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Introduction

“Don’t knock the weather. If it didn’t change once in a while, nine out of ten people
couldn’t start a conversation”. - Kin Hubbard

While a seemingly arbitrary way to open a thesis, this quote resembles in some
way the modern state of particle physics. All the components of the Standard Model
(SM) have, to this day, been experimentally observed, yet unanswered questions mean
that the domain of particle theory goes far beyond experimental capabilities: the
conversation in the Beyond the Standard Model (BSM) community is thriving because
the Standard Model does not completely conform to expectations. While the SM
has successfully been predicting experimental outcomes since the 1970’s, it is clearly
lacking an integrated description of gravity, and among many other issues, runs into
the problem of unobserved Planck-scale sized quantum corrections to the Higgs mass
(assuming the miraculous cancellation of which does not occur) if the SM is not capped
at some lower energy scale and absorbed into some higher energy theory.

The theoretical predictions of the Standard Model were finally satisfied in 2012
with the discovery of the Brout-Englert-Higgs boson — short-named Higgs — at the
Large Hadron Collider (LHC) in CERN, when not only was the particle content pol-
ished off, but the part played by electroweak symmetry breaking (EWSB) in the
establishment of gauge boson and fermion masses substantiated. The 125 GeV Higgs
boson mass is now known to a precision of ~ 0.1% and, as the only scalar in the SM,
is sensitive to new physics which would have an impact on its mass, couplings and
behaviour. In turn, the parameter space of any SM-extended model can be explored
and constrained and, as such, the Higgs can be seen as a gateway to new discoveries.

Many models propose effective solutions to the dilemmas of the SM, from extra
dimensional and string theories to composite Higgs and technicolour, but supersymme-
try has long been established as a theoretical ring-leader with proposed explanations
for almost all of these. Supersymmetry (SUSY) is an elegant theory, that essentially
doubles the Standard Model particle content by levelling off the bosonic-fermionic
antisymmetry. Integer and half-integer spin particles are paired together in super-
multiplets, thus eliminating each other’s radiative loop divergent diagrams. However,
nature clearly has other ideas, and SUSY must be broken at some energy level above
what we can currently probe, resulting in superpartners heavier than their Standard
Model counterparts. It is therefore timely to consider non-minimal supersymmetry,
with additional particle content added to the minimal supersymmetric standard model
(MSSM). Such models can help alleviate the tension between the electroweak and in-
creasing supersymmetry scales, by physically justifying why some particle content can
be heavier (e.g. gluinos - the supersymmetric partners to the gluons), and simul-
taneously allowing some particle content to be lighter than in the minimal version
(e.g. squarks - the supersymmetric partners to the quarks). One such model is the
Dirac gaugino supersymmetric standard model (MDGSSM), which will be the focus

X1



xii Introduction

of chapters 2 and 3. Simplified minimal models will also be considered in chapters 3
and 4.

This thesis will begin with an introductory chapter 1 on the Standard Model and
a glance at the Higgs mechanism, which is responsible for generating the masses of
the Standard Model particle spectrum. This section will segway, via a short summary
of motivations for beyond the standard model physics, into a discussion of the basic
supersymmetry formalism and the models that will be discussed in this text - namely
the MSSM, the MDGSSM and the minimal R-symmetric supersymmetric standard
model (MRSSM) - with particular attention paid to the Higgs sectors. The central 3
chapters are based on 3 articles:

e Karim Benakli, Mark Dayvon Goodsell and Sophie Louise Williamson, Higgs
alignment from extended supersymmetry, Eur. Phys. J. C 78 (2018) no.8, 658,
arXiv:1801.08849 [hep-ph].

which corresponds to the content of chapter 2;

e Guillaume Chalons, Mark Dayvon Goodsell, Sabine Kraml, Humberto Reyes-
Gonzalez and Sophie Louise Williamson, LHC' limits on gluinos and squarks in
the minimal Dirac gaugino model, JHEP 1904 (2019) 113, arXiv:1812.09293
[hep-ph],

which correlates to chapter 3; and

e Benjamin Fuks, Karl Nordstréom, Richard Ruiz and Sophie Louise Williamson,
Sleptons without Hadrons, arXiv:1901.09937 [hep-phl, To appear in PRD.

which constitutes the work of chapter 4.

The first of these investigates the Higgs sector of a two-Higgs doublet model exten-
sion immersed within a higher energy SUSY theory. Owing to the additional content
in the MDGSSM, it is possible to group together the particles in A/ = 2 multiplets.
The resulting AN/ = 2 symmetry between the gauge and new Yukawa couplings means
that, as long as the symmetry is unbroken, the Higgs sector is always in alignment
and fully agrees with that of the Standard Model. This chapter looks at the effect
on the Higgs mass and properties of running down from a higher energy N = 2 scale
to electroweak energies, including the inclusion of radiative corrections to the scalar
effective potential. A simplistic comparison is also performed in the MRSSM, where
alignment in the Higgs sector is not predicted.

As one of an abundance of SM-extensions, BSM model-specific limits are understand-
ably not all provided by the experimental collaborations. Following this thread, chap-
ter 3 aims to derive and compare the limits on the squarks and gluinos in the MDGSSM
with those in the MSSM, in the context of Run 2 of the LHC. This study is motivated
from the basis that, by virtue of the extended Higgs sector in the MDGSSM, the neu-
tralino and chargino spectrum is enlarged creating a more elaborate decay spectrum.
Additionally, the production mechanisms across the two models differ, as gluino pair-
production is enhanced and squark production is suppressed in the MDGSSM relative
to the MSSM.

Chapter 4 explores the impact of introducing dynamic jet vetoes in searches for
colourless superpartners in weak-scale supersymmetry models. Despite the traditional
application of central static jet vetoes, searches at hadron colliders are impeded by
large top quark pair and diboson backgrounds. However, it can be shown that by
employing a jet veto which is adjusted dynamically based on relative measures of lep-
tonic and hadronic activities present in an event, the signal-to-background efficiency



xiii

increases and the sensitivity of searches for colourless superpartners can be improved.
A representative scenario considering the Drell-Yan production of a pair of right-
handed smuons decaying into a dimuon system accompanied by missing transverse
energy is discussed; however the results should be applicable to all searches for new,
heavy, uncoloured physics that is searched for using jet vetoes at the LHC.

This thesis will then be wrapped up with a short conclusion (chapter 4.6), with addi-
tional calculations and details available in the appendix.
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1 — The SM and beyond

1.1 The Standard Model

The core of the work presented in the following chapters will establish itself on the
foundation of supersymmetry, and supersymmetric models. But before justifying why
we want to go beyond the standard model (BSM), we should motivate why this may
be necessary to start with. This section will very briefly cover the electroweak sector
of the standard model (SM) and, in particular, the Higgs sector and its electroweak
symmetry breaking (EWSB) mechanism. There are numerous good references on the
SM out there, with examples being [1-0].

1.1.1 Its fields and content

The standard model is, to date, undoubtedly the most convincing theory we have that
describes the fundamental interactions between matter and the forces of nature. It is
neatly summarised as an SU(3). x SU(2)r x U(1)y gauge theory, which describes the
interactions of elementary particles charged under the strong (coloured), weak (left)
and electromagnetic (hypercharge) forces respectively. Matter fields can be separated
into those that are charged under the strong force (the quarks) and those that are
not (the leptons). Together, they make up the fermionic fields of the SM (fermions,
named after the Fermi-Dirac statistics they obey), and possess 1/2 integer spin. The
bosons (that follow Bose-Einstein statistics) get instead an integer spin, and can be
subdivided into four vector (gauge) bosons of spin-1; a scalar boson (the Higgs) of
spin-0; and the hypothetical force carrier for gravity, the graviton, of spin-2.

Each of the gauge boson fields is associated with a gauge symmetry, where there
is one gauge field for each of the gauge group generators: B, corresponds to the
hypercharge generator, Y, of the U(1)y group; W correspond to the three weak
generators 0%/2 (a = 1,2, 3) - given by the Pauli matrices - of the SU(2), group, and
G|, correspond to the eight strong generators A (a = 1...8) - given by the Gell-mann
matrices - of the SU(3). group. The number of gauge fields is a consequence of the
fact that they live in the adjoint representation - hence 3 for SU(2) (each members of
a weak isospin triplet) and 8 for SU(3). A gauge symmetry is a symmetry that allows
states that cannot be physically distinguished from each other to be connected, with
a gauge transformation linking each location in the parameter space with a change of
co-ordinates. As such, the transformation parameter in gauge theories is space-time
dependent and gauge symmetries are described as local symmetries. This is compared
to global symmetries where the transformation parameter is constant across all space-
time. Taking a function ¢(z) = p(2)e*®), consider a global and local U(1) symmetry:

e If the action is invariant under a local U(1) symmetry, under a translation
P(x) — @)@

1



2 Chapter 1. (B)SM

= eia(“)p(m)ei’\(x) =¢'(z), (1.1.1)

the parameter «(x) can be chosen such that for each value of A(z), ¢'(z) = A(z).
In other words, it is always possible to choose a transformation such that the
theory’s dependency on the parameter A(z) is redundant.

e If the action is invariant under a global U(1) symmetry, the parameter « is
constant and, under the translation

$(x) — 2
= ¢ p()e?) = ¢'(), (1.1.2)

a cannot be chosen to eliminate the theory’s dependency on A(z) for all values
of . The theory then has a true dependency on A(z) - a dependency which
cannot be gauged away.

In the theories that will be considered in this text, the standard model gauge group
is a local symmetry, whereas supersymmetry is a global one. Local invariance under
a gauge symmetry is required as a feature of the theory so as to get rid of redundant
degrees of freedom. For example, the 4 d.o.f that accompany a four-vector are more
d.o.f than is necessary to describe massive (3 d.o.f) or massless (2 d.o.f) bosons. In
the case of massless bosons, it is possible to remove one degree of freedom by the
imposition that they be physical (e.g. a photon spinning in line with its direction of
motion would theoretically be travelling faster than the speed of light!), but there is
still one redundant d.o.f. This is where gauge invariance is implemented, so that the
physical quantity being measured is identical regardless of the field being transformed.
Unless the gauge symmetry is spontaneously broken, then the associated gauge bosons
will be massless. This follows from gauge invariance: if one takes a gauge field A*(x)
which transforms under a gauge transformation like

At (z) — A (z) = AP (z) + O ¢(x) (1.1.3)
then it follows that the mass term miAuA“ would transform like
mA A AR — mA A AP + 2m3 A0 + m%0,00M b, (1.1.4)

which only holds for arbitrary ¢ if m 4 vanishes. This is exactly what happens in the
cases of quantum electrodynamics (mediated by the photon) and quantum chromody-
namics (mediated by the gluons) which are massless fields with helicity, or (transverse)
polarisations, +1. However, the story continues for the electroweak gauge groups:
experimental measurements of the W — and Z— boson masses reveal they are not
equal, and hence SU(2); cannot be the group the governs the observed weak in-
teractions. Indeed, after EWSB, the SM gauge group is further broken down from
SU(2)L xU(1)y = U(1)gp- The Goldstone theorem states that a theory with spon-
taneous symmetry breaking has a massless particle in its spectrum [7,8]: these are
known as Goldstone bosons (GF,G?), and they constitute the extra degrees of free-
dom (d.o.f) that go into making up the longitudinal polarisations of the then massive
W#, Z bosons. The electroweak bosons can then possess helicities 0, £1. Technically
speaking, these 3 longitudinal polarisations are Higgs bosons - just not the Higgs bo-
son, h, that acquires a vacuum expectation value (VEV), v, that we spent such a long

time searching for at the LHC.
The Higgs doublet, denoted by
+
o = (ZO) , (1.1.5)
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where

¢ = k(m Lidy), ¢t = ngg i), (1.1.6)

is the only scalar field of the SM, where T5 = 03/2 is the 3rd component of the weak
isospin generators 7% = ¢%/2, with ¢ the Pauli matrices given by

w(sl) (0 h) 117
o9 = (? _OZ> . o3 = <(1) _01> . (1.1.8)

Its upper component, ¢+ has weak isospin T3 = 1/2 and electric charge Q = 1,
whilst its lower component ¢° has T3 = —1/2 and is neutral. From

Y =Q-Ts, (1.1.9)

one can then deduce that the Higgs doublet has weak hypercharge Yo = 1/2 (breaking
U(1l)y symmetry), and is therefore charged under the SU(2)r x U(1)y gauge group
having the quantum numbers (2,1/2). This mechanism through which the gauge
bosons obtain mass is referred to as the Higgs mechanism. The next question we want
to answer is: how is the electroweak symmetry broken, and what does the Higgs have
to do with it? Fermionic particles have spin and thus necessarily 2 d.o.f, and therefore
could not constitute the one missing d.o.f needed by the electroweak bosons to make
them massive. In fact, only a scalar particle with 1 d.o.f can be eaten by the to-be-
massive electroweak bosons. Moreover, for the electroweak bosons to annex an extra
degree of freedom, these scalars must be charged under the electroweak force: the
Higgs boson is obviously the ideal candidate. There is then one scalar d.o.f remaining
from the complex Higgs doublet, and this Higgs gets a VEV, triggering EWSB.
This occurs when the minimum of the Higgs potential,

V(®) = —p2®Td 4+ A(®TD)? (1.1.10)
112
2

A
(6% + 03 + 03 +63) + 5 (67 + 62 + 0% + ¢3)° (1.1.11)

gets a non-zero field value, with ;2 being the Higgs mass term and ) the Higgs quartic
coupling representing an interaction of strength A. It should be noted that A > 0 to
ensure a stable vacuum (ground state), and that no higher order terms in ® are
permitted if the Standard Model is to be a renormalisable theory. When the potential
is minimised one finds that

oV (®)
0d

— 0 (—;ﬁ + 2A<1>T<1>> ~0, (1.1.12)
which can be satisfied by two solutions:

e ;2 < 0 and the minimisation condition is given by ® = 0, corresponding to a
theory of quantum electrodynamics with a supplementary charged scalar with
mass i where electroweak symmetry is preserved both by the Lagrangian and
the vacuum.
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e ;2 > 0, and the minimisation condition is given by the non-zero value

t s
OTP = —. 1.1.13
o ( )
The Higgs potential then takes the form of a “mexican hat”, and the origin of
® is no longer at the minimum of the potential. Instead, the Higgs particle will
“roll” off the origin to a lower energy configuration: this then means that the
shape of the potential is no longer symmetric under the electroweak symmetry.
In other words, the electroweak symmetry preserved by the Lagrangian is not
preserved by the vacuum.

The latter is what occurs in the Standard Model when the direction of the vacuum is
chosen to be

(I>groundstate = <0|(I)‘O> - (8) (1114)
V2
1 0
— () = ( - hm) , (1.1.15)

and is what is meant by “the Higgs gets a VEV”. In fact, it is possible to choose a
basis of ¢ in whichever orientation compared to the local vacuum, but conservation
of electric charge means that only a neutral scalar should acquire a VEV. Typically,
as in (1.1.14), the vacuum is chosen to lie along the real part of ¢°, but this selection
is arbitrary. Then, ¢1 = ¢o = ¢4 = 0 and ¢35 = v where the VEV satisfies

2
v:\/%>0; P2 >0,\> 0. (1.1.16)

The value of v is not predicted in the SM, but is measured by experiment as v = 246
GeV. In fact, only one of the four Higgs gets a VEV meaning that the four scalars are
no longer on the same footing: this is why the SU(2) symmetry is broken. However,
since the vacuum is invariant under the electric charge,

o3 1/((1 o 1 0\\ v
7+Y)(I)rounsae:* + 7:0, 1.1.17

U(1)gm remains a symmetry of the theory and the photon remains massless.
The matter fields are coupled to the gauge fields via the covariant derivative, D,,

a
Dy, =0, + igWﬁ% +igyYeB, . (1.1.18)

The second term in (1.1.18) is suppressed when D, is acting on right-handed fields:
the weak isospin group is so-called “SU(2) — left” as only the left- (and anti-right-)
handed fermions couple to the SU(2), gauge bosons - the left-handed fermions being
arranged in doublets, while the right-handed fields are singlets: this is what is meant
by the weak interaction being chiral. On the other hand, both left- and right- handed
species need to interact with the photon, and thus both chiralities are charged under
the weak hypercharge group.

Electroweak symmetry breaking ensures that the electroweak bosons mix among
themselves, meaning that B, and W are not physically measurable states. The scalar
contributions to the SM Lagrangian arise through the terms,

Lcalars = (DM(I))T(D,LL@) - V((I)) ) (1119)
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where, substituting ® for the Higgs doublet field, the first piece generates the masses
for the gauge bosons:

2
a 1 0
Do) (D, @) = | (8, +igwe +i%Y B, | —
( ) (Dy®) (u"‘lg u2+12 S ANGA TN

_|(Ou T iEWE i B, W+ W 1 (0
WL — W2 Oy —i§W2+i%B, ) V2 \v+h

2

. 2
Z%W;(U +h)

N (;5 [Ouh = 5(v + ) (gW3i — 9YBM)]>
1 2 1
= §8Mh3“h+%W:W“_(v+h)2+g(v+h)2(gW3—gyBu)(gW“3—gyB“)

1 2 1
= ~9,hd"h + gz(v +h)PWIW T+ s+ h)(g* + ¢3)Z,2"

T2
(1.1.20)
where
1 gW;i —gvB
Wi = % Wy sW2, Z.= “—2" (1.1.21)
\ 9+ 9y
and
Bi=B,, Wl=wi  wH=w,. (1.1.22)
The remaining vector boson state not written above is A,
W3+ gyB
A, =T T (1.1.23)

\/ 92+ g%

which is a state orthogonal to Z,, and also comes from the mixing of Wﬁ’ and B,,. The
transformation between the bases {W;Z’, Bu} to {Z#, Au} is given by the weak mixing
angle, Oy,

tan Oy = 2. (1.1.24)
g

The masses' for the gauge bosons can then be read off from the Lagrangian,
1 1
Locatars D miy WIWH™ + §m2ZZMZ“ + imiAuA“ , (1.1.25)
such that

v v
mw =95, mz = 5\/952/Tg2’ ma=0. (1.1.26)

Finally, the Higgs boson mass can be found by plugging (1.1.15) into the scalar po-
tential and taking the second derivative with respect to the Higgs field, h, yielding

mi = 2u* = 202\, (1.1.27)

'Note that the factor 1/2 in the definition of the Z-boson and photon fields comes from the fact
that those fields are real, whereas the W-bosons are complex.
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Particle Field (SU3), SU(2), U(1)y) T3 Y
Quarks | Qi = (uir,dir) (3, 2,1/6) (1/2,-1/2) | (2/3,-1/3)
u g (3,1, -2/3) 0 2/3
ds (3,1,1/3) 0 1/3
Leptons | L1 = (vir,e€ir) (1, 2,-1/2) (1/2,-1/2) (0, -1)

€ (1,1, 1) 0 1

Table 1.1: Matter content of the Standard Model.

The Higgs mass value is not predetermined, as A is a free parameter and only v is
phenomenologically fixed (from the W- and Z— boson masses).

The coupling of the Higgs field to the covariant derivative cannot be the cause of
fermionic masses for the simple reason that fermionic fields do not appear in D,,: but
these couplings can be added manually to the Lagrangian:

—Lomatter = Y2 LG ;o ; + 13 QF ;adfy ; + Y P Qria®huf ; +he.  (1.1.28)

where (i,j) = 1,2,3 are family indices, (o, 3) are SU(2) indices, ¥ is the totally
antisymmetric tensor and where the SM matter fields are displayed in table 1.1. As
is the case with gauge boson mass terms, fermionic mass terms are also absent from
the SU(3). x SU(2)r, x U(1l)y invariant Lagrangian. This is because the fermions
adhere to a chiral symmetry, under which the left and right handed components have
opposite charge: ¥y, — e Y, r — €*Pr. Generally this can be written

P — €5 (1.1.29)

where 75 is a hermitean matrix that anticommutes with the four gamma matrices,

and is used to project the Dirac field into its left- and right-handed components

1—1—75
2

_1=7
2

YL P, YR = Y. (1.1.31)

As such, a fermionic mass term would break the chiral symmetry:

my ) — mwﬁe%m"’w # myhrh. (1.1.32)

The symmetry is referred to as a custodial chiral symmetry because it is owing to the
fact that the left and right handed components act differently under the gauge sym-
metry that means they cannot receive gauge-invariant mass terms in the Lagrangian.
It also means that, even when the symmetry is not exact and my, # 0, the mass shift
to the fermion will always be proportional to the mass of the fermion itself, and hence
the fermion masses are protected from large corrections. It is through the Yukawa in-
teractions between the fermions and the Higgs field the fermion fields acquire masses.
After EWSB one finds that

T - c ij 7 c ij = c
_£fermionmasses - mujuLiUR]’ + md dLi Rj + mejeL ,ieR]’ ) (1133)
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where the masses are proportional to the Higgs VEV,

. .. . ) .. )]
mg:yfﬁﬁa m&’zy&jﬁ, mffzyéjﬁ- (1.1.34)

The above discussion is an entirely classical picture of the Standard Model. When one
considers a quantum description of the theory, then the freedom afforded in choosing
co-ordinates must be fixed so that one representative state is picked from all possi-
ble physically identical states. Quantisation of the gauge fields, A*(x), removes any
redundant degrees of freedom by imposing a local constraint at each point in space-
time: this process is called gauge fizing. The procedure of gauge fixing leads to the
inclusion of additional terms in the Lagrangian parametrised by the ¢ which vanish in
the limit of classical physics. This choice of value for this parameter is arbitrary, and
it should not appear in any physically measurable quantities such as for the scatter-
ing amplitudes. Without gauge fixing, it is not possible to write down an expression
for the gauge boson propagators. For example, take the Lagrangian for a classical
electromagnetic field plus some gauge fixing term which vanishes in the classical limit
¢ — o0,

1 L1
SQ = /d4$ |:—4FMVF'U - 24_(8“14.”)2] s

where F),, is the gauge field strength of the abelian U(1) field,
Fu =0,A,—0,A,. (1.1.35)
Expanding the field strength tensor and transforming to Fourier space one finds that

Sp = / 'z [—ic’)MA,, (0" A — ¥ A1) — ;C(auA“)(&,A”)}

= ;/d4x{Ay [329“” - (1 — 2) 8“8”} A, + total derivative terms}

=5 [ aZam|[-ve+ (1-1) v o), (1.1:36)

where one assumes that the photon field vanishes at infinity. The photon propagator,
D\, for which one uses the ansatz D, A = Ag,\ + Bpupy, is then found from

. ” 1 y
i (—pgg" + (1 - C) pt'p > Dux(p) =6, (1.1.37)
Matching up the coefficients on either side of the equation one finds that
1 1

so that the propagator is given by

. 7 1

Dale) =~ <9ux - Sa- op,tm) | (1.1.39)
As one can see, in the classical limit that ( — oo, the photon propagator becomes
undefined: this is why gauge fixing is necessary, even though the final results do not
depend on the gauge fixing choice. There are multiple gauge choices possible: for { = 1
this propagator corresponds to the ’t Hooft-Feynman gauge; for ( = 0 to the Lorentz
gauge etc. Different choices of gauge are employed when calculating the gauge boson
propagators in the Standard Model, but this is not something that will be detailed
here.
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1.1.2 Motivation for BSM models

It is largely believed within the physics community that the Standard Model does not
paint the whole picture of our universe. While the SM is in excellent agreement with
experimental measurements, it is widely thought that the SM exists as the low energy
limit of some higher energy theory that would provide justification for the observed
shortcomings or unanswered questions of the SM. The origin of this is not down (just)
to weary and ambitious theorists, but also due to experimental indications. For one,
the discovery of neutrino masses [9] - predicted to be vanishing in the SM - won
Takaaki Kajita and Aurthur McDonald the 2015 Nobel prize in physics, while further
observational signs of dark matter and energy prompt raised eyebrows as the SM
provides no viable candidate. Theoretically, it is also concerning that the SM does
nothing to integrate the theory of gravity into its framework, or suggest reasonable
explanations for various sources of required fine-tuning. One example of the latter
is the hierarchy of masses between the Planck and electroweak scales that opens up
the Higgs mass to large corrections from heavy physics. Another is the “strong CP
problem” (see e.g. [10-13], where, unlike in the electroweak sector, CP symmetry
has been consistently measured as a feature of QCD despite the fact that the QCD
Lagrangian does admit such violating terms. This leads to the question of why this
CP-violating parameter 0gcp should be so tiny when it is not required to be.

There are copious reviews on these “issues” in the SM, so only a brief overview
of SM shortcomings related to the rest of this text will be given in what follows. A
(considerably) more thorough discussion can be found in most quantum field theory
and Standard Model textbooks, as well as various review articles such as [11-17].

The Hierarchy Problem

The hierarchy problem originates in the Higgs sector and relates to the fact that the
accuracy of the SM is capped at some energy scale, A. The Higgs boson mass becomes
vulnerable to quantum corrections from this scale, which could be where new physics
takes over, or equivalently, the Planck scale. If no new physics were out there, it
would suggest that the Higgs mass should be of the order of the Planck mass, yet with
its measurement of 125 GeV, this would imply the occurrence of cancellations of an
incredulous manner. As previously discussed, gauge bosons and fermion masses are
protected by the gauge-chiral symmetry present in the SM and are forbidden from
having mass terms in the SU(3). x SU(2)r x U(1)y invariant Lagrangian. When the
Higgs scalar provokes EWSB, they acquire masses proportional to the Higgs VEV and
not to the scale of new physics, A. On the contrary, there is no symmetry present
that protects scalar masses, and so even if a Higgs mass term were written in the
SM Lagrangian o v, it would be sensitive to quantum corrections of the order of the
heaviest particle coupling to it, i.e. at the scale of new physics. Experimental results
suggest that new physics is at least of the O(TeV), and there is nothing that prevents
A > v: in this case the theory would require a large amount of fine-tuning to keep
the Higgs mass around a few hundred GeV. Notably, the defining scale of quantum
gravity, the Planck scale ~ 10! GeV/c? is much greater than the electroweak scale,
and this caveat is often referred to as the hierarchy problem.

Vacuum Stability

One can also query whether there are other vacuums than the electroweak vacuum at
v = 246 GeV. At large values of the Higgs field, where h > v, the effective potential
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can be approximated by [15]

Aeft (R)
4

viree(p) = ht, (1.1.40)
where the two-loop expression for g is given in (85) of [18] and can be approximated
by A(u) for large field values. If all the SM couplings are run to high energies, it is
possible to investigate the RG evolution of A to see whether the vacuum at v is stable,
unstable (with a life-time shorter than the age of the universe) or meta-stable (a long-
lived vacuum greater than the age of the universe, but not the final vacuum state
configuration of the universe). If A\ becomes negative at high energy scales, then it
indicates that the scalar potential is unbounded from below and that at some point the
Higgs scalar will tunnel from our EW vacuum to a (more) stable one. The top-quark
and Higgs masses are the most important parameters for determining the EW phases
of the SM, and studies performed in [18, 19], suggest that, for the current measured
values of m; and my, the SM vacuum would sit in a metastable state, but that the
Higgs quartic becomes negative before the Planck scale (roughly between 109 — 102
GeV - see figure 5 of [18]). The stability conditions phrased in terms of my, and m; are
given in equations (65) and (66) of [19] respectively. One possible explanation for this
is that new physics arises around the point that A < 0 before the instability region,
stabilising the potential.

Unification of gauge couplings

An additional motivation for BSM physics is the idea that the Standard Model gauge
couplings unify at some Grand Unified Theory (GUT) scale. This is well-motivated
from the fact that the electromagnetic and weak interactions unify into the electroweak
force at low energies, in which the strong force plays no part. Embedding the SM as
a subgroup in a GUT theory is a concept that has been around since the 1970’s [20]
(with further considerations made on the embedding of the Higgs scalars in [21]),
when it was hypothesised that all the SM couplings originate from a from an SU(5)
interaction involving one coupling strength,

5
\/;gl(MGUT) = go(Mgur) = 93(Mcur) = gcur - (1.1.41)

In the Standard Model, the U(1), SU(2) and SU(3) couplings do not unify at a GUT
scale, however such convergence is much improved in models such as supersymmetry
(SUSY) where the additional particle content changes the behaviour of the running
couplings. One of the beauties of SUSY is how unexpected yet natural this result is.

Dark Matter/Energy

Dark matter (DM) and energy (DE) constitute almost 95% of the matter in the
universe, but because it has not been observed directly, it must not interact with the
strong force; must minimally interact with observable electromagnetic radiation; must
not be electrically charged, and is thus difficult to detect. As such, dark matter and
energy makes its fingerprint on the universe through gravitational effects. There are
multiple sources of dark matter evidence, with a comprehensive review being given
in e.g. [22], with indications of DM dating as far back as the 1920’s [23]. One of the
big pieces of evidence in favour of the existence of DM comes from observations of
the rotation curves of galaxies, namely that the amount of observed matter present in
spiral galaxies fails to explain the rate of their rotation [21]. While these observations
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do not allow us to determine the amount of DM in the universe, such information can
be derived from measurements of the Cosmic Microwave Background (CMB). Dark
matter objects are theorised to span multiple orders of magnitude in size, from being
very large (e.g. black holes) to very small (e.g. weakly interacting particles (WIMPS)
and axions). Interestingly, it is widely believed that very large objects cannot con-
tribute to more than a small fraction of the DM out there [25], meaning that there
needs to be a dark matter candidate particle in the fundamental description of the
universe. The Standard Model does not propose such a particle, but BSM offers many.
In particular, supersymmetry presents the lightest supersymmetric particle (LSP) - a
neutral, stable particle called a neutralino.

One of the neat things about supersymmetry is that is proposes solutions to many
of the quandaries of the SM, instead of being designed in an ad-hoc way to target one
single issue. With this, the basics of supersymmetry will now be addressed.
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1.2 Supersymmetry

This chapter aims to give a brief overview of a small sample of supersymmetry models,
and the required background to understand how they come to life. There are many
aspects of supersymmetry that will not be covered, but fortunately there are many
good (and less good) supersymmetry reviews out there, of which the reader may wish
to refer to any of the following: [26—32].

The Standard Model picture of particle physics classifies particles into two groups:
those with half-integer spin (fermions) and those with integer spin (bosons). The
fundamental concept of supersymmetry is to establish a relationship between these two
fundamental classes of particles, which transforms one into the other. In other words,
supersymmetry dictates that for each boson their should be a fermionic corresponding
superpartner, and vice versa.

Thus far, supersymmetry continues to be a hypothetical symmetry, and evidence
for it has not (yet) been found by experiment, despite high expectations. But that
has not (yet) prevented experimentalists, phenomenologists and theorists around the
globe from conjuring up models based on its existence. As long as parameter space
exists in SUSY models which could have evaded the current constraints so far, these
communities will continue in their quest for supersymmetry.

1.2.1 SUSY basics

1.2.1.1 Two-component fermion notation

In the context of supersymmetric field theories, it is typical to choose notation in
terms of two-component Weyl spinors instead of four-component Dirac spinors. A
Dirac spinor, ¥, can always be written in terms of a left- and a right-handed Weyl

U= <¢g) , (1.2.1)
X

with chiralities +1 and -1 respectively, where «, ¢ are spinor indices and can each take
the values 1,2. The Weyl spinors 1, and g are complex Grassmann numbers, and
are not in the same (SU(2)) representations, that is, it is not possible to turn v, into
Xa by contracting it with another tensor. On the other hand, within a single SU(2),
the fundamental (¢,) and anti-fundamental (Y*) representations are the same as they
can be transformed one to the other via

spinor,

Yo =ePyg, 9=, o=t o= e 500, (1.2.2)

where e,5 = —€*, €, = —¢%8 is the SU (2) antisymmetric tensor. Unlike bosonic
variables, fermionic variables anti-commute such that iy = —x2¢1. When spinors
are written without indices, it is because they are contracted like

VX = VXa = €PYpxa = 2 PVaxs = —Vac® X5 = —aX® = X Vo = XV

_ . h . _. - . _. _(1.2.3)
X = haXx® = e q07X" = €40 X” = =9 4X° = —0%a = Xat* = X0

As will be seen later, the relationship between the two components of ¥ will determine
what type of mass terms one is able to write for the fermions.
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1.2.1.2 SUSY algebra and superspace

The fundamental symmetry group of particle physics, the Poincaré group, is the group
under which all relativistic quantum field theory actions must be invariant. The group
has ten generators: three associated to spatial rotations, J; (i=1,2,3); three to boosts,
K; (i=1,2,3); and four to translations in space and time, P* (u = 0,1,2,3). These
first two combine to make the Lorentz group SO(1,3). Supersymmetry arises from
the question of whether it is possible to extend the Poincaré group with any more
symmetries of spacetime (global symmetries), and not just those that commute with
it such as internal (local) symmetries.

In the 1960’s, Coleman and Mandula showed in [33] that in a quantum field the-
ory, under a set of reasonable assumptions?, that the largest viable symmetry group
was that of the Poincaré group plus some internal symmetry groups. However, the
Coleman-Mandula theorem only considered symmetries whose form could be described
by commutation relations between their generators - bosonic symmetry generators.
It came later that Haag, Lopuszanski and Sonius [34] tried relaxing this constraint
and allowed for the possibility of fermionic symmetry generators which obeyed anti-
commutation relations instead. This paved the way for supersymmetry, which lead to
the possibility of the largest symmetry group of particle physics could instead be that
of superPoincaré plus some internal symmetry groups. These supersymmetry gener-
ators are denoted Qﬁ, Qﬁ, where A indicates the number of supersymmetries 1..N
— generally taken to be 1 in realistic theories. Two generators (@ and its complex
conjugate) are necessary owing to the fact that fermions are complex states. Along
with the commutation relations for the Poincaré group and internal symmetries, the
supersymmetry algebra includes the anti-commutation relations

{Q4,QF} = eap2?”,

{Q4.Q5) = ¢, (277)",

{Q4,QF} = 20", P07,
[P, Q] = [Pu. Q5] =0,

where ZAB = —ZBA are Lorentz scalars, more commonly known as central charges,
which commute with the whole supersymmetry algebra and within themselves.

To describe our four-dimensional spacetime we use four bosonic coordinates z*,
which are associated with the generator P,. To equal this number in fermionic co-
ordinates as is the fundamental principle of supersymmetry, a new variable must
be introduced and a set of rules to describe its behaviour established. Specifically,
these four fermionic coordiates are called Grassmann coordinates, and are a set of
two two-component anti-commuting spinors 6, and 0 (o = 1,2) associated to the
supersymmetry generators Qq, Q4 that obey

{6%,0°) = {6%,6°} = {6°,0°} =0, (1.2.8)

with 6, left-handed, 8 right-handed, and both having the mass dimension —1/2. Be-
ing Grassmann variables, § and @ are swapped between representations according to
the relations in egs .(1.2.2), (1.2.3). Together, the four bosonic and four fermionic co-
ordinates live in an eight-dimensional manifold called superspace. There are numerous
identities involving Grassmann coordinates which can be found in any comprehensive
book or set of lecture notes on supersymmetry, but important to the following will be

2Locality; causality; positive particle energy; particle spectrum finiteness; among others
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the derivative,

a0 =05 (e =3,

557 00) = 5 a;(ed) —df,

FEPREVE N (1.2.9)
995 T ’
6%5(9“) = €af ;‘—?B(ga) = €4

having used that eageﬁ”f = 04, where € is the 2-dimensional anti-symmetric tensor
and § is the Kronecker delta. It should be noted that any derivative of 6() with
respect to 6(f) is zero,. They are the basis of the chiral covariant derivative, i.e.
the superderivative, which will be a fundamental tool in constructing the types of
supersymmetric fields that will live in the manifold. They are given by

Du= = i(0"), 00 D* ==+ (00%)" 0.
7 5 (1.2.10)
a ﬁ—z(a“ﬂ) Oy Daz—%‘H(QU) Oy,

and obey the anti-commutation relations

{Da,Qp} = {Da, Qs} = {Da, Qp} = {Ds, Q} = 0,
{Da, D} = {Da, Dy} =0, (1.2.11)
{Da, Dy} = 22’026(9“.

Indeed, the supersymmetry generators (Q are themselves differential operators and are
written

Qo= i~ (0"0)ad Qa:-4£3+4&W)@“
) 5 ) 5 (1.2.12)
ro = Z@ — (5’“9)048#, Q = _'L% + (90’”) 8/J
A thorough derivation of (1.2.12) is given, for example, in sections 4.1 of [35] and 4.2
of [32]. As can be seen, the superderivatives and SUSY generators in egs. (1.2.11)

and (1.2.12) mix the Grassmann and Lorentz algebras, which is expected - having
expanded 4-dimensional Minkowski space to 8-dimensional superspace.

Lastly, one needs to define integration in superspace so as to preserve translational
invariance. The type of integral used for integration over functions of Grassmann
coordinates is the Berezin integral, and is defined as

1:/@99:/@%99:/@55:/@%§@
oz/wz/w.

This concludes the set of tools allowing us to contruct supersymmetric fields and their
interactions in superspace.

(1.2.13)
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1.2.1.3 Superfields and representations of SUSY algebra

Superfields are the means through which supersymmetric theories are represented:
they are simply fields in superspace, and are the names given to the groupings of par-
ticles and their supersymmetric friends along with the auxilliary fields that that exist
in the off-shell Lagrangian. There are two kinds of superfields in a four-dimensional
N = 1 supersymmetric field theory that does not describe gravitational interactions:
chiral superfields and vector superfields, which are the supersymmetric extensions of
spin-1/2 and spin-1 fields respectively. A chiral superfield contains the physical degrees
of freedom of a fermion and a complex scalar (a scalar and pseudoscalar), and describes
the lepton-slepton, quark-squark and Higgs-Higgsino multiplets. A vector superfield is
composed of a gaugino and gauge-boson and describes the gauge-boson-gaugino multi-
plets, i.e. of the U(1)y gauge-boson-bino multiplet, the three W¥, Z-wino multiplets
and the gluon-gluino multiplet.

The most general superfield possible, which can, if desired, be a complex function,
has a parameter for each possible combination in # and #. Each grassmann co-ordinate
has two components (a = 1,2), and they anti-commute with each other. The fact that
.03 = —030,, implies that 6,03 = 0 for a = 3. Hence if one combined more than two
grassmann co-ordinates, there would necessarily be two or more of the same compo-
nent, and this combination would vanish. It follows that the possible combinations of
6 and 6 are restricted in the superfield to be

S(x,0,0) = a(z) + 0¢(x) + 0x(x) + 00b(z) + 00c(x)
+ 00" v, (z) + 000X (x) + 000%(z) + 00 00d(z) ,

where a, b, ¢, d are scalar fields; £, v, (x, A) are left(right)-handed fermionic (or spinor)
fields and v, is a vector field. These different fields are called component fields, and
are ordinary fields in Minkowski space. In this way, it is easy to see that a superfield
is just a finite assembly of fields in the usual space-time. This expression for a general
superfield contains many more degrees of freedom than are necessary to describe a
chiral or vector multiplet, and some of them are not physical. The expansion in eq.
(1.2.14) is a reducible representation of SUSY. Chiral and vector superfields are two
irreducible representations of SUSY.
Chiral superfields are superfields that obey the condition

(1.2.14)

Dy® =0, (1.2.15)
whilst anti-chiral superfields are superfields that obey
Dy® =0, (1.2.16)

where the superderivatives were defined in eq. (1.2.10). The reason for requiring the
construction of the superderivative arises from the fact that the standard derivatives
Oa,a are not supersymmetric covariant, which means that acting them on a superfield
would not return a superfield. By the very definition of chirality, chiral and anti-chiral
superfields are distinct, and ® # ®. As such, chiral and anti-chiral fields cannot be
real. Matter fields and their superpartners are described by a complex scalar and a
fermion, and so straight away it is obvious that there is no place for v, in the definition
of the chiral superfield: but in fact, v, can be defined in terms of bosonic fields. Using
eq. (1.2.15) and matching terms according to their parametrisation in 6 and 6, the
excess degrees of freedom can be eliminated. Then, by performing the simple rescaling
a— ¢, & = /29 and b — F, one finds the general expression for a chiral superfield:

(z, 0, 0) = ¢(x)+\f29¢(x)+99F(x)—iéaueauqs—\;ieae‘auaw(a:)—ieeéé@uaw(:ﬁ).
(1.2.17)
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This expression represents the expansion in superspace of the degrees of freedom in
a chiral superfield — two complex scalars, (¢, F'), each with 2 degrees of freedom, and
a complex spinor 1 with 4 degrees of freedom. As it can be seen from eq. (1.2.17),
the F-terms do not possess a kinetic term, and thus are not dynamical degrees of
freedom. Along with the D-terms that will manifest themselves in the vector su-
perfields, the F-terms are called auxilliary fields and their purpose is to allow the
supersymmetry algebra to close off-shell. They can be integrated out trivially us-
ing the Euler-Lagrange equations to bring the Lagrangian on-shell. The Lagrangian
density for the F-auxillaries is then

Louwx D F*F, (1.2.18)

and thus they have the vanishing equations of motion F' =0 and F* = 0.
The criteria for a vector superfield is illuminated by the fact that it is often referred
to as real superfield, i.e. that

Ve =y, (1.2.19)

To determine the general form of the vector superfield this condition is applied to
eq.(1.2.14) to find relationships between the coefficients. The excess degrees of freedom
remaining appear as a result of supergauge invariance, but they can be “supergauged
away” under a supergauge transformation. One particular gauge choice, and the one
that will be employed for the rest of this section is the Wess-Zumino gauge,

Va(z,0,0) = 00 0u° (x) + 000 (z) + 000X (x) + %aeéém(m) , (1.2.20)

which fixes the supergauge without affecting the ordinary gauge freedoms. Under
the Wess-Zumino gauge, there is one gauge boson (first term); one (massive) gaugino
(the second and third terms) and an auxilliary field D (the last term). Noteably,
the Wess-Zumino gauge fixing constraints are not conserved under supersymmetry
transformations, but a supergauge transformation can always restore them. The D-
auxilliary field, similarly to the F-term, has the Lagrangian density

]' a a
Laux D 2%:1) D, (1.2.21)

with the D-term fields also satisfying the trivial equations of motion, D% = 0.

The dimension of the vector superfield is zero, which means that it is possible to
exponentiate the field to create supergauge invariant kinetic terms for the gauge (and
charged chiral) multiplets when considering non-abelian gauge groups - the result of
course still holds and simplifies for abelian gauge groups. From eq. (1.2.20) it can be
seen that the lowest component has a 0 parametrisation, which contributes to the
beauty of the Wess-Zumino gauge, namely that

1 Ya) a
Vi= 50000v; v, (1.2.22)

and any terms with V">2 vanish. From this it follows that the Taylor expansion of
the exponentiated vector field is restricted to

1
eV =14V + 5V2, (1.2.23)

which greatly simplifies calculations.

A summary of the components of the chiral and vector supermultiplets can be seen
in table 1.2. While there will be no further talk about the gravity multiplet, it has been
included in the table for completeness. Now that all the basic types of superfields have
been seen, it is possible to move on and construct N' = 1 supersymmetric Lagrangians.
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Supermultiplet Spin-0 Spin-1/2 Spin-1 Spin-3/2 | Spin-2
Chiral Complex scalar Weyl fermion - - -

Vector/gauge — Weyl fermion/gaugino |Gauge boson — -
Gravity - - - Gravitino |Graviton

Table 1.2: Table showing the basic types of N’ = 1 multiplets.

1.2.1.4 Superpotentials and SUSY Lagrangians

Section 1.2.1.3 discussed the two types of fundamental superfields that can be used to
describe N = 1 supersymmetric theories in the absence of gravitational interactions,
the chiral and vector superfields. This section will start by discussing theories with
chiral (matter) superfields, and move onto vector superfields below.

In the most general renormalisable AV = 1 actions, the two types of terms involving
chiral superfields are the kinetic terms, K, and the superpotential, W. However, K
and W cannot be just any combination of ® and ®. In order for the kinetic terms,
to be supersymmetrically invariant, the function K must be a superfield, and more
specifically, a real superfield. A real superfield can be composed of a chiral and anti-
chiral superfield, whilst the product of two (anti-) chiral superfields is a (anti-) chiral
superfield: hence, K = K(®,®) must be a function of both. The kinetic terms for
chiral superfields can be described by a Kéahler potential,

Smatter,kinetic = /d4$ /d29d2§K((I)7(I)) 3 (1224)

where K is a real function of chiral and anti-chiral superfields. Moreover, the La-
grangian density should transform as a scalar quantity under space-time symmetry,
and hence requires K - or, more accurately, its #26? component which remains af-
ter the superspace integral - to be a scalar function. Renormalisability determines
the mass dimension of K: as [£] = 4 and [§] = [f] = —1, then it is required that
[K(®,®)] = 2. An obvious guess, and in fact the most general Kéhler potential for a
renormalisable NV = 1 theory, is

Shatter, kinetic = / d*z / d*0 d*0 ®% . (1.2.25)

However, the Standard Model is a gauged quantum field theory, and the action also
needs to describe the dynamics of vector (gauge) superfields, V*. Not only is it then
necessary to add kinetic terms for the gauge bosons and gauginos (see below), but the
kinetic terms for the chiral superfields in eq. (1.2.25) will no longer be supergauge
invariant if the chiral superfields are charged under some local gauge symmetry. This
is because the chiral superfields living in some representation R of the gauge group a,
will now transform under a gauge transformation,

D — hTrp (1.2.26)

where A, is also a chiral superfield and T are the generator matrices of the represen-
tation R. The action written in eq. (1.2.25) for non-gauged chiral-superfields will no
longer be supergauge invariant: denoting A = AT, it is clear that

3D — P NeNp £ BP (1.2.27)
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and it follows that our description of non-gauged chiral interactions will need to be
modified. In fact, the correct supergauge invariant expression for the chiral kinetic
terms (for fields charged under either abelian or non-abelian groups) is

£gauged7matter, kinetic = /d29 d26_§) 629aTava 03 5 (1228)

where under a supergauge transformation, e?97“V* — e~ he29aT"V ik | Tt is known
from eq. (1.2.23) that the expansion of the vector field is constrained to the order V2,

meaning that in components, the kinetic terms for the matter fields are

Egauged—matter, kinetic = /d29 d2‘§ [(i)q) + QQGéTaVa(I) + 2g2(i)T2V2(I)] 0666

= FF + 0"$0,¢ + ipatd,1p

+g(¢T*¢)D* = V29u{ (ST Y)A" + N (4T¢) }

+ iga(ggTaa'u‘d))vz + ga(QIZ_)Taﬁ‘uQ/))’UZ + iga(aua)TaQb)vu’a

+ godutvie, (1.2.29)

where the first line shows the ®® terms (up to an integration by parts); the second
and third lines show the 2¢g®TV ® terms, and the last line shows the term quadratic
in V2 (given by eq. (1.2.22) multiplied by 2g?).

The other piece of the Lagrangian describing the chiral interactions is the super-
potential, which deterimines all the non-gauge couplings and masses of the model.
Thus, the superpotential generates the SM Yukawa couplings; positive mass-squared
terms for the Higgs doublet fields; fermion mass terms; scalar self interaction terms,
and any other interactions between additional matter and the Higgs fields.

The kinetic terms described by eq. (1.2.25) contain the combinations of chiral
superfields that transform in field space. The components for which there has not
yet been written an interaction are the ones that do not propagate (i.e. they do
not contain any field-space derivatives): the auxilliary fields, namely the F-terms.
The F-terms are parameterised by 06 in a chiral superfield, or (#f) in an anti-chiral
superfield, but can be made up of other component combinations when dealing with
multiple chiral superfields. The simplest description of chiral superfield actions is
given by

Smatter,interactions :/d4x/d29 W(CI)) +h.c, (1230)

where W is a holomorphic function. Given that a holomorphic function of a (anti)-
chiral superfield is still a (anti)-chiral superfield, then from egs. (1.2.15,1.2.16) one
can see that

DuW(®) =0, D,W(®)=0. (1.2.31)

Evidently, W(®) must therefore not contain any convariant derivatives, as D, and
Dy do not commute, and eqs. (1.2.31) would no longer hold. As [d?6] = 1, it is
also required that [W] = 3. Assuming a renormalisable Lagrangian, as [®] = 1,
the superpotential should be at most cubic. This leaves the superpotential with the
general form

) 1 .. 1 ..
W(®;) = a'®; + MY 0;D; + gy”k@@fbk : (1.2.32)
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which means that in terms of component fields, the piece of the Lagrangian devoted
to chiral interactions is

A R B
L:matter7 interactions — aZ(I)z' + §M”(I)Zq)]6y”kq)lq)]¢)k + h.c. (1233)
00
A 1 . 1
=a'F; + §M” (iFj — Yipj) + 6 (ithj Fie — irbjthx) + h.c.
(1.2.34)
1 .. 1 ..
= =5 MY — gywk@wﬂpk +h.c., (1.2.35)
where 0v;0v; = —%901/11-% and F' has been set to 0 from its equations of motion.

Unlike for the matter kinetic terms, the matter interaction Lagrangian does not need
any modification to account for gauge covariance. Each term in the superpotential
should be individually gauge covariant (with any tadpole terms only existing for gauge
singlet chiral superfields). Hence, as the superpotential is holomorphic, it will always
be gauge invariant under a supergauge transformation. Take, for example, 3 chiral
superfields charged under a U(1) symmetry with charge e, such that under a trans-
lation ® — €*A®; then ®; @By — eliTete)AD,; B, will be gauge invariant given
that e; +e; + e, = 0.

Next, it is time to consider the supersymmetric version of the gauge Lagrangian.

The kinetic terms for spin-1 fields are defined using the field strength tensor Fjj,,

1
LD~ FuLFY, (1.2.36)

where

a a a abe, b, c
Fy, = Ouvy, — 81,% +gf S

(1.2.37)

with f2¢ the structure constants defined in section A; a the index of the gauge group
for a given gauge field v, and ¢ the appropriate gauge coupling. As the gauge boson
appears explicitly in the lowest component of the vector superfield, (see eq. (1.2.20)),
two spacetime derivatives acting on the vector field 9, v* 0" v, will give rise to the gauge
boson kinetic terms required. However, this method would never induce the kinetic
terms for the gauginos, /\6“8“/_\. Instead it is necessary to define the supersymmetric
field strength tensor using superderivatives:

1 — — . aa ara
Wa = —éDdDa (6_29‘/ T Da€29V T ) , Wi,

2gVaT —2gVaTa
D,D* (e 9 Dge 9 ) .

(1.2.38)

oo | =

Using eqs. (1.2.22, 1.2.23), the SUSY field strength (chiral) superfield in the adjoint
representation of the gauge group, W4, can be derived:

WG = M+ 0,D" — (6"0),, i, +i600 (c"V, A7) . (1.2.39)
where the fundamental and adjoint representations are linked through
Wa = 29, WVITY (1.2.40)

and the Wess-Zumino gauge (as discussed in section 1.2.1.3) has been used. Employing
(1.2.40), the kinetic and self-interaction terms are obtained from

Tr [WaW ] =

- - T o
Tg2Teera] Ve’
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1
 48,.g2

Tr[Wa W], (1.2.41)

where S, is the normalisation for the generators (defined in appendix A) and is typi-
cally given by S, = 1/2.

The SUSY field strength tensor is a chiral superfield, but instead of a scalar as its
bottom component, it has now a gaugino: this means that W, can also be referred to
as the gaugino superfield. It is now possible to write the kinetic (and self-interaction)
terms for the gauge fields,

Seauge = / dix / d*0 WAW2 + h.c. (1.2.42)

_ 1 )
— /d4x [DaDa + 2i\0"V A — 5F““”Faw + %GMVT”FWFW + h.c
(1.2.43)

The expressions describing the interactions and propagation of the gauge and (gauged)
matter fields in a renormalisable N'= 1 SUSY theory have now been presented. The
only other allowable addition to these terms is the Fayet-Iliopulos term which can
occur for Abelian gauge groups,

Ly = —/dQHdQHZnAVA, (1.2.44)
A

where k4 are the constants associated with the vector superfields, V4, corresponding
to the abelian factors A = 1,2,3...n. As will be discussed later, the presence of a
Fayet-Iliopulos terms can induce SUSY breaking. For one U(1) vector gauge field one
would get

1

Lrr = —5D". (1.2.45)

Collecting all this together, the most general N' =1 SUSY lagrangian is given by
L= /d29d29‘ [® 0TV p] +/d29 [W(®)]ge +/d2§ [W(2)]

L (1.2.46)
+/d29 WIWE +/d20 [Wawd]éQ =) raVh
A

Obviously, the terms in the Lagrangian will depend on the chosen SUSY model,
and importantly, on the symmetries the model is desired to possess. The next sections
will look at theories that allow for a global gauge symmetry, and how this can be
desirable in SUSY models.

1.2.1.5 R-symmetry

Some supersymmetric Lagrangians can, in addition, accommodate a global U(N)g
symmetry - an R-symmetry - where N is determined by the number of supersymmetry
generators in the theory. For a typical N = 1 supersymmetry, this symmetry group
is simply U(1)g, but as one moves to extended supersymmetries one gets the non-
abelian groups U(2)g = SU(2)g xU(1) for N = 2; U(4)gp = SU(4)gp x U(1) for N = 4
etc. In the case of NV = 2 for example; SU(2) g rotates the supercharges, while U(1)
changes the phase. Needless to say, as the number of supersymmetries increases, so
do the constraints on the action.
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An R-symmetry is a group that commutes with the Lorentz group whilst leaving
the SUSY algebra invariant, and can be a symmetry of the theory - but it is neither
assured nor required. For any R-symmetry, the associated charges carried by the
superfields are called R-charges.

The R-charges of matter fields depend on the model (as will be seen in section
1.2.4.1), in contrast to the fields in a (real) vector multiplet which are uniquely fixed
- see eqs. (1.2.50, 1.2.51). Real fields have an R-charge of 0, which means that any
Lagrangian terms manifesting themselves from the Kahler potential (which, recall, is
real) are by default invariant under the R-symmetry. The Lagrangian as a whole is
only invariant under R-symmetry if the superpotential transforms with an R-charge
of 2, i.e. W — e**TV. Sometimes, R-charge assignments for the chiral multiplets
allow this, but in other cases a consistent choice of R-charges for the superfields
does not exist, and R-symmetry will be explicitly broken in the Lagrangian. If a
supersymmetric Lagrangian does accommodate R-symmetry, then its superspace co-
ordinates 6, # transform as

g Beicg g R oming (1.2.47)

with R-charges +1 and -1 respectively, where o parametrises the global R-transformation,
and the superspace derivatives inversely, with Rz = —1, R;3 = 1. From this one can
see that the covariant derivatives D, and D% will have R-charge assignments +1 and
—1 respectively. The spacetime coordinates must not be affected when an internal
rotation of the supercharges is made which means that, in order for the SUSY algebra
to remain invariant, the SUSY generators must also transform under the R-symmetry
simultaneously,

Q B, e Q) é R, emé, (1.2.48)

with R-charges -1 and +1 respectively. It follows that as the supersymmetry gener-
ators (often used interchangeably with supercharges) are charged under the U(N)g
symmetry, they will not commute with the R-symmetry generator, R:

R,Q=-Q, [RQ=Q. (1.2.49)

Consequently, the R-symmetry acts differently on the different components of the
superfields, which will each have individual R-charges. As the vector field is real (while

R-symmetry is a chiral symmetry), V* B, V% it must not carry any R-charge and it

is straightforward to see that its components must transform under the R-symmetry
like

= efoNe (1.2.50)

with R-charges 0, 1 and 0 respectively. The R-charge for the chiral superfields can,
on the other hand, be chosen, ® R, e"**®_ which means that

(b i eirq)oc¢
i By eilre—Doy, (1.2.51)

F i cire—2)a p
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with R-charges rg, r¢ — 1 and rg — 2 respectively.

Quantum gravity arguments [36] tell us® however, that no continuous global sym-
metries should be exact, and so the R-symmetry should be broken at some scale.
R-symmetry cannot be broken spontaneously in the visible sector as this would lead
to a massless R-axion which has not been observed by experiment, meaning that it
must be broken explicitly. It is possible to break R-symmetry in a specific sector, and
as R-symmetry is an extended chiral symmetry, it makes sense that it be broken in
the Higgs sector rather than the matter sector. It will be looked at how R-symmetry
plays a role in a variety of models later on, and how it can be explicitly broken as in
the MSSM; explicitly broken in the Higgs sector as in the MDGSSM, and conserved
in the MRSSM.

1.2.1.6 Extended N = 2 supersymmetry

It has already been motivated why supersymmetry is worth studying, but why super-
symmetry with A/ > 1 generators? For one, more supersymmetry results in simpler
theories with fewer degrees of freedom, as physical observables and parameters are
more highly constrained. For this reason, theories with extended supersymmetry are
often studied for their interesting mathematical properties (see i.e. works by Seiberg
and Witten [37,38]), such as for the interplay between geometry and quantum me-
chanics, with many such examples being looked at in the context of string theory.
As the number of supersymmetries increases, particle content is grouped together in
representations that is not seen in the standard model e.g. with fermions in real
representations while the quarks and leptons of the standard model live in chiral
representations. It is for this reason that phenomenologically viable supersymmetric
models tend to possess only NV = 1 supersymmetry. However, there are exceptions,
and this text will discuss A/ = 2 supersymmetry which will be explored in the context
of minimal Dirac gaugino models in section 1.2.4.

First and foremostly, an N' = 2 supersymmetric theory is an N’ = 1 supersym-
metric theory: an A = 2 multiplet contains two sub-A/ = 1 supersymmetries. In
other words, an N' = 2 hypermultiplet can be constructed out of two N = 1 chiral
multiplets, while an A/ = 2 vector multiplet can be formed from an N = 1 chiral and
vector multiplets:

N = 2vector multiplet : & = (¢, ¢, F) & V = (Ao, Ay, D)

Z _ _ 1.2.52
N = 2hypermult1plet : q)Hl = (¢H17w1a7F1) %) (I)H2 = (¢H2,U}2MF1) . ( )

Both N = 2 supermultiplets can be seen as the direct sum of two N' = 1 multiplets
- both with the same internal quantum numbers. Hence, ¢ and 1, need to be in the
same representation as A, and A, - the adjoint representation - as they are now in
the same supermultiplet. For this reason, the chiral multiplet ® will transform under
the adjoint representation of the gauge group, whereas (®p,) ®p, will transform in
the (anti-) fundamental representation of the gauge group.

The two supersymmetries can exist entirely independently, and indeed it is possible
to have an A/ = 1 SUSY theory with many independent ' = 1 multiplets. It is when
there is an additional symmetry (or symmetries) linking the multiplets that one gets
N > 1 SUSY. This work will feature the case where two sets of supersymmetry gener-
ators are related by an R-symmetry - an SU(2)g symmetry (see section 1.2.1.5). The
two A = 1 supersymmetries become connected when the theory remains symmetric
under an SU(2)g rotation acting on the Weyl fermions (in a vector supermultiplet)

30r rather, strongly suggest.
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= 1 vector multiplet
/ 2
\ / Ql
New N = 1 gauge chiral multiplet

Figure 1.1: Diagrams depicting the relationships between the N’ = 1 supermultiplets
to form an A/ = 2 symmetry in the case of (a) an N' = 2 hypermultiplet and (b) an
N = 2 vector supermultiplet.

or the complex scalars (in the hypermultiplet). Pictorially, using the notation of eq.
(1.2.52), this can be visualised as in fig. 1.1, where Q% (i = 1,2) is as defined in
section 1.2.1.1.

This means that, in the hypermultiplet, the fermionic fields ¢; and 1) transform
as singlets, while the complex scalars ¢p,, ¢y, transform as doublets. In the N = 2
vector multiplet, the gaugino from the /' =1 gauge multiplet and the chiral fermion
from the new N = 1 chiral multiplet transform as a doublet (\,, t%,) under the
SU(2)r symmetry, while the bosonic fields, A, and ¢, transform as singlets.

However, for these supermultiplets to be related in this way, additional restrictions
need to be placed on the A" = 1 Lagrangian. As A\, and %, can be rotated into each
other under the SU(2)r symmetry, they need to be treated symmetrically by the
structure of the Lagrangian. For example, the Lagrangian should be invariant under
transformations of the chiral superfield ® both proportional to A, and to 9, and the
kinetic terms for both should have the same normalisation. As such, the presence
of a non-zero superpotential would give rise to mass and interaction terms for the
chiral fermion, that are absent for the gaugino: this is forbidden by R-symmetry,
and hence the superpotential in this case must vanish. In fact, for renormalisable
theories, the superpotential is entirely forbidden and all interactions are given by
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gauge interactions. While there is no superpotential, there will still be a potential
coming from the D-terms (recall that the auxilliary field F' is proportional to the
derivative of the superpotential, which vanishes in N' = 2).

As one goes from N/ = 2 SUSY to N' = 4 SUSY the separation between matter
and vector multiplets disappears, and instead they are replaced by one multiplet
containing a vector, 4 fermions and 3 complex scalars, i.e. 3 N' =1 chiral multiplets
and an N’ = 1 vector multiplet, or an A/ = 2 hypermultiplet and an N' = 2 vector
multiplet. There is just one gauge coupling for the theory, and in fact it does not
run at all. Mathematically speaking, it is possible to have any number of fermionic
generators: while AV = 4 SUSY is the largest amount of supersymmetry possible in a
renormalisable theory, the physical limit (if renormalisability is not an issue) in reality
is /= 8. When N > 8, the multiplets contain massless particles (superpartners) of
helicity |A\| > 2, at which point it becomes very difficult to harmonise the theory
with restrictions from QFT. In a (hazelnut sized) nutshell: the generalised Coleman-
Mandula theorem forbids long-range interactions of particles with spin |A| > 2, because
the higher spin particles would need to be coupled to a current with a rank higher
than is permitted in order to preserve Lorentz covariance [33,34,39,10].

For a more extensive description of extended supersymmetries, in particular in
N = 2 supersymmetries, the reader may wish to consult [31,32,41] among others.
Models possessing more than 2 supersymmetries are, however, beyond the scope of
this text.

1.2.2 SUSY breaking

With supersymmetry, as with all BSM theories, there’s a caveat: as the SUSY genera-
tors commute with the momentum operator, and by extension P? = P, P#, it implies
that all particles sitting in the same multiplet have the same mass, 7.e. that the
SM particles enjoy the same mass as their superpartners. Only, we would have been
hard-pressed to avoid seeing much of this extra particle content, what with selectrons
hanging around at 511 keV. Obviously, if SUSY were to exist, it would need to be
broken at some low energy scale.

Mechanisms of SUSY breaking could provide an entire thesis and beyond just on
their own, so in this chapter only a very primitive overview of the two general methods
will be discussed: spontaneous and explicit SUSY breaking.

Whether supersymmetry in a model will be spontaneously broken or not is deter-
mined by the absolute value of the scalar potential at its minima. The energy in these
vacua is only zero if the associated vacuum preserves supersymmetry - as supersym-
metry is a global symmetry, any SUSY preserving vacua will be global minima of the
scalar potential. If the vacuum energy (of any global or local minima of the potential)
is non-zero,

Qalvac) #0,  Qalvac) #0.

then supersymmetry is spontaneously broken at that order in the perturbative theory?.
This means that SUSY is spontaneously broken if any of the scalar component fields
acquire VEVs. From eq.(1.2.6), it can be seen that the SUSY generators are related to
the momentum operator P,, whose lowest component is the energy, Py (equivalently,

*Interestingly, non-renormalisation theorems [42,43] tell us that if a theory preserves SUSY at
tree-level, then it will be supersymmetric at all orders in the perturbation theory.
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the Hamiltonian, Py = H), and thus

Z {Qa, Qﬂ} = 2(o%y +ohy) Py
a=p=1,2
The last line in (1.2.53) arises from the fact that the only components of o# which have

a non-vanishing 11/22 entry are (¢°)1; = 1, (63)11 = 1, (6°)22 = 1 and (03)2 = —1
as can be read off of the Pauli matrices given in (1.1.8). This means that

(vac|H|vac) =

[(vac|Q1Q1|vac) + (vac|Q1 Q1 |vac) 4 (vac| Q2 Q2| vac) 4 (vac| Q2 Q2| vac) |

[1Q1]vac) * + |Q1[vac) + [*|Qalvac)[® + |Q2|vac)[*] > 0, (1.2.54)

]

T4

such that the vacuum energy in a SUSY breaking vacuum is definite positive. This
turns the question of whether the vacuum state is invariant under supersymmetry into
the question of whether the Hamiltonian is invariant under it. Assuming there are no
space-time dependent effects nor fermionic condensates (such as those that can and
do arise in QCD) then the Hamiltonian directly corresponds to the scalar potential.
Using eq. (1.2.61), one finds

H|vac) = V|vac) (1.2.55)

which implies that SUSY will be broken if any of the fields in the scalar potential
obtain VEVs that do not vanish in the ground state. The scalar potential is composed
of non-dynamical degrees of freedom in the theory i.e. the D-component from the
real (gauge) superfields, and the F-components of the chiral superfields (and their
conjugates) defined in eqgs.(1.2.18, 1.2.21) respectively. The F-terms of the potential
are derived from the superpotential, and thus contain all the interaction terms,

Vi = F () F(®;) (1.2.56)

where

ow* ow
A LA ) LA T 1.2,
aq);k |<I>Zf¢l % 8@2 |<I)z ®i ( 57)

with ¢ denoting the scalar field component of the chiral superfield ® (i.e. H?, S
etc), and the subscript ¢ implying an implicit sum over all fields contributing to the
superpotential. The D-terms are parametrised by the gauge couplings: for the U(1)y
and SU(2) gauge groups respectively these are

Dy = —gy > Y;%¢;, (1.2.58)
j
*Ua
Df=—g2) 655 (1.2.59)
J

where Y; is the hypercharge of the field and ¢ are the usual Pauli matrices. Together
they give the D-term potential,

3
1 by 1
VEW = 3 > (D$)* + §D%,, (1.2.60)

a=1
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and in turn Vi + Vp make up the electroweak scalar potential,

ES * ]' a a
Vi(pi, ¢f) = F F+§ZD D (1.2.61)

_ >k CL

_ 'a@ N + = Zga i Th;)” (1.2.62)
where Tj; are the group generators (= Y;, 0%/2). It can now be seen, more specifically,
that if either of the F- or D-terms gets a VEV, then SUSY will be spontaneously

broken:

(vacH|vac) = (F*)(F) + % S(D)(DY) £ 0. (1.2.63)

a

These terms can break SUSY in any combination®:

(Fy) #0,
(D% 40, (1.2.64)
(F}) = 0 and (D% £ 0.

In order to preserve Lorentz invariance the field obtaining a VEV should be a scalar,
as only such VEVs are invariant under Lorentz transformations. Furthermore, so as
to respect gauge symmetry, it should also be a gauge singlet.

The first type of SUSY breaking above is more commonly known as called the
O’Raifeartaigh breaking, in which the auxilliary field F of a gauge singlet (a field with
all gauge quantum numbers equal to zero) chiral superfield obtains a VEV. SUSY
cannot be broken by a superpotential of the form of (1.2.32), as the only evident
minimum arises from ® = 0. For a field in the superpotential to develop a non-trivial
VEV, then an additional term would need to be added such that no choices for the
superfields can lead them to simultaneously vanish. Specifically, this should be a linear
term that does not contain any dependence on the field.

The second type of spontaneous SUSY breaking is Fayet-Iliopoulos breaking, which
comes about if the auxulliary field D® of a gauge singlet vector field obtains a VEV.
D-terms like those in egs.(1.2.58, 1.2.59) will not break SUSY, but as mentioned in
section 1.2.1.4, a Fayet-Iliopulous term can be added which will break SUSY in the
U(1) gauge case. This mechanism can not be used for non-Abelian groups as it is not
possible to have a term o< D in the Lagrangian without it breaking gauge invariance.

It is, in fact, not straight-forward to generate SUSY breaking in the visible sector
without unwanted consequences, and many methods typically involve spontaneous
SUSY breaking being triggered by fields in a hidden sector and being propagated
through to the visible sector, such as through gravity and gauge mediation. For further
reading on mechanisms for spontaneous supersymmetry breaking, see for example
[17-50] and references therein.

Whatever the method effecting SUSY breaking, it is always possible to look at its
remnants in the low energy theory when the hidden sectors have been integrated out.
The Lagrangian, which will no longer be UV complete but an effective description,
will then contain soft terms that break SUSY explicitly. It is possible to derive the
soft terms from some higher scale constraint, by matching the effective theory with
the complete theory, and run them down to the low-energy scale, or one can simply

5In this text, spontaneous SUSY breaking by means of gauge, fermionic or gravitino condensates
will not be considered (see e.g. [14], [15] and [416] respectively).
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write them at the low energy scale without knowing anything about the method
of SUSY breaking. These new operators are of positive mass dimension, so that
the theory remains renormalisable, and do not add any quadratic divergences, for
example in quantum corrections to scalar masses [51]. After all, if terms were added
involving dimensionless couplings to the Lagrangian, then quadratic divergences would
be reintroduced at the UV scale - the elimination of which is one of the attractive
motivators for supersymmetry! - and one would forgo the stabilising of the mass
hierarchy between the electroweak and Planck scales. Phenomenologically, it is always
possible to study supersymmetry models in this way without knowing the method of
SUSY breaking, however the scale at which SUSY is broken will explicitly appear in
the Lagrangian. This scale then becomes the scale at which the cancellation of UV
divergences is no longer true.

The most general soft supersymmetry breaking terms that can be added to the
Lagrangian of a general theory are

1 .. 1 .. , 1 ik
Looft = — <6awk¢i¢j¢k+ §bu¢i¢j + tl@') +h.c. + <2Ma)\a/\a> +h.c.— (m2)j OO
(1.2.65)

which are (from left to right) scalar trilinear coupling, scalar bilinear coupling, tad-
pole, Majorana gaugino mass, and scalar mass terms respectively. The first, second
and third in brackets would each be allowed in a soft SUSY breaking model on the con-
dition their counterparts in the superpotential ((1.2.32)) were also allowed by gauge
invariance. The last of these, the tadpole term, will not be present in any model
that is discussed in this text as it is required to be a gauge singlet (of which there
will be none). Majorana mass terms (the fourth term) and diagonal (i = j) scalar
masses (the last term) will always preserve gauge invariance and be allowed, but the
former will always break R-symmetry (as mentioned earlier, the R-charges of vector
field components are uniquely fixed, and R[\%] = 1): whether the latter preserves
or breaks R-symmetry will be determined by the choices of R-charge for the chiral
superfields.

Now that the fundamental description and principles of supersymmetry have been
covered it is possible to move on to study the most minimal supersymmetric extension
of the SM; the minimal supersymmetric standard model (MSSM).

1.2.3 The MSSM

The most minimal theoretically consistent supersymmetric extension of the SM is the
Minimal Supersymmetric Standard Model (MSSM), which is an A = 1 supersymmet-
ric theory. In essence, the particle content is (approximately) “doubled”, and each
SM particle then sits in a supersymmetric multiplet with its superpartner. All the
particle content of the MSSM is described in table 1.4. SUSY transformations do not
change the SM SU(3). x SU(2)r, x U(1)y quantum numbers, and so each SM particle
and its superpartner carry the same ones. It is not possible to form these supermul-
tiplets out of already existing particle content as it simply wouldn’t be possible to
group together all the particle content by quantum number: for example, there is no
fermionic octet of SU(3) in the SM which could be grouped with the gluon to form
a supermultiplet, and similar arguments hold for the quarks and leptons. Instead,
the fermionic quarks and leptons are embedded in chiral multiplets with their scalar
superpartners - the squarks and sleptons - and the gauge bosons are put into vector
multiplets with their fermionic superpartners - the gauginos. As a spin zero particle,
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the Higgs boson should theoretically reside in a chiral multiplet with its superpartner,
the higgsino, however the Higgs bosons are a special exception to this pattern.

In the MSSM, it is necessary to have two separate Higgs doublets®. There are
two reasons for this: the first is that in the SM the Higgs field generates masses for
up-type fermions, whilst its complex conjugate generates the masses for the down-
types”. In SUSY, the superpotential must be a holomorphic function of the fields,
and therefore must be a function of ®; but not ®;. The second argument is that
adding just one higgsino (the superpartner to the Higgs) would make SU(2) and U(1)
anomalous, which would destroy the consistency of the model. Gauge anomalies occur
when the gauge symmetry is preserved by the classical Lagrangian but is violated at
loop-level. They can be seen in triangle diagrams, specifically those (at 1-loop) in
which there are three gauge bosons on the vertices with fermions running inside the
loop. The condition for the cancellation of anomalies® is that the trace over the
generator matrices associated with the gauge coupling at each vertex vanishes, i.e.
that tr 7,757, = 0, where T, 5, could be generators of the same group or different
ones. Real (vector-like) representations do not contribute to gauge anomalies: only
chiral representations do. For this reason, the cancellation of anomalies can seem more
apparent when the fermions are split into their left- and right-handed components:
for example, cancellation of the U(1) anomalies (at a vertex U(1) x U(1) x U(1))
is ensured by Tr[Y}3] — Tr[Y’] = 0, where Y is the hypercharge which is related to
the electric charge, ), and spin, T3, of the particles through Q = T35 + Y. For each
generation of particles, one must then have that (using the values in table 1.4)

Tr[Y7]) =3 (;)3 +3 <—;>3 +(-1)% = —% , (1.2.66)
up dr R
wn=s(0) () () () () ()
(1.2.67)
ur dr, er VL H, H,

— Tr[Y3] - Tr[Y7] =0,

which would evidently not be true if the second higgsino had not been included in
the particle content (where the annotations in blue denote the hypercharge for the
individual fields contributing to the trace). Removing the last two contributions to
TY[YL?’] from the Higgs doublets, which as stated essentially cancel each other’s contri-
butions, one regains the loop contributions for the SM. The end result is that in the
MSSM, the Higgs must form one particle across two chiral multiplets with opposite
hypercharge, H,, and Hg, which couple differently to the up- and down-type quark
fields. Together these form a vector-like pair such that the MSSM is anomaly free
under U(1) and SU(2).

The possible gauge invariant terms that can be added to the MSSM superpotential,

5The vast majority of supersymmetric theories possess two Higgs doublets, although there are
exceptions, e.g. [52].

"Despite this, a number of efforts have been made to construct supersymmetric models with tree-
level couplings only to one Higgs doublet such as where down-type fermion masses are loop-induced
through couplings to the up-type Higgs doublet [53], [54], [55].

8For a complete discussion of anomalies, see [56)].
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in all their indexed glory, are

Wissm = p(Hu)o(Ha) s + (42)09Qjoa (Hy) g’
— (¥2)]d"Qjaa(Ha)ge™ — (ve)] € Lijoa(Ha) 5™’
= puHy - Hq + y,0Q - Hy — ydaQ -Hq — yeeL - Hgq, (1'2'68)

where y, 4. are 3 x 3 matrices in family space with the family indexes i,j as in the SM;
a denotes colour indices, which are (raised) lowered in the (anti-) fundamental repre-
sentations of SU(3), (3)3; a, 8 = 1,2 are SU(2), indices which can be substituted in
notation by “” to denote an SU(2) contraction of two doublets, and p parametrises
the SU(2) invariant coupling between the two-Higgs doublets and is akin to a super-
symmetric mass term for the Higgs fields (more on this to follow). The superpotential
here is expressed in terms of superfields, but recall that only the 06 (60) compo-
nents survive from W (W) in the Lagrangian. These couplings generate masses for
the fermions when the neutral Higgs fields of H, and Hy acquire VEVs. It should be
noted that no mass terms for the quarks and leptons occur in the Lagrangian, as this
would explicitly break the electroweak gauge symmetry.

The MSSM is defined by the choice of terms that are allowed in the superpotential.
There are additional gauge invariant, renormalisable terms that violate baryon/lepton
number that could be added, but they can be forbidden in the MSSM (which is by
definition the most minimal SUSY model possible) by the implementation of a discrete
symmetry; R-parity [57,58], which is defined by

Rp = (—1)*PHH+2 (1.2.69)

where s denotes particle spin. Without R-parity, it would mean that the B — L
violating couplings such as

W D p'Li - Hy + A9FL; - Ljey, + Mg wyd;dy, + A7 L; - Q;dy (1.2.70)

would allow the decay of SUSY particles to SM particles. From using the fact that
B[Q;] = 1/3, Blu;,d] = —1/3, L[L;] = 1 and L[e;] = —1, in the examples above one
can see that the couplings u, A and Ap all violate lepton number, while Ap violates
baryon number. These are examples of violations of baryon/lepton number by 1 unit,
but of course there are many more examples. There is good reason to suspect that R-
parity would be a symmetry of supersymmetric theories: foremostly, B and L violating
processes have not been observed experimentally. Notably, the most obvious source
of B — L violating processes would come from proton decay which would violate B
and L by one unit each. However, considering that the lifetime of the proton has been
measured to be > 1033 years [59], the couplings parametrizing B — L processes would
have to be tiny indeed. Consequently, the non-detection of B — L decays places very
strict limits on the types of terms in (1.2.70).

The imposition of R-parity results in some interesting consequences on the phe-
nomenology of the model. All SM matter must have an R-parity of +1 (even R-parity),
while each superpartner has R-parity —1 (odd R-parity). A particle with R-parity —1
cannot decay into one with R-parity +1, which means that the lightest superpartner in
the decay chain will not be able to decay: it must be stable. This type of supersym-
metric particle is termed a “lightest supersymmetric particle” (LSP). Furthermore,
R-parity assignments (recall that R-parity is multiplicative) mean that supersymmet-
ric particles produced in collider experiments must be pair-produced (an initial state
matter particle will have R-parity +1, as do squark-antisquark and slepton-antislepton
pairs which have parity (—1)? = 1). The consquence of this latter point is that any
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R-parity conserving supersymmetric events occurring in colliders will have an associ-
ated missing energy of at least 2my,, with xo being the LSP. If this LSP is neutral
under the gauge groups, it becomes an attractive dark matter candidate.

The MSSM can also contain soft-SUSY breaking terms in its Lagrangian, given
generally by

Lot = (@) (m@?)]Q; + afi(ma?)] (a5;)! + d5i(mz?)! (d5;)!
+ (LY (mp?) L + &% (ms?)! (6%,)1

ol [Hf? 4 iy [Hf? + By - Ha + he) w2y

1 . .
+3 (Mggag“ + MyWPW + M BB + h.c.)
+ <au”ﬂ§%(:2j -Hy, + adija?%i@j -Hg+ aeijchii}j -Hg+ c.c.) ,

where (with all colour indices surpressed) lines 1-2 show the squark and slepton mass
squared terms where mQZ, mp,%, mg?, mc-12, mg? are 3 x 3 hermitian matrices in family
space; line 3 shows the Higgs mass squared terms; line 4 shows the complex Majorana
gaugino mass terms for each gauge group (for the gluinos, winos and binos respec-
tively) where a = 1...8 and b = 1...3, and line 5 shows the trilinear scalar couplings
where a, g are 3 x 3 complex matrices in family space. These terms represent all
those that can be added to the MSSM Lagrangian to break SUSY softly without any
base assumptions about the mechanism of SUSY breaking. It is interesting to note
that the 105 [60] new parameters of the MSSM (compared to the SM) are almost en-
tirely due to the fact that SUSY is broken: mq, g 5 5 1, each have 9 independent entries;
ayde each have 18 independent entries; each gaugino mass consists of 2 d.o.f, and
both B, and y are complex and contribute 2 d.o.f each. Of these 111 new parameters,
105 are physical and cannot be removed. If SUSY were unbroken, the only additional
parameter would be p. If one has more knowledge about the breaking mechanism,
then these terms can be constrained further. Evidently, the terms in eq.(1.2.71) must
break SUSY as only the masses and couplings are given for the scalars and gauginos,
and not for their respective superpartners.

The Majorana gaugino masses above are the only type of gaugino mass generated
in the MSSM. Majorana mass terms are composed of just two Weyl fermions,

Uy = Gg) , U = (A% Aa), (1.2.72)

and lead to the soft SUSY breaking mass terms,
1. - 1 - .
Lot D =5 MaUnrWar = =5 M, (A*Aa + X)), (1.2.73)

that can be seen in eq.(1.2.71) (with M, a Majorana gaugino mass for each gauge
group). The reason that gauginos can acquire masses through the soft terms, whilst
the SM fermions cannot, is because they live in the same representation of the gauge
group as their respective gauge bosons and are hence real, and not chiral. In order
to conjure a type of mass that does not break SUSY - a Dirac mass - one would
need an extra set of fermions in the adjoint representation. As will be seen in later
chapters, the addition of such particles is part and parcel of a type of model called
Dirac gaugino models. In those chapters the focus will be on the Higgs sector of
extended supersymmetry models, and for that reason this section will delve further
into the electroweak sector (with particular attention paid to the Higgs sector) of the
MSSM.
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1.2.3.1 The Higgs sector (and EWSB) in the MSSM

As previously mentioned, there are two complex SU(2), Higgs doublets in the MSSM,

H} HY
Hy={"%), Ho=[_*]. (1.2.74)
HY H;

As in the Standard Model, if the Higgs obtain appropriate VEVs, then SU(2)r xU(1)y
is broken, and the SM fermions acquire masses (recall the gauginos - the only new
fermions - get their masses through soft SUSY breaking terms). We are now interested
in the role of the Higgs in EWSB.

As the Higgs is no longer the only scalar in the model, the general MSSM scalar
potential contains not only Higgs-centric terms but also those with sfermions. Consid-
ering that the squarks and sleptons do not obtain VEVs and play a role in EWSB, they
shall be neglected here for our purposes. The Higgs scalar potential gets contributions
from three sources: the F-terms, the D-terms and the soft terms, such that

Hi
Vatsent =VF + Vb + Veott

_' ow |? ow |?
OHy [ty — Hy, OHq by —Hy
1 2 * * 2 1 2 *0—% *O—gj ?
+ ‘/SOft‘Hu,Hd
= |ul? (|Hal* + | Hu|)
1 1 .
+ g (9}2/ +g%) (‘Hu‘2 - ‘Hd’2) + igg‘HdHu‘Q (1'2'75)

+m3y, [ Hyl* +m3y | Hal* + By (H, - Hy + h.c.),

where Vr corresponds to the first line, Vp to the second and Vg, to the third; Yy, = %,
Y, = —%, and where it has been used that of;op; = Z?Zl afjaj.k = 201055 — 040kt
Here it should be noted that, while p? is defined as positive and is invariant under
supersymmetry, m%u and m%{d arise from SUSY breaking and can be of either sign.
One of the interesting features of the MSSM is that, unlike in the Standard Model,
the Higgs quartic coupling - and by extension the Higgs masses - is predetermined at
tree-level by the gauge couplings and is no longer a free parameter. At the minimum
of the potential Vl\ﬁlégsgﬁ, it is always possible to rotate away the VEV of one component
of the two Higgs doublets because of SU(2) symmetry. If one chooses, e.g. (H, ) =0
and take the derivative of the potential with respect to that component field, then
the resulting equation implies that indeed (H;) = 0 also. This means that at the
minimum of the potential, electroweak gauge symmetry can be broken while preserving
U(1)qep: i.e. an electrically neutral vacuum can be maintained. The Higgs scalar

potential can hence be written solely in terms of its neutral components:

Hi
Vaisent = ([l +miy, ) [Ho? + (lu? +mdy, ) [HQ)? — (B HyHg + h.c.)
1, ) 012 01212 (1.2.76)
+ g(gy +93) (HH, PP+ [Hgl?)™ .
The minimum of the potential is required to be stable in all directions of field space,
which means that

2|u® +m3;, +mi, >2B, >0, (1.2.77)
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must be constrained so as to avoid a potential unbounded from below when H. = HY
- deemed the D-flat direction, 4.e. the point in field space at which Vp vanishes. From
this it follows that (|u[*4+m% ) and (|u|? —i—m%{d) cannot simultaneously be negative if
condition (1.2.77) is to hold true. Furthermore, for explicit EWSB to occur (and for
there to be a negative mass squared term in the Lagrangian), HO = Hg = 0 cannot be
a stable (or unstable if (1.2.77) doesn’t hold) minimum of the potential. This equates
to saying that the mass of the Higgs at the minimum of the potential is negative - but
of course, as the Higgs mass is parameterised by three coefficients (m3; , m%{d, |u|?) it

is not obvious how to read off the condition. Using Vg = Vﬁé%gl\s/[ for the rest of this
chapter, one can get a constraint on the Higgs mass by requiring that

%QV 5 802V
* 0
det | OMagtla”  OMgO <0, (1.2.78)
OOty OHOHL | o pro—g
which translates into the condition
2 2 2 2 2
(Il +mp, ) (pl” +my,) < B, . (1.2.79)

This means that the point at which H? = Hg is a saddle point, and that the minimum
of the potential can occur for non-zero H, HY.
Let us suppose for a moment that the Higgs doublet soft masses are the same,

m%{u = m%{d = m?. In this instance, condition (1.2.77) becomes

2|u® +2m3 > 2B, — (Jjul* + m¥)? > Bi.

However, this obviously conflicts with condition (1.2.79): (|u/*> + m%)? cannot be
both greater than and smaller than Bi. In other words, for the stability and EWSB
conditions to make any sense, it must be required that

my, # mi, . (1.2.80)

It is interesting that, in order to break electroweak symmetry, SUSY must also be
broken. Both of the Higgs doublet neutral components can obtain VEVs,

o\ _ Vu _ vsinf oy _ Vd _ vcosf
<Hu>_ﬁ_ 2o <Hd>_ﬁ_ vz (1.2.81)
—>tan,BEU—, o

Vd

where v is the SM Higgs VEV and, as v, and vy are real and positive, 0 < tan 8 < /2.
In fact, to be even more explicit, it is specifically only the real components in the
neutral Higgs doublets that obtain VEVs,

<H3R> = Vu, <H'SR> = Ud, (1282)
while

(HO )= (HY) = (Hf) = (H;) =0. (1.2.83)

u

The combination of the Higgs doublet VEVs are experimentally fixed owing to their
relation to the Z-boson mass via

4 2
iYL (1.2.84)

2 2
u 92+g/2’

v ="
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and here recall that the relation between the SM Higgs VEV and the W-boson mass
is given by

1
miy = 11}293' (1.2.85)

As long as (1.2.77) and (1.2.79) are satisfied, then it is possible to write down the
minimum conditions of the potential:
2 2 my
o =mp, + \u|* — By, cot 8 — 7C082ﬁ =0,
min , (1.2.86)
=mj, + |ul* — Bytan 8 + %cosﬂﬁ =0.

oVy
aHD
oVy
9HY

1.2.3.2 The Higgs mass spectrum

So far the focus has been only on the gauge eigenstates HC, Hg, Hf, H; in the Higgs
sector of the MSSM, but to see how SUSY would manifest itself in reality one needs
to transform the focus to the corresponding mass eigenstates. To obtain the physical
Higgs masses and fields from the Higgs doublets one needs to decompose the doublet
fields into their real and imaginary parts, which for the neutral components is

HY . +iH), HY +iHY,

HO= M __w g9 :
! V2

0 7 (1.2.87)

(1.2.88)

which means that each Higgs doublet, H, and Hy, contains 4 real scalar degrees of
freedom. From these 8 d.of. one gets 2 CP-even Higgs, h, H; a CP-odd Higgs A%; two
charged Higgs H* and 3 would-be Goldstone bosons G°, G*. Although a SUSY theory
is now being considered, the number of Goldstones after EWSB is the same as in the
SM as it remains the same symmetry group, SU(2);, x U(1)y — U(1)qEp, is being
broken. There is only mixing between fields of the same charge, i.e. between h, H, A
and GY; H* and G*; and H~ and G~. In essence this means that the unphysical
degrees of freedom of the gauge eigenstates can be traded for physical ones: H, being
a combination of H* and G*; H; a combination of H~ and G~, and both H) and H}
a combination of h, H, A and G°. All in all, the Higgs doublets can then be rewritten

as
cgHT — sgGT
H,=|, ? - o | (1.2.89)
—= [spv + cah + soH + i(cgA — 55G)]

V2
i _ . 0
1, - (Falosv = saht cal +ilsp A+ csGO (1.2.90)
CBG_ + SﬁH_

where the shorthand ¢, = cosz, s, = sinz has been employed. The new mixing angle
« has also been introduced, which parametrises the mixing between the CP-even

neutral Higgs,
H? o o h
up | — [ Co 7 . (1.2.91)
Hg —Sa  Co H
R

For the duration of the work that follows CP-conservation will be assumed, but it
should be noted that if CP is violated then the CP-odd Higgs will also mix with the
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other neutral scalars. After EWSB, the three Goldstone boson d.o.f get absorbed by
the vector bosons Z, W+, rendering them massive, leaving behind a 5-piece extended
Higgs sector. In this work, the CP-odd Higgs mass, m4, is often referred to as the
pseudoscalar mass, and throughout the assumption that my, < mp, with A resembling
the SM-like Higgs, will be used.

What is really useful when making concrete model predictions is to have real
expressions for the physical scalar particles that are being postulated: it is desirable
to derive the mass matrices,

Vi
8¢18¢] min .
Starting with the CP-odd Higgs mass matrix, one needs to take second derivatives of

the potential with respect to the imaginary components of the neutral Higgs doublet
fields and get rid of any contributions that will vanish at the minimum of the potential,

Mi; = (1.2.92)

0°Vi 2 2 Ly 2N/ 2 2
OHO OHY | =lul® +mi, + 59y +92)(vy —va) (1.2.93)
min
0*Vi 2 2 L o 2\/ 2 2
9HO 0HT | =lul® +mi, + 29y +92)(vg — va), (1.2.94)
I I |min
Vi
270 HF0 | —Du- (1.2.95)
0 0 1
OHy 0H, .

Using (1.2.84) and substituting in for the masses using the minimum conditions
(1.2.86), the pseudoscalar mass matrix reduces to

M = [ Breoth Bu (1.2.96)
B, B, tan 8 ’

where the usual convention that B, is real? has been taken. The two physical masses
can be found by diagonalising the mass matrix and finding two eigenvalues, yielding

M =m2o =0, (1.2.97)
BH
sin23

Ay =m% = By(tan 3 + cot 3) = 2 (1.2.98)
The same process is followed for the charged Higgs masses. As the charged Higgs
transform among one another under charge, they are not CP-eigenstates. For this
reason, the masses of the positive and negative components will be equal, and the
fields H,; and H; are not decomposed into their real and imaginary parts when
finding the mass matrix. Instead, the eigenvalues are those of m%{i,méi. One gets
that

0*Vy 2 2 L 5 o2 o, L oo
_OVE o + (g% + —v2) + 202, 1.2.99
aHjﬁHJ in (|:U’| mHu) 8(9Y g2)(”u Ud) 492Ud ( )
0*Vy 2 2 L o o2 oy, Log
S L = + + = + — + = , 1.2.100
OHTOH; | (Jpl ’de) 8(9Y 93)(vg — vy) 492% ( )
0’V 1
P — =B, + - 20,0 , 1.2.101
oHFoHy |~ n T gl ( )

9Generally, B,, may be taken as real and positive as any possible associated phase can be absorbed
into those of H, and Hg.
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so that, in the basis (H;", H; ), the charged Higgs mass matrix is

Miyps = Bucotﬁ+m12/vcos26 Bu—i-mlz,vsinﬁcosﬂ
Bﬂ+m12,vsinﬂcosﬁ Butanﬁ—i—m%vsinQB

t 1
= (B, + miy sin B cos B) cot , (1.2.102)
1 tanp
yielding
M =mie =0 (1.2.103)
A2 = m3. = By(cot B+ tan B) + miy = m%4 +mjy, . (1.2.104)

Finally one arrives at the mass matrix for the CP-even Higgs bosons,

0V 2 9 1,9 2 2 2

omoom0| =Mt [l + 5 9y + 92)(3vy — va) (1.2.105)
0*Vy 2 2, 1, 9 2 2 2

a1709 770 = o 3vg — 1.2.106

aHgaHg o de =+ |:U’| + 8(gY + 92)( Vg Uu) ( )
0*Vy 5 .

OHIOMH| =By, —mzsinfcos 3, (1.2.107)

which, in the basis (HY HSR), is given by

UR’

M2 — BucotB+mQZsin26 —Bu—mQZsinBcosﬁ
a —Bu—m%sinﬂcosﬁ Butan,@+m2zc:0825

—(m? +m%)sinBeos B m%sin? B+ m?% cos? B

where B), has been swapped for mi using eq.(1.2.98), and whose eigenvalues are

1
miH =3 [77%24 +m% T \/(mQA +m%)? — 4m%m? cos? 25] . (1.2.109)

Interestingly, while m%{i and m% grow with increasing mi < B,,/sin 2 and can thus
be arbitrarily large, m,% is bounded by above [(1,62]: if one takes the limit m?% > mQZ,
then m% — m2Z cos? 2. This means that, at tree level,

mi < m%cos? 283, (1.2.110)

and that therefore, in the MSSM, the loop corrections are sizeable. For an m% ~ mQZ,

one requires ~ (86 GeV)? in contributions from loop corrections to m? to obtain
the SM-Higgs value. The loop corrections in the MSSM are by and large dictated
by the stop squarks via their top Yukawa coupling to the Higgs. These large stop
contributions at loop-level arise from the residue of uncancelled stop and top loops that
would have cancelled if SM masses and their superpartners truly had the same mass.
As previously mentioned, the Higgs mass is controlled by the Higgs quartic coupling
in the MSSM, but top-stop corrections to the Higgs quartic oc |y:|* log (mg1 mgz/m?)
can have a powerful Higgs mass boosting effect. For that reason, many MSSM-like
models require large stop masses and/or large stop mixing.

When one of the CP-even Higgs mass eigenstates is aligned in field space with
the SM Higgs VEV, the lightest Higgs talks and walks like the SM-Higgs and it
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cos(f — a) sin(f — «)
HWHHWw—v | h(WHrW—v
HZrZY YA A
ZrAh ZrFAH
WErHTh WHrHTH
ZFWEHTh | ZFWHHTH
VHWEHTh | /MW HTH

Table 1.3: Proportionality of the Higgs couplings to the gauge bosons.

is said that there is alignment in the Higgs sector. This situation can occur when
(1.2.110) is satisfied, by taking m124, m%l and m%{i as heavy: then there is alignment
with decoupling. If the situation arises that m% is SM Higgs-like without needing to
decouple the other Higgs states, then one says there is alignment without decoupling,
and later it will be seen how this can come to life in Dirac gaugino extended SUSY
models. The alignment scenario is equivalent to taking the mixing angle, «, defined
in (1.2.91) as

B = g ~a. (1.2.111)
At tree-level, « is related to 8 by
sin2a m3, +m3 tan2ac m% +m%
— = (LR = (=2 . (1.2.112)
sin 23 my; — mj tan 2 my —my
In the limit
cos(f —a) ~0sin(f —a) ~ 1, (1.2.113)

h couples to the SM bosons, W+, Z, while H decouples from them (see table 1.3).
When alignment occurs, the Higgs sector of the SUSY model will appear synonymous
with the SM one.

1.2.3.3 Sfermions and stop mixing in the MSSM

The Yukawa interactions between the Higgs bosons and the (s)fermions are derived, as
was shown, from the second derivative of the superpotential. The Yukawa couplings
relate to the tree-level fermion masses via

yu,c,t yd"s»b _ yeuusz

v sin m, = vcos 3, m = vecosf. (1.2.114
\/5 5 d,s,b \/§ B e, L, T \/§ /8 ( )

My,ct =

By requiring that the Yukawa couplings do not become non-perturbatively large, very
rough limits can be placed on tan3: for a y; < 1.4, one requires tan /5 > 1, and
for a yp < 1.2, one requires tan 8 < 50. Contributions to the couplings between the
sfermions and the MSSM Higgs come from multiple sources. Theoretically, any of the
scalars in the model can mix with any other, providing that they both carry the same
R-parity, electric charge and colour. For the most part, the mixing between most
of the combinations is very small, but there can be substantial mixing, especially
between left-right pairs such as (fr,77), (br,br), (7r,7z). The left and the right
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handed squark and slepton pairs mix via the u- and a- terms. In what follows inter-
generational mixing is ignored. The purpose here is to derive the stop mass matrix,
so the focus will only be on the up-type quarks, although the process is identical for
the down-types. Obviously, to derive the mass matrix one starts with the potential.
The first contribution comes from the F-terms of the superpotential, for which the
relevant contributions are

W S uHy - Hy + 4,Q - Hyt
= p(H, Hy — HgHy) + v 5 (ﬂJ,LHS - },LHJ)
> p(H Hy — HYHO) + 4% (ELH}} - BLHJ) , (1.2.115)

where the conventions written in table 1.4 have been employed, and the second and
third generation contributions in the 3rd line have been dropped: this is justified
seeing as the Yukawa couplings are proportional to the fermion masses which, for
the 1st and 2nd generations, are relatively negligible compared to those of the 3rd
generation. The F-term (mass) contributions to the potential for the stops are then

2]
min

[‘ytthL_ﬂHd‘ +‘yttRH0 ‘yt H tL—bLH+)

ow |?
VFD‘

oW |2
OH)

otr,

‘ ow
o5,

:| min

= |yt Gt — ! —=pvc 2 + 1U s3 [|lyeto]? + [yt% )]
R \/5 B8 2 B t
O —mycot B [ulGln + p*({5) 5] +m? [(1in + (1%)'1%] | (1.2.116)

where the first term will contribute an off-diagonal bilinear piece which mixes the left-
handed and right-handed components, and the second term is a mass squared piece
which will contribute to the diagonals.

The second set of contributions come from the D-term potential,

1 - N 2
Vb 35912/ (Y, | Hul® + Yi, | Hal? + Ya, lap|* + Ya, |0 )

1 a 0.a 2
+ 292 (H* H +Hd 5 Hd+ULUL>

2
1 N 2 \?2
S5t (GIHIP = GIHIP + Glecf - 3P
1
+§g 3 (—|HOP + [HY? + | ?)*
such that
1 1 2 2 2 1 2 2 712
VD] min 2 29Y 1Y Yeap + = ’tL’ —*\t \ T 3% (vieapltrl?)
1 %5 %
> SvPeap QY’tR\Q‘Ht ? 2 — =X
4 6
1 2 2
2 2 2 2
= -z 7 282 |E 1.2.117
wiens | (3 - 358 ) 1l + 2ok ) (12.117)
having used that
92
Sy = 5 - (1.2.118)



1.2 Supersymmetry 37

Finally, there is also a contribution from the soft terms one saw in eq. (1.2.71). These
are

Veott 2 (@)1 (mQ?)]Q; + i (ma®)] (k)T + (au”ﬂ%@j -Hy + C-C.)
5 (Q*)!(ma)Qs + (F) (a0 + (wAd5 (L HE — L) +he) |
such that

Veottmin > (@%)T(mq?)3Qs + (1) (ma®)3 (%) + me Adhtr +me A7 (15)1],

(1.2.119)
where it has been used that
my, 0 0 m2 0 0
me’~ | 0 m} 0 |, mi| 0 m o0 |, (1.2.120)
0 0 mp, 0 0 m

and that the trilinear couplings ay, a4, ae are related to the Yukawa couplings via the
matrices A , q. such that

(au)33 = YAz, (aq)33 = yp Ay, (ae)33 = yr Ar. (1.2.121)

c — px

Writing, for simplicity, tg = (f‘j%)*, t% =t} and collecting all the (t1,tr) contributions
from the Lagranigan together, one sees that

PN N B B D SN B
*LStOpS = tszntL + t*Rmftht*Lm{mtR + tzm)EthR + t*RmletL
- t
= (f3 1) m? <L> , (1.2.122)
tr
with
2 2
m;? = <mfn mfm) (1.2.123)
: b b | 2.
ms  me
to1 to2

Then the stop mass matrix can be written:

m¢(Ar — pcot B) mi 4+ m2, + 3m% sy cop

m;” = <m§ +my, +myeas (3= 5sfy)  me(A7 - cot B) ) o (1.2.124)
Evidently, the off-diagonal contributions determine the stop-mixing. For reasons that
will be discussed in section 1.2.3.5, the p-term cannot completely vanish in the MSSM,
which means that even if the trilinear couplings are small, for a tan 5 not too large,
there will always be some amount of stop-mixing in the MSSM. On the other hand,
in the limit of large tan /3, to have large stop-mixing one requires large A-terms.

1.2.3.4 The electroweakinos

A brief word should be mentioned on the electroweakinos in the MSSM, the charginos
and the neutralinos, which form from the higgsinos and electroweak gauginos after
EWSB. The neutralinos, x1.. 4, are the 4 mass eigenstates that result from the mixing
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between the bino, B; neutral wino, W?; and two higgsinos (I:IS, ﬁg), and whose mass
matrix is given by

My 0 —cgswmyz  SgSwmyzg
0 M cgeywym —sgewm
My = 2 pEWTRZ S I (1.2.125)
—CgSwimz CCwmy 0 iy
sgswmyz  —Sgewmy —u 0

where sy is the weak mixing angle defined in eq.(1.2.118). As can be seen, in the
MSSM neutralino mass matrix the Majorana masses, My, Mo, are on the diagonals:
this will not be the case in the R-symmetry preserving Dirac gaugino scenarios con-
sidered later where these terms can be chosen to vanish. After diagonalisation, one
ends up with 1 bino-like, 1 wino-like and 2 higgsino-like neutralinos in the MSSM
spectrum. The charginos, Xf% are the result of mixing between the charged winos

(W*,W~) and charged higgsinos (H;, H; ), and have the mass matrix

Mo= [ M V2Mrsg) (1.2.126)
V2Myycs M

After diagonalisation, one gets 1 higgsino-like and 1 wino-like chargino. By convention
it is chosen that the masses obey the hierarchical order my, < mg, < mg, < mg,
and My < My This convention will also be employed when looking at the elec-
troweakino sector of the MDGSSM in chapter 3.

1.2.3.5 MSSM drawbacks

For all the problems that the MSSM holds solutions to, it is not without its mysteries.
One such puzzle arises in the form of the “p-problem” [11,63]. The MSSM contains the
SUSY mass term pH,, - Hy in its superpotential, where u is a dimensionful parameter:
the only new parameter that arises in the MSSM that is not a consequence of SUSY
being necessarily broken. As can be seen from the MSSM potential (1.2.75), the
mass terms for the scalar Higgs fields are typical bosonic (scalar) mass terms, with a
positive mass parametrization, |u|*(mf; + m%[d). This is already contrary to what is
desired: a negative mass term which induces EWSB. As the u-term preserves SUSY,
there is no reason to believe that it is associated with the SUSY breaking scale, mgof,
and one would be well justified to think instead that it should either vanish, or be of
the order of the Plank or unification scales (i.e. the assumed cutoff scale). However,
as the complex Higgs scalars lie in chiral multiplets with their fermionic Higgsino
superpartners, not only is the p-term involved in the Higgs scalar masses,

_»CSUSYHiggsmass = ‘/JP (|H2|2 + |Hu+’2 + ‘Hg‘z + |Hd_|2) s (12127)
but also those of the Higgsinos,

_EHiggsinomass =H <ﬁJ . I:Id_ - ﬁg . ﬁ(g) . (12128)

The charged Higgsinos mix with the charged winos to form the charginos X{EQ of
the electroweakino sector. The lack of chargino-like particle at LEP implies a lower
limit of ~ 103 GeV [64] on the charginos, which in turn corresponds to a limit on
the dimensional |u| parameter yielding x| > 100 GeV [65]. So from experimental
constraints, p cannot be a vanishing parameter. What about O(p) ~ O(Mpjank)? If p
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is very large, then it is not possible to verify the EWSB condition (1.2.79): recall that
one needs the potential to be a saddle point when H, = H; = 0. It turns out that
to satisfy the conditions for EWSB, one requires O(u) ~ O(mgoft), which is exactly
the same energy scale as the other parameters in the Higgs potential which are all
SUSY breaking (B, m%]u, m%{d) This is the p-problem: why should a parameter that
respects SUSY live at an energy scale the same as those that do not? Many models
have been proposed that “solve” the p-problem, such as excluding it altogether, or
generating it as a consequence of SUSY breaking or from a common origin as the
SUSY breaking parameters e.g. [65-063].

Another pressing concern for the MSSM is that of naturalness. In essence, if
a theory’s prediction for electroweak scale physics is correct, then it is said to be
natural. So far, no sign of SUSY has been discovered by collider experiments to the
point that, in simplified MSSM scenarios, limits can already be set around 1-2 TeV
on the squarks and gluinos [69-71]. Of course, simplified model scenarios are not a
true representation of the complexity of a model such as the MSSM, but they are
indicative of the scales we will need to probe to find new supersymmetric physics.
As the sparticle masses get larger, so does the fine-tuning of the model. Fine-tuning
in the MSSM is dominated by the necessity to obtain the correct Higgs mass, and
how to generate large enough radiative corrections to get there - generically enabled
via large stop masses or stop mixing. But this does not necessarily mean the end
for the MSSM. The fine-tuning in the MSSM is of the order of a few percent [72],
and arises because of two conflicting requirements: that (1) the Higgs receives large
loop-corrections from heavy stops in order to pull up its tree-level mass from ~ 91
GeV to 125 GeV, and (2) that the stops can’t be too heavy so as to avoid generating
large lograrithmic corrections to the Higgs soft mass parameter, which would then in
turn require that other parameters be fine-tuned in order to regain the correct EWSB
scale (i.e. to re-obtain a Higgs VEV generating the correct values fo myy, mz). This
latter point ties in with the issue that the sparticle masses are continually being driven
higher by experimental constraints. This is the little hierarchy problem [73]. However,
this amount of fine-tuning is minimal in comparison to what the SM suffers, i.e. from
the fact that the Higgs mass needs to be stabilised at the electroweak scale despite it
receiving large radiative corrections from UV physics: this is the hierarchy problem.
We recall that this is one of the reasons SUSY is so attractive in the first place - that it
can stabilise the electroweak scale! So this brings us back round to where we started:
is supersymmetry a satisfactory solution to the big hierarchy problem if it ends up
reintroducing a little hierarchy between the electroweak and SUSY scale?

But supersymmetry, like the platypus, should not be considered endangered but
merely vulnerable. Now will be discussed a branch of supersymmetric model, Dirac
gaugino models, that can alleviate some of the troubles the MSSM suffers. Specifically
in the case of the MDGSSM, one can generate a tree-level boost from new Higgs
couplings, and require no stop mixing to get a good Higgs mass at tree-level, hence
increasing naturalness in the model.

1.2.4 Minimal Dirac gaugino models
1.2.4.1 A brief overview

With the current bounds on colourful supersymmetric particles at the LHC, and
the consequent implications for naturalness of the Minimal Supersymmetric Stan-
dard Model (MSSM), it is timely to consider non-minimal scenarios. A particularly
well-motivated extension of the MSSM is to allow Dirac masses for the gauginos, ei-
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ther instead of, or in addition to, Majorana ones. Dirac gaugino models have been
well studied, for example in refs. [66,67,71-132]. Indeed the fermions of the stan-
dard model generated via the Higgs mechanism are of Dirac type'®, and there is no
reason to believe that supplementary fermions could not be. Dirac gaugino models
hold many interesting properties, including an enhanced tree-level Higgs mass owing
to new quartic couplings; R-symmetry preservation leading to simpler SUSY break-
ing models, and the relaxing of LHC bounds due to the suppression of gluino direct
production (which will be discussed in detail in section 3).

While it is possible to write the masses through hard breaking operators [124],
in spontaneously broken SUSY, Dirac masses should only appear through the above
supersoft terms which have the remarkable property that they do not appear in the
renormalisation group (RG) equations for any other operators [77, , ].

A Dirac term was in fact the original method proposed to allow the gluino to be
massive [71], because the simplest models of global supersymmetry breaking preserve
R-symmetry [135] and thus forbid Majorana (but not Dirac) masses; this remains an
important motivation today. As opposed to the Majorana masses described in eq.
(1.2.73), Dirac masses are four-component spinors and can be written in terms of two
Weyl spinors,

v=(U). w=0ed). (1.2120)
giving rise to the supersoft SUSY breaking mass terms
ﬁsupersoft D) _mD\il\Il = —mp (Xawa + ZE@Xd) . (12130)

As is known, the Lagrangian carries no R-charge, and the superpotential needs to
carry an R-charge of 2 in order to be invariant under R-symmetry. Therefore in order
to have R-symmetry conserving kinetic terms for the gauge fields, the supersymmetric
gauge field strength superfields W* must carry an R-charge of 1. It follows that the
gaugino, the lowest component of W%, also has an R-charge of 1, and therefore the
mass terms of eq. (1.2.73) are R-symmetry violating. On the contrary, Dirac gaugino
masses are R-symmetry conserving, as an R-charge of -1 can be given to the new
adjoint fermions. Each additional Weyl fermion contributes a further two fermionic
degrees of freedom. As SUSY requires an equal number of degrees of freedom in both
the scalar and fermionic sectors, this implies that, after EWSB, there will be four new
neutral scalar degrees of freedom as compared to the MSSM. The phenomenology of
the electroweakino spectrum will be discussed in detail in section sec. 3.1.2.

To endow gauginos with a Dirac mass, at a minimum, one needs to add chi-
ral fermions (xs,x%,x) in the adjoint representation of each gauge group: these
are embedded in chiral superfields S, T?, O? which are respectively a U(1)y singlet,
SU(2)r, triplet and SU(3). octet and which carry no R-charge. Of course, this means
that in addition to the chiral fermions necessary to form Dirac gauginos, one gets a set
of complex scalar fields (S, 7% O%) thrown in for free. If just these fields are added,
then one has the simplest Dirac-gaugino extension of the MSSM whose Higgs sector

has been well studied [67,83,88,105,130]. These adjoint-superfields are defined by
S=  S+V20xs+00Fs
T2 = T°+V20x% + 00F%, (1.2.131)

0% = 0"+ V20x% + 00F5,

0Potentially excepting the neutrino whose status - in the absence of detection of the expected
right-handed neutrino - is unconfirmed.
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Superfield Scalars ‘ Fermions ‘Vectors ‘(SU(3), SU(2), U(l)ﬁ‘ R-charge
Matter Sector
MSSM chiral superfields
(S)quarks Qi |Qi= (i, dir)| (up,dr) - (3,2,1/6) Ro
1 - ul g - (3.1,-2/3) | 2-Ro—Ry
d; s g & p - (3,1,1/3) Ri — Rg
(S)leptons L, @i,1,6i,1) (ViL,€iL) - (1, 2,-1/2) Ry,
& iR €iR - (1,1,1) Ry — Rp
Higgs/ | Hu | (H[,HY) | (Hf,HY) | - (1,2,1/2) Ry
Higgsinos | Ha | (HS,Hy) | (HY,Hy) - (1,2, -1/2) 2— Ry
MSSM chiral superfields
Gauge Sector
MSSM gauge superfields
Gluons/gluinos| W 4 - A3,0 G, (8,1,0) 1
= 9al
W/ Winos |Wa 4 - A2, W#i,WS (1, 3,0) 1
i
B/ Binos |Wy 4 - Moo B, (1,1,0) 1
=5]
Dirac gaugino adjoint chiral superfields
Superfield Scalars (R = 0) Fermions (R=—1)((SU(3),SU(2),U(1)y)
Adjoint octet |O?| O = %(Of +109) X (8,1,0)
Adjoint triplet| T*|T0= Jx(Tf +iT7), T+ W', W™ [= x§] (1,3,0)
Adjoint singlet| S| S = %(SR +14S7) B [= xs] (1,1,0)

Table 1.4: Field content in the minimal Dirac gaugino case. Top panel: chiral and
gauge multiplet fields of the MSSM; bottom panel: chiral and gauge multiplet fields
added to those of the MSSM to allow Dirac masses for the gauginos. Note that the
expansion T+ is identical to that of T° but for the superscript 0 <> =.

and the resulting field content is summarised in table 1.4.

It is from the extended gauge sector that additional supersymmetry breaking terms
can emerge, and consequently Dirac masses for gauginos. As previously mentioned,
these SUSY breaking terms are supersoft, and can be written as [77]
awa Ea

JaJ

Loupersofs = /d 02 +h.c, (1.2.132)

where W} = AJ + HD;»‘ + ... are the supersymmetric gauge field strengths associated
to the U(1), SU(2) and SU(3) gauge groups for j = 1,2,3 respectively; X7 = 3¢ +
\/§9D;‘ + ... are the Dirac gaugino multiplets with scalar components %¢ = S, 7% O%
(for j = 1,2,3) with expansions as in (1.2.131); W' = X' +60D' +... is the field strength
of some vector superfield in the hidden sector (such as a hidden sector U(1)") and M
is the mass scale at which the Dirac gaugino masses are generated. The (hidden)
auxillary field D" then acquires a VEV, breaking SUSY spontaneously in the hidden
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sector, leading to supersoft mass terms that break SUSY explicitly in the visible sector:

D’ aypaya
['supersoft = /d29 \/§ MJ\)OC +h.c

— /d29\/§mD0a (A4 60,D% + ...) (E“ + V20, x% + )

D> —mpAx% + V2mpDE® 4 he., (1.2.133)

where mp = (D')/M has been substitued, and (A\)(0x) = —2600Xx has been used.
As can be seen, the Dirac gaugino masses are suppressed by an order of the messenger
scale, M. The first term in eq. (1.2.133) takes the same form as that in eq. (1.2.130),
and is the Dirac mass term for the gaugino, A%, and the new adjoint fermion, x%.
Once the auxilliary field D® is integrated out, the second term in (1.2.133) generates
a mass term for the adjoint scalars.

Supersoft terms for the gauginos means that Dirac gauginos can, in principle, be
taken much heavier than their Majorana counterparts since, instead of inducing a
logarithmically divergent corrections to the sfermion masses, they only induce a finite
shift: when this hierarchy is maximally large (i.e. one starts with zero soft masses
for sfermions) it is known as the supersoft scenario, which would be realised e.g. in
models of goldstone gauginos [121,122]. Therefore, unlike the soft scenario which
still reintroduces logarithmic (but not quadratic) divergences in scalar masses, Dirac
gaugino masses and the subsequent supersoft scenario allows for increased naturalness
as the only corrections to scalar masses are given by finite contributions. This means
that a larger hierarchy between the gaugino (of particular interest, the gluino) and
squark masses can be accommodated in Dirac gaugino models than in more minimal
models such as the MSSM, without ruining the naturalness of the model.

The supersoft property when applied to the Higgs masses means that Dirac gaug-
ino (DG) models are much more natural than Majorana ones, although they do not
completely alleviate the little hierarchy problem by themselves [107]. On the other
hand, the singlet and triplet fields can have new superpotential couplings with the
Higgs,

W 2> AsSHy-Hg +2A\rHg - THy, (12134)

which naturally enhance the Higgs mass at tree level — and can also be associated with
an N = 2 supersymmetry in the gauge-Higgs sector [78,136]. An /' =2 SUSY in turn
leads automatically to alignment [137] due to the SU(2) R-symmetry of the two Higgs
doublets (which form an N = 2 hypermultiplet) [135]. As will be shown in chapter
2, this alignment is surprisingly robust under quantum corrections, where there is
an accidental cancellation of N' = 2 breaking effects [137]. Moreover, it has been
found that the R-symmetry also prevents chirality-flip diagrams, which significantly
relaxes flavour constraints [79,87, 106] and suppresses squark production at the LHC,
rendering DG models “supersafe” [139-142].

The above motivations led to many studies, and realisations being developed [66,

) ) ) 3 9 ) ) ) ) o ) o ) - ) ) ) - ) )

, 131, 143]. The models fall either into the class of those that preserve an exact R-
symmetry, or allow a small amount of R-breaking. On the former side, the principal
example is the Minimal R-Symmetric Supersymmetric Standard Model (MRSSM)
[79]: this requires the addition of supplementary R-Higgs fields (in the same gauge
representation as the MSSM Higgs doublets but with different R-charges) which do
not obtain expectation values after electroweak symmetry breaking. However, the
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couplings in eq. (1.2.134) are forbidden, and the equivalent couplings between the
Higgs and R-Higgs fields do not give any tree-level enhancement to the Higgs mass,
making the Higgs sector rather like the MSSM — except that stop mixing is forbidden
by the R-symmetry, so that in order to obtain the correct value of the Higgs mass
either the new superpotential couplings must be very large [126, ,131] or the stops
should be in the O(10-100) TeV range [137].

It will be seen momentarily how the triplet and singlet scalar fields contribute to
an extended Higgs sector in more detail, but a brief word should be mentioned of the
superpartners of the gluinos - the colour-octet scalar fields O% often referred to as
the sgluon -which is a singlet under the electroweak gauge groups. Multiple studies
have been performed on the decays of the sgluons, for which the reader is referred
to [81, , , 115] for more details. If CP is conserved, then the sgluon can be
further distinguished by a real scalar (Of in table 1.4) and a real pseudoscalar field
(05 in table 1.4). Typically after supersymmetry breaking, the slguon gets 3 types of
mass term from Lgtandardsoft and Lgupersoft above:

1
—Lo D mHO0™ 0 + 5 (BoO"0" +h.c) + (mpsO” + h.c.)? . (1.2.135)

A rotation of the adjoint-octet chiral superfield O? dictates that it is always possible
to take the Dirac mass mps as real. However, without imposing CP invariance, it is
not possible to require that both mps and Bp are real simultaneously. It follows that,
if Bo is complex, then the real and imaginary parts of the scalar octet will mix. The
scalar octet mass matrix can be diagonalised by a rotation of angle ¢o,

1
g0 = —5Arg(Bo + 2m3p), (1.2.136)

such that
et®o
V2

When CP is conserved, the rotation angle ¢o — 0, and

0" =

(0% +i09). (1.2.137)

1 1
—Lo —>I C.P D B (mQO + Bo + 4mD3) 0(112 + 5(77% - BO)OSQ' (1.2.138)
nvariance

In this scenario it can be seen that, as the octet pseudoscalar OF is then unrelated
to the Dirac gluino mass, it can lie at a sub-TeV scale while escaping current LHC
constraints [129]. The octet scalar Of is typically taken as one of the heaviest particles
in the theory; the pseudoscalar OF can also be taken as heavy, however if By is large
then it can be light. At tree-level, sgluons can decay either into gluino or squark pairs,
which further decay into quarks and missing energy in the form of electroweakinos ¥y,

O" = g9 — qqdq — qqqq + XX,  O" = 44 — qq + XX (1.2.139)
The scalar octets possess tree-level trilinear couplings to the squarks via the D-term,
Lo D V2mps(0* + 0*)D*, (1.2.140)

which, after spontaneous SUSY breaking become
—Lo D 2gsm3p(0F cos ¢po — O3 sin ¢0)(G1,;T:5 qr; + riTijtR;) » (1.2.141)

where colour indices have been suppressed and where T are of the generators of the
fundamental representation of SU(3). As the pseudoscalar contribution is parametrised
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by sin ¢, when CP conservation is enforced, only the scalar octet will decay via the
squark-antisquark channel as the pseudoscalar coupling vanishes. If kinematically
allowed, the scalar octets will decay into gluinos and squarks in roughly equal propor-
tion, although high LHC mass limits on the gluinos and squarks (2 1.5 TeV) [140]
indicate the need for very heavy scalar octets to observe these decay channels, and
hence they are unlikely to be seen at the LHC. The same applies for pseudoscalar
decays into gluinos, and generally for the sgluons in CP violating scenarios. How-
ever, if the parameter space were accessible, from tree-level processes the decay of a
sgluon could therefore produce signatures including 2-4 jets and missing energy (from
2 LSPs). Although, even more interestingly, as sgluons can be pair-produced, this
number could increase to 4-8 jets and missing energy (from 4 LSPs).

The pseudoscalars (scalar octets) can also decay into quark-antiquark pairs (and
gluons), however these are both suppressed at 1-loop level. The decay mode arising
from the coupling between the sgluons and quark-antiquark pairs is proportional to a
factor of the quark-mass squared, meaning that the biggest contribution comes from
sgluons to top-quarks [117]. As the pseudoscalar coupling to the gluons vanishes under
CP conservation this means that, certainly for the pseudoscalars, this leads to decays
predominantly into tops, lending the sgluon to 4-top decay channel as a promising
avenue at hadron colliders [115]. The sgluon decay rates for O and O§ for the different
decay channels can be found in [117]. It should be noted that, although these small
corrections will not be considered in what follows, as was shown in [130], the sgluons
make contributions to the Higgs mass via two-loop corrections to the effective potential
(although if CP is conserved, the pseudoscalar corrections will vanish).

The properties and particle content of two variations of Dirac gaugino model will
now be discussed.

1.2.4.2 The minimal model: MDGSSM

In this section, the minimal model, often referred to as the Minimal Dirac Gaugino
Supersymmetric Standard Model (MDGSSM), is considered, being described by just
the matter content of the MSSM and the adjoint chiral superfields. As it can be
seen in the table, there is a freedom in assigning R-charges to the chiral superfields,
and numerous choices have been used in literature (see e.g. [79,92, 103, 104, 114, 147]).
While R-symmetry is not fully conserved in the MDGSSM, in section 1.2.4.3 there
will be examples of Dirac gaugino models where further field content can be added to
preserve R-symmetry in the full Lagrangian. In these models, the R-charges will differ
in the chiral sector to the ones above in table 1.4. In fact, the MDGSSM requires R-
symmetry to be broken explicitly in the Higgs sector by a B,, term, otherwise it would
be spontaneously broken at the same time as electroweak symmetry and generate
a massless R-axion in the Higgs sector. This is because the B, term essentially
controls the mass of the Higgs pseudoscalar, and so its absence would yield a massless
pseudoscalar, or R-axion, in the Higgs sector at the time of electroweak symmetry
breaking. If B, becomes very heavy, the heavy Higgs will become decoupled. If, on
the other hand, B, becomes very light (around the mass of the lightest squarks),
then the heavy Higgs will become involved in squark and gluino decays which makes
the low energy phenomenology more complicated. The phenomenology of squark and
gluino decays will be discussed further in chapter 3. Keeping B,, € (10%,107) GeV*
means that B, will not become involved in the decays of the electroweakinos, and
thus the B, term should be small but non-zero. As in [66,83, 105,116, 125], it shall
be assumed that this is the only source of R-symmetry breaking, and is motivated
by minimality, naturalness (allowing the couplings Agr) and the idea that the Higgs
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sector couples to a different source of SUSY breaking than the other fields (in order
e.g. to generate the u/B, terms of similar order etc). This is perfectly consistent
at the level of the RG equations: the B, term does not generate other R-breaking
operators on RG evolution. This means that the superpotential is

Whipe M =Y,/ U,Q; - Hu — Y,/ D;Q; - Ha — Y E/L; - Hg
+ uHy -Hq +XsSH, -Hgq +2\rHgq - TH,, (12142)
where Q;,L;U;,D;, E;, , Hg, Hy are, respectively, the superfields for the left-handed
(LH) squarks; LH sleptons; right-handed (RH) up-type squarks; RH down-type squarks;
RH sleptons; down- and up-type Higgs fields as in the MSSM, and Y, Y, ” .Y which

are the standard Yukawa couplings of the MSSM. It would also be p0581ble to include
superpotential couplings,

WHDGSSM _ 19 | —82 + 383 + Motr(TT) + Mstr(0*0%) (1.2.143)
+ As7Str(TT) + AsoStr(0“0%) + ? tr(0*0*0%), (1.2.144)
but it is preferable not to include them here as they violate R-symmetry (RV). The

most general choice that can be made for the Higgs and adjoint scalar sector for the
standard soft terms is

Lstandard soft = Q (mQ) Q] (mU)jU + D (mD)JD + L ( )ng +EZ(WﬂE)zEJJ

+miy |Hul* + m¥y | Hal* + Bu(Hy - Hg + h.c) + EMi)\i)\i (1.2.145)

1
+ m3|S|2 4 2mitr(TTT) + 5 Bs (8% + h.c) + Br (t=(TT) + h.c.)
+m3|0|? + Bo (tr(00) + h.c.) + As (SH, - Hy + h.c) + 2A7 (Hy - TH, + h.c)

+ ?“ (S® + h.c.) + As (Str(TT) + h.c) + Aso (Str(00) + h.c),

where \; = {Ay, A2, A3} are the gauginos of hypercharge, SU(2) and SU(3) respec-
tively, with Majorana masses My, My, M3. The first two lines show the MSSM soft-
SUSY breaking terms as described in (1.2.71); while the third, fourth and fifth lines
show soft-terms associated with the adjoint scalars. Importantly, the above con-
tains no SUSY-breaking squark trilinears; but there is still some small mixing in the
stop/sbottom sector due to the p-term.

To these, the supersymmetry-breaking supersoft operators mp;0® for Dirac masses
(as described in section 1.2.4.1) are added,

»Csupersoft - d-0 \f2mDY6 Wlas 2\@7771D20 tr WZaT

where it is recalled that W, are the supersymmetric gauge field strengths defined in
(1.2.39).

The electroweak sector

This section considers the electroweak sector of the model, which will be the focus of
chapter 2 where Higgs alignment will be discussed. The condition for tree-level Higgs
alignment can be seen easily from the mass matrix of the CP-even neutral scalars,



46 Chapter 1. (B)SM

which will be derived here, starting with the (neutral) electroweak scalar potential,
VeEw. A more detailed derivation can be found in [33], along with a discussion of the
potential in various limits. For the neutral fields, the electroweak scalar potential is
given by

2 2
+ 2
View = (m3y + 12)[HO P+ (m%,+ 12) | HY> By (HOH )+ h.c)+ 22" 9Y (| 50>~ | HY )

8
+ (A& + A7) [HIHY)? (1.2.147)
1 1
+5 (M§+m%+4m2Dy+BS)S%+§ (M2 +m% — Bs) S}
1 1
+5 (M%—I—m?p+4m%2+BT)T}%—I—§ (M#% +m3 — Br) T}

A2 2
+ 75(5']23 + S%)+7T(TI2 + TI%) + ASAT (S[T]+SRTR)+\/§M (AsSr + M\TR)
x (|Hg|? + [Hg[*)
+gymipSg (|Hy? = [H?) + g2manTr (|HgI* — |H, %)
As As
2 (Ms+As)Sr(HapHyp—Hir Hyp) — 2 (Ms—As)St(HgpH,+Hiy Hyp)
Ar Ar
—E(MT+AT)TR(H33HSR—Hg1H31)—E(MT—AT)TI(H(?RHSI‘FH&HgR)a
with the Higgs scalar potential for the neutral components on line 1; a quartic contri-
bution from the DG-adjoints on line 2; effective mass terms for the real and imaginary
singlet a neutral triplet fields on lines 3 and 4, with Bg 7 soft-SUSY breaking bilinear
terms; interaction terms from the superpotential on lines 5 and 6; D-term contribu-
tions on line 7 giving rise to masses for the adjoint scalars; and soft-SUSY breaking
terms on lines 8 and 9 (these are often set to zero). All the parameters are chosen
to be real, and thus CP-conserving. In this scenario, the imaginary components in
the potential can be elimintated. While the choice has been made to neglect terms

cubic in the singlet, an analysis involving a S term can be found in [67]. Compared
to the MSSM potential, it can be seen that the D-flat direction H, = Hy is lifted
by a supplementary quartic term (line 2). Reference [$3] also discusses the different

forms of the potential under various assumptions for the masses: in this work, it will
be assumed that mg and myp are large, that the Majorana masses vanish, and that
the Dirac masses are sub-TeV.

At the minimum of the scalar potential, the singlet and neutral triplet fields acquire
VEVs:

(Sr) = vs, (Tr) = vr. (1.2.148)

Under the assumptions of a CP-neutral vacuum, and employing the abbreviations
and relations stated in section 1.2.3.1, then the minimisation of the electroweak scalar

potential yields the relations!'!
M? L, my = m%]ut2 t2+1
—Z = —p*+ d 5 p g (g2mepvr — gymipus),(1.2.149)
2 t,B -1 tﬁ -1
2B A%+ A%
my = —£=m} —i—m%{d—l—QﬂQ—i—vQM, (1.2.150)
S23 v 2
"Equations (1.2.149, 1.2.150) can also be found in [67], where a mistype of —cf; is noted in the last

term of (3.10).
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and
v VEhs+ 25 (Mgt Ag)sag—Aghrvr|(1.2.151)
vg = MpyCag— — $98— vp|(1.2.
S 2mSR+)‘%”2gY DY C2 HAS /2 ST AS)528 —ASATUT
—U2 )\T
= 2udp——(Mr+A ASA 1.2.152
ur 2m2TP+>\2TU2[g2mD202@+\fM T \/5( 7+A7)s258+As TU.S‘:|( )
where
- 1
~ Ag AT
BN = BM—FE(MS—FAS)US—FE(MT‘FAT)’UT, (12154)
and
~2 2 2 2
mSR = M5+m5+4mDy+BS, (12155)
map = Mz +m3 4 4m3, + Br. (1.2.156)

Masses of the CP even neutral scalars

The mass matrix for the CP even scalars in the basis (h, H, Sg,T" 1%) takes the form

M% + Ahsgg Ahsgﬂcgﬁ Aps Aps
Apsageasg M3 — Ahﬁ%g Aps At (1.2.157)
- 2 2 9 . .
Ahs AHS m%R + )\%% )\S)\T% ,
JAY Ape ASAT S myp + )\ZT%
where the following have been defined:
v o 2 2

It is interesting to observe is that, when Ag and Ar take their N = 2, A} vanishes (as
it was observed in [78]): in this scenario, as will be discussed in detail in section 2,
the off-diagonal contributions vanish and there is no mixing between the two CP-even
neutral Higgs bosons, leaving the lightest of the two to behave like an SM-like Higgs.
Off-diagonal elements describing the mixing of Sk and T states with the light Higgs
h are denoted by

UT~2

while
Apgs = g'mipvsag — )\Siv(Ai;%MS)CQB , (1.2.160)
Api = —gmapusss — )\T”(ATijiMT)cw, (1.2.161)

stand for the corresponding mixing with the heavier Higgs, H. However, the picture
of the Higgs sector changes when an R-symmetry is implemented in the Lagrangian.
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Superfield ‘ Scalars ‘ Fermions ‘ (SU3), SU(2), U(1)y) ‘ R-charge
Extra MRSSM + unification chiral superfields
R-Higgs/ Ry | (Rf,RY) | (R}, RY) (1, 2,-1/2)
R-Higgsinos Rg (RO, R;) | (RY,Ry) (1,2,1/2)
Extra unification chiral superfields
Fake electrons | E(x2) E E (1,1,1) 0
B(x2) | E E (1,1,-1) 0

Table 1.5: Additional field content in the MRSSM (first box) and CMDGSSM (first
and second boxes) to prompt gauge-field unification in Dirac gaugino extended models.

1.2.4.3 R-symmetry preserving Dirac gaugino extensions

Another very popular realisation of Dirac gaugino models is the minimal R-symmetric
supersymmetric standard model (MRSSM) [79, 115,126,127, 131], where one can ex-
tend the field content even further than table 1.4 to enable a Lagrangian that is fully
invariant under R-symmetry. The R-charge assignments in the MRSSM differ slightly
from those in table 1.4: in this model, an exact continuous R-symmetry is preserved
by including some R-Higgs doublet superfields, R,, and Ry, which couple to the Higgs
bosons but do not obtain an expectation value. The Higgs-like leptons have the same
gauge quantum numbers as the Higgs doublet fields, and allow the Higgs doublets
H,, H; to have zero R-charge. The (s)quark and (s)lepton multiplets typically have
an R-charge of 1, the R-Higgs an R-charge of 2, while the R-charges in the gauge sec-
tor and for the DG-adjoint fields do not change. In table 1.5 the reader will also see
a set of unification fields: these can be added to the Dirac gaugino models to restore
the property of gauge-coupling unification which is lost with the addidion of the new
Dirac-adjoint fields to the MSSM field content. This additional content includes the
two R-Higgs fields present in the MRSSM, as well as vector-like lepton fields. This
MDGSSM-unified scenario was studied in [116,125,129], and is often referred to as the
constrained minimal Dirac gaugino supersymmetric standard model (CMDGSSM).

In addition to the Yukawa interactions of the MSSM, the MRSSM allows the
interactions'?

WﬁdiggssSM D pu Ry Hu + g Ra - Hg + A5, SRy - Hy + Ag,SRq - Hq
+ 2)\Tu R, -TH, + 2)\Td Rq-THy4. (1.2.162)

One can see that, as required by R-symmetry, any couplings between two Higgs su-
perfields; two R-Higgs superfields; multiple adjoint superfields, or scalar adjoint-Higgs
superfields are forbidden. The most general MRSSM Lagrangian contains the stan-
dard soft terms of the MDGSSM in eq. 1.2.145 (except for the R-symmetry breaking
Majorana mass terms), but also holomorphic scalar adjoint - Higgs couplings and new
soft-mass terms for the Higgs-like leptons;

MRSSM 2 2 2 2 2 2 2 2
Estandard soft — mHu‘HU| + de|Hd| + BM(HU ~Hg+ hC) + mRu|RU| + de‘Rd|

1
+ m2|S|* + 2mAtr(TTT) + 3 Bs (% + h.c) + Br(tr(TT)+ h.c.) + Bo(tr(OO) + h.c.)

12We note the discrepancy in coefficient 2 for the triplet coupling terms compared to [114, ls
which arises due to a difference in definition of T" and the choice for the neutral components to take
the same pre-factor as the singlet neutral components.
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Ay
+m3|01? + As (SHy - Hy + h.c) + 2A7 (Hy - TH, + h.c) + 5 (5% + h.c.)
+ Agp (Str(TT) + h.c) + Aso (Str(00) + h.c). (1.2.163)

The trillinear terms A; are usually neglected, but there is no symmetry that forbids
them (even if they are expected to be small e.g. in gauge mediation models). A
detailed description of the MRSSM Higgs sector is given in [1 15,126, 127].

The expanded Higgs sector has the obvious impact of increasing the number elec-
troweakinos in the MRSSM compared to the MDGSSM, giving rise to neutralinos
(charginos) composed of 8 neutral (charged) Weyl fermions. The mass matrices are
then subdivided according to R-charge, and the result is four physical 4-component
neutralinos and two sets of two physical 4-component charginos: owing to R-symmetry
conservation, these two sets of charginos do not mix with one another. As such, the
MRSSM possesses a distinct and interesting phenomenology from the MDGSSM, how-
ever a study of the electroweakino sector is out of the scope of this text, and the reader
is referred to [148, 149].

In the next section a preliminary study will be made into the behaviour of the
Higgs sector in the MRSSM under the assumptions of high energy alignment, and the
results will be compared to the findings of those within the context of the MDGSSM.
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1.3 New physics and statistics

One important question, which branches across the paths of experimental and theo-
retical physics, concerns how it is possible to test for new theories. While hypotheses
cannot be proved right, when one considers enough statistical distributions of data,
it can become clear that some hypotheses are more correct than others. Colliders
are ultimately counting experiments where the number of events, n, passing a given
set of criteria will be predicted uniquely by different models. One example could
be the number of particles in a given transverse momentum bin as the result of a
proton-proton collision: probability theory quantifies and models the uncertainty in
data concerned with the incidence of random events such as these.

When searching for new physics processes, one wants to count the number of events
in a region where the new signal may be present. Given a number of predicted events
within a given interval, under the assumption of a particular hypothesis, the observed
number can be modelled as a probability distribution. Frequently in particle physics
one needs to handle small event counts and account for the Possionian nature of the
data. As such, for a discrete distribution of statistically independent events, i.e. in a
sample space where the rate of the measurement range is known, occurrences can be
modelled by a Poisson distribution,

b n
P(n|s +b) = Me*w) , (1.3.1)
n!
for which the expectation value is
E(n)=s+0b, (1.3.2)

where n is the observed number of events, s is the expected number of signal events
(or the mean number) and b is the predicted number of background events.

For large values of s+b the Poisson distribution tends to a Gaussian distribution. It
is possible to introduce a parameter g which multiplies the number of events predicted
for a given model i.e. such that s + b — us + b. This parameter is a rescaling of the
signal prediction, deemed the signal strength, and putting a limit on u from the data
provides information about the exclusion of a model. If p =0, it means that there
is no signal present in the sample space and the model is therefore excluded. When
u =1, then the model is excluded at the given confidence limit that the value of y is
calculated at; the range 0 < p < 1 indicates to what degree the model is excluded. If
@ > 1 then the amount of signal is greater than that predicted by the model and, in
this instance, the model point cannot be excluded. For example, if a model predicted
50 events in a certain momentum bin, determining a value of p = 1.5 would mean
that the model was viable unless it predicted 75 or more events there. The use of the
signal strength as a measure of parameter space exclusion is explored in section 4.

Background predictions can also be modelled as Poisson distributions, with the
background hypothesis Hy corresponding to the case s = 0. Here, the events are
counted in a region where little or no signal is expected. The background hypothesis
implies that the observed data can be inferred from explanations of existing physics.
Ideally, background predictions in searches for new processes are based on actual con-
trol sets of measured data, but frequently the data is not available and it is necessary
to rely on Monte Carlo generated predictions.

Variables that can be ranked on a scale of more signal-like to more background-
like are called test statistics, and these permit the discrimination between proposed
hypotheses. Test statistics are a function of the chosen observables, and can be simple
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values like event count, or more complex quantities like likelihood functions. The
distribution of the test statistic is known under the individual hypotheses: these
should be predicted separately assuming (1) the background hypothesis (= Hy) is
correct (typically taken as the Standard Model prediction), and (2) that the new
hypothesis of signal and background (= Hy) is.

The plausibility of H can be identified by the likelihood ratio,

qZngV&HZ;w] (1.3.3)
where
L(n|s+b) = HP(nimsi +b;), (1.3.4)

is the likelihood function of us + b (associated with the hypothesis H) given the
outcome n. The observed number of events are measured in bins i: the probability
for each bin is calculated, and the product of the probabilities for each bin gives the
likelihood of the model to be true. For example, if £L(n|s +b) > L(n|s + b) then the
data observed is more likely to have happened if the hypothesis were H; than if it
were Hg. By nature of its definition, ¢ increases as it becomes more signal-like, and
decreases as it becomes more background-like.

How credible it is that the data is associated to one hypothesis or another can also
be generated by a confidence level (CL). Specifically, the level of viability in a signal
hypothesis is described by the C'Lg procedure [150,151]. Such types of confidence level
are determined from the expression

obs P (n|H
CLy =Pr(q < qobs) = / wdq, (1.3.5)

—oo dq

where dP/dq is the probability distribution function (PDF) of the test-statistic ¢ for
H = (b, s+b) experiments, denoting background and signal 4+ background experiments
respectively. When the value of C'Ly is very close to 1, it indicates that the data shows
poor agreement with the hypothesis, H, and favours the alternate theory.

It is not possible to write C'L; in this same way, as signal is always accompanied by
background. Instead, the C'Lg limit is defined by the normalisation of the confidence
in the signal 4+ background hypothesis to that in the background only,

CLerb Ps+b<Qs+b S QObs)
CL, = - : 1.3.6
CLy Po(ap < Gobs) ( )

where
1-CL, <CL. (1.3.7)

Interpreting C'L statistics should be approached with caution: when 1 — CLg ~ 0.95,
one cannot affirm that there is a 95% confidence level in the result, but rather that
any point that lies in the excluded region where 1 — CLgs > 0.95 has a probability
less than 5% of having been falsely excluded. Exclusion limits in the squark v. gluino
mass plane for both the MSSM and MDGSSM will be derived using the CLs method
in chapter 3.

There are many in depth resources out there on the subject of statistics in particle
physics, to which the reader is referred to e.g. [152-155], among others, for more
information.
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2 — Higgs alighment from extended
supersymmetry

2.1 Introduction

In the absence of signals of strongly-coupled particles at the LHC, it has become im-
portant to study the possibility of new particles that couple to Standard Model (SM)
states only via couplings of electroweak strength. The bounds on such particles are
still relatively weak but with much luminosity to arrive there is still a substantial pa-
rameter space to explore, and such theories perhaps represent now the best chance for
discoveries. Among such theories, one that has received significant and now increasing
attention is the Two Higgs Doublet Model (THDM); see e.g. [156—159] and references
therein. It is important to ask the question: “does the Higgs sector just consist of
one doublet?” because the answer will give profound information about nature. If
there are indeed additional fundamental scalars that mix with the Higgs boson, then
this dramatically worsens the Hierarchy problem and would necessitate a rethinking
of our ideas of naturalness. On the other hand, such sectors naturally appear in the
context of supersymmetry (SUSY) and it is conceivable that a second Higgs doublet
could be the harbinger of a full SUSY theory.

However, the measurements of the Higgs boson’s couplings already place significant
constraints on the amount of mixing that it can suffer. It is for this reason that there
has been much interest in the idea of alignment in the Higgs sector, i.e. that the
mass eigenstates align with the vacuum expectation value, because in this case the
couplings would be exactly SM-like.

To quantify this, consider two Higgs doublets @1, ®o which mix, and then rotate
their neutral components as follows:

Re(®Y) 1 [ cg —sp v+h
( Re(®9) ) V2 ( s cg > ( H ) (2:1.1)

cg = cos f3, sg = sin 3, tg = tanf3,

where the notation,

shall be used throughout. In this basis, the mass matrix can be written as

2 2
M2 = <Z”’ 26V ) . (2.1.2)

Zsv? m?4 + Zs0v?
Clearly the mass eigenstates are only h, H if
Zﬁ = 07

53
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and this is the condition for alignment, because the fields align with the electroweak
vacuum expectation value. On the other hand, if Zg # 0, one must make a further
rotation which is conventionally parameterised by an angle o as

< h ) - ( - Cha ) ( h ) (2.1.3)
H Ch—a —SB—a H

where now h, H are the two mass eigenstates. It shall be assumed throughout that
h is the lightest eigenstate. In terms of the masses of the physical bosons my, g this
gives

Z6v® =8p_aCs_a(mi —my). (2.1.4)
In both the type-I and type-II THDM, there is a Higgs eigenstate that couples to the
up-type quarks, and this eigenstate shall be defined to be ®5. This means that the
ratio of the h coupling to all up-type quarks compared to the SM Higgs’ value is

COS (¢
Ky = ——
Y sinp’

while the ratio of the coupling to vector bosons to the SM value is also determined
entirely by the mixing (neglecting loop effects from the rest of the extended Higgs
sector):

Ky =sin(f — a). (2.1.5)
However, there is a combined ATLAS+CMS bound [160] on the ratio of these:
K 1
A=~ =148 =~ (2.1.6)
Ky 1+ .

This is enough to constrain

2 2
my —my

2

7.3t3 m%{ — m,%
53 + t% v2

t@t@_a Z 7.3 = |Z6’ S — s (2.1.7)

5‘0.5

v

where the latter bound comes from the value tg3 = 7.3, and the bound is much more
stringent for large or small tg. For mpy somewhat above my, this is a rather weak con-
straint, only becoming relevant when the two states approach degeneracy. However,
in the type-II THDM, there is another constraint from the ratio of the ratio of the
neutral Higgs coupling to all down-type quarks compared to its SM value

sin o
frd = _cosﬁ
via
_ s
Aw = 4 0924012 = — = (2.1.8)
n Tats_o

and, since from the previous constraint it is known that the denominator is nearly
equal to one, one has

t
—0.04< 2 <02 (2.1.9)
tg_a
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which in turn implies tg_, > tg and S0 sg_nCg_q =~ and

1
tg_a

2 2 2 2
my, myg —my

_0.04%;

o < Z5 <02

e (2.1.10)

This leads to a sensible constraint; for example, for my = 600 GeV and tg = 5 it leads
to Zg < 0.2. So one sees that either the mass m g should be taken to be large, in which
case one has decoupling, or it is kept light in order to possibly detect it at the LHC,
in which case one needs alignment without decoupling. However, this is non-trivial;
as the LHC measurements become more precise, the constraints will tighten further,
and it is in this spirit that it is important to consider models where the alignment is
natural rather than ad hoc.

The problem for the different types of THDM is that alignment without decou-
pling is not generic when the masses are chosen — or equivalently quartic couplings —
from the bottom up. Hence it is logical to derive the couplings of the THDM from
some higher-energy theory and look for cases where alignment arises naturally. For
example, [161, 162] proposed a model which leads to a natural alignment condition,
based on additional bosonic symmetries. Here, on the other hand, it shall be shown
how alignment arises automatically in a class of supersymmetric models, with the
additional benefits of (greatly) increasing the naturalness of the model and being able
to predict the scale of new superpartners. Moreover, it will be shown that quantum
corrections actually improve the alignment!

The class of models that will be considered have a gauge sector which is enhanced to
N = 2 supersymmetry at a (potentially high) scale M_,. This fits into the framework
of Dirac gaugino models that have been discussed in sec. 1.2.4.1. In particular, the
idea of N’ = 2 supersymmetry in the gauge sector only and the consequences for the
Higgs sector were first explored in [78] and recently studied in [136, 139]; in general,
though, this was either taken to be at the same scale as the other superpartners [130],
or only a rough estimate of the main contribution of the chiral sector was included [78],
while this work shall show that increasing Mpy_o improves alignment and increases
naturalness!

Section 2.2 will describe the theory central to this work and how it leads to natural
alignment at tree level. In section 2.3 the effect of radiative corrections will be outlined.
In section 2.4 a precision study of the model will be performed using an EFT approach
to obtain the parameters at low energies, the scale of new physics will be predicted
from the value of the Higgs mass, and the consequences for alignment will be explored.
In section 2.5 all of the relevant constraints on the model space will be considered,
including the latest LHC search for decays to 7 pairs, B — s searches and electroweak
precision constraints, and it will be shown how this affects the model. In the appendix
all of the one-loop threshold corrections will be given for the model at the scale
of supersymmetry. Finally, in section 2.6 the case of the MRSSM will be briefly
considered.

2.2 Alignment from extended supersymmety

2.2.1 The Higgs sector of Dirac gaugino models
2.2.1.1 The minimal model

As described in section 1.2.4.1, to endow gauginos with a Dirac mass one needs, at a
minimum, to add chiral fermions in the adjoint representation of each gauge group,
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which means adding adjoint chiral superfields: a singlet S, an SU(2) triplet T, and
an SU(3) octet O. However, one can then choose the superpotential according to the
symmetries that one wants to preserve. One motivation for the adjoint fields is as the
additional degrees of freedom from an A/ = 2 supersymmetric gauge multiplet, and
then the H,, H; fields become an N' = 2 hypermultiplet; in this work it shall be as-
sumed that N' = 2 supersymmetry in the gauge/Higgs sector only is valid above some
scale My—o. In this case, it is immediately possible to write down the superpotential
(as in eq. (1.2.142))

Whiiggs =  Hy - Ha + AsS Hy - Hq + 2Ar Hq - THy (2.2.1)

which contains the only interactions compatible with N' = 2 SUSY and includes
a central role for the R-symmetry. Indeed, under the R-symmetry of the NV = 1
theory the adjoint scalars must have zero charge, and this prevents couplings of the
form S2,5% etc which would otherwise be permitted by the gauge symmetry. It
was explained in section 1.2.1.6 that all interactions in an N’ = 2 theory are gauge
interactions. The condition of N’ = 2 supersymmetry then imposes

1 1
gy,  Ap=— 2.2.2
Noikl T (2.2.2)

\/592

(where gy, go are the hypercharge and SU(2) gauge couplings) at the scale My—o,
which shall in general be taken to be greater than the N/ = 1 SUSY scale. The
relevant soft and supersoft terms are given in eqs. (1.2.145), (1.2.146). For simplicity,
the choice A, = Asr = Aso = 0 (eq. (1.2.145)) will also be implemented in the
following, which is well justified in gauge mediation models [129], but it is not expected
that these parameters would affect the bounds deduced in any significant way.

One must also add supersymmetry-breaking terms, and these do not necessarily
need to respect the same symmetries as supersymmetric terms. The most general
choice that one can make for the Higgs and adjoint scalar sector for the standard soft
terms is the same as in eq. 1.2.145.

Since the interest here is in Dirac gaugino masses and their attractive theoretical
and phenomenological properties, one should expect that the terms that violate R-
symmetry should be small: this includes the Majorana gaugino masses; Ag, Ar; but
also B,,. However, it is required that the R-symmetry ¢s broken at some scale, since it
is believed that global symmetries cannot be exact; but also, in this model, the Higgs
must carry R-charge and so the absence of an R-axion requires it. Indeed, the R-
axion is essentially the Higgs pseudoscalar, whose mass is controlled by the B,, term;
therefore, as in earlier works, it is taken to have a small but non-zero value. One
can also take motivation from models of gauge mediation of supersymmetry [$2, 129],
where the trilinears are all small, and these shall mostly be neglected in the following
(although they do not significantly affect the analysis).

On the other hand, in gauge-mediated models the adjoint scalars are typically the
heaviest states. Taking large mg, mr, mo then motivates integrating them out of the
light spectrum; but interestingly, since B), should remain small due to the approximate
R-symmetry, if the Higgs masses were to be tuned such that only one remains light,
then one would have very large tan 3, and would have trouble obtaining the correct
Yukawa couplings for the down-type quarks and leptons — this implies that a second
Higgs should be taken to be somewhat light, and motivates studying the two-Higgs
doublet limit of the model.

As mentioned in section 1.2.4.3, If one wishes to naturally restore gauge coupling
unification, additional vector-like lepton fields as shown in table 1.5 can be added.

As =
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Since they are vector-like, they could also form hypermultiplets of N = 2 at My—o,
but their inclusion will little change the discussion in this paper so for sake of generality
they shall be neglected.

2.2.1.2 The MRSSM

The other Dirac gaugino extension investigated in this work is the MRSSM, as detailed
in sec. 1.2.4.3. For convenience, the Higgs superpotential of eq. (1.2.162) is restated
here:

WHRSSM - = ), Ry - Hy + pgRa - Haq + As, SRy - Hy + Ag,SRa - Hg
—|—2)\Tu R, -TH, + 2)‘Td Rq-THy. (223)

If /' = 2 supersymmetry is then imposed at some scale, one can treat (R, H,) and
(Rg, Hy) as hypermultiplets and then one would have

gy gy g2
Ae, =2 xg,=-LX A =g =2 9.9.4
.= /5 S NG T =5 (2.2.4)

where the difference in sign is explained by the different charges of the hypermultiplets.
R-symmetry then limits the possible soft-supersymmetry breaking terms to consist of
only the supersoft operator, squark/slepton masses and the standard soft terms of eq.
1.2.163

2.2.2 Two-Higgs doublet model limit

The Higgs sectors of the models in the previous subsection have been comprehensively
studied. However, here it is desirable to map them onto the two Higgs doublet model
once the adjoint scalars have been integrated out. The standard parametrisation of
the Two-Higgs doublet model is
2 gl 2 old 2 @l Ly atad2 o Ly (pld.)2
Vew = m11<I>1<I>1 + m22¢2<1>2 [m12<1>1<1)2 + hC] + 2)\1((1)1<I>1) + 2)\2(‘1)2(132)
FA3(2] 1) (2582) + Aa(@]22) (B]21)

1
+ §A5(q>}q>2)2 + N6(D1D)) + A (DS Do) @1 D, +h.c} : (2.2.5)

To map our supersymmetric model onto this, the following identification can be made,
Oy = H,, @ =—¢;(H)" < ( gg ) - ( _(2(1;)* > , (2.2.6)
from which the potential can be written down:
Vew = (miy, + 1%) [Hal* + (m3y, + 1%) |Hy|* + Bu[H, - Ha + h.c]
+ %)\1 (1Ha*)* + %Ag (|Hul?)® + Ns| Ho 2| Hal? + Al Hy - Hyl? 227
with

2 2 2 2 2 2 2

my = mpg, +p, Mag = My, + K, miy = By. (2.2.8)

The parameters \; were given at tree-level and with some loop corrections in [83, 105]
in the limit of neglecting u and mpy, mps. However, when the adjoint scalars are
integrated out and these terms are retained, there are corrections due to the presence



58 Chapter 2. Dirac gauginos: Higgs alignment

of trilinear couplings; setting the parameters Ag, Ar to zero, one finds for the minimal
model:

1,5 5 - (gympy — \/5)\5#)2 (gmpa + \/i)\T,UJ)Q

A == —
1 4(gz+gy - e
2 2
1, o (gympy + V2Asp) (gmp2 — V2Arp)
Ao =7(92 +9v) — 5 - 5
mgspr Mrp
1 @m, — 2222 g?m2, — 22
do =163 - o)+ o+ BB BIC_ g ps B
mgsp Mmrp
1 2g5m2,, — 4A\2u?
)\4:—5'9%"‘)\%—)\%4‘ 2 D22 T,u 3
Mrp
A5 =Xg = A7 = 0. (2.2.9)

Here the following definitions have been used:
m%p =m% + Bs + 4m%y, map = ma 4 By + 4mb,. (2.2.10)

In fact, the terms suppressed by mgg, mrp all have the effect of suppressing the Higgs
quartic coupling: in the limit of large Dirac gaugino masses so that m%, Bg, mQT, Br
can be neglected, one finds

My A2 =0, A3 =20 A — A — A3 (2.2.11)

This simply corresponds to the well-known fact (see e.g. [77]) that the adjoint scalars
eliminate the D-term potential of the Higgs, because they couple via the D-term;
writing ¢; for (anti)fundamental scalars and ¥ for adjoint scalars, one has

1 2
£ 5V2mpsStD + gD 6T 6 — Vi = 5 (ﬂmmza n gqﬁ}‘T%i) (2.2.12)

where T% are the generators of the gauge group with coupling g, and one sees that
the above will always be zero when ¥ is integrated out.

For the MRSSM, for simplicity again neglecting Ag, A7 — for completeness the full
corrections are given in appendix B.4.1 — one finds

MrssM 1, 2 oy (gympy — V2Ag,pa)?  (gamp2 + V2A1,14)*
Al =—(g5 +9y) — —

4 Mg Mipp
\MRSSM _}( 21 2)_ (9ympy +V2As,1)®  (g2mp2 + V2A1, 1)
2 =1 92 T 9y m2 2
SR TP
1
AN =2 (g3 — 07)
(gympy — V2Xs,1a) (gympy +V2As, ptu)  (g2mp2+ V21, 1) (g2mp2+V2AT, fa)
+ _
MR mp
AMRSSM _ 192 4+ 92 (g2mp2 + \/i/\leu’d>(92mD2 + \/iATquJ
4 =—5%
2 mip
AVRSSM _ \MRSSM _ \MRSSM _ (2.2.13)

In this case, the supersoft limit is even worse, because in that limit all of the \; vanish.
However, even with the additions of Ag and Ar in the minimal model, the potential
is not stable in this limit — for example if Hy or H, are set to zero the quartic terms
vanish — and so one would require loop corrections to prevent runaway vacua. An
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investigation of whether this is even viable is beyond the scope of this paper: instead,
since one does not want to substantially reduce the Higgs quartic coupling at low
scales instead it shall be considered that |mpy| < mg, |mpa| < mp. As is also well
known (see e.g. [67,105]) and shall later be discussed, this limit is also imposed by
electroweak precision tests. In this limit one has instead at tree-level

1 1 1
M= —(3+9%), A= —(95—gv) +20h, M — —ogv + A — )\,

4 4 2
(2.2.14)
and AMRSSM _, \MSSM.
7 ? :
1 1 1
AMSSM AMSSM_, 1(95 +9%), A 1(9% — g5, AYESM —5932/-
(2.2.15)

Hence for the rest of the paper the low-energy theory is considered to be a type-II
two Higgs doublet model with an additional (Dirac) bino and wino (the gluino must
remain heavy due to LHC constraints — currently of the order of 2 TeV). The boundary
conditions shall be fixed at high energies and some interesting conclusions.

2.2.3 Tree-level alignment

In [78,130] the Higgs sector of Dirac gaugino models was investigated in the limit that
the couplings Ag, At took their N' = 2 supersymmetric values at the low energy scale.
However, they also pointed out that alignment in the Higgs sector would be broken
by quantum corrections to the (2,2) element of the Higgs mass matrix. In this section
the potential will be considered just at tree-level, with section 2.4 considering loop
corrections, contrasting the results here with theirs.

To begin with, the mass-matrices for the CP-even neutral scalars in the two-Higgs
doublet model can be parametrised in the alignment basis where

Re(®1) \ _ 1 [ g —sp v+h
(o)t (Y () e

is (see e.g. [156—158])
M2 = (sz Zgv” ) : (2.2.17)

Zgv? m124 + Zsv?

where, using Asq5 = A3 + Ay + A5 one has

1 1
A E/\lcfé + )\28% + 5)\345‘9%5’ s = 1835 [)\1 + Ay — 2)\345] + A5

1
Jg = — 5825 [)\16% — )\28% — /\345625] . (2.2.18)

The parameter m 4 is the pseudoscalar mass, given by

2
—12 _ \s0?, (2.2.19)

2
my = —
4 Spep

while the charged Higgs mass is

1
ma. =50 — M)v? 4+ m3. (2.2.20)
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The neutral Higgs masses are

1
mi, = 3 [mi +(Z1 + Zs)v* + \/(m?4 + (Zs — Zl)v2)2 +4Z2v* | .(2.2.21)
For the minimal model one has
2
1 55
Zv = (g +9)(1L - s35) + o (NG + A) (2.2.22)
1 2 2
Zo = g [ - 034 3)] 2:2.29
1 95 + 93
and
2 2 v? 2 2 ol( 1, o 2 2 2 12 2 m,24 2
Mph = 5 | + Z(gz +gy) v <4(92 +9y) (2835 —1) —s35(Ag + A7) + vg)
) ) 97 1/2
+
+53503 ((92 29Y) o +>\2T)> ] . (2.2.25)

The Higgs mass matrix is diagonalised to find the physical Higgs masses and the mixing
angle . From the identification of the 2HDM parameters in (2.2.8) one obtains

v? (95 + 9%) 2 2
52(8—a) “mE —m? 528C28 [2 — (g + )‘T):| ;

s2p¢28 0% (95 + 95 — 2\ + A7)
Ch—a =
2
4\/(7@ ) <m%{ ~ 2@+ )L+ 0%+ Agpysgﬁ})

The condition for alignment is the diagonalisation of M? i.e. Zg — 0. From equation
(2.2.24) one sees this amounts at tree-level to having

(2.2.26)

9 + 9

5
In other words, when the couplings respect their N/ = 2 values, the Higgs doublets are
automatically aligned! From equations (2.2.26, 2.2.27) one finds that in this alignment
limit, cg_o, — 0 and sg_, — 1, therefore the heavy CP-even neutral scalar doest not
take part in electroweak symmetry breaking while h is a Standard Model Higgs-like
boson. The tree-level masses of the two neutral CP-even Higgs bosons are

M+ N\ = (2.2.27)

m =2 =my, mg:z =my, (2.2.28)

while the charged Higgs boson mass is given by

mi’,]i:z = m?% + 3m¥, — m%, (2.2.29)
correcting the expression given in [78, 136]. Hence, at tree-level, the model exhibits
alignment for any value of tan 8 and the tree-level Higgs mass is independent of tan 3
(which was already noted in [78, 136]).

On the other hand, for the MRSSM there is no automatic alignment, because the
Higgs sector at tree-level closely resembles that of the MSSM once the adjoint scalars
and R-Higgs fields are decoupled; this can be seen just by putting Ag = Ay = 0 in
the above equations. In the following the main focus will therefore be on the minimal
Dirac gaugino model (with some further comments about the MRSSM).
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2.3 Radiative corrections to alignment

2.3.1 Loop level alignment from N = 2.

To preserve N = 2 supersymmetry, one requires that the relations in eq. (2.2.2) hold
at all loop orders. How the Yukawa couplings vary at loop level will depend on the
expressions for the anomalous dimensions of the fields involved in the interaction (see
appendix A). In other words, if the anomalous dimensions vanish or cancel, then the
Yukawa coupling will not run and its tree level value will be unchanged (up to that
order). To understand how A" = 2 plays a role at loop level, it is convenient to look
at the runnings of Ag 7, defined through the beta functions 3, .., at one-loop:

1 AsT ([ (1 1 1
B/(\s),T = 1672 (’Yé%“ + 'Y}(f{z +7§{3) . (2.3.1)

The anomalous dimensions for the H,, 4 hypermultiplets can be shown to vanish alto-
gether (in a strictly vector-like theory): using (A.0.3) and looking at the anomalous
dimension for Hy,
DH, _ 1 H,SHy | | H.H4S
71({3, = §YHUSITIdY 4+ B Hoa sy

1 — 1 o
+ §YHuTﬁdYH“THd + §YHuﬁdTYH"HdT — 2¢3C1(Hy) — 295C(Hy)

1 3
= D+ 30 - 267 (3 ) — 25 (3

1y 3, 1o 3,

= 59y + 292~ 59y — 592

=0 (2.3.2)
Equivalently then, if 'ygiH“ = 0, owing to the R-symmetry relating the scalars in the
hypermultiplet, R[H,] = R[Hgq], then VEZHd = 0 also. In a purely N = 2 theory, the

chiral matter fields would also sit in hypermultiplets and their anomalous dimensions
would also vanish.
The classical definition of an anomalous dimension is given by

(1) . 1 d log Z@

- 2.3.
7(1) 9 dlog,u ’ ( 33)

where Zg is the wavefunction renormalisation of the field ® and can be read off as the
coefficient of the kinetic term for the field. As the adjoint-fields, S, T, are related to
the gauge fields within the N' = 2 vector multiplet, their anomalous dimensions are
the same as those of the corresponding gauge fields. The kinetic terms for the latter
are given by (1.2.41), which means that

1dlog ZS,T _ 1 dlog %9;/722 - 1 dgy72

1 _ _ - _ = 2.3.4
T 2 dlogpu 2 dlogu gy dlogu’ (2.3.4)
up to a constant factor. Therefore at one-loop order, putting this all together,
dAsT I msr, 1 @8n 1 @ dgy,2
== dl =|— T+ — Uy d =—"=(235
>\S7T /BAS’,T Og N 167T2 fyS,T + 167T2 fYHu + 167T2 fYHd Og N ngQ 7( )
with
1 1
Bo = —— P85, (2.3.6)
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which means that the N' = 2 conditions hold for all energies and the Higgs sector is
always aligned: this is expected, as in an N’ = 2 theory, the interaction terms are
purely governed by the gauge couplings.

However, in reality, the presence of chiral fields breaks the A’ = 2 supersymmetry,
and there must be a mass splitting between the fermionic and bosonic partners in
the superfields, leading to the deviation of the Yukawa couplings from their N' = 2
values and the consequent re-emergence of energy dependent couplings. This is not
to mention also that, while N’ = 2 can be preserved in the electroweak sector, there is
no similar symmetry between the strong gauge coupling and an octet Yukawa, which
means that the running couplings will always deviate from the A" = 2 relations when
the fields involved are charged under SU(3).

As mentioned above, the perfect alignment obtained at tree-level is not preserved
when the radiative corrections to the scalar effective potential are taken into account.
In addition to the corrections already present in the MSSM, there are two new sources
for this misalignment. The first is due to the appearance of chiral fields, quarks and
leptons, at a scale My—o. This scale can be identified with the fundamental scale
of the theory, or an intermediate scale where a partial breaking N =2 —- N =1 is
achieved (while an explicit realisation of this partial supersymmetry breaking remains
unknown for a chiral theory, there is not a no-go theorem showing it to be impossible).
The second large contribution comes from the mass splitting between fermonic and
bosonic components of all of the superfields, i.e. coming from the N'=2 — A =0 (or
N =1—= N =0) breaking. After a quick demonstration of how N'= 2 SUSY works
to achieve alignment, both misalignment contributions will be discussed in turn.

2.3.2 Misalignment from A" =2 — N =1 (chiral matter)

Owing to the presence of MSSM chiral matter at the scale N' = 2 scale, when the
couplings are run from My—s to the scale of the N’ = 1 supersymmetric superparticles
(denoted Mgsuygy) there will be a splitting induced of A\g and Ap relative to the N' = 2
SUSY relations. This in turn will lead to misalignment at Mgysy via a non-zero Zg:

1
Zg(Msusy) =7525028 (20% — g3 ) + (203 — g%)} + threshold corrections.  (2.3.7)

To obtain an estimate of the magnitude of this splitting, one can integrate over
the difference in the beta functions for Ag and Ap,

) OAsT Ogy,2
——— (2X\&r — gv) = 1”4 = —2 ’
dlog M( ST QY,Q) H ST B gv,2 o2

=4As1Brsr — 29v,284y,

giving

Mpy—2 ) ) My
/ 0 (2X5;r = 9v2) = (AAs1Prs 1 — 29v2Byy.») log ( i > :
Msusy SUSY

The one-loop beta functions for the trilinear and gauge couplings in the MDGSSM
are given in Appendix B.3.2. To leading order, one finds

2g% My—

225 = 0¥ | atguey = ~ 1oz Blwil® + 31wl + lyr|* — 1097 Jlog ( Vsoey )25
292 Mpy=2

207 = 93] nsgpey = g2 Bluil” + 3lml” + |- [* — 6g3] log < Vsusy ) (239
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These equations are only useful for small My_o/Mgusy, because for large ratios the
top Yukawa coupling can change by a factor of two or more, but it gives an indication

of the amount of misalignment: even for log (%) ~ O(10) one finds

t t3 =1\ [log My—s/Msusy
Zs(Msusy) ~ = O(0.1) thz (tg ~ 1) < 10/ ) . (2.3.10)
3 \!s

This is a small deviation from alignment indeed, and very encouraging. This shall
be investigated quantitatively in section 2.4, and it will be shown that due to the
diminishing Yukawa couplings at high energies', the actual splitting is smaller than
this naive estimate. As an aside, a similar conclusion is reached if the Dirac Gaug-
ino theory is extended by including additional fields to the Minimal Dirac Gaugino
Supersymmetric standard Model (MDGSSM) to restore gauge coupling unification.

2.3.3 Misalignment from N =1 — N =0 (mass splitting)

More significantly, there is the potential misalignment induced from the threshold
corrections at Mgysy and then the running between Mgygy and the scale of the
THDM. Taking the matching scale (as is commonly done) to be the electroweak vev
v, these can both be approximated at one loop by corrections to the § ;. Then, in the
approximation that the singlet and triplet scalars are degenerate with mass My; the
stop squarks are degenerate with mass m; and neglecting the splitting between the
couplings Agp and their /' = 2 values one finds, matching at a scale p:

1 M% 4 4 242
O =1 log 2 [AS +30F + 2)\5)\4
2
Xy =0A; + ;’fﬁ log 7;5
oAz = 161%2 log ]‘52% [/\j‘g + 30} — 2)\29)\24
54 :ﬁz&@% log Aﬁ (2.3.11)

using v, yp, yr to denote the top, bottom and 7 Yukawa couplings. Full (updated)
expressions are given in the limit mpy,mps < mg, mr in appendix B.2.

One then finds the remarkable result that the singlet/triplet scalar contributions
to Zg exactly cancel out! The dominant contribution to Zg is then that coming from
the stops:

3y} :

ZG(U) 2Z6(MSUsy) + S%Cg X 8? log

m? (2.3.12)
where m; is the top quark mass. Although the magnitude of this is the same as the
loop contribution to Zg in the MSSM, the misalignment thus induced is much smaller,
because (a) there is no tree-level contribution, and (b) it is also proportional to the
stop correction to the Higgs mass, which is smaller than in the MSSM due to the tree-
level boost to the Higgs mass. To investigate the misalignment in this model further,
however, in the next section a precision study using numerical tools will be performed,
using the logic of the hMSSM [163]/h2MSSM [136] to show that the misalignment in
the model is even smaller than the above naive estimate.

!This is true for reasonable values of tan8 > 1.5. For values of tan near unity the Yukawa
couplings diverge at high energies so it is not possible to consistently place the N' = 2 scale there.
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2.4 Precision study

To precisely study the quantum corrections to alignment in the minimal model, the
low-energy model consisting of the THDM supplemented by a Dirac bino and a Dirac
Wino was implemented into the package SARAH. The couplings of the model are de-
scribed in detail in appendix B.1. The code was then modified to implement the
boundary at a supersymmetry scale Mgysy and the two-loop supersymmetric RGEs
used for the minimal Dirac gaugino extension of the MSSM [107, 131] as generated
by SARAH [164-166]. While this theory does not fit into a GUT and has no gauge
coupling unification, an A/ = 2 supersymmetry scale was implemented where the cou-
plings Ag, Ar take their N’ = 2 supersymmetric values. By running all the way from
a low-scale @ (which has been taken to be the scale of the Dirac gauginos and Heavy
Higgses, but could equally be myqp) up to Msyugy and then Mpy—p and back down,
iterating until the results converge, it was possible to find consistent values of the
parameters. At the scale (), the threshold corrections are those that are included in
SARAH by default:

e One-loop matching of Yukawa couplings to the Standard Model values, plus
two-loop strong corrections to the top Yukawa.

e One-loop gauge threshold corrections.

e Two-loop corrections to the Higgs masses [167—169] (which implement the generic
expressions of [168,170,171] and the solution to the Goldstone Boson catastrophe
of [169,172]).

Two-loop RGEs for this model were employed up to Mgysy, and then at the scale
Msusy, the following thresholds were implemented:

e Tree-level correction to the \; from Dirac gaugino masses given in (2.2.9), even
if Dirac gaugino masses are otherwise neglected.

e One-loop corrections to the A; given in B.2.3.
e Conversion of MS to DR gauge couplings given in B.2.1.

e Conversion of MS to DR Yukawa couplings proportional to the strong gauge
coupling, given in B.2.1.

Mgysy is taken to be a common mass of left- and right-handed stops, and it is assumed
that other MSSM particles have masses at this scale; the singlet at triplet scalars are
allowed to be heavier at a scale My. All R-symmetry-violating terms (such as squark
trilinear couplings) are eliminated, and it is assumed that

mpy,mp2, 4t < Msusy-

This means that squark mixing is neglected, and this greatly simplifies the thresh-
olds. The thresholds for supersymmetric particles that are included are then nearly
complete in this limit; the gauge and Yukawa threshold corrections vanish for the
MSSM couplings, and only the corrections to the gauge/Yukawas induced by the ad-
joint scalars are neglected — since their effect is in general very small; this work leaves
the calculation and implementation of these for future work. However, it is preferable
to include their contribution to the Higgs quartic couplings. Furthermore, in the limit
of zero squark mixing the two-loop corrections to the Higgs quartic couplings are also
small or even vanishing [173], and so this work is justified in neglecting them.
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Figure 2.1: Variation of the ratios v2\s/gy and v2Ar/gs at the scale Mgygy with
tan 3, for My—s = Msusy, 10'° GeV and 10'6 GeV.

To perform a more general scan over the parameter space including trilinear scalar
couplings, general masses and allowing u, mpy,mps to be of the order of Mgygy one
would need to compute the additional threshold corrections; while it is expected that
the effect of u, mpy,mpo on the results will be very small, it would nonetheless be
interesting to compute these in the future.

Scans were performed over the values of tan 5 and Mgysy was varied to obtain a
light Higgs mass of 125.15 GeV. The other values are taken as

My, =5 TeV, (mpy, mpa, 1) = (400,600, 500) GeV, mi° = 600 GeV
(2.4.1)

by imposing

miy = — (M%) ?sscs. (2.4.2)

As shall be seen later, these are compatible with all current experimental constraints.
Note, on the other hand, that collider limits on the electroweakinos shall not be
discussed because the effect of changing their masses is tiny.

In the scans one sees little deviation between m'°® and the mass of the heavy/charged
Higgses because the mixing is small; indeed the results are not especially sensitive to
m'e® as a result.

2.4.1 Running from the N = 2 scale

At the scale Q = 400 GeV, one finds gy = 0.37,g2 = 0.64 4+ 0.01; these are barely
different at the SUSY scale and vary little with My—o, but one does find some de-
pendence of the ratios v/2\g/gy, v2Ar /g2 on this scale, which are given in figure 2.1.
The values in the plot were taken with a common supersymmetric scale of 3 TeV and
have essentially no dependence on m 4.

An alternative way of visualising this information is in the quantity Z; evaluated
at the SUSY scale; since our model is always very near alignment, this gives the “tree-
level” Higgs mass and so in figure 2.2 vy/Z;(Mgysy) is plotted. One sees that for
Mpy—o = Mgysy this is always essentially M, while as My—o is increased one obtains
a further enhancement to the Higgs mass at small tan 5 2 1.5.

If no further corrections were to be included, then the value of Zg at Mgygy would
be given by

1
Zs(Msusy) =7s25028 | 9y (2X5/9y — 1) + 95(2A7/g5 — 1) . (2.4.3)
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Figure 2.2: v x \/Z1(Mgsusy) against tan 8 for My—s = Msysy, 10'° GeV and 106
GeV, which corresponds to the “tree-level” value of the Higgs mass before running
from Mgugy is taken (or equivalently the SUSY corrections at M) into account (we
take v = 246 GeV in the figure). One sees that increasing My—o increases the Higgs
mass, particularly for small tan 8 > 1.5.

Crucially then it is seen that for My—o > Mgusy this is dominated by the relative
positive shift in Ay, which in turn yields a negative contribution to Zg. The results
from our scans for the value of Zg at the SUSY scale almost exactly correspond to the
above equation, which are plotted in figure 2.3. The differences (particularly the tiny
difference from zero for the N' = 2 scale equal to Mgysy) come from the tree-level
and loop-level shifts.

2.4.2 Running below Mgygy

Once two-loop running below Mgysy is included, the picture changes substantially.
This is dominated by the effects of the stops via their absence from the RGEs; the
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Figure 2.3: Zg(Msusy) against tan 8 for My—s = Msysy, 10'° GeV and 10'6 GeV,
which corresponds to just the contributions to Zs from the running of Ag7 and the
threshold corrections. The solid lines show the full value of Zg, while the dashed lines
are just those given by equation (2.4.3), i.e. without threshold corrections.
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Figure 2.4: Zs(Q) against tan 3, where @ = 400 GeV is our low-energy matching
scale. One finds that the model shows good alignment for all values of tan 5 > 1.5,
with the surprising conclusion that raising the A/ = 2 scale improves the alignment.

results of Zg are plotted for the same scan as in figure 2.3 at the scale of our low-energy
theory in figure 2.4.

Interestingly, the results can be understood by following the reasoning of the
hMSSM [163]/h2MSSM [130] treatment. In that framework, the quantum correc-
tions to the Higgs mass are assumed to be dominated by the (2,2) component — and
further that one can neglect the contributions to the other components compared to
the tree-level ones; first a quick review will be made of what happens in the hMSSM
and then the analysis will be applied to our case.

2.4.2.1 (Lack of) alignment in the hMSSM

2
In the hMSSM [163], one has Ay = % + € and all other terms are assumed to have
their tree-level values as shown in eq.(2.2.15), giving the neutral Higgs mass matrix
in the alignment basis (2.2.17, 2.2.18) of

Mmpg = 9

) M%C%B + es% —MZsopcas + 5%056 ) (2.4.4)
—M2sopca5 + 3%666 m} + M%S%B ™ 850%6

Now supposing that the values are tuned to obtain alignment, one then has

—M%swczg + S%Cﬁﬁ =0,

M%cgﬁ + esf‘; =mj3 (2.4.5)
which leads to
m,
cog =—=5 > 1 or cg =0, (2.4.6)
M3

i.e. it is impossible to achieve alignment without decoupling or going to the large
tan 8 limit with these approximations. If one does not neglect the other contributions
to Zg, in the case of exact alignment one then has

1

OZZ =
6 ’U2t5

(m% — M%CQ/B) — 5505(0%5)\1 — 230\345)
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0 =(m} — Mzcop) — 1)25%3(0%5/\1 — c250\345) (2.4.7)

Since one expects A1, Az45 < A2, and for t3 > 1 one has s% > c%,s% > |cppl, this is
still impossible to satisfy. However, it will be found that for the scenario considered
here things are somewhat better.

2.4.2.2 Alignment in the Dirac-gaugino model

Using the expressions (2.2.14) for the quartic couplings, one can rewrite

M?2 M?2
Al ETQZ—i_(SAl? )\QETQZ—F%,
MZ 1 1
A345 ETQZ + 5(2)\% —gy) + 5(2)\% — g3) + 6A345. (2.4.8)

This leads to
1
Ziv? =M% + esé + 5)\10é + 55)\345835 + v? [(2)\% —g3) + (203 — g%)} 3%026

1
Zev* :8?3056 — v23505(c%5)\1 — 280 A345) + 5025350502 [(2)\% — 932/) + (2)\2T — g%)] .
(2.4.9)

The corrections d\; can be interpreted as either coming from running the couplings
between the scale Mgysy and @, or alternatively from integrating out the supersym-
metric particles at the scale (); in the latter case one can obtain an estimate of their
values from the expressions (2.3.11) and see that they are typically suppressed rela-
tive to €/v? by a numerical factor and also the ratio of the electroweak gauge coupling
to the strong top Yukawa, and therefore is is possible to continue with the hMSSM
approximation and neglect them. However, the effect from the running of Ag, Ap is
non-negligible: eliminating € in exchange for the Higgs mass and defining

A 1 1
0345 = 5(2)\% —gy)+ 5(2)\2T —93) (2.4.10)
one has
Z6= e (”%24 - m%)(m% - M%)—Uzé)\:m m,2482 —M%c2 + m%cm
vi(m%s3 + M%c% —m32) g g
+ U4C%S%((§)\345)2:|
012 1 tg s 9 ,
~N—— — — 20 — 205 — . 2.4.11
> 21“%[( L)+ (2N — g)) (2.411)

Later, expressions shall be given for eliminating s and calculating Zg in any THDM
with general \;,7 = 1...4 in equations (2.6.3) and (2.6.5).

A comparison of the above formula with the curves in figure 2.4 shows that this
gives a reasonable fit; in the case of My—s = Mgysy the expression is particu-
larly simple, but in the other cases one needs to take account of the varation of
V2Xs(Msusy), V2A7(Msysy) with tan 3 that can be seen in figure 2.1.

The main conclusion that can be drawn from the above formula is that the mis-
alignment coming from the squark corrections required to enhance the Higgs mass can
be compensated by the effect of running Ag, Ar. Indeed, one sees from figure 2.4 that
for My—y = 106 GeV, Zg is essentially vanishing for tan 8 > 3. From the curves in
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the figure, one sees that increasing the N’ = 2 scale causes a partial or total cancella-
tion of the misalignment contributions, meaning that the Higgs boson is accidentally
very Standard-Model-like, independent of the mass of the heavy Higgs! This is the
main result of the paper.

2.4.3 Higgs mass bounds on the SUSY scale

Finally the effect of the loop corrections in the low-energy theory on the Higgs mass
(i.e. those coming from the Higgs sector itself, the top and the electroweakinos) will
be considered. Figure 2.5 shows the tree-level and one-loop values for the Higgs mass
as tan (3 is varied (with Mgysy fixed to ensure my, = 125.15 GeV at two-loops). A
significant upward shift of about 7 GeV is found at one-loop, and then a downward
shift of about 1 or 2 GeV from one to two loops. Note that it is possible to interpret
the “tree-level” Higgs mass as the loop-level Higgs mass in the full Dirac gaugino
model including the effects of the stops and gluinos.

Figure 2.6 shows the final curve of tan § against Mgygsy, for different values of the
N = 2 scale between Mgygy and 1016 GeV.

The plot shows that there is a minimum for Mgysy around tan 8 ~ 2 or 3, partic-
ularly for larger values of My—o, which can be understood in terms of the splitting of
Ar from its N/ = 2 value and the consequent boost to the Higgs mass, which can be
clearly seen in figure 2.2.

The results in figure 2.6 contrast starkly with the MSSM case matched onto the

2HDM as shown in e.g. [174]; due to the enhancement to the Higgs mass from the
new couplings already seen in figure 2.2 one has a much lower SUSY scale. On the
other hand, there are significant differences from the values quoted in [136] which

are most closely related to the case My—o = Mgysy; here of course one has light
electroweakinos, although the largest difference is the significantly more accurate EFT
calculation employed here.
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Figure 2.5: Effect of loop corrections in the low-energy theory on the Higgs mass. The
tree-level and one-loop values for the Higgs mass are show against tan 8 for N' = 2
scales of the stop scale (Msysy) and 106 GeV; the two-loop value of the Higgs mass
is fixed to the black dotted line.
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Figure 2.6: SUSY scale that fits m; = 125.2 GeV against tanf. The cases
Mpy—2 = {Msysy, 10'° GeV,10'® GeV} are the solid lines in blue, red and purple
respectively and are labelled in full; the cases My—p = {10% 105,103} GeV are re-
spectively shown in blue dashed, solid green and solid orange curves and only labelled
with {10%,10%,108}. Due to the large range of scales Mgysy values for small tan 3 and
the little change for large tan 8 the plot has been split into three quadrants to show
the values more clearly, but for comparison an inset graph is given showing the three
curves My—o = {Msusy, 10!? GeV, 101 GeV} with Msysy (GeV) on a logarithmic
scale on the abscissa and tan 3 on a linear scale on the ordinate.

2.5 Experimental constraints

Since our model realises excellent alignment, the light Higgs couplings are very nearly
Standard-Model-like across the whole parameter space, and so there is no significant
constraint from those — this is in contrast to e.g. the hMSSM scenario, where for low
tan 8 the Higgs couplings provided until recently the most important lower bound on
the Heavy Higgs mass. However, there are still significant constraints on the parameter
space coming from electroweak precision tests, flavour and direct searches, as shall be
detailed below.

2.5.1 Electroweak precision corrections

There are two contributions to the electroweak precision parameters: those coming
from the high-energy theory, and those coming from the low-energy theory. In the
high-energy theory there will be contributions at tree-level from the triplet scalars:
they should obtain a vacuum expectation value, and in our EFT this manifests itself
as generating effective operators.

In the limit of zero CP violation, and neglecting the terms Ag, A7 the effective
operator arising from integrating out the triplet can be written quite simply as

2
LD

tr [Du <0a [(\@)\T,u + 92mD2)HCT10aHd + (g2mp2 — \/EATM)HiO'aHu]>
(2.5.1)

4
dmrp

where summation is understood on the index a and

D,o® = 0%0, —iga[W,, 0%]. (2.5.2)
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Figure 2.7: Ap calculated at one-loop in the low-energy theory, for different values
of My—o given in the legend. One sees that the magnitude is roughly equal to the
experimental error, and the model value is always well within 3o of the experimental
central value (which is anyway above the Standard Model value by 1.60).

When a vacuum expectation value is given to the Higgs, this translates into the
constraint from the expectation value of the triplet:

Am? v2 2
Ap=—T = — <\@/\Tu + gsz202/3) : (2.5.3)
My Mmrp

while the experimental best-fit value is [175]
Ap=(3.742.3) x 1074 (2.5.4)

For ;1 = 500 GeV and an approximately N = 2 value for Ay, with small tan 3 insisting
that this contribution does not exceed the experimental bound by 3o gives

mrp > 1500 GeV (2.5.5)

while simply saturating without exceeding the central best-fit value would limit instead
mrp > 2 TeV.

On the other hand, one also has a contribution from the electroweakinos at loop
level, which increases as the Dirac mass/ u-term become smaller. Hence they cannot be
arbitrarily light. In figure 2.7 the value of Ap is plotted, calculated in the low-energy
theory for the scan values (2.4.1), and one finds that they are below the experimental
limit across the whole parameter space.

2.5.2 Bounds on tan g and m4

The most stringent constraints on the parameter space of our model come from the
searches for pp — H/A — 77 at the LHC; and the decay B — sy determined in [170],
which bounds the charged Higgs mass to be heavier than 580 GeV independent of the
value of tan 8 (which in turn bounds the mass of the pseudoscalar Higgs to be above
around 568 GeV).

The bounds from run 1 of the LHC were rather mild on the hMSSM: they restricted
tan 8 < 8 for low m4. In [130] it was claimed that in the h2MSSM these bounds would
apply unaltered; while it is true that the couplings to the pseudoscalar are the same
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in the h2MSSM and hMSSM, the “heavy” Higgs does have altered couplings at small
my and tan 8 — since it is more aligned. Since the production of the Heavy Higgs
is dominated at small tan 5 by gluon fusion, and at large tan 5 by the bbH process,
then one would expect some differences at small tan 8. However, recently, ATLAS
produced a much enhanced bound [177] on gluon fusion and bbH production and then
decay to 7 pairs; they also interpreted this in terms of the hMSSM. To compare to the
model here, Higgs production was computed using SusHi [1 78-184] and the production
cross-sections were rescaled according to b-quark and gluon couplings computed in
the SARAH/SPheno code, then multiplied by the tau decay branching fraction, and the
bound combined assuming that the signals from H/A production overlap for small
mass differences. The results are shown in figure 2.8, where the bound from [177] on
the hMSSM is also shown. One finds almost no difference, except that the bound
on the model here is very slightly weaker once decays to the electroweakinos are
permitted. However, the branching ratio to electroweakinos in that region is never
significant enough to reduce the 7 decay fraction.

2.6 Alignment in the MRSSM

For completeness a brief discussion will be made of the MRSSM in the same limit as
for the DG-MSSM. Since the tree-level THDM parameters are the same as those of the
MSSM in the limit of large adjoint scalar and R-Higgs masses, there is no contribution
to Zg from the running of the parameters Ag, ,, Az, ;- One can first write the neutral
Higgs mass matrix as

m? M%C%ﬁ +v2AZ; —M%SQﬂCQB + UzAZG . (2.6.1)
ot ~M2sageas +v*AZg m% + M2s3, + v AZs

If one considers the loop corrections due to Ag, ,, A1, ;, to be small, then the analysis
of alignment is identical to the MSSM case, and the hMSSM logic can be applied.
However, if instead they are taken to be non-negligible — such as in [1 14,115,126, 127]
— then the contributions to A2 no longer dominate, and the hMSSM reasoning may
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no longer apply. On the other hand, the largest contribution from the other particles
will still be to A2, and so one can assume that

M? M2
Ay = Z;_E, )\1:72Z+5)\1
v v
M3
A5 =0, Agq5 = Agq = 2 + dA34. (2.6.2)

To eliminate €, one writes A2 in terms of the Higgs mass, which for general A;,¢ = 1...4
(and )\5 = )\6 = )\7 = 0):

s2c2(m? — Agqv?)?
/\2023% —&-m%c% =mj + ﬁf( A ) 5 (2.6.3)
Av%¢C ¢z + mAsB my
this can then be substituted into the expression for Zg:

56¢s
Lo = — X 2.6.4
6 )\11140% + miv%% — miv? ( )

(/\11)20% - m%)(/\lvzc% —mj +m?% — Aaavieap) + A343%v2(m?4 - )\340%1)2) .

The loop corrections to the \; from the adjoint scalars are given in appendix B.4,
but in the simplified case of mp+ = mp- = mgr = mgr = My, and gy = go = 0 one
has, for matching at a scale u:

1 MXQ] 2 4
071 = g2 108 2 < L 25T, A,

1 M ) A
A2 =15 log 2 <5 + 222 A% AL

1 M ,
0Xs =15z 108~ BMEAT, + A5 As M dr, + A58,

M3 x2
M =162 108 W T AT AT ASAS, - (2.6.5)
If one then takes (as in [115, 127]) As, = —As, = A A, = Az, = A, and allows an

additional contribution €/v? to Ay from the stops, one then has

P 1 2M?2 Z 2A% | M2 L Eg
= — —SogCop| —= 0 — 83C
6 9 2B T2 16m2 8 2 w? p2 8P

1
1672

AZ =

M
3 log {A”‘ +2X7A% 4+ 30 + 2A4c25] %s%. (2.6.6)

When the couplings A\, A are large enough, the alignment will always be improved
compared to the MSSM, because the enhancement to Z; is always greater than that
to Zg. Three cases of particular interest are noted:

1. If the contributions from the adjoint scalars are increased to the point that
those from the stops can be neglected, then for small tan 5 one will easily have
alignment (in contrast to the MSSM case).

2. Alternatively, one could enhance the contributions from A rather than A, since
the former coupling does not contribute to Zg.
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3. On the other hand, if one takes the N' = 2 supersymmetric limit

g2 gy gy
=A==, As, ==, Ag, = —"F%=, 2.6.7
Ta \/§ Su \/i Sq \/§ ( )
one finds, using the expressions in appendix B.4 (and no longer neglecting the
gauge couplings):

AT,

u

M2
oA = 16 — log —5 (392 + 2939 + gy>

Ao =0\
1 M3 1
0A3 ~ 1672 log — 2 1 <392 20595 + 9Y>
1 M2
A =162 5 log — 2 <QQQy> (2.6.8)

giving
(5)\345 :5)\1 = (S)\, (269)

so there is no shift to Zg from the adjoint scalars, but one does have a shift to
Zl, i.e

AZy =6),  AZg=0. (2.6.10)

If the mass of the adjoint scalars is comparable to the mass of the stops, then
this will however never be significant; on the other hand, if one takes the adjoint
scalars to be very heavy, then this indicates that an improved alignment relative
to the MSSM is possible. To quantify this, the above expression for Zg (2.6.5)
can be used:

5BE8 2/, 2 2 24 2
Jg = — A o (m5 — 2e5M
6 (MZv% + 6)\114)025 + miv%% — m%vQ 0+ 0Av(miy — mi, + 2c5M7)
(2.6.11)
where
A =m2(m2 — m2 — M2(4c% — 2 2
0 =mj,(mj, —m4 — Mz(4cg — 1)) + Mzcop(m?y + QJWZCB) (2.6.12)

which is the numerator for the MSSM case. In the case that m% > m? (which
corresponds to the case of interest — even though one would like m 4 small enough
to not entirely be in the decoupling limit), one therefore finds
2 2
tg v2
For My = 100Mgpsy (a rather extreme value) and matching at Mgysy one
finds

—OA. (2.6.13)

oA =0.04 2k (2.6.14)
v

and so the deviation of Zg from the MSSM value due to the adjoint scalars
should be less than 4%. On the other hand, as shall be seen below, they can
still have a significant effect on the SUSY scale.

Therefore, from the analysis above, in all three cases of interest, the alignment will
never be as good as for the minimal Dirac gaugino model, because of the tree-level
contribution to misalignment: this shall be illustrated for the A/ = 2 case in the next
subsection.
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2.6.1 Numerical analysis of an N’ =2 MRSSM

To compare with our previous analysis of the DG-MSSM, here shall be presented a
simplified numerical analysis for an ' = 2 MRSSM, as defined in point 3 above and
equation (2.6.7). From our estimations above, the alignment should only differ from
the MSSM when relatively extreme values are taken for the adjoint scalar masses,
and so to perform a precise analysis one would need to have a tower of effective field
theories and the appropriate threshold corrections. Instead it is decided to neglect all
loop-level threshold corrections other than those from the adjoint scalars (although
2-loop RGEs are used throughout) and a simple analysis is performed where the low
energy model is approximated by the Standard Model and type-II two-Higgs doublet
model. In this way one should obtain an idea of how the adjoint scalar masses cause
the SUSY scale and alignment to vary from the predictions of the MSSM.

2.6.1.1 Procedure

Two-loop Standard Model matching values were implemented at m; for the standard
model gauge, Yukawa, and Higgs quartic couplings from [19] and a two-loop Standard
Model running was performed up to an intermediate scale Q = 600 GeV, where
the A\;(Q) couplings were given approximate values to be determined through future
iterations between the scales Q and Mpy—s. The two-Higgs doublet model 2-loop
running was implemented up to the supersymmetry breaking scale defining the leading
squark masses, Mg sy, where guesses were made for the inputs of the parameters
)‘S,Tu,d- The MRSSM was then run to 2-loops to some high scale My—o where the
N = 2 boundary conditions (2.6.7) were implemented. All two-loop beta functions
were generated in SARAH, and the value of m!{*® = 600 GeV was taken as in the
minimal Dirac gaugino case. In this simplified model, as the electroweakinos are not
taken to be light, the intermediate scale @) is taken to match the choice of heavy
Higgs mass. Indeed, with these choices one should understand the Dirac gaugino
masses mpy,Mp2, Mps and the higgsino mass to be at Mgysy, and also the masses
of the R-Higgs fields R, 4 should be at that scale, because no threshold corrections
are implemented from those fields (leaving these to future work).

On the run down, \;(Mgsysy) were matched to the 1-loop threshold corrections
coming from the heavy S,T scalars as given in appendix B.4, taking the adjoint
scalars to be degenerate with mass M. This process was iterated, re-matching the
gauge and Yukawa couplings onto their 2-loop Standard Model running values at
the scale @, while the A; and Ag 1, , couplings were matched to the outputs from the
previous running until their values converged. Finally, the \; parameters were mapped
back onto the Higgs quartic coupling using A(Q) = Z1(Q) and the Standard Model
couplings were run back down to m;. The correct Higgs mass was selected from the
criterion A(my) = 0.252+0.002, corresponding to a pole Higgs mass of m;, = 125+0.5
GeV.

This process was executed for scans over the values tan 5 € [2,20]; Mgysy €
[0.5,10] TeV; My, = {5,10,100} Msysy and My—p = {105,10'%,10'6} GeV.
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2.6.1.2 Running from the N=2 scale to Mgygsy
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Figure 2.9: Variations in the ratio \/§>\5u’ ./ gy against tan 5 at the Mgy gy scale for
N = 2 scales 10°,10'° and 10'6 GeV.
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Figure 2.10: Variations in the ratio ﬁ)\Tu’d/g against tan 8 at the Mgygy scale for
N =2 scales 10°, 100 and 106 GeV.

The ratios in figures (2.9, 2.10) are taken with a common Mgy gy scale of 10 TeV,
while the associated value of my, is unconstrained. My is kept fixed - in figures (2.9,
2.10) chosen as My, = 10 Mgysy. Here the modulus of the ratio is plotted, since the
Ag, ratio is negative to respect the N' = 2 supersymmetry relations. As expected,
the model is closest to the alignment limit when the A/ = 2 scale is closer to the
Mgsysy scale. It can be seen that the Higgs mass is boosted to a greater extent by
the down-type couplings than the up-type, where the ratio \/5/\Td /g has the largest
effect, especially for higher values of N = 2 scale.
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Figure 2.11: v\/Z1(Msysy) against tan 3 for N = 2 scales 10° and 10'6 GeV, corre-
sponding to the “tree-level” value of my before running down in low-energy effective

theory.

Figure 2.11 shows the “tree-level” Higgs mass against tan 8 before running down
from Mgsysy (where the value of the Higgs mass calculated at m; matches the ex-
perimental value). For the lowest values of My—o and My plotted, v\/Z1(Msysy)
is approximately Mz, and where the former increase, so does the boost to the Higgs
mass. This boost grows substantially for the simultaneously highest values of My—o
and Ms,, owing to the large (almost non-perturbative) Az couplings. While not shown
here, it should be noted that even for My—_s = 10° GeV and Msx, = 100 Mgysy,
v/ Z1(Mgy sy ) replicates almost identical behaviour to the red curve for My—o = 10'6
GeV and My, = 5 Mgysy shown here.

2.6.1.3 Running from Mgysy — Q — my
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Figure 2.12: Z4(Q) against tan § for a Higgs mass of 125 GeV at my, for values of My
=5, 100 Msysy and Mpy—s = 10° and 106 GeV.
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Figure 2.12 shows little deviation in the results for Zs(Q), regardless of My and
Mpy—o. Indeed, as anticipated above, the results are almost indistinguishable from
the MSSM case, since the adjoint scalars in the MRSSM never give a large boost to
the quartic couplings even for the extreme cases that have been taken. Exceptionally,
the couplings in the case of very heavy scalars and very high My—o are considerably
enhanced and deviate from the N = 2 relations, making the alignment in this case just
marginally worse. While the adjoint scalars give only a very small boost to the Higgs
mass, on the other hand it is enough to cause noticeable effects in the predicted Mgy sy
scale, shown in figure 2.13, because of the logarithmic nature of the contributions from
other SUSY states.

100

80

]\4{; =100 ngsy,lezg = 1016 GeV

My, = 100 Msy sy, My—o = 106 GeV

My, =
b)) 5Ms‘usy, My_y =106 GeV

3 4 5 6

7
tang

Figure 2.13: Mgysy against tan S for a Higgs mass of 125 GeV at m; and where
Q = 600 GeV, plotted for values of My, = 5, 100 Msysy and My—o = 10° and 106
GeV.

Figure 2.13 shows the values of Mgysy against tan 8 over the parameter scan
producing a Higgs mass corresponding to my = 1254+0.5 GeV: this margin is reflected
in the enclosed transparent area®. For tanf < 4, Msygy is required to be, at the
very least, 20 TeV for the highest values of My—_o and very heavy My, and is closer
to ~ 100 TeV for lower values. Mgygy stabilises around tan 8 = 10 for all values
of My, and Mpy—o, where at this point Mgygy can be as low as several hundred
GeV for My—s = 10' and very heavy scalars. In this final extreme case (which
is of course excluded experimentally, but gives an indication of the possible effects)
the logarithms being resummed in the RGEs become smaller, it is possible that any
neglected threshold effects could make a significant difference and the results become
unreliable, but this is left as an additional analysis for future work.

2.7 Conclusions

This work has considered the consequences for the simplest realisation of Dirac gaug-
ino models when A/ = 2 supersymmetric boundary conditions are imposed for the

2The variation of 0.5 GeV is, however, not to imply the total error (which is hard to estimate, but
should be comparable to this value although it may be smaller for large values of Msusy) but to give
an indication of the sensitivity of the results on the final Higgs mass value.
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Higgs/gauge sector at some energy scale. It was found that the model naturally re-
alises alignment in the Higgs mass matrix, and that surprisingly this is preserved even
by quantum corrections. Even more interestingly, the departure from A/ = 2 relations
due to running of the couplings actually leads to both an enhanced Higgs mass (and
thus lower SUSY scale/more natural model) and also improved alignment when the
effects of the squarks were taken into account.

The most accurate calculation to date has been provided for the SUSY scale in a
Dirac gaugino model by employing the effective field theory approach, with one-loop
boundary conditions at the high scale and two loops at the THDM scale. This leads to
the prediction that the scale of coloured superpartners should be above 3 TeV (when
one allows a very high scale for the breaking of the approximate N'= 2 SUSY) but
across most of the parameter space it is below 10 TeV. While this is not encouraging
for the detection of stops/gluinos at the LHC, this is well within the reach of a future
100 TeV collider. On the other hand, the LHC or a future e™e™ collider should be
able to explore the electroweak sector of the model, including the Higgs sector and
the electroweakinos (if they are light).

There are many possible avenues for future work: improving the accuracy of the
matching at Mgsysy (as noted recently, matching at two-loop order is often necessary
for accuracy of the loop expansion to include all non-logarithmic corrections [185],
although in this class of models as has been discussed all of the missing corrections are
believed to be small) and including the effects of the electroweakinos in the matching
at one loop, so that one can consider the model with mpy ~ mpo ~ Mgysy; also with
the full set of thresholds an estimate of the error in the calculation could be performed
(which, again, should already be small — see e.g. the estimates for the MSSM case
in [186]); or including the effects of possible R-symmetry violating terms. On the
other hand, it would also be interesting to more fully explore the consequences for
different Dirac gaugino models, such as the MRSSM, where we have only performed
a preliminary analysis.
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3 — LHC constraints on the
minimal Dirac gaugino model

The Higgs sector of the MDGSSM has now been well discussed, and the purpose of
this section to derive recent limits on the gluinos and squarks in the same model. At
the LHC, gluino-pair production is enhanced while squark production is suppressed
as compared to the MSSM, and the decay signatures are altered by a more complex
chargino and neutralino spectrum. The aim here is to investigate how this impacts cur-
rent gluino and squark mass limits from Run 2 of the LHC. Concretely, four benchmark
scenarios have been chosen to highlight different features of electroweakino spectrum,
paying particular attention to the effect of the trilinear Ag coupling, which induces a
mass splitting between the mostly bino/U(1) adjoint states. Among other results, it
will be shown that for large A\g the additional Y3 — ffx decays somewhat weaken
the limits on gluinos (squarks) in case of heavy squarks (gluinos). Finally, the limits
set in the gluino vs. squark mass plane in the MDGSSM will be compared to those
obtained in equivalent MSSM scenarios.

In this chapter work will be presented re-examining the LHC bounds on squarks
and gluinos in the MDGSSM, which have so far been studied only for Run 1 data [139—

|. For the MRSSM there was a study of collider bounds on sleptons and elec-
troweakinos in the MRSSM using Run 1 data [187], and a recent examination of
bounds on charginos in a gauge-mediation scenario [148]. The scalar octet partners
of the gluons, or “sgluons”, have received more attention in the literature: Dirac
gaugino models predict two real sgluons, a scalar and pseudoscalar, since they come
from a (complex) chiral superfield. These have very interesting collider phenomenol-
ogy [81,85,89, 117,128, —191]; in particular, if CP is preserved then the pseu-
doscalar is likely to be relatlvely light and decay predominantly to tops, so they can
be searched for in four-top events [129, 145].

As previously mentioned, the MDGSSM can be embedded in a GUT by adding ad-
ditional electroweak-charged fields [116], the constrained scenario being the CMDGSSM.
For simplicity and generality, these extra fields will not be included which, in any case,
should not significantly affect the bounds on squarks and gluinos. Instead this work
takes a phenomenological approach, choosing masses and couplings at the scale of the
colourful superpartners. While the parameter space of such models is large, it shall
be argued that the constraints found should be quite general for this class of models.
In section 3.1 an overview is given of the phenomenological considerations that shall
determine the benchmark scenarios, which are presented in section 3.2. Then, limits
on gluino and squark masses will be derived, first using a simplified models approach
in section 3.3, before undertaking a full recasting of the fully-hadronic gluino and
squark search from ATLAS in section 3.4. A summary and conclusions are given in
section 4.6.
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Squark production, LHC 13 TeV, mg=1.5 TeV.
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Figure 3.1: Squark production cross-sections at leading order (LO) for the 13 TeV
LHC as a function of the gluino mass in the MSSM (in red) and in the DG case (in
blue), for mz = 1.5 TeV, assuming an 8-fold squark degeneracy (§ = @, d, & 5). The
dashed, dotted and full lines show the squark-squark, squark-antisquark and total
squark production cross-sections, respectively.

3.1 Phenomenological considerations

3.1.1 Squark and gluino production at the LHC

As mentioned above, previous studies of Dirac vs. Majorana gauginos highlighted
a weakening of collider limits on squarks due to the absence of a chirality flip in
the DG case [139-142]. In the MSSM, squark-anti-squark production at the LHC
(pp — 414}, qpdy) pProceeds via s-channel gluon and t-channel gluino exchange;
squark—squark production (pp — ¢4, ¢*¢*) of same (LL, RR) and mixed (LR) chi-
rality via t-channel gluino exchange is another important contribution to the total
squark production. Squark-squark production of same chirality however requires a
chirality flip, so it is absent in the DG case. Moreover, the other ¢-channel gluino
exchange processes are suppressed by |p| /mg in the amplitude, where |p| is the mo-
mentum in the propagator. This has a huge impact on the total squark production
in the presence of a heavy Dirac gluino as illustrated in Fig. 3.1. This suppression of
light-flavour squark production at the LHC is the perhaps best known consequence of
Dirac gauginos.

There are also other interesting consequences, which may impact collider phe-
nomenology. For one, the cross-section of gluino-pair production is enhanced in the DG
case because of the larger number of degrees of freedom than in the MSSM (see [192]
for a detailed discussion). Another important aspect is the more complex electroweak-
ino spectrum. Concretely, while in the MSSM the neutralinos are a linear combination
of the four neutral fermions, the bino B, wino W° and higgsinos ﬁg and Hg, in the
DG model this is supplemented by two adjoint fermions: a bino B’ and wino W". In
the chargino sector, the charged winos W and higgsinos ﬁj , ﬁd_ are supplemented
by the triplet W’=. Thus there are six neutralino and three chargino mass eigenstates,
which may appear in gluino and squark cascade decays.

One may therefore expect that LHC phenomenology, and constraints from current
searches, are different in DG models as compared to the MSSM. The purpose of this
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paper is to investigate what are the concrete LHC limits on gluinos and squarks in
the DG case.

3.1.2 Electroweak-ino spectrum

The neutralino mass matrix My in the basis (B', B, W0, W©, ﬁg, HY) is given by

My = (3.1.1)
V2 V2X
0 mpy 0 0 _T,szswsﬁ — gysmstCﬁ
mpy 0 0 0 —mzswcg mzswsg
0 0 0 mpo 7\/32Tmzcws[3 7\/§QT77LZCWC[3
0 0 mpo 0 mzecyeg —mzcwsg ’
V3ig VA
oy mzswsg —mzswcg %3 mzcwsg mzcwceg 0 —
2 2
—L‘imZSWCB mzswsg —f TchWch —mzcwsg —p 0

9y

where it has been used that sy = sinfy, sg = sin 3, ¢g = cos 8 and tan = v, /vy
the ratio of the Higgs vevs; mpy and mps the bino and wino Dirac masses; p the
conventional higgsino mass term, and Ag and Ar the couplings between the singlet
and triplet fermions with the Higgs and higgsino fields. The various origins of these
mass terms as well as the rotation matrices and eigenvalues are explained in detail
in [83].

Diagonalising the neutralino mass matrix above, one ends up with pairs of bino-
like, wino-like and higgsino-like neutralinos, with small mass splittings within the bino
or wino pairs induced by Ag or Ay.! Taking, for instance, mpy sufficiently smaller
than mpy and p, one finds a mostly bino/U(1) adjoint lightest SUSY particle (LSP)
with a mass splitting of

M2s%, (2)\% — ¢?
AmLspEmig—mﬁ: 22 W( S2 Y)0535 .
1% 9y

(3.1.2)

For the models that shall be considered here, this can go up to tens of GeV.

Turning to the charged fermions, there are three charginos )N(f:,) from a linear
combination of the charged higgsinos, I:LJ[ , fNId_, charged gauginos W= and adjoint
W'%. In the basis vt = (W'T, W+, H), v~ = (W’*,W*,ﬁg), the chargino mass
matrix is

0 map %TTch/g
Mc = map 0 Vemwss |, (3.1.3)
—”‘—TmWSB V2myes i

g
where again it is assumed that Majorana mass terms are absent. This gives one
higgsino-like ¥* and two wino-like Y* — the latter ones again with a small splitting
driven by Ar.

The possible impact on collider phenomenology becomes apparent when consid-
ering that gluino and squark decays will be shared out over the different neutralino
and chargino states with small mass splittings. For instance, for a mostly bino/U(1)
adjoint LSP, g — qx} or gx3 with roughly equal branching ratios. If Ampsp < myz,
the Y9 then decays to ff X! via an off-shell Z-boson. Therefore, while in the MSSM
with a bino-like LSP pp — Grqp leads to events with 2 jets + E}niss, in the DG model
with somewhat split binos, one may get a mix of events with 2, 4 or 6 jets + E3'°,
and with a small rate also jets + £T¢~ + EITniSS. It should also be noted that, due to

LAt least assuming a somewhat hierarchical pattern in mpy, mps and p; if two or all three mass
parameters are close to each other there will be additional effects from sizeable bino, wino and/or
higgsino mixing like in the MSSM.
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Z* — v, some of the Y5 decays will be invisible. Similar considerations apply to all
SUSY cascade decays.

Finally, the mass splitting between the two lightest neutralinos determines the x3
lifetime. If the splitting is very small, the X can live long enough to effectively be a
co-LSP on collider scales and appear only as E%‘iss. For larger mass splittings, the ¥)
can decay promptly, leading to the complex signatures discussed in the paragraphs
above. In between, the )28 is a long-lived neutral particle, whose decays can give
signatures with displaced vertices.

3.1.3 Effect of R-symmetry breaking

The mass-splittings in the neutralinos are due to the R-symmetry breaking effect of
both the H,, and H, fields obtaining an expectation value — hence they are proportional
to cgsp which vanishes for large and small tan 8. In addition, when Ag = gy / V2, \r =
g2/V/2, there is an effective global symmetry among the gauginos and higgsinos which
allows the neutralinos and charginos to remain of Dirac type at tree-level — this is not
actually the SU(2) R-symmetry, of which the higgsinos are actually singlets.

This means that any Majorana masses for the neutralinos and charginos (which
are neglected here) should be smaller than the above splittings in order for the analysis
in this paper to be valid: this makes a difference to the softness of the decays from )
to XY, for example.

Turning to the gluinos, at tree level g;2 are exactly Dirac in our model; the
two states are only split by a tiny difference at one loop from the small amount of
mixing between the left- and right-handed squarks proportional to p. Here, however,
a modest Majorana mass could be tolerated, since the only effect would be to split
the eigenstates and so be distinguishable in a detector as separate particles: in our
benchmarks they shall be indistinguishable. Interestingly, in our model the octet
fermion yo only couples to the scalar octets, gluino and gluons. Hence the two gluino
mass eigenstates, g1, o = %()\3 + x0), %()\3 — X0), couple only to the squarks and
quarks through the component A3, and their couplings are the same up to a factor
of 4. This means that over the parameter space, their decays are almost identical,
meaning that together they behave like a purely Dirac gluino—except for when the
decay is highly non-relativistic.

In the model presented, the only relevant non-relativistic two-body decays of a
gluino are when a squark becomes nearly degenerate with it; and so to obtain dif-
ferences between ¢; and go decays one would furthermore need a sizeable source of
R-symmetry breaking, which means squark mixing. One can therefore expect a size-
able difference between the two gluino decays into stops or sbottoms only near the
kinematic limit. This can be seen as follows: for a two-body decay g; — ¢q for i = 1,2
the couplings can be written (suppressing the gauge and Lorentz indices) as

LD —V2g335a0: 23 + V29303 (3.1.4)
and so if ¢; = cos0,q, + sin0yq,, ¢, = —sind,q, + cos 04G,, then the coupling to say
G 1s

LD—-q [CiL(qu’) + CiR(@i)}, c;, = V2g3cosly, cp=—V2g3sinb, (3.1.5)

while ¢? = —ic}, (¢%)* = —ick. The width for the gluino decays is then

L(gi — qd:) :W [(mgl + mg - mi)(!%ﬁ + |CR|2) + 2mgmg, (cLer + cger) |,
%

K3
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— 2 2 22 21,2
K :\/(mg —mg —mz)? —4dmgme . (3.1.6)

i . 2 22 A i
So then when mg, ~ mgq + mg,, mg, > mg, one has (mg, + mg —mg) ~ 2mgmyg, and

Kmqg:)%

2
167rm§i

T(G — q4;) ~ 14 2cosf,sin,|. (3.1.7)
Hence for maximal squark (stop or sbottom) mixing there is a complete suppression
of one of the decays in this limit.

For three-body decays of a gluino to neutralinos and quarks, it shall be argued
below that in this model the neutralinos should be light, and so even though the
neutralinos themselves significantly break the R-symmetry through their mixings, the
quarks/neutralinos should be relativistic and one should not see a significant difference
between the two gluino components.

3.1.4 Model constraints

The model constraints in the MDGSSM have largely been covered in previous sections,
but the most important will be summarised below. As mentioned above, the limits on
gluino and (first/second generation) squark masses depend on the other parameters in
the model, in particular the mass of the lightest supersymmetric partner, but also on
the details of the decay chains. In the (phenomenological) MSSM, it is reasonable to
consider the bino/wino/higgsino masses as free parameters. However, in the MDGSSM
(and in DG models generally) these have a large effect on the Higgs mass at tree level.
Indeed, it is well known that in the supersoft limit the Higgs D-term potential is
erased [77]; and a large p-term has a similar effect. Moreover, the singlet and triplet
scalars obtain tree-level masses mggr, mrp proportional to the Dirac mass terms:

mep = mg + 4mpy|* + Bg, mip = mi + 4lmpa|* + Br,

and so if mpy or mpy are large then the scalar singlet/triplet should be heavy. If
then they are integrated out, then the correction to the Higgs quartic coupling is

2 2
5A~0<W>2+O<M> +@(W>2+O<M> |

MsRr MsRr mrp mrp
(3.1.8)

with the exact expressions for the Two-Higgs Doublet model parameters are given
in (2.3.11) and appendix B. This means that the singlet and triplet scalars need to
be made heavy relative to the gauginos and higgsinos in order to not suppress the
Higgs mass or even render the potential unstable. Without removing the scalars
from the spectrum entirely and losing all trace of naturalness, this means keeping the
gauginos/higgsinos well below a TeV.

The scalar triplet fields are well-known to generate a shift to the electroweak
p-parameter at tree-level, with the electroweak precision constraints on the model
stipulated in section 2.5. The experimental best fit value for p (2.5.4) is satisfied by
taking mpp = 2 TeV for typical values of y, mps ~ 500 GeV. Numerically it is found
hard to find satisfactory parameter points for gaugino/higgsino masses of O(TeV) and
so in the benchmark points here they shall be taken to be only a few hundred GeV.

On the other hand, in the decoupling limit, the light Higgs mass is given by

A2 + A2
my =~ Mgchs + (S;T)u?sgﬁ + ..., (3.1.9)
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Figure 3.2: Influence of Ag on the mass splitting between the two bino-like mass
cigenstates X{, (left) and on the lifetime of the X3 (right) for the parameters of
eq. (3.2.1) and tan 8 = 2.

with the full expression for the tree-level Higgs mass given in (2.2.25), and so taking
small tan 8 and moderate values of Ag, A7 the Higgs mass can be enhanced at tree-
level without having exceptionally heavy stops (given that the stop mixing will be
small in the absence of SUSY-breaking trilinear couplings).

3.2 Benchmark scenarios

It has been argued that a typical MDGSSM scenario should have electroweakinos
of O(500) GeV, a triplet scalar heavier than 2 TeV, and if one wants to enhance
naturalness of the model (avoiding stop masses larger than O(10) TeV), small tan 8
and 2(\% + M%) > g + g3. For the sake of simplicity, and since there is no reason
to suspect a large splitting of left- and right-chiral squarks, the equivalencies mé =
mQU = mQD are taken, as well as a common value for the first two generations, while
allowing the third generation squark masses to vary so as to obtain the correct Higgs
mass (some stop contribution is necessary unless large values of Ag, Ay are chosen).

To quantitatively investigate how this influences the LHC limits, four benchmark
scenarios are chosen with different values of Ag, Ap. Concretely the limit mpy < p <
msap is taken with, for the first three benchmarks,

mpy = 200 GeV, pu =400 GeV, mpy =500 GeV. (3.2.1)

Moreover, to favour a large tree-level boost to my,, tan 8 = 2 is taken. This gives
a hierarchical spectrum of bino-, higgsino- and wino-like states with masses of about
200, 400 and 500 GeV, respectively. Finally, Ax = 0.2 is set and two values of Ag,
As = —0.27 and —0.74 are chosen, to have cases with small and sizeable )2(1),2 mass
splittings. The dependence of the 92(1)72 mass splitting and the 9 lifetime on Ag is
shown in Fig. 3.2.

With this setup, the masses of gluinos and squarks are treated as free parameters
(m3p and a scalar soft mass-squared parameter), while the masses of the 3rd genera-
tion squarks are adjusted such that mp, € [123, 127] GeV. The calculation of the mass

spectrum and decay branching ratios is done with SARAH [165, , , 193-195] and
SPheno [196], including Higgs mass calculation at the 2-loop level [167-169]. Three
distinct cases are considered:?

DG1: Ag=-0.27; m;~m;~ 3.6TeV, (3.2.2)

2Tt should be noted that no dark matter constraints are considered here. This is justified as this
work is interested in unequivocal collider constraints on the coloured sector without assumptions
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Masses
DG1 DG2 | DG3 | DG4

=0
DC1 DG2 DG3 DG4 X7 | 201.35 | 182.1 | 181.8 | 182.4

-0
D 200 200 200 200 X5 | 201.72 | 218.0 | 216.6 | 213.2

0
map 500 500 500 1175 X3 403 400 396 408

Parameters

I 200 | 400 | 400 | 400 || Xa| 419 | 445 | 44l | 437
tan 8 9 9 9 9 XY | 537 | 536 | 535 | 1226

“xs | 027 | 074 | 074 | 079 || X6 | 548 | 548 | 546 | 1227
~+
V2Ar | 014 | 014 | 014 | —026 || X1 | 400 | 395 | 391 1 398

ot
m2 1.25¢7 | 6.5¢6 | 2.26e6 | 8.26e6 || X2 536 536 534 | 1224

s X | 549 | 548 | 547 | 1229
m% | 6.25¢6 | 6.25¢6 | 6.25¢6 | 6.25¢6 || "
Q1 fi | 3604 | 2607 | 1590 | 2894

msp 1750 1750 1750 1750 7 | 3613 | 2637 | 1613 | 2927

hy | 124.0 | 125.0 | 125.3 | 125.2

Table 3.1: Parameters and masses (in GeV) of the four benchmark scenarios; mip,

map, W, tan B, Ag, Ar and the soft masses of the third generation (mg§3 = m?}3 = m2D3)
are fixed for each benchmark, while mgp and m%l = m%l = m%l will be varied to scan

over gluino and squark masses. The sgluons have masses of about 1.6 and 3.9 TeV
and play no role for the phenomenology discussed here.

DG2: Mg = —0.74; m; ~ my ~ 2.6 TeV, (3.2.3)
DG3: Ag=—0.74; m; ~ mj ~ 1.6 TeV.

For DG1 with Ag = —0.27, the two bino-like mass eigenstates )2(1)’2 are quasi-degenerate
with sub-GeV mass splitting, and the Y3 has a mean decay length of nearly 3 km, so
that it will appear as a co-LSP. For A\¢ = —0.74 (DG2 and DG3), the two bino-like
mass eigenstates 32(1)2 have masses of about 182 GeV and 216-218 GeV, respectively,
and the ¥J decays promptly into ) ff via an off-shell Z.

Since the main interest is in gluino and squark cascade decays, a fourth benchmark
is also considered with heavy winos by moving mep above 1 TeV, thus on the one hand
somewhat suppressing decays into wino-like states, and on the other hand changing
the kinematic distributions of such cascades. Concretely,

DG4 : mip =200 GeV, p =400 GeV, mop = 1175 GeV,
As = —0.79, Ay = —0.37, mj ~ m; ~ 3TeV. (3.2.5)

The main parameters and resulting masses for the four benchmark scenarios are sum-
marised in Table 3.1. Examples of gluino and squark decay branching ratios are given
in Table 3.2 and compared to the branching ratios in the MSSM with an equivalent
bino/wino/higgsino spectrum.

The complete SLHA spectrum files produced with SARAH/SPheno are available at
[107].3 Note here, that these conventions differ (as usual) from the SARAH DiracGauginos

on the cosmological history of the universe. For a discussion of DG dark matter within standard
cosmology, see [33].

3For the sake of reproducibility of these results, the SPheno model and input files are provided, as
well as the UFO model and two helpful scripts for modifying the SPheno .spc files so they can be used
for event generation with MadGraph/Pythia.
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| DG1 | DG2 | DG3 | DG4 || MSSM1 | MSSM4

Gluino decays, mg ~ 2 TeV, mg ~ 2.6 TeV

J — qq + binos 12% | 6% - 18% 10% 15%
G — bb + binos - 1% — 6% — 1%
g — tt + binos 1% | 4% — 6% 1% 3%
G — (qq"), bb) + heavy EW-inos | 66% | 36% | — | 13% 66% 19%
g — (tt, th,bt) + heavy EW-inos | 20% | 53% | — | 61% 23% 62%
g—t+tio —~ — | 48% | - - -

G—b+bio - — | 52% | - - —

Squark decays, mg ~ 2 TeV, mg ~ 2.6 TeV

Gr — q + binos 99% | 99% | 98% | 99% 92% 92%
Gr, — q + heavy EW-inos 99% | 99% | 99% | 97% 98% 97%

Table 3.2: Branching ratios of gluino and squark decays for DG1-DG4. For gluino
decays the mass hierarchy mg < myg, , is considered, and for squark decays the mass
hierarchy my , > Mg The columns MSSM1 and MSSM4 give the comparison to
the equivalent MSSM case with M; = 200 GeV, p = 400 GeV and Ms = 500 GeV
(MSSM1) or 1200 GeV (MSSM4); third generation squark masses are about 3.6 TeV
for MSSM1 and 3 TeV for MSSM4, while tan 3 = 10 and A4; = —4 TeV to achieve
mp, ~ 125 GeV.

implementation. Used here are

Parameter | SARAH convention
As —lam . (3.2.6)
A LT/V2

Scenarios DG1, DG2 and DG3 have heavy stops and sbottoms, so the gluino
branching ratios in Table 3.2 will not change significantly with the gluino mass in
the region accessible with current LHC data, as long as mg < mg (if mg > mg,
then of course § — ¢q decays dominate). This is different for DG3 which has stops
and sbottoms at about 1.6 TeV. Here the gluino branching ratios vary a lot with
mg up to 2 TeV, as shown in Fig. 3.3. Note that in this figure the BR(g;) and
BR(g2) are averaged over because R-symmetry breaking effects lead to differences in
g1 and gy decays near the threshold where 2-body decays into sbottoms/stops become
kinematically allowed. These differences are however experimentally not observable.

3.3 Simplified model limits

Within the MSSM, ATLAS and CMS have excluded gluino (light-flavor squark) masses
up to about 1800-2025 (1550) GeV assuming decoupled squarks (gluinos) and a single
decay channel into the neutralino LSP with 100% branching ratio [69,70]. In the DG
case, the twice as large gluino production cross-section should increase the gluino mass
limit by about 150-200 GeV; the bound on squark masses remains the same, since the
quoted MSSM limit is already for decoupled gluinos.

The constraints which can be derived in the context of such “simplified models”
considerably weaken in realistic scenarios where the gluinos (squarks) share out their
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Figure 3.3: Branching ratios of gluino decays (averaged over g; and g) for DG3 as
function of the gluino mass, for mg ~ 2.6 TeV.

branching ratios over several decay channels [195].% For instance, if BR(§ — ¢gx}) =
0.1, only 1% of the total gluino-pair production is constrained by the pp — §g, § —
qqx) simplified model upper limits. Likewise, if ¢y decay via heavy EW-inos, only
Grdr production is effectively constrained by the pp — 4d, ¢ — qx) simplified model
limits. On the other hand, the production cross-sections themselves can be [much]
larger than in the simplified model picture, if gluino (squark) contributions to squark
(gluino) production are not decoupled in the parameter space one is interested in.

To illustrate explicitly the consequences for our benchmark scenarios, gluino and
squark masses are scanned over for two cases, DG1 and DG3, and evaluate the simpli-
fied model constraints with SModelS [199,200]. Here the v1.1.2 database of SModelS
is used, which includes the Run 2 SUSY search results for 36 fb~! from CMS as de-
tailed in [201]. The decay branching ratios are again computed with SARAH/SPheno.
Cross-sections are computed at leading order with MadGraph5_aMC@NLO [202] using
the Dirac gaugino UFO model of [165]. (The effect of higher-order corrections will be
commented on in the next section.)

The result is shown in Fig. 3.4. For DG1, when mgz < mg the strongest constraint
comes from the pp — §§, § — qgx} simplified model (denoted as T1) and excludes
gluino masses up to about 1250 GeV for LO cross-sections. When m; < mg, the
strongest constraint mostly comes from the pp — Gg*, ¢ — qx} simplified model
(denoted as T2), excluding squark masses up to roughly 1300 GeV as long as the
gluino is not too heavy. In the equivalent MSSM case (MSSM1 scenario in Table 3.2),
the gluino mass limit would be only 1 TeV due to the smaller gluino pair-production
cross-section while, conversely, the squark mass limit would be about 2 TeV for 2.6
TeV gluinos.

For DG3, which has stops around 1600 GeV and a x3—x) mass splitting of about
35 GeV, the picture changes. On the one hand, over a large part of the region with
mg < mg, the strongest constraint now comes from the pp — gg, g — ttx? simplified
model (denoted as T1tttt). Moreover, and more importantly, gluino and squark decays
via the bino-like X3 are followed by X3 — XY ff via an off-shell Z, which is a different

4This is in particular the case if only cross-section upper limits are available for simplified model
spectra. Efficiency maps for all signal regions for a large enough set of simplified models would allow
us to combine the contributions from different signal topologies in the simplified model approach [199].
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Figure 3.4: SModelS constraints in the gluino versus squark mass plane, on the left
for DG1, on the right DG3. The colour code denotes the simplified model which
gives the strongest constraint (T1: pp — gg, f} —> ch)zl, T1tttt: pp — §3, § — tEx};
T2: pp — G4, § — qx}; TChiWW: pp — Xz Xz ) )ZZ — WExY). Full-colour (non-
transparent) points are excluded by SModelS, while light-shaded points escape the
simplified model limits.

topology in the simplified model picture.® This drastically reduces the effective cross-
section (o x BRs) that goes into the T1, T1tttt or T2 topologies. Consequently, the
excluded region is noticeably smaller for DG3 than for DG1, with a gluino mass limit
of only 1 TeV (corresponding to the factor 2 reduction of the T1 cross-section which
is also seen in the comparison between DG1 and MSSM1 above), and a squark mass
limit below 1 TeV.

It is also worth pointing out that for heavy gluinos and squarks, the effective
T1(tttt) or T2 cross-sections become too small and electroweak production of charginos
followed by )Zf;t — W*XY decays (denoted as TChiWW) takes over as the most con-
straining simplified model signature. Note however that TChiWW upper limit maps
are available for 8 TeV only—mneither ATLAS nor CMS have provided them for the
13 TeV data—and do not exclude any of the scan points.

3.4 Recast of the ATLAS multi-jet plus E* analysis

From the above discussion it is clear that the simplified model limits are not sufficient
for constraining complex scenarios as the ones considered here. Instead, a full recasting
of the experimental search(es) is necessary to derive the true exclusion limit. To this
end, the ATLAS multijet search [69] was implemented in MadAnalysis5 [203-205].
This is a generic search for squarks and gluinos in final states with jets and large
missing transverse momentum, E?iss, using 36 fb~! of /s = 13 TeV pp collision
data. It employs two approaches: one referred to as Meff-based search and a second,
complementary search using the recursive jigsaw reconstruction technique.

Here only the Meff-based analysis is used, which comprises 24 inclusive signal
regions characterised by a minimum required jet multiplicity of two, four, five or six
jets with transverse momenta pr > 50 GeV. The missing energy of the event must be
larger than 250 GeV, and events with a baseline electron or muon with ppr > 7 GeV
are vetoed. Signal regions requiring the same jet multiplicity are distinguished by

5In SModelS txname notation, these would be constrained by, e.g., T5ZZoff or T6ZZoff results,
which are however not available.
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Figure 3.5: 95% CL exclusion limits in the gluino vs. squark mass plane for DG1
(green), DG2 (blue) and DG3 (red) contrasted with MSSM1 (black dashed line),
derived from the recasting of the ATLAS 2-6 jets + EX analysis for 36 fb=! at
V/s = 13 TeV. Only the most sensitive (=best expected) signal region is used for the
limit setting.

increasing background rejection through cuts in variables like the pp of the leading
jets, A® between jets and ER and the effective mass variable Mg [206] (defined as
the scalar sum of the pr of the leading jets and the Ejnf‘iss), among others. Of these 24
signal regions, 22 are implemented in the MadAnalysis 5 recast code, which is publicly
available as [207] and part of the MadAnalysis 5 Public Analysis Database [205]. Two
additional signal regions using larger-radius jets (dubbed 2jB-1600 and 2jB-2400 in
the ATLAS paper) are not included as a good enough agreement with the validation
material provided by ATLAS could not be reached.

To evaluate the sensitivity of this search to gluinos and squarks in the Dirac gaug-
ino model, a scan is performed over gluino and light-flavor squark masses for the four
benchmark scenarios of section 3.2. For each scan point, 30K events are simulated
with MadGraph5_aMC@ONLO [202], including all 2 — 2 SUSY production processes in
pp collisions at 13 TeV using nn231lo1 PDFs. Decays, parton shower and hadroniza-
tion are done in Pythia8.2 [208] and the simulation of the ATLAS detector with
Delphes 3 [209]. Finally the events are analysed with MadAnalysis5 and an exclu-
sion confidence level (CL) is computed with the CLs technique [150]. See [210] for
a comprehensive introduction to recasting with MadAnalysis 5, explaining the full
procedure. Note that in each scan point only the “best” (i.e. the statistically most
sensitive) signal region is used for limit setting.’

Let us start with the light wino scenarios. Figure 3.5 shows the resulting 95% CL
exclusion lines in the gluino vs. squark mass plane for DG1, DG2, DG3 and MSSMI1.
As can be seen, for mz ~ mg, the limit is about 2.1 TeV for both gluino and squark
masses in all DG benchmark scenarios. For 4 TeV gluinos, the squark mass limit
is about 1.4 TeV in the least favourable DG case (DG1), decreasing to about 1.1-
1.15 TeV for DG2 and DG3, where 5(3 — Z*)Z(l) decays appear in the squark decay
chains. (The comparison with the MSSM will be done at the end of this section.)

The gluino mass limit in the region mg > mg depends more sensitively on the

SSince the signal regions are inclusive (= overlapping) they actually cannot be combined.
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assumed DG scenario. While a robust limit of mg 2 1.65 TeV is found for very heavy
squarks in all cases, one also observes different “dips” in the exclusion contours for
the different benchmark scenarios. To understand the shape of the exclusion contour,
it is instructive to consider which signal regions are used for the limit setting and how
the various production modes contribute to the final CLs value. To this end, Fig. 3.6
shows the CLs values in the best signal region from various proton-proton processes
as a function of gluino mass, for medium heavy squarks of mgz ~ 2.6 TeV.

One sees that the best signal region switches from 6j-Meff-1800 (6 jets, Mg >
1800 GeV) to 6j-Meff-2600 (6 jets, Mg > 2600 GeV) at different values of gluino
mass for the three benchmark scenarios. In particular for DG3 this leads to the
exclusion CL dropping below 0.95 for mgz ~ 1.7 TeV, where gluino decays into 3rd
generation squarks become dominant, and getting back above 0.95 for mz ~ 1.8-
2 TeV. Moreover, one observes that taking into account gluino-pair production would
only give a bound of mj 2 1.65-1.7 TeV, as is also found in the limit of heavy squarks
in Fig. 3.5. The inclusion of both gluino-pair and gluino-squark production is essential
for a correct limit setting.”

Next, a comparison in Fig. 3.7 shows the CLs values in different signal regions for
DG1 and DG3. In order to cut across the dip-peak features in the exclusion contours,
chosen here are mg ~ 3.6 TeV for DG1 and mg ~ 2.6 TeV for DG3. One sees again
that for relatively light gluinos the best signal region is 6j-Meff-1800 and the observed
CL value drops below 0.95 for gluino masses around 1.65 TeV. The 6j-Meff-2600 signal
region, on the other hand, excludes higher gluino masses, up to about 1.8 TeV in DG1
with mg ~ 3.5 TeV, and up to about 2 TeV in DG3 with mg ~ 2.6 TeV. However, 6j-
Meff-2600 becomes the “best” signal region (used for the limit setting in Fig. 3.5) only
for gluino masses of 1.8 TeV onwards. This is responsible for the dip-peak structure
in the exclusion curve in Fig. 3.5; using only the 6j-Meff-2600 signal region, the gluino
mass limit would be stronger.

Turning to the squark exclusion limits, Fig. 3.8 shows the CLs values in the best
signal regions as a function of squark mass, for fixed gluino mass. Again only DG1
and DG3 are compared, as DG2 is very similar to the latter. For mg ~ 2.4 TeV, signal
regions with 4 jets (first 4j-Meff-2600 and then 4j-Meff-3000) exclude squark masses
up to 1.9 (1.8) TeV for DG1 (DG3). This is partly due to a substantial contribution
from gluino-squark production. As the gluino mass is increased to ~ 4 TeV, both
squark-pair and gluino-squark production cross-sections are suppressed, and the best
signal region is typically one with only 2 jets. The exception is DG3 with squark
masses around 1 TeV, where a 5-jet signal region with rather low Mg cut (5j-Meff-
1600) becomes the best one. This is again a consequence of the ¥ — Z*x! decays,
which are present in DG3 (and DG2) but not in DGI.

"This was also pointed out in [198] in the context of simplified model limits.
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Figure 3.6: 1-CLs values in the best signal regions from all proton-proton processes as a
function of gluino mass for (a) DG1, (b) DG2, (¢c) DG3; mg ~ 2.6 TeV in all three cases.
Individual contributions to the total CLs (denoted by the solid black line labelled pp —
all) are given by the faint dashed lines, namely gluino-pair production (diamonds);
squark-pair production (triangles) and gluino-squark production (squares). The best
signal region at each gluino mass value is identified by the colour code as indicated in
the plot legends.
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Figure 3.7: Comparison of 1-CLs values in the 6j-Meff-1800 and 6j-Meff-2600 signal
regions as a function of gluino mass, for (a) DG1 with mg ~ 3.6 TeV and (b) DG3
with mg ~ 2.6 TeV. The best signal region is identified by full red circles.
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Figure 3.8: 1-CLs values in the best signal regions from all proton-proton processes as
a function of squark mass for (a) DG1 and (b) DG3. The solid lines are for mg ~ 2.4
TeV, while the dashed lines are for mgz ~ 4 TeV. (Since the input parameters are the
soft masses, m; and mj vary slightly in the two cases.)
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Figure 3.9: 95% CL exclusion limits in the gluino vs. squark mass plane for DG4, and
comparison to MSSM4.

Comparing all this to the equivalent MSSM1 scenario, one sees the expected
~ 200 GeV lower gluino mass limit; the squark mass limit is however considerably
stronger when gluinos are heavy, still reaching mg 2 2 TeV for 4 TeV gluinos, as
Majorana gluinos decouple very slowly.

Last but not least let us explore the role of light or heavy winos appearing in the
decay chains. To this end, Fig. 3.9 shows the 95% CL exclusion limits in the gluino
vs. squark mass plane for the DG4 and MSSM4 scenarios, to be compared with the
exclusion lines for DG2 and MSSM1 in Fig. 3.5. Interestingly, the results are very
similar for heavy and light winos; the main difference is an increase in the squark
mass limit by about 100-200 GeV (for fixed gluino mass) when winos are heavy. In
particular, mg 2 1.3 TeV at mg 2 4 TeV for DG4, which lies in between the values
for DG1 and DG2,3.

Before concluding, a comment is in order on the effect of higher-order corrections.
It is well known from the MSSM [211,212] that K-factors for gluino-pair and gluino-
squark production can be very large, of the order of a factor 2-3, depending on the
PDF set used; K-factors for squark production are somewhat smaller but still sizeable.
For the DG case, the next-to-leading order (NLO) corrections to squark production
in the R-symmetric model were computed in [131], with the conclusion that NLO
K-factors are generally larger than in the MSSM by the order of 10-20%. Since the
cross-section of squark production falls off very steeply with increasing squark mass,
K & 2 has only little impact, pushing the gluino mass limit about 100 GeV higher.
The higher-order corrections for Dirac gluino final states have not been computed
explicitly, but one may assume they are not vastly different from the MSSM. Taking
a K-factor of 2-3 as the reference, the gluino mass limit increases by roughly 200 GeV
to mg 2 2 TeV for heavy squarks, while for mg ~ mg the limit is pushed to roughly
2.3-2.4 TeV. This is illustrated explicitly for the scenario DG4 in Fig. 3.10.

3.5 Conclusions

Most SUSY searches at the LHC are optimised for the MSSM, where gauginos are
Majorana particles. Dirac gauginos are, however, an interesting and theoretically
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Figure 3.10: 95% CL exclusion limits in the gluino vs. squark mass plane for bench-
mark DG4 with K-factors 1 (LO), 2 and 3.

well-motivated alternative. Their phenomenological consequences at the LHC include
that gluino-pair production is enhanced by a factor 2 as compared to the MSSM, while
squark production is strongly suppressed due to a much faster decoupling of the gluino
t-channel exchange. Moreover, the extended chargino and neutralino sector present
in DG models can have important effects on the collider signatures.

In this paper, bounds from LHC searches on squarks and gluinos have been in-
vestigated in the Minimal Dirac Gaugino Supersymmetric Standard Model for several
representative benchmark scenarios. Since a typical MDGSSM scenario should have
electroweakinos not too far above the electroweak scale, as a primary test case, sce-
narios with a bino-like LSP around 200 GeV, higgsinos around 400 GeV and winos
around 500 GeV were chosen. Thus all charginos and neutralinos may appear in
gluino and squark cascade decays. Also considered was a scenario with heavier winos
of about 1200 GeV, and these were all compared to the nearest equivalent models in
the MSSM.

In the context of simplified model constraints, derived with SModelS, the large
variety of possible decay modes in our benchmark scenarios led to very weak limits.
The reason is, that in complex scenarios like the ones considered here, only a small
fraction of the total SUSY production leads to simple signal topologies which are
constrained by the available simplified model results.

The benchmark scenarios were then confronted with a full recasting of the ATLAS
multi-jet EXSS search [69] with MadAnalysis 5. By comparing the bounds in the DG
benchmark scenarios to those in the MSSM, it was confirmed and quantified by how
much supersoft models are supersafe: for large gluino masses, the bounds on squarks
are very significantly (by several hundred GeV) suppressed compared to the MSSM,
and this should have consequences for the naturalness of allowed models. It was shown
that this statement is robust even including loop corrections to the production. On
the other hand, for smaller gluino masses, the extra degrees of freedom lead to larger
production cross-sections, and so the lower limit on the gluino mass in these models
is somewhat higher than in the MSSM.

An important feature of the DG case, which was discussed in some detail in this
paper, is that the trilinear A\g and Ar couplings, which give a tree-level boost to the
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light Higgs mass, lead to small mass splittings within the bino and wino states. This
is important for LHC phenomenology because, if the mass splitting between the two
lightest states (in our benchmark scenarios the two binos) is very small, then the ¥J
can live long enough to effectively be a co-LSP on collider scales and appear only as
E:,r‘?iss. For larger mass splittings, however, the Y3 may decay promptly into ffx! via
an off-shell Z-boson, leading to an additional step in part of the gluino and squark
cascade decays. For mg ~ mg this has no noticeable influence on the mass limits. For
heavy gluinos or squarks, however, it was shown that the mass limits slightly weaken
when \g is large. Last but not least, there exists a range of Ag where the Y3 is a
long-lived neutral particle, whose decays can give signatures with displaced vertices.
A detailed study of this case is left for future work.

For the sake of reproducibility of our study, ample material is provided on Zenodo [197,

/.



4 — Sleptons without hadrons

4.1 Introduction

Weak-scale supersymmetry, if realised in nature, presents an attractive solution to
several longstanding theoretical and observational shortcomings of the Standard Model
of particle physics (SM). For example, supersymmetry can protect the Higgs boson
mass from large quantum corrections, ensure gauge coupling unification at high scales,
and provide a viable weakly interacting dark matter candidate [214,215]. While light,
sub-TeV superpartners of quarks and gluons have largely been excluded by direct
searches at the CERN Large Hadron Collider (LHC) [69-71,216], the situation is
far less conclusive for electroweak (EW) boson and lepton superpartners due to their
smaller production cross sections [217,218]. Current constraints only exclude slepton
masses up to a few hundreds of GeV [219,220]. For electroweak boson partners [221—

|, the case is slightly more interesting due to several small excesses, which reveal
a local significance of 3.50 and favor 100 — 300 GeV neutralino and chargino masses
in the Minimal Supersymmetric Standard Model (MSSM) [224]. Hence, studies into
new analysis strategies that can improve searches for electroweakinos and sleptons are
highly motivated.

Among the several promising lines of such investigations are those that consider
the impact of jet vetoes (i.e., the rejection of events featuring jets with a transverse

momentum greater than some threshold pye® [225-229]) in measurements of and
searches for heavy, colorless SM [230-211] and beyond the SM [215-252] states. In-

terestingly, recent studies of multilepton searches for heavy, colourless exotic particles
have demonstrated that dynamic jet vetoes can significantly improve discovery po-
tential [251,252]. More specifically, a proposed analysis premised on setting p¥6t° on
an event-by-event basis to the hardness (pr) of the event’s leading lepton was found
to improve sensitivity by roughly an order of magnitude. The improvement followed
from an increase (relative to a static jet veto) in signal rate passing the jet veto, an
ability to veto top quark events without heavy quark flavour-tagging, and a sensitivity
to jets misidentified as charged leptons [251].

While serving a similar goal, such a veto functions in a qualitatively different
manner than rapidity-dependent vetoes [237, 239, 240] by associating pye*® with a
measure of the hard process scale ). A key point is that the improvement, which was
demonstrated for both the Drell-Yan (DY) and electroweak boson fusion processes,
followed from the veto effectively discriminating local leptonic activity against local
hadronic activity [252].

In light of this, this report explores the impact of dynamic jet vetoes on the
discovery potential of dimuon plus missing energy searches for right-handed smuon
pairs ([LE[I,]_%) decaying to neutralinos (1) via the DY mode,

qq — /2% = ihin — pteTxaxa (4.1.1)
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,},*/2(*) -~ ;

—

Figure 4.1: Drell-Yan production of a pair of right-handed smuons (fi}fi5) decay-

ing into a pair of muons (u*) and lightest neutralinos (¥1). Generated with Jaxo-
Draw [253].
as illustrated in fig. 4.1. Going beyond refs. [251,252], which determined only the

improved sensitivity of setting p¥et° to the leading lepton pr, several complementary

measures of local and global leptonic and hadronic activity will be considered, includ-
ing the scalar sum of the lepton transverse momenta (St) as well as the (inclusive)
scalar sum of the transverse momenta of hadronic objects (Hr). As a benchmark,
a CMS-inspired analysis [219] that features a standard (flavour-independent), static,
central jet veto of p¥et° = 25GeV will be used. As will be shown below, a dynamic
veto can improve the discovery potential of the analysis in most cases.

The remainder of this report continues in the following manner: in sec. 4.2, a sim-
plified model describing right-handed smuon production and decay in hadron collisions
will be introduced, and the present constraints on the model discussed. Section 4.3
will summarise the computational setup, which includes state-of-the-art event genera-
tion up to NLO in QCD matched to parton showers (PS). Slepton pair production at
the LHC and the qualitative impact of different dynamic jet vetoes for the signal and
background processes will then be discussed in sec. 4.4. There the proposed dynamic
veto and benchmark collider analyses will also be defined. The results and outlook
will be presented in sec. 4.5, before summarising and concluding in sec. 4.6.

4.2 Model

In order to investigate smuon production in a model-independent way, a benchmark
simplified model inspired by the MSSM is chosen. An MSSM limit is considered in
which all superpartners are decoupled, with the exception of the right-handed smuon
fir (of mass my,) and the lightest neutralino 1 (of mass myg, ) that is taken as bino-
like. The Lagrangian describing the new physics dynamics of our model is given, using
four-component fermion notations, by

L = [0,ji}] [0"fir) +30d% —mﬁRuEuR—imxl X1X1
o - - ) esw
+ [8"”%/13 - HEGNMR] [zeAu — CWZ#] (4.2.1)

V2e [ — _
- — [(XlPR,u> ,u}rq + H.C.:|
cw

Here, the smuon gauge interactions with the photon A, and Z boson field Z,, (second
line) have been explicitly indicated, as well as the supersymmetric gauge interactions
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of the muon y, the smuon fir, and the bino x; (last line). As irrelevant for the
purposes of this paper, D-term contributions are neglected. It should also be noted
that sy and cy are the sine and cosine of the electroweak mixing angle, e is the
electromagnetic coupling constant, and Pgr the right-handed chirality projector.

Despite its simplicity, the model is only weakly constrained by LHC searches for
smuon pair production in the dimuon plus missing transverse energy channel [219].
This is due to large backgrounds, consisting mainly of W boson and top quark pair
production, as well as being an electroweak signal production mode, as illustrated
by eq. (4.1.1). For a massless neutralino, the smuon mass is constrained with £ =
39.5 fb~1 of \/s = 13TeV data to satisfy, at the 95% confidence level (CL), mz, >
220GeV. There is almost no constraint when the neutralino is heavier than 100GeV.

As the neutralino is stable, it is a viable candidate for a dark matter particle.
Bino dark matter with light sleptons can be accommodated provided that the slepton-
neutralino mass splitting is of at most 10% of the neutralino mass. Under this condi-
tion, there are sufficient co-annihilations so that the universe is not overclosed [251].
However, in the aim of using simplified models as tools for characterising given phe-
nomena, this latter constraint is ignored.

4.3 Computational Setup

To conduct the study, signal and background events in pp collisions at a center-of-mass
energy /s = 14TeV are simulated and analysed. The simplified model Lagrangian
of eq. (4.2.1) is implemented into FEYNRULES [255], that is jointly used with the
NLOCT [256] and FEYNARTS [257] packages to generate a UFO library [258] that in-
cludes tree-level vertices as well as ultraviolet and Ry counterterms. This enables nu-
merical computations up to one-loop in the strong coupling constant «s. Event genera-
tion for signal and background processes is performed with MADGRAPH5_AMCQNLO
v2.6.3.2 [202], allowing the matching of NLO QCD fixed-order calculations with parton
showers with the MC@QNLO prescription [259].

For background samples, the totally inclusive process at NLO in QCD is matched
to its first jet multiplicity at NLO according to the FxFx method [260]. This has
the effect of promoting the first and second QCD emissions in the inclusive sample,
which, respectively, are only described at LO+LL and LL precision, to NLO+LL and
LO+LL quantities. In these instances, the generator-level cuts p}. > 30GeV and
In’| < 5 are applied with a merging scale Qe = 60GeV. Background processes are
dressed with multiple particle interactions (MPI) using PyTHIA 8’s underlying event
model [208,261,262].

The programs MADSPIN [263] and MADWIDTH [264] are used to handle the smuon
decays into a muon-neutralino system. The use of PyYTHIA v8.230 [208], steered by the
CUETP8M1 “Monash*” tune [265], is employed to handle parton showering (including

QED radiation), the hadronization of all final-state partons, as well as the decays of
hadrons and tau leptons.

Particle-level reconstruction is handled with MADANALYSIS5 v1.7.10 [203,210], in
which jet clustering is enforced using the anti-k7 algorithm [266], as implemented in
FASTJET v3.3.0 [267]. A jet radius of R = 1 is chosen, following the jet veto analysis
of ref. [250]. During the clustering procedure, ideal b-jet, light-jet, and hadronic tau
(1) tagging is assumed; potential misidentification of one particle species as another is
implemented at the analysis level as done in ref. [252]. Computations use the NNPDF
3.1 NLO+LUXQED parton distribution function (PDF) set [268], while both PDF
and as(p) evolutions are managed by using LHAPDF 6 v1.7 [269].
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In addition to event generation, totally inclusive cross section normalisations at
NLO and with next-to-leading logarithmic (NLL) threshold corrections are obtained
with RESUMMINO v2.0.1 [270]. Again the NNPDF 3.1 NLO+LUXQED PDF set
is used, despite the availability of PDFs extracted using threshold-corrected matrix
elements [271]. This choice is motivated by the much larger statistical uncertainty
associated with the resummed PDF, which obfuscates their improved perturbative
precision / systematic uncertainty. The reader is referred to ref. [272] for a study of
their impact on the hadroproduction of slepton pairs.

For total signal rates up to NLO+NLL, the collinear factorisation () and QCD
renormalisation (u,) scales are set to the smuon mass. For signal and background
event generation, an event-by-event scale set to half the scalar sum of the transverse
energy of all final-state particles is used,

, 1
ppe=Expo with po=o 3 /I +mi, (4.3.1)

ke{final state}

where by default, £ = 1. The residual perturbative scale dependency is then quantified
by varying j, and py independently over the discrete range & € {0.5,1.0,2.0}.

4.4 Smuon Pairs at the LHC

4.4.1 Smuon Pair Production

Like electroweakinos, sleptons can be produced through a variety of mechanisms in
proton-proton collisions. For simplicity, this study is restricted to the production of
right-handed smuon pairs through the inclusive, Drell-Yan process,

pp =Y )Z" + X = i+ X, (4.4.1)

as illustrated in fig. 4.1. At the hadronic level X above denotes an arbitrary number
of (predominantly forward) QCD jets. If vector boson fusion becomes a relevant
production mode of TeV-scale smuons [273-275], as for example at higher collider
energies and integrated luminosities beyond the LHC, then one can expect much of
the same dynamic jet veto behavior as presented below [252].

In the upper panel of fig. 4.2, the totally inclusive NLO+NLL cross section for
neutral-current DY smuon production at a center-of-mass energy /s = 14TeV is
shown. The results are given as a function of the smuon mass, and the uncertainties
stemming from perturbative scale variation (black band) and PDF fitting (light band)
are indicated. In the lower panel of the figure, QCD K-factors are presented, with
their uncertainties, defined relative to the Born process,

UNLO+NkLL(pp_> /féﬂ}_wLX)

JNLO+NKLL _
oL O(pp — fihiip + X)

(4.4.2)

The cases k < 0 and k = 1, respectively, correspond to computations at NLO and
NLO+NLL.

For smuon masses m;, € [200,900]GeV (i.e., the range of interest for the LHC),
the NLO+NLL production cross section varies from approximately 10 fb to 10 ab,
with the corresponding scale uncertainties reaching the £2 — 3% level. In this mass
regime, NLO+NLL predictions sit well within the NLO perturbative uncertainty band
that has a width of about +4%. Furthermore, the QCD K-factors for both the NLO
and NLO+NLL computations are of about K = 1.15 and largely independently of the
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Figure 4.2: Upper: totally inclusive neutral-current DY production cross section of
[LE[LI_% pairs at NLO+NLL, and at a center-of-mass energy /s = 14TeV with scale
uncertainty (black band) and PDF uncertainty (lightest band). Lower: NLO+NLL
(black band) and NLO (lighter band) QCD K-factor, with PDF uncertainty (lightest
band).

smuon mass. On different grounds and still in this mass range, PDF uncertainties are
only marginally larger than the NLO scale uncertainties, before growing significantly
for my,, 2 800GeV (due to the absence of data in the PDF fits). As the same PDF set

is used for both the NLO and NLO+NLL computations, the size of their uncertainties
is essentially identical.

For the parameter space consistent with the simplified model assumptions, the
gluon fusion contribution to inclusive ,&Eﬂé production, which formally arises at
O(a?), is small compared with the neutral-current DY component [276,277]. More-
over, for DY-like processes that give rise to high-pr charged leptons, QCD scale uncer-
tainties in cross sections featuring a dynamic jet veto at NLO+PS (which are formally
at the leading-logarithmic accuracy) are comparable with the total inclusive cross sec-
tion uncertainty at NLO due to the absence of large jet veto logarithms [251,252]. This
holds independently of the jet radius for a dynamic veto [252]. For a static veto, choos-
ing a jet radius of R = 1 significantly helps to minimise the perturbative uncertain-
ties [250,278-280], though worsens the universal, non-perturbative ones [238,250,281].
Thus, it may be concluded that cross sections for /114%/11_% production obtained from
event generation at NLO+PS, either with or without a dynamic jet veto, are reliable
estimates of the true rate. The reliability of NLO+PS predictions with static jet ve-
toes applied to SM diboson and weak boson scattering processes have similarly been
reported elsewhere [235,244]. Hence, for the purposes here and for discovery purposes,
NNLO and NNLL (threshold) terms in fixed order and resummed signal predictions
can be ignored.
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4.4.2 Dynamic Jet Vetoes Beyond pr

Jet vetoes have long been established as powerful tools to improve the discovery
potential of sleptons and electroweakinos in multilepton searches at hadron collid-

ers [245-248,282]. In practice, LHC experiments rely on fixed/static veto thresholds
of pyet® = 20—50GeV for central jets within a pseudorapidity |n?| < 2.5 [220,283-285].
Recently [251, |, though, it was demonstrated that dynamic jet veto schemes,

namely ones wherein p\T/etO is set on an event-by-event basis to the pr of an event’s

leading lepton, can improve the sensitivity of multilepton searches for exotic, colour-
less particles. In conjunction with selection cuts on leptonic observables, this type of
jet veto ultimately discriminates against the relative amounts of hadronic and leptonic
activity in each event.

In this sense, dynamic jet vetoes can be generalised by considering observables
that measure an event’s global hadronic and leptonic activities instead of just the pr
of an event’s leading objects. For example: the inclusive scalar sum of pp of all hadron
clusters in an event (H»el),

Hpt = Y FFL Inf S 4, (4.4.3)
ke{clusters}

or the exclusive scalar sum of pr of the two leading charged leptons (1, ¢2) in an event
(S,

2
sl =3 1) (14.4)
k=1

are natural candidates. Here the usual particle ordering is adopted, where pf}i > pf}i“

for particles k; and k;;1 of species k. Henceforth the “Incl./Excl.” labels will also be
suppressed for brevity, but it is stressed that the results here should not be expected
to uniformly carry over to exclusive Hr and inclusive St.

Explicitly, the summation over “hadron clusters” in Eq. (4.4.3) means the sum-
mation over the set of momentum vectors that are the output of a jet clustering
algorithm applied to hadrons within a pseudorapidity of |12 | < yma* = 4.5, Clus-
ters that satisfy additional kinematic requirements, e.g., a minimal py threshold, are
further classified as jets. '

Qualitatively, Hy differs from the pp of the leading (or subleading) central jet p
(or p]T2) in that Hp is much more sensitive to complicated colour topologies in a hard
scattering processes. The simplest colour topologies, e.g., eq. 4.4.1, have at most one
or two colour dipoles / antennas, and hence less QCD radiation, resulting in Hr that is
comparable to p. On the other hand, complex QCD processes, e.g., pp — WW +nj,
have many color antennas, and hence more sources of QCD radiation, resulting in Hrp
significantly larger than p7}.

Due to its exclusive nature, St acts to exaggerate and accentuate the characteristic
behavior of the leading charged leptons ¢; and f5. If they stem from a resonant (con-
tinuum) process, then St will characteristically have a narrow (shallow) distribution.
If the two are pair-produced, then one expects the scaling St ~ 2p§1. Likewise, any
relative (in)dependence of pgi“ on the hadronic activity is inherited by Sp. By virtue of
the Collinear Factorisation Theorem, central, high-pr charged leptons in hadron colli-
sions stem from a hard underlying process. Hence, the St of leading leptons probes an
event’s hard-scattering core, and, up to possible kinematic decay factors, must scale
like the hard scattering scale (). This helps to protect against the emergence of large
veto logarithms. It should briefly be remarked that exclusive St differs from inclusive
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Figure 4.3: Ratios of measures of hadronic and leptonic activity for representative
signal (solid) and background (dashed) samples used in the dynamic veto analysis,

showing (a) plt/p4t, (b) plt/Hr, (¢) Sr/py, (d) Sr/Hr, (e) p2 /v, (f) p2/Hr.

St in that the latter sums over the trailing charged leptons and additionally probes
universal, low-@Q? physics, such as hadron decays and QED parton showering.

In application, a dynamic, Hp-based jet veto would work, for example, by rejecting
events in which Hr exceeds p?l. Analogously, an Sp-based veto functions by requiring,
for example, an event to satisfy p%l < St for |pit| < pmax,

To explore these alternative dynamic veto schemes, presented in fig. 4.3 are the
normalised distributions for the following ratios of leptonic and hadronic activities:

(2) /vt (0) p/Hr, () St/v],
(d) Sr/Hr,  (e) pE/p}, () pf/Hr.

These are considered for the signal process given in eq. 4.4.1, assuming three bench-
mark parameter space points,

Signal Category Mg, My, );
750GeV, 100GeV),
750GeV, 700GeV),

100GeV, 50GeV),

High-mass, Large mass splitting
High-mass, Small mass splitting
Low-mass, Small mass splitting

(
(
(
(

with smuons decaying into an SM muon and a neutralino. The following representative
backgrounds are also considered,

pp — tt = 470 + X, pp — LT v, (4.4.5)
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with £ € {e, u, 75 }. All signal and background processes are considered at NLO+PS,
after jet clustering. At least two oppositely charged muons are required, with any
number of clusters satisfying the truth-level kinematical requirements,

|77Clust.‘ < 45, ‘ne’ < 24, and pgj > 10GeV. (446)

For reference, a brief discussion should be made of the first the kinematic ratio
Jl = pT 1 /p7, as studied by refs. [251,252] and shown in fig. 4.3(a). For the signal pro-
cesses, one sees a difference in behaviour according to whether or not the smuon and
neutralino are close in mass. Whereas the high-mass, large mass splitting conﬁguration
possesses a very broad distribution, with most of the phase space exceeding 7" > 1,
the more compressed configurations possess relatively narrower d1str1butlons Wlth

significantly more phase space below the rfl = 1 threshold. For the large mass split-

ting case, final-state muons carry pf ~ mg,, (1 — m%l /m%R)/Q ~ Mpy/2 ~ 375GeV.
This is significantly larger than the leading jet pr, which is generally of the order of
the Sudakov peak. For on-shell slepton pair production, the Sudakov peak is much
lower than 2mg,, indicating that characteristically p]T1 < pe1 ~ mj,/2. For the
compressed cases, the muons carry only pT < 40 — 50GeV and drive the relationship
i (hlgh mass, small-splitting.) < i (low mass, small-splitting.) < 1.

Considering the background processes, one observes that most events populate the
region around rfi ~ 0.25 — 0.75. In both cases, the behavior follows from kinematic
arguments [251]. For an at-rest top quark decaying into leptons, the characteristic
momenta of the charged lepton and associated b-quark give rise to the scaling

o P me (L4 My /mi) /4
pﬁ} my (1—Ma,/m§) /2

J1

In a full simulation at NLO+PS with large-R jets, this is pushed significantly to
smaller values due to a large tt + 1j sub-channel, boosts from large (tf)-invariant
masses, and into-cone radiation. Each enhances p‘7T or p% relatively to pgﬂ. Despite
being a color-singlet process, the inclusive pp — ffvrv + X channel has a relatively
large pp — llvv + 1j fraction. This is due to the Born-like pp — W~*/WZ + 0j
processes being suppressed by radiation zeroes [289-296]. In turn, rfi is inherently
less than unity.

Figure 4.3(b) considers the impact of including secondary QCD radiation and
shows the distribution for 7“ = pT ' /Hr. For the signal processes, some difference

~0.75. (4.4.7)

from rfl is observed in the normahzatlon and position of the distributions’ maxima.

Here, the maxima are marginally taller and pushed to slightly lower values of ri}
This is indicative of the low hadronic activity in DY-like processes, which is in fact
why a jet veto is considered at all. On the other hand, for both background processes,

values of rf}T much smaller than rﬁ are observed. For tt specifically, the shift (and
narrowing) from rfi < 0.5 to rgT S

both bottom jets, being roughly 1/Hp ~ 1/(2 x p{ﬁ) ~ 1/(2 x pcbrl). The low-mass,
compressed signal distribution is in particular hardly distinguishable from the /vy
distribution.

Considering now a more global measure of leptonlc activity, presented in figs. 4.3(c)
and (d) are the distributions for the ratlos r = Sp/ p]T and Y e = ST/Hr, respec-
tively. For all cases one sees that the 7“ T and r HT curves are broader than their rfl
rfl T counterparts, and that the dlstrlbutlons maxima are shifted slightly rightward.
As in the (a) and (b) panels, the compressed signal and both background processes
have a significant fraction of their respective phase spaces below unity.

0.25 is consistent with Hp, which sums over

and
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As an alternative measure of local leptonic activity, figs. 4.3(e) and (f) show the
distributions for the ratios r = pT 2 /p?h and 7" = pé? /Hr, respectively. Immediately,
one sees a larger separatlon ‘than in ( ) and ( ) of the high-mass, compressed signal
process from all other processes. Notably, the ¢t distributions are much narrower, with
almost all events falling below 7“52 < 0.5 and 7“[2 < 0.25.

Taken together, a picture emerges for generahsed definitions of dynamic jet ve-
toes. One finds that all of the proposed veto schemes exhibit uniform behaviour.
For the signal process with the highest charged lepton momenta, i.e., the high-mass,
large mass splitting signal category, there is a clear signal-to-background separation
against representative background processes. For signal processes with charged lepton
momenta comparable to SM processes, one finds significantly less but nonetheless in-
teresting discriminating power. In particular, for the low-mass, compressed category,
one sees reasonable separation from tt but poor separation from ffvv, whereas for
the high-mass, compressed category the opposite is observed. This suggests that it
may be possible to salvage additional signal space with complementary selection cuts.
Quantitatively, a larger signal-to-background separation is observed for dynamic veto
schemes with more inclusive/global hadronic observables, e.g., Hp, and more exclu-
sive/local charged lepton observables, e.g., pg?. The worst separation is given by rflT,
which makes use of the multilepton activity of background processes but not the rel-
atively low hadronic activity of the signal processes. The ratio r%T appears to be
exceptionally powerful in rejecting top quark background.

4.4.3 Jet Veto Collider Analyses

The static and dynamic jet veto analyses are now defined, to quantify how generalised
dynamic jet vetoes may improve the discovery potential of smuon pairs at the LHC
- if at all. For all analyses, analysis-quality charged leptons and jets are defined as
those that satisfy the following kinematical, fiducial, and isolation requirements,

ps W U 5 10 (10) [20] {25)GeV,
Ipe W W43 <24 ARy, > 04, ARy > 0.4.

ms

Electron and muon efficiencies as reported! in ref. [219] are used for leptons with pp >
20 GeV, and those reported in ref. [297] for leptons with pp € [10,20[ GeV. Hadronic
decays of 7 leptons (73,) with pp > 20 GeV are tagged using the efficiencies reported
in ref. [298]. All objects are smeared with a Gaussian profile as done in ref. [252],
using publicly available resolution parameterizations as reported by the ATLAS and
CMS collaborations [299-302]. The magnitude of the transverse momentum imbalance
vector (Fr) is defined with respect to all visible momenta within || < 4.5,

Er=|prl, #r=— > 7Bt (4.4.8)

ke{visible}
The following background processes

pp — Ly, pp — Llvy,
pp — tt — 26X, pp — WWW — 30X,

are simulated at NLO+PS with FxFx-merging for the first jet multiplicity. The addi-
tional background processes

pp — LLLL, pp — 00,

"https://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSMoriond20170bjectsEfficiency


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSMoriond2017ObjectsEfficiency
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Analysis Object Criteria at /s = 14 TeV:
ps ) U S 10 (10) [20) {25}GeV,
Ine W0 [l oY < 2.4, anti-kr w./ R=1
ARgmvgn > 0.4, Ajo > 04
Common Analysis Requirements:
N(p*f)=1, NE)=1 N(@)=2
muu > 20 GeV, |my, — Mz| > 15GeV,
Mry > 90GeV, Er > 100GeV,
Binned signal region: Fr € (a)[100,150],
(b)[150,225[, (¢)[225,300], (d)[300,c0[GeV
Benchmark (Static) Jet Veto Analysis Requirements:
Pt 02 5 50 (20)GeV,  pYete = 25GeV

Dynamic Jet Veto Analysis Requirements:

Overlapping Signal Categories:

(a) p¥eto — pg} (b) HJYEtO — pgl
(€) pfeo = S (4) HY* = 5

(e) p¥eto — pgg (f) Hj\feto — pgg

Table 4.1: (Top) Analysis object / particle identification requirements at /s = 14TeV;
(upper) common analysis requirements; (lower) benchmark static veto analysis re-
quirements; and (bottom) dynamic jet veto analysis requirements.

pp — ttly — 34X, pp — WWH — 20X,

simulated in contrast at the NLO+PS accuracy, were found to give a negligible back-
ground contribution after all selection cuts in all analyses, and therefore are ignored
for the remainder of the report.

Shared Analysis Baseline

As a baseline for all analyses, the CMS search for slepton pair production in dilepton
final states at /s = 13 TeV with £ = 35.9 fb~! of data [219] is closely followed.
Events featuring one pair of analysis quality, opposite-sign muons are pre-selected,
and events with additional analysis-quality charged leptons are vetoed. The analysis
is thus inclusive with respect to additional leptons outside these criteria. Low-mass
hadronic resonances and Z-pole contributions are removed with the invariant mass
cuts: my, > 20GeV and |m,, — Mz| > 15GeV. The SM DY continuum is further
suppressed by requiring £ > 100GeV, and diboson and top pair processes are reduced
by requiring a “stransverse mass” cut of Mpy > 90GeV [303,304]. Section 4.5 describes
the impact of relaxing this cut. Events are then binned according to Fp. Analysis
object definitions and shared analysis requirements are summarised in the top two
sections of table 4.1.

Benchmark, Static Jet Veto Analysis

At this point, our jet veto collider analyses diverge. Our benchmark, static jet veto
analysis continues as prescribed in the baseline CMS analysis [219] and further requires
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Figure 4.4: Exclusion contours on the signal strength pgg for smuon pair production in
the (myg,, muy,) plane with £ = 35.9 fb~1, for (a) the static jet veto analysis based on
ref. [210], with p¥e'® = 25GeV, and (b) the dynamic jet veto analysis with pyet® = pgl.

that the pr of the leading and subleading muons satisfy

py ) > 50 (20)GeV. (4.4.9)
Lastly, a static jet veto of p¥et° = 25GeV is imposed on analysis-quality jets. As
such objects must sit within |n| < 2.4, the veto is more specifically a static, central jet
veto. Relaxing this pseudorapidity restriction will be briefly explored in the following
section. Analysis requirements are summarised in the third section of table 4.1.

For background processes, comparable cross sections after selection cuts are found
to those reported by CMS for all signal regions except the lowest Fp bin.

There, the background rate is found to be about 50% lower and is driven by
a difference in the normalisation of the “Flavour Symmetric” background, which is
largely populated by the ¢ and diboson processes.

The difference in this bin is attributed to the background normalisations used here
being accurate only up to NLO+PS, meaning that they are therefore missing numeri-
cally large O(a?) contributions. There are also potentially missing contributions from
mismeasurements which are not captured by our detector fast simulation.

These effects can both introduce significant differences to CMS’ data-driven pre-
dictions. The cutflows for the dominant backgrounds are summarised in table 4.2.

Dynamic Jet Veto Analysis

The goal of this study is to see to what extent, if at all, generalisations of dynamic jet
vetoes can improve searches for multilepton final states over traditional, static, central
jet vetoes. To do this, a class of analyses that simplifies the static veto analysis of the
preceding subsection is proposed. This is executed by removing the stringent high-pr
selection cuts on charged leptons given in eq. (4.4.9) and by setting the central jet
veto threshold on an event-by-event basis. More precisely, events are vetoed either

Veto

(i) if there exists an analysis-quality jet with p}. > p;e© or (ii) if the event possess

Hr > HY®™. In no case are vetoes considered simultaneously on p’. and on Hy. The
veto threshold are set dynamically according to the following permutations:

(a) pr® =pit,  (b) Hyew =plt,  (c) py**° = Sp,
(d) Hteto =87, (e) p¥et0 _ p§g7 (f) H¥et° _ pgg‘
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In principle, one can introduce a scaling factor r, e.g., H}/eto =1 X Sp, with » = 0.75,
and improve the signal-to-background ratio S/B according to fig. 4.3. However, this
is beyond the proof-of-concept scope of our study. Needless to say, investigations into
optimising a “smart jet veto” are encouraged.

4.5 Results and Outlook

To quantify the impact of dynamic jet vetoes on searches for smuon pairs, the C'Lg
technique [150] is used to first determine the 95% CL reach in terms of the event rate
Nos = 095 X L, for a luminosity £. Monte Carlo uncertainties are taken into account
for both the signal and the background, and use a flat systematic uncertainty of 20%
on the background prediction derived from the FxFx + MPI samples. The combined
likelihood ratio of the four signal regions is used as the test statistic. Sensitivity is
then expressed in terms of the signal strength (ugg),

nss = Ugs/Up, (4.5.1)

where o), is the predicted cross section in our simplified model. A signal strength of
iss < 1 means that the signal hypothesis is excluded with at least 95% confidence.

As a check, shown in fig. 4.4 is ugg for (a) the static jet veto analysis based on
ref. [219], where py°® = 25GeV, and (b) the dynamic jet veto pyet® = pfpl, assuming
£ =359t~ ! at /s =14TeV.

The derivation of these figures considers only the Monte Carlo uncertainty and
a flat 20% additional systematic uncertainty (which is intended to approximate all
additional theory and experimental systematic uncertainties) in the limit setting, to
keep the comparison as clear as possible. One finds that the constraints derived using
the reference analysis are stronger than those reported in ref. [219]. This is attributed
to three reasons. First, in comparison with the 13 TeV results explored with data,
/s = 14TeV is taken here. Second, this study uses a highly simplified treatment
of systematic uncertainties, and finally, a slightly smaller background prediction for
the lowest J signal region is recovered compared with the data-driven prediction of
ref. [219] (see sec. 4.4.3).

With the dynamic jet veto analysis, an improvement in sensitivity is observed over
the static veto analysis, with mj, < 425GeV being accessible for mj, > my,, to be
confronted to mj, < 360GeV in the static case. A comparable improvement is found
at larger luminosities. However, as part of the improvement comes from higher signal
acceptance rather than large improvements in S/B, the relative improvement dimin-
ishes somewhat. It should be stressed that while this improvement appears limited,
it has been obtained by relaxing several selection cuts of the somewhat sophisticated
analysis of ref. [219], and naively applying a dynamic jet veto that has not been op-
timised according to fig. 4.3. This “out-of-the-box” improvement even for relatively
light smuon masses is encouraging.

To present the main results of this report, for a given jet veto scheme and lumi-
nosity, the ratio of signal strengths are considered:

CMS CMS / .CMS
Dy. Veto = "Dy Veto ~ _Dy. Veto ; _Dy. Veto’ o
sS 995 Op
where ugg/ls is the signal strength as determined using the reference static jet veto
analysis and ,ugg' Veto is the signal strength as determined with the dynamic jet veto

analysis. The double ratio has the simple interpretation that a value of R > 1 implies
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Figure 4.5: The ratio of signal strengths (,uss) for (a) pp™® = pg, (b) H*° = pi,

(c) pyeto = Sy, (d) Hyet® = Sy, (e) pyet® = pi2, and (f) Hye® = p2, compared with
the CMS reference analysis using £ = 500 fb~!. The solid red line shows the 95%
exclusion for pgg = 1 for the benchmark CMS analysis, and the dashed red line the
same exclusion for the dynamic analysis.

that the dynamic veto analysis is more sensitive than the static veto analysis for a
given input.
In fig. 4.5, assuming £ = 500 fb~!, R is presented for

(a)p¥eto =, (b)HVeto — p?, (C) Veto __ ST;
(d)H¥eto — ST; ( )p¥eto — pg_‘z’ (f)HVeto _ pgg

In the large mass splitting regime where mg, > my,, one finds that the veto scheme
(f) Hyeto = pfi,? outperforms the static veto analysis for mg, < 2 200GeV; this finding
extends to (b) Hy** = pf}l, (d) Hye* = Sp and (e) py°t© = pT for mp, 2 250GeV;
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Figure 4.6: The ratio of constraints at £ = 500 fb~! for (a) the default CMS analysis,
and (b) the dynamic p]fl < p!2, both with a jet pseudorapidity cut of |n| < 4.5,
compared with their respective default analyses employing |n| < 2.4. The solid red
line shows the 95% exclusion for pugs = 1 for the standard || < 2.4 analysis, and the
dashed red line the same exclusion for || < 4.5 analysis.

and reportedly, all dynamic jet veto schemes show improvement for mj, 2 300GeV.
Of the schemes considered, the choice (c)p\T/eto = pZT2 arguably performs worst, with
limited improvement over the static analysis for much of the phenomenologically rele-
vant parameter space. For the compressed regime where mg,, ~ mg,, the St schemes
demonstrate some improvement, while (f) Hy°°® = pf,? is considerably weaker than
the static analysis.

For much of the parameter space of interest, one sees that the improvement is in
excess of 25 to 50%. The relative improvement grows with increasing mj,, which allows
for improvement in excess of 100% since the static veto reduces the signal efficiency
for heavier mass scales (due to harder initial-state radiation) while the dynamic veto
schemes generally remain efficient or become more efficient (due to harder, final-state
charged leptons). At lower mj, and close to the degenerate limit, final-state leptons
are relatively soft. This leads to p¥et° and Hj\feto thresholds that are as tight as, if
not more stringent than, the static veto, thereby eliminating any improvement from
relaxing other selection cuts.

Qualitatively, it is observed that Hp-based vetoes tend to perform better at high
masses while p]fl -based vetoes are better at low masses, indicating the utility of veto
schemes that employ more inclusive measures of the hadronic activity, e.g., Hp. Sp-
based schemes are competitive. However p\T/eto = St is too inclusive for small mg,
where the static analysis gives better results. The inclusive nature of St is particularly
useful in the compressed region, where individual lepton momenta are the smallest.
In short, a whole class of dynamic jet vetoes can improve discovery potential of smuon
pairs, but the difference in performance across the various limits of parameter space
suggests that no single combination of hadronic and leptonic activity measures will
be ideal in all cases. The appropriate leptonic measure should be investigated on an
analysis-by-analysis basis in order to target specific kinematic regions.

Impact of Jet Veto Rapidity Window

Experimentally, jets can be reconstructed up to the maximal range of the detector,
i.e. with a pseudorapidity of n < 4.5 for ATLAS and CMS. In practice though, jet
vetoes are often only applied within the coverage of the tracker, typically for jets with
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In| < 2.4, to avoid the significant contribution of pile-up to the low-pr jet rate by jets
that would normally never exceed the veto threshold. This avoidance, however, is at
the cost of an increased dependence on higher order QCD splittings, and hence an
increased theoretical uncertainty [240]. It was, however, shown that these uncertainties
can be alleviated if, instead, cuts are made on both 7 and pzf in a step-like fashion, in
particular wherein py°'° is relaxed for increasing jet pseudorapidity [210]. Indeed it
has been shown that such jet vetoes are lready experimentally viable [305]. Moreover,
extending dynamic jet vetoes to the forward region was found to be necessary to
ensure a sufficient suppression of SM backgrounds in studies at higher /s [252].

In this context, the impact of a dynamic jet veto when expanding the 7 range of
the jet veto-window from || < 2.4 to |n| < 4.5 is briefly investigated. For a widened
n range, fig. 4.6 shows the signal strength ratio,

Rx = pss(InV| < 2.4)/ugs(In¥"| < 4.5), (4.5.3)

for (a) the benchmark static jet veto analysis, where py°®® = 25GeV, and (b) the
dynamic analysis, with p\T/etO = peTz. As before, a ratio of Rx > 1 indicates improved
sensitivity. When a static veto is used and the pseudorapidity range increased, the
vetoing of jets outside the central region reduces background rates while simultane-
ously reducing the signal rates, thereby maintaining a similar signal-to-background
efficiency as in the reference analysis. For the dynamic veto, however, there is a uni-
form O(5 — 20)% improvement for most of the parameter space due to slightly higher
background rejection coupled with a smaller decrease in signal efficiency. It is antic-
ipated that this behaviour to hold for all other dynamic veto schemes considered in
this analysis.

Impact of Jet Vetoes When Lifting The Mpy Cut

As shown in Table 4.2, requiring the selection cut M7 > 90 GeV greatly suppresses
electroweak diboson and top quark pair production independently of a jet veto. How-
ever, the cut also reduces considerably the signal acceptance when sparticles are mass-
degenerate. Notably, it is reported that choosing a more aggressive dynamic jet veto
can control the top pair background sufficiently in the absence of the M7s cut, leading
to a significant improvement in sensitivity.

It has been checked that using Hr < plﬁ as a dynamic veto is stringent enough
to control the top pair background when lifting the Mpo cut, independently of the
signal region. When relaxing Mrs, total background rates grow by a factor of 5 for
the lowest J signal region up to a factor of 1.5 for the highest J; signal region,
while there is a large, overall increase in signal efficiency. For the benchmark point
(Mg, mg,) = (750GeV, 700GeV), this results in negligible changes in the signal (.5)
over background (B) ratio S/B for the two lower Jp signal regions but significant
increases in S/ B for the two higher 1 signal regions. Lifting the Mo cut when using
a stringent dynamic veto based on Hp therefore allows for improvements in sensitivity
in the compressed region, independently of the integrated luminosity, due to the top
pair background being sufficiently controlled by the dynamic veto itself.

One finds though that the improvement does not hold for all veto schemes con-
sidered. When requiring p]T1 < pljg and no Mrps restriction, the top pair background
comes to dominate the background rate in the two lower Fp signal regions and in-
creases the rates by factors of 20 — 30, thereby reducing S/B, despite the increased
signal efficiency. The two higher Fp signal regions are less affected due to a much
smaller the top pair contribution, with only a factor of 2 increase in the total back-
ground rate for the highest F'p one. For (mg,, mg,) = (750GeV, 700GeV), one sees a
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reduction in S/B in all signal regions, except for the highest F'p one, suggesting that
the simplest incarnations of dynamic jet vetoes are not sufficient in their own right.
This was noted previously in refs. [251,252].

4.6 Summary and Conclusion

In summary, this study has undergone an investigation into several measures of lep-
tonic and hadronic activities in the process

= V)2 + X = i+ X = ptuT + B+ X, (4.6.1)

and the associated SM background processes, to explore possible generalisations of
dynamic jet vetoes. Using this information, it has been demonstrated that a gen-
eral class of dynamic jet vetoes can be used to improve the sensitivity of searches for
right-handed smuon pair production at the LHC. The improvement becomes more
significant as mass scales further above the EW scales are probed, and in some in-
stances hold even when the final-state particles are soft. Most choices of measures
for hadronic and leptonic activities perform better than the CMS-inspired benchmark
analysis, which features a static jet veto threshold of py°®® = 25GeV (see fig. 4.5).
Differences suggest that no single dynamic veto scheme will always be ideal for all
parameter space regions and rather should be investigated on an analysis-by-analysis
basis. Qualitatively, one finds that dynamic jet vetoes using more inclusive measures
of the hadronic activity, e.g., Hp, perform best, while the ideal choice of leptonic activ-
ity depends on the signal kinematics (see sec. 4.5). This study reports that the impact
of including MPI/UE and NLO-accurate jet merging, e.g., via the FxFx method, does
not appreciably alter this picture; see table 4.2. The impact of enlarging the jet veto
rapidity window and complementarity to other selection cuts were also addressed.

Due to the dynamic nature of these cuts, sensitivity can likely be considerably
improved with machine learning techniques and such future investigations are en-
couraged. Our results should generalise to other searches for new, heavy, uncoloured
physics that employ jet vetoes at the LHC.
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Cut/Channel | o(¢lvw) [fb] | o(¢ttw) [fb] | o(t) [fb]

Common Analysis Requirements

Generator | 103007257 | 16807%5% | 910007 119%
Dimuon 84011 | 14078 L% | 68007 1%%
Selection (8.4%) (8.6%) (7.5%)

e | 078 | a0mS3 | a0tz
Requirements (69%) (29%) (78%)
+Minimum | 24789 | 0.5675%¢ 8.6 52
Mo (0.42%) (1.4%) (0.16%)
Benchmark Static Jet Veto Analysis Requirements
+pf > 50GeV, | 234120 | 053FT8% | 7.8 t12%
pE >20GeV | (96%) (95%) (91%)

+Static Jet | 1.6TME | 0317780 | 015788
Veto (70%) (60%) (1.9%)

Dynamic Jet Veto Analysis Requirements

+10% +7.3% +32%

p¥eto — p? 2'477.4% 05575 6% 4.5 550
(> 99%) (99%) (57%)

+11% +7.1% +57%

p¥eto _ péTz 2'2—8.6% 0'50—7.5% 0'98—17%

(91%) (87%) (12%)
+8.9% +6.9% +23%

p¥ct0 =Sy 2’4—6.7% 0'56—9‘0% 6'6—26%

(>99%) (> 99%) (89%)
+9.2% +7.3% +22%

Hteto — p? 2275 5% 0‘46713% 0.54 550

(87%) (84%) (7.1%)
+7.7% +8.6% +62%

Hq\_{eto — pgg 1'5—7.3% 0'33—8.9% 0'12—81%

(60%) (58%) (1.5%)
+9.6% +7.0% +31%

HYeto = G 2.3%97% 0.5475 50 197509

(97%) (95%) (23%)

Table 4.2: The cross section [fb] with uncertainties [fg;] and cut efficiency [(%)] of the
selection cuts in table 4.1 for the dominant SM backgrounds, when modeled for FxFx-
merging with MPI (FxFx+MPI). Uncertainties are obtained by adding the renormal-
isation and factorisation scale envelope with the shower scale envelope and statistical
uncertainty in quadrature. At the generator-level, statistical confidence corresponds
to 5-10 M events for each sample and shower variation.
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Conclusion

The discovery of the Higgs boson in 2012 closed one chapter of modern particle physics
and consequently shifted the limelight onto the half-open can of worms in the corner.
The completed Standard Model on its own leaves too many questions unanswered
for particle theorists to lock their office doors and head off for early retirement; the
community as a whole is rather confident that this is not the end of the story. It may
be that new physics has not yet been found at the LHC, but instead of throwing in the
towel, the community creates more theories, refines their search analyses and recasts
the ones already performed for their favourite models. The domain is as active as
ever and for good reason; whoever went to study physics without seeking a challenge
clearly enrolled in the wrong class.

The Higgs boson itself, or the “god” particle (said no particle physicist ever), is
at the centre of the Venn diagram, and not only enables physicists to understand
the origin of mass and massive particles, but also to discover new ones. The Higgs
boson is uniquely placed to feel the effects of higher energy physics, and enables the
particle physics community to entertain and constrain various SM extensions. This
quality is central to chapter 2, which explored the idea of the Higgs boson as part of
a type-1I Higgs doublet model originating from a higher energy Dirac gaugino model
which is automatically aligned in the minimal model. Indeed, it was shown that this
attribute held robustly under quantum corrections and the alteration of the scale at
which the extended supersymmetry is manifest. An effective field theory approach
was employed, implementing the running of two-loop RGEs and including extensive
threshold corrections at the THDM and SUSY energy scales, and the effects of the
Higgs mass bounds and experimental constraints from run 2 of the LHC on the SUSY
scale subsequently studied. This section was concluded by a quick comparison to the
MRSSM case - a model in which alignment is not predicted.

With the numerous SM-extensions existing, it would be a tough feat indeed for
experimental collaborations to produce exclusion limits for all theoretical proposals.
As such, a large majority of supersymmetry searches are based on the MSSM and
simplified variations. However not all SUSY models are created equal, and as discussed
in chapter 3, SUSY extensions can open up new production mechanisms and decay
channels, and the associated exclusion limits can considerably vary in comparison to
the simplified models. Using resources provided by the experimental collaborations,
it is possible instead for phenomenologists to determine indicative limits on their own
BSM models. Chapter 3 sought to further this goal, by primarily using simplified
model constraints to do a fast limit setting on 4 representative scenarios with the
MDGSSM - introduced first in the introduction section 1.2.4 and which was the focus
of chapter 2. This was followed up by a full recasting of the ATLAS-SUSY-2016-07
analysis to set constraints on the squarks and gluinos in the MDGSSM in the context
of LHC run 2, and a comparison was performed for equivalent corresponding MSSM
scenarios.

117
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The final chapter complements the antecedent one, in looking to further ameliorate
searches for weak-scale supersymmetry by modifying the way that hadronic activity
is processed through the currently used search analyses. Large background sources,
which are typically hadronic in proton-proton colliders such as the LHC, will always
be a hurdle to overcome when trying to pick out a search signal. Traditionally, static
central jet-vetoes are applied to cut out large hadronic background sources, but it has
recently been proposed [251,252] that dynamic jet vetoes can be applied in searches
for colourless physics and the sensitivity of the search can be improved. Chapter 4
considered the Drell-Yann production of a pair of right-handed smuons with missing
energy in a simplified MSSM model. Several global and local measures of hadronic
and leptonic activity were scrutinised in order to increase the signal-to-background
efficiency, and it was shown that, independent of the integrated luminosity, the search
sensitivity was enhanced.

If and when new physics is detected it is without a doubt that the particle physics
community will be waiting, escorting numerous tools with which to fully analyse and
optimise the search results. Until then, it will simply continue to express mild concern
towards where its next bit of funding might appear from.



A — Basic representation theory

The anomalous dimension of a general field can be defined by

vy = L0108 %5 (A.0.1)
2 Ologpu
where Z is the wavefunction renormalisation coefficient responsible for the renormal-
isation of the kinetic term for the field ¢. By definition, the dimension of ¢ changes
when a dimensionful function is put in front of it, and thus the dimension of the field
itself acquires an anomalous dimension. The energy-dependence of this dimensionful
function is exactly what defines an anomalous dimension. At tree-level, the couplings
are implicitly devoid of any energy dependence. In reality, as the energy scale at which
the theory is defined changes, so do the values of the couplings. For this one needs to
consider the renormalisation group equations.
Consider an arbitrary Yukawa coupling Y;jkqﬂi)j ®* between three superfields in
a general supersymmetric superpotential. In a supersymmetric theory, to derive the
beta-function for a Yukawa coupling,

d .. g 1
By, = %Y”k = Ywp [1671_27]51)]“ + - ] + permutations, (A.0.2)
it suffices to know the expressions for the anomalous dimensions, 'yg , of the coupling.

At one loop %j is defined by
Wi _ Ly, viv —o5ig2c, (@, A.0.3
i = 5tira 1 9.Ca(®:), (A.0.3)

where g, are the gauge couplings and C,(®;) are the quadratic Casimir group theory
invariants of the representation of a given chiral superfield ®;, with a denoting the
appropriate gauge group.

Together, the quadratic Casimir and the Dynkin index, S,(7) (a normalisation
coefficient for the generators), charactertise the group representation via

Tr (Ti) Tl ) = Sali)6™ (A.0.4)
a a J ]
(T(R)T(R)>i = Ca(®:)d] (A.0.5)

where T&z) are the generator matrices: a set of finite-dimensional traceless hermitian
matrices defining the representation. More specifically, there are D(R) x D(R) gener-
ator matrices for each group, with D(R) denoting the dimension of the representation.
Generally speaking in literature, when the R subscript is dropped, T indicates the
set of matrices defining the fundamental, or defining, representation. The generator
matrices obey commutation relations of the form

[Ty Tir)) = if Ty » (A.0.6)
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where f%¢ are real numbers called the structure constants which, if non-vanishing,
imply the group is non-abelian. The other important representation in this work is
the adjoint representation, whose dimension is equal to the dimension of the group,
and is defined by

(T(“A)> — _jface, (A.0.7)
Using the Jacobi identify,
fabdfcde + fbcdfade + fcadfbde — 0, (A.O.S)

it is possible to show that the adjoint generators also satisfy the commutation relation
(A.0.6):

|:Ta7 Tb} “_ [Ta]ed[Tb)de — [TY]ed]a]de
_ _ foed pbde | phed pade
_ pead pbde y pbed pade
_ _ pobd pede
_ pabd pdee
= g febd[pdjee (A.0.9)

Setting ¢ = j and taking the trace of eq. (A.0.5) and using (A.0.4) one sees that

(T°T%) = Co(i)1 — Te(T°T%) = Co(®;)N
= S, (i)5%

with §* = D(A) the dimensionality of the adjoint representation (equal to the number
of group generators) and N = D(R) the dimensionality of the representation of the
generators. Therefore one has that

Co(®;)D(R) = S4(i)D(A). (A.0.10)

The value that each of the above elements takes varies depending on the group, be
it SU(N), SO(N), U(N) etc. Noteably, for an N' = 2 gauge multiplet, the gauge
bosons and fermions are in the same representation, and in this instance one finds
that Cy(®;) = Sq(7). The total Dynkin index, S,(i) refers to the Dynkin index sum
over all the chiral superfields ®;. For the groups relevant in the calculations presented
here, the Dynkin index takes the values

1/2 for ®; in a (anti)fundamental representation of SU(N)
Sa(P;) = N for ®; in the adjoint representation of SU(N) (A.0.11)
Q% for ®; charged under U(1).

From this one can derive the quadratic Casimir, e.g., for a field in the fundamental
irreducible representation of SU(3), such as @, d, Q etc. In this instance the generators
are given by

Aa

Ta(3) =+ (A.0.12)
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where ), are the eight (N? — 1 = 9 — 1) Gell-Mann traceless Hermitian matrices for
the SU(3) group. Then from (A.0.10) one gets that C(3) -3 = % - 8 so that C(3) = 3.
Following the same procedure, for the supermultiplets discussed in this text:

3 for ®; = O; SU(3) octets
C5(®;) = <4/3 for ®; = Q,u,d; SU(3) triplets (A.0.13)
0 for &, = L,e, H,, Hy; SU(3) singlets
2 for ®; = T; SU(2) triplets
Ca(®;) = ¢3/4 for ®;,=Q,L,H,, Hy; SU(2) doublets
0 for ®; = u,d, e; SU(2) singlets
C1(®;) = Q3% for each ®; charged under U(1) with hypercharge Qy (A.0.14)

Gauge coupling renormalisation is instead given by

d 1
a (1)
gt9a = Tgr2l0 +

1 2
(167r2)2ﬁéa) + o, (A.0.15)

where, at one loop,

B = g0 [Z Sa(i) = 3Ca(G) | , (A.0.16)
R

with Cy(G) - not to be confused with C,(®;) - denoting the quadratic Casimir of the
gauge group (rather than the representation),

Co(G) = 0 for U(1) (A.0.17)
¢ N for SU(N). o



122 Appendix A. Basic representation theory



B — Alignment in DG models: more
on corrections and matching scales

B.1 THDM with light electroweakinos

In the interesting limit, the electroweakinos are much lighter than the singlet and
triplet scalars; in order to avoid washing out the tree-level Higgs quartic coupling
and generating a large contribution to p they should be light. At energies below the
stop/sbottom masses, then, there is an effective theory of the two-Higgs doublet model
augmented by light electroweakinos. This looks a little like Split supersymmetry or
the scenario of [306] (which considered a split scenario with both Higgs doublets light),
except that our electroweakinos have Dirac masses and our gluino is heavy; here are
therefore new Yukawa couplings between the Higgs doublets ®;, the left and right bino
B; and wino W“ for ¢ = 1,2, and the higgsinos hu d:

1 ~
£ = |51,®; Bjhu + G5, 8 W0 o + 3y, @i Biha + G5 @i W0 ha + h.c.

V2
(B.1.1)
This gives neutral and charged fermion mass matrices
Mg 0 —3ugly  3UkITL
0 M, —Loy gkt 1y gkt
M= | 0 W T2 TR (B.1.2)
_§ngld _ivkggd 0 —H
SUOT,  —gUkgs. M 0
Mw <5 vkgh,
M+ = < T Che i (B.1.3)
_ 4 ]
ﬂkaQd 2

where the bases are Y = (Bl,BQ,Wl,WQ,hg, hg) and the charged mass terms are
Wi
h+
At the SUSY scale, one matches the above to the corresponding couplings in the
Dirac gaugino theory:

Lo —(W;, hy )M, + < . Note that Mp, My, are 2 x 2 matrices.

* 92 gy 92 *TT 7
LP¢ 5 — —H By h — ZZHWlo®h B.1.4
\/§ \/i \/§ \/5 d'v1 d ( )

— )\5H Bth — /\5h BQHd — )\THd W2 g h — )\Thd a aH + h.c.

L Weoh, + L HE By —

The following definition is chosen:

Oy = H,, D= —¢;(H) Hi ) _ o (B.1.5)
Hy —(®1)"
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meaning H, - Hy +> —@1{@2, which leads to the identifications

ga=0,  gh=V2s, gli=-V2s, gl =0 (B.1.6)
ga=9v, 914=0,  gi.=0,  gir=gy (B.1.7)
gy=0,  gi=V2\p, gl=Vv2\r, gl=0 (B.1.8)
g3 =—g,  g22=0, g2=0, g32=g. (B.1.9)

These are, however, given in terms of the DR parameters: making the conversion to
MS one finds

s =5, om |~ {0l ~ 1

1 g% 595}

1 g% 395}

~ij  N__ (=i o\
(92u,d)MS _(92u,d>D {1 43272 ' 43272

(B.1.10)

B.2 Threshold corrections

In this section, the one-loop threshold corrections to the couplings in the theory will
be given . Throughout the definitions

1
k=
1672

@leog%
M

zlogz — ylogy
x—y

Pss(z,y) 1 (B.2.1)

are used, where p is the renormalisation scale at which the quantities are evaluated.

B.2.1 Conversion from MS to DR

The conversion of the gauge couplings from the MS to DR renormalisation scheme is
given by

(9v )35 =(9v )R

K 2
(92)715 :(92)13}1[1 - ?“()72]
K 2
(95)xs =<gg>DR[1 - 33] (B.22)

For the Yukawa couplings, only the strong gauge coupling dependence is retained:

th b
Y515 =Ypr

4
<1 + 3/49%). (B.2.3)
For the Higgs quartic couplings, defining
AMS —7\PR 4 5 | (B.2.4)

then

K
=8l == <g$ + 345 + g%a%)
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K
s =— <g<*/ +3g3 — 29%95)
S\y = — KgYga. (B.2.5)

If the quartic couplings are expressed in terms of the MS gauge couplings at tree level,
then there is a further shift from the shift to g, of +§¢ g% for A1 and —%g% for As.

B.2.2 Squark contributions
B.2.2.1 Matching at the SUSY scale

In the limit that taken in the body of the paper, all of the threshold corrections coming
from squarks vanish at the matching scale. However, to extend the results of [174,307]
to our model, the corrections were computed coming from stops, sbottoms and staus
to the quartic couplings allowing non-zero squark trilinears and p. They are given by

O\ E(St(}ll))\z + 551)1))\“ (B.2.6)

where the 55111) A; contributions are those from bubble, triangle and box diagrams and

are unchanged from the MSSM case given in [174,307], while the 6513))\1- are the wave-
function corrections that are modified for our model:

2., 2
—15(1) 92 1 9y 1o 42 2 2 2
K 0g Al = — 1202 (3A; + 3y; p~ + A2)
2., 2
“15()y 919y a0 40 2.2, 22
K 6@ AQ - 12M§ (3At +3yb:u’ +,LL y‘r)
2 2 2
1.1 g5 — gy + 8A
k160N = — 2 T (342 4342 4 3(y2 4 yR)pd + A2+ 2R
2402
2 2 2
_ 1 g —2)\ +2)\
R0y A =TT (BAT 4 347+ 3(u + )’ + AT+ y2?)
S

/ﬁl_l(sg)/\5 =0
(1), A5+

1
K g A6 —mﬂ(&‘lt% + 3Avyp + Aryr)
fi_lég))q :m_lég))\@ (B.2.7)

B.2.2.2 Matching at a general scale

If the squarks are not degenerate or are integrated out at a scale other than a common
SUSY scale, then in our limit,

_ 1 - _ -
KN =5, [(993 +9y— 3695y — 1295y + T2y )logmg, +8gy-logmi; +2(g5— 6y )QIOgm%]

1 _ .
+3 [2(952/ —2y2)%logm%, + (93 + 9y — 493y% + 4g3y2 + 8y3)10gm%}

e 1 _ _ _
KN =5 {(993 +9y— 3695y — 1263-y; + 72y, )logme, + 29y logm +8(g3— 3yt2)210gm%]

1 — _
+ & [20bTogni + (6} + o o

kT 6N3 =3yl Pss(my, méy)
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1 .
+ 55 [(992 — gy + 207 Y5 + 695 (i — vi) — 1895 (v + v7))logmg

— 297 (g3 — 6y )logm$, — 8gv- (95 — 3y; )logmU]

1

+3 [ — 29y (g5 — 2y2)logm% + (95 + 9v) (95 — 95 — 2y3)logmi]

_ 3 —
A = = 3 Pt ) ~ (6~ 208) a8 - 2 o,
1
—192( — 2y2)logm7.. (B.2.8)

If all squarks are considered to be at a common SUSY scale Mg, then these simplify
to

KM zé@Mg [393 + 59y — 3(95 + 9v) By +v2) + 12(3y, + yi‘-)]
KON zé@Mg [393 + 59y — 995y7 — 15g5y; + 36y; }

KOs =1—12@M§ [693 — 10gy + 72y5y7 — 3(95 + 9v) (3ui + 3u7 + y?))]
ROV :%@M@ [ — 295 — 12457 + 95 (3vi, + 3u; + y?))]

_ 1 —
H(0ha + D) =5 0BME | ~ G — 105} + 3063 — a3 + 02 +42)] (B2

B.2.3 Contributions from the S, T scalars

The mass splitting between superpartners leads to important radiative corrections
at one-loop that modify the scalar potential. At this order, the main contribution
comes from the top quark Yukawa coupling, already present in the MSSM, and from
the contribution of the splitting between scalar and fermonic modes in the S and T
superfields. These lead to new contributions to the two-Higgs doublet model effective
potential and consequently modify the alignment condition. The purpose of this
section is to elaborate on the equations given in (2.3.11) on the contributions to the
quartic couplings coming from the adjoint scalars S,7T', in the limit mpy,mps <
mg, mr, Bg, By and assuming no CP-violation. The scalars have (effective) masses

m?S‘R :m%‘ + Bs + 4m2DY =~ m?g + Bgs, m%’] = m% — Bg (B.2.10)

m3p =m3 + Br +4m}y = m3 + By,  miy =m3 — Br. (B.2.11)

When full one loop corrections to the quartic couplings are:

S =6\ 1 )\41 m%Rm%I 1o TP TM )\2 2p
1=0A2= 1672 2 7M4 + 3Aplog —— = A ( 7) SS(mTM7mTP)

+ 20507 <PSS(mSR7 map) + Pss(méb, miy, >
m2

1 2 2
0N =T [X* log%msw 34 log Tf; . MEPUM | (g2~ 903 Pss g, mibp)

— 2)\3A\% <PSS(mSR7 map) + Pss(mp, miy ﬂ
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1
1672

Shy = {— (95 — 2A%)*Pss(miy, m7p)

L oaZa2 <p55<ng, mip) + Pss(mds, m%M)>} | (B.2.12)

These results update those previously given in the literature by including the elec-
troweak contributions.

A simple derivation of the leading contributions that come from quartic vertices
will be presented in the case that there is no splitting between the imaginary and
real components of the scalar masses, and additionally that there is no splitting of
the Yukawa couplings and their A/ = 2 relations. These can be found using the
Coleman-Weinberg potential,

1 4 M\ 3

from which one can find the mass matrix M? of the S, T fields. Its eigenvalues can
be written as the perturbative expansion,

mED)Q = m? + aje + bt + ..., (B.2.14)
giving
m? + a;e + bie* + ... 3
= 1 i _2
Vew 647T2Zm + aze + bie® +...)2 [og< A2 ) 2]
= 647r2 Z [mj + e(2mia;) + € (af + 2m?b;) + ...
i
m2 3 a; b; a?
x |1 — = — - —t N B.2.15
oe (55) 5 v+ () (219
The terms quartic in the couplings are parametrised by €2,
m2
Vew D € 64 — Z [a logp+2bm (logAQ—1>] (B.2.16)

The pure couplings are mass diagonal, and so the contribution of the first order eigen-
values to the potential can be read off straight away:

Vew D 624T log AET (10| Ha[* + 10| Hy|* + 20| Hy|?| Hyu|* — 16| H,, - Hy|?]
+ (f log 25 2|Hy|* + 2| Hyu* + 4|Hu|* | Hg|] (B.2.17)
giving the radiative corrections to the two-Higgs model parameters,
%5&?’“9) = @ :2X§ log ("Ié ) + 10} log (”é)] = %5&?“9) (B.2.18)
(5&?‘19) = 6417rQ :4)\4 log (?g) + 207} log (ﬁ)] (B.2.19)
g\te9) = @ :—16)\4T10g (”ﬁ)] . (B.2.20)

To find the contributions to the second order eigenvalues, b;, it is convenient to set
the first order eigenvalues to zero. One can then diagonalise the mass matrix to have
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the contributions from the mixed terms AgAr restricted to one independent entry of
the matrix. Given the superpotential,

Wpe O AsSeijHy'Ha! + AT Hy'Ha’ ¢ 10, . (B.2.21)
the mixed terms read

VD sk [ST{ Hjo"Hy — Hlo"H,} +hel (B.2.22)
where it is used that €;; = ia%, 026i0% = —(6")T = —(¢")T = —o’. Writing the mass

matrix in the basis S, 7%, the two eigenvalues of the charged scalars will be given by
m%, while the remaining two eigenvalues can be embedded in a 2 X 2 complex matrix,
with off-diagonals mixed terms,

m2. AsAr|Hlo%Hy — Hio"H,| (B.2.23)
AsAr|Hlo"Hy — Hio"H,| m? ' -

The eigenvalues are found by the characteristic equation,

(m3 —m{”?)(m% —m{P?) = A3 N [HioHy — Hlo"H,? =0,  (B.2.24)
such that

(2 K3

m(D)4—m(-D)2(m% +m32) —<>\§A% Z |H§J“Hd— Hlo%H,|? —m%m%) =0, (B.2.25)

a

yielding

T o T a 2
I Z\H Hy— H\0"H,| B.2.96
ms =~ mS+ mzs m% ) ( i )

T _a T _a 2

D)2 |Hyo"Hy — Hyo"H, \
miP? ~ md - § . — (B.2.27)

S T

Comparing these eigenvalue expressions to the expansion, and remembering that ze-
roth order eigenvalues have been ignored here, one sees that

|HJr “Hy — HJU“H |2
bs = =—b B.2.28
o Z m% m% T, ( )
and therefore
202 )\2 ’HTo'aHd_HTO.aH ‘2 2 2
o ; G4 mg — m o8 A2 08 A2
1 4>\2 pys . A - )

, (B.2.29)

2 2
x{ <logA2—1> 2T<10g7\12—1>}

where a factor of 2 comes from the complex nature of the fields S,T%s. From this
the radiative corrections to the two-Higgs doublet model parameters coming from the
mixed terms are given by

1 (off) L XA ) o mE mg 1 (off)
20 T ez \8 a1 o P los 55 —1) p =50
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1 22 m? m?
5(0ff) - ST 1 7_1 1 7_1
A3 82 m?% — m?,, 98 \2 98 72
(of ) IR mg mg
= —— 22 log —= — 1 log —= — 1 B.2.
s 4m? m% — m%p 8 A2 & A2 ( 30)

The total leading order contribution from radiative corrections to the two-Higgs
doublet model parameters is given by the sum
(1) _ s(top) (bot) (diag) (of f)
g, = (5/\Z_Op +5>\io +5Aimg +5>\OZ_ (B.2.31)

of the contribution 5(t0p ) of the top quark, 5(b %) of the bottom quark, (5&0?@9) from

(of f)

diagonal )\;1 terms and 4, A from mixed A%A%—a terms. This gives

- me 2 2
m_ 3 1 M, M, 5 14 1 mr 1 41 mS
oy, = . be og ( » 16 5 A7 log + 162 5 Ag log 2

2
B.2.32)
1 A2\ m2 m2 (
+ WM{m%[lOg (1)2T> — 1] mS[log < 02 > - 1]
T S
(1) 3 mg, Mg, 5 4 m%‘ [V m%
1 1 — 1 —=
O = gaall Og( m2 >+ Tom2 1108\ T | T gaAslos | (o (.23
1 AZ\2 m2 m? o
+ WM{mQT[Iog <’UQT> - 1] - m%[log <’Ués> — 1]} s
T S
2 2
m_ 5 4 my [V ms
YY) ) i ) 2 (B.2.34)
- 87r2mz_mg{mT[10g <v2> — 1] — mglog <v2> - 1]} ;
T S
2
55\? = ——)\4 log (mT>
(B.2.35)

1 A3 9 m3 m?
1 T ) _ 1] — m2N S 1
A2 % %{77LT[Og(v2 > ] ”LS[Og(vg > ]}7

with no corrections to the other effective two-Higgs doublet model parameters.

The alignment limit in the effective two-Higgs model is governed by the relative
value of the off-diagonal element Zg relative to the diagonal ones. The tree-level value
is then modified at one-loop order (in the relevant limits stated above) to

Z((il) = —%825 [()\1 —1—591)) - ()\2 + 5( )) % — { ()\3 n 5;2))
(- 00) + (250 Leg]

1 1 2\ m2 (B.2.36)
= —552028 [2(92 +9%) = (NG + M) + 1z log (7;)]

3 My, My, \ 2 4 Mg My, \ o
~ I6n QSzﬂ[yb10g< ;} Q)Cﬁ—ytlog ,1,@2 5| -

Note that there is no explicit dependence on Ag as the latter appears in the scalar
potential as a coefficient of terms that are invariant under rotations towards the align-
ment limit in the plane of {H,, Hy}.
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B.3 One-loop RGEs

B.3.1 THDM with electroweakinos

For our numerical study two-loop RGEs are used throughout, as generated by SARAH.
They are too long to put into print; however, for illustration provide here are the
one-loop expressions for the low-energy theory of the THDM with electroweakinos,
after making the simplification that:

e Only third generation Yukawa couplings are included.
e No CP-violation, hence all couplings real.

e Respecting the matching conditions (B.1.6-B.1.9), the beta functions for the

couplings that are zero at the supersmmetry scale are zero along the flow, and

: 1 .21 .22 12 11 21 22 12
hence the couplings g4, 974, 973 9iu> 924> 9a9u> 954> 9ou, are set to zero.

Then defining

dx
= (1) 23(2) 4 B.3.1
Tior = RAY + K23 + (B3.1)

the RGEs for the dimensionless quantities in the theory are given below.

B.3.1.1 Gauge couplings

23
1 3
5éy) = ggy
1
ﬁg) _ §g§ (B.3.2)
By = —T793

B.3.1.2 Yukawa couplings

1
BY,) =75un(=27g3 — 9695 — 5g¥. + 54yil + 6y} + 1247

w19
+6(912)" + 6(912)” + 18(924)” + 18(924)°)
1
By =15ur(—27g3 — 9693 — 17} + 6yj + 547

+6(g1a)” + 6(91)” +18(g34)” + 18(93.)")

1
By = (=993 — 1593 + 2(6y + 5y7 + (912)” + (912)* + 3(920)° + 3(952)%))

y 1
Buns =55 (1097 (201098 + 91igTs + 693,930) + +5913(~993 — 3% + 1247 + dy?

+5(913)° + 2(g10)* + 9(923)° + 6(920)° + (974)* + 3(930)*))

%(109%)31 (910914 + 29191 + 699595) + 5g1u (=995 — 393 + 12y5 + 4y?
+2(913)° + 5(g10)? + 6(923)° + 9(92.)° + (972)” + 3(932)%))

54) =0 (0s3(~333 — 0% + 1208 + 447 + 3(913)” + 2(11)? + 11(033)” + 6(g3)”

920 20
+ (g35)% + 3(933)?) + 10932 (2911974 — 2930955 + g53952))

A -
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y 1
Bupt =55 (10034201307 + 93,954 — 2033037) + So3u(—3393 — 393 + 1247 + 47
+2(917)" + 3(g1a)? + 6(922)° + 11(g2)° + (92)* + 3(932)%)
1
Bia) =55 (1091u(oigts + 201397 + 6933932 + 59Ta(~993 — 3% + 1297

+ (912) + 3(950)% + 5(g74)” + 2(g72)% + 9(g30)° + 6(g32)°))

B(% =%(2(9i§)2935 + 4917 (910974 + 3950950) + 91n(—995 — 39 + 1247
+ (910)? + 3(g30)” + 2(974)% + 5(912)” + 6(g54)° + 9(952)*))

Bt =%(10953&(2g}39?3¢ + 93u95d — 295495%) + 5934(—3395 — 393 + 12u7
+(912)° + 3(920)° + 3(970)” + 2(g12)* + 11(g54)* + 6(952)%))

by o1
Bip = (4oligsioti — 4gbignugsi + (9h) 950 + 2(930) 050
+ 9503393 — 393 +12y7 + 3(92,)° + 2(912)° + 3(912)” + 6(g34)* + 11(952)°))-

(B.3.3)

B.3.1.3 Quartic scalar couplings

1
B =3 <9g§ + 3% + 693(g% — 6M1) — 129%A1) - <12y;; Ayt — 12520 — 42N — 120

— ANE -2\ 20221 (919)% + (12)* — 21 (g10)? + (91n)* — 6A1(g53)?
T 2(g12)(92)” + 5(92)* — 6M (gl + 2(g1)2 (62 + 5@%;)4)
1

85y =1 <9g§ + 3gy + 695 (g5 — 6A2) —129§A2>—<12yf—12yt2A2—12A§ — 4X5 — 43\
— 203 222 + (g2) + (912" +2(g1h)*(g3h) 2+ 5(g30)  +2(972)%(932)% + 5(g32)*
- 2ua[(h? + (20 + 36 + (%))

n 9, 3 3

Ei =92~ 59503 + 0% — 12037 — 993 A3 — 397 s +6y5 A3 + 657 s +2y7 A3 +6)1 0
+ 6AaA3+4AZ 20 A g+ 20000 202+ 202 433 (92 22 +-303(gah )2+ A3(g3h)?
—(g1D)2(g30)% — 2(g33)2(g7)% + X3(92)% — (912)%(922)% — 2(g3))2(932)?
+ 291 L gil gl g2t — 4gi2gal g2 g2 + 33(93)? — 4(9a2)%(953)? — 5(gal) % (gah)?
+ (912)* (A3 — 2(930)%) — 4910953914952 + 291293091295 + 893393930950
+303(932)% — 5(932)%(932)? — 4(gah)2(932)? + (g1h)2 (N3 — 2(g32)?)

BY) =3020% + 12u252 — 99301 — g3 As + GyEAa + 6yPAs + 2y A + 2A1 A1 + 2A0\g
+ 8A3 A + 402 + 82 + 3A4(g22)? + 3M4(gdl)2
+ Mg + (932)%(d25)? — 2012910978932 + Ma(932)% + (g30)* (932)*
— 4910030910955 + 2013930912954 + 3Ma(950)? — (933)°(g50)% + 4(g50)* (930)*
(91220 — (930)% + (930)H) +291L 93397 932 — 412932 g72 932 — 10932 g3t g3a 932
+3M(g32)° + 4(920)(950)% — (930)%(952)% + (910)* (M = (912)* + (950)%)

8L =Xs ( — 995 — 3g3 + 6yp + 6y7 + 2yZ + 2X1 + 2X5 + 8A3 + 12Xy
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+(912)% + (910)” + 3(920)° + 3(g20)° + (974)* + (92)° + 3(930)° + 3(955)2> :
(B.3.4)

B.3.2 MDGSSM

Once again including only third generation Yukawa couplings, the beta functions for
the dimensionless quantities of the MDGSSM are given by:

B.3.2.1 Yukawa couplings

As

Brs = ior 3 [412s? + 67 [* + 3lyel* + 3lwsl” + [y-[* — g3 — 343] ,
Brr = 1 2 2|As]? + 8IArl® + 3|yel* + 3lyel* + |y > — g5 — Tg3] ,
By = 6lunl? + [y ? + [AsI? + B2 — Sog2 — 3¢5 — g2 (B.3.5)
Yt 167’(‘2 9 3 ’
——6 2 2 2 1 o2 3A2_22_32_L62
By, = o lys|® + |ye® + |y-|? + [As|? + 3|A7] g%y —3%2~ 393,
Yr
By = Jge [Aurl® + 31wl + [As[* + 3|A7[* — 3¢3 — 3¢3]
B.3.2.2 Gauge couplings
3
_ 119
Pay = Nigm
5 s @ (B.3.6)
92 1672’
Bys = 0.

B.4 MRSSM corrections

Collected here are the tree-level and leading one-loop threshold corrections to the
THDM parameters in the MRSSM.

B.4.1 Tree-level

The tree-level \; are given by

1 1 1
A=A = 1(93 +9v), M= 1(93 -9¥), M= —593 (B.4.1)
The shifts from integrating out the adjoint scalars give
S\ — — (gympy — V2As,1ta)? _ (g2mp2 + V2Ar,pa)?
1 Mg mip
Ghg = — (gympy + V2As, 1)’ _ (g2mpa + V21, )
Mg migp
SAg = — A%“ . A% + (9ympy — \/i)\sd,ud)(gympy + \/§>\Su,U«u)

2 2 2
Mpy  Mipp mgp
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(g2mp2 + V21, 114) (gamp2 + V21, i)

2
Mmrp

A2 A2 A2 A2
T
2mS] QmSR QmTM ZmTP
P (g2mpa + V2A1,14) (92mp2 + V221, 1)
m%P
N S B S
Qm?g[ 2m%R Qm%M Zm%P
5\ _ As(—gympy + V2, 1a) n Ar(gampa + V2A1, 1)
‘T V2m? V2m?
Msr Mrp
5r _As(gympy + V2As,pu)  Ar(g2mpe + V27, ) (BA.2)
ﬁm%R ﬂm%P

B.4.2 One-loop

The one-loop corrections from the adjoint scalars in the limit that the Dirac gaugino
masses can be neglected are given by:

_ m2., ,m2 m2 ,m?2
1o — [3A4Td log (T%TP) AL Tog (31:451) +203 A2, (Pss(m?gR, mip)

1
2
+ Pgs(mr, m2TM)> + (g5 — 2/\2Td)2PSS(m2TMa szP)}

1 r 2 2 2 2

K102 =5 | 3N, log (mTfZTTP) + % log WSﬁTSI) + 202 A2 (Pss(ng, m%P)>

-me@@W+@—%@%mﬁmm%ﬂ

1T 2 2 2 2
/{—15)\3 _ 3)\%““A%d lOg (mTMTTP) + )\21 )\% 10g (mSRTSI)
i 7 1
+ 2A5, A1, As, AT <PSS(m%‘Rv m%P) + PSS(m%b m%P))

+ (g5 — 2A%,)(95 — 2A%,) Pss(miys, m7p)

“_15)‘4 = |:2)\Su)\Tu)\Sd)\Td <PSS(m?§Ra WQTP) + PSS(mgla m%“M))

+ (g5 — 2A%,)(95 — 2A%,) Pss(miys, m7p) (B.4.3)
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Sujet : Phénoménologie et contraintes de collisionneur des modéles
supersymétriques a I’ére Run 2 du LHC

Résumé : 11 a longtemps été pensé que le modele standard (MS) est une description incomplete
de notre univers, mais les résultats expérimentaux obtenus jusqu’a présent ne confirment rien
de plus. La supersymétrie minimale, concrétisée par le modéle standard supersymmeétrique min-
imal (MSSM), est une extension compétitive du MS et a été bien étudiée, en particulier dans
le contexte de modéles simplifiés, au niveau des collisionneurs. Cependant, les techniques de
recherche actuelles n’utilisent peut-étre pas de maniere optimale la capacité du collisionneur a
tester ’espace de parametre accessible. Au lieu d’utiliser un veto statique sur le momentum
du jet pour minimiser les processus d’arriere-plan indésirables dans les recherches de signaux, il
peut étre démontré que 'utilisation d’'un veto au jet dynamique construit a partir de plusieurs
mesures d’activité hadronique et leptonique peut augmenter le potentiel de découverte des bal-
ayages MSSM simplifiés. Dans le méme temps, il est indéniable que les limites imposées aux
modeles simplifiés ne représentent pas fidelement des scénarios plus complexes - en particulier
les modeles de supersymétrie non minimaux dans lesquels les signatures de désintégration sont
modifiées par un spectre plus complexe de chargino et de neutralino. Les gauginos de Dirac (DG)
constituent une extension non minimale bien motivée qui semble plus plausible que le MSSM, qui
est de plus en plus constraint par les observations. Ce travail peut étre divisé en deux parties:
(1) il étudie comment le contenu en particules élargi des modeles DG peut modifier les limites
actuelles de la masse de gluino et de squark du Run 2 du LHC, et (2) effectue une étude appro-
fondie du secteur de Higgs dans de tels modeles, qui est automatiquement aligné en raison de la
supersymétrie étendue qui relie les couplages de Yukawa aux couplages de jauge dans le secteur
électrofaible.

Subject : Phenomenology and collider constraints of
Supersymmetric models in the Run 2 era of the LHC

Abstract: It has long been thought that the Standard Model (SM) is an incomplete description
of our universe, yet experimental results thus far do not confirm anything beyond it. Minimal
supersymmetry, embodied by the minimal supersymmetric standard model (MSSM), is a com-
petitive extension of the SM and has been well investigated, especially in the context of simplified
models, at colliders. However, current search techniques may not be making optimal use of the
collider’s ability to test the accessible parameter space. Instead of using a static veto on jet
momentum to minimise undesirable background processes in signal searches, it can be shown
that employing a dynamic jet veto constructed out of several measures of hadronic and leptonic
activity can heighten the discovery potential of simplified MSSM scans. At the same time, it
cannot be denied that the limits placed on simplified models are not a true representation of
more complex scenarios - especially non-minimal supersymmetry models where decay signatures
are altered by a more complex chargino and neutralino spectrum. Dirac gauginos (DG) are a
well-motivated non-minimal extension that restore the naturalness being lost by the ever more
stringent constraints on the MSSM. Here this work looks down two avenues: it (1) investigates
how the enlarged particle content of DG models can lead to altered bounds on current gluino and
squark mass limits from Run 2 of the LHC, and (2) makes an in depth study of the Higgs sector
in such models, which is automatically aligned owing to extended supersymmetry that links the
Yukawa couplings to the gauge couplings in the electroweak sector.
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