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Kurzfassung

In dieser Arbeit wird die assoziierte Produktion eines Squarks zusammen mit einem
Elektroweakino, also Neutralino oder Chargino, am Large Hadron Collider untersucht.
Da diese supersymmetrischen Teilchen noch nicht nachgewiesen wurden, miissen
sie eine hohe Masse haben. Um sie nachweisen zu konnen, miissen sowohl das
Experiment als auch die Theorie eine hohe Prézision aufweisen. Daher haben wir die
Berechnungen der reellen und virtuellen Korrekturen, die zusammen die néchsthohere
Ordnung ergeben, fiir den genannten Prozess, durchgefithrt. Die Anwendung des
Catani-Seymour-Formalismus spielt dabei eine wichtige Rolle. Diese Korrekturen
sind Voraussetzungen fiir die Erzielung einer hoherer Préazision durch Resummation
von Logarithmen néachsthoherer Ordnung. Wir zeigen verschiedene Moglichkeiten
auf, um die Korrektheit der Berechnungen zu tiberpriifen. Sowohl die vorgestellten
Korrekturrechnungen als auch die Priifroutinen haben wir in dem frei verfligharen
Programm Resummino implementiert.

Abstract

In this thesis, the associated production of a squark together with an electroweakino,
i.e. neutralino or chargino, is studied at the Large Hadron Collider. Since these
supersymmetric particles have not yet been detected, they must have high masses. In
order to detect them, both experiment and theory must have a high precision. Therefore,
we have performed the calculations of the real and virtual corrections, which together
give the next-to-leading order. The application of the Catani-Seymour formalism plays
an important role. These corrections are preconditions for obtaining a higher precision
by resumming next-to-leading logarithms. We show different possibilities to check the
correctness of the calculations. We have implemented both the presented higher order
calculations and the test routines in the freely available program Resummino.
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1. Introduction

The Standard Model (SM) has proven to be an extremely successful description of
particle physics over the past decades. Nevertheless, there are still open questions both
on small and large scales. Prominent examples are the deviation of the measurement of
the Muon g — 2 experiment from the SM predictions [1], the origin and scale of neutrino
masses [2] and the unknown dark matter [3]. A potential solution to these problems is
provided by the extension of the SM to the Supersymmetric (SUSY) SM.

Within the Minimal Supersymmetric Standard Model (MSSM), each particle is given
a superpartner that differs only by % in spin. Two scalar squarks are assigned to each
quark and each gluon, Higgs boson, W boson and B boson is assigned a fermionic gluino,
Higgsino, Wino and Bino, respectively, as superpartners. In analogy to the mixing of
mass and interaction eigenstates in neutrinos, the neutral and charged interaction states
of higgsinos, binos and winos mix to form neutralinos and charginos. Since such particles
have not yet been discovered, it can be assumed that the supersymmetry is softly broken,
giving the superpartners much higher masses. The lightest supersymmetric particle
(LSP) has all the properties of a dark matter candidate. The parameter space of the
MSSM is constrained from LHC data at 13 TeV[4] and XENONIT [5]. A combination
of these two and several more is found in [6].

The expansion of the Large Hadron Collider (LHC) into the High-Luminosity LHC
(HL-LHC) is planned for the next few years and should enable the search for even more
massive particles [7]. While the production of supersymmetric dark matter particles
will most likely be dominated by strong interactions [8], e.g. squark or gluino pair
production, more insights beyond the masses of new particles can be found in the weakly
interacting sector [9]. In the last decade the precise investigation beyond next-to-leading
order (NLO) of gluino pair [10], slepton pair [11] and gaugino-gluino |12] production was
accomplished.

In this work we will focus on production of a squark and electroweakino in a hadron
collider like the LHC. The process will appear as missing transverse energy from the
electroweakinos and a hard jet from the squark. Such monojets are a well-studied
signature of dark matter [13]. From the CMS collaboration chargino and neutralino
masses between 300 GeV and 1450 GeV [14] and a top squark mass below 1300 GeV
[15] are excluded at 95% confidence level, though a dependence on the model remains.
At leading order (LO) the process involves weak agy and strong «g interactions and
is already known in detail [9][16][17][18]. However, only precise theoretical predictions
will allow the comparison between theory and experiment. For this purpose, the NLO
corrections proportional to agya%, composed of virtual and real corrections, are needed.

The goal of this thesis is to precisely compute the production of squarks and
electroweakinos at NLO and implement them into Resummino [19] First, in section |2 we
establish the necessary basics of SUSY and the MSSM. Next, section [3| will introduce
how we compute a cross section at leading order. Then we review the methods of
computing at higher orders in section [} The actual computation follows in section [5
In section [6] we present the consistency checks, comparisons and tests performed.
Finally, section [7] contains our NLO and preliminary resummation results. This thesis is
concluded in section [§ and section [J] gives an outlook on the continuation of the project.



2. The Minimal Supersymmetric Standard Model

2.1. Supersymmetry

Much of the success of the Standard Model (SM) can be attributed to symmetries.
In particular, external space-time symmetries and internal gauge symmetries make
precise prediction possible. Supersymmetry (SUSY) integrates another through relating
fermionic and bosonic degrees of freedom. Only after the development of SUSY it became
clear, that it provides potentials solutions to remaining shortcomings of the Standard
Model. For a deeper insight into Supersymmetry, we refer the reader to our sources for
this chapter and their references [20][21][22][23] [24].

The extension of the Standard Model turns out to be not so simple, since the Coleman-
Mandula theorem [25] restricts the extension of the Poincaré group. To maximize the
symmetry of the SM beyond trivial extensions the Haag-Lopuszanski-Sohnius theorem
[26] establishes the inclusion of anticommutation relations. The transformation from
fermionic to bosonic states and vice versa is carried out by an anti-commuting spinor
operator (). For realistic theories they satisfy

{Q,Q"} = P, (2.1)
{Q.Q} ={Q" Q" =0, 2.2
[P*, Q] = [P*, QT =0,

where P* generates space-time translations. From the last relation (eq. (2.3))) we directly
see that the masses of superpartners are equal, since they have the same eigenvalues P?.
This obviously contradicts experimental observation and has the consequence that SUSY
must be softly broken, which leads to higher masses.

2.2. Soft breaking

The Minimal Supersymmetric Standard Model (MSSM) is the simplest direct
supersymmetrisation of the SM. It is minimal in the sense that it uses the fewest
new particles to obtain a supersymmetric field theory. In table [I] we list all the
supermultiplets of the MSSM. The supersymmetric particles solely differ in spin by %
(before mass generation) and get marked by a tilde.

The scalar spin 0 particles do not have a helicity, the indices L and R therefore refer
to the superpartner. The only exception to the direct definitions of superpartners is in
the definition of the Higgsinos. In the MSSM there are two Higgs supermultiplets Hp
and Hy to cancel chiral anomalies and generate the masses of the up- and down-type
particles. The neutral Standard Model Higgs is then obtained from the combination of
H? and HJ.

The procedure to describe the Lagrangian in superspace is to use a holomorphic
superpotential

Whssm (®) = Ury"QrHy — Dry®QrHp — Ery® L Hp + pHyHp (2.4)

where the y are 3 x 3 Yukawa matrices of each family and u is a generalized Higgs mass
term. Following [27] we arrive at the expanded MSSM Lagrangian that still conserves
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Table 1: Supermultiplets in the Minimal Supersymmetric Standard Model. S denotes
the spin. The transformation properties under the Standard Model gauge group
SU(3)exSU(2),xU(1)y are presented in the last column.

Multiplet Name S=0 S = % S=1 SM group
chiral s-/quarks Qr | (i, dyp) (ur, dr) - (3,2, %)
(3 generations) Ug us uh, - (3,1, -2)

D & dh, - (3,1, 3)

s-/leptons L (v, ér) (v, er) - (1, 2, —%)

(3 generations) Fgr 5 el - (1,1, 1)
higgs/-inos Hy | (HF, H) | (H}, HY) - (1,2, +3)

(1 generation) Hp | (HY, Hy) | (HY, H;) - (1, 2, —%)

gauge gluon/-ino Va - g g (8,1,0)
W boson/Wino Vyy - (W=, W) | W+, W% | (1,3,0)

B boson/Bino Vg - B° B° (1,1, 0)

Supersymmetry [24]

[ . 1 . - .
L =% [Dudl D6 + 5 (w0 D1 — Do)

i

+Z :_1 (ol Vg ; (VkU“D“‘:/k _ Du[}'kauf/k)]

4
%
3 M ussm () Wiissnm (@)
~ 9¢ 00!

[0*Wssm ()

2" ovow
> (ng [¢§T’“¢J}) (ng [¢3T’“¢i}> —i2v23 (@ VF - 0iTio' + hic)

j i (2.5)

wﬁ¢ﬂ+h@]—

DN | —

N | —

We write 1) or V for left-handed and v and V for right-handed spinors. o, = (1,0")
are constructed from the Pauli matrices and D, are covariant derivatives. The index &
indicates the MSSM gauge group such that couplings g and generators T}, are generic.
Indices ¢ and j refer to the members of scalar ¢ or fermionic 1) supermultiplet members.

The first two lines are the typical kinetic terms for fermions and bosons in two-
component Weyl fermion notation. The second derivative of the superpotential leaves
us with the Yukawa interactions. From the last term in the fourth line we get interactions
between gauginos scalars and fermions. They appear by requesting supersymmetry to
hold after transitioning from ordinary to gauge-covariant derivatives [20]. The remaining
terms include the scalar potential.
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For phenomenological studies the breaking mechanism must not be known in detail.
Instead, it will get parametrized into an extra term £% which gets added to the £5VSY.
A general approach to the soft Lagrangian is

1 . .
Lion == 5 [MyB - B+ MyW - W + Msj - j + hec.
— QEIIIQQQL — fLRmﬁQQE — JRmDQCﬂR — iLmiziTL — éRmEZé}L%
—m¥ HiH, —m% HiH,
— @} TQL - H, — dyT4Qy - Hy — eRT°Ly - Hy+ bH, - Hy+hc.|  (26)

where M} denotes the mass of the fermionic gauginos: bino, winos and gluino. Next
there are 3x 3 matrices m for both squarks and sleptons and m g masses for the two Higgs
doublets. Then the 3 x 3 matrices T parametrize trilinear soft multiscalar interactions
and the supersymmetry-breaking term of the Higgs potentials is b.

In total the MSSM contains 124 real parameters, including 19 of the SM, but not all the
parameters are completely independent. On the basis of experiments, this arbitrariness
in the MSSM can be reduced by additional assumptions on the soft breaking. Thus,
many phenomenological versions of the MSSM, abbreviated as pMSSM, include fewer
parameters. Now that we have established the MSSM we can discuss some of its
intriguing properties.

First, by including additional particles in loops, unification of all three gauge couplings
at the Grand Unified Theory (GUT) scale becomes possible. This is observed through
evolving the couplings by solving the renormalization group equations up to the GUT
scale Moyt =~ 10'GeV.

Second, loop correction to the Higgs boson’s mass exhibit quadratic divergences. In
SUSY these are however cancelled from the sign arising in loops due to the different
statistics of superpartners. By assuming a cut-off Ayy at the Planck scale in combination
with natural couplings A ~ 1 the smallest mass related to the soft breaking mg.g must be
in the order of O(1) TeV to reproduce the observed light Higgs mass without fine-tuning.

The open question on dark matter could be resolved through imposing the conserved
R-Parity

Rp _ (_1)3(B7L)+QS. (27)

In the definition of the superpotential eq. we did not include lepton L or baryon
B number violating terms. Including such terms is heavily constrained from e.g. proton
decays p — eT+ 7. Only squarks and quarks have |B| = % and the sleptons and leptons
carry |L| = 1. From AS = 1 between superpartners it follows that R, = +1 for SM and
R, = —1 for SUSY particles. Then only an even number of sparticles are allowed at
each vertex, prohibiting the lightest supersymmetric particle (LSP) from decaying. All
remaining sparticles with a higher mass must decay into the LSP. Another consequence
is that sparticles will only be produced in pairs at collider experiments.

Next, we will take a closer look at the supersymmetric particles of interest for our
process at leading order namely squarks and electroweakinos. At next-to-leading order
we will also encounter gluinos. While we give equations for the mixing and masses of
these particles, in practice the mass spectra are generated by dedicated tools following
the SUSY Les Houches Accord (SLHA) conventions [28]. We are going to use the
Feynman rules from [29] in the same format as in [22] (cf. appendix [A).
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2.3. Squarks
We will investigate the mixing of left- and right-handed squarks. The MSSM Lagrangian

. . . . qrL
mass term written in gauge eigenstates ¢ = for squarks reads
dr
) Mz, M:
Li=-Y MG with M= z’“ Z’LR (2.8)
q Mq,*LR Mq,RR
where the squark mass matrix is
M2 — MZ + m cos(2/3)(Is — eqsin® Oy ) + m; mg (A7 — ptan(B) )
q - :
mg(Ay — p* tan(8) ") M + m cos(2f3)eq sin® Oy 4 m
(2.9)

The parameters entering are the quark mass my, electric charge e,, third weak isospin
I3, Z-boson mass mz and the Weinberg angle 6y,. From the MSSM we have the trilinear
Higgs-squark-squark coupling A,, higgsino mass parameter ;1 and mixing angle tan 8 =
%’ defined by the ratio of the Higgs vacuum expectation values v; and v,. The mass
terms M7 and M7 parametrize the soft SUSY breaking with respect to left- and right-
handed squarks.

Since we want to investigate mass eigenstates, we need to diagonalize this matrix. For
the first two generations of squarks we can neglect the mixing between left- and right-
handed states because the off-diagonal components are proportional to the corresponding
quark mass which become negligible in high-energy computation. The mixing in the
third generation of ¢ will not be dropped. The diagonalization of a mass eigenstate
from an interaction eigenstate is analogous to the prominent case of neutrino masses. A
unitary squark mixing matrix S? should satisfy

_ ] m2 0 j (g
SipmsT = [0 and T =g | T (2.10)
0 mg, 2 dr

The eigenvalues of /\/lg are

1
Mira = 2 [Mé’LL + Mirr T \/(ME,LL — M2 pp)? + 4’M§uLR|2} (2.11)

Q1,2

with the ordering mj < mZ . The squark mixing matrix can be expressed as a rotation
by a mixing angle 0;

St z cost; sinb; M2
. iy = ! ! where  tan20; = —5 LR —
Sé+3)i Sé+3)(i+3) —sinf; cosf; M — MG rr

(2.12)
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where we added an index 7 for each generation resulting in a 6 x 6 matrix. Then the
coupling of a gluino to a quark / and an antisquark j is given by

1= L= V25l 115

i (2.13)
/Ij = = _\/55;11-
The restriction to minimal squark mixing results in
SIris S, =0=LL
(334 (2.14)

S;I;(S]q([_,’_3) - 0 - RR/,

since one of the elements of S is an off-diagonal element which are zero.

2.4. Electroweakinos

The neutralinos and charginos are mixtures of higgsinos and electroweak gauginos. This
mixing is an effect of electroweak symmetry breaking. We will occasionally refer to them
loosely as gauginos, although we do not mean to include the gluino.

2.4.1. Charginos

As only fields with the same quantum numbers mix, the charginos will consist of charged
higgsinos (H; and H; ) and winos (W and W) and carry a charge of +1. The relevant
Lagrangian in two-component Weyl spinors is

Lhoss = —(07) " MYT - hee, (2.15)
with
M. 2 My sin W iw-
M = ’ VaMy sin § o= | and v = |. (216
V2Myy cos 3 I HF Hy

Mass eigenstates follow from diagonalization with two unitary matrices U and V.

T 17ias X1 -
Aol I g™ (2.17)
X3 Hf X2 Hy

The masses are again ordered M+ < M=
1 2

1 )
Mys, = 5 (1Mol f? + 2y F J(MAI? + |1l + 203 )2 = dlmdy sin28 — uhaf?)
(2.18)
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2.4.2. Neutralinos

The neutralino has no charge and is a Majorana particle. In contrast to charginos the
mixing also includes binos B. The Lagrangian in gauge eigenstates 9" is

1
Lhass = =5 () MW+ he., (2.19)
where the mass matrix is
Ml 0 —M205SW MZSBSW IB
0 M. Mycse —Mysgc o
M" = ? ZEtw Zepmw , and (W97 =]
—MchSW MZ05CW 0 — M C(l)
MzS/BSW _MZS,BCW —u 0 ﬁg
(2.20)

with abbreviated sin and cos for the Weinberg angle 8y, and the relation between the
two Higgs vacuum expectation values . The unitary matrix N transforms the gauge
eigenstates to a mass diagonal form via N*M"N~! and the mass eigenstates are

K iB
o 1o
M (2.21)
X35 Hy
X4 H

From the usual ordering |[Mgo| < [Myg| < [Mgo| < |Myo| the XY could emerge as the
lightest supersymmetric particle (LSP) and dark matter (DM) candidate.

2.5. Gluino

In the MSSM there is no other colour octet fermion that could mix with the gluino. The
gluino mass enters as the parameter M3 in the MSSM and as it is electrically neutral it
is a Majorana fermion. In most scenarios the gluino is much heavier than the charginos
and neutralinos. This is a consequence of requesting unification at the GUT scale and
at higher orders the gluino mass is no longer M3[20].



3. Leading order

Now we are interested in comparing the MSSM against reality. One way to test a theory
is by investigating the scattering process of various particles. Historically, a successful
method of finding new particles as well as verifying associated theories are particle
collisions at the LHC. If we want to compute a cross section we must account for the
fact that we collide protons which consist of partons, namely quarks and gluons.

Given that in a hadron h the number density of a parton ¢ with a momentum fraction
x; can be written as f;/5(x;), the hadronic cross section o" is a convolution and sum of
partonic cross sections gy,

1 1
o (P, Pg) = Z//dxadxbfa/A(xa)fb/B(xb)Uab(xaPA>$bPB)7 (3.1)
00

a,b

where P, and Pg refer to the momenta of the hadrons. To calculate the partonic cross
section we must integrate our averaged squared matrix element (M)? over the 2-particle
phase space of our final state particles and include a Flux factor of 87:23' We can already
limit the partonic processes from charge conservation to

2)
3)

where k identifies the neutralino or chargino, respectively. In this section we will explain
the construction of the squared matrix element from Feynman diagrams at leading order.

Qu,d9 — GuaXp

(3.
Gu.d9 = GauXi (3.

3.1. Feynman diagrams

The diagrams derive their name from the Mandelstam variables

5 = (Pa + pp)? t = (pa —p1)? u= (pa — p2)° (3.4)
which give for our process
s+t+u:m2—|—m?~< (3.5)

from four-momentum conservation and external particles being on-shell (p* = m?).

s-channel

To construct the matrix element from the Feynman diagram we follow the well
established standard model procedure. The non-standard-model squark is a scalar and
its inclusion is straight forward. For the majorana neutralinos however the fermion flow
needs to be fixed [30][31]. We choose it to follow the charge flow of the quarks and get
u(p2) as well as in the chargino case. Using the Feynman rules from appendix we get:
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a D2
o I = —ig:y" T, (3.6)
(3.7)

Ty =i(L'Py + R'PR)éyg

1
| iMg = ﬂ(pz)Fg—gF’fu(pa)e“ (3.8)
Db L\ P1 T
< — =g -
0 ) SiMi = a(pa)rf;qfrzu(pz)e*" (3.9)

The definition T' = ~oI'fyy comes from conjugation and insertions of 72 =1 in between

the various 7.

u-channel

In contrast to previous channel we have a massive intermediate squark now. In
a strict manner we would have to distinguish between the squark propagator
in the normal M, and conjugated M matrix elements, but since we know
that the gluon coupling to a squark only has an effect on the colour (and
kinematics) the squark stays the same and we get following amplitudes: []

E

T, Iy =i(L'Pp + R'Pgr)d,s (3.10)
Iy = —igs(pu + p1)"T5s (3.11)
. -~ i

BT Pu iM, = u(pg)nu(pa)mrgeu (3.12)

| _ _1 —
Db A% P M = a(p,)T1u(ps) ————=T%e™ 3.13
W/w 2 \}‘ u (p ) 1 (p2)p%_mg~ 2 ( )

a Y T~o

From these amplitudes we can construct the averaged matrix element.

3.2. Averaged matrix element

We average over incoming quark spin and colour (2—13) and gluon polarization and colour
(2%3) Spin and colour of the final state particles are not averaged but summed. Here we
use the Feynman gauge for the gluon polarization sum. Squaring the s channel diagram

gives

ig _V—ig_
<Ms>2 — —guum Tr FQ@F?%GFZJ,?I—Q(?Q -+ m;() (3.14)
20,.C
N g9(;:]4F8(‘R’2 +[LI)(D = 2)(paps) (p2ps) (3.15)
2
g:CaC
= ﬁQ(IRF +[LIP)(D —2)(m2 1), (3.16)

!Please note that p; and py are swapped for readability in the final state (u diagram looks like a ¢
diagram).
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where the D dimensional gamma matrices relation y#¢y* = (2 — D)g is inserted. We
use the anticommutation property of the 4° matrices contained in Py, i to get a trace of
only 4-vector «’s (more on this in section . The evaluation of the resulting trace is
possible with appendix [E.2] or tools like Form[32], Tracer[33] and FeynCalc[34]. We will
not need this D dependent result and use 4 instead. The u-channel squared evaluates to

1 _ o .
t= urv
(M = =0 DD Talpy +ma) |8 e s
2
— gsCACF 2 9 9 )
a _WQORl + |L|*) (m3, — u)(m3 + u),

and the interference terms is

1 g - -1 =
2 RG[MSML] = — 29;41/% Tr [ngFlpaF3<p2 + mg)l m
9:CaCr

- 965(u — mZ)

(1R +[L7))

(2(m‘f —my) +mZ(2u — 3s) — 2m2 (2mg + u) — su) :

X

(3.17)

(3.18)

(3.19)

(3.20)
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4. Formalisms

The Next-to-Leading-Order (NLO) cross section is defined as

ONLO :/dUR+/dUV. (41)
3 2

The integration over the 3-particle phase space of the real corrections do® turns out
to be problematic due to infrared (IR) divergences, meaning very small momenta in
denominators. From the Kinoshita-Lee-Nauenberg (KLN) theorem [35]]36] it is known
that these soft and/or collinear divergences cancel against the IR divergences from
the virtual corrections doV. When we compute the virtual corrections, will encounter
integration over unconstrained loop momenta. They will give rise to ultraviolet
(UV) divergences, meaning very large momenta. UV divergences will be absorbed into
counterterms during renormalization. In the end a measurable inclusive quantity will
have no more divergences.

To calculate the next-to-leading order we must introduce several methods and
formalisms. We start with introducing the Catani-Seymour formalism in section (4.1}
Then in section we explain the regularization of divergences. Followed by a
description of the on-shell renormalization in section [4.3]

4.1. The Catani-Seymour formalism

The Catani-Seymour dipole formalism provides a convenient way of handling infrared
divergences. A full explanation of this method can be found in [37] for massless and
in [38] for massive particles. The regularization scheme dependence of the dipoles is
available here [39] and in even more generality in the references of section [1.2] First
we introduce the general method. Then before going into more detail, we cover some
notations from mentioned papers.

4.1.1. The Method

One consequence of the IR divergences is that a Monte-Carlo integration over the 3-
particle phase space will not give reliable results. The solution of the formalism can be
written in a short equation

oNO = / {dO’R - doA} 0 +/
J e=

2

doV + /daA] : (4.2)
1 e=0

An auxiliary function ¢4 is subtracted from the real corrections and added to the

virtuals. It will be chosen in such a way that it cancels all the soft and collinear
divergences arising in ¢®. The method derives its name from the construction of o
by summing over different dipoles

do® = Y do® ® dVapore (4.3)

dipoles
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correlated with spins and colours of the leading order ¢®. The contribution to the
virtuals corrections can then be rewritten

/dUA = do®B X Z /dvaipole = do® ®I, (4'4)
i dipoles 7

where an insertion operator I is introduced. As a consequence of the KLN theorem, it
will cancel the infrared divergences in the virtual corrections. In hadron collisions there
will be extra contributions from the collinear remainder P and K:

N0 — / [daR - dJA} o +/ doV + /dO'A + /1dx/ [daB(xp) ® (P —I—K)(x)}

2

e=0

e=0

(4.5)

We will focus on the dipoles, but before that we introduce some notations.

4.1.2. Notations

The following notations define a very convenient to express the unintegrated and
integrated dipoles.

Matrix elements: A basis for colour ¢ and helicity s space is introduced such that an
amplitude of m particles is written as

Mgpemistetm(py o pp) = ({1, e @ (S1, -, Sm]) |1, m), (4.6)

and the squared matrix element is

M= (1,....m[1,...,m), . (4.7)
Colour structure: We use T; to represent the emission of a gluon from parton i
(1, em| Tilch, ) = Ocrer - Tere -+ e, (4.8)
where
o . Jifean adjoint representation (i gluon or gluino) (4.9)
b +7% fundamental representation (i quark or squark) | '
The (—) case is for antiparticles. Since |1,...,m), is a colour-singlet state, colour
conservation can be written as
ZT1~|1,...,m>m:O. (4.10)
Lastly, the colour charge algebra commutes unless it is a quadratic Casimir
operator
Cp =% i fundamental
[T;, T;] =0 T;=Ci=4 "3 (4.11)
Cy =3 1 adjoint

Using these conventions we write the colour-correlated squared amplitude as

. . b by g n ey O gy
ol gk Ty T | gk o)y = MU T Tea, MG (4.12)

brag
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4.1.3. Dipoles

The dipole factorization formula reads

M =32 3 DmﬁZZD +2_ 2. D5+ > D,

4,J k#i,j a,i j#i a,i b#a

where the sums mean that we include all possible dipoles associated with our real
correction Feynman diagrams. The definition of the dipoles will cancel the singular
regions of our real correction 2 — 3 matrix element. Each dipole D comes from a
different emitter-specatator case. Both emitter and spectator are coloured particles. In
fig. [[] four cases are shown.

ai
Dj
(i) Final-state emitter, (ii) Initial-state emitter,
Final-state spectator Final-state spectator
Dai,b
(iii) Final-state emitter, (iv) Initial-state emitter,
Initial-state spectator Initial-state spectator

Figure 1: Dipole diagrams for various emitter-spectator cases.

The general structure of all these dipoles is

- 1 . . Tspectator Linterm, , -
Dy (p1, P2: P33 Par Pb) X —5 (- -5 J, -5 a8, .. | Spef;;r EEEV o gy ady Yy,
p interm.
(4.13)
where the division by p* can constitute a divergence. The Casimir operator T2, . is

linked to the particle that enters the leading order process and is connected to two
external particles (red). The kernel V will depend on the momenta and is closely
related to the Altarelli-Paris splitting functions [40]. In order to match the divergence
of the real corrections the colour correlation needs to be taken into account through
Topectator Linterm.- 1he 3-particle phase space needs to be mapped to a 2-particle phase
space such that the limiting behaviour is correct and momentum conservation holds.

By integrating out the soft emitted particle of the dipoles, the insertion operator I
can be determined. We refer to [37] for more detailed equations where these derivations
are explained in detail.
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4.2. Regularization and Reduction

A proper treatment of the divergences requires them to be regularized. The following
methods are motivated by the fact that changing the number of dimensions affects the
divergence of an integral

A A

A
1 1 1
/ﬁd% ~ O(A) /ﬁd% ~ O(In A) /ﬁdlr ~ O(1) (4.14)

a a

for a large cut-off scale A. Transitioning to a D = 4—2e dimensional momentum integral

/ 44— AP / Pl (4.15)

regularizes the divergence through poles in € with a renormalization scale pg to conserve
mass-dimensions.

4.2.1. Dimensional regularization schemes

We will look briefly at the schemes encountered in this thesis. They differ in their
treatment of the vector field regularization (i.e. gluon). Since these schemes use different
spaces, we list them here:

o 4-dimensional Minkowski space (S)

« quasi-d-dimensional space (QS;) is infinite dimensional and as a consequence it
is a superspace of Sy C QSjy.

o quasi-4-dimensional space (QS[dS]) is closely related to Sy but QSy; C QSy,; =
QS(,; ® QSp,,; must hold to sustain gauge invariance. Thereby, ds = d + n. =
4 — 2e¢ + ne..

The index in brackets [d] refers to the dimension of the space. From here we can look
at the consequences for the metric tensors and gamma matrices:

9id,) = 9l + Ilna Iid) = dim I 9mg =0 (4.16)
Vial = M + Vind 1V Yain b = 29faimy Vap Vnad =0 (4.17)
The ordering of these spaces implies the projections relations to be

9ia.194 = 9ld) 9la.190 = 90 g9 =90 (418)
meaning that we take the subspace upon contractions with a different space.

After settling these formalities, we move on to the regularization. Regardless of the
scheme the momentum integration is done in d dimensions. We will call singular gluons
internal, meaning those in collinear/soft emissions or loops, and the remaining gluons
external. Divergences only appear with internal ones so regularization of external
gluons is optional. Four prominent regularization schemes are:
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« Conventional Dimensional Regularization (CDR): Both internal and
external gluons are treated d-dimensional. This makes this scheme appealing for
automatized calculations.

« ’t Hooft Veltman (HV): The internal gluons are d-dimensional but the external
ones are 4-dimensional.

« Dimensional Reduction (DRED): Both internal and external gluons are quasi-
4-dimensional.

« Four Helicity Dimension (FHD): The internal gluons are quasi-4-dimensional
but the external ones are 4-dimensional. This scheme is used in MadGraph[41] since
it allows using a helicity formalism through HELAS[42].

For DRED and FHD d; is usually 4 or equivalently n. = 2e.

The HV and CDR scheme introduce a mismatch between the (d — 2) gluon and
the 2 gluino degrees of freedom. Their regularization then breaks supersymmetry. This
problem does not happen in the DRED or FHD scheme. Luckily, it is possible to include
SUSY restoring counterterms for the gaugino-squark-quark ¢ and gluino-squark-quark
Js vertices

g =g [1+52] g=g1-S0]. (4.19)
3T T

Methods for converting different schemes can be found in [43][44][45] and more details

and examples are available in [46][47][48][49]. The application of v° in D dimensions must

also be reconsidered. We will stick to the naive handling by keeping its anticommutation

relation {vs,v,} = 0 and dropping the trace relation Tr[y*~"~*y7~5| = i4eP?[50|. By

convention the trace is evaluated to Tr[1] = 4.

4.2.2. Passarino-Veltman reduction

To evaluate a divergent loop integral in D — 2¢ dimensions the Passarino-Veltman
reduction is very useful. A general N-loop integral is depicted in fig. [2] written in the
following in an algebraic form

4-D
N o 1% D lu "'lu
T,u,l ..... ;LM(p17"'7pM7m17'”7mM)—iﬂ_D/QTF/d lﬁ (420)
with the prefactor
I'(1—¢€)%I(1 2 2
= o +€):1—7E6+(E—£)62+(’)(63). (4.21)

(1 — 2) 2 12

Alternative definitions factorize 1/I'(1 + €) giving differences of order O(e)

I'(1+¢) 2,
=1+ "+ 0() (4.22)
T'(1+¢)
Il - 6)2r(1—26) 6

resulting in shifted finite (€”) contributions when double poles (e72) appear.
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Ps3 y2

Figure 2: Momentum conventions for general N-loop diagrams.

In accordance with LoopTools[51] conventions we introduce the notation
A= 1 — e +In4rn (4.23)
and use the definition of the momenta
kn = zn:pi . (4.24)
i=1

Of special importance are the scalar integrals (M = 0). We will need them with up to
four particles in the loop:

=P 1 1

Tt = Aom}) = L / APl = / > (4.25)
T* = By(pi, mi, m3) = / 191192 (4.26)
TS = Colp?, 12, (pr + p2), 2, 2, m2) = / Y] (4.27)
T* = Do(p, p3, P35, 03, (p1 + p2)?, (2 + ps)?, m7, m3, m3, m3) = /1)11)212)31)4 . (4.28)

They were first calculated by 't Hooft and Veltman in [52]. The tensor reduction
proposed by Passarino and Veltman avoids solving more complicated integrals by
recycling the scalar integrals [53]. Exemplary, B* = p{' B; must have that form since pf
is the only available Lorentz-structure and

2pl (I+ pg)* —m3 > —m} 1
2B, = 2 B* = :/ a 2 1 9 9 2/
pl 1 pl / DlDQ l DIDQ ) DlDQ (pl m2 _'_ ml) / DIDQ
——
Ap(m2) Ao(m3) Bo

(4.29)
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gives B" in terms of scalar integrals. Some other tensor decompositions give:

B* — gMVBOO + kilkzl/Bll
CM - k’fC’l + kQMCQ
CH = g"Coo + kiKY Cra + (KK + K5 EY)Cha + k5 kS Cag (4.30)

Their derivations can be found in [54] [55] or the original papers. We will use various
results from these summarized in appendix [E.3]

Now that we have a practical machinery to handle divergences, we work out the
necessary renormalization of our fields in the next chapter.

4.3. Renormalization

In order to absorb the UV-divergences appearing at one-loop level we replace the bare
bosonic fields ®7 with renormalized fields ®

1
Py =1/Z2oPg = \/ ZpP = /14 5Zq>(1) = (1 + §5Zq>)¢ . (431)

Left- and right-handed fermionic fields are treated separately
1 1
Uy = 2%@0—+(14—§5Z$Pi4—§6Z§PhﬁD, (4.32)

where we introduce the chirality projectors P r = %(1 F 75) since we are operating in
the mass-eigenstates now. The L, R index notation is used to separate the two cases in
analogy to the + notation.

Similarly, couplings A and masses m get corrections:

Ao = ZZA = A+ 02\ (4.33)
mo = Zmm =m+ 6Z,m (4.34)

The advantage of using a renormalization constant §Z shifted from the bare coupling
1 instead of the whole multiplicative renormalization constants Z is that we reproduce
our original bare Lagrangian with new counterterms

Lo— L+ Ly. (4.35)

The counterterms will then be chosen to explicitly cancel the UV-divergences
encountered at one-loop level in the bare Lagrangian.

In the on-shell (OS) renormalization scheme the renormalized masses correspond to
the physical masses and the real part of the propagator’s residue is normalized to 1.
This differs from the modified minimal subtraction scheme, where one includes extra
counterterms to account for the proper normalization of the residue [56]. Another
advantage of the OS renormalization is that we do not have to compute loops at the legs
of our Feynman diagrams. Furthermore, the cancellation of UV divergences between
various vertices and wave-function renormalization functions is checked explicitly.
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Since we only encounter squarks and quarks as intermediate particle at leading order
in our process, we look at their renormalization first. To determine the running of the
coupling we will also renormalize the gluon propagator. The electroweakinos do not
need any treatment, since the goal of our perturbative calculation is an improvement by

O(as).
4.3.1. Quarks
The kinetic and mass terms of the bare Lagrangian for quarks reads
Lo = g5 —modgiy + (L < R). (4.36)

Here the upper indices refer to whether a quark is left- or right-handed. Replacing the
bare quantities

bt — \/ﬁ@bL,R =(1+ ;5Z£7R)¢L,R (4.37)
mo — Zmpm = (1+0Z,,)m (4.38)
in the bare Lagrangian L, yields
L =it Pyt — myFyr (4.39)
Lo
+iRe[0Z{J0" " —m (5Zm + ;(525* + 525)) PPl +(L & R) (4.40)
Lx

without higher order terms in 6Z. The bare Lagrangian L, gives the typical two-point
Green’s function by replacing the derivatives with the momenta —ip, formally a Fourier
transformation into momentum space, and dropping the fields

— ¥ = i(p —m) (4.41)
where we apply P + Pr = 1, after using ¥piy, = P and ¥y, = y*Pra.

Following the same steps, the new two-point Green’s function for the counterterms is
obtained

: : 1 »
iy, =i (p Re[6ZL] — m (5Zm (07 + 525))) Po+ (Lo R).  (442)
The NLO propagator HgLO then consists of additional self energies and counterterms
M0 = T5° + M0 (i) + M50 (i, ) ° (4.43)
= 1501 + (—iX)IL0) (4.44)

where ¥ are the bare self energy loop contributions. Combining the counterterms and
self energies then gives the renormalized self energy Y. Splitting up the vectorial ¥y
and scalar g part allows us to rewrite

L

nj) >PL + (L > R). (4.45)

. 1 )
> = <p (3v — Re[0Z)]) +m <5Zm + 5(525* +625) +

EL
\% &I
ES
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To realize on-shell renormalization the following two conditions must be satisfied [57]
[58]. First, the real part of the propagator’s pole must be the physical mass, that is

1

Rel—
¢ [HELO(mQ)

] u(p,m) =10 2R Re[S(p? = m?)]u(p,m) =0 (4.46)

And second, the real part of the propagator’s residue should be normalized to 1,
translating to

A

lei_{mm2 Re[—i(p — m)HgLO}u(p, m) = u(p, m) B4 yim 33"" Z; Re[X]u(p,m) =0.
(4.47)

p2_>m2 p —

These conditions define how we get the on-shell renormalization constants 67 from the
bare self energies X

1
0Zy = =3 Re lz:‘% + 3+ (4.48)

L4k
...
Zg,R n zg,L

S >]m |

where Y is the derivative in p?. However, we will see in the following sections that no
corrections to the quark mass are necessary, since the only particle we treat as massive
is the top, which we assume to be negligible in the proton initial state.

4258 = e[S (S (0

4.3.2. Squarks

We start from a typical bare Lagrangian for scalars
2
Loy = Z@u%,iaﬂ%,i - mg,zqg),z@o,z’) ) (4.50)

i=1

but include a sum over the mass eigenstates i. Our renormalization constants are

- . 1 .
Goi =\ Zijdj = (03 + 502i5)d; (4.51)
mai — Zg%mz2 = (0;; + 5Z§1i)m? (4.52)
where the sum over j allows for the inclusion of mixing between eigenstates in loop
corrections. Replacing the bare fields gives the new Lagrangian
2

L= (0,40,3 — m'dl @)

=1

Lo

21 o 1 i
+ 2(5(5252 +02:5)0ud 0u; — (050 2y, + 5(5ij'm§ +0Zym?))alq;) . (4.53)

2
i=1j=1

Lx
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Repeating the same steps as for the quarks, we get a two-point function from the
Lagrangian for the counterterms.

— X, =i (2(52”- + 5Zji)p2 — i(mfazij + m]?azﬁ.) — mfazf;“aij> (4.54)

Combining bare self energy and counterterms

A

Eij = Eij + Exﬂ'j (455)

we get the renormalized self energy. Again using the on-shell conditions we obtain our
renormalization constants. Requiring the propagator pole to be the physical mass in the
case of © = j leads to

Re[Xi(m])]

1 m

(4.56)

and the fact that the real part of the residue of the propagator must be one results in

0Zi = Re[Xii(m7)]. (4.57)

For 7 # j the mass counterterm does not appear, since we want no transition from type
1 to j. Thus, we write

Re[S15(m?)] =0 Re[S15(m2)] = 0 (4.58)
leading to
Re[YX o (m?2 Re[Yy; (m?2
215 = —2—6[2 12(7"3)] 02 = +2—e[221(m21)] . (4.59)
mi —ma mi —ma
4.3.3. Gluon

The renormalization of the gluon is determined in a similar procedure to the previous
squark case. But a difference lies in the vanishing longitudinal propagator due to gauge
invariance

ta ca v PP Py’
- ) = -6 (@0 - E2moh + E2 ) . oo
Since the gluon is massless, its renormalization constant is solely determined by the
on-shell condition

2
57, — —Re | LI (4.61)
dp2 2 0
p
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4.4. Threshold Resummation

Covering the whole topic of resummation would go far beyond the scope of this thesis.
We will sketch the key concepts related to resummation and refer the interested reader to
[19] and its references. First, we should ask ourselves why resummation is interesting and
important for our process? We are looking at the production of heavy particles therefore
we are close to the limits of the phase space. For massless virtual particles (e.g. gluon)
we integrate over the full loop momentum. This is in contrast to the particles in real
emissions, since their integration is constrained. And as a consequence there are large
logarithmic remainders
m
i)"Y (162
-z |,

where 2 = M?/s is the fraction of the invariant masses of final and initial state and
m < 2n — 1. For soft particles z — 1 the arising divergences prohibit us from using
normal perturbation theory and the logarithmic terms need to be resummed up to all
order [22] [59].

To calculate the soft emission up to all orders, dynamical and kinematical factorization
are fundamental. Dynamical factorization is possible by the eikonal approximation,
that is simplified Feynman rules dropping insignificant terms for small momenta. One
approach to kinematical factorization is by transforming into Mellin space such that
the phase space factorizes

[ 422" 1d6nn(2) = Ao x dgn(N) (4.63)

where N is our new Mellin momentum of z.

Due to the factorization theorem we can split an IR sensitive quantity R into a hard
scattering H and long distance & behaviour, where only the later two depend on the
factorization scale pp. Exploiting the independence of the factorization scale in R and
setting it to up = M yields

R(M?,m?) = H(1)S(1) exp | — / (k) (4.64)

where the scale dependence is in the exponent, named Sudakov form factor, consisting
of the soft anomalous dimension ~,. Furthermore, the hard matching coefficient
will be needed for matching the resummation to our NLO calculation where one must
avoid double counting in the soft region.

Our resummed results are, however, preliminary, since we use the already in
Resummino included computations of the hard matching coefficient and soft anomalous
dimension for squark-gaugino production.
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5. Next-to-leading order

In previous section we went through the necessary methods to compute a NLO cross
section. Now we will apply them to the production of a squark and electroweakino. First,
section [5.1| will explain the computation of the real corrections. The second puzzle piece,
the virtuals, are presented in section

5.1. Real corrections

The real corrections consist of the additional emission of a massless coloured particle.
Here, this is either a gluon or an (anti-)quark. The corresponding diagrams are shown
below.

iMrNLO —

We can already see that the first two and the last two diagrams are related by crossing
relations. Therefore, in total only two 2 — 3 matrix elements need to be calculated. An
exemplary demonstration of the dipole subtraction is given in section [5.1.1] Followed by
working out the subtraction of on-shell resonances section [5.1.2]

5.1.1. Quark gluon initiated corrections

We use QGRAF[60] to generate the Feynman diagrams contributing to the 2 — 3
corrections with one quark and one gluon in the initial state.

\\TM
v
| ,4/
IR g,
3 4 5
\L\;ﬂff" \ﬁ
e e
! !
W\5~\ W\‘~\
9 10 11

(5.1)

Since use the Feynman gauge for gluons, we need to eliminate the unphysical
longitudinal polarization from the gauge-fixing. These are cancelled by including
(anti-)ghost diagrams (dashed without arrows). The squared matrix element is then

constructed as
(M) =D (IM*) +23 3 Re [(MiM;)] - (5.2)
i ij<i
The straight up application of Feynman rules and interference of all these amplitudes is
best handled in an automized symbolic calculation. For this purpose we use FORM|32],
which also handles v matrices. The steps in our computation are, completely analogous

to analytic calculation,
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1. Contract colour structures

2. Apply completeness relations for spinors and polarization sums
3. Evaluate spinor traces for each closed fermion line

4. Simplify momenta and factorize out common prefactors

Then the resulting matrix-element can be embedded in a Monte-Carlo integrator. In
the red coloured (1-5, 11) diagrams of eq. we encounter soft and/or collinear
divergences from a gluon emission and a naive integration over the 3-particle phase
space will fail. We also notice that if we remove the red particles from our Feynman
diagrams we restore either the s- or u-channel Born-diagram. If we look at a propagator
of an intermediate particle connected to the red particles, we see a divergence towards
low transverse momenta in the eikonal limit
i k-0 1l 1
(p— k)2 — m? ok kP (5:3)

Here k belongs to the emitted massless particle (here gluon) and p to the emitter with
mass p° = m?.

The previously presented dipole formalism gives us extra terms to include in our
integration over the 3-particle phase space such that these divergences vanish. Next, we

will apply this procedure exemplary to the last diagram of eq. (5.1)).

Applying the dipole formalism

Looking at fig. |3| we can see two potential spectators coloured in blue. One case is
classified as an initial-final and the other as an initial-initial dipole. As the spectator is
used for colour correlations, colourless particles vanish with T = 0.

W\5\\
Figure 3: Dipole identification of diagram 11 in eq. 1}

We will focus on the initial-emitter final-spectator case depicted on the right in fig. 3|
The corresponding equation for the dipole

1 1 < . . ‘TjTai
— o L.at, ...
2paD; Tija 2 ' T T(Qli

VO g ai, ),

(5.4)
is associated with both diagrams where a quark emits a gluon (4, 11 in eq. (5.1))) and
the spectator j is a final state particle.

D5 (p1, P2, P33 Day Py) =
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Since we want to reuse our Born matrix element which includes a different colour
correlation, we define our colour rescale factor as
ol dyeat, T T | gy ad, ),y Tg T Th T Tr
¢ = (T, To)s = aalUs SRS — TP oite R
ooy at, Lo g, ad, ), 150 Ty g Ca
(5.5)
This is possible because both leading order diagrams have the same colour structure. In
a more general approach one can show that for 3 partons the colour algebra factorizes
by application of the colour conservation eq. [37, Appendix AJ:

0= (T, + T2+ Ts)|1,2,3) (5.6)

(2T, T,) [1,2,3) = (T, Ty + T2T1) 11,2,3) (5.7)
= (Ty(—=T; — T3) + To(-T, — T3)) [1,2,3) (5.8)

= (T3 - T} = T3) [1,2,3) (5.9)

— ¢ = (T To)s = Tp(Cy — Cy — Cs) (5.10)

And we get the same colour factor ¢ = Tr(Cy — Cr — Cp) = g—’z Since we only have one
adjoint (gluon) and two fundamental (quark and squark) particles at leading order, the
only other possible combination of Casimir operators is Tr(Cr — Cy — Cr) = —TgCl}y.
In the aforementioned dipole formula the kernel V is diagonal in the spin s

2

2 = Tija — %

<8‘ V;]!J ‘S/> = 877-,”26@50}7 { -1- wij,a - 6(1 - xij,a)} 535’ (511)

and the last ingredient is the transition from a three {i,ai,j} to a two {ai,j} particle
phase space. This transformation must respect momenta conservation and the on-shell
particles should keep their masses

P+ P A vl = Dl + D (5.12)
Pa=pi =Pe =0 (5.13)
P =1p;=m;. (5.14)

An approach similar to the parton distribution functions is to rescale the momentum of
a particle by = after an emission

Phi = Tijalh (5.15)
o= i — (1= 2450)0 (5.16)
which consequently can be determined to be

PaPi + PaPj — PiPj
PaPi + papj

(5.17)

ij,a =

The remaining dipole cases follow the same steps but use different functions from [3§].
In table [] we list the dipoles with their only undetermined quantity the colour rescale
factor and the Casimir operator T? of the intermediate particle.



5.1 Real corrections 25

Table 2: List of dipoles for quark-gluon initial state.

Diagrams | dipole type | emitter | spectator | emitted | colour ¢ | Casimir T?,
4,11 initial-final | quark squark gluon g—i Cr
4,11 initial-initial | quark gluon gluon —TrC4 Cr
3,5 final-initial | squark quark gluon % Cr
3,5 final-initial | squark gluon gluon —TrCY Cr
1,2 initial-final gluon squark gluon —TrCY Cx
1,2 initial-initial | gluon quark gluon | =TrCy C4

The case where a gluon emits another gluon is a bit more involved since the kernel
will depend on the helicty of the external gluon.

(u] V?g ’IJ> :167TM260650A{—9MV [W -1+ $ij,a<1 - xij,a)]

L—aiia 22 (P 0"\ (pX 1°
(1l Tu (p_p) (P;_PJ)} (5.18)

Tija PiDj\ % % Zi %

It’s Lorentz-structure consists of four tensors ¢g", p/'py, pipy, pip} + pip;. We notice
that they all are symmetric in g <= v and any contraction with an antisymmetric tensor
will vanish. If we look at our polarized Born matrix element we identify seven variants
g, PPl 4", phDY, Pha” + a'pl, phps + phpl , ¢'ps + phq” (appendix [B). From these
we compute a 7 X 4 matrix with all possible contractions of the kernel with our Born
matrix element. We write the prefactors to the kernel as a 4 dimensional vector and the
prefactors of the polarized matrix element in a 7 dimensional vector. To get a scalar
result we just need to sandwich the matrix between the vectors.

We already show results from the complete computation in table 3] The computation
of the 7 x 4 matrix for both initial-initial and initial-final can be found in appendix [D.1}
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Table 3: List of Lorentz-structure tensor prefactors from the Born process. A
global factor of 2¢%(L* + R?)C4Cr as well as the corresponding propagator
denominators are omitted. The calculation is in appendix @

Tensor structure SS UuvU SU
g —@*paps 0 0
Do 0 P2Pa 2p2q
q"q” 0 PaPa ¢* — 2pap2
pipy 0 4papa 4paq
Phq” +phg” | ms—mi | —papa | (—p2q) + (—Paq + P2pa)
Loy + phpl ¢’ 2p2Pa 2p2q + Paq
q"py +q"pY 0 —2popa | 2(—Paq + P2Pa) — Paq

5.1.2. Gluon gluon initiated corrections

To get the gluon-gluon initial diagram we cross the final state gluon and initial quark of
our previous calculation. This means we swap p, <> —ps, collect a factor of (—1) from

Fermi statistics and adjust the averaging over initial particles by 13-

A
3oyt w<

6

(5.19)

The only subtlety arising with the dipoles is that they must be included twice but
with different kinematics.

Table 4: List of dipoles for gluon-gluon initial state. Each dipole appear twice, but with
different kinematics.

Diagrams | dipole type | emitter | spectator emitted colour ¢ | T2,
4, 5,10, 11 | initial-final | gluon squark | (anti-)quark g—’: Cr

4,5, 10, 11 | initial-initial | gluon gluon (anti-)quark | —TrCs Cr
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There is however the complication that some squark propagators can go on-shell.

On-shell resonance subtraction

First, we must understand what these resonances mean and why we must subtract them.
The resonances appear when the particle’s momentum gets close to its mass p2_, — mg.
Then the process of diagram 3 in eq. splits into a leading order process with a
subsequent decay. Schematically,

%T . o %T -
A: Dres MG A: ® . (5.20)

This process is only possible if the squark has a higher mass than the gaugino to allow a
decay in its own reference frame. We do not want this contribution in our computation
since it is already a part of the prediction of producing two squarks at leading order.

In a first step we regularize the on-shell divergence by introducing a finite width I';
to the propagator such that

1 1

2

— . 5.21
p%es - mtj p%es - mé + imqrq ( )

This width will act purely as a regulator and does not need to be the physical width.
If two amplitudes are combined and each has a resonant propagator we get a double
resonant propagator (note the conjugation of one propagator)

1 1
— ) 5.22
(plges - mg’)Q (plges - mg')Q + mgrg ( )
Our total matrix-element splits into three pieces
Mot = M| + 2Re[ M M, ] + M. (5.23)

The non-resonant diagrams (2, 4, 5, 8, 9, 10, 11) are part of M,, and the remaining
resonant diagrams (1, 3, 6, 7, 9) are included in M,..

The simplest method to exclude the large contributions is Diagram Removal (DR),
where double resonance |M,|? and the interference 2 Re[M, M | are not considered
(DR-I). It is also possible to only exclude the double resonant part and keep the
interference (DR-IT)|61]. The price one pays for such a simple method is the apparent
loss of gauge invariance.

Therefore, we will instead apply Diagram Subtraction (DS). DS keeps both
the single (interference) and double resonant pieces and only locally subtracts the
contribution from the leading order process followed by the decay (lhs. eq. ) The
advantage of this method is that it respects gauge invariance for vanishing width I';.
Consequently, we do not just integrate |M;u|? over a 3-particle phase space d¢z but
instead include a point wise subtraction
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2172
Metl? — MG T (/5 — my — mge) Oy — mg) 2 gy
(p?es - m%)z + mgl"g 4 q q d¢3
Broit i GG*-production decay
reit-Wigner

First, we include a Breit-Wigner function corresponding to the decay with given width
I';. For the production of ¢¢* at leading order to be kinematically allowed there must
be sufficient energy /s to constitute their masses. The second © function restrains our
subtraction to the cases where a subsequent decay is allowed.

We must introduce a new 3-particle phase space ¢35 — ¢3 similar to the Catani-
Seymour formalism to remove only contributions from | M,|* where pZ, = (p2+p3)* = m
is on-shell. Please note that the Breit-Wigner function is still evaluated in ¢3 as it
evaluates to 1 otherwise. More details, especially on the explicit form of the Jacobian
gi‘“’, are given in [62] on the specific case of squark pair production.

We split the integration over the 3-particle phase space d¢s in a double resonant part
with the diagram subtraction and the rest (non-resonant and single resonant). This
allows the Monte-Carlo integration to converge faster by focusing on the dominating
region of each part.

5.1.3. Quark antiquark initiated corrections

For a quark and antiquark entering our 2 — 3 process we get following diagrams

’>w< >M< \:”f, ¢
+E N E ¢ m

In the diagrams above red indicates the need for a dipole subtraction and green for
an on-shell resonance subtraction. New in this process is the appearance of gluinos.
They can go on-shell now and might require a subtraction. Also, squarks in between a
gaugino and gluino are not determined for fixed initial and final state any more (3, 4, 7,
8). Therefore, we iterate over the possible squarks, but one needs to be careful here since
a diagram with the same topology, but different internal squarks will get a factor of 2 like
an interference term. This factor of 2 appears naturally if we iterate over both internal
squarks (one in M and one in M*). Furthermore, we must include all types of quarks
in the final state. Given that the chargino changes particles from up-type to down-type
and vice-versa and the neutralino does not, the easiest way of including all possible cases
is to keep the couplings completely arbitrary in our computation and let them decide
which processes are allowed. The downside of this is the large number diagrams entering
the computation, but since the couplings will not change in one Monte-Carlo integration,
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it is sufficient to compute the couplings, use only the non-zero ones and reuse them for
the next integration point.

In table [6] we list the information for the dipoles again. The kernel here again depends
on the polarized Born matrix element since the dipole is linked to the gluon entering

our Born process.

Table 5: List of dipoles for quark-antiquark initial state.

Diagrams | dipole type emitter spectator emitted colour ¢ | T%,
5, 6 initial-final | (anti-)quark | squark | (anti-)quark | —TRrC}y Ca
5, 6 initial-initial | (anti-)quark | quark | (anti-)quark | —TRCx Ca

5.1.4. Quark quark initiated correction

This final real correction is related to the quark antiquark case again by a crossing of
the finial state antiquark with the initial state quark

T EISF

4

v- \\;M Y- s
+ + gt - .
ASHSH VS

This case is very useful to check our previous case as it is very symmetric. First, we can
effectively remove the diagrams with a gluino by giving it a high mass. On the other
hand integrating over the first four diagrams must give the same result as if we integrate
only over the last four. We directly notice that the dipoles are nearly the same as in the
previous quark-antiquark case. The only difference is that the dipoles appear two times,
either with initial quark ¢, or ¢,. The dipoles are just like the diagrams related by the
crossing relation p, <= pp.

(5.25)

Table 6: List of dipoles for quark-quark initial state. Each dipole appear twice, but with
different kinematics.

Diagrams | dipole type | emitter | spectator | emitted | colour ¢ | T2,
1,2,5,6 | initial-final | quark squark quark | —TRrC}y Cy
1, 2, 5, 6 | initial-initial | quark quark quark | —TrC}y Cy
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Now that we finished the computation of the real corrections we can move on to the
virtual corrections.

5.2. Virtual corrections

The second ingredient to our NLO computation are the virtual corrections. A step-by-
step computation is given in appendix [C] Though a symbolic computer driven approach
is faster and more reliable. We include such an exemplary code in appendix [C.4]
As already outlined in the preparation to this part of the thesis we will apply on-
shell renormalization, such that no loops on the legs of our Feynman diagrams must
be calculated. We are left with computing self energies in section and vertex
corrections in section [5.2.2] After listing the box diagrams in section [5.2.3] we mention
the extra finite counterterms and add the integrated Catani-Seymour dipoles.

5.2.1. Self energies

We need to compute quarks, squarks and the gluon self energies.

Quark self energy

For the quark self energy we get one extra contribution compared to the SM. This
additional loop is displayed in eq. ([5.26]).

—P—Q—F :%F—Fﬂ»%——»—@—»— (5.26)

The counterterms can be determined from eq. (4.48) and eq. (4.49) derived in
section and the self energies of a quark g; (cf. appendix |C.1.1)). In the general

massive case we find following self energies

2
g2 1 /
k= WCF(SBan ((4Bo(p2,m§, 0)—2)— o > (LriLmgBo(p?, mg,mi)))
q q;
(5.27)
2
gs /
AR WCF%X ((231(19277”3»0) +1) + %:(CHRHBl(pQ,mg,m;))) (5.28)

and the right-handed term similar with £ <+ R. From the parameters of the Passarino-
Veltman integrals we can identify which term comes from which diagram. Since the my
term is proportional to LL = 0, it can be dropped for minimal squark mixing and we
get for massless quarks

§ 7 =0 (5.29)

2
02, = (42:')2 Cr(2B1(0,mg, mg, ) +2B1(0,0,0)), (5:30)
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where the 2 comes from the /2 prefactors of R and £. Note that the finite shift that
came with the quark-gluon loop vanishes at p = 0 and m = 0. By applying the UV limit
By AN —%Ato this counterterm as listed in table |11| we get

szt Y, (495>20F(2 +2)(—=A). (5.31)

We will not need the result for the massive case, but we present our result here anyway.
They are obtained from the same equations as in the massless case.

DN —

2

0 Zp = — 25 Clp(—1 + 2By (m2, m2, 0) + 4By(m2, m2, 0)
(47)?
m~ *
+ Z (Bl(m2>m§? mfiz’) + #Si(I+S)SiIBO(m27m§a miji))) ) (5'32)
1=qL.qR qr
9s
5ZqL7R :( )2CF(1 + QBl(mg, mg, 0) + Z(ﬁnR’HBl(mz, mg,mi))

+m(4Bl(m m2,0) + SBO(m m?,0)
+ > QBlm m m ) 44 gS*I+3 SZ[BO(m 2 M) - (5.33)

1=q4L,dR Maq;

Here £, R}, + Ry L), gives 2 for the matching left and right handed squarks. We take
only the real part of the Passarino-Veltman integrals. Our result are in agreement with
massless and massive renormalization given in [24] if we set eyy = €r and consequently
B1(0,0,0) = 0. The only difference is the factor mgy/m, which got lost in referenced
paper. The renormalized quark self energy is embedded as follows in our calculation

\“‘M
+ L (5.34)
M"l\i\

M = 2Re

Squark self energy

Next we look at the renormalization of squarks. Therefore, we must calculate following
4 self energies Feynman diagrams.

<
rOr:»%—l—»@»—l— ®> —|———>—\\—\4/i>—— +->--»--

(5.35)

The tadpole diagram with a gluon will yield no contribution and the squark tadpole case
can be absorbed into the renormalization as it is momentum independent. For the first
two generations where the quark mass is zero we determine the renormalization from

eq. (4.57) and eq. (4.56) to be

2

9s
(47)?

Cr(4mZBy(m,0,m2) — Ag(m?)
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+ 2(m3 — m2)By(mZ, m2,0) +2A0(m§) — Ag(m3)),  (5.36)

. 2

+2(m} — )Bo(m m2,0) — 2By(mZ, m2,0)). (5.37)
With B, Vo A the UV limit comes out as

52 —U—‘S< gs) Cr(2—2)A=0. (5.38)

In the massive case however we separate i = 7 and ¢ # j where only the former gets a
mass renormalization.

2

. gs .
02 = E“’(mé) - (47T)QCF(2BO(m§" 0, m?j) + 4m2~BO(m§, 0, m?)
+2(mZ — mg + m2 — 2mgmy Re[S ;5 Su]) Bo(m3, mZ, m?)
— 2By(mZ, m3,m?)), (5.39)
2
9s * %
(Bo(m m2,0) — By(mZ ,m3,0)), (5.40)
522, m? = —Si(m?) = — s SCr(4Bo(m2, 0,m2) — Ag(m2)

(4

m)?
+2(m2 —mi +m;, +2mgque[S I+3)Sﬂ])BO(m?j,m§,0)
+240(m2) 4+ 2A0(m2) — > |Sul*Ao(m2)). (5.41)
k=1,2

Our results again agree with [24]. The renormalized squark self energy enters only in
the u-diagram.

IM3? = 2Re O (5.42)

Gluon self energy

We also need to compute the gluon self energy since it gives finite contributions to the
vertex counterterms. We encounter following Feynman diagrams

u&m (5.43)

+ 2000 ®0090- . (5.44)
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Their individual results are given in appendix[C.1.3] The wave-function renormalization
term is obtained from the transversal self energy ¥; (see eq. (4.61]))

D 2
57, — —Re |4 () (5.45)
dp* | ._,
p

g: 2
(4m)2 3
g: 2

(47T)2 g (BO(Ov O’ O))

- ¥

heavy ¢
ligEht:q

9:
(4m)?

g5 2
(47)23

L 9

1g; 1 . 9
_ § (47T)2TR§ (—(4m2~)Bo(0, mZ, mz) + By(0,mZ, m?) + 3) : (5.46)
q

, 1
(ngBO(o, ma, mg) + Bo(0,mg, mg) — 3)

(19 + 1)2(B4(0,0,0))

* 4

. 1
N. (2m§BO(O,m§, m2) + By(0,m3, m}) — 3)

The first two terms come from the massive and massless quark loops. The term
proportional to 19 comes from the gluon loop, and it is grouped together with the 1
from the ghost loop. Then come the gluino and the last line are the contributions from
the squark loop. Taking the UV limit replaces By by A

2
62, W Lo By +s 2o Znoyba (5.47)
LA q
—2C AT
where made use of
Bo(0,m*,m*) = 61m2 (5.48)
EBO(O,mZ, mZ) =1 (5.49)

and neglected terms of O(¢). The special case in eq. (5.48)) is the reason why there is no
finite part for the light quarks in contrast to the heavy quarks. It is practical to define
Bo for light and heavy particles

= 5.50
e (550)
2 2 1
H
=—-_-IN. - -, 5.51
0 3 3 Zq: 6 (5:51)
where n;y = 5 is the number of light quarks. This result is in agreement with the

gluon wave-function renormalization given in [24] if we set eyy = g and consequently
By(0,0,0) = 0.
5.2.2. Vertex corrections

In this segment we will look at the vertex corrections. Since they get a bit unhandy we
focus on the UV divergent pieces whilst the full calculations are in appendix [C.2]
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Quark-quark-gluon vertex

For the quark gluon vertex we get the SUSY contributions by replacing all loop particles
with their superpartners.

(5.52)

The counterterm is expected to cancel the UV divergence and is constructed from the
renormalization constants of involved particles and couplings

I - 1
~UVIA] = UVIA] = — i9.75,7"51, OV (620 + 502, + 62, (5.53)

We explicitly give the divergence from our loop calculations

V162 + 507, + 02 £~ 2T (30A +Ci= G- cA> A (5.54)
2
_ (49;_)2 (Ca +20F)A (5.55)

and using eq. (5.47) and eq. (5.31) gives us the divergence of the strong coupling

renormalization constant

2
. 1
UV[6Z,] = L (~C4 — 20y — 5(~2Ca + 65 +5) +2Cp)A  (5.50)

(4m)?
2 By + 8¢
__(41)2 0 5 0 A (5.57)

The UV divergence of the renormalization constant agrees with the ones presented in
[9] and [24]. Again, the loop corrections to the ggg-vertex displayed must be combined
with the two leading order diagrams

\\“W
; L (5.58)
Dﬁ/"”’fdl\ﬂ\

M2 12 = 2Re

q4q9

Squark-squark-gluon vertex

The coupling of the gluon to a squark gets following NLO contributions

" N N N N

QQr— . >+ > | H %»—l— >

—q-

.
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.
-+ y@;&».
| (5.59)
Looking at the UV divergence of these diagrams (cf. appendix |C.2.2)
I - — 1
—UVI[A] = UV[A,] = igT5,(2p1 + p2)"6;; UV [0 Z, + §5Zg + 6Z4] (5.60)
- 1 D 3 1 17
V[0Zy+ =07, +67Z;] = ——"ZTr | = 204 ——=——-2——-2-]A .61
UVI0Za+ 502, 4024 (47r)2R<2CA+ CamE e 4) (5.61)
g2
= ——2=C,A. 5.62
(dmy2 " (5:62)

In the same fashion as for the qqg vertex, using the wave-function renormalization in

eq. (5.47) and eq. ((5.38)) gives us the divergence of

2
UV[3Z0] = (o (~Ca - (=20 + B + B)A (5.63)
2 L H
- b ;BO A (5.64)

This is the same result as in previous chapter as it is expected. To include the loop
corrections to the ggg-vertex the u-diagram with the loop gets connected to both Born
diagrams

\\\M ‘\;\M
[Miil> = 2Re v y . (5.65)
WOt\ T e

Quark-squark-gaugino vertex

The gaugino vertex gets only two loops

\\QQW: ] B +\\/@W. (5.66)

» . . K
. » » o

We compute the loop corrections to the ggy-vertex in appendix [C.2.3] Since we do not
renormalize the gaugino, the UV divergence must equal the difference of the quark 67,
and squark 0Z; renormalization constants

_ N — 1 1
~UV[A] = UVIA] =ig,(L'Py + R'Pe)UV[62; + 56Z,] (5.67)
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2
UV[6Z; +62,) = UV[6Z,) = — (f;‘)QzCFA (5.68)
And that is what we observe by looking at and eq. (5.38). The vertex appears in

both the s-channel and u-channel

| 2‘35(]2:2Re +

- < - -

EIILE oy N
(5.69)

Gluino-gaugino-gluon vertex

The vertex of a gluino, gaugino and gluon does not appear at leading order or in the
MSSM Lagrangian, but at higher orders it is realized as

= +%ﬁ\%+%\%. (5.70)

It therefore comes as no surprise that there are no UV divergences for all 4 diagrams
combined, to be absorbed in counterterms.

[Msx (5.71)
5.2.3. Boxes
The remaining potential diagrams for ¢g — ¥q at the order of O(a3/?) are
’ «
I I Nk
n ‘ v
N N
// 77*
+ g + + y ol (5.72)
~ »-- /
EAERN \

These box diagrams are combined, like all our virtuals, with both the s- and u-channel
and no UV divergences remain.

ML 12 =2Re

q4xy9

\\‘\M
. (5.73)

I
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5.2.4. Vertex counterterms

The counterterms for vertices follow directly from the wave-function renormalization
constants calculated in the previous chapter. They will by definition cancel the UV
poles since we chose the divergence of the running coupling that way. The running
coupling however also gets a finite shift to decouple heavy particles such that only the
gluon and five light quarks contribute to the running of a;

2 m?
0Z,, =2 |2m ™t 91 =5 Zn ma | (5.74)
R Gi

This can be seen from the Slavnov-Taylor identities relating finite parts of the gluon
62, = —20Z,, to the coupling [9]. In our gluon renormalization eq. we extracted
the finite piece with the relation By(0,m?,m2) = A — In % [54]. This procedure is
called zero-momentum subtraction scheme in the literature [9] [24] and consistent with
five-flavour MS scheme used in parton distribution functions. We also have to include
the finite SUSY restoring counterterms to our gaugino-squark-quark counterterm. They

were already given in eq. (4.19).

5.2.5. Integrated dipoles

The integrated dipoles are defined through an insertion operator I.
[ ot = 0, sassle i Api i) |1,

+ Z/dxm,a/b (1,...,m;xpa, po| K (z) + P* (z, u2) |1, ..., m; TPas Do) marh

- Z/dxm,ab/ (1, m; oy x| KOV (2) + PP (2, 1) |1, 105 Pas D8 1ty
(5.75)

Where the operators K and P are finite collinear counterterms depending on the
longitudinal momentum fraction x. The singular terms are included in I:

e >>ZT22T T, (5.76)

J k#j
2\ € 72
[T? <5k> (Vj(sjk,mj,mk,mp; €,K) — 3) (5.77)
j
2

+ T (p,mj,mp;€) +v;(1 +1n 5—) + K; + (’)(e)}
ik

The finite constants y; and K; as well as the dipole kernel functions v; = 1/]*-9 —i—l/JN S can be
found in the paper [3§]. The parameters change with the use of different regularization
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schemes [45]. However, there is no difference between CDR and HV schemes. This is
also intuitively clear since we expect the procedure to kill all remaining e poles after
renormalization and thereby the additional O(e) terms from CDR do not contribute to
the finite result. One also notices this in the different combinations of the leading order
in the dipoles. The CDR LO can have terms of O(¢) whereas in HV this € is set to zero.

The evaluation of the integrated dipoles can again be summarized in a short table[7] It
comes as no surprise that we already now these colour factors well from the unintegrated

dipoles in our real correction.

Table 7: List of integrated dipoles for the virtual corrections.

Particle j | particle k | s, | colour ¢ = (T;Ty) | Casimir T?
squark quark 2pap1 g—i Cr
quark squark | 2p,p1 g—i Cr
quark gluon 2DaPb —TrCH Cr
gluon quark 2DaPb —TrCy Cy
gluon squark | 2pyp1 —TrCy Ca
squark gluon 2pyp1 —TrCy Cr

The collinear remainder P + K can be directly implemented from the aforementioned
dipole formalism papers and was already included for our process in Resummino.
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6. Numerical tests

Since such lengthy calculations carry a high probability of making of (most likely
insignificant) mistakes, we will go through several (primarily numeric) tests and
comparisons to ensure that the final results are correct. The specific SUSY scenario and
mass spectrum should not matter in performing these checks. An obvious exception
is the regularization and subtraction of on-shell resonances since they only appear for
specific mass ordering.

6.1. Leading Order

We checked our new implementation of the leading order process against SunderCalc,
Prospino2[63] and MadGraph[41]. The relative errors Ac/o in table [§ shows good
agreement which is crucial for continuing with further tests.

Table 8: Relative errors between several programs calculating squark-electroweakino

production.

Process p + p — | SunderCalc | Resummino | MadGraph | Prospino2
uw+g—ag+ X0 0% 0.02% 0.04% 0.03%
d+g—d,+x° 0% 0.03% 0.01% 0.04%
u+g— ap + X0 0% 0.04% 0.3% 0.03%
d+g— gy + XY 0% 0.05% 0.05% 0.03%
w+g—dp+ X7 0% 0.02% 0.3% 0.01%
d4 g — y + X1 0% 0.03% 0.05% 0.01%
G+g—dy+350 0% 0.04% 0.3% 0.01%
d+g— ur +X{ 0% 0.05% 0.04% 0.01%

6.1.1. Polarized matrix element

We also expect the polarized matrix element to be consistent with our averaged
calculation. To explicitly check this we only need to contract the tensor with —g"” (the
gluon polarization sum) and scale it with the values of table |3l For example in the SS
case (M M) we get

— ¢*(=4papy +m; — m¥ + 2pep1) (6.1)

after applying slightly modified momentum conservation —2pypy, +m3 = m? — 2p,p; and
including the omitted factors we get

2C4Crg?(R? + L?)
9652

¢ (2paps) = (M,)? (6.2)

ensuring us that the computation is consistent with eq. (3.16]).
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6.1.2. MadGraph

In the prompt after starting MG5_aMC we enter

MG5_aMC> import model EWKino_ NLO_UFO
MG5_aMC> generate p p > ul nl QCD=1
MG5_aMC> output LO

MG5_aMC> launch

to get the production of a left-up-squark and a neutralino from the specified UFO
model[24]. Now LO/Cards/param_card.datf] needs to be set as well as the PDFs and
the factorization scale in LO/Cards/run_card.dat.

6.2. Real corrections
6.2.1. Dipole subtraction

We can check that the dipoles cancel the divergence of the real corrections point wise.
In fig. 4| adding together the two most contributing dipoles (5+6) results in the same
divergence as our real correction matrix element as p; approaches 0. The fig. [§] shows
a cancellation over 7-8 orders of magnitude. But with p; getting too low we loose some
cancellation due to numeric rounding errors, resulting in the peak at p; ~ 0. This low
contributing region where the cancellation does not work any more is excluded from our
integration.

— LD
dips
dips

— dipt

1']'3 4

1072 4

JD—J:- 4

0 1000 2000 000 4000 5000
pt2

Figure 4: Divergence structure of an arbitrary phase space point as p; goes to 0.

2MadGraph always need the decay data. It can be copied from the param_card_default.dat
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Figure 5: Point wise cancellation of IR divergence by subtracting the dipoles (dips) from
the real matrix element (rNLO).

Let us look at the impact of the dipole subtraction on our integrated result. On the
left side of fig. [f] we see that, without the dipole subtraction, going to a lower p;-cut
results in an increased cross-section. This is to be expected as we include more of the
divergence displayed in fig. [l If we now perform the dipole subtraction the divergence
is eliminated and our result does not depend on the p;-cut any more (right side).

ooooooo
ooooooo

ooooooo

dipole

Op, > pe [pb]

subtraction

Op, > pcvr [Pb]

ooooooo

ooooooo

ooooooo

T [Gev) PV [Gev]
Figure 6: Integrated cross-section with varied p,-cut. The left plot is just the real

emission cross section without dipole subtraction. In the plot on the right
the subtraction is enabled.

During checking our dipoles against other implementations we notice significant

differences in the 7 x 4 matrix used to combine the polarized dipoles (appendix |D.1J).
But most of the elements do not contribute such that the final subtraction term and
cross-section turn out to be the same.
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6.2.2. On-shell subtraction

In fig. [7] and fig. [§| we see that our result does not depend (much) on the width I', even
though the non-subtracted results differ significantly (orange, blue). The widths are
Iz =mg-1072 and T'; = mg - 1073, They give roughly the same cross-section after the
subtraction (red, green).
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Figure 7: On shell subtraction with different widths in g + ¢ — @z + X9
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Figure 8: On shell subtraction with different widths in ¢ + ¢ — d + X7

6.2.3. Total Reals

One interesting observation is a flipping of the sign in the total real correction when
either the squark mass or hadronic center-of-mass energy is varied (fig. @ We observed
such a sign flip for all real corrections individually but at different masses. It is strongly
related to the dipole and on-shell subtraction since we would expect the squared matrix
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element to be positive. This was already observed in [9] with which we compare our
computation. We use SPheno[64] to reproduce the spectrum SPSlajggy where the mass
of the gluino is increased to 1 TeV from the original SPSla of [65]. The parameters and
masses are shown in table @ Unfortunately LHAPDF[66] does no longer support the cteq6
set, nonetheless using CT14lo/CT14nlo gives good agreement as shown in fig. @

real
~ [

100 d = — _o.real
\\
\5{\
E ~
o] 10-1! A \\I\
—_ \\
E & X,
. ; 10-2 \‘
C \
: \
C 1
3 1
g Ar 1
P 2 L 1073 4 i
M 12 .

600 700 800 900

M [GeV]

400 500

(i) Computation from [9]

(ii) own computation, the errors are statistical

Figure 9: Sign flip of the real correction in pp — igx?

Table 9: SPSlajgp parameter definitions [65] and resulting masses from SPheno. The
gluino mass was manually increased to 1 TeV.

Parameter | mo | mi2 | Ao tan 3 sign

Value [GeV] | 100 | 250 | -100 | 10GeV~! +
Particle May | Mg | My

Mass [GeV] | 550 | 97 | 1000

6.3. Virtuals
6.3.1. Madgraph

To get only the virtual contributions from MadGraph QCD=1 gets replaced by [virt=QCD].
For the s channel we force the intermediate particle to be an up-quark.

MG5_aMC> generate p p > u > ul nl [virt=QCD]
Instead for the u channel we forbid up-quarks as the intermediate particle.

MG5_aMC> generate p p > ul nl $$ u [virt=QCD]
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In the resulting directory SubProcesses/PO_ug_*/loop_matrix.ps we find a complete
pictorial list of loop diagrams. To inspect a subset or single diagrams the parameter
-loop_filter='id==1 or id==2' accepting a pythonic expression can be used and the
ids come from the unfiltered list. MadGraph uses the axial gauge for the polarization
sums of the gluon, and just a metric tensor ¢g*” for internal gluons

fr\ v R R 8
e (p)e’(p) = —g" + — . 6.3
zz: (2)<" (o) pq (p-9)* (6:3)

If we want to know more details of the calculation we perform following changes in the
generated process directory SubProcesses/P0_ug_*/
MadLoop5_resources/MadLoopParams.dat:

1. MLReductionLib 1, to use CutTools.

2. CTModeRun 1

3. HelicityFilterLevel 0

4. DoubleCheckHelicityFilter .FALSE.

check_sa.f:
1. READPS = .TRUE., if we want to use out own PS.input file.
2. ML5_0_SLOOPMATRIX THRES(P,MATELEM,...)—

ML5 O SLOOPMATRIXHEL THRES(P,1,MATELEM,...), where 1 is the helicity
id as specified in ML5_0_HelConfigs.dat.

CT_interface.f

1. WRITE(*,*) 'CutTools: Loop ID',ID,"' =' ,RES(1) ,RES(2) ,RES(3), gets
uncommented.

And in order to be sure that no UV counterterms are included, remove all UV and UVLOOP
HELAS[42| calls from helas_calls_ampb_1.f. Then,

$ make && ./check

gives the poles (UV+IR combined) and finite loop results.
One remaining complication comes from the rational Ry term, defined as

1 N
Ry = lim / dlg— (6.4)
0 (2m)4 DyD;...D,,

where the loop denominators are given in d = 4—2¢ and the numerator in d—4 dimensions
to transform the FDH scheme result to the HV scheme[44]. These finite contributions
are already included in the model as R2 counterterms and can not be reassigned to single
loops. For our process they were calculated in [67]. Therefore, only a subset of loops
corresponding to the Ry can be checked (they have the same R2GC_. .. counterterm),
unless we are sure the nominator of a single loop does not depend on €. If the nominator
includes no €, Ry can be ignored.
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If we want to check the parametrization of the Passarino-Veltman tensors, we need to
change the vendor/CutTools/src/avh/avh_olo.f90 file in our MadGraph installation.
By setting punit=6 and recompiling CutTools we get more information on our loop
integrals.

One remaining discrepancy between our computation and MadGraph’s individual
diagram calculations is a factor of 2 in the finite and both divergent e pole contributions
whenever a triple-gluon-vertex appears (and in the model counterterms). This is most
likely related to the fixing of the gauge. The factor is not compatible with our integrated
dipoles and counterterms.

We are however convinced in our computation being correct since the double divergent
€2 are regularization scheme independent and given as

Lo pomh) = X 5 ST+ O1fe) =~ DT +00/). (69

where j only runs over massless particles and we used colour conservation >, Tj =
—T'; and this is in agreement with our results. T]? is just the quadratic Casimir operator
in given particle’s representation and consequently there is no colour correlation with
the Born process [39).

6.3.2. Pole cancellation

First, we observe that our previously analytical calculated counterterms exactly cancel
the UV contribution from our automatically constructed virtuals. The total IR poles
(or after renormalization, the remaining € poles if we do not distinguish between UV
and IR) must cancel against the poles from the integrated dipoles. As explained above
the double poles are easier to check since they do not have a regularization scheme
dependence and no conversion from different common prefactors (e.g. 7 or I'(1 £ €))
needs to be considered. We confirm that all € poles get cancelled in our computation.
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7. Results

Finally, we can obtain precise cross sections for squark electroweakino production with
reasonable confidence in our computation. We average the final state masses for both
the central renormalization and factorization scales py = pup = pr = %(mq +mg). In
fig. we present our correction to the leading order process again for the parameters
of [9] at 7 TeV LHC energy.

102 B
101 .
100 _
g
© 107!
O.Io
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10_3 c.virtual
o.nll
400 500 600 700 800 900

M [GeV]

Figure 10: Cross section for pp — igx? at /s = 7 TeV using CT14LO as the PDF.
The SUSY spectrum is given in table [J] We vary the mass of the squark
keeping the difference between left- and right-handed squark constant. The
uncertainties stem from the convergence of our Monte-Carlo integration.

First looking at the virtuals we observe that our results are lower than our comparison
result (fig. for a small squark mass of 400 GeV, but also in good agreement for 800
GeV. This is most likely due to using different PDFs. However, it could also be a
difference coming from the collinear remainder P + K, which dominates the virtual
corrections. The contribution from the resummation is of roughly the same order as our
real corrections and should be included if one aims for a precision at the level of the
reals. The MSSM parameterization SPS1a has however been excluded by the LHC 13
TeV data.

We present the result to a more recent exemplary best fit parameterization of the
pMSSM from [6]. This parameterization includes constraints from LHC data at 13 TeV
as well as PICO, XENONIT, PandaX-II and (g —2), and is displayed with the resulting
masses in table [[0] The neutralino mass is small compared to the squark and gluino.
By excluding the (g — 2), data the neutralino mass would get larger ~ 1 TeV while the
squark and gluino get reduced to ~ 1 TeV and ~ 2 TeV, respectively.

It must be emphasized that these results are preliminary. In fig. we again vary
the mass of our up-type squarks and as expected the cross section drops linearly on a
logarithmic scale with increasing squark mass.
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Table 10: Best fit MSSM parameters from [6] and resulting masses.

M1 M2 M3 tan 6 M ma, At,b,T M(U,D,Q)Lz
[Ge\/] 252 254 -3861 36 GeV~! | 1333 | 4015 | 2770 4044
Mupg)s | My, | Mi1E), = Map | Mg | Mg
[GeV] 1667 351 465 4065 | 249 | 3901
1072 A — Z:o
o) 1073
s
1074 4
3 OIOO 3 2I5 0 3 5I0 0 3 7I5 0 4 OIOO 4 2I5 0 4 5I0 0 47I5 0 5 OIOO
M [GeV]

Figure 11: Cross section for pp — arx? at /s = 13 TeV using CT14LO as the PDF.
The SUSY spectrum is given in table [[0] We vary the mass of the squark
keeping the difference between left- and right-handed squark constant. The
uncertainties come from the convergence of our Monte-Carlo integration.

If we rescale our cross sections by the leading order result

ONLO,NLO+NLL
K= 0=

0LO

(7.1)

we get the plot in fig. [I2] Both relative NLO and NLO+NLL contributions rise with the
squark mass. This is to be expected from threshold resummation since the phase space
gets more restricted and the logarithmic remainders get even larger.
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Figure 12: K for pp — arX} at /s = 13 TeV using CT14LO as the PDF. The SUSY
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spectrum is given in table [I0] We vary the mass of the squark keeping the
difference between left- and right-handed squark constant. The uncertainties
come from the convergence of our Monte-Carlo integration.

A better quantity than statistical Monte-Carlo uncertainties for the precision of a
prediction comes from the dependence of the result on the unphysical renormalization
and factorization scales. This is shown in fig. [13| where the scales are varied around the
central scale po. In the first panel both scales are equal, whereas in the remaining plots
one scale is fixed and the other is varied. We observe a clear improvement from LO to
NLO. Apart from the point at up = 10uy and pgr = 0.1y the inclusion of the NLL
corrections reduces the variance of the cross sections even further. The general trend of
our scale dependence is similar to that of ﬂgﬂ
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Figure 13: Profile of renormalization and factorization scale dependence of pp — tigx?
at /s = 13 TeV using CT14LO as the PDF. The SUSY spectrum is given in
table [[0] The uncertainties come from the convergence of our Monte-Carlo

integration.
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8. Conclusion

We presented our next-to-leading order computation of squark electroweakino
production and explained several methods to test our calculation. To the presented
extent our computations agree with the results of alternatives, namely Prospino2
and MadGraph. The necessity of the inclusion of threshold resummation for a
highly restricted phase space was observed when we investigated a best fit pMSSM
parametrization of a global fit of several experiments. Apart from the high complexity
of combining all the methods outlined, we encountered no obstacle to moving to a fully
automated calculation.

9. Outlook

In this work we focused on (re-)producing consistent results, but our actual code still is
relatively slow and can be optimized. Most checks were performed for the dominating
up-squark neutralino production case. Explicitly checking the chargino and mixed top-
squark cases will ensure consistency in handling the couplings also beyond leading order.

Further performance improvements might be possible by splitting the virtual loops
with a massive gluino which contribute less into a separate integration. To ensure that
our results are correct I want to verify the calculation of the collinear remainder P + K
as well as resummation ingredients, the soft anomalous dimension and hard matching
coefficient.

After final optimization the main purpose of the investigation of precision predictions
of squark electroweakino production, the exploration of phenomenological and
experimental interesting regions, will become feasible for a large parameter space. The
uncertainties presented in this thesis were all statistical uncertainties originating from
the convergence of our Monte Carlo integration. A better and more physical uncertainty
can be obtained through a variation of the scales. The impact of using different parton
distribution functions on the NLO and NLL predictions should be explored in the
future. The realization of listed refinements will be done at the start of my PhD.
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Appendix

A. Feynman rules

All momenta go into the vertex. We adopt the generalized couplings and conventions
from [22]:

o First Greek letters (o, 3, ...) denote fundamental colour indices.

« Middle Greek letters (u, v, ...) denote Lorentz indices.

« Lowercase beginning Latin letters (a, b, ...) refer adjoint colour indices.
» Uppercase middle Latin letters (I, J, ...) are generation indices.

» Lowercase middle Latin letters (7, 7, ...) label sfermions.

o Lowercase middle Latin letters (k, ...) indicate different neutralinos or charginos.

A.1. Standard model
A.1.1. Propagators

i(p +m)
a——f = 550
pr—m
;Tigabgw Feynman gauge
0 | g S il g, £

D2
ﬂ» / = _gsfabcrul/)\
95 v v v
N = —Gafave (9" (P = p2)* + ¢ (2 — ps)" + 9" (s — 11)")
D3 A
Ye
QJa fj/ . c¢
qip = —igsy" 15301 o W:/ = gsp [
Ja .



A.2  Minimal supersymmetric standard model

A.2. Minimal supersymmetric standard model

The displayed rules are a subset taken from the complete set [29].

A.2.1. Propagators

i i(p+m)
R A Qs b = 5 50w
A.2.2. Vertices
.éb q;'(a
5 v
gt w{ 4ip 7»%
Ja gk
= _igs]l.abcf)ﬂu = igs(pg; - pg/3>T55§ij
q]a lea
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B. Polarized Born matrix element

Here we will compute the prefactors to the Polarized matrix element. At the end we
also present the expressions in a format closely related to the actual implementation. [’
The matrix elements for squark gaugino production are

M= i (0P RP (&) (a0 0= p) T, (B.1)

M = =) (&) (0Pt B P () g ) 0= ) T2, (B.2)
My = it (pa) i (LPy + RPr) u(pa) (—i) g, 22 (‘ppg_) ;2)?; L oy,

Y (B.3)

M} = —i(pa)i (L Pr + R*Pp) u(p2) () gs«pg —py) = Ca" )i (g —pl)TEY

(Pa — pz) - MU (B 4)

In the following computations we are going to drop the € polarization since we want to
calculate the polarized matrix element.

B.1. SS case

Summing over spins gives the usual spinor trace

S MM =Tr —(pQ +my) (LP + RPp) <qg ) VP A ( / ) (L*Pp + R* PL)] (B.5)

spin
92€" Ty "€ T} (B.6)
=Tr|(p,) (LP, + RPg) <q9’;> PPy (;ﬂ) (L*Pg + R*PL)] : (B.7)
gs V*T(i); al EuTCi); a * (B8)

We let Mathematica evaluate the expression to

Tr[(pz)(LPL + RPR)( 4 SV ( 4 5)(L* Py + R*PL)] = 2(

L2q2gmunu ( ﬁm) o 2L29munu <p2q> ( paq> + R2 2= munu ( @m) - 2R2 —munu (@q—) (mq)
+ 2% (L2 R2> nu—mup2paq — 9% (LZ R2> —mu nup2paq ZL2 —2 munup2pa

+ 22L2 (mq) —munup2g __ L2 —2@mumnu o L2q2mmua + 2L2q—mumnu (aq)

+ 2L2pamuqnu ( p2q) + ZR2 —2 munup?pa QZR ( paq) —munup2q RQQQEIHU@IM

— RPgpa™p2™ + 2R*¢™pa™ (-p29) + 2R*pa™ 7™ (-p29) ) - (B.9)

3The analytic calculations are given in p,py — p1p2ps kinematic nomenclature. The implementation
expressions however use p1ps — kikoks.
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We only have to keep terms symmetric in puv

q2
L2§2gmunu (.@m) _ 2L2§munu (.aq*> (.mq> + RZngmunu ('@ﬁ) _ 2R2§munu (.aq*> (.mq*)
- L2§2@mumnu o L2q2mmu@nu + 2L2§mumnu (@q) + 2L2mmuqnu (@q—)
_ RQQQQmumnu _ RQC—?Qmmuanu _I_ 2R2§mumnu (ﬁq) ‘I’ 2R2mmuq—nu (ﬁq) ) (B].O)

fﬁ@;wa+Ramgwwﬂ%§xv&+Rvm]=%

and can determine the prefactors to our vector of Lorentz tensors (here without the
common prefactors 2g2(L? + R?)C'4Cr and the propagator denominator).

G = D2.paq” — 2p2-qPa-0 = ¢ (P2Pa — P24)

1 1
= ¢ (pﬂ?a — (m§ + pop1 + =m] — mf))

2 2

=q (pﬂ?a - ; (q2 + AM2>) = ;—QQ* (Dn_k2mp1_MQ+Q2) (B.11)

Papy — 0 (B.12)

¢"q¢" =0 (B.13)

pipy =0 (B.14)

i’ +phg" = 2020 — ¢ = ¢+ AM? — ¢* = ;2*dM2o (B.15)
Phpy + Dot — +¢* = ;2*612 (B.16)
¢"'p{ +q'pi =0 (B.17)

B.2. UU case

The u channel squared case is fully analog to previous SS case.

S° MM} =Tx[(p, + m2) (LPy + RPg) (p,) (L* P + R*Py)|e* (¢ — pl) e (q — pl)

spin

B Y (gt Y —pY) — (—q" + pY
(0" — pt) g q" +p5)) (P — ) g CHD) i gt 2 (B
(pa —p2)” — M3 (pa —p2)* = Mg %

Where the trace gives
Tr|(p, + ma)(LPy + RPg)(p,)(L* Pr + R*PL)| =2 (L* + R?) (-p2pa) (B.19)
and the momenta from the squark-squark-gluon vertices simplify to
((Ph = %) = (=" +15)((Pe = P5) — (=" +15)) = (Pa+2p1 — )" (Pa+2p1 — q)" . (B.20)

In the end we have following prefactors to the Lorentz-tensors.

g =0 (B.21)
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Phpy — P2pa = P1K2 (B.22)
q"q" — papa = P1K2 (B.23)
PiPY — 4pop, = 4¥P1K2 (B.24)
Pha” + pad" — —popa = ~P1K2 (B.25)
Papy + papi — 2pap, = 2¥P1K2 (B.26)
¢"py +q'py — —2papa = ~2+P1K2 (B.27)

B.3. SU case

The evaluation for the interference term is again the same procedure.

2 MM = T [@2 * m2) (LPL + RPg) (C?;) Yp, (L*Pr+ R*PL)]
spin
Z —p3) — (=¢" + 5 vk "
((p N pz)p )(2 qM2pz))€ (@=p)Th e (g—p) T2 (B.2S)
a ~ M2 - U

az,as

With the trace

q
212 + ) (2™ (= (-paq) + 4™ (D2pa) + pa™ (20)) + 20 (L? — R2) emromd
(B.29)

Tr [(}% +mo)(LPr + RPR)(%)’Y“PG(L*PR I R*PL)] _

and the imaginary antisymmetric € term can be dropped due to symmetry and being
imaginary. Simplification of the momenta gives

(Pl —p5) — (=¢" +15) = (Pa +2p1 — q)" - (B.30)

We must symmetrize the resulting expression in pur. Since the dipole is symmetric,
any antisymmetric contributions from pol. Born vanishes. We also multiply my 2 since
it is an interference term. We do this computation first for generic prefactors X and Y
and add a purely antisymmetric R such that our expression is symmetric.

Xpad” +Ypoa" = (X + R)pq" + (Y — R) piq" (B.31)

X+R$(Y—R):>X—Y:—2R:>X+R:Y—R:X;Y (B.32)
With this result the prefactors can be determined:

g =0 (B.33)

PEPY = 2paq = AM? + ¢* = ;2* (Q2+dM20) (B.34)

q"q" = —2(=pad + P2pa) = ¢° — 2Pap2 = ;2* (Q2-2+P1K2) (B.35)

1
PIPY = 2+ 2pag = 2¢° = 54+Q2 (B.36)
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Phd” + pg" — 2; ((=p2a) + (—Pag + p2pa)) = —; (AM? +¢*) + (—;q +p2pa>

= —¢’ - ;AM2 + Papa = ; (-2+Q2-Dn_k2mpl_MQ) (B.37)
papy +paph — 2; (2p2q + Paq) = AM® + ¢ + ;qz = ; (3%Q2+2%dM20) (B.38)
¢"pi + 4" = 2; (2 (=Pag + papa) — Pag) = ; (—3¢> + 4papa) = ; (-3%Q2+4+P1K2)

(B.39)

C. Virtual corrections

Many of these corrections are closely related to the computations in 18], however we
include several fixes and missing diagrams. We also use the definition

i f (;T)ZD - 1617r2l/ ' (C-1)

In the last segment (appendix [C.4)) we will present our FeynCalc to compute all the
virtuals automatically.

C.1. Self energies
C.1.1. Quark self energies

[
/mﬂ
Dl—ZZ—mf
—— I Iy —— _ 5 )
— — Dy = (14 q)° —m;
q W q
l+pa+pb

Figure 14: Parametrization of the ¢ self energy

Gluon-quark loop

Iy = —1937MT$Q51K
T = —ig,y T2 dxs
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—125a(q m ,0) (C.2)
D / (;i )ZD i +g;2+ o) _115"1“” (C.3)
i l B qu

= 47r 2 gv ‘ra/ e +;¢)z)g+ (C.4)

g (2= D)(] +¢) + Dmy
~~ v [ S5 ©3
_ 57;2)2@55& (2= D)(* B") + Din,Bo) (C.6)
__ Jj:)?cmﬁa (2= D)g(—B1) + Dm, By (C.7)
_— «f’?:)QoFaﬁa (4= D= 2)§(~B)) + (D — 4+ 4)m,By) (C.8)
_ (532@55& (g(z& +1) + my(4By — 2)) (C.9)

Where we inserted eq. (E.6) for the colour algebra, used ~-matrices in D dimensions
eq. (E.12) and applied the tensor reduction of By eq. (E.17). In the last step the

multiplication with 2e = (D — 4) is taken from table [11]

Gluino-squark loop

FQ = lgs(EPL + RPR)J@'TE»Y

Fl = igS(EIPL -+ R/PR)HT,;LQ

_iEﬁa (q2a m?;, mg)

dPl (=] +my)
—,,4-D r g T
a / (27T)D 2 Dl 1D2

s 2

_ (;98) Croga (—(LR'Py + RL Pr)d By + (LL'Py + RR Pr)m; By )
1gs

~ (4m)?

s Cpdpa(L1Ry P+ RiLl Pr)d B

(C.10)

(C.11)
(C.12)

(C.13)

The terms proportional to the single m; can be dropped for minimal squark mixing (See
eq. (2.14)). Furthermore for massless quarks the restriction I = J applies since then

there are no off-diagonal elements in the squark mixing matrix.
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C.1.2. Squark self energies

fm\
D1:l2—m2

1

-s--T |
—>> ! 2 —>> Dgz(l—i-pu)z—mg
Pu @Q/ Pu

l+pa_p2

l
)
Dl :l2 —m%
____>___-I_‘1 _————pp - - = -

Figure 16: Parametrization of the ¢ self energy with 4 point vertices

Gluon-squark loop

12 v
o 5 p T = o+ T
S [ = —ig(2pu + )" T§,0xcs
N
—izga(pi, 0, mfii) (C.14)
dPl i, —ig
—,AD ey O C.15
H / (27T)D 2D2 1 Dl ( )
s 2 2
ig (2pu +1)
—_ s ) a/ C.16
(47T)QCF JjYB / DlDQ ( )
ig? 2
= — 720F51]56a(4<30 + Bl)pu + BMM) (Cl?)

(4m)
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. 2
1

_ «5:)2@5”5644(30 + By)p? + Ag(m2)) (C.18)
igg 2 2 2

= — WC’F5U55Q(2BOpu + 2quo - Ao(mql)) (C]_g)

Gluino-quark loop

Fl = lgs(;CPL + RPR)HT,?Q
F2 = igs(,C/PL -+ R,PR)IjTg’Y

_izﬁa(pqzu mga mi) (CQO)
_ Pl i(/ +mg) . il +p, +myg)
__,4-D o g u I
. /(%)D( 1) Tr lFQ 5T o (C.21)
92 o s [ ((LRPL + R'LPR)(I> + Ip,) + (L'LPL + R'RPr)mgmy, )
~ 4ne /3"/ ' DD,
(C.22)
s 2 / / 2 / !
_ g 2(LR+RL)F 4+ Lp,) + (LL+RR)mgmy,)
=~ (i Crise / DD, (C.23)
s 2
_— (Alj:)Q Croga2 (LR + RL)(B"™ + p2B)) + (L'L + R'R)mgmg, Bo)  (C.24)
s 2
= — (;'977_5)2017(55@2 ((L‘IR + Rlﬁ) (Ao(mz) + m;BO + szl) + (E/E + R/R)mgmql Bo)
(C.25)
igg ! / 1 1 2 1
=~ (i Crdn2 (LR A+ RL) G Aom) + 5m Bo & 5(Aom) = (9% = mi) Bo)
+ (£/£ + R/R)mgmql B0> (C 26)
(C.27)

The terms proportional to the single m; can be dropped for minimal squark mixing (See
eq. (2.14))). Furthermore, for massless quarks the restriction I = J applies since then
there are no off-diagonal elements in the squark mixing matrix.
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Gluon loop
DY = ig?(T°T* + T*T%)ag" 5,
~i%,,(0) (C.28)
dPl —igh”
=ptP re C.29
H / (27T)D 1 Dl ( )
ig
=0 (C.31)
Squark loop
- == ~
:/ k,y \\ — 3
\ I 1—‘1 — _I(Xijkkéﬁa(s’y’y + }/;jkkdﬂvava)
ia 7 JB
_____ »____\L____»____.

Only the X and Y couplings are proportional to gs so Z can be dropped for our purposes.

Same squark types

_izﬁa (mgk )

:/11471) / le L
(2m)P" ' D,
i

:wfsﬂa(NcXijkk + Y;jkk')AO(mzk)

For a UUUU or DDDD vertex

and

1 I i
937(3)(;1)(;? — X7X

Yiik; 5

= Xiju =

6 — 2815l

il i ij

(C.32)
(C.33)

(C.34)

(C.35)

(C.36)
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holds. For vanishing mixing this results in
i 9 i P 3 1 A (1?2
i
:W‘Sﬂa(leCFAO(m;) (038)
Different squark types
For a UUDD vertex
Xijw = — X7 X% (C.39)
Vi = 3X7 X} (C.40)
(C.A41)
results in
2,304 =0 (042)
Combined
—1Eﬂa Z 56a|Szk| A()( ) (043)
C.1.3. Gluon self energies
The gluon self energy can be split in a logitudinal and a transversal part.
ba(, 2y _ sba " 2y, (PP
2 (p7) =0 | (g — F)Et(p )+ ( pe )i (p?) (C.44)

!
v\
m
m N

NITT 'y wee-

7 W s Dy =(l+p)” —my
\/

Figure 17: Parametrization of the g self energy
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l
)
D1:l2—m%

&mmmml“lmmm

Figure 18: Parametrization of the g self energy with 4 point vertices

Quark-quark loop

Iy = —igs’Y“Tgafle
I's = —igsy” O%(SU

—ixbe(p?, m2 ., m:) (C.45)
o [ dPl i+ mg,) W i(] +p+mg,)
_(_ 4—D v qr o qJ
—(~1)p / G I lFQ 5 T (C.46)
ig? e[y [y (] + p)] + 49" m?
_ 9
=~ Cimye (T / 5D, (C.47)
ig? (4 p)” — g™l +p) + 171+ p)* + g"'m]
_ gy p)’—g p pF+g
=~ iy (T l/ 4 5D, (C.48)
s 2 2 UV oV _ 2 2 _ _ 2
ig; P2g — pip¥ (D — 2)p? 4 4m?2) By — 2(D — 2) Ag(m2)
= — (471‘)2 (TRéba)2 p2 (qD — 1) q (049)
. ig; 2
i3, (p?) = ( g) =(* + 2m2) Bo(p?, m2, m?)
( 2 — 4md)eBo(p*, m2, my) — 2A0(m?) ) (C.50)
—i%(p?) =0 (C.51)
where we used
D-2 2 2 )
11 2 )
m—3+96+0(€) (053)
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in the last step. For massless quarks however
i) = %23 o) (1B (32, 0,0)) (C.54)
t (47T)2 9 0 Y Y *
—i%(p*) = 0. (C.55)
Gluon-gluon loop
TJP¥ = —g, L fode
anu — _gsrémjfcdb
—ixb(p%,0,0) (C.56)
1 45 / dPr ., —ig% ., —ig""
== e i C.57
2/'L (27T)D 2 Dl 1 DQ ( )
;2 oKk v % 1) vé K
ig; bal/(g (=20 =p)" +g™(1+2p)° + ¢ (=p+ 1))
=— 2N TRo"™)= C.58
(47?)2( =) / DD, (C-58)
X (=1)(g” (=20 = p)* + g™ (I +2p)° + g"*(—p +1)")g"g™" (C.59)
22 2 v v
ig bay L (5= 6D)pg"” + (TD — 6)p'p
=— —=_(2N.Tr0"*)-B C.60
2
ig 6D -5 , 9
—i%(p®) = —=5 N, By (p*,0,0 C.61
in?) = — %N LBy 0,0) (C.62)
! (47]_)2 64 0 ) 7 N
Ghost-ghost loop
ap €y I = —g,it f

\\\ // Fg — _gs(l +p)Vfcdb
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—ixb(p%,0,0) (C.63)
a°r i i
—(—1 4*D/ R I 64
( )AL (27T)[) 22)1 1 1)2 ((j 6 )
. 2 v
9 (I +p)”
_(471')2( 2NCTR(5ba)l/ D1D2 (065)
igg jo% VW
= (47T)2(—2NCTR(5ba)(B + p’B*) (C.66)
s 2
- (5:)2 (—2NTRdba) (9" Boo + p"p" By + p"B") (C.67)
s 2
= 195 — NV; 2 M VL vV,
(47‘(’)2( 2N:Trdpa)(g 2D — 1)p By —p'p 2(D — 1)31 +p"p" By) (C.68)
s 2
—— g L py D=2
= 2N R0 (6" 5 P Bo + P gy o) (C.69)
Lm) = %N L 20,0 (C.70)
(4m)2 4D — 1) e
i%(p?) = g, N, 119230(172 0,0) (C.71)
(47)2 4 o

We notice that the longitudinal contributions between the ghost and the gluon loop
cancel.

Gluon loop

UV PK 2
Fl X g5

—i%(0) o< Ag(0) =0 (C.72)

Gluino-gluino loop

I% = gy" f26;;
Ty = g7 f%61,
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—ixbe(p?, mg, m?}) (C.73)
1 4_D/ dPi i(] +mg) Wil +p+mg)
= —— T FV i *
( 9 )IU“ (27T)D rilg Dl 1—‘1 D2 (C 74)

Giving us the same contribution from the trace as in the massive quark loop case. The
colour factor changes from T2 to f? and thereby Tr — 2N.Tg resulting in total rescaling

by N..
ig2 (D —2)p* + 4m2) Bo(p?, m2,m2) — 2(D — 2) Ag(m32)
—iY 2y _ _ 195 N, g g g g ‘
—i%(p?) =0 (C.76)
Squark-squark loop
B N
ap /// Qo \\\ by F‘lf = 1g3<21 +p)“TBaa5ij
\\\\\j‘ﬂ’/,’/ Fg = 1g3<21 —|—p)yT365w
ixbe(p?, mgi, m%) (C.77)
dPl i i
4—D [ o
/ (2m)P 2D, ' D, (C78)
22 v
_ig; ba / (2l +p)" (2l +p)
(e (T0") l oD, (C.79)
. 92
i
- (4‘%)2 (Trd*)(AB* + 4p"p” By + Bop"p”) (C.80)
s 2 b v v
_ 195 (TR& a) 2 2 uy o pup 2 _ pﬂp jng
=@ f (1) (4mz —p”)(g p )Bo +2A¢(mz)((D — 2) pe + g")
(C.81)
2y . 19s 1 2 2 2 2 2
—i%(p?) (n)? (Tg) -1 ((4m2 — p*) Bo(p?, mZ, m3) + 240(m3) ) (C.82)
;2
i
—i%(p?) = 2o (Tp)2A0(m2) (C.83)
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Squark loop
/’4\\
ceh DY = ig(T*T + T'T")aq
QQQQQQQQQQQ;\,%;)QQQQQQQQQQ
—ix"(m3) (C.84)
4-D P i
= — I C.85
H /(27T)D 1 Dl ( )
5b“A0(m§~I)g‘“’ (C.86)
—i%(p?) = — Ag(m3) (C.87)
—iZl(pQ) = — A (mgl) (C.88)

(4m)2™"

This longitudinal part cancels the squark-squark-loop contribution.

C.2. Vertex corrections

C.2.1. Quark-quark-gluon vertex

We compute the loop corrections to the qqg-vertex using the parametrization displayed

in fig. 19
pa\\\\
[y Y\l
k Dy =1*—mj
pa) |2 M= Dy = (I +pa)’ = m3
3 <~
/ 1 D3 = (I + pa + pp)* — m3
I's I+ pa+po
7

Figure 19: Parametrization of the gqg-vertex
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Quark-gluon-gluon loop

IY = —ign’Ts, 01k
Iy = —igsv”Tﬁﬁm
T4 = —gafuT

Af2(0,0,4%,0,0,0) (C.89)
dPl _ —i] . —ig.a —ig
=pu*P [ —T5 "2 =2 C.90
K / (27’(‘)D ! Dl 2 DQ 3 Dg ( )
__ % / VI (971 + pa + 200)* + 9 (= (21 + 2pa + o))" + 91+ pa — 1)")
N (47T)2 4 D1D2D3
T4, Ton farcds1 (C.91)

S}
= CATaT 3013 (1#((p, = ,)76C° = C°7) (2 = D)o (2C7 + 07 (204 + 1))

—(C77 +7,C(p, +2p,))) (C.92)

To get the counterterm we consider only the UV divergent part UV by looking at
table [}

.3
— ig; . 1
In contrast the vertex divergence in FeynCalc/MadGraph is
OVIA] = 95Tt 5, 7 (—4)(-A) (C.94)

It appears as if C?? = 0 was used for the massless case.
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Squark-gluino-gluino loop

Pl = lgs(,CPL + RPR)JiT/BC'y
Fz = igs(,C,PL + R/PR)HT;)Q
Fg = _QSfbca'Vu

N (0,0,¢% m,m2,m} €95
Ba G>""vg %G
AP il +p +p, +mg) il +p +mg) i
. 4-D a b g o a g L
_ / oo B T o Tapy (C.96)
;3 Pan 2 iz
_ 195 a / / rymg—i_(l_'—pa—i_pb)’y (l+pa)
= (e CATH TS, ((LR P+ RL'Pr) / DD
U+ )+ (L +p +p )y mg
4 (ELIPL + RR/PR) / mgﬁy (l pa)Dlj()éDjﬁa pb)f}/ mg) (C97)
l
s 3
1 / !/ o
:U:;f)ZCATRTg(X ((EJiR[iPL + RJ@'/C]Z'PR) (Co(w“mg + (pa + pb)v“pa) - 2’}/(70“
+A1C77 + C7 (", + (B, + PV ) + (L5l PL + RyiRy,Pr)
(C7(va"mg + mgy*v0) + Colmgyp, + (p, + p,)7"m3)) ) (C.98)

The terms proportional to the single m; can be dropped for minimal squark mixing (See
eq. (2.14))).

To get the counterterm we consider only the UV divergent part UV by looking at
table [11k

1

23
UV[A] = 195 SOATRT G (—2)7"(—2 + 4)(4

o A) (C.99)
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Quark-quark-gluon loop

I = —igsy*The0,L
P; = _igs'yuTgaéLK
I = —1957“7?751{1

Agz(0707q2707 07 0) (Cloo)
aPi (l+p +p) (l+p) —ig
—,4-D p b a v vp
—u / oLt 5T, (C.101)
— lgs a b v l+pa+pb>ryu(l+pa)ryy
=~ i ThTE T / ) (C.102)
_ lgs TR

=T gy et (207730 =37 OT(A", + (B, 4 B ) (C103)

+CO (ﬁa + pb),yupa) 'YV (0104)

To get the counterterm we consider only the UV divergent part UV by looking at
table [Tk

(i%)z gR T5a017"(=2)(2 — 4)(31A) (C.105)

UVIA| =
The extra factor —2 comes from the remaining ~-matrices. In contrast, the vertex
divergence in FeynCalc/MadGraph is

OVIA) = 22 T3, (D)3, (C.106)

It appears as if C'?? = 0 was used for the massless case.
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Squark-squark-gluino loop

Iy =ig,(LPy + RPg);;Th,
FQ = igs(,C/PL -+ R,PR)IiT'sa
Fg = —lgs<2l + 2pa + pb),u Ca'yéji

AB(0,0,¢%,m2, mZ ,m) (C.107)
a1 (4 mg) i, i
=P r Iy —TH — C.108
u /@ﬂDl b Top Ty (C.108)
i T
== G 0 T (LoRiPy & Rl Pr)o (207 + C° (2 + 1)
(EJZL/IzPL + RJi ,“PR)TTLg (20# + Co(zpa —i—pf)) (0109)

The term proportional to the single my can be dropped for minimal squark mixing (See

eq. (2.14)). To get the counterterm we consider only the UV divergent part UV by
looking at table

OVIA = ~ o g T (D)5

A) (C.110)

C.2.2. Squark-squark-gluon vertex

We compute the loop corrections to the ¢gg-vertex using the parametrization displayed

in fig.
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75

N

N\,

\A
Pa = D2 Epu\* -

I

74

Z

1 __ 72 2
L+ p,| | M2 Ty ->- Di=0F=m
m D — _
S metem
I's L+ putpy Do = (U4 putpo) —m;

Figure 20: Parametrization of the ¢gg-vertex
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I i Di =1 —m
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oo Dy = (I+p)* —
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Figure 21: Parametrization of the ¢gg-vertex
\\\ l
N
Du \ m
\\I‘ r Dl = l2 — m%
- - _’_ -
' P Dy = (I +p1)* —mj
p% \g "
[+p

Figure 22: Parametrization of the ¢gg-vertex



C.2 Vertex corrections

76

_\ m D, =102 —m?

1
rz-«--

D:l— u2_ 2
/ pu y = (I — pu)” — mj
l_pu

Figure 23: Parametrization of the ¢gg-vertex

Squark-gluon-gluon loop

NI 16"
4

ij}\ —Js fabcruy)\

Y = —igs(pu — 1)"T§. Ok
Pp = lgs(l — pl)pr 5jk

ABS(p2,0,m2,m2,0,0)
le —i —i
4—D 2N 9k s P Gov
= I r P
H /(271‘) Dz 1,Dl D3

3 VA A

Gs - Pu — )" (1 — p c

_ 5 / ( ) ( 1) fabcTB,YTg
(471') Dl D2D3

given
T = —g" (2py + L+ pu)* + " (21 + 2pu + po)" — ¢" (1 + pu — p1)”
results in

DA (py = 1) (1= p1)* =Pl (Apu.d + 2pp.l — A1)
+h (Pu-Py + 2pu-l — .l — 20°)
M (—4p2 — 4pu-py + 4pu.l + 2py.1)

(C.111)
(C.112)

(C.113)

(C.114)

(C.115)
(C.116)
(C.117)
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and thus giving following vertex correction with the same arguments for the C-tensors:

ng 1% 124 vv
AV,B(Pwa =0 p1 m2 m ,0,0) = 397 QCA 75[ PO (Apy + 26)" — 4C™)
+p, (C¥ (2py — )" — 2C"" + Copu-ps)
—C"(4p2 + 4pu.py) + C* (4ph, — 2p})]
(C.118)

where the colour algebra has been s1mphﬁed fabcTﬁaT NE = z'CATRT,‘;a Now we can
apply the tensor-coefficients from eq. and arrive at

Are = gS SCATE [+p(—Com? + C1U + Com? — CoU
+ 4000 + C’11m~ OllU ngm + CQQU 4D000)
+pg(§Cqu - §COU - §Clm‘j + §C1U — 50277’&(1 — §CQU

+ 2000 — 2011U — 0127’772 + OlgU + C’ggm; + CQQU — QDOOO)]
(C.119)

with p} = m?2 and p2 = U which arise due to p,.pp = 3(p} — p§ — p2). This can be
embedded in to

* 1 *[L U . .
2M, M, = —2We “e"Tr[i(L' Py + R'Pr)p (—i(LP + RPg))(p, +my)
(—igs) (PuCu + 12y, Co) T5 igs (Y + ) T3,

pa
Ak

(C.120)

with averaging factors of quark spin = Colour 3, gluon polarlsatlon 1 and colour 1 3 Cu
and C} are the terms proportional to the momenta in eq. m The fermion traces
are evaluated with FORM. In our computation we get exactly half of what MadGraph gives
as result for ey + €y ,6n and the finite contribution. This also is the case for the
uug-vertex’ ugg-loop.

Notes:

o in axial gauge (X;€.65, = —gu + ”Hp';;?ypu - ﬁﬁtg, n =gqorn = p,) Cy
won’t contribute since the gluon momentum contracted with the polarization sum
vanishes.

o Also only C5 and (5, contribute to the eI_RQ term.

_ . 20
 The e of O, is E

e Only these two vertex loops with a triple gluon differ from MadGraph’s vertex
computations

o Only these two vertex loops give ej; contributions
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o The same factor 2 is missing in separate unpublished automatic calculation
(SunderCalc).

To get the counterterm we consider only the UV divergent part UV by looking at
table [Tk

. ig> 1

UVIA] = = 55 TRCATS 0 (2 + )" (—4 2+ 2) (1) (C.121)
_ 19 30 AT 55 (2pu + py)" (C.122)
- (47T)22 RV A BaYij Pu Do .

Quark-gluino-gluino loop

Iy =ig,(L'Py + R'Pg)1;T5,
FQ = lgs(EPL T RPR)IiTia
5 = —g, froy"

A’é‘;(pz, 0, mé, mgj, mg, mg) (C.123)
ISy N A X PRUAT KRN X3 A1)
(C.124)
= — (495)2 freTs TS, (C.125)
iCATRTS,
T (EIPL + R/PR)(l + mql)([,PL + RPR)(I +pu + mg)’)/#(l +¢u +pb + mg)
/ ' l D,D,Ds ]
(C.126)
__ (if’) _CTRT?, (C.127)
(L'RPL+RLPR))( +p, +ma" (I +p, + p, +mg)
l/ Tr l DD, ] (C.128)
(L'LPL + R'RPg)(mg, ) (] +p, +ma)y" (] +p, +p, +mp)
/Tr l DD, ] (C.129)
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ig

- 92T, (C.130)
2L'R+RL) (112 +m2 = pu-py) + (Lpp)Pl + (Lpu + 12)(2pu + po)") €131
/ D1 DyDs (C.13)
2(L' L + R'R)mg,mg(2L + 2p, + pp)*
l/ g (C.132)
lgs

CATRTS2 ((L'L + R'R)mgymy(2C* + (2py + py)"Co) + (LR +R'L)
(C.133)
(€7 + €77 (20 ) + O (B0l + 9220+ 20)) + C(m = py)) (C.134)

(4m)?

To get the counterterm we consider only the UV divergent part UV by looking at
table [T}

ig3 1 1
UVIA| = (47r) ——5TrRCA2S ( 2)T 5., (2pu + pb)" (4)(4A) (C.135)
195 a
= (47T)2TRCA2ATBa5ij(2pu —I—pb)” (C136)
Gluon squark squark loop
AN e
‘\
\\ p
| v y . y
. % jp I'Y = —1gs(l—|—pu+pb +P1) T/§’55ﬂ
Y e e :
3 o I = —igs(1 + 2pu)PTf;a<Slk
C&y’ 1o Iy = —igy(2l + 2pu + ps)* T Oka
A (p2,0,m2,0,m2, m) (C.137)
dPl —ig™ _ i i
=P Iy ry—r% C.138
K /(270 ) 2D2 3D3 (€459
I+ py (14 2py) (20 + 2py, H
(4 ) %,_/ f D1D2D3
TRTEL
Cy = Ba
1gs TR I n 2
., Liad ((Co(2pu + po)* + 2C") (P, + po-pu + D1-Pu) (C.140)
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+C%7(2py, + pp)t + 207" + (207" 4+ C (2py + po)*) (4pu + 2pp)7) (C.141)
(C.142)
In the last step p; = p, + p» has been replaced.

To get the counterterm we consider only the UV divergent part UV by looking at
table [Tk

VA = (iis)QgRTBaaw(gpﬁpb) (4+0GA) +26-2(-558))  (C.143
(ig%QZ}ﬂA1ga5w(2pu%—pg (C.144)

Gluino quark quark loop

Fl = igs(,C,PL + R/PR)JjTg(g
Iy =ig,(LP, + RPg) 1Ty,
T5 = —ig:y"Ty 01

Ao (p, 0,m2,m2, m2  m?) (C.145)
B

(C.146)

ig; Tr
= ire, T (C.147)

(L'Pp+R'Pr)(L +p, + 9, + mg )V ([ + p, +mq,)(LPL + RPR)(] +my)

l/ [ DD>Ds ]
(C.148)

g Ty

152 (L'L + RR)mg,mg(2C" + (2pu + pp)"Co)* + (L'R + R'L)
(C.149)
(70" €27 (2pu ) + C7 (B P20+ p)") + C(m = o)) (C.150)

Giving us the same vertex correction as in appendix only with a different colour
factor and swapped masses mg <> my, .

- (4m)? Ca
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To get the counterterm we consider only the UV divergent part UV by looking at
table [L1k

TVIA = 9% TRoL o o) 4+ poyn(a)(ta) (C.151)
T @m)EC, 2 paltPe T AR ‘

. 3

ig: Tg

= ——22__292T% (2py, KA C.152

(477')2 CA ,Ba( p +pb) ( )

Gluon gluon loop
F;IL :_igsfcbaruau

Tyo =ig2g” (T°T" 4+ T"T°) gadys

A%2(0,0,0) (C.153)
=0 (C.154)

Since fP4(TeT® + T°T¢) = 0 due to the antisymmetry and also from the fact that the
gluon is on-shell.

Squark squark loop

ky A
, ”>\\\ /// ]/8
&lgsgﬂju\/ k: I =1igs(20 + pp)" T35
\\\~<—’/ \\\ i P2 = _i(Xijk:la,Badyé + Y;jkléaééﬁfy)
) %

ABS(0,mZ ,m?) (C.155)
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dP1 i i
4-D
= I —Ty— 1
. /(27T)D 'D, *D, (C.156)
igs (2l +pb)“
=— —VY.uls /7 1
igs "
_ (Zli)?njkk:rﬂapg(zgl + By) (C.158)
=0 (C.159)
Gluon squark loop
% ky
(TR -
N’ 77%77 F;luz _ igzg;u/(TaTb + TbTa)'ya(Ski
ap L / T = —igs(—l +p1)"Th,0n
v P
A (p} = mZ ,m? . 0) (C.160)
dP1 i —ig
=ptP M —14 161
H /(27T)D 1 Dl 2 DQ (C 6)
.3
ig 1 (=l +p)*
s _a (o / 162
(477')2 ﬁa( F 2CA)l D1D2 (C 6 )
- 3
ig 1
=—22_T% (Cp — —)(—B" 4+ Byp" 1
.3
ig 1
S T4 (Cp— ——)(By — By)p" C.164
(47T)2 Ba( F 2CA)< 0 1)p1 ( 6)

Next up, the corresponding crossing is p; — —p,, and we get a factor of (—1) from the

inverions of the charge flow:
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x Ky
]/B \\ , = <E s
NV v 72402 L F;lw _ iggg;w (TaTb + TbTa)'y,Békj
ap ’ T = —ige(pu + 1Ty, O
1% P
AES (ps, m2,,0) (C.165)
lgg a 1 I
:(4W)2T5a(OF - E)(BO — Bi)p;; (C.166)

To get the counterterm for both diagrams we consider only the UV divergent part
UV by looking at table

: 3
197 g 1 1
UV[A] = (47_(.)2 6a(CF - E)(l + §>A(2pu ‘I’pb)u (0167)
_ 19 g T A@pu + po)* (C.168)
- (47’(’)2 ﬁa4 Pu Do .

C.2.3. Quark-squark-gaugino vertex

We compute the loop corrections to the ggy-vertex using the parametrization displayed
in fig. This vertex appears in both the [s-channel and [u-channell

A

1n

I

l+pln ma Dy :lQ—m%
ms
/ " Dy = (I +pw)® — m
l +p1n +p0ut D3 - (l +p1n +p011t)2 - m%
/}
Pout = _p71‘

Figure 24: Parametrization of the ¢gy-vertex
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Quark-gluon-squark loop

Fl = i(L/PL ol R/PR)ijééfy
Fg = —igs’yHTsa(SJ[
F:)g\ =S lgs(l + Pin + 2pout)>\T£66ﬁ

Aga (Do, Doy M2, 0,0,m7) (C.169)
4D / ( ;:)ZD r, ;ll ry _;]:A rgpig (C.170)
:(41971_5’)201?55&@'& + R Pp) / 1Y ;’1’ i;);jp o) (C.171)
:ﬁopaﬁa(y& + R Pr)rs(C™ 4+ A" CH(p. +2p ) (C.172)

(C.173)

To get the counterterm we consider only the UV divergent part UV by looking at
table [Tk

ig?
(4m)?

1
Crpiga(L'Pp+ R PR)A(SA) (C.174)

§Z,0 = 1

Squark-gluino-quark loop

I't =i(LP + RPR) jji0sy
FQ = igs<£/PL + RIPR)UT,I;Q
Fg = igs<£/PL + RIPR)JiTg(S
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Aﬁa(p?napiutam§>m§jamgang) (0175)
AP il +p P Amg,) (4P +mg) i
__,,4-D in out q4J in g T
_ / o D, T, 5 Loy (C.176)
s 3
lgs
=~ (ap)zCrosa( Ll + REg) (C.177)
(l +p' +p t + mQJ)(‘C,PL + R/PR)(I +p. + mg)(ﬁ’PL + 'R,/PR)
/ e n (C.178)
) D1 DyDs
: 3
195
- _ 1
(47r)2CF‘5/3a (C.179)
((LEIR/PL - RR/E/PR) (C'U"u - C’O(pin + pout>(pin + mg) + CYlufyu(2’¢in + pout - mg))
(C.180)
(LL'L' P+ RR'R Pr)my, (C*+" + Co(p, + mg))) (C.181)

To get the counterterm we consider only the UV divergent part UV by looking at
table [II} Due to the coupling

§Z, 0 =0. (C.182)

C.2.4. Gluino-gaugino-gluon vertex

We compute the loop corrections to the gyg-vertex using the parametrization displayed

in fig. 25] This vertex appears in neither the nor the fu-channel. The diagram

containing this vertex correction is shown in fig. and gets combined with the
conjugated [s-channel| and ju-channell

A

Pa —P1 =

I'y V\l
k Dl :l2—m%
l+pt m2m3 Fl <~ DQ = (l +pt>2 - mg
P D3 = (L4 pt +pp)* — m3
I3 /Hv‘pt + Db

Z

Figure 25: Parametrization of the gyg-vertex
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Figure 26: Loosely identified t-channel diagram.
Quark-squark-squark loop
iy A Iy =igs(PLLy; + PRRIZ')TZ;V
i //A/j/(; Iy = ig,(21 + 2p; + ps)" 15504
o
AF (20, m>22w mZI, m%, méi) (C.183)
dPl . —if i i
4—D o
= I'—1"I—I%— C.184
a / (27T)D ! Dl 2D2 3D3 ( )
2
g / / l(2l + 2py + pb)'u b
— 9% _(pL PRL/ T " C.185
(47r)2( LR+ PrEEL) / D, D, D5 r=aB ( )
2
= — (497:)2TR5ab(PLL}Z-kRH + PRR}ikﬁji)’yy(QCV“ + CV(th + pb)“) (0186)

I'y = i(PrLjk + PrRijk)0qs
Ty = igy(PLLy; + PrR1)TSs
Fg = lgs(2l + th + pb)“T%&j
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The inversion in the charge flow gives the same result with

L& L (C.187)
R+ R (C.188)
Lo L (C.189)
R+ R (C.190)
Squark-quark-quark loop
Iy = i(PLLyi + PrRjiy )05
Iy =igs(PrLr + PRRIi)T§7
Fg = —igs")/MT,;l(;(S[J
A (p},0,m3,m2  md  m?) (C.191)
aPr i+, +p,) i +p) i
— P r ¢ LI Y Uy — C.192
: / (2m)P ' Dy D, 2271 ( )
2 H
g : oy [P AP T AP
= __Js 7T 1
o (PR + PRt L) / DD, Tt (C.193)
2
- (4g7;§)2TR‘5ab(P L L Rii + PrRpy Lri) (207, + C77A*
+C¥ (A", + (B, + PV W) + Co(p, + p,)7"P,) (C.194)

I'y
5

= i(PLLfIik + PRR{]ik>5’75

igS(PLﬁji ol PRR[Z’)TE,Y

F'g = —igs’yHT,%é[J
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The inversion in the charge flow gives the same result with

L& L (C.195)
R R (C.196)
L+ L (C.197)
R < R (C.198)

C.3. Boxes

We compute the loop corrections to the Boxes using the parametrization displayed in
fig. Since the results get quite big, we only give the first steps and the remaining
calculation can be done with e.g. FeynCalc in Mathematica.
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Pa —P1
\§ l ‘/,
Pl m1 E Dl = (l) — m%
_ o 2
l—l—pal ma My Il—i—pa—irpb—pz DQ_(H_pa) e )
Dy =(l+p.+m) —mj
m
My Dy=(l+pa+p—p2)® —mj
Py — D2
§9’ I 4 pa + Db \}}
(i)
a —D2
N
b my La Dy = (1) —mj
_ . 2
l+paJ Tl+pa+pb—p1 Dy = (L4 pa)” =5 )
D3 = (14 pg + pp)* — m3
m
[ Dy=(+ps+p—mp) —mj
Do - . P1
é;y I+ pa + po I\
(ii)
pa —P2
N
Fl Mo My F4 Dl = (l) - m%
\ / = (l +pa) - mg
[+ Ppa L+ pa+py — 1 :(l+pa p1)? —m
m
o, - = +p.—p1+pp):—m]
{3;9" l+pa P1 I\

(iii)

Ny

mq Pg Dl = (l>2 — mf

\\ / D :(l+pa> —TTL%
l+pa l+pa+pb_p1 :(l+pa p1)2—m§

Py F2 S -1
(iv)

Figure 27: Parametrization of the Boxes
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C.3.1. Gluon-quark-quark-squark box

Fi) = —igs’ysta(SJ]
Fg = —igs")/MT;,y(SKJ
F3 = I(L,PL 2 R/PR)K]'556

[ = —gs(l +pa+po—p2+ pl)"TEE%

B5.(0,0,m3 ,mZ ,s,t,0,0,0,m2) (C.199)
aPr i i +p,+p) iU +p,) L, —ig
_,,4-D o a b/ T a P ap
= ry—r r r 2
H / (27T)D 4D4 3 D2 2 D3 ! Dl (C 00)
(4m)? - o | D\DyDsDy
b rpa b
131217, (C.201)
C.3.2. Gluino-squark-squark-quark box
Iy =ig(L'Py + R Pr) Ty,
Iy = —igs(2l + 2pa + py)" T, Ok
['s =i(LPy + RPR) ji0es
Ty =igy(L'Py + R Pr)siTh
B0, O,m?(k,mi,s,t,mz,m%,m%,m;) (C.202)
AP =il +p +p, — P, —mg,) i +my) i, i
—,4-D r a b 2 97 T 9 T 71"“7 2
/ (2m)P ’ D, YD 'D, ’Dy (C.203)
i 3
T [l 2y

l
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Mg, Mg
D1DyDsD,
(l TPt p2)m§
D\ D,D3D,
mq.zl
D1DyD3Dy

(—(LJjE’E’PL + Ry;R'R'Pr)

+ (LJ]'R/R/PL + RJ]'LILIPR)

- (LJjE/R/PL + RJjR/L/PR)

P+ —
+(LJ]'R/£/PL + RJjEIR/PR) (l £5D2£ZD4P2)1>

(C.204)

C.3.3. Quark-gluon-gluon-squark box

I =—ig:"Tadst

Pgu)\ _ _gsfabcr/,w)\

I%  =igs(l 4 pa + o — 2p1) T55055
Ty =i(L'P, + R'Pr)s;0s

Bfa(0,0,m2 ,m%,,5,4,0,0,0,m3) (C.205)
dPl1 . —i] _—ig —ig i

— 4D r [ 2o piA 2P pp C.206

a /(27T>D 4D1 ! DQ 2 D3 3D4 ( )

(47)? D1 DyDsD,
TssTo [ (C.207)

i3 oTHop(] . — 21, )P
19, (L’PL+R’PR>H/M ¥ pa 2o = 2)
l
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C.3.4. Squark-gluino-gluino-quark box

Iy =ig(L'PL+R'Pr)yTs,
D = —g,fobey
F3 = igs<£,PL = R/PR)TE(S
'y = i(LP + RPR)j;j0sy
B (0,0,mg ,m3,, s, u,mg  mg mz me ) (C.208)
APl (4P, P, —me,) i+ p 4P, +mg)
:,u4 D/ (QW)DF‘l ﬁa psz)4 pl Y '3 ?a ,Dgpb ! (0.209)
i([+9p +mg) i
I ’;;2 : Lip (C.210)
lgg c b rabc
:wTaaTaaf / (C.211)
1
mg, (L +p_+ p,)v"mg +mgy" ([ +p )
L Wl /P ) !/ IP qj a b g g a
(( ;i L'L'PL+ R R'R Pr) DDy DD,
(I +p, + 9, =)L+, + p )7 mg +mgy" (1 +p,)
L / /P ! /P a b 1 a b 9 9 a
+ (LR R P, + Ry L'L Pr) D DD.D,
m (’y“mg—l—(l—i-gﬁ +p)”y“(l+}/ﬁ))
L. / /P ! /P qJ g a b a
+ ( LR P+ R;RL R) D, D,DD,
([ +p, +p, — p)(m2 + ([ +p, +p )7 +p,))
LR L P LR P a b 1 g a b a
—|—( Jj L—i—RJJ,CR R) D DyD3D, >

(C.212)
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C.3.5. Quark-gluon-squark-squark box

I = —igs’YpTyba(SJI

I's = +gs(l + Pa — 2p1)6Tge(5im
F4 = 1<L/PL I R/PR)Jjé&y

Iy = +95(20 + 2pa + po — 2p1)" T 50m;

B5a(0,mz,0,m2 ,t,u,0,0,m3,m) (C.213)
dPl . —iJ ., —ig i i
_,A-D P 9P o M
= r r If—Iy— )
O R R (C.214)
. 3 o _ i
19 I / l(l + P 2? )(QZ + 2pa + Do 2]91)
= — s (L'P R P Z/ a 1
(477)2< Lt )1 / D1DyD3Dy
Th.TLTY, (C.215)
C.3.6. Squark-gluino-quark-quark box
I'h = igs(E/PL + R/PR)]]-T,I;Q
Iy = —gs7"T500m
Fg = igs(ﬁ,PL -+ R/PR)MiTge
'y =i(LPy, + RPg)jjbsy
Bl (0,m3,0,m3, , t,u,mg mZ ma  m ) (C.216)
_ 4_D/ a21 . i(l+p, —p +p,+ qu)Fui(l +p, — P, +mg,) (C217
(2m)P ! D, ? D, '
i(f+p +mg i
Ty U+, +ms)p, i (C.218)

Ds 'D,
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_ 9 g C.219
== (47)2 Bet eyt ya (C.219)
l
mgmg, (I +p, — p, + PV + 11 + 9, — p,)
L..C'C'P +R RI'R'P 9°"as a 1 b a 1
(( Jj L Jj R) D1D2D3D4
mg(yPm? —i—(l—i—p —p +p)’y“(l+p —7,))
L. RRP L'r'p 9 97 a 1 b a 1
—|—< JJRR L"’RJJLL R) D, DyD3D,
me, ([ +p ) +p —p, +p )"+ +p. —p,)
Lj;L'R' P, + Ry R'L' Pr)— g a 71 _7b a 71
+ (Lyj L+ L, R) D DyD3D,
(I +p )y m2 + (I +p —p, +p )V +p —p))
+(LyR'L'Py+ Ry L'R'P a 4 o F1_Th o B
(L b %) D\ DyD;D;4
(C.220)
C.3.7. Quark-gluon-squark box
I9 = —igy"Tonbur
LY =igl(T°T" + T°T*)s59"" 05
F3 = I(L/PL + R,PR)Jj(;(sry
B5a(0,0,m2  m3 ,s,u,0,0,0,m2) (C.221)
dPr . —if _—ig i
—y4D r | A N g, .222
2 /(2W)D3D111>2 2D, ° (C.222)
3
ig? , 4"
= L'P RPrR) | ————
(47)2( C R)I / DDy D5
(TSETE% + Tge e%)T(g)a (C223)

C.4. FeynCalc implementation

For completeness, we present the code used for automatically computing the virtuals.
The dependencies of the code are FeynCalc|34] and Colormath|68].

In[1]:=
Needs['FeynCalc™ ']
Get['ColorMathl1.0.m™ ']
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In[2]:=

In[3]:=

Polsum [mu_,nu_] := -MT[mu,nu]\
+AXG* (((FV[q,mul *FV[pb,nul]+FV[q,nul]*FV[pb,mu])/SP[q,pb]\
-SP[q,ql]*FV[pb,mu] *FV[pb,nul]/SP[q,pbl/SP[q,pbl))/.{q—pa+pb}

suchannel [LOOP_] := (
PR=ChiralityProjector[+1];
PL=ChiralityProjector[-1];

OK = Simplify[TID[DiracSimplify[LOOF],1,UsePaVeBasis—Truell;
PVL=Simplify[DiracSimplify[TID[OK,1,ToPaVe—Truel]l];

AMPS=SS*2*Polsum[mu,nu] /96/16/Pi~4x*
(I*(Lp*PL+Rp*PR)) .
(I*GS[pa+pbl/SP[q,ql)
ChangeDimension [PVL,4].

GS[pal.

(I*gs*GA[nul) .t[{Ga},Qa,qQp].
(-I*GS [pa+pbl/SP[q,ql)
(-I*(L*PL+R*PR)).
(GS[p2]+MX) ;

AMPU=UU*2*Polsum[mu,nul] /96/16/Pi~4x*
(I*(Lp*PL+Rp*PR)) .
(I*GS [pa+pbl/SP[q,ql)
ChangeDimension [PVL,4].
GS[pal.
(-I*(L*PL+R*PR)).
(GS[p2]+MX) .
((-1)/(u-MU"2)).
(I*gs*FV[pa-p2+pl,nu]).t[{Ga},Qa,qb]l;

MMMM = Simplify[CSimplify [Tr [(AMPS+AMPU)/.
{p1— pa+pb-p2}111/.{u—-t-s+MXs+MUs};
epsser = Series[MMMM/. {D—4-2%*eps},{eps,0,2}];
)

uug:—gshs*t [{Gb} ) Qb ) pr] .t [{Ga} ’ pr ’ Qap] .t [{Gb} ’ Qap ’ Qa-] .
GAD [nu] .GSD [1+pa+pb] . GAD [mu] . GSD [1+pa] . GAD [nu] .
FAD[{1,0},{1+pa+pb,0},{1+pa,0}]
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suchannel [uug] ;

In above code we ommitted ScalarProduct which simplifies momenta. CForm and
FeynCalc2FORM come in handy to export the code in compatible formats. If we do not
want to compute in the 't Hooft Veltman scheme we could use ChangeDimension to get
an overall D dimensional expression (CDR).

If one intends to cancel UV and IR divergence separately extra care is needed since
FeynCalc seems to simplify expressions where UV and IR divergence cancel, e.g.
By(0,0,0) = 0 or C§*(0,0,4%0,0,0) = 0.

D. Real corrections

D.1. Polarized dipole kinematics and connection matrix

The subtraction of the dipoles from the real corrections involves helicity correlations of
the external gluon. The following explicit calculations are not very interesting, however
we list them here anyway since the process of squark-gaugino production is the first
implementation of such correlated dipoles into Resummino. As in the computation of
the polarized born cross section we use formatting closely related to the implementation,
where this contributes to better understanding. []

D.1.1. Initial state emitter and final state spectator

First we define several kinematic quantities

$1 = 2DaPy — 2P3Pa — 2D3py = M7 + M3 + 2p1p2 = s — 2psq (D.1)
K1P1 — pyp, = K1Q-K1P1 (D.2)
K2P1 — popp = p2 (¢ — Pa) = (¢ — 1 — P3) ¢ — PaP2 = (¢ — D3) ¢ — P1q — DaD2

1
=3 (s +51) — (p1q + pap2) = (s+s1) /2- (K1Q+K2P1) . (D.3)

One notices these quantities are crossed p, <= p, since our gluon is associated with the
momentum pj in contrast to the equations from the dipole papers [37][38].
We use the phase space transformation from [38, section 5.3.1]

o _PaPitppi—p; o ppg _ (@—p2—p)m
b PaDi + PaD; PaDi + PaD; Paq — PaP2
—1_ 2 (gp1 — pep1 — mi) +mj —mj -1 2qp1 — 51+ AM?
2 (Paq — Pap2) 2 (paq — Pap2)
— 1- (2+K1Q-s1+dM20) / (s-2+K2P1) (D.4)
z = _ PaPi  _ ouk1p1y/ (s-2+K2P1) . (D.5)
PaPi +papj

4The analytic calculations are given in p,py — p1p2ps kinematic nomenclature. The implementation
expressions however use p1ps — kikoks.
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For these dipole parameters we already inserted ¢ = 3 and 7 = 1.

Dai = Lij.aPa (D-G)
P =pi+pj — (1 — Zija) Pa (D.7)
5 5 5 1
Q2 = (s +pai)2 = (po + pai)2 = §2pbpaxij,a = TijaS (D.8)
. - 1
Pt1Ktl = pipy = PPy = D1y + P3Pb — 3 (1 — 5,4) sonumber (D.9)
= p1py + P3Py + (D1 + P2 + P3) Pa — Pabb
1 1
~ 5 (1 = Zija) s = p1 (Pa + D) + P2Pa + P3Py + D3Pa — Palb — 5 (1 —=244)s
1 1
= D1 (Pa + Pv) + P2Pa — 35175 (1 —wija)s
= (K1Q+K2P1) - ((1-xija) *s+s1) /2 (D.10)

From above computations we can determine intermediate momenta contractions that
will appear in our 7x4 dipole connection matrix.

P1Ki = pups = po (¢ — p1 — p2) = s/2- (KIP1+K2P1) (D.11)
KiKj = p3p; = K1Q- (s1-dM20) /2 (D.12)
Pt1Pt1 =0 (D.13)
Pt1Kj = ppp; = K1Q-K1P1 (D.14)
1

PEiKi = pyps = (¢ = pa) p3 = 5 (s = 51) = papy = (s-81)/2-P1Ki (D.15)
Kt1Ktl = m] = Mo1**2 (D.16)
Kt1Kj = p;p; = pip; + m; — (1 — ij.4) pap; = Mol*#2+KiKj-(1-xija)*K1P1 (D.17)
Kti1Ki = ﬁ]pl = Dpipj — (1 - injﬂ) PalPi = KlKJ—(l—XlJa) *P1Ki (Dlg)

QtKj = (Po + Pai) P1 = (Pb + Pa — Pa + TijaPa) Pr = qp1 — (1 — Tija) PaPr
= K1Q- (1-xija) *K1P1 (D.19)
QtKi = (pp + Pai) P3 = qp3 — (1 — Tjj4) paps = (s—s1)/2-(1-xija)*P1Ki  (D.20)

1
Pt1Qt = py (P + Dai) = 5 Tijas = Pt1Pt1+(xija*s-Mil**2-Mi2**2) /2 (D.21)

i _ i 1
Quke1 = pj (p2 + ) = mi + Pype = mi + 5 (2ij05 —m} — m3)
= Kt1Kt1+(xija*s-Mol**2-Mo2**2) /2 (D.22)

Next up we show the final dipole connection matrix of the Lorentz structures from
the dipole kernel

v

Yy U Uy Y L R R U (D.23)

and the polarized matrix element

9" 0aP, AT D5 Pad” + Pad" Paby + Pupt, DY 4" + {7 - (D.24)
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The following 7 - 4 = 28 equations list the elements of our matrix.

grg =4 (D.25)

g plpt = 0 = Pt1Ptl (D.26)

97" q" = wijas (D.27)

9" Py Py = Kt1Ktl (D.28)

9" (Pha” + pag") = 2+Pt1Qt (D.29)

9" (Papy + papy) = 2*Pt1Kel (D.30)

9" (PYq” + P1q") = 2+QtKel (D.31)

9"y = Mol¥*2 (D.32)

PaDapyp; = Pt1Kj#=2 (D.33)

¢"q"Pip] = QrKj**2 (D.34)

PyDipyp; = Kt1Kj#=2 (D.35)

(P4q” + Paq") pip; = 2+Pt1Kj+QtK] (D.36)

(BLDY + Paph) pip) = 2*Pt1Kj*Kt1Kj (D.37)

(BYq” + p1q") pjp] = 2¥KE1Kj*QtK] (D.38)

9"'pip; =0 (D.39)

Pabopip{ = Pt1Kix+2 (D.40)

q"q’p;'p; = QEKix*2 (D.41)

PPy py = KE1Ki**2 (D.42)

(Paq” + Paq") pipi = 2¥Pt1Ki*QtKi (D.43)

(Phpy + puph) pl'pY = 2*Pt1Ki*Kt1Ki (D.44)

(PYq” + P1q") pi'p; = 2+Kt1Ki*QtKi (D.45)

g™ (it + pipl) = 24KiK;] (D.46)

i (plp) +pip!) = 2+PE1K *PE1Ki (D.47)

v (ph @pj PYp)) = 2+QEK +QEKi (D.48)

LBy (pip) + pipl) = 2+KE1K #Ke1Ki (D.49)

(Phq” + B1g") (PP} + Yl ) = 2+Pt1Kj*QtKi+2+Pt 1Ki*QtK] (D.50)
(phpy + piph) ( D+ lp]) = 2+Pt1Kj*Kt1Ki+2*Pt1Ki*Kt1Kj (D.51)
(Phd” + p2") (pip] —{—pzp]) — 2%Kt1Kj*QtKi+2+Kt 1Ki*QtKj (D.52)

D.1.2. Initial state emitter and final state spectator

Again, as in the previous calculation we start with the same quantities which are crossing
Pa and py.

$1 = 2DaPy — 2P3Pa — 2D3pp = M} + M3 + 2p1p2 = s — 2psq (D.53)
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K1P1 — pyp, = K1Q-K1P1 (D.54)
K2P1 — popp = P2 (¢ — Pa) = (¢ — 1 — P3) ¢ — PaP2 = (¢ — D3) ¢ — P1q — DaD2
1
=3 (s +51) — (p1q + pap2) = (s+s1) /2- (K1Q+K2P1) (D.55)

To evaluate the dipoles we need following parameters from [37, section 5.5]

__ PaDPb — PaPi — DPiPb S1

Tija = = — =sl/s (D.56)
PaPb S
~ 2papy 2Dab s
Zp = = = = s/ (2% (s-K1P1-K2P1))
" (s +2paps)  2(5s—pa(qg—1s))  2(5 — pap1 — pap2)
(D.57)
~ . 2pap3
Zi=1—2 = ————— D.58
’ (5 + 2pap3) ( )
b _ Do (D.59)
Zi PaP3
Zi _ Pops 7 (D.60)
Zb PaDb

already setting ¢ = 3 and j = 1 for our purposes. We keep computing the outlined
quantities to generate a proper Lorentz transformation and thereby &;.

ﬁai = Tj,abPa (D61)
3 2% (K + K 5 K
kj=kj — (J[((Jr;)) (k + K) - 2]?('2[(1( (D.62)
(K + f<)2 = ((pa + Db — pi) + (Pai + 1))’

(
((1+ Ziap) Pa + 206 — pi)°

(14 25.0) 4pape — 4po0i — 2 (1 + T4 ap) PiPa
2

s+2s1 —Apppi — 2 (1 + Xiap) PiDa = 25 + 251 — 2(s — 51 — 2pap;)
(D.63)

—2(1 4 z50) PiDa

= 481+ 4papi — 2 (1 + Ziap) PiPa = 451 + 2 (1 — z5.0) ((¢ — p1 — P2) Pa)

=4s1+5—51+2(1 — ziw) ((=p1 — P2) Pa)

= s+3*s1-2*(1-xiab)* (K1P1+K2P1) (D.64)
kjf( = TiabPaD1 + DoP1 = TiapPaP1 + (¢ — pa) p1 = K1Q-(1-xiab) *K1P1 (D.65)
kK = pipa + p1ipe — p1ps = p1 (p1 + P2 + p3) — pips = p1 (p1 + p2)

1 1 1 1
= pip2 + §p% + 5])3 — §p§ + §p§ — (s1-dM20) /2 (D.66)
Then we can resolve the contraction of k; with various momenta.
. 2k; (K + K N 21 K 3
paikj = Zj,abP1Pa — M (xi,abpa (K + K)) + K2 xi,abpaK

(K+f()2
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2% (K + K oK
= Tj,abP1Pa — ]<~2) (@i abPa (1 + Tiap) Do + 206 — pi)) + Z;xi,abs
() z
2k; (K + K)
= TjapP1Pa — —— 3> (51 — TiapPapi) + D1 K
(K +K)
2k; (K + K)
= T apP1Pa — ——————5= (851 — TiwPa (¢ — D1 — p2)) + 1 K
(K +K)
2k; (K + K) /1
= ZiapP1Pa — —— -5 <231 + 2 abPa (P1 +p2)) +p K
(K +K)
= xiab*K1P1-(K1Kt+K1K) /KKt2* (s1+2*xiab* (K1P1+K2P1))+K1K (D.67)
N 2k; (K + K K -
ok = P1q — P1pa — H (2o (1 + Ziap) Pa + 206 — pi)) + ﬁpbK (D.68)
(K+K)
~ ki (K + K)
ook =p1q —p1pa — —————5 (L + @) s — 2pepi) + p1 K (D.69)
(K+K)
~ ki (K + K)
pbkj =D1q9 —P1iPa — — 3 (3 +s51+851—5+ 2papi) + K (D-70)
(K+K)
~ ki (K + K)
ok = p1q — p1pa — ————5 (251 + 5 = 2pa (p1 +p2)) + MK (D.71)
(K +K)
= K1Q-K1P1-(K1Kt+K1K) /KKt2* (s+2*s1-2% (K1P1+K2P1) ) +K1K (D.72)
_ _ 1 .
Paiki = Daili = TiabPa (¢ — p1 — P2) = 551 = TiabPa (p1 + p2) = s1/2-xiab*(K1P1+K2P1)
(D.73)
1 1
poki = 5 (5 —51) — Papi = 5 (=51) + pa (p1 + p2) = KIP1+K2P1-51/2 (D.74)
le = Kk}z = ﬁaiki —f-pbkz = PtaKi+PbKi (D75)

o B 1

02 = (B + Pai)” = (06 + i)’ = §2pbpa$z‘j,a = TijaS = S1 (D.76)
PbKt1 = pipy = Dk, (D.77)
Pt1Pb =0 (D.78)
Pt1Ki = PbKi (D.79)
(D.80)

2k; (K + K oK -

KE1Ki = pyp; — ](2) (b ((1+ i) pa + 200 — 1)) + - psk

(K +K)
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2k; (K + K) , . MK -
= pg — Kp1 — H (Qki+ps (pa+ 1)) + —psK
(k) Z
2k; (K + K) /. 1 MK -
=piq — Kp1 — ]<~2> (Qki + 5 (—s1+ 8)) + & p3K
(K +K) $1
= K1Q-K1K- (K1Kt+K1K) /KKt 2+ (s-s1+2%QtKi) +2+K1K*QtKi/s1 (D.81)
1
QtRel = (kg + o) by "B (kg + k) by = ki K =K1K (D.83)

Finally, we show the dipole connection matrix of the Lorentz structures from the
dipole kernel

U o i U A T S (D.84)

and the polarized matrix element
9" Babe 0" D07 Do’ + Pad", Paby + Pobt, P1q” + 1 q" (D.85)

The following 7 - 4 = 28 equations list the elements of our matrix.

grg" =4 ( )

g phpt = 0 = Pt1Ptl ( )

guuqqu = Tij,aS = S1 ( )

9" PPy = Kelkel = my (D.89)

9" (Phd" + Dq") = 2+P1Qt = s (D.90)
g™ (prpYy + pupl) = 2#PtiKtdl (D.91)
9" (PYq” + pyd') = 2+QtKt1l (D.92)
9" pypy =0 (D.93)
PrDY Dy = Pt1Pbk*2 ( )
G"q"plp, = QtPb**2 ( )

Py pypy = PbKt1#+2 (D.96)

(P q” + PG") piipl = 2+Pt1Pb*QtPb (D.97)
(PBY + pUp) pipt = 2+Pt1Pb*PbKt1 (D.98)
(D.99)

(PLG” + P13 pipl = 2+PbKt1%QtPb D.99
g"pipi =0 (D.100)

PaDap; Dy = Pt1Kis+2 (D.101)
q"q"p;p; = QrKix*2 (D.102)
PPy Py = KE1Ki**2 (D.103)

(PR3" + Daq") pi'pi = 2*¥Pt1Ki*QtKi (D.104)
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(PBY + PPl plp! = 2+Pt1Ki*Kt1Ki
(PLq” + pyd") pi'py = 2*Kt1Ki*QtKi

" (pi pb pUpl) = 2+PbKi
papa (pipy + pYpl) = 2+Pt1Pb*Pt1Ki
(p“ y Z”pff) — 2*QtPb*QtKi
p]pj (pi'py + plpl) = 2+PbKt1xKt1Ki
(P q” + prg”) (plip Zpb) — 2#Pt1Pb*QtKi+2+Pt1Ki*QtPb
(phpt + pupy) (v pb + pl Ypi') = 2%Pt1Pb*Kt 1Ki+2#Pt1Ki*PbKt1
(PG + pYa™) (pipy + pipl) = 2+PbKt1#QtKi+2%Kt1Ki*QtPb

E. Relations

A list of useful equations.

E.1. Colour

These relations are available in most standard text books on quantum field theory and

the standard model (e.g. [56]).

E.1.1. Definitions

E.1.2. Fierz identity

And consequently

follows. One can also solve

T2, T

1 1

= 5(5@57,3 - N(Saﬁévé)

T(l

a p—
ay B

C1F 6aﬁ

abcrpc b : a
f TﬁaT’Yﬁ - ICATRT,YO!

Tr

b a
ThTY Tg = -

—T5s-
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E.2. Gamma Matrix

Again, the relations are available in most standard text books on quantum field theory
and the standard model (e.g. [56]).

E.2.1. Gamma trace relations

Tr[v, 7] = 49 (E.9)
Tr[y,77s) = 0 (E.10)
Tr[’Yu'VV”Y&’Yp] = 4(guugép — GusGvp + gupgué) (E.11)

E.2.2. D-dimensional Gamma Matrix

APyt = (2 — D)y (E.12)
VYT = (D =4y + 4g? (E.13)
VAN A = =297 = (D = 4)y"y7y (E.14)

E.3. Passarino-Veltman

Here we list Passarino-Veltman results extracted from [54].

E.3.1. Reduction

When no parameters are given to a function, the same parameters as on the left-hand
side are used.

B-tensor
B* = p'B; (E.15)
B" = g/u/BOO +plllplfBll <E16)
1
Bi(plmi,m3) = 55 [Ao(m) = Ao(m3) — (pf —m3 + mi) By (E.17)
1
1
Boo(pi, mi,m3) = 2D—1) [Ao(mg) +2mi By + (pi —mj + mf)Bl} (E.18)
1 1
Bui(pi,mi,m3) = 5D —1) [(D — 2)Ag(m3) — 2mi By — D(pi —mj + m%)Bl}

(E.19)
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E.3.2. Divergences

Table 11: Passarino Veltman Loop integral divergences

Integral UV divergences (D — 4) xIntegral
Ag(m?) m2A —2m?
By A —2
B, —3A 1
Bro | —(5— md +md)A | (2 — Lmg +md))
Coo IA 1

F. Implementation into Resummino

The Fastor [69] library was very useful for realizing tensor computations in C++ in the
context of couplings as well as handling the € poles from the Passarino-Veltman integrals.
Unfortunately Looptools does not give just UV poles, but we can circumvent this by
subtracting the IR poles from the total poles. Further the python library sympy|70] is
worth mentioning, especially the cse function for “Common Subexpression Detection
and Collection” is convenient for simplifying large C++ code (though the exponentiation
operator "**’ needs to be avoided):

from sympy import cse, simplify
from sympy.parsing.sympy_parser import parse_expr

result = cse(simplify(parse_expr("C++ math code here")),order='none')
# convert to cpp expressions
for k,1, in result[0]:
print("auto " + str(k) + " = "+ str(l) + ";")
print(result[1])

As outlined in this thesis there are many checks to be performed. Instead of just
performing these tests once when the code is implemented a test framework (Catch2
[71]) was added to Resummino. This comes with the advantage of reproducible tests and
thus one can prevent regression.
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