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1. Introduction

Recently, a number of efficient methods for the calculation of helicity amplitudes in QCD
have been introduced, motivated by the relationship of QCD amplitudes to twistor string
theory [[ll. In the Cachazo - Svréek - Witten (CSW) construction [f], tree level QCD
amplitudes are constructed from vertices that are off-shell continuations of maximal helicity
violating (MHV) amplitudes [B], connected by scalar propagators. This formalism has been
extended to massless quarks [l]-[i] and loop diagrams [§, fl]. Subsequently a set of recursion
relations has been found [[[0, [LT] that involve only on-shell amplitudes with shifted, complex
external momenta. These methods extend earlier recursive formulations [[[3 - [[] which are
based on currents with one off-shell leg. Recently a derivation of the CSW rules from the
on-shell recursion relations has been given [[7] and proofs of the on-shell recursion relations
using conventional Feynman diagrams have appeared [1§, [[9]. Another elegant technique



applicable to scattering amplitudes with massless particles is the use of supersymmetric
Ward identities (SWIs) [RJ—RJ] to relate helicity amplitudes involving massless quarks to
those involving massless scalars or to purely gluonic ones [23, P4-R7.

In the light of the major role played by top quark physics at the LHC, it would be
desirable to extend such methods also to multi-parton processes involving massive quarks.
For instance, top-pair production with one or two additional jets contributes to the back-
ground for Higgs production by vector boson fusion or in association with a top quark
pair [R§]. Tree amplitudes with a top pair and additional jets are also required for the
next-to leading order corrections to top pair plus jet production [RY. Helicity amplitudes
for a top pair plus three gluons can be found in [BQ]. Tree level helicity amplitudes with
massive quarks are also needed within the unitarity method [BI]] for one-loop amplitudes,
where a heavy quark is circulating in the loop. In this context, four point amplitudes have
been computed in [BJ] and four and five point amplitudes have been obtained from on-shell
recursion relations in [BJ.

The on-shell recursion relations are also applicable to massive particles [B4, BY and
closed expressions for some sets of amplitudes with massive scalars and an arbitrary number
of gluons have recently been found [Bf]. In the MHV approach it has been possible to
include single external massive gauge bosons or Higgs bosons [@f For massive quarks,
the MHV approach cannot be used in a straightforward way since there are nonvanishing
helicity amplitudes that go to zero in the massless limit where less than two partons have a
helicity opposite to the remaining ones. In the on-shell approach only four point functions
with massive quarks have been computed so far [BJ].

As a first step to extend the formalism of [ towards massive quarks, we have refor-
mulated in [[i(], [f]] the Feynman rules of QCD including massive quarks so that only scalar
propagators and a set of cubic and quartic primitive vertices without Lorentz or spinor
indices appear. The cubic primitive vertices in this approach can also be used directly in
the on-shell recursion relations.

Recently, a particular set of multi-gluon helicity amplitudes with a pair of massive
quarks has been calculated in [[[J]. These results should be related through supersymmet-
ric relations to the one obtained in [Bf] for multi-gluon helicity amplitudes with a pair of
massive scalars. In this paper we work out the explicit transformation laws. The derivation
follows the lines of the original paper [0}, R1]. There are several motivations for reconsid-
ering the supersymmetric transformation laws: First of all, by taking into account recent
developments in the definition of off-shell polarization spinors, we obtain short and ele-
gant results. Secondly, the results allow us to relate amplitudes with massive scalars to
amplitudes with massive quarks. Since there are more results available for all-multiplicity
amplitudes with massive scalars, this is useful for top quark physics. Finally, we are very
careful to keep internally all signs correct. This is an issue since there are different sign
conventions in the supersymmetric and QCD community. The final result can of course
easily be related to any other sign convention. Furthermore we have to respect the relative
sign between amplitudes with anti-fermions and without. We verify the correctness of the
transformation laws by a direct computation of amplitudes with a massive pair of quarks or

scalars by using Berends-Giele type recursion relations and the diagrammatic rules of [[(].



This article is organized as follows. In section P we review the notation for colour
ordered partial amplitudes and the conventions for spinors and polarization vectors. In
section [l we introduce our supersymmetric model, give the supersymmetric transformation
laws and apply them to derive relations among various amplitudes. In section f§ we consider
as an example amplitudes with a massive pair of quarks or scalars plus an arbitrary number
of positive helicity gluons. Our conclusions are contained in section .

In appendix [f] we list our sign conventions. Appendix [ contains the derivation of
the supersymmetric transformation laws. In appendix | we extend the diagrammatic rules
obtained in [[]] to the supersymmetric model. In appendix [J we give some technical details
on the solution of the recurrence relation discussed in section [

2. Review of notation and off-shell continuation

2.1 Colour decomposition

In this work we are concerned with the evaluation of helicity amplitudes with one massive
quark pair. We employ the usual decomposition of the full amplitude A, into gauge
invariant partial amplitudes 4,, defined by [13, 3, f4]:

An(thQa g3, -5 9n—1, Qn) =

gn—2 Z (TGU(Q) VAL )U An (Ql, 95(2)s -+ Yo (n—1)> Qn) ) (21)
0€Sn—2(2,...,n—1)

where the sum is over all permutations of the external gluon legs. The colour structure
is contained in group theoretical factors given by traces over the generators T% of the
fundamental representation of SU(3).

We will also encounter amplitudes with scalars transforming under the fundamental
representation of SU(3). The colour decomposition is similar to the one in eq. (R.1):

-An((bh 92,935+, 9n—1, ¢n) =
gn—2 Z (TGU(Q) .%o (n-1) )ij An (¢17 90(2), ey ga(n—l) s ¢n) . (22)
0ESn_2(2,....,n—1)

2.2 Polarization vectors and spinors

It is a well known fact that any four-vector can be decomposed into a sum of two light-like
four-vectors. Given a fixed light-like four-vector ¢, one can associate to any four-vector k
(which need not be light-like) a light-like four-vector k°, defined by

2

k=K 4 q".
2(k - q)

(2.3)

This prescription has also been used for the off-shell continuation of MHV amplitudes [[5,
[d] in the context of the CSW rules. Unless stated otherwise, we will use the same reference
vector ¢ for all momenta. The projected four-vector k” can be used to define continuations
off the null-space of spinor products as follows:

(kika) = (K} — [k3+), ko) = (k] + |k5—) . (2.4)



The two two-component spinors |k’+) and |k”—) are the Weyl spinors corresponding to
the projected momentum k”*. These can be used to define the off-shell continuation of the

polarization vectors for gluons:

+ e F )
e, (k, )_i\/i(ngucbi)' (2.5)

Helicity methods can be extended to massive fermions [£7-Fd, B3, 4, b1, (). We introduce
an off-shell continuation of massive spinors, using the projection (R-3) as for the gluon

polarization vectors:

k+m

ulk %) = s a8 = W) + o),
ah4) = (7| s = ]+ e .
ol ) = ) = ) — s ).
ok, ) = (7| T = W = s (e,

The normalization is chosen in order to allow for a smooth massless limit. We label
the helicities as if all particles were outgoing. As a consequence, the spinors u(k) and
o(k), which correspond to particles with incoming momentum, have a reversed helicity
assignment.

The reference momentum used in the definition (2.4) is not an unphysical quantity
that has to drop out in the final result for the helicity amplitudes, as in the case of the
definition of the gluon polarization vectors, but rather defines the quantization axis of the
quark spin [fq. Since for any given choice of ¢ the spinors (R.6) form a complete basis of
solutions of the Dirac equation, the calculation can be simplified without loss of generality
by a suitable choice of q. The amplitudes for a desired physical polarization can be obtained
by a straightforward linear transformation.

3. SUSY Ward identities for massive quarks

Calculating examples of helicity amplitudes for a massive quark pair and positive helicity
gluons, one observes a simple relation to amplitudes with massive scalars that have been
calculated in [F3, B4, Bd. As a simple example, we find the four point function

(4q) [23] 2im?

A( _;rag;ag;,raQZ) = <1q> <23> (kl + k2)2 _ mz-

(3.1)

The results for an arbitrary number of positive helicity gluons are quoted in appendix D}
Comparing to the scattering amplitude for two massive scalars and two positive helicity
gluons [F3, B4, B4

[23] 2im?

<23> (kl + /{?2)2 —m?2’

A(dT, 98,98, 01) = (3.2)



we see these amplitudes are related by a factor %, similar to the SUSY relation between

quark and gluon amplitudes. In the next subsection we define a supersymmetric toy model,
which contains QCD as a subset, and derive the supersymmetric transformation laws. In
subsection we apply these relations to amplitudes involving a pair of massive quarks
or scalars. It turns out, that the relations are particular simple, if the reference spinor
defining the spin axis of the heavy quarks, is chosen to be same for both the quark and the
anti-quark. In subsection B.4 we discuss modifications which arise if the reference spinors
are not identical.

3.1 Definition of the model

To embed QCD with massive quarks into a supersymmetric extension, we have to use two
chiral super-multiplets ®, = (¢, 1, Fy) and ®_ = (¢_,v_, F_) and combine the spinor
component fields into Dirac spinors as follows

U= (Yo y), U= (g*) (3.3)

The chiral fields are written in component fields as follows:

O, (y,0) = 91 (y) + V2001 (y) + 0° Fi (y), yt =t —ifa"0,

®_(5,0) = ¢ () + V200 () + 0°F_(y), g = ot —if5"0. (3.4)
The Lagrange density of our model is given by

1 1 S
+ o eV, + ci>_e2gVTq>_‘D + mO_Py|p+ mPLP_| 5, (3.5)

where the vector multiplet V¢ = (A% A% D®) contains the gluon A% and the gluino A%.
The field strength is defined by

WA = —i (DD) (ngVDAe_QgV) s WA = —i (DD) ((DAG_QQV) 629‘/) s V = T“V“,
(3.6)
and V® is given in the Wess-Zumino gauge by
Ve = (60B) A + i6 (OX7) — i6° (OA7) + %92§2D“. (3.7)

For the gluino field we define a four-component spinor as follows:
N A N w\A
A= (iX*—ixy), A= A | (3.8)
—1i

It is also convenient to redefine the scalar fields as follows:

P-=p_, d+=0¢_, dr =@y, O =, (3.9)



Eliminating the D- and F-terms and with the convention that

(62)" = o= (3.10)
we obtain
1 2 iy .= —
L=—7 (Fe)" + 5/\%@;”1&’7 +iUy" D,V — mI ¥ (3.11)
+(Dug)T (DFp1) = m*b_ ¢y + (Do) (DFg) —mPéy o
V29 [p+ AT Py + UP_AT¢_ — ¢_A"T*P_T¥ — WP, AT, |
1 - - 2
—592 (¢+Ta¢f - ¢7Ta¢+) )
where the covariant derivative in the fundamental and adjoint representation is given by
D, =08, —igT* A%, Db =0, — gf* A, (3.12)

The chiral projectors are denoted as usual by Py = 1/2(1 £ ~5). As in [i(f] we can derive
primitive vertices for the additional interactions that arise compared to nonsupersymmetric
QCD. The results are collected in appendix [

3.2 Transformation of the fields

The SUSY transformations of helicity states have been first derived in [Rd, R1] and later
applied to QCD helicity amplitudes [P, P4]. We use a commuting SUSY generator
Qsusy(n) = 12 QA + ﬁAQA obtained by multiplying the SUSY generators by a Grassmann
valued spinor 7. This generator satisfies the SUSY algebra

[Qsusy(1), Qsusy (§)] = —2inP¢. (3.13)

SUSY transformations of generic bosonic or fermionic fields ¥ are generated by 6,V =
[Qsusy(n), ¥]. With the notation

Ir(k) =vV2 (£ kF), Sikq) = ﬂm% (3.14)

one finds the transformation laws for outgoing particles:

0,QF =Ty ()™ — =5 (k,q)6T, 6,6 =I5 (K)Q* + =7 (k,0)Q7,
0QF = Ty (k)" + S (k,q)oT,  0,¢" = -TT(K)Q* — S7(k,q)Q7. (3.15)

Details on the derivation are given in appendix B Eq. (B.1§) is the main result of this
paper and generalizes the well-known results for massless particles to the massive case.
Compared to the massless case there are additional terms with ©*, which are proportional
to the mass of the particles in the super-multiplet. For practical applications, one can
achieve a considerable simplification by noting that 3,(k,q) = 0. Therefore the additional
contributions to (B.14) can be avoided provided the SUSY spinors |n£) are taken to be
equal to a Grassmann parameter # times the reference spinors |g+) used in the definition



of the massive spinors (R.6). This requires that the same reference spinors |¢+) are chosen
for all massive quarks in the amplitude. In this case we have the following transformation
laws, which are identical with the massless case:

5,QF =T (k)o*, 5,0~ =T (k)Q*,
5,QF = —T; (k)o™, 5y = —T7 (k)Q*. (3.16)

The gluon and the gluino transform as follows:

Opg™ = —Th(k)A* =T (k)A™,
o AF = —TF(k)g™,  6,A" =T (k)g™. (3.17)

3.3 SUSY Ward identities for massive quarks and scalars

We can now derive relations connecting amplitudes of massive quarks to amplitudes of
massive scalars, generalizing the example of the four point amplitudes (B.1]) and (B.2).
In this section we will always choose 1 = g and use the same reference vector ¢ in the
definition of the spinors for all massive quarks. Therefore terms proportional to ©* do not
contribute. Furthermore we treat in this section all particles as outgoing.

Since the SUSY charge (Qsusy annihilates the vacuum for unbroken SUSY, we obtain
SUSY Ward Identities (SWIs) from the relation [2(]

0 = (0][Qsusy (M), 21 - 2n]|0) = Y _ {0lz1 ... [Qsusy(1), 2] .. 2a]0) , (3.18)
i
where the z; are arbitrary creation or annihilation operators.

Applying the SUSY transformation to the amplitude

AGT 9550951, Qn) (3.19)

with one ¢ scalar, (n — 2) positive helicity gluons and a negative helicity quark results in
the relation

n—1
F;(kl)A(Q;r’g;’ e 7.9:{715627:) - ZF;(kZ)A( _Ir,.g;r’ e ’A;r, e agﬁrfl?Q;)
=2
- F;(kjn)A(gET,g;, s >.g:zrfla QS;) = 0. (320)

Note that these identities hold to all orders in perturbation theory in the supersymmetric
toy model. However, only on tree level the scalar and quark amplitudes are identical to
those in pure QCD while in higher orders loops involving SUSY particles contribute.

The terms arising from the transformations of the gluons vanish at tree level since there

are no primitive vertices of the form V (¢, /_Xj, @,,). Therefore we obtain the relation

5 o _(ng) 2 -
An( IL7g;>7' .. 7974;_17Qn) - @An((bfag;a s 79:{_17¢n)7 (321)



which generalizes the relation among the four point amplitudes (B.1) and (B.2) to an ar-

bitrary number of positive helicity gluons. In the same way, the SUSY transformation of

A(Q7, g; s e g,‘;l, ¢;) gives the corresponding relation for exchanged quark helicities:
(1g)

An(@l_mg;_r"ag:_laQ;t) - _@An((gl_ag;a "'79:;_17¢7J’L_)' (322)

We can also derive SWIs for amplitudes including a negative helicity gluon. Leaving
the helicity of one massive quark arbitrary, these relations read

0:577A(¢_5f,g;',...,g;,...,@i): - (k1)A (QI,QQ,...,g;,...,Qﬁ)
—I‘;(kj)A(q_Sf,g;,... ,..,Qn) ( )A(_f,g;,...,g;,...,gbf), (3.23a)

where the terms from the transformation of the positive helicity gluons vanish for the same

reason as above. For the amplitude with two positive helicity quarks A(Qf, PR I

Q;), the last term vanishes since it involves two different scalars ¢+ and ¢™. This ‘helicity

flip” amplitude is therefore directly related to an amplitude involving a gluino and a scalar.
(ja)

(Q17927"'7gj_7"'7Q:):@A((gi—agg—a 7"'7Q+) (323b)

For the amplitude with one negative helicity quark, all three contributions survive. The
corresponding identity for the opposite quark helicities is given by

0= 57114(@%,9;,---,9;,---,‘%5:) :Fi(kjl)A(Qzli’g;,ag;aaqsz)
Ty (k) AQE g o A e 68) + Ty (k) AQQE 0F 11071, Q). (3:23¢)

We can simplify the identities (B.23) further by a specific choice of the reference spinors.
With the choice |¢+) = |j+) we obtain

Oy G, QF =0, 3.24
AQT g3 a0 QD) (324
A( 7Ir’g§ra--->g‘7""aQ;L) = <n]~'>An(_Ir’g§r"'->g‘i,--->¢1;)’ (325)
! la+)=li+)  (14) ’
~ _ 1]) _
AQT, 95, ., g7 ,...,QF _ ) NS S R 3.26
(Q1,92 9; Q )‘q+>:|j+> (nj) (¢1 92 9; b ) ( )

The scalar amplitudes appearing in these identities have been computed for an arbitrary
number of gluons in [B using on-shell recursion relations. However it should be noted
that the choice |¢g+) = |j+) defines the quantization axis of the spins of the heavy quarks.

Finally we can consider amplitudes with two negative helicity quarks and positive
helicity gluons only. In this case the SWI relates the quark amplitude to a sum of gluino

amplitudes:
0= 577"4((51_79;_7 "'79:—17627:) = FJr(k )A(Ql_agg—a '--79:;_17Q1;)
_Zﬁ APy 95, AF gt ,Qn), (3.27)

where the additional term from the transformation of the quark vanishes.



These last examples show that SUSY methods can be extended to amplitudes with
additional negative helicity partons. However in general these relations will involve ampli-
tudes with external gluinos.

3.4 Alternative choice of reference spinors

In [T a different choice of auxiliary spinors than in (2.6) has been used to calculate helicity
amplitudes for a massive quark pair and an arbitrary number of positive helicity gluons
using the Berends-Giele relations. In this subsection we show how to relate our results to
those of [id]. In that work the momenta of the massive quarks k1 and k, are decomposed
in terms of two lightlike vectors 74\1 /n according to

K = BoRY + Bkl k= Bk + Bkl (3.28)

with Gy = %(1 + ) where § = /1 — (kﬁr% is the quark velocity. The spinors are

then defined similarly to (R.6) but using ﬂJJ}:n as reference momentum for Q1 and B+12:1 as
reference momentum for Q),,. Explicitly they read:

_ ~ 1+m 1/2 =~ m ~

u(l, j:) = <n:F’ 1/2}6/\—,\ = /3+/ <1ﬂ2’ + Uz~ <7”L:F‘ s
n—m ~ R m ~

v(n,£) = —k 1+) = ﬁ_li_/Q nF) — [1£) .

B2 (A T [1+) 8% (@ T [1+)

Since the choice of different reference spinors for the two quarks corresponds to different
spin-vectors, different helicity combinations give a nonvanishing result compared to our
formalism where the same reference spinor is used for both quarks. The general trans-
formations (B.I7) still relate amplitudes with massive quarks to amplitudes with massive
scalars. As an example we consider the SWI obtained from

6 A (&f,g;,...,g;_l,gg) = 0. (3.30)

[=(

The explicit forms of the relevant transformation formulae from (B.19) read:

1— |n+
%Q::—wﬂﬂ%n+m—WJ+¢%wf“i————

%¢fv55¥2@7i#>QT4V§mﬂ+U2§:T+;Q1a (3:31)

and by choosing n = 0k,, we obtain for the helicity flip amplitude
m

A ( 7Ir,g§r""ag:715QI) = mfl (gz_b;rag;r?"'agﬁrflaqsr:) . (332)
n _



This relation can immediately be verified for n = 4: Ref [[iZ] obtains for the four point
function the result

m [23] 2im?
A(QF,95.95,Q1) = (3.33)
( 1292193 4) ﬂ <1_‘4+> <23> (/ﬁ—i—kz) —m2
The scalar amplitude is given by [B§]
[23] 2im?
Ao, 95,95 ¢1) = ) T T h)f (3.34)

4. Recursion relation and results for amplitudes with positive helicity glu-
ons

In this section we consider the degree zero amplitudes

(Ql 592 P ;92—71,@;) and A(Q_ﬁ_?g;—’ .. >.gjl_fla¢;z) (41)

with a massive pair of quarks or scalars plus an arbitrary number of positive helicity gluons.
In the following we will discuss amplitudes with one particle off-shell, this particle will be
marked by a hat. It is also convenient to treat (), as an incoming quark rather than an
outgoing anti-quark. Let us take the outgoing particles 1 to n — 1 with positive energy.
Therefore p, = k1 + ... + k,—1 = —k, has a positive energy component. With our phase
conventions, the corresponding amplitudes are related by

A(Qi—v g;—v T 79:—17 ngn) ZA(Ql 792 ot 79:—1’Q;n:—kn)' (4'2)

In the following we will use the diagrammatic rules of [i( that are briefly reviewed in
appendix [J. The amplitudes in eq.([.) are of degree zero, therefore in our conventions no
helicity-flip vertex occurs. As a consequence, the corresponding amplitudes with one-leg
off-shell satisfy rather simple Berends-Giele type recurrence relations:

_ ~ 1
An(QT""ag:fﬁQpn ZVES Ql j’gj nann) k?2 (Ql’ ag] 1|Q1,])
j=2
1 _

2 An—j-i—l(g;—a ---79:_17g,(j,n))7 (4-3)

where we have defined
j—1
kig = ki (4.4)
=i

The corresponding recurrence relation for the scalars reads:

1
A ( RN 7gn 17¢n Z‘/S Jagjn7¢ )WA( RN 79] 17¢ 1])
1

,10,



o A1 () s 94T ) (45)
7,n
Here the quartic primitive scalar-gluon vertices do not contribute since the off-shell con-
tinuation of the polarization vectors (B.§) implies €™ (k;, q) - €7 (kj,¢) = 0.
The recursion starts with the two-point amplitudes, which are given by the inverse
propagators:

As(gF.92;) = =ik}, Ax(QF1Q1) = Ag(¢7 h-1) = —i(k} —m?). (4.6)

These recurrence relations are solved explicitly in appendix [0. In the present example we
can use the recursion relation to establish the relation (B.2]) between the amplitudes of
quarks and scalars directly.

After applying crossing symmetry the quark amplitude entering the SWI can be written
as

An(@iﬂ "'797—1—_17 Q;L) - ZAH(QT “"g:_l‘Q;n:—k?n)

~ 7
- Va(OF . oF ) P
3( 15295 Qpn) kij — m?

(_Z)AJ(QT’ "'a.g;‘r_l’@:(ld‘)) AnfjJrl(g]J‘ra "'ag:{fl’/!i(j’n))' (47)

i
2
K
We now use the induction assumption that the identity (B.21)) holds up to n — 1 already
for the one-leg off-shell amplitudes. This is true for n = 2:

A(Q7,Q3) = iAs(F, 3). (4.8)

Since the primitive cubic scalar-gluon vertex ([C.J) and the quark gluon vertex ([C.1)) satisfy
the identity

V(Q Q) = <fgq(">>V<q3:,l+,¢n> = —z‘%v@,l*,m (4.9)

we find that every term of the sum in the recursion relation contains a product of the form
o 3+ + O
Vs( 17j7gj,n7an)Aj( 1 7"'79‘7'717@,(1,]‘))

— (i Bvi(tafeon) ) (S AG G- 07 60,))

1, 5)a) (1q)
(ng) ., - N AT : -
= @Vfﬂ( IL,jv g;‘tm Pn, )Aj( 10— 1)+7 ¢,(1,j)) (4.10)
Therefore in every term appears the same overall-factor % that can be pulled out of the

sum. The remaining factors give the scalar amplitude ([[.F) and we obtain the SWI (B.2]):
_ . ngq _ _
AQE a1 Qa) = SHAGE 000, (.11

This is a non-trivial cross-check on the correctness of the supersymmetric transformation
laws in eq.(B.19), in particular since the equivalence of the analytic expressions for the
all-multiplicity quark amplitudes [ with the scalar amplitudes [Bf] is not immediate.

— 11 —



5. Conclusions

In this paper we considered relations based on supersymmetry between multi-gluon am-
plitudes with a pair massive quarks and corresponding amplitudes where the quarks are
replaced by massive scalars. These relations generalize the well-known formulae for the
massless case. The relations are useful as they allow to obtain amplitudes with heavy
quarks from amplitudes with scalars. Furthermore, if both sets of amplitudes are known,
the supersymmetric relations provide a valuable cross-check.

Note added in proof. After the submission of this paper, a form of the scalar and
quark amplitudes with an arbitrary number of positive helicity gluons has been found [5J]
that is much simpler compared to those given in , @] and in (m) and that has been
used to verify the identity (B.32) explicitly for an arbitrary number of gluons.
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A. Notation and conventions

In this appendix we give a comprehensive summary of our notation and sign conventions.
The convention for the metric tensor is g,, = diag(+1,—1,—1,—1). We use the Weyl

representation for the Dirac matrices

0 ot , 10
= (W 0 ) . =i = <0 _1> : (A1)

where o/, . = (1, —5), gHAB — (1,6) and & = (04, 0y, 0) are the Pauli matrices. The chiral

i
AB
projectors are as usual Py = 1/2(1 £ v5). The two-dimensional antisymmetric tensor is
defined by

iF 01
€AB:€AB:€AB:€AB: <_10> (A2)

Indices of two-component Weyl spinors are raised and lowered as follows:
P =etByp, =By, Py =Pt vp =vtean. (A.3)
The generators of supersymmetry are taken to be

0 . i I R
Qa= 553+ io!, 040, Q' = 55+ ig" AB0pd,. (A.4)
A

They satisfy the supersymmetry algebra:

{Q4,Q,} = —210ZA8M. (A.5)

- 12 —



Spinor products are defined as
en=¢ea, En=E4r (A.6)
In the bra-ket notation spinor products are denoted as
(ba) = (b — la+) = p"aa, lap] = (g + =) = 010", (A7)
In terms of the light-cone components
p+ =po+p3, P—=Po—Pp3, PL=Dp1+ip2, pir=p1—ips. (A.8)

of a null-vector p#, the corresponding massless spinors (p £ | and |pt) can be chosen as

et (—p,. et [ py
Ip+) = =) = ,
Vsl \ P+ Vips] \ pL

(¢ ¢
i3 e 2
(p+| = (=pL,p4), (== —F=(P4,p1-), (A.9)
Vp+] VIp+]
where the phase ¢ is given by
P+ = |ps| e, (A.10)

If p4 is real and p4 > 0 we have the following relations between a spinor corresponding to
a vector p and a spinor corresponding to a vector (—p):

|(=p) ) = ilp£),

((=p) £| = i (pH|. (A.11)
Therefore the spinors of massive quarks and anti-quarks are related by u(—k, +) = iv(k, %)
and u(—k,+) = iv(k,+). The polarization vectors of the gluons are unchanged under the

reversal of the momentum. Denoting a partial amplitude with n incoming particles with
momenta p; and m outgoing particles with momenta k; by

A (g, . Pk, | By, ... D)) (A.12)

the amplitude with an outgoing anti-quark is related to that with an incoming quark by

Ay Qiyy voclorr) = —3A( ]y Qe ) (A.13)

where the notation used for the quarks follows that of the spinors, i.e. incoming quarks
and outgoing anti-quarks are denoted by () and outgoing quarks and incoming anti-quarks
by Q. The same phase as in ([A.1J) appears for the exchange of an outgoing quark with
an incoming anti-quark while for gluons and scalars no phase appears and it is sufficient
to reverse the momentum.

,13,



B. SUSY transformations of helicity states

In this appendix we give the derivation of the supersymmetric transformations in eq. (B.15)
and eq. (B.I7). We follow closely the approach of ref. [P(]. The Lagrangian in eq. (B.3)
is invariant under supersymmetric transformations. The supersymmetric transformations
act on the component fields of @ as follows:

Spov = V2s,

Sytby = —V2ic 100y + V2Fy,

6, Fy = —V/2ina" 0,1, . (B.1)
Here we used the two-component Weyl spinor notation. The components of ®_ trans-
form as

Syp— = V20,

Syth- = —V2ic"n0,p- + V2F-,

6, F_ = —\/2ino" 9,1 (B.2)

Finally, the components of the vector multiplet transform as

SpAS, = i (ot A" — Xat'n)

1
At = 3 (ota” —o"a")no, Ay, + inD?,

5,D% = not I\ + DA\t (B.3)

We recall the connection between the two-component Weyl spinor notation and the four-
component Dirac spinor notation:

U= (o), U= (Z*)

A:@ﬂ;ﬂﬁ,A:(MA>. (B.A)

—ixA
For the scalars we used the redefinition

b=, by=0¢_, =04, ¢ =04 (B.5)

together with the convention that

(64)" = o5 (B.6)

The asymptotic fields we may expand in terms of creation and annihilation operators: For
the scalars and the quarks we have:

i = [ g ot )
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3 . .
\I’(x) = Z/@;l)% (b(kﬁ, )\)u(k‘, —)\)e*lkx + dT(k‘,)\)U(k‘,)\)elkx> ] (B?)
A

Let us consider all particles in an amplitude as out-going. To derive supersymmetric
relations among different amplitudes with out-going particles we have to know through the
reduction formulae the transformation laws of the annihilation operators, e.g

A(QF (k1), @F(ka), ..., b (ky), dx(kjr),...) =
Ob(k1, %), d(kz, £), ... s (k) as (kje1), ... 0). (B.3)

The annihilation operators can be projected out in eq. (B.7): With the notation

9= F(09) —Ouf)g (B.9)

we have
ai(k) =i / B (akm B ¢3¢(x)>, o (k) = i / P <e“m“ B ¢$(x)>,
b(k,\) = / Bz e*u(k, YO (z), d(k,\) = / 3z e* U ()7 (k, N).  (B.10)

These equations allow us to obtain the transformation laws of the annihilation operators
from the known transformation laws of the fields. For example

i / &P <ei’“ B 5,7¢+(x)> —i / &P <ei’“ B 6,7g5(x)>

i / &Pz (a’m‘ a0 \/57715(:6)> —i / Pz (a”m o \/iﬁqu(x)>. (B.11)
Reinserting the expansion eq. (B.7) for ¥(x) one finds the transformation laws

Syas (k) = ;d(k, N (ﬂa(k, NPy (Z)) :

Spas(k) = (\/5(77,77) Piu(k,—)\)> b(k, \). (B.12)

A

5y (k)

For the fermion field we find
6,0k, A) = —Va(k, A) (7?2’“)) ,

Spd(k,\) = V2 (a_(k)n, ay(k)7) v(k, \). (B.13)

Using the explicit quark spinors in eq. (R.6) and taking the sign change for amplitudes with
anti-quarks discussed at the end of this section into account we obtain eq. (B.15). Similar
considerations apply to the particles in the vector multiplet. The gluino is a Majorana
fermion with expansion

3 . .
A(&U) = Z/@:)ﬁ <b(k,)\)U(/€, —)\)eflk‘m + bT(k), )\)U(/{t, )\)ezkmn) ) (B.14)
A
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The asymptotic expansion of the gluon reads
Ay =Y / @k (a(k A)et (ke A) e~ 4 af ke, N)eP (k A)ei’w). (B.15)
)\ (27T)32k0 Y Y Y )
The annihilation operator for the gluon is projected out by
a(k,\) = —i / & e 8y e, (k, ) AP (z). (B.16)
We then obtain
palk, A) = eu(k, A) [(n = [v"| k=) b(k, =) = (n + 7| k+) bk, +)] ,

bk, £) = +a(k, \)y" Py ( ) Ze ke, Na(k, X). (B.17)

There is one subtlety in writing down the transformation laws for the fields: For the
application towards supersymmetric Ward identities we have to keep the relative sign
between different amplitudes correct. Let us consider a Feynman graph corresponding to
the matrix element

<0 (b...d...T (01T 101 ... P Tt bT...dT‘ 0> . (B.18)

Here @jl“jz/}j denotes a generic fermion interaction vertex. In order to apply the Feynman
rules, we have to anti-commute the fields and the creation and annihilation operators such
that

<0‘¢ bT(kz,)\)‘0> —u(k, A), (0]b(k, A) D] 0) — a(k, \),
<0 ‘z/? d'(k, A)( o> ok, A), (O]d(k,A) 9] 0) — v(k, A). (B.19)

It is easily seen that this reordering brings a minus sign for each spinor v and o [§4]. For
an individual amplitude these signs are an overall factor and are usually ignored. However,
if one relates amplitudes with different particle contents through supersymmetric Ward
identities to each other, these signs have to be taken into account. We can incorporate these
signs into the transformation laws, by adding an additional sign to each transformation
law, for which the number of anti-fermions changes by one unit. For example

Ong™ = —Tr(k)A*, 6,9% =T (k)A*. (B.20)

In the second equation we inserted an additional sign with respect to eq.(B.17), which
compensates for the change in the number of anti-fermions.

C. Diagrammatic rules

In [i(] we have obtained diagrammatic rules involving only scalar propagators i/k? for
gluons and i/(k? — m?) for massive quarks. We introduce so called primitive vertices that
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are obtained by contracting the vertices of the standard colour ordered Feynman rules with
the off-shell polarization vectors and spinors (R.§) and (R.4). Within this approach it is
convenient to take the momentum flow of a fermion always in the direction of the fermion
arrow line. That implies that we replace an outgoing anti-fermion by an incoming fermion.
All other particles remain outgoing. The tri-valent primitive vertices of massive quarks
include vertices present both for massless and massive quarks like

2 2
%, Vo Q1. Q07 :ﬁ% (1)

In addition, there are primitive vertices involving a helicity flip along the quark line that

V?’( _;F7Q2779§r) :i\/i

vanish for massless quarks:

_ o 122 o : (12)°
= Of = iv2 127 )= —ivom——"r . 2
‘/3( 1 ’Q2 ’93 ) Z\/_m [23] [31], VES(QI ?Q2 593 ) Z\/_m <23> <31> (C )
One can define the degree of a vertex or of an amplitude as the number of “-”-labels

minus one. In the diagrammatic rules, only primitive vertices of degree zero and one occur.
Furthermore, the degree of an amplitude is exactly the sum of the degrees of the primitive
vertices.

It is also straightforward to obtain the primitive vertices involving the scalars and
gluinos resulting from the Lagrangian (B.11]). For the scalar interactions with gluons we

obtain the primitive tri-valent vertices

(¢1 7¢2 )93 ) \/5[1?1][22]3]7 (¢1 7¢2 793 ) = _Zﬁ% (C?’)

The primitive vertices resulting from the couplings between quarks, gluinos and scalars are
obtained by inserting the spinors of the massive quarks (.). One finds the nonvanishing
tri-valent vertices

(Ql 7¢2 7A+) _Z\/_[13]7 V(Q;7¢;7Ag) = Z\/§ <13>
(Ql ’¢2 ’A+) _Z\/_m ggi’ V(Ql ) 2 ) ) = Z\/_m{ 2},
V(6] Q5,A5) = —iv2(32), V(é,Q5,A) = iv2[32],

V(eT, ;,[\3) —iV2m {12}, V(ng,Qg,Ag)Zi\/im“%

= o (C.4)

In addition there are four-valent vertices, which however we do not list here. As for
pure QCD only degree one and zero vertices occur. For the application in the SWIs it is
important to note that the scalars only couple to gluinos with the opposite helicity label.

D. Solution of the recursion relation

In this appendix we give some details on the solution of the recurrence relations ([.d)
and ([.§). We follow closely the calculation of [IJ. For the solution to the recursion
relation ([.3) we make the ansatz
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An((ﬂr, e 79:—1‘21\17”) [( 2

AQT - 0l@) = TR ] LPh — M) A2 - m?B,], (D.1)

where A, (¢, ..., 9:{—1@;”) is the amplitude for massless quarks with one leg off-shell [[[2,

IE]

4+ + i~ _ on/2—1;/ 1.2 <PnQ>
A ) = 2 M - i e )
In the massless limit, the formula (D.I]) reduces to the known result (D.2) while in the
on-shell limit a finite term proportional to m? remains that is determined by the quantity
B,:
im?2"/27 (pna) Bn
(k1 +k2)? =m? (12) ... ((n — 1)q)
The structure of the amplitude (D.)) is similar to the current with two off-shell gluons
obtained in [Bg.
In the recursion relation (f£3) also enters the well known expression for the gluon

amplitude with one negative helicity gluon [[3, [3, 3, i4] and one off-shell leg

{qn)*
(q1) (12) ... ((n = 2)(n = 1)) ((n — 1)g)
As a check, we have reproduced this amplitude from the Berends-Giele relations within the
formalism of [(].

Inserting the ansatz (D.J]) into the recursion relation ([L.J), one obtains after some

An(Qi—a e 797—1_—1‘Q;n) =

(D.3)

An (9f s G108 ) = 22271 (—ikE ) (D.4)

tedious steps a recursion relation for B, that is equivalent to that considered in [[Z],
although there the part vanishing on-shell has been split off differently. Adopting the
solution given there, we further split B,, into two contributions

" (1g) (lig?— m2) {(ki —m?) (2 + [fsla+) + B’n] : (D.5)

with B4 = 0. The function Bn satisfies the recursion relation

n—1,.,. ~
5 U —1){g— k1 kjnlat) By
Bp = (2 + [f1k2.akanlgt) + ]Z; Do) 7 ) (D.6)

A closed solution to this equation can be found in [iJ]. For n = 4 we therefore obtain the

result quoted in (B.J) while the on-shell amplitudes for n > 5 are given by
im?2/2-1 (nq) B,

(k5 —m?)(ki 4 —m?) (1) (23) ... {(n — 1)q)’

The explicit results for the five and six-point functions obtained from (D-7) and (D.§) are
given by

An( 7?5"'59271,627:) = (D7)

(5q) (2 + [F1k24]4-)
(1q) (23) (34) (K} 3 — m?) (ki —m?)’

A5(QT 95,9591, Q5) = 2*%im? (D.8a)
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A6(QF . 95,9795 95, Q) = 2%im?

(6g)
(1q) (5q) (23) (34) (45) (ki 5 — m?) (ki , — m?)

X [(2 + [f1Ko,aka6lq+) — i ’k175k5‘42+>_<2 +2 Kifzald=) .
(k1,5 m?)

(D.8b)

Comparing to the results for scalars obtained in [53, B4, Bf] one finds that the five point
functions obviously satisfy the SWI (B.2]), while the agreement of the six point functions
can be established after some use of momentum conservation and Dirac algebra.
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