Eur. Phys. J. C (2023) 83:892 THE EUROPEAN M)
https://doi.org/10.1140/epjc/s10052-023-11893-1 PHYSICAL JOURNAL C Cur;)%cahégr

Regular Article - Theoretical Physics

0-diagram technique for N = 1, d = 4 superfields

D. Bason!22, M. Billo34>

1
2
3
4

Dipertimento di Fisica, Universita degli Studi di Trieste, Via Alfonso Valerio, 2, 34127 Trieste, Italy
LN.EN.-Sezione di Trieste, Via Alfonso Valerio, 2, 34127 Trieste, Italy

Dipartimento di Fisica, Universita degli Studi di Torino, Via P. Giuria 1, 10125 Turin, Italy
LN.EN.-Sezione di Torino, Via P. Giuria 1, 10125 Turin, Italy

Received: 3 July 2023 / Accepted: 31 July 2023 / Published online: 4 October 2023
© The Author(s) 2023

Abstract We describe a diagrammatic procedure to carry out the Grassmann integration in super-Feynman diagrams of 4d
theories expressed in terms of A/ = 1 superfields. This method is alternative to the well known D-algebra approach. We
develop it in detail for theories containing vector, chiral and anti-chiral superfields, with the type of interactions which

O

ccur in NV = 2 SYM theories with massless matter, but it would be possible to extend it to other cases. The main

advantage is that this method is algorithmic; we implemented it as a Mathematica program that, given the description of

a

super Feynman diagram in momentum space, returns directly the polynomial in the momenta produced by the Grassmann

integration.
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1 Introduction

Supersymmetric field theories have been intensely investigated since their discovery [1-5], for various important reasons
related to their possible phenomenological implications, to their rdle as simplified, highly symmetric theoretical scenarios in
which to shed light on deep properties of QFTs and their enticing connections with advanced mathematical structures. In all
of these directions, the fact that supersymmetry simplifies the perturbative expansion exploiting partial cancellations between
bosonic and fermionic loops has always played an important part.

Supersymmetric theories can be described in terms of superfields [6], which collect the bosonic and fermionic fields that
sitin a given representation of the supersymmetry algebra (a multiplet) within an expansion in terms of Grassmann variables,
usually dubbed with the letter . The perturbative expansion when organized in terms of superfields of the correlation functions
is expressed in terms of super Feynman diagrams. These encompass the contributions of all ordinary Feynman diagrams for
the component fields of the various multiplets. The evaluation of super Feynman diagrams requires the integration of their
internal vertices over superspace, i.e. over both their space-time positions and their Grassmann 6 coordinates. The Grassmann
integration is essentially an algebraic operation, and poses no conceptual problem. However, from the practical point of view,
it can rapidly become complicated when the order in perturbation theory and/or the number of external points increases. It is
therefore important to develop efficient strategies to tackle it. Often, the space-time dependence of the diagrams is mapped via
Fourier transform to momentum space. In this setting, the result of the Grassmann integration is a polynomial in the external
and the loop momenta.

In this work we focus on four space-time dimensions. The description of theories with A" = 1 supersymmetry, i.e., with
four supercharges, in terms of A/ = 1 superfields is rather simple. In fact N' = 1 superfields are often used also for theories
with higher supersymmetry, such as A" = 2 theories; in this case, a single A" = 2 supermultiplet encompasses more than one
N = 1 superfield. In particular we consider theories that, when decomposed into N = 1 superfields, contain chiral/anti-chiral
and vector superfields. The superpropagators for these superfields and the vertices for typical interactions are standard, see
for instance [7].

A well-known strategy to carry out Grassmann integrations in superdiagrams of this kind was proposed long time ago in
[8] and it is referred to as “D-algebra approach”. Roughly, one eliminates all 6 integrations but one. The remaining integrand
comprises a string of spinorial covariant derivatives (usually denoted with the symbol D) which have to be simplified using
the algebraic relations satisfied by the latter.

Here we choose not to implement this strategy and remain essentially with the methods originally developed for supergraphs
in [9-13]. There is no doubt that the D-algebra approach is very efficient and since it appeared it has been used in basically
every demanding computation in supersymmetric gauge theories. However, we found that the older approach with multiple
Grassmann integrations of quite simple integrands can be described in diagrammatical terms and performed using a few general
rules. This 6-diagrammatic procedure is algorithmic and we have implemented it in a Mathematica notebook,! attached to
this paper. With it we are for instance able to compute, in less than a second on a normal laptop, the Grassmann integrations
of a 3-loop diagram that involves six permutations of a 3-vertex with covariant derivatives (see Eq. (4.2)). It is well possible
that also the D-algebra approach can be similarly automated, but to our knowledge this has not been done yet.

A partial version of this approach was already proposed in [14] as an instrument to ease the computation of certain
superdiagrams occurring in AV = 2 SYM theories with massless matter. The diagrammatic rules devise in [14], however, did
not allow to treat algorithmically diagrams with self-interaction vertices of the vector superfield. In this work, we generalize
the 6-diagrammatic method so that also applies to such superdiagrams. We also show how to treat diagrams in which all
possible fields, bosonic and fermionic, appear in the external legs.

Our method is quite general. To describe it explicitly, however, we focus on the kind of fields and interactions which
typically occur in the context of N' = 2 conformal SYM theories. Thus we consider massless superfields with the type of

' Our implementation of the algorithm can surely be improved, as we are not expert coders; yet the Mathematica notebook we provide can be used
“out of the box” in the computation of superdiagrams, as we show by some example in the paper. It also serves as a “proof of concept” of the fact
that our approach is indeed fully algorithmic.
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interactions that occur in such theories; for instance, we do not consider vertices with spinorial covariant derivatives acting
on the chiral/anti-chiral superfields. Also, given that in the N' = 2 SYM context it is often convenient to study the so called
“difference theory” with respect to A/ = 4 SYM and in this difference ghost contributions typically cancel out, we do not
consider explicitly diagrams which contain the ghosts. However, the propagator of the ghost superfield has exactly the same
expression as that of chiral superfields, see for instance [15], and their interaction vertices are of the type that can be described
with our method. They can therefore be included without problems, provided that one takes into account in the loops their
flipped statistics.

Our diagrammatic method is most straightforward if we don’t impose the Wess-Zumino gauge, at the price of having to
include higher and higher interaction vertices when we increase the perturbative order. In principle, all such interactions are
manageable within our approach.

This paper is organized as follows. Section 2 describes the type of A/ = 1 superdiagrams we consider, describing the
relevant Feynman rules and in particular their Grassmann content. Section 3 introduces the basics of the §-diagram approach
to the Grassmann integrations in superdiagrams. In Sect. 4 we analyze in detail an example. Section 5 generalizes the method
to all possible types of fields in the external legs. In Sect. 6 we describe an implementation of our approach in a Mathematica
code. The code is provided together with an ancillary file, furtherinstructions.pdf, which gives some details not
discussed in the main text.

2 N = 1 superdiagrams for A/ = 2 theories

We consider supersymmetric theories in d = 4 whose content can be arranged into chiral (or anti-chiral) and vector N' = 1
superfields. In our conventions, see Appendix A, the expansion of a chiral superfield has the form

®(x,6,0) = ¢p(x) + V209 (x) + (00" 0)d, ¢ (x) — 6> F(x)

_ 12 5 1 om
-° 0,9 ()00 — 70%0°0p (). 2.1

where ¢ is a complex scalar, i its fermionic partner (a chiral Weyl spinor) and F' an auxiliary field. The antichiral superfield
contains ¢ and the antichiral spinor v. For a vector superfield we have

V(x,0,0) = C(x)+ifx(x) —ifx(x) + (0"0)v,(x)
+ %GZ(M(X) FiN@)) — %Oz(M(x) —iN())
+1i6%20(h(x) + %&“aﬂx(x)) —i0260(A(x)

i 1 5= 1
+ 50" 0,7 () + 36702 (D(x) — 50C(x), (2.2)

where v, is the connection for a gauge group G, A and X are the the (anti)chiral parts of the gaugino and D a real auxiliary
field; they all carry indices in the adjoint of G. The remaining fields can be fixed exploiting the supersymmetric gauge
transformation

V=V + Dgayge + q_Dgauges (2.3)

where the parameter ®gayge is itself a chiral superfield. A typical choice is the Wess—Zumino gauge, that exploits this
invariance to set C, M, N and x to zero, while retaining the usual gauge freedom with parameter 2Im ¢gauee. The Wess—
Zumino gauge choice does not commute with supersymmetry transformations, though, and we will not impose it; thus we
retain supersymmetry explicit, at the price of keeping the full fledged expression (2.2) of the vector superfield and having
more terms in the action.

We consider theories in which the group G is in general non Abelian, and the chiral superfields are charged, i.e. transform
in some representation R —in general reducible — of G. We also include the possibility of cubic chiral or anti-chiral vertices.
For the sake of simplicity, we do not include other types of interactions among the matter fields, but the method we propose
can be generalized in this sense.
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2.1 N =2 SYM theories

As we already remarked in the introduction, the initial idea of the method we describe here was put forward in the context of
N = 2 SYM theories with matter [14]. The fields of these theories can be organized, with respectto an N = 1 supersymmetry
subalgebra, into vector and (anti)-chiral superfields with the type of interactions we mentioned above. Indeed the degrees of
freedom of the A/ = 2 vector multiplet can be encoded in a vector superfield V plus a chiral superfield ®, both in the adjoint
of the gauge group G. The components of an A/ = 2 matter hypermultiplet can instead be arranged in two chiral superfields,
Q and Q, transforming in conjugate representations of G.

The pure gauge action can be written in the ' = 1 superspace as follows:

1 _
Seauge = [ d*x d*0 Tr [@ (Wa W52 (0) + h.c.)

_5
4

D2(V)l_)2(V)‘ + 2e—2gV&>e2qu>] , (2.4)
£=1
where g is the bare gauge coupling and
1-
Wo = = DXV Dy (")),
_ 1 _
W = —ZD2(e2gVDd(e—2gV)). (2.5)

This action is given in the Fermi—Feynman gauge (§ = 1), but we did not write the ghost-antighost part since it is not needed
in order to explain our algorithm.? Expanding up to order g2 and taking the colour trace we have

Seauge = / d*x d*o [—V”DV“ + o4
+gfabc(i(DQ(DaVa))Vb(DaVC) +21&>avh®c>
1 _
+ g2fab6f66d <_§Va(DOl Vb)(DZVC)(Da Vd)

— 2ci>“vbqu>d) + 0(g3)i|. (2.6)

From this action one can derive Feynman rules in terms of superpropagators and supervertices. Note that every vertex carries
a superspace integration; one can as usual trade the vertex positions for the momenta running in the diagram, and remain with
af d*6; integral in the i-th vertex. The Feynman rules in momentum space, understanding these Grassmann integrals at each
vertex, are displayed in Figs. 1 and 2.

Note that the cubic and quartic vector vertices contain spinorial derivatives; see Appendix A.2, in particular Eq. (A.50),
for our conventions and notations. Thus in Fig. 2 a covariant derivative placed on one leg in which a momentum p flows out
of the vertex is to be understood as D, = 9, — paaéd. These covariant derivatives are among the chief sources of algebraic
complications in carrying out the Grassmann integrations in the superdiagrams. Our approach, that will be discussed in Sect.

2 Their propagators can be inserted with the function CP and their vertices with the function GV, as shall be explained in Sect. 6.
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Fig. 2 Vertex rules for the . D N
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3.5, associates these covariant derivatives to the vector superpropagators connecting the vertices rather than to the vertices
themselves. For this reason, in the right hand sides of Fig. 2 we have not written them.
The hypermultiplet part of the action is given by

Soper = [0 0V 0 + 0 )

+iv2¢0D08%6) — V220D 08%(6). 2.7)

Expanding up to order g2 and making explicit the colour indices® we get

Sy = / d*xd*0d*6 [Q“Qu +0"0,
+ (20" VT Q, — 20" VT,
+iv20" 0T 0,8%(0) — iN20" S (THL 0,62(0))
+ 8220 VAVE(TETE)L 0, + 20" VEVE(TET)! D))

+ O(g3)]. (2.8)

The corresponding superpropagators are displayed in Fig. 3 and the vertices in Fig. 4.

3 The chiral superfield Q transforms in a representation R whose indices we denote by u, v, .. .; by (T“)*, we denote the hermitian generators of
the gauge group in this representation. The superfield Q transforms in the conjugate representation.
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Fig. 4 Vertex rules for the o) s .
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2.2 Factorizing the Grassmann part

We are interested in evaluating superdiagrams, constructed with the Feynman rules described above, that contributes to a
correlator with fixed external states. Such a superdiagram depends on the set of external momenta, which we label collectively
by ¢, and carries colour structure and Lorentz indices associated to the external states. We write it in the following form:*

dk,
(2m)d

ZLorentz ( k)
[Tke

WA (@) = A x Tooor x [ [] 57 8 cons) 29)

Here N is the product of the symmetry factor of the diagram and all the factors (like the powers of the coupling constants)
appearing in the vertices — except for the color factors which give rise to the tensor Z¢ojour- By the index s we enumerate the
internal lines of the superdiagram. The scalar integral over the internal momenta k; is typically performed using dimensional
regularization, setting d = 4 — 2¢. The momenta are subject to the appropriate conservation relations enforced by the §-
functions 8@ (cons). Beside the denominator coming from the massless propagators, the integrand contains also a numerator
Zlorentz 1y which is the result of the integration over all the Grassmann variables of the 6-dependent expressions present in
the superdiagram and is the object of this paper.

Since the difference between the chiral multiplets ®, Q and Q resides only in their colour properties and numerical factors
in the vertices, which are factored out in the decomposition (2.9), the Grassmann part of propagators and vertices are the same
independently of the specific chiral multiplets involved. Thus, denoting any chiral field simply by a solid line, and introducing

the symbol ? suchthat W £ Z means “the Grassmann part of W is Z”, we have the following rules. For the chiral propagator
between two points i and j we have

9,pd - 9;p9 -0 pd,
.+P > ¢ P = % i (2.10)
1
J

For the chiral and anti-chiral cubic vertices we have

3 / ¢ 'y Swy

4

—(—/ % W 5[(94.) , (2.11)

/

4 In the the N = 2 theory all fields are massless. If we would apply this decomposition in presence of massive fields, of course we should use
massive propagators in the appropriate legs.
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where we reinstated the integration over the variables 6; and ; pertaining to the vertex which was understood in Fig. 4. For
the vector propagator we have

"y, i? Sﬁ(&a 2.12)

and for the vertices involving the vectors

h’{ﬂ ) \\‘Wf/& ? 1494', (2.13)
ot K

where, as discussed above, we do not include in the r.h.s. the spinorial covariant derivatives because we will associate them
with the vector lines connected to the vertices.

(1

2.3 External lines in superdiagrams

Often we are interested in correlators of specific fields rather than of superfields. In this case, super Feynman diagrams
contain field-superfield propagators in the external lines. Such propagators, that arise from the Wick contraction of an external
field with a superfield appearing in an internal vertex, are perfectly well defined. For instance, considering a generic chiral
superfield and omitting internal symmetry indexes, we have

(p(x)D(x2, 62, 02))
= (p(x1)(@(x2) + V2020 (x2) 4+ -+ -))o
= (P (x1)P(x2))o + V2024 (P (x)P¥ (x2))g + -+ - . (2.14)

We can also write them in terms of the super-propagators, and this will be useful for us in the following. Indeed one can see,
by Eq. (2.1), that for the chiral content we have:

¢(-x) = ®(x1 970_)|9:0_:0s (215)
1 _

o = —=0,P(x,0,0 . 2.16

Ve (X) 7 (x )9:0':0 (2.16)

Thus, considering the above relations for a generic chiral superfield and the similar ones for the anti-chiral content, we have

(i) D(xj, 07,0/)g = (P(xi, 6, 6:)P(x}, 07, 0))gly g _o - 2.17)
(@i, 0, 0)p(x)))g = (P (i, 61, 0)D(xj. 07, 0l g, 29 - (2.18)
(Yo (x)D(x},0,0))),

1 o _
=5 3D (xi, 0, 0)D(x;,0;, ej)>0\9i=0-i:0, (2.19)
<d><x,»,9i,éi>1/?”"<x,-)>0
1
= T CD (x,,@,,@)CD (x]99]99 )) _,:9__,':0. (220)
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Writing the above relations in momenta space we obtain:

_ ize—(’jl’éj L —0ird; (2.21)
i )t
-
| 1 _ _
++ = e irh 8 o—tirhi (2.22)
1 J p
4 P V2 . .
2 cBo0ipd; O 5P —0;pi;
*r+_ :Fpaﬂ'gje PP Zpotﬂgje iPYi (2.23)
J
¥ -k{;; 2 . - . .
‘ , o _“;_2_ 5900, ge PO L b, o=0irhi, (2.24)
4
J

We can relate the fields in the vector multiplet to the vector superfield in a similar way to what we did for the chiral
supermultiplet, see Eq. (2.15), namely using derivatives and the setting some variables to zero. Indeed one can see, omitting
colour indexes, that

1 iy _
VM (x) = 3 ogﬁa“aﬂV(x, 0.0)|, . (2.25)

_9_
from which we can obtain:
W)V (xj,05,60)),

= lo” 9938 (V (x1, 6:, 0V (x;,0;,0:)) (2.26)
= 5% i»Yi, Vi 7 YiYillo :

B

Then in momentum space we have:

v 1
e o B _z(ejpéj) iZ(ijQ_j). (2.27)
< P ) 7

Also these external lines can be treated through the diagrammatical method that we propose in this paper, but a bit of care
is needed. Suppose that the external vector field be connected to a vector superfield on which a certain expression f (D, D),
built of spinorial covariant derivatives, acts. This happens, for instance, for some of the vector Super Yang-Mills vertices —
see Fig. 2. Then the Grassmann part of (v(x;) f (D, ljj) Vix;, 6, é/)>0 would be given by

(W f(Dj, DHV (0. 0))), g aﬁga“éf}f(z)j, D)8*6;)). (2.28)

Such an expression is not easily handled in our diagrammatical method, but there is a way around. Instead of expressing v*
in terms of the superfield V by means of Grassmann derivatives, we can exploit Grassmann integrations and write

v (x) = =2 /d29d29' O™V (x,0,0), (2.29)
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Then we can also replace Eq. (2.28) with

(W (x) f(Dj, D)V (x},0;,0)))y = —2/d?d2é,- (6;0"6;)
X (V(xi, 0;,0) f(Dj, D)V (xj,0;,0)),. (2.30)

In momentum space this leads to

v Y) o ]
rvi\vas'm L [ a20,a%; 2(6:0";) f(D;, D;) [54(9,~j)] , 2.31)
4 p )

In this way> we only have to deal with Grassmann integrals and covariant derivatives acting on §*(6; 1), which can be treated
within our diagrammatic formalism, as we will discuss in Sect. 3.5.

We can deal similarly with the gaugino, even if the expression is slightly more complicated and contains two terms:®
(D V (X}, 07, 8)) = /d46i (-219,;(1 — o607 a/axl,u)
x (V(xi, 6, 6)V (x},0;,07)) (2.32)
(V(xi, 601, 0)3% (x))) g = /d“ej (215;? +514P0; 567 a/ax,-,“)
x (V(xi, 60, 6)V(x;,0;,0;)),. (2.33)
In momentum space and focusing only on the Grassmann part we obtain:
M (Y b)) |
P ] = 14 iy —
PON SR / d26,d%0; (e,;a + %ﬂefe,?) f(D;. Dy [54@)]. (2.34)
L P J
\( R ) ’)( ~ap
A ] — — - — —
ANSSSS o /d29jd29.,~ (9;?‘ — %9,,59]2> F(Di, D) [54(9,~,)] . (2.35)
< § J

In making explicit the spinorial derivatives in the expressions above one has to take into account that Eq. (A.50) is written
with the momentum flowing out of the vertex j (so in some of the cases above it is actually the momentum — p).

3 Grassmann integration in superdiagrams

As already stated, the focus of this paper is on the Grassmann integration occurring in superdiagrams, namely on the com-
putation of the quantity Z°"" defined in Eq. (2.9). Of course, methods to perform such integration are well known, and in
particular the so-called D-algebra approach of [8] is widely used. Here we propose a method that we find efficient and that
is very algorithmic, so that it can be implemented in a symbolic language code. This method is based on the construction of
what we call 6-diagrams.

> Note that it is also possible to use field to superfield relations based on Grassmann integration, instead of derivations as in Eq. (2.15), also for the
fields in the chiral multiplet. Again, this could in principle be useful for theories containing vertices with covariant spinorial derivatives acting on
(anti-)chiral superfields. For theories that do not contain such vertices, as is the case for instance for the /' = 2 SYM theory, this is not needed and
it is more efficient to use the formulas (2.17-2.20) which do not introduce integration of auxiliary variables.

© This is due to the fact that we do not impose the Wess—Zumino gauge and thus we have to disentangle the x spinor from the gaugino.
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3.1 A simple example

To fix the ideas, let us consider a very simple example, the one-loop correction to the propagator of the scalar in an adjoint
chiral multiplet with matter chiral multiplets running in the loop. In this case the Lorentz structure is trivial, and the colour
factor follows easily from the colour part of the vertices and propagators given in Figs. 4 and 3, while the normalization factor
turns out to be just 2g2. With respect to Eq. (2.9) it is immediate in this example to exploit the momentum conservation,
obtaining

,,/"ﬁ'("\\\ _
4 9/ oA 41
o e —
B H 2
“-9
e
=2g% x Trr(T"T¢)
d% 1 1
Z(k,q). 3.1

* ] emd @2k — q)?

The factor Z(k, q) is the result of the integration over the Grassmann variables at each internal vertex. According to the rules
in Figs. 3 and 4 and Egs. (2.21) and (2.22) it reads

Z(k,q) = /d493 d494 (93)2(9_4)2 6204(k—q)§3—94(k—q)0_4—03(k—q)és

o~ 204k03+04k04+63k63 (3.2)

This integral is straightforward, as we will describe shortly. In general, the computation of Z"" (k) through Grassmann
integrations remains essentially algebraic and presents in principle no conceptual difficulty for any superdiagram. Nevertheless,
it typically becomes very involved as the complexity of the superdiagram increases.

3.2 D-algebra

The key idea of this approach is to make the Grassmann integration local, namely to reduce it to the integral over a single
pair of Grassmann variables.

This can be achieved because the Grassmann variables to be [9] integrated over are associated to the vertices in the
superdiagram. The vertices are connected by superpropagators. The Grassmann part of the vector superpropagator directly
contains § functions, see Eq. (2.12), that identify the f-variables in the vertices i and j it connects. Also the Grassmann part
of the chiral-antichiral propagator, given in Eq. (2.10), can be rewritten so as to display such § functions; indeed one can show
that

DB —0; pli—0: pf; | _
P PAirti = — D, D} 8768 @i)). (3.3)

where we have remarked that the spinorial covariant derivatives contain the momentum p. Exploiting appropriately the §
functions present in the propagators, one can then eliminate the integrals over all but one of the pair of Grassmann variables.
The remaining integrand, however, contains in general spinor covariant derivatives arising both from the vector vertices, see
Fig. 2, and from the chiral propagators rewritten using Eq. (3.3). This expression needs to be evaluated using the algebraic
properties of the spinorial covariant derivatives D and D, i.e., carrying out the D-algebra.

For the example of Eq. (3.2), this procedure amounts to rewrite Z(k, g) as

1 ] _ _
Z(9) = 13 / d*65 d*0,63 07 [ D} _, D} _5*639)]

x [ D31y D g8 Os0)] (3.4)
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and integrate it by parts’ to obtain

1 _ _
Zk,q) = @ / d*0s d*0, [Diq,k D3, 4
x [932 7203, Di’7k64(934)]] 54(634). (3.5)

Using the fact that Df and Di commute with 932 and exploiting the §-function we can write

1 _ _
Z(k,q) = W/ d*a, 62 [Diqfk D,y

x [éfbifk Diik84(934)i|i| R (3.6)

3—
where in the string of covariant derivatives we have to identify the variables in the node 3 with those in the node 4 after having
carried out the derivatives. In this way we have recast Z in term of a Grassmannian integration at a single node. As argued in
[8], this can be done for any loop within a superdiagram and, iterating the procedure, for any irreducible superdiagram.

The explicit evaluation of Z written in the form (3.6) can be carried out exploiting the algebraic properties of the covariant
derivatives and the final outcome is that

Z(k,q) = —q°. (3.7)

3.3 Introducing the #-diagrams

In this example, the D-algebra strategy turns out to be rather more involute than carrying out the integration over the Grassmann
variables in both nodes with the propagators in exponential form, as in Egs. (3.2, 3.7). In fact, the latter procedure can be
described in a diagrammatic, algorithmic form which turns out to be generalizable to a large class of superdiagrams and can
be implemented in a computer program. Let us now introduce this strategy starting from the example at hand.

The basic ingredient are the exponentials appearing in the chiral propagators. We introduce the following diagrammatic
notation:

% ) . (3.8)

Due to the Grassmannian nature of the 6 and 6 variables, the exponentials are in fact polynomial:
10 ; = 1 - \2
e2irhi) = 1 4260, pb;) + 3 X (206, p6)))" . (3.9)

In diagrammatic notation, this reads

, (3.10)

where the momentum and the end-point labels are the same in all lines and are understood.

7 The rules for Grassmannian integrations by part are collected in Appendix A.2.
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The superdiagrams contain integrations over Grassmann variables ; and 6; at the various sites. These we represent
graphically as black or white dots:

2 2 3
o - |44 | o =47 @.11)
T

i
The cubic (anti)-chiral super-vertices bring in factors of Grassmannian delta-functions:

07 = 8%(0;), 6 =8°@;). (3.12)

1

Taking into account all this, we can rewrite diagrammatically eq. (3.2) as follows:

K- 4
o~ e :
w 2 3
Z(k, C]) — 1"( «, -K '(/ t'( > g (lZ) 5 ((94\
7 2 2 2

(3.13)

3 4

This expression can be simplified in some obvious ways. The Grassmannian delta-function 82 (63) soaks up the correspond-
ing integration and sets to zero all occurrences of 63. On the diagram, this correspond simply to remove the black dot labeled
by 3 and the two solid lines connecting to it, since the associated exponentials reduce to 1. Similarly, the §(64) removes the
white dot labeled by 4 and the lines attached to it. We remain thus with

K- 4

3
Zk,q) = O‘ . (3.14)

-K

Note that the labels 3 and 4 attached to the dots just assign a name to the integration variables, and they are thus actually
redundant.

Moreover, we can take into account the following general property: the product of two solid lines with the same endpoints
gives a single solid line carrying the total momentum, namely

#
J 1 £
——" Ptk
- ¢ , (3.15)
———
J P2 ¢

This just corresponds to the product rule for the corresponding two exponentials, see Eq. (3.8). Thus we arrive at

Zk9) = o }q ° (3.16)

We can expand the solid #-lines into dashed lines according to Eq. (3.10). Then we have to take into account the presence of
white and black dots, that correspond to Grassmann integrals over two-component spinors. According to Eq. (3.8), each dashed
line leaving the vertex i carries one 6; variable, and each dashed line entering the vertex j carries one 7] ;. The Grassmann
integrals [ do? or i df? vanish unless they act on expression quadratic in 6, or 6%. Graphically this means that a 6-diagram
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is non-null if and only if exactly two dashed lines are attached to each dot. This is a very simple but crucial property of the
0-diagrams. In particular, we have

-9 /,—"é_'j‘\\
oO—<—e = % O . (3.17)

-Z \\~___<__,_f’

-9
Finally, the dashed loop on the r.h.s. above is very easily evaluated. One has
o
//a’ \\\\ 1 _ _ _ 1 _
4o ® = / a0, d*632(04963)2(005) = 5 w(q) = —q°, (3.18)
2 \\~__f_:1__f’

where we made use of a Fierz rearrangement, see Eqgs. (A.33, A.35), and carried out the integrations according to the basic
rules in Egs. (A.12—-A.14). We obtain therefore

Z(k,q) = =", (3.19)
in agreement with the result of the D-algebra manipulations.
Of course, the Grassmann integrations in this Z(k, g) are very easy. It may seem that our diagrammatic notation unneces-

sarily complicates it. However, it readily generalizes and is algorithmic. As a first step, we show how the Grassmann part Z
of all superdiagrams involving only (anti)-chiral superfields can be managed using 6-diagrams.

3.4 Diagrams with (anti)chiral superfields
This is the simplest case. Let us describe how to manage it.

Deriving the 6-diagram The Grassmann part of all chiral-superchiral propagators is given by a momentum dependent
exponential of the type considered above, see Eq. (2.10), thus we can say that

P ~P/q -P/z

o

N
(

.(3.20)

Note that in Eq. (3.20) and in the following, the cyan, thick lines that appear on the r.h.s. of the L symbol have a completely
different meaning from the black ones on the left: they are the solid 6-lines defined in Eq. (3.8).
For propagators connected to external scalars, given in Egs. (2.21) and (2.22), we have simply

[a)

I ‘9 < N
k,F 5 = N (3.21)
4 ! X Plz

-

and

—_— (3.22)

\J
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Also the contribution of cubic vertices involving chiral superfields to the Grassmann part of the diagram are very easy to
describe:

o /7I v 9 4,3 ’
~«/ - e0l’d) - e (3.23)
LAY 1 { 1
4 <
.."M i 0
Similarly, for the anti-chiral vertices one has
/
iy
o /; ‘9 BZ ( a '
—— = @0 A ) =0 ( (3.24)
1 L 1
r {7(4 =0
"

It follows from Egs. (3.21, 3.22) that a chiral propagator connecting an external scalar to a cubic vertex gives a trivial
contribution to the 8-diagram. Indeed, suppose for instance that the propagator (3.21) be attached to a vertex of the type (3.24)
in position j; then its 6-line exp(—6; pd;) reduces to 1 since the vertex sets all occurrences of 6; to zero.

The properties we have listed are sufficient to determine the 8-diagrammatic form of the Grassmann factor Z associated
to any superdiagram Wolour involving only (anti) chiral superfields with scalar external states; we will consider later the
possibility that the external states correspond to other components of the multiplet.

An example Let us illustrate this by a specific example, namely

Kee
sy e K
9 :. “5';- 1
Wab(q) = f-%——’—.; i"—;«—(b" (3.25)
I 2
/
Ay
3 el } ...... $
“s3

This diagram represents a three-loop contribution to the adjoint chiral scalar propagator, and has been considered for instance
in [14]. Using the rules from (3.20) to (3.24) for all the propagators and vertices and making use of the §-functions that they

contain we obtain
Wse
® O
Usy K
46
Kf@ We
6
Wi = Z = e .
5 //‘{4”
® O

This is perfectly analogous to the form we obtained in Eq. (3.14) for the one-loop example. It is easy to convince oneself
that in fact in all cases involving only chiral/antichiral superfields the structure of vertices and lines of the #-diagram mimics

(3.26)

——
Kz
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deomposiionofaodisgam § 1 ho b LY LY
into iFs nqn-vanishir}g N = \f T + T /} i + \i' /} 1”
el 0——e——0  b-ce0 O-e o e
lines
e O——@ ——0
3 S5 05 &5 SUTNE NS
o 0] ——O O—<—o (6]

the one of the original superdiagram, except for dropping the external lines attached to scalar components, and associating a
white dot to every chiral cubic vertex and a black dot to every anti-chiral one.

Expanding the 6-diagram To compute a 6-diagram of the type just described, one can expand its solid lines according to
Eq. (3.10). Having done this, we can exploit the crucial observation we already stated just before Eq. (3.17): the only non
zero contributions are those in which exactly two dashed lines enter or leave every dot. As a consequence, such non-zero
contributions consist of products of loops of dashed lines® going through non-overlapping subsets of dots, leaving no dot
isolated.

Let us illustrate this with another example. Consider a §-diagram with the following structure:

zZ =l f2. (3.27)

This can arise, for instance, from a one-loop contribution to a four-point function of chiral/antichiral scalars. According to
the rules just stated, it is given by

o+ R P . (3.28)

|

|

|

A

|

|

!
@

The terms in the right hand side represent precisely the possible decompositions of Z into loops of dashed lines; note that
we have drawn the loops involving two dots as single solid lines, see Eq. (3.17).

Another example of the decomposition of a #-diagram is given in Fig. 5.

The decomposition into loops can be realized by means of a path-finding algorithm and implemented in a computer code;
this was done in [16]. In the code presented here we follow a different strategy, based on expanding in turn all lines and
taking into account at each steps the simplifications owing to the rule that selects exactly two dashed lines in each node. This
approach turns out to be computationally more efficient.

Getting the final result The next ingredient is the following: each loop of dashed lines can be evaluated explicitly and the
result can be given in a general form. Using repeatedly the Fierz rearrangements in Eqgs. (A.32—A.35) and the integration rules

8 Each loop consisting of only two lines, though, comes with a factor 1/2 because it arises from the expansion of a single solid line as in Eq. (3.17).
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(A.12,A.13,A.14) one easily shows that

P
Yo _O-—c-—o
7 on n
.//
By Yo'
/
g
4
I :
L&
B P
O
_{,
/ )
‘o
= /dzel d*0;...... d*0, d*6, 2(01p101)2(62k161) ...
X 2(0n Pn0n)2(61kn0n) = (=1 tr (prki ... pukn) (3.29)
The traces appearing above are of the form
tr(p1ki .. pukn) = D1y Kt vy o Py oy tr(@H 15V o 50 (3.30)

They can be recursively computed using the properties of the matrices o and 6#, see Appendix A.2.
For instance for Eq. (3.28) we obtain

Z = pipi—2(p1-p2)(p3-pa) +2(p1- p3)(p2 - pa)
—2(p1 - pa)(p2 - P3) + P3 Pi+ P1uP2vP3.pPace. (3.31)

Perspective Let us summarize. Drawing the 8-diagrams and evaluating them according to the rules we just described, we can
compute explicitly the Grassmannian integrations for all superdiagrams involving only chiral and antichiral superfields, with
scalar external states. All the three main steps of the procedure, namely writing down the 6-diagram, finding its decomposition
into loops of dashed lines and evaluating the latter, are completely algorithmic and can be implemented in a computer code.

This procedure was already described in [14], without however detailing the algorithm for determining all non-zero
contributions and without providing a computer code. In the present work we aim at extending this approach to a much larger
class of superdiagrams, maintaining its main advantage, namely that of being algorithmic and readily implemented in a code.
The basic idea is to cast the 6-dependent part of the superdiagram in terms of Grassmannian delta-functions and exponentials,
which we can then evaluate with the 6-diagrammatic method described in the present section.

3.5 Diagrams with (internal) vector superfields

The Grassmann part of the propagator of the vector superfields is very simple:

59, 5 & ¢ 5
A f ) (%) 52{8‘5')' 3
'i

As was mentioned in the introduction, we restrict in this paper to theories that can be formulated in terms of A/ = 1 chiral
and vectorial superfields, with interactions that have covariant derivatives that act only on vectorial superfields. This class of
theories contain in particular A" = 2 SYM theories with matter hypermultiplets. In this case, beside the cubic vertices of the
type considered in Eqgs. (3.23, 3.24), we have other interactions that involve both vectors and chiral superfields. Up to order
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g2, they are elementary from the point of view of their Grassmann structure:

b J
HL ' = ® O . (3.33)

From the action (2.6) we see that there are also interaction vertices, involving vector superfields only, which include spinor
covariant derivatives. Connecting vertices of this kind to other vertices by means of the vector superpropagator we effectively
obtain expressions in which such covariant derivatives act on the vector lines. The possible cases, and their Grassmann
structure, can be worked out with a little bit of algebra. For instance, as in Eq. (4.4), there might be a case where we have a
single covariant derivative acting on a vector propagator. This implies a contribution like D; o8*(6; 7). Itis straightforward to
see that the following two expression coincide:

©; pij61)—0;p;;0;)

Dio8*(0i)) = 26,;.08°@ij)e T . (3.34)
Graphically we have:
BA'D( .
’ J 2y 72} N T
MUYV, = 2. Wy i —H— (3.35)
A P" J

l’ 3 Y A/ . ~ |4
4«’\/\/1;/\/\/\/ = 2 é“f‘ 3(9;,') ;_P;_ ‘ J_M_; , (3.36)
S
<2
o J g 5. o M ' o ~Pyre
LV AVAVAVAVAVERE=SE @ f—— . —_— (3.37)
A P J

In Eq. (3.36) we have took into account that a line might have a derivatives coming from both vertices it attaches to, see Fig.
7.
We have two contributions with three spinor derivatives:

-2 A
D. D, [
‘ 3 ‘9/& . 4) . . . . . (338)
MYVN, = =% Vo o) e
4 P’. J‘

Al
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~ X
bj’“ bj J 9 . P")' , . *f"j/l . ) ~fj4'j/z
MVWYVN, = 2 Gk ) {—— j—— (3.39)
‘ A i

two with four spinor derivatives:

.3, B"ﬁ 5 p fi /2 f
X ] - - /e
MUY, = B & j——y (3.40)
4 P.. i
*)
D, ,
{VAVATLVIV VRSV (3:41)
4 PA" J‘
one with five spinor derivatives:
-2 (g
8 D} ﬁ, J
VA VA AVAVAVERE S (342)
4 PA.,. i
and finally a single one with six spinor derivatives:
SN
L7 ) 9 1 AR v ) PA"/Z . o~/
MY, < s by € Sy R o e (3.43)
4 p J'

Once the spinorial covariant derivatives have been assigned to the vector lines, the “bare” gluon vertices only contain the
information about the integration; thus for instance

(3.44)

Consider the situation in which the “decorated” vector lines of Fig. 2 are inserted inside superdiagrams with scalar external
states, which have an overall trivial Lorentz structure. The various spinor quantities and tensors appearing above, like 9,?‘;,
€4, and Sg, must conspire to produce scalar structure. Thus they can only give overall numerical factors or Grassmannian

@ Springer



Eur. Phys. J. C (2023) 83:892 Page 19 of 45 892

scalar products of the type 6;; - 0;. Remembering that 6;; = 6; — 6; and that 82(9) = 62, one has:

1
0 - O = 5 (52(9,»,-) + 8%(O) — 8%(6; — (8; + 6 — 91))) ) (3.45)

Thus, the Grassmann structure of all superdiagrams formed with the elements we considered so far can be recast as linear com-
binations of integrals of exponentials and Grassmann é functions which we know how to deal with using the 6-diagrammatic
technique.

In other theories based on A/ = 1 superfields, other combinations of spinorial covariant derivatives, beside those appearing
in Eqgs. (3.35-3.43), might appear. They could be treated by applying the same principle. Furthermore the number of possible
different combinations is finite and one could write down the analogues of the rules in Eqgs. (3.35-3.43) for all of them. Thus
for a generic theory with chiral/antichiral and vector N' = 1 superfields, with spinorial covariant derivatives appearing on the
vectors only, all the Grassmann integrals in any superdiagram can always be expressed in terms of 6-diagrams.

3.6 Some 6-diagrammatical properties

Let us pause here to recapitulate some properties of our 9-diagrammatic notation, which have used somehow implicitly above.

First of all, the order in which white and black dots appear in the graphical representation of the 6-diagram is not relevant:
they represent integrals over certain Grassmann variables, and all the occurrences of these variables in other elements of the
diagram must be integrated over. Thus, for example,

N SN— / 26, 2O, (3.46)
1 J

even if the white dot appears rightmost in the drawing.
Another graphical property that we have been using is the fact that endpoints of solid or dotted 6 lines get attached to dots
carrying the same index, remembering that the lines go from a black to a white dot: thus, for instance,

A 1 ) 1 ) 2 )

e —— = @&, +Q:iﬂ(3'47)
j

as well as

This also works when one end is already attached to a dot, or when a dot has already other lines attached to it.

In the 0 diagram, the lines can be constrained as consequence of the integration of some Grassmannian delta function.
These delta function might set some variable to zero, as in the case of the §2(8) or §%(9) present in the hyper-multiplet vertices,
or identify two different variables, as in the case of the 5% (6; i) = 82(6; —6 ;) and the 82(6; i) = 82(0; —0 /) present in vectorial
superpropagators, see Eq. (3.32).

It is easy to see that such constraints amount to the following rules:

e G (— O . ¢ e (3.49)

and
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e A S mmemereee i e e o L s
i a j K * j ¢ i il- - § K (3.50)
30, § 25,
as well as
'té_j = 1—ﬁ—J _ = 1 (3.51)
Iz =0 (3 =0
and
[‘“’“‘5 = {“"“'; =0 (3.52)
iZ': Q <3 =0

Another important property is the fact that we can combine the solid lines with the same endpoints, summing their momenta,
as described in Eq. (3.15):

‘. (3.53)

1]

Finally we would like to point out the fact that solid 6-lines can be stripped off from a 6-diagram; we will show this through
an example. Let’s consider a portion of 8-diagram with the following form:

(3.54)

and the decomposition of its external line:

(3.55)
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The only contribution that we can accept is the one where two dashed 6-lines connect to the external vertex; thus we remain
with:

¢« O , (3.56)

where in the last step we took into account that, since two dashed lines are already attached to the white 6-dot, no further
lines can be attached to it. Using Eq. (3.17), we can summarize this property as follows:

= @&——0O . (3.57)

This property obviously holds independently of the color of the most external 6-dot.
4 Analyizing an example
In this section we illustrate the 6-diagram methodology by means of an example which contains all the ingredients discussed
above.

Let us consider a superdiagram that contributes at the three-loop order to the propagator of the adjoint scalar in an N' = 2
SYM theory with matter, given by

“4.n

We have explicitly written here our rather obvious convention for the names of the momenta running in the various
propagators; in the following we will sometimes just assume them.

To the “external” ring of chiral propagators and to all vertices but the central one we can assign 6-diagrammatic elements
according to the rules discussed above, in particular those in Egs. (3.20, 3.23, 3.24, 3.33). These elements are

5 3 (¢ [£3Y 4 I’¢
< Kes iy -

. O S Ks; 3 5 bl - 5 q ‘17‘1’1? [(45 5

3 7 7 4 /
4.2
©C e O e - (4.2)
W, k = 78* 33 '/(47
3 ) 3 i3 ER 1 ] A B A v
® O

Building up the Feynman diagram, we actually have to take into account six contributions corresponding to the different
ways in which the triple and the single covariant derivative structures that appear originally in the three-gluon vertex — see
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Fig. 2 — can be assigned to the vector propagators. In other words, the gluon part of this superdiagram is given by

+ ¢ ohﬂu 'Wl.h«ufa,iy'ng . 4.3)

We denote by Z;jx, with i, j, k in the range 5, 7, 8, the Grassmann part of contribution to the diagram W, in which D6 Dg‘
acts on the vector propagator from the node 6 to the node i and Dg , acts on the propagator from 6 to k. Thus, for instance,

(%
L Zgrs, 4.4)
h 875

where for simplicity we did not write the momenta associated to the various propagators. Altogether we have

0
Wap = 2875 + Z578 + Z758 + Z857 + Z587 + Z785. 4.5)

The term Z;j; contains the following ingredients:

S B D Dy«
MAANm AMMANAA— A s e P
JJJ?\\ é L J “
(4.6)
which, according to the rules in Egs. (3.44, 3.38, 3.32) and (3.35), correspond to
3 Kes N
+
, ¢ Wew /2 ¢
My ? 5 Y N a—
0 0 W U< $5) SR 1 G S o : @.7)
k- fwsr ¢
o i ¢ ?
+
The contraction 6g; - O¢x appears, for which we can use the property (3.45) obtaining
1 2 2 2
i - 051 = 5 [ 67 Oui) + 82(061) + 6Ot | . (48)

Moreover, we can integrate over 6 and 6 variables, which appear only inside this portion of the diagram, using the &
functions 82 (6 ;) and 826 7). We rewrite thus the factors in eq. (4.6) as
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. - Kein Ke

ks

S9-S0 - SN TS5
8[ (%) g(“) B( ’K)I 5((7)“‘ j("(c,w-‘(ai)/’l ) (M ) o

Here we have used the property (3.15) for the solid lines from j to j; note that these elements were written in Eq. (4.7)
as solid lines from 6 to 6, which is the same in presence of 52 (0 j)82(06 7). Equation (4.9) contains the sum of three terms,
containing different  functions. Correspondingly, we write

(1 2 3)
Zijk =8 (Aijk —ijk ijk) ’ (4.10)

where Al(]],){ contains 8%(6y;), .Al(jz,){ contains §%(0 ;i) and .Al(;,){ contains §%(0 ik)-
We will now describe in some detail the evaluation of Zg75 and Z57g; the other terms can be treated analogously and we
well just quote the result.
Evaluation of Zg75 We start from Aé%. We put together the contributions in Eq. (4.2) with the first addend in (4.9) with
i, j,k=28,7,5, we take into account the factor of 82(058)82(9_75) and we collect the lines between the same nodes according
to the property (3.15). Finally, we exploit momentum conservation at each node of the diagram, see Eq. (4.1). In this way we
obtain a #-diagram that we can easily evaluate using the rules discussed in Sects. 3.3 and 3.4:

TooUy LY B 3 o9 4
®&—O ® ® O——@
4
AR = "*+ 14\;; = G @.11)
o) ®&—oO ® O
EA R 1 3 1 3 Y 3

In the second step we simply stripped off the external lines, according to the procedure discussed around Eq. (3.57). This
simplification is implemented in the code that we will discuss in Sect. 6. Now we can apply to the r.h.s. the results (3.17,3.18)
obtaining

1
AL = —kd; (g7, (4.12)
Let us now consider A§27)5. ‘We combine the contributions in Eq. (4.2) with the second addend in (4.9) with i, j, k = 8,7, 5.

We have now a factor of §2(673)82(075); collecting the lines and using momentum conservation we arrive at the following
0-diagram:

4 -9 7 1 ? Usy 1 4 -q 7 * Usy 1
O ® O ®——O ®—O
2 _
AP = o K = o K . (4.13)
® ®
2 Kp ? g Kn b4

In the second step we have stripped off the line (47). The resulting expression can be evaluated using the results for a
single line and the one for a four-nodes loop. The second one was given in Eq. (3.31), in which we now have to set p; = ks3,
p> = —p3 = pa = kga: taking into account the momentum conservation relation k53 + kg3 = —g, the result is simply q2 k§3.
Altogether we get thus

ADL = —id5(gH>. (4.14)
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For what concerns A§37)5, the terms in Eq. (4.2) have to be combined with the third addend in (4.9) with i, j, k = 8,7, 5,
which contains a factor of 82(675)82(6+5). Collecting the lines and using momentum conservation, we get this time

3 3 Ks, 7
O Q——@
Ags = “n{ }m : (4.15)
e, O _ @
5 (£ 7 -9 4

This diagram is obviously vanishing because the integration over the Grassmann variables of the isolated white dot cannot
be saturated by any line. Thus

AD: = (4.16)

Inserting the results (4.12, 4.14, 4.16) into Eq. (4.10) we get
Zy7s = 8 (A — AZ: — AQY) =0 @17)
Evaluation of Zs573 This contribution is obtained by combining the elements in Eq. (4.2) with those in Eq. (4.9) with

i, j,k=5,7,8. We split it into the three terms Ag;)g, witha = 1, 2, 3, according to Eq. (4.10). Thus Ag% corresponds to the
first addend in (4.9), and contains the factor 82 (6g5)5%(673). Collecting the lines and using momentum conservation we obtain

‘o
-1
. F lyw, g
et 20 o —
S gy Uys ,\4-%’5, (4.18)
I o
5 o 4

where in the second step we have simplified the 6-diagram by stripping off the line (35). We can now evaluate the single line
and the four-nodes loop using Eqgs. (3.17, 3.18) and (3.31). We obtain in the end

A = (g2 (kas — ks3)2. (4.19)

The term A578 corresponds to the second addend in eq. (4.9), and contains the factor 52(675)82(073). Proceeding in the by
now usual way we arrive at the following 6-diagram:

- W5y

A

5 5
® @
Ag27)8 — ‘(ﬁ * l(;l-l(ési ~‘f '(fs . (420)
O
3

- sy 3 It

Wag 4

@ Springer



Eur. Phys. J. C (2023) 83:892 Page 25 of 45 892

Fig. 6 An example of diagram 3 === 3~
in which ordering issues must be 4 3 "N Y S
taken into account when (b / )
applying the #-diagrammatic /

rules 3% }))VNM H

The decomposition of such a double-box diagram was exhibited in Fig. 5. Each of the terms in the decomposition is either
a single line or a dashed loop whose value is obtained from Eqs. (3.29) and (A.39—-A.43). After a bit of algebra, the final
outcome is

AD = —(q + kas)? k25 (g + ks3). 421)

The term A§37)8 comes from the third addend in (4.9). It is proportional to 82(673)82(673) and the associated 0-diagram is
found to be the following:

b gt g
G K4s g =¥ -q-1
ABL = ; sl (4.22)
@e——O ®
4 T-ues v Tty ?

This double box diagram can be evaluated analogously to the one of Eq. (4.20) and the result is
3 _ 242 2
A578 = —q" ki5(q +ks3)°. (4.23)

It is now straightforward to obtain

— (1) (2) (3)
Zs13 =8 <A578 — Aszg — A578>
= 16q” (kis k23 + g% kas - ks3
+kisq - ks3 + k33 q - kas). (4.24)

Similarly one can compute all the terms Z;j; in the Grassmann part of the diagram W,;,. The total result agrees with
[14], where the computation was performed only partly by means of 6-diagrammatic techniques as the covariant spinorial
derivatives were treated by brute force.

4.1 Ordering issues

The techniques introduced here allow to compute the Grassmann part of more complicated diagrams that would really be
hard to deal with other methods. For diagrams which contain more than one vertex with spinor covariant derivatives, one has
to pay attention to ordering issues which are relevant for determining the overall sign of each contribution.

Suppose for instance having to compute the diagram in Fig. 6.

Using the condensed notation V; = V (x;, 6;, 6;), the contractions that lead to the term singled out in the right hand side of
Fig. 6 are the following:

—— % = | \
~-.‘{7-~.Vs~~(D5)2[D‘5’l[Vs]]‘sts,a[‘fs](D6)2[Dg[VG]]‘{éDé,a[‘fs]-..V9~.-Vlom- (4.25)
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Fig. 7 An example of a decomposition where the overall sign is non trivial

Our approach is to separate this superdiagram in its elementary constituents, to which we assign their §-diagra
mmatical counterparts. In doing this we have to take into account that, while the vectorial superfield is a commuting object,
each covariant spinor derivative flips its statistics. We must thus pay attention to the signs that arise if some exchanges of such
elements in the Wick contractions. These signs are accounted for in the code that accompanies this paper. In the case at hand,
the decomposition of the particular contribution we are considering is given in Fig. 7 and includes a global (—1) factor.

5 Superdiagrams with vector or spinor external states

We will now discuss how to handle the Grassmann integrations in n-point functions whose external states are spinorial or
vectorial. To extend the 6-diagrammatic method to these cases it suffices to understand what Grassmannian factors the non-
scalar external lines introduce. The necessary ingredients have already been written down in Sect. 2.3; here we will recast
them in a #-diagrammatic form.

We shall begin with vector external states, which are quite easy to handle.

5.1 External vectors

The Grassmann part of a vector line attached on one end to an external vector state v** has been given in Eq. (2.31). We can
introduce a -diagrammatical notation for it as follows:

<,
w
=
1) <p
Q>
b
</

J.. - . T e
ANAN AN o O —————i————— W , (5.1
t J <o (4 ]
where the element

A
e 3

S oz 20, ¢ 695 . (5.2)

‘4 J

is nothing else that the dashed line introduced in Eq. (3.8) with the momentum p replaced by the versor ¢# in the direction
w. This versor has components é5 = 8!, so that its scalar product with any vector a yields

et a =a*. (5.3)
Thus in particular é* - ¢ = o* and é* - & = /.

Let us note that, in the case in which the external vector line carries no spinorial covariant derivatives, its expression
simplifies into

o 9 e
.’\/\/\/\/\/\/\/v = —m———- Im———- G4
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since the supervector propagator is given by 82(6; j)82(0_,~ j) and can be used to integrate the ¢; and 0; variables, which only
occur in this part of the diagram, according to (2.31).

Consider a very simple example, akin to the case with scalar external states considered in Sect. 3.1, namely the one-loop
superdiagram

W 4 qu'}

W = 2 R (5.5)

Its Grassmann part Z*¥ 2 W[‘f bv is given, according to the rule just introduced and to Eqs. (3.20, 3.33), by

o ¢ '\
/

| -
|

-~

A 1
zm— € e . (5.6)

This #-diagram can be expanded as usual into cycles of dotted lines, but such cycles are bound to contain the two é* and é"
dotted lines. Therefore one gets

-n
o A -t
K~ A
anl ¥ /0 | | Ay
vo_ : A
zk 4 kd e F A Ve - CH))
Vo ) | :
No/ \o/ L_————)———-O
3x

Both terms can now be computed using the trace rule of Eq. (3.29) and the formula in Appendix A.2, treating the versors
e and ¢V as any other quadri-momentum and then taking into account Eq. (5.3).
As another example, let us consider the following superdiagram, corresponding to a one loop cubic vertex correction:

(5.8)
¢ -t
/p——)—o

A /

zZh— ™ {\ 0‘//2 C-pye) (5.9)

\
‘@———c——0
4 - 5
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Expanding this #-diagram into cycles of dotted lines, bound to contain the é* dotted line, we get

4 ‘T- ( (3 4 ‘I’ e 6
A\ : . 1
A |
Zh = ‘,'l \’},M/z by + P \:y Mty .
\\\ .’I | :
e 9, e-———¢c——0
4 -f 5 4 -f 5

Again, both terms can be computed using Eq. (3.29) and Appendix A.2.

5.2 Spinors from (anti-)chiral multiplets as external states

(5.10)

Let us now consider superdiagrams whose external states are spinors sitting in A = 1 chiral or anti-chiral multiplets.’
The Grassmann part of a chiral line attached at one end to a chiralino or to an anti-chiralino has been given in Eqs. (2.23,

2.24). In a (partially) #-diagrammatic notation it can be expressed as follows:

ﬁ—,h = PJ(Q (9) —_—
/1 J' \’ J
and
P9 p
—_ = P (7,[; —_—.
)b ia T J

.11

(5.12)

The novelty is the presence of “bare” 0-variables whose spinorial indices are not contracted with the spinor indices carried
by other 6 variables. This leads, when these external lines are combined with the inner vertices, to the appearance of new
f-diagrammatic elements. Indeed, consider for instance an external line of the type (5.11) attached to a chiral cubic vertex,

whose Grassmann part was given in Eq. (3.24). We have

7 P E P - 5 P
—=—4i &= B O o T
i N J %:a ) / t
\\‘
= Pvlr; A; 8‘:0
)
and similarly
7\ ;{,,; .
SAR \
—— = Py,
/] § v G
[
/
/

where we introduced the notation

_/ {,2 >0
(5.13)

(5.14)

9 Note that, from the A = 2 point of view, if the ' = 1 chiral or antichiral multiplet is the adjoint one which, together with the N” = 1 vector

multiplet, makes up the A/ = 2 gauge multiplet, then these spinors are among the gauginos of the theory.

@ Springer



Eur. Phys. J. C (2023) 83:892 Page 29 of 45 892

° 1. -
A&: dd 0% = 00

S e
[
>
]
Lﬂ-
o
Q_Q:
I
®
o

. 5.15
) " (5.15)
Consider for instance the following simple one-loop example:
-K '
. +¢ b ¢
¢ = 1 4> — . (5.16)
ab,a 4 q cr \ I, q he
\
N Kt
~..<—

. . . v 0 i e
Using the rules just stated, its Grassmann part Z%, = W7,  is given by

.

-
. Sin N
28 = ‘b(‘ 7 Ag/—(q\ ‘., 1. 1° 43+qu. (5.17)
\‘éj/ l ‘

Let us note that the external spinors appear in a specific order, dictated by the Wick contractions that originate the diagram
one is considering, which implies a specific ordering of the “bare” 0-variables in the 8-diagram that carry the spinor indices
of the external spinors. If this order is altered, we have to keep track of the ensuing overall sign - again, this is automatic in
the code.

The crucial property of these triangular symbols is that, in the expansion of a #-diagram, only the terms where precisely
one dotted line is attached to each triangular vertex survive since these represent an integration already containing a fermionic
coordinate. This is analogous to the fact that exactly two dotted lines must be attached to each black or white dot, as stated
after Eq. (3.16). Thus the possible decompositions of the 8-diagram must contain open trajectories — which cannot intersect
or overlap — starting on a triangle end ending on another one. In the case of Eq. (5.17) there is just one possibility:

Z8 — 14(1 I A 4 (5.18)

Let us consider a more elaborate example, namely the following two-loop quartic diagram, which we indicate only
schematically, without labeling the momenta and the nodes:

|

A A . (5.19)
s |
|
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In this case there are many more possibilities to draw the open lines and the decomposition of the 6-diagram contains the
following structures (we omit writing the factors of the external momenta attached to the triangles):

R

I
+ | i 4 | I+ i | (5.20)
I | ! ! | |
&A—o0—-—4 A& O—4 &—O 4 A O 4

The open paths connecting the triangles represent Grassmannian integrations; for instance

3&'7"“ O o @

Pn

= /d@@l,az(elplél)...2(9npné,,)é;?, (5.21)

where by d® we indicate the integration over all the involved Grassmann variables. These expressions can be evaluated by
the same Fierz techniques utilized in Eq. (3.29) for the closed paths. The result is

1 ! n n o
Ag-7- O o == @y
fa Pa

B (_1)n+1

——(ar- Gn—1Pn)L.

(5.22)
Similarly, one has
1 ! n-1 n
A0 v == O 4y
2 ga-1 f
=" -
= (P141 - Pn=19n—1)ap (5.23)
and
1 :L 1 n-1 n B
A ———— O__. __.___).__.A
5’1 Pn-ﬂ
(_l)n ~ ~ .
=——@p . Gn—1pn—)*? (5.24)
All of these products of o**-matrices can be treated algorithmically as described in Appendix (A.2).
For instance, in the first two cases we have
P bop ] iy B
A-—=>===p . =L = (") (5.25)
* g

and

>

N
<
Y
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1 —v

1 1
= 5P q1€ap 5(171)“ (gD)v (") agp. (5.26)

Note that the open chains with two black triangles, i.e. with two external chiral spinor indices, transform in the (2, 1) ® (2, 1)
representation of the spin group, which is reducible into (1, 1) @ (3, 1), i.e., into an antisymmetric and a symmetric part in
these spinor indices.

Coming back to the simple case of Eq. (5.18), the final result is

. . (_1) . s 1 _ .
2% = (D3 x = ey = — 5G40,
2 2 .
= %(é)“a = %qu(o“);‘. (5.27)

The first (—1) factor comes from exchanging the theta-variables of the triangular 8-vertices in Eq. (5.18) to match the one
in the formula (5.21).

5.3 Gauginos as external states

Let us consider now the case in which we have a spinor from the ' = 1 vector multiplet in an external state. The Grassmann
parts of a vector line attached at one end to an external gaugino or anti-gauginowere given in Egs. (2.34) and (2.35). We can
describe them in #-diagrammatic notation as follows:

N Dol 9 3 L
o = (4 O fis @81 S@)) U, s
A S < 2 ] ¢ )

and

K4
3.
| <o
|
=
e
(<

rvvyvvt = | @4 + ’L _AFQS(\ ,\N"WW\, (5.29)

Thus each gaugino external line leads to the sum of two diagrammatic elements; this is a consequence of the fact that
we chose not to impose the Wess—Zumino gauge. The 6-diagrams with gauginos as external states will therefore comprise
multiple terms already before effecting their decomposition.

Let us note that if the external gaugino line carries no spinorial derivatives its contributions simplify because they involve
the vector line with no spinor derivatives, which is just 82(6; j)82(9_,- 7). This allows to integrate out the ¢ variables in the
external node. Thus, for instance, if the external gaugino is attached to a cubic adjoint vertex, see Fig. 2, we have

M 9 4B
M S A, O,‘ t 1:ﬁ A/ 9-0 (5.30)
)
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—-:I ¢ ]
\‘ ] f‘% @ A" _1'f & . (5.31)

and

K

b = (5.32)
According to the rules we just described, its Grassmann part ZO;‘I L g‘h’a is given in 0-diagrammatical terms by
K cl_K
. g N 4 { 4 . 2
. AR (e=9)/2 &
zoglz(A%Qﬂ:f A, 3:0) P e, . : <o4 A, -4 A(Cf e 633
2 3 /'t (k-91/2 2 Q=0
4 $ 4 4
It comprises therefore four 6-diagrams: we write Zd& = Zf‘l) ot Zé) ot Z%) ot Z&) o, and we have
: ~K 4 -k
[ e — ot @
i - g 4
Z?l)a = ‘f/2< ‘f_li - »’f/z - K-ff/z u {r ) (5.34)
As’,( A: A Q‘

In the first step we kept the labels on the nodes to facilitate the comparison with Eq. (5.33); in the second step we omitted
such labels and we joined the lines between the same nodes. In the following terms we will write directly the analogue of this
second expression, namely

A' ¢

26, = Tue K1,

hl 1

-«
O
. —ap ¢
Zha= 1 1%% (5.35)
2
4
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and finally

[
®a —

X . K
\@Lf(? 4 A (5.36)
4

The decomposition of these 6-diagrams goes as follows. We find

-«
& K"rl/z -K K_g{/z . o E .
Zha = AO& e == ) AR + "y . (5.37)
«
O s
as well as
. N ¢ U~y . - -1, K
200 = 115 Ao @A, 28, = -1 bg=>——0--= A(, (5.38)
2 2
and
) . ‘;p é _/‘K
Zho= ~ {7 D4, (5.39)
4

6 Use of the Grassmann integration algorithm

We have insisted that the approach to the Grassmann integration in superdiagrams we described in the previous sections
is algorithmic and can therefore be implemented in a computer code. We have chosen to realize this possibility as a
Mathematica notebook!'® which is made available together with this paper. Besides the code we provide an ancillary file,
furtherinstructions.pdf, which gives some details not discussed here.

The code, as it stands, allows to deal with the type of matter content and interactions considered in the bulk of the paper. It
can also be applied to other theories whose interaction vertices contain only products of superfields with some combinations
of spinorial covariant derivatives on vector superfields. It is straightforward to modify the program in order to include massive
chiral multiplets, in which case chiral superpropagators terms like (®®) or (®®) appear. Furthermore it is in principle possible
to extend the program to handle vertices with all possible combinations of spinorial derivatives an all superfields. It is true
that the code can certainly be optimized by more expert programmers but yet it proves our point: the procedure described in
the text can be implemented on a computer.

The notebook is called Theta-diagrams.nb. In the following, we assume that this notebook has been opened in
Mathematica and evaluated. Beside the notebook Theta-diagrams . nb, there is a folder, called Theta-programs,
which contains the breakup of the code into smaller notebooks, each containing some basic step of the procedure, accompanied
by a few more examples.

In this section we illustrate how to use this software to obtain from a superdiagram the momenta polynomial resulting
from the Grassmann integration. We proceed by examples to illustrate how the superdiagram must be specified and how the
output has to be interpreted.

[T
ST,

10 We decided to not build a package because our coding requires to make Mathematica
in a single notebook to avoid disrupting other Mathematica computations by the user.

operation orderless. We chose to localize this choice
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Diagrams with (anti)chiral superfields Let us begin with a very simple example, namely the superdiagram in Eq. (3.1),
which we redraw here for commodity of the reader:

//”i\\\\
1 / o9
1__>_g 3 $ }ﬁ\—l : (6.1)
g S
----- .{

To evaluate the corresponding Grassmann integral, namely the function Z of Eq. (3.2), the following command must be
issued:

in(70l:= SuperdiagramComputation[{}, {ECSc[1l, 3, q], EACASc([4, 2, q], CP[4, 3, -k], CP[4, 3, k-q],
C3inward[3], C3outward[4]}]

out[70l= -q.q

The first argument is empty because it must be used only when gauginos appear in the external states. The other arguments
describe the elements of the diagram.

e ECSc[1,3,q] is the external line of the chiral scalar going from the vertex labeled as 1 to the vertex labeled as 3.
Similarly, EACAS[4, 2, g] is the external line or the anti-chiral scalar from vertex 4 to vertex 2.

e CP[4, 3, -k] stands for the chiral superfield propagator that carries momentum —k and goes from the vertex 4 to the
vertex 3. CP[4, 3, k-qg] is the other chiral superfield propagator of the diagram.

e C3inward[3] and C3outward[4] signal the presence of three-point chiral supervertices with incoming lines in
position 3, and outgoing lines in position 4, see Eq. (2.11).

The command returns the output -g-q, namely —g?, in agreement with Eq. (3.7).
Let us consider a more complex example, namely the three-loop superdiagram of Eq. (3.25). We implement momentum
conservation at each vertex and choose three independent loop momenta r, s, ¢ as follows:

I+r
5 /’—9\\
=93 Soq-r-t
1 X
q ;! s 3 9
3: 14 6.2
— = —— (6.2)
\
rvs ™ /f ,Vf~; ¥
\ ‘/
3 T Senee 7
-r-5-1

The corresponding Grassmann integral is computed by the following command:

in[711:= SuperdiagramComputation({}, {ECSc[1l, 3, q], EACASc[4, 2, q], CP[5, 3, -q-r-s],
cP[5, 6,q+rj, CP[4, 6, -q-r-t1, CP[4, 7, r+t], CP[8, 7, -r-s-1t], CP[8, 3, r+s],
cp(5, 7, s1, CP[8, 6, t], C3inward[3], C3outward[5], C3inward[6], C3outward[4],
C3inward[7], C3outward[8]}]

ouwl71l= - (q.q)®r.r-2q.qq.rr.r-q.q (r.r)?-2(q.q)?>r.s-4q.qq.rr.s-2q.qq.tr.s-2q.qr.rr.s-
2(q.q)%r.t-4q.qq.rr.t-29q.qq.sr.t-2q.qr.rr.t-4q.qr.sr.t- (q.q)%s.s -
29q.qq.rs.s-2q.qq.ts.s-q.qr.rs.s-2q.qr.ts.s-2(q.q)?s.t-2q.qq.rs.t- (q.q)2 t.t-
2q.qq.rt.t-2q.q9qq.st.t-q.qr.rt.t-2q.qr.st.t-q.qs.st.t+2q.q%Elq, r, s, t]
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The result, which is proportional to ¢2, is written almost completely in terms of scalar products of momenta. The only
other type of expression that appears is SE[q, r, s, t], which stands for €55 g"r?st*.

Diagrams with internal vector superfields We consider now the three loops example with an internal three-vector vertex
of Eq. (4.2). Implementing momentum conservation and choosing three independent loop momenta r, s, t we write it as

5

-———

'1"" - =~ - -
& \TT

6.3)

To evaluate the Grassmann integrals for this superdiagram, we have to explicitly define the momenta variables for the gluon
propagators. We choose

in(721:= $p[6][5] =S -}
$p[6][7] = t-s;3
$p[6][8] = r-t3

and then compute

in[751:= SuperdiagramComputation[{}, {ECSc[l, 3, q], EACASc[4, 2, q], CP[5, 3, -q-Tr],
cp(4, 5, -q-s), CP[(4, 7, s1, CP[7, 8, t1, CP[8, 3, r], V3[6, 5, 7, 8], C3inward[3],
C3outward[4], GV[5], GV[T], GV[8]}]

outi7sl= 16 q.qq.sr.r+16 (q.q)*r.s+16 (q.q)*r.t+16q.qq.rs.s+16q.qr.rs.s+16 (q.q)*s.t
Among the arguments we have some new ingredients.

e V3[6,5,7,8] represents the 3-vector vertex in 6, from which three vector superpropagators point toward the vertices
5,7,8.

e In case one needs to consider a diagram in which a propagator connects two legs of the vertex V3 the input should be of the
form V3 [o, a, a,b]. Note that the index a to be used has to be different from all other indices used to specify vertices
or external lines. A similar remark applies also to four-vector vertices, which in the program are denoted in general as
V4[o,a,b,c,d].

e Note that the vector propagators departing from the 3-vector vertex must not appear separately in the input, and the
program assign automatically a name to their momenta: $p[6] [5] is the momentum flowing in the propagator from 6
to 5, and so on. This is why we had to give the instructions Sp[6] [5] = s-r, to enforce our choice of names before
calling the program.'!

e GV[i] indicates that in position i there is a “generic vertex” whose Grassmann contribution is just | d*6;. This is the
case, see Eq. (2.13), of the vector-chiral-chiral vertices in positions 5, 7 and 8.

The result, which is proportional to 16¢2, is very simple although the computation, described in Sect. 4, is quite involved.

Diagrams with vector external lines The program also handles superdiagrams with external vector lines. Let us consider
for instance the example given in Eq. (5.5), that we redraw here for ease of comparison to the input that must be given to the
program:

I The default choice of the momenta for these vertexes is flowing outward, when two of these are connected the program defines Sp[1] [J] with
i<j.
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(6.4)

The corresponding Grassmann integrations are evaluated by the following command:

in[761:= SuperdiagramComputation([{}, (EVV[1, 3], EVV[2, 4], CP[3, 4, q-k], CP[4, 3, -k], GV[3], GV[4]}]

outi76l= q.$s[V,1,3]1 q.$s[V,2,4] +2k.k$s[V,1,3].55[V,2,4] -
2k.q$s[V,1,3].8s[V,2,4] +25E[k, q, $s[V,1,3], $5([V,2,4]]

Note the following points:

e EVV[1i, j] stands for a vector external lines attached to a vertex in position j.

e The external indices n and v are not specified explicitly in the input. The program associates automatically to each
external vector line EVV [i, j] aunit vector $s [V, i, j] that appears in the output. With the conventions taken in (6.4)
we should therefore read $s[V,1,3] aset and $s[V,4,2] ase’.

Using the properties of the unit vectors é#, see the discussion from Egs. (5.1) to (5.3), the output of the program corresponds
therefore to

qg-e*q-e’+2k-ket-e" —2k-qget-e”
+2kpqcé§féZep”)"’ =q"q"
2k - kS — 2k - g8MY + 2k pgg €PT1V. 6.5)

Consider now the diagram of Eq. (5.8), namely

(6.6)

The corresponding Grassmann integration can be performed with the command

in[77):= SuperdiagramComputation[{}, {EVV[1l, 4], ECSc[3, 6, p], EACASc[5, 2, p+q], CP[4, 6, q-1],
cP[5,6, L-p-q], CP[5, 4, -1], GV[4], C3outward[5], C3inward[6]}]

outi771= 2 1.$s[V,1,4] p.p+21.5s[V,1,4] p.q-21.1p.Ss[V,1,4] +21.qp.5s[V,1,4] -1.1q.5s[V,1,4] +
21.9q9.%s[V,1,4] -p.pq.5$s[V,1,4] -2p.qq.5s[V,1,4] -q.9q.5$s[V,1,4] -2SE[1, p, q, $s[V,1,4]]

According to the conventions already discussed for the diagram (6.4), $s [V, 1, 3] stands for the unit vector e/ and, after
simple manipulations, the result has the form

200(p* + p-q) —2p" (> — € -q)
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— " (=20 g+ (p+9)?) = 26", pys. ©6.7)

Diagrams with chiralino external lines Let us discuss now the the case in which some of the external states are spinors,
focusing as usual on an example. We consider the superdiagram of Eq. (5.32), namely

e,
AP .
¢, L
o3 T e (6.8)
1 \ /)
N KA
S

The corresponding Grassmann integrals are computed using the following call:

in[711:= SuperdiagramComputation[{}, {ECSp[l, 3, q], EACASp(4, 2, q], CP[4, 3, -k], CP[4, 3, k-q],
C3inward[3], C3outward[4]}]

1
out[71]= 5 q.9q.5s[S,1,2dot] $seps[S,1,2dot]

In this expression, Sseps[S, 1, 2dot] stands for (a“)a"" while $s[S, 1, 2dot] corresponds to é”. Indeed $seps
indicates a o matrix with an index saturated via a € (the S simply reminds us that that term comes from a spinorial contribution)
whose spinorial indices are those associated to the external points 1 and 2 in the diagram, namely « and &. The index u is
dummy, and it has to be saturated with a structure labeled by the same arguments, namely $Ss[S,1,2dot]. As already
explained after Eq. (6.4), $Ss indicates a unit vector, which here has to be éu- Thus the above results amounts to

=q°qu (o“)aa =-q-q,. (6.9)
2 2

Let us now consider the more complicated case introduced in Eq. (5.19) and discussed thereafter. In the decomposition of
the corresponding Grassmannian integrals more tensorial structures appear, which are codified in a non completely obvious
way in the output of the program. Let us redraw the diagram in question here:

|

A 4 ) (6.10)
|
|

Here we labeled the nodes so as to facilitate the comparison with the input that has to be given to the program in order to
compute the corresponding Grassmann integrals, namely

in[79):= SuperdiagramComputation[{},
(ECSp[l, 5, pl], EACASp[6, 2, p2], EACASp[7, 3, p3], ECSp[4, 8, -pl + p2 + p31,
cpr6, 5, -kj, CPr1e, 5, -pl1 + kj, CP[6, 9, k - p2], CP[l0, 9, 1 - k],
cprie, 8, pl - 11, CP[7, 9, p2 - 1, CP[7, 8, -p3 - p2 + 1], C3inward[5],
C3outward[6], C3inward[8], C3outward([7], C3inward[9], C3outward[10]}]
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We used momentum conservation to express the external momentum p4 in terms of p1, p» and p3 and we denoted by k
and / the two independent loop momenta running in the two boxes - the assignments of momenta to the various lines can be
understood from the call itself, whose syntax should by now be clear.

The resulting expression carries two chiral and two anti-chiral indices, namely it transformsinthe (2, 1) ® (2, ) ® (1,2) ®
(1, 2) representation, which is reducible into (3, 3) & (3, 1) @ (1, 3) & (1, 1). The program, however, which implements the
decomposition into open paths described in Eq. (5.20), does not completely carry out the reduction. It does so for the terms
arising from the first term in the decomposition (5.20), but not or the others.'? As a consequence, the output of the program
is not optimized and is very long, so we do not report it here. It contains various new structures. For instance, the following
term appears in the output of the program call above:

1
2 k.p2k.p31l.pl1l.p2$eps[S, 1, 4] Seps[S, 3dot, 2dot] .

Here $eps[S,1,4] stands for €44: indeed, $eps denotes an € tensor, the argument S indicates that its indices are
spinorial while 1, 4 states that these spinorial indices are those associated with the lines denoted as 1 and 4 in the input for
this diagram. With analogous logic, $eps [S, 3dot, 2dot ] stands for €#%. Altogether this term reads therefore

1 i
— 7K p2) k- p3)(E- p1)(E- p2)éap ehe, (6.11)

Another term appearing in the output is the following:

1
e k.p2 k.$s[S,3dot,2dot,B] 1.p11.5s[S,3dot,2dot,A] p2.p3 $eps[S,1,4] Ssbareps[S,3dot,2dot] [A-B].

Here $sbareps[S,1 3dot,2dot] [A-B] stands for (6’“’)’%‘. Indeed $sbareps|..] [A-B] indicates a ¢ matrix
with two vector indices with raised spinor indices — see the remark after Eq. A.27. The arguments S, 3dot, 2dot
mean that the spinor indices are those associated with the external lines numbered as 3 and 2 in the input. The quantity
$s[S,3dot,2dot, A] has to be interpreted as the unit vector ¢,,. In fact, $s indicates a unit vector, while the arguments
S, 1,4, A implicate that the vector index of this unit vector is the first one (this is the meaning of 2) of the indices of the
sigma matrix whose spinor indices are associated to the lines 3 and 2. Similarly, $s[S, 3dot, 2dot, B] means ¢,. Overall
the output term above is

1 N
(ke p2) k- (L P 8)(p2 - pa)eap (™)

1 3G
= E(k P p1)(pa - Pk, (6P enp. (6.12)

Of course, there is an analogous notation for (o’”)aﬂ matrices, which are called $seps.

Diagrams with gaugino external lines The external gaugino (EG) and anti-gaugino (EAG) lines have to be called within the
first argument of the Superdiagram Computation command. For instance, consider the diagram of figure Eq. (5.32),
which we redraw here for ease of comparison:

(6.13)

12 n the first decomposition of (5.20), the tensor product is performed in two steps as [(2, 1) ® (2, D] ® [(1, 2) ® (1, 2)]; in the other cases it is
organized as [(2, 1) ® (1,2)] ® [(2, 1) ® (1, 2)] and the tensor product between the two brackets is left indicated.

@ Springer



Eur. Phys. J. C (2023) 83:892 Page 39 of 45 892

Its Grassmann part is computed via the following call:!3

in[721:= SuperdiagramComputation[{EG[1, 3, q], EAG[4, 2, q]}, {CP[4, 3, k], CP[3, 4, q+Kk], GV[3], GV[4]}]
1
outi721= -k.k k.$s[S,1,2dot] $seps[S,1,2dot] - 2 k.$s[S,1,2dot] q.q $seps[S,1,2dot] -

1 1
5 k.kq.$s[S,1,2dot] $seps[S,1,2dot] + 5 k.qq.$s[S,1,2dot] $seps[S,1,2dot]

There is no new ingredient in this result which, with manipulations already used previously, reads explicitly

2 | .
— (k2 + %) k=3 <k2 — (k- q)) a.5. (6.14)
Ordering issues When there are spinorial external lines, which have a fermionic statistics, the order in which they are written
in the correlator is relevant to determine the overall sign. The program returns the sign which is appropriate for the correlator
in which the external spinors are ordered exactly in which they appear as arguments of the SuperdiagramComputation
call. Our convention is thus that the gauginos appear as the leftmost elements.
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Appendix A: Notations and conventions
A.1 General conventions

We will work in the Euclidean formulation of the theory. The Minkowskian theory can be recovered by an (inverse) Wick
rotation. Tensors will be (anti)-symmetrized with strength one, namely we will define

1

Aurin) = = D Aptgayatiorm (A1)
‘oex,
1

A[I'Lln-lln] = ; Z Sgn(o-)A[LU(l)“.pLa(n) . (AZ)
‘oex,

We will use commas to avoid symmetrization/anti-symmetrization of certain indexes as in the example that follows:
Al v, pl — %(A;wp — APVRY (A.3)
We will also adopt the following as generalized delta:
8‘;; = 8;‘8; — 85‘8;. (A4)

13 Note that EG and EAG, differently from the other superdiagrammatic elements, are not functions but just place-holders that the command
SuperdiagramComputation recognizes and elaborates properly.
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We will usually consider correlation functions in momentum space. Our conventions are such that, fo instance, the
(super)propagators we have

(D(xi, 0, 0)P(x;,0;,0)))
d*p

= / W«b(@-, 6)D(9;,6,))(p) e i), (A.5)

and in (super)-vertices the momenta associated to the various legs are naturally considered to be directed outward.
A.2 Spinorial and grassmannian conventions
We denote by 1 a chiral spinor of components 1/, with @ = 1, 2, which transforms in the (2, 1) representation of SO(4) ~

SU®2)r x SU®2)g and by 1} an anti-chiral one of components 1/_fd‘, with & = 1, 2, which transforms in the (1, 2). Scalar
spinor bilinears are denoted as follows:

Wx) =€’ Yp xa. (A.6)
W) = ez V° x° (A7)

where
61226122621 =¢&j = 1. (A.8)

Since the spinors are of Grassmannian nature, these scalar products are symmetric. For the “square” of spinors, we use —
when there is no risk of confusion with the component & = 2 of the spinor itself, the notation

vi= @y, ¥i= @Y. (A.9)

The spinor indices are raised and lowered with the following rules:

Y = P Vg, Yo = €up 1///3’ &d = EdB lﬁﬁ’
Vi = €ag V7, (A.10)

so that the bilinears can also be written as
W) =V Aar X)) = Ve (A.11)
Integration formulee The basic integration rules are
/d&“ 0p = 55, /déd 6F =sf. (A.12)
One defines then
2 1 o 0P
d Qz—zealg do“der,
_ 1 .5 _
faﬂe = —Ze"‘ﬁ/deda’%, (A.13)
so that

/d2992 =1, /dzééz =1. (A.14)
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Thus 62 and 62 act as fermionic §-functions; more in general, if we write 6;; = 6; — 0;, we have

05 =80, 07 =580 (A.15)
We also use the notation
0367 = 8(0i)). (A.16)

Clifford algebra We realize the Euclidean Clifford algebra
o0y +0v0, = =28, 1 (A.17)
by means of the matrices (o#),, ) and (6")% that we take to be
ol =(r,—il), 6" =—0f = (-7, -il), (A.18)
where t are the ordinary Pauli matrices. They are such that
G5 = P 4P (o) 5. (A.19)
With these matrices we can write the four-vectors as bispinors:
kop =k (@50 K = 1 (5,0 (A.20)
We will often use the notations k and k to indicate the matrices kyp and kP One can then form spinor bilinears of the type
(OkG) = 0% ko 07 (A21)
Because of the property (A.19) we have

(0k0) = —(0k0). (A.22)

Let us introduce the matrices (J‘”)aﬂ and (6 “")dﬁ., defined as

1
(Uw)aﬂ =3 (U“&” - o”&“)aﬁ,
. 1 .
@)% = 3 (G"o” — 5”0“)‘% . (A.23)
They are (anti)self-dual:
1 1
oMV = Ee“vl)aapg, oMV = —Ee“”’w&pg, (A.24)

and are proportional to the generators of SO(4) Lorentz rotations on the chiral and antichiral spinors 5 and lﬁf; , as it follows
by computing their commutators. In fact, none has the following product formule:

GMWGPT = (817§ — §HPEVT — VP71

+ (—8’”‘0”" + 8PV — VP 3"“0”’0) , (A.25)
and

GIIGPT = (8175 — 51 SV 4 ) 1
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+ (—8"’“6"" 4 §PVGHT — §VGHP 4 8”“6”p) . (A.26)
Taking the trace, we have

tr(o"oP7) =2 (S178 — §1P5V0 — €07
=2

tr (GHVGP7) =2 (8178 — §HPEYT 4 €M) (A.27)

Let us also notice that the tensors (6#")4g and (617)%P obtained by lowering or raising one spinor index are symmetric in

(a, B) or (@ B).
Decomposition of bispinors Let us consider a bispinor Agg. It transforms in the representation (2, 1) ® (2, 1) which is
reducible into (1, 1) & (3, 1), i.e. into a singlet and a symmetric triplet, as follows:

1
Aaﬁ = —a Gaﬁ + Ea,w (U'uv)aﬁ. (A28)
If we consider the matrix A of components Ao,’3 , the above decomposition reads
1 v

A=al+ Ealw ah?, (A.29)

and, using the trace relation (A.27), we can determine the coefficients of the decomposition as follows:

1 1

a= 3 trA, au, = ~7 tr(Aoy). (A.30)

Analogously, an anti-chiral bispinor édjs’ an be decomposed in matrix terms as follows:

-1 -
C = EtrCl — gtr(CoW)o‘“’. (A31)

In particular, when the bispinor is factorized, i.e. when Ayg = v xg, we have the Fierz identity
1 1 v
waXﬁ = E(XI//) €qp + g(XU;ww) (U )aﬂ . (A.32)

If the two spinors are identical, only the anti-symmetric structure survives:

1
YoYp = E(Wlf)éaﬁ- (A.33)

Similarly in the anti-chiral case we have
T =P l_- ap I__ - ~ v ap
vxP =S € + S (Xowd) (6M). (A.34)
2 8
Again, if the two spinors are identical, only the anti-symmetric structure survives:

e _ 5 1 - _ .
Yoy = Sl (A.35)

Strings of o matrices In the evaluation of the superdiagrams one often has to deal with bispinors obtained by repeated
products of o and ¢ matrices, of the form

(cM1a .. ~U“"6V”)a’3 (A.36)
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or
(Mo .. .5%0“")‘5;3.. (A37)

They can be decomposed according to Eqs. (A.29) and (A.31), and the tensorial coefficients of their decomposition can be
determined recursively. Let us consider the chiral case (A.36), for the antichiral case the procedure is perfectly analogous.
We write

1
oMight .. .ghnghn — gH1Vn 1 + Ebl,LOL(;“'Vn ol (A38)

and we want to determine the numerical tensorial coefficients a and b. Let us note that the coefficients a correspond to the
traces of these products of matrices:

tr (a’“&”l .- ~o""6"") = 2qMt v, (A.39)
In the case n = 1, we have
gl = gt b,l;z;w — %(S'ggvl +6M1U}m), (A.40)

where in the second equality the double delta is anti-symmetrized with strength one. These relations represent the initial
conditions for a recursive procedure in z. In fact, on the one side

_ _ 1 v
O-Nlo-vl .. .O-M)1+]O-Vn+l — allvlmvn-H 1 + Ebg(]f n+1 O,IOU' (A41)

On the other side, using Eqgs. (A.38) and (A.40), we have

_ _ 1
oMigVt. ghntighntl = <a’““'”" 1+ EbZ},'"V" of?

X (_3ltn+1wz+1 1+ aﬂnJrlUnJrl). (A.42)

We can expand the products using Eq. (A.25) and compare the result with Eq. (A.41). In this way we find, after some algebric
manipulations, the following recursion relations:

aMI~-~Vn+1 — _a,U«]mVn 8ﬂn+lvn+1 _ 2bﬂ1~~~vnsﬂn+lvn+l
9
bg}y'“vﬂﬂ = —pH1-Vn gHn+1Vn+l
po
1
Mn+1Vn+1 Hn+1Vn+1
+§aﬂl V)z(gpg+ n+ + € n+ "ZU)
e Vptls v
+ 4bﬂ1 n-{—[lﬂ [l/«n+18v/]1+1]. (A43)

Starting from the initial condition (A.40) we can in this way obtain the coefficients a and b of the decomposition for any n.
For instance, in the the n = 2 case we find

O—Mla—VlO—MZ(;—VZ — (6,“1”1 8#2‘)2 — 8#1#28‘)]‘)2 + 5#1‘)26#2‘)1

_EﬂlvwzlJz) 1+

_ CSILIVIO—MZVZ _ 5#2‘)20-/“”1 _ 8/“#20-”1"'2

— §VIV2 g HIH2 o SHIV2 VIR 51)1#20#1\12’ (A.44)
which implies, according to Eq. (A.39), that

tr (O-Mlé-VlO-l/«Zé-VZ) =2 (5M1V15M2V2 — §H1M2gVIV2
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g2 gHavI _ emvmzvz) ) (A.45)

In a completely analogous way we can determine recursively the decomposition of the antichiral bispinors given by products
of o matrices as in Eq. (A.37). The expressions have the same form but for the Levi—Civita tensors appearing with the opposite

sign.
This recursive procedure to determine the products of o matrices is implemented in the Mathematica code distributed with
this paper.
Spinorial derivatives We use the symbols
B = ——, By = — A.46
o Wa o — aaﬁ ( . )
and
0 = 0
0= —, 9= —, (A.47)
004 905
in such a way that 3,6# = 866, = 55 and 0,67 = 876, = 5. Note that in this way
0% = —ePay, 3% = P, (A.48)
with a sign difference with respect to the general rule (A.10).
Spinor covariant derivatives Covariant derivatives are defined as:
Dy = 8y +i0!,6%,,, Ds = —d; — i, 8,. (A.49)

The spinor indices of the covariant derivatives are raised according to the convention in Eq. (A.48). In momentum space, we
have

Dy = 34 — paaf®, Dy = —ds + 0% pas, (A.50)

where p il the momentum out-flowing from the node in which sits the superfield to which the covariant derivative is applied.
When it is not obvious which momentum should appear, we specify it using the notations Dy (p), and Dy (p). The squared
covariant derivatives are defined as follows:
D*=¢"D,Dg D> =eu;D*DF
Grassmannian integration by parts Let B; be bosonic quantities, and F; a fermionic elements. Then one has the following
integration by parts rules for the covariant derivative Dy (p):

[0 0uwir18 = [0 FiDa-pB1. (ASD)
/ d*0 [Dy(p)Bi] By = — / d*0 By [Do(—p)Ba]. (A.52)
[0 1uwri R = [0 FiD.-pF. (A53)
The rules for D¥(p) are analogous. One also has
/d29 [Dz(p)F] B=— /d29 F [Dz(—p)B] , (A.54)
/d29 [Dz(p)Bl] By = /d29 B [Dz(—p)Bz], (A.55)
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/ 426 [Dz(p)Fl:I P = / 4% Fy [Dz(—p)Fz]. (A.56)
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