conservation for the
amplitude will lead to a condition on the masses of the external legs. If we consider a three particle
amplitude with two BPS and one anti-BPS multiplet then this condition will read m; + ms = ms
where the second leg is taken to be anti-BPS. When this condition is satisfied, the following relation

is satisfied.

—2p1 - p2 +2mimg = —pg - mg =0,
—2py - p3 + 2mamsz = —p% - mf =0,

2ps - p1 + 2mamy = p3 +m3 = 0. (3.6)
From massive spinor helicity formalism, we have,
1
—2p1 - pa 4 2mymy :5([112’] — (1727))([1727] — (1727))

= det([1'27] - (1'27)),

—2py - p3 + 2mamy = det([273%] — (273%)),

12



2ps - p1 + 2mamy = det([3%17] 4+ (3% 17)). (3.7)
Therefore, from (3.6), one obtains,
det([i'57] £ (i'57)) =0, (3.8)

where the relative minus sign occurs when one of the legs is BPS and the other is anti-BPS.

From (3.8), we see that the matrix [ilj7] £ (ij7) is of rank 1. Therefore we can write,
[i57) £ (i'57) = uiv], (3.9)
where 7 < 7 in cyclic ordering. Not all of these equations are independent. For instance,
([1727] = (1727))([23%] = (2,3")) = wjvyua vy’ (3.10)

The left hand side can be shown to vanish by using spin sums (A.8) and the expression for massive

momenta in terms of massive spinors. This gives us,
I I
Uy X Uy- (3.11)

Similarly, we can see that all the v spinors are proportional to the corresponding u spinors. This

leaves a scaling freedom, which we can use to set v/ = u! so that,

[i157] £ (i'57) = ulu! (3.12)

[ )

where ¢ < j in cyclic ordering and the relative sign is as explained before. By contracting the above

with u;; and u;;, we see that the above equations are solved by,
urr|17) = u9s]27) = usk|3%) = |u),

u1]|1[] = _U2J‘2J] = U3K’3K] = \u] (313)

The above equations capture the three point special BPS kinematics for massive particles. Recall

that we have,
pi = [i")iz]. (3.14)

It will be useful to see how to decompose this to manifest three point special BPS kinematics.

For w;r, consider dual variables w;; such that w; wa = e!u;;w;; = 1. We can insert this in the

expression for momentum to obtain,

pi = uigw; |i)[i]
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= wyw |i)[ig| 4+ w! ") (wislir| — wirlig])

= —]u) [i‘]\wu + wu\il>[z“]|uu

= —Ju)[i” |wiy + wig]i)]ul, (3.15)

where the relative sign is minus for anti-BPS leg due to the definition of |u] spinor in (3.13). Further,
variables w;; = |u;|w;; will be useful for some manipulations. The u and v variables defined above
have been considered before in the context of four and higher dimensional three particle special
kinematics in [3,11,18]. We will see that these u-spinors will be useful to represent the three point
amplitudes in a convenient way to simplify BCFW computations. We will note a few relations that

we will use later. From (3.13), we have,
pilu) = £m;lu], (3.16)

where the minus sign applies for anti-BPS legs. The multiplicative super-charges for three point

amplitude are,

1 a a a a
75 @ = =) = ngi[21) — iy 13°),
1 a a a
—2Qa+2 = 7711|1I] - 7721|21] + 7731|3I]' (3.17)

V2

From (3.16), we see that,

[uQar2] = (uQ™). (3.18)

This shows that in the three particle super amplitude the delta functions in the two multiplicative
supercharges are not independent and one has to account for the above relation to obtain the right

supercharge conserving delta function as discussed in [18§].

3.2 Three point massless amplitudes by projection

In the previous section, we discussed how the massless N’ = 4 SYM on-shell superfield can be
decomposed in terms of Grassmann variables 7, n* to yield on-shell superfields for massless N' = 2
SYM and N = 2 adjoint hypermultiplet. We can perform the same expansion of the N' =4 SYM
tree level amplitude to obtain the scattering amplitude for N' = 2 SYM coupled with an adjoint
hypermultiplet. We will now perform this for three point amplitudes. We want to emphasize that
all the three point amplitudes considered in this section and higher point ones studied in later

sections are color ordered. Massless fields live in the adjoint representation of the gauge group. Let
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us compute the 3-point amplitudes. We know that the 3-point MHV amplitude in N/ = 4 SYM is

given as,

i5%(Q)

AYV(Gprey, Gar—s, Gar—y) = 12 23) (31"

(3.19)

where,

M@ H > nitnig). (3.20)

A=1 i<j

We get the desired massless A/ = 2 amplitudes to be,

AGa G Glrcr) = 1 0@ AulGes G ) = 0 (Q),
A G G Gv) = 50 (@) Ay(Cyry @, 8) = éw@,
Ag(Gr_y, B, @) = %5@(@), Ay(®, Gy, ®) = @5@ @),
A(®,Gy_y,®) = 1Y@, As(®.3.G) = 1150V (@)
As(D, D, Gy = %5@(@). (3.21)

Amplitudes for hypermultiplets interacting with G{;_, come from the anti-MHV amplitude in A" = 4
SYM.

10 ([12]ns + [23]m + [31]n.)
[12][23][31]

ASMIV (G Gy, Grey) = (3.22)

We get the desired massless A/ = 2 amplitudes to be,

A G Gy i) = i (120 -+ 28001+ [3m).

—i[31]
[12][23

—

As(Gly, ey, Giroy) = 5@ ([12]ns + [23]m1 + [31]ma),

=

AsG Gy G) = o0 (120 + 28001+ 3.
As( Gy @, 9) = [;3] 5 ([12)ns + 231 + [31]n2).
A3(Gry, ®,®) = %3 6O ([12]s + 23] + [31)m2),
As(®, Gy, @) = [;—1]5<2><[121n3 + 23 + [31]m2),
A(®, Gy ®) = o6 (12 -+ (28 + [31]).
As(®, 8, Gyy) = o0 (1205 + 28] + (1)),
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- —1
As(®, D, G) = m5(2)([12]n3 + [23]m1 + [31]2). (3.23)
Four point and higher point amplitudes can also be obtained in a similar fashion as explained
in [29,30]. We will see how an analogous projection can be used to write three and higher point
amplitudes in the Coulomb branch of N = 2* theory. The three point amplitudes considered here

will be obtained as high energy limits of three point amplitudes in N' = 2* theory.

3.3 Massive three point amplitudes of A/ = 2* theory by projection from
N =4 SYM

In this section, we will discuss how to get the massive three point amplitudes for the Coulomb
branch of N/ = 2* theory from the N = 4 Coulomb branch amplitude by using projection. It is
to be noted that we are dealing with color ordered amplitudes. To illustrate this let us consider
the case where the gauge group in massless N' = 4 SYM theory at the origin of the moduli space
is broken to two gauge groups, say U(N + M) — U(N) x U(M) when we move away from the
origin due to the presence of massive fields. Massless superfields live in the adjoint representations
of either of the two gauge groups, whereas massive superfields are bifundamentals of U(N) x U(M)
- they live in fundamental representation of one group and anti-fundamental of the other [24]. More
generally the gauge group of the massless theory is broken to multiple sub-groups, [ [, U(V,) and
the color ordering continues to hold. For convenience we suppress the color indices of the fields
while writing the amplitudes. Central charge conservation for the superamplitude dictates that in
a three point amplitude one should take at most two BPS (anti-BPS) multiplets and the other one
to be anti-BPS (BPS). The expression of massive three point N' = 4 SYM amplitude where the
second leg is taken to be anti-BPS and the other two legs to be BPS is given as [18],

1

m3(q|p1ps|q)
1

_ 50 (Q,.9)8@ ((qO1)), 3.24

<(J‘p1p3’CI> (Q +2) (<QQ >) ( )

As[ Wi, Wa, Wi 09(Q)6® ({qlps| Qus2]).

where, the R-symmetry index a = {1,2}, and the central charge conservation condition translates
to my1+ms3 = my. Even though momenta corresponding to the first and the third leg are manifestly
present in the overall factor for the above expression, using momentum conservation p; + ps + p3 =
0, we can replace these momenta with other pairs of momenta. As we had discussed earlier,
three particle special kinematics renders the supercharges along the special u spinor directions
dependent. Therefore the reference spinor |¢) is introduced such that (qu) # 0. This helps us

extract the component of the supercharge in the direction orthogonal to |u). It can be shown that
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any component amplitude is independent of the reference spinor. Thus the reference spinor is useful
to organise the component amplitudes into superamplitudes. The supercharges for N/ = 4 massive
theory are,
Quy2 = |1I]77?,I - |21]77§,1 + |3I]77§,17
QT& = _|1I>77[11,I - |21>77(21,1 - |31>77§,1‘ (325)
We will substitute this in (3.24) and expand in terms of 77 variables to obtain,
5 (QTa) = @ (QT) (<112J>77%,I77%,J + <113J>77%,I77§,J + <213J>77§,I77§,J

1 1 1
J. 2 2 1J. 2 2 1J 2 2
TSE TN g T S T2€ 1)y 15 g+ 5 TNsE 773,In3,J>7

2 2 2
5 (Qa+2) = @ (Q) (_[112J]77%,177§,J + [1]3J]77%,177§,J - [213J]77§,177§,J
g = s — Smac i ),
0® ((alps| Qaral) = 0 ((alps|Q)) ((alps[1™]ni v — (alps2VIn3 v + (alpsI3™)m5 )
0® ((¢Q™™) = 6 ((a@") (—(A™Mnin — (@) n — (@B )n3n) (3.26)

where we have defined the super charges, Q' = Q' and Q3 = Q for N/ = 2 supersymmetry. As
discussed earlier, due to three point special BPS kinematics these supercharges are not independent
but satisfy the relation(uQ') = [uQ]. Thus, analogous to the AN/ = 4 case, we can write the
three point supercharge conserving delta functions in two equivalent forms, §(* (QT) 0 ((qlp:|Q)]) =
ms® (Q)5 (@) . Vi = {1.2,3}.

Equipped with the above decomposition of N' = 4 supercharge conserving delta functions, we
can calculate different three point amplitudes in N' = 2* by using projection. These three point
amplitudes will play the role of the seed amplitudes in the BCFW computations in the later sections.
Analogous to the massless N' =2 SYM coupled with adjoint hypermultiplet, in the N' = 2* theory
we have two types of three point amplitudes, one with all massive N/ = 2 SYM vector multiplets
As (W, Wy, Wi] and another is the N' = 2 SYM vector multiplet interacting with one BPS-anti-
BPS pair of the A" = 2 hypermultiplet, A3 W], ®,, ®3].

3.3.1 Amplitudes with one N = 2 vector multiplet and two hypermultiplets

The three point amplitude which reflects the coupling between N' = 2 SYM and N = 2 hyper-
multiplet involves one massive SYM multiplet with one BPS anti-BPS pair of hypermultiplets. To
obtain this amplitude let us project out either expression of (3.24) with respect to the appropriate

n? variables following (2.21),

_ 0 1 0 0 -
Az [W{,q’% ®3] = (w) (5W&W> Az Wi, Wa, Wi
b b 3

771.27]%0
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{qlps|1"] +ms(q1")
-( 52 (Q0((4')). (3.27)
{qlprpsla)
Since the above answer seems to prefer the external momentum p3 we can try to see if there is any
symmetry when it is replace with the momentum py for the anti-BPS multiplet. We can replace

ps = —(p1 + p2) and my = my — m; to get,

I F _ (q]pglll]—m2<q1[> (2) T
Ay [V, B, ) ( Lo )5 (Q)5((4Q"). (3.28)

Thus the three point amplitude is symmetric under the replacement ps — ps, mg — —msy. The
minus sign (—) before the factor with mass term ms reflects the fact that the second hypermultiplet
is anti-BPS. One of the key observations in this paper is that there is a way to represent this
amplitude which will make the BCFW computations significantly simpler.
The amplitude(3.27) in terms of the u-spinors can be represented as follows,
I

AW ] = - (L 500)(0an) (3.29)
We have shown in Appendix-B.1 how this can be derived. In BCFW analysis, we will use this form
for the three point amplitude.

Massless limits: In the origin of the moduli space for N' = 2* theory, a massless N' = 2 SYM
multiplet is coupled to the massive adjoint hypermultiplet. We will also be concerned with the
amplitude at the origin of the moduli space. Therefore we take the high energy limit of the above
three point amplitude where the N' = 2 SYM multiplet is made massless. As discussed in the
previous section, the supermultiplet W' goes to two on-shell superfields G* and G~ in the high
energy limit corresponding to the choices I = +, — for the supermultiplet. We have the following
three point amplitude with one positive helicity massless SYM multiplet and one pair of massive

hypermultiplets,

= 1
Az (GT, @y, @3) = @5(2) (@) 6 ((q@")) - (3.30)
Central charge conservation equation implies ms = mz = m with m; = 0. By applying special
kinematic conditions one can verify the identity, {(q|p2|@Q] = —m(gQ"), which you have used to
express delta functions. Similarly, with one negative helicity massless SYM, we obtain,
1

A (G, 82,®3) = —7 o

0 (Q") 8 ({alps|Q)) - (3.31)

The above amplitudes will be useful to construct massive four-point amplitudes with massless

interchange which we have given in Appendix-D.
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3.3.2 Amplitudes involving only N = 2 vector multiplet

We will now calculate the following three point massive SYM amplitude in the concerning N = 2*
theory. Starting from the first expression of the amplitude (3.24), and taking the projections with

respect to the n? variables, we get,

5'77%,1 377§,J 877%,1(

_ (<1I2J><QIP3!3K] + (173%) (qlps|27] + (273%) (q|ps[1’]
m3(q|p1p3|q)

_ o 0 0 _
A3 [Wll7wé]7w?{(:| = ( ) A3[W17W27W3]

nl.271~>0

) 52(Q)5((gQ").
(3.32)

Similarly, if we start from the second expression of (3.24) and by taking similar projections we get,

[1727](g3") + [173%](q27) + [273%](q1")
(qlp1pslq)

Ay VLWL WE] = — ( ) 5(Q)3((Q").  (333)

Here we have used the relations between the delta functions, 6 (QT) § ({g|ps|Q]) = m36® (Q) 0 ({gQT))
that arises from three particle special kinematics. The expressions obtained above by using two
different forms for the A = 4 SYM amplitude appear to be different even though they describe the
same amplitude. However, they are indeed equal and it can be shown if we multiply and divide the
second expression with [pu], where [p] = I*|g) and use Schouten identity we will obtain the first
form. The use of |u| spinor here is to convert square spinors into angle spinors after the Schouten
identity has been used. i.e., we use [ui!] = 4(ui'), where the minus sign applies to the anti-BPS
leg.

We can further express this amplitude in terms of the u-spinors, in the following way,
(ug)(ul’)(273%) <uq><u2‘]>(1]3K>> 02(Q)5((4Q"))

3.34
mims mams (q|pipsla) ( )

A3 [WII7V_Vé]’W3K] == (
In the next section, we will see how this will simplify the BCFW computation.

Massless limit: If we take the first multiplet to be massless where W — G, the amplitude

(3.32) becomes,

(273" ) {glps|1] 5@

Az [GF Wy W] alpipsla) (@)3({gQ"). (3.35)
Similarly, with W~ — G, we have from (3.33),
- 273K
A G W W] = — Qe (3:30

The above amplitudes play the role of the seed amplitudes while calculating BCFW recursions with

massless exchanges in Appendix-D.
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3.4 Band structure

It is well known that massless N' = 4 SYM amplitude has MHV and MHV configurations, however,

in the case of massive theory, there is an additional configuration analogous to MHV x MHV which
vanishes in the high energy limit. In general, various helicity sectors of massless amplitudes combine
into single little group covariant forms and this is referred to as band structure. Band structures of
N =4 SYM amplitudes in the Coulomb branch have been studied in [24].

Here we show the band structures of three-point massive vector amplitude in N' = 2* SYM
theory. Let us consider three-point amplitude with the third state being massless. Therefore the

BPS constraint implies m; = my = m. The supercharges are given by

Q" = _|1I>77i1 - |21>77%,1 + [3)73,

Q2 = ‘11]77%,1 - ‘21]77%,1 + |3]77:t,1' (3.37)
Using three-point kinematics we find

(3Q™) = (3121Qa). (3.38)

m
Three-point amplitude has supercharge conserving delta functions given by

0 (Q™) 0 ({glp1|Q2])

1 1 1
= g ((@Q™M) 3 ((3Q™) 6 (alp|@2)

= @5 ((aQ™)) 8 ({alp1]Q2]) ((B1F)¢x + (317)¢) (3.39)

where we define ¢; := L (1;Q™). In the high energy limit for MHV amplitude we have the scaling
[iTjt] ~ O <%2>, whereas for MHV amplitude the scaling is (i7j~) ~ O (%) [17]. Therefore
in the above equation, either of the two terms survives in the high energy limit depending on the

helicity configuration.
P1
31Ty = —(@3|—1*
By = @2
4!
= —z[317 = [3) = z[3]. 3.40
B Py =afy (3.40)

So the first term gives rise to MHV amplitude in the massless limit.

B = (U (0 - (172 e + O ()
= —(B1")my + (32")m2y + O (m))

= (3[p1]Q2], asm — 0. (3.41)
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In the second equality we have used the Schouten identity,
(B1H)(172%) = — ((173)(172%) + (1717)(327)) .

The term (172%) ~ O (%) and hence is subleading.

Similarly for the MHV case second term in Eq.(3.39) can be expressed as

(317)¢ = (31‘)% ((1F1)m- + (1727 ) 4+ O (m?))
= —((317)m- + (327 ) + O (m))
= (3Q™), asm — 0. (3.42)

To be consistent with notations in the previous sections we will ignore superscript and subscript on
the super-charges when taking the massless limit. The full three-point massless amplitudes are ob-
tained by taking into account the prefactors multiplying the delta functions along with appropriate

limits of the band structures as discussed above.

4 Four point N = 2* amplitudes projected from N =4 SYM
amplitudes

In this section, we will calculate the tree level massive (color ordered) four-point amplitudes of
the N' = 2* theory by using projection, similar to how we obtained three point amplitudes in the

previous section. The four-point massive N' = 4 SYM amplitude with two BPS multiplet (W) and

two anti-BPS multiplet (W) is given by,

_ _ @) (Ota)54)
A4[W17W27W377W4] = 5 <Q )(5 (Qa+2)a (41)

512541

where, the masses for the external legs satisfy central charge conservation relation m; + mg =
ma +my. The generalized Mandelstam variables are defined as s;; = —(p; + p;)? — (m; £m;)?, and

the four particle supercharges of the N' = 4 theory with a = {1,2} are given by,

Qf* = —|1I>77f,1 - |21>77§z,1 - |31>77§,I - |41>UZ,17

Quy2 = |1I]77i1 - ‘21]775,1 + |3I]77§,1 - ’41]77511,17 (4.2)

As evident from the notation above, the legs 1 and 3 are BPS and the rest are anti-BPS. We now

decompose the above supercharges in terms of n? variables to get,
sW QM) = s QM ((112J>77%,I77§,J + <1I3J>77%,177§,J + <1I4J>77%,1772,J + <2I3J>77§,17]§,J + <214J>77§,I772J
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1
+<314J>77§,I772,J + §€U [mﬂﬁ,ﬂﬁ,J + m277§,177§,J + m377§,177§,J + mmimiﬂ)
0@ (Qus2) = 62(Q) (_[112J]7I%,177§,J + [113J]77%,177§,J - [1I4J]77%,1772,J - [2]3J]U§,177§,J + [2I4J]77§,1772,J
1
BV s — 5 [kt + i e ts) ). (439

where Q' and @ are the super charges for the A/ = 2* theory as introduced in the previous section.
a) Let us first calculate the massive 4-point amplitude in the NV = 2* theory with two BPS

hypermultiplets (®x—s+) and two anti-BPS hypermultiplets (®x—y-) external legs, by taking the
projection from Eq.(4.1) as,

_ _ 1 0 0 1 0 0 - -
Ay[Pq, Py, D3, Oyl = — Z
4[®1, Dy, O3, Dy (2877ny 877%1() (2877§K 37732,,1\7) A Wi, Wa, Wy, , W] .-
5@ (0§
_ (_<1I3J>[1I3J] o lems) (Q ) (Q)

512541

_ 51 5@(QN52(Q), (4.4)
S12841

where we have used s13 = —(p; +p3)? — (mq +m3)* = —2p; - p3 — 2mymz = —(1137)[1;3 ;] — 2mymy

which can be deduced with the help of relations given in Appendix-A.

b) Similarly, we can calculate the 4-point N' = 2* massive SYM amplitude with two BPS and

anti-BPS combinations by projection,

0 0 0 0
a77%,1 877§,J 5773%,1{ aUZ,L

ALV VW V] ( ) A We, W Wi VB

= — ((112J)[3K4L] + (113%)[2745] 4 (174%)[273%]

+ (2735 [1147] + (274")[173%] + <3K4L>[112J]) FADITQ)

(4.5)

512541

c) Finally, by a similar procedure, we can calculate the 4-point amplitude with two massive N' = 2*

SYM and two massive hypermultiplets,

= _ a 0 1 o 0 _ _
Ay WE WY 3,04 = (— > ( ) Ad Wi, Wa, Wi, , Wi

_- ey —
o O 4 2 0Nk O3 1 2 =0
_ (<1I\p3\2J] + (27|ps|17] — ma(127) — m3[1I2J]) §@ QN5 (Q)
512541
I J J I IoJ I1oJ
— - (“ Ipaf27) @2 lpal 1] o ma (1727 - malL72 ]) S (QNIP(Q).  (4.6)
512541
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From the second last equality to the last one of the above calculation, we have shown that the final
expression is symmetry under the interchange p3 — ps and mg — —my. The negative signs indicate
that the one hypermultiplet is BPS and the other is anti-BPS.

It is easy to show that the other 4-point massive N' = 2* amplitudes with different combinations
of multiplets (for example, three hyper with one SYM) do not exist by counting the number of
Grassmann variables.

The results obtained in the previous section and this section for three and four point amplitudes
using projection is one of the main results of this paper as well as convenient expressions for three
particle amplitudes in terms of w-spinors. In the next section, using these results as an anchor,
we attempt to compute the four point amplitudes in N’ = 2* amplitude by using supersymmetric
massive BCFW. Even though the seed three point amplitudes and the final four point amplitudes
are related to the A/ = 4 results by projection, BCFW computation for N/ = 2* are significantly
different. This is because, when we carried out the projection, we factored out the Grassmann
variables n? from both the three point as well as four point amplitudes. However, these variables
also played a role in the BOCFW analysis in N/ = 4 theory. Due to this subtlety, we will see that
unlike N = 4, in N/ = 2* we will encounter poles at infinity in the BCFW analysis. We will
further see some nice features which are highlighted since the answer is known from the projection

independently.

5 Four point amplitudes for N/ = 2* theory from BCFW

In this section, we will construct the four point amplitudes from three point amplitudes obtained
in section-3. Even though we obtained the four point amplitudes using projection in the previous
section, BCFW analysis to obtain these amplitudes with the results from projection as anchor
could give us insights on massive super BCFW in A/ = 2 theories. This is precisely one of the main
motivations to study N = 2* theory as we can utilise its intimate connection with A" =4 SYM to

obtain general insights on A/ = 2 theories.

5.1 Massive BCFW shifts

Massive BCFW has been discussed in [18,21,22,31]. We will review the massive super-BCFW
analysis from [18] and point out subtleties in A/ = 2* Coulomb branch BCFW as compared to the
Coulomb branch of N' =4 SYM.

The massive BCFW shifts are necessarily little group non-covariant as the SU(2) little group
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structure makes it impossible to write a covariant shift for two legs. The shift can be defined as

follows. Consider a shift in ¢ and j legs. The shift in momentum is,

Di = pi + zr, pj = pj — 2T, (5.1)

where p;-r = p;-r = r-r = 0. We will use Mandelstam variables appropriate for massive scattering.
i.e., sy = —(pr +m)?* — (my £ my)?, where the relative sign occurs if one leg is BPS and another is

anti-BPS. Under the above shift a Mandelstam variable s;;, where k # i, 7 will be shifted as,

. (2 —21) _ Sik
Sik = —Sik—————, 21 = .
21 2pg - T

(5.2)

To obtain r which satisfies the required properties, it is useful to write momenta p; and p; in terms
of two null momenta. This defines a special frame. The detailed properties of this special frame
are not important for this paper. In this special frame, one can solve for the null momentum r and
it breaks the little group covariance. One can further supersymmetrise the above shift by finding
shifts for the supercharges that respect the BPS condition. These shifts in supercharges also break
little group covariance. However, since the final amplitude will be covariant, the little group non-
covariance must cancel. In N =4 SYM Coulomb branch, it was found that the z dependence of the
four point amplitude drops out before performing the contour integral in z. Therefore, the precise
forms of the shift were found to be irrelevant.

In N/ = 2* theory Coulomb branch, even though the amplitudes are related to that of N’ = 4
theory by projection as discussed in previous sections, the BCFW analysis is not identical. This
happens because while applying projection we project out the n? Grassmann variables which were
also shifted in the case of N' = 4 theory. This subtlety leads to the appearance of a pole at
infinity (z — oo0) in the BCFW analysis for four point amplitudes in N' = 2*. However, we find
that in the contour integral the integrand, obtained by gluing three-point amplitudes, furnishes
the covariant expression of the desired four-point amplitude provided we ignore the z-dependent
terms. z-dependent terms are non-covariant and there are mutual cancellations of the little group
non-covariant terms coming from all the residues including the boundary term. This property may
have validity beyond N/ = 2* theory as we show in appendix-D.1, where we consider scattering
amplitude with massless N' = 2 hypermultiplet interchange. Even though the amplitude matches
that of N' = 2* theory, this particular channel is absent in A/ = 2* due to the absence of massless

hypermultiplets.
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5.2 Amplitude with two massive hypers and two massive vector multi-

plets

Let us consider the four-point amplitude Ay [W{ Wy ,CI>3,<I>4} with two massive hyper and two
massive SYM multiplet in the N' = 2* theory. Here, we take legs 1 and 3 to be BPS and the rest
are anti-BPS, and all external states are taken to be outgoing. With these conventions, momentum
conservation reads p; + pa + p3s + ps = 0, and the central charge conservation relation is given as

my + mg = msy + my. We consider BCFW shifts in legs 3 and 4 with the complex parameter z as,

ps = p3+azr,

]34 = P4 — 2T, (53)

where the null momentum r breaks little group covariance and satisfies orthogonality properties
as discussed earlier. With this choice of shift only the sj4-channel diagram will contribute to the

massive amplitude.

- — —

The incoming arrows indicate the outgoing anti-BPS states in order to show the central charge flow.

After contour deformation away from z = 0 , we can write,

- = dz =z 2 -1 _ .
A WLV @,8)) = = / Enp Ay (WL 8s, @) = Ap |B_p, &5, W5 |, (5.4)
Z Z—Z21 S14
z7#£0
where, the massive exchange momentum P = —(p1 + ps). The generalized Mandelstam variable
appeared in this diagram s;4 = — (py —l—p4)2 — (mq — m4)2 and the value of the simple pole z; =

—5.2-. The left and right three-point amplitudes can be expressed in terms of the u-spinors as,
‘P1

I 1 _ (uMg) (ut1') @) (A A
L T T C LI C D) B
o PPy i
Ap [@_p,%,wg} = B 52 (QR>(5<<q|p2|QR]>. (5.5)

For the left amplitude, we take the hypermultiplet with P momentum to be outgoing BPS state

with mass mp. For the right amplitude the hypermultiplet with momentum —P to be outgoing
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anti-BPS state with mass mp. Throughout the calculation, we have used the following analytic

continuations of the massive spinors and the Grassmann variables.

=P =qlP), | =Ph=qP), W =), nl, =g (5.6)

Clubbing the delta functions in left and right amplitudes, and performing the 7, integration, we

obtain,
. ) A . W B ) (D)
[ s (L) 6 ((alpnl@)) 62 (k) & ((alpalnl) = s L 5 1)),
(wp ptip )

(5.7)

The detailed calculations are presented in Appendix-B.2 and we finally get,

Ay W, W, @5, @4

(R)  (L)M
1 dz 21 ugLI)(<1K1]>ugRI? <2L2J> <u13’Mu15 ) (2) 1 (2)
= - ’ ’ 25 (Q ) d (Q)
S14 Zz—z myms (R) (L)M
270 < PMTP )
115 (97 A 11 IoJ I9J
Z Z—2Z 12841
2#0
I J I J IoJ IoJ (.19 (.19
o (UL W) ma112) ) ) B s g g
512514
(5.8)
(R) (LyM\? _ . o .
Here we have used, <u purlp ) = —$12 which is explained in the appendix of [18], and we know,

(q|Pprlg) = (uBg)2, also, (q|Ppslg) = (u®q)2. We emphasize that in the penultimate step of
the above equation the integrand is nothing but the four-point amplitude that we obtained using

projection from N = 4 SYM amplitude, but with deformed momenta. This is consistent with the
A(z)

fact that fz:o dz = A and one can simply read off the four-point amplitude from the integrand

by ignoring the z-dependent terms.
To evaluate the boundary term, B, we substitute z = % and calculate the residue around u = 0,

du 24 I J I J
B = — — 1 271+ |1 2
u 11— zu (< |7'| ] [ M >)

u=0
= —zr ((U|r|27] + [t"|r[27)) . (5.9)
We see that the little group non-covariant boundary term cancels precisely with the little group
non-covariant part of the residue at z = z;. The final amplitude,

(1pa|27] + [ |pa]27) + ma[1727] + my(1727)

512514

Ay VI WY, s, By = — ( ) 52(Q152 (@), (5.10)

which is in full agreement with (4) calculated by projection.
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5.3 Amplitude with four massive hypermultiplets

In this section we want to compute four-point hypermultiplet amplitude Ay4 [CDI, Dy, P, @4] in N =
2* theory. Similar to the previous section, we will take legs 1 and 3 to be BPS and the rest of them
to be anti-BPS, and all external states to be outgoing. Consider BCFW shifts in legs 1 and 3 in

terms of the complex parameter z as,

p1 = p1+ 27

p3 = p3— 2r, (5.11)

the conditions on the null momentum r remain the same.

2 3 1 2
\ ; 3 1 \ ’
\ , \ ’
\ Vi \ /
\ 7/ \ /
\ 7/
’ \ , \
’ \ , \
3 P <
/ ’
4 \ ’
/ \ ’
1 4 4 3

Here both the sjs-channel and the sy4-channel will contribute with massive WW-boson exchange such

that,
_ _ d . _ o
Ay [P, By, By, By] = - /dQUPAL [‘1)47 <I>1,W£4] MN A [Wj_vp @2,@3}
2 Z—Z1 S14
2#0

d P — _ A
B /dQnPAL [@1,%,)/\/44} CMN 4. [WNA,Q>3,<D4,} . (5.12)
2 Z—Z12 P S12 -P

270

with the pole contributions at, z;; = 2?;4 and z7o = 2?;2. Let us study factorisation in si4-channel

first. After contour deformation away from z = 0 we can write,

= = dz 27 2 = = M| —€EMN oSN = &
A4 (D, By, by, By = ¢ 2D 42, A [cb,@, ] A[ A,<I>,q>], 5.13
4[1234] zz—zl,l/ npAr | Pa, @1, W5 Su1 R (W 5, O, D3 ( )
z#0
where the generalized Mandelstam variable s;4 = — (p; + p4)2 — (my — m4)2. The left and right

amplitudes can be expressed as,

(uMg) {uD PM)

S R R —— m>5(2) CARICLICA)E
AR [Wj_vpa@,‘i)az} = ;Z;ZP q]Pp3|q < ) (Q|p3’QR]) (5.14)

Similar delta function manipulation and 7, integration gives,
AZM [®17 (iZa q)?n (34}
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1 dz 2. (uPyq) (u(L)q><u(L)pK><u(R)pK> <u(R)q><u(L)q> @ (A 52)
T su z (u(R) U(L)M> o¢ <Q )5 i (@)

s zZ 22—z 2 (q| Pp Pp
14#0 11 mp<CI| p1|Q><Q| P3|Q> pumlp

— i(g(?) (QT) 53 (Q). (5.15)

S14

In the penultimate step we have used the spin sum (A.8) to write, (u®) PK) (u(®) Py) = m; (u;RA)/lugsL)M
and, (q|Ppi1|q) = (uDq)?, also, (q|Pps|q) = (u®)g)? as discussed earlier. It is to be noted that un-
like the analysis of amplitudes involving vector multiplets where residue over one channel always
contains a pole in another channel, in this case, this does not occur. Therefore we have to consider
contributions from both the diagrams given above in the BCFW analysis.
Similarly, from the sj5-channel computation we get,
A [, 00,5, 8] = 6 (Q1) 5% (Q), (5.16)

512

and the total amplitude,

A4 [q)la éQa (1)37 éll] = AZM [(1)17 é?? (D?n @4} + AilQ [(I)la @Qa (D37 (i)4}
_ 518 50 (@) 62 (Q). (5.17)

512514
From the definition of generalized Mandelstam variables and applying momentum conservation,

p1 + p2 + p3 + ps = 0 and central charge conservation my; +mg = mq + my we get, s19 + S14 = —S13.

5.4 Amplitude with four massive vector multiplets
To calculate the four-point massive SYM amplitude Ay [W{ , W@’ ) W;f( , Wﬂ in V' = 2* theory, we
take deformations in legs labeled by 1 and 2 in terms of the complex parameter z,

pro= py+art

Py = py—art (5.18)

where the complex null vector r* is orthogonal to both the momenta p; and p,. For this BCFW

shift only the s14-channel diagram will contribute.

Do

1
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After contour deformation away from z = 0, we can write,

_ _ d o 1 _ N
Ay WIS WE WE] = f € /danAL WE WL WA == A W W5 W]
20 YAV A S14
(5.19)
where, the generalised Mandelstam variable is s14 = — (p; + p4)2 — (my — m4)2 and the location of
the pole z; = 2?;4. The left and right amplitudes can be expressed as,
AW wY] = e (01) 5 (gl )
e mi (qlp1palg) t ’
_ . N . .
A [W_A ,WJ,WK} _ +5<2>(QT)5(”3 O ) 5.20
R PM 2 3 m2<q‘p2p3’q> R < ’ 2’ R] ( )
where the full expressions of the numerators in terms of the u-spinors,
(L) (L)4Ly (11 pM (L)11\ (4L pM (L) o R
N, = _(wq) (<U ) ) 4 (u ) >) _ (u'™q) <u51L)L<1IPM> +ugL)I<4LPM>)’
mp my mq mp
(R) (R)5JI\ (3K P (R)3K\ (57 P (R) . o
Np = -89 (<” (O P WSR2 (00035 ) 4 o 07y )
mp mo ms mp
(5.21)

After combining the delta functions and integrating over the 75 variables we get,

A4 [WIIJWQI7W3K7W4L]

dZ ZI VL /27 & NI A R)J ~ RVK /A R L RN
- f[;ﬂ?z_zl[(“i) (QPM) + PNt P ) (w35 Py + P2 Py ) (w0 |

y 52) (QT) 52 (Q)

2
$12514Mp

(5.22)

Using multiple Schouten identities, and after nice cancellations between various terms, finally, we

have,

dz zr

AL VL W] = - § (<1fé=f>[3K4L1 {374 + (1148 [273)
o

0 22— 2]

(3735 [1141] + (3741 [113K] + <3K4L>[if§«f]> ORQDITQ) (5 95

S12541
Here we see again that before performing the z integral, the expression inside the integral is the
shifted version of the answer we obtained from projection. This suggests that the little group
non-covariant part of the residue at z = z; cancels precisely with the little group non-covariant
contribution from the pole at infinity. Thus little group non-covariance is useful to deduce the

amplitude here before performing the explicit z integration.
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6 Conclusions

Massless spinor helicity formalism has been playing a central role in the computation of on-shell
amplitudes in massless field theories. The extension of this formalism for massive field theories is
an essential and obvious step. There has been some progress in this direction already. We have
explored the application of the massive spinor helicity formalism to four dimensional N/ = 2* theory
at an arbitrary point in the Coulomb branch moduli space. We used two different techniques to
compute three and four point amplitudes in this theory. The first method is to write the amplitude
in terms of the u-spinor which is amenable to setting up the BCFW formulation. Another method
is to use the projection method to compute N’ = 2* amplitudes from N = 4 SYM amplitudes. The
four point amplitudes involving four massive hypermultiplets (4.4), four massive vector multiplets
(4.5), and two massive vector multiplets and two massive hypermultiplets (4.6) are computed using
the projection method. We then proceeded with the BCFW shift for four point amplitudes. One
would have naively thought that like the amplitudes, the BCFW analysis could also follow trivially
by projection. However, that is not the case because in the N' = 4 theory the usual BCFW shift
involves the Grassmann variable n?. However, in the projection method, this variable is projected
out. As a result the BCFW rules for N/ = 2* do not descend down in a trivial way from N = 4
theory. In fact, this difference also shows up in the integrand, which has a pole at infinity in the
case of N' = 2*. Our BCFW shift is not little group covariant but of course, the final amplitudes
are. While this is expected, the contribution of the pole at infinity is instrumental in restoring the
little group covariance of the amplitude. We believe this feature may be generic for theories for
which BCFW shifts are not little group covariant. It appears that the non-covariant shifts generate
good tests for the covariance of the integrated amplitudes. For example, in (5.8), the integrand
of the contour integral already has the correct little group covariant form of the amplitude, if we
replace shifted variables with unshifted ones. We believe that this feature may extend beyond the
N = 2* theory and may suggest the utility of the little group non-covariant shifts. Also, as the
recursive structure of amplitudes is nontrivial due to pole at infinity, it will be interesting to study
higher point amplitudes with these massive BCFW shifts.

It would be interesting to extend this analysis to loop amplitudes. Additionally, it would be
worthwhile to derive these results from higher dimensional spinor helicity formalism [4,11] so that a
unified structure could be uncovered in the computations of scattering amplitudes of massless and
massive fields. It would be also interesting to see if the amplitudes of A" = 2* theory can be put in

a CHY-like [9] formulation.
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A Notations and conventions

A.1 Spinor helicity variables for massive particles

We use the “mostly positive” signature for the metric n,, = diag(—1,+1,+1,41) in 4-spacetime

dimension and the momentum bi-spinor for the massive particle for mass m is given by,

Pap = Z!p (prls = Z|p1 ®'l (A1)

we can also write,

p* = p'ay’ = - Z!pz p\ﬁ—Z!p Yo [prl”. (A2)

Here, I = {1,2} is the SU(2) little group index for the massive particle and {a, 8} are the usual
SL(2,C) spinor indices. The SU(2) little group indices can be raised and lowered through,

0 1

e =—ery = ; (A.3)
-1 0
as follows,
’pl]a = €IJ|pJ]a <p1| 3 — 51J<pJ’ 3. (A4)
B B
The determinant of the momentum bi-spinor gives,
detp = —ptp, = m>. (A.5)
The bi-linear product of the spinors is given as,
<pIpJ> :mEIJ’ [pIpJ] :—mGIJ. (A6)
These spinors also satisfy the Weyl equation,
plp'l = —mlp"), plp") = —mlp']
p'lp = m@'l, @'p=mp, (A7)
and spin sums,
pdalp"l” = —Ip"alprl” = md]]
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'y = —Ip")*(prly = —mdj. (A.8)

Some useful identities are listed below,

2p.q = (pra)[p'q’], 2mymq = (pras)(p'q’) = [prasllp’a’], (A.9)
(" lpplk”) = —p*(d"K7), [" lpp|k’] = —p*ld" k7], (A.10)
(q"Iplk"] = [ [plg"). (A.11)

The high energy limit of the massive spinors and the Grassmann variables give,

ptI = pl, Ip1—=0, [pYYy—=0, [p7)y——p), n-—n, ng—0. (A.12)

We have used the following analytic continuation for the massive spinors and the corresponding
variable,

|~ P =P |- P)=ilP) ol =i, (A.13)

similarly in the massless case,

|—pl=ilp] [=p)=ilp) np=in, ', =in) (A.14)
The generalized Mandelstam variables are defined as,
Sij = —(pi +pj)2 — (ml + mj)2, (A15)

where the masses are added if the states are both BPS/anti-BPS and subtracted if they are different.
The BPS condition reads,

PO = £miQiqsa, (A.16)

for NV = 4 supersymmetry and a+2 — a+ 1 on the right hand side for N = 2 supersymmetry. Plus
sign here holds for BPS legs whereas the minus sign holds for anti-BPS legs. The supercharges QZT“
and ;.12 are defined for each leg and throughout the paper we have considered total supercharges.

Our convention for the total supercharges follows that of [18] where,
- Z niplit) — Z ity + Z ik,
i j k
Qa+2 Zmﬂl = i1+ )i, (A.17)
j k

where 7 runs over all the BPS legs, j runs over all the anti-BPS legs and k runs over the massless

legs and a + 2 — a + 1 on the left hand side for N' = 2 supersymmetry
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B Useful calculations

B.1 Three point amplitudes in terms of u-spinors

In this section we illustrate how to express the massive three-point amplitudes of the NV = 2* theory

in a simpler form using the u-spinors. We can use (A.6) to write ,

1
my = —56JK<3J3K>. (B.1)

Let us start with the expression of the amplitude, As [W{ Dy, <I>3}, for which the numerator can be

simplified by using the Schouten identity and the u-spinors,

1
(alps|1] +ms(ql’) = —(g3)[3"V] + Sesc((g3") (3"1) + (g3%)(1'37))
1I
my
Following the three particle special kinematics, we have used the identity, [3/17] 4+ (3717) = ujul
to get,
_ 1)
Ay (W, 0y, 0] = —<M)5<2>Q5 qQM), B.3
Now to represent the amplitude, A; W/, WQJ : Wz{( |, in terms of the u-spinor, we need to do a few
manipulations. By multiplying (B.2) with 22220 and using the Schouten identity we can write,
11)(273K 3K 112J 1) (273K
Gp)2'3) | U0 )Y g
ms mg myims

We can then express the term (g|ps|27] — m3(q2”), as follows,

(alps[271(173%) _ (ug)(u2”)(13%) +(g2”) (1135, (B.5)

Now clubbing the above terms together we have,
(ug) (ul”)(23") <uq><u2"><113K>> 02(Q)5((4@"))
myms mams (q|p1psla)

We note that while in the original form of the three point amplitudes the BCFW manipulations

(B.6)

A3 [WII7W2J7W?{(} = _(

are not obvious, these representations of three point amplitudes in terms of u-spinor simplify the

manipulations significantly.

B.2 Some detailed BCFW calculations

In this section, we will explain some calculations used in section 5. For example, using the u-spinor

as shown in (3.15), we can write,

b= (1) ]+ P[], (B.7)



1

] (J4) [u™] = u'P)[4"]), (B.8)

P4

where [i%) = ;7|i). With the above representations of the momenta corresponding to the left

amplitude and using the Schouten identity, we have,

~ <qu(L)><qu(L)> Tw qw Tw qw
(qlp1palq) W(U 4) 4 [14"])
= (uPg)%. (B.9)
Similarly, one can show, {(g|paps|q) = (uq)2.

Another crucial calculation in (5.7) of combining the delta functions involves,

5 (wuactt®1p1Qn) = ()8 (uascta®n10) (B.10)

The definitions of a and 8 come from the Schouten identity,

(W) (] + (qu) (@] + (P u®P) (g = 0, (B.11)
such that the relation, U;R]\L = au;RAL + Bq holds with,
R R L
ug (3%9) ug (354 uily,
=y P T Ao (B.12)
U4,M<4 q) (g4 >“4,M

In a similar procedure, starting with the expression (q|p; |u'™] <q|f3 , and using the Schouten identity,

we can write,

P Do D1 h
Sl AMIEL gl £ B.13
<Q|mP Yty 1 Im1 + Mg ol (B.13)

where, the coefficient A\ is not relevant for our purpose, and

_ (q|P1p4lq)
7= @) '

(B.14)
mimpuy 1, (4Mq)

With these definitions of «, §, and 7 one can obtain (5.7).

C N=4

BCFW recursion relations for N’ = 4 SYM amplitudes in chiral superspace are very well developed
[7]. Here we present some BCFW analysis for four-point amplitudes in N' = 4 SYM theory in

non-chiral superspace.
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C.1 Massless amplitude

We choose deformations in external states 1 and 2 which are given by,
p1=p1+ 2, P2 = p2 — 2T, (C.1)

with the conditions that p; -r = py-r =12 = 0.
Motivated by the conservation of momenta and supercharges, we consider the following shifts

in the spinor and Grassmanian variables,
1] = 1]+ 2z[2],
2) = 12) - 2[1),

0y = nf+zn;,

ﬁ;a = ﬁ;a_zﬁira’ a=1,2. (02)
It can be checked that under the above shifts supersymmetric charges, QF = Z liyng, a

. ~'i‘ a . . .
= [I >_lin “ remain invariant.
a=1,2 1
Let us consider the u-channel factorization.

D>

1

In this case the four-point amplitude can be obtained by,

d
A4 [G17G27G37G4] = fé _ZA (’Z)

z:O} z

- ‘71 0}72521/”1’““’3“ el
_ / Pip A (21) - .AR(ZI) (C.3)

(2)

where z; = %. Here we have assumed there is no pole at infinity and this assumption is justified

from the large z behavior of the amplitude.

Three-point sub-amplitudes are given by,

A Gy, Gy, G| = m5<4) (Q1) o ((anyifs + 1Pyl + (Pa)l")
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ARG, G, G| = maw (Qr) 0@ ([P2ng + (23 + [8PIns) . (C4)

First we perform the 7, integration. Solutions to 1 and ﬁ; are available from the delta functions.

On the support of §(?) ([PZ]ng +[23]n% + [3?]7}3) we get,

5@ (QTL> = §® 1_[ (!4>n2+|1>ﬁ?+”5>77%)>
_ 5@ H (|4>ng+|1>ﬁ?—|f7>ﬁ ([152]n§+[315]77§‘>)>
= oI iww)- )

To go from second equality to the last one we have used momentum conservation. Similar manip-

ulations holds for 6 (Q R) on the support of the other delta function,

[ o (Q1) 6 (canyily + APyl + (Pal) 60 (@) 6 (P2l + (23} + BIng)

=(41)223)%6™ (1) 6™ (Q). (C.6)
Therefore,
2 A Ly = (41)[23] ) (A1 s@)
[ EnpAn (1) An ) T
_ SL(;@) (') 52 (Q) (C.7)

The four point amplitude is then,
1

512514

Ay Gy, Gy, Gs, Gy = §W (@M 6W (Q). (C.8)

C.2 Massive amplitude with massless exchange

Here we consider the external states to be massive VW-bosons and in the intermediate channel mass-
less vector multiplet is exchanged. We want to find out the four-point amplitude A4 (Wl, Wa, Wi, V_V4) .

We consider shifts in legs 1 and 2 as before.

—
Do
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The left and right three-point amplitudes are,

A (Wi W, @) = 500 ()5 ((glpa|Qa]) = ——2 50 (1) 6 (1}

mi(qP)? mi(qP)?
i _ Tt sy (a8 1041 = =B s (5) 5@ (10O
An (G_p W, W _—<>(Q ' ((alf21Qn)) = —2—6 (Qn) 5 ((aQh))
r\G_p W 3) )2 ) (qlp] R]) alaP)? R) << R>>
(C.9)
Central charge conservation in the half-BPS limit implies that,
my1 = My, mo = 13. (ClO)
Using the above relations we can determine x factors,
; p p
&|P> :.Z%14|P] - f1 _ mlfq > [p|p1| A>7
m (a|p1] ] ma[pP]
by | - - P P
P21y lP) = i = 220E)_ LPAF) (1)
ms (glps] P]  malpP]

Product of the two three-point amplitudes gives,
/dQnPAL (W2 W1, G) An (G i W)

-/ d%% 1(Q1) 8 ((alp11Qul) 6 (k) 6 ((alp1Qn])
2

1 A A A A
= [ e T 50 Q1) ) (qli Q) — =0 (Pl Qnl) 6 ({alin|Qnl) 0 ((40).
my

ma{qP)* mi(qP)?
(C.12)
Now, on the support of §(2) (QT) we have,
(PO + (POl = 0
1~ A 1~ A
= —(P|p1| Q1] — —(Pp2| Qr] = 0. (C.13)
mq mo
Using Eq.(C.11) we get,
Bla 1A myTig
P P C.14
(PIfr|Qa) = T (Plpal Ol (.14
From the above two equations we then obtain,
~ T A
(Plinlel = (1+ 22 (P17110x) (©.15)
T14

Therefore,

A (m,Vvl, Gp) Ar (G_p,WQ,Wg)
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s . -2
_ 3—x14$23 (1 n $23) 5@ (QT> 5@ (Q) /d277156(2) <<Q|ﬁ1|QR]) 5@ <<qQAE) . (C.16)

m3my(qP)* T4

Performing the 1, integral we get,

4 £(2) . A @ (/. At NS 2 {qP)*
a'np0® ({alp|Qa)) 0@ (4aQk) = ({alinPla)) = m3~i. (C.17)
1
Then the integration in the complex plane is given by,

A4 (Wl,WQ,WS},WzL)
dz =2 1 134 Foz\
= _% e (1 + A23) 5@ (o1 6™ (Q)
{

z=0} & & — 21112 S14 T14 L14

dz 2 1 1 | 214 To3 21 4 4
_ _f e - (1+A ) 5D (QN oW ().  (Cas)
(

z=0} & Z — Z1M1M2 S14 | T23 L14

The expression inside the box brackets can be manipulated as follows,

. LN 2 . .

%14 (1+ﬂf23> _ %144_%23 19

T23 L14 T2z  Ti4
[pl1|P) [Pp2lg) + [p|D2| P) [Pp1g)
mima[pPl(qP) — mama[pP{qP)
—2p1 - P2

m1Mmso

= (C.19)

m1m2.

To go from the second equality to the third, we have used the fact that P p1 =0 and pP. po = 0 on
z = z; which implies the momenta bispinors anticommute. Then the four-point amplitude is given

by,
1

512514

A4 (Wl7 WQa W37 V_V4) =

5W (") 6@ (9). (C.20)

D Amplitudes with massless exchange

In this section we show evaluation of some four-point amplitudes with massive external states where

the intermediate propagators are massless.

D.1 2 vector and 2 hypermultiplet amplitude
We consider the four-point amplitude Ay [W{ WY, s, @4}. For simplicity we apply shifts in the
hypermultiplet legs 3 and 4, such that,

P3 = p3 — 27, D4 = pa + 27 (D.1)
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From the on-shell condition we have z; = 2‘?;1.

The three-point sub-amplitudes can be expressed as,

an butiag] = UL ()5 () - 2080 ()5 ().
An [0_p W, 8] = <q[|]; S (%)5(@@9%%5@ (@r) 5 (1a@h) . (D2)

where 214 and Z»3 are given by,

N [,0|p1|p) B m1<qp> N [p|p2|f’) m2<qp>
T14 X

= ~ = = 23 = — = . (D.3)
ma[pP]  (q|p1|P] ma[pP]  (q|p2|P]
Using BCFW analysis we can write,
Ay WL WV, @3, @]
L dz  z; 2 r g 11 i) &
_ ]{220} ~ A (R0 W 0] — A [0 W] )
B dz 2z f14i'23[ﬁ1[][p2J] 1 / 2 @ (A AT 2) [ A o1l
S L a0 () () 5 (00)o (o)
dz  2p  d@g[PU][P27] 1 Fa3\
N _/q{ Z oz —Iz 23[m 731[ ]S_ (1 * S?_%) o (QT) Q)
{2=0} I 112 14 14
——f T PP+ i) 0 ()6 (@)
{z=0} % % — 2] S12514
A A .
_ _j{ % ZI 1 [Pl HAPQ | ( [plp:|P) 4 [p|p2| P) 5@ (QT) 5@ @)
(z=0} % Z— 21512514 [pP)] my ma
dz 2 1 I plod] o (A1 plod 2
= — — 1| P127] + [11|P27)) 6@ (QT) 6@
$ T (IR [1P7)) 6 (@) 0 @)
dz =z 1 . .
= _]{ - _I (<1I|p4|2j] + [1I|p4|2j> + m4[112j] + m4<112J>) o (QT) 5 (@)
{z=0} % % — I 512514
s (Y 6P (Q
= [0 2) 4 Wpal2") 4 mal12) 5 ma1127) 4 2]+ 217 p2) + 8] ST @)
(D.4)

To obtain the fourth equality from the third we have used Eq.(C.19). In the last equality we have

computed residue at z = z; and along with the pole at infinity. To evaluate the boundary term, B,
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we substitute z = % and calculate the residue around u = 0,

B = 40 = (1277 + [1f|r[27))

u l—zmu

(2] + 2" (D.5)

Therefore the required four-point amplitude is,

2) (QT) 52 (Q)‘

_ _ )
Ay [Wlla Wy, ®s, ‘1’4] = [<1I|p4|2J] + [ |pa]27) + ma[1727] + m4<112j>} .
12514

(D.6)

We note that even though the amplitude matches with the AN/ = 2* amplitude, the channel we
have considered here does not exist for N' = 2* theory since we have used massless hypermultiplet
exchange. However, it would exist in a theory where massless hypermultiplets are coupled to massive

N =2 SYM and hypermultiplets. Therefore the above calculation applies for such a theory.

D.2 4-point hypermultiplet

We want to evaluate the four-point amplitude Ay (<I>1, Dy, Py, &)4) with massless spin-1 exchange.

We consider shifts in legs 1 and 3, given by,

p1 = p12r, P3 = p3 — 2T (D.7)
The amplitude is then obtained by summing over factorization channels, u = — (p; + p4)2 and
— (1 +p2)%.
2. 31 2
i 14 3
BCFW analysis yields,
_ _ 21,1 9 —1 “hn o= A
Ay (D), By, By, B,) = — 4%, A <I>,<I>,G>—A <G A,<I>,<I>>
4(1 2, *'3 4) Z_z“Z/ NpAL | ¥4, %1 SMR _pr ¥2,*3
{z=0}
21,2 h oA =
_ 4%, A (I),CD,G)—A (G A,<1>,<1>,), D.8
ZZ—ZIQZ/ NpAL 1, ¥2 R _pr ¥3: %4 ( )
{z=0}
with 271 = m and 279 = m are the location of simple poles when the two propagators

go on-shell respectively.

40



Let us first consider the factorization on u-channel. We have,

As (B081,G7) An (67 B0, 85) = 0 (Qu) 0 (1001)) 0 (Qh) o (1l

- mj;; 50 (@) 8 ((0QD)) 62 (Qh) 8 (talrln]).
Ay (B0,81,6;) Ag (G5 85, 84) = AT 6@ (Q1) & ({alprlQs]) 6 (Qr) & ()
- x—lzﬂd@) (QL> ) <<€I|231|QL]> 5 <QR> 0 ((C_IQL) ,

mi(qP)?
(D.9)
where, X X X R
h1| P P P P
_ [p‘pl‘ A> _ m1A<q A>’ R = [p‘pQ‘ A> _ m2<q A>‘ (D.IO)
ma[pP]  (q|p1|P] ma[pP] {qlp2| P]
Supersymmetric charges are expressed as,
Qr = 11 Tn — 4" nas + |p]77;,
QTL = —|il>ni,1 - |4I>774,1 + |p>77f37
Qr = —|Plih = [2Tnor + 13"Tns 1
QE = _|p>7715 - |2I>772,I - |?’I>"7:§,1- (D.11)
It can be checked that,
(Plp|Q1] = mi(PQY),
(PIpa|lQr] = —mao(PQY). (D.12)
We also note that,
. . 1 . .
5 (Qr) 8 ((0@})) = —-0% (@1) 6 ((alp11Q11) (D.13)
and similarly for right delta function.
Now, using Eq.(D.9) and summing over both helicities in the exchange we get,
Z AL <(T)47 (i)ly Gl}ﬁ) AR (G:};i,a (527 (i)3>
(5523 + 51?14) A 1A 9 [ A A
= — 52 (QL) 6
emer=eull CALI LR DR CARICIER)
Lo\ -1
Toz + T oA A
_ Bmtda) (1 n —) 5 (Q1) 0@ Q)6 ({alplQnl) o ((w@h)) - (D14)
myms(qP)? Z14
Performing the 7, integral we get,
A A o qP)?
[ et (tlinll) 5 (1a@h) = Gl Pla) = 120 D.15)
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Therefore contribution from the u-channel is,

150 (@H s (Q). (D.16)

S14
Similar contribution comes from s-channel where sq4 is replaced by s1s.

Using s15 + S14 = $13, the four-point amplitude is determined to be,

Ay (By, By, 03, B,) = —262 (Q1) 52 (Q). (D.17)

514512

We note that since we have used the massless N' = 2 SYM here in the intermediate leg, this
amplitude is appropriate for the origin of the moduli space of N' = 2* theory.
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