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Abstract

The production process of a charged Higgs boson H™, and its almost instantaneous decay to a tau
71 and tau neutrino v,, have been studied for a head-on collision between protons at the LHC, using
its characteristic Parton Distribution Function (PDF) to identify the most likely quarks that inter-
act in the process. Following that, the analysis of the conservation laws for the resultant decay has
enabled to deduct the angular distributions for the momenta of the final leptons (polar angle 6 and
azimuthal angle ¢), while the application of Lorentz transformations has made it possible to examine
these magnitudes for both the laboratory and the charged Higgs rest frame. Eventually, this has lead
to the study of a provided Les Houches Events file, to verify the predictions stated before, and later
generate an own process with the use of the program MadGraph, obtaining the cross sections and
branching ratios of different processes in the end.
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1 Introduction

The observation of a resonance at the Large
Hadron Collider (LHC) in 2012 [1, 2|, with a
mass close to 125 GeV/c?, apparently compati-
ble with the existence of the Higgs Boson, raised
the question of whether it constituted the sin-
gle elementary particle predicted by the Standard
Model (SM), or if it was attached to any other
extended model. The so-called two Higgs-doublet
model (2HDM) [3, 4] is one of the most consis-
tent models that take the particle physics beyond
the Standard Model, introducing two Higgs dou-
blets in contrast to just one, as accepted by the
SM. It is worth mentioning that there have been
proposed other models consisting of three [5] or
more Higgs doublets, which will not be considered.

This extension of the SM, therefore, considers
a ’'family’ of five physical scalar Higgs bosons
(with the two complex scalar doublets considered,
eight fields can be created, three of these being
"eaten” by the W* and Z° gauge bosons), which
are characterized by different masses and charges:
the CP even neutral Higgs bosons h and H (with
mpy > my by convention), a CP odd particle A
and two charged Higgs bosons H*.

Furthermore, depending on which type of fermions
couple to which doublet, different types of classes
exist for this model: Type I, where charged
fermions only couple to second doublet; Type
IT, in which down-type quarks and charged lep-
tons couple to one Higgs doublet, and the other
to up-type quarks (which will be the one consid-
ered in this project); X, which is a lepton-specific
interpretation of the model, etc.

The main purpose of this article is to analyse the
production of these new particles at the LHC,
and more accurately the charged Higgs pair HT,
studying its production processes and possible
decays from a relativistic perspective.

2 Background

This project takes an approach to the production
of a charged Higgs boson H, with no additional
particles taking part in the process, as a conse-

quence of the head collision between proton beams
with and energy of ' = 6.5 TeV each. The re-
sultant H" is stated to have a mass of M = 200
GeV/c?, eventually decaying to a charged tau 7
and a tauon neutrino v;,.

2.1 Two Higgs Doublet Models

This particle, as mentioned before, is explained
under the framework of the 2HDM, which assumes
the existence of two Higgs doublets[3]:
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For this two doublets ®; and ®, , the scalar po-
tential generated has 14 parameters, and can be
expressed as displayed in eq. (2).
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where mfj and ), are real parameters.

(2)

Similarly to the case of the Higgs boson in the
Standard Model, a non-trivial value for the vac-
uum expectation value is obtained for each of the
doublets via the minimization of the potential:
U1 U2

<(I>1>—\/§ <<I>2>—\/§ (3)
Since this is not optimal, the Higgs field can be re-
defined so that only one doublet develops vacuum
expectation value, carrying out the linear combi-

nation of eq. (4).

O = cos fPy + sin 5P,
®, = —sin 5P + cos Py

having taken into account that:

v
tan f = =2
U1

(4)

(5)

This yields the following vacuum expectation val-

7 (6)

where v = /v? + v3=246 GeV (the vacuum ex-
pectation value of the Higgs boson in the SM).

<P >= <P, >=0



Considering these parametrizations, it is conve-
nient to study now the Yukawa couplings between
the Higgs bosons and the different particles [6],
which results in eq. (7).

m = m = .m =
Loun=— Y (BLelfin+"Leli frH —imle frsfA)
f=u,d,l
2Vud _
- fv Lu(m &4 Py, + ma€d Pr)dH™*
2 l
+\[T§A vilpHY + h.c. (7)

in which my corresponds to the mass of the f
fermion, 75 the gamma-5 matrix, V,4 the CKM
matrix element involving the u-type u (up, charm
and top) and d-type d (down, strange and bot-
tonm) quarks, [ the corresponding lepton, and P,
and Pg the left and right projection operators, re-
spectively.

With respect to the £ parameters, they have dif-
ferent values depending on with type of model is
considered (Type I, Type II, Type X, etc.), cor-
responding to the ones organised in Table 1 (only
the ones relevant to the charged Higgs are shown).

Type I | Type II | Type X
4 | cotp cot 8 cot B
€4 | —cotB | tanB | —cotp3
&y | —cotB | tanf tan 3

Table 1: Yukawa couplings for the u-type quarks
u, d-type quarks d and leptons [ to the charged
Higgs H*.

Knowing the relations derived from these param-
eters, one can predict what is the main decay for
the charged Higgs H' by simply looking at its
Yukawa couplings: for a mass lower than the top
quark m;, the main channel will be one involv-
ing the biggest lepton (one anti-tau 7, with a
tau neutrino v, to verify conservation of leptonic
numbers) whereas for a mass higher than the top
my, the decay to a top t and anti-bottomb quarks
will become dominant, given its enormous masses
compared to the rest of the quarks, which is trans-
lated into stronger couplings.

2.2 Production processes

Attending to the explained information on the in-
teraction, the production of the Higgs boson could
be mediated by different types of processes [7], like
the ones shown below:

1. The most important one for this project, and
the one it will focus on, is the particle an-
nihilation between the quarks of each of the
protons involved in the collision. In the men-
tioned annihilation, a quark corresponding
to one of the protons interacts with an anti-
quark of the other one (which is formed in
the quark sea, where virtual qq pairs are in
constant creations and annihilation), verify-
ing the following Feynman diagrams of Fig-
ures 1, 2 and 3:
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Figure 1:  Feynman diagram for the annihila-
tion process of a quark u and antiquark d into a
charged Higgs H™.
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Figure 2: Feynman diagram for the annihilation
process of a quark ¢ and antiquark § into a charged
Higgs HT.
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Figure 3: Feynman diagram for the annihilation
process of a quark ¢t and antiquark b into a charged

Higgs H™. 0.2}

This is a direct consequence of the conserva-
tion of charge during the process: since the
charge of the charged Higgs is Qp+ = 1, a
positive charged quark (namely, u,c,t with
) = 2/3) has to combine with a negative
charged antiquark(d, 3, b, with Q = 1/3)
so that the charge is conserved in the pro-
cess. Therefore, in this type of process, par-
ticles (or antiparticles) would annihilate to
directly produce an H", with no additional
particles being created. From the three gen-
erations, it is worth noting that the most
likely fundamental interaction should be:

ud — HT (8)

This follows from the analysis of the par-
ton distribution function (PDF) [8] of the
proton (Fig. 4), which encode the binding
of the quarks and gluons inside the proton.
This type of plots are essentially statistical
distributions of the scattering interactions
between a particle with the proton, giving
the probability density of finding an specific
particle with a given fraction of the momen-
tum of the proton z f(z) as a function of the
Bjorken scaling factor z, which accounts for
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Figure 4: Parton distribution function (PDF) of
the proton (taken from Ref.[9])

In Figure 4, it can also be appreciated, as
expected, that the function of valence u
quarks is two times the height of the valence
d quarks, verifying what is expected for the
structure of the proton (which contains two
u quarks and one d quark). Moreover, there
is no function for the ¢ quark, since the mass
for this particle is noticeably higher than the
one of the proton itself (remember that the
mass of the proton is approximately m, = 1
GeV/c?, whereas the top quark has a mass
of m; = 173.34 £ 0.27(stat) + 0.71(syst)
GeV/c?)[10], making it impossible for the ¢
quarks to exist inside the proton. This is
also the reason why the function for the b
quarks is the lowest among all of them, as
its mass is around 4 times the mass of the
proton, making it relatively unlikely for this
particle to be created.

the fraction of the proton momentum that
the parton has, where it can be observed
that the distribution function for the v and
d, from the I generation, is always higher
than the distributions for the other genera-
tions, and therefore their probability to in-
teract is also considerably higher.

However, if the attention is not only centred on
the cases of direct production with no other par-
ticles created, other processes can be found which
are substantially more probable:

2. Vector boson fusion: In this type of pro-
cess [11], one of the quarks of one proton



would interact via a W™, whereas one of the
quarks of the other one would just interact
with a Z°, as shown in Figure 5, annihilating
between them to create the resultant H™.
However, for this process, other final quarks
still exist, so it does not verify the premise
of "no additional particles created”.

Figure 5: Feynman diagram of vector boson fu-
sion to produce a charged Higgs H™.

3. Furthermore, the H* boson could also be
produced in pairs of charged H*, with a
'Drell Yan like” process, in which one quark
of each proton annihilate with each other,
resulting in a photon v or boson Z°, which
then decays into a pair of charged Higgs with
opposite charge (Fig. 6).

Figure 6: Feynman diagram of the production of
pair of charged Higgs with opposite charges.

2.3 Decay processes

After being produced, this charged Higgs boson
H*can later spontaneously decay (this happens
very fast, due to the mean life of the charged Higgs
being extremely small) via different channels [7],
but, as stated in the beginning, the only decay

process that will be considered is:

H" w77+,

(9)

with the following Feynman diagram of Figure 7.
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Figure 7: Charged Higgs boson decay to a tau
77 and neutrino v, .

It could also be possible that the charged Higgs
decayed to a pair of quarks:
H* —cs
H* — cb
H* —tb
or decays involving other bosons like:
Ht — W+
c s (11)
H W7
Notwithstanding the assumption of the decay to
an antitau and tau neutrino, it is worth not-
ing that this process is not the most favourable
in most of the cases, because attending to the
branching ratios of the different processes, a
graphical representation like the one of Figure 8
can be found:
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Figure 8: Branching ratios of H*, for a tan 8 =
35 in Type II 2HDM (taken from Ref.[12]).



where it can be observed that, for a mass of the
charged Higgs mpy+ lower than the mass of the
top quark ¢, the most favourable decay to occur
is HY — 71 + v, whereas for a mass higher than
the top quark, the decay H* — tb becomes in-
creasingly more dominant. Parallelly, the decay
H* — ¢35 is more suppressed when the mass of the
charged Higgs is higher than the top mass. This
behaviour is due to the Yukawa coupling (see eq.
(7)) between the different fermions and the Higgs
field [13], which verifies that:

mpy

g5 o< —= (12)

with my corresponding to the mass of a fermion

fand v = ,/—=— ~ 246 GeV [14] is the vacuum
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expectation value for the Higgs field .
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Figure 9: Branching ratios for different values of
tan 3, in Type II 2HDM (taken from Ref.[15]).

This implies that, since the mass of the top quark
is the biggest of all fermions, its coupling with the
Higgs field is the strongest, and therefore its decay
should be dominant. However, since the mass of
the charged Higgs for this article is slightly bigger
than the top mass m;, attending to the graph of
Figure 8, the process Ht — 7 + v, should still
remain dominant.

It can also be identified that the branching ratio
for the tb channel does not increase abruptly after
reaching my+ = my + m, (see Figure 9), but in
reality it has to get to approximately M = 200
GeV /c? before becoming the main channel. This
is mainly due to the kinematics of the processes,
namely that, when sitting exactly on the thresh-
old (my+ = my + my), there is zero phase space
(which is a mathematical space of all the possi-
ble configurations of momenta of all the outgoing
particles for the final states), and so this process
is suppressed. However, for the leptons, the phase
space is bigger, as there is more free energy for
the final state (due too the sizeable mass differ-
ence between initial and final states), making the
decays to this particles more favourable in certain
occasions, as it has been visualised.

On the other hand, it must also be clarified that,
attending to Figure 8, this interpretation has been
made assuming a tan 8 = 35. The Yukawa cou-
plings are dependent on this parameter (see Table
1), and therefore, varying this magnitude pro-
duces significant changes to the previous graph of
Figure 8, as it can also be appreciated in Figure
9, where changing the tan g from a value of 10
to a value of 50 has made the branching ratio
for the decay to the tau and the neutrino clearly
more sizable for masses of the charged Higgs big-
ger than the top quark mass m;. This increase in
the parameter tan 8 has also made the rise of the
branching ratio for the ¢b channel become more
abrupt than before.

The increase in tan 8 also makes the contribution
of the other channels relevant for high masses of
the charged Higgs, whereas for a small value of
the parameter tan 8 = 10, these channels became
suppressed for masses my+ > 500 GeV/c?,

And more in detail, for the decay of the charged
Higgs to a tau 77 and neutrino v,, setting a



mass of My+ = 200 GeV/c?, the branching ra-
tio changes as showed in Figure 10.
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Figure 10: Branching ratio of the tau and netrino
channels as a function of tan 3, at a Mg+ = 200
GeV/c? in Type II 2HDM (taken from Ref.[16]).

It can be discerned that, as the tan 3 grows, the
branching ratio of the Higgs decaying to a tau and
tau neutrino increases in consonance (it has an
enhanced coupling to the tau at high tan g [7]).
Notwithstanding that, it is also worth noting that
for very low tan g, the contribution of this chan-
nel to the total decay width ['g+ is minimal, not
event accounting for 10% for tan 8 < 5 at most.

3 Experimental procedure

3.1 Conservation laws

First of all, as it was mentioned in the beginning,
a head-on collision of two protons going in oppo-
site directions is considered in this experiment,
and therefore, it is assumed that the transverse
momentum of both quarks taking part in the an-
nihilation is null (p7 = 0). However, in reality, a
lot of quark-antiquark pairs are constantly formed
in the quark sea of the protons, which can have
a considerable transversal momentum, and after
colliding with a valence quark of the other proton,
could in theory produce a charged Higgs with no-
ticeable transverse momentum. Nevertheless, this
phenomenon is tremendously improbable, so it

will be assumed that both quarks collide travel-
ling on the beam axis, resulting in a charged Higgs
which will move on this same axis to conserve lin-
ear momentum. As for its direction of motion, the
u quark will presumably carry a bigger momen-
tum than the d quark attending to its PDF (see
that the distribution function for the u quark is
always higher than the one of the d, so it is more
probable that the resultant Higgs moves point-
ing to the direction that followed the incident u
quark). It should additionally be noted that the
protons cannot perfectly collide with each other at
a zero angle, but this asymmetry has been reduced
considerably (to approximately 150 mrad[17])

As for the momenta of the leptons 7 and v, pro-
duced in the decay of the Higgs, if the Higgs rest
frame is considered (i.e. py+ = 0), then they both
will have the same modulus for their momenta
but pointing in opposite directions, i.e. p; = —p,.
to verify the conservation of linear momentum.
Now, considering that the Higgs is a scalar with
spin S = 0 [18], having a look at the conservation
of total angular momentum:

J=L+85 (13)
If the Higgs is studied from its rest frame (py=0),
with a consequent angular momentum of 0, then
the conservation of total angular momentum fol-
lows as:

—

T = Jriw,
For the Higgs boson, a total angular momentum
is obtained, attending to eq. (13), of:
jH:EH—i-gH:O-i-O:O
On the other hand, for the leptons (with s = 1/2):

Josw, =L+ 8.+ S,
As a result, if the conservation of J is evaluated,
we get that the quantum number ¢ must be:

(=01

From the two possible ¢ values, the configuration
of ¢ = 0 is correct, which corresponds to a state
s, involving that there is no dependence on the
angles, and therefore there is a radial symmetry.
This also implies that the angular distribution of
the leptons produced from the decay of the H*



should be uniform and constant for all the angles,
and therefore there should not be a preferred di-
rection for the decay to happen.

4—3—&—#
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Figure 11: Scheme of the decay, indicating the
direction of the momentum and spin of the parti-
cles.

Also, taking into account the distribution of the
leptons in the decay pointing in opposite direc-
tions, and considering that neutrinos v (and in
general fermions) must have a left-handed chiral-
ity [19], as these are the ones observed in nature,
the tau 7 must have a left-handed helicity to verify
the conservation of total angular momentum.

3.2 Energy and momentum rela-
tions

LAB FRAME
 HIGGS REST FRAME

4

Figure 12: Graphical representation of both the
laboratory and the Higgs rest frame.

Now, being in the Higgs rest frame, the energy of
the tau 7 could be calculated in that frame, with

the use of 4-momenta:

(Pl — P2 = PEPE = M2 =0
PA Pl + PEPE —2PhPE =0
Mj; + M7 = 2(E EY — pipr) = 0

M?% + M2 = 2(MyE?) =0

M + M?

:}E*:
i 2Mpy

(14)
Knowing the expression for the energy in the
Higgs rest frame given by eq. (14), it can be esti-
mated for the mass of the charged Higgs initially
considered of M+ = 200 GeV/c?, obtaining:

E* =100.1 GeV

On the other hand, if it was required to calculate
the velocity coefficient 5 = v/c of the Higgs in
the laboratory frame, as a function of E?, i.e. the
energy in the rest frame, with the Higgs moving
on the z-axis at a velocity v = (0,0, v), a Lorentz
transformation should be applied, which follows
the equation [20]:

* ET - UpT,z o ET - BCpT,z

b= ee . Jiom

getting from eq. (15) that:

(15)

E72- - 2E7'Bcp‘r,z + 52021)72—,2
1— 2

*2
B =

E:Q - BQE;—( = Ez - 2E‘rﬁcp7,z + /8202p72'7z =0

52(02193,,3 + ET*2) +B8(—2E7cpr.) + (Ef - E;&) =0

Ercpr. £ \/ c2p? Ey? — EXE? + B

8 T2 T
(02])72',2 - E;:Z)

(16)

and, so, a relation is obtained between the ve-
locity coefficient (3, the energies of the tau 7 in
both frames and its momentum p, (the subindex
z indicates that only the z-component has to be
considered).



Figure 13: Scheme showing the ¢ and ¢ angles.

One could also wonder what would happen to the
polar angle @, i.e., the angle between beam axis
and tau momentum, being measured from both
the laboratory to the Higgs rest frame.

To find the value for this angle in the Higgs rest
frame, which will be denoted as 6*, it is known
that [20]:

tan(¢*) = 24

{ Pl =DpL
P

i =(p) = vE;/¢)

where p, and p; correspond to the perpendicular
and parallel momentum component, respectively,
of the tau in the laboratory frame, v the Lorentz
factor of the Higgs and v its velocity.
Substituting both components:

. Pl P, sin 6
tan(8") pi (prcos® — BE; /c) )
Other relevant magnitudes for the particle decay,
which will help with the posterior analysis, are the
azimuthal angle ¢ , defined as the angle around
the beam axis, and the pseudorapidity, which de-
scribes the angle between the momentum of a par-
ticle and the beam axis:

()

Consequently, particles with high values of 7, or
similarly with small angles, are close to the beam

(18)

axis (as seen in Figure 14), and, hence, will have
trouble being recorded, as it will be explained
later.

Figure 14: Pseudorapidity values shown on a po-
lar plot.

As mentioned before, the Higgs is a very unsta-
ble particle, which tends to decay very quickly
(this being the reason why it is more convenient
to study its decays), with a decay width of I'yy ~ 1
GeV, which is the probability per unit of time of
the particle decaying. This width is, in reality, the
sum of numerous partial decay widths which can
be added up linearly, as seen in eq. (19)

I‘H‘* - FH+4)T+I/7— + FH+*)/,L+I/m’U, + FH+—>tB

19
Hlmt s + Ui + T + (19)

which in the end contribute to widen the natu-
ral decay width. As seen in Figure 15, this mag-
nitude corresponds to a parameter of a relativis-
tic Breit—Wigner distribution (this curve describes
the distribution of masses that a particle at the
LHC takes when it is created), in which M is the
mass of the initial state, F the energy of the decay
products and o the cross section for each energy
E. Analytically, the decay width of the particle is
correlated to the Heisenberg’s uncertainty princi-
ple as follows:

F:2AE:7—i

T

(20)

as a consequence of the uncertainty principle
AEAt > L.

10
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Figure 15: Graphical representation of the natu-
ral decay width.
For that reason, using eq. (20) , a resultant life-

time of the charged Higgs is obtained of:

=6.59-10"% g

TH+ =

H+
which is even shorter than the lifetime associated
to the Higgs, measured at 7o = 2.1735 - 102 s
[21]. Therefore, as a result of the interpretation
of Figure 15, this width corresponds to an uncer-

tainty in M of:

r
OMy ™~ 5 = 0.5 GeV

Knowing the uncertainty associated to the mass
My, it is possible to determine the derived uncer-
tainty for other magnitudes!. For instance, the
error for the angle #* can be computed, as shown
with eq. (22) in Appendix B.

3.3 Reading LHE file

With these calculations in mind, the previous re-
sults can be applied to the analysis of a sample
of LHC events, given as a Les Houches Events

File (LHE), a standard format used to organ-
ise all the information necessary to characterise
a particle interaction. In this type of files, one
can access information about the masses, ener-
gies, momenta, and other magnitudes that help
simulate the process to analyse, which in the case
that concerns this project corresponds to the de-
cay of the charged Higgs after the proton-proton
collision.

To analyse the data gathered in the LHE file, the
Python module lhereader.py [22] can be employed,
that reads the information of each event in the
Les Houches Events format (see Figure A.1 in Ap-
pendix), and converts it to a more understandable
format (see Figure A.2 in Appendix), where the
following information can be found:

1. pdgid: Particle Data Group ID, which fol-
lows the Monte Carlo particle numbering
scheme [23], assigning a number to each par-
ticle so that it facilitates the particle identifi-
cation in particle event generators, detector
simulators or other simulators of the same
nature. The numbers for the different par-
ticles in the events analysed for the charged
Higgs decay are: § — —3, ¢ — 4, H" — 37,
7t — —15 and v, — 16.

2. Py, py and p,: momentum components of
each of the particles.

3. Other information about the spin, mass and
energy of each of the particles.

After processing all the information with the
Python module [hereader.py , the polar angle 0
and azimuthal angle ¢ can be computed, and other
magnitudes like the velocity coefficient 5, among
others.

Moreover, having access to all the information
about each of the particles, cuts can be applied to
the different magnitudes, which will be useful in
the future to select the events that are convenient
for the data analysis, making restrictions mainly

'For this calculation, it is assumed that everything measured is known with perfect precision, and that the only

source of uncertainty is the Higgs mass.



on the transverse momentum py and the pseudo-
rapidity 7, to maximize the efficiency of the event
detection.

3.4 Events generation

After having processed the events of the provided
LHE file, the next step would be to generate a pro-
cess on our own by means of the particle collision
simulator MadGraphd [24, 25, 26|, that allows the
computation of the cross section (and branching
ratios) and generation of events for any process.
The procedure to follow to generate the events
would be as follows:

1. First, download and install all the Mad-
Graph software, with the programs Pythia8
(which helps with the hadronization of
the events), MadAnalysis (for the posterior
analysis of the data), MadSpin (for the later
computation of cross sections and branching
ratios), etc.

2. Then, go to the terminal and type
”./bin/mgh_aMC”, which should make the

program rum.

3. Since the Standard model is not being used,
the correct model should be imported as:
“import model 2HDM”. This will add the
charged Higgs boson to the zoo of particles
in the database.

4. Finally, the particle decay to examine is
introduced, specifying the particles in the
process: “generate pp > h+ > ta+ vt 7.
It must be clarified that, although it was
mentioned in the beginning of the project
that the tb annihilation can create a charged
Higgs, this process will not be considered, as
these quarks do not exist inside the proton.

5. After that, the events are generated using:
"output ChargedHiggs”, which created a di-
rectory called ChargedHiggs with all the in-
formation necessary to create the events,
and later, "launch ChargedHiggs”, which
proceeds to generate a run of events.

6. Eventually, the program will require the user
to specify if he wants to make any changes
to the parameters param_card.dat or the run
card run_card.dat, creating the process in
the end.

On the other hand, the Feynman diagrams for the
different allowed processes can also be accessed,
and the LHE file can be extracted in the end.

4 Results and analysis

4.1 Angular distributions in the
laboratory frame

Using the data extracted from the LHE file [27],
the angular distribution of the polar angle can be
computed and, later on, plotted as the number of
events N versus the polar angle 6, obtaining the
graphical representation of Figure 16.

POLAR ANGLE IN THE LAB FRAME

Noft*

e[tt]

Figure 16: Polar angle distribution of the tau in
the lab frame.

where it can observed that this angular distribu-
tion is not uniform, with a higher number of events
concentrated for small angles were 6 — 0 and for
big angles where § — 7, with both angles meaning
that there is a preferred direction for the tau 7+
to decay oriented on the beam axis. A similar rep-
resentation can be plotted for the azimuthal angle
¢, which results in the graph of Figure 17.
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Figure 17:  Azimuthal angle distribution of the
tau in the lab frame.

Differently to what happens for the polar angle,
looking at the azimuthal angle plot in the lab-
oratory frame, it can be stated that the angu-
lar distribution is uniform for all angles (there is
little fluctuations due to the probabilistic nature
of the decay, but they can be considered negligi-
ble). Alternatively, the pseudorapidity, obtained
by means of eq. (18), is plotted in Figure 18:

PSEUDORAPIDITY OF THE TAU IN THE LAB FRAME

500

400

T_ 300 4
B
Z,
200 4
100 A
oA
-8 B8
nit*l]
Figure 18: Pseudorapidity of the tau in the lab
frame.

One more time, it can be appreciated that the
curve for the pseudorapidity is very wide, with

many events with an n over 1.5, so there is a pre- Figure 20:

4.2 Angular distributions in the
Higgs rest frame

Similarly for the Higgs rest frame, the following
plots can be obtained for the polar angle 6*, az-
imuthal angle ¢* and pseudorapidity 7n*, repre-
sented in Figures 19, 20 and 21, respectively:

POLAR ANGLE IN THE HIGGS REST FRAME

500 A
400 A

300 A

Nofrt

200 A

100 A

o
0.0 0.5 10 15 20 25 30

6 IT*]

Figure 19: Polar angle distribution of the tau in
the Hlggs rest frame.

where it can be observed that, after applying
the Lorentz transformation to the polar angle,
the graphical distribution has changed completely,
with angles close to the beam axis becoming ex-
tremely unlikely to occur.

AZIMUTHAL ANGLE IN THE HIGGS REST FRAME
500

300

Noft+

200

100

]

-3 -2 -1 o 1 2 3

o [T"]

Azimuthal angle distribution of the

ferred orientation to decay very close to the beam tau in the Higgs rest frame.

axis, corresponding to a polar angle of § < 25.
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However, there is no change in the azimuthal angle
distribution from one frame to the other, remain-
ing uniform over all angles.

PSEUDORAPIDITY OF THE TAU IN THE HIGGS REST FRAME

500 4

400 A

.
~ 300
8
z
200 4
100 4
0
-5 —& -4 -2 o 2 4 & 8
n'lr*l
Figure 21: Pseudorapidity of the tau in the Higgs
rest frame.

For the pseudorapidity, it can be identified, while
comparing with the pseudorapidity in the lab
frame, that the angular distribution of the 71 is
now more likely to be oriented perpendicularly to
the beam axis, given that the function of n has
become dramatically narrower.

These observations can later be observed graph-
ically in Figures 24 and 25, where the direction
of the momentum of the tau with respect to the
beam axis is clearly visible.

4.3 Velocity coefficient

And finally, the velocity coefficient can also be
computed to obtain the velocity distribution of
the tau, which results in the Figure 22, with a
large number of 77 moving close to the speed of
light c.

VELOCITY COEFFICIENT OF THE HIGGS
2000

1750 A

1500 4

1250 A

1000 A

Noft™*

750 4

500 4

250 4

0.4 0.6

BIH*]

Figure 22: Velocity coefficient of the Higgs.

4.4 Generation of events

After having generated the events for the perti-
nent process (pp — H'T — 7%v,;), the analysis
of the obtained results and the comparison with
the LHE file provided [27] can be carried out.
After doing that, it is found that, probably be-
cause of a misseting of the cuts or the different
parameters, all the events in the provided LHE file
corresponded to a ¢s annihilation, with no pairs of
ud appearing in any of the events. Consequently,
no information about the probabilities of each of
the processes taking place could be extracted.

However, for the new generated LHE file, both the
ud and the 5 annihilations were considered (since
this is what actually happens for a proton-proton
collision), for a tan § = 50 in the framework of the
Type II model, measuring in each case the num-
ber of events displayed in Table 2 from a total of
N = 10000 events.

Quark pair | Number of events
cs 1157
ud 8843

Table 2:  Number of events for each quark pair,
for a run of N = 10000 events.
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For this first run of events, simulating the produc-
tion of the charged Higgs after collision, a cross
section was estimated, using the Madgraph pro-
gram, of:

oNn=10000(pp — H) = (2.571 4 0.003) - 10* ph

For comparison, the same process was generated
for a larger number of events, of N = 500000, ob-
taining the results displayed in Table 3.

Quark pair | Number of events
cs 56936
ud 443064

Table 3: Number of events for each quark pair,
for a run of NV = 500000 events.

Again, the cross section was estimated, which re-
sulted in a value of:

UN:500000(pp — H+) = (257087i000012)104 pb

Parallelly, the individual cross sections for both
quark annihilations were computed, obtaining the
results organised in Table 4.

Quark pair o [pb]
s | 1476.0£1.1
ud 11112412

Table 4: Cross sections for both quark annihila-
tions, for the run of N = 500000 events.

Since the representation of the angular distribu-
tions should lead to the same results, as it was
later verified (see [28]), the analysis of the gen-
erated events mainly focused on the calculation
of the decay width, cross sections and branching
ratios of the different decay processes. After com-
puting these magnitudes with the program Mad-
Spin, for the run of N = 500000 events (which
should give more precise estimations), the values
organised in Table 5 are obtained:

Particles BR
T U, 0.468
th 0.325
pt v, 0.068
cS 0.065
ud 0.049
e, 0.025
Particles | BR - 10*

us 0.72
cd 0.68
ud 0.50

cb 0.03
etu, 0.06
who, 0.06
ey, 0.06
v, 0.06
wr, 0.06
TV, 0.06
ts 0.03
td 0.02

Table 5:  Branching ratio BR for each possibility
of final particles.

Besides that, the program also provides a decay
width for the process of:

I'y+ =61.5 GeV

And for each of the decays, the partial decay
widths of Table 6 can be computed individually
employing the Madgraph program.

Particles | I'; [GeV]
T, 28.78
th 19.99
ut v, 4.18
cs 4.00
ud 3.01
ey, 1.54

Table 6: Partial decay width I'; for each possibil-
ity of final particles (only de main decay channels
are considered).
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5 Discussion

5.1 Angular distributions

Looking at the plots of the angular distributions
in the Higgs rest frame (Figures 19 and 20), it
is found that the decay angle is actually uniform
in this frame, as the graphical representation fol-
lows a cosine function. This happens because,
as the decay direction is isotropic, each element
of solid angle must have the same probability of
containing the direction of the 7", and, therefore,
this isotropic distribution must be regularly dis-
tributed over the cosine of the polar angle 6.

7 rdo

Figure 23: Reference image to explain the
isotropic angular distribution of the decay.

To understand this analytically, it is assumed that
an sphere of radius r (with center on the point
where the Higgs decays) surrounds the point of
collision (see Figure 23. Now, it is found that the
area that solid angle that subtends a ring from 6
to 0 + do is:

40 — Aring _ 27 (rsin 0)(rdf) _

r2 r2

= 27 sin 0df = —27d(cos 0) (21)

As a result, the angular distribution in the Higgs
rest frame must have the form of a cosine, as it

can be seen in Figure 19. In order to comprehend
this easily, one can have a look at the angular dis-
tributions in polar coordinates for both frames:

e Laboratory frame:

mlﬁl

1&0+

Figure 24: Angular distribution in the laboratory
frame with polar coordinates.

For this frame, the distribution has a higher
number of events concentrated, as explained
before, along the beam axis (preferred direc-
tion), with fewer events at more perpendic-
ular angles.

e Higgs rest frame:

1&0°

Figure 25: Angular distribution in the Higgs rest
frame with polar coordinates.

The graph follows a Lambertian distribu-
tion, as it would be called in optics, so that
there is no preferred direction of motion for
the 77, since for this distribution the ”radi-
ance” is uniform measured from every orien-
tation. The decay of the charged Higgs is,
as a result, could be seen as a perfect Lam-
bertian emitter [29].
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Alternatively, it can be chosen to plot the cosine
of the angle cosf* instead of the angle 6%, as the
isotropic angular distribution of the tau 7+ should
be flat for this magnitude, as it can be recognised
in Figure 26.

COSINE DISTRIBUTION VERIFICATION
500

N
b
L
=}
.
E'l.'El(J —0.7% 050 -0.25 000 025 050 075 100
cos(8*)T+]
Figure 26: Verification of the uniformity of the

angular distribution in the particle decay.

5.2 Geometry of the detector

On the other hand, it can be easily seen in Fig-
ure 16 that, after the collision, most of the par-
ticles come up at small angles of 6 approaching
zero, i.e., really close to the beam axis. However,
the fact that the resultant particles are pointed
in these directions is not convenient, attending to
the geometry of the detector the LHC works with,
schematically shown in Figure 27.

NOT
DETECTED

) DETECTED . (|

{ )

| )

' |
(]

Figure 27: Scheme of the detector.

In the LHC, both particle beams travel in the in-

terior of beam pipes — two tubes kept at ultra-
high vacuum, until they reach the detector where
they collide. As a result, if after the collision the
particles have small transverse momentum (or, al-
ternatively, big pseudorapidity) it might be pos-
sible that the particles travel back through the
same beam, not being detected by the silicon strip
tracker of the CMS or leading to wrong detections
[30]. To prevent this from happening, it is conve-
nient to apply some cuts to the gathered data: for
the transverse momentum py > 10 GeV/c and for
the pseudorapidity |n| < 2.5, as these are approxi-
mately the limitations that the CMS detector has
[31, 32], obtaining this time the following plots for
the angular distributions:

e Laboratory frame. Looking first at
the angular distributions for the laboratory
frame, the plots of Figures 28 and 29 are
extracted.

POLAR ANGLE WITH CONDITIONS
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Figure 28: Polar angle in the lab frame applying
the conditions mentioned.

As it can be appreciated in the plot of the
polar angle of Figure 28, the angular distri-
butions has been suppressed for small an-
gles, so, in theory, all these processes shown
should be detected without any problems,
as the momentum of the tau cannot point
to the beam pipe.
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AZIMUTHAL ANGLE WITH CONDITIONS

Noftt

¢ lt*]

Figure 29: Azimuthal angle in the lab frame ap-
plying the conditions mentioned.

The angular distributions of the azimuthal
angles, nonetheless, remain invariant after
applying these cuts, as this angle is con-
tained in the x-z plane

e Higgs rest frame. Considering the Higgs
rest frame, and applying the same condi-
tions, the graphs of Figures 30 and 31 can
be plotted.

POLAR ANGLE WITH CONDITIONS. HIGGS FRAME
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Noft+*
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100 4

o
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Figure 30: Polar angle in the Higgs rest frame
applying the conditions mentioned.

Similarly for the Higgs rest frame, the events
at small angles have been discarded, not ful-
filling the conditions imposed, again making
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sure that the remaining events can be mea-
sured by the detector.

AZIMUTHAL ANGLE WITH CONDITIONS.HIGGS FRAME
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Figure 31:  Azimuthal angle in the Higgs rest
frame applying the conditions mentioned.

Analogously to the laboratory frame case, the an-
gular distribution of the azimuthal angle applying
the conditions does not change for the same reason
as it was explained before.

5.3 Generation of events

After having obtained the statistical results for the
events generated about the production and decay
of the charged Higgs, these results allow to confirm
the validity of the initial suppositions extracted
from the examination of the PDF of the proton,
that is to say, that the ud annihilation is consid-
erably more probable, with a ratio between the
number of events for both cases of:

o(cs — HT)

1= m ~ 0.1308 for N=10000 events

which, as explained before, is due to a higher prob-
ability density for both the u and d valence quarks,
and a higher probability of ui and dd virtual pairs
inside the proton being created, as the parton dis-
tribution functions of these quarks are certainly
higher than those of the heavier quarks (see, for in-
stance, that the heaviest possible quarks inside the
proton, the bottom quark, has the lowest PDF).
For comparison, and to get a more precise value



for this ratio, the same process was generated for
a number of N = 500000 events (see [28]), obtain-
ing:

o(cs — HT)
Ry= ——F-—+=

o(ud — HY)
These ratios are in good agreement with the one
which would be extracted by merely dividing the
cross sections provided by the Madgraph software,
which would give a result of R3 = 0.1328, with
small discrepancies between all values, that in
any case account for more than 3.35 %, and with
the cross sections having minimum relative errors
close to 0.1 % The results also show the impor-
tance of considering the sea quarks, instead of just
the valence quarks of the protons, as the annihila-
tions of this nature account for more than 10% of
all the production processes generated, and there-
fore cannot be neglected.

~ 0.1285 for N=500000 events

As for the estimated cross section for both runs
of 10000 and 500000 events, of o(pp — HT)
(2.571 4 0.003) - 10* pb and o(pp — HT) =
(2.57087 £ 0.00012) - 10* pb, respectively, they
are both certainly close, with discrepancies be-
tween them of just 0.005 % that point out that
these values are relatively accurate. One can also
notice, attending to these cross sections, that the
quark annihilation is not, as enumerated in the
beginning, the only production channel for the
charged Higgs:

o(cs = HY) +o(ud — HY)
o(pp — HY)

= (0.4896

proving the existence of other production chan-
nels like the vector boson fusion and Drell-Yang
processes, among others, which would correspond
to more than 50% of the events.

Now looking at the decay processes, as it was
expected for a mass of My+ = 200 GeV/c?, the
three main decay channels are 77v,, th and utv,
. The reason why other quark decays like us or
cd, among others, are less probable is due to its
differences in decay widths:

Veal?m
’V;S|2m§

I(HT = cd)

—335.10"*
(T — c3) 53510

so, this process is Cabibbo suppressed, having a
much lower probability to happen than the ones
involving the CKM matrix diagonal elements, i.e.
the processes with ud, c5 and tb vertices, which
are, on the contrary, enhanced (remember that
the CKM matrix elements have values very close
to one). The reason why the tb channel is not
the main decay channel might be, as explained in
the beginning, that this process is not kinemati-
cally favoured for the mass of the charged Higgs
assumed in this project, although it is reasonably
likely that this decay becomes dominant if the
mass increases (as it was seen in Figure 8).

The estimated values for all the branching ra-
tios of the charged Higgs are in good agreement
with the theoretical predictions proposed in the
Introduction, and therefore, the results can be
considered satisfactory.

With respect to the decay width computed for
the charged Higgs, of I' = 61.5 GeV, it must be
mentioned that this value is exceedingly high, so
caution should be exercised when considering this
as a reliable result, considering that other massive
particles like the top quark ¢ has a predicted de-
cay width in the Standard Model of just I'; = 1.32
GeV [33].

6 Conclusions

The production and decay processes of the
charged Higgs boson H™ have been analysed, ap-
plying conservation of linear and total angular mo-
mentum to predict the angular distribution of its
decays. These predictions have been verified via
the processing of the events gathered in an LHE
file, which have allowed to study the nature of
particle decays. After that, the same process has
been studied by means of the use of an event gen-
erator, which has eventually provided information
about the cross sections and branching ratios of
the different production and decay processes.
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Appendices

A LHE files.

<event>
5 @ ©.1170000E-97 0,2007119E+03 ©.7816531E-82 ©,1149140E+00
-3 -1 ] a 8 5801 ©.00000000000E+00 0.00000000000E+BA ©.98858873129E+82 ©.98858028890E+02 ©.12500000000E4+01 8. 1.

4 -1 4] a 501 @ 0.00000000000E+00 ©,00000000000E+00 -0,10186786837E+03 0.10187553733E+03 0.10499999672E+60 0. 1.

37 2 1 2 2] @ ©.00000000000E+00 ©0,00000000000E+00 -0,30089952384E+01 0.20073446622E+03 0.20071191264E+403 0. 0.

-15 1 3 3 *] @ ©.20662917874E+82 ©0.83965590618E+02 0.49418318949E+02 0.09611769181E+02 ©.17769999584E+01 @, -1.

16 1 3 3 %] @ -0.20662917874E+82 -0.83965590618E+02 -0.52427314187E+02 ©.10112269764E+03 0.00000000000E+E0 6. -1.
</eventy

Figure A.1: LHE original data format.

EVENT NUMBER 9780

Particle(pdgid=-3, px=0.0, py=0.0, pz=98.858873129, energy=98.85892889, mass=1.25, spin=1, status=-1, vtau=0.8, parent=-1)

Particle(pdgid=4, px=0.8, py=0.8, pz=-101.86786837, energy=101.87553733, mass=0.10499999672, spin=1, status=-1, vtau=0.8, parent=-1)
Particle(pdgid=37, px=0.0, py=0.0, pz=-3.0089952384, energy=200.73446622, mass=200.71191264, spin=0, status=2, vtau=0.0, parent=0)
Particle(pdgid=-15, px=20.662917874, py=83.965590618, pz=49.418318949, energy=99.611769181, mass=1.7769999504, spin=-1, status=1, vtau=0.0, parent=2)
Particle(pdgid=16, px=-20.662917874, py=-83.965590618, pz=-52.427314187, energy=101.12269704, mass=0.@, spin=-1, status=1, vtau=0.0, parent=2)

Figure A.2: LHE processed data format after using Python module.

B Uncertainty estimation.

_ 00* \* , _ 00*\* ( 0B \*  (00*\?(av\* [ 9B \*
o = (3375 ) ”%U”fﬂaﬁ) CARICONCINE 22

where it can be obtained that:

(60*) _ pre (pHc—E)

oy Pye? +92 (pjc — E)
(89*) _ pryErc
98 ) pre? +47 (pjc— BE-)?

and, in the same way:
2l B
B
987 (1-p%>

As a last step:

2 3 3 4
2.2 S 2306 (M2 42 2 vt (2 a2 204 o2 g 2004 (2 42 4 (2 g2
—24B2cp2 M +4EZ MY (MH+MT+) +acp? MYy (MH+MT+) +24BZMA ep?  ME —2BI MY (MH+MT+) —MH(MH+MT+)

(aaMﬁ;I ) = 2ETCPT,E +

2\ 2 2 4
2 2 2 4 2 2 2 2 2
NIH(4cp2’mMH+(MH+MT+> ) \/16E72_cpg_szH74E72_MH(MH+MT+) +(1\4H+]\/IT+)

3 5 2 3 4 5
2002 02 (0242 2 (02 a2 204 02 (02 42 2 02 2 (2 a2 4 2 2 2 2 2
2ETMT+MH(MH+MT+) +MH(MH+MT+) —4ETIWT+MH(MH+MT+) —4MT+cpTYIMH(MH+MT+> +M7_+(1WH+MT+) -M2y (MH+MT+)

2 2 2 4
2 2 2 4 2 2 2 2 2
My (4cp2_szH+(MH+MT ) ) \/16E72_cp_,2_)m1\4H 4E2MH(MH+J\IT ) +<1\/IH+MT )
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