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Abstract

The existence of the Standard Model Higgs boson was verified by CERN
experiments, with its mass found to be 125 GeV. Its production cross section
by the dominant gluon-gluon fusion channel can be readily written down by
making use of low-energy theorems, which are valid in or beyond the Stan-
dard Model. In this thesis the effects of exotic fermions or scalars to Higgs
productions are considered. In these models, there would be additional con-
tributions to the Higgs production amplitude by Feynman diagrams in which
the top quark loops in the gluon-gluon fusion process are replaced by these
exotic particle loops. Similar assertions hold for the two gamma decay chan-
nel of the Higgs boson, by means of which the predictions of the models can
be checked, if statistics improves in future experiments.
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Chapter 1

Introduction

The Higgs bosons are discovered at 125 GeV by CERN experiment. Higgs
production in the Standard Model (SM) has many kind of production meth-
ods such as gluon-gluon fusion, vector boson fusion, ttH process and bbH
process. This paper only considers gluon-gluon mechanism for Higg bosons
when Higgs boson is at 125 GeV. The Higgs production by gluon-gluon fusion
is produced by proton-proton collider experiment. The Feynman diagram of
the Higgs production by gluon-gluon fusion in SM only considers the top
quark loops because the events and particle mass have the relations. Ac-
cording the low-energy theorem for Higgs bosons, the cross section of the
Higgs production by gluon-gluon fusion only considers at leading order term
in SM. Moreover, Top quark loops are replaced by new particle loops in new
physics. We can define a new parameter R; which describes new physics
phenomenology. R; is defined by new cross section over SM cross section. If
the extra new particles contribute to the Higgs production by gluon fusion
in SM and exists, the new cross section will be bigger or smaller than the
SM cross section. It will have two cases such as fermion case and color scalar
case. In addition, decay part only considers two gamma decay width of the
Higgs boson which has top quark loop and W boson loop in SM. W loop or
top quark loop is replaced by new quark loops in new physics decay process.
We also can defined a new parameter Rr which describes new physics decay
process. Rr is defined by new decay width over SM decay width. In short,
all of case will contribute to two gamma decay width of the Higgs boson
in new physics. The proton distribution function (PDF) database will be
used MSTW2008l068cl database of LHAPDF. Other new database is base
on MSTW2008lo68cl database in LHAPDEFE. All of calculation process will
be used HIGLU program and HDECAY program in Fortran.



Chapter 2

The Lagrangian Formulation of
Dynamical Systems

This section will introduce dynamical systems by Lagrangian so there are
two part such as Hamilton’s principle, continuous systems.



2.1 Hamilton’s Principle

In classical theory, Hamilton’s principle explains to use the Lagrangian con-
cepts to describe the mechanical systems. Given Lagrangian L(q,q) =T -V,
the action S is defined by

to
s= [ L.
t1

where ¢(t) depend on time in general coordination from ¢; to ts. Moreover, T’
is the kinetic energy of the system. V' is the potential energy of the system.
The value of the action S depends on the path of the integration in the time-
space. The action s of Hamilton’s principle is stationary for the particular
path that is determined by the motion equations so dS is zero.

55—5/ (¢,¢)dt = /Z——%gs)]ath (2.1)

dq

2.2 Continuous Systems

The Hamilton’s principle extend to explain the continuous system of the
physics. ¢(t) is replaced by g(z,t). In continuous systems, Hamilton’s prin-
ciple can be written

I
L:T—V:/Ed:r (2.2)
0

where £L = T — V is called the Lagrangian density, with 7 and )} being
the kinetic and potential energy densities, respectively. The corresponding

action S is . l
= / dt / L(¢,¢) da (2.3)
t1 0

where ¢ = 8¢/0t and ¢ = d¢/dx. Hamilton’s principle by Lagrangian
density is also stationary for the surface that describes the equation of the
motion from initial displacement to final displacement. The ¢S can be written

58 = / dx / dt + 9L 5] (2.4)

where §(¢) = 9(6¢) /0t and §(¢') = d(6¢)/dx. The boundary conditions are

zero since

do(x,t1) = 0¢(x,t9) =0 for all x
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and
dp(0,t) = d¢(l,t) = 0 for all .
The 65 is zero by the action concept of the Hamilton’s principle

: b2 0 ,0L 0 ,0L

SO

oL 8(6/3) 8(85)_0
oo Ot 9g’ Oz o’
The Lagrangian describes the momentum density in the mechanical sys-
tem so the momentum density can be defined by

==

¢
from the 0S form. The Hamiltonian density describe the continuous system
and is also defined by P and L.

P

H="P¢— L.

When the system is a continuous system, the system is described by Hamil-
ton’s principle. The Hamilton’s principle can be written

H:/’de:/(Pé—ﬁ)dx

when the Lagrangian density doesn’t depend on time.

2.3 Lorentz Covariant Field Theory

The action of the Hamilton’s principle adds the Lorentz invariant concepts
so the volume element is d*x in the 4 dimension time-space. The Lagrangian
density of the Lorentz invariant also adds the Lorentz invariant concepts in
the 4 dimension time-space so the Lagrangian density of the Lorentz invariant
can be written

L= L(¢,0,9)

when ¢ is a scalar field. The displacement of the field theory is the local
concepts so there isn’t action at distance. In field theories, there is the field
variance at boundary or in the integral paths. The Lagrangian density of the



Lorentz invariant also satisfies the action principle when 6 is zero, but if the
Lorentz invariant Lagrangian density doesn’t consider at the large distance,
the Lagrangian density can be written

oL oL

2% 50,0 " 20

2.4 Complex Scalar Field

When the field is the complex scalar fields, the field function is defined by
1
V2

where ¢ and ¢, are real scalar fields. The complex scalar field and the
real scalar field must satisfies the Klein-Gordon equation. The Klein-Gordon
equation describes the spinless particles in particle physics and is defined by

¢ =—=(¢1 +ip2)

9, 0"p +m?¢p =0

when ¢ is the real scalar fields. The Lagrangian density in the complex scalar
field situation can be written[1]

L= " 0,61 0,6 — 016 = S [0,1 061 — 1) + 5 [0,62 0%y — 6]
(2.7)
where

1 0 0 0
w |0 -1 0 o0
9710 0o -1 0

00 0 -1



Chapter 3

Spontaneous Symmetry
Breaking

In symmetry breaking classical system, the ground state only has one point
at (0|¢T¢|0) = 0, but in spontaneous symmetry breaking system, the ground
state of the system has two points when (0[¢7¢|0) # 0. This section will be
introduced spontaneous symmetry breaking by global symmetry and local
symmetry. It also is introduced goldstone mechanism by spontaneous break-
ing of global symmetries in abelian case and non-abelian case, and Higgs
mechanism by spontaneous breaking of local symmetries in abelian case.



3.1 Spontaneous Breaking of Global Symme-
tries

If ¢ is the constant, independent time-space, the ¢ only contributes to the
potential energy of the system in the Lagrangian density form. If m? is
the positive, the Lagrangian density will have the minimum energy when ¢,
and ¢, are zero in the complex scalar field situation. When the Lagrangian
density has the minimum ground state v that is the real parameter, is also
called the vacuum state, the potential energy term in the Lagrangian density
form should be written

2@2 (¢T¢ —-v )

where v is the possible vacuum state in the Lagrangian density of the system.
When the Lagrangian density considers the global U(1) symmetry, the field
of transformation should be written

d—>¢'=ep; Lo L =L

¢\ [ cosO sinf\ (¢

¢h) \—sinf cosf) \ ¢
when the field is the complex scalar field. If the vacuum state is a real field,
the field form is (v,0) in (¢1, ¢2) space . The Lagrangian density adds the
extra fields when the vacuum state is real field so the Lagrangian density

becomes

L= Efree = ‘Cint
¢2
c_—a WX O'X + 5 Lo waﬂw— [\/_vx+7+ ]
when ¢ = v + 5()( + ). The Lyree 1nterprets the free particle fields. The
L;n: interprets interaction terms.

(3.1)

Ef’/‘ee = a,uX a“X +3 6uw aﬂgb m? X

The y is interpreted as a scalar spinless particles which mass v/2m.
The v is also interpreted scalar particle, but it is massless. It is called the
Goldstone boson, which uncessarily arises in spontaneous breaking of global
symmetry, which is elucidated below.



The Goldstone Mechanism

This part will interpret more detail about the Goldstone mechanism. It
will start from real scalar field concepts. In the Goldstone situation, the
Lagrangian density is defined by

L=0,0"0"p— V().

when the field is the scalar field. The potential of the system in the Goldstone
situation is

V(6) = 1616 + (60

where 12 is the mass term, \ is the self-coupling parameter. The potential
of system has the minimum states at (0|¢¢|0) when p? < 0. The minimum
state is called the vacuum expectation value of the scalar field:

ov
e N A
i p o+ Ap
242
P P N
¢0 F U A
When the field is set by ¢ = v + o, the Lagrangian density becomes
1 2y 2 5 A 4
L= 5@0 Mo — (—p°)o* —/—u2ho® — 1°

The mass is —2% when the scalar field of the Lagrangian density is ¢ = v+o.
The 03 term and the o term are the self-interaction terms.

If symmetry group considers O(4) group in non-abelian case, goldstone
mechanism will be found out three pions and one ¢ boson so when the com-
plex scalar field has four scalar fields, the Lagrangian becomes

1

1
L =-0,00"0—(—p*)o*—/—p2\ 03—%(74%—53”7@ 8”7@-—5(Wiﬂi)Q—)\vmma—%wmia

T2 4

where the field is ¢ = v 4+ 0 + 71 23. All of the quadratic m;m; terms in La-
grangian vanish so the Lagrangian has one massive ¢ boson and three mass-
less pions. The massless scalar particle is called the Goldstone bosons for any
one spontaneously broken continuous symmetry. The Goldstone bosons num-
ber is equal to broken generator numbers. For example, there are %N (N—-1)
generators when the Lagrangian considers an O(N) continuous symmetry.

2



3.2 Spontaneous Breaking of Local Symme-
tries

In the local U(1) gauge transformation situation, the Lagrangian density is
invariant. It requires the massless gauge fields and electromagnetic field so
the Lagrangian density becomes
1 v

L= (D) (D"6) = ; FuF"™ = V(6'0) (3.2)
where F),, = 0,A, — 0,A,, D, = 0,¢ —ieA,¢ is the covariant derivative of
¢. When the Lagrangian density is under the local gauge transformation,
the local gauge transformation is

Frew() = VD (2)

Al (z) = Au(r) +0,0(x).

The minimum field energy is |¢| = v when the field A, vanishes, and the ¢
is constant. In the complex scalar field situation, the field form is set by

¢’:v+@

V2

where h(x) is the real field so the Lagrangian density under the local sym-
metry breaking process becomes

5= £free S [’int

1 2 h(z)2
€= (D) (D9) = JEul” — S5(/0h(a) + D 63)
where
1 I 212 1 174 2,2 I
'Cfreezﬁauha h—m~°h _ZFMVF +qUANA
and
1 2h2 1
Lot = 0" A A (V20h 5 10%) = T (Vaoh + 317).

In L. form, the single scalar field h(z) interprets the spinless bosons which
mass is v2m, the vector field A, interprets three vector bosons which mass is
V/2qv. The particle corresponds to the single scalar field that is called Higgs
boson.

10



The Higgs Mechanism

eAbelian Case: The Lagrangian of Higgs in abelian case can be easy written

-1
L= —Fuk"+ D,¢'D"¢ + V()
where V(¢) is the scalar potential of the system, D, is the covariant deriva-
tive, with its action on ¢ given by D, ¢ = 0,,¢ —ieA,¢. The potential density
is:

V(9) = 1266 + \(¢'9)?
In abelian case, the field is set by

1 :
¢ = E[U + @1+ iga].
The Lagrangian of the Higgs boson in an abelian case keep follows the vacuum
expectation value when the Lagrangian of the Higgs boson considers the
p? < 0 situation.
u2> v
2\ V2
The Lagrangian is invariant under the local U(1) symmetry transformation
so the Lagrangian can be written

[

(01910) = ¢o = (

1
L=—1FuF" + (0, + ieA) o (0" —ieAM)d — 12 d + A(¢p'p)?
1 1 1 1
= _Z /WF'W/ + 5(8,@1)2 + 5(8¢2)2 = U)\¢% + 5627}214“14“ — evAuéV‘@.

The Lagrangian of the Higgs mechanism in abelian case has a photon
mass term, a scalar particle ¢; term and a massless particle term ¢,. The
bilinear evA” A, ¢, term vanishes in the Lagrangian of the Higgs mechanism
in abelian case. The photon has absorbed the Goldstone bosons and becomes
massive. The photon longitudinal polarization is Goldstone in the photon
polarization space. It is the Higgs mechanism that allows the generate gauge
boson mass value.[1]

11



Chapter 4

Higgs Particle in the SM

4.1 The SM before Electroweak Symmetry
Breaking

The Lagrangian density has the strong terms and the electroweak terms. The
theory of the electroweak is the Glahw-Weinberg-Salam electroweak theory
which describes the electromagnetic interactions and the weak interactions
between the quarks and the leptons and base on the SU(2)., x U(1)y group,
but the electroweak theory in the Higgs mechanism is the Yang-Mills theory
which is the non-abelian symmetry group when the standard model combines
the strong interaction terms with the unified electroweak interaction between
quarks. The standard model has two kinds of fields such as the matter fields
and the gauge fields.

oThe matter field: The matter field, consist of the quarks and leptons which
are spin—% fermions. There are three generations of left and of right chiral
quarks and leptons that can be written by

for=30F)f

where 75 = iv9717273. The left chiral fermions are weak isodoublet when
1

the right chiral fermions are weak singlets so isospin can be ; or 0. More

precisely, we have ¥ = j:% and If = 0. The leptonic degrees of freedom are:

Ll = (Veu ei)LJ Rl = 6}7%7
Ly = (Vu, 1t )1, Ry = pg;
Ls = (v.,77)p, Ry =T14.

12



On the other hand, the quark degrees of freedom are:

Ql = (uad)La Ul = UR. Dl = dRJ
Q2 = (C, S)L, Us; = cp. Dy = sp;
Qs = (t,b), Us = tg. D3 = bp.

The hypercharge of the fermion Yy can be defined by the isospin I3 and the
electric charge @)f relation.

Left-handed Charge )¢ | Weak Isospin I3 | Weak Hypercharge Y
Leptons Ves Vpy Vr 0 +% —1
e, u,T =1 —% —1
Quarks u,c,t +2 +3 +3
dsp | [ -1 E -
Right-handed Charge @) | Weak Isospin I3 | Weak Hypercharge Yy
Leptons Ve, Vy, Vs
e, u, T = 0 —2
Quarks u, ¢, t +§ 0 +§
1 2
d.7 S, b -3 0 -3

oThe gauge field: The gauge field describes the bosons that mediate the
interactions. The electroweak theory has one field B, and other three fields
W%, The B, field corresponds to the U(1)y group Y. Other three fields
W13 corresponds to SU(2)r, group. The Pauli matrix is marked by

. 1 .
T = -1 =1,2,3
27_7 ? » <

(01 (0 =i (1 0
n=\1ro0)0 ™7\i o) "7\ o -1)
The commutation relations between Y and T' that can be written by

[T%,T9] = ie*T,, [Y,Y]=0

13



where €% is the anti-symmetry tensor. The strong interaction fields have
octet gluon field GL which corresponds to the SU(3)¢c group, obtain relations
that are

(T8, 19 =i f*Ty;  Tx[T'T79) = 50

where f¥* is the tensor of the SU(3)¢ group. The individual field is
Gy = 0,G1 — 0,Gl + g, [7*GI G,

Wi, = 0,W. = 0,W, + g2 " WIW, B,, =0,B,—0,B

v

where g5 is the coupling constant of the SU(3)¢, g1 is the coupling constant
of the U(1)y, and g» is the coupling constant of the SU(2),. The Lagrangian
of the standard model can be written

| RS S — . _ :
Ly = =G, GI¥ — JWi, W — =B, B" + LIiD,~"L; + €}, iD,yer, +

jSDlﬁ“Qi + u%iiDu’y“uRi + dgiiDMV“dRi

when the SM Lagrangian doesn’t consider the mass terms. The D, is the co-
variant derivative. If the Lagrangian of the standard model adds the gauge
boson mass terms, the Lagrangian will violate local gauge invariance. If
the SM Lagrangian adds the fermion mass terms, the Lagrangian will be
manifestly non-invariant under the isospin symmetry transformations when
er, is a member of an SU(2), doublet when er is a member of a singlet.
It has two kinds of method to solution. First strategy is the Higgs-Brout-
Englert-Guralnik-Hagen-Kibble mechanism of spontaneous symmetry break-
ing. Other strategy is the Higgs mechanism for short.

14



4.2 The Higgs Mechanism in the SM

The Higgs mechanism has two cases to discuss such as an abelian case and
an non-abelian case. The Higgs mechanism of the SM is in non-abelian space.

eNon-Abelian Case: The non-abelian case of the SM considers more par-
ticles in the Higgs mechanism such as the W bosons, the Z bosns and the

photon. The field chooses a complex SU(2) doublet of scalar field ¢ in the
Lagrangian of Higgs mechanism of non-abelian case.

T
¢:(ZO>7 Y¢:1

The Lagrangian in SM of the non-abelian case ignores the strong interaction
parts so the Lagrangian can be written

£SM = ‘CBosons = ﬁFermions Sk ‘CWeakInteraction

The Lagrangian of SM adds the invariant terms of the scalar field Lg so the
Lagrangian becomes
L=Lsy+ Lsg

where Lg is defined by
Ls = (D'¢)N(D,9) — 1’6’ — A(¢'0)?

The non-abelian case follows the vacuum expectation value when the mass

p? < 0 case. -
=7 (0)

The vacuum value is given by

The field form in the standard model can be written

_ ¢ + i) _ b @@ (0
¢(a) = (J%(UJFH)—MP,) VA v+ H

where H is the Higgs field, ¢; 23 is the real scalar field. The field function
does a gauge transformation so the field function becomes

0. ()i 1 0
LG (r)/v¢(x) -
V2 \v+H

15



The Lagrangian in SM of the Higgs mechanism only considers the kinetic
part so the kinetic term |D,¢|* of the Lagrangian can be written

. T i . B
‘Du¢’2 = ’(au - Z92§WM - 2917“)@2
(A )
2 —FWa +iW3)  Ou+3(9W; —uBy)) \v+H

1 1 1
= 5 OuH)” + 295 (v + HP Wy + Wi+ 2 (v + H) g Wi = g1 B

The new field of Wui and of Z, is defined by the kinetic term of the La-
grangian of the extra scalar field when A, is the orthogonal fields to Z,,.

1 W3 — g1 B, 1 92W3 + g1 B,,
_ — = " = —
V2 Vi + a3 Vi + g3

The W bosons and the Z boson will have mass when the photon is still
massless so the W boson and the Z boson can be defined by

W= (WJ + ZWi)a Iy

v v
MW25927 MZ:§ g+g5, Ma=0

Three gauge Goldstone bosons since the Lagrangian are absorbed by the W=
bosons and Z boson from their longitudinal components when the sponta-
neously breaking symmetry SU(2), x U(1l)y — U(1)g. The fermion part is
also use same way so the Yukuwa Largangian of the SU(2), x U(1)y invariant
can be written

Lp=—=ALlger — MQ'¢dr — MiQlirs¢ pup + -+
The Fermion mass can be defined by L.

A Adv

Me , m , Mg =
N Yo Y

If the Lagrangian only considers the Higgs fields when the Higgs particle in
the standard model, the Lagrangian will be written

£H = %(auH)(auH) 4

where the scalar potential of system is u?¢¢ — A(¢'¢)2. The scalar potential
of system is

V= —%)\?}2(?}-}-}])2-}- 2(2}—}—]{)4

16



when

1 0 2 _ p?
¢_\/§(U—|—H) and v*= 3

that is vacuum value.

1
Ly = 5(8MH)2 — M?H? — \wH? — 21{4

The Higgs bosons mass can easy and simply read
M3 =2 \0? = —pi?

from the Lagrangian of Higgs field. The Higgs self-interactions are defined
by the Feynman rules so the Higgs self-interaction forms can be written

A M?
gs = 3w, gge=41- =32
4 02
If the system considers the Higgs bosons couples to the fermions and the

bosons, the Lagrangian will be described by

H H
‘CBosons - M\2/<1 ot ;)2’ ‘CFe’rmions ~ _mf(1 + ?)

The coupling terms also can be defined by the Lagrangian of Higgs field when
the Higgs bosons couples to the fermions and the bosons so the coupling terms
can be written 2
b’ v
o el
gHff = gHVV "
where V' means the bosons, f means the fermions. The vacuum expectation
value can be defined by the W boson mass or the Fermi constant G that is
determined by the muon decay.
92

v = oM or v= (\/ﬁGp)_% ~ 246 GeV

The general coupling forms can be defined by the feynman rule so the Higgs
bosons couples to the fermions and the bosons that can easy and simply be
written|2]

17
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Chapter 5

Low Energy Theorem

The low-energy theorem for Higgs bosons considers the interaction term of
the Lagrangian in the standard electroweak theory so the Lagrangian of the
interaction part can be written

1
Lo = —(1 mefﬂ ) (miy WHE W, +2mZZ Z")

where f means the fermion fields, W means the W boson fields, Z means
the Z boson field. The vacuum expectation value is 246 GeV when the Fermi
constant is determined by the muon decay.

v = (\/iGF)’% ~ 246 GeV

where G = 1.16 x 107° GeV 2 is the Fermi constant. The Lagrangian of
the interaction term considers a Higgs field with zero four-momentum that
implies the Higgs field is a constant field, all of mass parameters can be
redefined by

H
v

When the Higgs momentum approaches zero, the amplitude form can be
written

9
lim M(A = B+ H) = me amf +2_mv g )M(A = B)
|4

PHH

where f sums over the fermions, V' sums over the bosons. Higgs production
by gluon fusion in SM only considers the fermion loops. Two gamma decay
width of the Higgs boson in SM considers the fermion loops and the boson
loops.

19



This paper only considers the case of Higgs production by gluon-gluon fu-
sion so it only has two kind of cases such as the light Higgs case (2my > mpy)
and the heavy Higgs case (2m; < mpy).

This paper focuses on the light Higgs case because the Higgs boson is
discovered at 125 GeV by the CERN, and we assume that new heavy particles
are heavy than 125 GeV. The Lagrangian of the Higgs production by gluon-
gluon fusion with the gluon kinetic energy can be written

NHas

Y

—1
> H)

% —(0,Gl, — 8,,GL - fijkGi GF)?2(1 —

3mv
where Ny is the number of quark flavor. When the Higgs field is a constant
field, the Higgs field H interactions can be produced by rescaling ag so the
ag term can be written as

ag — ag + dag

where y

0
Zi 3mv

The effective Lagrangian can be written

Ny y 8
HGY, &
— i (s + dag) .05,

EH 99

NH@S

Nu
127w (aS b

When the Lagrangian considers the light Higgs case, the Lagrangian of in-
teraction part also follows

L1 — H)HG., G,

3mv

9
Jim M(A— B+ H) = me amf —i—;mv amv)M(A—>B)

where f sums over the fermion, V' is W bosons and Z bosons. [3][4]

20



Chapter 6

Phenomenology

In the Standard Model (SM), the dominant Higgs production channel is via
gluon fusion, the relevant formulae of which will be reviewed in the next
subsection. According to the low-energy theorem for Higgs bosons, when
new particles are introduced, the SM cross section (Eq. (6.1) below) will
receive additional contributions in which the top quark loops are replaced by
new particle loops. The resulting formulae will depend on the new particle
masses and additional coupling parameters. In what follows we will consider
the Higgs production by gluon-gluon fusions from the proton-proton collider
experiments. The MSTW2008lo68cl database will be used, and the HIGLU
program in Fortran language will be adopted.

21



6.1 Higgs Production by Gluon-Gluon Fusion
in SM

In the standard model, the high probability of the Higgs boson in the gluon-
gluon fusion mechanism is mediated by the quarks. In the Higgs production,
the gluon-gluon fusion mechanism only considers the top quark because the
coupling form and the event rate are proportional.

m 2m?2 3M?
ngfZTf, gavv = UVJ 9HHH = i

The leading order cross section in Higgs production can be expressed by two
gluon decay of the Higgs boson. It can be written as

6rolgg — H) =T M}6(5 — M7)

where Tl is two gluon decay of the Higgs boson cross section, § is the gg
invariant energy. The leading order approximation uses the Breit-Wigner
form of the Higgs boson. When the ¢ distribution width is non-zero, the
§(8 — M%) should be replace via the following:

1 8Ty /My

~ e M2 =
a4 L% (5= MZ)2+ (3T /Mp)?

where ['y is the lowest-order two gluon decay width of the Higgs boson. The
cross section of the lowest-order two gluon decay of the Higgs boson is

GraZ(p?
| b ___ n) A ( 6.1
0 = ossvan Z (70)] (6.1)

where pp is the renormalization scale. In the proton-proton case, the cross
section at leading order allows the narrow-width approximation that can be

read
dLy,

oro(pp — H) = FHTH 1
TH

where 7y = M7 /s with s being the total collider scale. The dL,,/dmy term
can be defined by

dﬁgg . dl’ TH 2
- —/T 9(z, uF) g( - )

where g is the factorization scale.[2]
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6.2 Low Energy Theorem in New Physics

This section will consider the extra particles in the Feynman diagram of
Higgs production by gluon fusion so there are three parts such as fermion
case, scalar case and contribution part. The experiment mechanism chooses
proton-proton experiment at 14 TeV when Higgs boson is at my = 125 GeV
and top quark is at m; = 175 GeV.

Fermion Case

The cross section of SM adds new cross section in fermion case. Top quark
loops are replaced by new fermion particle loop. [5] Lagrangian of SM in-

cludes extra term which is:
C f U2

meoA

EDmfoff+j\_f¢T¢ff’ mf:mfo(1+ )

where ¢ is ¢ of Higgs boson, f is extra new fermion field.

g t g f
s T X )
g t g f

The cross section of SM and the new cross section consider at leading
order term. If the coupling strength is very large, the discoverable events
will also be very more. If particle mass is very large, the coupling variable
will also be very large in SM case.

We can defined a new parameter [y which describes new physics phe-
nomenology. Ry is defined by the new cross section over the SM cross section
in SM. It can be written

o v2 Ai(Tr)2
R — new _ 1 G
! OSM +Cf 2Amf A (Tt)

1
2

where m; is the new particle mass, A is the adjustable variable and describes
the new particle mass threshold when the new particle couples to the Higgs
bosons, and ¢y is coupling variable. We see that R; > 0 by definition.
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A(7) function can be defined by low-energy theorem for Higgs bosons. It can
be written

A%(’T) =271+ (1 —7)f(r )]

where f(7) = arcsin®(y/7), 7, = 4m?/m?%. The R; will be equal to 1 when
the new particle mass is infinite, the coupling variables are fixed cy = +1
,and A sets 1000 GeV in Fig 6.1.

lim Ry = lim 2% =1

mf—>oo mf—)OOO'SM

10

— c=-1

o N b~ OO

0 200 400 600 800 1000
M_f(GeV)

Figure 6.1: Ry is close to 1 when my is infinite. Blue line is ¢ = 1. Red line
is ¢ = —1. Black line is Higgs cross section in SM.
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Figure 6.2: Parts of Fig 1 shows is different scales. The left figure focuses on
the low point of the red line when ¢ = —1. The right figure focuses on the
minimum range of the mass from 1 GeV to 20 GeV when the extra particle
mass is infinite.

When the coupling variable is ¢; = —1, the Ry of the red line has a
minimum that is at my = 76 GeV in Fig. 6.2(a) because destructive inter-
ference effect. The R; is when extra particle mass is from 0 to 20 GeV, ¢y
is fixed in Fig. 6.2(b). When ¢; is from -2 to 2, my is from 1 GeV to 1
TeV, R; projects on ¢y — my plane and is calculated by the HIGLU code in
Fig. 6.3. The average value of experiment will now be at Ry = 1.03. The
CMS experiment discovers that new particles are when the coupling variable
is negative. The ATLAS experiment discovers that new particles are when
the coupling variable is positive.

1.25%921 (ATLAS)
Rogr = +0.19 (6:2)
0.84%51, (CMS)

The combined result for the two collaborations are then:[§]
Rygr = 1.031’8&; (ATLAS+CMS)

The average value of experiment will now be positive when the coupling
variable is positive. When new particle mass m; increases with increasing
coupling variable ¢y, the coupling variable is slowly increasing in Fig. 6.3.
If we want to conform experimental average value when coupling variable
¢y = 1, the new fermion particle has two kind of mass ranges: 1.) m; ~ 10
GeV. 2.) my > 620 GeV. If we want to conform experimental average value
when coupling variable ¢y = —1, the new fermion particle mass has two kind
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R(gg-H)

-2

. i AN, S
0 200 400 600 800 1000
Mf (GeV)

Figure 6.3: Ry projects on cp-my plane when ¢y is from -2 to 2, my is from
1 GeV to 1 TeV. Fig. 6.3 is made by Higlu program. The A sets 1000 GeV.

of mass range: 1.) my = 50 GeV. 2.) m; > 950 GeV. In short, Fermion case
can apply in NP such as little Higgs theorem.
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Color Scalar Case

The cross section of Higgs production by gluon fusions adds the new cross
section in SM. Top quark loops is replaced by new color scalar loops. The
scalar particles has two kind of cases such as complex scalar case and real
scalar cases.[6][7]Lagrangian of SM includes extra term which is:

2

LD -m2 S'S — ¢l STS, m?=m? (1+052;

S0

)

where S is extra scalar particle field, cg is coupling variable, and my is scalar
particle.

g t 9 00000 . _ s
t --»-- H SA \:’.___»_ H
g / g MO0000% -5

From the Feynman diagrams, the SM cross section adds the new cross
section. In new physics, the cross section will now be

GFO[S 1)2

o A1(1) + KbC(r) cg—=Ay(7)|?
s = 288\/—7T| (7) () S om2 o(7)]

where C(r) is the Casimir invariant of the SU(3)¢, K = 3 in the case of weak

triplet, b = N,/2. Nj is the degree of freedom of the scalar fields, hence is

equal to 1 and 1 for the complex and real case, respectively. Ay(7) function

is defined by

Ao(r) = =[r = f(r )]
where 7 = 4m?2/m? and f(r7!) = arcsin?(vV7-!). We can define a new
parameter Rg which describes new physics phenomenology in scalar case.

Rg is defined by the new cross section over the SM cross section in SM. It
can be written

v? AO(T) ’2
2m3 Ay (7)

RS—’1+4 bc 5 (63)
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Real Case

If the scalar particle is the real scalar particle, the b parameter of the cross
section will be set 1/2. Top quark loops are replaced by real scalar loops.

The Rg becomes ,
A 2
Ro = |14 265 2 Aol7)

> 0.
mg A%(T)

20

1.x108 ————

8.x107 -

— c=-1 gx107}

—c=1 R

4.x107 -
051

2.x107

0.0 . M M A T
0 200 400 600 800 1000

M_s(GeV)
(b)

Figure 6.4: Ry is close 1 when m is infinite. Rg has a minimum when cg = 1.
Rgs has not a minimum when c¢g = —1. The minimum point is at m, = 203
GeV when cg = 1. It is made by gluon program in Fortran.

When the coupling variable is fixed, the extra particle mass is infinite, the
Rg will be equal to 1 in Fig. 6.4(a). We can find out Fig. 6.4(a) has two
kinds of phenomenology such as destructive interference and constructive
interference. Destructive interference is when coupling variable cg = —1.
Constructive interference is when coupling variable ¢g = 1. When the cou-
pling variable is equal to —1, Rg has a minimum that is at my = 203 GeV in
Fig. 6.4(b), but this minimum is produced by destructive interference effect.
The Rg is increased when the extra particle mass is close to 0.

Rg projects on cg — m, plane when cg is from -2 to 2, my is from 1 GeV
to 1 TeV in Fig. 6.5(a). Rg projects on c¢g —mg plane when cg is from -2 to 2,
my is from 1 TeV to 2 TeV in Fig. 6.5(b). According to Fig. 6.5, we can find
out allowable range is very big. If we want to conform experimental average
value, the extra particle must exceed 1.6 TeV in Fig. 6.5(b) when cg = 1. If
coupling variable cg = —1, extra scalar particle mass has two kinds of range:
1.)ms =~ 147GeV 2.)m, =~ 800 GeV.
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L 1
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M_s(GeV)

(a) The Rg projects on cg-mg plane when cg is from 2 to —2. It is made by Higlu
program.
R(gg-H)

T Y

T T T T T T T

| N
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1000 1200 1400 1600 1800 2000
M_s(GeV)

(b) Rg projects on cg-mg plane when the extra particle mass is from 1 GeV to 3
TeV.

Figure 6.5
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Complex Scalar Case

Real scalar loops are replaced by the complex scalar loops. The b parameter
sets 1 in complex scalar case because degrees of freedom of complex scalar
particle has two. Rg will become:

2
(% AO T) |2
RS:1—|—4CS—2 () , Rg > 0.
myg A; (7’)
2
2.0
150
R 1.0 —_ c=-1
— c=1
0.5+
0'07 L L L L L L L L L L L L L L L L L L
0 200 400 600 800 1000

M_s(GeV)

(a) Rg is close 1 when mg = 0o. The blue line is when the coupling variable is 1.

The red line is when the coupling variable is -1.
0.0001 T T

0.00008 -

0.00006 -

— C=-—

R
0.00004 - i — c=1

0.00002 - V

00000 L L L L Il L L L L Il L L L L Il L L L L Il L L L L
250 260 270 280 290 300

M_s(GeV)

(b) R has a minimum which is at 283 GeV when ¢, = 1.

Figure 6.6

When the coupling variable is fixed, ms = oo, the Rg will be close to 1 in
Fig. 6.6(a). We can find out two line such as destructive interference(red line)
and constructive interference(blue line) in Fig. 6.6(a). Destructive interfer-
ence is when ¢g = —1 and has a minimum which is at 283 GeV and produced
by destructive interference effect in Fig. 6.6(b). Constructive interference is
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when c¢g = 1 and hasn’t the minimum in Fig. 6.6(a)

Rg projects on cg — myg plane when cg is from —2 to 2, my is from 1 GeV
to 1 TeV in Fig. 6.7. When we change the x-axis of the extra particle mass
range that is from 1 GeV to 3 TeV, ¢, is from -2 to 2, Rg projects on c¢g —m
plane in Fig. 6.8.

According to Fig. 6.7, we can find out allowable range becomes small when
extra particle is complex particle. Extra particle candidate condition has an
upward tend. If we want to conform experimental value when coupling vari-
able cg = 1, the extra complex scalar mass exceeds 2.2TeV(mg > 2.2 TeV).
If coupling variable c¢g = —1, the extra complex scalar particle has two kind
of mass range: 1.) m, &~ 200 GeV. 2.) mg > 1.1 TeV. In short, color scalar
case can apply in SUSY, dark matter candidates.
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Figure 6.7: Rg projects on cg-m, plane when cg is from 2 to —2. It is made
by higlu program.
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Figure 6.8: Rg projects on cg-m, plane when extra particle mass is from 1
GeV to 3 TeV, cg is from -2 to 2.

32



Contribution to Two Gamma Decay of the Higgs Boson

All of case will contribute to two gamma decay of the Higgs boson. Two

gamma decay of the Higgs boson only considers the quark loops.[3][5] La-
grangian of SM includes extra Lagrangian term which is:

L5 My + Lo Gq,  my = mg,(1+ —20)

q0 A q q0 quA

where ¢ is new particle filed, ¢, is coupling variable.

W g q g
R e
114 o q Y

Two gamma decay width of the Higgs boson of SM adds the new decay width.
W loops and top quark loops in SM are replaced by new quark loops. It can
also define new parameter Rp which describes new physics phenomenology.
The Ry is defined by the new decay width over the SM decay width. Rr can

be written:
s

where A; is defined by

Rr

A1) = —[1+ 37 +302r — ) f(= 7).

The Rr will be close to 1 when the extra particle mass my is infinite in
Fig. 6.9(a). The Rr won’t be zero when ¢, is 1 or -1 in Fig. 6.9(b).

=1

. . I
lim Rp = lim —~
m;—o0 m;—oo Ll gpr
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Figure 6.9: It is made by Hdecay program when the coupling variable is fixed.
The left part interprets Rr is close branching ratio of SM when m, = oo.
The right part interprets Rg is when the mass range is from 1 GeV to 100
GeV. The black line is the SM branching ratio (BR).

Rr has two phenomenology in Fig. 6.9(a) such as destructive interfer-
ence and constructive interference. Destructive interference is when coupling
variable ¢, = 1 and has a minimum which is at 55 GeV in Fig. 6.9(b) and
produced by destructive interference effect. Constructive interference is when
coupling variable ¢, = —1 and has a maximum which is at 45 GeV and pro-
duced by constructive interference effect in Fig. 6.9(b).

Ryr is calculated by HEDCAY program and projects on ¢, — m, plane
when ¢, is from -2 to 2, m,, is from 1 GeV to 1 TeV in Fig. 6.10. Rr projects
on ¢, — m, plane when ¢, is from -2 to 2, m, is from 1 TeV to 2 TeV in
Fig. 6.11.

The average value of experiment will be at|[§]
115752 ATLAS
Rpqy = (6.4)
1.127933, CMS
The combined result for the two collaborations are then:

Rpyy = 1167535,
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Figure 6.10: Rr projects on ¢, — m, plane when exotic mass is from 1 GeV
to 2 TeV, ¢, is from -2 to 2. The A sets 1000 GeV.
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Figure 6.11: Rr projects on ¢, — m, plane when exotic mass is from 1 TeV
to 2 TeV, ¢, is from -2 to 2.
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If we want to conform experimental average value when coupling variable
¢, = —1, extoic particle mass has two kinds of mass range: 1.) m, ~ 15
GeV. 2.) m, > 220 GeV. If we want to conform experimental value when
coupling variable ¢, = 1, extoic particle has two kind of mass range.: 1.)
mg ~ 20 GeV. 2.) m, > 1.6 TeV. In short, this case also can apply in little
Higgs theorem.

36



Chapter 7

Conclusion

In SM, we know top quark of Higgs production by gluon fusions is the ma-
jor effect because coupling variable is very big so we only consider the top
quark effect when exotic particle joins in Higgs production by gluon fusion.
According to low-energy theorem for Higgs boson, we can calculate when top
quark loop of Higgs productions by gluon fusion replaced by exotic particle
loops so it will have three cases such as fermion particle case, color scalar
case and contribution case.

In Fermion case, Ry has two kind of phenomenology. For example, de-
structive interference is when ¢y = —1. Constructive interference is when
cy = 1. Experimental average value is now at 1.03. If we want to conform to
experimental average value, exotic particle mass will have two kind of mass
range: 1.) Destructive interference: my ~ 50 GeV or my > 950 GeV. 2.)
Constructive interference: my; ~ 10 GeV or m; > 620 GeV. The fermion
case can apply in little Higgs theorem.

In color scalar case, Rg has two kind of cases such as complex scalar case
and real scalar case. It also has interference phenomenology. For example,
destructive interference is when ¢ = —1. Constructive interference is when
cs = 1. If we want to conform to experimental value, exotic particle has two
kinds of mass range when cg = —1. Real case: my &~ 150 GeV or m, > 800
GeV. Complex case: mg =~ 200 GeV or mg > 1.1 TeV. If we want to conform
to experimental value, exotic particle is in height mass ranges when cg = 1.
Real case: m, > 1.1 TeV. Complex case: m, > 2.2 TeV. The color scalar
case can apply in SUSY.

Fermion case and color scalar case will contribute to two gamma decay of
Higgs boson. We consider W boson loop and top quark loop of two gamma
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decay of Higgs boson is replaced by exotic quark loops. Rr has two kinds
of phenomenology such as destructive interference and constructive interfer-
ence. Destructive interference is when ¢, = 1. Constructive interference is
when ¢, = —1. If we want to conform to experimental value, exotic par-
ticle has two kinds of mass range: Destructive interference: m, ~ 15 GeV
or my, ~ 220 GeV. Constructive interference: m, ~ 20 GeV or m, > 1.6 TeV.

In short, we can know that if we consider exotic particle adds in Higgs
production by gluon fusions, exotic particle is in height mass ranges or low
mass range when Higgs boso is at 125 GeV. In color scalar case, we can
know allowable range becomes small when exotic particle is complex particle.
Fermion case and contribution case can apply in little Higgs theorem. Color
scalar case can apply in SUSY. All of case in Higgs production will contribute
to two gamma decay of the Higgs boson. In two gamma decay of the Higgs
boson, we can discovery the allowable range which is very big.
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Appendix A
Function A

The function A is defined by low energy theorem for Higgs boson. We choose
the light fermion case because Higgs boson mass is discovered at 125 GeV
by CERN. Top quark mass is equal to 175 GeV. The function parameter is
4m?/my. my is Higgs boson mass.

: arcsin ™! (/7) for 7<1
f(r) = o
=L [log(%) —im] for 7>1

Function A1/2

Aylr) =271+ (1= D) f ()
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41



Function A

Ao(7) = =[r = f(771)]
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Function A;

Ay(T) = <[1 + 37+ 327 — ) f(Y)]
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