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SUMMARY

Beyond MSSM (BMSSM) Models provide natural solutions to the little hierarchy prob-
lem in minimal SUSY theories. Well studied extensions of the MSSM can be organised
in an effective operator approach utilising the merrits of an Effective Field Theory to
study BMSSM effects. Lifting the lightest Higgs mass to the current LHC bound of
126 + 0.4 + 0.4 GeV [8] [9] through the stop loop contribution, BMSSM effects can make
significant changes to the upper bounds of Higgs and top squark masses. BMSSM cor-
rections to MSSM Feynman rules are leading to new processes but also significant contri-
butions to in leading order ﬁ to the MSSM amplitudes. In this work we are exploring
effects on the Higgs sector mass spectrum and also Higgs interactions in the setup of [1].
The theoretical foundation for Supersymmetry is presented and a motivation for Beyond
minimal SUSY models is outlined. The MSSM Higgs sector is presented, followed by an
elaborate demonstration how BMSSM contributions in the effective operator approach [1]
affect the MSSM Higgs mass spectrum and processes. Finally as an original contribution a
full list of Feynman rules for all cubic and quartic BMSSM tree level vertices is presented

and discussed.
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Chapter 1

Introduction

The Minimal Supersymmetric Standard Model (MSSM) is a well-motivated model for
supersymmetric New Physics that might be observed at the LHC. However, the recent
LHC discovery of the Higgs mass of 126 £+ 0.4 + 0.4 GeV [8] [9] requires the MSSM scale
to be rather high compared to the weak scale, leading to an unnatural hierarchy. This
suggests the presence of additional physics beyond the MSSM (BMSSM), lifting the lightest
Higgs mass in a more natural way. The aim of this work is to elaborate and to arrive at a
broader understanding how far BMSSM physics in the set up of [1] will affect observables
at the LHC. Most importantly, how it will effect the Higgs sector.

Effective Field Theories as in [1] have the merit to allow a model-indipendent describ-
tion of a large class of extensions of the MSSM. Those extensions by higher-dimensional
operators can have important impact on the Higss sector of the MSSM. As further demon-
strated, the leading order 1/M contributions to the MSSM are only extended by 2 pa-
rameters, while M is the mass sclae of the BMSSM particles. As the Higgs potential in
the MSSM is rather restricted at tree level those corrections are significant even if the
parameters are in relatively small order of u/M and lead to qualitative new effects. As
demonstrated in [1] they can distinctively destabilise the MSSM minima and have signif-
icant consequenses for the Higgs masses and couplings. If M is not too far away from
the EW scale, the next to leading order 1/M? effects become more relevant due to the
smallness of the quartic tree level couplings. Even if the expansion parameter is relatively
small a subset of quartic coupling encounters a correction coefficient of order ¢g. A study
of consequences for Higgs masses and couplings up to order M? is given in [1]. Imposing
constraints from LEP and Tevatron and expanding the collider physics for the signals
which were expected for the LHC it turned out that there are large corrections to the

CP-even Higgs mass and the decay pattern is remarkably different, especially CP-even
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branching fractions into gauge bosons which are non-standard and ’exotic’.

Motivation of this work

In this work we explored the impact of the tree-level 'BMSSM’ Higgs sector in the setup
of [1]. Whereas implications for the MSSM mass spectrum are discussed in [1], we are
presenting a set of Feynman rules for the BMSSM Higgs boson interactions. A list of
BMSSM contributions and additional BMSSM interactions is pliable, which will be needed
to probe the LHC sensitivity to BMSSM parameters.

This thesis is organized as follows

A minimum of theoretical foundations to understand the origin and systematic of the
MSSM is given in Chapter 2 where motivations for BMSSM models are introduced. In
Chapter 3 the idea of the BMSSM in the effective operater approach of [1] is outlined
and its Higgs spectrum is dicussed. In Chapter 4 the Feynman rules for the BMSSM are
presented and discussed and an overview of the current literature on improved BMSSM
studies on the MSSM Higgs sector is given. The content of the theses will be summed up

and an outlook is given.
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Chapter 2

The MSSM

The following introduction to the origin and systematics of the MSSM is in excerpts taken

from [26] except for Section 2.3.

The Standard Model (SM) provides a very elegant theoretical framework to organize
elementary particles and their fundamental forces within a gauge group structure and
to describe the interactions and the phenomena of the processes between them. Experi-
mental tests highly agree with its predictions at the 0.1% level [6] [8] [9]. It is consistent
with both quantum mechanics and special relativity. By elementary particles the point like
constituents of matter with no further known substructure are understood. The particle
spectrum is classified in fermions (spin (s) one half) and bosons (integer spin). Fermions
are classified into leptons and quarks. The force carrier particles, the gauge bosons (s = 1),
mediate the fundamental interactions: the strong and the electroweak, whereas the latter
is the unification of the weak and the electromagnetic force. After electroweak symmetry
breaking the particles obtain their masses which originates in the Higgs mechanism caused
by one additional particle, called the Higgs boson (s = 0). As long as the elusive Higgs
had not been observed, the SM was not established as a complete theory. In 4 July
2012 the discovery of an unknown particle with a mass between 125 and 127 GeV/c? had
been announced at the facilities of the LHC [8]. It was suspected that it was the Higgs
boson. By March 2013, the particle had been proven to hold fundamental attributes,
like positive parity and zero spin, and to behave in many of the ways like the Higgs
boson predicted by the Standard Model. More data is needed to decide if the discovered
particle exactly matches the predictions of the Standard Model, or whether, as predicted
by some theories like the MSSM and BMSSM models, multiple Higgs bosons exist [2].
Nevertheless, the are numerous models that extend the SM for different reasons, among

them the MSSM, on which this chapter focuses, giving brief overview of the construction
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and the basic features of supersymmetric models. They provide a solution to the hierarchy
problem by means of a symmetry between bosons and fermions. Since Supersymmetry is
no observed symmetry in nature, it has to be broken in any model intended to produce
phenomenologically correct results. Therefore this chapter includes a short description
of the soft supersymmetry breaking Lagrangian. As an intermediate step on the way
to BMSSM models, the simplest supersymmetric extension of the SM is sketched, the
Minimal Supersymmetric Standard Model (MSSM). One of its conceptual problems, the
it problem, is discussed. As a possible solution BMSSM extensions as an effective theory

are presented in the next chapter.

2.1 Supersymmetry

Supersymmetry (SUSY) can be regarded as a symmetry between bosons and fermions.
In general, these models contain an equal number of bosonic and fermionic degrees of
freedom that group into so-called supermultiplets [2], each made up of a boson and a Weyl
fermion. In model without particles of spin greater than 1, there are two possible types of

supermultiplets:
e Chiral multiplets, containing a Weyl fermion ¢; and a complex scalar ¢;,

e Vector or gauge multiplet, containing a Weyl fermion A* and a massless vector field

Al

The particles in a supermultiplet are called superpartners. Since we intend to construct
gauge theories, we directly include the appropriate indices on the fields, so that ¢ runs over
some given representation of the gauge group, while a denotes the adjoint representation.

Superpartners have to transform in the same way under the gauge group, especially
DyX* = G\ — gf*e AL X, (2.1)

where ¢ is the gauge coupling and f®¢ are the structure coefficients of the gauge group,
which means that [t tb] = faebete if ¢@ are the group generators. The fermionic superpart-
ners of gauge bosons are called gauginos.

Interactions between chiral supermultiplets are described by a superpotential [2]. This
is a function W = W (¢;) of the scalar fields of the chiral multiplets which has the important

property of being holomorphic
ow

elon

=0 (2.2)
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The Lagrangian of a chiral superfield is given by
L= /d49K(c1>,<1>T) +/d20 W(®) +/d29‘(W(<1>))T , (2.3)

where K = )", <I>ZT<I>,~ is the Kahler potential and W is the superpotential [2][4][23] [24].
Here 6 and 6 are Grassmann spinor variables. Integration over these variables is defined

by:
/ d%00% = 1, / d%00° =1, / d*06%0% = 1, (2.4)

and all other combinations vanish. ® is a superfield, i.e. a function of z*, # and . An

infinitesimal supersymmetry transformation acts on this field by
®— & = (1+iQq +iaQY)D. (2.5)

The supersymmetry generator () is itself a spinorial supercharge fulfilling the fundamental

relation
{QuQL} =20 4P (2.6)
The covariant derivatives for supersymmetry transformations are given by
0 . =4
D, = 200 +i(0")aa0”0, (2.7)

and

_ 0
D' = —— + 196 O'/J ;

O (2.8)
A chiral superfield is a superfield satisfying the condition DBCD = 0. Its SUSY transfor-
mation (2.5) obviously also fulfills the condition. A superfield is chiral if it depends only
on ¢ and y, =z, + 90‘0,3‘505.

The most general renormalizeable Kahler potential of a chiral superfield is K (®, ®f) =
@L@k. The Kahler potential is real and W is a holomorphic polynomial, i.e. it does not

depend on ®' (for renormalizable theories the degree of W is at most 3).

The Lagrangian density for the chiral multiplet can then be written as
* . — 1 * *
Lanirat = D] D6 + i 6" Dty — 5 (Wigabiady + Wiswlwl) =WiWi(2.9)

where

oW
Wi= 25 (2.10)
PwW
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The |W;|? term Lepipal is called F-term.

The Lagrangian for gauge supermultiplets is
1 ot 1
Loauge = -3 Ff, P —iX"gH D, A" + §D“D“ (2.12)
where
Ff, = 0, A% — 0,A% + g f*c Ab A (2.13)

is the field strength tensor of the gauge field. If the gauge group is the product of several
simple groups — like in the SM — there is more than one gauge coupling. Using a suitable
set of generators, this effectively has the consequence that g will depend on a as well. D%
is an auxiliary field introduced for technical reasons. Its kinetic term does not have any
derivatives. Therefore, the equations of motion are purely algebraical and will be used
later to substitute the field, once the complete Lagrangian is known.

Finally, there can be interactions between gauge and chiral multiplets apart from the
ones coming from the covariant derivative. This is excpected since the covariant deriva-
tive only couples chiral multiplets to gauge bosons. The additional terms are “super-
symmetrized” versions of these terms, coupling gauginos and the auxiliary field to chiral

multiplets. The only ones allowed by gauge invariance and renormalizability are

(@it X, AT (Wlt50;) and  (¢itf;é5) D% (2.14)
With this, the complete Lagrangian can be written down:
L = Leniral + Lgange — V290t X — V2gA (0]t56)) + g(0it;0,)D* (215

where the couplings of the additional terms are fixed by supersymmetry.

The last thing to do is to eliminate the auxiliary field using its equation of motion

oL
~hr =0 (2.16)
= D" = —g(¢;ti;05) (2.17)

The scalar interaction originating from this are called D-terms.

The symmetry between bosons and fermions provides a solution of the hierarchy prob-
lem as mentioned above. For each loop contribution to the Higgs mass parameter there
appears a loop of the superpartner that has the same quadratic divergence except for a
minus sign that comes from the closed fermion loop. Therefore, the quadratic terms can-
cel, leaving only logarithmic contributions which do not cause a problem. This result can

rigorously be proven to all orders in perturbation theory.
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2.1.1 Supersymmetry breaking

Supersymmetric Lagrangians constructed as described in the previous section do not serve
as exact descriptions of nature. Otherwise superpartners of SM fermions would have been
detected long ago since superpartners always have the same mass. The conclusion is that
supersymmetry is not an exact symmetry of nature. The natural attempt is to break
SUSY spontaneously, but it turns out to be difficult to give phenomenologically viable
models in which this works. In any event, it requires an extension of the MSSM. A com-
mon approach is therefore to to simply add interactions that explicitly break SUSY softly
without specifing where they come from. Softly means that they should be renormalizable
and cause no quadratic divergences to scalar particles. Soft terms for such interactions

are [2]
e gaugino mass terms mgA*\?,

e scalar mass terms mgj ;¢ and bidi;,

e cubic scalar couplings a;;r¢0;¢;¢r (called A-terms) and CijkP; O Pk,
e linear terms t;¢;.

Other possibilities like fermion mass terms 1);1; can be absorbed into a redefinition of the
parameters mentioned above and the couplings in the superpotential. Further restrictions
can be made based on gauge invariance or other symmetries, given a specific model.

It is worth mentioning that all coupling constants in the SUSY breaking Lagrangian
have non-zero mass dimension. One expects that there is a characteristic scale mgg for
these terms. The scale of SUSY breaking should not be too far away from the EW scale.

The scale of SUSY breaking should not be too far away from the EW scale.

2.2 The Minimal Supersymmetric Standard Model

The MSSM is the smallest possible supersymmetric extension of the SM. It is based on
the same gauge group. The particle content is extended in essentially two different ways.
For each standard model particle, a superpartner is introduced [2]. Since gauginos are in
the adjoint representation, all SM fermions have to reside in chiral supermultiplets. Their
scalar superpartners are called sleptons and squarks. It should be noted that each Weyl
spinor has a scalar superpartner, so that there are, for example, two up-squarks. Just

like the fermions, they are called left- and right-handed, but this label only refers to their
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gauge transformation properties and is not connected to angular momentum in any way.
The scalar superpartners will be denoted with upper case letters: Q,U, D, L, .

The superpartners of the SM bosons are named by adding the ending “-ino” to the
name of the SM particles: higgsino, gluino, wino and bino, for the gauge eigenstates.
Their fermionic superpartners are denoted by putting a tilde over the respective boson
field: W,B,G, ...

In addition to this it is necessary to introduce a second Higgs (super-)multiplet. In the
SM, one Higgs doublet suffices to generate all fermion masses by the Yukawa couplings.
In a supersymmetric model, however, the last term is forbidden since the superpotential
would have to contain a term H*QU, which is not holomorphic in H. Therefore, another
Higgs multiplet with Y = 1/2 is needed. It is denoted by H,, while the Y = —1/2 doublet
is called H,.

The most general superpotential for the given superfields which is allowed by gauge
invariance would include terms like LQ D or U D D, which violate lepton or baryon number
and are phenomenologically strongly constrained. To solve this problem, a quantity called

R-parity is introduced [7]. It is defined as
R = (—1)*B-0¥2s (2.18)

where B and L are baryon and lepton number, respectively, and s is the spin. It is
constructed in such a way that all SM particles and all scalar Higgs fields have R = +1,
while all superpartners of these fields, differing in spin by 1/2, have R = —1. The latter
ones are collectively called sparticles. The MSSM is then required to conserve R, which
means that the product of R-parities of the fields in each interaction vertex must be +1.
An consequence of this is that each vertex must contain an even number of sparticles.
The most general superpotential allowed by gauge invariance, R-parity and renormal-

izability is

Wassm = (Ya)iiQiHuUj + (Ya)ijQiHaDj + (Ye)ij LiHqEj + nH Hg (2.19)

All terms inducing B or L violation are now absent. In order to complete the model, one

has to write down the soft SUSY breaking Lagrangian. It can be found for example in [3].

2.2.1 The p-Problem

The MSSM has a conceptual problem lying in the u parameter, the only parameter outside

of Lot having non-zero mass dimension. Both the dimensional couplings from the soft



FINAL THESIS: 12th May 2014 9

breaking Lagrangian and p enter the Higgs potential and thus determine the vacuum
expectation values (VEVs) of H, and H,;. But in contrast to the other parameters,
1 originated in the supersymmetry respecting part of the Lagrangian. There are two
natural assumptions concerning the size of y: it may either be zero by virtue of some
additional symmtery, or it is expected to be large, somewhere around the GUT scale. The
first case is excluded for phenomenological reasons, since it would cause masses of several
sparticles be unacceptably small. So p should be large. But then, without cancellations
between the various contributions to the Higgs potential — which can not be justified by
any mechanism inside the MSSM — the VEVs should also come out pretty large, much
higher than the electroweak scale, clearly contradicting experimental results. This is only
a formal problem, since one can manually adjust p to whatever value necessary, but it

makes electroweak symmtery breaking in the MSSM appear unnatural.

2.3 Masses, mixings and interactions

Review of the MSSM Higgs sector

The MSSM Higgs potential

The Higgs part of the MSSM superpotential is

/ d*0uH,Ha + h.c. (2.20)

The superfields H, 4 can be written in component fields, where H, 4 are scalars, H, 4

are spinors and F, 4 are auxiliary fields

Hy = Hy(y) + V20H,(y) + 00F,(y)

_ 1 __ ~
= Huy(x) +i00™ 00y Hy(z) + 700000 Hy(x) + V20H,(x)
i

ﬂeeamﬁu(m)amé + 00F, () (2.21)

My = Hy(x) + i00™80,, Ha(z) + i%e_éDHd(m) V30, ()
_
V2

where we expanded the fields around z,,. Inserting this into the puH,Hg-term of the

000, Hy(x)o™0 + 00 Fy(x) (2.22)

Lagrangian and ignoring the spinor fields qu,d (we only need the scalar potential), we

obtain

Ly = p / d*0 (H, + 0°F,) (Hq + 0°F;) +h.c. = p(H,Fy + F,Hy) + hee.  (2.23)



FINAL THESIS: 12th May 2014 10

The Kahler potential has the following form
/ 449 (%L"Hu + ’Hjﬂid) (2.24)

We are interested in the kinetic terms for F,, 4 (the kinetic terms for H, 4 are the ususal

scalar field kinetic terms 8“@5‘(%@5). One obtains:
(Li)r = Fu(x) Fy(z) + Fa(z) Fy(x) (2.25)

The Euler equation for the F' fields delivers us the equation of motion

d 9L 9L _

dz, 0(8,F;) OF, (2.26)

AF =F! 4+ pHy; =0 (2.27)
O(Lw + Lk) .+ _

o, =F)+puH, =0 (2.28)

These can be solved analytically for F,, 4 and plugged back into the Lagrangian to finally
yield the so-called F-terms of the scalar potential. In addition, the scalar potential contains
contributions from the soft Lagrangian and the D-terms. The final MSSM Higgs potential
is:

V =y, H,'H, +m},H, Hy —m?,(H,Hy + h.c.) (2.29)

2 12
g g
+ 5 (B H, + HyH)? - AHH) (H Hy) |+ 5 (3, H, - H )Y

=my, H, H, + 3 H, Hy — m?2,(H,H, +h.c.)

2 2 2 _ 2 2
g +g g —4g g
+ S ) 4 (i 2|+ S, ) () ) - P
where m2, is a soft paramter and m3; = |u* + mF; and m%]d = |p? + m%]d containing

Higgs soft masses m%{u,qud [2].

Spontaneous symmetry breaking

We use the following notation and sign convention:

H} HY
H, = , H,;= (2.30)
H? H;
H,H,=—-H}H, + H H)} (2.31)

The neutral fields H) and HJ develop vevs

(Hy) =vu, (Hg) = va. (2.32)
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In the following, we will try to substitue these vevs by more conventional variables like

the Z° mass and the angle beta using the relations

2m?
2, .2 _ 2 _ z
Uu + Ud =V = W (233)
% = tan 8 (2.34)
Vq
= v, =vsinf, wvg=wvcospf (2.35)
= v3 — 02 = v%cos? B — v? sin? B = v? cos(20). (2.36)

v, and vg can be expressed by the potential parameters. One substitutes the fields in
V' with their vevs:

2 12 2 /2 2

- N + -
V = iy, v+ iy, 0f — 2mgveva + S () + o) + S0kl - Tolvd (237)
2 2 2 2
- ~ 9 +g g +g
— m%]uvi + m%{dvfl — Qmidvuvd + —s (vﬁ + 1)3) T viv?l
2 ”2
- - g +g
= quuvi + m%{dvfl —2m?2 Ju,vg + 3 (v2 —v2)?

If we minimize the potential by 37‘;2 = 0 we obtain the vacuum expectation values of H?
and Hg. The second derivative % leads us to entries of the mass matrix and therefore
respectivly to the mass eigenstates und eigenvalues which are considered to be the physical
masses and fields.

The solution equation are

v _ov

i 2.38
avu (%d ’ ( )
this means
2, 2
2%y vy — 2m2gvg + 2 J;g (02 — v2)vy = 0 (2.39)
2, 2
anfqdvd — 2m?2 vy — J %2—9 (v2 —v3)vg = 0, (2.40)
respectively
~ 92 2 1 2
My, — My cot B — 5Mz cos(28) =0 (2.41)
~ 2 2 L
My, — Mygtan B+ oMz cos(28) =0 (2.42)
Expanding the fields around their vevs leads to
o 1 i

1 7
Haol :Ud—i-ﬁhd-i-ﬁgd
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hy,q and g, q are real fields. The charged fields H}tand H 4 do not develop vevs. In order to
insert the expansion (2.43) into the potential, the various potential terms will be considered

seperately at first (where constant terms will be dropped):

1
S0 T V2uuhy (2.44)

1
593 +V2u4hg (2.45)

H,Hy+hec. =2v,04 — Hf Hy — H "H; " + hyhg — guga + V20uha + V2v0qh,,.  (2.46)

1
H,'H, = v} + [HI [+ 5hi +

1
Hy Hy= v} + ‘HﬂQ + §h?1 +

For the higher powers, one obtains:

1 -~ h 1
SO)V(Hy P+ (va+ —£)2 + 2g3)  (2.47)

(H, L) ) = (P + (v + )2 + 5 Tl

V2
= \/ivuvghu + \/ivzvdhd + 2v,vghyhy
+vHT H + 2 (hd +g§) +ugH T H S + <h2 +92)

+ V2u,h Hy "Hy + —=(hyh3 + hyg3)

\f
\/_

+HHH; H, + —Hj[*Hj[hfl + §H;*H;g§

+V20ahaHy Hf + —%(hgh? + hag?)

1. 1
+§Hd_ Hdh§+—H "Hg?

1
+ 5 (huhi + higd + guhi + 9.93)

From this, (H,"H,)? and (H,H,)? can be read off by replacing all subscripts d — u and
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u — d, respectively (and of course the charges of the fields, i.e. H,l <> H; ). Finally:

\H Hy* = |HH;|* + |HHY|* — (H "H;"HJH) + h.c.) (2.48)

_ hy, 1 hy
= |H,l H, 1?4+ ((vy + ﬁ)z + 595)((% + E)Q + 592)

— (vwvaH H + —=H, H;" hy + i ~HIH] g4
xf \/— “

+ 7H+*H hu + szj*Hd gu + §H;*H;*huhd
* % _* 1 ¥

_H; H; hyga + §H;*Hd Guha + EH;*Hd Gugd + h.c.>

= H+*H_*H+Hd_ + V202 04hq + V20,030,

2
;(h g3) + “L(2 + g2) + 2vuvahuha

\/_

+ —(RAhG + higd + gohd + 9293)

© (huh3 + hyugl) + %(hdhi + hag?)

1
1
vpvgHY Hy +—H+*H ha+ i HY H " g4

V2 \/— v

d — % . __k %

+ %HJ*Hd o + z%HJ*Hd Ju + §H;*Hd huha
1 * 3 1 __k 1 %k

+§Hj Hj " hyga + §H;“*Hd Guha + §Hu+*Hd Gugd + h.c.>

The whole potential can be organized as follows:

V= chonst + Viin + unad + ‘/tert + unart (249)

where

Veonss = M3y, w2 + 3y vl? —m2 20,0, (2.50)

e
Vi = M3y, V20uhy + 3 V205hg — m2 (V20 + V2v0aha) + + - (\/_vu uh

) P+ g2 , , 2 — " ) )
- \/ivuvuhu> + (\/ivdvdhd + \/ivdvdhd) T <\/§vuvdhu + \/Evuvdhd>

8
2
— % (\/ivivdhd + ﬂvuvflhu> (2.51)
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Vq

uad — mH

2

24 (huhg — guga — HyY "H; " — HIHY)

g2+ 12

+ Tg (30202 + 1202 + 202 H H + 30203 + 033 + 203H, "H)

2 2
L9

(2@uvdh hq + v2 H; H + (hd+9d)

2 U2
ot Hg e gu>> L (%mz F) L0+ o))

2
+ 2v,vqhyhg — vuvdH;[*Hd_* — vuvdH:[Hd_)

* ko (¥ V.
(quJ Hf by + valy " Hyha+ Shl + Sthag

Vd
+— 9 hd + hdgd h hd
2 /2

2

(veHy "Hy hy + vaH Hy hy)

1 1 5 _ 1 1
7 (’HJ\Q + §hi + 595) +m, <’Hd >+ §h?z + —9621>

Y p g2 — hdh2 - —h )

( HIHjhg—iv HHy g4+ vaH, Hy hy —ivgH, Hj g, + h.c.)

(2.52)

(2.53)
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(H"HF)? + (Hy "Hy ) + Hy "Hh? + Hy "Hy b

2 12
+
unart = g 3 J

* ko 1 1 1 1 1 1
HHHY gy + Hy Hy gg + pha+ 90+ Shug + pha + 792 + 5haga
w1 1 1 1
~RHH Hy Hy - R - 5 - ot - 5ol

2 12
g —g * * _ _ ok o
+ (H"Hfni+H "Hf g3+ H;"H;h2 + H; "Hy g2)

2
+ gz (H Hy hyhg + H} Hy hygg + Hy Hy guha + HY H guga + h.c.)

The MSSM Higgs spectrum

As a consequence of the unbroken electromagnetic gauge symmetry there exists no mixture
between the charged and neutral fields, and due to CP symmetry there is no mixture
between the real parts of and the complex parts of H 2 4+ The various fields will be regarded

separately.

Neutral fields

The potential for g, g is

T
~ 9 2492/ 2 2 2
2 m2 2 4 £t (02 — v2) ’
9d ud Hy 1 d~ Yu 9d
The mass matrix is
2
=9 m 2 2 2
my, — —& cos(2) me, [ myqcot 3 miy (2.55)
~ m2 - I .
m2, m%{d + —Z cos(20) m2, m? , tan 3

One of the mass eigenstates is a Goldstone Boson, as a consequence the corresponding
eigenvalue is 0, which leads to a determinant equal to 0. In this case one can read off the

other eigenvalue as the sum of the diagonal elements.

mij = singéisﬁ - SIQIZ;%LE) (2:56)
The eigenstates are (G is the Goldstone):
A® = cos B g, +sin B gq (2.57)
G? = sin B gy — cos B gq. (2.58)
The gauge eigenstates can be written in terms of the mass eigenstates as
gu = cos f A® — sin 8 G° (2.59)

gq = sin B A + cos B G° (2.60)
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Usually all values will be expressed by mZZ, 8 and mi. The mass matrix for h, 4 can be

read to:

(2.61)

m?, cot B +m% sin® 8 m2; +m?% sin B cos 3

mid + mQZ sin 3 cos 3 mid tan 5 + mZZ cos®

m? cos? B +mZsin? B (m% +m?)sin B cos 3

(m% +m?)sin Bcos B m? sin? B+ m?% cos? 3

Using the formula for eigenvalues of a symmetric matrix

. (2.62)
c b

A:%(a+bi\/m). (2.63)

Applying some addition theorems one obtains

1
5 (% o P At (25) ) (200

2
Mo go =
hO H 2

(where m}zlo is the smaller eigenvalue) with eigenstates

nO o (\/('m?4 - m22)2 + 4m?4m22 sin2(28) — (mi — mZZ) cos(Q,B)) hy — (mi —+ mZZ) sin(28)hg (2.65)

HO (\/(m?4 - m2z)2 —+ 4m?4m2z sin2(28) + (mi — mzz) cos(2,6)> hg + (mi —+ mzz) sin(28)hg (2.66)

For notational simplicity, normalization factors were omitted. This can be written as

h® = cosa hy, — sina hy (2.67)
H® =sina hy, + cosa hy (2.68)
The mixing angle « fulfills
sin2a  mip +mipo )
sin28  m2, —m?2 (2:69)
HO hO
tan 2o m% +m?%
= 5 5 (2.70)

tan 203 m9y —m

Solving for the gauge eigenstates yields

hy = cosah®+sina H° (2.71)

hg = —sina h® 4 cos a H° (2.72)
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Charged fields

Finally one obtains the mass matrix for the charged fields:

T 2 12 2 12 2
~ 2 + 2 — 2 2
H{f my, + g 49 vg + g 49 V2 mg,+ %vuvd H{f (2 73)
% 2 i -9 g2+g/2 2 g27g/2 2 % .
H, Myq + 3 Vuld my, + g+ ) \Hy

To simplify the matrix one has to use the relation between m%,Vand v:
2,2
v
m2, = gT (2.74)

Now one can write the mass matrix as

~ 2 2492/ 2 2 2 2 2 2

mHu + . 4g (Uu - Ud) + %Ud My + %qud 275
2 g ~ 2 P+g? 2 2y g% 2 (2.75)

My + 3 Vubd iy, + == (g — ) + T,

2

fnfqu — % cos(28) + miy, cos® B m2, +m?, cos Bsin 8 (2.76)

pu— 2 .
m?2 ;4 m2; cos Bsin 3 ﬁz%{d + % cos(28) + mé;, sin? 8
(m3, +m%)cos® B (m, + m?) cos Bsin 3

(m2, +m?)cosBsinB  (mf, +m?%)sin? B

One eigenvalue is 0 again, which corresponds to a charged complex goldstone boson. By

calculating the trace one obtains
mi. = miyy +m% (2.77)

for the other eigenvalue. The corresponding eigenstates are

H" =cosBH) +sinH;" (2.78)

Gt =sinB H, — COSﬁHd_* (2.79)
or

Hf =cosBH" +sinBGT (2.80)

H; =sinfH" —cos BGT~ (2.81)

A full set of Feynman rules for the MSSM can be found in [3].
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Chapter 3

The BMSSM

A hint to the solution of the p problem was already given in Section 2.2.1. In BMSSM
models one tries to exclude the p parameter in the first place. Thus the only dimensional
parameters are in L, . As a result, all VEVs will naturally be around mg,s; , and
requiring them to be at the EW scale only requires a mild hierarchy if mg,p = O(1).
Afterwards, one tries to create an effective value for p as the VEV of some Higgs field. In
the following we discuss EW symmetry breaking of the scalar Higgs potential including
BMSSM corrections and present the Higgs particle content of the model. Explicit formulas
will however be given only if it is necessary for the following chapters. More complete

treatments can be found in the literature [1].

3.1 BMSSM corrections due to higher-dimensional opera-

tors

The BMSSM Higgs spectrum

The analysis of the BMSSM effects can be organised by studying an effective Lagrangian
from which physics at the scale of the BMSSM has been integrated out and is encapsu-
lated in additional operators [1]. In this approach, the BMSSM effects in leading order
are encoded in only two effective dimension five operators with undetermined coefficients.
One of the effective operators appears in the superpotential. The other one is not SUSY
invariant and can be formally described as a superpotential contribution by containing
a spurion field that acquires a supersymmetriy breaking F-Term auxiliary component
expectation value. From this, one can derive corrections to the MSSM Higgs potential.

These corrections contribute both to the mass matrices and the vacuum expectation values,
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which is demonstrated in this chapter. In this work we determine how the corrections will
contribute to LHC Higgs sector and study current publications on the impact of the
BMSSM corrections. The recent relevant literature to gain the techniques I performed
within the underlying theory are in particular [1] [2] [3] [4]. In the next chapters my study
on the review of BMSSM impact to the MSSM Higgs interactions is provided.

At first there have been considered some additional effective contributions to the Higgs

sector. The leading superpotential up to dimension five containing only the Higgs fields is

A
/ d?0 (;mu%d + M(’Hu’/—[d)? + h.c.) (3.1)

Kahler potential interactions which involve only Higgs fields are fuctions of an even number
of fields. The dimension six operator effects are smaller than those, because they are

suppressed by 1/M?2. Moreover, there is a SUSY breaking operator

A A
/ P07 (MM = S (5 ) (), (3.2)

where Z = 0?mgusy. Here mgugy is the SUSY scale of order a few hundred GeV to
TeV, and M is the BMSSM scale (TeV scale). A is a dimensionless parameter. For
any other operators giving none-vanishing interactions with one or two powers of the
spurion field will not be independent. Operators coupling to other fields are assumed
to be suppressed, if leading to FCNC or baryon or lepton number violation. There is
a large number of dimension six operators with MSSM particle content which play an
important role modifying the light Higgs boson mass for sufficiently small cot(8). The
operator analyis could be extended to include D-terms, but the effects are suppressed and
insignificant in most microscopic models [1]. Altogether, the corrections to the potential

are

SV =8V + 6,V (3.3)

= 2e\H,Hy(H,"H, + H;'H,) + e5(H,Hy)? + h.c., (3.4)

where €1 = A\u*/M and €3 = —Amguysy/M. So the full scalar potential is

V =m}, H,€'H, +m} Hy' Hy — m?,(H,H, + h.c.) (3.5)
2 /12
g . g
+ g (HuTHu + I{alTI{al)2 - 4(Hqu) (Hqu) + ?(HUTHU - I{alJrI—Id)2

+2e1H, Hy(H,"H, + H; H,) + e5(H,Hy)* + h.c.
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€1, €9 and mid can be complex parameters [2]. The neutral fields H? and Haol develop

VEVs (see below):

+ L hy + ‘
NG
1 7
Hi = vat Zghat 50

There are a few possible choices for the basis states:

e Eigenstates of the full mass matrix. Since this may include CP violation, computa-

tions will be quite involved (diagonallization of a 4 x 4-matrix.)
e MSSM eigenstates.

e An ”intermediate” choice, e.g. eigenstates of the full mass matrix for the case of

vanishing CP violation.

Here only the last two options will be considered. Therefore, one can parametrize:

oS —sin A0
Ju _ /80 /80 (3.7)
gd sin By cos B GO
hy Cos «v sin « Ko
= (3.8)
hy —sina cos H°
and
Hf cos BT sin BT HT
) (e 3 | 59
Hy sin 8T —cos 3T G+
with unknown mixing angles 3y, 3T and o. Moreover, we use the relations
2m? 2m?
v2 40l =07 = 7 +f]l2 = gQW’ (3.10)
% = tan B. (3.11)
(]

Inserting this into the potiential and setting the first derivatives to zero gives the following
relations that determine the VEVs:

mid,i :21}2(61’1- + €2,; cos Bsin B), (3.12)
1
-2 2 2 2 2 2 2 .
My, = Myd,r cot B + ECOS B(m7y — 4dez pv° — 4ey pv~ cot B) — 6ey v” cos Bsin B3, (3.13)
1 1
'thd = —Emzz cos? B — Gel’rvz cos Bsin 38 + mid’r tan 8 + > sin? ,B(mzz — 462’Tv2 — 461,7«1)2 tan 3). (3.14)

The subscripts ¢ and r denote imaginary and real parts, respectively. Note that if we

want the VEVs to be real, these are three equations for only two free parameters (v and
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B), so in general there is no solution. Fortunately it can be shown that (3.12) can always

be fulfilled by a suitable phase transformation of one of the Higgs doublets. Now the mass

matrix can be obtained from the second derivatives of the scalar potential. I am mapping

the coeffients in a matrix form so I can see where its entrys do not vanish. In the basis of

(R, H°, A°, GO, H*, G+, H—, G7) it has the form of

1111
1111
1111
1111
0 00O
0 00O
0 00O
0 00O

o o o o o O

_ o o o o o o

= = O O o O

o O

_ = O O o O

o O

(3.15)

One obtains two subblocks, where the upper left is the mass matrix for the neutral

fields and the lower right for the charged fields. Unlike in the MSSM, the 4 x 4 neutral part

of the mass matrix does not decompose into 2 x 2 blocks in the general case (complex €; or

€2) due to the presence of CP violation. However, it turns out that the choice Sy = 7 = 3

makes most off-diagonal elements of the mass matrix vanish. In particular, the CP-odd

and charged sub-blocks are diagonal with mass ”eigenvalues”:

mi — _45277"@2 + (mzd’r — 26177»’02) csc Bsec 8

m2G():O

m%H = m%[, - 26277«’02 + (midﬂ, - 26177«’02) csc B sec 8

= m%V + mi + 26277«’02

m2G+ — O

The remaining CP-violating quadratic couplings are

L D 20 (ez,; cos(a + B) — 2¢1;sin(a — B)) A’R°

+ 20%(2¢1 5 cos(a — B) + eaisin(a + 3)) A" HO.

Moreover, there is an off-diagonal term in the CP-even block:

(3.16)
(3.17)

(3.18)

(3.19)

(3.20)

1 1
(a(mi —m% + dea v?) cos 23 sin 200 — 5((m?4 +m%) sin 28 — 8¢y .v?) cos 2a)h! HY

(3.21)
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The choice

(m?% 4+ m%) tan 23 — 8¢y ,v? sec 23

tan 2o = 3.22
e m% —m?% + de yv? (3.22)
makes this term vanish, leading to the following masses:
1
mi’”ﬁ“ = §(m?4 +m% + deg 0% + 8¢y 07 sin 2) (3.23)
1
+ 5((mQZ — 2¢9,0%) cos(2a + 28) — (Mm% + 2€2,0?) cos(2ac — 28) + 8¢y ,v? sin 2a).

(3.24)
We express the coefficients of the quadratic terms in terms of v, tan 8 and m,4 and

expand the answers to leading order in € where 1 = cot 3:

2e1,(m?% + m%) sin(28) — e (m? — m%) cos?(28)

V2% = m%)? + dm?m?, sin®(25)

5Em;21 =02 | €3 — 2¢3, sin(2p) +

16m?
~ mv%elr + O(ne) (3.25)
A z

2e1,(m% + m%) sin(28) — ez (m?4 — m%) cos?(23)

V% = m%)? + 4m?m3 sin® (25)

5Equ =% | €3 — 2¢1, sin(2p) —

16m?
~ 4y, — ﬁv%elr + O(ne) (3.26)
A Z
5Em§{i = €9, 0° (3.27)

where €1, and €9, are the real parts of ¢; and e5. For moderate cot 8 the operators at
order € describe the dominant contribution of BMSSM physics to the Higgs spectrum.
The Taylor series expansion in € is only valid if m124 — mQZ > 4eg,v?. These results are in
accordance with the results of [1] whereas the charged Higgs mass corrections differ by a
factor 2 and the neutral Higgs mass corrections by a factor 2 in the first summand and a
sign in the second summand, which needs further investigation.

Moreover, a set of Feynman rules can be derived.

3.1.1 Discussion

The recent hints of a Standard Model-like Higgs with a mass close to 126 GeV [8] [9] are
of crucial theoretical interest to figure out if data in the various channels measured by

ATLAS and CMS could be used as a probe of BMSSM physics.

e In alow energy Supersymmetry with modest stop squark masses and mixings BMSSM
operators can correct MSSM Higgs masses, lifting the SM Higgs mass to the current

bounds
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Figure 3.1: With Mathematica here we visualised the results for the light Higgs mass my,
(left axis) of 3.1 for a set of values for the BMSSM parameters €1, = 0.15 and €, = 0.25
for a range of tan 5 between 0 and 20 (right axis). Further I set m; = 173 GeV ;mZ =91
GeV, my = 300 GeV, v = 174 GeV, y, = 24

vsin 8

e For small » BMSSM operators correct MSSM Higgs masses in leading order € only

by one or two real numbers €1, and €a,
e In [1] a classification of effects which may lift the light Higgs mass is given

e Figure 3.1.1 shows that even with moderate masses of 500 GeV for the stop quarks
in the dominant loop correction A(mio) = % cos?a y2m? In (mg1 mg,/ mtz) the light

Higgs mass can be lifted to the current Higgs bounds

Enhanced Higgs sector studies of BMSSM operators have been carried out in [10] [11]
[12] [13] [14].
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Chapter 4

Feynman rules

Feynman rules for the BMSSM are derived by collecting the cubic and quartic terms of
the scalar potential after symmetry breaking and the mass eigenstates. First, as previ-
ously demonstrated in Chapter 3 one needs to derive the BMSSM Higgs mass matrix and
parameterise the gauge eigenstates through VEVs and physical fields. One needs to de-
termine the VEVs and mixing angles. With Mathematica I expand the scalar potential
in the convention of [3] and organise it in ascending powers of the fields and calculate a
coefficient array of all terms. Setting the linear terms to 0 leads to expressions for the
VEVs. By setting the off-diagonal elements to 0 one can obtain a conditional equation
for the mixing angles. By assembling identical field operater combinations from the terms
of higher order in the fields and multiplying the symmetry factor and the complex unit
I obtain the Feynamnrules for the BMSSM. Then again I expand in orders of € and 7.
In Section 4.1 a comparison of Feynman rules for all three- and four-Higgs interactions
for the BMSSM with the MSSM is provided. Note that some of the Feynman rules may
actually vanish due to the relation between the of the mixing angles o and 3, which was
not used in the derivation. To see if my results are correct in the the limit of the MSSM
I compared them with set of the Feynman rules in [3] by setting the epsilon terms in
the scalar potential to 0. When I merge my coefficient array with the cubic and quartic
powers I receive all MSSM Higgs intreactions. I output all Feynman rules which deviate
from Rosieks Feynman rules. As a result this output contains no elements, which means

my calculation in the limit of the MSSM is correct.
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4.1 A full set of Feynman rules for BMSS

interactions

In the following Feynman rules are organised in comparison:

top row - MSSM, bottom row - BMSSM.

Ao

|

|

! 0 (MSSM)
/T TR Ao

—6i(e1,; + €24V (BMSSM)

 Go

|

|

[ 0
Ap-------- oo Ao .

—21€9 ;v
| ho
|
v
Ag-------- - Ao 92 diey pmmv
26277‘1) — 7(7)’1,12477)122)2

 Ho

|

| 2inm?4m22

| - mi;}—mQZU
Ag-------- ®-------- Ap 55 2 ((elm +eapmmhy —3

(m% —m%)

+2(e1,r + 2e2 rn)m

M tree level Higgs

2 2
(€1,r + €2,,m)mZymy

4
zv
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0

—2i(e1,; — €2,m)v

ZianZ
)

_ 2i(e1,r(=mZ +m3)+e2 rm(m? +mI))v

2 2
—mij+my

0
. 8iel,,~nm22v
2i€9 70 + m3 —ms
0
. 2ies in(3m%4 +m2)v
—6iey v + 22 —A 2)
’ mjy—my
0
. 8ie1 jmm2v
2262 iU+ %
’ my—my
0

2 2
. in(mj+3m7)
—21 <€1 i + c.in(my +3my) ) v
it m? —m7,
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0
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0
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2 02
22217mAmQZ
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1
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zZ
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| Go
|
|
| 0
ho '''''''' R ho _ SielymeZv
“mZ—m2
 Ho
|
|
| 0
Gog-------- €-------- ho _9; o €2,,n(m?% +m%)
1\ €14 T mZomZ v
A zZ
, Go
|
|
| 0
Hy-------- $-------- H . 8ieq inm2v
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 ho
|
| .
| . 31:}”22
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o
|
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v
Hp-------- - Hy

7ﬁ2i (eQ’T(mE‘ - rn,ZZ)2 + 261,.,«nm2Z(12m?4 + mzz)) v
(m% —m%)



FINAL THESIS: 12th May 2014

ho

Gip--oovbomma -G

ho

TSGR SR £

ho

H+————>————‘———<———-H_

Hy

Gy--moroo-bmma -G

Hy

Gy----r---b--a---H_

29

.2
_tmz
v
4i61,rn(2m‘}4 —2mim2z+m‘§)v

(m%—m%)?

. 2in(m?4 +m%v fm2z)m2z
(m? —m%)v
1

2 2.2
g, —mgr2 (i = D)
A z

. 2 2 2 2 2 2 2 2
*Z(El,r(mA - mZ)(mA + myy — mz) + n(*62,rmA(mA +mw)

. 2 2 2 2 2 2
*7«52,imA(mA —my) + 62,7«(”",4 - mw)mz))v

. 22‘7}(m124 +m%v —m2Z)m2Z
(m? —m%)v

1
(mi —mZZ)2
2 2.2, . 2 2 2 2 2
(61,¢(mA —my)" +ile1,r(my —mz)(my +my —mz)
2, 2 2 . 2, 2 2
Hn(—e2,pmiy(my +myy) +ieg ;miy(my —mz)

+ezp(m% — my)mP))w

i(—2m%,+m%)
v

o 4i517rnm22 (—Qm%/v +m22)v

(m?4 —m22)2

2 02
2imme4m7,

)
mAU mZv

1 . 2 2 2 4 2 o 4
Tz a2t (el,rmA(mA —mZz) —€2rn (mA —m%m% + 2mz)) v
(WLAfnLZ)

(—ea,; +iea,r + dnm% (ier - (2m% +myy, — 2m%)

(mix — mZZ)2

Fep,i(—mP +my))v



FINAL THESIS: 12th May 2014 30

 Ho

I

| zm%v

| T
H+ e 'Hf (—e€2,; +iex,r + m‘lnmzz(iﬁl,r@mi + m%/v - 2'"7'22)

A z
+eri(—m + my))v

 Ho

I

| zm%v

| )
H_i_----"---‘-"“""G_ (e2,i +ie2,r + m‘lﬁ(iﬁm@mi +miy —2m%)

A zZ
+er,5(mf —mZ))my)v

o

I

| 2in(m?472m‘2,v)m22

| (1m?47m22)v
Hy----»--b-m-aooH_ e (eamd 2y —2m2 ) )

A z
e, (mh + 2mf (- + m3) = m @y + m3)) v

Ay

I

I -

| _3sz

2

Ag-------- $------ Ao v

[ —24ue1 41

I

I

I

1 Ao

Ao

I

I e

| Gmgnz
Ap-------- $- - Ao h

[ —6i(er1,r + €2,1m)

I

I

I

1 Go

o

I

I

I 0
Ag-------- - Ao

—6i(e1,; + €2,7m)



FINAL THESIS: 12th May 2014

Ao

|

|

|
Ag-------- - Ao

|

|

| Hy

 Go

|

|

|
Ap-------- $- - Ao

|

|

| Go

G

|

|

|
Ap-------- $- - Ao

|

|

' ho

 Go

|

|

|
Ag-------- - Ao

|

|

| Hy

 ho

|

|

|
Ap-------- $- - Ao

|

|

' ho

 ho

|

|

|
Ag-------- - Ao

31

0

12ie1 ;nm?

2 2
My—my

)

2
2i(ea,r(mf —m%)*—8e1 rmy )

(m?4 —m2Z)2

: 2 2 2
_ 2igmZ (m% +m7)
2 23,2
(rlnAfmZ)v
. 2 2 2 2
5 221(61’T(mA73mZ)(mA7mZ)

(m% _mZZ)

+e2.0m (mi - QmZmZZ + Sm%)



FINAL THESIS: 12th May 2014

32

; 4 22 4
_ 82517rn(mA—2mAmZ—mZ)

(m? —m?,)?

z(2m%v fm2Z)

02

2i17m2Z
02

2(e1; — (€1, + (i€g; +€20)1))

2i7]m2Z
02

—2(6171' + 1'6177» + (6271‘ + 2‘6277,)77)

6inm22
2

—6i(e1, — €2,1m)



FINAL THESIS: 12th May 2014

 Go

|

|

|
Ag-------- $-------

|

|

' Go

 Go

|

|

|
Ap-------- $--------

|

|

| Go

| ho

|

|

|
Ap-------- $--------

|

|

|

1 ho

| ho

|

|

|
Ag-------- $-------

|

|

| Hy

 Ho

|

|

|
Ap-------- $--------

|

|

| Hy

.

Y

|
Ag-------- $-----

|

|

33

—21 <€1,i - —62’in(m2“73m2z))

My—my

0
%ie ‘+4i617mm22
20 o
ZianZ

02

_9i <el,,n + €2, (3 +

0

. Siel,rnm%
2i€g . + )
2i7]m2Z

02

2
4m?%

2 2
mAerZ

€2,»n(m? +3m?%) )

—2i <€1,r + 2 2

ma—my

2inm22
2

—2i(€e1, — €2,1m)

)



FINAL THESIS: 12th May 2014

.

Y

|
Ag-------- $-----

|

|

H_

.

Y

|
Ap-------- $-------

|

|

el

o

|

|

|
Ap-------- $--------

|

|

|

1 ho

n

|

|

|
Ag-------- $-------

|

|

| Hy

 Ho

|

|

|
Ap-------- $--------

|

|

| Hy

.

Y

|
Ag-------- $-----

|

|

34

. 4ie1’-7]m2
2i€g; + —o——F

’ my—my

0

. . 2 3 2
-2 <€1,i + EQ,Z”(Z’*A"’;”’Z))

ma—my

0

—2i(e1; — €2,4m)



FINAL THESIS: 12th May 2014

35

m2
02

2 2
de1 rymiymy

—2'6271' — € + (m?quQZ)Q

2
myy
02
. 451,”77”%(/7”22
1625 + €2y (m% —mZ)?
0

—2i(€e1, + €2,m)

12i51,mm2z
My—my

0

; 2
diey ;mm7,
P
m5—mi

217m%v mQZ
(m% —m?% )v?

(mi — m2z)2

tea (Mm% (miy — m%) + mL(m3y +m3))))

2 2 2 . 2 2 2
2(e1,rmyy (my —mz) — n(—ieg ;(my — mzy)my



FINAL THESIS: 12th May 2014

.

Y

|
Ag-------- $----- Hy

|

Y

|

 Hoy

.

Y

|
Ap-------- 4 Hy

|

|

H_

 Go

|

|

|
Go-------- $-- Go

|

|

' Go

 Go

|

|

|
Go-------- $----- Go

|

|

|

1 ho

G

|

|

|
Go-------- $-- Go

|

|

| Ho

 ho

|

|

|
Go-------- $----- Go

36

217m%v mQZ
(—=m% +m%)v?

2 2 2 ) 2 2. 2
g 2(er,rmyy (=miy +mz) +nlieg,i(my — mz)my
(mA - mz)

+ea n(m (miy — m%) +m (miy +m%))

. 2
dier ;mm7,
ma—my

2
3im?,
02

24ieq .m

12ie1’mm2z
My —my

0

—6i(€1,; — €2,i1)

Siel,rn(mj +m‘é)

(mi—m%)?



FINAL THESIS: 12th May 2014

 ho
|
|
|
Go-------- $----- Go
|
|
' o
 ho
|
|
|
Go-------- $-- Go
|
|
|
1 ho
 ho
|
|
|
Go-------- $-- Go
|
|
|
1 ho
 ho
|
|
|
Go-------- $----- Go
|
|
| Hy
 Ho
|
|
|
Go-------- $-- Go
|
|
| Ho
.
Y
!
Go-------- $-------- Go

37

.
mmy
2

v
Siel,rn(mj +m‘é)

(mi—m3%)?

8ie1mn(m‘}4+m%)

(m%—m%)?

8ie1mn(mj‘4+m‘é)

(m?4 fm2z)2

2inm?% (m?% +m?%)
(m?4 meZ)vQ

(mz—,lm%)z 2 ((elm — €2, pmymy + 2ez pomim% — (1, + 562,M)m4§)

2
2i((e2,r(mf —m3)* —8e1, pym%m% )
2

(m%—m%)




FINAL THESIS: 12th May 2014

38

ZianZ
02

2(6172‘ — 2'6177» — €2,N + 2‘6277,77)

2ianZ
02

—26172‘ — 22‘6177, + 2(6272‘ + 2'6277»)?7

z(Qm%V —m7)

V2
0
0

12i61’mm2z

mi—my

0

2 3 4m?4
—21 €15+ en(s+ T mZ
0

. 4i61,¢17m2z
2262,1 ) 3

ATMy



FINAL THESIS: 12th May 2014

39

2 2
2nmy,m7

2 2.2
(=m3+m7)v
1
(mix —mZZ)2

tea,r(mh (miy — my) +my (mfy +m%))))

2 2
QZWW;”Z
2
(m% —m7)v
2 2 2 ) 2 2. 2
WQ(el,TmW(mA —mz) —n(iez ;(my — mz)my

teap(mh(miy — m%) + my (miy +m3))))

0

4i51,mm22

mimeZ
0

2 2
. e2,in(m%5 +m?7,)
A zZ

0

—2i(e1; — €2,4m)

2 2 2 . 2 2 2
2(61’me(7'mA + mz) + ”I(*“Z,i(mA — my)my



FINAL THESIS: 12th May 2014

40

m2
02

2 2
de1 rymiymy

—2'6271' — € + (m?quQZ)Q

2 .2
461,TanmZ

—l€g; + €20 —
2,1 2,7 (mi_m%p

0

—2i(€e1, + €2,m)

2
. 3im7,
02
242‘517”](771?4 +m2Z)

(mi—m%)?

2

6i7]m2Z (m?4 +m2Z)
(rn;4 —m?%)v?

6i(my +m7)(e1,r (m% —m7 ) —es,pm(m% +m7))

(m% —mZ)?

i 2
my
'U2

_ Zi(ez,r (m?4 —mQZ )2 +24517r7]m2z (m?4 +m22))

(m%i—m%)?



FINAL THESIS: 12th May 2014

41

0

—2i(e1; + €2,im)

2
8ielmn(m‘}4+m22(f2m€v +mQZ))
(m%—m7%)?

. 22‘7}(m124 +2m%v —mQZ )mQZ
(m% —m?% )v?

2 2.2 . 2 2
(m?% —m%)? 2 (el’i(mA —mz)” —iler,r(my —mz)

(m% +2m3y — m%) + n(mi + my)(—iez i (m% —m%)

+enpn(—m3 —2m%, + m2))

_ 2in(m? +2m¥%, —m2)mZ,

(m? —m7, )v?

2 2,2
*27222 (el,i(mA —my)
(mA - mz)

. 2 2 2 2 2
+161’T(mA —m7)(my + 2myy, —my)

—n(ea,i(m% —m%) +iea (Mm% + 2miy — m%))(m% +m%)

i(—=2m%,+m2)
)

16i61,,~17(m%/v 7m22 )mQZ
(m%4—m%)?

o 6inm22 (m?4 +m22)
(m% —m?%,)v?
1

2" m3)2

(m?

6i (e1,r(m% = 3mZ)(m% — m%) + ez, rn(m? +m3)?)



FINAL THESIS: 12th May 201} 42

.
* 2inpm?% (m? —2m%,+m?%)
I (m% —m?%)v?
1
hg ~=------ - Hy (m2, — m2)2 24 ((flm — ez pm)m (mY — 2miy)
| A z
+ +2(e1, + €2, rm)miymy — (e1,p + 3ez, rm)mYy
|
el
G
+
|
2
m
r =
hg -------- 4o H, —€2 + €2,y +
l Siel,rn(m%;&m%v;m%)m%
(m%—m3z)
|
H_
|
| Hy
* . zm%v
| v
hg -------- $-------- Hy €2, + €2,y +
l Siel,rn(mi‘Q—FZm‘ZV—mQZ)mQZ
(mA_mz)2
|
G
',
|
* . 2inm?% (m? —2m¥, +m?%)
I ! (m% —m?% )v?
ho ———————— + -------- HO — 52 (elm(mi +2m%,v —szz)(mi —mQZ)
| (mA mz)
+ bea o (= 2y + my (2l + 5m))
|
H_
 Ho
|
| .
| _3zm2Z
H H '
0 * 0 _ iy, n(m? —3m) (m3 +m3)
i i
|
|
1 Ho
.
| _ i(2m€v2fm22)
v
Hy-------- T Hy 2

16ie1,,n(m? —mZ, )m?,
| (mi,mQZ)Q




FINAL THESIS: 12th May 2014 43

G
Jr
|
* 2in(m? +2m%, —m?%)m?,
(mi—m%)zﬁ
! ;2(61 -(m2 —m2 )2
Hp-------- $-------- Hy (m?% —m%)? A z
! —iler,p(mh = mZ)(mh — 2miy —m) + nliey i (mh — m%)
A tea,n(md +2mYy, — mE))(m +md)
|
I H_
'\ H,
|
\ 2in(m? +2m%, —m%)m?%,
I (m? —m?,)v?
Hy-------- $-- Ho —261,i — i€, + j;;lj’j;; T Tayr 22 (mh —m)
| a z a z
A tica, . (m% +2miy, —m%))(m% +my)
|
G
'\ H,
|
| . zmQZ
02
Hy-------- + ________ Hy _ 8iel,,~n(m‘}472m?4m22+(2m‘2,vfm22)m2z)
l (m% —m%)?
|
I Hi
',
|
| _2im2Z
2
P S e B
[ 16i€1 ,n
|
I H_
G
|
| _4ianZ
2
Giomormeeias Gl v

A(e1; — ier,y — €2,4m + l€g )

_4inm22
Gy----»---¢---»----H, v
—dey ; — i€y +4(e2i +i€2,)n



FINAL THESIS: 12th May 201} 44

W,

\

! imy
T S —e -

I 0

I

H_

.

\

| 4i17m2Z
Gymmmeooa o H 7

I d(€1,; —i(er, + (ie2i +€2,)n))

I

H_

",

\

|

0

Hi----»---¢---<----G_ .
| —4(e2; + t€g,y)
|
|
|

G_

.

Y

| 4im2n22
H+————>———-+-__<____H_ v

' —4(eri +iery + (€2, + i€a,r)n)

4

el

.

Y

| _2i7r2LQZ
H_————»-——-+---..____H+ v

I —162€1 ,m

Y

|

|



FINAL THESIS: 12th May 2014 45

Chapter 5

Phenomenological consequences of

the BMSSM interactions

In the following I discuss the impact of the BMSSM Feynman rules. Tree level Feymanrules
are organised in 3 and 4 particle vertices and I split the Feynman rules in MSSM (top)
and BMSSM (bottom) terms.

e Those vertices where MSSM Feynman rules are 0 or suppressed are sensitive to probe
BMSSM effects. Also those where BMSSM contribution are leading order n. There
is a number of processes where this is the case like for example H — Ahor A - HH

which are CP violating and absent in the MSSM.

e 3 particle vertices for Higgs decays like h - AA, H — AA become dominant decay
modes when M is close to mgysy and m 4 is about 300GeV. CP violation opens decay
modes which are absent in the MSSM like A — hh and A — WW, ZZ, whereas the

last two may only exsist off shell for given Feynman rules, depending on the masses.

e 4 particle vetices become relevant for 2 — 2 processes. Significant are those with
two weak bosons in the initial state for Weak Boson Fusion (WBF): W and Z bosons
which result from the decay of heavy quarks are predominantly longitudinally polar-
ized. Feynman rules for Higgs productions appear for longitudinal WW Higgs boson
fusion. With the Equivalence Theorem [5] for gauge bosons WW and ZZ interac-
tion properties of longitudinally polarized vector bosons in the high pr limit behave
eugivalent to the corresponding Goldstone bosons which are absorbed via the Higgs
mechanism. Processes like G'GY — h°GP could be used to determine the scattering
amplitude for W boson fusion Higgs production WW — kW . Analysis of LHC data

12iey ;mm

2
for WBF utilising the BMSSM contribution —mgigz becomes a direct channel to

ATy
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probe physics Beyond the MSSM. For GYG? — A°GO the scattering amplitude for

the MSSM and the BMSSM are both of order 7.

o HTH~ — hYA® becomes a possible CP violating process of order 1 in the BMSSM

approach.
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Chapter 6

Conclusions

We elaborated on BMSSM contributions in the effective field theoretical approach of of [1]
to the MSSM Higgs sector. We derived expicitly BMSSM contributions to the Higgs spec-
trum and demonstrated BMSSM contributions to the lightest MSSM Higgs. We presented
a full list of tree level Higgs Feynman rules with a subsequent discussion of phenomeno-
logical consequences. A list of current litarature of improved studies of the BMSSM sector
based on the approach of [1] was presented. It was demonstrated that Higgs masses can

receive significant BMSSM contributions and Higgs processes can be highly sensitive to

probe physics Beyond the MSSM.

Outlook

Utilising the results of this work further investigations could follow:

e Improved studies of the BMSSM impact on the Higgs spectrum.

e Improved studies based on the classification of the BMSSM Feynman rules.

In [1] the well studied NMSSM is given as an example of a BMSSM with a minimal
singlet extension. It usually leads to an effective p parameter as discussed in [26] [25],
which is the expectation value of a superfield S that is a singlet under the SM gauge group
and is of order my,p; to solve the hierarchy problem in a natural way. In the effective
BMSSM approach as in [1] an additional explicit mass parameter Mg > p is introduced
and the BMSSM effects can be encapsulated in two operators with coefficients €; and es.
Improved studies on this approach can be found in [21] [22].

Furthermore there is a wide range of phenomenological consequences of the BMSSM

operators and BMSSM Higgs interactions. How the corrections will contribute to B physics
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and certain flavor-physics observables has been studied in [15] [16]. Beyond minimial SUSY
dark matter constraints and dark matter predictions could be improved by [1] in a number

of ways [17] [18] [19] [20].
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