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Abstrakt: 
Cílem této práce je přezkoumat možnost experimentálního určení spinu Higgsova bo

zonu (nebo jeho alternativ) pomocí jeho dileptonového a semileptonového rozpadu. Budeme 
předpokládat případy, kdy Higgsův bozon (nebo jeho alternativy) mají spin j = O, j = 1 
aj= 2. Hmotnost Higgsova bozonu předpokládáme větší než 135 GeV. 

Pozornost je upřena na závislost úhlových distribucí částic pocházejících z rozpadu 
Higgsova bozonu (nebo jeho alternativ) na jeho spinu. Výpočet probíhá v aproximaci, kdy 
částice vzniklé rozpadem v daných procesech jsou nehmotné. 
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Abstract: 

The aim of the work is to investigate the possibility of spin measurment of Higgs bo
son ( and its alternatives) in its dileptonic and semileptonic decays. We consider the case 
of spin j = O, j = 1 and j = 2. The mass of Higgs boson is concidered to be higher than 
135 GeV. 

The attention is aimed on the dependance of angle distributions of produced particles 
on the spin of Higgs boson ( and its alternatives) in these decays. The calculation is made 
in the approximation of massless decay products. 
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Chapter 1 

Introduction 

One of the main challenges in high-energy physics is to understand the mechanism of 
electroweak symmetry breaking. 

In the standard model of particle physics (SM) such a mechanism is called the Higgs 
mechanism and in its minimal form it predicts the existence of one single neutral massive 
scalar particle known as Higgs boson [14]. In the present time the lower limit for the mass 
of neutral SM Higgs boson lies at 114,4 GeV [13]. There are also theories beyond the SM, 
which explain electroweak symmetry breaking in a different way. These theories predict 
also new particles with characteristic properties (mass, charge, spin etc.). 

However, the origin of symmetry breaking of electroweak interactions is still not suffi
ciently explored. The study of electroweak breaking is one of the main goals at the Large 
Hadron Collider (LHC). After a possible discovery of Higgs boson (or its alternatives) at 
LHC one of the main questions will be, what are the properties of discovered particle(s). 
The aim of this work is to investigate the possibility of spin determination of SM Higgs 
boson ( or its alternatives) via its dileptonic and semileptonic decays. 

In this work we will consider Higgs boson ( or its alternatives) with a mass greater 
than 135 GeV. One of impotant decay channels of SM Higgs boson (and its alternatives) 
is the decay into a pair of W-bosons. Because W bosons are unstable, the pair of W 
bosons decays into other particles. From all the decay modes [13] only the dileptonic and 
semileptonic decay of Higgs boson are of interest in this work. The spin of Higgs boson 
(or its alternatives) determines the angle distribution of decay productes, which enables 
us theoretically to measure the spin of Higgs boson ( or its alternatives) via its dileptonic 
and semileptonic decays. In this work we will further investigate this possibility for Higgs 
boson (or its alternatives) with spin j =O, j = 1 and j = 2. 
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Chapter 2 

Theory 

2.1 Electroweak interactions in the Standard model 

The unification of electromagnetism and the weak interaction made by Glashow and Wein
berg was originally based on the SU(2)L x U(l)y local gauge invariance [8]. Theories based 
on local gauge symmetry predict massless gauge bosons [14]. But in contrast to this pre
cliction, the mass of gauge bosons was experimentally predicted to be equal 80,4 Ge V for 
W boson and 91,2 GeV for Z boson. 

To introduce masses to the gauge bosons in the early 1960s, Peter Higgs developed 
a theory which is based on the postulation of a new scalar doublet and a concept called 
spontaneous symmetry breaking. This theory is known as the Higgs mechanism and it 
predicts the existence of massive scalar particles known as Higgs bosons. The minimal 
Standard model (SM) predicts one single neutra} Higgs boson with spin zero [14]. 

Since in the present time the nature of symmetry breaking is not sufficiently explored 
there are possible theories beyond SM which explain the symmetry breaking in a different 
way. A large class of such theories is known as supersymmetric extensions (SUSY). The so 
called Minima! supersymmetric Standard model (MSSM), for example works with three 
neutral and two charged Higgs bosons [11]. An another class of theories explains the sym
metry breaking of SU(2)L x U(l)y with a help of strong dynamics which predicts massive 
vector bosons (MVB), heavy cousins of the W, Z and 'Y of the SM [2]. This theories are 
known as Higgsless theories [7]. 

However, the origin of symmetry breaking of electroweak interactions is still unknown 
and it is one of the main goals at the Large Hadron Collider (LHC) at CERN to give 
possible answers or at least new constraints. 

For the purpose of simplicity we will call the SM Higgs boson in this work as Higgs 
boson and its alternatives with spin greater then zero as Higgs like particles. 
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2.2 Higgs production at hadron colliders 

The most important process of Higgs production at hadron colliders is the so called gluon 
fusion. The other processes are Higgs production in association with a vector boson, Higgs 
production in association with a top quark and the w+w- fusion. As shown in fig. 2 the 
cross section of the gluon fusion dominates above the whole region of the standard model 
Higgs masses. Denote that this cross section depends on the standard model Higgs mass. 

tt Fusion 

········· H 

Higgs-Strahlung 
q w.z q 

WZ Fusion 

q' q' 

Figure 1: The most important processes for Higgs production at hadron collider. Taken 
from [3]. 

8 



10 

1 

' \ 
~ \ , „\. 

gg -...tt 

cr{pp-.J-l+X) 

./S= 14 TeV 

·.~ ,'·,„„„ ... .... „ „ 
mt=175GeV 

CTEQ4M 
'·. •· •. ' ,', • „„ „ . „ 

·\:::S~~~>... . . -~ ....... -~~ :::.:.... ... . . .. 
'·;,,. ', ', qcť-HW 

· ··<;~~~~:~:: :.~:,,_,,~~,. . -
·····.... --,, ·--.. ..... „ ... 99<Jct -41f-lt 

gc1,qq--Hbit ·········· , ' ' - -: ~::.:-:.".::::·::::. ······ ······ ... „..... .... - .... „„ ---M. Spira et al. 

NLO QCD 

107 

106 

105 

104 

103 

102 

····· ··~ .... ... .. gq-e.HZ-----
1 o-4 ....................................................... .._._ ................................................................................................................................. .._._ ..... ·· ..... · ··· ...... · ··"""'· ............ ............ 

o 200 400 600 800 1000 

MH (GeV) 

.--
I 

..c 
c.. 

I.I"\ 
o ,..... 
.... 

J2 
lil .... 
c: 
Q) 
> 
Q) 

Figure 2: The production cross section of the standard model Higgs boson. Taken 
from [12). 
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2.3 Search for Higgs boson 

Since the theoretical prediction of Higgs boson, several experiments took place, but Higgs 
boson ( or an alternative particle or symmetry breaking mechanism) has never been dis
covered. 

The experiments ALEPH, DELPHI, L3 and OPAL at LEP were sensitive to the mass of 
neutral Higgs boson up to about 114 GeV and to the masses of charged Higgs bosons up to 
about 80 GeV [11]. Present experiments DO and CDF at Fermilab are capable of producing 
a low mass Higgs boson [4]. The sensitivity of these experiments may allow exploring mass 
regions of SM Higgs boson not excluded by the LEP experiments [9]. 

The search for Higgs boson will be continued at Large Hadronic Collider at CERN [l]. 
The present lower limit for the mass of neutral SM Higgs boson lies at 114,4 GeV today 
[13]. 

In this work I will consider Higgs boson with a mass greater than 135 GeV. The dom
inant decay products of Higgs boson in this mass region are vector boson pairs w+ and 
w- as it is shown in the figure 3. 

Because W bosons are unstable, the pair of W bosons decays into other particles. From 
all the decay modes [13] only the dileptonic and semileptonic decay of Higgs boson are of 
interest in this work. 

Both two channels are important for the discovery of Higgs boson (if its mass lies above 
135 Ge V) since their reconstruction gives us the possibility to determine the mass of Higgs 
boson [1]. 

To study the nature of symmetry breaking mechanism of electroweak interactions we 
make use of the fact that the angle distributions in di- and semileptonic decays of Higgs 
boson ( or its alternatives) depend on its spin. The detailed procedure is discussed in this 
work. 

2.3.1 Dileptonic decay of Higgs boson 

The decay of Higgs boson into w+ and w- can proceed with a decay of both W bosons 
into leptonic pairs. w+ can decay into a pair of positron e+ and electronic neutrino v 
and w- into a pair of electron e- and electronic antineutrino TJ. Such a decay is called 
the dileptonic decay of Higgs boson. There are also other possible leptonic pairs, but in 
this work we will analyse only the decay of Higgs boson mentioned above. 

Although the mass of Higgs boson can be reconstructed in this decay channel [1], we 
will not be able to reconstruct all the kinematic parameters in this process, especially to 
determine the energy of the produced W bosons. This is because it is not possible to detect 
neutrinos from such a decay. 

To simplify the further analysis, we will consider neutrino, antineutrino electron and 
positron to be massless. This is possible as the mass of electronic neutrino, resp. antineu
trino, does not exceed 3eV and the mass of electron, resp. positron, lies at 511keV [13]. 
The spin projection of massless particles is parallel to the direction of their motion and the 
spin projection of massless antiparticles is antiparallel [10]. To describe the state of such 
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leptonic pairs we will use an axis that shows in the direction of motion of electron, resp. 
positron. This will lead us to the following final states of the mentioned leptonic pairs. 

The state of electron and electronic antineutrino after the decay of w- with respect to 
the given axis is: 

(2.1) 

The state of positron and electronic neutrino after the decay of w+ with respect to the 
given axis is: 

1 1 1 1 
11, -1) = 12, -2 )e+l2' -2 )li (2.2) 

Since W bosons are particles with spin j = 1, our assumption of leptons to be massless 
has led us to the conclusion that spin is conserved in a dileptonic decay. This is only the 
first order approximation. 

By calculating with electron mass of 511 keV and with neutrino mass zero, there would 
be also another possible final state for decay products of w-. This final state would be an 
linear combination of states 11, O) and IO, O). Therefore spin would not be kept. However 
the amplitude in front of IO, O) would be very small due to the very small mass of the 
produced electron. The case of w+ decay is analagous. 

2.3.2 Semileptonic decay of Higgs boson 

The decay of Higgs boson into w+ and w- can proceed with a decay of w- into a pair 
of electron c and electronic antineutrino V while w+ decays into a pair of quark and 
antiquark. Another possible process is the decay of w+ into a pair of positron e= and 
electronic neutrino V while w- decays into a pair of quark and antiquark. Both processes 
are known as semileptonic decays of Higgs boson. As mentioned in 2.3.1, there are other 
possible leptonic pairs, but in this work we will analyse only the above mentioned decays 
of Higgs boson. 

This decay channel enables us to reconstruct not only the mass of Higgs boson, it also 
allow us to determine energies of all produced particles [1], exspecially to determine the 
energy of produced W bosons. This is because there is only one single undetected particle 
among the decay products. 

To simplify the further analysise we will consider neutrino, antineutrino, electron and 
positron to be massless. To describe the state of produced leptonic pairs we will use an 
axis that shows in the direction of motion of electron, resp. positron. This will lead us to 
the following final states of mentioned leptonic pairs. 

The state of electron and electronic antineutrino after the decay of W- with respect 
to the given axis is: 
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The state of positron and electronic neutrino after the decay of W + with respect to 
the given axis is: 

1 1 1 1 
11, -1) = 12, -2 )e+ l2' -2 )11 (2.4) 

The same can be assumed about the analysis of the decay of W boson into a pair of 
quarks. Massless quarks have a spin parallel to their direction of motion, antiquarks have 
antiparallel orientrated spin to their direction of motion. If we chaose an axis showing in 
the direction of motion of a quark, the final state of a pair quark antiquark is: 

(2.5) 

Since W bosons are particles with spin j = 1 our assumption of leptons to be massless 
has led us to the conclusion that spin is also conserved in a semileptonic decay. As shown 
in section (2.3.1), this is only the first order approximation. 

2.4 Transformation of wave functions 

Phenomena in nature can be described from different viewpoints, from different frames of 
reference. Choosing an appropriate reference frame and coordinate system may simplify 
the solution to a problem enormously. The two-body problem in classical mechanics for 
example can be solved also in the center of mass system as in another (noninertial) reference 
frame. In this case we prefer the center of mass system since it simplify the solution. 

In general mathematical terms which represent solution of a given problem depend 
on our choice of frame of reference. However solutions in different frames of reference are 
naturally not independent since they describe the same phenomena. Therefore every theory 
which deals with the conceptions of frames of reference is bound to answer the question 
how the transformation from a frame of reference to an another frame of reference looks 
like. 

Such transformation rules occur also in quantum mechanics. Now we will focus our 
interest on the problem of wave function transformation. 

Let us now consider two cartesian coordinate systems S (coordinate: x, y, z) and S' 
(coordinate: ~' 'TJ, () with the same origin, which are in respect to each other rotated 
around the z axis by an angle r.p. The transformation of coordinates is than: 

(n=( +~:~ ~~F DO) (2.6) 

From now on we will consider the rotation angle r.p to be small enough so the first order 
approximation can be used: 
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(2.7) 

The choice of a coordinate system cannot change observable quantities of a system. 
Therefore the square of wave function 'ljJ in an arbitrary point A of space with coordinates 
x, y, z has to be equal to the square of wave function 'l/J' in point B with coordinates e, ry, 
( since both A and B are the same points of space. 

l'l/J(x,y,z) 12 =l'!/J'(e,ry,()1 2 

Also (with phase choosen to be equal one): 

'lf;(x, y, z) = 'l/J'(e, ry, () 

(2.8) 

(2.9) 
Points A and B are the same points in the space, they only refer to different coordinate 

systems. The equality of those points is expressed via (2.7) and we therefore get: 

'l/J'(e, 'T/, () = 'lf;(x, y, z) = 'l/J(e - 'PT/' 'T/ + <pe '() (2.10) 
We are now expanding function 'ljJ from last equation as Taylor series in point e, 'f/, 

( and we are still assuming the rotation angle <p to be small. Therefor the first order 
approximation can be used: 

'( ) ( ) . t ( )o'lf;(u,v,w)\ ( )o'lf;(u,v,w)\ ( ) 'l/J e,ry,( ='l/J u,v,w inc,,,rJ,(- <prJ 
8 

. + 'P~ 
8 

. 2.11 u in e,.,,,c; v in e,.,,,c; 
By identification of the third component of the angular momentum operator Lz in this 

equation: 

(2.12) 

The last expression holds for an infinitely small rotation about z-axis. An arbitrary 
rotation by an angle 1 around the z-axis can be composed by n small rotations with angle 
;;. Taking n to the infinite gives us the transformation rule for an arbitrary rotation around 
the z-axis: 

(2.13) 

The transformation rules for rotations around the two remaining axes by the angles f3 
and 1 are derived in analogous way: 

(2.14) 

(2.15) 
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2. 5 Transformation of spin j = 1 eigenstates 

The transformation rules obtained in section (2.4) are used to transform a wave func
tion depending on space coordinates. These transformation rules were dosely bound with 
the angular moment um operator. 

Let us now discuss the case of spin eigenstates. We will represent them as vectors : 

11,1) = 0) 11,0) = ( n 11,-1) = ( n (2.16) 

AS operators in quantum mechanics are linear, we can represent the spin projection 
operators S as matrices [5]: 

• /j (° 1 o) 
Sx = J2 ~ o 1 

1 o 
(2.17) 

• - ill ( o 1 o) s =- - 1 o 1 
y v'2 o - 1 o 

(2.18) 

co ~J sz =ti o o 
o o 

(2.19) 

Spin projection operators adhere to the same commutation relations as the angular 
momentum operators [5]. We therefore expect that the spin eigenstates also adhere to the 
transformation rules obtained for the wavefunctions depending on space coordinates. In 
aur notation of spin eigenstates we write them as follows: 

(2.20) 

(2.21) 

(
'l/ A ) 'l/J' = exp r;:Bz 'l/J = M] 'l/J (2.22) 

The matrices M are called transformation matrices, the greek indices stand for the 
rotation angles and the latin indices for the rotation axis. Let us now calculate the matrix 
My in detail. In our calculation we begin with rewriting the operator Sy into the form 
ADA-1 where D is a diagonal matrix. One of many possible decompositions is: 

-v'2i -~1 ) -v'2i 
o 

(2.23) 
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From now on the calculation is performed in a straightforward way. We set (2.23) into 
the equation (2 .21) and use the definition of matrix exponential. So we get the following 
expression for the transformation matrix: 

( l+co<~ sin,8 

~ ) M ,8 = -sTn,e 
v'2 

cos,8 
sin,8 (2.24) y v'2 v'2 

1- cos,8 - sin,8 l+cos ,8 
- 2- v'2 -2-

In an analogous way, we would get the following expression for the transformation 
matrix M z: 

Nf } = ( e~
7 

~ ~. ) 

O O e-21 
(2.25) 

Rotations around the x, y and z axes are called principal rotations. An arbitrary spatial 
rotation can be decomposed into a set of principal rotations [6]. There are several possibili
ties how to decompose an arbitrary rotation. In the following work we will use the so called 
z-y-z convention which means that an arbitrary rotation can be performed by taking first 
a rotation around the z axis, followed by a rotation around the new y axis, and followed 
by a rotation around the new z axis (see Fig. 4). The corresponding spin transformation 
can be also decomposed into [6]: 

(2.26) 

Where angles a, (3 and 'Y belong to the corresponding principal rotation, they are called 
Euler angles. Note that angles a, (3 and 'Y are now defined as shown in the Fig. 4 and they 
are different from the angles from the section (2.4). The operators in equation (2.26) are 
not acting in the same coordinate system. After rewritting it in terms of operaters in the 
originally coordinate system, we get: 

'l/J' = Mr: Mt MJ 'ljJ = M 'ljJ 

After a shortly computation we get: 

ei'Ysin /3 
Ti 

cos/3 
-i7-sin f3 

e v'2 

(2.27) 

(2.28) 

The last matrix enable us to transform spin eigenstates between two differently orien
tated coordinate system with the same origin. 
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16 

'{" 

J..::::===~ '{' 

'i" 
., 



Chapter 3 

Decay of SM Higgs boson into 
of W-bosons 

• a pa1r 

In quantum mechanics only the sum of spin and angular momentum is conserved. However 
to simplify the analysis of the decay of Higgs boson into a pair of W-bosons, we will consider 
spin conservation in such a process. This is based on the assumption, that decays of Higgs 
boson into a pair of W-bosons, which do not conserve spin are much less possible. 

Let us start with Higgs boson in the spin eigenstate j = O and m = O in its center of 
mass systems. Since we assume spin and spin projection to be conserved, the only possible 
state for the produced W-bosons is that with j =O and m =O: 

1 
IO, O)= y'3 (ll, l)w-11, -l)w+ - ll, O)w-11, O)w+ + 11, -l)w- 11, l)w+) (3.1) 

The above equation is a composition of particular spin eigenstates of W-bosons via 
Clebsh-Gordan coefficients [5]. We have made use of a simpler notation where the compo
sition of particular states is written without the symbol of composition 0 . 

Also note that at the moment, equation (3.1) holds only in the Higgs boson center of 
mass system and also the particular W-boson eigenstates refer to this reference frame. 

Our next aim is therefore to rewrite this equation via states that refer to the center of 
mass system of each of the W-bosons. We will note the new spin eigenstates of W-bosons 
with a dash. From all the possible center of mass systems of w+, resp. w- -bosons, we 
choose those with axes that show exactly in the same direction as the axes of the center 
of mass system of Higgs boson. Let us call such systems w+, resp. w-, center of mass 
system. 

After performing the transformation of spin eigenstates into w+, resp. w- center of 
mass system, 11, i)w+ transform into ll, i)~+, and 11, i)w- into jl, i)~-. This is because we 
<lid not change the directions of our new coordinate axes. Equation (3.1) remains therefore 
unchanged, only the W-bosons states are dashed. Therefore it is principally not necessary 
to note the new states with a dash and we will not do so. 
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3.1 Decay of Higgs like-particles into W-bosons 

The Higgs like-particles have spin j = 1 or j = 2 and they also decay into a pair of W
bosons. Their decay is analogous to the decay of SM Higgs boson into a pair of W-bosons 
and we also assume spin conservation as a good approximation. 

The only difference is that Higgs-like particles with spin j = 1 can be prepared in three 
different pure spin eigenstates. Since spin and spin projection are both conserved, we get 
three different processes for produced W-bosons: 

1 
ll, 1) = v'2 (11, l)w-11, O)w+ - ll, O)w-11, l)w+) (3.2) 

1 
11, O) = v'2 (ll , l)w-11, -l)w+ - ll, -l)w- 11, l)w+) (3.3) 

1 
ll, -1) = v'2 (11, O)w-11, -l)w+ - 11, -l)w-11, O)w+) (3.4) 

The above equations are the compositions of the particular spin eigenstates of W
bosons via Clebsh-Gordan coefficients [6]. We have made use of a simpler notation where 
the composition of particular states is written without the symbol of composition 0 . 

For Higgs-like particles with spin j = 2 the situation is analogous, we only need to deal 
with five possible pure spin eigenstates: 

12, 2) = 11, l)w-11, l)w+ (3.5) 

12, 1) =ff (ll, l)w-11, O)w+ + 11, O)w-11, l)w+) (3.6) 

12, O) = /I11, l)w-11, -l)w+ + /I11, O)w-11, O)w+ + /I11, -l)w-11, l)w+ (3.7) 

12, -1) =ff (11, -l)w-11, O)w+ + 11, O)w- 11, -l)w+) (3.8) 

12, -2) = 11 , -l)w-11, -l)w+ (3.9) 

Note that spin eigenstates of W-bosons in the equations (3.2) - (3.9) refer to the center 
of mass system of corresponding W-bosons. To obtain these equations we used the same 
procedure as in section 3. 

There is no reason for us to find Higgs-like particles with spin greater than zero only 
in the pure spin eigenstates. Generally, initial states of Higgs like-particles are represented 
as linear combinations of such pure eigenstates. 
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Chapter 4 

Dileptonic decay 

4.1 Higgs boson with j = O and m = O 

The main aim of this section is to calculate the angle distribution for the process when 
Higgs boson with j = O and m = O decays into two leptonic pairs. We want to express 
it in terms of angles </>, a- and a+. The angles a- and a+ are measured in the center of 
mass systems of the corresponding W-bosons. The angle </> is the angle between the decay 
planes. The definition of the angles is shown in the figure 5. 

As shown in section 3, W-bosons are in the state (3.1) before they decay into two 
leptonic pairs. 

As seen in the w- center of mass system the decay products of w- e- and TJ are moving 
in opposite directions to each other. The decay plane and the direction of electron motion 
define a new frame of reference, which is rotated to the original center of mass system 
of w- ( with axes parallel to the axes of Higgs boson center of mass). The corresponding 
Euler angles of this transformation are a= O, f3 = a- and '"'(=O (see. Fig. 5). According 
to the section 2.5, spin eigenstates have to be transformed via rotation matrix: 

( *~"~ 
sin a 1-cosa-

) v'2 2 
- sma sin a - (4.1) v'2 cos a v'2 
1-cosa- -sin a l+cosa-

2 v'2 2 

The same procedure should also be done with spin eigenstates from w+ center of mass 
system. Our new coordinate system is defined with the help of the decay plane and direction 
of positrone motion. In this case our new coordinate system is rotated by the Euler angles 
a=</>, f3 = 7r - a+ and '"'(=O. The transformation (2.28) from w+ center of mass system 
in to A+ center of mass system will be performed via matrix: 

( 
1-cosa:+ i</> sin a+ l+o~rn+ e-ief> ) 2 e v'2 
- sina+ i,P -cos a+ sin a+ -i</> ( 4.2) v'2 e J2 e 
l+co a+ ei<f> -sin a+ 1- cosa+ -i</> 

2 J2 2 e 
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Figure 5: Definition of angles </;, a- and a+. 

After the transformation (3.1) changes into the expression with the the following struc
ture: 

(4.3) 

where the states lai), resp. lbj), denote states of w-, resp. w+, with given spin pro
jections in the rotated reference frames. These coefficients depend on a+, a- and </J but we 
do not need to know them all since the only important coefficient is k1_ 1 . This follows our 
assumption about the mass of produced particles made in section 2.3.1 that allows only 
the final state (a1 1 (b_1 j (in the above notation). Now we could formally apply the final 
state on (5.2) what would leave only the mentioned coefficient k1_ 1 : 

k _ 1 ( -i</> 1 + cos a- 1 - cos a+ sin a- sin a+ i</> 1 - cos a- 1 + cos a+) (
4

.4) 
l-l - J3 e 2 2 + 2 + e 2 2 

Coefficient k1_ 1 therefore represents the amplitude for the process when electron is 
detected under the angle a-, positron under the angle a+ and the decay planes are rotated 
by an angle </J. 

Since we cannot measure the amplitudes, we are only interested in the square of the 
coefficient k1_ 1 which is: 

F + G cos </; + H cos 2</J (4.5) 
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Where functions F, G and H are: 

(4.6) 

The dependence on the angles a- and a+ can be integrated off. Then we get an average 
angle distribution: 

(4.7) 

The last expression represents unnormalized angle distribution for Higgs boson 
with spin j = O as it is predicted in the Standard model of particle physics. 

The computation for the Higgs-like particles in pure spin eigenstates (3.2) - (3.9) is 
exactly the same as we have already done for Higgs boson above, the results are presented 
in the following sections. The definition of angles a-, a+ and </> remains the same. 
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4.2 Higgs-like particle with spin j 

4.2.1 Spin projection m = 1 

The probability amplitude for this case is: 

1 

( 
1 +cos a- sin a+ i</> sin a- 1 +cos a+) (

4
.
8

) 
- 2 2 +e 2 2 

The angle distribution is simply the square of the equation ( 4.8) and after a simple 
calculation we get the following angle distribution: 

F + G cos</; (4.9) 

Where functions F and G are: 

(4.10) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </;: 

4.2.2 Spin projection m = O 

The probability amplitude for this case is: 

371'2 

8 
(4.11) 

1 ( -iq) +cos a- 1 - cos a+ i</> 1 - cos a- 1 +cos a+) ( 
4

.
12

) 
J2 e 2 2 -e 2 2 

The angle distribution is simply the square of the equation (4.12)and after a simple 
calculation we get the following angle distribution: 

F + G cos 2</; 
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Where functions F, and G are: 

1 ( _)4 ( +)4 1 ( _)4 ( +)4 F = 2 cos ~ sin a
2 

+ 2 sin a
2 

cos a
2 

G ~ - (sin ~- ) 
2 

(sin~+ ) 
2 

(cos ~- ) 
2 (sin "

2
- ) 

2 

( 4.14) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </>: 

97r2 7f2 
- - -cos2</> 
16 16 

4.2.3 Spin projection m = -1 

The probability amplitude for this case is: 

( 4.15) 

(
e-i</>sina-1- cos a+ 1- cos a- sin a+) (

4
.
16

) 
2 2 + 2 2 

The angle distribution is simply the square of the equation (4.16) and after a simple 
calculation we get the following angle distribution: 

F + Gcos</> (4.17) 

Where functions F and G are: 

( 4.18) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </>: 

37f2 

8 
( 4.19) 
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4.3 Higgs-like particle with spin j = 2 

4.3.1 Spin projection m = 2 

The probability amplitude for this case is: 

ei<P ( 1 + c;s a- 1 + c;s a+) ( 4.20) 

The angle distribution is simply the square of the equation ( 4.20) and after a simple 
calculation we get the following angle distribution: 

( 4.21) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </J: 

4.3.2 Spin projection m = 1 

The probability amplitude for this case is: 

97r2 

16 
(4.22) 

(
- 1 + cos a- sin a+ ei<P sin a- 1 + cos a+) (

4
.
23

) 
2 2 + 2 2 

The angle distribution is simply the square of the equation ( 4.23) and after a simple 
calculation we get the following angle distribution: 

F + Gcos</J (4.24) 

Where functions F and G are: 

(4.25) 

The dependence on the angles a - and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </J: 

37r2 

8 
( 4.26) 
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4.3.3 Spin projection m = O 

The probability amplitude for this case is: 

1 ( -i<P 1 + cos a- 1 - cos a+ . _ . + i <P 1 - cos a - 1 + cos a+ ) 
_ e - srn a srn a + e 

2 2 J6 2 2 
( 4.27) 

The angle distribution is simply the square of the equation ( 4.27) and after a simple 
calculation we get the following angle distribution: 

F + G cos </> + H cos 2</> 

Where functions F, G and H are: 

(4.28) 

( 4.29) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </J: 

17n2 n 2 

-- - - cos 2</J 
48 48 

4.3.4 Spin projection m = -1 

The probability amplitude for this case is: 

( 
1 - cos a- sin a+ -i<P sin a- 1 - cos a+) 

- 2 2 +e 2 2 
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The angle distribution is simply the square of the equation (4.31)and after a simple 
calculation we get the following angle distribution: 

F + GcoscjJ 

Where functions F and G are: 

F ~ ~ (sina-)' (sin~+) 
4 

+~(sin ~-) 
4 

(sin a+)' 

a~ - ~ (sin a-) (sin a+) (sin~- )' (sin "
2
+ )' 

(4.32) 

(4.33) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </J: 

4.3.5 Spin projection m = -2 

The probability amplitude for this case is: 

37r2 

8 
( 4.34) 

e-i<p ( 1 - c;s a- 1 - c;s a+) ( 4_35) 

The angle distribution is simply the square of the equation ( 4.35) and after a simple 
calculation we get the following angle distribution: 

(4.36) 

The dependence on the angles a- and a+ can be integrated off. Therefore we get an 
average (unnormalized) angle distribution for the angle </J: 

97r2 

16 
(4.37) 
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4.4 Angle distributions 

The above presented angle distributions were not normalized. Therefore we have to nor
malize them to one. The integration goes from <P = O to <P = 7r. For the case of Higgs boson 
with j =O and m =O, we get the following normalized angle distribution: 

1 1 
- +-cos2</J 
7r 117r 

( 4.38) 

For the case of Higgs-like particles we have to normalize all the angle distributions 
in the exactly same way as for Higgs boson with j = O and m = O . As we mentioned 
the original state is generally a linear combination of pure spin eigenstates but since our 
measurment is made repeatedly we will make use of the density matrix [6]. The original 
state of Higgs-like particle with spin j = 1 is described as follows: 

W(l, 1)11, 1) + W(l, O)ll, O)+ W(l, -1)11, -1) (4.39) 

The coefficients W are statistical weights. The above equation therefore does not rep
resent the amplitude and should be understood as formally valid. The sum of weights W 
is also equal to one. In the case of Higgs like particle with spin j = 2 we write: 

W(2, 2)j2, 2) + W(2, l)j2, 1) + W(2, O)j2, O)+ W(2, -1)12, -1) + W(2, -2)j2, -2) (4.40) 

The sum of coefficients W has to equal one. Therefore we get the angle distributions: 
For Higgs-like particle with spin j = 1: 

1 W(l, O) 
2

,;.. 
- + 9 cos 'f' 
7r 7r 

And for Higgs-like particle with spin j = 2: 

~ - W(2,0) cos2</J 
7r 1711· 
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Chapter 5 

Semileptonic decay 

5.1 Higgs boson with j =O and m =O 

Let us now discuss the semileptonic decay of Higgs boson when w+ decays into a pair 
of quark and antiquark instead of into a corresponding leptonic pair, w- decays into 
a leptonic pair. To get the angle distribution for this process, we will use a computation 
whose main steps are identical to those of the dileptonic decay. 

The process of Higgs boson decay in to a pair of W-bosons is discussed in section ( 3). 
Before the decay W-bosons are in the state: 

1 
IO, O) = J3 (11, l)w-11, -l)w+ - ll, O)w-11, O)w+ + 11, -l)w-11, l)w+) (5.1) 

where the particular spin eigenstates of W-bosons refer to the w+, resp. w-, center of 
mass system. 

As seen in the w- center of mass system the decay products of w- e- and v are moving 
in opposite directions to each others. The decay plane and the direction of electron motion 
define a new frame of reference , which is rotated to the original center of mass system 
of w- (with axes parallel to the axes of Higgs boson center of mass). The corresponding 
Euler angles of this transformation are a = O, (3 = a- and 'Y = O (see. Fig. 6). The 
transformation is performed via (4.1). 
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Figure 6: The definition of angles </;,a- and a+ for semeileptonic decay of Higgs boson. 

The same procedure should also be done with spin eigenstates from w+ center of mass 
system. Our new coordinate system is defined with the help of the decay plane and direction 
of motion of one of the jets (see Fig.6). In this case the transformation is performed via 
( 4.2). After the transformation equation (5.1) changes into: 

(5.2) 

where the states !ai), resp. lbi), denote states of w-, resp. w+, with given spin pro
jections in the rotated frames of reference. Coefficients kij depend on angles a-, a+ and 
cp. 

The decay of w+ into a leptonic pair obeys exactly the same constraints as the ones 
mentioned for the dileptonic decay. The decay of w- into a pair of quarks is also described 
in a similar way since we assume that the energies of quarks are much more higher than 
their masses (see 2.3.2). The resulting amplitude for the process of quark detection under 
the angle a- and electron under the angle a+ is: 

1 ( -ic/>1 + cosa-1- cos a+ sina- sin a+ ic/>1- cosa-1 +cos a+) 
vf3 e 2 2 + 2 +e 2 2 (5.3) 

However we cannot detect free quarks. We are only able to detect the jets they produce. 
Therefore we cannot distinguish between the process when quark is detected under the 
angle a- and when quark is detected under the angle 7r +a- (see Fig. 7). 

The amplitude for the process when quark is detected under the angle 7r +a- is (see 
Fig. 7): 

1 ( -ic/> 1 - cos a- 1 - cos a+ sin a- sin a+ ic/> 1 + cos a- 1 + cos a+ ) 
vf3 e 2 2 - 2 +e 2 2 (5.4) 
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q q 

q q 

Figure 7: The process of hadronisation of quark and the process of hadronisation of 
antiquark which are undistinguishable. 

At this point we must consider the amplitude for the hadronisation of quark and anti
quark to be the same. The amplitude for the whole semileptonic decay is then simply the 
sum of amplitude (5.3) and (5.4). Sowe get the amplitude: 

1 ( -i<P 1 - cos a+ i</> 1 + cos a+ ) 
J3 e 2 +e 2 (5.5) 

The equation (5.5) should be multiplied by the amplitude of hadronisation, but this 
would change only the overall phase, since it cannot depend on a+. The angle distribution 
is simply the square of this amplitude: 

1 1 ( )2 1 ( )2 6 + 6 cos a+ + 6 sin a+ cos2ef> (5.6) 

The case when w+ decays into a pair of quarks is very similar to the above calculated 
process and we get the following angle distribution: 

1 1 ( )2 1 ( )2 6 + 6 cos a - + 6 sin a - cos 2</> (5.7) 
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5.2 Higgs-like particle with j 1 

5.2.1 Spin projection m = 1 

The amplitude for the process when a quark from decay of w- is detected under the angle 
(F is: 

( 
1 +cos a- sin a+ i</> sin a- 1 +cos a+) 

- 2 2 +e 2 2 (5.8) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a- + 7r is: 

_ ( 1 - cos a- sin a+ _ i</> sin a- 1 +cos a+) 
2 2 e 2 2 (5.9) 

Therefore we get the following angle distribution: 

(5.10) 

The angle distribution for the semileptonic decay of w+ into a pair of quarks is: 

(5.11) 

5.2.2 Spin projection m = O 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a- is: 

1 ( -i<P 1 +cos a- 1 - cos a+ i</> 1 - cos a- 1 +cos a+) 
- e -e V2 2 2 2 2 

(5.12) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a- + 7r is: 

1 ( -i</> 1 - cos a- 1 - cos a+ i</> 1 + cos a- 1 + cos a+) - e -e V2 2 2 2 2 
(5.13) 

So we get the following angle distribution: 

1 1 ( )2 1 ( )2 
4 + 4" cos a+ - 4 sin a+ cos 2</Y (5.14) 

The angle distribution for the semileptonic decay of w+ into a pair of quarks is: 

1 1 ( )2 1 ( )2 
4 + 4 cos a - - 4 sin a - cos 2</J 
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5.2.3 Spin projection m = -1 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a- is: 

( e-i</J sin
2
a- 1 - c;s a+ + 1 - c;s a- sin

2
a+) (5.16) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a-+ 7r is: 

(
-e-i<Psina-1- cos a+ 1 +cos a- sin a+) 

2 2 + 2 2 (5.17) 

So we get the following angle distribution: 

(5.18) 

The angle distribution for the semileptonic decay of w+ into a pair of quarks is: 

(5.19) 
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5.3 Higgs like particle with j = 2 

5.3.1 Spin projection m = 2 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a- is: 

i</> (1 + cosa-1 +cos a+) 
e 2 2 (5.20) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a- + n is: 

i</> (1- cosa-1 +cos a+) 
e 2 2 (5.21) 

Therefore we get the following angle distribution: 

(5.22) 

The angle distribution for the semileptonic decay of w+ into a pair of quarks is: 

(5.23) 

5.3.2 Spin projection m = 1 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a- is: 

( 
1 + cos a- sin a+ i</> sin a- 1 + cos a+ ) 

- 2 2 +e 2 2 (5.24) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a-+ n is: 

(5.25) 
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Therefore we get the following angle distribution: 

(5.26) 

The angle distribution for the semileptonic decay of w+ into a pair of quarks is: 

(5.27) 

5.3.3 Spin projection m = O 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a is: 

1 ( -ic/> 1 + cos a- 1 - cos a+ . _ . + ic/> 1 - cos a- 1 + cos a+) 
. /15 e 

2 
- sm a srn a + e 

v6 2 2 2 
(5.28) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a- + 7r is: 

1 ( -ic/> 1 - cos a- 1 - cos a+ . _ . + ic/> 1 + cos a- 1 + cos a+ ) J6 e 
2 2 

+ sm a sm a + e 
2 2 

(5.29) 

Therefore we get the following angle distribution: 

1 1 ( )2 1 ( )2 
12 

+ 
12 

cos a+ + 
12 

sin a+ cos 2</J (5.30) 

The angle distribution for the semileptonic decay when w+ decays into a pair of quarks 
is: 

1 1 ( )2 1 ( )2 
12 

+ 
12 

cos a- + 
12 

sin a- cos 2</J (5.31) 

5.3.4 Spin projection m = -1 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a- is: 

(
_ 1- cos a- sin a+ e-ic/>sina- 1- cos a+) 

2 2 + 2 2 
(5.32) 
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The amplitude for the process when a quark from decay of w- is detected under the 
angle a- + 7r is: 

(
- 1 +cos a- sin a+ _ e-ict> sin a- 1 - cos a+) 

2 2 2 2 
(5.33) 

So we get the following angle distribution: 

(sin a+) 2 

4 
(5.34) 

The angle distribution for the semileptonic decay when w+ decays into a pair of quarks 
is: 

(5.35) 

5.3.5 Spin projection m = -2 

The amplitude for the process when a quark from decay of w- is detected under the angle 
a- is: 

e-i<P ( 1 - c;s a- 1 - c;s a+) (5.36) 

The amplitude for the process when a quark from decay of w- is detected under the 
angle a- + 7r is: 

-í<P (1 + cosa-1- cos a+) 
e 2 2 (5.37) 

Therefore we get the following angle distribution: 

(5.38) 

The angle distribution for the semileptonic decay when w+ decays into a pair of quarks 
is: 

(5.39) 
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5.4 Angle distributions 

The above presented angle distributions were not normalized. Therefore we have to nor
malize them to one. The integration goes from </; = O to </; = 7r and Jacobian is equal to 
one since we are integrating in the plane. For the case of Higgs boson we get the following 
normalized angle distribution: 

1 1 
- + - cos 2</; (5.40) 
7r 37r 

For the case of Higgs-like particles we have to normalize all the angle distributions in 
exactly the same way as we did for Higgs boson. As we mentioned, the original state of 
Higgs-like particle is generally a linear combination of pure spin eigenstates but since we 
are measuring repeatedly, we will make use of the density matrix [6]. The original state of 
Higgs-like particle will be described with following wavefunction: 

W(l, l)jl, 1) + W(l, O)ll, O)+ W(l, -l)jl, -1) (5.41) 

event. in the case of Higgs-like particle with spin 2: 

W(2, 2)J2, 2) + W(2, l)j2, 1) + W(2, 0)12, O)+ W(2, -l)J2, -1) + W(2, -2)12, -2) (5.42) 

The coefficient W are statistical weights. The above equations therefore do not represent 
the amplitude and should be understood formally. The sum of weights W is also equal to 
one. So we get the angle distributions: 

For Higgs-like particle with spin j = 1: 

_!_ - W(l, O) cos 2</; 
7r 311-

(5.43) 

event. for Higgs-like particle with spin j = 2: 

1 W(2, O) 
2

,/-. - + cos 'f' 
7r 37r 

(5.44) 
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Chapter 6 

Conclusion 

As shown in the section 2.3.1, we are not able to reconstruct the kinematics in the processes 
where Higgs boson ( or Higgs like particle) decays into two leptonic pairs. This is because 
we cannot detect two produced neutrinos from such a decay. Therefore we will not be able 
to reconstruct the parameters a+, a- and especially </>, so we will not be able to measure 
the angle distributions (4.38), (4.41) and (4.42). 

In the case of semileptonic decay we will not be able to detect only one neutrino. 
That allows us to evaluate the parameters a+, a- and </> and we can measure the angle 
distribution in terms of a+, a- and </> and it is therefore possible to compare the measured 
angle distribution with the angle distributions (5.40) - (5.44). 

In expression (5.43), resp. (5.44), there is one undefined parameter W(l, O), resp. 
W(2, O). Both parameters have to be smaller or equal to one. Therefore the case of Higgs 
boson with spin j =O can be distinguished from the case of Higgs boson with spin j = 1. 
This is possible because the structures of expressions (5.40) and (5.43) are similar. The 
only important difference is the presence of minus sign in (5.43). 

The situation for Higgs-like particle with spin j = 2 is rather complicated. If the 
parameter W(2, O) equals one or if it is very close to one, both angle distributions are the 
same. In other cases the angle distributions are different and therefore distinguishable. 

In the figure 8 some selected cases with given W(l, O) and W(2, O) are shown. It follows 
from this figure that the measured angle distributions depend on spin of Higgs boson and we 
are therefore able to measure the spin of Higgs boson with the help of angle distributions. 
Only if Higgs-like particle has spin 2 and it exists in fully ( or nearly) polarized state with 
spin projection zero, we will not be able to distinguish this case from the case of SM Higgs 
boson. 
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Fig. 8: The resulting distributions for selected cases of W(l, O) and W(2, O). 
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