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Abstract

Supersymmetry remains one of the most favourable candidates for physics beyond the

standard model (BSM) due to the solution it provides to the little hierarchy problem as

well as the prediction of a Dark matter candidate and other theoretical caveats of the

standard model. The minimal supersymmetric standard model despite its success, faces

the well known µ problem and the need for large radiative corrections in light of the

Higgs discovery which destabilizes the weak scale. Our project addresses this problem

in the MSSM and studies the possibility of having a natural theory of singlet extensions

of the MSSM with an additional U(1)′ gauge group. In a bottom-up approach we have

considered a phenomenological version of the gauge extensions of the MSSM (pUMSSM)

with generic charges which obey the relations of gauge invariance of the Yukawa terms in the

superpotential and perturbativity bounds. Furthermore, we construct a model independent

way to impose constraints on the mixing angle from the W mass measurement.

We show a strong dependence of the lightest CP-even Higgs boson mass in different

models of pUMSSM, on the Higgsino mass µeff and we identify regions of the parameter

space in which the Higgs mass is enhanced at tree level by heavy Higgsinos. Furthermore,

we analyse the squark sector and find interesting scenarios with heavy third generation

squarks with masses directed by large U(1)′ D-term contributions. Using the program

SARAH and its interface with SPheno, which allow for the calculation of the Higgs mass at

the two-loop level in BSM scenarios, we improve the quality and the validity of our results

in light of the Higgs discovery. We investigate the role of the gaugino masses M1, M2,

M ′1 in affecting the fine-tuning at one-loop in the MSSM and in different models of the

pUMSSM.

A study of the fine tuning measure in MSSM is presented, moreover constraints from

collider searches using the program Fastlim are imposed and all points of the parameter

scans are being tested. We explore regions of the parameter space in which the natural

MSSM scenario is not yet ruled out by currently available searches. We proceed to in-

vestigate the fine tuning in scenarios of the pUMSSM with different charge assignments,

with light and heavy Z ′ bosons, and identify interesting regions with low fine tuning. We

impose constraints from collider searches on supersymmetric particles using Fastlim and

find models which can evade current and future searches at the LHC.
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Chapter 1

Introduction

Supersymmetric models provide an intriguing and elegant solution to many problems of

the Standard Model (SM) exhibiting new rich phenomenology at the TeV scale. Experi-

mental analyses from the CMS and ATLAS collaboration [1, 2] show no sign of the new

particles predicted by supersymmetric theories and put constraints on the parameter space

of these theories. Most of these searches have been focusing on the study of the Minimal

Supersymmetric Standard Model (MSSM). Certain theoretical as well as phenomenological

arguments enforce the necessity for studying extentions of the MSSM. In this chapter we

will briefly discuss some of the motivations of supersymmetry and the solution it provides

to the hierarchy problem. Then we will introduce the MSSM and we will motivate the need

to go beyond this minimal scenario. In the next chapter we will focus on introducing the

main concepts of supersymmetric models and build the Lagrangian for the U(1)′ extension

of the MSSM and derive useful relations.

1.1 What is Supersymmetry?

The SM has been proven experimentally to be very successful so far but it seems unable

to give answers to some fundamental problems.

• SUSY cancels the quadratic divergencies to the Higgs squared mass m2
H , solving the

hierarchy problem in a natural way without the need of fine tuning our parameters.

• SUSY accomodates the unification of the gauge couplings at the GUT (Grand Unified

Theory) scaleMGUT ∼ 1016 GeV. Unlike the SM it contains the right particle content

in order to ensure this unification.

• Supersymmetric GUT models predict larger unification scales. (There is a better
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chance to explain proton lifetime).

• The large top Yukawa coupling inferred by the large measured mass of the top quark

drives the squared mass m2
H of the Higgs boson to run negative at the EW scale

thereby dynamically breaking electroweak symmetry while helping the Higgs obtain

a vacuum expectation value (vev).

• In the SM the quartic self coupling of the Higgs λ (Higgs potential V = m2
H |H|2 +

λ|H|4) is arbitrary but in the SUSY models the Higgs quartic coupling is totally

fixed. In the MSSM for example λ =
g21+g22

8 .

• In the MSSM at least one Higgs scalar - the lightest CP-even state has to be light

mh0 . 135 GeV.

• SUSY allows more Higgses and sparticles with masses at the TeV scale that can be

detected at the LHC.

• Allows for possible dark matter candidates.

• Gauged SUSY is a Supergravity Theory.

1.1.1 The Hierarchy problem

The masses of the SM particles are proportional to the vev of the Higgs field 〈H〉 which

in turn depends on the quadratic scalar mass of the Higgs boson

〈H〉 =

√
−m2

H

2λ
. (1.1)

The problem arises from the fact that the squared mass m2
H of the Higgs boson receives

quadratic corrections with respect to the ultraviolet (UV) cutoff scale ΛUV from loop

diagrams involving heavy particles. The largest contribution is given by the top-quark

loop. But let us make this more clear by making some simple loop calculations [59, 124].

Consider the scalar-fermion-fermion coupling term in the SM Lagrangian of the form

Lf̄fφ = −λf f̄fφ , (1.2)

where λf is the Yukawa coupling and φ = 1√
2
(h0 + υ). The Higgs mass mh0 receives

radiative corrections from fermion loop diagrams
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The divergent loop integral will look like this

−
(
−
iλf√

2

)2 ∫ d4k

(2π)4
Tr

[
i

/k −m
· i

(/k − /p)−m

]
. (1.3)

By counting the powers of momenta 4− 2 = 2 it clear that the integral diverges quadrat-

ically. Since we are interested to see the degree of divergence of the integral we can set the

external momenta equal to zero i.e. pµ = 0.

−
λ2
f

2

∫
d4k

(2π)4
Tr

[
1

(/k −m) · (/k −m)

]
, (1.4)

this integral can be simplified more

(−)
λ2
f

2

∫
d4k

(2π)4
Tr

[
(/k +m)(/k +m)

(k2 −m2)2

]
= (−)

λ2
f

2

∫
d4k

(2π)4

Tr[k214 +m214 + 2/km]

(k2 −m2)2

= −2λ2
f

∫
d4k

(2π)4
· k2 +m2

(k2 −m2)2
,

(1.5)

where we used the fact that Tr[γµ] = 0 and also Tr[14] = 4 in the last step. Now in order

to evaluate this integral we perform a rotation of the time axis by setting k0 → ik0E and

we resort to the Euclidean space defined as k2 = −k2
E . Using the fact that d4k = id4kE

the loop integral becomes

I = −2λ2
f

∫
id4kE
(2π)4

·
−k2

E +m2

(−k2
E −m2)2

= −2iλ2
f

∫
d4kE
(2π)4

·
k2
E −m2

(k2
E +m2)2

.

(1.6)

The advantage now is that having eliminated this minus sign introduced by the Minkowski

metric we can perform the momentum integration in 4-dimensional spherical coordinates

since in this case the integration measure is

d4k = k3
E dkE dΩ4 , (1.7)

where dΩ4 is the element of surface area of the 4-dimensional unit sphere. In general∫
dΩd = 2π

d
2

Γ( d
2

)
in d-dimensions, so for d = 4 dimensions

∫
dΩd = 2π2 and the integral
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becomes

I =
2iλ2

f

(2π)4
· 2π2

∫
dkE k3

E

k2
E −m2

(k2
E +m2)2

=
2iλ2

f

8π2

∫
dk2

E k2
E

k2
E −m2

(k2
E +m2)2

,

(1.8)

where we used dk2
E = 2kEdkE in the last step. This integral is clearly still quadratically

divergent and in order to regularize it we have to introduce a UV cut off momentum Λ

which we are going to take it that goes to infinity at the end of the calculation Λ → ∞.

Now we change variables and set x = k2
E +m2 ⇒ dx = d(k2

E) and we get

I =
iλ2
f

8π2

∫ Λ2+m2

m2

dx
(x−m2)(x− 2m2)

x2

=
iλ2
f

8π2

∫ Λ2+m2

m2

dx

{
1− 3m2

x
− 2m4

x2

}
=
iλ2
f

8π2

{
Λ2 − 3m2ln

(
Λ2 +m2

m2

)
− 2m2 Λ2

Λ2 +m2

}
= iδm2

h0 ,

(1.9)

the first term diverges quadratically when Λ→∞ and the second term diverges logarith-

mically. Thus we have shown that

δm2
h0 ∼ κΛ2 . (1.10)

The corrected squared mass of the Higgs scalar depends on the UV cut-off scale Λ

m2
h0 = 2υ2λ+ κΛ2 , (1.11)

where υ = 〈H〉 ≈ 174 GeV.

• if Λ ∼ MW then mh0 is of the order O(MW ) and the SM corrections then pose no

problem.

• but if we go to a higher scale much larger than the EW scale Λ � MW then the

Higgs mass follows this scale mh0 ∼ Λ�MW .

In order to avoid the Higgs mass from becoming too large we have to fine tune the parameter

κ

if Λ ∼MP =⇒ κ ∼
M2
W

M2
P

∼ 10−34 ,

if Λ ∼MGUT =⇒ κ ∼
M2
W

M2
GUT

∼ 10−26 .

(1.12)
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1.1.2 SUSY gives an elegant solution to the hierarchy problem

The naturalness criterion attributes this quadratic divergence of the Higgs mass to the

lack of a symmetry that would protect the mass from diverging. Supersymmetry (SUSY)

provides such a symmetry between fermions and bosons by ensuring that each supermul-

tiplet contains the same number of fermionic and bosonic degrees of freedom (dof) i.e.

every known SM particle has its own superpartner with a spin that differs by 1/2 unit.

Every Weyl spinor has 2 fermionic dof due to the two possible spin states. In order to

equate these fermionic dof with bosonic dof we need to associate 2 real scalar fields (1

bosonic dof each) to every Weyl spinor (left-handed or right-handed). The simplest way

to do this is by accommodating these dof into a complex scalar field. Introduce two com-

plex scalar felds f̃L as the superpartner of the left-handed Weyl spinor fL and f̃R as the

superpartner of fR and assume that these scalar fields have the following coupling to the

Higgs field

Lf̃ f̃φ =−
λf̃
2

(h0)2
(
|f̃L|2 + |f̃R|2

)
− h0

(
µL|f̃L|2 + µR|f̃R|2

)
−m2

L|f̃L|2 −m2
R|f̃R|2 .

(1.13)

The contributions via the quartic and trilinear couplings of the superpartners to the Higgs

field h0 are depicted below

+

f̃L, f̃R
f̃L, f̃R

h0 h0 h0 h0

Following the same steps as before we can write down the loop contributions from the

quartic and trilinear couplings separately

for the quartic coupling contribution (right diagram) we have

iδm2
h0

∣∣
4

= −iλ
∫

d4k

(2π)4

[
i

k2 −m2
L

+
i

k2 −m2
R

]
= . . . =

= −i
λf̃

16π2

{
2Λ2 −m2

L ln

(
Λ2 +m2

L

m2
L

)
−m2

R ln

(
Λ2 +m2

R

m2
R

)}
,

(1.14)

for the trilinear coupling contribution (left diagram) we have

iδm2
h0

∣∣
3

=

∫
d4k

(2π)4

{
(−iµL)2

(k2 −m2
L)2

+
(−iµR)2

(k2 −m2
R)2

}
= . . . =

= − i

16π2

[
µ2
L · ln

(
Λ2 +m2

L

m2
L

)
+ µ2

R · ln
(

Λ2 +m2
R

m2
R

)
− Λ2

Λ2 +m2
L

− Λ2

Λ2 +m2
R

]
.

(1.15)
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Note the minus sign difference between eq.(1.9) and eqs.(1.15,1.14) due to the fermion loop

in the first case. Eqs.(1.9,1.14) are responsible for the quadratic divergence of the Higgs

squared mass

−iδm2
h0 =

iλ2
f

8π2

{
Λ2 + . . . logarithmic terms

}

−
iλf̃

16π2

{
2Λ2 + . . . logarithmic terms

}

− iδm2
h0

∣∣
3

.

(1.16)

• from eq.(1.16) it is obvious that if λ2
f = λf̃ then the quadratic divergencies vanish.

Note that if it was not for that minus sign difference from the bosonic states this

cancellation would not happen.

• furthermore if m2
L = m2

R = m2 and also µ2
L = µ2

R = 2λf̃m
2 then also the logarithmic

divergencies vanish.

1.2 The MSSM

The superpotential of the MSSM reads [124]

WMSSM = ūiyuijQ
T j

α εαβHuβ + d̄iydijQ
T j

α εαβHdβ + ēiyeijL
T j

α εαβHdβ

+ µHT
uαε

αβHdβ , (1.17)

where Q,L, ū, d̄, ē, Hu, Hd are the chiral superfields of the theory. The term µHuHd rep-

resents the supersymmetric version of the Higgs boson mass m2
h0 |H|

2 in the SM. The

dimensionless Yukawa matrices have dimension three in the family space and they give

masses to the quarks and leptons after electroweak symmetry breaking takes place. They

also determine the Cabibbo-Kobayashi-Maskawa (CKM) mixing angles of the fermions. A

difference one notices immediately from (1.17), compared to the SM is that there are two

Higgs Hu,Hd doublets giving masses to the up and down-type quarks, respectively. This

is because the superpotantial is an analytic function of the fields φi but not the conjugate

fields φ∗i . This means that unlike the SM we cannot construct a new Higgs doublet with

opposite hypercharge by complex conjugation in order to give masses to the down-type

quarks because this term is not allowed in the superpotential. The particle content of

the MSSM is given in Tables 1.1, 1.2 from Ref.[124]. The MSSM as we mentioned in the

introduction has many successes. The theory predicts gauge coupling unification at the
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Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (ũL d̃L) (uL dL) ( 3, 2 , 1
6)

(×3 families) u ũ∗R u†R ( 3, 1, −2
3)

d d̃∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (ν̃ ẽL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e ẽ∗R e†R ( 1, 1, 1)

Higgs, Higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) ( 1, 2 , +1
2)

Hd (H0
d H−d ) (H̃0

d H̃−d ) ( 1, 2 , −1
2)

Table 1.1: Chiral supermultiplets in the MSSM. The spin-0 fields are complex scalars, and

the spin-1/2 fields are left-handed two-component Weyl fermions [124].

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon g̃ g ( 8, 1 , 0)

winos, W bosons W̃± W̃ 0 W± W 0 ( 1, 3 , 0)

bino, B boson B̃0 B0 ( 1, 1 , 0)

Table 1.2: Gauge supermultiplets in the MSSM [124].

GUT scale and has a restricted Higgs sector with an upper bound on the lightest Higgs

mass around mh01
. 135 GeV. Furthermore, it predicts a dark matter candidate. On the

other hand it has its own pitfalls, stemming from well established theoretical questions

and phenomenological facts. The superpotential eq.(1.17) contains the so called “µ−term”

where µ is a dimensionful parameter. The dimensionful parameter µ gives the Higgsino

mass terms and the Higgs squared mass terms in the scalar potential Vscalar of the theory

−LH̃ = µ(H̃+
u H̃

−
d − H̃

0
uH̃

0
d) + c.c. , (1.18)

−LHiggs mass = |µ|2
(
|H0

u|2 + |H+
u |2 + |H0

d |2 + |H−d |
2
)
. (1.19)

The second equation is non-negative with a minimum at H0
u = H0

d = 0. In order to achieve

electroweak symmetry breaking one has to add a soft supersymmetry breaking squared

mass term for the Higgs scalars Lsoft ⊃ m2
Hd
,m2

Hu
. The Higgs scalar potential consists of

supersymmetry respecting |µ|2 terms and soft supersymmetry breaking terms m2
Hd
,m2

Hu

that provide us the needed negative contributions in order to break SUSY radiatively. The

problem lies in the fact that these terms have a totally different origin, yet they have to be

of the same order (102−103) GeV in order for the Higgs to obtain a vev at the electroweak
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(EW) scale 〈H〉 = 174 GeV. The reason why these two terms have to be of the order of

msoft while µ is a supersymmetry respecting dimensionful parameter it is unknown and

thus leads to a tuning of this parameter without any sound theoretical argument to do so.

This problem manifests itself also through the equation that exhibits the stability of the

electroweak scale in the MSSM. At the minimum of the potential one can find that the

mass of the Z boson is given by (in the large tanβ limit)

M2
Z

2
= −m2

Hu − |µ|
2 , (1.20)

already at tree level the soft parameter m2
Hu

and the dimensionful µ parameter are much

larger than the weak scale so that a cancellation is needed for the equation to hold. The first

term on the right hand side (rhs) of eq.(1.20) is also very sensitive to radiative corrections

and at one-loop as we will see the beta function ofm2
Hu

depends on the soft supersymmetry

breaking masses of the top squarks mQ3 ,mT c and the trilinear coupling At which induces

mixing in the stop sector. The stop masses also control the radiative corrections to the

lightest Higgs mass. An approximate equation which gives the 1-loop correction to the

lightest CP-even Higgs mass in the MSSM with only the effect of the stops in the loop is

given by [56]:

m2
h0 = M2

Z cos 2β2 +
3g2

2

8π2

m4
t

M2
W

[
ln
mt̃1

mt̃2

m2
t

+
X2
t

mt̃1
mt̃2

(
1− X2

t

12mt̃1
mt̃2

)]
, (1.21)

whereXt = At−µ cotβ and one can make the approximationM2
SUSY ≡ mt̃1

mt̃2
≈ mQ3mT c .

Due to the fact that the observed Higgs mass is close to the upper bound in the MSSM,

large radiative corrections are needed to achievemh01
∼ 125 GeV. This means that the stops

have to be relatively heavy with large mixing Xt which in turn will cause large radiative

corrections to the soft mass m2
Hu

entering eq.(1.20). Larger corrections will enhance the

imbalance between the two terms in eq.(1.20) and thus induce more fine tuning in order

to stabilize the weak scale.
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Chapter 2

U(1) extensions of the MSSM

As we have seen earlier the MSSM suffers from the so-called "µ-problem" [145, 146, 124].

The µ parameter is the only dimensionful supersymmerty preserving parameter in the su-

perpotential of the minimal supersymmetric model and it has to be of the order of the

electroweak scale O(MW ) as the supersymmetry breaking paramaters msoft in order to

stabilize the electroweak scale. An intuitive solution to this fundamental problem of the

MSSM can be provided by adding an extra singlet chiral field [146, 145] to the superpo-

tential in the following manner

WUMSSM = ūiyuijQ
T j

α εαβHuβ + d̄iydijQ
T j

α εαβHdβ + ēiyeijL
T j

α εαβHdβ

+ λSHT
uαε

αβHdβ , (2.1)

where i, j = 1, 2, 3 are as before the generation indices and α, β = 1, 2 the SU(2) doublet

indices. The new chiral supermultiplet contains a spin zero singlet particle S and a spin

1/2 particle S̃ called the "singlino". The singlet field acquires a vacuum expectation value

〈S〉 that breaks an additional U(1)′ local abelian gauge symmetry at some higher scale.

The extra U(1) gauge group can result from the breaking of larger groups like SO(10)

or SU(5) in the context of GUTs and also from string inspired theories. In a bottom-up

approach it can be thought of as a solution to the domain wall problem arising in the

next-to-minimal supesymmetric standard model (NMSSM) [123, 134]. In the latter case

the superpotential is invariant under a continuous global Peccei-Quinn (PQ) symmetry

which has to be broken explicitly rather than spontaneously to avoid the emergence of

a massless axion that is not realised in nature. This is achieved in the NMSSM by the

addition of a cubic self-coupling term 1/3κS3 which on the other hand respects the Z3

discrete symmetry leading to domain-wall problems after the singlet acquires a vev. In

both scenarios the µ term present in the MSSM superpotential has been replaced by the
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trilinear term λSHuHd which generates the µ term effectively after electroweak symmetry

breaking takes place. In the context of UMSSM the massless Goldstone boson is eaten by

the new Z ′ gauge boson and no explicit breaking of the symmetry is needed thus making

the theory free from problems that can spoil the observed cosmic microwave background

radiation.

2.1 Particle Content of UMSSM

Vector supermultiplets

The symmetry group under which the supersymmetric Langrangian is invariant, as we have

discussed earlier, will be the same as in the MSSM extended by one extra U(1)′ abelian

gauge group, i.e.

G = SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)′ . (2.2)

It is already known from the SM and its minimal supersymmetric extension that the color

group has 8 generators T a (a = 1, . . . , 8), which are 3×3 traceless unitary matrices obeying

the anticommutation relation

[T a, T b] = ifabcT c (2.3)

where fabc are the real structure constants of the symmetry group. In order for the Lag-

rangian to be invariant under the non-abelian local transformations one introduces 8 vector

gluon fields Aaµ which transform according to

Aa′µ = Aaµ + ∂µε
a + gfabcAbµε

c , (2.4)

where εa(x) are the 8 infinitesimal gauge transformation parameters and g ≡ g3 is the

gauge coupling of the strong interaction in this case. In the adjoint representation where

(T a)bc = −ifabc the transformation of the gluon fields becomes

δAa′µ = ∂µε
a − ig(T b)acA

b
µε
c , (2.5)

and this defines the form of the covariant derivative in the adjoint representation of the

group:

Dµ = ∂µ − igT bAbµ . (2.6)

When one supersymmetrizes the theory the vector supermultiplet will contain along the

bosonic degrees of freedom the corresponding fermionic dofs, which in this case are the
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gluinos

SU(3)c → V3 = (G̃b, Gbµ) , b = 1 . . . 8 . (2.7)

Similarly the SU(2)L group has 3 generators τ i (i = 1, 2, 3) which have to satisfy (2.3). In

the fundamental representation the structure constants are just the totally anticommuting

Levi-Civita tensor fabc = εabc and the generators are just half the Pauli matrices

τ i =
1

2
σi , i = 1, 2, 3 . (2.8)

The vector supermultiplet will contain the three gauge boson eigenstate fields W a
µ and the

corresponding gaugino fields W̃ a
µ

SU(2)L → V2 = (W̃ i,W i
µ) , i = 1, 2, 3 . (2.9)

The U(1)Y and the extra U(1)′ abelian gauge groups have one dimensional generators

which correspond to the weak hypercharge Y in the first case and to the extra U(1)′

hypercharge Qi in the latter. The two U(1) supermultiplets will now contain

U(1)Y → (B̃, Bµ) (2.10)

U(1)′ → (B̃′, B′µ) (2.11)

the covariant derivative for the full theory can now be written for convenience as

Dµ = ∂µ − ig1BµY − ig2

3∑
i=1

W i
µτ

i − ig3

8∑
b=1

GbµT
b − ig′1B′µQ . (2.12)

The Lagrangian density for a gauge supermultiplet is given by

Lgauge = −1

4
F aµνF

µν,a + iλa†σ̄µDµλ
a +

1

2
DaDa , (2.13)

where the covariant field strength tensor F aµν is given by

F aµν = ∂µA
a
ν − ∂Aaµ + gfabcAbµA

c
ν , (2.14)

where there is an implicit sum over all the field strength tensors corresponding to every

gauge group of the theory (2.2) with a = 1, . . . , 8 for SU(3)c and a ≡ i = 1, 2, 3 for

SU(2)L. The second term corresponds to the interaction Lagrangian of the gauge sector

to the gauginos λa

a = 1, . . . , 8 λa ≡ G̃a (2.15)

a = 1, 2, 3 λa ≡ W̃ a (2.16)

a = 1 λ ≡ B̃ (2.17)

a = 1 λ ≡ B̃′ (2.18)
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the last term corresponds to the real bosonic auxiliary field Da which we have to add to

the Lagrangian in order for supersymmetry to close off-shell. These are not the only terms

which are allowed by the symmetries of the Lagrangian and renormalizability. We have to

include terms which correspond the gaugino-fermion-scalar coupling (plus the hermitian

conjugate) and also the coupling of the auxiliary bosonic field Da to the scalar fields of the

theory. These additional gauge terms are,

L+gauge = −
√

2g(φ?iT
aψi)λ

a + h.c.−DaDa , (2.19)

where Da = −g(φ∗iT
aφi) and again there is an implicit sum over the number of chiral

supermultiplets i and a the adjoint representation of every gauge group. The coefficients

of these terms are determined by supersymmetry (it is easy to show this by using the

superfield formalism.) Adding (2.20) plus (2.19) we finally get to the general expression

Lgauge = −1

4
F aµνF

µν,a + iλa†σ̄µDµλ
a − 1

2
DaDa + (−

√
2g(φ?iT

aψi)λ
a + h.c.) (2.20)

the third term 1/2DaDa corresponds to the D-term contribution to the scalar potential

V (φ, φ∗) of the theory. It is obvious that in the UMSSM the extra U(1)′ gauge group will

provide extra contributions to this term and thus modify as we will see the squared mass

matrices of the sfermions with respect to the minimal supersymmetric scenario. Additional

D-terms will also be present at tree level in the Higgs sector which will boost up the mass

of the lightest Higgs boson.

Chiral supermultiplets

The chiral supermultiplets Φi ≡ (φi, ψi) where φi are the complex scalar fields and ψi are

the Weyl fermionic fields of left-handed helicity. Since every fermionic dof has two helicity

states

ψD =

ψL
ψR

 ≡
ψa

ψ†ȧ

 , (2.21)

one chiral supermultiplet is needed to accommodate the fermionic dofs coming from each

helicity state. Note that if we want to define the supermuliplets rigorously according

to the superfield formalism we have to include the scalar complex auxiliary field Fi to

every supermultiplet in order to match the fermionic and bosonic dof off-shell1. Since

1Off-shell the two helicity states correspond to 2 complex fermionic fields i.e. 4 real fermionic dofs while

the scalar complex field φ still has two bosonic dofs.
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Supermultiplet SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)′

Qi ≡ (Q̃i, Qi) (3, 2, 1
6 , Qqi)

ūi ≡ (ũ∗R, ũ
†
R) (3, 1,−2

3 , Qūi)

d̄i ≡ (d̃∗R, d̃
†
R) (3, 1, 1

3 , Qd̄i)

Li ≡ (L̃i, Li) (1, 2,−1
2 , QLi)

ēi ≡ (ẽ∗R, ẽ
†
R) (1, 1, 1, Qēi)

Hu ≡ (Hu, H̃u) (1, 2,+1
2 , QHu)

Hd ≡ (Hd, H̃d) (1, 2,−1
2 , QHd)

S ≡ (S, S̃) (1, 1, 1, Qs)

Table 2.1: The table shows the chiral supermultiplets in the UMSSM and the quantum

numbers under the corresponding gauge group. Note that in this minimal U(1) extension

of the MSSM the only extra chiral supermultiplet involves the gauge singlet S and the

fermionic superpartner which is called "singlino". The index i = 1, 2, 3 runs over the 3

generations of quarks and leptons.

supersymmetry transformations commute with the transformations under the gauge group

G of the theory (2.2), all the particles that belong to the same supermultiplet have the same

quantum numbers. This allows to parametrize chiral supermultiplets further according to

their transformation properties under the weak isospin SU(2)L gauge group. The chiral

supermultiplets for the UMSSM are given in Table 2.1. The quark and lepton doublets

under the SU(2)L as well as the two Higgs doublets are given in Table 2.2.

The chiral Lagrangian will contain the kinetic terms for the fermionic and bosonic

components of the various supermultiplets, the F-term scalar potential VF (φ∗, φ) plus the

Lagrangian term responsible for the non-gauge chiral interactions Lint

Lchiral = −Dµφ∗iDµφi + iψ†i σ̄
µ∂µψi − VF (φ, φ∗) + Lint , (2.22)

where the F-term scalar potential is determined by the superpotential of the theory (2.30)

since

VF (φ∗, φ) = F ∗iFi = (−W i)(−W ∗i ) =

∣∣∣∣∂W∂φi
∣∣∣∣2 , (2.23)
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SU(2)L doublets

Qi =

uLi
dLi

 Q̃i =

ũLi
d̃Li



Li =

νeLi
eLi

 L̃i =

ν̃eLi
ẽLi



Hu =

H+
u

H0
u

 H̃u =

H̃+
u

H̃0
u



Hd =

H0
d

H−d

 H̃d =

H̃0
d

H̃−d



Table 2.2: Weak iso-doublets. The iso-doublets are constructed in a way such that T3 =

(1/2,−1/2) and the electric charges are given by the convention Qem = T3 + Y .

and the interaction Lagrangian is strictly constrained by supersymmetry and the condition

of renormalizability to be as known

Lint = −1

2
W ijψiψj + h.c

= −1

2

(
∂2W

∂φi∂φj

)
ψiψj + h.c. , (2.24)

where W is the superpotential describing the theory which has the generic form

W =
1

2
M ijφiφj +

1

6
yijkφiφjφk + Liφi , (2.25)

where yijk are the 3 × 3 Yukawa coupling matrices, M ij are symmetric fermion mass

matrices and Liφi is a linear term which is allowed in the presence of a gauge singlet field

φ.

By adding up all the terms eq.(2.20),(2.22),(2.24) for the full supersymmetric Lag-
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rangian we obtain finally

Lsusy = −1

4
F aµνF

µν,a + iλa†σ̄µDµλ
a +

(
−
√

2g(φ?iT
aψi)λ

a + h.c
)

−Dµφ∗iDµφi + iψ†i σ̄
µ∂µψi −

(
VF (φ, φ∗) +

1

2
DaDa

)
︸ ︷︷ ︸

=V (φ,φ∗)

− 1

2

(
∂2W

∂φi∂φj

)
ψiψj + h.c.

+ Lsoft , (2.26)

where i (not to be confused with the generation index) runs over the number of the chiral

supermultiplets. In the UMSSM we have 5 × 3 = 15 supermultiplets for the SM fermi-

ons and the corresponding supersymmetric bosonic dofs plus two Higgs and one singlet

supermultiplet, in total imax = 18 (see Tab. 2.1). We avoid to write the sum explicitly for

reasons of simplicity and clarity. The term in the last line corresponds to the Lagrangian

term which breaks supersymmetry explicitly and creates the mass splitting between the

components of the same supermultiplet. Before supersymmetry is broken the Weyl fermion

and the complex scalar field belonging to the same supermultiplet satisfy the same wave

equation with exactly the same squared-mass matrix and so the two field have degener-

ate masses. In the next subsection we give the prescription for the soft supersymmetric

Lagrangian and we write down the Lsoft for UMSSM.

The Soft Supersymmetry breaking Lagrangian

The most generic soft supersymmetric Lagrangian term one can write is given by

Lsoft = −
(

1

2
Maλ

aλa +
1

6
aijkφiφjφk +

1

2
bijφiφj + tiφi

)
+ c.c.− φ∗im2

φ,ijφj , (2.27)

whereMa are the gaugino masses, m2
φ,ij are the scalar soft squared masses, bij , aijk are the

bilinear and trilinear soft couplings, respectively. Note that the above Lagrangian term

does not contain dimensionless couplings and in that sense it is considered as "soft". All

the couplings have a positive mass dimension in order to preserve the relationships between

the dimensionless couplings which eliminate the quadratic divergences in all orders of per-

turbation theory after the breaking of supersymmetry. If we were to include dimensionless

couplings this property would be spoiled and the initial motivation for supersymmetry

would not be meaningful any more. As mentioned previously the superpartners belong-

ing to the same supermultiplet have the same mass if supersymmetry remains unbroken.

One would expect that the Lagrangian has to be invariant under supersymmetric trans-

formations but the vacuum should break this symmetry spontaneously in a way similar to
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the SM. Note that the first and the third term of eq.(2.27) are the scalar masses for the

gaugino fermions and the scalar quarks, leptons and Higgs doublets. The second trilinear

in the scalar fields term has the same form as the Yukawa terms in the superpotential.

The gaugino masses receive no other contribution from any other Lagrangian term as we

can clearly deduce by looking at eq.(2.26). The situation is different, as we implied previ-

ously, for the squarks and sleptons of the theory. The bilinear and the trilinear mass term

will give contributions to the sfermion squared mass matrix creating the mass splitting

between the components of a supermultiplet after one switches on the symmetry breaking

mechanism. The details of this spontaneously breaking mechanism are yet to be found,

leading to an "effective" parametrization which introduces a variety of new couplings and

soft parameters which make the model more complicated than in the Standard Model. The

soft breaking Lagrangian in the UMSSM thus will be given by

Lsoft = −1

2
M1B̃B̃ −

1

2
M2W̃W̃ − 1

2
M3g̃g̃ + c.c

−
(
ūiAuijyuijQ

T j εHu − d̄iAdijydijQ
T j εHd − ēiAeijyeijLT

j
εHd

+ b(HT
u εHd) + c.c

)
− Q†

i
m2
QijQ

j − L†im2
LijL

j − ū∗im2
ūij ū

j − d̄∗im2
d̄ij
d̄j − ē∗im2

ēij ē
j

− m2
Hu |Hu|2 −m2

Hd
|Hd|2 −m2

s|S|2 , (2.28)

where b = Asµeff = AsλS is the corresponding Bµ soft term in the MSSM but due to the

presence of the extra gauge singlet has been transformed into a trilinear soft term with

parameter As in the UMSSM. Aij are the soft supersymmetry breaking trilinear couplings

and yij are the Yukawa matrices. Their product gives the soft supersymmetry breaking

trilinear matrices defined as

aij = Aijyij . (2.29)

In the relationship for Lsoft eq.(2.31) we have supressed the indices a, b for the fundamental

representation of the SU(2)L group. The soft masses m2
ij are 3× 3 matrices in generation

space and can contain off-diagonal mixings which can affect low energy constraints from

experiments involving flavour changing neutral currents (FCNC) and CP-violating effects.

Since these studies are not in the scope of our current project in order to keep the model

safe from these effects we assume that the soft masses are diagonal and do not impose any

mixing. For the same reason in order to avoid any additional mixing coming from the soft

trilinear "Yukawa" induced terms we assume that the "Yukawa" matrices are all diagonal.

Since only the third generation quarks and leptons have O(1) Yukawa couplings this implies
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that only the third generation quarks and leptons can have large trilinear scalar couplings.

With these assumptions we can the rewrite a simplified version of the superpotential (2.30)

and the soft supersymmetry breaking Lagrangian (2.31). Suppressing the generation i, j

and the SU(2) indices we have

WUMSSM = ūyuQ
T εHu + d̄ydQ

T εHd + ēyeL
T εHd + λSHT

u εHd , (2.30)

and

Lsoft = −1

2
M1B̃B̃ −

1

2
M2W̃W̃ − 1

2
M3g̃g̃ + c.c

−
(
ūAuyuQ

T εHu − d̄AdydQT εHd − ēAeyeLT εHd + b(HT
u εHd) + c.c

)
− Q†m2

Q13Q− L†m2
L13L−m2

ū13|ū|2 −m2
d̄13|d̄|2 −m2

ē13|ē|2

− m2
Hu |Hu|2 −m2

Hd
|Hd|2 −m2

s|S|2 . (2.31)

The identity matrix 13 is there to remind the reader that the soft masses are diagonal

matrices in the generation space.

The Scalar Potential

As we have seen in the previous sections the full scalar potential of a given supersymmetric

model can be decomposed into the potential coming from the F-terms VF , the D-terms VD

and the soft supersymmetry breaking terms Vsoft

Vscalar = VF + VD + Vsoft . (2.32)

The F-term scalar potential VF . The F-term contribution to the scalar potential is

given by eq.(2.23). To calculate the derivatives we first expand the superpotential eq.(2.30)

by inserting the chiral superfields

W = ūyu(uLH
0
u − dLH+

u ) + d̄yd(dLH
0
d − uLH−d ) + ēye(eLH

0
d − νLH−d )

+ λS(H+
u H

−
d −H

0
uH

0
d) . (2.33)

Calculating the derivatives of the superpotential with respect to all the fields of the theory

φi = (ū, d̄, ē, uL, dL, νL, eL, H
0
u, H

0
d , H

+
u , H

−
d , S) we have

VF =

12∑
i

∣∣∣∣∂W∂φi
∣∣∣∣2 =

= |yd(dLH0
d − uLH−d )|2 + |yeēH0

d |2 + |yeēH−d |
2 + |yu(uLH

0
u − dLH+

u )|2

+ ydd̄H
−
d − yuūH

0
u|2 + |ydd̄H0

d − yuūH+
u |2 + |λ(H−d H

+
u −H0

dH
0
u)|2

+ |yuūuL − λSH0
d |2 + |yuūdL − λSH−d |

2 + |ye(eLH0
d − νLH−d )|2

+ |ydd̄dL + yeēeL − λSH0
u|2 + |ydd̄uL + yeēνL − λSH+

u |2 , (2.34)
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where we introduce here the notation ū ≡ ũ∗R.

The D-term scalar potential. The D-term contributions to the scalar potential

according to eq.(2.26) is given by

VD =
1

2
DaDa =

1

2

∑
a,i,j

g2
a(φ
∗
iT

aφi)(φ
∗
jT

aφj)

= VSU(2) + VU(1) + VU(1)′ , (2.35)

where the summation over the gauge groups SU(2)L, U(1)Y , U(1)′ is decomposed into

three terms to be calculated separately. The SU(2) D-term contribution will involve only

the chiral superfields φi = (Q,L,Hu, Hd) which transform under the SU(2) fundamental

representation so we can write

VSU(2) =
1

2

∑
i,j

g2
2(φ†i

σa

2
φi)(φ

†
j

σa

2
φj) =

1

8

∑
i,j

g2
2

[
(φ†i )1kσ

a
kl(φi)l1

] [
(φ†j)1rσ

a
rt(φj)t1

]
=

1

8

∑
i,j

g2
2

[
(φ†i )1k(φi)l1

] [
(φ†j)1r(φj)t1

]
· (σaklσart)

=
1

8

∑
i,j

g2
2

[
(φ†i )1k(φi)l1

] [
(φ†j)1r(φj)t1

]
· (2δktδlr − δklδrt)

=
1

8
g2

2

∑
i,j

[
2(φ†i )1k(φj)k1(φ†j)1l(φi)l1 − (φ†i )1l(φi)l1(φ†j)1r(φj)r1

]
=

1

8
g2

2

∑
i,j

[
2(φ†iφj)(φ

†
iφj)

† − (φ†iφi)(φ
†
jφj)

]
,

VSU(2) =
1

8
g2

2

∑
i,j

[
2|φ†iφj |

2 − |φi|2|φj |2
]
. (2.36)

By inserting the weak isodoublets into the above equation we will have

VSU(2) =
1

8
g2

2

{
|Q|4 + |L|4 + |Hu|4 + |Hd|4 − 2|Hd|2|Hu|2 + 4|H†dHu|2 − 2|Hd|2|L|2

+ 4|L†Hd|2 − 2|Hd|2|Q|2 + 4|Q†Hd|2 − 2|Hu|2|L|2 + 4|L†Hu|2 − 2|Hu|2|Q|2

+ 4|Q†Hu|2 − 2|L|2|Q|2 + 4|Q†L|2
}

. (2.37)

Note that the SU(2) D-terms are the same as in the minimal model since the doublet

content remains the same. Similarly the U(1) D-term contribution to the scalar potential

will be

VU(1) =
1

2
g2

1

∑
i,j

(φ∗iYiφi)(φ
∗
jYjφj) =

1

2
g2

1

(∑
i

φ∗iYiφi

)2

=
1

2
g2

1

(∑
i

Yi|φi|2
)2

, (2.38)
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where Yi is the hypercharge of the chiral superfield i. By inserting in the above equation

all the chiral superfields which are charged under the U(1) group we will have

VU(1) =
1

2
g2

1

{
YQ(Q†Q) + YL(L†L) + YHu(H†uHu) + YHd(H

†
dHd)

+ Yū|ū|2 + Yd̄|d̄|2 + Yē|ē|2
}2

. (2.39)

As in the case of SU(2) the U(1) D-terms are the same as in the MSSM. Finally the

contribution from the extra U(1)′ gauge group will have the same form as in eq.(2.39)

with the replacement Yi → Qi for the U(1)′ extra charges. In this case there will be one

additional term in the sum from the chiral superfield S which is charged under the extra

U(1)′ gauge group. Therefore we will have

VU(1)′ =
1

2
g′21

(∑
i

Qφi |φi|
2

)2

=
1

2
g′21

{
Qq(Q

†Q) +QL(L†L) +QHu(H†uHu) +QHd(H
†
dHd)

+ Qū|ū|2 +Qd̄|d̄|2 +Qē|ē|2 +Qs|S|2
}2

. (2.40)

Note that in all the final equations above we have suppressed the generation index and an

implicit sum over the three families of squarks and sleptons should be considered.

The soft term scalar potential. The soft breaking supersymmetric Lagrangian as

we have seen earlier is given by eq.(2.27) so that the the scalar potential coming from the

soft terms can be written as

Vsoft = −Lsoft =
1

2
M1B̃B̃ +

1

2
M2W̃W̃ +

1

2
M3g̃g̃ + c.c

+
(
ūAuyuQ

T εHu − d̄AdydQT εHd − ēAeyeLT εHd + b(HT
u εHd) + c.c

)
+ Q†m2

Q13Q+ L†m2
L13L+m2

ū13|ū|2 +m2
d̄13|d̄|2 −m2

ē13|ē|2

+ m2
Hu |Hu|2 +m2

Hd
|Hd|2 +m2

s|S|2 . (2.41)

2.2 The Gauge Sector

In this section we will calculate the tree-level expressions for the gauge bosons in the U(1)

extensions of the MSSM. As we will analyse below the extra gauge eigenstate B′µ associated

with the extra gauge group mixes with the other two gauge eigenstates Bµ,W 3
µ to form a

massless photon and two intermediate gauge eigenstates Zµ, Z ′µ which mix in order to give

the mass eigenstates Z1, Z2, which correspond to the weak neutral gauge boson Z present

in the SM and a new neutral gauge boson often called Z ′. Notice that here Z,Z ′, in our
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notation, do not correspond to the mass eigenstates of these two bosons but they represent

intermediate gauge eigenstates which are superpositions of the eigenstates (Bµ, B
′
µ,W

3
µ).

This amounts merely to a change of basis from (Bµ, B
′
µ,W

3
µ) to (Aµ, Zµ, B

′
µ), where now Aµ

is diagonal with respect to Zµ, B′µ ≡ Z ′µ and can be identified as the massless photon since

electromagnetism remains unbroken. The two remaining states B′µ ≡ Z ′µ, Bµ mix with each

other to form the mass eigenstates of the two neutral gauge bosons. Since there is no extra

charged component the tree-level mass expression for the W boson remains unchanged in

the UMSSM. Let’s proceed with the calculation of these tree-level expressions.

The information for the gauge boson masses resides in the Lagrangian part of the

covariant derivative acting on the Higgs bosons (Dµφ)†Dµφ (see eq.(2.26)) where φi are

the two Higgs doublets and the scalar component of the singlet field S which are charged

under SU(2)L, U(1), U(1)′ and U(1)′ respectively. The operator Dµ when acting upon the

SU(2) doublets reads

Dµφi =
(
− ig1BµYi · 12 − ig2

3∑
a=1

W a
µT

a
i − ig′1B′µQi · 12

)
φi , (2.42)

DµS = (−ig′1B′µQi)S , (2.43)

where we keep only the relevant part for the calculation of the gauge boson masses, that

is why we have ignored the kinetic part coming from the derivative ∂µ. The sum over all

Higgs doublets and singlets will then be

(Dµφ)†Dµφ = |DµHu|2 + |DµHd|2 + |DµS|2 , (2.44)

which takes the matrix form

(Dµφ)†(Dµφ) =

∣∣∣∣∣∣∣∣
−iBµ

g1
2 − iB

′
µg
′
1QHu −

g2
2 W

3
µ −g2

(
W 1
µ−iW 2

µ

2

)
−g2

(
W 1
µ+iW 2

µ

2

)
−iBµ g12 − iB

′
µg
′
1QHu + g2

2 W
3
µ


H+

u

H0
u


∣∣∣∣∣∣∣∣
2

+

∣∣∣∣∣∣∣∣
+iBµ

g1
2 − iB

′
µg
′
1QHd −

g2
2 W

3
µ −g2

(
W 1
µ−iW 2

µ

2

)
−g2

(
W 1
µ+iW 2

µ

2

)
+iBµ

g1
2 − iB

′
µg
′
1QHd + g2

2 W
3
µ


H0

d

H−d


∣∣∣∣∣∣∣∣
2

+

| − iB′µg′1QsS|2 . (2.45)

After electroweak symmetry breaking takes place and the Higgs fields receive vevs the
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above equation becomes

(Dµφ)†(Dµφ) =

∣∣∣∣∣∣∣∣∣∣
vu√

2


−g2

(
W 1
µ−iW 2

µ

2

)
−iBµ g12 − iB

′
µg
′
1QHu + ig22 W

3
µ


∣∣∣∣∣∣∣∣∣∣

2

+

∣∣∣∣∣∣∣∣∣∣
vd√

2


+iBµ

g1
2 − iB

′
µg
′
1QHd − i

g2
2 W

3
µ

−g2

(
W 1
µ+iW 2

µ

2

)

∣∣∣∣∣∣∣∣∣∣

2

+

| − iB′µg′1Qs
vs√

2
|2 . (2.46)

Now using the above form it is easy to see how the gauge eigenstates mix with each other

and derive the squared mass matrices for the gauge bosons. For the W bosons in the basis

(W 1
µ ,W

2
µ) the mass terms reads

(
Wµ

1 Wµ
2

)
g22
8 (v2

u + v2
d) 0

0
g22
8 (v2

u + v2
d)


W 1

µ

W 2
µ

 =
1

2
· g

2
2

4
v2︸ ︷︷ ︸

=M2
W

(
(W 1

µ)2 + (W 2
µ)2
)
, (2.47)

and thus predicting the mass of the W boson as in the SM (and MSSM) to beM2
W = g2

2v
2/4.

In the case of the neutral gauge bosons we can now see clearly that the extra gauge

eigenstate B′µ associated with the U(1)′ group mixes with the Bµ and W 3
µ to form a 3× 3

non-diagonal matrix in the basis (W 3
µ , Bµ, B

′
µ). The 3 × 3 matrix can be read off easily

from eq.(2.46)

M2
W−B−B′

=

(
W 3
µ Bµ B′µ

)
· v

2
u+v2d

8


g2

2 −g1g2 2g′1g2
(v2dQHd−v

2
uQHu )

v2u+v2d

−g1g2 g2
1 −2g′1g1

(v2dQHd−v
2
uQHu )

v2u+v2d

2g′1g2
(v2dQHd−v

2
uQHu )

v2u+v2d
−2g′1g1

(v2dQHd−v
2
uQHu )

v2u+v2d
4g′ 21

Q2
Hd
v2d+Q2

Hu
v2u+Q2

sv
2
s

v2




W 3
µ

Bµ

B′µ


, (2.48)

the determinant of the 3 × 3 non-diagonal matrix in eq.(2.46) is zero meaning that the

matrix has a zero eigenvalue which can be identified as the photon since electromagnetism

remains unbroken. The eigenvector corresponding to the zero eigenvalue is given by

Aµ = W 3
µ

g1√
g2

1 + g2
2

+Bµ
g2√
g2

1 + g2
2

(2.49)

≡ sWW
3
µ + cWBµ , (2.50)

and as we see it is the same expression that gives the photon Aµ in the SM in terms of the

the gauge eigenstates W 3
µ , Bµ and the Weinberg angle θW , where the sine and the cosine
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of the Weinberg angle are defined as

sin θW ≡ sW =
g1√
g2

1 + g2
2

cos θW ≡ cW
g2√
g2

1 + g2
2

. (2.51)

Note the the upper left 2× 2 matrix corresponds to the mixing matrix between the states

(W 3
µ , Bµ) which in the SM after we diagonalize it by rotating the fields using a special

orthogonal transformation, we get two mass eigenstates one with zero eigenvalue which

corresponds to the photon and a second one with squared mass 1/4g2
zv

2 that corresponds

to the neutral Z boson, i.e.

(
W 3
µ Bµ

)
· v

2
u+v2d

8

 g2
2 −g1g2

−g1g2 g2
1


W 3

µ

Bµ

 = 0 AµA
µ +

1

2
· 1

4
g2
zv

2 ZµZ
µ (2.52)

where Aµ is given by eq.(2.49) and Zµ is given by the rotated mass eigenstate

Zµ = cWW
3
µ − sWBµ , (2.53)

we can use the same trick here in the case of the presence of the extra U(1)′ symmetry.

By introducing the intermediate gauge eigenstate Zµ given by eq.(2.53), Aµ given by

eq.(2.49) and setting B′µ ≡ Z ′µ we essentially rotate the fields (W 3
µ , Bµ, Bµ

′) into a new

basis (Aµ, Zµ, Z
′
µ) 

Aµ

Zµ

Z ′µ


=


sW cW 0

cW −sW 0

0 0 1




W 3
µ

Bµ

B′µ


. (2.54)

The advantage is that in this new basis Zµ will only mix with the gauge eigenstate Z ′µ to

give the mass eigenstates of the two neutral gauge bosons Z1, Z2 after diagonalizing the

mixing matrix. Using the rotated fields eq.(2.54) we can rewrite the 3 × 3 mixing matrix

in eq.(2.46) as follows

M
Z−Z′−Aµ

=

1
2

(
Aµ Zµ Z ′µ

)
·


0 0 0

0 1
4(g2

1 + g2
2)v2 1

2g
′
1

√
g2

1 + g2
2(QHdv

2
d −QHuv2

u)

0 1
2g
′
1

√
g2

1 + g2
2(QHdv

2
d −QHuv2

u) g′21 (Q2
Hd
v2
d +Q2

Hu
v2
u +Q2

sv
2
s)




Aµ

Zµ

Z ′µ


(2.55)

= 0 AµA
µ +

1

2

(
Zµ Z ′µ

)
M2

Z−Z′

Zµ
Z ′µ

 , (2.56)



Agamemnon Sfondilis 23

where M2
Z−Z′ is the 2× 2 real symmetric matrix which corresponds to the squared Z −Z ′

mass mixing matrix

M2
Z−Z′ =

M2
Z ∆2

Z

∆2
Z M2

Z′

 , (2.57)

with the diagonal elements given by

M2
Z =

1

4
g2
zv

2 , M2
Z′ = g′21 (Q2

Hd
v2
d +Q2

Huv
2
u +Q2

sv
2
s) , (2.58)

and the off-diagonal mixing term given by

∆2
Z =

1

2
g′1gz(QHdv

2
d −QHuv2

u) , (2.59)

one can diagonalize the Z −Z ′ squared mass mixing matrix by doing an orthogonal trans-

formation O(θ′) such that the gauge eigenstates (Zµ, Z
′
µ) are being rotated into the mass

eigenstates (Z1,µ, Z2,µ)

1

2

Zµ
Z ′µ


T

M2
Z−Z′

Zµ
Z ′µ

 =
1

2

Z1µ

Z2µ


T

OTM2
Z−Z′O︸ ︷︷ ︸

=M2
diag(M2

Z1
,M2

Z2
)

Z1µ

Z2µ

 (2.60)

=
1

2
M2
Z1
Z1µZ

µ
1 +

1

2
M2
Z2
Z2µZ

µ
2 , (2.61)

where M2
Z1
,M2

Z2
are the squared mass eigenvalues of the mixing matrixM2

Z−Z′

M2
Z1,Z2

=
1

2

(
M2
Z +M2

Z′ ∓
√

(M2
Z −M2

Z′)
2 + 4 ∆4

Z

)
, (2.62)

the mass eigenstates can be rotated back to the gauge eigenstates as followsZ1µ

Z2µ

 =

cos θ′ − sin θ′

sin θ′ cos θ′


︸ ︷︷ ︸

=OT

Zµ
Z ′µ

 , (2.63)

and the mixing angle θ′ 2 is then defined as

tan 2θ′ =
2∆2

Z

M2
Z′ −M2

Z

=
g′1gz(QHdv

2
d −QHuv2

u)

M2
Z′ −M2

Z

, (2.64)

2Note that the orthogonal matrix which rotates the gauge eigenstates into the mass eigenstates is

ambiguous up to a minus sign in the off-diagonal element. Had we chosen the minus sign differently this

would be equivalent make a change of variables θ′ → −θ′ and this would in turn yield the tangent of the

mixing angle to be multiplied by a minus sign in this case.
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by using now eq.(2.54) and eq.(2.63) we can write down the orthogonal matrix that diag-

onalizes the 3× 3 matrix in eq.(2.48) and express the mass eigenstate basis (Aµ, Z1µ, Z2µ)

in terms of the initial gauge eigenstate basis (W3µ, Bµ, B
′
µ)

Aµ

Z1µ

Z2µ


=


sW cW 0

cθ′cW −cθ′sW −sθ′

sθ′cW −sθ′sW cθ′


︸ ︷︷ ︸

OT


W3µ

Bµ

B′µ


. (2.65)

2.3 The Higgs Sector

In this section our main goal to reproduce the mass matrices for the Higgs boson and cal-

culate the 1-loop contributions to the CP-even Higgs bosons using the Weinberg-Coleman

effective potential. The presence of the SM gauge singlet that mixes with the MSSM Higgs

doublets modifies the Higgs sector in the extensions of the MSSM. Having computed the full

scalar potential of the theory in the previous section by explicitly calculating the F, D and

soft term contributions it is easy to construct the Higgs scalar potential and then rederive

the tree-level mass matrices for the Higgs bosons. From the various contributions to the

scalar potential eq.(2.23),(2.38),(2.39),(2.40) we keep only the terms containing the Higgs

doublets Hu, Hd and the SM gauge singlet S. The Higgs scalar potential after simplifying

the various terms can be written in the following form

VHiggs = |λHT
u εHd|2 + |λS|2(|Hu|2 + |Hd|2) +

1

8
(g2

1 + g2
2)
(
|Hu|2 − |Hd|2

)2
+

1

2
g2

2|H
†
dHu|2

+
1

2
g′21
(
QHu |Hu|2 +QHd |Hd|2 +Qs|S|2

)2
+ λSAsH

T
u εHd + h.c

+ m2
Hu |Hu|2 +m2

Hd
|Hd|2 +m2

s|S|2 . (2.66)

Since we have broken supersymmetry explicitly by inserting the soft supersymmetry break-

ing terms in the potential, we now have to make sure that electroweak symmetry is broken

spontaneously down to electromagnetism at the minimum of the potential and give masses

to the SM bosons and fermions. By doing that we have to remind ourselves to be cautious

with directions of the fields that can drive the Higgs potential to negative values since

in any supersymmetric theory the potential has to be positive definite. Since color and

charge remain unbroken we must take the vacuum expectation value of all fields which

have non zero charge and color to be zero. This means that only the components of the

Higgs doublets with zero charge H0
u, H

0
d are allowed to receive vevs as well as the singlet
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S. Using gauge invariance we can rotate one of the Higgs field, let’s choose Hu to have a

vanishing zero vev of the positive charged component 〈H+
u 〉 = 0 at the minimum of the

potential

〈Hu〉 =
1√
2

 0

vu

 , (2.67)

in order for the potential to have an extremum the derivatives of the potential with respect

to the the Higgs fields and the singlet have to be zero. Asking the derivative ∂V/∂H−d = 0

to be zero we can easily see that this implies that also H−∗d = 0 = H−d . So we can safely

set H+
u = H−d = 0 in eq.(2.66) at the minimum of the potential without loss of generality.

The Higgs potential then simplifies containing only the components of the Higgs fields with

zero charges that are allowed to get vev’s

VHiggs = |λH0
dH

0
u|2 + |λS|2(|H0

u|2 + |H0
d |2) +

1

8
(g2

1 + g2
2)
(
|H0

u|2 − |H0
d |2
)2

+
1

2
g′21
(
QHu |H0

u|2 +QHd |H
0
d |2 +Qs|S|2

)2
− λSAsH

0
uH

0
d + h.c

+ m2
Hu |H

0
u|2 +m2

Hd
|H0

d |2 +m2
s|S|2 . (2.68)

We can then rewrite the above relationship in a way that resembles the MSSM scalar

potential, so that we can identify any differences in our analyses. We get

VHiggs = (|µeff |2 +m2
Hu)|H0

u|2 + (|µeff |2 +m2
Hd

)|H0
d |2 − (bH0

uH
0
d + h.c)

+
1

8
(g2

1 + g2
2)
(
|Hu|2 − |Hd|2

)2
+

1

2
g′21
(
QHu |Hu|2 +QHd |Hd|2 +Qs|S|2

)2
+ m2

s|S|2 , (2.69)

where we have set µeff = λ〈S〉 before electroweak symmetry breaking for that reason. The

last two terms are the extra terms not present in the minimal theory. The third term in

the first line depends on the phases of the fields and we can always make a redefinition

of the Higgs fields so that we can choose b ≥ 0. If for example b < 0 we can write it as

a complex phase b = eiπ|b| and then absorb this phase into one of the two fields H0
u, H

0
d .

For the potential to have a minimum H0
uH

0
d = ei(φu+φd)|H0

uH
0
d | has to be real and positive

which means that the phases have to be opposite φu = −φd. This means that since

the hypercharges of the two Higgs doublets are opposite we can use gauge invariance to

make a U(1)Y gauge transformation in order to always choose both H0
u, H

0
d to be real and

positive without loss of generality. Choosing b,H0
u, H

0
d simultaneously real and positive

means that the combined transformation of charge conjugation and parity (CP) cannot
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be violated in the Higgs sector. Thus we can assign eigenvalues of CP to the Higgs mass

eigenstates. Let’s consider for now the simplest case of the MSSM, i.e. we consider for

a minute the expression for the Higgs potential above (2.69) without the last two terms

coming from the U(1)′ D-terms and the scalar soft term and we simplify the notation by

setting H0
u = x,H0

u = y, and defining the coefficients of each term accordingly as seen

below

VHiggs = a1x
2 + a2y

2 − 2bxy + a3

(
x2 − y2

)2
, (2.70)

the Higgs potential in the MSSM involves quadratic and quartic powers of the two neutral

Higgs fields. For large values of either one of the Higgs fields for example if we move in

the direction of large x→∞ or y →∞ keeping the other field constant the quartic term

in eq.(2.70) will dominate and thus the potential will grow to large positive values. The

problem arises when the quartic term vanishes. This happens when x = y or equivalently

H0
u = H0

d . Moving along this direction x = y (D-flat direction) to infinity does not ensure

that the potential is still bounded from below. The above equation becomes a parabola

VHiggs = (a1 + a2 − 2b)x2 , (2.71)

which has a minimum when the coefficient of the quadratic term becomes positive. And

this translates into the following condition

2|µ|2 +m2
Hu +m2

Hd
> 2b . (2.72)

A second condition comes from the requirement that the origin should not be a stable

minimum of the potential otherwise electroweak symmetry will not be broken spontan-

eously. Having that in mind we have to force the origin of the potential x = y = 0 to be a

saddle point i.e. we have to require that the 2-dimensional Hessian matrix has a negative

determinant∣∣∣∣∣∣∣∣∣∣
∂2V
∂x2

∂2V
∂x∂y

∂2V
∂x∂y

∂2V
∂y2

∣∣∣∣∣∣∣∣∣∣
= 4a1a2 − 4b2 < 0⇒ (|µ|2 +m2

Hu)(|µ|2 +m2
Hd

) < b2 . (2.73)

The previous two relationships (2.72),(2.73) are necessary in order to have a minimum

that is not the origin and that the potential is bounded from below, as required by super-

symmetry. Now in the general case (MSSM) where the vacua are non zero one can easily

retrieve the tadpole conditions which minimize the scalar potential by requiring

∂V

∂φi

∣∣∣min

φi=vi
= 0 , where i = u, d , (2.74)
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and thus one finds

m2
Hu = −|µ|2 + b cotβ +

M2
Z

2
cos 2β , (2.75)

m2
Hd

= −|µ|2 + b tanβ −
M2
Z

2
cos 2β , (2.76)

where MZ = 1/2gzv as in (2.58). One can re-write these two equations as follows

sin 2β =
2b

m2
Hu

+m2
Hd

+ 2|µ|2
, (2.77)

M2
Z

2
=

m2
Hd
−m2

Hu
tan2 β

tan2 β − 1
− |µ|2 , (2.78)

where the last equation (2.78) represents the stability of the electroweak scale in the MSSM.

In the case of UMSSM the study of the vaccum stability becomes more involved and exceeds

the scope of this discussion. Like before one expands the Higgs and singlet fields around

the minimum in terms of the real scalar fields φd, φu, φs and parametrizes the imaginary

part, which corresponds to the Goldstone modes, using the real fields χd, χu, χs

Hu =

 H+
u

1√
2
(vu + φu + iχu)

 , Hd =

 1√
2
(vd + φd + iχd)

H−d

 , S =
1√
2

(vs + φs + iχs).

(2.79)

At the minimum of the potential the Higgs doublets and the singlet field will obtain non-

zero vevs and the vacua of the fields will be

〈Hu〉 =
1√
2

 0

vu

 , 〈Hd〉 =
1√
2

vd
0

 , 〈S〉 =
1√
2
vs, (2.80)

one can calculate the minimization conditions using the prescription of (2.74) with i =

u, d, s

∂VHiggs
∂φd

∣∣∣
min

= 0⇒

m2
Hd

= −
v2
d

2

(
g2
z

4
+ g′21 Q

2
Hd

)
+
v2
u

2

(
g2
z

4
− g′21 QHuQHd − |λ|

2

)
− v2

s

2

(
|λ|2 + g′21 QHdQs

)
+

vsvu

vd2
√

2
(Asλ+A∗sλ

∗) , (2.81)

∂VHiggs
∂φu

∣∣∣
min

= 0⇒

m2
Hu = −

v2
d

2

(
g2
z

4
− g′21 QHuQHd − |λ|

2

)
− v2

u

2

(
g2
z

4
+ g′21 Q

2
Hu

)
− v2

s

2

(
|λ|2 + g′21 QHuQs

)
+

vsvd

vu2
√

2
(Asλ+A∗sλ

∗) , (2.82)
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∂VHiggs
∂φs

∣∣∣
min

= 0⇒

m2
S = −

v2
d

2

(
|λ|2 + g′21 QHdQs

)
− v2

u

2

(
|λ|2 + g′21 QHuQs

)
− v2

s

2
q′21 Q

2
s +

vdvu

vs2
√

2
(Asλ+A∗sλ

∗) . (2.83)

In the calculation of the minimization conditions we have preserved the possibility of λ,As

being complex numbers but we have to stress here that in our calculations throughout this

project we have assumed that λ,As are real numbers. In that case the tadpole conditions

simplify further. In addition, we have explicitly written the extra gauge coupling and have

not absorbed it yet into the charges of the extra U(1) symmetry. This has been done

deliberately so that it easier for someone to compare these calculations with the literature.

In order to find the tree-level matrix of the CP-even Higgs scalars we need to write this

part of the scalar potential in the form

V Higgs
CP-even =

1

2

(
φd φu φs

)
M2

CP-even


φd

φu

φs


=

1

2
ΦT
i

(
M2

CP-even

)
ij

Φj . (2.84)

The mass squared matrix is then obtained by taking the second derivative of the Higgs

potential with respect to the scalar fields φi, i = d, u, s at the minimum of the potential

where the tadpole conditions hold

(
M2

CP-even

)
ij

=
∂VHiggs
∂φi∂φj

∣∣∣
min

. (2.85)

After substituting the minimization conditions (2.81),(2.82),(2.83) and simplifying our res-

ults the 3× 3 symmetrical squared matrix looks like this

(
M2

CP-even

)
ij

=



[
g2z
4 +Q2

Hd
g′1

2
]
v2
d + λAs√

2
vuvs
vd

−
[
g2z
4 − λ

2 −QHdQHug′1
2
]
vdvu − λAs√

2
vs

[
λ2 +QHdQsg

′
1

2
]
vdvs − λAs√

2
vu

−
[
g2z
4 − λ

2 −QHdQHug′1
2
]
vdvu − λAs√

2
vs

[
g2z
4 +Q2

Hu
g′1

2
]
v2
u + λAs√

2

vdvs
vu

[
λ2 +QHuQsg

′
1

2
]
vuvs − λAs√

2
vd

[
λ2 +QHdQsg

′
1

2
]
vdvs − λAs√

2
vu

[
λ2 +QHuQsg

′
1

2
]
vuvs − λAs√

2
vd Q2

sg
′
1

2v2
s + λAs√

2

vdvu
vs


.

(2.86)
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The three gauge eigenstates of the Higgs fields Hd, Hu, S are thus mixing with each other

to form the three neutral physical mass eigenstates which are denoted in ascending mass

order h0
1, H

0
2 , H

0
3 . The 3×3 orthogonal matrix Rij which rotates the field gauge eigenstate

basis Φ = (H0
d H

0
u S)T into the mass eigenstate basis H = (h0

1 H
0
2 H

0
3 )T and diagonalizes

the Higgs squared mass matrix M2
CP-even will have to satisfy the following matrix relation

RTM2
CP-evenR = diag(m2

h01
m2
H0

2
m2
H0

3
) (2.87)

and thus we will have

ΦTM2
CP-evenΦ = (RH)TM2

CP-even(RH) = HT
(
RTM2

CP-evenR
)

︸ ︷︷ ︸
diag(m2

h01

m2
H0
2

m2
H0
3

)

H

⇒ LHiggsCP-even = −1

2
HTM2

diag
H , (2.88)

where the two different basis are connected by the relations

Φi =
∑
j

RijHj , (2.89)

where i = d, u, s and j = 1, 2, 3 for the equation on the left and the other way around for

the equation on the right. Eq.(2.89) relates the mass eigenstates to the gauge eigenstates

and the squared absolute values of the coefficients |Rji|2 gives the j-th admixture of the

i-th Higgs mass eigenstate. For example the component |Ru1|2 shows the H0
u mixing of the

lightest CP-even Higgs boson h0
1 and so on.

CP-odd Higgs boson and Neutral Goldstone boson. Having expanded the

Higgs scalar potential (2.68) using the parametrization (2.79) we can read off the tree-level

squared mass matrix for the CP-odd Higgs fields from the bilinear terms in the expansion

V Higgs
CP-odd =

1

2

(
χd χu χs

)
M2

CP-odd


χd

χu

χs


=

1

2
X Ti
(
M2

CP-odd

)
ij
Xj , (2.90)

where the fields χi are the imaginary parts of the Higgs and singlet fields representing

the neutral gauge eigenstates of the Goldstone bosons present in the theory. The column

matrix X = (χd χu χs)
T represents the gauge eigenstate basis of the fields. By taking the

second derivatives of the Higgs potential with respect to the Xi fields we obtain the tree-

level expression for the CP-odd Higgs squared matrix after plugging in the minimization
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conditions and simplifying the relations(
M2

CP-odd

)
ij

=
∂VHiggs
∂χi∂χj

∣∣∣
min

=

=
λAs√

2


vuvs
vd

vs vu

vs
vdvs
vu

vd

vu vd
vdvu
vs


, (2.91)

which can also be written as

(
M2

CP-odd

)
ij

= µeffAs︸ ︷︷ ︸
Bµ


vu
vd

1 vu
vs

1 vd
vu

vd
vs

vu
vs

vd
vs

vdvu
v2s


, (2.92)

where we have set µeff = λAs. In this form is easy to see that the top left 2× 2 matrix is

merely the CP-odd squared mass matrix in the MSSM. The CP-odd squared mass matrix

has two zero mass eigenvalues which correspond to the mass eigenstates of the two neutral

Goldstone bosons G0
1,2 that are eaten by the Z,Z ′ bosons giving them their masses. The

third non-zero eigenvalue corresponds to the tree-level mass of the CP-odd pseudo-scalar

Higgs boson A0 in pUMSSM which reads

M2
A0 =

2Asµeff
sin 2β︸ ︷︷ ︸
MSSM

+
λAs√

2

vdvu
vs︸ ︷︷ ︸

extra term

and mG0
1,2

= 0 . (2.93)

Note that since in the MSSM we have essentially As → B, the first term in (2.93) cor-

responds to the tree-level mass of the CP-odd Higgs boson in the MSSM, and the second

term is just the extra term present in the extended model under study here. Rotating

the fields from the gauge eigenstate basis X = (χd χu χs)
T to the mass eigenstate basis

X = (G0
1 G

0
2 A

0)T through an orthogonal matrix Oij such that

OTM2
CP-evenO = diag(m2

G0
1
m2
G0

2
m2
A0) , (2.94)

will transform the part of the scalar potential VHiggs for the CP-odd Higgs mass in diagonal

form providing the physical states

V CP-odd
Higgs =

1

2

(
G0

1 G0
2 A0

)


0

0

m2
A




G0

1

G0
2

A0


, (2.95)
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the physical states are linked to the gauge eigenstates through the rotation matrices X =

OTX or equivalently Xi =
∑

j OjiXj , thus the composition of the CP-odd Higgs boson is

given by

A0 =
∑
j

Oj3Xj = O13X1 +O23X2 +O33X3

= κ

(
vs
vd
χd +

vs
vu
χu + χs

)
, (2.96)

where κ = 1/
√

1 + (vs/vd)2 + (vs/vu)2 is a normalization factor. In the unitary gauge the

Goldstone fields are considered to be zero G0
1,2 = 0. Due to the fact that the coupling of

the Higgs boson A0 to the fermionic matter involves the matrix γ5 which does not preserve

parity, it is also referred as pseudo-scalar Higgs boson.

Charged Higgs bosons and Charged Goldstones. Following the same procedure

for the charged Higgs mass matrix we obtain

V Higgs
± =

(
H−

∗

d H+
u

)

v2
u(g2

2 − 2λ2)

4
+

1√
2
λAs

vsvu
vd

−vdvu(g2
2 − 2λ2)

4
− 1√

2
Asλvs

−vdvu(g2
2 − 2λ2)

4
− 1√

2
Asλvs

v2
d(g

2
2 − 2λ2)

4
+

1√
2
λAs

vsvd
vu


H−d

H+∗
u

 .

(2.97)

Diagonalizing the charged-Higgs mass matrix by first computing its eigenvalues we see

that we end up with one massless state (and the conjugate state) which corresponds to the

charged Goldstone modes G± which are "eaten" by the charged W± bosons to form their

mass and another massive state H± and its conjugate state which constitute the sector of

the charged Higgs scalars

(
M

(0)
H±

)2
=

1

4
g2

2(v2
d + v2

u) +
λvsAs(v

2
d + v2

u)√
2vdvu

− 1

2
(v2
d + v2

u)λ2

=
1

4
g2

2v
2 +

λvsAs√
2 sinβ cosβ

− 1

2
v2λ2

=
1

4
g2

2v
2 +

√
2λvsAs
sin 2β

− 1

2
v2λ2 . (2.98)

Here the first term is just the tree-level W boson mass while the second term corresponds

to the relation for the tree-level mass of the CP-odd Higgs boson in the MSSM scenario as
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we have seen in the previous paragraph (2.93)(
M

MSSM

A0

)2
=

λvsAs√
2 sin 2β/2

=
2Asµeff
sin 2β

, (2.99)

so one can write the mass eigenvalues for the charged Higgs in the following form(
M

(0)
H±

)2
= M2

W +
(
M

MSSM

A0

)2

︸ ︷︷ ︸
MSSM

−1

2
v2λ2 . (2.100)

Again in this form it is easy to notice that the sum of the first two terms represents the

squared mass of the charged-Higgs scalars in the MSSM. The extra term present in the

UMSSM has a negative contribution to the square of the charged-Higgs mass thus resulting

in lighter mass eigenstates at tree-level compared to the MSSM counterpart. Finding the

eigenvectors corresponding to each eigenvalue we can diagonalize the squared matrix so

that

RT
H±M0

±
2
RH± = diag(m2

G± , m
2
H±) , (2.101)

the rotation matrix is constructed so that every column corresponds to one of the eigen-

vectors, in the basis H±u , H
±
d we have

RH± =

−
vd

vu
√

1+(vd/vu)2
vu

vd
√

1+(vu/vd)2

1√
1+(vd/vu)2

1√
1+(vu/vd)2



=

− cosβ sinβ

sinβ cosβ

 , (2.102)

where we have used the fact that v2 = v2
u + v2

d and vu = v sinβ, vd = v cosβ. The

mass eigenstates Sm = (G± H±)T can then be related to the gauge eigenstate basis

Sg = (H−d H−u )T using the rotation matrix RH±

Sm = RT
H±Sg

⇒

G±
H±

 =

− cosβ sinβ

sinβ cosβ


H±d
H±u

 , (2.103)
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from which we get the mixing of the physical particles with respect to un-physical gauge

eigenstates

G± = − cosβH±d + sinβH±u , (2.104)

H± = sinβH±d + cosβH±u . (2.105)

Note that although in the case of the charged-Higgs bosons we have an additional term

in the diagonal elements of the squared mass matrix, stemming from the extra F-term

contribution (λ-term in the superpotential) present in the UMSSM (we have a similar case

in the NMSSM as well) the mixing of the particles is MSSM-like. The gauge singlet S has

no charged component and doesn’t mix with the other two charged states H±u , H
±
d present

in the MSSM and therefore the rotation matrix is identical to that in the MSSM.

2.4 The Squark Sector

Let us gather here all tRhe squark mass terms from the scalar potential and construct the

mass matrix for the up and down type squarks. The mass terms for the squarks originate

from various terms of the Lagrangian density. We have contributions from the F-terms

which arise from the superpotential of the theory, from the D-terms, the soft trilinear

coupling A-terms and of course from the explicit soft mass terms in the soft part of the

scalar potential. One can write the Lagrangian density which contains the squark mass

terms for the up-type squarks in the following way

Lũ = Lũ∗LũL + Lũ∗RũR + Lũ∗LũR + Lũ∗RũL , (2.106)

where the various terms can be calculated by taking the second derivative of the squark

scalar potential with respect to the corresponding squark fields −Lφ∗i φj = ∂V/∂φ∗i ∂φj . For

instance

Lũ∗LũL = ũ∗L

{
−
(
|H0

d |2 − |H0
u|2
)(g2

2

4
− g2

1

12

)
− g′ 21

(
QHd |H

0
d |2 +QHu |H0

u|2 +Qs|S|2
)
QQi

− |yu|2|H0
u|2 −m2

Qi

}
ũL . (2.107)

Similarly we have for the other diagonal term ũ∗RũR

Lũ∗RũR = ũ∗R

{
− g2

1

(
|H0

d |2

3
− |H

0
u|2

3

)
− g′ 21

(
QHd |H

0
d |2 +QHu |H0

u|2 +Qs|S|2
)
Qūi

− |yu|2|H0
u|2 −m2

ūi

}
ũR , (2.108)
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for the left-handed and right-handed mixing which will give as in the end the off-diagonal

terms of the matrix we have

Lũ∗LũR = ũ∗L

(
y∗uλSH

0
d − y∗uH0 ∗

u A∗u

)
ũR , (2.109)

and its complex conjugate

Lũ∗RũL = ũ∗R

(
yuλS

∗H0∗
d − yuHuAu

)
ũL . (2.110)

After electroweak symmetry breaking the Higgs and singlet fields obtain vevs and the

squared-mass matrix for the squark gauge eigenstate fields can be written as

−Lũ =
(
ũ∗L ũ∗R

)

M2

ũ∗LũL
M2

ũ∗LũR

M2
ũ∗RũL

M2
ũ∗RũR


ũL
ũR



= ũ†i

(
M2

ũ

)
ij
ũj , (2.111)

where the elements of the squared-mass matrix are given by eq.(2.109) at the minimum of

the potential

M2
ũ∗LũL

= m2
Qi +m2

u + ∆ũL + ∆QiU(1)′
, (2.112)

M2
ũ∗RũR

= m2
ūi +m2

u + ∆ũR + ∆ūiU(1)′
, (2.113)

M2
ũ∗LũR

=
y∗uvu√

2
(A∗u − µeff cotβ) = (M2

ũ∗RũL
)∗ , (2.114)

i = 1, 2, 3 is the family index and we have denoted as ∆ũL and ∆QiU(1)′
the D-term

contributions coming from the U(1)+SU(2)L and the extra U(1)′ gauge group respectively.

One has

∆ũL =
v2
d − v2

u

24

(
3g2

2 − g2
1

)
=

(
1

2
− 2

3
s2
W

)
M2
Z cos(2β) , (2.115)

∆ũR = g2
1

(
v2
d

6
− v2

u

6

)
=

2

3
s2
WM

2
Z cos(2β) . (2.116)

For the second equalities in the equations above we have used the fact that M2
Z = (g2

1 +

g2
2)v2/4 and that the Weinberg angle can be written as s2

W = g2
1/(g

2
1 + g2

2). The U(1)′

D-terms are

∆QiU(1)′
=

g′ 21

2

(
QHdv

2
d +QHuv

2
u +Qsv

2
s

)
QQi , (2.117)

∆ūiU(1)′
=

g′ 21

2

(
QHdv

2
d +QHuv

2
u +Qsv

2
s

)
Qūi . (2.118)
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The mass terms mu = yuvu/
√

2 3 are just the masses of the corresponding SM partners

belonging to the same chiral supermultiplet. The squared-mass matrix for the up-type

squarks has to be diagonalized by a unitary matrix (Rũ)† = (Rũ)−1 (or orthogonal ifM2
ũ

is real) in order to form the physical mass eigenstates

ũmi = Rũij ũj ⇐⇒ ũi = (Rũ
†
)ij ũ

m
j , (2.119)

and thus the Lagrangian mass term can be written in a diagonal form

Lũ = −ũ†i
(
M2

ũ

)
ij
ũj = −ũmi

[
Rũ
(
M2

ũ

)
ij
Rũ
†
]
ii︸ ︷︷ ︸

diag(m2
ũ1
,m2

ũ2
)

ũmi , (2.120)

i = 1, 2 for the two mass eigenstates. The diagonalized matrix is given by the unitary

transformation

RũM2
ũR

ũ † =Mm2

ũ ≡ diag(m2
ũ1 ,m

2
ũ2) . (2.121)

Now the Lagrangian for the down-type squarks d̃i (i is the family index) in the same

manner is found to be

Lb̃ = Lb̃∗Lb̃L + Lb̃∗Rb̃R + Lb̃∗Lb̃R + Lb̃∗Rb̃L

= d̃∗L

{
g2

2

(
1

4
|H0

d |2 −
1

4
|H0

u|2
)

+
g2

1

12

(
|H0

d |2 − |H0
u|2
)

− g′
2

1

(
QHu |H0

d |2 +QHu |H0
u|2 +Qs|S|2

)
QQi − |yd|2|H0

d |2 −m2
Qi

}
d̃L

+ d̃∗R

{g2
1

6
(|H0

d |2 − |H0
u|2)− g′21

(
QHu |H0

d |2 +QHu |H0
u|2 +Qs|S|2

)
Qd̃i

− |yd|2|H0
d |2 −m2

d̄i

}
d̃R + . . .

+ d̃∗L

{
y∗dλSH

0
u − y∗dA∗dH0 ∗

d

}
d̃R + h.c. . (2.122)

The hermitian matrix for the down-type squarks has the form

−Ld̃ =

(
d̃∗L d̃∗R

)
M2

d̃∗Ld̃L
M2

d̃∗Ld̃R

M2
d̃∗Rd̃L

M2
d̃∗Rd̃R


d̃L
d̃R



= d̃ †i

(
M2

d̃

)
ij
d̃j = d̃m

†
i

(
Mm2

d̃

)
ii
d̃mi . (2.123)

The elements of the mass matrix squared are given by

M2
d̃∗Ld̃L

= m2
Qi +m2

d + ∆d̃L
+ ∆QiU(1)′

, (2.124)

3Here we have assumed real Yukawa couplings.
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M2
d̃∗Rd̃R

= m2
d̄i

+m2
d + ∆d̃R

+ ∆d̄iU(1)′
, (2.125)

M2
d̃∗Ld̃R

=
y∗dvd√

2
(A∗d − µeff tanβ) = (M2

d̃∗Rd̃L
)∗ , (2.126)

where the D-term contributions to the diagonal terms are given by

∆d̃L
= −

(
g2

2

4
+
g2

1

12

)(
v2
d

2
− v2

u

2

)
=

(
−1

2
+

1

3
s2
W

)
M2
Z cos(2β) , (2.127)

∆d̃R
= −g

2
1

6

(
v2
d

2
− v2

u

2

)
= −1

3
s2
WM

2
Z cos(2β) , (2.128)

∆d̄iU(1)′
=

g′
2

1

2

(
QHdv

2
d +QHuv

2
u +Qsv

2
s

)
Qd̄i . (2.129)

Here the mass terms md = ydvd/
√

2 are just the masses of the corresponding down-type

quarks. The unitary transformation which brings the squared mass matrix of the down-

type squarks into a diagonal form is defined as

Rd̃M2
d̃
Rd̃
†

=Mm2

d̃
≡ diag(m2

d̃1
,m2

d̃2
) , (2.130)

and one can revert from the mass eigenstates d̃mi to the chiral eigenstates d̃i through the

unitary rotation matrix Rd̃

d̃i =
(
Rd̃
†)

ij
d̃mj ≡

(
Rd̃
∗)

ji
d̃mj . (2.131)

2.5 The Slepton Sector

The supersymmetric Lagrangian density containing the slepton mass terms is given by

Lẽ = ẽ∗L

{
g2

2

(
|H0

d |2

4
− |H

0
u|2

4

)
− g2

1

(
|H0

d |2

4
− |H

0
u|2

4

)
− g′ 21

(
QHd |H

0
d |2 +QHu |H0

u|2 +Qs|S|2
)
QLi

− |ye|2|H0
d |2 −m2

Li

}
ẽL +

+ ẽ∗R

{g2
1

2

(
|H0

d |2 + |H0
u|2
)
− g′ 21

(
QHd |H

0
d |2 +QHu |H0

u|2 +Qs|S|2
)
Qēi

− |ye|2|H0
d |2 −m2

ēi

}
ẽR

+ ẽ∗L

{
y∗eλSH

0
u − y∗eA∗eH0

d

}
ẽR + h.c. . (2.132)
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The squared mass matrix is hence given by

−Lẽ =

(
ẽ∗L ẽ∗R

)
M2

ẽ∗LẽL
M2

ẽ∗LẽR

M2
ẽ∗RẽL

M2
ẽ∗RẽR


ẽL
ẽR



= ẽ †i

(
M2

ẽ

)
ij
ẽj = ẽm

†
i

(
Mm2

ẽ

)
ii
ẽmi . (2.133)

The matrix elements can be written in a similar way with the down-type squarks

M2
ẽ∗LẽL

= m2
Li +m2

e + ∆ẽL + ∆LiU(1)′
, (2.134)

M2
ẽ∗RẽR

= m2
ēi +m2

e + ∆ẽR + ∆ēiU(1)′
, (2.135)

M2
ẽ∗LẽR

=
y∗evd√

2
(A∗e − µeff tanβ) = (M2

ẽ∗RẽL
)∗ . (2.136)

The D-term contributions to the diagonal elements of the squared-slepton matrix are given

below

∆ẽL = −1

8
(v2
d − v2

u)(g2
2 − g1

1) =
(
− 1

2
+ s2

W

)
M2
Z cos(2β) , (2.137)

∆ẽR = −g
2
1

4
(v2
d + v2

u) = −s2
WM

2
Z cos(2β) , (2.138)

∆LiU(1)′
=

g′ 21

2

(
QHdv

2
d +QHuv

2
u +Qsv

2
s

)
QLi , (2.139)

∆ēiU(1)′
=

g′ 21

2

(
QHdv

2
d +QHuv

2
u +Qsv

2
s

)
Qēi , (2.140)

and me = yevd/
√

2 are the masses of the SM leptons. To get the mass eigenstates we have

to rotate the chiral eigenstate fields ẽi with a unitary rotation matrix Rẽ

ẽi =
(
Rẽ
†)

ij
ẽmj ≡

(
Rẽ
∗)

ji
ẽmj , (2.141)

so that the diagonal matrix is given by the unitary transformation

RẽM2
ẽR

ẽ † =Mm2

ẽ ≡ diag(m2
ẽ1 ,m

2
ẽ2) . (2.142)

2.6 Neutralino Sector

The mass term in the Lagrangian of the theory for the neutralinos reads

Lmass

χ̃0
i

= −1

2
XgT

χ̃0
i
Mχ̃0

i
Xg
χ̃0
i

+ h.c.

= −1

2
XmT

χ̃0
i
diag(mχ̃0

1
,mχ̃0

2
, . . . ,mχ̃0

6
) Xm

χ̃0
i

(2.143)
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the 4 neutral gaugino gauge eigenstates present in the MSSM B̃, W̃ 3, H̃0
d , H̃

0
u now mix with

the two extra states S̃, M̃ ′1 emerging in the U(1)′ extended models to form a 6×6 complex

symmetric matrix which after diagonalization will give six neutral gaugino mass eigenstates

Xm
χ̃0
i

= (χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4, χ̃

0
6) placed in ascending mass order. In the gauge eigenstate field

basis Xg
χ̃0
i

= (B̃, W̃ 3, H̃d
0
, H̃u

0
, S̃, B̃′) the matrix takes the form

M
6×6

χ̃0 =



M1 0 −1
2g1vd

1
2g1vu 0 0

0 M2
1
2g2vd −1

2g2vu 0 0

−1
2g1vd

1
2g2vd 0 −µeff −λvu√

2
Q̃Hdvd

1
2g1vu −1

2g2vu −µeff 0 −λvd√
2

Q̃Huvu

0 0 −λvu√
2

−λvd√
2

0 Q̃svs

0 0 Q̃Hdvd Q̃Huvu Q̃svs M ′1



, (2.144)

where we have set Q̃i = g′1Qi. The top left 4 × 4 block of matrix contains the neutralino

mass matrix of the MSSM. The two extra neutralino states present in the UMSSM model

are contained in the 2 × 2 matrix residing in the bottom right corner of the neutralino

matrix. In order to diagonalize the complex symmetric neutralino mas matrix (2.144) and

to obtain the physical masses one has to find unitary matrix V † = V −1 which rotates the

gauge eigenstate basis such that

V T Mχ̃0
i
V = diag(|m1|, |m2|, . . . , |m6|) , (2.145)

where mχ̃i = |mi|. If V = N † then we have

N ∗ Mχ̃0
i
N † = diag(|m1|, |m2|, . . . , |m6|) . (2.146)

Now the question is how do we construct this matrix N . First of all the neutralino mass

matrix is complex and what we know is, how to diagonalize a real symmetric matrix by

finding an orthogonal similarity transformation. Therefore instead of diagonalizing the

complex symmetric matrixMχ̃0 we will diagonalize the hermitian matrixM†
χ̃0Mχ̃0 which

has real eigenvalues. Thus we are looking for a unitary matrix U † = U−1 such that

U †M†
χ̃0Mχ̃0U = diag(m2

1,m
2
2, . . . ,m

2
6) , (2.147)
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where mi are called the singular values of the neutralino symmetric matrix. The matrix

U diagonalizes also the neutralino matrix

U∗ Mχ̃0
i
U † = diag(±|m1|,±|m2|, . . . ,±|m6|) . (2.148)

Note that in the right-hand side the diagonal matrix will possibly have entries with different

phases. Since we want all the physical masses to have positive values mχ̃i = |mi| > 0 we

will have to absorb these phases into the rotation matrix U . We can re-write the above

equation as follows by factoring out the phases

U∗ Mχ̃0
i
U † =



eiφ1

eiφ2

..
.

eiφ6


︸ ︷︷ ︸

(P ∗)2

diag(|m1|, |m2|, . . . , |m6|) , (2.149)

where we define as (P ∗)2 = diag(eiφ1 , . . . , eiφ6) the diagonal matrix with entries the phases

φi = 0 or π of the neutralinos. Note that the complex conjugate of this matrix P 2 is

essentially the inverse matrix for which (P ∗)2 P 2 = I, thus we will have

P 2U∗ Mχ̃0
i
U † = diag(|m1|, |m2|, . . . , |m6|)⇒

(PU∗) Mχ̃0 (PU∗)T = diag(|m1|, |m2|, . . . , |m6|)⇒

N ∗ Mχ̃0 N † = diag(|m1|, |m2|, . . . , |m6|) , (2.150)

where we identify the complex matrix to be N = P ∗U and P ∗ = diag(eiφ1/2, . . . , eiφ6/2).

Reversing (2.150) solving with respect to the neutralino matrixMχ̃0 we have

Mχ̃0 = N Tdiag(|m1|, |m2|, . . . , |m6|)N , (2.151)

where we have used the fact that N TN ∗ = 1. Plugging this equation into the first line of

(2.143) we have

Lmass

χ̃0
i

= −1

2
XgT

χ̃0
i
Mχ̃0

i
Xg
χ̃0
i

+ h.c.

= −1

2
XgT

χ̃0
i
N Tdiag(|m1|, |m2|, . . . , |m6|)N Xg

χ̃0
i

+ h.c

= −1

2

(
N Xg

χ̃0
i

)T
diag(|m1|, |m2|, . . . , |m6|)

(
N Xg

χ̃0
i

)
+ h.c

= −1

2
XmT

χ̃0
i
diag(mχ̃0

1
,mχ̃0

2
, . . . ,mχ̃0

6
) Xm

χ̃0
i
, (2.152)
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where we identify the relation which rotates the gauge eigenstate basis Xg
χ̃0 to the mass

eigenstate Xm
χ̃0

(Xm
χ̃0)i =

∑
j

Nij(Xg
χ̃0)j . (2.153)

The physical meaning of the rotation matrix N is that it determines the couplings of

the neutralinos to the other particles. The components of the unitary matrix Nij give us

information about the composition of the mass eigenstates mχ̃0
i
with respect to the gauge

eigenstates consisting of the gauginos of the theory Xg
χ̃0
i

= (B̃, W̃ 3, H̃0
d , H̃

0
u, S̃, B̃

′). More

precisely, the coefficient |Nij |2 gives the mixing of the i-th neutralino mass eigenstate with

the j-th gauge eigenstate. For example the singlino component of the lightest neutralino

χ̃0
1 will be given by the absolute value squared of the coefficient |N15|2,

χ̃0
1 = N11B̃ +N12W̃

3 +N13H̃
0
d +N14H̃

0
u +N15S̃ +N16B̃

′ . (2.154)

Note that
∑

j |Nij |2 = 1. It is interesting to investigate the extra neutralino sector present

in the UMSSM, consisted of the B̃′, S̃. The 2 × 2 bottom left matrix in (2.144) exhibits

some interesting properties [75, 93, 25, 38] in the cases where (i) |Q̃s|vs � M ′1 and (ii)

M ′1 � |Q̃s|vs. The two dimensional real symmetric matrix reads

M2 =

 0 Q̃svs

Q̃svs M ′1

 . (2.155)

This matrix has two eigenvalues which can easily be found to be 4

m5,6 =
1

2

(
M ′1 ±

√
M ′

2

1 + 4(Q̃svs)2
)
. (2.156)

Now let’s look at the two different scenarios in more detail:

(i) |Q̃s|vs �M ′1

In this case the eigenvalues of (2.156) simplify giving two degenerate neutralinos which

have maximal mixing due to the large off-diagonal elements of the 2× 2 matrix,

m5 = −|Q̃s|vs , m6 = +|Q̃s|vs . (2.157)

Notice from (2.58) that since MZ′ ≈ |Q̃s|vs in the large vs limit, the two neutralinos S̃, B̃′

will be approximately degenerate with the heaviest Z ′ boson. If the value of the singlet

vev vs is very large compared to the other parameters of the matrix the two states will
4The subscripts 5,6 do not correspond to mass ordering here. They are simply used to denote the extra

sector in the UMSSM with two additional neutralino states.
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decouple from the other MSSM-like states.

(ii) M ′1 � |Q̃s|vs.

When the mass of the B̃′ is very heavy compared to the off-diagonal element of the matrix

M2 the eigenvalues can be written in the form

m5,6 =
M ′1
2

1±

√√√√1 + 4

(
Q̃svs
M ′1

)2
 (2.158)

' M ′1
2

1±

1 +
4

2

(
Q̃svs
M ′1

)2
 , (2.159)

so we get

m6 'M ′1 +
(Q̃svs)

2

M ′1
, m5 ' −

(Q̃svs)
2

M ′1
. (2.160)

and thus in this limit we obtain two mass eigenstates from which, m5 becomes very light

and can possibly play the role of the lightest supersymmetric particle (LSP) and account

for the observed relic density in the universe and the other one, m6 becomes very heavy

and decouples from the other neutralinos. The extra neutralino sector exhibits a see-saw

like mechanism, the two states decouple with zero mixing since the off-diagonal elements

are very small compared to the difference of the two diagonal terms. Therefore the lightest

neutralino is mostly singlino, whereas the heaviest of the two is mostly bino primed. In

Figure 2.1 we have plotted the six physical neutralino states after diagonalizing the real

symmetric 6 × 6 matrix Mχ̃0 in eq.(2.144). The masses of the B̃, W̃ 0 are taken to be

M1 = 200 GeV and M2 = 600 GeV, resulting in one bino-like state m1 ≡ mB̃ ≈ 200 GeV

and one mostly wino mass eigenstatem4 ≡ mW̃ 0 ≈ 600 GeV respectively (atM ′1 = 0). The

mass of the extra neutral gauge boson Z ′ is taken to be relatively light MZ′ ' |Q̃s|vs =

900 GeV whereas the effective µeff parameter is set to µeff = 500 GeV, resulting in

two heavy, almost degenerate H̃ Higgsino states (blue and green lines M ′1 = 0), with

m3,4 = mH̃ ≈ µeff . The charges are considered as free parameters following the lines of

our future discussion in Chapter 3, and we set their values to be Q̃Hd = 0.24, Q̃s = −0.3,

Q̃Hu = 0.06. At the limit where the bino primed mass vanishes M ′1 = 0, the two extra

neutralino states, consisted of a maximal mixture of S̃, B̃′ gauge eigenstates, have, at tree-

level, almost degenerate massesm5,6 ≈MZ′ which are given approximately by the tree-level

mass of the extra neutral gauge boson Z ′. Note in Fig. 2.2 that the singlino S̃ and bino

primed B̃′ component of the 5-th mass eigenstate is |N55|2 = |N56|2 = 0.5 which implies

maximal mixing in the extra gaugino sector as discussed earlier in this section. As the bino

primed mass M ′1 increases the mixing between the two states is reduced and their mass
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Figure 2.1: Logarithmic plot of the six neutralino mass eigenstates mχ̃0
i
, i = 1, 2, . . . 6

as a function of the B̃′ gaugino mass parameter. Each mass eigenstate corresponds to a

different coloured line. One should study this plot in conjunction with the following plots

in this section in order to understand the various transitions of each mass eigenstate with

respect to its gauge eigenstate composition. For more details see text.

splitting increases (Fig. 2.1). The see-saw like mechanism is switched on, creating one mass

eigenstate which is mostly singlino S̃ and another one which is mostly B̃′. The singlino’s

mass is reducing gradually as we increase the bino primed mass and for M ′1 ' 4 TeV it

crosses the mostly bino state, becoming the lightest neutralino state χ̃0
1 (Fig. 2.5b). It is

interesting to see the plots which show the gauge eigenstate components |Nij |2 for each

physical neutralino state χ̃0
i .

In Fig. 2.3 we have plotted the singlino S̃ and B̃′ components of the heaviest neutralino

state χ̃0
6. IncreasingM ′1 raises the bino primed component of the heaviest neutralino which

decouples from all the other MSSM-like states. WhenM ′1 > 4 TeV the mass of χ̃0
6 becomes

heavier than mχ̃0
6
> 3 TeV and the bino primed component |N66|2 is more than 90% with a

very small singlino S̃ admixture |N65|2 of the order of 10%. In the following Figures 2.4, 2.5

we plot the gauge eigenstate components of the remaining four lighter mass eigenstates χ̃0
1

(Fig. 2.5b), χ̃0
2 (Fig. 2.5a), χ̃0

3 (Fig. 2.4b), χ̃0
4 (Fig. 2.4a) as a function of M ′1. Let us have

a look at the Figure 2.4a. For very small B̃′ mass the 4-th heaviest state χ̃0
4 is wino like

W̃ 0 (green line) with an admixture around 80%. There is a small Higgsino mixing ∼ 15%

since the effective Higgsino mass parameter is quite heavy µeff = 500 GeV. Increasing M ′1

makes the singlino eigenstate lighter and thus increases the singlino component of χ̃0
4 for

650 GeV < M ′1 < 1 TeV.
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Figure 2.2: Gauge eigenstate decomposition of the 5-th neutralino in Fig. 2.1. At M ′1 = 0

the neutralino χ̃0
5 is an equal mixture of S̃ and B̃′. While M ′1 increases the singlino

component increases to |N55|2 ≈ 0.68 and then it drops suddenly to zero. At around

M ′1 ∼ 650 GeV the χ̃0
5 changes identity and becomes mostly wino W̃ 0. See also the

crossing at this point with the 4-th mass eigenstate which is wino-like, in Fig. 2.1. The

wino mixing |N52|2 is around 80% and remains the same since it is not affected by a further

change in M ′1.
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Figure 2.3: Gauge eigenstate components of the 6-th heaviest neutralino χ̃0
6 as a function

of increasing bino primed mass parameter M ′1. The heaviest neutralino mχ̃0
6
is an equal

mixture of singlino |N55|2 ≈ 0.5 and bino primed |N56|2 ≈ 0.5 mass eigenstates. As M ′1

mass increases χ̃0
6 becomes mostly B̃′. At M ′1 ∼ 5 TeV the bino primed component is

|N56|2 ≈ 90%. Note that this state is decoupled from the other MSSM-like states.
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Figure 2.4: Gauge eigenstate components |Nij |2 of the 4-th (Fig. 2.4a) and 3-rd (Fig. 2.4b)

lightest neutralino as a function of M ′1. The singlino S̃ and bino primed B̃′ components

are shown in blue and purple dashed lines. The χ̃0
4 physical state has a singlino component

around 70% for M ′1 ' 1 TeV. Increasing M ′1 makes singlino even lighter and χ̃0
4 becomes

Higgsino like state.
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Figure 2.5: Gauge eigenstate component |Nij |2 of the 2-nd lightest χ̃0
2 (Fig. 2.5a) and

lightest neutralino χ̃0
1 (Fig. 2.5b). The lightest neutralino becomes mostly singlino for

M ′1 > 4 TeV with |N15|2 > 90%. There is also a small mixing with the very heavy B̃′

gauge eigenstate. At this point the singlino has zero mixing with the MSSM-like states.



Agamemnon Sfondilis 46

Increasing further the bino primed mass reduces further the singlino mass and the

neutralino χ̃0
4 has an equal admixture of H̃u, H̃d states. The 3-rd heaviest neutralino χ̃0

3

(Fig. 2.4b) starts off as a mixture of the two H̃u, H̃d states with |N33|2 = |N34|2 ≈ 50%. For

heavy bino primed massM ′1 the total Higgsino component of χ̃0
3 reduces to |N33|2 +|N34| ≈

80% and obtains a mixing of the order of |N32|2 ≈ 20% with the wino W̃ 0 gauge eigenstate.

The second lightest neutralino χ̃0
2 (Fig. 2.5a) for small M ′1 is composed of Higgsino and

Wino gauge eigenstates H̃, W̃ 0. For M ′1 > 1.2 TeV the singlino S̃ component increases

gradually until M ′1 ≈ 4 TeV where it becomes purely bino-like state |N21|2 = 100%. In

the last Fig. 2.5b we plot the various transitions of the lightest neutralino χ̃0
1 from being

a purely bino-like state to becoming a singlino mixture |N15|2 ≈ 95% (for M ′1 = 5 TeV)

with a small bino primed component |N16|2 ≈ 5%. In Fig. 2.6 we plot the masses of the
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Figure 2.6: Logarithmic plot of the six neutralino masses as a function of M ′1 for heavier

Z ′ boson MZ′ ' 2.4 TeV and larger values of the U(1)′ charges Q̃s = −0.6, Q̃Hu = 0.3,

Q̃Hd = 0.3. The Bino and Wino mass are taken to be M1 = 0.8 TeV and M2 = 1.6 TeV

respectively. The singlino S̃ and the B̃′ states at M ′1 = 0 have the same mass with the

heavy Z ′. The singlino becomes the third lightest mass eigenstate for M ′1 > 6.5 TeV. For

M ′1 ' 10 TeV the singlino mass is around mS̃ ≡ m3 ≈ 500 GeV. The lightest states are the

two almost degenerate Higgsino like states with masses mH̃ = m1,2 ≈ µeff = 300 GeV.

The heavy B̃′ state becomes rapidly heavy, for M ′1 ∼ 4 TeV we have mχ̃0
6
∼ 5 TeV.

six physical neutralino states mχ̃0
i
while varying the bino primed mass and using different

parameter values from Fig. 2.1 (see figure for details).
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Figure 2.7: Gauge eigenstate components |Nij |2 of the 4-th (Fig. 2.7a) and 3rd (Fig. 2.7b)

lightest neutralino as a function of M ′1. The mass eigenstates correspond to those of the

plot in Fig. 2.6.
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Figure 2.8: Gauge eigenstate components |Nij |2 of the 5-th (Fig. 2.8a) and 6-th (Fig. 2.8b)

lightest neutralino as a function of M ′1. The mass eigenstates correspond to those of the

plot in Fig. 2.6.
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For zero Bino primed mass the off-diagonal element of the two dimensional matrix of

the extra gaugino sector in eq.(2.155), creates maximal mixing and the two degenerate mass

eigenstates which have 50% singlino and 50% Bino primed admixture are quite heavy since

the Z ′ mass is taken to be MZ′ ≈ |Q̃s|vs ' 2.4 TeV. Even for very large M ′1 ∼ 10 TeV the

singlino gauge eigenstate remains very heavy m3 ≡ mS̃ ∼ 500 GeV and becomes the third

lightest neutralino with a singlino component |N35|2 ∼ 95%. The remaining component

is bino primed |N36|2 ∼ 5% (see Fig. 2.7b). For a large part of the M ′1 range the mostly

singlino state with 70% < |N45|2 < 90% corresponds to the 4-th lightest neutralino state

χ̃0
4. For M ′1 < 2 TeV the χ̃0

4 is in a purely Wino state.

2.7 The Chargino Sector

The chargino sector remains unaffected in the UMSSM since the additional gauge singlet S

has no charge and does not couple to the either charged gauge eigenstates (W̃+, H̃+
u , W̃

−,

H̃−d ). Therefore the current discussion holds for the MSSM as well. The chargino mass

terms have three sources, the gaugino-fermion-scalar interaction Lagrangian term eq.(2.19),

the explicit soft supersymmetry breaking mass term for the gauginosM2W̃
+W̃− and the F-

term contribution to the fermion-fermion-scalar interaction Lagrangian λSH̃+
u H̃

−
d . From

the three sources only the first one is the least straightforward. So let us isolate this

term in order to obtain the Lagrangian density containing the mass terms for the gauge

eigenstates of the charged gauginos and finally construct the mass matrix. From eq.(2.19)

for the interactions of the gauginos W̃ a with the charged and neutral Higgsinos we have

L
HH̃W̃

= −
∑
a,i

√
2g2

(
φ∗i

1

2
σa ψi

)
, (2.161)

where a = 1, 2, 3 and σa are the three Pauli matrices and i = 1, 2 for the two Higgs doublets

φ2 = Hu = (H+
u H0

u) and φ1 = Hd = (H0
d H−d ) with ψ1, ψ2 being the corresponding

fermionic superpartners. So the above equation reads in more detail

L
HH̃W̃

= −
3∑
a

√
2g2

(
H†u

1

2
σa H̃u

)
−

3∑
a

√
2g2

(
H†d

1

2
σa H̃d

)
, (2.162)

now expanding and keeping only terms involving the gauginos W̃ 1,2 which form the real

and imaginary components of the charges gaugino eigenstates W̃± = (W̃ 1∓ iW̃ 2) we have

L
HH̃W̃±

= −
√

2
[(
W̃ 1 − iW̃ 2

)
H̃−d (H0

d)∗ +
(
W̃ 1 + iW̃ 2

)
H̃+
u (H0

u)∗ + c.c.
]

= −g2(H0
d)∗W̃+H̃−d − g2(H0

u)∗W̃−H̃+
u + c.c. (2.163)
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after breaking the electroweak symmetry and giving vev’s to the Higgs and singlet fields

the Lagrangian density containing the mass terms for the charged gaugino and Higgsino

eigenstates will be

Lψ±ψ± =
(
− g2

vd√
2
W̃+H̃−d − g2

vu√
2
W̃−H̃+

u + h.c.
)
−
(
M2W̃

+W̃− +
λvs√

2
H̃+
u H̃

−
d + h.c

)
.

(2.164)

We can write this in a matrix for as follows

Lψ±mass = −
(
W̃− H̃−d

)


M2 g2
vu√

2

g2
vd√

2
µeff


W̃+

H̃+
u

+ h.c.

= −(ψ−)TMcψ
+ + h.c. , (2.165)

where we have defined the two column vectors ψ− (ψ+) consisting of the negative (positive)

charged Higgsino and Wino unphysical eigenstates

ψ− =

W̃−
H̃−d

 , ψ+ =

W̃+

H̃+
u

 . (2.166)

Note that the chargino mass matrix is not symmetric. In order to diagonalize the complex

asymmetric matrix and obtain the physical states for the chargino particles we need to

find two unitary matrices V+,U− which diagonalize the hermitian matrices Mc
†Mc and

McMc
†, respectively :

V+Mc
†Mc(V+)−1 = diag(m2

χ̃±1
,m2

χ̃±2
) = (U−∗)McMc

†(U−∗)−1 , (2.167)

and m2
χ̃±1
,m2

χ̃±2
are the positive square roots of the eigenvalues of the hermitian matrix

Mc
†Mc. Then the chargino matrix is diagonalized by the transformation

U−∗Mc(V +)−1 = diag(m2
χ̃±1
,m2

χ̃±2
) = M

diag

c , (2.168)

so that

Lψ±mass = −(χ−)TM
diag

c χ+ + h.c. , (2.169)

where the mass eigenstates χ±i with i = 1, 2 are taken by rotating the unphysical fields

χ+ ≡

χ+
1

χ+
2

 = V +

W̃+

H̃+
u

 , χ− ≡

χ−1
χ−2

 = U−

W̃−
H̃−d

 , (2.170)
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the singular values of the mass matrix are given by

m2
χ±1,2

=
1

2

(
|M2|2 + |µeff |2 + 2m2

W

±
√

(|M2|2 + |µeff |2 + 2m2
W )2 − 4

∣∣∣µeffM2 −m2
W sin(2β)

∣∣∣2) . (2.171)

The exclusion limits on the mass of the lightest chargino from LEP searches Ref.[76] at

95%CL mχ±1
> 94 GeV poses a lower bound to the absolute value of the gaugino mass

and the effective Higgsino mass |M2|, |µeff | & 100 GeV. In Fig. 2.9 we show the contours

for the lightest chargino mass when we vary both the wino mass and the Higgsino mass.

Both parameters are considered to be real. One can see that when the input parameters

are approximately less than 100 GeV the chargino mass goes below the lower limit set by

LEP.

Figure 2.9: Contour plot of the chargino mass mχ±1
in the plane of the parameter µeff

and the gaugino mass M2. Both values can be negative as well. In order to pin down the

lower limit on these two parameters we focus our scan on relatively small values for both

parameters. For |M2|, µeff < 100 GeV the chargino mass is lighter than mχ±1
. 100 GeV

and this region is excluded.
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Chapter 3

pUMSSM: a gauge extension of

MSSM with generic charges

3.1 Introduction and Prior Work

There is an extensive literature on U(1)′ extensions of the MSSM with one or more gauge

singlets necessary to break the extra gauge symmetry. Usually these models stem from

grand unified constructions or string motivated theories in which the extra U(1)′ gauge

group is the result of the breaking of a larger group such as the SO(10) or E6. Other

constructions are based on the requirement of having an anomaly free theory and assum-

ing family universal U(1)′ charges in order to diminish the possibility of having FCNCs.

A minimal extension of the MSSM is considering one extra U(1)′ gauge symmetry with

only one SM gauge singlet S and with no additional exotic matter, usually referred as

UMSSM [26, 28]. In principle in these studies [26, 27, 28, 86, 34] the U(1)′ charges are

taken to have specific values depending on the assumption of the underlying larger group

from which the U(1)′ broken symmetry comes from. The exotic sector which is present in

the complete high-scale theory, it is assumed to decouple and there are no terms entering

the superpotential of the low-scale effective theory. Therefore although in this framework

one is inclined to restrict the charges relying on a GUT or string motivated theory, once

the high-scale degrees of freedom have been integrated out the charges of the extra gauge

symmetry can in general be treated as free parameters. For this reason we introduce an

effective bottom-up approach in which we parametrise the model by those couplings that

are most pertinent to the indirect constraints such as the charges of the Higgs and the

stop sector. The remaining charges with a few exceptions, play a minor role in the phe-

nomenology studied here and our work applies both to situations where the charges are
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assumed as family universal or non-universal. The experimental discovery of a new Z ′ bo-

son would have great implications in the phenomenology of collider physics. In principle it

is difficult to construct UV complete models which take care of gauge unification, anomaly

cancellation, suppression of FCNCs and various other theoretical and phenomenological

requirements. The rapidly increasing LHC data suggests the use of "effective" low-energy

models which can probe different areas of the parameter space and motivate or reject

new discovery modes which can be different than well established ones that are based on

sound theoretical models. This basic idea provides the main motivation behind this work

presented here and focuses on exploring the effect of different charge assignments on the

the phenomenology and naturalness of Z ′ models. We hope that this work will shed light

in the advantages and disadvantages of the gauge extensions of the MSSM and explore

different scenarios in a generic framework. This concept of a U(1)′ extension of the MSSM

with generic parametrization of the charges was first introduced by Cvetic et al [48]. In this

paper the authors are considering different supersymmetry breaking scenarios, one which

is driven by large trilinear soft supersymmetry breaking terms and a second one where the

breaking is due to the running of the singlet soft mass parameter m2
s to negative values

at low energies. The Higgs, chargino and neutralino sector are presented and several con-

clusions are made for the charges in order to construct a phenomenological viable scenario

with small Z−Z ′ mixing and avoid tachyonic squared mass parameters for the squarks m2
q̃ .

The study focuses on Z ′ bosons of the order of 1 TeV and touches on the fine tuning needed

for heavier Z ′ bosons. A renormalization group analysis is performed relating the weak

scale dynamics to the boundary conditions at the string scale. It is concluded that in order

to have the desired low energy parameter space which leads to weak scale symmetry break-

ing according to the proposed scenarios, non universal boundary conditions are preferable.

Furthermore the gaugino masses have to be relatively lighter than the rest of the soft SUSY

breaking mass parameters at the string scale. At the end the authors present solutions to

the anomaly constraint equations in the case of this minimal scenario (UMSSM) with only

one gauge singlet and no additional exotics, in order to preserve the approximate gauge

unification which is achieved in the MSSM. It is worth mentioning here in more detail that

in this non-anomalous U(1)′ construction the charges of the two Higgs doublets QHu , QHd

are arbitrary and the first and second families of squarks and sleptons have zero U(1)′

charges. They argue that solutions with non-zero charges for all three families can also be

attained. Moreover string derived models allow for different values of the U(1)′ charges

between quarks and leptons making these examples viable. This study was the successor
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of a previously published work by Cvetic et al. [49] in which only one Higgs doublet and an

additional SM singlet is assumed. In another study conducted by E. Keith and E. Ma in

the late 90’s [101] an arbitrary U(1)′ extension of the MSSM with generic charges which are

constrained by the gauge invariance of the superpotential term λSHuHd is also considered.

The authors construct an effective two Higgs doublet scalar potential with coefficients that

depend on the Yukawa coupling λ, the gauge coupling g′1 and the U(1)′ charges of the Higgs

doublets and singlet field. By including also corrections at 1-loop from the top quark and

its scalar superpartner they derive an upper bound for the lightest CP-even Higgs boson

of the theory. In the rest of the paper they specialize their study in the case where the

extra gauge symmetry is the result of the breakdown of E6

E6 → SO(10)× U(1)ψ → (SU(5)× U(1)χ)× U(1)ψ

→ SU(3)c × SU(2)L × U(1)Y × U(1)′ .

Here the extra U(1)′ gauge symmetry is a linear combination of the anomaly free subgroups

U(1)χ, U(1)ψ parametrized by the mixing angle θE6 :

U(1)′ = U(1)χ cos θE6 + U(1)ψ cos θE6 , (3.1)

where 0 ≤ θE6 < π is the only model-dependent parameter. The choice of the mixing angle

defines the specific E6 model. A detailed review can be found in Ref.[112]. In their paper

Keith & Ma present their results for this class of models originating from E6 in a general

way by parametrizing for arbitrary values of the angle θE6 . They go on to discuss the effect

of Z −Z ′ mixing on the electroweak oblique parameters S,T,U and stress the importance

of the U(1)′ D-terms contributions to the soft supersymmetry breaking masses of the

squarks and sleptons by doing an renormalization group analysis assuming universal soft

mass parameters at the GUT scale. Other early studies [58, 115, 145, 146] have also been

focused on E6 motivated extra U(1) symmetries. In a more phenomenological study the

authors London et al. [120] are exploring implications of Z ′ bosons on the branching ratios

of Z ′ for various channels, the forward-backward asymmetries and the Drell-Yan production

mechanism. They also consider effects on neutral currents and impose constraints on its

mass. A very thorough review article on the low-energy phenomenology of E6 motivated

models is given Hewett and Rizzo [94]. The list is by no means exhaustive but it serves as a

good reference for this class of models. More recent papers which specialize on a particular

E6 based framework usually referred to as E6SSM can be found here [6, 7, 8, 103, 131]. In

these last two papers the focus is on the calculation of the fine tuning in E6SSM. Other

interesting studies where the authors examine the possible production modes of exotic
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particles which emerge in E6 constructions is Ref. [21, 22]. In another paper Gherghetta

et al. [77] investigate the decay modes of an extra Z ′ in this type of models parametrizing

the charges by the mixing angle θE6 .

3.2 The Phenomenological UMSSM

We consider a supersymmetric SM extension with gauge group G = GSM × U(1)′. This

means assigning U(1)′ charges Qf to the 15 SM matter and the two Higgs supermultiplets.

Moreover, we also require a GSM singlet S entering a superpotential term λSHu·Hd in order

to dynamically generate a µ-term, µ = λ〈S〉. This gives one constraint QHu+QHd+Qs = 0

fixing Qs in terms of the other charges. The singlet vev vs = 〈S〉
√

2 will at the same time

break the U(1)′ and give mass to the U(1)′ gauge boson Z ′.

Note here that one could have more than one singlets Si which would receive vevs of

the order of the electroweak scale avoiding to have large supersymmetry breaking scale as

in the case of only one gauge singlet [64]. The choice of basis can always be made in such

a way so that only one singlet generates the effective µ-term and the others couple only

weakly to the SM particles through their U(1)′ charges forming a "dark sector". In this

scenario the S supermultiplet and the Z ′ supermultiplet constitute the “portal” to the dark

sector. In this way the lower bound on Z ′ bosons, from exotic searches, is relaxed. In this

project we will not consider this option but we keep an open mind for future projects.

In a general U(1)′ model, there may also be SM nonsinglet “exotic” matter; to be con-

sistent with SM gauge coupling unification such states should come in complete multiplets

of SU(5). Such exotic matter multiplets may have superpotential couplings to the SM

fields depending on their U(1)′ charges (such as in the case of the several Higgs doublets

in E6-inspired scenarios); unless stated otherwise we will assume that these couplings are

either forbidden or negligible in formulating the constraints below.

Since the U(1)′ charges appear always in combination with the gauge coupling g′1 we

may rescale all charges by setting g1 → 1 or equivalently Q̃i = g′1Qi as stated in previous

chapters. For simplicity we drop the tilde on top of the charges. In a unified model one

would normally require the correctly normalized running g′1 to unify with the SM gauge

couplings at the GUT scale. However, the running of the extra gauge coupling present in

extended scenarios is sensitive to the exotic/hidden sector field content and thus highly

model dependent. Lastly we would like to comment on two complementary papers Ref. [64],

[86] which promote a bottom-up approach for gauge extensions with more than one singlets

which contribute to the Z ′ mass. The first one [64] provides the theoretical construction of



Agamemnon Sfondilis 56

the model and a detailed study for unwanted global minima and global symmetries which

can lead to two unobserved massless Goldstone bosons. The U(1)′ charges are chosen so

that this issues are being resolved. Anomaly cancellation and the possibility of having

FCNCs are not discussed and the model is not embedded into any larger GUT or string

inspired group. This is outside the scope of this study. The second paper [86] studies the

phenomenological implications of the models presented in the first paper. By imposing a

general constraint on Z −Z ′ mixing of the order O(10−3) from electroweak precision data

and early LEP2 bounds on the Higgs masses the authors study production cross sections

for the lightest CP-even Higgs boson as well as the spectrum of the Higgs sector and their

couplings with respect to the MSSM. Scans calculating the branching ratios of the lightest

Higgs to invisible modes and other SM decay channels are also performed. They conclude

that a scenario with small tanβ ∼ 1 is favoured and find Higgs masses up to 170 GeV.

They also find that the Higgs boson decays hadronically or invisible for a large region of

the parameter space.

This bottom-up approach encourages further studies in that direction and gives insight

to different viewpoints of a complex problem such as the construction of a UV-complete

extension of the MSSM.

3.3 Constraints on the charges

Restrictions on the visible-sector U(1)′ charges follow from requiring the Yukawa terms to

be gauge invariant and from anomaly cancellation.

Yukawa constraints. Neglecting flavour mixing, we have one constraint for each non-

zero Yukawa coupling. However, due to flavour mixing extra constraints occur. Consider

the (or, a) gauge basis, i.e. a basis where each SM gauge multiplet also has a well-defined

U(1)′ charge. Note that a priori this does not need to coincide with a flavour basis. For

instance the right-handed top quark does not have to have a definite U(1)′ charge–it could

be a superposition. In this basis, for any element yuij that is nonzero we have a constraint

QQj +Qūi +QHu = 0 , (3.2)

and similarly for ydij and yeij . As a consequence, if a row or a column of a Yukawa

matrix contains two nonzero elements, then the left-handed (right-handed) charges of two

different multiplets agree. If we require the full Yukawa terms to be U(1)′ invariant, then

the 3 generations of quark doublets must all have the same charge, QQi = QQ, for i = 1, 2, 3

which implies family universal charges.
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One way to evade the conclusion might be that some quark masses are radiatively

generated, involving SUSY-breaking terms (thus escaping the SUSY nonrenormalisation

theorems). It may be possible to generate the smaller fermion masses at one-loop if non-

holomorphic soft terms are present [52]. Perhaps this is also possible for some of the smaller

off-diagonal elements. Another possibility are higher-dimensional operators involving sing-

let fields with a low suppression scale Λ. Such operators would be subject to different

charge constraints. This scenario requires new matter at a scale Λ with superpotential

couplings to the MSSM fields, possibly also involving exotics. Neither mechanism can

generate the large top Yukawa coupling, giving us one constraint

QQ3 +QT c +QHu = 0 . (3.3)

If tanβ is large, we have two further constraints

QQ3 +QBc +QHd = 0 , (3.4)

QL3 +Qτc +QHd = 0 . (3.5)

In fact, (3.5) applies to the non-holomorphic mechanism even at small tanβ [52]. However,

although we are bound to make assumptions for the charges of the third generation leptons

in order to calculate the spectrum with SPheno, this assumptions will not affect the pur-

poses of the current analysis. Our results do not depend on these assumptions. Note that

the left- and right-handed fermion charges are related via the Higgs charges. In terms of

vector and axial-vector Z ′ couplings, the vectorial couplings are free while the axial-vector

couplings are fixed once the Higgs charges are given. Notice that for the third generation

of squarks and sleptons we use different notation than the one introduced in Table 2.1,

aiming to stress the importance of these parameters in our study and distinguish them

from all other charges which are not the focus of the analysis and for that reason are set

to fixed values. The above constraints from the gauge invariance of the Yukawa couplings

eq.(3.3),(3.4),(3.5) reduce the number of dofs for the U(1)′ charges from 9 to 6. The other

free parameters in our analysis are: the effective the Higgsino mass parameter µeff (or λ),

the vev of the singlet vs, the stop trilinear soft supersymmetry breaking parameter At, the

soft supersymmetry breaking masses of the third generation squarks m2
Q3 ,m

2
T c ,m

2
Bc and

the gaugino mass of the additional B̃′. All other parameters will be fixed and their values

will be given in the plots or in the text. In the subsequent paragraphs we comment on the

perturbativity of the redefined charges1 and on anomaly cancellation.

1Remember the charges depend now on the extra gauge coupling g′1.
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Perturbativity. The U(1)′ coupling runs according to (see also eq.(5.18))

µ
d

dµ
g′1 =

1

16π2
g′ 31

∑
i

niQ̃
2
i , (3.6)

where ni is the SM gauge multiplicity of the multiple φi, e.g. 3 for Bc, 6 for Q3, and 2 for

Hu. Defining a′ = g′ 21 /(16π2), the solution is

1

a′(µ)
=

1

a′(µ0)
− 2 ln

µ

µ0

∑
i

niQ̃
2
i . (3.7)

Avoiding a Landau pole below a scale Λ implies the constraint

∑
i

niQi(µ0)2 <
16π2

2 ln(Λ/µ0)
, (3.8)

where Qi(µ) = g′1Q̃i. For Λ = 2× 1016 GeV and µ0 = 1 TeV the bound (right-hand side)

is about 2.58.

We can also obtain stricter bounds by requiring “perturbativity” of some couplings

below the scale Λ. This is a bit arbitrary in what combination of couplings one chooses to

constrain. Perhaps the most obvious object to look at is the β-function itself. Requiring

1/g′1dg
′
1/dt < ε implies ∑

niQi(µ0)2 <
16π2ε

1 + ∆16π2ε
, (3.9)

where ∆ = 1
8π2 ln µ

µ0
= 0.39 = 1/2.58 for Λ = 2× 1016 GeV and µ0 = 1 TeV. For ε = 0.1

(which, assuming generic sizes for all terms in the perturbation series, implies that the

two-loop contribution is suppressed by one order of magnitude relative to the one-loop

one, etc.) at the GUT scale, one has

∑
niQi(µ0)2 < 2.22 . (3.10)

This is very close already to the Landau pole bound (corresponding to ε → ∞) and

contrasts with a bound of 0.72 if one requires ε = 1/(16π2).

Anomaly cancellation. Anomaly cancellation constrains the U(1)′ charge assignments.

These comprise triangle diagrams involving 3 gauge currents (generators); they must all

vanish when summed over internal lines. From U(1) [Y ], U(1)′ [Q], and the graviton

[energy-momentum tensor] one can form potentially anomalous correlators giving the fol-
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lowing conditions [48, 52, 112]:

Y Y Y
∑
i

Y 3
i = 0, (3.11)

Y GG
∑
i

Yi = 0, (3.12)

QQQ
∑
i

Q3
i = 0, (3.13)

QGG
∑
i

Qi = 0, (3.14)

Y Y Q
∑
i

Y 2
i Qi = 0, (3.15)

Y QQ
∑
i

YiQ
2
i = 0. (3.16)

If no exotics are present, the first two are automatically satisfied (as in the SM); otherwise

they impose a constraint on the exotic sector. The next two equations depend on the

full matter content in the dark sector, hence need not be satisfied by the portal singlet S

alone. However, the dark fields participating in these equations must be included in the

perturbativity constraint. They must also be chiral, hence must receive any of their mass

from U(1)′ breaking (any pair of oppositely charged dark fields cancels out of all anomaly

conditions, and could at the same time have a gauge-invariant mass term). Therefore only

the last two equations are dark-sector-independent constraints on the U(1)′ charges. They

involve only the SM fields including the two Higgs supermultiplets, and any hypercharged

exotics, but not the portal singlet S. In the presence of exotics, the first two and last two

equations hold only with the exotics included in the sum; so in such a scenario the mixed

anomalies do not present us with model-independent constraints on the U(1)′ assignments

at all. In addition, there are mixed nonabelian-abelian constraints:

SU(3)SU(3)Y
∑
i∈3,3∗

Yi = 0, (3.17)

SU(2)SU(2)Y
∑
i∈2

Yi = 0, (3.18)

SU(3)SU(3)Q
∑

i∈3,3∗

Qi = 0, (3.19)

SU(2)SU(2)Q
∑
i∈2

Qi = 0. (3.20)

Again, the first two automatically hold if no exotics are added. The other two constrain

the charges of the colored and of the doublet fields, respectively.

Usually all gauge extensions of the MSSM involve the existence of exotic matter in

order to cancel the anomalies. Even for a single U(1)′ it is difficult to solve the anomaly
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conditions by assuming only SM fermions which also have family universal charges under

the new gauge symmetry. In a minimal scenario which comprises only one additional

U(1)′ symmetry [52] and one singlet field S which receives a vev, Demir et al. show that

it is possible to solve the anomaly conditions without adding exotic matter fields if one

assumes generation non-universal charges. Since the non-universality of the charges can

pose problems by creating large FCNCs, all families of quarks are being assigned the same

charges. This condition can be evaded in the leptonic sector by assigning charges in a way

that the gauge eigenstates are identical to the mass eigenstates. However, this would result

in some Yukawa terms to be forbidden from the superpotential and thus the down quarks,

the electron and the muon are required to get their mass from non-holomorphic terms. It

is worth highlighting that Cvetic et al. [49] also presented solutions for a non-anomalous

U(1)′ construction without any additional exotics. They have also considered Yukawa

terms only for the up-type quarks and assumed that the down-type quarks and leptons

receive their masses via other mechanisms. In their solution they have not considered the

anomaly conditions coming from graviton-graviton-U(1)′.

Another possibility, if one wants to include exotics, would be to add fermions which

are non-chiral with respect to the SM group and thus their contributions to the purely SM

anomaly conditions cancel out. The charges of these particles would then have to cancel the

contributions from the non-exotic matter in the mixed anomalies. However, the presence

of extra matter fields would modify the RG equations through new contributions and this

would potentially spoil the approximate unification of the gauge couplings at the GUT

scale. Although this issue is not as important as gauge invariance and the suppression of

FCNCs, it is considered one of the motivations of the MSSM. A way around this problem

is to add exotics which transform under the representations of SU(5) (5 + 5̄ or 10 + 10).

This options is also consistent with non-universality of the U(1)′ charges.2

In Ref. [62] the anomaly cancellation in the presence of one extra U(1)′ is discussed. By

adding extra matter fields the author provides solutions which lead to a non-anomalous

U(1)′ and at the same time preserve gauge couplings unification. One very important

outcome of this study seems to be the fact that the solution requires the existence of two

SM singlets which acquire a vev after symmetry breaking. Moreover, it is surprising that

the solution which corresponds to the best fit of the data, favours U(1)′ charges for the

SM fermions which are identical to the ones predicted by E6 inspired models.

As mentioned previously a complete model has to be checked also with regards to the

2An underlying string theory allows for different couplings [112].
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possibility of creating dangerous FCNCs. Non-universal U(1)′ couplings could contribute

to rare B -decays at tree-level and explain excesses found in the Z → b̄b forward backward

asymmetry. According to Ref. [24] different couplings for the third families of quarks and

leptons in a Z ′ model seem to be less constraint than the first two families. There is a

large literature of Z ′ studies with non-standard couplings where the new gauge boson is

assumed to be weakly coupled to the SM fermions or just the leptons. This idea provides

an interesting way of hiding a relatively light Z ′ from collider searches.

In this study we do not attempt to embed our model into a larger GUT or string

inspired group. We aim to motivate the construction of a UV-complete model in the event

of interesting areas of the parameter space which would lead to interesting phenomenology

without excessive fine tuning.

3.4 W mass constraint and mixing angle

Z -Z ′ mixing. The mixing angles can be expressed in terms of the other parameters in

various ways:

tan θW =
g1

g2
, (3.21)

cos2 θW =
M2
W

M2
Z

, (3.22)

tan 2θZZ′ = −2 ∆2
Z/(M

2
Z′ −M2

Z), (3.23)

tan2 θZZ′ =
M2
Z −M2

Z1

M2
Z2
−M2

Z

, (3.24)

sin2 θZZ′ =
M2
Z −M2

Z1

M2
Z2
−M2

Z1

, (3.25)

cos2 θZZ′ =
M2
Z2
−M2

Z

M2
Z2
−M2

Z1

. (3.26)

Z couplings to fermions The Z1 couplings in the pUMSSM are determined by rewriting

the neutral current Lagrangian in terms of the mass eigenstates according to (2.57),

−LNC = eJµemAµ + gZJ
µ
1 Z

0
1µ + Jµ2 Z

0
2µ

= eJµemAµ + gZJ
µ
ZZµ + JµZ′Z

′
µ. (3.27)

Here the two neutral currents are given by

JµZ =
∑
f

f̄γµ[(T f3L − sin2 θW qf )PL − sin2 θW qf )]f, (3.28)

JµZ′ =
∑
f

f̄γµ[QfPL −QfcPR]f. (3.29)
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Writing the Z current as [140]

Jµ1 =
∑
f

f̄γµ[gLfPL + gRfPR]f, (3.30)

the left and right-handed couplings of the lighter massive boson Z1 to fermions follow as

gLf = cos θZZ′ g
SM
Lf +

sin θZZ′

gZ
Qf (3.31)

gRf = cos θZZ′ g
SM
Rf −

sin θZZ′

gZ
Qfc , (3.32)

where the SM couplings are
gSM
fL = T3f − sin2 θW qf (3.33)

gSM
fR = − sin2 θW qf . (3.34)

One can in principle use the SM predictions from the determination of the quark and

lepton effective coupling sin2 θeff [140] to put constraints on the product of the charges

and the mixing angle θZZ′ . We find that this is not straightforward due to the fact

that the two most precise measurements, the left-right asymmetry ALR and the bottom

forward-backward asymmetry AbFB [140] differ from each other more than 3σ. Therefore

we construct an alternative way to constrain the mixing angle in a model-independent way

in the following paragraph.

W mass constraint. The W mass measurement has significantly improved over the

years along with the improved measurement of the top quark mass [71], resulting in a

reduction of the theoretical uncertainty in the prediction of the W mass. The W mass is

very sensitive to the quantum effects from other particles predicted in a theory and can be

used as a powerful tool to constrain possible BSM scenarios [92].

In a renormalisable theory, the number of independent parameters in the Lagrangian

does not change. But the relations of the physical quantities to Lagrangian parameters, as

well as those between different physical quantities, become modified relative to the tree-

level. For instance, M2
W = g2

2 v
2 + δM2

W (couplings, masses, . . . ). We can make use of

renormalisation freedoms to remove some of the corrections (for example, we could use the

physical W mass as a parameter), but we can only do this for as many quantities as there

are independent parameters in the Lagrangian, and in a renormalisable theory there are

only a finite number. Once this freedom has been exploited, any further observable is an

unambigous function of the parameters. parameters as at tree-level, and we could define

running MZ , MW ,etc., in terms of them. The virtue of this is that one gains sensitivity to

parameters that do not enter at tree-level, in particular masses and couplings of particles

that exist but have not been discovered.
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Consider first the SM case, where there are only three independent parameters at

tree-level. Two possibilities of fixing them are to measure the set (GF ,MZ , α) (with GF

measured according to a certain convention in µ decay, and often referred to as Gµ to

emphasize this) or the set (MW ,MZ , α). There are many other ways of choosing three

input quantities. The first set has the advantage that it consists of the three most precisely

measured quantities and this is why it is widely employed:

α−1(0) = 137.035999074(44), Ref. [129] (3.35)

Gµ = 1.166364(5)× 10−5 GeV−2, Ref. [129] (3.36)

MZ = 91.1876(21) GeV, Ref. [71] (3.37)

where the fine structure constant is defined in the Thomson limit q2 → 0. One can then

define the quantities g2, g1, gz, θW , MW , v according to the tree-level relations (note

that MW is not the physical W mass), giving very precise reference values. Any other

observable can then be expressed in terms of its reference values (which will have tiny

errors), augmented by loop corrections (which depend on the other parameters, but are

small). For example, virtual top and bottom quarks give a correction to the physical W

mass MW relative to MW . This correction is often parameterized in terms of the so-called

∆r parameter [141],

M2
W

(
1−

M2
W

M2
Z

)
=

πα√
2Gµ

(1 + ∆r), (3.38)

which can be solved for MW to give

M2
W =

M2
Z

2

(
1 +

√
1− 4πα√

2GµM2
Z

(1 + ∆r)

)
.

Note that this is not strictly a solution, as ∆r itself depends onMW , and a precise determ-

ination of MW requires iterating the expression. However for BSM contributions, where

high precision is not needed, or an understanding of the main parametric dependencies,

we can Taylor-expand to obtain

M2
W = M2

W,0

(
1−

s2
W,0

c2
W,0 − s2

W,0

∆r +O(∆r)2

)
, (3.39)

where the reference values M2
W,0

3 and s2
W,0 are to be evaluated at tree-level from the input

set (α,Gµ,MZ). The anatomy of ∆r (and other EW observables), in the SM and the

MSSM is reviewed nicely in [91]. At the one-loop level,

∆r = ∆α+
c2
W

s2
W

∆ρ+ ∆rrem, (3.40)

3We denote the “bare” parameters entering the Lagrangian at tree-level with the subscript 0. The

counterterms relating the physical masses to the bare quantities at leading order are given by δM2
W =

M2
W −M2

W,0.
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wherein ∆α includes light-fermion contributions to the relation between α(0) and α(MZ),

including the so-called hadronic vacuum polarisation ∆αhad, ∆ρ contains the dominant

top/bottom (and, in SUSY, stop/sbottom) loops, and the remainder term includes Higgs

and other contributions. In the SM, neglecting the bottom and light-quark masses [91],

∆ρ1−loop '
3Gµ

8
√

2π2
m2
t .

Plugging this into (3.39) via (3.40), one can see that a variation of the top mass by 1 GeV

results in a change of MW by 6.2 MeV, demonstrating the strong sensitivity to the top

quark mass. With the precisely known top mass in the LHC era,

mt = (173.21± 0.51± 0.71) GeV , Ref. [71]

and the Higgs mass known, the SM uncertainty is much reduced. An up-to-date theoretical

evaluation using the above mt together with MH = 125.64 GeV [92] gives

MSM
W = 80.361 GeV .

For this result, the same authors state parametric uncertainties due to ∆αhad (which

has to be extracted from e+e− → hadrons via dispersion relations) of 2 MeV, due to

MZ of 2.5 MeV, and due to MH of 0.35 GeV (in addition to the top mass dependence).

Uncertainties due to higher-order corrections are estimated to be around 4 MeV [9]. The

theoretical prediction is to be constrasted with [71]

M exp
W = (80.385± 0.015) GeV .

Adding the theoretical errors in quadrature, one has an error below 10 MeV. As the in-

tepretation of the very precise experimental result for mt is not completely clear – it is

usually identified with the pole mass, but this is not rigorous, and there may be a residual

systematic shift of order 1 GeV –, this error may be somewhat understated (and adding in

quadrature is also ad hoc). Assuming a total theory error of 15 MeV, the significance of the

24 MeV discrepancy is a bit more than 1σ. Combining the theory and eperimental error

in quadrature, the error on the experiment/theory difference is about 21 MeV, and the 1σ

and 2σ ranges become 3 MeV < δMW < 45 MeV and −18 MeV < δMW < 66 MeV. In

summary, data on MW and known SM corrections indicate there is about 50 MeV “room”

in MW . Such a size is actually possible in the MSSM while satisfying all experimental

constraints [92], but it could also be easily generated by Z − Z ′ mixing.

The pUMSSM tree-level contribution is easily obtained from (2.62) as follows. First

compute δMZ = MZ1 −MZ , this is strictly negative. Identifying MZ1 with the measured
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MZ , one obtainsMZ = MZ1−δMZ . Finally, substituting this into the tree-level expression,

one obtains

δMW,mix = − cos θW δMZ . (3.41)

For small δMZ (which is necessary on phenomenological grounds, as just discussed), one

can Taylor-expand (2.62) to obtain

δMZ = −1

2

(∆2
Z)2

MZ(M2
Z′ −M2

Z)
+O(∆2

Z)3,

and finally

∆MW
≡

(∆2
Z)2

MZ(M2
Z′ −M2

Z)
<

2

cos θW
δMmax

W ∼ 110 (190) MeV (3.42)

at 1(2)σ. Note that the left-hand side can also be written asMZv
2(QHus

2
β−QHdc2

β)2/(M2
Z′−

M2
Z). Unless the charge term is tiny, this implies that the Z ′ is much heavier than the Z.

For QHu ∼ 0.5 and no cancellation (e.g. large tanβ), one obtains

M2
Z

M2
Z′
<

54(95)MeV

MZ
< 10−3,

thus Z ′ is above about 3 TeV. The Z − Z ′ mixing angle in this case is basically given by

the left-hand side, hence also very small. From eq.(3.42) one can see that in the large tanβ

limit with a heavy Z ′ (or equivalently large singlet vev, vs), the quantity ∆MW
, which

receives an upper bound from δMW,mix, is approximately

∆MW
'MZ

v2

v2
s

(
QHu
Qs

)2

. (3.43)

The above relation shows that the ratio of the U(1)′ charges r = QHu/Qs should be

preferably smaller than unity in order to pass the W mass constraint for relatively light

U(1)′ breaking scales. Similarly, the mixing angle in the same limit will be approximately

tan 2θZZ′ '
−4M2

Z

gzv2
s

(
r

Qs

)
, (3.44)

where we can also see the dependence of the mixing angle on the ratio r. We can also

rewrite the constraint in terms of masses and the mixing angle. Using (3.23),

δMZ =
1

4

∆2
Z

MZ
tan 2θZZ′ +O(∆2

Z)3 = −1

8

(M2
Z′ −M2

Z)

MZ
tan2(2θZZ′) +O(∆2

Z)3. (3.45)

From this we see that a bound on δMW,mix implies a bound on (approximately) the product

MZ′θZZ′ . One can hence relax the bound on θZZ′ by decreasingMZ′ (rather than increasing

it). This requires taking ∆2
Z smaller, by either reducing the U(1)′ charges or picking tanβ

to achieve some degree of cancellation.
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3.5 Anatomy of Sfermion sector

The third generation of squarks t̃1, b̃1 typically represent the lightest amongst the coloured

particles in a natural supersymmetric theory. In section 2.4 we have seen that the scalar

superpartners of the SM quarks and fermions unlike the MSSM receive additional D-term

contributions ∆φiU(1)′
due to the presence of the extra U(1)′ symmetry eq.(2.117),(2.129).

The squared mass matrices for the top and bottom squarks can be read off from the general

expressions of the squared mass matrices of the up and down-type squarks

M2
t̃

=


m2
Q3

+m2
t + ∆ũL +Q3d

′ mt(A
∗
t − µeff cotβ)

mt(At − µ∗eff cotβ) m2
T c +m2

t + ∆ũR +QT cd
′

 , (3.46)

M2
b̃

=


m2
Q3

+m2
b + ∆d̃L

+Q3d
′ mb(A

∗
d − µeff tanβ)

mb(Ab − µ∗eff tanβ) m2
Bc +m2

b + ∆d̃R
+QBcd

′

 , (3.47)

where ∆φi are the ordinary U(1)Y , SU(2)L gauge terms present in the MSSM and

d′ =
1

2

(
QHdv

2
d +QHuv

2
u +Qsv

2
s

)
. (3.48)

One immediately understands the importance of the U(1)′ D-term contributions in exten-

ded models. For large U(1)′ supersymmetry breaking scales the effects on the sparticle

spectrum do not decouple. The masses of the squarks will always be driven by the extra

contributions. The diagonal terms of the stop squared matrix are boosted by the mass of

the heavy top quark and in the event where the right-handed top and bottom squarks are

charged equally under the U(1)′ gauge symmetry, i.e. QT c = QBc and the soft supersym-

metry breaking masses m2
Q3
,m2

T c are degenerate, this will lead to a mass hierarchy with

the bottom squark being slightly lighter than the top squark mt̃1
> mb̃1

. For models with

a heavy Z ′, where d′ ∼ MZ′/2Qs, the diagonal elements of the squared matrices can be

dominated by these D-terms. Depending on the sign of the charge products (Q3 · Qs),

(QT c · Qs) and (QBc · Qs) the left-handed squarks, right-handed stops and right-handed

sbottoms respectively can either be boosted or driven to unwanted color breaking directions

of the scalar potential. In order to avoid SU(3)c colour or charged breaking minima of the

scalar potential where the soft supersymmetry breaking mass parameters of the squarks

and/or leptons become tachyonic we will require the first two products which are relevant
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in the stop mass matrix to be positive definite Q3 · Qs > 0 and QT c · Qs > 0. Using the

first constraint originating from the gauge invariance of the Yukawa term for the up-type

quarks in the superpotential eq.(3.3) we understand that the product of the charge for

the Higgs doublet and the SM gauge singlet has to be negative QHuQs < 0. Since the

right-handed bottom squark mass m2
Bc does not enter the 1-loop beta functions of m2

Hu

and thus does not affect the fine tuning, it can be heavier than a few TeV. Therefore we

are not considering mandatory to raise the b̃∗Rb̃R diagonal term of the sbottom matrix with

large D-terms. In other words the mass of the right-handed bottom squark is going to be

determined by its soft mass parameter m2
Bc ∼ (3 TeV)2 and hence can tolerate smaller

positive or even negative U(1)′ D-term contributions. On the other hand, in principle one

would be benefited by boosting the left and right-handed stop masses via larger D-terms.

A natural scenario needs light soft supersymmetry breaking stop masses mQ3 ,mT c but

heavy mass eigenstates in order to evade the collider searches. For simplicity we will as-

sume that the two chiral U(1)′ charges of the top squarks are identical QQ3 = QT c and we

will parametrize with respect to the ratio r = QHu/Qs due to the W mass constraint and

the fine tuning considerations as we will see in the following chapters. The charge of the

right-handed bottom quark is then fixed by the relationship derived by requiring gauge

invariance of the bottom quark Yukawa term in the superpotential eq.(3.4). The charge of

the singlet is chosen to be negative Qs < 0 in order to satisfy the previous postulates. In

Fig. 3.1 we show the masses for the three light squarks for different UMSSM scenarios as a

function of MZ′ . The different charge assignments which are classified with respect to the

ratio r = QHu/Qs and the singlet U(1)′ charge are shown under each plot. The singlet vev

is varied for all four plots within the range 3 TeV ≤ vs ≤ 7 TeV. One can see the effect

of the different charge assignment on the D-terms and consequently on the masses of the

lightest squarks in the spectrum. The squark charges with the assumption that they are

equal will be given by QQ3 = QT c = rQs/(−2). For large left-handed and right-handed

U(1)′ charges (Fig. 3.1a) the diagonal terms of the stop and sbottom squared mass matrix

are dominated by the large positive D-term contributions due to the massive Z ′ boson.

The masses of all three light squarks is driven to very high values as MZ′ becomes heavier.

For smaller values of the charges with increasing Z ′ the effect of the D-terms is relaxed and

the increase is lest steep (Figs. 3.1b, 3.1c), but remains positive due to the sign choice. In

the fourth plot in Fig. 3.1d we have flipped the sign of the ratio r > 0 so that the products

QQ3 ·Qs < 0 and QT c ·Qs < 0. In this case the D-terms have a negative contribution to

the diagonal terms of the matrix and for heavier Z ′ bosons than (2− 3) TeV it can lead to
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Figure 3.1: The masses of the 3rd generation t̃1, t̃2, b̃1 squarks with respect to the Z ′ mass

for different U(1)′ charge assignments (r = QHu/Qs, Qs). The masses are calculated at 1-

loop using SARAH + SPheno interface. The right-handed bottom is taken to be very heavy

and is not shown here. Scalar soft masses are mQ3 = mT c = 0.7 TeV and stop trilinear

coupling Tt = ytAt = 1 TeV.

destabilization of the Higgs potential as discussed earlier (tachyonic squark squared mass

eigenvalues m2
q̃ < 0). Note also that in these plots the right-handed bottom squarks is of

the order of 3 TeV with small mixing Ab. The left-handed sbottom ends up in the second

mass hierarchical place in the spectrum for this choice of parameters.

In the next plot (Fig. 3.2) we present the masses for the lightest squarks as a function

of the soft trilinear coupling At for two UMSSM models (black and blue lines) and for

the MSSM (red lines). For completeness the lightest CP-even Higgs mass is given for

the corresponding models in the right plot. The spectrum consisting of the light squarks

is shifted upwards by the U(1)′ D-terms for heavier Z ′ bosons, MZ′ = 3 TeV (black

lines) and MZ′ = 1.8 TeV (blue lines). For large mixing coming from the soft trilinear

coupling At ∼ 2 TeV the lightest stop mass is smaller than in the heavy Z ′ model by
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Figure 3.2: Left: Squark masses t̃1 (Dashed coloured lines), t̃2 (Solid coloured lines)

and b̃1 (Dotted coloured lines) as a function of the soft trilinear coupling At = Tt/yt.

Right: Higgs masses mh01
calculated at 2-loop accuracy using SARAH + SPheno. The

black and blue lines correspond to two different UMSSM models, with charge assignments

(r,Qs) = (−0.5,−0.5) and (−0.6,−0.3), respectively. The singlet vev is fixed vs = 6 TeV,

µeff = 200 GeV and tanβ = 20. The red lines correspond to the MSSM scenario. The

relevant soft supersymmetry breaking scalar masses are of the order of 1 TeV.

around ∆mt̃1
∼ 600 GeV, which can be favourable by future collider searches. In the

MSSM for zero mixing At the lightest stop is somewhat lighter than 1 TeV at 1-loop

accuracy while in the two UMSSM models the squarks are very heavy mt̃1
∼ 1.5 TeV and

mt̃1
∼ 1.2 TeV, respectively. This is currently outside the reach of the LHC but probably

within its reach at higher center of mass energies of
√
s = 14 TeV or more. As it can

be observed from the right plot in Fig. 3.2 the Higgs mass is also boosted by the larger

Higgs up quartic coupling. For all three models for large mixing At ∼ 2 TeV the lightest

Higgs obtains mass in the LHC Higgs discovery range. For zero mixing At = 0 the effect is

more profound ∆mh01
∼ 5 GeV (heavy Z ′ model), but all models are below the acceptable

Higgs mass lower limit mexp
h01
∼ 125 GeV. Note that the Higgsino mass is light in these plots

µeff = 200 GeV. We will see in the next chapter that heavy µeff (or equivalently4 large

singlet Yukava coupling λ) can boost the tree-level Higgs mass in correlation to the U(1)′

charge assignments governing the Higgs sector.

3.6 Anatomy of Higgs Sector

We have seen in section 2.3 that the Higgs Sector in UMSSM consists of 3 CP-even Higgs

bosons h0
1, H

0
2 , H

0
3 , one CP-odd scalar A0 and two charged Higgs bosonsH±. This can have

4This is because µeff is proportional to λ when the singlet vev vs (or MZ′) is fixed.
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several implications and potential advantages on the phenomenology over other extensions

of the MSSM. For example in the NMSSM like in the UMSSM there are 10 real degrees

of freedom coming from the two complex Higgs doublets and the extra SM gauge singlet

field. After electroweak symmetry breaking three degrees of freedom are eaten by the gauge

bosons Z,W± and the remaining dofs result in 3 CP-even Higgs bosons plus two CP-odd

A0
1, A

0
2 and two charged Higgs bosons. The presence of an extra CP-odd Higgs boson can

possibly suppress the branching fractions γγ,WW,ZZ, bb̄, because a SM-like Higgs particle

will predominantly decay into the lightest A0
1 Higgs boson [34, 86]. In the UMSSM this

extra degree of freedom is eaten by the Z ′ boson which appears due to the extra gauge

symmetry. The other very interesting observation is that this extra gauge group creates

additional U(1)′ D-term contributions to the quartic coupling of the Higgs scalar potential

which can potentially raise the tree-level lightest Higgs mass [5, 26, 28, 48].

In this section we will explore the implications of this extended sector on the mass of

the lightest CP-even Higgs boson h0
1 which is the candidate to be identified as the Higgs

particle discovered at the LHC in 2012. We will investigate how the tree-level mass can be

boosted in different UMSSM scenarios with different charge assignments and whether it

is affected by other parameters which might have been overlooked in the past. Quantum

corrections at 1-loop and 2-loop, using state of the art programs SARAH + SPheno will be

compared against effective potential techniques in order to test the accuracy of our results

and quantify any potential improvement in the calculation of the Higgs mass provided by

these programs.

3.6.1 Effect of µeff on tree-level Higgs mass

In the UMSSM the presence of the additional F-term and U(1)′ D-terms in the Higgs

potential (2.68),(2.69) can raise the tree-level mass of the lightest Higgs boson h0
1 above

the Z mass ∼ 91.2 GeV [122]. An approximate upper limit for mh01
can be deduced [48]

and for heavy Z ′ models is given by

m2
h01

. M2
Z cos2(2β) +

1

2
(λv)2 sin2(2β)− λ2v2

(
λ2

Q2
s

+ 2
QHu
Qs

)
. (3.49)

The first term in the above inequality corresponds to the MSSM tree-level upper bound

on the Higgs mass, which can be saturated in the large tanβ limit. The second term is

originating from the λ-term in the superpotential W and is also present in the NMSSM.

This term also contributes positively to the upper bound but it depends on the value of

tanβ competing with the first term. In the large tanβ limit where β ∼ π/2 this term

vanishes and there is no boost on the tree-level Higgs mass greater than the Z mass for
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these models. Typically one would favour a large singlet Yukawa coupling λ in order to

strengthen the effects of this term as in λ-SUSY scenarios [20, 72, 83]. However λ does

not remain perturbative up to a unification scale in this case and typically tanβ has to

be relatively small. The last term is unique in gauge extensions of the MSSM due to the

D-terms contributions from the additional U(1) gauge group. Note that although there

is no tanβ dependence, the singlet Yukawa coupling and the signs and absolute values of

the U(1)′ charges can play a significant role in either increasing or decreasing the upper

bound on the Higgs mass. It is worth noting that other forms of (3.49) are more popular
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Figure 3.3: Tree-level lightest Higgs mass contours mtree
h01

(in units of GeV) on the (r,Qs)

plane for different values of the effective Higgsino mass µeff . The singlet vev is fixed to

vs = 3.5 TeV and tanβ = 20 in order to saturate the upper bound on mtree
h01

in the MSSM

(first term in eq.(3.49)) at tree-level.

in the literature but this is the only form that seems to explain analytically our numerical
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results on the tree-level mass of h0
1. Let us rewrite eq.(3.49) taking into account the

assumptions for the charges and replacing in the third term the dimensionless coupling λ

with dimensionful quantities

m2
h01

. M2
Z cos2(2β) +

1

2
(λv)2 sin2(2β) + 4µ2

eff

(
v

vs

)2
[ ∣∣∣∣QHuQs

∣∣∣∣− (µeffMZ′

)2
]
, (3.50)

the above expression exhibits some of the features one can observe in Fig. 3.3 resulting from

our numerical analysis. In this plot we present the tree-level mass contours for the lightest

CP-even Higgs boson for different values of µeff . As one can see from eq.(3.50) for fixed

value of the Higgsino mass parameter and the singlet vev the expression inside the bracket

determines if the contribution to the Higgs mass is going to be constructive or destructive.

This depends on the two ratios r = QHu/Qs and (µeff/MZ′)
2. A light Z ′ of a comparable

size to the Higgsino mass parameter can reduce the Higgs mass if the ratio of the Higgs and

singlet charges is small. The ratio r = QHu/Qs not only controls the Z mass shift through

the W mass constraint but also controls the upper bound on the tree-level Higgs mass one

can achieve in different gauge extensions of the MSSM. When |r| > (µeff/MZ′)
2 then a
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Figure 3.4: Tree-level lightest Higgs mass contours mtree
h01

(in GeV) on the (r,Qs) plane for

different values of the effective Higgsino mass µeff . For these plots we use different values

of the singlet vev. For larger values of vs the upper bound on the Higgs mass decreases for

all points in the plane compared to the plot with smaller vev.

heavy Higgsino will contribute positively to the tree-level Higgs mass reducing the need for

large radiative corrections. On the other hand when |r| < (µeff/MZ′)
2 the tree-level mass

can be lighter than the Z mass (large tanβ limit) and one has to require large quantum

corrections to the Higgs mass in order to achieve the desirable mass range. This means that
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a scenario with a light Z ′ will not necessarily mean less fine tuning, even if it passes the

W mass constraint. Although the light Z ′ will not contribute to the fine-tuning measure a

negative contribution to the Higgs mass at tree-level will enhance the fine tuning coming

from the stop sector making it worse than in MSSM models. In the plots of Fig. 3.3 the

singlet vev is fixed to vs = 3.5 TeV, hence the lightest Z ′ is obtained for the smallest singlet

charge on the plane Qs = −0.1 which translates toMZ′ ≈ 350 GeV. It is obvious from these

plots that as we increase the Higgsino mass, the lightest Higgs for light Z ′ bosons becomes

extremely small and can even enter the color breaking region for which the squared mass

eigenvalues of the Higgs become tachyonic. Heavy Z ′ models are enhanced by raising the

Higgsino mass. Furthermore for a fixed value of µeff a larger ratio |r| enhances the effect

of a heavy Higgsino and as we see in the plots the mass contours obtain larger values as we

move from right to left increasing the absolute value of the ratio r. This numerical result

is exactly what one can read off also from the approximate equation for the upper bound

eq.(3.50). For MZ′ ∼ 2.1 TeV the maximum value for the tree-level Higgs obtained for

µeff = 800 GeV is around mtree
h01
∼ (117−118) GeV (the contour is not shown in Fig. 3.4a).

When the singlet vev increases for fixed µeff the Higgs mass decreases (Fig. 3.4). The

right plot has vs = 5.0 TeV, clearly at the same points on the (r,Qs) plane the Higgs mass

is found to be reduced compared to the left plot with vs = 3.5 TeV. This observation can

be explained in terms of eq.(3.50). As one can see, a heavier Z ′ resulting from a larger

U(1)′ breaking scale will suppress the second "harmful" term in the bracket which can

cause negative contributions if it is order O(1), but on the other hand the coefficient of the

bracket will be suppressed by the ratio (v/vs)
2 reducing the upper bound. So in this case

of MZ′ � µeff although one is not concerned about negative contributions to the Higgs

mass, the heavier the singlet vev the larger the suppression of the positive contribution

to the tree-level Higgs upper bound. There are two ways to increase the Z ′ mass, either

by increasing its coupling Qs or by increasing the U(1)′ breaking scale vs. According to

our analysis the first way (increasing Qs) can result in negative contributions if the ratio

does not satisfy the approximate relation |r| > (µeff/MZ′)
2 but can achieve very heavy

Higgs masses otherwise when also µeff is heavy. However we have to be careful because

for large ratios |r|, as we have argued in the previous sections, the W mass constraint can

be challenging, and thus unavoidably we need a sufficient large singlet vev to overcome this

constraint. The second method although it is more safe from the point of view of having

negative contributions (note that also the tachyonic mass area is shrinking in the right

plot of Fig. 3.4) it will suppress the positive contributions to the upper bound of the tree-
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level Higgs mass. Ultimately for extremely large breaking scales mtree
h01
∼ MZ will become

MSSM like (in the large tanβ limit). The above discussion strengthens and supports the

parametrization and classification of the different UMSSM models by the ratio r and the

singlet U(1)′ charge Qs.

3.6.2 Radiative corrections to h0
1

In this section we investigate the 1-loop corrections to the lightest Higgs boson using

effective potential techniques and we compare with the full 1-loop and 2-loop radiative

corrections calculated using the state of the art programs for BSM phenomenology studies

SARAH & SPheno Ref.[138, 139, 142, 143]. We will show that 1-loop corrections to the

lightest Higgs particle involving the top quark and its scalar superpartners t̃1,2 can lead to

exaggerated corrections ∆m2
h01

which can exceed even the full 2-loop calculation by more

than m1-Eff
h01
−m2-loop

h01
' 10 GeV. In the post Higgs discovery era it is crucial to calculate

the lightest CP-even Higgs mass with high accuracy in order to get conclusive results.

Therefore, previous calculations used in older pre-Higgs discovery studies are found to be

inefficient for this matter. We improve our study by including the 2-loop calculation of the

Higgs sector.

One-loop effective potential Veff . We will consider contributions from the top quark

and the two top squarks in the loop. For very large tanβ > 40 the contribution from

the bottom squarks become sizeable [5] due to the fact that the bottom Yukawa coupling

becomes large in this limit yb ∼ O(1). The Coleman-Weinberg correction to the scalar

potential including the stops and the top quark is given by [39]

V 1 =
3

32π2

[ 2∑
j=1

m4
t̃j

(
ln
m2
t̃j

Q2
− 3

2

)
− 2m̄4

t

(
ln
m̄2
t

Q2
− 3

2

)]
, (3.51)

where m̄2
t = y2

t |H0
u|2 is the field dependent mass of the top quark and Q is the renormaliz-

ation scale in the DR scheme. The field dependent stop squared masses m̄2
t̃1,2

are taken to

be the eigenvalues of the stop squared matrix before electroweak symmetry breaking takes

place see eq.(2.107),(2.108),(2.110) and eq.(2.109). The field dependent mass matrix

M2
t̃ =


M2

t̃∗L t̃L
M2

t̃∗L t̃R

M2
t̃∗R t̃L

M2
t̃∗R t̃R

 , (3.52)
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where we have used the bar notation to denote the fact that the elements are field dependent

quantities and are given by eq.(2.107),(2.108),(2.110) and eq.(2.109)

M2
t̃∗L t̃L

=
(
|H0

d |2 − |H0
u|2
)(g2

2

4
+
g2

1

12

)
+ g′ 21

(
QHd |H

0
d |2 +QHu |H0

u|2 +Qs|S|2
)
QQ3 + |yt|2|H0

u|2 +m2
Q3

, (3.53)

M2
t̃∗R t̃R

= g2
1

(
|H0

d |2

3
+
|H0

u|2

3

)
+ g′ 21

(
QHd |H

0
d |2 +QHu |H0

u|2 +Qs|S|2
)
QT c

+ |yt|2|H0
u|2 +m2

T c , (3.54)

and finally the off-diagonal terms of the matrix which are related by complex conjugation

M2
t̃∗L t̃R

= −y∗t λSH0
d + y∗tH

0 ∗
u A∗t =

(
M2

t̃∗R t̃L

)∗
. (3.55)

the field dependent eigenvalues m̄2
t̃1,2

of the matrix will then be given by

m̄2
t̃1,2

=
1

2
Tr
[
M2

t̃

]
± 1

2

√(
Tr
[
M2

t̃

])2
− 4Det

[
M2

t̃

]
(3.56)

the one-loop corrections to the tree-level squared mass matrixM2
CP-even of the Higgs bosons

are then given by taking the second derivative of the Coleman-Weinberg potential V 1 and

subtracting the appropriate terms from the diagonal elements which take care of the shift

of the potential and allow one to use the same tree-level minimization conditions, i.e.

(M1
CP-even)ij =

∂2V 1

∂φi∂φj

∣∣∣
min
− δij

1

vi

∂V 1

∂φi

∣∣∣
min

, (3.57)
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where φ = H0
u, H

0
d , S. After performing the derivation using eq.(3.51) one will get [5, 26]

the elements of the mass matrix which provides the one-loop corrections to be

(M1
CP-even)11 = k

[(
(m̃2

1)2

(m2
t̃1
−m2

t̃2
)2
G

)
v2
d +

(
λy2

tAt

2
√

2
F
)
vuvs
vd

]
, (3.58)

(M1
CP-even)12 = k

[(
m̃2

1m̃
2
2

(m2
t̃1
−m2

t̃2
)2
G +

y2
t m̃

2
1

m2
t̃1

+m2
t̃2

(2− G)

)
vdvu −

(
λy2

tAt

2
√

2
F
)
vs

]
,

(3.59)

(M1
CP-even)13 = k

[(
m̃2

1m̃
2
s

(m2
t̃1
−m2

t̃2
)2
G +

λ2y2
t

2
F

)
vdvs −

(
λy2

tAt

2
√

2
F
)
vu

]
, (3.60)

(M1
CP-even)22 = k

(
(m̃2

2)2

(m2
t̃1
−m2

t̃2
)2
G +

2y2
t m̃

2
2

m2
t̃1

+m2
t̃2

(2− G) + y4
t ln

m2
t̃1
m2
t̃2

m4
t

)
v2
u

+ k

(
λy2

tAt

2
√

2
F
)
vdvs
vu

, (3.61)

(M1
CP-even)23 = k

[(
m̃2

2m̃
2
s

(m2
t̃1
−m2

t̃2
)2
G +

y2
t m̃

2
s

m2
t̃1

+m2
t̃2

(2− G)

)
vuvs −

(
λy2

tAt

2
√

2
F
)
vd

]
,

(3.62)

(M1
CP-even)33 = k

[(
(m̃2

s)
2

(m2
t̃1
−m2

t̃2
)2
G

)
v2
s +

(
λy2

tAt

2
√

2
F
)
vdvu
vs

]
. (3.63)

Here the coefficient k = 3
(4π)2

and the functions G and F are given by

G(m2
t̃1
,m2

t̃2
) = 2

[
1−

m2
t̃1

+m2
t̃2

m2
t̃1
−m2

t̃2

log

(
mt̃1

mt̃2

)]
, (3.64)

F = log

(
m2
t̃1
m2
t̃2

Q4

)
− G(m2

t̃1
,m2

t̃2
) . (3.65)

The mass squared parameters m̃2
1, m̃

2
2, m̃

2
s are defined as

m̃2
1 = y2

t µeff (µeff −At tanβ) , (3.66)

m̃2
2 = y2

tAt (At − µeff cotβ) , (3.67)

m̃2
s =

v2
d

v2
s

y2
t µeff (µeff −At tanβ) . (3.68)

The corresponding effective potential calculation for the MSSM can be found in Ref.[30].

One can see that in the limit where the UMSSM becomes MSSM-like the loop corrections

are matching. For completeness we present in Fig. 3.5 two plots which depict the lightest
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(a) Higgs mass in the MSSM (solid red line) and

UMSSM (solid green line). The dashed lines cor-

respond to the tree-level masses in both scenarios.

For this plot mQ3 = mTc = 1 TeV, vs = 0.5 TeV,

λ = 0.5. Furthermore a moderate mixing is con-

sidered At = 1 TeV.
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(b) For this plot we choose mQ3 = mTc = 0.4 TeV,

vs = 2.5 TeV, λ = 0.3 and same soft trilinear coup-

ling At with (a). Blue (Green) solid line: UMSSM

(MSSM) 1-loop and dashed line UMSSM (MSSM)

at tree-level.

Figure 3.5: Higgs masses in the UMSSM and the MSSM using the 1-loop effective potential

method including the stops in the loop. For the U(1)′ charges we have used the E6SSM

charge assignments Ref.[103].

Higgs mass in UMSSM and in MSSM as a function of tanβ using the 1-loop effective

potential method. Note that these plots are given only for pedagogical purposes here

and intend to show as argued earlier that this method does not provide us with enough

accuracy in the post-Higgs discovery era. We choose the charges to be Q′Hu = −2/
√

40,

Q′Hd = −3/
√

40 and Q′s = 5/
√

40 and g′1 ' 0.46 which is usually assumed to result from

unification of the gauge couplings. Note that in our parametrization introduced in the

previous sections this corresponds to the ratio r = −0.4 < 0 with Qs ≡ g′1Q
′
s = 0.36. It

is worth also mentioning that the sfermion charges are also positive coinciding with our

requirements for positive U(1)′ D-term contributions to the sfermion masses. The vev

for the left plot is very small vs = 500 GeV and the model fails to pass the W mass

constraint and is away from the central value by around 20σ deviation, which of course is

not acceptable (θZZ′ = 0.113). For the second plot the W mass constraint is within 2σ

and the mixing angle is approximately θZZ′ ' 3.6× 10−3. The 1-loop Higgs mass for the

UMSSM is overshooting the line of mh01
= 125 GeV at around tanβ = 2.5 and obtains a

maximum value of around mh01
= 140 GeV for large tanβ = 50 when the MSSM upper

bound is saturated. The soft masses for the third generation squarks are taken to be very

small. It is also surprising that even the MSSM reaches the black dashed horizontal line

at around tanβ = 5. In the MSSM as we will see later on in the next chapters, it is
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well-known that in order to reach the Higgs mass of mh01
= 125 GeV, large stops of the

order O(1) TeV are needed along with maximal mixing At ∼ 2 TeV. In the next plot we

will elaborate on this observation and we will actually compare the loop corrections using

the two available methods.

Calculating two-loop Higgs radiative corrections with SARAH. In the MSSM the

radiative corrections to the Higgs bosons are known to high accuracy. Leading two-loop cor-

rections using effective potential techniques or diagrammatic calculation of order O(αsαt),

O(α2
t ), O(αbαs) and O(αtαb + α2

b) with zero external momentum have been available for

a while and have been implemented in publicly available codes such as SoftSUSY [4, 74],

and SPheno [138, 139]. Three-loop calculations with the effective potential method have

been performed Ref.[125] and lately two-loop QCD corrections of O(αsαt), O(α2
t ) Ref.[50],

including the effect of non-vanishing external momenta in the self-energies have become

available, in order to reduce the theoretical uncertainties to match the impressive exper-

imental uncertainty. The picture is less impressive when one decides to study a model

beyond the MSSM. In the previous section we have taken a glimpse into this issue and

convinced ourselves that we need higher accuracy in order to be able to obtain some con-

clusive results which are going to point in the right direction and not distort our judgement

either in favour or against a particular model.

The program SARAH gave us the ability to overcome this barrier and go beyond 1-

loop corrections using effective potential methods with only the third-generation squarks

in the loop. The program provides the 2-loop calculation of the Higgs masses with two

different methods: (a) an effective potential method (b) a fully diagrammatic calculation.

This way one can verify their results since there is no literature to compare it with at

the moment. The calculation includes all 2-loop corrections which do not involve the

electroweak corrections. By appropriately modifying the SARAH files one can create an

output for SPheno which is a powerful spectrum generator written in Fortran code. The

latter calculates all other masses in the spectrum at one-loop order using the routines

provided by SARAH. Additionally it calculates the branching ratios, decay widths, flavour

observables and more Ref.[138, 139, 143, 144]. In the following we present results from our

numerical analysis on the lightest Higgs mass in the generic pUMSSM scenario.

In Figure 3.6 we have plotted the Higgs mass up to two-loop order using SARAH

(black dashed line) along with the tree-level mass and at one-loop order using the ef-

fective potential V 1 eq.(3.51). The charges are chosen in our parametrization to be

(r,Qs) = (−0.6,−0.5) and all other input parameters are taken at the electroweak scale.
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Figure 3.6: Higgs mass at one-loop (black solid line) and two-loop (dashed black line) using

SARAH + SPheno. The corrections using one-loop effective potential with only stops in the

loop are also shown in blue. Finally the tree-level mass is shown for comparison. One can

see that the blue line exceeds the two-loop calculation by around 10 GeV, see Table 3.1.

Quantum Corrections Order tanβ = 20 tanβ = 60

mh01
2-loop with SARAH 123.5 GeV 124.2 GeV

mh01
1-loop with SARAH 119.6 GeV 120.0 GeV

mh01
1-loop V 1

eff 136.4 GeV 136.8 GeV

mh01
tree-level 93.6 GeV 94.1 GeV

Table 3.1: Table showing the values of the lightest Higgs mass corresponding to Fig. 3.6

for tanβ = 20 and tanβ = 60.

The left-handed and right-handed soft supersymmetry breaking masses of the stops are

assumed degenerate in mass with mQ3 = 800 GeV and the singlet vev is vs = 5 TeV. The

soft trilinear coupling At = 1.5 TeV and the Higgsino mass is µeff = 300 GeV. The singlet

soft trilinear coupling is taken to be fixed As = 250 GeV throughout this project in order

to maximize the effects on the Higgs mass. In Table 3.1 we give the values of the Higgs

mass for the pUMSSM models shown in Fig. 3.6 at tanβ = 20, 60 so that one can compare

the accuracy of the different loop orders and methods. The one-loop corrections using

V 1
eff in eq.(3.51) provides a large contribution to the tree-level Higgs mass which exceeds

even the two-loop accuracy obtained with SARAH. This is due to the fact that many scalar

contributions apart from the two stops are not taken into account which can reduce the
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(b) µeff = 650 GeV
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Figure 3.7: Lightest CP-even Higgs mass in different pUMSSM models. The effective

Higgsino mass parameter is increased in the right plot and everything else remains the

same. The soft masses at the electroweak scale are mQ3 = mT c = 800 GeV, At = 1.5 TeV

and the singlet vev vs = 6 TeV. Color lines are kept the same across the plots for specific

models.

positive contributions to the radiative corrections on the Higgs mass. The tree-level Higgs

mass appears slightly larger than Z mass due to the large U(1)′ couplings and the effective

Higgsino mass value. In Fig. 3.7 we show the Higgs mass at two-loop for different pUMSSM

scenarios. The charge assignments are given in the legend. For the left plot the Higgsino

mass is taken to be µeff = 300 GeV and for the right one is increased to µeff = 650 GeV

in order to boost the tree-level Higgs mass. The maximum values obtained for every model

are shown in Table 3.2. The blue line with charges (−0.1,−0.1) appears to have slightly

suppressed Higgs mass compared to the MSSM for light Higgsino but the maximum Higgs

mass is over 122 GeV. When the Higgsino mass increases we see that due to the small

ratio r = −0.1, the tree-level Higgs mass receives negative contributions and reduces the

Higgs mass below 110 GeV. On the other hand the models with larger |r| are enhanced in

this case. It is interesting that the black line with charges (−0.5,−0.5), in the left plot

corresponds to the third heaviest Higgs mass with maximum value mMax
h01
' 123.4 GeV and

in the right plot the model achieves the heaviest Higgs mass mMax
h01
' 126.8 GeV.

Conclusion

In this section we have introduced the phenomenological version of UMSSM (pUMSSM)

with generic charges and discussed the constraints from gauge invariance of the Yukawa

terms in the superpotential and the perturbativity bounds on the U(1)′ effective charges

which have absorbed the U(1)′ gauge coupling. We have stressed the importance of anom-

aly cancellation and the possible problems arising from FCNCs but we do not treat them
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U(1)′ Charges (r,Qs) mMax
h01

for µeff = 300 GeV mMax
h01

for µeff = 650 GeV

(−0.5,−0.5) 123.4 GeV 126.8 GeV

(−0.2,−0.3) 123.8 GeV 123.9 GeV

(−0.4,−0.2) 124.0 GeV 124.2 GeV

(−0.1,−0.1) 122.5 GeV 110.8 GeV

MSSM 122.7 GeV 122.7 GeV

Table 3.2: Maximum values of the Higgs mass of the lightest boson h0
1 corresponding to

the two plots in Fig. 3.7.

in this project. Since the mixing angle constraint are highly model dependent Ref.[63, 65]

we tackle the problem of the Z mass shift in a way suitable for gauge extensions with

generic charges by imposing constraints from the W mass experimental measurement. We

identify the importance of the ratio r = QHu/Qs in satisfying the W mass constraint and

we parametrize our study accordingly. In the heavy Z ′ limit whereMZ′ �MZ , the quant-

ity ∆MW
, which is constrained from the W mass precision measurement, is proportional

to the square of the ratio r for fixed singlet vev vs while the mixing is proportional to r

itself. Ratios larger than one would require large vs and consequently heavy Z ′ to pass the

constraint. Hence we require r < 0, |r| < 1, the first inequality comes from the requirement

of having positive U(1)′ D-term contributions to the 3rd generation squark masses. Fur-

thermore, we show that the Higgs upper bound is also sensitive to r. We show numerically

that in the bottom left corner of the (r,Qs) plane (large |r|,|Qs| region) the tree-level Higgs

mass can be substantially enhanced at tree-level for heavy effective Higgsino masses which

can potentially be beneficial for reducing the fine-tuning measure. On the other hand a

large U(1)′ breaking scale vs which results in heavy Z ′ bosons for large |Qs| ∼ 0.6, can

suppress the Higgs mass as seen in the plots. Moreover, we show that the squark sector

can be very different from the MSSM, with mass hierarchies which can be entirely directed

by large U(1)′ D-terms. We improve the accuracy of our study by calculating the Higgs

mass at two-loop order using the publicly available programs SARAH, SPheno and compare

with effective potential techniques with only the stops in the loop. Plots of the lightest

Higgs mass for different charge assignments are given as a function of tanβ and the MSSM

has been included for comparison.
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Chapter 4

Fine-Tuning in pMSSM. Collider

constraints using Fastlim

4.1 Low scale fine tuning in the MSSM

In the MSSM the EW scale (at large tanβ) is given by the expression

M2
Z

2
= −m2

Hu − µ
2 , (4.1)

at tree-level. For naturalness to be preserved, we would want both terms to be of the

order of the EW scale otherwise large cancellations would have to occur. It is possible

that these terms are much larger than the EW scale and some underlying fundamental

theory dictates the cancellations to take place. In this case the fine-tuning has to be

checked at the radiative level to make sure that this cancellation is not ruined by large

loop corrections to the soft parameters of the theory. This situation is present in models

like the pUMSSM where the D-term contributions to the soft parameters can be dominant

at tree-level and thus destabilize the EW scale. For this reason one could attribute the

occurring cancellation to a fundamental theory as mentioned above and consider worrisome

the fine-tuning stemming from the radiative corrections to the left-hand side of the EW

stability equation. In the MSSM one can define the fine tuning in the Higgs potential

according to the Kitano-Nomura definition [106] where

∆h =
δm2

Hu

(m2
h/2)

. (4.2)

Here δm2
Hu

denotes the radiative corrections to the soft supersymmetry breaking mass

m2
Hu

. A similar definition measures the fine-tuning in the EW scale using eq.(4.1) and
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thus normalizing with respect to the Z mass and not the Higgs mass, i.e.

∆Z =
δm2

Hu

(M2
Z/2)

. (4.3)

Note that the second term does not receive large corrections due to the fact that µ2 is

a supersymmetry preserving parameter and thus its beta function is proportional to the

parameter itself [124]. For this reason the tree-level contributions from the Higgsino mass

parameter µ2 to the fine-tuning are always larger than the radiative corrections δ(µ2), since

the beta function of µ2 is small. In general in the absence of fine-tuning one would require

that the radiative corrections of each term in the right-hand side of eq.(4.1) to be of the

order of the EW scale and define the measure as

∆ = maxi
|Bi|

(M2
Z/2)

, (4.4)

with Bi = δm2
Hu

, δµ2, m2
Hu
|tree, µ2|tree. At the loop level the contributions to the fine-

tuning from δm2
Hu
, δµ2 are suppressed by the ratio of the logarithm to the loop factor

ln(Λ/1 TeV)/16π2. Therefore, the tree-level contribution of µ2 is much larger than the

radiative corrections of these two terms, see above. For this reason naturalness criteria im-

poses stringent bounds on the Higgsinos which as we will see later have to be lighter than

µ ≤ 200 GeV [12, 14, 136]. Combining this with the LEP bound on charginos which trans-

lates to a lower bound on the Higgsino mass parameter µ we have 100 GeV ≤ µ ≤ 200 GeV,

which is a rather restricted range, leaving not much room for natural models. The Barbieri-

Giudice measure proposed in [19, 61] applies to UV- complete models and is not suitable

for measuring the fine-tuning from low-energy EW input alone. Other measures useful

for these types of models have been proposed in [8] and have been applied to superstring

inspired models like the E6SSM in [7]. In [10, 11, 12, 15] the authors have proposed a

new model independent measure of EW fine-tuning ∆EW suitable for low-energy effective

theories valid up to a messenger scale Λ close to MSUSY. This measure is similar but not

the same as the Kitano-Nomura measure [105, 106] and contains no information about

any possible high-scale origin. In the study [14] the authors compare different fine-tuning

measures with the new measure of the electroweak fine-tuning ∆EW presenting advantages

and caveats for these measures. As noted in [14] a low-energy EW fine-tuning measure

does not necessarily mean that the model is not fine tuned and represents the minimal

fine tuning that is present in the weak scale spectrum of the supersymmetric theory. A

large fine tuning at the weak scale would imply that the theory will be fine tuned. The

existence of areas of low EW fine-tuning would motivate the likelihood of an underlying

high-scale theory which also exhibits low values of fine tuning. In the following chapters
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we will explore if a low-scale Z ′ model can have low values of fine tuning and motivate

the construction of high-scale complete models based on the naturalness criterion. An

extensive list of references is available for the MSSM [11, 12, 13, 15] and the NMSSM

[72, 83, 100], but only a few attempts have been made to calculate the fine tuning in Z ′

models [7, 101]. In the MSSM as we discussed earlier at tree-level the largest contribution

to the fine tuning comes from µ2 which leads to the following Higgsino upper limit [136],

µ . 190 GeV
( mh0

120 GeV

)(∆tree
µ

5

)1/2

. (4.5)

For ∆µ = 5 and mh ∼ 125 GeV the upper bound on the Higgsinos will be µ . 200 GeV

as stated before. Due to different definitions of the fine tuning measure if one uses

eq.(4.3) will get a stringent bound for the same amount of fine tuning, due to the fact

that MZ = 91.2 GeV is lighter than the observed Higgs mass mh0 ' 125 GeV

µ . 144 GeV

(
∆tree
µ

5

)1/2
∆µ=5−−−−→ µ . 144 GeV . (4.6)

In order to "match" the two different definitions so that we are getting approximately the

same limits we would have to accept larger value for the absence of fine tuning in the latter

case ∆µ = 10. The smallness of the quartic coupling in the MSSM

λ =
1

8
(g2

1 + g2
2) cos2 2β , (4.7)

requires large radiative corrections so that the tree-level Higgs mass is lifted up to the

observed value of mh0 ≈ 125 GeV. As we have seen earlier, in the MSSM one has [56, 126]

(see eq.(1.21))

m2
h0 = M2

Z cos 2β2 +
3g2

2

8π2

m4
t

m2
W

[
ln
mt̃1

mt̃2

m2
t

+
X2
t

mt̃1
mt̃2

(
1− X2

t

12mt̃1
mt̃2

)]
, (4.8)

whereXt = At−µ cotβ and one can make the approximationM2
SUSY ≡ mt̃1

mt̃2
≈ mQ3mT c .

This is a one-loop approximate result including only the stop loop effect. From this equa-

tion one can easily see that in order for the radiative corrections to be large enough to

compensate for the smallness of the tree-level value of the Higgs mass, the stop masses and

thus the soft supersymmetry breaking masses mQ3 ,mT c have to be heavy. Furthermore a

large mixing Xt is usually necessary, especially if one needs the third generation squarks to

be light and maintain a natural spectrum. The question is why stops have to be light from

a natural perspective and then how light do they have to be? From eq.(4.2) we see that

at the loop level the fine-tuning responsible in the MSSM is coming from the corrections
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to the soft mass of the Higgs up doublet m2
Hu

. The beta function of m2
Hu

in the MSSM at

1-loop level is given by [124]

β
(MSSM,1)

m2
Hu

= 6|yt|2(m2
Hu +m2

Q3
+m2

T c + |At|2)− 6g2
2|M2|2 (4.9)

− 6

5
g2

1|M2
1 |+

3

5
g2

1S .

By integrating this equation from a higher scale Λ down to the MSUSY ∼ 1 TeV where the

stop masses exist and neglecting the gauge terms, which are small if the gaugino masses

are not extremely heavy, 1 we will have

δm2
Hu = −−3y2

t

8π2
(m2

Q3
+m2

T c + |At|2) ln
Λ

MSUSY
. (4.10)

Here Λ is the scale where the soft masses are generated (not the scale at which SUSY is

broken) and it can be as high as the GUT scale or a much lower scale O(10 − 100) TeV.

This is the scale at which a hidden soft supersymmetry breaking sector starts to com-

municate through interactions with the visible sector, and is usually called the messenger

scale Mmess [32]. It is clear from the above equation that due to the large top Yukawa

coupling the effect of the stop soft masses and thus the top squarks to the fine tuning is

substantial. Large stop masses needed to elevate the Higgs mass to the observed value

and maximal mixing Xt will drive the fine tuning measure to large values. Furthermore

if the logarithm associated with the scale Λ at which the underlying theory transmits the

SUSY breaking sector to the visible sector, is large the fine-tuning can be significantly

enhanced. For Λ = MGUT ∼ (1015−1016) GeV this logarithm is of the order of 30, but if a

lower messenger scale is assumed like in gauge mediation scenarios the logarithm is reduced

to 2.4− 4.6. In the case of GUT motivated theories, SUSY is broken radiatively by running

the RGEs from the GUT scale down to the EW scale and due to these large logarithms

the fine tuning will be always enhanced [20, 68]. This is the origin of the large coefficients

in the solutions of the RGEs. Considering low mediation scale alleviates this problem

and relaxes the fine tuning [105, 106, 136]. From this observation using eq.(4.10),(4.2) we

can extract some useful information about the stop masses in a natural supersymmetric

spectrum

√
m2
t̃1

+m2
t̃2
. 625 GeV

sinβ

(1 +X
2
t )

1/2

(
3

ln Λ
MSUSY

)1/2
mh0

125 GeV

(
∆h

5

)1/2

, (4.11)

1We will see that in order to interpret collider search results using Fastlim the gaugino masses have to

be heavy
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where Xt = |At|/
√
m2
t̃1

+m2
t̃2
. For ∆ = 5, tanβ = 10, a Higgs mass of 125 GeV and a

low-scale mediation Λ = 10 TeV we get an upper limit to the stops and sbottoms

mt̃1,b̃1
. 700 GeV , (4.12)

for high-scale models where Λ = MGUT it is easy to see that the limits are becoming even

more stringent

mt̃1,b̃1
. 200 GeV . (4.13)

Defining the fine-tuning measure with respect to the Z mass as in eq.(4.3) the corresponding

equations would read2

√
m2
t̃1

+m2
t̃2
. 450 GeV

sinβ

(1 +X
2
t )

1/2

(
3

ln Λ
MSUSY

)1/2
MZ

91.2 GeV

(
∆Z

5

)1/2

, (4.14)

and the upper bounds on the third-generation squarks translate into the tighter ones below

mt̃1,b̃1
. 500 GeV . (4.15)

If we assume that mt̃1
,mt̃2

≈ mQ3 = mT c then this upper limit corresponds to mQ3 ≈ 360

GeV for Xt = 0. Comparing the two eq.(4.11),(4.14) to get the same limits we see that

∆h/∆Z ≈ (1.4)2 ≈ 2. Relaxing the requirement of fine-tuning absence to ∆Z = 10 we

retrieve the previous limit of mt̃1
. 700 GeV for the stop masses when we consider a light

messenger scale. The gluino mass parameter can also be constrained in the same manner

since it contributes the Higgsino mass parameter at 2-loop level through its contribution

to the stop soft masses at 1-loop [136]. We can then write down the following relationship

for the gluino mass

|M3| . 904 GeV · sinβ · mh0

125 GeV

(
∆h

5

)1/2
(

3

ln Λ
MSUSY

)1/2

. (4.16)

Using the same rationale one can derive similar inequalities for the other gaugino masses

M1,M2 with the wino being much more constrained due to the large coefficient with which

it enters the 1-loop RGEs in eq.(4.9). It is clear from the above discussion that in the

MSSM the heavier the higher scale Λ the larger the fine tuning one can expect. In an

effort to compare the fine tuning expected in the minimal scenario to the fine tuning one

can have in U(1)′ gauge extensions we will use as higher scale Λ ∼ 1015 GeV. Although

a small logarithm can provide a quick "fix" in the case of MSSM reducing the nominal

amount of fine tuning, the same solution is not working in the case of pUMSSM. The
2we explicitly write the Z mass to remind the reader of the different definition of ∆Z
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extra D-terms entering the minimization conditions drive the Higgs soft mass parameters

to large values at tree-level, in turn contributing to the fine tuning. In other words, as

we can see from the definition of the fine tuning in eq.(4.4), the tree-level soft masses will

be dominant over the loop contributions and thus determine the fine tuning of the model.

This means that we can no longer extract meaningful information for high-scale scenarios

and most importantly we are unable to make use of a possible large Higgs quartic in the

case of pUMSSM in order to improve fine tuning. This is going to become clearer in the

following sections.

4.2 Phenomenology and naturalness of MSSM

In this study we re-interpret data from LHC collider searches for supersymmetric particles

using the program Fastlim [137]. The spectrum is calculated with SARAH and SPheno at

one-loop level for all scalars and at two-loops for the Higgs sector. Fastlim reconstructs the

visible cross section for a given event topology by taking into account the contributions of

the relevant simplified event topologies and thus without the need of running Monte Carlo

simulations. We have created an interface that links Fastlim to the spectrum generator

SPheno from which Fastlim reads all the information about the masses of the particles

and the branching ratios of the decays which enter the calculation of the contributing event

topologies. It is important to note that Fastlim’s power to reconstruct the visible cross

section for a specific signal region (defined by experimental collaborations) is limited by the

existence of the pre-calculated efficiency tables εi for every implemented topology i. The

efficiency of an event topology is multiplied by its cross section and the integrated lumin-

osity in order to generate the number of events for every contribution to the total number

of events. When the efficiency of a contributing topology is absent then the number of

events cannot be calculated and thus the total number of events is going to be underestim-

ated. Therefore if a topology has not been implemented for this scenario then the program

can only provide limits with small coverage which translates to an underestimation of the

visible cross section. For this reason the results must be interpreted with caution bearing

in mind that for complicated scenarios the limits can only be conservative. The program

is rather successful for models with a natural spectrum i.e. for theories where the lightest

SUSY particles are the third generation squarks, the Higgsinos, and the gluinos. In order

to achieve large coverage well above (90−95)% the wino and bino masses have to be a few

TeV and the gluino mass has to be around 2 TeV.

Throughout this paper the first and second family squark soft masses are assumed to be
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Name Short description ECM Lint # SRs Ref.

AC2013024 0 lepton + (2 b-)jets + MET [Heavy stop] 8 20.5 3 [2]

AC2013035 3 leptons + MET [EW production] 8 20.7 6 [1]

AC2013037 1 lepton + 4(1 b-)jets + MET [Medium/heavy stop] 8 20.7 5 [3]

AC2013047 0 leptons + 2-6 jets + MET [squarks & gluinos] 8 20.3 10 [46]

AC2013048 2 leptons (+ jets) + MET [Medium stop] 8 20.3 4 [43]

AC2013049 2 leptons + MET [EW production] 8 20.3 9 [41]

AC2013053 0 leptons + 2 b-jets + MET [Sbottom/stop] 8 20.1 6 [42]

AC2013054 0 leptons + ≥ 7-10 jets + MET [squarks & gluinos] 8 20.3 19 [44]

AC2013061 0-1 leptons + ≥ 3 b-jets + MET [3rd gen. squarks] 8 20.1 9 [47]

AC2013062 1-2 leptons + 3-6 jets + MET [squarks & gluinos] 8 20.3 13 [45]

AC2013093 1 lepton + bb(H) + Etmiss [EW production] 8 20.3 2 [40]

Table 4.1: The analyses available in Fastlim version 1.0 [137]. The units for the centre

of mass energy, ECM, and the integrated luminosity, Lint, are TeV and fb−1, respectively.

The number of signal regions in each analysis and the references are also shown. Note that

we use a concise name for every ATLAS conference note.

of the order of 3 TeV. Although in recent studies authors [15] have found that non-universal

gaugino masses with a hierarchy M1,M2 > M3 lead to points of the parameter space with

reduced EW fine tuning, this can only be due to the fact that heavy gaugino masses

create cancellations within the beta function of m2
Hu

which contradicts the assumptions of

previous studies where the gaugino terms are considered very light and thus are omitted

from the calculation of the fine tuning. The cancellations due to the heavy wino and bino

masses Ref.[15] seem to create the right amount of cancellation against the heavy third

generation soft masses of the top squarks in the MSSM, which are needed in order to

achieve a Higgs mass around 125 GeV. Since in the pUMSSM, as we will see later on, the

soft masses of the left-handed and right-handed stops can be substantially lighter than in

the minimal scenario this would mean that heavy gauginos would dominate the fine tuning.

In other words in order to get low fine tuning in these extended scenarios the cancellation

needed from the gaugino sector would be much smaller, making the need of light gauginos

preferable from a naturalness perspective of the theory. Furthermore if gaugino masses
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are light this would mean that the lightest neutralino χ̃0
1 would now have a sizeable bino

B̃ and wino W̃ component reducing its Higgsino H̃u, H̃d component. This reduces the

branching ratios BR(t̃1 → tχ̃0
1) of the lightest top squark decaying into the top and the

lightest neutralino, making it easier to mask itself against collider searches.

The experimental analysis available in Fastlim are shown in Table 4.1 from Ref.[137].

In the case of light top squarks (bottom squarks) the relevant ATLAS searches which

are expected to impose the most stringent constraints are the following: 1) AC2013024

2) AC2013053 3) AC2013037 4) AC2013048. In these experimental studies the main pro-

duction mechanism of the top superpartner is considered to be the direct pair production

mechanism pp → t̃1t̃1
∗. The two scalar particles are decaying subsequently either into

their top fermionic partner and the lightest neutralino (t̃1 → t χ̃0
1) or into a bottom quark

and the lightest chargino (t̃1 → b χ̃±1 ). In the latter case the chargino decays into a vir-

tual W boson and the lightest neutralino resulting in the 3-body decay (t̃1 → b Wχ̃0
1).

Strong assumptions have been made from the experimental collaborations on the mixings

and couplings (e.g. BR(t̃1 → t χ̃0
1) = 1, BR(t̃1 → b χ̃±1 ) = 1) of the decaying particles

in order to set strict bounds on the masses of the superpartners. The truth is that in
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Figure 4.1: Exclusion regions on the (χ̃0
1, t̃1) mass plane for the three ATLAS searches:

AC2013024 (red shaded area) AC2013053 (light blue shaded area on the left) AC2013037

(light blue shaded area on the right). Contributions from the other searches have not been

included in this plot. The coverage for this plot we get with Fastlim is nearly 100%
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any realistic scenario this bounds tend to be weakened since these assumptions cannot be

fully matched most of the time. To get strong constraints from these collider searches and

extract meaningful results we need to "simulate" the experimental assumptions. Therefore

for the purpose of imposing constraints from collider searches using Fastlim we are bound

to assume that the wino and bino masses have to be relatively heavy compared to the

Higgsino mass parameter µ which has to be light in the MSSM for naturalness reasons.

This way the lightest neutralino χ̃0
1, in this scenario appears mostly in a Higgsino state

H̃u, H̃d leading to an enhanced branching ratio for the decay channel BR(t̃1 → t χ̃0
1) due

to the large top Yukawa coupling ytt̃∗RtLH̃
0
u or ytt∗Rt̃LH̃

0
u. If the stop mixing is large by set-

ting mQ3 ∼ mT c then the branching ratios are expected to be small, but if there is a large

hierarchy between the soft masses which will result in small mixing then the branching

ratios are expected to become largish leading to stronger constraints. When this channel

is closed due to kinematic reasons the decay of the top scalar superpartner into a bottom

quark and a chargino becomes dominant BR(t̃1 → b χ̃±1 ) = 100% in this scenario.

In Fig. 4.1 we have plotted the three dominant exclusion regions of the lightest top

squark mass t̃1 with respect to the mass of the lightest neutralino χ̃0
1. We have created

a grid of 6161 points assuming that the soft masses of the stops have a mass hierarchy

with 340 GeV ≤ mQ3 ≤ 1200 GeV and mT c = 2.8 TeV, the Higgsino mass parameter µ

runs between 100 GeV ≤ µ ≤ 800 GeV where the lower bound comes from the LEP bound

on the lightest chargino. The soft trilinear couplings of the top and bottom squarks are

taken to be Tt = ytAt = 100 GeV, Tb = 1 TeV in order to avoid tachyonic masses for very

small values of mQ3 . The 3-shaded areas correspond to the ATLAS searches AC2013024,

AC2013037, AC2013053 as shown in the plot. For masses of the lightest neutralino χ̃0
1 less

than around 300 GeV the mass of the lightest stop is excluded up to 750 GeV at 95% CL.

Note that for stop masses around 750 GeV the lightest Higgs mass is not much heavier

than 115 GeV. The Higgs mass contours (black dashed lines) are almost parallel to the

neutralino axis, showing no significant dependence on the mass of the lightest Higgsino-like

neutralino.

The ATLAS search AC2013053 is predominantly looking at the topology pp → t̃1t̃
∗
1

where the stops decay into a bottom quark and the lightest chargino t̃1 → bχ̃±1 . The

chargino decays subsequently into a virtualW boson and the lightest neutralino χ̃±1 →Wχ̃0
1

with the signal regions defined by two b-jets and missing transverse energy /ET (MET). The

lightest chargino and the lightest neutralino are considered to have small mass splitting. As

we see in Fig. 4.1 this topology excludes mostly the points in the region where the decay
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of the lightest stop into the top and the lightest neutralino t̃1 → tχ̃0
1, is kinematically

forbidden. Since the two topologies t̃1 → tχ̃0
1 and t̃1 → bχ̃±1 are characterized by identical

final state products which consist of either 2 b-jets + 2-leptons + /ET or 2 b-jets + 4-

jets + /ET the program reconstructs the number of events using the kinematically allowed

topology and thus excludes points residing in either side of the line mt̃1
< mχ̃0

1
+ mt.

This is especially relevant for the exclusion region that we obtain from the ATLAS search

AC2013024 which assumes that the top squark is decaying exclusively to a top and the

lightest neutralino. This decay is not allowed above the line mt̃1
< mχ̃0

1
+ mt but the

program uses the kinematically allowed topology which has the same final state products

to reconstruct the visible cross section and set limits. These points as we see on the plot are

overshadowed by the AC2013053 analysis which is specifically designed to work well in this

region since the rate of the decay t̃1 → bχ̃±1 is 100%. As the channel t̃1 → tχ̃0
1 opens up and

the branching ratio BR(t̃1 → bχ̃±1 ) becomes smaller the analysis AC2013053 becomes less

effective. Note that the branching ratio for the topology t̃1 → tχ̃0
1 is approximately 50%,

while the lightest stop is mostly left-handed since we have chosen a large mass splitting

for the soft masses mQ3 and mT c .

In Fig. 4.2a we show the contours of the lightest CP-even Higgs boson h0
1 in the MSSM

(solid black lines) along with the lightest stop mass contours t̃1 (red dashed lines) and

the collider constraints using Fastlim (colour shaded areas). The figure on the right

Fig. 4.2b depicts the fine tuning contours for the same scenario. The LHC constraints

have now been removed to make the plot more readable. The Higgino mass parameter is

µ = 105 GeV, providing a spectrum with nearly degenerate lightest neutralinos χ̃0
1, χ̃

0
2 and

lightest chargino χ̃±1 . We see that the most stringent constraints come from the searches

AC2013024 (blue shaded area), AC2013053 (light yellow shaded area) which exclude stop

masses up to 750GeV for zero trilinear coupling At = 0 i.e. small mixing in the stop

sector. The soft masses of the left-handed and right-handed top squarks are considered to

be degenerate mQ3 = mT c . The right-handed sbottom soft mass is taken to be quite heavy

around mBc ≈ 3 TeV like the other heavy particles in the spectrum. The green shaded

area corresponds to the ATLAS search AC2013037 while the red and black shaded area

correspond to the searches AC2013048 and AC2013093, respectively. Note that the latter

experimental ATLAS study AC2013093 gives some exclusion points since it has the same

signature 1-lepton+2-b jets+ /ET with the green shaded region. The gray area corresponds

to the region where the spectrum results in tachyonic masses. From this plot we see that

the Higgs mass of around 125 GeV resides well above the current experimental limits,
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Fig. 4.2b on the right shows the fine tuning contours for this MSSM scenario using low-

energy information. As we can see the points of lowest fine tuning for a Higgs mass between

124 GeV ≤ mh01
≤ 127 GeV is approximately ∆Z ∼ 1.13 × 103. This is consistent with

what other authors find when studying high-scale models and calculate the fine tuning

doing broad scans Ref.[14, 15].
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Figure 4.2: Here we plot the lightest CP-even Higgs mass contours h0
1 (solid black lines),

the lightest stop mass contours t̃1 (red dashed lines, in units of GeV) in the MSSM with:

Fig. 4.2a the LHC constraints from various ATLAS searches using Fastlim and Fig. 4.2b

the fine tuning contours. We fix tanβ = 20 in order to saturate the upper limit of the

tree-level Higgs mass in MSSM. Higgsino mass parameter is µ = 105 GeV. The shaded

areas correspond to the exclusion regions from the following ATLAS studies: AC2013024

(blue) AC2013053 (yellow) AC2013037 (green) AC2013048 (red) and AC2013093 (black).

The plot shows that in order to achieve the observed Higgs mass mh01
' 125 GeV

the soft masses have to be of the order of 1 TeV with large mixing, At ' 2 TeV, and

corresponds to the schematic representation of our previous analytic discussion on the

origin of the fine tuning in the MSSM. As we have anticipated for large mixing in the

stop sector At ' 2 TeV the limits set by collider constraints are weakened. The blue

region forbids stops up to 750 GeV for zero trilinear coupling but as we increase At the

stop masses are excluded up to 600 GeV, so the bound is relaxed by around 150 GeV.

For large Tt = 2040 GeV (and mQ3 = 0.8 TeV) soft trilinear coupling the off-diagonal

element of the stop matrix, due to the large Yukawa coupling is large, creating maximal

mixing between the top squarks. The lightest stop t̃1 composition is found to be |R(t̃)
11 |2 ∼

0.511 (t̃L component) and |R(t̃)
12 |2 ∼ 0.489 (t̃R component). Since the couplings of the top

squark depend on the left-handed and right-handed admixture, maximal mixing leads to
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reduced branching ratios BR(t̃1 → tχ̃0
1) ≈ 0.35, BR(t̃1 → tχ̃0

2) ≈ 0.196 and increased

BR(t̃1 → bχ̃±1 ) ≈ 0.453 and thus weaker bounds from the relevant topologies used in

those studies. For zero trilinear coupling At = 0 the branching ratios have the values

BR(t̃1 → tχ̃0
1) ≈ 0.45, BR(t̃1 → tχ̃0

2) ≈ 0.435 and BR(t̃1 → bχ̃±1 ) ≈ 0.12 while the left

and right-handed component of the lightest top squark is found to be |R(t̃)
11 |2 ∼ 0.972 and

|R(t̃)
12 |2 ∼ 0.028, respectively.
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Figure 4.3: The plot shows the lightest CP-even Higgs mass contours h0
1 (solid black lines),

the lightest stop mass contours t̃1 (red dashed lines, in units of GeV) in the MSSM with:

Fig. 4.3a the LHC constraints from various ATLAS searches using Fastlim and Fig. 4.3b

the fine tuning contours. We fix tanβ = 20 in order to saturate the upper limit of the

tree-level Higgs mass in MSSM. Higgsino mass parameter is µ = 150 GeV. The shaded

areas correspond to the exclusion regions from the following ATLAS studies: AC2013024

(blue) AC2013053 (yellow) AC2013037 (green) AC2013048 (red) and AC2013093 (black).

Below the gray dashed line t̃1 becomes lighter than χ̃0
1.

In Fig. 4.3 we present the same plot as in Fig. 4.2 but now we have increased the

Higgsino mass to µ = 150 GeV. The gray dashed line depicts the line below which the stops

become lighter than the lightest neutralino and the spectrum has a charged LSP. The fine

tuning contours of course are not changed and they are just shown here for completeness.

Notice that the limits set by the blue region are relaxing a bit more for large At compared

to the previous Figure 4.2 for µ = 105 GeV, but are not yet weakened significantly. In order

to see how these experimental constraints depend on the mass of the lightest neutralino

which is basically given by the Higgsino mass parameter µ in this scenario, where the other

gaugino masses are heavy, we have created Figures 4.4a and 4.4b. The left plot in Fig. 4.4

shows the Higgs mass and the lightest stop mass in the MSSM scenario where the lightest
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neutralino is mχ̃0
1
≈ 203 GeV and we have assumed again degenerate soft masses of the

left-handed and right-handed top squarks. Note that the blue region which corresponds to

(a) µ = 200 GeV
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Figure 4.4: Left Figure 4.4a depicts the Higgs mass contours and the lightest stop mass

contours (red dashed lines, in units of GeV) along with the experimental limits created

with Fastlim, Higgsino mass is fixed at µ = 200 GeV. Right Figure 4.4b contains also the

fine tuning contours which are the same for both plots and are only given in the right plot

for better visibility. Blue shaded area corresponds to experimental results based on the

ATLAS study AC2013024. Similarly, yellow area corresponds to AC2013053 study and

green area to AC2013037. Note that since large mixing reduces the BR(t̃1 → tχ̃0
1) points

for small At is more likely to be excluded.

the limits set against the experimental ATLAS study AC2013024, is truncated compared

to Figs. 4.2, 4.3 since for this topology the decay rate of the lightest stop transmuting into

the top partner and the χ̃0
1 is now smaller BR(t̃1 → tχ̃0

1) ≈ 0.30 for the same benchmark

point at large At. On the other hand since the channel t̃1 → bχ̃±1 becomes more favourable

and BR(t̃1 → bχ̃±1 ) ' 0.681 the ATLAS study AC2013053 still provides exclusion points

for large stop mixing. Below the gray dashed line the stops become lighter than the LSP in

case we have heavy wino and bino masses. Lighter gaugino masses as argued earlier would

change the composition of the lightest neutralino and make things more complicated. The

LSP (χ̃0
1) could also be much lighter avoiding charged LSP but this observation is not so

important since the observed Higgs mass is rather heavy. For Higgsino mass µ = 300 GeV

it is clear that the limits become very weak. In this case the reconstructed visible cross

section is very small and only a few points are excluded for At = 0.

Now it would be interesting to see how the Higgs, the stop mass and the LHC constraints

are modified in the case of non-degenerate soft masses mQ3 6= mT c . In Figs. 4.5, 4.6 we
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Figure 4.5: In this plot we fix the fine tuning coming from the stop masses by setting√
m2
Q3

+m2
T c = C = 600

√
2 GeV and varying the difference X = mQ3 − mT c between

the soft mass parameters. The Higgs mass contours are shown by the black lines and

stop masses by the red dashed contours. The green, red ,blue shaded areas represent the

limits from the searches AC2013024, AC2013053, AC2013037, respectively. The lightest

neutralino χ̃0
1 is Higgsino like and µ = 105 GeV fixed.

fix the fine tuning coming from the soft masses by setting their sum of the squares to a

constant value i.e. we define in eq.(4.10) m2
Q3

+ m2
T c = C2. The soft trilinear coupling

is a free parameter along with the difference between the left-handed soft mass of the

third generation squarks and the right-handed stop mass X = mQ3 − mT c . From these

two equations we can express the soft masses as a function of the fixed value C and the

difference of the soft massesX,mQ3 = (X+
√

2C2 −X2)/2, mT c = (−X+
√

2C2 −X2)/2.

Note that this is the only acceptable solution which results in positive soft mass parameters.

In these plots the fine tuning will now depend only on the trilinear soft coupling At (y-

axis) and therefore it will increase as we move away from the center of the graph while

staying constant as we move parallel to the change of the X values (x-axis). In Fig. 4.5

we choose a moderate value C = 600
√

2 GeV and we create a grid of 8181 points where

we vary −800 GeV ≤ X ≤ 800 GeV and −1.5 TeV ≤ Tt ≤ 1.5 TeV with a step size

20 GeV and 30 GeV, respectively. The white region outside the solid gray contour gives

tachyonic masses and it is excluded. The red dashed lines correspond as in previous
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graphs to the mass of the lightest top squark while the solid black lines depict the Higgs

mass contours. We present LHC constraints coming from the following ATLAS searches:

AC2013024 (green region), AC2013053 (red region) AC2013037 (blue region). As one would

expect the Higgs mass even for maximal mixing in the stop sector is not capable of reaching

the observed LHC Higgs mass window. The lightest stop (t̃1) contours form homocentric

circles roughly around the point (X,At) = (43,−57) GeV and their eigenvalue reduces

as we move away from the center of the graph. Large mixing At creates large splitting

between the eigenvalues of the two top squarks while a large mass difference between the

two soft parameters mQ3 ,mT c leads to a hierarchy of the diagonal matrix elements in the

stop sector, splitting the two stops even for zero mixing in the off-diagonal element. The

strongest constraint is coming again from the ATLAS study AC2013024 which excludes

all the points for stop masses lighter than (500-513) GeV. Note that Fastlim cannot

exclude the points for very light stop masses mt̃1
< 180 GeV. These points are in principle

excluded by older LEP analyses Ref. [17, 140]. The mass of the lightest bottom squark b̃1

will vary as we move parallel to the x-axis but it is not affected by the trilinear coupling

of the top squark At and thus has to remain constant across the y-axis. At the point

(X,At) = (−300, 0) GeV (ref. point A), since X is negative and consequently mQ3 < mT c ,

the lightest top squark mt̃1
= 275 GeV is mostly left-handed t̃1 ∼ t̃L and appears slightly

heavier than the bottom squark mb̃1
= 244 GeV. This is because the left-handed stop mass

mt̃L
is boosted by the top quark mass resulting in a spectrum with the sbottom being the

lightest squark. As we move to the right side of the plot mQ3 increases gradually until it

becomes equal to the right-handed soft mass mT c at X = 0 and then it becomes larger for

all X > 0. Since the right-handed sbottom mass parameter mBc ' 3 TeV is relatively very

heavy, the lightest sbottom will always be mostly left-handed b̃1 ∼ b̃L and will increase

in mass as we move to the right. For (X,At) = (0, 0) GeV (B) the masses of the lightest

third generation squarks are found to be mt̃1
= 513 GeV and mb̃1

= 498 GeV and at the

point (X,At) = (440, 0) GeV (C) we have mt̃1
= 241 GeV, mb̃1

= 716 GeV. The stop t̃1

is mostly left-handed at point (B) and it becomes mostly right-handed t̃1 ∼ t̃R at point

(C). It is interesting to see the implications of these observations on the phenomenology.

At the reference point (A) the production cross section σ(pp→ b̃1b̃
∗
1) ≈ 6369 fb (@8 TeV)

dominates over the stop pair production cross section σ(pp→ t̃1t̃
∗
1) ≈ 3259 fb and therefore

a large contribution to the number of events comes from the topology where the sbottom

decays into a bottom quark and a neutralino with a rate BR(b̃1 → bχ̃0
1) ' 0.51. The

other contribution comes from the decay of the stop into a bottom quark and a lightest
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Figure 4.6: In this plot we fix the fine tuning coming from the stop masses by set-

ting
√
m2
Q3

+m2
T c = C = 800

√
2 GeV and varying the difference X = mQ3 − mT c

between the soft mass parameters. The Higgs mass contours are shown by the black lines

and stop masses by the red dashed contours. The area inside the yellow (AC2013053),

blue (AC2013024) and green (AC2013037) contours is excluded by the respective AT-

LAS searches shown in the parentheses. The lightest neutralino χ̃0
1 is Higgsino like and

µ = 200 GeV fixed. The gray region corrsponds to tachyonic masses and outside the blue

dashed line the stops become ligher than the neutralino.

chargino with rate BR(t̃1 → bχ̃±1 ) = 1 followed by BR(χ̃±1 → χ̃0
1ff̄

′) = 1, since the direct

decay to a top is kinematically forbidden. Moving to the right see e.g. point (B), the

stop and sbottom mass increases and the decay to a top quark now becomes possible.

The decay rates of BR(t̃1 → tχ̃0
1) ' 0.447 and BR(b̃1 → tχ̃±1 ) ' 0.875 become large

and the dominant topologies are t̃1t̃∗1 → (tχ̃0
1)(tχ̃0

1)∗ and b̃1b̃
∗
1 → tf f̄ ′χ̃0

1(tf f̄ ′χ̃0
1)∗ with

signatures searched by ATLAS studies mentioned on the plot. At the far right point see

(C) the mass of the stop is very light compared to the sbottom as seen earlier and thus the

production cross section σ(pp → t̃1t̃
∗
1) ≈ 6776 fb represents the 99.8% of the total cross

section. The top squarks decay exclusively to a bottom quark and a light chargino as in

point (A). In Fig. 4.6 we have increased the fine tuning coming from the stop soft masses

by setting C = 800
√

2 GeV. The maximum Higgs mass now is around mh01
= 122.3 GeV
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and is shown by the black thick dot in the plot. The maximum values of the lightest top

and bottom squarks are, respectively mt̃1
= 763 GeV and mb̃1

= 1043 GeV. The general

observations derived from Fig. 4.5 apply here. The strongest constraints are coming from

the ATLAS searches AC2013024 (blue contour), AC2013053 (yellow disk) and AC2013037

(green contour). The points inside the areas defined by theses contours are excluded. As

we can see from the figure the points for which the right-handed stop mass is lighter than

the left-handed soft mass of the third generation squarks mT c < mQ3 , are not excluded by

any of these analyses implemented in the program (see Table 4.1). The analysis AC2013053

excludes all points inside the yellow band for light stops t̃1. Inside these yellow band the

mass splitting between the squarks (t̃1, b̃1) and the lightest neutralino χ̃0
1 is small and thus

the events fall into the signal region B (SRB) of the analysis AC2013053 (for more details

see [42]) which is most sensitive in this case. As we have seen previously in Fig. 4.5 moving

from the left side of the plot to the right side, the mass of the bottom squark increases

gradually as X increases from negative to positive values. Therefore the production cross

section σ(pp → b̃1b̃1) decreases. Fig. 4.7 shows the cross section for the pair production

of stops t̃1t̃∗1 (and sbottoms b̃1b̃∗1) using the program NLL-fast as a function of the average

mass of the particles.
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Figure 4.7: Production cross sec-

tion (NLL+NLO) for various SUSY

particles at the center of mass en-

ergy of
√
s = 8 TeV using NLL-fast.

Plot from NLL-fast collaboration

website Ref. [29, 109, 110]. The

errors from the theoretical uncer-

tainties and the parton distribution

functions are not shown here. The

squark and gluino masses are con-

sidered degenerate.

To highlight this we note that at the point with (X,At) = (−600, 0) GeV the production

cross section of a pair of bottom squarks is found to be σ(pp → b̃1b̃1) ≈ 3921 fb while at

the point (X,At) = (600, 0) GeV on the right side of the plot is σ(pp→ b̃1b̃1) ≈ 0.389 fb.

Combining this with the fact that the stop pair production is maximum at the edges

and becomes smaller as we approach the center of the plot, we understand that the total
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production cross section for X > 0 for the same mass of the lightest top squark mt̃1
,

decreases. The point at (X,At) = (400, 0) GeV (B′) with mt̃1
= 535 GeV, mb̃1

= 938 GeV

has a total production cross section of σtot = 56 fb while the point (X,At) = (−400, 0) GeV

(A′) with mt̃1
= 514 GeV and mb̃1

= 497 GeV has a total production cross section σtot =

161 fb. The latter point (A′) is excluded by the experimental search AC2013014 since it

is sensitive to the topologies involving the decays b̃1 → tχ̃0
1 and t̃1 → tχ̃0

1, which give the

main contributions to the reconstruction of the visible cross section. The branching ratios

are found to be Br(b̃1 → tχ̃0
1) = 0.862 and Br(t̃1 → tχ̃0

1) = 0.434. On the other hand point

(B′) has significantly smaller cross section and thus the two dominant topologies with 1)

both stops decaying into t̃1 → tχ̃0
1 and 2) one stop decaying into t̃1 → χ̃0

1 and the other one

into t̃1 → bχ̃+
1 give a visible cross section smaller than the observed one by the experimental

collaborations and thus not excluded. The fine tuning for the maximum value of the Higgs

mass as we can see from Fig. 4.2b is around ∆Z ∼ 800 and we see that in the case where

X > 0 the SUSY collider searches is possible that they have missed the detection of these

particles. It remains to be studied in the future, how these limits are going to be affected

at the center of mass energy of
√
s = (13, 14) TeV or higher. In order to do that one needs

a dedicated study using Monte Carlo simulations in order to approximate the efficiencies

for each signal region defined by future experimental searches. In Fig. 4.8b we have plotted

(a) Gluino pair production cross section
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(b) Stop (sbottom) pair production cross section
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Figure 4.8: Gluino (a) and stop (b) pair production cross section as a function of the mass

of the gluino and stop (sbottom) for two different center of mass energies
√
s = (8, 13) TeV,

using tables from LHC SUSY cross section working group. For these simplified topologies

the squarks (in left plot) and the squarks (first and second generation) and gluinos (in

right plot) are considered to be decoupled from the rest of the spectrum.

the production cross sections for a pair of top squarks σ(pp → t̃1t̃1) (and sbottoms) as a
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function of the mass of the stops t̃1 (sbottoms) for two different center of mass energies
√
s = 8 TeV and

√
s = 13 TeV. In Fig. 4.8a we show the cross sections for a pair of gluinos.

All the other particles are considered to be decoupled which is exactly what we assume

in a natural scenario studied with Fastlim. For these plots we have used the available

cross section tables for simplified topologies from the LHC SUSY cross section working

group [108]. The tables have been calculated using the program NLL-fast [29, 109, 110].

In Fig. 4.9 we plot again the lightest stop mass contours mt̃1
(red dashed contours) and the

Higgs mass contoursmh01
(solid black contours) on the (X,At) plane. We fix the fine tuning

coming from the stop sector by setting the sum of the squares of the soft masses equal to

C = 1000
√

2 GeV. The Higgsino mass parameter is fixed to µ = 105 GeV. The maximum

value of the Higgs mass is mmax
h01

= 124.6 GeV at the point (X,At) = (40, 2187) GeV. The

light blue areas around At = ±2 TeV show the region where the Higgs mass is heavier than

124 GeV and lighter than the maximum value mmax
h01

. Since the fine tuning in these plots

depends only on the soft trilinear coupling of the stop At (for fixed C), we have overlaid

these figures with the fine tuning curve (dotted blue line) as a function of At. The values

of the fine tuning for different At values and C = 1000
√

2 GeV are given on the top of

the plot. As seen in the figure the fine tuning for the blue area where the Higgs mass is

around 124 GeV is 1 × 103 . ∆Z . 1.5 × 103. For At = 0 the fine tuning coming only

from the soft masses of the third generation squarks is ∆Z(At=0)
≈ 386.5. A large mixing is

needed even for large differences of the soft masses X = mQ3−mT c in order to achieve the

observed lightest CP-even Higgs mass. The blue solid contour which corresponds to the re-

interpretation of the data for the ATLAS experimental search AC2013024 using simplified

topologies, excludes in principle, for X .− 300 GeV all points for which the lightest stop

mass is lighter than (700− 730) GeV, and for −200 GeV. X . 700 GeV it excludes points

for which the lightest stop is lighter than around (500−550) GeV. As we have argued earlier,

we notice that when the difference between the stop masses X increases the experimental

constraints become weaker. The maximum value of the lightest bottom squark mass is

found to be mb̃1
= 1276 GeV for X = 700 GeV while the maximum value of the lightest

top squark is mt̃1
= 962 GeV. The yellow contour excludes points where the stop t̃1 is

lighter than around 500 GeV for X & 400 GeV and lighter than around (300− 350) GeV

when X . − 550 GeV, it is based on the ATLAS experimental analysis AC2013053.

The dashed green and solid red exclusion curves correspond to the experimental searches

AC2013037 and AC2013048, respectively and all the points between the boundaries of

these curves and the plot axes are not allowed by these searches. Notice that the green
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Figure 4.9: In this plot the fine tuning coming from the stop masses is fixed C =√
m2
Q3

+m2
T v = 1000

√
2 GeV and the Higgsino mass is µ = 105 GeV.The difference

X = mQ3 −mT c between the soft mass parameters is varied. The area outside the closed

solid blue (AC2013024) contour is excluded, the area inside the solid red (AC2013048) and

dashed green (AC2013037) contours are also excluded by the corresponding experimental

analyses given inside the parentheses. The analysis AC2013053 shown by the yellow con-

tours excludes points where the stop masses are lighter than around 550 GeV for X > 0

and lighter than 350 GeV for X < 0. The dotted blue curve depicts the fine tuning as a

function of the soft trilinear coupling At, the values are shown on the top of the figure. The

Higgs mass and the lightest stop correspond to the solid black and dashed red contours

respectively.

curve excludes points for which mt̃1
. (600− 620) GeV and X . − 500 GeV. The red

curve (AC2013048) provides weak constraints for soft mass differences less than around

X .− 550 GeV and excludes stop masses lighter than 550 GeV even for very large mixing

At. At the point A(-400,0) GeV in Fig. 4.9, which is excluded only by the blue curve

(AC2013024), the main production mechanisms involve the pair production of stops and

sbottoms with almost equal probability σ(pp→ t̃1t̃1) = 6.0 fb and σ(pp→ b̃1b̃1) = 6.8 fb.
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The implemented topologies cover the 99.7% of all possible event topologies. The lightest

bottom squark is slightly lighter mb̃1
= 717 GeV than the lightest stop mt̃1

= 728 GeV

contributing a bit more to the total production cross section σtot. The dominant event

topologies that contribute to the reconstruction of the number of events involve the decays

of the sbottom and top squark to a top and the lightest neutralino b̃1 → tχ̃0
1 and t̃1 → tχ̃0

1.

Since in this set up the lightest neutralino χ̃0
1 as well as the lightest chargino χ̃±1 is mostly

Higgsino the branching ratio BR(b̃1 → tχ̃−1 ) ' 0.893 will be large. As we can see from the

superpotential term −u†RyudLH+
u , the coupling strength of a left-handed bottom squark

b̃L to a right-handed top quark and a mostly Higgsino chargino will be proportional to the

top Yukawa coupling yt and thus it will be of order one. On the other hand the decay of

the lightest sbottom into a bottom quark and the lightest neutralino b̃1 → bχ̃0
1 has a small

rate BR(b̃1 → bχ̃0
1) ' 0.054 due to the fact that this coupling is proportional to the bottom

Yukawa coupling which is smaller. Therefore such a topology involving this decay will have

a small contribution to the number of events. The mixed topology pp→ b̃1b̃1 → (bχ̃0
1)(tχ̃0

1)

(in Fastlim nomenclature B1bN1_B1tN1, see Ref. [137]) has a cross section times branching

ratio

σ1 = σ(b̃1b̃1)×BR(b̃1 → tχ̃−1 )×BR(χ̃−1 → χ̃0
1W
−)×BR(b̃1 → bχ̃0

1)× 2

= 6.810× 8.93 · 10−1 × 1× 5.39× 10−2 × 2

= 0.656 fb . (4.17)

It is worth noting that this is not the only event topology which contributes to the to-

pology with the same final state particles denoted as B1bN1_B1tN1. Since the lightest

particles in the spectrum have very small mass splitting mχ̃±1
= 108 GeV, mχ̃0

1
= 106 GeV,

m
χ̃0
2

= 109 GeV, a second possible topology arises which has to be added to the previous

one seen above

σ2 = σ(b̃1b̃1)×BR(b̃1 → tχ̃−1 )×BR(χ̃−1 → χ̃0
1W
−)×BR(b̃1 → bχ̃0

2)×

BR(χ̃0
2 → χ̃0

1)× 2

= 6.810× 8.93 · 10−1 × 5.25× 10−2 × 2

= 0.639 fb . (4.18)

Adding up the contributions from these two topologies we find that the total contribution

for this final state topology (b̃1b̃1 → (bχ̃0
1)(tχ̃0

1)) is approximately σ1 + σ2 = 1.29 fb and

therefore does not produce a significant number of reconstructed events. The main contri-

bution to the total number of events thus comes from the topologies b̃1b̃1 → (tχ̃0
1)(tχ̃0

1) and



Agamemnon Sfondilis 103

- 3000

- 2000

- 1000

0

1000

2000

3000

0.

0.2

0.4

0.6

0.8 1.

1.2

1.4

1.6

1.8 2.

2.2

2.4

2.6

Fine - tuning H ´10 3 L

m h =
100 GeV

m h =
100 GeV

mh = 120 GeV

mh = 120 GeV

mh = 120 GeV

mh = 120 GeV

mh = 124 GeV

mh = 124 GeV

300

30
0

300

300

400

40
0

400

40
0

500 500

500
600

700

800

900

60
0

600

500

50
0

- 600 - 400 - 200 0 200 400 600

- 3000

- 2000

- 1000

0

1000

2000

3000

MQ 3
- MT c H GeV L

A
t

HG
eV

L

Figure 4.10: In this plot the fine tuning coming from the stop masses is fixed C =√
m2
Q3

+m2
T v = 1000

√
2 GeV and the Higgsino mass is µ = 200 GeV. The difference

X = mQ3 −mT c between the soft mass parameters is varied. The area inside the closed

solid blue (AC2013024) contour and the solid red (AC2013048) contour is excluded by the

corresponding experimental analyses given inside the parentheses. The analysis shown by

the yellow contours (AC2013053) excludes points where the stop masses are lighter than

around 400 GeV for X > 0 and lighter than 350 GeV for X < 0. The dotted black curve

depicts the fine tuning as a function of the soft trilinear coupling At, the values are shown

on the top of the figure. The Higgs mass and the lightest stop correspond to the solid

black and dashed red contours, respectively.

t̃1t̃1 → (tχ̃0
1)(tχ̃0

1) with cross sections times branching ratios 5.43 fb and 4.82 fb, respect-

ively. The total number of events is slightly larger than the experimental upper limit at

95% CL, Nvis = 3.6 excluding this point from the allowed parameter space. At the point

B(0,0) GeV of Fig. 4.9 the three lightest 3rd generation squarks have masses very close

to each other mt̃1
= 973 GeV, mb̃1

= 965 GeV and mt̃2
= 995 GeV. Therefore the pro-

duction cross section for the pair production of each squark is almost equal giving a total

production cross section σtot = 1.6 fb. The contributing topologies are mainly those in
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which the two sbottoms b̃1 (or stops t̃1) decay into a top quark and the lightest neutralino

b̃1b̃1 → (tχ̃0
1)(tχ̃0

1) and the mixed topology t̃2t̃2 → (bχ̃0
1)(tχ̃0

1) where one of the heaviest

top squarks decays into a bottom quark and a neutralino and the second one into a top

and the lightest neutralino. As we see the statistics is very small giving a small number of

events compared to the experimental limits, thus the point is allowed by current analyses

implemented in the program. Let us now investigate another point which is excluded by

the yellow and blue exclusion curve, point C (600, 2052) GeV. At this point since the soft

mass difference X is large and the stop trilinear coupling, which induces a large mixing in

the stop sector, is also large results in a light stop mt̃1
= 522 GeV which is responsible for

the 99.8% of the total production cross section (σtot = 64.3 fb) at the center of mass energy

of 8 TeV. The lightest sbottom and t̃2 are both slightly heavier than 1.2 TeV with the left-

handed bottom squark being the lightest of the two. In Fig. 4.10 we fix C = 1000
√

2 GeV

as in Fig. 4.9 and we increase the Higgsino mass to µ = 200 GeV, thus relaxing the exper-

imental bounds. One can observe that for X < −400 GeV the stop masses are excluded

up to mt̃1
' 700 GeV. At the center of the plot for X = 0, At = 0 the stops are heavier

than mt̃1
> 900 GeV. The Higgs mass can be reached for large mixing and for relatively

large splitting X between the soft masses, similar to previous Fig. 4.9.
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Chapter 5

Fine-Tuning in the pUMSSM

The original motivation of the U(1)′ extensions of the MSSM, apart from the fact that

it provides a neat solution to the µ problem present in the minimal scenario, is that it

raises the Higgs mass at tree-level, alleviating the need for large soft masses. As we have

seen in the previous chapter, the smallness of the Higgs quartic coupling makes the need

for heavy soft mass parameters mQ3 ,mT c ∼ 1 TeV and very large mixing At ∼ 2 TeV

imperative in order to achieve a Higgs mass within the LHC observed range. This creates

two problems for supersymmetric models. The first one is that supersymmetry in this

form is still confronted with a fine tuning problem, which although is much less reduced

compared to the SM, it spoils the theoretical motivation which lead SUSY to become one

of the most favourable candidates of physics beyond the SM. The second problem seems to

be phenomenological. The top squarks t̃1 with masses around (700-750) GeV seem to be

not heavy enough to evade future experimental constraints in some scenarios, raising the

scepticism against SUSY. In this chapter we will explore the pros and cons of the singlet

gauge extensions of the MSSM and study the possibility of having a less fine tuned theory

which can evade current and possible future experimental results.

5.1 Stability of the EW scale under the presence of radiative

corrections

As we have seen earlier the fine tuning measure checks the stability of the EW scale eq.(4.1)

at tree-level and in the presence of large radiative corrections. In the case of pUMSSM

the equation that exhibits the stability of the Z mass eq.(4.1) is being modified due to the

presence of the extra gauge singlet S, which alters the minimization conditions. One can

re-write the minimization conditions of the Higgs potential as follows
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m2
Hu −M

2
Z/2 cos 2β − λAλvs cotβ√

2
+
λ2

2
(v2
s + v2 cos2 β) +QHud

′ = 0 , (5.1)

m2
Hd

+M2
Z/2 cos 2β − λAλvs tanβ√

2
+
λ2

2
(v2
s + v2 sin2 β) +QHdd

′ = 0 , (5.2)

m2
s −

v2

vs

sinβ cosβ√
2

λAλ + λ2 v
2

2
+Qsd

′ = 0 , (5.3)

where d′ are the D-terms coming from the extra U(1) gauge group, see eq.(3.48). In com-

plete analogy with the MSSM we considerM2
Z , tanβ as output and all the other parameters

as input. By adding the first two equations together we can solve with respect to sin 2β

and we obtain

sin 2β =

√
2λAλvs

m2
Hu

+m2
Hd

+ 2µ2
eff + λ2 v2

2 + d′(QHu +QHd)
. (5.4)

Now by subtracting the first two equations in (5.1), plugging in (5.4) and using the trigo-

nometric identities we arrive at the expression

M2
Z

2
=
m2
Hd
−m2

Hu
tan2 β

tan2 β − 1
− µ2

eff + d′
(
QHd −QHu tan2 β

tan2 β − 1

)
, (5.5)

which describes the stability of the EW scale at tree-level. The above equation resembles

the corresponding equation in the minimal supersymmetric extension and differs by the

presence of the extra term which is proportional to the d′, i.e. the U(1)′ D-term contri-

butions. Note that in the above relation no assumption has been made for tanβ which is

typically taken to be large. In this case where tanβ � 1 is assumed to be very large the

above equation simplifies to

M2
Z

2
= −m2

Hu − µ
2
eff − d′QHu , (5.6)

with d′ ' 1
2(QHuv

2 +Qsv
2
s). From the above equation we see that the source of fine tuning

in the MSSM is still present here with the addition of an extra term which can make the

fine tuning worse or can potentially create cancellations if QHu ·Qs < 0 and thus flip the

relative sign of this extra contribution. To be able to analyse this possibility we have to

study the effect of the quantum corrections to the right-hand side of the above equation.

Let us first express eq.(5.5) in such a way that is easy to include the quantum contributions

to the right-hand side through the RGEs of the soft masses and couplings. For values of

tanβ > 10 we can safely assume that cosβ ' 0 and thus we retrieve eq.(5.6). From the

third minimization condition in eq.(5.1) we will then have for the scalar soft mass

m2
s = −λ

2v2

2
−Qsd′ . (5.7)
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Plugging in the expression for d′ when tanβ is large we will have an expression for the vev

of the singlet vs as a function of the scalar soft mass and the weak scale vev v

v2
s = −2

m2
s

Q2
s

− v2

(
λ2

Q2
s

+
QHu
Qs

)
. (5.8)

Inserting eq.(5.8) into eq.(5.6) and rewriting the vev v with respect to MZ , we can then

move this contribution to the left-hand side to obtain

1

2
M2
Z

[
1− 4

λ2

g2
z

(
2
QHu
Qs

+
λ2

Q2
s

)]
= −m2

Hu +m2
s

(
QHu
Qs

+
λ2

Q2
s

)
. (5.9)

Here we denote the coefficient of M2
Z on the left-hand side as ξ. Note that the sign inside

the bracket is minus and since in principle QHu ·Qs < 0 in order to avoid tachyonic stop

masses we see that if

|QHu |
|Qs|

>
1

2

|λ|2

|Qs|2
, (5.10)

then the coefficient ξ reduces the fine tuning by a factor 1/ξ. The 1-loop corrections to

the right-hand side of eq.(5.9) are given by

δ(−m2
Hu + αm2

s) =
1

16π2
ln

Λ

µ0

(
−β(1)

m2
Hu

+ αβ
(1)
m2
s

+m2
sβ

(1)
α

)
, (5.11)

where α =
QHu
Qs

+ λ2

Q2
s
is the coefficient of the singlet soft mass m2

s on the right-hand side

of eq.(5.9). We calculate the RGEs at 1-loop using the program SARAH [142, 143, 144] and

we generalize the results for non-universal U(1)′ charges. The beta functions for the soft

masses m2
Hu
,m2

s are given by:

β
(1)

m2
Hu

= 6|yt|2
(
m2
Hu +m2

Q3
+m2

T c + |At|2
)

+ 2|λ|2
(
m2
Hu +m2

Hd
+m2

s + |As|2
)

− 6

5
g2

1|M1|2 − 6g2
2|M2|2 +

3

5
g2

1S + 2QHuS1 − 8Q2
Hu |M

′
1|2 , (5.12)

where we should remind the reader that we have absorbed the extra U(1) gauge coup-

ling into the charges. To regain explicit dependence on g′1 one should set Qi ≡ g′1Qi.

Furthermore,

β
(1)
m2
s

= 4|λ|2
(
m2
Hd

+m2
Hu +m2

s + |Aλ|2
)

+ 2QsS1 − 8Q2
s|M ′1|2 . (5.13)

The coefficient S is a function of the soft mass parameters only

S = −2Tr(m2
ū)− Tr(m2

L)−m2
Hd

+m2
Hu + Tr(m2

d̄) + Tr(m2
ē) + Tr(m2

Q)

= −2

3∑
i

m2
ūi −

3∑
i

m2
Li +

3∑
i

m2
d̄i

+

3∑
i

m2
ēi +

3∑
i

m2
Qi +m2

Hu +m2
Hd

, (5.14)
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while the coefficient S1 depends on the soft masses and the U(1)′ charges

S1 = 2m2
Hd
QHd + 2m2

HuQHu + 2QLTr(m
2
L) + 3Qd̄Tr(m

2
d̄) + 3QūTr(m

2
d̄)

+ 6QQTr(m
2
Q) +m2

sQs +QēTr(m
2
ē)

= 2m2
Hd
QHd + 2m2

HuQHu + 2
3∑
i

(QLim
2
Li) + 3

3∑
i

(Qd̄im
2
d̄i

)

+ 3

3∑
i

(Qūim
2
ūi) + 6

3∑
i

(QQim
2
Qi) +m2

sQs +

3∑
i

(Qēim
2
ēi) . (5.15)

Here we have used the assumption that the 3×3 soft mass matricesm2
soft are all diagonal in

the family space and we have generalized the relations for non-universal charges. Although

the first term QHu
Qs

of the coefficient α is independent of the renormalization scale, the

second term will run with the scale λ. It is easy to see that the beta function of the

coefficient α at 1-loop will be

β(1)
α ≡ β λ2

Q2
s

= 2
λ2

Q2
s

(
1

λ
β

(1)
λ −

1

g′1
β

(1)
g′1

)
, (5.16)

where beta functions of singlet trilinear coupling λ and the extra U(1) gauge coupling g′1

are given by

β
(1)
λ = λ

[
3
(
Tr(YdY

†
d ) + Tr(YuY

†
u )
)

+ Tr(YeY
†
e ) + 4|λ|2 − 2Q2

Hu

− 2Q2
Hd
− 2Q2

s −
3

5
g2

1 − 3g2
2

]
= λ

[
3
(
y2
t + y2

b

)
+ yτ + 4|λ|2 − 2Q2

Hu − 2Q2
Hd
− 2Q2

s −
3

5
g2

1 − 3g2
2

]
. (5.17)

Here we have used the fact that the Yukawa matrices are diagonal and only the yt, yb, yτ

are non-zero. In addition

β
(1)
g′1

= g′1

3∑
i

(
6Q2

Qi + 2Q2
Li + 3Q2

ūi +Q2
ēi + 3Q2

d̄i

)
+ g′1

(
2Q2

Hu + 2Q2
Hd

+ Q2
s

)
. (5.18)

Having calculated the 1-loop corrections to the terms in eq.(5.9), causing the fine tuning

we can now define the fine tuning measure following the lines of eq.(4.4). We get

∆Z = maxi
|Bi/ξ|

(M2
Z/2)

, (5.19)

where Bi = {m2
Hu
, δm2

Hu
, αm2

s, δ(αm
2
s)}. Note that in our definition there is no µ2

eff or

δµ2
eff term as in the MSSM. Although we have written explicitly the µeff term in the EW

scale stability equation (5.5) in order to resemble the MSSM case, we have to stress the fact

that µeff emerges from the singlet soft mass m2
s and does not enter the equation directly.
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After all this is why we have introduced the gauge singlet in the first place in scenarios

like the U(1)′ extensions and the NMSSM in order to solve the µ problem in the MSSM.

The singlet soft mass m2
s breaks the extra U(1)′ gauge symmetry at some higher scale

and gives a vev to the gauge singlet S. If one disentangles the two parameters in view of

resembling the MSSM relationship that exhibits the EW stability, in a way reintroduces the

µ problem by cutting the link between µeff and m2
s and inherits one of the disadvantages

of the MSSM. As we have discussed in the previous chapter in the MSSM the Higgsino

parameter µ already at tree-level, is responsible for the main contribution to the fine tuning.

For this reason the mass of the Higgsinos receive a stringent constraint to be of the order

of 200 GeV or less in order for the theory to remain natural (see eq.(4.5),(4.6)). In the

pUMSSM scenario things seem to be different. The solution to the µ problem and the

connection to the soft SUSY breaking parameter m2
s removes the µeff term from directly

entering the formula of EW stability and thus evading the constraint for light Higgsinos.

As we have discussed in section 3.6.1 this observation is very crucial for U(1)′ extensions,

because the tree-level Higgs mass can be boosted for heavy Higgsino masses. Additionally

heavy Higgsinos in the extended models can possibly create cancellations within the m2
s

terms and reduce slightly the fine tuning caused by these terms. Let us summarize here our

main observations on fine tuning analytic expressions before we go on with the numerical

analysis:

• Although the fine tuning coming from the effective Higgsino mass parameter µeff is

suppressed in pUMSSM there is a critical value for which the fine tuning can blow

up. In our definition of the fine tuning measure eq.(4.4) there is a multiplying factor

1/ξ, which can increase the fine tuning if ξ is too small. It is obvious that if ξ → 0

the fine tuning goes to infinity. The coefficient ξ is the multiplying factor of the Z

mass in eq.(5.9)

ξ = 1− 4
λ2

g2
z

(
2
QHu
Qs

+
λ2

Q2
s

)
. (5.20)

To find the critical value for λc and consequently for µceff we only have a simple

quartic equation with respect to λ

−C1λ
4
c + C2λ

2
c + 1 = 0 , (5.21)

where the coefficients C1, C2 are functions of the ratio Qs, r = QHu/Qs, respectively.

The coefficients are given as

C1(Qs) =
4

g2
z

1

Q2
s

, C2(r) =
8

g2
z

|r| . (5.22)
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For a real positive solution λc > 0 of the quartic equation it follows that

λc =

(
C2 +

√
C2

2 + 4C1

2C1

)1/2

, (5.23)

and thus the critical value for µeff is given by

µceff = vs

(
C2 +

√
C2

2 + 4C1

4C1

)1/2

. (5.24)

Since we are using as input the value of the singlet vev vs and the effective Higgsino
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Figure 5.1: Fig. 5.1b: shows the critical values of the singlet trilinear coupling λc for

which the parameter ξ = 0 and thus causing the fine tuning to blow up, see eq.(4.4).

Fig. 5.1a: Critical µeff contours for two different values of the singlet vev (i) vs = 2 TeV

(black dashed lines) (ii) vs = 3.5 TeV (blue solid lines). The light blue area corresponds

to W mass values within 2σ deviation from the central measured value and the gray area

corresponds to more than 2σ error. The W mass contours have been created for the lower

value of vs = 2 TeV and large tanβ = 20. For the second value of vs = 3.5 TeV all the

points on this plane are within 2σ.

mass parameter µeff , it is more convenient to translate the λc contours into the µceff
contours. In Fig. 5.1 we have plotted the contours of the critical µeff (Fig. 5.1a)

and λc values (Fig. 5.1b) in the (r,Qs) plane. In order to keep each term at the TeV

scale we will consider values for µeff well below 1 TeV. As we see from the figure

the heavier the Z ′ mass the larger the critical value of µeff . This means that one
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has to be careful in case of light Z ′ masses where the critical value can be small

but in principle heavier than (200-300) GeV. In this case we will use light Higgsinos

µeff ∼ (105 − 150) GeV because, as we have seen in section 3.6.1, heavy Higgsinos

tend to decrease the tree-level mass of the lightest CP-even Higgs boson.

• In order to suppress fine tuning the multiplying factor ξ in eq.(5.9) has to be either

ξ > 1 or ξ < −1. For |ξ| = 1 we are not gaining any advantage from ξ on reducing

the fine tuning. In the first case where ξ ≤ −1 one has two solve a similar quartic

equation to eq.(5.21). For a singlet Yukawa coupling λ greater than the solution of

this equation which is defined by the Higgs U(1)′ couplings

λ
ξ≤−1

≥

(
C2 +

√
C2

2 + 8C1

2C1

)1/2

−→ ξ ≤ −1 , (5.25)

the fine tuning will be suppressed. Note that λ
ξ≤−1

is somewhat larger than the

critical value λ
ξ≤−1

> λc. For ξ ≥ 1 then it is easy to see that the singlet Yukawa

coupling has to be smaller than

λ
ξ≥1
≤ |Qs|(2|r|)1/2 −→ ξ ≥ 1 . (5.26)

The first case is common in a study where one would fix λ and allow µeff to vary as

the singlet vev grows to larger values. The latter case is what in principle happens in

our current approach where the Higgsino mass µeff is kept constant and below the

TeV scale while vs is allowed to be a free parameter of the theory. The first case is

also very interesting since it would involve heavy Higgsino states which according to

our previous discussion would potentially further reduce the fine tuning by creating

cancellations within the beta function of the singlet soft mass. Moreover light singlino

states would create a large mixing in the neutralino sector and thus affecting the

couplings of the neutralino physical states to the other matter fields making it difficult

to be detected by current and near future analyses. There is also a special case in

which the coefficient α = 0 becomes identically zero and this happens when λα=0 =

λ
ξ=1
/
√

2.

• For large MZ′ scenarios one can write the D-terms in (3.48) as

d′ ' −1

2
Qsv

2
s = −1

2
M2
Z′/Qs ,

so that m2
s ' −1

2M
2
Z′ and thus equation (5.9) can be viewed as follows

1

2
M2
Z

[
1− 4

λ2

g2
z

(
2
QHu
Qs

+
λ2

Q2
s

)]
= −m2

Hu −
1

2
M2
Z′

(
QHu
Qs

+
λ2

Q2
s

)
. (5.27)
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In this form we understand that, in the limit of heavy Z ′ boson the models with

extra U(1) gauge symmetries will encounter large fine tuning already at tree-level.

The second term for a given order one ratio QHu/Qs seems to dominate the fine

tuning. One should not forget at this point that not only m2
s is driven to large values

by the D-terms d′ but also the Higgs soft masses m2
Hu
,m2

Hd
. The Higgs up soft mass

parameter which is the one to blame for the fine tuning in the MSSM, is also driven

to large values by the existence of a heavy Z ′. From the minimization conditions one

can see that for heavy MZ′ we can write the approximation for m2
Hu

m2
Hu ' −QHud

′ = −1

2
M2
Z′
QHu
Qs

. (5.28)

It seems that in the heavy Z ′ scenario both terms in eq.(5.9) are enhanced already

at tree-level and there is a common factor, the ratio of the two U(1)′ charges r =

QHu/Qs which can potentially reduce the effect of these terms on the fine tuning.

Note that if one would choose QHu = 0 then these terms vanish and the fine tuning is

no longer driven by heavy Z ′ masses. On the other hand a zero Higgs up U(1)′ charge

does not seem favourable either and it serves only to construct our argument, that

the ratio r plays an important role not only for achieving a small Z −Z ′ mixing but

also in potentially reducing the fine tuning. In the extreme case where QHu = 0 then

we lose the advantage of a larger Higgs quartic coupling and consequently a boosted

tree-level Higgs mass. This would potentially lead to MSSM like fine tuning with

the twist that the theory predicts extra matter which has many phenomenological

implications. A small ratio |r| would be favourable if the LHC bounds on Z ′ searches

push its mass even higher.

• Moving on to study the fine tuning entering at the loop level, we have to look at

the leading logarithmic solutions to the RGEs eq.(5.12),(5.13) and (5.11). Although

this is a crude a approximation and one should resummate the logarithms by solving

numerically the RGEs from the high-scale Λ down to the EW scale, it is sufficient for

the purposes of this project. A low fine tuning would motivate further investigation

for specific areas of the parameter space whereas if there are no such areas this would

mean that it is impossible to improve it by using a more sophisticated resummation.

The results have to be interpreted with caution, but this should be the case with any

fine tuning study. In our approximation one should spot a difference between the

beta function ofm2
Hu

in UMSSM eq.(5.12) and the solutions used to calculate the fine

tuning in the MSSM eq.(4.10). The soft mass m2
Hu

has to be included in this leading
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logarithm (LL) approximation since the soft mass in UMSSM is no longer small but

as we have seen for heavy Z ′ bosons will be driven to very large values by the D-

terms. In the MSSM this term usually is being omitted due to its smallness compared

to the heavy stop masses mQ3 ,mT c and the large off-diagonal mixing caused by the

trilinear soft coupling At. In the pUMSSM the Higgs up soft mass if we consider

the limit where the singlet vev is large eq.(5.28), has an overall positive sign since

the ratio r = QHu/Qs < 0 is taken to be negative due to the desired enhancement

of the D-terms on the stop masses. This has tremendous consequences for the fine

tuning measure since it adds up to the other sources increasing the fine tuning. For

moderate values of Z ′ the effect of this term will not be so drastic but as we increase

the mass of the Z ′ this term would dominate the fine tuning. Another worrisome

term in eq.(5.12) is 2QHuS1. This term gives the 1-loop corrections originating from

the U(1)′ gauge coupling of the Higgs up doublet to the matter fields. Thus the

coefficient S1 as seen in eq.(5.15) is a function of the U(1)′ couplings and the soft

masses of all squark and slepton fields. This term which is present due to the extra

U(1) gauge symmetry is absent in the MSSM. Heavy sfermion masses well above

1 TeV, of the first two families with largish U(1)′ couplings will enhance this term

and contribute to the fine tuning. This is another new feature of the theory which

can be tackled by considering non-universal charges which are small for the first two

families of squarks and sleptons. This is also important for preserving perturbativity

up to the high-scale Λ up to which the theory is valid. The term competing δm2
Hu

in our definition of the fine tuning measure in eq.(4.4) is

δ(αm2
s) =

1

16π2
ln

Λ

µ0

(
αβ

(1)
m2
s

+m2
sβ

(1)
α

)
, (5.29)

the second term if we combine eq.(5.16) and the fact that m2
s = −1/2(Qsvs)

2 in the

large vs limit and µeff = λvs/
√

2 becomes

m2
sβ

(1)
α = m2

s · 2
|λ|2

Q2
s

B = −1

2

(
Qsvs

)2
2
|λ|2

Q2
s

B

= −2µ2
effB . (5.30)

Here the coefficient B is a sum of the squares of the U(1)′ charges and Yukawa

couplings

B = 3(y2
b + y2

t ) + y2
τ + 4λ2 − 4(Q2

Hu +Q2
Hd

)− 2Q2
s +

+
∑
i

(
6Q2

Qi +Q2
ēi + 3Q2

d̄i
+ 2Q2

Li + 3Q2
ūi

)
. (5.31)
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From eq.(5.30) we can understand that this term cannot push the fine tuning measure

to high values when µeff ∼ O(1 TeV). As stated earlier for our study we keep the

effective Higgsino mass below the TeV scale and avoid in the present study any large

accidental cancellations. The worrisome term in eq.(5.29) for that reason appears

to be the first term αβm2
s
. It is obvious that if the coefficient |α| ≶ 1 will suppress

or enhance the effect of this term on the fine tuning. Another special case would

be that, for which this coefficient vanishes α = 0 and thus the second term on the

right-hand side of eq.(5.9) as well as αβm2
s
vanishes identically. In principle looking

at eq.(5.10) and from the fact that we vary the singlet vev vs while fixing the effective

Higgsino mass parameter µeff , we understand that small values of λ are preferred.

In the limit where |r| � (λ/Qs)
2 then α ≈ −|r| and one can see that the term

2QHuS1 ∈ αβm2
s
appears and can affect the fine tuning. To see how the charges and

the soft masses of the first two families of squarks and sleptons contribute to the

fine tuning we have made the following two plots, Fig. 5.2a and Fig. 5.2b. Since the

number of free parameters is large for simplicity in our project we are considering all

U(1)′ charges Qf̃ and soft masses msoft of the first two families of sfermions equal.

In Fig. 5.2a we have plotted the fine tuning contours on the (msoft, Qf̃ ) plane. In the
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Figure 5.2: Fine tuning contours on (a) the (msoft, Qf̃ ) plane and (b) on the (mQ3 , Qf̃ )

plane. (a) For this plot we fix the third generation squark masses mQ3 = mT c = 0.5 TeV,

mBc = 3 TeV and At = 0.5 TeV and we vary the charges Qf̃ and soft mass for first,

second family of sfermions msoft. (b) The soft masses are fixed msoft = 3 TeV and we

vary mQ3 = mT c = At/2. r = QHu/Qs = −0.5 and Qs = −0.5 for both plots.
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case where (r,Qs) = (−0.5,−0.5) we expect the Higgs mass to be boosted at tree-

level and we are considering lighter soft masses mQ3 = mT c = 0.5 TeV and small

trilinear coupling At = 0.5 TeV for this plot but only for the sake of our argument

without claiming that at the moment we are calculating the Higgs mass to be around

the LHC experimental value. We aim here to get an idea of how these extra gauge

terms in the beta functions of the singlet and Higgs soft masses affect the fine tuning

in our study of pUMSSM. The singlet vev is taken vs = 3.5 TeV and µeff = 800 GeV

is largish. It can be seen from Fig. 5.2 that soft masses heavier than a few TeV and

charges with absolute values larger than |Qf̃ | > 10−1 will increase the fine tuning.

On the right Figure 5.2b the soft masses of the stops are considered equal and are

varied along with the stop trilinear coupling At = 2mQ3 . The singlet vev is taken

to be vs = 4 TeV and the effective Higgsino mass µeff = 500 GeV. For negative

values of the charges Qf̃ the contours are flat with respect to the mQ3 axis which

means that the variation of the soft masses and the trilinear coupling does not alter

the fine tuning measure. This happens because the term δ(αm2
s) is causing the fine

tuning and overpowers δm2
Hu

. It seems that for positive charges the picture changes

and δm2
Hu

is enhanced and is responsible for the fine tuning. This situation looks

like a see-saw where both edges cannot be at the minimum at the same time. Since

one can reduce the fine tuning coming from δm2
Hu

by enhancing the Higgs quartic

coupling, in principle it would be desirable that the fine tuning originates from this

term. Moreover if one can reduce the fine tuning coming from the stop sector then the

overall value will be suppressed compared to other extended U(1)′ models or even the

MSSM scenario. We ought to mention that in some cases the terms 2QHuS1, 2QsS1

can also create large cancellations and reduce the overall fine tuning but this would be

just an artefact of the chosen parameters which cannot be based on sound theoretical

arguments. For this reason we will choose for our calculations the soft masses of the

first and second family of sfermions to be msoft = 3 TeV and the charges to be very

small, therefore we set Qf̃ = 1/20 or 0. Small U(1)′ charges are also justified if one

would want to evade constraints from exotic searches on the heavy gauge boson Z ′.

• The gaugino massesM1,M2,M
′
1 enter the beta functions of the soft masses eq.(5.12),

(5.13) with opposite signs to the terms ruling the fine tuning i.e. those terms pro-

portional to the top Yukawa coupling. Therefore the bino, wino, and bino primed

masses can potentially reduce the fine tuning by creating large cancellations within

the beta functions of m2
Hu

and m2
s. As we have seen in our discussion for the MSSM,
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in recent studies [15] points with low fine tuning are found to have heavy bino and

wino masses of a few TeV. It almost seems like an unavoidable conspiracy between

the cancelling terms which brings the fine tuning down by two orders of magnitude.

In Fig. 5.3 we draw the fine tuning as a function of the bino mass M1. The wino
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Figure 5.3: Fine tuning ∆Z as a function of the gaugino massM1 = M2/2. The B̃′ mass is

zero for this plot M ′1 = 0. The blue lines in both plots are the same and have small Higgs

quartic coupling QHu = 0.01. The stop soft mass parameters are mQ3 = mT c = 1 TeV

with large At = 2 TeV in the left plot. The black lines correspond to large U(1)′ charge

QHu = 1/4. The soft supersymmetric breaking parameters for the right plot are fixed to

smaller values mQ3 = mT c = 0.5 TeV and At = 0.5 TeV. The black solid line corresponds

to larger Higgsino mass µeff which reduces the fine tuning by a factor of ξ ∼ 1.2. Note

that in order to be consistent, the bino mass is chosen so that M2 > 200 GeV well above

the LEP chargino constraint. Qother = 1/18.

mass is taken to be twice as heavy as the bino mass M2 = 2M1 whereas the mass

of the B̃′ is considered to be zero here M ′1 = 0. This means that the two extra

neutralinos S̃, B̃′ are nearly degenerate with the heavy Z ′ boson and have maximal

mixing. In the left plot Fig. 5.3a the soft masses and the stop trilinear coupling At

which define the fine tuning originating from stop sector for all three lines are taken

to be MSSM like with respect to the lightest Higgs mass mQ3 = mT c = 1 TeV and

At = 2 TeV. For the right plot Fig. 5.3b the fixed parameters for the blue line remain

unchanged for comparison whereas for the black lines are changed to smaller values

mQ3 = mT c = 0.5 TeV and At = 0.5 TeV. The black solid lines have quartic coupling

QHu = 1/4 and µeff = 0.5 TeV which boosts the tree-level Higgs and allows for

smaller soft stop masses. The black dashed lines have light effective Higgsino mass

µeff = 105 GeV which does not have the same effect on the tree-level mass of the
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Higgs boson as we have seen earlier in sec. 3.6.1. There are several remarks that

we have to make concerning this plot. First note that in both plots the solid black

line has smaller fine tuning than the dashed line. This is because the larger effective

µeff = 500 GeV parameter corresponds to a larger coefficient ξ ' 1.2 which reduces

the fine tuning as we have anticipated whereas for µeff = 105 GeV it is smaller ξ ' 1.

The blue line which has a tiny quartic QHu = 0.01 and µeff = 105 GeV has also

ξ ∼ 1 and as we can see by increasing the mass of the gaugino mass M1 = M2/2 the

fine tuning is reduced dramatically. For M1 ≈ 1.8 TeV the fine tuning is reduced to

∆Z ≈ 10. The black lines in the left plot Fig. 5.3a obtain a minimum fine tuning

∆Z ≈ 155.2 for bino mass approximately M1 ≈ 1.9 TeV. The Z ′ mass for the black

lines is MZ′ ≈ |Qs|vs = 2 TeV which enhances the fine tuning already at tree-level.

At M1 = 1.9 TeV the solid and dashed black lines become flat for a while and then

when the gaugino masses dominate the fine tuning they start to increase again, driv-

ing ∆Z to high values. At these points where the two curves become flat the fine

tuning comes from the tree-level values m2
Hu

(solid black) and m2
s (dashed black). In

the right plot Fig. 5.3b the stop sector creates much smaller tuning ∆Z ≈ 500 and

thus smaller gaugino masses are needed to reduce it. For M1 ≈ 1 TeV the measure

is ∆Z ≈ 150, again at this point the tree-level soft masses are ruling the fine tuning

due to the heavy Z ′ mass and therefore we cannot reduce it further by increasing the

gaugino masses. The blue line has lighter Z ′ boson,MZ′ = 400 GeV and consequently

lighter soft mass parameters m2
Hu
,m2

s at tree-level which allow for larger reduction

of the fine tuning by having heavier gaugino masses. So far in our discussion we had

the bino primed mass switched off M ′1 in order to understand how the other gaugino

masses can reduce the fine tuning. We have seen that the largest effect comes from

the wino mass M2 due to the large coefficient with which it enters the 1-loop RGEs

eq.(5.12). Let us now examine what happens if we switchM ′1 on. The B̃′ mass enters

the RGEs with large coefficients proportional to the squares of the U(1)′ charges QHu

and Qs eq.(5.12),(5.13). For large quartic coupling QHu this term −8Q2
Hu
|M ′1|2 will

soon dominate for even light B̃′ mass and will increase the fine tuning asM ′1 becomes

heavier. In the beta function of the singlet soft mass eq.(5.13) the term dependent on

M ′1 mass will also overpower the other terms for moderate values of the bino primed

mass given a large Higgs quartic.1 This means that for heavy Z ′ with large Higgs

quartic coupling the B̃′ cannot become too heavy before it drives the fine tuning to

1Since the ratio |r| < 1 if the quartic coupling is large then this implies a large singlet charge.
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very high values, therefore a very light singlino LSP in this case with low fine tuning

is not possible. A light singlino of a few hundred GeV with small ∆Z would favour a

light Z ′ with small U(1)′ charges. In Fig. 5.4 we have plotted ∆Z with increasingM ′1
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Figure 5.4: Fine tuning ∆Z in pUMSSM as a function of the B̃′ mass parameter M ′1 (a)

for small U(1)′ Higgs quartic coupling QHu = 10−2 and (b) for large charge QHu = 1/4.

On the left plot we are considering the case of two relatively light Z ′ bosons (black lines)

and a heavy Z ′ with mass around MZ′ ≈ |Qs|vs = 3 TeV. In the right plot the large U(1)′

couplings indicate heavy Z ′ masses in order to pass the W mass constraint and thus we

consider MZ′ ≈ 3 TeV, 3.5 TeV, 4 TeV. The other two gaugino masses M1,M2 are taken

to be well above TeV scale in order to reduce ∆Z below 103 at M ′1 = 0. The plot aims

to exhibit how ∆Z is affected by the increase of M ′1 with respect to different models of Z ′

(different U(1)′ charges).

in order to get an idea of the effect of the extra B̃′ mass on the fine tuning measure

for different charge assignments. The bino and wino masses are set above the TeV

scale and create cancellations as we have discussed previously, bringing ∆Z down

dramatically as in the MSSM. The soft masses for the left plot Fig. 5.4a are set to

large values mQ3 = mT c = 1 TeV and At = 2 TeV due to the smallness of the U(1)′

Higgs quartic coupling, again in light of the Higgs mass. The Higgsino mass is light

µeff = 105 GeV for all three curves. For the right plot Fig. 5.4b the Higgsino mass

is taken to be heavy µeff = 500 GeV and degenerate with the stop soft masses and

At = 0.5 TeV. For light Z ′ the extra gauge charges are small and as one can observe

from Fig. 5.4a, the B̃′ mass can become very heavy before it starts dominating the

fine tuning. For MZ′ = 300 GeV and zero bino primed mass, ∆Z ∼ 3 × 102 and is

gradually decreasing because of the small cancellations within δm2
Hu

from the term
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which depends on M ′1. At the same time the fine tuning coming from δ(αm2
s) is

increasing and at around M ′1 = 23 TeV overpowers the other term and ∆Z is rising

again. It is worth noting that at the lowest point of ∆Z ≈ 270 the lightest neutralino

mass at tree-level is mχ̃0
1

= 4 GeV with a singlino component |N15|2 = 99.3%. For

heavy Z ′ the blue line on the left plot starts off with a larger ∆Z ∼ 4 × 102 and

slightly decreases with M ′1 until M ′1 ≈ 32 TeV, due to the small U(1)′ charges. At

the lowest point the fine tuning is roughly ∆Z ≈ 341. The third lightest neutralino

appears to be in a mostly singlino state with component |N15|2 = 99.1% and has

a mass mχ̃0
3

= 279 GeV. The two lightest neutralinos are Higgsino like with masses

given by the effective µeff parameter mχ̃0
1

= 103 GeV and mχ̃0
1

= 106 GeV. In the

right Fig. 5.4b the fine tuning measure is substantially larger due to the heavier Z ′

bosons. Due to the large U(1)′ couplings the fine tuning related to the singlet soft

mass becomes large for relatively small values of the bino primed mass compared

to the case explored in Fig. 5.4a and raises the fine tuning. A combination of a

heavy Z ′ and consequently heavy off-diagonal terms in the 2 × 2 neutralino matrix

eq.(2.155) with a comparable size of M ′1 will result in two heavy mass eigenstates

comparable to the mass of the Z ′. For the lowest fine tuning point of the solid black

line with MZ′ = 3 TeV, we find that the fifth lightest physical neutralino state has a

mass mχ̃0
5

= 1940 GeV and is a mixture of singlino |N55|2 = 70.5% and bino primed

|N56|2 = 29.5% gauge eigenstates. For the heaviest Z ′ (solid blue line) the fine tuning

at the lowest point is about ∆Z = 850 with the fifth lightest neutralino being mostly

singlino (|N55|2 = 71.4%) and the heaviest B̃′ like neutralino having mass around

mχ̃0
6

= 6.3 TeV and decoupling from the rest of the states.

• We conclude from the previous study that heavy gaugino masses would in principle

create cancellations as in the MSSM reducing the fine tuning drastically. It appears

that in the case of the pUMSSM the heavier the Z ′ boson and the larger the U(1)′

charges it is difficult to reduce the fine tuning below a certain amount due to the

heavy tree-level soft masses m2
Hu
,m2

s which will dominate ∆Z . In order to have an

MSSM like reduction effect (∆Z ∼ O(10 − 20)) having heavy gaugino masses the

Z ′ boson has to be relatively light (sub-TeV) with small U(1)′ charges. We stress

here the fact that these observation have a qualitative character and should motivate

further study for the accurate calculation of the fine tuning measure by resumming

the logarithms and linking the weak scale dynamics to the high-scale model input.

• Although the fine tuning coming from the tree-level quantities appears to be an
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impervious barrier (in case we have convinced ourselves that the solution of heavy

gauginos is not just a spurious cancellation but is indicated by the high-scale theory)

we have to mention some important distinguishing differences in the phenomenology

of the two models pUMSSM and MSSM, emanating from the previous observations

on the analytic expressions of the fine tuning measure ∆Z . As we have previously

discussed in Chapter 4 a natural MSSM requires a spectrum with light Higgsino µ,

light stops t̃1, light sbottoms b̃1 and a light gluino g̃ not much heavier than 1 TeV.

On the other hand for the reasons we have explicated in this section as well as in

Chapter 4, a natural MSSM spectrum also requires that the bino B̃ and wino W̃ 0

masses are fairly heavy of the order of a few TeV. From a phenomenological point

of view this translates into large couplings of the Higgsino like LSP with the light-

est third generation squarks and thus providing a discovery method which involves

the pair production and decays of the lightest stops and sbottoms. Using similar

assumptions for the natural spectrum, these decay channels are being used by ex-

perimental collaborations to set limits on the visible cross sections [1, 2, 42]. The

pUMSSM seems to diverge from this concept. In the U(1)′ extended scenarios with

an enhanced tree-level Higgs boson and lighter soft masses the wino and bino masses

have to be much lighter than in the MSSM, as we have seen because otherwise they

will dominate the fine tuning and drive it to very large values. Therefore the Higgsi-

nos will mix more strongly with the B̃ and W̃ 0 to form the lightest mass eigenstates

which will result in suppressed branching ratios and the possibility of evading cur-

rent experimental analyses. In combination with the fact that the lightest stops

are enhanced by the extra D-term contributions, this results in a reduction of the

production cross sections for these sparticles.

• In this survey we will not consider cancellations stemming from the gaugino masses

when calculating the fine tuning measure ∆Z , and therefore we will fix the gaugino

masses below TeV. On the other hand in order to impose the stringent constraints

from available experimental analyses and achieve large coverage with Fastlim we

have no other option but follow the same lines of our previous analysis for the MSSM

and decouple the gaugino massesM1, M2, M3 to be of the order of a few TeV, except

the bino primed mass which is taken to be small M ′1 = 10 GeV.
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5.2 Phenomenology and naturalness of pUMSSM. Numerical

Analysis

In this section we will present the results of our numerical analysis. We examine the fine

tuning of the phenomenological UMSSM with generic charges and we impose constraints

from the perturbativity of the extra gauge coupling, the LHC data for the Higgs mass and

from supersymmetry searches of the lightest superpartners. We compare our results with

the study on the MSSM and point out potentially interesting scenarios.
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Figure 5.5: Plot of
∑

i niQi in eq.(3.10) on the (r,Qs) plane for universal and non-universal

charges. (a) we consider QQ = Qū and QL = Qē. (b) QQ3 = QT c and QL3 = QEc .

All other charges except third generation sfermions are considered to have fixed value

Qother = 1/20. The red line depicts the stricter upper limit
∑

i niQi < 2.22.

Perturbativity of charges. Having introduced our parametrization of the Higgs sector

U(1)′ charges by the pair (r,Qs), we proceed to investigate how the perturbativity bound

given in eq.(3.10) imposes a constraint on our charge assignments. In Fig. 5.5 we plot the

sum
∑

i niQi which enters the beta function of the extra gauge coupling and is constrained

from the requirement that g′1 has to be perturbative up to the GUT scale eq.(3.10). The

left plot assumes family universal charges with the assumption that QQ = Qū and QL = Qē

while the right plot is made with the same assumption for the third families of squarks and

sleptons and all other charges are considered to have a fixed U(1)′ charge Qother = 1/20.

For Qother = 0 the bounds are not significantly altered in Fig. 5.5 and therefore the plot

is not shown here. We show in the plot only the strict bound
∑

i niQi < 2.22 (red line).

We see that even in the universal scenario if we choose ranges −0.6 ≤ r ≤ −0.1 and
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−0.6 ≤ Qs ≤ −0.1 we are safe up to r . − 0.35. In the case of non-universal charges one

can tolerate even larger couplings. Notice that the point (−0.6,−0.6) renders a sum of∑
i niQi = 1.77 in the universal case and

∑
i niQi = 1.16 for the non-universal one. This

is a propitious result since, as we have shown in Chapter 3 the bottom left corner of the

(r,Qs) plane is also favoured due to the boost on the tree-level Higgs mass. Therefore, we

will use the conservative ranges above for our study which satisfy the stricter bound.

Contour plots mQ3vsAt. In these section we present plots on the plane (At,mQ3).

We consider for all plots that the right and left-handed soft masses of the top squarks are

degenerate i.e. mQ3 = mT c . Like in the MSSM, the case of having a hierarchy between

the two soft parameters would be very interesting, especially when mT c < mQ3 but it will

not be dealt with in these plots. We will classify the results in terms of the Z ′ mass and

we will split them in two categories: (1) light Z ′ scenarios and (2) heavy Z ′ scenarios. The

first one will contain sub-TeV Z ′ bosons and the second one will deal with Z ′ masses above

1 TeV.

In the (mQ3vsAt) plots the mass of the Z ′ boson and the effective Higgsino mass µeff

are fixed, tanβ = 20. The charges are also fixed by the pair (r,Qs), the first and second

generation of sfermions are all assumed to have very small U(1)′ charges and therefore we

set Qother = 0 for the calculation of the fine tuning. This way we diminish the effect of the

terms 2QHuS1 and 2QsS1 and we focus on the fine tuning coming from the stop masses

and the Z ′ boson. The only parameters which are varied, are the soft supersymmetry

breaking masses mQ3 = mT c and the soft trilinear coupling At. Hence the fine tuning

due to the Z ′ boson is fixed and ∆Z is controlled by the fine tuning stemming from the

third generation squark sector. The importance of these plots therefore focuses on the

Higgs mass. A boosted Higgs mass, which falls into the vicinity of the Higgs measured

mass for light soft masses would potentially be beneficial. We present the plots as follows:

Every figure contains two plots, both plots contain the Higgs mass contours (black lines),

the lightest stop mass contours (red dashed lines) and the tachyonic mass region where

either colour breaking is taking place or the minimum of the potential is unstable (saddle

point). The allowed Higgs mass region is taken to be 124 GeV ≤ mh01
≤ 127 GeV and is

depicted by a light blue shaded area. The left plot contains additionally the re-interpreted

collider constraints from exotic searches, using the program Fastlim. The coloured areas

correspond to the different ATLAS experimental studies and are shown in the caption.

The right plot contains additionally only the fine tuning contours and is placed next to

each other for better visibility. The deviation from the W mass constraint and the mixing
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angle will also be stated for each plot. Finally we will comment on the interpretation of

these results.

(1) Light Z ′
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(b) Fine Tuning Contours
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Figure 5.6: The charges are (r,Qs) = (−0.6,−0.1) and the mass of the Z ′ is

MZ′ = 450 GeV. Left plot: five ATLAS searches impose strong constraints: 1) AC2013024

(dark blue) 2) AC2013053 (yellow) 3) AC2013037 (green) 4) AC2013048 (red) 5)

AC2013093 (black). Right plot: The lightest Higgs is slightly boosted and for the lowest

point in the blue region with mh01
= 124 GeV the stop soft masses are mQ3 ≈ 910.3 GeV

for At = 1.97 TeV. In the MSSM the values for the lowest point are mQ3 ≈ 943.2 GeV

for At = 2.03 TeV. Although the Higgs mass is obtained for slightly lighter soft masses

and smaller mixing, especially for At > 0, the fine tuning remains at the MSSM level

∆Z ∼ (1.1 − 1.2) × 103. The Higgs mass boost is not dramatic since the Higgsino mass

is very small µeff = 105 GeV. As we have seen earlier when we are sitting on the top left

corner of the (r,Qs) plane we have to be careful with the stability of the scalar potential.

If µeff is too large the masses m2
h01

run negative. The Higgs mass at tree-level is found to

be mtree
h01

= 91.3 GeV.

Supplementary Comments on Fig. 5.6:

Stop masses are excluded up to mt̃1
' 700 GeV for zero mixing but the Higgs mass,

mh01
' 110 GeV is nowhere near the observed Higgs mass. The coefficients α, ξ which can

reduce the fine tuning have values ξ = 1.009 and α = −0.49. Therefore only the second

coefficient can have a positive effect on suppressing the fine tuning. TheW mass constraint

is within 1σ and the mixing angle is θZZ′ = −6.89× 10−3.
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(a) Exclusion Regions from Collider Searches
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Figure 5.7: The charges are (r,Qs) = (−0.6,−0.1) and the mass of the Z ′ isMZ′ = 450 GeV

as in Fig. 5.6. In this plot µeff = 200 GeV has increased. Left plot: 3 ATLAS searches

impose the strongest constraints: 1) AC2013024 (dark blue) 2) AC2013037 (green) 3)

AC2013053 (black). The lowest point for which mh01
= 124 GeV is for At ' 1.88 TeV

where mQ3 = 869.2 GeV. Notice that the Higgs mass contour almost touches the stop

mass contour (red line) with mass mt̃1
= 600 GeV. This point is currently not excluded

by experimental searches. The larger Higgsino LSP mass combined with the large mixing

reduces the branching ratio of t̃1 decaying to Higgsino reducing the number of observable

events. The gray dashed line depicts the area where the stops become lighter than the

LSP. Right plot: The fine tuning appears slightly reduced and the lower points with the

Higgs mass mh01
= 124 GeV have ∆Z = 103. The W mass constraint is within 1σ and

θZZ′ = −6.89 × 10−3 as in Fig. 5.6. The coefficients ξ, α are also modified since µeff

has increased ξ = 1.023 and α = −0.21. The Higgs mass at tree-level is found to be

mtree
h01

= 92 GeV.
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(a) Exclusion Regions from Collider Searches
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(b) Fine Tuning Contours
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Figure 5.8: For completeness we show this plot which has the same parameter values with

Fig. 5.6 and Fig. 5.7 but now µeff = 300 GeV. The collider constraints (left plot) are

minimal due to the heavy Higgsino LSP. Only two very small regions are excluded 1)

AC2013024 (blue) 2) AC2013053 (yellow). Again these regions achieve very light Higgs

mass and are not interesting. The lightest stop is no longer enhanced by the heavy Higgsi-

nos. For heavier Higgsinos we anticipate that the Higgs mass is going to be reduced. The

fine tuning for the lowest point with mh01
= 124 GeV is ∆Z = 103. The coefficients have

values ξ = 1.02 and α = 0.29. The area below the gray dashed line gives the charged LSP

region which is excluded. Finally mtree
h01

= 92 GeV.
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Figure 5.9: In this plot we explore the bottom-right corner of the (r,Qs) = (−0.1,−0.6)

plane. Due to the fact that |r| is small we can obtain a light Z ′ with mass MZ′ = 360 GeV

within less than 2σ deviation from the W mass constraint. The mixing angle is θZZ′ '

−10−2. The Higgsino mass is µeff = 120 GeV to avoid negative large contributions to

the Higgs mass since |r| < (µeff/MZ′)
2 = 0.11 already at this point, mtree

h01
= 92 GeV.

Left plot: The exclusion regions from ATLAS searches are 1) AC2013024 (blue) 2)

AC2013053 (yellow) 3) AC2013048 (red) 4) AC2013093 (black) 5) AC2013024 (green). The

Higgs mass is MSSM like, the lowest points in the light blue area have (At ' −2.1 TeV,

mQ3 = 972 GeV) and (At ' 2.03 TeV, mQ3 = 923 GeV). As anticipated ∆Z is also MSSM

like. The coefficients have values ξ = 0.987 and α = 0.122.
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(a) Exclusion Regions from Collider Searches
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(b) Fine Tuning Contours
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Figure 5.10: (r,Qs) = (−0.1,−0.6) with MZ′ = 600 GeV and Higgsino mass µeff =

120 GeV. Left plot: Exclusion regions: 1) AC2013024 (blue) 2) AC2013053 (yellow)

3) AC2013037 (green) 4) AC2013048 (red). This is an interesting case where the Higgs

mass is enhanced for a light Z ′. At the lowest point inside the light blue region where

At = 1.84 TeV andmQ3 = 851.3 GeV the stop mass is very lightmt̃1
= 600 GeV evading the

collider constraints. The deviation from theW mass is less than 1σ and θZZ′ = −3.7×10−3.

Right plot: The fine tuning is clearly reduced compared to the MSSM, ∆Z ∼ 850 but

not dramatically. Note that mtree
h01

= 92.2 GeV. The coefficients ξ = 1.025 and α = −0.02.

(a) Exclusion Regions from Collider Searches

200

400

600

800

1000

1200

1400

m
h

= 100 GeV m h
=

100 GeV

m
h

=
11

5
G

eV

m
h

=

115
G

eVm
h

=
12

0
G

eV

m
h

=
120

G
eV

m
h

=
124

G
eV

m
h

=
12

4
G

eV

12
7

G
eV

m
h

=

110
G

eV

Tachyonic Mass Region

- 3000 - 2000 - 1000 0 1000 2000 3000
200

400

600

800

1000

1200

1400

At H GeV L

M
Q

3
=

M
T

c
HG

eV
L

(b) Fine Tuning Contours

200

400

600

1000

1200

1400

m
h

= 100 GeV m h
=

100 GeV

mh = 110 GeV

m
h

=
115

G
eV

m
h

=
120

G
eV

m
h

=
120

G
eV

m
h

=
124

G
eV

m
h=

127
GeV

1. ´ 102

2.
´

10
2

3.
´

10 25.
´

10
2

7.
´

10
2

1.
´

10
3

1.
´

10 3

1.
5

´

10
3

1.5
´

10 3

2.
´

10
3

2.
´

10
3

Tachyonic

Mass Region

m
h

=
12

4
G

eV

800

- 3000 - 2000 - 1000 0 1000 2000 3000
200

400

600

800

1000

1200

1400

At H GeV L

M
Q

3
=

M
T

c
HG

eV
L

Figure 5.11: This plot investigates the top-right corner of the plane with (r,Qs) =

(−0.1,−0.1) and light Z ′ mass near the electroweak scale MZ′ = 200 GeV. The Higgsino

mass is chosen µeff = 105 GeV to avoid tachyonic masses. Left plot: Exclusion regions

1)AC2013024 (dark blue) 2) AC2013053 (yellow) 3) AC2013037 (green) 4) AC2013048

(red) 5) AC2013093 (black). In this case the light Z ′ causes larger fine tuning due to the

suppressed mtree
h01

= 89.8 GeV. For At ' 2.16 TeV and mQ3 = 994.9 GeV we have the

lowest point in the allowed Higgs mass region (light blue). On top of that the coefficients

ξ = 0.973 < 1 and α = 0.62 also affect ∆Z ∼ 1.3× 103 to increase. The W mass is within

1σ and the mixing angle takes the value θZZ′ = −6.9× 10−3.
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Summary and comments. In these plots we have examined the possibility of a light Z ′

boson and its effect on the fine tuning. Although a light Z ′ has a small contribution to ∆Z ,

it can lead as we saw in the previous plots to a larger fine tuning than in MSSM, because of

the inability to reach the Higgs mass for light mQ3 ,mT c . As we have seen in Section 3.6.1

the top-left and top-right corners of the (r,Qs) plane are extremely sensitive to the Higgsino

mass and they can result in a suppressed tree-level Higgs mass mtree
h01

. Therefore in some

cases the amount of fine tuning coming from the stop soft masses can be greater than

in the MSSM. In order to get a light Z ′ near the weak scale we need small couplings

and relatively large U(1)′ breaking scales in order to pass the W mass constraint. If one

assumes couplings (r,Qs) = (−0.1,−0.1), a light Z ′ with a massMZ′ ≥ 120 GeV is possible

within 1σ deviation from the W mass constraint. We have seen that for MZ′ = 200 GeV

(Fig. 5.11) the fine tuning becomes worse than in the MSSM for these reasons. The

small couplings and light Z ′ boson mass result in small U(1)′ D-term contributions to the

masses of the scalars and thus the lightest stops and sbottoms have MSSM-like masses.

The experimental searches exclude masses for the lightest stops t̃1 up to mt̃1
. 750 GeV for

zero mixing, very similar to the MSSM.

Larger ratio |r| requires heavier MZ′ masses to pass the W mass constraint. In this

corner of the plane with (r,Qs) = (−0.6,−0.1), one can achieve an enhancement to the

tree-level Higgs mass for slightly heavy Higgsino masses and have ∆Z ∼ 103. For the corner

with (r,Qs) = (−0.1,−0.6), small |r| makes it easier to pass the W mass constraint and

we can achieve MZ′ ∼ 450 GeV and be within 1σ deviation from the W mass constraint.

For slightly heavier MZ′ = 600 GeV one can have a slightly improved ∆Z ∼ 850.

There is also the possibility of having a Z ′ boson with mass less than the mass of

the Z boson. Such a light boson MZ′ ≤ (50− 60) GeV would require couplings (r,Qs) =

(−0.1,−0.1) to pass theW mass constraint and it seems impossible to achieve the observed

Higgs mass. The Higgs potential is very unstable for this choice of the parameters and we

have checked that m2
h < 0 goes negative, therefore we do not look at this case here.

From the analysis above we understand that a light Z ′ does not necessarily mean better

fine tuning amongst the gauge extensions of the MSSM. Although it seems that the fine

tuning for light Z ′ bosons is of the order of the MSSM, there are regions on the (r,Qs)

plane which can make the fine tuning to be worse than in the MSSM. A light Z ′ scenario

with (r,Qs) = (−0.1,−0.1), as we have seen in the previous section, has small tree-level

fine tuning and therefore one can benefit from an MSSM like reduction of ∆Z due to heavy

gauginos M1, M2 and/or M ′1. One would then end up with a spectrum which has light
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Higgsinos and heavy binos and winos and possibly very light singlinos which would modify

the phenomenology of pUMSSM compared to MSSM significantly.

(2) Heavy Z ′

In this section we are looking at the most interesting corner of the (r,Qs) = (−0.6,−0.6)

plane, because of the significant enhancement one can get not only by having larger U(1)′

charges but also from having a heavy effective Higgsino mass µeff . There is an interesting

observation here, a heavy Higgsino in models with small couplings, like we discussed in the

previous case of a relatively light Z ′, can cause a suppression of the tree-level Higgs and

increase ∆Z . Moreover, in this type of models the spectrum will also be accommodated

by light top squarks and sbottoms due the fact that there will be no significant boost to

the diagonal elements of the squark matrix from the U(1)′ D-terms. If no supersymmetric

particles are observed in the next run of the LHC, these scenarios will be highly constrained

as we can see from the previous plots. In heavy Z ′ scenarios the situation is different, the

Higgs mass is achieved easier without the need of very heavy soft masses but the stops and

sbottoms are driven to acquire heavy masses from the U(1)′ D-terms. Consequently heavy

stops and sbottoms can easier hide themselves from experimental searches as we will show

in the plots. We also perform calculations in the other corners of the (r,Qs) plane to spot

the differences with the other cases.
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(a) MZ′ = 2.1 TeV and µeff = 200 GeV
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(b) MZ′ = 2.1 TeV and µeff = 505 GeV
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Figure 5.12: Both plots have charges (r,Qs) = (−0.6,−0.6). All points in both plots pass

the constrains from all the experimental searches included in Fastlim, and therefore there

are no excluded regions. The stop masses are now very heavy, evading the constraints. Left

plot: The Higgs mass is enhanced at tree-levelmtree
h01

= 93.3 GeV and the lowest point in the

shaded light blue area withmh01
' 124 GeV is achieved for At = −1.86 TeV and soft masses

mQ3 = 741.2 GeV. The lowest fine tuning at At = −1.76 TeV and mQ3 = 775.2 GeV has

the value ∆Z ' 985. The coefficients have values ξ = 1.06 and α = −0.58. Although

the Higgs mass is lifted up and it is easier to achieve the observed Higgs mass for low soft

masses, the ∆Z contours have moved closer to the origin due to the heavy Z ′ contribution

to the fine tuning. Hence the improvement is not significant compared to the other cases

and to MSSM. Right plot: Higgsino mass is increased to µeff = 505 GeV. The tree-level

Higgs mass ismtree
h01

= 104.6 GeV and one can get the observed Higgs mass for very light soft

masses and small mixing At. The lowest fine tuning is around ∆Z ' 300. The coefficients

ξ = 1.32 and α = −0.48. The mixing angle for both plots is θZZ′ = −1.8 × 10−3 and

the W mass is within 2σ error. Note that the tree-level fine tuning coming from m2
Hu

is

around ∆Z ' 193. This means that even if the gaugino masses are quite heavy the fine

tuning cannot be reduced to a lower value.
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(a) MZ′ = 2.1 TeV and µeff = 800 GeV
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(b) MZ′ = 2.7 TeV and µeff = 800 GeV
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Figure 5.13: Both plots (r,Qs) = (−0.6,−0.6) Left plot: The tree-level Higgs mass is

mtree
h01

= 118.3 GeV very close to the observed Higgs mass. The lowest fine tuning for Higgs

masses within the allowed region is ∆Z ' 105. Also note that ∆Z(m2
Hu

) ' 97.4. Notice

that ξ = 1.69 and therefore suppresses ∆Z by the same factor, that is why the contours

have moved away from the origin compared to previous plots. Also α = −0.31 which also

benefits ∆Z . θZZ′ = −1.8 × 10−3 and the W mass is within 2σ error. Right plot: The

tree-level Higgs mass is mtree
h01

= 110.2 GeV. ξ = 1.47 and α = −0.42. The lowest fine

tuning is ∆Z ' 267. The mixing angle is θZZ′ = −1.1 × 10−3 and the W mass is within

1σ error. Note that both plots all points pass the collider constraints.
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(b) MZ′ = 3.9 TeV and µeff = 500 GeV
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Figure 5.14: (r,Qs) = (−0.6,−0.6) Left Plot: The tree-level Higgs mass is now reduced

mtree
h01

= 105 GeV because of the heavierMZ′ . In order to get larger enhancement we would

have to require heavier Higgsinos near the TeV scale or above. The coefficients obtain

values ξ = 1.33, α = −0.48 which reduce ∆Z . The minimum value of fine tuning within

the blue region is around ∆Z ' 500. Notice that the ξ = 1.33 is smaller compared to

Figs. 5.13b, 5.13a and also Z ′ is heavier, therefore ∆Z contours have moved closer to the

origin. For lighter soft masses and smaller mixing At the fine tuning is now larger. The

W mass is within 1σ error and θZZ′ = −7.3 × 10−4. Right plot: mtree
h01

= 95.4 GeV and

ξ = 1.1 and α = −0.56. ∆Z has increased tremendously and even for very light stop soft

masses and mh01
' 125 GeV, ∆Z ∼ 1.5× 103. The mixing angle is θZZ′ ∼ −5.3× 10−4.
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(a) Exclusion Regions from Collider Searches
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(b) Fine Tuning Contours
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Figure 5.15: Left plot: (r,Qs) = (−0.1,−0.6), MZ′ = 3.6 TeV and Higgsino mass µeff =

150 GeV. TheW mass is within 1σ and θZZ′ = −1.01×10−4. Note that in this case the stop

charges are also small and the U(1)′ D-term contributions to the stop masses is not as large

as in the (−0.6,−0.6) case where we had very heavy stops. We have constraints from two

experimental searches 1) AC2013024 (blue) 2) AC2013037 (green). The tree-level Higgs

mass is mtree
h01

= 91 GeV. For At = −1.98 TeV and mQ3 = 800 GeV, mh01
= 124 GeV and

mt̃1
' 800 GeV. Right plot: The coefficients entering ∆Z are ξ = 1.00 and α = −0.061.

Due to the small ratio r the effect of the heavy Z ′ on ∆Z is not excessive. Furthermore,

small α suppresses ∆Z(δ(αm2
s)). The fine tuning is MSSM-like with lowest point at ∆Z ∼

103. MSSM-like ∆Z with very heavy Z ′ and relatively light stops.
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(b) Fine Tuning Contours
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Figure 5.16: Left plot: (r,Qs) = (−0.1,−0.1), MZ′ = 3.0 TeV and Higgsino mass µeff =

150 GeV. The W mass is within 1σ and θZZ′ = −2.4× 10−5. The stop masses are slightly

heavier again than the MSSM by around 100 GeV. Their larger σ(pp → t̃1t̃1) results in

exclusion regions 1) AC2013024 (blue) 2) AC2013037 (green) 3)AC2013053 (yellow) 4)

AC2013093 (black) and 5) AC2013048 (red). Tree-level Higgs mass mtree
h01

= 100 GeV.

Right plot: The lowest fine tuning is around ∆Z ∼ (1.1 − 1.2) × 103. The coefficients

ξ = 1 and α = −0.095. So here again, we have a heavy Z ′ with relatively light stops and

MSSM-like fine tuning.
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Summary and comments. We have identified an interesting region on the (r,Qs)

plane which can reduce the amount of fine tuning in gauge extensions of the MSSM, due

to the large enhancement of the Higgs mass. We find that for the bottom-left corner

with (r,Qs) = (−0.6,−0.6) where the effect from heavy Higgsinos is maximal, that we

can achieve fine tuning within the region 100 . ∆Z . 500 for Z ′ bosons with masses

2.1 TeV . MZ′ . 3.3 TeV and µeff = 800 GeV. Note that the lower limit is set by the W

mass constraint and at this point a lighter Z ′ mass would lead to a more than 2σ deviation

from the central value. This corner with heavy Z ′, cannot achieve a fine tuning of the

order of ∆Z ∼ O(10− 20) because of the large tree-level fine tuning coming from the soft

masses m2
Hu
,m2

s. Heavy gauginos can reduce the fine tuning up to a certain point until the

tree-level soft masses dominate ∆Z . The other corners of the plane will still suffer from

the tree-level fine tuning which will determine the lowest possible ∆Z one can achieve in a

given model and additionally will not benefit from an enhanced Higgs mass. Therefore in

these cases heavy gauginos will be needed to reduce ∆Z .

The corner (r,Qs) = (−0.6,−0.6) offers an interesting case with heavy Higgsinos and

heavy third generation squarks which can evade the experimental searches. The binos

and winos can be relatively light compared to the MSSM and modify the light spectrum

compared to a natural MSSM scenario. This can have implications to current experimental

search strategies since the couplings and branching ratios are also modified. The B̃′ is

preferably light in order to avoid large contributions to ∆Z , resulting in heavy singlinos

and heavy bino primed neutralinos which have approximately the same mass with MZ′ .

Contour plots on (r,Qs) plane. In these plots we present the Higgs contours (black

solid lines) and the lightest stop mass contours (red lines) along with exclusion regions

made with Fastlim (left plot) and the fine tuning contours (right plot: blue dashed lines).

The masses are given in units of GeV. For those plots that we do not get exclusion regions

we give only one figure. The soft SUSY breaking masses of the stops and the Higgsino

mass is fixed and shown in the plots. The Z ′ masses vary with Qs.
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(a) Exclusion Regions from Collider Searches
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Figure 5.17: The soft stop masses are fixed mQ3 = mT c = 400 GeV. Stop trilinear coupling

Tt = ytAt = 500 GeV and Higgsino mass µeff = 200 GeV. The mass of the Z ′ is varied with

Qs within the range 350 GeV ≤ MZ′ ≤ 2.1 TeV. Left: Exclusion regions: 1) AC2013024

(blue) 2) AC2013037 (yellow) 3) AC2013053 (light green). The Higgsino mass is very light

to produce any positive effect on the tree-level Higgs mass, hence mmax
h01
∼ 115 GeV. Stop

masses are excluded up to mt̃1
< 700 GeV. Note that for very light stops mt̃1

< 180 GeV

Fastlim does not produce output because in the efficiency tables the lightest stops are

mt̃1
= 180 GeV. Thus the interpolation to reconstruct the visible cross section cannot

proceed, giving no output. The blue dashed region shows the charged LSP region. Right:

∆Z is increasing as Z ′ becomes heavier and is reduced as we move to the right for smaller

values of the ratio |r| = |QHu/Qs|. One can see the dependence on the Higgs mass on r.

Moving to the right not only reduces the fine tuning but also suppresses the Higgs mass.

The light gray region on the left shows the W mass constraint within 2σ. All the points

on the right of the gray area are within 1σ error. Moving to smaller values of |r| makes

it easier to pass the W mass constraint but again removes the benefits from an enhanced

Higgs mass.
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Figure 5.18: For this plots mQ3 = mT c = 400 GeV, Tt = 500 GeV, µeff = 200 GeV and

500 GeV ≤MZ′ ≤ 3.0 TeV. Left: Exclusion regions: 1) AC2013024 (blue) 2) AC2013037

(yellow) 3)AC2013053 (light green). All points within 1σ error of the W mass.
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(a) 3.5 TeV ≤MZ′ ≤ 6.0 TeV
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Figure 5.19: For this plot mQ3 = mT c = 400 GeV, Tt = 1 TeV, µeff = 200 GeV and

3.5 TeV ≤ MZ′ ≤ 6.0 TeV. Due to the large trilinear coupling Tt a large region gives

tachyonic masses (light blue). The Higgs mass is achieved for MZ′ ' 5.1 TeV for r =

−0.6. Increasing MZ′ increases the Higgs mass and smaller ratio |r| is needed to achieve

mh01
∼ 125 GeV. The fine tuning contours (blue dashed lines) are moving almost parallel

to the Higgs mass contours. Note that the Higgsino mass is light. Heavier Higgsino would

move the allowed Higgs mass region towards the top-right corner of the plot. The stops

are heavier than mt̃1
> 2 TeV due to the large U(1)′ D-terms and all points pass the

experimental constraints. The W mass constraint is well within 1σ error.
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(b) Fine Tuning Contours
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Figure 5.20: In this plot MZ′ = 2.1 TeV is fixed. Higgsino mass has the value µeff =

200 GeV and mQ3 = mT c = 0.4 TeV and Tt = 0.5 TeV. Left: Eclusion regions: 1)

AC2013024 (light blue) 2) AC2013037 (yellow) 3) AC2013053 (green). All points are

within 2σ error of the W mass. The maximum Higgs mass is below the observed value.

Right: For MZ′ = fixed increasing |Qs| decreases ∆Z . Increasing the ratio |r| increases

∆Z as we would have expected.
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Contour plot on (X = mQ3 −mT c, At) plane. Here we present a plot similar

to those presented for the MSSM in Figs. 4.5, 4.6, 4.9. The sum of the squares of

the left-handed and right-handed stop soft masses m2
Q3

+ m2
T c = C2 is fixed and we

vary the difference X = mQ3 − mT c between them and the soft trilinear coupling At.

The Z ′ boson mass it is also fixed and the fine tuning depends only on At. The fine

tuning contours ∆Z are simply straight lines parallel to the horizontal axisX = mQ3−mT c .
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Figure 5.21: (r,Qs) = (−0.6,−0.6) and the Higgsino mass is µeff = 500 GeV in order to

boost the tree-level Higgs mass. Left: The black contours correspond to the Higgs mass

contours and the shaded area is the allowed region within 124 GeV ≤ mh01
≤ 127 GeV.

The stop masses are shown in red dashed contours. Right: The stop contours (red) are

shown with ∆Z contours (blue). One can achieve mh01
∼ 125 GeV for At < 1 TeV even for

mQ3 6= mT c . All the points pass the experimental searches available in Fastlim. The stop

masses are heavier than mt̃1
> 825 GeV and at the center of the plot mt̃1

' 1 TeV. The fine

tuning is around ∆Z ∼ 350 for the smaller At in the blue region (right plot). Compare this

plot with Fig. 4.9. pUMSSM with heavy stops driven by the U(1)′ terms can evade current

and possibly future searches. In Table 5.1 we give the total production cross sections for

several points with zero trilinear coupling At. Moving from left to right in the plot, one

can see how the lightest sbottoms become heavier as we increase the left-handed soft mass

of the third generation of squarks mQ3 . Note also how the total cross section changes as

we move to the right of the plot. For X = mQ3 −mT c = −X1 < 0 and At = 0 the cross

section is smaller than X = mQ3 −mT c = X1 and At = 0 since the bottom squarks are

becoming heavier.
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At = 0, X (GeV) = -600 -400 -200 0 200 400 600

mt̃1
(GeV) 846 898 961 1024 983 924 874

mt̃2
(GeV) 1189 1151 1101 1044 1084 1136 1175

mb̃1
(GeV) 836 889 952 1016 1076 1128 1168

σtot (fb) 4.0 2.4 1.5 1.02 0.94 1.15 1.6

Table 5.1: The masses of t̃1, b̃1, t̃2 and the cross sections for the points (X,At = 0) in

Fig. 5.21. The masses are calculated with SARAH + SPheno and the total cross sections

with Fastlim.

Summary. In Figures 5.17, 5.18 one can see that for the same Z ′ boson mass, i.e.

for lines parallel to the r = QHu/Qs axis, in order to evade the constraints from collider

searches |r| has to be relatively large, depending on the MZ′ mass. In these plots even

for MZ′ = 3 TeV the Higgs mass does not go beyond mh01
' 117 GeV. In Fig. 5.19,

we see that we need MZ′ ' 5.1 TeV to get mh01
∼ 125 GeV and this causes a large

∆Z ∼ 2.1 × 103. The stops appear to be very heavy mt̃1
> 2 TeV, outside the reach of

current experimental analyses. The fine tuning contours move almost parallel to the Higgs

contours showing a correlation. Heavier Higgsinos would move the Higgs band mh01
∼ 125

GeV, towards the top-right corner making it easier to achieve the Higgs mass for lighter

MZ′ and smaller charges, reducing the fine tuning. Fig. 5.20 shows that for MZ′ = fixed,

larger |Qs| charges and smaller ratio |r| can reduce ∆Z . On the other hand larger ratio |r|

is preferred in order to enhance the U(1)′ D-terms in the sfermion squared mass matrix and

evade collider constraints. In the last Figure 5.21 which someone should compare with the

Figures 4.5, 4.6, 4.9 for the MSSM, we can see that all points pass the collider constraints

available in Fastlim. Third generation squarks are all heavier than mq̃ > 830 GeV and

have very small production cross sections. The observed Higgs mass can be achieved for

large hierarchies between the left-handed and right-handed stop soft masses. As in MSSM,

the case where mQ3 > mT c results in heavy bottom squarks mb̃1
and is more likely to pass

future experimental constraints. Even when the same parameter points will be ruled out

in MSSM, they will still be allowed in a pUMSSM scenario with large (|r|, |Qs|) and heavy

Higgsinos.
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Chapter 6

Conclusions

In a bottom-up approach we have considered a gauge extension of the MSSM with generic

non-universal U(1)′ charges which are constrained by gauge invariance and perturbativity.

We have investigated the fine tuning in the MSSM and in different pUMSSM scenarios,

imposing constraints from Higgs data, the W mass measurement and collider searches on

supersymmetric particles. We summarize here our main observations as a result of this

project:

The W mass constraint provides a model-independent method to impose constraints

on the mixing angle θZZ′ . In non-universal scenarios with leptophobic Z ′ bosons this

constraint can provide a stricter bound on the mixing angle than the other precision elec-

troweak observables. We find that the W mass constraint is sensitive to the ratio r =
QHu
Qs

of the U(1)′ charges entering the Higgs sector. Small values of |r| relax the need for large

U(1)′ breaking scales and thus allows for light Z ′ bosons near the EW scale without tuning

tanβ to receive a critical value indicated by the requirement of having zero mixing angle

tanβc =
√
QHd/QHu . This would restrict the study to a specific point of the parameter

space.

We study the Higgs sector and we identify a strong dependence of the lightest CP-

even Higgs boson on the Higgsino mass µeff for different points on the (r,Qs) plane. We

parametrize our study based on the previous observations with respect to the ratio r and

Qs which also plays an important role in the fine tuning. We understand that heavy

gauginos in MSSM scenarios and also in pUMSSM models with light Z ′ bosons can reduce

the fine tuning ∆Z to low values ∆Z ∼ O(10− 20) but not in heavy Z ′ models due to the

large tree-level fine tuning coming from the soft masses m2
Hu
,m2

s. In this case binos and

winos can be lighter compared to MSSM modifying the phenomenology. Furthermore, in

models with a light Z ′ and small couplings (|r|, |Qs|), one can have a light singlino which
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can even be the LSP of the theory. This has implications on the phenomenology of these

models and can differ significantly from that of the MSSM, thus motivating further study.

In heavy Z ′ pUMSSM scenarios one cannot have a light singlino without excessive fine

tuning coming from the B̃′ gaugino mass.

A light Z ′ scenario does not necessarily lead to smaller ∆Z amongst gauge extensions

of the MSSM. We show that for some points on the (r,Qs) plane one can have worse fine

tuning than heavy Z ′ scenarios and the MSSM if one assumes light gauginos which do not

reduce ∆Z . This is a consequence of the suppressed tree-level Higgs mass. We also indicate

points on the plane (r,Qs) = (−0.1,−0.6) with light Z ′ for which the fine tuning can be

improved ∆Z ∼ 850. We stress the fact that a light Z ′, due to small tree-level ∆Z coming

from the soft masses m2
Hu
,m2

s, can benefit from heavy gauginos as in the MSSM to reduce

∆Z ∼ O(10−20). More importantly, we find an interesting region close to the bottom-left
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Figure 6.1: Higgsino mass µ plotted against the SUSY breaking soft massmQ3 = mT c in the

MSSM and pUMSSM for (r,Qs) = (−0.6,−0.6) and MZ′ = 2.1 TeV. The exclusion areas

from 1) AC2013024 (red) 2) AC2013053 (blue top) 3) AC2013037 (blue bottom) apply only

to the MSSM. All points are allowed in the pUMSSM scenario. The "vertical" black dotted

lines correspond to the MSSM Higgs mass (in units of GeV) while the almost "horizontal"

black dashed show mh01
(in GeV) in the pUMSSM scenario. The red dashed lines depict

mt̃1
(in units of GeV) in pUMSSM. The soft trilinear coupling is Tt = ytAt = 100 GeV.

The blue band shows the allowed Higgs mass in the pUMSSM (compare with Fig. 4.1).

corner of the plane (r,Qs) = (−0.6,−0.6) for which we can have a relatively low fine tuning

within the region 100 . ∆Z . 500 for Z ′ bosons with masses 2.1 TeV . MZ′ . 3.3 TeV
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and heavy Higgsinos µeff = 800 GeV. We understand that this scenario cannot achieve a

low ∆Z below the tree-level fine tuning indicated by the soft masses m2
Hu
,m2

s even if we

benefit from relatively heavy gauginos as in MSSM. It provides an improvement amongst

U(1)′ extensions of the MSSM. Moreover, this scenario differs from the MSSM substantially

and can evade current and future experimental searches. The heavy Z ′ masses and the

large U(1)′ stop couplings create large U(1)′ D-term contributions to the diagonal terms

of the squared squark mass matrices resulting in very heavy physical states for the third

generation squarks. At the points we investigate, we find that mt̃1,b̃1
> 800 GeV for very

light soft masses. All points are passing current constraints with Fastlim. The heavier

the Z ′ bosons the heavier the lighter squarks and the higher the energy needed at the LHC

in order to probe this region of the parameter space. Furthermore, large splitting between

the soft masses X = mQ3 −mT c > 0 are very interesting because it can account for Higgs

mass around 125 GeV and relax constraints from future experimental searches due to the

heavy sbottoms and the small productions cross sections. We have shown that this is also

an interesting scenario for MSSM.

Additionally we conclude that in this scenario the Higgsinos are not restricted from

naturalness to be light but on the contrary we see that heavy Higgsinos can reduce the fine

tuning in gauge extensions of the MSSM. If one also considers the fact that bino and wino

can be light compared to MSSM, which needs heavy gauginos (but not very heavy gluino),

then we see that in this case we have a spectrum with heavy third generation squarks

mq̃ ∼ 1 TeV, heavy Higgsinos µeff ∼ (0.8 − 1) TeV and possibly light bino and wino. In

Fig. 6.1 we summarize the main differences between the MSSM and the interesting model

of pUMSSM which resides in the bottom-left corner of the (r,Qs) plane presented here.

Note that this plot has been constructed using the same scan we used for Fig. 4.1.
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Appendix A

Magnified plots
In this appendix we present some of the plots in a larger scale in order to enhance the

visibility of their details.
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Figure A.1: Plots on page 92. Top: Fig. 4.2a. Bottom: Fig. 4.2b
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Figure A.2: Plots on page 93. Top: Fig. 4.3a. Bottom: Fig. 4.3b
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Figure A.3: Plots on page 94. Top: Fig. 4.4a. Bottom: Fig. 4.4b
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Figure A.4: Plots on page 123. Top: Fig. 5.6a. Bottom: Fig. 5.6b
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Figure A.5: Plots on page 124. Top: Fig. 5.7a. Bottom: Fig. 5.7b
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Figure A.6: Plots on page 125. Top: Fig. 5.8a. Bottom: Fig. 5.8b
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Figure A.7: Plots on page 125. Top: Fig. 5.9a. Bottom: Fig. 5.9b
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Figure A.8: Plots on page 126. Top: Fig. 5.10a. Bottom: Fig. 5.10b
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Figure A.9: Plots on page 126. Top: Fig. 5.11a. Bottom: Fig. 5.11b
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Figure A.10: Plots on page 129. Top: Fig. 5.12a. Bottom: Fig. 5.12b



Agamemnon Sfondilis 163

900

1000

1200

1400

1600

mh = 127 GeV

mh = 130 GeV

m
h

=
135

G
eV

m
h

=
13

7
G

eV

m
h

=
137

G
eV

m
h

=
14

0
G

eV

m
h

=
140

G
eV

2. ´

10
2

3. ´

10
25.

´

10
2

1.
´

10
3 1.

´

10 3

1.5 ´ 103

1.
5

´

10
3

mh = 124 GeV
Tachyonic Mass Region

- 3000 - 2000 - 1000 0 1000 2000 3000
0

200

400

600

800

1000

1200

1400

At H GeV L

M
Q

3
=

M
T

c
HG

eV
L

1200

1400

1600

mh = 124 GeV

m
h

=

127
G

eV
m

h
=

130
G

eV

m
h

=
135

G
eV

m
h

=
13

5
G

eV

m
h

=
137

G
eV m

h
=

13
7

G
eV

mh = 140 GeV

3.
´

10 2

3.5
´

10
2

4.
´

10 2

5.
´

10
2

7.
´

10 2

1.
´

10
3

1.
´

10 3

1.
5

´

10
3 1.5

´

10
3

2. ´ 10 3

2. ´ 10 3

Tachyonic Mass Region

1200

1100

- 3000 - 2000 - 1000 0 1000 2000 3000
0

200

400

600

800

1000

1200

1400

At H GeV L

M
Q

3
=

M
T

c
HG

eV
L

Figure A.11: Plots on page 130. Top: Fig. 5.13a. Bottom: Fig. 5.13b
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Figure A.12: Plots on page 130. Top: Fig. 5.14a. Bottom: Fig. 5.14b



Agamemnon Sfondilis 165

600

800

1000

1200

1400

mh = 110 GeV

mh = 115 GeV

m
h

=
12

0
G

eV

m
h

=
120

G
eV

m
h

=
124

G
eV

m
h

=
12

4
G

eV

m
h

=
127

G
eV m

h
=

12
7

G
eV

Tachyonic Mass 
Region

m h
=

100
GeV

m
h =

100
GeV

- 3000 - 2000 - 1000 0 1000 2000 3000
200

400

600

800

1000

1200

1400

At H GeV L

M
Q

3
=

M
T

c
HG

eV
L

600

800

1000

1200

1400

m
h

=

110
G

eV

mh = 115 GeV

m
h

=
12

0
G

eV

m
h

=
120

G
eV

m
h

=
124

G
eV

m
h

=
12

4
G

eV

m
h

=
127

G
eV

m
h

=
12

7
G

eV

2.
´

10
2

3.
´

10
2

7.
´

10
21.

´

10
3 1.

´

10 3

1.
5

´

10
3

1.5
´

10
3

2.
´

10
3

2.
´

10 3

Tachyonic

Mass Region

m h
=

100
GeVm

h
=

100
GeV

5.
´

10 2

- 3000 - 2000 - 1000 0 1000 2000 3000
200

400

600

800

1000

1200

1400

At H GeV L

M
Q

3
=

M
T

c
HG

eV
L

Figure A.13: Plots on page 131. Top: Fig. 5.15a. Bottom: Fig. 5.15b
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Figure A.14: Plots on page 131. Top: Fig. 5.16a. Bottom: Fig. 5.16b
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Figure A.15: Plots on page 133. Top: Fig. 5.17a. Bottom: Fig. 5.17b
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Figure A.16: Plots on page 133. Top: Fig. 5.18a. Bottom: Fig. 5.18b
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Figure A.17: Plots on page 134. Top: Fig. 5.19a. Middle: Fig. 5.20a. Bottom: Fig. 5.20b
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