
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


Spontaneous CP violation  in 
th e N ext-to-M in im al 

Supersym m etric Standard  
M odel

Thesis submitted to the University of Glasgow 
for the degree of Doctor of Philosophy

June 2000

Alessandro Usai

Departm ent of Physics and Astronomy 
University of Glasgow

©  Alessandro Usai, 2000.

i,

;

:
..
J



ProQuest Number: 10390809

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10390809

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLO.

ProQuest LLO.
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346



Il ERSitYl 
ÎLLtmARY

\ \ % 1  '  C û P i  1

\  Ï

II

g

?

<1



A bstract

In this thesis we will investigate CP violation within the Next-to- 
Minimal Supersymmetric Standard Model (NMSSM).
The study of the violation of the CP symmetry is relevant for several 
reasons. The origin of CP symmetry violation observed experimentally 
in the kaon system and nowhere else, is still uncertain and under ac
tive investigation. Also, and perhaps more intriguing, CP violation is a 
necessary ingredient of explanations of baryogenesis: supersymmetric 
theories allow for several sources of CP violation, whether explicit or 
not, therefore guaranteeing the necessary amount of CP violation. In 
fact, there are potentially so many CP violating phases, th a t it is an 
issue whether supersymmetry is compatible with the tight experimen
tal constraints on the electron and neutron electric dipole moments.
In particular we will concentrate on the study of Spontaneous CP Viola
tion (SCPV), where the vacuum is CP non conserving. In the Standard 
Model, although the Electroweak symmetry is spontaneously broken, 
SCPV cannot occur, as at least two Higgs doublets are needed. Also, 
within the simplest extension of the Standard Model, the Minimal Su
persymmetric Standard Model, SCPV, although possible in principle, 
is ruled out experimentally.
Here we will show a detailed analysis of possible SCPV under general 
assumptions within the NMSSM. The implications of this are also ad
dressed both for experiments at high energy colliders and also at low 
energy for the neutron and electron electric dipole moments when the 
CP violating phases are large. We have considered these phases as ar
bitrary parameters, and have studied the consequences as a function of 
the amount of CP violation present. ' ...
In chapter 1 and 2 we briefly review the MSSM-q^ the NMSSM.
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In chapter 3 we review the literature on SCPV, in both models, as a 
comparison. We also discuss the assumptions and formalism which will 
be used extensively in the following analysis.
In chapter 4 we discuss weak SCPV  ̂ and its possible experimental 
consequences. The study of this scenario will effectively constitute the 
main aim of this work.
In chapter 5 we present a thorough numerical analysis of SCPV both 
weak and not, over a vast area of the parameter space. The chapter 
also includes a discussion of the Higgs sector when CP is not violated, 
and when it is violated explicitly.
In chapter 6 we address the issue of whether SCPV within the NMSSM 
is experimentally testable with emphasis on the weak SCPV case.
In chapter 7 we then discuss the constraints coming from the neutron 
and electron electric dipole moments, which are relevant when SCPV 
is not weak.
We then summarise our overall conclusions.

7

^'Weak' means ’with small CP violating phases’. Except in chapter 5, we are 
considering only CP violation in the Higgs sector, not in strong interactions.
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C hapter 1 

M inim al Supersym m etric  
extension  o f th e Standard  
M odel

This first chapter is devoted to an introduction of the Minimal Super- 
symmetric extension of the Standard Model (MSSM) and the formalism 
involved.
We will not discuss the theoretical background involved in supersym
metry and refer to [1] [2] [3] [4] [5] for a thorough discussion of the 
subject.

1.1 M SSM

The MSSM is the simplest supersymmetric extension of the Standard 
Model (SM).
The first difference from the SM is tha t we need not less than  two 
chiral superfields ifi, H 2 to give mass to the down and up generations of 
quarks, meaning in turn tha t two Higgs doublets have to be considered, 
whereas in the SM one Higgs doublet is enough.
The superpotential of the MSSM is

W  = iie ijH{Hi + WF (1.1)

1



2 CHAPTER 1. MSSM A

I
where Hi and H 2 are the two Higgs doublets, j

( Xf ) ^ = ( §  ) I
'I.

ei2 =  —621 =  1, €11 =  €22 — 0, and Wp  contains the Yukawa terms f

(1.3)

where A are the Yukawa coupling constants.
As it is, supersymmetry forbids the appearance of and on the 
other hand gauge invariance forbids the appearance of couplings like 
Hi Q U  where Q is the quark doublet and U is the quark singlet. Con
sequently no up-quark mass can be generated if H 2 is not present. It 
is clear tha t a charged Higgs boson will be present in the theory too.
It should be noted tha t many other terms can in theory be present 
in the superpotential, which, however, violate explicitly the baryon or 
lepton numbers; these terms are phenomenologically hard to handle, 
so tha t it is customary to omit them on the basis of a so called R- 
symmetry invariance, according to which particles have R-charge equal 
to -hi, whereas s-particles have a R-charge equal to -1. This in turn 
means tha t a lightest stable s-particle has to be present, with possible «
consequences for the amount of dark m atter in the Universe.
Supersymmetry has to be broken as otherwise particles and s-particles 
would have the same mass, which is clearly against the experimental 
evidence. Supersymmetry is assumed to be broken spontaneously at a 
certain scale Ms,  although the details of how this happens are still a 
m atter of discussion. It is for this reason th a t we introduce extra terms 
which explicitly break supersymmetry without impinging on the renor- 
malizability of the resulting lagrangian. This means tha t the couplings 
of these terms have to be soft, tha t is to say of positive dimension lower 
than four as all the dimension four terms have to respect supersymme
try.
The resulting expression for the effective potential, which also includes ?
the SUSY soft-breaking terms, is then the following

a‘2 .
V =  ^  (4 \H*i H2\  ̂ -  2 {Ht Hi) {HtH2)+  (1.4)
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+{Ht H i f  + (H t  +

+ y

+ /  { m H i + m n i ) + vsB

where Vsb, containing all the possible the soft-breaking terms, is 

VsB =  ml (Ht Hi) +  ml (Ht % ) -  H  ̂+  h.c.)

where m i, m 2, ??%i2 have dimensions of mass.
It should be noted tha t we are implicitly ignoring the contribution of 
W f to the effective potential on the basis tha t we assume the s-quark 
and s-lepton fields not to acquire a vacuum expectation value (vev), so 
tha t the colour and lepton numbers remain unbroken. This assumption 
will be held throughout the whole of this work.
We have spontaneous breaking of the electro-weak symmetry (SBEWS) 
once the neutral Higgs bosons fields acquire vevs

< H i > =  <  H 2 > =  (1.5)

with ui, U2 > 0 so tha t we define tan ^  =  ^  with 0 < P < tt/2. The 
fields (j)i and are assumed not to take a vev as otherwise electric 
charge number violation would occur.
Note tha t the vevs are taken to be real; this, as we will see in the forth
coming chapters, means tha t no spontaneous CP violation is assumed. 
A problem of naturalness arises as, for the SBEWS to occur, ji is re
quired to be < 1 TeV while at the same time there is no reason why 
it should not be of the order of the unification scale (rv 10^  ̂ GeV); 
this is part of the so called /i puzzle, which we will discuss more exten
sively in connection with the Next-to-Minimal Supersymmetric Model 
(NMSSM).
The /i-term can always be reabsorbed in the redefinition of the soft 
terms m? and ml;  these on the other hand can be traded for vi and V2 

through the minimising conditions imposed on the effective potential, 
to insure tha t at (ui,U2) the effective potential has a stationary point;
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this will of course need to be a minimum  ̂ for the SBEWS to occur. 
We have the resulting spectrum of three neutral and one charged Higgs 
bosons ^

=  (1 .6 )

=  -  (m\o  +  m | ±  ^(m ^o +  ?u|)^ -  4 m | cos'^2Pj (1.7)

where is the pseudoscalar, are scalars being the heavier
of the two), Mfj± is the mass of the charged Higgs boson, and a , the 
mixing angle, is given by the relations

(cos2 a — cos2 P I | (1.8)

sin2a. = —sin2P ( ]  . (1.9)

We see tha t Mh± > Mw, tuao > rriho and m/̂ o <
m|cos2 4 | < M z  with m  =  min{Mz,mAo),  th a t is to say at the tree 
level the charged Higgs boson has to be heavier than M w  whereas the 
lightest neutral Higgs boson has to be lighter than Mz;  on the other 
hand the other neutral Higgs bosons can be quite heavy.
It is im portant to note tha t the picture now outlined holds only at the 
tree level, and is substantially changed once radiative corrections are 
added, either using Renormalization Group equations (RGB) or adding 
corresponding loop corrections to the effective potential, so tha t the 
MSSM is not yet ruled out by the data (see [7]). We will discuss more 
extensively the issue of radiative corrections in the next chapters.

+  m?

^In the MSSM a minimum will automatically be also absolute; this is not the 
case for the NMSSM, as we will see in the forthcoming pages.

^For a discussion of the expansion of the neutral Higgs fields in term of the 
physical fields we refer to the Appendix C.



Chapter 2 

T he N ext-to-M in im al 
Supersym m etric Standard  
M odel (N M SSM )

2.1 Introduction

The NMSSM is an extension of the MSSM, where a singlet held under 
the gauge group SU{3) x SU ( 2 ) x U{l)em is added to the superpoten
tial. The motivations for so extending the MSSM are several:
1) A possible solution for the so called p-puzzle.
2) The upper bound on the lightest Higgs boson in the MSSM makes 
it reachable in the near future by LHC, so th a t if no evidence is found 
an alternative model will be needed.
3) NMSSM allows for Spontaneous CP Violation (SCPV), as we will 
discuss in the forthcoming pages, this in turn having possible far reach
ing consequences for CP violation as observed in the Kaon system, and 
for baryogenesis.

In the MSSM the superpotential contains the term fiHi H 2 . As already 
mentioned in the first chapter, the parameter p can be in principle 
of the order Mpianck although a value of the order of the soft masses, 
responsible for the supersymmetry breaking, is required for the electro- 
weak symmetry breaking to occur at the right energy scale of around
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200 GeV, so th a t a hierarchy problem arises.
In the NMSSM p, can be traded for the coupling of the singlet scalar 
field to Hi and Hg, the two Higgs doublets, so tha t a term such as 
X N  H 1H 2 is present in the superpotential instead[10]: the soft break
ing terms can then induce a vev for the field N of the right order of 
magnitude. A self coupling term of the form k N ^ / 3  has to be present 
in the model in order to break the unwanted Peccei-Quinn symmetry

Ar-> N e ' \ H i H 2 ^  HiH2e-'0

which is spontaneously broken once the Higgs fields take their vacuum 
expectation values, hence giving rise to an unwanted axion.

2.2 N M SSM
The most general form of the superpotential, with no terms violating 
the baryon and lepton numbers, is[8]

W  =  Xeij H\ Hi  N  +  iieijHlHi - r N  +  - M N ^  +  -kN^ +  Wp (2.1)

where
-b A H ^Q V ) (2.2)

is the term giving rise to the Yukawa interactions, / ,  f \  and A are 
the corresponding Yukawa coupling constants and ei2 =  —€21 =  1, 
€11 =  €22 =  0; H i, Hg are the components of the Higgs doublets

=  H , =  (  J | )  (2.3)

N is the singlet field, L {R) and Q {D) are respectively the S U {2 ) weak 
doublet (singlet) lepton and quark superfields, and /c. A, /r, r, M are 
parameters (A and k in particular are dimensionless) which we assume 
for the moment to be reaT. Making a shift in the N field, the param
eter M in the superpotential can be put equal to zero without loss of

^This simply means that we do not introduce as yet any explicitly CP violating 
phases.



;

where

2

D' — - g '  ViAt Ai + (  (2-7)

y  =  y  (4 | a r  {Ht Hi) {Ht  % ) +  (2,8)

+{H tH i)^  + { H t H 2 )^) +

+ y  ( H t  %  -  H t  Hi)^ +  (A dj H'l H i  N*^ + h.c.)+

+A/i(iV +  h.c.) {Ht Hi +  H t H 2 ) +  +  H t  Hi)  +

+|A Hi Hieij - r  + k N ^ f  + X'  ̂ [Ht  H ‘ +  H t  Hi) N* N  + Vsb

2.2. NMSSM 7

■;
generality.
The dimensionful terms in p and r give rise to a hierarchy problem. We 
will not discuss in this work the /r-puzzle and so will keep the fi term 
because it explicitly violates the Z3 symmetry, with im portant conse
quences for SCPV, as we will discuss later. We are in fact interested in 
the Higgs spectrum and the differences related to the presence of p.
The scalar potential is a Hermitian function given by [8]

V =  i  [D“Da + { D f )  + F*Fi (2.4)

=  (2 .6 )

with Ai indicating all the scalar fields of the theory and % their weak 
hyper charges: Hi with yi =  —1, Hg with ^2 — 1 and N  with = 0. 
We assume that the parameter ^ is equal to zero.
We now once again introduce extra terms which explicitly break su
persymmetry without affecting the renormalizability of the resulting 
lagrangian (see the first chapter) and the number of which will be big
ger than in the MSSM. The resulting effective potential, which also 
includes the susy soft-breaking terms, is then the following

£  '

j:



%
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where Vs b , containing all the possible the soft-breaking terms, is 1

VsB = ml { HtHi )  +  m l { H t H 2 ) - { m l 2 e i j H i H i  +  h.c.)+  (2.9)

+ml N* N  +  [ml N'  ̂+  h.c) +  [m id j  H { H i N  +  (1/3) mgiV=* + h.c) . |

However, if the susy breaking scale does not coincide with the electro- y
weak symmetry breaking one, then the quart!c couplings in the effective a
potential may be determined using the RGE '%
The resulting effective potential is then

A:

V = \ Y i { H t H i f  + \Y 2 ( H tH 2 f+  (2.10)

+{U  +  U ) (H f H'l) (H Î Ha) -  U  I H / f +  

+ {Y i ,H tH i+ Y , iH tH 2 )N*N + {YTeijH{H{N*'^ + h.c.)+ \

[ N*Nf  + \ n { N  +  h.c.){HtHi +  HtH2) +  ii'‘ [H{H{ + Ht  Hi) + |
+ VsB

lit
where Yi, i= l,8  are related to the parameters of the superpotential, A |
and k, and the gauge couplings; for exact supersymmetry they are:

9i = g' , 92 = g (2.11)

Yi — Y2 ~  -{g"^ T  9* ),  ¥3 - { g '  — g‘̂ ) , Ya = — - g '  |

=  A \  Tr =  AA:, y  ̂ =

The RGE for the Yi coefficients will in general include quark as well as f
squark contributions. However, the squarks will not contribute if their |
masses are bigger than the SUSY breaking scale as in this case they 
decouple. Furthermore, if a small value of tan/5 (i.e. 1) is taken,
then the contribution of the bottom  quark and squark can be safely |
ignored compared to the corresponding top and stop ones.
Another way of including radiative corrections is to consider the one
loop corrections to the effective potential, taking the values of U equal |

^We have used in particular the RGE of the two doublets model, as we will see y
in more detail in the next chapter.
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to those at the scale where exact supersymmetry holds. This method 
is particularly suitable if many particles with different mass scales are 
considered.
In the supergravity inspired models a simple form of SUSY breaking 
potential is assumed at the SUSY breaking scale, and then the soft 
masses are also fixed through the RGE [11]. The soft masses are run 
down to low energies starting from the common values mo and A q at 
the unification scale. In this way once we fix mo we also fix all the 
soft masses at low energy. The same can be done both for the soft 
masses in the Higgs sector and squarks sectors; in the latter case there 
is a constraint on the value of the tri-linear coupling at the unification 
scale (Ao) [12] [13] coming from the requirement th a t the minimum of 
the effective potential be such as not to break the charge and colour 
charge symmetries. This can be simply imposed to be the case if one 
assumes tha t the squark and charged Higgs fields have always vacuum 
expectation values equal to zero; we rely throughout this work on this 
assumption.
The RGE of the soft masses are mixed with those of the gauge coupling, 
Yukawa coupling constants, A and k parameters. The gaugino masses 
and /i are not coupled to the soft masses but only to the gauge coupling 
constants.
In this work we assume a more conservative approach: we take all the 
soft masses as independent and free to take any value, positive or nega
tive, a t the electro-weak scale, as the form of the soft masses is assumed 
not to change, unlike the parameters Y- This in a way makes predic
tions more difficult as they will be dependent on more parameters.

-!:U.

J
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Chapter 3 

SC P V  in th e N M SSM

3.1 Introduction

SCPV arises when the lagrangian before the electro-weak symmetry 
breaking is CP invariant whereas the vacuum is not, so tha t CP violât- i
ing phases will emerge once the Higgs fields and/or any of the singlet 
fields take their vacuum expectation values [15].
If the effective potential were to be invariant under such discrete sym
metry transformations before the spontaneous breaking of the electro- |
weak symmetry, then afterwards the discrete symmetry would be spon- /
taneously broken too, so th a t there would be regions of the universe 
with different vacuum states. Among these regions domain walls would 
form whose energy density becomes bigger than the energy density of 
m atter as the Universe expands, in contrast with what we observe to- I
day. This is the well known domain walls problem and is unavoidably 
present when any discrete symmetry is spontaneously broken and so I
also when the CP symmetry is spontaneously broken [16], under the y
assumption tha t symmetry restoration does occur at high temperature.
A possible way to lift the vacua degeneracy, so that no domain walls 
arise, has been shown in [17]; another possibility is that an explicit CP 
violating phase is also present.
It is well known tha t SCPV cannot occur in the SM as any phase on
the vev can be removed by a rotation of the Higgs field. This then led |
to the analysis of SCPV within the two Higgs doublets model, where 7

.;i

11 '3

%i.__ ■ : .
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indeed SCPV is feasible. However, in this model problems arise related 
to flavour changing neutral currents as well as electric charge number 
violation, which occurs when after SSB the [/(I) symmetry of electro
dynamics is broken (see [7], [14]).
W ithin the MSSM SUSY guarantees the absence of flavour changing 
neutral currents as well as th a t the vacuum does not violate the electric 
charge number. However, at the tree level SCPV cannot occur due to 
the residual influence of SUSY itself, which hinders the presence of ||

3.2 SC P V  w ith in  N M SSM

In this section we discuss SCPV in the NMSSM.
If we take the vacuum expectation values (v.e.v.) of H f  {i =  1,2) and 
N to be dependent on a phase then SCPV may occur.
Indeed it has been shown by [9] tha t this is the case even for exact 
SUSY and at the tree level if symmetry violating terms are present 
in the effective potential. A general discrete transformation, with n 
an integer number, transforms a generic field (j) in the effective potential 
such tha t

(the effective potential in the two Higgs doublets model instead does 
contain the above term), this in turn constraining the phase associated 
to one of the vevs of the two neutral Higgs fields to be equal to either |
zero or multiples of tt (just one phase can be present, as the other one 
can always be rotated away).
This is only true at the tree level though as when radiative corrections |
are added on a iJAs can be generated, so tha t SCPV is then possible
in the MSSM too [14]. However, it was pointed out in [18] th a t SCPV
in the MSSM leads to the presence of a too light pseudoscalar neutral
Higgs boson, in agreement with the Georgi-Pais theorem [19], so tha t y
experimentally the scenario is ruled out (we will discuss this theorem |
and its extension in 4.2). |
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If on the other hand a Zs symmetry is imposed on the effective poten
tial then SCPV is not possible, as shown in [21].
In the field dependent effective potential those terms in r and A/i are 
Zs symmetry violating together with the terms in ms and m i2. There 
are no other possible Zn symmetries except for a possible Z 2 symmetry 
which is violated by the terms in A/i, 1714 and ms.
The papers reviewed give a wide idea about the phenomenological im
plications of the scenario, keeping an eye to our analysis, which we 
describe in the next chapters. In all the papers no Z^ symmetry vio
lating terms are considered (and so /i=0), contrary to what we do, so 
tha t the analysis we will present in the next chapters is more general. 
The main conclusion which can be drawn is tha t the scenario is feasible 
and of strong interest, especially in view of the LHC advent.
In the NMSSM with the Z^ symmetry imposed SCPV can still be trig
gered by radiative corrections both at zero and finite tem perature [22] 
[23] [24] [25], although at zero temperature the problem of a small mass 
for the lightest neutral Higgs boson reappears, as in the MSSM.
In [25] the stops and top contributions to the one-loop part of the ef
fective potential are taken into account and the induced changes to 
the Higgs bosons mass matrices considered. The masses of the stops 
are taken to be degenerate. For the scenario to be feasible very heavy 
stops are required, with a mass of the order of 3 TeV and so beyond the 
reach of LHC, in order to have the lightest neutral Higgs boson being 
as heavy as possible. Furthermore, strong constraints on the value of 
taiiA, A and A \ jA k  are required, where Ax, A^ are soft scalar masses 
(the corresponding terms in Vsoft are X A x Hi  H 2 N  and N^).  The 
charged Higgs boson mass is

M “̂± — 4- (3 r  — 1) Â  Uq (3 .1)

where in this formula r = AxjA^.  From the requirements for the sub
determinants of the neutral Higgs mass m atrix to be positive together 
with the condition for the minimum of the potential to break the CP 
symmetry the following constraint is obtained

1 7 1 /2

0 <  ( 4 r - l ) A ^  < - ^ ( vT T A - 1 )  (3.2)
2 Vri
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S
where A comes from the radiative corrections.
An upper bound on the charged Higgs mass of about 110 GeV results 
which, although not ruled out directly [26], [27], is far below the lower 
limit obtained indirectly by [28].
However, the same analysis has been carried out in [29] without as
suming the squarks to be degenerate, and the conclusions found there 
are quite different from [25]. The off-diagonal elements of the squark 
mass matrices contribute this time to the A term  in [25]. It is found ;|
tha t the off-diagonal elements increase with ug so th a t Mp± can take 
much bigger values, namely around 700 GeV, for squark masses around 
3 TeV, and so far beyond any present experimental upper bound.
In [30] a conserving NMSSM superpotential is considered and the 
RG equations of the two Higgs doublets model for the parameters Y 
used, together with the constraints on the A and k parameters coming 
from the requirements th a t perturbation theory holds up to the unifi
cation scale[31]. The SUSY scale is taken to be 1 TeV and 10 TeV. The 
resulting radiative corrections to the tree level quartic terms allow the 
Higgs bosons mass m atrix to be positive definite so tha t real masses 
for the neutral Higgs bosons can arise, unlike the case when the SUSY 
breaking scale is equal to 100 GeV. The corresponding bound on the 
lightest and second lightest Higgs bosons masses have been obtained as 
a function of tan^  and it is found tha t the mass of the lightest Higgs 
boson mji^ is such th a t < 20 GeV for a SUSY breaking scale equal 
to either 1 TeV or 10 TeV. In particular they find in both cases that 
mjn gets smaller as tan^  increases, so that the highest value of rrihi is 
found when tan ^  is small. The bounds are clearly well below the cur
rent experimental limits shown in [27], although the singlet component 
in the lightest neutral Higgs field can be dominant.
Also, is found to be smaller than 110 GeV for a SUSY breaking »
scale of 10 TeV, and 95 GeV for a SUSY breaking scale of 1 TeV re
spectively. For tan/? equal to 2-3 M h± has an upper bound equal to 
about 90 GeV for both the cases. These bounds are in disagreement 
with the indirect experimental bounds established by [28], although not 
yet ruled out directly [26].
In [39] the same authors present an analogous analysis where the one- 
loop corrections to the parameters Y are added, the superpotential y
being just the same as in [30]. For the one-loop corrections only t
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+ 2 17 Vi V2 U3 cos{Oi P 6 2  — 2 6 3 ) +  Yg v^P

and b quarks and squarks are considered, all the other contributions , |
being negligible. High values of tan^  can now be considered and it 
is found tha t certain intervals of tan/? are experimentally excluded.
This can be assessed thanks to the assumption of m/i  ̂ being 90 per- |
cent singlet and 95 percent respectively. As in [30] the danger of too /
a low bound on M h± arises again, although this time is less severe. f
This is because adding the one-loop corrections changes significantly /
the resulting charged Higgs boson mass, namely < 115 GeV for 
SUSY breaking scale of 1 TeV without one- loop corrections against
Mff± < 140 GeV with the one-loop corrections whereas for the light- |
est Higgs boson mass we have rriĥ  < 90 GeV without the one-loop y
corrections and still the same once the one-loop corrections are added f
as these have no significant effect on the neutral Higgs bosons mass f
matrix. This is to be compared with what happens when one naively 
adds up to the tree level effective potential the one-loop corrections 
coming from top and stops: in this case in fact the mass bound on rriĥ
is shifted upwards [29] h |
In the next section the NMSSM model and the relevant notation used 
are introduced.

We will study in the following pages SCPV in the NMSSM at the tree 
level including those terms which violate the Z3 and Z 2 symmetry.
We do so because the /i-term and other soft terms can influence the 
resulting mass spectrum and allow more possibilities for SCPV.
After the electro-weak symmetry breaking the scalar potential is the |
following real function

V  = ~(Yi uj +  Y2 V2 ) +  (Y3 4- Y4) P  (Y  Vi 4- Yq Ug) v I p  (3.3)

^It is not always to be expected that quantum corrections should increase the 
masses at the tree level; in fact it is found in the MSSM (and no SCPV) that the
second-loop corrections tend to decrease the mass bound rather than increase it 4
[43], [44].

vil
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+ £  (vf  +  +  2 A /i [vf T  ^2) U3 005(^3)+

2 I
P m l  £ + 777,3 ^2 + ^ 3  £ + 2777,5 77i 772 V3 cos(6 i P 6 2 p 6 3 )P -mQ  £  cos(36'3)—

(I
- 2  m i 2  vi V2 cos{di  +  ^ 2 )  +  2  777,4 £  cos(293) . |

We are for the moment assuming a generic SUSY breaking scale, as 
discussed in the first section. J
At the minimum we must have vf + =  (174 GeU)^ in order to get y
the correct values for the masses of the and Z vector bosons. As |
it is, the potential allows for a redefinition of the phases such that +
without loss of generality we can take 92 — 0 . SCPV will occur if at y
the minimum 9i and/or 9s ^  nn.
Besides the soft-breaking masses, we then have the following variables:
tanA “  U3, 9i, 9s, ji, A and k. The Y coefficients are determined =|
through the RGE, which are the subject of the next subsection. +

■I
3.4 RG equations and the A and k param

eters
In this work we used the one loop RGE of the two doublets model, 
which are the following:

1
lb  ^  =  A £  =  1, ' "  , 8 (3.4)

where t = In (îôô%ëü) ^̂ ^̂ r̂e Q is the renormalization point and the 4
/i 7 — 1, ■ • • , 8 coefficients are given in the appendix A.
The RGE for the gauge coupling constants and the top Yukawa coupling +
constant are respectively, at the one loop order j

1 6 ir ^ ^ = - C is f  (3.5) I

where g; =  g', gi =  g,

Cl ~  - 7 ,  C2 — 3, C3 =  7 (3.6) y



Ys = Ye = X \  Yt = Xk  Ye = .

The values of the coupling constants at the electro-weak scale are

=  0.358 , =  0.651, ^3 =  1.218 . (3.10)

It has been shown by [31] th a t if perturbation theory is to be valid up 
to the unification scale then the A and k parameters have to have values 
in the following ranges

|A:| < 0.63, |A| < 0.87 (3.11)

with roughly
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■

and
,

=  ht ( - £  -  — -  8 £ )  + ( 3 . 7 )

16 = £  ( -  hi  +  - h i  -  — £  -  J  £  -  8 £ ) . (3.8)

The bottom  quark contribution can be ignored for small values of tan/3.
The relationship among the Y (% =  1 - - - 8) coefficients and the gauge 
coupling constants, A and k parameters of the superpotential for exact 
supersymmetry are, as we have already seen, the following:

Y  =  Y  =  ^  ( £  +  £ )  Î Y  =  ^ ( £  -  9 i ) , +4 ^  Â  — -  £  (3.9)

A" +  £  < 1. (3.12)

This is still true when SCPV is considered as the RG equations for A 
and k do not change^.
The procedure is then the following: once the SUSY breaking scale Q 
is fixed, the gauge coupling constants are run from the known values at 
the electro-weak scale up to Q; the Y coefficients at the scale Q are then 
determined and the RGE are run down to obtain the Y coefficients at 
the electro-weak scale.
Before ending this subsection some remarks are required.
We are allowed to use the two doublets RGE between the electro-weak

Tor a further discussion of the A and k parameters see [34] and [37].
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scale and the SUSY breaking scale as long as stops are heavier than the 
SUSY breaking scale itself, otherwise their contribution would not be 
negligible. However squarks cannot be too heavy as otherwise the Higgs 
bosons would get too large contributions from loop diagrams involving 
squarks so tha t for a SUSY breaking scale higher than 1 TeV the full 
RGE should be taken in order to allow stops with a mass around one 
TeV or less.
In principle we should include the b quark contribution too, although 
this will be certainly smaller th a t the t quark contribution.

3.5 M ass spectrum
The mass m atrix for the neutral Higgs bosons can be easily calculated 
from the field dependent potential as

=  (3.13)

where Ai are this time the real and imaginary parts of the neutral fields, 
namely Hf,  and N.  The resulting symmetric mass matrix will be 
field dependent.
At the minimum of the potential its eigenvalues will then be the squared 
masses of the neutral Higgs bosons.
For the SCPV case there is mixing between the scalar 3x3 mass matrix 
8 and the pseudo scalar 3x3 one PS, tha t is to say the mixing matrix 
MX will not be equal to the zero matrix:

= [ m x  V s ) -

We are here taking the imaginary part of Tfg and H^ as independent 
fields, which is the reason why the mass m atrix squared is 6x6, whereas 
in the unitary gauge, taking the imaginary parts to be respectively 
cos/3 A  and sin/3 A, with A a neutral scalar field the mass m atrix squared 
is 5x5 with no Goldstone boson (see Appendix C). In general JVP has 
to be diagonalised numerically. The resulting spectrum consists of one 
Goldstone boson and five massive neutral Higgs bosons, the Goldstone
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=  - ^ 4  Vq 4- ( - I 7 V3 cos{6 i 2 6*3) +  m i2 co s(^ i)- (3.15)

■ms Vs cos{6 i +  6*3))
sin(3 cosj3

boson being purely in the pseudo-scalar part when CP is conserved. 
The charged Higgs mass m atrix squared can be diagonalised analyti
cally because it is a 4x4 m atrix which is in turn  equivalent to two 2x2 
equal matrices. The spectrum consists of a Goldstone boson and a 
massive charged one with mass given by the expression.

i__

This relation is only valid at the tree level.
An im portant point is tha t requiring Mjj± > 0 is a necessary condition 
for the minima of the effective potential to conserve electric charge. 
The neutralino mass m atrix is a 5x5 one (see Appendix B) so tha t this 
too has to be diagonalised numerically. In general all the five eigen
states will be massive.
To obtain the neutralino masses the absolute value squared of the mass 
m atrix has to be calculated, that is to say M n M \  =  |M „p; we then 
diagonalise numerically the hermitian m atrix so obtained and take the 
square root of the eigenvalues.
The chargino mass matrix is a 2x2 one (see Appendix B), and again 
the two eigenstates are in general massive.
The chargino masses can be obtained in the same way as described for 
the neutralino with the difference tha t the diagonalisation procedure 
can be carried out analytically.
The neutral Higgs bosons, neutralino and chargino mass matrices at 
the tree level are shown in the appendix B under the assumption of the 
most general superpotential, a generic SUSY scale and independent soft 
masses.
Once the mass matrices have been diagonalised the resulting masses 
have to be checked against the current experimental lower limits as 
there is yet no evidence of any supersymmetric particle.



20 CHAPTER 3. SCPV

3.6 Search of th e param eter space
The large number of parameters in the NMSSM renders at first sight 
any numerical analysis problematic. It is clear th a t to vary indepen
dently all the soft-masses as well as tan/3, ^i, 6*3, ju, A and k would 
result in an extremely lengthy analysis. Things do not look so bad 
though if one notices tha t we are not interested in all the parameter 
space but only in those regions where the scalar potential has a min
imum, which we will then check to see whether it is an absolute one 
or not. For a point in the five-dimensional space vi, ug, $i, 63  to 
be a minimum the necessary but not sufficient condition is tha t the 
following equations be satisfied

^  =  2 U3 ?7i5 sin{9i +  ^3) -  (2 sin(9i) -  (3.16)
Ou\

—2 Y-j U3 sin{9\ — 203) =  0 

^  =  A m \ v l  sin{293) -I-2 mg Ug sm (303)- (3.17)
(703

—4 Y'j V\ U3 V2 sin[9i — 203)4- 

4-2 ms Vi V2 V3 sin{9i 4- 03) 4- 2 vlii V3 k ^2̂ (03) =  0 

d V
=  0 , % — 1, 2,3.

ovi
Imposing the first two equations we fix ms and 7714, whereas the last 
three equations fix and respectively. We can then make sure
that these equations are always satisfied by simply fixing five of the soft- 
masses through the five minimising equations themselves. Furthermore 
we can trade mjg for Mjy± once we impose the equation (3.15), so that

m?2 =  (M |± + U  vl) sin(9, +  %) “  U  4  (3-18)

As we do not know the value of the charged Higgs mass M h± this has 
to be varied too, but it can be done within a range above the current 
experimental upper limit [26], [28], so tha t we are in this way able to 
optimise the procedure. Furthermore, we implicitly look for electric
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charge symmetry conserving minima as we always require > 0. 
We choose starting values for uiq, M h ±̂  jj,, A, k. Once this is done the 
Yi{i ~  1, ‘ • 7) can be determined through the RGE once the super
symmetry breaking scale is fixed. We also choose starting values for 
tan/3, Us, 0i, 03, namely the values at which we want our potential to 
have a minimum. As the chosen point might be a point of maximum 
or inflection an iterative numerical search is required. A minimum is 
signaled by the fact tha t the eigenvalues of the mass matrix squared of 
the neutral Higgs bosons are all positive at the point.
Numerical searches in other parts of the parameter space are necessary 
to ensure tha t the prescribed vevs correspond to a global minimum. 
We will discuss in chapter 4 an analytical as well as numerical study of 
the neutral Higgs boson mass matrix.



22 C H APTER 3. SCPV



Chapter 4

4.1 Introduction

4.2 A general result

23

W eak SC PV  w ith in  the  
N M SSM

In this chapter we discuss SCPV when the CP violating phases are 
small. The issue of how small these phases have to be for the results 
shown in the forthcoming pages to hold will be discussed in the next
chapter, where a numerical analysis is shown. |
In the second section we present a general result which has the status |
of a theorem and which can be compared with the Georgi-Pais theorem
[19].
In the third section we explicitly refer to the NMSSM and discuss the
theorem of section two within the context of the model. V■:.y

y

In this section we present a general result [20] for those models where y
SCPV can occur a t the tree level.
Our result is a variant of the Georgi-Pais theorem [19], which discusses y
the conditions under which radiative corrections can break a discrete .5
symmetry, which is apparently conserved at the tree level. A massless |
scalar field is required to be present in the CP conserving theory, which

j.:
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acquires a small mass once radiative corrections are added and the CP 
symmetry spontaneously broken.
The argument relies on the smallness of the radiative corrections, which 
in turn allows a Taylor expansion around the CP violating minimum. 
The key step in the proof is the equation

'

where F ( 0 ) is the field dependent scalar potential, 4>j are spinless meson 
fields, the vector A is the value of (j) at which the minimum of the scalar 
potential occurs, U is the CP symmetry operator and 4A is the change 
due to radiative corrections. U \  =  A if there is no spontaneous sym
metry breaking, and from the above expression it is immediately clear y
tha t if the mass m atrix is not singular the relation U6X = ô \  J
holds and no SCPV occurs. On the other hand if a massless particle is 
present in the unbroken theory then the mass m atrix is singular and we 
can have SCPV due to the radiative corrections. The massless mode 
will gain a small mass as a result of the radiative corrections. It is this $
mechanism which produces the light scalar when SCPV is induced in |
the MSSM or NMSSM with Z 3 .
This theorem still holds if Coldstone bosons are present in the model, f
as the transformation 4A can be chosen orthogonal to the Coldstone- |
boson subspace.
As stated in the paper the key assumption for the theorem to work is 
tha t the spontaneous symmetry breaking is perturbative.
We will now show[20] with a similar argument th a t if SCPV is weak, 4
tha t is to say the CP violating phases attached to the vevs are small, y
then there is in the model a quasi massless scalar particle. The small
ness of the CP violating phases is this time the key assumption, as the 
smallness of the quantum corrections to the tree level effective potential I
was in [19].
Refering to the scalar potential in the NMSSM, for small CP violating A
phases the potential has two nearby minima at the points

{vi,V2,V3,Vi9i,V393) (4.2) I

62 =  (ty, V2, V3 , - v i9 i ,  -U 303). I
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If we then perform a Taylor expansion

so tha t the mass m atrix squared of the Higgs bosons is singular and 
a massless particle results as a consequence. This is clearly only an 
approximation although at the limit for the CP violating phases going 
to zero this will be exactly true. In the limit of the CP violating phases 
going to zero the mass m atrix is block diagonal and (é2 — Çi) is an 
eigenvector of the pseudo-scalar block.
This result is general and so the issue arises of whether this scenario is 
in agreement with the experimental bounds on the lightest Higgs boson 
mass. We will discuss this extensively in chapter 6 .

4.3 W eak SC P V  w ithin  th e N M SSM  
.We have seen in the previous section tha t a light eigenmode arises when 

SCPV is weak, and tha t this eigenmode is to be found in the CP odd 
sector, which almost decouples from the CP even sector as the phases 
get smaller and smaller. We show here an analysis of the CP odd mass 
matrix and its corresponding eigenvalues and eigenvectors. The CP 
odd part of the 6x6 matrix can in fact be assumed to be decoupled 
to first approximation if the CP phases are small enough, as the olf-
diagonal block elements of the mass matrix squared are proportional 
to sin0j ,i  — 1,3. Considering the CP odd 3x3 m atrix (see appendix 
B), if we add to the elements of the first column those of the second 
one multiplied by V2 /V 1 we obtain a zero column, corresponding to a 
Goldstone boson, so tha t the matrix is reduced to a 2x2 one, which can 
be written as

/  __ 4__  m o \sinf3cosf3 V3 \
(4.4)

\  c  ;

where A is the (5,4) element of the whole 6x6 mass matrix, B is equal 
to (6 ,4 )^ , and C is equal to the (6 ,6) element.
The expressions for ml, m^, rUg, m l,  obtained from 3.6, and ms and

4
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mf2, given in 3.16, 3.17 respectively, have then to be substituted into 5
the m atrix elements. For this 2x2 matrix we just have to consider m |, 7
ms and
As we are interested in the eigenvalues of the mass m atrix at the mini
mum, the Vi, i= l,3  and 9i, 03 in the matrix and those in the minimising ÿ
equations fixing the soft masses above and in the expression of m 2̂ are |
the same. I
Because we are explicitly interested in the case with small CP violating 
angles, we can take Taylor expansions of the trigonometric functions in f
the expressions of ms, m& and mf2- We consider three regimes, namely 
when 01 is negligible compared to 03, when the opposite is true, and 
when the two phases are of the same order.
In general, if 01 < <  03 the eigenvector y

W2 -  i l ) ,  R, (0 ,0 ,0 ,0 ,0 , 2773̂ 3) (4.5)

is in the pseudoscalar singlet part of the mass matrix, i.e. the lightest yi
neutral Higgs boson is singlet. Likewise, if 01 > >  03 the lightest neutral 
Higgs boson is doublet. |
In particular, the equations for m-ig, m l  and 777.5 are once again just the %
equations (3.18), (3.16), (3.17); they will be, for the three regimes, the |
following: a
Case (a) 01 < < 0 3

777i2 =  {Mff± +  ¥ 4  vl) sinjS cos(3 -\-2>Yjvl (4.6) |

7725 =  2 49 U3 (4.7)

777.4 =  -  (6 7776 773 03 4- 8 49 77i v\ V2 03+  (4.8)

+2 7775 Vl V2 773 03 +  2 /7 77g 773 A; 03) /(8  vl 03)

Case(b) 03 < <  01

777i2 =  +  49 77o) sin/3 cos(3^  +  3 49 773 (4.9)
03

7775 =  77712 /t73 -  Yj 773 (4.10)

7774 =  -  ( - 4  Y^ V l  773 772 01 +  2 rus t7i V2 773 0i) / (8 773 03) (4.11)
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and

So for the case where the lightest Higgs boson is almost completely in 
the Hi, H 2 sector, tha t is to say for 03 negligible compared to 0%, Mjj± 
can be at most equal to M w  However, the value of Mh± can increase 
significantly if the stop quark contribution in the one-loop corrections 
to the mass m atrix is considered.
This result should be compared to the MSSM case, where at the tree

4:
■I

I
Case(c) 01 ~  03

m i2 — +  49 77q) (A: +  1) sin(3 cos(3 -f 3 49 (4.12)

ms =  mi2 k /{v 3 {k 4-1)) -  Y7 V3 {k -  2)/{k  +  1) (4.13)

m 4 ~  -  (2mQvl 03 -  4YjVi V2 (k -  2)03)+  (4.14)

4-2 ms ui V2 V3 {k -f-1)03 4- 2 /xuq U3 A; 03  ̂ /(8  vl 03).

These equations are exactly the ones required so tha t the 2x2 matrix, 
remnant of the CP odd 3x3 mass matrix, has a zero eigenvalue. Taking 
the whole 6x6 mass matrix, this will be a small eigenvalue, rather than 
a zero one, as the elements coupling the CP even to the CP odd sectors 
are very small but non zero.
The first three equations imply that the elements C  and B  are zero, 
but A 0 , so that the light particle will be almost completely in the
N sector; the second set will imply tha t A and B  are zero, but C ^  0 4
so tha t the massless particle will be almost exclusively in the H 1 H 2 , 
sector, whereas for the third set

. IS o - 4^'=0stnpcosp  U3 4
'■i

and the particle will be a mixture of Higgs fields and the singlet field.
Furthermore, in the case 03 < <  01 the equation for m %2 and the equa- y
tion for ms and 1714 can be combined to give an upper bound on the 4
mass of the charged Higgs boson Mff±

Mjj± = -4 9  UQ =  A4^y -  X'^vl < M ^y . (4.15) |

t

4 ::
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level — Myy +  M^o and M h± = M w  when the lightest pseu
doscalar is massless. In the NMSSM, in the CP conserving case and no 
mixing in the pseudoscalar sector, we instead have

=  M w  -  +  M\o (4.16)

where M\o  is the mass of the lightest pseudoscalar. For weak SCPV 
and the 03 > >  01 case, the lightest pseudoscalar is singlet, and M\o 
in eq.(4.16) is now the mass of the second lightest pseudoscalar, which 
is in the Hi H 2 sector. We will see more explicitly in the next section 
how big the mass of the lightest Higgs boson as a function of the CP 
violating phases really is.

4.3.1 N  field im portance
Using the transformation outlined in the Appendix C it is possible to 
get rid of the Goldstone boson within the mass m atrix so tha t the 
physical eigenvectors of the five neutral Higgs fields can be obtained. 
We can then, assuming weak SCPV such tha t the even and odd parts 
of the mass matrix decouple, obtain the N field content in the lightest 
neutral Higgs boson eigenstate analytically due to the fact tha t this is 
going to be a pseudoscalar. In particular the N field percentage in the 
lightest pseudoscalar eigenvector is

^  «§sin-^/Scos^/lP^+vjel'

Note tha t this formula does not depend on the choice of 02 — 0 and 
can be obtained easily from the 2x2 psuedoscalar mass matrix.
We see tha t N%  can be made small either assuming 03 < <  01, as we 
have already seen in the previous pages, or taking small values of 773. 
For high values of V3 such tha t 77q can be neglected, the N field per
centage will be independent of 03 and 773 and equal to 100 (i.e. 100% 
decoupling) whereas for small values of 773 this will not be the case. 
Even for moderate vevs the N%  tends to be high, e.g. tan /?= l, 773 =  77q,
01 =  03,

N% _  77g0̂  _  4
100 Uo0^/4 +  77q0̂  5
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or tan,0= 2 , ug =  2 Uo, 0% =  0g,

N%  __ 4 v l  _  25 
100 “  ug 4/25 + 4  77§ “  26'

This feature of the model is crucial as far as a possible experimental 
detection of the pseudoscalar is concerned. We will discuss this issue 
in more detail in chapter 6 .
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Chapter 5 

N eutral H iggs bosons 
spectrum  w ith in  the  
N M SSM

5.1 Introduction

We study in this chapter the neutral Higgs bosons mass spectrum nu
merically, focusing on the SCPV case.
As far as SCPV is concerned, several issues will be addressed: we will 
first discuss the mass of the lightest neutral Higgs boson as well as the 
role played by the various parameters within the model.
We will show how the parameter space is populated when the CP vio
lating phases are small, particularly in connection with the study of the 
minima of the effective potential and the likely occurrence of metastable 
solutions for the SBEWS (spontaneous breaking of the electro-weak 
symmetry), which is typical of the NMSSM.
We discuss the mass of the second lightest neutral Higgs boson and the 
close relation between the lightest and second lightest neutral Higgs 
boson masses.
For comparison, we discuss the mass spectrum in the cases of CP con
servation and also of explicit CP violation. Finally we summarise our 
results.

31



32 CHAPTER 5. N EU TR AL HIGGS BOSONS

5.2 Lightest neutral H iggs boson w ith  SC PV

In this section we discuss the behaviour of the neutral Higgs bosons 
when the CP violating phases are varied. Because of the many param
eters, this requires a numerical analysis.
We have seen in the previous chapter tha t if the CP violating phases 
are small, there must be a light Higgs boson. We show here tha t the 
upper bound on the lightest Higgs boson mass decreases proportionally 
to the angles. Very roughly ^  500 0i GeV where 9i < 0.1 rad.
In particular we fix 0% to a starting value and then vary 0g from zero 
to twice the value of 0%, so tha t now a plot of the mass of the lightest 
neutral Higgs mass as a function of 03 can be made.
It must be emphasized tha t the chosen interval over which 03 is varied 
is such tha t the 0% < < 0 3  regime is not covered. We will postpone its 
discussion until section 5.3.1 as in this regime the values of A and k 
play a crucial role.
For each value of 03 10  ̂ random configurations are generated for the in
dependent variables which are left in the potential, tha t is to say tan/3,
U3, rriQ, jji, M h±- The parameters A and k are given fixed values.
The neutral Higgs boson mass matrix is then diagonalised for each set 
so generated, and those 100 sets which give the highest values for ruh  ̂
stored. The procedure is repeated for each value of 03 in the range.
The parameters are randomly varied within the limits shown in Table
5.1.
The chosen values for ht and the range of tan/3 are such as to account 
for the top quark mass, which is around 174 GeV (see [40] for a discus
sion of the relevant top quark mass). Two ranges for the charged Higgs 
boson mass have been chosen; the 55-200 GeV interval is rather wider 
than the most recent experimental lower bound coming from LFP [26] 
according to which > 69 GeV; however, it is interesting to see
what the resulting neutral Higgs bosons spectrum is for such a light 
M h±, given tha t in the small CP violating phases regime, 03 < <  0% 
implies M h± < Mw\ note also th a t this range evades the experimen
tal lower bound of arounf 250 GeV, coming from the process b sy, 
which applies in a general two Higgs doublets model [28], but can be 
avoided in supersymmetric models by cancellation between diagrams 
with particles and s-particles in the loops.
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Table 5.1: Ranges within which the parameters are randomly varied.

tanjS V3 rriQ M+
2-3 10-510 GeV -500-500 GeV 55-200 GeV , 200-800 GeV
P A k ht

-500-500 GeV 0.5 0.5 1.05

The second interval, 200-800 GeV is a conservative one and shows the 
dependence of m,k  ̂ on Mh±, or effectively when V3 > vq tha t is to 
say V3 (see eq. (3.15)).
We diagonalize the neutral Higgs boson mass matrix squared numeri

cally: its eigenvalues are required to be positive in order for the effective 
potential to have a minimum at the chosen point in the (ui, U2, %, 01, 03) 
space. The minima so found are in general local, and so metastable. 
This is an im portant point, which we will discuss in more detail in 5.4. 
Note that, unless explicitly stated, the same randomly generated cou
plings in the effective potential are taken; the consequence is th a t in 
the small phases regime the same sets which give the upper bound 
for a certain value of 0% will do so when 01 is ten times bigger, until 
eventually the phases are big enough tha t the light pseudoscalar theo
rem does not hold anymore. We found tha t the lightest neutral Higgs 
boson mass is directly proportional to 0i in the small phases regime. 
This procedure does not affect the mass bounds as long as saturation 
is achieved, i.e. the mass bounds do not increase any more with the 
number of iterations, and indeed for the sake of studying the behaviour 
of m/i as a function of the phases it is perfectly acceptable. However, 
different seeds for generating the random numbers have to be taken 
when absolute minima are looked for, as we will see in 5.4.
We show in Fig. 5.1, 5.2, 5.3, 5.4 plots so obtained for 0 i= l, 0.1, 0.01, 
0.001 rad respectively. The SUSY scale is in all the graphs assumed to 
be 1 TeV.
Fig. 5.1 shows the maximum value which the lightest neutral Higgs bo
son mass can take in this case, i.e. ps 120 GeV for the Mff± = 200 — 800 
GeV and below 100 GeV for M h± =  55 — 200 GeV; these limits change 
slightly when the A and k parameters are varied. The 0i “  1 rad case

%
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evades the theorem of 4.2 as the CP violating phases are big, so that 
the lightest neutral Higgs boson will be CP even as well as CP odd. 
The other figures show the corresponding upper limits when we reduce 
the CP violating phases.

It is clear tha t gets smaller and smaller when 9i is reduced (03 
being reduced accordingly too), in agreement with the analysis of 4.2. 
For 03 negligible compared to 01, M h± < M w  at tree level, as we have 
discussed in the previous section (eq. (4.15). This is true whether or 
not 01 is small, so th a t in all the graphs of Fig. 5.1,5.2, 5.3, 5.4 for the 
case Mff± =  200 — 800 GeV we see an abrupt interruption of the curve, 
m/ll falls down as 03 approaches smaller and smaller values compared 
to the value of 01 because the fewer parameter sets give real eigenval
ues for the neutral Higgs bosons mass matrix: the values of M h± are 
in fact required to be close to 200 GeV, which is the lowest limit al
lowed for the range in which the mass of the charged Higgs boson is 
randomly varied. Fventually values of Mjj± smaller than 200 GeV will 
be required, and then it is not longer possible to get real eigenvalues 
for the neutral Higgs boson mass matrix, so the curve stops abruptly. 
The same fall takes place for the interval Mff± =  55 — 200 GeV, be
cause for smaller values of 03 a smaller region of the parameter space 
is available, although the curve does not stop abruptly, as the charged 
Higgs boson mass is allowed to take values below Mw- 
We can see this explicitly in the Fig. 5.5, 5.6, 5.7, 5.8 where the lightest 
neutral Higgs boson mass is this time plotted as a function of Mff±, 
and 01, 03 are given fixed values, with 03 always equal to O.OI01, so tha t 
we are in the regime (b) of 4.3. For M h^ > M w  GeV, the eigenvalues 
of the neutral Higgs boson mass m atrix are in general complex. For 
small values of 03 it is in principle necessary to consider the one-loop 
correction to the mass m atrix of the charged Higgs boson, as the cor
rection is significant [29]. However, in this region the lightest neutral 
Higgs boson is almost completely in the Hi H^ sector, as in the MSSM, 
so th a t for 0i < 0.1 rad it is ruled out by experiment [26].

Two im portant points should be stressed.
For the case with M/y± =  55 — 200 GeV the number of sets which give 
real eigenvalues for the mass m atrix is in general smaller than for the 
case M h± — 200 — 800 GeV. This is due to the fact th a t taking small
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Figure 5.1: 6i= l  rad, SUSY 
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values of M^±  implies having small values of and in this region of 
the parameter space the number of sets giving real eigenvalues for the 
mass m atrix is suppressed: this is to be expected because in the limit 
of a zero and no symmetry violating terms in the effective poten- ;
tial, we reobtain the MSSM , within which SCPV cannot occur at the ;
tree level. This is also the reason why when radiative corrections are 
included a bigger number of sets is in general available. ■
Also, in the small phases regime increasing ^3 means in general lowering 
the number of sets available, whatever the range within which Mf.j± is 
varied. We will discuss this in more detail when we will discuss the 
search for absolute minima.
In our approximate mathematical analysis we have not said how small 
the CP violating phases have to be for the theorem of 4.2 to hold; the 
only condition is tha t the phases be small enough for the mixing ele
ments in the neutral Higgs boson mass matrix squared to be negligible 
compared to the elements of both the 3x3 scalar and the 2x2 pseu
doscalar blocks respectively. Therefore for fixed phases some regions of 
the parameters space will satisfy the theorem conditions whereas some 
others will not, rendering a numerical analysis necessary.

.

The picture does not change if we vary the SUSY breaking scale, 
as can be seen in the Fig. 5.9, 5.10, 5.11, 5.12 in which the SUSY 
breaking scale is taken equal to 174 GeV, while otherwise being the 
same analysis with the same ranges and values for A and k as in Fig.
5.1, 5.2, 5.3, 5.4. Also shown are similar curves but where the number 
of randomly generated sets for each value of 6*3 (taking ten values of it, 
rather than one hundred as before) is taken to be equal to 1 million and 
for each value of 9̂  a different seed for the randomly generated sets is 
taken. Saturation is not completely achieved and a bigger number of 
iterations is required; this is specially true for the case of Fig. 5.9 where 
the depletion for 3̂ % 1 rad in the case M h± — 55 — 200 GeV is clearly 
due to the reduced number of sets which give positive eigenvalues for 
the neutral Higgs boson mass matrix.
Comparing Fig. 5.9 with Fig. 5.1 we see tha t the mass bound is approx
imately 10% higher in the 1 TeV SUSY breaking case, which includes 
radiative corrections using 1-loop RG equations. These increase the 
bound on the scalar component of mh^. In the Z3 CP conserving case.
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Figure 5.6: Same as in Fig. 
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the lightest neutral Higgs boson is in the scalar sector, and its mass at 
the one loop order is ([7] where is the lightest neutral Higgs boson 
mass)

mf^o < M'z I cos^2p +  ^ ^ sin^2p\  (5.1)
9 J

so tha t bigger values of A give a higher upper bound on m/̂ o. Also, the 
RGE increase the M|cos^2/? contribution, which is the reason why for 
01 =  Irad  the upper bounds on rriĥ  are higher for a SUSY scale equal 
to 1 TeV, than those for a SUSY scale equal to 174 GeV.
However, A and k are constrained to be such th a t Â  +  < 1 (see 3.4)
and the RGE depend on A and k in a way tha t too small values of k, 
corresponding to bigger values of A, upset the minima of the effective 
potential, so that no real eigenvalues can be found, as we will discuss in 
5.6 for the case of no SCPV. This is also the reason why in general our 
upper bounds for big CP violating phases are lower than those which 
can be found in the literature, where one-loop terms are added to the 
effective potential, so tha t A can be maximised. Moreover, we do not 
include stop contributions, which also contribute in raising the upper 
bounds. A comparison of the various upper bounds for =55-200 
GeV and =200-800 GeV clearly shows tha t for the latter interval 
much higher bounds are obtained (the 0i =  1 rad case is an exception 
as we are not in the small CP violating phases regime). As we will 
see in section 5.4, this is due to the fact tha t higher values of Mh± 
mean higher values of V3 and consequently higher values of , as for 
small CP violating phases the lightest neutral Higgs boson is (almost 
completely) CP odd and mostly N field, so tha t its mass increases with 
t ’a 

it should be noted tha t for Mff± =  55 — 200 GeV and values of 03 % 01 
small the number of parameters giving real eigenvalues of the neutral 
Higgs boson mass m atrix is much reduced due to the requirement that 
Mff± > Mw] however, even if the number of iterations is increased, 
the lightest neutral Higgs boson mass does not change significantly, as
saturation is indeed achieved.
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Figure 5.13: 6i ~  1 rad, SUSY 
breaking scale=174 GeV. Up
per bound on the lightest neu
tral Higgs boson mass for k =
0.65 and A ~  0.1; mg — 0 (dot
ted line) and varied randomly 
(continuous line). M h±=200- 
800 GeV.

5.3 A and k  influence

Figure 5.14: g, =  1 rad, SUSY 
breaking scale—174 GeV. Up
per bound on the lightest neu
tral Higgs boson mass for k = 
0.1 and A =  0.65; ttiq = 0 (dot
ted line) and varied randomly 
(continuous line). M h±=2Q0- 
800 GeV.

So far we have always taken A and k fixed to starting values at the SUSY 
breaking scale, within the ranges allowed by the requirement tha t per
turbation theory still holds up to the unification scale (A  ̂4- < 1, eq.
(3.11)).
We now show in Fig. 5.13, 5.14 the same graphs as in Fig. 5.9, but 
this time with starting values for A and k respectively equal to 0.1, 0.65 
and vice versa. The parameters are once again randomly varied within 
the ranges shown in Tab. 1 (continuous line) and with me fixed equal 
to zero (dotted line).
We see tha t when me, the N^  term coefficient, is fixed to zero different 

values of A and k do not cause a great difference in the final graphs, 
whereas when uiq is allowed to be different from zero the case when 
k is small shows a jagged curve which is almost always beneath the 
corresponding one for me =  0. We understand this as being due to the 
fact tha t when k is small and mg is different from zero, the potential is
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I
more likely to be unstable with respect to the variable so tha t many I
more sets are rejected because of the occurrence of complex eigenval- :
ues, and the upper bound on the lightest neutral Higgs boson mass is 
correspondingly lower than for me =  0 . This also explains why the
curve is jagged. On the other hand îoi k = 0.65 the curve for me =  0 ;
is always beneath the one where me is taken to be different from zero, 5
as it should be because now the potential is safe from instabilities with 
respect to ug.
The conclusion is tha t for the diagrams with A; — 0.1 the saturation has ;
not been achieved and many more iterations are required, because of 
the smaller number of good sets available. In Fig. 5.16, 5.15 we show
the same graphs as in Fig. 5.14, 5.13 but for a SUSY scale equal to 1 y
TeV; once again the picture does not change. However, we notice tha t 
the radiative corrections for the case with A: — 0.1 imply a lower bound 
on ruh than for the same case for a SUSY scale equal to 174 GeV: this 
is understood by the fact tha t the RGE make the effective potential
unstable. Ç
In Fig. 5.17 we show the same graph as in Fig. 5.16 but this time g
allowing for a number of random iterations equal to one million, so ten 
times bigger than in the other diagrams. It can be seen tha t this time 
saturation is achieved.

5.3.1 T he Oi < < 8 3  regim e analysis
As we already said, we have so far not considered numerically the ^3 > >  
Oi regime. We did so because for this case the A and k parameters play 
an im portant role, as we will see.
Setting — 0 and taking the values A =  A; =  0.5, we found no real 
eigenvalues for any values of 9s. The reason for this has to do with 
the chosen values of A and k. We show in Fig. 5.18, 5.19, 5.20, 5.21 
mhi as a function of A for =  0 and 9s equal respectively to 1, 0.1, 
0.01, 0.001 rad. The value of k is chosen so tha t Â  +  A;̂  =  1 and the 
SUSY breaking scale is taken equal to 174 GeV. In any case for small 
values of 9i (namely 9\ % 0.1, 0.01, 0.001 rad) the RGE do not change 
significantly the resnlting bounds. It is clear tha t in all the cases a 
value of A smaller than the corresponding value of k is required in order
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Figure 5.17: =  1 rad, SUSY
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Higgs boson mass for k =  0.1 
and A — 0.65; iriQ is varied 
randomly. The number of it
erations is equal to 1 million. 
Mgd: =200-800 GeV.
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a
S

for the eigenvalues of the neutral Higgs bosons mass m atrix to be real. 
We explain this as due to the requirement of having the singlet field N 
decoupled from the Hi H 2 sector, as otherwise the pseudoscalar could 
not be completely singlet. In fact, A and rrii are the parameter which 
determines the size of the interaction between the two Higgs doublets 
sector and the singlet field N.

im a
In this section we analyse the parameter space in more detail as an in
troduction to the issue of how likely it is tha t weak SCPV local minima 
are also absolute ones. We will in particular show the interplay between 
the various parameters in the effective potential and the CP violating 
phases. Such a numerical study is required, as in general within the 
NMSSM deeper minima can be present than those which break the 
electro-weak symmetry and so also when SCPV is considered. For each 
minimum a numerical analysis is therefore required to establish whether 
the effective potential has deeper minima

5.4.1 T he param eter space

So far we have just studied numerically the neutral Higgs bosons masses. 
The condition tha t the mass squared are positive implies tha t the effec
tive potential has a minimum, in general local, at the point so found in 
the space ( u i ,  % ,  0 1 ,  0 3 ) .  However, the effective potential may have 
deeper minima elsewhere. Unfortunately, producing upper bounds on 
the masses while at the same time ensuring tha t the minima found are 
absolute ones requires expensive numerical minimization of the effec
tive potential. Some care is then required in choosing the region of the 
parameter space for this analysis. In particular the effective potential 
(eq.(3.3)) in the case of positive me often has deeper minima for large 
values of vs and 0s =  | ,  because of the term 005(303) in the effec
tive potential. Consequently, those minima found for me > 0 are likely

A

^We are of course assuming that the present electro-weak vacuum is stable.
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to be only local. Incidentally we found tha t for me varied between -500 
and 500 m^^ is in fact higher for positive values of me-

The im portant parameters when searching for absolute minima are 
found to be fi and me; it is therefore im portant to understand in what 
part of the space jjL-me the sets giving real eigenvalues of the neutral 
Higgs boson mass m atrix really are.
So far we have been discussing only mass upper bounds, and only those 
parameters which gave the highest value of m^^ for each value of Bi and 
03 were selected for numerical minimization of the effective potential. 
However, this means tha t the resulting sets may turn out to be be 
predominantly in a certain region of the space n-me- This is indeed 
the case, as we can see in Fig. 5.22, 5.23 (to save time, unless stated 
otherwise, 03 is given just 10 values rather 100) where mg is plotted 
against fj, for the case Mj/± =200-800 GeV, SUSY scale equal to 174 
GeV and 0i =  0.001 rad (all the other parameters being as in Tab. 
5.1): in particular, in Fig. 5.22 only the sets giving the upper bounds 
are considered whereas in Fig. 5.23 all the sets giving the highest value 
of m/i for each value of the N field fraction where 0.5 is the imag
inary part component of the N field in the normalised eigenvector  ̂ of 
m/i  ̂ are considered (this is done for each value of 01 and 03).
In this way we make sure to have sets corresponding to high as well as 
low content of the N field.
The squares and crosses refer to the points respectively for the first 
half of values of 03 and for the second one, going from the lowest to the 
highest one.
It is clear tha t in both the figures the sets giving the mass upper bounds 
are localised preferably in the region where mg > 0; in fact, for higher 
values of M^±  (which means higher values of ug) decoupling is stronger, 
which in turn favours positive values of mg, for which the potential is 
more likely to have a minimum with respect to Ug, as can be seen from

^It should be remembered that mg is a dimensionful quantity with dimension 
[GeV]. The minus sign is allowed within the effective potential as well as the positive 
sign.

^Note th a t the eigenvectors are normalised to one. Note also that when the 
theorem of 4.2 does not hold anymore, the N field fraction will be given by jugA +
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^  )> 0 4. By decoupling we mean the lightest neutral Higgs boson be
ing completely a singlet, which requires either the N field and two Higgs 
doublet sectors being not connected, or Ug much bigger than Vq =  174 
GeV, so tha t the singlet field predominates. The latter condition can 
be effectively relaxed as even for small values of ug (of the same order 
of Uo) the N field can predominate, as can be inferred by the formula 
(4.17). This will be discussed furthermore in the next chapter, when 
the singlet field percentage in the eigenvector of the lightest neutral 
Higgs boson is shown.

It is worth emphasizing further the fact tha t high values of Mh± imply 
high values of ug. In our analysis, once and Ug are given, then 
is given too; however, a high value for Mh± together with a small value 
for ug will most likely result in a value for m i 2 such tha t the potential 
does not have a minimum anymore.
Another feature visible from the graphs is that takes preferably neg
ative values and th a t in the case of decoupling tuq negative means that 
/i is negative too ® (this turns out to be true in general, although the 
opposite is certainly false).
On the other hand, taking the range =  55 — 200 GeV decoupling 
is not enhanced anymore and consequently one has sets with positive 
as well as negative values of mg, as can be seen in Fig. 5.24 which is 
to be compared to Fig. 5.23. However, one also notices tha t negative 
values of mg predominate for 0g > $i and vice versa for positive val
ues of mg; this also explains why the range with —500 < mg < 500 
gives more sets than the range with —500 < mg < 0 for the first half 
of the 0g interval whereas for the second half the number of sets for 
the two cases is almost the same (only those sets with mg < 0 being 
allowed), as can be seen in Fig. 5.25 ® (the parameters are as in Tab.

'^That it is not just the sets giving the highest values of m/i, to have positive 
values of mg can be inferred looking at Fig. 5.30, where —500 < mg < 0, and 5.27, 
which gives the total number of sets with real m /u.

®This is only true when small CP violating phases are considered; for big phases, 
H can be positive together with rriQ being negative; it seems that this happens 
preferentially for O3  >  d i.

®The number of sets which give real is bigger than the number of sets plotted 
in Fig. 5.24 where just those sets which give the highest values of m/i  ̂ are plotted. %
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5.1 with Mff± =  55 — 200 GeV and SUSY breaking scale equal to 174 
GeV) where the crosses are for —500 < mg < 500 and the diamonds 
are for —500 < mg < 0  ̂(similar graphs are obtained for the cases with 
01 = 0 .01, 0.1 rad respectively).
The way to understand the behaviour outlined requires the following 
observation:
the soft term m i2 is in general positive for 0g > 0i; this threatens to 
destabilize the potential, so th a t a reduction of Ug is required, the net 
effect being tha t the upper bound on M^±  can still be saturated. For 
0g < 01, m i2 can be either positive or negative, depending on the al
lowed values of M h± and ug; for high values of Ug (which means bigger 
values of m/J negative values of m^g will result.
We then have tha t for 0g < 0i, Ug will be preferably high (compatibly 
with the range within which Mj.j± is varied) whereas for 0g > 0i , ug will 
be smaller. The parameter /j, has the opposite behaviour to mjg.

We can understand what we have seen so far in the following way:

a) High values of M h± (decoupling)

Bigger values of Ug (greater than ug) at the potential minimum the 
N held fraction is high and almost independent of 0g and Ug =>me > 0 
preferred and bigger values of m/̂  result; for 0g < 0i, m^g can be both 
positive and negative; for 0g > 0i, m 2̂ becomes positive and increases 
with ug; this then requires ug to decrease slightly, in order to suppress 
the effect of m j2 on the effective potential. is seen to take all pos
sible values allowed, no m atter what the values of 0g are; high values 
of M h± are preferred as higher values of rrih are obtained, mg takes 
preferably positive values, no m atter what 0g is, as ug is always quite 
big (see case b for comparison).

b) Low values of M h± (incomplete decoupling)

is worth mentioning that if saturation were achieved than for 03 > 01 the 
crosses and the diamonds should coincide; nontheless, the mass upper bounds 
change insignificantly.
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Very low values of vs required for the potential to have a minimum 
=> the N field fraction is low and increases with 03 and ug 
For 03 > 01 becomes positive and increases with this then 
requires Ug to decrease in order to suppress the effect of on the 
effective potential, the values falling down quite sharply due to the low 
values of M h±. M jj± is seen to take all possible values allowed, no 
m atter what the values of 0g are; high values of M h± are preferred 
as higher values of rrih are obtained. The resulting N field percentage 
for mass upper bound is independent of 03, as we will see in the next 
chapter.

When ug sharply decreases, so do and m |, which go from posi
tive values to negative ones; on the other hand m 3, m | and mg remain 
positive and increase, so th a t for the potential to have a minimum with 
respect to 0g, mg has to take negative values.
So we have tha t high values of Ug (i.e. 0g < 0%) imply mg > 0 whereas 
low values of ug (i.e. 03 > 0i) imply tuq < 0 .

Fig. 5.25 tells us tha t the number of sets for —500 < mg < 500 is 
bigger than for the case —500 < mg < 0 because in the former case 
mg can be either positive or negative, the number of sets with mg > 0 
being much higher. Also shown is the case for —500 < mg < 500, with 
A =  0.1 and k = 0.65, where decoupling is much enhanced (because of 
the smallness of A) and the number of sets can then increase with 0g.

The case 0j =  1 rad, where the theorem certainly does not hold 
anymore, is shown in Fig. 5.26; the increase in the number of sets after 
0g =  1 rad is explained by the fact tha t the sum of the CP violating 
phases exceeds tt/2: in fact, after 0g =  tt/2  the number of sets declines 
and the picture for small values of 0g is reproduced.
Analogous graphs are shown in Fig. 5.27, 5.28 for the case =  
200 — 800 GeV for 0i =  0.001 rad and 0i =  1 rad respectively. De
coupling is this time enhanced, so tha t for 0 < mg < 500 we expect 
fewer cases than for —500 < mg <  500 because only those sets with mg 
close to zero will give real m/ .̂. This is confirmed by the correspond
ing graphs of Fig. 5.29, 5.30, 5.31 and 5.32 where again mg is plotted

*See the formula (4.17).
A
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Figure 5.22: SUSY breaking 
scale=174 GeV. M^r±=200- 
800 GeV and -500 < itiq < 
500. niQ plotted against fj, 
for the case = 0.001 rad and 
^3 =  0 — 2^1. The points cor
respond to the sets which give 
the final mass upper bounds 
(see the Text); squares are for 
^3 =  0 — and crosses are for
^3 — 01 — 2^1.
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Figure 5.24: SUSY breaking 
scale=174 GeV. =55-200 
GeV and —500 < me < 500. 
rriQ plotted against /i for the 
case ^1= 0.001 rad and 9s =  
0 —26>i. The points correspond 
to the sets which give the high
est values of rrih for each value 
of I(25p (see the Text); squares 
are for 6*3 =  0 — and crosses 
are for 6 3  ~  61 — 26i.

Figure 5.23: SUSY breaking 
scale=174 GeV. M ij±= 200- 
800 GeV and —500 < tuq < 
500. 7726 plotted against /2 for 
the case = 0.001 rad and ^3 =  
0 — 26*1. The points correspond 
to the sets which give the high
est values of rrih for each value 
of I asp  (see the Text); squares 
are for ^3 =  0 — and crosses 
are for 9  ̂ = 9\ — 29i.

10=

Figure 5.25: SUSY breaking 
scale=174 GeV. =55-200 
GeV. Number of sets (Ns) with 
real rriĥ  plotted against 9  ̂ for 
the case 0i=0.001 rad. Crosses 
are for —500 < me <  500 
and diamonds are for —500 < 
me < 0. The case for —500 < 
me <  500 and A =  0.1 and 
k =  0.65 is also shown (con
tinuous line).

:
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Figure 5.26: SUSY breaking 
scale=174 GeV. Mjj±=55-200 
GeV. Number of sets (Ns) with 
real m/i. plotted against 9s for 
the case ^ i= l  rad. Crosses are 
for —500 < nfiQ < 500 and dia
monds are for —500 < rriQ < 0.
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Figure 5.27: SUSY breaking 
scale=174 GeV. A7j^±=200- 
800 GeV. Number of sets (Ns) 
with real rrih. plotted against 
9s for the case = 0.001 rad. 
Crosses are for —500 < ttiq < 
500 and diamonds are for 
—500 < rriQ < 0.
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Figure 5.28: SUSY breaking 
scale=174 GeV. M h±=200- 
800 GeV. Number of sets 
(Ns) with real m/̂ . plotted 
against 9s for the case ^%=1 
rad. Crosses are for —500 < 
rriQ < 500 and diamonds are 
for —500 < me < 0.

Figure 5.29: SUSY breaking 
scale=174 GeV. M h±=200- 
800 GeV and —500 < me < 0 . 
me plotted against for the 
case 01= 0.001 rad and 03 =  
0 — 201. The points corre
spond to the sets which give 
the final mass upper bounds 
(see the Text); squares are for 
03 =  0 — 01 and crosses are for
03 — 0]̂ — 201.
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Figure 5.30: SUSY breaking 
scale=174 GeV. Mif±=200- 
800 GeV and —500 < me < 0. 
me plotted against jj, for the 
case ^1—0.001 rad and 6 3  — 
0 — 201- The points correspond 
to the sets which give the high
est values of m/i for each value 
of \asp (see the Text); squares 
are for 03 =  0 — 0% and crosses 
are for 0g =  01 — 20i.
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Figure 5.31: SUSY breaking 
scale=174 GeV. =55-200 
GeV and —500 < me < 0 . me 
plotted against jj, for the case 
01= 0.001 rad and 03 =  0 — 20i_ 
The points correspond to the 
sets which give the final mass 
upper bounds (see the Text); 
squares are for 03 =  0 — 01 and 
crosses are for 03 =  01 — 20i.
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Figure 5.32: SUSY breaking 
scale=174 GeV. =55-200 
GeV and —500 < me < 0. uiq 
plotted against ^  for the case 
01= 0.001 rad and 03 =  0 — 20i. 
The points correspond to the 
sets which give the highest val
ues of m/i for each value of |asp 
(see the Text); squares are for 
03 =  0 — 01 and crosses are for 
3̂ — ^1 ~  201.
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against fi.
Finally it should be noticed tha t increasing the SUSY breaking scale 
to 1 TeV does not change the picture we have outlined.

5.4.2 A b so lu te  m inim a

The mass bounds shown in the previous sections correspond to local 
minima of the effective potential. We now check th a t some points can 
be found which correspond to absolute minima and give rather similar 
curves, though computer time limitations make these bounds statisti
cally weaker.
W hat we have seen in 5.4.1 is im portant as far as the search for abso
lute minima is concerned; in fact, as we have mentioned before, positive 
high values of uiq are likely to give rise to local minima only, so that 
we do not expect to find any absolute minima in this region.
Coming now to the method we used in the search for absolute minima, 
we repeated the same analysis we performed when looking for the mass 
upper bounds on rrih ,̂ but this time storing for each value of 03 those 
100 sets which gave the 100 highest values for m/j^; we then minimised 
the effective potential in the hope tha t for each value of 03 a set could 
be found among the 100 stored whose corresponding minimum of the 
effective potential happened to be an absolute one, starting with the 
sets with highest corresponding values of rriĥ  and going downward. 
This method has the advantage of being very fast, assuming tha t some 
sets which give absolute minima are to be found. However, the curves 
so obtained are no longer mass upper bounds, unless very close to the 
real upper bounds (where the minima are in general local). This is 
because the absolute minima have been found for only a subset of the 
parameter space. Other sets could give absolute minima with higher 
masses, but these would of course be below the local minima bounds. 
It should be noticed tha t if a set is found to give rise to a local minimum 
only, this means tha t there are values of the vevs and the phases differ
ent from the ones chosen for which the potential has a deeper minimum. 
This is equivalent to saying tha t the absolute minimum occurs for the 
same set of soft terms but a different values of tan^, U3, 6\ and 03, as
suming tha t the absolute minimum so found is CP violating. However, 
one should then check the resulting mass spectrum; although this can
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in principle be done the procedure is not suitable for an understanding 
of the mass bounds themselves.

We have found tha t the search was unsuccessful for M h± = 200 — 800 
GeV, as expected, due to the fact tha t all the sets (namely those one 
hundred sets which give the highest values of rUh for each value of 03) 
have high positive values of uiq and U3, no m atter what the SUSY scale 
is. However, solutions with M h± =  200 — 800 GeV were found taking 
iJiQ =  0 , and with Mjj± =  55 — 200 GeV and any tuq.
In Fig. 5.33, 5.34, 5.35, 5.36 the continuous lines show the lightest 
neutral Higgs boson mass as a function of 03 (03 is varied 100 times) 
for 01= 1, 0.1, 0.01, 0.001 rad respectively, for a SUSY scale equal to 
1 TeV and for rriQ set equal to zero; the dotted lines show instead the 
same bounds where the minima have been checked to be absolute ones. 
Analogous graphs with —500 < ttiq < 0 can be easily obtained.

It is im portant to assess in which area of the parameter space ab
solute minima are more likely to be found. This of course requires a 
big number of absolute minima in the first place. We have repeatedly 
performed the analysis described in the previous pages for both SUSY 
scales of 1 TeV and 174 GeV and for both the ranges of M ^±  of Tab.
5.1. We assume tha t for 0i=O.OOl, 0.01 rad all the parameter space 
we have considered is certainly within the small CP violating phases 
regime (we have in fact verified tha t in all the numerical analysis for 
these values of 01 the lightest neutral Higgs boson eigenvector was to 
a very good degree pseudoscalar), so tha t we will just consider those 
absolute minima found for these value of 01, with 03 being varied as 
usual between 0 and 20%.
We show in Fig. 5.37 itiq against for those sets whose correspond
ing minimum was an absolute one for 0i=O.OOl, 0.01 rad; in partic
ular the sets correspond to ttiq — 0, —500 < mg < 0 as well as 
—500 < mg < 500, the latter one for small values of Mjj± only. Note 
tha t the points with 03 < 01 correspond to high values of U3 and vice 
versa.
We have also looked for absolute minima for small CP violating phases 
in the case where ii is set equal to zero; no absolute minima could be 
found among the 100 sets stored for each value of 03; a more detailed 
analysis, choosing fixed values for 03 and increasing the number of sets
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Figure 5.33: 6 i ~ l  rad, SUSY 
breaking scale—1 TeV. Upper 
bound on the lightest neutral 
Higgs mass for me=0 (contin
uous line) and corresponding 
curve for which the minima 
are absolute ones (dotted line).

=55-200 GeV.

Figure 5.34: Same as in Fig. 
5.33, but with 0i=O.l rad.
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Figure 5.35: Same as in Fig.
5.33, but with ^i=0.01 rad.

Figure 5.36: Same as in Fig.
5.33, but with =0.001 rad.
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Figure 5.37: me plot
ted against /,i. The sets are for 

= 0 .001, 0.01 rad and abso
lute minima are found. Notice 
tha t no absolute minima could 
be found for /i =  0 , but only 
for small ji.
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Figure 5.38: SUSY breaking 
scale=174 GeV. M //±=55-200 
GeV and —500 < mg < 500. 
me plotted against U3 for the 
case 01= 0.001 rad and 03 =  
0 — 201. The points correspond 
to the sets which give the high
est values of m/i for each value 
of the N field fraction; squares 
are for 03 =  0 — 01 and crosses 
are for 03 =  01 — 20i .

Figure 5.39: SUSY breaking 
scale=174 GeV. M h±=55-200 
GeV and —500 < tti q  < 500 
and /i =  0 . me plotted against 
V3 for the case 0i = 0.001 rad 
and 03 =  0 — 201. The points 
correspond to the sets which 
give the highest values of rrih 
for each value of the N field 
fraction; squares are for 03 =
0 — 01 and crosses are for 03 =
01 -  201.
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from 100 to 10000 gave also no positive results. We also tried setting 7
me =  0, but once again no absolute minima could be found. Further- #
more, the absolute minima eventually found were all CP conserving. I
As an example of the difference setting /i equal to zero makes as far as 
populating the parameter space is concerned, we show in Fig. 5.38 and 
5.39 the case where M^±  =  55 — 200 GeV and the SUSY breaking scale 
is 174 GeV, with fj, set equal to zero in the latter one: mg is plotted I
against vs for all the sets giving the highest for jusl between 0 and 
1 (100 values were taken). We see tha t this time, although decoupling 
is disfavoured, mg does not take negative values when 63  >  9i as Ug 
does not decrease with 03: this is due to the fact tha t |m i2| can now be 
bigger without destabilizing the effective potential.
We also notice tha t very few cases are to be found for 03 > 6 \ and tha t 
the number of sets is generally higher for small values of M{j±.
However, this alone does not explain the unsuccessful search for abso
lute minima.

5.5 Second lightest neutral H iggs boson

So far we have discussed the lightest neutral Higgs bosons in the case of 
SCPV. However, we have not said anything about the resulting masses 
of the other neutral Higgs bosons. This is quite im portant as far as the 
experimental detection of any such particles is concerned, as we will see 
in more detail in the next chapter.
We show in Fig. 5.40, 5.41, 5.42 the second lightest neutral Higgs 
boson and the second lightest pseudoscalar as a function of M h± for 
01 =  03 =0.1, 0.01, 0.001 rad respectively. The unfixed parameters are 
varied randomly within the ranges given in Tab. 5.1.
Those sets which give the heaviest possible lightest neutral Higgs boson 
are kept, and the resulting eigenvalues and eigenvectors of the neutral 
Higgs boson mass m atrix stored. It is clear from the graphs tha t the #
second lightest pseudoscalar is much heavier than the second lightest 
neutral Higgs boson, which is then in the CP even sector.
We once again are allowed to speak of the CP odd and even sectors as 
if separate because we are in the small CP violating phases regime.

i
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In Fig. 5.43, 5.44, 5.45 the same graphs are shown but this time as a 
function of %, with M h± randomly varied between 200 and 800 GeV. 
We see tha t the second pseudoscalar is much heavier than the second 
lightest neutral Higgs boson; furthermore, its mass rises with Ug due 
to the high percentage of the N field in the eigenvector (see chapter 4) 
until eventually it stops rising due to the fact tha t M h± has reached 
the upper edge of the interval within which it is randomly varied. In 
fact, from the expression for charged Higgs boson mass (3.15) we see 
tha t M h± rises together with ug for fixed 9i and 0g.
On the other hand, the second lightest neutral Higgs boson mass seems 
not to depend either on Ug or on Mh± . This is due to the fact th a t the 
corresponding eigenvector is to be found predominantly in the Hi, H 2 

sector for values of Ug (M/j±) comparable or bigger than V q .

So we have found tha t for big values of ug or M^± one of the 
eigenvectors of the 3x3 CP even part of the neutral Higgs boson mass 
m atrix will decouple and become predominantly singlet, whereas the 
other two eigenvectors will be predominantly in the Hi, H 2 sector, 
therefore reproducing the picture we have in the MSSM 
This of course refers to those sets giving the upper bound on the lightest 
neutral Higgs boson only. However, bigger values of Ug correspond to 
bigger values of rrih, so tha t in this case the second lightest neutral 
Higgs boson will be predominantly doublet in general.
However, as far as the experimental testing of the model is concerned, 
it is also im portant to see how big the sum of the lightest and second 
lightest neutral Higgs bosons, i.e. itia +  rrihi can be, rather than single 
neutral Higgs bosons masses themselves (we will discuss the issue of 
the experimental testability of the model in chapter six). The relevant 
graphs are shown in Fig. 5.46, 5.47, 5.48, 5.49 for the range =  
55 — 200 GeV, and in Fig. 5.50, 5.51, 5.52, 5.53 for the range M h ± =  
200 -  800 GeV.
We note tha t for small phases mA + mh has a bound of the order of 100 
GeV, but can be much greater for large phases.
The other scalar neutral Higgs bosons can in general be quite heavy.

^We observe that this is not true if we take for example M^± between 55 and 
200 GeV; in this case in fact the second lightest neutral Higgs boson eigenvector 
will contain a non negligible content of the N field.
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Figure 5.40: &i =  03= 0.1
rad, SUSY breaking scale=174 
GeV. Lightest neutral Higgs 
boson (short dashed line), sec
ond lightest neutral Higgs bo
son (dotted line) and second 
lightest pseudoscalar (continu
ous line) masses as a function 
of Mÿ[±.
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Figure 5.41: Same as in Fig. 
5.40, but with 0i=O.Ol rad.
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Figure 5.42: Same as in Fig. 
5.40, but with 0% =  03= 0.001 
rad.

Figure 5.43: SUSY breaking 
scale=174 GeV. Lightest nen- 
tral Higgs boson (short dashed 
line), second lightest neutral 
Higgs boson (dotted line) and 
second lightest pseudoscalar 
(continuous line) masses as a 
function of %, for 0% =  03= 0.1 
rad.
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Figure 5.44: Same as in Fig. 
5.43, but with 9i ~  03= 0.01 
rad.

Figure 5.45: Same as in Fig. 
5.43, but with 9i = 03= 0.001 
rad. U3, for different values of
a  — 3̂)

like the second pseudoscalar.

5.6 H iggs spectrum  w hen CP is conserved
We show in this section the upper bound on the lightest neutral Higgs 
boson and the corresponding second lightest one for the case when 
no SCPV is assumed, as a comparison with the results shown in the 
previous section. In this case the angles 0i ,  0 3  are exactly zero and no 
light pseudoscalar is needed, as in the case when the angles are non 
zero and small.
Once again the parameters are randomly varied and the values of A 
and k fixed as in table 1; 1714 and &re also varied randomly, as they 
cannot be fixed through the equations (3.13) and (3.14) anymore, as 
they are satisfied identically when 01 =  03 =  0 , ms can still be traded 
for Mh±-
The lightest and second lightest neutral Higgs bosons can be CP odd or 
CP even, according to whether big or small values for M ^±  are taken; 
in the latter case the two pseudoscalars will be the heaviest of the five 
neutral Higgs bosons. However, it should be noted tha t as far as the 
lightest neutral Higgs boson mass is concerned, the upper bound on it

:

I
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Figure 5.48: Figure 5.49: =55-200
GeV. mA+JTLHi as a function of 
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Figure 5.52: Figure 5.53: =200-800
GeV. mA+rriHi as a function of 
^3. SUSY breaking scale=174 
GeV (lower line) and 1 TeV 
(higher line). Different values 
of 9i are taken, Fig. 5.50, 5.51, 
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is basically independent of M^f±, contrary to when SCPV is considered. 
In Fig, 5.54, 5.55 the lightest and second lightest neutral Higgs boson 
masses are plotted as a function of M e ± and tan/? is restricted to the 
interval 2-3, so tha t the b quark contribution to the RGE can be safely 
ignored.
In Fig. 5.56, 5.57 we show the lightest neutral Higgs boson mass as a 
function of tan ^  with the b quark contribution to the RGE taken into 
account (see Appendix A) for the case when A =  A; =  0.5. In particular 
the restriction on the value of so tha t perturbation theory still holds 
up to the unification scale is such tha t for the SUSY breaking scale 
equal either to EWSBS or to 1 TeV, \hi,\ < 1.0 .
In Fig. 5.58 and 5.59 A and k are varied to give as high as possible a 
value for rriĥ  assuming tha t perturbation theory still holds up to the 
unification scale [37], and taking a value of k at the energy scale of M z  
equal to 0.3.
The resulting graph of A as a function of tan ^  is shown in Fig. 5.60. 
The upper bounds show in this case a clear maximum for small values 
of tan^, as it should be expected from eq. (5.1) and in agreement with 
[37]. However, we are using the RGE approach rather than the one loop 
potential one, so tha t for too small values of k (required to achieve as 
big as possible values for A) the RGE are such tha t the Yg (see 3.4) 
quartic term can become negative, thus making the potential unstable 
and rendering local minima more unlikely, as can be seen by the graph 
of Fig.5.61 where m^o is plotted as a function of tan/? for /c =  0, a SUSY 
breaking scale equal to 1 TeV (continuous line) and =  200 — 800 
GeV (the range in which M h± is varied is not so im portant). It appears 
tha t the upper bound does not show a maximum anymore, and in fact 
the curve is for small values of tan/? lower than the corresponding one 
for a SUSY breaking scale equal to 174 GeV (dotted line) when the RGE 
are not im portant, and always lower than the corresponding curve for 
a SUSY breaking scale equal to 1 TeV and k ~  0.3, contrary to what 
should normally be the case.
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Figure 5.54: No SCPV, SUSY 
breaking
scales 174 GeV.Lightest neu
tral Higgs boson (short dashed 
line) and second lightest neu
tral Higgs boson (dotted line) 
masses as a function of M h± .
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Figure 5.55: No SCPV, SUSY 
breaking scale=l TeV, same as 
in Fig. 5.54.
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Figure 5.56: No SCPV. Up
per bound on the lightest neu
tral Higgs mass as a function 
of tan/9 for =55-200 GeV 
and SUSY breaking scale equal 
to 174 GeV (continuous line) 
and 1 TeV (dotted line), for 
X = k = 0.5.

Figure 5.57: Same as in Fig. 
5.56, but for =200-800 
GeV.
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Figure 5.58: No SCPV. Up
per bound on the lightest neu
tral Higgs mass as a function 
of tan^d for =55-200 GeV 
and SUSY breaking scale equal 
to 174 GeV (continuous line) 
and 1 TeV (dotted line) k = 
0.3 and A which varies as a 
function of tan/5 (see the tex t).

Figure 5.59: same as in Fig. 
5.58, but for =200-800 
GeV.
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Figure 5.60: A as a function of 
tan/3 for k =  0.3 (continuous 
line) and k= 0  (dotted line).

Figure 5.61: No SCPV. Up
per bound on the lightest neu
tral Higgs mass as a function of 
tan,d for M^±  =  200—800 GeV 
and SUSY breaking scale equal 
to 174 GeV (dotted line) and 
1 TeV (continuous line) k — 0 
and A which varies as a func
tion of tan/3 (see the text).
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5.7 Explicit CP violation

5.7.1 In trodu ction

So far we have discussed SCPV within the NMSSM as the only source 
of CP violation. However, CP violation can also be explicit.
There are two possible ways to break the CP symmetry explicitly, 
namely we can take complex Yukawa coupling constants (see [29]), so 
th a t the CP violation will not be in the Higgs sector, and/or we can 
take some of the parameters in the field dependent effective potential 
to be complex, so tha t new CP violating phases are introduced in the 
Higgs sector (in general some of these phases can be rotated away).
We will in particular analyse in this chapter the second possibility only. 
It must be emphasized tha t the vacuum is required to be CP violating 
as otherwise the potential is unstable (see [29]), so that the analysis of 
the previous chapter still holds. However, unlike the SCPV case, weak 
explicit CP violation does not require a light neutral pseudoscalar.
The analysis of explicit CP violation is motivated by the fact tha t it 
may represent a possible solution to the domain walls problem; an ex
plicit CP violating phase can in fact lift the degeneracy of the vacua. 
We will see in the next section what explicit CP violating phases we 
have in the NMSSM, and what the neutral Higgs mass spectrum looks 
like in the presence of these new phases.

5.7.2 N M S S M  and exp lic it C P vio lation

W ithin the NMSSM, there are several parameters which can be in prin
ciple complex, therefore inducing explicit CP violation. We can in fact 
have complex /r, A, k and r which are the parameters in the super
potential, as well as the soft-breaking masses corresponding to these 
parameters, namely rn^, m^. In particular m i2 can be taken to 
be real without loss of generality[8]. So far we treated and m 4 as 
real independent parameters; however, these soft mass terms are often
written as X A \ N  H 1H 2 and kA kN ^  where A \  and A^ have dimen
sions of mass. In this notation A, k and A{ can all be complex, which 
corresponds to taking and 7715 complex too. Nonetheless, these soft- 
masses can be taken as real without loss of generality as we can rotate
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( f T X N  + h.c) {H^ Hi +  ^ 2 ) (5.3)

and

away their phases redefining the fields N and Hi H 2 - 
We are then left with three terms only, namely, for a SUSY scale equal 
to the EWSB scale

Xk* Hi H 2 N  +  h,c (5.2) y

because of A and k being complex, together with the terms

+  . (5.4)

We then have three explicitly CP violating phases, namely 9expi  ̂ Oexp2 

and dgxps associated to the the three terms above

AV =  lAfcle"'®-»' (5.5)

/j*A =  |MA|e“’ '̂"-" (5.6)

r A* =  |r Ale"*®""*. (5.7)

For a generic SUSY scale the product A A; is Y7, so tha t this will have a 
phase attached to it. The RGE are not changed by the introduction of 
this new phase, as they simply fix the coefficients of the gauge sector 
of the effective potential, which cannot but be real.
The charged Higgs boson mass can still be taken as an independent 
parameter; however, the corresponding expression for M h± is now dif
ferent

M |±  =  (mi2 sm (6»3) -  Y7 sin{Ws 4- Oexpi)) /  (5.8)

{sin{9i + ^3) sinP cos(3) — T4 Uq .

Let us for the moment consider just one explicitly CP violating phase, 
i.e. 9f.xpi- We want to see what changes the introduction of 9gxpi brings 
to the picture we discussed in the previous chapter. Now in fact the 
degeneracy of the two CP odd vacua is lifted, so tha t Georgi-Pais like M
theorem does not hold anymore.
We show in the Fig. 5.62, 5.63 the upper bound on the lightest neu
tral Higgs boson mass as a function of 9exp for fixed values of 9i =  9̂  
equal to respectively 0 .001, 0.01 rad, and 9expi varied between -0.0001 
and -0.01 rad. The sign difference is necessary because otherwise no
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solutions are to be found for dexpi comparable to 5i, ^3. Unless other
wise specified, all the parameters are varied randomly within the same 
ranges as in Tab. 1.
We see th a t upper bound on M/̂  is larger in Fig. 5.62 as compared to 
5.63: this is because in the former case the explicit phase in compara
ble to the phases attached to the vevs whereas in the latter case the 
explicit phase is much smaller and therefore the small phases regime 
still holds to some extent.
In Fig. 5.64, 5.65 we show the same graphs but this time for $i =  6  ̂
equal to respectively 0.1 and 1 rad. From the Fig. 5.62, 5.63 we see 
tha t as 9exp goes to zero, the weak SCPV scenario we discussed before 
is resumed, and the mass of the lightest neutral Higgs boson, which is 
in the CP odd sector, falls down. In the last two figures instead, the 
behaviour is different as 9i — 9z is quite big, especially in the fourth 
one. Here for 9expi going to zero does not fall down, as this time we 
are not in the small phases regime, as confirmed also by the fact the y
lightest neutral Higgs boson is not this time mainly pseudoscalar.
Let us now consider the case where all the possible explicitly CP vio
lating phases are considered. We show in Fig. 5.66, 5.67, 5.68, 5.69 the 
same graphs as in Fig. 5.62, 5.63, 5.64, 5.65 but this time with 9expi,
9 e x p 2  and 9 e x p 3  varied randomly between - t t / 2  and t t / 2 .  The saturation 
of the graphs has this time required 1 million random iterations.
Because we are plotting an upper bound on the mass of the lightest neu
tral Higgs boson, big explicitly CP violating phases will be preferred 
when 91 and 9̂  are small, as in this way the degeneracy between the 
CP connected vacua is lifted and a big value for rrih is allowed. |

5.7.3 Sum m ary

We have briefly addressed the issue of explicit CP violation within 
the NMSSM, for the case where small SCPV phases are concerned.
This has im portant implications as far as baryogenesis and the domain 
wall problem are concerned. We have shown that explicit CP violating 
phases do alter the picture we outlined in the previous chapters, as 
expected. Experimentally it is going to be quite difficult to differenti
ate between explicit and spontaneous CP violation; even if the lightest 
neutral Higgs boson is quite heavy, therefore excluding the weak SCPV
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Figure 5.62: Oi = 9̂  = 0.001 
rad, SUSY breaking scale=174 
GeV and =200-800 GeV. 
Upper bound on the lightest 
neutral Higgs mass as a func
tion of 9expl-

52

50

â 48

46

4 4  I ■ 1 I I I I I « I I 1 » ■ I » I ±-I.-1-I-I-I-L.I_L...1. t..

-0 .0 1 2  -0 .0 1 0  -0 .0 0 0  -0 .0 0 6  -0 .0 0 4  -0 .0 0 2  O.Ol

Figure 5.63: Same as in Fig. 
5.62, but with 6i — #3= 0.01 
rad.
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Figure 5.64: Same as in Fig. 
5.62, but with #i =  #3= 0.1 rad.

Figure 5.65: Same as in Fig. 
5.62, but with #i =  #3=1 rad.
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5.66, but with 9i= l  rad.



70 CHAPTER 5. N E U TR A L HIGGS BOSONS

scenario, one may still argue about the possibility of explicit CP vio
lating phases being present.
However, any CP violating phase in the model will contribute to the 
electric and neutron dipole moments, and so possibly be in contra
diction with the experimental bounds. We will address this issue in 
chapter 7.

5.8 Sum m ary of th e chapter
We have seen tha t weak SCPV implies the presence of a light pseu
doscalar, and have studied in detail the corresponding mass spectrum 
for the three scenarios outlined in chapter 4.
We have discussed the role of A and k and their importance for the 
mass bounds on ttia for the case 9  ̂ »  9i.
The parameter space has also been studied in detail together with the 
discussion of the absolute minima of the effective potential, and the 
relevant parameters for the mass bounds shown. We have found in 
particular tha t for weak SCPV, all the solutions for /r =  0 were local, 
the absolute ones being CP conserving.
For weak SCPV the second lightest neutral Higgs boson is scalar, and 
predominantly doublet if M h± is large.
When CP is conserved, the lightest neutral Higgs boson is scalar, and 
A and k play an im portant role in the case of radiative corrections to 
the tree level bounds on rrih being considered.
Finally, we have also considered the explicit CP violation case, and seen |
tha t this time when the phases attached to the vevs are small no light 
pseudoscalar is present, because the degeneracy of the vacua is lifted, 
as should be expected.

I
I



Chapter 6 

Search for th e  SU SY  
spectrum

6.1 General review

It is im portant to establish whether any of the neutral Higgs bosons 
for the case of SCPV with small CP violating phases, can be observed 
experimentally in the future. At present, in SM and MSSM only, lower 
bounds for neutral Higgs boson for the former one and for the lightest 
scalar and pseudoscalar in the MSSM for the latter one, exist. In 
particular, within the SM the neutral Higgs boson is heavier than 107.9 
CeV with 95% confidence level, whereas for the MSSM the current limit 
is 88.3 CeV for the neutral scalar Higgs boson, and 88.4 CeV for the 
neutral pseudoscalar Higgs boson, with 95% confidence level [26]. For 
the MSSM the picture is more complicated as there are three neutral 
Higgs bosons which may be detected. This is obviously also true for 
the NMSSM, with the further complication of a fourth and fifth neutral 
Higgs boson, and the continuous presence of the singlet field, which 
does not couple to gauge bosons, quarks and leptons and thus renders 
detection more difficult than in the MSSM.
The hadron colliders and the e'  ̂e~ colliders exploit different channels 
as suitable for the detection of Higgs bosons so tha t a specific analysis 
for each is required[7j.
If CP is conserved, scalar and pseudoscalar neutral Higgs bosons will

71
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not mix and according to the range of masses allowed they will decay 
into different channels.
Let us observe first tha t within the electro-weak theory pseudoscalars 
do not couple to a pair of vector bosons, so tha t the process

—y X ~h A  (6 .1)

does not occur. This is clearly true only when CP is an exact symmetry. 
However, the same process involving scalars is possible

Z  + S  (6 .2)

(see Fig.6.1) and is the main search channel at LEP. In fact Z-kS can ide
ally be produced up to ^/s =  190 CeV centre of mass energy. The scalar 
so produced will then decay into the heaviest fermion anti-fermion pair 
kinematically allowed. For the case of the scalar decaying into a pair 
of bottom  anti-bottom  quarks the observation of the process requires 
b-tagging.
We can also have the production of a scalar as the result of the decay 
of a real Z (see Fig.6.2)

Z - k  +  ^ ^ 4 - Z + r  (6.3)

if the process is kinematically allowed. The resulting branching ratio 
must be lower than the experimental upper bound on the corresponding 
process in the SM, namely

Z-s-  /i  ̂+  C r .  (6.4)

As far as the pseudoscalars are concerned, processes like

Z  —y Si P Aj (6.5)

can take place, if kinematically allowed.
Even if not kinematically allowed for a real Z, this process is still pos
sible via a virtual Z

Z* —y Si P  A. (6 .6)

As already said, within the MSSM a lower bound of 88.4 GeV on the
mass of the lightest pseudoscalar exists[26]. This limit does not apply
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Figure 6.4:
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to the NMSSM because of the presence of the singlet field. In fact, 
within the MSSM at the tree level rrih is fixed when ttia and tan^  are 
given, and the couplings obey the sum rule

9z z s  +  9z s a  — {9z z s )  ( 6-7)

so th a t the two processes of eq.(6.2), (6.5) are complementary; this is 
the way employed to determine experimental lower bounds on rriA and 
rrih within the MSSM. However, within the NMSSM rrih and ttia are 
independent, so tha t the two processes cannot be compared with the 
corresponding ones of the MSSM.
As far as a hadron collider is concerned, a scalar or pseudoscalar neutral 
Higgs boson can be produced through gg, W W /ZZ fusion (Fig. 6.4, 
where the case of gluon fusion to give a pseudoscalar is shown)

g g - ^ q q A { S )  (6 .8)

where q can be either a b quark or t quark, or through the Yukawa 
process of Fig. 6.5.
As far as the vector-vector fusion production is concerned, the coupling 

with the scalar in the MSSM will only be a fraction of the SM one, as 
the coupling is shared by the two scalars h®, Neutral Higgs bosons 
can also be produced via Yukawa type diagrams similar to Fig. 6.5, 
where this time a virtual Z couples to a pair of fermions, i.e. bh (the top 
quark is too heavy to be produced at LEP2), with subsequent radiation
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of a Higgs boson, which can then decay to a pair of bb. This process 
is im portant for high values of ta.np only, when h(, is not negligible; 
through this process a neutral Higgs boson as heavy as 180 GeV is 
kinematically accessible at LEP2. We will not include this contribution 
in the forthcoming numerical analysis as we will restrict to small values 
of tan/?.

6.2 The N  field role in the weak SC P V  
regim e

The above discussion applies only when in the Higgs sector the CP 
symmetry is exactly conserved. However, the experimental analysis is 
very close to the one delineated above.
Unfortunately, the content of the singlet field in the eigenvectors of 
the five neutral Higgs bosons of the NMSSM reduces all the couplings 
when compared to the MSSM ones. This in turn means that, because 
of the absence at the tree level of VV coupling for the pseudoscalar, 
this particle will be extremely difficult to observe. On the other hand, 
things are not so bad if one looks for scalar neutral Higgs bosons rather 
than pseudoscalars, as in this case the production through vector boson 
fusion is possible.
For small values of ug (or M^±  ) such tha t no decoupling in the CP even 
sector occurs, the eigenvectors will contain a certain amount of the N 
field, so tha t any production will be reduced We will now discuss 
in detail how difficult it is to detect the pseudoscalar Higgs boson, i.e. 
how much weaker the coupling really is.
More precisely, we already know from the formula (4.17) (true assuming 
weak SCPV so tha t decoupling of the scalar and pseudoscalar sectors 
occurs) that, contrary to what could have been thought naively, the 
light pseudoscalar Higgs boson is predominantly singlet in most of the 
parameter space, so tha t indeed its coupling will be very much affected. 
We can see this explicitly by plotting the N field components of the

^Notice that the mass of the lightest neutral Higgs boson (which is CP odd) takes 
its maximum for a value of such that the decoupling occurs, so that rejecting 
such cases means having an even lighter mass for the pseudoscalar.
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lightest and second lightest neutral Higgs bosons for the cases of Fig. |
5.2, 5.3, 5.4 (a similar picture is obtained for a SUSY scale equal to
174 GeV) as a function of 0^, for the two ranges M jj±—55-200 GeV
and M/j±=200-800 GeV, as shown in Fig. 6.11, 6.9, 6.7 for the former |
range, and 6 .10, 6 .8 , 6.6 for the latter one (ten values of 6̂  have been
taken.
We show in Fig. 6.13, 6.15, 6.17 and 6.12, 6.14, 6.16 the corresponding 7
graphs when the SUSY breaking scale is equal to 174 GeV. In the 
range TUjyi—200-800 GeV the second lightest neutral Higgs boson is in 
the Hi, H 2 sector, as in the MSSM, whereas for the range 55-
200 GeV this is not true anymore, as the decoupling does not occur 
due to the constrained values of Mjy±, which in turn imposes an upper 7
constraint on the allowed values of .
Again we stress tha t the upper bounds on mh we have discussed in 7
chapter 5 correspond to a high content of the N field in the eigenvector 
of the lightest neutral Higgs boson itself; this is to be expected as ac
cording to the formula (4.17) the eigenvector of the pseudoscalar Higgs |
boson tends to be mostly N field, and this is confirmed numerically in I;
the region of the parameter space discussed. i

a

We have repeated the same numerical analysis as in the previous chap- #
ter, where we obtained the mass bounds on rrih for small CP violating ^
phases as a function of 3̂ for fixed values of 9 i , but this time imposing 
experimental cuts on the randomly generated samples of sets of param
eters. If
The imposed experimental constraints are those coming from LE Pl on 
the on-shell Z boson decays and from LEP2 on the processes of eq. #
(6 .1), (6 .2), (6 .6).
The constraint on the charged Higgs sector is explicitly imposed by our |
choice of as an independent parameter. M h± in turn has to be 
heavier than 69 GeV, according to [26] where a direct lower limit is 
cited. As explained in 3.5, we also have prediction for chargino and
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Figure 6.11: SUSY break
ing scale= l TeV. N field per
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the lightest (continuous line) 
and second lightest (dotted 
line) neutral Higgs bosons for 
Mjî± =55-200 GeV and differ
ent values of 01, 03 =  0 ~  20i, 
Fig. 6.7, 6.9.
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^The value of rrih is clearly smaller the the existing lower bound coming from 
LEP2, as the Z boson is on shell.

I
Iw
Î

neutralino masses. In particular, we required the lightest chargino to 
have a mass greater than 91 GeV [42]. As far as the experimental con
straint on the lightest neutralino mass is concerned, no experimental 
limit coming from the MSSM can be applied to the NMSSM, due to 
uncertain singlet admixture.

L E Pl results imply tha t the Z boson width should not be affected 
by the process of eq. (6.3). The corresponding decay width is [32]

M
r { Z ^ h ,  Iv,) =  ^  (1, xi.  x^) (6.9)

'
where

A(x, y, z) =  +  y'  ̂ +  — 2xy  -  2yz  -  2zx

Xi =  m \J M z ,  and

9zhih2 =  92 {cosj5{ai20>2  ̂— n2 2 nig) — s i n p { a n a 2z — ^2 1 0 1 3 )) (6 .1 0 )

where uy and Ü2j (j= l,5) are the eigenvectors of h\ and 6 2  respectively, 
in the unitary gauge (see Appendix C), with j= l ,5  indicating i?e (77f),

(Tfg), I m { H i )  {=Re{Hg)) ,  Re { N)  and I m { N )  respectively.
The experimental constraint is th a t B R { Z  h \h 2 ) < 10“  ̂ [33].
Also, the decay width for the process of eq. (6.5) should such tha t tha t 
[32]

r  ( z -4 /ïi V  r )  <  P''*' (6 .11)

where is the experimental upper bound for the corresponding pro
cess in the SM, equivalent to B R { Z  h N  l~) < 1.30 x 10“  ̂ [33] at 
rrih =  60 GeV and

r { z ^ h i  C r )  = s l z k A i n -  (6 .12)
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where p = m u jM z ,  x ~  E ^ j M z ,  Qzm- =  2e/sin{2dw),
C l ~  — I +  siv?{9w), Cr = sirP(9w), and

Qzzhi =  7T~~h~ cog/3 [an +  a 2̂ tan(3). (6.13)
Z COSuy/

We use hi rather than Si to differentiate between the SCPV case and 
the non SCPV one.

As far as the constraints coming from LEP2 are concerned, we fol
low the qualitative analysis of [34]. We calculate the total number of 
events, using the cross section formulae at the centre of mass energy 
for a given to tal luminosity. We assume, somewhat arbitrarily, an ex
perimental lower bound of approximately 20 (the discovery limit), that 
is to say at least 20 Higgs bosons need to be produced at LEP2 for 
certain discovery. Assuming then the maximum center of mass energy 
and total luminosity (given by the sum of the luminosities accumulated 
by the four experiments at LEP2 for tha t particular center of mass 
energy), it is possible to obtain upper limits on the couplings Zhihj 
and ZZhi,  against which the ones coming from the numerical analysis 
discussed in the previous chapter can be checked.
In principle one should use a Montecarlo simulation describing the de
cay of the produced Higgs bosons into channels like bh or r f . However, 
as discussed in [34], the above criterion does give results in good agree
ment with the more sophisticated LEP2 Montecarlo simulation, as long 
as the mass of the produced Higgs boson is not too close to Mz\ this 
is going to be certainly the case for tua and small CP violating phases, 
although not necessarily so for the second lightest neutral Higgs boson 
mass. We will nontheless stick to this assumption as an easy way to 
study qualitatively the impact the experimental constraints can have 
on the numerical analysis we discussed in the previous chapter.
The cross sections for the two processes of eq. (6.1) and (6.2) are re
spectively

(7 e —̂ h Z^ = R^ x (Jsm  6̂^ e —̂ h Z^ (6.14)

and
(7 € - 4- A Z^ =  R ^  X (7 6̂^ e —y A z ' j  (6.15)
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where [35]

7T « 4 f t  (^zft +  12V )  (1 +  (1 - i s i n ' ^ e w r )
192 s sin^dw cos^dw {I — / s y  (6.16)

is the corresponding SM cross section for a Higgs boson of mass equal 
to rrih (î^a) respectively, and

^zk  — I 1
M l + M l V  A M Î M I

s is the center of mass energy squared, and Rh (Ra ) is the ZZh (ZZA) 
coupling in units of the SM ZZh coupling.
The cross section for the process of eq. 6.6 is instead the following

"  = 2 A s s l n W e ^  (G.17)

A^/^(l,ï/i,y2)

(1 -  VzY  +
where yi = m \ J s  and yz = M §/s, \ { x , y , z )  =  T -  2xy —
2yz — 2zx.
The cross sections are calculated for each set of NMSSM parameters 
which gives real eigenvalues. All the neutral Higgs bosons are consid
ered as being a mixture of the CP odd and even sectors; the processes 
Z* - 4  hi hj and Z'^ ^  Z  hj are then considered (when the masses are 
such th a t the processes can be accessed at LEP2) and the correspond
ing cross-sections calculated.
The resulting number of events can be then obtained from the relation 
J C x a  = N  where cr is the cross section and N is the number of events. 
If the resulting number of events for a particular set of parameters and 
for a particular process is bigger than  ̂ 20 then the set is rejected on the

®In [34] a number of events equal to 50 is assumed as the discovery limit. How
ever, this number includes all possible Higgs boson available, namely three for the 
coupling Z Z h i  as with no CP violation there is no mixing between the even and 
odd Higgs sectors; this means that there is no vector-vector-boson coupling with a 
pseudoscalar Higgs boson and that the only Higgs bosons available are the scalar 
ones, which are three.
As we consider each channel independently, we assume a discovery limit of twenty 
events for each particular Higgs boson, not just the whole of them.
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basis tha t the corresponding mass spectrum would have been observed 
at LEP2 .
We have assumed in the numerical analysis outlined in the next section 
i / s  =  189 GeV and f  £=175 x 4p6“ \  the four factor being the number 
of the experiments at LEP2.
In [34] the NMSSM was discussed without SCPV, with the result tha t a 
lower experimental bound has been established on the (4,4) matrix ele
ment of the 5 x 5  neutral Higgs boson mass matrix, namely (4,4) > 69 
GeV under the assnmption tha t the lightest neutral Higgs boson is 
heavier than 12 GeV, so tha t the decay into 66 is available [36]. This 
added experimental constraint is clearly not valid when SCPV is consid
ered; however, for small CP violating phases such tha t the CP odd and 
CP even sectors can be considered as decoupled, then one should also 
implement this constraint. Unfortunately, when 0% =  0.001, 0.01 rad 
the lightest neutral Higgs boson is below 12 GeV so this constraint 
does not play any role; for 0% = 0.1 rad the param eter space is not 
always within the small CP violating phases regime, th a t is to say the 
mixing between the CP odd and CP even part is not negligible (par
ticularly for high values of ug).
It should be noted tha t we have neglected Yukawa type diagrams con
tributions where the virtual Z couples to a pair of fermions, i.e. 66 
(the top quark is too heavy to be produced at LEP2), with subsequent 
radiation of a Higgs boson, which can then decay to a pair of 66. This 
process is im portant for high values of tan/3 only, when hi, is not neg
ligible; through this process a second lightest neutral Higgs boson as 
heavy as 180 GeV is kinematically accessible at LEP2 , whereas we have 
found th a t an upper bound close to 120 GeV exists 
As far as the experimental constraint on the lightest chargino is con
cerned, the current lower bound on its mass is 91 GeV [42].

6.3.2 N um erical resu lts

We show in Fig. 6.18, 6.20, 6.22 the lightest neutral Higgs boson mass 
as a function of 03, varied between zero and twice 0i (for a total of 10

'^Note however th a t this upper bound is increased by the inclusion of stop quarks 
contributions to the radiative corrections.
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points), for fixed values of 9i equal to 0 .001, 0.01 and 0.1 rad respec
tively. M h ± is randomly varied between 69 (although we have shown 
graphs for M j/±=55 GeV, for the experimental constraint we adopt the 
latest bound of 69 GeV) and 200 GeV, rriQ = —500 — 0 , the SUSY 
breaking scale is taken equal to 1 TeV (continuous line) and 174 GeV 
(dotted line) and X = k — 0.5.
Furthermore, in all the graphs, for each of the ten values of 9s one hun
dred thousand random samples of the unfixed parameters of Tab.5.1 
were performed.
The squares (SUSY=1 TeV) and diamonds (SUSY=174 GeV) show 
the corresponding upper bounds obtained when the experimental con
straints we discussed above are also imposed (when not present in the 
graphs, it just means tha t all the sets are experimentally ruled out), 
with the corresponding minima of the effective potential being in gen
eral local. The y axis is taken to be logarithmic in order to be able to 
distinguish the curves for different SUSY scales, as they are quite close.

A similar scenario is shown in Fig. 6.19, 6 .21, 6.23 where this time 
M h± is varied between 200 and 800 GeV.
The strongest experimental constraint for a SUSY scale equal to 174 
GeV and M h± =  69 — 200 GeV turned out to be the one coming from 
LE Pl. The sum of the masses of the lightest and second lightest neutral 
Higgs bosons is for example always below M z  when the SUSY scale is 
equal to 174 GeV and 9i = 0.001 rad; however, when the SUSY scale 
is equal to 1 TeV, the L E Pl constraints can be kinematically avoided, 
as can be seen in the graph of Fig. 6.18, where some experimental 
points are present for 03 < 0% (squares). It should noted tha t when 03 
is increased, the number of sets giving real eigenvalues drops down, so 
tha t fewer cases can be tested against the experimental constraints (see 
chapter 5, section 5.4.)
On the other hand, for the range M r ± = 200 — 800 GeV we do get sets 
which pass all the experimental constraints, as this time the number of 
sets which give real eigenvalues in the first place is bigger, and the up
per bound on the sum of the masses of the lightest and second lightest 
neutral Higgs boson avoids the L E Pl constraint.
We have restricted ourselves to the regime where 03 is smaller or of the 
same order than 0i; the case when 0  ̂ < <  03 has not been studied as 
decoupling occurs and the pseudoscalar is almost completely singlet.
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Figure 6.23: Upper bound on 
the lightest neutral Higgs bo
son mass as a function of 6z for 
different values of &i. M{{± =  
200 -  800 GeV and SUSY 
breaking scale equal to 1 TeV 
(continuous line) and 174 GeV 
(dotted line). Experimental 
upper bounds are also shown 
(squares for SU8Y=1  TeV 
and diamonds for SUSY=174 
GeV).



6.3. NUM ERICAL A N A LYSIS  85

as discussed in 6.2. However, decoupling can be desirable because in 
this case the second lightest neutral Higgs boson is almost completely 
in the Hi H 2 sector and therefore detectable without any suppression 
coming from the N held content in the corresponding eigenvector. 
Furthermore, we have not considered the case where A is taken to be 
small. Although this allows a much bigger number of sets to have real 
eigenvalues, it constrains the mass of the second lightest neutral Higgs 
boson to lower values, implying a stronger suppression coming from the 
L E Pl constraint.
We have seen tha t because of the N held presence, the small SCPV 
scenario cannot be ruled out experimentally; however, we need to as
sess how much N held does need to be present in the eigenvector of 
the lightest neutral Higgs boson for this to be the case. This can be 
seen easily enough taking for example hxed values of Oi and 0^, and 
plotting m/ll as a function of the N held percentage in the eigenvec
tor. We show in Fig. 6.24, 6.26, 6.25 and 6.27 the cases 0.001, 
0.01 rad, uiq =  —500 — 0 GeV, the SUSY scale equal to 174 GeV, and 
M h ^ =  69 — 200 GeV and M h± = 200 — 800 GeV: diamonds are the 
corresponding points with the experimental constraints satished; when 
no diamond is shown, it just means tha t all the sets were ruled out.
We draw the obvious conclusion th a t for the experimental constraints 

to be satished, a high content of the N held in the eigenvector is re
quired, i.e. >  90%, which turns out to be natural. Also, L E Pl con
straints play an im portant role, especially for low values of M h± and 
exact SUSY.
However, note the number of sets upon which the experimental con
straints are imposed must be large, and for M ^±=69-200 GeV and a 
SUSY scale of 174 GeV, turns out to be instead quite small (less than 
few hundreds per one hundred thousand random parameter sets).

6.3.3 Conclusions
We have discussed in this chapter the issue of whether the weak SCPV 
scenario within the NMSSM can in any way be tested experimentally 
by LEP2. The typical processes where a virtual Z couples to one or a 
pair of neutral Higgs bosons were considered; in particular, we included 
all the hve neutral Higgs bosons in the analysis, if their masses turned
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■j’f-
out to be accessible at LEP2.
The discussion presented was qualitative as no realistic montecarlo ;i
analysis was considered, but rather the single cross sections were taken, 
and from them the number of events obtained; the criterion was th a t if
20 neutral Higgs bosons of the same mass can be produced in the first I
place, then they would certainly be observed. The analysis is certainly
simplistic, but nontheless gives some insight into the possible testing of À
the model experimentally.
At first sight a light pseudoscalar neutral Higgs boson should be easily 
accessible at LEP, and indeed within the MSSM a lower bound of about 
70 GeV on its mass is reported. However, we have shown th a t for weak 
SCPV within the NMSSM, in a vast region of the parameter space the
pseudoscalar is to a large extent mainly singlet, so tha t its coupling is |
much reduced. The main consequence is tha t both its production and 
its decay are much reduced, so tha t it can easily escape detection. The
second lightest neutral Higgs boson in the scenario is a scalar, and in |
certain areas of the parameter space, where the light pseudoscalar is I
almost completely singlet, is mainly in the Hi H 2 sector; furthermore, j
its mass has an upper bound which at the tree level is within the reach 7
of LEP2 . Although in general LEP2 cannot rule out the existence of 
such a particle, and so the scenario as a whole, future colliders like LHC
should be able to. Even if one thinks of fine tuning the parameters in 7
such a way tha t detection of the light pseudoscalar and lightest scalar 
are hard, LHC should in any case be able to access the other neutral 
Higgs bosons. The N field presence in itself is extremely im portant par
ticularly for the pseudoscalar, and in general, to a certain degree, for
all the other neutral Higgs bosons as well, but it will not prevent the |
overall testability of the whole scenario by LHC as, if one particular I
coupling is suppressed, there will be another one which is enhanced, 
similarly to what happens within the MSSM with the lightest neutral
and pseudoscalar Higgs bosons. 7
Yukawa type diagrams have been neglected because we have considered
small values of tan/5, for which these diagrams are negligible at LEP2. |
In the analysis we have also included the constraints coming from L E Pl !l
and imposed the lower bounds on the charginos masses. 7
However, for simplicity we have not included constraints coming from 
hadron colliders.
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The result, based on the limit coming from LEP2 , is tha t weak SCPV 
in the NMSSM cannot be ruled out yet, and calls attention to the pos
sibility tha t a light pseudoscalar neutral Higgs boson can have escaped 
detection so far.
The result is qualitative, as the space of unknown parameters in the 
model is large, and on the experimental side it does not take sufficient 
account of the complexities of decay modes and detector efficiencies. 
Note also tha t a light neutral Higgs boson can actually very well es
cape detection in other models, such as the two Higgs doublet model 
[43] [44], so emphasising the need for future experiments to search for 
light neutral Higgs bosons.



C hapter 7 

N eutron  and electron dipole  
m om ents

7.1 Introduction

In this chapter we study the neutron and electron dipole moments 
(nEDM and eEDM), as a possible probe of the feasibility of the spon
taneous CP violation scenario for the NMSSM, when the CP violating 
phases are not small. This is necessary in order to establish whether 
big CP violating phases can be taken, as the small CP violating phases 
regime might be ruled out by future collider experiments like LHC.
In particular the cancellation mechanism will be investigated.
Large CP violating phases are compatible with LEP but give rise neces
sarily to a big contribution to the neutron and electron dipole moments. 
The experimental upper bounds have been decreasing in recent years, 
and are currently, for the neutron n E D M  <  6 x e cm [45] and for 
the electron e E D M  < 4.3 x 10“^̂  e cm (see [46]).
It should be noted tha t within the SM the nEDM is predicted to be 
of the order of O(10~^^)ecm, whereas the eEDM is predicted to be 
< <  10“®̂ ecm  (see [47] and references therein). W ithin the SM CP- 
violation can arise from weak interaction as well as strong interaction 
(we will not discuss the latter case in this work). In the former case the 
CP violating phases are those of the Kobayashi-Maskawa (KM) m atrix 
for the quarks, and there are analogous CP violating phases in the lep-

89
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tonic sector if at least two neutrinos are massive (otherwise the electron 
EDM would be zero, as the CP violating phases can be rotated away). 
However, the CP violating phases cancel at the one loop level and the 
resulting EDMs are zero. At the two loop level it is found tha t the sum 
of all the contributions is exactly equal to zero, both for the electron 
and neutron, so tha t one has to go at least to the three loop level to find 
non zero EDMs. This in turn explains the smallness of the resulting 
EDMs, which are well below any possible experimental investigation. 
W ithin SUSY theories, limiting ourselves to the KM CP violating 
phases, we still find tha t the one loop contributions are equal to zero, 
and tha t the sum of the two loop contributions vanishes, as within 
the SM. However, many other CP violating phases can be present in 
the model, so tha t in general one loop contributions will be different 
from zero. In fact, it is known tha t in SUSY EDMs are in general big
ger than the experimental bounds, unless the CP violating phases are 
< 0.01 rad.
A study of the neutron and electron EDMs can then provide insight 
into the physics beyond the standard model.
Our aim is to study numerically the various contributions to the neu
tron and electron EDM within the NMSSM for the SCPV scenario and 
see under which conditions there is agreement with the experimental 
constraints.
In the second section of this chapter we review some of the many papers 
which have appeared in the last ten years or so about this subject.
In the third section we present the explicit formulas for all the relevant 
contributions to the electron and neutron EDMs.
In the fourth section we discuss a numerical analysis of the neutron and 
electron EDMs.

7.2 N D M  and EDM : a general review

There are more CP violation sources in supersymmetric theories than in 
the SM. Although this is an upside as far as baryogenesis is concerned, 
a possible inconsistency with the neutron and the electron dipole mo
ments experimental upper bounds can arise.
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The electric dipole interaction of a spin 1/2 particle /  with an electro
magnetic field can be described by an effective lagrangian

Cj = -^d f fcr>^‘' j 5 f E i i u  (7.1)

where df  is the EDM of the particle, /  is the spin 1/2 field, Fjj,  ̂ is 
the electromagnetic field, and =  f  [7 ^, 7̂ "] where 7  ̂ are the gamma 
matrices.
It should be noticed tha t a term  like in eq. (7.1) cannot be present at 
the tree level in a quantum field theory, because it is not renormalizable. 
However, such a term can occur at the one loop level, if CP violating 
interactions are present in the theory.
We generalise the idea, so tha t we can write an eflFective lagrangian

Ci  =  J 2  C,{Q) Oi{Q) (7.2)

where Ci{Q)  are Wilson coefficients evaluated at a scale Q, and Oi{Q)  
are CP violating operators. The coefficients Ci{Q)  are effectively the 
contributions to the EDM at the scale Q, as d/ was in eq. (7.1).
The dimension of Oi has to be bigger than four, as all the operators 
of dimension smaller than five are automatically CP conserving. The 
scale dependence of Q (Q ) has to be such tha t the product Ci{Q)  Oi {Q)  
is independent of Q.
We have effectively three operators, namely

= (7.3)

02 =  - | / < T ^ . 7 5 r “ / G “.  (7.4)

=  (7.5)

The first two are dimension five operators whereas the third one, first 
discussed by [49], has dimension six.
We can ignore operators of higher dimension on the ground th a t their 
contribution will be negligible compared to the ones given by lower
dimension operators. This assumption may turn  out to be wrong for

. 7



92 CH APTER 7. NDM  AND EDM

big values of tan/? and if the squarks of the third generation are sig
nificantly lighter than those of the first two generations, so tha t the 
one-loop contributions are suppressed [51].
Higher-loop contributions like those of [50] are found to be one order 
of magnitude smaller the the one-loop contributions, and so they can 
be im portant in the case when the latter are suppressed, i.e. for large 
squark masses, or in the case of cancellation.
We will nontheless ignore these contributions on the basis tha t if can
cellation is possible, than it can occur also when these new diagrams 
are included, although these two-loop contributions have the same sign 
as the one-loop ones.
However, the two-loop six dimension purely gluonic operator O3 can
not be ignored compared to the five dimension operators, as there are 
no mass insertions required, which tend to somehow suppress Oi and 
O2 , so th a t its contribution can be quite big, although smaller than the 
former two.
Once again an effective lagrangian like the one in eq. (7.2) cannot be 
present at the tree level because it is not renormalizable. However, 
these terms are generated at the one loop level [Ci and C2 ) and two 
loop level ( C 3 ) .  The corresponding Feynman diagrams are shown in 
Fig. 7.37, 7.38, 7.40, 7.41 at the end of the chapter.
Note tha t for the chargino there are just two diagrams, i.e. one in 
which the couplings at the vertices are due to gauge and Yukawa 
interaction respectively (gaugino-higgsino diagram), and another one 
where the couplings at the vertices are both due to Yukawa interac
tions (higgsino-higgsino diagram). For neutralinos there is also the 
possibility of the couplings at the vertices being both due to the gauge 
interaction (gaugino-gaugino diagram).
It should be stressed th a t the operators O2 and O3 do not contribute 
to the electron EDM. As far as the neutron EDM is concerned, all the 
operators O ,̂ i= l,2 ,3  contribute and have to be calculated at the rele
vant scale Q where all QCD contributions are comparable, namely Q Ps 
EWS. They have then to be run down using the RGE approach to the 
scale relevant for the neutron, namely A q c d  ~  237 MeV, in order to 
be able to compare the theoretical prediction with the experimentally 
measured value. This has been done in [52] [58] considering the b and c 
quark thresholds, which tend to enhance the magnitude of the neutron

a
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EDM, as well as the chiral symmetry breaking scale % 1.18 GeV 
threshold, which instead tends to suppress the final value of EDM.
In the region between and A q c d ,  QCD is not perturbative, so tha t 
dimensional analysis is used instead [48]. The final result is

C9{Ad = ViC!iQ)  (7.6)

where r]i 1.53 and ^  ~  3.4.
The dimensional analysis then gives for the EDM d/ of a quark /

i^x)  +  ^  (̂ 2 i^x)  +  - ^ ^ 3  i^x) ■ -7)

To obtain the neutron EDM from the EDMs of the single quarks, a 
model of the neutron has to be assumed. It is customary to assume for 
the neutron the non relativistic quark model, so that

4 1
dn ~  g gdii (7.8)

where dn is the neutron EDM, and da, du are the d and u quark EDMs 
respectively. This assumption is known to work very well for the baryon 
magnetic dipole moments [19].
However, it should be born in mind tha t one could think of assuming 
instead the relativistic quark-parton model [55] [56] and in th a t case 
the overall normalisation and even sign of the various contributions are 
different; furthermore, in the latter model we also have a contribution 
from the s quark, which is completely absent in the non relativistic 
quark model (see also [57]). However, as long as cancellation occurs 
mainly within the dominant term  which contributes to the nEDM, i.e. 
the d quark contribution (the u quark contribution is suppressed due 
to the smaller mass when compared with the d quark), then both the 
models should give the same qualitative answer.
The six dimension purely gluonic operator was originally found to give 
by far the biggest contribution of all [54] ; however, a subsequent analy
sis found tha t this is not the case [58], and tha t the one loop contribu
tions are bigger, the biggest being those of Fig. 7.37, 7.38. An analysis 
of this contribution and of the others to the neutron EDM within the 
context of SUSY theories can be found in [52] and [53].
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In particular, in [52], the QCD correction factors to the various Wil
son operators contributing to the nEDM are studied, and the order 
of magnitude for the resulting nEDM within the supergravity inspired 
MSSM has been assessed. For a generic CP violating phase the re
sult is tha t PS 9.7 x lO“^^sin0e cm, d^^  ps 2.1 x 10” ^̂ sinç!» e cm 
and d^  Ps 4.6 x 10~^^sin<^e cm where d^^  is the quark electric dipole 
moment contribution, d ^^  is the quark colour dipole moment contribu
tion and d^ is the six dimension purely gluonic operator contribution. 
In [53] it is shown that in the limit where supersymmetry is exact, all the 
contributions to the neutron and electron EDMs have to vanish because 
they are not supersymmetric. An analysis of the various contributions 
within the context of the supergravity inspired MSSM, with the CP 
violation coming from an explicit CP violating phase attached to the 
gluino mass, has given the following results: \d^\ Ps 3.2x 10“ ^̂ sin(/> e cm, 
\du^ \ Pz: 2.1 X lO“^^sin0e cm, Ps 3.4 x e cm where d f is
the quark EDM contribution associated to the Feynman diagrams in 
Fig. 7.37, 7.38, d^^ and d^^ are the quark colour dipole moment contri
butions and (f) is the CP violating phase. There are two colour dipole 
moment operators as the quark masses are not on shell, so tha t the 
quarks in the neutron are not taken to be free: this is done for the sake 
of generality as otherwise the second operator reduces to the first one. 
For the six dimension purely gluonic operator the result is tha t its con
tribution to the nEDM is approximately equal to 4.6 x lO“ ^^sin0 e cm. 
The single contributions are all bigger than the current experimental 
upper bound on the NDM, so tha t either is small or the squark 
masses are very large (the possibility of cancellation will be discussed 
later).
The latter idea is further discussed in [59] within the framework of 
the super gravity inspired MSSM, where the one loop order terms con
tributing to the neutron EDM and electron EDM are studied. No chro
moelectric or two loop order terms are considered, as supposed to be 
smaller than the one loop terms, and the non relativistic quark model 
for the neutron is assumed (see eq. (7.8)). The CP violation is taken 
to come from explicit CP violating phases attached to m n  and Af,  the 
first one being the (2 ,2) term of the chargino mass matrix, and the sec
ond one being the tri-linear term which enters the squark mass matrix 
(the /  refers to the flavour). This is just an assumption as more phases
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can be present in the model.
The result obtained is tha t when squarks are heavier than few TeV, the 
one loop contributions are under control. In fact, the single contribu
tions actually get smaller and smaller for heavier squark masses; even 
when the soft masses are taken to be independent, heavy squarks still 
imply a smaller neutron EDM.
It was also found tha t there are regions in the parameter space where 
the electron EDM is bigger than the neutron EDM, therefore represent
ing a stronger constraint.
However, squark masses bigger than 1 TeV means tha t the hierarchy 
problem reappears, so tha t a possible alternative solution is wanted.
In [60] an analogous study is pursued, this time employing the RGE, 
and in particular the two loop order gauge and Yukawa coupling con
stants RGE. The ^  and B parameters of the MSSM are determined by 
minimising the full one loop potential. No CP violation other than the 
one coming with the Yukawa coupling constants is assumed; however, 
because the tri-linear terms Ai depend on the Yukawa coupling con
stants, CP violating phases are induced at low energy, so th a t the one 
loop diagram amplitudes are not equal to zero.
The value of Hq, which is the common value of the tri-linear terms at 
the unification scale, is constrained so tha t no colour breaking minima 
occur. It is found numerically th a t the neutron EDM lies in the range 
10“ ^̂ , 10~^^e cm, therefore far below the experimental lower bound. 
This study does not assume any unnatural constraint on the magni
tude of the phases. However, more phases can be present in the model, 
therefore raising the magnitude of the neutron and electron EDMs.
In [61] a possible cancellation mechanism is proposed among all the 
possible terms contributing to the final expression of neutron and elec
tron EDMs. The model considered is the MSSM within the framework 
of supergravity theories, with the one loop correction to the tree level 
potential including contributions from top, stop, bottom  and sbottom 
squarks. The RGE are used to fix the soft-terms, starting from the 
value at the unification scale for A q and mo, these being the common 
values of the tri-linear and soft-breaking masses respectively. Both the 
one and two loop order diagrams contributing to the EDMs are consid
ered and the non relativistic quark model for the neutron is assumed 
(see eq.(7.8)).
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The CP violating phases are attached to /io and A q at the unification 
scale. The RGE then make all the Ai {i = t, 6, r, u, d, e) at low energy 
complex; the phase of q, instead does not run.
The conclusion is tha t cancellation occurs significantly among the dif
ferent contributions for a SUSY spectrum in the limit of 0 (1) TeV, so 
tha t even for big phases (of the order of 0 (1  — 10"^)) there can still 
be agreement with the experimental bounds. The destructive interfer
ence among the different contributions can be such th a t the upper limit 
on electron EDM can be a more stringent constraint than the neutron 
EDM.
However, any significant cancellation needs the two phases to have op
posite sign.
In [62] a similar analysis is pursued, considering this time all the possi
ble phases in the model, namely the phase attached to the n  parameter 
in the superpotential, two phases attached to two of the the gaugino 
mass terms, and the four phases attached to the four tri-linear soft 
terms Au, Ad, At  and Hg. Any other phase can be rotated away (SCPV 
is not considered because the model is the MSSM).
A numerical analysis is then discussed for both the electron and neu
tron EDMs.
As far as the electron EDM is concerned, cancellation seems to occur 
between the chargino contribution and the gaugino-higgsino mixing di
agrams (we mean by this th a t in the relevant loop diagram, one vertex 
will be given by a gauge coupling and the other one by a Yukawa cou
pling) of the neutralino contribution quite naturally, due to the opposite 
sign of the phase attached to the ^  parameter entering the contribu
tions, as long as the chargino and neutralino contribution are of the 
same magnitude. In general neutralino contributions are smaller than 
chargino’s, because of the smaller values of the function B(x) compared 
to A(x) (see the next section) due to the fact tha t the photon in the 
chargino one-loop diagram is emitted by a fermion field, whereas in 
the neutralino diagram it is emitted by a scalar field; also, in the neu
tralino sector there are two gaugino states, compared to only one for 
the chargino, and therefore the imaginary part of the matrices diago- 
nalizing the neutralino mass m atrix will be smaller than chargino ones 
(i.e. U and V, see D).
Taking big values of q. has the effect of suppressing the chargino-higgsino
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contribution and increasing the gaugino-gaugino one.
On the other hand cancellation between gaugino-gaugino and chargino 
contributions occurs if certain relations among the various phases are 
satisfied; it is found nontheless tha t this is indeed the case in a large 
part of the parameter space, bigger values of q, being preferred as in |
this way the size of the gaugino-gaugino and chargino contributions is {
comparable (in general neutralino contributions are smaller than any 
other contribution) and cancellation is easier to achieve. As far as the 
neutron EDM is concerned, cancellation is easier to obtain than in the 
electron EDM case, as there are more diagrams contributing. Chro
moelectric contributions coming from charginos and neutralinos can be 
safely neglected, together with the neutralino contribution associated 
to the diagram of Fig. 7.37. The six dimension purely gluonic operator 
on the other hand is not suppressed, and has then to be included.
The overall conclusion of the numerical analysis is tha t indeed cancel
lation is a general feature and occurs quite naturally due to certain 
approximate relations among the mass parameters and phases. These 
relations among the mass parameters are claimed to be natural, and 
not a kind of fine tuning,

7.3 Electron and neutron ED M s
We present in this section the explicit formulas for the single contribu
tions to the neutron and electron EDMs at the one and two loop level.
Let us start with those diagrams where a photon is emitted, namely 
those of Fig. 7.37, 7.38.
The gluino contribution is (see Fig. 7.37)

dg-glninJe =  (7-9)

where V f  = Dq2k ag = m,g is the gluino mass and

B{x) = (2{x — 1)2) ( l  T  X  - \ -2x ln  (%(1 — æ)"^)) .

:::r
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The D matrices are unitary matrices which diagonalise the squark mass 
m atrix squared, and are shown in detail in the appendix D together with 
the squark mass matrices squared, whose eigenvalues are and 
The index q in the formula refers to the quark whose EDM is calculated, 
so tha t for the neutron the d and u quarks have to be considered. The 
final EDM will be given by eq. (7.8). Gluinos do not couple to leptons 
so tha t no contribution of this kind arises for the electron.
For the chargino we have the diagram of Fig. 7.37 as well as the one of 
Fig. 7.38 contributing. For the u quark EDM [61]

S S i t  r
(7.10)

+  {Qu — Qi) ^

where A(r) — 2(1 — r)  ̂(3 — r +  2 /n ((1 — r) ^)) and

PmA =  /G, ( %  (7.11)

and

x/2mwsin(3 ’  ̂ y/2mwcos(5  ̂ ^

where i = l ,2 are the chargino mass m atrix eigenvalues. The U and 
V matrices (shown in detail in the appendix D) are the two unitary 
matrices required to diagonalise the chargino mass matrix; they are 
different, contrary to the squark case, as the chargino mass matrix is 
complex and not symmetric. The electron EDM contribution is then 
given by

2 f  777.2 _j_ \
de-ckarginol(^ =  E  ^  f 7) ^  j

where r «  =  17* ■=\ke\ Ul u -
Note tha t in the case of no mixing in the squark sector, i.e. when the 
off-diagonal elements of the squark mass matrices are neglected, and



7.3. ELEC TRO N  AND  N EU TRO N  EDM S  99

when terms in kl  and are neglected, it can be shown [59] tha t the 
chargino contribution is proportional to

T - T -  % V- (7.14)

For the neutralino we have just the diagram in Fig. 7.37, as for the 
gluino; the contribution is given by

df-ueutralino/e =  4^ E  E  ^  Q f  B  )  (7.15)

where

Tffik =  [a^XiiD^jif^ +  6o-A2î-Djijb +  ^f^biO'f2k) {co^uDf2k — k fX uD f ik )
(7.16)

and m^o, i= l,5  are the neutralino mass m atrix eigenvalues.
The D m atrix is the one which diagonalises the neutralino mass ma
trix, and X  are the corresponding eigenvectors. The electron EDM
contribution will be similar to the d quark EDM contribution, but with 
the relevant physical quantities of the d quark replaced by those of the 
electron.
We then have the chromoelectric operator contributions, induced by 
the dimension five operator

75 T “ q G""» (7.17)

and whose corresponding Feynman diagrams are shown in Fig. 7.39, 
7.40. The resulting gluino, neutralino and chargino dipole moment dc 
contributions are, respectively

=  (7,18)

= Ï &  E  E  7 m ( r , , , ) ^ B  ®  )  (7.19)
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F 2 4 fh^o f  r h \
(Tc XT' T^rn fifXi-C __̂ L̂
^q-neu tralino lQjj-2  ^  z D  ^'^Wlqik) ^  I j ^ 2

where

I"')
and

' “ ) s
j-"-"

Finally, we have the CP violating dimension six purely gluonic operator |

Cl ~  —~dP fajSj Gaiip (7.23)

where faf3j  are the Gell-Mann coefficients, is the totally antisym- I

,'S
metric tensor with e‘̂ 2̂3 _  and Ga^iu is the gluon field strength. The 
relevant diagram is shown in Fig. 7.41 and the associated contribution f
is given by A

= - 3a , “  4 )  H  zfj 4- (7.24)

-bmfo(4 -  z l ) I m  (rJ2) H  %2, zfj )

where

=  (7.25)

and

1 N H N 1N 2H{zi ,Z 2 ,Z3 ) = ~ dx du d y , x { l -  x ) u - - - -   (7.26)

with

Ni = u{l  — x) +  zsx{l ~~ x){ l  -  u) -  2ux{ziy  +  ^^(1 -  y)) (7.27)

V2 =  (1 — x)^(l — u)^ — ^ x ‘̂ {l — u Y  (7.28)

D  =  u ( l  — %) 4- 2337(1 — a:)(l — zi) 4- ux(z \y  4- 22(1 — y)). (7.29)

1:
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Note tha t the formulas above are for the MSSM. The corresponding 
ones for the NMSSM are just the same, but of course the squarks, 
charginos and neutralinos mass matrices will be different. Also, the 
number of neutralinos in the NMSSM is five instead of four, as in the 
MSSM.
As far as the CP violating phases are concerned, we just consider SCPV, 
in which we have only two phases, whereas a general MSSM has seven. 
These phases will enter the off-diagonal elements of all the mass ma
trices, as well as the (2 ,2) element of the chargino mass matrix. Also, 
we will consider small values of tan/3, so th a t the b quark contribution 
can be safely ignored.
As far as the determination of the relevant physical quantities at the 
M z  scale is concerned, we will use the Standard Model RGE for the 
quark masses from the GeV scale up to the M z  scale, whereas the 
two Higgs doublet model RGE are used to obtain the top quark mass, 
starting from the pole mass value of 174 GeV [52] [63]. All the cou
pling constants are also given at the M z  scale. However, the electron 
electric dipole moment should be calculated at the zero scale, where 
œem =  1/137.035.
Notice also tha t the assumed values of the current quark masses at low 
energy scale play an im portant role. However, we have verified th a t the 
overall conclusions coming from the numerical analysis presented in the 
next section, do not change when and rrid are two times bigger than 
the currently reported values [27].

7.4 N um erical analysis

In the first chapters we have discussed SCPV within the NMSSM, com
paring the results with the relevant limits set experimentally by L E Pl 
and LEP2.
We now want to assess what the resulting electron and neutron EDMs 
are, as a result of the presence of the CP violating phases coming from 
SCPV. We will not discuss the most general case where explicit phases 
are also considered.
The analysis of the electric dipole moments is largely independent of 
our analysis of the Higgs sector, as the only quantities which enter the
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expressions of the nEDM and eEDM are A, k, tan/3, ug, 6 i, 6  ̂ and /z, f
whereas all the other soft parameters introduced in the previous chap
ters enter only the Higgs sector. We can then confine our attention to 
these seven quantities, as the other parameters can be chosen to give a 
suitable Higgs spectrum compatible with the experimental constraints 
already discussed, as well as make sure tha t the resulting minima of the 
effective potential are absolute ones (this in particular implies taking q, 
different from zero for small CP violating phases, see chapter 5, section 
5.4).
The parameters and /i are varied randomly, within the same ranges 
as in Tab. 5.1, i.e. /i==-500-500 GeV and ^3=10-510 GeV, throughout 
all the analysis discussed in this section.
The other parameters are the squark soft-terms, whose correspond
ing terms, which appear in the lagrangian, are (only one generation is 
shown)

D - M l  Q ' Q -  Ml Ù’ Ù -  Ml D" D -  (7.30)

hu Q H2 tj +  Ad hd Hi Q D h.clj
where Mg is the left-handed doublet soft-term. Mu and Md are the 
corresponding right-handed ones, Au and Ad are the tri-linear con-

\  « 
plings, Q =  I j  j  is the doublet field, U — and D = are the

corresponding right-handed fields, Hi  and H 2 are the Higgs doublet 
fields, and hu and hd are the Yukawa coupling constants. Similar terms 
can be written for the s-leptons, with the difference tha t there are no 
right-handed neutrinos and s-neutrinos. The squark and slepton mass 
matrices will also contain terms depending on /z, Xv^ and kvs, because 
corresponding terms appear in the F term of the effective potential (see 
Appendix D).
As far as the CP violating phases are concerned though, it makes a 
difference whether we take these phases with positive or negative signs, 
whereas the Higgs spectrum analysis does not change. So we will al
low 9i and $3 to be either positive or negative; in particular we take 
the values of ffi, analogously with what we did for the Higgs spectrum, 
equal to 0 .001, 0 .01, 0 .1, 1 rad and -0 .001, -0 .01, -0 .1, -1 rad for a total 
of eight cases, with 63 varied for each case between zero and 26i and 
between —20i and zero. Note tha t the cases with 9i negative are ex-
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pected to be equivalent to the ones with 9i positive, as the soft terms 
are themselves allowed to take positive as well as negative values. We 
will refer to this as case (A).
However, we will also consider case (B), where all the soft terms are 
fixed to given values, and case (C) where the soft terms m, are taken 
equal to mo, A{ are taken equal to A q and the gaugino masses are taken 
to be

(sV s=)M , =  M 2 =  (3 g V s /)M i.

The parameters mo, Aq and M 2 are then varied randomly.
Cases (B) and (C) are considered for comparison with the Super gravity 
analysis, where all the soft-terms are fixed through the RGE; in prin
ciple then the corresponding Higgs sector should be considered too. In 
our case, we just make assumptions on the squark sector, so tha t the 
Higgs sector once again is unchanged. We of course expect cancellation 
to occur preferably for case (A), as compared to cases (B) and (C), 
because of the bigger number of parameters varied.

7.4,1 Case (A)

Let us start considering case (A), where, as well as /i and V3 , eleven 
soft terms in the squark mass matrices, the gluino mass term and the 
gauginos are picked at random, within ranges chosen such tha t squarks, 
gluinos and gauginos are not much heavier than 1 TeV, with preference 
to masses below 1 TeV. More precisely, two different ranges were con
sidered, as can be seen in Tab. 7.1, the first one with bigger top squark 
and gauginos masses than the second one.

The soft terms of Tab. 7.1 are chosen at random for each value of 
6*3. The number of sets considered for each value of 9  ̂ was 100. This 
number, although small, was chosen to speed up the numerical compu
tations, as a double integral within the expression of the six dimension 
purely gluonic operator is to be computed every time.
We plot the number of sets as a function of the corresponding |nEDM| 
where the x axis is divided in bins, we have Pig. 7.1, 7.2 for the first 
set of Tab. 7.1, and Fig. 7.3, 7.4 for the second set: the squares, di
amonds, bursts and crosses correspond to |^ i |= 0 .001, 0 .01 , 0 .1, 1 rad 
respectively.
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Table 7.1: Case (A). Ranges within which the parameters are randomly 
varied.

light q heavy q
M q , 100-600 GeV | 500-1000 GeV
Mu, 100-600 GeV 500-1000 GeV
Ma, 100-600 GeV 500-1000 GeV
Mq , 500-1000 GeV 1000-1500 GeV
Mt 500-1000 GeV 1000-1500 GeV
Me 100-600 GeV 500-1000 GeV
Me 100-600 GeV 500-1000 GeV
Au -500-500 GeV -1000-1000 GeV
Ad -500-500 GeV -1000-1000 GeV
At -100-100 GeV -100-100 GeV
Ae -500-500 GeV -1000-1000 GeV
Mg 174-674 GeV 1000-1500 GeV
M l 174-674 GeV 1000-1500 GeV
M g 174-674 GeV 1000-1500 GeV
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The curves in general show a peak around a certain value of the nEDM. 
We can clearly see tha t even for == 1 rad (^3 is not small either) cases 
can be found for which the resulting neutron EDM is far below the ex
perimental limit, suggesting th a t cancellation is occurring. However, 
the number of sets for which this is true is always small, confirming our 
expectations tha t for large phases the cancellation mechanism as a way 
to avoid the experimental constraints, is not natural.
Notice also tha t for the first set of parameters squarks are lighter 
(ps 500GeH) than for second one (% O(lTeV)), so tha t the corre
sponding values of the nEDM are consequently bigger, as it should 
be expected.
It is of interest to assess what are the im portant contributions between 
which cancellation occurs. For this purpose, we have studied a specific 
example (see Tab. 7.2), and considered all the single different contri
butions to the final values of the nEDM and eEDM. We have chosen 
the values for the various parameters in a way to have a value of the 
nEDM and eEDM in agreement with the experimental constraint, for 
the light q (I). In general, we have found th a t the relevant parameters 
for cancellation are M 2 , M q „  Md, and M g. M \  in fact just enters the 
neutralino mass matrix, which gives a smaller contribution when com
pared to the chargino and gluino ones, and the neutron EDM varies 
weakly with Mu, and Ai for i=u, d.
The stop soft terms enter only in the gluonic operator contribution, 
which is found to be always negligible compared to the other contribu
tions. In Fig. 7.5, 7.6, 7.7 and 7.8 we can see the nEDM as a function of 
the relevant parameters for cancellation, i.e. we have varied one single 
parameter each time and kept fixed the others, for the set 7.2.

To better understand what contributions are more relevant, and 
whether cancellation really takes place, we need to plot the single con
tributions as a function of one of the above four parameters, which are 
the ones to which cancellation is more sensitive. The graphs in Fig, 
7.9, 7.10, 7.11 and 7.12 show the ratio of the contributions normalised 
to the experimental upper bound on nEDM, and plotted as a function 
of Mg. The dotted lines show Pd,  where d is the experimental bound 
on the magnitude.

The behaviour of the chargino contribution is explained referring to 
7.14; it is clear th a t there are regions of the parameter space, when
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Figure 7.1: Tab. 7.1, light 
squark case. Number of sets vs 
logioQnFDMj) for 6>i~0.001 
rad (squares), 0.01 rad (dia
monds), 0.1 rad (bursts) and 1 
rad (crosses). The experimen
tal constraint is also shown.
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Figure 7.2: Tab. 7.1, light 
squark case. Number of sets vs 
logio(lnFDMl)  for (9i=-0.001 
rad (squares), -0.01 rad (dia
monds), -0.1 rad (bursts) and 
-1 rad (crosses). The ex
perimental constraint is also 
shown.

1000

100

1
•32 ■30 ■26 ■2

Figure 7.3: Tab. 7.1, heavy 
squark case. Number of sets vs 
^ogio(lnFVMj) for = 0.001 
rad (squares), 0.01 rad (dia
monds), 0.1 rad (bursts) and 1 
rad (crosses). The experimen
tal constraint is also shown.

Figure 7.4: Tab. 7.1, heavy 
squark case. Number of sets vs 
logiodnFBMj)  for = -0.001 
rad (squares), -0.01 rad (dia
monds), -0.1 rad (bursts) and 
-1 rad (crosses). The ex
perimental constraint is also 
shown.
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Table 7.2; Case (A). A particular case with cancellation.

88.758 GeV
Mqi 563.579 GeV
Mui 254.357 GeV
Mdr 128.123 GeV

727.729 GeV
Mt 996.014 GeV
Mb 330.501 GeV
M, 426.348 GeV
Au 16.880 GeV
Ad -462.039 GeV
At 24.548 GeV
Ae 355.591 GeV
M , 203.128 GeV
Ml 475.509 GeV
M2 370.373 GeV
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Figure 7.5: Tab. 7.2. To
tal NDM (continuous line), 
purely gluonic dimension six 
operator (squares) and one 
loop4-chromoelectric operator 
contribution (diamonds), nor
malised with the experimental 
upper bound (dotted lines), as 
a function of M 2 .
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Figure 7.6: Same as in Fig. 
7.5, as a function of M q .̂
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Figure 7.7: Same as in Fig. 
7.5, as a function of

Figure 7.8: Same as in Fig. 
7.5, as a function of M g.
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Figure 7.9: Tab.7.1. Chargino 
u quark contribution 
(duch) (continuous line), neu
tralinos u quark contribution 
(dun) (dotted line), gluino u 
quark contribution (dug) (dot- 
dashed line) and u quark one 
loop d-chromoelectric contri
bution (diamonds), normalised 
with the experimental upper 
bound, as a function of M2.
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Figure 7.10: Same as in Fig. 
7.9, but for the d quark contri
bution.
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Figure 7.11: Tab.7.1. u
quark chromoelectric chargino 
contribution (cru) (continuous 
line), u quark chromoelectric 
neutralino contribution (crun) 
(dotted line), u quark chro
moelectric gluino contribution 
(crug) (dot-dashed line) and 
u quark total chromoelectric 
contribution (diamonds), nor
malised with the experimental 
upper bound, as a function of 
M2.

Figure 7.12: Same as in Fig. 
7.11, but for the d quark con
tribution.
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M 2 is 0(100 GeV), where the u and d quark chargino contribution will 
have a peak, when there is a high degeneracy between the two chargino 
eigenvalues. We have seen tha t this does not occur for high values 
of M2, as it should be expected. Also, the d quark contribution can 
be smaller than the u quark contribution, despite the fact tha t the d 
quark is twice as heavy than the u quark, due to the various terms 
which enter the final expression of d^^^^argino This in
turn explains the fact th a t for the specific example shown cancella
tion occurs between the d and u quark contributions. For this to be 
possible, the d quark contribution must be suppressed in order to be 
comparable to the smaller u quark contribution, and also because the 
former one contributes 4 times more than the latter one. The d quark 
contribution is reduced due to the cancellation between the one-loop 
electromagnetic contribution and the chromoelectric one, especially as 
far as the charginos diagrams are concerned.
The gluonic operator, on the other hand, is always small. In fact, a 
region of the parameter space can always be chosen so tha t this is true, 
as the stops soft terms do not enter the other contributions.
Those sets which minimize the neutron EDM do not necessarily do 
so for the electron EDM and vice versa. However, sets can be found 
for which both nEDM and eEDM are below the experimental lower 
bounds, as for the case of Tab. 7.2. The number of sets for which this 
is possible is always very small compared to the overall number of sets 
(< 100 out of 2000), hinting to the need for a high fine tuning.

As already said, the /r parameter is varied randomly together with 
U3; it is of some interest to see which values of these two parameters are 
preferred for cancellation to occur. We show in Fig. 7.13, 7.14, 7.15, 
7.16 the values of jj, against 6*3 for case (A) and the two sets of Tab. 
7.1; we will just consider ^ i= l, -1 rad respectively, and those sets such 
th a t the nEDM is below the experimental upper limit; the diamonds 
and squares refer to values of U3 smaller and bigger than 250 GeV re
spectively.

The graphs for ^1—-1 rad and 9i=l  rad are one the reversal of the 
other, with respect to the ^3=0  axis, as expected. Also, V3 does not 
seem to be of any importance, as diamonds and squares are equally 
present. However, there are preferred regions of }i values. This again
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Figure 7.13: Light q (/) case. 
Values of /i vs $s for $i= l  rad 
and nEDM < exp.upper limit. 
Squares are for vs >250 GeV, 
and diamonds are for Vs <250 
GeV.
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Figure 7.15: heavy q (J) case. 
Values of ji vs 9  ̂ for rad 
and nEDM <exp.upper limit. 
Squares are for vz >250 GeV, 
and diamonds are for Vz <250 
GeV.
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Figure 7.14: Same as in Fig. 
7.13, but for 0 i= -l rad.
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Table 7.3: Case (B)

PIqr Mer ^0 Mg Ml M2
340 360 195 225 250 250 75 85

is due to the fact the chargino contribution, for which /i is a crucial 
parameter, is bigger than the others.
Similar graphs are given for the eEDM in Fig. 7.17, 7.18, 7.19, 7.20. 
Notice that the light q (I) case gives fewer sets in agreement with the 
experimental upper bound on nEDM (eEDM) than for the heavy q {J) 
case, as expected.

7.4.2 Case (B)

So far we have just varied randomly all the parameters entering the 
mass matrices. Let us now consider the case (B), where all the soft 
terms are fixed to the values of Tab. 7.3, taken from [62], where 
for the left-handed squarks soft terms, Mg. =  Mg^, for the right- 
handed squarks soft terms Mg. =  Mg^, and analogously for the slep- 
tons, Mjg. =  M eq and Mg. =  M^^; also, for all the trilinear couplings, 
Ai = A q, We obviously expect a smaller degree of cancellation, as the 
only parameters varied are vz and /i; however, these parameters are 
quite im portant as far as the chargino contribution is concerned, and 
so we still expect cancelation to be possible. This does occur, but in 
only about one tenth as many cases as case (A).
We once again plot the number of sets as a function of the correspond
ing nEDM, as in the previous analysis, in Fig. 7.21, 7.22, and the ones 
for eEDM in Fig. 7.23, 7.24. We show in Fig. 7.25, 7.26, 7.27 and 7.28 
the values of /i which give cancellation, for the nEDM, as given before, 
and found that, as in case (A), negative values of ii are preferred.

7.4.3 Case (C)

Let us now consider case (C). The parameters mo, A q and m2 are var
ied within the ranges 200-800 GeV, -100-100 GeV and 200-800 GeV
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Figure 7.17: Light squark case. 
Values of n  vs 9̂  for 6 i= l  rad 
and eEDM<exp.upper limit. 
Squares are for >250 GeV, 
and diamonds are for <250 
GeV.
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Figure 7.18: Same as in Fig. 
7.17, but for 9i=-l rad.
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Figure 7.19: Heavy squark
case. Values of fi vs O3 for 9i=l  
rad and eEDM<exp.upper 
limit. Squares are for V3 >250 
GeV, and diamonds are for 
U3 <250 GeV.

Figure 7.20: Same as in Fig. 
7.15, but for 9i=-l  rad.
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Figure 7.21: Case (B). Num
ber of sets vs logio(\nEDM\) 
for 91 = 1  rad.

Figure 7.22: Case (B). Num
ber of sets vs logio{\nEDM\) 
for 9i=-l  rad.
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Figure 7.23: Case (B). Num
ber of sets vs logiQ{\eEDM\) 
for ^1=1 rad.

Figure 7.24: Case (B). Num
ber of sets vs logiQ{\eEDM\) 
for 6i=-l  rad.
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Figure 7.25: Case (B). Val
ues of fi vs ^3 for ^1=1 rad 
and uBDM<exp.upper limit. 
Squares are for Ug >250 GeV, 
and diamonds are for ug <250 
GeV.

o § #
4 0 0 tJ -

Figure 7.26: Same as in Fig. 
7.25, but for 6i=~l rad.

□
o o

-1 .5  - 1 ,0  - 0 .5  0.1

□ □ □ s

Figure 7.27: Case (B). Val
ues of yu vs 9z for ^1=1 rad 
and eEDM<exp.upper limit. 
Squares are for Ug >250 GeV, 
and diamonds are for ug <250 
GeV.

Figure 7.28: Same as in Fig. 
7.25, but for 9i=~l rad.
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Figure 7.29: Case (C). Num
ber of sets vs logio{\nEDM\) 
for 9i—l  rad.

Figure 7.30: Case (C). Num
ber of sets vs logio{\nEDM\) 
for 6i=-l  rad.

respectively. A q is restricted to such a small range in order to avoid the 
stop masses squared from becoming negative, which would correspond 
to a colour breaking solution.
The results are shown in Fig. 7.29 and 7.30 for the nEDM, and 7.31, 
7.32 for the eEDM. There are about five times as many acceptable cases 
as in case (B).
Again, we show in Fig. 7.33, 7.34, 7.35, 7.36, the values of yu which 

give cancellation, for the nEDM and eEDM, as given before. We notice 
tha t this time we were able to find more cases which gave an eEDM 
below the experimental upper constraint, because of the bigger number 
of parameters being varied randomly, as compared with case (B).

The conclusion is again that, even for large phases, 0= 0(1), it is possi
ble to obtain cancellation such tha t the resulting values of nEDM and 
eEDM are smaller than the current upper limits. However, this is in 
general not easy to achieve (few tens of cases out of two thousand), and 
requires extreme fine tuning of the parameter space.

The aim of the analysis presented in this chapter was to study whether 
big CP violating phases are acceptable or not. This case must be stud
ied as the weak SCPV scenario may be ruled out by future experiments,
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Figure 7.31: Case (C). Num
ber of sets vs logio(\eEDM\) 
for 6*1=1 rad.

Figure 7.32: Case (C). Num
ber of sets vs logio{\eEDM\) 
for ^1 = - l  rad.

placing constraints on the smallness of 6i and 6*3.

The conclusion of the whole analysis is th a t SCPV within the NMSSM, 
with the assumptions we have discussed, requires, unless the sparticle 
masses are very large, CP violating phases to be of the order of 0 (1 0 “ )̂ 
or smaller, in order to have the nEDM and eEDM smaller than the ex
perimental upper limits, over a wide area of the parameter space. This 
in turn requires the lightest neutral Higgs boson to have a mass smaller 
than Mz-
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Figure 7.33: Case (C). Val
ues of vs ^3 for Oi=l rad 
and nEDM <exp.upper limit. 
Squares are for Ug >250 GeV, 
and diamonds are for <250 
GeV.
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Figure 7.35: Case (C). Val
ues of jji vs 03 for 01=1 rad 
and eEDM<exp.upper limit. 
Squares are for vs >250 GeV, 
and diamonds are for <250 
GeV.

C H APTER 7. NDM  AND EDM

[] □
2oo[r̂

□
It  □ !

Figure 7.34: Same as in Fig. 
7.33, but for 0 i= -l rad.
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Figure 7.36: Same as in Fig. 
7.35, but for 0 i= -l rad.
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qk(lk)< \ qkdk)

Qfdf)

Figure 7.37: Xi are the neutralinos, are the
charginos, and g are gluinos.
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qkdk)

/ ■s
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qf(if) X
+

X qf(if)

Y

Figure 7.38: 7  is the photon, qf (If) are quarks (leptons) 
and qk (h)  are squarks (sleptons).
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qk

q f g  b  g  qf

Figure 7.39: g are gluons and g are gluinos.
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Figure 7.40:
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Figure 7.41: are right-handed and left-handed stops.
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C onclusions

In this thesis we have discussed Spontaneous CP Violation within the 
Next-to-Minimal Supersymmetric Standard Model. We have consid
ered the most general superpotential, with no assumptions on the val
ues the soft-terms present in the corresponding effective potential. This 
results in a model with many independent parameters.
We have conducted a systematic analysis of the parameter space, and 
studied the resulting Higgs spectrum. We have discovered a behaviour 
similar to the one predicted by the Georgi-Pais theorem, i.e. for weak 
SCPV a light Higgs pseudoscalar is present. However, unlike what 
happens in the MSSM, this light pseudoscalar can be naturally highly 
singlet, and so invisible at the present colliders, as we have seen with 
regard to LEP2 .
We have also studied the constraints coming from the upper limits on 
the neutron and electron electric dipole moments, in connection with 
the case where the CP violating phases are large. We have found tha t 
the resulting nEDM and eEDM can be quite small, due to cancellation 
among the various terms contributing, but th a t this is not a natural oc
currence, suggesting tha t fine tuning of the parameter space is required. 
In view of this result, the SCPV scenario we outlined stands only for 
small or relatively small phases [9\ ^3 < 0.1 rad) with the consequence 
of a Higgs boson lighter than M%, which, as already noted, would be 
a pseudoscalar and predominantly singlet in a wide region of the pa
rameter space. The predicted Higgs spectrum is likely to be tested by 
future colliders such as LHC, thanks to the much higher luminosity and
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centre of mass energy.



A ppendix  A  

Coefficients in th e RG  
equations

The fi coefficients which appear in the right-hand side of the two dou
blets RG equations are, including also the b quark contribution, the 
following:

/ i  =  1 2  Yi — Y\ Q2 + 2) g\) +  2  Y^  4 -  4 Y^ -t- 4 1 3 1 4  H- 2  Y ^ -f-

+  ̂ (9<?2 4- 61 2̂,91 4- 4 -121^1 hi

A — 1 2 1 ^ —hg (9 ^24-3 gl)-\-2 Yq +12 ( I 2 /r^” h^)+4 Y^ +4 I 4+2  Y^ +

A  =  2  % + l ^ )  (3 } ^ + } ^ )-} ^  (9 ^ ^ + 3 g ^ ) + 6 h ^ + 4 1 ^ + 2  )1s+2 } ;"+

+ i ( 9  g ^ -Q g l  ĝ  +  3 ĝ ) -  12 hj

f i  =  2 Y i  (Yi +  K2 +  2 K4 +  4 Y 3 ) +  4Yj^ — Y4  (9 +  3 g,) +  3 ĝ  g +

+ 6 Y ih ^  + 1 2 h ^ h l  

fB =  2 Y s  (3^1 +  2^5 +  4Ks) +  2Fs (2%  +  %) 4- 8 }%?-- 

(9 #2 3- 3i;i) Iks 4-6 i s  

f 6 =  2Ve  (3^2  +  2^6 +  4F8) 4- 2^5  (2 K3 +  i^) +  8 ^7" -
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- g  ^6 (9 +  3 ^1) +  6 1̂6 hi

fr  =  2 Yf (I3 + 2 (I4 + hs + Ts + Ts)) — -  T7 (9 ̂ 2 +  ̂gl)  + 3 17 {h^ + hi)

/s =  21/^ 4- 2 b 4 4- 20

where gi, g2 , g  ̂ are the gauge coupling constants.



A ppendix  B  

M ass m atrices

We assume a generic SUSY breaking scale, take the most general super
potential as well as take all the soft masses as independent parameters. 
We take the the basis

Re{H 2 ), Im {H 2 ), Re{N), I m { N )} .

The neutral Higgs bosons mass m atrix at the tree level is then the 
following

1) =  4 cog(#i)2 4- 2 4- 2 (Ils 4-:t4) 4- 2]/s %% 4-2/j2-k

+4 yu A: Us cos(6s) +  2

M ^(l, 2) =  4F i vl sin{Oi) cos(^i)

( 1 ,  3 )  =  4  ( Y s  +  U i  U 2 C o s ( ^ i )  +  2  Y y  Ug c o s ( 2 ^ s )  — 2  77Z ,^2T

+2 ms Us cos(^s)

M ^(l, 4) == 4 (Is +  Y4 ) ui V2 Cos{&i) — 2 ms Us sin{9s) +  2 17 Ug sin(29^)
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M ^(l, 5) =  4 17 U3 V2 cos(—0s)+4 Ys v\ ug cos{9i) cos(9^)-{-2 ms U2+ 4/i k vi cos{9i)

M ^ ( l , 6 )  =  4 I - 5 U 3 U 1 sin{9z) cos(9i) -\-4 YyV2 Vs sin(—9s)

M ^ ( 2 , 2 )  -  4  vf sin^{9i)  +  2  F i  +  2  ( Y s  +  W )  4 -  2  u |  +  2 / / ^ +

+ 4 / i  k U 3 c o s  ( 03 )  +  2

M ^ ( 2 , 3 )  =  - 4  ( I 3 +  Y4) Vl V2 sin{9i) — 2Yyv^  s m ( 2 0 3 )  +  2  m s  U g  s m % )

A f ^ ( 2 , 4 )  =  — 4  ( I 3 + 1 4 )  U i  U 2 +  2  Y y  u |  c o s ( 2 ^ g )  —  2  m ^2 +  2  m s  u g  cos(9s)

M ^ ( 2 , 5 )  =  4 l Y  U 2 U 3 s m ( — 0 g )  — 4  Y s  U 3 U 1 cos(9s) s m ( ^ i ) — 4 y u  A ; u i s m ( ^ i )

M ^ ( 2 ,  6 )  =  - 4  Y 7 U g  U 2 C O s (  — 0 g )  “  4  I 5 U g  S m ( 0 g )  U i  S m ( 0 i )  +  2  m s  U 2

M ^ ( 3 , 3 )  = 4 Y ^ u |  +  2 1 ^ u ^  +  2 ( Y ^  +  } q ) u ^  +  2 Y ^ u ^  +  2 / +

+ 4 / i  A ;  U g  c o s ( 0 g )  +  2  m g

M " ( 3 , 4 )  =  0

M ^ ( 3 ,  5 )  =  4 1 Y  U i  U g  C O s ( ^ i  -  93) + 4  Yq U 2 U g  c o s ( ^ g )  +  4 y U  A)  U 2 +
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+2 m s  Vl cos{Oi)

M ^ ( 3 ,  6 )  =  4 ^ 7  Vl Vs sin(9i -  ^ 3 )  +  4  Yq V2 vq sin(9s) -  2  m s  u i  sin{9i)

( 4 , 4 )  =  2  Yg U g  +  2  (Y3 +  Y4) u ^  +  2  Y s  U g  +  2 / i ^  +  4 / i  k  u g  c o s (^3) +  2  m g

M ^ ( 4 ,  5 )  =  - 4  l Y  u i  U g  s m ( ( 9 i  —  0 g )  H — 2  m s  u %  s m ( f f i )

M ^ ( 4 , 6 )  =  4  Y 7 u i  U g  c o s (01  -  0 g )  —  2  m s  u i  c o s ( 0 1 )

M ^ ( 5 , 5 )  —  4 1 Y u i  U 2 c o s ( 0 i )  +  2 1 Y  ( 4 u g  c o s ( 0 g ) ^  +  2  U g )  +

+ 2  ( Y s  u ^  +  Y g  U g )  +  2  m 3 +  4 m ^  +  4  m g  u g  c o s ( 0 g )

M ^ ( 5 ,  6 )  =  4  Y ^ u i  U 2 sin{9i) +  8  Y g  u |  s m ( 0 g )  c o s ( 03 )  —  4 m g  u g  s m ( 0 g )

A f ^ ( 6 , 6 )  =  — 4  Y 7 U i  U 2 c o s ( 0 1 )  +  8  Y g  U g  s i 7 i ^ ( 0 g )  +  4  Y g  U g  +

+2  ( Y s  u ^  +  l Y  U g )  +  2  m g  -  4  m ^  -  4  m g  U g  c o s ( 0 g ) .

For the neutralinos, in the basis

where A2 and Ai are the SU(2) and U (l) gaugino fields, •0Hi and 
are the Higgsino fields, and is the sfield corresponding to the N
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field, the mass m atrix is
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M n ( l , l ) — Mg M n (l,2 ) =  0

M n (l,3 ) =  Vl e^V v^ M u (l, 4) =  ^ % / \ / 2

M n (l, 5) =  0 M n(2, 2) =  Ml

M n(2,3) =  e^V v^ M?%(2, 4) =

MM(2, 5) =  0 M n(3, 3) =  0

M n(3,4) = k Vs E M n(3,5) =  kV2

M n (4 ,4) = 0 M n(4, 5) = k v i

Mn{b, 5

! s / 2

= —2A V3

where Mg is the SU(2) gaugino mass and Mi is the U (l) gaugino mass. 
For the charginos, in the basis

where are the winos, and -0^  ̂ are the higgsinos^, the mass m atrix is 

M c(l, 1) =  Mg M c(2 ,2) =  —/i -  Aug 

M c(l, 2) =  Ug M c(2 ,1) =  .

^Note that =  (0m )



A ppendix  C 

N eutral H iggs boson m ass 
m atrix in th e unitary gauge

In the unitary gauge the two neutral Higgs boson fields are instead 
defined

=  Vl e‘®‘ +  e*®‘ (Si -  i {G cos0 -  A  sin0))  (C.4)

= V2 + S 2 + i {G sin0  + A  cos0) (C.5)

where Si, S 2 and A are the two scalar fields and the pseudoscalar one 
respectively, and G is the Goldstone boson field. The N field does not 
play any role in this transformation, as the Goldstone boson is in the 
Hi H 2 sector.
We can then reexpress the imaginary and real parts of H f  and 
terms of Si, S 2 , G and A through the orthogonal transformation whose 
m atrix is

A  B  \
P  [

H C J 
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'I

1
I-

In a general gauge the two neutral Higgs boson fields and the N field 
are defined as

= Re(H^) + i (C .l)

= Re{Hl) + i Im {H l)  (C.2)

N  =^Re{N) + i Im { N )  (C.3)

J
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4

I

where

A
(  P { 1 ,1) =  cos9i 

P ( l ,2 )  
\ P 4 , 4

P ( l ,2 )  =  —sin(Isin9i 
P ( 2 ,2) =  sin/3cos9i 
P(2,3)

P (l,3 )  =  0 \
P(2 ,3) =  0 
P{S,S) = l  J

B
(  P ( l ,4 )  =  0 P ( l , 5 ) = 0  P ( l ,  6) =  cos^sm 0i \

P (2 ,4) =  0 P(2, 5) = 0  P(2, 6) =  -cosScos9i
V P ( 3 , 4 ) - 0  P(3,5) = 0  P(3 ,6) =  0

and

C
/  P(4,4) =  0 P(4, 5) =  0 

P(4 ,5) P(5,5) =  l
\P ( 4 ,6 )  P(5,6)

P ( 4 ,6) =  s in ^   ̂
P (5 ,6 ) =  0 
P(6,6) =  0

m  the basis

(P e(P i), P e (P 2), Im {H 2 ) ,R e{N ), I m ( N ) ) .

The matrix P transforms the original 6x6 neutral Higgs boson mass 
matrix squared, , into a 6x6 with the sixth colum and row made of 
noughts, M |, i.e.

P ^ M ^ P M l

This transformation is necessary when the real couplings among neutral 
Higgs bosons (for example the ZhA coupling), given by the products 
of the corresponding physical eigenvectors, are required, so th a t the 
Goldstone boson component is rotated away.
Alternatively, one might work out the neutral Higgs boson mass m atrix 
squared directly in the unitary gauge.



A ppendix  D  

D iagonalization o f squarks, 
sleptons and chargino m ass 
m atrices

The general squark mass m atrix is

where the m atrix elements are in our case, for the up squarks 

M (l, 1) =  , M(2, 2 f  = +  Ag

M (l, 2)^ =  H u{AuV2 +  /iu i +  Aug , M (2 ,1)^ =  g

where
Au =  {Tÿ -  Q%^sin^6w)cos2p  M |

and

M ( l , l )  =  +  m^ + A d ,  M [ 2 , 2 f  =  m |  +  mg +  A j

M (l, 2)^ =  Pd(H.dfi + /r Ug gi(02+̂ 3)  ̂ M (2 ,1)^ =  g

for the down squarks, where

Ad =  {T^ -  Q%MsirS9w)cos2P Af|.
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This matrices are diagonilized by the unitary transformation

=  diag{\i, A;)

with
n  ~  f  \

 ̂ \  c o s ^  J  '

The phase 9q is given by tan9q = whereas <pq is such tha t
M l  =

For the sleptons we have analogous formulas, with corresponding soft- 
terms. However, there are not right-handed neutrinos and s-neutrinos.

The chargino mass m atrix is not hermitian, not symmetric and not 
real, so th a t two unitary matrices are required to diagonilize it, i.e.

U'*McV~^ =  Mn

with M d diagonal but not real. The matrices U' and V  satisfy the 
relation

and can be taken to be 

U' =

and

y  =

Writing Y'l — M ^ M c  and 5g =  the phases 0i, 0g, 0i and 0g
are given by ____________

2+ i(21)S i*(21)

COS Y —s i n ^ e
c o s ^

€ 0 8 ^

c o s ^

tan{9i) =  

tan{92) =

P i ( l l ) - P i ( 2 2 )

2+ 2(21) S';*(2l) 
52(11) -  52(22)
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tan{(j>2 ) =

Real(Si[12)

7m(S3(21))
Real{S2{2iy

We can redefine the m atrix U' so tha t the eigenvalues of Me are also
real; this is done multlpllng U' by the m atrix H, so tha t we have now

U = H x U '

with

H  = (  0.\  0 e'"»2

where 71 and 72 are the phases of the diagonal elements in M d -
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