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The Minimal Supersymmetric Standard Model (MSSM), despite being a theoretically
successful and highly predictive model, suffers from some technical setbacks and leaves
ample room for further modification. We analyzed two extended versions of the minimal
model; an MSSM with explicit CP—violation in the Higgs sector, and a model with an
extra singlet scalar Higgs field in addition to the two MSSM doublets, referred to as
the Next-to-Minimal Supersymmetric Standard Model (NMSSM). We looked for Higgs
signatures in both these non-minimal models, focussing mainly on the di-photon decay
mode of the Higgs boson, and found significant deviations from the MSSM scenario in

each case.
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Chapter 1

Introduction

1.1 Preliminaries

1.1.1 Motivation

The Standard Model (SM) of particle physics successfully classifies particles that exist
in nature and explicates their behaviour. It has endured many tests and precision
measurements throughout the later part of the 20th century. The discovery of W and
Z bosons [1, 2] and, more recently, the top quark [3] have served as important milestones
in the quest for validating the model as an ultimate description of nature. However.
with the passage of time it is showing certain loose ends and keeps ceasing to answer
questions pertinent to certain crucial phenomena. For example, the original form of
the SM thoery does not allow neutrinos to be massive while we now have plenty of
evidence that these particles indeed carry mass. Moreover, the model does not provide
sufficient explanation for the observed relic dark matter density and baryon asymmetry
in the universe.

To account for the masses of particles, which are originally forbidden in the model by

the electroweak (EW) symmetry, a so—called Higgs mechanism has to be incorporated



into the SM. This mechanism conjectures the ad—hoc presence vof a scalar Higgs field
in nature which interacts with all other particles, save photons, and imparts masses to
them by spontaneous electroweak symmetry breaking (EWSB). Thus the Higgs mecha-
nism makes up a vital cornerstone of the SM. In turn, the mechanism necessitates the
existence of one neutral scalar Higgs particle in the model.

The Higgs particle is perhaps the most elusive particle predicted by the SM. Tt
remains undiscovered four decades on since its postulation despite a hugely successful
LEP era and continued searches at the Tevatron. The Large Hadron Collider (LHC),
expected to begin operation in late 2007, bears a lot of promise in this regard as it is set
to venture into realms of high energy previously unexplored. However, before another
round of diligent hunting for the Higgs boson begins, we need to dig into the reason
why the collider searches so far have failed to reveal it, if it indeed exists in nature.

The SM, while hugely banking upon the Higgs mechanism for its own survival, fails
to provide any estimates on the mass of the Higgs particle. On the one hand, the model
requires the Higgs mass to be close to that of the Z boson for its phenomenological
justification while, on the other hand, the perturbative nature of the underlying theory
threatens to generate a Higgs mass too heavy to adeptly explain EWSB. Until this
ambiguity in the Higgs sector of the model is removed, an aura of speculation will
always surround the existence of a Higgs boson and its detectability at future colliders.

As a result of the above mentioned theoretical shortcomings, one is compelled to
think that the SM is not the sole representative of nature, and that there must lie
physics beyond it. The model, at best, could only be a low—energy effective limit
of a much more comprehensive theory with a far richer structure to explain particle
dynamics at very high energies. There are alternatives to the Higgs mechanism itself,

advocating dynamical generation of particle masses, which could result in the evasion



of the Higgs mass problem altogether from the theory. But owing to the technical
appeal and theoretical conformity of the Higgs mechanism, coupled with other basic
flaws of the SM, it seems a more appropriate choice to extend the model in a way that
the issues faced by it are emphatically addressed. Such efforts are also greatly upheld
by the inability of the SM to assimilate one of the four fundamental forces of nature —
gravitational force.

Supersymmetry (SUSY) was proposed some time ago as a symmetry of nature along
with the ones of the SM. The mere inclusioﬁ of this symmetry into the SM drastically
changes the whole picture. In a supersymmetric model, the Higgs field and the nature
of its mass term need not be mere improvisations, thus resulting in an answer to the
Higgs mass problem in a natural way.

The minimal (by particle content and gauge groups) extension of SM based on
SUSY, known as the Minimal Supersymmetric Standard Model (MSSM), predicts a
total of five Higgs particles in nature, two charged and three neutral. Importantly,
however, it fixes to a great deal the absolute waywardness in the mass of its lightest
(SM-like) Higgs boson, as the arbitrary parameter A on which it depends in the SM is
now defined in terms of the U(1)y and SU(2)1 gauge couplings g; and g». This provides
the experimentalists with a much narrower window to search for the Higgs particle
within. The direct implication is that the LHC has got a tremendous opportunity
to come up with a concrete verdict; either testify the existence of a Higgs boson by
discovering it, or discard the idea altogether.

However, the MSSM, although not only exquisitely answers questions relevant to the
Higgs particle but also throws adequate light on other unresolved matters, appears to
be pretty much a work in progress for various reasons. The bounds it sets on the mass

of the lightest Higgs, although crucial, are already in close range of current collider



experiments, resulting in the exclusion of a fair portion of its parameter space. In
addition, even if a single Higgs is observed at the Tevatron or LHC, over a large MSSM
parameter region no definite statement can be made from its mass or the currently
attainable level of precision in the measurement of its couplings, as to whether it belongs
to the SM or the MSSM. Finally, from a theoretical perspective, it suffers from the
notorious p—problem, making it all the more disputable.

Unless the experiments validate the MSSM in its current form, there lie a number
of ways in which it could be modified. One such possibility emerges through the
exploitation of certain new sources of CP-violation, apart from the CKM one which
originates from the inter—generational mixings in the quark sector of the SM. Moreover,
the Higgs sector of the minimal model could itself be further expanded in an attempt
to address the p—problem.

One such (minimal) extension is the Next-to-Minimal Supersymmetric Standard
Model (NMSSM) which predicts seven Higgs particles. This model, besides raising the
upper bound on the lightest MSSM Higgs mass by several GeVs, promises a distinctive
Higgs sector from that of the SM and the MSSM. Our aim with the present work is to
investigate such extensions of the MSSM and look for hints of new physics that more
efficiently and convincingly expounds nature and at the same time deviates from the

findings of both the SM and the MSSM.

1.1.2 Thesis structure

The thesis is organised as follows. In the remainder of this chapter we offer a brief
introduction of the SM followed by that of the Higgs mechanism. The generation of
masses for the SM particles is explained. We then overview the Higgs sector of the SM

and the problems that have hindered its discovery in experiments so far. We also dicuss



the production and decay channels of the SM Higgs and finally outline the prospects
of finding it in future experiments towards the end of the chapter.

The second chapter aims at building up a theoretical background to our work and
so starts off by shedding some light on the need to look beyond the SM. We focus
on two major problems of the SM, the hierarchy and naturalness problems, and
discuss the most adequate solution to them, supplied by SUSY. The structure of the
minimal model incorporating SUSY, the MSSM, is then thoroughly inspected. We
briefly outline the consequences of SUSY breaking, which is inevitable in the MSSM
due to the non—observation of an exact SUSY in nature. The final two sections of the
chapter are dedicated to the Higgs sector of the model. Emphasis is laid on the mass
spectrum of the Higgses and the bounds induced by the model on it. We then analyse
the phenomenology of the MSSM neutral Higgs sector focussing on its production and
decay modes favoured at the LHC. In the end, we sum up the results from the earlier
and current searches as well as potential signatures at future colliders.

In the third chapter we scrutinise a very crucial aspect of the MSSM left unaddressed
in the basic model. We examine how non—-SM CP-violation can be explicitly invoked in
the MSSM Higgs sector, thus helping to generate the right amount of CP-asymmetry as
suggested by the baryogenesis in the universe. We then look for ways of estimating the
CP-violating effects after highlighting the numerical procedures that we adopted for
this purpose. By a comparative analysis with a CP—conserving MSSM, we emphasize
that evidence for CP—violation in the Higgs sector could emerge at the LHC through
precise measurements of the Higgs branching ratio into two photons. We also investigate
the various factors contributing to CP—violation in the Higgs to 7y decay mode.

In the fourth chapter we delve into the NMSSM. We present a theoretical justifica-

tion of the model, noticing that it only extends the Higgs and Higgsino sectors of the



MSSM, while the rest of the particle spectrum remains essentially the same. We then
investigate the Higgs sector of the NMSSM and reestablish that the model promises
the discovery of at least one Higgs particle at the LHC if the complementarity of the
various production modes is thoroughly exploited. With a detailed numerical study
we then attempt to search for regions in the parameter space of the NMSSM which
exhibit distinctive signatures in the NMSSM from those in the MSSM. A thorough
signal-to—~background analysis of the di-photon decay mode of the Higgs boson alone
evokes an enormous possibility of affirming the non—minimal nature of the underlying
model. Such scenarios are presented at the end of the chapter.

Finally, in the last chapter, we sum up our conclusions and findings from the research

we indulged in and highlight the relevant projects that could follow.

1.2 The Standard Model

1.2.1 Structure of the Model

The Glashow—Weinberg—Salam EW theory [4] which describes the electromagnetic and
weak interactions between quarks and leptons, is a Yang-Mills theory [5] based on
the symmetry group SU(2)rx U(1)y. Combined with the SU(3)¢ based QCD gauge
theory [6] which describes the strong interactions between quarks, it provides a unified
framework, the SM, for these three forces of nature. The model, in its original form,
entails two kinds of fields:

i) The spin—1/2 fermionic or matter fields, which include the three generations of left—

handed and right-handed chiral quarks and leptons, fr p = %(12{:75) f. The left-handed



fermions are in weak isodoublets,

1 v c
I§L=4_r§ : L2=( ‘j) , Q2=< ) ) (1.1)
K JL 5/)L

The right-handed fermions are in weak isosinglets (neutrinos are taken to be massless

here and so appear only with their left-handed components),

€RrR, = €p, UR; = UR, de = dRa

I?R =0 : €R, = KRy UR, = CR, dRZ = SR, (1.2)

€rs = TR, URs =tRr, dRr; =DbR.

The fermion hypercharge, defined in terms of the third component of the weak isospin
I ? and the electric charge @y in units of the proton charge +e, is given by (i=1,2,3)

1
Yp=2Qr—2I} — Y, =-1, Yo =2, Y, =

= Y
37

URi—3

ii) The gauge fields corresponding to the spin—1 bosons, that mediate the interactions
between the fermions. In the EW sector, we have the field B,, which corresponds to
the generator Y of the U(1)y group and the three fields Wﬁ’Q’s which correspond to the
generators 7% [with a=1,2,3] of the SU(2), group; these generators are in fact equivalent

to half of the non—commuting 2 x 2 Pauli matrices

1 —1 1
O () B (R R M



with the commutation relations between these generators given by
[T%,T% = ie?*T, and [Y,Y]=0, (1.5)

where €%¢ is the antisymmetric tensor. In the strong interaction sector, there is an
octet of gluon fields G};'"’S which correspond to the eight generators of the SU(3)c
group (since the number of generators of an SU(N) gauge group = N2 — 1, giving eight
generators for N = 3, which are equivalent to half of the eight 3 x 3 anti-commuting

Gell-Mann matrices), which obey the relations
[T, T% = if®°T, with Tr[T9T%] = %5@, (1.6)

where 9% is for the structure constants of the SU(3)¢ group. The field strengths are

given by

Go, = 0,G%—0,G%+ g3 f*GhGE,
WE, = 0,W2—8,WS+ g e WEWE, (1.7)
Bw = 8,B,—8,B,,

with g3, g2 and g; being the coupling constants of SU(3)¢, SU(2)r, and U(1)y, respec-
tively.
Because of the non-abelian nature of the SU(2) and SU(3) groups, there are self-

interactions between their gauge fields, V,, = W, or G, leading to

triple gauge boson couplings : ig; Tr(9,V, — 8,V,) [V, Vi, (1.8)
1
quartic gauge boson couplings : 3 g? Tr[V,, V2. (1.9)



Fields | SU(3)c | SU(2)r | U(l)y
Q; 3 2 3
UR; 3 1 2
dr, 3 1 -3
Ly 1 2 -1
er; 1 1 ~1
Go 8 1 0
we 1 3 0
B, 1 1 0

Table 1.1: Transformation properties of the fermion and gauge fields under the SM
gauge group.

The matter fields 9 are minimally coupled to the gauge fields through the covariant
derivative D, which, in the case of quarks (to accommodate SU(3)¢), is defined as

. a . . Y
Dy = (8# —19sTuG), — lngaWﬁ - 2917q3u> (] (1.10)

and which leads to unique couplings between the fermion fields and gauge fields V,, of
the form — giEVu'y“w.

The SM Lagrangian, without mass terms for fermions and gauge bosons is then

given by
1 a nz 1 a uy 1 uyv F.o ) = . )
Lsm = _ZGuuGa - ZW/J.IIWG. - ZBAWB + L ZDP"Y Li+ér; ZD“’Y ER;
+Q; 1Dyy* Qi + Ry iDyY* up, + driiDyY* dp,. (1.11)

This Lagrangian is invariant under local SU(3)cx SU(2)x U(1l)y gauge transforma-
tions for fermion and gauge fields. The transformation properties of the these fields

under the SM gauge group are listed in tab. 1.1.



1.2.2 Origin of Particle Masses

In the SM discussed so far, the gauge fields and the fermions fields have been kept
massless. In the case of strong interactions, the gluons are indeed massless particles
while mass terms of the form —mqaw can be generated for the coloured quarks (and
for the leptons) in an SU(3) gauge invariant way since both the left— and right-handed
quarks are triplets of the SU(3)¢ gauge group (while the leptons are singlets). In the
case of the EW sector, however, if we add mass terms, %m%,T/V“T/V # for the gauge
bosons (since experimentally, they have been proved to be massive), this will violate
local SU(2)x U(l)y gauge invariance. This statement can be visualised by taking the

example of QED where the photon is massless because of the U(1)g local symmetry

1 1 1 1
SAALAL — S (A, — - Bu0) (A" — é&“a) # S AL (1.12)
In addition, if we include explicitly a mass term —m fafz/) 7 for each SM fermion f

in the Lagrangian, we would have, for the electron for instance,

1 1
—meée = —meé<§(1 —s5) + 5(1 + 75)> e = —me(€rer + €rer), (1.13)

which is manifestly non—invariant under the isospin symmetry transformations dis-
cussed above, since ey, is a member of an SU(2)r, doublet while eg is a member of a

singlet. Thus, the incorporation by brute force of mass terms for gauge bosons and for

fermions leads to a manifest breakdown of the local SU(2)x U(1)y gauge symmetry.
Thus, for the theory to be thoroughly valid, there should be a way to generate the gauge

boson and the fermion masses without violating SU(2)rx U(1)y gauge invariance.
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1.3 Electroweak Symmetry Breaking

1.3.1 Higgs Mechanism: An Abelian Example

Consider an abelian gauge theory in which a complex scalar field ¢ is coupled to itself

and to an electromagnetic field:
1
L= ~2(Fw)’ +Dudl® — V(9), (1.14)

where F),, is the usual electromagnetic field strength tensor and D, is the covariant
derivative given as D, = 8, +ieA,. This Lagrangian is invariant under the local U(1)

transformation
Bz) - @Dp(a),  A(z) — Au(z) — ~Buale), (1.15)

where a(z) is the generator of the U(1)g transformation, and thus no (mass)? term is

allowed for the A, field. If we choose the scalar potential to be of the form
2 % A * (\2 }
V(9) =~ + S(8°9)% (1.16)

with 2 > 0, the field ¢ will acquire a vacuum expectation value (VEV), conventionally
written as v, and the U(1)g symmetry will be spontaneously broken, as shown in fig. 1.1.
The minimum of the potential, instead of occurring at the minimum-—energy classical

configuration (@) = ¢p = 0, now occurs at

(9)

v = (“;)1/2, (1.17)

or at any other value related by the U(1) symmetry, eq. (1.15).
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Figure 1.1: The potential V of the scalar field ¢ in the cases when p? < 0 (left) and
when p? > 0 (right).

The Lagrangian is now expanded about the vacuum state v. The decomposition of

the scalar field is carried out around this vacuum as

p(z) =v+ %((bl(x) +i¢2(z)), (1.18)

and the potential is rewritten in terms of the new fields ¢; and ¢9 as

V($) = —sout + 5 26101 + O(6). )

Clearly, we have a massive field ¢1 with mass mg, = v2u = v2)v, while no mass
term appears for the field ¢2. Such a massless field is referred to as a Goldstone boson,
and follows from the Goldstone theorem [7] which states that for every spontaneously
broken continuous symmetry, the theory must contain a massless particle.

The covariant terms in the Lagrangian are also written in terms of the new fields

¢1 and ¢4 as
1 1 1
|D,¢|* = 5(5#451)2 + 5(8p¢2)2 +ev - A 0o + §e2v2A“A“ +ee, (1.20)

up to terms cubic and quartic in the fields A,, ¢1 and ¢3. Evidently, the last term in

12



eq. (1.20) has the form
5L = %mZAA“A“, (1.21)
and hence is the photon mass term, with mass given as
m? = e*v?. (1.22)

Thus, as a result of non—vanishing VEV of the field ¢, the photon has acquired a mass.
This process of spontaneous breaking of symmetry to yield masses for the vector bosons
is referred to as the Higgs mechanism [8]. The Goldstone boson emerging as a result
of this mechanism plays an important role in the theory by supplying a vertex of the
form iev(—ik*) = mak* (k* being its four-momentum) and hence exactly the right
pole to make the vacuum polarisation amplitude properly transverse. However, it does
not appear as an independent physical particle, and so can be safely removed from the
theory. The easiest way to do it is to use the local U(1) symmetry of the theory to
move to the unitary gauge, in which the field ¢ appears to have been ‘abosrbed’ by

the gauge boson to make up its longitudinal polarisation state [9].

1.3.2 Higgs Mechanism in the SM

In the slightly more complicated non-abelian case of the SM, we need to generate
masses for the three gauge bosons W* and Z but the photon should remain massless
and QED must stay an exact symmetry. Therefore, we need at least 3 degrees of

freedom for the scalar fields. The simplest choice is a complex scalar field ¢ in the

13



spinor representation of SU(2):

¢+
P = , Yy =+L (1.23)

¢O

The SM Lagrangian discussed in sect. 1.2.1, without the strong interaction part, may

be written as
1ra v 1 we T s e - M
Lsm = _Zwuvwa — ZB’WB + LiD,y* L +eriDyyer + -+, (1.24)

where the covariant derivative D, is given in eq. (1.10). We add the SU(2)rx U(1)y

invariant terms for the above scalar field given as
Ls = (D*®)1(D,®) — V(®), with V(®) = —n2®'® + A(T®)? (1.25)

to the Lagrangian in eq. (1.24). For x? > 0, the neutral component of the doublet field

® will develop a VEV

(®) = , with v=( 2>1/2. (1.26)

We now repeat the same exercise as we did in the abelian case in the previous section.

The field ® is written in terms of four fields 6, 23(z) and H(z) as

O(z) = O+ = ifa(@)*(@)/v 0 . (1.27)

5 (v+ H) — i 70+ H(z))

Notice that the VEV should not be taken in the charged direction to preserve U(1)g.

In order to prevent the Goldstone boson from appearing, we perform an SU(2) x U(1)

14



transformation on the scalar field to move to the unitary gauge, so that

o 0
B(z) - e~ 0O §(z) = . (1.28)

V2 4 H(z)

The term |D“<I>|2 of the Lagrangian Lg is then expanded as:

. T .1 2
|D#<I>)|2 = 1(8#—292§Wﬁ—29153“>@
2
L] O 3@WEi+aBy) (W, - WD) 0
T2
—L(WE+iW2) O+ (WS — 1By v+ H

1 1 . 1
= 5(6“H)2 + ggg(v + H? W, + W2 + s+ H)?|gsW2 — g1 By|?. (1.29)

Here we define new fields W and Z, (A, being the field orthogonal to Z,) as:

W3 —-gB w3 B
Wi:L(Wl;mﬂ), 7, =Pp Nk, -_-w, (1.30)
J2 e b 7 "
V95 + 91 V95 + g5

and from the Lagrangian, eq. (1.29), pick up the terms which are bilinear in these fields

W+, Z, A:
2 T~ 1 o B 1 2 B
myy W, WF + §mZZ“Z + §mAA#A (1.31)
We see that the W and Z bosons have acquired masses

1 1
mw = 5V , mz = §wg§ + 42, (1.32)

while our choice of VEV has left the photon massless, m4 = 0. Thus, by spontaneously

breaking the symmetry SU(2)yx U(1)y to U(1)g, three Goldstone bosons have been
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absorbed by the W= and Z bosons to form their longitudinal components and to get
their masses. Since the U(1)g symmetry is still unbroken, the photon, which is its
generator, remains massless as it should be.

The fermion masses are also generated using the same scalar field ®, with hyper-
charge Y=+1, and the isodoublet & = 119®*, which has hypercharge Y=-1. For any

fermion generation, we introduce the SU(2)zx U(1)y invariant Yukawa Lagrangian
Lr=-XL®er—2iQ®dr— M QBur + h.c., (1.33)

and repeat the same exercise as above. For instance, in the case of the electron one

obtains

1 0
Lr = —=MXe(De, L er +---
V2 o Prt) v+ H
1
= — X (v+H)erer +---. (1.34)

V2

The constant term in front of frfr (and h.c.) is identified with the electron mass

<

Ae
\/5.

Me = (1.35)

It’s straight forward to see that we can obtain similar mass terms for the up—type and

down-type quarks, given as

k) Adv

my, =

Thus, with the same isodoublet ® of scalar fields, we have generated the masses of

both the weak vector bosons W=, Z and the fermions, while preserving the SU(2), x
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U(1)y gauge symmetry, which is now spontaneously broken or ‘hidden’. The electro-

magnetic U(1)g symmetry as well as the SU(3)¢ symmetry stay unbroken. The SM

generally referred to in the literature is, in fact, the SU(3)¢x SU(2)rx U(1l)y gauge

invariance combined with the Higgs mechanism.

1.3.3 The Higgs particle in the SM

The kinetic term for the Higgs field, %(B#H )2, comes from the part in the Lagrangian

involving the covariant derivative |D,®|?, while the mass and self-interaction terms

come from the scalar potential —V (®) = pu2®d + A(®T®)? as

w2 0 A
vV = —7(0,v+H) +1 (0,v+ H)
v+ H v+ H

0

Using the relation v? = p?/), one obtains
Ly o 2, 1 4
vV = —5)\1) (v+ H) +Z/\(U+H) .
The Lagrangian containing the Higgs field H is then given by

(8,H)(0"H) -V

N —= N

A
(0*H)? — \? H? — v H® — 1 H*.
From this Lagrangian, one can see that the Higgs boson mass simply reads

My = \? =242,
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" and the Feynman rules for the Higgs self-interaction vertices are given by

M3 M2
g = (3Nidv = 3i TH , gt = (4!)i% = 31‘7)—;]. (1.41)

From the Lagrangian describing the gauge boson and fermion masses given in eq.
(1.29), one also obtains the Higgs boson couplings to gauge bosons and fermions of the

form:

2 2
.M N .m
gHfF =1 Uf ) gHVY = =2—C ., GHHVYV = —2172/—. (1.42)

Finally, the propagator of the Higgs boson is simply given, in momentum space, by

1

A L) e . — 1.43

1.3.4 Theoretical Bounds on the Higgs Mass

As seen in eq. (1.40), the Higgs mass is given as M% = Mv? = 2u?. The VEV v is
fixed in terms of the W boson mass mw or the Fermi constant G, determined from

the muon decay,

1/2
_ 1 (V2g _ 1
mw = 5920 = ( 5G,, == G~ 246 GeV, (1.44)

but there is no way one can determine the coupling A without information on the Higgs
mass spectrum itself. Thus ) remains a free parameter of the SM leaving the Higgs
mass entirely inestimable.

However, the underlying theory of the model sets some important constraints [10]

on this Higgs mass which help tune down the complete arbitrariness in it. These
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constraints include:

e Vacuum Stability: The requirement that V(v) < V/(0), that is v is the true
minimum of the potential, which in turn requires A to be positive at all scales A

up to which the SM is valid, gives a lower bound on the Higgs mass [11]

2
v 3 A

Mz > §—7T—2—[—129§ + '1—6'(293L + (93 +91)%)] In(.3), (1.45)
where g; = —my/v. Thus the radiative corrections from the top quark and gauge

couplings play a very crucial role in setting a limit on the Higgs mass, particularly
for small A {light Higgs boson). If the SM is only valid up to 1 TeV, using the
two loop renormalised effective potential, a much simpler expression for the lower

bound is obtained as
My(GeV) > 71 + .74(my — 174). (1.46)

If, instead, the SM is required to be valid up to scales of order 106 GeV, the

above limit becomes
My (GeV) > 130.5 + 2.1(m; — 174), (1.47)

giving, roughly, My = 130 GeV.
e Unitarity Constraints: For longitudinal W bosons, the scattering amplitude
via Higgs boson at high center—of-mass energy, s(M%) > m#,, m%, would be

t

- - S
AWFWL - WiWr) = —V2GrME — TR
H H

(1.48)
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which clearly violates unitarity as My — oo, but it may do so even for a finite

value of M. The contribution to J = 0 partial wave for s > M is

GFM%I
=— X 1.49
ap 47{'\/5 ( )
Partial wave unitarity requires that |as|?> < |Z(ays)|, which implies that
1
(R(20))” < [Tl = [Z(an)) = [R(en) <3, (1.50)
since 0 < |Z(ay)| < 1.
From these conditions on Jy, one gets an upper bound of, roughly
My < 750 GeV. (1.51)
Triviality: The running of A from a large scale A down to v is given by
3\(v) A?

This relation, along with the requirement that the SM remains perturbative up

to a scale A(A) < oo, can be translated into an upper bound on My as

M%< _Bret 700 GeV (1.53)
H ~ 3In(A2/v2) — ' '

Fig. 1.2 shows the variation in the lower bound on the Higgs mass with the scale

A [12].
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Figure 1.2: Higgs mass upper bound as a function of the scale A [12].

1.4 Phenomenology of the SM Higgs

1.4.1 Higgs Decay Modes
Higgs decay modes into SM particles include:

e lepton and quark pair decays,

decay into gluons — mediated by heavy quark loops,

decay into photon pairs — mediated by W boson and heavy fermion loops,

decay to photon and Z boson — mediated by W and heavy fermion loops,

decays into gauge bosons.

The corresponding branching ratios (BR), with different approximations for each decay

mode [13], are shown in fig. 1.3, as a function of the Higgs mass.
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Figure 1.3: BRs of the Higgs boson into various SM particles [13].
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Figure 1.4: Total decay width of the SM Higgs as a function of its mass [13].
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Clearly, for Higgs masses below ~ 140 GeV, where the total width amounts to less
than 10 MeV as seen in fig. 1.4, the dominant decay mode is the bb channel with a BR
up to ~ 85%. The remaining 10-20% is supplied by the 7777, c¢ and gg decay modes,
the BRs of which amount to 6.6%, 4.6% and 6% respectively, for My = 120 GeV (the
bb BR is about 78% for this Higgs mass). The vy (Z7) BR turns out to be sizeable
only for Higgs masses 80 (120) GeV < My < 150 (160) GeV, where they exceed the
1073 level.

Starting from My ~ 140 GeV the WW decay takes over the dominant role joined
by the ZZ decay mode. Around the WW threshold of 150 GeV < My < 180 GeV,
where the W pair of the dominant WW channel becomes on-shell, the ZZ BR drops
down to a level of ~ 2% and reaches again a BR ~ 30% above the ZZ threshold. Above
the ¢t threshold My = 2m;, the ¢ decay mode opens up quickly, but never exceeds a
BR of ~ 20%. This is caused by the fact that the leading WW and ZZ decay widths
grow with the third power of the Higgs mass due to the longitudinal W, Z components,
which are dominating for large Higgs masses, whereas the tt decay width increases only
with the first power [13]. Consequently the total Higgs width grows rapidly at large
Higgs masses and reaches a level of ~ 600 GeV at My = 1 TeV, rendering the Higgs
width of the same order as its mass. At My = 1 TeV the WW (ZZ) BR approximately

reaches its asymptotic value of 2/3 (1/3).

1.4.2 Production Channels

A neutral Higgs boson can be produced at hadron colliders, such as the Tevatron and

the LHC, through

e gluon—fusion via heavy—quark loops: pp — gg — H,
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Figure 1.5: The gg — H production mode at lowest order.

e Higgs—strahlung: ¢ — V* — VH (V = W, 2),

q

AN
NH

Figure 1.6: Diagram contributing to g§ — V* — V H at lowest order.

e vector-boson fusion (VBF): gg — qqV*V* — qqH,

q > »
Figure 1.7: Diagram contributing to gqg — qqV*V* — qqH at lowest order.

e associated production with top quarks: gg/qq — ttH.
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Figure 1.8: Typical diagrams contributing to ¢G/gg — ttH at lowest order.

These are the so—called ‘direct’ Higgs production modes [14]. Higher order corrections
have been evaluated up to two-loop or next-to—next-to-leading order (NNLO) for
the gluon—fusion process [15] and could increase the leading order (LO) production
cross-section by about 60-90%. For the Higgs—strahlung and VBF processes, the QCD
corrections have been calculated up to next—to-leading order (NLO) and could amount
to about 25-40% and 8-10% increase in the cross—section for the two cases, respectively
[16, 17]. The NLO QCD corrections to Htt have also been recently estimated. These
are found to be negative for the Tevatron and can reduce the LO cross—section by about
1-20%, while at the LHC they can enhance the cross-section by 20-40% [18, 19].

The present level of these perturbative corrections leads to a significantly improved
and reliable determination of the signal processes involved in the Higgs boson search at
collider experiments. The production cross-section of the SM Higgs through the above
channels at the /347 ~ 2 TeV Tevatron, which will continue its present run until 2009,
and the /544 ~ 14 TeV LHC, which is expected to begin operation in late 2007, is
given in fig. 1.9.

Evidenﬂy, the gluon—fusion mode provides the dominant production cross—section

throughout the accessible Higgs mass range at the Tevatron, as well as for the entire
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Figure 1.9: Higgs prodcution cross—section through various production channels at the
Tevatron (above) [20] and the LHC (below) [13] as a function of its mass.
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Higgs mass region up to Mg ~ 1 TeV at the LHC. In the intermediate mass range the
gluon—fusion cross section is at least one order of magnitude larger than all other Higgs
production mechanisms. In the case of LHC, only for Higgs masses My = 800 GeV, the
VBF (gq — Hqq) mechanism becomes competitive and deviates from the gluon—fusion
cross section by less than a factor 2 for My = 800 GeV. At the Tevatron, however,
the VBF channel is dominated by Higgs—strahlung processes off W and Z bosons for
My < 180 GeV, at which point the former becomes comparable to the latter two
modes. For the LHC, at the lower end of the Higgs mass range My < 100 GeV, the
associated production channels of H -+ V, H + tt yield sizeable cross—section of about

one order of magnitude below the gluon—fusion process.

1.4.3 Experimental Searches

The direct searches in the LEP2 experiments at CERN via the process ete™ — Z* —
ZH yielded a lower bound of ~ 114.4 GeV on the Higgs mass at 95% confidence level
(C.L.) [21]. As for the currently operating Tevatron, sensitivity to production of low—
mass Higgs bosons beyond the LEP limits has already started to be reached [20]. For
a SM Higgs bosons decaying to bb, the production in association with W or Z bosons
is the most promising channel. In the mass range between ~150 and ~180 GeV, Higgs
bosons produced via gluon—fusion might be observable in their decays to WW. Given
the current projections for the integrated Tevatron luminosity of about 8 fb~! by 2009,
a 50 discovery of a SM Higgs boson will be very difficult to achieve. Nevertheless
combining results from all search channels should provide sensitivity for exclusion of
Higgs boson production at the 95% C.L. up to masses of 180 GeV /c? [20], as illustrated
by fig. 1.10.

At the LHC, for a Higgs mass below ~140 GeV, because of the overwhelming QCD
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Figure 1.10: The integrated luminosity required per experiment for a 95% C.L. ex-
clusion, a 30 evidence and a 50 discovery of a SM Higgs boson at the Tevatron as a
function of its mass [20]. Thin lines show recent estimates with no systematic uncer-
tainties included [22]. Thick lines are based on the results of an earlier study [23] and
their thickness indicates the impact of systematic uncertainties.

background, the bb signal will be extremely difficult to extract [24]. The associated
production of the Higgs boson with a tf pair or a W boson may increase the significance
of the H — bb decay due to the additional isolated leptons from ¢ and W decays, but the
rates will be considerably smaller than single Higgs production via gluon—fusion [25, 26].
The same holds for the H — 77~ decay mode because of the huge backgrounds from
tt and Drell-Yan 777~ pair production [27]. The BR into off-shell Z pairs is too small
to allow for a detection of four-lepton final states [28].

The only promising channel for the detection of the Higgs boson with masses My <
140 GeV is provided by the rare H — ~7 decay mode [29] with a BR of O(1073). In
order to reject the large backgrounds from the 4 continuum production and the two—

photon decay mode of the neutral pions, 7% — 77, the detection of the rare photonic
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decay mode requires excellent energy and geometric resolution of the photon detectors
(i.e., electromagnetic calorimeters ) [29]. Thus the LHC studies conclude that the rare
photonic decay mode will be the best possibility to find the SM Higgs particle in the
lower mass range.

Above the ZZ threshold, on-shell H — ZZ — 4l* decays of the Higgs particle
provide a very clean signature with small SM backgrounds [28]. Below the ZZ thresh-
old, off-shell H — ZZ* — 4l* decays, where one of the Z bosons is on—shell, yield
clean signatures with rather small SM backgrounds [28]. However, in the mass range
155 GeV < My < 180 GeV, where the ZZ BR drops down to values of about 2%,
the number of events at the LHC allows for a discovery of the Higgs boson only if
the maximal luminosity will be reached [29]. For such a value of the Higgs mass, the
channel H — WW* — 2I* + missing energy, provides the best chances.

For large Higgs masses the total Higgs decay width exceeds 100 GeV and reaches
a value of about 600 GeV for My = 1 TeV, as seen in sect. 1.4.1. Thus the Higgs
resonance peaks in the 4-lepton final states become broad and, owing to the decreasing
number of events with growing Higgs mas.s, the signal H — ZZ — 41* will no longer
be visible. In order to extend the Higgs search to masses beyond 1 TeV, the decay
modes H — ZZ,WW — [T~ v will be the only possible signatures. Fig. 1.11 shows
the expected signal significance at the ATLAS detector in the LHC experiment as a
function of the SM Higgs mass after using the full experimental data samples. It is
apparent that after reaching the full integ‘ra.ted luminoéity, the SM Higgs signal may

be extracted in the whole relevant mass region [29].
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Figure 1.11: ATLAS sensitivity for the discovery of a SM Higgs boson for an integrated

luminosity of 30 fb~! over the full mass region. The signal significance is plotted for
individual search channels as well as for the combination of channels [30].

1.5 Peccei-Quinn Mechanism

The QCD sector of the SM possesses a non-trivial vacuum structure that violates
CP. Together with the CP-violating effects generated by the weak interactions [31],
an effective strong CP-violating term, ©, appears as an SM input parameter which
is not predicted by the theory. However, large CP-violating interactions originating
from QCD would result in a large electric dipole moment (EDM) for the neutron [32].
Experimental constraints on the currently unobserved neutron’s EDM imply that CP
violation arising from QCD must be extremely tiny and hence © must itself be extremely

small or absent. Since a priori © could have any value between 0 and 2, the SM is faced
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by another naturalness problem, that is, why should © be so close to 07 In other words,
why should QCD be CP-preserving?. This question constitutes what is known as the
strong CP problem [33].

An elegant solution to this problem was postulated by R. Peccei and H. Quinn,
known as the Peccei-Quinn (PQ) mechanism [34]. The idea is to effectively promote ©
to a scalar field. This is accomplished by adding a new global U(1) symmetry, called
PQ symmetry, to the SM that becomes spontaneously broken. Once this new global
symmetry breaks, a massless Goldstone boson results and this particle fills the role
of ©, thus naturally relaxing the CP—violation parameter to zero. This hypothesised
new particle is called the PQ-axion. The non-trivial QCD vacuum effects spoil the
PQ symmetry explicitly and provide a small mass for the axion. Hence it is a pseudo—

Goldstone boson [35].

1.6 Why The SM Does Not Suffice

At the end of this chapter we briefly revisit the reasons why the era of the SM seems
to be approaching an end, giving way to new physics of which it would serve as only a

low energy effective theory. The major shortcomings of the SM include:

1. The hierarchy and naturalness problems. The former basks in the unaccountabil-
ity of the SM for physical phenovmena that might exist between the EW and the
Planck scales, while the latter arises as a result of the complete arbitrariness in
the Higgs mass. Both these problems will be addressed in a greater detail in the

next chapter.

2. No acceptable dark matter candidate. It is now an established fact that the

universe constitutes only about 4% of the baryonic matter and the rest is made
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up of dark matter and dark energy [36]. The only suitable dark matter candidate
that the SM provides is the neutrino but there is no way this particle can be
produced in the SM in quantities sufficient to account for the observed dark
matter abundance. The neutrino also fails to comply with the relativistic and

cosmological constraints on the dark matter [37, 38].

. No true unification of gauge couplings at the GUT scale. This is a crucial factor

deterring the SM from qualifying as a unified theory of nature.

. Does not say anything about the fourth fundamental force of nature, the gravi-

tational force.

. Does not incorporate masses for the neutrinos despite the fact that their being

massive has now been verified [39, 40].

. Fails to explain the quantum numbers as well as the fermion mass patterns.

. It has a fairly large number of unfixed parameters: 19 (+9 coming from a massive

neutrino sector).

. Does not generate CP—violation enough to justify the dominance of matter over

anti-matter in the universe.
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Chapter 2

Supersymmetry and The
Minimal Supersymmetric

Standard Model

2.1 Solving the SM Problems

2.1.1 Hierarchy and Naturalness

The Higgs potential in the SM, as seen in sect. 1.3.3, is given as
Loroim2 o Ly e

with the VEV for H, v, occurring at the minimum of the potential. Since we know
experimentally that (at tree-level) v is approximately 174 GeV, from measurements of
the properties of the weak interactions, it must be that M}} is very roughly of order
—(100 GeV)2. The problem is that M% receives enormous quantum corrections from

the virtual effects of every particle that couples, directly or indirectly, to the Higgs
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(a) (b)
Figure 2.1: One-loop quantum corrections to the Higgs squared mass parameter MI2{
due to (a) a Dirac fermion f and (b) a scalar S.

field.
For example, fig. 2.1a shows a correction to M?{ from a loop containing a Dirac
fermion f with mass M. If the Higgs field couples to f with a term —AsH ff in the

Lagrangian, then the Feynman diagram in fig. 2.1a yields a correction [41]

2

A A
AMY = # —A%V+6m§1n(mlfv)—zm3, + O(1/A%y). (2.2)

Here Ayy is an ultraviolet momentum cut—off used to regulate the loop integral; the
energy scale at which new physics enters to alter the high—energy behaviour of the
theory. The problem is that if Ayy is of order Mp (Planck mass), say, then this
quantum correction to Mf{ is some 30 orders of magnitude larger than the required
value of M% ~ —(100 GeV)2. Thus, for the SM boson to stay relatively light, at least
Mg <1 TeV for unitarity and perturbativity reasons, we need to add a counterterm
to the mass squared and adjust it with a precision of @(1073), which seems highly
unnatural. This is what is called the naturalness or fine—tuning problem [42].

A related question, the hierarchy problem, arises due to the existence of a large gap
between the Higgs mass and the Planck scale, i.e., why Ayy >> mz? Incidentally, these
problems are only directly relevant for corrections to the Higgs scalar boson squared
mass, because quantum corrections to fermion and gauge boson masses do not have the
direct quadratic sensitivity to Ayy found in eq. (2.2). However, the quarks and leptons

and the EW gauge bosons Z, W of the SM all obtain masses from v, as seen in sect.
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1.3.2, so that the entire mass spectrum of the SM is directly or indirectly sensitive to
the cut—off Ayy.

Furthermore, eq. (2.2) shows that there are contributions proportional to m?; itself.
Any arbitrarily heavy particles that might exist in nature will have similar virtual
effects on the Higgs mass, besides the latter’s dependence on the cut—off scale. For
example, suppose there exists a number Ng of heavy complex scalar particle S with
mass mg and quadrilinear coupling to the Higgs boson given by Ag, that couple to the
Higgs with a Lagrangian term —Ag|H|?|S|?. Then the Feynman diagram in fig. 2.1b

gives a correction [41]

As Ayv

Additionally, if mg is very large, its effects in the SM also make it difficult to understand

why M%I is so small.

2.1.2 Supersymmetry: Our Rescue

The systematic cancellation of the dangerous contributions to AM }21 can only be brought
about if we make the assumption that the Higgs coupling of the scalar particles are
related to the Higgs—fermion couplings. In egs. (2.2) and (2.3), if we set /\?c = 2m?¢ Jv? =
—\s, the quadratic divergences due to Ayy disappear [43]. The logarithmic divergences,
though still present, contribute very little for physically justifiable scalar masses, even
for values Ayy ~ Mp of the cut—off. These logarithmic divergences disappear also
if, in addition, we assume that the fermion and the two scalars have the same mass,
ms = my. In fact, in the latter case the total correction to the Higgs boson mass

squared vanishes altogether.
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The above cancellation strongly suggests that there ought to exist a new symmetry
that relates fermions and bosons, because of the relative minus sign between fermion
loop and boson loop contributions to AM}I, since Ag must naturally be positive for the
scalar potential to be bounded from below. If each of the quarks and leptons of the
SM is accompanied by complex scalars with —Ag = A%, then the A%, contributions of
figs. 2.1a and 2.1b will neatly cancel. This new symmetry is the one termed SUSY.

A SUSY transformation turns a bosonic state into a fermionic state and vice versa.
The operator ¢ that generates such transformations must be an anticommuting spinor,

so that

Q|Boson) = |Fermion), Q|Fermion) = |Boson). (2.4)

Spinors are intrinsically complex objects, so Q' (the hermitian conjugate of Q) is also
a SUSY generator.

The single—particle states of a supersymmetric theory fall into irreducible repre-
sentations of the SUSY algebra, called supermultiplets. Each supermultiplet contains
both fermion and boson states, which are commonly known as superpartners of each
other. Since the squared-mass operator —P? commutes with the operators @ and Q',
it follows that particles inhabiting the same supermultiplet must have equal masses.
The SUSY generators Q and Q' also commute with the generators of gauge transfor-
mations. Therefore, particles in the same supermultiplet must also be in the same
representation of the gauge group, and so must have the same electric charges, weak
isospin and colour degrees of freedom. Moreover, each supermultiplet contains an equal

number of fermion and boson degrees of freedom, ng = ng ?7.
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2.2 The Minimal Supersymmetric Standard Model

2.2.1 Minimal Particle Content

The invocation of SUSY in the SM, with minimally extended particle content, results
in the Minimal Supersymmetric Standard Model (MSSM) [45]. All of the known funda-
mental particles of the SM lie in supermultiplets, which can be classified into two types,
namely chiral and gauge supermultiplets, and possess a superpartner with spin differ-
ing by 1/2 unit. The chiral supermultiplets contain SM fermions whose left—handed
parts transform differently under the SU(2) gauge group than their right—handed parts.
These left—-handed and right-handed parts of quarks and leptons are thus separate two—
component Weyl fermions so each must have its own complex scalar partner. They are
called squarks and sleptons. A ’~’ is used on top of the symbol for an SM particle to
denote its superpartner. The gauge interactions of each of these squark and slepton
fields are the same as for the corresponding SM fermions; for instance, the left—handed
squarks @7, and dy, couple to the W boson, while @z and dg do not.

Clearly, the Higgs boson must also reside in a chiral supermultiplet. However, one
Higgs chiral supermultiplet does not turn out to be enough. Because of the structure
of supersymmetric theories (analytic, as will be explained later), only a Y = +1 Higgs
chiral supermultiplet can have the Yukawa couplings necessary to give masses to charge
+2/3 up-type quarks (up, charm, top), and only a Y = —1 Higgs can have the Yukawa
couplings necessary to give masses to charge —1/3 down-type quarks (down, strange,
bottom) and to the charged leptons. Besides, two Higgs supermultiplets are also essen-
tial for the cancellation of gauge anomalies originating from triangular fermionic loops
involving axial-vector current couplings [46]. The SU(2)—doublet complex scalar fields

with Y = +1 and Y = —1 are referred to as H, and Hy, respectively.
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Names spin 0 spin 1/2 | SU(3)¢, SU(2)r, U(Q)y

squarks, quarks | Q | (4 dp) | (up dg) (3,2, )
(x3 families) | @ ik, uly (3,1, -2)
d s dh, (3,1, )

sleptons, leptons | L (7 ér) (v er) (1,2, —%)
(x3 families) € €x e}r% (1,1,1)
Higgs, higgsinos | H, | (H} HO) | (H} HY) (1,2, 4+1)
Hy | (HY Hy) | (A ) (1,2, -1

Table 2.1: Chiral supermultiplets in the MSSM. The spin-0 fields are complex scalars
while the spin—1/2 fields are left-handed two—component Weyl fermions.

The physical Higgs bosons emerge from linear combinations of HO and Hg. The
fermionic partners of the Higgs scalars are called higgsinos. They are denoted by H,, Hy
for the SU(2)-doublet left-handed Weyl spinor fields, with weak isospin components
Iﬁ‘ , I:Ifj and HY, I:Id—. All the chiral supermultiplets of the MSSM are listed in tab.
2.1, classified according to their transformation properties under the SM gauge group
SU(3)ex SU(2)Lx U(1l)y, which combines ur,dr, and v, ey, degrees of freedom into
SU(2)1 doublets.

The vector bosons of the SM reside in gauge supermultiplets. Their fermionic
superpartners are generically referred to as gauginos. The SU(3)¢ colour gauge inter-
actions of QCD are mediated by the gluon, whose spin—1/2 colour—octet supersymmet-
ric partner is the gluino. The symbols for the gluon and gluino are g and § respec-
tively. The SU(2)rx U(1)y gauge symmetry is associated with the spin—1 gauge bosons
W+, WO, W~ and B°, with spin-1/2 superpartners W+, W0, W~ and B, called winos
and bino, respectively. After EWSB, the W°, B? gauge eigenstates mix to give mass
eigenstates Z and . The corresponding gaugino mixtures of WO and B° are called
zino (Z ) and photino (). The fermionic SUSY counterparts of Higgses are called Hig-

gsinos, which also mix with the winos and the bino to give two chargino, x*, and four
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Names spin1/2 | spinl | SU(3)¢, SU(2)r, U(l)y
" gluino, gluon g' g (8,1,0)
winos, W bosons | WE W0 | w* WO (1,3,0)
bino, B boson B° B (1,1,0)

Table 2.2: Gauge supermultiplets in the MSSM.

neutralino, X?,2,3,4> mass eigenstates. Tab. 2.2 summarizes the gauge supermultiplets

of the MSSM.

2.2.2 Soft SUSY Breaking

If SUSY were an exact symmetry of nature, there would be selectrons é;, and ép with
masses exactly equal to me, and likewise all other squarks, sleptons and gauginos with
masses exactly equal to their SM counterparts. However, none of such superpartners
of the SM particles have been discovered thus far. This means that SUSY cannot be
an exact symmetry, and hence must be broken at some scale (at or) above the EW
scale. But we need SUSY-breaking to occur in a way such that the supersymmetric
particles are not too heavy as to reintroduce the hierarchy problem. Thus, if broken
SUSY is still to provide a solution to the hierarchy problem, the relationships between
dimensionless couplings (e.g., Ay = —Ag, as seen in sect. 2.1.2) which hold in the
unbroken supersymmetric theory must be maintained. Also, in the breaking of SUSY
we need to preserve the gauge invariance and the renormalisability of the theory.
Unfortunately, there is no completely satisfactory dynamical way to break SUSY,
" although there have been quite a few suggestions such as spontaneous SUSY breaking,
gravity-mediated SUSY-breaking, and gauge-mediated SUSY-breaking [47, 44]. The
most plausible way of breaking SUSY is to do it softly, that is, introducing in the MSSM

Lagrangian mass terms and coupling parameters with positive mass dimension that
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explicitly break SUSY. Such terms result only in logarithmic divergences in the radiative
corrections to the scalar masses as the cancellation of quadratically divergent terms is
maintained naturally to all orders in perturbation theory. In this way we parameterise
our ignorance of the fundamental SUSY-breaking mechanism. The effective Lagrangian

of the MSSM now has the form
L = Lsusy + Lo, (2.5)

where Lsysy is the SUSY-preserving part containing the usual kinetic and potential
terms for the various fields of the model, while Lgof; contains the explicit soft SUSY-

breaking terms that include

e mass terms for the gluinos, winos and binos:

3 8
M\BB+ MYy WWo+ My G°Gy + he|,  (26)

a=1 a=1

N |

_»Cgaugino =
e mass terms for the scalar fermions:

~Lofermions = 9, mg QIQi +m? LILi + mi, lag,|” + m} dr.|” + m} |er,?, (2.7)

i=gen

e mass and bilinear terms for the Higgs bosons:

—Lrtiggs = My HIHy + m2H{H, + Bu(Hy -Hy + hoc.), (2.8)

e trilinear couplings between sfermions and Higgs bosons

Lo = Y [A;;. i, Hy Q) + ALY Sdp Hy-Qj + ALY R Ha Ly + h.c.] (2.9)

i,j=gen
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If the largest mass scale associated with the above soft terms is denoted msog, then
the additional non—supersymmetric corrections to M}I must vanish in the mg s — 0
limit, so by dimensional analysis they cannot be proportional to A%V. Such corrections
cannot go like 5M121 ~ Mg Auv either, because in general the loop integrals always
diverge either quadratically or logarithmically, not linearly, as Ayv — oco. However,
Mgoft, and therefore the masses of at least the lightest few superpartners, should ideally
be at the most about 1 TeV or so, in order for the MSSM scalar potential to provide a

Higgs VEV resulting in mw and myz equal to the experimentally observed values.

2.2.3 The Constrained MSSM

Unlike the supersymmetric part of the MSSM Lagrangian, L introduces many new
parameters that are not present in the ordinary SM. With the inter—generational mix-
ings and complex phases, one ends up with a huge number (105) of unknown parameters
in addition to the 19 parameters of the SM [48]. Fortunately, most of these new pa-
rameters involve flavour mixing and CP—violation of the type which is already severely
restricted by the experiment. Thus, a phenomenologically more viable MSSM can be

defined by making the following assumptions:

1. All the soft SUSY-breaking parameters are real and therefore there is no new

source of CP—violation generated, in addition to the one from the CKM matrix.

2. The matrices for the sfermion masses and for the trilinear couplings are all diag-

onal, implying the absence of FCNCs at the tree—level.

3. The soft SUSY-breaking masses and trilinear couplings of the first and second
sfermion generations are the same at low energy to cope with the severe con-

straints from K°-K©° mixing etc.
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Making these three assumptions will lead to only 22 input parameters [41]:
tan B: the ratio of the VEVs of the two Higgs doublet fields;
MZ., M, : the Higgs mass parameters squared;
M, Ms, M3: the bino, wino and gluino mass parameters;
MG, Mig, My, , M Meg the first/second generation sfermion mass parameters;
Ag, Aj, Ag: the first /second generation trilinear couplings;
MG My M, T, Mg the third generation sfermion mass parameters;
Az, Ag, Az: the third generation trilinear couplings.

Such a model with relatively moderate number of parameters has much more pre-
dictability and is much easier to investigate phenomenologically, compared to the un-
constrained MSSM, given the fact that in general only a small subset appears when one
looks at a particular sector of the model. This model with 22 free input parameters is
generally referred to as the 'phenomenological’ MSSM or pMSSM [49].

Next, we assume that the soft SUSY-breaking parameters obey a set of universal
boundary conditions at the GUT scale. We make use of the fact that all SUSY-breaking
models are indicative of an underlying simplicity or symmetry of the Lagrangian at
some very high energy scale Qg. For example, if SUSY-breaking occurs in a hidden
sector which communicates with the visible sector only through gravitational-strength
interactions, as specified by Supergravity, universal soft breaking terms then emerge if
these interactions are ‘flavour-blind’ (like ordinary gravitational interactions). This is
assumed to be the case in the constrained MSSM (cMSSM) or minimal Supergravity
(mSUGRA) model [50].

The unification condition for gauge coupling constants g1 3 follows directly from

their unification at a very high scale in the MSSM. The 1-loop renormalisation group

(RG) equations for the gauge couplings g1, g2, g3 in the SM and the MSSM are given
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Bou = 00 = ogbaghs  (briba,bs) = VL0, =19/6, =0 SN0 10)
(33/5, 1, —3) MSSM

where t = In(Q/Qo), with Q being the RG scale. The MSSM coefficients are different
because of the extra particles in the loops. Here the renormalisation for g; has been
chosen to agree with the canonical covariant derivative for grand unification of the gauge
group SU(3)ox SU(2)rx U(l)y into SU(5) or SO(10). In terms of the conventional
EW gauge couplings ¢ and ¢’ with e = gsinfy = ¢’ cosfw, one has g» = g and
g1 = \/%g’ . The reciprocal of a, = g2/4w in turn runs linearly with the RG scale at
one—loop order:

d ., ba

Eaa = _271' (211)

Clearly, as fig. 2.2 shows, the MSSM includes just the right particle content to ensure
that the gauge couplings can unify at a scale My ~ 2 x 1018 GeV below Mp, hinting at
a grand unification theory (GUT) based on SUSY. Furthermore, a similar RG analysis
can be expected to be reasonably applicable to other MSSM couplings and soft masses

as well. Thus for the cMSSM we have:
e unification of the gaugino masses: My = Mz = M3 = my s,

e universal sfermion masses: mg, = Mg, = Mg, =

generation),
o universal trilinear couplings: A% =A% = Al = Agéy;,

all defined at the GUT scale My.
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Figure 2.2: RG evolution of the inverse gauge couplings o, (Q) in the SM (dashed

a

lines) and the MSSM (solid lines). In the MSSM case, the sparticle mass thresholds are
varied between 250 GeV and 1 TeV, and az(mz) between 0.113 and 0.123. Two-loop
effects are included.

Besides these three free parameters m; /2, mo and Ap, the supersymmetric sector
is described at the GUT scale by the bilinear coupling B and the supersymmetric
Higgs(ino) mass parameter p. However, EWSB results in two necessary minimization
conditions of the two—Higgs doublet scalar potential which fix the values of u? and By
with the sign of u not determined. Therefore, in the cMSSM, one is left with only four

extra continuous free parameters, and an unknown sign:

tanﬂ, mi/2 , Mo, AO ) S]'gn(/*") (212)

The parameter tan 8 will be defined in the next subsection. Some of these parame-
ters can be traded off for others belonging, in particular, to the Higgs sector of the
MSSM!. All soft SUSY-breaking parameters at the weak scale are then obtained via

RG equations [51].

'Hereafter, the acronym MSSM actually implies cMSSM.
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2.3 Higgs sector of the MSSM

2.3.1 The Superpotential and R—Parity

In order to derive the scalar potential in the MSSM (or any other supersymmetric
model) we first need to define a superpotential [44]. The superpotential is written in

terms of the scalar fields ¢, treated as complex variables such that:
1. It must be a function of the superfields z; only and not their conjugate z;.
2. It should be an analytic function and, therefore, it has no derivative interaction.
3. It should have only terms of dimension 2 and 3 to keep the theory renormalisable.

The simplest possible MSSM superpotential satisfying the above conditions can be

written as
Wwussm = QHuhuUC + Hdéhdﬁc + HdiheEc + HHqu- (2.13)

where hy, hg and he are dimensionless Yukawa coupling parameters. Notice, how-
ever, that the most general gauge-invariant and renormalisable superpotential could

also include terms such as [44]:

1. .. . _ )
WaL=1 = 5/\”’“L,~Ljék+/\’”kLindk+u”L¢Hu (2.14)
1 .0 - -
Wap=1 = 5,\””’“@(1]-(1,6 4 (2.15)

where 7 = 1,2,3 denote the family indices. The chiral supermultiplets carry baryon
number assignments B= +1/3 for Q;; B= —1/3 for #;,d;; and B= 0 for all others. The
total lepton number (L) assignments are L= +1 for L;, L= —1 for &;, and L= 0 for

all others. Clearly, the terms in eq. (2.14) violate total lepton number by 1 unit (as
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well as the individual lepton flavors) and those in eq. (2.15) violate baryon number by
1 unit. The problem is that the corresponding B— and L—violating processes have not
been observed experimentally.

Therefore, one adds a new symmetry in the MSSM which has the effect of eliminat-
ing the possibility of B— and L— violating terms in the renormalisable superpotential,
while alléwing the good terms in eq. (2.13). This new symmetry is a discrete Zg sym-
metry called ‘R-parity’ [52]. It is a multiplicatively conserved quantum number defined

for each particle as

where s is the spin of the particle. Evidently, all of the SM particles and the Higgs
bosons have even R-parity (Pr = +1), while all of the squarks, sleptons, gauginos,
and higgsinos have odd R-parity (Pr = —1). The symmetry principle to be enforced
is that a candidate term in the Lagrangian (or in the superpotential) is allowed only if
the product of Pg for all of the fields in it is +1. It is easy to see that each of the terms
in egs. (2.14) and (2.15) is thus forbidden, while the good and necessary terms in eq.
(2.13) are allowed. The advantage of R-parity is that it can in principle be an ezact
and fundamental symmetry, which B and L themselves cannot, since they are known
to be violated by non-perturbative EW effects.

The imposition of exact R-parity on the MSSM forbids any mixing between the
sparticles and the Pp = +1 particles. Furthermore, every interaction vertex in the
theory contains an even number of P = —1 sparticles. This has three extremely

important phenomenological consequences:

e The lightest supersymmetric particle (LSP), with P = —1, must be absolutely
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stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [53] for non-baryonic dark matter

required by cosmology.

e FEach sparticle other than the LSP must eventually decay into a state that contains

an odd number of LSPs (usually just one).

e In collider experiments, sparticles can only be produced in even numbers.

2.3.2 The Higgs Potential

As stated earlier, two doublets of complex scalar fields of opposite hypercharge are

needed to break the EW symmetry in the MSSM:

H} Hy
H, = with Yy, =+1 Hy= with Yg, = —1. (2.17)
H) Hy

The so called ‘F—terms’ [54] in the scalar Higgs potential of the MSSM are obtained
by taking the derivative of the superpotential with respect to all the scalar fields i.e.,

|OW (¢:)/0¢5)2, thus giving, for the superpotential in eq. (2.13),

Ve = p2(| Haf? + |, [2). (2.18)

There are also the ‘D-terms’ [55] contributing to the Higgs potential. These terms

include the quartic Higgs interactions and, for the two Higgs fields H, and Hy, are

given by
1lg 2 2
Uy s VB =[S0 -] |
1[g . ; 12
SU(2)L, V2_§[22(H; TEH) +Hd*r;;-H;)] , (2.19)
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with 7¢ = 2T°. Using the SU(2) identity 727d = 26ud;x — 070k, one obtains the

D-potential

[

2
Vo = £\ (H? + (1HaP)? + 4| - HY — 2l HP|Hal | + L-(Hu? ~ |HaP)?. (2:20)

o]

Finally, there’s a portion in the Lagrangian containing the soft SUSY-breaking scalar

mass terms and the bilinear term
Vaoit = MyH Hy + m3H} H, + Bu(Hy-Hyg + h.c.). (2.21)

The full scalar potential involving the Higgs fields is then the sum of the three

terms, Vi = Vr + Vp + Viogr [56], given as:

Vi = e\ Hy|* + 3| Hy|* — Me;(HHS + hec.)

2 2
+ 1
+E (B - | B + S g3l HHLP, (2:22)

where the three mass squared terms are defined as

= (T = P 4, 7= B 223)

The minimum of the potential Vy breaks the SU(2), x U(1)y symmetry for u? < 0

such that (%) =0 and (%) = 0, and the neutral components of the two Higgs fields

develop VEVs

(HY) = T (H]) =

o (2.24)

g
7
Just as in the SM, we chose the VEV of the field H; to be zero, (H,;)=0, making use
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of the of SU(2) symmetry. At 6V/0H =0, one then automatically obtains (H) = 0.
Hence no breaking occurs in the charged directions and the QED symmetry is preserved.
Here we define two important new SUSY parameters: tan § = v, /vg and v = 4/v2 + v2.
The couplings of the MSSM Higgses to the particles and sparticles can be obtained from
the kinetic terms in the Lagrangian in the usual way. For the SM fermions and bosons,

these couplings, normalised to the corresponding SM couplings, are given in tab. 2.3.

) g2 93 9%
SM  H 1 1 1

MSSM  h || cosa/sinf8 —sina/cosf sin(f — a)
H | sina/sinf cosa/cosfB  cos(fB — a)

A 1/tanf tan g3 0

Table 2.3: Higgs couplings to SM fermions and bosons in the MSSM.

2.3.3 Mass Spectrum

To obtain the physical Higgs fields and their masses, the complex scalar fields Hy and

H, are then developed around the vacuum, into real and imaginary parts

1
H, = (HF,H)) = — (Hf , vy + HS+iP0),
u \/i u U u
1
Hy= (H}, Hy) = 7 (va+ HJ + 1P} , Hy), (2.25)

where the real parts correspond to the CP—even Higgs bosons and the imaginary parts
correspond to the CP-odd Higgs and the Goldstone bosons. The mass matrices are
then evaluated as

*Vy

OH,0H; (HO) ,(H3)=:’7‘L§,(H1i,z)=0

M3 = (2.26)

| =
Il

SE
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with 4, j = u,d. In the case of the CP—even Higgs bosons, this gives a mass matrix of
the form [41]
—m3tan B+ m%cosB M3 — m%sin B cos B

M% = . (2.27)

mz —m%sinfcosf  —macotB + m% sin? B

And the CP-odd mass matrix is obtained as

M3 = : (2.28)

where DetM?2 = 0, and so the diagonalisation of this mass matrix results in a massless
Goldstone state which makes up the longitudinal component of the Z boson. This

rotation is carried out as

GO cosf sinp P
= , (2.29)
A —sinB cosf PY
resulting in one pseudoscalar Higgs boson with mass
M3 = —m2(tan B + cotf) = — 2 . (2.30)
3 sin 203

Similarly, one of the charged scalar fields can be rotated away as a Goldstone state to

be eaten up by the W boson:

G=* cosfB sinf Hfib (231)

H* —sinf cosf3 H*
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and we are left with a charged Higgs boson having mass
M%: = M3 +m3y. (2.32)
The physical CP—even Higgs states are obtained with the help of angle « defined as

1
o = —arctan <ta,n2ﬂ

M§+m2z>
2 M2z

2 2
My —m3

NI

<a<0. (2.33)

The rotation of the CP—even mass matrix through the angle a,

H cosa sina HY
= , (2.34)
h —sina cosa HY
yields the masses of the two CP-even Higgs bosons of the MSSM,
1 .
Mig= 5 [Mi +m2 F \/ (M2 +m%)? — AM%m? cos? 23| . (2.35)

where h (H) corresponds to the lighter (heavier) of the two CP-even Higgses. From
these relations we obtain important constraints on the masses of the charged and the

heavy CP-even Higgs boson as
My > max(My,mz) and Mgy > mw, (2.36)
and, more crucially, an ﬁpper bound on the the lightest A boson mass at the tree-level,

M, < min(Myg,mz)-|cos28| < mz. (2.37)
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Figure 2.3: Exclusions in the MSSM parameter space from LEP2 in the case of the no—
mixing benchmark scenario. Note the small domain at M}, between 75 and 80 GeV/c?,
small M4 and tan8 < 0.7 which is not excluded at the 95% C.L. [57]

However, the h mass eigenstate is subject to quite significant quantum corrections,
with the largest one typically coming from the top and stop loops due to their large
Yukawa and trilinear couplings, respectively, to h. A very important parameter in
this regard, originating from the stop sector of the MSSM, is the stop mixing defined
as X; = Ay — pcot B, which governs the mass splitting between the two stop mass
eigenstates #; and f». The radiative corrections due to stop loops depend heavily
on this parameter and this, in turn, causes notable variation of the upper limit on
M. The bound is maximized when X; = v/6Mgysy, the ‘maximal mixing scenario’,
and minimized when X; = 0, the ‘no—mixing scenario’. The latter scenario has been
excluded by negative Higgs searches at LEP2 over almost the entire MSSM parameter
space, as depicted by fig. 2.3. Therefore, we will concentrate on the maximal stop
mixing scenario, also referred to as M} — maz scenario, for the rest of this chapter.

In the limit of stop masses mj,, m;, much greater than the top quark mass m;, one



finds a one-loop radiative correction to eq. (2.37):

3 . My f
§(ME) = —v?h¢ sin* Bln (—222). (2.38)
4r2° ( m? )
Inclusion of this and other corrections [58] considerably raises the upper bound on Mj,.

At NNLO, nevertheless, the bound gets slightly trimmed down and (for an optimum

choice of parameters) one obtains roughly

Mj, <130 GeV. A (2.39)

2.4 Phenomenology of the MSSM Neutral Higgs sector

2.4.1 Production and Decay

The production modes of the neutral MSSM Higgses remain essentially the same as in
the SM, described in sect. 1.4.2. The decay modes of the Higgses, on the other hand,
are complemented by the tree-level decays, when kinematically allowed, into pairs of
sparticles as well as into those of lighter Higgses. In the case of sparticles, such decays
are strongly suppressed due to their small couplings to the Higgses. Sparticles are also
generally considered to not contribute substantially to the loop induced decays of Higgs,
such as H — v7/gg, or to the higher order corrections in the production and decay
processes, due to their heavy masses. However, some SUSY particles such as chargino,
neutralinos and possibly sleptons and third generation squarks could, in principle, be
light enough to play a non-negligible role in such decays [13, 41].

In addition to the effects of the new particles, Higgs phenomenology in the MSSM
is also strongly manipulated by certain new parameters of the model. For example, the

couplings of the lighter Higgs h to down—type fermions are strongly enhanced for large
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values of the parameter tan 3. Fig. 2.4 shows the dependence of the Higgs prodction

cross—section on the value of tan 8 at the LHC. Clearly, the gg production mode of

h dominates except for large values of tan 3 and h mass of order 100 GeV, where bb

takes over due to the enhanced coupling. For the case of H, gluon-fusion channel

always remains dominant(subdominant) over(to) associated production with b-quarks

for small(large) values of tan /3. The pseudoscalar A follows the same trend as h, as

seen in fig. 2.5, owing to the enhanced bb coupling for large values of tan 3.
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Vs = 14 TeV
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CTEQ4

gB=15

o(pp—h/H+X) [pb]
Vs=14 Tev
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CTEQ4

Figure 2.4: Production cross—sections of the MSSM CP-even Higgses at the LHC as a
function of their masses, for tan 8 = 1.5 (left) and 30 (right).
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Figure 2.5: Production cross—section of the MSSM CP-odd Higgs at the LHC as a
function of its mass, for tan 8 = 1.5 (left) and 30 (right).

Along with tan 8, the mass of the CP-odd Higgs, M4, which is generally taken

as a free parameter of the model, plays a crucial role in the MSSM Higgs sector phe-
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nomenology. Depending on the value of these two parameters, the MSSM Higgs sector
can be divided into five regimes. These include:
i) The decoupling regime: When My >> my, for large values of tan 3, the masses of
H and H* are almost degenerate with M4, and h is SM-like.
ii) The anti-decoupling regime: If the pseudoscalar is very light, M4 << mz, the sit-
uation is exactly opposite to the decoupling regime and at large values of tan 3, h and
H are degenerate in mass with A and the Z boson, respectively.
ili) The intense coupling regime: When M4 is close to myz at tree-level, at large tan 3
all the Higgses will have comparable masses, i.e., M ~ My ~ My ~ M ®.
iv) The intermediate coupling regime: For low tan 8 and a not too heavy M4, the H, A
and H¥* bosons, even though relatively heavy, are not completely decoupled from the
the theory, thus triggering some interesting decays such as H — hh and A — hZ etc.
v) The vanishing—coupling regime: When M4 and tan 3 are fairly large, there occur
regions in the MSSM parameter space where grgq can vanish owing to certain cancel-
lations between tree—level couplings and higher—order corrections.

The decays of the MSSM Higgses then essentially rely on the regime being exploited.
In the decoupling regime, for example, the couplings of the lightest Higgs to the down-
type fermions is maximized resulting in bb as the dominant decay channel, followed
closely by 777~. But since h decay into t—pairs is kinematically closed due to very
high value of my, even for small values of tan 3, no significant variation occurs in the
BR trends of h. For the heavier Higgses, however, the BRs vary formidably with tan 3,
so that for lower values of the latter, the ¢tz BR takes over when kinematically allowed.

BRs of the MSSM Higgses into various particles are shown in figs. 2.6a—c.
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Figure 2.6: BRs of h (a), H (b) and A (c) for tan8 = 1.5 and 30 as functions of their

masses [13].
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2.4.2 Collider Signatures
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Figure 2.7: Luminosity required by Tevatron for exclusion at 95% C.L. (top) and for
50 discovery (bottom) of an MSSM Higgs boson as a function of M4 and tan 8 for the
My}, — max scenario with initial (lower lines) and modified (corresponding upper lines)
LEP?2 limits. Shaded regions indicate the reach of WH and ZH searches, the region
above the diagonal lines are accessible to searches for Higgs—strahlung, the dark line

indicates the LEP2 limit [20].
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At the Tevatron Run II, with an integrated luminosity of the order 8 fb~!, most of
the MSSM parameter space can be tested at 95% C.L. by a combination of searches
for Higgs bosons produced in association with vector bosons or b—quarks. However,
even with the full Run II luminosity and after combining all channels and both the
experiments, a 5o discovery will most likely not be possible [20], leaving it to the LHC
to explore and discover Higgs bosons over the full parameter range of the MSSM. Figs.
2.7 a and b illustrate the luminosity required by Tevatron for the exclusion at 95% C.L.

and for 50 discovery, respectively, of the lightest MSSM Higgs boson.
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Figure 2.8: The coverage of the M4-tan 8 parameter space using various Higgs pro-
duction channels in CMS with a luminosity of 100 fb~! [62].

The LHC experiments ATLAS and CMS have a much larger potential for the inves-
tigation of the MSSM Higgs sector. The experimental searches carried out at LEP and
presently continued at Tevatron can be extended to much larger Higgs boson masses.
Therefore at least one (light) neutral MSSM Higgs boson should be observed over the
entire parameter space through various production and decay modes if the expected

levels of luminosity (~ 100 fb~! /year) are obtained [60]. However, heavier Higgses can
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only be observed for large (2 10) and small (< 3) values of tan 8 [61], even if a large
integrated luminosity of 300 fb~? is assumed. This fact is evident from fig. 2.8 for the

CMS [62] and from fig. 2.9 for the ATLAS [30] experiments at the LHC.
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Figure 2.9: The coverage of the M4—tan 8 parameter space though various Higgs pro-
duction channels in ATLAS (above) and the number of MSSM Higgs bosons that can
be observed in ATLAS (below), with a luminosity of 300 fb~1 [30].
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If only a single Higgs boson is observed with decays and production rates that
suggest it is SM-like, it will be crucial to search for any deviations of its properties
from those predicted in the SM. These deviations would be a direct indication that the
SM-like Higgs boson observed is part of an extended Higgs sector. In any case, the LHC
would yield a first qualitative picture of the Higgs sector once a significant amount of
integrated luminosity is accumulated. For an SM-like Higgs, the LHC should be able to
make a precise measurement of its mass. The relative precision in this measurement for
the various production channels (individual and combined) at the LHC, as a function

of the Higgs mass, is illustrated in fig. 2.10 [63].
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Figure 2.10: The combined relative precision on an SM-like Higgs mass at the CMS
and ATLAS experiments for a luminosity of 300 fb~! each [63].

Along with the mass, constraints on spin and quantum numbers of a light Higgs, a
model dependent determination of its total width and a measurement of its couplings
to the EW gauge bosons should also be possible. The relative precision with which

these Higgs couplings can be measured is shown in fig. 2.11. In case heavier Higgses
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are also observed, only their masses up to several hundred GeV can be measured [61].
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Figure 2.11: Relative precision of fitted Higgs couplings—squared as a function of the

Higgs boson mass for 2x30 fb~! (above) and 2x300 + 2x100 fb~! (below) luminosity
scenarios for SM rates [64].
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Chapter 3

MSSM with Explicit

CP—Violation in the Higgs Sector

3.1 The Model

3.1.1 Non-SM CP—Violation

Despite physicists’ continuous efforts since the discovery of CP—violation in the neutral
kaons system in 1964, a deep understanding of the origin of CP asymmetry in nature
remains elusive thus far. Nevertheless, most of the scenarios predicted in existing
literature [65]-[80] indicate that Higgs interactions play a key role in mediating CP—
violation. The scalar potential of the MSSM does not violate CP at tree level [10]. The
reason is that SUSY imposes an additional holomorphic symmetry on the Higgs sector
(by requiring the superpotential to be an analytic function of the scalar fields, as seen
in sect. 2.3.2) of a general two-Higgs doublet model, that entails flavour conservation in
tree—level neutral currents and absence of CP—violating scalar—pseudoscalar mixings in
the Born approximation. Beyond the Born approximation, recent studies have shown

that CP invariance of the Higgs potential may in principle be broken by radiative
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corrections [81], as the VEVs of the two Higgs doublets develop a relative phase [65].
This type of CP-violation is generally referred to as spontaneous CP—violation and it
requires the CP-odd Higgs scalar to be suﬁiciently light as a result of the Georgi—Pais
theorem [82], but the possibility of the latter has now been ruled out by experiﬁlent
[83, 84].

CP-violation can also be explicitly induced in the MSSM, in much the same way
as it is done in the SM by complex Yukawa couplings of the Higgs bosons to quarks
[66]. As seen earlier, there are several new parameters in the supersymmetric theory
which are absent in the SM that could well be complex and thus possess CP—odd
phases. Such parameters include: (i) the higgsino mass parameter p, (ii) the soft
SUSY-breaking gaugino masses M, (a = 1,2, 3), the soft bilinear term By and (iv) the
soft trilinear Yukawa couplings A 7 of the Higgs particles to scalar fermion of flavour f.
If the universality condition is imposed on all gaugino masses at the unification scale
My, the gaugino masses Ma have a common phase. Likewise, the different trilinear
couplings A jare all equal at Mx. Here, one may slightly deviate from exact universality
by assuming that A7 is a diagonal matrix in the flavour space 67].

However, the conformal-invariant part of the MSSM Lagrangian has two global
U(1) symmetries; the PQ symmetry and the U(1) g symmetry acting on the Grassman-
valued co—ordinates. As a consequence, not all CP-violating phases of the four complex
parameters {p, Bu, M,, Af} turn out to be physical. Employing these two global sym-
metries, one of the Higgs doublets and the gaugino fields can be rephased such that
M, and By become real [85]. As a result, arg(n) and arg(Ay) are the only physical
CP-violating phases in the low energy MSSM supplemented by universal boundary
conditions at the GUT scale [68].

The CP-violating phases associated with the sfermions of the first and, to a lesser
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extent, second generations are severely constrained by bounds on the EDMs of the
electron, neutron, and muon. However, there have been several suggestions [86]—[88] to
evade these constraints without suppressing the CP—violating phases. One possibility
is to arrange for partial cancellations among various contributions to the electron and
neutron EDMs [88], in which case the CP-violating phases turn out to be rather cor-
related. Another option is to make the first two generations of sfermions rather heavy,
of order a few TeV, so that the one-loop EDM constraints are automatically evaded.
In fact, one can consider so—called effective SUSY models [87] where decouplings of the
first and second generation sfemions are invoked to solve the SUSY flavour changing
neutralicurrent (FCNC) and CP problems without spoiling the naturalness condition.

We adopted the latter version of a CP—violating MSSM for our analysis.

3.1.2 MSSM Higgs Sector with Explicit CP—Violation

The CP-violating phases arg(y) and arg(A ];) discussed in the previous section could

in principle be measured directly in the production cross—sections and decay widths of

(s)particles in high energy colliders [76]-[72] or indirectly via their radiative effect on

the Higgs sector [66]. These phases introduce non-vanishing off-diagonal mixing terms

in the neutral Higgs mass matrix, which in the weak basis (¢1, $2,a), where ¢; 2 are

the CP—even states and a is the CP—odd state, may schematically be written as {67, 73]
Mg Mip

M2 = . (3.1)
Mbs Mg

Z(nAy)

2 2 \T
where ~ Mpg = (Mgp)" x ST
SUsYy
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in the ¢ = 0 renormalisation scheme [65, 73] (see Appendix A). It is a 1 X 2 matrix
describing the mixing between the CP-even and CP—odd states, and is dominated by
loops involving the top squarks. M?g is a 2 x 2 matrix describing the transition betwéen
the CP—even states whilst M% gives the mass term of the CP—odd state. As a result,
Higgs bosons of the MSSM no longer carry any definite CP—parities and rotation from

the EW states to the mass eigenstates,
(¢1,¢2,0)" = O(Hy, Hy, Ha)”,
is now carried out by a 3 x 3 real orthogonal matrix O, such that
0T M%,0 = diag(My,, My, My,), (3.3)

with My, < My, < Mpy,, instead of the usual 2 x 2 one, and the angle o resulting
from the singling out of the Goldstone state as in the CP—conserving case, as seen in
sect. 2.3.3. As a consequence, it is now inappropriate to parameterise the MSSM Higgs
sector in terms of M4 as is the case for a CP—conserving MSSM. Instead, the mass
of the charged Higgs boson, M+, remains an observable parameter in terms of which
the Higgs sector of the model can be parameterised. For a detailed formulation of the

MSSM Higgs sector with explicit CP-violation see Appendix A.

3.2 CPYV Signatures

3.2.1 The Di—photon Decay Channel

In order to study the effects of the CP—violating phases we focussed on the di-photon

decay mode of a neutral Higgs boson. The reason is twofold. Firstly, the di-photon
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decay mode is the most promising channel for the discovery of a light, say 80-130 GeV,
neutral Higgs at the LHC [30], as pointed out in sect. 1.4.3. Secondly, the dominant CP-
violating terms dependent on p and A 7 (hereafter, f=15, 7) enter the perturbative
calculation of the di-photon decay width with a coupling strength that is of the same
order as that of the CP—conserving ones (of O(a?®)).

Furthermore, on the technical side, thanks to the narrow width of such a light Higgs
state (of 10 MeV at the most), the entire gg/qq — H; — 7y process can be factorised in
the narrow width approximation into three parts up to corrections of order I' g, /Mgy, ):
the production process, the Higgs propagator and the decay channel. Effects of CP
violation can show up in this process through the aforementioned couplings in the
production, through a possible mixing of Higgs states at one-loop and above in the
propagator and through the same couplings in the decay.

CP violation entering the production of a neutral Higgs state in gluon-gluon fusion
process at hadron colliders has already been analysed a few times with varying con-
straints on the parameter space [76, 69, 77]. Effects of CP-mixing in the propagator
have also been discussed separately in great detail [72]. A thorough study of the other
MSSM Higgs decay channels in the presence of CP-violation has also been carried out
[68]-[80]. Here, we will concentrate on the decay of the lightest physical Higgs particle,
Hy, which is now a CP—mixed state, into two photons.

In the MSSM, a Higgs state decays into two photons through loops of fermions,
sfermions, gauge bosons, charged Higgs as well as charginos, as shown in fig. 3.1. In
the presence of non—trivial CP—violating phases, the couplings of the decaying Higgses

to all the particles in the loops are strongly modified with respect to the CP—conserving
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Figure 3.1: Higgs decay into 7y pair in the CP-violating MSSM. f = t, b; f=
t1,2,b1,2, T1,2.
MSSM. The amplitude for the decay process H; — vy can be written as [90]
aM21 2
M'Y'YHi =- 47T'U S (MH1) (El_L EQJ.) - P (MHz)M 1:<6162k1kz> (3‘4)

where ky o are the momenta of the two photons and €2 the wave vectors of the cor-
responding photons, €}, = e — 2k} (ks - €1) /M7, €5, = e — 2Ky (k1 - €2)/M};, and
(e1€2k1ka) = €uvpo €)'e5kTkS. The gauge boson loops in the CP—even amplitude are
calculated in the Feynman gauge [91]or equivalently in a non-linear R¢ gauge [92].
The scalar and pseudoscalar form—factors, retaining only the dominant loop contri-
butions from the third—generation (s)fermions (for reasons pointed out in sect. 3.1.1),

charginos, W* and charged Higgs bosons, are given by

SiMn) =2 > Nchgngff S For(rig)

f bthl ,Xz
2 v?
- 2. Ne@Qmggga Folng)
fj=£1 152151:52)7:11‘}:2 fJ

2
v
_gHiwal(TiW) - gHiH+H_ mFO(TiHi) s

P} (Myg,) = 2 Z Nchgngtff - Fop(mif) s (3.5)

f= bt»X1 »Xg

where T,z = M3 i/ 4m2, N¢ = 3 for (s)quarks and 1 for staus and charginos, respectively.
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The form—factors Fyy, Fpf, F, and Fy can be expressed as

Fy(r) = 77 1+ =7 D], Fpplr)=77"f(r), (3.6)

Fy(r) = 771 -1+ T_lf(T)] , Fi(ry=24+3r"1+ 37'—1(2 - YHYf(),

where f(7) stands for the integrated function

arcsin?(y/7) <1,
s =1 [ Y- amya -y = | @7)
AR(EE)-A

It is clear that imaginary parts of the form—factors appear for Higgs boson masses
greater than twice the mass of the charged particle running in the loop, i.e., 7> 1. In
the limit 7 — 0, Fyp(0) = 2/3, Fpr(0) = 1, Fp(0) = 1/3, and F1(0) = 7. Finally, the

decay width is given by

3 A2 )

M3 o
D(H: = 77) = 5ee b | 157 (M) + 1P (M) 7] (3:8)

The modified couplings gy, gf“;f, gflvff’ 9u;f i Juvv and g, ., mentioned
1 1 K3 j 1 '

above are given in Appendix B.

3.2.2 Numerical Procedures

We used the publicly available Fortran code CPsuperH [90] v2.0 for our study. CPsuperH
calculates the mass spectrum and decay widths of the neutral and charged Higgs bosons
in the most general MSSM including explicitly CP—violating phases. In addition it com-
putes all the couplings of the neutral Higgs bosons H, 23 and the charged Higgs boson

H#*. The program is based on the results obtained in Refs. [68]-[70] and the most
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recent RG improved effective—potential approach at next-to-leading-order, which in-
cludes dominant higher-order logarithmic and threshold corrections, b—quark Yukawa
coupling resummation effects and Higgs boson pole-mass shifts (73, 74]. CPsuperH
efficiently computes the neutral and charged Higgs boson couplings and masses with
equally high levels of precision in the CP—conserving case as well [93].

The free non—SM parameters of the model now include: ||, phase of 1 (¢,,), charged
Higgs mass (Mp+ ), soft gaugino masses (M, ), soft sfermion masses of the third genera-
tion (M@, 7, By, Ls,B5))» (unified) soft trilinear couplings of the third generation (1440),
phase of the trilinear coupling (¢4 f.). We chose the following very extensive parameter

ranges:

e tan (3: 1-60;

|u]: 100-2000 GeV;

b 0°-180°;

Mpr+: 100-400 GeV;

Ms: 100-500 GeV;

o Mg, 5y o Loy 100-2000 GeV;

|Af[: 100-2000 GeV,

We aimed at searching regions in the supersymmetric parameter space where the
variation in BR(H; — <7) due to the CP-violating phases is maximized compared
to the CP—conserving case. As stated earlier, the CPV effects are proportional to
arg(pA f), so we opted to fix ¢4 ;to 0 and varied only ¢, in the above range. M; and M3
were kept fixed as their variation is of no significance here. Also, no unification of the

soft sfermion masses was assumed so that, even though they are taken in the same
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range, they might have different numeric values. Finally, we switched off the threshold
corrections induced by the exchange of gluinos and charginos in the Higgs—quark—
antiquark vertices [94, 95].

We modified CPsuperH slightly to make it scan over the above range of input param-
eters instead of giving a single output for a given set of the same. We scanned the above
parameter space for 100,000 randomly selected points and for each of these we have
taken values of ¢, increasing from 0° to 180° in steps of 20°. Notice that ¢, = 0°(180)°
corresponds to the CP-conserving MSSM point with g = +|u|(—|u|), while any other
non-trivial ¢, shows the effect of CP violation. The following experimental constraints

from LEP2 and Tevatron [96, 97] were imposed during the scan:

m.+ > 104 GeV (LEP2),
my 2 100 GeV for f =1,7,% (LEP2),

my 2 300 GeV (Tevatron).

The parameter space points violating these constraints were discarded. Notice that
CPsuperH intrinsically takes care of the positivity of the mass—squared entries in the
various mass matrices. As for the Higgs, we only kept points with lightest Higgs mass

(Mp,) between 90 and 130 GeV, the range in which the H; — ~yy decay is relevant.

3.2.3 Estimating CPV

We now describe the methodology of our analysis. For each point in the scans that
survives the various constraints discussed above we asked CPSuperH to print out the
mass and 7y BR of the lightest Higgs H;. In order to have an idea of the overall

trend followed by the BR for different phases, we first looked at the average behaviour
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at specific My, values. To do this we divided the mass range into bins of width 4
GeV. To find the average sensitivity within each mass bin, we defined the percentage

deviation

>, (BRY™ - BR{™)
5, BRY™

-

Ry = x 100, (3.9)

where the summation is over the number of random points (n) within a particular
bin i. We denote the BR in the CP-conserving case by BRgy (specifically, the latter
corresponds to the case ¢, = 0°, however, without any loss or gain of information, we
could alternatively have used the limit ¢, = 180°) and that with a non-vanishing ¢,
(different from 180°) by BRy. This average percentage deviation is plotted in fig. 3.2

for the different values of ¢, taken in each bin.
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Figure 3.2: R} " defined in eq. (3.9), plotted as a function of H; mass for values of ¢,
increasing in steps of 20°.

The number of points falling in each bin varies with the Higgs mass value that bin
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is centered around. It reaches an averaged (over all values of ¢,) maximum of around
20,000 points for My, lying between 118-122 GeV, and around 15,000 for My, in the
range 114-118 GeV. The minimum number of points occurs for very light and very
heavy H; mass, i.e., for the ranges 90-94 GeV and 126-130 GeV, where it is reduced
to an average of a few hundreds. Clearly, there is an enhancement of about 20% in
the BR for My, larger than 110 GeV for moderate values of ¢, ~ 100°, while there
is a suppression of about 40 — 50% for My, around 90 — 98 GeV. This change-over
from enhancement to suppression for lower My, values shows the diminishing role
of sparticles in the loop as the difference between 2m 7 and My, increases and the
dependence on a non-zero ¢, effectively relies more and more on the changed HiWW
coupling.

Notice that in 3.2, in the mass region of 100 — 110 GeV, the effect of a non—zero

¢mu is apparently very small. However, this is an artifact of the binned averaging,

80 T -0 T T T ) 1 T ) ) ]
(p,_l=20o +

¢M=400 X

a q)u=60° *

70 + 0=80° © 4
(p“=1000 n
lp“=1200 [}

O q)p=14-0O .
60 | . o=160° &
a [°)
~ o .
50 ] . n R a
o]
or ] . . R A . .
@ H El L] 03
30r * . ° . 1
x
* N x a » [°) ° ©
20 + x : + E - ™ ] ﬁ b
X
o] o o °
+
10 r + + X * ; 4
+ X X X *
0 1 I ) 1 1 1 H b t X
92 96 100 104 108 112 116 120 124 128
NlH1 (GeV)

Figure 3.3: Rfm, defined in eq. (3.9), but with averaged absolute value of the numerator,
plotted as a function of H1 mass for values of ¢, increasing in steps of 20°.
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where points with enhanced and suppressed BRs falling in the same mass bin cancel
each other. This cancellation is nullified by taking the absolute value of the difference
in the numerator of Eq. (3.9), ie., >, |BRg’n) — BR((;’”)|. The result is plotted in fig.
3.3. More than 50% deviation is seen for ¢, = 100° for My, around 104 GeV. Now, it
should be noted that these figures represent only the average behaviour. It is therefore
possible to find regions of parameter space where the differences are larger (or smaller,
for that matter). We did indeed find points with difference in the BR larger than 50

times in our scan in either direction. Some such sample points are listed below.

=

= 55:
¢u = 40°, tan f = 25.56, Mpy+ = 286.04 GeV, |p| = 1882.85 GeV, My = 327.64
GeV, MQs = 509.57 GeV, M[-J3 = 1033.11 GeV, MD3 = 1933.03 GeV, M-3 =

370.31 GeV, M, = 1933.50 GeV, |A;| = 1848.97 GeV, |4;| = 530.36 GeV, |As|

= 1016.04 GeV.
2. g—%ﬁ = 80:

¢u = 100°, tan 8 = 57.71, My+ = 284.13 GeV, |u| = 1257.55 GeV, My = 324.30
GeV, Mg, = 121.95 GeV, My = 531.62 GeV, My = 1894.15 GeV, M} =

1451.41 GeV, My = 578.66 GV, | Az| = 1483.55 GeV, |A;| = 1504.37 GeV, |A+|

= 1724.46 GeV.
3 BRy _ 1.
* BRo _ 93"

¢, = 100°, tan § = 50.07, My= = 184.03 GeV, |u| = 1510.54 GeV, M, = 203.83
GeV, Mgy, = 545.59 GeV, My = 702.27 GeV, Mp = 721.39 GeV, M; =
1664.65 GeV, My, = 1947.71 GeV, |A;| = 1035.22 GeV, |4;| = 1214.54 GeV,

|Az| = 1163.69 GeV.

BR,
4, ﬁ = 60:
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$u = 160°, tan f = 55.52, Mpy+ = 199.70 GeV, |u| = 1558.47 GeV, M, = 391.16
GeV, MQs = 1680.03 GeV, M'ﬁ-3 = 710.55 GeV, MD3 = 1802.08 GeV, Mia =

833.35 GeV, M, = 465.01 GeV, |A;] = 1300.28 GeV, |4;| = 1296.45 GeV, |A|

= 129.02 GeV.
5 BRy — 1.
* BRy — 62°

¢, = 160°, tan 8 = 48.75, My+ = 187.22 GeV, |u| = 1462.18 GeV, M, = 198.49
GeV, My, = 913.02 GeV, My, = 85455 GeV, Mp, = 457.48 GeV, M; =
805.43 GeV, My = 1207.83 GeV, |47 = 1118.37 GeV, |4 = 1708.16 GeV, |A7|

= 900.21 GeV.

However, a subtlety should be noted in this context, concerning the derived MSSM
masses that also depend on ¢, and enter the decay H1 — vy (Mg, TS Msz)' In
fact, all the latter change when going from the CP—conserving case to the CP—violating
one. The most crucial one in this respect is My,. However, fig 3.4 verifies that for the
same parameter point (apart from a different ¢, ), the change in My, is less than 2 GeV

for the two MSSM configurations. Hence, our 4 GeV wide bins do capture percentage

0 20 40 éo 80 100 120 140 160 180
¢, (in deg)

Figure 3.4: Mass of H; as a function of ¢,. Solid line corresponds to the case when
none of the sparticles going into the loops is light while dashed line represents the case
when the #; is light (of order 200 GeV), see text.
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corrections to the BR consistently between the two MSSMs as a function of the lightest
Higgs boson mass. (Rare borderline cases are also correctly assigned to the right bin.)
Besides, 2 GeV is roughly the di-photon mass resolution in ATLAS [30] (while in CMS
it is somewhat better [98]).

In short, we imagine an experimental situation in which a Higgs resonance is ex-
tracted in yyX samples with the above mass resolution at a time when the other SUSY
masses and mixing (including tan 3) entering the loops of the H; — 7y mode have al-
ready been measured in real sparticle production with a resolution that does not allow
one to distinguish between a CP—conserving and a CP-violating MSSM scenario. Un-
der these conditions, for large enough differences of BRs, a simple measurement of the
normalisation of the 7y resonance (after background subtraction) may suffice to distin-
guish between the two envisaged CP scenarios, independently of whether the di-photon
signal is established in inclusive (i.e., via gluon-fusion) or exclusive (i.e., accompanied
by high transverse momentum leptons from Higgs—strahlung) mode.

To illustrate the validity of the above argument, we singled out some benchmark
points that showed significant deviations from the CP—conserving MSSM case with an
intention to study the contribution of various parameters to the H; — vy BR. Fig.
3.5 gives the change in BR for one such point with respect to the H; mass for three
values of ¢, = 0°,90° and 180°, where 0° and 180° represent the CP—conserving cases
(corresponding to a change in the sign of the parameter p). This point corresponds to
a randomly generated parameter set where all the sparticles are heavy (order 1 TeV).
Clearly, there is a reasonable shift in BR between the three cases despite large sparticle
masses. This follows from egs. (3.4) and (3.5), which indicate that the decay amplitude
is sensitive also to the Higgs couplings to various (s)particles which now get modified

by an entry from the matrix O that diagonalizes the CP-violating Higgs mass matrix
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(see Appendix B), apart from the loop particle masses. Also the trilinear couplings
of the sfermions to the Higgs boson are proportional to the Yukawa couplings of their
fermionic counterparts. Notice that in fig. 3.5, BR(180°) is larger than BR(0°) even
though both these value of ¢, correspond to the CP—conserving case. This is due to
the fact that these are physically two different points giving out the same H; mass
depending on the values of other parameters such as Mp+ which are not fixed for this
plot. Also My, saturates around 120 GeV for the range of Mg+ scanned over here,

hence the plot has been cut—off at this value.

0.0025 T
BR (Hy —yy)

0.002 |-
0.0015

0.001

0.0005

116 118 120 122 124

Figure 3.5: BR of Higgs into two photons for three values of ¢, =
0° (solid, left), 90° (dashed) and 180° (solid, right) plotted against its mass. Here
Mq, =1 TeV, [Aj| = 1.5 TeV, |u| =1 TeV, tan 8 = 20 and this point corresponds to
a scenario in the parameter space when none of the sparticles is light.

It should be pointed out here that this result is in agreement with an earlier one
[77] where the production of Higgses through gluon—fusion and its decay via di-photon
mode in the MSSM with explicit CP—violation was studied. it was concluded there that
the CP—violating phases could result in a suppression of the signal cross-section for a
light H; owing to a decrease in the strength of H; W™ W~ couplings due to CP-mixing

of the three neutral Higgs states. The scenarios discussed therein were the ones where
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none of the sparticles is light enough to contribute substantially in the loops which,
therefore, correspond to the one presented above.

We then headed on to examine the dependence of BR(H; — 7y) on the masses of
the sparticles going into the loops and their subsequent dependence on the CP—violating
phases. We generated points such that for every particular combination of soft—masses,
only one out of #1, 51, 71 and ij has a mass very close to the experimental lower bound,
while all others remained considerably heavy (the mass of the charged Higges boson is
varied between 100 GeV and 400 GeV, but for the interesting region Mg, > 115 GeV
it is heavier than 300 GeV). We expected to see the effect due only to t;he exchange of
this light sparticle, alongside the one due to standard matter, ¢, b and W=,

As fig. 3.6 illustrates, the most dominant change in BR occurs when the ?; is light,
around 200 GeV, despite the large value of tan 3 involved. Such behaviour could also be
attributed to the fact that the mass of the stop going into the loop itself varies notably
with the value of ¢, as seen in fig. 3.7. This added to the fact that the Yukawa coupling

of t—quark is the largest among SM particles for small to moderate tan 8. Notice that

0.0025

BR (Hy—>vy)

0.002 |
o°
0.0015 |

0.001

0.0005 -

120 122 124
My (GeV)

116 118

Figure 3.6: BR of Higgs into two photons for three values of ¢, =
0° (solid, right), 90° (dashed) and 180° (solid,left), plotted against its mass. Here
Mg, = 1 TeV, |Aff = 1.5 TeV, |u| = 1 TeV, tanf = 20, My, = 250 GeV and this
point corresponds to the scenario when the #; is light, O(250 GeV), while all the other
loop sparticles are heavy.
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the variation in my, itself is of the same order as the expected experimental resolution
[30, 98], so that it may not be possible to confirm CP-violating effects directly in the

stop sector.

(GeV)

176
174{ p
172

170

0 20 40 60 80 100 120 140 160 180
9, (in deg)

Figure 3.7: Mass of 1 as a function of ¢,.

As for the remaining sparticles, by comparing figs. 3.8 a, b and ¢ which correspond
to the points where a light by, a light 7, and a light >21i is produced, respectively, to
fig. 3.5, one can safely say that their light masses have negligible effect on the BR. The
reason, evidently, being the fact that the mass of these sparticles get only marginally
rescaled with variations in ¢, in the first place. This fact is illustrated in fig. 3.9, where
we see that the maximum drop in the mass of b; due to non-zero ¢, is roughly 1.5
GeV, as opposed to the case of £; where it gets dropped by tens of GeVs. Also, as
pointed earlier, the Yukawa couplings of all the corresponding SM—partners are fairly
small compared to that of the t—quark. Due to identical couplings, 7; and 5(;': follow

the same trend as by, so we will overlook the ¢, dependence of their masses here.
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Figure 3.8: BR of H; into two photons for three values of ¢, =
0° (solid), 90° (dashed) and 180° (dotted), plotted against the H; mass, for the sce-
narios when (a) M b, = 300 GeV giving a light b1, O(300 GeV) (b) M 15 = 300 giving
71 of O(300 GeV), and (c) M, = 150 giving X of O(120 GeV), while all the remaining
sparticles are heavy. The values of the other input parameters for all these scenarios
are identical: Mg, =1 TeV, |Af| = 1.5 TeV, |u| =1 TeV, tan § = 20.
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Figure 3.9: Mass of b; as a function of -

Our statement regarding sparticle contributions becomes more convincing if we
perform a form—factor level analysis of the cases mentioned above. Plotted in fig.
3.10a,b is the (individual and combined) contribution to the real part of S;(Mg,)
given in eq. (3.5), from SM particles (a) versus that from #; (b) in the scenario when
it is the only light sparticle. We see that the former is roughly twice the size of the
latter at the maximum. The scenario with a light b, is presented in fig. 3.11a,b, where
clearly the maximum b, contribution is at least two orders of magnitude smaller than
the SM one. Although not shown here, it can be verified that the contributions from

71 and )Zit are also of the same order as b;.

3.3 Conclusion

In summary, while a full study incorporating the production processes and detector
dependent aspects are needed to have a clear quantitative picture, our preliminary

analyses indicate that the di-photon channel of the lightest Higgs boson may enable one
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Figure 3.10: Contribution to the real part of S (Mp,) from (a) SM particles individually
(dashed lines) and combined (solid line), and (b) #; (solid line) and %, (dotted line), as
a function of ¢,,.

to distinguish the CP-violating MSSM from the CP—conserving one, so long that some
SUSY parameters are measured elsewhere, even if the precision on these measurements
is as low as about 10 % or so. This is not phenomenologically inconceivable, as the
H;, — ~v detection mode requires a very high luminosity, unlike the discovery of
those éparticles (and the measurement of their masses and couplings which are in
turn determined in terms of the SUSY parameters once some SUSY signals have been

established [30]) that impinge on the Higgs process studied here. We have also presented
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Figure 3.11: Contribution to the real part of S (M) from (a) SM particles individually
(dashed lines) and combined (solid line), and (b) b; (solid line) and by (dashed line),
as a function of ¢,.

a detailed analysis of the factors contribution to CP-violation in the H; — <+ decay
and shown that the modified couplings as well as the stop mass account for maximal
variation in its BR in the MSSM with explicit CP—violation compared to the one with
CP conserved. A complete analysis will eventually require to fold the decay process
with propagator effects and the appropriate production mode (gluon-gluon fusion and

Higgs-strahlung in this case), where similar CP-violating effects may enter.



Chapter 4

The Next-to-Minimal

Supersymmetric Standard Model

4.1 Beyond the MSSM

4.1.1 Problem with the MSSM

The MSSM, though efﬁcie.ﬁtly solves the hierarchy and naturalness issues of the SM and
is attractive due to the small number of parameters required to fully specify the theory
in its constrained version at least, is itself faced by a problem of phenomenological

significance. As seen in sect. 2.3.2, the MSSM superpotential can be written as
Wnmssm = Qﬁuhuﬁc + HthdDC + ﬂdﬁheEC + uﬂuﬂd. (4.1)

The last term in the above equation contains a dimensionful parameter p. A cor-

responding bilinear SUSY-breaking term of the form
Vi = BuH,Hy+ h.c., (4.2)
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where B is of the order Msysy like the rest of the soft SUSY-breaking parameters
since they are all assumed to have a common origin, also appears in the effective scalar
potential. This bilinear term is essential if the pseudoscalar P is to avoid being a
phenomenologically unacceptable EW axion in the MSSM with v,,v4 # 0. The value
of the (arbitrary) parameter u is thus, also phenomenologically constrained to be close
to Msusy or mw [99]. However, since p is present before SUSY is broken, one would
naturally expect its value to be either 0 or the Planck mass Mp. On one hand, if 4 = 0,
the form of the RG equations [100] implies that the mixing between Higgs doublets is
not generated at any scale and the minimum of the Higgs potential occurs for (Hy) = 0,
and that would in turn result in massless down-type fermions and leptons after SU(2)r,
symmetry breaking. On the other hand, y ~ Mp would reintroduce the fine-tuning
problem in the MSSM since the Higgs scalars would acquire a huge contribution ~ p2
to their squared masses (thus impairing the justification of SUSY, which is invoked to
effectively remove such quadratically divergent contributions to the Higgs mass from

SM particles). This is the so—called p—problem of the MSSM.

4.1.2 The Next—to—Minimal Supersymmetric Standard Model

There have been a couple of suggestions on countering the y—problem. One approach is
known as the Giudice-Masiero mechanism [102], in which yx automatically arises from
the general couplings of broken supergravity and hence all low energy mass parameters
arise from supergravity breaking. A more general and more elegant solution, however,
is to introduce a new singlet scalar field S into the theory and replace the py—term in the
MSSM superpotential by an interaction term ~ ASH,H,. At the same time, also the
soft term BuH, Hy in the Lagrangian gets replaced by the term ~ ANA\SH,Hy. When

the extra scalar field S acquires a VEV, an effective u term, naturally of the EW scale,
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is generated automatically. Such a mechanism operates in many superstring models
based on Eg [101] and SU(5) x U(1) GUT groups [103], in which the renormalisable
superpotential is purely trilinear and automatically contains a coupling of the form in
eq. (4.2) to some singlet field N.

The implementation of such an idea in the MSSM results in a model known as the
Next—to—Minimal Supersymmetric Standard Model (NMSSM) [104], described by the

superpotential
Wimssm = QH, 0, UC + HyQhg D€ + HyLho EC + \S(H, Hy) + gch‘Q’ ..., (4.3)

where § is an extra Higgs isosinglet superfield, A and x are dimensionless couplings and
the last term results from the Zz symmetry which is imposed to forbid the dangerous
PQ symmetry (which is broken in the MSSM by the p—term itself). The spontaneous
breaking of this symmetry would lead to the appearance of the PQ-axion (as seen in
sect. 1.5), ruling out most of the model’s parameter space [105]. The ellipses stand for
possible renormalisable terms that can be safely neglected when considering low—energy
processes if there are no intermediate mass scales between my and Mp (as we assume
here). Moreover, this form of the superpotential is scale independent, so that if bilinear
terms are absent at tree—level, they cannot be generated by renormalisation.

As stated, the NMSSM superpotential given above is still invariant under a discrete
Z3 symmetry [106], which is spontaneously broken at the EW scale when the Higgs
fields acquire a non-zero VEV. It is well known, however, that the spontaneous break-
ing of such a discrete symmetry results in disastrous cosmological domain walls [107],
unless it is explicitly broken by the nonrenormalisable sector of the theory. In order

to break this Zz symmetry, operators suppressed by powers of the Planck scale can
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be introduced. However, these operators in general give rise to quadratically divergent
tadpole contributions, which once again lead to a destablisation of mass hierarchy [108].

This problem can be circumvented by introducing new discrete symmetries (such as
Zspg of the U(1) g combination R’ = 3R+ PQ) to forbid or loop—suppress the dangerous
tadpole contributions. In this case the breaking of the Z3s symmetry should be small
enough to not upset the mass hierarchy but large enough to prevent the problematic
domain walls [109]. Thus the surviving tadpole terms are sufficiently suppressed so that
the low—energy phenomenology of the model is not affected. Alternative formulations
to the NMSSM — known as the Minimal Non—minimal Supersymmetric Standard Model
(MNSSM) and new Minimally-extended Supersymmetric Standard Model or nearly-
Minimal Supersymmetric Standard Model (nMSSM) — also exist [110].

Upon EWSB, a VEV will be generated in the superpotential, eq. (4.3), for the
real scalar component of S (the singlet Higgs field), (S), alongside those of the two
doublets, (H,) and (Hg). In the absence of fine-tuning, one should expect these three
VEVs to be of the order of Msysy or my (nevertheless, the mechanism generating
the common scale of order 100 GeV to 1 TeV is left unexplained). Since A is also in
the perturbative regime now, one has an ‘effective p—parameter’, ueg = A(S), naturally
of the required size, thus solving the p—problem. Once such a term is present in the
superpotential, evolution from Mp to Mgusy or mw will, in general, automatically

generate a contribution to the soft SUSY-breaking potential of the form

Vi = —AA\SH Hy + h.c. (4.4)

Besides effectively eradicating the y—problem, there are some other added features

of non—minimal SUSY models. For instance, all such models predict the existence of a
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(quasi-)stable singlet—type neutralino (the singlino) that could be responsible for the
dark matter of the universe [111]. Also, in these extended SUSY models, the singlet
superfield S has no SM gauge group charge (so that MSSM gauge coupling unification
is preserved) and one can comfortably explain the baryon asymmetry of the universe by
means of a strong first order EW phase transition [112] (unlike the MSSM, which would
require a light top squark and Higgs boson barely compatible with current experimental

bounds [113]).

4.1.3 Higgs Phenomenology in the NMSSM

In the NMSSM, the soft SUSY-breaking Higgs sector is described by [114]:
Vamssm = m¥y, Hi Hy + mp, H}Hy + m3|S|? — (eijAA,\SHfiH{’; e %K,ANSB + h.c.) :

where Ay and A, are dimensionful parameters of order Mgysy. As a result of the
introduction of an extra complex singlet scalar field, the Higgs sector of the NMSSM
comprises of a total of seven mass eigenstates: a charged pair H*, three CP—even
Higgses Hy 23 (Mp, < My, < Mpy,) and two CP-odd Higgses A; o (Ma, < My,).
The detailed formulation of the NMSSM Higgs sector is given in Appendix C.

The extended Higgs sector of the NMSSM hints at a phenomenology that could be
plausibly different from that in the MSSM. As an indication, the mass expressions for
the CP—even Higgses in the NMSSM can be translated into a modified upper bound

on the lightest Higgs mass as

2
MIQ{I < m%cos? 26 + /\?1/2 sin? 283 + A, (4.6)

where the first term on the RHS describes the MSSM upper limit while the second term
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is specific to the NMSSM (A represents the higher order corrections which are similar
in both models due to similar particle content). This expression dictates a slightly
elevated upper bound on the lightest Higgs boson in the NMSSM from the one in the
MSSM, reaching 135-140 GeV, for maximal stop mixing and tan ﬂ= 2 [115, 116] (a

configuration indeed excluded in the MSSM by LEP data).

4.2 'The No—Lose Theorem for NMSSM Higgses

4.2.1 Theorem Revisited

As stated earlier, the NMSSM Higgs sector bears a lot of promise for new physics
signals. The raised upper bound on the lightest Higgs mass provides a reasonably
enhanced window to the experimentalists in which to search for such a Higgs boson,
since the lower limit set by the LEP2 on the Higgs mass is short by only a few GeV of
the theoretical upper limit on the lightest Higgs mass in the MSSM for small values of
tan 8. Incidentally, such small values of tan 8 turn out to be of greater significance to
our NMSSM analysis. As for future machines, chiefly the LHC, quite some work has
been dedicated to probing the NMSSM Higgs sector over recent years. Primarily, there
have been attempts to establish a so—called ‘No-lose theorem’ for the NMSSM Higgses.
The theorem was_originally formulated for the MSSM Higgs sector and states that at
least one MSSM Higgs boson should be observed via the usual SM-like production and
decay channels at the LHC throughout the MSSM parameter space [60].

For the case of the NMSSM, the theorem [117, 118] can only be tested for the portion
of the parameter space that does not allow any Higgs—-to—Higgs decay. However, when

the only light non-singlet (and, therefore, potentially visible) CP—even Higgs boson,
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H; or Hj, decays mainly through one of the channels:

i) H— HH, #) H— AA, i) H— HTHY, ) H— AZ,

v) H— HEWE, i) A— HA, vii) A— HZ, viii) A— HEW®,

where H(A) and H(A) refer to the heavier and lighter of two CP-even(odd) Higgses,
respectively, one may not have a Higgs signal of statistical significance at the LHC
[119, 120]. In fact, further violations to the theorem may occur if one enables Higgs—to—
SUSY decays (e.g., into neutralino pairs, yielding invisible Higgs signals). Fortunately
though, the regions violating the theorem account for a very tiny fraction (~ 1%) of
the entire (allowed) NMSSM parameter space [121].

From preliminary studies [118] it appeared that using the qq — qgW W ~,qqZZ —
gqqH12 — gqgA1A; detection mode, i.e., via VBF, may lead to the possibility of estab-
lishing a no-lose theorem in the NMSSM, particularly if the lightest CP-odd Higgs mass
is such that there can happen abundant A;A; — bbrt7~ decays, with both 7-leptons
being detected via their e, u leptonic decays®. At high luminosity, this signal may be
detectable at the LHC as a bump in the tail of a rapidly falling mass distribution.
However, this procedure relies on the background shape to be accurately predictable.
These analyses were based on Monte Carlo (MC) event generation (chiefly, via the
SUSY routines of the HERWIG v6.4 code [122]) and a toy detector simulation (GETJET,
based on UA1 software). Further analyses based on PYTHIA v6.2 [123] and a more
proper ATLAS detector simulation (ATLFAST) [119] found that the original selection
procedures may need improvement in order to extract a signal [120].

In an attempt to reassess the theorem, we decided to investigate the possibilities

1The scope of other decays, A1 A1 — jjjj, A1A1L — jjr7 7~ (where j represents a light quark jet)
or A1 Ay — 777117 is very minute in comparison.
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offered by exploiting Higgs-strahlung (HS) off gauge bosons (¢¢ — W** — W*H; 5,
with a subleading component from ¢ — Z% — Z°H;,) and, more marginally, off
heavy quark pairs (chiefly top quarks, qg, gg — ttH, because of the small tan 3 values
involved in the scenarios outlined in [118]) as the underlying Higgs production modes
with the Higgs decaying into a pair of pseudoscalars, in place of or — better — alongside

VBF.

4.2.2 NMSSM Parameter Space

As the first step for our analysis, we needed to outline the parameter space that we
intended to explore. The choice of the parameter space largely depends on the version of
the NMSSM under consideration, or more specifically, on the implication of unification
of parameters at some very high scale in the model. This, in turn, leans on the technique
adopted for the breaking of SUSY, as seen in sect. 2.2.2.

In order to render our very preliminary analysis reasonably general, instead of
postulating unification and without taking into account the SUSY breaking mechanism,
we fixed the soft SUSY breaking terms to a very high value, so that they had little or
no contribution to the outputs of the parameter space scans. Consequently, we were
left with six free parameters; the trilinear couplings A and k, the soft trilinear terms
Ay and A, tanf and peg = A(S).

We used the publicly available Fortran code NMHDECAY v1.1 [124]. This program
computes the masses, couplings and decay widths of all the Higgs bosons of the NMSSM
in terms of its parameters at the EW scale. The computation of the spectrum by
NMHDECAY includes leading two loop terms, EW corrections and propagator corrections.
The decay widths, however, do not include three body decays. NMHDECAY also takes into

account theoretical as well as experimental constraints from negative Higgs searches at
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LEP along with the unconventional channels relevant for the NMSSM and eliminates
parameter points which violate such constraints. We used the (slightly modified) code
to scan over the NMSSM parameter space defined through the aforementioned six

parameters taken in the following intervals:

A:0.0001 - 0.75, & : —0.65—-+0.65, tanpB: 1.6 — 54,

Ueff, Ay, Ax : —1000 — +1000 GeV.

Remaining soft terms which were fixed in the scan include:

o Ap =Ap =Ap =15TeV,
® Mg ="y =mp =1mp, =mg =2 TeV,
o My = My =Mz =3TeV.
The above ranges of parameters was specified through the condition of positivity of

the following tests [121]:
1. Squark/slepton masses—squared are positive.

2. The running Yukawa coupling does not encounter a Landau sigularity below the

GUT scale.

3. The scalar potential is deeper than the local unphysical minima with vanishing
(Hy) = vy, (Hg) =vq or (S) = vs, and so the minimum with all VEVs non—zero

is the true minimum.
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4.2.3 Spectrum Configuration and Scan

The allowed decay modes for neutral NMSSM Higgs bosons included?:

H,A'—)gg’ H,A—*/,L-l-/.,l,_, HyA"_’T-'-T_, H,A'_)bl_), H,A—*ti'_,
H,A — s3, H,A— cc, H->Wtw-, H— Z2Z,

HA—~y, HA— Zy, H, A — Higgses, H,A — sparticles.

(Notice that for the pseudoscalar Higgses, the decay into vector boson pairs is not
allowed due to CP—conservation.) Here, ‘Higgses’ refers to any final state involving all
possible combinations of two Higgs bosons (neutral and/or charged) or of one Higgs
boson and a gauge vector.

We performed our scan over several millions of randomly selected points in the
specified parameéter space. The output contained masses, BRs and couplings of the
NMSSM Higgses for all the points which were not forbidden by the various constraints
imposed within the code. These surviving data points were then used to determine the
cross—section for NMSSM Higgs hadro—production by using an adapted version of the
codes described in [14]. As the SUSY mass scales have been arbitrarily set well above the

EW one, the NMSSM Higgs production modes exploitable in simulations at the LHC
are those involving couplings to heavy ordinary matter only, i.e., the direct production
modes described in sect. 1.4.2. The production and decay rates for NMSSM neutral
Higgs bosons were then multiplied together to yield inclusive event rates, assuming a

LHC luminosity of 100 fb~! throughout.

*Here, the label H(A) signifies any of the neutral CP—even(odd) Higgs bosons of the NMSSM.
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4.2.4 Complementary Higgs Production modes at the LHC

As the study aims at comparing the yield of VBF, qq — gqH, against HS off W bosons
(W-HS), gqg — WH, and off tt pairs (tt—HS), gg — ttH, it is of relevance to examine
in fig. 4.1 the light Higgs hadro—producfion cross—section at the LHC in the SM, as
the NMSSM rates would be obtained from these (for a given Higgs mass) by rescaling
the VVH and ttH couplings. We see that in the SM W-HS dominates for Higgs
masses below 80 GeV while VBF becomes the leading channel above such a value (in
the NMSSM these two processes are rescaled by the same amount). The case tt—HS
is generally subleading (even in the presence of appropriate NMSSM couplings), but
not negligible at low Higgs masses. Besides, notice that HS off a Z boson is always
very small, and hence we ignored it for the remainder of our analysis. It is also worth
recalling that gluoﬁ—fusion, despite being the mode with largest production rates, plays
no role in our case, as Hy o — A; A; decay channels would not be extractable in this case
from the background because because in the 4—jet decay of the pseudoscalar Higgses
produced through this channel, the background is overwhelming while in the case of
T—decay, triggers may not be possible. (Notice in the figure the normalisation via NLO
QCD throughout.)

As a second step we computed the NMSSM total cross—section times BR into 4141
pairs for VBF and W-HS + tt-HS for each of the two lightest neutral Higgs bosons,
H; and Hy. We display these rates in fig. 4.2 as a function of My, and My,. Here, one
can appreciate that there exist more possibilities of establishing a H; signal than one
due to Ho, since even though the decay rates and patterns are the same for both the
Higgses, the normalisation is different. Whereas the potential to detect the heavier of
these two Higgs states is confined to masses above 115 GeV or so and probably below

140 GeV, when VBF is largely dominant with respect to W-HS + tt-HS, in the case

93



SM Higgs production via NLO at LHC
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Figure 4.1: The Higgs production cross—section through NLO QCD in the SM at the
LHC [13].

of the light state there exists a low mass window where prodﬁction rates via the latter
two processes combined are comparable to those from the former, most often within
10-20% of each other. In fact, at times, W-—HS + tt—HS rates are larger than those for
VBF, the more so the lower the H; mass. Recall that all parameter points examined
here are compliant with collider bounds, even those at very low Higgs mass, as these
correspond to reduced Higgs couplings to gauge bosons which are compensated by the
large LHC luminosity.

Now, one should bear in mind that the rates in fig. 4.2 do not include yet the
efficiency to trigger on the signal. In the case of VBF, one triggers on one forward and
one backward jet, with transverse momentum pr > 20 GeV, pseudorapidity |n| < 5
and n(fwd) - n(bwd) < 0. The efficiency is here about 60%. In the case of W-HS,
one triggers on a high transverse momentum lepton (electron or muon), with pr > 20
GeV and |n| < 2.5. In this case the efficiency is lower, about 19%, primarily due to

the fact that a W boson decays into electron/muons only about 20% of the times.
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Figure 4.2: Cross—section times BR of H; (top) and Hj (bottom) plotted against their
respective masses. The symbol -’ refers to VBF while ‘+’ to W-HS + tt—HS.

The efficiency for tt—HS is 14%, as one top is required to decay hadronically and the
other leptonically. These efficiency values are basically independent of the Higgs mass.
Even so, the W-HS component, aided by the tt—HS one, would make a sizable addition
to the production rates of VBF. As we expect the efficiency of extracting whichever

3

H, 5 — Hy A, decays to be the same in both processes®, we see a potential in improving

31f anything, since no actual b-tagging was enforced in the earlier analyses [118, 119], whenever A; A,
hadronic decays are present, we would expect the efficiency to worsen for the case of VBF, because of
jet combinatorics.
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the signal yield by using all mentioned channels beyond what is achieved by using VBF
alone.

By recalling that the efficiency to trigger on VBF is at least three times the one to
isolate W-HS + tt—HS, it is of particular interest to estimate the proportion of points
where the latter gives more cross—section than the former. Despite the fact that W-HS
+ tt—HS very rarely exceeds VBF by more than a factor of three, there are clear zones
of NMSSM parameters space where W-HS + tt—HS is consistently larger than VBF,
those producing M, values bélow 80 GeV, indeed the SM crossing point seen in fig.
4.1. Evidently, this mass range is of relevance to H; — A1 A; decays only, see fig. 4.2.
For the case of Hy — Aj1A;, cross—sections are much smaller in comparison and VBF is
always very dominant, as — for potentially detectable rates — My, is above = 115 GeV
and below ~ 140 GeV. Finally, notice that Hs — H;H; decays very often compete
with Hy — A;A; [121]. In fact the former occur almost as often as the latter over the
NMSSM parameter space investigated here. In this respect, it is also interesting to see
how the masses of the decaying Higgs bosons, H1 and Hs, relate to that of the light

A state. This is illustrated in fig. 4.3.

Even after accounting for the trigger efficiencies, the VBF cross—sections plotted in
fig. 4.2 are in the same range as those probed in the original formulation of the no—
lose theorem? [118], so that, for similar H; and Hs masses, we would expect to obtain
the same overall detection efficiencies seen back then also for all our points falling in
the mass range, say, 50 to 120 GeV. Crucially, NMSSM parameter points giving the
highest cross—sections for VBF are the same yielding the largest rates for W-HS + tt-

HS. More in general, from figs. 4.4a-b, one can also gather where the regions of highest

“We were in fact able to reproduce most of the points discussed therein.

96



™ T BN TR WH R ™ T " 5(ad > oq PRy BRlH, -5 A, Ap S 1 (P57 -
60 60
80 50
E w0k % wl
e 8
| £ ol
20 20
10k 4 10
050 80 n 80 9‘0 100 110 1‘20 130 OHD 15 1'29 125 130 135 140 |im IIﬁ 160
My, (GeV) My, (GeV)
™ 15(gg > W Hy) + 0(aq > W H,)'BA(H, 5 A, A,J>2 (pb) + ™ Ol(ga > tt Hy) + 0(aq -> W H.)PBR(H > A; A > T (pD) " -
el . 1 sof N
.
50 - 50
S wf S w J
8 8 -
20 20
10} «‘ 10 \- M
o

o
130 110 112 na s e 124 126 128 1 1w

e ol
Figure 4.3: Distribution of the H;y (left) and Ha (right) masses with respect to that of
A1, when they are potentially visible in VBF (top) and W-HS + tt-HS (bottom), i.e.,

limited to those NMSSM parameter points for which cross—section times BR are larger
than 2(1) pb (see text) for Hi(Ha).

cross—sections, for both channels (VBF and W-HS + tt-HS) and Higgs flavours (H;
and Hj), lie in the NMSSM parameter space. In particular, their distribution is quite
homogeneous as they are not located in some specific areas (i.e., in a sense, not ‘fine—
tuned’), except for A, which is generally small in order to keep M 4,, which is directly
proportional to it, in the range relevant here. Altogether, the proportion of parameter
space where the two production modes yield potentially detectable Higgs signals (at
least according to the analysis in [118]), say, above 1-2 pb (prior to including tagging
efficiencies and A; decay rates), is 0.21% for VBF and 0.13% for W-HS + tt-HS.
However, if production cross—sections of 4 pb or upwards are required to render the
H; — A; A, signal visible, then the rates reduce to 0.096% and 0.0019%, respectively.
For the case of Hy — A1 A;, the numbers are typically 20 and 10 times smaller for VBF

and W-HS + tt-HS, respectively.

97



Clearly, while the production cross—sections (after triggering), the selection proce-
dures and efficiencies to extract the Higgs decays may well be the same in both samples,
the background will differ. In fact, whilst in the case of VBF the latter is dominated
by top-antitop pair production and decay, for V-HS and tt—HS we expect that (more
manageable) WZ + jets events will be the largest noise, assuming the most promising

Higgs signature discussed above (i.e., bbr77).
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Figure 4.4: Cross—section times BR of H; (left) and Hs (right) when potentially visible,
i.e., limited to those NMSSM parameter points for which cross—section x BR is larger
than 2(1) pb for Hi(H3), plotted against the following parameters: (a) tan 3, A and x;
(b) A, Ax and peg.
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4.3 Establishing a More—to—Gain Theorem

4.3.1 Outline

In addition to reassessing the no—lose theorem by thoroughly exploiting the NMSSM
Higgs sector, we embarked on an orthogonal approach also: an attempt to formulate a
so—to—speak ‘More—to—gain theorem’ for the NMSSM. We intended to explore whether
there exist regions in the NMSSM parameter space where more Higgs states of the
NMSSM are visible at the LHC than those available within the MSSM, and thus high-
light the best case scenarios for the former that would not only endorse the existence of
the Higgs boson but also validate non—minimal SUSY beyond the SM. In our attempt
to overview all such possibilities, we started by considering the case of the di-photon
decay channel of neutral Higgs bosons. Notice that, for the NMSSM, there is another
crucial factor that made us thrive on the vy decay mode primarily besides its being
the one of the most auspicious candidates for Higgs discovery at the LHC.

As opposed to the MSSM, where only a single (lightest) Higgs scenario can be
realised in this particular decay mode, in the NMSSM, due to the rapidly falling tail
of the vy background with increasing invariant mass of the di-photon pair and owing
to the fact that the photon detection efficiency grows with the Higgs mass [29], signal
peaks for heavier Higgses could also be visible in addition to (or instead of) the lightest
one, although the cross—section for these processes is relatively very low [41, 20]. This
scenarios, while infeasible in the MSSM, are made possible in the NMSSM by the fact
that larger number of Higgs states means that the splitting between their masses could
be much smaller as compared to the MSSM, so that the intermediate state between the
lightest and heaviest Higgses is also very likely to possess a mass well within the reach

of the LHC. Also fnixing amongst more Higgs states may favour some BRs, as there
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are cancellations hetween fermions and bosons in the loop.

4.3.2 1Inclusive Event Rates

We started, again, by computing the total cross—section times BR of decays into -7y pairs
against each of the six parameters of the NMSSM, for each Higgs boson. We adopted
the scan outputs described in sect. 4.2.2 and, employing all the direct production modes,
started by computing total (i.e., fully inclusive) rates®. Based on the ATLAS analysis
[30], we concluded that cross—section times BR rates of 10 fb or so are potentially
interesting from a phenomenological point of view, in the sense that they may yield
visible signal events, the more so the heavier the decaying Higgs state.

Tab. 4.1 recaps the potential observability of one or more NMSSM Higgs states in
the di-photon decay mode at the LHC, under the above assumptions. It is obvious
from the table that one light CP—even Higgs should be observable almost throughout
the NMSSM parameter space, thus reaffirming the no—lose theorem. However, there is
also a fair number of points where two Higgses may be visible simultaneously (H; and
Hj or — more rarely — H; and A;), while production and decay of the three lightest
Higgses (Hy, Hy and A;) at the same time, although possible, occurs for only a very
srﬁa.ll number of points in the parameter space. Furthermore, the percentage of points
for which only the second lightest Higgs state is visible is also non—negligible. These
last two conditions are clearly specific to the NMSSM, as they are never realised in the
MSSM.

Importantly, while the lone detection of the lightest CP—even NMSSM Higgs boson
may mimic a similaf signal from the corresponding state in the MSSM, the recon-

structed mass may well be beyond the upper mass limit in the MSSM, this possibility

5 After verifying that the bulk of the signal rates is due to gluon—gluon fusion (even at large Higgs
masses), we eventually decided - for simplicity — to limit ourselves to emulate only this channel. Hence,
all the results quoted hereafter suffer from a slight underestimate of the signal rates.
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Higgs Flavor Points Visible Percentage
Total: 1345884 | 99.7468
Alone: 1345199 | 99.6961
H, With Hp: 528 0.0391
With Aj: 152 0.0113
With Hy and A;: 5 0.0004
Total: 1253 0.0929
Alone: 717 0.0531
H, With Hy: 528 0.0391
With A;: 3 0.0002
With A4; and 41: 5 0.0004
Hs Total: 0 0
Total: 165 0.0122
Alone: 5 0.0004
A With H;: 152 0.0113
With Ho: 3 0.0002
With Hy and Hy: 5 0.0004
Ay Total: 0 0

Table 4.1: Higgs events potentially visible in the NMSSM at the LHC through the vy
decay mode (i.e., those yielding cross—section time BR rates of order 10 fb or upwards).
Percentage refers to the portion of NMSSM parameter space involved for each discovery
scenario.

also pointing towards an NMSSM Higgs sector. Finally, none of the two heaviest
NMSSM neutral Higgs states (Hs and Ay) will be visible in the di-photon channel at

the LHC (given their large masses and hence tiny cross—sections).

4.3.3 Signatures for Non—Minimal Physics

We plotted the cross—section times BR for the three potentially observable Higgses
against the various NMSSM parameters. These plots, shown in figs. 4.5-4.7, reveal
that the distribution of possibly visible points (i.e., of those yielding cross—section times

BR rates in excess of 10 fb) is quite homogeneous over the NMSSM parameter space
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and not confined to some specific areas (i.e., again, not fine-tuned). The cross—section
times BR for the same points as a function of the corresponding Higgs masses can be

found in fig. 4.8.
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Of particular relevance is the distribution of points in which only the NMSSM H;

state is visible, when its mass is beyond the upper limit on the corresponding CP—even

MSSM Higgs state mass, which is shown in fig. 4.9. This plot reveals that the masses

of about 93% of the NMSSM H; states visible alone are expected to be within 2-3 GeV

beyond the MSSM upper bound, hence the two models would be indistinguishable by

and large®. Nonetheless, there is a fraction of a percent of such points with My, values

even beyond 125 GeV or so (the higher the mass the smaller the density, though), which

should indeed allow one to distinguish between the two models. It must be pointed out

here that we have used the value of 120 GeV (which is obtained at the same level of

accuracy, i.e. second order leading log in perturbation theory) as the upper mass limit

on the lightest CP—even Higgs boson of the MSSM instead of the one quoted generally

(~ 130 GeV).
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Figure 4.9: The distribution of points with potentially visible NMSSM H; state with
mass beyond the MSSM upper limit on the corresponding Higgs state mass. The scale
on the right represents a measure of point density.

60ther than an experimental di-photon mass resolution of 2 GeV or so [30] one should also bear in
mind here that the mass bounds in both models come with a theoretical error of comparable size.
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Notice here that the value obtained for Mg®™ from NMHDECAY v1.1 and used
in fig. 4.9, of ~ 127 GeV, based on the leading two—loop approximations described in
[124], is a few GeV lower than the value declared in sect. 4.1.3. This can be ascribed
to the fact that we have assigned very high values to the SUSY masses while SUSY
trilinear terms have been fixed to relatively smaller values. Performing a check with
slightly lowered values of the SUSY masses and raised values of the trilinear couplings
(which maximises the Higgs masses) easily reveals an upper limit complying with that
quoted in sect. 4.1.3 [125]. But for the sake of consistency with the earlier analyses, we
opted for the fixed SUSY parameters implemented herein. (Indeed, as we checked, a
slightly modified M7™ value is obtained for the NMSSM from NMHDECAY v2.1 [126],
because of the improved mass approximations and loop corrections with respect to the
earlier version of the program adopted here.) Eventually, when the LHC is online,
the exercise that we are proposing can be performed with the then state—of-the—art
calculations.

Furthermore, by studying the cross—section times BR of the Higgses when two of
them are observable against their respective mass differences, figs. 4.10-4.12, one sees
that the former are larger than the typical mass resolution in the di—photon channel, so
that the two decaying objects should indeed appear in the data as separate resonances.
(We also verified that their decay widths are small compared to the detector resolution

in the 7y invariant mass.)

4.3.4 Prospective Signal Events

Next, we proceeded to a dedicated parton level analysis of signal and background
processes, the latter involving both tree-level g§ — v and one-loop gg — ¥y con-

tributions. We have adopted standard cuts on the two photons [30]: pJ. > 25 GeV
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Figure 4.10: Cross—section times BR of H;j (red/dots) and Hs (green/crosses) plotted
against their mass differences when the two are potentially visible simultaneously.
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Figure 4.11: Cross-section times BR of H; (red/dots) and A; (blue/stars) plotted
against their mass differences when the two are potentially visible simultaneously.
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Figure 4.12: Cross-section times BR of H» (green/crosses) and A; (blue/stars) plotted
against their mass differences when the two are potentially visible simultaneously.

and |n7| < 2.4 on transverse energy and pseudorapidity, respectively. As illustrative

examples of a possible NMSSM Higgs phenomenology appearing at the LHC in the
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di-photon channel, we have picked up the following five configurations:

1. X = 0.6554, k = 0.2672, peg = —426.48 GeV, tan § = 2.68, Ay = —963.30 GeV,

A, = 30.48 GeV;

2. A = 0.6445, k = 0.2714, peg = —167.82 GeV, tan 8 = 2.62, Ay = —391.16 GeV,

A, = 50.02 GeV;

3. A= 04751, & = 0.354, peg = —152.72 GeV, tanB = 2.72, Ay = —235.17 GeV,

A, = 148.38 GeV;

4. A = 0.4865, k = 0.3516, g = 355.63 GeV, tanf8 = 2.35, Ay = 519.72 GeV,

A, = —445.71 GeV;

5. A= 0.5157, k = 0.2967, peg = —319.14 GeV, tan 8 = 2.04, Ay = —355.67 GeV,

A, =203.28 GeV.

Configuration 1 is representative of the case in which only the NMSSM H; boson is
visible, but with mass larger than the MSSM upper limit on the corresponding Higgs
state. Configurations 2 and 3 refer instead to the case when also the Hs is visible along
with H;. Likewise, points 4 and 5 correspond to the scenarios when the H; and the A4;
states are potentially visible simultaneously. The final results for the points 1, 2 and 4
above are given in fig. 4.13. The corresponding mass resonances are clearly visible above
the continuum di-photon background and discoverable beyond the 50 level. Indeed,
similar situations can be found for each of the combinations listed in table. 4.1 and
most of these correspond to phenomenological scenarios which are distinctive of the

NMSSM and that cannot be reproduced in the MSSM.
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Figure 4.13: The differential distribution in invariant mass of the di—photon pair after
the cuts in pJ. and 7” mentioned in the text, with 100 fb~! of luminosity at the LHC,
in the case of the background (solid) and the sum of signal and background (dashed),
for the example points 1-3. described in the text, in the same correspondence.
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4.4 Conclusion

We have concluded that the chances of establishing a ‘no—lose theorem’ in the NMSSM
at the LHC via the aforementioned Higgs—to—Higgs decay mode might improve consid-
erably if the Higgs state strongly coupled to gauge bosons is the lightest one, although
a detailed phenomenological study, based upon parton shower, hadronisation and de-
tector simulation (like in Refs. [118, 119]), is obviously in order before drawing any firm
conclusions from our very preliminary study. Nonetheless, we find it worthwhile to alert
the LHC experiments to the possibility of supplementing the search for Hi o — A14;
signals via VBF with that through W-HS + tt-HS, as such Higgs decays are relevant in
a region of NMSSM parameter space where the two production modes are competitive.
Whilst the efficiency of tagging two forward /backward jets in VBF is three times higher
than that to trigger on a high transverse momentum electron/muon in W-HS + tt-HS
(mainly in virtue of the leptonic BR suppression in the second case), the combination of
the latter two remains competitive with the former over the Higgs mass range relevant
to these decays, 50 to 120 GeV or so, the more so the lighter the mass of the decaying
Higgs state.

In our opinion such a low mass scenario is the one alleviating the so—called ‘little
fine-tuning problem’ of the MSSM, resulting in LEP failing to detect a light CP—even
Higgs boson, predicted over most of the MSSM parameter space, as in the NMSSM the
mixing among more numerous CP—even or CP-odd Higgs fields would have enabled
the production of light mass states at LEP yet they remained undetected because of
their reduced couplings to Z bosons [116].

We have élso remarked that there exists the possibility of establishing a ‘more-to—

gain theorem’ within the NMSSM, as compared to what is expected in the MSSM, in
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terms of novel Higgs signals appearing in the di-photon discovery channel which can
be ascribed to the former but not to the latter. We have shown this to be the case for a
few selected NMSSM parameter points, by performing a proper signal-to—background
analysis at the partonic level. However, a similar numerical study can easily be extended
to encompass sizable regions of the NMSSM parameter space. While the bulk of the
latter is in a configuration degenerate with the MSSM case (as far as di-photon signals
at the LHC are concerned), non—negligible areas exist where further phenomenological
studies have the potential to unveil a non-minimal nature of the underlying SUSY
model.

Our analyses were based on a fair13lf extensive scan of the NMSSM parameter space
incorporating the latest experimental constraints. To this end, NMSSM benchmark
scenarios, amenable to experimental investigation in the context of full MC analyses,
based on event generation and detector simulation, are currently being devised [127].
Also, an upgraded version of HERWIG [122], suitable for MC event generation in the

context of non—minimal SUSY models, is in preparation.
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Chapter 5

Conclusions

As the SM era approaches an end, plenty of new physics seems to be in store beyond it.
Even the MSSM appears to be a work in progress as there are still many loopholes in its
basic structure. The mere invocation of extra CP-violating phases shows remarkable
deviations from the phenomenology of the model in its CP—conserving limit as we have
testified. We have seen a rise of about 80% in the BR of the lightest Higgs into two ‘
photons for certain values of the ¢, phase. In fact, several points emerged in our scans
for which the BR showed an increase by an order of magnitude, but such points were
very rare and can not be generalised to the entire parameter space.

We have also tried to analyse the behaviour of the H; — <~ decay by probing
its dependence on the various parameters as well as individual form—factors. In this
context, the masses of the sparticles going into the loops do not appear to have sufficient
influence on the BR of Hy, apart from that of the stop. Instead, the modified couplings
of all the (s)particles resulting from a CP-mixed Higgs mass matrix seem to play a very
crucial role. As indicated earlier, for the purpose of this study we have only focussed on
the di-photon decay mode, but eventually this study is to be extended to the process

shown below:
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b b
a,q1,2 - - o=

This process incorporates CP-violating couplings in the production as well as the
decay modes at the LO, and in the Higgs propagator at NLO. Again, we expect to
observe significant variation in the cross-section of the entire process with respect to
the CP-conserving case. It remains to be seen whether the CP—violating effects at each
stage of the process tend to enhance each other or do they cancel each other out, thus
diminishing the overall effect.

As for the NMSSM, we have reasserted that at least one Higgs state should remain
potentially visible at the LHC over the entire NMSSM parameter space - as per the
no-lose theorem - if the complementarity of the various Higgs production modes is
exploited for its decay into two light CP-odd Higgses, although, as we have remarked,
a dedicated detector-level analysis is in order before drawing any firm conclusions. Such
an analysis will follow soon. Meanwhile a detailed study of other decay modes of the
Higgs in the relevant mass range may help further in enhancing its observability in
current 'no-go’ regions of the NMSSM parameter space.

We have also shown that as many as three NMSSM Higgses could be simultaneously
detectable at the LHC if the desired level of luminosity is reached. It is these signals
which will help us draw a clear distinction between the MSSM and the NMSSM, as such
scenarios have been ruled out in the former. Actually, the probability of finding as many
as two Higgses in a single decay mode is very minute in the MSSM, irrespective of the
masses of the Higgses. In addition, a considerable number of single di-photon resonances

beyond the MSSM upper bound on the lightest Higgs mass have been observed over
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a fairly extensive region of the NMSSM parameter space, which also provide a clear
signature of non-minimal physics. Thus, our findings in the di-photon Higgs decay
channel carry a lot of promise for the discovery of a non-minimal Higgs sector.

In short, the new physics signatures in the NMSSM, coupled with its ability to
efficiently circumvent the p-problem of the MSSM, make it a very interesting candidate

as a SUSY model for the LHC to base its extrapolations on.
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Apperidix A

MSSM Higgs.sector with explicit

CP—Violation

The most general CP—violating Higgs potential of the MSSM can conveniently be de-

scribed by the effective Lagrangian [67]:

Ly = m(H}Ha) +m3(H{H,) + Bu(H}H,) + (By)* (H}Ha)
P (HJH)? + Ao (HIHy)? + Na(HHy) (H{Hy) + Ma(HyHy) (HLHy)

FAs(HLH,)? + N (HLH)? + Ne(H)Hy) (HIH,) + Ny(HLHy)(HY Hy)

g (HLH)(HYHy) + Xy (HUH)(H{Ha) (A1)
At the tree level, the kinematic mass parameters are given by m? = —m? — |u/? and
m3 = —m3 — |p|?, and the quartic couplings in terms of the SM gauge couplings as
)\_/\___l2 2 /\__l 2 _ 2
1=A2 = 8(92+91), 3= 4(92 91)
1
/\4—593, )\5—>\6—>\7=0 (A2)
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Here, m?, m, and By are soft SUSY-breaking parameters related to the Higgs sector.
As remarked in the text, Bu could generally be complex (but its phase can be rotated
away), and beyond the Born approximation, the quartic couplings A5, \g, A7 receive
significant radiative corrections from trilinear Yukawa couplings of the Higgs fields to
third generation squarks (in the decoupling limit of the first two generations), rendering

them complex. The analytic expressions for these quartic couplings are given as:

2 2
_ % tg 3 .,
o= - (- g ny)
3 4 1 2 2
162h[t+ Xb+162( 2+ - ht—8g3>(th+t)}
3 s 1 2 2 2
Kt — 1 .
+ To0m2 M 78 |1+ 55 (9hF — 5k — 16g})t ], (A3)
2 2
_ 9t g 3
po = —EZI (1 - =5l
3 1 /3 1
162h4[t+ X + 162(—hf+§h§—8g§>(Xtt+t2)]
3 |M|4 2 2
hi 1 hE — 5h2 — 16g2)t A
" Tor2 Mgysy [ - 16 Ton2 (9 = 5hi — 1603) ] (A-4)
2
_ _G-gp, 3
= -E2A 1 16 — (1} + )]
3
_W h2h2 [t + = th + 16 —— (hi + h} — 8g3) (Xut + t2)]

Msysy  Msysy

( 3|2#|2 B |.U|4|At2> [1 N 16 L (6R2 — 22 — 16g§)t]
h (

3 2 2A 2 1
o |“‘4| 1 ) [1 + —— (6h} — 2h2 — 16g§)t], (A.5)

967’ M3ysy  Mgysy 1672

_ 9, __3 2 2
Ay = 2[1 162(ht+hb)t}

iy [t Tz th +

oy (8 + 1 — 862) (Xt + )]

3 3|ul2 | A
— hi — 1+ (6h? — 2hZ — 16¢2)t
96m2 t(MSQUSY Méysy ) [ 16 16m2 8 ]

3 3|,u|2 |M\2|Ab|2 2 2 2
— hi - 1+ —(6h — 2h2 — 16g3)t|, (A.6)
962 (MS2USY M& oy > [ 1672 t ]

3 u2A? 1
oo it i |1 — 5 (2hF — 6hF + 1699}t
L3 e A [1- :

19272 ° M& oy 1672

s =

(257 — 6k + 1663)¢ |, (A7)
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_ 3 4 lul’pA 1 (7,20 15, 2
2 = " Gom? ™ M ey K 1672 (2hb g Mt 1663 ) ]

3 4 /1: 6Ab |Ab|2Ab 1 1 2 9 2 2
— 1——=({=zhf — =h 1 .
+ 9672 ° Mgyusy (MSUSY MgUSY ) |: 1672 (2 t 2 + 6g3> t}’ (A-8)
_ 3 .4 lul’pds L (7,0 15,9 2
A =~ Gga2 e M& sy [1 1672 (2 =gk 1693)’5]

43 _pa M ( 64 _ |At|2At)[1 L (%hf—gh?+16g§)t], (A.9)

9672 "t Mgusy 2

MSUSY MgUSY - 1672

_ 2y (7 .
h o= Y2m(m) o Vam(m) (A.10)
vsg veg

2| Ay | A

Xy = l— ——,
MZysy ( 12M§US’Y)
2| Ap|? | Ap|?

X, - - | (A11)
Mgysy ( 12Ms2usy)

X, = |Ad]® + [Ap* + 2Re(AA) Il 1P - AFAP

2 Mgysy Mgysy 6 Miysy

where sg = sinf3, cg = cos 8 and Ty is the t-quark pole mass which is related to the

on—shell running mass m; through

my

me(M) = ——F———~ - (A.12)
1+ ﬁ as(mt)
The linear decomposition of the Higgs fields is carried out as
. Hf L (vg + HY +iPg
H, = " = | TR g
%(vu + HY +iPD) Hy

where £ is the relative phase between the two Higgs doublets which can be determined
along with their respective VEVs by the minimization conditions on Ly . In the presence
of the above CP-violating parameters, we end up with one charged Higgs state and three

neutral CP-mixed Higgs states in the Higgs sector, after rotating away the Goldstone
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state. The mixing between the CP—even and CP-odd fields is given by

M2 M2
My = R (A.14)
Mps M3

where M2 and M% are the CP-preserving transitions and M%p = (M%g)7T contains

the CP—violating mixing. The analytic form of the sub—matrices is given by [68]

1 ; , 1 ) 1 .
ML = m2= 30 {R(m%zezs) + v? [2R(A5e2zg)sg% + §R(A661£)C% + §R(A7e15)s%] } , (A.15)
I(X56%8)sp + I(Nge®)c
Mip = o2 (5')" (6')" , (A.16)
I(Xse*®)cp + I(Mre)sg
2 o[ B —secs
MS = m, (Al?)
—spcg ¢

2X1¢5 + 2R (Ase%4)sh + 2R (Nee®)spcs  Asaspes + R(Nee®)ch + R(Mre)s

Masspep + R(Aee)ch + R(Me)sy  2Xos3 + 2R(Ase?)ch + 2R (A7e¥)spcs

Correspondingly, the charged Higgs boson mass is given by
1 ,
MZ. = M?+ §A4v2 — R(Nse*)0?. (A.18)

The spontaneously CP—violating phase £ appearing in the above equations is in-
duced radiatively in the MS scheme [65, 66] and is renormalisation-scheme dependent.
Thus one may adopt a renormalisation scheme different from MS in which ¢ is set to
zero order by order in perturbation theory. This can be achieved by requiring the bilin-
ear Higgs-mixing mass By to be real at the tree level (by making use of the PQ U(1)
symmetry), but to receive an imaginary couﬁter—term Z(Bu), at higher orders which

is determined by the vanishing of the CP—odd tadpole parameters T,, and Tg, [65].
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Appendix B

Higgs Interactions in a

CP—Violating MSSM

The Higgs interactions of relevance to the di-photon decay mode include [90]:

o Interactions with W bosons: The Higgs interaction with W= boson pair is de-

scribed by the Lagrangian
Luw+w- = gmw Y gmw+w-HWiW#, (B.1)

where i = 1,2,3 (Higgs mass eigenstates) and the coupling g, . . is given in

terms of the neutral Higgs-boson mixing matrix O as:
gaw+w- = ¢80gi + 804,:.

e Higgs—fermion—antifermion interactions: The effective Lagrangian governing the
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interactions of the neutral Higgs bosons with quarks and charged leptons is

3
£H,-ff = - Z gfz H; f (gjs;rsz + Zg]]_sz’YS) [ (B2)
f=ud,]l i=1

where gy = %ﬁ and, at the tree level, (¢%,g") = (Og,i/cs, —OqitanB) and

(95,9F) = (Opyi/ 38, —Oui cot ,8) for f = (I,d) and f = u, respectively.

Higgs—sfermion—sfermion interactions: These interactions can be written in terms

y
/

of the sfermion mass eigenstates as

Lyjp=v Y, gHif;fk(Hi]? e (B.3)
F=u,d
where
V95, f = (raf* ) . Qm. U’yk’
with o = (¢1,¢2,a) =(1,2,3), B,y=L,R and j, k =1,2.

The expressions for the couplings rof*f 4o third-generation sfermions are given

in the weak interaction basis (fr, fr) b

pabe _ L 0 ihy(spAp + cap)
V2 —i hy(sgAp + cap*) 0
]_"¢11->*5 _ —|hb|2v05 + 1 (gg + %g%) veg —715h;A*
—/she Ay ~|he|*veg + 9”ves
1 1.2 1
ot ~1 (B +39)vsp  ship
- )
ﬁhb,u* —%9%vsg
rai = L 0 ihi(cs AT + spp)
ﬁ —1 ht(CgAt + Sﬂlu*) 0
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ot _ ~3 (B~ 398)ves  Jshin |

\/Liht/i* —%g’%c;;
ot _ | TIhePussti(d—sel)ves  —phidl

_%htAt —|ht[*vsp + 2g%vsg ,
[ers  _ % 0 ihy(spAr + cap) ’
2\ 4 hr(sgAr + cpu™) 0
rorr _ | IhelPues + % (63 - of) ves ~Jshi AL |
—%hrAr —|hr|Pvep + $9"veg

o _ | Taled-gtvss i

%h'rﬂ* —29%vsg

o Interactions of neutral Higgs bosons and charginos: These are described by the

following Lagrangian:

’L’J)
1 . : «
Grzr = 3 UCRACHROT + (CRCOLGE] + 1 = k'),
i . . . .
Tharzr = 3 {CRANCLRGH + CRR(CLHCE] - i <K'},

where g5 = %, G?l = (Ogyi — 15804i), sz = (Ogyi —1cp04s), and j,k =1,2.

o Neutral Higgs boson interactions with charged Higgs pair: This effective trilinear

Higgs self—interaction [68]-[70] is given by the Lagrangian:

3 3
Lupgrn-=v Y gmm+ra-HHTH™,  ggpgeg- =Y Ocigam+a-, (B.5)

i=1 a=1
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where the effective couplings g,g+xg- read as:

o HYH- = 23%%/\1 + c%/\g - s%c[;)u; - 23%% R(As) + Sg(sf;—Zc%)R(As)

+ spcaR(A7),

Ygprtn- = 2spchhe + SHA3 — spciha — 2spc3 R(As) + spes R(Ne)
2 2
+ cplcp — 255) R(M7),
Goin- = 288c8T(s) — s5Z(Xe) — EI(Mr),

a being the pseudoscalar Higgs interaction eigenstate.
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Appendix C

The Higgs Sector of the NMSSM

The Higgs fields of the NMSSM consist of the usual two Higgs doublets together with

the extra Higgs singlet,

HY HY
H, = , Hg= , S (C.1)

H? Hj
As seen in the superpotential in eq. (4.3), the extra singlet is allowed to couple only to
the Higgs doublets of the model, and consequently the couplings of the new fields to

gauge bosons will only be manifest via their mixing with the other Higgs fields. The

tree level Higgs potential is composed of three parts, V = Vi + Vp + Vi [114]:

Ve = |ASPP(HIHa+ HLH,) + ey \HHE + kS22,
2 2 2
_|_
Vo = LA(HH, - HUHL)? + 2(HH) (H]HY), (C2)

|
Viott = miHIHy+msHLH, +m3|S|? — (e, \NANSHLHE + §nA,§S3 + h.c).

where A) and Ay are (arbitrary) dimensionful parameters of order Mgysy. We as-

sume that all the new parameters in the model (compared to the MSSM), namely
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A, k, Ay and A, are real, and‘so CP is conserved at tree-level. The ‘MSSM limit’ can
be approached smoothly by letting A and x — 0 on a linear trajectory (i.e. k/A con-
stant), while keeping the effective p parameter peg = Avs/ v/2 and the parameters A)
and A, fixed. In this limit the Higgs singlet field decouples from the system completely,
and the doublet Higgs sector of the MSSM in its canonical structure is regained.

The above potential is expanded around the VEVs of the three Higgs fields, vy, vg

and v, after EWSB. These fields are now parametrised as follows:

+ L ; PO
H, = ei@ Hu y H;= ﬁ(vd+SI+ZP1) )
%(vu + Sy + iPY) Hy
(C.3)
1 i - p0
S=$e (vs + Sz +iPg).

Again, to ensure tree-level CP—conservation of the model, we can work in the limit
where the three VEVs v,, vg and v, are real and positive, and thus get rid of the
phases 0 and ¢ appearing with the fields H, and S, respectively.

For this vacuum to be a local minimum, we obtain three relations, linking the three

soft mass parameters to the three VEVs of the Higgs fields:

e = 8g 2(v2 —v2) — —>\202 + = (\/_A,\ + xvs)Avs—d — —}\2 2

my = §g2(v§ —v2) - Ex%d + = (\/_AA + /ws)/\vs— - —A2 2, (C4)
1 VgV, 1

=2 _ 22 1422 uwld L

m; = —KU 2>\ v + KAV Vg + \/_)\A,\ o ﬁnAst.

The local stability of this vacuum is ensured by allowing only positive squared masses
of the physical fields (i.e. the mass eigenstates), which leads to useful constraints on

the parameters of the potential. It can be easily proved that the above vacuum is also a
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global one. The requirement that the above vacuum be of lower energy than the other

two possible CP—even vacua further constrains certain parameters of the model [128].

From the potential, the Higgs mass matrices and subsequently the mass eigenstates

can be derived. After decoupling the zero—mass Goldstone modes, we are left with a

potential of the form:

S1

P )
(51 5'2 53) M+ ,5'2

1
Vinass = My HYH™ + 5 (P, Py) M2 +
P

| =

S3

The charged Higgs mass eigenstates H* are given by
1
M = M5+ My — 2(0)?

where

M3 = i\lvs (\/EA)‘-FHZ’US).

(C.6)

(C.7)

Using the minimization conditions in eqs. (C.4), the entries of the tree-level CP—odd

matrix M2 in eq. (C.5) can be written as

M? 1 = Mi,
1
M2 12 = §(M31 sin28 — 3)\141)?) cot B,

M2, = %(Mi sin 26 + 3Akw?) cot? By sin 26 — 3.‘53’0314,,;/\/5.

where tan 5 = vs/v.
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And those for M? are given as

1 .
My = M3+ (M- 5(/\0)2)31112 28,

1 1 ,
M}, = —§(M%—§(>\U)2)8m4ﬁ,
1 .
M2, = —-2-(Misin25+)\fwf)cotﬂSCOSZﬂ, ‘ (C.9)

1
M2, = MZcos®28+ §(Av)2sin22ﬂ,

(2322 — M? sin? 23 — Akv? sin 28) cot S,

Bl N =

1
M? sin? 28 cot? B, + 26202 + kv Ak/V2 — Z)\/ﬁvz sin 2.

The CP-odd mass matrix given in eqs. (C.8) can be easily diagonalised to obtain

CP-odd scalar mass terms:

M3, ~ Mi(1+ %cot2 Bssin? 2), (C.10)
M; ~ —%ﬂvsAn, | (C.11)

while diagonalisation of the above CP—even mass matrix is much more cumbersome.
However, an approximate solution [128] can be employed to obtain reasonably simple
mass expressions for the physical CP—even Higgs bosons from it. For this purpose, both
1/tanB and 1/My are taken as small parameters of magnitude ~ ¢ (M, gauged by
the generic electroweak scale). Then, for not too large values of A, k and other scales,

a hierarchical structure is observed in the CP—even mass matrix of the form:

) , [ A €Ct
{M5} = Mj , (C.12)
eC €°B

where B is a 2 x 2 matrix, C is a column vector and A is a scalar, all of order unity.
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An auxiliary unitary transformation defined by the matrix,

1-3rr et .
vi= + O(e%), (C.13)

el 1- 2Tt

with I' = C//A, yields a block diagonal mass matrix of the form:

A+exctc/A 0
VMV = M3 / + O(e%)
0 e2(B — CCt/A)
M4
M} + 38 0 0
= 0 M2, ME, — MM | +O(®), (C.14)
11
o MZM? o _ M
0 Mz — =372 Mgz — 3

where ij are the entries of the CP-even mass matrix given in egs. (C.9), and where
terms in M3, /M% which is O(e3), have been neglected.
The rotation from the interaction states S; to mass eigenstates H;, H = OS, is

carried out using matrix O = RV, where R is given as

1 0 0 2 12
MM
. MZ — —B—Q—RMH
R=1 0 cosfyg —sinfy with tanfy = —5———5—. (C.15)

M222_M12'I1
0 sinfyg cosfy

Which provides approximate CP—even Higgs boson mass expressions:

Q

M1+ % cot? B, sin? 28) (C.16)
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and

4
M13

2
Mll

MAEN? | M2 M2\ ?
(TR

1 1
3 {M% + EKJ’US(‘II{US +V24,)

(M§2 + M3 —

| =

Q

1 2
4/ | M2 — —kvs(dkvs + V24,)| + cot? B, [22202 — M2 sin?28]° 5 . (C.17)
Z 9 s A

The physical mass eigenstates A; and H; are labelled in ascending order of mass.
It must be pointed out that the heavy CP-odd Higgs boson, A, is approximately

degenerate with the heaviest CP—even Higgs boson, Hs, and the charged Higgs bosons.
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