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Chapter 1

Introduction

The Standard Model (SM) of elementary particles has so far successfully explained all known
particle physics phenomena with remarkable precision [1]. The only evidence so far beyond

the SM is the mass of the neutrino [2, 3] as well as dark matter [4, 5] and dark energy [6, 7].

1.1 Standard Model

Elementary particles are point like constituents of matter with no known substructure [8].
These elementary particles are the building blocks of matter known as matter particles and
the intermediate interaction particles or gauge bosons.

The matter particles are fermions of spin s = % and are classified into leptons and

quarks. These are organized into three families. The particle content in each family is

Ve U
1%t family: ) €Rs , UR, dR;
e” d
L L
vy c \
2nd family: ’ N}_ga y CR; SR;
B S
o L ) L
vy t
37 family: » TR ,tr, br
T b
L L

and their corresponding anti-particles. The subscript L and R refer to the left and right

handed chirality of the particles. The leptons, electron (e~ ), muon (x~ ), and tau (7) all



have an electric charge of ¢ = —1 and the corresponding neutrinos v, v, v; have @ =
0. The corresponding anti-particles have the same value of ) except an opposite sign. All
charges are given in terms of the elementary charge e that is the charge of proton. The
quarks are of six different flavors: three up-type quarks (u, ¢, t) and down-type quarks

, —%, and % respectively.

win

(d, s, b), with fractional charge Q@ = %, —%, —%,

All interactions excluding gravitational interactions are mediated by the exchange of an
elementary particle that is a boson with spin s = 1. The photon 7 is the boson exchanged in
electromagnetic interactions. There are eight gluons involved in strong interactions among
quarks. W* or Z are exchanged in electro-weak interactions. The photons and gluons are
massless and charge-neutral while the Z is massive and charge-neutral. W+ are massive

and have charge ) = % 1 respectively.

1.2 QED: Electromagnetic interactions

Quantum electrodynamics (QED) is the gauge theory of electromagnetic interactions. This
is the most successful theory in particle physics and has been tested to very high precision.
To describe the gauge theory of electromagnetic interactions you start with the La-

grangian of a free Dirac field given by

L=V()(ip—m)¥U(z); p = Ou"

where m is the mass of a fermion and y* are the Dirac -matrices that obey the anti-
commutation relation {y#,7*} = 2¢"*” where ¢°© = 1 and ¢¥ = —1 for i = j and 0

otherwise.



Let us apply a global U(1) transformation to the Dirac field:
7 Qg

where 0 is the global phase with  being the continuous parameter and @ being the U(1)
generator. If () and @ are space-time independent the Lagrangian remains invariant under
this transformation.

When we make 6 to be space-time dependent the Lagrangian is no longer invariant
under this transformation. To make the Lagrangian invariant under such a transformation
we need to introduce a vector field A,. This field transforms such that the Lagrangian
remains invariant under this local transformation. The vector field represents the photon

field and its local U(1) transformation is given by
1
A“ — A“ - Eauﬁ(x)

The compact way of writing the new gauge invariant Lagrangian is to replace the normal

derivative with the so called covariant derivative
D,¥ = (0, — ieQA,)V.

Including the propagation term for the photon given by the gauge invariant field strength

tensor

F, = 0,A, — 0,A,



the final Lagrangian for QED is given by

Lopn = F@)iP— m)¥(a) — P ()P (2).

The interaction between the photon and the fermion field is in the i) ¥ term

Te QA NT.

1.3 QCD: Strong Interactions

The gauge theory of strong interactions is based on the local symmetry of the non-Abelian
SU(3) group. There are three possible color states for each quark flavor which form a
triplet in the fundamental representation of SU(3). The gluons are the gauge bosons of
the strong interaction and there are eight of them corresponding to eight generators of the
SU(3) group.

The Lagrangian that is invariant under SU(3) transformation is given by

Lacn = Y a@)(iP — mea(e) — {F5, ()P (z)
q

where

. Aay o
Duq = (au - ng(?)Gu)%

q1

g3



and

g; = quark fields; i = 1,2,3

gs = strong coupling constant

Aa

5 = SU(3) generators

Gy = gluonfields; @ = 1, ..., 8.

The gluon field strength tensor is

F2(z) = 0,G%(z) — 0,G% () + gs f PG 15G .

The interaction term is found in the giJDg term. The gluons have self-interaction terms

due to the non-Abelian nature of the SU(3) group.

1.4 SM: The Gauge theory of Electroweak interactions

The gauge theory of electroweak interactions is based on the local symmetry of the SU(2), x
U(1)y group. This group has four generators. They are the three SU(2);, generators T; =
gi

% 1 =1, 2, 3 with o; being the three Pauli matrices and % being the U(1)y generator. The

commutation relations for the total group are

[TvuTj] :’iﬁijka; [TZHY] :Oa iajak = 17213



and €;;; = +1 under cyclic permutation of the indexes or -1 under anti-cyclic permutation

and is zero otherwise. The Dirac field can be written as

where WUy are the left handed fermions and Vg are the right handed fermions and v5 =

iv071727y3- The left-handed fields transform as doublets under SU(2), as

U — eingZ Uy

and the right-handed fermions transform as singlets.

The Lagrangian that is invariant under SU(2)z x U(1) transformation is given by

1. 1
Lg=— ZW,Z,,WZ-’“’ - ZB“”BHV
—ULip¥y,
— URiDVg;

Wi, = 8,W, — 9,W. + g¢ ™" WiW}E and

By, = 8,B, — 8,B,.

Unlike the By, tensor which is similar to F#¥ in QED the Wlﬁu has a self-interacting term

because of the non-Abelian nature of the SU(2) group.



The Lagrangian has been made invariant by introducing a covariant derivative similar
to QED. In this case we need a separate covariant derivative for the left and right handed
fields as they transform differently under SU(2).

As in the case of QED the interaction term comes from \TJ( L,r)i1P Y (1, ) given by

= = i Y
\IJLDM\I/L = \IJL(au — igWﬁTZ — igIBME)\IJL
_ . .Y
and\I/RDM\I/R:\I/R(au—ngug)\IlR;
it + —p— 33
W, =W,TT+ W, T +W;T",

T+ = (01 + ia2) ,

vg-

and T2 =

0|

The o s are the Pauli matrices. g and ¢’ are the coupling constants of SU(2);, and U(1)y
groups .
Notice the absence of mass terms in the Lagrangian. The mass term in the Lagrangian

written in terms of the left and right handed fields is

my¥ = m(\TIL\IIR + \TJR‘I/L).

In QED the mass term in the Lagrangian is ma because both the left and right-handed
fields transform the same under U(1) transformation. This is not the case under SU(2).
transformation because the left and right handed fields transform differently and so the
mass term is forbidden under SU(2);, transformations. The spontaneous breaking of this

SU(2)r x U(1)y transformation is achieved through the Higgs mechanism which will be



discussed in the next section.
We can get the physical gauge bosons W*, Z and the photon by redefining the gauge

fields as

Wﬁ’ cosby  sinfy Zy,
B, —sinfy cosOw A,
so that the boson fields can be written as

1
Wi =—
V2

Z,, = cos by, —sinf, B,

)
(W, £iW))

Ay = sinﬁwwg + cos 0, By,

A, is the photon field and 6y is the Weinberg angle for the mixing of the neutral sector.

1.5 The Higgs mechanism

All the particles remain massless to maintain gauge invariance. To generate particle masses
in a gauge invariant way we need to introduce the Higgs mechanism. To generate masses
for Z, W* and for the photon to remain massless we introduce a complex scalar doublet

¢+
b =

¢0
The quantum numbers of these fields are given in the table below. 7" is the SU(2) generator
or the weak isospin. Y is the U(1) generator or weak hypercharge and @ is the electric

charge.



T T3 r Q
+ 1 1 1
¢ 2 2 2 1
0 1 1 1
¢ 3 —2 3 0

The Lagrangian for this field is

L= (D,®)"(D"®) - V(®);

V(®) = p20'® + A(21®)?

where A > 0 is the renormalizable scalar potential.
When we minimize the potential there are two possibilities for the vacuum expectation
value (VEV): p? > 0 and p? < 0. For 42 > 0 there is no SU(2)z x U(1)y symmetry breaking

and the vacuum does not acquire a VEV but in the latter case

V2

Zg(ﬂc) ‘g 0
®(z)=e v H(z)+wv
V2



—

To eliminate £(z) we do a local gauge transformation and rewrite the Lagrangian with

and the covariant derivative

corrirm 1 Y
DH = Bu — ’lgVVIZLT'Z - Eg,BME
=0, —igW, T+ W, T")

— ZGAHQ — ZmZN(Tg — Sll’l2 GWQ)

Since Q = 0 for ¢° all the terms with ) vanish. Rewriting the Lagrangian in terms of

the new ® and the covariant derivative we have

1 92 B
L= 58MH8“H+ T (W;W“ +

()

Expanding the scalar potential and isolating the v? terms we get the masses of Z, W and

Z,7"
cos? Oy

) (H + v)?

the Higgs boson:

gu gu
MW = 5 MZ

= — d M = —2 2.
2 2 cos Oy an H H

10



The value of v can be fixed from the measurement of the W mass as in

M,
v=2"W
g

=~ 246 GeV.

The fermions are still massless and to generate the Fermion masses we introduce the

Yukawa Lagrangian:

Lyw = Al Per + Mg ®dr + h.c. + IT and III families

with

er, dr,

0
d—
v+H(x)
2
which gives the fermion masses
v v v

Me = Ae—=; My = Ay——= and mg = A\g——=
e e\/i U u\/i d d\/i

where the A are the Yukawa couplings.

11



1.6 Experimental constraints on the Higgs boson mass

As we found in the previous section, the vacuum expectation value of the Higgs field can
be determined by measuring the W mass, the fine structure constant, and the weak mixing
angle. The SM Higgs mass (My = \/T/ﬂ) cannot be fixed because p is a free parameter.
Although the Higgs mass is a free parameter in the SM, indirect experimental limits can be
set from precision measurements of electroweak parameters. The electroweak parameters
depend on the Higgs mass logarithmically through radiative corrections. The combined
direct searches of the four LEP experiments ALEPH, DELPHI, L3, and OPAL [9] set a
lower bound of 114.4 GeV for the SM Higgs mass at the 95% confidence level.

Figure 1.1 shows Ax? = x? — x2,,,,. of the fit to all measurements as a function of My
[10]. The 95% confidence level upper limit on My including the theoretical uncertainty
in the Higgs mass due to higher order radiative corrections (shaded band) is 144 GeV. In
calculating the upper limit of 144 GeV the lower limit from direct searches (vertical shaded
region) has not been included. If the lower limit is included the upper limit increases to

182 GeV.

1.7 Theoretical constraints on the Higgs mass

Apart from the lower and upper limits to the SM Higgs mass from experiments theoretical
considerations place bounds on the Higgs mass. We shall discus the upper bound on the
Higgs mass due to unitarity considerations.

In the SM, the scattering amplitude for the process WTW~ — WTW ~, without in-

cluding the Higgs particle, grows with the center of mass energy (1/s) thereby violating

12



6 % g N
1: (5) _ l
5_ °,. 2 Aahad_ :. |

L4 — 0.02758+0.00035 [ :
T\: % ---0.02749+0.00012 [f : 7

-+« incl. low Q? data

Excluded \_ Preliminary_
300

30

Figure 1.1: Ax? = x? — x2,;,. The solid curve is the result of the fit of all Z-pole data plus

direct measurements of m;, My, and the W decay width I'yy (high-Q? results). The band
represents an estimate of the theoretical error due to higher order corrections. The vertical

shaded region shows the 95% CL exclusion limit on m g from direct searches. Aaﬁ?d is the
contribution of light quarks to the photon vacuum polarization. The low-Q? data is from
atomic parity violation, e~e~ Moller scattering, and neutrino-nucleon scattering.

13



unitarity. The inclusion of the Higgs particle cancels the terms that grow with s resulting
in a finite value for the scattering amplitude, but if My — oo the unitarity violating terms
reappear. To illustrate how My — oo violates unitarity let us calculate the amplitude
for the elastic scattering of the W bosons [11]. As s becomes large the W bosons become

longitudinally polarized. The scattering amplitude when s, M?_I > MI%V, M% is

S " t
s—MI2{ t—M}QI

A(WiW, - Wiw, ) = —V2Gr ME

where G is the Fermi constant, s and ¢ are the Mandelstam variables. The above expression
shows that the scattering amplitude is linearly dependent on s when M% — oo, but even
if My is finite the scattering amplitude may violate unitarity. This behavior can be shown
by calculating the scattering amplitude contribution to the partial wave a; with J = 0 or

zero total angular momentum. The partial wave for J = 0 is

1 0 A o
a0 = 167TS/_SA(WLWL S WHAW, ) dt
2 2 2
=My, My Mg (4 o
8mV2 s— M2 s M?
and for s > M%
M2
ag = GF Ll

_47r\/§'

Partial wave unitarity requires

lag|* < [Imag|

14



which implies |ag| < 1 and

(Reag)? < |tmag| (1 — |Imag)).

The right-hand side of the above expression has an upper limit of 1/4 resulting in the

condition:

—

|Reag| < 3"

These conditions result in an upper bound for the Higgs mass My < 850 GeV [12].

15



Figure 1.2: The one-loop contribution of a fermion f to the Higgs boson mass.

1.8 TeV scale and New Physics

Having established that the favored SM Higgs mass is in the range 114.4 GeV < mpyg <
182 GeV from experimental considerations, and My < 850 GeV to preserve unitarity, we
now discuss the need for new models beyond the SM at the TeV scale. Although SM is a
renormalizable quantum field theory that can be used to evaluate radiative corrections to
any precision it is doubtful if the theory can be effective up to the Planck scale Mp ~ 10'°
GeV. For example when we calculate the radiative corrections to the SM Higgs mass we
encounter quadratic divergences in the cut-off scale A.

To illustrate this problem let us calculate the one-loop contributions to the Higgs mass

from a fermion f in figure 1.2. The fermion one-loop contribution to the Higgs mass is

2

A A
AM?% = —# [AQ—Gm% In (m—f> + 2m%] + O(1/A%)

where \; = V2m 7/v is the Yukawa coupling and for simplicity the external Higgs mo-
mentum squared is neglected by assuming the fermion to be massive [13]. The first term in
the expression above is quadratic in the cut-off scale A and the second term is logarithmic

in A. If A is chosen to be either the GUT scale 101® GeV or the Planck scale 102 GeV

16



the contribution from the quadratic term is very large while the logarithmic contribution
is small. As described in the previous section the SM Higgs mass is expected to be around
200 GeV, and for the SM Higgs mass to be in the 100 to 200 GeV range we have to add a
counter-term to the mass squared and adjust it with a precision of @(1073) which seems
unnatural. This is known as the naturalness problem [14].

Supersymmetry provides a framework to overcome this problem. Now let us assume
that there exists a scalar particle S with mass mg. The radiative correction to the Higgs

mass from the loop diagrams of the scalar particle S in figure 1.3 is

A A /\2 A
2 S 2 2 S .2 2
AMy = 162 [A —2myg In (—)] + 16 5V [1 2 ln( )] + O(l/A)

where Ag is the quadlinear Higgs coupling to the scalar particle. If we make the assumption
that each fermion in the SM is accompanied by two scalars with Ag = |\ f|2 then the
quadratic divergence due to the scalar loop exactly cancels the fermion loop contribution
[15]. This is possible due to the relative minus sign between the fermion loop and the boson
loop contributions to AM?%. The mass correction to the Higgs particle from both the scalar

and fermion loop contributions is

N A m
8t = [0 = o (510) + i s (2] + o0y

The counter-term adjusted to a precision of O(1073%) that was required earlier to cancel
the quadratic divergences is not required anymore. This symmetry that relates the fermions
and bosons is known as Supersymmetry. Supersymmetry is not an exact symmetry because

scalar particles with the same mass as fermions have not been found. If this symmetry is

17



Figure 1.3: The one-loop contributions of the scalar particle S to the Higgs boson mass.

badly broken and the masses of the scalar particles are much larger than the fermions the
quadratic divergences reappear because the correction AM?{ is proportional to m% —m%. To
prevent the quadratic divergences from reappearing and to keep the SM Higgs mass at the
electroweak symmetry breaking scale the new scalar particles should not be much heavier
than a few TeV [16].

The Large Hadron Collider (LHC) which will be operational with a center of mass energy
v/s = 14 TeV should be able to detect the SM Higgs and the supersymmetric particles if
they exist [17, 18]. If the SM Higgs mass is below 200 GeV the Tevatron (y/s = 2 TeV)

should be able to detect the SM Higgs [19].

18



Chapter 2

The Two Higgs Doublet Models

In this chapter we describe the general properties of the two Higgs doublet models [11]
and the minimal supersymmetric extension of the Standard Model (MSSM). In the general
two Higgs doublet models, two Higgs doublets are required to give mass to the up-type
and down-type quarks and the corresponding leptons [20, 21]. The two doublets have eight
degrees of freedom giving rise to three Goldstone bosons and five real Higgs bosons. There
is a charged pair, two neutral and a pseudoscalar Higgs.

In this thesis we use the general two Higgs Doublet model (2HDM) without any reference
to supersymmetry and the MSSM where the scalar-quark and scalar-lepton fields do not
acquire any vacuum expectation values. We focus on the three neutral Higgs and their

discovery potential at the LHC through fusion of gluons and bottom quarks.

2.1 The General Two Higgs Doublet Model

In the 2HDM there are two SU(2); complex doublet scalar fields ®; and ®2 instead of a

single doublet complex scalar field in the SM. The complex doublet fields are

o 5
(I>1 = and @2 =
7 5

The quantum numbers of these fields are given in the table below.
T is the SU(2) generator or the weak isospin. Y is the hypercharge or U(1) generator

and @ is the electric charge. We note that the quantum numbers of both the doublet fields

19



T T3 r Q
o 2 2 p 1
® | 3 4 3 0
T T3 r Q
o | 1 5 3
I I

is the same as the SM doublet field which will not be the case in MSSM.
In this model the Higgs potential that spontaneously breaks SU(2)z x U(1)y down to

U(1)gm can be written as [22]

V((I)l, CI)Q) :Al(CI)J{(I)l — ’U%)2 + AQ(@;@Q — U%)2
- 2
+ g [(@]@1 — 0?) + (@)@, — 0)]
+ 0 [(818)(818,) — (@10,)(@18))
4 1¥1 2¥2 1¥2 2¥1

- 2
+ X5 |Re (<I>1<I>2) — V1V COS {]

- 2
+ X [Im (CI>J{<I)2) — U1V9 sinf]

where the ); are all real parameters.

The Lagrangian of the doublet fields can be written as
L = (Du®1) (D'®1) + (D, ®2)"(D"Dy) — V(®1, ).

The vacuum expectation values that break the symmetry is given by

20



0 0
(®1) = and (®y) =

vy voe®

2
If we require A5 = Ag the last two terms can be combined and written as @J{QJQ — vyvge®

and the phase factor £ can be removed by a global gauge transformation resulting in real
vacuum expectation values. Eliminating £ makes it the most general C'P conserving model
which is the model studied in this thesis.

The Higgs boson mass matrix is most easily done in the real basis [23, 24]. Let the fields

be defined as

()

o 1 + 12 P2

@1 = = N
ol ¢3 + 14 ¢3
¢4

and

( ®s5
‘I’; ¢5 + 16 b6

(1)2 = = -
o3 ¢7 + s b7
b3

The matrix elements of the Higgs boson squared mass matrix is given by

s 1 0%V

72 0¢i0¢; min.
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where the minimum is the vacuum expectation of the fields ¢; and ¢; with 4, j = 1 to 8.

The vacuum expectation values of all the fields are zero except (¢3) = v1 and (¢7) = va.
By diagonalizing the mass matrices we get the physical Higgs states and the unphysical

Goldstone states. The charged Goldstone states and the corresponding charged Higgs states

are

G* :(IﬁE cos B + (I>§t sin 3,

H* = — T sinf 4 @5 cos

with tan 8 = 2 and the Higgs masses being m?2,, = A4 (v? + v2). The neutral Goldstone
v g8 g My 1 2
boson state is

G° = V2 (Im &Y cos 8 + Tm &) sin B)

and the physical pseudoscalar state is

A® = /2 (~Im @ sin B + Im ®Y cos 3)

with mass m?%, = X¢ (v? + v3). The two neutral CP-even Higgs scalars are mixed through

the matrix

M 4'1)%()\1 + )\3) + ’Ug)\5 (4/\3 + /\5)’01’02

(4A3 + )\5)’01’[]2 4’0%()\1 + /\3) + ’U%A5
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The Higgs eigenstates and their masses are

H® =v2 [(Re ®? — v1) cosa + (Re B) — vg) sina]

hY =v2[-(Re ®) — v1) sina + (Re ® — vo) cos @] ,

1
m%{o,ho =3 [Mn + Moo + \/(Mn — Mgo)? + 4M3,

and the mixing angle is

: 2M2
sin 2a = =
V(M1 — Mag)? 4+ 4M3,
My — Mo
cos 2a = =
\/(Mn — Mag)? +4Mj7,
Four Higgs masses, the ratio of the vacuum expectation values (tan f = %), and the

U1

mixing angle « are all free parameters. In the Standard Model the vacuum expectation value

2,.2
is fixed by the W mass M2, = % where g is the SU(2) gauge coupling. Similarly in the

2002 4 22
general Two Higgs Model M3, = g°(vi +v3)

is the constraint on the vacuum expectation
values v; and vy .

Rewriting the Higgs fields in terms of the @ fields in the unitary gauge, we get

df = —H*sing

<I>§t:Hicosﬂ
1
) =y + —(Hcosa — h¥sina + 1A% sin
1 1 \/i( ﬁ)
1
®) = vy + —(H sina + h° cos a + 24° cos B).
2 2 \/i( IB)
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&~ = (®1)* and * refers to complex conjugation.

In this study we use the Model II Yukawa interactions [25] in which one Higgs doublet
(®1) couples only to the down-type quarks and leptons and the other Higgs doublet (®5)
couples only to up-type quarks. The Higgs-fermion interaction Lagrangian for this model

1s

o g A 0 0 1g tan § - 0
‘CHff = — WDMDD(H cosa — h”sina) + Gy DMpysDA
_ t 6 —
- ¢_UMUU(H0 sina + h cos a) + 9o ﬁUMU’)’sUAO
2myy sin S mwy
+—9  (HYT [cot BMyK (1 — 5) + tan BK Mp(1 +75)] D + h.c.).
2\/§mW

U and D are the column matrices of the three generations of up and down-type quarks.
My and Mp are the diagonal mass matrices. K is the Kobayashi-Maskawa mixing matrix.
tanf8 = wvy/v1 where v; (v2) is the vacuum expectation value of the Higgs field which
couples only to down-type (up-type) quarks. The lepton couplings are obtained by simply
replacing the quark fields with the corresponding lepton fields and the mass matrices with
the diagonal lepton mass matrices by setting the K-M matrix K to the identity matrix.

The Lagrangian for the Higgs-gauge boson interaction is [23, 24]

Lint = Lygpv +Luvyv +Laavy
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where

1 o
Lygv = — EngjH* O [Hsin(a — B) + hP cos(a — B) +124°] + h.c.

1g 0 MK TE70 win (o 0 _
o080 Z, {1A” 0" [H” sin(ac — B) + h” cos(a — )]

x4 g
— (2sin? Oy — 1)H 0"H'} —1eA, H *H*

Luvy =gmwW,WHH cos(8 — @) + h’sin(8 — a)]

ng 0 0 -
7. ZMH — —
+ 5 oos o 2n [H” cos(f — a) + h° sin(8 — a)]

1
Lanvy =5g"WuWH(H')? + (h)? + (4°)* + 2HV H™]

2
I___ 7, ZM(H)? + (h%)% + (A%)2 + 2cos? y H+ H ]

8cos2 @y ¥
20
te2 A APHTH + L0 W g gt
cos Oy

- 2
_9 (opn _ 98I0 QWZ”
2 cos Oy

x{WH™[H’sin(8 — a) — h° cos(B — &) —1A°] + h.c.}.

For completeness we have given the interaction term for the charged Higgs fields.

Let us examine the Higgs-quark couplings relative to the minimal SM values using the

third family of quarks as an example:

HoE - SBY pogp, S08@
sin 3 cos 3
- COos« - —sina
hott : hovb :
sin 3 cos 8

A%t : cot Bys  A%bb : tan 5 s.
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The A%b coupling is enhanced for tan8 > 1 while the A% coupling is suppressed.
For tan 8 < 1 the A%b coupling is suppressed and the top quark couplings are enhanced.
Similar results hold for H° and h° except the mixing angle might reduce the strength of the
coupling. The enhancement in the bottom quark couplings for large tan 5 values increases
the discovery potential of the Higgs decaying into a bb pair in the two Higgs doublet models
compared to the SM.

The Higgs-Higgs-gauge boson couplings are new because they do not appear in the SM.

The couplings in the neutral sector are given by

__gsin(8—q) L
JHAZ = DcosOm O (pa +pH)

_ gcos(f—a) 4
9hAz = =y o (pa + pn)

where the p are the four momentum of the Higgs bosons. If we ignore the momentum term

then we have
2

2 2 _
9aAz t 9haz = dcos Oy

Since there is no corresponding coupling in the SM we cannot make a comparison. However
the sum of the couplings is equal to the SM HV'V coupling where V represents a massive

gauge boson.
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The HV'V coupling of the model relative to the SM is given by

VY sin(f — )
gsm

JHVV. cos(f — a).
gsm

Squaring and summing the terms we get

2 2 2
gwvv T 9aVV = 95Mm

which implies the Higgs coupling in the two Higgs doublet model is suppressed compared

to the SM.

2.2 The Minimal Supersymmetric Standard Model

In the minimal Standard Model only one Higgs doublet is required to give mass to both
quarks and leptons. In contrast the supersymmetric models require two Higgs doublet
models to give mass to both up-type and down-type quarks and the corresponding leptons
[20, 21, 26].

In the MSSM used in our study we assume that the scalar-quark and scalar-lepton fields
do not acquire vacuum expectation values. Let H; and Hy be the two scalar doublet fields.

Their quantum numbers are given in the table below.

T T3 r Q
1 1 1 1
Hj 2 2 —3 0
2 1 1 1
Hj 3 —3 —3 —1
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T T3 X Q
T U R
1 1 1
Hj 3 3 3 1

T is the weak isospin. Y is the hypercharge and ) the electric charge. The relationship
between T, Y, and Q is Q = T2 + % From the table we see that H; and H, have opposite
hypercharges and this assignment of hypercharges constrains each Higgs field to give mass to
either up-type or down-type quarks. For example an H1QUg coupling where @)1, is a quark
doublet and Ug is an up-type singlet field is prohibited because this term is not invariant
under a U(1) transformation and therefore the up-type quarks will remain massless if Ho is
absent.

Since we are assuming that the fields of the supersymmetric partners do not acquire
VEV and that there is no mixing between the singlet and doublet fields we can use all the

results from the previous section. The resulting potential for this minimal model is

V = (mi + [pl)H Hi + (m3 + |u*) HY Hy — mTy(eijHi H] + h.c.)

1 — o121
+5(o*+9) [HiH] - By )+ 5 H] P
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The H;, and Hj fields in terms of the ® fields of the previous section are

H; a0
H1 = =
H} —®y
H, 2
H2 = =
Hj 2
&, = (®])* and the x refers to complex conjugation.

The Higgs doublet fields H; and Hs acquire vacuum expectation values given by

V1 0
(Hp) = and (Hs) =
0 V2

The Higgs doublet fields H; and Hy written in terms of the physical Higgs and the

Goldstone bosons are

H} = H"cos B+ GFsinp
H12 =H sinf—G cosf3

1
Hl =v; + —(Hcosa — h¥sina 4 24%sin  — 2G? cos B)

V2

1
H? = vy + —=(H sina + h® cos a + 14° cos  — 1G% sin 3).

V2

As in the previous section « is the mixing angle and tan S is the ratio of the vacuum
expectation values v; and vo. The minimization constraints that are required to give non-
zero values to v; and we result in various relations between the parameters in the scalar

potential. These parameters can be related to the A; of the two Higgs field described in the
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previous section as [24]

A2 = Ay
1
A3 — g(gZ +gIZ) _Al
1
A =2\ = og"?

1
As = Xg = 2A1 — 5(92 +4'?)

1
m3 = —|u|? + 2\ v — §m22
2 2 2 1 9
my = = |ul” + 2Xvy — 5m7z

1
m%Q = —51)11)2(92 +4'? - 4)\).

Since v; and v9 are greater than zero we can choose 0 < 8 < 7/2. Due to the minimization
constraints we can choose only two independent parameters. We choose tan 8 and m4. All
the other Higgs masses and the mixing angle can now be calculated. The Higgs masses are

given by

2 2 2
Mg+ =M 4o + my,

1
quo’ho =3 [mio +m? + \/(mio + m%)? — 4m3m?, cos? 23| .
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The mixing angle « can be calculated from

2 2

2 2
M0 — M
cos 2a = — cos 2(3 (A7Z>
mHO _mho

2

2 2

) ) M0 + Mo

sin2a = —sin 203 (H7’21> .
M0 — Mio

Analyzing the mass relationships we see that my+ > mw, mgo > myz, m o0 > myo, and a

constraint on h° given by

mpo < m|cos2f| < my

m = min{myz, m 40 }.

The maximum value of the Higgs mass reaches 135 GeV when radiative corrections are
included. This upper bound on the mass of the light Higgs does not exist in the SM Higgs
mass which is not bounded at the tree level. This important difference arises because the
Higgs self-coupling in SM is proportional to a free parameter whereas the MSSM Higgs
self-coupling is proportional to the square of the electroweak gauge couplings.

In summary, the Higgs sector of a 2HDM has six free parameters compared to one
free parameter in the SM. The six parameters are the four Higgs masses and the ratio
of the vacuum expectation values (tanf) and a mixing angle a. In contrast, the Higgs
sector of the MSSM has only two free parameters and we choose them to be m 4 and tan .

Once these values are fixed all the other parameters can be obtained. The Higgs-fermion
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coupling depends on tan 8 and the bb coupling is enhanced at large tan 3 values while the
tt coupling is suppressed compared to the SM couplings. For smaller tan 8 values the ¢t
coupling is enhanced and the bb coupling is suppressed. The Higgs-gauge boson couplings
are suppressed compared to the SM couplings. The enhancement of the bottom quark
coupling for large tan 8 values will be exploited in studying the discovery potential of the
pseudoscalar boson (A%) in bottom quark fusion which we will be describing in the next

chapter.
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Chapter 3

Detecting a Higgs Pseudoscalar with a Z boson in

Bottom Quark Fusion

3.1 Introduction

The four LEP collaborations ALEPH, DELPHI, L.3 and OPAL have set a lower bound of
92.9 GeV and 93.4 GeV at the 95% confidence level for the lightest neutral Higgs mass (h°)
and the pseudoscalar Higgs (A") respectively [27]. There have been extensive studies done
for the detection of a heavier MSSM Higgs boson (¢° = HO%or A%) at the CERN Large
Hadron Collider (LHC) [17, 18, 28-37]. In this chapter we present the prospects of the
discovery of a Higgs pseudoscalar associated with a Z boson through the process pp —

ZA® — 11bb + X via the bottom quark fusion (bb — ZA®) at the LHC [38].

3.2 Parton Distribution Functions

To calculate the cross section for a given process in a hadron-hadron collision one of the
things we need to know are the parton distribution functions (PDF). In a proton, besides
the constituent quarks wwd, there are virtual quark anti-quark pairs and gluons present.
The probability distribution of these quarks know as partons (when quarks were yet to
be discovered) at any instant determines the probability of an event of interest occurring
during a collision and so it is important to know these distributions.

In the parton model a high energy proton or a hadron is regarded as a collection of
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quasi-free partons. Thus in a proton, the momentum P is considered to be a sum

sz-:P
i

where p; = z;P is the parton momentum and z; the fraction of the proton momentum
carried by the parton.

Let fo/4(za) be the probability of finding parton @ in hadron A with momentum p, =
24, P4 where Py is the momentum of hadron A. The cross section for producing a quark or

a lepton ¢ and d in the reaction
A+ B — ¢+ d+ anything

is obtained by multiplying the cross section & for the process
a + b — ¢+ d+ anything

by the probability density of the momentum fraction of the partons ¢ and b and integrating
over the momentum range that is kinematically accessible to these partons. The cross

section for the process A + B — ¢ + d + X can be written as [39]

oc(A+B—sc+d+X)= /dwa dzy [faya(2a) foyB(2s)

+ (A Bifa #b)|6(a+b— c+d+ X).

The integration variables z, and z; can be written in terms of the invariant mass of the
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partons Mg, and the rapidity y as

M2 = z,zp5

1. =z,
y=—In—
2 Tp

where s = (P4 + Pp)? and the masses of the partons and the protons have been neglected.

Rewriting the cross section we get

Max. Ymax.
o= [ [ dylfuaten) fypan)
Mpin. Ymin.
1 . 27
+(A<—>Bifa7éb)}/Wdz/d¢
-1 0

where

=1In
yma.x Mab
Ymin = —Ymax
2z =cosf

and 0 and ¢ are the spherical coordinates in the center of mass frame of ¢ and b. My,
is the minimum energy that v/3 can have which is the mass of ¢ and d and the maximum
energy § can take is the beam energy +/s. This basic parton model has to be modified for
our purposes. The most important modification is the change in the PDF due to QCD

corrections. In leading logarithmic approximation [40] these corrections are independent of
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the scattering process and can be accounted for by redefining the PDF as

fa/A(‘Ta) - fa/A("I"aa QQ)

where Q2 is the scale factor which is usually taken to be 5. Although the scale factor
is process independent it does affect the event rate and we shall see later that we choose
Mz 4+ M 4 as our scale factor where Mz and M4 are the Z boson and the Higgs pseudoscalar
masses.

Our process of interest is the bottom quark fusion from a pp collision at the LHC which
results in the production of a Z boson and a pseudoscalar Higgs. The Z boson decays into
a lepton pair and the pseudoscalar decays into a bottom quark pair. The cross section for

this process is

\/E —12n7'
olp+p—Z+A°+X) = / %dM / dy2(BT1 x BT?2)
S
Mz + Ma T
/ 27Td"(b13 ZA%)
o) —
x / / Tondg  rdd
-1 0
1 27Tl" A 1l
x // (Z 210 4.0 a6,
L'z
-1 0
27

(Z — 1
where BT'1 and BT2 are the PDFs for the bottom quarks and g

['(A° — bb)
A0

is the branching
z

fraction for the Z decay to leptons and is the branching fraction for the decay
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of A® to bottom quarks.

In two Higgs doublet models the Higgs scalar and pseudoscalar can be searched si-
multaneously through complimentary channels A° — Zh0 [18, 33, 37, 41] with a coupling
proportional to cos(8 — ay) and H® — ZA° with coupling proportional to sin(8 — ag).
At the LHC the gluon fusion can be a significant source of a Higgs pseudoscalar through
triangle and box diagrams with third generation quarks [42, 43]. For tan 8 < 10, the top
quark loop diagrams make a dominant contribution to the gluon fusion [42].

In the MSSM and a 2HDM in Model II Yukawa interactions [25], the model that was
used in this study, one Higgs doublet couples to down-type quarks and charged leptons
while another doublet couples to up-type quarks. The Higgs pseudoscalar does not couple
with the gauge bosons and the A%b coupling is proportional to tan 8 and therefore A° —
bb is the dominant decay channel for tan 3 > 10. The gluon fusion is a promising discovery
channel to detect pp — ZA® — 11bb+ X viagg — ZA® for tan 8 ~ 2 and m 4 < 260 GeV

[44].

3.3 Production Cross Sections

The production cross section for pp — 1lbb + X via bb — ZA® — [1bb is calculated
in a 2HDM and the MSSM with Model II Yukawa interactions for the Higgs bosons and
the fermions. The parton distribution functions of CTEQG6L1 [45] are used. The parton
distribution functions are, as described in the previous section, the probability distribution
of the fraction of the protons’ momenta carried away by the partons which in this case are

the bottom quark pairs. The production cross section of the bottom quark pairs and the
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Figure 3.1: Feynman diagrams for the signal bb — ZA°

lepton pairs that result from the Higgs decay and the Z boson decay are calculated using
the narrow width approximation. In the narrow width approximation the production cross
section of pp — bbll 4+ X via bb — ZA® — 11bb is calculated by multiplying the cross
section for pp — ZA° by the branching fractions of Z — [ and A° — bb.

In Figure 3.1 are the Feynman diagrams for bb — Z A at the tree level . The s channel
diagrams contain the heavy Higgs scalar H and light Higgs scalar A° in the intermediate
state. This channel might provide a good opportunity to measure the couplings of ZH°?A°
and ZhYA®. The ¢ and u channels are proportional to tan3 and when these channels
dominate the cross section bb — ZA? is enhanced by tan? 8. The unitarity condition that
requires the total amplitude to disappear at very high energy was checked.

The cross section of pp — ZA® = 11bb + X via bb — ZA® as a function of tan 3 are
plotted in figure 3.2 for both the MSSM and a 2HDM. We have chosen myg = ma + 100
GeV, my, = 120 GeV, and ay = —n/4 for a 2HDM. From the plot it can be seen that the

cross section for a 2HDM is significantly larger than that for the MSSM when the heavy
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Vs = 14 TeV

(a) 2HDM, a=-m/4 (b) MSSM
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Figure 3.2: The cross section in fb without cuts for pp — ZA® +X — 11bb + X at /s
= 14 TeV, as a function of tan 3, for m4 = 150 and 400 GeV, in (a) a two Higgs doublet
model with my, = 120 GeV, myg = my + 100 GeV and ag = —n/4 as well as in (b) the
MSSM with mg = mg = u = 1 TeV. We show contributions from bottom quark fusion (bb
— Z A% and gluon fusion (gg — ZAP) separately.
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(a) m,y, = 150 GeV (b) m, = 400 GeV
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Figure 3.3: The cross section in fb without cuts for pp — ZA® + X — 11bb + X at /s
= 14 TeV, as a function of the Higgs scalar mixing angle ay, in a 2HDM with m; = 120
GeV, myg = my + 100 GeV with tan 8 = 2, 10 and 50, for (a) m4 = 150 GeV and (b) m4
= 400 GeV. Also shown are the cross sections in the MSSM for tan 8 = 2 (diamond), 10
(square), and 50 (circle). We include contributions from bottom quark fusion (bb — ZA?)
and gluon fusion (gg — ZAY).

Higgs scalar H° can decay into ZA°. This is possible in a 2HDM because the mass of the
heavy Higgs scalar and the mixing angle oy are free parameters while they are fixed by the
pseudoscalar mass m4 and tan 8 in the MSSM. The mass of the heavy Higgs neutral scalar

in the MSSM is given by

N | =

[mi +m% + \/(m?4 +m%)? — 4m2m? cos? 28| .

Therefore my is never greater or equal to myz + ma and so the decay H° — Z A is not
kinematically accessible in the MSSM.
In figure 3.3 we show the effects of the Higgs scalar mixing angle (ay) on the cross

section of pp = ZA® + X — 1Ibb + X in 2HDM and MSSM for m4 = 150 and 400 GeV
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and tan 8 = 2, 10, and 50. Both the bottom quark fusion (bb — ZA%) and gluon fusion (gg
— ZA%) are included in calculating the total cross section (pp — ZA% + X — 1ibb + X).

For my > mz + my and ma > m; + my the Higgs pseudoscalar decay A° — bb is
suppressed by A° — ZhY and A° — t#* with real and virtual top quarks. This explains
why the cross section pp — ZA® — [Ibb +X is much greater for m4 = 150 GeV compared

to ma = 400 GeV.

3.4 Physics background

The programs MADGRAPH [46] and HELAS [47] were used to calculate the cross sections
for all the physics backgrounds. The major contribution from the physics backgrounds to
the final state ZA® — [lbb comes from gg — 1lbb, q§ — 1lbb, | = e or p and ¢ = u, d, s, b or
c. The processes gg — blTvbl v and gqg — blTvbl~ v with dominant contribution from pp
— tt - WHTW bb + X was also calculated. We also considered the backgrounds from pp
— llgh + X, pp — llgb + X, pp — llgg + X, pp — llgg + X, and pp — lljj + X, where j
=g,qor gand ¢ =u,d, s, or c.

For an integrated luminosity () of 30 fb™!, we require two isolated leptons with trans-
verse momentum pr(l) > 15 GeV and pseudo rapidity |n(l)| < 2.5 in each event. The jets
are required to have pr(b,j) > 15 GeV and |n(b,5)| < 2.5. The b-tagging efficiency (ep) is
taken to be 60%; the probability of misidentifying a c- jet as a b- jet (e.) is 10%, and the
probability of mistagging any other jet (e;) is 1%. To make sure the lepton pairs are from
Z decay we require the invariant mass of the lepton pair to be within 10 GeV of Mz which

requires |M;; — Mz| > 10 GeV.
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The acceptance cuts are pr(l) > 25 GeV and pr(b, j) > 30 GeV for a higher integrated
luminosity of 300 fb~!. The b-tagging efficiency () is 50%, and e, is taken to be 14%
while €; remains at 1%. These cuts remove most of the SM background while most leptons
from the Z decays and the Higgs decays have greater py than these cuts thereby making it
possible to detect them.

We require the missing transverse energy (f) in each event to be less than 20 GeV for L
—= 30 fb~! and less than 40 GeV for L = 300 fb!. This cut on missing energy along with
the constraint on the invariant mass of the lepton pairs (|M;; — Mz| < 10 GeV) effectively
reduces the contribution from pp — WTW~bb + X via pp — tt + X. These acceptance cuts
and efficiencies of b- tagging and mistagging are similar to those of the ATLAS collaboration

[37].

3.5 Discovery potential at the LHC

The background cross section from SM processes of pp — 1Ibb + X were calculated in the
mass window ma & AM,; where AM; = 22 GeV; M, is the invariant mass of the bottom
quark pair from the (A°) decay. The criterion we set for the Higgs signal [28, 48] to be

observable if \/Z\]]VLB > 5 for a 5 o event and \/]\]]VLB > 3 for a 3 0 event; Ng = 0g X L and Np

= op X L; o0g and op correspond to the total cross section for the signal and background

calculated within a bin of width A M,; centered at m4; L is the integrated luminosity.
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(a) 2HDM, L = 30 fb~' (b) 2HDM, L = 300 fb~*
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Figure 3.4: The cross section in fb for pp — ZA°% + X — [Ibb + X versus my at /s = 14
TeV, in a two Higgs doublet model with mj, = 120 GeV, mg = m4 + 100 GeV and the
Higgs scalar mixing angle ay = f — 7/2, for tan 8 = 2 (dashed), 10 (dot-dashed) and 50
(solid). The 50 (dashed) and 3o (dotted) cross sections for the Z A® signal required for an
integrated luminosity (L) of (a) 30 fb~! and (b) 300 fb~! are also shown. The acceptance
cuts, tagging and mistagging efficiencies have been applied as described in the text.
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As described in the previous chapter the neutral Higgs coupling to the gauge bosons are

Ihvv _ sin(8 — am)
gsm

gHVV _ cos(f — an)
asm

where V.= W or Z. For f — ag = w/2 the light Higgs coupling becomes identical to the
SM coupling and the Heavy Higgs coupling dissppears. This is known as the decoupling
limit [49]. In figure 3.4 we show the cross section o (pp — ZA® — 1lbb + X) as a function
of m4 in a 2HDM for an integrated luminosity L = 30 and 300 fb~!; tan = 2, 10, and
50; mg = ma + 100 GeV, my = 120 GeV, and the decoupling limit ay = f — 7/2. In
the MSSM only tan 8 and m 4 are the free parameters; figure 3.4 shows o (pp — ZA® —
I1bb + X) as a function of m 4 with acceptance cuts for tan 8 = 2, 10, and 50; L = 30 fb™!
and 300 fb~!. The 50 and 3o curves for the ZA® signal cross section are also presented.
Both bottom quark fusion and gluon fusion contributions are included. In a 2HDM it is
possible to establish a 5o signal of ZA® — 1Ibb for m4 < 200 GeV and tan 8 ~ 2 or tan 3
~ 50 for an integrated luminosity of 30 fb—!. For an integrated luminosity of 300 fb~* the
discovery potential is greatly improved for m4 < 280 GeV and tan 8 ~ 2 or tan 3 ~ 50. In
the MSSM, the production cross section is small because myg ~ m 4 which makes the decay
H® — ZAY kinematically inaccessible. In both 2HDM and MSSM the branching fraction
of AY — bb is greatly suppressed when the Higgs pseudoscalar decays dominantly into ZA°
and tt* with one of the top quarks (t*) being virtual.

The table 3.1 gives the event rates after acceptance cuts for the Higgs signal (Ng) from

bb — ZA® — 1lbb in a 2HDM with tan8 = 10 and 50 and ay = —7/4; the background
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tan 8 = 10

ma (GeV) Ng Ng Ns/Ng Ns/\/Ng
100 196 1.01 x 10* 0.019 1.95
200 14 2100 0.007 0.30
300 1 577 0.001 0.03
400 <1 193 < 0.001 < 0.01

tan 8 = 50

ma (GeV) Ng Ng Ns/Ng Ns/\/Ng
100 773 1.01 x 10* 0.076 7.7
200 138 2100 0.066 3.0
300 31 577 0.054 1.3
400 9 193 0.045 0.62

Table 3.1: Event rates after acceptance cuts for the Higgs signal (Ng = og x L) from
bb — Z A and the background (Ng = o x L) as well as the ratio of signal to background
Ng/Ng and Ng/+/Np in a two Higgs doublet model with tan 8 = 10 and 50, ay = —7/4,
and mg = m4 + 100 GeV for an integrated luminosity of 30 fb1.

event rate (Ng) as well as the ratios Ng/Np and Ng/+/Np are also presented.  Figures
3.5 and 3.6 give the discovery contours for the A° signal via the bottom quark fusion at
the LHC with the acceptance cuts, tagging and mistagging efficiencies having been applied.
The curve for the decoupling limit 8 — ay = 7/2 is also presented. For L = 30 fb~! the
parameter space |ag| < 0.5 and m4 < 250 GeV is a promising discovery channel and for L
= 300 fb ! the discovery potential is greatly improved for |ag| < 1 and m 4 up to 400 GeV.
The discovery potential of A with Z boson at the LHC through a bottom quark fusion and
gluon fusion are found to be complementary. The bottom quark fusion can make dominant
contributions to the production of A° with Z boson at the LHC for tan 8 > 10 while the

gluon fusion is the major source for tan g < 10.
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tan 8 = 10

ma (GeV) Ng N3 Ns/Np Ns/v/Ng
100 897 2.62 x 10* 0.034 5.5
200 75 1.02 x 104 0.007 0.74
300 4 3380 0.001 0.06
400 <1 1170 < 0.001 0.01

tan 8 = 50

ma (GeV) Ns N3 Ns/Np Ns/v/Ng
100 3310 2.62 x 10* 0.13 20.5
200 731 1.02 x 10* 0.07 7.2
300 168 3380 0.05 2.9
400 46 1170 0.04 1.4

Table 3.2: The same as in 3.1, except that the integrated luminosity is 300 fb—!.

(a) L = 30 fb*

50

40!
« 30/
a
©
i)

20!

10/

1 -0.5 0 0.5 1 1.5
ay

Figure 3.5: The 50 discovery contours at the LHC with an integrated luminosity (L) of 30
fb~! in the (o, tan B) plane for m4 = 150 GeV (medium shading), m4 = 250 GeV (light
shading)in a two Higgs model with m; = 120 GeV and my = m 4 + 100 GeV. The discovery
region is the parameter space above the contours. The curve represents the decoupling limit
B — ay = w/2. The Higgs signal is from bb — ZA® alone. The acceptance cuts, tagging
and mistagging have been applied as described in the text.
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(b) L = 300 fb*
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Figure 3.6: Same as 3.5 except the dark shading is for 400 GeV.

In 2HDM the results are promising for pp — ZA% — 1lbb + X via bb — ZA? at the
LHC with L = 300fb~" for m4 < 400GeV, tan 8 > 5, |ag| <1 and my = ma + 100 GeV.
The production cross section is small in the MSSM because my ~ mpy making the decay
H° — ZAY kinematically inaccessible.

For my < 260GeV and tanf3 ~ 2 the gluon fusion contribution to the production of
ZA° is dominant [44]. The gluon contribution is reduced especially when tan 8 ~ 7 due

to the destructive interference between the triangle and box diagrams as well as negative

interference between the top quark and bottom quark loops [42].

3.6 Summary

In 2HDM the discovery potential of a Higgs pseudoscalar through bb — ZA° and the gluon
fusion (g9 — ZA°) can be greatly enhanced when the heavier neutral scalar Higgs (HY)
can decay into the Higgs pseudoscalar and a Z boson. The Higgs production cross section

in 2HDM reduces to MSSM levels when mz ~ my4. Therefore if the heavier Higgs (H°)
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can decay into a Z boson and a Higgs pseudoscalar it might provide a good opportunity to

discover simultaneously both the heavy neutral Higgs scalar and the pseudoscalar.
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Chapter 4

Detecting Higgs Bosons with Bottom Quarks

4.1 Introduction

In this chapter we discuss the discovery potential at the LHC of a neutral Higgs in the
MSSM. The discovery channel studied is the bottom gluon fusion and detecting the bottom
quark pair produced from the Higgs decay. The bottom quark Higgs couplings are enhanced
by factors of 1/ cos 8 in the Model II of two Higgs doublet models [25] which is the model
used in this study. In MSSM there are only two free parameters and as before we choose

m4 and tan 8 as the two free parameters.

4.2 Production Cross Section

The production cross section for the process pp — b¢® + X — bbb+ X via bg — b
is calculated by multiplying the Higgs signal cross section bg — b¢° with the branching
fraction of the Higgs decay to a bottom quark pair. The production cross section also
includes the Higgs resulting from anti-bottom gluon fusion and b quark shall denote both
bottom and anti-bottom quarks for the rest of the chapter unless otherwise specified. The
neutral Higgs ¢° refers to the light and heavy scalars (h° and H®) and the pseudoscalar
(A%). The cross section was calculated in the MSSM with Model II Yukawa interactions
for the Higgs bosons and fermions. The parton distribution functions CTEQ6L1 [45] were

used to calculate the probability distribution of the initial bottom quark and the gluon.
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For mu < 125 GeV the total cross section is from the pseudoscalar Higgs A° and the
lighter Higgs h° because m4 ~ my, in this mass range. The total cross section for m, >
125 GeV is the sum of the cross sections for A? and the heavier Higgs H.

The cross section as a function of the transverse momentum of the bottom quarks is
shown in figure 4.1 for m4 = 200 and 400 GeV and tan 8 = 10 and 50. The enhancement in
the signal as tan 3 increases can be seen in figure 4.1. The enhancement is due to the A°bb
coupling being proportional to tan 8 which results in the cross section being proportional
to tan? 3. A similar enhancement is seen in the figure 4.2 where the cross section is plotted
as a function of the invariant mass for the same parameters as figure 4.1. In figure 4.2 M,
M;3, and Mo3 refer to the invariant mass of the most energetic bottom quark pairs to the

least energetic. Gaussian smearing has been used to smooth the peaks in the plots.

4.3 SM Background

The dominant physics background to the final state of bbb come from bg — bbb, cg —
cbb, and gg — gbb where ¢ = u, d, and s. There is also background contribution from
qq — gbb where ¢ = u, d, b, s, and ¢. The contribution due to the anti-quarks were also
calculated. For an integrated luminosity (L) of 30 fb~! we require the two most energetic
jets of the three jets to have transverse momentum pr > 25 GeV and the third jet to have
pr > 15 GeV. All three jets also should have the absolute value of pseudo-rapidity || to be
less than 2.5. MADGRAPH [46] and HELAS [47] were used to calculate the cross sections
for all the SM background and the parton distribution functions of CTEQ6L1 [45] were

used to calculate the parton momentum.
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MA= 200 GeV, tanf=10 MA= 400 GeV, tang=10

P,

—]

do/dP; (pp - bbb +X)(fb/GeV)

107° = — L _
! 1 11 | 1111 | 1111 | 1 111 | ! 1 11 | 1111 | 1111 | 1111 |
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MA= 200 GeV, tanp=50 MA= 400 GeV, tanp=50
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10t = ik

do/dPy (pp » bbb +X)(fb/GeV)

_i

=l |
I
|
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Figure 4.1: The transverse momentum (Pr) distributions in fb/GeV for the bottom quarks
inpp—>bg—>bA— bbbat /s =14 TeV for my = 200 and 400 GeV and tan 8 = 10 and
50.

51



MA= 200 GeV, tang=10 MA= 400 GeV, tang=10

do/dM,, (pp - bbb +X)(fb/GeV)
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Figure 4.2: The invariant mass distributions in fb/GeV for the bottom quarks in pp —
bg— bA — bbb at /s = 14 TeV for the same parameters as fig. 4.1.
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The contribution due to g — bbjj where ¢ = b, u, d, s, c and j = u, d, s, ¢, g were
also calculated. For an integrated luminosity of 30 fb~! events with all four jets with pr >
15 GeV and |n| < 2.5 were vetoed and only the events with two jets having pr > 25 GeV
and a third jet with pr > 15 GeV and all three with || < 2.5 were accepted.

The background from gg — blvbad and gg — bdubud with dominant contribution
from pp — tt - bW bW~ + X were also evaluated. The [ are the electrons and the
muons and v are their corresponding neutrinos. The u and d are the up-type and down-
type quarks with the exception of the top and bottom quarks. For an integrated luminosity
of 30 fb~! we vetoed events with all four jets or at least four jets in the six jet case with pp
> 15 GeV and |n| < 2.5. Also for the bl v b d final state we require for the lepton to have
pr < 20 GeV or the missing energy E due to the neutrino to be to be less than 20 GeV.
The same acceptance cuts were used for L = 300 fb™!, but for the two most energetic jets
the acceptance cut is pr > 30 GeV for all the background.

As in the previous chapter the tagging efficiency ¢, for a b jet is taken to be 60% and
the possibility of identifying a ¢ jet to be a b jet is taken to be ¢, = 10%. The probability
of misidentifying all other jets as a b jet is taken to be ¢; = 1% for L = 30 fb~!. For L =

300 fb~': € = 50%, ¢, = 10%, and ¢; = 1%.

4.4 Discovery Potential at the LHC

The background cross section from only bg — bbb, cg — c¢bb, gg — bbb where ¢ = w, d,
and s; bb — gbband ¢ — gbb where ¢ = u, d, ¢, and s; ¢§ — bbjj where ¢ = u, d, s

and ¢ and j = wu, d, s, and b. are presented here. The background event was accepted if
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the invariant mass of at least one bottom quark lies within a mass window of m4 + A My,

where A My, = 22 GeV. The criterion used for the Higgs signal to be observable [28, 48] is

. . .1 . Ng Ng
the same as in the previous chapter which is Trs > 5 for a 5 o event and Tig 3 foral

o event; Ng = o0g X L and Ng = og X L; og and opg correspond to the total cross section

for the signal and background calculated within a bin of width +A My, centered at m 4.
Figure 4.3 shows the total signal cross section vs m4 for tan 8 = 2, 10, and 50. Figure

4.4 presents the discovery contour at an integrated low luminosity of I = 30 fb ! in the

m4 — tan 8 plane.

4.5 Summary

The discovery potential of a neutral Higgs in a bottom quark gluon fusion looks promising
for tanB > 10. For smaller values of tan the production cross section is small to be
detected over the background. Although the branching ratio for ¢° — bb is larger than
that for $° — 7t 7~ and ¢° — pt p~, smaller physics background makes the tau pair and
the muon pair discovery channels more significant than the bottom quark pair [36, 50, 51].

In addition, we note that the discovery channel with one bottom quark in the final state
(but p=, b7t 77, bbb) is more promising than the inclusive processes ¢° — ptpu=, 7777,
and bb and the associate production of bottom quark pairs (¢° bb — uT p=bb, 7t~ put p~,

and bbbb) [36, 52]. The discovery of ¢° — u*p~, 7777, and bb decays will provide an

excellent opportunity to study the Yukawa couplings of the Higgs bosons with the fermions.
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100 — tang=2 —

g(pp - bbb +X)(fb)

Figure 4.3: The cross section in fb for pp — b¢°+X — bbb+ X for an integrated luminosity
L = 30 fb~!. The parameter space above the 50 line represents the observable Higgs signal.
The background cross section is from the processes gg — qbb, gqg — gbb, and qq — bbj j
where ¢ = b, u, d, s, cand j = u, d, s, ¢, g. The acceptance cuts, tagging, and mistagging
efficiencies described in text have been applied.
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Figure 4.4: The 50 discovery contour at the LHC for an integrated luminosity of 30 fb~!
in the M4 — tan 3 plane. The signal includes ¢° = A® and RO for M, < 125 GeV and
#° = A% and HO for M4 > 125 GeV. The discovery region is the parameter space above
the contour. The acceptance cuts, tagging, and mistagging efficiencies described in text
have been applied.
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Chapter 5

Discovery Potential at the Large Hadron Collider

At the LHC it will be possible to detect the SM Higgs boson from the lower limit of 114.4
GeV set by the four LEP experiments [9] to the TeV scale after running for a few years.
In general two Higgs doublet models (2HDMs) there are five physical bosons, which are
the two neutral C'P-even scalars h? and H°, one C'P-odd pseudoscalar A%, and the two
charged Higgs H*. In a CP conserving 2HDM, there are six free parameters: the four
Higgs masses, the ratio of the vacuum expectation values tan 3, and the mixing angle a.
At the tree level, in the MSSM, all Higgs boson masses and couplings can be calculated
from two free parameters usually chosen to be the pseudoscalar Higgs boson mass (m4)
and tan 8. At the LHC the entire region of the parameter space m4 = 50-1000 GeV and
tan 8 = 1-50 should be accessible for the discovery of at least one Higgs boson of minimal

supersymmetry [17, 18].

5.1 SM Higgs searches

At the LHC the SM Higgs is searched for in various decay channels: H — v+, H — bb,
H—- Z7Z" - 4,H— ZZ - lljj,H » ZZ — llvv,and H - WW — lvjj.
The discovery potential of the various decay channels depends on the signal rate and the
signal to background ratio.

The decay H — <y is a rare decay mode and is only observable when the production

cross-section and the decay branching ratio are both reasonably large. The production
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cross-section of a low-mass Higgs boson (80 GeV < mpy < 150 GeV) is dominated by gluon
fusion and the decay H — <y is a promising discovery channel in this mass region due to
the relatively small physics background.

If the SM Higgs boson is lighter than 140 GeV the decay H — bb is dominant with
a branching ratio of ~ 90%. This decay channel is important for both the discovery of
the Higgs particle and to measure the Higgs coupling to bottom quarks. The associated
production of a Higgs with a W or a Z boson or a top quark pair are possible discovery
channels to observe the Higgs decay into a bottom quark pair.

In the mass range 2 130 GeV to 2 my the decay channel H - W W*[lvv and H —
Z 7Z* — 4l provide clean signatures. For the Higgs boson mass in the range 180 GeV < mpg
< 700 GeV the gold plated channel Z Z — 4] is the most reliable channel for the discovery
of the SM Higgs at the LHC and is used for the precise reconstruction of the Higgs mass.
In the mass range 300 GeV to 1 TeV the SM Higgs can be detected through the decay
channels H - ZZ — llvv, H > WW — lvjjand H - ZZ — lljj.

Figure 5.1 shows at least two discovery channels available over most of the Higgs mass
range [17, 37]. The comparison of production rates between the various decay channels
will provide important information for determining the SM Higgs mass, width, production

rates, and branching ratios.

5.2 The search for the MSSM Higgs

The search for the MSSM Higgs bosons has to begin with the search for the lightest Higgs

scalar. Since the neutral scalars were the focus of this study we will focus only on the
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Figure 5.1: The sensitivity of the ATLAS detector to the discovery of the SM Higgs through
various channels. The significance is the ratio S/ v/ B where S is the number of signal events
and B is the number of background events [37]. All calculations do not include radiative
corrections (no K-factors).
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neutral Higgs bosons. In the CP conserving model studied in this thesis the lightest Higgs
is the neutral C'P-even neutral scalar h%. In the decoupling limit (tan3 >, ma > myz,
cos(f — @) — 0) h® resembles the SM Higgs and all the search techniques used for the SM
Higgs apply. For a fixed tan 8 and m4 > myz the tree level value of m is maximum and
is m}"** = mz and when radiative corrections are included the maximum value increases
to 135 GeV. For values of my4 < m}'* and large tan 8 the heavy neutral C'P-even scalar
HP resembles the SM Higgs.

The decay channel ¢° — v~ where ¢° = h?, H® can be used to detect h° and HP.
when ¢° is produced either by the direct production through gluon or vector boson fusion
or produced in association with W+ or ¢t production. The h® — bb can be observed when
h0 is produced in association with t#. The ¢° — 4+ and h® — bb decay channel are
complimentary and cover most of the m4-tan 8 plane.

The H° — 77 decay mode is strongly enhanced compared to the SM Higgs boson
because it is very difficult to observe the SM signal over the large background. For low
values of tan 8, and m4 < my, the direct production of A° through gluon fusion and the
A% — 77 decay mode are dominant and significantly larger than the SM Higgs of same
mass. For large values of tan 8 the associated production of Higgs bosons with bottom
quarks dominate. For my > 150 GeV the H® and A° masses are degenerate and can be
summed. The H+ A% — 77 branching ratio is 10% in the mass range m 4 = 200-500 GeV
and the relative contribution from the associated production bb H? and bb A° is about 50%
for tan 8 = 5 and around 90% for tan 5 = 20 [37].

As in the case of H® — 77 the SM Higgs signal in the H® — pu decay cannot be

observed at the LHC due to both the weak signal rate and the large background. In the
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MSSM the H? and A° signal can be observed at tan 3 > 10 and the light Higgs k% should
be observable in the region my < 125 GeV and tan8 > 5 [35]. The pp channel can be
used for the precise reconstruction of the Higgs mass.

In the MSSM m 4 ~ my making it difficult to detect the pseudoscalar Higgs A° with
a Z boson. In a general two Higgs doublet model, it is possible to detect the A° in H?
decays at the LHC for a high integrated luminosity of L = 300 fb=%, m4 < 260 GeV, my
= my4 + 100 GeV and tanf ~ 2 [44]. As we found in our study [38], in a general two
Higgs doublet model, the discovery channel pp — Z A° — 11bb + X via bb — Z A% is
promising for L = 300 fb™!, m4 < 400 GeV, tang > 5, |ag| < 1, and myg = m4 + 100
GeV. The H° — Z A° decay channel provides a good opportunity to detect H° and A°
simultaneously.

The discovery potential of a neutral Higgs ¢° (¢° = h°, H°, A%) in a bottom quark
gluon fusion which was studied in the previous chapter is promising for tan8 > 10 and a
Higgs boson mass ~ 1 TeV. The ¢* — 77, ¢ — pp, and ¢° — bb decay channels will
provide valuable information about the Higgs-fermion couplings.

The channel H® — RO b0 provides a good opportunity for the simultaneous observation
of both C'P-even neutral scalars. The production cross section for H® — h°h? — bbyy
is significant in the region tan 8 < 4 and 2 mp < myg < 2 my.

For low values of tan 8 and the mass region mz + m; < m4 < 2m; the dominant decay
mode is A — Z AP for the pseudoscalar Higgs boson A°. At the LHC the simultaneous
discovery of both A% and h° is possible through the A° — Z k% — [1bb channel.

Figure 5.2 shows for large integrated luminosities the entire m 4-tan 8 plane is accessible

at the LHC [17, 37]. However for moderate values of tanf there is a region from my =
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Figure 5.2: The 5 o contours for MSSM Higgs boson discovery through various channels in
the m4 — tan B plane with integrated luminosity of L = 300 fb~! for the ATLAS detector
[37].
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200 GeV to higher m 4 values the heavier Higgs cannot be discovered at the LHC. In this
region only the lightest SM like Higgs can be discovered and precision measurements of the
Higgs branching ratios and other properties will be required to differentiate between the
SM Higgs and the MSSM light Higgs.

The LHC is expected to come on-line in 2008 will either discover the SM Higgs boson

or reveal new physics at the TeV scale.
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