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Abstract

Interference effects between nearly mass-degenerate particles are ad-
dressed in this thesis, comprising higher-order calculations, a model-
independent method to calculate interference terms efficiently and a
phenomenological application to current Higgs searches at the LHC.
Predictions of cross sections and decay widths can be severely
affected by interference terms between quasi-degenerate states arising in
models beyond the Standard Model. We formulate a generalisation of
the narrow-width approximation (NWA) which allows for a consistent
treatment of such effects by factorising the interference term into on-shell
matrix elements of the production and decay parts, optionally further
approximated as simple interference weight factors, incorporating one-
loop and real corrections in a UV- and IR-finite way. We apply the
generalised NWA to interfering MSSM Higgs bosons in the process
Xi = XV® — XU7777, ® = h, H and achieve an agreement of better
than 1% with the unfactorised three-body decay of the neutralino X9
at NLO. Further, we derive the approximation of the full propagator
matrix of the three neutral MSSM Higgs bosons in terms of Breit-
Wigner propagators and on-shell wave-function normalisation factors
Z. This is found to accurately reproduce the full mixing properties also
in the case of complex MSSM parameters. Moreover, it enables the
implementation of the total width at the highest available order. Using
the Breit-Wigner and Z-factor formalism, we calculate CP-violating
interference effects of the neutral MSSM Higgs bosons in the process
bb — hy23 — 7777, induced by the phase ¢4,. We find a very significant,
destructive interference between hy and hs, particularly for large pu. As
a consequence, a considerable parameter region in the complex M, ;an’d*
scenario, which would appear to be ruled out if this interference were
neglected, actually escapes the current exclusion bounds from the LHC.



Zusammenfassung

Interferenzeffekte in Prozessen neuer Physik am LHC
Interferenzeffekte zwischen quasi-massenentarteten Teilchen stehen im
Fokus dieser Arbeit, in der wir uns mit Strahlungskorrekturen, einer
modellunabhéngigen Methode fiir die effiziente Berechnung von Inter-
ferenztermen und einer phanomenologischen Anwendung auf aktuelle
Higgs-Suchen am LHC beschéftigen.

Interferenzterme zwischen nahezu massenentarteten Zusténden,
die haufig in Modellen jenseits des Standardmodells auftreten, konnen
Vorhersagen von Wirkungsquerschnitten und Zerfallsbreiten mafgeblich
beeinflussen. Wir verallgemeinern die bisherige Néaherung schmaler
Breiten (narrow-width approximation, NWA) so, dass Interferenzef-
fekte konsistent beriicksichtigt werden. Der Interferenzterm wird in
Matrixelemente des Produktions- und des Zerfallsanteils, jeweils aus-
gewertet auf der Massenschale des zerfallenden Teilchens, faktorisiert
und lésst sich weiter durch Interferenz-Gewichtungsfaktoren nahern. In
beiden Optionen kénnen virtuelle und reelle Strahlungskorrekturen auf
UV- und IR~endliche Weise hinzugefiigt werden. Mit der verallgemein-
erten NWA berechnen wir den Prozess Y — X{® — x{rtr=, & =
h, H inklusive der Interferenz von h und H. Die gendherte Zerfalls-
breite weicht in nachstfithrender Ordnung um weniger als 1% vom
entsprechenden unfaktorisierten Drei-Korper-Zerfall des Neutralinos
X4 ab. AuRerdem leiten wir her, wie sich die volle Propagatormatrix
der neutralen Higgs-Bosonen durch Breit-Wigner-Propagatoren und
Wellenfunktions-Normierungsfaktoren (Z) nahern lasst. Dadurch wer-
den die vollen Mischungseigenschaften auch im Fall von komplexen
MSSM -Parametern sehr prizise wiedergegeben. Zusétzlich ermoglicht
diese Formulierung die Beriicksichtigung der totalen Breite in der hochst-
moglichen Ordnung. Unter Verwendung der Breit-Wigner-Propagatoren
und Z-Faktoren berechnen wir die durch die Phase ¢4, hervorgerufe-
nen CP-verletzenden Interferenzeffekte neutraler MSSM Higgs-Bosonen
im Prozess bb — his3 — 777~. Dabei stellen wir insbesondere fiir
grofe p eine erhebliche destruktive Interferenz zwischen hy und hg fest.
Diese fithrt dazu, dass eine betréachtliche Parameterregion im komplexen
M ;:“’dJr—Szenario, die unter Vernachléssigung des Interferenzterms aus-
geschlossen schiene, durch aktuelle experimentelle Ergebnisse bisher
nicht ausgeschlossen werden kann.
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Chapter 1.

Introduction

Run IT of the LHC is just starting operation at an unprecedented energy and luminosity
with the purpose to look for signs of physics beyond the Standard Model. Such signs
may show up directly as new particles or indirectly as deviations from Standard Model
(SM) properties. New physics might not only become visible as an excess of measured
data over the expected background. Another interesting case could be a deficit of events
due to reduced couplings or a destructive interference of a new physics signal with the
SM background continuum. A different kind of interference could also occur between two
nearby resonances of particles from a model beyond the SM spectrum. Such an effect
would modify the expectation for detecting those particles of the particular model.

The first run of the LHC has been highly successful with the discovery of a Higgs
boson [5,6], which had been predicted [7] almost half a century before the discovery
as a consequence of a mechanism that was proposed to explain electroweak symmetry
breaking [7-11].

The Higgs boson is the last particle that can be accomodated within the SM. Any
discovery of a new particle would be a clear sign for physics beyond the Standard Model
(BSM). However, the discovered state itself might already carry footprints of a BSM
model with one or several Higgs bosons. More data is needed to learn more about the
observed boson whose properties are so far compatible with those predicted by the SM.

Many BSM models such as supersymmetry, a symmetry relating bosons and fermions,
introduce new particles. Their production and decay may lead to long processes that are
challenging to calculate without further approximations if higher-order corrections are
required. Therefore the narrow-width approximation (NWA), which splits a complicated
process into the on-shell production and decay of an unstable particle with a narrow width,
is a helpful simplification that is often employed. However, this treatment does not take
interference effects into account. In this thesis, we develop a generalisation of the standard
NWA in order to include also interference terms from nearly mass-degenerate particles
in the prediction of a cross section or decay width while maintaining the convenient
factorisation of the complete process into smaller pieces.

So far, neither additional Higgs bosons beyond the SM-like observed state nor other
new particles have been detected. Confronting the predictions for the production and
decay of neutral Higgs bosons in the Minimal Supersymmetric Standard Model (MSSM)
with observed limits from LHC searches allows to constrain the experimentally viable
parameter space of the model. However, these conclusions are based on the standard
NWA where any interference term is neglected. Among the Higgs bosons in the MSSM



1 Introduction

with real parameters, only the neutral CP-even states h and H can interfere. This
effect can play a role in a small parameter region. The situation is different for complex
parameters, where also h, and hsz can interfere and their interference is relevant in a
large area of parameters. We investigate the implications of this interference for the
interpretation of search results from the LHC.

Thesis outline

This thesis is structured as follows. Chapter 2 gives a short overview of the interactions
of the SM with a focus on the electroweak symmetry breaking by a minimal Higgs
sector. After mentioning shortcomings of the SM, we turn to the MSSM in Chapter
3, introducing our notation for the MSSM at lowest order with complex parameters,
describing the particle content and particularly the two Higgs doublets. In Chapter 4
we specify the renormalisation schemes used in our calculations, and we compare the
stability of different schemes for the neutralino-chargino sector. Chapter 5 begins with
an analysis of the pole structure of the propagator matrix of the neutral Higgs bosons.
We then discuss wave function normalisation factors, Z, which are needed for the correct
on-shell properties of Higgs bosons in the DR renormalisation scheme. The key result
of Chapter 6 is the approximation of the full propagators in terms of Breit-Wigner
propagators and Z-factors obtained by expanding the full propagators around all of
their complex poles. In Chapter 7 we first review the principles and limitations of
the NWA. In the main part of the chapter, we develop an extension of the standard
NWA for the consistent on-shell approximation of the interference term including higher
order corrections. Chapter 8 presents the NLO calculation of the three-body decay
X4 — X777~ via resonant Higgs bosons in a scenario with real parameters where h
and H interfere. This interference effect is approximated in Chapter 9 by applying
the generalised NWA to the two subprocesses X§ — X0 ® and ® — X{777~, ® =h, H
including vertex corrections, soft photon radiation and Z-factors. In Chapter 10, for
a scenario with a non-vanishing complex phase ¢4,, we examine CP-violating Higgs
interference effects in the process bb — 777~ and their impact on LHC exclusion bounds.
Finally, we conclude in Chapter 11.



Chapter 2.
Standard Model

The Standard Model of particle physics (SM) successfully describes all known elementary
particles and — apart from gravity — all fundamental forces, namely the electroweak [12—15]
and strong [16-19] interactions. The last missing piece of the SM was the Higgs boson
predicted to generate masses of the matter particles and force carriers. The long awaited
discovery of a new scalar at the LHC in 2012 and its confirmation over the last years as
a SM-like Higgs boson therefore represents a breakthrough of particle physics.

In this chapter, we provide a brief introduction of the underlying symmetries and
the particle content of the SM. In particular, we focus on the breaking of the electroweak
symmetry by a Higgs field before pointing out some shortcomings of the SM that require
new physics beyond the SM, mainly following Refs. [20-24].

2.1. Symmetries and interactions

The SM is a relativistic quantum field theory characterised by its global and local
symmetries. Its Lagrangian is invariant under the global symmetries defined by the
Poincaré group, i.e. the (homogeneous) Lorentz transformations and (inhomogeneous)
translations in Minkowski space-time. Besides, the SM is gauge invariant under local
transformation of the non-abelian, semi-simple Lie-group SU(3)c ® SU(2), @ U(1)y,
where the C' denotes colour, L left-handed fields charged under the weak isospin and Y
the weak hypercharge.

The SM contains fermions ¢ (spin 1/2) as matter fields in the fundamental repre-
sentation of the gauge groups, vector bosons Aj (spin 1) as mediators of the interactions
in the adjoint representation and one scalar field ® (spin 0). Poincaré invariance de-
termines their kinetic terms in the Lagrangian L;,, which contains derivatives of the
fields. However, demanding also invariance under the gauge transformations requires
to substitute the derivatives by covariant derivatives (where summation over the gauge
index a is implied)

Oy — Dy =0, —igl"Aj, (2.1)

with the coupling g, N? — 1 generators T, and generic gauge fields A% of a general SU(N)
gauge group. The symmetry group of quantum chromodynamics (QCD), the theory of
the strong interaction, is SU(3)c with a conserved charge called colour. The generators
of SU(3) are ’\2—a where A%, a = 1...8 are the Gell-Mann matrices. The eight gauge fields
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g,, are called gluons, and the strong coupling is denoted by gs. Electroweak interactions
are characterised by the SU(2);, ® U(1)y symmetry. For the SU(2);, group, which is
generated by the three Pauli matrices o, there are three fields W, a = 1,2, 3, the
coupling g, and the weak isospin /* = Z-. The abelian U(1)y has the coupling gi, the
hypercharge Y and one gauge field B,. Hence, the covariant derivative involving all
generators of the SM symmetry groups reads

.Y ot LAY,
D,=0, — ZglEBu + zgggWu - ‘957%' (2.2)
The sign convention is — in the SM and + in the MSSM (see Chapter 3). Applying the
covariant derivative, the kinetic term of the fermions reads (with &/ = v#D,,)

Ligng = i), (2.3)

The field strength tensors Fj, = 0,4, — 9, A, +gf “bCAZAf, of all gauge groups, where g
are the specific gauge couplings and % the structure constants defining the respective
algebra (they vanish for the abelian U(1)), appear in the kinetic term of the vector
bosons:

1 1 1

a rrapy a _apv 1 a apv v
Lgauge - _ZFHVF — _Zg/wg — ZW,LLVW — ZBMVBM (24)

The electric charge operator () is given by the Gell-Mann-Nishijima relation:

Q:P+§. (2.5)

2.2. Electroweak symmetry breaking

Higgs field and spontaneous symmetry breaking The SM in its form described
above predicts massless fermions and gauge bosons — in contradiction to experimental
results of non—zero fermion masses and three massive gauge bosons. Explicit mass
terms in the Lagrangian would violate gauge invariance and thereby spoil unitarity and
renormalisability. The only known mechanism of introducing massive gauge bosons of
the electroweak interactions in a renormalisable [25,26] way is by spontaneous breaking
of the electroweak symmetry. In this case, only the symmetry of the vacuum is broken
while keeping the Lagrangian invariant. This is the so-called Brout-Englert-Higgs (BEH)
mechanism [7-11]. The breaking is achieved by a complex scalar SU(2), doublet ® with

hypercharge Y =1,
_ (o7 (@)



2.2 Electroweak symmetry breaking

giving rise to a scalar term in the Lagrangian
Ly = (DM(I))T (Duq)) —V(®). (2.7)

In order to guarantee renormalisability, no higher powers than (®T®)? are allowed in the
potential V' (®). Moreover, the potential needs to be bounded from below so that odd
powers of ® are forbidden. Thus, the potential only depends on |®|? = ®T®:

V(p) = —p2dTd + 2(@*@)2. (2.8)

Further, for a stable potential (bounded from below), A > 0 is required. If y* < 0, then
the minimum of the potential at ® = 0 respects the full SU(2),®U(1)y symmetry and no
breaking emerges. Contrarily, u? > 0 induces the so-called “Mexican hat” potential which

exhibits an infinite set of degenerate minima on a circle of radius |®| = 4/ % =% # 0,

where v is the non-vanishing vacuum expectation value (vev). The degenerate ground
states transform into each other under gauge transformations. However, selecting a
specific ground state spontancously breaks the full SU(2), ® U(1)y symmetry. Up to a
phase convention, the choice of the ground state is determined by the requirement that
the non-zero vev must reside in the neutral component of the Higgs doublet so that the
remnant symmetry is the unbroken U(1),, of electromagnetic gauge transformations:

(@) = <E) . (2.9)
V2

The complex scalar doublet ®(x) with four real degrees of freedom (dof) is then expanded
around the ground state,

B 9" ()
o) = (%(v + H(z) + ixo(m))> / (2.10)

where ¢, ¢~ = ¢ and " are three would-be Goldstone bosons [27,28] with vanishing
vev. As unphysical degrees of freedom, they are absent in the unitary gauge and give
rise to the longitudinal modes of three gauge bosons. In contrast, the fourth dof is the
physical Higgs field H(x) that has led to the prediction of a massive Higgs boson [7].
Expanding the potential in terms of the physical fields, one identifies the Higgs mass,
which arises from the Higgs self-coupling A, in the quadratic term:
OV (H) v?

— 9,2 —
o A=y

2 _
mH_

(2.11)

The Higgs mass is a free parameter of the SM and must be fixed by experimental
measurements.
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Masses of the gauge bosons One further expands the kinetic term around the
ground state

1 1 ) .
(D,®)'(D,®) = 5(0uH )(0.H) + ggi(v + H)X (W, — iW2)(WH i)
1
- g(v + H)*(g2W3 + 1 Bu) (W + g1 BY). (2.12)

The first term is the kinetic term of the physical Higgs field. The second term allows the
definition of two electrically charged bosons Wff as mass eigenstates with the mass My,
(extracted from the part proportional to v?):

1
We=—
V2

The v-part of the last term is equal to (W32, B,)M3(W3, B,,)”, where the mass matrix
of the neutral vector bosons

(W, 7iw?), My = = ¢s. (2.13)

v
2

(g g9
M2 = T L (2.14)
a192 95

needs to be diagonalised in order to obtain the neutral mass eigenstates. Owing to
det [Mg] = 0, one eigenvalue is zero. As the gauge boson of the unbroken U(1),,,, the
photon ~ has to remain massless also after electroweak symmetry breaking. The other
eigenvalue M2 = Tr [M(ﬂ belongs to the massive, neutral Z-boson. The mass eigenstates
result from the following rotation:

Z, _ [ ew sw WS Mz =+ g3 + g3, (2.15)
A, —sw ew) \ By’ M, =0, '

where the weak mixing angle 6y is given by

g1 92 _ My
Vi+ g3 Vi +gi Mz

The electric unit charge can be expressed as e = gasy = ¢gic. All non-vanishing
gauge boson masses are proportional to v because they are generated by the spontaneus
breaking of SU(3)c ® SU(2), @ U(1l)y — SU(3)c @ U(1)p, by the ground state of the
Higgs doublet. The SU(3)¢ is unaffected so that the gluons remain massless. They carry
colour and couple to colour-charged fermions. The photon interacts with all electrically
charged fields. The mediators of the weak interaction are the neutral Z-boson, to which
all fermions couple, and the charged W*-bosons, whose couplings to fermions are purely
left-handed. Apart from the photon, the gauge bosons have self-interactions. The
interactions of V = W=, Z with the Higgs boson are introduced by the trilinear (V'V H)
and quadrilinear (VVHH) terms in Eq. (2.12). As a result, the physical Higgs field
restores unitarity of vector boson scattering, which would otherwise grow with energy.

Sy = sinfby = cw = cos by = (2.16)
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Fermions and Yukawa couplings Fermions are categorised as colour-charged quarks
q, which are SU(3)¢-triplets, and colour-neutral leptons [, i.e. singlets under SU(3)c.
They come in three generations with the same quantum numbers. As a chiral theory, left-
and right-handed fermions transform in different representations. Left-handed fermions
fr are SU(2),, doublets, right-handed fermions are weak singlets. A quark doublet ¢,
of generation i = 1,2, 3 contains an up-type (u;) and a down-type (d;) quark. Inside a
lepton doublet [; 1, the up-type lepton is a neutral neutrino v;, and the down-type lepton
is charged. The SM does not contain any right-handed neutrinos. The right-handed
quarks and leptons are denoted by u; g, d; r and e; r.

An explicit mass term for the fermions would not respect the gauge symmetries of
the SM. Instead, they acquire their masses through Yukawa interactions between the
fermions and the Higgs fields,

EY = —@Lydq)dR—GLyuauR—ZLyﬂ)eR—Fh.c., (217)

where & = igy®* = (¢%, —¢)7, and yg., are the 3 x 3 Yukawa matrices (in family
space) of the down-type quarks, up-type quarks and charged leptons, respectively. This
interaction is renormalisable and preserves the symmetries of the SM before electroweak
symmetry breaking. When the Higgs field obtains its vev, the fermions become massive.
The Yukawa matrices can be diagonalised by unitary transformations V' in order to
obtain the diagonal mass matrices for f = u,d,(:

(%
M; = VLfyfV]{TE. (2.18)

The unitary CKM (Cabibbo, Kobayashi, Maskawa [29,30]) matrix
Vekw = VAV (2.19)

provides a change from the weak eigenstate basis into the physical mass eigenbasis
of the quarks in the interaction terms of the Lagrangian. As a unitary 3 x 3 matrix,
Voku contains one complex phase, which is the only source of CP-violation in the SM.
Neutrinos are assumed to be massless (although neutrino oscillations indicate small, but
non-zero neutrino masses, which hints at physics beyond the SM). Remarkably, as a
direct consequence of the BEH mechanism, the coupling strength y; of a massive fermion
f to the Higgs field is proportional to its mass: y; = @ (and analogously for the W=-
and Z-bosons).

As an interesting fact, one Higgs doublet suffices in the SM to render both the up-
and the down-type fermions massive. The reason is that in ®, the neutral ¢**, which
develops a vev, stands in the upper component. Thus, electroweak symmetry breaking is
possible in the SM with a minimal Higgs sector consisting of only one complex scalar

doublet (the case is different in supersymmetry, see Chapter 3).
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SM Lagrangian The full Lagrangian of the SM is composed of the following terms:
Lsvi = Loauge + L + Ly + Lix + Lpp. (2.20)

The fermionic contributions are summarised in Ly = Lyin¢ + Ly. Each of the terms
Loauge, L and Ly is separately gauge invariant. However, quantisation and higher order
corrections require to fix a gauge by a new term in Lg, involving the unphysical degrees of
freedom of the gauge bosons. These need to be compensated for by introducing so-called
Faddeev-Popov ghost fields, giving rise to Lpp.

2.3. Shortcomings of the Standard Model

Despite its tremendous success in describing very precisely almost all measurements
of particle physics experiments performed in the last decades, the SM cannot be the
complete theory of nature. It rather serves as an effective theory up to a cut-off scale A.
However, there are several experimental and theoretical indications for new physics at
higher energies than A.

The first issue concerns gravity, which cannot be accomplished as a quantum field
theory within the SM. Around the energy scale currently probed by particle colliders,
gravitational effects are expected to be negligible, but they become relevant at the Planck
scale of Mp ~ O(10") GeV. Hence the validity of the SM is at the latest limited by Mp.
The deficit of the SM to describe all four fundamental forces in a consistent framework
valid at all energies directly necessitates the embedding of the SM into a more universal
theory.

The SM is renormalisable so that it can in principle be run all the way up to the
maximal cut-off scale A ~ Mp if no new physics exists between the electroweak scale
My, and the Planck scale Mp. In the absence of any physics beyond the Standard Model
(BSM) the enormous difference between these two scales by 17 orders of magnitude
could not be explained. On the other hand, the hierarchy of scales does not per se
pose a problem, but the question remains how this huge hierarchy can be stable in the
presence of quantum corrections. In fact, the mass of the Higgs boson is affected by
quantum effects of new physics. Fermion masses are protected by the approximate chiral
symmetry. Their quantum corrections are proportional to the mass and depend only
logarithmically on the cut-off scale, Am; ~ m;In A so that Am; — 0 in the chiral limit
of my — 0. In contrast, masses of scalars are not protected by any symmetry of the SM.
Radiative corrections to squared scalar masses are independent of the bare mass itself
and quadratically sensitive to the cut-off scale. If no new physics enters below Mp, the
Higgs mass M7 = ]\412{70 + AM% receives a huge correction,

AMZ ~ A* ~ M3, (2.21)

In view of the discovered Higgs boson with My ~ 125 GeV, an enormous cancellation
between the bare mass ]\/[121,7O and the correction term AM? is necessary in order to yield
the observed value at the electroweak scale. Since the Higgs mass is a free parameter
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of the SM, this cancellation is technically possible, but it is perceived as an extreme,
accidental fine-tuning and referred to as the “hierarchy problem”.

Moreover, if one demands the unification of all gauge couplings at a high scale,
new particles need to contribute to the coefficients of the running couplings, otherwise
the couplings g1, g2, g3 do not coincide [31]. It would be appealing to embed the semi-
simple SM group into a larger simple group of a Grand Unified Theory (GUT) with
My < Mgur < Mp. In addition, the SM does not explain the hierarchy of fermion
masses.

Besides the theoretical motivations to extend the SM, there is also experimental
evidence that new physics must exist. As mentioned above, the measurement of neutrino
oscillations, e.g. in Refs. [32, 33|, are indicative of non-vanishing neutrino masses.
Furthermore, astrophysical observations imply that only 5% of the energy content of the
universe is made of ordinary matter, whereas Dark Matter (DM) and Dark Energy (DE)
constitute 27% and 68% |[34], respectively. However, the SM does not offer any viable
candidate for DM, which ought to be stable on cosmological time scales and to interact
only weakly with SM particles. In addition, the observed matter-antimatter asymmetry
in the universe calls for additional sources of CP-violation beyond the single complex
phase in the CKM matrix in order to meet the Sakharov conditions [35].

Various extensions of the SM have been proposed in order to tackle its shortcomings.
For example additional dimensions of space-time, new strong dynamics in composite
Higgs models, further symmetries (such as supersymmetry or larger gauge groups of a
GUT) and string theory —or combinations of those approaches — offer interesting concepts
(see e.g. Refs. [36-39]) whereas no particles beyond the SM have been observed yet.

Among the BSM options, a strikingly elegant and widely studied solution to several
of the aforementioned problems of the SM is supersymmetry (SUSY) - a new symmetry
relating fermions to bosons. In this thesis we focus on SUSY, but mention also few
characteristics of other models beyond the SM when developing a model-independent
method in Chap. 7 for interference effects between new particles.



Chapter 3.

Minimal Supersymmetric Standard
Model with complex parameters

Based on Refs. [22,40-45], this chapter introduces some basic concepts of supersymmetry
and outlines properties of the MSSM relevant for this thesis, with a focus on the Higgs
sector and the role of complex phases of MSSM parameters.

3.1. Supersymmetry

3.1.1. Features of supersymmetry

Supersymmetry relates bosons to fermions by a symmetry. It is mathematically well
motivated and has profound phenomenological implications, which are probed at the
LHC. For each SM fermion f, SUSY predicts a scalar superpartner, a sfermion denoted
by f. Vice versa, each SM gauge boson receives a fermionic superpartner, a gaugino.
SUSY requires at least two Higgs doublets (see Sect.3.2.1) and their fermionic partners
are called higgsinos. Each SM particle has the same quantum numbers as its superpartner
except the spin.

SUSY may offer a solution to the hierarchy problem. SM fermion loops in the Higgs
self-energy contribute proportional to —yjch2, where y; is the Yukawa coupling and A
the cut-off of the integral. The sfermion contributions are proportional to yJ;A2 and
therefore also quadratically sensitive to the cut-off, where yj is the quartic scalar coupling
involving two Higgs bosons and two sfermions. Thus, the quadratic corrections to the
Higgs mass vanish if each fermion chirality state f;,r has a superpartner fr sk and if
the dimensionless couplings are related by

yi = 7. (3.1)

The cancellation of the A%-term holds independently of the masses of the superpartners.
In addition, AM% contains terms proportional to In A. If furthermore the masses were
exactly degenerate, my = my, also the logarithmic contributions would vanish so that
AM?% = 0 in the case of exact SUSY (see Sect. 3.1.2). However, the non-observation of
SUSY partners so far indicates that SUSY — if existing in nature — must be broken (see

!The sfermions as scalars do not have a chirality. The subscript L/R of f just denotes the superpartner
of the chiral fermion f7/g.

10



3.1 Supersymmetry

Sect. 3.2.3). SUSY breaking induces a mass splitting in mf; = mj} + A% The cancellation
of the problematic quadratic correction is not spoiled by A%, but the logarithmic terms

combine to AM% ~ In (%), which stays acceptably small if the splitting is of the order

or slightly above the weak scale. So in order not to re-introduce the fine-tuning of the
Higgs mass, SUSY is best motivated for superpartner masses around the TeV scale.

Another feature of SUSY is that it improves the unification of the running gauge
couplings because group theoretical factors of the superpartners influence the renormali-
sation group equation. Furthermore, the SUSY particle spectrum provides new neutral
and weakly interacting fields which constitute suitable candidates for cold dark matter.
Moreover, several parameters introduced by SUSY and SUSY breaking can in principle
be complex, offering contributions to the amount of CP-violation necessary to explain
the observed baryon asymmetry of the universe (see Sect. 3.4).

It is compelling that the phenomenological consequences of SUSY address many of
the shortcomings of the SM although the initial mathematical motivation for SUSY was
independent of them.

3.1.2. SUSY algebra and superpotential

Symmetry is a driving principle of constructing physical theories and has led to accurate
predictions in the case of the SM. However, the SM gauge groups might not exhaust all
symmetries of nature which are compatible with Lorentz invariance. In their famous
no-go theorem, Coleman and Mandula proved [46] that the only Lie group containing the
Poincaré group for a relativistic quantum field theory in 3 + 1 dimensions is the direct
product of the Poincaré space-time symmetries and inner symmetries. Since in a direct
product of groups all generators of one group commute with all generators of the other
group, this is only a trivial extension.

However, Haag, Lopuszanski and Sohnius [36] proposed to replace the ordinary
Lie algebra by a graded (or super-)Lie algebra. This bypasses the no-go theorem with
supersymmetry as the unique non-trivial extension of the spacetime symmetries of the
Poincaré algebra.

The supersymmetry generator @) alters the spin of a particle by 1/2 and thus relates
fermions to bosons. With Lorentz index u, spinor indices «, 3, &, B and four-momentum
P# the SUSY algebra combines commutators and anticommutators:

{QuQl} = =208 P {Qu Qo) ={QL.QL} =0, [PQu = [P0} =0.32)

Irreducible representations of the SUSY algebra are so-called supermultiplets, which
comprise SM particles and their superpartners and contain an equal number of fermionic
and bosonic degrees of freedom. Eq. (3.2) even implies

[Qa, P?] = [Qa, PJ] P* + P, [Qa, P*] = 0, (3.3)

which predicts that all fields in one supermultiplet are mass degenerate if SUSY is
unbroken. Further, the SUSY generators @, QT commute with all generators of the gauge

11



3 Minimal Supersymmetric Standard Model with complex parameters

group so that all fields within one multiplet share the same quantum numbers except
the spin. For the embedding of the SM into SUSY, there are on the one hand chiral
multiplets containing a left-handed SM Weyl spinor v, a scalar superpartner ¢ and a
bosonic auxiliary field F'. On the other hand, a vector supermultiplet consists of a SM
gauge boson A}, a gaugino A* and a real, bosonic auxiliary field D, where the index a
refers to the adjoint representation of each gauge group. The auxiliary fields need to be
introduced in order to close the SUSY algebra? also off-shell, i.e. without imposing the
equations of motion of the propagating fields, by balancing the fermionic and bosonic
degrees of freedom within one supermultiplet. F' and D* vanish on-shell, have no kinetic
term, do not propagate, but can be involved in interaction terms. The most general set of

renormalisable, SUSY preserving non-gauge interactions is collected in the superpotential
i Lo L ik

W =L'¢; + §M i + 6Y Gij Pk, (3.4)

which is a holomorphic function of the complex scalar fields ¢;. The linear term is

only allowed if ¢; is a gauge singlet. The SUSY Lagrangian Lsuysy = Lchiral + Leauge +

L3Usygauge consists of terms with the free and interacting chiral supermultiplets, the
gauge supermultiplets and the supersymmetric gauge interactions, respectively,

Lehiral = —D”¢*ZDM¢1' + i@/}TzE“D“@Z)i + FF; + [<_§WZ]¢Z‘¢J' + WZE) +c.c.|,

(3.5)
1 a pva Sy at—=p a 1 a Ma

Lomge = =7 P P +iNTG DX + S D D", (3.6)

ﬁSUSYgauge = _\/59 ((¢*Taw>)\a + )\Ta(wTTa¢)) + g<¢*Ta¢>Da’ (37)

where F}, are the field strength tensors, g the gauge couplings, 7 the gauge group
%, Wi; = %. In the extraction of the scalar potential V', one
substitutes the auxiliary fields by their equations of motion, which reveal that F; and D®
are algebraic in the scalar fields (i.e., no derivatives involved): F; = —W}, F* = —W*
and D* = —g(¢*T*¢). Therefore, the scalar potential consisting of an “F-term” Vp and

a “D-term” Vp,

generators and W; =

. 1 -1
V($,0") = Vp+Vp = F"F+ 5D"D* = WW' + Egz(gb*T“gb)Q, (3.8)
is bounded from below (on account of the sum of squares). Remarkably, it is determined
by those parameters of the theory that are already present in the SM, such as fermion
masses, Yukawa couplings in Vr and gauge couplings in Vp.

2The closure of the SUSY algebra means that the action is invariant under SUSY transformations.
Hence, the variation of the Lagrangian must be at most a total derivative.

12
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3.2. Definition of the MSSM

The minimal supersymmetric extension of the Standard Model (MSSM) [47-19] is the
minimal extension of the SM that introduces SUSY. Any supersymmetric model calls
for at least two Higgs doublets in order to render both the up-type and the down-type
fermions massive. In the SM (see Sect.2.2), this is achieved by one scalar doublet ®
with the vev in the lower component and ® with the vev in the upper component. This
characteristic of the SM contrasts with the demand for a holomorphic superpotential
W where the complex conjugate of the Higgs doublet would break SUSY. Furthermore,
two Higgs doublets H; = Hy = (B9, h;)" and Hy = H, = (h},h2)T with opposite
hypercharges Y3, , = £1 are required for the cancellation of a gauge anomaly.

The MSSM is a two-Higgs doublet model constrained by supersymmetry. Three out
of the eight real degrees of freedom originating from the two complex scalar doublets
turn into longitudinal modes of the massive gauge bosons upon electroweak symmetry
breaking. Thus, five degrees of freedom remain that give rise to five physical Higgs bosons
(see Sect. 3.3.4). Their partners are the Higgsinos hd, h h+ hO

Apart from the additional Higgs doublet, the partlcle content is doubled with respect
to the SM. There is one scalar superpartner per left- or right-handed fermion. The
left-handed quark doublets are denoted as ¢; = (u; 1, d; 1), and their superpartners are
¢ = (U1, dvz-yL), where ¢ = 1,2, 3 is the family index. Both ¢; and ¢; are contained in the
chiral supermultiplet @);. As mentioned before, all members of a supermultiplet transform
in the same representation under the SM gauge groups; their representation is listed in
Tab.3.1. As for the right-handed quarks, they are expressed as the conjugates of the
left-handed ones in order to deﬁne all chiral supermultiplets in terms of left-handed Weyl
spinors. In this conventlon ;> stands for the Supermultlplet made of a right-handed
up-type quark singlet ul ir ~ Wz and its superpartner uZ R~ U 1. Likewise for the

down-type quark singlets, d; denotes the supermultiplet made up of di7 1, and dl-7 L

The left-handed lepton doublets e; = (v;, e; 1) appear with the sleptons é; = (74, €; 1)
in the supermultiplet L;. Since there are no right-handed neutrinos in the SM and MSSM,
the supermultiplet €; simply contains the charged lepton singlets e}r% and €7,.

Concerning the gauge supermultiplets, the partner of the B is called bino B, the
W=, W3-fields are grouped with the winos W=, W? and gluons ¢g* with gluinos §%, a =
1...8. All chiral and gauge supermultiplets of the MSSM with their representations are
assembled in Tab. 3.1.

3.2.1. The MSSM superpotential

The non-gauge interactions of the MSSM are specified by the following superpotential:

WMSSM — 5y Q- Ho —dya Q- Hi—€ye L - Hi+ pnHy - Ho, (3.9)

3The bar over the fermion name should be understood as a part of the symbol representing the
antiparticle instead of an operation like Dirac conjugation in the notation of Ref. [41].
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| Chiral | [ spin-0 (R=-1) [ spin-1/2 (R=+1) [ SUB)c SU@2)L U(L)y |

(s)quarks Q (ip,dy) (ur,dr) 3 2 1/3
i A ne 3 1 -4/3
d & di, 3 1 2/3

(s)leptons L (v,er) (v,er) 1 2 -1
e e el 1 1 2

(R=+1) ("=—1)

Higgs, Higgsinos | H1 (R, hy) (Eg,ﬁ;) 1 2 -1
Ho (hj;7 hg) (ETLE%) 1 2 1

Gauge ‘ ‘ spin-1 (R = +1) ‘ spin-1/2 (R = —1) ‘

B-boson, bino B B 1 1 0

W-boson, wino w w3 Wi, &

gluon, gluino g® q° 8 1

Table 3.1.: Chiral and gauge supermultiplets of the MSSM (with SU(3)¢ gauge index a =
1,...,8, but family indices suppressed) [40,41|. Some of them mix into mass
eigenstates, see Tab. 3.2.

where the dot denotes the SU(2)-invariant product contracted by the total antisymmetric
tensor €,3 with the convention €5 = 1. For instance, the last term can be expresses as
P HiaHop. The Yukawa matrices yy 4.0 in family space (the sum over family indices is
implied) are the same as in the SM. They give rise to masses of the chiral supermultiplets.
A conventional mass term involving a scalar and its conjugate would violate SUSY. In
Eq. 3.4, however, the superpotential W of a general SUSY theory contains a bilinear
combination of scalar fields. In the MSSM, only one such combination is possible, namely
the u-term with each of the Higgs doublets. The dimensionful parameter yu may be
understood a supersymmetric version of a Higgs and Higgsino mass term.

3.2.2. R-parity

In the SM Lagrangian, no renormalisable terms are possible that violate the lepton
number L or baryon number B so that they are rather accidentally conserved. On the
contrary, in the MSSM gauge invariance and renormalisability do not exclude B and L
violating terms (in addition to the B, L conserving superpotential given in Eq. (3.9)),
which may lead to a rapid proton decay. Although B- and L- violating processes have
not been observed experimentally, baryon and lepton number conservation cannot be
assumed to be a fundamental symmetry. So a new symmetry, called R-parity [50] as
the discrete subgroup Z, of a continuous U(1), is introduced. It forbids the baryon and
lepton number violating terms, but allows all interactions in Eq. (3.9). The R-parity
R = (—1)3B+L%25 where s denotes the spin, assigns +1 to SM particles and —1 to their
SUSY partners. The conservation of the R-parity implies that SUSY particles can only
be pair-produced and that the lightest supersymmetric particle (LSP) is absolutely stable.
As a consequence, the final state in a decay of any sparticle must contain an odd number
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of LSPs. If the LSP is neutral under charge and colour, it interacts only weakly and it is
suited as a candidate for non-baryonic cold dark matter [51,52]. In the MSSM this role
might be played for instance by the lightest neutralino 9.

3.2.3. Soft SUSY breaking

If SUSY were an exact symmetry, particles and their superpartners would have exactly
the same mass. The non-observation of SUSY particles at energies reached up to now
implies that SUSY can only be realised as a broken symmetry. Breaking can be triggered
by non-vanishing F- or D-terms. Yet it remains an open question how this breaking
of supersymmetry is accomplished. Approaches of spontaneous SUSY breaking are not
viable in the MSSM. Instead, the breaking is assumed to happen in a hidden sector which
has no direct renormalisable couplings to the visible sector of the SM fields together
with their superpartners. While the phenomenology is largely insensitive to the exact
dynamics of the SUSY breaking in the hidden sector, it does depend on the so far
unknown way of mediation from the hidden to the visible sector. A crucial point is that
SUSY breaking terms in the Lagrangian must not reintroduce the quadratic divergences
in the Higgs mass correction whose cancellation were one feature of exact SUSY. The
terms proportional to A? in AM% are avoided by allowing only so-called soft terms
that, by having a positive mass dimension, are super-renormalisable and maintain the
relations between dimensionless couplings, namely all gauge and Lorentz invariant terms
of dimension two and three.

In order to describe the SUSY breaking irrespective of the actual SUSY breaking
mechanism, the ignorance of the precise mediation of the breaking is parametrised in the
soft Lagrangian, L. The most general Lagrangian for soft SUSY breaking terms that
is allowed by gauge invariance and conserves R-parity is [40,41]

1 L .
Loty = — 3 <M3 39" + My, WeW* + M, BB + c.c.)
oo

~Qm3Q-I'm2L-am?d —dmid —em2¢
— (ﬁau@-’HQ —c_iad@~7-l1 —éae@-”i—[l —|—C.C.>
—my, Hy - Ha—my, Hs - Ha — (M3, Hi - Ha + c.c.). (3.10)

T

In the first line of Eq. (3.10), a denotes the gauge index and M;, My, M; are the soft
gaugino masses of the bino, winos and gluinos, respectively. Explicit mass terms of
gauginos do not damage gauge invariance because gauginos are in a real representation of
the gauge groups [41|. The second line provides the soft sfermion squared masses m% for

f =Q,L.a, J, é. As a result of those mass terms, SM particles and their superpartners
are no longer mass degenerate. The third line introduces dimensionful trilinear couplings
ay, a4, A, which appear as the interaction between a Higgs boson and two sfermions.
Finally, the last line contains squared masses for the Higgs supermultiplets as well as
a bilinear term in the Higgs fields. The a, g and the m%z terms are analogous to the
SUSY-conserving Yukawa interactions and the p-term in Eq. (3.9), but here only the
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3 Minimal Supersymmetric Standard Model with complex parameters

Higgses and not the Higgsinos are involved so that each line in Eq. (3.10) breaks SUSY.
Non-vanishing soft Higgs masses are required for electroweak symmetry breaking in the
MSSM, as we will see in Sect. 3.3.4.

While the SUSY preserving superpotential introduced only one additional parameter
(1) with respect to the SM, the soft breaking gives rise to numerous masses, mixing
angles and couplings with possibly complex phases. Effectively, the MSSM contains 105
independent new parameters, which reduce the predictivity of the model. Therefore
simplifying assumptions, such as presuming universal masses and couplings at a high
scale or reducing the number of free parameters at a low scale, are often employed to
facilitate experimental analyses and phenomenological studies in a lower dimensional
parameter space. In fact, experimental constraints point to universal structures.

Since most MSSM parameters stem from the flavour sector, regarding SUSY breaking
as “flavour-blind”, i.e. universal with respect to flavour, reduces the set of free parameters
and simultaneously avoids severely constrained flavour changing neutral currents. This
reduces the sfermion mass matrices, which are generally 3 x 3 matrices in family space, to
their diagonal entries. Supposing in addition minimal flavour violation (MFV) [53-55],
namely that SUSY does not introduce any flavour violation beyond that already present
in the SM, the structure of the trilinear couplings is given by the Yukawa matrices:

Ay, = Au Yu, ag = Adea de = Ae Ye. (311)

If one further neglects quark mixing between generations (as we do in fact in this thesis),
the a-matrices become diagonal:

Au; = AU'L Yuis Ad; = Adi Yd; s Qe; = Aei Ye, - (3'12>

Another simplifying assumption is the unification of gaugino masses M; and M, at the
GUT scale:

552
M, = =W L 3.13
! 3c, 2 ( )

3.3. Physical fields of the MSSM

The field content of the MSSM allows for mixing of the particles introduced so far into
physical states, see Tab. 3.2. The mass eigenstates and mixing properties of the different
sectors will be described in more detail in the next sections.
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Names Physical states | Gauge eigenstates
neutral Higgs bosons h,H, A RS, hg
charged Higgs bosons H* hf hy
neutral gauge bosons A Z B, W3 1% RS
charged gauge bosons w+ W= ht by
sfermions f1, fz fLa JE}}
neutralinos )?(1), %8, %8, %9; §7 W?’, ﬁg, ﬁg
charginos T, NG W, ht, il;

Table 3.2.: Physical mass eigenstates of the MSSM (apart from SM fermions, gluons and
gluinos) arising from mixtures of gauge eigenstates in Tab. 3.1.

3.3.1. Sfermion sector

The mixing of sfermions fL, fR within one generation into mass eigenstates fl, fg is
parametrised by the matrix

me}F

(314
MJ%R +m3 + M cos 26Qfs%,v> (3.14)

A — MJ%L +m3 4+ M cos26(I7 — Qysiy)
! my Xy

t = up-t
X, = Af_u*‘{co B, f = up-type (3.15)

tan 8, f = down-type.

The trilinear couplings A; = |As|e***r, as well as . = |p|e®*, can be complex. These
phases enter the Higgs sector via sfermion loops starting at one-loop order. Diagonalising
M]% for all f separately, one obtains the sfermion masses mz < m#,:

()= ()

where Uy is a unitary matrix that leads to U;M fU} = diag(my,, mj,). The Langrangian

(3.16)

can then be expressed in terms of the mass eigenstates,

o e onT
Ly =—(f.58) vpnggut (7L 5) (3.17)

For the first two generations, the sfermion masses exceed the masses of their SM
partners so that the hierarchy of the matrix elements in Eq. (3.14) is approximately
diagonal. However, in the case of the stop and, for sufficiently high tan 3, also sbottom,
the mixing can be rather large.
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3 Minimal Supersymmetric Standard Model with complex parameters

3.3.2. Gluino sector
The gluino g%, a =1, 2,3 with spin s = % has a mass of
mg - |M3|, (318)

where M3z = | M;]| "M is the possibly complex gluino mass parameter. The gluino cannot
mix with any other fields and its mass term in the tree-level Lagrangian is given by

1o
Ly = —59|Ms|g. (3.19)

Since the gluino does not directly couple to the Higgs, the phase ¢, enters the Higgs
sector at the two-loop level, but has an impact for example on the bottom Yukawa
coupling already at one-loop order.

3.3.3. Neutralino and chargino sector

At tree-level, mixing in the chargino sector is governed by the higgsino and wino mass
parameters 1 and Ms, respectively. In the neutralino sector it additionally depends
on the bino mass parameter M;. The charginos ﬁt, 1 = 1,2, as mass eigenstates are

superpositions of the charged winos W#* and higgsinos H + with mass matrix X,
i W X1 W= M. 2M,
D v (M) () =u (") xS R
X2 Xi X2 Xi \/§MWCB M
(3.20)

In order to obtain the Dirac chargino masses, X is diagonalised by the biunitary trans-
formation

diag(mgs, mex) = U xXvt, (3.21)
At lowest order, the chargino Lagrangian reads [45]
Lz = X; [0y — wr(U XV — wr(VXTUT)0%5, (3.22)

where f = )?;TVO. Likewise in the neutralino sector, the neutral electroweak gauginos

B, W? and the neutral Higgsinos A9, hY mix into the mass eigenstates X0, i = 1,...,4.
The mixing is encoded in the gaugino mass matrix Y,

% B M, 0 —Mzcgsw  Mzsgsw
% N /VI/V?’ v _ 0 M, Mgcgew  —Mgsgew
X3 K| —Mgcgsw  Mgegew 0 — I
X3 ho Mzsgsw — —Mzsgew — 0
(3.23)
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3.3 Physical fields of the MSSM

Since neutralinos are Majorana particles, one unitary matrix N suffices to diagonalise
the symmetric mass matrix Y, which has real, but not necessarily positive eigenvalues,

NYN' =D = diag(m’i?, m%g, m%g,m%g). (3.24)

In order to obtain non-negative mass eigenvalues, the Takagi factorisation [56,57] can be
applied. If m’jzQ is negative, one can rotate this eigenvalue by a unitary transformation T’

which can be chosen as a 4 X 4 unit matrix with an ¢ on the jth position instead of the 1.
Then, with N :=T - N, the diagonalisation

N*D'N~' = T*(N*YN HT!'=NYN~!

=i D = diag(mszo, mgg, mg, mzo) (3.25)

yields mgo >0 Vi = 1,..,4. Using Xj = N;;¢) with ¢ = (B, W3, A9, h0), the neutralino
part in the Lagrangian can be expressed in the mass eigenbasis:

1
%025

L Opdi; — wr(N*Y N — wr(NYT NN, (3.26)

The gaugino mass parameters M; and M, as well as the higgsino mass parameter can in

principle be complex. However, only two of them are independent and one conventionally
sets ¢pr, = 0.

3.3.4. Higgs sector
3.3.4.1. Scalar potential

As mentioned before, the MSSM incorporates two complex scalar Higgs doublets with
opposite hypercharge Yy, , = +1,

H, = h% _ [vat \/%(Gb?— ix?t) (3.27)
h —¢

Hy = s = ¢ (3.28)
RN vut+ (@ +ix9) ) |

The Higgs potential is composed of the Higgs parts of the F- and D-terms,

oW ? |ow |?
= 3.29
Ve ‘a%l +'8’H2 529
gg 3 o o 2 g% Tl Tl 2
Vp = b Z (7—[17%1 + HE;%) + o (7'[257'[2 - H1§H1) ; (3-30)

a=1
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3 Minimal Supersymmetric Standard Model with complex parameters

and the soft breaking terms from the last line of Eq. (3.10):

Ve = (VF + Vb — Leott) ’H
= (Inl* +ma ) (I + R 1?) + (pl® + mia, ) (1hgl® + [hy )

2 2
_ 9] +g9 972
+ [miy(hfhy — hohg) + h.e] + =—= 3 2[h + (R 1P = [hgl? = [hg P77 (3.31)

Hence the quadratic terms of V contain on the one hand the SUSY parameter |u|*
and on the other hand the soft terms my,;,, my,. The bilinear terms come with the soft
coefficient m?, whose phase can be absorbed in a redefinition of y and m?, by means
of a Peccei-Quinn symmetry [58,59]. As a special feature of SUSY, the quartic term is
determined by the gauge couplings g1, go.

3.3.4.2. Conditions for electroweak symmetry breaking

Realising spontaneous electroweak symmetry breaking in the MSSM is more intricate
than in the SM due to the second doublet. With a SU(2),, transformation, one component
of each Higgs doublet can be rotated to have a vanishing vacuum expectation value,
(hf) = (hy) = 0 so that U(1)., is conserved in the vacuum state. Therefore we discuss
from now on the terms of neutral Higgs states in Vi,

2, 2
91+ 9 2

Vig = (Il + m3,) 0P + (Jul> + m3,) hgl? — [mishohl + h.c] + =—=2 3 2 [[hol? = |hgl?]”.
(3.32)

Breaking of the SU(2), ® U(1)y gauge symmetry by this scalar potential can only be
realised by a stable minimum of V7 different from the origin in field space. First of all, a
stable theory requires the potential to be bounded from below, but the quartic D-term
contribution vanishes identically for |hy| = |hg| (“D-flat direction”). Hence for stability in

the critical |hq| = |hq| direction, the following relation between p and the soft parameters
must be fulfilled:

2\ul* +mi, +m3, > 2mi, > 0. (3.33)

On the other hand, electroweak symmetry breaking requires an unstable origin (hY, hY) =
(0,0), hence a saddle point at |h2] = |h2| =0,

(W2 + m2) (uf? + mi2y) < m3. (3.34)

Eqs. (3.33) and (3.34) cannot be simultaneously satisfied for mj,, = m3, - in particular
not for mj, = mj, = 0. Thus, the breaking of SU(2), ® U(1)y to U(1)en requires

non-zero soft Higgs mass terms. Consequently, there is no EWSB in exact SUSY*.

4If m%_tl = m%_[z at the GUT scale, radiative corrections involving the large top Yukawa coupling can

drive m%_lz to small values (unequal to m%l) at the electroweak scale (“radiative EWSB?”).
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3.3 Physical fields of the MSSM

If, however, m?Hl,m%2 are non-degenerate and at least one of them non-zero, the
neutral Higgs components acquire non-vanishing, real vacuum expectation values

vg = (hY), v, = (hY), (3.35)

which follow from the conditions djoV = JpoV = 0 for a stationary point of Vo at
(JRS| = vy, |RY] = v4). The vevs v, and v, are related to the vev of the SM Higgs by

R R (3.36)
and their ratio represents the up- and the down-type contribution to EWSB:

tan B 1= 2. (3.37)
Vq

The minimisation conditions yield the following relation:

M2 , M3, —m3, tan®
—L = — . 3.38
2 we tan? 3 — 1 (3.38)

The three involved scales have a different origin. While y is a SUSY parameter, m%l , mgﬁ
come from the soft breaking scale my.g, which is expected somewhat above the weak
scale. However, these a priori unrelated parameters need to combine to the left-hand
side of Eq. (3.38). This so-called p-problem or little hierarchy problem might be solved
in the next-to minimal supersymmetric SM (NMSSM) [60] where p arises naturally at
the electroweak scale as the vev of an additional Higgs singlet. Nevertheless, this thesis
deals with the MSSM.

3.3.4.3. Masses and mixings

Analogously to the SM, the Higgs doublets can be expanded around the vevs as shown
in the second equality of Egs. (3.27,3.28), where ¢; denote the CP-even states and y; the
CP-odd ones. This expansion is inserted into the scalar potential, which contains (apart

from trilinear and quartic terms) the following linear tadpole and bilinear mass terms
with @0 := (¢, ¢9, X7, x9) and ®* := (47, ¢3):

1 1
Vi D =Y T80 + 5 @ Moy @7 o S0 M s @7 (3.39)

where T; are the tadpole coefficients, My, the 4 x 4 real, symmetric mass matrix of the
neutral degrees of freedom and M=+ the 2 x 2 Hermitian mass matrix of the charged
Higgs components. The minimum conditions for Vj require the tadpole coefficients and
the relative phase & between H; and Hs to vanish at tree level®. Since no phase is left, the
Higgs sector conserves CP at lowest order. Hence, My4,, becomes block-diagonal because
entries of the type My, would involve CP-violating mixing. The mass eigenstates are

5The tadpole coefficients T; and the phase £ drop out at the tree-level, but they need to be considered
for the renormalisation. So the minimisation of the potential is necessary order-by-order.
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3 Minimal Supersymmetric Standard Model with complex parameters

obtained by a diagonalisation of Mgy, and Myz=g+ (by unitary matrices U, («, 3,) and
U.(B.), respectively):

—S4 Ca 0 0 <b(f

— CO( Sa 0 O qbg ’ Hi — _Sﬁc CIBC ¢i 7 (34[))
0 0 —sp, cs | [x? G* cs.  Sp.) \P3

0 0 s sg, X3

Qx>

where we introduced the short-hand notation s, = sinx, ¢, = cosx. For later use we
define t3 = tan 8. The mixing angle « acts for the C’P-even Higgs bosons h, H; /3, for the
neutral CP-odd Higgs A and Goldstone boson G and f, for the charged Higgs H* and
the charged Goldsone boson G*. The minimum conditions for Vj lead to 8 = 3, = 3.
at tree level. At higher orders, however, tan 8 must be renormalised whereas the mixing
angles o, 3, and (3. are not renormalised, see Sect.4.4. The angles o and 3 are related by

m? + M2

tan(2a) = ————2 tan(20). 3.41
n(20) = AT an(29) (3.41)
At tree-level, the relation
1
Mg = 5 <m§1 + Mz F \/(mA + M2Z)? — 4m% M2 cosQ(2B)) (3.42)

leads to the upper limit m; < My, which was excluded by LEP for a CP-even Higgs
boson [61]. Nevertheless, sizable 1-loop corrections (especially from the third generation
quarks and their superpartners due to the largest coupling) shift this upper bound to
roughly 140 GeV or higher [62-66]. Many diagrams contribute to M), at one-loop order;
the leading one-loop correction is

3g*m?} M?2 X2 X?
M2< M2+ —Z L |In|—=2 R O [ 3.43
b Z+8W2M§V[n(mf MTE 12012 (3.43)
1
with X, = A, — pcot B, M2 = §(m?1 + mti), (3.44)

where A; is the trilinear top coupling and M2 the average squared stop mass, see
Sect. 3.3.1. However, the leading 2-loop corrections [67] lead to a considerable reduction
of the upper bound on M, to about 130 GeV.

The masses of the C’P-odd and the charged Higgs bosons are at tree level related by

my. = m%+ My, (3.45)
2m?
2 12
— Tl 4
AT Gn2s) (3:46)

Three of the initially five independent parameter combinations in Eq. (3.32) are eliminated
by Eq. (3.36) via the measured gauge boson masses and by the two minimisation conditions.
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3.3 Physical fields of the MSSM

Thus, the Higgs sector is at lowest order fully determined by the two SUSY input
parameters (in addition to SM masses and gauge couplings) tan 8 and mpy=+ (or, for
conserved CP, equivalently m ). Particles from other sectors can enter in loops so that
the Higgs boson masses also depend in particular on parameters from the sfermion sector,
such as the trilinear coupling Ay, the stop and sbottom masses and in the sub-leading
terms on the higgsino mass parameter pu.

3.3.4.4. Higgs couplings and the decoupling limit

Models with a non-minimal Higgs sector consisting of doublets and singlets feature a
sum rule for the couplings of Higgs bosons ¢ to gauge bosons V = Z, W+:

Z givv = g?{SMVVv (3.47)
¢

so that the SM coupling is “shared” among the BSM Higgs bosons due to unitarity [68,69],
and, for example, the MSSM Higgs couplings to the gauge bosons are limited by those of
the SM, g%%sy < gueyvv. However, it M4 > My, the mixing angle a approaches

sin(a) — —cos(f), cos(a) — sin(f), sin(f—a) =1, cos(f—a)—0, (3.48)

so that H and A decouple from V'V, and the hAZ-coupling graz = cos(f — a)zcgw
vanishes, while h couples like the SM Higgs boson. Hence, in this decoupling limit [70]
the MSSM Higgs sector appears SM-like, and the heavy Higgs bosons are difficult to find
in production and decay channels with gauge bosons. On the other hand, the couplings
to fermions can be either suppressed or enhanced, depending on the angles o and f.
The couplings of the neutral MSSM Higgs bosons to SM fields are shown in Tab. 3.3,
expressed in terms of the corresponding SM couplings, where u, d denote the up- and
down-type quarks and charged leptons. In the considered processes later in this thesis,

the couplings of Higgs bosons to 7-leptons and b-quarks are involved [42],

tree ing,bSa tree ing,bca
_ 7 = _Z e 3.49
Yhrr,bb 2 Mycs YH77,bb 2Mycs ( )
SM SN SM
XY ghXY/gl(zXY) gHXY/gl('{X}Z QAXY/Q,(4XY)
VV | sin(8 —a) | cos(f — «) 0
uu Ca/ S Sa/S3 75 cot 8
dd —Sa/C3 Ca/CB ivs tan 3

Table 3.3.: The couplings of the MSSM Higgs bosons to SM particles. V' denotes the massive
vector bosons and u, d the massive fermions.
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3 Minimal Supersymmetric Standard Model with complex parameters

3.4. Complex parameters in the MSSM

While the SM contains 19 free parameters (most of them from the flavour sector), the
MSSM with complex parameters comes with additional 105 parameters, most of which
model our lack of knowledge by which mechanism SUSY is broken. Assuming minimal
flavour violation, 41 parameters on top of the SM ones are left. There are the gaugino mass
parameters | M|, |Mal, | Ms], |u|, the masses mg,, ma,, m;,mz.,mg, for the generations
i =1,2,3, trilinear couplings |Ay| of the sfermions with f = u,d, ¢, s,b,t, e, yu, 7, and tan 3
and a mass in the Higgs sector. For the general MSSM including complex parameters
it is convenient to choose Mp+ as the input mass because even with CP-violation the
charged Higgs bosons remain mass eigenstates. In the CP-conserving case, m4 can be
chosen equally well.

In addition to these 29 real parameters, there can be 14 CP-violating phases from
the complex parameters, but only 12 of them are physically independent. As mentioned
above, ¢y, , the phase of the wino parameter Mp, and ¢,,2 , the phase of the soft breaking
parameter m?3,, can be rotated away a redefinition of the fields. Hence 12 independent
phases remain:

¢M1a ngg’ ¢u, ¢Af- (350)

However, the phases are constrained by existing experimental bounds. Electric dipole
moments (EDMs) are via loop contributions sensitive to the particle spectrum of the
underlying model and therefore provide an opportunity to restrict the viable range of
the 12 phases listed in Eq. (3.50). Experimental bounds on EDMs of the neutron [71],
Thallium [72] and mercury [73] constrain the MSSM phases most severely. Furthermore,
bounds on EDMs of heavy fermions [74,75], the electron [76,77] and deuteron [7§]
are also useful in restricting CP-violating phases of the MSSM. For example, Ref. [79]
addresses the possibility of measuring CP-asymmetries at the LHC, which are induced by
CP-violating phases. Despite the smallness of the measured EDMs, several sizeable phases
are allowed [80]. However, in scenarios where large CP-violating SUSY contributions
to the EDMs should cancel to result in values below the experimental bounds, some
fine-tuning would be needed. Nevertheless, even without cancellations, not all phases
are tightly constrained so that there is still open parameter space for complex MSSM
parameters. Refs. [81-83] review the interpretation of those bounds within the MSSM.
The Higgsino phase ¢,, is strongly constrained in the convention where ¢y, is rotated away.
The limits on ¢y, are less restrictive. The phases of the trilinear couplings ¢4, contribute
only at two-loop order to the EDMs and are therefore less constrained. In general, larger
values of ¢4, , are allowed than for those of the first and second generation squarks. The
gluino phase ¢y, is only strictly constrained if the first and second generation sfermions
are light. The phase of the trilinear selectron coupling ¢4, is weakly constrained, but
¢a,. and ¢4 , are hardly constrained at all. One has to keep in mind that the limits
are parameter dependent; especially tan § has a significant impact on the translation of
EDM bounds into limits of phases of MSSM parameters.

In Chapter 10 we will investigate the impact of complex phases on the phenomenology
of MSSM Higgs bosons, applied to processes that are relevant at the LHC. Masses,
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3.4 Complex parameters in the MSSM

couplings and mixings in the Higgs sector are significantly affected by loop contributions
from the whole MSSM spectrum. Because of the large top Yukawa coupling, stop loops
have a leading effect at the one-loop level. Therefore we take ¢4, into account, but an
extension to other phases such as ¢4, and ¢y, is also possible. In our study, we set the
Ay, ,-phases of the sfermions from the first and second generation to zero.

Non-vanishing phases in the MSSM also have important consequences for cosmology
and might contribute to the explanation of the observed matter-antimatter asymmetry
in the universe.
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Chapter 4.
Higher-order corrections in the MSSM

In this chapter, we give a short overview of the basic concepts of regularisation and
renormalisation in different schemes, following Refs. [20,21,84]. Some parts of the
text are strongly based on [85]. After the introductory section, we will describe in
Sect. 4.3 the on-shell renormalisation of the neutralino-chargino sector of the MSSM and
discuss the stability of different versions of the scheme. The topic of Sect. 4.4 will be the
renormalisation of the MSSM Higgs sector in an hybrid on-shell and DR-scheme.

4.1. Concept of regularisation and renormalisation

A thorough comparison between theoretical predictions and experimental results de-
mands high precision calculations of the physical quantities. From the theoretical side,
observables such as cross sections or decay widths can be (for small enough couplings)
perturbatively expanded as a power series in the couplings. Achieving an appropriate
precision requires calculations beyond tree level in many processes because the contri-
butions from higher orders in perturbation theory can be very important. Higher-order
effects exist as real corrections by external particles or as virtual corrections in a loop.

However, technical problems arise because the momentum in a loop is not constrained
so that it has to be integrated over all possible values, potentially leading to divergent
integrals. At one-loop order, the arising tensor integrals can be fully decomposed into
scalar integrals, known as Passarino-Veltman reduction [86|. The type of divergence
caused by infinite momenta is known as ultraviolet (UV) divergence. In contrast, infrared
(IR) divergences can emerge in real and in virtual corrections with massless objects
approaching zero momentum.

The two-step procedure of regularisation and renormalisation consistently treats the
infinities to render all physical observables finite. In the general approach, regularisation
is an intermediate step to make divergent integrals mathematically well-defined. The
divergences are cancelled by so-called counterterms which are fixed by renormalisation
conditions so that the remaining physical parameters and fields become finite. This may
be performed in various schemes some of which are presented in the following sections.
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4.1 Concept of regularisation and renormalisation

4.1.1. Regularisation

Dimensional regularisation (DREG) The procedure starts with regularistation.
Broadly applied in the SM is Dimensional Regularisation (DREG) [26] in which momenta
and Lorentz covariants are changed from 4 to D = 4 — 2¢ dimensions. Yet, there is no
well-defined generalisation of ~; in arbitrary D dimensions. The concept of DREG is
that divergent integrals in D = 4 become finite in D < 4 with the replacement

[+ [ D

where the arbitrary mass scale p, the renormalisation scale, is introduced to preserve
the correct mass dimension of the expression. The UV and IR singularities manifest
themselves as %—poles. DREG has the benefit of regularising UV and IR divergences
simultaneously and preserving both Lorentz and gauge invariance.

Cut-off regularisation An alternative regularisation is, for example, a cut-off at a
scale A for the absolute value of the momentum, |p| < A, in a divergent integral. In this
scheme, which is neither Lorentz nor gauge invariant, the UV divergences will appear as
logarithms or powers of A.

Dimensional reduction (DRED) Despite the appealing benefits of DREG described
above, this regularisation leads to a mismatch of bosonic and fermionic degrees of freedom
and breaks supersymmetry explicitly [87] so that SUSY restoring counterterms need
to be introduced. In the MSSM, it is replaced by the scheme of dimensional reduction
(DRED) [88-90]. Here, space-time, momenta and momentum integrals are dealt with in
D = 4 — 2¢ dimensions, whereas fields and v-matrices remain in 4 dimensions. It has
been confirmed to be mathematically well-defined and SUSY preserving [91].

4.1.2. Renormalisation

Renormalisation removes divergences by a redefinition of the physical meaning of pa-
rameters and fields in the Lagrangian order by order in perturbation theory. First of
all, a set of independent parameters must be chosen. A counterterm is assigned to each
divergent (“bare”) parameter ay and field ¢ by an additive or multiplicative prescription
with a renormalisation constant Z, or Z;, where a hat denotes a renormalised, i.e., finite
quantity

ag = Z,a = a+ da (4.2)
~ 1 ~
b0 =\ Zpp = (1 + §5Z¢) 0. (4.3)
Then the Lagrangian can be split into two parts,

Lo(ag, ¢o) = L(a,d) + 6L(a,0a,$,02,), (4.4)
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4 Higher-order corrections in the MSSM

where Lo(ag, ¢o) has the same functional form as £, but it depends on the bare fields and
parameters, and 6L contains the counterterms. The set of Feynman rules is extended to
the existing rules with renormalised parameters plus new rules for counterterm vertices.

The divergent parts of the bare parameters or fields and their counterterms have
to cancel exactly to render the renormalised quantities and physical observables finite.
After the renormalisation has been carried out, the limit of removing the regularisation
is taken (e.g. € — 0 in DREG or A — oo in the cut-off regularisation scheme). This
procedure results in finite Green’s functions.

While the coefficients in front of the divergences are unambiguous, the definition of
the finite parts of the counterterms is not unique. It depends on the chosen renormalisation
scheme. Physical results are independent of the scheme and the renormalisation scale
only if all orders of perturbation theory are included. Yet, in a truncated series the
remnant dependence on the renormalisation prescription is of the order of the higher
uncalculated orders [92]. Thus, a different physical meaning and a different numerical
value is attributed for example to the mass in different schemes. When comparing
experiment to theory, one has to keep in mind which renormalisation scheme has been
used.

Modified minimal subtraction (MS) scheme Among the most commonly used
schemes, there are the (modified) minimal subtraction (MS/MS) and the on-shell scheme.
While the MS scheme, used in connection with DREG, only absorbs the term proportional
to the divergence % into the counterterm, the MS scheme subtracts also finite constants
for convenience because % — e + In(47) always appears as a combination, where g is
the FEuler constant.

Minimal subtraction scheme for SUSY: DR Similar to the MS scheme, the DR
scheme is also a renormalisation scheme employing minimal subtraction in the definition
of the counterterms. In order to apply it to supersymmetric theories, it is used in
conjunction with regularisation by dimensional reduction.

Instead of introducing counterterms, the scheme of constrained differential renor-
malisation (CDR) [93] makes Green functions already finite. Divergent expressions are
written as derivatives of finite functions in coordinate space. Finally, they are trans-
formed back to momentum space. This enables a direct identification with the scalar
and tensor one-loop integrals. At one loop-level, CDR has been shown to be equivalent

to DRED [94].

On-shell renormalisation scheme The on-shell scheme, on the other hand, fixes
the mass and field renormalisation constants through a condition that identifies the
renormalised (“physical”’) mass with the pole of the propagator. The field renormalisation
constant is fixed by requiring a unit residue of the full propagator. As an example,
we mention the self-energy 3 (p?) of a scalar field ¢ with bare mass mg (dropping the
hat on the renormalised mass m? = m?). Requiring at the one-loop level a pole of the
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4.1 Concept of regularisation and renormalisation

propagator at the physical (renormalised) mass p? = m? yields
p? —m? —dm? + X(p?) = 0 for p* = > = dm?* = X(m?). (4.5)

Furthermore, the field renormalisation constant is determined from the unit residue:

32(]92) _ )
)2 = —Y (m°). (4.6)

02y = —

p2=m?2

Using Egs. (4.5) and (4.6), the renormalised one-loop self-energy can be expressed as

/

X(p*) = B(p*) — om® + (p* = m?*)oZy = R(p*) — X(m?) — (p* —m*)X (m?),  (4.7)

which is a finite quantity. We will often encounter renormalised self-energies in Chaps. 5
and 6. If the self-energy develops an imaginary part, the pole of the propagator is located
off the real momentum axis and the complex pole has to be taken into account in the
on-shell condition, see Chapter 5.

4.1.3. Infrared divergences

Mass singularities appear for small or collinear momenta of massless particles such as
gluons and photons. Particles with a small momentum are called “soft”. Massless soft
particles lead to a divergence if the momentum approaches zero, therefore this kind
of divergence is termed “infrared” (IR). These mass singularities can be regularised by
introducing a ficticious mass A = m,,m, in the propagator of the particle. They are
not renormalised by a counterterm. Instead, one considers mass singularities arising
in virtual loops together with real amplitudes where photons (or gluons) are radiated
off electrically (or colour-)charged particles, and sums over all degenerate initial and
final states'. The real and virtual contributions have the same IR-structure so that they
cancel each other. This is an important result of the Kinoshita-Lee-Nauenberg (KLN)
theorem [95,96], which holds at all orders of perturbation theory in the SM. For the
cancellation of IR-divergences in pure quantum electrodynamics (QED), it is sufficient
to sum over all final states with any number of soft emitted photons according to the
Bloch-Nordsieck theorem [97]. Furthermore, the real contribution of soft photons is
proportional to the lowest-order result,

dareal,soft — 5SB dO’tree, (48)

where dgp is the factor for soft bremsstrahlung. It depends on the energy cut-oft AERe*
according to which photons are regarded “soft” (E, < AERE) or “hard” (E, > AERE).
Eq. (4.8) holds at the level of cross sections or squared amplitudes. In Chap. 7.4 we will
derive how to transfer it to the product of on-shell amplitudes and apply it to an example
process with soft photon bremsstrahlung in Chap. 8.

1States with additional soft or collinear radiation are indistinguishable in a detector with limited energy
or angular resolution, respectively.
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4 Higher-order corrections in the MSSM

4.2. Renormalisation of the Standard Model

In renormalisable theories, a finite number of counterterms is sufficient to cancel all
divergences. Gauge theories containing spontaneous symmetry breaking - such as the
SM - are renormalisable to all orders of perturbation theory [25,26]. We summarise in
this section the renormalisation of the SM at the one-loop level in the on-shell scheme.

4.2.1. Renormalisation of masses and fields

The renormalisation constants for the following SM masses, the electric charge and the
CKM-matrix,

M2 — M2 + M2, M3, — M3, + 0Mz,,
e— (1+0Z.)e, Vij = Vij + Vi, (4.9)

are sufficient for finite S-matrix elements, but for finite Green’s functions the field
renormalisation constants are also needed,

1 1
W+ — <1 + 5(SZWW) w* vl (52-]- + 55&,-) VO, V=2 V)=, (4.10)
1 1
H— (1 + 5521{) H, FHE <5ij + 5525/3) . (4.11)

Counterterms of parameters that depend on those listed in Eq. (4.9) can be expressed in
terms of the above renormalisation constants, such as the weak mixing angle ¢y = 2x

Mz
(at 1-loop order),
cw (OME,  OME &, (OMZ  SM3,
dew = — - dsw = — : 4.12
W= (MV?V M2 W e \MZ M2, (4.12)

The renormalisation conditions are determined by the on-shell conditions that
diagonal propagators ought to have unit residues, fields (in the SM, it concerns 7, Z and
quarks) should not mix on-shell and the propagator has a pole at the physical mass. As
an example, this yields for the gauge bosons V' = W, Z with the transverse part of the
self-energy YV and for v — Z mixing:

257" (M3)

2577(0)
M2 '

M3
(4.13)

SMZ = ReSV(M2), 62y = —SV (M2, 62,7 = — , 0Zyz =

4.2.2. Charge renormalistion

In the on-shell scheme following Ref. [45,98], which avoids the introduction of effective
quark masses, the electric charge e is renormalised in the Thomson limit. The renormali-
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4.3 Renormalisation of the neutralino-chargino sector

sation constant 67, is fixed by the requirement that it coincides with the eey coupling
in the case of on-shell external particles and for vanishing photon momentum in the

transverse self-energy 77 and in the photon vacuum polarisation I1,(0) = 32;;9“2) |x2—0:
1 sw ReX17(0)
6Z, = =I1,(0) + ———L =, 4.14
STL(0) + 225 (114)

From the very precise experimental input of the measured electromagnetic coupling
2
constant ey (0) = % it can be extrapolated to Mz by a(M32) = %. The shift

Aa = Ay + Al = — (Reﬂ;ep(Mg) + Reﬁgadﬁ(M;)) (4.15)

has a leptonic and a hadronic contribution (considering only the five lightest quarks) to
the photon vacuum polarisation II,. The renormalised vacuum polarisation evaluated at
M?Z is related to IL,(0) by the photon self-energy,

ReX (M%)

R’eﬂ'Y (M%) = M2
Z

— I1,(0). (4.16)

While Ay, has been calculated in Ref. [99], Aafl‘?d has to be determined from mea-

surements [100]. The renormalisation constant 67, can then be expressed in terms of

A« by defining ngavy (0) as the photon vacuum polarisation restricted to exclusively

heavy particles (no leptons and the five light quarks) in the loops. Large logarithms from
a(M2) at 1-loop order are absorbed into the tree-level expression. The final result is

AO.qep + Aafli)d B 1Hheavy 0 SWw RGE%Z(O)

> —abh O+

2 1 .
52 = 52, + SRellI™ (M3). (4.17)

4.3. Renormalisation of the neutralino-chargino sector

On-shell renormalisation schemes of the neutralino-chargino sector have been developed
at the one-loop level in Refs. [101-108| for the MSSM with real parameters and extended
to the general case of complex parameters in Refs. [45,109-111]. We have re-derived
(also in Ref. [85]) the renormalisation constants and mass corrections and implemented
our results into a FeynArts model file. We found agreement with the analytical results
and the model file from Ref. [45].

4.3.1. Renormalisation transformations for parameters and
fields

As seen in Sect.3.3.3, the bino mass parameter M;, wino mass parameter M, and
Higgsino mass parameter p are, besides tan § and SM quantities, the three independent
parameters in the neutralino and chargino sector. Hence, the counterterms of their mass
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4 Higher-order corrections in the MSSM

matrices X, Y,
Y - Y +4Y, X = X +6X, (4.18)
depend on the renormalisation constants 0 My, M, du,
My — My + 0 My, My — My + 0 Mo, = 4 o (4.19)

The expressions for all elements can be found in the Appendix B.1. The field renor-
malisation constants are introduced such that left- and right-handed components are
distinguished and the renormalisation constants of incoming (unbarred) and outgoing
(barred) fields are treated independently in order to allow for the most general case of
CP-violation. The renormalisation transformations for the neutralinos read:

1 -~ = 1.
wLS{? — (1 + §5ZOL)Z‘ijX(;, XQwR — X?(l + §5ZOL)Z‘ij

1 — — 1 -
wrXy — (14 §5Z§)iij§<?, wr — X1+ §5ZOR)i]wL. (4.20)

The transformations are analogous for charginos. However, targeted at a later application
to a process with external neutralinos, we focus on neutralinos in the following.

4.3.2. On-shell renormalisation conditions and field
renormalisation

The two-point vertex function fij and the propagator SZI are expressed with f]ij as
follows:

~ A

Sij(p) = =Ly ()]~ = —il(p — mzo)d; + Si(p)] 7" (4.21)

Imposing on-shell conditions, we require that external on-shell particles do not mix,

Fij%?(p)|p2:mfzo = 07 %?(p)rij|p2:m20 = 07 (422)

J i

and that the residues of the diagonal propagators are normalised to unity,

. . 1 _
lim  ———TX7 (p) = iX3 lim_ X7 (p)L = iX}- (4.23)

[

2 2 — M~ 2 2 — M~

p —>mio ﬁ mxg p —)mio p mxg
k2

K

The fermion self-energies 3;;(p?) of the neutralinos and charginos are decomposed into
left- and right-handed contributions as well as vector and scalar parts,

Yi(p?) = J/ (wLEiLj(pQ) + wREZ(pQ)) + wLEij(pQ) + wREij(pQ). (4.24)
The renormalised self-energies of the neutralinos have the form

SN(S)R/L¢, 2y _ W(S)R/L( 2 (S)R/L
X (p”) =24 (p°) + A% : (4.25)
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4.3 Renormalisation of the neutralino-chargino sector

where the counterterms of the scalar and vector self-energies AY;; (SYR/L are determined from

the counterterm part of the neutralino Lagrangian, see Eq. (B 10) in the Appendix B.1,

1 -

ADE = 5(525” +8257""), (4.26)
1 _

AR = [=NOYINT = S(NYINTOZ5' + 0 Zg NYTNT )5, (4.27)
1

ASYF = [-N*§YNT — 5(z\f*YJ\ﬁ(SZOL + 0ZFENTY N5 (4.28)

The neutralino field renormalisation constants occuring in Eqs.(4.26)-(4.28) are found by
solving the renormalisation conditions in Eqs. (4.22) and (4.23):

(5Z0Ll/]R = E e [m%?EiLj/R(m%?) + migmg?Eg/L( ~o) + ms; ESL/SR(m%)
o~ My
+ mgo X SL(m% ) —mg,,, (N*6Y N1, — mg, . (NoYTNT);), (4.29)
52&{? = m : [mfz?EiLj/R(mi ) + mgomy oZR/L( ;o) + mg ZSL/SR(m%_))
+ m~QZ$<R/SL(m§?) —mg,,, (N*OYNT)y; — mg, ,(N6YTNT);j], (4.30)
025" = =i i) — mly | S (miy) + S ()| —msy [ S5 (mEy) + S5 (mdy) |
¥ 27% [z“ﬂ( 2,) — S5E(my) + (N*6Y N'); — (NcSYTNT)Z-Z-] . (431)
625" = —xi/ M (m2y) — m2s |SiE(ma) + SR m2)| - msy S5 (mE) + S5 (m)]
+ 27% [ZSR(mig) SiT(me) + (N*OYNT); — (N(SYTNT)u‘] : (4.32)

Owing to the Majorana nature of neutralinos, the renormalisation constants of incoming

and outgoing fields are related by (5ZOL Z/]R = (SZé“2 Z/JL.

4.3.3. Parameter renormalisation and mass corrections

Independent parameters While the phase ¢, can be rotated away, the other phases,
in principle, have to be renormalised in addition to the absolute values of the parameters.

|| = ] + 0] pl, Gp = Gu + 5¢u (4.33)
|My| — | M;| + 8| M|, Omy, — Oy + 000, (4.34)
| Ms| — | Ma] + 8| M| (4.35)

However, the phase counterterms, d¢, and d¢y;, turn out to be UV-finite [45,110] so
that the phases ¢, and ¢y, can be kept unrenormalised.

33



4 Higher-order corrections in the MSSM

Loop-corrected masses The neutralino-chargino sector contains in total six masses,
the neutralino masses mgp,1=1,2,3,4 as well as the chargino masses mﬁ,i =1,2. On
the other hand, the number of independent parameters limits the number of renormalisa-
tion conditions. In this case, the independent parameters are |u|, |M;| and | M,], so that
on-shell conditions can be imposed for no more than three out of the six states. The
masses of the three chosen states remain on-shell, while the remaining three masses receive
a non-zero loop-correction Amg, to the one-loop-corrected mass Mo = mgo +Amg,. Here
and in the following, we denote tree-level masses by lower-case m and a loop-corrected,
physical mass by an upper-case M.

The renormalisation conditions for the fields ensure correct on-shell properties, i.e.
fields do not mix on the mass shell, so that no mixing needs to be taken into account.
The physical masses are determined from the complex poles of the diagonal propagators
Siis

M? = M;z - Z’M%F%u (4.36)
which solve
M2 [1 SEM)] [0+ BB — [ms, — M) [ms, — 57 0M2)] = 0. (437)

The corrections to the masses which do not belong to the input states amount to

1)

my. A A 1 A N
Amg, = —%Re{ZL(m%i) + Eﬁ(mgg)} — iRe{EZ.L(m%) + Zf;R(m%z)}
= —mgiReiﬁ(m%) — Rei]ff(mivi). (4.38)

Explicit expressions for the self-energies can be found, for instance, in Refs. [104, 112].
The counterterms of the renormalised parameters are fixed by the on-shell conditions,
but the exact structure depends on the chosen renormalisation scheme, i.e., which three
among the six neutralino (denoted by N) and chargino (denoted by C) masses are on-shell.
In total, there are 20 distinct combinations. The following renormalisation schemes are
labelled by the choice of on-shell masses of the fixed input states:
e NCC: 4 possibilities to choose one neutralino and two charginos,
e NINC: 12 possibilities to choose two neutralinos and one chargino,
e NNN: 4 possibilities to choose three neutralinos. In particular, NNNi refers to
the scheme in which the mass of the ith neutralino (in addition to both chargino
masses) is shifted by Amgo while the other three neutralinos stay on-shell.

In any case, the three input states must be chosen carefully [45, 108,110, 113]. If all
three on-shell masses depend only weakly on one of the bino-, wino- or higgsino mass
parameters (My, My or p, respectively), the imposed renormalisation conditions are not
sufficiently sensitive to the underlying parameters. This insufficient fixing can give rise
to unphysically large loop contributions which are problematic for perturbativity and
numerical stability. Hence it is of utmost importance to choose a bino-, a wino- and a
higgsino-like state for the three on-shell renormalisation conditions, instead of three fixed
states. Having defined a particular scheme, the on-shell conditions Am;g = 0 for the
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4.3 Renormalisation of the neutralino-chargino sector

three selected input states X; (a combination of one to three neutralinos and zero to two
charginos) are translated into the parameter counterterms. For the class of NNN schemes,
the resulting expressions of 0| M|, 8| M|, §|p| can be found in the Appendix B.2.

4.3.4. Comparison of NNN renormalisation schemes

Refs. [45,108] provide a comprehensive overview of stable renormalisation schemes across
the NCC, NNC and NNN classes with some examples from each class. In this section,
we present a detailed comparison of parameter counterterms and mass corrections in
all four NNN schemes. Our application to an example process in Chaps. 8 and 9 does
not involve any external charginos, but only external neutralinos, in particular x{ and
X4. Consequently, we choose a scheme which sets three neutralino masses on-shell. In
order to determine which NNN scheme is most appropriate in the considered modified
M*™*-scenario (see Sect.8.2.3 and Tab. A.1), we investigate the stability of the four
possible choices numerically in this section. The mixing matrix N, which diagonalises Y
as in Eq. (3.25), has the following values in the example scenario:

0928 —0.119 0.318 —0.152

—-0.327 —0.692 0.509 —0.394
N = . ‘ . ‘ . (4.39)
—30.097 ¢0.137 :0.678 40.716

—0.147  0.699 0.425 —0.556

Consequently, x! X1 is mostly bino (B)-like, X9 is an admixture of mostly wino (W?) and
higgsino (h9), X9 consists of both higgsinos (h9, h%), and Y9 is predominantly composed
of even three states, W°, ho and ho This highly mixed neutralino composition instead of
a clear gaugino hierarchy leads to an ambiguous choice of the numerically most stable
renormalisation scheme.

Following the prescription of Ref. [108], the bino-like state is identified with the
neutralino Y9 that has the largest bino-content, i.e. |N;;| > |Nyq| Vi’ # i. According to
Eq. (4.39), this is X} in our case. Among the remaining three neutralinos, the wino-like
state X7 is determined by |Nja| > |Njo| Vi’ # j. Here we encounter |Nas| =~ [Ny, so
there is an ambiguity whether to denote X3 or X9 as the wino-like state. These two
options are pursued in Tab. 4.1. Independent of this wino-choice, the most higgsino-like
state X} with the largest |Ny3|* + | Np4|? among the remaining two is in both cases X3.
The emerging schemes are referred to as NNN4 or NNN2 since the mass of X or X9,
respectively, receives a loop correction. In contrast, the NNN1 scheme contains only
wino (X3, X9)- and higgsino (X3)-like input states so that M; would be only weakly fixed.
Similarly, the NNN3 input states X{ (bino) and X9, X$ (Wino) miss a proper u-fixing.

According to Ref. [108], after the identification of the most bino- and wino-like states,
the residual choice of a higgsino-like state is not crucial for stability - unless My ~ |y
or —M; ~ p. The modified M;"**-scenario under consideration features My = pu.
Therefore we pay special attention to possible instabilities of the renormalisation constants
in our numerical evaluation with M; = 200 GeV fixed, but with a variation of u €
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4 Higher-order corrections in the MSSM

state choice 1 | choice 2
bino-like 1 1
wino-like 2 4
higgsino-like 3 3
scheme NNN4 | NNN2

Table 4.1.: Definition of the most bino-, wino- and higgsino-like states according to the largest
|Ni1|?, [Nj2|? and | Ny3|* + | Nga|* in Eq. (4.39). The choice of the most wino-like X
is ambiguous, resulting in the two comparably stable schemes NNN4 and NNN2.

[195 GeV, 250 GeV], thus including the case of u = My. Fig.4.1 shows the finite parts of
the parameter counterterms | M|, 0| Ms| and 6|p|. While all of them are well-behaved in
the schemes NNN2 and NNN4 defined in Tab. 4.1, the three counterterms have indeed
an instability in the NNN3 scheme around p = M,. Additionally, the scheme NNNT is
not robust in the region of p© ~ 240 GeV.

The instabilities observed in the counterterms are also reflected by the shifts of the
physical masses. In scheme NNNi, the masses mso and mg o+ are shifted from their
tree-level value to the loop- corrected mass by a correction Amy. Flg 4.2(a) shows Amg of
neutralino X9 in the corresponding scheme NNNi while the other Y’ Xj, J # ¢ remain on-shell
in the same scheme. Therefore their vanishing mass shifts are omitted in the plot. Am~o
and Amgo do not exceed 3.5GeV in the NNN2 and NNN4 scheme, while the correctlon
to mso in "the NNN1 scheme and Mg in the NNN3 scheme become unphysically large.
Turnlng to Figs. 4.2(b) and 4.2(c), we see that also the chargino masses are badly behaved
on account of very large shifts AM% s whereas they remain stable in the suitably chosen
schemes NNN2 and NNN4 even in the critical regions of p ~ 200 GeV and p ~ 240 GeV.

As a consequence, also physical observables like decay widths involving neutralinos
or charginos suffer from instabilities if the renormalisation scheme is inappropriate.
Fig.4.3(a) displays the decay width of the process X} — X{h at the improved Born level
(lowest order supplemented by finite Z-factors to account for the mixing of Higgs bosons,
see Sect.5.3.2) and at the one-loop level, comparing all NNN schemes. The relative
loop contribution r = T°P /TTmP-Born can he found in Fig. 4.3(b). While the NNN1 and
NNN3 schemes result in very large loop corrections due to the choice of unstable schemes
particularly for p ~ 200 GeV and p ~ 240 GeV, the schemes NNN2 and NNN4 both are
well-behaved.

In conclusion, we have identified stable and unstable on-shell renormalisation condi-
tions within the class of NNN schemes. We observed instabilities in particular for u = Mo
in accordance with Ref. [108] if the scheme is not appropriately chosen. Consequently,
the choice of a suitable renormalisation scheme depends on the parameter values and
the resulting bino, wino and higgsino admixture of neutralinos and charginos. In our
modified M;"** scenario, both the NNN2 and the NNN4 scheme provide a stable fixing of
My, My and p, whereas NNN1 and NNN3 proved to be badly behaved for the underlying
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Figure 4.1.: On-shell parameter renormalisation: (a) 6|M;]|, (b) 0|Mz], (c) d|p| in the NNN1
(green), NNN2 (blue), NNN3 (red) and NNN4 (orange) schemes as functions of
p in the modified M™#* scenario. NNNi denotes the scheme where Y? and )?fQ
receive loop corrections to the masses, whereas )Z? with 7 # j are the on-shell
input states.

neutralino mixing structure?. For a later application to a process with external X} and

XY in this scenario, we prefer to set mgo and mgoe on-shell so that we choose NNN2 as a

suitable and stable scheme.

2In the meantime, the selection of a stable renormalisation scheme has been automatised in FeynArts
[114-118] and FormCalc [94,119-122] in a model file with MSSM counterterms [123,124]. When we
investigated this issue, we selected a stable scheme manually according to our study performed here.
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Figure 4.2.:

Mass shifts of neutralinos and charginos. (a) The mass correction AMzo of
neutralino YV in scheme NNNi, while AM;o = 0 for i # j in scheme NNNi;
J

(b) AM;{E1 , (¢) AM. )%EQ in all NNN schemes depending on p. Scenario and colour
coding identical to those in Fig.4.1.
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Figure 4.3.:
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Stability of NNN renormalisation schemes: (a) 2-body decay width r(xy —
XUh) at the improved Born level (tree level with Z-factors, grey dotted) and
at one-loop order in the NNNi schemes; (b) Relative one-loop contribution

r = [loop /PImp-Born ypder variation of u. Scenario and colour coding identical to
those in Fig.4.1.
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4.4. Renormalisation of the MSSM Higgs sector

Higher-order corrections in the MSSM Higgs sector are very relevant and they have a big
impact on the phenomenology and thus the interpretation of searches for additional Higgs
bosons. Particles from other sectors contribute via loop diagrams to Higgs observables.
Hence beyond the lowest order, the Higgs sector is influenced by more parameters than
only My (or My) and tan . Much effort has been devoted to the precise calculation of
the masses and mixing properties of Higgs bosons in the MSSM with real [67,125-142]
and with complex parameters [84,143-148]. We adopt the hybrid on-shell and DR-
renormalisation scheme defined in Ref. [84].

4.4.1. Renormalisation of the Higgs potential

For a one-loop renormalisation of the MSSM Higgs sector, one renormalises the linear and
bilinear terms in the Higgs potential from Eq. (3.31) by the following transformations:

Migxx = Mogny T 0Mppxy Myzgr — Mytge + 0Mge e (4.40)
T, — T, +6T;, i=h H, A (4.41)
tan § — tan (1 + d tan f3), (4.42)

where the elements of the mass counterterm matrices in the mass eigenbasis are denoted
by
i,j=nh,H A G, oémi=dém?  (4.43)

i

(OMymac)y; = (UndMgg UL, = 6m;

iJ ij)

(OMpzgs )y = (UM UL, = 0my,, k1= HT G, émj, =dm;.  (4.44)

The rotation matrices U, («, 3,) and U.(5.) stay unrenormalised. Finite Higgs self-
energies with the full momentum dependence require one field renormalisation constant
per Higgs doublet:

The field renormalisation constants 07;;, 02y, of the physical fields are then obtained as
combinations of 0 723,023, and «, B:

5Zhh = 3(21527-[1 + Ci(SZHw (SZAA = 5ZH*H+ = 8%(52}[1 + C%(SZHZ (446)
5ZhH = Saca(52H2 — 5ZH1)7 5ZAG = 5ZHﬂ:G¥ = 8565((527.[2 — 527.[1) (447)
0 Zmm = 202, + 520 Zu,, 02 = 0ZG-G+ = C302m, + 530 2, (4.48)

whereas the CP-violating terms vanish: 62,4 = 62y = 0Zpya = 0Zyc = 0.
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4 Higher-order corrections in the MSSM

4.4.2. Field and parameter renormalisation conditions

The gauge bosons (as in the SM, but with a different sign convention) and the charged
Higgs mass are renormalised on-shell resulting at one-loop order in

dmie = ReX e+ (Mpy+). (4.49)
In order to minimise the potential, the one-loop tadpole coefficients have to vanish:
T 4+ 6T, = 0 o 6T, = —T; i=h,H, A (4.50)

The parameter tan $ is not directly related to a (pseudo-)observable like a mass which
could be defined on-shell. Therefore, the DR-scheme is employed both for field renormal-
isation constants of the Higgs doublets and, constructed from them, for tan 8 such that
only purely divergent parts contribute,

5ZPF = _Re [E',‘f,;v)(mif)} , (4.51)
a=0
5Z0% = —Re z,f,fiv)(mi)hzo, (4.52)
R 1 R R
Stan PR = 5(5225—5273?). (4.53)

4.4.3. Renormalised Higgs self-energies

Because the MSSM Higgs sector has only seven independent counterterms for the
parameters, dmy=«, M2, M3, 6Ty, 0T, 6T4 and § tan 3, the renormalised self-energies
can be expressed in terms of the previously defined quantities. For example in the neutral
Higgs sector,

. 1
B50) = S?) + 92, (17 = 5002 + ) ) — o, (454
Si(p?) = S (p?) — omi, (4.55)
where i,j = h, H denote the CP-even states and £ = A the CP-odd state, the mass
counterterms dmg;, omy, and the field renormalisation constants 6Z;; do not need to be
fixed by imposing another on-shell condition, but they are already given by Egs. (4.43),
(4.44) and (4.46)-(4.48), respectively. In the MSSM with complex parameters, the CP-
violating self-energies in Eq. (4.55) contribute, and their impact on masses and mixings

will be analysed in detail in Chapters 5 and 6.

Use of programme packages for loop calculations in the MSSM We frequently
make use of the programme packages FeynArts [114-118] to generate the considered
processes, FormCalc [94,119-122] to perform the computation and FeynHiggs [67, 146,
149-151] to incorporate precise, state-of-the-art quantities from the Higgs sector into our
calculations. In particular, we obtain the renormalised self-energies, loop-corrected Higgs
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masses and wave function normalisation factors (see Sect.5.3.2) from FeynHiggs. Loop
integrals are evaluated with LoopTools [94].

In Sections 4.3.4, 6.4, 6.5, 8 and 9, we use FeynArts-3.7, FormCalc-7.4, LoopTools-2.8
and FeynHiggs-2.9.3, whereas in the remaining chapters we use the updated versions
FeynArts-3.9, FormCalc-8.4, LoopTools-2.12 and FeynHiggs-2.10.2.
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Chapter 5.

Mixing properties of Higgs bosons in
the complex MSSM

5.1. Higgs propagators

5.1.1. Propagator matrix and the effective self-energy

Radiative corrections give rise to a mixing between the neutral bosons. In general,
the Higgs bosons i, 7 = h, H, A do not only mix among themselves, but also with the
Goldstone and electroweak gauge bosons. For the propagators of the neutral Higgs bosons,
this implies in principle a 6 x 6 mixing of {h, H, A, G, Z,~v}. However, the Goldstone and
Z-boson contribute only from the order of (3;¢/z)? on (and the photon even only from
four-loop order on) to the Higgs propagators [84]. We neglect these terms because they
arise at the same sub-leading two-loop order as the GG/Z contributions to the two-loop
self-energies ﬁ]ij that are also not contained in FeynHiggs (67,146,149, 150]. In contrast,
Higgs-G/Z mixings appear already at the one-loop level in processes with external Higgs
bosons, such as decay processes, so that they need to be included for a full one-loop
result. This is taken into account for an example process in Sect.9.3. Apart from there,
we consider the 3 x 3 mixing of {h, H, A} as an approximation of the originally 6 x 6
mixing.

Furthermore, if CP is conserved, the CP-violating self-energies vanish, Sha = Sga =
0, so that only the two CP-even states h and H mix. However, in general we will allow for
non-zero phases from complex parameters. Hence all renormalised self-energies f]ij (p?) of
the Higgs bosons i, j = h, H, A are important ingredients in the description of the mixing
between the different interaction eigenstates. Thus, the matrix M of mass squares does
not only contain the tree-level masses m? on the diagonal, but also the renormalised
diagonal and off-diagonal self-energies,

mi - 2hh(PQ) _ihH(pQ) _ihA<p2)
M(pZ) = —EHh(p2) m%{ - 2HH(I72) _EHA(p2> . (5'1)
—Yan(p?) —Yau(p?)  mi —Xaalp?)
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5.1 Higgs propagators

The renormalised irreducible 2-point vertex functions

~

Dy (p?) =1 |0 = m2)oy; + Sy () (5:2)
can be collected in the 3 x 3 matrix thA in terms of M as
Lhua(p®) =i [p"1 = M(p*)] . (5.3)

Finally, the propagator matrix A,g4 equals, up to the sign, the inverse of Ty A,

Anra?) = = [Pana?)] (54)

Accordingly, the matrix inversion yields the individual propagators A;;(p?) as the the
(ij) elements of the 3 x 3 matrix Ayza(p?),

Apn Apg Apa
Apga= | Agn Ay Apa |- (5.5)
Aap Aag Aya

The off-diagonal entries (for i # j) result in:
DT = Tyl

Ailpt) = oM I (56)
Uil iUk + 2030 U — Tl — Tyl — DL

All 2-point vertex functions I'(p?) depend on p? via Eq. (5.2). Here we do not write the p-
dependence explicitly for the purpose of an simpler notation, but the full p?>-dependence
is implied also below. The solutions of the diagonal propagators, A;;, can be compactified
in the following way:

[T —I2
Ai(pP) = e (5.7)
— 03Dy 0 + DL, — 20T D + 0%, + D L2,

i [P - 12

T AN A R e BT (5.8)
i (B [Py B — B3] + [2Py Dl — BT, — Pl )
i
i o EgnL i =0~ Pk (5.9)
2 _ 2 S o 2FlJFJka/L_F']JFi2_FkkF$
p m; + Zzz ] f‘jjf‘kkff‘?k J
Z (5.10)

P m? ()
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5 Mixing properties of Higgs bosons in the complex MSSM

In Eq. (5.10), the effective self-energy is introduced,

St (2 — $,(%) — i 8PP0 ?) —TEEDE,(0%) =~ TG 0" s (p?)
! Ly (p?)Tre(p?) — T5,.(p%)

(5.11)

~

It separates the diagonal self-energy, 3; (which exists already at 1-loop order) from the
mixing 2-point functions (whose products only contribute to f]fff from 2-loop order on).
Hence, replacing the pure self-energy S by the effective one, ifiﬁ, includes also the 3 x 3
mixing contributions to the diagonal propagator in Eq. (5.10) while preserving formally
the structure of the propagator as in the unmixed case. In the limit of no mixing, the

second term in Eq. (5.11) vanishes.

5.1.2. Treatment of imaginary parts

In order to account for complex momenta (see below) and imaginary parts of self-energies,
we expand the self-energies around the real part of the complex momentum:

p* = p; +ip}, (5.12)
Sii(0%) = i (p7) + i, (0}), (5.13)

where ﬁ};] (p*) = %}2”2). The reason for this expansion is that FeynHiggs evaluates the
self-energies at real momenta. For the inclusion of all products of real and imaginary
parts, we do not expand the effective self-energy from Eq. (5.11) directly according to
Eq. (5.12). Instead, in the same way as in Refs. [45,98], we expand all T';;(p?) individually

before combining them into 3¢,

5.2. Higgs masses

5.2.1. Pole structure of the propagators depending on the
mixing

Due to imaginary parts of the self-energies, the propagator poles are not real, but they
lie in the complex mometum plane. The Higgs masses are determined as the complex

poles M? of the diagonal propagators, or equivalently as the zeros of the inverse diagonal
propagators. For this purpose, we need to find the roots of the determinant of the matrix

L'(p?),

1

Lo 5.14
det [AhHA] ( )

det |:th14:| =

Then the loop-corrected masses M are obtained from the real parts of the complex poles
and the total widths I' from the imaginary parts via

M? = M? —iMT. (5.15)
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5.2 Higgs masses

In the following, we will discuss the impact of higher-order and mixing contributions on
the pole structure of the propagators.

5.2.1.1. Lowest order

At lowest order, the self-energy contributions in Eq. (5.2) are absent and the matrix T
simply reads

Thra(p?) = idiag {Dw(p*), Du(p*), Da(p®)}, (5.16)

and the solutions of Eq. (5.14) are the three tree-level masses m?.

5.2.1.2. Higher order without mixing

Beyond tree-level, the self-energies are added at the available order. Restricting them to
the unmixed case, ¥;; = 0 for 7 # j, leads to

~ (no mix) L. ~ ~ ~
Tia (%) = i diag { Da(p?) + Sun(p?), Dir(p®) + Sun (@), Da®?) + Zaap?)
(5.18)
so that
~ (no mix) ~
det |Ta %) = T Die®) + Sap?) =0 (5.19)
i=h,H,A
is achieved if p? fulfils the following on-shell relation
PP —m?+3u(p?) =0 (5.20)

for any ¢ = h, H, A. Thus, the full propagator matrix A has three poles and each
propagator Ay (p?) has exactly one pole p?> = M? that solves Eq. (5.20).

5.2.1.3. Higher order with 2 X 2 mixing

If we now turn on the mixing between h and H, the matrix I' becomes block-diagonal
with the 2 x 2 matrix I',z and the 2-point vertex function of A, which does not mix with
any other state:

det [thA(p2)] — det [th(pQ)} det [Ta(p?)] . (5.22)

For a closer look at the relation between the roots of the determinant and the roots of
the inverse propagator, we write down the propagators and the effective self-energy of
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5 Mixing properties of Higgs bosons in the complex MSSM

the {h, H} system explicitly. They follow from Eqs.(5.6), (5.7) and (5.11) by setting
Ypa = 2ga = 0 or equivalently from the inversion of the 2 x 2 submatrix I'y5:

s i[Di?) + 55507 ;
iW\P ) = - - - = = )
D7) + S| [D09) + 53509 - S307) 22— mi + SH0?)
(5.23)
Ay (p?) = . 2yl) . (5.24)
Dilp) + )| [ D302+ 2550)] = £(p2)
S (p?) = Sa(p?) — 2w (5.25)

Comparing the inverse diagonal propagators with the determinant of the submatrix f‘hH,
we find for i,j € {h,H}, i # j,

1 i R )
Aalr®) D7) + S5(p?) et [FhH(p ﬂ ' (5.26)

Eq. (5.26) reveals that both inverse diagonal propagators, 1/Ap;, and 1/Agp, are pro-
portional to the determinant of ', which has two zeros. As opposed to the unmixed

case, both zeros of det [f‘h " (pQ)} are poles of each of the diagonal propagators App, Agp.

Consequently, it is not clear a priori how to label the poles and the masses. The in-
teraction eigenstates h and H are mixed into the mass eigenstates h; and hy with the
loop-corrected masses My, , My,. The corresponding poles ./\/lfll,./\/l;%2 solve

Pt —mi + 5 (p?) = 0. (5.27)

for p? = ./\/l%ba in any combination of : = h, H and a = 1,2, where the effective self-energy
is defined in Eq. (5.25). In the 2 X 2 mixing system, it is convenient to choose M}, < My,.
As for the nomenclature in the 2 x 2 case, the lighter mass eigenstate h; is often denoted
as h and the heavier one as H because both are CP-even states. Remarkably, both
roots (;f | Y ./\/l,z1 and Mfm, are also complex poles of the off-diagonal propagators
AhH(p ) = AHh(p ) due to

1 —1

Ay (?) = D det [FhH(p )] : (5.28)

Since in this case A does not mix with i and H, the third pole M? solely solves
M?q - mi + XA]AA(M?O = O, (529)

but no other combination of A and h, satisfies the on-shell condition. M, is the
loop-corrected mass of the mass and interaction eigenstate A. In conclusion, solving
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5.2 Higgs masses

det [f‘h HA (pQ)} = ( is equivalent to solving m = 0, where two of the three zeros stem
from each of the A;;, ¢, 7 = h, H, and the third solution from A 44.

5.2.1.4. Higher order with 3 X 3 mixing

Now we turn to the most general case where complex MSSM parameters lead to CP-
violating self-energies Sha, Sma. Thus, all three neutral Higgs interaction and CP
eigenstates h, H, A mix into the loop-corrected mass eigenstates hi, ho, hs, which have no
longer well-defined CP quantum numbers, but are admixtures of CP-even and CP-odd
components. In this framework, th A is a full 3 x 3 matrix with the determinant

det[Tpa] = —i [(Dh +3m) (D 4 Sa)(Da + Sa4) 4+ 2505 S g aShA

— (Dh + ihh)iHA — (DH + iHH)ihA — (DA + 2AA>2hH , (530)

where we dropped the explicite p?>-dependence of each term for an ease of notation.
Comparing Eq. (5.30) with the diagonal and off-diagonal propagators from Egs. (5.7) and

A

(5.6), respectively, we see that their inverse is proportional to the determinant of Iy 4:

1 det [FhHA]
- . ; _— (5.31)
Ai (Dj +%5)(Dy 4+ %55) — 33,
1 det |:FhHA:|
- — (5.32)
Ay S — Si(Dy + Xh)

From Eq. (5.31) we conclude that all three roots p* = M;. , a =1,2,3 of det [f‘hHA(p2)]

are complex poles of each of the three diagonal propagators A;;, @ = h, H, A. This means
that

Mi, —mi + ZH(MG) =0 (5.33)

holds for any combination of i and @ in the presence of 3 x 3 mixing. Moreover, Eq. (5.32)
implies that also the off-diagonal propagators have as many poles as the determinant has
zeros, namely three in the case of CP-violating mixing. In the unmixed case, f]fiﬁ = D
and each propagator has exactly one pole so that there is a unique mapping between ¢
and a, see Eq. (5.20). But for the general mixing case, it is not unique how to relate the
mass eigenstates to the interaction eigenstates. An assignment will be needed for the
definition of on-shell wave-function normalisation factors in Sect. 5.3.
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5 Mixing properties of Higgs bosons in the complex MSSM

5.3. On-shell wave function normalisation factors

5.3.1. Ratios of propagators

As we have seen in the previous sections and as it is also explained in Refs. [45,98], the
effective self-energy 2T can be split into the unmixed part ¥; and the mixing terms.
One can further simplify Eq. (5.11) by writing

BH0) = Sul?) + TS0 + T S (530

for i # j # k # i. Eq.(5.34) represents the sum of the diagonal and off-diagonal
self-energies involving a Higgs boson ¢ where the off-diagonal contributions are weighted
by the ratio between the respective off-diagonal and the diagonal propagator. For the
2 X 2 mixing, this relation between Egs. (5.23-5.25) can be directly seen. In the 3 x 3
case, Eq. (5.34) follows from Eq. (5.11) due to

Ajj _ _fijfkk — [l _ 5 (Di + Biw) — LS (5.35)
A Uil — T% (Dj + %55) (Di + Sre) — 52,

analogously for j <+ k, and i)ij = —ifij from Eq. (5.2) with ¢ # j. The structure of the
ratio of propagators in Eq. (5.35) is illustrated by the comparison to the simple expansion
of the diagonal and off-diagonal propagators in powers of the self-energies, here up to
two-loop order,

1 3. N2 2
Ni(pP) =i | = — =5+ 74 =
D, D’ D} DD,

52 .
+ D-QZIka + 0(z3>> : (5.36)

A(p?) =i [ ——=U i2) | gy ihki L (s 5.37
i) =i ( DiD; + DD, + D, D? + D:D.D; +O() |, (5-37)

where we dropped again the explicit p>-dependence on the right-hand side. The first
term in Eq. (5.36) simply represents the tree-level propagator of particle i. The second
term contributes at one-loop order with a diagonal self-energy between two lowest order
i-propagators. At the 2-loop level, there are several combinations that have a lowest order
i-propagator at each side. The propagator between the two self-energies can then be of
the Higgs boson i (between ¥2) or j (between 32,) or k (between ¥2,). The off-diagonal
propagator in Eq. (5.37) starts from the one-loop level. At the two-loop level, there are
three contributions. These terms are illustrated by the diagrams in Fig. 5.1. If the mixing
is restricted to the 2 X 2 case involving the states ¢+ and j, then the expressions containing
f]ik and i]jk vanish.
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5.3 On-shell wave function normalisation factors

i i i
po b OO R L O R O Lo (89)
iﬁ iﬁ im 2m

21.3 Em E'L]
? J J 7 k J .
ol ol ok O o)
Xij Xjj ik kj

(b) Off-diagonal A,;.

Figure 5.1.: Diagrammatic representation of the 3 x 3 propagators up to 2-loop order. (a):
diagonal Aj;, contributing from lowest order on; (b): off-diagonal A;;, starting
at 1-loop order, where 1, j, k is a permutation of h, H, A.

Now, we expand the ratio of the propagators A;; and A;; from Eq. (5.35) up to
2-loop order,
Ay iij ZA]iji]jj izkik] 3

I 3
a =Dt bt by, + OB, (5.38)

These terms are visualised in Fig.5.2. All of them begin with a self-energy starting on i
and end on a tree-level propagator of j.

i 2ij s Yik Xk

Figure 5.2.: Diagrammatic representation of the ratio of the propagators A;; and A;; from
Eq. (5.38) expanded up to 2-loop order, where i, j = h, H, A. Each diagram begins
with a self-energy starting on 1.

If we multiply Eq. (5.38) by f]ﬂ,
energy with index ¢ and contains neither a lowest-order ¢-propagator nor ;. This also
holds for the omitted higher orders. Likewise, Ay /A;; ends on 1/Dy, and multiplied by
S it starts and ends on the index 7. Hence, the second and third term in Eq. (5.34) are
composed of a combination of self-energies excluding 3 so that they indeed constitute
the mixing part of the effective self-energy.

each term begins and ends on a off-diagonal self-
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5 Mixing properties of Higgs bosons in the complex MSSM

Furthermore, the ratios of off-diagonal and diagonal propagators

) _ D)

R
" An (pQ) p2:M§

) (5.39)
stay finite at the complex poles M2, a = 1,2, 3, in contrast to the propagators themselves.

5.3.2. Z-matrix for on-shell properties of external Higgs bosons

Higgs bosons appearing as external particles in a process need the right on-shell properties
for a correct normalisation of the S-matrix. This is automatically the case in renormal-
isation schemes with on-shell renormalisation conditions for the fields such that their
residues equal unity and that different fields do not mix on their mass shells at the loop
level. In the Higgs sector, however, we apply the DR scheme for the parameter tan 8 and
for the field renormalisation, see Sect.4.4.2 and Ref. [84]. The DR field renormalisation
conditions in Egs. (4.51,4.52) do not ensure proper on-shell properties of the Higgs bosons.
In fact, the loop-corrected mass eigenstates hi, ho, hs, which occur as external, on-shell
particles e.g. in decay processes, are a mixture of the lowest order states h, H, A. Thus,
due to the mixing of on-shell states, finite wave function normalisation factors need to
be introduced.

They are calculated according to the LSZ reduction formula (Lehmann, Symanzik,
Zimmermann [152]) which shows that the S-matrix element with n external particles is
determined by the amputated n-point Green’s function G, taken on-shell, multiplied
by a wave function normalisation factor Z~'/2 per external particle. Following Ref. [20],
for a propagator G () with mass M, thus a 2-point Green’s function, the corresponding

2-point vertex function I'(p) = —G(_Qﬁ recscaled by Z is required to have a unit residue at
M2
. —1 !
Resy2(ZT) = Jim (mZF<2>> =1 (5.40)

Hence we can calculate the normalisation factor Z as
Z = Rest {G(g)} . (5.41)

The Green’s function is given in terms of the interaction eigenstates. In the case with
mixing, where the propagators have several poles, it is not clear how to relate the wave-
function normalisation factors of the interaction eigenstates to the poles corresponding
to the mass eigenstates. Applying this formalism to the MSSM Higgs sector, we obtain
the Z-factors for a neutral Higgs boson i = h, H, A on an external line from the residue
of the propagators at the complex pole M2 a = 1,2,3 [153,154]

Z¢ = Respe {Du(p?)} . (5.42)

In order to perform the limit, we expand the diagonal propagator around the complex
pole M2. Close to M2, the momentum-dependence of the effective self-energy 3¢ (p?)
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5.3 On-shell wave function normalisation factors

can be approximated by
S (p%) = SHME) + (07 — M) - ST (ME) + O (07 — M2)?). (5.43)

Using Eq. (5.43) and the on-shell condition at the complex pole from Eq. (5.33), we
obtain [45], up to higher powers of (p?> — M?2) in the denominator,

i
P2 —m? + X5 (p?)

Ay (pQ) =

1

Tl S M)+ (0 — M2) S (M) + O (7 — M2P)
{

= - : (5.44)
(12 = M2) - [ 1+ S5 (M2) + O — M3)]
Thus, the residue of the propagator A;; yields
70 = lim { —i(p? — M2) S (5.45)
P (1 = M2) |1+ 55 (M2) + 02 — M2)|
1
=5 (5.46)
p® Aii(p?) IP?=M3
1
S (5.47)

14 26 (M2)

Considering a diagram with the Higgs boson ¢ on an external line, whose propagator
has three poles, there are three possibilities which residue to compute. If the amputated

Green’s function is evaluated at M2, the external i-line has to be multiplied by Zﬁ
for the correct S-matrix normalisation. So the resulting mass eigenstate as an outgoing
particle is h,. Alternatively, if the Green’s function is amputated at M3, it has to be
normalised by

_ ! (5.48)

1+ 25 (M2)

>

s,c,
|

to achieve the correct S-matrix element. For this choice, the external mass eigenstate is hy,.
Moreover, mixing of the particles ¢ and j can occur where the external particle is denoted
as i, and j is connected to the rest of the diagram. Then the complete normalisation
factor (see Refs. [154,155]) is given by

(Z&)™? - Respz { Ay (p%)} = \/; 222% (5.49)

Y
p?P=M3
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5 Mixing properties of Higgs bosons in the complex MSSM

where the ratio % does not have a pole at p? = M2, see Eq. (5.35). Thus, the wave
7]

function normalisation factor for i — j mixing on an external on-shell line at M? is
composed of the overall normalisation factor 1/ Z® times the on-shell transition ratio

Aij(p?)

Aulp?) (5.50)

Sa — pa
28 = R =

p?=M3

Since A;; and A;; have — in the case of 3 x 3 mixing — 3 complex poles, any of them
can be chosen for the evaluation of Zi, 2ij and Zik, for example M2. Correspondingly,
Zj, Zji and ij will be evaluated at M? and Zk,, ZAkl and ij at M? where a,b, c are a
permutation of 1,2,3, and 14, j, k a permutation of h, H, A [156]. For 2 x 2 mixing, only
the two indices involved in the mixing can be permuted.

All choices allowed by the mixing structure are generally possible owing to the
several poles of each propagator. However, they might not be equally numerically stable.
If the mass eigenstate h, contains only a small admixture of the interaction eigenstate ¢,
the propagator still has a pole at M2, but the contribution of i to h, is suppressed at
p*# M.

In order to be definite, it is in any case necessary to define at which pole to evaluate
which normalisation and mixing Z-factor. This choice corresponds to fixing an assignment
between the indices i, j, k of the lowest-order states and the indices a, b, ¢ of the higher-
order mixed states and then using it consistently. The assignment (i,a), (j,b), (k, ),
which we label as scheme I, prescribes to evaluate Zi, Zij and Zk at M2. Once the
indices have been assigned we can clear up the notation by writing

A

> Za
Za =4, Za'

— _ &b
/ ily = =7

3

7a

e Iy, (5.51)

accordingly for the other indices such that the first index always refers to a mass eigenstate
(a,b,c € {1,2,3})" and the second index to an interaction eigenstate (i, 7,k € {h, H, A}).
Note that Zai = ij = ch = 1 in the index scheme I defined above. Once the index
scheme has been specified, one can leave out the subscript 1.

Furthermore, it is convenient [84] to arrange the products of the normalisation

factors / Za and transition ratios Zaj

Zj = \| ZaZn; (5.52)

(note the difference between Z,; and Z,;) into a non-unitary matrix:

V22 NZZn N2 Zha

V ZyZop N ZoZog N ZyZaa | - (5.53)
V' Z3Zsn N ZsZzp N Z3Zsa

N>
I

!This index notation differs from Refs. [45,84,147,156,157], but it is only a matter of convention. We
regard our notation more intuitive in view of the use of Z-factors e.g. in Eq. (5.74)
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5.3 On-shell wave function normalisation factors

The Z-matrix defined above in Eq. (5.53) fulfils the unit residue condition for the mixing
case, written in the following compact form [45,98, 147, 156]:

I - T

lim —— (z Dpga-Z ) —1, 5.54

ey p? — M2 MA hh (5:54)
1 PN AT

lim ——— (z Dpga-Z ) —1, 5.55

p2i}r§\l/1§ p* = Mg HA HH (5.55)
] A A AT

lim —— (z a2 ) — 1. 5.56

pohz PP — M2 MA AA (5.56)

It is equally possible to begin with these equations (5.54-5.56) requiring unit residues to
derive the elements of the Z-matrix whose solutions are given in Eqs. (5.47) and (5.50).

In the literature, different conventions for the Z-factors have been employed. While
Refs. [153, 154,158, 159] introduce the normalisation factors for h — H mixing in the
MSSM with real parameters, the full 3 x 3 mixing in the presence of complex parameters
is considered in Refs. [45,84,98,147,156,157]. In Ref. [157] and earlier publications, the
Z-factors were evaluated at the real parts of the complex poles, i.e. the loop corrected
masses and only the real parts of Z, were included. In Ref. [156] the evaluation at
the full complex poles and the inclusion of imaginary parts according to Eq.5.13 were
introduced which leads to more stable results as well as to the physically equivalent
choices of index assignments. The calculation of the Z-factors of MSSM Higgs bosons
can be performed with the program FeynHiggs. Within FeynHiggs, their ordering,
described in Refs. [84,160], proceeds through an algorithm that minimizes the sum over
the differences between the masses obtained from the diagonalisation and the associated
masses of the Z-factor ordering, comparing all possible permutations of the Higgs states
involved in the mixing. With this prescription, discontinuities of Z-factors can occur at
level crossings if two masses are nearly degenerate. Such a behaviour corresponds to a
swap of the composition of the mass eigenstates in terms of interaction eigenstates. Those
“‘jumps” of the Z-factors can be avoided by the method for the assignment discussed in
Sect. 5.4.2.

5.3.2.1. Index scheme independence of the Z-matrix

As discussed above, the pole structure of the full propagators allows for the freedom
at which pole to evaluate which Z-factor. This initial ambiguity, however, results in
physically equivalent results, as we will proof in this section. For example, the residue of
Ay at M2 differs from the residue of A;; at M7 and from the residue of A;; at M2 such
that

1 1 .
alr = Neff! Neff! = Zb
L4+ 3§ (MZ) 1+ X (Mp)

. . 1
Za|]7éZa‘II: 1+2€H,(M2)
29 a

(5.57)

(5.58)
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5 Mixing properties of Higgs bosons in the complex MSSM

where the schemes denoted by I and I represent the following assignments

I < (i,a), (4, 0), (k; ), (5.59)
I < (j,a), (i,b), (k,c). (5.60

Furthermore, for the choice (h, 1), (H,2), (A, 3), the diagonal elements of the Z-matrix are

equal to \/Z—a, a =1,2,3 in scheme I. For other choices of the index assignment, these
simpler expressions (where the ratio of propagators equals 1) appear on 3 off-diagonal
positions in the Z-matrix. While the values Z, and Zaj, a=1,2,3;7 = h,H A do
depend on the assignment of (a, b, ¢) and (1,2, 3), the values of the physical combinations
Zaj = \/Z_aZaj appearing as elements of the matrix in Eq. (5.53) are scheme independent.
We derive this property from the general ratios of propagators (for simplicity, we only
consider the 2 x 2 mixing in this derivation, but the arguments can be directly transferred
to the 3 x 3 case),

Aji(pQ) _ —iij(pQ)

NP Di(p?) + Su(p?) (5.61)
M) _ Di(p*) +35;(0%)

Aj(?)  Di(p?) + Sulp?) (5.62)

Furthermore we exploit two relations that only hold at a complex pole, using the effective
self-energy from Eq. (5.25),

E?j (Pf)
D;(p?) + Xi(p?)

= £5(M2) = BT (ME) = (855(0%) + D (0°)] o_per (5.63)

p?=M2

and applying the on-shell condition from Eq. (5.33) on the ratio of diagonal propagators,

1)
pr=M2 1+ 2?/(/\42)

JAVS (Pz)
Aj;(p?)

Now we are able to show that

(5.64)

L+ 55 (M) 561 Dis(p?) 562 Dj(p%) + 355(p°) s (2
LS M2) B heag Dip?) +5a(?) beaz \Dit 3 ) oy
(5.65)
2
5.61 (Aji(p2)> . (5.66)
Nji(0%) ) poepaz
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5.4 Relation between interaction and mass eigenstates

This equality provides a transformation between scheme I (where i and a are associated,
hence Z,; = 1) and scheme I (where j and a are matched):

N [~ A 1
Zai|[ = ( ZaZai> = —
! 1+ 3¢ (M2)
1+ 56 (M2) S

(5.67)

= (\/ ZaZai) = Zai

17

p2=M2 11

While the values of Z, and Z,; depend on the choice of the index mapping, Eq. (5.67)
ensures that the elements of the Z-matrix are invariant under the choice of a,b,c as a
permutation of 1,2,3. We also tested this relation numerically for various parameter
points and always found agreement within the numerical precision.

5.4. Relation between interaction and mass eigenstates

The complex poles are strictly ordered according to their real parts such that M, <
My, < Mp,. If two masses M, ~ M, are close to each other, the composition of the
two states hg, hy in terms of the original states i,7 € h, H, A might be interchanged
at a crossover. However, this might not always proceed smoothly as a function of the
input parameters, but a sudden exchange of the “characters” of h, and h;, is possible. In
such a case, the effective self-energies and ratios of propagators needed for the 7Z-factors
are evaluated at a different complex pole than before the crossing, corresponding to
an interchange of two rows of the Z-matrix. We will analyse how the loop corrected
masses of the interaction eigenstates in the case without mixing evolve into the masses
My,, a =1,2,3, by continuously switching on the mixing contributions.

5.4.1. Numerical determination of the Higgs boson masses

There are several ways of how to compute the Higgs masses numerically. On the one
hand, FeynHiggs [67, 146,149, 150] is based on the Feynman-diagrammatic approach
where the Higgs boson self-energies are calculated in the on-shell scheme. The masses
are determined from the complex poles of the propagators. FeynHiggs numerically
diagonalizes the mass matrix M applying a Jacobi-type algorithm [161]. With pu,(p?)
being the ath eigenvalue of M(p?), the real parts of the zeros of the function p?(p?) — p?
yield the mass eigenvalues M ,3@ [157]. On the other hand, as argued in Sect. 5.2 and e.g.

in Refs. [84,98,157|, finding the roots of T,z 4(p?) is equivalent to solving

1
Aii(p?)
for any « = h, H, A. This feature suggests an iterative procedure to solve Eq. (5.33)

because the momentum p? appears both explicitly and as the argument of the effective
self-energy. We use the self-energies from FeynHiggs, evaluate them at complex momenta

=0 (5.68)
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5 Mixing properties of Higgs bosons in the complex MSSM

according to Eq. (5.13) and calculate the effective self-energies. Starting at a tree-level
mass p? = m?, we insert this initial momentum into the effective self-energy and obtain
the subsequent iteration of the momentum from Eq. (5.33) until the inverse diagonal
propagator approaches zero. In this iterative method, all poles of one propagator can be
found by starting at different initial momenta. In the special case of no mixing or 2 x 2
mixing, the convergence is faster than for the 3 x 3 mixing. The mass values that we
obtain by our iteration are in agreement with those obtained from FeynHiggs.

5.4.2. Dependence on the mixing term in the effective
self-energy

Regarding the mixing contribution to the diagonal propagators, Eq. (5.11) demonstrates
that the effective self-energy consists of an unmixed part, 3, and the second term with
the mixing. In order to study the impact of the mixing on the mass determination
and the connection between the two Higgs bases, we multiply the mixing term by an
artificially introduced coefficient A € [0,1]:

ST (2 A) = $s(p?) — - i2fij(P2)fjk(P2)fki(P2) —13,(0")15;(0%) — T4 ()T (p?)
Ly (p?)Thr(p?) — T5,.(p%)

13 9

(5.69)

such that the limit A = 1 recovers Eq. (5.11) and A = 0 switches the mixing off. In the
next step, we investigate how the masses depend on the mixing coefficient in Eq. (5.69).
Varying A in steps of A\ = 0.05, we run the iteration of finding the masses for each
value of A € [0,1]. This means that every mass point shown in Fig. 5.3 represents the
square root of the real part of a complex pole, which has been determined by the value
of the final momentum of the iteration. Fig. 5.3 shows the iteratively determined, loop
corrected Higgs boson masses in the CP-violating M. ,in"dJr scenario (see Tab. A.1) with

Mys =300GeV, tanf =25, ¢, =m/4, 1= 1000GeV. (5.70)

The mass solutions from the roots of the inverse propagator 1/Ay,(p®) are shown in
Fig. 5.3(a) for the initial momenta m3 (red circles), m?% (blue triangles) and m3 (green
diamonds). Analogously, Fig.5.3(b) displays the masses found from 1/Agy(p?) and
Fig.5.3(c) those from 1/A44(p?) - all depending on .

As expected, for A = 0 each propagator A;;(p?) has only a single pole M? so that
there is a unique assignment between each lowest order mass m? and the loop-corrected
mass M? = ReM?. In this case, all iterations for the determination of poles of A (p?)
result in the same (unique) pole and therefore yield the same loop-corrected mass value
regardless of the start momentum.

On the contrary, for the physical mixing (A = 1), each propagator has three poles so
that there is no unique assignment between the tree-level mass of an interaction eigenstate
and a higher-order mass of a mixed state. However, with our mixing-dependent analysis
we can identify the mapping that provides the “smoothest” transition when \ is varied
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5.4 Relation between interaction and mass eigenstates

from 0 to 1. Imposing the criterion that there should be no jumps and requiring the
smallest difference |M (XA = 1) — M (X = 0)], we obtain in this case the assignment

Mh1 — h, th — H, th — A, (571)

where M, < M, < Mp,. Fig.5.3(b) shows that the value of M), at A =1 can also be
reached from My (A = 0), but the difference is larger. This prescription helps in avoiding
jumps of the Z-factors.

Start masses in 1/Ap, Start masses in 1/Apy
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Figure 5.3.: Higgs boson masses determined iteratively, with variable mixing coefficient A, in
the CP-violating M,TOdJr scenario with Mpy+ = 300 GeV, tan 8 = 25, ¢4, = 7/4
and g = 1000 GeV. The iterations starting at the tree-level masses m? (red
circles), m?; (blue triangles) and m} (green diamonds) result in the roots of (a)

1/Apn(p?), (b) 1/App(p?) and (c) 1/A44(p?).
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5 Mixing properties of Higgs bosons in the complex MSSM

5.5. Use of Z-factors for external Higgs bosons

The Z-factors have been introduced for the correct normalisation of matrix elements with
external, on-shell Higgs bosons h,, p* = M?2. It should be noted that 7 as a non-unitary
matrix does not provide a unitary transformation between the interaction basis and the
mass basis. The fact that Z is a non-unitary matrix is related to the imaginary parts
appearing in the poles of unstable particles. Using the Z—matrix, one can express the
one-particle irreducible (1PI) vertex functions I, involving a mass eigenstate hy, ho, hs
as an external particle as a linear combination of the well defined 1PI vertex functions of
the interaction eigenstates, f‘,

1Aﬂha = Zahfh + ZaHf‘H + ZaAfA + ... (5.72)
= Za <Zahfh + ZaHfH + ZaAfA) + ..., (5.73)

where the ellipsis refers to additional terms arising from the mixing with Goldstone and
vector bosons, which are not described by the Z-matrix. Thus, the overall normalisation
factor \/Z_a accounts for the unstable particle h, appearing as an external line. In
addition, the factors Z,; from Egs. (5.50) and (5.51) as ratios of propagators at p? = M?>
describe the transition between the states h, and 7. The transition factor Zai occurs in
a diagram where h, is the external particle, but ¢ directly couples to the vertex. All
possibilities for ¢ = h, H, A need to be included for each h,, hence the sum arises. This
is depicted in Fig. 5.4 (cf. also Refs. [98,160]). Conveniently, Eq. (5.73) can be written

ha . =~ (ha h /. hoe H / he A /

"2 """" /Fa Za(‘““' ___<i1 +---0--- FU + ---- ___<A) +
— M2 \ N N N

p a Zah ZaH ZaA p2=M2

Figure 5.4.: Z-factors for external nggs bosons: The vertex function fh is constructed
from vertex functions 1—‘2, 1= h, H, A, the transition factors Zm and the overall

normalisation factor v/ Z,. Mixing with Goldstone and gauge bosons is omitted.

in matrix form for all hq, ho, h3 as

T, T
T | =Z- [Ty ] +.... (5.74)
T, IV

In this way, propagator corrections at external legs are effectively absorbed into the
vertices of neutral Higgs bosons. In Sects. 8-10 we will apply the Z-factors to supplement
the Born result such that only other propagator type corrections (such as mixing with
the Goldstone and Z-bosons) as well as vertex, box and real corrections will have to be
calculated individually. On the other hand, we will numerically compare the Z-factor
approximation with the full propagator mixing in Sect. 6.
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5.6 Effective couplings

5.6. Effective couplings

Since the Z-matrix is not unitary, it does not represent a unitary transformation between
the {h, H, A} and the {hq, ho, h3} basis. However, it is not necessary to diagonalise the
mass matrix for the determination of the poles of the propagators. Hence there is a
priori no need to introduce a unitary transformation. Though, if a unitary matrix U
is desired for the definition of effective couplings, an approximation of the momentum
dependence of 7 is required. There is no unique prescription of how to achieve a unitary
mixing matrix, but a possible choice is the p? = 0 approximation [84,160]. As in the
effective potential approach, the external momentum p? is set to zero in the renormalised
self-energies ;;(p?) — 24;(0) so that they become real. Then U diagonalises the real
matrix M(0) and the propagators have real poles. U can be chosen real and it transform
the CP-eigenstates into the mass eigenstates,

hy h Uin Ui Uig
hy | = UlH], U= Uz, Uag Ugy |, (5-75)
hs A Uz, Usg Usy

so that U2, quantifies the admixture of an CP-odd component inside h, [84]. The
elements of U can then be used to introduce effective couplings of the loop-corrected
states h, to any other particles X in terms of the couplings of the unmixed states i by
the relation

Chox = Z U, Cix. (5.76)
i=h,H,A

absorbing some higher-order corrections, but neglecting imaginary parts and the full
momentum dependence of the self-energies. Hence, the application of U resembles the use
of Z-factors in Eq. (5.72). Yet, the rotation matrix U introduced for effective couplings
as a unitary approximation is conceptually quite different from the Z-matrix arising from
propagator corrections and introduced for the correct normalisation of the S-matrix.
They coincide only in the limit of p* = 0. However, both capture effects of higher orders
that can conveniently be incorporated into an improved Born result. We shall compare
both approaches numerically in Sect. 6.3.2.3 while using Z-factors everywhere else in this
thesis.
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Chapter 6.

Breit-Wigner approximation of the full
Higgs propagators

In the previous chapter, Z-factors were introduced that account for propagator corrections
in the presence of mixing of the lowest-order Higgs bosons h, H, A into the loop-corrected
mass eigenstates hi, ho, hs. These Z-factors arise from the on-shell values of different
combinations of the full mixing propagators, which depend on the momentum p? in a
twofold way. On the one hand, the constituents D;(p?) = p* — m? give rise to an explicit
p*-dependence. On the other hand, the self-energies ¥;(p*) depend on the momentum
as well, but away from thresholds, their p? dependence is not particularly pronounced.

In this chapter, we will develop an approximation of the full mixing propagators
with the aim to maintain the leading momentum dependence, but to simplify the mixing
contributions by making use of the on-shell Z-factors. The real parts of the complex
poles are interpreted as the physical masses whereas the imaginary parts of the poles give
rise to decay widths of the Higgs bosons. Thereby, the physical meaning of the complex
poles is connected to the question of how to treat unstable particles in quantum field
theory.

6.1. Unstable particles and the total decay width

In the context of determining complex poles of propagators, we now briefly discuss
resonances and unstable particles, see e.g. Refs. [162-166]. While stable particles are
associated with a real pole of the S-matrix, for unstable particles the associated self-energy
develops an imaginary part, so that the pole of the propagator is located off the real
axis within the complex plane. As in the previous chapter, we denote the complex pole
of a Higgs boson h, by M2, whereas M (without an index or square) stands for the
scattering matrix. For a single pole, the scattering matrix M as a function of the squared
centre-of-mass energy s can be schematically written in the vicinity of the complex pole
in a gauge-invariant way as

R

M) = —xe

F(s), 6.1)

where R denotes the residue and F' represents non-resonant contributions. Writing the
complex pole as M? = Mﬁa — My, 'y, , the mass Mj, of the unstable particle h, is
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6.2 Expansion of the full propagators around the complex poles

obtained from the real part of the complex pole, while the total width is obtained from
the imaginary part. Accordingly, the expansion around the complex pole M?2 leads to a
Breit—Wigner propagator with a constant width,
i i
APV (p?) = = : 6.2
a (]9 ) P2 _M?L P2 — M]%a +iM, Ty, ( )

In the following, we will use a Breit-Wigner propagator of this form, i.e. with a constant
width, to express the contribution of the unstable scalar h, with mass M}, and total
width 'y, in the resonance region (a Breit-Wigner propagator with a running width can
be obtained from a reparametrisation of the mass and width appearing in Eq. (6.2)).

The transition from the Higgs propagators in the case of mixing to the Breit-Wigner
propagators corresponds to a change of basis from h, H, A to hy, ho, hg. The Breit-Wigner
propagators are obtained from poles of the S-matrix and therefore correspond to the
mass eigenstates.

6.2. Expansion of the full propagators around the
complex poles

Egs. (5.31) and (5.32) imply for 3 x 3 mixing that each propagator A;;, A;; has a pole
at M3, M3 and M2. Because of this structure, an expansion of the full propagators
near one single pole is not expected to yield a sufficient approximation. Instead, we will
expand the full propagators around all three poles.

6.2.1. Expansion of the diagonal propagators

Beginning with an expansion of A;(p?) in the vicinity of M? and making use of the
expansion of the effective self-energy performed in Eq. (5.43), we obtain as in (5.44) for
P =M

1 N 1 1
pomi+ N Pt ML 1 S (M2)

Au(p?) = (6.3)
where the first factor equals the definition of the Breit-Wigner propagator of the state h,
and the second factor is the Za in scheme I where ¢ and a are associated indices. On
top of that, Za’ = Zzz as defined in in Eq.(5.52), and the elements of the Z-matrix are
independent of the index scheme (see Eq. (5.67)). Thus, the following scheme-independent
approximation holds for p? ~ M?2:

N ~ 2
Ni(p?) = AZY(0%) Za|, = ATV () Z, (6.4)

at

In this approach, the mixing contributions are summarised in the on-shell Z-factor
evaluated at M2. In contrast, the leading momentum dependence is contained in the
Breit-Wigner propagator parametrised by the loop-corrected mass Mj, and the total
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6 Breit-Wigner approximation of the full Higgs propagators

width I'y, from the complex pole. In addition, A (p?) has a second pole at M7 because
p* —m; + X5 (p*) = 0 holds also at p* = M;. Analogously to Eq. (5.43), we can expand
e around M2 and obtain for the diagonal propagator

1

Aii(p?) = =
") p? —mi + X (p?)

1
C P mE S ME) + (02— M) - S (M)
_ L . (6.5)
(v = M3) - [1+ 55 (M3)

Formally, m has the structure of the definition of a Z-factor from Eq. (5.47), but

in the index scheme IT where b is assigned to ¢, whereas Eq. (6.4) has been obtained in
scheme I with the (i, a) assignment. Using the relation (5.67), we can rewrite Eq. (6.5) as
1
L+ 3 (M)
1 A\
= APV(?) (52) (66)

1+ 2 (M2) \Aji ) eene

Ni(p*) = APV (p%)

= APV - (2 22) , (6.7)

£ 2
= AEW(I?Q) Ly, (6-8)

where the Z-factors in Eq. (6.7) are expressed in the same scheme as in Eq. (6.4). Hence,
in the vicinity of p*> ~ M2, the diagonal propagator A;; can be approximated by the
Breit-Wigner propagator of h, weighted by the square of 71 that ensures the coupling
to the incoming fields as Higgs boson 4, propagation as the mass eigenstate h, and the
coupling to the outgoing fields again as Higgs boson i. In the same manner, A;; can be
expanded around the third complex pole, M2, yielding

?

A“(p2) ~ = , (69>
(7 = M2) - |1+ S (M)
1 N
~ ABV (%) —— ( ’“) 6.10
) L+ 50 (M2) \ B/ ez 10
— APV Z. (6.11)

Thus, close to one of the complex poles (e.g. M?), the dominant contribution to the
full propagator A;; can be approximated by the corresponding Breit-Wigner propagator
(ABW) multiplied by the square of the respective Z-factor (Zi) However, close-by poles
may cause overlapping resonances. In order to include this possibility and to extend the
range of validity of the Breit-Wigner approximation to a more general case, we take the
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6.2 Expansion of the full propagators around the complex poles

sum of all three Breit-Wigner contributions into account:

(6.12)

ai*

3
A’i’i (p2> ABW( ) Zaz + ABW( 2) sz ABW Z

6.2.2. Expansion of the off-diagonal propagators

We proceed similarly for the off-diagonal propagators, which also have three complex
poles so that we can expand the propagators around them. Note that Z,; = V/ Z, and
Z.j =\ ZyZ,; as defined in Eq. (5.52). Starting at p? ~ M2, we express the Z-factors
in scheme I,

A = DU N () & 2,78 AP () = 2,2 APV (7 6.13
1](p ) - A<p2) “(p ) — “a)Tar “a (p ) — HayHar =a (p )7 ( : )
Next, we approximate A;; near p* = M;:
Ay(p?) = L4lP") p 2 (0?) = ZyyZy, APV (0?) = ZyyZy; ABY (p?) (6.14)
i b)) = Ajj(p2) 77 bi Hp 4 bi &by S D). .

For p? ~ M?, we switch to a scheme where the indices i and ¢ belong together. Thereby
we can write
) _Az'j<p2) BW 57 7 ABW/ 2
Ay(p7) = A--(p2)A"( P?) = ZejZ APV (p) = ZejZs APV (), (6.15)

which is expressed in scheme-invariant Z-factors. Finally, we take the sum of Egs. (6.13)-
(6.15) to obtain

3
Ay(p?) = Z Zai AV () Za;. (6.16)
a=1

This sum is illustrated diagrammatically in Fig.6.1.

Figure 6.1.: Diagrammatic illustration of the full mixing Higgs propagators compared to the
Breit-Wigner propagators where the Z-factors encode the transition between the
interaction and the mass eigenstates.

Eq. (6.16) represents the central result of this chapter, covering also the diagonal
propagators in the special case of © = j. It shows how the full propagator can be
approximated by the contributions of the three resonance regions, expressed by the
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6 Breit-Wigner approximation of the full Higgs propagators

Breit-Wigner propagators A,(p?), a = 1,2, 3, reflecting the main momentum dependence.
The mixing among the Higgs bosons is comprised in the Z-factors which are evaluated
on-shell. Nonetheless, even a part of the momentum dependence of the self-energies is
accounted for because the derivation of Eq. (6.12) is based on a first-order expansion
of the momentum-dependent effective self-energies. Furthermore, the Z-factors serve
as transition factors between the mass eigenstates h, and the interaction eigenstates ¢
(altough 7 is not a unitary matrix tranforming the states into each other). Pictorially,
A;; is a propagator that begins on the state ¢ and ends on j while mixing occurs in
between, cf. Fig.5.1. As Eq. (6.16) implies, the same picture emerges in the hq, ho, hy
basis. Also here, the propagator begins with ¢ and ends on j. Thus, the coupling to
the rest of the diagram connected to the propagator is well-defined. In between, each of
the h, can propagate, and the correct transition is ensured by Zoi and Zaj. All three
combinations are visualised in Fig.6.1.

If CP is conserved and only h and H mix or if the two heavy states are nearly
degenerate and their resonances widely separated from the first complex pole, the full
3 x 3 mixing is (exactly or approximately) reduced to the 2 x 2 mixing. Then the mixing
Z-factors involving the unmixed state vanish or become negligible so that some terms in
Eq. (6.16) become zero.

Beyond that, if no mixing occurs among the neutral Higgs bosons, all off-diagonal full
propagators as well as the off-diagonal Z-factors vanish and each diagonal full propagator
consists of only a single Breit-Wigner term where the Z-factor is based on the diagonal
self-energy instead of the effective self-energy. Thus, Eq. (6.16) covers all special cases.

6.2.3. Amplitude with Higgs mixing based on full or
Breit-Wigner propagators

SIGHIE- : -----
> Y gt

Figure 6.2.: Contributions from all full mixing propagators A;;(p?) for 4,7 = h, H, A to a
generic amplitude (cf. Ref. [45]). If the Z-factor approach is applied, each of the 9
full propagators needs to be approximated by the sum of the three corresponding
Breit-Wigner diagrams as shown in Fig.6.1.
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6.2 Expansion of the full propagators around the complex poles

In a physical process where neutral Higgs bosons can appear as intermediate particles,
all of them need to be included in the prediction, see Fig. 6.2 and Ref. [45]. The Higgs
part of the amplitude then contains a sum over the irreducible vertex functions ' (for a
coupling of Higgs i at the first vertex X') and ff (for a coupling of Higgs j at the second
vertex Y') times the fully momentum-dependent mixing propagators,

A= Y TFA;)T). (6.17)

ij=h,H,A

Applying Eq. (6.16), the amplitude in Eq. (6.17) can be approximated by the sum over
Breit-Wigner propagators multiplied by on-shell Z-factors, in agreement with Ref. [45],

3
A~ ZZ ABY(p ] I (6.18)
i,j=h,H,A a=1
—Z > MPX) AV (p?) < > Zajf‘}”) (6.19)
a=1 \i=h,H,A j=h,H,A

3
= 3 (Zanl + Zan T + ZaalS ) APV @) (Zanl, + Zanly + Zaal') - (6:20)
a=1
3
=3 TX APV T (6.21)
a=1

The first bracket in Eq. (6.20) represents f’i(a , 1.e., the vertex X connected to the mass
eigenstate h, as for an external Higgs boson in Eq. (5.73). Subsequently, the second
bracket is equal to the coupling of h, at vertex Y, IA“}; As opposed to Sect. 5.5, the h,
is not on-shell here, but a propagator with momentum p? between the vertices X and
Y, represented by the Breit-Wigner propagator ABW(p?). So the Z-factors are not only
useful for the on-shell properties of external Higgs bosons, but they can also be used
as an on-shell approximation of the mixing between Higgs propagators. This will be
investigated numerically in Sect. 6.3.

6.2.4. Calculation of the interference term in the Breit-Wigner
formulation

In Eq. (6.16), the Breit-Wigner propagators are combined such that they approximate a
given full propagator. Conversely, we will now separate the h, part from the contribution

of the other mass eigenstates in the amplitude with Higgs exchange between the vertices
X and Y:

Ap, =TR APYOOTY = Y TX 2, ATV (0*) 2, T (6.22)
i,j=h,H,A
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6 Breit-Wigner approximation of the full Higgs propagators

i.e. the exchange of the state h, coupling with the mixed vertices fha from Eq. (5.73) as
for an external Higgs.

Figure 6.3.: Diagrammatic representation of the contribution A, from Eq.6.22 of h, (a =
1,2, 3) to the amplitude A. The blue lines labelled by h, denote the Breit-Wigner
propagator AaBW(p2) and the green lines labelled by ¢, j = h, H, A denote lowest
order propagators of h, H, A.

In order to calculate the squared amplitude as a coherent sum, all contributions of
hi, ho, hsy are summed up first before taking the absolute square,

3
DA
a=1

On the contrary, the incoherent sum is the sum of the squared individual amplitudes,
which misses the interference contribution,

2

[Aleon = (6.23)

3

|A|12ncoh - Z

a=1

2

Ap, (6.24)

)

Thus, an advantage of the Breit-Wigner propagators is also the possibility to discern
the interference of several resonances from their individual contributions in a squared
amplitude

|A|i2nt = |A‘?Joh - |A|12nccoh = Z 2R€ [Aha Zb] ) (625>

a<b
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6.3 Numerical comparison of full and Breit-Wigner propagators

which will be helpful in distinguishing genuine interference effects from general non-zero
phase effects on the cross section in Sect.10.2.2. In contrast, the squared amplitude
based on the full propagators

. |2
|Afu11|2 = ‘ Z FIX Aij(p2>F;/ (6.26)
i,j=h,H,A

is sensitive to the overall effect of complex phases on the masses, couplings and mixing
propagators, but this formulation does not allow for the straightforward determination
of the pure interference term.

6.3. Numerical comparison of full and Breit-Wigner
propagators

After the analytical considerations so far, in this section we will numerically compare the
full propagators with their approximation as a combination of Breit-Wigner propagators
and Z-factors. In order to investigate the applicability of the expansion of the full
propagators in one or all three resonance regions, we will first use a complex input
momentum around the three complex poles. For the later application to physical
processes where the squared momentum equals the centre-of-mass energy s, we will also
evaluate the propagators at p?> = s near the real parts of the complex poles. In Sect. 6.3.1
we choose a scenario where all three Higgs bosons are relatively light so that we can study
their mutual overlap. As a test of the Z-factor approximation, we work in a scenario
with large mixing between H and A in Sect. 6.3.2

6.3.1. Scenario with 3 light Higgs bosons

For the numerical evaluation of the propagators, we work in the M ,IandJ“ scenario [167]
(see Tab. A.1). In this example, we fix the variable parameters

1= 200 GeV,
Mp+ =160 GeV,
tan 5 = 50, (6.27)

and introduce the complex phase ¢4, = m/4 to allow for CP-violating mixing. These
parameter values result in the following complex poles:

M2 = (15791 — 70i) GeV?, M3 = (16202 — 525i) GeV?, M2 = (17388 — 385i) GeV?.
(6.28)

All of the loop-corrected masses obtained from the real parts of the complex poles listed
above are relatively light:

My, =1257GeV, M, = 127.3GeV, M), = 131.9GeV (6.29)
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6 Breit-Wigner approximation of the full Higgs propagators

so that the mass differences are of the order of — but not smaller than — the total widths
from the imaginary parts of the complex poles, I'y, = 0.6 GeV, I'y, = 4.1GeV, I'y, =
2.9GeV. This parameter choice is not meant to be the experimentally viable. The
purpose is just to provide a setting with nearby, but resolvable resonances so that the
test of the Breit-Wigner approximation is not limited to well separated poles. The phase
of A; induces C'P-violating mixing, and the on-shell mixing properties are reflected by
the Z-matrix obtained with FeynHiggs,

0.95—0.04i 0.34+0.09i —0.05— 0.05i
Z=| 005-005 0024003 0.99—0.02 |, (6.30)
—0.35—0.09; 0.94 —0.05; —0.006 — 0.003i

which indicates that h; couples mostly h-like, hy mostly A-like and h3 mostly H-like.
Thus, the contribution of h, to Ay, i.e.

Ayj N (pz) = Zai Afw(pQ) Zaj> (6.31)
is only significant if the product Zm-Zaj is not suppressed. In this case, we can already
estimate that, for example, h3 hardly contributes to A44.

We have analysed all propagators A;; around M3, M3 and M3 as well as for real
momenta. In the following, we show and discuss a selection of these cases.

6.3.1.1. Propagators depending on complex momenta

The analytical derivation of Eq. (6.16) builds on the expansion of the full propagators
around the complex poles, and the on-shell condition in Eq. (5.33) holds exactly only at
complex momentum. Therefore, we want to evaluate the self-energies and propagators
around the complex poles. Fig.6.4 displays Ap,(p?) for p*> = 0.5 M? ... 1.5 M2 In
particular, Fig.6.4(a) shows Re[Ay;], and Fig. 6.4(b) shows Im [Ap;] versus the ratio
r1 = p?/ M3 such that z; = 1 corresponds to the complex pole p*> = M2 The black
line (labelled by A full) represents the fully momentum dependent mixing propagator
from Eq. (5.10). Since the three poles do not have the same ratio between the real and
imaginary parts, scaling z; does not run into M3 and M3. Ay, has a pole x = 1 and

a second peak at x ~ 1.1 which is close to the real part of M2. This structure is very
£ 2
precisely reproduced by the sum °_ Z, ABW(p?) according to Eq. (6.12) — as can be

seen from the red dotted line (labelled as > BW - Z), which lies directly on top of the
black solid line.

In order to understand which of the Breit-Wigner propagators and Z-factors dominate
at which momentum, we have a closer look at the dashed curves. The blue line (labelled by
hy) represents the contribution of hy to Ay, i.e., th ABY(p?). Tt clearly reveals the pole
at x = 1, but strongly deviates from the full propagator at different momenta. The orange
line (labelled by hy) represents Zzh ABWV(p?). Since Zsyy, is small in this scenario, the
contribution of hy to Ay, is numerically suppressed, but a tiny share is visible near M3.
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6.3 Numerical comparison of full and Breit-Wigner propagators

The green line (labelled by h3) stands for Zgh ABW(p?) and it contributes significantly to
App, near M2 because Zgh = —0.35 — 0.09¢ is sizeable in this scenario. So we notice that
none of the individual Breit-Wigner propagators multiplied by the appropriate Z-factors
suffices to approximate the full propagator, which has three complex poles. As a result,
only the sum of all three Breit-Wigner propagators times Z-factors yields an accurate
approach to the full mixing. This holds for the real and the imaginary part.

0.0005 -

0.0010
0.0004 0.0008
0.0003f 0.0006 |
0.0002 0.0004

0.0002

Re[Ann][GeV 2]

0.0001 f

IM[AnL][GeV2]

0.0000¢ 0.0000

-0.0001 -0.0002

-0.0004

-0.0002 L

Figure 6.4.: Diagonal propagator Ay (p?) depending on the complex momentum p? around
M3 with p?/ M2 = 0.5...1.5. (a) real part, (b) imaginary part. The full mixing
propagator Ay, i = h, H, A (black, labelled by A full) is compared to the sum
of Breit-Wigner propagators weighted by Z-factors according to Eq. (6.12) (red
dotted, labelled by > BW-Z). The individual contribution of h,, i.e. ZZhAaBW,
is shown for h; (blue, long-dashed), hs (orange, dashed) and hg (green, short-
dashed).

Having discussed the example of a diagonal propagator, we will now assess whether
the Z-factor approximation succeeds also for off-diagonal propagators. For instance,
Fig. 6.5 depicts Aga versus xy = p?/ M3 such that x = 1 matches p* = M2 where the
propagator diverges. Owing to the different ratio between the real and imaginary part of
each complex pole, scaling x5 does not run into M? and M2, but Ay, peaks close to
their real parts. As in Fig. 6.4, the black line representing the full propagator and the
red, dotted line representing the sum of Breit-Wigner propagators according to Eq. (6.16)
agree very well. Additionally, we can tell apart the individual Breit-Wigner shapes.
Because the products of the relevant Z—factors, here Za Hza A, are non-negligible for all
a =1,2,3, each Breit-Wigner propagator is important in the complete approximation of
both the real part (Fig.6.5(a)) and the imaginary part (Fig.6.5(b)) of Ag4. The other
diagonal and off-diagonal propagators which are not displayed here have an equally good
agreement between the full calculation and the approximation.
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6 Breit-Wigner approximation of the full Higgs propagators
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Figure 6.5.: Off-diagonal propagator A 4(p?) depending on the complex momentum p? around
M2 with p? /M2 = 0.5...1.5. (a) real part, (b) imaginary part. Labelling as in
Fig.6.4.

6.3.1.2. Propagators depending on real momentum p? = s

The calculation of the propagators at and around the complex poles together with the
evaluation of the self-energies at complex momenta according to Eq. (5.13) was needed
to fulfil the assumptions of the approximation. However, in collider processes, the Higgs
propagator might appear for example in the s-channel of a 2 — 2 scattering process
where the squared momentum equals the square of the centre-of-mass energy s. So here
we will check the Breit-Wigner approximation around the real parts of the complex poles.

Fig. 6.6(a) shows Re[Ay] in the range \/p? =~ Mj,, My,, My, of the three loop-
corrected masses given in Eq. (6.29). The propagator has a pronounced peak around My,
and a smaller and broader one at Mj,. Again, the approximation (red, dotted) defined
in Eq. (6.12) meets the full propagator (black) very precisely. The contribution of h;
multiplied by Zy, of O(1) dominates near M, . At M, the Breit-Wigner shape of hy is
dominant although multiplied only by Zan = —0.35 — 0.094, but also the tail of ABW is
relevant. The resonance of hs is strongly suppressed by the small A%

Fig.6.6(b) visualises Re [A44] with a broad peak at Mj,. The black curve of the
full propagator is again directly beneath the red, dotted curve of the Breit-Wigner
approximation, which in this case stems nearly entirely from hy because Z>a ~ 1. Within
A 44, the contribution of hy only has a minor impact, which can be seen as a small kink
in Fig.6.6(b). Although ABW(p?) gets close to its pole, the resonance of h; is strongly
suppressed by the small Z-factor Zys = 0.05(1 4+ 4). As we anticipated above from the
structure of Z in Eq. (6.30), ABW is a negligible component of A4 for this parameter
point.

~ So far we have seen that the Breit-Wigner formulation combined with on-shell
Z-factors reproduces accurately the main momentum dependence of the full diagonal
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Figure 6.6.: Diagonal propagators Ay, (p?) ((a)) and Aa(p?) ((b)) depending on the real
momentum p? = s around /s ~ My, , Mp,, Myp,. Labelling as in Fig. 6.4.

and off-diagonal propagators by adding the contributions from all resonance regions. If
all resonances are sufficiently separated (not shown in this example) or if all but one
contributing products of Z-factors are negligible, a single Breit-Wigner term is enough
to approximate the full propagator in one of the resonance regions. In the general case,
however, all Breit-Wigner terms need to be included. Even if the peaks are not located
very close to each other compared to their widths, the tail of one resonance supported by
a substantial product of Z-factors can leak into another resonance region.

6.3.2. Scenario with large mixing

While the scenario in the previous section is characterised by three relatively similar
masses, we now choose a setting with quasi degenerate heavy states hy and hz. In
Sect. 6.3.1 we considered the M"%*-scenario with the standard value of yu = 200 GeV
in combination with the complex phase ¢4, = /4, leading to a moderate mixing
predominantly between h and A. In Ref. [167] it was suggested to choose also different
values, © = +200, £500, 21000 GeV. So in addition to the choice above, we now apply
the following modification of the parameters in Eq. (6.27):

11 = 1000 GeV,
Mpy= = 650 GeV,
tan 8 = 20. (6.32)

This results in the complex poles

M2 = (15797 — 0.20) GeV?, M2 = (415336 — 1673i) GeV?, M2 = (415554 — 1857i) GeV?,
(6.33)
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6 Breit-Wigner approximation of the full Higgs propagators

therefore in similar masses of the heavy Higgs bosons,

My, =125.33 GeV, My, = 644.47GeV, M), = 644.63 GeV, (6.34)
and in a large mixing between H and A, visible in the Z-factors evaluated with FeynHiggs.

1.01 0 0
Z~| 0 1.15-0.27i —0.47—0.66i (6.35)
0 0.49+0.65i 1.13—0.28i.

The quantity 7 is defined in Eq. (5.53) as a non-unitary matrix for the correct nor-
malisation of vertices with on-shell Higgs bosons. Here, we apply the Z-factors in a
slightly different context, namely on Higgs bosons appearing as momentum-dependent
propagators connecting the incoming and outgoing state. In the scenario in Sect. 6.3.1, y/
is approximately unitary,

1 —0.1i 0.2i
t

Z-7'(n=200GeV)~ | 0.1i 1 0 | ~1 (6.36)
—02 0 1

On the contrary, in this scenario with g = 1000 GeV, the product 7 - ZT deviates strongly
from 1:

1 0 o0
772 (u=1000GV)~ |0 2 —17i]. (6.37)
0 1.7 2

Hence we want to examine whether the Breit-Wigner propagators with Z-factors still
yield a viable approximation of the full mixing in this scenario with large mixing.

6.3.2.1. Propagators depending on complex momenta

Due to the large difference between M;, and M, ~ M,,, the propagators Ay, Apy
and Ay, are strongly suppressed around M32. Fig.6.7(a) shows Re [Ayy] for complex
momentum around M3. The full calculation (black) and the Breit-Wigner approximation
(red, dotted) are in good agreement although the curves do not lie directly on top of one

another as in the scenario of Sect.6.3.1. The two heavy states hy and h3 with a mass
difference of less than 0.2 GeV and total widths of I';, = 2.6 GeV and I}, = 2.9 GeV are

~ 9 ~2

too close to be resolved. Zyy Ay, (orange) and Zg, Ay, contribute with similar magnitude,
but opposite signs so that the result differs strongly from the single terms. A comparable
situation is shown in Fig. 6.7(b) for Re [Aga].
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Figure 6.7.: Real parts of (a) the diagonal propagator Ag(p?) and (b) the off-diagonal
Apa(p?) depending on the complex momentum p? around M3 with p?/ M3 =
0.5...1.5. Labelling as in Fig.6.4.

6.3.2.2. Propagators depending on real momentum p? = s

Fig. 6.8 shows the same selection of propagators as in Fig. 6.7, but in this version evaluated
at real momentum. The approximation from Eq. (6.16) leads to a good agreement between
the propagators in the full mixing calculation (black) and the Breit-Wigner formulation
(red, dotted), displayed for Re[Agy] in Fig. 6.8(a) and for Re[Ay 4] in Fig. 6.8(b). While
the hi-part (blue) is negligible due to the much lower mass Mj,, hy (orange) and hg
(green) both contribute substantially because their complex poles are very close to each
other. These comparisons show that the Breit-Wigner approximation is also applicable in
scenarios of quasi-degenerate states and a strong resonance-enhanced mixing. However,
we note that the agreement between the full propagators and those with on-shell mixing
factors is slightly less accurate here than in the scenario with moderate, nearly unitary
mixing.

6.3.2.3. Comparison of the Z-factor approach with effective couplings

The effective coupling approach mentioned in Sect. 5.6 makes use of the unitary, real
U-matrix instead of the Z-matrix. However, U is not evaluated at the complex pole, but
at p* = 0 (see Sect.5.6) and it does not comprise the imaginary parts of the self-energies.
As U is applied in the effective coupling approach, we compare it to the Z-factor approach
which does take the imaginary parts into account, but cannot be directly interpreted as
a unitary transformation between the states of the different bases.

Based on Z- and U-factors from FeynHiggs, Fig.6.9 displays the real parts of
App and Ap, at real momentum around M, ~ My, calculated as a fully momentum
dependent mixing propoagator (black), using the Z-matrix approach (red, dotted) defined

A

in Eq. (6.16), i.e. A% ~ 32 Z,; APV Z,;, and the U-matrix variant (grey, dashed) in
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Figure 6.8.: Real parts of (a) the diagonal propagator Ay p(p?) and (b) the off-diagonal
Apa(p?) depending on the real momentum p? = s around /s ~ Mp,, My,.
Labelling as in Fig.6.4.

the p? = 0 approximation as

3
AL~ U, APV U, (6.38)

a=1

While in Fig. 6.9(a) the curve representing the Z-factor method is almost identical to
the curve of the full Ayy (with a relative deviation at the peak of 0.8%), the U-method
differs from the full result by up to 14%. In Fig.6.9(b), not even the shape of Ay, is
correctly approximated by the U-approach whereas the Z—approach comes close to the
full Ay (albeit visible deviations).

From this analysis we conclude that the Z-factors combined with Breit-Wigner
propagators are well-suited to describe the Higgs propagators including their mixing
as mass eigenstates also in scenarios with close-by resonances and strong mixing. This
approach captures the leading momentum dependence and adequately accounts for the
imaginary parts. In contrast, the combination of U-factors and Breit-Wigner propagators
is — despite its unitary nature — incomplete with respect to the mixing effects in the
resonance region and regarding the significance of imaginary parts.

6.4. Breit-Wigner and full propagators in cross
sections
As an application of the derivations above, we calculate a cross section with Higgs

exchange. We study the example process bb — h, H, A — 777~ where the intermediate
Higgs bosons are once represented by the full mixing propagators A;; and once by Breit-
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Figure 6.9.: Comparison of the U (grey, dashed) and Z (red, dotted) approximation with the
full propagators (black, solid) for real parts of the diagonal propagator A (p?)
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Wigner propagators multiplied by Z-factors. In order to disentangle this investigation
from other higher-order effects, we restrict the Higgs-fermion-fermion vertices to the
tree-level and do not include the emission of real particles in the initial or final state, but
focus on the propagator corrections.

For the implementation of the full propagator method, we adapted, checked and
extended a model file obtained [45]. New scalars ¢j are introduced that correspond to
the full propagator A;;(p?) and couple to the first vertex as the interaction eigenstate
1 and to the second vertex as j. Those propagators are used in the FormCalc calcula-
tion supplemented by two-loop self-energies from FeynHiggs with the full momentum
dependence.

Considering only mixing between h and H at this point, we choose a CP-conserving
scenario, the so-called M***-scenario [168,169] with tan = 50, My+ = 153 GeV, but
we modify it by settlng A 7, = 2504 GeV. The outcome are large off- dlagonal Z-factors
Zio ~ 0.65 + 0.29, Zp; ~ —0.64 — 0.29; and Z1; ~ 0.85 — 0.22i, Zos ~ 0.84 — 0.23i.
The masses of the CP-even Higgs bosons are very close, M, = 126.20 GeV and M, =
127.55 GeV, while the widths obtained from the imaginary part of the complex poles are
'y, =0.94GeV and 'y, = 1.21 GeV. Despite its large width of I'y = 3.58 GeV, the third
neutral Higgs boson does not overlap significantly with the other two resonances due to
the mass of Mj, = 119.91 GeV, and no mixing with the other two states occurs due to
the real parameters implying CP-conservation.

Fig. 6.10 shows the partonic cross section &(bb — h, H, A — 7777) as a function of
the centre-of-mass energy v/5, where § = (po + py)? is the squared sum of the momenta
of the b- and b-quarks in the initial state. The calculation based on the full propagators
(represented by the blue, solid line) is in very good agreement with the cross section
based on the coherent sum of the hy, hy, hs contributions (red, dashed) according to

5
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G(bb —>7*77) with propagator mixing
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Figure 6.10.: The partonic cross section o(bb — 7777) in a modified M™**-scenario with
tan 8 = 50 and Mg+ = 153 GeV. The cross section is calculated with the full
mixing propagators (blue, solid), approximated by the coherent sum of Breit-
Wigner propagators times Z-factors with the interference term (red, dashed)
and the incoherent sum without the interference term (grey, dot-dashed). The
individual contributions mediated by hy (light blue), ha (green) and hs (purple)
are shown as dotted lines.

Eq. (6.23). Both curves lie on top of each other and contain two peaks originating from
hy (light blue, dotted) and hy (green, dotted). The resonances of h; and hy partly
overlap due to the mass difference of the order of the total widths, but the two peaks
can still be distinguished. The term of hs peaks at a lower mass in this scenario, but for
completeness it is also shown (purple, dotted). The incoherent sum | |* + |ho|* + |hs?
(grey, dash-dotted) from Eq. (6.24) clearly overestimates the full cross section on account
of the missing interference term that turns out to be destructive in this case. It is
accurately taken into account in the full calculation and in the coherent sum of Breit-
Wigner propagators with Z-factors. Chapters 7-10 of this thesis will further deal with
interference phenomena of this kind in more detail and how to efficiently compute them.

6.5. Impact of the total width

This section addresses the impact of the precise value of the total width. So far, we have
obtained the Higgs widths from the imaginary part of the complex pole as in Eq. (5.15)
in order to consistently compare with the full propagator mixing. If the self-energies in
ifiﬂ are calculated at the one-loop level, the total width extracted from a complex pole
of A;; is then a tree-level width. Correspondingly, partial two-loop contributions to the
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6.5 Impact of the total width

imaginary parts of the self-energies give rise to partial one-loop corrections of the decay
width. However, two-loop self-energies evaluated at p? = 0, as they are approximated
in FeynHiggs, do not contribute to the imaginary part of the pole so that the width
determined from the imaginary part of the complex pole remains at its tree-level value.
Corrections to Higgs boson decays in the MSSM at and beyond the one-loop level are
known and turn out to be important, see e.g. Ref. [147]. Thus, the sum of the partial
decay widths into any final state X of a Higgs boson h,,

i = T'(he = X), (6.39)
X

leads to a more accurate result for its total width than from the imaginary part of the
corresponding complex pole,

[P = —Im[M2)/ M. (6.40)

at the same order. FeynHiggs contains the partial Higgs decay widths and their sum
at the leading two-loop order. Having checked the excellent agreement between the full
propagators and the Breit-Wigner propagators with the width from the imaginary part
of the complex pole in the previous sections, now we implement the total width from
FeynHiggs into the Breit-Wigner propagators for the most precise phenomenological
prediction.

In the modified M;"** scenario, the higher-order corrections have a significant impact
on the Higgs decay widths so that I'}°" = 2.55 GeV and I'}% = 3.24 GeV are much larger
than the widths obtained from the imaginary part of the complex pole. This affects the
order of magitude of the cross-section & (bl_) — T*T*) and the structure of the resonances
as can be seen in Fig.6.11. The coherent sum of Breit-Wigner propagators including the
interference term (red, dashed) and the incoherent sum without the interference term
(grey, dash-dotted) using I'™ from the imaginary parts of the complex poles are the same
as in Fig.6.10. In contrast, total widths T'{#}} obtained from FeynHiggs as the sum of
higher-order partial width are implemented into the Breit-Wigner propagators in the
cross section based on the coherent sum of all h,-contributions (black, solid) and the
incoherent sum (black, dotted).

The larger widths have a drastic effect. Not only do they suppress the cross section,
but the separate resonances are also less pronounced. Here, the incoherent sum without
the interference term again overestimates the cross-sections. In addition, it lacks the
two-peak structure. This observation emphasizes the importance of including the total
width at the highest available precision and to take the interference term into account.
One can also see that two resonances might be too close to be resolved if they are smeared
by large widths.
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Figure 6.11.: Effect of the total width as an input for Breit-Wigner propagators: The partonic
cross section 6(bb — 777) in the same modified M™**-scenario as in Fig. 6.10
with tan 5 = 50 and Mg+ = 153 GeV. Breit-Wigner propagators with the total
widths from the imaginary part of the complex pole including (red, dashed) and
excluding (grey, dash-dotted) the interference term. Breit-Wigner propagators
with the total widths from FeynHiggs including (black, solid) and excluding
(black, dotted) the interference term.

6.6. Summary: Higgs masses and mixings in the
MSSM with complex parameters

Before moving to a detailed study of interference effects in another example process, we
want to briefly summarise aspects of the Higgs mass determination as well as the key
features and limitations of approximating the full propagators in terms of the Breit-Wigner
propagators and Z-factors.

We have studied the structure of the full propagators. In the case of 3 x 3 mixing
between all three neural Higgs bosons h, H, A and the mass eigenstates hq, hs, hs, each
propagator has three complex poles, which are the zeros of the determinant of the inverse
propagator matrix. We determined the masses in an iterative procedure and found good
agreement with the eigenvalues from the diagonalisation method of FeynHiggs. However,
the relation between the interaction and mass eigenstates is not unambiguous. The
different choices are physically equivalent, but not always numerically equally stable. In
this context, we propose an ordering that allows for a smooth transition between the
unmixed and the mixed case.

The Z-factors are introduced to ensure correct on-shell properties of the S-matrix,
taking also mixing of the neutral Higgs bosons into account. We have derived process
independently how the full propagators can be expanded around all of their complex poles.
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This approximation results in the sum of Breit-Wigner propagators of the corresponding
resonances, weighted by Z-factors which encompass the transformation between the
interaction and the mass eigenstates and transitions among the Higgs bosons, evaluated
at the complex poles. We find very good agreement between the approximation in
Eq. (6.16) and the full propagators. The formalism of Breit-Wigner propagators and
on-shell Z-factors has several appealing advantages in describing the Higgs propagator
mixing: Firstly, it avoids the momentum dependent evaluation of self-energies, which is
a good approximation away from thresholds, and thereby simplifies and accelerates the
calculation. Secondly, it enables the separation of the individual h, contributions and the
extraction of the pure interference term, which will be relevant for chapters 7-10. Thirdly,
the Breit-Wigner propagator turns into a d-distribution in the limit of a vanishing width,
thus facilitating the separate calculation of the production and decay of an intermediate
Higgs particle by means of the narrow-width approximation (NWA), see Sect.7.2. On
the other hand, the use of Z-factors is not entirely restricted to external Higgs bosons
as they would appear in the NWA, but they also provide a good approximation of the
mixing properties of intermediate Higgs bosons represented by a Breit-Wigner propagator
in the on-shell and off-shell region. Fourthly, the Breit-Wigner formulation allows for
the implementation of a more precise total width by incorporating important higher-
order effects from the partial widths that are not included in the imaginary part of the
complex pole with self-energies of the same order. Hence, in the following chapters,
we will predominantly use the combination of Z-factors and Breit-Wigner propagators
(or external, on-shell Higgs bosons) instead of the fully momentum dependent mixing
propagators of the interaction eigenstates.
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Chapter 7.

A generalised narrow-width
approximation for interference effects

7.1. Factorisation vs. mass degeneracies in BSM

In sections 6.4 and 6.5, we have already noticed that interference effects between two
unstable states with similar masses can be important in processes where these different
quasi-degenerate states appear as intermediate particles between a given initial and
final state. Calculating the full process with stable incoming and outgoing particles and
taking into account all possible fields in the intermediate steps allows for the inclusion
of the interference term. However, for processes involving many external legs or loop
corrections, it is often not feasible to perform the full calculation. Instead, treating
the on-shell production of an unstable particle and its subsequent decay separately is
often more convenient if the intermediate particle can kinematically become resonant.
The decay may be further decomposed into the respective steps. This approach has the
advantage to simplify a complicated process by splitting it into several subprocesses that
are computable with less effort so that higher-order corrections can be incorporated more
easily.

This method is called the “narrow-width approximation” (NWA) because treating
the resonant exchange of an unstable particle as a stable outgoing (in the production
part) or incoming (in the decay) state corresponds to assuming a vanishing total width
or — as an approximation — a total width that is much smaller than the mass. The
application of the NWA is useful since the sub-processes can often be calculated at a
higher loop order than it would be the case for the full process, and it is also beneficial
in terms of computational speed. Indeed, many Monte-Carlo generators make use of
the NWA. An important condition of this approximation, however, is the requirement
that there should be no interference of the contribution of the intermediate particle for
which the NWA is applied with any other close-by resonance, see e.g. Refs. [45,170-172].
Hence, the applicability of the NWA in its standard version is restricted to cases without
a relevant interference term. While within the SM this condition is usually valid for
processes occuring at high-energy colliders such as the LHC or a future Linear Collider,
many models of physics beyond the SM have mass spectra where two or more states can
be nearly mass-degenerate. If the mass gap between two intermediate particles is smaller
than the sum of their total widths, the interference term between the contributions from
the two nearly mass-degenerate particles may become large.
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7.1 Factorisation vs. mass degeneracies in BSM

For instance, mass degeneracies can be encountered in the MSSM which may, in
particular, contain approximately mass-degenerate first and second generation squarks
and sleptons. In the decoupling limit [173], the MSSM predicts a SM-like light Higgs
boson, which is compatible with the signal discovered by ATLAS [5] and CMS [6] at
a mass of about M) ~ 125 GeV, and two further neutral Higgs bosons and a charged
Higgs boson H*, which are significantly heavier and nearly mass-degenerate. While in
the CP-conserving case the heavy neutral Higgs bosons H and A are C’P-eigenstates
and therefore do not mix with each other (see Sect.5.1), CP-violating loop contributions
can induce sizable interference effects |[1,2,45,85]. The compatibility of degenerate
NMSSM Higgs masses with the observed Higgs decay rate into two photons was recently
pointed out e.g. in Ref. [174]. Another example are degenerate Higgs bosons in (non-
supersymmetric) two-Higgs doublet models, see for example Refs. [175,176]. Furthermore,
degeneracies can also occur in models of (universal) extra dimensions where the masses
at one Kaluza-Klein level are degenerate up to their SM masses and loop corrections, see
for example Refs. [177-179]. Small mass differences of sequential Z" and W’ bosons are
analysed in an extension of the SM as an effective field theory in Ref. [180].

On the other hand, models with new particles on various mass levels often exhibit
long cascade decays, so that there is a particular need in these cases for an approximation
which enables the simplification of the complicated full process into smaller pieces that
can be treated more easily and more precisely. However, several cases have been identified
in the literature in which the NWA is insufficient due to sizeable interference effects, e.g.
in the context of the MSSM in Refs. [170,172,181-183] and in the context of two- and
multiple-Higgs models and in Higgsless models in Ref. [184].

In this chapter, we develop a generalised NWA (gNWA), which extends the standard
NWA (sNWA) by providing a factorisation into on-shell production and decay while
taking into account interference effects. In Ref. [45] such a method was introduced at
the tree level and applied to interference effects in the MSSM Higgs sector. We extended
this method further in Ref. [85], in particular by incorporating partial loop contributions
into an interference weight factor. A similar coupling-based estimation of an interference
between new heavy quarks at lowest order was suggested in Ref. [185]. The interference
of nearly degenerate, new vector bosons was considered in Ref. [180] in an approach of
the product of involved couplings and on-shell parton luminosities. Based on our work in
Refs. |1,2], we formulate in this thesis a gNWA constructed from an on-shell evaluation
of the interference contributions which is applicable at the loop level, incorporating
factorisable virtual and real corrections. Furthermore, we investigate different levels of
approximations by further simplifying the on-shell matrix elements in the interference
term by interference weight factors. We also discuss additional improvements by the
incorporation of corrections that are formally of higher orders. The application to an
example process follows in Sect. 9.
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7 A generalised narrow-width approximation for interference effects

7.2. Concept and restrictions of the standard
narrow-width approximation

Before addressing the extension of the NWA with the purpose of including an interference
term, we first review the well-known and widely used standard NWA, also pointing out
the underlying conditions which limit the applicability of the NWA in its original version
and mentioning already existing extensions of it which address the limitations apart from
interferences.

7.2.1. Basic idea of the narrow-width approximation

According to the basic idea of the NWA to factorise a complicated process into the
on-shell production and the subsequent decay of a resonant particle, the following picture
in Fig. 7.1 visualises the splitting of an arbitrary process. For the generic example case
ab — cef involving an intermediate, resonant particle d with mass M and off-shell
momentum ¢2, this approach results in the production part ab — cd and decay d — ef,
where d appears on an external line with ¢> = M?2.

C e 9 9 C e
a d ¢ =M a d d
X
b ¢*, M,T f b F=M  ¢F=M f

Figure 7.1.: The resonant process ab — cef via the exchange of d (with mass M, total width
I' and momentum ¢?) is split into the production ab — cd and decay d — ef
with particle d on-shell.

The total width I' plays a crucial role in resonant production and decay. The NWA is
based on the observation that the on-shell contribution in Eq. (6.2) is strongly enhanced
if the total width is much smaller than the mass of the particle, I' < M. Within its
range of validity (see the discussion in the following section), the NWA provides an
approximation of the cross section for the full process in terms of the product of the
production cross section — or the previous step in a decay cascade — times the respective
branching ratio:

Oab—scef = Oab—scd X BRd%ef- (71)

Although unstable particle fields do not correspond to asymptotic states, the usage of
Eq. (7.1) implies the treatment of the unstable particle d as an external particle on its
mass shell.

In the following, we focus on scalar propagators. Nonetheless, although the produc-
tion and decay are calculated independently, the spin of an intermediate particle can be
taken into account by means of spin correlations [186,187| giving rise to spin—density
matrices. While we do not consider the non-zero spin case explicitly, the formalism of
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7.2 Concept and restrictions of the standard narrow-width approximation

spin—density matrices should be applicable to the gNWA discussed below in the same
way as for the sSNWA.

7.2.2. Conditions for the narrow-width approximation

The NWA can only be expected to hold reliably if the following prerequisites are fulfilled
(see e.g. Refs. [170,188]):

e A narrow mass peak is required in order to justify the on-shell approximation.
Otherwise off-shell effects may become large, cf. e.g. [181,189,190].

e Furthermore, the propagator needs to be separable from the matrix element. How-
ever, loop contributions involving a particle exchange between the initial and the
final state give rise to non-factorisable corrections. Hence, the application of the
NWA beyond lowest order relies on the assumption that the non-factorisable and
non-resonant contributions are sufficiently suppressed compared to the dominant
contribution where the unstable particle is on resonance. Concerning the incorpora-
tion of non-factorisable but resonant contributions from photon exchange, see e.g.
Ref. [191].

e Both sub-processes have to be kinematically allowed. For the production of the
intermediate particle, this means that the centre of mass energy /s must be well
above the production threshold of the intermediate particle with mass M and the
other particles in the final state of the production process, i.e. v/s > M + m, for
the process shown in Fig. 7.1. Otherwise, threshold effects must be considered [192].

e On the other hand, the decay channel must be kinematically open and sufficiently
far above the decay threshold, i.e. M > ) my, where m; are the masses of the
particles in the final state of the decay process, here m, + my. Off-shell effects can
be enhanced if intermediate thresholds are present. This is the case for instance
for the decay of a Higgs boson with a mass of about 125 GeV into four leptons.
Since for an on-shell Higgs boson of this mass this process is far below the threshold
for on-shell WW and ZZ production, it suffers from a significant phase-space
suppression. Off-shell Higgs contributions above the threshold for on-shell WW and
Z 7 production are therefore numerically more important than one would expect
just from a consideration of I'/M [193].

e As another crucial condition, interferences with other resonant or non-resonant
diagrams have to be small because the mixed term would be neglected in the NWA.
Interference effects between a narrow signal and a broad background continuum
have been recently discussed in the context of the Higgs signal and constraining its
total width, see for example Refs. [193-215|. But these kind of interference effects
are not the focus of our work. In contrast, the major part of the following chapters
is dedicated to a generalisation of the NWA for the inclusion of interference effects
between nearly mass degenerate resonances [1,45].
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7 A generalised narrow-width approximation for interference effects

7.2.3. Factorisation of the phase space and cross section

In order to fix the notation used for the formulation of the gNWA in Sect. 7.3, we
review some kinematic relations, using Refs. [23,216] as resources. More details on basic
kinematics used in this thesis can be found in Appendix C.

The phase space The phase space ® is a Lorentz-invariant quantity. Its differential is
denoted by dlips (differential Lorentz-invariant phase space) or d®,,. It is characterised
by the number n of particles in the final state [23]

n d3
A0, = dlips (Pipy, -..pn) = 200 (P = p) [[ 5 (72)

where py and E; for f =1,...,n are the four-momenta and energies, respectively, of the
outgoing particles, and P is the sum of the four-momenta in the initial state.

Factorisation FEq.(7.1) is based on the property of the phase space and the matrix
element to be factorisable into sub-processes. The phase space element d®, with n
particles in the final state as in Eq. (7.2) will now be expressed as a product of the
k-particle phase space ®; with k£ < n and the remaining @, [23,216],

dq?
d®, = do,—d®, .1, (7.3)
2m

where ¢ denotes the momentum of the intermediate particle that appears in the final
state of a process with dlips(P;py, ..., pk—1,¢q) and in the initial state of dlips(q; pg, ..., Pn)-
Now ®,(q) can be interpreted as the production phase space P — {p1, ..., px_1,q} and
®,,_r+1(q) as the decay phase space ¢ — {px, ..., pn}. The factorisation of d®,, is exact, no
approximation has been made so far because the dependence on ¢? is maintained instead
of setting it on the mass shell. Next, we rewrite the amplitude with a scalar propagator
as a product of the production (P) and decay (D) part such that the Breit-Wigner
propagator ABW(¢?) as defined in Eq.6.2 connects the production and decay matrix
elements M p and Mp:
1

— 2 _ 2
M=Me e e rame = ME= M

1
(¢ = M?)? + (MT)

5 IMbpl|?. (7.4)

Beyond the tree level, this factorisation is only possible if non-factorisable loop-contributions
are absent or negligible. Regarding the application, one can classify the kinematic cases
in two categories. On the one hand, for a scattering process a,b — X to any final state
X (in particular a,b — ¢, e, f for the example in Fig.7.1), the flux factor is given by

Fscatter - 2>\1/2(37 m?p mg) (75)
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7.2 Concept and restrictions of the standard narrow-width approximation

with the kinematic function [216]
Mz, y, 2) = 2* +y° + 22 — 2(xy + yz + 21). (7.6)

On the other hand, for a decay process a — X (for example a — ¢, e, f), the flux factor
is determined by the mass of the decaying particle,

Fdecay = 2my. (77)

Then the full cross section (or partical decay width) is given as

_ 1 2
o= F/d<I>|M\ | (7.8)

If appropriate, the sum or average over spins is implicitly understood here. For the
decomposition into production and decay, we do not only factorise the matrix elements
as in Eq. (7.4). Based on Eq. (7.3), also the phase space of the full process is factorised
into the production phase space ®p and the decay phase space ®p (here defined for the
example process in Fig. 7.1, but they can be generalised to other external momenta),
which depend on the momentum of the resonant particle:

dd = dlipS(\/g; pc7pe’pf>
d®p = dlips(v/s; pe, q)
d®p = dlips(q; pe, py). (7.9)

Under the assumption of negligible non-factorisable loop contributions, one can then
express the cross section in (7.8) as

o= 7 ) o ([ oot ) g g ([ ool @20

In this analytical formula of the cross section, the production and decay matrix elements
and the sub-phase spaces are separated from the Breit-Wigner propagator. However, the
full g?>-dependence of the matrix elements and the phase space is retained. The off-shell
production cross section of a scattering process with particles a, b in the initial state and
the production flux factor F' reads

1

7ol) = ;[ dvrMe(a) (7.11)

The decay rate of the unstable particle, d — ef, with energy +/¢? is obtained from the
integrated squared decay matrix element divided by the decay flux factor Fp = 2+/¢3,

1

L) = 7 [ dBolMo(d?)P (7.12)
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7 A generalised narrow-width approximation for interference effects

Hence one can rewrite the full cross section from Eq. (7.10) as

_ dg® 2 2\/? 2
7= [ Forl) R ) (713)

In the limit where (I'M) — 0 the Dirac d-distribution emerges from the Cauchy distribu-
tion,
1

li — M?
(erl)n—m (¢ — M?)%2 + (MT)? = 3(¢" )3T

MF (7.14)

For the integration of the §-distribution, the integral boundaries are shifted from ¢2__, ¢,
i.e. the upper and lower bound on ¢?, respectively, to +00 because the contributions
outside the narrow resonance region are expected to be small. So this extension of
the integral should not considerably alter the result. The zero-width limit implies that
the production cross section, decay width and the factor \/q_2 are evaluated on-shell at
q*> = M?. This applies both to the matrix elements and the phase space elements. The
described approximation leads to the well-known factorisation into the production cross
section times the decay branching ratio,

p(M?)

T EUP'BR,,

MTI)—0
o M /2—0P )24/ 0(¢? —MQWFD( ?) = op(M?)-

(7.15)

with the branching ratio BR = I'p /T", where I'p denotes the partial decay width into the
particles in the final state of the considered process, and I is the total decay width of
the unstable particle. While Eq. (7.15) has been obtained in the limit (MT") — 0, it is
expected to approximate the result for non-zero I' up to terms of O(%)

Going beyond the approximation of Eq. (7.15) for the treatment of finite width effects,
the on-shell approximation can be applied just to the matrix elements for production
and decay if both subprocesses are kinematically allowed while keeping a finite width
in the integration over the Breit-Wigner propagator in the form of Eq. (7.13). This
is gauge invariant and motivated by the consideration that the Breit-Wigner function
is rapidly falling causing that only matrix elements close to the mass shell ¢> = M?
contribute significantly. It results in a modified NWA improved for off-shell effects, see
e.g. Ref. [193,194],

50 — gn(0?) { / C;iﬂ = M%ﬁﬂ | TP, (7.16)
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7.3 Formulation of the generalised NWA at lowest order

7.3. Formulation of the generalised narrow-width
approximation at lowest order

If all conditions in Sect.7.2.2 are fulfilled, the NWA is expected to work reliably up to
terms of O(77). This section addresses how to generalise the NWA [1,45,85] such that
interference effects of nearly mass-degenerate resonances can be included at leading order.
The formulation of the gNWA will be extended to the one-loop level in Sect. 7.4

7.3.1. Cross section with interference term

Interference effects can be large if there are several resonant diagrams whose intermediate
particles (here labelled by 1 and 2) are close in mass compared to their total decay
widths:

[My = Ms| STy +To. (7.17)

In these nearly mass-degenerate cases, the Breit-Wigner functions ABW(¢?), ABW(4?)
overlap significantly, and an integral of the form

2
Imax

/ A2 ABY () APV (¢) - (M, pi, ) (7.18)

Thin
is not negligible. The boundaries ¢2; ,¢2.. are the lower and upper limits of the
kinematically allowed region of ¢?, and the function f summarises a possible dependence
on matrix elements M and momenta p; in the phase space. Such interference effects
might especially be relevant in models of new physics where an enlarged particle spectrum
leads to mass degeneracies in some parts of the parameter space.

Let hq, ho be two resonant intermediate particles, for example two Higgs bosons,
with similar masses occurring in a process ab — cef, i.e. ab — ch;, h; — ef (cf. Fig. 7.1
with d = hq, hy). If non-factorisable loop corrections can be neglected, the full matrix
element is given by

1 1

M Mab—>ch1 2 M2+ZM1F1Mh1—>ef+Mab—>ch2 2 M2+ZM2F2

Moyoses. (7.19)

Here we dropped the g?-dependence of the matrix elements for an ease of notation, but
the full momentum dependence is implicitly implied. Furthermore, as mentioned above
in Sect. 7.2, we explicitly treat the case of scalar resonant particles. Spin correlations of
intermediate particles with non-zero spin can be taken into account using spin—density
matrices. The squared matrix element contains the two separate contributions of hy, hs
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7 A generalised narrow-width approximation for interference effects

and in the second line of Eq. (7.20) the interference term,

Mapsens 2[Muysef? [ Maposens P Mpg—ser|?

(¢* — M?)> + MPT?  (¢* — M3)* + M3T3

+ 2Re { Mab—>ch1M:bacthhlﬁeszg—)ef } .
(@ — M2+ iMiTh) (g — MZ — iMoTy)

M]* =

(7.20)

Thus, the full cross section from Eq. (7.13) with the matrix element from Eq. (7.20) can
be written as

o / dq® | Oabsen (0°) 2v/@° Thimser (%) | Tabosena (@°) 20/4% Thyres (67)
el = ) o | (P = ME)? + (M), T, )? (% = MZ)? + (M, T,)?
N / dlips(s; pe, q)dq2dlip8(q;pe,pf)2Re Map—seni My cny My e M, e
21 - 2A\1/2(s,m2, m?) (¢ — M2+ iMT'y)(q? — M3 —iMoTy) |
(7.21)

+

We will use Eq. (7.21) as a starting point for approximations of the full cross section.
The first two terms can again be approximated by the NWA improved for off-shell effects
by considering a finite width in the propagator according to Eq. (7.16), or by the usual
narrow-width approximation in the limit of a vanishing width from Eq. (7.15) as ¢ x BR.
The interference term still consists of an integral over the ¢?-dependent matrix elements,
the product of Breit-Wigner propagators and the phase space.

7.3.2. On-shell matrix elements

While the interference term in Eq. (7.21) depends on the momentum ¢* via the Breit-
Wigner propagators and the matrix elements of the production and decay part, we now
propose an approximation that simplifies the evaluation of the matrix elements of the
sub-processes, but encompasses the momentum dependence of ABW(¢?). Our approach
is to evaluate the production (P) and decay (D) matrix elements

Pi(QQ) = Mab—)chi(q2)7 Dz’(qz) = Mhi—wf(q2) (7.22)

on the mass shell of the intermediate particle h; [1,85]. This is motivated by the assump-
tion of a narrow resonance region [My,, — I'p,, My, + I'p,,] so that off-shell contributions
of the matrix elements in the integral are suppressed by the non-resonant tail of the
Breit-Wigner propagator if P and D vary only mildly! with ¢>. Then the interference

'We refer here to partonic cross sections. For hadronic cross sections, the folding with parton density
functions (pdfs), which have a pronounced ¢?-dependence, needs to be taken into account.
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7.3 Formulation of the generalised NWA at lowest order

term from the last line of Eq. (7.21) is approximated by

S / dopdg*ddp . Pi(a*)P3(a*)Di(a*)D5(q?)
e onF (¢2 — M2+ iMiT1)(q2 — M2 — iMyTy)

= 2o [ WA ()25 ) [ / d<1>P<q2>7>1<q2>7>;<q2>] [ [ d@o(@)2u(a)D5(6)

(7.23)

2
~ ZRe [ AL APV ()85 (@) [ / d<I>P(q2)7’1(M12)P§(M§)]
‘ [ / d%(q%m(w)@;w&)} | (7.24)

Eq. (7.24) represents our master formula for the interference contribution. At this stage,
we have only evaluated the matrix elements on the mass shell of the particular Higgs
boson by setting ¢ = M, 131 (this is also important for ensuring the gauge invariance
of the considered contributions). So the on-shell matrix elements can be taken out of
the ¢?-integral. But the dependence of the matrix elements on further invariants and
momenta is kept. For 2-body decays, it is possible to carry out the phase space integration
without referring to the specific form of the matrix elements. In general, however, the
matrix elements are functions of the phase space integration variables.

The approximation in Eq. (7.24) is a simplification of the full expression in Eq. (7.23)
since the integrand of the ¢*-integral is simplified. We will use Eq. (7.24) in the numerical
calculation of an example process in Sect. 9.

We will furthermore investigate additional approximations of the integral structure
in Eq. (7.24), which would simplify the application of the gNWA. This issue is discussed
at the tree level in the following section.

7.3.3. On-shell phase space and interference weight factors at
lowest order

The following discussion, which focuses on the tree-level case, concerns an optional
technical simplification of the master formula in Eq. (7.24). It will be numerically applied
in Fig. 9.4 below and extended to the 1-loop level in Sect. 9.3.

As a possible further simplification on top of the on-shell approximation for matrix
elements, one can also evaluate the production and decay phase spaces on-shell. This is
based on the same argument as for the on-shell evaluation of the matrix elements because
off-shell phase space elements are multiplied with the non-resonant tail of Breit-Wigner
functions. Now the ¢?-independent matrix elements and phase space integrals can be
taken out of the ¢*-integral,

= 2re{ [ [avrmompson)] | [avsmiampson] [9Eap @2V}
(7.25)

The choice at which mass, M; or Ms, to evaluate the production and decay phase space
regions is not unique. We thus introduce a weighting factor between the two possible
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7 A generalised narrow-width approximation for interference effects

options, as an ansatz based on the individual contributions to the production cross
sections and branching ratios:

op; BRl

= _ 7.26
v op BR1+0'P2 BR2 ( )

Then we define the on-shell phase space regions as the weighted sum of both phase space
factors, for the production and decay subprocesses each,

dq)p/D = wq dCI)p/D(q2 = Mlz) + wWq d@p/D(q2 = M22> (727)
In Eq. (7.25), a universal integral over the Breit-Wigner propagators emerges,

2
Imax

dg? .
i [ SR 85 (), (7.28)

Tin
which depends on the masses and widths of the interfering particles. Process-dependent
information affects the integration boundaries ¢2;, 2., but as in the SNWA, only a
mild dependence on the exact boundaries is expected because the dominant contribution
stems from the resonance region where both Breit-Wigner functions have large values.
The integral is analytically solvable,

I =

. (7.29)

2
ql]]ax
M Ty M. i 2 2
arctan {ﬁ} + arctan |:AIZQ732:| +3 (ln [F%M% + (M2 —¢?) ] —1In [l"%MQ2 + (M2 - ¢?) ])
2mi (M2 — M2 — i(MiT'1 + Mals))

2
Tmin

In the limit of equal masses and widths, M = M; = M, and I' =I'; = I'y, the product of
Breit-Wigner propagators becomes the absolute square, and the integral is reduced to

s 1 1 M? — ¢ Tinax
I(M,T) = / W T {_ i arctan {WH(; o 0)
Tinin -
This absolute square of a single Breit-Wigner function is also present in the usual NWA in
Eq. (7.14), and for vanishing I it can be approximated by a J-distribution. Here, however,
we consider the more general case and allow for different masses and widths from the two
resonant propagators. We evaluate only the matrix elements and differential phase space
on-shell, but we do not perform a zero-width approximation. This approach is analogous
to the finite-narrow-width approximation without the interference term in Eq. (7.16).
Under the additional assumption of equal masses, the interference part can be
approximated in terms of cross sections, branching ratios and couplings in order to avoid
the explicit calculation of the product of unsquared amplitudes and their conjugates.
This will also avoid the phase space integrals in the interference term as in Eq. (7.25).
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7.3 Formulation of the generalised NWA at lowest order

For this purpose, each matrix element is written as the coupling of the particular
production or decay process, Cp, or Cp,, times the helicity part p(M?) or d(M}?),
respectively,

Pi(M]) = Cpp(M;),  Di(M{) = Cp, d(M). (7.31)

The on-shell calculation of helicity matrix elements (without making use of sum rules for
squared matrix elements) is demonstrated in Sect. 9.1.2 where also left- and right-handed
couplings are distinguished. Here we use the schematic notation of Eq. (7.31), but it
could directly be replaced by the L/R-sum as in Eq. (9.14) below.

If we then make the additional assumption M; ~ M,, the helicity matrix elements
coincide, p(M?) ~ p(M2), d(M?) ~ d(M3). As a consequence, the matrix elements differ
just by fractions of their couplings,

Cp,

C
Pi(M?),  Dy(MZ)~ 22

~ G D, (M?). (7.32)

This enables us to replace the products of an amplitude involving the resonant particle 1
with a conjugate amplitude of resonant particle 2 by absolute squares of amplitudes as
follows, where i, 7 € {1,2}, i # j, and no summation over indices is implied:

ot 2 omed | L / 4Py | | —— / d® Dy D3| 2M; / diQABW(q?)A*BW(q?) (7.33)
- F 2| | 2M; 2 t)oom T 2

7.31 1 ,Cp, 1 ,CD, /dq2 BW, 2\ A¥BW/ 2
2 2Re{ F/dcppym o 2Mi/d<I>D|DZ| oi | 2 [ S AT @A)
(7.34)
Cr.ChH. [ dg?
7.11,7.12 ) B P~ Dj [ 447 \BW 2\ A¥BW/ 2
= "opTp, 2M; 2Re{ i Cy / 5 AT ()47 (g )} (7.35)

In the last step, we divided and multiplied by the total width I'; in order to obtain the
branching ratio BR; = ? . The universal integral I over the overlapping Breit-Wigner
propagators is given in Eq. (7.28). Furthermore, we defined a scaling factor as the ratio

of couplings [45,85,185],

C;Ch  OpCiCp,Ch,

2

ZT; .

o - 7.37
ChCh,  1CrPICp, (7.37)

Using Eq. (7.36) and the scaling factor x; with i = 1, j = 2 or vice versa allows us to
express gy, alternatively in terms of the cross section, branching ratio, mass and width
of either of the resonant particle 1 or 2. Since no summation over i or j is implied in
Eq. (7.36), both contributions are accounted for by the weighting factor w; € [0, 1] from
Eq. (7.26).
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7 A generalised narrow-width approximation for interference effects

In the next step, we summarise the components of oy, apart from op, and BR;,
which also occur in the usual NWA| by defining an interference weight factor

Hence, in this approximation of on-shell matrix elements and production and decay phase
spaces with the additional condition of equal masses, the interference contribution can
be written as the weighted sum

Oint =2 0p, BR1 . Rl + op, BRQ . R27 (739)
or in terms of only one of the resonant particles,
Oint = Op, Bl%Z : QRZ, (740)

: 7.41
o (7.41)
Finally, we are able to express the cross section of the complete process in this R-factor
approximation, comprising the exchange of the resonant particles 1 and 2 as well as their
interference, in the following compact form

0 X=0p BR1 : (1+R1)+0’P2 BR2 (1+R2) (742)
~ op, BR; - (1+2R;) + op, BR; (7.43)

Furthermore, it is possible to replace the term o; BR; in the two separate processes
without the interference term by the finite-width integral from Eq. (7.16).

7.3.4. Discussion of the steps of approximations

Starting from the master formula in Eq. (7.24), we presented in the previous sections two
levels of approximations for the interference term with two resonant particles. The first
approximation in Sect.7.3.2 represents our main result. It relies only on the on-shell
evaluation of the matrix elements, justified by a narrow resonance region, but no further
assumptions (beyond those already used in the SNWA) are implied. Different masses
and finite widths are taken into account. This version requires the explicit calculation
of unsquared on-shell amplitudes, preventing the use of e.g. convenient spinor trace
rules. Furthermore, the phase space integration depends on ¢? so that the universal,
process-independent Breit-Wigner integral I from Eq. (7.28) does not appear here.

The second approximation in Sect. 7.3.3 has been formulated only at tree level so
far. It is based on the additional approximation, motivated by the same argument as for
the matrix elements, of setting the differential Lorentz- invariant phase spaces on-shell at
either mass, scaled by a weighting factor. This simplifies the ¢*-integration because only
the universal integral I is left. Furthermore, it avoids the unusual calculation of on-shell
amplitudes in an explicit representation (see Sect.9.1.2) by expressing the interference
part as an interference weight factor R in terms of cross sections, branching ratios, masses
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7.4 Formulation of the generalised NWA at higher order

and widths, which are already needed in the simple NWA in combination with the
universal integral I and a scaling factor  which consists of the process-specific couplings.
Yet, this approximation holds only for equal masses. As discussed in the context of
Eq. (7.18), the interference term is largest if the Breit-Wigner shapes overlap significantly
due to the relation AM < T'y + I'y. Nevertheless, the masses are not necessarily equal
in the interference region. Instead, the overlap criterion in Eq. (7.17) can as well be
satisfied if one of the widths is relatively large. In this respect, the equal-mass condition
is more restrictive than the overlap criterion. However, the equal-mass constraint is just
applied on the matrix elements and phase space, whereas different masses and widths are
distinguished in the Breit-Wigner integral. The R-factor method is technically easier to
handle because the constituents of R can be obtained by standard routines in program
packages such as FormCalc [94,119-122] and FeynHiggs [67,146,149,150] that we use
in the numerical computation. For one example process, this is done in Sect.9. An
extension of the generalised narrow-width approximation to the 1-loop level follows in
the next section.

7.4. Formulation of the generalised narrow-width
approximation at higher order

In our formulation of the gNWA at higher order, we will start with the method of on-shell
matrix elements in Sect.7.4.1 and turn to the R-factor approximation in Sect.7.4.2. At
the 1-loop level we write the product of the production cross-section times partial decay
width in the standard NWA as

1170 0711
opl'y +opl'p
T tot ’

op-BR+— (7.44)
where the total width is obtained from FeynHiggs [67, 146, 149, 150] incorporating
corrections up to the 2-loop level as in the evaluation of the branching ratio and in
the Breit-Wigner propagator. While restricting the numerator of Eq. (7.44) formally to
one-loop order to enable a consistent comparison with the full process, at the end (in
Sect. 9.4.3) all constituents of the NWA will be used at the highest available precision, i.e.
ot . BR** for the most advanced prediction with the branching ratio obtained from
FeynHiggs.

7.4.1. On-shell matrix elements at 1-loop order

In analogy to the procedure in Sect. 7.3.2 at the tree level, on-shell matrix elements are
used here in the 1-loop expansion. Special attention must be paid to the cancellation of
infrared (IR) divergences from virtual photons (or gluons) in 1-loop matrix elements and
real photon (gluon) emission off charged external legs. In preparation for the example
process X3 — Xy h/H — X{ 7777 (see Sect. 9.1), we focus on IR-divergences from photons
in loops of the decay part and soft final state photon radiation.
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7 A generalised narrow-width approximation for interference effects

The aim is to approximate only the 1-loop contribution, but to keep the full
momentum dependent expression at the Born level with MY = M?(¢?),

MO = | MO + |MY 2 + 2Re [MOIMY] . (7.45)

In contrast, the 1-loop matrix elements are factorised into the on-shell production and
decay parts times the momentum dependent Breit-Wigner propagator ABW = ABW(42).
The squared matrix elements are expanded up to the 1-loop order. Since the emission of
soft real photons is proportional to the Born contribution, the virtual contribution is
supplemented by the absolute value squared of the tree-level matrix element, multiplied
by the QED-factor dsp of soft bremsstrahlung [21,217],

2Re [MOM"™] + 6s5| MP|> = 2Re [(Py D)) + PiD;, + 6ssPrD)) Pu Dy - |AFY ]
+ 2Re [(Py DY, + Py Dy + dss Py DY) PyDYy - [ATY ]
+ 2Re [{ (P, D) + P,?D}l) PRDY
+ PyD;, (P D +7>2;‘D 5
+ sp PRDYPY DY - APV ARV (7.46)

The first line of Eq. (7.46) represents the pure contribution from h, factorised into
production and decay, the second line accordingly for H. The third and fourth lines
constitute the 1-loop and bremsstrahlung interference term as the product of h- and
H-matrix elements and Breit-Wigner propagators. For a consistent comparison with the
full 1-loop result, each term is restricted to 1-loop corrections in only one of the matrix
elements.

The 1-loop prediction of the full process in the approximation of on-shell matrix
elements consists — besides the Born cross section without an approximation? — of
the squared contribution of h and H and the interference term o4 at the strict 1-loop
level?,

1 0 0 1 1 0 0 1
ol g0 op D, +op,1'p, N py LDy T 0P, LDy L it (7.47)
M — Ctull F“’t Fggt M > ’

2
1nt1 = BW *BW
oM = Ja {/ A A (C.I)
([ d<I>p 2)(PLPY +7>,?7>};)] { d(I)D(qQ)D?LD?}‘}

{ / d®p(q* )PPy } { / d®p(¢*) (D DY + DyDy + 5831921)2;)])} .
(7.48)

2If the full Born cross section cannot be calculated, this term can be replaced by the gNWA at the
Born level.

3With strict 1-loop we refer to the expansion of the products of matrix elements whereas 2-loop Higgs
masses, total widths and wave function renormalisation factors are employed.
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7.4 Formulation of the generalised NWA at higher order

For the prediction with the most precise constituents, we use 2-loop branching ratios,
BR'DGSt We include also the products of 1-loop matrix elements. Their contribution to
the interference term is denoted by o'¥f™,

Jmt-‘r {/ ABW A*BW(q )

. { / d®p(q?) (PLPY + 7?,979};)] [ / d®p(¢*) (D DY + DYDY + 58319299;)1 } .
(7.49)

The approximation of the whole process based on on-shell matrix elements and incor-
porating higher-order corrections wherever possible is denoted by o35, which reads
then

best o Ufu11+ Z O_bestBRbest O_P BRO) —i—UI/?,fl +Olnt+. (750>
i=h,H

The best production cross section o™ and branching ratios BR}*" mean the sum of

the tree level, strict 1-loop and all available higher-order contribution to the respective
quantity. Therefore, the products of tree level production cross sections and branching
ratios are subtracted because their unfactorised counterparts are already contained in
the full tree level term of;,. If a more precise result of the production cross sections is
available, it can be used instead of the explicit 1-loop calculation that was performed in
our example process.

7.4.1.1. IR-finiteness of the factorised matrix elements

On-shell evaluation The UV-divergences of the virtual corrections are cancelled by
the same counterterms as in the full process at 1-loop order. Although it would be
technically possible in most processes to compute the full bremsstrahlung term without
the NWA, i.e. dsg M2 ,|?, the IR-divergences from the on-shell decays need to be exactly
cancelled by those from the real photon emission. But the IR-singularities in the sum of
the factorised (on-shell) virtual corrections and the momentum-dependent real ones would
not match each other. Consequently, the tree level matrix elements are also factorised, and
the IR-divergent parts of the 1-loop decay matrix elements D; (M f,MQ), DL (M%)
and the soft QED-factor dsp (MQ) have to be calculated at the same mass M = M,, or
Mpy. The LO matrix elements are evaluated at their mass-shell, i.e. DJ(M} ). The NLO
matrix elements are split into the part containing loop integrals on the one hand and the
helicity matrix elements on the other hand. While the individual Higgs masses can be
inserted into the finite helicity matrix elements (see Sect.9.1.2 ), the loop integrals have

to be evaluated at the same mass M- as in dsp to preserve the IR-cancellations. Hence,
a choice must be made whether to define M = M), or M. We evaluate the numerical
difference in Sect. 9.4.2.

The production matrix elements are completely evaluated on their respective mass-
shells, PP (M} ) and P} (M ). This is possible because the initial state in this example
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7 A generalised narrow-width approximation for interference effects

contains only neutral particles. But the calculation can be directly generalised to charged
initial states according to the procedure described for the decay matrix elements. The
IR-singularities in the product of initial and final state radiation are then cancelled by
those from a virtual photon connecting charged legs of the initial and final state. Such
non-factorisable contributions can be treated in a pole approximation in analogy to
the double-pole approximation (DPA) that has been used for instance for the process
ete”™ — WHW~ — 4leptons, see Ref. [218]. An alternative approach for the treatment
of IR~singularities is formulated in Refs. [164,191]. There, the singular parts from the
real photon contribution are extracted, and the DPA is only applied for those terms
which exactly match the singularities from the virtual photons. In our calculation, we do
not split up the real corrections in this way, but employ instead the procedure described
above. We discuss a possibility of splitting the diagrams with virtual photons into an
IR-singular and a finite subgroup in Sect. 7.4.1.2.

Cancellation of IR-divergences According to the Kinoshita-Lee-Nauenberg (KLN)
theorem [95,96], the IR~divergence from a virtual photon is cancelled by the emission of
a real photon off a charged particle from the initial or final state, i.e., in our example
process as soft bremsstrahlung in the final state of a Higgs decay. We will derive the
[R-finiteness of the on-shell matrix elements in analogy to the cancellation of the IR
divergencies for the full 3-body decay. Writing the momentum-dependent 3-body matrix
elements with the resonant particle either h; = h or H as the sum of the tree level (M3 )
and virtual (M} ) contributions,

M,

K3

(¢*) = M) () + M. (%), (7.51)

and adding to the squared matrix element the corresponding contribution from real soft
photon (M}T) radiation, we find

My + Mg+ IME+ MEP = ST (Mg, P+ IMEP)

hi=h,H

+2Re [MyMy + MEME*]. (7.52)

Because the complete sum in Eq.(7.52) and the individual h- and H-terms are IR~
finite, the interference term must be IR-finite by itself. With the proportionality of the
bremsstrahlung contribution to the tree level term,

MPH(@P)ME (@) = dss(®) MY () MY (¢°), (7.53)

and keeping only the terms of O(«a) relative to the lowest order, the interference term
Int®(¢?) results in

Int®(¢*) = 2Re [Mu(q*) M5 (¢%)|, + ME ()M (%)) (7.54)
= 2Re [M}(¢* )M (%) + Miu(¢* )M (%) + dss(¢*) M (¢*) M ()] . (7.55)
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7.4 Formulation of the generalised NWA at higher order

As described above, the on-shell evaluation is performed at the individual mass M}, in
all production and tree level matrix elements and the helicity elements, whereas the soft
photon factor dsg and the 1-loop form factors of the decay are evaluated at the same
mass M in the on-shell interference term Int2, of O(a) relative to the lowest order,

Intg, = 2Re [ MG (ME, D) MU (M) + MM M; (M7, D)
+ 35 (V") M (M) M (M) (7.56)
= 2Re |{ (PR(MPYDA(ME) + PRMDL(ME, D)) - Piy (ME)DY; (M)
+PRMRDL(ME) - (Pi (M3)DY (M) + Py (M) Dy (M7, 31 )
+0ss (M) PROMED(ME) P (M3)D (M)} A(a) A5 (a)] - (7.57)
Since the virtual production matrix elements are IR-finite in our example process, we

can drop the first term in each of the brackets in the first and second line of Eq. (7.57)
for the discussion of IR-singularities, which are contained in Intg, |,

Inte, |, = 2Re [PS(M%)P&%M@) (@) Ak(@)
v w72 * vk 72 72 *

(PR, T2 DY (M) + DR DY (3, TF°) + ben TR (017 |

(7.58)

Moreover, the M} -dependent helicity matrix elements dj,, (M},) from Sect. (9.1.2) can
be factored out by Dy, = C,dp, so that the IR-singularities from IntJ, |,z can be further
extracted:

Intg|ip = 2Re [P (M) Py (M) - An(a®) Ak (a?) - dn(Myy) dyy (M)
(L") + Chey (W) + 05 () CRC ) | (7.59)

Compared to Eq.(7.55) which can also be factorised into ¢*-dependent form factors
and helicity matrix elements, the structure of the IR-singularities is the same. In
Eq. (7.59), all of those contributions are just evaluated at M instead of q*>. Hence
the cancellation works analogously so that Eq. (7.56) is an IR-finite formulation of the
factorised interference term. Because the Z-factors can be factored out in the same way
for the on-shell approximation as for the full matrix elements, their inclusion preserves
the cancellations of IR-divergences.

7.4.1.2. Separate calculation of photon diagrams

As an alternative to the method described above, it is possible to reduce the number of
diagrams whose loop integrals need to be evaluated at the common mass M instead of
their on-shell mass M; by splitting the 1-loop decay matrix elements into an IR-finite
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7 A generalised narrow-width approximation for interference effects

and an IR-divergent part,
D} =D + D, (7.60)

Both subgroups of diagrams are rendered UV-finite by the corresponding counterterms.
Since the diagrams without any photon are already IR-finite, their loop integrals can
safely be calculated on-shell, D} (M 7). Hence, only the loop-integrals of the photon

contribution need to be evaluated at a fixed mass M, resulting in Dil (M }i,MQ) and

Ssp(M).

If the fixed Higgs mass were inserted into both the loop integrals and the helicity
matrix elements, the IR-cancellation would work in the same way as for the unfactorised
process, just with the special choice of ¢* = M. In our approach, the helicity matrix
elements are determined at the specific masses M}, as it is demonstrated in Eqgs. (9.26)
and (9.36). Furthermore, those mass values are equal in the matrix elements at lowest and
higher orders as loop-corrected masses are used also at the improved Born level. Because
the Mj,-dependent helicity matrix elements can be factored out, the IR-singularities

cancel in the decay contribution to the interference term of O(«) relative to the lowest
order, with D} at M,

* \ QX 72 * * w72 72 *
(DyD})* = Dy (M2, MDY + DYDy"* (ME, M) + dsg(M)DYDY . (7.61)

On the one hand, this approach requires the separate calculation of purely photonic and
non-photonic contributions. On the other hand, it enables the on-shell evaluation of
IR-finite integrals and is thus closer to the full result. However, in case of a virtual photino
contribution one needs to be careful not to break supersymmetry by treating the photon
differently than its superpartner. Thus, the possibility of such a separate treatment of
the photon diagrams, whose numerical impact is small in the studied example process,
should be considered in view of the investigated model and its particle content.

7.4.2. Interference weight factors at higher order

In the previous section, we derived how to include virtual and real contributions in the
product of factorised matrix elements in a UV- and IR-finite way. However, special
attention is needed to ensure the correct treatment of the on-shell matrix elements of the
interference contribution.

7.4.2.1. Consistent interference weight factors at 1-loop order

We now discuss additional approximations with which the R-factor method introduced in
Sect. 7.3.3 can be extended beyond the tree level. We develop a method that facilitates
an approximation of the interference term based on higher-order cross sections and decay
widths, but only tree level couplings. This technically simpler treatment comes at the
price of the further assumption, as in the tree level version of the interference weight
factor, that both Higgs masses be equal. Thus, the method presented in this section is
an optional, additional approximation with respect to Eq. (7.46).
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7.4 Formulation of the generalised NWA at higher order

Under the assumption of equal masses, the product of unsquared matrix elements
for the production and decay of h and H can be re-expressed at the tree level in terms
of either h or H with the help of Eq. (7.37). Hence, one can choose to keep the 1-loop
matrix elements and to replace only the tree level ones so that only lowest-order couplings
will be present in the x-factor. We will now apply this prescription to the third term in
Eq. (7.46) containing the 1-loop virtual corrections to the interference term Int":

Int” = 2Re [{ (P, D}, + Py D) Py Dy + PiDy (P Dy + PyDyf) } APV AR

O* 0*
i ABWABW*:|

0* 0*

OPh ODh

~ 2Re [(PhDh + P)D;) Py Dy

+ 2Re

C}’,H Ce ODH
= 2Re [(PLPY DL + [PhI*DyDy) - AV AR
+ 2Re [(PLPY DY 1° + [PYI*Dy DY) o, - ARVAPY . (7.62)

Y CO *
{PH 0. Py, (ng(]); +P1(L)I*D1*) ABWABW*} ]

Hence we exploited the choice of expressing the product of A- and H-matrix elements
either in a weighted sum of both or in terms of one of them. The latter choice, as selected
in Eq. (7.62), has the advantage that the matrix elements containing loop contributions
of h and only tree level contributions of H are transformed in terms of h and vice versa.
Including the flux factor and the phase space integrals as in Eq.(7.35), adding soft
bremsstrahlung according to the last line of Eq. (7.46) and keeping in mind that

— / d®p2Re [P} P = op, 2;4' / d®p (2Re [D;DY*] + dsp|D)*) = I'p,,
(7.63)

the expressions from Eq. (7.62) lead to

1 10 0 71 0 1
1,R aPhFDh + aPhFDh D, + UPHFDH + UPHFDH RH’ (764)

int T o h o
t F}z t F}It
where R; has been defined in Eq. (7.41).

7.4.2.2. Interference weight factors beyond the 1-loop level

Eq. (7.64) is meant for the consistent comparison with the full result in the strict one-loop
expansion. Using the most precise predictions of all components and the unfactorised
tree level result leads to the final prediction:

opt =opa+ Y (OFUBRI™ — 0, BRY) + o + o' (7.65)
i=h,H
ol = (o, BR) + o, BR}) By, + (o3, BRY, + 03, BR};) Ry, (7.66)
1 1 ¥
o = b (SRR DR ) G, (PR 4 B ). (107
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7 A generalised narrow-width approximation for interference effects

where o%*! denotes the contribution to the interference term for which the product

of production cross sections and partial decay widths is restricted to the 1-loop level,
but the branching ratios are at all levels normalised to the 2-loop total width from
FeynHiggs [67,146,149,150]. In addition, op*" contains terms beyond the 1-loop level.
In Eq. (7.67), we introduced the generalised interference weight factors Rij,

Rij = 2MijRe {I'UI} s (768)
involving the scaling factors x;;,

p— CPhCJ*DHCDh .*DH
Y |CP1 2|CDj|2 7

(7.69)

to account for the product of 1-loop production and decay matrix elements in Eq. (7.49).
For the most precise prediction, the 1-loop branching ratios in Eqs. (7.66, 7.67) can
additionally be replaced by BRP*" — BR? which is beyond the M-method in Eq. (7.49).
As in Eq. (7.50) for the M-method, the products of tree level production cross section and
branching ratios have to be subtracted because their contribution is already accounted
for by of ;. The most precise branching ratios can be obtained from FeynHiggs [67,146,
149, 150] including full 1-loop and leading 2-loop corrections.
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Chapter 8.

Neutralino 3-body decay with
interfering Higgs bosons

Within the MSSM, we study a simple example process which features for certain parameter
choices a sizeable interference term between the contributions of two neutral Higgs
bosons. In this and the next chapter, we restrict the discussion to the MSSM with real
parameters so that only the CP-even Higgs bosons can mix and interfere among each
other. Afterwards, C’P-violating mixing and interference will be the topic of Chap. 10.

8.1. Full example process x5 — X777~ via h, H at
leading order

In the following, we will consider Higgs production from the decay of the heaviest
neutralino and its subsequent decay into a pair of 7-leptons, X§ — X' 777~ via the
exchange of the Higgs bosons h and H, see Fig.8.1. The focus of the chosen example
process lies on providing a test case for the method rather than on the phenomenology of
the process itself. For a comparison with the gNWA in Chap. 9, we have chosen a process
which can be calculated also at the 1-loop level without the on-shell approximation.
Furthermore, it is a useful example process because of its simple kinematics, where the
full process is a 3-body decay, which can be decomposed into two simple 2-body decays,
see Fig.9.1.

Figure 8.1.: X} — X{777~ with h or H as intermediate particle in the two interfering diagrams.
The decay process is treated as a 3-body decay here and will be decomposed into
two 2-body decays in Chap. 9.

Moreover, the intermediate particles are scalars. Thus, for this process the treatment
of interference effects can be trivially disentangled from any spin correlations between
production and decay. Due to the neutralinos in the initial state and in the first decay
step, soft bremsstrahlung only appears in the final state, and there is no photon exchange

101



8 Neutralino 3-body decay with interfering Higgs bosons

between the initial and final state. Restricting this test case to the MSSM with real
parameters, only the two CP-even states h, H mix due to CP-conservation, instead of
the 3 x 3 mixing of h, H, A in the complex case. We neglect non-resonant diagrams
from sleptons, which is a good approximation for the case of heavy sleptons. Slepton
contributions to neutralino 3-body decays have been analysed in Ref. [107]. As a first
step, we also neglect the exchange of an intermediate pseudoscalar A, Goldstone boson
G and Z-boson for the purpose of a pure comparison of the factorised and the full Higgs
contribution. For the most accurate prediction within the gNWA | which will be discussed
in Sect. 9.4.3, we will add the tree-level A, G- and Z-exchange, but they do not interfere
with h and H in the CP-conserving case of real parameters.

The decay width will be calculated using FeynArts-3.7 [114-118|, FormCalc-7.4
[94,119-122] and LoopTools-2.8 [94,219], both as a 3-body decay with the full matrix
element and in the narrow-width approximation as a combination of two 2-body decays
- with and without the interference term. Precise quantities of the Higgs sector such
as masses, widths and Z-factors are obtained from FeynHiggs-2.9.3. In this and the
following section, the gNWA will be applied at the tree level. The application at the loop
level has been introduced conceptually in Sect. 8.2 and will be presented numerically in
Sect. 9.4.

8.1.1. 3-body decays: leading order matrix element

In order to compare the gNWA to the unfactorised LO result, we calculate the amplitude
M,Zlk of the 3-body decay via hy = h, H. From the matrix element of the form

1
— M,fk + M, Ty,

M, = 1Ch, 5030 Chyorr W(pa, $4)v(ps, 53) p U(p2, s2)u(pr,s1)  (8.1)

we obtain the spin-averaged, squared amplitude consisting of the separate h, H contribu-
tions and the interference contribution,

Coeza 2ICrr |Crrsozs | Crrrr
2=8 0 m2 XX
M| (p1 - " P2+ mgomy )(p3 D4 — )<(q 2o+ il (@ — my)E + mATy
+ 2Re | Crsgig Cligas CrrrCirr - ARV ()85 (¢)] ) (8.2)

where the momenta and masses are labelled as p; — po, p3, p4 with m; = msge, My =
mgo, M3 = My = M. In order to calculate the decay width in one of the Gottfried—
Jackson frames [186], the products of momenta are rewritten in terms of two combined

invariant masses, here e.g. mo3, may:

2 2 2 2
(ml +my — Mma3 — m24) ;

N —

pb1-P2 = §(m§3 + m§4) - mf, D3 P4 =

¢ = (p—p2)’=mi+mj—ms—m3,. (8.3)



8.2 Full 3-body decay at the one-loop level

This yields the partial decay width for the 3-body decay [23],

1 1
X4

which we will use for a comparison with the gNWA.

8.2. Full 3-body decay at the one-loop level

The numerical validation of the gNWA at the next-to-leading order requires the calculation
of the example process X — X777~ with intermediate h and H as the full 3-body
decay including virtual and real corrections.

8.2.1. Treatment of the Higgs propagators

In principle, we could employ the full mixing Higgs propagators including the momentum
dependent self-energies to describe the Higgs exchange in our example process. However,
the purpose of this unfactorised calculation is — in addition to the phenomenological
one-loop analysis of this 3-body decay — the consistent comparison with the gNWA at
NLO where the Higgs bosons appear as external particles. Accordingly, in the NWA, the
Higgs states are normalised by Z-factors. Thus it is desirable to treat the Higgs bosons in
the 3-body decay in the same way in order to disentangle the uncertainty introduced by
the factorisation from the expansion of the full mixing propagators around the complex
poles. As we showed process independently in Chapter 6, the sum of Breit-Wigner
propagators combined with Z-factors provides indeed a good approximation of the full
mixing propagators. Therefore we apply the Breit-Wigner propagators parametrised
by the loop corrected masses and total widths in the 3-body decay. Even though we
use Eq. (6.16) instead of the fully momentum dependent propagators A;;, we refer to
the calculation of the 3-body decay as the “full” result as opposed to the factorised
one. In addition, in the three-body decay at one-loop order, the Higgs propagator with
momentum-dependent self-energies would only occur at the strict one-loop level, while
the Z-factors incorporate important higher-order contributions. The Z-factors are already
used for the improved Born level. The Breit-Wigner approach has the further advantage
that it allows us to implement the total Higgs widths as sums of the partial decay width
at the highest avaible order from FeynHiggs, both in the Breit-Wigner propagators of
the unfactorised process and in the branching ratio of the decay.

Technical realisation In conclusion, the use of Z-factors on the internal Higgs lines
(but outside loops!) is consistent and physically meaningful. However, applying Z-factors
for Higgs boson propagators appearing inside loops would destroy the cancellation of

! In the terminology of FeynArts [114-118], a propagator can have three possible attributes: “External”
refers to an external line, “Internal” denotes an internal propagator which is not part of any loop,
and “Loop” is inside a loop [220]. (Furthermore, an external propagator can be incoming, outgoing
or undirected, but we do not need this distinction in our discussion.)
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8 Neutralino 3-body decay with interfering Higgs bosons

UV-divergences between loop diagrams and counterterms needed for the renormalisation.
In order to avoid this trouble and to allow at the same time for Z-factors in lowest-order
Higgs boson propagators, we modified the Hmix.mod model file from FeynArts [114-118].
In the distributed add-on model file, the two new scalar classes S|0] and S[10] replace the
interaction eigenstates h=S[1|, H=S|2|, A=S|3|. The couplings C' of S[0] and S[10] are
constructed as a linear combination of the couplings of S[1], S[2| and S[3| to any other
particles X [123,160]:

3
Csio,{a})x = Z UiCsiix (8.5)

i=1

3
Csnofayx = Z Z,Cgjjx- (8.6)

i=1

Thereby, inserting S|0] corresponds to using effective couplings, see Sect. 5.6. The original
Hmix.mod model file allows the scalar S[0] with U on all kinds of propagators whereas the
use of S[10] is restricted to external lines so that in this implementation, Z-factors are only
applied to Higgs bosons in the initial or final state. However, as we derived in Egs. (6.16)
and (6.21), Z-factors encode the mixing properties of the full Higgs propagators close to
the complex poles and achieve in combination with the Breit-Wigner propagators a good
approximation of the full mixing. Fig. 6.9 highlights the importance of including relevant
imaginary parts, which are disregarded by the U-matrix. As a consequence, on internal
lines (outside loops) the scalars S[10] containing Z-factors should be preferred over S|0]
comprising U-factors. Hence, we redefined the insertion of a neutral Higgs boson in the
following way:
e Inside loops, only the lowest order Higgs states h, H, A are inserted with their tree
level masses and unmixed couplings?.
e On internal lines (“intermediate”, out of loops) and on external lines, the mixed
states h, = S[10,{a}], with a = 1,2, 3, are inserted.
This method results in Eq. (5.72) for external Higgs bosons and in Eq. (6.22), as intended.
We also apply scalars S[10] with Z-factors at the lowest order so that “tree” level always
means the improved Born level in our calculations.

8.2.2. Contributing diagrams

In addition to the Born level diagrams depicted in Fig. 9.1, we now need to compute the
vertex, self-energy, box and real corrections to our example process in the unfactorised
version. Ref. [107] provides a 1-loop calculation of the decay of the next-to-lightest
neutralino Y5 into Y9 and a pair of leptons, thus a similar process, but with a dominant
contribution from an on-shell slepton, while the Higgs propagators are treated as non-

2Technically, we achieved this by allowing S[0] in loops with the class description Mass[Loop]—
MHiggstree and setting U = 1. This procedure is possible because we do not use U anywhere else
in the calculation. Otherwise we could have defined a new class of scalars in the add-on modelfile or
modified the use of the original scalars S[1|2|3].

104



8.2 Full 3-body decay at the one-loop level

resonant. In the following, we focus on the diagrams contributing to resonant intermediate
Higgs bosons, as well as box-diagrams with and without Higgs bosons. The 1-loop integrals
are computed with LoopTools [94,219].

8.2.2.1. Virtual corrections at the neutralino-Higgs vertex

Figure 8.2.: Example triangle dlagrams of the 3- body decay X} — X777~ with 1-loop
corrections at the X4X1H -vertex, where H, denotes a Higgs boson mixed by
Z-factors, H 7 an internal Higgs boson (see text) and H = H *. w and @ represent
the up-type (s)quarks, X° are the neutralinos and Y the charginos.

Virtual SM and MSSM particles contribute to the correction of the X7 x}hy-vertex. A
selection of diagrams is displayed in Fig. 8.2. We treat here the intermediate nggs bosons
H, appearing outside of the vertex loop contribution with Z-factors at the connecting
vertices, while Hy denotes an internal Higgs boson within the loop without any Z- or
U-factors (e, f = 1,2,3), as discussed above. Furthermore, H = H* denotes the charged
Higgs bosons. The neutralinos are labelled by X%, n = 1,2,3,4 and the charginos by
Xm, m = 1,2. The first example diagram contains up-type quarks u,, and a squark a.
of generation m = 1,2,3 and type w = 1, 2.

The triangle corrections appearing at the X?%?hk—vertex are renormalised by the
counterterm

RIL _ g, 05w Oaw ) o/
SO = 5o W%k + (5 o o) Gt
1
+5 Z(ész/L O+ 62" O + 623, CfE) (8.7)
=1

in the on-shell scheme, see Ref. [109] and references therein. In Eq. (8.7), h; = {h, H, A, G}
for | = 1,2,3,4, denote the neutral Higgs and Goldstone bosons. The parameters
My, My, p are related to the choice of the three electroweakinos which are renormalised
on-shell and thus define the choice for the on-shell renormalisation scheme for the
neutralino-chargino sector, as explained in Sect. 3.3.3. In our scenario used for the
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8 Neutralino 3-body decay with interfering Higgs bosons

numerical analysis, we identify Y9 as the most bino-like, X} as the most higgsino-like and
XY as the most wino-like state and hence renormalise these three neutralinos on-shell. By
this choice of an NNN scheme, we avoid large mass corrections to the remaining neutralino
and the charginos. Alternatively, 9 instead of X could be identified as the most wino-like
state because the two corresponding elements in the matrix /N, which diagonalises the
neutralino mass matrix (see Sect. 3.3.3), have nearly the same magnitude. Thus, this
alternative choice would lead to a comparable sensitivity to the three parameters of this
sector and thereby also to a stable renormalisation scheme. But since X} is involved in
our process as an external particle, we prefer to set it on-shell. The 1-loop effect on the
2-body decay widths T'(X} — X"h/H) is shown in Fig.9.6.

8.2.2.2. Virtual corrections at the Higgs- 777~ vertex and real photon
emission

1 X1
~0 -0
X4 -
HE\\ T T e a N Am
/ ¢ /
/ /
T ’/ Hf Xn /‘ Vs
/ /
T T
~0
1
-0
X4 H \\ Z
¢ \
Hf 3

Figure 8.3.: Example triangle diagrams of the 3-body decay X — X{7F7~ with 1-loop
corrections at the H,7" 7 -vertex, where the particles are labelled as is Fig. 8.2.

Furthermore, the h,7t7 -vertex diagrams shown in Fig. 8.3 are UV-divergent, and
the last diagram is also IR-divergent due to the virtual photon. The UV-divergences are

cancelled by the counterterm, analogous to the SM, 6Cy, r+,- = 0CF _ wp 4+ 6CH _wh,
with [21, 98]
1 1 her  OMp, s
L/R tree hyrr W w 2
(5Ch o Chk7_+_,_ ((SZe + §5thhk + EéZhH C}t;efT QMI%V — s + Sﬁ&fﬁ
om,
ER A {6ZL/R + 5ZR/LT}) (8.8)
ms,

where k,l = h, H and 07~ L/R are the left- /right-handed field renormalisation constants of
the 7-lepton. The tree-level couplings C’tref+T, are given in Eq. (3.49). The IR-divergent
terms vanish for squared matrix elements in the combination of virtual corrections

containing a photon in the loop with real photons emitted as soft bremsstrahlung (SB)
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8.2 Full 3-body decay at the one-loop level

off one of the 7-leptons. Soft photons are defined by the energy cut-off EX*. As a
prescription for the energy cut-off we use here a fraction of the mass of the decaying
particle, namely E, < EZE* = 0.1mgo. All photons below this energy are considered as
soft so that they are described by the soft photon factor dsg multiplying the tree level

result,
I'gg = dgg I, (8.9)

We use the result for dsg of Ref. [21] implemented in FormCalc [94,119-122|. More
details on the separation of soft and hard, collinear and non-collinear QED corrections
for this process can be found in Ref. [107].

8.2.2.3. Self-energies involving mixing of neutral bosons

Figure 8.4.: Example self-energy diagrams contributing to the 3-body decay YJ — X777~
with 1-loop corrections to the Higgs propagator which mixes with the neutral
Goldstone boson G° and the Z-boson. As in Fig. 8.2, H. denotes a Z-mixed
neutral Higgs boson and Hy an internal Higgs boson (see text).

The diagrams with self-energy corrections of the intermediate Higgs boson H, are
classified in two categories. On the one hand, there are the mixing contributions between
the three neutral Higgs bosons (reduced to 2 x 2 mixing in case of real MSSM parameters).
They are approximated by the Z-factors, which were checked to accurately reproduce the
full Higgs propagator mixing close to the complex pole (see Chap.6 and Refs. [3,45]).
Consequently, no explicit propagator corrections with Higgs self-energies are included.
With the Z—factors, the strict one-loop order is extended to take more precise mixing
effects in the Higgs sector into account. On the other hand, the Z-factors do not contain
mixing with other neutral particles. Hence, the propagator corrections of a Higgs with
the neutral Goldstone boson GG and the Z-boson are calculated explicitly. Some example
diagrams are shown in Fig. 8.4. However, in case of CP-conservation, the mixing between
h/H and G/Z vanishes.
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8 Neutralino 3-body decay with interfering Higgs bosons

8.2.2.4. Box diagrams

Figure 8.5.: Example box diagrams of the 3-body decay Y9 — X777~ (with and without
Higgs bosons), where the particles are labelled as is Fig.8.2. Only internal Higgs
bosons H appear in the loop.

Finally, the Y9 cannot only decay into X{777~ via a resonant Higgs boson®, but also
through box diagrams. Fig.8.5 depicts some example diagrams with and without Higgs
bosons. No counterterms are necessary because the boxes are UV-finite by themselves.
The box diagrams are explicitly calculated including the full MSSM spectrum in the
loops, but, as expected, those non-resonant contributions are found to be numerically
suppressed. This is important for the comparison with the gNWA at the 1-loop level in
Sect. 9.4.1 since the boxes cannot be factorised.

8.2.3. Modified M;"®* scenario

In order to evaluate the full process numerically, we specify a scenario. In this study, we
restrict the MSSM parameters to be real so that there is no new source of C’P-violation
compared to the SM and only the two CP-even neutral Higgs bosons, h and H, mix and
interfere with each other. The aim here is not to determine the parameters which are
currently preferred by recent limits from experiments, but to provide a setting in which
interference effects between h and H become large in order to investigate the performance
of the generalised narrow-width approximation for this simple example process.

The M scenario [168,169] is defined such that the loop corrections to the mass
Mj, reach their maximum for fixed tan 5, M4 and Mgysy. This requires a large stop
mixing, i.e. a large off-diagonal element X; of the stop mixing matrix in Eq. (3.14). A
small mass difference AM = My — M), requires a rather low value of My, or equivalently
M+, and a high value of tan 8. On the other hand, tan § must not be chosen too large
because otherwise the bottom Yukawa coupling would be enhanced to a non-perturbative

3or a resonant slepton, but we focus on resonant Higgs bosons - for the inclusion of all particles see

Sect. 9.4.3.
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8.2 Full 3-body decay at the one-loop level

value. We modify* the M scenario such that M), is not maximised, but the mass
difference AM is reduced by raising X;. As one of the Higgs sector input parameters, we
choose M3 for a later extension to CP-violating mixings instead of My, which is more
commonly used in the MSSM with real parameters. The charged Higgs mass is scanned
over the range My+ €[151 GeV, 155 GeV|. The other parameters are defined in Tab.8.1,
and we assume universal trilinear couplings Ay = A;.

M, My Ms Msusy Xy 0 s Mp+
100 GeV | 200GeV | 800GeV | 1TeV | 2.5TeV | 200 GeV | 50 | (1563 GeV)

Table 8.1.: Parameter settings of the modified M;"** scenario in our numerical analysis. A
value in brackets indicates that the parameter is varied around this central value.

8.2.4. Comparison of the tree level and 1-loop result

Fig. 8.6 shows the resulting decay width of Y9 into X? and a 777 -pair as the full 3-body
decay. As mentioned above, the Z-, A-, G- and slepton-exchange is not included in this
section, but the interference between the contributions of h and H to the 3-body decay
is taken into account. The tree-level and 1-loop results are based on the product of
Z-factors and Breit-Wigner propagators with higher-order Higgs masses and total widths.
As discussed above, this is referred to as the full result that will consistently serve as a
reference for the validation of the gNWA at the 1-loop level.

The full 1-loop decay width includes the vertex corrections at the production and the
decay vertex and box contributions as well as self-energy corrections to the propagator
and bremsstrahlung off the 7-leptons in the final state. The NLO decay width (solid) is
enhanced relative to the LO result (dashed) in most of the analysed parameter interval,
up to 11%, as the plot of the ratio r = (I''°°P — ''e¢) /Tt ghows. However, around
Mp+ ~ 152 GeV, the 1-loop corrections vanish.

In the next chapter, we will calculate the same process using the NWA at lowest
and next-to-leading order.

4Our modification of the M@ should not be confused with the “updated” M*** scenario defined in
Ref. [167].
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8 Neutralino 3-body decay with interfering Higgs bosons

Figure 8.6.:

110

F(X2—>X§)TT), r=(l—‘loop_rtree)/rtree

151 152 153 154 155
40 4.0
35k =35
30} 130
; 25F 425
v g ]
2 20 |Oop 120
Ju— [ ]
~ 15 ----tree J15
10F 410
05F Jo5
| | | ]
— 10 [
=X
e 5 L
S
0 ]
151 152 153 154 155

My . [GeV]

The 13 decay width I'(x] — X{7777). Upper panel: Tree-level mediated by
resonant h, H including their interference (dashed) and full 1-loop result with
vertex, soft photon and propagator corrections to the resonant h, H-exchange
and, in addition, non-resonant box contributions (solid), both supplemented by
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Chapter 9.
Application of the generalised NWA

We validate the method for the example process from Chap. 8 by confronting the one-loop
result within the gNWA with the result of the full process at the tree and the one-loop
level. In the considered example process we study interference effects between the two
neutral CP-even MSSM Higgs bosons h and H and how they can be approximated by
the gNWA introduced in Chap. 7. Besides the validation against the full NLO result for
this process, we also incorporate contributions beyond the one-loop level into the gNWA.
The discussed cases are meant to illustrate that the proposed method is applicable to a
wide range of possible processes in different models.

9.1. Example process at lowest order in the gNWA

Figure 9.1.: The 3-body decay Y] — X777~ with h or H as intermediate particle in the

two interfering diagrams from Fig. 8.1 is decomposed into two 2-body decays
XY — X%h/H and h/H — 7777,

The example process of the 3-body decay Y9 — X? 777~ with the intermediate,
resonant Higgs bosons h and H is now decomposed by means of the NWA into two
subsequent 2-body decays for the production (Y — X%h/H) and the decay (h/H — 7777)
of either of the two Higgs bosons, see Fig. 9.1 in comparison to Fig.8.1. Both subprocesses
and the interference term will first be computed at the tree level. In Sects. 8.2 and 9.4,
the application of the gNWA at the loop level will follow.

9.1.1. Decomposition of the full process into 2-body decays

In this section, we calculate the 2-body decay widths of the subprocesses needed in the
NWA. The matrix element for the production of hy = h, H is

Mzozon, = 1200, 5059,

Mgz = [Chzaze[2(prp2 + mygmyg) (9-2)
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9 Application of the generalised NWA

In the rest frame of Y we have p;ps = m; Fy with

2 2 2
mi +ms; — M;
Fy = k- 9.3
2 2my ( )

Then the decay width of X} — X{h;, for the production of hy = {h, H} equals

|Chizizsl”
X4

(9.4)

Summing over spins in the final states, the partial decay widths of h and H into a pair
of T-leptons and the branching ratios read at tree level, improved by 2-loop Higgs masses
and total widths from FeynHiggs (67,146,149, 150],

> 3/2
ko m2
1 { 4 T] I'(hy =777~
[(hy — 77) = ;|Ohk7'7|2 e , BRy = (P Tt >, (9.5)
hk hk

where F}gf is the total width. Loop-corrections to the partial decay widths of these
subprocesses are calculated with FormCalc [94,119-122] in Sect. 9.3.1.

9.1.2. Formalism of unsquared matrix elements in all helicity
configurations

For the calculation of the interference term according to Eq. (7.24), we need the on-shell
matrix elements of the production and decay part. Instead of evaluating absolute values
of squared, spin-averaged matrix elements by applying spinor traces, we now aim at
expressing the unsquared matrix elements explicitly in order to evaluate them on the
appropriate mass shell. Therefore, we need to represent spin wave functions in terms of
energy and mass. Following Ref. [221], a Dirac spinor with an arbitrary helicity can be
written as

(9.6)

up) = | I
b VE=méd&-px)’

where x is a two-component spinor. The eigenstates y of the helicity operator & - p with
eigenvalues \ = j:% satisfy

1.,
[50 'p} X) = AXa. (9.7)
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9.1 Example process at lowest order in the gNWA

For the unit vector p in the direction parametrised by the polar angle § and azimuthal
angle ¢ relative to the z-axis, the two-component spinors are expressed as

0 P S
N COS 3 R e sin 2
X+1/2<p) = ( it .29> ) X—1/2(p) = ( 0 2) . (9.8)
e'?sin 5 oS 5

For the specific choice of p'ox e, we have § = 0 and ¢ is arbitrary so that it can be set to
0. Thus, the 2-spinors take the simpler form

xip(p=e)=e = <(1)> 3 X-12(p=¢€.) =€ = (2) . (9.9)

We label the unit vectors in space as {e,, e,,e,} whereas the basis of the 2-spinors is
denoted by {ej,es}. The two-component spinors in the opposite momentum direction
p = —é, are constructed using

X-A(=D) = &y (D) (9.10)

from Ref. [221] with £, = 1 in the Jacob-Wick convention for a second particle spinor [222],
resulting in

X+1/2(—€5) = e, X-1/2(—e.) = ey. (9.11)

Defining €, := vV E +m and e€_ := /E —m for a simpler notation, we can rewrite the
particle and antiparticle four-component spinors as

ur(p) = exad) | _ p ox(p) = e-xX-x(P) _ o
2\ e xa(p) ) —2X ey x-A(h) o
(9.12)
Here we introduced the nomenclature p/1 for the upper/lower 2-spinor within a particle 4-

spinor u and likewise o/ for an antiparticle v. For later use, we now list the combinations
of A = j:% and p = te, explicitly:

us(ey) = ( 6+61> Cu(es) = ( 6+62> 7 wy(—e,) = ( 6+62> ’ u_(—e;) = ( e+el> ,
— —€-€2 €_e —€_e;

v+<ez>=< 2) v(ez>=< 1) U+<—ez>=< 1) U<_6Z>:( 2)
T+ €+€1 —€rel €162

(9.13)

In the following, we will apply this formalism to Higgs production and decay within our
example process.
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9.1.2.1. Higgs production

As illustrated in Fig. 9.1, the incoming spinor u; (in the example case X}) decays into usy
(X}) and a scalar (h/H). The matrix element P of this production process is decomposed
into a right- and left-handed part,

P = EQC’RwRul + EQCLwLul, (914)

where Cg,, are form factors. Using 4°,~° in the Dirac representation, and the 2-spinor
notation introduced in Eq. (9.12), we calculate the spinor chains with arbitrary helicity
of )\1, )\2 = :]:%,

— 1 * *
Pr = Uswrur = 5 (py — Ua)(p1 + Y1), (9.15)
1 * *
pL = Ugwpuy = 5(02 +13) (o1 — ¥1). (9.16)
Given the 2-body decay in the rest frame of particle 1, it follows that F; = m; and
consequently e = 0, ¢y; = 0. In order to obtain the helicity matrix elements p}\;/)‘Ll, we

insert the explicit spinors from Eq. (9.13) into the generic Eq. (9.16):

pEJr = Ug+WRU14 = §(€2+ — € )e1y €1 €
1
=3 (\/E2+m2— \/Ez—m2> V2my,
1
pLH- — 5 <\/E2—i—m2—i— \/EQ_m2> V2maq,

Pr =pi s DL =DPh
p;g/_L = péfL x e - ey = 0. (9.17)

Since the helicity matrix elements are real, their complex conjugates p}, /1, = UWr/RU2
are equal to the results in Eq. (9.17). The products of matrix elements are summed over
all helicity combinations (but no averaging is done yet), with 7,5 € {R, L}, leading to'

Aij = Z bi -p;», (9.18)

AL, Ae==41/2
— A+t - _ — m?2 2 _ M
Arp = AL + Agr = 2mi By = mi +mj; — ,

Apr = Al + AL = Arr, (9.19)

!These helicity matrix elements correspond to the FormCalc-HelicityMEs via A;; = 4 - MatF (4, j).
The factor of 4 arises because the FormCalc expressions are multiplied later on by 2 for each external
fermion.
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9.1 Example process at lowest order in the gNWA

where the energy relation of a 2-body decay with m; — {my, M} was applied:

_mi+mj— M?

B, = 9.20
P ST (9.20)
Finally, the squared production matrix element is constructed as
PP = Y CCjA;
i,j=R,L
= (ICr[* +|CL*)(m} + mj — M?) + (CRCL + CLCR) 2myme. (9.21)

If the left- and right-handed form factors coincide (Cf, = Cr = C'), Eq. (9.21) is reduced
to

(PP =2|C ((my +ma)? — M?). (9.22)

However, in the interference term we need the product P, P;j; with different Higgs masses
in Fy from Eq. (9.20). This distinction leads to

A= > pb-p, (9.23)
AL Ag=d1/2

ARR = ALL =my (E]QlJr 651 -+ 63765{) y (924)

App=App=my (éh e —eb ell). (9.25)

As before, we give the resulting product of matrix elements for the independent Cg/r,
and for simpler use in the special case of Cg/, = C,

PrPi; :(C’I}%C’g* + C’EC’E*)ml (eg+ 65‘; + eg_ef_)

+ (CRCT* + CLCH Ymy (e, €, — eb_ell) (9.26)

i>4ChCH*mle’§+e§+ = QChC’H*\/(ml +mg)? — M? \/(ml +mg)? — M%. (9.27)

Eq. (9.26) shows that the method of on-shell matrix elements enables us to distinguish
between different masses of the intermediate particles, in this example M, and Myg.

9.1.2.2. Higgs decay

In the decay of a Higgs boson into a pair of fermions, the representation of antiparticle
spinors from Eq. (9.13) is also needed. Furthermore, the fermions are generated back to
back in the rest frame of the decaying Higgs boson. So if we align the momentum direction
of the particle spinor uy with the z-axis, p, = e,, the momentum of the antiparticle
spinor vz points into the direction of p3 = —e.,.
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9 Application of the generalised NWA

Analogously to Eq. (9.14), the decay matrix element is in general composed of a left-
and right-handed part,

D = 1]403va3 + ’L_L4CL(.L)LU3, (928)
1

dR = ﬂ4(ez)wRU3(_ez) = §(Pf1 - ¢Z)(03 + 903)’ (929)
1

dp, == Us(e:)wrvs(—e.) = 5(/?1 +¢1)(03 — ¢3). (9.30)

With the mass M of the decaying Higgs boson, the fermion masses ms = m4 = m and

the resulting energies F3 = Ey = %, the spinor chains dg, d;, are now calculated for all

helicity configurations of A3, Ay, = j:%,
At =d;” =VE?—m? - E,
dit =dg =VE2—m?+E, di, = dgfp =0. (9.31)
Summing over all helicity combinations, we obtain
App = App = M? — 2m?, App = App = —2m2. (9.32)
So the product of on-shell decay matrix elements results in
DD* = (|Crl> + |CLP?) (M? — 2m*) — (CrC} + CLC) 2m. (9.33)

In case of identical left- and right-handed couplings C' of the decay vertex, Eq. (9.33)
simplifies to

DD* = 2|C]*(M? — 4m?). (9.34)

As in the production case, we are interested in the contribution to the on-shell interference

term, so we distinguish between Fj, = % and Fy = %,

ARR = ALL =2 <\/(E}% — m2)(E12_1 - m2) + EhEH) s

App = App =2 (\/(Eg — m2)(EY — m?) — EhEH> . (9.35)

Finally, the product of decay matrix elements with different masses reads

DDy =2 (CLCH* + CLC) <\/(E,3 —m?2)(E} —m?) + EhEH)

+2 (CRO™ + CLCHY) (\/ (E} —m?)(E} —m?) — EhEH> (9.36)

2 2
yscrern (2 - e) (M- ), 037
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where the last line applies for identical L/R form factors.

The outcome of the explicit spinor representations in the context of factorising a
longer process into production and decay is the possibility to express the interference
term with on-shell matrix elements depending on the mass of the intermediate particle.
The method was here introduced in a generic way and then applied to the example of
Higgs production and decay with two external fermions in each subprocess in the rest
frames of the decaying particles.

9.2. Numerical evaluation at lowest order

9.2.1. Higgs masses and widths in the modified M;"** scenario

For the numerical application of the gNWA to the example process of X3 — X" h/H —
XY 777~ and the validation against the full calculation, we choose again the modified
M7 scenario defined in Sect. 8.2.3. The resulting Higgs masses and widths are of crucial
interest regarding the applicability of the standard NWA and for the significance of the
interference term. Under variation of the input Higgs mass Mpy+, the resulting masses
and widths of the interfering neutral Higgs bosons h, H change as shown in Fig. 9.2
with results from FeynHiggs [67, 146,149, 150] including dominant 2-loop corrections.
Fig.9.2(a) displays the dependence of the masses of h (blue, dotted) and H (green,
dashed) on My+. Within the analysed parameter range of My+ = 151...155 GeV, their
mass difference AM (red) in Fig. 9.2(b) is around its minimum at Mpy+ ~ 153 GeV smaller
than both total widths I';, (blue, dotted) and I'y (green, dashed). While I', decreases, I'y
increases with increasing M +. This is caused by a change of the predominantly diagonal
or off-diagonal structure of the Z-matrix which has a cross-over around Mp= ~ 153 GeV
in this scenario. Since both widths contribute to the overlap of the two resonances, the
ratio Ryr = AM/(T'y, + I'y) gives a good indication of the parameter region of most
significant interference. This is visualised (in orange) in Fig.9.2(c) and compared to the
ratios AM /Ty, (blue, dotted) and AM /Ty (green, dashed), which only take one of the
widths into account and are therefore a less suitable criterion for the importance of the
interference term. Fig.9.2(d) presents the ratio I';/M; for i = h (blue, dotted) and H
(green, dashed) as a criterion for a narrow width. Both ratios lie in the range of about
0.5% to 3.5%, and this represents the expected order of the NWA uncertainty.

9.2.2. Results for tree level process X} — x{h/H — XV 7F7~

In order to understand the possible impact of interference terms, we confront the prediction
of the standard NWA (sNWA) with the 3-body decay width of our example process
X4 — X777~ at the tree level (improved by 2-loop predictions for the masses, widths
and Z-factors) in the modified M™* scenario.

First of all, we verify that the other conditions from Sect.7.2.2 for the NWA are
met. The widths of the involved Higgs bosons do not exceed 3.5% of their masses, hence
they can be considered narrow (see Fig.9.2(d)). At tree level, there are no unfactorisable
contributions so that the scalar propagator is separable from the matrix elements. Besides,
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130
128+
> 126}
e
s 124}
122}
120 of ‘ ‘ ‘
151 152 153 154 155 151 152 153 154 155
M+ [GeV] My [GeV]
(a) Higgs masses. (b) Mass difference and total widths.
2.0 ‘ T ST
\\\ 3.0F ho T
Lo 1 25
= S 20
g le AM/rH \\ ‘,"AM/rh N s //
4 L \\ K — 15 r s/
i N -1 H bt
05 "~~-._____._"_?_\,>-\'i _______ "”—‘ 7 107 H //,’/ . E
: 05 .-
0.0 ‘ ‘ ‘ 0.0 ‘ ‘ ‘ :
151 152 153 154 155 151 152 153 154 155
M+ [GeV] M+ [GeV]
(c) Ratio of mass difference and total widths. (d) Ratio of total widths and masses.

Figure 9.2.: Higgs masses and widths from FeynHiggs [67,146,149,150] including dominant
2-loop corrections in the modified M;"** scenario.(a): Higgs masses M}, (blue,
dotted) and My (green, dashed). (b): Mass difference AM = My — M}, (red)
compared to total widths I', (blue, dotted) and I'yy (green, dashed). (c): Mass
difference AM divided by total width of h (blue, dotted), H (green, dashed)
and sum of both widths (orange). (d): Ratio I';/M; for h (blue, dotted) and H
(green, dashed).

our scenario is far away from the production and decay thresholds since M}, > 2m.,
holds independently of the parameters, and with neutralino masses of mgo >~ 264.9 GeV
and mg =~ 92.6 GeV, also myo — (mgo + My, ) > 32 GeV does not Vlolate ‘the threshold
condition. The neutralino masses are mdependent of Mg+. Thus, the NWA is applicable
for the individual contributions of A and H, so the factorised versions

Tiwa = Tp(X) = X0hi) BRi(hi — 7777) (9.38)

should agree with the separate terms of the 3-body decays via the exchange of only one
of the Higgs bosons, h;,

Tl =T % Xrtr) (9.39)
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9.2 Numerical evaluation at lowest order

th ) This is tested in Fig.9.3. The blue lines compare
h.

K3

within the uncertainty of O (
I, (solid) with the factorised process I'fwa (dotted), the green lines represent the

corresponding expressions for H. The standard narrow-width approximation (sNWA) is
composed of the incoherent sum of both factorised processes, i.e.,

I'ivwa = th BRy, + FPH BRpy. (940)

This is confronted with the incoherent sum of the 3-body decays which are only h-
mediated or H-mediated. For a direct comparison with the SNWA, the interference term
is not included,

sy = 1—‘Ilﬁb—>3 + F{{—>3' (9'41)

1—3

The sSNWA (dotted) and the incoherent sum of the 3-body decay widths are both shown in
grey. Their relative deviation of 0.8 —3.3% is of the order of the ratio I'/M from Fig. 9.2(d).
Consequently, the NWA is applicable to the terms of the separate h/H-exchange within
the expected uncertainty.
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Figure 9.3.: The 1—3 decay width (solid) of X§ — X777~ at tree level with separate
contributions from A (blue), H (green) and their incoherent sum (grey) confronted
with the SNWA (dotted).

However, the fifth condition in Sect. 7.2.2 concerns the absence of a large interference
with other diagrams. But with AM < I'j, + I'y throughout the analysed parameter
range (see Fig.9.2(c)), we expect a sizeable interference effect in this scenario owing to a
considerable overlap of the Breit-Wigner propagators and a sizeable mixing between h
and H. Since the masses and widths of the interfering Higgs bosons depend on Mpy+,
the size of the interference term varies with the input charged Higgs mass. Based on the

119



9 Application of the generalised NWA

minimum of the ratio Rryy = AM/(I'y, + I'y) and a significant mixing between h and H,
we expect the most significant interference contribution near My+ = 153 GeV.

Fig. 9.4 presents the partial decay width T'(Y9 — X{7777) in dependence of the
input Higgs mass Mpy+. In the SNWA (grey), the interference term is absent. In contrast,
the full 3-body decay? (black) takes the h and H propagators and their interference into
account. Comparing the prediction of the SNWA with the full 3-body decay width
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-—- gNWA M
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Figure 9.4.: The 1—3 decay width of X — X777~ at tree level with contributions from h, H
including their interference (black) confronted with the NWA: sNWA without the
interference term (grey, dotted), gNWA including the interference term based
on on-shell matrix elements denoted by M? (red, dashed) and on the R-factor
approximation denoted by R (blue, dash-dotted).

reveals an enormous discrepancy between both results, especially in the region of the
smallest ratio Rry, around Mpy+ ~ 153 GeV, due to a large negative interference term.
Consequently, the NWA in its standard version is insufficient in this parameter scenario.

In the generalised narrow-width approximation, on the other hand, the sNWA
is extended by incorporating the on-shell interference term. The red line indicates
the prediction of the complete process in the gNWA using the on-shell evaluation of
unsquared matrix elements in the interference term as derived conceptually in Eq. (7.24)
and explicitly in Sect.9.1.2. Furthermore, the blue line demonstrates the result of the

2In this section, the full tree level refers to the sum of h- and H-mediated 3-body decays including
the interference term (but without A- and Z-boson exchange or non-resonant propagators) at the
improved Born level, i.e. including Higgs masses, total widths and Z-factors at the leading 2-loop
level from FeynHiggs [67,146,149,150].
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9.3 Example process at 1-loop order in the gN'WA

gNWA using the additional approximation of interference weight factors R defined in
Eq. (7.38). While the sNWA overestimates the full result by a factor of up to 5.5 on
account of the neglected destructive interference, both variants of the gNWA result in a
good approximation of the full 3-body decay width.

The slight relative deviation between either form of the gNWA and the full result
amounts to (Fgxwa — I'isg) /Tsnwa = 0.4% — 1.7% if normalised to the sSNWA and to
(Cgnwa — i) /Tios >~ 0.5% — 9.2% if normalised to the 3-body decay width. The
largest relative deviation between I'gnwa and I'y_,3 arises in the region where the reference
value I'1_,3 itself is very small so that a small deviation has a pronounced relative effect.
This uncertainty, however, is not intrinsically introduced by the approximated interference
term, but it stems from the factorised constituents Tya, T'Hwa already present in the

sNWA, see Fig.9.3.

9.3. Example process at 1-loop order in the gNWA

Motivated by the good performance of the gNWA at the tree level, in this section we
investigate the application of the generalised narrow-width approximation at the loop
level by incorporating 1-loop corrections of the production and decay part into the
predictions.

In this example, the calculation of the full process at the 1-loop level is still man-
ageable (see Sect.8.2), where full here means the 3-body decays with Breit-Wigner
propagators and Z—factors, though without the Z-, A- and G-boson exchange. But
we aim at validating the generalised narrow-width approximation at the 1-loop level
so that it can be applied on kinematically more complicated processes for which the
factorisation into production and decay is essential to enable the computation of higher
order corrections.

Our strategy is to combine the NLO corrections for the production and decay
subprocesses in such a way that the gNWA prediction can be consistently compared to
the full 1-loop calculation. Only the box diagrams are left out in the gNWA compared
to the 3-body decays.

9.3.1. 2-body decays in the production and decay parts

The gNWA at NLO requires the 1-loop contributions to the 2-body decays as subprocesses.
For the production, we calculate the full 1-loop corrections to I'(Y$ — X%h/H) in the
NNN on-shell renormalisation scheme, see Refs. [109-111], with the same choice of
on-shell states as in the 3-body-decay described in Sect. 8.2.2.1. Higgs mixing is taken
into account by Z-factors, but mixing with G-/Z-bosons is generated explicitly, which,
however, vanishes in this CP-conserving scenario. Some example diagrams for vertex
corrections are shown in Fig.9.5(a). Fig.9.6(a) presents the resulting 2-body decay
widths for the production of h (blue) and H (green) at the tree level (dashed) and the
1-loop level (solid). While the 1-loop corrections increase I'(Y] — XVh), they decrease
the production of H from the decay of X). The substantial relative effect can be seen in
Fig. 9.6(b).

121



9 Application of the generalised NWA

(b) Higgs decay.

Figure 9.5.: Example diagrams of the 2-body decays for (a) Higgs production in X — XYh/H
with vertex corrections and (b) Higgs decay in h/H — 777~ with vertex and
real corrections.
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(b) Relative loop contribution in X — x{h/H.
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Figure 9.6.: 2-body decay widths of (a) X] — X\h; and (c) h; — 7+7~ with h; = h (blue)
and H (green) at the tree level (dashed) or at the 1-loop level (solid), and the
relative effect of the loop contributions (b), (d).

For the decay, the full vertex corrections to h; — 777~ are included. Furthermore,
real soft photon emission off the 7-leptons in the final state is included. In order to allow
for a meaningful comparison between the gNWA and the full calculation, the energy
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9.4 Numerical validation of the gNWA at higher order

cut-off is defined by the same value EZ* = 0.1mg as in the 3-body decay. Example
diagrams are displayed in Fig.9.5(b), where the last two cases are IR-divergent. The
emission of a real photon is not directly calculated as a 3-body decay, but still with
the 2-body phase space in the soft-photon approximation. The numerical influence of
the corrections of O(«) on I'(h; — 7777) is shown in Fig.9.6(c). The 1-loop and real
corrections slightly decrease both decay rates (for h; = h, H) by 1.2% to 1.5% as displayed
in Fig.9.6(d).

9.4. Numerical validation of the gNWA at higher
order

The on-shell factorisation of the interference term has already been applied at the leading
order in Sect.9.2.2. In this section, we will investigate this approximation at the next-to-
leading order. Since a wide range of processes even with many external particles can be
computed at lowest order without applying the NWA, we use the full leading order result
of the three-body decay (i.e., without NWA) and add the 1-loop contribution for which
we use the gNWA. With this procedure, we apply the on-shell approximation only when
necessary without introducing an avoidable uncertainty at the tree level. As a further
step, one could split the real photon contribution into IR-singular and finite terms and
apply the NWA only on the singular ones according to Refs. [164,191].

9.4.1. On-shell matrix elements and R-factor approximation

In Fig. 9.7, we compare the numerical results of the method of on-shell matrix elements
using Eqs. (7.47) and (7.48), denoted by M?, and of the interference weight factor
approximation from Eq. (7.64), denoted by R, with the full 1-loop result as calculated in
Sect. 9.4. The upper panel shows the prediction of the partial width T'(YJ — X377 77).
The lines of the gNWA based on matrix elements (red, dashed) and the full 1-loop
calculation (black, solid) lie nearly on top of one another. Also the additional R-factor
approximation (blue, dash-dotted) yields a good qualitative agreement with the full
result, but less accurate than achieved by the on-shell matrix elements. The lower panel
visualises the relative deviation of the decay width predicted by the two versions of
the gNWA from the full result. As expected, the R-factor method reproduces the full
result best where the difference between M;, and My is smallest, i.e., in the centre of the
analysed parameter interval. But the assumption of equal masses becomes worse away
from the centre of the analysed interval, leading to a deviation from the full 1-loop result
of up to 4.5%. Thus, for those parameters the matrix element method performs clearly
better within an accuracy of better than 1%.

In order to further investigate how well the gNWA predicts the interference term
at the 1-loop level, we take a closer look in Fig.9.8 at the pure loop contribution
[leoppure. — ploop _ e of the full three-body decay (black, solid), the gNWA using
on-shell matrix elements (red, dashed, denoted by M?) and the R-factor approximation
(blue, dash-dotted, denoted by R) While at the tree level we found that both versions of
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Figure 9.7.: Upper panel: The decay width Y] — X777~ at the 1-loop level with resonant
h, H-exchange and, for the full 3-body decay (black, solid), with box contributions.
The gNWA with on-shell matrix elements is denoted by M? (red, dashed), and
the gNWA with interference weight factors is denoted by R (blue, dash-dotted).
Lower panel: The relative deviation of the gNWA (matrix element and R-factor

approximation) from the full 1-loop result in percent.

the gNWA work comparably well (see Fig.9.4), the M?-method provides a significantly
better prediction of the interference term at the 1-loop level.

When the gNWA is used to approximate one-loop effects, we need to compare the
accuracy of the approximation with the overall size of the loop correction. Fig. 9.9 provides
a comparison between the precision of the gNWA with respect to the full calculation (for
on-shell matrix elements denoted by M? in red and the R-factor approximation denoted
by R in blue) and the relative size of the 1-loop correction to the 3-body decay width
in black. While the loop correction ranges from —1% to 11% in this example case, the
deviation of the matrix element method from the full result remains below 1%. The
uncertainty of this approximation is therefore significantly smaller than the typical size
of the loop correction in this case. The deviation of the R-factor approximation from the
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Figure 9.8.: Pure loop contributions in the full calculation (black, solid) and approximated by
the gNWA using the matrix element method denoted by M? (red, dashed) and
using the R-factor approximation denoted by R (blue, dash-dotted).
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Figure 9.9.: Precision of the gNWA at the 1-loop level using the matrix element method

denoted by M? (red, dashed) and using the R-factor approximation denoted by

R (blue, dash-dotted) compared to the relative size of the loop contribution in
the full calculation (black). The +1% region is indicated in grey.

full result is found to be larger, within —3% to 4.5% in this case, but it is still about a
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9 Application of the generalised NWA

factor of two smaller than the size of the loop correction in the region where the latter is
sizable.

The plot shows that the overall performance of the gNWA with the M-method is
good except for the region around Mpy+ ~ 152 GeV-152.5 GeV where the M-method
uncertainty exceeds the relative size of the full loop correction slightly. But here the full
loop correction is in fact very small. Keeping in mind that the full calculation is subject
to uncertainties itself (e.g. from missing higher-order corrections) which might reach the
level of 1% (for illustration, the +1% range is indicated in the plot), the M-method can
be regarded as adequate to approximate loop corrections to the interference term within
the expected uncertainty of the full result (as long as non-factorisable corrections remain
numerically suppressed). On the other hand, the R-factor method gives rise to larger
deviations and should therefore be regarded as a simple estimate of the higher-order
result including interference effects.

9.4.2. Separate treatment of photon contributions

As discussed in Sect. 7.4.1.2, the factor dsg, which multiplies the squared tree level matrix
element to account for the contribution of soft bremsstrahlung, and the IR-divergent loop
integrals must be evaluated at the same mass to enable the cancellation of IR-singularities
between real and virtual photon contributions. In order to reduce the ambiguity whether
to choose the common mass M = M), or My, the IR-finite diagrams can be evaluated
at their correct mass shell. Fig.9.10 compares the dependence of the gNWA result on
the ambiguous mass choice, i.e., the relative deviation between 'yxwa(M = M) and
Lgnwa (M = My), for the matrix element method. The dashed green line represents the
universal treatment where the loop integrals in all decay one-loop matrix elements are
evaluated at M~ whereas the solid red line shows the separate calculation of the photonic
contribution as described in Sect.7.4.1.2. The impact of the dependence of the gNWA
on the choice of the mass M is found to be rather small, giving rise to a maximum
deviation of 0.23% for the universal treatment of all one-loop matrix elements for the
decay. Restricting this approximation just to the photonic contribution is seen to have
an insignificant effect in this example, reducing the deviation to 0.2%.
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Figure 9.10.: Impact of the dependence of the gNWA on the choice of the mass M (see text).
The relative deviation between I'ys, and I'ps,,, where I'yy, = FQQ;VA(MZ = Mf),
is shown for the universal treatment of all one-loop matrix elements for the
decay and for the case where the photonic contribution is treated separately.

9.4.3. gNWA prediction with most precise input values

As a first step, we defined the gNWA at the 1-loop order for a consistent compari-
son between the gNWA and the full 1-loop calculation. As an exception, the Higgs
masses, total widths and wave function normalisation factors 7 have been obtained
from FeynHiggs [67,146,149,150] at the 2-loop order and used both in the gNWA and
the full calculation. In this section we want to exploit the factorisation and include all
components at the highest available precision. This means for the gNWA with the on-shell
matrix element method and the R-factor approximation that we use the calculated 1-loop
production part and the FeynHiggs branching ratios in I'p(X} — XVh;)-BRp(h; — 7777).
Furthermore, the product of on-shell matrix elements from Eq. (7.46) is expanded up to
the product of 1-loop matrix elements in Eq. (7.50). The higher-order extension of the
R-factor approximation is defined in Eq. (7.65).

So far we have neglected additional contributions that do not play a role in the
discussion of the interference effects between contributions with A and H exchange in the
decay of X — X777~ for the considered CP-conserving scenario. In order to obtain a
more phenomenological prediction of T'(X} — X7777) we now take into account also the
resonant exchange of the CP-odd Higgs boson A, the neutral Goldstone boson G and the Z-
boson, as well as the non-resonant 3-body decay via a 7. We include the contributions from
A, G, Z and T-exchange at the tree-level, while at the loop level we incorporate the most
precise gNWA result (where those additional contributions are neglected). Fig.9.11(a)
shows the prediction of the higher-order improved gNWA | supplemented by the full tree-
level contribution including A, G, Z and 7-exchange diagrams, as solid lines using on-shell
matrix elements (red) and the R-factor approximation (blue). The corresponding results
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9 Application of the generalised NWA

where the A, G, Z and T-exchange contributions have been neglected are indicated by the
dashed lines. The contributions from A, GG, Z and 7 are found to yield a non-negligible
upward shift in this example.

Fig.9.11(b) shows the impact of including the most precise branching ratios and
the product of 1-loop matrix elements in the gNWA, denoted by Fgﬁs\t,vA. For the matrix
element method (in red, denoted by M?), this amounts to up to 1.2% relative to the
1-loop formulation used above for the comparison with the result for the 3-body decay.
For the R-factor approximation (in blue, denoted by R), the effect of up to 0.4% is
smaller because the effect on the interference term beyond the 1-loop order turns out to
be negative. With reference to the gNWA including only h and H, the relative impact of
the higher-order corrections is slightly higher (1.6% for the matrix element method and
0.6% for the R-factor approximation).

The numerical size of the contributions beyond the 1-loop order depends on the
process and scenario, but the gNWA allows for their inclusion also in the interference

term.
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Figure 9.11.: (a) The gNWA using the most accurate predictions for all parts of the process,
supplemented with a tree-level result with (solid) and without (dashed) the
additional A, G, Z and 7-exchange contributions, for the M2-method (red) and
the R-approximation (blue). (b) The relative effect of the most precise branching
ratios and the product of 1-loop terms on the prediction of the gNWA with
on-shell matrix elements (red, denoted by M?) and the R-factor approximation

(blue, denoted by R).

9.5. Summary: Concept and application of the gNWA

In Chapters 7-9, we have formulated and tested a generalisation of the standard narrow-
width approximation that extends the applicability of this important tool to scenarios
where interference effects between nearly mass-degenerate particles are important. This
can be the case in many extensions of the SM where the spectrum of the new particles
is such that the mass difference between two or more particles is smaller than the
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9.5 Summary: Concept and application of the gNWA

sum of their total decay widths. In such a case, their resonances overlap so that the
interference cannot be neglected if the two states mix. In order to still enable the
convenient factorisation of a more complicated process into production and decay of
an intermediate particle, we have demonstrated how to factorise also the interference
term. This is achieved by evaluating the production and decay matrix elements on the
mass-shells of the resonant particles in analogy to the terms present in the standard
NWA. If one additionally assumes equal masses of the intermediate particles, it is possible
to further approximate the interference contribution by an interference weight factor, R,
in terms of production cross sections, decay branching fractions, ratios of couplings and
a universal, process independent integral over Breit-Wigner propagators.

We have developed this generalised narrow-width approximation both at the tree-
level and at one-loop order. Following the analytic derivations, we have discussed the
application to a simple example process in the context of the MSSM with real parameters.
We have considered the three-body decay of the heaviest neutralino via a resonant neutral,
C’P-even Higgs boson, h or H, into the lightest neutralino and a pair of 7-leptons. This
process is well-suited for a test of the gNWA since it is sufficiently simple so that the
full process can be calculated at the loop level and compared with the predictions of the
gNWA. Within the gNWA this process can be decomposed into basic kinematic building
blocks, namely two subsequent 2-body decays, and the interference contributions involve
only scalar particles. The discussion of interference effects can therefore be disentangled
from spin-correlation issues. Furthermore, the process involves charged external particles,
so that the issue of the cancellation of IR divergencies between virtual loop corrections
and bremsstrahlung contributions is relevant, while the fact that only the final state
particles are charged reduces the complexity of the IR-divergent contributions and makes
their treatment transparent.

We have validated the gNWA at the Born level (supplemented by higher-order Higgs
masses, widths and Z-factors for the mixing) and at the 1-loop level including corrections
of O(a) with respect to the lowest order. Within the considered parameter region, the
chosen modified M;"**-scenario leads to a small difference between the loop-corrected
masses of M, and My smaller than their total widths. This configuration results in a
large negative interference term so that in the standard NWA, where the interference
contribution is not taken into account, the 3-body decay width is overestimated by a
factor of up to five in this example. Hence, the standard NWA is clearly insufficient in
this scenario. The inclusion of the factorised interference term, however, leads to an
agreement with the unfactorised decay width within few percent. At the tree level, the
method of on-shell matrix elements and the R-factor approximation lead to very similar
results.

However, at the Born level the methods for calculating multi-leg processes without
further approximations are very advanced. Accordingly, a particular interest in the NWA
concerns its application to the loop level, where the difficulty in computing processes
involving a variety of different mass scales grows very significantly with the number of
external legs of the process. In many cases the factorisation into different sub-processes
provided by the NWA is essential to enable the computation of higher-order contributions.
In cases where a full tree level calculation is feasible, the NWA can therefore be applied
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9 Application of the generalised NWA

just at the loop level in order to facilitate the computation of the higher-order corrections,
while the lowest order contributions are evaluated without further approximations in
order to avoid an unnecessary theoretical uncertainty.

For a validation of the gNWA beyond the LO we have performed the 1-loop cal-
culation of T'(Y — X{7777) including all vertex corrections, self-energies involving
Higgs-Goldstone/Z mixing, Higgs-Higgs mixing contributions via finite wave function
normalisation factors, box diagrams, as well as soft photon radiation. All higher order
corrections except for the box diagrams factorise, which makes a separate calculation of
the 1-loop production and decay part possible as long as the non-factorisable contributions
remain sufficiently small. We have shown that within the gNWA the factorised interfer-
ence term at the next-to-leading order is both UV- and IR-finite. In order to preserve
the cancellations of IR-singularities between virtual and real photon contributions also
in the on-shell matrix elements, all IR-divergent integrals in matrix elements and the
soft-photon factor were evaluated at the same mass value. This prescription could be
further improved by extracting the singular parts from the real photon contribution and
applying the NWA only to those terms which match the singularities from the virtual
photons. Furthermore, we have extended the interference weight factor to the 1-loop
level. In the numerical comparison to the 3-body decay width, the gNWA based on
1-loop on-shell matrix elements agrees with the full 1-loop result within an accuracy of
better than 1%, which is much below the typical size of the loop corrections in this case.
The gNWA with interference weight factors, on the other hand, deviates from the full
result by up to 4%, which is still about a factor of two smaller than the size of the loop
correction in the region where the latter is sizable. Therefore the method of on-shell
matrix elements appears to be a well-suited approach for predicting the interference term
at 1-loop order within roughly the remaining theoretical uncertainty of the full result,
while the additional R-factor approximation may be of interest as a technically simpler
rough estimate of the higher-order result including interference effects.

In our discussion we have first focussed on the strict O(«) contribution relative to
the lowest order within the gNWA (except for masses, total widths and wave function
normalisation factors, for which we have incorporated dominant 2-loop contributions
throughout this work) for the purpose of a consistent comparison with the 3-body decay
width. In the most accurate final result the factorisation into subprocesses for production
and decay has the virtue that higher-order corrections can naturally be implemented
into each of the subprocesses, which formally corresponds to a higher-order effect for
the full process. This applies also to the interference term, where we have discussed the
incorporation of higher-order contributions for the two considered versions of the gNWA.

While much of our discussion has been directed to the specific example process
that we have investigated, we have provided a generic formulation of the gNWA and we
have commented on various features that are relevant for more complicated processes.
The method presented here should therefore be transferable to processes with more
external legs, with a more complicated structure of IR divergencies, and to cases where
the interference arises between particles of non-zero spin.
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Chapter 10.

Interference and complex phase effects
in Higgs searches at the LHC

After the methodological studies in the previous chapters about the approximation of
interference terms, we will now investigate phenomenological implications of interference
effects on the interpretation of searches at the LHC for additional neutral MSSM Higgs
bosons. In particular, we focus on interference effects between the heavy Higgs bosons hsy
and hz. They are nearly mass-degenerate in large parts of the parameter space. In the
context of C’P-violating mixing, their interference term is expected to become significant
so that one needs to re-evaluate the limits that have been obtained by assuming real
MSSM parameters and neglecting interference effects between all neutral Higgs bosons.

In this chapter, we briefly quote the properties of the discovered Higgs boson and
summarise the search strategies for additional Higgs bosons at the LHC. Beyond the
assumptions employed so far in the collider searches, we examine the overall effect of
a complex phase on the cross section o(bb — 7777) with s-channel Higgs exchange.
Furthermore, we distinguish the overall phase effect from the genuine interference effect.

10.1. Status of Higgs searches interpreted in MSSM
scenarios

A Higgs boson has been discovered by ATLAS [5] and CMS [6]. The combined analyses
of both experiments result in a mass of M;? = 125.09 £+ 0.24 GeV [223]. Investigations
of the spin J and tensor coupling structure reveal that this particle has spin 0 [224,225].
All measurements are up to now consistent with the SM hypothesis of a CP-even scalar
with JP¢ = 0t+ [226,227], but a substantial admixture of a CP-odd component cannot
be ruled out at the present level of sensitivity. The Higgs boson is searched for in
several bosonic (yy, ZZ, Zv, WW) and fermionic (7777, u*u~, bb) decay channels in
combination with various production modes (gluon fusion, weak vector boson fusion,
Higgs strahlung and in association with tf) [228,229]. So far, the vy, ZZ, WW decay
modes have been established and there is evidence for the decay into 777~ [230,231].
Among the production modes, the tt-associated production has the largest uncertainty,
but the best-fit results for the signal strengths, branching fractions and couplings to
fermions and vector bosons determined from those analyses are in general compatible
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10 Interference and complex phase effects in Higgs searches at the LHC

with the expectations for a SM Higgs boson of the measured mass, see Refs. [228,229]
and references therein.

Although the discovered scalar has quite SM Higgs-like properties, significant devia-
tions from the SM are possible in individual Higgs couplings, cross sections and branching
ratios. Moreover, the SM might be the low-energy limit of a more fundamental theory
with more than one Higgs boson. Any viable BSM model must accomodate a SM-like
Higgs boson with the measured mass. Both at LEP [232] and at the Tevatron [233-236],
searches for several Higgs bosons in a two-Higgs-doublet model and the MSSM have been
performed.

At the LHC, neutral MSSM Higgs bosons are for low and medium values of tan
predominantly produced in gluon fusion, gg — h, (¢ = 1,2,3). At high tan 3, the
production in association with a pair of bottom quarks dominates due to the enhanced
bottom Yukawa coupling involved in bb — h, (in the five-flavour scheme where the bottom
quark is regarded as a parton in the proton) and in gg — bbh, (in the four-flavour scheme
whithout a bottom parton density distribution in the proton). Searches for neutral MSSM
Higgs bosons during Run I of the LHC have been carried out in the 77~ [237-240], in
the utpu~ [241-243] and in the bb [244] decay channels, but no evidence for additional
Higgs bosons has been found yet. The decay modes to down-type fermions are enhanced
at large tan § whereas the branching ratios of the heavy Higgs bosons into vector bosons
vanish in the decoupling limit (see Sect. 3.3.4.4). The non-observation up to now can be
translated into limits of the underlying parameters of the hypothesized model, here the
MSSM, where the 777~ -channel provides much stronger constraints than the p*pu~ final
state.

The results of the searches are on the one hand reported as nearly model-independent
limits on the product of the on-shell production cross section (separately in the gg and
bb production mechanism) and the branching ratio (into 757~ u*u~ or bb) of a scalar
resonance as a function of its mass, assuming a narrow width. On the other hand, these
limits are interpreted in example scenarios within the MSSM parameter space. The
analyses with 777~ final states by CMS [239] and ATLAS [240] are presented in several
MSSM benchmark scenarios such as the (updated) M™®* and the M;"*%* scenarios defined
in Refs. [167,169]. Furthermore, the CMS search [239] is also interpreted in the other
benchmark scenarios of Ref. [167]. In the M scenario, the radiative corrections to the
lightest Higgs boson mass are maximised. In the decoupling region and for tan g 2 10,
the prediction for Mj, overshoots the measured mass of the SM-like Higgs boson in
this scenario. Hence, if the observed state should be identified with the lightest MSSM
Higgs boson, the allowed parameter space in the M;"** scenario is severely restricted.
However, reducing the stop mixing parameter yields a value of M}, that is in agreement
with the measured Higgs mass within the theory-dominated (conservative) uncertainty
of AM;, = 3GeV in the major part of the parameter space. This is realised in the
M ,rlmdi scenario, where the + refers to the sign of X; in the particular version of the
scenario. The standard value of the higgsino mass parameter is ¢ = 200 GeV in the
]\/[,?“0djE scenario. However, leading threshold corrections A, to the relation between
the bottom quark mass and the bottom Yukawa coupling are generated by bg and iy*
one-loop diagrams which depend on i and tan 5 and modify the bottom Yukawa coupling.
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10.1 Status of Higgs searches interpreted in MSSM scenarios

For large values of tan 3, these terms can become very important. At the two-loop
level, the A, corrections also enter the Higgs mass prediction. As a consequence, the
exclusion bounds from searches for heavy MSSM Higgs bosons are affected by A, and
therefore by the absolute values and signs of pmg and ppA;. In order to account for
this dependence, the variation of p = £200,£500,£1000 GeV within the benchmark
scenarios was proposed in Refs. [167,245,246].

In Fig.10.1, we show the exclusion bounds obtained with HiggsBounds-4.2.0
[247-250] linked to FeynHiggs-2.10.2 in the M;**%* scenario for the default value of
i =200 GeV (green) and for p = 1000 GeV (orange) as one of the suggested modifications.
HiggsBounds confronts predictions of cross sections, branching ratios, masses and total
widths of neutral and charged Higgs bosons with cross section limits from LEP, the
Tevatron and the LHC. Based on the expected limit of a model prediction, the analysis
with the highest sensitivity is determined for each Higgs boson of the model. If the model
prediction for this particular analysis is larger than the observed limit, the model point
is excluded at the 95% confidence level (CL).

Fig.10.1 shows the My+ — tan 8 plane of the M ,Ilno‘” scenario where the horizontal
band at low tan /3 is excluded by LEP results whereas the upper left part of the plane
is excluded by searches at the LHC. The scenario with g = 1000 GeV provides stronger
limits because in this case the decay channel of a heavy Higgs boson into higgsino-like
neutralinos and charginos is kinematically closed. Consequently, the branching ratios of
the visible channels into 777~ and pu*u~ are increased so that the searches become more
sensitive.

60

20 u= 200GeV

200 400 600 800 1000
My [GeV]

Figure 10.1.: Excluded parameter regions in the M ,IZnOdJr scenario obtained with HiggsBounds
for ;1 =200 GeV (green) and p = 1000 GeV (orange).

The unexcluded parameter region is mostly compatible with the measured mass
of about 125 GeV within the theoretical uncertainty of about 3 GeV [167]. Thus the
scenario is phenomenologically interesting. Instead of requiring the lightest neutral Higgs
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10 Interference and complex phase effects in Higgs searches at the LHC

boson h; to have a mass close to the observed one, the role of the observed state could in
principle also be played by the second lightest neutral MSSM Higgs boson [167,251,252].
Here, however we focus on scenarios where the additional Higgs bosons are heavier than
M.

One such benchmark scenario is the light 7 scenario [167| characterised by u =
500 GeV, Az =0 and M;, = 245 GeV (the other parameters can be found in Tab. A.1).
The phenomenology of this scenario features an enhanced diphoton rate of Higgs decays,
but in the context of C’P-violation we are mostly interested in the consequences of the
enhanced p-parameter. In Sect. 10.2.1, we will study this scenario in addition to the
M}TOM scenario with p = 200 GeV, 500 GeV, 1000 GeV.

10.2. Relative impact of ¢4, on cross sections

Factorising the search results into the production and decay part, as employed in
HiggsBounds and experimental analyses, limits the applicability by the same conditions
as those of the SNWA | see Sect.7.2.2, for example assuming small widths of all Higgs
bosons compared to their masses and vanishing interference terms. Furthermore, no
complex MSSM parameters have been considered up to now in the presentation of
LHC limits in benchmark scenarios. We therefore propose to take interference effects
between several Higgs resonances into account (which may already arise in the case of
real parameters, though restricted to low values of M, and large tan ) and to allow for
complex parameters in a modification of the already existing benchmark scenarios. In
particular, we consider the phase ¢4, of the trilinear coupling of ¢ squarks, which is least
restricted by current experimental bounds (see Sect.3.4) and has an important effect on
Higgs observables owing to the numerical relevance of stop loops. By setting

Ay = A = A, (10.1)

all trilinear couplings of sfermions from the third generation obtain the same phase.
We evaluate the effect of ¢4, on the cross section o(bb — 7777) mediated by Higgs
bosons while neglecting non-Higgs contributions. On the one hand, we perform the full
propagator calculation including momentum dependent mixing self-energies as described
in Eq. (6.17). On the other hand, we apply the approximation of Breit-Wigner propagators
combined with the on-shell Z-factors according to Eq. (6.21). The couplings of the Higgs
bosons to a pair of bottom quarks or tau leptons are given in Eq. (3.49). We compute
the relative effect of the complex phase ¢4, on the cross section with respect to the cross
section in the case of real parameters. Furthermore we evaluate the relative contribution
of the interference term compared to the incoherent sum of the individual resonances. Our
approach is to calculate the higher-order propagator corrections, but to treat the vertices
only at the tree level since the impact of vertex corrections factorises in this context.
Vertex corrections to the production and decay subprocesses are already contained in e.g.
FeynHiggs [67,146,149,150] and other public codes that compute Higgs cross sections
and branching ratios. Non-factorisable box diagrams are not covered by our approach,
but they are expected to be numerically suppressed in the Higgs resonance region. In the
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10.2 Relative impact of ¢4, on cross sections

comparison of model predictions and experimental results, we will combine the relative
interference or complex phase contribution based on propagator type corrections to
rescale the product of state-of-the-art production cross sections and branching ratios in
order to obtain an improved prediction.

We determine which two among the three neutral MSSM Higgs bosons are closest
in mass. Accordingly, we calculate the cross section at the centre-of-mass energy

(th + Mhl), if th — Mh1 < Mh3 — th

. (10.2)
(Mh2 + Mh3>7 lf th - Mh1 2 Mh3 - Mh2

N|— N

so that hs is always involved in the degeneracy.

10.2.1. Overall non-zero phase effects

A complex phase influences several quantities, such as the propagator-type corrections
and the resulting Z-factors, which turn from the 2 x 2 case of real parameters to 3 x 3
matrices in the presence of a non-vanishing phase, enabling especially the CP-violating
mixing between hs and hz. In turn, the mixing structure alters the couplings and total
widths. Another important effect is visible in the masses, which are via loop diagrams
sensitive to the full particle content and parameters from all sectors of the MSSM,
particularly to A; and its phase. As an example, Fig. 10.2 shows the dependence of M}, ,
obtained with FeynHiggs, on ¢4, for My+ = 250 GeV (blue) and My+ = 600 GeV (red)
with tan 8 = 10 (dotted) and tan 8 = 30 (solid) in the M;"*%* scenario with y = 200 GeV.
A non-zero phase reduces the mass value with respect to My, (¢4, = 0), and M, has a
minimum around ¢4, = 7, i.e. for a negative, real A;. In scenarios that are in accordance
with the measured Higgs mass, the predicion of Mj, should not deviate from M;™ by
more than AM;, as a necessary condition. The allowed mass window is indicated in
grey for AM;, = 3 GeV. If the theory uncertainty shrank to AM,, = 2 GeV, the allowed
masses would correspond to the range limited by the grey, dashed lines. For tan 5 = 10
in this example, My, (¢4, = 0) is close to 125 GeV, while around ¢4, ~ 7 values slightly
below the uncertainty band are obtained!. In our investigation of non-zero phase effects
in several scenarios, we will always exclude the parameter regions where the lightest
Higgs mass My, (¢4,) is in conflict with the allowed range of M;™ £ 3 GeV.

In order to quantify the relative impact of ¢4, on a cross section o, we define the
following quantity

5—5@@iﬂﬁ—1, (10.3)

 o(da, =0)

and evaluate the cross section o(bb — 7777) using the full mixing propagators. Fig.10.3
provides the numerical results for § in the M, ,T°d+ scenario and the light 7 scenario. In most
of the My+-tan 3 plane, Fig. 10.3(a) shows moderate negative effects down to § ~ —10%
in the M™% scenario with the default value of y = 200, and ¢4, = 7/4 in comparison

!This could be compensated by increasing |Ay|.
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Figure 10.2.: Dependence of M}, (from FeynHiggs) on ¢4, for My+ = 250 GeV (blue) and
Mpy+ =600 GeV (red); tan § = 10 (dotted) and tan 8 = 30 (solid) in the M,I:lOdJr
scenario with 1 = 200 GeV. The mass window of M, P + AM},, is shaded in
grey for AMp, = 3GeV. The dashed, grey lines indicate AMj,, =2 GeV.

to the original scenario with real parameters. This means that the cross section including
the non-vanishing value of ¢4, is slightly smaller that the cross section for ¢4, = 0. The
red dashed line indicates the 6 = 0 contour of a vanishing net effect. In the corner of
relatively low Mg+ and tan 3, the cross section o(¢a, = m/4) is larger than o(¢4, = 0).
The white areas are excluded in this scenario owing to | My, (¢4, = m/4) — M| > 3 GeV.
Further constraints from collider limits will be considered in Sect. 10.3; here we focus on
describing the change of cross sections.

In Fig. 10.3(b) we notice a stronger reduction of the cross section caused by the
maximal phase ¢4, = 7/2, down to § ~ —30%, and a smaller region where the cross
section is enhanced.

Fig. 10.3(c) differs from Fig. 10.3(b) by the value of u: as recommended in Ref. [167],
we consider also p = 500 GeV within the M™% scenario. As pointed out in Ref. [253],
C’P-violating terms in the matrix of squared Higgs masses scale with Im [pA;] /M3y
Thus, the enhanced higgsino mass parameter leads to more sizeable effects of ¢4, on
o, where ¢ can be as low as 60% in a small region at relatively low My+ and tan 8. In
addition, § is smaller than —30% in the upper left half of the analysed parameter plane.

This significant suppression of o for u = 500 GeV does not exclusively occur in the
M, ,anOd’L scenario. It can be observed, for example, also in the light 7 scenario whose
default value of p is 500 GeV, see Fig. 10.3(d). The contours of 0 from ¢4, = 7/2 resemble
the pattern in the M;"°* scenario with the same values of p and ¢a,.

Hence, our analysis of modified cross sections in presence of ¢4, # 0 is in agreement
with the predicted strong dependence of CP-violating effects on the imaginary part of
the product of uA;. The effects for u = 200 GeV and ¢, = /4 in the M;™" scenario
are of the order of a few percent and therefore expected to be hardly detectable. In the
same scenario, but with the maximal ¢4, = 7/2, the most significant effects arise in the
deeply excluded region at low Mpy+ and very high tan 8, but the moderate effects in the
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10.2 Relative impact of ¢4, on cross sections

center of the analysed parameter plane might be required to be included for an accurate
interpretation of Higgs searches in a complex benchmark scenario. The impact of ¢4,
is even more pronounced in combination with a larger value of u so that effects of the
order of those in Figs. 10.3(c) and 10.3(d) are expected to lead to a significant shift of
exclusion bounds obtained for the corresponding scenarios with real parameters. We will
recalculate exclusion limits in Sect. 10.3, where we will directly compare the theoretical
prediction with and without the interference term.
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Figure 10.3.: Relative impact 6 = (04 — 09)/0¢ of the phase ¢ = ¢4, on the cross section
o(bb — 7777) via Higgs propagators including the full mixing. (a-c): M ;Ln°d+
scenario with p = 200GeV and ¢4, = 7/4 (a) versus ¢4, = 7/2 (b) and
= 500GeV, ¢4, = /2 (c). Light 7 scenario with p = 500 GeV, ¢4, = 7/2
(d). The white areas correspond to |Mp, (¢a,) — M, P| > 3 GeV.
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10.2 Relative impact of ¢4, on cross sections

10.2.2. Distinction between interference and other phase effects

In the previous section, we have discussed the effect of the phase ¢4, by comparing
the cross section o(¢4, # 0) in the case of complex parameters with o(¢4, = 0), both
calculated using the full mixing propagators. In this section we would like to disentangle
the overall phase effect (influencing not only the interference term, but also masses,
couplings and widths) from the pure interference effect. We investigate both effects in
the M. ,TOCH scenario with g = 1000 GeV. In order to avoid tension with present or future
EDM constraints on ¢4, (see Sect.3.4), we restrict this phase to the value of 7/4 in this
section.

Fig. 10.4(a) shows the overall phase effect § defined in Eq. (10.3) based on the full
propagators. Similar to Figs. 10.3(c) and 10.3(d), the most significant effects arise for
low M+ and low tan /3, here down to a minimum of 6 = —96.8%, whereas in the central
part of the parameter plane § ranges from —10% to —20%.

In contrast, for the determination of the pure interference, we switch to the Breit-
Wigner propagators where the mixing is expressed by the Z-factors. The performance of
this approximation confronted with the full propagators has been examined in Chapter
6 where we found very accurate agreement between both calculations, with only small
deviations in scenarios of large mixing. The M. ;LnOd’L scenario with p = 1000 GeV and
¢4, = m/4 exhibits indeed substantial mixing. We therefore calculate the relative
deviation € between the cross section og, based on the full propagators and the cross
section 02W% based on the coherent sum of Breit-Wigner propagators with Z—factors,

coh
where the total widths are obtained from the imaginary parts of the complex poles,

0BV (¢a,)
€= () 1. (10.4)

Fig. 10.4(b) reveals that both methods agree very well, with a maximum deviation of
+2% around My« = 500 GeV, tanf = 28 and of about 0.8% along the green band.
Otherwise the two calculations lead to the same results within 0.1%. Hence the use
of Breit-Wigner propagators is suitable in this context. As highlighted in Sect. 6.2.4,
the formulation of the Higgs propagators in the mass basis conveniently enables the
separation of the individual resonances. Their incoherent sum is denoted by ojycon and
the coherent sum including the interference term by oo, both calculated with ¢4, # 0.
As a measure of the relative contribution of the interference term

Oint = Ocoh — Oincoh, (105)
we define
_ Ucoh(¢At> 1= O'int((bAt) ‘ (106)
Oincoh (¢At ) Oincoh (¢At )

Fig. 10.4(c) displays n, which indicates a destructive interference, i.e. n < 0, throughout
the parameter plane (apart from the red region of 0 < 1 < 0.4% in the lower left
corner and the narrow stripe at My+ < 130GeV). 7 reaches a minimum of —96.9%
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at Mg+ = 480GeV, tanf = 29 so that the cross section is almost completely erased
by the drastic, negative interference term. Around this minimum, there is a “valley” of
substantial destructive interference, covering large parts of the My«-tan 8 plane.

M™% =1000GeV, ¢y, =1t/4: 6 [%] My, y=1000GeV, ¢a =11/4: € [%]
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Figure 10.4.: Impact of ¢4, = m/4 in the M ,ILHOdJr scenario with y = 1000 GeV on the cross
section o(bb — 7777) via neutral Higgs bosons: (a) overall phase effect 6, (b)
relative difference € between the full propagator mixing and the Breit-Wigner
approximation with Z-factors using the total width I'™ from the imaginary
part of the complex pole, (c) pure interference effect n based on Breit-Wigner
propagators with '™ and (d) 1 based on Breit-Wigner propagators with the
total width I'*°* from FeynHiggs.
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In Fig.10.4(c), the Breit-Wigner functions APW are based on the total widths I}™
obtained from the imaginary part of the complex pole, see Eq. (6.40). By contrast, the
total widths I'}* as the sum of the partial widths according to Eq. (6.39) from FeynHiggs
are inserted into the Breit-Wigner propagators in Fig.10.4(d). Due to the p* = 0
approximation of the partial two-loop self-energies used in FeynHiggs, F}Lr: corresponds
to a tree-level width. The total width I'}" reaches significantly larger values than T},

particularly in the interference region due to the Z-factor enhancement. As a consequence,
the cross section is suppressed by the larger width, as in Sect. 6.5, resulting in a substantial
difference between of)/2(T')") and ofy 2(T'i°"). However, the pronounced dependence on
I'y,, cancels out in the ratio in Eq. (10.6) so that the results of 7 in Fig. 10.4(d) are nearly
identical to those in Fig. 10.4(c). Within the region of most significant interference, where
n < —50%, both implementations of the total width agree with each other at a precision
of 2%. For Mpy+ < 300GeV or tan 8 < 8, the two methods lead to slightly different
results of 17 because in that region the mass differences between the M), are larger than in
the decoupling regime. So the precise values of the total widths do matter in the question
if or how much two close-by, but not exactly degenerate, resonances overlap. This affects
mainly the interference between h; and hs. In the remaining parameter plane, hy and hs,
which are involved in the relevant interference, are quasi degenerate while h; is much
lighter. Therefore the hy — h3 overlap is equally fulfilled also for a smaller width because

My, — My,

Rsy =
32 Ty, + Tn

<1 (10.7)
(see Fig.10.5(a)) for any method of the total width, and the relative deviation of the
two versions of 7 does not exceed 5%. Hence, while I'}°* gives a more complete result,
both versions of 7 are equally suited for determining the impact of the interference on
exclusion bounds. Here we use F}l‘f, which matches the method of full propagators.

In order to understand the location of the strongest interference, we examine the
couplings that play a role in the interference term compared to those in the incoherent
sum:

_ 2Relgnorr Gnath Ghyrr Gingti)
|Gharr Ghotb|* + |Gharr Gnavs|?’

(10.8)

C23

where g, ;7 with @ = 1,2,3, f = 7,b are the tree-level couplings g;,; from Eq. (3.49)
for i = h, H, A, combined with two-loop Z-factors from FeynHiggs-2.10.2 according to
Eq. (5.73):

Ghaff = Z4iGipy- (10.9)
i=h,H,A

Since the masses m., m, and other constants cancel out in Eq.(10.8), the ratio cy3
is determined by the Z-factors and the angles cosa and sin /3. Fig.10.5(b) shows
that co3 already indicates the interference region whereas effective couplings based on
real U-factors in Fig. 10.5(c) or the pure tree-level couplings in Fig. 10.5(d) yield a
completely different pattern. The interference contribution in the squared matrix element
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is proportional to [45]
M2, o ¢5* 2Re [(c Zion Zigyy + 5273 Z05,1)> A8 (s )A§W*(s)] . (10.10)

In the decoupling region of my > My and for tan 8 > 1, the heavy Higgs bosons hy
and hs have very similar masses M}, >~ M, and widths I'y, >~ I, so that the product
ABW () ABW*(s) ~ |ABW|2 becomes approximately real. In this limit, the relations
Doty =~ Zisa and Ziga =~ —Zapr and cos o ~ sin 8 simplify Eq. (10.10) to:

IM(Z, oc —8t§ (ImZoy ReZps — ReZoy ImZya)* |AFY ()2 (10.11)

Hence Eq. (10.11) reveals that in the decoupling limit the interference term of hy and
hs can only contribute substantially if the two following conditions are met. Firstly, a
large mixing is needed. This means that the 2-3 submatrix of 7 must not be purely
diagonal (ZQA = sy = 0, Ziogy = Zigps = 1) or purely off-diagonal (ZQH = Zas = 0,
Z2 A= = 7. 3g = 1), where one of the mass eigenstates would be a completely H-like scalar
and the other a completely A-like pseudoscalar. Instead, all four involved Z-matrix
elements should have non-vanishing values.

Secondly, a non-zero interference term requires imaginary parts of the Z—factors,
which originate from the imaginary parts of the Higgs self-energies. Consequently,
replacing the Z-factors by real U-factors in an effective coupling approach renders the
interference term zero in the decoupling limit even though the U-matrix may contain
equally large diagonal and off-diagonal elements. Even if the conditions of mixing
elements and imaginary parts a fulfilled, there might still be a cancellation between the
two terms within the bracket in Eq. (10.11).

Outside the decoupling limit, with unequal masses, widths and mixing properties
of hy and hs, the full product of angles from the couplings, Z-factors and complex
Breit-Wigner functions has to be taken into account. Thereby, a significant interference
term can also arise without the above-mentioned conditions. However, in the relevant
part of the considered parameter plane, the decoupling limit is reached. Given the
quasi-degeneracy of M}, and M}, shown in Fig. 10.5(a), the structure of the Z-matrix
provides in fact a well-suited indication of the relevance of the interference term. In
particular, the square of the bracket and the absolute square of the Breit-Wigner function
in combination with the overall minus sign in Eq. (10.11) explain the observed destructive
interference effect.
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10.2 Relative impact of ¢4, on cross sections

R3z = (Mp,=Mp,) I(Th,+Th,)
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Figure 10.5.: (a): Ratio R3z of mass difference M}, — M}, and sum of total widths I'y, +'p,.
(b): Ratio cg3 of couplings in the interference term compared to those in the
incoherent sum, including Z-factors; (c): as in (b), but including U-factors;
(d): as in (b) , but for tree-level couplings with neither Z nor U. All values are
obtained from FeynHiggs.
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10 Interference and complex phase effects in Higgs searches at the LHC

10.3. Impact on exclusion limits

Given the remarkably large interference effects that we encountered in the previous
section, it is necessary to reconsider the interpretation of experimental searches for
additional neutral Higgs bosons if one wants to include complex phases in the MSSM.
The interference terms between hy, ho, hg need to be included in the theoretical prediction
in order to allow for a consistent comparison.

In order to include the interference effect in the evaluation within HiggsBounds-4.2.0
[247-250], appropriate input data is needed in the form of modified individual contribu-
tions of hi, ho and hs. Therefore, the overall interference o;,; term is split into the three
combinations of h, and h; (a,b=1,2,3):

0 =0p + Ohy + Ohg + Ointyo + Ointy3 + Ointys (1012)
= o, 14 Tint1o + Ointy3 + Ohy 1+ Ointqo + Ointos + Ohy 1+ Ointy3 + Ointos
2 ghl 2 Uh2 2 O'h3
(1013)
= op, (L+m) + on, (L4 n2) + ony (1+13), (10.14)

where the individual interference contributions 7, for each Higgs boson h, and b, ¢ # a
are defined as

Uintab + O-inta,c

10.1
o (10.15)

Na =

The 7, are applied to modify the prediction of o(bb — h,) in the input data for
HiggsBounds by rescaling

oMSSM(ph — h,) oMSSM(bh — hy,)
_ - (14, 10.16
oMb —s hy) e SR (10.16)
for @ = 2 and 3 while the effect for h; can be neglected in the present analysis.

HiggsBounds then compares the modified production ratio, normalised by the SM
expectation, times the MSSM branching ratio of h, — 777~ with the observed limit. The
reduced rates on account of the destructive interference term between hy and hs lead to
an interesting outcome: Some parameter points that are excluded when the interference
term is not taken into account despite the non-vanishing value of ¢4, = 7/2 or in the
CP-conserving case where the interference term is absent have a model expectation
smaller than the observed limit if the CP-violating interference term is included. Conse-
quently they can no longer be excluded at the 95% CL. For the ]\/[;LnOdJr scenario with
= 1000 GeV and ¢4, = m/4, such an effect is shown in Fig. 10.6, where the blue region
corresponds to the conventional use of HiggsBounds based on the sSNWA, i.e. neglecting
the interference term. In contrast, the interference term parametrised by 7, and n3 is
taken into account in the results shown in red. We notice that a substantial, previously
excluded area centered between Mpy+ ~ 450 GeV and 700 GeV for tan 5 between roughly
18 and 32 remains now open, following the shape of the region where the interference
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10.4 Summary and outlook: C# interference in LHC Higgs searches

effect is most significant in Fig. 10.4(c). Furthermore, the exclusion bounds are slightly
weakened in the high-Mpy+ range.

60

50

¢a,=11/4, N0 Int
P a,=77/4, with Int |

I
200 400 600 800 1000
My [GeV]

Figure 10.6.: Parameter regions excluded by HiggsBounds for p = 1000 GeV, ¢4, = /4
without the interference term (blue) and including the interference term (red)
by modifying the input data for HiggsBounds with 7 (see text).

10.4. Summary and outlook: CP-violating interference
in LHC Higgs searches

In this chapter, we have investigated the impact of the phase ¢4, on the cross section
o(bb — 7+77) via Higgs exchange, both in the full propagator calculation and in the
approach of Breit-Wigner propagators and have found very good agreement between these
two methods. A complex phase does not only give rise to a CP-violating interference
term, but it also affects for example masses, widths and the mixing structure. The effect
of ¢4, is amplified by a large value of u, which we evaluated for different combinations of
pand oa,.

In a second step, we disentangled the overall phase effect from the genuine interference
effect. By exploiting the formalism of the Breit-Wigner propagators in the mass basis to
treat each resonance separately, we calculated the difference between the coherent and
incoherent sum of the contributions of three neutral MSSM Higgs bosons. We found
very large, negative interference effects in the M ,inOCH scenario with g = 1000 GeV and

145



10 Interference and complex phase effects in Higgs searches at the LHC

¢4, = m/4, which arise from the strong propagator mixing that is also reflected by the
Z-matrix. In particular, the imaginary parts of the Higgs self-energies are essential for a
sizeable interference term between hy and hs in the decoupling limit.

Such a drastic interference effect can reduce the theoretical prediction for the MSSM
Higgs production from bb and the subsequent decay into 77~ so significantly that it
becomes smaller than the actually observed limit. Consequently, a noticeable region of
the parameter space that was excluded in the case where the interference term was absent
cannot be excluded anymore if the interference is properly taken into account. This
scenario highlights the importance of the interference term in the correct interpretation of
experimental results and motivates further studies of C’P-violating benchmark scenarios.

In future investigations, we will analyse the impact of additional imaginary parts of
MSSM parameters that influence the Higgs sector notably, such as the phase ¢y, of the
gluino mass parameter, ¢, (albeit severely constrained) and independent phases of ¢4,
and ¢4.. In order to improve the sensitivity to interference effects at low and medium
values of tan 3, we will also include the interference term in the process gg — h, — 7H77.
In conclusion, the above studies motivate the analysis of experimental results in run II of
the LHC in scenarios with complex parameters, taking interference effects into account.
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Chapter 11.

Conclusions

In this thesis we have investigated interference effects of new particles beyond the SM,
particularly in the Higgs sector of the MSSM both for the cases of real and complex
parameters. We have approached this topic from three different perspectives - from aspects
of higher-order calculations over the development of a new method to the comparison
with LHC data.

In Chapters 7-9, we have formulated and validated a model-independent method
to facilitate the calculation of interference terms between quasi mass-degenerate par-
ticles in an on-shell approximation, incorporating also higher-order corrections. Our
method thereby extends the standard narrow-width approximation, which does not take
interference terms into account.

In Chapters 5 and 6, we have analysed the mixing structure of neutral Higgs bosons
in the MSSM including the case of C'P-violation induced by complex phases. We have
derived an approximation of the full propagators in terms of Breit-Wigner propagators
and on-shell mixing factors, which conveniently allows to calculate the interference term.

Finally in Chapter 10, we have studied the phenomenological implications of inter-
ferences between neutral MSSM Higgs bosons for the case of complex parameters in view
of the search results at the LHC. Strongly destructive effects open up parameter regions
that would be regarded as excluded if no interference terms were taken into account.

In the following, we will summarise our main results of these three directions.

Higher-order mixing and CP-violating effects in the MSSM Higgs sector

The Higgs sector of the MSSM is via loop diagrams highly sensitive to parameters from all
MSSM sectors. Particularly, if some parameters have imaginary parts, these lead to CP-
violation in the Higgs sector so that the neutral scalars h, H and the pseudoscalar A mix
into the mass eigenstates hy, ho, hs. Neglecting mixing with Goldstone and gauge bosons,
the full propagators of the interaction eigenstates, containing momentum dependent
mixing self-energies, have three complex poles. We derived analytically that the full
propagators can be approximated by Breit-Wigner propagators of the corresponding
mass eigenstates, multiplied by on-shell wave function normalisation factors (Z) We
tested and confirmed that the Z-factors accurately reproduce the mixing properties,
in particular also the imaginary parts, while the Breit-Wigner propagators contain
the leading momentum dependence. A single Breit-Wigner propagator arises from the
expansion of a full propagator around one of its complex poles. By taking the sum
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of all three Breit-Wigner propagators combined with the appropriate Z-factors for the
transition between mass and interaction eigenstates, this approximation is valid in all
resonance regions and covers especially also the case of nearby poles and overlapping
resonances. The formalism of Breit-Wigner propagators and Z-factors benefits from the
possibility to implement the most accurate value of the total width, including higher-order
terms beyond those present in the full propagators. Furthermore it enables to separate
the contributions of each of the mass eigenstates and to determine their interference
conveniently.

Interference effects in BSM processes with a generalised NWA

We developed a generalisation of the well-known NWA in order to include also interference
terms in the useful factorisation of a complicated process into the on-shell production and
the subsequent decay of an unstable particle with a narrow width. Interferences in BSM
models can occur if the mass difference of two states is smaller than the sum of their total
widths such that their resonances overlap. We factorise the interference contribution
in terms of on-shell matrix elements, which can optionally be further simplified as
interference weight factors and a process-independent integral to be combined with
the standard NWA. Processes with many external legs can often be calculated at tree-
level without the NWA. Hence the main advantage of the generalised NWA lies in the
application to processes where the factorisation into production and decay subprocesses is
indispensable to make calculations at higher order feasible. Therefore we introduced the
gNWA both at lowest order and for one-loop and real corrections in a UV- and IR-finite
way, as we showed explicitely.

For a validation of the gNWA concept, we calculated the decay width T'(Y] —
XU7t77) on the one hand as a three-body decay via intermediate Higgs bosons and
on the other hand factorised into two steps of the two-body decays X — X%h/H and
h/H — 777~. Both calculations were performed at the tree-level and at one-loop order
with additional soft photon radiation, supplemented by two-loop Z-factors, which account
for the h — H mixing. In the modified M;*** scenario with real parameters we found a
substantial destructive interference effect between the two CP-even Higgs bosons if their
mass difference is smaller than the sum of their total widths and mixing is present. This
caused an enormous discrepancy between the SNWA and the three-body decay by up
to a factor of 5. In contrast, the gNWA reproduced the unfactorised result within an
uncertainty of few percent. Calculating the full lowest-order result and factorising only
the loop contribution further improved the accuracy of the gNWA prediction. Hence our
gNWA is a useful tool to combine higher-order and interference effects while maintaining
the beneficial factorisation into production and decay (as long as non-factorisable terms
such as box diagrams are small). Moreover, higher-order corrections to each of the
subprocesses can be readily combined resulting in terms beyond the achievable order of
the unfactorised process. We introduced the gNWA in a model-independent way so that
it can be applied to other processes and BSM models.
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Impact of complex phases on Higgs searches at the LHC

Interference effects between Higgs bosons can become highly relevant in the assessment
of excluded and allowed parameter configurations. While the CP-conserving interference
between h and H is restricted to a narrow parameter region with real parameters, hs
and hz can be quasi mass-degenerate, mix and interfere in a large part of the MSSM
parameter space in the case of CP-violating phases. The dominant influence on the Higgs
sector is caused by the phase of the trilinear stop coupling, ¢4,, which is augmented
by large values of u. We studied different combinations of ¢4, and p as modifications
of the M;ln‘)dJr scenario. For the process of bb — hi2s — 777~ with g = 1000 GeV
and ¢4, = 7/4, we distinguished the overall non-zero phase effect from the genuine
interference effect. We found a drastic destructive interference between ho and hs of up
to —97% in the decoupling regime so that a considerable parameter region escaped the
exclusion bounds.

In conclusion, interference effects between quasi mass-degenerate particles can be
very important in the interpretation of experimental results from searches for new physics
at the LHC and future colliders. We provided model-independently a generalised NWA
for the efficient calculation of interference terms at higher order. Particularly in the
MSSM Higgs sector with complex parameters, huge CP-violating interference effects lead
to a significant shift of current exclusion limits. In order to fully exploit the eagerly
awaited data of the LHC Run II, such effects should be taken into account as precisely
as possible.
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Appendix A.

Parameter values in MSSM scenarios

Scenario M e mod. Mpax | pfmedt CMedt light 7
Reference || [168,169] | our modification | [167] | our modification | [167]
Msusy 1000 1000 1000 1000 1000
M; 1000 1000 1000 1000 245
X,/Msusy p 25 1.5 1.5 1.6
Ay Ay Ay Ay Ay Ay
A, Ay Ay Ay Ay 0
Ay, 0 0 0 0
da, 0 0 0 var
I £200 200 200" 200" 500
M,y GUT 100 GUT GUT GUT
Ms 800 800 1500 1500 1500

Table A.1.: Overview of parameter values in GeV (apart from the dimensionless ratio) for
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scenarios that are used or referred to in this thesis. X; is given in the on-shell
scheme. A; = X; 4+ pcot S in all listed scenarios. GUT denotes the relation
in Eq.(3.13) between M; and M. The asterisk denotes the variation p =
+200, £500, £1000 GeV. var implies variation, in this thesis ¢4, = 0,7/4,7/2.
Further details can be found in the references.



Appendix B.

Details of the renormalisation of the
neutralino-chargino sector

B.1. Renormalisation transformations

The counterterms of the elements of the neutralino and chargino mass matrices X,Y are
given by

oY1 = 0 M, (B.1)
5X11 = 5Y22 == (SMQ (B2)
5X22 = —5}{34 = —5}/213 = (S,u (B3)
(SMW 585) 85(5M2
0Xip= |+ —2 ) Xpp = W V2s5¢% My ot B.4
12 ( My 55 12 \/§MW gt iwolg. ( )
O My, 605> SMZ,
0Xo = \/_MC————\/_M czs30t B.5
21 (MW cs weg My \/5 wtpogltp ( )
Yy = 6Yy = ‘;@\ZW SM2 + Myswssc3ts + Myssdsw, (B.6)
z
0Yo3 = 0Y39 = ;8]\04“/ SMZ + MZchBSB(Stﬁ — Mycgdew, (B.7)
z
0Yoy = 0Yyo = _;i\jw SMZ — MZCW55CQB(5155 — Myzsgoew, (B.8)
z
5}/13 = 5}/31 - _CQB]\ZW(SMZ + Mzswcgsﬁ(stﬂ Mzcﬂésw. (Bg)
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B Details of the renormalisation of the neutralino-chargino sector

We obtain the renormalised Lagrangian

1= [ 1 5 1o
Lyo = 5X0 |1+ 5025 )i + (1 + 552§)ikwL]

. [_pékl — LUL(N*{Y + (5Y}NT)]€1 - wR(N{YT + 5YT}NT>M}

1 1 -~
(1+ iéZé)lij +(1+ §5Z§)ljw}z} Xj

[ 1,
= L3+ SXpl5 (075" + 025 ) wr + 5025 + 025) wiliiXj
Y —— —_—
AzE AXE

1= 1 _ ~
— §X?wR[N5YTNT - §(NYTNT525 +6ZyNYTNT)]; X0

-
S
~ASSE

1= 1 _
— §XZ wr[N*0Y NT + 2(N*YNT520L +6ZEN*YND]; X9+ O(8%). (B.10)

~
SL
—AXY

B.2. Parameter renormalisation in the NINNIN schemes

In a general scheme with X7, X and X} on-shell, the solution of Eq. (4.38) implies [45]

8| My| = [(Re{e ™" NisNis}Re{ N7} — Re{e "*N;3N}Re{ N3 }) Ny,

Re{e "% Nj3N;4}Re{e "1 N2} — Re{e™ " Ny N JRe{ N} N,

Re{e ™" Ny N }JRe{ N3} — Re{e ™ Nis Ny }Re{ N2 })N;]/L (B.11)
(Re{e """ NjsNj JRef{e """ N3} — Re{e "% Nz Ny JRe{e "1 N7 }) Ny

+ (Re{e " Nyg N YRe{e "1 N2 } — Re{e "% Nj3N;s JRe{e "1 N}, })N;

+ (Re{e ™" NigNiaJRe{e 7" N } — Re{e ™" Nig N JRe{e ™1 N })N;] /L
(B.12)

+ +

6| M|

[
(
(
[
+(
+(

ol = —[(Re{Np}Re{e™ 1 N7} } — Re{e™" " N tRe{ N}, }) Ny
+ (Re{ jQ}Re{e i NE Y~ Refe” 1¢M1N1}R6{Nk2}>
+ (Re{ N}, }Re{e™ "1 Niy } — Re{e™"*"1 N JRe{ N, })N;]/(2L), (B.13)
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B.2 Parameter renormalisation in the NNN schemes

where we defined the following shorthand notations:

N; = Re{mg [E,ﬁ(m%o) + Eg(m%)] + [EZL(mQ ) + S5E(m2, )]}

X7 X7

2 4
—4) > " YyRe{ Ny Nu} (B.14)

k=1 =3
L :=2(Ref{e” "1 N2, } [Re{e™ "% NisNig}Re{ N7} — Re{e " Nj3N;4}Re{ N} } |
+ Re{Np} [Re{e ™" Nj3Nj }Re{e "1 N3} — Re{e " Nz Ny }Re{e "1 N7 }]
+ Re{e " NigNia} [Re{ N3} Re{e 1 N2} — Re{N}}Re{e 1 N7 }]). (B.15)
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Appendix C.

Kinematic relations

We list some basic kinematic relations that are useful for the calculation of decay
widths [23,216].

2-body decay

For a decay with p, — ps, ., the momenta and energies in the final state are determined
by the following mass relations.

v (mg — (my + me)?) (mg — (my — me)?)

71 = Il = 172l = - ()

e = (et (Sl ©2)

= +2an_ m (C.3)
2 _m2 4 m2

B, = 2”;; Te (C.4)

Special case of equal masses In the case of particles with the same mass m, = m,
in the final state, the energies are reduced to
m 2

a . . ma
Ey=E.= > ) = |p)* = 1 m;.

Width With the 2-body phase space and the flux factor F' = 2y/s = 2m,, the
differential width reads

1 2 47- . 1 2 ’p77|
dl’ = F|M| dlips(a; b, c) = %M/H HgdqédCOS 0. (C.5)

3-body decay

The phase space is more complicated for 3 particles in the final state: a — b, c,d. With
pij = pi +p; and mfj = p?j, it is convenient to choose a frame in which a pair of particles
is produced at rest. According to the three possible pairs within the three-body final

154



state, there exist three equivalent, so-called Gottfried-Jackson frames [186]. With the
choice of the bec-rest frame p, + p. = 0, the phase space can be parametrised in the
following way [23]:

1 1 1

dl' = 2dEydE, =
ma|M| e 2n)3 )332 3

)73 | M|2dm; dm?2, (C.6)

The energies

2 2 2

2
—Mpe + My — My

2 2
B — My — My, +mc

c

E; = (C.7)

2mbc mec

are the boosted energies of ¢ and d in the my,. rest frame. The integration limits of m.4
are functions of my. which itself is limited by the kinematic bounds of the momentum

relation p, — pg = Py + Pe:

(E* + Ed /E*Q _ m2 + /E’*Q m2)2 < mZd
< (EX+ E3)? — (VE?2 —m2 — /B2 —m?)? (C.8)

(my + mc) <mi, < (mg —my)>. (C.9)

The upper bound is reached if particle d is produced at rest, the lower bound if b and ¢
are at rest.
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