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Abstract

There has been continued observation of an excess in the 7 final states compared to the e, u
states in B — DIlv and B — D*lv charged decays that is larger than expected from Standard
Model computations. This thesis explores the viability of resolving the anomaly through a
mediating light charged Higgs boson, H' from a general type III two-Higgs doublet model
(2HDM) with a large coupling between the 7 and the charged Higgs. In previous work [1],
it was shown that this could be realised by a charged Higgs of mass ~ 100 |GeV]|. This
motivated a combined analysis of the B-decay anomaly with the ditau as well as diphoton
excesses observed by CMS suggesting a new Higgs of mass ~ 95 |GeV|. The thesis starts
by using the experimental results for Rp and Rp. as well as from the ditau excess to to
constrain the parameter space of the new Yukawa couplings of the 2HDM. We also find that
the cross-section for an SM-like Higgs boson to mediate diphoton final states from proton-
proton collisions computed using our model is too weak to describe observations made by
CMS. Finally, we compute the cross-section of the process pp — H — 77—, where H is
the hypothesized lighter SM-like Higgs boson, and plot it as a function of its mass and
coupling with the top quark. We also show that the charged Higgs production predicted by
the model is consistent with bounds from the cross-section of 77 final states resulting from

proton-proton collisions.
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Abrégé

Il y a eu une observation continue d’un excés dans les états finaux 7 par rapport aux états
e, it dans les désintégrations chargées B — Dilv et B — D*lv qui est plus grand que prévu
par les calculs du Modéle Standard. Cette thése explore la viabilité de la résolution de
I’anomalie par un boson de Higgs chargé léger médiateur, H", & partir d’'un modéle général
de doublet de deux Higgs de type III (2HDM) avec un couplage important entre le 7 et
le Higgs chargé. Dans des travaux antérieurs [1], il a été montré que cela pouvait étre
réalisé par un Higgs chargé de masse ~ 100 |[GeV]. Ceci a motivé une analyse combinée de
I’anomalie de désintégration B avec le ditau ainsi que des excés de diphotons observés par
CMS suggérant un nouveau Higgs de masse ~ 95 [GeV]. La thése commence par utiliser les
résultats expérimentaux pour Rp et Rp, ainsi que 'excés de ditau pour contraindre I'espace
des parameétres des nouveaux couplages de Yukawa du 2HDM. Nous constatons également
que la section efficace d'un boson de Higgs de type SM pour la médiation d’états finaux
diphotoniques dans des collisions proton-proton calculée a 1’aide de notre modéle est trop
faible pour décrire les observations faites par CMS. Enfin, nous calculons la section efficace
du processus pp — H — 777, ou H est le boson de Higgs de type SM supposé plus léger,
et nous la représentons en fonction de sa masse et de son couplage avec le quark supérieur.
Nous montrons également que la production de Higgs chargés prédite par le modéle est
cohérente avec les limites de la section efficace des états finaux 77 résultant des collisions

proton-proton.
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Introduction

Recent experimental analyses by the LHCD [2]|, BaBar [3], and Belle [4] collaborations show
robust evidence for lepton flavor universality violation (LFUV) in charged B — D/D*lv
decays. This is measured by observing the ratio of decay rates involving 7 lepton final states
and those with e or p final states in each process, denoted by Rp and Rp+ respectively. It
can be seen from Fig.1 [5] that according to the experimental measurements, these ratios
are about 10-15% larger than that predicted from the SM, with a significance of around
30. A possible explanation of these anomalies is that these new contributions come from
the exchange of a light charged Higgs boson H™", as proposed in two-Higgs doublet models
(2HDMs) |1, 6]. However, these models face heavy constraints from the lifetime of the B.
meson due to B, — 7v decays as well as monojet production of X7v in proton-proton colli-
sions |7]. On the other hand, potential exceptions to these constraints have been considered
in the literature [8].

CMS and more recently, ATLAS have observed an excess of diphoton events consistent
with a neutral Higgs boson near 95 GeV [9, 10, 11]. In addition to this, a possible ditau
excess around 0.1 TeV was discovered by CMS [12]. These anomalies could potentially be
explained as being mediated by an additional lighter SM-like Higgs boson, H also proposed
in 2HDMs. This possibility along with the prediction from [1]| of light Higgs states with
masses near 100 GeV led us to perform a combined analysis of all anomalies to evaluate their

potential to support the 2HDM framework.
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Introduction
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Figure 1: Compilation of the status of experimental results on the LFUV ratios Rp and
Rp+, represented by the coloured bands and ellipses in the plot, and their SM predictions,
denoted by the black crosses, by the Heavy Flavour Averaging Group (HFLAV) [5]. The
dotted red ellipse is the 30 countour of the global average of the experimental results.
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Introduction

The thesis is organised as follows. The first chapter provides a description of the model
and is mainly based on [13], [14], and [1]. The second chapter discusses experimental con-
straints on the model and addresses possible oppositions to it. Finally, the third chapter
shows the results we obtained about the viability of the model in describing the experimental

anomalies mentioned above according to our analysis.
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Chapter 1

The Two-Higgs Doublet Model

1.1 Motivation

The Standard Model (SM) consists of only one Higgs doublet but there is no reason in general
why this should be the case. On the contrary, there are several motivations to postulate the
existence of a ‘Higgs sector’. The 2HDM is one such theory where this is done by adding
a second Higgs doublet to the existing theory. Some shortcomings of the SM that have the
possibility to be resolved by this model are summarised below.

The first shortcoming involves axion models. It was shown by Peccei and Quinn [15] that
a potential CP-violating term in the QCD Lagrangian can be eliminated if the Lagrangian
has a global U(1) symmetry. However, this symmetry can only be implemented if there
are two Higgs doublets in the theory [14]. Another drawback of the SM is its inability to
generate a large enough baryon asymmetry of the Universe. Two-Higgs doublet models can
address this issue due to their flexible scalar mass spectrum and since they contain extra
possible sources of CP violation [16].

Other motivations for the 2HDM is that it provides the necessary Higgs structure for

supersymmetric models. Additionally, it is an extension to the SM that adds the fewest new
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CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

parameters to the theory while being consistent with constraints such as ¢ = 1. At tree level,
the parameter g is defined by [14]
Dic1 [[i(Ii +1) - i}/ﬂ Ui

i=12"1 7t

where I; are the weak isospin, Y; the weak hypercharge, v; the VEVs of the neutral compo-
nents in a SU(2) x U(1) gauge theory with n scalar multiplets ¢;. According to experimental
data [17], o = 1.00058. From the equation above, o = 1 if I(I 4+ 1) = 3Y?, which is the case
for SU(2) doublets with Y = £1. Other configurations such as scalars with VEVs in larger
SU(2) multiplets and scalars with small or null VEVs also give ¢ = 1, however these are
often a lot more complicated than just adding a doublet or singlet.

A potential complication of 2HDMS is the presence of tree-level flavour changing neutral
currents (FCNC), which are highly constrained. In a general 2HDM, the Yukawa coupling

terms,
Ly = 0;0ij1hip1 + Vipijibida, (1.2)

where 7, 7 are the flavour indices, lead to the mass matrix

(%N

Vg .
M= —(+ —p.
VoAV

(1.3)

Since there is only one Higgs doublet in the SM, therefore diagonalising M means that gy
is also diagonalised, which ensures that there are no tree-level FCNCs. However, this is
not necessarily the case in 2HDMs, since in general, y and p need not be simultaneously
diagonalisable, giving rise to flavour mixing. However, this can be resolved by introducing
symmetries into the Lagrangian. For instance, if all the fermions with the same quantum
numbers, i.e. the fermions that are allowed to mix with each other, couple to the same Higgs

doublet, then we can avoid FCNCs. This can be enforced by introducing a Z, symmetry,
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CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

¢1 — —¢1. This results in all the fermions coupling to only ¢,. This is known as the Type
I 2HDM. Alternatively, by imposing a d, — —d} in addition to ¢; — —¢;, one obtains the
type II 2HDM, where the Q = 2/3 right-handed (RH) quarks couple to ¢, and the Q = —1/3
RH quarks couple to ¢; [14]. A third more general type of 2HDMs is the type 11T 2HDM,
where FCNCs exist at tree level and can be suppressed for instance by introducing a specific
ansatz for the Yukawa couplings. This is the type of 2HDM that this thesis considers and

the ansatz introduced to suppress the FCNCs in this case will be shown in Chapter 3.

1.2 The Scalar Potential

We shall consider the most general form of the 2HDM, also known as the Type III 2HDM.
In this model, a minimal extension in the Higgs sector in the SM is made by introducing
a complex SU(2);, doublet scalar field in addition to the SM one. Let these be ¢; and ¢,.

Then, the most general renormalisable scalar potential is given by

V = miioio1 + miydids — (Mip]ez + hic)
F5A(81007 + SAs(6h0n) + As(616n)(6102) + Ma(816) (Bhn)
+ | SA5(010)° + Aol6]01)(8162) + Ae(0h62)(0]62) + e | (1.4)

where m?,, m3,, and A 534 are real parameters, and m?, and A5 7 are in general complex.
Hence, at first glance there appears to be fourteen free parameters in total. However, we
shall see later that the freedom to redefine fields implies that of these fourteen parameters,

only eleven are physical.
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CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

1.3 The Higgs basis

It has been shown that the 2HDM admits only three types of vacua besides the case where
(¢1) = (¢p2) = 0, i.e. there are three types of configurations of the fields besides the trivial
case that minimise the potential shown above [14]|. The simplest of these is the SM-equivalent

one given by

0 s 0
(1)0 = ; (¢a)o = €’ ,
Vs Vs

where v; and vy are real and v = /v + v3 = 246 GeV. The other two configurations are
CP-breaking vacua and charge-breaking vacua which will not be discussed here. At this
point, it is convenient to transform to a basis where the VEV is completely in the first field.

This is known as the Higgs basis and we can go to this basis using

2
H; = Uyé;, (1.5)
j=1
where
—i§/2 U1€i5/2 U2€—i6/2
U="¢ , (1.6)
v —0pei/2 gy ei0/2

is unitary. The parameter tanS = vy /vy is also defined. It should also be noted that it is
possible to also introduce a relative phase between the two doublets at this point, implying

the existence of an infinite number of Higgs bases. Now, we can expand the fields as follows:

\/§G+ \/§H+
le\/Li 3 HQZ\/LQ 5
v+ h+iG° H+iA

where G* are complex fields and h, H, G°, and A are real fields. G* and G° are the massless
Goldstone bosons produced as a result of spontaneous electroweak symmetry breaking that

give rise to the longitudinal elements of the W' and Z° bosons. This leaves us with five
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CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

physical Higgs bosons, a pair of charged Higgs bosons, H*, a neutral CP-odd Higgs, A, and
two neutral CP-even Higgs, h and H.

This basis transformation also leads to the couplings in the scalar potential also being
rotated such that the coefficients in the Higgs basis can now be expressed in terms of the
parameters from the generic basis, in the process, eliminating redundant parameters. The
freedom to introduce a relative phase between the two Higgs doublets implies that the
couplings in the scalar potential are observable up to the overall phase of the complex
parameters. This leaves us with only eleven physical parameters. The new potential is given
by

2\ 2
V=2 <H1TH1 - %) + m3(HYHy) + m2y(H Hy + HYHy) + A (H} Hy) (H H)
+ Ao(H{Hy)(H}Hy) + 2X3(H] Ha)® + M[(H{Hy) (H}H,) + (H}Hy ) (H Hy)]

+ As[(HIHy ) (HIHy) + (H{Hy) (H{Hy)) + \o(HL Ho)?, (1.7)

where \;, my, and mqs are real parameters and m?2, + M\v? = 0. To simplify things, it is
also assumed that V' is CP-conserving so that there is no mixing between the scalars and

pseudoscalar. The masses of the physical Higgs bosons are then given by

m; = 2\° (1.8)
m3 =ms + %()\1 + Az + 2A3)0? (1.9)
m% = my — 2X\30° (1.10)
mi =m3+ %)\11}2. (1.11)

Srobona Basak 8



CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

1.4 The Yukawa Lagrangian

The Yukawa coupling part of the Lagrangian is
Ly = 93 Q1 Hyup+ 5y Qp Hid + 57 Ly Hy ey + pif Q1 Hyuyy + p Q Hady + pi Ly Hoely, (1.12)

where H® = e, H?* and the SU(2)-doublet indices have been suppressed. The right-handed

singlets are given by

up = {Ur, Cr,tR} (1.13)
dR = {dR78R7bR}7 (114)
eR = {6R7/“LR7TR}7 (115>

and the left-handed SU(2) doublets are given by

( 3
ur, Cyr, tL
QL = s s and (116)
dL SI bL
\ J
( 3\
Ve ¥ vT
L= "1.1 “|.] “|} (1.17)
er KL TL

\ Ve

Only the Yukawa couplings of H; are responsible for generating the fermion masses. Once
the mass matrix is diagonalised, the y matrices are also diagonalised and do not contribute
to the tree-level FCNCs. This transformation still leaves the Higgs doublets in the Higgs

basis. After diagonalisation, £y becomes

1 _
¢=h,H,A
f=u,d,e

Srobona Basak 9



CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

u < u
b > < - c
N
RN
\
Iz

Figure 1.1: Feynman diagram for B~ — DIy, where the quark composition of B~ is {ub}
and that of D is {uc}.

where

vem!
Vi = 1Y, (1.20)
g +i, f=u
Yhiy = P} % (1.21)
—i, f=d,e

and Pr = (1 +7)/2, pude = Lzyd’e,ﬁu,d,eR%d’e and Voga = LI Lg. The relevant part of the

Lagrangian for b — clv processes is
L=—0(Ulp.)H" Pre — a(V pgPr — plVPL)H d + h.c., (1.22)

where U, = LiL, is the PMNS matrix. From here onwards, the replacement U,v — v
is made, where v indicates the initial flavour eigenstate, since neutrino oscillations are not
important in these processes. The new contributions to B — D/D*rv can be mediated by
the charged Higgs bosons H* for non-zero pi”. The Feynman diagram for the B~ — Dip,

is shown in Fig. 1.4. Since there is an excess of 7 final states in the charged B decays, pl”
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CHAPTER 1. THE TWO-HIGGS DOUBLET MODEL

is the optimal matrix element for fitting these anomalies. Hence, we take p.”, henceforth
referred to as p’” to be non-zero and the remaining elements of p. to be negligible. Then,

H* can be integrated out to produce the following effective Lagrangian:

AGp

Lepr = —chb[(CSL(éRbL)(ZRVL) + Cs, (Irve) (CLbR)], (1.23)

where G is the Fermi constant, V,; is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element, and Cs, and Cg,, are the new physics scalar couplings or Wilson coefficients. Now,

the quantities Rp and R ) are functions of these scalar couplings [18].

Rp

R_%M =1+ 1.037R* | Cs, + Cs,, |° +1.504R Re[Cs, + C5,.], (1.24)
_RD* 2 2 * *
RSV =1+ 0.037R*|Cs, — Cs,|* + 0.114RRe[Cs, — C¢ ], (1.25)

where R = 1.46 is the effect of the renormalisation group evolution of the Wilson coefficients
as shown in [19], and we assume that Cs, and Cg, are real to reduce the number of free

parameters in the Lagrangian and make the model simpler.
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Chapter 2

Complementary constraints

Now that the basic structure of the model has been established, the motivations for consid-
ering this model in particular as well as experiments that put constraints on it are discussed

in more detail in this chapter to explore the validity of the model.

2.1 Charged Higgs boson mediated processes

There have been continued and consistent observations of deviations in branching ratios
in multiple decay channels of the b — clv processes as well as an excess in 7 final states
compared to e, u states in pp collisions that is larger than predicted from phase space effects.
In recent years, the LHCD [2]|, BaBar [3], and Belle [4] collaborations have found significant
deviations in the ratios of branching fractions, Rp and R ), also known as Lepton Flavour

Universality Violating (LFUV) observables, in b — clv processes, defined by

B(B — XT10)
B(B — X(e,pu)v)’

Rx =

Srobona Basak 12



CHAPTER 2. COMPLEMENTARY CONSTRAINTS

Other LFUV variables that involve the quark-level process b — clv are

n o BB J[urr)
YT B(B. — I (e, p)p)

(2.2)

and
B(Ab — Az_Tﬁ)

Ra = Blh, — At (e, p)7) (2:3)

which have been measured by the LHCb in recent years. However, since these last two
quantities are more subject to hadronic uncertainties than the LFUV ratios they have been
omitted from this analysis for the time being.

The experimental measurements for these quantities as well as their SM values is tabu-

lated below.

Quantity SM value Experimental world average
Rp [5] | 0.298 £ 0.004 0.357 +0.029
Rp- [5] | 0.254 +0.005 0.284 = 0.012
Ry [20] | 0.258 +0.004 0.71+0.17 (stat.) +0.18 (syst.)
Ry, [21] | 0.324 +0.004 | 0.242 + 0.026 (stat.) £0.040 (syst.) £0.059

Other non-LFUV observable-measurements that also exhibit deviations from the SM and
can be used to constrain the model considered in this work include the 7 lepton polarisation

fraction, PP", and the longitudinal polarisation fraction of the D* meson, FP", given by

(B — D*r,) — I~ (B — D*ri,)
(B — D*rir,)
(B — Ditir;)

FD* — 25
L I'(B — D*ri,) (2.5)

PP = and (2.4)

respectively, where I't are the decay rates with a 7 helicity of £1/2. The experimental

measurements and SM values for these are shown below.
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CHAPTER 2. COMPLEMENTARY CONSTRAINTS

Quantity SM value Experimental value
PP" | —0.497 +0.013 [22] | —0.38 £ 0.51 (stat.) 92 (syst.) [23]
FpP" 0.46 £ 0.04 [24] 0.60 £ 0.08 + 0.035 [25]

Additionally, the lifetime of the B, meson should also impose a constraint on the branching
ratio, B(B. — 7v) since this quantity cannot be greater than the total decay width of B..
This in turn imposes constraints on the Wilson coefficients mentioned above. B(B, — T7)
has not yet been measured, however the LEP experiment has imposed the requirement that
it be less than or equal to 10% [26]. According to the SM, the lifetime of the B, meson
has been computed to be 75, = 0.527015 ps [27, 28], which is in good agreement with the
experimentally obtained value of 75, = 0.507(9) ps [29]. However, again, due to their greater
susceptibility to hadronic uncertainties, these quantities been omitted from our analysis for
NOW.

Apart from this, the pair-production of H™ and H~ is also constrained from the cross-

section of proton-proton collisions resulting in 77 final states in searches for charged Higgs

bosons measured by CMS [30].

2.2 SM-like Higgs boson mediated processes

The other relevant observables for the model are through processes that could be mediated
by a lighter neutral SM-like Higgs boson. CMS observed a possible excess in 77 final states
in searches for additional Higgs bosons with local p-values equivalent to around 3¢ at 0.1
TeV [12]. Besides this, ATLAS [31] and CMS [9] have reported an excess of diphoton events
that are also indicative of a neutral Higgs with a mass around 95 GeV [10, 11]. Hence,
hypothetically, these processes can both be mediated by H, thereby adding an extra channel,

compared to the SM, for ditau and diphoton production respectively.
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CHAPTER 2. COMPLEMENTARY CONSTRAINTS

2.3 Model independent analysis

Previous studies have explored the possibility of new physics (NP) contributions to the
anomalies mentioned above by making use of a model-independent effective field theory
(EFT) approach. One such work is 7], the focus of which was to include the new experimental
data from the Belle collaboration [32] on the measurement of Rp- using the semileptonic
tag and on the longitudinal polarisation of D*, FP" into the analysis in addition to the
existing data on Rp«, Ry, PP7, and FP*. They find that though the new Belle data on
Rp« using the semileptonic tag reduces the tension with the SM predictions compared to
the previous average computed by the HFLAV, it doesn’t do so by much still leaving a
tension of 2.70. Performing two types of fits, first, one- and two-parameter fits of the Wilson
coefficients to the 2019 HFLAV average of Rp and Rp-«, and secondly, a global fit of all NP
operators (only taking into account interactions associated with left-handed neutrinos) to
the whole data i.e. Rp-, Rj/y, PP" and FP*. Upper bounds derived from the lifetime of
the B. meson were also included in the analysis. From the first fit, it was found that NP
models consisting of left-handed currents and tensor operators were favoured while those
based on purely right-handed currents were disfavored by the LHC data. Moreover, models
with only scalar operator contributions were found to be inconsistent with both LHC and
B, meson constraints. Overall, the second fit which included all the available data favoured
similar regions to the first one with the added effect of ruling out large values of the Wilson
coefficients. However, a significant limitation of the analysis performed in [7] is that if the
NP particles responsible for mediating these processes have mass scales lower than about 2
TeV (which is the case for our model, where we conjecture the mediating NP particle, H"
to be about 95 GeV), then the EFT approach used breaks down and the LHC bounds are
rendered invalid. Hence, to get more reliable information relevant to the model considered
in this project, the results of an alternative approach to a model-independent analysis is

presented below.
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CHAPTER 2. COMPLEMENTARY CONSTRAINTS

The remaining portion of this section is primarily based on the analysis carried out in
[8]. To get an understanding of the effect of each Wilson Coefficient on the observables, y?
fits of the scalar couplings, C's, and Cg,, were performed to the measured observables, Rp

and Rp-« for the following scenarios:

e Case (i): Assuming that C's, and Cg, are both real and setting one (Cg, or Cs,,) equal

to zero to investigate the effect of the other on the observables.

e Case (ii): Assuming that C's, and Cg, are complex and setting one (Cg, or Cg,,) equal

to zero to investigate the effect of the other.

e (Case (iii): Varying the values of both scalar couplings to investigate their combined

effect.

Using these, the following best fit values were obtained.

Case | (i) (ii) (iii)
Cs, |0.15 —0.67 —1 0.84 037410

0.16 | 0.16 —i 6.4 x107% | 0.48 + i 0

Cs

R

The implications of these best fit values on the Rp — Rp« plane are presented in fig. 2.1.
As can be seen from the leftmost and central plots, for both real and complex choices of
Cs, and Cg,, the best fit values lie within 20 of the experimental results, although in the
case of Cg,, the choice of complex values rather than real ones is in better agreement. In
the rightmost plot, the relevant data point for us is the one corresponding to case (iii) from
above, where all couplings except Cs, and Cg,, were set to zero and Cg, and Cg, were varied

simultaneously. This corresponds to the green triangle labelled (C?,,C5;).
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Figure 2.1: Permitted regions in the Rp — Rp~ plane using the best fit values of the Wilson
coefficients [8]. The solid, dashed, and dotted lines in blue indicate the lo, 20, and 3¢
contours of the experimental results respectively. The red circle and green point denote the
best fit values of the scalar couplings assuming them to be real and complex respectively.
The SM prediction for Rp and Rp- is denoted by the black star. The solid, dashed, and
dotted lines in purple represent B(B. — 7v) = 60%, 30% (these two scenarios have been
considered despite the constraint from LEP mentioned earlier for thoroughness, since they
are still reasonable choices), and 10% respectively.
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Chapter 3

Analysis

As mentioned before, the recent discovery of the excess in ditatu [12] final states in proton-
proton collision searches for additional Higgs bosons, with the largest deviations occurring
around a mass of around 95 GeV motivated us to perform a combined analysis of this anomaly
together with the persisting flavour anomaly observed in B — DIy, and B — D*[y; processes
[2, 3, 4]. We wanted to see if these anomalies could be explained using a general type III
2HDM, where the former anomaly could be mediated by a lighter SM-like Higgs boson, H
with a mass of around 95 GeV, and the latter two by a positively-charged Higgs boson, H™
with a similar mass range. Initially, we thought that the 2HDM could also provide a possible
explanation for the recent observations of a diphoton excess in new Higgs searches through
proton-proton collisions |9, 31|. However, as will be shown below, our analysis showed that

the model cannot be used to explain this anomaly.

3.1 B — Dly; and B — D*ly; anomalies

We start by determining the Wilson coefficients, CgbL and Cg?? appearing in the operators
of the effective Hamiltonian that are responsible for the interactions required for the B —

Drv and B — D™ty processes. This can be done by using (1.24) and (1.25), and the

Srobona Basak 18



CHAPTER 3. ANALYSIS

experimental world average and SM values for Rp and Rp- shown in Table 2.1. Using these,

we get the following sets of central values for the Wilson coefficients:

(CE,C%) =(~1.89,0.816), (~1.31,1.39),

(—0.239, —0.834), (0.338, —0.258). (3.1)

Let us label these four sets of values as sets 1, 2, 3, and 4 respectively. Now, in order to
translate these into constraints on the couplings, we require the following ansatz which was
introduced in [1] relating the up-type and down-type Yukawa matrices, p, and pg, of the
new Higgs doublet:

pLV =nUV py, (3:2)

where V' is the CKM matrix and and U is a diagonal unitary matrix, where Uy, = —1,
and Uy = 1. Us3z has not yet been determined by experimental constraints. However, it
was noted that if Uss = —1 then U would be a special unitary matrix. This ansatz is
referred to as the “charge transformation” mechanism and was motivated by viable solutions
of the Wilson Coefficients to fits performed in [33] that suggested such a relation between
the Yukawa matrices. It was also supported by bounds deduced from the world average
measurement and CKMfitter prediction of the branching ratio B(B™ — 71v). However, the
main purpose of introducing the ansatz was to give more structure to the couplings of the
new Higgs particles than is possible if p, and p; are independent of each other. Additionally,
through the introduction of this ansatz, it was possible to allow for generic Yukawa couplings
to the new Higgs doublet without the need for introducing a specific mechanism to supress
FCNCs. It was shown in [1], how FCNCs can simply be avoided due to the negligible values
taken up by the problematic coupling constants. Although the model does not have any
symmetries to justify the negligibility of these couplings, it was shown to be free from fine

tuning. Furthermore, observables such as meson oscillations that provide the most stringent
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constraints on this ansatz were computed along with rare decay processes that might also
challenge the ansatz and these were found to be consistent with the proposed ansatz.
Now, using

pLV =nUV py, (3:3)

we obtain
n = 0.432, —1.06, —3.49,0.763, (3.4)

and
2
77 bb — 4GFmi

PP NG

It should be noted here that using the experimental values for Rp and Rp+ and the proposed

g (3.5)

ansatz, we are only able to constrain the product p™7p%, and not the coupling constants

separately.

3.2 Diphoton cross-section

The diphoton cross-section is given by

(H
" ( %’w).

olpp = H — vy) =oc(pp — H) T

(3.6)

The total decay width of the new CP-even neutral Higgs, H is dominated by bb and 77 decay

at tree level due to the dominance of the respective coupling constants so that

Du = 35 [3(7) + (77)?] (3.7)
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The partial decay to v occurs via ¢,b, and 7 at one loop, which should have the same
expression as for the SM Higgs since the physics is all the same with the only difference being
the different coupling constants between the lighter Higgs, H and the fermions. Hence, we

can use the following expression from [34]

2,3 tt bb TT 2
F(H—>’)/’)/>_amH 4p At(Tt) +,0 Ab<7—b)+p Ab(TT) : (38)

"~ 51273 3m, 3my m,

replacing 1/v with p%/(v/2m;) to adapt it to our model. In all equations where m;, appears,
we took it to be 2.9 GeV [35], the value at the weak scale. Now, in order to compute
o(pp — H), we can use the parton model which is generally used to study high-energy
collisions of hadrons.

It was observed in the 60s that when a hadron moves at a speed close to the speed of
light, as is the case in high-energy collisions, it is better described as containing an infinite
number of particles — quarks, gluons, and even antiquarks (due to virtual processes such
as the quark loop diagram contributing to the gluon jet function) called partons — with
a wide range of momenta [36]. This is in contrast to the quark model where hadrons are
thought of as quantum bound states of quarks, which is a more appropriate picture for
hadrons that are moving at non-relativistic speeds. For our case, the dominating processes
that contribute to H-production in proton-proton collisions are H-production through bb
and gluon-fusion. The way this occurs is each proton contributes a quark (or antiquark)

which contains some fraction x of the proton’s total momentum, p. Then we can define a
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new Mandelstam variable, § for the partons given by

§ = (z1p1 + 062])2)2
= 2P} + 3p; + 221 T2p1po
= (2] + 23)mi} + z122(s — 2my)

~ T1X2S, (39)

since s = 13 TeV > m?. The parton-level cross-section is given by

2 2 3
6(bb — H) = MP M -2w/%5<3>(?—?1—ﬁ2)5@—¢§)

Wop, ' 4Vp,
5 <\/(?1 + T2 +mE — \/§> . (3.10)

_MP T
4ap, V3

Substituting in the expression for the matrix element for the tree-level process bb — H which

is straightforward to compute, in the centre-of-mass frame, we get

G(0b — H) = 22 L 5(5 —m2). (3.11)
In order to see how this contributes to o(pp — H), we need the probability densities for the
b and b to carry fractions z; and x, respectively of the protons’ total momenta. These are
given by parton distribution functions (PDF), fy(z, @), where @) is the energy-scale of the
process being considered, which in our case is the mass of the SM-like lighter Higgs boson,
my. These functions have been determined through various experiments and in this thesis,
the MSTW PDF package [37] for Mathematica was used to access them for the following

computations. To get o(pp — H), we integrate over all possible values of fractions for each
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parton as follows:

o(pp — H) = /01 dzy fo(x1, my) /01 dy [y (29, M )6 (bb — H) (3.12)
_ ”<§Z)2 /O ' dn fy(n, ) /0 oy (s mar)(5 — m) (3.13)
_ ”<§;b)2 /0 * dn fy(an, ) /0 oy ) (as — k) (3.14)
- %’Z)Q /01 das fyler, ma) fi (T—Em,{) o <1 - Z%) xils (3.15)
o - ] (3,16

where in the fourth step, the step-function ensures that x5 < 1. The PDFs diverge for small
x. So, using the function xf is numerically more convenient to work with and hence we

rewrite the above as

bb\ 2 1 2
o(op - H) = " 3{ /m y o o (%mﬂ) NN
where
L dy m2
L[ Sl me, (—HmH) (3.18)

is known as the parton luminosity factor. Now, the most dominant contribution to o(pp —
H) comes from gluon fusion followed by the bb contribution. So, the full expression for

o(pp — H) is actually given by

m(p")?
36m%

olpp— H) = Ly+6r0(99 — H)L,, (3.19)

where [38],
2 tt bb 2
_ o) [N ANm) | PP A ()
20487 my my

6ro(gg — H) (3.20)
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Here, 7y = m; /(4m73),

2
Af(ry) = T_?[Tf + (7r = ) f (7)), (3:21)
and
arcsin®(,/77), r <1
frg) = = 2 (3:22)
1 [IOg Cﬂ/irfl) _m} ;o> 1
By

To compare the predictions made by the model to the data, the product of the production
cross section of an SM-like Higgs boson of mass my and its branching fraction to photons
was used from Fig. 5 of [12]. The corresponding plots of o(pp — H — 77) for the model
and that obtained from [12| are shown in Fig. 3.1. As shown, the diphoton signal we
obtained was too weak to describe the observed diphoton excess. The reason for this can be
explained as follows. In our model, the diphoton final states are only produced through loop
contributions which are competing with the tree-level ¢, bb, and 77 final states. We cannot
switch off these couplings because we need them to explain the flavour anomaly in the B
meson decay. The couplings p?*, and p™™ are required in order to get the desired value of the
Wilson coefficients, C’g’; and CgbL. Additionally, for non-zero Wilson coefficients, n must be
non-zero and hence p' cannot be switched off either. Hence, the tree-level decays are always
much faster than the diphoton decays, making it impossible to achieve the desired branching

ratio.
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Figure 3.1: o(pp = H — vy) = o(pp — H) x B(H — ~7) as for an SM-like Higgs boson
of mass mpy using [12] on the left, and that using our model (assuming SM values for the
couplings) on the right.

3.3 Ditau cross-section

The cross-section for the ditau final state process can be calculated by replacing I'(H — v7)

in (3.6) by I'(H — 77), where
D(H — 77) = ()2, (3.23)

which results in a branching fraction of ~ 1. Hence, the cross-section is now just a function
of p* and my. To illustrate this, the cross-section is plotted as a function of p® in Fig. 3.2
for three different values of my. To narrow down the parameter space for the couplings,
we can interpolate the data for the 95% confidence level upper limit of the expected and
observed ditau cross-section from CMS [12] to get the upper limit of p® as a function of my.

This is shown in Fig. 3.3.
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Figure 3.2: o(pp — H — 777) as a function of p? for my = 95 GeV, 100 GeV, 110 GeV.
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Figure 3.3: 95% confidence level upper limit of p* as a function of my as deduced from the
CMS expected and observed 95% CL upper limits on the product of the cross sections ggH
and bbH and branching fraction for decay into 77~ final states [12].

Then we can use (3.5) to obtain the lower limit of p™ in terms of my and my. In
order to do this, we need to choose a set of values for the product of the couplings, p*p™"
corresponding to (3.1) from above. To do this, we decided to plot the cross-section as a

function of p® for my = 95 GeV. This is shown in Fig. 3.4.
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Figure 3.4: o(pp — H — 777) as a function of p® for my = 95 GeV for the four different
sets of values for the Wilson coefficients obtained in (3.1).

Now, from Fig. 10 in [12], we see that in the mass range 60 < mpy < 3500 GeV, the
highest upper limit attained by o(ggH) x B(H — 7777) and o(bbH) x B(H — 7577)
together is ~ 50 pb. As we can see, the first two sets of values for the fits give us far too
large values for the cross-section, so these can be ruled out immediately. In order to choose
between the remaining two sets, we can look at the value for 7. For the fourth set of values,
n = 0.763 and in [1], n ~ 0.8 was shown to avoid undesirable FCNCs while being consistent
with Rp+ anomalies. Hence, we proceed by plugging in the fourth set of values into (3.5) to
get the lower limit of p™" as a function of my and m4. This is plotted in Fig. 3.5.

Now we discuss an alternative equally valid way of calculating the cross-section for the
pp — H — 77 process. The purpose of doing this is to see if the cross-section computed
this way is able to attain values for the cross-section that are consistent with limits obtained
by CMS [12], to corroborate the plausibility of our model. This can be done by using the

relation )

_ Gpad(p)

oro(gg — H) = m (3.24)

3
1 Z A{I/2<Tq)

q

for the SM Higgs production through gluon fusion, which is the dominant production for
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Figure 3.5: Contours of lower limit of p™" as a function of my and m_.

the lighter Higgs in our model too (as was also observed when looking at the contributions
of the bb vs the gluon fusion process to the total production cross-section o(pp — H) in the
previous section). Now, the functions A(7) are suppressed by 7; which is further suppressed
by the square of the mass of the corresponding fermion. Since m; > my, we can neglect the
contribution from the b-quark in the loop. Hence, the only difference between the expressions
for the cross-sections of the SM Higgs and the lighter one is the factor of Gp = 1/(v/20?),
which should be replaced by (p?)?/(2m?) for the 2HDM case. Hence,

2
tt
_ 1Y
gompm(pp — H — 777) = oompm(pp — H) = ( jEDM> oro,sm(gg = h),  (3.25)
SM

where 00 s (g9g9 — h) can be obtained by interpolating the data from the Higgs Working
Group, WG1 [39]. Using this, we obtain ooppm(pp — H — 777) as a function of p and

my. This is plotted in Fig. 3.6. Again compairing to the combined limit on o(ggH)B(H —
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Figure 3.6: o(pp — H — 77) in units of pb as a function of my for different values of p*.

777) + o(bbH)B(H — 7F77) from Fig. 10 in [12], we see that a non-negligible part of the
parameter space leads to values of the cross-section that are compatible with the experimental
findings of CMS. For a mass of 95 GeV of the lighter SM-like Higgs, for instance, p* < 0.8
is able to explain the ditau excess. In summary, although the model is unable to explain the
diphoton excess observed at 95 [GeV], it is able to do so simultaneously with the charged B

decay flavour anomalies and ditau excess at the same mass.

3.4 HTH~ pair production cross-section

Finally, there are bounds on the pair-production of H* and H~ from the cross-section of
proton-proton collisions resulting in 77 final states in searches for charged Higgs bosons

measured by CMS [30]. In order to compare the predictions from the model to this data we
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can use the following equation:

o(pp — H* = 78v,) = o(pp — HY) x B(H* = 7*v,), (3.26)

where B(H* — 7%1,) = 1 in the model due to the dominance of p™" over other couplings.
In order to compute o(pp — HF), we used the MADGRAPH5 aMC@NLO event generator
[40, 41]. Using this, the cross-section was obtained as a function of my+. This is plotted in

Fig. 3.7 together with the upper limit on the cross-section observed by CMS [30].

a(pp->H*>1*v7)[pb]

0.05"

S S —— Y ()
80 100 120 140 160 180

Figure 3.7: 95% CL exclusion limits on o(pp — H* — 7%1,) as a function of my+. The
upper cross-section limit observed by CMS [30] is represented by the solid gray line, the
expected limit assuming only standard model processes is denoted by the dotted line. The
green and yellow bands represent the one and two sigma intervals from the expected limit

respectively. The black line represents the cross-section obtained through simulations using
MadGraph.

As we can see, the model produces a cross-section that is well within the observed upper

limit and is hence permitted by the experimental data.
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Conclusion

Although the SM has had huge success in correctly describing what we observe in particle
physics experiments, there have long been some experimental observations that it is funda-
mentally unable to explain, making it an incomplete theory. One of the simplest extensions
to the SM is the 2HDM which has the potential to resolve some of these problems with the
SM. It has been shown before that the most general form of this model is compatible with
anomalies observed in B — DIy, and B — D*ly; decays. In my thesis I explore if the model
is simultaneously compatible with other experimental anomalies as well, namely an excess in
~vv and 77 final states in proton-proton collisions in searches for additional Higgs bosons. I
find that the model produces too weak a cross-section to explain the diphoton excess. How-
ever, comparing Fig. (3.6) with bounds for the upper limits of o(pp — H — 77) from [12],
it was found that there is a section of parameter space where the model is consistent with
the observed ditau excess. Additionally, by performing a combined analysis of the charged B
decay anomalies and the ditau excess, an upper limit on the new Yukawa coupling between
H and b and a lower one on the Yukawa coupling between H and 7 were obtained as a
function of the mass of H. It was further shown that the model is consistent with bounds

+

on charged Higgs pair-production from pp — 7%, processes. Overall, it was found that

although the data does not have a preference for this model, it does not rule it out either.
In future work, the R/, Ra,, PP" and FP" constraints could be taken into account to

T

further constrain the parameter space or rule out the model. Additionally, QCD corrections
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of the cross-sections computed in this paper can also be taken into account to produce a

more accurate comparison to experimental data.
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